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About These Notes

Remark. Under construction!

These notes are perhaps better understood as a coming-of-age tale. They were originally part
of some notes of mine on representations of Lie groups, written in early 2021 as part of my second
scientific internship project with professor Iryna Kashuba of the department of mathematics of
the Institute of Mathematics and Statistics of the University of Sdo Paulo (IME-USP), Brazil. These
were later adapted and expanded into my undergraduate dissertation, produced in late 2022 un-
der the supervision of professor Kashuba. In mid 2023, after the publication of my undergraduate
dissertation, the notes were once again expanded with the addition of their final chapter. All in
all, I have been working on the prose that follows for the better part of my early higher education.

As they currently stand, the subject of these notes is a select topic in the representation theory
of semisimple Lie algebras: Olivier Mathieu’s classification of simple weight modules. Its first
four chapters consist of a pretty standard account of the basic theory of semisimple Lie algebras
and their finite-dimensional representations, providing a concise exposition of the background
required for understanding the classification. On the other hand, the last two chapter of the notes
should be understood as a reading guide for Mathieu’s original paper [Mat00], with an emphasis
on the intuition behind its major results.

Throughout these notes we will follow some guiding principles. First, lengthy proofs are
favored as opposed to collections of smaller lemmas. This is a deliberate effort to emphasize
the relevant results. Secondly, and this is more important, we are primarily interested in the
broad strokes of the theory highlighted in the following chapters. This is because the topic of the
dissertation at hand is a profoundly technical one. In particular, certain proofs can sometimes
feel like an unmotivated pile of technical arguments. Instead, we prefer to focus on the intuition
behind the relevant results.

Hence some results are left unproved. Nevertheless, we include numerous references through-
out the text to other materials where the reader can find complete proofs. We will assume basic
knowledge of abstract algebra. In particular, we assume that the reader is familiarized with multi-
linear algebra, the theory of modules over an algebra and exact sequences. We also assume famil-
iarity with the language of categories, functors and adjunctions. Understanding some examples
in the introductory chapter requires basic knowledge of differential and algebraic geometry, as
well as rings of differential operators, but these examples are not necessary to the comprehension
of the notes as a whole. Additional topics will be covered in the notes as needed.
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Chapter 1

Introduction

Associative algebras have proven themselves remarkably useful throughout mathematics. There
is no lack of natural and interesting examples coming from a diverse spectrum of different fields:
topology, number theory, analysis, you name it. Associative algebras have thus been studied at
length, specially the commutative ones. On the other hand, non-associative algebras have never
sustained the same degree of scrutiny. To this day, non-associative algebras remain remarkably
mysterious. Many have given up on attempting a systematic investigation and focus instead
on understanding particular classes of non-associative algebras — i.e. algebras satisfying pseudo-
associativity conditions.

Perhaps the most fascinating class of non-associative algebras are the so called Lie algebras, and
these will be the focus of these notes.

Definition 1.1. Given a field K, a Lie algebra over K is a K-vector space g endowed with an
antisymmetric bilinear map [,] : g X g — g — which we call its Lie bracket — satisfying the
Jacobi identity

X, Y, Z]|+[Y,[Z,X]| + [Z,[X,Y]] =0

Definition 1.2. Given two Lie algebras g and h over K, a homomorphism of Lie algebras
g — b is a K-linear map f : g — b which preserves bracket in the sense that

fFUX YY) = [f(X), f(Y)]

for all X,Y € g. The dimension dim g of g is its dimension as a K-vector space.

The collection of Lie algebras over a fixed field K thus form a category, which we call K-LieAlg.
We are primarily interested in finite-dimensional Lie algebras over algebraically closed fields of
characteristic 0. Hence from now on we assume K is algebraically closed and char K = 0 unless
explicitly stated otherwise. Ironically, perhaps the most basic examples of Lie algebras are derived
from associative algebras.

Example 1.3. Given an associative K-algebra A, we can view A as a Lie algebra over K with the
Lie bracket given by the commutator [a,b] = ab — ba. In particular, given a K-vector space V we
may view the K-algebra End(V) as a Lie algebra, which we call gI(V). We may also regard the Lie
algebra gl,,(K) = gl(K") as the space of n x n matrices with coefficients in K.

Example 1.4. Let n < m. Then the map
gl (K) — gl (K)

X 0
X»—)(O O)



2 Chapter 1. Introduction

is a homomorphism of Lie algebras.

While straightforward enough, I always found the definition of a Lie algebra unconvincing on
its own. Specifically, the Jacobi identity can look very alien to someone who has never ventured
outside of the realms of associativity. Traditional abstract algebra courses offer little in the way of a
motivation for studying non-associative algebras in general. Why should we drop the assumption
of associativity if every example of an algebraic structure we have ever seen is an associative one?
Instead, the most natural examples of Lie algebras often come from an entirely different field:
geometry.

Here the meaning of geometry is somewhat vague. Topics such as differential and algebraic
geometry are prominently featured, but examples from fields such as the theory of differential
operators and D-modules also show up a lot in the theory of representations — which we will
soon discuss. Perhaps one of the most fundamental themes of the study of Lie algebras is their
relationship with groups, specially in geometric contexts. We will now provide a brief description
of this relationship through a series of examples.

Example 1.5. Let A be an associative K-algebra and Der(A) be the space of all derivations on
A —ie. all linear maps D : A — A satisfying the Leibniz rule D(a-b) = a- Db+ (Da) -
b. The commutator [D, D’] of two derivations D,D’ € Der(A) in the ring End(A) of K-linear
endomorphisms of A is a derivation. Hence Der(A) is a Lie algebra.

One specific instance of this last example is. ..

Example 1.6. Given a smooth manifold M, the space X(M) of all smooth vector fields is canoni-
cally identified with Der(M) = Der(C®(M)) — where a field X € X(M) is identified with the map
C®(M) — C®(M) which takes a function f € C®(M) to its derivative in the direction of X. This
gives X(M) the structure of a Lie algebra over R.

Example 1.7. Given a Lie group G —i.e. a smooth manifold endowed with smooth group opera-
tions — we call X € X(G) left invariant if (d/)1X; = X, for all ¢ € G, where £, : G — G denotes
the left translation by g. The commutator of invariant fields is invariant, so the space g = Lie(G) of
all invariant vector fields has the structure of a Lie algebra over R with bracket given by the usual
commutator of fields. Notice that an invariant field X is completely determined by X; € T;G.

Hence there is a linear isomorphism g — T1G. In particular, g is finite-dimensional.

We should point out that the Lie algebra g of a complex Lie group G —i.e. a complex manifold
endowed with holomorphic group operations — has the natural structure of a complex Lie algebra.
Indeed, every left invariant field X € X(G) is holomorphic, so g is a (complex) subspace of the
complex vector space of holomorphic vector fields over G. There is also an algebraic analogue of
this last construction.

Example 1.8. Let G be an affine algebraic K-group — i.e. an affine variety over K with rational
group operations — and K[G] denote the ring of regular functions G — K. We call a derivation
D : K[G] — K[G] left invariant if D(g- f) = ¢- Df for all ¢ € G and f € K[G] — where the action
of G on K[G] is given by (g- f)(h) = f(g~'h). The commutator of left invariant derivations is
invariant too, so the space Lie(G) = Der(G)® of invariant derivations in K[G] has the structure
of a Lie algebra over K with bracket given by the commutator of derivations. Again, Lie(G) is
isomorphic to the Zariski tangent space T; G, which is finite-dimensional.

Example 1.9. The Lie algebra Lie(GL,(K)) is canonically isomorphic to the Lie algebra gl, (K).
Likewise, the Lie algebra Lie(SL,(K)) is canonically isomorphic to the Lie algebra sl (K) of trace-
less n x n matrices.

sl,(K) ={X € gl,(K) : Tr X = 0}

) = 5)

Example 1.10. The elements

e_(g })) f



form a basis for sl;(K) and are subject to the following relations.

le, fl=h [h, f] = —2f [he] = 2e
Example 1.11. The Lie algebra of the affine algebraic group

Sp,,(K) = {g € GLy,(K) : w(g - 0,8 w) = w(v,w) Yo, w € K>}

is canonically isomorphic to the Lie algebra

X Y
5p2n(K):{<Z —XT> :X,Y,ZEgln(K),Y:YT,Z:ZT},

with bracket given by the usual commutator of matrices — where
w1, 00,01, -, 00), (W1, ..o, Wy, W1, ..., Wy)) = 01801+« + Vylhy — D1W] — « -+ — Dy Wy
is, of course, the standard symplectic form of K.

It is important to point out that the construction of the Lie algebra g of a Lie group G in
Example 1.7 is functorial. Specifically, one can show the derivative df; : g = /G — T1H = §j of
a smooth group homomorphism f : G — H is a homomorphism of Lie algebras, and the chain
rule implies d(f o g)1 = df; o dg;. This is known as the the Lie functor Lie : LieGrp — R-LieAlg
between the category of Lie groups and smooth group homomorphisms and the category of Lie
algebras.

This goes to show Lie algebras are invariants of Lie groups. What is perhaps more surprising
is the fact that, in certain contexts, Lie algebras are perfect invariants. Even more so. ..

Theorem 1.12 (Lie). The restriction Lie : LieGrpgy,, — R-LieAlg of the Lie functor to
the full subcategory of simply connected Lie groups is an equivalence of categories onto the full
subcategory of finite-dimensional real Lie algebras.

This last theorem is a direct corollary of the so called first and third fundamental Lie Theorems.
Lie’s first Theorem establishes that if G is a simply connected Lie group and H is a connected Lie
group then the induced map Hom(G, H) — Hom(g, b) is bijective, which implies the Lie functor
is fully faithful. On the other hand, Lie’s third Theorem states that every finite-dimensional real
Lie algebra is the Lie algebra of a simply connected Lie group —i.e. the Lie functor is essentially
surjective.

This goes to show that the relationship between Lie groups and Lie algebras is deeper than the
fact they share a name: in a very strong sense, studying simply connected Lie groups is precisely
the same as studying finite-dimensional Lie algebras. Such a vital connection between apparently
distant subjects is bound to produce interesting results. Indeed, the passage from the geometric
setting to its algebraic counterpart and vice-versa has proven itself a fruitful one.

This correspondence can be extended to the complex case too. In other words, the Lie functor
CLieGrpg;y,,) — C-LieAlg is also an equivalence of categories between the category of simply
connected complex Lie groups and the full subcategory of finite-dimensional complex Lie alge-
bras. The situation is more delicate in the algebraic case. For instance, consider the complex Lie
algebra homomorphism

f:C —sh(C)

A0
A— Al = <0 _)\)

Since slp(C) = Lie(SLy(C)) and SL,(C) is simply connected, we know there exists a unique
holomorphic group homomorphism g : C — SL;(C) between the affine line C and the complex
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algebraic group SL,(C) such that f = dg;. Indeed, this homomorphism is

g:C —> SLy(C)

A
A — exp(Ah) = (eo EOA> ,

which is not a rational map. It then follows from the uniqueness of g that there is no rational
group homomorphism C — SL,(C) whose derivative at the identity is f.

In particular, the Lie functor C-Grpg;,,, — C-LieAlg — between the category C-Grpg;,, of
simply connected complex algebraic groups and the category of complex Lie algebras — fails to be
full. Similarly, the functor C-Grp,,; — C-LieAlg is not essentially surjective onto the subcate-
gory of finite-dimensional algebras: every finite-dimensional complex Lie algebra is isomorphic to
the Lie algebra of a unique simply connected complex Lie group, but there are simply connected
complex Lie groups which are not algebraic groups. Nevertheless, Lie algebras are still powerful
invariants of algebraic groups. An interesting discussion of some of these delicacies can be found
in sixth section of [DG70, ch. IIJ.

All in all, there is a profound connection between groups and finite-dimensional Lie algebras
throughout multiple fields. While perhaps unintuitive at first, the advantages of working with
Lie algebras over their group-theoretic counterparts are numerous. First, Lie algebras allow us
to avoid much of the delicacies of geometric objects such as real and complex Lie groups. Even
when working without additional geometric considerations, groups can be complicated beasts
themselves. They are, after all, nonlinear objects. On the other hand, Lie algebras are linear by
nature, which makes them much more flexible than groups.

Having thus hopefully established that Lie algebras are interesting, we are now ready to dive
deeper into them. We begin by analyzing some of their most basic properties.

1.1 Lie Algebras

However bizarre Lie algebras may seem at a first glance, they actually share a lot a structural
features with their associative counterparts. For instance, it is only natural to define. ..

Definition 1.13. Given a Lie algebra g, a subspace ) C g is called a subalgebra of g if [X, Y] €
h for all X,Y € h. A subalgebra a C g is called an ideal of g if [X,Y] € a for all X € g and
Y € a, in which case we write a<g.

Remark. In the context of associative algebras, it is usual practice to distinguish between left ideals
and right ideals. This is not necessary when dealing with Lie algebras, however, since any “left
ideal” of a Lie algebra is also a “right ideal”: given a<g, [Y,X] = —[X,Y] € afor all X € g and
Y€a

Example 1.14. Let f : g — b be a homomorphism between Lie algebras g and . Then ker f C g
and im f C b are subalgebras. Furthermore, ker f < g.

Example 1.15. Let g1 and g, be a Lie algebras over K. Then the space g1 @ g, is a Lie algebra with
bracket

X1+ X, Y1 +Y2] = [Xg, V1] + [Xo, Y2,
and g1, g2 < g1 D 2.

Example 1.16. Let G be an affine algebraic K-group and H C G be a connected closed subgroup.
Denote by g and bh the Lie algebras of G and H, respectively. The inclusion H — G induces an
injective homomorphism h — g. We may thus regard h as a subalgebra of g. In addition, h < g if,
and only if H<G.
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There is also a natural analogue of quotients.

Definition 1.17. Given a Lie algebra g and a < g, the space 8/a has the natural structure of
a Lie algebra over K, where
[X+a,Y+a =[XY]+a

Proposition 1.18. Given a Lie algebra g and a < g, every homomorphism of Lie algebras f : g — b
such that a C ker f uniquely factors through the projection g — 8/a.

g$>b

|

B/a "

Definition 1.19. A Lie algebra g is called Abelian if [X,Y] =0 for all X,Y € g.

Example 1.20. Let G be a connected algebraic K-group and g be its Lie algebra. Then G is Abelian
if, and only if g is Abelian.

Remark. Notice that an Abelian Lie algebra is determined by its dimension. Indeed, any linear
map g —> b between Abelian Lie algebras g and § is a homomorphism of Lie algebras. In

particular, any linear isomorphism g — K" — where K" is endowed with the trivial bracket
[v,w] =0, v,w € K" —is an isomorphism of Lie algebras for Abelian g.

Example 1.21. Let g be a Lie algebra and 3 = {X € g : [X,Y] = 0,Y € g}. Then ; is an Abelian
ideal of g, known as the center of 3.

Due to their relationship with Lie groups and algebraic groups, Lie algebras also share struc-
tural features with groups. For example. ..

Definition 1.22. A Lie algebra g is called solvable if its derived series
92 [s,0] 2 [lo,9] [8,0]] 2 [[[9. 0] [g,0]][[0,0].[g.6]]] 2 -

converges to 0 in finite time.

Example 1.23. Let G be a connected affine algebraic K-group and g be its Lie algebra. Then G is
solvable if, and only if g is.

Definition 1.24. A Lie algebra g is called nilpotent if its lower central series

g2 (g0 2(g (g0l 2ol (sl 2

converges to 0 in finite time.

Example 1.25. Let G be a connected affine algebraic K-group and g be its Lie algebra. Then G is
nilpotent if, and only if g is.

Other interesting classes of Lie algebras are the so called simple and semisimple Lie algebras.

Definition 1.26. A non-Abelian Lie algebra s over K is called simple if its only ideals are 0
and s.
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Example 1.27. The Lie algebra sl (K) is simple. To see this, notice that any ideal a < sl;(K) must
be stable under the operator ad(h) : sly(K) — sl (K) given by ad(h)X = [h, X]. But Example 1.10
implies ad(h) is diagonalizable, with eigenvalues 0 and £+2. Hence a must be spanned by some of
the eigenvectors ¢, f,h of ad(h). If h € a, then [e,h] = —2¢ € a and [f,h] = 2f € qa, s0 a = s[r(K).
If e € athen [f,e] = —h € a, so again a = slp(K). Similarly, if f € a then [¢, f] = h € a and
a = sly(K). More generally, the Lie algebra sl,,(K) is simple for each n > 1 — see the section of
[Kir08, ch. 6] on invariant bilinear forms and the semisimplicity of classical Lie algebras.

Example 1.28. The Lie algebras sp,, (K) are simple for all n > 1 — agina, see [Kir08, ch. 6].
Definition 1.29. A Lie algebra g is called semisimple if it is the direct sum of simple Lie

algebras. Equivalently, a Lie algebra g is called semisimple if it has no nonzero solvable
ideals.

Example 1.30. Let G be a connected affine algebraic K-group. Then G is semisimple if, and only
if g semisimple.

A slight generalization is. ..

Definition 1.31. A Lie algebra g is called reductive if g is the direct sum of a semisimple Lie
algebra and an Abelian Lie algebra.

Example 1.32. The Lie algebra gl,,(K) is reductive. Indeed,

all_w a1y @ 0
X= : f B - ;
. ] 0 .. X

for each matrix X = (a;;);;. In other words, gl,,(K) = sl,(K) © K1d = sl,(K) & K.

As suggested by their names, simple and semisimple algebras are quite well behaved when
compared with the general case. To a lesser degree, reductive algebras are also unusually well
behaved. In the next chapter we will explore the question of why this is the case, but for now we
note that we can get semisimple and reductive algebras by modding out by certain ideals, known
as radicals.

Definition 1.33. Let g be a finite-dimensional Lie algebra. The sum a + b of solvable ideals
a,b g is again a solvable ideal. Hence the sum of all solvable ideals of g is a maximal
solvable ideal, known as the radical vad(g) of g.

tad(g) = 2 a
adg
solvable

Definition 1.34. Let g be a finite-dimensional Lie algebra. The sum of nilpotent ideals is
a nilpotent ideal. Hence the sum of all nilpotent ideals of g is a maximal nilpotent ideal,
known as the nilradical nil(g) of g.

nil(g) = ), «a
a<g
nilpotent

Proposition 1.35. Let g be a Lie algebra. Then 9/ad(g) is semisimple and 8/nil(g) is reductive.
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We have seen in Example 1.3 that we can pass from an associative algebra A to a Lie algebra by
taking its bracket as the commutator [a, b] = ab — ba. We should also not that any homomorphism
of K-algebras f : A — B preserves commutators, so that f is also a homomorphism of Lie
algebras. Hence we have a functor Lie : K-Alg — K-LieAlg. We can also go the other direction
by embedding a Lie algebra g in an associative algebra, known as the universal enveloping algebra of

g.

Definition 1.36. Let g be a Lie algebra and Tg = @,, g“" be its tensor algebra — i.e. the
free K-algebra generated by the elements of g. We call the K-algebra %(g) = To/I the
universal enveloping algebra of g, where I is the left ideal of Tg generated by the elements
X, Y] - (XQY-Y®X).

Notice there is a canonical homomorphism g — % (g) given by the composition
g —— Tg —— To/1=%(g)

Given Xy,..., X, € g, we identify X; with its image under the inclusion g — Tg and we write
X1+ Xy for (X3 ® -+ ® Xy;) + I. This notation suggests the map g — #%(g) is injective, but at
this point this is not at all clear — given that the projection Tg — %(g) is not injective. However,
we will soon see this is the case. Intuitively, % (g) is the smallest associative K-algebra containing
g as a Lie subalgebra. In practice this means. ..

Proposition 1.37. Let g be a Lie algebra and A be an associative K-algebra. Then every homomor-
phism of Lie algebras f : g — A — where A is endowed with the structure of a Lie algebra as in
Example 1.3 — can be uniquely extended to a homomorphism of algebras % (g) — A.

L}A

g Nl
%(g)

Proof. Let f : g — A be a homomorphism of Lie algebras. By the universal property of free
algebras, there is a homomorphism of algebras f : Tg — A such that

QLA

l O
Ty
Since f is a homomorphism of Lie algebras,

FIX YD = F(IXY]) = [F(X), f(V)] = [f(X), f(N] = f(X®Y - Y@ X)
C

forall X,Y € g. Hence I = ([X,Y] - (X®Y -Y®X) : X,Y € g) C ker f and therefore f factors

through the quotient % (g) = To/I.

TgLA

[

%(g)

Combining the two previous diagrams, we can see that f is indeed an extension of f. The
uniqueness of the extension then follows from the uniqueness of f and f. |
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We should point out this construction is functorial. Indeed, if f : g — b is a homomorphism of
Lie algebras then Proposition 1.37 implies there is a homomorphism of algebras % (f) : %(g) —
%(h) satisfying

— s p —— %)

g
| T
(g)

It is important to note, however, that % : K-LieAlg — K-Alg is not the “inverse” of our
functor K-Alg — K-LieAlg. For instance, if g = K is the 1-dimensional Abelian Lie algebra then
% (g) = K[x], which is infinite-dimensional. Nevertheless, Proposition 1.37 may be restated using
the language of adjoint functors — as described in [Mac71] for instance.

Corollary 1.38. If Lie : K-Alg — K-LieAlg is the functor described in Example 1.3, there is an
adjunction Lie - %.

The structure of %(g) can often be described in terms of the structure of g. For instance, g
is Abelian if, and only if %(g) is commutative, in which case any basis {X;}; for g induces an
isomorphism % (g) = K[x1, x2, ..., x;,...]. More generally, we find...

Theorem 1.39 (Poincaré-Birkoff-Witt). Let g be a Lie algebra over K and {X;}; C g be an ordered
basis for g —i.e. a basis indexed by an ordered set. Then {Xil Xy X, 20,1 <ip <+ <
in} is a basis for % (g).

in

This last result is known as the PBW Theorem. It is hugely important and will come up again
and again throughout these notes. Among other things, it implies. ..

Corollary 1.40. Let g be a Lie algebra over K. Then %(g) is a domain and the inclusion g —
% (g) is injective.

The PBW Theorem can also be used to compute a series of examples.

Example 1.41. Consider the Lie algebra gl,(K) and its canonical basis {E;};. Even though
EijEj = Ej in the associative algebra End(K"), the PBW Theorem implies EiiEjk # Ej in
%(gl,(K)). In general, if A is an associative K-algebra then the elements in the image of the
inclusion A — % (A) do not satisfy the same relations as the elements of A.

Example 1.42. Let g be an Abelian Lie algebra. As previously stated, any choice of basis {X;}; C g

induces an isomorphism of algebras %(g) — K[x1,X2,...,%;,...] which takes X; € g to the
variable x; € K[xq,x2,...,%;,...]-

Example 1.43. Let g1 and g be Lie algebras over K. We claim that the natural map

f:%(g1) @k %(g2) — U (g1 D 92)
URQUVFH—— U-D

is an isomorphism of algebras. Since the elements of g; commute with the elements of g; in
g1 @ g2, a simple calculation shows that f is indeed a homomorphism of algebras. In addition, the
PBW Theorem implies that f is a linear isomorphism.

The construction of % (g) may seem like a purely algebraic affair, but the universal enveloping
algebra of the Lie algebra of a Lie group G is in fact intimately related with the algebra Diff(G)
of differential operators C*(G) — C®(G) - i.e. R-linear endomorphisms C®(G) — C*(G) of
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finite order, as defined in [C C95, ch. 3] for example. Algebras of differential operators and their
modules are the subject of the theory of D-modules, which has seen remarkable progress in the
past century. Specifically, we find. ..

Proposition 1.44. Let G be a Lie group and g be its Lie algebra. Denote by Diff(G)C the algebra of
G-invariant differential operators in G — i.e. the algebra of all differential operators P : C*®(G) —»
C*®(G) such that g-Pf = P(g- f) forall f € C*(G) and g € G. There is a canonical isomorphism
of algebras % (g) — Diff(G)C.

Proof. An order 0 G-invariant differential operator in G is simply multiplication by a constant in IR.
A homogeneous order 1 G-invariant differential operator in G is simply a left invariant derivation
C®(G) — C*=(G). All other G-invariant differential operators are generated by invariant oper-
ators of order 0 and 1. Hence Diff(G)® is generated by Der(G) 4+ R — here Der(G)® C Der(G)
denotes the Lie subalgebra of invariant derivations.

Now recall that there is a canonical isomorphism of Lie algebras X(G) — Der(G). This iso-
morphism takes left invariant fields to left invariant derivations, so it restricts to an isomorphism
f:g — Der(G)® C Diff(G)°. Since f is a homomorphism of Lie algebras, it can be extended to
an algebra homomorphism f : %(g) — Diff(G)¢. We claim f is an isomorphism.

To see that f is injective, it suffices to notice

F(X1Xn) = f(X1) - f(Xn) = f(Xq) -+ f(Xn) #0

for all nonzero Xi,...,X, € g — the product of operators of positive order has positive order
and is therefore nonzero. Since % (g) is generated by the image of the inclusion g — %(g), this
implies ker f = 0. Given that Diff(G)C is generated by Der(G)® + R, this also goes to show f is
surjective. |

As one would expect, the same holds for complex Lie groups and algebraic groups too — if we
replace C*(G) by 6(G) and K]|G], respectively. This last proposition has profound implications.
For example, it affords us an analytic proof of certain particular cases of the PBW Theorem. Most
surprising of all, Proposition 1.44 implies % (g)-modules are precisely the same as modules over
the ring of G-invariant differential operators — i.e. Diff(G)®-modules. We can thus use %(g) and
its modules to understand the geometry of G.

Proposition 1.44 is in fact only the beginning of a profound connection between the theory of
D-modules and representation theory, the latter of which we now explore in the following section.

1.2 Representation Theory

First introduced in 1896 by Georg Frobenius in his paper “Uber Gruppencharakteren” [Fro96]
in the context of group theory, representation theory is now one of the cornerstones of modern
mathematics. In this section we provide a brief overview of basic concepts of the representation
theory of Lie algebras. We should stress, however, that the representation theory of Lie algebras
is only a small fragment of what is today known as “representation theory”, which is in general
concerned with a diverse spectrum of algebraic and combinatorial structures — such as groups,
quivers and associative algebras. An introductory exploration of some of these structures can be
found in [Eti+11].

We begin by noting that any % (g)-module M may be regarded as a K-vector space endowed
with a “linear action” of g. Indeed, by restricting the action map %(g) — End(M) to g C % (g)
yields a homomorphism of Lie algebras g — gl(M) = End(M). In fact Proposition 1.37 implies
that given a vector space M there is a one-to-one correspondence between % (g)-module structures
for M and homomorphisms g — gl(M). This leads us to the following definition.
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Definition 1.45. Given a Lie algebra g over K, a representation V of g is a K-vector space
endowed with a homomorphism of Lie algebras p : g — gl(V).

Hence there is a one-to-one correspondence between representations of g and % (g)-modules.

Example 1.46. Given a Lie algebra g, the zero map 0 : g — K gives K the structure of a represen-
tation of g, known as the trivial representation.

Example 1.47. Given a Lie algebra g, consider the homomorphism ad : g — gl(g) given by
ad(X)Y = [X,Y]. This gives g the structure of a representation of g, known as the adjoint represen-
tation.

Example 1.48. Given a Lie algebra g, the map p : g — ¢l(%(g)) given by left multiplication
endows % (g) with the structure of a representation of g, known as the regular representation of g.

p:g— ol(%(g))
X— p(X): %(g) — %(g)
ur—— X-u

Example 1.49. Given a subalgebra g C gl,(K), the inclusion g — g¢[,(K) endows K" with the
structure of a representation of g, known as the natural representation of g.

When the map p : g — gl(V) is clear from context it is usual practice to denote the K-
endomorphism p(X) : V. — V, X € g, simply by X |y. This leads us to the natural notion of
transformations between representations.

Definition 1.50. Given a Lie algebra g and two representations V and W of g, we call a
K-linear map f : V — W an intertwining operator, or an intertwiner, if it commutes with the
action of g on V and W, in the sense that the diagram

LW

|4
XTVJ lx[w
v

— W
f

commutes for all X € g. We denote the space of all intertwiners V. — W by Homg(V, W)
— as opposed the space Hom(V, W) of all K-linear maps V. — W.

The collection of representations of a fixed Lie algebra g thus forms a category, which we
call Rep(g). This allow us formulate the correspondence between representations of g and % (g)-
modules in more precise terms.

Proposition 1.51. There is a natural isomorphism of categories Rep(g) — % (g)-Mod.

Proof. We have seen that given a K-vector space M there is a one-to-one correspondence between g-
representation structures for M —i.e. homomorphisms g — gl(M) — and % (g)-module structures
for M —i.e. homomorphisms % (g) — End(M). This gives us a surjective map that takes objects
in Rep(g) to objects in % (g)-Mod.

As for the corresponding maps Homg (M, N) — Homg(4)(M, N), it suffices to note that a K-
linear map between representations M and N is an intertwiner if, and only if it is a homomorphism
of % (g)-modules. Our functor thus takes an intertwiner M — N to itself. It should then be clear
that our functor Rep(g) — g-Mod is invertible. [ |
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The language of representation is thus equivalent to that of %(g)-modules, which we call g-
modules. Correspondingly, we refer to the category %(g)-Mod as g-Mod. The terms g-submodule
and g-homomorphism should also be self-explanatory. To avoid any confusion, we will, for the most
part, exclusively use the language of g-modules. It should be noted, however, that both points of
view are profitable.

For starters, the notation for g-modules is much cleaner than that of representations: it is
much easier to write “X - m” than “(p(X))(m)” or even “X [y (m)”. By using the language of
g-modules we can also rely on the general theory of modules over associative algebras — which
we assume the reader is already familiarized with. On the other hand, it is usually easier to
express geometric considerations in terms of the language representations, particularly in group
representation theory.

Often times it is easier to define a g-module M in terms of the corresponding map g — gl(M)
— this is technique we will use throughout the text. In general, the equivalence between both
languages makes it clear that to understand the action of % (g) on M it suffices to understand the
action of g C %(g). For instance, for defining a g-module M it suffices to define the action of
each X € g and verify this action respects the commutator relations of g — indeed, g generates
%(g) as an algebra, and the only relations between elements of g are the ones derived from the
commutator relations.

Example 1.52. The space K[x, ] is a sl (K)-module with

ep=xd Fop=yd hep=(xL_y9
p=xg,p P=ygP P={"a% Vay )"

Example 1.53. Given a Lie algebra g and g-modules M and N, the space Hom(M, N) of K-linear
maps M — N is a g-module where (X - f)(m) = X - f(m) — f(X-m) for all X € gand f €
Hom(M, N). In particular, if we take N = K the trivial g-module, we can view M* — the dual
of M in the category of K-vector spaces — as a g-module where (X - f)(m) = —f(X - m) for all
f:M—K

The fundamental problem of representation theory is a simple one: classifying all representa-
tions of a given Lie algebra up to isomorphism. However, understanding the relationship between
representations is also of huge importance. In other words, to understand the whole of g-Mod we
need to study the collective behavior of representations — as opposed to individual examples. For
instance, we may consider g-submodules, quotients and tensor products.

Example 1.54. Let K[x, y] be the sl(K)-module as in Example 1.52. Since e, f and & all preserve
the degree of monomials, the space K[x,y]¥) = @, ,_s Kx*y’ of homogeneous polynomials of
degree d is a finite-dimensional sl (K)-submodule of K[x, y].

Example 1.55. Given a Lie algebra g, a g-module M and m € M, the subspace %(g) -m = {u-m:
u € %(g)}is a g-submodule of M, which we call the submodule generated by m.

Example 1.56. Given a Lie algebra g and g-modules M and N, the space M ® N = M ®g N is
a g-module where X - (m®@n) = X-m®n+m® X -n. The exterior and symmetric products
M AN and M ® N are both quotients of M ® N by g-submodules. In particular, the exterior and
symmetric powers A"M and Sym” M are g-modules.

Remark. We would like to stress that the monoidal structure of g-Mod we’ve just described is
not given by the usual tensor product of modules. In other words, M ® N is not the same as
M @g(g) N.

It is also interesting to consider the relationship between representations of separate algebras.
In particular, we may define. ..

Example 1.57. Let g be a Lie algebra and h) be a subalgebra. Given a g-module M, denote by
Resy M = M the h-module where the action of § is given by restricting the map g — gl(M) to
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h. Any homomorphism of g-modules M — N is also a homomorphism of h-modules and this
construction is clearly functorial.

Resg : g-Mod — h-Mod

Example 1.58. Given a Lie algebra g, the adjoint g-module is a submodule of the restriction of
the adjoint % (g)-module — where we consider %(g) a Lie algebra as in Example 1.3, not as an
associative algebra - to g.

Surprisingly, this functor has a right adjoint.

Example 1.59. Let g be a Lie algebra and h be a subalgebra. Given a h-module M, let Indg M =
%(9) ®g () M — where the right h-module structure of % (g) is given by right multiplication. Any
h-homomorphism f : M — N induces a g-homomorphism Indf f = id ®f : Indj M — Ind§ N
and this construction is clearly functorial.

Indg : h-Mod — g-Mod

Proposition 1.60. Given a Lie algebra g, a subalgebra by C g, a h-module M and a g-module N,
the map
« : Homg (Indj M, N) — Homy (M, Resy N)
. g
fr— a(f): M — Resy N
m— f(l®@m)

is a K-linear isomorphism. In other words, there is an adjunction Resg F Indg.

Proof. It suffices to note that the map

p : Homy (M, Resy N) — Homg(Indy M, N)
fr— B(f) :Indf M — N
U@ mv—s u- f(m)

is the inverse of a. [}

This last proposition is known as Frobenius reciprocity, and was first proved by Frobenius him-
self in the context of finite groups. Another interesting construction is. ..

Example 1.61. Given two K-algebras A and B, an A-module M and a B-module N, M® N =
M ®x N has the natural structure of an A ®g B-module. In light of Example 1.43, this implies that
given Lie algebras g; and gy, a g1-module M; and a gy-module M, the space M ® M, has the
natural structure of a g; @ gp-module, where the action of g; @ g is given by

(X1+Xy) - me@n)=Xg- m@n+meX; -n

Example 1.61 thus provides a way to describe representations of g; & g, in terms of the repre-
sentations of g; and gp. We will soon see that in many cases all (simple) g1 @ go-modules can be
constructed in such a manner. This concludes our initial remarks on g-modules. In the following
chapters we will explore the fundamental problem of representation theory: that of classifying all
representations of a given algebra up to isomorphism.



Chapter 2

Semisimplicity & Complete
Reducibility

Having hopefully established in the previous chapter that Lie algebras and their representations
are indeed useful, we are now faced with the Herculean task of trying to understand them. We
have seen that representations can be used to derive geometric information about groups, but the
question remains: how do we go about classifying the representations of a given Lie algebra? This
question has sparked an entire field of research, and we cannot hope to provide a comprehensive
answer in the 65 pages we have left. Nevertheless, we can work on particular cases.

For instance, one can readily check that a K"-module M — here K" denotes the n-dimensional
Abelian Lie algebra — is nothing more than a choice of n commuting operators M — M —
corresponding to the action of the canonical basis elements ey, ...,e; € K". In particular, a 1-
dimensional K"-module is just a choice of n scalars A4, ..., A,. Different choices of scalars yield
non-isomorphic modules, so that the 1-dimensional K”-modules are parameterized by points in
K".

This goes to show that classifying the representations of Abelian algebras is not that interesting
of a problem. Instead, we focus on a less trivial, yet reasonably well behaved case: the finite-
dimensional modules of a finite-dimensional semisimple Lie algebra g over an algebraically closed
field K of characteristic 0. But why are the modules of a semisimple Lie algebras simpler — or
perhaps semisimpler — to understand than those of any old Lie algebra? We will get back to this
question in a moment, but for now we simply note that, when solving a classification problem, it
is often profitable to break down our structure is smaller pieces. This leads us to the following
definitions.

Definition 2.1. A g-module is called indecomposable if it is not isomorphic to the direct sum
of two nonzero g-modules.

Definition 2.2. A g-module is called simple if it has no nonzero proper g-modules.

Example 2.3. The trivial g-module K is an example of a simple g-module. In fact, every 1-
dimensional g-module M is simple: M has no nonzero proper K-subspaces, let alone g-submodules.

Example 2.4. Given a finite-dimensional simple g;-module M; and a finite-dimensional simple
go-module M, the tensor product M; ® M, is a simple g; & go-module. All finite-dimensional
simple g1 @ go-modules have the form M; ® M, for unique (up to isomorphism) M; and M,. In
light of Example 1.43, this is a particular case of the fact that, given K-algebras A and B, all finite-
dimensional simple A ®g B-modules are given tensor products of simple A-modules with simple
B-modules - see [Eti+11, ch. 3].

13
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The general strategy for classifying finite-dimensional modules over an algebra is to classify
the indecomposable modules. This is because. ..

Theorem 2.5 (Krull-Schmidt). Let g be a Lie algebra. Then every finite-dimensional g-module
can be uniquely — up to isomorphisms and reordering of the summands — decomposed into a direct
sum of indecomposable g-modules.

Hence finding the indecomposable g-modules suffices to find all finite-dimensional g-modules:
they are the direct sum of indecomposable g-modules. The existence of the decomposition should
be clear from the definitions. Indeed, if M is a finite-dimensional g-modules a simple argument via
induction in dim M suffices to prove the existence: if M is indecomposable then there is nothing to
prove, and if M is not indecomposable then M = N & L for some nonzero submodules N,L C M,
so that their dimensions are both strictly smaller than dim M and the existence follows from the
induction hypothesis. For a proof of uniqueness please refer to [Eti+11].

Finding the indecomposable modules of an arbitrary Lie algebra, however, turns out to be a
bit of a circular problem: the indecomposable g-modules are the ones that cannot be decomposed,
which is to say, those that are not decomposable. Ideally, we would like to find some other
condition, equivalent to indecomposability, but which is easier to work with. It is clear from the
definitions that every simple g-module is indecomposable, but there is no reason to believe the
converse is true. Indeed, this is not always the case. For instance. ..

Example 2.6. The space M = K? endowed with the action
xX-e1=e X-ep=¢e1tem

of the Lie algebra K[x] is a K[x]-module. Notice M has a single nonzero proper submodule, which
is spanned by the vector e;. This is because if (a + b)ey + bep = x - (ae; + bey) = A - (aey + bey) for
some A € K then A =1 and b = 0. Hence M is indecomposable — it cannot be broken into a direct
sum of 1-dimensional submodules — but it is evidently not simple.

This counterexample poses an interesting question: are there conditions one can impose on
an algebra g under which every indecomposable g-module is simple? This is what is known in
representation theory as complete reducibility.

Definition 2.7. A g-module M is called completely reducible if every g-submodule of M has
a g-invariant complement — i.e. given N C M, there is a submodule L C M such that
M=N®L.

Definition 2.8. A g-module M is called semisimple if it is the direct sum of simple g-
modules.

In case the relationship between complete reducibility, semisimplicity of g-modules and the
simplicity of indecomposable modules is unclear, the following results should clear things up.

Proposition 2.9. The following conditions are equivalent.
(i) Every submodule of a finite-dimensional g-module is completely reducible.
(ii) Every exact sequence of finite-dimensional g-modules splits.
(iii) Every indecomposable finite-dimensional g-module is simple.

(iv) Every finite-dimensional g-module is semisimple.

Proof. We begin by (i) = (ii). Let
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f g

0 N M L 0

be an exact sequence of g-modules. We can suppose without loss of generality that N C M is
a submodule and f is its inclusion in M, for if this is not the case there is an isomorphism of
sequences

f g

N M L 0
A
f(N)

0 M L 0

8

It then follows from (i) that there exists a g-submodule L’ C M such that M = N @& L'. Finally,
the projection s : M — N is g-homomorphism satisfying

8

0 N L 0

Next is (i) = (iii). If M is an indecomposable g-module and N C M is a submodule, we
have an exact sequence

0 N M M/N 0

of g-modules.

Since our sequence splits, we must have M = N @ M/N. But M is indecomposable, so that
either M = N or M = M/N, in which case N = 0. Since this holds for all N C M, M is simple. For
(iii) = (v) it suffices to apply Theorem 2.5.

Finally, for (iv) = (i), if we assume (iv) and let M be a g-module with decomposition into
simple submodules

M= M;
1

and N C M is a submodule. Take some maximal set of indexes {iy, ..., i} so that (@k Mik) NM=
0 and let L = @ M;,. We want to establish M = N & L.

Suppose without any loss in generality that iy = k for all k and let j > r. By the maximality
of our set of indexes, there is some nonzero n € (M; ® L) N N. Say n = m; +my + - - - + m, with
each m; € M;. Then m; =n —my —---—m, € M;N (N @ L) is nonzero. Indeed, if this is not the
case we find 0 # n = my + - - +m, € (Bj—; M;) N N, a contradiction. This implies M; N (N & L)
is a nonzero submodule of M;. Since M; is simple, M; = M; N (N @ L) and therefore M; C N @ L.
Given the arbitrary choice of j, it then follows M = N & L. |

While we are primarily interested in indecomposable g-modules — which is usually a strictly
larger class of representations than that of simple g-modules — it is important to note that simple
g-modules are generally much easier to find. The relationship between simple g-modules is also
well understood. This is because of the following result, known as Schur’s Lemma.

Lemma 2.10 (Schur). Let M and N be simple g-modules and f : M — N be a g-homomorphism.
Then f is either 0 or an isomorphism. Furthermore, if M = N is finite-dimensional then f is a
scalar operatot.

Proof. For the first statement, it suffices to notice that ker f and im f are both submodules. In
particular, either ker f = 0 and imf = N or ker f = M and im f = 0. Now suppose M = N
is finite-dimensional. Let A € K be an eigenvalue of f — which exists because K is algebraically
closed — and M, be its corresponding eigenspace. Given m € M), f(X-m) = X - f(m) = AX - m.
In other words, M, is a g-submodule. It then follows M, = M, given that M, # 0. |
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We are now ready to answer our first question: the special thing about semisimple algebras is
that the relationship between their indecomposable modules and their simple modules is much
clearer. Namely...

Proposition 2.11. Given a finite-dimensional Lie algebra g over K, g is semisimple if, and only if
every finite-dimensional g-module is completely reducible.

The proof of the fact that a finite-dimensional Lie algebra g whose finite-dimensional modules
are completely reducible is semisimple is actually pretty simple. Namely, it suffices to note that
the adjoint g-module is the direct sum of simple submodules, which are all simple ideals of g —
so g is the direct sum of simple Lie algebras. The proof of the converse is more nuanced, and this
will be our next milestone.

Before proceeding to the proof of complete reducibility, however, we would like to introduce
some basic tools which will come in handy later on, known as. ..

2.1 Invariant Bilinear Forms
Definition 2.12. A symmetric bilinear form B : g x ¢ — K is called g-invariant if the
operator ad(X) : g — g is antisymmetric with respect to B for all X € g.
B(ad(X)Y,Z) + B(Y,ad(X)Z) =0
Remark. The etymology of the term invariant form comes from group representation theory. Namely,
given a linear action of a group G on a vector space V equipped with a bilinear form B, B is called
G-invariant if all ¢ € G act via B-orthogonal operators. The condition of g-invariance can thus be

though-of as an infinitesimal approximation of the notion of a G-invariant form. Indeed Lie(O(B))
is precisely the Lie subalgebra of gl(V) consisting of antisymmetric operators V. — V.

An interesting example of an invariant bilinear form is the so called Killing form.

Definition 2.13. Given a finite-dimensional Lie algebra g, the symmetric bilinear form

K:gxg—K
(X,Y) — Tr(ad(X)ad(Y))

is called the Killing form of g.

The fact that the Killing form is an invariant form follows directly from the identity Tr([X, Y]Z) =
Te(X[Y, Z]), X, Y, Z € gl,(K). In fact this same identity show. ..

Lemma 2.14. Given a finite-dimensional g-module M, the symmetric bilinear form

Kkmigxg—K
(X,Y) — Te(Xm Ym)

is g-invariant.

The reason why we are discussing invariant bilinear forms is the following characterization of
finite-dimensional semisimple Lie algebras, known as Cartan’s criterion for semisimplicity.
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Proposition 2.15. Let g be a Lie algebra. The following conditions are equivalent.
(i) g is semisimple.
(ii) For each non-trivial finite-dimensional g-module M, the g-invariant bilinear form

Kkmigxg—K
(X,Y) — Te(XTm Ym)

is non-degenerate.

(iii) The Killing form x is non-degenerate.

This proof is somewhat technical, but the idea behind it is simple. First, for (i) = (ii) we
show that a = {X € g : xy(X,Y) = 0VY € g} is a solvable ideal of g. Hence a = 0. For (ii)
= (iii) it suffices to take M = g the adjoint g-module. Finally, for (iii) = (i) we note that
the orthogonal complement of any a < g with respect to the Killing form « is an ideal b of g with
g = a® b. Furthermore, the Killing form of a is the restriction x [ of the Killing form of g to
a X a, which is non-degenerate. It then follows from induction in dim a that g is the sum of simple
ideals.

We refer the reader to [E H73, ch. 5] for a complete proof. Without further ado, we may
proceed to our...

2.2 Proof of Complete Reducibility

Let g be a finite-dimensional Lie algebra over K. We want to establish that if g is semisimple then
all finite-dimensional g-modules are semisimple. Historically, this was first proved by Herman
Weyl for K = C, using his knowledge of smooth representations of compact Lie groups. Namely,
Weyl showed that any finite-dimensional semisimple complex Lie algebra is (isomorphic to) the
complexification of the Lie algebra of a unique simply connected compact Lie group, known as its
compact form. Hence the category of the finite-dimensional modules of a given complex semisimple
algebra is equivalent to that of the finite-dimensional smooth representations of its compact form,
whose representations are known to be completely reducible because of Maschke’s Theorem — see
[GS18, ch. 3] for instance.

This proof, however, is heavily reliant on the geometric structure of C. In other words, there
is no hope for generalizing this for some arbitrary K. Fortunately for us, there is a much sim-
pler, completely algebraic proof of complete reducibility, which works for algebras over any alge-
braically closed field of characteristic zero. The algebraic proof included in here is mainly based
on that of [Kir08, ch. 6], and uses some basic homological algebra. Admittedly, much of the
homological algebra used in here could be concealed from the reader, which would make the
exposition more accessible — see [E H73] for instance.

However, this does not change the fact the arguments used in this proof are essentially homo-
logical in nature. Hence we consider it more productive to use the full force of the language of
homological algebra, instead of burring the reader in a pile of unmotivated, yet entirely elemen-
tary arguments. Furthermore, the homological algebra used in here is actually very basic. In fact,
all we need to know is...

1A symmetric bilinear form B : g x g — K is called non-degenerate if B(X,Y) = 0 for all Y € g implies X = 0.



18 Chapter 2. Semisimplicity & Complete Reducibility

Theorem 2.16. There is a sequence of bifunctors Ext' : g-Mod® x g-Mod — K-Vect, i > 0
such that, given a g-module L', every exact sequence of g-modules

f g

0 N M L 0

induces long exact sequences

0 — Homg(L,N) L°= Homy(L', M) *°~5 Homy(L',L) j

& Ext!(L/,N) — Ext!(L’,M) — Ext'(L/,L)

& Ext?(L/,N) — Ext*(L',M) — Ext’(L/,L) ------ > e
and

0 —— Homy(L,L') —=5 Homg(M,L') —% Hom,(N,L')

L Ext!(L, L)) — Ext!(M,L') —— Ext}(N, L)

L Ext*(L,L') —— Ext*(M,L') —— Ext*(N,L’) --—---- o

Theorem 2.17. Given g-modules N and L, there is a one-to-one correspondence between elements
of Ext! (L, N) and isomorphism classes of short exact sequences

0 N M L 0

In particular, Ext' (L, N) = 0 if, and only if every short exact sequence of g-modules with N and L
in the extremes splits.

We should point out that, although we have not provided an explicit definition of the bifunc-
tors Ext/, they are uniquely determined by the conditions of Theorem 2.16 and some additional
minimality constraints. This is, of course, far from a comprehensive account of homological alge-
bra. Nevertheless, this is all we need. We refer the reader to [Har08] for a complete exposition, or
to part II of [Rib22] for a more modern account using derived categories.

We are particularly interested in the case where L’ = K is the trivial g-module. Namely, we
may define. ..

Definition 2.18. Given a Lie algebra g and a g-module M, we refer to the Abelian group
H'(g, M) = Ext'(K, M) as the i-th Lie algebra cohomology group of g with coefficients in M.

Definition 2.19. Given a g-module M, we call the vector space M® = {m € M : X -m =
0 VX € g} the space of invariants of M. A simple calculations shows that a g-homomorphism
f : M — N takes invariants to invariants, so that f restricts to a map M® — N9. This
construction thus yields a functor —9 : g-Mod — K-Vect.
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Example 2.20. Let M be a g-module. Then M is a direct sum of copies of the trivial g-module if,
and only if M = MS9.

Example 2.21. Let M and N be g-modules. Then Hom(M, N)¢ = Homy(M, N). Indeed, given a
K-linear map f : M — N we find
f €eHom(M,N)? <= X -f(m)—f(X-m)=(X-f)(m)=0VXegmeM
< X-f(m)=f(X-m)VXegmeM
<= f € Homg(M, N)

The Lie algebra cohomology groups are very much related to invariants of g-modules. Namely,
constructing a g-homomorphism f : K — M is precisely the same as fixing an invariant of M —
corresponding to f(1), which must be an invariant for f to be a g-homomorphism. Formally, this
translates to the existence of a canonical isomorphism of functors Homy(K, —) — —9 given by

Homg (K, M) — M?®
fr— f(1)
This implies. ..

Corollary 2.22. Every short exact sequence of g-modules

0 N-Lom—S,r 0
induces a long exact sequence
0 No — L e 8

Lgj

L H'(g,N) —— H'(g,M) —— H'(g,L) U

L H?(g,N) —— H?*(g9,M) —— H?*(g,L) ----- oo

Proof. We have an isomorphism of sequences

0 —— Homy(K,N) " Homy (K, M) - Homg(K,L) —— H(g,N) ~- -+
0 N$ 7 M8 3 L8 Hl(g, N) 77777 S e

By Theorem 2.16 the sequence on the top is exact. Hence so is the sequence on the bottom. W

This is all well and good, but what does any of this have to do with complete reducibility?
Well, in general cohomology theories really shine when one is trying to control obstructions of
some kind. In our case, the bifunctor H' (g, Hom(—, —)) : ¢-Mod°? x g-Mod — K-Vect classifies
obstructions to complete reducibility. Explicitly. ..

Theorem 2.23. There is a natural isomorphism Ext' — H'(g, Hom(—, —)). In particular, given
g-modules N and L, there is a one-to-one correspondence between elements of H' (g, Hom(L, N))
and isomorphism classes of short exact sequences

0 N M L 0
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This is essentially a consequence of Example 2.21 and Theorem 2.17, as well as the minimality
conditions that characterize Ext!. For the readers already familiar with homological algebra:
the correspondence between H'(g,Hom(L, N)) and short exact sequences of g-modules can be
described in very concrete terms by considering a canonical free resolution

- U(g) @ (NPg) —— U(g) @9 %(g) K 0

of the trivial g-module K, known as the Chevalley-Eilenberg resolution, which provides an explicit
construction of the cohomology groups — see [LB00, sec. 1.3C] or [GS84, sec. 24] for further details.

We will use the previous result implicitly in our proof, but we will not prove it in its full force.
Namely, we will show that if g is semisimple then H! (g, M) = 0 for all finite-dimensional M,
and that the fact that H'(g, Hom(L, N)) = 0 for all finite-dimensional N and L implies complete
reducibility. To that end, we introduce a distinguished element of %(g), known as the Casimir
element of a g-module.

Definition 2.24. Let g be a finite-dimensional semisimple Lie algebra and M be a finite-
dimensional g-module. Let {X;}; be a basis for g and denote by {X'}; C g its dual basis
with respect to the form x); — i.e. the unique basis for g satisfying xp;(X;, X/) = dij, whose
existence is a consequence of the non-degeneracy of x;. We call

Oy =X X'+ +X,X €U%g)

the Casimir element of M.

Lemma 2.25. The definition of Qs is independent of the choice of basis {X;}.

Proof. Whatever basis {X;}; we choose, the image of Q) under the canonical isomorphism g ®
g — g®g* — End(g) is the identity operator?. ]

Proposition 2.26. The Casimir element Qp; € %(g) is central, so that Qp; [N: N — N is a
g-homomorphism for any g-module N. Furthermore, Q1 acts on M as a nonzero scalar operator
whenever M is a non-trivial finite-dimensional simple g-module.

Proof. To see that Q) is central fix a basis {X;}; for g and denote by {X'}; its dual basis with
respect to xy;, as in Definition 2.24. Given any X € g, it follows from definition of the X' that
X =xm(X, X)X + -+ xm(X, XX, = (X, X)X 4 -+ xem (X, X)X

In particular, it follows from the invariance of xj that

(X, Om] = L[X, X;X]

1

= Z[x, XX+ in[x, X']

=Y om([X X1, XXX+ Y em([X, X1, X)X, X,
ij ij

=2 _(km([X, Xi1, X') + 1w (X, [X, X)) XX
ij

=0

2Here the isomorphism g ® g — g ® g* is given by tensoring the identity g — g with the isomorphism g — g*
induced by the form x .



§2.2. Proof of Complete Reducibility 21

and Q) is central. This implies that Qs [y: N — N is a g-homomorphism for all g-modules N:
its action commutes with the action of any other element of g.

In particular, it follows from Schur’s Lemma that if M is finite-dimensional and simple then
Q1 acts on M as a scalar operator. To see that this scalar is nonzero we compute

Tr(Qum Im) = Te(Xq [y X' Tm) 4+ + Te(Xp Tm X7 [m) = dimg,

so that O [p= Ald for A = Cﬁﬁ?]& # 0. ]

As promised, the Casimir element of a g-module can be used to establish. . .

Proposition 2.27. Suppose g is semisimple and let M be a finite-dimensional g-module. Then
H'(g,M) = 0.

Proof. We begin by the case where M is simple. Due to Theorem 2.17, it suffices to show that any
exact sequence of the form

f g

0 M N K 0 @2.1)

splits.
If M = K is the trivial g-module then the exactness of

f g

0 K N K 0 (2.2)

implies N is 2-dimensional. Take any nonzero n € N outside of the image of f.

Since dim N = 2, the simple component %(g) - n of n in N is either Kn or N itself. But this
component cannot be N, since the image of f is a 1-dimensional g-module —i.e. a proper nonzero
submodule. Hence K# is invariant under the action of g. In particular, X -n = 0 for all X € g.
Since n lies outside the image of f, g(n) # 0 — which is to say, n ¢ ker g = im f. This implies the
map K — N that takes 1 to #/g(n) is a splitting of (2.2).

Now suppose that M is non-trivial, so that Qs acts on M as A for some A # 0. Denote by
NF the generalized eigenspace of () [y: N — N associated with y € K. If we identify M with
f(M), it is clear that M C N*. The exactness of (2.1) implies dim N = dim M + 1, so that either
N* = M or N* = N. But if N* = N then there is some nonzero n € N* with n ¢ M = ker ¢ such
that .

0=(Qm—-A) n= 2(—1)"(2) Ak
k=0
for some r > 1.
In particular,

r—1 r r—1 r
(=4 gln) = T (-0 () Mg m) = T (1) ()44 Q-0 =0,
k=0 k=0 —

which is a contradiction — given that neither (—A) ! nor g(n) are nil. Hence M = N* and there
must be some other eigenvalue y of Q) [y. For any such y and any eigenvector n € N,

ug(n) = g(un) = g(Qu -n) = Qp - g(n) =0

implies y = 0, so that the eigenvalues of the action of (0; on N are precisely A and 0.
Now notice that NU is in fact a submodule of N. Indeed, given n € NOand X € g, it follows
from the fact that )y, is central that

Oy (Xen)=X-(Qhy n)=X-0=0
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for some r. Hence N = M @ N° as g-modules. The homomorphism g thus induces an isomor-
phism NY 22 N/m = K, which translates to a splitting of (2.1).

Finally, we consider the case where M is not simple. Suppose H'(g, N) = 0 for all g-modules
with dim N < dim M and let N C M be a proper nonzero submodule. Then the exact sequence

0 N M M/N 0

induces a long exact sequence of the form
+ o= H'Y(g,N) —— H'(g,M) —— H'(g, M/N) -=== -+ (23)

Since dim N < dim M, it follows Hl(g, N) = 0. In addition, since dimN > 0, we find
dimM/N < dim M and thus H'(g,M/N) = 0. The exactness of (2.3) then implies H'(g, M) = 0.
Hence by induction in dim M we find H' (g, M) = 0 for all finite-dimensional M. We are done. W

We are now finally ready to prove...

Theorem 2.28 (Weyl). Given a semisimple Lie algebra g, every finite-dimensional g-module is
semisimple.

Proof. Let

f g

0 N M L 0 (2.4)

be a short exact sequence of finite-dimensional g-modules. We want to establish that (2.4) splits.
We have an exact sequence

0 —— Hom(L,N) <°=5 Hom(L, M) <=+ Hom(L,L) —— 0

of vector spaces. Since all maps involved are g-homomorphisms, this is an exact sequence of
g-modules. This then induces a long exact sequence

0 — Hom(L,N)® —°" Hom(L, M)® —°~—, Hom(L, L) 7

[ﬁ H'(g,Hom(L,N)) —— H'(g,Hom(L,M)) —— H'(g,Hom(L,L)) ----- N

of vector spaces.
But H'(g,Hom(L, N)) vanishes because of Proposition 2.27. In addition, recall from Exam-
ple 2.21 that Hom(L, L")? = Homg(L, L’). We thus have a short exact sequence

0 — Homy(L,N) 2°"s Homg(L, M) =5 Homg(L,L) — 0

In particular, there is some g-homomorphism s : L — M such that gos : L — L is the
identity operator. In other words

is a splitting of (2.4). |

Theorem 2.28 typically fails in the infinite-dimensional setting. For instance, consider. ..
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Example 2.29. The regular g-module %(g) is an indecomposable module which is not simple. In
particular, % (g) is not semisimple. To see this, notice that the submodules of %(g) are precisely
its left ideals. If we suppose that I, ] <%(g) are such that %(g) = I & ] as g-modules, we can find
u € I and v € ] such that 1 = u 4+ v. The PBW Theorem then implies that ¥ and v commute, so
that uv = vu € INJ = 0. Since % (g) is a domain, either u = 0 or v = 0. Given that 1 = u + v,
u=1orv=1. Hence either | = %(g) and ] =0or [ =0 and | = %(g), as required.

We should point out that these last results are just the beginning of a well developed cohomol-
ogy theory. For example, a similar argument involving the Casimir elements can be used to show
that H(g, M) = 0 for all semisimple g and all non-trivial finite-dimensional simple M, i > 0. For
K = C, the Lie algebra cohomology groups of the algebra g = C ® Lie(G) are intimately related
with the topological cohomologies — i.e. singular cohomology, de Rham cohomology, etc. — of G
with coefficients in C. We refer the reader to [LB00] and [GS84, sec. 24] for further details.

Complete reducibility can be generalized for arbitrary — not necessarily semisimple — g, to a
certain extent, by considering the exact sequence

0 —— tad(g) —— g — 9/ra(g) —— 0

This sequence always splits for finite-dimensional g, which in light of Example 2.4 implies
we can deduce information about g-modules by studying the modules of its “semisimple part”
9/vad(g) — see Proposition 1.35. In practice this translates to. ..

Proposition 2.30 (Lie). Let g be a solvable Lie algebra. Every finite-dimensional simple g-module
is 1-dimensional.

Corollary 2.31. Let g be a Lie algebra. Every finite-dimensional simple g-module is the tensor
product of a simple 8/xad(g)-module and a 1-dimensional vad(g)-module.

Proof. This follows at once from Proposition 2.30 and Example 2.4. u

Having finally reduced our initial classification problem to that of classifying the finite-dimensional
simple g-modules, we can now focus exclusively in this particular class of g-modules. However,
there is so far no indication on how we could go about understanding them. In the next chapter
we will explore some concrete examples in the hopes of finding a solution to our general problem.
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Chapter 3

Representations of sly(K) & sl3(K)

We are, once again, faced with the daunting task of classifying the finite-dimensional modules of
a given (semisimple) algebra g. Having reduced the problem a great deal, all its left is classifying
the simple g-modules. We have encountered numerous examples of simple g-modules over the
previous chapter, but we have yet to subject them to any serious scrutiny. In this chapter we
begin a systematic investigation of simple modules by looking at concrete examples. Specifically,
we will classify the simple finite-dimensional modules of certain low-dimensional semisimple Lie
algebras: sl (K) and sl3(K).

The reason why we chose sl(K) is a simple one: throughout the previous chapters sl (K)
has afforded us surprisingly illuminating examples. We begin our analysis by recalling that the

elements
0 1 00 1 0
=0 o) =1 o) i=(o )

form a basis for sl (K) and satisfy

e, fl=h 1, f] = —2f [h,e] = 2e

Let M be a finite-dimensional simple sl (K)-module. We now turn our attention to the action
of h on M, in particular, we investigate the subspace @, M) C M — where A ranges over the
eigenvalues of /1 [ and M, is the corresponding eigenspace.

At this point, this is nothing short of a gamble: why look at the eigenvalues of h? The short
answer is that, as we shall see, this will pay off. We will postpone the discussion about the real
reason of why we chose /i, but for now we may notice that, perhaps surprisingly, the action & [
of 1 on a finite-dimensional simple sl (K)-module M is always a diagonalizable operator.

Let A be any eigenvalue of & [1. Notice M, is in general not a sl (K)-submodule of M. Indeed,
if m € M, then the identities

h-(e-m)=2e-m+eh-m=(A+2)e-m
h-(f-m)=-=2f m+fh-m=(A—=2)f-m

follow. In other words, e sends an element of M, to an element of M, 5, while f sends it to an
element of M, _,. Visually, we may draw

M) M) Mj 42

25
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This implies @, M, is a slp(K)-submodule, so that @, M, is either 0 or the entirety of M
— recall that M is simple. Since M is finite dimensional, & [j; has at least one eigenvalue and
therefore

M=EEP M,
A

Even more so, we have seen that for any eigenvalue A € K of h [y, @rez Ma_ox is a slp(K)-
invariant subspace, which goes to show

M= M,_y,
kez

and the eigenvalues of & all have the form A — 2k for some k. By the same token, if a is the greatest
k € Z such that V)_,, # 0 and, likewise, b is the smallest k € Z such that V) _,; # 0 then

M= P My_y
keZ
a<k<b

The eigenvalues of / thus form an unbroken string
G A=4A =2 AA 42,444, ..

around A. Our main objective is to show M is determined by this string of eigenvalues. To do
so, we suppose without any loss in generality that A is the right-most eigenvalue of h, fix some
nonzero m € M, and consider the set {m, f - m, f>-m,...}.

Proposition 3.1. The set {m, f - m, f>-m,...} is a basis for M. In addition, the action of sly(K)
on M is given by the formulas

o kA +1—R T om fomeds A omds A2k B)

Proof. First of all, notice f*-m lies in My_y, so that {m, f-m, f2-m,...} is a set of linearly
independent vectors. Hence it suffices to show M = K(m, f - m, f* - m,...), which in light of the
fact that M is simple is the same as showing K(m, f - m, f>-m,...) is invariant under the action of
slp (K)

The fact that - (f*-m) € K(m, f -m, f>-m,...) follows immediately from our previous asser-
tion that fX-m € My_o —indeed, it - (f*-m) = (A —2k)f¥-m € K(m, f -m, f>-m,...), which also
goes to show one of the formulas in (3.1). Seeing ¢ - (f*-m) € K(m, f -m, f*>-m,...) is a bit more
complex. Clearly,

e-(f-m)=h-m+f-(e-m)
(since A is the right-most eigenvalue) = h-m + f -0
= Am

Next we compute
e (f2-m) = (h+ fe)-(f-m)

=h-(f-m)+f-(Am)
=2A—1)f-m

The pattern is starting to become clear: e sends f* - m to a multiple of f*~1 - m. Explicitly, it is
not hard to check by induction that

e-(ff-m)=k(A+1—-k)- fFm,
which which is the first formula of (3.1). ]
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The significance of Proposition 3.1 should be self-evident: we have just provided a complete
description of the action of sl;(K) on M. In particular, this goes to show...

Corollary 3.2. Every eigenspace of the action of h on M is 1-dimensional.

Proof. Tt suffices to note {m, f - m, f>-m,...} is a basis for M consisting of eigenvalues of 1 and
whose only element in M, _y is fk - M. |

Corollary 3.3. The eigenvalues of h in M form a symmetric, unbroken string of integers separated
by intervals of length 2 whose right-most value is dim M — 1.

Proof. If f" is the lowest power of f that annihilates m, it follows from the formulas in (3.1) that
O=e-0=c-(f-m)=r(A+1—1)f"t.m

This implies A +1—r =0-ie. A =r—1 € Z. Now since {m,f~m,f2-m,...,f’_1 -m}isa
basis for M, r = dim V. Hence if A = dim V — 1 then the eigenvalues of h are

GA—6A—4A -2

To see that this string is symmetric around 0, simply note that the left-most eigenvalue of  is
precisely A —2(r —1) = —A. [ |

Visually, the situation it thus

/\/\/\/\/\/\

M_, M_)po M )14 M) _4

\/\/\/&/\/\/

Corollary 3.3 can be used to find the eigenvalues of the action of & on an arbitrary finite-
dimensional sl (K)-module. Namely, if M and N are sl (K)-modules, m € M, and n € N, then
by computing

h-(m+n)=h-m+h-n=pu(m+n)

we can see that (M @ N), = M, + N,,. Hence the set of eigenvalues of / in a sl (K)-module M is
the union of the sets of eigenvalues in its simple components, and the corresponding eigenspaces
are the direct sums of the eigenspaces of such simple components.

In particular, if the eigenvalues of M all have the same parity — i.e. they are either all even
integers or all odd integers — and the dimension of each eigenspace is no greater than 1 then M
must be simple, for if N,L C M are submodules with M = N @ L then either N, = 0 for all A or
Ly = 0for all A € h*. To conclude our analysis all it is left is to show that for each A € Z with
A 2 0 there is some finite-dimensional simple M whose highest weight is A. Surprisingly, we have
already encountered such a M.

Theorem 3.4. Foreach A > 0, A € Z, there exists a unique simple sl (K)-module whose left-most
eigenvalue of h is A.

Proof. Let M = K]x,y]!) be the sl,(K)-module of homogeneous polynomials of degree A in two
variables, as in Example 1.54. A simple calculation shows M,,_; = Kx*~*y* for k = 0,...,A and
M, = 0 otherwise. In particular, the right-most eigenvalue of M is A. Alternatively, one can
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readily check that if K? is the natural sl;(K)-module, then M = Sym” K? satisfies the relations of
(3.1). Indeed, the map

K[x,y]» — Sym* K2
xk]/ — 6’]{ . eﬁ
is an isomorphism.

Either way, by the previous observation that a finite-dimensional sl (K)-module whose eigen-
values all have the same parity and whose corresponding eigenspace are all 1-dimensional must
be simple, M is simple. As for the uniqueness of M, it suffices to notice that if N is a finite-
dimensional simple sl(K)-module with right-most eigenvalue A and n € N, is nonzero then
relations (3.1) imply the map

M — N

fk~mr—>fk~n

is an isomorphism — this is, in effect, precisely how the isomorphism K[x,y]") -+ Sym” K? was
constructed. [}

Our initial gamble of studying the eigenvalues of 1 may have seemed arbitrary at first, but it
payed off: we have completely described all simple sl;(K)-modules. It is not yet clear, however, if
any of this can be adapted to a general setting. In the following section we shall double down
on our gamble by trying to reproduce some of these results for sl3(K), hoping this will somehow
lead us to a general solution. In the process of doing so we will find some important clues on why
h was a sure bet and the race was fixed all along.

3.1 Representations of sl;,1(K)

The study of representations of sl,(K) reminds me of the difference between the derivative of a
function R — R and that of a smooth map between manifolds: it is a simpler case of something
greater, but in some sense it is too simple of a case, and the intuition we acquire from it can be a
bit misleading in regards to the general setting. For instance, I distinctly remember my Calculus I
teacher telling the class “the derivative of the composition of two functions is not the composition
of their derivatives” — which is, of course, the correct formulation of the chain rule in the context
of smooth manifolds.

The same applies to sl (K). It is a simple and beautiful example, but unfortunately the general
picture, modules of arbitrary semisimple algebras, lacks its simplicity. The general purpose of this
section is to investigate to which extent the framework we developed for sl (K) can be generalized
to other semisimple Lie algebras. Of course, the algebra sl3(K) stands as a natural candidate for
potential generalizations: sl3(K) = sly;1(K) after all.

Our approach is very straightforward: we will fix some simple sl3(K)-module M and proceed
step by step, at each point asking ourselves how we could possibly adapt the framework we laid
out for sly(K). The first obvious question is one we have already asked ourselves: why h? More
specifically, why did we choose to study its eigenvalues and is there an analogue of  in sl3(K)?

The answer to the former question is one we will discuss at length in the next chapter, but for
now we note that perhaps the most fundamental property of k is that there exists an eigenvector m
of h that is annihilated by e — that being the generator of the right-most eigenspace of 4. This was
instrumental to our explicit description of the simple s, (K)-modules culminating in Theorem 3.4.

Our first task is to find some analogue of & in sl3(K), but it is still unclear what exactly we
are looking for. We could say we are looking for an element of M that is annihilated by some
analogue of e, but the meaning of some analogue of e is again unclear. In fact, as we shall see,
no such analogue exists and neither does such element. Instead, the actual way to proceed is to
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K 0 0
b_{XE(O K 0>:Tr(X)—O}
0 0 K

The choice of i may seem like an odd choice at the moment, but the point is we will later show
that there exists some m € M that is simultaneously an eigenvector of each H € h and annihilated
by half of the remaining elements of sl3(K). This is exactly analogous to the situation we found
in slp(K): h corresponds to the subalgebra b, and the eigenvalues of / in turn correspond to linear
functions A : h — k such that H - m = A(H)m for each H € h and some nonzero m € M. We call
such functionals A eigenvalues of ), and we say m is an eigenvector of .

Once again, we will pay special attention to the eigenvalue decomposition

M=EP M, 3.2)
A

consider the subalgebra

where A ranges over all eigenvalues of h and My = {m € M : H-m = A(H)m,VH € h}. We
should note that the fact that (3.2) holds is not at all obvious. This is because in general M, is not
the eigenspace associated with an eigenvalue of any particular operator H € b, but instead the
eigenspace of the action of the entire algebra . Fortunately for us, (3.2) always holds, but we will
postpone its proof to the next chapter.

Next we turn our attention to the remaining elements of sl3(K). In our analysis of sl;(K) we
saw that the eigenvalues of h differed from one another by multiples of 2. A possible way to
interpret this is to say the eigenvalues of h differ from one another by integral linear combinations of the
eigenvalues of the adjoint action of h. In English, since

ad(h)e = 2¢ ad(h)f = —2f ad(h)h = 0,

the eigenvalues of the adjoint actions of / are 0 and +2, and the eigenvalues of the action of / on
a simple sl (K)-module differ from one another by integral multiples of 2.

In the case of sl3(K), a simple calculation shows that if [H, X] is scalar multiple of X for all
H € b then all but one entry of X are zero. Hence the eigenvectors of the adjoint action of h are
E;j and its eigenvalues are €; — €, where

ai 0 0
€10 a 0| =ua
0 0 as

Visually we may draw

€2 —€3
[ ]
€2
€)— €10 L €] — €3
0 €
€3
€3 — €10 4 ®c] — €
(]
€3 —€1

If we denote the eigenspace of the adjoint action of h on sl3(K) associated to a by sl3(K), and
fix some X € sl3(K)q, H € h and m € M, then
H-(X-m)=X-(H-m)+[H,X|-m
=X-(AMH)m)+a(H)X-m
=A+a)H)X-m
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so that X carries m to M),,. In other words, sl3(k)y acts on M by translating vectors between
eigenspaces.
For instance s(3(K)e, —e, will act on the adjoint sl3(K)-modules via

This is again entirely analogous to the situation we observed in sl;(K). In fact, we may once
more conclude. ..

Theorem 3.5. The eigenvalues of the action of § on a simple sl3(K)-module M differ from one
another by integral linear combinations of the eigenvalues €; — €; of the adjoint action of b on
5[3 (K)

Proof. This proof goes exactly as that of the analogous statement for sl, (K): it suffices to note that
if we fix some eigenvalue A of h and let i and j vary then

@ M/\+€i 761‘
ij

is an invariant subspace of M. |
To avoid confusion we better introduce some notation to differentiate between eigenvalues of

the action of h on M and eigenvalues of the adjoint action of b.

Definition 3.6. Given a sl3(K)-module M, we will call the nonzero eigenvalues of the action
of h on M weights of M. As you might have guessed, we will correspondingly refer to
eigenvectors and eigenspaces of a given weight by weight vectors and weight spaces.

It is clear from our previous discussion that the weights of the adjoint sl3(K)-module deserve
some special attention.

Definition 3.7. The weights of the adjoint sl3(K)-module are called roots of sl3(K). Once
again, the expressions root vector and root space are self-explanatory.

Theorem 3.5 can thus be restated as. ..

Definition 3.8. The lattice Q = Z({e; — € i,j =1,2,3) is called the root lattice of sl3(K).

Corollary 3.9. The weights of a simple sl3(K)-module M are all congruent modulo the root lattice
Q. In other words, the weights of M all lie in a single Q-coset { € b™/Q.

At this point we could keep playing the tedious game of reproducing the arguments from the
previous section in the context of sl3(K). However, it is more profitable to use our knowledge of
slp(K)-modules instead. Notice that the canonical inclusion gl,(K) — gl3(K) — as described in
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Example 1.4 - restricts to an injective homomorphism sl (K) — sl3(K). In other words, sl;(K) is
isomorphic to the image s10 = K(E12, Ez1, [E12, E21]) C sl3(K) of the inclusion sl (K) — sl3(K).
We may thus regard M as a slp(K)-module by restricting to s1,.

Our first observation is that, since the root spaces act by translation, the subspace

@ M)\—k(f?l —€2)/
keZ

must be invariant under the action of Eq; and Ej; for all A € h*. This goes to show P M A—k(e1—ep)

is a sly(K)-submodule of M for all weights A of M. Furthermore, one can easily see that the

eigenspace of the action of & on @recz M)_k(e,—¢,) associated with the eigenvalue A(H) — 2k is

precisely the weight space M) _
Visually,

€—€1)"

A
—\
e

In general, we find. ..

Proposition 3.10. Given i < j, the subalgebra s;; = K(E;j, Ej;, [E;j, Eji]) is isomorphic to slp(K).
In addition, given a weight A € b* of M, the space

N=¢ M/\*k(Ei*Gj)
keZ

is invariant under the action of s;; and
Mj—k(e;—¢j) = Na([E; Ejl) -2

ijs

Proof. In effect, if i # k # j then s;; is the subalgebra of matrices whose k-th row and k-th column
are nil. For instance, if i = 1 and j = 3 then

K 0 K
s;3= (0 0 0| nNslzK)
K 0 K

In this case, the map
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which “erases the k-th row and the k-th column” of a matrix is an isomorphism.
To see that N is invariant under the action of s;;, it suffices to notice E;; and E;; map m €
M/\—k(e,-—e]-) to Ejj-m € MA—(k—l)(e,-—e]-) and Ej; -m € M)\,(kﬂ)(ei,e]_), respectively. Moreover,

(A —k(ei — €j))([Eij, Eji]) = AM[Eij, Eji]) — k(1 — (=1)) = A([Eij, Eji]) — 2k,
which goes to show MA,k(e[,ej) - NA([E,-]-,E]-i])—Zk- On the other hand, if we suppose 0 < dim M/\—k(e,-—e]-) <
dim N A([Eij Eji])~2k for some k we arrive at

z]rEji])_Zk = dim N’

dim N = ZdimM/\_k(ei_ej> < Zdlm N/\([E"
k k

a contradiction. [ |

As a first consequence of this, we show. ..

Definition 3.11. The lattice P = Z(e1, €3, €3) is called the weight lattice of sl3(K).

Corollary 3.12. Every weight A of M lies in the weight lattice P.

Proof. 1t suffices to note A([E;j, Ej]) is an eigenvalue of & in a finite-dimensional sl (K)-module, so
it must be an integer. Now since

a 0 0 a 0 O 0 0 O
AlO b 0 =A(0 0 O +A10 b O = ﬂ/\([Elg, E3l]) + bA([E;B, E32]),
0 0 —a—b 0 0 —a 0 0 —b

which is to say A = )L([Elg, Egl])é‘l + /\([E23, Egz])é‘z € P. |

There is a clear parallel between the case of sl3(K) and that of sl (K), where we observed that
the eigenvalues of the action of & all lied in the lattice P = Z and were congruent modulo the
sublattice Q = 2Z.

Among other things, this last result goes to show that the diagrams we have been drawing are
in fact consistent with the theory we have developed. Namely, since all weights lie in the rational
span of {€1, €2, €3}, we may as well draw them in the Cartesian plane. In fact, the attentive reader
may notice that x(Eqp, Ep3) = —1/2, so that the angle — with respect to the Killing form x — between
the root vectors Ejp and Ep3 is precisely the same as the angle between the points representing
their roots €; — € and €, — €3 in the Cartesian plane. Since €] — €2 and €2 — €3 span h*, this implies
the diagrams we’ve been drawing are given by an isometry QP — Q?, where QP is endowed
with the bilinear form defined by (e; — €;, €x — ay) — x(E;j, Ex¢) — which we denote by x as well.

To proceed we once more refer to the previously established framework: next we saw that
the eigenvalues of & form an unbroken string of integers symmetric around 0. To prove this we
analyzed the right-most eigenvalues of /1 and their eigenvectors, providing an explicit description
of the simple sl(K)-modules in terms of these vectors. We may reproduce these steps in the
context of sl3(K) by fixing a direction in the plane an considering the weight lying the furthest in
that direction.

For instance, let’s say we fix the direction
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and let A be the weight lying the furthest in this direction.

Its easy to see what we mean intuitively by looking at the previous picture, but its precise
meaning is still allusive. Formally this means we will choose a linear functional f : QP — Q
and pick the weight that maximizes f. To avoid any ambiguity we should choose the direction of
a line irrational with respect to the root lattice Q — for if f is not irrational there may be multiple
choices the “weight lying the furthest” along this direction.

Definition 3.13. We say that a root « is positive if f(x) > 0 - ie. if it lies to the right of
the direction we chose. Otherwise we say « is negative. Notice that f(«) # 0 since by
definition « # 0 and f is irrational with respect to the lattice Q.

The next observation we make is that all others weights of M must lie in a sort of %—Cone with
apex at A, as shown in

Indeed, if this is not the case then, by definition, A is not the weight placed the furthest in the
direction we chose. Given our previous assertion that the root spaces of sl3(K) act on the weight
spaces of M via translation, this implies that Eq», E13 and Ey3 all annihilate M), or otherwise one
of Myte,—eyr Maye,—e; and My ¢, ., would be nonzero — which contradicts the hypothesis that
A lies the furthest in the direction we chose. In other words. ..

Proposition 3.14. There is a weight vector m € M that is annihilated by all positive root spaces of
5[3 (K)

Proof. It suffices to note that the positive roots of sl3(K) are precisely €1 — €3, €1 — €3 and €3 — €3,
with root vectors Eqp, E13 and Ej3, respectively. |

We call A the highest weight of M, and we call any nonzero m € M), a highest weight vector. Going
back to the case of sl;(K), we then constructed an explicit basis for our simple module in terms
of a highest weight vector, which allowed us to provide an explicit description of the action of
slp(K) in terms of its standard basis, and finally we concluded that the eigenvalues of I must be
symmetrical around 0. An analogous procedure could be implemented for sl3(K) — and indeed
that’s what we will do later down the line — but instead we would like to focus on the problem of
finding the weights of M in the first place.

We will start out by trying to understand the weights in the boundary of previously drawn

cone. As we have just seen, we can get to other weight spaces from M, by successively applying
Epq.
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Notice that A([E1p, Ex1]) € Z is the right-most eigenvalue of the sl (K)-module ©rez My k(e —e,)-
In particular, A([Ejp, E>1]) must be positive. In addition, since the eigenspace of the eigenvalue
A([E12, Ex]) — 2k of the action of h on @ren Ma—k(e,—ey) 18 MA—k(e,—¢,), the weights of M appear-
ing the string A,A + (€1 — €2),...,A + k(€1 — €2),... must be symmetric with respect to the line
«(€1 — €3,a) = 0. The picture is thus

61762, —O

We could apply this same argument to the subspace @y My _k(c,_e,), S0 that the weights in
this subspace must be symmetric with respect to the line «(e; — €3,a) = 0. The picture is now

61762, —0

l k(ey —e3,a) =0

Needless to say, we could keep applying this method to the weights at the ends of our string,

arriving at
MA




§3.1. Representations of slp1(K) 35

We claim all dots y lying inside the hexagon we have drawn must also be weights —i.e. M, # 0.
Indeed, by applying the same argument to an arbitrary weight v in the boundary of the hexagon
we get a slp(K)-module whose weights correspond to weights of M lying in a string inside the
hexagon, and whose right-most weight is precisely the weight of M we started with.

By construction, v corresponds to the right-most weight of a sly(K)-module, so that all dots
lying on the dashed string must occur in sl (K)-module. Hence they must also be weights of M.
The final picture is thus

This final picture is known as the weight diagram of M. Finally...

Theorem 3.15. The weights of M are precisely the elements of the weight lattice P congruent to
A module the sublattice Q and lying inside hexagon with vertices the images of A under the group
generated by reflections across the lines x(€; — €j,a) = 0.

Having found all of the weights of M, the only thing we are missing is an existence and
uniqueness theorem analogous to Theorem 3.4. It is clear from the symmetries of the locus of
weights found in Theorem 3.15 that if A € P is the highest weight of some finite-dimensional
simple sl3(K)-module M then A lies in the cone IN(e1, —e3). What's perhaps more surprising is
the fact that this condition is sufficient for the existence of such a M. In other words, our next goal
is establishing. . .

Definition 3.16. An element A € P is called dominant if it lies in the cone IN(e1, —e3).

Theorem 3.17. For each dominant A € P, there exists precisely one finite-dimensional simple
sl3(K)-module M whose highest weight is A.

To proceed further we once again refer to the approach we employed in the case of sl (K):
next we showed in Proposition 3.1 that any simple sl, (K)-module is spanned by the images of its
highest weight vector under f. A more abstract way of putting it is to say that a simple sl (K)-
module M of is spanned by the images of its highest weight vector under successive applications
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of the action of half of the root spaces of sl,(K). The advantage of this alternative formulation is,
of course, that the same holds for sl3(K). Specifically. ..

Proposition 3.18. Given a simple sl3(K)-module M and a highest weight vector m € M, M is
spanned by the images of m under successive applications of Ep1, E31 and Es;.

Proof. Given the fact M is simple, it suffices to show that the subspace N spanned by successive
applications of Ej;, E3; and Ez to m is stable under the action of sl3(K). In addition, since
[Ez1,E31] = [Es1,Esz] = 0 and [Epy, Esn] = —Esy, all successive product of Epq, E3 and Ejp in
2%(s13(K)) can be written as Ef; Egl E§, for some a, b and ¢, so that N is spanned by the elements
Eg E3|ESy - m.

Recall that Ejj maps My, to My, t¢;—¢;- In particular, E, E5 ES -m € M) _ o
In other words,

€1—€2)—b(e1—e3)—c(e2—€3)"

HEglEglEgl -m=(A—a(e; —e) —ber —e3) —c(ex — 53))(H)E51E31E§1 -m e N

for all H € h and N is stable under the action of ). On the other hand, N is clearly stable under
the action of E»q, E31 and Ezp. All it is left is to show N is stable under the action of Eq», Eq3 and
E23.
We begin by analyzing the case of Ejp. We have
E1pE§ E§ ESy - m = ([Exa, Ext] + ExiErp)Egy 'E§ES, - m
= E([Erp, Ent] + Ex1E1) E§; 2B ES, - m
+ (A= (a—1)(e1 — €2) — b(e — €3) — c(e2 — €3)) ([Era, Ext])E3y 'E3{ ESy - m
= E35([Ex2, E1] + Ex1E12) B B3, ESy - m
+(A=(a-1)(e1—€) — b(el —€3) — (e — €3)) ([Exa, Ex]) E§; 'ESESy - m
+ (A= (a—2)(e1 — €2) — b(ey — €3) — c(e2 — €3)) ([Er, Ex1])Ejy *E3, Sy - m

= EglEleglEgz sm
+(A—(a—1)(e1 —e2) — b(e1 —e3) — c(e2 — €3)) ([Ena, Ex ] Ey 'ES ES, - m
+ (A= (a—2)(e1 —€2) —b(e1 —e3) — c(e2 — €3)) ([Exo, Ex1] ) E4 2ESESy - m

+ (A= (a—a)(e1 —e2) —b(er —e3) — c(ex — €3)) ([Enz, Exn]) E5y "ES ESy -

Since (A — (a —k)(e1 — €2) — b(e1 — €3) — c(€2 — €3))([E12, E21])E§ka§1E§2 -m € N for all k, it
suffices to show Eg1E12E§1 E5,-m € N. But

EppE}y = (EsiE1p — Esp)E !
=Ez Elegl_l - 53115321‘331_1
= E31(E31E1p — Ex)ES % — ESZEgl,

= E5 Eyp — bEsyES,
given [E1p, E31] = —Esp and [E3p, E31] = 0. It then follows from the fact E1 - m = 0 that

E§ EnE}ESy - m = B3 EQ ESyErp - m — bER EQ ESY! - m = —bEL EL ES -m € N,
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given that Ey» and E3 commute. Hence Ej - (E5; E§1E§2 -m) € N. Similarly,

Ei3- (E§E5ES, - m), Ens - (E4 E5ES, -m) € N

The same argument also goes to show...

Corollary 3.19. Given a finite-dimensional sl3(K)-module M with highest weight A and m € M,,
the subspace spanned by successive applications of Ey1, E31 and Ezp to m is a simple submodule
whose highest weight is A.

This is very interesting to us since it implies that finding any finite-dimensional module whose
highest weight is A is enough for establishing the “existence” part of Theorem 3.17. Moreover,
constructing such a module turns out to be quite simple.

Proof of existence. Take A = ke — le3 € P with k, £ > 0, so that A is dominant. Consider the natural
sl3(K)-module K3. We claim that the highest weight of Sym* K? ® Sym‘(K3)* is A.

First of all, notice that the weight vector of K3 are the canonical basis elements e, e, and e3,
whose corresponding weights are €1, €, and €3 respectively. Hence the weight diagram of K3 is

€2
°

o€

€3

and € is the highest weight of K3.

On the one hand, if {f1, f2, f3} is the dual basis for {e1,e;,e3} then H - f; = —¢;(H) f; for each
H € b, so that the weights of (K®)* are precisely the opposites of the weights of K°. In other
words,

_63

—€10

{ ]
_62

is the weight diagram of (K®)* and €3 is the highest weight of (K3)*.
On the other hand if we fix two sl3(K)-modules N and L, by computing
H- n®l)=H-n®l+n®H-I
=AH)n®lI+n®u(H)I
= A+ p)(H) (nel)
for each H € h, n € N) and | € L, we can see that the weights of N ® L are precisely the sums of
the weights of N with the weights of L.

This implies that the highest weights of Sym* k® and Sym‘(K3)* are ke; and —(e; respectively
— with highest weight vectors e’l‘ and ff . Furthermore, by the same token the highest weight of

Sym* K® ® Sym‘ (K3)* must be A = ke; — fe3 — with highest weight vector ek fi. |
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The “uniqueness” part of Theorem 3.17 is even simpler than that.

Proof of uniqueness. Let M and N be two simple sl3(K)-modules with highest weight A. By Theo-
rem 3.15, the weights of M are precisely the same as those of N.
Now by computing

H-(m+n)=H-m+H-n=u(H)m+u(H)n = pu(H)(m+ n)

for each H € h, m € M, and n € N;,, we can see that the weights of M © N are same as those
of M and N. Hence the highest weight of M @ N is A — with highest weight vectors given by the
sum of highest weight vectors of M and N.

Fix some m € M, and n € N, and consider the submodule L = %(sl3(K)) - m+n C M& N
generated by m + n. Since m + n is a highest weight of M @ N, it follows from corollary 3.19 that
L is simple. The projection maps 71y : L — M, 7, : L — N, being nonzero homomorphism
between simple sl3(K)-modules, must be isomorphism. Finally,

M=L=N
m

We have been very successful in our pursue for a classification of the simple modules of sl (K)
and sl3(K), but so far we have mostly postponed the discussion on the motivation behind our
methods. In particular, we did not explain why we chose h and h, and neither why we chose
to look at their eigenvalues. Apart from the obvious fact we already knew it would work a
priory, why did we do all that? In the following chapter we will attempt to answer this question
by looking at what we did in the last chapter through more abstract lenses and studying the
representations of an arbitrary finite-dimensional semisimple Lie algebra g.



Chapter 4

Finite-Dimensional Simple Modules

In this chapter we classify the finite-dimensional simple g-modules for a finite-dimensional semisim-
ple Lie algebra g over K. At the heart of our analysis of sl(K) and sl3(K) was the decision to
consider the eigenspace decomposition

M=P M, (4.1)
A

This was simple enough to do in the case of sl,(K), but the rational behind it and the reason
why equation (4.1) holds are harder to explain in the case of sl3(K). The eigenspace decomposition
associated with an operator M — M is a very well-known tool, and readers familiarized with
basic concepts of linear algebra should be used to this type of argument. On the other hand, the
eigenspace decomposition of M with respect to the action of an arbitrary subalgebra h C gl(M) is
neither well-known nor does it hold in general: as indicated in the previous chapter, it may very
well be that

P MM
A€b*

We should note, however, that these two cases are not as different as they may sound at first
glance. Specifically, we can regard the eigenspace decomposition of a slp(K)-module M with
respect to the eigenvalues of the action of & as the eigenvalue decomposition of M with respect
to the action of the subalgebra h = Kh C slp(K). Furthermore, in both cases h C sl,,(K) is the
subalgebra of diagonal matrices, which is Abelian. The fundamental difference between these two
cases is thus the fact that dimh = 1 for h C slp(K) while dimbh > 1 for h C sl3(K). The question
then is: why did we choose ) with dimbh > 1 for sl3(K)?

The rational behind fixing an Abelian subalgebra § is a simple one: we have seen in the pre-
vious chapter that representations of Abelian algebras are generally much simpler to understand
than the general case. Thus it make sense to decompose a given g-module M of into subspaces
invariant under the action of h, and then analyze how the remaining elements of g act on these
subspaces. The bigger § is, the simpler our problem gets, because there are fewer elements outside
of b left to analyze.

Hence we are generally interested in maximal Abelian subalgebras h C g, which leads us to
the following definition.

Definition 4.1. A subalgebra ) C g is called a Cartan subalgebra of g if is self-normalizing —
ie. [X,H] € h for all H € b if, and only if X € h — and nilpotent. Equivalently for reductive
g, b is called a Cartan subalgebra of g if it is Abelian, ad(H) is diagonalizable for each H € §
and if h is maximal with respect to the former two properties.

Proposition 4.2. There exists a Cartan subalgebra b C g.

39
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Proof. Notice that 0 C g is an Abelian subalgebra whose elements act as diagonal operators via the
adjoint g-module. Indeed, 0, the only element of 0 C g, is such that ad(0) = 0 is a diagonalizable
operator. Furthermore, given a chain of Abelian subalgebras

0Ch ShC---

such that ad(H) is a diagonal operator for each H € b;, the subalgebra |J; h; C g is Abelian, and its
elements also act diagonally in g. It then follows from Zorn’s Lemma that there exists a subalgebra
b which is maximal with respect to both these properties, also known as a Cartan subalgebra. W

We have already seen some concrete examples. Namely. ..

Example 4.3. The Lie subalgebra

K 0 0
h= N . gg[n(K)

of diagonal matrices is a Cartan subalgebra. Indeed, every pair of diagonal matrices commutes,
so that b is an Abelian — and hence nilpotent — subalgebra. A simple calculation also shows that if
i # j then the coefficient of E;; in [Ej;, X] is the same as the coefficient of E;; in X, for all X € gl,,(K).
In particular, if [Ej;, X] is diagonal for all 7, then so is X —i.e. §j is self-normalizing.

Example 4.4. Let h be as in Example 4.3. Then the subalgebra h N sl,(K) of traceless diagonal
matrices is a Cartan subalgebra of sl (K).

Example 4.5. It is easy to see from Example 1.11 that h = {X € sp,,(K) : X is diagonal} is a
Cartan subalgebra.

Example 4.6. Let g1 and g, be Lie algebras and h; C g; be Cartan subalgebras. Then h; @ by is a
Cartan subalgebra of g; @ go.

The intersection of such subalgebra with s[,(K) — i.e. the subalgebra of traceless diagonal
matrices — is a Cartan subalgebra of sl,(K). In particular, if n = 2 or n = 3 we get to the
subalgebras described the previous chapter. The remaining question then is: if h C g is a Cartan
subalgebra and M is a g-module, does the eigenspace decomposition

M =P M,
A

of M hold? The answer to this question turns out to be yes. This is a consequence of something
known as simultaneous diagonalization, which is the primary tool we will use to generalize the
results of the previous section. What is simultaneous diagonalization all about then?

Definition 4.7. Given a K-vector space V, a set of operators {T; : V. — V}, is called
simultaneously diagonalizable if there is a basis {vy,...,v,} for V such that Tjv; is a scalar
multiple of v;, for all i, ;.

Proposition 4.8. Given a finite-dimensional vector space V, a set of diagonalizable operators
V — V is simultaneously diagonalizable if, and only if all of its elements commute with one
another.

We should point out that simultaneous diagonalization only works in the finite-dimensional set-
ting. In fact, simultaneous diagonalization is usually framed as an equivalent statement about
diagonalizable n X n matrices. Simultaneous diagonalization implies that to show M = @, M, it
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suffices to show that H [5;: M — M is a diagonalizable operator for each H € . To that end, we
introduce the Jordan decomposition of an operator and the abstract Jordan decomposition of a semisimple
Lie algebra.

Proposition 4.9 (Jordan). Given a finite-dimensional vector space V and an operator T : V. —
V, there are unique commuting operators Tgs, Toy : V. — V, with Tss diagonalizable and Ty
nilpotent, such that T = Tss + Ty The pair (Tss, Tyy1) is known as the Jordan decomposition
of T.

Proposition 4.10. Given g semisimple and X € g, there are Xss, Xpy1 € @ such that X = X +
Xnil, [Xss, Xnit] = 0, ad(Xss) is a diagonalizable operator and ad (X, ) is a nilpotent operator. The
pair (Xss, Xpi1) is known as the Jordan decomposition of X.

It should be clear from the uniqueness of ad(X)ss and ad(X),; that the Jordan decomposition
of ad(X) is ad(X) = ad(Xss) + ad(Xy;). What is perhaps more remarkable is the fact this holds
for any finite-dimensional g-module. In other words. ..

Proposition 4.11. Let M be a finite-dimensional g-module and X € g. Denote by X [y the action
of X on M. Then Xes [M= (X [m)ss and Xnjt [M= (X [M)ni-

This last result is known as the preservation of the Jordan form, and a proof can be found in
appendix C of [FH91]. As promised this implies. ..

Corollary 4.12. Let g be a semisimple Lie algebra, ) C g be a Cartan subalgebra and M be
any finite-dimensional g-module. Then there is a basis {my,...,m,} of M so that each m; is
simultaneously an eigenvector of all elements of b — i.e. each element of by acts as a diagonal matrix
in this basis. In other words, there are linear functionals A; € b* so that H - m; = A;(H)m; for all
H € b. In particular,
M= M,
Aeb*

Proof. Fix some H € . It suffices to show that H [5;: M — M is a diagonalizable operator.

If we write H = Hgs + Hy; for the abstract Jordan decomposition of H, we know ad(Hss) =
ad(H)ss. Butad(H) is a diagonalizable operator, so that ad(H)ss = ad(H). This implies ad(Hy;) =
ad(H)n = 0, so that Hyy) is a central element of g. Since g is semisimple, Hy; = 0. Proposition 4.11
then implies (H [p1)nit = Hnit M= 0, so H [p= (H [ m)ss is a diagonalizable operator. |

We should point out that this last proof only works for semisimple Lie algebras. This is
because we rely heavily on Proposition 4.11, as well in the fact that semisimple Lie algebras are
centerless. In fact, Corollary 4.12 fails even for reductive Lie algebras. For a counterexample,
consider the algebra g = K: the Cartan subalgebra of g is g itself, and a g-module is simply a
vector space M endowed with an operator M — M — which corresponds to the action of 1 € g
on M. In particular, if we choose an operator M — M which is not diagonalizable we find
M # @aep+ My

However, Corollary 4.12 does work for reductive g if we assume that the g-module M in
question is simple, since central elements of g act on simple g-modules as scalar operators. The
hypothesis of finite-dimensionality is also of huge importance. For instance, consider. ..

Example 4.13. Let %(g) denote the regular g-module. Notice that %(g), = 0 for all A € h*.
Indeed, since %(g) is a domain, if (H — A(H))u = 0 for some nonzero H € h then u = 0. In
particular,

P %(g)) =0#%(g)

Areph*
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As a first consequence of Corollary 4.12 we show. ..

Corollary 4.14. The restriction of the Killing form «x to b is non-degenerate.

Proof. Consider the root space decomposition g = gy ® @, g« of the adjoint g-module, where «
ranges over all nonzero eigenvalues of the adjoint action of h. We claim gp = b.

Indeed, since b is Abelian, ad(h)h = 0 —i.e. h C go. On the other hand, since § is self-
normalizing, if [X,H] = 0 € hforall H € h then X € h —ie. gy C h. So the eigenspace
decomposition becomes

g:h@@&x

We furthermore claim that h = gg is orthogonal to g, with respect to x for any a # 0. Indeed,
given X € g, and Hy, H € h with a(H;) # 0 we have

a(Hy) -x(X, Hy) = «([Hy, X], Hy) = —«([X, H1], Hy) = —«x(X, [H1, H]) =0
Hence the non-degeneracy of x implies the non-degeneracy of its restriction. |

We should point out that the restriction of « to b is not the Killing form of h. In fact, since b is
Abelian, its Killing form is identically zero — which is hardly ever a non-degenerate form.

Remark. Since x induces an isomorphism b — b*, it induces a bilinear form (x(X,),x(Y,-)) —
x(X,Y) in h*. As in section 3.1, we denote this form by «x as well.

We now have most of the necessary tools to reproduce the results of the previous chapter in a
general setting. Let g be a finite-dimensional semisimple algebra with a Cartan subalgebra h and
let M be a finite-dimensional simple g-module. We will proceed, as we did before, by generalizing
the results of the previous two sections in order. By now the pattern should be starting to become
clear, so we will mostly omit technical details and proofs analogous to the ones on the previous
sections. Further details can be found in appendix D of [FH91] and in [E H73].

4.1 The Geometry of Roots and Weights

We begin our analysis, as we did for slp(K) and sl3(K), by investigating the locus of roots of and
weights of g. Throughout chapter 3 we have seen that the weights of any given finite-dimensional
module of sly(K) or sl3(K) can only assume very rigid configurations. For instance, we have seen
that the roots of sl (K) and sl3(K) are symmetric with respect to the origin. In this chapter we will
generalize most results from chapter 3 regarding the rigidity of the geometry of the set of weights
of a given module.

As for the aforementioned result on the symmetry of roots, this turns out to be a general fact,
which is a consequence of the non-degeneracy of the restriction of the Killing form to the Cartan
subalgebra.

Proposition 4.15. The roots « of g are symmetrical about the origin —i.e. —a is also a root — and
they span all of h*.

Proof. We will start with the first claim. Let « and B be two roots. Notice [gq, g/s] C gatp- Indeed,
if X € gy and Y € gg then
[H, [X,Y]] = [X,[H,Y]] - [Y,[H, X]] = («+ B)(H) - [X, Y]

forall H € .
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This implies that if « 4+ B # 0 then ad(X) ad(Y) is nilpotent: if Z € g, then
(ad(X)ad(Y))'Z = [X,[Y,[.. ., [X, [Y, Z]]] .. .] € Gratrpiny =0

for r large enough. In particular, x(X,Y) = Tr(ad(X) ad(Y)) = 0. Now if —a is not an eigenvalue
we find x(X, gg) = O for all roots B, which contradicts the non-degeneracy of x. Hence —a must
be an eigenvalue of the adjoint action of .

For the second statement, note that if the roots of g do not span all of h* then there is some
nonzero H € b such that «(H) = 0 for all roots &, which is to say, ad(H)X = [H,X] = 0 for
all X € g. Another way of putting it is to say H is an element of the center ;3 = 0 of g, a
contradiction. |

Furthermore, as in the case of sl (K) and sl3(K) one can show. ..
Proposition 4.16. The root spaces g, are all 1-dimensional.

The proof of the first statement of Proposition 4.15 highlights something interesting: if we fix
some eigenvalue « of the adjoint action of ) on g and a eigenvector X € g,, then for each H € h
and m € M, we find

H-(X-m)=XH -m+[HX]-m=A+a)(H)X -m

Thus X sends m to M, _,. We have encountered this formula twice in these notes: again, we
find gu acts on M by translating vectors between eigenspaces. In particular, if we denote by A the set
of all roots of g then...

Theorem 4.17. The weights of a finite-dimensional simple g-module M are all congruent modulo
the root lattice Q = ZA of g. In other words, all weights of M lie in the same Q-coset { € b*/Q.

Again, we may leverage our knowledge of sl (K) to obtain further restrictions on the geometry
of the locus of weights of M. Namely, as in the case of sl3(K) we show...

Proposition 4.18. Given a root w of g the subspace s, = gx D 9—a D [ga, 9—«] is a subalgebra
isomorphic to sly(K).

Corollary 4.19. For all weights y, the subspace
D Myka
k

is invariant under the action of the subalgebra s, and the weight spaces in this string match the
eigenspaces of h.

The proof of Proposition 4.18 is very technical in nature and we won't include it here, but the
idea behind it is simple: recall that g, and g, are both 1-dimensional, so that dim[ga, g—4] is at
most 1. We check that [ga, g—«] # 0 and that no generator of [ga, g—«] is annihilated by «, so that
by adjusting scalars we can find E, € g, and F, € g_, such that H, = [E,X, F,X] satisfies

[Hou Fa] = —2F, [HﬂtrEtX] =2E,

The elements E,, F, € g are not uniquely determined by this condition, but H, is. As promised,
the second statement of Corollary 4.19 imposes strong restrictions on the weights of M. Namely,
if A is a weight, A(H,) is an eigenvalue of h on some sl,(K)-module, so it must be an integer. In
other words. ..
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Definition 4.20. The lattice P = {A € b* : A(Hy) € ZVa € A} C b* is called the weight
lattice of g. We call the elements of P integral.

Proposition 4.21. The weights of a finite-dimensional simple g-module M of all lie in the weight
lattice P.

Proposition 4.21 is clearly analogous to Corollary 3.12. In fact, the weight lattice of sl3(K) — as
in Definition 4.20 — is precisely Z(e1, €3, €3). To proceed further, we would like to take the highest
weight of M as in section 3.1, but the meaning of highest is again unclear in this situation. We could
simply fix a linear function QP — Q —as we did in section 3.1 — and choose a weight A of M that
maximizes this functional, but at this point it is convenient to introduce some additional tools to
our arsenal. These tools are called basis.

Definition 4.22. A subset Z = {B1,...,B,} C A of linearly independent roots is called a
basis for A if, given & € A, there are unique ky,...,k, € N such that « = £(k;B1 +--- +

kyBr).

Example 4.23. Suppose g = sl,(K) and h C g is the subalgebra of diagonal matrices, as in Ex-
ample 4.4. Consider the linear functionals €1, ...,€, € h* such that ¢;(H) is the i-th entry of the
diagonal of H. As observed in section 3.1 for n = 3, the roots of sl,(K) are €; — ¢; for i # j — with
root vectors given by E;; — and we may take the basis X = {B1,---,Bu_1} with B; = €; — €;.1.

Example 4.24. Suppose g = sp,,(K) and h C g is the subalgebra of diagonal matrices, as in
Example 4.5. Consider the linear functionals €1, ..., €, € h* such that €;(H) is the i-th entry of the
diagonal of H. Then the roots of sp,, (K) are +e; + €j for i # jand +2¢; - see [FH91, ch. 16]. In
this case, we may take the basis X = {1, ..., Bn} with B; = €; — €;1 for i < n and B, = 2¢,.

The interesting thing about basis for A is that they allow us to compare weights of a given
g-module. At this point the reader should be asking himself: how? Definition 4.22 isn’t exactly all
that intuitive. Well, the thing is that any choice of basis X induces an order in Q, where elements
are ordered by their X-coordinates.

Definition 4.25. Let ¥ = {B1,...,B+} be a basis for A. Given « = k11 +---+kpr € Q
with kq,...,k, € Z, we call the vector ay = (ky,...,k;) € Z" the X-coordinate of . We say
that « < B if oy, < By in the lexicographical order.

Definition 4.26. Given a basis X for A, there is a canonical parti’cion1 AT UA™ = A, where
At ={aeA:a>0}and A~ = {a € A:a < 0}. The elements of AT and A~ are called
positive and negative roots, respectively.

Example 4.27. If g = sl3(K) and ¥ is as in Example 4.23 then the partition AT U A~ induced by £
is the same as the one described in section 3.1.

Definition 4.28. Let X be a basis for A. The subalgebra b =t ®© @,ca+ 94 is called the Borel
subalgebra associated with by and L. A subalgebra p C g is called parabolic if p D b.

It should be obvious that the binary relation < in Q is a total order. In addition, we may
compare the elements of a given Q-coset A + Q by comparing their difference with 0 € Q. In other

INotice that ht(ax) = 0 if, and only if &« = 0. Since 0 is, by definition, not a root, the sets A* and A~ account for all roots.



§4.1. The Geometry of Roots and Weights 45

words, given A € u+ Q, we say A < p if A — y < 0. In particular, since the weights of M all lie
in a single Q-coset, we may compare them in this way. Given a basis £ for A we may take “the
highest weight of M” as a maximal weight A of M. The obvious question then is: can we always
find a basis for A?

Proposition 4.29. There is a basis . for A.

The intuition behind the proof of this proposition is similar to our original idea of fixing a
direction in h* in the case of sl3(K). Namely, one can show that x(a, ) € Z for all o, € A, so
that the Killing form « restricts to a nondegenerate Q-bilinear form QA x QA — Q. We can then
fix a nonzero vector v € QA and consider the orthogonal projection f : QA — Qv = Q. We say
aroot & € A is positive if f(a) > 0, and we call a positive root a simple if it cannot be written as the
sum two other positive roots. The subset X C A of all simple roots is a basis for A, and all other
basis can be shown to arise in this way.

Fix some basis X for A, with corresponding decomposition AT UA™ = A. Let A be a maximal
weight of M. We call A the highest weight of M, and we call any nonzero m € M, a highest
weight vector. The strategy then is to describe all weight spaces of M in terms of A and m, as in
Theorem 3.15. Unsurprisingly we do so by reproducing the proof of the case of sl3(K).

First, we note that any highest weight vector m € M, is annihilated by all positive root spaces,
for if &« € AT then E, -m € M, ., must be zero — or otherwise we would have that A + & is a
weight with A < A + a. In particular,

@ M) _ga = @ M) _ka

kezZ kelN

and A(Hj) is the right-most eigenvalue of the action of 1 on the sl (K)-module @y My -
This has a number of important consequences. For instance. ..

Corollary 4.30. If « € AT and 0, : b* — b* is the reflection in the hyperplane perpendicular
to a with respect to the Killing form, the weights of M occurring in the line joining A and o, are
precisely the y € P lying between A and oy (A).

Proof. Notice that any p € P in the line joining A and o0, (A) has the form y = A — ka for some
k, so that M, corresponds the eigenspace associated with the eigenvalue A(H,) — 2k of the action
of h on @y M)_r,. If u lies between A and 0, (A) then k lies between 0 and A(H, ), in which case
M, # 0 and therefore y is a weight.

On the other hand, if y does not lie between A and o, (A) then either k < 0 or k > A(Hj).
Suppose yu is a weight. In the first case u > A, a contradiction. On the second case the fact that
My # 0 implies M), (kA (H,))a = Mo, (u) # 0, which contradicts the fact that M, 4, = 0 for all
£>0. [

This is entirely analogous to the situation of sl3(K), where we found that the weights of the
simple sl3(K)-modules formed continuous strings symmetric with respect to the lines Ka with
Kk(€e; —€j,&) = 0. As in the case of 5l3(K), the same sort of arguments leads us to the conclusion. ..

Definition 4.31. We refer to the (finite) group W = (0 : &« € A) = (05 : B € ) C O(bh*) as
the Weyl group of g.

Theorem 4.32. The weights of a simple g-module M with highest weight A are precisely the ele-
ments of the weight lattice P congruent to A modulo the root lattice Q lying inside the convex hull
of the orbit of A under the action of the Weyl group W.
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At this point we are basically done with results regarding the geometry of the weights of M,
but it is convenient to introduce some further notation. Aside from showing up in the previous
theorem, the Weyl group will also play an important role in chapter 5 by virtue of the existence of
a canonical action of W on b.

Definition 4.33. The canonical action of W on h* given by 0 - A = o(A) is called the natural
action of W. We also consider the equivalent “shifted” action c @ A = (A + p) — p of W on
b*, known as the dot action of W — here p = 1/281 + - - - 1/2f3,.

This already allow us to compute some examples of Weyl groups.

Example 4.34. Suppose g = sl,(K) and h C g is as in Example 4.4. Let €1,...,€, € b* be as
in Example 4.23 and take the associated basis . = {B1,...,B,-1} for A, B; = €; —€;41. Then a
simple calculation shows that o, permutes €; and €;,1 and fixes the other ¢;. This translates to a
canonical isomorphism

W =S,
op; = 0; = (i i+1)

Example 4.35. Suppose g = sp,,(K) and h C g is as in Example 4.5. Let €1,...,€, € h* be as
in Example 4.24 and take the associated basis X = {f1,...,Bn} for A. Then a simple calculation
shows that 0. permutes €; and €;,4 for i < n and o, switches the sign of €,. This translates to a
canonical isomorphism

where 0; = (i i+1) are the canonical transpositions.

If we conjugate some ¢ € W by the isomorphism h* — b afforded by the restriction of the
Killing for to h we get a linear action of W on b, which is given by k(¢ - H,-) = o -x(H,-). As it
turns out, this action can be extended to an action of W on g by automorphisms of Lie algebras.
This translates into the following results, which we do not prove — but see [E H73, sec. 14.3].

Proposition 4.36. Given a € A™, there is an automorphism of Lie algebras fy : g — g such that
fo(H) = 0y - H for all H € b. In addition, these automorphisms can be chosen in such a way that
the family { fa}yca+ defines an action of W on g — which is obviously compatible with the natural
action of W on b.

Remark. We should notice the action of W on g from Proposition 4.36 is not canonical, since it
depends on the choice of E, and F,. Nevertheless, different choices of E, and F, yield isomorphic
actions and the restriction of these actions to b is independent of any choices.

We should point out that the results in this section regarding the geometry roots and weights
are only the beginning of a well develop axiomatic theory of the so called root systems, which
was used by Cartan in the early 20th century to classify all finite-dimensional simple complex Lie
algebras in terms of Dynking diagrams. This and much more can be found in [E H73, p. III] and
[FH91, ch. 21]. Having found all of the weights of M, the only thing we are missing for a complete
classification is an existence and uniqueness theorem analogous to Theorem 3.4 and Theorem 3.17.
This will be the focus of the next section.
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4.2 Highest Weight Modules & the Highest Weight Theorem

It is already clear from the previous discussion that if A is the highest weight of M then A(H,) > 0
for all positive roots a. Indeed, as in the sl3(K), for each « € AT we know A(H,) is the highest
eigenvalue of the action of & in the sl (K)-module @, M, i, — which must be a non-negative
integer. This fact may be summarized in the following proposition.

Definition 4.37. An element A of P such that A(H,) > 0 for all « € AT is referred to as an
dominant integral weight of g. The set of all dominant integral weights is denotes by P™.

Proposition 4.38. Suppose M is a finite-dimensional simple g-module and A is its highest weight.
Then A is a dominant integral weight of g.

The condition that A € PT is thus necessary for the existence of a simple g-module with
highest weight given by A. Given our previous experience with sl (K) and sl3(K), it is perhaps
unsurprising that this condition is also sufficient.

Theorem 4.39. For each dominant integral A € P there exists precisely one finite-dimensional
simple g-module M whose highest weight is A.

This is known as the Highest Weight Theorem, and its proof is the focus of this section. The
“uniqueness” part of the theorem follows at once from the arguments used for sl3(K). However,
the “existence” part of the theorem is more nuanced. Our first instinct is, of course, to try to
generalize the proof used for sl3(K). Indeed, as in Proposition 3.14, one is able to show...

Proposition 4.40. Let M be a finite-dimensional simple g-module. Then there exists a nonzero
weight vector m € M which is annihilated by all positive root spaces of g —i.e. X -m = 0 for all
X € go, a €AT.

Proof. If A is the highest weight of M, it suffices to take any m € M,. Indeed, given X € g, with
a € AT, X-mée My, =0because A +a > A. [ |

Unfortunately for us, this is where the parallels with Proposition 3.14 end. The issue is that
our proof relied heavily on our knowledge of the roots of sl3(K). It is thus clear that we need a
more systematic approach for the general setting. We begin by asking a simpler question: how
can we construct any g-module M whose highest weight is A? In the process of answering this
question we will come across a surprisingly elegant solution to our problem.

If M is a finite-dimensional simple module with highest weight A and m € M,, we already
know that X -m = 0 for any m € M) and X € g4, « € A*. Since M = %(g) - m, the restriction of
M to the Borel subalgebra b C g has a prescribed action. On the other hand, we have essentially
no information about the action of the rest of g on M. Nevertheless, given a b-module we may
obtain a g-module by freely extending the action of b via induction. This leads us to the following
definition.

Definition 4.41. Given A € h*, consider the b-module Km™ where H - m* = A(H)m™ for
all H € hand X-m* = 0 for X € g, with & € A", The g-module M(A) = Ind} Km™" is
called the Verma module of weight A.

Example 4.42. If g = sl(K), then we can take h = Kh and b = Ke & Kh. In this setting, the linear
map g : h* — K defined by g(h) = 1 affords us a canonical identification h* = Kg = K, so that
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given A € K we may denote M(Ag) simply by M(A). Using this notation M(A) = @y Kf* - m™,
and the action of sl (K) on M(A) is given by formula (4.2).

Fomt e kA1t ot L At ot S 2 ot (42)

Example 4.43. Consider the sl (K)-module M(2) as described in Example 4.42. It follows from
formula (4.2) that the action of sl (K) on M(2) is given by

)/\/\/\()/\()
M(2),

\_/\_/\_/vv

where M(2),_o = Kf¥-m*. Here the top arrows represent the action of e and the bottom arrows
represent the action of f. The scalars labeling each arrow indicate to which multiple of f¥*1.m*
the elements e and f send f¥.-m*. The string of weight spaces to the left of the diagram is
infinite. Since e- (f*-m™) = 0, it is easy to see that subspace @;=3K k. m* is a (maximal)
sl (K)-submodule, which is isomorphic to M(—4).

These last examples show that, unlike most modules we have so far encountered, Verma mod-
ules are highly infinite-dimensional. Indeed, it follows from the PBW Theorem that the regular
module %(g) is a free b-module of infinite rank — equal to the codimension of % (b) in %(g).
Hence dim M(A), which is the same as the rank of %(g) as a b-module, is also infinite. Nev-
ertheless, it turns out that finite-dimensional modules and Verma module may both be seen as
particular cases of a more general pattern. This leads us to the following definitions.

Definition 4.44. Let M be a g-module. A vector m € M is called singular if it is annihilated
by all positive weight spaces of g —i.e. X-m =0forall X € g,, « € AT.

Definition 4.45. A g-module M is called a highest weight module if there exists some singular
weight vector m™ € M, such that M = %(g) - m™*. Any such m™ is called a highest weight
vector, while A is called the highest weight of M.

Example 4.46. Proposition 4.40 is equivalent to the fact that every finite-dimensional simple g-
module is a highest weight module.

Example 4.47. It should be obvious from the definitions that M(A) is a highest weight module of
highest weight A and highest weight vector m™ = 1® m™ as in Definition 4.41. Indeed, u ® m* =
u-m" forall u € %(g), which already shows M(A) is generated by m™. In particular,

H-mt=Heom" =19 H-m" = A(H)m"
X-mm=Xeom"=1X-m"™ =0

forall He hand X € g,, & € A™.

While Verma modules show that a highest weight module needs not to be finite-dimensional,
it turns out that highest weight modules enjoy many of the features we’ve grown used to in the
past chapters. Explicitly, we may establish the properties described in the following proposition,
whose statement should also explain the nomenclature of Definition 4.45.
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Proposition 4.48. Let M be a highest weight g-module with highest weight vector m € M. The
weight spaces decomposition
M= P M,

neh*

holds. Furthermore, dim M, < oo for all y € b* and dimM, = 1 —ie. My = Km. Finally,
given a weight u of M, A = u — so that the highest weight A of M is unique and coincides with the
largest of the weights of M.

Proof. Since M = %(g) - m, the PBW Theorem implies that M is spanned by the vectors F"‘il F,,(,.2 - Fay
m for At = {ay,...,a,} and Fy, € g, as in the proof of Proposition 4.18. But
H - (Fy Fay, - Fay -m) = ([H, Fy, | + Fay H)Fo -+ Fay -m
= _‘xil(H)leil o 'Fl’éis nm +F‘Xi1 ([H/F“iz] + F‘XizH)F“iz By om

1s

= (_ail _"'_"‘is)(H)FMl ...leis 'm+F“11 "'FaisH'm
= ()\*“z‘l *“’*"‘is)(H)thil "'Focis .m
leil . 'F“is -m 6 M/\failf.“f,xis

Hence M C GBHGU* My, as desired. In fact we have established

M g @ M/\fkl'“lf"‘*kr‘ar
k;eIN

where {ay,...,a;} = AT, so that all weights of M have the form y = A —ky -ag — -+ — kr - ;.
This already gives us that the weights of M are bounded by A.

To see that dim M, < oo, simply note that there are only finitely many monomials F,ffll FZZ cee F,ffj
such that 4 = A +ky-a; + -+ + ks - as. Since M, is spanned by the images of m under such

monomials, we conclude dim M, < co. In particular, there is a single monomial F,J]fll FJZ e ij; such
that A = A +ky-a1 + -+ - + ks - &g — which is, of course, the monomial where ky = --- = k,, = 0.
Hence dim M), = 1. |

At this point it is important to note that, far from a “misbehaved” class of examples, Verma
modules hold a very special place in the theory of highest weight modules. Intuitively speaking,
the Verma module M(A) should really be though-of as “the freest highest weight g-module of
highest weight A”. In practice, this translates to the following universal property.

Proposition 4.49. Let M be a g-module and m € M) be a singular vector. Then there exists a
unique g-homomorphism f : M(A) — M such that f(m™) = m. Furthermore, all homomor-
phisms M(A) — M are given in this fashion.

Homg(M(A), M) = {m € M, : m is singular}

Proof. The result follows directly from Proposition 1.60. Indeed, by the Frobenius Reciprocity
Theorem, a g-homomorphism f : M(A) — M is the same as a b-homomorphism g : Km* —
M = Res{ M. More specifically, given a b-homomorphism g : Km™ — M, there exists a unique
g-homomorphism f : M(A) — M such that f(u ®@m™) = u-g(m™) for all u € %(g), and all
g-homomorphism M(A) — M arise in this fashion.

Any K-linear map ¢ : Km* — M is determined by m = g(m™). Finally, notice that ¢ is a
b-homomorphism if, and only if m is a singular vector lying in M,. n
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Why is any of this interesting to us, however? After all, Verma modules are not specially
well suited candidates for a proof of the Highest Weight Theorem. Indeed, we have seen in
Example 4.43 that in general M(A) is not simple, nor is it ever finite-dimensional. Nevertheless,
we may use M(A) to establish Theorem 4.39 as follows.

Suppose M is a highest weight g-module of highest weight A with highest weight vector m.
By the last proposition, there is a g-homomorphism f : M(A) — M such that f(m™) = m. Since
M = %(g) - m, f is surjective and therefore M = M(A)/ker f. Hence. ..

Proposition 4.50. Let M be a highest weight g-module of highest weight A. Then M is quotient of
M(A). If M is simple then M is the quotient of M(A) by a maximal g-submodule.

Maximal submodules of Verma modules are thus of primary interest to us. As it turns out,
these can be easily classified.

Proposition 4.51. Every submodule N C M(A) is the direct sum of its weight spaces. In particu-
lar, M(A) has a unique maximal submodule N () and a unique simple quotient L(A) = M(A)/N(A).
Any simple highest weight g-module has the form L(A) for some unique A € b*.

Proof. Let N € M(A) be a submodule and take any nonzero n € N. Because of Proposition 4.48,
we know there are yq,..., 4, € b* and nonzero m; € M(A)},i such that n = my +--- +m,. We
want to show m; € N for all i.

Fix some H, € b such that y1(Hz) # pa(Hpz). Then

(13 — 1) (Hz) (1r — 1) (Ha) R (1_ (Hz—m(Hz) > mEN

T -m)(H) T (- m)(Ha) p2 — 1) (Ha)

Now take Hj € § such that y1(H3) # p3(Hs). By applying the same procedure again we get

py (pa — p3)(Hs) - (pa — p1) (Ho) g (r —p3)(H3) - (pr — 1) (H2)
(#3 — p1)(Hz) - (p2 — p1) (Hz) (3 —p1)(Hz) - (2 —p1)(Ha) "
(1 Hem() ) () B
<1 (V3—H1)(H3)) (1 (}42—#1)(H2)> €N

By applying the same procedure over and over again we can see that m; = u-n € N for some
u € % (g). Furthermore, if we reproduce all this for my + ---+m, = n —m; € N we get that
my € N. All in all we find m,...,m, € N. Hence

N=@N,=@PMQA),NN
H H

Since M(A) = %(g) - m*, if N is a proper submodule then m™ ¢ N. Hence any proper
submodule lies in the sum of weight spaces other than M(A),, so the sum N(A) of all such
submodules is still proper. This implies N(A) is the unique maximal submodule of M(A) and
L(A) = M(A)/N(a) is its unique simple quotient. [

Corollary 4.52. Let M be a simple weight g-module of weight A. Then M = L(A).

We thus know that L(A) is the only possible candidate for the g-module M in the statement
of Theorem 4.39. We should also note that our past examples indicate that L(A) does fulfill its
required role. Indeed. ..

Example 4.53. Consider the sl;(K) module M(2) as described in Example 4.42. We can see from
Example 4.43 that N(2) = @3 Kf¥ - m*, so that L(2) is the 3-dimensional simple sl,(K)-module
— i.e. the finite-dimensional simple module with highest weight 2 constructed in chapter 3.
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All its left to prove the Highest Weight Theorem is verifying that the situation encountered in
Example 4.53 holds for any dominant integral A € P*. In other words, we need to show. ..

Proposition 4.54. If g is semisimple and A is dominant integral then the unique simple quotient
L(A) of M(A) is finite-dimensional.

The proof of Proposition 4.54 is very technical and we won't include it here, but the idea behind
it is to show that the set of weights of L(A) is stable under the natural action of the Weyl group W
on h*. One can then show that the every weight of L(A) is conjugate to a single dominant integral
weight of L(A), and that the set of dominant integral weights of L(A) is finite. Since W is finitely
generated, this implies the set of weights of the unique simple quotient of M(A) is finite. But each
weight space is finite-dimensional. Hence so is the simple quotient L(A).

We refer the reader to [E H73, ch. 21] for further details. We are now ready to prove the
Highest Weight Theorem.

Proof of Theorem 4.39. We begin by the “existence” part of the theorem. Let A be a dominant
integral weight of g. Since dim L(A) < oo, all its left is to show that M = L(A) is indeed a highest
weight module of highest weight A. It is clear from the definitions that m™ + N(A) € L(A), is
singular and generates all of L(A). Hence it suffices to show that m™ 4+ N(A) is nonzero. But this
is the same as checking that m™ ¢ N(A), which is also clear from the previous definitions. As for
the uniqueness of M, it suffices to apply Corollary 4.52. u

We would now like to conclude this chapter by describing the situation where A ¢ P*. We
begin by pointing out that Proposition 4.54 fails in the general setting. For instance, consider. ..

Example 4.55. The action of sl (K) on M(—4) is given by the following diagram. In general, it is
possible to check using formula (4.2) that e always maps f**1 - m™ to a nonzero multiple of f*-m™,
so we can see that M(—4) has no proper submodules, N(—4) = 0 and thus L(—4) = M(—4).

/\/\/\/\
v\/\/\/

While L(A) is always a highest weight module of highest weight A, we can easily see that if
A ¢ P then L(A) is infinite-dimensional. Indeed, this is precisely the counterpositive of Propo-
sition 438! If A = k181 + --- + k,B, € P is integral and k; < 0 for all i, then one is additionally
able to show that M(A) = L(A) as in Example 4.55. Verma modules can thus serve as examples
of infinite-dimensional simple modules.

In the next chapter we expand our previous results by exploring the question: what are all the
infinite-dimensional simple g-modules?
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Chapter 5

Simple Weight Modules

In this chapter we will expand our results on finite-dimensional simple modules of semisimple Lie
algebras by considering infinite-dimensional g-modules, which introduces numerous complications
to our analysis.

For instance, in the infinite-dimensional setting we can no longer take complete-reducibility
for granted. Indeed, we have seen that even if g is a semisimple Lie algebra, there are infinite-
dimensional g-modules which are not semisimple. For a counterexample look no further than
Example 2.29: the regular g-module % (g) is never semisimple. Nevertheless, for simplicity — or
shall we say semisimplicity — we will focus exclusively on semisimple g-modules. Our strategy is,
once again, that of classifying simple modules. The regular g-module hides further unpleasant
surprises, however: recall from Example 4.13 that

Pu(g)r =0 %(g)
A

and the weight space decomposition fails for % (g).

Indeed, our proof of the weight space decomposition in the finite-dimensional case relied heav-
ily in the simultaneous diagonalization of commuting operators in a finite-dimensional space.
Even if we restrict ourselves to simple modules, there is still a diverse spectrum of counterexam-
ples to Corollary 4.12 in the infinite-dimensional setting. For instance, any g-module M whose
restriction to b is a free module satisfies M) = 0 for all A as in Example 4.13. These are called
h-free g-modules, and rank 1 simple h-free sp,, (K)-modules where first classified by Nilsson in
[Nil16]. Dimitar’s construction of the so called exponential tensor sl,(K)-modules in [GN20] is also
an interesting source of counterexamples.

Since the weight space decomposition was perhaps the single most instrumental ingredient of
our previous analysis, it is only natural to restrict ourselves to the case it holds. This brings us to
the following definition.

Definition 5.1. A g-module M is called a weight g-module if M = @ )¢y« M) and dim M) <
co for all A € h*. The support of M is the set supp M = {A € h* : M # 0}.

Example 5.2. Corollary 4.12 is equivalent to the fact that every finite-dimensional module of a
semisimple Lie algebra is a weight module. More generally, every finite-dimensional simple mod-
ule of a reductive Lie algebra is a weight module.

Example 5.3. We have seen that every finite-dimensional g-module is a weight module for semisim-
ple g. In particular, if g is finite-dimensional then the adjoint g-module g is a weight module. More
generally, a finite-dimensional Lie algebra g is reductive if, and only if the adjoint g-module g is a
weight module, in which case its weight spaces are given by the root spaces of g
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Example 5.4. Proposition 4.48 is equivalent to the fact that any highest weight g-module M of
highest weight A is a weight module whose support is contained in A + NA™ = {A — ka7 —- - - —
knoy : a; € AT, ki € Z,k; > 0}. In particular, Verma modules are weight modules.

Example 5.5. Proposition 4.51 implies that the unique maximal submodule N(A) of M(A) is a
weight module. In fact, the proof of Proposition 4.51 can be generalized to show that every
submodule N C M of a weight module M is a weight module, and Ny = M, NN for all A € h*.

Example 5.6. Given a weight module M, a submodule N C M and A € b*, it is clear that Mx/N C
(M/N),. In addition, M/N = @) cp- Mr/N. Hence M/N is weight g-module with (M/N), = Mi/N =
My /N,.

Example 5.7. Let g; and g, be Lie algebras, M; be a weight g;-module and M, a weight g»-
module. Recall from Example 4.6 that if h; C g; are Cartan subalgebras then h = h; © by is a
Cartan subalgebra of g = g1 ® go with b* = h] @ b;. In this setting, one can readily check that
M; ® Mj; is a weight g-module with

(M1 ® Mo)p, 40, = (M1)y, @ (M),
for all A; € b7 and supp(M; ® M) = supp My @ supp My = {A1 + Ay 1 A; € suppM; C f)f}

Example 5.8. Let g = 3@ s1 @ - - - @ 5, be a reductive Lie algebra, where 3 is the center of g and
s1,...,5 are its simple components. As in Example 2.4, any simple weight g-module M can be
decomposed as

M=ZoM®- - &M,

where Z is a 1-dimensional representation of 3 and M; is a simple weight s;-module. The modules
Z and M; are uniquely determined up to isomorphism.

Example 5.9. We would like to show that the requirement of finite-dimensionality in Definition 5.1
is not redundant. Let g be a finite-dimensional reductive Lie algebra and consider the adjoint g-
module %(g) — where X € g acts by taking commutators. Given a € Q, a simple computation
shows K(Xy -+ X;Hy -+ - Hp : Xi € g, Hi€ b, € Ao = a1+ -+ a,) C %(g)s. The PBW Theo-
rem and Example 5.3 thus imply that % (g) = @,cq %(9)x Where % (g)a = K(Xy -+ Xy Hy -+ - Hy :
Xi € 9o, Hi € b0 € Aw = a1+ --- +ay). However, dim%(g), = co. For instance, %(g)o is
precisely the commutator of b in %(g), which contains % (h) and is therefore infinite-dimensional.

Remark. We should stress that the weight spaces M, C M of a given weight g-module M are not
g-submodules. Nevertheless, M, is a h-submodule. More generally, M, is a %(g)o-submodule,
where %(g)o is the centralizer of h in %(g) — which coincides with the weight space of 0 € h* in
the adjoint g-module % (g), as seen in Example 5.9.

A particularly well behaved class of examples are the so called bounded modules.

Definition 5.10. A weight g-module M is called bounded if dim M is bounded. The lowest
upper bound deg M for dim M, is called the degree of M. The essential support of M is the
set supp, M = {A € h* : dim M = deg M}.

Example 5.11. Let g; and g; be Lie algebras with Cartan subalgebras h; C g; and take g = g1 & gp.
Given bounded g;-modules M;, it follows from Example 5.7 that M; ® M, is a bounded g-module
with deg M1 ® My = deg M; - deg M, and

SUPPegs (M1 ® M) = suppe, M1 @ suppy Mo = {A1 4+ Az 1 A; € supp, M; C b;'}
Example 5.12. There is a natural action of sl,(K) on the space K[x, x~!] of Laurent polynomials,

given by the formulas in (5.1). One can quickly verify K[x,x 1]y = Kx¥ and K[x,x"!], = 0 for
any A ¢ 27, so that K[x, x| = @z KxF is a degree 1 bounded weight sl (K)-module. It follows
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from the remark at the end of Example 5.5 that any nonzero submodule N C K[x,x~!] must
contain a monomial x¥. But since the operators —% + x%,xz% + % : Klx,x 1] — K[x,x71] are
both injective, this implies all other monomials can be found in N by successively applying f and
e. Hence N = K[x,x~!] and K[x, x"!] is a simple module.

d x d x1 d
. — 27 - . — J— JEE— . e R
e-p (x dx+2)p f-pr ( dx+ 5 )p h-p Zxdxp (5.1)

Notice that the support of K[x,x~!] is the trivial 2Z-coset 0 + 2Z. This is representative of
the general behavior in the following sense: if M is a simple weight g-module, since M[A] =
@Duco Ma+q is stable under the action of g for all A € h*, @ycq M) 14 is either 0 or all of M. In
other words, the support of a simple weight module is always contained in a single Q-coset.

However, the behavior of K[x, x 1] deviates from that of an arbitrary bounded g-module in the
sense its essential support is precisely the entire Q-coset it inhabits - i.e. supp, K[x,x~!] = 2Z.
This isn’t always the case. Nevertheless, in general we find. ..

Proposition 5.13. Let g be a finite-dimensional semisimple Lie algebra and M be a simple infinite-
dimensional bounded g-module. The essential support supp, M is Zariski-dense' in b*.

This proof was deemed too technical to be included in here, but see Proposition 3.5 of [Mat00]
for the case where g = s is a simple Lie algebra. The general case then follows from Example 5.8,
Example 5.11 and the asserting that the product of Zariski-dense subsets in K" and K™ is Zariski-
dense in K" = K" x K™.

We now begin a systematic investigation of the problem of classifying the infinite-dimensional
simple weight modules of a given Lie algebra g. As in the previous chapter, let g be a finite-
dimensional semisimple Lie algebra. As a first approximation of a solution to our problem, we
consider the Verma modules M(A) for A € h* which is not dominant integral. After all, the simple
quotients of Verma modules form a remarkably large class of infinite-dimensional simple weight
modules — at least as large as h* ~. P*! More generally, the induction functor Ind{ : b-Mod —
g-Mod has proven itself a powerful tool for constructing modules.

We claim this is not an unmotivated guess. Specifically, there are very good reasons behind
the choice to consider induction over the Borel subalgebra b C g. First, the fact that h C g
affords us great control over the weight spaces of Ind} M: by assigning a prescribed action of
h to M we can ensure that Indi M = @, (Ind} M),. In addition, we have seen in the proof of
Proposition 4.48 that by requiring that the positive part of b acts on M by zero we can ensure that
dim(Indj M), < co. All in all, the nature of b affords us just enough control to guarantee that
Ind] M is a weight module for sufficiently well behaved M.

Unfortunately for us, this is still too little control: there are simple weight modules which are
not of the form L(A). More generally, we may consider induction over some parabolic subalgebra
p C g —i.e. some subalgebra such that p O b. This leads us to the following definition.

Definition 5.14. Letp C g be a parabolic subalgebra and M be a simple »/nii(p)-module. We
can view M as a p-module where nil(p) acts by zero by setting X - m = (X + nil(p)) - m for
all m € M and X € p — which is the same as the p-module given by composing the action
map »/nil(p) — gl(M) with the projection p — #/xii(p). The module M, (M) = Indp M is
called generalized Verma module associated with M.

Example 5.15. It is not hard to see that b/nit(e) = h. If we take A € h* and let Km™ be the
1-dimensional h-module where h acts by A then M(A) = My (Km™).

lAny choice of basis for h* induces a K-linear isomorphism h* Z5 K" In particular, a choice of basis induces a unique
topology in h* such that the map h* — K" is a homeomorphism onto K" with the Zariski topology. Any two basis induce
the same topology in h*, which we call the Zariski topology of b*.
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As promised, M, (M) is generally well behaved for well behaved M. In particular, if M is
highest weight »/nit(p)-module then M, (M) is also a highest weight g-module, and if M is a weight
p/nit(p)-module then M, (M) is a weight module with My(M)) = Yoy =2 %(8)a @ (p) My, — see
Lemma 1.1 of [Mat00] for a full proof. However, M, (M) is not simple in general. Indeed, regular
Verma modules not necessarily simple. This issue may be dealt with by passing to the simple
quotients of M, (M).

Let M be a simple weight »/nit(p)-module. As it turns out, the situation encountered in
Proposition 4.51 is also verified in the general setting. Namely, since M, (M) is generated by
K®gpy M = @rcosuppm Mp(M)y, it follows that any proper submodule of My(M) is con-
tained in @a¢ysuppm Mp(M)r. The sum Ny (M) of all such submodules is thus the unique
maximal submodule of M, (M) and L, (M) = My (M)/N, (M) is its unique simple quotient — again,
we refer the reader to [Mat00] for a complete proof. This leads us to the following definition.

Definition 5.16. A simple weight g-module is called parabolic induced if it is isomorphic to
Ly (M) for some proper parabolic subalgebra p C g and some simple weight »/nii(p)-module
M. A cuspidal g-module is a simple weight g-module which is not parabolic induced.

The first breakthrough regarding our classification problem was given by Fernando in his now
infamous paper “Lie algebra modules with finite-dimensional weight spaces. I” [Fer90], where he
proved that every simple weight g-module is parabolic induced by a cuspidal module.

Theorem 5.17 (Fernando). Any simple weight g-module is isomorphic to L,(M) for some
parabolic subalgebra p C g and some cuspidal »/nil(p)-module M.

We should point out that the relationship between simple weight g-modules and pairs (p, M)
is not one-to-one. Nevertheless, this relationship is well understood. Namely, Fernando himself
established. ..

Proposition 5.18 (Fernando). Given a parabolic subalgebra p C g, there exists a basis L. for A
such that ¥ C Ay C A, where Ay denotes the set of roots of p. Furthermore, if v’ C g is another
parabolic subalgebra, M is a cuspidal »/nil(p)-module and N is a cuspidal v'/nil(p')-module then
Ly (M) = Ly (N) if, and only if p’ = % and M = °N as p-modules for some> o € Wy, where

Wy = (0p : B € X, Hg +nil(p) is central in P /nil(p) and Hg acts on M as a positive integer) C W

Remark. The definition of the subgroup Wy C W is independent of the choice of basis X.

As a first consequence of Fernando’s Theorem, we provide two alternative characterizations of
cuspidal modules.

Corollary 5.19 (Fernando). Let M be a simple weight g-module. The following conditions are
equivalent.

(i) M is cuspidal.
(i) Fy acts injectively on M for all x € A.

(iii) The support of M is precisely one Q-coset.

Example 5.20. As noted in Example 5.12, the element f € sl(K) acts injectively on the space of
Laurent polynomials. Hence K[x, x '] is a cuspidal sl,(K)-module.

2Here % denotes the image of p under the automorphism of ¢ : g — g given by the canonical action of W on g and 'N
is the p-module given by composing the map p’ — gI(N) with the restriction ¢ [,: p — p'.
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Having reduced our classification problem to that of classifying cuspidal modules, we are now
faced the daunting task of actually classifying them. Historically, this was first achieved by Olivier
Mathieu in the early 2000’s in his paper “Classification of irreducible weight modules” [Mat00].
To do so, Mathieu introduced new tools which have since proved themselves remarkably useful
throughout the field, known as. ..

5.1 Coherent Families

We begin our analysis with a simple question: how to do we go about constructing cuspidal
modules? Specifically, given a cuspidal g-module, how can we use it to produce new cuspidal
modules? To answer this question, we look back at the single example of a cuspidal module we
have encountered so far: the sl;(K)-module K[x,x ] of Laurent polynomials — i.e. Example 5.12.

Our first observation is that sl,(K) acts on K[x, x~!] via differential operators. In other words,

the action map % (sly(K)) — End(K[x, x~!]) factors through the inclusion of the algebra Diff(K[x, x~!])

K [x, x71, %} of differential operators in K[x, x~1].

U(slp(K)) — Diff(K[x,x"']) —— End(K[x,x1])
The space K[x, x~!] can be regarded as a Diff(K[x, x~!])-module in the natural way, and we can
produce new Diff(K[x, x~!])-modules by twisting K[x,x '] by automorphisms of Diff(K[x, x~1]).

For example, given A € K we may take the automorphism

¢, : Diff(K[x, x71]) — Diff(K[x, x1])

X +—> X
x T x71
dx dx 2

and consider the twisted module #K[x, x~!] = K[x, x 1], where some operator P € Diff(K[x, x"!])
acts as @, (P).

By composing the action map Diff(K[x, x~!]) — End(#’K[x, x~!]) with the homomorphism of
algebras % (sly(K)) — Diff(K[x,x~1]) we can give ?2K[x, x 1] the structure of an sl (K)-module.
Diagrammatically, we have

%(sly(K)) — Diff(K[x,x~1]) —2 Diff(K[x,x"1]) —— End(K[x,x"1]) ,
where the maps % (sly(K)) — Diff(K[x,x~!]) and Diff(K[x, x!]) — End(K[x, x~!]) are the ones

from the previous diagram.
Explicitly, we find that the action of sl;(K) on ?AK[x, x 1] is given by

d 1+A f d 1—-A _ h d
e 2 _ 1
P (x dx 2 x) P P ( dx 2 " )P P <2xdx /\) P

SO we can see ‘PAK[x,x_1]2k+% = Kx* for all k € Z and ‘P/\K[x,x_l]y = 0 for all other y € h*.

Hence #K[x, x~!] is a degree 1 bounded sl,(K)-module with supp ?*K[x,x~!] = 4 +2Z. One
can also quickly check that if A ¢ 1+ 2Z then e and f act injectively in #?K[x,x~1], so that
?AK[x,x 1] is simple. In particular, if A,y ¢ 1+2Z with A ¢ u+ 2Z then $K[x,x~!] and
?1K[x, x 1] are non-isomorphic cuspidal sl (K)-modules, since their supports differ. These cus-
pidal modules can be “glued together” in a monstrous concoction by summing over A € K, as
in

M= P PAK[x, x 71,
AM2ZeK /27
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To a distracted spectator, .# may look like just another, innocent, sl;(K)-module. However,
the attentive reader may have already noticed some of the its bizarre features, most noticeable
of which is the fact that ./ is very big. In fact, # is as big a degree 1 bounded module gets:
supp M = supp, - is the entirety of h*. This may look very alien the reader familiarized with
the finite-dimensional setting, where the configuration of weights is very rigid. For this reason,
A deserves to be called “a monstrous concoction”.

On a perhaps less derogatory note, .# also deserves to be called a family. This is because ./
consists of lots of smaller cuspidal modules which fit together inside of it in a coherent fashion.
Mathieu’s ingenious breakthrough was the realization that .# is a particular example of a more
general pattern, which he named coherent families.

Definition 5.21. A coherent family M of degree d is a weight g-module .Z such that
(i) dim ) =d forall A € b* —i.e. supp. 4 = bh*.
(ii) For any u € %(g) in the centralizer % (g)o of h in %(g), the map

hb* — K
Av— Tr(ulu,)

is polynomial in A.

Example 5.22. The module # = @, 5,k /7 ¥K[x, x~1] is a degree 1 coherent sl (K)-family.

Example 5.23. Given A € K, #(A) = @, ex Kx with
d f d _ h d
e 2 _ 1
pn—><x dx—i-/\x)p pH( dx—i—)\x )p pn—>2xdxp,

is a degree 1 coherent sl (K)-family — where x*!,d/dx : #(A) — M ()) are given by xF1xt =
xM*l and d/dxx# = ux#~1. Tt is easy to check . from Example 5.22 is isomorphic to .#(1/2) and
((1/2))[0] = K[x, x71].

Remark. We would like to stress that coherent families have proven themselves useful for problems
other than the classification of cuspidal g-modules. For instance, Nilsson’s classification of rank
1 b-free sp,, (K)-modules is based on the notion of coherent families and the so called weighting
functor.

Our hope is that given a cuspidal module M, we can somehow fit M inside of a coherent g-
family, such as in the case of K[x, x’l] and ./ from Example 5.22. In addition, we hope that such
coherent families are somehow uniquely determined by M. This leads us to the following definition.

Definition 5.24. Given a bounded g-module M of degree d, a coherent extension /M of M is
a coherent family .# of degree d that contains M as a subquotient.

Our goal is now showing that every simple bounded module has a coherent extension. The
idea then is to classify coherent families, and classify which submodules of a given coherent family
are actually cuspidal modules. If every simple bounded g-module fits inside a coherent extension,
this would lead to classification of all cuspidal g-modules, which we now know is the key for the
solution of our classification problem. However, there are some complications to this scheme.

Leaving aside the question of existence for a second, we should point out that coherent families
turn out to be rather complicated on their own. In fact they are too complicated to classify in
general. Ideally, we would like to find nice coherent extensions — ones we can actually classify. For
instance, we may search for irreducible coherent extensions, which are defined as follows.
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Definition 5.25. A coherent family ./ is called irreducible if it contains no proper coherent
subfamilies — i.e. ./ is a simple object in the full subcategory of g-Mod consisting of
coherent families. Equivalently, we call .Z irreducible if .Z, is a simple % (g)o-module for
some A € h*.

Another natural candidate for the role of “nice extensions” are the semisimple coherent fami-
lies —i.e. families which are semisimple as g-modules. These turn out to be very easy to produce.
Namely, there is a construction, known as the semisimplification of a coherent family, which takes a
coherent extension of M to a semisimple coherent extension of M.

Lemma 5.26. Given a coherent family M and A € b*, M[A] has finite length as a g-module.

Proposition 5.27. Let ./ be a coherent family of degree d. There exists a unique semisimple
coherent family M of degree d such that the composition series of M°[A] is the same as that of
MM for all A € b*, called the semisimplification of /.

Namely, if A € b* and 0 = Mg C M1 C -+ C My, = M[A] is a composition series,

M3 = @ Myi1 /ﬂ/\l’
A+Qeb”/Q
i

Proof. The uniqueness of .#* should be clear: since ./ is semisimple, so is .#*[A]. Hence by
the Jordan-Holder Theorem
M [)L] = @ -%/\i+1/%M

As for the existence of the semisimplification, it suffices to show
M = @ ‘%/\H—l/.%/\i
AQeE b*/Q
1

is indeed a semisimple coherent family of degree d.
We know from Examples 5.5 and 5.6 that each quotient #i+1/.4); is a weight module. Hence
M is a weight module. Furthermore, given u € h*

My = EB (/%/\i—o—l/.%/\i)y = @ (‘%yi+1/.%yi)ﬂ o @ (i) ] (i),

A+Q§h*/Q i !
1

In particular,

dim .47 = Zdnn i)y — dim( M)y = dim M [p]y, = dim My = d

Likewise, given u € %(g)o the value

%ss ZTI' ;41+1 TI'(M r(-/%;u');l) = Tr(u r-/%[l’l]]l) = Tr(u F‘%I‘)

is polynomial in p € h*. [ ]

3Notice that .#[A] = [y for any i € A + Q. Hence the sum D) gev* /g Bi i1/, is independent of the choice of
representative for A + Q — provided we choose .#,; = #,; for all p € A+ Q and i.
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Remark. Although we have provided an explicit construction of .#% in terms of .#, we should
point out this construction is not functorial. First, given a g-homomorphism f : # — ./ between
coherent families, it is unclear what f* : #% — %% is supposed to be. Secondly, and this is
more relevant, our construction depends on the choice of composition series 0 = #,y C --- C
My, = A[A]. While different choices of composition series yield isomorphic results, there is no
canonical isomorphism. In addition, there is no canonical choice of composition series.

The proof of Lemma 5.26 is extremely technical and will not be included in here. It suffices to
note that, as in Proposition 5.13, the general case follows from the case where g is simple, which
may be found in [Mat00] — see Lemma 3.3. As promised, if ./ is a coherent extension of M then
so is M.

Proposition 5.28. Let M be a simple bounded g-module and . be a coherent extension of M. Then
M is a coherent extension of M, and M is in fact a submodule of M*®.

Proof. Since M is simple, its support is contained in a single Q-coset. This implies that M is a
subquotient of .Z[A] for any A € supp M. If we fix some composition series 0 = #y C M1 C
<o C My = MIA] of M) with M & M1 /., there is a natural inclusion

M = i ] t; —s @ My [t = M)
j

Given the uniqueness of the semisimplification, the semisimplification of any semisimple co-
herent extension ./ is ./ itself and therefore. ..

Corollary 5.29. Let M be a simple bounded g-module and M be a semisimple coherent extension
of M. Then M is contained in M.

These last results provide a partial answer to the question of existence of well behaved coherent
extensions. As for the uniqueness . in Corollary 5.29, it suffices to show that the multiplicities
of the simple weight g-modules in .Z are uniquely determined by M. These multiplicities may be
computed via the following lemma.

Lemma 5.30. Let M be a semisimple weight g-module. Then M) is a semisimple % (g)o-module
for any A € supp M. Moreover, if L is a simple weight g-module such that A € supp L then L, is
a simple % (g)o-module and the multiplicity L in M coincides with the multiplicity of Ly in M), as
a %(g)o-module.

Proof. We begin by showing that L) is simple. Let N C L, be a nontrivial % (g)o-submodule. We
want to establish that N = L.

If %(g)a denotes the root space of w in %(g) under the adjoint action of g as in Example 5.9,
a € Q, a simple calculation shows %(g)s - N C Lj;,. Since L is simple and N is nonzero, it
follows from Example 5.9 that

L=%(g) N=P %9 N
aeQ

and thus Ly, = %(g)« - N. In particular, Ly = %(g)o- N C Nand N = L,.

Now given a semisimple weight g-module M = @; M; with M; simple, it is clear M) =
@, (M;),. Each (M;), is either 0 or a simple %(g)o-module, so that M, is a semisimple % (g)o-
module. In addition, to see that the multiplicity of L in M coincides with the multiplicity of L, in
M, it suffices to show that if (M;)) = (M;), are both nonzero then M; = M,;.
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If I(M;) = %(g) ®y(g), (Mi)a, the inclusion of % (g)o-modules (M;), — M; induces a g-
homomorphism

I(M;) — M;
UQmMi— u-m

Since M; is simple and A € supp M;, M; = %(g) - (M;),. The homomorphism I(M;) — M;
is thus surjective. Similarly, if I(M;) = %(g) ®y/(q), (M;)1 then there is a natural surjective g-
homomorphism I(M;) — M;. Now suppose there is an isomorphism of % (g)o-modules f :

(M;j)x — (Mj),. Such an isomorphism induces an isomorphism of g-modules

foI(M;) — 1(M;)
URmvr—r u f(m)

By composing f with the projection I(M;) — M; we get a surjective homomorphism I(M;) —»
M;. We claim ker(I(M;) — M;) = ker(I(M;) — M;). To see this, notice that ker(I(M;) — M;)
coincides with the largest submodule Z(M;) C I(M;) contained in @0 % (9)x @y (g), (Mi)r- In-
deed, a simple computation shows ker(I(M;) — M;) N (%(g)o ®y (g), (Mi)2) = 0, which im-
plies ker(I(M;) — M;) C Z(M;). Since M; is simple, ker(I(M;) — M;) is maximal and
thus ker(I(M;) — M;) = Z(M;). By the same token, ker(I(M;) — M;) is the largest sub-
module of I(M;) contained in @y, % (8)x ®y/(q), (Mj)a and therefore ker(I(M;) — M;) =
f 1 (ker(I(M;) — M;)) = ker(I(M;) — M;).

Hence there is an isomorphism [(M:)/ker(1(M;) — M;) = M; satisfying

(M) ——— 1(

J |

I(M;) /ker(I(M;) — M;) —— M]

M;)

and finally M; & I(M:)/ker(1(M;) — M;) = M;. |

A complementary question now is: which submodules of a nice coherent family are cuspidal?

Proposition 5.31 (Mathieu). Let . be an irreducible coherent family of degree d and A € t*. The
following conditions are equivalent.

(i) [A] is simple.
(i) Fy [ 4 is injective for all a € A.

(iii) [A] is cuspidal.

Proof. The fact that (i) and (iii) are equivalent follows directly from Corollary 5.19. Likewise, it is
clear from the corollary that (iii) implies (ii). All it is left is to show (ii) implies (iii). This isn’t
already clear from Corollary 5.19 because, at first glance, .#[A] may not be simple for some A
satisfying (ii). We will show this is never the case.

Suppose F, acts injectively on the submodule .Z[A], for all « € A. Since .#[A] has finite length,
A [A] contains an infinite-dimensional simple g-submodule M. Moreover, again by Corollary 5.19
we conclude M is a cuspidal module, and its degree is bounded by d. We want to show /#[A] = M.

We claim the set U = {u € b* : /4, is a simple %(g)o-module} is Zariski-open. If we suppose
this is the case for a moment or two, it follows from the fact that M is simple and supp,. M is
Zariski-dense that U N supp,., M is non-empty. In other words, there is some y € h* such that .Z,
is a simple % (g)o-module and dim M, = deg M.
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In particular, M;, # 0, so M, = . Now given any simple g-module L, it follows from
Lemma 5.30 that the multiplicity of L in /[A] is the same as the multiplicity L, in ., as a
% (g)o-module — which is, of course, 1 if L = M and 0 otherwise. Hence #[A] = M and /#[A] is
cuspidal. |

To finish the proof, we now show...

Lemma 5.32. Let ./ be a coherent family. The set U = {A € b* : M) is a simple % (g)o-module}
is Zariski-open.

Proof. For each A € h* we introduce the bilinear form

By :%(g)o x %(g)o — K
(u,v) — Tr(uv|.4,)

and consider its rank —i.e. the dimension of the image of the induced operator

%(g)o — %(9)5
u+—> By(u,-)

Our first observation is that rank By < d2. This follows from the commutativity of

%(g)o —— %(g);

T ,

End(.#,) —— End(.))*

where the map % (g)o — End(.#, ) is given by the action of % (g)o, the map End(.#,)* — %(g)
is its dual, and the isomorphism End(.#,) — End(.#,)* is induced by the trace form

End(/)) x End()) — K
(T,S) — Tr(TS)

Indeed, rank By < rank(%(g)o — End(.#,)) < dim End(.#,) = d*. Furthermore, if rank B) =
d? then we must have rank(%(g)g — End(.#,)) = d? - i.e. the map %(g)o — End(.4,) is sur-
jective. In particular, if rank By, = d? then /) is a simple % (g)o-module, for if M C ., is invariant
under the action of %(g)o then M is invariant under any K-linear operator .#, — ,, so that
M=0orM=,.

On the other hand, if ./#, is simple then by Burnside’s Theorem on matrix algebras the map
%(g)o — End(4),) is surjective. Hence the commutativity of the previously drawn diagram,
as well as the fact that rank(%(g)o — End(,)) = rank(End(.#,)* — %(g);), imply that
rank B, = d2. This goes to show that U is precisely the set of all A such that B, has maximal rank
d?. We now show that U is Zariski-open. First, notice that

u= U Uy,
VC%(g)o
dim V=d

where Uy = {A € b* : rank B, [y= d?}. Here V ranges over all d-dimensional subspaces of % (g)o
- V is not necessarily a % (g)o-submodule.

Indeed, if rank By = d? it follows from the subjectivity of the map %(g)o — End(.#,) that
there is some V C %(g)o with dim V = d such that the restriction V. — End(.#,) is surjective.
The commutativity of
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then implies rank B, [y = d?. In other words, U C (Jy Uy.
Likewise, if rank B), [y = d? for some V, then the commutativity of

Vv —m—mV*

| [

U(g)o — %(9)§

implies rank By > d?, which goes to show Jy, Uy C U.

Given A € Uy, the surjectivity of V. — End(.#,) and the fact that dim V < co imply V. — V*
is invertible. Since .# is a coherent family, By depends polynomially in A. Hence so does the
induced maps V — V*. In particular, there is some Zariski neighborhood U’ of A such that the
map V — V* induced by By, |y is invertible for all u € U'.

But the surjectivity of the map induced by By, |y implies rank B, = d?, so y € Uy and therefore
U’ C Uy. This implies Uy is open for all V. Finally, U is the union of Zariski-open subsets and is
therefore open. We are done. u

The major remaining question for us to tackle is that of the existence of coherent extensions,
which will be the focus of our next section.

5.2 Localizations & the Existence of Coherent Extensions

Let M be a simple bounded g-module of degree d. Our goal is to prove that M has a (unique)
irreducible semisimple coherent extension .. Since M is simple, we know M C #[A] for any
A € supp M. Our first task is constructing .#[A]. The issue here is that supp., M may not be all
of A+ Q = supp,. 4[]}, so we may find M C .#[A]. In fact, we may find supp M C A + Q.

This wasn’t an issue an Example 5.12 because we verified that the action of f € sl(K) on
K[x,x~1] is injective. Since all weight spaces of K[x, x 1] are 1-dimensional, this implies the action
of f is actually bijective, so we can obtain a nonzero vector in K[x, x 1]o; = Kx* for any k € Z
by translating between weight spaced using f and f~! — here f~! denotes the K-linear operator
(—d/dx +x'/2) 71, which is the inverse of the action of f on K[x, x~1].

/\,/\/\/\/\/\

K Kx?

\_/\/vvvv

In the general case, the action of some F, € g with « € A in M may not be injective. In fact, we
have seen that the action of F, is injective for all « € AT if, and only if M is cuspidal. Nevertheless,
we could intuitively make it injective by formally inverting the elements F, € %(g). This would
allow us to obtain nonzero vectors in M,, for all p € A + Q by successively applying elements
of {Ff'}4ea to a nonzero weight vector m € M,. Moreover, if the actions of the F, were to be
invertible, we would find that all M, are d-dimensional for y € A + Q.

In a commutative domain, this can be achieved by tensoring our module by the field of frac-
tions. However, % (g) is hardly ever commutative — % (g) is commutative if, and only if g is Abelian
— and the situation is more delicate in the non-commutative case. For starters, a non-commutative
K-algebra A may not even have a “field of fractions” —i.e. an over-ring where all elements of A



64 Chapter 5. Simple Weight Modules

have inverses. Nevertheless, it is possible to formally invert elements of certain subsets of A via a
process known as localization, which we now describe.

Definition 5.33. Let A be a K-algebra. A subset S C A is called multiplicative if s -t € S for
all s,t € Sand 0 ¢ S. A multiplicative subset S is said to satisty Ore’s localization condition
if for each a € A and s € S there exists b,c € A and t,#' € S such that sa = bt and as = t'c.

Theorem 5.34 (Ore-Asano). Let S C A be a multiplicative subset satisfying Ore’s localization
condition. Then there exists a (unique) K-algebra S™' A, with a canonical algebra homomorphism
A — S71A, enjoying the universal property that each algebra homomorphism f : A — B
such that f(s) is invertible for all s € S can be uniquely extended to an algebra homomorphism
S~1A — B. S~ A is called the localization of A by S, and the map A — S~ A is called the
localization map.

If we identify an element with its image under the localization map, it follows directly from
Ore’s construction that every element of S™'A has the form s~!a for some s € S and a € A.
Likewise, any element of S 1 A can also be written as bt~! for some t € S, b € A.

Ore’s localization condition may seem a bit arbitrary at first, but a more thorough investigation
reveals the intuition behind it. The issue in question here is that in the non-commutative case we
can no longer take the existence of common denominators for granted. However, the existence
of common denominators is fundamental to the proof of the fact the field of fractions is a ring
— it is used, for example, to define the sum of two elements in the field of fractions. We thus
need to impose their existence for us to have any hope of defining consistent arithmetics in the
localization of an algebra, and Ore’s condition is actually equivalent to the existence of common
denominators — see the discussion in the introduction of [RW04, ch. 6] for further details.

We should also point out that there are numerous other conditions — which may be easier to
check than Ore’s — known to imply Ore’s condition. For instance. ..

Lemma 5.35. Let S C A be a multiplicative subset generated by finitely many locally ad-nilpotent
elements — i.e. elements s € S such that for each a € A there exists r > 0 such that ad(s)"a =
[s,[s,--[s,a]] ---] = 0. Then S satisfies Ore’s localization condition.

In our case, we are more interested in formally inverting the action of F, on M than in inverting
F, itself. To that end, we introduce one further construction, known as the localization of a module.

Definition 5.36. Let S C A be a multiplicative subset satisfying Ore’s localization condition
and M be an A-module. The S™!A-module S~™'M = S~'A ® 4 M is called the localization of
M by S, and the homomorphism of A-modules

M— S M
m—1Qm

is called the localization map of M.

Notice that the S~ ! A-module S~ M has the natural structure of an A-module, where the action
of A is given by the localization map A —s S~1A.
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It is interesting to observe that, unlike in the case of the field of fractions of a commutative
domain, in general the localization map A —» S™!A —i.e. the map a — 4 — may not be injective.
For instance, if S contains a divisor of zero s, its image under the localization map is invertible
and therefore cannot be a divisor of zero in S~!A. In particular, if 2 € A is nonzero and such that
sa = 0 or as = 0 then its image under the localization map has to be 0. However, the existence of
divisors of zero in S turns out to be the only obstruction to the injectivity of the localization map,
as shown in. ..

Lemma 5.37. Let S C A be a multiplicative subset satisfying Ore’s localization condition and M
be an A-module. If S acts injectively on M then the localization map M — S~'M is injective. In
particular, if S has no zero divisors then A is a subalgebra of ™1 A.

Again, in our case we are interested in inverting the actions of the F, on M. However, for us
to be able to translate between all weight spaces associated with elements of A +- Q, A € supp M,
we only need to invert the F,’s for « in some subset of A which spans all of Q = ZA. In other
words, it suffices to invert Fg for all § in some basis ¥ for A. We can choose such a basis to be
well-behaved. For example, we can show. ..

Lemma 5.38. Let M be a simple infinite-dimensional bounded g-module. There is a basis ¥ =
{B1,-- -, Br} for A such that the elements Fg, all act injectively on M and satisfy [Fg,, Fﬁ/] =0.

Remark. The basis ¥ in Lemma 5.38 may very well depend on the representation M! This is
another obstruction to the functoriality of our constructions.

The proof of the previous Lemma is quite technical and was deemed too tedious to be included
in here. See Lemma 4.4 of [Mat00] for a full proof. Since F, is locally ad-nilpotent for all &« € A,
we can see. ..

Corollary 5.39. Let ¥ be as in Lemma 5.38 and (Fg)pes C %(g) be the multiplicative subset

generated by the Fg's. The K-algebra > 1u(g) = (Fﬁ)géz?l (g) is well defined. Moreover, if we

denote by 1M the localization of M by (Fg)pex, the localization map M — 1M is injective.

From now on let £ be some fixed basis for A satisfying the hypothesis of Lemma 5.38. We now
show that £ ' M is a weight g-module whose support is an entire Q-coset.

Proposition 5.40. The restriction of the localization ¥.~' M is a bounded g-module of degree d with
suppZ~'M = Q + supp M and dim L ~'M, = d for all A € supp T~ M.

Proof. Fix some B € ¥. We begin by showing that Fg and F/; I map the weight space ¥~ M, to
Z_lMA,/g and Z~'M A+p, Tespectively. Indeed, given m € M, and H € h we have

H- (P/g “m) = ([H,P/g] +FﬁH) -m = Fﬁ(fﬁ(H) +H) - m=(A- ﬁ)(H)Fﬁ -m
On the other hand,

0=[H1] = [H FsF; '] = Fs[H,F; '] + [H Fs]Fy ' = Fg[H, F; '] — B(H)FgFy ',

so that [H, Fﬁ_l] = B(H) -Pﬁ_l and therefore

H-(Fg'-m)=([H F' )+ F ' H)-m = F; ' (B(H) + H)-m = (A + ) (H)F; " -m
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From the fact that Féd maps M, to Z~'M A+p follows our first conclusion: since M is a weight
I'm=s"1®@mfors ¢ (Fg)pex and m € M,
we can see that 1M = @, ¥~ M, . Furthermore, since the action of each Fgon ¥~ 1M is bijective

module and every element of ¥~ ' M has the form s~

and ¥ is a basis for Q we obtain supp Z~!M = Q + supp M.
Again, because of the bijectivity of the Fg’s, to see that dim L IM, =dforall A € suppZ~'M

it suffices to show that dim =~ 'M, = d for some A € supp L' M. We may take A € supp M with
dim M, = d. For any finite-dimensional subspace V C £~!M, we can find s € (Fﬁ) ez such that
s-VCM Ifs= Fﬁil "'F/gl.y, itisclear s-V C M)\*ﬁff“'*ﬁir’ so dimV = dims-V < d. This
holds for all finite-dimensional V C 1M, so dim 1M, < d. It then follows from the fact that
M, C 1M, that M, = Z~1M, and therefore dim~ 1M, = d. |

We now have a good candidate for a coherent extension of M, but =M is still not a coherent
extension since its support is contained in a single Q-coset. In particular, supp Z~'M # h* and
¥~ ~!M is not a coherent family. To obtain a coherent family we thus need somehow extend ! M.
To that end, we will attempt to replicate the construction of the coherent extension of the sl (K)-
module K[x, x~1]. Specifically, the idea is that if twist Z~'M by an automorphism which shifts its
support by some A € h*, we can construct a coherent family by summing these modules over A as
in Example 5.22.

For K[x,x!] this was achieved by twisting the Diff(K[x, x~!])-module K[x,x~!] by the auto-
morphisms ¢, : Diff(K[x,x~!]) — Diff(K[x,x~!]) and restricting the results to % (sl,(K)) via the
map % (slp(K)) — Diff(K[x, x~1]), but this approach is inflexible since not every sl (K)-module
factors through Diff(K[x,x~1]). Nevertheless, we could just as well twist K[x, x~!] by automor-
phisms of % (sly(K))s directly — where %(sly(K)); = (f)'%(g) is the localization of %(sl(K))
by the multiplicative subset generated by f.

In general, we may twist the 7% (g)-module ¥~'M by automorphisms of ~~1%(g). For
A = B € X the map

0p: = '%(g) — = '%(g)

-1
ur— F/guFﬁ

is a natural candidate for such a twisting automorphism. Indeed, we will soon see that %(Z~1M) =
Z_lM/H,/g. However, this is hardly useful to us, since B € Q and therefore f + suppZ~'M =

supp &~ M. If we want to expand the support of ¥~ ' M we will have to twist by automorphisms
that shift its support by A € h* lying outside of Q.

The situation is much less obvious in this case. Nevertheless, it turns out we can extend the
family {04} geyx to a family of automorphisms {6, })cp+. Explicitly. ..

Proposition 5.41. There is a family of automorphisms {6, : Z71%(g) — 7% (g)}rcp+ such
that

@ Ok g4tk (1) = Fg; - -Fg:uFl;k’ e Fl;lkl forallu € 2% (g) and ky,..., k, € Z.

(ii) For eachu € ¥7'%(g) the map
h* — T71%(g)
A— 9/\(1/1)
is polynomial.

(iii) If A, u € b*, N is a =% (g)-module whose restriction to % (g) is a weight g-module and
YN is the 1% (g)-module N twisted by the automorphism 0, then N, = GANH,\. In

particular, supp AN = A + supp N.
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Proof. Since the elements Fg, f € ¥ commute with one another, the endomorphisms

Ok,pr v thp, 2 %(g) — 2% (g)

kl.-- kr 7krccl _kl
u— Fﬁ1 Fﬁ,”Fﬁl F,Br

are well defined for all k4, ...k, € Z.
Fix some u € £7'%(g). For any s € (Fg)gex and k > 0 we have s*u = (16) ad(s)0usk=0 4 ... 4

(f) ad(s)*us*~*. Now if we take ¢ such ad(Fg)**'u = 0 for all B € = we find

k k j S _
6k1ﬁ1+“‘+krﬁr(”) = ) Z;l , <111) tee <l:> ad(F‘Bl)ll et ad(Fﬂr)er/lFﬁlzl e Fﬁylr
1,.-,0r=1,...,

for all kq,...,k, € N.
Since the binomial coefficients (}) = w can be uniquely extended to polynomial
functions in x € K, we may in general define

i1,eyirz0 N1 r

for Aq,..., Ar € KA =MBr+- -+ ABr €0%
It is clear that the 0, are endomorphisms. To see that the 6, are indeed automorphisms,
notice 6 x5, ... k,p, = Gk_l }31 etk By The uniqueness of the polynomial extensions then implies

0_) = 0, in general: given u € £~1%(g), the map
h* — 27%(g)
A— 9/\(9,/\(1/[)) —u
is a polynomial extension of the zero map Zp; @ - -- ® ZB, — % '%(g) and is therefore identi-
cally zero.
Finally, let N be a %~!%(g)-module whose restriction is a weight module. If € N then
neN, ) < 0(H) -n=(u+A)(HnVH e
But

0p(H) = FgHF; ' = ([Fp, H] + HF/g)Fﬁ_l = (B(H) + H)FﬁFﬁ_l =B(H)+H

forall H € hand B € X. In general, 6, (H) = A(H) + H for all A € h* and hence

neN,, ) < (AH)+H) -n=(u+A)(HnVHEH
< H-n=u(H)nVH € ,
<~ nEN},

so that QANH+/\ = Ny. |

It should now be obvious. ..

Proposition 5.42 (Mathieu). There exists a coherent extension M of M.

Proof. Take*
M= P NE=M)
A+Qeb™/Q

4Here we fix some Az € ¢ for each Q-coset & € b°/Q. While there is a natural isomorphism A(Z~1M) (=1 M) for
each 1 € A + Q, they are not the same g-modules strictly speaking. This is yet another obstruction to the functoriality of
our constructions.
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It is clear M lies in £-'M = %(£~'M) and therefore M C .. On the other hand, dim ., =
dim (21 M) = dim Z_lMy_ A =dforall p € A 4+ Q — A standing for some fixed representative
of its Q-coset. Furthermore, given u € %(g)p and y € A+ Q,

Tr(u r/ﬂ},) = Tr(0) (u) Fz—lMﬂ,A)
is polynomial in p because of the second item of Proposition 5.41. n

Lo and behold...

Theorem 5.43 (Mathieu). There exists a unique semisimple coherent extension Ex¢ (M) of M.
More precisely, if M is any coherent extension of M, then M = &x¢ (M). Furthermore, Ex¢ (M)
is an irreducible coherent family.

Proof. The existence part should be clear from the previous discussion: it suffices to fix some
coherent extension .# of M and take &z¢ (M) = M*S.

To see that &z¢ (M) is irreducible, recall from Corollary 5.29 that M is a g-submodule of
&zt (M). Since the degree of M is the same as the degree of &2/ (M), some of its weight
spaces have maximal dimension inside of &z¢(M). In particular, it follows from Lemma 5.30
that &z¢ (M), = M, is a simple % (g)o-module for some A € supp M.

As for the uniqueness of &z (M), fix some other semisimple coherent extension ./ of M. We
claim that the multiplicity of a given simple g-module L in ./ is determined by its trace function

h* x %(g)o — K
(A, u) — Tr(ulp)

It is a well known fact of the theory of modules that, given an associative K-algebra A, a
finite-dimensional semisimple A-module L is determined, up to isomorphism, by its character

Xp:A—K
avr—Tr(alr)

In particular, the multiplicity of L in ./, which is the same as the multiplicity of L) in /),
is determined by the character Xy, : %(g)o — K. Since this holds for all simple weight g-
modules, it follows that .4 is determined by its trace function. Of course, the same holds for
&zt (M). We now claim that the trace function of ./ is the same as that of &zxz(M). Clearly,
Tr(u Tapr(m),) = Tr(u [m,) = Tr(u [4,) for all A € supp. M, u € %(g)o. Since the essential
support of M is Zariski-dense and the maps A —— Tr(u [z, (p),) and A —— Tr(u [4,) are
polynomial in A € h*, it follows that these maps coincide for all u.

In conclusion, # = &z¢ (M) and &z (M) is unique. |

A sort of “reciprocal” of Theorem 5.43 also holds. Namely...

Proposition 5.44. Let /M be a semisimple irreducible coherent family and M C M be an infinite-
dimensional simple submodule. Then M = Ex¢ (M). In particular, all semisimple coherent families
have the form M = Ex¢ (M) for some simple bounded g-module M.

Proof. Since M C ./, M is bounded and supp,., M is Zariski-dense. In addition, it follows from
Lemma 5.32 that U = {A € h* : ) is a simple %(g)p-module} is a Zariski-open subset — which
is non-empty since ./ is irreducible.

Hence there is some A € supp,, M N U. In particular, there is some A € supp,.,, M such that
M) = M) and thus deg M = dim /4, = deg.#. This implies that .Z is a coherent extension of M,
so that by the uniqueness of semisimple irreducible coherent extensions we get /4 = &zz(M). R
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Having thus reduced the problem of classifying the cuspidal g-modules to that of understand-
ing semisimple irreducible coherent families, the only remaining question for us to tackle is: what
are the coherent g-families? This turns out to be a decently complicated question on its own, and
we will require a full chapter to answer it. This will be the focus of our final chapter.
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Chapter 6

Classification of Coherent Families

Proposition 6.1. Suppose g = s1 @ - -- @ s, and let M be a semisimple irreducible coherent g-
family. Then there are semisimple irreducible coherent s;-families JM; such that

M= D - Q My

Proof. Suppose h; C s; are Cartan subalgebras, h = h1 @ --- ® b, and d = deg 4. Let M C . be
any infinite-dimensional simple submodule, so that ./Z is a semisimple coherent extension of M.
By Example 5.8, there exists (unique) simple weight s;-modules M; such that M = M; ® - - - ® M,.
Take M; = a2 (M;). We will show that #; ® - - - ® M, is a coherent extension of M.

It is clear that #; ® - - - ® M, is a degree d bounded g-module containing M as a submodule. It
thus suffices to show that .Z is a coherent family. By Example 5.11, supp . (/#1 ® - - - @ ;) = h*.
To see that the map

h* — K
A= Tr(ulme - ou),)

is polynomial, notice that the natural isomorphism of algebras

fru(s) @ @Us1) — U(g)
u1®...®ur;_>ul...ur
described in Example 1.43 is a g-homomorphism between the tensor product of the adjoint s;-
modules % (s;) and the adjoint g-module %(g).
Indeed, given X = Xj + -+ + X, € g with X; € 5; and u; € %(s;),
fX- (@ @u))=f([X,m]Qup @ @u) + -+ fu1 @ - - Qup1 @ [Xy, 1))
= [Xp,uJug - up + -y g [ X, ]
([(Xi,uj] = 0fori # j) = [Xy,ugup - up] + -+ [ Xy, 1y -+ - 147
=X fln @ u)
Hence by Example 5.9 f restricts to an isomorphism of algebras % (s1)p ® -+ @ % (s;)g —
%(g)o with image % (g)o = %(s1)o- - %(sr)o.- More importantly, if we write A = Ay + -+ + A,

for A; € b} it is clear from Example 5.7 that the % (g)o-module (./#; ® - - - ® M), corresponds to
exactly the %(s1)o ® - - - ® %(sy)o-module (M1)), @ - - - @ (My),,, s0 we can see that the value

Te(uy - ur lyoear),) = T L), ) - Te(ue lay),,)

varies polynomially with A € h* for all u; € %(s;)o.

Finally, #; ® - - - ® M, is a coherent extension of M. Since the .#; = &x¢ (M;) are semisimple,
sois M1 @ - - - @ My. It thus follows from the uniqueness of semisimple coherent extensions that
M= MR- R My [ ]

71
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This last result allows us to concentrate on focus exclusive on classifying coherent s-families for
the simple Lie algebras s. In addition, it turns out that very few simple algebras admit irreducible
coherent families at all. Namely. ..

Proposition 6.2 (Fernando). Let s be a finite-dimensional simple Lie algebra and suppose there
exists a infinite-dimensional cuspidal s-module. Then s = sl,,(K) or s = sp,,,(K) for some n.

Corollary 6.3. Let s be a finite-dimensional simple Lie algebra and suppose there exists an irre-
ducible coherent s-family. Then s = sl,,(K) or s = sp,, (K) for some n.

The problem of classifying the semisimple irreducible coherent g-families for some arbitrary
semisimple g can thus be reduced to a proof by exaustion: it suffices to classify coherent s, (K)-
families and coherent sp,, (K)-families. We will follow this path by analysing each case — sl (K)
and sp,, (K) — separately, classifying coherent families in terms of combinatorial invariants — as
does Mathieu in [Mat00, sec. 8, sec. 9]. Alternatively, Mathieu also provides a more explicit
“geometric” construction of the coherent families for both s, (K) and sp,, in sections 11 and 12 of
his paper.

Before we proceed to the individual case analysis, however, we would like discuss some further
reductions to our general problem, the first of which is a crutial refinement to Proposition 5.44
due to Mathieu.

Proposition 6.4. Let M be a semisimple irreducible coherent g-family. Then there exists some
A € b* such that L(A) is bounded and M = &x¢ (L(A)).

Remark. 1 once had the opportunity to ask Olivier Mathieu himself how he first came across the
notation of coherent families and what was his intuition behind it. Unfortunately, his responce
was that he “did not remember.” However, Mathieu was able to tell me that “the trick is that I
managed to show that they all come from simple highest-weight modules, which were already
well understood.” I personally find it likely that Mathieu first considered the idea of twisting
L(A) - for A with L(A) bounded - by a suitable automorphism 6, : £~1%(g) — ~71%(g), as in
the proof of Proposition 5.42, and only after decided to agregate this data in a coherent family by
summing over the Q-cosets u + Q, u € h*.

In case the significance of Proposition 6.4 is unclear, the point is that it allows is to reduce the
problem of classifying the coherent g-families to that of aswering the following two questions:

(i) When is L(A) bounded?
(ii) Given A, u € b* with L(A) and L(p) bounded, when is &z (L(A)) = &xt (L(p))?

These are the questions which we will attempt to answer for g = s[,(K) and g = sp,,(K). We
begin by providing a partial answer to the second answer by introducing an invariant of coherent
families, known as its central character.

To describe this invariant, we consider the Verma module M(A) = %(g) - m™. Given u € h*
and m € M(A),, it is clear that u -m € M(A), for all central u € %(g). In particular, u - m* €
M(A), = Km™ is a scalar multiple of m™ for all u € Z(%(g)), say X, (u)m™ for some X, (u) € K.
More generally, if we take any m = v-m™ € M(A) we can see that

u-m=v-(u-m") =X\ (u)v-m" =X, (u)m

Since every highest-weight module is a quotient of a Verma module, it follows that u €
Z(%(g)) acts on a highest-weight module M of highest-weight A via multiplication by X, (u).
In addition, it is clear that the function X, : Z(%(g)) — K must be an algebra homomorphism.
This leads us to the following definition.
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Definition 6.5. Given a highest weight g-module M of highest weight A, the unique algebra
homomorphism X, : Z(%(g)) — K such that u-m = X,(u)m for all m € M and u €
Z(%(g)) is called the central character of M or the central character associated with the weight A.

Since a simple highest-weight g-module is uniquelly determined by is highest-weight, it is
clear that central characters are invariants of simple highest-weight modules. We should point out
that these are far from perfect invariants, however. Namelly. ..

Theorem 6.6 (Harish-Chandra). Given A, u € b*, X\ = X, if, and only if y € We A.

This and much more can be found in [E HOS, ch. 1]. What is interesting about all this to us is
that, as it turns out, central character are also invariants of coherent families. More specifically. ..

Proposition 6.7. Suppose A, p € b* are such that L(A) and L(u) are both bounded and
Bat (L(A)) = Eat (L(n)). Then Xy = X,,. In particular, p € W e A.

Proof. Fix u € %(g)o. It is clear that Tr(u [gu(1(r)),) = Tr(u [r),) = dXx(u) for all v €
SUPP,gs L(A). Since supp,g, L(A) is Zariski-dense and the map v —— Tr(u g, (1(1)),) is poly-
nomial, it follows that Tr(u [, (1 (r)),) = dXa(u) for all v € h*. But by the same token

dXp(u) = Tr(u g L(1),) = Tr( Tgnr (L)), ) = dXu (1)

for any v € supp,. L(p) and thus X (u) = X, (u). [ |

Central characters may thus be used to distinguished between two semisimple irreducible
coherent families. Unfortunately for us, as in the case of simple highest-weight modules, central
characters are not perfect invariants of coherent families: there are non-isomorphic semisimple
irreducible coherent families which share a common central character. Nevertheless, Mathieu
was able to at least establish a somewhat precarious version of the converse of Proposition 6.7.
Namelly...

Lemma 6.8. Let p € X and A ¢ P be such that. L(A) is bounded and A(Hg) ¢ N. Then
L(ogeA) C &zt (L(A)). In particular, if og @ A & P then L(0p) is a bounded infinite-dimensional
g-module and &zt (L(cg e A)) = &zt (L(M)).

Remark. We should point out that, while it may very well be that o3 e A € P*, there is generally
only a slight chance of such an event happening. Indeed, given A € h*, its orbit W e A meets P*
precisely once, so that the probability of o3 A € P* for some random A € h* is only 1/|weA|.
With the odds stacked in our favor, we will later be able to exploit the second part of Lemma 6.8
without much difficulty!

While technical in nature, this lemma already allows us to classify all semisimple irreducible
coherent s, (K)-families.

Example 6.9. Let g = slp(K). It follows from Example 4.42 that M(A) is a bounded sl (K) of
degree 1, so that L(A) is bounded — with degL(A) = 1 - for all A € K = p*. In addition, a
simple calculation shows W e A = {A, —A — 2}. This implies that if A, u ¢ P™ = N are such that
&xt (L(A)) = &zt (L(p)) then y = A or y = —A — 2. Finally, by Lemma 6.8 the converse also holds:
if A, —A =2 ¢ P" then ¢ (L(A)) = €t (L(—A — 2)).
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6.1 Coherent sp,,(K)-families

Consider the Cartan subalgebra ) C sp,,(K) of diagonal matrices, as in Example 4.5, and the
basis ¥ = {B1,...,Bn} for A given by B; = €; — €j41 for i < n and B, = 2¢,,. Here ¢; : h — K is
the linear functional which yields the i-th entry of the diagonal of a given matrix, as described in
Example 4.24. Also fix p = 1/2f1 + - - - +1/2B,.

Lemma 6.10. Then L(A) is bounded if, and only if
(i) A(Hg,) is non-negative integer for all i # n.
(i) A(Hg,) € 1 +2.

(i) A(Hg, , +2Hg,) > —2.

Proposition 6.11. The map

m:h* — K"
Av— (k(e1,A+p),...,k(en, A+ p))

is W-equivariant bijection, where the action W = S, x (Z/2Z)" on b* is given by the dot action
and the action of W on K" is given my permuting coordinates and multiplying them by £1. A
weight A € b* satisfies the conditions of Lemma 6.10 if, and only if m(A); € 1/2+ Z for all i and
m(A); > m(A)y > - >m(A),—1 > £m(A)y.

Proof. The fact m : h* — K" is a bijection is clear from the fact that {ey, ..., €,} is an orthonormal
basis for h*. Veryfying that L(A) is bounded if, and only if m(A); > m(A)y > -+ > m(A),_1 >
+m(A), is also a simple combinatorial affair.

The only part of the statement worth proving is the fact that m is an equivariant map, which
is equivalent to showing the map

h* K"
A— (x(e1,A), ..., xk(en, A))

is equivariant with respect to the natural action of W on h*. But this also clear from the isomor-
phism W = S, x (Z/2Z)", as described in Example 4.35: (03, (0,...,0)) = op, permutes ¢; and
€iy1 fori <mand (1,(0,...,0,1)) = g, flips the sign of e,. Hence m(cp, - €j) = o, - m(e;) for all
i and j. Since W is generated by the 0y, this implies that the required map is equivariant. |

Definition 6.12. We denote by B the set of the m € (1/2+ Z)" such that m; > mp > --- >
my_1 > +m,. We also consider the canonical partition B = B* UB~ where B" = {m €
B:my >0} and B~ = {m e B:m, <0}.

Theorem 6.13 (Mathieu). Given A and y satisfying the conditions of Lemma 6.10, ¢ (L(A)) =
&zt (L(p)) if, and only if m(A); = m(u); for i < nand m(A), = £m(pu)n. In particular, the
isomorphism classes of semisimple irreducible coherent spy, (K)-families are parameterized by B .

Proof. Let A, u ¢ P be such that L(A) and L(u), so that m(A), m(u) € B.

Suppose &zt (L(A)) = &xt(L(p)). By Proposition 6.7, Xy = X,. It thus follows from the
Harish-Chandra Theorem that u € W e A. Since m is equivariant, m(y) € W - m(A). But the only
elements in of B in W - m(A) are m(A) and (m(A)1, m(A)y, ..., m(A)y—1, —m(A)y,).
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Conversely, if m(A); = m(p); for i < n and m(p)n = —m(A), then m(u) = og, - m(A) and
p = oneA. Since m(A) € B, A(Hg,) € 1/2+ Z and thus A(Hg,) ¢ IN. Hence by Lemma 6.8
L(p) C &2t (L(A)) and &2 (L(u)) = 2t (L(A)).

For each semisimple irreducible coherent sp,, (K)-family .# there is some m = m(A) € B such
that # = &x¢(L()1)). The only other m’ € B which generates the same coherent family as m is
m' = og, -m. Since m and m’ lie in different elements of the partition B = B* UB~, the is a
unique m” = m(v) € BT - either m or m’ — such that # = &z (L(v)). [ ]

6.2 Coherent sl,(K)-families

Consider the Cartan subalgebra h C sl,(K) of diagonal matrices, as in Example 4.4, and the basis
Y ={B1,...,Bn-1} for A givenby B; = €; —€;41 fori < n. Here ¢; : h — K is the linear functional
which yields the i-th entry of the diagonal of a given matrix, as described in Example 4.23. Also
fix o= 1/2‘81 + -4 1/2[8,[,1.

Lemma 6.14. Let A ¢ P+ and A(A) = {i : A(Hg,) is not a non-negative integer}. Then L(A) is
bounded if, and only if one of the following assertions holds.

@) AA) = {1} or A(A) = {n—1}.

(i) A(A) = {i} forsome1 <i<n—1and (A+p)(Hg, , + Hg,) or (A +p)(Hp, + Hg,,,) is
a positive integer.

(iii) A(A) = {i,i+1} for some1<i<n—T1and (A+p)(Hp, + Hg,,,) is a positive integer.

Definition 6.15. A sl,-sequence m is a n-tuple m = (my,...,m,) € K" such that my + - -- +
my, = 0.

Definition 6.16. A k-tuple m = (my,...,my) € KX is called ordered if m; — m;,; is a positive
integer for all i < k.

Proposition 6.17. The map

m: h* — {sl,-sequences}
A—2n(x(e1, A+p),...,x(en, A +p))

is W-equivariant bijection, where the action W = S,, on h* is given by the dot action and the action
of W on the space of sl,-sequences is given my permuting coordinates. A weight A € §* satisfies the
conditions of Lemma 6.14 if, and only if m(A) is not ordered, but becomes ordered after removing
one term.

The proof of this result is very similar to that of Proposition 6.11 in spirit: the equivariance
of the map m : h* — {sl,-sequences} follows from the nature of the isomorphism W = S, as
described in Example 4.34, while the rest of the proof amounts to simple technical verifications.
The number 27 is a normalization constant chosen because A(Hg) = 2nx(A, B) for all A € h* and
B € X. Hence m(A) is uniquely characterized by the property that (A +p)(Hg,) = m(A); —m(A)i
for all 7, which is relevant to the proof of the equivalence between the contiditions of Lemma 6.14
and those explained in the last statement of Proposition 6.17.
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Definition 6.18. We denote by B the set of sl,-sequences m which are not ordered, but
becomes ordered after removing one term. We also consider the extremal subsets B =
{m e B: (my,my,...,my)isordered} and B~ = {m € B : (my,...,my,_1,my) is ordered }.

~

The issue here is that the relationship between A, u € Pt with m(A), m(u) € B and xz(L(A)) =
&zt (L(p)) is more complicated than in the case of sp,, (K). Nevertheless, Lemma 6.8 affords us a
criteria for verifying that &z (L(A)) = &x¢ (L(p)). For o = 0; and the weight A + p, the hypothesis
of Lemma 6.8 translates to m(A); —m(A)iy1 = (A +p)(Hp,) € N. If m(A) € B, this is equivalent
to requiring that m(A) is not ordered, but becomes ordered after removing its i-th term. This
discussions losely inspires the following definition, which endows the set B with the structure of

a directed graph.

Definition 6.19. Given m,m’ € B, say there is an arrow m — m’ if there some i such that
m; — mjy is not a positive integer and m’ = o; - m.

It should then be obvious from Lemma 6.8 that. ..

Proposition 6.20. Let A ¢ P be such that L()) is bounded — so that m(A) € B — and suppose
that u € b* is such that m(u) € B and there is an arrow m(A) — m(u). Then L(u) is also
bounded and x¢ (L(n)) = &2z (L(A)).

A weight A € b* is called regular if (A + p)(Hy) # 0 for all & € A. In terms of sl,-sequences,
A is regular if, and only if m(A); # m(A); for all i # j. It thus makes sence to call a sl,-sequence
regular or singular if m; # m; for all i # j or m; = m; for some i # j, respectively. Similarly, A is
integral if, and only if m(A); —m(A); € Z for all i and j, so it makes sence to call a sl,-sequence m
integral if m; —m; € Z for all i and .
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Lemma 6.21. The connected component of some m € B is given by the following.

(i) If m is reqular and integral then there exists' a unique ordered m' € W - m, in which case the
connected component of m is given by

0’10’2...0’1‘.m/*>0’2...0’i.m

oi_q0;-m' —)

[Hvi-m’<—ai+1ai-m’<—---<—Un,1~-ai~m’

for some unique i, with oy - --0;-m' € Bt and oy _1---0;-m’' € B™.

!
o i+1
(my,--- ,mi_y,ml,mi ..., my)is ordered, in which case the connected component of m is
given by

(i) If m is singular then there exists unique m' € W -m and i such that m; = m] , and

0'10'2...0'1_1.m/4>0'2...0'l_1.m/ ... al_l.mlj

!/ / /
[Hm — g m Oy 1+ Cipq-m
withoy---0;_1-m' € BT and 0y, _1---0;41-m' € B~.

(iii) If m is non-integral then there exists unique m’ € W -m with m' € B*, in which case the
connected component of m is given by

m——so-m——omoom —— - — 0o o

withoy_q- -0y -m' € B~.

Theorem 6.22 (Mathieu). Given A,y ¢ Pt with L(A) and L(u) bounded, &xt(L(A)) =
&zt (L(p)) if, and only if m(A) and m(u) lie in the same connected component of B. In particular,
the isomorphism classes of semisimple irreducible coherent sl,,(K)-families are parameterized by the
set 7w(B) of the connected components of B, as well as by B+.

Proof. Let A, u ¢ P be such that L(A) and L(u), so that m(A), m(u) € B.

It is clear from Proposition 6.20 that if m(A) and m(u) lie in the same connected component of
B then &zt (L(A)) = &2z (L(p)). On the other hand, if &z (L(A)) = &z (L(p)) then X) = X, and
thus 1 € W e A. We now investigate which elements of W e A satisfy the conditions of Lemma 6.14.
To do so, we describe the set BNW - m(A).

If A is regular and integral then the only permutations of m(A) which lie in B are 03041 - - - 0; -
m’ for k < iand oy0;_1---0;-m' for k > i, where m’ is the unique ordered element of W - m(A).
Hence by Lemma 6.21 BN W - m(A) is the union of the connected components of the o; - m’ for
i < n. On the other hand, if A is singular or non-integral then the only permutations of n(A)
which lie in B are the ones from the connected component of m(A) in B, so that BN W - m(A) is
exactly the connected component of m(A).

In both cases, we can see that if B(A) is the set of the m’ = m(u) € B such that &z¢(L(p)) =
&zt (L(A)) then B(A) € BN W -m(A) is contain in a union of connected components of B —
including that of m(A) itself. We now claim that B(A) is exactly the connected component of
m(A). This is already clear when A is singular or non-integral, so we may assume that A is regular
and integral, in which case every other u € W e A is regular and integral.

In this situation, m(u) € B* implies u(Hg,) = m(pu)1 —m(p)2 € Z is negative. But it follows
from Lemma 6.8 that for each f € X there is at most one u ¢ Pt with &z (L(p)) = &z (L(M))

INotice that in this case m’ ¢ B, however.
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such that p(Hg) is a negative integer — see Lemma 6.5 of [Mat00]. Hence there is at most one
m' € BT NW-m(A). Since every connected component of B meets B* — see Lemma 6.21 — this
implies B(A) is precisely the connected component of ().

Another way of putting it is to say that &zz(L(A)) = &2/ (L(u)) if, and only if m(A) and
m(p) lie in the same connected component — which is, of course, precisely the first part of our
theorem! There is thus a one-to-one correspondance between 779(B) and the isomorphism classes
of semisimple irreducible coherent s, (K)-families. Since every connected component of B meets
BT precisely once — again, see Lemma 6.21 — we also get that such isomorphism classes are
parameterized by BY. ]

This construction also brings us full circle to the beginning of these notes, where we saw in
Proposition 1.44 that g-modules may be understood as geometric objects. In fact, throughout the
previous four chapters we have seen a tremendous number of geometrically motivated examples,
which further emphasizes the connection between representation theory and geometry. I would
personally go as far as saying that the beautiful interplay between the algebraic and the geometric
is precisely what makes representation theory such a fascinating and charming subject.

Alas, our journey has come to an end. All it is left is to wonder at the beauty of Lie algebras
and their representations.



Bibliography

[C C95]

[DG70]
[E H73]

[E HO8]

[Eti+11]

[Fer90]

[Fro96]

[FHY1]

[GN20]

[GS18]

[GS84]

[Har08]

[Kir08]

[LBOO]

[Mac71]
[Mat00]

[Nil16]

[RW04]

[Rib22]

S. C. Coutinho, A Primer of Algebraic D-modules (London Mathematical Society student
texts 33). Cambridge University Press, 1995.

M. Demazure and P. Gabriel, Groupes Algebriques Tome 1. NH, 1970.

J. E. Humphreys, Introduction to Lie Algebras and Representation Theory (Graduate Texts in
Mathematics), 1st ed. Springer, 1973.

J. E. Humphreys, Representations of Semisimple Lie Algebras in the BGG Category O (Grad-
uate Studies in Mathematics). American Mathematical Society, 2008, vol. 94.

P. Etingof et al., Introduction to Representation Theory (Student Mathematical Library).
American Mathematical Society, 2011.

R. L. Fernando, “Lie algebra modules with finite-dimensional weight spaces. i,” Trans-
actions of the American Mathematical Society, vol. 322, pp. 757-781, 1990. por: 10. 1090/
S0002-9947-1990-1013330-8.

F. G. Frobenius, “Uber gruppencharakteren,” Wiss. Berlin, pp. 985-1021, 1896.

W. Fulton and J. Harris, Representation Theory: A First Course (Graduate Texts in Mathe-
matics / Readings in Mathematics), Corrected. Springer, 1991.

D. Grantcharov and K. Nguyen, Exponentiation and fourier transform of tensor modules of
sl(n+1),2020. por: 10.48550/ARXIV.2011.09975.

C. Gruson and V. Serganova, A Journey Through Representation Theory: From Finite Groups
to Quivers via Algebras. 2018.

V. Guillemin and S. Sternberg, Symplectic Techniques in Physics, First Edition. Cambridge
University Press, 1984.

G. Harder, Lectures on Algebraic Geometry I: Sheaves, Cohomology of Sheaves, and Applica-
tions to Riemann Surfaces. Springer, 2008.

A. Kirillov, Introduction to Lie Groups and Lie Algebras, Preliminary version. 2008. [Online].
Available: https://www.math.stonybrook.edu/~kirillov/liegroups.

B. L. Feigin and D. B. Fuchs, “Cohomologies of lie groups and lie algebras,” in Lie
Groups and Lie Algebras II, ser. Encyclopedia of Mathematics, vol. 21, Springer, 2000.

S. Mac Lane, Categories for the Working Mathematician, 6th ed. Springer-Verlag, 1971.

O. Mathieu, “Classification of irreducible weight modules,” Annales de I'institut Fourier,
vol. 50, no. 2, pp. 537-592, 2000. por: 10.5802/aif.1765.

J. Nilsson, “%(h)-free modules and coherent families,” Journal of Pure and Applied Alge-
bra, vol. 220, no. 4, pp. 1475-1488, 2016. po1: 10.1016/j.jpaa.2015.09.013.

K. R. Goodearl and R. B. Warfield Jr, An Introduction to Noncommutative Noetherian Rings
(London Mathematical Society Student Texts), Second Edition. Cambridge University
Press, 2004.

G. Ribeiro, Notes of Everything. 2022. [Online]. Available: https://perso.pages.math.
cnrs. fr/users/gabriel.ribeiro/assets/files/main.pdf.

79


https://doi.org/10.1090/S0002-9947-1990-1013330-8
https://doi.org/10.1090/S0002-9947-1990-1013330-8
https://doi.org/10.48550/ARXIV.2011.09975
https://www.math.stonybrook.edu/~kirillov/liegroups
https://doi.org/10.5802/aif.1765
https://doi.org/10.1016/j.jpaa.2015.09.013
https://perso.pages.math.cnrs.fr/users/gabriel.ribeiro/assets/files/main.pdf
https://perso.pages.math.cnrs.fr/users/gabriel.ribeiro/assets/files/main.pdf

80

Bibliography




Index

g-module
(essential) support, 53, 54
(generalized) Verma modules, 47, 55
adjoint module, 10
bounded modules, 54
completely reducible module, 14
cuspidal modules, 56
indecomposable module, 13
induction, 12
natural module, 10
parabolic induced modules, 56
regular module, 10
restriction, 11
semisimple module, 14
simple module, 13
tensor product, 11, 12
trivial module, 10
weight modules, 53

Ext functors, 18

abstract Jordan decomposition, 41

Cartan subalgebra
simultaneous diagonalization, 40
Casimir element, 20
coherent family, 58
coherent extension, 58
irreducible coherent family, 59
Mathieu’s &z coherent extension, 68
semisimplification, 59
cohomology of Lie algebras, 18
invariants, 18

invariant bilinear form, 16
bilinear form of a g-module, 16
Killing form, 16

Killing form, 16

Lie algebra, 1
Abelian Lie algebra, 5
center, 5
cohomology, 18

81

homomorphism, 1
Lie algebra of a Lie group, 2
Lie algebra of an algebraic group, 2
Lie algebra of an associative algebra, 1
Lie algebra of derivations, 2
Lie algebra of vector fields, 2
nilpotent Lie algebra, 5
nilradical, 6
radical, 6
reductive Lie algebra, 6
semisimple Lie algebra, 6
simple Lie algebra, 5
solvable Lie algebra, 5
Lie subalgebra, 4
Borel subalgebra, 44
Cartan subalgebra, 39
ideals, 4
parabolic subalgebra, 44
localization
localization of modules, 64
multiplicative subsets, 64
Ore’s condition, 64
Ore-Asano Theorem, 64

PBW Theorem, 8

semisimple
g-module, 14
Lie algebra, 6
simple
g-module, 13
Lie algebra, 5

universal enveloping algebra, 7

weights, 30
basis, 44
dominant weight, 35, 47
highest weight, 33
Highest Weight Theorem, 47
integral weight, 47
orderings of roots, 44
root lattice, 30, 43



82 Index
roots, 30 Weyl group, 45
weight diagrams, 35 dot action, 46
weight lattice, 32, 44 natural action, 46

weight modules, 53



	Introduction
	Lie Algebras
	Representation Theory

	Semisimplicity & Complete Reducibility
	Invariant Bilinear Forms
	Proof of Complete Reducibility

	Representations of sl2(K) & sl3(K)
	Representations of sl2 + 1(K)

	Finite-Dimensional Simple Modules
	The Geometry of Roots and Weights
	Highest Weight Modules & the Highest Weight Theorem

	Simple Weight Modules
	Coherent Families
	Localizations & the Existence of Coherent Extensions

	Classification of Coherent Families
	Coherent sp2n(K)-families
	Coherent sln(K)-families


