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Introduction

The course is an introduction to the theory of Lie algebras, emphasizing their representations.
A Lie algebra is a vector space g, defined on a field k, equipped with an antisymmetric bilinear application
[—,—]: g x g — g, the Lie bracket, which verifies the Jacobi relation:

[#, [y, 2]] + [y, [z, 2] + [z, [z,y]] =0 forallz,y, z € g.

For example, any vector space with the zero bracket is a Lie algebra, the space .#, (k) of n-size square matrices
with the bracket [z, y] = xy — yz is a Lie algebra, denoted gl,, (k), the Euclidean space R* with the wedge product as
Lie bracket is a Lie algebra, etc. Another fundamental example is the following: if M a differential manifold, then the
vector space of all vector fields on M has a natural structure of Lie algebra, without being an algebra.

Lie algebras are naturally associated with Lie groups and algebraic groups, who play an important role in both
mathematics and physics, where they describe the continuous symmetry. The study of Lie groups and Lie algebras was
initiated in the 19th century with the work of mathematicians Sophus Lie, Wilhelm Killing, Elie Cartan and Hermann
Weyl, among others. The classification of Lie algebras is crucial for the study of Lie groups, algebraic groups and their
representations.

A representation of a Lie algebra g is a linear map p: g — End(V'), where V is a vector space (which we will
often assume to be of finite dimension), which preserves the Lie bracket, that is,

p([z,y]) = [p(x), p(y)] := p(x) o p(y) — p(y) o p(z) forall z,y € g.

Representation theory of Lie algebras occupy a central place in many branches of mathematics (algebraic geometry,
number theory, combinatorics, topology, ...) and theoretical physics (integrable systems, conformal field theory, gauge
theory, string theory, ...).

There are several important families of Lie algebras which allow their classification: solvable Lie algebras (the
typical example is the set of upper triangular matrices), nilpotent Lie algebras (the typical example is the set of strictly
upper triangular matrices), and the semisimple Lie algebras (an important example is the Lie algebra sl,, (k) of traceless
square matrices, which is even simple!). The above families of Lie algebras will be studied in Part 1 about the structure
of Lie algebras.

The structure of semisimple Lie algebras is particularly rich, and these Lie algebras have remarkable properties.
The finite-dimensional representations of such Lie algebras are completely reducible (if char(k) # 0), that is to say
they are direct sums of irreducible representations. Remarkably, the structure of semisimple Lie algebras and their
representations is governed by combinatorial tools such as root systems and highest weights. In some sense, under-
standing the simple representations of semisimple Lie algebras is sufficient to understand the simple representations of
any finite-dimensional Lie algebra. Part 2 is devoted the the representation theory of semisimple Lie algebras.

The course will also address some more geometric aspects. Part 4 is about Borel-Weil-Bott Theorem. This
theorem allows to describe geometrically any irreducible representation of a (connected) semisimple, or even reductive,
group G over an algebraically closed field of zero characteristic.

Another interesting aspect of semisimple Lie algebras is the study of nilpotent orbits. Surprisingly, there are inter-
esting links between the representations and the nilpotent orbits associated with a semisimple Lie algebra. These links
are subtle, related to invariant theory, and allow to understand certain aspects of infinite-dimensional representations.
This is the main purpose of Part 3.






Part 1

Structure of Lie algebras



This part is about generalities on Lie algebras. We introduce standard definitions about Lie algebras in Chapter 1,
and about their representations in Chapter 3. The part explores some classes of Lie algebras: the nilpotent Lie algebras
and solvable Lie algebras (cf. Chapter 4) and the large class of algebraic Lie algebras, that is, those coming from linear
algebraic groups (cf. Chapter 2). We also introduce an important tool for the representation theory: the enveloping
algebra (cf. Chapter 5).



Definitions and examples

Let k be any commutative field (e.g., k = R, C,F, ...).

Carl Gustay Jacob Jacobi, 1804 — 1851, was a German mathematician who made
Sfundamental contributions to elliptic functions, dynamics, differential equations,

determinants, and number theory.

1.1. Lie algebras

~{Definition 1.1 - Lie algebra] .

A Lie algebra is a k vector space equipped with an bilinear application
[ -lrgxg—g (z.9) [z
called the Lie bracket, satisfying the following conditions:
(i) [z,z] =0forall x € g (antisymmetry),
() [z, [y, 2]] + [y, [, z]] + [z, [z, y]] = O for all z,y, =z € g (Jacobi identity).

Note that (i) implies that [z,y] = —[y, «] for all z,y € g. The two conditions are equivalent if char(k) # 2.

EXAMPLE 1.1. Any k-vector space g equipped with the zero bracket, i.e., [x,y] = 0 for all z,y € g, is a Lie
algebra.

A Lie algebra g such that [z, y] = 0 for all =,y € g is called abelian or commutative.

EXAMPLE 1.2 (associative algebra). Let (A, +,-) be a k-associative algebra. Then A has naturally a structure a
Lie algebra by setting:
V(z,y) e AX A, [x,y=2-y—y- =z
If V is k-vector space, then (End(V'), +, o) endowed with the above bracket is a Lie algebra, denoted by gl(V'). For
n € N*, (A, (k), +, x), the set of n-size square matrices with coefficients in k, endowed with the above bracket is a
Lie algebra, denoted by gl,, (k).

EXAMPLE 1.3 (the Lie algebra of vector fields). Let M be a smooth manifold (i.e., differentiable of class C*°).
We recall that a vector field is a smooth section ¢ : M — T M of the tangent bundle of M. Such a vector field defines
a derivation of the algebra C*° (M, R) of smooth functions on M sending a function f to the function x — d f(&(x)).

9
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Denoting by V(M) the set of all vector fields over M, we show by a local calculation that the application V(M) —
Der(C*° (M, R)) thus obtained is bijective. It follows that the R-vector space (of infinite dimension) V(M) of all vector
fields over M is equipped with a structure of a R-Lie algebra.

EXERCISE 1.1 (Heisenberg Lie algebra). LetE = k[t,t~!] © C1. Show that the following bracket

{[6, 1] =0,
[f(t),g(t)] = Resi—o(f'(t)g(t))1,

gives to E a Lie algebra structure. The infinite dimensional Lie algebra 6 is called the Heisenberg Lie algebra.

1.2. Lie subalgebras, ideals and morphisms

,—[Deﬁnition 1.2 — Lie subalgebra and ideal] \

Let g be a Lie algebra.
(i) A subset by of g is a Lie subalgebra of g if 0 is a subspace of g and if for all =,y € , we have
[z,y] € b.

(ii) A subset I of g is an ideal of g if I is a subspace of g and if for any = € I and any y € g, we
have [z, y] € 1.

\. J

We easily verify that if b, € are Lie subalgebras (resp. ideals) of g , then h N € and h + € are Lie subalgebras
(resp. ideals) of g . Moreover, if b, £ are ideals, notice that

[b, €] = Spang{[z,y]: z € b, y € £}
is an ideal of g, and that [h, €] C hN L.
EXAMPLE 1.4. Let n € N*. The following sets gl,, (k) are Lie subalgebras of gl (k):
1) sl,(k), the set of traceless matrices of gl,, (k); it is an ideal of g, (k),
2) b, (k), the set of upper triangular matrices of gl (k),
3) u,t(k), the set of strictly upper triangular matrices of gl,, (k); it is an ideal of b, (k),

n

4) v,,(k), the set of diagonal matrices of gl,, (k) (it is an abelian Lie algebra).

EXERCISE 1.2 (Lie algebra of the symplectic group). Let n > 1. Consider the matrix J € .#5, (k) defined

by:
(0 L,,)
7= (—In 0/°

5p2n(k) = {.T € g[Zn(k) J(L' = *ZL'TJ}v
where 27 is the transpose matrix of 2. Show that sp,, (k) is a Lie subalgebra of gl,, (k). What is its dimension?

Define

EXERCISE 1.3 (Lie algebra quotient). Let I be an ideal of a Lie algebra g . Show that the quotient g/I
equipped with the bracket:
e+ Iy+1I=zyl+1, V(z,y)ecgxg,
is a Lie algebra.

A Lie algebra g has always at least two ideals, {0} and g.

Definition 1.3 — simple Lie algebra]

A Lie algebra g is called simple if g is not abelian and its only ideals are {0} and g.

10
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REMARK 1.1. If g is Abelian, then any subspace of g is an ideal. So the above definition excludes only the case
of abelian Lie algebras of dimension zero or one.

EXERCISE 1.4 (sly(k) is simple if char(k) # 2). Show that s> (k) is simple if char(k) # 2.
O Hint: setting,

¢ =5 o) =0 %) =0 0)

verify that

EXERCISE 1.5 (b;" and ;! are not simple). Show that for any n > 2, b, (k) and u;} (k) are not simple.

,—[Deﬁnition 1.4 — morphism of a Lie algebra]

Let g; and g be two Lie Lie algebras, and 0: g; — go a linear map. We say that 0 is a Lie algebra
morphism if for all (z,y) € g1 X g1,
0([z, y]) = [0(x), 0(y)).
The map 0 is a Lie algebra isomorphism if moreover 6 if bijective.
The Lie algebras g, and go are isomorphic if there exists an isomorphism of Lie algebras 6: g1 — go.

EXERCISE 1.6 (kernel and image of a Lie algebra morphism). Let 6#: g1 — g be a Lie algebra morphism.
(1) Show that Ker 6 is an ideal of g; and that Im 6 is a Lie subalgebra of g.
(2) Show that the quotient g; / Ker 6 is isomorphic to Im 6.

EXERCISE 1.7 (a natural isomorphism). Consider the n-size square matrix

o0 --- 01

00 --- 10
P=|

0 1 0 0

10 0 0

Show that the map
gl (k) — g, (k)
x +—— PxP.
is an isomorphism of Lie algebras, which induces the Lie algebra isomorphisms:

by (k) — b, (k),  ui(k) —u,(k),

mn

where b, (k) (resp. u;, (k)) is the set of lower triangular matrices (resp. strictly lower triangular matrices).

1.3. Derivations

Let A be an associative algebra. A derivation § of A is an endomorphism of the vector space A satisfying the
Leibniz rule: 6(ab) = (da)b + a(db) for all a,b € A. The set Der(A) = Dery(A) of all derivations of A is a subspace
of End(A) = Endg(A).

A

The composition d o §’ of two derivations §, 4’ is not a derivation in general.

11
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But [6,8'] = d 0§’ — 6’ o § is still a derivation of A. Thus, Der(A) is a Lie subalgebra of gl(A). More generally, we
have the following definition.

— Definition 1.5 — derivation | .

If A is a vector space equipped with a bilinear map
AxA— A (a,b) — axb,

call a derivation § of A an endomorphism of the vector space A satisfying the Leibniz rule:
d(axb) = (da) x b+ ax (db)

forall a,b € A.

\. J

We denote by Der(A) or Dery(A) the subspace of all derivations of A.
EXERCISE 1.8 (Lie algebra of derivations). Show that Der(A) is a Lie subalgebra of gl(A).

For example, if g is a Lie algebra, let A = g with — x — = [—, —]. Thus a derivation of the Lie algebra g is an
element f of End(g) satisfying f([z,y]) = [f(x),y] + [z, f(y)] for all z,y € g. Here is a very important example of
derivation of a Lie algebra g . For = € g, set

adz:g — g
y — [zy)

The antisymmetry (i) and the Jacobi identity (ii) ensures that ad « is a derivation of g.

12



Linear algebraic group

We consider in this chapter (linear) algebraic groups only as examples of interesting structures which allow to
produce all algebraic Lie algebras. They will be also needed in Part 4.

)

Our basic reference for this chapter is [8], and we refer to this book or [12] for more details.

We do not deal with the general structure of linear algebraic groups, and most of substantial results
about algebraic groups will be admitted in this course.

We assume in this chapter that k is an algebraically closed field of characteristic zero. For us, a variety is a reduced
separated scheme of finite type over k.

Definition 2.1 — algebraic group]

An algebraic group is a variety G which is also a group and such that the maps defining the group structure,
w: GxG— G, (x,y) — xyandt: G — G,z — ! are morphisms of algebraic varieties.

EXAMPLE 2.1. Here are examples of algebraic groups of dimension one.
1) The additive group is the affine line A = k with group low u(z,y) = = + y.

2) The multiplicative group is the affine open set A \ {0} = k* with group low u(z,y) = xy.

EXERCISE 2.1 (general linear group). Show that the general linear group
GL, (k) = {z € #,(k): det(z) # 0}

is an algebraic group.

A connected algebraic group whose underlying variety is complete is called an Abelian variety. The terminology
comes from the fact that such groups are indeed equipped with a structure of abelian groups.

An algebraic group whose underlying variety if affine is called a linear algebraic group. For example, the general
linear group GL,, (k) is linear.

The term linear actually comes from the following theorem (that we admit in this course).

Theorem 2.2 — Chevalley]

Any affine algebraic group is a closed subgroup of GL,, (k) for some n € N*.

13
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Claude Chevalley, born February 11, 1909 in Johannesburg in South Africa and
died on June 28, 1984 in Paris, was a French mathematician who made important
contributions to number theory, algebraic geometry, class field theory, finite group
theory and the theory of algebraic groups. He was a founding member of the

Bourbaki group.

Conversely, it is clear from Exercise 2.1 that any closed subgroup of GL,, (k) is a linear algebraic group.

EXAMPLE 2.2. Here are some standard examples of linear algebraic groups:
1) finite subgroups of GL,, (k),
2) SL, (k) = {z € A, (k): det(z) =1},
3) D, (k), the subgroup of diagonal matrices of GL,, (k),
4) T, (k), the subgroup of upper triangular matrices of GL,, (k),
5) U, (k), the subgroup of strictly upper triangular matrices of GL,,(k),
6) O, (k) = {x € #,(k): zzT = I,,}, SO, (k) = O, (k) N SL, (k),
7) Span(k) = {x € M, (k): zJxT = J}, with J as in Exercise 1.2.

EXERCISE 2.2 (the projective linear group PGL,, (k) is linear!). Observe that the center of GL,, (k) is reduced
to the set of scalar matrices, that is, Z(GL,,(k)) = G,,, and prove that PGL,, (k) = GL,(k)/Z(GL,(k)) is a

linear algebraic group.

O Hint: consider the morphism of algebraic groups GL, (k) — Aut(gl,) = {f
End(gl,): f([a,b]) = [f(a), f(b)] for all a,b € gl,,}, sending g to the map z +— gxg~ .

2.1. Recalls on tangent spaces and derivations
Let R be a commutative ring, A an algebra over R, and M an A-module. We set
Derr(A, M) = {R-linear map 6: A — M, 6(ab) = ad(b) + bd(a) forall a,b € A}.
If 6 € Derg(A, M), then §(1) = 0 and so 6(r) = 0 for all » € R. If S is a multiplicative set of A, then
(1) Derr(S™'A, M) = Derg(A, M).

S

Let now X be an affine variety, and € X. Let Ox be the structure sheaf of X so that k[ X] = Ox(X) is the
coordinate ring of X, and Ox , the local ring of = at X. We view k(z) = Ox ,/mx . as a module over Ox ,, where

my , is the maximal ideal of Ox , of functions vanishing at z. Identifying k(x) with k, we thus have

Dery(Ox . k(z)) = {k-linear map §: Ox , — k, 6(fg) = f(x)d(g) + 6(f)g(z) forall a,b € Ox . }.

Definition 2.3 — tangent space at a point}

The tangent space of X at x is defined by
T, (X) = Derg(Ox 5, k(x)) = Derg (k[ X], k(x)).

The second equality holds by (1).

If ¢: X — Y is a morphism of affine varieties, then we define its differential at the point x to be the linear map

dp: To(X) — Typ@)(Y), d—d0¢7,

where ¢*: k[Y] — k[X] is the comorphism. Note that for § € Dery(k[X],k(z)), then § o ¢* is indeed a derivation of

Dery (k[Y], k(y)).
14
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EXERCISE 2.3 (some properties of the differential). Let p: X — Y,4: Y — Z be two morphisms of affine
varieties, and z € X. Show the that the following statements hold:

() dl(w © QO) = d:,a(w)w © d-’E@?
(2) ¢ is an isomorphism or the identity, then so is d, ¢,

(3) if ¢ is a constant map, then d,p = 0 forall z € X.

Lemma 2.4

We have T, (X) = Dery (Ox o, k(2)) = (mxo/m%k,) -

PROOF. We define a linear map 7: T,,(X) — (mx’w/m%(@yk by
m(6)(m) = 6(m)
for § € Dery(Ox o, k(x)) and m € my ;. To verify it is well-defined, we need to check that d(m%; ) = 0, which is
easy.
Conversely, if f € <mX7x/m§(7z) ,let us define ¢ € Derg(Ox 4, k(z)) by
d¢(a) = fla—a),

where a is the image of & € Ox ; in Ox ,/mx , = k(z) sothata —a = a — a(x) € mx 5.
We observe that

m(d5)(m) = 65(m) = f(m —m) = f(m),
whence m(dy) = f, and that
Or(s)(a) = m(0)(a — a) = é(a — a) = 6(a),
because (k(z)) = 0fora € Ox ;. O

If o: X — Y is amorphism of affine varieties, then d,¢: T%(X) — Ty, (1) (Y") is given, through this identification,
by the transpose map (in the sense of linear algebra) of the comorphism

* | 2 2
V20N my,kp(z)/myyw(m) — mX’m/mX’z.

2.2. Lie algebra of a linear algebraic group

For simplicity, we assume in this section that G is a algebraic group.

D)

The aim is to show that the tangent space
TE(G) = DeI‘]k(OG,e,]k)

of G at the neutral element e has naturally a structure of a Lie algebra. To do this, we intend to identify Derk(Og. ., k)
with a Lie subalgebra of the Lie algebra Dery (k[G]) (see Section 1.3).

The group G acts on itself by left multiplication (g, h) — gh. This induces an action of G on k[G]: forall g € G
and f € k[G], define A\, (f) € k[G] by

Xg(f)(h) = f(g~'h) forall heG.
Similarly, the right action (g, k) — hg~! induces an action of G on k[G] setting for all g € G and f € k[G],

pg(f)(h) = f(hg) forall heG.

Note that A, and p, are both automorphisms of k[G]. They yield two G-actions on gl(k[G]) = Endy(k[G]) by
conjugation: for all g € G and F € gl(k[G]),

Ag(F) =XgFASY, pg(F) =pgFp,t.
15
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EXERCISE 2.4 (the space of derivations is preserved by the left and right actions). Show that the left and right
actions of G on gl(k[G]) preserve the space of derivations Dery (k[G]).

The subspace
Dery, (K[G])MD) = {5 € Dery (k[G]): A\,0 = ), forall g € G},
of invariant derivations for the left action is a Lie subalgebra of Dery (k[G]). Indeed, ¢, §’ are left invariant derivations,

for all g € GG, we have
Agl0,0'] = Ng(08" — 6'6) = 66" \; — 6'0Ng = [6,0'] A,

Definition 2.5 — Lie algebra of a linear algebraic group}

The Lie algebra .Z(G) of G is the Lie algebra Dery (k[G])*(%).

EXERCISE 2.5. We have
Z(G)={ € Derg(k[G]): Aod = (1® )0 A},

where
A: k[G] — k[G] @ k[G]
is the comultiplication p* (the comorphism of p).

Let
eve: k[G] — k
be the evaluation map at the neutral element e; this is the comorphism
e=e":Kk[G] =k, f— f(e)

of the constant morphism e: Spec(k) — G whose image is e.

Theorem 2.6 — the tangent space at the neutral element is a Lie algebra}

The map .Z(G) — T.(G) sending § to € o § is an isomorphism of vector spaces. Hence, one can endow
T.(G) with a Lie algebra structure.

REMARK 2.1. By Exercise 2.5, a derivation § € .Z(G) is entirely determined by € o ¢ since
§=(1®e)oAod=(1®e)o(1®JoA=(1®(c0d))oA.
REMARK 2.2. We can also consider the right-invariant action, and we have an isomorphism of Lie algebras
Dery (k[G])MP) = Dery (k[G])*().

EXERCISE 2.6 (proof of Theorem 2.6). Define a map from T.(G) = Derg(k[G], k(e)) to ZL(G) =
Dery (k[G])*©) as follows. For § € T,.(G), let Ds € Z(G) defined by

Ds(f)(g) = 6(Ag-11),
thatis, Ds = (1 ® 0) o A.
(1) Verify that Dy is a derivation, and that Dj is left invariant.
(2) Check that D — ¢ o D and 6§ — Dy are inverse to each others.

We write Lie(G) for the Lie algebra .Z(G) = T.(G), and we call it the Lie algebra of G. By the theorem,
dim Lie(G) = dim G.

EXAMPLE 2.3. The Lie algebras of the additive group G, and the multiplicative group G,,, are one-dimensional
so they are commutative. More precisely, k[G,] = k[T] and the left-invariant derivation § = Jr generates .Z(G,,).
Similarly, k[G,,,] = k[T, T~!] and the left-invariant derivation § = TOr generates .Z(G,,,).

16
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Proposition 2.7

The Lie algebra of GL,, (k) is gl,,(k) = .#,(k), and the Lie algebra of SL,, (k) is sl,, (k).

EXERCISE 2.7 (proof of Proposition 2.7). Recall that
GL,, :=GL, (k) = {z € 4, (k): det(z) # 0},
that
k[GL,] = k[T; j,det "],
and that .
A(T; ;) = ZTi,k @ Ty, j, e(Tij) = diy-
k=1
(1) Verify that a basis of Dery (k[G], k) is given by the e; ;’s defined by e; ;(Tk.¢) = ;10,0

(2) Check that the assignment e; ; — FE; ;, where F; ; is the (i, j)-elementary matrix, is a Lie algebra
isomorphism, and conclude for the Lie algebra of GL,,.

@ Hint: identify Dery (k[G], k) with Dery (k[G])M%) using D, , = (Id®e; ;)0 A =: ¢;;
and compute e, p, © €. 4.

(3) Noticing that
ddet
(In)ﬂ, = Tiﬂ' = TI'(T),
i 0T, ’ Z

deduce the Lie algebra of SL,, (k).

To compute more examples in practice, the following interpretation of T, (G) can be useful. Recall that the algebra
of global sections of the tangent sheaf 7¢ is given by

I'(G,7¢) = Derg(K[G]).
This is the set of vector fields ' on G. Moreover,
Dery (k[G]) = Homy_q, (k[G], k[2]/(£%)).
Consider the projection

m: (TG)(k) = Homg_y (k[G], k[g]/(e?)) — G(k) = Homg_ g (k[G], k)

v o son,
where s: k[¢]/(¢?) — k, 2 +— 0. Then
771 (e) = Dery (k[G], k(z)) = T.G,
where e is identified with ev,.

EXAMPLE 2.4. Since O, (k) = {z € 4, (k): zzT = I,}, we get that Lie(O,,(k)) = so,,(k) using the equiva-
lence
(I, + ex)(I, +cx)’ = I, mode? <= z+ 27 = 0mode?,

for x € A, (k).

EXERCISE 2.8. Compute the Lie algebras of the algebraic groups SO,, (k), Spz2, (k), Dy, (k), T, (k), Uy, (k).

REMARK 2.3. The Lie algebra of G acts on k[G] by vector fields: for x € Lie(G) and f € k[G],
(zrf)(9) = 6s(Ag-2 f) forall geGq,
where x, is the corresponding element of .Z(G) and §,, that of T.(G).

1. For U C G open, I'(U, T¢) = Derg(Og(U)).
17
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A Lie algebra which is the Lie algebra of some linear algebraic group is called an algebraic Lie algebra. All
examples or finite-dimensional Lie algebras we have encountered so far are thus algebraic. As a rule, we write with
a gothic letter g the Lie algebra of a linear algebraic group G. This justifies in part the notation of Example 1.4 and
Exercise 1.2.

EXAMPLE 2.5 (an example of a non algebraic Lie algebra). Let g be a Lie algebra with basis {x,y, z} and Lie
bracket given by
[zyl =y, [z,2z] =0z [y,2]=0.
Then for a ¢ Q, the Lie algebra g is not algebraic (see [12, §24.8.4]).

EXERCISE 2.9. Let H be a subgroup of G, with defining ideal I, that is, k[H] = k[G]/I. Denote by g and b
the Lie algebras of G and H, respectively. Show that

hb={xeg:a,(I) CI}.

We shall admit the following useful result. It is based on the fact that, in characteristic zero, the Lie algebras of an
intersection of closed subgroups is the intersection of the Lie algebras ([8, Section 12.5]).

g | This is not true is positive characteristic!

,—[Theorem 2.8 — correspondence between groups and Lie algebras} \

Let G be a connected linear algebraic group. The correspondence H — h = Lie(H) is a one-to-one
inclusion preserving correspondence between the collection of closed connected subgroups of G and the
collection of their Lie algebras, regarded as Lie subalgebras of g = Lie(G).

2.3. Adjoint representation

Let G, G’ be a linear algebraic groups, and g, g’ their respective Lie algebras. If ¢: G — G’ is a morphism of
linear algebraic groups, then de: g — ¢’ is a morphism of Lie algebras. Moreover,

Kerd,.p = Lie(Ker ).

g | This is not true is positive characteristic!

For example, consider the inner automorphism Int = for x € G, defined by
Intz(y) = xzyz~" forally € G.

Its differential d.Int x is a great importance; we denote it by Ad z. It is an automorphism of the Lie algebra g, that is,
a Lie algebra morphism which is bijective. Indeed,

(Adz)(Adz™ ') = de(Int ) o de(Int ") = d(Inte) = Id,

because (Ad z)(Ady) = Ad zy. So
Ad: G — Aut(g) C GL(g)

is a morphism (of abstract groups), called the adjoint representation. Here, Aut(g) denote the set of all automorphisms
of the Lie algebra g.

EXERCISE 2.10. Show that Ad z(8) = p.dp, ! for § in g identified with £ (G).

We admit the following facts.

18
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,—{ Proposition 2.9 N\

Let G be a linear algebraic group, with Lie algebra g. Then, we have:

(i) Ad: G — GL(g) is a morphism of algebraic groups; in the case where G is a closed subgroup
of GL,,(k), Ad z is just the conjugation by = € G,

(ii) the differential of Ad is ad, where (ad z)y = [z, y] for z,y € G,
(iii) the center Z(G) equals Ker Ad, and
Lie(Ker Ad) = Ker ad = 3(g),
where 3(g) is the Lie center of g.
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Representations and modules

3.1. Definitions and examples

Let g be a Lie algebra.

~ Definition 3.1 N

A representation de g, or g-module, is a pair (V, o), where V is a k-vector space and o: g — gl(V) is a
Lie algebra morphism. In other words, o is a linear map such that:

V(z,y)egxg,  oa(@)oaly) —aly)oa(x)=oa(zy).

\. J

If (V, o) is a representation of g, we often briefly write z.v in place of o(x)(v) for x € g and v € V when o is
obvious.

REMARK 3.1. The above definition is equivalent to the datum of a vector space V' equipped with a bilinear map
gxV =V, (z,v)—zv
such that for all x,y € getv € V:
[, y].v = z.(yv) — y.(z.v).

One defines the notions of submodule, quotient module and direct sum of modules in a natural way.

EXAMPLE 3.1 (adjoint representation). The map
ad:g +— gl(g)
r +—— adux,

defines a representation of g, called the adjoint representation. A submodule of (g, ad) is nothing but an ideal of g.

EXERCISE 3.1 (representation adjointe de sl (k)). In the notation of Exercise 1.4, compute the matrices of
ad e, ad h, ad f in the basis e, h, f.

EXAMPLE 3.2. If (V, 0) is a representation of g, we define its dual representation (V*,c*) as follows: for z € g
and £ € V™,
o (z)(§) = =€ oo().
For example, the dual representation of (g, ad) is

ad*: g +— gl(g*)

§ — =tz /)7
A morphism of g-modules is a linear map 6: V — W, where (V, o) and (W, 7) are two g-modules, such as
0(a(x)(v)) = m(x)(0(v))
forall x € gand v € V, that is,
60 0(x) = m(x) 0 (),
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for all x € g. We denote by Homg(V, W) the set of such morphisms. If V' = W, we will simply write Endy (V") this
space.

We say that the modules V' and W of g are isomorphic or equivalent if there is an isomorphism of g-modules
0:V — W between V and W.

A g-module (V, o) is called simple or irreducible if V' # {0} and if the only submodules of V are V or {0}. The
space V' is semisimple or completely reducible if V' is isomorphic to a direct sum of irreducible submodules.

EXERCISE 3.2. Consider the Lie algebra g = gl(V'), where V is a finite-dimensional vector space. Show that
there exists an isomorphism of representations

gl(V) =V eV,

where gl(V') is equipped with the adjoint representation, V' is the natural representation, and V* is the dual repre-
sentation of V.

,—[Proposition 3.2 — Lemme de Schur] \

We assume in this proposition that k is [algebraically closed].

(i) If V, W are two non-isomorphic simple modules of g, then Homy(V, W) = {0}.

@ii) If V is a simple module of g, then Endg(V) is a field. Furthermore, if V' is finite-dimensional,
then Endy (V) = kIdy.

\ J

PROOF. (i) Since the kernel and the image of a morphism of g-modules are g-modules, a morphism of simple
g-modules is either the zero morphism, or an isomorphism.

(ii) The argument of (i) shows that Endg (V') is a field. Moreover, this field clearly contains k Idy . If now V' is of
finite dimension, then any f € Endy (V') possesses an eigenvalue A (k is assumed algebraically closed). This implies
that Ker(f — AIdy ) is a nontrivial submodule of V. Since V' is simple, we deduce that f = Ady . g

Issai Schur, 1875 — 1941, was a Russian mathematician who worked in Germany
for most of his life. He studied at the University of Berlin. He obtained his doctor-
ate in 1901, became lecturer in 1903 and, after a stay at the University of Bonn,

professor in 1919.

7 &

A representation (V, o) is called faithful if the morphims o is injective: in that event, one can identify g with a Lie
subalgebra of gl(V). We admit the following theorem .

Theorem 3.3 — Ado’s theorem}

Any finite-dimensional Lie algebra admits a faithful finite-dimensional representation.

Igor Dmitrievich Ado (1910-1983) is a Russian mathematician. He obtained his doctorate in Kazan under the super-
vision of Chebotarev. Ado’s theorem, in its most general version as above (on a field of any characteristic) is due to

Iwasawa and Harish-Chandra.

1. The reader is referred for instance to [3, Theorem E4] for a proof.
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EXERCISE 3.3 (the natural representation is simple). Let V' be a vector space. Show that the natural repre-
sentation of gl(V) on V is simple.

EXERCISE 3.4 (the adjoint representation of sly(k) is simple and faithful if char(k) # 2). Show that the
adjoint representation of sl (k) est is simple and faithful if char(k) # 2.

3.2. Finite-dimensional representations of sl (k)

é | We assume in this section that k is [algebraically closed] and of {zero characteristic J

We aim to study the finite-dimensional representations of sla(k). As we will see in Part 2, they play an essential
role in the study of any semisimple Lie algebras.
We keep the notation of Exercise 1.4. Let r € N. Setfori € {1,...,7},

MZ‘:Z'(’I“—Z'—FI).

Consider the representation (V;., 0,.) of sly(k) where V,. = k"1 and o, is given by:

r 0 0 - 0
0 r—2 0 - 0
2) or(h) = 0 0 r—4 --- 0 ’
0 0 0 —r
0 w O 0 0 0 0
0 0 e 0 1 0 0 O
or(e) = : , o on(f) =
0O 0 O Ly 0 1 0
0 0 O 0 0 0 1 0

Here we identify End (k") with ., (k).

Lemma 3.4

The representation o, is simple.

EXERCISE 3.5. Prove Lemma 3.4.

(r') Hint: follow the ideas of Exercise 3.4.

Let now (V, o) be any nonzero finite-dimensional representation of sl (k). Set
H=o(h), E=ole), F=o(f).

By induction, we easily obtain for all = € N, j € N*:

3) [H,E"] = 2iE",
) [H,F'] = —2iF",
(5) [F,E7] = —j(H — (j — 1)Idy) o B/ 1.
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EXERCISE 3.6. Check the above relations and deduce that E et F' are nilpotent.

O Hint: observe that Tr(F"*) = Tr(E®) = 0 for any ¢ € N*.

Let A = min{n € N: E"*! = 0} and w € V such that v = E*(w) # 0. Set vy := v and for i € N*,

v; = F%(vg). By (5), we get:
0=[F,E’M)(w) = H(v) = \up.

Therefore, by (4),
(6) H(v;) = (A — 2i)v;.
It follows that if v; # 0, then v; is an eigenvector of H relatively to the eigenvalue A — 2i. Moreover, a rapid induction
gives:
(7) E(UZ) = ’L()\ — 1+ 1)’0,‘_1,

where v_; = 0. Let s be such that v5 # 0 et v; = 0 for i > s, and let W be the subspace of V' generated by vy, . .., vs.
Then W is a submodule of V and {v,...,vs} is a basis of W by (6). Denote by Hy,, Ew, Fy the restrictions of
H,E, F to W, respectively. Since [Ew, Fi] = Hw, we get
0=Tr(Hw)=>» (A=2i)=(s+1)(A—s).
i=0
As aresult, and the matrices of Hyy, Ew, Fyy in the basis {v, . .., v, } are those of (2) with » = \. We deduce
that 0|y and o are equivalent.
In conclusion, we have obtained:

~— Theorem 3.5 N

Let r € N* and (V, o) be a simple sy (k)-representation of dimension r + 1. Then o is equivalent to o,.
Moreover, the eigenvalues of o(h) are —r, —r + 2,...,r — 2,7, and if v € V' \ {0} verifies o(e)(v) = 0
(resp. o(f)(v) = 0), then v is an eigenvector of o (h) relative to the eignevalue r (resp. —r)).

Next result with be generalized in Part 2:

Theorem 3.6 — Complete reduciblity of finite-dimensional 5[2(k)—representations}

Any finite-dimensional sl (k)-representation is completely reducible.

PROOF. Let (V, o) be a finite-dimensional representation of sly (k). If dim V' = 0, there is nothing to prove. We
therefore assume dim V' > 1. According to the discussion preceding Theorem 3.5, there exists a simple submodule W/
of V of dimension X\ + 1. Let us show that there exists a submodule U of V such that V' = U & W. The theorem will
then follows from an induction on the dimension.

Consider the dual representation (V*, ) of V' (see Example 3.2). Let w € W and {vy, . .., v} be the basis of W
as in the discussion preceding Theorem 3.5. Set £ € V* such that {(vp) = 1. Then

(7)) (w) = € (=B)*w)) = (=)™

Therefore, n = m(e)* (&) # 0 and \ is the smallest integer such that 7(e)**! = 0. According to the discussion
preceding Theorem 3.5, the subspace M of V* generated by n; = 7(f)*(n),i = 0,..., A, is a simple submodule of
V* of dimension A\ + 1.

Let U be the orthogonal in V of M, ie., U = {u € V:n;(u) = Oforanyi = 0,...,\}. We have dimV =
dim U + dim W and U is a submodule of V. Using (7), we verify that:
(8) ni(va-i) = (=1)* (A2,
9) ni(vp) =0, if i +p > A,
and (8) and (9) imply that U NW = {0}. It follows that V' is the direct sum of the submodules U and V, as desired. [J
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,—| Corollary 3.7 N\

Let (V, o) be a finite-dimensional representation of sl (k).

(i) There exists 71, ..., 7, € Nsuch that o is equivalent to the direct sum of the representations o,,
1=1,...,n.

(i) Wehave V =o(e)(V) @ Kero(f) = o(f)(V) ® Kero(e).
(iii) o(h) is semisimple with Z-eigenvalues.

(iv) If V is nontrivial, then o is irreducible if and only if the eigenvalues of o (h) are without multi-
plicity and are either all odd, or all even.

The representations of sle appear in many other areas of mathematics. For example, they play a crucial

o role in the Hard Lefschetz Theorem. One of the key point is that the total cohomology of a smooth com-
plex projective variety is a representation of sla, which gives rise to the notion of sl;-Hodge structure.
We refer for instance to [11] for more details.

EXERCISE 3.7 (tensor product of two representations). Let g be a Lie algebra, and (V,01), (Va,02) two
representations of g.
(1) Setforx € get (v1,v2) € V1 X Vo,
o(x)(v1 ®v2) = o1(x)v1 ® V2 + V1 ® To(x)va.

Verify that this defines a representation (V3 ® Vs, o) of g, called the tensor representation of (V1,01)
and (Va, 02). We write 0 = 01 ® 09.

(2) Assume now g = sly (k). Establish the following isomorphisms of s[5 (k)-modules:

VsVez=V,eVed Vs @ Vip.

(3) More generally, find a decomposition into a direct sum of irreducible representations of sly (k) for the
tensor product V,,, ® V,,, where m,n € N*.

EXERCISE 3.8 (an infinite dimensional sl (k)-module). In this exercise we will see that the complete re-
ducibility does not remain valid for infinite dimensional representations.

Let A € k, and Z), a k-vector space with countable basis {vg, v1, ve, . ..}. Define a representation (Zy, o) of
sy (k) setting for i € N:

@) ox(h)v; = (A — 2i)v;,
(i) ox(f)vi = (i + 1)vig1,
(iii) ox(e)v; = (A — i + 1)v;_1, where by convention v_; = 0.
(1) Verify that this indeed defines an sl3(k)-module.
(2) Show that any nonzero submodule of Z) has at least one maximal vector, that is an element w € W\ {0}
such that 5 (e)w = 0.
(3) Assume in this question that A + 1 = r € N*,
(a) Show that Z) is not irreducible.
(b) Let ¢: Z,, — Z, be the unique morphism of sl (k)-modules from Z,, to Z, which send v to v,.,

where . = A — 2r (verify that such morphism does exist). Show that ¢ is injective and deduce that
Im ¢ and Z/Im ¢ = V), are irreducible.

REMARK 3.2. As a consequence, Z is not completely reducible. To see this, notice that Im ¢ does
not admit any complement in Z), that is an sly(k)-module: if this were the case, such a module would be
finite-dimensional but Z, has not non-trivial submodule of finite-dimension (to see this, let o (f) acts
on any nonzero vector).
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(4) Assume in this question that A + 1 ¢ N*. We aim to show that Z) is irreducible. Let v be a nonzero
vector of Z written as

V= agUs + -+ apv, Wwith as#0, a #0,

and let W be the submodule of Z generated by v. Using the action of o (e) on v repeatidly, show that
vo € W, and conclude.

REMARK 3.3. For char(k) # 0, the irreducible finite-dimensional representations of sl (k) can be constructed
explicitly as follows. Let A = k[X,Y] be the algebra of polynomials in two variables. We define a structure of
sl5(k)-modules on A by letting the basis {e, h, f} acting by:

€=X6Y, h:X&X—Y&X, f:Y@X
Then the subspace of homogeneous polynomials of degree m with basis
X'm,, X7n,—1}/’ o 7XYm_1, ym

is invariant by sls(k) and irreducible. In other words, the space k[X, Y], of m-degree homogeneous polynomials is
isomorphic to V,,.
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Nilpotent and solvable Lie algebras

é | We now assume that all Lie algebras are {of finite dimension],

Let g be a Lie algebra. If H and K are two subspaces of g, we denote by [H, K| the subspace of g generated by
the vectors [z, y], where z € H and y € K. So, for example, the Lie algebra g is abelian if and only if [g, g] = {0}.

4.1. Nilpotent Lie algebras and Engel’s theorem
We define the descending central series of g by induction:

o’=9 o' =lgg=10"%g, o°=1l"g....0'=1¢

Ainsi, g est abélienne if and only if g' = 0.

EXERCISE 4.1 (the descending central series is a decreasing sequence of ideals). Check that g, i € N, are
ideals of g , and that
g=g"Dg' Dg*D .

Definition 4.1 — nilpotent Lie algebra]

The Lie algebra g is called nilpotent if g" = 0 for some n € N*.

Any abelian Lie algebra, for example ,,(k), is obviously nilpotent.

EXERCISE 4.2 (the adjoint representation of a nilpotent Lie algebra is nilpotent). Show that g est nilpotent if
and only if there exists j € N* such thatadz; cadzgo---oadx; =0forall x1,29,...,2; € g.

EXERCISE 4.3. Let n € N*. Show that the Lie algebra 1} (k) is nilpotent.
We will see that the example of Exercise 4.3 is in fact quite general.

EXERCISE 4.4. Show that if char(k) = 2, then sl5(k) is nilpotent.

Lemma 4.2

Let g be a nilpotent Lie algebra. Then any subalgebra of g and any quotient of g (by an ideal of g) are
nilpotent Lie algebras.
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EXERCISE 4.5. Prove the above lemma.

EXERCISE 4.6. Assume that g is a nonzero nilpotent Lie algebra. Show that there exists an ideal of g of
codimension one.

. . . . . 1 . 1
O Hint: observe that if g is nilpotent, then g* # g and consider a subspace I of g such that I D g
and dim / = dimg — 1.)

~ Lemma 4.3 N

Let V be a vector space of dimension n > 0.

@) If z € End(V) is nilpotent, then ad z is a nilpotent endomorphism of End(End V'). More
precisely, if P = 0, then (ad z)??~! = 0.

(i) If g is a Lie subalgebra of gl(V") consisted of nilpotent endomorphisms, then there exists a
nonzero vector v of V' such that z(v) = 0 for any = € g.

PROOF. The assertion (i) is clear because if y € gl(V), then (ad z)"(y) is a sum of terms of the form +x'yz’
withi +j =n.

(ii) We argue by induction on the dimension of g. If g = {0}, the result is obvious. We assume dim g > 0.

The first step is to construct an ideal of codimension one. Let A be a nonzero Lie subalgebra of g (such an algebra
exists: e.g., A = kx with = € g\ {0}). For z € A, the endomorphism of g/A induced by ad z is nilpotent by (i). By
the induction hypothesis, there exists y € g \ A such that [A, y] C A. Therefore, A is an ideal of A @ ky. In this way,
we construct an ideal I of g of codimension one: if A @ ky = g, I = A does the job, otherwise we repeat the previous
argument with the algebra A’ = A @ ky.

So let I be an ideal of g such that g = I ® ky pour y € g\ I. Let W be the vector subspace of V' consisted of
vectors v such that z(v) = 0 for any « € I. By the induction hypothesis, W # {0} since [ is a nilpotent Lie algebra
by lemma 4.2.

Show that y(WW) C W. Letw € W and z € I. We have

zoy(w) =yoz(w) +[zyl(w) =0

because z(w) = 0 and [I,g] C I hence [z,y](w) = 0. As y is nilpotent, so is its restriction to W, and there exists
v € W\ {0} such that y(v) = 0. The vector v thus satisfies 2(v) = 0 for any = € g, which proves the lemma. O

Friedrich Engel, born December 26, 1861 in Lugau near Chemnitz and died

September 29, 1941 in Giessen, was a German mathematician.
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,—[Theorem 44 — Engel} <

Let (V, o) be a representation of g of dimension n > 0. Suppose that o(z) is a nilpotent endomorphism
for any = € g. Then there exists a basis 8 of V' in which the matrix of o(z), for any x € g, is of the form

0 *x - x
Matg(o(z)) = 00
0 0 O

In other words, there is a flag “ of V,
{O}Z%C%C...C‘/n:‘/’
such that o(g)V; C V;_q fori € {1,...,n}.

a. A flag of a vector space V is a sequence of vector subspaces {0} = Vo C V4 C --- C Vi, = V such that dim V; = ¢ for
any i € {0,...,n}.

EXERCISE 4.7 (proof of Theorem 4.4). Possibly quotienting by the kernel of o, we can assume: g C gl(V).
Arguing by induction and using the the canonical projection

m:V—V/kv=W,

where v is as in Lemma 4.3, prove the theorem.

Corollary 4.5

A Lie algebra g is nilpotent is and only if for any x € g, ad  is a nilpotent endomorphism of g.

EXERCISE 4.8. Prove the above corollary using the fact that if I are g/I are nilpotent, then so is g.

4.2. Lie algebras solvable et radical d’une Lie algebra

We define another sequence of ideals of g, the derived series, by induction:

g9 =g, gM=[gg, @ =", g"]... 00 =gV gV . ..

EXERCISE 4.9 (the derived series is a decreasing sequence of ideals). Check that g(i), 1 € N, are ideals of g,
and thatg = g(© > g > g@ 5 ...,

Definition 4.6 — solvable Lie algebra]

We say that a Lie algebra g is solvable if g = 0 for some n € N.

For example, any nilpotent Lie algebra is solvable. In particular, any abelian Lie algebra is solvable.
EXERCISE 4.10. Letn € N*. Show that the Lie algebra b;" (k) is solvable, and compute its derived series.
This example is in fact very general.

EXERCISE 4.11. Let g be a Lie algebra, and I, J two ideals of g.
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(1) Show that if g is solvable, then so are all subalgebras and homomorphic images of g,
(2) Show that if I are g/I are solvable, then so is g.
(3) Show that if I, .J are solvable, then sois I + J.

Question 3 of Exercise 4.11 garanties the existence of a unique maximal solvable ideal. Indeed, let S be a maximal
solvable ideal (for the inclusion). If I is another solvable ideal, then I + S is solvable ideal, and so I + .S C S, whence
I 4+ S = S (by maximality).

,—[Proposition-deﬁnition 4.7 — radical of a Lie algebra] \

The unique maximal solvable ideal of g is called the radical of g and is denoted by rad(g). Furthermore,
the quotient g/rad g does not contain any nonzero solvable ideal.

,—[Deﬁnition 4.8 — semisimple Lie algebra] \

A Lie algebra g is called semisimple if rad(g) = 0.

\. J

We will see next chapter that if a Lie algebra g is semisimple (resp. simple) then the representation (g, ad) is
semisimple (resp. simple).

EXERCISE 4.12. Let g be the Lie algebra of upper triangular matrices by blocks:

g= {(g IC’) 0 € Myk), be Myy(k), c € My(k)} C g[n(lk)} .

What is rad(g)? Describe g/rad(g).

Proposition 4.9

Any simple Lie algebra is semisimple.

PROOF. Suppose that g is simple but not semisimple. So rad(g) # 0. Since rad(g) is an ideal of g, we deduce
that rad(g) = g. Therefore g is solvable and there exists n > 0 such that g™ = {0}. In particular, g #£ g. Indeed,
g = g would imply g(®) = g for any n > 1. But g(V) is an ideal of g, so g(!) = {0} since g is simple, and therefore
[9,9] = {0}, i.e., g is abelian. Since g is abelian, any subspace of g is an ideal. As g is simple, we deduce that
dim g = 1, which is impossible. O

EXERCISE 4.13. Show that if g is nilpotent then its center 3(g) is nonzero. Show that this implication is not
true for solvable Lie alegbra.

4.3. Representations of solvable Lie algebras

é | Assume now that k is [algebraically closedj and of [zero characteristic}.

Observe that any representation of dimension one of a Lie algebra is irreducible. In addition, giving a one-
dimensional representation of a Lie algebra g amounts to giving a linear map o: g — k such that o([g, g]) = 0. Such
a linear map is also called a character of g .
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Theorem 4.10 — Lie}

Let g be a nonzero solvable Lie algebra, and (V, o) a finite-dimensional irreducible representation of g.

Then dimV = 1.

Lie’s theorem ensures that if g is solvable and if (V, o) is a finite-dimensional representation of g, then there exists
an eigenvector in V' common to all o(z), for © € g. We have already proved this result for nilpotent Lie algebras: this

is Engel’s Theorem 4.4.

EXERCISE 4.14. The objective of the exercise is to prove Theorem 4.10. We argue by induction on the

dimension of g.

(1) Prove the theorem for dim g = 1.

(2) Assume now that dim g > 1, and fix an ideal I of g de codimension 1 as in Exercise 4.6 (observe here
that the same argument work for “solvable” instead of “nilpotent”). Since V' is an I-module, V' contains
an I-irreducible submodule W of V; by induction, dim W = 1. Then for all w € W \ {0} and y € I,

we have
o(y)w = A(y)w,

where A: I — k is the one-dimensional representation of I associated with W. Show that for all z € g

andy € I,
Az, y]) = 0.
(3) Set
U={ueV:o(y)u=Ay)uforanyy € I}.
Show that U is a submodule of V. Hence U = V since V is irreducible, that is,

oy)v=Ay)v forall yeletveV.

(4) Writing g = I @ ka for z € g\ I, and letting v an eigenvector of o(x) in V, prove that V' = kv and

conclude.

~ Corollary 4.11

exists a basis % of V such that for any = € g the matrix of o(z) is of the form

0
Matg(o(z)) =

: . .ox

0 -~ 0 =«

subalgebra b} (k).

Let g be a solvable Lie algebra, and (V, o) a representation of g of finite dimension n € N*. Then there

In other words, via the isomorphism gl(V) = gl,, (k) (given by the choice of %), o(g) is contained in the

~ Corollary 4.12

Let g be a solvable Lie algebra of dimension n € N*. Then g has a sequence of ideals
0210CI1 C"'C-[n297
with dim I; = i.

EXERCISE 4.15. Show the above corollaries using Theorem 4.10.
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EXERCISE 4.16. Let g be a Lie algebra and (V, o) a simple representation of finite dimension of g. Show that
there exists a linear form \: rad(g) — k, zero on [g, rad(g)], such that for all v € V and all x € rad(g), we have

o(x)v = A(z)v.

O Use the ideas of the question 2 of Exercise 4.14.

Exercise 4.16 shows that the morphism o : g — gl(V') factorizes as

g — 9/[g,rad(g)] — gl(V).

So the representation V' can be obtained from a simple representation of the Lie algebra g/[g, rad(g)] which is reduc-
tive, that is, rad(g) = 3(g) where 3(g) is the center of g (the set of elements that commute with all elements of g), see
Definition 6.3. Check this as an exercise!

Therefore to understand all simple representations of finite-dimensional Lie algebras, it is enough to understand
the simple representations of reductive Lie algebras.

Next, we will see later that any reductive Lie algebra can be written as g = 3(g) @ [g, g], with semisimple Lie
algebras [g, g]. So to understand all simple representations of finite-dimensional Lie algebras, it is enough to understand
the simple representations of semisimple Lie algebras.
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Enveloping algebra and PBW theorem

Henri Poincaré, 1854 — 1912, was a French mathematician, theoretical physicist,
engineer, and philosopher of science. He is often described as a polymath, and
in mathematics as "The Last Universalist” since he excelled in all fields of the

discipline as it existed during his lifetime.

Garrett Birkhoff, 1911 — 1996, was an American mathematician. He is best
known for his work in lattice theory.

Ernst Witt, 1911 — 1991, was a German mathematician, one of the leading al-
gebraists of his time. In 1936, supervised by Emmy Noether at the University of
Gottingen, he obtained his PhD on the subject of the Riemann—Roch theorem. He

then taught until 1937 at the University of Hamburg. Witt’s work mainly focused
on algebra and quadratic forms.
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In this chapter, k is any commutative field.

5.1. Tensor algebra and symmetric algebra

Let V be a k-vector space. Let TV =k1,T'V=V,...,T"V=V® --QV,.... We define TV as the direct
———

m times
sum of the vector spaces TV,

TV =TV
i=0
The tensor algebra is the associative algebra TV equipped with the associative product defined on homogeneous
elements as follows:

(M@ Qup) (W @+  RQupy) =1 QUL QW ® -+ R Uy, v, wj €V, k,meN.

The element 1 € T°V is the unit of T'V.

The tensor algebra T'V satisfies the following universal property: for any k-linear map ¢: V' — A, where A is a
unital associative k-algebra, there exists a unique morphism of k-algebras ¢): TV — A such that ¢/(1) = 1 and such
that the following diagram commutes:

ie., Y oi = ¢, wherei: V — TV is inclusion.

Let I be the two-sided ideal of TV generated by the elements * ® y — y ® x, where z,y € V. The symmetric
algebra of V is the quotient algebra

SV =TV/I.

Since the generators of I belong to 7%V, we have [ = (INT?V )@ (INT3V) @ - -, therefore the canonical surjection
TV — SV = TV/I induces injections T°V =k < SV and T'V = V — SV. Denote by z ...z} the image in
SV of a homogeneous element z1 ® - - - ® ) of T'V by the canonical surjection TV — SV. The symmetric algebra
is naturally graded by the degree of elements:

SV =psmv, SV =T"V/(INT"V),
i=0
and (S*V).(S™V) C Sk¥*™V for all k,m € N. By construction, SV is a commutative algebra. Furthermore, it
satisfies the following universal property: for any k-linear map ¢: V' — A, where A is a unital commutative k-algebra,
there exists a unique morphism of k-algebras ¢: SV — A such that ¢)(1) = 1 and such that the following diagram
commutes:

vt

ie., Y oi = ¢, wherei: V — SV is the inclusion.

REMARK 5.1. If V is of finite dimension, then SV is canonically isomorphic to C[V*], using the assignment
Vovr (£ eV —¢(w)).

A k-filtered algebra is a k-algebra A equipped with an increasing filtration (A4;);en (i.e., A = U,y Ai and
A; C Ajyq forany i € N) such that 1 € Ag and A;.A; C A1 for any 4, j € N. The graded associated space with A
is
grA= @Ai/Ai—la
ieN
where by convention A_; = {0}. It is naturally equipped with a structure of an associative k-algebra structure
associative; we define a product,

AiJAi 1 x AjJAj1 — Aigi/Aivj—1, i,5 €N,
setting
(ai +Ai—1)(a;j +Aj—1) = aia; + Ay, a; € Ay, a; € Aj.
The unit is the element 1 + A_; € Ag/A_;.
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REMARK 5.2. The graded algebra gr A is commutative if and only if for all 4, j € N, a; € A;, a; € A;, we have
a;a; — Qa5 € A73+j_1.

Let A, B be two filtered k-algebras such that Ag = k, By = k, and f: A — B is a morphism of k-filtered
algebras, that is, f is a morphism of algebras and for all ¢ € N, we have f(A;) C B;. This morphism induces a
morphism

grf:grA—grB,
by setting fori € Nanda € A4;/A; 1,
(gr fla= f(a) + Bi-1,
where « is any representative of @ in A;. The map is well defined since f(A;_1) C B;_1.

5.2. Universal enveloping algebra
Let g be a k-Lie algebra, and J the two-sided ideal of T'(g) generated by the elements
r®y-—y®z—[ry], z,ycg

~— Definition 5.1 \

The unital associative k-algebra

is called the universal enveloping algebra of g .

EXAMPLE 5.1. If g is abelian, then U(g) = S(g).

Leti: g — U(g) be the composition of the following linear maps

g="T'g T(g) - Ul(g)

g | A priori, ¢ is not injective! We will see that this is the case, but it is a subtle result.

REMARK 5.3. Since J C @ T*L, 7 induces an injection T°L = k — U(g), so U(g) contains at least the scalars.
i>0

The term universal comes from next proposition.

,—[Proposition 5.2 — universal property} \

Let A be a unital associative algebra equipped with the Lie bracket: [a, b] = ab — ba, for a,b € A. For any
Lie algebra morphism 0: g — A, there exists a unique morphism of associative algebras ¢: U(g) — A
such that ¢ o ¢ = 0 and ¢(1) = 1, i.e., the following diagram commutes:

0
i— 4

Moreover, U (g) is, up to isomorphism, the unique unital associative algebra verifying this property.

EXERCISE 5.1. Prove the proposition.

In particular, if (V,0) is a representation of g, i.e., : g — gl(V) is a Lie algebra morphism, then 6 induces a
morphism of associative algebras ¢: U(g) — gl(V), i.e., (V,4) is a U(g)-module. So,
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a g-representation is the same as a U(g)-module.

We denote by z7 ...z the image in U(g) of a homogeneous element x; ® - - ® x of T(g) by the canonical
surjection T'(g) — U(g).

5.3. Poincaré-Birkhoff-Witt Theorem
We define a filtration on T'(g) by setting T}, (g) = €D~ 7" (g). We then set

Un (g) = W(Tm(g))v

U_1(g) = {0}, where 7: T'(g) — U(g) is the canonical projection. We clearly have U,,(g).U,(g) C Upn+,(g) and
(Um)men is an increasing filtration, which makes U (g) a filtered algebra.
Let gr"U(g) = Up,(9)/Um—1(g), and set

erU(g @gr

The multiplication in U(g) induces a bilinear map gr™U (g) x grPU(g) — gr™*PU(g). The latter extends into a
bilinear map gr U(g) x gr U(g) — gr U(g) which gives to gr U(g) a structure of a graded unital associative algebra.
Consider the composition

It is surjective because 7 (T, (g) \ Trm—1(g )) U (9) \ Upn—1(g). Consequently, ¢, induces a surjective linear map,
¢: T(g) — grUf(g),
which sends 1 to 1.

EXERCISE 5.2. Recall that I is the kernel of the canonical surjection T'(g) — S(g). Show that ¢ is an algebra
morphism and that ¢(I) = {0}.

By Exercise 5.2, the map ¢ factorizes into a surjective algebra morphism

w: S(g) — grU(g).

,_[Theorem 5.3 — Poincaré-Birkhoff-Witt (PBW)] .

The morphism w: S(g) — grU(g) is an isomorphism of graded algebras. In particular, gr U(g) is a
commutative algebra.

\. J

,—| Corollary 5.4 \

Let W be a subspace of 7" (g). Suppose that the canonical map p: T (g) — S™(g) sends W isomorphi-
cally over S™(g), i.e.,

= p(W) = 5™(g)-

Then (W) is a complement to U, 1( ) in Um( ), i.e.,

PROOF. Consider the diagram

/

™ (g) gr™U(g)

\

A
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By Exercise 5.2, this is a commutative diagram. Since w is an isomorphism by the PBW Theorem 5.3, the bottom map
sends W C T™(g) isomorphically onto gr™ U (g). Reverting to the top map, we get the statement. O

Applying Corollary 5.4 to W = T (g) = g we get the next fundamental corollary of PBW Theorem 5.3.

Corollary 5.5

The canonical map i: g — U(g) is injective. Therefore, we can identify g with a subalgebra of U(g).

Next corollary is as much fundamental (it is sometimes also referred to as PBW Theorem).

,—| Corollary 5.6 \

Let (x;: ¢ € I) be an ordered basis of g, then the unit 1 together with the monomials

T1 T
3 0 0odBe e
11 in

x

forn > 0,r; > 0andi,...,%, € I suchthati; < iy < --- < iy, form a basis of U(g).

Such a basis of U(g) is called a Poincaré-Birkhoff-Witt basis or PBW basis.

PROOF. Let W be the subspace of 7™ (g) spanned by all z;, ® ... ® x;, foriy,..., i, € I suchthati; < is <
-+ < 4y,. Obviously, W maps isomorphically onto S™(g), so Corollary 5.4 shows that (W) is a complement to
Uyn—1(g) in Uy, (g), and we construct the desired basis by induction. O

,—| Corollary 5.7 \

Let b be a subalgebra of g, and let us complete a basis {h;: ¢ € J} of b into an ordered basis
(hirieJ)U(x;:iel)

of g . Then the algebra morphism U (h) — U(g) induced by the injection h — g — U(g) is injective, and
U (g) is a free module over U (h), with basis consisted of the unit 1 and the sets

T1 T
82" 0005
11 in

n>0,r;, >0,and ¢1,...,7, € I suchthati; < --- < i,.

EXERCISE 5.3. Prove the above corollary using Corollary 5.6.

PROOF OF THEOREM 5.3. Set, to simplify,
T=U(g), S=5(g), U=Ulg T"=T"(g), Tn(g) =Tm, etc.

Let us fix an ordered basis (x;: ¢ € I) of g so that S identifies with the algebra of polynomials into the variables z;,
1€l

We set
T =2, Q- ®x;, €TT,
and
Zi=Ziy - %, €S™
the image of z; in S by the canonical projection 7™ — S™,if i = (i1,. .., %) is a sequence of length m. We will say

that a sequence i is increasing if iy < - -+ < i,,. By convention, z = 1 and & is increasing. The set {z;: i increasing}
forms a basis of S. We will write
j<i if 54, forany iy €4
The graduation S = @, S* induces a filtration S,, = @~ , 5" of S.
The idea of the proof is to show that there exists a representation p: g — g[(.S) such as
(@) p(x;)z; = z;z for j < i.
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(b) p(xj)z = zjz;mod Sy, if ¢ is a sequence of length m.
EXAMPLE 5.2. Choose for the ordered basis of slz(k) the basis (e, h, f). We set
ple)l=e, p(h)l1=h, p(f)1=]
In order to get the relation

(p(h)p(e) — p(e)p(h)).1 = p([h, €]).1 = 2e,
we must set

p(h).e = he + 2e.
More generally, the existence of such a representation results from the following assertion:
ASSERTION 5.1. For any m € N, there exists a unique linear map
fm:g®Sm — S
verifying the following properties:
(Am) fm(z; ® 2;) = 2zj2 for j <4, z; € S,
(Bm) [m(xj ® 2) — zj2; € Sk for k < mand z; € Sk,
(Cm) fm(xj @ frn(Th @ 21)) = fin(Th @ fin (25 @ 21)) + fin ([, k] ® 2) for any 2, € Sy, 1.

Furthermore, the restriction of f,,, to g ® S;,_1 coincides with f,,,_1.

EXERCISE 5.4. Prove the Assertion 5.1 by induction on m.

Assertion 5.1 proves that there exists a representation p: g — gl(S) satisfying (a) and (b).

This is a little technical!

ASSERTION 5.2. If s € T};, N J, then the component s,,, of degree m of s belongs to I.

PROOF. Write s,,, as a linear combination of elements Tik)s 1 < k < r, where the ;'(k) are sequences of length m.
The representation p: g — gl(S) extends by the universal property of U to an algebra morphism, again denoted
p: U — End(S), such that J C Ker p, where p = p o 7:

5
s S
Since s € J, we have p(s) = 0. But 5(s) = p(s).1 is a polynomial whose highest degree term is a combination linear
of the elements Zik), 1 < k < r. This linear combination is therefore zero in .S. In other words, s,, € I. O

We are now in a position to prove Theorem 5.3. We have to show that the map T//T = S — grU is injective.
Recall that 7: T' — U is the canonical projection. We have to show that if ¢ € 7™ is such that 7(¢) € U,,—1, then
t € I. But since 7(T},—1) = U,n—1, there exists t' € T;,,_1 such that

m(t) =7 (1),
whence
t—t' eT,NJ,
the kernel of 7. By Assertion 5.2, the degree m component of ¢t —t’ belongs to I, that is, ¢ belongs to I since ¢/, = 0. O
EXERCISE 5.5. Let g be a finite-dimensional Lie algebra and [ an ideal of g. Show that
IU(g) ={au:z€I,uecU(g)}

is a two-sided ideal of U(g) and that we have a natural algebra isomorphism
U(g)/1U(g) = U(g/1).

@ Ciiveb two proofs: one using the PBW Theorem, one using the universal property of the enveloping
algebra.
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5.4. Differential operators on an algebraic group

First, assume that X is any smooth affine variety. Let Ox the structure sheaf, and 7x the tangent sheaf. We define
the sheaf Zx as the sheaf of k-subalgebras of Endy(Ox) generated by Ox and Tx. Here we identify Ox with a
subsheaf of Endi(Ox) by identifying f € Ox with the element g — fg of Endix(Ox). We call the sheaf Zx the
sheaf of differential operators on X. For any point of X we can take an affine open neighbourhood U and a local
coordinate system {z;, 9;: 1 < i < n}. Hence we have

Iu=9x(U)= @ Ovoy, 0= - o5
O‘EZgo
We define the order filtration F, 2y of Yy by
Py =Y 0updy, 1€z lo|=> a.
le|< i
More generally, for an arbitrary open subset V' of X we define the order filtration F, Zx over V by
(FeZx)(V)
={Pc 2x(V): resy; P € (F;Zx)(U) for any affine open subset U of V'},

where res}; : Zx (V) — Zx (U) is the restriction map. For convenience we set F},Zx = 0 for p < 0.

— Proposition 5.8 N

(i) FeZx is an increasing filtration of Zx such that Zx = J,~, FrZx and each F; P is alocally
free module over Ox. B

(i) FoPx := Ox and (Fg.@x)(Fmgx) = Frim9Px.
(i) [FePx,FmPx] C Frym-19x.

REMARK 5.4. One can alternatively define Fy Zx by the recursive formula:
FyPx ={P € Endx(Ox): [P, fl € Fy_1Px forall f € Ox}, [ € Z>g.
Let us consider the sheaf of graded rings
or Ix =g’ Ix = P er?x,
£>0
where gr,2x = FyPx/Fi-19x, F-1Px = 0. By Proposition 5.8 (iii), gr Zx is a sheaf of commutative algebras
finitely generated over O . Take an affine chart U with a coordinate system {x;, 0; } and set
& = (0;mod Fy9y = Oy) € gri Yy.
Then we have
g1, %0 = P Ove®,
x| =
gr 9y = Oulé, .- &l
We can globalize this notion as follows. Let 7" X be the cotangent bundle of X and let 7: T*X — X be

the projection. We may regard &1, ..., &, as the coordinate system of the cotangent space €., kdz; and hence
Oul&i, .- ., &) is canonically identified with the sheaf 7, Or~ x of algebras. Thus we obtain a canonical identification
(10) er Dx Z mOps«x.

The algebra 2(X) := Px(X) is called the algebra of differential operators on X. We refer to [6, Section 1.1]
for more details about this topic.
Let now G be a linear algebraic group, and g = Lie(G) its Lie algebra. Recall that, by definition,
Lie(G) = {6 € Derg(k[G]): Aod = (1® ) oA},

where A: k[G] — k[G] ® k[G] is the coproduct induced by the multiplication in G. Thus, 6 € Derc(k[G]) is in
Lie(G) if and only if for all g € G, A6 = Ay, where (A, f)(y) = f(g~'y) for f € k[G] and y € G.
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The Lie algebra of G is canonically isomorphic, as a Lie algebra, to the Lie algebra Lie,(G) of right invariant
vector fields ¢, that is, the Lie algebra consisted of § € Derg (k[G]) such that p,é = dpg, where (pqf)(y) = f(yg) for
f €k[G] and y € G (see Remark 2.2).

We know that it is also canonically isomorphic to T, (G), the tangent space at the identity to G, via the isomorphism

(Theorem 2.6),
Lie(G) — T.(G),

sending § € Lie(G) to ev, o d, where ev, is the evaluation map at the neutral element e, in which we have identified
Derg (k[G]) with TG = Ta(G).

Thus, we have

TG=2Gxg and T"GZGxg"

For x € g, we write x, (resp., xg) the corresponding left (resp., right) invariant vector field on G (see Remark 2.3).

Recall that
(zrf)(a) = x(Aa-1f)

for f e k[G]and a € G.

The embedding g — Derg (k[G]), © — L, induces an isomorphism of left k[G]-modules
(11) k[G] ®x g — Dery (k[G]).
Indeed, both sides are free k[G]-modules of rank the dimension of g since G is smooth.

Let now Z(G) be the algebra of differential operators on G. We have a natural embedding

k[G] — 2(G).
Moreover, from the embedding g < T'G, z — x 1, given by the left invariant vector fields, we get an embedding
U(g) — 2(G).

This induces a G-equivariant map
(12) t: U(g) ® K[G] — 2(G)

of k[G]-modules, where the G-action on the left-hand-side is the G-action on k[G] induced by the left translation action
of G on itself, that is, the G-action on U (g) is trivial. On the right-hand side, the G-action is given by: g.ao = Aj o c.
Let 2;(G) be the algebra of left-invariant differential operators on G, that is, the algebra of elements o € Z(G)
such that forall g € G and all f € k[G],
Agoa =00\,

— Proposition 5.9 \

The algebra (@) is characterized as the algebra such that 2(G) = k|G| ® U(g) as vector spaces, the
natural embeddins k[G] — 2(G) and U(g) — 2(G) are algebra homomorphisms, and [z, f] = zr, f for
x € g CU(g), f € Kk[G]. Moreover,

U(s) = 21(G) = 2(G)°.

where 2(G)¢ stands for the algebra of left invariant differential operators on G.

\. J

PROOF. For the first statement it is enough to show that ¢ is an isomorphism. The algebra 2(G) is filtered by the
order filtration Fy Z(G). On the other hand, the PBW filtration U, (g) on U(g) induces a filtration F, (k[G] @ U(g))
on k[G] ® U(g) by setting

F,(k[G]®U(g)) :=k[G] @ Uy(g), £ eN.
The map ¢ sends F}(k[G] ® U(g)) to F;2(G), and both filtrations are exhaustive. So it suffices to check that the map
on associated graded space is an isomorphism. The associated graded of the right-hand-side is

k[T"G] = k|G x g*] = k[G] © k[g"],
by (10), while by the PBW theorem the associated graded of the left-hand-side is
klG] @ S(g),
whence the statement since k[g*] = S(g).
Next, since the map ¢ is G-equivariant,
2(G)¢ = (k[G] ® U(9)“ =K[G]“ @ U(g) = U(s) — Z(G).
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To show the other inclusion, observe that gr U(g) = S(g) = k[g*] while
gr 71(G) = (k[G] @ klg*])” = k[G]® @ k[g"] = klg"],
where G acts on on k[G] by \,, g € G, and trivially on k[g*]. Hence, 2,(G) = 2(G)“ = U(g) as desired. O

Proposition 5.9 give a more geometrical interpretation of the enveloping algebra of an algebraic Lie algebra g =
Lie(G): it can be defined as the algebra of left-invariant differential operators.
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Part 2

Representations of semisimple Lie algebras



This part is the heart of the course. The aim is to study the representation theory of semisimple Lie algebras. Some
general facts on semisimple Lie algebras are stated in Chapter 6 while Weyl’s theorem on the complete reducibility of
finite-dimensional representations is proved in Chapter 7. Then we focus on the structure of semisimple Lie algebras
(cf. Chapter 8). It turns out that it is governed by combinatorial objects, the abstract root systems (cf. Chapter 9). Using
these tools, we initiate the study of highest weight representations in Chapter 10, an important class of representations.
Chapter 11 explores more advanced properties of these representations.



Semisimple Lie algebras

In this part, the field k est [algebraically closed] and of [characteristic zero}. All Lie algebras are
supposed to be finite-dimensional.

)

6.1. Cartan’s criterion

Let us start with a preliminary exercise.

EXERCISE 6.1. Let V be a k-vector space of finite dimension. Consider the Lie algebra gl(V') = End(V).
For x € gl(V), write
r=2xs+ Tp
its Jordan decomposition, that is x, is semisimple, x,, is nilpotent and [z, x,] = 0. Show ad x = ad x5 + ad z,
is the Jordan decomposition of ad x in End(End(V)).

Marie Ennemond Camille Jordan, 1838 — 1922, was a French mathematician,
known both for his foundational work in group theory and for his influential Cours

d’analyse.

Theorem 6.1 — Cartan’s criterion}

Let g be a subalgebra of gl(V') where V is a vector space of finite dimension. Suppose that Tr(zy) = 0 for
all z € [g,g] and y € g. Then g is solvable.
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Elie Joseph Cartan 1869 — 1951, was an influential French mathematician who
did fundamental work in the theory of Lie groups, differential systems (coordinate-
free geometric formulation of PDEs), and differential geometry. He also made
significant contributions to general relativity and indirectly to quantum mechan-
ics. He is widely regarded as one of the greatest mathematicians of the twentieth
century. His son Henri Cartan was an influential mathematician working in alge-

braic topology.

EXERCISE 6.2. Let A, B be two subspaces of gl(V') such that A C B. Set
M ={y € gl(V): [y, B] C A}.

Let x € M such that
Tr(zy) =0 forany ye€ M.

Show that x is nilpotent, that is, zs = 0.

(;) Hint: fix a basis of eigenvectors {v1, ..., v, } for z, relative to eigenvalues A1, ..., A, consider

the Q-vector space
E=Y"Q\,
i=1

and show that £ = {0}, or equivalently, that any Q-linear form on E is zero.

PROOF OF THEOREM 6.1. First observe that g is solvable if [g, g] is nilpotent. Furthermore, by Engel’s Theo-
rem 4.4, [g, g] is nilpotent if z is a nilpotent endomorphism for any « € [g, g] C gl(V).
Apply Exercise 6.2 to A = [g, g] and B = g so that

M ={yegl(V): [y, 9] C [, 0]}-
We clearly have: g C M. By Exercise 6.2, it suffices to show that
Tr(zy) =0 forany z€[g,g] and y € M.

Since all element € [g, g] is a finite sum of elements of the form [u, v], with u,v € g, it suffices to show that for all
u,v€gandy € M,
Tr([u, v]y) = 0.
But
Tr([u, v]y) = Tr(ulv, y]) = Tr([v, yJu)
and, by definition of M, we have
[v;y] € [g, ]
and so Tr([v, y]z) = 0 by our hypothesis. Therefore we have proved that all « € [g, g] are nilpotent. O

As a consequence of Cartan’s Theorem 6.1, we obtain the following criterion which can be seen as an analogue of
Corollary 4.5 for solvable Lie algebras.

Corollary 6.2

Let g be a Lie algebra such that Tr(ad z ad y) = 0 for all z € [g, g] and y € g. Then g is solvable.

EXERCISE 6.3. Prove the corollary using Theorem 6.1 and Exercise 4.11.
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6.2. Killing form

Let g be a Lie algebra. For z,y € g, we set
kg(z,y) = Tr(ad z ad y).
Then x4 is a symmetric bilinear form, called the Killing form of g. This form is invariant, that is:

(13) V%yazgg; KG([xvyLZ) :“ig(xv [U,Z])

Wilhelm Karl Joseph Killing 1847 — 1923, is a German mathematician known for
his numerous contributions to the theories of algebra de Lie and Lie groups and

non-Euclidean geometry.

EXERCISE 6.4 (properties of the Killing form).
(1) Check the relation (13), and show that the kernel of x4, is an ideal of g.
(2) Let I be an ideal of g. Show that the Killing form of I coincides with the restriction of x4 to I.

(3) Determine the matrix of the Killing form of sl (k) in the base (e, h, f). Deduce that the Killing form of
sl5 (k) is nondegenerate.

REMARK 6.1. Using the question 3 of Exercise 6.4 we easily show that
Katp ) (2, y) =4 Tr(zy)  forall  z,y € sly(k).

Recall that a nonzero Lie algebra is called semisimple if rad(g) = {0} (see Definition 4.8). This is equivalent to
that g does not have any nonzero abelian ideal. Indeed, such an ideal is necessarily contained in rad(g) and, conversely,
the radical of g, if it is nonzero, contains a nonzero abelian ideal; the last term of its derived series (cf. Exercise 4.9).

In particular, if g is semisimple, then its center 3(g) is zero since it is an abelian ideal, where

3(g) ={z € g: [z,y] forany y € g}

So the adjoint map is injective.

Definition 6.3 — reductive Lie algebra]

A Lie algebra g is called reductive if rad(g) = 3(g).

For example, abelian and semisimple Lie algebras are reductive. The Lie algebra gl,, (k) is reductive but not
semisimple. What is its center?

Theorem 6.4

Let g be a nonzero Lie algebra. Then, g is semisimple if and only if its Killing form 4 is nondegenerate.
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PROOF. Suppose that g is semisimple, i.e., rad(g) = {0}. Let K be the kernel of 4. By definition, Tr(ad z o
ady) = 0forall z € K and y € g (in particular for any y € [K, K]). According to Cartan’s criterion (or rather
Corollary 6.2) we deduce that K is solvable. Since K is an ideal of g (cf. Exercise 6.4), we have

K Crad(g) = {0}.

Conversely, suppose K = {0} and show that g does not contain any nonzero abelian ideal. It is enough to show
that every abelian ideal is contained in K. Let I be an abelian ideal of g. Let x € I and y € g. Then the image of
(ad z o ad y)? is contained in [, [g, [I, g]]] C [I,I] = {0} since [ is abelian. This shows that ad x ad y is a nilpotent
endomorphism nilpotent. Therefore:

0=Tr(adz o ady) = kye(z,y)
forall z € I and y € g, whence I C K = {0}, as desired. O

REMARK 6.2. The second part of the proof remains valid for char(k) > 0. On the other hand, the proof shows

that the inclusion
Ker kg C rad(g)
always holds.

Proposition 6.5 — all derivations of a semisimple Lie algebra are inner]

If g is semisimple, then ad g = Der g.

PROOF. As g is semisimple, the adjoint map is injective. In particular, the Killing form of M = ad g is nonde-
generate. Let D = Der g. We have [D, M] C M since forall 6 € D and x € g,

(14) [0, ad ] = ad(dx).

In other words, M is an ideal of D and it results from Exercise 6.4 that x, is the restriction to M of xp. In particular,
if I = M is the orthogonal of M in D relative to kp, then I N M = {0} since ), is nondegenerate.

As I and M are ideals of D, we deduce that [I, M] = {0} and therefore that if 6 € I, then ad(dz) = 0 for
any x € g by (14), whence 0z = 0 for any « € g since ad is injective, i.e., § = 0. In conclusion, I = {0} and
Der L = ad L. O

EXERCISE 6.5. Let g be a Lie algebra with basis {z, y, z} and Lie bracket given by:

[x7y} =z, [.CE,Z] = [y,Z] =0.
Show that
0 =z =z
g= 0 0 y|:z,y,2z€k,,
0 0 O

that dim Der g = 6 and that Der g/ad g = gl, (k).

,—| Proposition 6.6 N\

Let g be a semisimple Lie algebra. Then there exist simple ideals I, ..., I} of g such that

g=L& -l

Moreover, any simple ideal of g coincides with some of the I;.

\. J

Since the I;’s are ideals of g, we have [I;, I;] C I; N I, = {0}, so the above decomposition is adapted to the Lie
bracket, in the sense that it can be described from the Lie bracket on each I;.

EXERCISE 6.6. The aim of the exercice is to show the proposition.

(1) Observe that if I is an ideal of g, then its orthogonal I+ with respect to kg is also an ideal (this was in
fact already used in the proof of Proposition 6.5), and use Cartan’s criterion (Corollary 6.2) to show that
INnI+ ={0}.

(2) Show that if I; is a nonzero minimal ideal of g then I is simple.
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(3) Arguing by induction, prove the first part of the proposition.

(4) Prove the ideals I;’s thus constructed are unique up to permutations, which proves the second part.

We deduce from Proposition 6.6 that for semisimple g :

9=1o.9l
since [I;, I;] = I, for each j. Furthermore, if I is an ideal of g, then I is a sum of I;’s: in fact, we can assume, possibly
permuting the indices, that I N [; # 0 fors = 1,. .., s. By the simplicity of I;, we have I N I; = I;. In particular, I is
semisimple, too.
REMARK 6.3. Leto: g — gl(V) be a representation of a semisimple Lie algebra g. Then o(g) est contenue dans
s[(V'). In particular, g trivially acts on any g-module de dimension one.
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Complete reducibility of finite-dimensional representations

7.1. Casimir element of a representation

We assume in this section that g is a semisimple Lie algebra.

Hendrik Brugt Gerhard Casimir 1909— 2000, was a Dutch physicist who made
significant contributions to the field of quantum mechanics and quantum electro-
dynamics. He is best known for his work on the Casimir effect, which describes
the attractive force between two uncharged plates in a vacuum due to quantum

Sfluctuations of the electromagnetic field.

Let o: g — gl(V) be a faithful representation of g of finite dimension. We define a symmetric bilinear form by
setting forall z, y € g:

Bo(z,y) = Tr(o(z) 0 o (y)).
The form is invariant in the sense of (13) with /3, instead of 4. In particular, its kernel is an ideal of g. Additionally,

B is nondegenerate. Indeed, according to Cartan’s criterion (Theorem 6.1), the Lie algebra o(Ker 3,) = Ker 3, is
solvable and therefore Ker 5, = {0}.

Let (z1,...,2,)and (yi,...,yn) be dual basis of g with respect to 3, thatis, i, j € {1,...,n}, Bo(xi,y;) = 0; ;.
Set

Co = Za(xi) oo(y;) € End(V).

EXERCISE 7.1.
(1) Let z € g. Write fori € {1,...,n},

[z, 2] = Zamm‘j and [z,y] = me»yj.
j=1 j=1
Using the invariance of (., show that for any k € {1,...,n},
ai = —bp ;.
(2) Show that ¢, is an endomorphism of V' which commutes with any endomorphism of o (g), that is,

[¢r,0(2)]=0 forall z€g.

(;) Hint: use the fact that ad « is a derivation in End V, i.e., [z,yz] = [z, y]z + y[z, 2] and
the previous question.
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(3) What is the trace of ¢, ?

(4) We assume in this question that (V, o) is irreducible. Show using Schur’s Lemma 3.2 that ¢, is a scalar,
equal to dim g/ dim V. Deduce that ¢, is independent of the basis (x1, ..., Z,).

EXAMPLE 7.1. Consider the natural representation o : sly(k) — gl(k?) = .#5 (k). Then
Bo(z,y) = Tr(zy) forall z,y € sly(k),
and the dual basis of (e, h, f) with respect to B, is (f, h/2,e). So

h? 3(1 0) dim sl, (k)
o=ty rle=5\ 1) Tdme

The element c,, is called the Casimir element of o. It plays a crucial role in the representation theory of of
semisimple Lie algebras.

EXERCISE 7.2. Let 8 and y two non-degenerate invariant bilinear form. Show that 5 and -y are proportional.

(r) Hint: observe that 5 induces an isomorphism from g to g*, that « induces an isomorphism from
g* to g, and that the composition map yields an isomorphism of g-modules; then use Schur’s
L _J
Lemma 3.2.

Using Exercise 7.2 and Theorem 6.4, we can prove that the classical Lie algebras sl,,, n > 2, sp,,, n > 2, and
50, n > b, are semisimple because the bilinear form (x,y) — Tr(zy) is invariant and non-degenerate.

7.2. Weyl’s theorem and applications

The aim of the section is to prove the following theorem:

Theorem 7.1 — Weyl}

Leto: g — gl(V) be a nonzero finite-dimensional representation of a (finite-dimensional) semisimple Lie
algebra g. Then V' is completely reducible.

Hermann Weyl, 1885 — 1955, was a German mathematician, theoretical physicist, logi-
cian and philosopher. His research has had major significance for theoretical physics as
well as purely mathematical disciplines such as number theory. He was one of the most
influential mathematicians of the twentieth century, and an important member of the In-
stitute for Advanced Study during its early years. Weyl contributed to an exceptionally
wide range of fields, including works on space, time, matter, philosophy, logic, symmetry
and the history of mathematics. He was one of the first to conceive of combining general

relativity with the laws of electromagnetism.

EXERCISE 7.3 (converse of Weyl’s Theorem). Show that if any nonzero finite-dimensional representation of
a Lie algebra g is completely reducible, then g est semisimple.

O Hint: use the adjoint representation.
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r—(Lemma 7.2 - Whitehead] \

Let g be a semisimple Lie algebra, (V, o) a finite-dimensional representation of g and f: g — V a linear
map. Suppose that for all z,y € g,

[z, yl) = o(@)f(y) — o(y) f ().

Then there exists v € V' such that for any = € g, f(z) = o(x)v.

John Henry Constantine Whitehead, 1904 — 1960, was a British mathematician
and was one of the founders of homotopy theory. During the Second World War he
worked on operations research for submarine warfare. Later, he joined the code-
breakers at Bletchley Park, and by 1945 was one of some fifteen mathematicians
working in the “Newmanry”, a section headed by Max Newman and responsible
for breaking a German teleprinter cipher using machine methods. Those methods
included the Colossus machines, early digital electronic computers. Whitehead

was a Fellow of the Royal Society and President of the London Mathematical

Society.

PROOF. We can assume that g is nonzero. The ideal I = Ker o is semisimple according to the remark which
succeeds Proposition 6.6. In particular, I = [I, I] and by the hypothesis, f(I) = f([I,I]) = {0}. We can therefore
assume that (V, o) is faithful.

Assume first that (V, o) is simple. Let ¢, be the Casimir element associated with o. In the notation of Exercise 7.1,

we have
n

n
i=1
If the vector v we are looking for does exist, then

ZU(l‘i) o f(yi) = (Z o(x;) o U(?Ji)) v

Then it is natural to set:

Let z € g. By Exercise 7.1, we have for i € {1, . ,n},

(15) Z xl Zaz,jxp Z yz = Zaj iYj-

We now show that f(z) = o(z)v for any = € g, thatis, ¢, o f(z) = ¢, 0 o(z)v for any = € g, We have,

n

¢r 0 f(2) =Y olzi) o o(y) o f(2)

i=1

:Zo(xi)o [y, 2 —l—ZU z;) 00 (2) o f(yi)
i=1

=Y o@) o f(ly ) +

=0by (15)

n

o([zi,2]) o f(yi) + Y _a(2) 0 o(i) o f(yi) = co 0 a(2)v,

1 i=1

N

2

whence o(z)v = f(z) for any z € g, as desired.

For the general case, we proceed by induction on the dimension of V. From the previous case, we can assume
that V' contains a proper submodule W. Let m: V' — V/W be the canonical projection. By the induction hypothesis
applied to the quotient module V/W, there exists v € V such that (7 o f)(z) = 7 o o(z)v for any x € g. Set for any
z ey

0(x) = f(x) — o(z)v.
Then 6(x) € W for any « € g and 6 is a linear map from g to W which satisfies the hypothesis of the proposition.
Therefore, by the induction hypothesis, there exists w € W such that §(z) = o(z)w for any = € g. In conclusion,
f(z) = o(z)(v+ w) for any x € g, as desired. O
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We are now in a position to prove Weyl’s Theorem 7.1.

PROOF OF WEYL’S THEOREM 7.1. Let (V, o) be a representation of g of finite dimension, U a nontrivial sub-
module, 7: V' — V/U the projection canonical and (V/U, 7) the induced representation. Let

M=2(V/UV)
be the space of linear maps from V to V/U,

If o € M is such that m o ¢ = Idy,y, then obviously V' = ¢o(V/U) @ U, but, unfortunately,
A ¢o(V/U) is not a submodule of V' a priori!

Let ¢g arbitrary as above. So we rather seek for 6y € M such that
V==6(V/U)yoU
and 0o(V/U) is a submodule of V. For this, we search 1y € N, where
N ={¢ € M: $(V/U) C U},
such that 6(V/U) is a submodule of V', where
0o = ¢o — o

sothat V =60o,(V/U)® U.

The map A: g — End(M) defined by:

Veeg VoeM, MNz)p=o(x)od—¢or(x),

is a representation of g whose N is a submodule. Note that for ¢ € M, if A(z)¢ = 0 for any = € g, then ¢p(V/U) is a
submodule of V. We thus search ¢y € N such that A(z)¢po = A(z)o for any = € g.
The linear map

frg—= M, z— Az)o
verifies f(g) C N since for any w € V/U,
m(f(z)w) = moo(x)o do(w) —mo g o 7(z)(w)
=71(x) oo ¢p(w) — 7(x)(w) = 7(z)(w) — 7(z)(w) = 0.

The condition of Lemma 7.2 is satisfied for the representation (N, i) induced from \. As a result, there exists g € N
such that

Ax)pg forany =z € g.

=
&
I
=
8
N~—
<
o
[

Set
o = do — to.
Then ()8 = 0 for any € g, whence 7 o 6y = Idy ¢ since for all w € V/U,
7 0 fo(w) =7 0 do(w) —ToYo(w) =w—0=w,

and 0y o 7(x) = o(x) o by for any x € gso 6y(V/U) is a g-submodule.
In conclusion, V is the direct sum of the submodules U and 6,(V/U), and we can argue by induction on the
dimension. 0

Proposition 7.3 — semisimple Lie algebras of matrices contains semisimple and nilpotent parts of elements]

Let V be a finite-dimensional vector space, and g be a semisimple Lie subalgebra of gl(V'). Then g contains
the semisimple and nilpotent parts of all its elements.

EXERCISE 7.4. The objective of the exercise is to prove the proposition. Let x € g. We have to show that x
and x,, are in g.
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(1) Verify that =, and z,, belongs to the normalizer of g in gl(V):
ngi(v)(8) = {y € gl(V): [y, 0] C g}

If ngy(vy(g) were equal to g, we would conclude immediately. But it is not the case in
general! For example, if g = sl(V'), then ngy)(g) = gl(V)!

A

(2) Let V be the set of all g-submodules of V. For W € V, set
gw ={z €gl(V): (W) C W and Tr(xw) = 0}.
For example, gy = sl(V'). Since [g, g] = g, we have g C gy forany W € V. Set

N =ngiv)(g) N ( N 9W> :

wev
Verify that NV is a subalgebra of ng(1/)(g) containing g as ideal (the scalars are not in /N however!), and
show that x4 and xz,, are in V.

(3) Show that g = N and conclude.

(;) Hint: use Weyl’s Theorem 7.1 to show that there exists a submodule M such that N =
g @ M, notice that the action of g in M is trivial, and then show that M = {0} using
Schur’s Lemma 3.2 applied to any irreducible W € V.

Let g be a semisimple Lie algebra and z € g. Since the adjoint representation of g is faithful, the center of g is
trivial, and the previous proposition says that we have

adr =adz, +adz,,

with x4, x, € g, unique, such that adz; = (adz)s and adz,, = (adx),. The elements z; and x,, are called,
respectively, the semisimple part and the nilpotent part of x.

Thus, we say that an element z is semisimple if ad x is semisimple, i.e., z = x, and that an element x is nilpotent
if ad z is nilpotent, i.e., x = x,.

A

The terminology makes sense only if g is semisimple!

7.3. Rational representation of a semisimple algebraic group

Proposition 2.9 (iii) shows that a connected algebraic group G is commutative if and only if its Lie algebra g is.
Recall that a Lie algebra g is semisimple if it has no nonzero commutative ideals.

Definition 7.4 — semisimple algebraic group}

A connected algebraic group G is called semisimple of it has no closed connected commutative normal
subgroup except {e}.

Nicely, we have the following result that we do not prove here.

Proposition 7.5

A connected algebraic group G is semisimple if and only if its Lie algebra is semisimple.

55



M2 — Master Arithmétique, Analyse, Géométrie 2024-2025

In particular, because Lie Z(G) = 3(g), the center of g, the center of G is finite if G is semisimple.
A rational representation of GG is a morphism of algebraic groups
v: G — GL(V),

where V is a finite-dimensional ! vector space.
Using Weyl’s Theorem 7.1 one can prove the following theorem.

Theorem 7.6 — complete reducibility for rational representations of semisimple algebraic group

Let G be a semisimple algebraic group. Then any rational representation is completely reducible.

PROOF. A rational representation ¢: G — GL(V') induces a representation

p=dep: g — gl(V).
We can assume without loss of generality that ¢ is faithful: if (V| ¢/ Ker ) is completely reducible then so is (V, ¢).
Thus we identify G with a subgroup of GL(V).
Let W be an irreducible g-submodule of V. The set

Gw ={a € G: pla)(W)C W}
is a subgroup whose Lie algebra is

gw = {z € g: p(x)(W) C W}
(we have an inclusion Lie(Gy ) C gw and they share the same dimension), which is equal to g since W is a g-
submodule. By the correspondence between closed connected subgroups of G and Lie subalgebras of g (Theorem 2.8)

we deduce that any submodule for g is also a submodule for G. Therefore one can conclude thanks to Weyl’s Theo-
rem 7.1. U

1. Sometimes, rational refers to locally finite representations.
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Root decomposition of semisimple Lie algebras

In this chapter g is a semisimple Lie algebra.

8.1. Toral subalgebras

If g consisted only of nilpotent elements (i.e., ad-nilpotent elements), then g would be nilpotent according to
Engel’s Theorem 4.4. But this is not the case. So there exists € g such that x4 is nonzero. Since g contains the
semisimple and nilpotent parts of all its elements, x; € g. We deduce that g contains a nonzero subalgebra consisted
of only semisimple elements (for example kz).

Definition 8.1 — torale subalgebra}

A subalgebra of g which only consists of semisimple elements is called forale.

Next lemma is an analogue of Engel’s Theorem.

Lemma 8.2

Any toral subalgebra is abelian.

PROOF. Let T be a toral subalgebra. We have to show that ady 2 = 0 for any x € T, where adr: T — End(T),
x +— (adx)|p. Since ad x is diagonalizable, it suffices to show that adr = has no nonzero eigenvalues. Suppose the
contrary, i.e., [z,y] = Ay, withy € T'\ {0} and X\ # 0. Write = Y., z;v;, 2; € k, in a basis (v1,...,v,) of
eigenvectors for adr y (adr y is semisimple), associated with the eigenvalues p1, . . . , u,. We have

—\y =adry(x) =Y wadry(v) =Y wipv;,
i=1 i=1

whence a contraction since y is an eigenvector of adr y associated with the eigenvalue 0. U

From now on, fix a maximal (for the inclusion) toral subalgebra ). As b is abelian by Lemma 8.2, ad §j consisted
of pairwise commuting semisimple elements. So all the elements of ad h are simultaneously semisimple. Therefore,
we have:

g= @ 0o, Ga ={x € g:[h,z] =a(h)zforany h € b}.
aeh*

We notice that go = ¢4(h), the centralizer of § in g. It contains l according to Lemma 8.2. Let ® denote the set of
a € h* \ {0} such that g, # {0}. The elements of ® are called the roots of g . They are finite in number, and we
obtain the decomposition in root subspaces:

(16) g=rc5(h) & P ga-

acd
We will see that h = ¢4 (h).
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EXERCISE 8.1. Assume g = sl (k).
(1) Check that one can choose for § the set of traceless diagonal matrices.

(2) Write the decomposition (16) for sl,, (k) with this choice of h. Check that c¢g(h) = b.

Proposition 8.3

For all o, 8 € b*, [ga, 98] C o+ If © € g, a # 0, then ad x is nilpotent. If o, 5 € h* and o + 5 # 0,
then g, is orthogonal to gg relative to xg.

EXERCISE 8.2.
(1) Prove the proposition using the invariance of the Killing form.

(2) Deduce from the proposition that the restriction of 14 to gg = ¢4(h) is nondegenerate.

Proposition 8.4

Let h be a maximal toral subalgebra of g . Then h = ¢4(h). In particular, the restriction to h of g is
nondegenerate.

EXERCISE 8.3. The objective of the exercise it to prove Proposition 8.4. Set ¢ = ¢g4(h).
(1) Show that ¢ contains the semisimple and nilpotent parts of its elements.
(2) Show that semisimple elements of ¢ belong to b.
(3) Show that the restriction of k4 to [ is nondegenerate.
(4) Show that c¢ is nilpotent.
(5) Show that h N [c, ¢] = {0}.
(6) Prove that ¢ is abelian.
(7) Conclude that ¢ = b.

By Proposition 8.4, the decomposition (16) becomes

(17) s=ho P ga

acd

and ng(h) = b, where ng(h) = {x € g: [z,h] C bh}.

REMARK 8.1. For a general Lie algebra g, a Cartan subalgebra ) of g is a nilpotent subalgebra equals to its
normalizer, that is ng(h) = b, By the above remark, any maximal toral subalgebra of a semisimple Lie algebra is a
Cartan subalgebra. Conversely, it can be shown that any Cartan subalgebra of a semisimple Lie algebra is a maximal
toral subalgebra (see [12, 19.8.7]).

Since the restriction of x4 to b is nondegenerate, we can identify b to h* via k4. Thus, every ¢ € b* corresponds
aunique ty € b such that

¢(h) = rg(ts,h)

for any h € h. In particular, ® corresponds to a subset {t,: o € ®} of b.
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,—[Proposition 8.5 - orthogonality] \

(i) P generates h*.

(ii) If « € @, then —ax € P.
(iii) Leta € @, 2 € go, Y € g—a, then [z, y] = rg(z, y)ta.
(iv) If o € @, then [gn, o] is one-dimensional, with basis ¢
(V) a(ta) = Kg(ta,ta) # 0 for o € .

(vi) If o € ® and if x, is a nonzero element of g, then there exists y, € g_, such as z,, Yo, ha =
[Zw, Yo generate a three-dimensional simple subalgebra of g isomorphic to sl (k) via

[e% 0 0 yOt ] 0 9 e% 0 ] .
2]5(1

) T e

(vil) ho =

EXERCISE 8.4. Prove the above proposition.

O Hint for (v): observe that if «(t,) = 0, then the Lie algebra generated by z,y, t, with =,y as
\/ in (iii) with k4(z,y) = 1 would be nilpotent and use Engel’s theorem to show that adg(ts) is

nilpotent.

For any o € @, denote S, 2 sly(k) the subalgebra of g generated by %, o, Yo This subalgebra acts in g so that
g is an S,-module. By the study of sly-representations of Section 3.2, we obtain the following proposition:

— Proposition 8.6 \

(i) If « € ® then dim g, = 1. In particular, S, = go + g—a + Ha» Where b, = [ga, §—a), and for
any T, € go, \ {0}, there exists a unique y, € g_, such that [z, yo] = ha.

(i) If o € @, the only multiples of & which are roots are « and —o.
(iii) If o, 8 € @, then B(hy) € Z and S — B(ha)a € D.
(iv) If o, B, + B € D, then [gq, 98] = Jots-

(v) Let a, B € @, B # +a. Let p, g be the maximal integers such that, respectively, 5 — pa and
B + qa are roots. Then 8 + i« is aroot forany ¢ € {—p,...,q} and B(h,) =p — q.

This sequence of roots is called the a-chain of roots passing through (3.

(vi) gis generated as a Lie algebra by the weight spaces g.,.

Since the restriction of the Killing form of g to ) is nondegenerate, we can define a bilinear form on § by:
('7|6):’fg(twt6)7 '7766b*

Recall that ¢ generates h* as space vector. Let oy, ..., ay be a basis of h* consisted of elements of .

EXERCISE 8.5 (a rationality condition).
(1) Let 8 € ® written as § = Zle c;o;, with ¢; € k. Show that all ¢; are rational numbers.

The Q-vector space Eg of h* generated by all roots is so of dimension £ = dimy h*.
(2) Show that for all v, § € Eg, we have: (y[0) € Q.

. Hint: observe that (v|6) = Tr(ad(ty)ad(ts)) = > a(y)a(d), and first show that
acd

d (B|B) € Qforany 3 € ®.
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So (—|—) defines a bilinear form Eg x Eg dans Q.

(3) Show that the symmetric bilinear form (—|—) is definite positive.
According to Exercise 8.5, the bilinear form (—|—) induces a scalar product on the R-vector space E = R ®q Eg.
In other words, F, (—|—) is a Euclidean space.

In the language of the Chapter 9, the following theorem ensures that the set ® is a root system of the Euclidean
space E.

~— Theorem 8.7 N

(i) @ generates £ and 0 does not belong to ®.

(1) If a € ®, then —a € P and there is no other multiple of o in P.
2(8le)
(afa)
2(B|)
(ale)

(iii) If o, B € @, then 8 — acd,

(iv) If a, 8 € P, then € 7.

EXERCISE 8.6. Assume that g = sp,,, (k). Let h be the Lie subalgebra of diagonal matrices in g. Show that
b is a maximal toral Lie subalgebra et determine the corresponding set of roots.

8.2. Automorphisms of a Lie algebra

Assume in this section that char(k) = 0, g is an arbitrary Lie algebra.

An automorphism of a Lie algebra g is an endomorphism of the Lie algebra g which is bijective. Denote by
Aut(g) the set of automorphisms of g .

EXAMPLE 8.1. Assume that g is a Lie subalgebra of gl(V'), with V' a finite-dimensional vector space. If a €
GL(V) is such that aga~! C g, then the linear map = — axa™! is an automorphism of g .

Important examples of automorphisms come from nilpotent derivations.

EXERCISE 8.7 (nilpotent derivations induce Lie algebra automorphisms). Let ¢ be a nilpotent derivation of g,
i.e.,, d: g — gisaderivation and 6" = 0 for n big enough.

(1) Show that the Leibniz rule holds: for any r € N,

r

5 ([zyl) = @ (6%, 6"y

=0
(2) Deduce that exp d belongs to Aut(g).

In particular, if € g is such that ad z is a nilpotent endomorphism, then
expadz € Aut(g).

Such automorphisms are called elementary. Denote by Aut.(g) the subgroup of Aut(g) generated by elementary au-
tomorphisms of g. It is a normal subgroup of Aut(g). Namely, if § € Aut(g) and if ad z is a nilpotent endomorphism,
then § o (adx) 0 #~1 = ad §(z) and so

6 oexp(adz) o~ = exp(adf(z)).

Definition 8.8 — conjugated subalgebras]

We say that two Lie subalgebras m; and mo of g are conjugated if there exists § € Aut.(g) such that
my = 9(1111)
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EXERCISE 8.8 (elementary automorphisms in sl (k)). Assume that g = sly(k). Let
o =exp(ade) oexp(ad(—f)) o exp(ade)
so that o € Aut.(g).

(1) Show that
U(e) = _f7 U(f) =~ U(h) =—h.
In particular, o is of order 2.

(2) Consider the element
s = exp(e) exp(—f) exp(e) € GLa(k).
Check that s is an element of SLy(k). In particular, the map z +— szs~' is an automorphism of g.
Calculate the matrix s, and deduce that the action by conjugation of s has the same effect as o on the
basis (e, h, f), and therefore on g .

1

The phenomenon observed in Exercise 8.8 is not a simple coincidence: if g is a subalgebra of gl(V) and if z € g
is nilpotent, then we have for all z,y € g,

(18) (expz)y(expz) ™t = exp(ad z)y.
To see this, notice that
ade = Ay + p_s,

where )\, and p, are the left and right multiplications by = € g, respectively, in End(V'). These two endomorphisms
commute and are nilpotent. According to the properties of the exponential, we therefore have

exp(ad I) = eXp(Az + ,D—z) = eXP()\x) eXP(P—m) = /\exprpexp(—w)v
which implies the relation (18).

Recall that if g is algebraic, that is, g = Lie(G) for some linear algebraic group G, then we can consider the adjoint
representation of G' (Section 2.3):
Ad: G — Aut(g).

— Proposition 8.9 \

Assume that G is a semisimple algebraic group, with Lie algebra g. Then
Ad(G) = (Aut g)° = Aut.(g).

In particular, any semisimple Lie algebra is algebraic.

EXERCISE 8.9. The objective is to prove the proposition.
(1) Prove that Lie(Aut g) = Der g (without any assumption on g).
(2) Assume that G is semisimple. Justify all the following equalities:
dim G = dim g = dimad g = dim Der g = dim Aut g = dim Aut.(g).
(3) Conclude.

Definition 8.10 — adjoint group|

For an arbitrary Lie algebra g, the ajoint group G, of g is the smallest algebraic group of GL(g) whose
Lie algebra contains ad g.

For an arbitrary Lie algebra g, we have the following inclusions:
Aut.(g) C Goq C Aut(g).
By Proposition 8.9, if g is semisimple, then
Gaqa = G/Ker Ad = (Aut g)° = Aut.(g),
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for any algebraic group such that Lie(G) = g.

A

In general, for semisimple g there are several linear algebraic groups such that Lie(G) = g. For
example, PSL,, (k) and SL,, (k) share the same Lie algebra sl,, (k).

8.3. Remark about the unicity

The construction of the root system depends on the initial choice of the maximal toral subalgebra ) of g. We will
not deal with this in detail, but we can show that if §’ is another one, then there exists a Lie algebra automorphism ¢ of
g such that (h) = b’. Then ¢ induces an isomorphism h* —— (h’)* which sends the root system ® constructed from
b to the root system &’ constructed from b’. If E is constructed as above, and E’ is constructed in the same way but
using b’ instead of b, then ¢ induces an isomorphism of the Euclidean spaces E — E’. So the root systems ® in
and @’ in E’ are isomorphic, in the sense of Chapter 9.
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Root systems and isomorphism theorems

In this chapter we introduce the notion of a root system (abstract) in a Euclidean space and we state classification
results. We will then establish a correspondence between irreducible root systems and Lie simple algebras which will
allow them to be classified.

We will omit most of the demonstrations for the part combinatorics of root systems: see [9, 12, 1] for more details.

Throughout this chapter, E is a Euclidean space. In particular, E is a finite-dimensional R-vector space. We
denote by (—|—) the scalar product.

9.1. Axioms and examples

Recall that a reflection of E is an orthogonal symmetry with respect to a hyperplane of E. For o € E \ {0}, we
denote by s, the reflection with respect to o = {x € E: (z|a) = 0}. Since s, = idg — 2p,, Where p,, is the
orthogonal projection of F on Re, we have:

2
Vo € E, Sa(x) =2 — (:C‘a)oz.
(ala)
. . 2(Bla) .
Since the ratio (ala) will appear very frequently, we set for o, 5 € F,
ola
2(Bla)
(B, ) =
(ala)

The application (3, ) — {3, «) is only linear in the variable (3!

A

EXERCISE 9.1. Let ® be a finite set of £/ which generates I. Suppose that all reflections s, o € ®, preserve
®. Let o be an element of GL(F) such that o preserves ®, o fixes (point by point) a hyperplane of E and
o(a) = —aforacertain € @\ {0}. Show: 0 = s,.

,—[Deﬁnition 9.1 — systeme de racines}

A subset @ of F is called a root system dans F si les conditions suivantes sont satisfaites:
(R1) @ is finite, generates E and does not contain 0,
(R2) if a € @, then the only multiples of « in ® are +o,
(R3) if a € P, the reflection s, preserves P,
(R4) if o, 8 € D, then (B, o) € Z.

\ J

EXAMPLE 9.1. Let g be a semisimple Lie algebra and § a maximal toral subalgebra of g. Then the set ¢ of roots
associated with (g, b) is a system of roots by Theorem 8.7.
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Let ® be a root system. We denote by W(®), or simply VW when there is no ambiguity, the subgroup of GL(E)
generated by the reflections s, a € ®. By (R3), VW permutes the elements of ® which is, by (R1), is a finite generating
set of /. Therefore, VV identifies with a subgroup of the symmetric group of ®. In particular, WV is finite.

Definition 9.2 — Weyl group]

The group W = W(®) is called the Weyl group de .

EXERCISE 9.2. Let o € GL(E) such that o preserves ®. Show that g 0 s, 00! = 5,(4) forany o € @, and
that (8, o) = (0(8), 0(a)) forall o, 8 € P.

We say that two systems of roots ® and @’ of respective Euclidean spaces F and E’ are isomorphic if there exists an
isomorphism of vector spaces f: E — E’ such that f(®) = &’ and such that for all o, 5 € D, (f(5), f(a)) = (8, a).
We then have for all o, € @, 5¢()(f(B)) = f(5a(53)). Such isomorphism of root systems induces an isomorphism,
W(®) — W(P'), s — foso f~! between Weyl groups.

According to Exercise 9.2, the automorphisms of ® are the automorphisms of £ which preserve ®. In particular,
we can view the Weyl group W = W(®) as a subgroup of Aut(®), where Aut(®) is the set of automorphisms of ®.

For o« € ®, we set

2«
oV =

(ala)
2(z|)
(ala)

so that s, = idg — aa", where o identifies with the linear form of E which to x € E associates . We call

the set
PV ={a":acd}
the dual of ®. It is a root system of ¥ = E*, whose Weyl group is canonically isomorphic to that of ®.

REMARK 9.1. In the case of semisimple Lie algebras, o corresponds to t,, and oV to h,, via the identification of
h* with h using the Killing form.

Let us see some examples. The rank of the root system  is the dimension ¢ of £. When ¢ < 2, we can easily
draw examples in a figure.

* For £ = 1, by the axiom (R2), there is only one possibility (up to isomorphism). We denote A; this class.

Ay - 4 > Q

* For £ = 2, there are more possibilities. See Figure 1 for examples (we will see later that there are the only ones
up to isomorphisms).

EXERCISE 9.3 (rank two root systems). Check that the systems in Figure 1 give root systems in the Euclidean
plane R?, and show that the Weyl group of A; x Ay, Ay, By and G are respectively the dihedral group of order
4, 6, 8, 12. Finally, represent the system ®" for each of the examples.

The axiom (R4) strongly rigidifies the structure of root systems. Recall that for «, § € E, the cosinus of the angle
0 between « and S is given by:

[l - 1181 cos & = (| B).-
151

=2 cos 0,
[l

Therefore, we have:

_ 2(8l0)

(ala)

(B, a)

hence

(o, BY(B,a) = 4cos® 6.
The number 4 cos? @ is then a positive integer. But 0 < cos? @ < 150 (o, 3) and (3, o) must be integers of the same
sign whose product is between 0 and 4.

The only possibilities when « # 3 and ||5]| > ||«|| are described in Figure 2.
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~ B Az
Al X A1

AN
~
Q
AN
~
Q

G

B,

FIGURE 1. Examples of rank two root systems

(. 8)  (B,a) 0 1BIP/llal?

0 0 /2 undetermined
1 1 /3 1

-1 -1 21 /3 1
1 2 /4 2

-1 —2 3r /4 2
1 3 /6 3

-1 —3 57/6 3

FIGURE 2. Possibles configurations for a, § € ®, when « # £+ and || ]| > |||

Examples of root systems in rank one and two show that all these configurations can occur.

EXERCISE 9.4 (A, corresponds to sl3(k)). Verify that the root system of the semisimple Lie algebra sl3(k),
relative to the maximum toral subalgebra of diagonal matrices, is the root system As,.

Likewise recognize the root system of so05 (k) and sp, (k), relative to the maximum toral subalgebra of diagonal
matrices.

EXERCISE 9.5. Let v and 8 be two non-proportional roots. Show that if («|3) > 0, then o« — § is a root and
if (@|B) < 0, then a + 3 is a root.
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Let o and 3 be two non-proportional roots as in Exercise 9.5 and consider all roots of the form /3 + i, the a-root
string passing through 3. We note p (resp. q) the largest integer such that 5 — pa € @ (resp. 5+ qa € ®). Exercise 9.5
shows that for any ¢ € {—p,—p+1...,q¢—1,q}, 8 + ia € ®. Furthermore, it can be shown that

P—q= <B,Oé>,

and so (see Figure 2) a string of roots is of length at most 4 (the system G5 contains a root string of length exactly 4).

9.2. Basis of a root system and Weyl chambers

As before, let & be a root system of the Euclidean space F.

,—[Deﬁnition 9.3 — Basis of a root system] \

A subset A of ® is called a basis of ® if:
(B1) Aisabasis of E,

(B2) every root 8 € ® is written 8 = >
negative.

aea koo, where the k,, are integers either all positive, or all

The elements of A are called simple roots.

\. J

By , we have |A| = £. Moreover, the expression of /3 in is unique. We define the height of a root 3 by
ht(8) = > ko € Z.
aEA

If all k,, are positive, we say that [3 is a pesitive root; if all k, are negative, we say that [ is a negative root. We note
&7 the set of positive roots, and ®~ the set of negative roots. We have ®~ = —®™ and,

O=0T P .
We define a partial order on ® by setting 8 < « if @ — § is a sum of simple roots or if 5 = «. We note 8 > 0 if
B € ®T. (this is compatible with the definition of the partial order).

A natural question is: are there basis for ®? The answer is positive and we construct a basis of ® as follows.

For any v € E, we set
Ot () = {a € 2: (y|a) > 0}.

Ifye E\ |J o', we say that v is regular. Now suppose that + is regular. We have
acd

D =3"(7)U—-2F(y).

We say that an element o € () is decomposable if o = 31 + B2 with 81, B2 € ®1(7); it is said indecomposable
otherwise. We then show that the set A(y) formed of all the indecomposable roots of () is a base ®. Moreover,
all the bases of ® all obtained in this way.

We thus obtain the following crucial theorem.

Theorem 9.4 — existence of basis for a root system}

The root system ® admits a basis.

The hyperplanes o, o € ®, subdivide the space E into a finite number of regions. The connected components

of E\ |J a? are called the Weyl chambers of E. For a regular -, we denote by %'(+y) the unique Weyl chamber to
acd
which v belongs. Saying that € (y) = € (y'), for regular v, v, means exactly that

() =27(7) and A(y) =A(Y).
Thus, there is a bijective correspondence between Weyl chambers and basis of ®.

We write €' (A) = €(v) if A = A(v). The Weyl chamber ¢’ (A) is called the fundamental Weyl chamber
associated with the basis A.
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EXERCISE 9.6 (basis and Weyl chambers in rank two). Verify that the sets {«, 8} of root systems in rank two
represented in Figure | are basis of the corresponding root system. Represent the Weyl chambers and specify the
Weyl fundamental chamber relative to {«, 5}.

We denote p = % >~ B the half-sum of the positive roots. This element will be of great importance in the following
B=0
chapters.

EXERCISE 9.7 (half-sum of the positive roots). Let A be a basis of ®.

(1) Let o € A. Show that s, permutes the set of positive roots other than c.

@ Hint: for 8 € ®* \ {«a}, write

l_J 6: Zk’y’77

yEDT
with k, € N, note that k, # 0 for some v # «, and compute the coefficient in v of

Sa(B).

(2) Deduce from the previous question that s, (p) = p — « for any o € A.

By Exercise 9.7, 2, we have

(pla) = (salp) + ala) = (p+ sa(@)[sa(@)) = —(pla) + [l
So (pla)) > 0 for any «« € A, and thus p belongs to the fundamental Weyl chamber.
According to the following theorem, the Weyl group W(®) acts simply and transitively on the set of bases of ®.
In particular, the order of the Weyl group is equal to the number of Weyl chambers. The parts of the theorem provide
the steps of the proof (which we omit here).

,—[Theorem 9.5 — action of the Weyl group on the bases of <I>] \

Let A be a basis of ®, and W = W(®).

(i) If v € E is regular, then there exists o € W such that (o(y)|a) > 0 for any o € A. In particular,
W acts transitively on the Weyl chambers.

(ii) If A’ is a basis of ®, then there exists ¢ € W such that 0(A’) = A. In particular, W acts
transitively on the bases of ®.

(iii) If v is a root, then there exists o € W such that o(a) € A.
(iv) W is generated by the reflections s, for a € A.

(v) If o(A) = A, for o € W, then 0 = idg. In particular, W acts simply and transitively on the
bases of P.

\. J

A root system P is said to be irreducible if it cannot be written as a union of two proper subsets ®; and ®- such
that every root in ®; is orthogonal to every root in ®5.

EXAMPLE 9.2. Itis easily verified that the root systems of type As, By, and G2 shown in Figure 1 are irreducible,
while A; x Aj is not.

It turns out that & is irreducible if and only if for any base A of &, the set A cannot be written as a union of two
proper subsets A; and As such that every root in A; is orthogonal to every root in As.

9.3. Classification

Fix an ordered basis (a1, .. ., o) of simple roots. The matrix ((cv, a;)) , is called the Cartan matrix of .

ISAVAS

EXAMPLE 9.3. For the rank 2 root systems in Figure 1, the Cartan matrices are:

2 0 2 -1 2 -1 2 1
A1><A11(0 2)» AQ:(—l 2)’ BQ:(—z 2)’ GQ:(—?} 2)'
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The Cartan matrix does not depend on the order of the elements in the base A = {ay, ..., ay}, up to isomorphism,

thanks to Theorem 9.5. Moreover, since {a, ..., ayz} is a basis of E, the Cartan matrix is invertible. It turns out that
it completely determines the root system ®:

,—| Proposition 9.6 N\

Let &' C E’' be another root system in a Euclidean space E’, with basis A’ = {af, ..., a}}. Assume that
({0, 05)) 14 <0 = (o, a;))Ki i<t Then the bijection o; — o extends uniquely to an isomorphism

f: E — E’ that sends ® to @' and satisfies {f(a), f(8)) = («, B) for all o, 3 € ®. Consequently, the
Cartan matrix of ® completely determines ®, up to isomorphism.

\.

Thus, theoretically, one can reconstruct the root system ® from its Cartan matrix.

EXERCISE 9.8. Describe an algorithm to determine all the positive roots of ® from the knowledge of the
Cartan matrix.

If «, 8 are two distinct positive roots, it is known that («, 5) (3, @) = 0,1, 2, or 3. We define the Coxeter graph as
follows: it is a graph with £ vertices, the i-th is joined to the j-th (¢ # j) by an edge if (e, ;) (¢, o;). For example,
the Coxeter graphs for A; x A1, Ao, Bo, and G are, respectively:

A1XA11 O O AQI Oo——=0

By : Q—0 Gy : —>0

When a double or triple edge appears in the Coxeter graph, one can add an arrow pointing to the shortest root. This
information allows to construct the Cartan matrix, and thus ®, from this new graph. This graph is called the Dynkin

diagram of ®. For example, for By and G5, we obtain (for A; x A; and A, the Dynkin diagram and the Coxeter
graph coincide):

By : O ="0 Gy : =0
Here is another example (which will be the root system of type Fy):

Oo—C—=—"0—"20

The Dynkin diagram of B corresponds here to the choice of a basis {«, 3} where « is the longer root.

A

Harold Scott MacDonald Coxeter, born February 9, 1907 in London and died
March 31, 2003 in Toronto (Canada), was a British mathematician. He is consid-
ered one of the leading geometers of the 20th century. One of his original ideas
was to define a conic as a self-dual curve. He became well-known for his work on

regular polytopes and geometry in higher dimensions.
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Eugene B. Dynkin, 1924 — 2014, was a Soviet and American mathematician. He
made contributions to the fields of probability and algebra, especially semisimple
Lie groups, Lie algebras, and Markov processes. The Dynkin diagram, the Dynkin

system, and Dynkin’s lemma are named after him.

EXERCISE 9.9. Show that the Cartan matrix associated to the above graph is

2 -1 0 0
-1 2 -2 0
0o -1 2 -1
0 0 -1 2

From the definition of an irreducible root system, it is easily deduced that the system ® decomposes as a union of
irreducible components:

O =0 ... U Dy,
where the ®; are root systems of Euclidean spaces F; such that £ = FE; & --- @ E; is an orthogonal direct sum. It

is clear that ® is irreducible if and only if its Coxeter graph is connected. Therefore, to classify all irreducible root
systems, it is enough to classify all connected Dynkin diagrams.

,—[Theorem 9.7 — classification of connected Dynkin diagrams}

If @ is an irreducible root system of rank ¢, then its Dynkin diagram is one of the following (with ¢ vertices
in each case):
A(@>1): se e Hy : e—eloe
By (£>22): oo e E; HJ%
Co(£>=3): oo o ete Es : ._._I_._._._.
Dy (£=24): o »{ Fy ' e—exe—e
Gy : e

All the Dynkin diagrams from Theorem 9.7 correspond to irreducible root systems. For this, we need to explicitly
construct root systems of each type. For the families Ay, By, Cy, Dy, one can use the root systems associated with the
semisimple classical Lie algebras slyq1(k), £ > 1, s09,11(k), £ = 2, spo,(k), £ = 3, s02¢(k), £ > 4. However, a direct
construction can also be provided.

For each type of Dynkin diagram, we can describe a root system & in a Euclidean space E, whose Dynkin diagram
is of the corresponding type. We refer to [12, 18.14] for such constructions.

9.4. Isomorphism Theorem

Let g be a semisimple Lie algebra, h a maximal toral subalgebra of g, and ® the associated root system, as in
Chapter 6. Theorem 8.7 ensures that ® is indeed a root system of the Euclidean space ' = R ®q Ej in the sense of
Definition 9.1, where Ej is the Q-vector space spanned by ®.

We note that if g is simple, then & is irreducible (this can be easily verified). Moreover, since any semisimple
Lie algebra is an orthogonal direct sum of simple ideals with respect to the Killing form (see Proposition 6.6), the
decomposition of the root system & into irreducible components ®; U ... U ®, corresponds to the decomposition of
g=11 ® - & I; into a direct sum of simple ideals, that is, if h; = h N I;, then b; is a maximal toral subalgebra of I,
and its root system is ®;, which is irreducible.

Thus, the problem of characterizing a semisimple Lie algebra by its root system associated with the choice of a
maximal toral subalgebra reduces to the problem of characterizing a simple Lie algebra by its (irreducible) root system
associated with the choice of a maximal toral subalgebra. Several very natural questions arise.
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Q1 If ¢’ is a simple Lie algebra with a maximal toral subalgebra b’ and associated root system ®’, does an
isomorphism of root systems between ® and ®’ induce an isomorphism of Lie algebras between g and g'?

Theorem 9.9 below answers this question affirmatively.

Q2 A priori, the root system ® depends on the choice of the maximal toral subalgebra h; what happens if we
choose a different one?

It can be proved that maximal toral subalgebras are all conjugate under an element of the group Aut.(g),
and so ® is independent of this choice. We do not address this problem in the course.

Q3 Do the irreducible root systems appearing in Theorem 9.7 all correspond to a simple Lie algebra?
We already know that the root systems of types Ay, By, Cy, and D, correspond to the simple classical
Lie algebras slp11(k), £ > 1, s02041(k), £ > 2, spo,(k), £ > 3, s0q¢(k), £ > 4 (pairwise non isomorphic).
All others also correspond to simple Lie algebras, called exceptional. Here again, we do not address this
problem in the course.

As we saw in Proposition 8.6, (vi), the root spaces g, @ € @, span g as a Lie algebra. Using the concept of basis
for a root system, we can refine and improve this result:

Proposition 9.8

Let A be a basis of ®. Then g is generated as a Lie algebra by the root spaces gqo, §—a, @ € A.

Let 2o € ga \ {0}, o € g—o \ {0}, and hy = [Ta, Ya). The set 2o, Yo, haea is called a standard generating
set for g.

EXERCISE 9.10. Prove this proposition.

We now assume that g is simple. Let g’ be another simple Lie algebra, h” a maximal toral subalgebra of g’, and ®’
the corresponding root system. We wish to show that an isomorphism between the root systems ® and &’ induces an
isomorphism of Lie algebras between g and g’ that sends h to H’. This will answer Q1.

Lety: ® — @', a — o/, be an isomorphism of root systems. It induces an isomorphism 1): £ — E’ between
the corresponding Euclidean spaces. A priori, ¢ is not necessarily an isometry! However, the axioms of a root system
remain unchanged if the inner product is multiplied by a strictly positive real number. Therefore, we can assume that
1 is an isometry. Furthermore, since ® and ®’ span h* and (h’)* as vector spaces, ¢ extends uniquely to a vector space
isomorphism ¢ : h* — (h')*. Via the Killing form, 1) induces an isomorphism 7: h — §'; specifically, 7(¢t,) = to
for any a € ®. Since the isomorphism arises from a linear isometry, we deduce that 7(hy) = hy for any o € P, as
ho = 2to/(aa).

Since b and b’ are abelian, 7 can be viewed as a Lie algebra morphism. We wish to extend it to an isomorphism
g — ¢’. If such an isomorphism exists, we expect that 2, € g, \ {0} maps to a nonzero element of g/,,. This certainly
cannot be done arbitrarily. In fact, if «, 5 are roots such that & + 8 € ®, and if z, € go \ 0, 23 € gg \ {0}, and
Ta+p € Ba+p \ {0} satisty [Ta, 25] = Taqp, then we require [z, 73] = 77, , 5, where 2’ is the image of x,, under
the isomorphism. The choices of z;, and z; thus determine z/, , 5.

The above discussion suggests that it suffices to determine the images of the vectors x,, for « in a basis A of P,
and that these can be chosen arbitrarily.

We admit the following theorem.

~ Theorem 9.9 N

Let ¢: ® — ®', o — o, be an isomorphism of root systems as above, which induces an isomorphism
m: h — b’. Fix a basis A of ® so that A’ = {o/: @ € A} is a basis of ®'. Foreach « € A, o/ € A/,
choose arbitrarily z, € g, \ {0} and 2, € g, \ {0}. In other words, fix an isomorphism of Lie algebras

. /
Ta: Ba — 8oy, Lot Ty

Then there exists a unique isomorphism 7: g — g’ that extends 7w: h — b’ and all the isomorphisms
Ta: Ga — far, @ € A,

70



M2 — Master Arithmétique, Analyse, Géométrie 2024-2025

What follows is inspired by the example in Exercise 8.8. Apply Theorem 9.9 to the following situation: g is
semisimple, h is a maximal toral subalgebra of g, ® is the corresponding root system, and ¢/: & — ® is the automor-
phism of root systems that sends o to —a.

The automorphism 1) induces a Lie algebra morphism o: h — h, h — —h. In particular,

0(ha) = —ho = h_q.

In order to apply Theorem 9.9, we send ., to —,, forany a € A, where A is a basis of ® '. According to Theorem 9.9,
o uniquely extends to an automorphism of g that sends x, to —y,, @ € A. Such an automorphism is necessarily of
order two.

In summary, we have obtained:

,—| Proposition 9.10 N\

Let g be as in Theorem 9.9. Fix foreach o € A, z,, € g \{0} and y, € g_, \ {0} such that [z, Yo] = ha.
Then there exists a two-order automorphism o of g, of order 2, such that

O'(Ia) = Ya, U(ya) = —ZTa, U(h) =-—h
forallao € Aand h € b.

\. J

The Weyl group W describes almost all automorphisms of ® . Theorem 9.9 ensures the existence of automor-
phisms of g coming from the action of W on §. If o € WV, then the extension of ¢ to an automorphism of g sends gg
to Ly, for 5 € A.

A direct construction of such an automorphism can also be given inspired by Exercise 8.8. It suffices to construct
it for the reflections s,, a € A. Since z,, is nilpotent, the automorphism

7o = exp(ad z,) exp(ad(—ya)) exp(ad z4)

is well-defined. What is the action of 7, on h? We write h = Ker o @ Ch,,. Clearly, 7, (h) = h for all h € Ker «, and
Ta(ha) = —hq. Therefore, s, and 7, coincide on h. Moreover, 7, also sends gg to Lyg.

A

EXERCISE 9.11 (the Weyl group is not always a subgroup of Aut.(g)). Suppose that g = sl3(k) (type As).
Show that the subgroup of Aut.(g) generated by all the reflections 7,, a € A, is strictly larger than the Weyl
group W (which is equal to G3 here).

This way of representing a reflection in WV (and thus any element of 1) by an element of Aut,(g) does
not always allow identifying WV as a subgroup of Aut.(g) (see Exercise 9.11).

1. Note that the unique z € gq such that [—ya, 2] = h_q I8 —Zq.
2. It can be shown that Aut(®) = W x I', where I' = {0 € Aut(®P): o(A) = A} is the group of automorphisms of the Dynkin diagram.
We have I' = Z/27 if ® is of type Ag, Dy, £ > 4, 0r Eg, I’ = G3 if D is of type Dy, and I" = 1 for all other types.
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Highest weight representations

We assume that g is a semisimple Lie algebra over k, where k is an [algebraically closed] field of

)

[Characteristic Z€ero J

10.1. Borel subalgebras and triangular decomposition

We fix a Cartan subalgebra b of g, and we denote by @ the root system of (g, b). Let A = {ay, ..., ar} be a basis

of ®,and ®* = {f1,..., B} the corresponding set of positive roots. Set
=P ga n =P g bT=pent
aedt aedt

EXERCISE 10.1. Show that the subspaces n™ and n™ are nilpotent Lie subalgebras of g and that b™ is a
solvable Lie subalgebra of g.

The Lie subalgebra b™ is called a Borel subalgebra of ). Of course, this subalgebra depends on the choice of b
and of A. Using the root space decomposition of Chapter 8 and the decomposition

=0 (—(I>+)
we see that
g=n_@hon'.

This decomposition is called a triangular decomposition of g.

EXERCISE 10.2. Show that the linear map
Um™)@U(bh) @ Uw") - Ulg)

which sends a tensor © ® x ® v to uxv is an isomorphism of vector spaces.

The isomorphism of Exercise 10.2 is not an isomorphism of algebras!

A
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10.2. Weights and maximal Vectors

Let V be a finite-dimensional representation of g. It follows from Proposition 7.3 that b acts diagonally in V.
Therefore, we can write
V=2V
A

where
W={veV:h-v=Ah)vforall h € h}.

When V is not necessarily finite-dimensional, the spaces V), are still well-defined. If V) # {0}, we say that V), is
a weight space and that X is a weight of V' (more precisely, a weight of h in V).

EXAMPLE 10.1. 1) If V = g is the adjoint representation, then the weights of ) in g are the roots of ®
and 0 (the weight space associated with 0 is b; its dimension is ¢).

2) If g = slz(k) and h = kh, a linear form X on § is fully determined by A(h), and we have already seen the
importance of A\(h) in the theory of representations of slz (k).

When V is infinite-dimensional, it is not guaranteed that V' is a direct sum of its weight spaces. However, just as
in finite dimensions, one can show that if Ay, ..., A, are pairwise distinct weights, then the sum

PIALY
i=1
is direct. We define

V= P .

A Va0
EXERCISE 10.3. Show that V'’ is a submodule of V.

(;) Hint: observe that g, (V) C V4 for any o € ®.

Definition 10.1

Let v € V. We say that v is a maximal vector or a primitive vector if there exists a weight \ of V' such that
v e Vy\{0}and g, -v=0forall « € & (or equivalently, for all « € A).

For example, if g is simple, then every nonzero element of gy is maximal for the adjoint representation, where 6 is
the highest positive root of .

If V is finite-dimensional, a maximal vector always exists. Indeed, by applying Lie’s theorem to the Borel subal-
gebra b we obtain a common eigenvector for all elements of b™, which is annihilated by all elements of €, co+ Jas
since P, ca+ Oa 18 the derived algebra of b™. This vector is therefore a maximal vector in the previous sense.

g | If V is infinite-dimensional, the existence of a maximal vector is not guaranteed.

Fix 24 € go \ {0} for @ € &1 and y, € g_,, s0 that (x4, he, Yo ) forms an sly-triple. Define a partial order on b*
by setting
A=pif A—ped Np;.
j=1
Since V is a representation of g, by the universal property of the enveloping algebra, there exists a Lie algebra homo-
morphism U(g) — End(V) that makes V" a U(g)-module.
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~— Theorem 10.2 \

Suppose V = U(g)v™, where v is a maximal vector of weight \. Then:

(i) V is generated by the vectors yf;l o ygfn v, 1; € N; in particular, V' is a direct sum of its weight
spaces,

(i1) the weights of V' are of the form y = A — Zle kio;, where k; € N; in other words, all weights
wof V satisfy p < .

(iii) For any u € b*, V, is finite-dimensional and dim V), = 1,

(iv) V has a unique maximal proper submodule.

EXERCISE 10.4. Prove this theorem using the PBW theorem (Corollaries 5.5 and 5.7).

,—(Deﬁnition 10.3 — standard cyclic representation/highest weight representation] \

If V = U(g)vt, with v™ a maximal vector of weight A, then the weight X is called the highest weight of
V', and we say that V' is a cyclic representation of highest weight A, or simply that V' is a highest weight
representation.

~ Corollary 10.4 N

If V is a cyclic highest weight representation, its highest weight is unique. Moreover, if V = U(g)v™,
where v is a maximal vector of weight ), is irreducible, then v is the unique maximal vector of V, up to
nonzero multiples.

Saying that w is a maximal vector does not mean that V' = U(g)w (it is the case if V is irreducible of
course).

A

EXERCISE 10.5. Prove this corollary using (ii) and (iii) of Theorem 10.2.

We now wish to show that for any A € b*, there exists a unique irreducible cyclic standard representation of
highest weight A (up to isomorphism). The following theorem addresses the uniqueness problem:

~ Theorem 10.5 \

Let A € h*. Let V and W be two irreducible cyclic representations of highest weight A, i.e., V = U(g)v™
and W = U(g)w™, where v+ and w™ are maximal vectors in V and W, respectively, of highest weight \.
Then V' and W are isomorphic.

EXERCISE 10.6. Prove the above theorem.

@ Hint: consider the module X = V x W, observe that z+ = (v*,w™) is a maximal vector of
highest weight A for X, consider the projections p: Y — V,p: Y — W, where Y = U(g)z™,
and observe that Y has a unique irreducible quotient by Theorem 10.2, (iv).

We now present two constructions that allow us to solve the problem of the existence of a standard cyclic repre-
sentation of highest weight .
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1) By induction. Let A € h* and k, = k be a one-dimensional vector space with basis 1. We define an action of b™
on k) by setting
(h+ > wa)1=Ah), heb.
a>0
It is easy to verify that this makes k, a representation of b™, and thus k) is a U(b™)-module.
On the other hand, b acts in U(g) by right multiplication. We can then define ':

M(A) =U(g) ®u(o+) kx-

EXERCISE 10.7. Letvt =1® 1.
(1) Verify that v generates M (), that v is nonzero, and that v is of weight .
(2) Show that M () is isomorphic, as a U (n~ )-module, to U (n™).vT.

By Exercise 10.7, M () is a cyclic module of highest weight A. T he module M () is called a Verma module. 1t
is sometimes denoted Indg, (k).

Daya-Nand Verma, born on June 25, 1933, in Varanasi and passed away on June
10, 2012, in Mumbai, was an Indian mathematician at the Tata Institute of Funda-
mental Research during the period 1968—1993. The construction of Verma mod-
ules appears in his thesis, which he completed under the supervision of Nathan

Jacobson at Yale University.

2) By generators and relations Let 7()\) be the left ideal of U(g) generated by the elements z,, for « € &%, and
ha — A(hg).1 for a € @, that is,

I =Y U@za+ D U@)(ha — Alha).1).
aedt acd

The generators of 7()\) annihilate the maximal vector v of M()). Thus, I(\) also annihilates v*. We deduce that
there exists a morphism of left U (g)-modules

Ulg)/I(A) — M(X)
which sends 1 + I(\) to v,

EXERCISE 10.8. Using the PBW Theorem 5.3, show that the morphism U(g)/I(g) — M () is an isomor-
phism.

Theorem 10.6

Let A € h*. There exists an irreducible cyclic representation of highest weight \.

PROOF. Let M () be as above. Then M () is a cyclic module by Exercise 10.7. Therefore, it has a unique proper
submodule N ()\) by Theorem 10.2, (iv) . The quotient

V(A) = M(X)/N(X)
is then irreducible and is a cyclic module of highest weight . (]

By combining Theorems 10.5 and 10.6, we obtain that there exists a unique irreducible cyclic representation (up
to isomorphism) of highest weight A. We denote it by V().
Two natural questions arise, which we will address in the following sections:

1) For which A € h* is the representation V'(\) finite-dimensional?

2) For such a A, what are the weights p of V'(\), and what are their multiplicities, i.e., dim V' (X),?

1. By the definition of the tensor product U (g) ®U(b+) k., we have foralluw € U(g),t € ky,andb € B,ub®@t =u® b.t
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Finite-dimensional representations and multiplicity

Suppose that V' is an irreducible finite-dimensional representation of g. Since V is finite-dimensional, it has
a maximal vector v*. Since V is irreducible, we have V' = U(g).v" and thus V' = V()), where A € b*, by
Theorem 10.2.

Fori € {1,...,¢}, let S; be the subspace spanned by x; = x,,, h; = ha,, and y; = x_,, so that S; = sly(k)
as a Lie algebra. Let ¢ € {1,...,¢}. The g-module V() is an S;-module, and every maximal vector of V() for g is
also maximal for S;. It follows from the theory of sl3(k)-modules that A(h;) € N. More generally, if 1 is a weight of
V(A), then u(h;) € Z.

11.1. Integral weights and dominant weights

Let A be the set of A € h* such that
A(hi) = (A hi) €Z
for any ¢ € {1,...,¢}. This is a lattice of F with a basis t1,...,wy, where (wy,...,w,) is the dual basis of
(h1,...,he), i€,
wi(hj):6i7j, i,je{l,...,ﬁ}.
Recall that E is the R-vector space spanned by the roots of ®. It is the ambient Euclidean space of the root system ®
(see the discussion preceding Theorem 8.7). The lattice A is called the weight lattice. 1t contains the root lattice

14
Ap =Y Za;.
=1

The elements w1, . . ., w, are called the fundamental weights associated to o, . . ., oy, respectively. An element
A € A is called an integral weight. We will simply refer to weights for the elements of h*. If A(h;) > 0 for all
i € {1,...,£}, we say that X is a dominant weight. Thus, when A(h;) € Nforany i € {1,...,¢}, we say that A is
a dominant integral weight. We denote by AT the set of dominant integral weights. Thus A™ is the set of integral
weights belonging to the closure of the dominant Weyl chamber €' (A).

EXERCISE 11.1. Represent the fundamental weight for the basis « of a root system of type A;. Represent
the fundamental weights for a root systems of type Az, Ba, G5 associated with the basis {«a, 5} of Figure 1.

EXERCISE 11.2. Recall that p denotes the half-sum of the positive roots. Show that:

=1
@ Hint: notice that it is enough to show that (p, ;) = 1 for any ¢ € {1,...,¢}, and calculate
(Sa; (p)|s) to do so, using the question 2 of Exercise 9.7 and that the inner product ( | ) is W-

invariant.
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REMARK 11.1. By definition, the transpose of the Cartan matrix ({vi, @;)),, ;< is the transition matrix of the
basis {1, ..., az} written in the basis {1, ..., w,}. Thus, one can compute the fundamental weights in the A-basis
by inverting the transpose of the Cartan matrix. The lattice A, has finite index in A, and the cardinality of the quotient
A/A, (called the fundamental group of ®) is given by the determinant of the Cartan matrix if ® is irreducible. The
fundamental group of each simple root system is described in Figure 3.

Type Ay By Cy Dy, (Weven) | D, (Aodd) | FEg E; | Es | Fy| Go
NN\ Z)(C+1)Z | Z)2Z | Z)27 | /27 x 727 7.]4AZ Z/3Z | Z/2Z | 0 | 0| O

FIGURE 3. Fundamental group of the irreducible root systems

EXERCISE 11.3.
(1) Show the following relations in U(g) for k > O and 4,j € {1,...,¢}:
@) [aj,y; 7] = 0if i # j,
() [hj,y; ] = =(k + Dai(hy)y; ™,
© [z, yF™] = —(k + DyF (k1 - hy),

(2) Let A € b* and o € A. Suppose that n := (A, ) € N. Show that if v is a highest weight vector of

V(A) (of weight A), then

y ot =0.

From the discussion at the beginning of this section, we obtain the “only if”” part of the following theorem:

~— Theorem 11.1 N

The simple module V() is finite-dimensional if and only if A € A™. This is the case if and only if
dimV(A\), =dimV(X\)y, forall pebh* weW,
where W = W(®) is the Weyl group of the root system ®.

\ J

REMARK 11.2. We know this theorem for g = sla(k) by Exercise 3.8.

PROOF. For the first part of the theorem, we need to show that if A € AT, then V()) is finite-dimensional
(the other direction has been already seen). The idea is as follows: for any p € h*, V(X),, is finite-dimensional by
Theorem 10.2, (iii). We will therefore show that V' (\) has a finite number of weights. This will be enough to conclude,
since V'(\) is a direct sum of its weight spaces by Theorem 10.2, (i).

To do so, we again consider the structure of V() as an S;-module for each 7 € {1,...,¢}. Here are the steps of
the proof.

1) Leti € {1,...,¢}. Since n = (\, ;) € N by assumption, the sub-S;-module generated by v is finite-
dimensional (this follows from Exercise 11.3), where v is the highest weight vector of V().
2) Foreachi € {1,...,¢}, we show that V() is the sum of all its sub-S;-modules of finite dimension.

Let us denote this sum by M;. By Step 1), M; is non-zero. Let N be a finite-dimensional sub-S;-module
of V(A). Then N C M; and L ® N is an S;-module of finite dimension (here S; operates in g by the adjoint
action). The map L ® N — V() which to x ® v associates x.v is a morphism of S;-modules. Its image is
therefore contained in M;. Thus M; is a non-zero sub-g-module of V() since M; is the sum of such N. As
V(A) is irreducible, we deduce that V/(\) = M;.

3) By Step 2), every vector v € V() belongs to a sub-S;-module of finite dimension. Therefore, z; and y;
are locally nilpotent operators in V' (\), that is, for any v € V/(\) there exists a subspace finite-dimensional
vector V'’ of V() in which x; and y; operate nilpotently. Denote by

o:U(g) = EndV(X)
the morphism induced by the representation V(). The operators
exp o (x;) o exp o(—y;) o exp o (z;)
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are therefore well-defined locally, since they operate in all sub-S;-modules of finite dimension. We thus
define an automorphism r; of V().

4) If 11 is a weight of V/(X), then r;(V/ (X)) = V(A)s,,, for any . Indeed, the weight subspace V'()),, belongs
to a sub-S;-module NV of finite dimension by 2) and because V' (\),, is of finite dimension. The assertion then
results from the theory sl-modules (see Exercise 8.8). Notice as a by-product that p(h;) € Z according to
the theory slp-modules.

5) Since W is generated by the simple reflections s;, Step 4) implies that all weight spaces V/(A)ypu, w € W,
have the same dimension. Since A is a dominant integer weight by hypothesis, all weights of V() are
therefore VW-conjugates of integer dominant weights 1 < A. But there are only a finite number of such
weights. It follows that V() has a finite number of weights, and therefore is of finite dimension.

Step 5) and the discussion at the beginning of the proof proves the second assertion. O

Suppose that V() has finite dimension, and let & € ®. By considering V'()) as an S,-module, we see that if u
and p + ka, with k € Z, are weights of V (), then all the intermediate weights p + i« are also weights of V' (\): we
thus obtain the a-weight chain passing through p. This generalizes the notion of the a-root chain passing through a
given root.

This observation, combined with the previous theorem, implies the following result:

Proposition 11.2

If A € AT, then a necessary and sufficient condition for ;1 € A to be a weight of V() is that 4 and all of
its YW-conjugates are < .

EXERCISE 11.4. Represent the weights of V() for g of type As and A = 4wy + 3wa, and for g of type By
and \ = w1 + wa.

Let us make a small digression on the Weyl group in view of Exercise 11.5 below.

Letw € W. Set {(w) = nif w = s1...s, where the s; are simple reflections, i.e., s; = s, fora € A, and n
is minimal for this property. Such an expression of w is called a reduced expression. The integer ¢(w) is called the
length of w. Here are some properties of the length of elements in W:

(1) The number of o € ®* such that wa < 0 is £(w). In particular, if @ € A, i.e., £(s,) = 1, then we have
S > 0 forany 3 # o € ®T. Moreover, w is fully determined by the set of & € ®* such that wa < 0.

(2) Ifw € W, then £(w) = £(w™1!). Thus, £(w) = [®T Nw(P7)|.

(3) There exists a unique element wy € W of maximal length |®7|; it sends &+ to —®+. Moreover, {(wow) =
£(wg) — (w) for any w € W.

4) If @« > 0 and w € W satisty {(ws,) > ¢(w), then wa > 0, while £(ws,) < ¢(w) implies ws, < 0. It
follows that £(sqw) > £(w) <= wla > 0.

EXERCISE 11.5. Let A € A,. Show that the dual representation V' (\)*, given by the action

(@.f)(v) = =f(z.v)

forz € g, f € V(N\)*andv € V()), is isomorphic to V (—wgA), where wy € W is the element of maximal length.

@ Hint: observe that V' (\)* is simple, that its weights relative to h are the opposites of those of V (),
and that wg A is the smallest weight for the order < in V().

11.2. The Casimir element revisited

Recall that the Casimir element was defined in Section 7.1. For the adjoint representation, its trace is by definition
the Killing form. Choose a basis of g adapted to the triangular decomposition,

g=n"@hon'.
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Let {k1,...,k;} be the dual basis of the basis {hi,...,hs} with respect to the restriction of k4 to j. Next, let
Ta € g \ {0}, and let z,, be the unique element of g_,, such that k4(xq, 24) = 1.

Notice that z, # Y, Where y, € g is the unique element of g_,, such that [z, Yo] = ho. We have
A (see Proposition 8.5)

(ala)
2

ha.

[xaa Za] = ta ==

By definition, the Casimir element associated with the adjoint representation is

¢
Cad = Zadhiadki + Z adz, ad z,.

i=1 acd
This construction suggests to consider the following element of the enveloping algebra U (g):

¢
Cqg = Z hik; + Z ZTaza € U(g).
i=1

acd

Extend the adjoint representation ad to a unique morphism, still denoted ad,

ad: U(g) — gl(g).

Then ad cq is exactly c,q. For this reason, the element cg is called the universal Casimir element. The arguments seen
in Exercise 7.1 show that if (V, o) is a representation of g, then o(cy) commutes with o(g), and thus acts by scalar
on V if V is irreducible (Schur’s Lemma3.2).

EXERCISE 11.6. Compute the Casimir element ¢y for L = sly(k) relative to the standard basis {e, h, f}.
Verify that ¢y belongs to the center of U(g), i.c.,

ucyg = cgu, forany wu € U(g).

Assume now that g is simple. Let 3, be the bilinear form associated with o. (see Section 7.1). Recall that this
form is non-degenerate and invariant. It is therefore proportional to the Killing form (see Exercise 7.2):

By = akg, where ack”.
In particular, the dual basis relative to x4 is obtained by multiplying the one relative to 3, by a. Then we have
o(cqg) = ac,.

In particular, o(cg) # 0.

If g is semisimple, then o (cy) is not necessarily proportional to ¢, but if I, ..., I; are the simple ideals of g, then
o(cz,) is proportional to the restriction to I; of ¢,, for j = 1,...,t. In particular, we recover that o(cq) commutes
with o(g). Furthermore, o(cg) acts by a non-zero scalar in V' if V' is irreducible.

11.3. Freudenthal’s Formula
Let A € AT sothat V = V() is finite-dimensional. For p € h*, we define the multiplicity of 11 in V as the integer
mx(p) = dimV,.

We have m(p) = 0 if p is not a weight of V' (X). We will simply denote m(g) for m (1) when A is fixed.

Let o: g — gl(V) be the underlying representation of V, and let i be a weight of V. We aim to compute m ().
The element a(cg), where cg is the universal Casimir element, acts by scalar on V' because V' is irreducible; let c be
this scalar. The idea of the Freudenthal formula below (Theorem 11.5) is to observe that we have:

Try, 0(cy) = em(p).

We therefore aim to express Try, o(cg) and ¢ in terms of the root system & and the weight .
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EXERCISE 11.7. Show that the Casimir element ¢4 acts on V' () by the scalar
c=(AA+2p) = (A+ plA+ p) = (plp),
where p is the half-sum of the positive roots:

b=y >

aedt

~ Lemma 11.3 )

Leti € {1,...,¢} and h;, k; as in the previous section. We have
¢

Try, Y o(ha)o(ks) = m(u)(ulp).
i=1

EXERCISE 11.8. Prove this lemma.

— Lemma 11.4 \

Let o € ®, and x,, 24, L, as in the previous section. We have

Try, 0(2a)0(2a) = Z m(p + i) (1 + iala).

i=0
EXERCISE 11.9. Prove this lemma.
@ Hint: the idea is, as usual, to view V' as an S,-module; the calculations are quite technical.
L _J
r—[Theorem 11.5 — Freudenthal’s Formulaj N

Let V() be a simple finite-dimensional module with highest weight A € A™. If ;1 € A, then the multiplic-
ity m(p) of v in V() is given recursively as follows:

(A pIA+p) = (m+plp+p)mal) =2 D> Y ma(u+ia)(p+icfa).

aedt i=1

EXERCISE 11.10. Prove the theorem.

Later we will see Weyl’s formula (Theorem 13.8) which also gives the multiplicities of V (\). Weyl’s formula is
remarkable from a theoretical point of view. Moreover, it has some analogues for infinite-dimensional Lie algebras.

Hans Freudenthal, born on September 17, 1905, and passed away on October 13,
1990, was a German-Jewish mathematician, naturalized Dutch, specializing in

algebraic topology but whose contributions extended far beyond this field.
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The Freudenthal formula above is very useful in practice because it provides an effective method for calculating
the multiplicities. It is used to implement certain computer programs. The computation softwares LIE, or GAP 4 allows
such calculations: https://www.science.unitn.it/~degraaf/sla.html

For example, with g of type Az, and A = w; + 3ws, we obtain the following weights:

0 ma (k) 7 m ()

w1 + 3ws 1 2w — 2w 2
—w + 4wog 1 3w — 4o 1
2@1 + w9 1 — T2 2
2w09 2 —3w; + 2we 1
3@1 — W2 1 w1 — 3@2 1
w1 2 72@1 2
—2wq + 3w2 1 —wq — 2w 1
4o — 3o 1 —4to1 + o 1
—w1 + wa 2 73@1 — W2 1

TABLE 1. Weights for V/(\), with A = w; + 3wo, and g = sl3(k) of type A
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Part 3

Harish-Chandra projection, nilpotent cone and
applications



In this part, we state several remarkable about the algebra of invariant polynomial functions (under the action of
the adjoint group) on a semisimple Lie algebra (cf. Chapter 12). These results allow, on the one hand, to prove the Weyl
formula for the characters of finite-dimensional representations (cf. Chapter 13) and, on the other hand, to study some
properties of the nilpotent cone of a semisimple Lie algebra, i.e., the set of its nilpotent elements. We will then establish
a link between the highest weight representations of a semisimple Lie algebra and the nilpotent cone (cf. Chapter 14).

Throughout this part, we assume that g is a semisimple Lie algebra over k, where k is an algebraically closed field
of characteristic zero, with adjoint group G = G4 (see Definition 8.10). We keep all the notation from the previous
chapters. In particular, a Cartan subalgebra h of g is fixed, ® denotes the root system of (g, h), A = {ay,..., ¢} isa
basis of @, and ®+ = {31, .., B} is the associated set of positive roots.

Harish Chandra, born Harish Chandra Mehrotra on October 11, 1923 in Kanpur
(Uttar Pradesh), India, and died on October 16, 1983 in Princeton, USA, was
an Indian mathematician who made fundamental contributions to the theory of

representations, especially in harmonic analysis of semisimple Lie groups.




Invariant polynomials

Let V be a finite-dimensional vector space of dimension n € N*. Let k[V] denote the algebra of polynomial

functions on V. Recall that there is a canonical isomorphism S(V*) = k[V]. If we fix a basis (e, ...,e,) of V, then
k[V] = Kklet, ..., ek], where (e}, ..., e}) is the dual basis of (e, ..., e,). In particular, we have

k[h] = k[wy, ..., @],
since (w1, ..., wy) is the dual basis of the basis (hy, ..., k) of the Cartan subalgebra b.

12.1. Chevalley projection

Recall that the Weyl group W = W(®) acts on h and h*, and thus on k[h] = S(h*). We denote by k[h]", or
S(h*)", the algebra of invariant polynomial functions under the action of the Weyl group.

EXERCISE 12.1. Describe k[h]"V for g = sl5(k).

Recall that that the adjoint group G = G4 equals Aut.(g), the group of elementary automorphisms. The group
G acts on k[g] as follows: for o € G, f € k|[g], and = € g, we define

(0.f)(z) = fo™ a).

We denote by k[g]“, or S(g*), the set of fixed points of k[g] for this action. It is a subalgebra of k|[g] called the
algebra of G-invariant polynomials.

REMARK 12.1. Because G = (G4 is connected (remember that G,q = (Aut g)°), we have
S(g*)¢ = S(g")® = {x € S(g%): (ad*z)s = s forall s € S(g*)}.

Here the action of ad*z on S(g*) is defined on homogeneous elements by:
d
(ad™z)&r ... o = 251 i1 ((ad™2)&) Gigr - a
i=1

The goal of the following exercise is to produce a large number of G-invariant polynomials using representation
theory.

EXERCISE 12.2. Let ¢: g — gl(V) be an irreducible representation of finite dimension. Let A € AT be its
highest weight. Let z € n* and set
o = exp(ad z).

(1) Denote by ¢° the representation of g defined by ¢?(x) = ¢(ox) for any x € g. Verify that ¢ thus
defined is indeed a representation of g and that ¢ is irreducible.

(2) What is the highest weight of ¢“? Deduce that ¢ and ¢“ are equivalent.
(3) Let k € N*. Show that the map z +— Tr(¢(z)") is a polynomial function invariant under o.

(4) Conclude that z +— Tr(¢(z)") is a G-invariant polynomial function, i.e., an element of k[g] <.
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We will now compare k[g]“ and k[h]"V. If f € k][g], then its restriction to b is an element of k[h] (this needs to be
verified). Suppose further that f € k[g]¥. Then f is in particular invariant under the action of all automorphisms 7,
a € ® (defined after Proposition 9.10). But the restriction of 7, to ) acts as the reflection s,,. Since these generate WV,
we deduce that f|, belongs to ]k[[)]w. Thus, we obtain an algebra homomorphism, called the Chevalley restriction,

6: klg]¢ — k[p]"V.

Theorem 12.1 - Chevalley |

The map 6 is an algebra isomorphism.

For the moment, we will only need of the surjectivity of §. However, the injectivity can also be established using
quite elementary arguments from algebraic geometry, as we will see later.

EXERCISE 12.3 (Proof of the surjectivity). The goal of this exercise is to establish the surjectivity of the
map 6.
(1) Show that the elements A\*, where k& € N and \ € A, generate the algebra k[f].
(2) Fork € Nand A € AT, define
Sym \F = Z w(\F).
weW
Show that the elements Sym A\*, where k € N and \ € A, generate k[h]"V.

(3) Let A € A be minimal with respect to the partial order < (possibly 0). Show that Sym A\* belongs to
the image of 6.

@ Hint: consider the map f: x +— Tr(é(x)*) where ¢: g — gl(V) is an irreducible
representation (of finite dimension) with highest weight A.

(4) By induction on the partial order < on A™, show that § is surjective.

@ Hint: again, consider the map f: z — Tr(¢(x)*) where ¢: g — gl(V) is an irreducible

\/ representation (of finite dimension) with highest weight A € A™.

The proof of the surjectivity given in the previous exercise shows that the algebra A generated by the trace func-
tions, i.e., the functions like those obtained in Exercise 12.2, maps surjectively to ]k[g}w. This is used to establish the
injectivity of the restriction of 6 to A, as shown in the next exercise. This is a weaker result than the injectivity of 6,
but it can be obtained in an elementary way.

EXERCISE 12.4.

(1) Show that a trace function z +— Tr(¢(z)*), where ¢ is an irreducible representation of finite dimension
of g, is completely determined by its value on the set of semisimple elements.

(2) Using the fact that the Cartan subalgebras are G-conjugate (that we admit here), show that the restriction
of 6 to A is injective.

EXERCISE 12.5. Describe the algebra k[h]"Y for L = s, (k). Deduce that k[g] is an algebra of polynomials
with n — 1 generators.

The observation from Exercise 12.5 is general: if g is a simple Lie algebra of rank /, then k[g]¢ = k[p]"” is an
algebra of polynomials with ¢ generators. This is a famous result of Chevalley—Kostant (which we admit here). Let
dy,...,d, be the degrees of homogeneous generators of lk[g]G, sothat d; < --- < dy. We have

dy X -+ X dg = |W|.
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Fori € {1,...,¢},letm; = d; — 1. The elements m, ..., my only depend on the simple Lie algebra g and are called
the exponents of g. We have

£
> mi =T,
=1

EXAMPLE 12.1. Suppose that g = sl,, (k). The Weyl group identifies with the symmetric group &,, of order n,
and we have (see Exercise 12.5):

k(6] = (K[X1, ..., Xo]/ (X1 + -+ X)) 2 K[, ..., 2],
where for k € {1,...,n}, X is the elementary symmetric polynomial of degree k. If k = C, we also have
k[h]w = k[T2> o 7Tn]a

where for k € {1,...,n}, Ty is the Newton polynomial of degree k:

Ty = En:Xf.
i=1

The sequence of degrees of the generators is 2, 3, ..., n. Thus the exponents are 1,2,...,n — 1.

EXAMPLE 12.2. Suppose that g is the exceptional Lie algebra of type G2. Then the sequence of degrees of
homogeneous generators of k[g]“ is 2,6. Thus the exponents are 1,5. We can choose generators as follows. It
is known that there is a faithful irreducible representation (o,k”) of G (7 is the minimal dimension of irreducible
representations of G2). Then the trace functions z +— Tr(o(z)?) and  — Tr(co(x)%) generate k[g]“.

PROOF OF THE INJECTIVITY OF 6. For x € g, let
n
px(X) = Z ci(z)X*
i=0

be the characteristic polynomial of ad z. Each function ¢; is a polynomial function on g. Let m be the smallest integer
such that ¢, is not identically zero on g. Since 0 is always an eigenvalue of ad x for x € g, we have m > 1, and
since there are non-nilpotent elements, we even have m > 1 (in fact, ad z is nilpotent if and only if ¢;(z) = 0 for
i=1,...,n). Let

X ={x €g:cp(x)#0}.
We have © € Z if and only if the eigenvalue 0 of ad x has the smallest possible multiplicity. This shows that x € &Z if
and only if z5 € Z. In particular, there exist semisimple elements in Z.

Clearly, the set Z is Zariski-open in g. Moreover, it is non-empty. So the set Z is Zariski-dense in g.

Let z € g be a semisimple element. Then it belongs to a maximal toral subalgebra of g, that is, a Cartan subalgebra
of g. Since Cartan subalgebras are all G-conjugate, = is G-conjugate to an element of h. Butif ~ € b, we know that its
centralizer cg (h) in g has dimension > ¢. We also know (admitted) that b contains regular elements, that is, elements
whose centralizer has dimension exactly ¢. Since there are semisimple elements in Z, these are exactly the regular
semisimple elements (so m = £). But there is no nilpotent element other than 0 that centralizes a regular semisimple
element. Given a previous remark, we deduce that if z € %, then z = x5. Thus we have shown that the set Z coincides
with the set of regular semisimple elements of g.

We are now in a position to show that the morphism @ is injective. Let f € k[g]“ such that §(f) = f|, = 0. The
Cartan subalgebra ) and its G-conjugates contain all the regular semisimple elements of g. Therefore, f vanishes on
the set &, which is Zariski-dense in g, so f is identically zero on g. O

12.2. Harish-Chandra Projection

Let Z(g) be the center of the enveloping algebra U(g), i.e., the set of z € U(g) such that zu = uz for any
u € U(g).

REMARK 12.2. The adjoint representation of the Lie algebra g induces a representation in the tensor algebra 7'(g),
and this action passes to the quotient U(g) = T'(g)/.J. We denote by ad: g — gl(U(g)) this representation. For z € g
andy =1 ...yn € U(g), we have:

n
(adz)u=>>"y1 . yi1[2,yilYit1 - - Yn-
=1

It is easily checked that for z € U(g), we have
z€ Z(g) < (adz)z=0forany x € g.
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An automorphism o: g — g extends uniquely to an automorphism of U(g). In particular, the group G acts on
Ul(g)-

Proposition 12.2

The center Z(g) is the set of G-invariant elements of U(g).

EXERCISE 12.6. Prove the proposition.

EXERCISE 12.7. Verify that the universal Casimir element ¢y belongs to the center of U(g).

O Hint: revisit the arguments from Exercise 7.1 without referring to the representation o.

12.3. Central Characters

Let M = U(g)v™ be a cyclic module of highest weight A, generated by a maximal vector v™. If z € Z(g) and
h € b, we have:

h.(zvt) = z.(ho™) = A(h)(z.0™).
Since dim M, = 1, we deduce that z.vT = xx(2)vT, where x»(z) € k. Moreover, for any u € U(g), we have

z.(uvT) = xa(2)(u.vT) because zu = uz. In other words, z acts by the scalar x(z) in M.
For a fixed A € h*, the map

xa: Z(g) =k, z—xa(z)

is an algebra homomorphism.

Definition 12.3 — Central character}

Let A € h*. The algebra homomorphism Y is called the central character associated with \. More
generally, any algebra homomorphism Z(g) — k is called a central character.

We can describe y, more concretely using the PBW Theorem 5.3. Consider the triangular decomposition g =
n~ ®hdnt. SincenT -vt =0, H-vT C kvT, and an element of n~ sends v+ to a linear combination of weight
vectors < \, we see that z.vt, forz € Z (g), depends only on the monomials in . In other words,

(19) xa(z) = Alpr(2)),
where pr: U(g) — U(h) is the projection of U(g) onto U (h) relative to the decomposition
U(g) =U(b) & (n"U(g) + Ulg)n™).

Here, we have extended the linear form A to an algebra homomorphism A: U(h) — k. Note that U () = S(h) since h
is commutative.

EXERCISE 12.8. Using relation (19), show that the restriction to Z(g) of pr is an algebra homomorphism.

The map pr is not an algebra homomorphism in general!

A
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Definition 12.4 — Harish-Chandra projection}

The restriction to Z(g) of pr is called the Harish-Chandra morphism. It is denoted
§:Z(g) = S(h), 2+ pr(2).

Two very natural questions arise:
(1) is the algebra homomorphism £ injective?
(2) what is its image?

We answer these two questions in the next section.

12.4. Twisted Action of the Weyl Group

In order to answer the two previous questions, it is important to understand under what conditions two weights \
and p satisfy x = Xp.

First, consider the case where A € A. Suppose there exists & € A such that n = (A, &) = A(hy) € N. Then, the
Verma module M () has a maximal vector of highest weight A — (n + 1)a < A (see the proof of Exercise 11.3). In
this case, we have x, = x,, where p = A — (n + 1)

This can be rewritten as:

sa(A+p)=A-Naja+p—a
=A—(n+Da+p
=p+p.
Indeed, s,(p) = p — a because « is a simple root (see Exercise 9.7).
This motivates the following definition.

~— Definition 12.5 \

We define a twisted action of the Weyl group W on h*, denoted o, as follows: for all w € W and X € h*,

woA=wA+p)—p.
Let A\, i € h*. We say that A and p are W-linked, and we write A ~ p, if A = w o p for some w € W.

J

The relation ~ is clearly an equivalence relation. According to the definition, A ~ p if and only if A+ pand p+ p
are in the same W-orbit (under the usual action of W).

EXERCISE 12.9. Describe the orbit of —p. What condition on A € h* ensures that |[W o A| = |W|?

EXERCISE 12.10. Let A € A, and i € h*. Show that if X and 1 are W-linked, then x» = x,..

O Hint: notice that it suffices to show that if A = s, o i, for @ € A, then x) = x,.; fix a € A,
observe that the case where n = (\, &) € N has already been treated, verify that the case n = —1
is easy, and then reduce to known cases by considering 1 = s, © A.

Proposition 12.6

Let A, u € b*. If A ~ p, then x» = x,.

PROOF. We know that x = xwox for all w € W and A € A by Exercise 12.10. Now, xx(z) = A(&(z)) for any
z € Z(g). This implies that the polynomial functions £(z) and w~'o£(2) coincide on A. Since this set is Zariski-dense
in h*, we conclude that they coincide on h*. O
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Consider the map
To: k[b*] — k[b*], pr (A= p(A—p)),

and let ¢: Z(g) — S(h) be the composition 7, o . The map ¢ is called the twisted Harish-Chandra projection. For
any z € Z(g) and A € h*, we have:

xa(2) = (A+p)(¥(2)).

Proposition 12.7

The image of the twisted Harish-Chandra projection is contained in the algebra S(h)"” of W-invariant
polynomial functions (for the usual action of W).

EXERCISE 12.11.
(1) Prove this theorem.

(2) Suppose g = slz(k). Calculate the image of xx(c) for A € h* = k, where c is the Casimir element. In
this special case, show that x = x,, for A\, u € k, if and only if A and p are WW-linked, and explicitly
describe this condition.

For the following, we will have the stronger result:

Theorem 12.8 — Harish—Chandra]

(i) The morphism ¢: Z(g) — S(h)"V is an isomorphism.
(ii) For A, € b*, we have x\ = x,, if and only if A ~ p.

SKETCH OF THE PROOF. We have two steps.

1) The idea is to compare the morphism v with the Chevalley morphism 6: k[g]® — k[h]"V. We can identify
k[g] with k[g*] = S(g), and k[h] with k[h! = S(b), using the Killing form. Chevalley’s Theorem 2.2 ensures
that the morphism 6: k[g]® — k[h]"V is an isomorphism. Now, through the previous identifications, the
latter “looks” very similar to the morphism ...

Although the following diagram does not commute:

S(9)¢ " Z(g) —— S(h)"

k[g]“ k[h]"Y

0

(see Exercise 12.12 below), the comparison between gr, 1) and 6 will suffice to show that 1 is an isomorphism.
We can show that

grip: grZ(g) — grS(h)”Y = S(n)"

is an isomorphism of vector spaces. we have gr Z(g) = S(g)“ and, through the identifications S(g) = k|g]
and S(h) = C[H], we check that gr coincides with the isomorphism 6. Thus we conclude that ¢ is an
isomorphism.

2) Recall that x»(2) = (A+p)((2)) for A € h* and z € Z(g). Suppose x» = X, With A, p € h*. Then A+ p
and 11 + p coincide on v(Z(g)) which is equal to S(h)"V by Step 1). The task is to deduce that A + p and
i + p are W-conjugated. This follows from the below Assertion 12.1:

O

ASSERTION 12.1. If A and p belong to distinct W-orbits, then A and y take distinct values on certain elements
of S(h)W.
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PROOF. Since W is finite, we can choose a polynomial function p in S(h) which is equal to 1 at A and vanishes

at all other W-conjugates of A as well as at WW.u (using Lagrange interpolation). Let us define
. 1
F= 1 S wp.
|W| weWw

Then p is an element of S(h)"Y which vanishes at z but not at \.

EXERCISE 12.12. Tlustrate with g = sl5(k) that the following diagram does not commute:

sym

¥

S(g)¢ Z(g) S(p)"Y
K[g]® g K[}

where sym: S(g)¢ — Z(g) is the symmetrization map,

1
T1...Tqg+— E Z xo.(l)...xg(d).
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Weyl and Kostant character formulas

We start with an illustrating exercise. In the chapter we will generalize this example.

EXERCISE 13.1 (character for the finite-representations of sl (k)). If V' is a finite-representation representa-
tion of sl (k), recall that

V= EB V(m), where V(m):={ve€V:hv=mv}.
meZ

Define the character of V by
ch(V) = > (dimV(m))g™ € Zlg,q"].

mEeEZ
(1) Show that if V, W are two finite-dimensional representations of sl (k), then

ch(V@ W) =ch(V) - ch(W).

(2) Denote as usual by V,,, the irreducible representation of sls(k) of highest weight m (that is, V;,, is of
dimension m + 1). Show that

ch(V,,) = i g
=0

(3) Show that the vectors ch(V;,), for m € N, are linearly independent in the Z-module Z[q, ¢~ !].
(4) Deduce that if V, W are two finite-dimensional representations of sl (k), then V' 2 W if and only if
ch(V) = ch(W).

(5) For m,n € N, with m < n, show that

m

Vm ® Vn = @ Vm+n—2i-
i=0
(Compare with Exercise 3.7.)

13.1. Formal characters

Let Z[A] be the Z-free module of basis {e(\)}rca in bijective correspondence with the elements A € A. Thus,
every element of Z[A] is a finite linear combination with coefficients in Z of elements e(\), A € A, and the writing is
unique. We define a ring structure on Z[A] by setting

e(N) e(p) =e(A+p), 1 =¢(0).
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~— Definition 13.1 \

Let A € A™. The formal character of V ()\), which we denote by ch V' (), is the element of Z[A] defined
by:

V() = Y malu)e(n).
HEA
with the usual convention that m (p) = 0 if u is not a weight of V().

\. J

EXAMPLE 13.1. If g = sly(k), and if A € AT 2 N, show that ch V/(\) = e(\) + e(A — a) + - - - + e(A — ma),
where m = (A, aV).

Thanks to Weyl’s Theorem, every g-module V' of finite dimension is a sum direct of simple submodules, V' =
., Vi, and each V; is isomorphic to a simple module V' ();) for some \; € A™. The element ch V' defined by

chV =>"V(\)
i=1
is called the formal character of V.

EXERCISE 13.2. Let V, W be two g-modules of finite dimension. Show:
ch(Ve@ W) =ch(V) - ch(W).

We would like to extend the notion of formal character to modules possibly of infinite dimension for which the
multiplicities dim V),, p € h* are well defined (for example, cyclic modules). To do this, we will use a slightly different
formalism.

We can see Z[A] as the set of functions defined on A with values in Z, and zero outside a finite set. The product
becomes the convolution product:

(fxa)N) =Y fwe),  f.g€Z[A],
pHr=XA

and e()\) identifies with the function e*: A — Z which is 1 on A and 0 for any p € A, ju # \. We will again denote by
ch V the formal character associated with a g-module of finite dimension, seen as a function on A. In particular,

chV(\) = Z m(u)er,
HEA
so that

(hV(N)(i) =ma(n),  peA.
Let X be the space of functions defined on h* with values in k whose support,

supp(f) :={A € b": f(\) # 0},
is contained in a finite union of sets of the form A — I', where A\ € h* and
=) Na
acdt

We notice that X is stable by convolution. This makes it a commutative associative k-algebra, whose identity is
. We can extend the definition of e*, A € A, to A € h* by denoting e the function from h* to k which is 1 on A
and O for any i € h*, 1 # \. Thus, any element of X is written as a formal linear combination of elements e*.

Let \ € h*. We define the formal character of the cyclic module M (\) by:

ch M(X) = > (dim M(N),)e".
nED*
It is an element of X according to Theorem 10.2.
The Weyl group W acts on X by:

(wf)(A) = flw™'N), weW, feX, \ebr

By Theorem 11.1, the element ch V() is W-invariant for A € A™.
Here are some special elements of X that will be very useful to us.
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Definition 13.2 — Kostant function]

For \ € b*, we denote by p()\) the number of sets of nonnegative integers {k, € N: a € &} for which

—A= Y kya.Itisan element of X that we call the Kostant function.
aedt

¢
We notice that p(A) # 0 if and only if A belongs to the lattice A, = > Z«a;. We have ch M(0) = p by
i=1

Theorem 10.2.

Bertram Kostant, Bertram Kostant (May 24, 1928 — February 2, 2017) was an
American mathematician who worked in representation theory, differential geom-
etry, and mathematical physics. Kostant grew up in New York City. He earned his
Ph.D. from the University of Chicago in 1954, under the direction of Irving Segal,

where he wrote a dissertation on representations of Lie groups.

—{Definition 13.3 - Weyl function | .

Set

q= H(ea/2 - efa/2),

a>0
the product being the convolution product. It is an element of X that we call the Weyl function.

EXERCISE 13.3. Let o € ®*. We define a new element of X by setting:
fa(—ka) =1, fork € N, fa(A) =0, for A € h* \ (—Na).
We have
fa:60+€_a+€_2a+~-~ .

Prove the following assertions:

@ p=[laso far

(b) (¥ —e ) * fo =€,

© q=[layo(c® =€) e,

(d) wq = (—1)*gq, for any w € W,

(e) gxpxe P =el,

(H ch M) (1) = p(p—A) = (p*e*) (), for p € b7,

(g) g*chM()\) = e r.

REMARK 13.1. The sign (—1)“(*) that appears in Assertion (d) can be viewed as a signature for w € W (it is
often referred to as such). Indeed, if g = sl,,(k), the Weyl group of @ is isomorphic to the symmetric group of order n,
and (—1)“") corresponds to the usual sign of w.

13.2. Jordan-Holder series and Verma modules

We will now intend to express ch V/(A), for A € h*, as a linear combination with coefficients in Z of the ch M ()
using the Harish-Chandra Theorem 12.8.

For an infinite-dimensional g-module Weyl’s theorem no longer applies. We cannot therefore a priori write its
formal character (if it is well defined) like a sum of simple module characters. For certain classes of g-modules, we
will achieve get around the problem thanks to the existence of a Jordan—Holder sequence (see Definition 13.4).

Let 901 be the collection of g-modules M having the following properties, for fixed A € h*:
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(1) M is the direct sum of its weight spaces (relative to h),
(2) the center Z(g) operates in M by the scalar x, that is, for all z € Z(g) and m € M,
2= (2)m,
(3) the formal character of M belongs to X, where this is defined by:
ch M = Z (dim M, )et.
nebh*
(In particular, M), is of finite dimension for any i € h*.)

Of course, all cyclic modules of weight A are in 91y, as well as their submodules and their images by a morphism
of g-modules; the direct sum of modules of 91 is also in 9.
According to the Harish-Chandra theorem, we have 90ty = 9, if only if A ~ .

EXERCISE 13.4. Let A € h*.
(1) Let0 — M’ — M — M" — 0 be an exact sequence of elements of 9t,. Show that
ch M =ch M’ +chM”.
(2) Let M € 9ty and N be a g-module of finite dimension. Show that M ® N belongs to 91, and that
ch(M ® N)=ch M xch N.

r—[Deﬁnition 13.4 — Jordan-Holder series} N

Let M be a g-module. We say that M admits a Jordan—Holder series if there exists a strictly decreasing
sequence of g-modules,

M=My2 M 2---2 M, ={0},
not admitting any other strictly decreasing refinement than itself and such that for any ¢ € {1,...,7}, M;
is a proper module of M;_; with simple quotient M;_1 /M;.

Otto Ludwig Holder (1859 — 1937) was a German mathematician born in
Stuttgart. He first studied at the Polytechnikum (which today is the University
of Stuttgart) and then in 1877 went to Berlin where he was a student of Leopold
Kronecker, Karl Weierstrass, and Ernst Kummer. In 1877, he entered the Univer-
sity of Berlin and took his doctorate from the University of Tiibingen in 1882, with
title Beitrdge zur Potentialtheorie (Contributions to potential theory). Following
this, he went to the University of Leipzig but was unable to habilitate there, in-
stead earning a second doctorate and habilitation at the University of Gottingen,
both in 1884.

EXERCISE 13.5. Let M € 91y be non-zero. Show that M has a maximal vector.

S . . 4 .
O Hint: notice using property (3) that for any weight p of M and all « € &, 1 + ko is no longer a
weight of M for k large enough.

Proposition 13.5 — any Verma module admits a Jordan—Holder series]

Any Verma module admits a Jordan—Holder series.

PROOF. Let A € h* and show that the Verma module M () admits a Jordan—Holder series. If M (\) = V(A),
there is nothing to show. Otherwise, then M () admits a nonzero proper submodule N which belongs to 9.

Since dim M (A\), = 1, the weight A does not appear as weight of N. By Exercise 13.5, N admits a maximal
vector v of weight 1+ £ A. In particular, x» = x,, and therefore A ~ 1 according to the Harish-Chandra Theorem 12.8.
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Moreover, N contains a submodule W, image of M (1) (this can be seen easily by noticing that M (u) is a cyclic
generated by a vector of higher weight p).

We now consider the g-modules M (\)/W and W. Both are cyclic, belong to 901y, and have either strictly less
weight linked to A than M (), or have the same weights as M () but with certain multiplicities strictly smaller than in
M (X). By induction, we prove the result by applying the preceding arguments to M (\)/W and W. The process stops
after a finite number of steps. To be convinced of this, set

V= M\uon
weWw
It is a finite-dimensional vector space. Since y ~ A, we have N NV # {0} and W NV # {0}. Furthermore, if
W' C W is a proper submodule of W, then by the same arguments as previously, W/ NV # {0} and dim(W'NV) <
dim(W N V') (because the weight  is no longer a weight of W’). It follows that any chain of proper submodules in
M () ends after a finite number of steps. O

It follows from the above proof that each successive quotient of the sequence is in 901. Therefore it has a maximum
vector by Exercise 13.5. Each of these quotients is so cyclic since it is irreducible. Consequently, each successive
quotient of the sequence is isomorphic to V(i) for a certain & < A, & ~ A. Additionally, V() only appears once in
this sequence of quotients since dim M (X)) = 1.

Proposition 13.5 allows to write

ch M(A) =chV(A)+ > da(p)chV(y), dx(p) €N.

HEX
[P

Thus we can order, 11, ..., i, the sequence of elements p < A such that 1 ~ X so that p; < p; implies @ < j. In
particular, A = ;. Then we obtain that the matrix (duj (ui)) 1<ij<t is upper triangular with coefficients in N and with
1I’s on the diagonal. So this matrix is invertible, and we obtain the following corollary.

,—| Corollary 13.6 N\

Let A € h*. Then ch V() is a linear combination with coefficients in Z of the ch M (p):
V) = Y ex(@ ch M), ex(u) € Z,

B
i~

= Z éx(w)chM(wo )), éx(w) € Z,

weW
WOAA

with C)\(>\) = E)\(].) =1.

13.3. Formulas et applications
We now apply Corollary 13.6 to the case where V() has finite dimension, that is to say A € AT,

EXAMPLE 13.2. Let g = sly(k). Then AT 2 N, |[W| = 2 and we obtain:
chV(A)=ch M(\) —ch M(—\—2),

since s, 0 A = —\ — 2.

A

By Exercise 13.3 (g), we have

In general, calculating the coefficients ¢y () or éx(w) is a tricky problem!

g*chV(\) = Z ex(p)ett?,

=<
TSP

and by Exercise 13.3 (d), for w € W,

(20) w(gxch V(N) = w(q) xw(ch V(N) = (1)@ g ch V(A) = 3 ex(u) (-1 ert,

n=<A
SN
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since w(ch V(X)) = ch V() for any w € W as we have already observed it. On the other hand,

21 w Z eax(p)et ™ | = Z c)\(u)e""il(“*‘”).
n=A =X
[P 7PN

Since W transitively permutes the elements 1 + p (the u + p are W-conjugated to A + p) and that ¢y (A) = 1, the

identities (20) and (21) yields
ex(p) = (=1 it w N (u+p) = A +p.
Consequently,

22) grch V() = Y (—1)fewr+e),
weW

Finally, Exercise 13.3 (e) gives

ch V()\) =qg*px* e P xch V()\) =p* e P x ( Z (l)f(w)ew()\+p)>

wew
=px (Z (1)€(w)ew(>\+p)1)> — Z (*1)4(1”)]9 £ e tp)—p.
weW weW

Combining with Exercise 13.3 (f), we have obtained:

r—[Theorem 13.7 - Kostant]

If A € AT, then

ma(p) = (ch V(N)) (1) = Y (=) ™p(u+ p— wX+ p)).
wew

This theorem has the advantage of giving a direct formula for the multiplicities of V' (\). However, Freudenthal’s
recursive formula is often more simple in practice. In fact, summing over the elements of the Weyl group can become

extremely tedious when the rank of g increases.

,—[Theorem 13.8 — Weyl’s character formula]

(i) We have the formula

g= 3 (1)),

wew

H (1—e= Z (_1)f(w)€w(p)*p.

acdt weW
(ii) For A € A, we have:

(Z (—1)5(“’)6“’(’))) «chV(\) = Z (—1)€(w)ew(>‘+p).

weW weW
or, equivalently,

or, equivalently,

3 (_1)€(u1)ew(>\+p)

_ weWw
chV(A) = S (C)fwen @,
weW

EXERCISE 13.6. Proof Part (i) of the theorem using (22) applied to A = 0, and then Part (ii) using (22) and

Part (1).
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We now wish to obtain a formula for the dimension of V'(\). The idea is that this is obtained by adding the m (u).
In the previous formalism, this amounts to adding all the values of ch V()), seen as an element of X. We introduce
the subring Xy of X generated by the e/, i € A (identified with the ring Z[A]). The morphism v: Xy, — Z which to
f € X associates the sum of all its values, i.e.,

'U(f):Zf(,LL)GZ, f€x07

HEA
is well defined.

A

EXAMPLE 13.3. Consider again g = sly(k). We have

If we apply the morphism v in Weyl’s Theorem 13.8, we run into a problem because the numerator and
denominator give 0.

A+1 A—1

e —e

chVN)=er+er 24 et = T 1

Recall that p = 1 via the isomorphism bh* — k, p +— p(hey). Thus dim V/(A) = A + 1, but if we apply the morphism v

to the numerator and to the denominator of the fraction we get %.

PAHL a1
t—t-1

analysis exercise; we perform Taylor expansion in ¢ = 1, we simplify by ¢ — 1, then we evaluate in £ = 1.

This is essentially the same problem as evaluating ¢ = 1 in the rational fraction . Itis an elementary

Using this idea we will prove the next theorem.

,—[Theorem 13.9 — Weyl’s dimension formula] \
If A € AT, then
L= @)
dimV(\) = e
11 (p,a)
a>0

PROOF. Here are the steps of the proof.
(1) For each o > 0, define an operator 0,: X9 — X, extending by linearity the formula 0,e* = (u, a)e,
we A
We easily verify that d,, is a derivation of X, that is, for all f,g € X,

Oa(f % 9) = 0a(f) ¥ g+ [ * Da(9)-

The operators J,, o > 0 pairwise commute. Set

0=1] 9a-

a0

g=-e"x H(e“ -1) = Z (—1)wewe
a>0 weW
(see Theorem 13.8 and Exercise 13.3). We wish to compute v(9(g * ch V' (X))). We first use the first expres-
sion of g. We notice that v(e® — 1) = 0. Thus, by Leibniz’s rule, we observe that the only term that survives
isv(9q)v(ch V(N)).
In other words,

(2) Recall that

v(0(g* ch V(A))) = v(0q) dim V (\),
and so we have to compute v(9q) and v(9(g * ch V/(N))).

(3) We now calculate v(dq) using the second expression of ¢. By linearity, it suffices to calculate v(d(e™?)).
Since d,e” = (p, a)eP, we have

o(0e") = [T pra).
a0
We similarly calculate v(de™?). Here we obtain

[T we.) = [ (o, w"a).

a0 a>0
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(4) The number of positive roots sent to negative roots by w~! equals £(w~!) = £(w). Since {p, —a) = —(p, )
for a > 0, we can rewrite the previous step, and conclude that:

v(@q) = Y (=) o@e?) = Y T]lpa) = WI ] (0.

weW weW a>0 a>0

(5) The same method applied to the numerator of Weyl’s formula (ii) for ch V'(\) gives:

v (a > (—1)‘<w>ew<k+f’>> =WIT[ A+ p, ).

weW a>0

The theorem deduces by simplifying by [WV|.

¢
EXERCISE 13.7. Letaw € ®T. Write ¥ = Y cga)aiv. Verify that
=1

7

4

i=1
EXAMPLE 13.4 (rank one). For the type Ay, we have w; = % = p and the formula gives dim V/(\) = m + 1 si
A= mooy.
EXAMPLE 13.5 (rank two). Suppose that ® sis of rank two. Write A = mjw; + mews.
For the type Az, the postive roots are o, ao, 1 + «o. The numerator of the Weyl’s dimension formula gives

1 x 1 x 2, while the denominator equals (mj + 1)(ms + 1)(my + ms + 2). The computations are similar for By et
G>. To summarize, we obtain (take here «y for the short simple root of By, and «; for the short simple root of G3):

type | dimension de V'(\), avec A = myw; + mawo

1
Ao §(m1 + 1)(m2 + 1)(m1 + mo + 2)
1

By g(ml + 1)(ma + 1)(m1 + mg + 2)(2my + mg + 3)
1
G 5(7711 + 1)(m2 + 1)(m1 + mo + 2)(m1 + 2mo + 3)(m1 + 3mo + 4)(2m1 + 3mey + 5)
The representations V (w1), . .., V(wy) associated with the fundamental weights are called the fundamental rep-

resentations of g.

EXERCISE 13.8 (fundamental representations of sl (k)). Suppose in the exercise that g is of type As.

(1) Compute the dimensions of the fundamental representations V (1), V(w2), V(ws3) of g. Recognise
these representations.

(2) Compute the dimension of V' (2zo1) and recognise V(2w ).

EXERCISE 13.9 (the Lie algebra G5 as a representation of sls). Let go be the Lie algebra of type G2, and gg
the Lie subalgebra of g generated by the long root vectors.

(1) Show that g = sl3(k).

(2) The Lie algebra g acts on go by the adjoint action so that g is a representation of sl3(k). Show that go,
as an sl3(k)-representation, decomposes as:

g =sa(k)o VeV,

where V is the standard representation of sl3(k) and V* its dual representation.
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EXERCISE 13.10 (the Lie algebra G5 as a subalgebra of s07 and s0g.). Let go be the Lie algebra of exceptional
type G2, and 04 the classical Lie algebra of type D, with root system ®. Recall that the group of automorphisms
of the Dynkin diagram of ® is defined by:

I'={o € Aut(®): o(A) = A}.
(1) Show that " = G3.

For o € T, let ¢ the automorphism of the Lie algebra 04 induced by o, and write T the subgroup of
Aut(d4) generated by T".

(2) Show that the invariant Lie algebra (04)" is isomorphic to go.

(3) Let o € I' of order 2. Show that the invariant Lie algebra (04)<5> is isomorphic to a Lie algebra of type
Bs, where (5) is the subgroup of I generated by &.

(4) Deduce that the exceptional Lie algebra g embeds into classical Lie algebras of type B3 and Dy.

EXERCISE 13.11. Suppose in the exercise that g is of type G>. Compute the dimension of the fundamental
representations V (wy ) and V (w3 ). Recognise this two representations using Exercise 13.10.
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Nilpotent cone

This chapter presents a more geometric aspect of the theory of representations of simple Lie algebras. We state
some results without full proof. In this chapter, g is a semisimple Lie algebra with adjoint group G = Gyq.

14.1. Nilpotent elements and invariant polynomials

Recall that an element x of g is nilpotent if ad x is a nilpotent element of End(g). If g is a subalgebra of gl(V),
where V is a finite-dimensional vector space, an element x of g is nilpotent if and only if « is nilpotent as an endomor-
phism of g.

We denote by A the set of nilpotent elements of g. It is a cone in the sense that if z € N, then tx € N for any
t ek

Definition 14.1 — Nilpotent Cone}

The set A of nilpotent elements of g is called the nilpotent cone of g.

Recall that if ¢ € Aut(g), then
gpoad(x)o¢ ™! =ad(d(x)), weN.

Therefore, if « is nilpotent, then ¢(z) is also nilpotent for any ¢ € Aut(g). In particular, the group G of inner
automorphisms of g acts on /. The set
Gz ={g9(z): g € G},

for z € N, is called the nilpotent orbit of x.
REMARK 14.1. If g = sl,,(k), n € N*, then
G.x={PzP™': PcSL,(k)}.
This follows from equation (18).

Recall that the algebra S(g*) = k[g| of polynomial functions on g is graded by the degree of the elements. This

induces a grading on the algebra k[g]“ of G-invariant polynomial functions on g by setting, for i € N,
klgl{ =klgl; Nk[g]?,  Klg]? = Pkla]{
i€N
We define
klg]{ = €D Klglf’
iEN*

so that k[g]¥ is the augmentation ideal of k[g|®. In other words, k[g]¥ is the ideal formed by G-invariant poly-
nomial functions without a constant term. It follows from the proof of the surjectivity of the Chevalley map 6 (see
Exercise 12.3) that k[g]§ is generated by the trace functions

o Tr(@(0)), keN,

where ¢: g — gl(V) is a non-zero finite-dimensional irreducible representation.
Recall that an endomorphism x of a finite-dimensional vector space V is nilpotent if and only if Tr(z*) = 0 for
all k € N*. Thus, an element z of g is nilpotent if and only if Tr((ad z)*) = 0 for all k € N*.
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On the other hand, as a consequence of Proposition 7.3, if ¢: g — gl(V) is a non-zero finite-dimensional repre-
sentation of g, then = € g is nilpotent if and only if ¢(x) is nilpotent.
We have proven the following result:

,—| Proposition 14.2 \

The nilpotent cone N is the variety of zeros of the augmentation ideal k[g}f, ie.,
N = {z € g: f(z) =0 forany f € k[g|{}.

In particular, N is an affine algebraic variety.

\. J

REMARK 14.2. (1) If g = sl,(k), we recover that x € g is nilpotent if and only if Tr(z*) = 0 for all
k =2,...,n (see Example 12.1). More generally, since the algebra k[g]“ is a polynomial algebra (see the
discussion following Exercise 12.5) generated by £ homogeneous elements p1, . . ., py, the nilpotent cone is
the variety of zeros of the polynomials p1, ..., p.

(2) According to a remarkable result by Kostant, A is an irreducible and reduced, that is, the radical of k[g}f is
equal to k[g]¢.

Sometimes, the nilpotent cone of g is defined as a subset of g* by:
N* ={zeg": f(z) = 0forany f € S(g)F = klg*]{},
where k[g*]¢ is the augmentation ideal of k[g*]“. The Killing isomorphism
Kﬁg:g_)g*ﬂ iC'—>K}g(£C,'),

allows us to identify A/ and N/*.

14.2. Jacobson—-Morosov Theorem and consequences

In the case of classical Lie algebras, the nilpotent orbits are conjugation classes of nilpotent matrices. In the case
where g = sl,,(k), it is well known that such classes are in finite number, and in bijection with the set

t
Pm)={A=0A2 ) A= =2 A, Y A =n}
i=1

of partitions of n. We obtain this bijection by choosing a representative of the nilpotent conjugation class a diagonal
matrix by Jordan blocks:

Jy, 0 - 0 010 --- 0

o011 -0
(.) = ) Ine = Do on e
: 0 000 -~ 1
0 - 0 Jy 000 --- 0

We obtain similar results for the other classical Lie algebras although the correspondence between nilpotent orbits and
partitions is a bit trickier.

More generally, we will see that there is always a finite number of nilpotent orbits. This is essentially a consequence
of the following theorem (which we admit here). See [2, Theorem 3.3.1] for more details; there are more direct proofs
(see for example [6, Theorem 10.2.4]).

f—[Theorem 14.3 — Jacobson—Morozov theorem} N

Let 2 be an nonzero nilpotent element of g . Then x belongs to a sly-triple, that is, a triple {z, h,y} of
elements of g such that

[h, z] = 2z, [,y] = h, [h,y] = —2y.
The adjoint group G acts on the set of sly-triples by g.{z, h,y} = {g.z, g.h, g.y}, and we have a bijection
between the set of nilpotent orbits of g and the set of G-orbits of sly-triples.
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Nathan Jacobson (1910-1999) was an American mathematician born in Warsaw.
Renowned as one of the leading algebraists of his generation, he is also known

for having written more than a dozen reference manuals.

Theorem 14.4 — Kostant}

There is a finite number of nilpotent orbits in g .

PROOF. We give the main steps of the proof (which is not exactly that of Kostant).

1) According to the Jacobson-Morosov Theorem, the nilpotent orbits of g are in bijection with the set of G-orbits
of sly-triples.

2) If {z, h,y} is a sly-triplet of g, then there exists a G-conjugate & of b such that a;(h) € {0,1,2} forany i €
{1,...,£}. Itis easy to establish that there exists & in the dominant Weyl chamber, that is, such that a; (k) > 0

forany ¢ € {1,..., ¢}, then the theory of sla-modules ensures that a;(h) € N forany ¢ € {1,...,¢}. The
difficulty is to obtain the very restrictive property that o;(h) € {0,1,2} forany i € {1,...,¢}.

3) According to Step 2), we can “weight” the Dynkin diagram of ® by assigning to the vertex corresponding to
the simple root ; the value a;(h) € {0,1,2}. We refer to [2, §3.5] for more details. We see then that there
are at most 3¢ nilpotent orbits: at most three choices for each top of the Dynkin diagram. This completes the

proof of the theorem.

O

REMARK 14.3. 1) The weighted Dynkin diagram (see Step 3) of the above proof) is a complete invariant,
that is, two nilpotent orbits O and O’ coincide if and only if their weighted Dynkin diagrams are the same.
2) The bound 3¢ of the number of nilpotent orbits obtained during the proof is far from being optimal. As
an example, here are the weighted Dynkin diagrams corresponding to the nonzero nilpotent orbits of the
exceptional Lie algebra Ga:
0 1 1 0 0 2 2 2
===) =0 ===e) ===e

There are 5 nilpotent orbits (4 nonzero plus the zero orbit), while 3% = 9.

14.3. Associated variety to an irreducible highest weight representation

In this section we associate with any irreducible representation V' (\) of highest weight A € h* a nilpotent orbit
of g. This orbit is a particularly interesting invariant in the case where V() is not of finite dimension, i.e., A & AT,
since then we do not have a simple formula for the multiplicities. The dimension of this orbit is a sort of replacement
in this framework.

Recall that U(g) is a filtered algebra and that gr U(g) = S(g) (PBW Theorem 5.3). Let J C U(g) be a two-sided
ideal U(g). Then

grJ =PI NUi()/(JNTUi—1(g), U-1(g) = {0},
ieN
is an ideal of S(g) = C[g*]. We define its associated variety by:
V(J):={ e g": f(A) =0forany f € grJ}.
Let A € b*. The annihilator of V()\) in U(g) is:

Anng ) V(A) = {z € U(g): z.v =0forany v € V(\)}.

EXERCISE 14.1. Show that Anng gV () is a two-sided ideal U (g).
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,—[Deﬁnition 14.5 — associated variety to an irreducible representation] \

Let A € h*. The associated variety to the irreducible highest weight representation V() is
V(L) ={ eg": f(A\) =0forany f € gr 4,},
where #) = Anng )V (N).

— Proposition 14.6 N

Identify g et g* using the Killing isomorphism Iig. Let A € h*. Then the associated variety V(%) of V()\)
is contained in the nilpotent cone N'* = N.

PROOF. Consider the central character x: Z(g) — k introduced in Section 12.3 of Chapter 12. Its kernel is

a maximal ideal of Z(g) ! The ideal .#y contains Ker X by definition of y,. We deduce that gr ., contains all

symbols  of the elements of Ker .
Since gr Z(g) = S(g)¢, we easily show that these symbols generate S(g)¢. Therefore,

grj)\ D) S(g)fv

hence V(.#)) C N* according to Proposition 14.2 and the isomorphism N* = N/ O

The following theorem is extremely subtle and goes far beyond the scope of the course.

,—[Theorem 14.7 — Joseph and Kashiwara (independently)] \

Let A € h*. Then the associated variety V(.#y) is irreducible. In particular, V(.#y) is the Zariski closure
of some nilpotent orbit in g, i.e., there exists a nilpotent element ey of g such that

V(])\) = (OT)\, where @)\ = G.e)\.

Anthony Joseph, born July 9, 1942 is a French mathematician, who deals with
enveloping algebras. He is a emeritus professor at the Weizman Institute of Sci-
ence in Israel and was a professor at the Pierre and Marie Curie University in

Faris.

Masaki Kashiwara TAIRIERH is 4 Japanese mathematician born January 30,
1947 in Yuki. He is a student under Mikio Sato at the University of Tokyo. He
obtained his doctorate in 1974 with a thesis entitled On the maximality overde-
termined system of linear differential equations. He made major contributions
to algebraic analysis, micro-local analysis, theory of D-modules, Hodge theory,

pre-sheaf theory and representation theory.

The second part of the theorem comes from the fact that the variety V(.#,) is closed, G-invariant and irreducible
according to the first part of the theorem. Since the nilpotent cone has a finite number of orbits (Theorem 14.4), the
assertion follows. The first part uses fine methods of microlocalisation in algebraic geometry.

1. We use here the canonical bijection Homy (A, k) — Specm(A), x — Ker x, where A is a k-algebra and where Specm(A) denotes the
set of maximal ideals of A. The converse map is given by the projection A = k.1 ® M — k = A/M if M € Specm(A).
2. ifx € Ui(g) \ Ui—1(g), ¢ € N, its symbol o (x) is its image in gr U (g) by projection U; — U;(g)/U;—1(g).
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The nilpotent orbit O, is not a complete invariant of V' (\). Indeed, it is possible that two irreducible
A representations V'(\) and V() have the same associated variety, i.e., Oy = O, without them being
isomorphic (see Exercise 14.2).

EXERCISE 14.2. Let A € A™T.

(1) Denote by 6 the highest positive root of ®. Show that there exists £ € N such that yg.v = 0 for any
v € V()), and deduce that yy belongs to the radical of .%y.

(2) Noting that .#, is (ad g)-invariant, and so is its radical v/.#,, deduce from the previous question that
V£ contains g .
(3) Conclude that V(.#)) = {0}.

The converse of Exercise 14.2 is also true, that is, V(.#)) = {0} if and only if A\ € AT, ie., V/()) is finite
dimensional. This gives a geometric characterization of irreducible finite dimensional representations.

To finish, here is an example of an irreducible highest weight representation of infinite dimension for which we
know the associated variety.
EXAMPLE 14.1. The example is due to Levasseur and Smith [10], and based on Joseph ideals.

We assume in this example that g = s07(C). One can choose ® and A as follows:
O ={te;, e, +e;: 1<i<j<3}, A={e —e,e2—e3,63},

where (g1, €2, £3) is the canonical basis of R3.

Let X = V(I) be the affine algebraic subset of A®, where I is the ideal of C[z,u1,u2,y1,y2] generated by
x? + u1y1 + usyo. Then

O(X) = Clz,u1,u2,y1, y2] /1
is the algebra of regular functions on X. Denote by 2(X) the algebra of differential operators on X (see Section 5.4
of Chapter 5). The algebra 2(X) is naturally a Lie algebra, with the bracket coming from that of End O(X). We have
[8t768] 207 [61573] :6t,sa S7t€ {xvulau27y17y2}-
Set

2
I =20/0x + Z(uia/aui +v:0/9y;),

=1
1 2
_ 2 2 2
Aféa/&:+2§?9me”

We define a morphism ¢: U(s07(C)) — Z(X) as follows (we identify below so7(C) with its image in 2(X)):

1 1
Key—ep = §u1A - 8/8«7!1([ + 5)’ X*(EI*EZ) =Y
X52_53 = y18/8y2 — uQ8/8u1, X_(52_53) = y28/8y1 — u18/8u2,
X., = y20/0x — 220/ us, X_o, =2x0/0yz — u20/0x,
1 1
Xsl—Ea - §u2A o a/8y2(1 + 5)’ X_(51_53) = Y2,
X, = 110/0x — 220/0uq, X_¢cp =220/0y1 —u10/0x,
Xey =2A—-0/0x(I + %), X_¢, =2z,
Xeytes = 110/0ug — y20/0uy, X _(cotes) = u20/0y1 — u10/0ys,
1 1
X€1+€3 = §y2A — 8/6’&2([ + 5)7 X7(51+53) = Uz,
1 1
X61+62 = iylA - a/aul(I + 5)7 X—(EH-E?) = u1,

3
He o, = (u10/0u; —y10/0y1) — (I + 5)7
Hey ey = 110/0y1 — y20/0y2 + u20/0us — u10/0uq,
H., = 2(y20/0y2 — u20/0uz).

107



M2 — Master Arithmétique, Analyse, Géométrie 2024-2025

We should of course verify that the subalgebra of Z(X) thus defined is indeed isomorphic to the Lie algebra so7(C).
ASSERTION 14.1. As a 507(C)-module, O(X) = V(-3 wy).

PROOF. First, O(X) is generated, as a so7(C)-module, by the constant function 1 since
O(X) C ¢(U(s07(C)))-
The elements of n™ (corresponding to the positive roots, i.e., those in the left column in the previous equations) kill
1. Moreover, the action of the Cartan subalgebra (given by the last three equations) shows that 1 is a highest weight
vector of height — 3y = —3 ;.
Notice here that the fundamental weights of so7(C) are given by:

1
w1 = €1, we = €1 + €9, w3:§(51 +e9 +€3).

This shows that O(X ) contains an image homomorphic to M (—3w).
It would remain to show that O(X) is simple as an so7(C)-module which we admit here. In fact, Ox is simple
even as a go-module, where g is the Lie simple algebra of exceptional type G2 which embeds so07(C). O

REMARK 14.4. The central character acts by —%wl +p=c1+ %62 + %53.

The kernel .#_s , of the morphism ¢ is an ideal of U (s07(C)) such that

(23) V(j_gw ) = ©min7

1
where Q,,,;,, is the unique nonzero nilpotent orbit of s07(C) of minimal dimension. It is the one associated with the
partition (22,13) of 7 and it is of dimension 8. In other words, the associated variety of the simple so7(C)-module

important role2 in representation theory. We admit here the equality (23) which uses the geometry of
nilpotent orbits and an explicit description of the ideal j—gwy

o The ideal ¥ 3 is called a Joseph ideal. 1t is defined in a more general framework and plays a very
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Part 4

Borel-Weil-Bott Theorem



In this part, we propose to give an overview of an important result, the theorem of Borel-Weil-Bott. It is about
constructing geometrically any irreducible representation of a reductive group G. For simplicity we will consider only
the case of semisimple groups. We will realize such a representations in term of the flag variety (cf. Section 15.2) G/B,
where B is a Borel subgroup. Chapter 15 presents some properties of Borel subgroups and the flag variety. We know
that the irreducible representation of a semisimple Lie algebra are parameterized by integral dominant weights. One
task is then to explain an analogue results for semisimple groups. This is done in Chapter 16. Borel-Weil Theorem and
Borel-Weil-Bott Theorem are stated in Chapter 17. Only Borel-Weil Theorem is proven in the course.

Armand Borel, 1923 — 2003, was a Swiss mathematician, born in La Chaux-
de-Fonds, and was a permanent professor at the Institute for Advanced Study in
Princeton, New Jersey, United States from 1957 to 1993. He worked in algebraic
topology, in the theory of Lie groups, and was one of the creators of the contem-

porary theory of linear algebraic groups.

André Weil, 1906 — 1998, was a French mathematician, known for his founda-
tional work in number theory and algebraic geometry. He was one of the most
influential mathematicians of the twentieth century. His influence is due both to
his original contributions to a remarkably broad spectrum of mathematical theo-
ries, and to the mark he left on mathematical practice and style, through some of
his own works as well as through the Bourbaki group, of which he was one of the

principal founders.

Raoul Bott, 1923 — 2005, was a Hungarian-American mathematician known for
numerous foundational contributions to geometry in its broad sense. He is best
known for his Bott periodicity theorem, the Morse—Bott functions which he used

in this context, and the Borel-Bott—Weil theorem.




Borel subgroups and the flag variety

15.1. Reductive and semisimple groups

By Definition 4.8, a Lie algebra g is semisimple if rad(g) = {0}. We have defined semisimple algebraic groups
in Section 7.3 using connected commutative normal ideals. We have also an analogue to the above definition.
For an arbitrary linear algebraic group G, define the derived series of G inductively by

G =G, 9" =(2'G,2'G), ...,

where for A, B closed subgroups of G, (A, B) denotes the group generated by the commutators zyz 1y ~! for z € A,
y € B. Note that if A, B are closed, connected and normal, then so is (A, B). Say that an algebraic group is solvable
if its derived series terminates in {e}.

The radical of G, denoted by Rad(G), is largest connected normal solvable subgroup of G.

Proposition 15.1 — an algebraic group is semisimple if and only if its radical is trivial]

A connected algebraic group G is semisimple if and only if its radical Rad(G) is trivial.

EXERCISE 15.1. Prove the proposition.

A subgroup of a linear algebraic group is called unipotent if all its elements are unipotent, in the sense that there
are unipotent ' in some GL,, (k). Remember that, by Chevalley’s Theorem 2.2, G can always be embedded into some
GL, (k).

Rigorously, we must verify that this notion of unipotent element does not depend on the embedding. It
A is the case, but it is not completely trivial, see [8, §15.3].

The largest connected normal unipotent subgroup of GG, denoted by Rad,, (G), is called the unipotent radical of G.

Definition 15.2 — reductive group]

Let G be a linear algebraic group. We say that G is reductive if G is connected, G # {e} and its unipotent
radical Rad,, (G) is trivial.

For example, any semisimple group is reductive.

1. A matrix € GL,, (k) is unipotent if I, + x is nilpotent in .4, (k).
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Lemma 15.3

Let G be a connected nontrivial linear algebraic group, and V' a faithful representation of G. Assume that
V' is a simple representation. Then G is reductive.

SKETCH OF PROOF. Because Rad,, (G) is normal in G, the subspace V7244(%) is a subrepresentation of V. Then
VRadu(G) £ & because Rad, (G) is a unipotent group (i.e., consisted of unipotent elements). This comes from an
analogue to Engel’s Theorem that we do not prove here. Therefore V2du(G) — V/ using the simplicity of V. In
particular Rad,, (G) acts trivially on V. Because the representation is faithful, Rad, (G) = {e} hence G is reductive.

O

For example, the groups GL,,(k), SL,,(k), SO,,(k), Sp,, (k) are reductive because the standard representation is
faithful and simple.
Note that GL,, (k) is not semisimple, while the others are.

15.2. The flag variety
Let V be a k-vector space of finite dimension n € N*. Recall that a flag in V' is a chain
ocvic---CcVpCV

of subspaces of V, each properly included in the next one. A full flag of V is one for which dim V; = i for all ¢. For
example the flag encountered in Engel’s Theorem 4.4 is full.
Denote by .% (V') the collection of all full flags in V.

Lemma 15.4

The set .# (V) has a structure of a projective variety, called the flag variety of V.

PROOF. It is known that one can give to the Cartesian product
G (V) x - x&,(V)

a structure of a projective variety, where &4(V') denotes the Grassmann variety, that is, the collection of all d-
dimensional subspaces of V: just embed &4(V/) into the projective space P(A?V) via the map

V: By(V) = P(AYY)

sending W to the point in the projective space belonging to P(AYW).
Now .# (V) identifies in an obvious way with a subset, which we need only show to be closed, of the above
Cartesian product. To simplify, consider the case where the product is just

®d(V) X @d_‘_l(V).
It is enough to show that the set of pairs (W, W’) such that W C W’ is closed, and we leave this to the reader. O

By definition, a variety X is complete if for all varieties Y, the projection map X x Y — Y is closed.

,—[Proposition 15.5 — properties of complete Varieties] \

We list here some facts about complete variety and refer to [S] or [8] for more details.
(a) A closed subvariety of a complete (resp. projective) variety is complete (resp. projective).

(b) If p: X — Y is a morphism of varieties, with X complete, then the image is closed in Y, and
complete.

(c) A complete affine variety has dimension 0.

(d) Projective varieties are complete, and complete quasiprojective varieties are projective.

\ J

In particular, the flag variety .% (V) of a finite dimensional vector space V' is projective, hence complete by (d).
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EXAMPLE 15.1. The group GL,, (k) naturally acts on .% (V'), with V' = k™, and the fixed point of the canonical
full flag (like in Engel’s Theorem 4.4) is the subgroup of upper triangular matrices T,, (k). Hence the quotient

GLy (k)/Tn (k) = F(V)

is projective and identifies with the flag variety of k™.

One can generalize this construction.

é Let G be any linear algebraic group.

Definition 15.6 — Borel subgroup]

A Borel subgroup of a linear algebraic group G is a closed connected solvable subgroup, maximal for
these property (the word “closed” being redundant).

For example, T, (k) is a Borel subgroup of GL,, (k). A connected solvable of largest possible dimension in G is
evidently a Borel subgroup. But it is not obvious that every Borel subgroup have the same dimension. This results
from a stronger fact.

We admit the following result.

Theorem 15.7 — Fixed Point Theorem }

Let G be a connected solvable algebraic group, and let X be a nonempty complete variety on which G acts.
Then G has a fixed point on X.

As an application, we obtain an analogue to Lie’s Theorem 4.10 for connected solvable group. Let G be a closed
connected solvable subgroup of GL(V'). Then G acts on the flag variety .% (V'), which is complete, so G fixes a flag

ocvac---CcV,cV.

In other words, G is triangular for a suitable choice of basis in V.
There are more substantial applications of the Fixed Point Theorem 15.7.
Let Z be the collection of all Borel subgroups of G. It is called the flag variety of G.

,—[Theorem 15.8 — properties of Borel subgroups] \

Let B be any Borel subgroup of G. Then G/B is a projective variety, and all other Borel subgroups are
conjugated to B. Moreover, the normalizer of B in G equals B, i.e.,

N¢(B) = B,
where Ng(B) = {z € G: xBx~! C B}, and 4 identifies with the projective variety G/ B.

Using N¢/(B) = B and the Fixed Point Theorem 15.7, one can show the last assertion which says that 2 identifies
with the projective variety G/ B. Indeed, if B’ € %, then B’ has a fixed xB on G/B (i.e., ' B’z = B). If yB is any
fixed point of B’, then

7 'B'x =B =yB™!,
that is, y "'z € Ng(B) = B, whence 2B = yB. This shows that the assignment B’ +— xB is unambiguous. It is
surjective since xBx~! + xB for arbitrary z € G. Finally, it is injective, again using the self-normalizing property.

Under the above one-to-one correspondence, the natural action of G on %, B’ — xB’z~! evidently goes over
into the natural action of G on G/B given by yB — zyB.
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EXAMPLE 15.2. Assume that G = SLy(k) and let B = Ta(k) N SL2(k) be the set of upper triangular matrices
with determinant one. Then we have the following isomorphism of varieties:

G/B — P!

)

So, for G = SLy(k), the flag variety identifies with the projective line P*.
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Characters and representations

Let GG be a linear algebraic group.

16.1. The group of characters

Definition 16.1 — character}

A character of G is a morphism of algebraic groups x: G — G,,.

For example, det: GL,, (k) — G, is a character of GL,, (k).
If x1, x2 are two characters of G, their product is defined by

(xaxe) (@) = xa(z)xa()

for all z € G. Therefore the set X*(G) of all characters of G has a commutative group structure. We call it the
character group.

EXERCISE 16.1 (some examples of character groups).
(1) Describe X*(G,,) and X*(D,, (k)).
(2) Show that the group of characters of G, is trivial.

(;) Hint: realize G, as the set of matrices (é 111) ,a € C.

(3) Show that the group of characters SL,, (k) is trivial.

(r') Hint: observe that (SL, (k), SL,,(k)) = SL,, (k).

Characters arise in connection with linear representations, as follows. Let G be a closed subgroup of GL(V'). For
each x € X*(G), set
Vy={veV:z()=x(z)vforal z € G}.
Evidently, V,, is a G-stable subspace of V' (possibly 0). Any nonzero element of V,, is called a semi-invariant of G, of
weight . Conversely, if v is any nonzero vector which spans a G-stable line in V/, then it is clear that

z(v) = x(z)v
defines a character y of G.
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More generally, if ¢: G — GL(V) is a rational representation, then the semi-invariants of G in V' are by definition
those of p(G). Notice that the composition with ¢ induces an injective group homomorphism

X (p(G)) — X*(G),
so that V,, may be defined in the obvious way for any x € X*(G) coming from a character of p(G):
Vi={veV:p@)v=x(xvioralzx e G},
where x = x o ¢ for some y € X*(¢o(Q)).
EXERCISE 16.2 (the subspaces of semi-invariants are linearly independant). Let ¢: G — GL(V') be a rational

representation. Show that subspaces V,,, for x € X*(G), are linearly independent. In particular, there are only
finitely many of them.

Definition 16.2 — torus}

Call an algebraic group a torus if it is isomorphic to D,, (k) = (G, )™ for some 7.

For an algebraic torus 7', there is a notion dual to character. Any morphism of algebraic groups A\: G,, — G is
called a one-parameter subgroup of G, abbreviated by I-psg. The set of these morphisms is denoted by X, (7). It
becomes an abelian group if we define a product by:

(Au)(a) = Aa)p(a).
Notice that the composite of a 1-psg A with a character y of T yields a morphism of algebraic groups G,,, — G,,, i.e.,
an element of X*(G,,,) = Z (see Exercise 16.1). This allows us to define a natural pairing

XHT) x Xu(T) = Z,  (x,A) = (6 )
under which X*(T") and X, (T") become dual Z-modules.

Recall that Ad: G — GL(g) is a morphism of algebraic group. So if T is a torus of G, then Ad(T) is a torus of
Aut(g) C GL(g). Set for o € X*(T),

o = {z €g: (Adt)xr = a(t)z forall t € T}.
Then we have the weight decomposition of g:

(24) g=c(T)® (@ ga> :

acd

where @ = ®(G, T) is the set of « € X*(T') such that g, # {0}, that is the set of weights of Ad(T"). The weights of
Ad(T) are called the roots of (G, T).

We admit the following theorem.

~— Theorem 16.3 \

Let G be a connected linear algebraic group.

(i) Each semisimple element  of G lies in a maximal torus of G.
(i) The maximal tori of G are those of the Borel subgroups of GG, and they are all conjugate.
(iii) We have C(T') = N¢(T)°, where C(T') is the centralizer of of T"in G and N¢(T)° is the
identity component of N (T'). In particular, C(T) is connected.

a. As for unipotent elements, this is defined using an embedding ¢: G < GL(V): say that x € G if semisimple if () is.

\. J

Call the common dimension of the maximal tori of G the rank of G.
EXERCISE 16.3. Show that D,, (k) NSL,, (k) is a maximal torus of SL,, (k) so that the rank of SL,, (k) is n— 1.

REMARK 16.1. For an arbitrary algebraic group G, it is known that the identity component G° is a normal closed
subgroup of G of finite index. Thus, in the context of Theorem 16.3, the quotient N (7T')/Cq(T) is finite.
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16.2. Maximal tori in a semisimple group

We now focus on the case where G is a semisimple group.

Theorem 16.4

Let GG be semisimple group, and 7" be a maximal torus. Then
T =Cqa(T) = Na(T)°.

PROOF. We already know by Theorem 16.3, (iii), that C(T") = Ng(T')°. Let b be the Lie algebra of T'. One can
show that
Lie Co(T) = ¢g(T) = ¢q(Lie(T)) = ¢4(h).
Then the decomposition (24) tells us that the elements of § are semisimple because d. Ad = ad. Since 7" is a maximal

torus (in particular connected), b is then a maximal toral subalgebra of g. Then we know that by Proposition 8.4 and
(17) that

ng(h) = cg(h) =b.
Since T is connected, we deduce that T = C(T') = Ng(T')° because C(T') is connected by Theorem 16.3, (iii). O

According to Remark 16.1 and Theorem 16.4, the quotient N (T)/T is finite. It is called the Weyl group of the
pair (G, T). Denote it by W(G,T'). Because all maximal tori are conjugated, all Weyl groups are isomorphic.

It may happen that No(T') # T. For example, if T is the maximal torus D,,(k) N SL,, (k) of G =
A SL, (k), then Ng(T')/T = &,,, the symmetric group of order n.

If T is a maximal torus of G, recall that the roots of G relative to T are the nontrivial weights of Ad(T) in g:

9= CB(T) S <@ ga) s

acd

where g, = {z € g: Adt(x) =a(t)z, t € T}.
If G is semisimple, it follows from the proof of Theorem 16.4 that

(25) g=bhe <EBga>,

acd
and O is a root system of R ®z X*(T'). In fact ® is an abstract root system in V/, isomorphic to the root system of
(g, ). Moreover,
W(®) = W(G,T).
Recall that if G is a semimple group, its Lie algebra g is semisimple (almost by definition). Moreover,
G/Z(G) = G/ Ker Ad = Aut.(g).
This already shows that if G, G’ are two semisimple groups whose Lie algebras g, g’ are isomorphic then
G/Z(G) = G/Z(G").

Now the classification of semisimple Lie algebras is completely understood by Chapter 8: g is determined by its root
system. To complete the picture we need to take into account of the center. It turns out that the center Z(G) is
isomorphic to a subgroup of the fundamental group of the root system & attached to g, the quotient of the weight
lattice A by the root lattice A, (see Figure 3 for its description for each irreducible ®).

To explain the classification, we assume for simplicity that G is simple, that is, its Lie algebra g is simple.

A

For example, SL,, (k) is simple as an algebraic group but it is only almost simple as an abstract group (its center is
not trivial).

If G is simple as an algebraic group, then it is merely almost simple as an abstract group, that is, it is
noncommutative with no proper closed connected normal subgroups.
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Lemma 16.5

Assume that G is semisimple. Then the center Z(G) is the intersection of all maximal tori of G.

16.3. Finite-dimensional representations of semisimple groups

Assume in this section that G is semisimple. If : G — GL(V)) is a rational representation, the weights of o are
the images in X*(T) of the weights of p(7T') in V, via the canonical homomorphism
X*(p(T)) — X*(T).
Of course, p has only finitely many weights, since V' is finite dimensional. It is often convenient to view V directly as
a G-module, so that a weight space V), is described as
{veV:itv=A{t)vforallt € T}.

We call dim V), the multiplicity of the weight . Notice that W(G, T') permutes the weights of . More precisely, if
n € Ng(T) represents s € W(G, T), then

n.VA = VS()\).
so all weights in a W(G, T')-orbit have the same multiplicity.

When p = Ad, the weights are just the roots (each with multiplicity 1) and the trivial weight O (with multiplicity
¢ = rank G). So,
X*(Ad(T)) =D Cc X*(T).

Let us see what can be said about the weights of an arbitrary rational representation p: G — GL(V'). The group
p(G) is either semisimple or trivial. We have

KerpC Z(G) C T.

Let B be a Borel subgroup of G containing 7' whose Lie algebra is the Borel subalgebra b™ as in Section 10.1.
For each o € ®, let U, be the unique connected subgroup of B whose Lie algebra is g,. For any a € @, o(U,,) maps

a weight space V) into > Vi yga. Set
kEN

T, := (Kera)®, Z,=Cq(Ty).
Then Z,, is a reductive group of rank one such that
Lie(Za) = da = h D ga D g0,

and o(Z,) stabilizes > Viirq. In particular s, (A) is of the form A + ka. In the framework of abstract root system,
keEN
Sq acts in E = R ®z X*(T) as the reflection

2(A
Sa(A) =X — ( |a)a.
(o)
The conclusion is that the number 9
( ‘O‘) — <)\,OLV>
(o)

is an integer, and so by definition, )\ is an integral weight, see Section 11.1.
Recall here that weight lattice A of ® is an ¢-rank lattice in F, which contains the root lattice A,..

Combining these observations, we conclude that all weights of rational representations are integral weights. There-
fore, X*(T') consists of integral weights and the index of the root lattice in X *(7T') is bounded by a constant depending
only on ®.

To summarize,

A, C X*(T) CA,
and for any rational representation p: G — GL(V'), we have
X*(p(T)) c X*(T) C A.

Moreover,
[X*(T): A < [A: A
EXAMPLE 16.1. If G is semisimple with Lie algebra sl3(k), then the fundamental weight is w; = a4/2 and
[A : A,] = 2. So there is only two possibilities for the position of X*(T').
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We define the fundamental group of G by
m(G) := A/ X*(T).

When this is trivial, we say that G is simply connected. At the extreme opposite, when X*(7T') = A, we say that
G is of adjoint type. In general, we have
X*(2(G)) = XH(T)/ A
So a semisimple group of adjoint type has a trivial center.
For example, Ad G = G4 is always of adjoint type for any semisimple G. In this language, SLo(k) is simply
connected and PSL (k) is adjoint.

EXERCISE 16.4. Determine the index in X*(7T') of A, for SL,, (k) and PSL,, (k). Draw the lattices for n = 2.

Theorem 16.6

Let G, G’ be two simple groups, with corresponding root systems ®, ®’. If & = @’ as abstract root systems
and if 7(G) = 7(G’), then G = G’ as algebraic groups.

We now aim to identify the simple highest weight representations of g coming from (simple) rational representa-
tions of G.

First of all, if p: G — GL(V) is a simple rational representation, then it induces a simple finite-dimensional
representation o: g — gl(V'), and so it is a simple highest weight representation with highest weight A € A, (see
Theorem 11.1). So if o comes from a representation of GG, we conclude that

Ae X*(T)N A,

Conversely, one can show (but this is less direct than in the case of semisimple Lie algebras) that to any A €
X*(T) N A, one can associate a simple rational representation of G with highest weight ' \.
Setting
X*(T)4 = X*(T) N Ay,
the set of dominant integral weights of GG, we have thus stated the following theorem.

,—[Theorem 16.7 — simple rational representations of semisimple groups] \

Let A € X*(T') be a dominant integral weights for G. Then there exists an irreducible G-module of high-
est weight A. Moreover, the simple rational representations of GG (up to isomorphism) are parameterized by
the set X*(T) ..

\ J

The purpose of next chapter is to give a geometrical construction of the simple rational representations V'(\)
associated to A € X*(T").. This will prove in particular the hard part of Theorem 16.7.

EXAMPLE 16.2. Let G = SLy(k), and T' = Do(k) N SLa (k). We have
X*(T)=A27,

and so the set of classes of irreducible rational representations of SLo (k) is parameterized by N. One can describe this
set explicitly. The group SLz (k) naturally acts on k? and so on A = k[X, Y], the polynomial algebra in two variables.
The subspace k[ X, Y], of m-degree homogeneous polynomials is SLy(k)-invariant and irreducible. By Remark 3.3,
we know that it is also the space of an irreducible of sl5 (k).

Let now G = PSLy (k). Its Lie algebra is again sl (k), but here we have

X*(T)=A, 22Z,
where 7' is the maximal torus in PSLy (k) given by the image of T by the projection SLa(k) — PSLa (k) = SLa(k)/{£I>}.

We notice that k[ X, Y], is a representation of PSLy (k) if and only if the center of SL(k), which is just {+1I5}, acts
trivially. But this happens if and only if m is even, and this is coherent with X*(T"), = 2N.

1. Itis a highest weight representation for the Lie algebra g, but it is also a highest weight representation for G where the notion can be defined
similarly.
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Borel-Weil and Borel-Weil-Bott Theorems

17.1. The main statements

Let G be a semisimple, B a Borel subgroup of G, T" un tore maximal de B, and N the unipotent radical of B. Let
X*(T) the character lattice of T', and X*(7") ;. the set of dominant weights, that is,

X*(T)4 = X*(T) N A,

where A is the weight lattice associated with the root system @ of (G,T). Let also g,b", h,n, be Lie algebras of
G, B,T, N, respectively. Then we have the root decomposition (25).

Any character \: T — G,,, can be extended to a character of B by setting A\|y = 1 using the fact that B = T x N
(see for instance [8, Section 19]). Conversely any character of B is trivial on N because (B, B) = N and induces a
character of T'. In other words,

X*(B) =X*(T).
Then we define an action of B on k by setting
b-z=Xb)z forallze€k.

Denote by k) this B-representation.
By making B acting on the left on k_ (this means that B acts by A(b~!)), we obtain an action of B on G x k_},
where B acts on G by the right multiplication:

b(gv Z) = (gb_17 _A(b)z)
Then one can consider the quotient
G XB ]k_)\ = (G X ]k_)\)/B

Since the action of B on G is free, the B-action on G x k_ is free as well, so G x g k_ is an algebraic variety

and the canonical projection
W:GXBH{,)\—»G/B

is a line bundle on the flag variety G/ B, with fiber k_ .

We denote by L this line bundle. This line bundle est G-equivariant, so that any cohomology H?(G/B, L)) is
naturally equipped with a G-module structure. In particular, the space H°(G/B, L) of global sections of £ is a
G-module.

Next, we know from Section 16.3 that for any A € X*(T); there exists a finite-dimensional representation V()
of G, with highest weight .

~ Theorem 17.1 — Borel-Weil } \

Let G be a semisimple group, B a Borel subgroup of GG, T' a maximal torus of B. Then for any dominant
weights A € X*(T) ., we have an isomorphism of G-modules

HY(G/B,Ly) =T(G/B, Ly) = V(\)*,

where HY(G/B, L)) = I'(G/B, L)) is the set of global sections of £, and V' (\)* is the dual representa-
tion of the finite-dimensional G-module V().
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REMARK 17.1. Recall from Exercise 11.5 that V/(A\)* = V(—wgA) where wy is the longest element of the Weyl
group.

So Theorem 17.2 gives a geometrical description of any finite-dimensional representation of G, and thus of g.
Indeed, since g is semisimple there is always a simply-connected semisimple algebraic group Gy with Lie algebra g
(see [8, §33.6]). For such a G, we have

X*(T) = A,

and thus X*(7T)+ = A parameterized the finite-dimensional representations of g.

o

We have also a refinement of Theorem 17.2, due to Bott that we state for cultural purposes only.

The statement holds for any reductive groups.

Recall that the Weyl group W = W(®) acts on h* by the twisted action given by (see Definition 12.5 in Sec-
tion 12.4):

woA=w(A+p)—p,

forall w € W and A € h* where w(A + p) is the usual action. For w € W, recall that £(w) denotes the length of w
(see the digression before Exercise 11.5).

r—(Theorem 17.2 - Borel—Weil—Bott} N

Let G be a semisimple group, B a Borel subgroup of G, T' a maximal torus of B. Let A € X*(T'), and
set
Lyor = (G xpk_yor — G/B)

the line bundle associated with w o A\. Then we have isomorphisms of G-modules for all p € n:
V) ifp = f(w),

HP?(G/B, Lyox) {0 if p # £(w).

17.2. Algebraic Peter—Weyl Theorem

Assume that G is semisimple, and consider the G-action on k[G] by right multiplication:

(9-f)(x) = f(zg), g,xz€q, fek[G]

EXERCISE 17.1. Show that k[G] as a right G-module is locally finite, that is, for any f € k[G] there is a
finite-dimensional submodule of k[G] containing f.

@ Hint: remember that f = (1 ® €) o A, where ¢: k[G] — k is the evaluation map et e and A is the

comultiplication.
-

Denote by k[G] () the V' ())-isotypic component of k[G], that is, the sum of the simple submodules isomorphic to
V(A) as G-modules. As a consequence of Exercise 17.1, we obtain the decomposition of G-modules:

(26) KG = & kGln.

AEX*(T)4

Lemma 17.3

Let (V, o) be a simple rational G-modules. Then (V*,0*) is simple and V* ® V is simple as a G x G-
modules.
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PROOF. Itis easy to see that V* is simple if V' is using the fact the orthogonal of a submodule in the dual is still a
submodule.
Let
f=0c"®R0c
be the G x G-representation V* ® V induced by o and o*. By Burnside’s Theorem 17.4 (see below), the subalgebra
of End(V) (resp. End(V*)) generated by o(G) (resp. o*(G)) is equal to End(V') (resp. End(V*)). Since
End(V*® V) 2 End(V*) ® End(V),

we deduce that the subalgebra of End(V* ® V') generated by (G x G) is End(V* ® V') which proves that V* @ V/
is simple. Indeed, the vector subspace generated by 6(G x G)v for any nonzero vector v in V* ® V contains the
subalgebra of End(V* ® V') generated by 6(G x G). O

We now recall the Burnside Theorem ([12, Theorem 10.8.11]) used in the above proof.

Theorem 17.4 — Burnside]

Let V be a finite dimensional k-vector space and A be a subalgebra of End(V'). If the only A-stable
subspace of V are {0} and V, then A = End(V).

The product G x G acts on k[G] by

((91,92)-f) (x) = f(g7 ' 2g2),
for g1, g2, € G and f € k[G].

,—[Theorem 17.5 - Peter—Weyl] \

We have an isomorphism of G x G-modules
kGl @ v eV,
AeX*(T)+
induced by the assignment
o: VI V(N — K[G]
f@®v — (g f(gv)).

Fritz Peter, 1899-1949, was a German mathematician who helped prove the Peter—Weyl theorem. He

was a student of Hermann Weyl, and later became headmaster of a secondary school.

Peter—Weyl Theorem 17.5 holds for any reductive group.

EXERCISE 17.2. The aim is to prove Theorem 17.5. Set
=Y. o
AEX*(T)4
(1) Verify that ¢ is a morphism of G x G-modules, that is,
(91,91)-¢(f ®v) = ¢((g1-f) @ (92.v)),
forall (g1,92) € G X G, f € V(A)*andv € V(A) for A € X*(T)5..

(2) Let f € V(A)*\ {0}. Show that f ® V(}) is a simple G-module for the G-action given by 1 ® g,
isomorphic to V'(A). Deduce that ¢(f ® V(X)) is also isomorphic to V'(A) and contained in k[G] ) so
that for all A € X*(T) 4,

k[G](x) # 0.
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(3) Let V be a simple submodule of k[G], isomorphic to V(\), and let x +— wu, a G-isomorphism
V(A) — V. Define f € V(\)* by

f(z) :==ug(e), zeV(A).
Observing that ¢(f ® ) = u,, for all x € V(X), get that
p(fOVA) =V,
and conclude using the question 2 that
P(V(N)* @ V(A) =k[G]n).
This proves the surjectivity of ¢ by (26).

(4) Prove that ¢ is injective and conclude.

O Hint: note that if ¢ were not injective then ¢, would be not injective for some A and use

Lemma 17.3.
-

17.3. Proof of Borel-Weil Theorem

This section is devoted to the proof of Borel-Weil Theorem 17.2.
Consider the line bundle £ := £ and the change of basis via G — G/B:

Gxk y ——Gxpk_y

G G/B

Denote by L= (G x k_»x SN G) the resulting line bundle (it is the trivial line bundle on G).

Let us compare the sections of £ and L. The group G acts on G x k_» and on G x g k_ by left multiplication on
the left factor. This induces a G-action on the space of sections of £ and £. On the other hand, B acts on G x k_ by

b.(g,2) = (gb, A(b™1)z),

forb € B, g € Gand z € C_) and this induces a B-action on space of sections of L

~— Lemma 17.6 \

We have an isomorphism of G-modules,
I'(G/B,L) =T (G,L)",
where I'(G/B, L) and T'(G, EA) are the space of sections of £ and Z, respectively.

EXERCISE 17.3. The aim is to prove Lemma 17.6.
(1) Show that

-~

(G, L) 2Kk[G] @ k_
as G-modules, and describe the B-action on the right factor.
(2) Verify that the sections o of £ are of the form o(gB) = [b, f(g)] for some regular functions
f:G—=koy, ie, fek|G]®@k_y,
and show that in order to have o well-defined, f must be B invariant for the B-action of Question 1.

(3) Conclude that R
I'(G/B,L)=T(G,L)5.
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So in order to prove Theorem 17.2 it remains to show that
I'(G,L)% = V()N

as a G-modules.
Note that G x B acts on k[G] x k_ by

(9:0).(f ®2) = (9,0).f @ A(b™ 1)z,
forg € G,b e B, f € k|G| and z € k_,. Since we have an isomorphism of G-modules

-~

NG, L) 2K[G] @ k_»,
and since the G-action commutes with that of B, we get by Peter—Weyl Theorem 17.5,
NGLP = kG ek )= P (V) eV ek’
HEX*(T)+
It is clear that B acts on the last two factors only in the sum, whence

NGO~ @ VeV eky)’.
HEX*(T)+

EXERCISE 174. Let p € X*(T)+.

(1) Using the triangular decomposition of g, observe that V' (u) has a unique B-stable line, generated by a
highest weight vector v, with forall ¢t € T,

t.w, = u(t)vy,.

(2) Show that
V() @k2)" = (k, @k )"

(;) Hint: for v ® z € (V (1) ® k_»)", note that the line generated by v must B-stable.

(3) Show that space k,, ® k_ can have T-invariants only if ;¢ = X, and that if this is the case then
(kr ®k_»)T = C.
(4) Conclude that
(V) @ k)P = {Xu) ii - Zf

We conclude the proof the the theorem thanks to Exercise 17.4: we have

rGLo= @ v eVpek )=V

reX*(T)+

EXAMPLE 17.1. Let G = SLy(C) with Borel subgroup B = T2(C) N SLy(C) and T' = D3(C) N SL2(C). Then
an integral dominant weights A € X*(7T') . is of the form

a 0 . _ v
A(O a‘l) =a", n=Aa")eN.
We have
A =Za, X*(T)=A=12Zp,
1

where p = P In particular the irreducible (finite-dimensional) representations of SLo(C) are in bijection with N. As
seen in Example 15.2, the flag variety G/ B is isomorphic to P!. Let ¢: G/B — P! as in Example 15.2.

Let us recognize the line bundle T'(P*, 1, (C_))) for A = np. Recall that the sections of I'(P!, 1, (C_))) identify
with the sections f: SLy(C) — C_} such that

Flg) = A0 f(gb), ie. flgb) =AD)f(g),
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for g € G and b € B. Consider the open affine subsets Uy = {zg # 0} and U; = {x; # 0} of P1. A section
o € I'(Up,1«(C_))) identifies with a fonction f: 7= (Uy) — C_,, where

7: SLy(C) —» SLo(C)/B = P!

is the canonical projection, such that

D)= (n D626 50 D)

Since the coracine oV of SLy(C) corresponds to the 1-psg

we get

G )l 83
0 a )"0 a1) 7 2

This means that f, viewed as defined on Uy, verifies:
fla:e)=a"f([L:ca™']
for all a, ¢, a # 0, that is,
f([tz : ty]) =" f([2 = 9]
for all ,y, x # 0. One can argue similarly for U;. Hence 9, (C_)) is isomorphic to the line bundle Op: (n) of P*

whose sections are the n-degree homogenous polynomials.
In this case, Borel-Weil Theorem 17.2 gives

V(np)* = F(G/Ba (cfnp) = F(Plv Op (n)) = (C[Xv Y]nv

where C[X, Y], is the space of n-degree homogeneous polynomials in variables X and Y. Denoting C? the standard
representation of sly(C) we know that (see Remark 3.3 and Example 16.2):

Voo =2V, = C[X, Y], = Sym;,(C?).
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