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1 Introduction

These notes are not polished yet; They are not very organized, and contain
some mistakes. My main source was the book ”Representations of Compact Lie
Groups” by Brocker and Dieck.

Consider the circle group S* & R/Z = C; - it is a compact group. One
studies the space L?(S!) of square-integrable complex-valued fucntions on the
circle. We have an action of S' on L?(S!) given by

(9f)(@) = flg™ ).

We can suggestively write

A
L(SY) = / C -4,

z€eST

where
G0y = 0gz.

Thus, the "basis” of delta functions is ”permutation”, or ”geometric”. Fourier
theory describes another, ”spectral” basis. Namely, we consider the functions

Xn : x (mod 1) s e27in®

where n € Z. The main claim is that these functions form a Hilbert basis for
L?(S1), hence we can write

A
L*(8") =P C-xn,

neEZ

where
9Xn = Xn " (9)Xn-

In other words, we found a basis of eigenfunctions for the translation operators.



What we would like to do in the course is to generalize the above picture
to more general compact groups. For a compact group G, one considers L?(G)
with the action of G x G by translation on the left and on the right:

((g1.92)) (=) = f(g7 'zga).

When the group is no longer abelian, we will not be able to find enough eigen-
functions for the translation operators to form a Hilbert basis. Eigenfunctions
can be considered as spanning one-dimensional invariant subspaces, and what
we will be able to find is "enough” finite-dimensional ”irreducible” invariant sub-
spaces (which can not be decomposed into smaller invariant subspaces). This
we will do for a general compact group (the Peter-Weyl theorem). The second
problem is to ”parametrize” these ”iireducible” building blocks and ”under-
stand” them. This we will do for a connected compact Lie group (theory of
highest weight, Weyl’s character formula).

2 Preliminaries

2.1 Topological groups

Definition 2.1. Definitions of a topological group (a set equipped with a
Hausdorff topology and a group structure, such that the multiplication and
inverse maps are continuous), a morphism between topological groups (a con-
tinuous group homomorphism).

We are "mostly” interested in locally compact topological groups. Examples
of locally compact topological groups:

1. Discrete groups - such as Z, finitely generated groups, fundamental groups;
In particular, finite groups (those are the compact discrete groups) - such
as S,. For a linear algebraic group G over a finite field F, we have the
finite group G(F') - such as GL,,(F,).

2. Lie groups (A set equipped with the structure of a smooth manifold and
the structure of a group, such that the multiplication and inverse maps are
continuous). for a linear algebraic group G over R, we have the Lie group
G(R) (or for G over C, we have G(C)) - such as GL,(R) (non-compact)
or On(R) (compact).

3. Totally disconnected groups (the topology admits a basis consisting of
open-compact subsets); In particular, profinite groups (those are the com-
pact totally disconnected groups) - such as infinite Galois groups. For a
linear algebraic group G over the field of p-adics Q,, we have the totally
disconnected group G(Q,) - such as GL,, (Q,). We also obtain compact to-
tally disconnected groups by taking Z,-points of algebraic groups defined
over Zj, - such as GL,(Z,).

4. Adelic groups. For a linear algebraic group G over Q, we have G(Ag).



People also study some smooth but not locally compact groups, such as
Diff(S') (the group of diffeomorphisms of S') or Q(S*) (the groups of loops
in S1).

In this course we will be interested in representation theory of compact
groups, especially connected compact Lie groups.

2.2 (-spaces
Let G be a locally compact topological group.

Definition 2.2. A G-space is a locally compact topological space X, equipped
with a G-action, i.e. a continuous map a : G x X — X satisfying a(e,z) = x
and a(g1, a(ga,x)) = a(gi1g2,x). We usually write simply gx instead of a(g, x).
A morphism between two G-spaces X,Y is a continuous map ¢ : X — Y
satisfying ¢(gz) = go(x).

Example 2.3. Let E be a Euclidean space (a finite-dimensional real vector
space equipped with an inner product). Let O(E) C GL(E) be the subgroup
of orthogonal transformations, and let S(E) C E be the subset of unit-length
vectors. Then O(E) is a locally compact topological group, S(E) is a locally
compact topological space, and we have the natural action of O(E) on S(E).

Example 2.4 (Homogenous G-spaces). Let H C G be a closed subgroup.
Then we equip G/H with the quotient topology (the finest topology for which
the quotient map G — G/H 1is continuous), and the natural G-space structure

(a(g1,92H) = g192H ).

Remark 2.5. Let X be a G-space. Assume that the action of G on X is
transitive (i.e. for any z,y € X there exists ¢ € G such that gz = y). Let
zo € X and set H = {g € G | gro = zo}. Then we have a bijective G-space
morphism G/H — X, given by gH — gxg. One can show that if G is separable
(i.e. admits a dense countable subset), then this is in fact a homeomorphism
(i.e. its inverse is also continuous) - so a G-space isomorphism.

Example 2.6. In the example above, the action of O(E) on S(E) is transitive.
In standard coordinates O, is the group of orthogonal n X m matrices. Set
o = (1,0,...,0)'. Then H = Stabo, (vo) = O,_1 is the subgroup of block
diagonal matrices of type (1,n — 1) whose first component is 1, so that we are
dealing with the homogenous space Oy, /O, _1 (abusing notation...).

In some sense, the theory of representations of G is a ”qunatization” of the
theory of G-spaces. To describe the ”quantization procedure” X + L%(X), we
will review topological vector spaces, measures and Haar measures.

2.3 Topological vector spaces

All vector spaces are over R or C.



Definition 2.7. Definition of a topological vector space (TVS) (a vector
space equiped with a Hausdorff topology, for which addition and multiplication
by scalar are continuous).

Example 2.8. Let V be finite-dimensional. Then one can show that V admits
a unique topology making it a TVS. It is the "standard one”, inherited by any
linear isomorphism V = RY.

Example 2.9. Let us be given an inner product (-,-) on a vector space V. Then
we can equip V with the topology induced by the metric d(v,w) := ||w—v|| where
[lul]| := \/{u,u). This makes V a TVS. The pair (V,(-,-)) is called a Hilbert
space if V is complete w.r.t. the metric d.

2.4 Representations of topological groups

Let G be a topological group. For a topological vector space V' (over R or C),
we denote by Aut(V') the group of automorphisms of V' as a topological vector
space (i.e. continuous linear self-maps admitting a continuous linear inverse).

Definition 2.10.

1. A representation of G (or a G-representation) is a pair (V, ) consist-
ing of a topological vector space V' and a homomorphism 7 : G — Aut(V)
such that the resulting map act : G x V — V given by act(g,v) := 7(g)(v)
is continuous.

2. A morphism between G-representations (Vi,m) and (Va2,72) is a con-
tinuous linear map T : Vi — Vs satisfying T o m1(g) = m2(g) o T for all
g €G.

Definition 2.11. A representation (V,7) of G on a Hilbert space is called
unitary, if (7(g)v, 7(g)w) = (v,w) for all v,w € V and g € G.

Remark 2.12. If V is finite-dimensional, the continuity requirement can be
stated as follows: choosing a basis e, ..., e, for V and writing w(g)e; = > ai;(g)e;,
the functions a;; on G should be continuous.

Remark 2.13. If V is an Hilbert space and m(g) is unitary for every g € G,
the continuity requirement can be stated as follows: For every v € V| the map
0y : G — V given by 0,(g) = w(g)v is continuous at e.

2.5 Measures and Haar measures

Let X be a locally compact topological space. Denote by C(X) the vector space
of continuous complex-valued functions on X. For a compact subset K C X,
denote by Ck(X) C C(X) the subspace of functions vanishing outside of K.
Denote

Co(X) :=UgCk(X) C C(X)



(in this union, K runs over all compact subsets of X) - this is the space of
continuious functions with compact support on X . Define a topology on Ck (X)
using the supremum norm. Define a topology on C.(X) as the finest for which
all the inclusions Cx (X) C C.(X) are continuous.

Definition 2.14 (Radon measure). Let X be a locally compact topological
space.

1. A signed measure on X is a continuous linear functional p on C.(X).
Concretely, the continuity means that for every compact subset K C X
there exists C' > 0 such that |u(f)| < C - supyex|f(x)| for every f €
Ck(X).

2. A measure on X is a signed measure g on X satisfying u(f) > 0 for
f>0.

3. A nowhere vanishing measure on X is a measure y on X satisfying
w(f)>0for 0# f>0.

Let G be a locally compact topological group. For g € G and f € C.(G), we
define (L, f)(z) = f(g7 ) and (Ryf)(z) = f(zg). A measure y on G is called
left-G-invariant (right-G-invariant) if u(Lgf) = p(f) (W(Rgf) = p(f)) for every
g€ G, felC.(q).

Theorem 2.15 (Haar measure). Let G be a locally compact topological group.
There exists a mon-zero left-G-invariant measure on G. Moreover, each such
two differ by a positive scalar multiple. Those measures are nowhere vanishing.
Analogous claims hold for right-G-invariant measures.

Example 2.16. A Haar measure on R is got by
fre / f(x)dx.
R

Example 2.17. Consider the locally compact topological group C{* - the complex
numbers of length 1 (with complex multiplication as group law). It can also be
denoted S* or SO(2). To describe a Haar measure on it, consider the map
¢ : R — Cf given by ¢(x) = e*™@. Then one can see that

o / F(6(x))da

is a Haar measure on C{ .

Remark 2.18 (The modulus function). Given a left Haar measure p on G and
an element g € G, we get a new left Haar measure by f +— p(Ry,-1f); So, it
must differ from p by a scalar, which we denote by Ag(g). Then Ag : G — Rsg
is a continuous group homomorphism. It is trivial if and only if left and right
Haar measures coincide.



Remark 2.19. Left and right Haar measures must coincide in the following
cases: If G is abelian - clear. If G is compact - then Ag(G) must be a compact
subgroup of R, hence {1}. If G is discrete - then the counting measure is left
and right Haar measure.

Remark 2.20. In the case when G is compact, we can (and usually will)
normalize the Haar measure by requiring that the measure of 14 is 1. In the
case when G is discrete, we can normalize the Haar measure by requiring that
the measure of 1y, is 1. Notice that for a finite group, these normalizations
do not coincide - their quotient is an important number, the cardinality of the
finite group (i.e. we get some canonical ”volume”).

Similarly to above, we can define G-invariant measures on a G-space X.

Theorem 2.21. Let H C G be a closed subgroup. Then G/H admits a non-zero
G-invariant measure if and only if Ag|g = Ag. In that case, each such two
differ by a positive scalar multiple, and those measures are nowhere vanishing.

2.6 The representations L*(X)

Given a locally compact topological space X and a nowhere vanishing measure
pon X, we consider on C.(X) the inner product

o fo) = plfr o) = /X F@) H@d.

The completion of C.(X) w.r.t. to the resulting norm ||f|| := /{f,f) is a
Hilbert space (complete inner product space), denoted by L?(X, p).

Let G be a locally compact topological group and X a homogenous G-space
equipped with a G-invariant measure pu. Then L?(X) = L?(X, p) is naturally a
unitary G-representation, by extending by completion the G-action on C.(X).

Basic problem 2.22. To study the unitary G-representation L*(G/H) for
interesting pairs (G, H).

For example, unitary representations such as L2(SLy(R)/SLo(Z)) or L*(SL2(A)/SL2(Q))
occupy (arguably) a central place in mathematics. As a simpler example, the
study of the O(E)-representation L?(S(E)) is called the study of spherical
harmonics. Another very important example is the following; Assume that
left and right Haar measures on G coincide. Consider G as a G x G-space, via
(91,92)9 = 91995 - Then L?(G) (where the measure is a Haar measure), as a
(G x G)-representation, is the basic object to study regarding G.
As we will formalize later (as a consequence of the Peter-Weyl theorem),
when dealing with compact groups, we can safely restrict ourselves to finite-
dimensional representations, so we will next concentrate on those.



3 Finite-dimensional representations of compact
groups

We assume that all vector spaces are over C.

Definition 3.1. Denote by Repf?(G) the category of finite-dimensional repre-
sentations of G, and by Homg(-, ) the Hom-spaces in this category.

3.1 Constructions

Definition 3.2. A subrepresentation of a G-representation (V,7) € Rep/¢(Q)
is a subspace W C V invariant under the operators w(g) for ¢ € G. Then W
itself naturally becomes a G-representation (with 7 : G — Aut(W) given by

7(9) == 7(g)lw)-
Example 3.3. 0 CV and V CV are examples of subrepresentations.

Example 3.4. Another example of a subrepresentation is VG = {v € V | n(g)v =
v Vg € G} - the subspace of G-invariants. The action of G on V¢ is trivial.

Remark 3.5. One should also define quotient representations, and give the
example of coinvariants Viz. One should state that for compact G, the natural
map V¢ — Vg is an isomorphism.

Example 3.6. Given a G-morphism T : (W, 1) — (V, ), the subspaces Ker(T) C
W and Im(T) C V' are subrepresentations.

We have the following standard functorial constructions:

1. Trivial representation: (C,7) € Rep/?(G) where 7(g) = id for every
ge€q.

2. Dual (or contra-gradient): For (V,7) € Rep/4(G), we define (V*,7) €
Rep/(G) by 7(g9) := m(g~")" (here (-)! is the transpose).
3. Complex conjugate: For (V,7) € Rep’?(G), we define (V,7) € Rep?d(Q)

by V being the same topological abelian group as V, but with complex
scalar action twisted by conjugation, and 7 = .

4. Direct sum: For (Vi, 1), (Va,m2) € Rep/ (@), we define (Vi @ Va,7) €
Rep!*(G) by 7(g) := m1(g) & m2(9).
5. Tensor product: For (Vi,m),(Va,m) € Repf¥(G), we define (V; ®
Va,7) € Rep!¥(G) by 7(g) := m1(9) ® m2(g).
6. Hom: For (Vi,m1),(Va,ma) € Rep¥(G), we define (Hom(Vy,Va),7) €
Rep’*(G) by 7(g)(T) := ma(g) o T o mi(g ™).
Remark 3.7. For V,W € Rep/¢(G), we should not confuse Homg(V, W) with

Hom(V,W). One has in fact Homg(V,W) = Hom(V,W)%. Notice that we
also have Homg(C,V) =2 V&,

Lemma 3.8. One has a functorial isomorphism of G-representations Hom(Vy, V) =
Vo @ V.



3.2 Complete reducibility and Schur’s lemma

Definition 3.9. A representation (V,7) € Rep/?(G) is called irreducible if
V # 0 and V contains no subrepresentations except V' and 0.

Claim 3.10 (Schur’s lemma).
1. Let V € Rep’®(QG) be irreducible. Then Endg(V) = C - Idy.

2. Let VW € Rep’(G) be irreducible. If V is isomorphic to W, then
Homg(V,W) is one-dimensional, and every non-zero element in Homg(V, W)
is an isomorphism. If V is non-isomorphic to W, then Homg(V, W) = 0.

Proof. Let V,W be irreducible. Let T : V' — W be non-zero. Then Im(T)
is a non-zero subrepresentation of W, hence I'm(T) = W, so T is surjective.
Similarly, Ker(T) is a subrepresentation of V' which is not the whole of V|
hence Ker(T) =0, so T is injective. Thus, T is an isomorphism.

This shows that if V, W are non-isomorphic, then Homg(V, W) = 0.

Let T € Endg(V). We know that T has an eigenvalue (since V' # 0), say A.
Then S := T — X - Idy has non-trivial kernel, hence is not an isomorphism. So
by what we saw, S =0, i.e. T'=X-Idy.

If VW are isomorphic, Homg(V,W) = Homg(V,V) (by composing with
any isomoprhism), hence the dimension is 1.

O

Lemma 3.11. (V,7) € Rep’¥(G). Then there exists a unique projection Avg €
Endg(V) onto V& (a projection is an operator P satisfying P* = P; it is onto
it’s image, on which it acts as identity).

Proof. We construct
Avg(v) ::/ m(g)vdu
G

(here, and in shat follows, u is the Haar measure normalized by requiring p(1) =
1). Uniqueness is seen as follows; It is easy to see that Avg commutes with any
G-morphism T € Endg(V). Hence, given another projection P € Endg(V)
onto V¢, we have P = Avg o P = P o Avg = Avg. O

Lemma 3.12. Let V € Rep’®(G). Then there exists a G-invariant inner prod-
uct (-,-) on V.

Proof. Basically, we can interpret the space of Hermitian forms on V as Hom/(V, V),
and the subspace of G-invariant Hermitian forms as Homg (V, V) = Hom(V,V)“.
The space of inner products on V is a cone in the space of Hermitian forms.
Now we pick any inner product Sy and consider § := Avg(Bo). It will be a
G-invariant inner product.

Concretely, let (-, -} be any inner product on V. Define

(v, 0) = /G (m(g)v, w(g)w)'dp,

and check that it is indeed a well-defined G-invariant inner product. O

10



Claim 3.13 (Maschke). Let V € Rep’¥(G), and let W C V be a subrepresen-
tation. Then there exists a subrepresentation U C V such that V =W @ U.

Proof. First proof: Let (-,-) be a G-invariant inner product on V. Then W+ is
a subrepresentation of V' (easy to check), and V. =W @ W+,

Second proof: The problem is equivalent to finding a G-morphism T :
(V,m) — (W, ) satisfying T o4 = idy where i : W — V is the inclu-
sion (then Ker(T) will be the desired U). As a first step, find a linear map
Ty € Hom(V, W) satisfying Tj o i = idw . Now construct

T := Avg(Tp).
Then T € Homg(V,W). In addition,
Toi= Avg(Ty) oi = Avg(Tp) o Avg (i) = Avg(Th o i) = Avg(idw) = idw .
O

Corollary 3.14. Let V € Rep’®(G). Then there exist irreducible subrepresen-
tations Vi,..., Vi CV such that V=V, ®--- D V.

Proof. Use repeatedly Maschke’s theorem. O

Corollary 3.15. Let V € Rep’(G). Then we can write V = EP" .. .@E2%™
where E; are pairwise non-isomorphic irreducible representations. We have

d; = dim Homg(E;,V) = dim Hom(V, E;).
In particular, d; doesn’t depend on the above decomposition.

Definition 3.16. For V € Rep/¢(G) and irreducible E, the number dim Homg(E, V)
is called the multiplicity of E appearing in V', and denoted [V : EJ.

Remark 3.17. We see that two representations V, W are isomorphic if and
only if [V : E] = [W : E] for all irreducible E. One can have a more gen-
eral treatment, undependent on Mashcke’s theorem and Schur’s lemma, using
Jordan-Holder series.

Remark 3.18. Add information about isotypical components. Namely, The
subspace E?di is canonically defined, as the sum of all subrepresentations iso-
morphic to E;. There is a unique G-invariant projection onto the isotpypical
component (later we will have a formula for it using the character). Any mor-
phism in Rep/?(G) respects the isotypical components, and best would be to
formulate that Rep’®(Q) is equivalent to the direct sum of copies of Vect, one
for each irreducible representation isomorphism class.

11



3.3 Character
Definition 3.19. Let (V,7) € Rep/?(G). The character
Xv € C(G)

is defined by
xv(g) = Try(r(g))-

Definition 3.20. Define the following operations on C(G):
L f(9) = flg7")

3. (fu+ f2)(9) = fi(g) + f2(9)-

4. (f1- f2)(g) := f1(9) f2(9)-

5. av(f)(g) == [, fdp (considered as a number, or as a constant function on
G).

6. {f1,f2) = av(f1 - f2) (considered as a number, or as a constant function
on G).

Proposition 3.21. The character construction performs the following "repre-
sentation to function” translations:

1. Let V' have the trivial G-action. Then xy = dim V.
Xv+ = Xy -

Xv = XV-

Xvew = XV + Xw-

XVew = XV - XW -

X Hom(V,W) = X1 * XW -

DS N R I

xve = av(xv).

Proof. Only the last equality is interesting. For g € G, we have Tryc(7(g))
Try(m(g) o Avg) because 7(g) o Avg acts as 7(g) on V& and as 0 on Ker(Av
(which is a complement to V¢ in V). Hence

o)

Ivvc@wg»::zvv<wenoAvG>=:Trvg/

w(gh)du() = [ Try (r(gh)du(h) = [ Tro(x(h)du(h).
G G G

O
Claim 3.22. Let V € Rep/?(G). Then X} = Xv.

12



Proof. An inner product on V gives an isomorphism V — V*, which is an iso-
morphism of G-representations if (and only if) the inner product is G-invariant.
Thus, since we know that V admits a G-invariant inner product, we get V = V*
as G-representations, so 37 = Xv=, S0 Xv = Xy - O

Proposition 3.23. Let V,W € Rep/%(G). Then
dim Homg(V,W) = (xw, xv).
Proof. From all the above we have

dim Homa(V, W) = Xtome (v,w) = @V(XHomv,w)) = av(XiXw) = av(Xv-xw) = (Xw, Xv)-
O

Corollary 3.24 (Orthogonality relations). Let E, F € Rep/?(G) be irreducible.
Then (xg,Xr) equals 0 if E and F are non-isomorphic, and 1 if E and F are
isomorphic.

Corollary 3.25. Let V,W € Rep/¥(G). If xyv = xw, then V and W are
isomorphic.

Proof. We have dim Homg(E,V) = (xg, xv) for every irreducible representa-
tion E, hence yy determines the multiplicity of E appearing in V. O

We can now give, using the characters, a formula for the projection operators
on isotypical components.

Claim 3.26. Let E,V € Rep/?, with E irreducible. Consider the operator
Prg € End(V) defined by
Pri()i=dmE- | Xeln(o)vdy.
G
Then Prg € Endg(V) and it is the projection on the E-isotypical component
of V.

Proof. Tt is easy to check that indeed Prg is G-equivariant, using the fact that
XE is central. Furthermore, Prg leaves invariant any subrepresentation (clear
from its formula). Let F' C V be an irreudicble subrepresentation. By Schur’s
lemma, Prg acts by a scalar on F. To find this scalar, we calculate

Tre(Prg) =dimE - (xr, XE)-

By the orthogonality relations, we see that Prg acts by 1 if FF = E and by 0
otherwise. 0
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3.4 Matrix coeflicients
Definition 3.27. Let (V,7) € Rep/?(G). The matrix coefficient map
My : End(V) — C(G)

is defined by
My (T)(g) == Trv(r(g) o T).

Remark 3.28. Under the isomorphism V ® V* 2 End(V'), the matrix coeffi-
cient map becomes

My (v @ a)(g) = a(r(g)v);

If v is a basis vector and « a dual basis covector, then My (v® «) is indeed just
a "matrix coeflicient”, which explains the terminology.

For the next claim, let us endow End(V) and C(G) with (G x G)-action as
follows; (g, h)T :=n(h) o T on(g9)~! and ((g,h)f)(z) = f(g~'zh).

Claim 3.29. Let V € Repd(G).
1. My (Idy) = xv.
2. VV*=End(V) My, C(G) is given by v ® a — (g — a(m(g)v)).
3. My : End(V) — C(G) is a morphism of (G x G)-representations.
4. If V is irreducible, then My : End(V) — C(G) is injective.

Proof. To show item 4, we first claim that End(V) is irreducible as a (G x G)-
representation. This is since End(V) 2 V @ V* and the following lemma: Let
G, H be compact groups and U € Rep/?(G), W € Rep/?(H) irreducible. Then
U ® W is irreducible as a (G x H)-representation. Thus, the map My is either
zero or injective, but clearly it is not zero. O

Proposition 3.30. The matriz coefficient construction performs the following
"representation to function” translations:

1. My-(T*) = My (T)".

2. Mor(T) = My (T).

3. Myew(T®S) = My(T) + Mw(S).

4. Myew(T ® S) = My (T) - Mw(S).

5. Muomv,wy(So-oT) = My(T)* - Mw(S).
6. Myc(Avg oT) = av(My (T)).

Proposition 3.31 (Orthogonality relations). Let E,F € Rep’®(G) be irre-
ducible and non-isomorphic, and T € End(E),S € End(F). Then

(Mp(S), Mg(T)) = 0.
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Proof. We have
(Mp(S), ME(T)) = Mpgye(Avg o (S T)).

But £~ E*, so (F®E)® = (F® E*)Y = Homg(E,F) = 0. O

Let E € Rep/4(G) be irreducible. Then E admits a unique up to scalar
G-invariant inner product (because there is a unique up to scalar isomorphism
between the irreducible representations E* and E). Thus for T € End(E) the
adjoint operator T° € End(E) is well-defined. Notice that 7(g)° = m(g™1).

Definition 3.32. Let £ € Rep/?(G) be irreducible. The Hilbert-Schmidt
inner product on End(E) is defined by (T, S)ps := Trg(T o S°).

Claim 3.33. Let E € Rep’¥(G) be irreducible.
1. The Hilbert-Schmidt inner product on End(E) is (G x G)-invariant.
2. The map Mg : (End(E), 5:25(,-, ) us) = (C(G), (-,-)) is unitary.

Proof. Since End(V') is irreducible as a (G x G)-representation, and the inner
products on End(V) and C(G) are (G x G)-invariant, the map My must be
unitary up to a scalar. To find the scalar is an exercise. O

4 The Peter-Weyl theorem

For simplicity, we assume that the group G is separable.
Claim 4.1. Let f € C(G). The following are equivalent:
1. f is left-G-finite.
2. f is right-G-finite.
3. f is (G x G)-finite.
4. f is in the image of My for some V.

Proof. (4) = (3) is clear since My is (G x G)-equivariant and its domain
is finite-dimensional. (3) = (2) is clear. Let us show that (2) = (4)
(3) = (1) = (4) is analogous). So, let f € C(G) be right-G-finite. Let
V C C(G) be a finite dimensional subrepresentation (w.r.t. the right G-action)
which contains f. Denote by a € V* the functional a(h) := h(e). Then we have

My (f @ a)(g) = a(Ryf) = f(g), so f = My(f®a). L

Definition 4.2. Denote by C(G)/" the subspace of C(G) consisting of func-
tions f satisfying the equivalent conditions of the previous claim.

Lemma 4.3. C(G)/"" C C(G) is a vector subspace closed under the operations

(f;h) = f-h fe ]
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Denote by L%(G)7™ the subspace of L?(G) consisting of left-G-finite vectors
(we will later see that L?(G)/" = C(G)/™, but for now it is a comfortable
notation).

Claim 4.4. The following are equivalent:
1. C(G)f" is dense in C(Q).
2. C(G)F™ is dense in L*(G).
3. L2(G)/™ is dense in L*(G).

4. For every e # g € G, there exists an irreducible representation (w,V) €
Rep! (@) such that 7(g) # id.

5. C(G)f™ separates points of G; i.e. for every g,h € G such that g # h,
there exists f € C(G)I™ such that f(g) # f(h).

Proof.

(1) = (2) : Clear, since the map C(G) — L?(G) is continuous with dense
image.

(2) = (3): Clear, since C(G)f" c L?(G)/".

(3) = (4): Let e # g € G. Then clearly there exist a function f € C(G)
such that L, f # f. Thus, clearly g can not act trivially on L?(G)/™" (since then
it would act trivially on L2(G) and hence on f). Pick f € L2(G)/™ such that
Lgf #* ]7 By definition of L?(G)/", The vector fsits in a finite-dimensional
subrepresentation V' C L?(G) (w.r.t. the left G-action). We get that g acts
non-trivially on V, as wanted.

(4) = (5): Clear, by considering gh~! and matrix coefficients of a repre-
sentation on which it acts non-trivially.

(5) = (1): C(G)f™ c C(G) is a vector subspace closed under point-
wise multiplication, and pointwise conjugation. Thus, by the Stone-Weierstrass
theorem, C(G)/" separates points of G i.f.f. C(G)/™ is dense in G.

O

Theorem 4.5 (Peter-Weyl). The equivalent conditions of the previous theorem
are satisfied.

To prove theorem 4.5, we have some preparations.

Let X,Y be compact spaces, p a nowhere vanishing measure on X and v a
nowhere vanishing measure on Y. Assume WLOG that u(1) =1,v(1) = 1. Let
K € C(Y x X). Consider the formula

Tie(F)w) i= [ K(o.)f ()

Lemma 4.6. Tk well-defines a continuous operator C(Y) — C(X) of operator
norm < ||K||pe(xxy) and a continuous operator L*(Y') — L*(X) of operator
norm < ||K||r2(x xy,uxv)- The later operator is compact, and self-adjoint in

case that K(x,y) = K(y, x).
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Proof. Tt is easy to see that we get operators with the claimed bound on norm.
The self-adjointness claim is also immediate.
To see that Tk : L?(Y) — L?*(X) is compact, one can consider functions
K which are linear combinations of functions of the form K (y)Ka(x), where
K, € C(Y), Ky € C(X). By the Stone-Weierstrass theorem, such functions are
dense in C'(X x Y). Hence we get that every Tk is a limit (in C(X x Y), and
hence in L?(X x Y)) of Tk’s with K such. But for such K, Tk is of finite rank.
O

Let us recall that for a compact self-adjoint operator T : H — H from a
(separable) Hilbert space to itself one has the spectral theorem, which says that

H=FKer(T)® Im(T), Im(T)= éKer(T— A-Id),
A

where A runs over a countable set of non-zero real numbers (for which zero is
the only limit point), and each Ker(T — A - Id) is finite-dimensional.

In our case X = Y = G. A special class of operators Tk as above is
constructed by setting K(x,y) := k(y~'x), where k € C(G). The resulting
Tk (f) =: f *k is known as the convolution. It has the special property that
it is a G-morphism w.r.t. to the left G-actions: L,(f % k) = (Lyf) * k. Also, if
k* =k, then Txk is self-adjoint.

A second preparation is the following:

Lemma 4.7. Let f € C(G), and € > 0. Let e € U C G be open, such that
U=U"" and |f(z) — f(zy)| <€ forallz € G,y € U (i.e. ||Ryf — fllsup < €
for ally € U). There exists uy € C(G) such that uy is non-negative, uj; = uy,
Jouvdp =1 and uy is zero outside U. We have ||f x uy — f||sup < €.

Proof of theorem 4.5. We show that condition (3) is satisfied. Let f € L*(G).
We want to show that we can approximate f by G-finite elements in L?(G).
First, we can approximate f by continuous functions, hence we can assume that
f € C(G). Now, using an approximation of unity as in the previous lemma, we
can approximate f by some f xu. Now f % wu is in the image of the compact
self-adjoint operator - * u, and hence can be approximated by sums of elements
in non-zero eigenspaces of - x u, which are G-finite. O

Corollary 4.8 (Peter-Weyl decomposition). Let (E;, m;)icr be a representa-
tive family of irreducible representations of G. Endow End(FE;) with the inner

product m(, Yus. Then the unitary embeddings Mg, : End(E;) — L*(G)

induce an isomorphism of unitary (G x G)-representations
L*(G) = @1 End(E;)
Corollary 4.9. L*(G)/"" = C(G)/™.
Proof. Let f € L*(G)/"™. We have a finite-dimensional subrepresentation V C

L?(G)?™ in which f sits. For every irreducible E which does not enter V, the
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projection of L?(G) onto End(E) along the Peter-Weyl decomposition induces
the zero map on V. Thus we see that f has only finitely many non-zero com-
ponenets when decomposed along the Peter-Weyl decomposition.. Thus f lies
in C(G)/™. O

5 The convolution product

We define an algebra structure on C(G) by:

(% fo) (@) = /G fr(ayY)da(y)du(y)

(this is called the convolution product). A ”more correct” approach is to con-
sider not C(G) but the isomorphic space M (G) := C(G)-du (of " continuous
signed measures”). Then the algebra structure is described by

vy * vy = My (v K )

where X : M(G) ® M(G) - M(G x G) is the external product of measures
and m : G X G — G is the multiplication map. In fact, we obtain an algebra
structure on the space of all signed measures M(G).

The convolution product makes C(G) a Banach algebra w.r.t. the supremum
norm, and M(G) a Banach algebra w.r.t. the L'-norm (i.e. the standard
functional norm on M(G) considered as dual to C(G)).

We have the convenient formulas 0, * (fdu) = (Lyf) - du and (fdp) * 6, =

(Ryf) - dp.

5.1 Action on representations

If we have a unitary representation (V, ) of G (or, more generally, just any com-
plete locally convex representation), it extends naturally to a algebra morphism
7w : M(G) — End(V), given by

m(w)0) = [ (g av

(here, End(V) is the algebra of continuous linear endomorphisms of V).

Let us define the above vector-valued integral. for a continuous function
¢ : G — V we define fG #(g) - dv as the unique vector w € V such that
a(w) = [, a(é(g)) - dv for every continuous functional o on V.

Such a w is unique, if exists (by Hahn-Banach). To show that w exists in case
V is a Hilbert space, fix a Hilbert basis (e;) for V. Denote ¢; = [ (¢(g), e;)dv.
Then by Cauchy-Schwartz

12 <C- 2dly|.
Slel < /G||¢><g>\| v

Hence w = ), ¢;e; converges, and we easily see that it is our desired vector.
Back to our algebra morphism 7 : M(G) — End(V), it is not difficult to
see that M(G) x V' — V is continuous.
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6 Unitary representations of compact groups

Remark 6.1. Let (H,w) be a unitary representation of G. Then for every
subrepresentation U C H, U™ is also a subrepresentation of H.

For a unitary representation (H, ) of G, we denote by Hf™ C H the sub-
space consisting of vectors v for which (7(g)v)sec span a finite-dimensional
subspace.

Lemma 6.2. Let (H,7) be a unitary representation of G. Then Hf™ is dense
in H.

Proof. Let 0 # v € H. We can first approximate v by w(u)v for v € C(G)
where u is as in the proof of Peter-Weyl (”approximation of é.”). Then, by
approximating u by functions from C(G)#*™™, we see that we can approximate v
by m(u)v for u € C(G)F™. But for such u we have 7(u)v € V/™, and we are
done. O

Claim 6.3. Let (H,7) be an irreducible unitary representation of G. Then H
s finite-dimensional.

Proof. Since H # 0, we have Hf™™ # 0. But then H contains a non-zero finite-
dimensional subrepresentation, and so is equal to it (being irreducible). O

Claim 6.4. Let (H,7) be a unitary representation of G. Then H = &1 E; for
some family of irreducible subrepresentations (E;)icr.

Proof. Using Zorn’s lemma and taking orthogonal complements, we reduce to
showing that if H # 0, then H contains an irreducible subrepresentation. But
since H/™ = 0, H contains a non-zero finite-dimensional subrepresentation,
and thus an irreducible finite-dimensional subrepresentation. O

Of course, this situation is radically different from the non-compact one, as
we see by considering the regular action of R on L?(R).

6.1 The case of SU(2)

Set G = SU(2). We consider the subgroup T' C G of diagonal matrices (it is
isomorphic to C;). We denote the characters of T' by a"(diag(e?,e=%)) = ¢
(n € Z). By linear algebra, every unitary operator is diagnolizable, so every
element of G is conjugate to an element in 7. Thus, it is plausible that for a
central function f € C(G) we can express the integral |, o[- dpg in the form
fT flr - dv for some measure v on T. Indeed, we will now use and later prove
the following:

Theorem 6.5 (Weyl’s integration formula). Let f € C(G) be central. Then

1 1 2 . ,
[ frduc=3 [ flrla-a Pedur = - [ fdiagle®, i) 2sin(6) .
G 2 Jr 27 Jo
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Let now x € C(G) be the character of an irreduicble representation. We can
write xp = ZnEZ My, - o’ for m,, € Z>¢, almost all of which are zero. We claim

-1 0
G. Notice that wtw™! = t~1 for t € T. Hence w maps eigenvectors of 1" with
eigencharacter a” to eigenvectors with eigencharacter a=".
We will now interpret the constraint (x,x) = 1 using Weyl’s integration

formula. We get:

that m,, = m_,, for all n € Z. Indeed, consider the element w = ( 0 1 ) €

1 T, - 1 _
IXI1& = ava(x-X) = gavr(xlr-(a=a™") xlr-(a” " =a)) = SlIx|r-(a=a D7

SO
2= Z(mn—l — Mpi1)a”|[F = Z(mn—l —npt1)?.
n n
Taking into account that almost all of the m, are equal to zero, and that
My = Mm_y,, we can only have m,, = 1 for n € {d,d — 2,d — 4,...,—d} and
m,, = 0 otherwise, where d € Zx.

We now describe some representations Ey € Rep/?(G) with character as
above. Namely, set F; to be the space of homogenous polynomials of de-
gree d on C2, with the standard action of SU(2) C GL3(C). Then E; =
sp{y?,y4 1z, ..., x?}, and the action of T on y?~ 'z’ is via a?"?". So indeed
XE,lr =a?+at 24+ .. o

We deduce that E, are irreducible (since |[xg,||% = 1), and that these are
exactly all the irreducible representations of G, up to isomorphism (since we
saw that the character of an irreducible representation must coincide with the
character of one of the Fy).

7 Lie groups

7.1 Preliminaries

Definition 7.1. Definition of a smooth manifold, a morphism between
manifolds, a submersion between manifolds, a closed submanifold (a
closed subset, whose embedding locally looks like that of a vector subspace).

Given a morphism ¢ : M — N which is a submersion at a point m € M,
an important property is that ¢ admits a section locally at ¢(m); i.e., there
exists a morphism s : U — M satisfying ¢ o s = iy and s(¢(m)) = m, where
¢(m) € U C N is open and iy : U — N is the inclusion.

From this property we get that given a surjective submersion ¢ : M — N,
to give a morphism from NN is the same as to give a morphism from M constant
on the fibers of ¢ (this boils down to checking that a map from N is smooth
if its composition with ¢ is smooth). In particular ("by Yoneda’s lemma”), a
bijective submersion is an isomorphism.

Sard’s lemma says:
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Theorem 7.2. Let M, N be second-countable non-empty manifolds of dimen-
sions m,n. Let ¢ : M — N be a morphism. Denote by My C M the subset of
points at which ¢ is not submersive. Then ¢(My) C N has measure zero (in
particular, is not the whole of N). In particular, a surjective morphism must be
submersive at some point.

Definition 7.3. Definition of a Lie group, a morphism between Lie groups,
a Lie subgroup (a closed submanifold closed under multiplication and inverse).

Definition 7.4. For a Lie group G, definition of a G-manifold.

7.2 Automatic submersiveness results

Claim 7.5. Let M, N be transitive G-manifolds. Then any surjective morphism
of G-manifolds M — N is submersive.

Proof. Sard’s lemma gives that the morphism is submersive at some point. The
transitivity allows to translate this to all points. O

Corollary 7.6. A bijective morphism between G-manifolds is an isomorphism.

Notice that a transitive G-manifold M with a point m whose stabilizer is H is
unique up to unique isomorphism; This follows from characterizing morphisms
from M as morphisms from G which are constant on left H-cosets (via the
surjective submersion G — M given by g — gm). We also have existence:

Claim 7.7. Let G be a Lie group, and H C G a Lie subgroup. Then there exists
a transitive G-manifold M with a point m € M such that Stabg(m) = H. If H
is normal in G, then M becomes a Lie group itself (such that G — M given by
g — gm becomes a group homomorphism,).

Of course, one denotes by G/H such a transitive G-manifold, identifying g H
with gm as usual.

Quite importantly, G — G/H is a smooth fiber bundle with fiber H; In other
words, locally over G/H the morphism becomes isomorphic (as a morphism
between smooth manifolds) to a projection H x U — U. This follows quite
immediately from G — G/H being submersive and the fibers being acted upon
freely and transitively by H.

7.3 Automatic smoothness results

As corollary of the previous subsection:

Corollary 7.8. A surjective morphism of Lie groups is submersive. A bijective
morphism of Lie groups is an isomorphism.

Claim 7.9. Let G be a Lie group, and H C G a closed subgroup. Then H a
Lie subgroup of G.
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Proof. We will use the exponential map, which we will describe later.

It is enough to show that H is a submanifold of G locally around e.

We define h € T.G by h = {X € T.G | exp(tX) € H Vt € R}. Using
the lemma that follows, we see that § is a linear subspace of T,G. Let V be
any linear complement to b in T.G. Define a map o : h x V = T.G — G by
(X,Y) — exp(X) - exp(Y). Notice that « is a local diffeomorphism around 0.
We claim that «(U) N H = {e} where U is a small neighborhood of 0 in V. If
this is true, then the inclusion of H into G looks locally around e, via «, the
same as the inclusion of h into T, G - so H is a submanifold of G around e.

Indeed, set C :={v € V | a(v) € H}. Then C is a closed subset of V', and
is closed under multiplication by scalars in Z. We assume by contradiction that
CNU # {0} for every open 0 € U. This is an exercise that such C' must contain
a line through the origin, meaning that V' intersects h non-trivially, and we get
a contradiction. O

Lemma 7.10. We have
1 1 n
exp(X +Y) = limy— oo (exp(nX)exp(nY)> .
Proof. We have

exp(tX)exp(sY) = exp(tX + sY + %ts[X, Y]+ O(r?)).

<ezp(rllX)exp(:lY)> =exp(X +Y + %[X, Y]+ O(n™3)).
O

Claim 7.11. Let G1,G5 be Lie groups, and ¢ : G — Go a continuous group
homomorphism. Then ¢ is smooth.

Proof. Consider Gry C G1 X Ga, defined by Grg = {(91,92) | g2 = ¢(g1)}. Since
¢ is continuous, Gr(¢) is closed in G; x Ga. Since ¢ is a group homomorphism,
Gr(¢) is a subgroup of G; X G2. Thus, by claim 7.9, Gr(¢) is a Lie subgroup of
G1 X Gs. The projection on the first factor gives us a bijective smooth morphism
Gr(¢) — G;. By corollary 7.8, it is an isomorphism of Lie groups. Thus ¢ is
smooth, since it is the composition of the inverse to the projection onto the first
factor Gr(¢) — G1 with the projection onto the second factor Gr(¢) — G2. O

This final claim says the two possible notions of finite-dimensional represen-
tations of G - those with continuous matrix coefficients and those with smooth
matrix coefficients - coincide. In other words, C(G)f™ c C°°(G) for a compact
Lie group G.
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7.4 Vector fields

Recall that (smooth) vector fields on a manifold M can be described as sections
of the tangent bundle, and also as derivation of C*°(M). For a vector field
X € T(M), we have its flow Fx(t,m), a smooth function D(X) — M where
D(X) (the domain of definition) is an open subset of R x M intersecting each
R x {m} in an open interval containing zero, with the properties: Fx(0,m) =m
for all m € M and the derivative of ¢t — Fx(t,m) at to is equal to Xp (4gm)-
We also denote F% (m) := Fx (t,m).

The Lie bracket of two vector fields X,Y is defined, in the language of
derivations, as

(X, Y](f) = X(Y(f)) = Y(X(f)) VI € CF(M).

An equivalent characterization is:

. 1 _
Yl = timiso ((F5) 'Y g o) = Vi)
To give another interpretation, recall the lemma:

Lemma 7.12. Let o, 3 : M — N be morphisms of manifolds, let m € M, and
suppose that a(m) = f(m) =: n and d,,a = d,, 8. Then there is a well-defined
quadratic homogenous function Qg : TnM — T, N such that in local charts
B—a=Qaps+O(r?). For every function f € C*(N), we have

foB—foa=dnfoQas+0(?).

We apply this lemma to «, 8 : R? — M given by a(t, s) = Fx(t, Fy(s,m))
and B(t,s) = Fy (s, Fx(t,m)), around 0 € R%. We obtain Q, s(t,s) = t>-? +ts-
Z + 527 where Z,? € T,,M; But plugging in t = 0 or s = 0 gives that ? = 0.
We now claim that Z = [X,Y],,. Indeed, for every function f € C*°(M), one
one hand we have

2 2
O (1(8(t,5)) - Flalt, s)] = 2

[dm f o (ts2)] = Z(f)

Otds ~ 9tds
and on the other hand
02 02 02
= [F(B(t8)) = F(alt, )] = 2 F(B(t, )~ 5 Flalt, ) = X(V ()Y (X(1).

An important property:
Claim 7.13. Let X, Y € T(M). Suppose that [X,Y] = 0. Then (for small
enough s,t depending on m) Fx(t, Fy(s,m)) = Fy (s, Fx(t,m)).
Proof. Notice that [X,Y] = 0 gives dFy (X|n) = X|pg(n). Fix s, and consider
the function ¢ : t — Fy (s, Fx(t,m)). We have ¢(0) = Fy (s, m). Furthermore,
the derivative:

d S
£¢(t) = dFY (X Fy (t.m)) = XFs (Fx (t.m)) = XFy (s, Fx (t;m))-
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7.5 The exponential map

Denote by T(G) the space of vector fields on G. G x G acts on T(G) as usual,
and we denote by T(G)% C T(G) the subspace of left-invariant vector fields.

Lemma 7.14. The map T(G)¢ — T.(G) given by sending a vector field to its
value at e is an isomorphism.

Claim 7.15. For any X € T.(G), there exists a unique Lie group morphism
expx : R = G for which the induced linear map d(expx) : R = To(R) — To(G)
sends 1 +— X.

Proof. Denoting by X the corresponding left-invariant vector field by abuse of
notation, we notice that expx (t) = Fx (¢, €), would Fx (¢, e) be defined for all t €
R. This is because the formula Fx (t,e)Fx(s,e) = Fx (s, Fx(t,e)) = Fx(t+s,¢)
holds, because the derivative of the left hand side w.r.t. s is Fix(t,e)Xpy (s,c) =
Xy (te)Fx (s,e) (Dy the left-invariance of X'). But now, we easily see that Fx (¢, e)
exists for all t € R, because if it exists on some open interval containing [—e, €],
we extend it to an open interval containing [—2¢,2¢] by formulas like Fx (e 4+
t,e) = Fx(e,e)Fx(t,e)...

O

Definition 7.16. We define the exponential map exp : T.(G) — G by
exp(X) := expx(1).

Lemma 7.17. The map exp : T.(G) — G is smooth.

Claim 7.18.
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. The differential d(exp) : T.(G) — Te(G) is equal to the identity map.

. There exists an open subset 0 € U € T,(G) such that V := exp(U) C G is
open, and exp : U — V is a diffeomorphism.

7. exp(T.G) generates G° as a group.

Proof. The first claim says exp;x (1) = expx (t); This is true since s — expx (st)
is a Lie group morphism R — G with differential ¢X, hence equal to s —
expix (s).

The claims 2,3,4 follow easily from the first claim.

Claim 5: d(exp) evaluated at X is the same as d(exp o ax) evaluated at 1,
where ax : R = T.(G) is given by ax(t) = tX. But exp o ax = exrpx, hence
d(exp) evaluated at X gives X.
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Claim 6 follows from claim 5 by the inverse function theorem.

Claim 7: Obviously C := exp(T.G) C G° (since T.G is connected). By
claim 6, C' contains an open neighbourhood U of e. Set V = U NU~!. Then
U, C™ contains U, V", which is an open subgroup of G°, hence equal to G°. [

Claim 7.19. Let ¢ : G — H be a morphism of Lie groups. Then ¢ o expg =
expp © ded.
Proof. O

Claim 7.20. Let H C G be a Lie subgroup. Then for X € T.(G), one has
X € T.(H) if and only if expe(tX) € H for allt € R.

Proof. If X € T.(H), then expg(tX) € H is clear by the previous claim applied
to the inclusion H — G. Conversely, The tangent to the curve t — expg(tX)
is X, so if the curve lies in the submanifold H, then X lies in the tangent space
T.H. O

7.6 The adjoint representation

Fix g € G. The map ¢, : G — G given by x + gzg~! is an automorphism

sending e to e, hence its differential at e gives a linear automorphism of T.(G)
which we denote by Ad(g).

Lemma 7.21. The morphism G — Aut(T.(G)) given by g — Ad(g) is a (real)
representation (called the adjoint representation).

Claim 7.22. We have g - exp(X) - g~ = exp(Ad(g9)(X)) for all g € G and
X € T.(G).

Proof. Since both g-exp(tX)-g~! and exp(Ad(g)(tX)) are Lie group morphisms
R — @, it is enough to check that they have the same derivative at 0 € R... 0O

7.7 The Lie bracket

We will give various characterizations of the Lie bracket
['7 ] : Te(G) AR TE(G) - Te(G)
It has the properties
(X, Y] = -[v, X]

and
(X, [Y, Z]) = [[X, Y], Z] + [V, [X, Z]].

First definition is using the isomorphism 7. (G) = T(G)%¢ = Der(C*(G))¢.
Here, Der(C*(G)) is the space of derivations of the algebra of smooth functions
on G, and by (-)¢ we mean G-invariants w.r.t. the left action. We define for
two derivations D, F a new one given by:

(D, E](f) = D(E(f)) = E(D(f))-

25



One verifies that [D, E] is indeed a derviation, and that if D, E are G-invariant,
so is [D, E].
Second definition is that [X, Y] is the unique vector such that

exp(tX)exp(sY) = exp(tX + sY + %ts[X, Y]+ O(r?))

(r is the radius on the (¢, s)-plane R?).
Second’ definition is that [-, -] is the unique bilinear form such that

1
exp(X)exp(Y) = exp(X +Y + S [X, Y]+ O(r%))
(r is the radius on T.G x T.Q).
Third definition is by taking the differential of Ad : G — End(T.G), ob-
taining a map d(Ad) : T.G — End(T.G) and setting [X,Y] := d(Ad)(X)(Y).
Let us see that the second definition is equivalent to the first. Writing

exp(tX)exp(sY) = exp(tX + sY +tsZ + O(r?))

(which is possible since (t,s) — exp(tX)(exp(sY) and (t,s) — exp(tX + sY)
are identical up to order 1 around (¢,s) = (0,0)), by taking inverses we obtain

exp(sY)exp(tX) = exp(tX + sY —tsZ + O(r?))

and thus we obtain
Qa,p =2tsZ

where a(t, s) = exp(sY)exp(tX) and S(t, s) = exp(tX)exp(sY). Since a(t,s) =
Fx(t,Fy(s,e)) and B(t,s) = Fy (s, Fx(t,e)) (where we identify X,Y with the
corresponding left-invariant vector fields), we get 27 = [X,Y].
We leave as an exercise to check that second and second’ definitions agree.
Let us see that the third definition is equivalent to the second’. By using 2/,
we have

exp(sX)exp(tY)exp(—sX) = exp(tY + st[X,Y]o + O(r?)).
We obtain Ad(exp(sX))(Y) = Y + s[X,Y]>» + O(s?) and so [X,Y]3 =
[X,Y]a.
Claim 7.23. Let X, Y € T.G. If [ X,Y] =0, then exp(X+Y) = exp(X)exp(Y) =
exp(Y)exp(X).

Proof. The expressions exp(tX)exp(sY) and exp(sY)exp(tX) are equal from
the corresponding claim for flows of vector fields (applied to the left-invariant
vector fields corresponding to X and Y'). In particular, ¢ — exp(tX)exp(tY) is
a group homomorphism, with derivative X +Y at zero, hence exp(t(X +Y)) =
exp(tX)exp(tY). O

Claim 7.24. Let ¢ : G — H be a Lie group morphism. Then d¢ : T.G — T H
1s a Lie algebra morphism, i.e. it commutes with the Lie bracket.
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7.8 The Lie bracket in matrix groups

For G = GL(n, F), where F € {R,C}, we have T.(G) = M (n, F) and exp(X) =
> ns0 4 X™. The adjoint representation is given by conjugation: Ad(g)(X) =
gXg~! and the Lie bracket is given by [X,Y] = XY — Y X (for example, we
calcaulte

1
exp(tX)exp(sY) =TI +tX +sY + 5(752)(2 +2sXY + $2Y2) + ...
and
1
cap(sY)exp(tX) = I +1X +sY + S(£°X7 + 2V X +5°Y) + ...

so that exp(tX)exp(sY) — exp(sY )exp(tX) =ts(XY =Y X)+....

If H C G is a closed subgroup, then T, H consists of the matrices X €
M (n, F') which satisfy exp(tX) € H for all t € R. The adjoint represetnation
and Lie bracket are just induced by restriction from those for G.

7.9 Some examples

We have the Lie groups GL(n,R), GL(n,C). We have the compact Lie groups
O(n) € GL(n,R) and U(n) C GL(n,C). Note that this is not immediately
clear that O(n) and U(n) are submanifolds, but the non-trivial theorem above
states that a closed subgroup is a Lie subgroup.

We also have the Lie groups SO(n) C O(n) and SU(n) C U(n).

The Lie group SU(n) acts on $2"~!, with stabilizer isomorphic to SU(n—1).
In particular SU(2) = S3.

The Lie group SO(n) acts on S™~!, with stabilizer isomorphic to SO(n—1).
In particular SO(2) = S*.

The Lie algebra of O(n) is the subalgebra of M (n,R) consisting of matrices
X satisfying exp(tX*) = exp(—tX) for all t € R. This is equivalent to X! = — X
i.e. we get the Lie algebra of skew-symmetric matrices.

Similarly, the Lie algebra of U(n) is the Lie algebra of skew-Hermitian ma-

trices (matrices X satisfying = Xt = —X).

7.10 SU(2)/{£1} = SO(3)

Consider the adjoint representation of SU(2). This is a real three-dimensional
representation. The kernel of this representation is 1. We obtain a morphism
SU(2)/{£1} — GL(3,R), which we can factor via SU(2)/{£1} — O(3) by
endowing the representation with a SU(2)-invariant inner product. Since SU(2)
is connected, this factors via SU(2)/{£1} — SO(3). Since this is an injective
morphism between manifolds of the same dimension, it has open image (by
the ”invariance of domain” theorem), hence it is surjective (because an open
subgroup of a connected group must be the whole group). Since a bijective
morphism of Lie groups is an isomorphism, we obtain the isomorphism of Lie
groups SU(2)/{£1} =2 SO(3).
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Notice that diag(SO(2),{1}) C SO(3) is, up to conjugation, the subgroup
fixing a vector. Also T C SU(2) (the group of diagonal matrices), is the

subgroup fixing the vector in the adjoint representation. so we

1 0
0 —i
can set the isomorphism SU(2)/{£1} = SO(3) so that T/{£1l} corresponds
to diag(SO(2),{1}). The corresponding map T — SO(2) must be either
diag(e® e=0) s ( z;‘igz; SEZE(QQQ? ) or the inverse of that. By conju-
0 1
-1 0

Since SU(2) has exactly one irreducible representation of each dimension
d € Z>1, and —1 acts trivially exactly on the odd-dimensional ones, we get
that SO(3) has exactly one irreducible representation of each dimension d €
2Z>o + 1, and no more. Also, we see how those representations decompose
w.r.t. diag(SO(2),{1}).

One can also notice that by considering the action of SU(2) on the unit
sphere in the adjoint representation, we obtain a fiber bundle SU(2) = S% — §?2
with fiber T =2 S', which is the well-known Hopf fibration. It allows to see that
7T3(S2> = 71'3(52) = 7.

Also, we notice that we get that SO(3) is diffeomorphic to RP3, the projective
real 3-space (since RP? can be thought of as S modulo antipodality - which is
the same as SU(2)/{£1}).

gating by the element diag(( ) ,1) € O(3) those get exchanged.

7.11 The spherical harmonics for SO(3)

Let G be a compact group, and H C G a closed subgroup. We are interested
in the space C(G/H)/". Notice that this is the same as (C(G)f™)H. By the
Peter-Weyl decomposition, we obtain an isomorphism of G-representations

C(G/H)'" = qopE @ (E*)H,

where E runs over representatitves of isomorphism classes of irreducible repre-
sentations of G. Thus, to know how many times each irreducible representation
of G occurs in C(G/H)f™, we need to know how many H-invariant functionals
each irreducible representation has.

Let us take G = SO(3) and H = diag(SO(2),1) from above. We have
an action of G on S? C R3, and the stabilizer of the point (0,0,1)! is H. So
G/H = S?. Notice that by above we see that for each irreducible representation
E of G, one has dim Ef = 1, and so also dim(E*)# = 1 (by replacing E by E*,
which is also an irreducible representation of G).

We deduce that C(S%)f™ decomposes into the direct sum of irreducible
representations of G, where each irreducible representation occurs exactly once.

7.12 Lie’s theorems

We want to study the functor Lie : G — T.(G), from the category of Lie groups
to the category of Lie algebras.
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Theorem 7.25. Let G, H be Lie groups.
1. If G is connected, Lie : Hom(G, H) — Hom(T.(G),T.(H)) is injective.

2. If G is connected and simply-connected, Lie : Hom(G, H) — Hom(T.(G), T.(H))
18 surjective.

3. Lie is essentially surjective.

Proof. To prove 1, notice that for ¢ : G — H, the differential d¢ : T.G — T H
determines the ¢ on exp(T.G) C G. Since G° is the subgroup of G generated by
exp(T.G), we get that d¢ determines ¢ on G°, which is G in case G is connected.
We omit the proof of 2.
We omit the proof of 3, since it is not important for us. O

7.13 Faithful representations, complexification

Claim 7.26. Let G be a compact Lie group. Then G is isomorphic to a Lie
subgroup of GL(n,C), for some n.

Proof. We first notice that a compact Lie group satisfies the descending chain
condition w.r.t. Lie subgroups (i.e. any descending chain of Lie subgroups
must stabilize). This is because a Lie subgroup must either have a smaller
dimension, or a fewer connected components. Now, given that we constructed a
representation with kernel K, choosing some e # g € K, we consider the direct
sum of the current representation with a representation on which g acts non-
trivially, and obtain a representation with kernel smaller than K. Proceeding
like that, by the descending chain condition we will eventually get a faithful
representation. O

In other words, the theorem says that compact Lie groups are linear. A stan-
dard example of a non-linear Lie group (i.e. a Lie group with is not isomorphic
to any closed subgorup of GL(n,C), for no n) is the universal cover of SL(2,R).

To calculate 7 (SL(2,R)), we use the action of SL(2,R) on R? — {0}. This
action is transitive, with a stabilizer of some point being U C SL(2,R), the
subgroup of upper-triangular unipotent matrices. Thus, SL(2,R) is the total
space of a fibration over R? — {0} with contractible fiber U, hence m (SLz2(R)) =
71 (R? — {0}) = Z. Notice that analogously 71 (SL(2,C)) = 71 (C? — {0}) = 1.
We consider now G - the universal cover of SL(2,R), and the composition
a:G— SL(2,R) — SL(2,C) (where the later map is the standard embedding).
The corresponding Lie algebra map is the copmlexification g — C ®g g. Now,
let G — H be a morphism, where T, H has a complex structure. Then we
can break T,.G — T.H via T.G — T.(SL(2,C)) — T.H (by the universal
property of complexification). By simple-conectedness we can lift those to maps
G — SL(2,C) — H, and the composition must be the original G — H by
conectedness. Hence, we deduce that G — H can not be injective (because
G — SL(2,C) isn’t). This implies that G has no embedding into a matrix
algebra GL(n,C).
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8 Maximal tori

8.1 Connected abelian Lie groups

Let G be a connected abelian Lie group.
Claim 8.1. exp: (g,+) — (G,-) is an epimorphism with discrete kernel.

Claim 8.2. Let V be a finite-dimensional vector space over R, and T C V
a discrete subgroup. Then there exists a basis e1,...,en, of V and an integer
0<k<mn such thatT'=Zey + ...+ Zex. We have k =n if and only if V/T is
compact.

Corollary 8.3. G is isomorphic to (R/Z)* x R"™* for some 0 < k < n.
Definition 8.4. A torus is a compact connected abelian Lie group.
We saw that any torus is isomorphic to (R/Z)* for some k € Z>o.

Definition 8.5. Let G be a Lie group. We say that an element g € G is
a topological generator if the subset ¢ C G is dense. We say that G is
monogenic if it admits a topological generator.

Claim 8.6. A torus is monogenic.

Proof. Let G be a torus and let us present G = (R/Z)*. We claim that any
g = (a1,...,ax) for which 1,aq,...,a; are linearly independent over Q, is a
topological generator. This property implies that x(g) # 1 for any non-trivial
character x : T'— C*. We claim now that the following holds (I think this is

Weyl’s theorem):
G

n

for any f € C(G). Indeed, by the Peter-Weyl theorem it is immediate to reduce
this to f = x a character. For x = 1, this is clear. Thus, we are left to show
that for a non-trivial character x we have

Z:‘L:1 f(g")

n

=0.

limy o0

But we have (recalling that x(g) # 0)

> fg") _ x(9)- (x(9)" — 1)
n (x(g) =Dn~

so clearly the desired limit equality holds.

Now, we claim that from this result the density of g% C G follows. Indeed,
would it be not dense, we could find a positive non-zero continuous function f
vanishing on ¢g%. Then we get a contradiction examining the equlity above for
such an f. O
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Lemma 8.7 (Rigidity of tori). Let G be a torus, and ® : M x G — G a smooth
map, such that ®,,(g) := ®(m, g) is an automorphism of G as a Lie group, for
every m € M. Then if M is connected, the automorphism ®,, does not depend
on m.

Proof. Fix a torsion element g € G. For every character x of G, the image of
m — x(®,,(g)) lies in the discrete set of roots of unity of order o(g); Hence
m +— x(®,(g)) is constant. Since the values of all the characters determine the
element of g, we get that m — ®,,(g) is constant. Since the subgroup of torsion
element is dense in G, we get that m — ®,, is constant. O

8.2 Maximal tori and the root decomposition
Let G be a compact connected Lie group.

Definition 8.8. A maximal torus 7' C G is a closed subgroup, which is a torus,
and which is not contained in any closed subgorup which a torus, except itself.

Obviously, maximal tori exist.
The main theorem on maximal tori, which we will prove later, is:

Theorem 8.9 (Main theorem on maximal tori). Let T C G be a mazimal torus.
Then any element of G is conjugate to an element in T.

Lemma 8.10. Let T be a closed connected subgroup of G. Then T is a maximal
torus in G if and only if Lie(T) is a maximal abelian subalgebra in Lie(G).

Proof. Assume first that T is a maximal torus. Suppose that X € Lie(G)
commutes with all the elements in Lie(T). Consider S, the identity component
of the closure of the subgroup generated by T U exp(RX). Then S is torus,
hence S =T. But Lie(T) + RX C Lie(S5), so that we get X € Lie(T).

Assume now that Lie(T') is a maximal abelian subalgebra in Lie(G). Then
if T were contained in a bigger torus S, we would have a strict containment of
Lie(T) in Lie(S), and thus Lie(T) would not be a maximal abelian subalgebra
in Lie(Q). O

Definition 8.11. Let 7' C G be a maximal torus. The Weyl group W (G, T) is
defined as Ng(T)/T.

Remark 8.12. A bit more correct would be to define the Weyl group as
Ng(T)/Za(T). However, the former definition is more convenient for us now,
and later we will see that in fact Zo(T) = T holds.

Lemma 8.13. The Weyl group W(G,T) is finite.

Proof. Considering the map Ng(T)xT — T, given by (g,t) — gtg~!, we get by

rigidity of tori that Ng(T)° C Cq(T). Thus Cg(T) is of finite index in Ng(T).
Moreover, T is of finite index in Cg(T'), because Lie(Cq(T)) = Lie(Cu(t)) =
Cy(t), so Lie(Cq(T)) =t by t being a maximal abelian subalgebra of g. O
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We fix a maximal torus T" C G, and consider the adjoint representation of
T on g. We have t = g?*! (the subspace on which T acts trivially), basically
by the above lemma. We thus have an isotypical decomposition g = t @ g7
To work with g7"#!, it is not necessary, but is convenient for us, to pass to
complexification gc. Then we get

gc=tcd P o,

XER(G,T)

where R(G,T) (the set of roots) is the set of non-trivial characters x of T' for

which gg’x # 0. We notice that since g¢ is the complexification of g, the set

R(G,T) is closed under taking inverse and we have dim gé’»x = dim gg’fl for

all x. We will later see that dim gg’x =1 for every x € R(G,T).

8.3 The map c¢: G/T xT — G, and a proof of the main
theorem on maximal tori

To prove the theorem that every element of G is conjugate to an element of T,
we study the map ¢ : G/T x T — G given by c¢([g],t) = gtg~!. Notice that
the theorem is equivalent to the statement that c is surjective. We will use the
following statement from differential topology, the theorem on mapping degrees:

Theorem 8.14. Let M, N be compact connected oriented manifolds of the same
dimensionn. Let ¢ : M — N be a morphism of manifolds. Then there exists an
integer deg(f), the mapping degree of f, such that for every form w € Q™(N)
one has

¢*w = deg(f) / w.

M N

Moreover, for an regular value n € N of ¢, the number deg(¢) equals the number
of preimages of n at which ¢ preserves orientation, minus the number of per-
images of n at which ¢ reverses orientation. In particular, deg(¢) # 0 implies
that ¢ is surjective.

A manifold is oriented if we choose an orientation of each tangent space
to the manifold, in a continuous fashion. On an oriented manifold we have a
canonical integration of continuous, compactly supported top-forms. Given a
morphism ¢ : M — N between oriented manifolds, at each regular point m € M
(i.e. such that d,,¢ is surjective, and hence an isomorphism), we have that d,¢
is preserves or reverses orientation.

We fix orientations for g and t. Then g/t gets an induced orientation. By
using translation on the left, we obtain from those orientations of G,T,G/T.
For the last one, one needs to notice that the adjoint action of T on g/t preserves
orientation. Indeed, this follows from T being connected.

Now, the idea is to find a regular value of ¢, using which it will be easy to
calculate the degree deg(c).
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Proposition 8.15. Let t be a generator of T. Then ¢ 1(t) is in bijection, via
projecting on the first factor, with W(G,T), and ¢ preserves orientation at each
point of c=1(t). In particular, deg(c) = |W (G, T)| and c is thus surjective.

Proof. If ([g],s) € ¢~ 1(t), then t € g~Tg so, since t is a generator of T, we
have T C g7 1Tg, so T = g 'Tg, i.e. g € Ng(T). From this we see that ¢~1(¢)
is in bijection, via projecting on the first factor, with N (T)/T.

Let us now calculate the differential of ¢ at some point ([go], to)-

For this, let us calculate the differential of ¢: G x T'— G given by ¢(g,t) =
gtg™!, at some point (go,to). We identify tangent spaces to G and T at various
points with the tangents space at identity, via the left-invariance. So, the dif-
ferential at (go,t0) is modeled by the map g @&t — g given by the differential at
(e,e) of

GxT (g0-,to) GxT E) G (gotoge )™ el

This map is calculated to be the same as

o prl@)
_—

'.Vfl
GXT([t GXGmultGQO()!JO G

Its differential at (e, e) is

Ad(tgY)—id)opry inc! a
gt ((Ad(ty ") —id)opri,incg) 5D g dd g Ad(go) g

(where z‘nc; is the inclusion). To summarize, we obtain that the differential of

¢ at the point (go, to) is modeled by the map g ®t — g given by
(X, H) — Ad(go)[Ad(ty )X — X + H].

Now, to model the differential of c at ([go],t0), we identify T,,1(G/T) with
Ti¢)(G/T) via left multiplication by go. Then we get that the differential of ¢ at
([go], to) is modeled by g/t @t — g given by

(X +t, H) — Ad(go)[Ad(t; )X — X + H].

Since G is connected, it is clear that Ad(go) is an orientation-preserving
automorphism of g. Also, we identify g/t with g77!. We see that it is enough
for us to study the determinant of the map g — g given by

X = Ad(t; )X - X

for X € g77! and
X=X
for X € t. We can pass to the complexification. Then we get that the determi-
nant is . .
—_ i ' X — H X
[T o)™t =)o = I Ixto) ™t —1)74me .
XER XER/+

So, if to is a generator of T, so that x(tg) # 1 for every x # 1, we obtain
that c is orientation-preserving at all points of ¢1(tg). O
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8.3.1 Weyl’s integration formula

Let us establish Wey’s integration formula. We denote by wg (wr,wq/r) a left
G-invariant (T-invariant, G-invariant) non-vanishing top form on G (T , G/T).
Then the calculations above show that

. T,x
¢*(we) = K- [Te@® ™ =)™ - (wgyr Rwr),
XER

where K is a non-zero constant. Let us denote A(t) := [] (x(t)~t—1)dim ac,

€R
We thus obtain, for a function f € C(G): *
K . K .
fdpe = | fug = flgtg™)-Alt)we rRwr = = [ A(t) flatg™ )ducyr | dpr,
G G (W Ja/rxr Wl Jr G/T

where pg, i, g/ are invairant measures and K is some non-zero constant.
We can rewrite this as

/Gfduc = %/TA@) (/Gf(gtg_l)duc> dur,

where again K is some non-zero constant, and the Haar measures are normalized
such that the total mass of G and T is 1.

Claim 8.16. In the last formula (with the normalization [, ur = [, pc =1),
we have K = 1.

Proof. complete O
Finally, let us summarize, giving Weyl’s integration formula:

Corollary 8.17. Let ug, pr be Haar measures on G, T, normalized so that the
total mass is 1. Then for every f € C(G), we have:

/Gfd/ic:: V1V|/TA(15) </Gf(gtgl)duc> dur.

In particular, for a central function f € C°(G), we have:

1
[ saue = 7 [ Aws@dur

8.4 A second proof of the main theorem on maximal tori

This subsection is with errors, need d,,a — id instead of d,,«!!

We fix an element g € G. We consider the morphism oy : G/T — G/T
given by xT +— gaxT. We notice that the possibility of conjugating g into 7' is
equivalent to o, having a fixed point.

To count fixed points, we will use the Lefshcetz fixed point theorem (weak
form):
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Theorem 8.18 (Lefschetz fixed point theorem). Let M be a compact manifold,
and a : M — M an endomorphism. If « has a finite number of fized points,
then the Lefschetz number

Ay = ;(71)2'TT(&,HZ‘(M, Q)

s equal to

meFix(a)
where i,(m) is £1, according to the sign of the determinant of d,a.
In particular, if Ao # 0, then « has at least one fized point.

Now the idea is that the Lefschetz number depends only on the homotopy
class of a. Notice that in our case, since G is connected, all the maps «a, are
homotopic. Hence, it is enough to show that A, # 0 for some one comfortable
g! We again take g = ¢y to be a generator of 7. Then we see that Fiz(as,) =
Ng(T)/T. It is a finite set, and so it is enough to show that ia, (9) = 1
for every g € Ng(T')/T. By using left translation, we model dgray, as the
differential at eT of G/T — G/T given by T — g~ 'togzT, which is the same
as 2T — g *togz(g~ tog) ~1T. Thus, our model map is g/t — g/t given by

X 4t Ad(g  tog) X + t.

Similarly to before, the determinant of this map is

I Ixg gy Pdimee™,
YER(G.T)/+1

which is positive.

To summarize, we see that the Lefschetz number A, is equal to [W] for
every g € G. In particular, the Euler characteristic A;q = |W]|.
8.5 Corollaries of the main theorem

Corollary 8.19. Any element of G is contained in a maximal torus.

Proof. Clear, since if hgh™' € T, then g € h~'Th, and clearly h™'Th is a
maximal torus in G. O

Corollary 8.20. Any maximal torus S C G is conjugate to T.

Proof. As we saw before, S is monogenic; i.e. there exists s € S such that
sZ = S. Now, if hsh™! € T for some h € G, then we see that hSh™! C T. Since
hSh~! is a maximal torus, we get hSh~! = T. O

Definition 8.21. The rank of G is the dimension of a maximal torus in G.

Corollary 8.22. The map exp : T.G — G is surjective.
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Proof. G is the union of maximal tori, and the exponential map of a torus is
surjective. O

Corollary 8.23. Let S C G be a subtorus. Then Zg(S) is equal to the union
of mazximal tori containing S. In particular, Zg(T) =T.

Proof. Let g € Z5(S). Let S; be the closure of the subgroup generated by
SU{g}. We claim that S; is monogenic. If so, S} is contained in some maximal
torus (since its generator does), and we get what we want. To see that S; is
monogenic, notice that S C S7, and hence g generates S1/57, which is a finite
group. Hence S1/S5 is a cyclic finite group.Denote m := |S/S7|. Since S§ is
a torus, we can find a generator s of S7. We want to find s; € S such that
(gs1)™ = s. If this is done, than (gsi)? contains sZ = 57, but also contains
957, so must be the whole of S;. The equation is equivalent to si* = sg=™.
Sicne sg~™ € S} and SY is divisble, the equation is solvable. O

Corollary 8.24. Let S C G be a subtorus. Then Zg(S) is connected.

Proof. This is clear, since Zg(S) is the union of connected subgroups by the
previous corollary. O

Corollary 8.25. Let X € Lie(G). Then Zg(X) is connected.

Proof. Notice that Zg(X) = Zg(exp(RX)), and exp(RX) is a torus. O
Corollary 8.26. The center Zg(G) equals the intersection of all mazimal tori.

Proof. Z¢(G) C NrZa(T) = NrT. On the other hand, NyT = NrZa(T) =
Z(;(UTT) = Zg(G) O

Corollary 8.27. Ifty,ts € T are conjugate in G, then they are also conjugate

Proof. Let gtig~' = t5. Then T,gTg ! are maximal tori in the connected
compact Lie group Z(t2)°. Hence by the main theorem, T, gT'g~! are conjugate
in Z(t2)°. So let h € Z(t2)° be such that hgT(hg)~' = T. Then hg € Ng(T),
and (hg)t1(hg)~! = to. O

Corollary 8.28. Restriction gives a well-defined bijection C(G)e™ — C(T)W
(of central continuous functions on G and W -invariant continuous functions on
T).

Proof. By the previous corollary and the main theorem, we have clearly a bijec-
tion on the level of functions (not neccesarily continuous). Thus what we need
to show is that given a function f € C(G)®™ such that f|r is continuous, also
f is continuous.

Indeed, notice that ¢~ f = pr} f|r, where ¢ : G/T x T — G is the map we
studied, and pro : G/T x T — T is the projection on the second factor. Now, ¢
is a surjective map between compact spaces, and hence a quotient map. Thus,
since ¢~ f is continuous, so is f. O
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8.6 More about the map ¢: G/T xT — G

Lemma 8.29. Let ¢ : M — N be a proper map between manifolds of the
same dimension. Then the set of reqular values N®~79 is open in N, and
¢: ¢ H(N?~T9) — N®~7e9 js a covering map.

Let us notice that our map ¢ : G/T x T — G has the following equivariant
structure. We let G act on G/T x T by acting on the first factor by left regular
action. We let G act on G by conjugation. Then c is a G-morphism. Moreover,
we let W(G,T) act on G/T x T by w([g],t) := ([gw™!],wtw™!) and on G
trivially. Then c is also a W(G, T')-morphism. Also, recall that we saw that the
differential of ¢ at a point ([go],%o) is an isomorphism if and only if x(tg) # 1
for every x € R(G,T).

Let us denote by G"™9 C G the set of regular values of the map c. Also,
denote T"%9 = G"™9 N T.

Claim 8.30. The subset G™9 C G is open, with complement of measure zero,
and stable under conjugation in G. We have c=*(G"9) = G/T x T"%9.

Proof. That G is open follows from the lemma above. That its complement
is of measure zero is given by Sard’s lemma. It is clear that G"Y is stable under
conjugation in G, because c¢ is G-equivariant as above. From this stability under
conjugation, the last claim is also clear. O

Claim 8.31. For g € G, TFAE:
1. g € G™9.

2. For some mazimal torus S containing g, we have x(g9) # 1 for every
x € R(G, S).

dim Zg(g) = rkG.
Zc(9)° is a mazimal torus.

g 1s contained in a unique maximal torus.

S &

For some mazimal torus S containing g, we have Zg(g) C Ng(95).

Proof. (1) < (2): By conjugating, we may assume S =7 (andso g =t € T).
Then elements in ¢~ 1(¢) have second coordinate conjugate in G to t, and hence
conjugate in W to t. Thus, x(t) # 1 for all x € R(G,T) if and only if x(¢') # 1
for all Y € R(G,T) and all ¢ - second coordinates of elements in ¢~ 1(¢). By the
calculation when is the differential of ¢ an isomorphism - we are done.

(2) © (3): The condition of (2) is equivalent to Z4(g) = Lie(S), which is
equivalent to dim Z4(g) = rkG, and thus equivalent to (3) because dim Z¢(g) =
dim Zy(g).

(3) = (4): If S is a maximal torus containing g, we have S C Zg(g)°, and
by comparing dimensions we get equality.
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(4) = (5): If S is a maximal torus containing g, we have S C Zg(g)°, and
since Zg(g)° is a torus we get equality.

(5) = (6): Let S be the maximal torus containing g. We must have Zg(g) C
N¢g(S), because otherwise, if we take h € Zg(g) — Ng(S), we obtain a maximal
torus hSh™! containing ¢ and different from S.

(6) = (3): We get dim Zg(g) < rkG, and so dim Zg(g) = rkG (because
the centralizer of an element always contains a maximal torus, hence always of
dimension at leas rkG).

O

Claim 8.32. ¢ 1(G™9) — G™9 is a W (G, T)-covering map.

Proof. We notice that W(G,T) acts freely on G/T, and hence on G/T x T.
Hence, we only need to show that W(G,T) acts transitively on the fibers. Let
g € G™9, and ([h],t),([k],s) € ¢ !(g). It is enough to show that k~'h €
W(G,T). We denote conjugation by *. We have k~*h xt = s, so t and s
are conjugate in G, and hence in Ng(T). So let w € Ng(T) be such that
wxt =35 Then w k= thxt =t ie. wk~th € Zg(t). So by the previous
claim w™lk=1h € Ng(T'), and thus k=*h € Ng(T). O

For 0 € R(G,T), let us denote Uy := Ker(0) C T. Then Uy is of dimension
dim7T — 1. We have T"* =T — Upcr(a,1)Us-

Claim 8.33. G"%9 is the complement of a subset of codimension > 3, i.e. a
subset which lies in the image of a smooth map from a compact manifold of
dimension < dim G — 3.

Proof. We consider the maps G/Zg(Ug) x Uy — G given by ([g],t) — gtg~ .

Then their images cover G — G™9. Notice that dim Zg(Uy) = dim Z4(Uy) >
—1

dim(tc ® g0’ ® g&? ) = dim T + 2. O

Corollary 8.34. The map m;(G™9) — m;(G) (via the inclusion G™9 — G) is
an isomorphism for i = 0,1 and a surjection for i = 2.

Proof. This is some general property of complements to subsets of codimension
> 3. O

Claim 8.35. We have m2(G) = 0.

Proof. Consider the commutative diagram

G/T xTr* —— G/T x T .
Gres — 4G

The bottom arrow is surjective on o as we metioned. The left arrow is surjective
on Ty since it is a covering map (more precisely, we mean that the map from
any connected component of the upper space gives a surjection on ms). Thus,
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it is enough to show that the map c is zero on my. Notice that mo(T) = 0,
and thus m2(G/T x {e}) = ma(G/T x T) is surjective. But the composition
G/T x{e} - G/T x T — @ is trivial, and we are done. O

Claim 8.36. We have m1(G/T) =0, and so m1(T) — m1(G) is surjective.

Proof. That m(T) — m1(G) is surjective follows from 1 (G/T) = 0 by the long
exact sequence of homotopy groups of the fibration G — G/T.

Consider the maps f, : G/T Jdxp, G/T xT 5 G where p € T. Notice
that all these maps are homotopical. Since m(G) is abelian and f, are all
homotopical, m1(fp) are all ”the same”. Thus, to show that m1(G/T) is trivial,
it is enough to show that m1(f,) is trivial for some p, and injective for some
other p.

For p = e, we have f, =e.

For p € T"%9, we get a factorization

m1(fy) : m(G/T,€) 2L my (G/T x T7, (e,p)) < m1(G™9, p) — m (G, p);
Notice that all the maps here are injective (the second since ¢ is a covering map
over G™%9).

O

8.7 The case of U(n)

We fix G = U(n) and T - the diagonal matrices in U(n). We denote by e =
(e1,-..,en) the standard basis for C™. We recall that Ng(T') consists of matrices
permuting the lines Sp{e;}. We then have W (G, T) = S,,.

Notice that we can think of a matrix in T as an ordered list of n numbers
(eigenvalues). We then think of T//W(G,T) as multiset of n numbers, or
equivalently as a monic polynomial of degree n (whose roots are the multiset
of numbers). The equality of classes G//G = T//W(G,T) is interpreted as
sending a matrix to its characteristic polynomial (or multiset of eigenvalues).

We define a flag in C" to be a list F = (Vp, V1,...,V,) of subspaces of C",
such that dimV; = ¢ and V; C V;41 for every 0 < i < n — 1. Given a basis
[ = (fi,..., fn) of C*, we get a flag F; for which V; = Sp{fi,...,fi} (and
every flag is of this form for some basis, defined uniquely up to a triangular
change-of-basis matrix). We have the standard flag F..

The group G acts on the space of flags. The stabilizer of F, consists of the
unitary upper-triangular matrices, hence is T'. Moreover, the action is transitive;
This is the Gram-Schmidt algorithm. Thus, we identify G/T with the space of
flags.

We now can think of the map ¢ : G/T'xT — G as sending a pair (F, (t1,...,tn))
to the unique unitary matrix g which preserves the flag and such that g acts
on V;/V;_1 by t;. Or, we can think of the subset S C G/T x G consisting of
pairs ([g], h) such that g='hg € T; then c is isomorphic to the projection onto
the second factor S — G. In other words, elements of S are pairs, consisting of
a matrix g and a flag it preserves.
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The set G C G consists of the matrices with n distinct eigenvalues. In-
deed, T"%Y is given by the condition tﬁ;l # 1 for all i < j. A matrix with n
distinct eigenvalues has exactly n! flags which it preserves.

8.8 Some examples of maximal tori

In SU(n), the subgroup of diagonal matrices is a maximal torus. More generally,
the subgroup of matrices which are diagonal in some orthonormal basis is a
maximal torus, and any maximal torus is of that shape. So, the rank of SU(n)
is n.

Let’s consider SO(n) now. If n is even, consider the subgroup diag(SO(2), SO(2),...,S50(2)).
It is a maximal torus, so the rank of SO(n) is n/2. If n is odd, we consider the
subgroup diag(S0(2),50(2),...,50(2),1), which is a maximal torus, and so
the rank of SO(n) is (n —1)/2 in this case.

Let us find the root space decomposition for G = U(n) (and T - the diagonal
matrices). The Lie algebra Lie(G) has a basis iEj;, and E;;, — Ey; and iE;, +
iEji (for k > j). Thus Lie(T) = &,{r - E;;}rer and Vi := {zE;; — ZEy; } .cC
and we have

Lie(G) = Lie(T) & P Vi

k>

We compute Ad(diag(t;))E;i = tjt; ' Eji, and so diag(t;) acts on Vjj, by
multiplying the parameter z by tjtgl.

Thus, the above decomposition is the isotypical decomposition of Lie(G) as
a real T-representation. To decopmose the copmlexification, we write (Vjx)c =
Uji, ®© Uy, where Uji, == Sp{Ejk—‘r}

As an example, let us consider the Weyl group W (G, T') where G = U(n) and
T is the subgroup of diagonal matrices. A matrix normalizing 7" must permute
the eigenspaces of the operators in 7', and thus must be a ”permutation matrix

up to scalars” (i.e. a matrix, every row of which has exactly one non-zero entry).
Thus, W(G,T) = Ne(T)/T = S,,.

9 The reflections in the Weyl group

9.1 Connected compact Lie groups of rank 1

Claim 9.1. Suppose that rk(G) = 1, and G # T. Then |W(G,T)| = 2 and
dim G = 3.

Proof. We first show that |[W(G,T)| = 2. Notice that the torus T' admits two
automorphisms - id and —id, so all we need to show is that W(G,T) # 1.
We fix a G-invariant inner product on g, and consider a unit vector H € t C g.
Denoting by S(g) the sphere of unit vectors in g, we consider the map ¢ : G/T —
S(g) given by ¢T +— Ad(g)H. This map ¢ is continuous and injective, hence
by the invariance of domain theorem, since G/T and S(g) are both manifolds
of dimension dim(G) — 1, the map ¢ has open image. Since G/T is compact, ¢
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also has closed image. Hence, since S(g) is connected, ¢ must be surjective (in
fact, we see that ¢ is a homeomorphism, and even a diffeomorphism). Hence,
in particular, there exists ¢ € G satisfying Ad(g)H = —H. Clearly such g
represents a non-trivial element of Np(G)/T.

To show that dim G = 3, we consider the fibration G — G/T with fiber
T, and obtain an exact sequence of homotopy groups ma(G/T) — m(T) —
7m1(G). Now, take a loop v : [0,1] — T (based at e). Also, take an element
g € Ng(T)—T. Then gyg—! =41, but on the other hand gyg~! is homotopic
to v, since G is connected (and thus g connectable to €). Thus we obtain that
v =~"1in m(G), so 2m(T) sits in the kernel of the map m1(T) — m1(G).
Hence, we obtain mo(G/T) # 0. But as ¢ : G/T = S(g), we must have then
dim g = 3 (because S? is the only sphere with non-trivial 7). O

Claim 9.2. Suppose that rk(G) = 1, and G # T. Then G is isomorphic to
SO(3) or SU(2).

Proof. Considering a G-invariant inner product on Lie(G), we get a morphism
G — O(3). Since G is connected, we get G — SO(3). The kernel of this
morphism is the center of G. The center of G is contained in 7', and can
not be equal to T, since Zg(T) = T. Thus the center of G is finite. So
G/Za(G) — SO(3) is an injective map of manifolds of the same dimension,
hence is an open map. Thus the image is an open subgorup, hence also closed,
hence all of SO(3). We thus obtain an isomorphism G/Z¢(G) = SO(3). So G
is a covering group of SO(3), and thus isomorphic to SO(3) or SU(2). O

9.2 The reflections

Claim 9.3. For 6 € R(G,T), there is a unique element 1 # sp € W(G,T)
which is trivial on Uy := Ker(0).

Proof. To show the uniqueness of such an element we observe that if we choose
a G-invariant inner product on g, then Ad(sg) : t — t is an orthogonal trans-
formation fixing the hyperplane Ker(df), so can only be identity or orthogonal
reflection through this hyperplane.

To show existence, denote Gy := C(Up)°.

Notice that T is a maximal torus in Gy, and Uy lies in the center of Gjy.
We have an embedding W(Gy,T) — W(G,T), whose image consists only of
elements which are trivial on Uy. Thus, it is enough to show that |W(Gy,T)| =
2.

Next, consider G} := Gg/Uy. Then T/Uy is a maximal torus in G}, and
we have an isomorphism W (G}, T/Uy) = W(Gy,T). Thus, we are reduced to
showing that |W(G},T/Ug)| = 2. Notice that G}, # T/Uy, because Gy # T
(this follows from 6 being a root). Thus, the claim follows from the previous
claim. 0

As an example, let us consdier G = U(n) and T = diag. For the root
0;x(t) = t;t; ", we have Ker(0;1,) = {diag(ti,...,t,) | t; = tx}. Obviously, the
permutation (jk) € S, is the sought for sq,, .
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Claim 9.4. For § € R(G,T) we have =1 € R(G,T) and, moreover, 0,01 are
the only elements of R(G,T) which are trivial on Ug. One has dimgg’e =1.

Proof. The fact that §~! € R(G,T) follows by noticing that complex conjuga-
tion on gc takes one root space to the other.
Denoting by Ry C R(G,T) the subset of roots §' which are trivial on Uy,

we notice that
o 7,6’
Zy(Ug) = tc @ @ 9c >
0’€Ry

and thus dim Zg(Uy) = dim T + )y, p, dim gg’e/. From this we see that

dim Za(U§)°/Us =1+ Y dimgl”.
6’E€Ry

So the group Zg(Ug)° /Uy has rank 1 and dimension at least 3, so by the claim

we had, it must have dimension 3. Thus |Ry| = 2, i.e. Ry = {6,071}, and
. T0

dimgy” = 1. O

Notice that in the example of SU(2), indeed we have Up,, = {£1}, so that
Up’s can be not connected.

10 The real root system
10.1 Weights

Let T be a torus. The map exp : t — T is a surjective homomorphism. Denote
the kernel of exp by tz. The subgroup tz is a lattice in t (the coweight lattice).
Denote by t5 C t* the dual lattice to tz (the weight lattice).

For A € t*, we denote by e()\) the homomorphism t — C;* given by e(\)(H) :
e?™AUH) - Then e()) is trivial on tz if and only if A € 5. On the other hand,
elements of X*(7T'), that is homomorphisms 7' — C;, are identified with homo-
morphisms t — C;* trivial on tz. We obtain an isomorphism t;, = X*(T), given
by sending A € t};, to the unique x € X*(T') satisfying x o exp = e(A).

10.2 Roots

Denote
R={aet;|e(e) € R(G,T)}

(we might call those "real roots” to distinguish from the roots in R(G,T)).
Remark 10.1. R is a finite set of non-zero vectors, and R = —R.

Claim 10.2 ("the root system is reduced”). Given o € R, one has Ra N R =
{o, —a}.

Proof. RaN R coincides with the set of real roots § for which e(3) is trivial on
Uf(a)> and we saw that e(B) and e(—p) are the only roots trivial on Uy. O
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10.3 The Weyl group

The group W = W(G,T) acts on t via the adjoint action. We have also the
corresponding action on t*.

Remark 10.3. W sends R into R.

It is convenient to introduce an auxiliary W-invariant inner product (-, -)
on t. Then the elements of W are all orthogonal transformations w.r.t. x(-,-).
We denote also by «(:,-) the induced inner product on t*. The elements of W
act on t* by orthogonal transformations as well.

Recall the elements s, := s.(o) € W for a € R. Since s, # e and s, fixes
to := Ker(a), we see that s, is the orthogonal reflection through t,.

We denote t7%9 := t — Ugeprta.

Lemma 10.4. Let H € t. Then H € t7°9 if and only if Stabw (H) = {e}.

Proof. It H € t,, then s, € Staby (H). If H € %9, then Z4(H) =t, so Zg(H),
being connected (we saw that the centralizer of any element in the Lie algebra
is connected), is equal to 7', meaning Staby (H) = {e}. O

Remark 10.5. We can contrast the above lemma with the situation with W
acting on T'. There we also had T"% = T — U,crKer(e(a)), but there might be
elements in 779 with non-trivial stabilizer in W. For example, take G = SO(3)
and T = diag(SO(2),1). Then diag(—1,—1,1) € T is regular, but the element
0 1

1 0 )’
Weyl group) stabilizes it. The centralizer of diag(—1,—1,—1) is Ng(T).

diag( —1) (which is a representative of the non-trivial element in the

Lemma 10.6. For w € W and o € R, we have wsoqw ™' = Sya.

Proof. The element ws,w ™! is an orthogonal reflection fixing ..., hence equal

to Swa- O

10.4 Weyl chambers

Denote t, := Ker(a), and define a Weyl chamber in t to be a connected
component of t7¢9 := t — Uyerty. The Weyl chambers are open, convex and
conical, and are just the non-empty subsets of the form

U={H et]|e(H a)>0Vac R}
for various combinations of €, = £1.
Claim 10.7.
1. W acts freely on the set of Weyl chambers.

2. The subgroup of W generated by {Sq}acr acts transitively on the set of
Weyl chambers.
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3. W is generated by {84 }acR-

Proof. Part 3 follows formally from parts 1 and 2. Part 1: Suppose that
w € W fixes some Weyl chamber U. Take any H € U and consider H' =
ﬁ 2_0<i<o(w) w'H (here o(w) denoted the order of w as element of the group
W). Then H' € U (because U is convex), and wH’ = H’'. Thus w = e by the
above lemma. Part 2: Let H, H' sit in two Weyl chambers. We want to show
that there exists w € (sq)aer such that wH' sits in the same Weyl chamber as
H. Let w € (8a)acr be such that the distance between wH’ and H is minimal.
If wH' and H sit in different Weyl chambers, then k(o, wH') and k(«, H) have
a different sign for some o € R. But then s,(wH’) is closer to H than wH’,
contradicting the choice of w. O

10.5 Coroots

Since s, is a reflection of t, it is also a reflection of t*. Thus, we have a unique
aV € t satisfying
sa(N) = A — (¥, N

for all A € t*. Notice that we have (oY, a) = 2. The elements oV € t* are called
coroots.

Claim 10.8. For any a € R we have o € tz.

Proof. Denote H := a¥/2. We have (H,a) = 1. Thus e(a)(exp(H)) =
e?ma(H) = 1. In other words, exp(H) € U,(,) and hence s, (exp(H)) = exp(H).
But on the other hand s, (exp(H)) = exp(sqo(H)) = exp(—H). Hence we obtain
exp(H) = exp(—H) and so exp(a) = exp(2H) =1, i.e. a¥ € ty. O

Corollary 10.9. For any «, 3 € R we have (¥, 8) € Z, and s0 s,(8)—f € Z-«.

Using the form &(-,-), we have

2k(a, A)
a(A) =A— ’
N =2
and we deduce that 2h(a )
v ~ 26(a
fa®, ) = k(a, @)

for all A € t*, i.e. o corresponds to ﬁa under the isomorphism t = t* given

by k. “
10.6 Positive and simple roots

Fix a Weyl chamber U in t, which we call the fundamental Weyl chamber.
Say that @ € R is a positive root if « satisfies (H,a) > 0 for all H € U
(equivalently, for some H € U). Denote by Rt C R the subset of positive roots.

44



Notice that R = R* U —R" (any root is either a positive root or the minus of
a positive root). Notice that

U={Hect|(Ha)>0Vaec R}

Say that o € RT is a simple root, if a can not be written as a sum of two
positive roots. Denote by S C R™ the subset of simple roots.

Lemma 10.10. Let a, 8 € S be different simple roots. Then r(a, 8) < 0.

Proof. Write so(8) = 8—na and sg(a) = a—mf, where n = (aV, g) = 255

k(a,a)

and m = (8Y,a) = Q:((Bﬁg‘)) We saw that n,m € Z, and we see by Cauchy-
Schwartz that [nm/| < 4 (this is a strict inequality since «, 8 are not propotional).
Assuming by contradiction that x(a, 8) > 1 (so n,m # 0) we obtain 1 € {n,m}.
Then either o — 8 or B — v is a root, in which case we obtain that either « or 8
can be written as a sum of two positive roots - in contradiction to them being

simple roots. O
Corollary 10.11. The set of simple roots is linearly independent.

Proof. This is a general fact - a set of non-zero vectors in a real inner product
space lying on one side of a hyperplane and forming obtuse angles (i.e. the inner
products are nonpositive) is linearly independent. O

Claim 10.12. Any root can be written as a sum of simple roots, either with all
non-negative integer coefficients, or with all non-positive integer coefficients.

Proof. Given a positive root, start decomposing it into sums of positive roots.
The process must end because (H, -) decreases. At the end, we obtain a decom-
position of our positive root into a sum of simple roots. O

Notice that
U={Het| (Ha)>0VaeS}

Claim 10.13. The set {Sq}acs generates W.

Proof. The proof is the same as for RT instead of S: We show that (s,)aecs acts
transitively on the set of Weyl chambers. The same proof is possible, thanks to
the formula for U above. O
10.7 The length function

Define ¢ : W — Z>g, by setting ¢(w) to be the minimal possible length of an
expression of w as a product of simple reflections s,, a € S.

Lemma 10.14. For o € S and B € R™ such that o # 3, we have s,(8) € R*.
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Proof. Write 8 =3__gn,7y (where n, € Z>o). Notice that since o # 3, there
must be o # 4’ € S with n # 0.
We have

sa(f) =B —(a",B)a= (na— (@, B))a+ > nyy.

a#veS

Thus, since 7/ appears in s, () with a positive coefficient, all simple roots must
appear with a positive coefficient, and s,(8) € R*. O

Remark 10.15. In the special case when 8 € S, we obtain (", 8) < 0. Indeed,
50(8) = B —{aV, B)a, and again we use the fact that a root is either a positive
integral combination of simple roots, or a negative integral combination of simple
roots.

So, for the so-called Cartan matrix S x S — Z given by («, 8) — (aV, ),
the diagonal entries are —2, and the off-diagonal entries are negative.

Claim 10.16. For w € W, we have
lw)=|{B€R" |w(B) e R}

Proof. For w = e the claim is true, and for w a simple reflection the claim is
true by the above lemma. Assume by induction that the claim is true for w of
length [—1, and let w be of length I. Write w = s,v where £(v) =1—1. We want
to show that o € vRT, then the claim becomes quite clear. Let us suppose that
a € —vR™T, and denote 8 := —v"1(a) (so B € RT and v3 = —a € —R™). Then
we can break the decomposition of v into [ — 1 simple reflections as v = gs-h,
where sy h is the first sub-word to send 3 into a negative root. Then this
means that h3 = . We get gy = a. But this means g<97g_1 = Sq4, SO that
v = gsyh = sqgh and hence w = s,v = gh, and we get a contradiction to
L(w) =1. O

Claim 10.17. Let U be a Weyl chamber. Then every W -orbit in t intersects
Cl(U) at a unique point (here Cl(-) denotes the closure in the topology).

Proof. Let H € t*. That W H intersects CI(U) is shown as in the proof of part
2 of claim ...; Namely, we take arbitrary H' € U and consider w € W for which
the distance between wH and H' is minimal. Then wH € CI(U).

To show uniqueness, Assume that H, H' € CI(U) and H' = wH for some
w € W. We want to show that H' = H. We do it by induction on ¢(w) (the
case {(w) = 0 is obvious). Assume that £(w) > 0. Then for some o € S, we have
wa € —RT. Then (H,a) = (H',wa) is both non-negative and non-positive. So
(H,a) =0, 1e. H €ty Thus H = (ws,)H. Notice that £(ws,) = £(w) — 1, so
that we are done by induction. O

Remark 10.18. In other words, we see that the closure of a Weyl chamber is
a fundamental domain for the action of W on t.
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Claim 10.19. There is a unique element wg € W satisfying woRt = —R™ (or,
equivalently, {(wo) = |R™].

Proof. Uniqueness: Given two such elements wg, wj, we have wg 1wéR+ =RT,
so L(wy 'wl = 0 and so wy 'w) = e, i.e. wy = w}.

Existence: Given an element w € W of length | < |R™|, notice that —S is
not contained in wR™T, because otherwise also —RT would be contained in wR*
(since positive roots are sums of simple roots), meaning that I = |[R™|. Thus,
picking o € S satisfying w™la € RT, we have £(sqw) = £(w) + 1. Continuing
in this way, we will eventually obtain an element of length |R™|. O

The element wy is called ”the longest element in the Weyl group”.
Claim 10.20. We have w3 = 1, and {(wow) = {(wg) — £(w) for every w € W.

Proof. w3RT = R*, so f(wd) = 0, so w} = e. The claim about lengths is
clear. 0

10.8 The center and the fundamental group

In t*, we have the weight lattice t;, and the root lattice ZR - the Z-span of
R. In t, we have the coweight lattice tz, and the coroot lattice ZR" - the
Z-span of the set RY of coroots. Notice that ZR C t}, and ZR" C tz.

Claim 10.21. One has a canonical isomorphism Z(G) = (ZR)% /t;. In
particular, Z(G) is finite if and only if R spans t*, and in that case Z(G) =
Hom(t/ZR, 1) (where u C C{ is the subgroup of roots of unity).

Proof. We have T' = t/t; via the exponential map. Also, we have Z(G) C T and
Z(G) = NgerKer(e(w)), and those are represented by elements in t on which
the a’s takes integral values, i.e. (ZR)™a!, O

Claim 10.22. One has a canonical isomorphism 71 (G) = tz/ZR" .

Proof. Let us start by constructing a homomorphism t; — 71(G). Namely, the
fiber sequence tz — t — T shows that m1(T") = tz, and we use m1(T) — 71(G)
(induced by the embedding).

This homomorphism is surjective, as shown before.

Let us show that ZR" is in the kernel of the homomorphism. Given o € RY,
consider the path ¢t — exp(ta") (t € [0,1]). We need to show that this path is
homotopic to the trivial path in G. Indeed, recall that exp(%av) € Ug(ay, €.
saexp(3aV)sy! = exp($aY). On the other hand, sqexp(ta")sy! = exp(—taV)
for all ¢ € R. Thus, we obtain sqexp((3 + t)a¥)s;t = exp((5 — t)a"). Since G
is connected, the left hand side of the previous eqation, as a path [%, 1] — G,
is homotopic, with end points fixed, to the path exp((3 + t)a"). We get that
our original path performs at [%, 1] a way homotopic to the reverse of the way
it performs at [0, %] Thus, our path is homotopic to the trivial path.

We are left to show that the kernel of the homomorphism is contained in
ZRY. We skip this for now.

O
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Corollary 10.23. The group Z(G) is finite if and only if the group m (G) is
finite.

10.8.1 Semisimplicity

Claim 10.24. Let G be a connected compact Lie group. TFAE:
1. G has no non-trivial abelian connected normal subgroups.

Z(Q) is finite.

Z(g) = 0.

m1(QG) is finite.

The universal cover of G is compact.

The Killing form B(X,Y) := Tr(ad(X)oad(Y)) on g is negative-definite.

NS v e e

The Killing form B(X,Y) := Tr(ad(X) o ad(Y)) on g is non-degenerate.

Proof. To show the equivalence of (1) and (2), it is enough to show that every
abelian connected normal subgroup lies in the center. Indeed, such a (closed)
subgorup is torus, which is contained in every maximal torus (since for every
maximal torus, some conjugate of the torus is contained in it), and hence con-
tained in the center (which we saw is the intersection of all maximal tori).

Since Lie(Z(G)) = Z(g), the equivalence of (2) and (3) is clear.

We already stated the equivalence of (2) and (4).

The equivalence of (4) and (5) is clear by covering theory.

We note now that the Killing form B(X,Y") is negative-semidefinite. Indeed,
let us fix a G-invariant inner product on g. Then ad(X) are skew-Hermitian
w.r.t. that inner product. Thus we see in a diagonal basis that Tr(ad(X)?) < 0
(as a sum of squares of purely imaginary numbers).

Thus, the equivalence of (6) and (7) is clear.

We also have X € Z(g) i.ff. ad(X) =0 iff B(X,X) = Tr(ad(X)?) =0,
so Z(g) = Ker(B), and thus the equivalence of (3) and (6) is clear.

O

Remark 10.25. A connected compact Lie group is called semi-simple if it
satisfies the equivalent conditions of the above claim.

Remark 10.26. It is also true that if G is a connected Lie group, such that its
Killing form is negative-definite, then G is compact (with finite center).
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10.9 The root datum

The data of (t),tz, R, RY), together with the duality between t; and tz, and
the bijection between R and RV, is called a root datum. When defined ax-
iomatically, it should satisfy some axioms, of course (more or less, one should
have (o, @) = 2, the map A — A — (a¥, \)a should preserve R and the map
H — H — (H,a)a" should preserve RY).

It is a theorem (I think!) that the association to a compact connected Lie
group of its root datum gives a bijection on isomorphism classes.

Notice that on the root datum side, there is a natural ”involution” - one can
swap t}, and tz, and R and RY. Thus, one gets an ”involution” on the isomor-
phism classes of compact connected Lie groups! This is called the ”Langlands
dual group”. Notice how indirect this is.

10.10 Examples
10.10.1 SU(2)

Consider G = SU(2) (and T the usual diagonal subgroup). Then t = Sp{H},
where H = diag(i, —i). We have tz = Z - 27 H. Elements A\ € t* are determined
by the value A(H). We have A € ¢} if and only if A(H) € 5-Z. The Weyl group
is W = {e,wp}, where wo(H) = —H. Taking into account

G 2) (5 a)]-(== %)

and recalling that [H, X| = 2mia(H)X for X € gg’e(a), we have two roots «, —a,
where a(H) = L. The condition (a", o) = 2 implies a¥ = 27H.
Notice that |t;/Za| = 2 and indeed |Z(G)| = 2. Notice that |tz /ZaV| =1

and indeed |71(G)| =1 (i.e. G is simply-connected).

10.10.2 SO(3)

Consider G = SO(3) (and T = diag(SO(2),1)). Actually, let us think of G as
G/+1,and of T as T/ + 1, where G = SU(2) and T is the diagonal subgroup
in G.

Thus, we have the same t as before, the same roots, and in fact the same
W. What changes is the integral lattices. Notice that t; = %t} Thus, t; =
2’%. Thus, the situation "reverses”; Now |t} /Za| = 1 and |Z(G)| = 1, while
[tz/ZaV| = 2, and |71 (G)| = 2.

Indeed, SU(2) and SO(3) are ”Langlands dual” to each other.

10.10.3 U(n) and SU(n)

Consider G = U(n) (and T the usual diagonal subgroup). Then t consists
of diagonal matrices with purely imaginary components - we identify R™ = t
by (z1,...,2,) — diag(izy,...,ix,). The Weyl group W = S,, acts on t by
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permuting components. As a W-invariant inner product, one may take the
standard inner product on R™. From the formula

1ag (i1, ..., 1Ty), 2B, — ZE;| = i(x; — xp) 2B — i(x; — xp) 2 By,
[diag( ), 2E Ei;] = i( )2E ( )2E
we see that the roots are aji(x1,...,2,) = %

For SU(n) the situation is similar, except that t is identified with {(x1,...,2,) €
R™ |21 +...+ 2, =0}

10.10.4 SU(3)

Let us consider SU(3) as an example of the previous subsection. Then an
orthonormal basis (up to scalar) for t* is

1

€1 = (la 7170)362 = (

Y

Sl

and in terms of this basis (up to scalar) we have

V3
Q12 = €1, Qo3 = —561 + 762-

Thus, one imagines
12, (13, (23, 021, 31, (432

sitting on the unit circle as the 6-th roots of unity.

We declare a2, a3, a3 to be the positive roots (and thus aqs, as the simple
roots). The Weyl group, which is isomorphic to Ss, is generated by two simple
reflections s19, So3.

For example, notice that s13 sends

Qg = —03, (i3 = —Q12, ¥13 — —Q13.

Thus, ¢(s13) = 3, and thus s13 is the longest element in the Weyl group.

10.11 Dominant, regular, integral weights

Define
UY={ et |{a”,\)>0VacS}

Using the identification (-, -), which identifies U and U (or more abstractly
by realizing that R is a root system by itself...), we see that every W-orbit in
t* intersects CI(UY) at a unique point.

We will call elements A\ € t* weights. We will say that a weight A is: dom-
inant if A € CI(UV), regular if (¥, \) # 0 for every a € S (or, equivalently,
a € Rt or even a € R), and integral if \ € t.

Let us remark that some define a weight to be what we call an integral
weight, because only those are relevant for finite-dimensional representations of
compact groups. Also, some define a dominant weight to be a weight \ satisfying
(a¥,\) ¢ Z<_4 for every a € R (instead of our (a¥,\) > 0), which makes more
sense in some contexts (anyhow, for integral weights those coincide).
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11  Weight theory

11.1 Representation of the Lie algebra

Let g be a (real/complex) Lie algebra. A representation of g on a com-
plex vector space V is an R-linear/C-linear map 7 : g — Endc (V) satisfying
([ X,Y]) = 7(X)n(Y) = 7n(Y)n(X) for all X,Y € g.

Let G be a Lie group, and (V,7) € Rep/?(G). Then we get an induced
representation of g := Lie(G) on V by differentiating 7 : G — Aut(V), thus
obtaining dr : g — End(V). For example, from the adjoint representation
Ad of G on g we obtain the adjoint representation ad of g on g, given by
(X)(Y)=[X,Y].

Thus, we can think that we have a functor Rep/?(G) — Rep/?(g) = Rep/4(gc).
This functor is trivially faithful. If G is connected, it is full. If G is simply-
connected, it is essentially surjective. Also, if G is connected, given a represen-
tation V € Repf?(G), a subspace W C V is a G-submodule if and only if it is
a g-submodule.

11.2 PBW theorem, Casimir element
11.2.1 The PBW theorem

Let Xi,...,X, be a basis for the Lie algebra g. Let V' be a representation of
g, and v € V. Then we claim that W, the span of the vectors of the form
X X", where my, ..., my, € Z>o, is a g-submodule of V' (so, in fact, the
g-submodule generated by v).

We need to show that X, X" ... X{"'v € W for every 1 < a < n. We do
this by induction on m; + ... + m, and then reverse induction on a.

Looking at the maximal 1 < b < n for which my # 0, if b < a then clearly
we have the desired. Otherwise, we have

X X X0 = Xp X XX 0+ [ X, X)X X,

Then the first expression on the right is in W by the reverse induction on a, and
the second expression on the right is in W by the induction on my + ...+ m,.
maybe some slight mistake with induction here

11.2.2 The universal enveloping algebra

One can be more precise than as above. One has the universal enveloping
algebra U(g), which is an associative algebra (with unit), with a map of Lie
algebras ¢ : ¢ — U(g), universal (complete...). The PBW theorem says that

given a basis X1,..., X, of g, the elements i(X7)™* ... (X,)™ form a basis for
U(g), where (mq,...,m,) € Z2%, (here, we abuse notation and write X instead
of i(X)). -

In a more canonical way, the PBW theorem says the following. Let us denote
by U(g)S® the subspace of U(g) spanned by elements of the form Yj...Y;.
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Thus, U(g)<® = C - 1, and it is easy to see using the universal property that
WU ()< = U(g). Also, U(g)<* - U(g)S! C U(g)S**tJ. Thus, we can form
the associated graded algebra grU(g). This is a commutative algebra. Indeed,
notice that Y1 ...YiYey1...Y; € Y1... V1 Ye...Y; + U(g)S~1... Hence, the
linear map g — gr'U(g) induces a map of commutative algebras S(g) — grU(g).
The PBW theorem states that this is an isomorphism.

11.2.3

Notice that from the definition of U(g), one has an equivalence, between repre-
sentations of g and modules over U(g).

11.2.4 The Casimir element

The Casimir element is an interesting element C' in the center of U(g). As such,
it acts by scalar on every irreducible representation of GG, by Schur’s lemma.
This gives sometimes an easy way to see that two irreducible representations
are not isomorphic - simply C acts by different scalars on them.

Notice that G acts on U(g), by extending the adjoint action on g. One sees
that an element Z of U(g) lies in the center, i.f.f. [X,Z] = 0 for all X € g, if
and only if (given G connected) 9Z = Z for all g € G.

We consider a non-degenerate G-invariant form B on g. This form gives a
G-equivaraint identification g = g*. Then we can consider

id € End(g) 2 g*®@g=gg— Ulg),

where all maps are G-equivariant, and id is G-invariant. Thus, the image of id
under this chain of maps, which we call C' (or maybe more precisely Cg) is a
G-invariant element of U(g), so an element in the center of U(g).

If G is semisimple, we can take B to be the Killing form.

Let us calculate C for SU(2) (taking B to be the Killing form). We have

. 1 0 0 1 0 1 .
theba&sH-(O —i)’X_<—1 0>’Y_<i O)forLze(SU(Q))—

su(2), and the relations are
[H,X]=2Y,[H,Y] = —2X,[X,Y] = 2H.

Thus the Killing form B is given, in the H, X, Y basis, by the matrix

-8 0 O
0 -8 0
0 0 -8

It follows that the dual basis to H, X,Y is H, X,Y up to scalar. Thus C (up to
scalar) is given by H? + X2 +Y?2.

Let us consider the basis Hy, Xg, Yy for the complexification of su(2), given
by

1 1
Hy=iH,Xo=~(iX -Y),Yy = ~(iX +Y).
2 2
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Then we have
[H07X0] = 2X07 [H(Ja Yvﬂ} = 72Y07 [X()aYO] = H0~

The Casimir has then form (up to scalar; The previous one is minus this one)
HZ +2XoYy + 2YoXo = HE + 2Hg + 4YyXo. When we later talk about highest
weight, one can mention the general idea - we see that C = HZ + 2H, + 4Yy Xo
acts on a highest weight vector of weight A via (27iA(Hy))? + 2(2miA(Hyp)) =
c?+2¢ where we write ¢ = 2mi\(Hp). Thus, representations with highest weights
¢1,¢2 can be isomorphic only if ¢o = ¢; or ¢a = =2 —¢; = —(c1 +1) — 1.
Actually, this is quite useless for dominant highest weights, so only is valuable
if we consider non-finite-dimensional representations

11.3 Weights
Let V € Rep/4(G).
Definition 11.1.

1. A weight vector v € V is a non-zero eigenvector for T' (equivalently, a
non-zero eigenvector of t).

2. The weight of a weight vector v € V is the element A € t}, such that T’
acts on v via e(A) (equivalently, t acts on v via 2mi)).

3. The weight space of weight ) is the subspace V* C V consisting of
weight vectors of weight A and 0.

We have V' = @ee: VA,

Let us denote by fcy the formal sum Z/\etg dim V* - e()) € Zle(t;)] (here,
Zle(t5)] is the group algebra of ¢}, where we write e(\) instead of A to become
multiplicative...).

Notice that the information of fecy is equivalent to the information of xv|r,
which in its turn is equivalent to the information of yy . In other words, two
representations with the same fc are isomorphic.

Also, notice that fcy is W-invariant, since application of w sets an isomor-
phism between V* and V@A,

11.4 The subalgebras n,n~

Lemma 11.2. One has [g%l,g%] C 9%1'92.
Proof. If X € gfé1 and Y € g%, we have
Ad(t)([X,Y]) = [Ad(t)(X), Ad(t)(Y)] = [61(£) X, 62(£)Y] = 61 (£)62(1)[X, Y]

O

]



Write n:= @ocn+ gé(a) and n” = Qyecpt gé(fo‘). Then

gc=n Stcdn
and n,n~ are nilpotent Lie subalgebras of gc.
Lemma 11.3. Let V € Rep/*(G). Then i V> c vite,
Proof. Let X € gi® and v € V. Then

tXv = Ad(t)(X)tv = e(N)(t)e(a)(t) Xv.

11.5 Highest weight vectors
Let V € Rep/4(Q).

Definition 11.4. A highest weight vector v € V is a weight vector satisfying
nv = 0.

Lemma 11.5. Let 0 # V € Rep/¥(GQ). Then V admits a highest weight vector.

Proof. The set of weights of V' is finite, and application of elements of the various
g2, for a € RT, increases (H, ), where H is an element of the fundamental Weyl
chamber. O

Lemma 11.6. Let V € Repf?(G), and let v € V be a highest weight vector with
highest weight A\. Then the submodule W generated by v is spanned by vectors
of the form Y1 ...Yv, where Yi,...,Y,, € n=. The weights appearing in W lie
in A\ — ZsoR*. The weight X appears in W with multiplicity 1.

Proof. We take a basis for gc¢ such that first comes n, then t¢, then n~. By the
PBW theorem we readily see the desired. O

Lemma 11.7. Let V € Rep/?(G) be irreducible. Then V admits a unique up
to scalar highest weight vector.

Proof. Let v be a highest weight vector in V. Then V is generated by v since V'
is irreducible. If w is another highest weight vector of V', then V is generated
also by w. From the previous lemma we get that wt(v) = wt(w) — Z>oR*" and
wt(w) = wt(v) — Z>oRT. This implies wt(v) = wt(w), and by the above lemma
v, w are proportional. O

Definition 11.8. Let V € Rep/?(G) be irreducible. The weight of the highest
weight vector in V is called the highest weight of V.

Lemma 11.9. Let V,W € Rep’*(G) be irreducible and non-isomorphic. Then
their highest weights are different.
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Proof. Suppose that the highest weights of V, W are equal (call them \). Let
v € V,w € W be highest weight vectors. Consider (v,w) € V & W. This is a
highest weight vector in V@ W. Let E C V & W be the submodule generated
by (v,w). Consider the projection p : E — V. Since p(v,w) =v # 0 and V is
irreducible, we get that p is surjective. Consider the kernel Ker(p) C W. Then
w ¢ Ker(p), because E contains only (v, w) as a vector of weight A, up to scalar
(and (0,w) is not proportional to (v,w)). Thus, since W is irreducible, we get
Ker(p) = 0. Hence p : E — V is an isomorphism. Similarly we get that E is
isomorphic to W, and hence V' and W are isomorphic. O

Claim 11.10. Let V € Rep/(G) be irreducible. Then its highest weight \ €
is dominant, i.e. (aV,\) >0 for all « € RT.

Proof. We note two things about the set of weights of V: It is W-invariant, and
lies in A\—Zso-R™. If A is not dominant, then (¥, \) € Z<_; for some o € R*.
Then we obtain that s4(A) = A+ Z>1 - a lies in A — Z>o - R*, which is clearly
impossible. O

To sum up, associating to an irreducible representation its highest weight
gives an injection of the set of isomorphism classes of irreducible representations
into the set of dominant integral weights. Our goal is to show that this is in
fact a surjection, and to give more concrete information about the character of
an irreducible representation with a given highest weight.

11.6 Another description

An aesthetic drawback of the highest weight parametrization of irreducible rep-
resentations is that it depends on a choice of a fundamental Weyl chamber.

11.6.1 Some partial orders

Fix a fundamental Weyl chamber U in t again. We have the corresponding dual
cone U* in t* defined by

Ur={ et | (U, >0}

It is easy to see that
[]”< = ]:R>0»S’7

and thus
ClU") =R5oS = RZOR+.

Let us define the partial order on t*, by declaring A < p if u — X\ € Cl(U*).
Let us define another partial order on t*, be declaring A <’ p if u — A € ZR*.

Since Cl({U*) = R>oR", wehave A <" p — A< p.

Let us define a partial order on the set of W-orbits in t*, by declaring WA =<
Wy if WA C Conv(W ), where Conv(S) denotes the convex hull of S.

To see that this is indeed a partial order, assume that WA < Wy < WA (we
want to see that WA = Wu). We will use a W-invariant inner product (-, -),
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and the resulting norm ||-||. From the above relations we have ||A|| < ||u|] < [||All,
and hence ||A|| = ||g||. Since Conv(WA) N{w | ||w|| = |||} = WA, we obtain
we WA ie. Wu =W as desired.

11.6.2 ”Highest orbit”

Lemma 11.11. Let A € t*. Then X is dominant if and only if wA < X for all
weWw.

Proof. Assume wA < ) for all w € W. Then in particular, for a € RT, we have
SaA < A, and recalling s, A = A — (@, A), we deduce (aV, A) > 0.

Conversely, assume that (¥, \) > 0 for all « € R*. Let w € W, and use
induction on ¢(w) to show that wA < A. For £(w) = 0 the statement is clear,
while for £(w) = 1 it is clear from the condition.

If now {(s,w) > ¢(w), we have w™ta € R*. Thus, for every H € U:

(H,sqw\ — ) = (Hyw\ — \) — (aV, wA\)(H,a) < (H,w\ — A) <0
because (a¥,w\) = ((w™ta)Y,\). O

Although we don’t need it in the following, it is in general also important to
know:

Lemma 11.12. Let A € t*. Then (¥, \) ¢ Z<_1 for all « € S if and only if
wA F' X for allw e W.

Proof. O

Lemma 11.13. Let A\, € t* be dominant. Then p < X if and only if Wp =<
WA.

Proof. Suppose that Wy < WA. Then p = 3 ¢, w for some ¢, > 0, such that
Y ew=1. Then g =3 cpwA < > cpyA = A

Assume now that Wy A WA. Then there exists H € t such that (H,pu) >
(H,wA) for allw € W (because disjoint compact convex sets ({u} and Conv(WN))
can always be separated by an affine hyperplane)). Taking w € W such that
wlH € Cl(U), we obtain (w™1H,w™u) > (w™'H,\). Slightly moving H,
we might assume that actually w™'H € U. Thus, we obtain w™ ' £ A. Thus
p £ X (because w™tp < p by the previous lemma). O

Claim 11.14. Let V € Rep’¥(G) be irreducible. Then there exists exactly one
W-orbit O C supp(fey), such that supp(fey) C Conv(O). For p € O, e(u)
appears with multiplicity 1 in fey .

Proof. Let A € t, be the (dominant integral) highest weight of V. We claim
that O := W is the desired W-orbit.

Let u € supp(fey). We want to show that Wy < WA. Indeed, by replacing
i by an element in its W-orbit, we can assume that p is dominant. From
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lemma 11.6, we have p <’ X\. Hence p < X, and hence by the previous lemma
Wu WA
The uniqueness of O follows immediately from =< being a partial order.
O

Claim 11.15. Let V,W € Rep’®(G) be irreducible. Then if Oy = Ow (the
orbits as in the previous claim), V= W.

Proof. Notice that the highest weight of V' is recoverable as the unique dominant
element in Oy . Hence this claim follows from the claim that the highest weight
determine the irreducible representation. O

To sum up, associating to an irreducible representation its ”highest orbit”
gives an injection of the set of isomorphism classes of irreducible representations
into the set of W-orbits in ;. Again, we will show that this is in fact a surjection.

12 Weyl’s character formula

12.1 The representation rings

Let us consider the group algebras R(T) := Z[(e(\))xee] and it’s subgroup
algebra R(T) := Z[(e(A))rei:]. Thus, we defined for every V € Rep’*(G) the
formal character fey € R(T).

Notice that we have a natural homomorphism C @z R(T) — C(t). We claim
that it is an injection. In other words, the functions (e(A))ree= in C(t) are
linearly independent. This is routine to check, by induction on the dimension
of t. As a result, it is easy to check that if a function in C® R is invariant under
translation by tz (i.e. descends to a function in C(T)), then it in fact lies in
C®z R(T).

Notice that C ®z R(T), identified with a subalgebra of C(T'), is exactly
c(T)lin.

The standard inner product on C(T') gives us an inner product on R(T),
given by (e(A1),e(A2)) = 0xa;.n, for A1, A2 € . We extend this inner product
to R(T), by the same formula (but this time Ay, Ay € ).

We also have:

Lemma 12.1. The ring R(T) is an integral domain (and hence also R(T)).

Proof. More generally, we prove that the group algebra of a finite-dimensional
vector space V', A[V], is an integral domain, if the ring of coefficients A is an
integral domain. This we do by induction on the dimension of V. If dimV =1,
this is easy by considering ”highest coefficients”. To perform induction, break
V =V; @ Vs, and then A[V] = A[V4][Vz], so we can perform induction. O
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12.2 Antisymmetrization

We have the sign homomorphism sgn : W — {1} - the unique homomorphism
sending simple reflections s, to —1. One can construct it as sgn(w) := (—1)4®);
or, as sgn(w) = det(w;t*) (the determinant of w acting on t*).

In a representation E of W we have the vectors e € E satisfying wv = v for
all w € W, which for our current purposes we will call symmetric vectors (and
denote by E*¥™ the subspace of such), and the vectors e € E satisfying wv =
sgn(w)v for all w € W, which we will call antisymmetric vectors (and denote by
Es¥™ the subspace of such). We also have, given e € F, the antisymmetrization

Ale) := Z sgn(w) - we € E4Y™,
weW

12.3 The functions A())

For A € ¢}, we have

Claim 12.2.

1. The elements A(\) form a Z-basis for R(T)*Y™, as X runs over dominant
reqular elements of t;,.

2. For A\i, A € & one has
(A(A1), A(A2)) = [W] - 6x, -

Proof.

1. Obviously all A(A), as A runs over dominant regular elements of t, are
linearly independent, since for a regular dominant A, wA are not regular
dominant for every w # e. So, we only need to show that every f €
R(T)%s¥™ can be written as an integral linear combination of our elements.

Write f = ZAEQ ny - e(A) (a finite sum with integer coefficients). The

antisymmetry gives n,y = sgn(w)ny for all w € W, A € 5. We claim that
ny = 0 for singular A. Indeed, if X is singular, then s,A = A for some
«a € R, but then s, f = —f gives ny = —ny so ny = 0.

We can now write

f:ZnA~e(/\): Z an)\’e(u»‘):

AEL; A€t; dom regweW

= Z ) Z sgn(w) - e(wA) = Z ny - A(A).

A€Et; dom reg weW A€ty dom reg

2. This is clear.
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12.4 The function ¢
Recall the element A € R(T)*¥™ from Weyl’s integration formula, given by

We describe an element § € R(T)*¥™, which satisfies - = A (here  is
the linear map sending e(\) to e(—\)). Sometimes 6 € R(T), so represents an
actual function on 7', and sometimes not.

For this, set
1 *
p = 5 E act 5

a€ERt
and then
5= e(p) [[ (1—e(-a)) = e(=p) [ (el@)-1) = ] (ela/D—e(—a/2) € R(T).
a€RT a€Rt a€R*

Clearly 6 - 6 = A, and we claim § € R(T)*¥™. Indeed, we want to check
Sq0 = —0 for v € S (this is enough since (so)acs = W). For this, we recall
that s, (o) = —a and s,(8) € R for a # 8 € RT.

12.5 Weyl’s character formula

Theorem 12.3. LetV € Repfd(G) be an irreducible representation with highest
weight A € t5,. Then fcy = w.

Proof. Notice that fcy -6 € R(T)*¥™. Thus, we can write

fev-6= Z n, A1)

pet) dom reg

(a finite sum with integer coefficients).
Weyl’s integration formula gives

1= <XV7XV> = ... = |71i/|<fCV . 6’ fCV . 5> — Z ni

pet; dom reg

Thus, n,, is non-zero for exactly one y, and for this ;4 we have n, = £1. To
find p and the sign, recall that

fev = e(A) + smaller,

where ”smaller” means a linear combination with integer coefficients of e(\')’s,
where N € A — ZR*, X # \. Thus, from observing the definition of §, we get

fev -8 = e(A+ p) + smaller.

From this we see that = A+ p and n, = 1. O
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12.6 The main existence theorem

Theorem 12.4. Let A € t; be dominant. Then there exists an irreducible
representation V € Rep’d(G) with highest weight \.

The theorem will follow from the following proposition:

Proposition 12.5. Let A € t,. Then w exists in C(T), in the sense that
it exists in C'(t) and is invariant under translation by tz, so descends to T.

Proof of theorem 12.4 given proposition 12.5. Let A be dominant, and let f €
C(T) be the function as in the statement of the proposition. Notice that
f € C(T)*™, and thus there exists a continuous function f € C(G)®" which
restricts to f. For an irreducible V' € Rep/?(G) with highest weight p # \ we
have

Ao 1 [AptpAQAtp) 1 Ao L _
oo = |25 A= g [ AR 9] = i (Ato). A+0)) = 0.

5

Now, since f;é 0, it can not be orthogonal to all characters by the Peter-
Weyl theorem, and thus there must be an irreducible representation with highest
weight A. O

In order to prove proposition 12.5, we have some lemmas:

Lemma 12.6.
1. Let f be an analytic function on t, vanishing on the vanishing locus of
e(\) — 1, for some 0 £ X € t*. Then # exists as an analytic function

on t.

2. Let f be an analytic function on t, vanishing on the vanishing loci of
e(a)—1, foralla € RT. Then m exists as an analytic function
on t.

3. Let A € t* be such that (a¥,\) € Z for all « € R. Then A()\) vanishes on
the vanishing loci of e(a) — 1, for all « € RT.

4. Let X\ € t,. Then the function w 1s invariant under translation by tz.
Proof.
1. This is standard, by developing into Taylor series.

2. We get this by applying recursively the previous item, while noticing that
the complement of the union of vanishing loci of e(8) — 1, for 8 # «, is
dense in the vanishing locus of e(a) — 1.
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3. Llet H € t such that e(a) — 1 vanishes on H for some o € RT. One has
AN)(wH) = sgn(w) - A(X)(H). Hence, if

AN H) = AN (soH) = —AN(H — (H,a)a”) = —A(N)(H).

The reason for the last equality is that e(w))(—(H,a)a") = 1. This is
since (H,a) € Z (because e(a) — 1 is zero on H), and (w\)(a") € Z (by
the given on A). Thus, we get A(A)(H) = 0.

4. Up to the factor [ [, p+ (e(a) —1), which is invariant under tz, our function

is

> sgn(w) - e(w(X + p) + p).

weWw
Thus, it is enough to show that wp+ p € ¢}, for all w € W. Since 2p € t,
it is enough to show that wp — p € t; for all w € W. Notice that if we
know this for wy, ws, then from wywap — p = wi(wep — p) + (w1p — p) we
know this also for wyws. Hence, it is enough to check for w = s, , a € S.
Then sop—p=—a € t5.

O

12.7 Some formulas

If we consider the trivial representation V° € Rep’®(G), then Weyl’s character
formula yields Weyl’s denominator formula

5=Alp) = 3 sgn(w) - e(wp).
weW
So we can rewrite Weyl’s character formula, for an irreducible representation

V € Rep?d(G), as:

foy = MO+ P) _ Buew sgn(w) - e(w(A +p))
1% A(A) ZwGW sgn<w) K e(wp) .

We have Weyl’s dimension formula:

dim V> = [Toer+ (@, A+ p) _ [acrs KA+ p, @) .

HaER+ <a\/7p> HaeR+ F':(pv Ol)

*

To show this, denoting by K : t* = t the isomorphism induced by the inner

product k, we have:

AN+ p)(t-7(p) = 3 sgn(w) - 2TntewOn) — A (p) (¢ F(A+ p)),
weWw
and using Weyl’s denominator formula we continue:
_ e27riﬁ(t()\+p)7p) H (1 _ e—27rin(t(/\+p),oz))’

a€ERt
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and developing into a power series in ¢ we continue:

. thﬂ + O(t|R+\+1).

= (2mi) " [ I[ s +p0)

a€ERT

From this the formula clearly follows.

12.8 Example

Let us consider G = SU(3). We have simple roots a; := (v/2,0),ay :=
(v/2cos(21/3),v/25in(27/3)) and another positive root v := a; + ag. Since

SU (3) is simply connected, the integral weights are those satisfying (a1, A), k(az, A) €
Z. Dominant weights are those satisfying x(a1, ), k(a2, A) > 0. We have p = .

We have k(a;, ;) = 2 and k(a1,a2) = —1. We have the two fundamental
weights wq,ws given by k(ag,w;) = J;;. Those are dominant and integral, and

in fact freely generate the monoid of dominant and integral weights. We can

now calcaulte dim V™wi1 7202 We obtain

n—+m

dim V™@rtn2wz — (1 4 n)(14+m)(1 + 5

).
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