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Introduction

Lie groups are an important area of mathematics that studies continuous symmetries and transfor-
mations. They originated from the work of Sophus Lie in the late 1800s, who wanted to unify
the different notions of continuous transformation groups appearing in various mathematical and
physical contexts at the time. Lie was inspired by the geometric symmetries present in solutions to
differential equations, which are very important in physics. As the theory matured over time, this
led to the definition of a Lie group:

Definition. A Lie group is a group G equipped with the structure of a smooth manifold such that
the multiplication map m: G X G — G and the inverse map i: G — G are both smooth.

Lie groups aren’t just abstract math - they are ubiquitous in physics. The symmetry groups related to
equations of motion determine conservation laws and fundamental particle interactions in theories
like quantum mechanics and general relativity. Lie groups also find applications in engineering,
computer graphics and more, anywhere understanding symmetries is useful for solving problems
efficiently.

Lie group theory is intimately connected to many other areas of math like differential geometry,
representation theory, algebraic topology, and mathematical physics. During the course, we will
also touch on some interesting interactions with analysis and algebra. The theory of Lie groups and
their representations is a rich subject, too rich to properly address in a single course, and hence we
will restrict ourselves to the following topics:

(1) We will start by introducing Lie groups and discussing various examples. We will review some
basic concepts from differential geometry, and use that to define the exponential map of a Lie
group. We will discuss invariant integration, which provides a method of ‘averaging’ over a
compact Lie group.

(2) We will introduce the notion of a representation of a Lie group: a vector space on which the
Lie group acts linearly. The basic aspects of representation theory will be covered, including
characters and orthogonality relations.

(3) We will discuss the Peter-Weyl theorem, which will involve some digressions into analysis. As
a consequence, we will show that every compact Lie group is a subgroup of a matrix group. We
will also see that every irreducible representation of a compact Lie group is finite-dimensional.

(4) We will discuss the uniqueness (up to conjugacy) of maximal tori in a compact connected Lie
group. We will see that various questions about Lie groups can be reduced to questions about
their maximal tori.



(5) We will discuss the connection between Lie groups and Lie algebras, and describe how this
results in a complete classification of the compact connected Lie groups, making use of the
notion of a root system.

Lecture notes:

The lecture notes of this course you are reading right now are based on lecture notes from a previous
iteration of this course I taught in the winter term of 2024. There may be updates as the semester
progresses.

Recommended literature:

Main reference: Theodor Brocker, Tammo tom Dieck: Representations of Compact Lie Groups
[Bt95];

Other books:

* Daniel Bump: Lie groups [Bum13];
* J. Frank Adams: Lectures on Lie groups [Ada69];

* Luiz A. B. San Martin: Lie Groups [San21];

Wulf Rossmann: Lie groups: an introduction through linear groups [Ros06];
* Brian C. Hall: Lie groups, Lie algebras, and representations [Hall5];

* Anthony W. Knapp: Lie Groups - Beyond an Introduction [Kna02].



1 Lie groups

In this chapter, we recall some basic aspects from the theory of smooth manifolds and introduce the
notion of a Lie group. We discuss various classical examples of Lie groups, construct the exponential
map of a Lie group, and study subgroups and quotients of Lie groups. Our treatment closely follows
Chapter 1 of the book Representations of compact Lie groups by Brocker and tom Dieck [Bt95],
though some definitions are instead taken from the book Lectures on Lie groups by Adams [Ada69].

1.1 The concept of a Lie group and the classical examples

Recall from the introduction the definition of a Lie group:

Definition 1.1.1. A Lie group is a smooth manifold G equipped with a group structure such that the
multiplication map m: G X G — G and the inverse map i: G — G are smooth maps.

Given another Lie group H, a morphism of Lie groups f: H — G is a smooth group homomorphism.

Remark 1.1.2. It in fact suffices to assume that only the multiplication map m: G XG — G is
smooth: the smoothness of the inverse map i: G — G is then automatic as a consequence of the
inverse function theorem (Exercise 1.1).

We will assume that the reader has at least some familiarity with smooth manifolds. That being said,
we will now provide a quick overview of the relevant definitions. We shall use the coordinate-free
perspective on these definitions, following [Ada69].

Definition 1.1.3 (Smooth map). Let V and W be finite-dimensional real vector spaces. Let U be an
open subset! of V, f: U — W a map, and x a point of U. We say that f is differentiable at x if there
is a linear map f’(x): V — W such that

fOe+h) = f)+(f'(x)(h) +o(h),

meaning that we have

LS x+h) - f(x) - (f ) (W] _
O —_
Al
for some (hence any) metric on V. We say that f is differentiable on U if it is differentiable at each
point of U. In this case, we have a function

limy,_, 0

f: U — Hom(V,W)

and we may ask this to be differentiable. We say that f is smooth on U if each function f, f/, f"/, ...
is differentiable on U.

I'There is a unique topology on V such that any linear isomorphism V = R" is a homeomorphism.
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Definition 1.1.4 (Smooth atlas). Let X be a topological space and let V be a finite-dimensional
vector space. A chart is a homeomorphism ¢,: Uy, — X4, where U, € V and X, C X are open
subspaces. An atlas is a collection of charts {¢,} such that X =, X,. The atlas is called smooth
if for all «, B the function tpél(pa, defined on ¢! (Xo N Xp), is smooth.

If X and Y are topological spaces equipped with smooth atlases {¢,} and {y/g}, we say that a map
f: X — Y is smooth if for all a, 8 the map wlglfgoa, defined on ¢! (X4 N f~1Yp), is smooth. It is
called a diffeomorphism if it admits a smooth inverse f~!: ¥ — X.

Notice that the composite of two maps is smooth, and the identity map of a space with atlas is
smooth. Also notice that if we equip U, with the smooth atlas consisting of only the identity map
id: Uy — Uy, then every chart ¢, : Uy — X, is smooth.

2 Yo
R(E

L
Definition 1.1.5 (Smooth manifold). A smooth atlas {¢,, } is called maximal if every chart ¢: U — X

which is smooth with respect to the atlas is already contained in the atlas. A smooth manifold is a
Hausdorff second-countable? topological space X equipped with a maximal smooth atlas {¢}.

Notice that every smooth atlas on X determines a unique maximal atlas, consisting of all charts on
X which are smooth with respect to the given smooth atlas. Two smooth atlases determine the same
smooth structure on X if and only if they have the same associated maximal atlas.

Proposition 1.1.6. Let X and Y be smooth manifolds. Then the cartesian product X XY can be given
the structure of a smooth manifold in a unique way which satisfies the following two properties:

(i) The projection maps pr;: X XY — X and pr,: X XY — Y are smooth maps;

(ii) Amap f: Z — X XY is smooth if and only if both composites pr; [ and pr, f are smooth.

Proof. Given charts ¢, in X and /g in ¥, we may form the chart ¢, X¢g in X X Y. Doing this for
every pair («, 8) determines an atlas of X XY . We leave it to the reader to check that this is a smooth
atlas. O

Remark 1.1.7. We now have everything that is required to understand Definition 1.1.1: since G is
a smooth manifold, the cartesian product G X G is also a smooth manifold in a canonical way, and
we may ask the structure maps m: G XG — G andi: G — G to be smooth.

2This means that X admits a countable basis for its topology.
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Let us now discuss the classical examples of Lie groups.

Example 1.1.8 (Euclidean space). Every finite-dimensional vector space V is a Lie group if we
equip it with its additive group structure. Up to isomorphism, this gives a Lie group R”" for every
n>0.

Example 1.1.9. The circle group S is defined as
S':={zeC||z| =1},

with the group structure given by complex multiplication. It has an atlas given by the two subsets
S'\ {1} and S"\ {-1}.

The function R — S! sending 7 € R to e2*/ is smooth and is a group homomorphism, hence is a
morphism of Lie groups. Since its kernel is precisely the integers Z C R, we obtain an isomorphism
of Lie groups R/Z = §'.

Example 1.1.10 (Tori). For n > 0, we define the torus T" as the quotient group R"/Z" of the
euclidean space R"” by the subgroup Z". The topology on T" is given as the quotient topology of
R™. Note that there is a homeomorphism

" = (R/2)", [(x1,...,x2)] = ([x1],...,[x:]),

and since R/Z = S is a smooth manifold, it follows from Proposition 1.1.6 that also 7" is a smooth
manifold. It is again a Lie group by the following example:

Lemma 1.1.11. If G and H are Lie groups, then the product group G X H is again a Lie group when
equipped with the smooth structure from Proposition 1.1.6.

Proof. We must check that the maps GXHXGXH — GxH, (g,h,g’,h)— (gg’,hh’) and GXH —
GxH, (g,h) — (g~',h!) are smooth. By definition of the smooth structure on G x H, it suffices
to check that both of the components of these expressions are smooth. But this is immediate from
the fact that G and H are Lie groups. O

Remark 1.1.12. Combining the previous examples, we obtain for all integers n,m > 0 a Lie group
R™xT™. Notice that all these Lie groups are abelian. It turns out that in fact all connected abelian
Lie groups are of this form, see Theorem 1.3.8.

Example 1.1.13 (Discrete groups). Let G be a countable group equipped with the discrete topology,
for example a finite group. Then G admits a smooth atlas given by the collection of points {g} for
g € G, which turns it into a Lie group. A lot of things we will say about representations of Lie
groups are still interesting for finite groups.

For the purpose of this course, the most important examples of finite groups are the following:

* The symmetric group Sy, i.e. the group of all permutations of the set {1,...,n};
* The alternating group A,,, i.e. the group of all even permutations of the set {1,...,n};

* The cyclic group C,, = Z/nZ of order n, or equivalently the subgroup of S,, given by the cyclic
permutations.



Example 1.1.14 (General linear group). Let V be a finite-dimensional vector space over R or C. The
set End(V) of linear endomorphisms of V is again a vector space, and hence is a smooth manifold.
The subset

Aut(V) ={f:V > V| fisanisomorphism} = {f: V — V| det(f) # 0} C End(V)

is an open subset, since the determinant is a continuous function. It follows that also Aut(V) is a
smooth manifold. Composition of linear maps provides Aut(V) with a group structure.

When V =R" or V = C", we write
GL,(R) := Autg (R") and GL,(C) := Auts(C").

These groups are called the general linear groups. Since linear maps R” — R may be described
by (k X n)-matrices, we may identify GL,,(R) with the group of invertible (n X n)-matrices, with
the group structure given by matrix multiplication. Since matrix multiplication is given in terms
of algebraic operations, this is a smooth operation. Similarly one argues that inverting a matrix is
smooth. It follows that GL,,(R) and GL,,(C) are Lie groups.

It follows that Aut(V) is a Lie group for arbitrary V, since every finite-dimensional real (or complex)
vector space is isomorphic to R" (or C") for some n > 0.

Example 1.1.15. The map det: GL,(R) — R* = R\{0} is a morphism of Lie groups. We let
GL}(R) € GL,(R) denote the subgroup of matrices with positive determinant. Note that this
subgroup is both open and closed.

Exercise 1.1.16. The Lie group GL; (R) is connected. Hint: use elementary row and column
operations.

We will now introduce several groups which are defined as closed subgroups or quotients of the
general linear groups. While it is possible to prove on a case by case basis that each of these groups
is a Lie group, it will also follow from two general results proved in Section 1.3 and Section 1.4:

* Any closed subgroup of a Lie group inherits a Lie group structure (Theorem 1.3.17);

* Any quotient of a Lie group by a closed normal subgroup inherits a Lie group structure
(Corollary 1.4.12).

Example 1.1.17 (Special linear group). We may consider the closed subgroups
SL,(R) :={A € GL,(R) | det(A) =1} and SL,(C) :={A € GL,,(C) | det(A) = 1},
called the special linear groups over R and C. We similarly have the projective groups
PGL,(R) :=GL,(R)/R" and PGL,(C) :=GL,(C)/C",

where R* =R \{0} and C* = C\{0} are embedded as the subgroups of scalar multiples of the identity
matrix.

The groups GL,,, SL,, and PGL,, are not compact. Throughout most of the course, we will in fact
focus on compact Lie groups. So let’s now recall some of the famous compact subgroups of GL,, (R).
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Definition 1.1.18 (Orthogonal/unitary group). We define the n-th orthogonal group O(n) as
O(n)={AeGL,(R) | AT-A=1},
where AT denotes the transpose of the matrix A and [ is the identity matrix. In other words, the

column vectors in A are orthonormal to each other.

Similarly, we define the n-th unitary group U(n) as
U(n)={AeGL,(C)|A"-A=1},
where A™ = ZT is the conjugate transpose of A.

The groups O(n) and U(n) have a very geometric meaning as length-preserving linear transfor-
mations. Recall that R" has a canonical inner product given by the standard euclidean scalar
product:

n

(r,y) = Y xivie

i=1
Similarly, on C"* we have the standard Hermitian product

n

(x,y) = Y xivi.

i=1
Then O(n) consists of those automorphisms A: R"™ — R" that preserve this inner product, i.e. we
have

(Ax,Ay) = (x,y)
for all x,y € R". Similarly for U(#n).

Definition 1.1.19 (Special orthogonal/unitary group). Inside O(n) and U(n) we have the transfor-
mations with determinant one:

SO(n) :={A €O(n) | det(A) =1};
SU(n) :={A € U(n) | det(A) = 1}.
The group SO(n) turns out to be path-connected: this follows from the path-connectedness of

GL; (R) and the fact that there is a continuous way to turn every matrix into an orthogonal matrix
(called Gram-Schmidt orthogonalization).

Lemma 1.1.20. The Lie groups O(n), U(n), SO(n) and SU(n) are compact.

Proof. Since all the column vectors have unit length, they form (closed and) bounded subspaces of
the finite-dimensional vector space End(R") or End(C"), hence they are compact. ]

Example 1.1.21. Let’s do some special cases. For n = 1, we get
SO(1) ={1}, O(1) = {=1}.
SU(l)={1}, U()={xeC|x]=1}=S5"
For n =2, we see that
SO(2) = {rotations in R?} = §'.
The group O(2) also contains the reflections, and sits in a short exact sequence

det

1—-S0(12)—>02)—2/2—>1.
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Example 1.1.22 (Quaternions). Apart from the real numbers R and the complex numbers C, there
is also the quaternion algebra H:

H:={a+bj|a,beC}=C?
with multiplication given by
(a1 +b1j) (a2 +byj) = (a1ay—b1by) + (a1by +azb1) .

In other words: the multiplication is R-linear in both variables, satisfies j> = —1 and satisfies jz = Zj
for all z € C. Warning: H is not commutative!

Equivalently, we may identify H with the ring of complex (2 X 2)-matrices of the form

|5 o)

with matrix addition and multiplication. Under this correspondence, we have

1 0 . (0 1
1—(0 1) and ]—(_1 0).

As a real vector space, H has a basis given by the four vectors 1, i, j and k :=ij, and multiplication
is determined by

and
ij=—ji=k, jk=—-kj=1i, ki=—-ik=j.

The quaternions come with a conjugation map
=:H—>H, h=a+bj—h=a-bj, abeC.

This leads to an inner product on H", called the standard symplectic scalar product:

n

(r,y) = D Xy,

i=1
In particular, this defines a norm on H":
n
2 _ _ p—
|x|7 = (x,x) = inxi-
i=1

Under the identification of H" with C>" as complex vector spaces, the two standard norms on H"
and C>" correspond.

For n > 0, we define the H-linear group as
GL, (H) = Auty(H"),

the H-linear automorphisms A : H" — H", meaning that A}, h;x;) = i, h; A(x;) for h; € Hand
x; € H". As is the case over R and over C, such a linear automorphism is fully determined on the
n basis vectors ej,. .., ey, so that A is fully determined by the (n X n)-matrix (A;;) determined by
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Ae;) = 2?21 A;je;. Consequently, we may identify GL, (H) with the group of invertible (n x n)-
matrices with coefficients in H, and hence it is a Lie group.

We define the n-th symplectic group as
Sp(n) := {A € GL,(H) | (Ax,Ay) = (x,y) forall x,y € H"},
i.e. those H-linear transformations that preserve the symplectic scalar product.

Exercise 1.1.23. Show that an H-linear automorphism A: H" — H" preserves the symplectic scalar
product if and only if it preserves the norm:

Sp(n) = {A € GL,,(H) | |A(x)| = |x| for all x € H"}.
In particular, we have the quaternion group
Sp(1) ={h eH|[h| =1}.

Remark 1.1.24. Every H-linear map H" — H" is in particular C-linear. If we identify H" with C*"
as complex vector spaces, we thus see that we get an inclusion

The image consists precisely of those invertible endomorphisms of C" &C" of the form

A -B
(B Z ) . A,Be El’ldc(@n).

Since the norms on H" and C*" correspond, this in particular means that a quaternionic matrix
A € GL,,(H) is symplectic if and only if the corresponding complex matrix A € GL,,,(C) is unitary.
Exercise 1.1.25. Show that this assignment induces an isomorphism Sp(1) = SU(2).

Remark 1.1.26. We have defined the three subgroups

O(n) € GL,(R), Euclidean scalar product
U(n) € GL,(C), Hermitian scalar product
Sp(n) € GL, (H), symplectic scalar product

in a completely analogous way. More generally, given a bilinear map
(-=,—): VXV —>H
of a finite-dimensional real vector space V into a real vector space H, we may associate the Lie group
G ={AcAut(V) | (Av,Aw) = {(v,w) forall v,w € V}.

Many important Lie groups with a geometric flavor arise in this way, for example the Lorentz group,
which comes from the scalar product on R*:

(X,y) =X1y1 +X2y2 +X3Y3 —X4Y4.
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Let us finish the section by giving an overview of all the linear groups we have introduced, together
with some of their inclusions:

GL} (R)

I

GL;(R) —— GL,(R) —— GL,(C) —— GL,(H)

| J | |

SO(n) —— O(n) © > U(n) < > Sp(n)
SO(2n) U(2n).

Exercise 1.1.27. Construct all the inclusion maps displayed in this diagram.

1.2 Left-invariant vector fields and one-parameter groups

Next, we will discuss tangent spaces of manifolds and see what they look like for Lie groups. The
material in this section is taken from Brocker and tom Dieck [Bt95, Section 1.2].

Recap on tangent spaces

Given a smooth manifold M that is embedded into some euclidean space R", a tangent vector of
M at some point p € M is the velocity vector &(0) of some smooth curve @: R — M that satisfies
a(0) = p. (See the picture below.)

We would like to make sense of this without having to choose an embedding of M into some
euclidean space. The idea is as follows: instead of directly specifying what a tangent vector X at
p is, we specify what it means to fake a directional derivative in the direction of X. The input of
such a directional derivative should be a function on M that is defined locally around p, and the
derivative of such a function should really only depend on arbitrary small open neighborhoods of p.
This naturally leads to the following notion of a germ:

Definition 1.2.1 (Germs). Let M and N be smooth manifolds and let p € M.

* A locally defined smooth map from (M, p) to N is a pair (U, f), where U C M is an open
subspace containing p, and f: U — N is a smooth map.
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* Given another locally defined smooth map (V, g), we say that f and g have equal germs at p if
there exists an open subset p € W C UNV such that f|w = g|w. This defines an equivalence
relation on the set of all locally defined smooth maps.

* An equivalence class of the above equivalence relation is called a germ, and is denoted
f: (M,p) — N. If we have fixed another point ¢ € N and the germ satisfies f(p) = g (for
some, hence any, representative f) then we write f: (M,p) — (N, q).

* We denote by C;7(M) the set of germs of real-valued functions ¢: (M, p) — R. It admits
a natural R-algebra structure: given two locally defined smooth maps (U, ¢) and (V,¢), we
may define their sum and product as

WU, 0)+(V.y) := (W, olw +¥¢lw) and U,0)-(V.9) := (W, olw -¥lw),

where W := U NV. One may similarly define the scalar multiplication by A- (U, ¢) = (U, 1 - ¢).
One checks that this respects the equivalence relation, and thus induces an R-algebra structure
on the set C;(M).

Remark 1.2.2. For the reader who is familiar with the language of sheaves: the set C);(M) of
real-valued germs is precisely the stalk at p € M of the structure sheaf C*(—) on M, i.e. the sheaf
given by sending an open subset U of M to the set C*(U) of real-valued smooth maps U — R.

Definition 1.2.3 (Tangent vector). Given a smooth manifold M, a tangent vector at p € M is an
R-linear map X : C;(M) — R satisfying the Leibniz rule:

X(p-y)=X(p) ¢ (p)+e(p) - X(W).

(Such linear maps are also called derivations of the R-algebra C;’(M).) As mentioned before, we
think of X (¢) as the directional derivative of ¢ in the direction X.

The set T,,M of all tangent vectors at p is a real vector space in a natural way, and is called the
tangent space of M at p.

Construction 1.2.4 (Functoriality). The definition of the tangent space T), M is functorial in (M, p):
if we are given another smooth manifold N and a point ¢ € N, then any germ f: (M,p) — (N, q)
induces a homomorphism of R-algebras

[T CF(N) = CJ (M), o pof,
and hence we obtain the tangent map (or differential) of f at p:
T,f:T,M —T,N, X Xo [
In other words, we have T, f(X)¢ = X(¢o f). The fact that this is functorial means that we have
Tpidy =idr,m: TpyM > T,M and TpgoTyf=Ty(gof): T,M —T,L,

where g: (N,q) — (L,r) is another germ.
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Remark 1.2.5. We say that a germ f: (M,p) — (N,q) is invertible if there is another germ
g: (N,q) — (M,p)suchthatgo f =id(p p) and fog =id(y 4) as germs, i.e. f is a diffomorphism
locally around p. It follows immediately from functoriality that an invertible germ induces an
invertible map on tangent spaces:

T,f: T,M =5 T,N.

In particular, for any open subspace U C M we have a canonical isomorphism 7, U N T,M. As

a consequence, given any chart ¢,: U, > M, C M, for Uy, €V, an open subset of a finite-
dimensional vector space V,,, we obtain an isomorphism of tangent spaces

Typa: TyVa 2T Ug > TyMa =T,M.

The tangent space T,V is easily understood:

Proposition 1.2.6. IfV is a finite-dimensional real vector space, then T,V is canonically isomorphic
toV forallp eV.

We will frequently use this to simply identify a vector space V with its tangent space.

Proof. We define ahomomorphism V' — T,V by sending the vector v to the derivation X,,: C,(V) —
R given by taking the derivative in the direction of v:

o
X, (p) = P e(p+tv).
t=0

Since C;’(V) in particular contains the dual V* consisting of the linear maps V — R, the map
V — T,V is injective. It will thus remain to show it is surjective.

Without loss of generality, we may assume that (V, p) = (R",0). Then the map R" — Ty R" sends
the standard basis vector e; to the derivation Bixi‘ In particular, any linear combination of the aix,»
lies in the image. We will show that the derivations 6%‘_ in fact form a basis of Ty R".

Consider the collection of elements of C;°(R") given by the coordinate functions R" — R, x  x;,
1 <i < n. Given an arbitrary derivation X € TyR", we then obtain elements a; := X(x;). We are
now done if we can show that X = 377", aiaix,-' By defining Z := X - 37", a,-aixi, this follows from
the following general claim:

Claim: Any tangent vector Z € T,,(R") satisfying Z(x;) =0 for all 1 <i < n is zero.

Proof: First note that Z vanishes on constant germs: we have Z(1) = Z(1-1) = Z(1) + Z(1), hence
Z(1) =0, and thus Z(c) = cZ(1) =0 for all ¢ € R. Now, given any germ ¢: (R",0) — R, we might
use a form of Taylor expansion to write ¢ around O as

1

n dg
e(x)=¢(0)+ ) ¢i(x)-x;,  where  ¢i(x)= [ ——(tx)dr.

=0

But then using linearity of Z and applying the Leibniz rule, we get
n n
Z(9) = Z(p(0) + ) Z(i(x)) -0+ D ¢i(0)- Z(x;) =0+0+0 =0,
i=1 i=1

as desired. O
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Let us briefly discuss how this definition of derivative relates to the notion we are used to from
analysis by looking at the case of germs f: (R™,0) — (R",0) between euclidean spaces. By
definition, we may calculate its derivative Ty f : ToR™ — TyR" as follows:

af
of(—)(so) L(0)- ' ().
Yi
and thus Ty f (-2 ax; ) =2 g){ £(0) - 6‘9 . So with respect to the standard bases of TyR™ and ToR"
provided by the (proof of the) proposition, Ty f is completely described by its Jacobian matrix
0
pr=(5o)

l,j

Definition 1.2.7 (Tangent bundle). For a smooth manifold M, we define its tangent bundle as the
disjoint union
™= | | T,M,
pPEM

together with the map 7n: TM — M sending v € T, M to p.

Construction 1.2.8 (Functoriality). For a smooth map f: M — N of smooth manifolds, we obtain
a tangent map
Tf:TM —-TN

Tpf
given by assembling the collection of maps 7, M LN T¢p)N — TN for all p € M. Note that
T(idpys) =idyp and that T(go f) =TgoTf.

In particular, every open subspace U € M induces an inclusion 7U C TM.

Construction 1.2.9 (Smooth structure on TM). The set TM admits a canonical smooth structure.
In the M =V is a finite-dimensional real vector space, this is clear: by Proposition 1.2.6 there
is a canonical bijection TV = V XV, and thus we may give TV the smooth manifold structure
corresponding to the vector space structure on V X V. For arbitrary M, we pick charts ¢, : U, N
M, C M, where U, is an open subset of a vector space V,,. By the previous construction, we obtain
inclusions TM, € TM, and we have TM =J,TM,. Similarly we obtain maps maps

TMy=TUy CTVy = Ve XV,

and in particular each T M, inherits a smooth manifold structure from V, X V,,. If we now define the
topology on TM by saying that U € T M is open if and only if every UNTM, C T M, is open, then
one can verify that the isomorphisms 77U, 5STM « define charts for a smooth manifold structure on
TM, as desired. Note that the dimension of TM is twice the dimension of M.

This construction also shows that the map 7: TM — M is a vector bundle: if we restrict the bundle to
the open cover M, the resulting maps 7|y, 7Y (My) = M, are isomorphic to the trivial bundles
M, xR"* — M, where n = dim(V,).

Observation 1.2.10. When M = G is a Lie group, its tangent bundle turns out to be trivial: given
any g € G, we may consider the left translation function

lg: G—>G, hegh

13



This is a diffomorphism, and hence induces an isomorphism on tangent spaces T,l,: T.G 5 T,G,
where e € G is the unit. Doing this for all g € G provides an isomorphism of vector bundles

GxT,.G ———— TG (8,X) > Tly(X)

N

Definition 1.2.11. The vector space LG :=T,G is called the Lie algebra of G. (So far, we have not
defined any ‘algebra’ structure on LG, but we will do this soon.) Any homomorphism of Lie groups
f: G — H induces a homomorphism Lf =T, f: LG — LH of Lie algebras in a functorial way.

Immersions and submersions
‘We will now recall the notions of immersions and submersions.

Definition 1.2.12. Let f: M — N be a smooth map of smooth manifolds. We say that:

* f has constant rank if there is a natural number k € N such that for every x € M the tangent
map T f: TyM — Ty(x)N has rank k.

Note that both submersions and immersions have constant rank.

We recall without proof the following theorem about smooth maps of constant rank:

Theorem 1.2.13 (Constant rank theorem, Lee [Lee02, Theorem 5.13]). Let f: M — N be a smooth
map of constant rank k. For every point p € M, we may pick a chart of M around p with coordinates
(x15...,%m) and a chart of N around f (p) with coordinates (y1,...,y,) such that in these coordinates
f takes the form

f(x1,.xm) = (x1,...,x,0,...,0).

Corollary 1.2.14. Let f: M — N be a smooth bijection of constant rank. Then f is a diffeomor-
phism.

Proof. Write m := dim(M), n := dim(N) and k :=rank(f). By Theorem 1.2.13, there exists for
every x € M a chart U, around x and a chart V, around f(x) such that with respect to the local
coordinates determined by these charts, f|y, : Uy — Vi corresponds to the map (xiq,...,X,) —
(x1,...,%%,0,...,0). Since f is a bijection, this in particular means that k = m, as for k < m this
map is not injective. We will show that also m = n; this will finish the proof, as the inverse function
theorem will then give us that the inverse f~': N — M is a smooth map around every point, so that
f is a diffeomorphism.

Suppose for contradiction that we had m < n. Picking charts U, and V, as above, let K, be the
subset of U, corresponding to the closed unit ball of R”*. Then f (K ) is a compact subset of N with
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empty interior, using m < n. Since M is second countable, it has a countable basis 8 = {B,, : n € N}
of open sets each of which is contained in some such K. But then

F(M) = f (U B_n) = Jr®Bw
n=0 n=0
is a countable union of compact sets with empty interior. Since N is locally compact, it follows that

f (M) has empty interior, and in particular f is not surjective. But this contradicts the assumption
that f is a bijection. O

Corollary 1.2.15. Every bijective homomorphism of Lie groups is an isomorphism of Lie groups.

Proof. Since the inverse of a bijective group homomorphism is automatically a group homomor-
phism, it remains to show that f: G — H is a diffeomorphism. By Corollary 1.2.14, it will suffice
to show that f has constant rank. Let k be the rank of the map 7. f: T.G — T, H. We claim that f
has constant rank k. Indeed, for any g € G we may consider the commutative diagram

G 1y H

lg\L \Llf (8)
G L) H,
and so by passing to tangent maps we obtain a commutative diagram

T
7.6 —L; T H

Te lgl \LTE lyg)

T f
T,G — Tre)H.

Since the vertical maps are linear isomorphisms, it follows that the rank of 7, f agrees with that of
T. f, showing that f has constant rank k. O

Vector fields, integral curves and flows

Definition 1.2.16. Let M be a smooth manifold. A (smooth) vector field on M is a smooth section
X: M — TM of the tangent bundle 7: TM — M, i.e. a smooth map satisfying 7 o X =idps. In other
words, X determines a smooth family of tangent vectors X, € T, M.

In the case of M = R", with coordinates (x,...,x,), every vector field may be written in the form

S 0
= iX)5—>
X ;a (x) o,
and it is smooth if and only if the functions x — a;(x) are smooth. By choosing charts on M, this

determines how smooth vector fields on M look like locally around every point.

Definition 1.2.17. If M = G is a Lie group, we say a vector field X on G is left-invariant if for every
g € G the diagram

Tl

¢ — TG

g

G——>6G
g
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commutes. Every vector v € LG determines a left-invariant vector field, given by the composition

G 28 616 S TG,

Itis easy to see that every left-invariant vector field X on G must be of this form: the vector X, € T,G
must be given by T, X., hence is the vector field associated to v = X,.

In what follows, we will identify LG with the space of left-invariant vector fields on G. We will
denote a left-invariant vector field on G by X € LG.

A vector field X on a smooth manifold M determines a flow on M.

Let’s make this precise.

Definition 1.2.18 (Integral curve). Consider a smooth curve «: (a,b) — M, with a,b € R. For
t € (a,b), let p := a(t) € M. We define the velocity vector at time t, denoted &(t) € T, M, as the

derivation 5
a(t): Cy(M) > R: ¢ W e(a(t)).
t t'=t

In other words, it is the image of the standard generator % € T¢(a,b) = R under the tangent map
Tia: T;(a,b) — T, M. We say that « is an integral curve of a vector field X on M if it satisfies

a(t) = X(a(r)) foralla <t <b.
We say that « starts at p if 0 € (a,b) and a(0) = p.

The theory of differential equations tells us that for every point p € M, there is exactly one maximal
integral curve @, : (ap,bp,) — M starting at p, where ‘maximal’ means that it cannot be extended
to any bigger interval. Assembling these integral curves together, we obtain the (local) flow of the
vector field:

Theorem 1.2.19 (Lang [Lan83, Chapter 6]). There is an open set A C RXM and a smooth map
O: A—> M, (t,p) = a,(1),

such that for every p € M the intersection AN (Rx{p}) is an open interval (a,,bp) containing 0,
and the restriction of ® to this interval is the unique maximal integral curve of X starting at p.
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The flow @ automatically satisfies the following flow equations:
©0,p)=p  and  O(s,®(1,p)) = P(s+1,p),

whenever the left-hand side is defined. The first equation is clear. For the second, note that if we fix
t then the smooth curves

s D(s,D(1,p)) and s> D(s+t,p)

are both integral curves of X starting in @(z, p). If we write ®,(p) := ®(¢, p), we may rewrite these
equations as
(DO = ldM and (DS (9] ¢z = (DS+Z'

We may recover the vector field X from the flow @ as follows:

0 . 9
Xp = E q)([,p) € TpM 1.€. Xp(‘ap) = E ‘P(‘D(I’p))
0 0

One-parameter groups

Let us now return to the case of a Lie group G, where the whole situation simplifies a lot. If X is a
left-invariant vector field on G, and @, : (a,b) — G is an integral curve of X starting at e € G, then
for every g € G also the curve lga: (a,b) — G is an integral curve of X which starts at g. By the
uniqueness of such curve, we must therefore have

ag =lga,.

In particular, if a, is defined on some interval (—¢,¢&), then also a, can be defined on the interval
(—¢&,¢&), so that @ can always be extended by time +¢&. It follows that the flow @ is in fact globally
defined on R XG, and that we have

(t,g) =g X (1),

where aX is the integral curve for the field X € LG starting at aX(0) = e.

Definition 1.2.20. A one-parameter group of a Lie group G is a homomorphism of Lie groups
a:R—>G

(really the homomorphism «, not just its image!)

Proposition 1.2.21. The assignment a — &(0) € LG defines a bijection between the set of one-
parameter groups of G and the Lie algebra of G.

Proof. Interpreting LG as the space of left-invariant vector fields on G, the inverse map is given by
X — X = integral curve of X starting at e.
To see that X is indeed a homomorphism, write ® for the flow associated to X. We then have

aX(s+1) = Drig(e) = D (Dy(e))  and  D,(ge) = gD, (e),
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where the first equality is the flow equation, and the second equality follows from the left-invariance
of X. Taking g = ®,(e), we thus get

X (s+1) = @, (D4 (e)) = D, (D (e) - €) = Dy (e) - D, (e) = ™ (5) - (1),

showing that X is a homomorphism.

The velocity vector &* (0) is by definition equal to X, so X — aX - &% (0) is the identity. Conversely,

given an arbitrary one-parameter group @ and defining X := ¢(0), we need to show that a = aX. To
see this, consider the following flow on G:

O: RXG - G, (t,g) > g-a(r).

This satisfies % | 0 @(g,1) =Tlg(&(0)), and hence this must be the same flow as the one corresponding
to the left-invariant vector field X. In particular, the integral curves of these flows starting at e must

agree, showing that & = o*. O

Example 1.2.22. Let G =V be a finite-dimensional real vector space, equipped with addition. Then
LV =V, and the one-parameter group correspondingtov e V=LV is @ (t) = tv.

Example 1.2.23. The n-torus 7" = R"/Z" has R" as its Lie algebra, and the one-parameter group
corresponding to v € R" is @ (¢) = (tv mod Z").

Example 1.2.24. Since Aut(V) is an open submanifold of End(V), the vector space of all linear
endomorphisms of V, we see that

LAut(V) = LEnd(V) = End(V).

The one-parameter group corresponding to A € End(V) is

(o)

1
a?: R — Aut(V), t — exp(tA) = Z —'(tA)",
n

n=0 "

which is known as the matrix exponential. This is an illustrative example that we will return to
various times in the future.

The Lie bracket on LG

So far, we have examined what the basic constructions from manifold theory mean for Lie groups.
Before turning to a more detailed study of one-parameter groups, we should say a few words about
the ‘algebra’ structure on the Lie algebra of a Lie group. Although we will not use it a lot in this
course, this structure is an important fundamental concept.

Consider two left-invariant vector fields X,Y € LG. For every point g € G, X and Y yield derivations
X, and Y, on function germs defined around g. Given a smooth map ¢: U — R for U C G open,
applying X gives a new smooth map X (¢): U — R given by g — X, (¢), and then applying ¥ gives
Y(X(¢)) € R. Similarly, every germ ¢ determines a real number X(Y(¢)) € R. The Lie bracket
[X,Y] of X and Y is defined as the derivation given by

[X.Y](p) = X(Y(¢)) -Y(X(¢)).
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One can show by explicit calculation that this satisfies the Leibniz rule (in contrast to the individual
two summands) and hence it is a derivation.

The group structure on G provides an alternative description of the Lie bracket. For an element
g € G, consider the inner automorphism

cg: G—G, h ghg '
By taking the derivative at the unit e € G, we obtain a linear automorphism Lc,: LG — LG.
Definition 1.2.25. The adjoint representation Ad is the group homomorphism
Ad: G — Aut(LG), g Lcg.
By taking derivatives, we obtain a morphism of Lie algebras
ad :=LAd: LG — LAut(LG) = End(LG).
Proposition 1.2.26. The map ad computes the Lie bracket:

ad(X)(Y) = [X,Y].

Proof. We will compute the left-invariant vector field of ad(X)(Y) and show that it agrees with that
of [X,Y]. For X,Y € LG, we have

cax(sy (@ (1)) =X (5)-a” (1) - (@ (s) 7! = ¥ (s)-@" (1) - ¥ (=5).

Setting a(s,) := ¢ ox(y) (a¥ (1)), we then have

Ad(X(s5))Y = 9 a(s,t) LG,
ot|,
and thus 5
d(X)(¥)=—| — t)eL
W0 = 5| F alsn €L,

where we identified LG with its tangent space. A computation shows that the derivation associated
to this tangent vector acts on a germ of functions ¢: (G,e) — (R,0) via

2

(d(X)V)g = >

350:| #Las:n).

0

To compute this derivative, we use the chain rule, where we rewrite the map (s,7) — ¢(a(s,)) as a
composite

(s,8) ——> (s,t,—5)

R? y R3 sy R

(s1,1,50) ——> @(aX(s1)-a” (1)-a¥(s2))
The result is
2 2 2

(9 X Y
- 1)) = . 1)) —
aSatot,o(a(s, ) aslatow(“ (s1)-a (1)) J5201

p(a” (1) a¥(s2)).
0
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We now claim that the first term is XY ¢ while the second term is Y X¢. By symmetry, it suffices to
show this for XY ¢. Since the flow corresponding to Y is given by (,g) — g-a¥ (1), we get

Yo(g) = 2| w(g-a’ ().

ot

0

Applying the same reasoning to X, we get

o e(g-aX(s)-a" (1))
0

Xre@)= 2| 7
Plugging in g = e now gives the claim. O
Lemma 1.2.27. The Lie bracket [—,—]: LG XLG — LG satisfies the following properties:

(i) It is bilinear, i.e. [X,—]: LG — LG and [-,Y]: LG — LG are R-linear;

(ii) We have [X,X] =0 forall X, and thus [X,Y] = —[Y,X] forall X,Y;
(iii) It satisfies the Jacobi identity:

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

Proof. Parts (i) and the beginning of (ii) are clear. The second part of (ii) is then automatic:

[X,Y]+[V.X] = [X,X]+[X,Y]+[V,X]+[V.Y] = [X+Y,X +Y] =0.

For part (iii) we simply write out the definition of the left-hand side, which gives us 12 terms of the
form X (Y (Z¢g)), where each of the six orderings of X, Y and Z appears precisely twice with once a
positive sign and once a negative sign. O

Definition 1.2.28 (Lie algebra). A Lie algebra is a real vector space g equipped with a map
[—,—]: gx g — g satisfying properties (i)-(iii).

In the remainder of this section, we will determine the Lie algebras associated to the Lie groups
introduced in Section 1.1.

Example 1.2.29. If G is a discrete Lie group, then LG = T.G = 0 is the trivial vector space with the
trivial Lie algebra structure.

Example 1.2.30. If G is an abelian Lie group, then each conjugation map c,: G — G is the
identity, and thus the adjoint representation Ad: G — Aut(LG) is trivial. Since [X,Y] = ad(X)(Y)
by Proposition 1.2.26, it follows that [X,Y] =0 for all X,Y € LG.

We now come to the matrix groups.

Example 1.2.31. For G = Aut(V), we have LG = End(V) by Example 1.2.24, where the one-
parameter group to X € End(V) is given by

1
a/X(s)=I+sX+§s2X2+....
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Up to higher order terms, we thus get

a(s,t) =X (s)a¥ (X (=s) = ([ +sX)(I+1Y)(I - sX)
=1+1Y +st(XY-YX) mod (s%,7%).

In particular, we get

x.v= 2

5 a(s,t)=XY-YX € End(V).
N

0 9ty

Exercise 1.2.32. Let A be an associative R-algebra. Then the bracket [X,Y] := XY —Y X equips A
with the structure of a Lie algebra.

The above Lie bracket on L Aut(V) = End(V) also gives the Lie bracket for each of the subgroups
of Aut(V) that we have seen.

Example 1.2.33. We define the Lie algebra so(n) as
so(n) :=LSO(n) € End(R").

We claim that so(n) is precisely the subspace of skew-symmetric matrices, and so in particular
dim(SO(n)) =dim(so(n)) = %n(n —1). Indeed, given X € so(n) € End(R"), let aX be the associated
one-parameter group in SO(n). Then up to higher order terms we have

I=@X()T X)) =U+sX)TU+sX)=T+s(XT+X) mod s>,

and so taking derivatives with respect to s gives X’ + X = 0, i.e. X is skew-symmetric. Conversely,
if X € End(R") is skew-symmetric, then we have

(@X(s))TaX(s) = exp(sXT) exp(sX) = exp(—sX) exp(sX) = exp(0) = I,
and thus oX lies entirely in SO(n).
Example 1.2.34. One may show in a completely analogous way that the Lie algebra
u(n) :=LU(n) € End(C")

is the Lie algebra of skew-Hermitian matrices, i.e. those satisfying X* + X = 0. In particular we get
dim(U(n)) = n>.

Example 1.2.35. We claim that the Lie algebra sl(#n) := LSL(n) consists of the matrices in End(R")
with zero trace. Indeed, if we reason up to higher order terms as before, we see that for X € sl(n)
we get

1 =det(aX(s)) =det( +sX) = 1 +str(X) mod s>,

and thus tr(X) = 0. Conversely, if X € End(R") has zero trace, then
d d
T det(exp((z+s)X)) = det(exp(tX)) - T det(exp(sX)) = det(exp(tX)) - tr(X) =0,
Slo Slo
where we use that the derivative of det(exp(sX)) is tr(X) as we see from the above computation.
Since the function ¢ — det(exp(zX)) has zero derivative, it must be constant. But since det(exp(0)) =

det(I) = 1, it follows that exp(¢X) € SL(n) for all ¢, and thus X € sl(n).
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Example 1.2.36. Combining the previous two examples, we see that the Lie algebra su(n) :=
LSU(n) € End(C") consists of the skew-Hermitian matrices with trace zero.

Example 1.2.37. Similar to so(n) and u(n), the Lie algebra sp(n) := LSp(n) consists of the skew-
Hermitian matrices in End(H") € End(C?"). We may identify these with the complex (2n X 2n)-
matrices of the form

A -B —
) wih A =-A and BT =B.
B A

We see that dim(Sp(n)) = 2n? +n.
Remark 1.2.38. The adjoint representation of the linear groups Aut(V) is given by
Ad(A): End(V) — End(V), X AXA™!
To see this, note that
ca(@® (1) = Aexp(tX)A™" = exp(tAXA™") = A7 (1),
so differentiating at ¢ = 0 gives Ad(A)(X) = AXA~!. This shows that the action of Aut(V) on

L Aut(V) = End(V) is by conjugation.

1.3 The exponential map

In the examples of one-parameter groups given in the previous section, the matrix exponential
exp: End(V) — Aut(V) played an important role. In this section, we will see that this exponentiation
operation admits a generalization to an arbitrary Lie group G, in which case it takes the form
exp: LG — G. Recall from the previous section that every vector X € LG determines a left-invariant
vector field of G, and thus determines a one-parameter group aX : R — G with ¢X(0) = X.

Proposition 1.3.1. The map
exp: LG — G, X - aX(1),
called the exponential map, is smooth. Furthermore, its differential at the origin
Lexp: LG =LLG — LG

is the identity. In particular, exp is a local diffeomorphism.

22



Proof. Letus assume for a moment that exp is a smooth map. Note that for fixed 7, the one-parameter
groups
s X (s) and s X (15)

correspond to the same vector 1 X € LG, and hence they are equal. Applying this to s = 1 gives
exp(1X) = o'X (1) = X (1).

It follows that % exp(tX) = X, and hence Tpexp = id.g as claimed.

o
To show that exp is smooth, we will show it can be obtained from a certain flow on the Lie group
G xXLG. Consider the following map:

RXG xLG — G xLG, (t,8,X) — (g-2%(1), X).

The derivative of this map with respect to ¢ is (T, X,0), hence this map is precisely the flow on
G X LG of the vector field (g, X) + (Xg,0), and in particular this map is smooth. But then also the
restriction

{1} x{e} xLG — G, (1,e,X) — aX(1)

is smooth, finishing the proof. O

From now on, we will always express the one-parameter group a as ¢ — exp(¢X). The exponential
map plays a central role in the theory of Lie groups: it describes how the Lie algebra determines the
structure of the corresponding Lie group.

Lemma 1.3.2 (Naturality). A homomorphism of Lie groups f: G — H induces a commutative
diagram

LG -2 LH

exp\L \LGXP

G — 3 H

Proof. Consider a vector X € LG. Then the composite foa*: R — H satisfies 2| f(a*(1)) =
T, f(¢X(0)) = Lf(X), so it is a one-parameter group o™/ X) associated to L £ (X). It follows that

flexp(X)) = f(a®(1)) = ™) (1) = exp(Lf (X))
as desired. O

The exponential map is a local diffeomorphism around the origin 0 € LG: this is a consequence of
the inverse function theorem, since its differential at O is the identity map of LG.

Example 1.3.3. For G = Aut(V), we have LG = End(V) (see Example 1.2.24) and the exponential
map is given by the matrix exponential:

o 1
exp: End(V) — Aut(V), A Z ;A".
n=0 "

By naturality of the exponential map, it directly follows that the same formula holds for all the linear
groups, i.e. for O(n), U(n), SO(n), SU(n), etcetera.
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Lemma 1.3.4. Let G and H be Lie groups, and assume that G is connected. Then a homomorphism
f: G — H is determined by its differential at the unit Lf: LG — LH.

Proof. By naturality of the exponential map, we know that the composite LG 26 L H is
completely determined by Lf: LG — LH. Since the map exp: LG — G is a local diffeomorphism
at 0 € LG, this means that L f completely determined f on an open neighborhood U of e € G. It
then follows that f is completely determined on the subgroup of G generated by U. But this is all
of G, in light of the following lemma: O

Lemma 1.3.5. Let G be a connected topological group and let e € U C G be an open neighborhood
of the identity. Then G is generated by U.

Proof. Write U~! := {u~" | u € U} C G, which is again an open neighborhood of ¢. By replacing U
by UNnU~!, we may assume that U = U~'. Now consider

The union V :=(J;"_, U" C G is then an open subset of G which is also a subgroup. It follows that
also all the cosets gV are open subspaces of G. But then it follows that V is also closed, since its
complement is the union of all the cosets gV that are distinct from V and hence is open. Since G is
connected, it follows that G =V, finishing the proof. O

Remark 1.3.6. We will occasionally need to consider other smooth maps (LG,0) — (G, e) whose
differential at the origin is the identity. The multiplication map m: G X G — G has a differential at
the point (e, ), which takes the form

Tteeym: LGXLG - LG,  (X,Y) > X +7.

To see this, we observe that this map is linear, and that it restricts to the identity whenever we set
X =0 or whenever we set Y = (0. So when the Lie algebra LG can be written in some way as a direct
sum of vector spaces

LG=VieV,®---dV,,

the map
LG — G, (X1,..., X)) —exp(Xy) ... exp(Xk)

has differential id s at the origin, and in particular it is locally invertible. (It need not agree with
exp(X1 +--0+ Xk) ')

The exponential map is not necessarily surjective, even when the Lie group is connected. We will
show in a future lecture that in the case of a compact connected Lie group, the exponential map is
always surjective. Furthermore, the exponential map of a connected Lie group is, in general, only a
group homomorphism when restricted to one-dimensional subvector spaces of LG. In fact, it is a
homomorphism on all of LG if and only if G is abelian:

Lemma 1.3.7. The exponential map exp: LG — G is a homomorphism of Lie groups if and only if
G is abelian.
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Proof. First assume that exp is a homomorphism of Lie groups. The map exp is a bijection on a
neighborhood of the origin, and as we have seen in Lemma 1.3.5 such a neighborhood generates G.
Since LG is commutative as an additive group, it follows that multiplication of elements in the open
neighborhood is commutative, but then this implies that G is already abelian.

Conversely, if G is abelian, then the multiplication map m: G X G — G is a group homomorphism,
which induces the map LG X LG — LG given by (X,Y) — X 47 as we saw above. The statement
then follows from the naturality of the exponential map, Lemma 1.3.2. O

Theorem 1.3.8. Any connected abelian Lie group G is the product of a torus and a vector space:
G =TkxR™.

Proof. As we saw in Lemma 1.3.7, the exponential map exp: LG — G is a group homomorphism,
and since its image contains a set of generators by Lemma 1.3.5 it follows that it is surjective. If
we write K C LG for the kernel of exp, then we see that K must be a discrete subgroup, since the
exponential map is a local bijection at the origin. It then follows, as we will show in Lemma 1.3.9
below, that K is generated by linearly independent vectors g, ...,gx € LG. We may complete this
to a basis of LG by adding vectors gg+1,...,&n, Which determines an isomorphism LG = R” such
that K € LG corresponds to the subset

ZFx{0} c RFxR" K =R",

It then follows that the quotient LG /K is isomorphic to R"/(Z* x{0}) = T* xR"~¥. The resulting
homomorphism
TFxR" = LG/K -G

is a bijective local diffeomorphism, and hence it is an isomorphism of Lie groups. O

We still need to prove the following lemma:

Lemma 1.3.9. A discrete subgroup B of a finite-dimensional vector space V is generated by linearly
independent vectors gi,...,8k-

Proof. We proceed by induction on n = dim(V). For n = 1 we may assume V =R, and then either
B =0 or B is generated by its smallest positive element. Now letn > 1 and B # 0. Choose a euclidean
metric on V and an element g; € B of smallest positive norm. Then there is an orthogonal splitting

V=R.g @W,

where W is the orthogonal complement of R-g;. Consider the projection p: BCR-gi&@W — W.
We claim that the group p(B) € W does not contain a nonzero element of norm smaller than |g;|/2.
Indeed, if there exists g € B such that O < |p(g)| < |g1|/2, then there exists m € Z such that the
projection of g +mg; onto R-g; has norm at most |g;|/2. But then we have an element g + mg, € B
satisfying 0 < |g +mg| < |g1]|/V2, contradicting the choice of g;.

We thus conclude that p(B) is a discrete subgroup of W, and by the induction hypothesis it is
generated in W by linearly independent vectors Ay, ..., hiy with k < n. The kernel of p is generated
by g1, so we have a short exact sequence

0—(g1) = B (ha,.... i)y — 0.
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If we now pick elements g»,...,gx € B satisfying p(g;) = h;, then we obtain a section of the
map B — (hy,...,h;). It follows that B is generated by the elements gi,...,gx, and they are
linearly independent as p(g2),...,p(gx) are linearly independent in W and g; lies in the orthogonal
complement of W. O

As a corollary of the theorem, we get:

Corollary 1.3.10. A compact abelian Lie group is isomorphic to the product of a torus and a finite
abelian group.

Proof. During this proof, we will use additive notation for all Lie groups that appear. By Theo-
rem 1.3.8, the connected component of the unit of a compact abelian Lie group G is a torus T (where
T might be T° = {e}!). So we have a short exact sequence

0—)T—%G£>B—>O.

We want to show that G = T X B. For this, it will suffice to show that the map p: G — B admits a
section s: B — G (i.e. ps = idp), since then we obtain homomorphisms of Lie groups

TxB— G,(t,b) — i(t) +s(b) and G—>TxB,g+— (g—s(p(g),r(g)

which are inverse to each other. To see that the section s exists, note that the group B is discrete,
since it is given as the quotient of G by the open subgroup 7. Since B is also compact, it must be a
finite group, and hence we may write it as a product of cyclic groups:

B=7Z/n X -XZ[ng.

Let by,...,br € B denote the corresponding generators of B. Since the map p is surjective, we
may find elements cy,...,cx € G such that p(c;) = b; for all i. Note that n; - ¢; € T = ker(p),
since p(n;-c;) =n;-p(c;) =n;-b; =0. Since T = R™/Z™ is a torus, we may find an element
d; € R™ which maps to n;c; under the map R™ — T, and we may consider [d;/n;] € T € G, which
by definition satisfies n; - [d;/n;] = [d;] = n; - ¢;. If we now take g; := ¢; — [d;/n;], we see that
p(gi) = p(ci)—p([di/ni]) = p(c;) = b;, while n;g; = 0. In particular, we obtain a homomorphism
s: B — G sending b; to g; which is a section of p: B — G, finishing the proof. O

Subgroups and submanifolds

We will now use the exponential map to study the question of when an abstract subgroup of a Lie
group is again a Lie group. This will give us a way to finally prove that the examples of matrix
groups provided in Section 1.1 are indeed Lie groups.

We start by recalling the definition of a submanifold:

Definition 1.3.11. Let M be a smooth manifold of dimension m. For 0 < n < m, we say that a subset
N C M is an n-dimensional submanifold if for every point p € N there exists a chart of M around p
of the form

¢: (U,p) > (U',0) CR" =R"@R™ ",

with p € U € M open, such that o(NNU) = R"NU’, where R" =R" & 0 C R™.
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In other words: we may choose the charts of M in such a way that the restriction of N to those charts
always corresponds to the first n coordinates in the euclidean space R™.

If we pick charts ¢, like this around every point in N, then these charts restrict to maps NNU —
R™NU’ which provide an atlas for N and hence give N the structure of a smooth manifold.

Definition 1.3.12. A map f: M — N of smooth manifolds is called an embedding if the following
three conditions are satisfied:

* The map f is injective;

e The map f is an immersion: for every x € M, the induced map T f: TxM — Ty)N is
injective;

* The bijection f: M N f (M) is a homeomorphism (where f (M) has the subspace topology).

It turns out (but we will not show) that f is an embedding if and only if the image f(M) C N is a
submanifold and the map f: M — f(M) is a diffeomorphism.

Next up we consider the possible notions of subgroups of a Lie group G:

Definition 1.3.13. A Lie subgroup of a Lie group G is a Lie group H together with an injective
homomorphism of Lie groups
f:H—G.

An abstract subgroup of a Lie group G is a subset H C G which is a subgroup of G in the group-
theoretic sense, forgetting the smooth structure on G.

Lemma 1.3.14. Let G be a Lie group and let H C G be an abstract subgroup. If H is a submanifold
of G, then it is also a Lie subgroup.

Proof. The multiplication map of H is simply the restriction of the multiplication map of G and
hence is still smooth. One may argue similarly for the inversion map, or one may use exercise 1.1
which says that if the multiplication map is smooth then the inversion map is automatically also
smooth. O
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Note that every injective one-parameter group is a subgroup. Also, the inclusions of the classical
linear groups provide many examples of subgroups. We emphasize that we do not assume a subgroup
to be an embedding of manifolds. Nevertheless, we do always have:

Lemma 1.3.15. Let f: H — G be a Lie subgroup of a Lie group G. Then f is an immersion.

Proof. We have to show that the tangent map T}, f : T, H — Ty 1)G is injective for every h € H. By
using the commutative diagram

f LH=T,H <3 1.6 =LG

H
lhlg =|lran ~ fe l’llé ElTe Lrcn)

Tnf
! ThH —1— Ty)G,

Q

Q

H —

it suffices to show that the map Lf: LH — LG is injective. But since the exponential maps for H
and G are local diffeomorphisms, this follows directly from the injectivity of f: H — G using the
following commutative diagram:

LH Ly 16

expl \Lexp O

HL .

Warning 1.3.16. While every Lie subgroup f: H < G is both an injection and an immersion, it
need not be an embedding! In fact, f(H) may be a dense proper subset of G. An example for which
this happens is the group homomorphism

Z— S, ne— e,

This is a subgroup with dense image which is not an embedding.

The following result characterizes those subgroups that are embeddings:

Theorem 1.3.17. An abstract subgroup H of a Lie group G is a submanifold of G if and only if H
is closed in G.

Proof. We first show the ‘only if’, so assume that H is a submanifold. Given a point y € H, we have
to show that y € H. Since H is a submanifold, there is an open neighborhood U of the unit e € G
such that HN U is closed in U. Then the set

yw ! h={ulueU}cG

is an open neighborhood of y, and since y € H it must intersect H non-trivially, i.e. we get an x € H
with x € yU™!, and thus y € xU. Butthen y € HNxU and thusx "'y e HNU = HNU. Hence y € H,
showing that H is closed.

Conversely, assume that the abstract subgroup H is a closed subset of G. By the usual translation
argument, it suffices to find a neighborhood V of the unit of G such that H NV is a submanifold of V.
We will do by first finding a subspace of LG which is a likely candidate for LH, and then using the
exponential map to locally map LG into V and LH into H NV, showing that H NV is a submanifold.
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H I

Since exp: LG — G is a local diffeomorphism, we may find open neighborhoods e € U € G and
0 €U’ C LG such thatexp|y: U” — U is a diffeomorphism. We write log: U — U’ for the inverse
of exp|y-. Define

H' :=log(HNU) CLG.

The proof now proceeds via the following three claims:

Claim 1: Equip the vector space LG with a euclidean metric, and let (4,),en be a sequence in H’
which converges to zero in LG. If the sequence (%,,/|h,|)nen converges to some vector
X e LG, then exp(tX) € H for all t € R.

Claim 2: Consider the set
W :={sX | X =lim,(h,/|h,|),h, € H ,h, — 0,5 € R} CLG.
Then W is a linear subspace of LG.

Claim 3: The image exp(W) C H is an open neighborhood of the unit e € H.

We may picture the situation as follows:

= Pl

logy

Assuming for a moment that we have proved these three claims, let us see why this finishes the proof.
Since W is a linear subspace of LG, it is clearly a submanifold. Since the image exp(W) in H is an
open neighborhood of e € H, we must have

exp(W)nV=HnNnV
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for some open neighborhood e € V C U. Let V’ := exp~! (U’). Then the map exp|y : V' — Vis a
diffeomorphism satisfying exp(WNV’) = HNV. It follows that HNV C V is a submanifold, which
is what we needed to prove.

Let us now prove the three claims:

Proof of claim 1: The sequence (t/|hy]|) - h,, converges to tX in LG. Since |h,| — 0, there are
integers m,, € Z such that (m,, - |h,|) — t, and thus we have

exp(mp - hn) = exp(my - |hnl - (hu/lhnl)) — exp(1X).
Since H is closed, it will thus suffice to show that exp(m,, - h,,) € H for all n. But this is clear, since
exp(my, - hy,) = exp(h,)™.

Proof of claim 2: Let X,Y € W, and define h(¢) := log(exp(tX) - exp(tY)) € H’. We saw in
Remark 1.3.6 that the sequence /(¢)/t converges to X +Y as t — 0. It thus follows that the sequence

h()/|h()] = h()/1-t]|h(1)]

converges to (X +Y)/|X +Y]|, and thus X +Y € W as desired.
Proof of claim 3: Let D C LG be the orthogonal complement of W in LG. Then the map

WeD — G, (X,Y) > exp(X)-exp(Y)

is a local diffeomorphism around the origin, see Remark 1.3.6. If claim 3 were false, we could find
(Xn,Yn) € Wo D with

exp(X,,) -exp(Yy,) € H, Y, #0, and (X3, Y,) > 0asn— oo,

Since D is a (closed) subspace, the sequence Y,,/|Y,| admits a subsequence converging to some
vector Y € D. Note that |Y| = 1 and in particular Y # 0. But since exp(X,) € H and H is a subgroup,
we also have exp(Y;,) € H, and it follows thatY e W. SoY € Wn D = {0}, giving a contradiction. O

Proposition 1.3.18. Let f: G — H be a group homomorphism between Lie groups which is contin-
uous as a map between manifolds. Then f is smooth, and hence is a Lie group homomorphism.

Proof. Consider the graph
Ir:={(g.f(g) |ge€GycGxH

of f. Note that I's is a closed subgroup of the Lie group G X H: it is the preimage of the diagonal
in H under the continuous map f Xidy: G X H — H X H, and the diagonal of H is closed since
H is Hausdorff. It thus follows from the theorem that I'y is a Lie subgroup. The projection
p:=pry|r,: 'y = G is a bijective homomorphism of Lie groups, and hence is an isomorphism by
Corollary 1.2.15. Since f = pr,op~!, we conclude that also f is a smooth map. O

Corollary 1.3.19. A topological group G admits at most one Lie group structure.

Proof. Given two Lie group structures on G, we may apply the proposition to the identity map
idg : G — G to see that the identity map is smooth, and also its inverse is smooth. We conclude that
the two smooth structures on G must agree. O
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1.4 Homogeneous spaces and quotient groups

Now that we have a solid grip on subgroups of Lie groups, we move to quotient groups. We start by
introducing/recalling a lot of basic terminology:

Definition 1.4.1 (G-space). Let G be a Lie group. A (left) G-space is a topological space X
equipped with a continuous left action of G on X, i.e. a map G X X — X denoted (g,x) — gx (or
(g,x) — g-x) satisfying unitality and associativity:

ex=x and (gh)x = g(hx) forallxe X, g,heG.

A continuous map f: X — Y of G-spaces is called equivariant, or a G-map, if it preserves the
G-action:
f(gx)=gf(x) forallxe X, geG.

A subset A C X is called invariant if ga € A for all a € A and g € G. An invariant point is called a
fixed point. The subgroup
Gy:={geG|gx=x}

is called the isotropy group of the point x € X. (Note that G is a closed subgroup if X is Hausdorff.)
The invariant subspace
Gx:={gx|geG}CcX

is called the orbit of x. The set of all orbits is denoted by X /G, which comes equipped with a
canonical projection
X—->X/G, x— Gux.

We equip X /G with the quotient topology induced by this map, and call it the orbit space. If X/G
is a single point (i.e. if X consists of only a single orbit), we say that the action is transitive.

Remark 1.4.2. There is a dual notion of a right action X X G — X which instead satisfies xe = x
and x(gh) = (xg)h. Every right action determines a left action via the formula gx = xg~!
versa. When the direction is not mentioned, we are talking about left actions.

and vice

Definition 1.4.3. A smooth G-manifold is a smooth manifold M equipped with a smooth G-action
GXM — M.

Example 1.4.4 (G-representations). Let V be a finite-dimensional vector space and let G = Aut(V).
Then V admits a canonical left action

Aut(V)xV =V, (¢,v) - @(v),

turning V into a smooth G-manifold. More generally, given a continuous (hence smooth, by
Proposition 1.3.18) homomorphism ¢: G — Aut(V), we obtain a left G-action on V:

GxV -V, (& v) = o(g)(v).

We will encounter such actions a lot in the next chapter: they are called G-representations.
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Example 1.4.5 (Homogeneous spaces). Let H C G be a closed subgroup, so that H is itself a Lie
group by Theorem 1.3.17. Then the group multiplication defines a right action G X H — G, (g, h) —
gh, turning G into a smooth H-manifold. We refer to the orbit space G/H of right H-cosets of G as
the homogeneous space associated to H. The group G acts on G/H on the left via

GxG/H — G/H, (g,xH) — gxH.

It will turn out that the quotient G /H admits a canonical smooth manifold structure and that the left
G-action on it turns it into a smooth G-manifold. In fact, the quotient map G — G/H is a principal
bundle, a fundamental concept to the theory of Lie group actions that we will now introduce:

Definition 1.4.6 (Principal bundle). Let H be a Lie group. The trivial H-principal bundle on a
topological space X is the projection map X X H — X, where we equip X X H with the canonical
right H-action given by (x,h)h’ := (x, hh').

An H-principal bundle is a continuous map 7: P — B such that P is equipped with a right H-action
such that:

(1) The right H-action on P preserves the fibers of n: we have n(ph) = n(p) for all p € P and
heH,

(2) The map = is a locally trivial bundle: around every point b € B there is an open neighborhood
b € U C B such that the restriction 77! (U) — U of n is a trivial H-principal bundle, i.e. there

exists an H-equivariant homeomorphism ¢: U X H Sl (U) over U:

UxH ——% 7' (U) — P

N L l

U— B.

We refer to P as the total space, to H as the structure group, and to B as the base space.

Given another H-principal bundle n”: P’ — B’, a morphism of principal bundles is a commutative
square

where the map F is H-equivariant.

Remark 1.4.7. Note that by (1) there is a canonical map P/H — B, and by (2) this is a home-
omorphism. So in a sense, all information about the principal bundle is contained in the total
space P. Similarly, the morphism f: B — B’ is uniquely determined by F under the condition

f(n(p)) =n"(F(p)).

While an H-principal bundle locally just looks like a product U x H, it might not globally be a
product since there might be non-trivial ‘gluings’. Specifically: if ¢’: U’ x H — 7~ '(U’) is another
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local trivialization, we obtain a map

(UNU)XH — n ' (UnU’) —> (UNU)xH
unu’,

and the top composite must be of the form (u, k) — (u,y(u) - h), where y: UNU’ — H is defined
by ¢ '¢’(u,e) = (u,y(u)). In other words: the function y determines how much the trivialization
over U’ is ‘twisted” with respect to the trivialization over U.

Example 1.4.8. One of the easiest examples of non-trivial principal bundle is the two-fold covering
map S! — S!,z+> z2. This is a Z/2-principal bundle.

J;rr'

D

Definition 1.4.9. An H-principal bundle 7: P — B is called smooth if P is a smooth H-manifold,

B is a smooth manifold, and the local trivializations U X H N (U) can be chosen to be diffeo-
morphisms.

Observation 1.4.10. The smooth structure on B is uniquely determined by the smooth structure
on P: for another smooth manifold M, a map f: B — M is smooth if and only if the composite
fr: P — M is smooth. Indeed, the property of being smooth is a local property, meaning that
it only depends on arbitrary small open neighborhoods around all points of B. By picking local
trivializations, we may thus reduce to the case of a trivial bundle U X H — U. But there it is clear,
since this map has a smooth section U — U X H, u > (u,e).

It also follows from this reasoning that the map n: P — B is a smooth submersion (i.e. the map
Tyn: T,P — Ty(p)B is surjective for all p € P.)

Theorem 1.4.11. Let G be a Lie group and let H C G be a closed subgroup. Then the homogeneous
space G [H is a smooth manifold and the quotient map . G — G [H is a smooth H-principal bundle
(where we equip G with the canonical H-action given by right multiplication).

Proof. Step 1: We start by proving that the quotient topology on G/H is Hausdorff, which is a bit
more subtle than one might naively expect. Let xH # yH be two distinct points in G/H. Since G
is locally compact, we may find a compact neighborhood K of x disjoint from the (closed) coset
yH. Then KH is a neighborhood of xH in G/H which is disjoint from yH, and so it remains to
show that KH is closed in G. But note that x € KH if and only if k~'x € H for some k € K, so if
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we define f: KxG — G by f(k,g) = k~'g we see that KH = pr,(f~'H). Since H is closed, also
f~'H is closed, and since K is compact the projection pr,: K XG — G is (proper, hence) closed.
This finishes step 1.
Next, we need to describe the local product structure of G as an H-space. Choose an inner product
on LG, and let V be the orthogonal complement of LH in LG, so that LG = V@ LH. For & > 0,
define

Ve ={XeV]||X|<¢&} and D.:=exp(Vy) CG.

We call D aslice to H at e. We show:
Step 2: For sufficiently small & > 0, the map

u:DexH— G, (g,h)—gh

is an open embedding.

Proofof step 2: The differential of u at the point (e, ¢) is the identity on both summands 7, D . =V and
T.H=LH of T(, .)(D ¢ xH). Thus if we choose ¢ sufficiently small, u gives a diffeomorphism D . x
U — D, - U for some open neighborhood e € U € H. This implies that u is a local diffeomorphism
everywhere: for h € H we have u|p_xun = ho (u|p xun) © hl

It thus remains to show that we can make u injective by choosing £ small enough. Since U € H
is open, it is of the form U = U’ N H for some open ¢ € U’ C G. Pick & small enough such
that dl_ldz e U’ for all dy,d> € D.. Now, assume that we have dy,d> € D, and hy, h, € H with
dyhy = dyhy. Setting h:= hih;' € H we see that dh = d,, and thus h = d; 'd, € U'nH = U. Since
pis injective on D o X U, this means that d; = dy and h = e, i.e. h] = hy. It follows that u is injective
on all of D¢ x H as claimed.

Step 3: We now use this to provide the trivializations for the quotient map 7: G — G/H. For g € G,
define
Ug:=gD.-H.

Then Uy is invariant under the right H-action, and the subsets U, /H € G /H form an open cover of

G/H. Charts for G/H are given by the homeomorphisms D . U o/H given as follows:
D.=D.x{e}>D,xH5D, - HS gD, -H=U, 5 U,/H.

This shows that G/H is a smooth manifold, and that the map 7: G — G/H is smooth. Finally, we
see that r is a G-principal bundle since

ﬂ_l(Ug/H)ZUgEDSXHEUg/HXH. m|
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Corollary 1.4.12. Let N C G be a closed normal subgroup of a Lie group. Then the quotient
G /N, with its canonical smooth and group structures, is itself a Lie group. Given a homomorphism
f: G — Hwith N Cker(f), there is a unique factorization of morphisms of Lie groups:

GL)H

l />(
T 7z
Ral=!

G/N

Proof. To show that the group multiplication m: G/N X G/N — G/N is smooth, it suffices by
Observation 1.4.10 to show this after composing with the projection 7xX7: GXG — G/NXG/N.
But then it follows from the fact that 7 is a group homomorphism:

GxG ——— G

wxx| &

G/NxG/N = G/N.

If N C ker(f), we obtain a group homomorphism G/N — H of groups whose composite with
G — G/N is f, and again it follows from Observation 1.4.10 that this map must also be smooth. O

Remark 1.4.13. We will often write
H—-P—>B

to indicate that the map P — B is an H-principal bundle. For example, we have

H—-G—-G/H.
We will now give an alternative definition of homogeneous spaces:

Definition 1.4.14. A homogeneous space of a Lie group G is a smooth G-manifold M such that the
action of G on M is transitive.

Proposition 1.4.15. Let M be a homogeneous space of the Lie group G, let p € M, and let G, C G
be the isotropy group of p. Then the map

fp:G/Gp—> M, gGp i gp
is well-defined and is a diffeomorphism.

Proof. The map f), is well-defined and injective by the very definition of G,. Since M is transitive,
fp is also surjective. The map f), is smooth since the composite G — G/G, — M,g + gp is
smooth. So f), is a smooth bijection, and so by Corollary 1.2.14 it will suffice to show that f, has
constant rank. But since G acts transitively on G and f), is G-equivariant, we see that the rank of
Tofp: ToG|Gp — Ty, ()M agrees with T.. f},: T.G /G, — T, M for every g € G, so that f, does
indeed have constant rank. O

On the one hand, we may use this proposition to recognize certain well-known manifolds as homo-
geneous spaces. On the other hand, we might use this proposition to construct interesting smooth
manifold structures: if we are given a set M on which a Lie group G acts transversely (as a group
without smooth structure) and the isotropy group G, of some point p € M is closed, then we may
use the bijection G/G |, = M to provide M with the structure of a smooth manifold with this bijection
becoming a diffeomorphism. We will now give various classical examples.
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Example 1.4.16. The group SO(n) acts linearly on R". Since it consists of the length-preserving
matrices, its action restricts to the unit sphere

S" = {xeR"||x| =1},

and in fact SO(n) acts transitively on S"~! since every point on the sphere may be reached from
e, =1(0,0,...,1) viaarotation. Note that the isotropy group of e, is the subgroup SO(n—1) C SO(n)
of matrices of the form

A 0

o

with A € SO(n— 1), and thus the proposition provides a diffeomorphism
SO(n)/SO(n—1) — "1, [A] = Ae,.
In particular we obtain an SO(n — 1)-principal bundle
SO(n—1) — SO(n) — "1,

Incidentally, this yields an inductive proof that SO(n) is connected for all n: if a bundle has connected
fiber and connected base space, then also its total space is connected.

Example 1.4.17. The action of O(n) on $"~! similarly leads to a principal bundle
O(n-1) - 0(n) » O(n)/O(n—1) = "'

Example 1.4.18. The unitary group U(n) acts linearly on C" and as in the previous example it
restricts to a transitive action on the unit sphere

Sl = {x+iy e C | xP+ 1y = 1}

The isotropy group of the vector ¢, = (0,...,0,1) € C" is U(n— 1), hence we obtain a U(n —1)-
principal bundle
U(n-1) - Un) - Un)/Um-1) = 8§21,

As above, we find as a consequence that U(n) is connected for all .

Remark 1.4.19. We have seen that bundles can tell us something about connectedness of topological
spaces, but in fact they are useful more generally to give interesting topological information that
relate the total space, the base space and the fiber. For example, Exercise 4.2 on the next sheet has a
bonus exercise in which you may calculate the fundamental group of SO(#n) for all n.

Example 1.4.20. Using the methods from above, we also obtain principal bundles
SU(n-1) - SU(n) — §>~!

and
Sp(n—1) — Sp(n) — §*1.
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Example 1.4.21. Since the group SU(n) acts linearly on C", it has an induced operation on the
projective space C P"~! of lines through the origin. Since this space is a quotient of the unit sphere
§%"=1_this action is transitive. In this case, the isotropy group of the point p = C-e,, € CP"~! is the
subgroup of SU(n) consisting of matrices of the form

A 0
0 af’
which is precisely the image of the embedding

U(n-1)—SU®m), Aw(49), a:=det(A)™"

a
We thus obtain a U(n — 1)-principal bundle
U(n-1) - SU(n) - CP™ .

The same construction over the real numbers yields an embedding O(n—1) — SO(n) and a principal
bundle over the real projective space R P"~! of lines through the origin in R":

O(n-1) - SO(n) » RP" 1.

Example 1.4.22 (The Hopf fibration). An important special case of the previous example is the case
n = 2. In this case we have U(1) = S' and SU(2) = S, so that we obtain a principal bundle

R S N

known as the Hopf fibration. Using the induced long exact sequence of higher homotopy groups,
Heinz Hopf used this fibration to find the first nontrivial higher homotopy group of a sphere, which
was a groundbreaking result in algebraic topology. To this day, higher homotopy groups of spheres
are an active area of investigation.

Example 1.4.23. Recall the Stiefel manifold V. (R"):
Vi(R™) := {(v1,...,vi) € RDF | [vi| = 1,v; Lv; fori# j}.

Elements of Vi(R") are called orthonormal k-frames in R". The orthogonal group O(n) acts
transitively on Vi (R") by
A- (V],...,Vk) = (Avl,...,Avk).

If we consider the k-frame p = (e;—k+1,-..,€5,) consisting of the last k unit vectors in R”, then we
see that the isotropy group of p is the subgroup O(n—k) C O(n), so we get a bijection

0(n)/O(n—k) = Vi (R™),

and in particular this gives Vi (R") the structure of a smooth manifold. We also obtain a principal
bundle
O(n-k) — O(n) = Vi (R").
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Example 1.4.24. Recall the Grassmann manifold Gry (R"):
Gri(R") :={V CR" | V is a k-dimensional linear subspace }.

Elements of Gry(R") are sometimes called k-planes in R". The group O(n) acts transitively on
Gry (R") and the isotropy group of the k-plane R C R" is the subgroup O(k) x O(n — k) C O(n),

via the embedding
A O
(A,B) — (O B) .

In particular, we may equip Grg (R") with a smooth structure such that
Gri(R") =2 O(n)/(O(k) xO(n—k)).
We obtain a principal bundle
O(k)xO(n—k) = O(n) — Gri(R").
Analogously there are Grassmann manifolds
Gr(C") =2 U(n)/(U(k)xU(n—k))

and
Gry (H") = Sp(n)/(Sp(k) X Sp(n—k)).

We end the section with an important theorem concerning the torus 7" = R"/Z". We say that an
element r € T" is a generator if the group {t* | k € Z} generated by  is dense in T™.

Theorem 1.4.25 (Kronecker’s theorem). A vector v € R" represents a generator of T" if and only if
the real numbers 1 and the n components vy,...,v, of v are linearly independent over the rational
numbers Q. In particular, almost every element v is a generator and generators form a dense subset
of the torus.

Proof. During this proof we write all Lie groups additively. Consider the following five statements:

(i) The elements 1,vy,...,v, € R are linearly dependent over Q;
(i) We have 3.7, g;v; € Q for some 0 # (q1,...,9,) € Q";
(iii) We have }\" a;v; € Z for some 0 # (ay,...,a,) € Z";
(iv) The element [v] € T" is in the kernel of a nontrivial homomorphism f: 7" — S';

(v) The element [v] € T" is not a generator.

It is clear that (i) &= (ii)) < (iii). For (iii) = (iv), define the group homomorphism
fiR" > Rby (xq,...,x,) — 2oy aixi. Then f sends Z" into Z and thus induces a non-trivial
group homomorphism f: 7" = R"/Z" — R/Z = S! satisfying f([v]) = [f(")] = [ " aivil =0.
Conversely, assuming (iv), consider the exact sequence

0-Z2"->R">T"—>0
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defining the torus. This induces a canonical identification R" = LR" = LLT", and we may identify
the projection map R" — 7" with the exponential map of 7", cf. Example 1.2.23. The given
homomorphism f: T" — S! induces a commutative diagram

0 > Z" 3 R" > T"

|
Lf|zn : \LLf lf

1
0 > Z © > R > Sh

Define a; := Lf(e;) € Z, where ¢; = (0,...,0,1,0,...,0) € Z" C R" is the i-th basis vector. Since
[v] € ker(f), we see that Lf(v) € ker(R — S') = Z. But by linearity we have Lf(v) = 2 aivi,
showing (iii).
To show that (iv) & (v), assume first that [v] € ker(f). If f is non-trivial, then this kernel is not
all of 7" and hence is a proper closed subgroup of 7", so [v] cannot be a generator. Conversely,
if [v] is not a generator, then it is contained in a proper closed subgroup H C 7", and the quotient
group 7"/ H is a nontrivial compact connected abelian Lie group. By Theorem 1.3.8 this means that
T"/H is isomorphic to a nontrivial torus T = (§")* for some k. But then [v] is in the kernel of the
nontrivial homomorphism

" T /H =Tk = (sHx 2L g1, O

Corollary 1.4.26. A compact Lie group contains a dense cyclic subgroup if and only if the group is
isomorphic to T* X Z/1 for some k >0, [ > 1.

Proof. First we show that 7% x Z/I contains a dense cyclic subgroup. Let t € T* be a generator, and
choose s € T¥ such that [ - s = ¢ (where we use additive notation in 7%). Then [- (s,1) = (¢,0) is
a generator of T* x {0}, and since 1 = pr,(s, 1) generates Z/I we see that (s,1) generates a dense
cyclic subgroup of T* x Z/1.

Conversely, let a € G be an element such that (a) is dense in G. The preimage of e under the
commutator map G X G — G, (g,h) — ghg~'h~! contains {(a) x (a), and by continuity it follows
that G is abelian. By Corollary 1.3.10, we have G = T* x B for some k and some finite abelian
group. But then B must by cyclic as it is generated by pr,(a) € B. O

Definition 1.4.27. A Lie group is called topologically cyclic if it contains an element, called a
generator, whose powers are dense.

So the previous corollary may be stated as saying that the only topologically cyclic compact Lie
groups are the products T x Z/1.

1.5 Invariant integration

If G is a finite group and f: X — R is any continuous function defined on some G-space X, we may
turn f into a G-invariant function by means of averaging over the group G:

— 1
Fe) = i 2 f ().

geG

This function is G-invariant, meaning that f(gx) = f(x) for all g € G and x € X. The goal of this
section is to introduce a similar technique when G is more generally a compact Lie group.
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Definition 1.5.1 (Left-invariant integral). Let G be a compact Lie group and let C(G) denote the
vector space of continuous functions G — R. An integral on G is an R-linear map

I: C(G) >R, feI(f)

which is monotone, meaning that I(f) < I(f’) whenever we have f(g) < f'(g) for all g € G. We
say that / is left-invariant if for every h € G we have

I(f)=1(foln), where lh:G—G, g— hg.
We say that [ is normalized if I(1) = 1.

One may construct left-invariant integrals on G using the theory of differential forms on manifolds;
the details may be found in Section 1.5 of Brocker and tom Dieck [Bt95]. However, for our purposes
the following existence and uniqueness statement will suffice:

Theorem 1.5.2 (Brocker and tom Dieck [Bt95, Theorem 5.13]). Let G be a compact Lie group.
Then there exists a unique left-invariant normalized integral

CG) =R [ / £(g)ds.

The unique integral on G from the theorem is called the Haar integral. (There exists in fact a much
more general version of Haar integrals for locally compact topological groups.) We have relations

[ras=1  aa [ ro0de= [ 1o

expressing the conditions that the Haar integral is normalized and left-invariant, respectively.
Remark 1.5.3. When G is a finite group, the Haar integral is given by f +— IIFI 2ecc f(8)-

Proposition 1.5.4. Let G be a compact Lie group. For an element h € G and each automorphism
¢: G — G, there are relations

/ Fg)dg = / F(gh)dg = / Flg™")dg = / (fo9)(g)dg
forall f € C(G).

Proof. By uniqueness of the invariant integral, it suffices to observe that the three formulas on the
right each define invariant integrals C(G) — R. It is clear that each of them are still normalized
integrals, hence it remains to show they are still left-invariant.

* The assignment f +— /f(gh)dg is leftinvariant: for k € G we have ff(kgh)dg = ff(gh)dg
for all k € G by left-invariance of / applied to the function g — f(gh).

* The assignment f +— f f(g~1dg is left-invariant: we have

[ #thsdg= [ ricenyds = [ ria s

where the last equality is due to the right-invariance of the integral proved in the previous
point.
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* The assignment f +— /f(go(g))dg is left-invariant: if we set k := ¢! (h), we have

[ sinotends = [ riokends = [ siotends.
where the middle equality holds by left-invariance of f .

O

Proposition 1.5.5. Let H C G be a closed subgroup and assume that there exists a left-invariant
normalized integral f : C(G/H) — R (for example the Haar measure on the compact Lie group
G/N if H = N is normal). Then for any continuous function f: G — R we have

/G f(g)dg = /G . ( /H f(gh)dh)d(gH)-

Proof. This is again clear from uniqueness since the right-hand side defines a normalized left-
invariant integral on G. O

Remark 1.5.6. The integration of real-valued functions on G directly generalizes to integration of
functions G — V for an arbitrary finite-dimensional real vector space V equipped with an inner
product (—,—), or more generally a real Hilbert space. Indeed, forany f: G — V and v € V we may
consider the map

(fiv):GoR, g (f(8).v),

which is a continuous real-valued function that can be integrated. The assignment V — R given by
Vi fG (f(g),v)dg is a continuous linear functional, and must therefore be given by scalar product
with some element f f(g)dg € V. In other words, the element f f(g)dg €V is defined by the
property that for every v € V we have

< / f(g)dg,v>= /G (f(g)v)dg.

It is clear from this definition that the resulting function f : CY%(G,V) — V is R-linear, and that for
any function f: G — R and any vector w € V we have fG flg)wdg = (fo(g) dg)-w.

Taking V = C, this in particular allows us to integrate complex-valued functions on G. If V is
moreover a complex vector space, then the integral is even C-linear: multiplication by 7 is an R-
linear endomorphism of V, and hence commutes with integration by Lemma 1.5.8. For the same
reason, the identity /G f(gwdg = ( /G f(g)dg)-w continues to hold for any function f: G —» C
and any vector w € V.

Lemma 1.5.7. Let V be a finite-dimensional real vector space. Then the integral f :CUG,V) >V
is independent of the choice of inner product.

Proof. Let (—,—); be a different choice of inner product, and let {e1,...,e,} be an orthonormal
basis with respect to the first inner product (—,—); = (—,—). Given a function f: G — V, we may
write f as

F(@)=) fi(e)-ei

i=1
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where f;(g) :=(e;, f(g))1. We may then compute

< [ 1t dg,v>2 - <Zl i ﬁ(g)eidg,v>2 ) ( [ o dg) i)z
. /G <;fi(g)dgei,v>2= /G ()i,

where we used that /G fi(g)eidg = / fi(g) dg) - e;. This verifies the defining property of the integral
with respect to the inner product (—,—),, as desired. O

Lemma 1.5.8. Let ¢: V — W be an R-linear map of finite-dimensional real vector spaces. Then ¢
commutes with integration: for a continuous map f: G — V we have fG o(f(g))dg= go(fG f(g)dg).

Proof. Choosing an inner product on W, it will suffice to show that we have an equality

< | 90(f(g))dg,w> - <¢ ( [ r® dg),w>

for every w € W. The left-hand side is by definition equal to /G(gp( f(g),w)dg. Letting U :=
im(¢) € W be the image of ¢, we observe that the equality is clear if w € U™, since then both
sides are zero. It thus remains to show the equality for w € U. We may choose some linear section
s: U — V of the surjective map ¢: V —-» U = im(¢), giving a decomposition V = s(U) @ ker(¢).
Combining the inner product on U with some chosen inner product on ker(¢) we obtain an inner
product on V = s(U) @ ker(y) satisfying {(¢(v),w) = (v,s(w)) for all ve V and w € U. Then for
w € U we may compute

< / ¢<f<g>>dg,w>: / (0(f(g)).w)dg = / (F(g).5(w)) dg
G G G

:</Gf(8)dg,s(w)>:<¢(‘/Gf(g)dg)’w>,

which is what we had to show. m|
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2 Representations of compact Lie groups

This chapter is directly taken from Chapter 2 of Brocker and tom Dieck [Bt95].

In this chapter, we will study the theory of finite-dimensional representations of compact Lie groups.
In Section 2.1, we introduce and discuss the notion of a complex representation and show that
every representation is the direct sum of irreducible representations. Uniqueness of the direct sum
decomposition is shown in Section 2.2 using the notion of a ‘semisimple module’. In Section 2.3
we introduce various constructions of representations, like tensor products, symmetric powers and
exterior powers.

In Section 2.4 we introduce the notion of a character of a representation, which determines the
representation up to isomorphism. We will also prove the orthogonality theorem for characters and
for entries of matrix representations.

In Section 2.5 we give an elementary construction of the irreducible representations of SU(2),
SO(3), U(2) and O(3). In Section 2.6 we turn to representations on real and quaternionic vector
spaces and the relation between these and complex representations. In Section 2.7 we introduce the
character ring of a compact Lie group and introduce the exterior power and Adams operations on it.

2.1 Representations

We start by introducing the notion of a (complex) representation of a Lie group.

Definition 2.1.1. A (complex) representation of a Lie group G is a finite-dimensional complex
vector space V equipped with a continuous action

GxXV >V, (g,v) > gv

of G on V such that for each g € G the translation [, : V — V,v + gv is a linear map. The dimension
of the representation is defined as the dimension of V as a complex vector space.

Remark 2.1.2. Recall that the map (g,v) — gv being an action means that ev = v and (gh)v = g(hv),
or in other words:
lo =idy and lgoly =lgp.

It follows that /,-1 is a linear inverse of /,, and so the assignment g — [, determines a continuous
group homomorphism
I: G — Aute(V)
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(which is hence a morphism of Lie groups by Proposition 1.3.18). Conversely, any such homomor-
phism determines a continuous linear action

GXV -V, (8, v) = lg(v).

It follows that a complex representation is the same thing as a pair (V,[) where /: G — Aut(V) is a
morphism of Lie groups.

Definition 2.1.3. A matrix representation of G is a continuous homomorphism /: G — GL,,(C).

Example 2.1.4 (Adjoint representation). As we will discuss in Section 2.6, one can analogously de-
fine real G-representations. We have encountered an important example of such in Definition 1.2.25:
the adjoint representation

Ad: G — Autg(LG), g~ Lcyg,

where cg: G — G,h+— ghg™! is the conjugation map. This representation is of great importance
to the structure theory of G.

Definition 2.1.5. A representation V is called faithful if the associated homomorphism G — Aut(V)
is injective.

Later we will show that every compact Lie group admits a faithful representation and is therefore
isomorphic to a closed subgroup of a matrix group. The desire to represent abstract groups in the
concrete numerical terms of matrices and matrix multiplications is one of the origins of representation
theory.

Remark 2.1.6. Assume that G is a finite group, regarded as a Lie group with the discrete topology.
Then we may consider what is called the group ring C[G] of G over C. The underlying vector space
of C[G] is the complex vector space with a basis given by the elements of G, so that elements of
C[G] are formal linear combinations Y, Ag - & With 4, € C. Multiplication in C[G] is given by

Exercise 2.1.7. Every complex G-representation V determines a left C[G]-module by means of the
map

CIGleV =V, (D 18)@vi> > Aegv.
8 8

Show that this is well-defined and determines a one-to-one correspondence between complex G-
representations and finite-dimensional left C[G]-modules.

This module interpretation of representations can be generalized to the case for compact Lie groups.
Here the situation is more subtle, since we need to take into account continuity in the definition of
"group ring" and "module”. For this reason, we will not provide all the formal details. Nevertheless,
it is useful to have at least a heuristic understanding of the concepts involved, because they will come
back in some of the proofs in later sections.
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Note that an element of C[G] defines a function G — C given by assigning the coefficient A, to
g. For a general Lie group, we will therefore consider the space C°(G,C) of continuous functions
f: G — C. In terms of functions, the multiplication rule on C[G] takes the form

(fief) (@) = > filgh™)- fa(h).
heG
If G is a compact Lie group, this finite sum has to be replaced by integrals, leading to the convolution
product

(i f2)(g) = /G Fi(gh™) fo(h)dh

of two continuous functions f; and f> on G. It turns out that the space C°(G,C), equipped with
the supremum norm and the convolution product, is what is known as a ‘Banach algebra’, and that
G-representations are suitable modules over this algebra. We will not define these notions, but the
approach will occasionally be used as a guiding perspective.

Definition 2.1.8. A morphism f:V — W between G-representations is a linear map which is
G-equivariant, i.e. f(gv) = gf(v) for g € G and v € V. Morphisms are sometimes also called
intertwining operators. We let Homg (V,W) denote the set of all morphisms. This defines a
category, and in particular we have a notion of isomorphism of representations: a morphism which
admits an inverse.

Example 2.1.9. Let @ and 8 be two matrix representations G — GL,,(C), corresponding to two
G-representations V, = (C",a) and Vg = (C", §). Using the correspondence between linear maps
Vo — Vg and complex (n x n)-matrices, we see that V,, and Vg are isomorphic if and only if there
is an invertible matrix A such that

Aa(g)A™! = B(g) for all g€q.

If two homomorphisms « and S are related in this way, we say they are conjugate to each other.
(This should not be confused with complex conjugation.)

Definition 2.1.10. Let V be a complex G-representation. An (Hermitian) inner product (—,—): V X
V — Cis called G-invariant if {(gv,gw) = (v,w) forall g € G and v,w € V. A representation together
with a G-invariant inner product is called a unitary representation.

If we choose an orthonormal basis for a unitary representation V, then the associated matrix repre-
sentation is a homomorphism G — U(n). Conversely, any such continuous homomorphism defines
a unitary representation on C" with its standard inner product.

The following result is in fact more generally true for compact topological groups; we will state it
only for compact Lie groups.

Theorem 2.1.11. Let V be a representation of a compact Lie group G. ThenV admits a G-invariant
inner product.

Proof. Let (—,—): VXV — C be an arbitrary inner product. Using the unique left-invariant nor-
malized integral on G, we define

(VWG = /G (gv.gw)dg.
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Then (—, —) is easily seen to be linear in v, conjugate linear in w, G-invariant since the integral is
left-invariant, and positive definite since the integral of a positive continuous function is positive.
Thus (—, —)¢ is the desired G-invariant inner product. O

Definition 2.1.12. Let V be a G-representation. A G-invariant linear subspace U C V (i.e. gueU
for g € G and u € U) is called a subrepresentation of V. A nonzero representation V is called
irreducible if it has no subrepresentations other than {0} and V. A representation which is not
irreducible is called reducible.

Proposition 2.1.13. Let G be a compact Lie group. IfV is a subrepresentation of a G -representation
U, then there is a complementary subrepresentation W C U such that U =V & W, in the sense that
every element of U may uniquely be written as v+w forv € V.and w € W. Every G-representation
can be written as a direct sum @?:1 Vi of irreducible subrepresentations V; C V.

Proof. By Theorem 2.1.11, we may choose a G-invariant inner product on U. We define W as the
orthogonal complement of V in U. If w € W, then also gw € W for all g € G since for u € U we have
(gw,u) = (w,g~'u) =0. So W is a subrepresentation satisfying U = V& W.

The second statement now follows by induction on the dimension of U: if U # {0}, there exists some
subrepresentation V C U with 0 < dim(V) < dim(U) and we may write U = V& W. m|

The next theorem is an extremely useful tool in the theory of representations:

Theorem 2.1.14 (Schur’s lemma). Let G be a Lie group and let V and W be irreducible G-
representations. Then:

(i) A morphismV — W is either zero or an isomorphism;
(ii) Every morphism f:V — V has the form f(v) = Av for some A € C;

(iii) We have

. 1 Vv=Ww
dll‘n(c HOIIIG(V, W) =
0 VW

Proof. Since the kernel ker(f) C V of f is a subrepresentation and V is irreducible, the kernel is
either {0} or V. In the latter case f is zero, and in the former f is injective. If f is injective, then
its image im( f) € W is a nonzero subrepresentation, and by irreducibility of W it must then be all
of W. We conclude that f is an isomorphism, showing (i).

To prove (ii), assume that f is nontrivial and let A be any eigenvalue of f. Let W={w eV | f(w) =
Aw} be the corresponding eigenspace. It is easy to see that W is a subrepresentation, and thus W =V,
showing (ii). Part (iii) follows from (i) and (ii). O

Definition 2.1.15. The actions of the groups SU(n), U(n) and GL,(C) on C" given by matrix
multiplication give rise to representations of these groups, which are known as the standard repre-
sentations.

A representation is called trivial if each group element g € G acts as the identity: gv = v for all
vev.

Definition 2.1.16. Let V and W be G-representations. We define their direct sum as the vector space
V & W with the G-action given by g(v,w) = (gv,gw).
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In terms of matrices, this corresponds to the following construction: given G — GL,,,(C),g — A(g)
and G — GL,(C), g — B(g), we obtain their direct sum representation G — GL,;,+,, (C) by forming

block matrices:
A(g) O )
— .
8 ( 0 B(g)

Proposition 2.1.17. An irreducible representation of an abelian Lie group G is one-dimensional.

Proof. Since G is abelian, the translation function /g: V — V,v + gv is a morphism of G-
representations for each g € G: we have I, (hv) = g(hv) = h(gv) = hig(v). By Theorem 2.1.14, it
follows that [, is multiplication by some A(g) € C. But this implies that any linear subspace W C V
is a subrepresentation: for w € W and g € G we have gw = A(g)w € W. The result now follows: if
dim(V) > 1, then V would have some one-dimensional subspace W, but then W is a subrepresentation
with 0 < dim(W) < dim(V), which contradicts the irreducibility of V. O

Let G be a compact Lie group. We denote by Irrg (C) a complete set of pairwise non-isomorphic
irreducible complex G-representations, i.e. every irreducible G-representation is isomorphic to
exactly one element of Irrg (C). For arbitrary representations of G we use the following terminology:

Definition 2.1.18. If U is isomorphic to a subrepresentation of V, we say that U is contained in V.
If W is irreducible, we call the dimension dime Homg (W, V) the multiplicity of W in V.

The significance of the multiplicity is the following. Assume that we are given a decomposition V =
P, Vi of V into irreducible subrepresentations (such a decomposition exists by Proposition 2.1.13).
Then we have
Homg (W,V) = @HomG(W, Vi),
4

and thus by Schur’s lemma we see that dimc Homg (W,V) is simply the number of V; that are
isomorphic to W. In particular, this multiplicity is nonzero if and only if W is contained in V, and
this happens for only those finitely many W € Irrg (C) isomorphic to some V;.

We will now describe a canonical decomposition of representations which makes the multiplicities
even more transparent. Given an irreducible representation W, consider the map

dw: Homg(W,V)@cW — V, oW o(w).

The group G acts on the domain of this may by g(¢ ® w) = ¢ ® gw, and it is easy to see that dy is
G-equivariant with respect to this action. We can assemble all the maps dw into a map

d=(dw): @HomG(W, V)@W >V,
w

where W ranges over Irrg (C). Note that d is again a morphism of G-representations.

Proposition 2.1.19. For every G-representation'V, the above map d: By, Homg(W,V)@cW — V
is an isomorphism.

Proof. Notice that the map d is compatible with isomorphisms V = V’ of G-representations and
with direct sum decompositions V = V| @ V,. By writing V as a direct sum of irreducible subrepre-
sentations, it will thus suffice to consider the case where V € Irrg (C). In this case, Schur’s lemma
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(Theorem 2.1.14) tells us that the only nonzero summand in the domain is Homg (V, V) ®c V, which
is isomorphic to C®cV. The map d: C®cV — V is given by 1 ®v — Av and this is indeed an
isomorphism. This finishes the proof. O

We let V(W) C V denote the image of the map dw: Homg(W,V) ®c W — V, and refer to it as the
W-isotypical summand of V. We call dimc Homg (W, V) the multiplicity of V(W).

Exercise 2.1.20. Show that V(W;) = V(W,) whenever there exists an isomorphism W; = W,.

In particular, the subrepresentation V(W) only depends on the isomorphism class of W. It satisfies
the following property:

Proposition 2.1.21. The subrepresentation V(W) is generated by the irreducible subrepresentations
of V that are isomorphic to W.

Proof. Given a subrepresentation W’ C V, write i: W’ < V for the inclusion of W’ into V, so that
i € Homg (W’,V). Then we have dw (i ® w) =i(w) = w, and thus W C V(W’). Now if W =W,
then we have W’ C V(W’) = V(W), and thus V(W) contains all subrepresentations of V isomorphic
to W.

Conversely, let U C V denote the subrepresentation of V generated by the irreducible subrepresenta-
tions of V that are isomorphic to W. Given ¢ € Homg (W, V), the image of ¢ lies inside U: either ¢
is zero, in which case it is clear, or ¢ is injective, in which case we have W = ¢(W) C V. It follows
that also the image of dyw is contained in U. O

Definition 2.1.22 (Restriction). Let @: H — G be a homomorphism of Lie groups. For a G-
representation V, we denote by a* (V) the H-representation which has the same underlying complex
vector space, but with H-action given by

HXV >V, (h,v) > a(h)v.

If @: H < G is the inclusion of a subgroup H of G, we refer to a* (V) as the restriction of V to H
and denote it by resg(V).

2.2 Semisimple modules

We have seen that any complex representation of a complex Lie group is a direct sum of irreducible
representations. We have also seen that there is always a ‘canonical’ choice of such a decomposition.
In this section, we will briefly record a completely analogous discussion of semisimple modules in
a more general setting that can be applied to other situations we will encounter later.

Definition 2.2.1. Let Q be any set. We say that an abelian group M has the structure of a (left)
Q-module if for every element @ € Q we are given an endomorphism M — M,x +— ax of M. An
Q-homomorphism between two Q-modules M and N is a group homomorphism f: M — N such
that f(ax) = af(x) for all @ € Q. A subgroup N of an Q-module M is called a submodule if
ax € N for all x € N and @ € Q. A non-zero Q-module M is called simple or irreducible if its only
submodules are {0} and M.
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Observe that kernels, images and cokernels of Q-homomorphisms are again Q-modules. The
arguments used in Theorem 2.1.14 directly give the following result:

Lemma 2.2.2 (Schur’s lemma). Let f: M — N be an Q-homomorphism. If M is simple, then f is
either injective or zero; if N is simple then f is either surjective or zero; if both are simple then f is
either an isomorphism or zero.

Definition 2.2.3 (Semisimple module). The direct sum of a family of Q-modules {M;};c; is the
group-theoretic direct sum P, _; M; equipped with the componentwise Q-operation. An Q-module
is called semisimple if it is a direct sum of simple modules.

Theorem 2.2.4. Let M be an Q-module that is generated by a family {N ;} jc j of simple submodules.
Let E be any submodule of M. Then there is a submodule F of M such that M = E ® F and F is the
direct sum of some subfamily {N;} jc1 for some I C J.

Furthermore, there is an index set I' C J with INI" = O such that M is the direct sum of the simple
submodules {N;} jcjur and E is isomorphic to the direct sum of the {N;}cp. In particular, every
submodule of M is semisimple.

Proof. Consider those subsets K C J such that the submodule N(K) € M generated by {N,}jex is
a direct sum €P jex Nj (in the sense that every element of N(K) can uniquely be written as a sum
of elements x; € N; of which only finitely many are nonzero), and such that N(K) N E = {0}. Then
Zorn’s lemma applies to this collection of subsets, hence we may let / C J be maximal with respect
to these properties. We claim that F' = N(I) satisfies E ® F = M. If not, there must be some j € J
such that N; is not contained in E ® N(I), since M is generated by the N;. Since N, is simple, this
means that N;NE = N; NN (I) = {0}. But then we see that N(/U{j}) = N(I) ® N; is a direct sum
and that EUN(IU{j}) = {0}, contradicting the maximality of I. Setting F = N(I) this proves the
first statement.

For the second statement, we simply apply the first statement to the submodule N (/) in place of E.
We then obtain I’ C J with INI’ =@ and with M = N(I) @ N(I’). Since also M = E® N(I), we
thus get the desired isomorphism E = M /N(I) = N(I'). O

A semisimple Q-module M is called isotypical if it is a direct sum of simple submodules each of
which is isomorphic to a given simple module S. We also say that M is S-isotypical in this case. If
M 1is S-isotypical, Theorem 2.2.4 implies that each simple submodule of M is isomorphic to S and
hence each submodule of M is itself S-isotypical.

Proposition 2.2.5. Let M be a semisimple Q-module and S a simple Q-module. Let M(S) be
the submodule of M generated by all simple submodules of M isomorphic to S. Then M(S) is
S-isotypical and the S-isotypical submodules of M are submodules of M(S). If N is a submodule of
M, then N(S) = NNM(S). Finally, M is the direct sum of the submodules M(S), where S ranges
over a complete set of pairwise nonisomorphic simple Q-modules contained in M.

Proof. The submodule M (S) is semisimple and S-isotypical by Theorem 2.2.4, and contains every
S-isotypical submodule of M by definition. If N is a submodule of M, then N(S) is S-isotypical
and thus N(S) € M(S)NN. Conversely M(S) NN is S-isotypical so M(S)NN C N(S), showing
equality. To prove the final statement, note that by collecting those simple submodules isomorphic to
the same S we may write M = (P ¢ Ms with Mg S-isotypical. Note also that if M has no submodule
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isomorphic to S, we have Mg = M(S) = {0}, so we may take S to run over the index set stated in
the proposition. Fixing S, let N be a submodule of M isomorphic to S. Then by Schur’s lemma the
map N - M — EBT%S My is the zero map, and hence N € Mg. We conclude that Mg = M (S),
finishing the proof of the proposition. O

We refer to M (S) as the S-isotypical part of M.

Example 2.2.6 (Representations of Lie groups). We may apply all of the above to the situations of
representations of a compact Lie group G. Consider the set Q = G UC. If V is a G-representation,
we have an actionmap g: V — V forevery g € G C Q, and we let every scalar 4 € C C Q acton V via
scalar multiplication. This lets us regard V as an Q-module. It is clear that an €2-submodule is the
same thing as a subrepresentation, and the simple Q-submodules of V are precisely the irreducible
subrepresentations. In particular, Proposition 2.1.13 says that V is semisimple as an Q-module. All
in all, we recover the decomposition of V into its S-isotypical parts, where S runs through a complete
set of pairwise nonisomorphic irreducible G-representations.

2.3 Linear algebra and representations

Let us now discuss various algebraic constructions that can be used to obtain new representations
from old ones. We have already seen how to form direct sums V & W in Definition 2.1.16, and
now we consider tensor products, exterior powers and homomorphisms. Throughout, we fix a (not
necessarily compact) Lie group G.

Definition 2.3.1. Let V and W be G-representations. Recall that the tensor product V® W comes
equipped with a bilinear map VXW — VW, (v,w) — v ®w which is universal: any other bilinear
map VX W — U factors uniquely through a linear map V@ W — U. We obtain a linear G-action on
VoW by

glvew) :=gvegw,

which is well-defined since the right-hand expression is linear in both v and w.

If {vi,...,v,}is abasis of V and {wq,...,w,,} is a basis of W, then {v; ® w} is a basis of VQW.
If (r;;) is the corresponding matrix representation of V and (sy;) is that of W, then the matrix
representation of V. ® W is given by the matrix (r;;sx;) whose entry in the (i, k)-th row and (j,/)-th
column is r;;sx;. Indeed, if gv; = 33, 7;jv; and gw; = X skiwk, then by bilinearity we get

g(vi®w)) = Zrijskl(vi ®Wk).
i,k
The matrix (r;;5k;) is sometimes called the Kronecker product of (r;;) and (sg;).
Definition 2.3.2. Let V and W be G-representations. Then the vector space Hom(V, W) of C-linear
maps V — W is again a G-representation with action given by
(g-Nv):=gf(g"'v)

for f e Hom(V,W), g € G and v € V. In other words, g - f fits in the following commutative diagram:

v L sw
i’l » lg
y 8 s W



Definition 2.3.3. Given a G-representation V, we define the dual representation V* as

V*:=Hom(V,C),

*

where C is the trivial representation. Given a basis {vy,...,v,} of V, we obtain a dual basis v’f, U it

of V*, and thus we may write g - vj = 2. 5ij(g)v} for some matrix (s;;(g)). Explicitly, we have:

k

sij(8) = (gv) (vi) =i (g 'vi) = v} (Z rki(g‘l)v/c) =ri(g™h),

1

so that g acts on V* via the transpose matrix of the action of g~ on V.

Definition 2.3.4. Given a complex vector space V, we define its conjugate space V as the complex
vector space with the same underlying real vector space as V, but with scalar multiplication defined
by

CxV -V, (z,v) — zZv.

If V is a G-representation, then also V is a G-representation, called the conjugate representation. If
we choose an invariant inner product on V, then the assignment

V-V, v (=, v)
is an isomorphism of G-representations.

Lemma 2.3.5. Let V be a unitary G-representation with G-invariant inner product (—,—): VXV —
C, and let V1,V, C V be two irreducible subrepresentations of V. If Vi and V, are nonisomorphic,
then V| and V are orthogonal with respect to the inner product, in the sense that {vi,v,) = 0 for all
vi € Viand vy € V5.

Proof. The inner product induces a bilinear map (—, =) : V; xV, — C, hence a C-linear map f: V; —
72* = V,, determined by the property that (f(v),v2) = (v{,v2) for all vi € V| and v, € V. By the
G-invariance of the inner product, this map is G-equivariant: we have {(f(gvi),v2) = (gvi,v2) =
(vi,87'va) = (f(v1).g7v2) = (g f (v1),v2) for all v, € V,, implying that f(gvi) = gf(v1). By
Schur’s lemma, this implies f = 0, and hence (v{,v2) =0 forall v| € V| and v, € V5, as desired. O

Definition 2.3.6. For a G-representation V, we obtain the i-th symmetric power S'(V) and the i-th
exterior power A'(V) as quotients of V® by forcing the assignment (vy,...,v;) v ®---®V; to
become symmetric or alternating, respectively. The image in A’ (V) is typically denoted vi A--- A v;.

If {vi,...,v,} is a basis of V, then a basis of A’(V) is given by the elements Vig A+ Avg, for
ki <---<k;. Inparticular, A" (V) is a one-dimensional vector space. The action of g € G on A" (G)
is via scalar multiplication by the determinant of [g: V — V.
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The algebraic constructions introduced above come with many canonical isomorphisms, which result
in canonical isomorphisms between the corresponding representations:

UV)eW=U(VeW)
UV=vVeU

Ug(VoW)=(UV)e(UW)
k
AVew) = @A"(V) ® AI(W)
i=0

k
SK(Vew) = EBSi(V) ® SKI(W)
i=0
VeV =St V)eA2(V).

Of particular importance for representation theory is the isomorphism
0: V*®Wi>Hom(V,W), View s (u v (u)w).

If {vi,...,vn} and {wy,...,wy,} are bases for V.and W, and f: V — Wis given by fv; =3, r;jw;,
then an inverse of 6 is given by 67! (f) = i) rl-jvj. Sw;.

(This canonical map exists even when V and W are infinite-dimensional, but it is only an isomorphism
if V or W is finite-dimensional.)

Definition 2.3.7. For V = W, the map
Hom(V,V) =V*®V — C, Vvieu v (u)

associates to f € Hom(V,V) its trace tr(f) € C. If we pick a basis {vy,...,v,}, then we have
0 () =2, rijv’; ®v;, and thus we see that

tr(f) = Zrijvj(vi) = Zrii’

i i
which is indeed the usual definition of the trace of a matrix.
Proposition 2.3.8. The trace satisfies the following properties:
(i) The map tr: Hom(V,V) — C is C-linear;
(ii) We have tr(¢ fo~1) = tr(f) for every C-linear automorphism of V;
(iii) For f:V—o>Wand h: W —V we have tr(fh) = tr(hf),
(iv) We have tr(f @ h) = te(f) +te(h);
(v) We have tr(f ® h) = te(f) - tr(h);
(vi) A morphism f:V — V induces a dual morphism f*: V* — V* and we have tr(f) = tr(f™);
(vii) If f: V. =V is idempotent, i.e. > = f, then tr(f) is equal to the dimension of the image of f
(viii) A morphism f:V — V induces a morphism f: V — V and we have tr(f) = m

Proof. The proof is left as an exercise. O
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2.4 Characters and orthogonality relations

In this section, we will introduce the character of a representation, and show that it completely
determines the representation. We will also study the orthogonality relations satisfied by characters.

Throughout this section, we will assume that all Lie groups are compact, so that we have access to
the invariant integration from Section 1.5. We will now use the invariant integration to gain some
deeper insights into the structure of representations.

Construction 2.4.1. Given a (complex) representation V of G, its fixed point set
VO={veV|gv=vforallge G}

is a linear subspace of V. We may project onto this subspace by defining

p(v) :=/vadg

for v € V. By left-invariance of integration, we have hp(v) = th gvdg = fG hgvdg = p(v), so that
p(v) € V6. Furthermore, if v € V© then /G gvdg = fG vdg = v. So the resulting map p: V — V¢
is a projection onto V©.

Example 2.4.2. Given another representation W, we may apply the above construction to Hom(V, W).
Recall that G acts on Hom(V,W) via (g- f)(v) = gf(g~'v), and in particular that we have
Hom(V,W)% = Homg (V,W), the subspace of G-equivariant linear maps V — W. The projec-
tion operator thus takes the form

p: Hom(V,W) - Homg (V,W), fH/G(g-f)dg.

If V is irreducible, then Schur’s lemma tells us that any G-equivariant endomorphism V — V is a
scalar multiple of the identity map. The following result identifies this scalar multiple in the case of

I (g f)dg.
Proposition 2.4.3. Let V be an irreducible G-representation. Then for f € Hom(V,V) we have

1 .
/G (5+1)dg = () idy,

where |V| = dimc V and te(f) is the trace of f.

Proof. By Schur’s lemma we know that the integral is c -idy for some ¢ € C. To compute ¢, we
apply the linear map tr: Hom(V,V) — C, using that it commutes with integration (as does any linear
map):

|V|-c=tr<c-idv>=/Gtr<g-f>=/Gtr(zgofol;‘>=/Gtr(f)=tr<f).

In the second-to-last step we used the relation tr( fh) = tr(hf). O

We will next investigate the matrix coefficients of G-representations. Given a basis {vi,...,v,}
of V, the corresponding matrix representation G — GL,,(C), g = (7;;(g)) is determined by gv; =
2itij(g)vi. Soif vi,...,v} is the dual basis of V*, we see that

rij(8) =v;(gvj).
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More generally, we will consider functions of the form
G—-C, g gy,
where ¢ € V* and v € V. Such functions are called representative functions on G.

Proposition 2.4.4. Let V be an irreducible G-representation. Then for ¢ € V¥, v eV and f €
Hom(V,V) we have

/ o(gf(g7') dg = — tr(f)g(v).
G V|

Proof. This is an immediate consequence of Proposition 2.4.3 by plugging in v on both sides and
applying ¢: V — C. O

Corollary 2.4.5. Forv,w €V and ¢, € V* we have

/ (g™ W (gv) dg =~ (w)p ().
G 14

Proof. We apply the previous result using the linear map

f:V-oV, u > Y(u)w.

‘We have
() =tr(VELC V) =@ v C) = yw),
and
o8 f(gv) = (g W (gvIw) = p(g~ W)y (gv),
and the result follows. |

It will be useful to give a formulation of these results in terms of a chosen Hermitian inner product
(=,—)onV:

Theorem 2.4.6 (Orthogonality relations). Let V be irreducible. Then:

(i) For f e Hom(V,V) and v,w € V we have

1

Vi tr( f){v,w); and

[ (erte v wrde -
G
(ii) Forv,w,a,B €V we have

/ (g vaa)(gBow) dg = — (B.a)(v.w).
G V|

If'V happens to be a unitary representation, we may also write (ii) as

1] ——

/ (@) {(gB.w) dg = (@ By (v, w).
G \4

Proof. For part (i) we take ¢: V — C, v — (v,w) and apply Proposition 2.4.4. For part (ii) we
further take y (B8) = (B, @) and apply Corollary 2.4.5 (up to changing some variable names). ]
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Theorem 2.4.7 (Orthogonality relations). LetV and W be nonisomorphic irreducible G -representations.
Then for G-invariant inner products (—,—) on V and W and any a,v € V and B,w € W we have

/ (ga ) (gf.w)dg = 0.
G

Proof. Fix a and 8. From {(ga,w) = (v, ga) it follows that the integral is linear in v and conjugate
linear in w, hence defines a bilinear form b: VxW — C. It is G-invariant:

b(hv. i) = [ Tganhw)(gpoimwydg = [ ThTgamn) (™' gpow) de = b(vow)
G G
hence it determines a G-equivariant map b’: V — Hom(W,C) = W' = W. But then by Schur’s

lemma, b’ must be the zero map, finishing the proof. O

Remark 2.4.8. Let us explain why the previous two theorems are called ‘Orthogonality relations’.
The space C°(G,C) of continuous functions G — C admits an inner product given by

(g 0y = /G¢(g)@dg-

Theorems 2.4.6 and 2.4.7 concern the behavior of representative functions under this inner product.
If{vy,...,vin} and {wy,...,w,} are orthonormal bases of the irreducible unitary representations V
and W, then we have matrix representations

rij(g,V)={(gvj,vi)
rki(g, W) = (gwi,wi),

and Theorems 2.4.6 and 2.4.7 yield

— 1
/ rij(8,V)Tki(g.V)dg = —05ikb i
N \4

[ riste.vimmte.wdg =o. VW,

G

So we see that each of the |V'|? matrix coefficients of an irreducible representation V are all orthogonal
to each other in C°(G, C), and all matrix coefficients of two nonisomorphic representations are also
orthogonal to each other. The linear subspace they generate is known as the ring of representative

functions. We will see in Chapter 3 that this subring is in fact a dense subspace of C°(G,C), so that
certain questions about continuous functions G — C may be reduced to representative functions.

We now introduce characters of representations. They are important because they are functions on
G which determine representations uniquely up to isomorphism, and it is easier to handle functions
than matrices.

Definition 2.4.9. Let V be a (complex) G-representation. The character of V is the function
xv:G—-C, g tr(ly),

where tr(/g) is the trace of the linear map lo: V — V,v + gv. The character of an irreducible
representation is called an irreducible character.
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The properties of the trace given in Proposition 2.3.8 directly provide properties of characters:
Proposition 2.4.10. (i) The character yvy: G — C is a smooth function;

(ii) IfV and W are isomorphic, then xyv = xw;

(iii) yv(ghg™") =xv(h);

(V) xvew = Xxv+xw;

(v) xvew = Xxv xw;

(vi) xv-(g) = xv(g™");

(vii) xv(8) = xv(g) = xv(g™):
(viii) yv(e) =dimgc(V).

Proof. For (i), we may choose a basis of V to obtain a matrix representation G — GL,(C), g —
(rij(g)), which is continuous and thus smooth by Proposition 1.3.18. It then follows that also

xv(g) =2, rii(g) is smooth.
For (ii), let f: V — W be an isomorphism. Then we have [}’ f = f1Y, and thus

xv(g) =u(ly) =u(f7'1y f) = u(ly) = xw(g).

Properties (iii)-(v) follow directly from the analogous properties of the trace from Proposition 2.3.8.
For (vi), we apply 2.3.8(vi), using that the left translation by g on V* is given by the map (/,-1)*: V* —
V*. Finally, (vii) follows from (ii) and the isomorphism V = V*, and (viii) is clear. O

Definition 2.4.11. Given a Lie group G, a class function on G is a continuous function f: G — C
which is constant on conjugacy classes of G: we have f(ghg™') = f(h) for all g,h € G. Part (iii)
of the proposition says that the character yy is a class function for all V.

Example 2.4.12. Let V be the trivial representation. Then we have yy(g) = dimc(V) forall g € G.

Example 2.4.13. Let V = C? equipped with the ‘flip-action’ by Z/2 = {e, 0}, i.e. o acts via o (x, y) =
(=x,y). Then we have

xvie)=1+1=2, xv(o)=-1+1=0.

Example 2.4.14. Let V = C? equipped with the ‘rotation action’ by Z/2 = {e,c}, i.e. o acts via
o(x,y) = (=x,—y). Then we have

xv(e)=1+1=2, yv(o) =—1+(-1)=-2.

The next theorem expresses the orthogonality relations for characters. In Chapter 3 we will show
that the characters of irreducible representations form a complete orthogonal system in the space of
class functions.

Theorem 2.4.15 (Orthogonality relations for characters). Let G be a compact Lie group and let V
and W be G-representations.
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(i) [ xv(g)dg=dimVE;
(ii) (xwsxv) = [ xv(8)xw(g)dg = dimHomg (V,W);
(iii) IfV and W are irreducible, then

1 ifv=Ww,

0 otherwise.

Crwoxv) = /G T (&) xw(e) dg = {

Proof. The projection operator p from Construction 2.4.1 has trace dim V. Since the trace is linear
and thus commutes with integration by Lemma 1.5.8, we get

aim(vO) =we(p) = ([ tode)= [ witdg = [xvie)de
This proves (i). To prove (ii), recall that Hom(V,W)® = Homg (V, W), so using (i) we get

dimHomG(V,W):/XHom(V,W)(g)dg’
G

but we have
Xtom(V,w) (&) = xv+ew (&) = xv+(8) - xw(g) = xv(&)xw(g)-

The last statement (iii) is an immediate consequence of (ii) and Schur’s lemma. O

Theorem 2.4.16. A representation of a compact Lie group is determined up to isomorphism by its
character.

Proof. Let V; be a complete set of pairwise nonisomorphic irreducible representations. For a
representation V, there exists an isotypical decomposition V = (P, n;V;, where n; is the multiplicity
of V; in V. We then have yy = };n;xv, by Proposition 2.4.10, and thus n; = (yv,xv,). It
follows that the n; may be recovered from the character of V, and these numbers determine V up to
isomorphism. O

Proposition 2.4.17. Suppose that (xv, xv) = 1. Then'V is irreducible.

Proof. 1f we write V = &;n;V;, then (xv, xv) = 2; jminj{xv,> xv;) = Zin%, hence it follows that
n; = 0 for all but one i, for which n; = 1. O

We may use Proposition 2.4.17 to identify the irreducible representations of a product G X H of
compact Lie groups G and H. Note that for representations V of G and W of H we have the tensor
product V ® W with action given by (g,h)(v@w) = gv® hw.

Proposition 2.4.18. Let G and H be compact Lie groups. If V is an irreducible G-representation
and W is an irreducible H-representation, then V® W is an irreducible (G X H)-representation.
Furthermore, any irreducible (G X H )-representation is of this form.
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Proof. The first half follows from Proposition 2.4.17:

/G xvew (g vew (R d(g.h) = / w(@ow (W xv (@ow (D d(g. )

GxH

=/Xv(8)Xv(8)d8'/)(W(h)XW(h)dh=1-1= 1.
G H

For the second half, suppose that U is a (G X H)-representation. We may consider the underly-
ing H-representation of U (restricting along the inclusion H <— G X H) and obtain an isotypical
decomposition
@: @HomH(Wj,U)@JWjiU, fewm f(w)
J

of U. Observe that G acts on f € Homg(W;,U) by (gf)(w) =g- f(w): since the G- and H-
actions on U commute, we again have gf € Homgy(W;,U). Furthermore, the isomorphism ¢ is
G-equivariant, and hence it is even an isomorphism of (G X H)-representations.

For every j, we may now find a decomposition Homg (W;,U) = €, n;;V; as G-representations.
This gives us an isomorphism U = EBI.’ ;nijVieW;. In particular, if U was irreducible it must have
been of the form Ve W. O

Remark 2.4.19. From the proof of Proposition 2.4.18, we obtain a bijection

Irrg (C) x Irrgy (C) N Irrgx g (C)
VW)= VeWw.

If G is an abelian compact Lie group, then all its irreducible representations are one-dimensional
(see Proposition 2.1.17). Since we may take the representations to be unitary, it follows that the
irreducible characters are precisely the homomorphisms of Lie groups G — U(1).

Definition 2.4.20. For an abelian compact Lie group, we define the character group G to be the set
of irreducible characters G — U(1), with group structure given by the pointwise product in U(1).

Let us close the section by recording for later reference a few identities concerning the behavior of
representative functions and characters with respect to the convolution product on C°(G;C). All of
the identities follow from the orthogonality relations.

Proposition 2.4.21. Let g — (u;;(g)) and g — (vii(g)) be nonisomorphic irreducible unitary
matrix representations of the compact Lie group G, with characters yy and yvy. Let |U| and |V|
denote the dimensions of the representations. Then:

(i) We have

Uij* U = méjkuil and uij*vig =0.

(ii) We have

1
XV *Vij=Vij* Xy = | and XU *Vie = Vi *xu = 0.

W'
(iii) We have

1
XV * Xy = mXV and xv*xu =0.
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Proof. For (i), first recall the definition of the convolution product:
(s 1) (@) = [ sy (h ()
G

Now, the matrix coefficients u; (gh™") are the matrix coefficients of a product of matrices:

uij(gh™") = ) wim ()umj (7).

m

Since U is unitary, we have u,,;(h™') = u,,(h). Substituting this expression into the integral, we
get

(uij*ur)(g) = Zuim(g)/Gujm(h)ukz(h) dh.

But by the orthogonality relation from Remark 2.4.8, the integral reduces to |17|<5 jkOmi1, hence we

end up with |_lll|5 jkuir as claimed. The second relation is proved similarly.

O

Parts (ii) and (iii) are an immediate consequence of (i), using that yy = 37", v;i(g).

2.5 Representations of SU(2), SO(3), U(2) and O(3)

Our goal in this section is to give elementary descriptions of the irreducible representations of the
groups SU(2), SO(3), U(2) and O(3).

Before we start, let us briefly address the lower dimensional groups.
Example 2.5.1. The groups SU(1) and SO(1) are trivial, hence have no nontrivial representations.

Example 2.5.2. Since O(1) = {+1} is abelian, the irreducible representations are given by Hom({+1},U(1)) =
{£1}, corresponding to the trivial action and the flip action on C.

Example 2.5.3. Also SO(2) = S! is abelian, so again the irreducible representations correspond to
irreducible characters S' — U(1) = S'. But by Exercise 4.4, all continuous group homomorphisms
S — §! are of the form A +> A" for some n € Z. The corresponding one-dimensional representations
are

SIxC—C: (4,x) > .

We will sometimes also denote this representation by A,,.

Example 2.5.4. Let us identify all the irreducible representations of O(2) = SO(2) xZ/2. Let V
be an irreducible O(2)-representation. Then its underlying SO(2)-representation might no longer

be irreducible, but it contains an irreducible subrepresentation U C V. By the previous example, U
cos(6) —sin(0)
sin(@) cos(0)

n € Z. Now consider the generator 7 € Z/2 C O(2), given by the matrix (‘01 (1)) Then the linear
subspace TU C V is closed under the SO(2)-action: we have

is one-dimensional, and Rg = ( ) € SO(2) acts on U via Rgu = ¢y for some integer

Rotu=7R_gu=71e "y ctU.

It follows that the sum U +7U C V is an O(2)-subrepresentation of V, hence by irreducibility
must equal V. If U = U, then this forces n = 0, and V must be obtained from one of the two
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irreducible Z/2-representations (the trivial one or the one with the flip action.) If U # U, then V is
two-dimensional, and any element u € U provides a basis {u,7u} of V. In this basis, the matrices
corresponding to Ry and Ryt are

ein@ 0 0 einQ
Ry = ( 0 e‘”‘g) and Ryt = (e—ina 0 )

With that out of the way, let us move to the irreducible representations of SU(2).

Definition 2.5.5. Let V, = C denote the trivial representation of SU(2). Let V; = C? denote the
standard representation. For every n > 2, we define

Vo= 8"V,
the n-th symmetric power of V.

Our goal is to show that each of the V,, is irreducible and that they in fact cover all irreducible
SU(2)-representations.

We start by giving a more explicit description of V,,. If we denote the two basis vectors of C2 by
z1 and zp, then a basis of V,, is given by the monomials {z?,z?‘ln, . ..,zlzg_l,zg}, and we may
identify V,, with the vector space of homogeneous polynomials of degree n in the variables z; and
z2. (In particular V,, has dimension n + 1.) If we view polynomials as functions C> — C, then we

obtain a natural left action of GL,(C) and hence SU(2) on the polynomials by letting

(gP)z = P(z8),

where
a b

P € Clz1,22], g=(c J

) ? = (ZI’ZZ)
and
28 = (az1 +cz2,bz1 +dz2).

Since g acts as a homogeneous linear transformation, the subspace V;, C C[z1,z2] is SU(2)-invariant.
Note that with this description, n = 0 results in the trivial representation and for n = 1 we get the
standard representation.

In the following result, we write P (z1,22) = Z’fzg_k, 0 < k < n, for the basis of V,,.

Proposition 2.5.6. The representations V,, are irreducible.

Proof. 1t suffices to show that each SU(2)-equivariant endomorphism A of V,, is a multiple of the
identity. For a € U(1), define

ga=(g a?l) e SU(Q).

Then we have
gaPk = a2k_nPk and gaAPk = AgaPk = AaZk_nPk = aZk_nAPk.

Now choose a such that all powers a?*~" for 0 < k < n are distinct. It then follows that the a?*~"-

eigenspace of g, in V,, is generated by Py, and in particular we have APy = Ay Py for some scalars
A € C. Our goal is to show that all these scalars are the same.
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To do this, we consider again the real rotations

_ (cos(@) —sin(0)

sin(@)  cos(0) ) €SU®, ek,

and we compute
ARgP, = A(z1cos(0) +zsin(6))"

= Z (n) cos(0)k -sin(0)" % - APy
k
k
= Z (n) cos(6) -sin(8)" % - ¢y - Py.
k
k
Similarly, we obtain

RoAP, = Rgc, P, = Z (Z) cos(6)* -sin(8)" % - ¢, - Py.
k

Since A is SU(2)-equivariant, these two expressions must agree, but then comparing coefficients we
see that cx = ¢,. This implies that A = ¢,, - id as desired. O

To show that the V,, comprise all the irreducible representations, we will analyze the possible class
functions on SU(2).

Observation 2.5.7. The space of class functions on SU(2) agrees with the space of even 27-periodic
continuous functions R — C.

Proof. Consider now for 6 € R the matrix

e? 0
e(0) ::( 0 e-if

) e SU(2).

Any class function f: SU(2) — C may be restricted to a continuous function fe: R — Cin this way.
Since any element in SU(2) is conjugate to a diagonal matrix, which must have diagonal entries A
and A~! with |1| = 1, we see that any element in SU(2) is conjugate to some e(8). It follows that f is
completely determined by fe. Furthermore, the matrices ¢(6) and e¢(7) are conjugate if and only if
0 = +1t mod 2m, so fe is even and 2r-periodic. This shows that we obtain a bijection of sets. Since
the topologies on both sides are induced by the supremum norm, this is even a homeomorphism of
topological spaces. O

Proposition 2.5.8. Let x,,: SU(2) — C denote the character of V,,. Then the functions x, generate
a uniformly dense subspace of C°(SU(2);C) (i.e. dense with respect to the supremum norm).

Proof. By Observation 2.5.7 we may restrict attention to even 2r-periodic functions R — C. Since
e(0) Py = (e'%x1)*(e71%x,)" K = £!(2k=m) 0 p, the character y, of V,, corresponds to the function

n
kn: R—>C, 9|—>Zei(2k_")0.
k=0
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619_6719 n+l_1

2i

X

,and the formula 1 +x+---+x" = =,

Now, using the expression sin(6) =
this expression as

we may rewrite

n e—i@(n+1) (eZiH)nH_l

n
Zei(Zk—n)H — pind Z(ezia)k _ : .
e—t@ 62’6 -1
k=0 k=0

e!0ntl) _o=10(nt1)  in((n+1)0)
0i0 _o-i0 ~ sin(9)

Let us write «,(6) for this function. Using the addition theorem for sin, we obtain
kn(0) = cos(nf) +k,_1(0) cos(h),

so that kg = 1, k; = 2cos(0), k» = 2(cos(8))? +cos(20) = 1 +2cos(20), etcetera. It follows in
particular that the subspace of continuous functions R — C generated by the «, agrees with the
subspace generated by the functions 6 +— cos(nf) for n € N. But it is a well-known theorem from
elementary Fourier analysis that the space generated by the functions cos(n8) is uniformly dense in
the space of even 2x-periodic continuous functions R — C. This finishes the proof. O

Proposition 2.5.9. Every irreducible unitary representation of SU(2) is isomorphic to one of the
Vi

Proof. Let W be an irreducible representation with character y and assume it is different from all
the V;,. Then by orthogonality, Theorem 2.4.15(iii), we have (y, y,) =0foralln e Nand (y, ) = 1.
But since the y;, generate a dense subspace this gives a contradiction. O

We now turn to the irreducible representations of SO(3). For this, we use the following relation
between SU(2) and SO(3):

Proposition 2.5.10. There exists a surjective homomorphism n: SU(2) - SO(3) whose kernel is
{£I}.

Proof. The proof will make heavy use of the quaternions H = {a + bi+cj+dk | a,b,c,d € R}.
First recall that we may identify the Lie group SU(2) with the group Sp(1) = {x e H| |x| = 1} of
unit quaternions. We will further consider the linear subspace of the quaternions given by the pure
quaternions:

Hpure := (i, j, k) ={bi+cj+dk | b,c,d e R} = {z € H| Re(z) = 0}.

Note that there is a preferred isomorphism of R-vector spaces R> = Hpure given by (b,c,d) —
bi+cj+dk. Hence to construct the map Sp(1) — SO(3) we may equivalently specify a linear
action of Sp(1) on Hpye Which has determinant 1 and preserves the symplectic inner product. We
define this as follows:

Sp(1) X Hpure = Hpure, (4,v) > Al

where we use that H is a (non-commutative) ring. We need to show that this is well-defined, i.e. that
AvA~! is indeed again a pure quaternion if v is. To this end, we first observe the following fact: for
all z,w € H we have Re(zw) = Re(wz). Indeed, it will suffice to show this when z,w € {1,i,j,k}
are basis vectors, where it is easily verified. But then

Re(Ava™ ") =Re(117'v) =Re(v) =0,
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so the action of Sp( 1) restricts as desired. Itis norm-preserving since N(AvA~!) = N(A)N(v)N(A)~! =
N(v), and thus defines a Lie group homomorphism Sp(1) — O(Hpue) = O(3). Since Sp(1) is con-
nected, we see that it in fact must factor through SO(3), giving the homomorphism 7: SU(2) —
SO(3).

Next we will show that 7 is surjective, so consider a matrix A € SO(3). We claim that A has 1 as an
eigenvalue. Indeed, we have

det(A—1) =det(AT)det(A—1) =det(ATA— AT) =det(I - AT) = det(/ - A) = —det(A 1),

so that det(A —I) = 0. We conclude that there exists some vector u € Hiyre such that Au = u. Without
loss of generality we assume |u| = 1. We call v the rotation axis of A. Since A is an orthogonal
matrix, it follows that A preserves the orthogonal complement of Ru C Hpyre. The restriction of A
to this orthogonal complement is an element of SO(2) = S', i.e. it is given by some rotation 6. It
follows that the matrix A is the given by a rotation of angle 6 around the axis u (according to the
right-hand rule).

Now consider the quaternion

0 0
A= cos(z) +sin(§) -ueH,

which is easily seen to be a unit quaternion (using that |u| = 1). We claim that for any v € Hpyre,
rotation of v by angle 6 around axis u is precisely given by v — AvA~!. To show this, write
v =v| +v., where v|| is parallel to u while v, is orthogonal to u. In this way, we can reduce to the
cases where v is either parallel to u or orthogonal to u:

* If v is parallel to u, then one can prove that uv = vu, and consequently also Av = vA. So
A~ =v2471 = v. This is what we want, since rotation around axis u leaves v fixed.

 If v is perpendicular to u, then one can prove that instead we have uv = —vu. Consequently
we get

A = 2v(cos(0/2) —usin(8/2)) = A(cos(8/2) +usin(6/2))v = 1%y = (cos() +u sin(6))v.
And again this is precisely the rotation with angle 6 around axis u.

Finally, we need to show that the kernel of Sp(1) — SO(3) is {+1}, i.e. if AvA~! = for all v then
A € {£1}. Butif we write 1 = 1 + A» with 4; € R and A, pure, then by choosing v perpendicular
to Ao we see that AvA~! = A%y hence this is only v if A2 = 1, and thus A = +1. This finishes the
proof. O

Corollary 2.5.11. The irreducible representations of SO(3) are in bijective correspondence with
the irreducible representations V,, of SU(2) on which —I acts as the identity.

Proof. 1t is immediate from Proposition 2.5.10 that the representations of SO(3) are in bijective
correspondence with representations of SU(2) on which —1 acts as the identity. Since 7: SU(2) —-»
SO(3) is surjective, such a representation is irreducible as an SO(3)-representation if and only if it
is irreducible as an SU(2)-representation. O

Corollary 2.5.12. The irreducible representations of SO(3) are the representations Wy := V. for
k eN.
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Proof. We know that — acts as multiplication by (—1)" on V,,, which acts as the identity if and only
if n =2k is even. ]

Remark 2.5.13. The dimension of Wy is 2k + 1. We will show below that W}, admits an alternative
presentation in terms of harmonic polynomials. The homomorphism 7: SU(2) - SO(3) sends the
matrix e(6) to
1 0 0
R(20) =|0 cos(20) —sin(26)
0 sin(26) cos(26),

and hence by Observation 2.5.7 the class functions SO(3) — C are determined by their values on
the matrices R(6).

The next result is often referred to as the Clebsh-Gordan formula. It plays an important role in
physics, specifically in quantum mechanics: it comes up in the context of adding angular momenta
of quantum states.

Proposition 2.5.14. There is an isomorphism

q
ViV, = Vi+i-2;, where g =min{k,[}.
j=0

Proof. Since representations are determined by their characters, it suffices to prove the corresponding
result for characters. By Observation 2.5.7 the characters are determined by their values on the
elements e(6), and thus it suffices to verify the purely combinatorial identity

k I q (k+1-2j
(Zxk—Zio) (le—zn) _ Z Z xk+l—2j—2m)
i9=0 i1=0 j=0

m=0
We may assume that / < k. Now we may arrange the pairs of indices
k=2ig =2 _

and replace x by e’?.

(k —2ig,l —2i1) in a rectangular scheme; to each such pair there corresponds a term x
xk+=2(io*+11) in the left-hand product. The right-hand sum then comes about by summing first over
the pairs of indices on the separate lines indicated in the figure below, and then adding up all the
resulting sums. (It might be easiest to see this by doing an induction on k + [, and observing that
when going from k +1 -2 to k + [, the additional terms on both sides precisely correspond to the
additional line of terms along the top-left of the diagram.)

) o 1)

) ' Ge)
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Remark 2.5.15. The representations V are sometimes enumerated by half integers in the literature
,5ay Vi =V (k/2). The Clebsch-Gordan formula then reads

V(a)@V(b) =V (la-b|)®V(la-b|+1)®---&V(a+Db).

The irreducible representations of U(2) may be expressed in terms of those of S' and SU(2) using
the following:

Proposition 2.5.16. There is a surjective group homomorphism
S'xSU(2) » U(2), (LA > A-A
whose kernel is {(1,1),(-1,-1)}.

Proof. 1t is clear that the given assignment determines a homomorphism of Lie groups. It is also
clearly surjective, since any B € U(2) may be written as B = 1- A where we take A € S! to be a square
root of det(B) € S! and we take A := A" - B. To compute the kernel, assume that 1- A = I. Then
A= (/1(31 /191 ) But this is only in SU(2) if 172 = 1, and thus A = +1. i
Recall from Example 2.5.3 that we write A, for the one-dimensional S'-representations S' x C —
C, (1,x) > A"x.

Corollary 2.5.17. The irreducible representations of U(2) are of the form A,, ® V,, for n,m € Z with
n+m even.

Proof. By Proposition 2.5.16, the irreducible representations of U(2) may be identified with the
irreducible representations of the product S! x SU(2) on which the pair (—1,-1) acts trivially; see
the proof of Corollary 2.5.12 for a similar reduction step. By Proposition 2.4.18, we see that the
irreducible representations of S x SU(2) are given by the tensor products A,, ® V,,, where the A,,
are the irreducible S!-representations from Example 2.5.3 and the V,, are the irreducible SU(2)-
representations from Proposition 2.5.9. The element (—1,—7) acts on A, ® V,, via multiplication by
(=1)™*"™ hence acts trivially if and only if n + m is even. O

Let us now explain the connection between the representations Wy of SO(3) and ‘spherical harmonic
functions’.

Construction 2.5.18. For a natural number [ > 0, let P; be the complex vector space of homogeneous
complex polynomials in three variables of degree [. Viewing these polynomials as functions R* — C,
we obtain an action of SO(3) on this space:

(Af)(x) = f(xA), AeSO@3), xeR’ feP.

This SO(3)-representation is not irreducible: for example, P, contains the invariant subspace

generated by the polynomial x% + x% + x%.

2 2
Consider the Laplace operator A on R?: for a function f: R® — R we define Af := % + % +
1 2

% : R? — R. For a complex-valued function f = f; +if> we define Af = Af; +iAf>. We may then
3
consider the subspace

Hy :={f P |Af=0},
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called the space of harmonic polynomials of degree . Restricting functions in H; to S> C R? yields
the spherical harmonics of degree [. Note that a homogeneous function on R? is uniquely determined
by its restriction to S2.

Lemma 2.5.19. We have
1
dim(P;) = E(l +1)(I+2) and dim(H;) =21+ 1.

Proof. A basis of Py is given by the monomials x| xJ x; with p + ¢ +r = 1. For every 0 <r <1, there

are [ —r + 1 ways to find nonnegative p and ¢ such that p + g = [ —r, and thus the dimension of P; is
l l 1
Z(l—r+ )= Z(l+ D==(+1)(+2).
2
r=0 r=0
For the second part, we may write every polynomial f € P; in the form
l
f(x1,x2,x3) = IZ‘ k—l fie(x2,x3),
where fi is a homogeneous polynomial of degree [ — k in variables x,,x3. We then have

Sk Pfe 9 f
Af = Z o fiat Z (ax2+ax§ .

k=0

So we see that Af = 0 if and only if

02 fx N 0 fx

—, 0<k<i-2
6x 8x%

fk+2 (

In particular, an element of H; is uniquely determined by the polynomials fy and fi: the higher fx
are computed by the previous formula. We conclude that the dimension of H; is the sum of the
dimensions of the spaces of homogeneous polynomials in two variables of degrees [ and / — 1, i.e.

dimH, =(I+1)+1=2]+1. O

Lemma 2.5.20. The subspace H; C P; is SO(3)-invariant.

Proof. Tt suffices to show that the Laplace operator is rotation invariant, i.e. commutes with the
action of SO(3) on R>. So see this, consider the gradient

_(9f of Of
grad(f) = (E)_xl’ 8_x3’ a_xg)

of a smooth map f: R? — R, and the divergence

381 +8g2+%

d
iv(g) = Oxy Oxz

for a smooth map g: R?> — R3. It follows from the chain rule that for A € SO(3) € End(R?) we have
grad(Af) = Agrad(f) and div(Ag) = Adiv(g).

Since we have A(f) = div(grad(f)), this finishes the proof. O
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So we have obtained an SO(3)-representation /H;, and we may ask how it decomposes into irreducible
SO(3)-representations. Since we have dim(H;) = 21 + 1 = dim(W;), the following result is not too
surprising.

Proposition 2.5.21. The space H; of harmonic polynomials of degree | is an irreducible SO(3)-
representation isomorphic to Wj.

Proof. Since the irreducible SO(3)-representations are of the form Wy, we may decompose H; as
= D,
i

for certain natural numbers k;. Because of dimension reasons it will suffice that k; > [ for some
i. To do this, we consider the action of the rotation matrix R(#) on this direct sum. This matrix
corresponds to the complex matrix ¢(6/2) € SU(2) (see Remark 2.5.13), and thus the eigenvalues
of the action of R(#) on Wy, are the eigenvalues of e(6/2) on Va,, which as we saw before are
e'™? for |m| < k;. In particular, the eigenvalue e~**¢ can only appears if k; > [ for some i, and
thus it will suffice to show that 7; admits an eigenvector with eigenvalue e, For this, consider
fi(x1,x2,x3) = (x2 +ix3)’. Then f; € H;, and we have

R(0) fi(x1,x2,x3) = (x2c08(8) +x38in(6) +i(—x7 sin() + x3cos(6)))’
—i9x3)l

= e 1 fi(x1,%2,%3).

= (e x +ie

This finishes the proof. O

2.6 Real and quaternionic representations

So far, we have restricted our attention to complex representations. In this section, we will introduce
real and quaternionic representations and see how they may be expressed in terms of complex
representations.

Definition 2.6.1. Let G be a Lie group. A real (resp. quaternionic) G-representation is a real (resp.
quaternionic) vector space U with a continuous action G X U — U such that the left translations are
R-linear (resp. H-linear). If U carries a G-invariant inner product we call U an orthogonal (resp.
symplectic) representation.

Choosing a basis for U yields corresponding matrix representations G — GL,(R) (resp. G —
GL, (H)). If U is orthogonal (resp. symplectic) it has the form G — O(n) (resp. G — Sp(n)).

As in the case of complex representations, invariant inner products always exist when G is compact.
This leads to the conclusion that every real (resp. quaternionic) representation is a direct sum of
irreducible subrepresentations, i.e. real and quaternionic representations of compact groups are
semisimple in the sense of Definition 2.2.3.

For the remainder of the section, we assume that G is compact.

We want to analyze the interaction between real, complex, and quaternionic representations. This
requires a certain amount of bookkeeping, but is not mathematically deep. In order to start the book-
keeping, we will do two things: We will introduce notation for various categories of representations
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and functors between them, and we will treat the complex representations as the basic objects, view-
ing both real and quaternionic representations as complex representations with additional structure.

Definition 2.6.2. Let V be a complex G-representation. A real structure on V is a conjugate-linear
G-equivariant map J: V — V such that J?> = id. A quaternionic structure on 'V is a conjugate-linear
G-equivariant map J: V — V such that J> = —id. In both cases, we refer to J as the structure map.
A complex representation is said to be of real (resp. quaternionic) type if it admits a real (resp.
quaternionic) structure.

Remark 2.6.3. A representation can be simultaneously of real and quaternionic type.

Next we introduce some categories of representations and functors between them. We write
K=R,C, orH,

and we denote by
Repg (G)

the category! whose objects are the G-representations on K-vector spaces and whose morphisms
are K-linear G-equivariant maps. We denote by

Repi(G) and Repc (G)

the categories of complex G-representations with real and quaternionic structure. Morphisms in
these categories are C-linear G-equivariant maps which commute with the structure maps.

Construction 2.6.4. Let U be a real G-representation. We define the complex G-representation
e, (U) as
€+(U) = C@RU

It comes equipped with a real structure given by J(z®u) :=z®u. Given a morphism f: U — U’
of real representations, we obtain a morphism e, (f): e+ (U) — e+ (U’),z®u — z® f(u). This is
compatible with identity maps and compositions, hence this construction defines a functor

e+ Repp(G) — Repi(G).

Conversely, let (V,J) be a complex representation with a real structure. We denote by V, and V_
the (+1)- and (—1)-eigenspaces of J. Since morphisms in Rep{(G) commute with J, they need to
preserve these eigenspaces. In particular, sending V to V., determines another functor

s+: Repfi(G) — Repy (G).

For v € V, we may write 2v = (v+Jv) + (v —Jv), and we conclude that V =V, & V_. Notice that
multiplication by i € C induces isomorphisms V, — V_and V_ —» V,.

Lemma2.6.5. The functore, : Repg (G) — Repi(G) is an equivalence withinverse s, : Reps(G) —
Repg (G).

IThe word ‘category’ indicates that we have a class of mathematical objects together with morphisms between them
that may be composed.
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Proof. Given (V,J) € Rep’(G), a natural isomorphism e, s, (V,J) = (V,J) is given by C®V, —
V,z®Vv > zv. A natural isomorphism s,e, U = U is given by U — (CQgrU),,u — 1 ®u. We leave
the details to the reader. O

Construction 2.6.6. If W is a quaternionic representation, we let e_(W) denote its underlying
complex representation. The action of j € H determines a conjugate-linear map J: W — W satisfying
J? = —id, hence this provides W with a quaternionic structure. This is compatible with morphisms
of representations, and thus determines a functor

e_: Repy(G) — Rep:(G).

Conversely, if (V,J) is a complex representation with quaternionic structure, we may define a
quaternionic representation s_(V,J) by equipping V the H-linear structure defined by

(zi+z2))vi=ziv+22J(v),  z1,22€CveV.
This defines a functor s_: Rep:(G) — Repy(G).

Lemma 2.6.7. The functor e_ is an equivalence with inverse s_.

Proof. 1tis straightforward to see thate_s_(V,J) = (V,J) and s_e_(U) = U. (Actual equalities this
time, not just natural isomorphisms.) O

We will now consider relations (i.e., functors) between different types of representations coming
from restriction, extension and conjugation.

First, we have various forgetful functors that for example view a complex representation as real,
or forget about the structure map J, and so on. Explicitly, given a complex G-representation V
we define r]g(V) as the underlying real representation of V, and we denote by r,(V,J) :=V the
underlying complex representation with no additional structure. This gives functors

r%: Repc(G) — Repp (G)
rg: Repy (G) — Rep(G)
rg: Repy (G) — Repr(G), rg = r]g o rg
r+t Rept(G) — Repc(G)
r_: Repa(G) — Repc(G),
which are sometimes also called restriction functors. Second, we have extension functors
eg.: Repy(G) — Repe(G),
¢2: Repc(G) — Repu(G),
eg: Repg (G) — Repy (G).

The first is defined via e%(U ) = C®rU, while the second is eg(V) =H®cV, where we view H as

H,C

a right C-module via right multiplication: HxC — H (w,v) — wv. Finally, we let eg =egeg, le.

ex(V)=H®gV.

Third, we have the conjugation functor
¢t Repa(G) — Repc(G),

which sends V to the conjugate representation V.
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Proposition 2.6.8. The above functors satisfy the following relations

r%e% =2 ce% =eg

e%r§:1+c rlgc:rlg

egrg =2 crggI = rg

rgeg=l+c e]gc=eg
e% =riey rg =r_e_
c*=id

Here the first equality should be interpreted as saying that there is a natural _isomorphism rfge%(V) =
V@V, the second one that there is a natural isomorphism e%r%(V) = VeV, ercetera.

Proof. We will not spell out each of the individual cases; most of them are fairly straightforward.
As an example, let us prove that e%r% = 1+c. For a complex G-representation V, we consider the
map a: VoV — CerV defined by

1 1
a(v,w) = 5(1®v—i®iv)+§(1®w+i®iw).

This is R-linear by construction, and it satisfies the relation a (iv,—iw) = ia(v,w). In particular, we
may regard a as a C-linear map V@&V — C®gV. An inverse to « is given by the map

B: CerV VeV, Qv - (zv,2v).

Zel = 1+ ¢ comes from the C-linear isomorphism

As another example, the relation r
H®@V—>V®V, (z1+jz2)®Vv = (21v,22v).

Here we view {1, j} as a C-linear basis of H with respect to right multiplication and z;,z> € C. The
other relations are proved in a similar way. O

We now come to the main goal of this section: To relate the irreducible real and quaternionic
representations to the irreducible complex representations. To this end, consider the sets

Irrg (K), K=R,C.H

of isomorphism classes of irreducible K-linear G-representations. We will partition each of them
into three disjoint (possibly empty) parts, thus ending up with nine sets. To simplify the exposition,
we will use the following notational convention:

Convention 2.6.9. The letters U, V, and W will, respectively, denote elements of Irrg (R), Irrg (C)
and Irrg (H).

Definition 2.6.10. We define the following nine subsets Irrg (K) C Irrg(K) for K, L =R,C, H:

(1) Consider an irreducible real G-representation U € Irrg (R).

* We say that U is of real type if the complex representation V = eféU is irreducible;

* We say that U is of complex type if it is of the form U = r]gV, where V € Irrg (C) satisfying
VeV,
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* We say that U is of quaternionic type if it is of the form U = rI@RfV, where V € Irrg (C)
satisfies V = V.

(2) Consider an irreducible complex G-representation V € Irrg (C).

* We already defined in Definition 2.6.2 what it means for V to be of real or of quaternionic
type;
 We say that V is of complex type if V £ V.

(3) Consider an irreducible quaternionic G-representation W € Irrg (H).

* We say W is of real type if W = egV where V € Irrg (C) is of real type.
* We say W is of complex type it W = egV where V € Irrg (C) with V 2 V;
* We say W is of quaternionic type if V = rg(W) is irreducible.

We let Rep; (K) 1. € Rep (K) denote the subset of representations of type L.

Our next goal will be to prove the following theorem:

Theorem 2.6.11. For K =R,C,H, the set Irrg (K) is a disjoint union of the three subsets Irrg (K)g,
Irrg (K)c and Irrg (K)g.

As a preparation for the proof of the theorem, we will prove the following criterion for complex
representations to be of real/quaternionic type:

Proposition 2.6.12. A complex representationV is of real (resp. quaternionic) type if and only if there
exists a nondegenerate symmetric (resp. skew-symmetric) G-invariant bilinear form B: VXV — C.

Proof. First assume that such a form B is given. To treat both cases at the same time, define € = 1
in the real case and € = —1 in the quaternionic case, so that we have

B(v,w) =eB(w,v)

for all v,w € V. We may choose a G-invariant Hermitian inner product (—,—) on V and define the
map f: V — V by demanding that B(v,w) = (v, fw) for all v,w € V. Then f is conjugate linear
and G-equivariant, and it is an isomorphism since B is nondegenerate. We have the relation

(v, fw) =B(v,w) =eB(w,v) =e(w, fv) =e{fv,w),
and applying this twice we obtain
v, f2w) = e(fv. fw) = (f2v,w),

showing that f2 is Hermitian. It follows that also & f? is Hermitian, so that it has real eigenvalues.
We also see that we have (v,ef2v) > 0 for all v € V, so that £ f? has positive real eigenvalues. We
thus obtain a decomposition
n
v=v,
i=1
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where V), C V is the eigenspace of 4; € R,¢. Notice that every V,, is G-invariant, so that this is a
decomposition of V as a G-representation. We may now define the G-automorphism z: V — V as
the direct sum of the morphisms

\//l_i'idv/li . V/li — V/li

fori=1,...,n. Since the V,, are invariant under f we see that 4 f = fh, and by construction we
have that 4% = £ 2. If we now define

J::hf_l:V—>V,

then we see that J> = hf ~'hf~! = h2f~2 = ¢ -idy, as desired.
Conversely, suppose that V has a structure map J satisfying J> = & -idy,. We consider the two cases
separately:

» Ife =1, thenthe map C®rV; — V,z®v > z-v is an isomorphism by Lemma 2.6.5. Consider
now any nondegenerate G-invariant symmetric R-bilinear form (—,—): V. XV, — R. Then
this uniquely extends to a C-bilinear form B: VXV — C on V = C®rV,, and B is again
nondegenerate, G-invariant and symmetric.

» If £ = -1, then we may regard V as a quaternionic representation by Construction 2.6.6 by
letting j € H act as J: V — V. We may now choose a G-invariant symplectic inner product
(=,—): VXV — Hon V. We may write this inner product as

(u,v) = H(u,v) + B(u,v)j

where H(u,v) and B(u,v) are complex numbers. Using the relations {(Au,v) = A{u,v) and
(u,Av) = {u,v)A for u,v € Vand A € H, it is easy to verify that B is C-bilinear. Moreover,
since (u,v) = (v,u), we have

H(u,v)+B(u,v)j=H(v,u)+ B(v,u)j =H(v,u)—jB(v,u) = H(v,u)— B(v,u)j,

and it follows that B is skew-symmetric. It remains to show that B is nondegenerate. To
see this, suppose that B(u,vg) =0 for all u € V. Then we have (u,v¢) € C for all u € V, but
since {ju,vo) = j{(u,vo) this implies that (u,vo) = 0 for all u € V. But since symplectic inner
products are nondegenerate, this means that vo = 0, as desired.

O

Definition 2.6.13. A complex representation V is called self-conjugate if there exists an isomorphism
V=V.

Proposition 2.6.14. Let V be an irreducible self-conjugate complex representation. Then V is of
real type or of quaternionic type, and not of both.

Proof. We will use Proposition 2.6.12, and thus we will examine the space Hom(V®V,C) = V*@V*
of bilinear forms on V. We may decompose this space as a direct sum

Hom(V@V,C)=Sa& A,

where § denotes the subspace of symmetric bilinear forms and A denotes the subspace of skew-
symmetric bilinear forms. The G-invariant forms are the elements of the fixed-point set (S® A)¢ =
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SY @ AC. Since V is self-conjugate, we have isomorphisms V = V = V*, and since V is irreducible
it thus follows from Schur’s lemma that the space

Hom(V®V,C)¢ = Homg (V,V*)® = Homg (V,V*)
is one-dimensional. So we are in one of the following two cases:

o If dim(S¢) = 1 and dim(A®) = 0, then V admits a symmetric G-invariant bilinear form
inducing an isomorphism V = V*, so that this bilinear form is nondegenerate. Furthermore, V
does not admit a nondegenerate skew-symmetric G-invariant bilinear form.

* Otherwise we have dim(S¢) = 0 and dim(A©) = 1, and here the situation is reversed.

It then follows from Proposition 2.6.12 that V is either of real or of quaternionic type, but not of
both. o

We may now prove Theorem 2.6.11:

Proof of Theorem 2.6.11. We divide the proof into three parts, corresponding to the three cases
K =R,C,H. We will always use the letters U,V, W (with or without indices) to denote irreducible
representations over R, C and H, respectively.

First part: Let V € Irrg(C). If V is either of real or quaternionic type, then the structure map
J:V — V is a conjugate-linear isomorphism, giving an isomorphism V = V. So either V # V, in
which case V is of complex type, or V = V, in which case V is either of real or quaternionic type by
Proposition 2.6.14.

Second part: Let U € Irrg (R), and let us simply write e and » for e% and rlg. If eU is irreducible,
then by definition U is of real type. Observe that then V = eU is a complex representation of real
type, with real structure constructed in Construction 2.6.4. If eU is not irreducible, we may find a
decomposition

eU=Vi®---0V,

into irreducible complex G-representations, with n > 2. Since we have reV = U & U by Proposi-
tion 2.6.8, we get an R-linear isomorphism U@ U = V; &--- &V, and by irreducibility of U we see
that n <2, hence n =2 and rV; = rV, = U. We then see that eU = erV, =V, ® V], implying that
V, = V;. There are now two possibilities:

« IfV, 2V, then U =rV; € Irrg (R)c.

e If V; =V}, it must be either of real or quaternionic type. But we can show that V; is not of
real type: if it were, then we would have rV| = (V}), @ (V))—, contradicting the irreducibility
of U =rV). We conclude that V; € Irrg (C)y, hence U = rV; € Irrg (R)g.

This finishes the case K = R.

Third part: Let W € Irrg(H), and write r and e for rg and e]g. Note that »W always carries a
quaternionic structure, so if W is irreducible we have W € Irrg (H)g. If W is not irreducible, we
may decompose it as a direct sum of irreducible subrepresentations

rtW=Vi&---aV,,
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with n > 2. As in the previous case, we may then use the relations er =2 and re = 1+ ¢ from
Proposition 2.6.8 to see that n = 2 and that V, = V,. This time we have eV; = W. If V; 2 V|, then
W € Irrg (H)c by definition. If V; = V, it only remains to show that it is not of quaternionic type.
But if it were, then we could write V| = rX for some X € Repy(G), andthen W =eV); =erX = X @ X,
which contradicts the irreducibility of W. This finishes the case K = H, and thus the theorem is
proved. O

We may summarize this entire discussion in the following table:

L= R C H
VZ=€CU U=r-V U=VCV
R R R
U e IrI‘G (R) L V of real type A% V of quaternionic type
Velrrg(C)r |V ofrealtype | V¥V | V of quaternionic type
W=V W:etﬂv Vi=riw
C c C
W e lrrg(H) L V of real type VY V of quaternionic type

In the course of proving Theorem 2.6.11, we have established the first six of the following impli-
cations. Analogous reasoning leads to the remaining ones, which we leave as an exercise to the
reader.

Proposition 2.6.15. (1) Let U € Irrg (R).

 IfU e Irrg(R)g, then egU =V forV € Irrg (C)g;
o IfU € Irrg (R)c, then e%U =VaV forV elrrg(C)c;
o IfU € Irrg(R)y, then eSU = V&V forV € Irrg(C)g.

(2) Let W € Trrg (H).

o IfW e lrrg (H)g, then rgW = VeV forV € Irtg (C)ps
o I[fW e Irrg(H)c, then rgW =VaeV forV elrrg(C)c;
o I[fW e Irrg(H)y, then rgW =V forV e Irrg(C)m.

(3) LetV € Irrg (C).

r]gV =UadU forUelirg(R)g;

o IfV € Irrg (C)g, then
! ( {%[V = for W e Irrg (H)g;
V=U=rgV U eIrrg (R)c;

) IfV (S II'I'G(C)C’ then {r]l;ﬂ rRH_for G( )C
eCV =W eCV for W € Irrg (H)c;
rgV=U for U € Irrg (R)g;

o IfV e Irrg(C)y, then
TR {egV =WeW forWelrrg(H)g.

The next result is an important and easily remembered characterization of the sets Irrg (R)g:

Theorem 2.6.16. Given an irreducible real G-representation U € Irrg(R), we have U € Irrg(R)k
if and only if the endomorphism algebra Homg (U, U) of U is isomorphic to K.
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Proof. We may regard Homg (U, U) as an algebra over R. By Schur’s lemma for simple modules,
Lemma 2.2.2, every nonzero endomorphism U — U is invertible, and it follows that Homg (U, U)
is in fact a division algebra over R. Recall that there are only three possibilities for such, namely R,
C and H (this is known as the Frobenius Theorem).

* First suppose that Homg (U,U) = C. This implies that C acts on U, and thus U = r]gV for
some irreducible V. If V were of real type, then r]gV =V, ®V_ would not be irreducible, and
if V were of quaternionic type, then H would be contained in Homg (U,U). So V € Irrg (C)¢
and thus U € Irrg (R)¢.

* Next suppose that Homg (U,U) = H. Then U = rgW for some irreducible W. From Proposi-
tion 2.6.15 we see that W € Irrg (H)y and thus U € Irrg (R)y.

* Finally, suppose that Homg (U, U) = R. Then U cannot be of the form rgv for any irreducible
V of complex or quaternionic type, since in either case Homg (U, U) would contain C. So U
must be of real type.

This completes the proof. O

We have just seen that the type of an irreducible real representation is determined by its endomor-
phism algebra. The next proposition shows how the type of an irreducible complex representation is
determined by its character.

Proposition 2.6.17. LetV be anirreducible complex representation of G with character yy: G — C.
Then:
1 V is of real type,
/ XV(gZ) dg = {10 Vs of complex type,
G

—1 Vs of quaternionic type.

Proof. We may decompose the tensor product V®V as adirect sum V®V = S & A, where S denotes
the subspace of symmetric tensors and A denotes the subspace of antisymmetric tensors. Notice
that both are G-invariant subspaces. We claim that we have

xv(g?) = xs(g)—xalg)

for every g € G. To see this, we fix some g € G and let H C G be the closed subgroup generated by
g. Since H is automatically abelian, we may thus find a decomposition V = €p, V (i), where each
of the V (i) are irreducible H-representations and hence one-dimensional. We thus get A = A%(V) =
A*(6P, V(i)). Now recall the general fact that AK(B& C) = @j A/ (B) ® A*=7(C) and observe that

A%(V(i)) = 0 for all i since V(i) is one-dimensional. It follows that we obtain a decomposition

Az@V(i)@V(j).

i<j
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We may now calculate

xv(g?) = me)(g% = Z(va (2))?

2
Z)(vm(g)) =2 v (@xvi) (@)

i<j

=xv(g) xv(g)—2xa(g)
= (xvev(g) —xa(g)) —xa(g)
= xs(g) —xa(g),

establishing the claim. Now we may integrate both sides to obtain
2 _ T G . G
/Xv(g )dg = /Xs(g) dg—/XA(g) dg =dimS” —dimA”,

using part (i) of Theorem 2.4.15. But we have dimS® = dim(S*)®, which is the dimension of
the space of symmetric G-invariant bilinear forms on V. The same is true for A® with respect to
antisymmetric forms. The proposition is now a direct consequence of Proposition 2.6.12. O

Similar to the situation for complex representations discussed at the end of Section 2.1, there
is also a canonical decomposition of real G-representations X. For U € Irrg(R), we denote
by D(U) = Homg (U,U) the endomorphism ring of U. Then Homg (U, X) is a right D(U)-
module via evaluation. Therefore the tensor product Homg (U, X) ®p () U is defined and the
map Homg (U, X)®U — X,p®u +— ¢(u) factors through this tensor product. Thus we obtain a
homomorphism

d: @ Homg (U, X) ®p ) U — X.
Uelrrg (R)

Proposition 2.6.18. The map d is an isomorphism.
Proof. The proof is analogous to that of Proposition 2.1.19 and will be omitted. O

We refer to the image of the map Homg (U, X) ®p ) U — X as the U-isotypical part of X.

2.7 The character ring and the representation ring

Let G be a compact Lie group. The relations yvew = xv +yw and yvew = Yvxw suggest that
characters might generate an interesting ring of functions on G. Therefore we let

R(G) = R(G,C)

denote the additive group of functions G — C generated by characters of complex G-representations.
Since every character may be written as a sum of irreducible characters (Proposition 2.1.13) and
since the irreducible characters are orthogonal to each other (Theorem 2.4.15), we see that the
irreducible characters are linearly independent and generate R(G). As a consequence, R(G) is the
free abelian group generated by these characters. Since yv - yw = yvew, the group R(G) is closed
under multiplication in C°(G,C), and thus is a commutative subring of C°(G,C).
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Definition 2.7.1. We refer to the ring R(G) as the character ring of (complex representations of)
G. Elements of R(G) are called virtual characters.

Warning 2.7.2. Although a G-representation is completely determined by its character, the ring
R(G) is a weaker invariant of G than the set of representations itself. This is because we cannot
distinguish which elements of R(G) are positive, i.e. are actual characters. Moreover, we cannot
necessarily recover the irreducible characters from R(G).

The character ring has an alternative description directly in terms of representations which exhibits
a useful universal property.

Definition 2.7.3. We let R*(G) denote the set of isomorphism classes of complex G-representations.
We equip R (G) with an addition and multiplication operation given by @ and ®. Then R*(G) is a
commutative semiring: it satisfies all the usual axioms of a commutative ring, except that there are
no additive inverses.

We obtain a function y: R*(G) — R(G) by sending a representation V to its character yy. Notice
that this is a morphism of semirings, in that it preserves both addition and multiplication. It has the
following universal property:

Proposition 2.7.4. Let A be an abelian group and let ¢: R*(G) — A be a function satisfying ¢(V &
W) = (V) + (W) and ¢(0) = 0. Then there exists a unique group homomorphism ®: R(G) — A
such that ¢ = ®o y:

R*(G) Lz( A

//
X\L 73

R(G).

If A =R is in fact a commutative ring and ¢ additionally satisfies the conditions ¢(V® W) =
e(V)p(W) and ¢(1) = 1, then the map @ is even a ring homomorphism.

Proof. The group R(G) is a free abelian group generated by the irreducible characters, so the group
homomorphism @ is uniquely determined by the specification

D(xv) = 9(V)

for every irreducible G-representation V. The relation ® o y = ¢ then holds true on irreducible
characters, and the assumptions on ¢ then guarantee that it holds true on every representation. For
the assertion that @ is even a ring map, we may check this on the generators of R(G): for irreducible
G-representations V and W we have

D(xv - xw) =Pxvew) = (VW) =¢o(V)p(W) = ®(xv)P(xw),
as desired. m|

Given any abelian monoid, there is a formal construction of an abelian group satisfying the above
universal property that does not refer to characters, called the Grothendieck construction. Hence the
previous proposition says that R(G) is the Grothendieck construction of R*(G). For this reason,
R(G) is also known as the (complex) representation ring of G. Given a representation V, we will
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sometimes also abusively write V € R(G), identifying a representation with its image under the
inclusion R*(G) — R(G).

We may use the universal property of R(G) to equip it with some additional structure of A-operations
and Adams operations.

Construction 2.7.5 (1-operations). We will construct functions 2 : R(G) — R(G) for every natural
number i > 0.

Let R(G)[[t]] denote the commutative ring of formal power series with coefficients in R(G). For
G-representation V, we define the formal power series 4, (V) by

AL (V) =AW+ AWM+ A2(V)i2+... € R(G)[[]].
Recall that the k-th exterior power A (V) satisfies the following fundamental property:

AKVew) = Z A(V)@ A (W).
i+j=k

We may express these relations for all £ simultaneously via the relation
A (VoW)=2,(V)-1,(W)

Notice that we have A?(V) = C with the trivial action, which corresponds to the unit 1 € R(G), and
thus A,(V) is an element of the multiplicative group

1+tR(G)[[1]] € R(G)[[1]]

of formal power series over R(G) with constant term 1. (The required multiplicative inverses can
be constructed by inductively solving for the coefficients of the inverse power series.) We conclude
that the assignment V + A;(V) determines a homomorphism R*(G) — 1 +tR(G)[[¢]], and thus
the universal property Proposition 2.7.4 provides a group homomorphism

At R(G) = 1+tR(G)[[t]].
Now, for x € R(G) we define
LX) =20+ A" )+ 2202+,
thereby obtaining maps A': R(G) — R(G) satisfying the relations
2x)=1, A@=x, Aa+y) = Z/Ii(x) k().
i

Remark 2.7.6. A ring R together with maps A°: R — R is called a A-ring, hence the above con-
struction shows that R(G) admits the structure of a A-ring.

The behavior of the operations A* with respect to composition and products is quite complicated,
and is given by certain universal polynomials with integer coefficients (independent of G):

XA (x) = P j(A'x, % (x),...,4Y (x)),
A (xy) = Pr(a' (x),..., A5 (x):2' (),..... 45 ().

We will not go into details about how to construct the polynomials P; ; and Py.
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Construction 2.7.7 (Adams operations). We will now construct the Adams operations
vk R(G) = R(G), k eN,

which are ring homomorphisms satisfying ¥ ¥/ = W% We will define them as certain polynomials
in the A’-maps. To do this, consider an integer m > k and consider the polynomial

k k
X{ 4 Xy,

in the variables xi,...,x,,. Since this is a symmetric polynomial, we may write it as a polynomial
Qi (01,...,01) in the elementary symmetric polynomials o7 in the variables xy,...,x,,. Notice that
the polynomial Qy is independent of m for m > k: setting x,,+1 = 0 we see that o (x1,...,X;,,0) =
ok (x1,...,Xm). We may then define

PE(x) = 0r (' (x),...,2%(x)) € R(G).
The Adams operations may be described very concretely in terms of operations on the ring C%(G;C):
Proposition 2.7.8. If we view x and W*(x) as virtual characters G — C, then we have
P () (g) = x(g")

forall g € G.

Proof. We start by proving the claim when x = yy is the character of a G-representation. Fixing
g € G, let H be the closed abelian subgroup of G generated by g. We may regard V as an H-
representation, and as such find a decomposition V = EB?ZI V; into one-dimensional irreducible
H-representations V;. Let v; € V; be a generator and write gv; = A;v; for some A; € C. Then a basis
for A" (V) is given by the elements v;, A---Av; fori; <---<i,, and hence we see that the trace of
lg: A™(V) — A™(V)is given by 07, (A1, .. .,4,), where o, denotes the m-th elementary symmetric
polynomial in the A;. In other words, we have

XAm(V) = Om (A1, 4dn).
Now by definition of ¥ we have
\Pk(v)(g) = Qk(XAl(V)""’/YAk(V)) = Qk(0-19"'70-k) :/1]](++/lﬁ

But since gkv; = /lf.‘vi, notice that also the trace of g¥ on V is /l’f +-+-+AK. This proves the claim for
X=Xv.

In the case of an arbitrary virtual character x, we consider a formal power series ¥ (x) = 3,5 ¥(x,n)t"
defined by the following relation:

d d
‘P_t(x) =—1 (E/lt (x)) //lt (x) = _talog/lt (.x)
It can be shown (see the exercises) that we have
¥(x,n) = 0,(2' (x),...,4"(x)) = ¥"(x)

for every x. From the definition of the W(x,n) it is clear that they are additive in x, and thus so
are the P"(x). Since we have already proved the proposition for positive virtual characters yy, the
claim for arbitrary virtual characters now follows immediately. O
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Corollary 2.7.9. The Adams operation ¥* is a ring homomorphism for k > 0 and we have Y*W! =
PH

Proof. The ring structure on C°(G;C) is given by pointwise addition and multiplication in C, and it
is clear that precomposition with the function G — G, g — g* preserves the pointwise addition and
multiplication. The second statement also follows since x(g*!) = x((g%)!). O

Proposition 2.7.10. For compact Lie groups G and H, there is a canonical isomorphism of rings

R(G)®R(H) = R(G x H).

Proof. By the universal properties of R(G) and R(H), it suffices to say what the map does on
elementary tensors of the form V@ W € R(G) ® R(H), which we send to the (G X H)-representation
V®W. Notice that the LHS is the free abelian group generated by V@ W for V € Irrg(R) and
W e Irrg (R), while the RHS is the free abelian group generated by the irreducible (G X H)-
representations, and thus it follows from Proposition 2.4.18 that this map is an isomorphism of
abelian groups. Since the ring structure on both sides is given by tensor product of representations,
we see that it is even an isomorphism of rings. O

Definition 2.7.11. We let R(G,R) denote the character ring of real characters, i.e. the subring of
C°(G;R) generated by characters yy of real G-representations V. Other notations for this ring are
RO(G) and Kr(G).

The ring R(G,R) admits a similar universal property as R(G) = R(G,C), and it also comes with A’
and W' operations.

If we try to do the same thing with quaternionic representations, we see that these only form an abelian
group R(G,H): the tensor product of two quaternionic representations is only a real representation.
Each of the maps appearing in Proposition 2.6.8 preserves direct sums, and therefore induce maps
of abelian groups between the corresponding representation rings (/groups), so that we get maps like

”1%1 R(G,C) —» R(G,R), eﬁ: R(G,R) — R(G,C), etcetera. ..

Each of the relations from Proposition 2.6.8 remains valid. From the relations r]g e]g =2and e]grg =2

we conclude:
Lemma 2.7.12. The maps

e%: R(G,R) — R(G,C) and rg: R(G,H) —» R(G,C)
are injective. O
As an immediate corollary, we see:
Corollary 2.7.13. Let U; and U, be real G-representations such that Uy ®g C = U, ®g C. Then
U, = U,. 0.

The assignments G — R(G) = R(G,C) and G — RO(G) = R(G,R) may be considered as func-
tors: if we are given a group homomorphism «: H — G, then the assignment V +— «o*V from
Definition 2.1.22 induces ring homomorphisms

a*: R(G) = R(H) and a”: RO(G) —» RO(H).

Note that (id)* =id and (Ba)* = @ " so that this indeed defines a functor from compact Lie groups
to commutative rings.
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3 The Peter-Weyl Theorem

The content of this chapter is based on Brocker and tom Dieck [ Bt95, Chapter I11] and Bump [Bumi 3,
PartI].

The individual entries of a matrix representation of a compact Lie group G are continuous functions
on G. They generate the ring of representative functions. The celebrated theorem of Peter and
Weyl says that the representative functions are dense in the space of continuous functions. This
result will be proved in Section 3.3 with the help of some functional analysis that will be reviewed
in Section 3.2. We start in Section 3.1 with a useful alternative characterization of representative
functions in terms of G-invariant finite-dimensional subspaces of the ring of continuous functions
onG.

In Section 3.4 we will discuss various applications of the Peter-Weyl theorem, including the fact that
every compact Lie group is a closed subgroup of some unitary group U(n).

Throughout the chapter, G will be a compact Lie group.

3.1 Representative functions
Let us recall the definition of a representative function, which we already briefly encountered in
Section 2.4 during the discussion of orthogonality relations.

Definition 3.1.1. A function f: G — C is called a representative function if it is of the form

f(g) =wp(gv),

where V is a (finite-dimensional complex) G-representation, v € V is a vector and ¢: V — C is a
dual vector.

We denote by 7 (G) = F(G,C) the subvectorspace of C(G) = C°(G;C) consisting of the represen-
tative functions.

Example 3.1.2. Given a matrix representation (r;;(g)) of G, each of the matrix coefficients r;; is a
representative function: taking v =e; € C" and ¢ = e} € (C")*, we have

rij(g) = e;j(ge;) = ¢(gv).

Lemma 3.1.3. Representative functions are closed under (pointwise) addition, multiplication and
conjugation in C(G). In particular, they form a subring of C(G).

Proof. Consider two representative functions f(g) = ¢(gv) and f’(g) = ¢’(gv’), based on two
G-representations V and V’. Then:

81



* The sum f + f” is represented by the direct sum V & V’, with vector (v,v’) and dual vector
e+’ VeV - C:

(p+¢)(gv,v) = (@+¢")(gv.gv") = p(gv)+¢' (gv') = f()+ f' (&) = (f+ f))(g)-

* The product f - f’ is represented by the tensor product V ® V', with vector v ® v’ and dual
vector - ¢": VeV’ — C:

(0 ¢ )(g(veVv)) =(p-¢")(gvegy)=p(gv)-¢'(gv)=f(g) - f' (&) =(f f)(g).

« The conjugate function f is represented by the conjugate representation V, with vector v € V
and with dual vector p: V — C.

Note that also the constant functions 0: G — Cand 1: G — C are representative functions by taking
V = C with the trivial action, taking v = 1 € C and taking ¢ : C — C to be the zero map or the identity
map, respectively. O

Corollary 3.1.4. Sending a pair (¢,v) to the representative function g — ¢(gv) determines an
injection

sy: VeV — F(G).
Proof. The given assignment determines a map V* XV — ¥ (G) which is linear in both ¢ and v,

so extends uniquely to a map sy: V*®V — F(G). By choosing a basis of V, it follows from the
orthogonality relations of matrix coefficients, Remark 2.4.8, that this map is injective. O

Definition 3.1.5. We denote the image of sy by Fv(G) € F(G), and refer to its elements as
representative functions coming from'V.

By the orthogonality relations from Remark 2.4.8 we see that ¥y (G) is orthogonal in ¥ (G) to
Fw(G) whenever V and W are non-isomorphic irreducible representations.

Example 3.1.6. The character yy of a G-representation V is a representative function in Fy (G):
choosing a basis of V we may write it as yv = 2.i_; ri;.

Definition 3.1.7. The group G acts from the left and the right on itself. This induces two left actions
of G on the space C(G): given f € C(G) and h € G we define two new functions A(4) f and p(h) f

by
AW =f(h'g),  (p(W)f)(g) = f(gh).
Here we use 4~! in the definition of A to guarantee that A is still a left action and not a right action.

Lemma 3.1.8. Let f: G — C be a representative function coming from a G-representation V.
Then for every h € G also the left-translation A(h) f and right-translation p(h) f are representative
functions coming from'V.

Proof. By picking a basis, we may assume V is given by a matrix representation (r;;(g)). By matrix
multiplication, we have the relation

rij(gh) = Y rik(@)ri;(h).

k
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It follows that if f is a linear combination of the matrix coefficients r;;(—), then the assignment g —
f(gh) is still a linear combination of the matrix coefficients r;; (—), and thus again a representative
function coming from V. A similar reasoning works for f(h~!g) as well. O

Theorem 3.1.9. Consider a continuous function f: G — C. The following are equivalent:

(1) The left-translations A(h) f for h € G span a finite-dimensional subspace of C(G);
(2) The right-translations p(h) f for h € G span a finite-dimensional subspace of C(G);

(3) The function f is a representative function.

Proof. Assume first that (3) holds, so that f € Fy(G) for a certain G-representation V. Then also
A(h)f € Fv(G) and p(h) f € Fv(G) by Lemma 3.1.8. Tt follows that the subspaces they generate
are contained in ¥y (G). But the dimension of Fy (G) is dim(V)?, and in particular is finite. This
proves that (3) implies (1) and (2).

Conversely, if (2) holds, we may define V as the finite-dimensional subspace of C(G) spanned
by the functions p(h) f for h € G. We define the dual vector ¢: V — C by ¢(f) := f(e). Then
f(g)=f(eg) =¢(p(g)f),so fis arepresentative function, showing that (2) implies (3). Similarly

(1) implies (3) by applying the argument to f(g) := f(g™"). O

3.2 Some analysis on compact groups

We are interested in the space C(G) = C%(G;C) of continuous functions on G. We may equip C(G)
with the supremum norm

|uleo = sup{lu(g)| | g € G}.

We may also consider the norm coming from the inner product on C(G):

) = /G u(g)v(8) ds. el := ).

While C(G) is complete with respect to |—|w, it is not complete with respect to |—|,: its completion
is known as the space L?(G) of square-integrable functions on G:

L*(G):={f:G—C | /|f|2dg<m}.
G

The inner product on C(G) extends to an inner product on L*>(G) given by the same formula,
making L?(G) into a Hilbert space. Similarly, the left-actions A and p of G on C(G) defined in
Definition 3.1.7 directly extend to L?>(G). Since L?(G) is the completion of C(G), it follows that
C(G) is dense in L*(G).

We will now recall some notions from functional analysis, just enough to state the spectral theorem
for compact operators.

Definition 3.2.1. Recall that a Hilbert space is a complex vector space H equipped with a Hermitian
inner product (—,—): H xH — C such that H is complete with respect to the induced metric
d(x,y) := |x—y| on H, meaning that any Cauchy sequence in H converges.

Given another Hilbert space H’, a linear map (or ‘linear operator’) T: H — H’ is called bounded
if there exists a constant A such that |Tx| < A - |x]| for all v € H.
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One can prove that a linear operator T is continuous with respect to the metric topologies on H and
9H’ if and only if it is bounded. For a linear operator T: H — H’, we define its operator norm |T |«
as

IT|co :=sup{|Tx| | x € H,|x| =1}.

Note that T is bounded if and only if |T|c < oo.

Definition 3.2.2. We say abounded operator T is compact if for every bounded sequence (x1,x2,x3,...)
in H, the sequence (Tx;,Tx>,...) in H’ has a convergent subsequence.

A linear operator T: H — H is called self-adjoint if (Tx,y) = {(x,Ty) forall x,y € H.

Lemma 3.2.3. Let T: H — H be a self-adjoint operator. Then all eigenvalues of T are real and
all eigenspaces of T are orthogonal to each other.

Proof. If A is an eigenvalue of T with eigenvector 7, we observe that
Ax,x) = (Ax,x) = (Tx,x) = (x,Tx) = (x,Ax) = Ax,x)

so that A = 1 and thus A € R. Furthermore, for two distinct eigenvalues A and u with eigenvectors x
and y, respectively, we see that

Ax,y) =(Tx,y) = (x,Ty) = pu(x,y),
which implies that (x,y) = 0 and thus x and y are orthogonal to each other. O
In the context of Hilbert spaces, we have the following notion of direct sums of subspaces:

Definition 3.2.4. Let H be a Hilbert space and let (H;);<; a collection of subspaces of H such that
H; L H; for all i # j. We define the direct sum P, ;H; € H as

@iEI% = {in eH Xi E%,Zlhil < 00} .

iel iel

Note that (P, _;H; is the closure in H of the group-theoretic direct sum P, ; H;.

iel
The following theorem will be treated as a black box:

Theorem 3.2.5 (Spectral theorem for compact operators, Bump [Bum13, Theorem 3.1], Brocker
and tom Dieck [Bt95, Theorem 2.6]). Let T: H — H be a compact self-adjoint operator with
eigenspaces H) for A € C. Then for every & > 0 the subspace

B
[A=ze

is finite-dimensional. Furthermore, H is the direct sum of all the subspaces H):

H= éjE§ﬂeC71h'

Note in particular that for every A # 0 the eigenspace H, is finite-dimensional. Also note that for a
fixed size & > O there are only finitely many eigenvalues A of T such that |1| > &. Consequently, T
only has a countable number of eigenvalues.

In the next section, we will need to apply the spectral theorem to convolution operators:
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Definition 3.2.6. For a function ¢ € C(G), we define the convolution operator T,: C(G) — C(G)
as follows:

T, f(h) = /G o(hg™) f(5)ds.

Observe that this operator is continuous with respect to the |—|,-norm, so that it uniquely extends to
an operator T, : L*(G) — L*(G).

Proposition 3.2.7 (Brocker and tom Dieck [Bt95, Section II1.2]). For a function ¢ € C(G), the
operator T, : L*(G) — L?*(G) is a bounded G-equivariant compact operator on L*>(G). It satisfies

T floo < 1¢lool 12
If o(g) = ¢(g~"), then T, is self-adjoint, and in particular the Spectral Theorem applies.

Sketch. We will also take this proposition as a black box, and refer to the given reference for a proof.
But let us at least sketch the easy parts of the proposition. The fact that T, is equivariant follows
directly from the invariance of the integral. For the stated inequality, we compute

|T¢f|ooS/GIw(hg‘l)llf(g)ldgsIsOIM-/(;If(g)IngIsOIwaIz'

Since |Ty, f|2 < |Ty f |, this proves in particular that T, is bounded with operator norm at most |¢|c.

Self-adjointness of T, in case that ¢(g) = ¢(g~!) is also easy to verify. Only the compactness of T,,
remains. This uses a theorem of Ascoli that we will not go into. O

3.3 The Peter-Weyl theorem

We will now state and prove the Peter-Weyl theorem.

Theorem 3.3.1 (Peter-Weyl, part I). The subspace ¥ (G) of representative functions is dense in
C(G) (and hence also dense in L*>(G)).

Proof. Let f € C(G). We will prove that for every & > 0 there exists a representative function f’
with | f — /| < &. Since G is compact, f is uniformly continuous, which means that there exists
an open neighborhood U C G of the identity such that for g € U we have [1(g) f — f| < &.

Let6: G — Ry be a nonnegative function supported in U such that fG 6(g)dg = 1. We may choose
& such that §(g) = 5(g ™).

J'\@,_
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Consider the convolution operator Ts: C(G) — C(G) which sends f to Ts f, defined by
51 = [ ote)ftehde = [ ohg™) 1) de
We claim that |Ts f — f|e < &: for h € G we have

Tsf(h) = f(h)] =

/g (5(g)f(gh)—5(g)f(h))dg’
< /U 5()1(f (gh) = f(h))Idg

< /U 5(8)IA(g)f - flude
sfljé(g)sdg:a

So it will suffice to approximate T's f by a representative function.

By Proposition 3.2.7, the Spectral Theorem applies to the operator Ts: L?(G) — L*>(G). If A is
an eigenvalue of T, let V(1) C L?>(G) denote the A-eigenspace. These subspaces are mutually
orthogonal, and L?(G) is the direct sum of the V(1) as a Hilbert space. They are closed under the
G-action, as Ts is G-equivariant. Furthermore, V(1) is finite-dimensional when A # 0.

Let f) be the projection of f onto V(1), so that f =3 ; f1. As all the f, are orthogonal, we have
DAL =713 <o,
il

and thus we may choose ¢ > 0 such that

E
Z fal < Z |fal3 < ol
0<||<q 5 0<||<qg 0

So if we define f7:= 4154 T5(fa), we get

Ts(N=Flea=| D, Tof| =[Ts| D, £| <lola| X, fa| <e.

0<|A]<q o 0<||<qg o 0<|A]<q 2

It thus remains to show that f* = 3}/, Ts(f2) is a representative function. But since representative
functions are closed under sums, it suffices to show that each Ts( f) is a representative function.
For this we use the characterization of Theorem 3.1.9: we need to show that the left-translations of
Ts(f1) span a finite-dimensional subspace of L>(G). As Ts is G-equivariant, we may also prove
this for the left-translations of f;. But these are all contained in the finite-dimensional eigenspace
V(A), hence we are done. O

Corollary 3.3.2. The characters yv: G — C of irreducible representations V generate a dense
subspace of the space of continuous class functions G — C.

Proof. Let ¢: G — C be a class function, and let £ > 0. By the Peter-Weyl theorem, we may find
a representative function f with |¢ — f| < €. Defining ¥/(g) := fG f(hgh~Y)dh, we see that also
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o —y| < e. So it suffices to show that i is a linear combination of irreducible characters. By
assumption, we may write f(g) = 2.\, fi(gv;) for some irreducible representations V;, v; € V; and
fi: Vi > C. But then we have y/(g) = Zl-fol-(hgh‘lv,-)dh, and by Proposition 2.4.4 we see that
fG fi(hgh™'v;)dh = ﬁ fitvi)xv,(g). So ¢ is a linear combination of irreducible characters as
desired. O

3.4 Applications of the Peter-Weyl theorem

We will now discuss various applications of the Peter-Weyl theorem. We start with the following
useful lemma:

Lemma 3.4.1. Let G be a compact Lie group. Then for every 1 # g € G there exists an irreducible
G-representation V such that g acts non-trivially on V.

Proof. Let f: G — C be a continuous function with f(g) # f(1). By the Peter-Weyl theorem we
can find a representative function u: G — C with u(g) # u(1). Since u is a representative function,
there exists a representation V of G together with a vector v € V and a dual vector ¢ € V* such that
u(h) = ¢(hv) for all h € G. Since u(g) # u(1), it in particular follows that gv # 1v = v, so that g
acts non-trivially on V. O

Abelian compact Lie groups

Lemma 3.4.2. A compact Lie group G is abelian if and only if every irreducible representation of
G is one-dimensional.

Proof. We showed in Proposition 2.1.17 that every irreducible representation of an abelian Lie
group is one-dimensional. Conversely, assume for contradiction that G is not abelian, so that there
exists a non-trivial commutator x = ghg~'h~! # 1 in G. By the lemma, there exists an irreducible
representation V on which x acts nontrivially. In particular, x is not contained in the kernel of the
map G — GL(V) = GL(C) = C*. But this is a contradiction: this is a group homomorphism to
the abelian group C*, and hence sends the commutator x = ghg~'h~! to 1. O

Faithful representations

Definition 3.4.3. We say that a G-representation V is faithful if the associated map G — Aut(V) is
injective.

To show that faithful representations always exist, we will make use of the following descending
chain property:

Lemma 3.4.4. Let G be a compact Lie group and let
--CK3CKr)CK|CG
be a nested sequence of closed subgroups of G. Then this sequence is eventually constant, meaning

that there is some N € N such that K; = Ky for alli > N.
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Proof. We have seen in Theorem 1.3.17 that every K; is a closed submanifold of G. If K;4; # K,
we claim that either dim K;;; < dim K; or that K;, has strictly fewer components than K;. Indeed, if
dimK;,; = dimK;, then K;, contains an open neighborhood of e¢ € K;, and hence by Lemma 1.3.5
contains the entire connected component of e € K;. But this implies that K;,; is simply a disjoint
union of components of K;, so since it is not equal to K; it must have strictly fewer components.

The result now follows: since G has finite dimension there can only be finitely many inclusions
Ki+1 € K; in which the dimension goes down, and in every dimension there can be only finitely many
inclusions K;.; C K; in which the number of components goes down, so after some finite number of
steps the process needs to stabilize. O

Proposition 3.4.5. Every compact Lie group admits a (finite-dimensional) faithful representation.

Proof. The statement is clear if G is the trivial group, so assume it is not and let g € G\ {1}. By
Lemma 3.4.1, there exists a representation V; of G on which g acts non-trivially. In particular, the
kernel K of the map G — Aut(V)) is a proper subgroup of G.

If K is not the trivial group, we may choose k; € K \ {1} and similarly obtain a G-representation
V, such that k; is not in the kernel K; of G — Aut(V;). Since k; € K| \ K>, we see that the
intersection K| N K3 is strictly contained in K. If K; N K3 is not the trivial group, we may choose
kr € (K1 NK3) \ {1}, etcetera. Continuing in this fashion, we get a nested sequence

n
Kic---CKINKbCK1€G
i=1
of strict inclusions of closed subgroups of G. By the descending chain property, this process must
stabilize after a finite number of steps, meaning that we must reach (", K; = {1} for some n € N. If
we now consider the direct sum representation V := @:‘: | Vi, we see that the kernel of G — Aut(V)

is contained in (_, K; = {1}. It follows that V is a faithful G-representation. O

Corollary 3.4.6. Every compact Lie group is a closed subgroup of a matrix group U(n) € O(2n).

Proof. By the previous proposition we may pick a faithful G-representation V. By choosing a
G-invariant inner product on V and choosing an orthonormal basis with respect to this inner product,
we obtain the desired inclusion G — U(n) for n = dim(V). O

Unitary representations on Hilbert spaces

Definition 3.4.7. If H is a Hilbert space, then we say a representation 7: G — End(H) is unitary
if (n(g)v,n(g)w)=(v,w)forallv,weH andgeG.

Theorem 3.4.8 (Peter-Weyl, part II). Let H be a Hilbert space and G be a compact group. Let
n: G — End(H) be a unitary representation. Then H is a direct sum of finite-dimensional irre-
ducible subrepresentations.

Proof. Step 1: We start by showing that H has a finite-dimensional invariant subspace. Since
H is non-zero, we may pick a non-zero vector v € H. Using compactness of G, we may find a
neighborhood N of the identity of G such that if g € N then |gv —v| < |v|/2. Let ¢: G — Ry be
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a non-negative continuous function on G supported in N and satisfying fG (g)dg = 1. We claim
that fG w(g)gvdg # 0. To see this, we will show that its inner product with v is non-zero. Note that

</ w(g)gvdg,V>=<v,V>+</ w(g)(gv—V)dg,V>-
G N

This is non-zero, as the size of (v, v) is |v|?, while the size of the second term is

K/ <p(g)(gv—V)dg,V>
N

Next, using the Peter—Weyl theorem, we may find a representative function f such that | f — ¢|e < &,
where £ can be chosen arbitrarily. Since we have

s/N|go<g>||gv—v||v|dgs/Ngo<g>|v|2/2dg:|v|2/2.

<¢glv|,

‘/ (f-¢)(g)-gvdg
G

we may pick & sufficiently small to guarantee that fG f(g)gvdg #0.

Since f is a representative function, also the function g — f(g~') is a representative function,
and hence there is a finite-dimensional G-representation V with a vector v € V and a dual vector
¢:V — Csuchthat f(g=') = ¢(gv). Defineamap T: V — H by

T(x):= /G ¢(g~'x)gvdg.

It follows from G-invariance of the integral that T is G-equivariant. It is non-zero, since T(v) =
fG f(g)gvdg #0. Since V is finite-dimensional, the image of T is a finite-dimensional subrepresen-
tation of H, as desired.

Step 2: We have proven that every nonzero unitary representation of G has a nonzero finite-
dimensional invariant subspace, and by passing to a smaller subspace if necessary we may assume
it to be irreducible. From this we deduce the stated result. Let (7, ) be a unitary representation of
G, and let X be the set of all sets of orthogonal finite-dimensional irreducible invariant subspaces of
H, ordered by inclusion. More explicitly, if S € X and U,V € S, then U and V are finite-dimensional
irreducible invariant subspaces, and if U #V then U L V . By Zorn’s lemma, £ has a maximal
element S and we are done if S spans H as a Hilbert space. Otherwise, let H’ be the orthogonal
complement of the span of S. By what we have shown, /" contains an invariant irreducible subspace.
We may append this subspace to S, contradicting its maximality. O

Theorem 3.4.9 (Peter-Weyl, part III). Every irreducible unitary representation of G is contained in

the regular representation L*>(G) of G. More precisely, L*(G) is the direct sum @V eIrrG(C)Vdim v,

where Irrg (C) is the set of isomorphism classes of irreducible G-representations.

Proof. For an irreducible unitary G-representation V, recall that % (G) € C(G) C L?(G) denotes
the subspace of representative functions of V. It follows from the Peter Weyl theorem, Part I, that

J——

2 ~
L (G) = @VelrrG(C)¢V(G)'

So it remains to show that #y/(G) = V4™V For every w € V, consider the map

V- Fy(G); v (g (gv,w)).
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which sends a vector v to the corresponding representative function. One can check that this is G-
equivariant. If w # 0, it is not the zero-map, and thus necessarily injective since V is irreducible. Thus
every non-zero vector w € V gives an embedding of V into Fy (G). If w; L w», these two embeddings
can be seen to be orthogonal in v (G). By choosing an orthogonal basis of V we may thus find
dim(V) copies of V inside Fy (G). By dimension reasons we must have 7y (G) = V4mV, m]
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4 The maximal torus of a compact Lie
group

The content of this chapter is based on Brocker and tom Dieck [Bt95, Chapter IV] and Bump [Bumi 3,
Chapter 16].

In this chapter, we show that every connected compact Lie group G contains a ‘maximal torus’
T. This maximal torus is unique up to conjugation, and every element of G is contained in some
conjugate of G. If we let N denote the normalizer of T in G, then the Weyl group W := N/T of T is a
finite group that acts transitively on 7. It follows that there is a one-to-one correspondence between
class functions on G and functions on 7" which are invariant under the action of W. In particular,
the characters of G are W-invariant characters of 7. For this reason, understanding the action of
the Weyl group on the torus is important to representation theory. The maximal torus also plays an
important role in the structure theory of connected compact Lie groups in Chapter 5.

4.1 Maximal tori

Throughout this section, we let G be a compact connected Lie group.

Definition 4.1.1. Recall that a Lie group is called a rorus if it is isomorphic to T¥ = R¥ /Z* for some
k > 0. A closed subgroup T C G is called a maximal torus if it is a torus and if there is no other
torus7’ C G suchthatT ¢ T”.

Remark 4.1.2. A maximal torus exists for every G. To see this, let 7 and 7’ be two tori in G such
that T ¢ 7”. Since T’ is connected, it follows that dim(7) < dim(7”). But then if we pick a torus T
in G with maximal possible dimension, we see that it must be maximal.

The same reasoning shows that in fact any torus in G is contained in a maximal torus.

Remark 4.1.3. A maximal torus is the same thing as a maximal connected abelian subgroup, since
the closure of such a subgroup is a connected abelian compact Lie group and hence a torus by
Theorem 1.3.8.

Recall that an automorphism ¢: 7% — TX induces a commutative diagram of homomorphisms

0 s 7k v RK s Tk

|
Lolyk | \LL(p l<p
\l,

0 y 7k 3 RK s Tk,
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where we identify 7% with R¥/Z* and LT* with R¥. Therefore, the automorphism ¢ corresponds to
an invertible (n X n)-matrix Ly with integral entries: we have an isomorphism

L: Aut(T*) = Aut(Z*) = GLx(Z), ¢+ Le|y.
Definition 4.1.4. Let T be a maximal torus in G and let N = N(T') be the normalizer of T in G, i.e.
N={geG|gTg™ ' =T}.
Then we define the Weyl group of G as the quotient group W = N/T.

Remark 4.1.5. Note that the definition of the Weyl group depends on the choice of a maximal torus
T. We will see in Theorem 4.1.7 below that all maximal tori are conjugate, so that different choices
of T yield isomorphic Weyl groups. However, when we talk about the maximal torus in G and the
Weyl group of G, we have implicitly chosen a particular 7 which is to remain fixed throughout the
discussion.

The normalizer N of T acts on T by conjugation:

NXT —>T, (n,1) — ntn".

Since T is abelian, the conjugation action of 7" on itself is trivial, and thus we obtain an induced
action of the Weyl group on 7"

WXT —>T, (nT,t) > ntn~".
Theorem 4.1.6. The Weyl group W is finite.

Proof. Let Ny be the connected component of the identity in N. We will show that No =7. Since N
is compact, it will follow that also the quotient W = N /Ny is both compact and discrete, and hence
finite.

We may view the action of N on 7 as a continuous map

N — Aw(T) £GLi(Z),  n— Ad(n)|ir.

Since the group GL(Z) is discrete and the subgroup Ny C N is connected, it follows that the image
of Ny in GL(Z) is just the identity matrix. In particular Ny acts trivially on T, meaning that the
elements of Ny commute with the elements of 7. Now, let @: R — Ny be a one-parameter group.
Then the product a(R)-T = {a(r)-t|r € R,t € T} C G is a connected abelian Lie group containing
T, hence by maximality we have @(R) -7 =T and in particular @(R) C 7. But the groups a(R) cover
an open neighborhood of the identity in Ny and since Ny is connected they must therefore generate
No by Lemma 1.3.5. We conclude that Ng =T. O

The main goal of this chapter is to prove the following theorem due to Cartan:

Theorem 4.1.7 (Conjugation Theorem). Let G be a compact connected Lie group and let T be a
maximal torus.

(1) Any other maximal torus T' in G is conjugate to T: there exists k € G such that T’ = kTk™".

(2) Any element g of G is contained in kTk™" for some k € G.
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4.2 Geodesics on Riemannian manifolds

For the proof of the Conjugation Theorem, we will need a digression into geodesics.

Definition 4.2.1. A smooth manifold M is called a Riemannian manifold if it comes equipped with
a Riemannian structure: a smooth family of inner products (—,—): T, M X T, M — R on the tangent
spaces T, M for all x € M.

The smoothness condition on the inner products may be formulated most concretely by picking a local
charts R" = U C M, so that TM |y = TR* = R" xR”". Denoting the components of R” by xi,...,X,,
we obtain for every point x € U a basis of T (M) = T, (R") that we denote by d/dx1,...,0/dx,. We
may then define the local functions

g 0
i) U—-R
&ij <(9)Ci (9Xj> -

for 1 <7, j <n. Smoothness of the inner product then means that the g;; are smooth functions.

Definition 4.2.2. Let M be a Riemannian manifold. A path p: [0,1] — M is called admissible if
it is smooth and the velocity vector p(t) := p*(%), where ¢ is the coordinate function on [0, 1], is
never zero. In this case, we define the length or arclength of p as

1
bl = /O (), dr,

where the length of the velocity vector is defined in terms of the inner product on 7}, ;). If we choose
local coordinates x,...,x, on M and write p;(t) = x;(p(t)), then the integrand is given by

. dp; Op;
|p(t)] = § gij_at —8;-
i

We say that the path p is well-paced if we have

/ (0] dr = |pla
0

for all 0 < a < 1. Intuitively, this means that the point p(¢) moves along the path at a constant
“velocity”.

As a consequence of the chain rule, one observes that the length of p is unchanged under
reparametrization. Moreover, every path has a unique reparametrization that is well-paced.

Definition 4.2.3. If M is a Riemannian manifold, we may equip it with a metric defined by

d(x,y) :=inf{|p| | p: [0,1] — M is an admissible path from x to y}.

One can check that this indeed satisfies the triangle identity, and that it induces the standard topology
on M. In general there might not be a shortest path between x and y.

Definition4.2.4. If p: [0, 1] — M is a smooth path such that for any other smooth path¢g: [0,1] -» M
with the same endpoints of p we have |p| < |¢|, then we say that p is a path of shortest length.
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We would now like to generalize the notion of paths of shortest length to that of a geodesic: paths
that are not necessarily of shortest length, but which are at least “locally of shortest length”, in the
sense that if we restrict it to small enough intervals it defines a path of shortest length.

Let us illustrate this with an example. In the following figure, the path from x to y is clearly not of
shortest length. However, it is still a geodesic: if we break it into small segments, then each of the
individual segments is indeed of shortest length. For example, the segment from x to z is a path of
shortest length.

Although the heuristic “locally of shortest length” is certainly valid, we will not take it as our formal
definition. Instead, we use the following:

Definition 4.2.5. Consider an admissible path p: [0,1] — M from x to y. We say that p is a
geodesic if the following condition is satisfied:

Consider a smooth deformation of p, given by a family of paths p,: [0,1] — M for
u € (—&, &) with pg = p and such that the map (—¢&,&) X [0,1] — M is smooth. Assume
that we have p,(0) = x and p, (1) =y for all u € (—¢&,&). Define the smooth function
f:(—&,&) > Rby f(u) :=|py|. Then we have f'(0) =0.

In other words, a path is geodesic if its length does not change up to first order if we slightly deform
the path.

Example 4.2.6. Every path of shortest length is in particular a geodesic: the function f(u) will have
a minimum at ¥ = 0 by assumption on pg = p, and thus the derivative f’(0) must be zero.

In particular, the geodesics in R" with the standard Euclidean metric are just the straight lines.

Example 4.2.7. The path from x to y in the figure is not of shortest length, but it is still a geodesic.
Even though we may deform the path by raising it up above the equator and simultaneously shrinking
it, such a deformation will still satisfy f”(0) = 0.

The one main thing we will need about geodesics is the following powerful existence statement:

Theorem 4.2.8 ([Bum13, Theorem 16.1]). Let M be a compact connected Riemannian manifold,
and let x and y be points of M. Then there exists a geodesic p: [0,1] — M with p(0) = x and

p(l)=y.
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Proof sketch. Since the proof is fairly intricate, we will merely give a sketch and refer to [Bum13,
Theorem 16.1] for the details.

Step 1: One starts by showing that for every point x € M and for every tangent vector X € Ty (M),
there exists for sufficiently small £ a unique geodesic p: (—&,&) — M such that p(0) = x and such
that p(0) = X. For this, one needs to use the theory of first-order differential equations: the property
for a path p to be a geodesic can be phrased in local coordinates in terms of a differential equation,
and then the general theory of first-order differential equations provides the existence and uniqueness
of the solution to these equations.

Step 2: Using these locally defined geodesics, one may select specific choices of local coordinates
known as geodesic coordinates. The special property about geodesic coordinates is that in these
coordinates the geodesics out of the origin look like straight lines.

Step 3: One can then show that ‘short’ geodesics are paths of shortest length:

(1) If p: [0,1] — M is a geodesic, then there exists some & > 0 such that the restriction of p to
[0, ] is the unique path of shortest length from p(0) to p(&).

(ii) For a point x € M, there exists a neighborhood Nof x in M such that for all y € N there exists
a unique path of shortest distance from x to y, and that path is a geodesic.

Step 4: To finish the proof of the theorem, we now consider two points x and y of M. Since the
distance d(x,y) is defined as the infimum over all lengths of paths from x to y, we may find a
sequence of paths p; for i € N such that the lengths |p;| converge to d(x, y). Invoking some theory of
equicontinuity and convergence, one can show that there is a subsequence that converges uniformly
to some path p, which is a priori not known to be smooth again but will always be continuous. On
sufficiently short intervals 0 < a < b < 1, the points p(b) and p(a) are near enough so that the unique
path of shortest distance between them is geodesic by Step 3. But since p minimizes the distance, it
follows that p is locally a geodesic, and hence it is in fact a geodesic. O

4.3 Proof of the Conjugation Theorem

We will now use the above digression on geodesics to give a proof of the Conjugation Theorem,
Theorem 4.1.7.

Theorem 4.3.1. Let G be a compact Lie group. There exists a Riemannian metric on G that is
invariant under both left and right translation. In this metric, a geodesic is a translate (either left or
right) of a map t — exp(tX) for some X € LG.

Proof. Recall the adjoint representation Ad: G — Aut(LG), which provides a smooth action of
G on its tangent space LG. Since G is compact, we may choose some G-invariant inner product
(=,—) on LG. We saw in Observation 1.2.10 that for every g € G the map /,: G — G induces an
isomorphism LG — T, G, and we may use this isomorphism to equip all the tangent spaces T,G
with an inner product. The resulting inner products are smooth in G because we even have an
isomorphism G XLG =T.G = TG of vector bundles over G, and this equips G with the structure
of a Riemannian manifold which is invariant under left translation.

Right translation by g induces a different isomorphism LG =T,G — T,G, but these two isomor-
phisms differ by the map Ad(g) : LG — LG and since the original inner product on LG is G-invariant
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under Ad(g) we see that the Riemannian structure we have obtained on G is invariant under both
left and right translation.

It remains to show that a geodesic is a translate of the exponential map. This is essentially a local
statement: if we know that any short segment of a geodesic is of the form 7 — g -exp(zX), then
in fact the whole geodesic must be of this form (since on the intersections of the segments the g
and X must agree). Furthermore, by translating the problems to the origin we may assume that the
geodesic starts at e € G and show it is of the form 7 — exp(7X).

First, we consider the case where G = T* = R¥/ZF is a torus. By a linear change of variables, we
may assume that the inner product on R" =T, (G) corresponding to the Riemannian structure is the
standard Euclidean inner product, at the cost of having to replace the subgroup Z* by an arbitrary
lattice A C R¥. But in this case the geodesics in R¥, and hence in the quotient R¥ /A, are simply the
straight lines, see Example 4.2.6. In particular the geodesics are translates of the exponential map.

We now turn to the general case. Consider X € LG, and let Ex: (—&,&) — G denote the geodesic
through the origin which is tangent to X € LG. It is defined for sufficiently small & (depending on
X). If A € R, then the map ¢ — Ex(A?) is also a geodesic through the origin which is tangent to 41X,
and so by uniqueness we have Ex (A1) = E x(t). It follows that there is a neighborhood U of the
origin in LG and a map E: U — G such that Ex(¢) = E(¢X) for all X,X € U. We must show that
E coincides with the exponential map.

If g € G, then translating t — E (¢X) on the left by g and on the right by g~! gives another geodesic,
which is tangent to Ad(g)X. So, if X € U, we have

gE(tX)g™' = E(tAd(g)X).

We now fix X € LG. Let T be a maximal torus containing the one-parameter subgroup {e’X | t € R},
using Remark 4.1.2. In particular, we have Ad(g)X = X for all g € T, and hence it follows from
the above equation that g commutes with E(zX) for all . So we see that the path  — E(£X) runs
through the centralizer group C(T), and thus in particular through the normalizer group N(T). Since
the quotient N(T)/T is finite by Theorem 4.1.6, it follows that in fact E(¢X) € T for all € R.

Now, the translation-invariant Riemannian structure on G induces a translation-invariant Riemannian
structure on 7, and since the geodesic path ¢ — E(¢X) of G is contained in T, it is also a geodesic
pathin 7". The result therefore follows from the special case of the torus, which we treated before. O

Theorem 4.3.2. Let G be a compact connected Lie group. Then the exponential map exp: LG — G
is surjective.

Proof. Choose a Riemannian structure on G as in Theorem 4.3.1. By Theorem 4.2.8, given a group
element g € G, there exists a geodesic path from the identity to g. By Theorem 4.3.1, this path is of
the form ¢ — exp(zX) for some X € LG. It follows that g = exp(X) is in the image of the exponential
map, as desired. O

Remark 4.3.3. We have already seen in Exercise 3.1 that Theorem 4.3.2 is false for the non-compact
Lie group SL,(R), so compactness is necessary.

To proceed, we need the following lemma:

96



Lemma 4.3.4. Let G be a Lie group and let V be a G-representation over K equipped with a
G-invariant bilinear form B: VXV — K. Let n: LG — LAut(V) = End(V) denote the derivative
of the G-action on'V. Then for all X € LG and v,w €V we have

B(n(X)v,w)+B(v,n(X)w) =0.
Proof. G-invariance of B means that we have
B(exp(tX)v,exp(tX)w) = B(v,w).

In particular, the derivative of this expression with respect to ¢ is zero. By applying the chain rule,
we may write this derivative as the sum

i B(exp(t1 X)v,w) + i B(v,exp(t2X)w) = B(n(X)v,w) + B(v,n(X)w),
oty 0 on 0

finishing the proof. O

Theorem 4.3.5. Let G be a compact connected Lie group, and let T be a maximal torus. For every
g € G, there exists k € G such that g € kTk™".

Proof. Let o be a generator of 7', in the sense of Definition 1.4.27. Using Theorem 4.3.2, we may
find tangent vectors X € LG and Hy € LT such that g = exp(X) and 79 = exp(Hp).

Consider the adjoint representation Ad: G — Aut(LG) from Definition 1.2.25. Since G is compact,
we may choose a G-invariant inner product (—,—) on LG. (Here we are talking about a real
G-representation since LG is a real vector space.) We may then choose k € G such that the
real value (X,Ad(k)Hy) is maximal, and define H := Ad(k)Hy € LG. In particular, the element
exp(H) = ktok~! generates a torus KTk~

For arbitrary Y € LG, the inner product (X, Ad(exp(¢Y))H) has a maximum when 7 = 0, and thus
we get

0= % (X,Ad(exp(tY))H)|,-0 = (X,ad(Y)H).
Using Proposition 1.2.26, it follows that
0=(X,ad(Y)H) = (X,[Y,H]) = (X, [H.Y]) = —(X,ad(H) (Y)),
and thus by Lemma 4.3.4, it follows that also
0=<(ad(H)(X),Y)=([H,X],Y).

Since this holds for arbitrary ¥ and the inner product is by definition positive definite, we conclude
that [H,X] = 0. It follows from Exercise 4.5 that exp(H) commutes with exp(zX) for all z € R.
Since exp(H) generates the maximal torus kTk~!, we deduce that in fact all elements of kTk™!
commute with exp(zX). Since kTk~! is a maximal torus it follows that exp(tX) € kTk~! for all ¢,
and in particular g = exp(X) € kTk™". ]

We are now ready to prove the Conjugation Theorem 4.1.7:

Proof of the Conjugation Theorem 4.1.7. Part (2) is contained in Theorem 4.3.5. For (1), let ¢’ be
a generator of 7’. By Theorem 4.3.5, ¢’ is contained in kTk~' for some k, and thus 77 C kTk™!.
Since both are maximal tori, they are equal. O
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4.4 Consequences of the Conjugation Theorem

We will now discuss a few consequences of the Conjugation Theorem. Throughout, we let G be a
compact connected Lie group and let T be a fixed choice of maximal torus in G with normalizer N
and Weyl group W.

Remark 4.4.1. The torus 7, together with the Weyl group action, is up to isomorphism uniquely
determined by G. To see this, suppose that 7’ is another maximal torus with Weyl group W’. By
Theorem 4.1.7, there exists an inner automorphism ¢ of G such that ¢(7) = T’. It follows that
¢(N) = N’, where N and N’ are the normalizers of T and 7’. Thus ¢ induces an isomorphism

G:W=N/TSN T =W
and the following diagram commutes:

WXT —— T
el
W' xT" —— T'.
Definition 4.4.2. The dimension of a maximal torus in G is called the rank of G and is denoted by
rank(G).

For a subgroup H C G, recall that the centralizer C(H) of H is the subgroup
CH):={geG|gh=hgforall he H}.
Theorem 4.4.3. Let G be a compact connected Lie group and let T be its maximal torus.

(i) We have C(T) =T, so that T is a maximal abelian subgroup of G,

(ii) If S C G is a connected abelian subgroup, then C(S) is the union of those (maximal) tori T
containing S;

(iii) The center Z(G) of G is the intersection of all maximal tori in G.

Proof. Note that (i) follows from (ii) by taking 7 = S, so we directly go to the proof of (ii).

For (ii), note that the closure S of S is a compact connected abelian subgroup of G, and hence a
torus. Furthermore, if g € C(S) then also g € C(S) and hence C(S) = C(S). So we may assume that
S =S is a torus. Now, observe first that every maximal torus 7' containing S is certainly contained
in C(S), giving one inclusion. For the other inclusion, let x € C(S) and let B be the closure of the
subgroup generated by x and S. Then B is a compact and abelian subgroup of G. If we let Bg denote
its connected component of the unit, then By is a connected compact abelian Lie group and hence a
torus. Since S C By, the element xB( generates the finite group B/By, so we see that B/Bg = Z/m
for some integer m. By Corollary 1.3.10 we have B = By XZ/m and thus Corollary 1.4.26 B admits
a generator g € B, i.e. B is the closure of {g" | n € Z}. Now, if we let T be a maximal torus containing
g, then it follows that SU{x} € B C T. In particular, x is contained in a maximal torus containing
S, as desired.

For (iii), notice that (i) immediately implies that an element x € C(G) in the center of G is contained
in C(T) =T for every maximal torus 7. Conversely, if x € G is contained in every maximal torus,
then it must commute with every element g € G, since g is contained in some maximal torus. O
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Warning 4.4.4. Although every maximal torus is a maximal abelian subgroup, not every maximal
abelian subgroup is a maximal torus: see Exercise 11.4 for a counterexample.

The fact that C(T) = T may be stated as follows:

Corollary 4.4.5. The Weyl group W acts faithfully on the maximal torus, in the sense that the group
homomorphism W — Aut(T) defined by the action of W on T is injective.

Proof. Anelement g € N is in the kernel of N — Aut(7T') if and only if it commutes with all elements
of T,ie.geC(T)=T. O

As a consequence, we may interpret W as a group of automorphisms of 7. The maximal torus
decomposes into orbits under the action of W.

Lemma 4.4.6. Two elements of the maximal torus are conjugate in G if and only if they lie in the
same orbit under the action of the Weyl group.

Proof. Itis clear that two elements that are in the same orbit of the Weyl group action are conjugate
in G. Conversely, consider x,y € T and g € G such that gxg~' = y. Let C(x) and C(y) denote
the centralizers of x and y. Conjugation by g then induces a map c(g): C(x) — C(y), and since
T € C(x) we have c(g)T € C(y). Since also T € C(y), it follows that both T and c(g)T are
maximal tori in the connected component of the unit C(y)g of C(y). By the Conjugation Theorem,
there exists 7 € C(y)o such that T = c(h)(c(g)T) = c(hg)T. But this means that ~g € N and that
c(hg)x =c(h)c(g)x =c(h)y =y. Sow = hgT € W is an element satisfying wx = y. O

Let Con(G) denote the space of conjugacy classes of G. More precisely, we define Con(G) as the
space of orbits under the action of G on itself via conjugation §: G xG — G, (g,x) — gxg~'. The
topology on Con(G) is the quotient topology coming from the projection map G — Con(G).

Proposition 4.4.7. There is a canonical homeomorphism
k: T/W 5 Con(G), Wt c(G)t
taking the orbit of t under the operation of W to the conjugacy class of t.

Proof. The map « is well-defined and continuous. It is surjective because every element of G is
conjugate to an element of the torus T by the Conjugation theorem. It is injective by Lemma 4.4.6.
Since both are quotients of a compact Hausdorff space by an action of a compact Lie group, the are
both compact Hausdorff spaces, and so « is a homeomorphism. O

Let C°(X) = C°(X,C) denote the space of continuous complex-valued functions on a space X.
Conjugation induces an action of W on C°(T") and an action of G on C%(G):

WxCUT) - CUT), (w,f)— fow™!;
GxC%G) = C%G), (g.f)— foc(g ™).

Note that we have
c(r/w)=c’(r)v, and Cc%(Con(G)) = C*(G)°.
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Corollary 4.4.8. There is a canonical isomorphism of complex vector spaces
c’(Con(G) > MY,  f flr

between the space of class functions on G and the space of continuous functions on the maximal
torus invariant under the action of the Weyl group. O

The representation ring R(G) may be viewed as a subring of C°(Con(G)), and we obtain:

Corollary 4.4.9. Restriction to the maximal torus induces an injective homomorphism
R(G)—>RM™,  x—xlr.
In particular, R(G) has no zero-divisors (i.e. it is an integral domain).

Proof. The first statement is immediate from Corollary 4.4.8. For the second statement, notice that
for an abelian compact Lie group H we have an isomorphism of rings R(H) = Z[H] since both sides
are freely generated by the irreducible characters of H. In particular, for H = T* = R¥/Z* we have
R(T*) = Z[Z¥], which has no zero-divisors. O

Remark 4.4.10. The map R(G) — R(T)"Y turns out to even be an isomorphism; however, we will
not have the time to prove this in this course.

4.5 The maximal tori and Weyl groups of the classical groups

We will now discuss the maximal tori and Weyl groups of various of the matrix groups, starting with
the unitary group U(n) and the special unitary group SU(#n).

Definition 4.5.1. Let A(n) € U(n) denote the subgroup of diagonal matrices

21
A(n)={D= z€S!

n
We let SA(n) = A(n) NSU(n) be the subgroup of diagonal matrices satisfying z; - - - - - Zn=1.

Proposition 4.5.2. The subgroups A(n) and SA(n) are maximal tori in U(n) and SU(n).

Proof. The inclusions T € U(n) and T € SU(n) of any torus T are unitary representations of
abelian groups, hence by Proposition 2.1.17 are direct sums of one-dimensional representations.
Equivalently, this means that these inclusions are conjugate to homomorphisms with image in A(n).
(See also Exercise 5.2.) We may always achieve this through conjugation by an element of SU(n),
and this sends SU(n) into itself. O

We will represent a diagonal matrix D as above by the n-tuple (61, ...,6,) € (R/Z)", withz; = e27i0;
This diagonal matrix generates the torus A(n) if and only if the real numbers 1,6y,...,6, are linearly
independent over the rationals, see Theorem 1.4.25. In particular, the values of the §; € R/Z are
distinct for a generating element. Since the eigenvalues of a matrix stay fixed under conjugation,
and hence also under the action of the Weyl group W of U(n), W acts on a generating element
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D = (01,...,0,) by permuting the 6;. This determines the action of W on all of A(n), and it follows
that we may identify W with a subgroup of S,,, the group of permutations of {1,...,n}. An element
a € S, acts on A(n) by

@ (01,...00) = Ba(tys - Oa(n)-

Theorem 4.5.3. The Weyl group of the unitary group U(n) is the full symmetric group S,,.

Proof. Since §,, is generated by the two-cycles, it suffices to show that any two-cycle is in W. But
this follows from the computation

0 -1\(¢ 0\(O 1} (n O 5
1 o/J\o »/\-1 o) \o ¢)
A diagonal matrix D = (8y,...,0,) is in SA(n) if and only if we have

0+---+6,,_1 =-0, mod Z.

Thus the torus SA(n) has dimension n— 1, but the 6 of a generating element are still pairwise distinct.
Since the transformation used in the proof of Theorem 4.5.3 has determinant 1, we immediately get

Theorem 4.5.4. The Weyl group of SU(n) is also the symmetric group S,,.

Next we consider the special orthogonal group SO(n). Recall that

cos2mf —sin2m6
SO(2) =U(1) = S! = 0eR/Z}.
@ M {(sin27r9 cos27r0) ‘ / }
The decompositions
R =R’@---@R? into n summands, and
R =R’g...0R’®R into n + 1 summands

give rise to inclusions
T(n) :==S0O(2)x---xSO(2) € SO(2n) € SO(2n+1).
Theorem 4.5.5. The subgroup T (n) is a maximal torus in SO(2n) and SO(2n + 1).

Proof. A torus T C SO(2n) (or SO(2n + 1)) corresponds to a real representation V of T with
a T-invariant inner product. We may find an orthogonal decomposition V =V, @--- @ Vy of V
into irreducible real T-representations. The classification we had of all the irreducible complex T*-
representations (combining Example 2.5.3 and Proposition 2.4.18) immediately imply a classification
of all the irreducible real T*-representations:

* The trivial complex representation C is of real type and corresponds to the one-dimensional
trivial real representation R;

e The non-trivial complex representations Tk xC - C, (A1, Ak, V) /lq“ .../lzkv are of
complex type and correspond to two-dimensional real representations on R>.
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Choosing orthonormal bases for each of the V; then shows that the inclusion 7' < SO(2n) (resp.
T — SO(2n + 1)) is conjugate to a subgroup of T'(n). O

The tori A(n) and T (n) correspond to each other under the canonical inclusions U(n) € SO(2n) C
SO(2n+1). With this in mind, we also represent the elements of 7 (n) by n-tuples (61,...,6;),
0; € R/Z. The element represented by such an n-tuple has the matrix

cos2mf; —sin2nw0;

sin276;  cos2nH; €50(2)

as its i-th component. The following will help us describe the Weyl group of SO(#n):

Notation 4.5.6. We use the notation

fori =1,...,n, and we let G,, denote the group of permutations ¢ of the set {-n,...,—1,1,...,n}
that satisfy ¢(—i) = —p(i). There is a split exact sequence

1-(Z/2)" -G, > S, —1,

where S, acts on (Z/2)" by permuting the factors. (This construction is also known as the wreath
product of Z/2 by S,,.) The group G,, acts on the torus 7'(n) with action given by

(,0_1(91,...,0,1) = (0¢(1),...,0¢(n)).

Theorem 4.5.7. The Weyl group of SO(2n+ 1) is G,.. The Weyl group of SO(2n) is SG,, the
subgroup of G, consisting of even permutations.

Proof. We begin with SO(2n + 1). The eigenvalues of the matrix associated to the generating
element (6,...,0,) are the numbers ¢27/(*%) (this is a familiar observation from linear algebra
but can also be deduced from the general equation eférIgV = V@V). Now, these eigenvalues remain
fixed under conjugation, and hence the action of the Weyl group maps the generating element above
to an element (1y,...,4,) with

(—/ln,. e =AL,A1, . Ay) = (0¢(_n),. . .,0¢(_1),9¢(1),. . .,le(n))

for some permutation ¢ of {—n,...,—1,1,...,n}. For a generating element, all the §; may be chosen
distinct, and it follows that ¢ € G,,. Since the action of the Weyl group is determined by what it
does on this generating element, it follows that W € G,,. We thus need to show the converse: every
permutation ¢ € G,, comes from an element of the Weyl group.

Case 1. Assume first that we have ¢({1,...,n}) = {1,...,n}. That is to say, the element ¢ € G,, lies
in the subgroup S,, € G,, in the description of G,, as a semidirect product (Z/2)" < S,,. In this case,
we may use an equation like the one we had earlier, namely

(1 0)(0 B)(l 0):(0 A)’ 1,A,B€S0(2).

Case 2. Let ¢ € G,, be the element given by ¢(—1) =1, ¢(1) = —1 and ¢(i) =i for |i| > 1. This is the
element (-1,1,...,1) € (Z/2)" € G, in the description of G, as a direct product. Then conjugation
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by the matrix

-1

—sin2m6; cos2n O

cos2mO; sin2n @ )
sin27 6 cos2m6 :

yields ¢. (Indeed, conjugating the (2x2)-matrix (S$378 ~sin2z8) by (-1 9) gives (

Now, since G, = (Z/2)" < S,, is generated by the elements considered in Cases 1 and 2, it follows
that G(n) = W.

Now we turn to the group SO(2n). The subgroup SG,, of G, acts via even permutations and, as
in Case 1 above, lies in the Weyl group. The parity of a permutation in G,, = (Z/2)" = S,, depends
only on the factor in (Z/2)", and even permutations in (Z/2)" may be obtained via conjugation by
a product of an even number of matrices of the type in Case 2. Since such a product is in SO(2n),
we conclude that SG,, € W.

We now have to show that W is not bigger than SG,,. Since the index of SG,, in G,, is 2, it suffices to
show that the permutation ¢ with ¢(1) = —1 and ¢(j) = j for |j| > 1 is not in W. But if conjugation
by some g € SO(2n) gave rise to this automorphism of 7'(n), we would have g~'h acting as the
identity on 7'(n), where h is the matrix in Case 2 above. This leads to g~ € T(n) € SO(2n) by
Corollary 4.4.5, and this, in turn, says that & € SO(2n), which is false. O
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5 Miscellaneous topics

In this last chapter, we will discuss various miscellaneous topics. They would each deserve their
own extensive treatment, but due to time constraints we will only give an overview.

5.1 Lie theory

The exposition in this section is based on Lee [Lee02, Chapters 14 and 15] and on lecture notes by
Alexander Kirillov.

In Section 1.2, we saw that the tangent space LG = T,G of a Lie group G comes equipped with the
structure of a Lie algebra: a real vector space g equipped with a bilinear map [—,—]: gxXg — ¢
satisfying [X, X] =0 for all X € g and satisfying the Jacobi identity:

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

The Lie algebra LG fully determines some of the behavior of the Lie group G. For example, we saw
that every morphism of Lie groups f: H — G induces a morphism of Lie groups L f: LG — LH and
that when G is connected the morphism f is in fact uniquely determined by L f, see Lemma 1.3.4.
If H — G is a Lie subgroup, we obtain a Lie subalgebra LH — LG.

The following are some natural questions about the interaction between Lie groups and Lie algebras:

(1) Is every Lie subalgebra b C LG of the form LH for some Lie subgroup H — G?
(2) Can every morphism LG — LH of Lie algebras be lifted to a morphism G — H of Lie groups?

(3) Isevery Lie algebra g of the form LG for some Lie group G?

For (1), the answer is negative if we restrict to embedded Lie subgroups H C G, in the sense that H
is a (necessarily closed) submanifold of G:

Example 5.1.1. Consider the Lie group G = T2 = R?/Z2, so that LG = R? with zero Lie bracket.
Choose an irrational number «, and consider the subspace

bh:={(t,ar) |t eR} CLG.

Since the Lie bracket on LG is zero, ) is automatically a one-dimensional Lie subalgebra. However,
there is no closed subgroup corresponding to h: the image of § under the exponential map exp: R> —
R?/Z? is everywhere dense on the torus, hence the closure is all of T7.

Also the answer to (2) is negative in general:
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Example 5.1.2. Consider the Lie groups G = S! =R/Z and H = R. Then we have canonical
identifications LG = R = LH, where the Lie brackets are identically zero (since G and H are
abelian). The identity map LG — LH is then a morphism of Lie algebras. But this cannot be lifted
to a morphism f: S' — R of Lie groups: since the exponential map exp: R — S! is surjective,
f: 8! — R must be given by exp(6) @, but this is not a well-defined map on S'.

It turns out, however, that it is possible to fix these problems by slightly reformulating the questions.
For (1), we need to allow for arbitrary immersed Lie subgroups H — G as defined in Defini-
tion 1.3.13, and not only the embedded ones; see Theorem 5.1.10 below. For (2) we need to make
sure that the source G does not admit any nontrivial ‘loops’, see Theorem 5.1.13 below. The answer
to question (3) is always positive, see Theorem 5.1.17 below.

Our goal in this section is to prove these three fundamental results in Lie theory. We start with some
preparations.

Definition 5.1.3. A distribution on a smooth manifold M is a smooth subbundle D € TM of the
tangent bundle of M. This means that for every p € M we are given a linear subspace D, C T,M
such that their union D = e ps Dp € TM is a smooth submanifold and the resulting map D — M
is a vector bundle.

Definition 5.1.4. Given a smooth manifold M, an immersed submanifold is a smooth manifold N
together with an injective immersion i: N < M. We will mostly identify N with its image in M
and write N C M, but it is important to note that N does not need to carry the subspace topology of
M! (If it did, we call N an embedded submanifold; this notion agrees with that of Definition 1.3.11.)
Since any immersion is at least locally an embedding, the smooth structure on N is still determined
by the smooth structure on M.

Definition 5.1.5. Given a distribution D on M, an integral manifold for D is an immersed subman-
ifold H C M such that for every point p € X we have T,,H = D, CT,,M. We say that a distribution
D is completely integrable if for every p € M there exists an integral manifold for D containing p.

Remark 5.1.6. One can show that a union of connected integral manifolds containing p is still
a connected integral manifold containing p, so every complete point p is contained in a maximal
connected integral manifold N,. For two points p and ¢, if N, NN, contains a point x, then N,
and N, are both connected integral manifolds containing x, hence so is their union N, UN,. By
maximality it follows that N, = N, showing that all the N, are either disjoint or equal. In other
words, we have decomposed M as a disjoint union of immersed submanifolds. This is known as a
foliation, and the individual submanifolds N,, are known as the leaves of the foliation.

Example 5.1.7. Note that every vector field X on M defines a one-dimensional distribution by
letting D, € T, M be the subspace spanned by the vector X,,. Note that in this case every integral
curve for X is in particular an integral manifold for D.

Although integral curves for vector fields locally always exist and are unique, this is not the case for
integral manifolds of distributions. We will use as a black box the following characterizations for
which distributions are completely integrable:

Theorem 5.1.8 (Frobenius integrability criterion,[Lee02, Theorem 14.5]). Let D be a distribution
on M, and say that a vector field X is tangent to D if X, € D, for all p € M. Then D is completely
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integrable if and only if the space of vector fields tangent to D is closed under the Lie bracket: if X
and Y are vector fields tangent to D, then also their Lie bracket [X,Y] is tangent to D. O

We also record the following fact:

Proposition 5.1.9 ([Lee02, Theorem 14.7]). Let H C M be an integral manifold for a completely
integrable distribution D on M. If f: N — M is a smooth map such that f(N) C H, then f is
smooth as a map from N to H. O

Using these two results, we may now prove our first fundamental result about Lie groups and Lie
algebras:

Theorem 5.1.10 (Integral Subgroup Theorem). Let G be a Lie group. IfY) C LG is a Lie subalgebra,
there is a unique connected Lie subgroup H — G such that ) =LH C LG.

Proof. We start by proving the existence of H. Recall from the discussion after Definition 1.2.17
that we may identify LG with the space of left-invariant vector fields on G. With this in mind, we
define a distribution D € TG by setting

Dgy:={X, €T,G | X €h}.

If (Xj,...,Xx) is a basis for b, then the subspace D, is spanned by the vectors X|g, ..., Xk|g at any
g € G, and so D is spanned by smooth vector fields and it follows that it is a smooth subbundle of
TG.

By construction, a vector field X on G is tangent to D if and only if X, € [,;h CT,G forall g € G.
Since b is a Lie subalgebra of LG and in particular closed under the Lie bracket, it follows that if X
and Y are vector fields that are tangent to D then also [X,Y] is tangent to D. So by the Frobenius
integrability criterion, D is completely integrable.

By the discussion in Remark 5.1.6, we obtain for every g € G a maximal connected integral manifold
H, € G. Note that for all g,g" € G the isomorphism [, : To:G = To o G identifies D g with Dggr,
and it follows that if M C G is a connected integral manifold then so is I, (M). If M is maximal,
then so is [ (M), and it follows that left multiplication takes leaves to leaves: Lg(Hyr) = Hggr.
Define H := H, C G, the leaf of the unit, which is an immersed submanifold of G. We claim that H
is a Lie subgroup of G. We have e € H by construction. For 4, " € H, we have

hi' =1, (0') € lp(H) = Lp(He) = Hyp = H,

where the last equality holds since by uniqueness of maximal connected integral manifolds. Similarly,
we have
ol =hteel,«(H,) =1,-1(Hy) = Hj-1;, = H.

So the groups structure on G restrict to a group structure on H. It follows from Proposition 5.1.9
that this group structure is smooth, so that A is an (immersed) Lie subgroup of G. Furthermore, by
definition of H as an integral manifold we have that LH = T, H =} as desired.

It is now clear that H is the unique connected subgroup with Lie algebra b: if H is another connected
subgroup of G with the same Lie algebra, then it follows from Lemma 1.3.5 that H is generated by
the image of the exponential map ) — LG “, G. Butalso H is generated by this image, hence the
subgroups agree. O
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We now move on to the question of lifting morphisms of Lie algebra to morphisms of Lie groups.

Lemma 5.1.11. Let f: G — H be a surjective morphism of Lie groups. Then f is a covering map
if and only if the induced map Lf : LG — LH is an isomorphism.

Proof. If f is a covering map, then f is in particular a local diffeomorphism, hence induces an
isomorphism Lf: LG = LH on tangent spaces. Conversely, assume that Lf is an isomorphism,
and let K C G denote the kernel of f. Since K is a closed subgroup of G, it is automatically a Lie
group. The inclusion LK C LG induces an isomorphism LG /LK = LH, and the assumption on f
then implies that LK = 0, showing that K is a discrete subgroup. Note that K is a normal subgroup
of G and by surjectivity of f we may identify H with the quotient group G /K. It then follows from
Theorem 1.4.11 that the map f: G — H is a K-principal bundle. In particular, it is locally of the
form pr;: U x K — U, hence by discreteness of K it follows that f is a covering map. O

Lemma 5.1.12. Let G be a connected Lie group. Then the universal cover G of G admits a canonical
structure of a Lie group such that the covering map p: G — G is a morphism of Lie groups.

Proof. Using the theory of covering spaces, G admits a universal covering G, and the covering map
p: G — G is a local homeomorphism. In particular, G is naturally a smooth manifold. If we fix a
base point e € G satisfying p(e) = e, then the lifting property of covering spaces implies that the
maps m: GxG — G and (-)~': G — G admit unique lifts to maps G XxG — G and (-)"': G - G
satisfying e -e = ¢ and e™! = e. This equips G with the structure of a Lie group and the covering
map p: G — G is a morphism of Lie groups. O

Theorem 5.1.13. Let G and H be Lie groups and assume that G is simply-connected.! Then every
Lie algebra homomorphism ¢: LG — LH lifts uniquely to a Lie group homomorphism f: G — H,
in the sense that ¢ = Lf.

In particular, sending f to Lf defines a bijection Hom(G,H) = Hom(LG,LH).

Proof. For the last statement, we already know that for connected G the map Hom(G,H) —
Hom(LG,LH) is injective by Lemma 1.3.4. So it remains to show that it is surjective, i.e. that every
morphism of Lie algebras ¢ : LG — LH can be lifted to a morphism of Lie groups f: G — H with
Lf=e¢.

Consider the product group G X H. The Lie algebra of this group is the product is LG X LH. We
may now consider the linear subspace

T:={(x,0(x)) e L(GXH) |xe LG} CL(G xH).

This is a Lie subalgebra: since ¢ is a morphism of Lie algebras we have [(x, ¢(x)), (y,¢(¥))] =
([x,¥], [e(x), (M ]) = ([x,y],¢([x,¥])). As a consequence of Theorem 5.1.10, there is a corre-
sponding connected Lie subgroup K <= G x H satisfying LK =f. Composing this immersion with
the projection pr;: G X H — G, we get a morphism of Lie groups n: K — G, and the induced
map of Lie algebras Lz: h = LK — LG’ is an isomorphism. By Lemma 5.1.11, it follows that 7
is a covering map. Since G is simply-connected, the theory of covering maps says that G has up
to isomorphism a unique connected covering map given by the identity. Since K is connected, it
follows that 7 must be an isomorphism.

I'This means that G is connected and that every continuous map f: S' — X extends to a continuous map H: D? — X.
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We may now define the map s: G — G X H as the composite G L K GxH. Passing to Lie
algebras, s induces the map

LG - LGXLH, X (X, p(X)).

So if we take f to be the composite G S GxHZ H, weseethat Lf = ¢: G — H. This finishes
the proof. O

Corollary 5.1.14. Let G and H be simply-connected Lie groups with isomorphic Lie algebras. Then
G and H are isomorphic as Lie groups.

Proof. Given anisomorphism¢: LG = LH of Lieal gebras, Theorem 5.1.13 provides morphisms of
Lie groups f: G — Hand f’: H — G satisfyingLf = g and L’ = ¢~ !. Tt follows that L( f’ o f) = id
and L(f o f’) =id, and hence f'o f =id and fo f’ =id. So f is an isomorphism between G and
H. O

Corollary 5.1.15. Two connected Lie groups G and H have isomorphic Lie algebras if and only if
their universal covers G and H are isomorphic Lie groups.

Proof. For the “if”’-direction, note that G = H implies
LG=LG =LH=LH.

Conversely, if LG = LH, then also LG = LA. Since G and H are both simply-connected, this
implies the result by Corollary 5.1.14. O

We now move on to the third fundamental theorem, addressing question (3) above about realizing
every Lie algebra as coming from a Lie group. For this, we need another black box:

Theorem 5.1.16 (Ando’s theorem). Let g be a finite-dimensional Lie algebra. Then g admits a
Jfaithful representation, i.e. an injective Lie algebra homomorphism p: g — gl, (R) for some n.

The proof of this theorem is long, hard and very algebraic.

Theorem 5.1.17 (Lie’s third theorem). Any finite-dimensional Lie algebra is isomorphic to a Lie
algebra of a (connected) Lie group.

Proof. By Ando’s theorem, every finite-dimensional Lie algebra is isomorphic to some Lie subal-
gebra g C gl, (R) for some n. Since gl,,(R) = LGL,,(R), it follows from Theorem 5.1.10 that there
exists an immersed connected Lie subgroup H C G such that LH =1). This finishes the proof. O

Combining the three fundamental results from Theorem 5.1.10, Theorem 5.1.13 and Theorem 5.1.17,
we obtain the following tight connection between Lie groups and Lie algebras:

Theorem 5.1.18 (Lie Group - Lie Algebra Correspondence). The assignment G — LG defines
a one-to-one correspondence between isomorphism classes of simply-connected Lie groups and
isomorphism classes of finite-dimensional Lie algebras.
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Proof. Injectivity was shown in Corollary 5.1.14. For surjectivity, let g be a Lie algebra. By
Theorem 5.1.17, g is isomorphic to the Lie algebra LG of some connected Lie group G. By
Lemma 5.1.12, the universal cover G of G is again a Lie group, and G is simply-connected. By
Lemma 5.1.11 the covering map p: G — G induces an isomorphism of Lie algebras, so that G is
the desired simply-connected Lie group whose Lie algebra is g. O

Remark 5.1.19. In terms of category theory, one may say that sending G to LG defines an equiv-
alence of categories between the category of simply-connected Lie groups and the category of
finite-dimensional Lie algebras.

A question that remains is: what happens if we allow non-simply-connected Lie groups? Since
every Lie group has a simply-connected covering group, the answer in the connected case is easy to
describe:

Proposition 5.1.20. Let g be a finite-dimensional Lie algebra. The connected Lie groups whose Lie
algebras are isomorphic to g are (up to isomorphism) precisely those of the form G /T, where G is
the simply-connected Lie group with Lie algebra g and where I is a discrete normal subgroup of G.

Proof. Given g, let G be the simply-connected Lie group with Lie algebra g. Given any other Lie
group H whose Lie algebra is isomorphic to g, let ¢: LG — LH be a Lie algebra isomorphism.
By Theorem 5.1.13, we may lift ¢ to a Lie group homomorphism f: G — H satisfying Lf = ¢.
Because ¢ is an isomorphism, f is a local diffeomorphism, and hence the kernel K = ker(f) is a
discrete normal subgroup of G. Since f is a surjective Lie group homomorphism with kernel K, it
follows that H is isomorphic to G/T". O

Lemma 5.1.21. Let I' C G be a discrete normal subgroup of a connected Lie group G. Then T is
contained in the center of G.

Proof. Consider an element y € I, and consider the map G — T', g — gyg~!. This is a smooth map
which sends e to y, and since G is connected and I" is discrete this means that this map is constant.
But this means that y commutes with all elements of G, showing that y € Z(G) as desired. O

5.2 Classification of compact connected Lie groups

The content of this section is not part of the exam material. It is meant as an overview of results that
exist in the literature, hence various results will be stated without proof.

In this section, we will address the question: how many different compact Lie groups are there?
Would it be possible to give some kind of classification of all compact Lie groups?

Note that every finite group is in particular a compact Lie group. So a classification of all compact
Lie groups should in particular entail a classification of all finite groups. This is generally considered
impossible (though a classification of all finite simple groups exists).

For this reason, we will restrict attention to compact connected Lie groups. In a sense, this class is
precisely orthogonal to the class of finite groups: an arbitrary compact Lie group G is an extension
of a finite group G/G, by a compact connected Lie group G,:

155G, —>G-»G/G, — 1.
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For the classification of compact connected Lie groups, we want to use covering theory to reduce to
the simply-connected case. We have seen in the previous section that every connected Lie group is
of the form G /I", where G is a simply-connected Lie group and where I" C G is a discrete central
subgroup. However, the Lie group G has no reason to be compact again; for example, the (compact)
torus 7% is of the form R¥/Z* and R¥ is not compact. It turns out that the case of tori is in some
sense the only thing that can go wrong:

Theorem 5.2.1 ([Bt95, Theorem V.8.1]). Every compact connected Lie group G admits a finite
cover which is isomorphic to the direct product of a simply-connected Lie group G and a torus S.
In particular, G is also compact. O

Corollary 5.2.2. Every compact connected Lie group G is of the form (G xT)/T for a torus T, a
simply-connected compact Lie group G and a finite central subgroup T' C G xT.

Proof. If p: GXT - G is a finite cover as in Theorem 5.2.1, and I := ker(p), then I' is a finite
normal subgroup, and hence a central subgroup by Lemma 5.1.21. So G = (G xT)/T’. m]

We conclude that in order to classify all the compact connected Lie groups, it will suffice to:

(1) Classity all the simply-connected Lie groups;

(2) Given a simply-connected Lie group G and a torus 7, classify all the finite discrete subgroups
of Z(G)xT.

Let us start with part (1). By the Correspondence from Theorem 5.1.18, this is equivalent to
classifying all the finite-dimensional Lie algebras. This task is still somewhat hard, but we can break
it up by looking only at the simple Lie algebras:

Definition 5.2.3. A Lie algebra g is called simple if it satisfies:

o It is non-abelian, i.e. the Lie bracket [—,—]: g X g — g is not identically zero;

* It does not have non-trivial ideals, i.e. every subspace ) C g such that [x,y] € h for x € ) and
yegiseitherh=0orh=g.

A Lie algebra is called semisimple if it is a direct sum of simple Lie algebras.

Definition 5.2.4. A Lie group G is called simple if it does not have a nontrivial connected normal
subgroup (i.e. different from {e} and G).

Lemma 5.2.5. A connected Lie group is simple if and only if its Lie algebra LG is simple.

Proof. If H C G is a connected normal subgroup, then this induces a Lie subalgebra LH C LG. The
fact that H is normal in LG implies that LH is an ideal in LG. So if LG is simple, then LH is either
0 or LG, meaning that H is either {e} or G.

Conversely, if h C LG is an ideal, then by Theorem 5.1.10 it is of the form LH for some connected
Lie subgroup H C G. To see that H is normal, we have to show that gHg™' C H for all g € G. If
U C H is an open neighborhood of e € H, then U generates H by Lemma 1.3.5, hence it will suffice
to show that gUg~! € H. Choosing U small enough, it lies in the image of the exponential map
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exp: h = LH — H, and hence it will suffice to show that the map Ad(g): LG — LG preserves the
subspace ) C LG. Since G is connected this may again be tested on an open neighborhood, and
there it follows from the condition that the map [—,—]: h X LG — LG lands in b, i.e. that } is an
ideal. This shows that H is a connected normal subgroup, hence if G is simple we have H = {e} or
H=Gandthush=0or ) =LG. O

The following should be true, but I have so far been unable to find a clean reference:

Theorem 5.2.6. Let G be a compact connected Lie group with finite fundamental group. Then its
Lie algebra LG is semisimple.

Corollary 5.2.7. Every compact simply-connected Lie group G is isomorphic to a product G X
-+ X Gy, of compact simply-connected simple Lie groups.

Proof. Since G is simply-connected, its fundamental group is trivial, so that by Theorem 5.2.6
its Lie algebra LG is semisimple. We may thus write LG = g; ®--- ® g, as a direct sum of Lie
subalgebras g; € LG such that each g; is simple. For every i, we may find a simply-connected Lie
group G; satisfying LG; = g;. It then follows that

L(Gix---xG,)=g19--®g, =LG,

and thus by Corollary 5.1.14 we get that G = G| X--- X G,,. Since G is compact, it follows that each
of the factors G; is compact, and since each g; is simple also each G; is simple by Lemma 5.2.5.
This finishes the proof. O

Corollary 5.2.8. Every compact connected Lie group is of the form
G=(Gix-xG,xT)/T,

where G1,...,G, are compact simply-connected simple Lie groups, T is a torus and I' C Z(G) X
X Z(G,)XT is a finite central subgroup.

So, we have basically reduced the problem of classifying all the compact simply-connected simple
Lie groups, or equivalently the problem of classifying all the finite-dimensional simple Lie algebras It
turns out that problem has a very concrete solution, giving rise to just a small list of simply-connected
Lie groups.

Definition 5.2.9. For n > 1, we define the spin group Spin(n) as the connected cover of the special
orthogonal group SO(n). Since the fundamental group of SO(n) is Z/2, we obtain a short exact
sequence

1 — Z/2 — Spin(n) — SO(n) — 1.

Theorem 5.2.10. Every compact simply-connected simple Lie group G is isomorphic to precisely
one from the following list:

(A,) SU(n+1) for n > 1, of dimension n* +2n;
(B,) Spin(2n+1) for n > 2, of dimension 2n(2n+1)/2;

(Cn) Sp(n) for n >3, of dimension 2n* + n;
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(D) Spin(2n) for n > 4, of dimension 2n(2n—1)/2;

(En, Fy,Gp) The so-called ‘exceptional groups’ Gy, F4, Eg, E7 and Eg, of dimensions 14, 52, 78, 133 and
248, respectively.

The restrictions on the natural numbers n that are allowed are just there to make sure the four
families do not have any overlap. The proof of the theorem is combinatorial in nature: one classifies
finite-dimensional simple Lie algebras by means of their root systems, discussed in Section 5.3, and
these can in turn be described in terms of certain Dynkin diagrams, see Section 5.4.

Now that we have classified all the simply-connected simple Lie groups, it remains to compute their
centers:

(A;)) The center of SU(n+ 1) is cyclic of order n;

(B,) The center of Spin(2n+1) is Z/2;

(C,) The center of Sp(n) is Z/2;

(D) The center of Spin(2n) is Z/2 X Z/2 for n even, and Z/4 for n odd.
(En, Fn, Gp) The centers of the exceptional groups are

Z(Gz):{l}, Z(F4)={1}7 Z(E6)=Z/3’ Z(E7)=Z/2’ Z(Eg):{l}

Combining these results, we thus obtain a complete classification of all the compact connected Lie
groups.

5.3 Root systems

The content of this section is not part of the exam material.

In this section, we will discuss the notion of a root system on the Lie algebra of a Lie group. The
notion of a root system plays a central role in the classification of simple Lie algebras discussed
in the previous section. Root systems also play a crucial role in the representation theory of Lie
algebras and Lie groups, as they help determine the ‘weights’ of representations and the characters
of irreducible representations.

First, an informal definition: a root system in a finite-dimensional real vector space V is a “very
symmetrical” set of vectors in V. Examples of root systems in R? are the following sets of vectors:

Let us now make precise what “very symmetrical” means.

Definition 5.3.1. A symmetry associated to a non-zero vector @ € V is an automorphism s: V — V
that pointwise fixes some hyperplane H C V and sends « to —a.

Lemma 5.3.2. Let R CV be a finite set which spans V. Given a non-zero vector a €V, there is at
most one symmetry associated to a which maps R into itself.

Proof. Let S be the group of automorphisms of V which maps R into itself. Observe that S is finite
since R is finite. We choose an S-invariant inner product on V, so that any automorphism of V
mapping R into itself is orthogonal with respect to this metric. It thus follows that the only possible
symmetry associated to « is the one given by reflection in the hyperplane orthogonal to . O
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A,

Definition 5.3.3. A finite subset R C V is called a (reduced) root system if it satisfies the following
conditions:

AN
f

(1) The set R spans V and 0 ¢ R;
(ii) If a,B € R are proportional, then @ = 8 or @ = —f3;
(iii) For each vector @ € R there is an associated symmetry s, : V — V mapping R into itself;

(iv) For all , 8 € R the vector s,(8) — B is an integer multiple of a.

The dimension of V is called the rank of the root system and the elements of R are called roots. For
every root @ we let H, C V denote the hyperplane fixed by the (uniquely determined) symmetry s,.
We obtain a unique dual vector @ € V* satisfying

@*|g, =0 and a*(a) =2,
and we may describe s, in terms of this dual vector:
se(W)=v—a*(v)-a.
The element a* is called the inverse root of a. Condition (iv) is now equivalent to:
(iv’) We have a*(B) € Z for all a,8 € R.

From the symmetry of this formulation, we see that the system R* C V* of inverse roots is a root
system in V*. This is called the inverse root system of R.

Definition 5.3.4. The Weyl group of a root system R in V is the subgroup W of Aut(V) generated
by the symmetries s, for @ € R.

Since elements of W send R into itself and R generates V/, it follows that the Weyl group W is a finite
group.
The reason we are interested in root systems is the following theorem:

Theorem 5.3.5 (Cartan, Killing). Every finite-dimensional semisimple Lie algebra over C has an
associated root system, and the root system determines the Lie algebra up to isomorphism.
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Root systems from Lie groups

Consider a connected compact Lie group G with maximal torus 7', taken to be fixed throughout this
subsection. We are interested in studying its Lie algebra LG, and in particular in understanding its
associated root system. As we will see, the underlying vector space V of this root system is the dual
space LT of the Lie algebra of T. To obtain this root system, we consider the adjoint representation
Ad: G — Aut(LG). The roots of G will be obtained from LG, regarded as a T-representation by
restricting the action.

Before specializing to the case V = LG, let us start by analyzing T-representations in more detail.
First recall the description of the irreducible representations of 7°:

Proposition 5.3.6. The characters of the torus T" = R" |Z" are of the form
9: R"/Z" - S', [x] — exp(2ria(x)),
where a(x) = {a,x) = ),; a;x; for some a = (ay,...,a,) € Z".

Proof. Given a character §: T" — S', we obtain a commutative diagram

0 > Z"' —— LT" » " > 0
|
:alzn \La::LH \LQ
~ exp
0 »Z ——R > ! > 1
determining the map a. O

Definition 5.3.7. Let V be a complex T-representation. An irreducible character 8: T — S' is called
a weight of V if the corresponding isotypical summand

V(@):={veV]|xv=0(x)-vforallx eT}
is nonzero. In this case, V(6) is called the weight space of 6.

It follows from Proposition 2.1.19 that every complex T-representation is the direct sum of its weight
spaces.

We will also need an ‘infinitesimal’ form of the notion of a weight.

Definition 5.3.8. Let g be a Lie algebra. A representation of g is a finite-dimensional complex
vector space V equipped with a morphism of Lie algebras ¢ — End(V) = L Aut(V).

Spelling out the definition, this means that V comes equipped with a map gxV — V, (X,v) — Xv
satisfying the property that X(Yv) —Y(Xv) = [X,Y]v forall X,Y egand v € V.

Example 5.3.9. If V is a representation of a Lie group G, then the derivative of the Lie group
morphism ¢: G — Aut(V) determines a representation Ly : LG — L Aut(V) of the Lie algebra of
G. Given X € LG, the induced action on V is given by the Lie derivative:
) 1
Lx: V-V, v > lim; o ?(exp(tX)-v—v).

The example has a partial converse:
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Lemma 5.3.10. Let G be a simply-connected Lie group. Then every representation of the Lie
algebra LG comes from a representation of G.

Proof. By Theorem 5.1.13 every morphism of Lie groups LG — End(V) = L Aut(V) lifts uniquely
to a morphism of Lie groups G — Aut(V). O

We now apply this to the situation of roots 8: T — U(1) of the Lie group G. Since such @ is a
morphism of Lie groups, we may pass to associated Lie algebras and obtain a map

©:=L0: LT - LU(1).
Recall from Example 1.2.34 that LU(1) ={a € C|a = —a} =iR.

Definition 5.3.11. Let V be a complex T-representation. AnR-linearmap®: LT - LU(1)=iRCC
is called an infinitesimal weight of V if the corresponding weight space

VO)={veV|Lxv=0(X)-vforall X e LT}
1S nonzero.

Proposition 5.3.12. The assignment 6 — L0 defines a bijection between weights and infinitesimal
weights of V. For every weight 8 we have V(0) = V(L0).

Proof sketch. Let us merely sketch how to produce the inverse. Given an infinitesimal weight
©: LT — LU(1), we may pick some 0 # v € V(©) and compute that we have exp(X) -v = ®X) .y
for all X € LT. It follows that the assignment LT — U(1) given by X — X — ¢®X) factors through
the map exp: LT — T, and hence we obtain a map 6g: T — U(1). One may show that this is a
weight of V and that the assignment ® — 6g is an inverse of 8 — L6. O

Since V is a complex vector space, every representation LT XV — V of the Lie algebra LT on V
extends to the complexified Lie algebra L7c = CxgrLT. The extended action L7¢c XV — V is also
denoted by (X,v) — Lxv.

Definition 5.3.13. A C-linear form ®: L7 — C is called a complex infinitesimal weight of V if the
corresponding weight space

V@)={veV|Lyv=®(H)- vforall He LT}
1S nonzero.

Note that the map C®rLU(1) — C,z®u + zu is an isomorphism. An R-linear form ©: LT —
LU(1) therefore induces a C-linear form

®g: CRLT - CeLU(1) =C
sending X +iY to ©(X) +i®(Y) for X,Y € LT.

Proposition 5.3.14. The assignment © — ®g defines a bijection between infinitesimal and complex
infinitesimal weights of the complex T-representation V. Furthermore, V(0) = V(Dg).

Proof. Omitted, see Brocker and tom Dieck [Bt95, Proposition 9.6]. ]
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Definition 5.3.15. AnR-linear form «: LT — Ris called a real (infinitesimal) weight of the complex
T-representation V if the map 2nia: LT — iR is an infinitesimal weight of V. For V = LG we call
a areal root of G.

All in all, we obtain for every complex T-representation bijections

{ Complex infinitesimal weights ®: LTz — C of V }

TE

{ Weights 8: T — U(1) of V } —— { Infinitesimal weights ®: LT — LU(1) =iR of V }

lg

{ Real weights @: LT - R of V }.
We will now specialize to the case V = LG.
Definition 5.3.16. The roots of G are the weights of the T-representation LG. More specifically:

» The global roots are the weights 6: T — U(1) of LG;

* The infinitesimal roots are the corresponding linear forms ® = L6: LT — iR;
* The complex roots are the induced linear forms ®: LTz — C,

* The real roots are the induced linear forms a = ©/2xi: LT — R.

We let R(C) denote the set of complex roots and R = R(R) the set of real roots of G.

The decomposition into weight spaces now takes the form

LGc=Lo® P La, @ €R(C),
(04

with weight spaces given by
Lo={XeLGc|[H,X]=a(H)X forall H € LT¢}.

Theorem 5.3.17. Let G be a compact connected Lie group with maximal torus T and let V C LT*
denote the subspace generated by the set R of real roots of G. Then R is a root system in 'V and
the Weyl group W of G, viewed as a subgroup of Aut(V), is the same as the Weyl group of this root
system as defined in Definition 5.3.4.

The root system on V C LT* from the theorem is precisely the root system associated to the Lie
algebra LG via Theorem 5.3.5.
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5.4 Weyl chambers and Dynkin diagrams

The content of this section is not part of the exam material.
In this final section we will discuss Dynkin diagrams and their relation to root systems.

Before we start, let us recall some of the motivation. In Theorem 5.2.10, we stated without proof a
full classification of all the compact simply-connected simple Lie groups. Roughly speaking, this
classification proceeds as follows:

(1) Viathe correspondence from Theorem 5.1.18, the compact simply-connected simple Lie groups
correspond to certain finite-dimensional Lie algebras called the compact simple Lie algebras;

(2) By sending a Lie algebra g to its complexification gc = C®rg, one obtains a one-to-one
correspondence between real compact simple Lie algebras and complex compact simple Lie
algebras.

(3) Via Theorem 5.3.5, the latter are classified by their root systems.
To complete the picture of Theorem 5.2.10, we will now proceed with the following two steps:

(4) Root systems are completely determined by a choice of base for the root system together with a
collection of Cartan numbers;

(5) Bases of root systems may be encoded in terms of certain Dynkin diagrams.

Bases and Weyl chambers

In the next couple of results and definitions, we let V be a finite-dimensional real vector space and
let R be a root system in V with Weyl group W.

To every root @ we associated the hyperplane H, C V which is fixed under the corresponding
symmetry s, € W. Since W is finite, we may choose a W-invariant inner product on V, and with
respect to this metric H,, is the hyperplane orthogonal to @ and s, is the reflection in H,. The
hyperplanes H,, divide V into finitely many convex regions called the Weyl chambers of the root
system:

Definition 5.4.1. The Weyl chambers of the root system (V,R) are the connected components of
VAU ger He- The Weyl chambers are open subsets of V. We denote the closure of a Weyl chamber
K by K. The walls of a Weyl chamber K are those subsets of the form K N, which have dimension
k —1, where k = dim(V).

Since the Weyl group sends roots to roots and consists of orthogonal transformations, it also preserves
the hyperplanes H,,, and hence it induces an action on the set of all Weyl chambers. We have the
following theorem:

Theorem 5.4.2 (Brocker and tom Dieck [Bt95, Theorem 4.1]). Given a point p € V, let W), be the
isotropy group of p in the Weyl group W of a root system R in V.

(i) The group W, acts freely and transitively on the set of Weyl chambers K with p € K.
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Figure 5.1: Example of a Weyl chamber

(ii) If p € K, then W, is generated by the reflections in the walls of K which contain p.

(iii) The orbit of p meets every closed Weyl chamber in exactly one point.

Note that for p = 0 we have W, = W and we have p € K for all K, so that the statement reduces to
the following:

Lemma 5.4.3 (Brocker and tom Dieck [Bt95, Lemma 4.2]). The Weyl group W acts freely and
transitively on the set of all Weyl chambers. Given any Weyl chamber K, W is generated by the
reflections in the walls of K.

I don’t want to go into the proofs of these results, even though they are not that difficult. But let us
at least see that the statements make sense in the example of a root system given in Figure 5.1:

» For p =0, we see that W indeed acts freely and transitively on the Weyl chambers, and that W
is generated by the two walls of the Weyl chamber highlighted in the above figure.

* For a point p in the interior of a Weyl chamber K, we see that W,, = {1}, and indeed there is
only one closed Weyl chamber containing p.

* For a point p contained in a wall K NH,, we see that W, ={1,s4} is of order two, and indeed
there are precisely two closed Weyl chambers containing p.

Note that the result in particular says that every closed Weyl chamber is a fundamental domain of
the Weyl group action on V, and that every closed Weyl chamber is mapped homeomorphically onto
the orbit space of the operation of W by the canonical projection.

Note that a given Weyl chamber is completely described by specifying its walls and specifying on
which side of these walls the chamber lies. But specifying a wall H,, and a side of that wall is the
same as specifying a root @. So the Weyl chambers correspond to certain subsets of R which we
now describe more algebraically.
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Definition 5.4.4. A subset S of the root system R in V is called a basis or a system of simple roots if
S is linearly independent in V and every root 8 € R may be written as

IBZZma’a’a

where the m are integers such that either all m, > 0 or all m, < 0. The elements of S are called
simple roots with respect to S.

For example, in the root system from Figure 5.1 we see that the subset S = {a, 8} forms a basis. We
will soon see that bases actually exist for every root system. So suppose that S is a fixed basis for R.
We may then split up R into two disjoint parts

R=R+UR_, R_:_R+,

where R, consists of those roots 8 whose coefficients m, in Definition 5.4.4 are all non-negative.
These are called the positive roots, and the elements of R_ are called the negative roots. Note that
R, and S determine each other: R, is obtained from S by taking finite sums of elements in S, and
conversely S consists of the ‘indecomposable’ elements of R, i.e. those that cannot be written as a
sum of two elements of S.

The next theorem says that bases exist and are in one-to-one correspondence with Weyl chambers:

Proposition 5.4.5. The following assignment defines a bijection between the set of Weyl chambers
and the set of bases in the root system R in'V.

We assign to every Weyl chamber K the set of positive roots R, (K) = {a € R | {@,t) > 0 for one and therefore all t €
K}, and the basis S(K) consists of the elements which are indecomposable in R, (K).

Conversely, we assign to each basis S the Weyl chamber
K(S)={teV|{a,t)>0forall a € S}.

It has walls Hy NK(S), a € S, where H, is the hyperplane orthogonal to . We call K(S) the
fundamental Weyl chamber corresponding to S.

For example, the Weyl chamber corresponding to the basis S = {a, 8} in Figure 5.1 is the highlighted
Weyl chamber.

Dynkin diagrams

We have seen that a root system is completely determined by a choice of basis. We will now discuss
a quick and easy diagrammatic description of the bases.

Let R be a root system in V with basis S and Weyl group W. We assume that V' is equipped with
a W-invariant Euclidean inner product (—,—), which allows us to identify V with its dual via the
isomorphism

K:V—oV", Vi (v,—).

Recall that to every root a we assigned an inverse root &* € V* with the property that a*|4, = 0 and
a*(a) = 2. Under the isomorphism «, we may identify a* with a vector in V, and as such it is given

by
o =2/]e)*a.
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Now recall that condition (iv) of a root system demands that the inner products (a*,8) are integers
for all ,8 € R.

Definition 5.4.6. The integers

(@.8)
(@)

are called the Cartan numbers of the root system R. We obtain an associated matrix

nag :={a",B) =2

a,BER

(na’ﬁ)v (Z,ﬁES,

called the Cartan matrix.

Up to reordering the rows and columns, the Cartan matrix is independent of the choice of basis and is
just an invariant of the root system. Furthermore, the Cartan matrix actually completely determines
the root system.

These numbers are subject to rather strong conditions, since we have

(@.B) = |a|-|B|-cos(a.pB),

where cos(a, 8) is the cosine of the angle between a and 8. Thus we get

Nap = 2% cos(a, B)

Naplga = 4cos’(a,p).

Using these relations, we find that, possibly after switching @ and S, there are only the following
seven possibilities for non-proportional roots:

Nap | npa | angle(@,p) | lo?/|8P
@) 0 0 /2 ?
(ii) 1 1 /3 1
(i) | -1 -1 2n/3 1
@iv) 1 2 /4 2
) -1 -2 3n/4 2
(vi) 1 3 /6 3
(vii) | -1 -3 5n/6 3

Using this observation, one can show that there are, up to isomorphism, only four root systems of
rank 2:
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ﬂ'\z G’Z. W

Figure 5.2: Root systems of rank 2

Here the names of the root systems are the standard ones in the literature. In each case we have
indicated a choice of basis S = {a, 8} of the root system. It turns out that elements of the basis S
always form obtuse angles:

Lemma 5.4.7. Consider a basis S and roots o, € S with a # 5. Then a and (8 form an obtuse
angle, i.e. (a,B) <O0.

Proof. Assume (a, ) >0, or equivalently n,g > 0. Then also ng, > 0, and since we have n g -ngo <
4 at least one of these integers must be one. One may deduce from this that then also @ — 8 and 8 — «
are roots. But at least one of them, say o — 3, then lies in R, which gives a contradiction since then
a = (a—B) + B is decomposable. O

All in all, we see that the Cartan matrix of a root system is very restricted:

Noga =2, nag €{0,-1,-2,-3} fora # 6.

121



For example, the root systems A| X A, By, A and G, gives rise to the matrices

20 2 -1 2 -1 and 2 -1

0 2)° -2 2) -1 2) -3 2
Definition 5.4.8. Let R be a root system in V with basis S. The associated Coxeter graph has one
vertex for each element of S, and every pair a, 8 of distinct vertices is connected by n4p - ng, edges.

Note that this product can only be 0, 1, 2 or 3. Up to isomorphism of graphs, the Coxeter graph only
depends on the root system and not on the choice of basis S.

The Coxeter graphs for the root systems of rank two from Figure 5.2 are given as follows:

A-,x/—\l © ©

A, o—0
2, o——o0
G —0

The Coxeter graph characterizes the root system in cases where all roots have the same length. If,
however, two different lengths occur, then the graph only gives the angle between the two roots @
and B. In this case one requires the additional information of which root is longer.

Definition 5.4.9. The Dynkin diagram consists of the Coxeter graph together with the symbol < or
> attached to each doubled or tripled edge pointing to the shorter root.

%, —>— Qz;ig@é

Proposition 5.4.10. A root system is determined up to isomorphism by its Dynkin diagram.

Theorem 5.4.11. The Dynkin diagram of an irreducible root system is isomorphic to exactly one of
the diagrams in the following list having n vertices:
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OO0, n21,
—0O==0, n22,
o=, 123,

..—(_<* n24,

ff

%
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