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Preface

The notion of symmetry is one of the basic concepts in mathematics. A fundamental
feature of symmetries is that they form groups. If one deals with symmetries of objects
that carry some additional structure, one often gets an induced structure on the group of
symmetries. The case we are interested in is that symmetries act on geometric objects,
i.e. on smooth manifolds. In many situations of interest, the group of symmetries itself
then inherits the structure of a smooth manifold in a way compatible with the group
structure. A smooth manifold together with a compatible (i.e. smooth) group structure
is called a Lie group. The name is derived from the Norwegian mathematician Sophus
Lie (1842-1899), who first encountered Lie groups and the associated Lie algebras when
studying symmetries of partial differential equations.

Apart from the intrinsic interest, the theory of Lie groups and their representations
is used in various parts of mathematics. As groups of symmetries, Lie groups occur
for examples in differential geometry, harmonic analysis, dynamical systems, partial
differential equations, and in theoretical physics. Via the closely related concept of
algebraic groups, the theory of Lie groups also plays an important role in algebraic
geometry. Finally, via the concept of homogeneous spaces, Lie groups provide some of
the most important examples of smooth manifolds which are used in many areas.

As this basic definition suggests, the theory of Lie groups is located at the border
between algebra and differential geometry, and tools from both fields are used to study
Lie groups. A fundamental fact in the theory of Lie groups is that almost all of the
(rather complicated) structure of a Lie group is already encoded in its Lie algebra. This
is a much simple object, a finite dimensional vector space (the tangent space at the
neutral element) which is naturally endowed with a bilinear operation. Lie algebras
can then be studied using purely algebraic tools. This is the subject of the course “Lie
algebras and representation theory”, see the lecture notes [Cap:Liealg].

Here we concentrate on the study of Lie groups rather than Lie algebras. From
the place of the course in the curriculum it is natural to assume the basics of analysis
on manifolds and differential geometry as prerequisites. All the neccessary material is
contained in the lecture notes [AnaMf], mostly in the first two chapters there. On the
other hand, the course assumes very little background in algebra.

Let me briefly summarize the contents of the individual chapters. Chapter 1 quickly
develops the basic concepts and the fundamentals of the Lie group — Lie algebra cor-
respondence using differential geometry methods. Next, we study closed Lie subgroups,
proving in particular that any closed subgroup of a Lie group is a Lie subgroup and in
particular itself a Lie group. This also provides us with lots of examples, in particular
via matrix groups. Then we discuss the more general concept of virtual Lie subgroups,
developing the necessary material on initial submanifolds. Finally, we discuss actions
and show that the space of left cosets of any Lie group by a closed subgroup canoni-
cally is a smooth manifold. We show how to use this to make objects like the space of
k—dimensional linear subspaces in R" into smooth manifolds.
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In chapter one, we mainly discuss passing from the Lie group level to the Lie algebra
level. For example, we associate the Lie algebra to a Lie group, show that Lie subgroups
correspond to Lie subalgebras and homomorphism of Lie groups induce homomorphisms
of Lie algebras. Chapter two focuses on results going the other way round. In particular,
we prove that any finite dimensional Lie algebra is obtained from a Lie group, classify
connections Lie groups with given Lie algebra and prove existence results on virtual Lie
subgroups and Lie group homomorphisms. In the end of the chapter, we discuss the
Maurer—Cartan form, and the fundamental theorem of calculus for smooth functions
with values in a Lie group. The basic tool for all these results is the Frobenius theorem,
for which we give a complete proof in

As discussed above, many properties of Lie groups are captured by the Lie algebra.
A setting in which remaining at the group level has advantages is the theory of compact
Lie groups, which is discussed in chapter 3. The basic advantage here is that integration
over a compact group can be used to generate invariant objects. Using this, we prove
that compact groups are reductive and deduce the basic facts about representations of
compact groups. We show that such representations are always completely reducible,
discuss matrix coefficients and the Schur orthogonality relations. Next we move to the
theory of maximal tori. The basic conjugacy theorem is proved in by computing a
mapping degree. Finally, we prove the Peter-Weyl theorem and give a short discussion
of infinite dimensional representations.

The material for this course is taken from various sources. Much of the basic material
is adapted from Peter Michor’s course on differential geometry, see e.g. Chapter II of
the book [Michor|, which is available online. The part on the Maurer—Cartan form
and the fundamental theorem of calculus is adapted from R. Sharpe’s book [Sharpe].
For the other material, I in particular used [Knapp]|, |[Greub—Halperin—Vanstone],
and [Adams].

The first version of these notes were prepared when I first taught this course in
spring term 2005. I would like to thank the participants of this course and the sequels
in fall terms 2006,/07, 2009/10, 2012/13, 2013/14, 2015/16, and 2018/19 for corrections
and suggestions for improvements, which have been implemented step by step. Slightly
bigger changes have been implemented in the preparation of the version for fall term
2020/21. On the one hand, I changed the basic reference for analysis on manifolds and
differential geometry to my new lecture notes [AnaMf]. On the other hand, I took
some motivation for changes from a course on matrix groups I taught in spring term
2018. Lecture notes (in German) for that course are available online, see [Cap:Mgrp|.
Finally, I have extended the discussion of the use of maximal tori in character theory
and added a discussion of the Weyl integration formula. This material is contained in
a new section 3101



CHAPTER 1

Lie groups and homogeneous spaces

The notion of symmetry is probably one of the most basic notions of mathematics.
A fundamental feature of symmetries is that they form groups. If one deals with symme-
tries of objects having an additional structure, then often one gets an induced structure
on the group of symmetries. In the special case of symmetries of geometric objects,
one often finds that the group of symmetries itself inherits a differentiable structure
such that multiplication and inversion are smooth maps. Such an object is called a Lie
group.

The background on differential geometry used in the chapter can be found in the
lecture notes [AnaMIf| or the book [KMS]|, which both are available online.

Lie groups and their Lie algebras

One of the fascinating features of Lie groups is that most of the (rather complicated)
structure of a Lie group is encoded into the Lie algebra of the Lie group. This Lie algebra
is a much simpler object, a finite dimensional vector space with a certain algebraic
structure. Our first task is to develop the basics of the correspondence between Lie
groups and Lie algebras.

1.1. Lie groups.

DEFINITION 1.1. (1) A Lie group is a smooth manifold G endowed with a group
structure with smooth multiplication. This means that we have a smooth multiplication
G x G — G, an inversion v : G — G and a unit element e € G such that the usual
group axioms are satisfied. If there is no risk of confusion, we will write gh for pu(g, h),
and g~ for v(g) for g, h € G.

(2) A homomorphism from a Lie group G to a Lie group H is a smooth map ¢ :
G — H which is a group homomorphism.

ExAMPLE 1.1. (1) R and C are evidently Lie groups under addition. More generally,
any finite dimensional real or complex vector space is a Lie group under addition.

(2) R\ {0}, R.p, and C\ {0} are all Lie groups under multiplication. Also U(1) :=
{z € C: |z| = 1} is a Lie group under multiplication.

(3) If G and H are Lie groups then the product G x H is a Lie group with the
evident product structures. In view of (1) and (2) we conclude that for n € N the torus
T™ := U(1)" is a Lie group. More generally, for m,n € N we have a Lie group R™ x T".
It turns out that these exhaust all connected commutative Lie groups.

(4) The fundamental example of a Lie group is the group GL(V') of invertible linear
maps on a finite dimensional real vector space V. Let us also use this example to see how
the interpretation as a group of symmetries leads to the additional structure of a smooth
manifold. Any linear map V — V' is uniquely determined by its values on a basis of V.
Fixing a basis {vy,...,v,}, the map which sends a linear map f to (f(v1),..., f(vn))
induces a bijection from the space L(V, V') of linear maps to V™. From linear algebra
one knows that f is invertible if and only if the elements f(v1),...,f(v,) form a basis
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2 1. LIE GROUPS AND HOMOGENEOUS SPACES

of V. The set of all bases of V' is easily seen to be open in V" (see also below). Hence
we obtain a bijection between GL(V') and an open subset in the vector space V", thus
making GL(V') into a smooth manifold. Smoothness of the multiplication map in this
picture follows from the fact that (f,v) — f(v) is a smooth map L(V,V) xV — V.

To make all that more explicit, let us consider the case V' = R". For the standard
basis {e1,...,e,}, the element f(e;) € R™ is just the ith column of the matrix of
f. Hence the above construction simply maps f € L(R", R") to its matrix, which is
considered as an element of M, (R) := (R")" = R, The determinant defines a smooth
function det : M, (R) — R. In particular, GL(n,R) = det " (R \ {0}) is an open subset
of R" and thus a smooth manifold. The entries of the product of two matrices are
polynomials in the entries of the two matrices, which shows that matrix multiplication
defines a smooth map p : GL(n,R) x GL(n,R) — GL(n,R).

It is an easy exercise to show that the determinant function is regular in each point
of GL(n,R). In particular, the subgroup SL(n,R) of all matrices with determinant
equal to 1 is a smooth submanifold of M, (R), so it is itself a Lie group. This is an
example of the concept of a Lie subgroup that will be discussed in detail later.

As a simple variation, we can consider the group GL(n,C) of invertible complex
n X n-matrices, which is an open subset of the vector space M, (C) = C™. Again there
is the closed subgroup SL(n,C) consisting of all matrices of (complex) determinant one,
which is easily seen to be a submanifold.

1.2. Translations. Let (G, i, v, e) be a Lie group. For any element g € G we can
consider the left translation A\, : G — G defined by \;(h) := gh = p(g, h). Smoothness
of p immediately implies that )\, is smooth, and A; o A\j-1 = Aj-1 0 Ay = ide. Hence
Ag : G — G is a diffeomorphism with inverse A\,-1. Evidently, we have A\j o A\, = Agp,.
Similarly, we can consider the right translation by g, which we write as p9 : G — G.
Again this is a diffeomorphism with inverse pg_l, but this time the compatibility with
the product reads as p? o p" = p"9. Many basic identities of group theory can be easily
rephrased in terms of the translation mappings. For example, the equation (gh)™! =
h~tg~! can be interpreted as v o\, = pff1 ovorasvop'=M\-1ov. The definition of
the neutral element can be recast as A\, = p® = idg.

LEMMA 1.2. Let (G, u,v,e) be a Lie group.
(1) For g,h € G, £ € T,G and n € TG we have

Tigmm - (&m) = Tidg - n+ Typ" - €.
(2) The inversion map v : G — G is smooth and for g € G we have
Ty = —Top% 0 Tyhg1 = =T hg1 0 Typ? .
In particular, T, v = —id.

PROOF. (1) Since T{4n)p is linear, we get Tig pypi-(§,1) = Tignyp- (£, 0)+T g n - (0,7).
Choose a smooth curve ¢ : (—e¢,¢) — G with ¢(0) = ¢g and ¢/(0) = £. Then the curve
t — (c(t), h) represents the tangent vector (£,0) and the composition of p with this
curve equals p" o ¢. Hence we conclude that Tiy - (€,0) = Typ" - €, and likewise for
the other summand.

(2) Consider the function f : G x G — G x G defined by f(g,h) := (g,gh). From
part (1) and the fact the A, = p® = idg we conclude that for {,n € T.G we get
Teof - (&n) = (£, +n). Evidently, this is a linear isomorphism 7.G x T.G —
T.G x T.G, so locally around (e, €), f admits a smooth inverse, f : G x G — G x G. By
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definition, f(g,e) = (g,v(g)), which implies that v is smooth locally around e. Since
vo ;1 = pfovr, we conclude that v is smooth locally around any g € G.
Differentiating the equation e = (g, v(g)) and using part (1) we obtain

0="Tyg - (&Tyw-€) =Ty - E+Tyidg-Tyy-&

for any ¢ € T,G. Since A\;-1 is inverse to A, this shows that Tyy = —T.A\;-1 0 Tgpg_l.
The second formula follows in the same way by differentiating e = (v (g), g). O

1.3. Left invariant vector fields. We can use left translations to transport around
tangent vectors on G. Put g := T.G, the tangent space to G at the neutral element
ec€ G. For X € gand g € G define Lx(g) =T\, - X € T,G.

Likewise, we can use left translations to pull back vector fields on G. Recall from
[AnaMf, Section 2.3] that for a local diffeomorphism f : M — N and a vector field
¢ on N, the pullback f*¢ € X(M) is defined by f*¢(x) := (T.f)' - &(f(x)). In the
case of a Lie group G, a vector field ¢ € X(G) and an element g € G we thus have
()€ € X(G).

DEFINITION 1.3. Let G be a Lie group. A vector field £ € X(G) is called left
invariant if and only if (\;)*¢ = £ for all g € G. The space of left invariant vector fields
is denoted by X (G).

PROPOSITION 1.3. Let G be a Lie group and put g = T.G. Then we have:

(1) The map G x g — TG defined by (9, X) — Lx(g) is a diffeomorphism.

(2) For any X € g, the map Lx : G — TG is a vector field on G. The maps
X — Lx and & — £(e) define inverse linear isomorphisms between g and X1 (G).

PrOOF. (1) Consider the map ¢ : G x g — T'G x TG defined by ¢(g, X) := (0,4, X),
where 0, is the zero vector in T,G. Evidently ¢ is smooth, and by part (1) of Lemma
the smooth map T o ¢ is given by (g,X) — Lx(g). On the other hand, define
Y : TG — TG x TG by (&) := (05-1,,) which is smooth by part (2) of Lemma
By part (1) of that lemma, we see that T’y o v has values in T.G = g and is given by
Eg = TAg-1-&,. This shows that & — (g, TA\j-1-&,) defines a smooth map TG — G x g,
which is evidently inverse to (g, X) — Lx(g).

(2) By definition Lx(g) € T,G and smoothness of Lx follows immediately from (1),
so Lx € X(G). By definition,

((/\g)*LX)(h) = Tgh}‘g”LX(gh) = Tgh/\g*1 ‘TeAgn - X,

and using T\, = ThA, o TN, we see that this equals Te A, - X = Lx(h). Since h is
arbitrary, Lx € X(G) and we have linear maps between g and X, (G) as claimed. Of
course, Lx(e) = X, so one composition is the identity. On the other hand, if £ is left
invariant and X = {(e), then

£(9) = (A1) (9) = TeAg - £(9'g) = Lx(g),
and thus £ = Lx. O

REMARK 1.3. The diffeomorphism TG — G x g from part (1) of the Proposition
is called the left trivialization of the tangent bundle T'G. For X € g, the vector field
Lx € X(G) is called the left invariant vector field generated by X. Any of the vector
fields Lx is nowhere vanishing and choosing a basis of g, the values of the corresponding
left invariant vector fields form a basis for each tangent space.
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This for example shows that no sphere of even dimension can be made into a Lie
group, since it does not admit any nowhere vanishing vector field. Indeed, the only
spheres with trivial tangent bundle are S!, S3, and S”.

1.4. The Lie algebra of a Lie group. Recall from [AnaMf, Theorem 2.5] that
the pull back operator on vector fields is compatible with the Lie bracket (see also
Lemma below). In particular, for a Lie group G, left invariant vector fields &,n €
X1 (G) and an element g € G we obtain

ArE ] = [Ni&, i) = [€,m),

so [£,n)] is left invariant, too. Applying this to Lx and Ly for XY € g := T.G we see
that [Lx, Ly] is left invariant. Defining [X,Y]| € gas [Lx, Ly|(e), part (2) of Proposition
show that that [Lx, Ly| = Lix y.

DEFINITION 1.4. Let G be a Lie group. The Lie algebra of G is the tangent space
g := T.G together with the map [, | : g x g — g defined by [X,Y] := [Lx, Ly]|(e).

From the corresponding properties of the Lie bracket of vector fields, it follows im-
mediately that the bracket [, | : g x g — g is bilinear, skew symmetric (i.e. [V, X]| =
—[X,Y]) and satisfies the Jacobi identity [X,[Y, Z]] = [[X,Y], Z] + [Y,[X, Z]]. In gen-
eral, one defines a Lie algebra as a real vector space together with a Lie bracket having
these three properties.

EXAMPLE 1.4. (1) Consider a real vector space V' viewed as a Lie group under
addition as in example (1) of Then the trivialization of the tangent bundle 7'V
by left translations is just the usual trivialization TV = V x V. Hence left invariant
vector fields correspond to constant functions V' — V. In particular, the Lie bracket of
two such vector fields always vanishes identically, so the Lie algebra of this Lie group is
simply the vector space V' with the zero map as a Lie bracket. We shall see soon that
the bracket is always trivial for commutative groups. Lie algebras with the zero bracket
are usually called commutative.

(2) Let us consider a product G x H of Lie groups as in example (3) of Then
T(G x H) =TG x TH so in particular T,(G x H) = g @ . One immediately verifies
that taking left invariant vector fields in G and H, any vector field of the form (g, h) —
(Lx(g), Ly (h)) for X € gand Y € b is left invariant. These exhaust all the left invariant
vector fields and we easily conclude that the Lie bracket on g x h is component-wise,
le. [(X,Y), (X", Y")] = ([X,X']y, [Y,Y']s). This construction is referred to as the direct
sum of the Lie algebras g and b.

(3) Let us consider the fundamental example G = GL(n,R). As a manifold, G is an
open subset in the vector space M, (R), so in particular, g = M, (R) as a vector space.
More generally, we can identify vector fields on G with functions G — M,,(R), but this
trivialization is different from the left trivialization. The crucial observation is that for
matrices A, B,C € M,(R) we have A(B + tC') = AB + tAC, so left translation by A
is a linear map. In particular, this implies that for A € GL(n,R) and C' € M,(R) =
T.GL(n,R) we obtain Lo(A) = AC. Viewed as a function GL(n,R) — M,(R), the left
invariant vector field L is therefore given by right multiplication by C' and thus extends
to all of M, (R). Now viewing vector fields on an open subset of R™ as functions with
values in R™, the Lie bracket is given by [£,n](z) = Dn(z)(&(z)) — DE(z)(n(x)). Since
right multiplication by a fixed matrix is a linear map, we conclude that D(L¢)(e)(C) =
¢’ for C,C" € M,(R). Hence we obtain [C,C’| = [L¢, Ler](e) = CC" — C'C, and the
Lie bracket on M, (R) is given by the commutator of matrices.
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1.5. The derivative of a homomorphism. Let G and H be Lie groups with
Lie algebras g and b, and let ¢ : G — H be a smooth group homomorphism. Then
©(e) = e, so we have a linear map ¢’ := T, : g — h. Our next task is to prove that this
is a homomorphism of Lie algebras, i.e. compatible with the Lie brackets. This needs a
bit of preparation.

Let f: M — N be a smooth map between smooth manifolds. Recall from [AnaMf,
Section 2.1] that two vector fields & € X(M) and n € X(IV) are called f-related if
T,.f-&(x) =n(f(x)) holds for all x € M. If this is the case, then we write £ ~; 7. Note
that in general it is neither possible to find an f-related £ for a given 1 nor to find an
f-related 7 for a given £. In the special case of a local diffeomorphism f, for any given
n € X(N), there is a unique § € X(M) such that £ ~; 1, namely the pullback f*.

LEMMA 1.5. Let f: M — N be a smooth map, and let & € X(M) and n; € X(N)
be vector fields for i = 1,2. If & ~¢ m; for i = 1,2 then [&1, &) ~f [, 12].

PROOF. For a smooth map o : N — R we have (T'fo&)-a =¢-(ao f) by definition
of the tangent map. Hence £ ~; 7 is equivalent to £ - (o f) = (n- ) o f for all
a € C®(N,R). Now assuming that & ~ n; for i = 1,2 we compute

G- (& (aof)) =& ((m-a)of)=(m-(n-a))of

Inserting into the definition of the Lie bracket, we immediately conclude that

[51762] : (O{Of) = ([7717772} Oé) Of7
and thus [£1, &) ~¢ [m1, 2] O

Using this, we can now prove

PrROPOSITION 1.5. Let G and H be Lie groups with Lie algebras g and §.

(1) If ¢ : G — H is a smooth homomorphism then ¢ =T, : g — b is a homomor-
phism of Lie algebras, i.e. ¢'([X,Y]) = [¢'(X), ¢ (Y)] for all X,Y € g.

(2) If G is commutative, then the Lie bracket on g is identically zero.

PROOF. (1) The equation p(gh) = ¢(g)p(h) can be interpreted as oA, = Ay 0.
Differentiating this equation in e € G, we obtain Typ o TeA; = Ty © ¢'. Inserting
X eT.G =g, weget Typ-Lx(9) = Ly(x)(¢(g)), and hence the vector fields Lx € X(G)
and Ly (x) € X(H) are ¢-related for each X € g. From the lemma, we conclude that
for X,Y € g we get Typo [Lx,Ly| = [Ly(x), Ly(vy] o ¢. Evaluated in e € G this gives
¢ ([X,Y]) = [¢'(X), ¢ (Y)].

(2) If G is commutative, then (gh)™ = h7lg7!' = g7'h~! so the inversion map
v : G — G is a group homomorphism. Hence by part (1), v/ : g — g is a Lie algebra
homomorphism. By part (2) of Lemma|l.2{ v/ = —id and we obtain

—[X,Y]=V(X,Y]) = [/ (X),/ (V)] = [ X, =Y] = [X, Y]
and thus [X,Y] =0 for all X|Y € g. O
EXAMPLE 1.5. We have noted in[L.1]that the subset SL(n,R) C GL(n,R) of matri-

ces of determinant 1 is a smooth submanifold, since the determinant function is regular
in each matrix A with det(A) # 0. As a vector space, we can therefore view the Lie
algebra sl(n, R) of SL(n,R) as the kernel of D(det)(I), where I denotes the identity ma-
trix. It is a nice exercise to show that this coincides with the space of tracefree matrices.
Since the inclusion ¢ : SL(n,R) — GL(n,R) is a homomorphism with derivative the
inclusion sl(n,R) — M, (R), we conclude from part (1) of the Proposition and example
(3) of 1.4 that the Lie bracket on sl(n,R) is also given by the commutator of matrices.
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This example also shows that compatibility with the Lie bracket can impose strong
restrictions on a linear map between Lie algebras. Indeed, for any Lie algebra b, any
non-zero homomorphism f : sl(n,R) — b is injective. We prove this only for n = 2
here, the general case will be done in the exercises. There is an obvious basis of sl(2, R)
consisting of £ := (§3), H=: ({ %) and F := ({9). The bracket satisfies [H, E] = 2F,
[H,F] = —2F and [E, F| = H while the bracket of each element with itself vanishes.
Now suppose we take X = aFE + bH + ¢F # 0 such that f(X) = 0. Then of course
f(H,X]) =[f(H), f(X)] =0 and [H, X]| = 2aF — 2cF and similarly for [H, [H, X]| =
4aF + 4cF. Using these three equations, it is elementary to verify that one of the three
basis elements has to be in the kernel of f. If H € ker(f), then the same holds for
[H,E] =2F and [H,F| = —2F so f =0. If f(E) =0 or f(F) =0 then the same holds
for [E, F] = H, so again f = 0.

1.6. Right invariant vector fields. It was a matter of choice that we have used
left translations to trivialize the tangent bundle of a Lie group G in[1.3] In the same way,
one can consider the right trivialization TG — G x g defined by &, — (g, Tgpg*1 -€). The
inverse of this map is denoted by (g, X) — Rx(g), and Rx is called the right invariant
vector field generated by X € g. In general, a vector field ¢ € X(G) is called right
invariant if (p9)*¢ = € for all g € G. The space of right invariant vector fields (which is
a Lie subalgebra of X(G)) is denoted by Xg(G). As in Proposition [1.3| one shows that
¢+ &(e) and X — Ry are inverse bijections between g and Xz(G).

PROPOSITION 1.6. Let G be a Lie group with Lie algebra g and inversionv : G — G.
Then we have

(1) Rx =v*(L_x) for all X € g.

(2) For X,Y € g, we have [Rx, Ry]| = R_xy].

(3) For X,Y € g, we have [Lx, Ry] = 0.

PROOF. (1) The equation (gh)™* = h=1g~! can be interpreted as v o p" = \,-1 o v.
In particular, if £ € X(G) then

()€ = (Vo )€ = (A1 0 )€ = VN[ = 7€,

so v*¢ is right invariant. Since v*¢(e) = T.v - £(e) = —&(e), the claim follows.
(2) Using part (1) we compute
[Rx, Ry] = [I/*L,)(, V*L,y] = V*[L,X, L,y] = I/*L[X’y] = R_[X7y].

(3) Consider the vector field (0, Lx) on G x G whose value in (g, h) is (04, Lx(h)). By
part (1) of Proposition Tyt - (0g, Lx(h)) = ThAg - Lx(h) = Lx(gh), which shows
that (0, Ly) is p-related to Lx. Likewise, (Ry,0) is p-related to Ry, so by Lemma [L.5]
the vector field 0 = [(0, Lx), (Ry,0)] is p-related to [Lx, Ry|. Since u is surjective, this
implies that [Lx, Ry] = 0. O

The exponential mapping

1.7. One parameter subgroups. Our next aim is to study the flow lines of left
invariant and right invariant vector fields on G. Recall from [AnaMf, Sections 2.6 and
2.7] that for a vector field £ on a smooth manifold M an integral curve is a smooth
curve ¢ : I — M defined on an open interval in R such that ¢/(t) = £(c(t)) holds for all
t € I. Fixing x € M, there is a maximal interval [, containing 0 and a unique maximal
integral curve ¢, : I, — M such that ¢,(0) = . These maximal integral curves can be
put together to obtain the flow mapping: The set D(§) = {(z,t) : t € I} is an open
neighborhood of of M x {0} in M x R and one obtains a smooth map FI* : D(§) — M
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such that ¢ — F15(z) is the maximal integral curve of & through  for each « € M. The
flow has the fundamental property that FIS, () = FI$(FI(x)).

Suppose that f : M — N is a smooth map and £ € X(M) and n € X(N) are
f-related vector fields. If ¢ : I — M is an integral curve for £, i.e. ¢(t) = £(c(t)) for all
t, then consider foc:I — N. We have (foc)'(t) = Tew f - (t) = n(f(c(t))), so focis
an integral curve of 7. This immediately implies that the flows of £ and n are f-related,
ie. foFl =Fllof.

Recall from [AnaMf, Section 2.8] that a vector field £ is called complete if I, = R
for all x € M, i.e. all flow lines can be extended to all times. Any vector field with
compact support (and hence any vector field on a compact manifold) is complete. If
there is some € > 0 such that [—e, €] C I, for all z € M, then & is complete. The idea
about this is that ¢ — FI5__(Fl.(x)) is an integral curve defined on [0, 2¢], and similarly
one gets an extension to [—2¢,0], so [—2¢,2¢| C I, for all x. Inductively, this implies
R C I, for all x.

Now suppose that G is a Lie group and £ € X (G) is left invariant. Then for
each g € G, the vector field £ is Aj,-related to itself. In particular, this implies that
FI(g) = gFl(e) for all g € G, so it suffices to know the flow through e. Moreover, for
each g € G we have I. C I, and hence & is complete. Likewise, for a right invariant
vector field £ € Xx(G), we get FI5(g) = FI5(e)g and any such vector field is complete.
We shall next show that the flows of invariant vector fields are nicely related to the
group structure of G.

DEFINITION 1.7. Let G be a Lie group. A one parameter subgroup of G is a smooth
homomorphism « : (R, +) — G, i.e. a smooth curve a : R — G such that a(t + s) =
a(t)a(s) for all t,s € R. In particular, this implies that «(0) = e.

LEMMA 1.7. Let a: R — G be a smooth curve with a(0) = e, and let X € g be any
element. The the following are equivalent:

(1) « is a one parameter subgroup with X = o/(0).

(2) a(t) = F1X* (e) for all t € R.

(3) a(t) = FII'(¢) for all t € R.

PRrOOF. (1) = (2): We compute:

o (t) = Llsoalt + 5) = Llmo(a(t)a(s)) = Tohaw - &'(0) = Lx(a(t)).

Hence « is an integral curve of Ly and since a(0) = e we must have a(t) = FI/* (e).

(2) = (1): a(t) = FI¥(e) is a smooth curve in G with a(0) = e and o/(0) = Lx(e) =
X. The basic flow property reads as FI/¥(e) = FI/*(F1%¥(e)), and by left invariance
the last expression equals F1X¥ (e) F1/* (). Hence a(t + s) = a(s)a(t) = a(t)a(s).

The equivalence of (1) and (3) can be proved in the same way exchanging the roles
of s and t. O

1.8. The exponential mapping. Since we know that the flow of left invariant
vector fields is defined for all times, we can use it to define the exponential map.

DEFINITION 1.8. Let G be a Lie group with Lie algebra g. Then we define exp :
g — G by exp(X) = F1F¥ (e).

THEOREM 1.8. Let G be a Lie group with Lie algebra g and let exp : g — G be the
exponential mapping. Then we have:
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(1) The map exp is smooth, exp(0) = e and Thexp = idy, so exp restricts to a
diffeomorphism from an open neighborhood of 0 in g to an open neighborhood of e in G.

(2) For each X € g and each g € G we have F1;%(g) = gexp(tX).

(3) For each X € g and each g € G we have F1;* (g) = exp(tX)g.

PROOF. By part (1) of Proposition [1.3] the map g x G — T'G defined by (X, g) —
Lx(g) is smooth. Hence (X, g) — (0x, Lx(g)) defines a smooth vector field on g x G.
Its integral curves are evidently given by ¢ — (X FltL *(g)). Smoothness of the flow
of this vector field in particular implies that (X,t) — FI¥(e) is a smooth map, so
smoothness of exp follows.

If ¢: I — G is an integral curve of Ly, then clearly for a € R the curve ¢t — c(at) is
an integral curve of aLx = L,x. But this implies F1'* (¢) = F1I*¥ (¢) = exp(tX), so we
have proved (2) for g = e. Claim (3) for g = e follows in the same way, and the general
versions of (2) and (3) follow from [1.7]

Since the integral curves of the zero vector field are constant, we get exp(0) = e.
Hence the derivative Ty exp can be viewed as a map from Tpg = g to T.G = g. Since g
is a vector space, we can compute Tpexp-X as

4 pexp(tX) = L], FI/*(e) = Lx(e) = X.
Hence Ty exp = idy and exp is a local diffeomorphism. O

ExAMPLE 1.8. (1) The name exponential map goes back to the example of the
(commutative) Lie group Rso under multiplication. Its Lie algebra is R with the trivial
bracket. Since multiplication is bilinear, the left invariant vector field generated by
s € R is given by a + as. To get the exponential map, we have to solve the equation
d(t) = ¢(t)s with initial condition ¢(0) = 1. Of course, the solution is ¢(t) = e, so
exp : R — R is the usual exponential.

(2) This actually generalizes to G = GL(n,R). For X € g = M,(R) we have to
solve the equation ¢(t) = ¢(t)X and its unique solution with intial condition ¢(0) = I,
the unit matrix, is given by the matrix exponential exp(tX) = > 7, tk—k!X ¥, (Note
that endowing M, (R) with the operator norm, one has || X*|| < || X]|*, so this power
series converges absolutely and uniformly on compact subsets.) Note however that
exp(X +Y) # exp(X) exp(Y) unless the matrices X and Y commute.

REMARK 1.8. For a Lie group G with Lie algebra g, let V' C g be an open neigh-
borhood of zero such that exp restricts to a diffeomorphism from V' to exp(V') =: U.
Then we can use (U, (exp|y)™") as a local chart for G around e € G. The corresponding
local coordinates are called canonical coordinates of the first kind. For any g € G we
can then use (\,(U), (A\;oexp|y)™!) as a local chart for G around g.

There are also canonical coordinates of the second kind, which are obtained as follows:
Choose a basis Xi,...,X,, of g and consider the map f : R"™ — G defined by

ft . ") = exp(t' X)) exp(t?Xy) - - - exp(t"X,,).

Evidently, 3{2 (0) = X;, so the tangent map Tpf : R* — g of f at 0 is given by
(a',...,;a") — a'X| + -+ a"X,. Hence f restricts to a diffeomorphism from a neigh-
borhood of 0 in R™ to a neighborhood of e in G. The inverse of such a restriction can

be used as a local chart which gives rise to canonical coordinates of the second kind.

A surprising application of the exponential map is the following result:

COROLLARY 1.8. Let v : G — H be a continuous homomorphism between two Lie
groups. Then ¢ is smooth.
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ProOOF. We first show that a continuous one parameter subgroup o : R — G is
automatically smooth. By Theorem [1.8] we can find a real number r > 0 such that exp
restricts to a diffeomorphism from the ball By, (0) C g onto an open neighborhood of
e € G. Since o(0) = 0 and « is continuous, there is an € > 0 such that a([—e¢,€]) C
exp(B,(0)), and we define § : [—€,¢e] = B,(0) as § = (exp|p, () o . For [t| < £
we have exp(3(2t)) = a(2t) = a(t)? = exp(26(t)), and hence 3(2t) = 24(t). Hence
B(2) = 1B(s) for all s € [—¢,€|. Inductively, this implies that 5(5) = 5 /4(s) for all
s € [—e€,€]. Using this, we now compute for k,n € N

a(gr) = alzr)" = exp(B(3r))" = exp(5r6(€)).

Together with the fact that a(—t) = a(t)™! and exp(—X) = exp(X) ™!, this implies that
a(t) = exp(t2(e)) holds for all ¢ € {2 : k € N,n € Z} C R. Since this set is dense in
R and both sides of the equation are continuous, it holds for all ¢, which implies that «
is smooth.

Now consider the general case ¢ : G — H. Let us use canonical coordinates
of the second kind on G, i.e. take a basis Xi,..., X, for g and use f(ty,...,t,) =
exp(t1Xy) - - - exp(t, X,) as the inverse of a chart. Then

(po ft,. .. tn) = plexp(t1X1)) - - - p(exp(t, Xn))-

Each factor in this product is a continuous one parameter subgroup in H and thus
smooth by the first part of the proof. Hence ¢ o f is smooth, so ¢ is smooth locally
around e € G. Since ¢ is a homomorphism, we have poAj-1 = A, 10 forall g € G.
Since ¢ is smooth locally around e, the left hand side is smooth locally around g, and
hence ¢ is smooth locally around g, too. |

1.9. We can now use the exponential mapping to prove that smooth homomor-
phisms on connected Lie groups are uniquely determined by their derivative. For a Lie
group G let Gy C G be the connected component of G containing the neutral element
e. This is usually referred to as the connected component of the identity of G. Clearly,
Gy is a manifold and it is a subgroup of G: for g, h € Gy there are continuous curves
connecting ¢g and h to the unit element e. But then the pointwise product of these two
curves is a continuous curve connecting gh to e, so gh € Gy, and similarly the pointwise
inverse of the curve connects g~! to e. In particular, Gy is itself a Lie group. Finally,
for g € Gy and h € G and a curve ¢ connecting g to e, the curve t — he(t)h™! shows
that hgh™! € Gy, so Gy is even a normal subgroup in G. Hence the quotient G/Gy is a
(discrete) group, called the component group of G.

THEOREM 1.9. Let G and H be Lie groups with Lie algebras g and bt and exponential
mappings exp® and exp™. Then we have:

(1) For a smooth homomorphism ¢ : G — H with derivative ¢’ : g — b we have
@ o exp? = expf oy,

(2) The subgroup of G generated by the image exp(g) of the exponential map coin-
cides with the connected component Gy of the identity.

(3) If o, : G — H are smooth homomorphisms such that ¢' =1’ then the restric-
tions of ¢ and ¢ to Gy coincide.

PROOF. (1) In the proof of Proposition [1.5 we have seen that for X € g the vector
fields Lx € X(G) and Ly (x) € X(H) are g-related. Hence their flows are ¢-related,
which in particular implies that

plexp(X)) = p(FIE* (e)) = FI,*' ™ (p(e)) = exp((X)).
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(2) Let G be the subgroup of G generated by exp(g). Since t — exp(tX) is a smooth
curve connecting e to exp(X) we see that the image of exp and hence G is contained in
GQ.

Conversely, since exp is a local diffeomorphism, there is an open neighborhood U
of e in G which is contained in exp(g) and hence in G. But then for g € G, the set
{gh : h € U} is an open neighborhood of ¢ contained in G, so G C G is open. On
the other hand, {h~' : h € U} is an open neighborhood of ¢ in G. For g ¢ G the set
{gh™ : h € U} must evidently have trivial intersection with G. Hence G is closed, and
G = G, follows.

(3) By part (1) ¢ and 1 coincide on the image of exp”, and since they both are
homomorphisms they therefore coincide on the subgroup generated by this image. Now
the result follows from (2). O

1.10. The adjoint representation. A representation of a Lie group G on a finite
dimensional vector space V' is a smooth homomorphism ¢ : G — GL(V'). A representa-
tion of a Lie algebra g on V' is a Lie algebra homomorphism g — L(V, V). In particular,
for any representation ¢ : G — GL(V) of a Lie group, one obtains a representation
¢ g — L(V,V) of its Lie algebra.

Now any Lie group G has a canonical representation on its Lie algebra, called the
adjoint representation. For g € G, consider the conjugation by g, i.e. the map conj,, :
G — G defined by conj,(h) := ghg'. Evidently, conj ; 18 a group homomorphism, so
we can form the derivative, which is a Lie algebra homomorphism Ad(g) : g — g. Note
that conj, = Ajop? = p? "o\, and therefore Ad(g) = Ty-1A,0T.p? = Typ?  oT.\,.

We clearly have conj,, = conj, o conj, and differentiating this, we obtain Ad(gh) =
Ad(g) o Ad(h). Likewise, conj,-+ = (conj,)~", and hence Ad(g~") = Ad(g)~", whence
Ad : G — GL(g) is a homomorphism. To see that the map Ad is smooth, it suffices
to show that (g, X) — Ad(g)(X) is smooth. Consider the smooth map ¢ : G x g —
TG x TG x TG defined by ¢(g, X) := (04, X,0,-1). By Lemma [1.2] we obtain

Tpo (idra xTu)((g, X)) = Ty Ago Top? - X = Ad(g)(X),
and smoothness follows. The corresponding representation ad : g — L(g,g) is called

the adjoint representation of the Lie algebra g.

ExAMPLE 1.10. Consider G = GL(n,R). Then the conjugation map conj,(B) :=
ABA™! is linear in B, so its derivative is given by Ad(A4)(X) = AXA™! for each
X € M,(R). As we shall see in the proposition below, the derivative ad of this is given
by ad(X)(Y) = [X,Y] = XY — V'X.

PRrROPOSITION 1.10. Let G be a Lie group with Lie algebra g.

(1) For X € g and g € G we have Lx(g) = Raa(g)(x)(9)-

(2) For X,Y € g we have ad(X)(Y) = [X,Y].

(3) For X € g and g € G we have exp(t Ad(g)(X)) = gexp(tX)g .
(4) For X, Y € g we have

Ad(exp(X))(Y) = (V) =V + [X, V] + 51X, [X, Y] + 5 [X, [X, [X, V] + ..
PROOF. (1) We have \, = p? o conj, and hence
LX(g) = Te>‘g - X = Tepg . Te Conjg X = RAd(g)(X) (g)

(2) Choosing a basis {v1,...,v,} of g, we can consider the matrix representation
(a;;(g)) of Ad(g) and each a;; : G — R is smooth. For X € g, the matrix representation
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of ad(X) is given by (X -a;;). We can compute X -a;; as (Lx-a;;)(e). ForY =% Yu;, € g
we get Ly (g) = Raayy(9) = D aii(g )Y-RU.. Forming the bracket with Ly, we obtain

[Lx,Ly] = ZY [Lx,ai;R, ZY (Lx - aij) Ry,

where we have used that [Lx, Rvi] = 0. Evaluating in e, we get

[X,Y] =) (X - ay)Yjor = ad(X)(Y).
1,J
(3) This follows directly from applying part (1) of Theorem[I.9]to the homomorphism
conj, : G — G and its derivative Ad(g) : g — g.

(4) This is part (1) of Theorem [1.9] applied to the homomorphism Ad : G — GL(g)
and its derivative ad : g — L(g, g) together with the description of the exponential map
for matrix algebras in Example [1.§] O

(Virtual) Lie subgroups

1.11. Recall from [AnaMf, Section 1.16] that a subset N of a smooth manifold
M of dimension n is called a submanifold of dimension k if for each x € N there is a
chart (U,u) for M with z € U such that w(U N N) = u(U) N R¥, where we view R¥ as
a subspace of R™ in the obvious way. If N C M is a submanifold, then we can use the
restrictions of charts of the above form as an atlas on N, thus making N into a smooth
manifold.

Let us consider the case of a Lie group G and a subgroup H which at the same
time is a submanifold of G. Then H C G is called a Lie subgroup of GG. Since the
multiplication on H is just the restriction of the multiplication of G it is smooth, so H
itself then is a Lie group. Hence the following result in particular provides us with a
huge number of examples of Lie groups.

THEOREM 1.11. Let G be a Lie group and let H C G be a subgroup which is closed
in the topological space G. Then H is a Lie subgroup of G and in particular it is itself
a Lie group.

PROOF. Let g be the Lie algebra of G and let h C g be the set of all ¢/(0), where
c: R — G is a smooth curve with ¢(0) = e which has values in H. If ¢; and ¢
are two such curves and a is a real number, then consider ¢(t) := ¢;(t)ca(at). Clearly
this is smooth and since H C G is a subgroup it has values in H, so ¢/(0) € h. Now
d(0) = Tieeytt - (¢1(0), ach(0)), which equals ¢j(0) + acy(0) by Lemma [1.2} Thus b is a
linear subspace of g.

Claim 1: Let (X,,),en be a sequence in g which converges to X € g and let (¢,)nen
be a sequence in R converging to 0. If exp(t,X,,) € H for all n € N, then exp(tX) € H
for all t € R.

Fix t € R, and for n € N let m,, be the largest integer < ;~. Then m,t, <t and
t —mput, < t,, and hence the sequence m,t, converges to t. By contlnulty of exp we get

exp(tX) = lim exp(mpt, X,) = lim(exp(t,X,)™"),

which lies in the closed subgroup H.

Claim 2: h ={X eg:VtecR:exp(tX) e H}.

By definition, the right hand set is contained in . Conversely, let ¢ : R — G be a
smooth curve with values in H and put X = ¢/(0). On a neighborhood of 0, we obtain
a well defined smooth curve v with values in g such that ¢(t) = exp(v(t)) for sufficiently
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small . Then X = ¢/(0) = £|,—gexp(v(t)) = v'(0) = lim, nv(%). Putting ¢, = L and

X,, = nv(2) for sufficiently large n, we obtain exp(t,X,) = ¢(+) € H. Since X,, — X
in g, we obtain exp(tX) € H for all t € R from claim 1, and claim 2 follows.

Claim 3: Let £ C g be a linear subspace which is complementary to . Then there
is an open neighborhood W of zero in € such that exp(W) N H = {e}.

If not, then we can find a sequence (Y,) of nonzero elements of ¢ such that Y,, — 0
and exp(Y,) € H. Choose a norm | | on £ and put X, := ﬁYn. Possibly passing to
a subsequence, we may assume that the sequence X, converges to an element X € ¢.
Then |X| = 1, so in particular X # 0, but putting ¢, = |Y,|, claim 1 implies that
exp(tX) € H for all t € R and hence X € h. This is a contradiction, so claim 3 follows.

Now consider the map ¢ : h x ¢ — G defined by ¢(X,Y) := exp(X)exp(Y). This
evidently has invertible tangent map in (0,0), so there are neighborhoods V and W
of zero in h respectively € such that ¢ induces a diffeomorphism from V' x W onto an
open neighborhood U of e in G. By claim 3, we may shrink W in such a way that
exp(W) N H = {e}.

Since V' C bh we have exp(V) C U N H. Conversely, a point x € U N H can be
uniquely written as exp(X)exp(Y) for X € V and Y € W. But then exp(—X) € H
and hence exp(Y) = exp(—X)x € H. By construction, this implies Y = 0, so ¢ restricts
to a bijection between V x {0} and UN H. Thus, (U, u := (p|yxw)"") is a submanifold
chart for H defined locally around e € G. For h € H we then obtain a submanifold
chart defined locally around h as (An(U), w0 Ap-1). O

Closedness of a subgroup is often very easy to verify. A typical example of this
situation is the center Z(G) of a Lie group G. By definition,

Z(G)={9e€G:gh=hg Yhe G},

and this is evidently a subgroup of G. For fixed h, the map g — g~ *h~1gh is smooth
and hence continuous. The preimage of e under this map is {g € G : gh = hg}, so this
set is closed. This represents Z(G) as an intersection of closed subsets of G. Hence
Z(@) is a closed subgroup and thus a Lie subgroup of G.

There are lots of variations of this construction. For example, for any subset A C G
we can consider the centralizer of A in GG, which is defined as

Zg(A) ={9g€G:ga=ag Vaec A}

As before, one shows that this is a closed subgroup of G.
Using these, we can formulate the following result that in particular clarifies the
consequences of injectivity of the derivative of a homomorphism between Lie groups.

PROPOSITION 1.11. Let p : G — H be a homomorphism of Lie groups with deriva-
tive ¢’ : g — b. Then the kernel ker(v) C G is a normal Lie subgroup of G, whose Lie
algebra coincides with ker(¢') C g.

In particular, if ¢’ is injective, then ker(y) is a discrete subgroup of G, which in
addition is contained in the centralizer Z(Gy) of the connected component of the identity
of G. So if in addition G is connected, then ker(yp) is contained in the center Z(G) of
G.

PROOF. By definition ker(yp) = ¢~({e}), so continuity of ¢ readily implies that it
is a closed subset of G, while simple algebra implies that ker(y) is a normal subgroup
of G. So by Theorem , ker(p) is Lie subgroup and its Lie algebra is formed by
all X € g such that exp(tX) € ker(yp) for all £. By Theorem |1.9] this is equivalent to
exp(t¢’(X)) = e for all ¢ and hence to ¢'(X) = 0, so the first claim follows.
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If ¢’ is injective, then the Lie subgroup ker(¢) C G thus has Lie algebra {0}. So
claim 3 in the proof of Theorem [1.11]in this case says that there is a neighborhood W
of 0 in g such that exp(W) Nker(yp) = {e}. For g € ker(p), U, := A\,(exp(W)) C G
thus is open and evidently U, Nker(yp) = {g}. Hence we see that the induced topology
on ker(p) is discrete. Finally, for X € g and g € ker(y) consider the smooth curve
exp(tX)gexp(tX)~!. Since ker(y) is normal, this must have values in ker(p) so by
discreteness it must be constantly equal to g. Thus we have exp(tX)g = gexp(tX),
so ¢ also commutes with all elements of the subgroup generated by all elements of the
form exp(X). By Theorem , this subgroup coincides with Gg, so g € Z(G), which
coincides with Z(G) if G is connected. O

1.12. Example: Matrix groups. These are probably the most important exam-
ples of Lie groups.

DEFINITION 1.12. A matriz group is a closed subgroup of the group GL(n,R) for
some n € N.

By Theorem [I.11] any matrix group is a submanifold of GL(n,R) (and hence of
M,(R)) and in particular a Lie group. For a matrix group H C GL(n,R), the proof of
Theorem [1.11] gives us two equivalent descriptions of the tangent space h at the identity.
Since the inclusion i : H < G is a Lie group homomorphism, the inclusion h < M, (R)
is a Lie algebra homomorphism. Using Example [1.4] we conclude that for any matrix
group the Lie bracket on h C M,(R) is given by the commutator of matrices. By
part (1) of Theorem and Example we next see that for any matrix group the
exponential map is given by the matrix exponential. Finally, since the conjugation in
H is just the restriction of the conjugation in GG, we see from Example that in any
matrix group the adjoint representation is given by the conjugation.

Let us discuss some concrete examples of matrix groups. First one can take matrices
of special form. Consider the subset B(n,K) C GL(n,K) consisting of those invertible
matrices which are upper triangular, i.e. for which all entries below the main diagonal
are zero. This evidently is a closed subset and one easily verifies that it is a subgroup.
Thus, B(n,K) is a Lie subgroup of GL(n,K). Likewise, one can consider the subset
N(n,K) C B(n,K) of those matrices for which in addition all entries on the main
diagonal are equal to 1. This also is a closed subgroup of GL(n,K) and thus a Lie
group. The Lie algebras b(n,K) D n(n,K) of these groups clearly are the spaces of
upper triangular and strictly upper triangular matrices, respectively. Also, invertible
diagonal matrices form a closed subgroup of GL(n,K). Similarly, one can deal with
more general restrictions on the form of matrices, like block-diagonal or block-upper-
triangular ones.

Second, let b : R” x R™ — R be a fixed bilinear map, and consider

H :={A e GL(n,R):b(Av, Aw) = b(v,w) Yw,v e R"}.

For fixed v and w, the map A — b(Av, Aw) — b(v,w) is continuous, and hence the
subset of invertible matrices satisfying the equation is closed. As an intersection of
closed subsets of GL(n,R), the subset H is closed, and one immediately verifies that it
is a subgroup. To determine the Lie algebra h of H, suppose that ¢ : R — GL(n,R) is
a smooth curve with values in H. Differentiating the equation b(c(t)v, c(t)w) = b(v, w)
at t = 0 we see that b(c(0)v,w) + b(v,d(0)w) = 0, so X := /(0) is skew symmetric
with respect to b.

Conversely, suppose that X € M, (R) is skew symmetric with respect to b. Then we
claim that exp(X) € H, which together with the above implies that h = {X € M, (R) :



14 1. LIE GROUPS AND HOMOGENEOUS SPACES

b(Xv,w)+b(v, Xw) = 0}. As a bilinear map, b is continuous and thus for fixed v and w
we get b(exp(X)v, exp(X)w) = 3, ; ﬁb(Xiv, XJw), and the sum converges absolutely.
Collecting the terms with ¢ + 7 = k£ > 0, we obtain

i Lo (OO0, Xtw) = 5b(X*o, w) Eisg(=1)(5) =0,
and the claim follows.

More specifically, consider the case that b is the standard inner product ( , ) on
R™. Then H = O(n), the group of orthogonal n x n-matrices, and A € H is equivalent
to A = A~!. The Lie algebra h =: o(n) consists of all matrices X such that 0 =
(Xv,w) + (v, Xw), which is equivalent to X' = —X. Hence we obtain matrices which

are skew symmetric in the usual sense. In particular, dim(O(n)) = dim(o(n)) = @
Note that for an orthogonal matrix the columns form an orthonormal basis of R™. In
particular, O(n) is a bounded and hence compact subset of M, (R). Hence any closed
subgroup of O(n) is a compact Lie group.

As a slight variation, one may consider a non-degenerate symmetric bilinear form of
signature (p,q) with p 4+ ¢ = n. (Recall from linear algebra that this form is essentially
unique.) This gives rise to the Lie group O(p, q), called the (pseudo)-orthogonal group of
signature (p, q). If both p and ¢ are nonzero, then O(p, ¢) is not compact, since the unit
sphere of an inner product of indefinite signature is unbounded. To obtain an explicit
realization of O(p, q), let I, , be the diagonal n x n-matrix, whose first p entries are equal
to 1, while the other entries are equal to —1. Then (v, w) — (v,[, ;w) is non-degenerate
of signature (p, ¢). Using this form, we see that A € O(p, q) if and only if AT, A =1,,.
Since ]If,’q = I, , we see that the Lie algebra o(p, ¢) consists of all matrices X such that

I, ,X is skew symmetric. Hence dim(O(p, q)) = dim(O(p+ ¢q)) = w.

For A € O(p,q) the equation A'l,,A = T,,, implies that det(A)? = 1, so det(A4) =
+1. Hence we obtain a closed subgroup SO(p,q) = {A : det(A) = 1} C O(p,q).
Evidently, any continuous curve in O(p, ¢) which starts at the identity has to remain in
SO(p, q), so wee see that the connected component Oy(p, q) of the identity in O(p, ¢) has
to be contained in SO(p, q¢). We shall see later that SO(n) coincides with the connected
component Oy(n).

There are two ways to generalize this to the complex world. From linear algebra, one
knows that there is a unique (up to isomorphism) non degenerate symmetric bilinear
form b on C". As above, we obtain the Lie group O(n, C) of complex orthogonal matrices
and the subgroup SO(n,C). As in the real case, A € O(n,C) if and only if A* = A~}
but the complex orthogonal groups are not compact. These are examples of complex
Lie groups, i.e. they are complex manifolds (with holomorphic chart changes) such that
multiplication and inversion are holomorphic maps. We will not go into this subject
during this course.

The more common complex generalization of orthogonal groups are provided by
using Hermitian inner products. Let ( , ) be the standard Hermitian inner product
on C™. This leads to the Lie group U(n), the unitary group, whose elements can be
alternatively characterized by A* = A~!. Here A* is the conjugate transpose of A. For
n = 1, this reads as @ = a™! and hence aa = |a|* = 1, so we recover the group U(1) as
defined in [1.1] The Lie algebra u(n) of U(n) consists of all matrices X € M, (C) which
are skew Hermitian, i.e. satisfy X* = —X. Note that u(n) is not a complex vector
space, since for example aid € u(n) if and only if a € iR C C. Since a skew Hermitian
n X n-matrix is determined by @ arbitrary complex numbers (the entries above the
main diagonal) and n real numbers (the purely imaginary diagonal entries) we see that
dimg(U(n)) = dimg(u(n)) = n?.
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Considering (z,w) + (z,1,,w), we obtain a Hermitian form of signature (p,q),
which is again essentially unique. This gives rise to the group U (p, q), which is called the
(pseudo)-unitary group of signature (p,q). A matrix A lies in U(p, q) if A*L,,A =1,,.
Since I¥ , = I, 4, the Lie algebra u(p, ¢) of U(p, q) is formed by all matrices X such that
I, ,X is skew Hermitian. Similarly to the real case, the group U(n) is compact, while for
p,q # 0 the group U(p, q) is non-compact. Similarly as before we have dim(U(p, q)) =
dim(U(p + q)).

For a matrix A € U(p,q) we obtain det(A)det(A*) = |det(A)]*> = 1. Indeed,
the determinant defines a smooth homomorphism U(p,q) — U(1). The kernel of this
homomorphism is the closed normal subgroup SU(p,q) C U(p,q), the special unitary
group of signature (p, q). Of course, we have dimg(SU(p,q)) = (p + ¢q)? — 1.

Let us finally mention that similar to bilinear forms, one can also deal with bilinear
operations on a vector space. As a simple example, consider an arbitrary Lie algebra
(g,[, ]). Since g is a vector space, we have the Lie group GL(g) of linear automorphisms
of g. Now we can consider the subset

Aut(g) := {A € GL(g) : [A(X), A(Y)] = A([X,Y]) VX,Y € g}.

This is immediately seen to be a subgroup of GL(g) called the automorphism group of
the Lie algebra g. Moreover, for fixed X,Y € g the set of all A € GL(g) such that
[A(X), A(Y)] = A([X,Y]) is evidently closed. Hence Aut(g) is a closed subgroup of
GL(g) and thus a Lie group.

1.13. Initial submanifolds. For some purposes, the concept of a submanifold is
too restrictive. The simplest example of this situation actually comes from Lie groups.
Consider the group G := U(1) x U(1) = {(z,w) € C?: |z| = |w| = 1}. The Lie algebra
of this Lie group is R? with the trivial bracket and the exponential map is given by
(t,s) — (e e*). Apart from the trivial cases {0} and R?  a Lie subalgebra of R? is
simply a one dimensional subspace. The coordinate axes correspond to the two factors
U(1) in the product. For any other one dimensional subspace, we can choose a generator
of the form (1, @) with a € R\ {0}. The image of this subalgebra under the exponential
map is H, := {(e",e") : t € R}, which is a subgroup of G. However, the nature of
this subgroup strongly depends on «. Note first that (e, ") = (e, ¢'**) if and only
if s =1+ 2km and as = at + 207 for some k,¢ € Z. Inserting the first equation into
the second, we see that existence of a solution with s # t implies ak = ¢ and hence
a = % € Q.

Writing o = . with p, ¢ € N without common factors, one immediately verifies that
et — (et e) induces a bijection U(1) — H,. This bijection is evidently continuous
and hence a homeomorphism by compactness of U(1). Since H, is compact it is closed
in G and thus a Lie subgroup by Theorem [I.11]

For irrational o, the evident map R — H,, is injective, so as a group, H, is isomorphic
to R. It turns out that this line winds densely around the torus. In particular, there is
a countable dense subset A C U(1) such that H,NU(1) x {1} = A x {1}. This implies
that the topology on R induced from this inclusion is different from the usual topology:
Any neighborhood of (1, 1) contains infinitely many points from A x {1}. Hence in the
induced topology on R, any neighborhood of 0 contains arbitrarily large points. Also,
H, cannot be a submanifold of G.

This example also shows how to obtain a solution to the problem: In an appropriate
chart around (1, 1), the subset H, (for irrational «) consists of countably many parallel
line segments. While these segments come arbitrarily close to each other and hence
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inherit a strange topology, they are “disjoint” from the point of view of a smooth curve,
which can never move from one segment to another. This motivates the following
definitions:

DEFINITION 1.13. (1) Let M be a smooth manifold, A C M any subset and xy € A
a point. The we define C,,(A) to be the set of all z € A such that there is a smooth
path ¢: I — M with values in A, which joins z( to x.

(2) Let M be a smooth manifold of dimension n. Then a subset N C M is called
an initial submanifold of M of dimension m if for any x € N there exists a chart (U, u)
for M with € U and u(z) = 0 such that u(C,(U N N)) = u(U) NR™ x {0}.

For an initial submanifold N C M, one can take the subset N “out of M” and
endow it with a new topology. To distinguish this in the notation, let us write N# for
this set and ¢ : N#* — M for the obvious inclusion map. Now declare V' C N# to be
open if u(i(V) N C,(U N N)) is open in R™ x {0} for a family of adapted charts as in
the definition. Then one can use the restrictions of adapted charts as charts on N7
and different charts obtained in that way are compatible by construction, so we obtain
a smooth atlas. The resulting topology is finer than the one on N and thus Hausdorff,
and if it is also second countable, then we have obtained the structure of a smooth
manifold on N# for which i : N < M is smooth. By construction i even is an injective
immersion (see [AnaMf, Sectionl.19]).

Suppose now that X is any manifold and f : X — M is a smooth map such that
f(X) C N. Then there is a unique map f# : X — N7# such that f = i o f#. From
the construction above, we readily conclude that f# is smooth and conversely for a
smooth map ¢# : X — N7 also i o g7 is smooth. This universal property implies that
the smooth structure on N# is uniquely determined and it explains the name “initial
submanifold”.

The difference between initial submanifolds and true submanifolds really lies in the
topology only: Let N C M be an initial submanifold and i : N#* — M the injective
immersion as constructed above, and suppose that ¢ is a homeomorphism onto its image.
Then for an adapted chart (U, u) around x € N the set C,,(UNN) is open in the topology
induced from M, so there is an open subset V' C M such that C,(UNN) =V N N.
But then (U NV, u|yny) is a submanifold chart for N containing =, so N C M is a true
submanifold.

Conversely, one can show that for an injective immersion ¢ : N — M which has
the above universal property, the image i(N) C M is an initial submanifold. Proofs
for these facts and more details about initial submanifolds can be found in [Michor|
Section 2].

1.14. Virtual Lie subgroups. Now for a Lie group G, one defines a virtual Lie
subgroup of G as the image of an injective smooth homomorphism from some Lie group
H to G. For injective homomorphism ¢ : H — G, Proposition shows that ker(i') =
{0}, so ¢ = T.i : b — g is injective. Since i = Ay 0 ¢ 0 A\p-1, we conclude that Tji
is injective for each h € H, so i is an injective immersion. We shall see in the next
chapter that ¢(H) even is an initial submanifold of G, see Section [2.3] We will often
suppress the injective map i’ : h — g, and simply view b as subspace of g. Since 7’ is
a Lie algebra homomorphism, h C g is a Lie subalgebra, i.e. a subspace that is closed
under the Lie bracket.

As a further example of the Lie group — Lie algebra correspondence, let us discuss
the Lie algebraic characterization of normal subgroups.
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DEFINITION 1.14. Let g be a Lie algebra. An ideal in g is a linear subspace h C g
such that [X,Y] € b for all X € h and all Y € g. (This implies that there is an induced
Lie algebra structure on the quotient g/b.)

PROPOSITION 1.14. Let i : H — G be a connected virtual Lie subgroup of a con-
nected Lie group G. Then i(H) is a normal subgroup of G if and only if b is an ideal
mg.

PROOF. Note first that i(H) is normal in G if and only if conj,(i(h)) € i(H)
for all h € H. 1If this condition is satisfied, then for X € h and t € R we get
conj,(exp(ti'(X))) = exp(t Ad(g)(#'(X))) € i(H), and differentiating this at ¢ = 0
we conclude that Ad(g)(i'(h)) C i'(h) for all g € G. Putting g = exp(tY) for Y € g and
differentiating again at t = 0, we get ad(Y)(i'(h)) C ¥'(h) for all Y € g. This exactly
means that ¢'(h) is an ideal in g.

Conversely, if 7/(h) is an ideal in g, then ad(Y)(i'(h)) C #'(h) for all Y € g. Then
also Ad(exp(Y)) = ) preserves the subspace /(). Since G is connected and Ad
is a homomorphism, part (2) of Theorem implies that Ad(g)(i'(h)) C i'(h) for all
g € G. Hence exp(Ad(g)(i'(X))) = conj,(i(exp(X))) € i(H) for all X € h. But since
H is connected and conj, is a homomorphism, this implies conj,(i(H)) C i(H) by part
(2) of Theorem [1.9] O

Actions and homogeneous spaces

1.15. Actions and related notions. A left action of a Lie group G on a set X is
amap £ : G x X — X such that l(e,x) =z and ¢(g,l(h,z)) = l(gh,z) for all g,h € G
and all x € X. Fixing g € G, we obtain the map ¢, : X — X and fixing v € X, we
obtain the map ¢* : G — X, which are defined by ¢,(z) = (*(g) = {(g, x).

A right action of a Lie group G on a set X is a map r : X x G — X such that
r(z,e) = x and r(r(x,g),h) = r(z,gh) for all g,h € G and all z € X. Similarly as
above, there are the partial maps r9: X - X and r, : G — X.

When there is no risk of confusion, we will denote actions simply by dots: A left
action will be written as (g, ) — ¢ - x. Then the defining properties read as e -z = x
and g - (h - z) = gh - z. Likewise, writing a right action as (z,g) +— x - g, the defining
properties read as - e =z and (x - g) - h = x - gh.

For a left action ¢ of G' on X we have ¢, o {;, = {,, which together with ¢, = idx
implies that the maps £, and ¢,-1 are inverse to each other. Hence we can view g — £,
as a map from G to the set Bij(X) of bijective maps X — X. The bijections form
a group under compositions, and the defining properties exactly mean that ¢ defines a
group homomorphism G — Bij(X). For the case of a right action, we obtain r9 =
(r9)~1, but for a right action we get 79" = 1" 0 9, so we obtain an anti-homomorphism
G — Bij(X) in this case.

It is no problem to convert between left and right actions. Given a left action ¢, we
can define a right action r by r? := {;,-1 and vice versa. Nonetheless it will often be
important to distinguish between the two kinds of actions.

Given a left action ¢ of G on X and a point x € X, we define the orbit G - x of x
as G-z =1im({*) = {g-x : g € G}. One should think about an action as a way to use
elements of G to move points in X around, and the orbit of x consists of those points
that can be reached from z. If x,y € X are two points such that G-x NG -y # (), then
we find g,h € G such that g- o2 = h -y and hence x = g 'h-y and §-x = g~ 'h-y.
Thus we obtain G -z C G -y and by symmetry the two orbits coincide. Hence lying in
the same orbit is an equivalence relation and X is the disjoint union of the G-orbits.
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The set of equivalence classes is called the orbit space of the action and is denoted by
X/G. An action is called transitive if there is only one orbit. Equivalently, this means
that for each pair x,y of points in X, there is an element g € G such that y = g - x.
The notions of orbits and transitivity are defined analogously for right actions.

Consider again a left action ¢ of G on X and a point x € X. Then we define the
stabilizer or the isotropy subgroup G, of x by G, :={g € G : g-x = x}, so this consists
of all elements of G which do not move x. Evidently, GG, is a subgroup of G. Fory € G-z
consider the stabilizer G. If y = g - , then h -y = y is equivalent to hg -z = ¢ - x and
hence to g~ 'hg - x = x. Otherwise put, we have G,., = gG,¢g~! and hence the isotropy
subgroups of points in the same orbit are conjugated in G.

By definition, the map ¢* : G — X induces a surjection ¢* : G — G - x. Now for
g,h € G we have g-x = h -z if and only if g7'h -z =z, i.e. ¢g-'h € G,. But the latter
condition exactly means that h € gG, and hence hGG, = gG,, i.e. g and h represent the
same coset in G/G,. Hence we conclude that ¢* induces a bijection between the space
G /G, of left cosets and the orbit G - z. In particular, starting from a transitive action
of G on X, we obtain a bijection between X and G/G, for any fixed point x € X.
This can be used to identify X with the space G/G,, which naturally carries a topology
and, as we shall see soon, under weak assumptions is a smooth manifold. All this works
similarly for right actions.

If the space X carries some additional structure, then we can require compatibility
conditions for that structure. For example, if X is a topological space, then we can
define a continuous left action of G on X by in addition requiring that ¢: G x X — X
is continuous. This immediately implies that the maps ¢, and ¢* are continuous for all
g € G and v € X. Then ¢, even is a homeomorphism, since its inverse is £,-1, and we
can consider the action as a homomorphism from G to the group of homeomorphisms
of X. Since we have an obvious surjection X — X/G the topology of X induces a
topology on the orbit space X/G. However, even for very nice X and G the space X/G
can be very badly behaved.

On the other hand, if X is Hausdorff, then continuity of ¢* implies that the isotropy
subgroup G, is a closed subgroup of G and hence a Lie subgroup by Theorem
In this case, we obtain a continuous bijection between G/G, and the orbit G -z C
X. However, this is not a homeomorphism in general: Consider the subgroup H, C
U(1) x U(1) and the corresponding homomorphism i : R — U(1) x U(1) from for
irrational a. Multiplying from the left defines a continuous (even smooth) left action of
R on U(1) x U(1) with trivial isotropy groups. Hence the map R — R - e from above
is simply the inclusion ¢ : R — H, C U(1) x U(1), and this is not a homeomorphism.
As in[1.13] one sees that each H,-orbit is dense in U(1) x U(1). Thus the orbit spaces
carries the indiscrete topology, i.e. the only open subsets are the empty set and the
whole space.

Similarly, if M is a smooth manifold, then we define a smooth left action of G on M
by in addition requiring the ¢ is smooth. Then each /, is a diffeomorphism. Continuous
and smooth right actions are defined similarly as for left actions.

1.16. Homogeneous spaces. As we have seen above, any orbit of a G-action
looks like the space G/H of left cosets for a subgroup H C G. The obvious surjection
G — G/H can be used to endow this space with a topology. The preimage of the base
point o := eH € G/H under this map is the subgroup H, so if one requires the topology
on G/H to be Hausdorff, one must assume that the subgroup H C G is closed. For a
closed subgroup H C G, we call the space G/H of left cosets the homogeneous space of
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G with respect to H. Notice that the left translation by ¢ € G induces a continuous
map {,: G/H — G/H.

Recall from [AnaMf, Section 1.18] that a smooth map f : M — N between two
manifolds is called a submersion if each tangent map of f is surjective. In partic-
ular, dim(M) > dim(N) and one shows that in appropriate charts f has the form
(x',...,2™) — (x',...,2"). In particular, locally a surjective submersion admits
smooth sections, i.e. a smooth map o such that foo = id. This implies that a surjective
submersion f : M — N has a universal property. Namely, a map ¢ from N to any
manifold Z is smooth if and only if p o f : M — Z is smooth.

THEOREM 1.16. Let G be a Lie group and H C G a closed subgroup. Then there
is a unique structure of a smooth manifold on the homogeneous space G/H such that
the natural map p : G — G/H is a submersion. In particular, dim(G/H) = dim(G) —
dim(H).

PRrROOF. From Theorem we know that H is a Lie subgroup of G and we denote
by h C g the corresponding Lie subalgebra. Choose a linear subspace ¢ C g which
is complementary to the subspace h. Consider the map ¢ : € x h — G defined by
©(X,Y) := exp(X)exp(Y). From the proof of Theorem we can find open neigh-
borhoods W; of 0 in € and V' of 0 in b such that exp(W;) N H = {e} and such that ¢
restricts to a diffeomorphism from W; x V onto an open neighborhood U’ of e in G.

Next, (X1, X3) — exp(X;) ' exp(X3) defines a continuous map € x ¢ — G, so the
preimage of U’ under this map is an open neighborhood of (0,0). Thus we can find an
open neighborhood W5 of 0 in € such that exp(X;) !exp(Xy) € U’ for X, Xy € Wy,
and we consider the neighborhood W := W; N W5 of 0 in &.

Now we claim that the smooth map f: € x H — G defined by f(X,h) := exp(X)h
restricts to a diffeomorphism from W x H onto an open neighborhood U of e in G.
If exp(X1)h1 = exp(Xa)hy, then hihy' = exp(X;)texp(Xy) € HNU' = exp(V).
Hence there is an element Y € V such that exp(Y) = exp(X;) ' exp(X;) and thus
exp(X1) exp(Y) = exp(X3). But this means ¢(X;,Y) = ¢(X»,0) and hence Y = 0 and
X, = X, which also implies h; = hy. Hence the restriction of f to W x H is injective.

Next, we have f(X,exp(Y)) = ¢(X,Y), so locally around W x {e} we can write f
as ¢ o (id,exp™!). In particular, the tangent map T(x)f is a linear isomorphism for
each X € W. Since fo(id, p") = p"o f, we see that all tangent maps of f are invertible,
so f is a local diffeomorphism everywhere. Together with injectivity, this implies that
U:=f(Wx H)isopenand f: W x H — U is a diffeomorphism.

Consider the natural map p : G — G/H and the subset p(U) C G/H. For g € U
and h € H, we by construction have gh € U, so p~!(p(U)) = U and hence p(U) is open
in the quotient topology on G/H. Now define ¢ : W — p(U) by ¢(X) := p(exp(X)).
If (Xy) = ¥(Xy), then exp(X;)H = exp(Xs)H, which implies X; = X, by injectivity
of f on W x H. Surjectivity of f immediately implies that ¢ is surjective, and ) is
continuous by construction. If W’ C W is open, then p~!((W’)) = f(W’ x H) is open
in G, and hence 1 : W — p(U) is a homeomorphism.

For ¢ € G put U, := p(\,(U)) = {gexp(X)H : X € W} C G/H and define
ug: Uy = W by ug := 9" oly—1, where £,-1(g'H) = g~'¢’H. We claim, that (Uy, uy) is
a smooth atlas for G/H. Suppose that U, N Uy # 0. Then

(ug 0 ug ') (X) = ug(gexp(X)H) = 7 ((¢") g exp(X)H) = pry(f((¢") g exp(X)))

and by construction (¢')"'gexp(X) € U. Hence the transition function uy o (u,)~* is a
restriction of the smooth map pr; o f~!o A(g")-14 © €xp and thus it is smooth. [
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We have already observed that we can define a map ¢ : G x G/H — G/H by
U(g,g'H) := gg’H. Otherwise put, £ o (id xp) = p o u, where p : G — G/H is the
canonical map. Since p is a surjective submersion, so is id xp and hence ¢ is smooth by
the universal property of surjective submersions discussed above. Clearly, ¢ defines a
left action, so G acts smoothly on G/H and by construction the isotropy group of the
base point o =eH is H C G.

On the other hand, restricting the multiplication map to G x H, we obtain a right
action of H on G, and by definition the orbit space of this action is the homogeneous
space G/H. This action has the additional property that it is free. In general, this
(very strong) condition means that if z - h = x for one x € X, then h = e. Here it is
evidently satisfied by the properties of the multiplication.

The proof of the theorem gives us quite a bit more than just an atlas for G/H.
For the subsets U, C G/H constructed in the proof, we can define a smooth map
o,: U, = G by 0,(z) := gexp(uy(z)). By construction, this has values in p~!(U,) and
pooy = idy,. This can now be used to construct a smooth map ¢, : p (U, = U, x H
by ¢.(y) == (p(y),04(p(y))'y). This even is a diffeomorphism, since the inverse is
given by (z,h) — o4(x)h. If g, ¢' € G are such that V := U, N Uy # 0, then we obtain
a transition function ¢y o go;l :V x H—V x H. By construction, this must be of
the form (z,h) — (z,a(z,h)) for some smooth function o : V' x H — H. From the
formulae above, one reads off that a(z,h) = (o,(x) 'o,(x))h and = — oy (z) o, (x)
is a smooth map V' — H. This says that (U, ¢,) is a principal fiber bundle atlas, thus
showing that p: G — G/H is a principal fiber bundle with structure group H.

1.17. Quotients of Lie groups. As a first application of Theorem [I.16] consider
the case that H C G is a closed normal subgroup. Then basic algebra implies that
the multiplication on G induces a well defined multiplication on G/H via (¢H)(¢'H) =
(9¢')H, which makes G/H into a group. Denoting this multiplication by u : G/H X
G/H — G/H, we of course get po = o (p x p). Since p is a surjective submersion,
the same is true for p x p, so the universal property for surjective submersions implies
that p is smooth. Hence the quotient G/H canonically is a Lie group and p: G — G/H
is a homomorphism of Lie groups. Proposition [1.14] shows that the Lie subalgebra
h C g actually is an ideal, so the quotient g/h inherits a Lie algebra structure from g.
Clearly p’ = T,p induces a surjection g — T,y G /H with kernel h which is a Lie algebra
homomorphism. Thus the Lie algebra of G/H is g/h with the induced structure.

Using this, we can prove the following result that also clarifies the significance of
surjectivity of the derivative of a homomorphism.

PROPOSITION 1.17. Let o : G — H be a smooth homomorphism of Lie groups with
kernel ker(p) C G and derivative ¢ : g — b.

(1) We can write ¢ as the composition of the inclusion of G/ ker(y) as a virtual Lie
subgroup into H with the canonical quotient projection p : G — G/ ker(yp).

(2) If ¢ is surjective and H is connected, then ¢ induces an isomorphism of Lie
groups G/ ker(p) = H.

PROOF. (1) From Proposition[1.11] we know that ker(p) C G is a closed normal sub-
group, so G/ ker(y) is a Lie group and we have the canonical quotient homomorphism
p: G — G/ker(p). Elementary algebra shows that ¢ induces and injective homomor-
phism ¢ : G/ ker(¢) — H such that ¢ o p = . Since p is a surjective submersion, ¢ is
smooth and thus the inclusion of a virtual Lie subgroup. N

(2) Since ¢’ is surjective, part (1) Theorem shows that exp(X) € ¢(G) for all
X € b. Since ¢(G) C H is a subgroup, part (2) of that theorem implies that ¢ is
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surjective. This implies that map ¢ : G/ker(p) — H from (1) is a bijective smooth
homomorphism, and since ker(p’) = ker(¢’'), also ¢’ is a linear isomorphism. But this
immediately implies that all tangent maps of ¢ are linear isomorphisms, so g‘l is

smooth by the inverse function theorem and the claim follows. [

1.18. Further applications. An important line of application of Theorem [I.16|
to make a broad variety of sets into smooth manifolds. For example, let RP"™ be the
set of lines through zero in R™™!. The group G := GL(n + 1,R) acts on this set by
A-0 = A(l). Let e; be the first vector in the standard basis of R™™! and let ¢, be
the line generated by this vector. Given any line ¢, choose a nonzero vector v € ¢ and
extend it to a basis of R"*!. Taking the resulting vectors as the columns of a matrix A,
we obtain A(e;) = v, and hence A(¢y) = ¢. The isotropy group Gy, is the subgroup of
all invertible matrices whose first column is a multiple of ey, so this is evidently closed
in G. Hence we can identify RP"™ with the manifold G/Gy,.

Replacing G by O(n + 1) we can use the same argument by taking a unit vector in
¢ and extending it to an orthonormal basis of R""!. So we see that also O(n + 1) acts
transitively on RP™. An orthogonal matrix which fixes £y must map e; to e, and any
e; for 1 > 1 to a vector orthogonal to e;. Hence the isotropy group of ¢y consists of all

matrices of the form (iol 1(31) and one immediately sees that A € O(n). Hence we can

view RP™ as O(n+1)/(O(1) x O(n)) which in particular implies that RP" is compact
since O(n + 1) is compact.

This can be easily generalized to the so-called Grassman manifolds. By definition
Gr(R™) is the set of all k-dimensional subspaces of R", so RP" = Gri(R"*!). Again
G = GL(n,R) acts on this space by A-V := A(V). Take 1} to be the subspace spanned
by the first k& vectors in the standard basis. For an arbitrary subspace V', choose a basis

{v1,..., v}, extend it to a basis of R"™ and use the resulting elements as the columns
of a matrix A. Then A(e;) = v; for i = 1,...,k and hence A(Vy) = V. The isotropy
? g) with blocks of size
k and n — k so it is closed. Hence we can make Gri(R") into a smooth manifold, by
identifying it with G/G\.

Replacing bases by orthonormal bases, we can apply the same argument with O(n)
replacing GL(n,R). An orthogonal matrix which preserves the subspace V} also pre-
serves its orthocomplement, so the isotropy group of V; consists of block diagonal ma-
trices and is isomorphic to O(k) x O(n — k). Hence we can also view Grg(R") as
O(n)/(O(k) x O(n — k)), which shows that Gry(R™) is a compact manifold.

Next consider the set G, of positive definite inner products on R™. An element of
G, by definition is a symmetric bilinear map ¢ : R x R”™ — R such that g(z,x) > 0
for all x # 0. The group G := GL(n,R) acts on G, by A g(z,y) := g(A™ (z), A7 (y)).
(Checking that this defines a left action is a good exercise.) Let ( , ) be the standard
inner product. Applying the Gram—Schmidt procedure with respect to g to any basis of
R™, we obtain a basis {vq,...,v,} of R" such that g(v;,v;) = d;;. The matrix A which
has these vectors as columns is invertible. For x € R™ we then by construction have
A N x) = A7 (O] zvs) = Y z4e; and therefore

(A7 @), A7) = wiy = 90O wivi, Y yvy) = g(x,y).

Thus we see that ¢ = A - (, ) so G acts transitively on G,,. The isotropy group of
the standard inner product by definition is the closed subgroup O(n) C GL(n,R), and

subgroup of Vj consists of all block matrices of the form
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hence we may identify G, with the smooth manifold GL(n,R)/O(n). (Of course, there
is a simpler way to identify G, as a smooth manifold, since it can be viewed as the
space of all positive definite symmetric n x n-matrices, which is an open subspace of
the vector space of all symmetric matrices.)

We can also use homogeneous spaces to clarify connectedness properties:

LEMMA 1.18. Let G be a Lie group and H C G a closed subgroup such that the ho-
mogeneous space G/ H is connected. Then the inclusion of H into G induces a surjective
homomorphism H/Hy — G /Gy between the component groups.

Proor. The inclusion ¢ : H — G is a homomorphism and connectedness of H
implies that i(Hy) C Gy. Hence we get an induced homomorphism H/H, — G /G, and
to see that surjective, we have to show that any connected component of G' contains an
element of H.

Let go € G be any element and consider goH € G/H. Since the homogeneous space
is connected, we can find a continuous curve ¢ : [0, 1] — G/H such that ¢(0) = goH and
c(1) = eH. By compactness of [0, 1] we can find a subdivision 0 =ty < t; < --- <t, =1
such that ¢([t;, t;41]) is contained in one of the charts constructed in the proof of Theorem
. Let Uy be the first of these charts and let o : Uy — p~1(Up) be the corresponding
section. Then there is a unique element hg € H such that gy = o¢(goH )ho and we
define ¢ : [0,t1] — G by &(t) = oo(c(t))ho. Denoting the next chart and section by U
and oy, there is a unique element hy € H such that og(c(t1))ho = o1(c(t1))hy. Using
this, we define ¢ on [t1, t5] as o1(c(t))h1, thus obtaining a continuous lift ¢ of ¢ on [0, ¢5].
Proceeding in that way we obtain a continuous lift ¢ : [0, 1] — G of ¢. By construction
¢(0) = go and p(¢(1)) = eH, so ¢(1) € H. Hence there is an element of H in the same
connected component as go. 0

Using this, we can now clarify the connectedness properties of several classical
groups.

PROPOSITION 1.18. For n > 1 the groups SL(n,R), SO(n), GL(n,C), SL(n,C),
U(n), and SU(n) are connected, while the groups GL(n,R) and O(n) have exactly two
connected components.

PrOOF. Consider a matrix A € GL(n,R) with columns v; € R". Then {vy,...,v,}
is a basis of R", so we can apply the Gram—Schmidt orthonormalization procedure. The
resulting orthonormal basis {w;,...,w,} is obtained in such a way that each w; is a
linear combination of the v; with ¢ < j and the coefficient of v; is positive. Letting
C = (wy ...w,) be the matrix with columns wj;, this reads as C'= AN, where N is an
upper-triangular matrix with positive entries on the main diagonal. But then for each
t € [0, 1] also tN 4 (1—1t)I is upper triangular with positive entries on the main diagonal,
so det(tN + (1 —t)I) > 0 for all t. Hence t — A(tN + (1 —¢t)I) defines a continuous path
in GL(n,R) joining A to C, so O(n) meets each connected component of GL(n,R).
Since GL(n,R) evidently has at least two connected components (corresponding to
det(A) > 0 and det(A) < 0), the claim on GL(n,R) follows if we prove that O(n) has
only two components.

If we start with A € SL(n,R), then a(t) := det(tN + (1 —¢)I) > 0 for all ¢t € [0, 1]
and det(C') = £1 implies C' € SO(n). This also shows that det(N) = 1 and hence
a(0) = a(1) = 1. Since a(t) > 0 for all ¢, also a(t)~/" is continuous and replacing
our curve by t + a(t)"Y/"A(tN + (1 — t)I) is a continuous curve that connects A to C
and stays in SL(n,R). Hence connectedness of SL(n,R) follows from connectedness of

SO(n).
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For A € O(n) with n > 2 and z € R™ we have |Az| = |z|, so the action of O(n)
on R" restricts to a smooth action on the unit sphere S"~!. Since any unit vector can
be extended to a positively oriented orthonormal basis, we see that even the subgroup
SO(n) C O(n) acts transitively on S™""!. The stabilizer of the first vector in the

0 A
(respectively SO(n)) if and only if A € O(n — 1) (respectively SO(n — 1)). Hence we
conclude that both O(n)/O(n — 1) and SO(n)/SO(n — 1) are homeomorphic to S™ .
For n > 2, S"~! is connected, so by the lemma O(n) has at most as many connected
components as O(n — 1). Inductively, this implies that for n > 2, O(n) has at most as
many connected components as O(1) = {1,—1} C R, and the results in the real case
follow.

In the complex case, we can use the Gram—Schmidt procedure with respect to the
standard Hermitian inner product on C" in the same way. This shows that U(n) meets
any connected component of GL(n,C), and SU(n) meets any connected component
of SL(n,C). Finally, we have seen in that the determinant defines a smooth
homomorphism U(n) — U(1) with kernel SU(n). This implies that U(n)/SU(n) is
homomorphic to the connected group U(1) = S!, and all results in the complex case
follow from connectedness of SU(n). The standard action of SU(n) on C" restricts to an
action on the unit sphere S?"~! which is transitive for n > 2. The isotropy group of the

first vector in the standard basis is isomorphic to SU(n — 1). As before, connectedness
of SU(n) for n > 2 follows from connectedness of SU(1) = {1} C C. O

standard basis consists of all matrices of the block form (1 O> and this lies in O(n)

REMARK 1.18. As we have seen in Section invertible upper triangular matrices
form a closed subgroup B(n,R) C GL(n,R). Any entry on the main diagonal of such
a matrix must be non-zero, and hence is either positive or negative. Mapping A =
(ai;) € B(n,R) to (g, ..., (2) clearly defines a homomorphism B(n,RR) — O(1)".
The kernel of this homomorphism is a closed subgroup P, C B(n,R) which consists
of all upper-triangular matrices with positive entries on the main diagonal. Now the
first step in the proof of Proposition shows that any matrix A € GL(n,R) can be
written as C'P for C' € O(n) and P € P, and if A € SL(n,R) then C € SO(n).

A complex version of this is obtained in a very similar way. Invertible upper trian-
gular matrices with positive real entries on the main diagonal form a closed subgroup
PE C GL(n,C) and any matrix A € GL(n,C) can be written as CP with C' € U(n)
and P € PS, and for A € SL(n,C), we get C € SU(n) (and also det(P) = 1).

In each of the cases, the two subgroups involved in the construction intersect only
in I. Since C1 P, = Cy P, implies C5 oy = PQPfl, this implies that the decomposition
is unique in each case. Moreover, we have noted in Section that O(n) C GL(n,R),
SO(n) C SL(n,R), U(n) C GL(n,C) and SU(n) C SL(n,C) are compact subgroups.
One can actually shows that in each of these cases, one actually obtains a mazimal
compact subgroup. The main property of the other factors is that they always have
trivial topology, the map (¢, P) — tP + (1 — ¢)I in each case defines a homotopy from
the identity to the constant map I.

An analogous decomposition is available for general semi-simple Lie groups under
the name Iwasawa decomposition. Any such group turns out to contain a maximal
compact subgroup K and one gets a decomposition with one factor from K and one
factor from a subgroup which is contractible, i.e. has trivial topology. Notice that even
when starting with K = C, things happen in the setting of real Lie groups, since already
U(n) and SU(n) are not complex Lie groups. In the language of algebraic topology,
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one actually shows that the maximal compact subgroup in a semi-simple Lie group is
a deformation retract, which in particular implies that any semi-simple Lie group is
homotopy equivalent to its maximal compact subgroup.

The second part of the proof actually shows that SO(n) — S™"~! is a locally trivial
fiber bundle with fiber SO(n — 1), while SU(n) — S*"~! is a locally trivial fiber bundle
with fiber SU(n — 1). There is a general result in algebraic topology that locally trivial
fiber bundles over sufficiently nice spaces are so-called fibrations. Any fibration gives rise
to a long exact sequence of homotopy groups, and the proof contains a direct argument
for a very simple consequence of this long exact sequence. The long exact sequence
associated to the two above fibrations can be used to deduce more information about
the homotopy groups of the classical matrix groups that show up in Proposition [1.18
This is also done by inductive procedures which need starting points. On the one hand,
one proves directly that SU(2) consists of all matrices of the form (2 ) with z,w € C
such that |z]|* 4+ |w|* = 1. Clearly, such a matrix is determined by its first column,
which is a unit vector in C?. Thus, SU(2) = S? as a manifold which shows that its first
non-trivial homotopy group is 73(SU(2)) = Z. The long exact sequences inductively
show that the same holds for SU(n) for all n > 3.

On the other hand, the Lie algebra su(2) of SU(2) is the three dimensional vec-
tor spaces of trace-free, skew Hermitian complex 2 x 2-matrices, which have the form
(“-2) with a € R and z € C. One immediately verifies that (X,Y) := —tr(XY)
defines a positive definite inner product on su(2) = R3. Now for A € SU(2) and
X € su(2) we know from that Ad(A)(X) = AXA™! which immediately shows that
(Ad(A)(X),Ad(A)(Y)) = (X,Y). Hence the homomorphism Ad : SU(2) — GL(su(2))
has values in O(su(2)) = O(3) and since SU(2) is connected the values even have to lie
in SO(3). It is then elementary to verify (see exercises) that Ad’ = ad : su(2) — s0(3)
is a linear isomorphism and that ker(Ad) = Z(SU(2)) = {£I}. This implies that
the manifold underlying SO(3) is obtained from S* by identifying antipodal points, so
SO(3) is diffeomorphic to the real projective space RP3. In particular, the fundamental
group 1 (SO(3)) = Zy and via the long exact sequences, one inductively concludes that
this also holds for SO(n) with n > 4.



CHAPTER 2

The Frobenius theorem and existence results

To complete the basic understanding of the correspondence between Lie groups and
Lie algebras, we have to prove some existence results. For example, we know that a Lie
group leads to a Lie algebra, but we do not know yet how many Lie algebras are obtained
in that way. Similarly, a homomorphism of Lie groups induces a homomorphism between
their Lie algebras, which essentially determines the group homomorphism, but we do
not know how many Lie algebra homomorphisms are obtained in that way. To prove
existence results of that type, we use a a basic tool of differential geometry, the Frobenius
theorem.

The Frobenius theorem

2.1. Distributions and integrability. The basic question answered by the Frobe-
nius theorem is whether a family of linear subspaces in the tangent spaces of a smooth
manifold M can be realized as the tangent spaces of a smooth submanifold. For the
purpose of motivation let us consider the case of one-dimensional subspaces.

So let M be a smooth manifold and suppose that for each x € M, we choose a
1-dimensional linear subspace ¢, C T, M. There is an obvious idea for what it should
mean that ¢, depends smoothly on z: One requires that for each x € M there is an
open neighborhood V' of z in M and a smooth local vector field £ € X(V') such that
l, = R-&(y) for each y € V. Now if ¢ : I — M is an integral curve for £ defined
on some open interval I C R, then ¢/(t) = &(c(t)) # 0 for all ¢ € I. Hence ¢ is a
regularly parametrized curve in M and, possibly shrinking I, N := ¢(I) is an embedded
submanifold in M such that T, N = ¢, for each y € N.

We can actually get a better result. By the flow box theorem [AnaMf, Theorem
2.9], we can find a local chart (U, u) for M with U C V such that |y = 2. Now for
y € U, we have the affine line u(y) + Re; in R”, whose image under u~! is a smooth
submanifold of M whose tangent spaces are the lines /.. Hence U is actually decomposed
into a union of 1-dimensional submanifolds whose tangent spaces are the distinguished
lines in the tangent spaces of M.

In higher dimensions things cannot be as easy. Simple examples show that for two
vector fields & and n which are linearly independent in each point, the planes spanned
by their values cannot be realized as tangent planes of a submanifold in general, see
[AnaMf, Section 2.4]. The crucial additional ingredient coming into the game is the
behavior of the Lie bracket of the two fields. After these considerations we can collect
the basic notions to deal with the higher dimensional situation:

DEFINITION 2.1. (1) For a smooth manifold M of dimension n, a distribution E of
rank k on M is given by a k-dimensional subspace E, C T, M for each x € M. (This
should not be confused with distributions in the sense of generalized functions.)

(2) A (smooth) section of distribution £ C T'M is a vector field £ € X(M) such that
&(x) € E, for all x € M. A local section of E on an open subset U is a local vector field
¢ € X(U) such that £(z) € E, for all z € U.

25
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(3) The distribution £ C T'M is called smooth if it can be locally spanned by smooth
sections. This means that for each x € M there is an open neighborhood U of x in M
and their are local sections &1,...,& of E on U such that for each y € U the vectors
&(y), ..., &(y) form a basis for E,. Such a collection of sections is then called a local
frame for the distribution F.

Smooth distributions are also called wvector subbundles of T'M.

(4) A distribution £ C T'M is called involutive if for any two local sections & and 7
of E also the Lie bracket [¢,n] is a section of E.

(5) A distribution F C T'M is called integrable if for each x € M there is a smooth
immersed submanifold N C M which contains x such that for each y € N we have

T,N = E, C T,M. Such an immersed submanifold is called an integral submanifold for
E.

Observe that locally around each point z € N, an immersed submanifold is an
embedded submanifold, so one could also use embedded submanifolds in the definition
of integrability. However, as we shall see below, integral submanifolds that are not
embedded play an important role. Observe also that involutivity of a distribution can
be checked effectively: Suppose that {&1,. .., &} is a local frame for the distribution U.
Then one can compute the Lie brackets [§;, ;] of two elements of the frame and check
whether they are again sections of the distribution. If this is the case, then by definition,
for two sections & and 7, there are smooth functions f; and g; such that £ = Zle fi&
and n = Z?Zl 9;§;- Hence we obtain [§, 1] = >, ;[fi&i, 9;¢;] and expanding the brackets,
we see that one obtains a linear combination (with smooth coefficients) of the fields &;
and the brackets [&;,¢;], and hence again a section. Thus a distribution is involutive,
provided that locally around each point there is a local frame {&;} for which all brackets
&, &;] are again sections of the distribution.

Our above considerations then say that any smooth distribution of rank 1 is inte-
grable. We can also see that for higher rank involutivity is a necessary condition for
integrability. Suppose that £ C T'M is integrable, x € M is a point, and N C M
is an integral manifold with x € N. Given a local section ¢ of E defined one some
neighborhood U of z, we may replace N by N N U to assume that £ is defined on all
of N. For y € N, we then get {(y) € E, = T,N, so ¢ restricts on N to a vector field
¢ € X(N). This can be expressed as £ ~; &, where i : N — M is the inclusion. Given a
second local section 7, we similarly get n € X(N) with n ~; , and Lemma implies
[€,n] ~; [§,m]. In particular [§,n](z) lies in the image of 7,7 which is E,. Since x was
arbitrary, we see that [£, 7] is a local section of E, which proves the claim.

The Frobenius theorem states that for smooth distributions also the converse is true,
i.e. involutive smooth distributions are integrable. To prepare for this, we recall the
characterization of coordinate vector fields on a smooth manifold, see [AnaMf, Section
2.11]. If there is no risk of confusion, we will write 9; for the coordinate vector field %
determined by a chart (U,u). The coordinate vector fields act on a smooth function
f € C®(M,R) simply via the partial derivatives of the local coordinate representation
foutof f. Symmetry of the second partials then shows that [9;, ;] = 0 for all 4, j.
Indeed, this is all that is special about coordinate vector fields:

LEMMA 2.1. Let V' be an open subset of a smooth manifold M of dimension n, and
let &,...,&, € X(V) be local vector fields such that [§;,&;] = 0 for all i, j and such that
for each y € V the elements & (y), ..., & (y) € T,M form a basis.

Then for any point x € V' there is a chart (U,u) for M with x € U CV such that

Gluo =7 foralli=1,....n.
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SKETCH OF PROOF. (see [AnaMf, Corollary 2.11] for details) Fixing a point x, one
considers the map o(t, ... t") := (Flfl1 o...0FL)(x), which is well defined and smooth
on some open neighborhood W of 0 in R™. As shown in [AnaMf, Theorem 2.11], van-
ishing of the Lie bracket of two vector fields implies that their flows commute wherever
they are defined. Thus the order of composition of the flows plays no role. Putting Flf
to the leftmost place, one easily concludes that %(t) = &(p(t)). In particular, Typ is
invertible for all ¢ € W, so shrinking W we may assume that ¢ is a diffeomorphism
from W onto an open neighborhood U of x in M. Putting u := ¢~! : U — W the chart

(U, u) does the job. O

2.2. The Frobenius theorem. We are ready to prove the so-called “local version”
of the Frobenius theorem:

THEOREM 2.2. Let M be a smooth manifold of dimension n and let E C TM be a
smooth involutive distribution of rank k. Then for each x € M, there exists a local chart
(U,u) for M with x € U such that w(U) =V x W C R"™ for open subsets V C R* and
W C R and for each a € W the subset u=*(V x {a}) C M is an integral manifold
for the distribution E. In particular, any involutive distribution is integrable.

PRrOOF. Choose local smooth sections &1, ..., of E such that {§1(x), o &(x)}
is a basis for E,, as well as an arbitrary local chart (U, a) with x € U and 4(z) = 0.
)

Putting 0; := 5z, we consider the local coordinate expressions for the vector fields

§;. This defines smooth functions f]’ U > Rfori=1,...,n and 7 =1,...,k such

that & = >, fi0;. Consider the n x k-matrix (fi(y)) for y € U. Since the vectors
&(z) are linearly independent, the matrix (f}(x)) has rank & and hence has k linearly
independent rows. Renumbering the coordinates, we may assume that the first k rows
are linearly independent. Then the top k& x k-submatrix has nonzero determinant in x.
By continuity, this is true locally around , and possibly shrinking U, we may assume
that it holds on all of U.

For y € U let (g¢(y)) the k x k-matrix which is inverse to the first k rows of (fi(y)).
Since the inversion in GL(k,R) is smooth, each of the g¢ defines a smooth function on
U. Fori =1,...,k we now put 7; := Zj gffj. These are local smooth sections of F

and since the matrix (g5(y)) is always invertible, their values span E, for each y € U.
Expanding n; in the basis 0, we obtain

(2.1) U Zj ggfj = Zj,é ggffaf =0+ 2 4o, hi O,

for certain smooth functions k¢ on U.

We claim that the sections 7; of E satisfy [n;,n;] = 0 for all , j. Since the distribution
FE is involutive, we know that [n;, ;] is a section of E, so there must be smooth functions
cfj such that [n;,n;] =, cfjm. Applying equation to the right hand side, we see
that [1;,7;] is the sum of Y5 ¢;;0, and some linear combination of the d; for £ > k.
On the other hand, inserting for n; and 7;, we see that that [n;, 7;] must be a linear
combination of the 9, for £ > k only. This is only possible if all cfj vanish identically.

The vectors T, -m (x), ..., TG - np(x) generate a k-dimensional subspace in R™ and
changing @ by some linear isomorphism, we may assume that this is R*¥ ¢ R". Now we
can find open neighborhoods V in R¥ and W € R"~* of zero such that

e(t',...,t" a) == (FI} o... o FI")(a '(a))
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makes sense for all t = (¢t!,...,t*) € V and all a € W. As in the proof of Lemma
we see that %(t, a) = ni(¢(t,a)) for i = 1,..., k. On the other hand, ¢©(0,a) = u"*(a),
which by construction easily implies that T{ )¢ is invertible. Possibly shrinking V' and
W, we may assume that ¢ is a diffeomorphism onto an open neighborhood U of x in
M. But then we have already seen above that ¢! (V x {a}) is an integral submanifold,

so putting u := ¢~ we obtain a chart with the required properties. [

Charts of the type constructed in the theorem are called distinguished charts, and the
integral submanifolds u=(V x {a}) are called plaques. Now suppose that i : N — M is
an integral submanifold for £ and consider the intersection ¢(/N)NU for a distinguished
chart (U,u). Then i~ !(U) is open in N and hence a union of at most countably many
connected components O,, each of which is open in N. Now by construction the forms
duw for j = k+1,...,n satisfy i*du’ = 0, so by connectedness the functions u’ o i are
constant on of the O,. Thus i(O,) has to be contained in one plaque P. Now P C M
is an embedded submanifold and i|p, : O, — P is an injective immersion between
manifolds of the same dimension. Thus it is a local diffeomorphism, so i(O,) is open
in P and hence also an embedded submanifold in M. But this directly shows that the
distinguished charts identify i(N) as an initial submanifold of M.

These considerations in particular show that for two integral submanifolds that
intersect in a point, the intersection is open in both the manifolds. Using this, one
proves that for a point x in M, one can make the union of all connected integral
submanifolds that contain x into a connected initial integral submanifold B,, see [Lee€),
Lemma 19.22]. This is called the leaf through x and by maximality, any connected
integral submanifold that has non-trivial intersection with B, is contained in B,.

The leaves associated to an integrable distribution E decomposes M into a union
of k-dimensional initial submanifolds. This decomposition is called the foliation of M
defined by the involutive distribution E. The existence of maximal connected integral
submanifolds for an involutive distribution or the fact that they form a foliation of M is
often referred to as the global version of the Frobenius theorem. See [Michor], Chapter
3] or [Leel Chapter 19] for more information. Michor’s book also discusses the extension
of the Frobenius theorem to distributions of non-constant rank.

Existence of subgroups and homomorphisms

2.3. Existence of virtual Lie subgroups. As a first application of the Frobenius
theorem, we can show that for a Lie group G with Lie algebra g, any Lie subalgebra
h C g corresponds to a virtual Lie subgroup of G.

THEOREM 2.3. Let G be a Lie group with Lie algebra g and let ) C g be a Lie
subalgebra. Then there is a unique connected virtual Lie subgroup H — G whose tangent
space at the identity is . This virtual Lie subgroup is an initial submanifold of G.

PRrROOF. For g € G we define B, := {£{ € T,G : Ty ;-1 - & € b}, s0o E C TG
corresponds to h C g under the left trivialization. Choosing a basis {Xi,..., X} of
b, the tangent vectors Lx, (g),...,Lx,(g) form a basis of E,. Morover, [Lx,, Lx,] =
Lix, x;, which is a section of E since h C g is a Lie subalgebra. Thus FE is a smooth
involutive distribution.

Let B, the leave of the corresponding foliation through e € G. Then this is a
connected initial submanifold of G, so we obtain a manifold B# and a smooth map
i : B¥ — G as discussed in Section By construction, the distribution E is left
invariant, i.e. for all g, h € G we have Ty \;(E)) = E,;,. This implies that for g € G the
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subset \,(B.) coincides with the leaf B,. If g € B, then clearly B, = B, which means
that the subset B, C G is closed under the multiplication. The equation \j(B.) = B,
also implies that ¢~ € B,, so B, C G is a subgroup. Consequently, the smooth map
po (i x 1) : B x Bf — G has values in B,, so from Section we know that there
is a smooth map pu# : B¥ x B# — B¥ such that po (i x i) = i o u#. By construction
this smooth multiplication makes B¥ into a group, so this is a Lie group and i is a
group homomorphism. Hence we have found a connected virtual Lie subgroup of G
corresponding to h, which is an initial submanifold.

Conversely, suppose that H — G is a connected virtual Lie subgroup such that
T.H =t C g. Then for g € H we have T,H = T.\,(1T.H) = E,, so H is an integral

g5
submanifold for the distribution E. Since e € H, we see that H must be contained in
B.. On the other hand, H evidently contains exp(h) C B.. Part (2) of Theorem [1.9

shows that exp(h) generates the connected Lie group B., so H = B, follows. O

With the help of a result from the structure theory of Lie algebras, we also get a
proof of what is called Lie’s third fundamental theorem. The result on Lie algebras
we need is called Ado’s theorem. It states that any finite dimensional Lie algebra
g admits a representation on a finite dimensional vector space V', which is injective
as a homomorphism g — L(V, V). (Such representations are usually called faithful.)
Otherwise put, g is isomorphic to a Lie subalgebra of L(V, V). While Ado’s theorem is
usually considered as difficult, there is a short and fairly simple proof, see [Neretin].

COROLLARY 2.3 (Lie’s third fundamental theorem). Let g be a finite dimensional
Lie algebra. Then there is a Lie group G with Lie algebra g.

ProoOF. By Ado’s theorem discussed above, we may view g as a Lie subalgebra of
L(V,V). By the Theorem, there is a virtual Lie subgroup G — GL(V) corresponding
tog C L(V,V). O

REMARK 2.3. (1) The result even says that for a Lie algebra g C gl(V'), one can
find a Lie group with Lie algebra g as a virtual Lie subgroup of GL(V). It is not true
however, that any connected finite dimensional Lie group is isomorphic to a virtual Lie
subgroup of some group of the form GL(V').

(2) There are simpler proofs of Lie’s third fundamental theorem available, see for
example [Knapp|, Appendix B], but they all need a certain amount of the structure
theory of Lie algebras.

2.4. Groups with isomorphic Lie algebras. Suppose that ¢ : G — H is a
homomorphism between connected Lie groups such that ¢’ : g — b is an isomorphism.
Then Propositions and tell us that ker(y) is a discrete normal subgroup of G
that is contained in the center Z(G) and that ¢ induces an isomorphism G/ ker(y) — H.
There is more that we can prove about ¢, however, and this provides a connection to
(algebraic) topology and in particular to covering maps.

Recall that a continuous map p : £ — X between two topological spaces is called
a covering map if and only if each point x € X has an open neighborhood U such
that p~}(U) is a disjoint union of open subsets V,, of E and for each a the restriction
plv, : Vo — U is a homeomorphism. Such a subset U is called trivializing for the
covering p. We will mainly deal with the case that E and X are smooth manifolds, p is
smooth, and the restriction of p to each V, is a diffeomorphism. The standard example
of a covering map (which has this additional property) is the map R — U(1) given by
ts el
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PROPOSITION 2.4. Let ¢ : G — H be a smooth homomorphism between connected
Lie groups whose derivative ' : g — b is a linear isomorphism. Then ¢ : G — H is a
local diffeomorphism and a covering map.

Proor. Differentiating the equation ¢ o A; = A, 0 ¢ we immediately see that
bijectivity of ¢’ implies bijectivity of T,p, so ¢ is a local diffeomorphism. To prove
that ¢ is a covering map, we may use Proposition to replace ¢ : G — H by
p: G — G/ker(p). Since ker(p) is discrete, there is an open neighborhood U of e in G
such that U Nker(yp) = {e}. By continuity of p and v, there is an open neighborhood
V of e in G such that for g,h € V we always have h~'g € U, so in particular V C U.
Put V, = p9(V) for ¢ € G. Suppose that g,h € V and ¢, 92 € ker(y) are such that
991 = hgs. Then h™lg = gog;' € U Nker(y), so g1 = go and g = h. On the one hand,
this shows that p|y : V' — p(V) is bijective. On the other hand, it shows that for g; # g2
the subsets V,, and V, are disjoint. Hence we see that p~'(p(V)) is the disjoint union
of the open sets V, for g € ker(¢). By construction, the restriction of p to each of the
sets V, for g € ker(yp) is a bijective local diffeomorphism and hence a diffeomorphism.

For an arbitrary element g € G we can now use p(V}) as a neighborhood of gker(y)
in G/ ker(y) which is trivializing for p. O

2.5. Covering groups and existence of homomorphisms. We now move to
the question of existence of smooth homomorphisms between Lie groups with prescribed
derivative. One can immediately see that this is not a trivial question: The covering map
t — e can be viewed as a group homomorphism (R, +) — U(1), whose derivative is
an isomorphism of Lie algebras. There cannot exist a group homomorphism U(1) — R,
however, whose derivative is the inverse of this isomorphism of Lie algebras. The point
is that the image of such a homomorphism would be a non trivial compact subgroup of
R and such a subgroup does not exist. The problem actually is that the identity on R
does not descend to U(1) = R/Z.

One way out of this problem is to only ask for local homomorphisms.

DEFINITION 2.5. Let G and H be Lie groups. A local homomorphism from G to H
is given by an open neighborhood U of e in G and a smooth map ¢ : U — H such that
p(e) = e and p(gh) = p(g)p(h) whenever g, h, and gh all lie in U.

Note that for a local homomorphism ¢ : G D U — H one also has ¢' : g — b and
the proof of Proposition shows that ¢’ is a homomorphism of Lie algebras.

The other possibility is to restrict to a subclass of groups for which such covering
phenomena are impossible: Via the notion of the fundamental group, covering maps are
closely related to algebraic topology. Recall that a path connected topological space X
is called simply connected, if for any continuous map f : S — X there is a continuous
map H : S* x [0,1] — X and a point 2y € X such that H(z,0) = f(z) and H(z,1) = =z
for all z € S*. This means that any closed continuous curve in X can be continuously
deformed to a constant curve. For example, the spheres S™ are simply connected for
n > 1 but S! is not simply connected. A fundamental result of algebraic topology says
that if X is a simply connected space and p : F — X is a covering map such that F is
path connected, then p is a homeomorphism.

Using this, we can now state:

THEOREM 2.5. Let G and H be Lie groups with Lie algebras g and b and let f :
g — b be a homomorphism of Lie algebras. Then there exists a local homomorphism
¢ : G DU — H such that ¢' = f. If G is simply connected, then there even is a
homomorphism ¢ : G — H with this property.
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Proor. Consider the Lie group G' x H. From we know that its Lie algebra is
g X b with the component-wise operations. Consider the subset € := {(X, f(X)) : X €
g} C g x b, i.e. the graph of the Lie algebra homomorphism f. Since f is a linear map,
this is a linear subspace of g x h, and since f is a homomorphism we get

(X, F(X)), (Y, fF(Y))] = (X, Y] (X)), F(Y)]) = (X, Y £(1X YD),

Thus ¢ is a Lie subalgebra of g x h and by Theorem we obtain a virtual Lie subgroup
K — G x H corresponding to €. The two projections define smooth homomorphisms
from G x H to G and H. Restricting the first projection to K, we obtain a smooth
homomorphism 7 : K — G. By construction #'(X, f(X)) = X, so this is a linear
isomorphism ¢ — g. By Proposition [2.4] 7 is a covering and a local diffeomorphism
from K onto Gy. Take open neighborhoods V' and U of e in K respectively G such that
7 restricts to a diffeomorphism V' — U, and define ¢ : U — H as ¢ := pryo (m|y) ™!
Since 7 is a homomorphism, one immediately concludes that ¢ is a local homomorphism
and by construction ¢’ is given by X — (X, f(X)) — f(X).

If G is simply connected, then G = G, and the covering 7 : K — G must be a
homeomorphism and a local diffeomorphism. Hence 7 is an isomorphism of Lie groups,
and ¢ := pry o 7! is the required homomorphism. 0

2.6. Classification of Lie groups. We can now give a complete description of
all Lie groups which have a given Lie algebra g. This assumes Lie’s third fundamental
theorem from for which we have not given a complete proof. Without assuming this
result, we obtain the classification provided that there is at least one Lie group G with
Lie algebra g.

As a background, we need a fundamental result on coverings: In algebraic topology
one shows that for any topological space X which satisfies certain connectedness hy-
potheses (which are satisfied for smooth manifolds), there is a covering map p: X — X
such that X is simply connected. This is called the universal covering of X, and it has
several important properties: On the one hand, for every covering map « : £ — X with
path connected E, there is a covering map ¢ : X — E such that p = 7 o ¢. Thus the
universal covering covers all connected coverings. This also implies that the universal
covering is uniquely determined up to isomorphism. On the other hand, if Y is a simply
connected space and f : Y — X is a continuous map, then there is a continuous lift
Yy =X (i.e. po f=7 ) which is uniquely determined by its value in one point.

Finally, suppose that we have given a covering map p : £ — M of a smooth manifold
M. Let us further suppose that the covering has at most countably many sheets, i.e. for
any open subset U which is trivializing for p, the preimage p~(U) consists of at most
countably many subsets V,,. Then the fact that M is separable and second countable
implies that E has the same properties. Further we can take an atlas for M consisting of
charts (U, u) such that U C M is trivializing for p. Then we can use uopl|y, : Vo, — u(U)
as charts for E. This makes E into a smooth manifold in such a way that p is smooth
and p|y, is a diffeomorphism for each «.

THEOREM 2.6. Let g be a finite dimensional Lie algebra. Then there is a unique (up
to isomorphism) simply connected Lie group G with Lie algebra g. Any other Lie group
G with Lie algebra (Zsomorphzc to) g is isomorphic to the quotient of G by a discrete
normal subgroup H C G which is contained in the center Z(G).

Proor. By Theorem there is a connected Lie group G with Lie algebra g.
From above we know that there is a covering map p : G — G such that G is simply
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connected. Further, we can make G into a smooth manifold in such a way that p is a
local diffeomorphism. Fix an element ¢ € G such that p(é) = e.
Since G is simply connected, so is G x G. For the continuous map fi o (p X p) :

G x G — G we therefore find a unique continuous lift 7 : G x G — G such that
i(é,6) = é. Likewise, there is a unique lift 7 : G — G of vop : G — G such that
(é) = é. Restricting to small open subsets, one easily shows that smoothness of y and
v implies smoothness of fi and . Now fio (id x/i) and fi o (i x id) lift the same map
G x G x G — G, and have the same value on (é,€,€). Hence this two maps coincide
which means that i defines an associative multiplication on G. The other group axioms
are verified similarly to show that (G, fi, 7 ) is a Lie group.

th

If G is any connected Lie group with Lie algebra (isomorphic to) g, then by Theorem
there is a homomorphism ¢ : G — G whose derivative is the identity (respectively
the given 1somorphlsm) By Proposition 2.4} ¢ is a covering map and induces an isomor-
phism between G and a quotient of G as required. Finally, if G also is simply connected,
then the local diffeomorphism ¢ must be a homeomorphism and thus an isomorphism
of Lie groups. O

EXAMPLE 2.6. (1) We have noted in the end of [l.1§] that SU(2) is diffeomorphic
to S% and that there is a fibration SU(n) — S?"~! with fiber SU(n — 1) for n > 3.
Thus SU(2) is simply connected and the long exact homotopy sequence of the fibration
inductively implies that SU(n) is simply connected for all n > 2. Thus we have found
the simply connected Lie group with Lie algebra su(n).

To determine how many Lie groups with Lie algebra su(n) exist, it therefore remains
to determine the center of SU(n). If A and B are commuting matrices in SU(n), then
A must map any eigenspace of B to itself. Given any complex line ¢ C C", we can
choose an orthogonal line ¢, and consider the map B which acts by multiplication by
i on ¢ by multiplication by —i on ¢ and as the identity on (Lo E) . This defines an
element of SU(n), so we see that any A € Z(SU(n)) must map the line £ to itself. Since
this works for any line ¢, any A € Z(SU(n)) must be a complex multiple of the identity.
Since det(zid) = 2", we see that Z(SU(n)) is isomorphic to the group Z, of nth roots
of unity. Hence connected Lie groups with Lie algebra su(n) correspond to subgroups
of Z,, and hence to natural numbers dividing n.

As a specific example, consider SU(2) = S3. Since Z(SU(2)) & Z,, there are
(up to isomorphism) only two Lie groups with Lie algebra su(2), namely SU(2) and

U(2)/{£id}. It turns out that the latter group is isomorphic to SO(3) and the
isomorphism is induced by the adjoint representation Ad : SU(2) — GL(su(2)) =
GL(3,R).

(2) For the group SO(n) with n > 3 the situation is a bit more complicated. We
have noted above the the universal covering of SO(3) is SU(2) and the kernel of the
covering homomorphism is a two element subgroup. This shows that the fundamental
group of SO(3) is isomorphic to Zy and using the fibration SO(n) — S™~! with fiber
SO(n — 1) constructed in one shows that the same is true for SO(n) with n > 4.

The simply connected Lie group with Lie algebra so(n) is called the spin group
Spin(n). There is always a covering homomorphism Spin(n) — SO(n) with kernel Zo.
The spin groups play an important role in various parts of differential geometry and
theoretical physics. For n < 6, the spin groups are isomorphic to other classical Lie
groups, but for n > 6 one needs an independent construction using Clifford algebras.

Similarly as in (1), one shows that the center of SO(n) can only consist of multiples
of the identity, so it is trivial for odd n and isomorphic to Z, for even n. Hence for odd
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n, any Lie group with Lie algebra so(n) is isomorphic to Spin(n) or to SO(n). For even
n, the center of Spin(n) has four elements, and it is either Z, or Zs x Zy depending on
whether n is a multiple of 4 or not. Hence there are either three or four connected Lie
groups with Lie algebra so(n) for even n.

Maurer—Cartan form and fundamental theorem of calculus

We will next discuss an analog of basic calculus for functions with values in a Lie
group. A central role in these considerations is played by the Maurer—Cartan form,
which is an alternative way to view the left trivialization of the tangent bundle of a Lie

group.

2.7. The Maurer—Cartan form. Several elements of the usual theory of differen-
tial forms easily generalize to forms with values in a finite dimensional vector space V.
Given a smooth manifold M, one defines a V-valued k-form as a map ¢ which associates
to each x € M a k-linear, alternating map ¢(z) : (T, M)* — V. This map is required
to be smooth in the obvious sense, i.e. for vector fields &;,...,& on M the function
o(&1,. .., &) : M — V should be smooth. The space of all V-valued k-forms is denoted
by QF(M, V). It is a vector space and a module over C*°(M,R) under pointwise oper-
ations. The usual proof (see [AnaMf, Lemma 3.3]) shows that elements of Q¥(M, V)
can be characterized as those k-linear, alternating maps X(M)* — C°°(M,V) which
are linear over C°(M,R) in one (and hence in any) entry. Next, for a smooth map
f:M — N and a form ¢ € QF(N,V), one defines f*¢ € Q¥(M,V) by

(o) @) (s &) = o(f@)(Taf - &1y T f - &)

The exterior derivative generalizes to an operator d : QF(M,V) — QFY(M, V):
Choosing a baisis {v;} for V, we can write o € QF(M, V) as p = 3 p;u; with ¢; € QF(M)
and then define dp := > (dg;)v;. One immediately verifies that this is independent of
the choice of the basis. Standard properties of the exterior derivative then imply that
the identities d(f*p) = f*(dp) and d*> = d o d = 0 generalize to V-valued forms. Recall
further that the action of vector fields on real-valued functions generalizes to V-valued
functions (again by decomposing with respect to a basis), see [AnaMf, Section 2.2].
Hence the construction implies that the “global formula” for the exterior derivative

(formula (3.17) in [AnaMf]) continues to hold for V-valued forms. In particular, for
© € QY M, V) and &y, & € X(M), we have

(2.2) dp(&0,&1) = &o - 0(§1) — & - (o) — ([0, 1))-

Now let G be a Lie group. Then from [I.3] we know the left trivialization TG — G x g
of the tangent bundle of G. We can reformulate this as a canonical g-valued one form,
which is called the (left) Maurer Cartan form:

DEFINITION 2.7. Let G be a Lie Group with Lie algebra g. Then we define the left
Maurer Cartan form w € Q'(G, g) by w(g)(§) := TyA,-1 - €.

It follows immediately from [1.3] that w is indeed smooth. The basic properties of
the Maurer—Cartan form are now easy to prove:

PROPOSITION 2.7. For any Lie group G with Lie algebra g, the left Maurer—Cartan
form w € QYG, g) has the following properties:

(1) (\g)*'w =w forall g € G.

(2) (p?)'w=Ad(g ) ow forallg € G.

(3) For the left invariant vector field Lx generated by X € g, we have w(Lx) = X.

(4) For each g € G, the map w(g) : T,G — g is a linear isomorphism.
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(5) (“Maurer—Cartan equation”) For vector fields £,m € X(G) we have

dw(&,m) + [w(§),w(n)] = 0,
where the bracket is in g.

PROOF. By definition, w(h) = TpA\p-1, which implies (3) and (4). Next,
(Ag)*w)(h) = w(gh) o ThkAg = ThAp-1 0 TgpAg-1 0 T Ay = w(h),
and (1) follows. Likewise,
(p?)'w)(h) = w(hg) o Thp? = TyAg-1 0 ThgAp-1 0 Thp? = TyAg—1 0 T.p? 0 Ty -1,

and (2) follows since Ty\,-1 0 T,p? = Ad(g™1).

For part (5), we observe that the value of dw(§,n) + [w(§),w(n)] in a point g € G
depends only on £(g) and 7(g). Since the values of left invariant vector fields span each
tangent space, it suffices to check the equation for ¢ = Ly and n = Ly for X, Y € g.
But then since w(Lyx) and w(Ly) are constant, formula implies that

dw(Lx, Ly) = —w([Lx, Ly]) = —w(Lixy)) = —[X, Y],
and the result follows. O

2.8. The left logarithmic derivative. Now we can generalize calculus to func-
tions with values in a Lie group:

DEFINITION 2.8. Let G be a Lie group with Lie algebra g, let M be a smooth
manifold and f : M — G a smooth function. Then the left logarithmic derivative or
the Darbouz derivative §f € Q'(M,g) is defined by 0 f(2)(&) = Trw)A(f@)-1 - Tuf - € €
T.G =g for x € M and £ € T, M. Equivalently, § f := f*w, where w € Q(G, g) is the
left Maurer Cartan form of G.

One may think of the left logarithmic derivative as an analog of the exterior deriva-
tive d : C°°(M,R) — Q' (M) for smooth real valued functions. The name logarithmic de-
rivative comes from the special case of the Lie group (R, -): Suppose that f : M — R,
is smooth. Viewing f as a real valued function, we have df € Q'(M), which is given by
df (x)(§) = Tof - € € TR = R. Since left translations in R are (the restrictions of)
linear maps, we see from the explicit formula that 6 f € Q'(M,R) = Q' (M) is given by
5/(2)(€) = 75Tof - € and hence 6 = % = d(log(/)).

It is easy to prove some basic properties of the logarithmic derivative:

PROPOSITION 2.8. Let G be a Lie group with Lie algebra g and let f,g : M — G be

smooth functions.
(1) For the pointwise product of f and g we have

0(fg)(x) = dg(x) + Ad(g(x) ") (0. (x)).

(2) For the pointwise inverse v o f we obtain

o(vo f)(x) =—Ad(f(x))(0f(x)).
PROOF. (1) The pointwise product is given by po(f, g), so by Lemmawe obtain

T.(f9) = TywA i) © Tog + Triyp* o Ty f.
To obtain §(fg)(x), we have to compose this from the left with T's()g()Ag(a)1 ()1
For the first summand, this simply gives Ty g1 © Tg = dg(x). In the second
summand, we can commute the right translation with the left translation to obtain
Ad(g(x)™") o TrayApy-1 0 Tof = Ad(g(z) ™) 0 0 f ().
(2) This immediately follows from (1) using that d(f(v o f)) = d(e) = 0. O
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One can explicitly compute the logarithmic derivative of the exponential mapping
exp : g — G, see [Michor| 4.27]. This can be used to characterize the elements X € g
for which T'x exp is invertible, and hence exp is a local diffeomorphism around X. This
is the case if and only if no eigenvalue of ad(X) : g — g is of the form 2wik for
some k € Z. Finally, the computation of §exp also leads to a proof for the Baker—
Campbell-Hausdorff formula, which locally around (0,0) € g x g computes the map
(X,Y) — exp ! (exp(X)exp(Y)), see [Michor, 4.29]. The remarkable fact about this
formula is that it only involves iterated Lie brackets of X and Y, so it shows that the
Lie bracket determines the multiplication on an open neighborhood of e in G.

2.9. The fundamental theorem of calculus. To finish this chapter, we want
to prove a characterization of the elements of Q'(M,g) which are of the form §f for a
smooth function f : M — G. This generalizes the fundamental theorem of one-variable
calculus.

We first observe that there is a simple necessary condition for solvability of the
equation §f = ¢ for given ¢ € Q!'(M,g). By definition, 6f = f*w, and hence déf =
f*dw. Using this, we compute

d5f(f>77) + [df(f)? 5f(71)] = dw(Txf ’ f, Ta:f ’ 77) + [W(Txf ’ 5)7W(Txf ’ 77)],

so this vanishes by the Maurer-Cartan equation, see Theorem [2.7] Hence we see that
¢ has to satisfy the Maurer Cartan equation in order that it can be of the form d f. As
we shall see below, this locally is the only restriction on .

Before we can prove our main result, we need a criterion for the involutivity of
certain distributions which is often useful.

LEMMA 2.9. Let M be a smooth manifold and let E C T M be a smooth distribution.
Suppose that there is a one form ¢ on M with values in a finite dimensional vector space
V' such that E, = ker(yp(x)) for allx € M.

Then E is involutive if and only if dp(§,m) = 0 for all vector fields £&,mn € X(M)

such that (&) = ¢(n) = 0.

PROOF. By definition, a vector field £ is a section of E if and only if ¢(¢) = 0.
For such sections & and 7, we then have dp(&,m) = —p([€,n]) by formula (2.2), so this
vanishes if and only if [¢, 7] is a section of E. O

Using this, we can now prove:

THEOREM 2.9. Let G be a Lie group with Lie algebra g and let M be a connected
smooth manifold.

(1) Let fi, fo : M — G be smooth maps such that §f; = §fy € QY (M, g). Then there
is an element g € G such that fo = A\gjo fi.

(2) Let ¢ € QY (M,g) be a form which satisfies the Maurer—Cartan equation 0 =
de(&,m) + [¢(&), e(n)] for all§,m € X(M). Then for each point x € M there is an open
subset U C M with x € U and a smooth function f:U — G such that 6f = ¢|y.

PROOF. (1) Consider the function h := fi(vo fy) : M — G. By Proposition 2.8 we
obtain

oh(x) = 0(v o fo)(x) + Ad(fa()) 0 6f1(2) = Ad(f2()) (0 f1(x) — 0f2(x)) = 0.

Since the Maurer—Cartan form is injective in each point, this implies that T,,h = 0 for
all x € M. Since M is connected, h must be constantly equal to some element g € G,
and by definition this means fi(z) = gfa2(x) for all z € M.
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(2) Consider the product M x G and the distribution £ C TM x T'G defined by
Eug ={(&n) ¢@)(&) =w(g)(n)}. For a chart on M with coordinate vector fields 0;
we obtain smooth sections (z, g) — (0;(x), Ly,(2))(g)) of E. For (§,n) € E, we must
have 71 = Ly)(g), so we see that these sections form a basis of E wherever they are
defined. Hence F is a smooth distribution of rank dim(M). Moreover, we can define
Qe Q' (M x G,g) by Q& n) = ¢(§) —w(n), and then evidently E(, ) = ker(Q(z,g)).
Otherwise put, €2 = prjp — priw. Therefore, d$2 = prjdy — pridw, which means that

dQ((éh 771)7 (527 7]2)) = dgp(ﬁb 52) - dw(nh 772>
Since both ¢ and w satisfy the Maurer—Cartan equation, this vanishes if Q(&;,7;) =
9(527 772) =0.

By Lemma the distribution F is integrable, and for x € M we consider the
leaf B, . of the corresponding foliation. Restricting the projections we obtain smooth
maps from B,y to M and G. By construction the first projection induces a linear
isomorphism F, .y — T, M, so the first projection restricts to a local diffeomorphism
around (z, e). Hence we find an open neighborhood U of x in M and a smooth map « :
U — By which is inverse to the first projection. Composing this with the restriction
of the second projection, we obtain a smooth map f : U — (. Evidently, its tangent
maps have to have the form £ — (£, 7n) — n, where (£, 7) is the unique element of E with
first component £. But this implies that w(n) = ¢(£) and hence 0f = f*w = . O

REMARK 2.9. (1) From this theorem one easily deduces a global result for I = [a, b].
Since this is one-dimensional, any g-valued one form on [ satisfies the Maurer—Cartan
equation, so any ¢ € QY(I,g) is of the form §f for a smooth f : I — G. Specializing
to G = (R, +) this give the usual fundamental theorem of calculus, namely existence of
an anti-derivative which is unique up to an additive constant.

(2) There is also a global version of the theorem. Given a form ¢ € Q'(M, g), which
satisfies the Maurer-Cartan equation, one first defines the monodromy of ¢. Fix a
point o € M and consider a smooth closed curve ¢ : [0, 1] — M with ¢(0) = ¢(1) = xo.
From part (1) of this remark, we see that there is a unique smooth curve ¢ in G with
¢(0) = e such that 6¢ = "¢, and we consider ¢(1) € G. It turns out that (since ¢
satisfies the Maurer—Cartan equation) for homotopic curves one obtains the same result
and this induces a homomorphism from the fundamental group of M to G, called the
monodromy representation. FExistence of a global smooth function f : M — G with
0f = ¢ is then equivalent to the fact that the monodromy representation is trivial, see
[Sharpe] 3.87] for more details.

(3) This theorem gives us an alternative proof for the existence of local homomor-
phisms with prescribed derivative: Suppose that G and H are Lie groups with Lie
algebras g and h and that o : ¢ — b is a homomorphism of Lie algebras. Then for the
Maurer Cartan form wg of G, we can consider a o wg € QG h). Since « is a homo-
morphism, one easily shows that this satisfies the Maurer—Cartan equation, so there is
an open neighborhood U of e in G and a smooth map f : U — H such that f(e) = e
and 0f = aowg. For g € U, one then considers f o A, : A;l(U) NU — H. One easily
verifies that this has the same logarithmic derivative as f, so it must be of the form
Ano f. Looking at the values at e, we see that h = f(g), so f is a local homomorphism.

One can also deduce existence of virtual Lie subgroups from the theorem, see
[Sharpe, 3., Exercise 6.3].



CHAPTER 3

Compact Lie groups and representation theory

In this chapter we study compact Lie groups. A good part of the results is based on
special properties of representations of compact Lie groups, so we have to develop the
basics of representation theory on the way.

Basic representation theory

Representation theory is one of the fundamental parts of the theory of Lie groups and
Lie algebras. Applying the theory to the adjoint representation also leads to structure
theory for Lie algebras and Lie groups.

3.1. Representations of Lie groups. We have already met the notion of a repre-
sentation of a Lie group G on a finite dimensional vector space V' in[I.10] Equivalently
to the definition as a smooth homomorphism G — G L(V') used there, one can also view
a representation of G on V' as a smooth left action (see ¢:G xV — V such that
for each g € G the map {, : V. — V is linear. By a complex representation we mean
a representation on a complex vector space such that each of the maps ¢, is complex
linear. As in the case of actions, we will often denote representations by (g,v) — g - v.

Given representations of G on V and W, a linear map f : V — W is called a
morphism or G-equivariant if f(g-v) = g - f(v) for all ¢ € G. An isomorphism
of representations is a G—equivariant linear isomorphism f : V — W. If such an
isomorphism exists, then we say that V' and W are isomorphic and write V = W.

Suppose that we have given representations of G on V; and V5. Then there is an
obvious representation on Vi @&V; defined by g- (v, v2) := (g-v1, g-v2). This construction
is referred to as the direct sum of representations. Of course, the natural inclusion of
the two summands into V; @ V5, are G—equivariant. A representation V of G is called
decomposable if it is isomorphic to a direct sum Vj @ Vo with dim(V}), dim(V3) > 0. If
this is not the case, then the representation is called indecomposable.

Let V be a representation of G. A linear subspace W C V is called G—invariant
or a subrepresentation if g-w € W for all ¢ € G and w € W. In that case, we
obtain representations of G on W and on V /W, defined by restriction respectively by
g-(v+ W) :=(g-v)+ W. For any representation of G on V, the subspaces {0}
and V of V are evidently invariant. If these are the only invariant subspaces then the
representation is called irreducible. Parts (2) and (3) of the following lemma, which are
known as Schur’s lemma, show that irreducible representations have nice properties.

LEMMA 3.1. Let V and W be representations of G and let ¢ : V. — W be a
morphism.
(1) ker(yp) C V and im(p) C W are G—invariant subspaces and o induces an isomor-
phism V/ ker(p) — im(p) of representations.
(2) If V- and W are irreducible, then ¢ is either zero or an isomorphism.
(3) If V is a complex irreducible representation and W =V, then ¢ is a complex multiple
of the identity.

37
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PROOF. (1) is evident from the definitions.
(2) Since V is irreducible, we must have ker(¢) = V and hence ¢ = 0, or ker(p) = {0}.
In the second case, im(¢) # {0} and hence im(¢) = W by irreducibility of W. Then ¢
is an isomorphism by (1).
(3) Since V' is complex and ¢ : V' — V is complex linear, it must have at least one
eigenvalue. The corresponding eigenspace is immediately seen to be G-invariant and
thus must equal V' by irreducibility. 0

As a simple consequence we get a result on irreducible representations of commuta-
tive groups:

COROLLARY 3.1. Let G be a commutative Lie group. Then each complex irreducible
representation of G has dimension 1.

PrROOF. By commutativity, ¢, o £, = {, o {, for all g,h € G. This means that
each of the maps ¢}, is G—equivariant, and hence a multiple of the identity by part (3)
of the theorem. Hence any subspace of the representation space V' is G—invariant, so
irreducibility is only possible if dim(V') = 1. O

ExAMPLE 3.1. We want to show that there is a big difference between indecompos-
able and irreducible representations in general. Let B,, C GL(n,R) be the subgroup of
invertible upper triangular matrices. Since this subgroup is evidently closed, it is a Lie
subgroup by Theorem [1.11} and its Lie algebra b, is the space of all upper triangular
matrices.

The inclusion B,, < GL(n,R) defines a representation of B, on R". For each
k=1,....,n — 1 the subspace R* C R" spanned by the first k vectors in the standard
basis of R" is clearly B,—invariant. In particular, this representation is not irreducible
for n > 1. We claim however, that these are the only invariant subspaces. Suppose that
r = (z%,...,2") € R" is a nonzero element such that for some k we have z* # 0 but
2P = ... = 2" = 0. We will show that any B,-invariant subspace V which contains z
must also contain R¥ C R™, which implies the claim. Indeed, one immediately constructs
a matrix A € B,, such that Ax = e, the kth vector in the standard basis, so e, € V.
But for i = 1,...,k — 1, there obviously is a matrix A; € B,, such that Ae, = e; — ey,
so the result follows. In particular we see that two nonzero invariant subspaces of R”
always have nonzero intersection, so R" is indecomposable as a representation of B,,.

Indeed, it can be shown that irreducible representations of B, are automatically
one—dimensional, and the action of elements of B,, on such a representation is only via
the diagonal entries.

To obtain decomposability of a representation, one does not only need a nontrivial
invariant subspace but also a complementary subspace, which is invariant, too. A
representation of G is called completely reducible if any G-invariant subspace W C
V' admits a G—invariant complement. If this is the case, then V is a direct sum of
irreducible subrepresentations. Indeed, if V' does not admit a non—trivial invariant
subspace, then V itself is irreducible. If W C V is a non-trivial invariant subspace,
then there is an invariant subspace W’ such that V' =W & W'. Since both W and W’
have smaller dimension than V| the claim now follows by induction.

While complete reducibility is very difficult to verify in general, there is a simple
condition on a representation, which ensures complete reducibility: A representation
of G on V is called unitary, if there is a positive definite inner product ( , ) on V
(Hermitian if V' is complex) which is G—invariant in the sense that (g-v,g-w) = (v, w)
for all g € G and v,w € V.
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PROPOSITION 3.1. Any unitary representation is completely reducible.

PRrROOF. For any subspace W C V, the orthocomplement W+ C V is a complemen-
tary subspace. Thus it suffices to show that W+ is G-invariant if W is G-invariant.
For g € G, v € W+ and w € W we compute

(g-v,w)y=(g7" - g-v,97" - w) = (v,g7" -w) =0
since g7' - w € W. By definition, this means that ¢g-v € W+. O

3.2. Representations of Lie algebras. We have met the concept of a represen-
tation of a Lie algebra g on a finite dimensional vector space V' in Such a repre-
sentation can be either viewed as a homomorphism g — L(V, V') (where the bracket on
L(V,V) is given by the commutator of linear maps) or as a bilinear map g x V" — V
with an evident compatibility condition with the bracket. If the actual representation
is clear from the context, we will denote it by (X, v) — X - v.

The concepts of morphisms, isomorphisms, direct sums, invariant subspaces and
quotients, indecomposability, irreducibility, and complete reducibility from carry
over to representations of Lie algebras without any change. Also, Lemma [3.1] continues
to hold with the same proof.

The only notion which changes is the one of unitarity. From [1.12] it is clear that
the right notion of unitarity is that V' admits an inner product with respect to which
any element of g acts by a skew symmetric (respectively skew Hermitian in the complex
case) linear map. Then it is evident that the orthocomplement of a g-invariant subspace
is g—invariant, too, so unitary representations are again completely reducible.

For a Lie group G with Lie algebra g and a representation ¢ : G — GL(V), we
obtain the associated infinitesimal representation ¢’ : g — L(V, V). From Theorem
we see that for X € g we have p(exp(tX)) = exp(ty’(X)). Since evaluation in v € V
is a linear map, we conclude that we can compute the infinitesimal representation as
X v = %|t:0 exp(tX) - v. If G is connected, then there is a perfect correspondence
between all concepts for the two representations introduced so far:

PROPOSITION 3.2. Let G be a connected Lie group with Lie algebra g and let ¢ :
G — GL(V) be a finite dimensional representation with derivative ¢’ : g — L(V, V).
(1) A subspace W C 'V is G—invariant if and only if it is g—invariant. In particular, V
s indecomposable, irreducible, or completely reducible as a representation of G if and
only if it has the same property as a representation of g.
(2) V' is unitary as a representation of G if and only if it is unitary as a representation

of g.

PROOF. (1) Suppose that W C V is G-invariant. Then for X € g and w € W the
smooth curve ¢t — exp(tX) - w has values in W. Hence its derivative X - w in ¢t = 0 lies
in W, too.

Conversely, assume that W is g-invariant. By Theorem we have p(exp(X)) =
e?'(X) =y Lo/ (X)R. Since ¢/ (X)(W) C W, the same holds for ¢'(X)*, and since
linear subspaces in finite dimensional vector spaces are automatically closed, we see that
w(exp(X)) maps W to itself. Hence W is invariant under that action of all elements of
exp(g) C G and thus also under the elements of the subgroup of G generated by this
subset. Now the result follows from Theorem [1.9]

(2) If ¢ is unitary, then it has values in O(V') respectively U(V). Then ¢’ has values
in o(V) respectively u(V'), so it is unitary, too. Conversely, if ¢’ has values in o(V')
respectively u(V'), then p(exp(X)) = exp(¢’(X)) for X € g shows that ¢ maps exp(g)
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to O(V) respectively U(V). Then the same is true for the subgroup generated by
exp(g). O

3.3. Some structure theory. We can next apply the ideas of representation the-
ory to the adjoint representation ad : g — L(g, g) of a Lie algebra g. A subspace h C g
by definition is g-invariant if and only if [X,Y] € b for all X € g and YV € b, ie. if
and only if b is an ideal in g. We have met the direct sum of Lie algebras in [I.4] If
g = b dbh”, then by definition b’ and h” are ideals in g. Hence indecomposability of
the adjoint representation exactly means that g is not a direct sum of two non—trivial
ideals.

A Lie algebra g is called simple if dim(g) > 1 and g does not have any ideals except
{0} and g. Tt is called semisimple if it is a direct sum of simple ideals. Finally, g is
called reductive if any ideal in g admits a complementary ideal, i.e. if the adjoint repre-
sentation is completely reducible. One defines a Lie group G to be simple, semisimple,
or reductive, if its Lie algebra g has that property.

We can now easily clarify some basic properties of these kinds of Lie algebras. For
this, we need two more definitions: Let g be any Lie algebra. Then we define the center
ofgtoj(g) ={X e€g:[X,Y]=0 VY € g}. Further, we define the derived subalgebra
(g, 9] C g as the subspace of g spanned by all elements of the form [X,Y] with X, Y € g.
A moment of thought shows that both 3(g) and [g, g] are ideals in g and clearly 3(g) is
Abelian.

THEOREM 3.3. (1) If g is semisimple then 3(g) = {0} and [g, 9] = g. Moreover, if
g=01D---Dgr s a decomposition into a direct sum of simple ideals, then any ideal in
g is the sum of some of the g;. In particular, g does not have a nonzero Abelian ideal.
(2) If g is reductive then g = 3(g) @ [g, 9], and [g, g] is semisimple.

PRrROOF. (1) In an Abelian Lie algebra, every linear subspace is an ideal. Now for a
simple Lie algebra g, we must by definition have dim(g) > 1, so g cannot be Abelian.
This implies that 3(g) # g and hence 3(g) = {0}, and [g,g] # {0} and hence [g,g] = g
in the simple case.

Next, suppose that g is semisimple and that g = g, ®- - - @ gx is a decomposition into
a direct sum of simple ideals. Then [g;, g;] = g; for all 7 immediately implies [g, g] = g.
On the other hand, suppose that h C g is an ideal. Then h N g; is an ideal in g; for
each 7. Since g; is simple we must have either h N g, = {0} or hNg; = g;. Suppose that
hNg; = {0} and that X € h decomposes as X = X; +---+ X}, with X; € g;. Then for
any Y; € g; we get [X,Y;] € hNg; (since both subsets are ideals) so [X,Y;] = 0 for any
Y;. But by definition [X,Y;] = [X;, Y], so X; € 3(g;) = {0}. This shows that b is the
sum of those g; for which h N g; = g;. In particular, a semisimple Lie algebra does not
have non—trivial Abelian ideals and hence 3(g) = {0}.

(2) Since g is reductive, there is an ideal h C g such that g = 3(g) © h. It is an easy
exercise to verify that any ideal in a reductive Lie algebra is reductive, too. Inductively,
we can decompose h as h; & - - - & by, such that each h; does not admit any nontrivial
ideals. But this means that b; either is simple or one-dimensional. In the latter case,
one immediately concludes that h; C 3(g) which is a contradiction. This shows that b
is semisimple and hence [h,h] = h and hence [g,g] D h. Since the other inclusion is
obvious, the result follows. [

REMARK 3.3. (1) The proposition shows that semisimple Lie algebras are automat-
ically reductive. On the other hand, we see that to understand reductive (and hence
also semisimple) Lie algebras, it suffices to understand the simple ones. It turns out
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that simple real and complex Lie algebras can be completely classified using linear al-
gebra. In the complex case, there are the so—called classical series consisting of the Lie
algebra sl(n,C), so(n,C), and sp(n,C), plus five exceptional simple Lie algebras, see
[Cap:Liealg) chapter 3]. In the real case, the classification is more complicated but
still manageable, see e.g. [Knapp].

(2) The opposite end of the spectrum of Lie algebras to the ones discussed here is
formed by solvable Lie algebras. For a Lie algebra g, we define gV := g, g®® := [g, g],
and inductively, g@*!) = [g() g®]. Then one obtains the derived series of g, namely
gD g® > ...2g® o g* 5 and g is called solvable if g*) = {0} for some k.
The typical example of a solvable Lie algebra is the Lie algebra b,, of upper triangular
matrices, see [3.1]

From the proposition we see that for a semisimple Lie algebra g we have g¥) = g
for all 7, and hence the classes of semisimple and solvable Lie algebras are disjoint.
Likewise, the classes of reductive and solvable Lie algebras intersect only in the Abelian
ones.

(3) The property we have used as the definition of semisimplicity is usually viewed as
the result of a theorem. The usual definition (which is equivalent) is that g does not
contain a non—trivial solvable ideal, see [Cap:Liealg], chapter 2].

The following result leads to many examples of reductive and semisimple Lie alge-
bras:

PROPOSITION 3.3. Let g C M, (R) be a Lie subalgebra which is closed under forming
the transpose of matrices. Then g is reductive.

PROOF. One immediately verifies that (X,Y) := tr(XY?) is the standard inner
product on M, (R) = R™ and hence restricts to a positive definite inner product on g.
We claim that for an ideal h C g also the orthocomplement h* is an ideal, which proves
the result. Suppose that X € b+ and Y € g. Then for Z € h we compute

(X,Y],Z) = tr(XYZ! — YXZ!) = tr(X (Y 2 — ZtY)) =
— a(X(2Y' — Y'2)) = —(X, [V, 7)),
which vanishes since Y* € g and hence [Y*, Z] € b. O

This immediately shows that gl(n,R), sl(n,R), o(n), and o(p,q) are reductive Lie
algebras. It is elementary to show that the center of gl(n,R) consists of all multiples
of the identity matrix, while for sl(n,R) with n > 2 and o(p,q) with p + ¢ > 3 the
center is trivial and hence these algebras are semisimple. Indeed, except for o(p, ¢) with
P+ q = 4, they are even simple.

3.4. Compact groups. The first fundamental result about compact groups that
we can prove is that their representations are automatically completely reducible, which
also has strong consequences on their structure. This needs some background on inte-
gration.

First we observe that any Lie group G is an orientable manifold, see Section 4.3 of
[AnaMf]. Indeed, to define a compatible orientation on each tangent space, choose a ba-
sis {X1,..., X, } of the Lie algebra g of G and then define the basis { Ly, (9), ..., Lx,(9)}
of T,G to be positively oriented for each g € G. Recall further that the right objects
for integration on n—dimensional oriented manifolds are n—forms, see Section 4.4 of
[AnaMf]. An n—form ¢ € 2"(M) smoothly assigns to each x € M an n-linear, alter-
nating map ¢(z) : (T,M)" — R. In local coordinates, such an n—form is determined by
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one smooth function, and integration is defined by decomposing an n—form into a sum
of forms supported in one chart and then integrating the local coordinate expressions.

Returning to the case of a Lie group G, we can consider the space of n—linear
alternating maps g" — R, which is one-dimensional. Chose a nonzero element « in this
space and define ¢ € Q"(G) by

0(g)(&, . &) = a(Thg-1- &, ..., TAg-1 - &)

The resulting n—form is left invariant in the sense that (A\,)*¢ = ¢ for all g € G. If
G is compact, then fG @ is a well defined real number, and we can uniquely rescale «
in such a way that the integral equals one. Let us write vol for the resulting n—form,
which we call the volume form of the compact Lie group G.

Having this volume form at hand, we can integrate smooth functions on G. For
f G — K, where K = R or C we have fvol € Q"(G,K), and we will also write
Jo for [, f(g)dg for [, fvol € K. The fundamental property of this integral is again
left invariance: By construction, for any g € G the left translation A\, : G — G is an
orientation preserving diffeomorphism, and hence [, f = [, As(f vol). But \:(f vol) =

(foXg)A;vol = (foXy)vol, and therefore [, foX, = [, f or equivalently [, f(gh)dh =
Jo f(h)dh for all g € G. The volume form leads to a measure on G, called the (left)
Haar measure which can then be used to extend integration to continuous functions
and further. All these extensions are still left invariant. It is a nice exercise to show
that compactness of G implies that also (p?)* vol = vol for all g € G.

Using integration, we can prove the first fundamental result on compact Lie groups.
To deal with K = R and C simultaneously we we always use Hermitian forms in com-
putations and define the conjugation on R to be the identity.

THEOREM 3.4. Let G be a compact Lie group. Then any finite dimensional repre-
sentation of G is unitary and hence completely reducible.

PROOF. For a representation on V', choose an arbitrary positive definite Hermitian
inner product on V', which we denote by b(v, w). Then define f,,, : G = Kby f,,(g) :=
b(g'-v,g7' - w). Define amap (, ):V xV — K by

(v, 0) = /G fonw

By construction we have fy, 11w = foyw + tfo,w Which implies that ( , ) is linear
in the first variable. Next, f,, = ﬁ,_w implies that ( , ) is a Hermitian form, and
since f,,(g) > 0 for all v # 0 and all g € G we obtain a positive definite Hermitian
inner product. Finally, by definition we get f,-1., g-1.,,(h) = fu.w(gh), which means that
fo-1wg-1w = fow©Ag. Left invariance of the integral now shows that (g7 v, ¢ w) =
(v,w) for all v,w € V and all g € G. O

By Proposition [3.2] this carries over to representations of the Lie algebra g of G,
and applying it to the adjoint representation we get

COROLLARY 3.4. Let G be a compact Lie group. Then the Lie algebra g of G is
reductive and hence g = 3(g) ® [g, g with [g, g] semisimple.

3.5. Matrix coefficients and characters. For any representation ¢ : G —
GL(V) of a Lie group G on a finite dimensional K—vector space V', one defines the
character of ¢ as the smooth function y : G — K given by x(g) := tr(¢(g)). Since
¢ : G — GL(V) is a homomorphism, we get ¢(ghg™') = ©(g)¢(h)e(g)~t, which implies
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that x(ghg™') = x(h), so the character is a class function. On the other hand, sup-
pose that f : V' — W is an isomorphism between two representations ¢ and 1. Then
P(g)of = fop(g) or ¢(g) = fop(g)o f~! which shows that isomorphic representations
have the same character.

For a unitary representation on (V, (, )), there is a larger class of associated smooth
functions G — K. One defines a matriz coefficient to be a map of the form g —
(g -v,w) for v,w € V. If {vy,...,v,} is an orthonormal basis for V', then the matrix
representation of p(g) is given by ((g - v, v;));;, so we really obtain matrix entries in
that way. Moreover, we clearly have x(g) = >_.(g - v, v;), so the character is a sum of
matrix coefficients.

Of course, the matrix coefficients depend on the choice of the inner product. How-
ever, this dependence does not really matter: For a representation of a Lie group G on
a vector space V', consider the dual space V* and for a € V* define g-a: V — K by
g-a(v) :=a(g™'-v). One immediately verifies that this defines a representation of G
on V*, called the dual of the given representation. Looking at the derivative, one sees
that for Lie algebra representations the right definition is (X - a)(v) :== —a(X - v).

Given an inner product (, ) on V, we obtain a map V' — V* which sends v € V
to the functional a(w) := (w,v). The statement that the inner product is G-invariant
is equivalent to the corresponding map V' — V* being G—equivariant. In the complex
case, a similar statement holds, but the isomorphism V' — V* induced by a Hermitian
inner product is conjugate linear rather than complex linear. If V' is irreducible, then
one easily verifies that VV* is irreducible, which by Schur’s lemma implies that any two
isomorphisms V' — V* are proportional. In particular, an irreducible representation V'
of G admits, up to multiples, at most one invariant inner product.

A general unitary representation can be written as an orthogonal direct sum of
irreducible representations. This implies that each matrix coefficient is a linear com-
bination of matrix coefficients of the irreducible components. In particular, the space
of matrix coefficients of a unitary representation, viewed as a subspace of C*°(G,K), is
independent of all choices.

The basic fact about matrix coefficients for compact Lie groups is provided by the
Schur orthogonality relations:

PROPOSITION 3.5. Let G be a compact Lie group, and let V. and W be irreducible
unitary representations of G (with both inner products denoted by ( , )).
(1) If V_ and W are non—isomorphic, then for any matriz coefficients ¢ of V' and 1) of
W, we have fG o = 0.
(2) If V is complex and W =V, then for vy, ve, w1, wy € V we have

_— 1
/G<9 : U1,U2><9 : w1>w2>d9 = (iim—(x/')<vl’w1><v2’w2>'

Proor. Take any linear map f : V — W. For fixed elements v € V and w € W,
consider [,(f(¢7"-v),g7" - w)dg. This expression is evidently conjugate linear in w, so
for fixed v € V' we obtain an element F(v) € W such that

(F(v),w) = / (g™ v).g" - w)dg

for all w € W. Since the right hand side is also linear in v, this defines a linear map
F:V —W. Now

(h- F(v),w) = (F(v),h™" -w) = /G<f(g_1 +v), (hg)™" - w)dg.
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Using g~ v = (hg)~!-h-v, we conclude from invariance of the integral that (h-F(v),w) =
(F(h-v),w) forallv e V, we W, and h € G. Thus, F': V — W is a morphism of
representations.

(1) Since V and W are non—isomorphic, we must have F' = 0 for any choice of f by
Schur’s lemma. Defining f(v) := (v, v;)w; for fixed v; € V and w; € W, we obtain

0= [t vt widg = [ g+ wr,w)g-orods
G G
(2) Again by Schur’s lemma, any choice of f has to lead to F' = aid for some a € C.
Hence for all v,w € V we get

(3.1) /G (Flg™ )97 - w)dg = afv, w).

Taking an orthonormal basis {v;} of V, inserting v = w = v;, and summing over all
i, the right hand side of (3.1) equals adim(V’). On the other hand, since then also

{g~"' - v;} is an orthonormal basis, the left hand side of (3.1]) equals [, tr(f) = tr(f),

tr(f)
dim(V) "

Similarly as in (1), we now put f(v) := (v, v;)w;. Then tr(f) = (wy, v1), so the right

hand side of (3.1)) becomes m<w1, v1){v,w). On the other hand, as in (1), the left

hand side of (3.1)) evaluates to

[ o=l

which shows that a =

This has immediate strong consequences on characters:

COROLLARY 3.5. Let G be a compact Lie group.
(1) For complex irreducible representations Vi and Vy of G with characters x1 and x2

we have
— 0 Vi % Vs
d =
/le(g)xQ(g) g {1 V1

(2) Two complex representations of G are isomorphic if and only if they have the same
character.

PRrROOF. Part (1) follows easily from the theorem since x(g) = > _.(g - v;, v;) for an
orthonormal basis {v;}.

(2) Let us first assume that V; and V5 are complex irreducible representations with the
same character x. If V4 % V3, then by part (1) we have [, |x|> = 0 and hence y = 0.
But this is impossible, since y(e) is the dimension of the representation space.

Let V be a complex representation of G. By Theorem [3.4] V' decomposes as a
direct sum of irreducible representations and taking together isomorphic factors, we can
write V as V = (V)" & --- & (Vi)™ for pairwise non-isomorphic complex irreducible
representations V; and positive integers n;. This implies that the character of V' is given
by x = nix1 + - -+ + ngXk, where x; is the character of V;. But by part (1) we can

recover the representations V; and the integers n; since n; = [, x(9)x;(g)dy. O

The number n; which shows up in the proof of part (2) is called the multiplicity of
the irreducible representation V; in V.
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Maximal tori

We continue our study of the structure of compact Lie groups by looking at maximal
connected Abelian subgroups. As we shall see, such a subgroup is essentially unique
and meets each conjugacy class. This has interesting consequences both for structure
theory and for the theory of characters.

Let us describe the main results in this direction for the prototypical example G =
U(n), where they follow from linear algebra. The subset 7" C G of unitary diagonal
matrices is a connected commutative subgroup of G. Evidently, 7" = U(1)" so this
is a torus. Since any unitary matrix can be unitarily diagonalized, any element of GG
is conjugate to an element of 7. Any family of commuting unitary matrices can be
simultaneously diagonalized unitarily, so any commutative subgroup of G is conjugate
to a subgroup of T'. In particular, T is a maximal commutative subgroup of G and any
such subgroup is conjugate to 7T

Since T' is a commutative subgroup of GG, there is no conjugation inside of 7. Still
the question of whether two elements of T are conjugate in G is of interest. Since
conjugate matrices have the same eigenvalues (including multiplicities), two diagonal
matrices can only be conjugate if there entries agree up to a permutation. But of course,
any permutation o of the vectors of the standard basis defines a unitary matrix A, € GG
so we see that any permutation of diagonal entries can be realized by a conjugation
inside of GG. This will identify the permutation group &,, (together with its action on
T) as the Weyl group associated to T

3.6. We first have to clarify the structure of connected Abelian Lie groups. We
write T" for the n—dimensional torus, so T" = U(1)" = R"/Z".

PROPOSITION 3.6. Any connected Abelian Lie group is isomorphic to R™ x T™ for
some n,m € N. In particular, any compact connected Abelian Lie group is a torus.

PROOF. Let GG be connected and Abelian, take two elements X,Y € g and consider
t — exp(tX)exp(tY). Since G is commutative, this is a one parameter subgroup,
and its derivative at t = 0 is X + Y. In particular, exp(X)exp(Y) = exp(X +Y), so
exp : g — G is a homomorphism from (g, +) = RY™®@ to G. The derivative exp’ : g — g
is the identity by Theorem [I.8 so by Propositions and [1.17, K := ker(exp) C g
is a discrete subgroup and exp induces an isomorphism g/K — G. Let V C g be the
subspace spanned by K and let W C g be a complementary subspace. Then evidently
g/K = (V/K) x W, so it suffices to show that V/K is a torus to complete the proof.

So we have to show that for a discrete subgroup K C R” which spans R”, there is a
basis {x1, ..., 2, } such that K consists of all integral linear combinations of the z;. Take
an element x; € K of minimal norm. Then Zx; C K and we claim that Rxi N K = Zx;.
Indeed, if Az; € K for some A € R\ Z, we may assume without loss of generality that
A > 0. But then we find k£ € Z such that k < A < k+ 1 and (A — k)z; € K would be
an element of smaller norm than ;. In particular, this proves the result if n = 1.

Proceeding inductively, assume that K C R" for n > 2 and that the result has
been proved for subgroups of R»~!. For an element x; € K as above, we can form
R"/Rx; = R™ ! and obtain an embedding of K/Zx; into R""!. By construction,
the image is a subgroup that spans R"! and one easily shows it is again discrete.
By induction hypothesis, it consists of all integral linear combinations of the elements
of a basis for R"7!, and we choose preimages zs,...,z, € K of the basis elements.
Then by construction {zi,...,z,} is a basis for R and K contains all integral linear
combinations of the basis elements.
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Conversely, given = € K, the element z + Rz; € R"/Rx; can be written as an
integral linear combination of our basis elements, which leads to a representation x =
Ar1+asre+- - -+ ayr, with A € Rand asy, . ..,a, € Z. But this readily implies Ax; € K
and hence \ € Z, which completes the argument. |

Now let us consider a compact Lie group G. Then G contains connected commutative
subgroups, for example one parameter subgroups. Hence it makes sense to look for
connected Abelian subgroups 7' C G which are maximal, i.e. not contained in larger
subgroups having the same property. As we shall see below, such a subgroup must be
isomorphic to T* for some k, and hence is called a mazimal torus in G.

Likewise, any one-dimensional subspace in the Lie algebra g is an Abelian subal-
gebra, so we can also look for maximal commutative subalgebras of g, which evidently
exist by dimensional considerations.

THEOREM 3.6. Let G be a compact Lie group with Lie algebra g.
(1) Any mazximal connected Abelian subgroup T of G is closed and hence a Lie subgroup
and isomorphic to a torus.
(2) The mazimal tori in G are exactly the unique (virtual) Lie subgroups corresponding
to mazimal commutative Lie subalgebras of g.

PROOF. The main point in the proof is that for a connected Abelian subgroup
H C G also the closure H is a connected Abelian subgroup. Connectedness of H is
clear, and for a,b € H we find sequences (a,) and (b,) in H converging to a and b
respectively. But then ab = lima,b, = limb,a, = ba € H and a~! = lim a;l € H.
From this, (1) follows immediately.

For (2), suppose that H is a connected Lie group whose Lie algebra b is commutative.
Then since ad is the derivative of Ad, connectedness of H implies that Ad(h) = id,, for
all h € H. Since Ad(h) is the derivative of conj,, this must be the identity, too, so
H is commutative. Hence there is a direct correspondence between commutative Lie

subalgebras and connected commutative Lie subgroups, from which (2) easily follows.
O

3.7. The Weyl group. Let G be a compact Lie group and let 7" C G be a maximal
torus. Then we define the normalizer N := Ng(T) of T in G as {g € G : gag™' €
T VYa € T}. This is evidently a subgroup of G and since T is a closed subset of G,
also the subgroup N is closed and hence compact. By definition, 7" C N is a normal
subgroup, and N C G is the maximal subgroup for which this is true. In particular, we
can form the quotient group W := N/T', which is called the Weyl group of the torus 7'

Let us look at the case G = U(n) and T' C G is the torus of diagonal matrices. Let
D € T have all eigenvalues different. If A € G is such that ADA™! = D € T, then also
all eigenvalues of D are different, and AD = DA. Hence A must map any eigenspace
of D to an eigenspace of D, and hence each coordinate axis to some other coordinate
axis. Thus we exactly recover permutation matrices as dicussed earlier and W = N/T'
in this case is isomorphic to the permutation group &,, of n elements. This acts on T'
by permuting the entries of diagonal matrices. Our next task is to prove that the group
W is finite in general.

LEMMA 3.7. Let T C G be a mazimal torus and let N be its normalizer in G. Then
T coincides with the connected component of the identity of N, and W = N/T is a
finite group.

PRrROOF. Let t and n be the Lie algebras of T"and N. Since T is a normal subgroup
of N, the Lie algebra t is an ideal in n. From [3.4] we know that there is an inner product
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on n, which is invariant under the adjoint action. Accordingly, we get n = t® t+. Since
t is an ideal in n, so is t* (see [3.4). If t& # {0} then we choose a one-dimensional
subspace ¢ C t+ and see that t ® ¢ is an Abelian Lie subalgebra of n and hence of g,
which strictly contains t. This contradicts part (2) of Theorem so we obtain n = t.

Since N and T have the same Lie algebra and 7" is connected, it must coincide with
the connected component of the identity of N. Thus the quotient group W = N/T is
discrete and since N is a closed and hence compact subgroup of G, the group W must
be finite. OJ

The group N acts on T' by conjugation. Since 7" is commutative, elements of T" act
trivially, so we obtain an induced left action W x T" — T.

3.8. Conjugacy. To prove the fundamental results about maximal tori, we need
some background on the mapping degree, see Section 4.10 of [AnaMf] for more infor-
mation. Suppose that M and N are connected oriented compact smooth manifolds of
dimension n, and that f : M — N is a smooth map. Choose a form o € Q"(N) such
that [, o = 1, consider the pullback f*a € Q*(M) and define deg(f) := [,, f*a € R.
This is well defined, since the integral of an n—form over a compact smooth n—manifold
vanishes if and only if it is the exterior derivative of an (n — 1)—form. Hence any other
choice for « is of the form a + df and f*(a+ df) = f*a + d(f*F) and the integral
remains unchanged. (More formally this can be phrased as the fact that the action
f*: H"(N) — H"(M) between the top de-Rham cohomologies, which are isomorphic
to R, is given by multiplication by deg(f)).

We only need two facts about the mapping degree: First if f : M — N is not
surjective, then deg(f) = 0. Indeed, in that case we can find an open subset U C N
which is disjoint to f(M). Using an appropriate bump function, we can construct an
n—form o« on N with support contained in U and fNoz = 1. But then f*a = 0 and
hence deg(f) = 0.

On the other hand, suppose that y € N is a regular value for f : M — N, i.e. for
all z € f~'({y}) the map T,.f : T,M — T,N is a linear isomorphism. In this case each
such z has a neighborhood U, on which f restricts to a diffeomorphism U, — f(U,),
so in particular U, N f~'({y}) = {x}. This shows that f~'({y}) is discrete in M but
since it is clearly closed and thus compact. Hence f~'({y}) is finite and we number
its elements as x1,...,z; and define ¢; to be +1 if T, f is orientation preserving and
—1 otherwise. Then we can find connected neighborhoods U; of x; and V of y such
that f restricts to a diffeomorphism U; — V for each i = 1,...,k. As above, we find

o € Q"(N) with support contained in V and [, @ = 1. But then [,, f*a = Zle Jo. fra

and by diffeomorphism invariance of the integral we obtain deg(f) = Zle €.

On the other hand, we need the notion of a generator of a Lie group. An element g
of a Lie group G is called a generator if the subset {¢* : k € Z} (i.e. the subgroup of
G generated by g) is dense in G. From we know that the closure of a commutative
subgroup is commutative, so only Abelian Lie groups can have a generator. While it is
easy to see that R™ does not admit a generator, we get the following result for tori:

LEMMA 3.8. For each n > 0 the torus T™ admits a generator. Indeed, the set of
generators 1s dense in T".

PROOF. Let us view T" as R™/Z", so the exponential map is just the canonical
projection R" — T™. We call a cube in R™ any subset of the form {z : |[z°— &' < e Vi}
for fixed £ € R™ and € > 0. Choose any cube Cj contained in [0, 1] and let {Uy : k € N}
be a countable basis for the open subsets of T™. Suppose inductively, that we have
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already constructed cubes Cy D -+ D C),_1 and numbers N; < --- < N,,_; such that
for each x € C), we have exp(z)™ € Uy. Let 2¢ be the length of the sides of C,, ;.
Choose N, such that N,,2¢ > 1. Then N,,C,,_1 is a cube of side length > 1, which
implies that z — exp(z)N™ defines a continuous surjection C,,_; — T". Hence the
preimage of U, under this map is open and therefore contains a cube C,,. Thus we find
cubes C} for all k£ € N.

By compactness of [0, 1]", the intersection NgenCy is non—empty and for an element
7 in there we have exp(z)N* € Uy, for all k € N. Since any open subset of T contains
one of the sets Uy, the element exp(z) is a generator. [

Having the background at hand, we can now prove the main result about maximal
tori:

THEOREM 3.8. Let G be a connected compact Lie group and T C G a mazimal
torus. Then any element of G is conjugate to an element of T.

PROOF. Define a map ¢ : G x T — G by (g,a) — gag™'. Since T is Abelian, we
have ¢(gb,a) = ¢(g,a) for all g € G and a,b € T. Thus thereisamap ¢ : G/TxT — G
such that ¢ = 1 o (p x id), which is smooth since p : G — G/T, and thus p X id, is a
surjective submersion. Now G/T x T and G have the same dimension, so we can prove
that the mapping degree of 1 is nonzero in order to show that v is surjective, which
implies the claim.

Denoting by t C g the Lie algebra of T, we have g = t&t* for some fixed ad-invariant
inner product on g. Fix orientations on t and t*. This gives an orientation of g, so via
left translations we obtain orientations of T and . Since G and T are connected, and
translating with e is the identity, all left and right translations as well as conjugations
are orientation preserving diffeomorphisms.

The projection p : G — G/T is a surjective submersion and ker(7.p) = t, so it
induces a linear isomorphism t* — T,(G/T), where o = ¢T. For g € G, we obtain a
linear isomorphism T,,¢, : T,(G/T) — T,r(G/T). Since T = ¢T implies § = ga for some
a € T and T is connected, all these maps lead to the same orientation on T,r(G/T).
Hence we get an orientation on G/T such that all the maps ¢, are orientation preserving.

For a € T, the derivative T(¢c oy : g x T, T — T,G is given by (X, Ry (a)) — Rx(a)—
Lx(a) + Ry(a), which using Proposition can be written as Ry x—ad()x)(a). By
construction, the derivative T{, 4% is given by the same formula when viewed as a map
tt x T,T — T,G. Since Ad(a)(t) C t, the map Ad(a) also preserves t+, which shows
that kel"(T(o,a)’lﬁ) = ker((id — Ad(a))|t¢) X {O}

We claim that for a generator a of T, the map id — Ad(a) restricts to an orientation
preserving linear isomorphism on t*. Indeed, if Y € g is such that Ad(a)(Y) =Y, then
of course Ad(a*)(Y) =Y for all k € Z and since {a* : k € Z} is dense in T, we get
Ad(b)(Y) =Y forall b € T. Putting b = exp(Z) we see that [V, Z] = 0 for all Z € t and
hence Y € t by maximality. Since T is connected, we must have Ad(a) € SO(t+). Now
any such matrix can be brought to block diagonal forms which blocks of the form —1
cosa —sina .

) . Since such
sina cosa
a block contributes a factor 2 respectively 2(1 —cos a) to the determinant of id — Ad(a),
the claim follows.

We have now shown that for each generator a of T, the tangent map T{, )% is an
orientation preserving linear isomorphism. By definition, 1o (¢, x id) = con] 4 °¥, which
shows that for each g € G the tangent map T(yr,0)¢ : Tyr(G/T) x T,T = Tye-1G is an

gag
orientation preserving linear isomorphism. Now still for a generator a of T consider the

(+1 is impossible since id — Ad(a) is an isomorphism) or
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preimage 1" (a). If a = gbg™" for some g € G and b € T, then conj,.(a) € T. Hence
also conj,1(a") € T for all k € Z and by continuity conj,+(7) C T, which implies
that g € Ng(T). But then also b = conj,-1(a) is a generator of 7', so we see that for
each point (¢T,b) € ¢ (a), the tangent map T(y1 4% is an orientation preserving linear
isomorphism, so a is a regular value and deg(y)) > 0. [

With a bit more care, one shows that actually deg(1) equals the order of the Weyl
group W of T.

3.9. Some applications. The basic conjugacy result from Theorem [3.8 has several
immediate but surprisingly strong consequences for the structure of compact Lie groups:

COROLLARY 3.9. Let G be a compact connected Lie group and T C G a mazimal
torus.
(1) Any connected Abelian subgroup of G is conjugate to a subgroup of T, and any
mazimal torus of G is conjugate to T'.
(2) Any element of G lies in some mazimal torus of G.
(3) The center Z(G) is contained in any mazimal torus of G.
(4) The exponential mapping exp : g — G is surjective.
(5) For any k € Z \ {0}, the kth power map g — ¢~ is surjective.

PROOF. (1) For a connected Abelian subgroup S C G also the closure S is connected
and Abelian. Since S is a torus, it has a generator a, and by the theorem we find an
element g € G such that conj,(a) € T. But then conj,(a*) € T for all k € Z and by
continuity we get conj g(g ) C T. The statement on maximal tori is then evident.

(2) Given g € G we find an element h € G such that conj,(g) € T. But then g lies in
conjj,-1(7"), which evidently is a maximal torus in G.

(3) This is evident since for g € Z(G) and h € G we have conj,(g) = g.

(4) follows immediately from (2) since the exponential map for tori is surjective.

(5) This is clear from (4) since exp(X) = exp(3 X)* for all k € Z \ {0}. O

Since any two maximal tori of G are conjugate, they in particular have the same
dimension. This dimension is called the rank of the compact group G. It also follows
easily that the Weyl groups associated to two maximal tori of G' are isomorphic, so the
Weyl group can be considered as an invariant of the compact Lie group G.

3.10. Remarks on representation theory and the Weyl character formula.
Now we want to sketch applications of maximal tori to the theory of characters and hence
to representation theory. Recall from Section that the character y of any finite
dimensional representation is a class function, i.e. x(ghg™') = x(h) for all g,h € G.
For a maximal torus 7' C G, part (1) of the corollary therefore implies that any such
character is uniquely determined by its restriction to 7. For a representation on a
K—vector space, this restriction is a smooth function 7" — K. The action of the Weyl
group W of T on T is given by the restriction to T" of the conjugation by an element
g € Ng(T), so it follows that the restriction of any character to 7" is invariant under
the action of W. With a bit more work, one can show that restriction to 7" actually
defines a bijection between the set of continuous class functions on GG and W-invariant
continuous functions on 7.

Any representation of G on V' gives rise to a representation of 1" by restriction. As
a representation of 7', V' is much easier to handle, since by Theorem and Corollary
it is isomorphic to a direct sum of 1-dimensional representations. But evidently,
the character of the representation of T" on V' is simply the restriction of the character
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of the G-representation. Using Corollary we see from above that two complex
representations of GG are isomorphic if and only if their restrictions to T" are isomorphic.

One can push this much further: A one-dimensional complex representation of T is
given by a homomorphism 7" — C\ {0}. Such a homomorphism is uniquely determined
by its derivative, which is a linear map t — C, i.e. an element of the dual t*. This
is a counterpart to the theory of weights for complex reductive Lie algebras. It turns
out that an element of t* comes from a homomorphism 7" — C \ {0} if and only if any
element of ker(exp) is mapped to an integer multiple of 27i. Such functionals are called
analytically integral and one shows that there is a basis of t* for which the analytically
integral weights are exactly the linear combinations of the basis elements with integral
coefficients. One denotes by t}; the real span of this basis.

The action of the (rather large) Weyl group W of T induces actions on t and on
t; and the set of functionals obtained from a representation of G is invariant under
this action. This invariance also refers to the multiplicity with which an irreducible
representation of 7" occurs in the decomposition of V. To deal with this symmetry,
one introduces the notion of dominant elements of t;. These elements form a closed
cone D in t; which meets each orbit of the Weyl group W and if the intersections of D
with an orbit contains an interior point of D, it consists of that point only. (So D is a
fundamental domain for the action of W on t}.) This also gives rise to a total order on
%, so in particular for a representation V' of G one can look at the largest functional
that occurs. This is automatically dominant and integral and it is called the highest
weight of V. It is rather easy to show that two irreducible representations of G with
the same highest weight are isomorphic.

As mentioned above, there is also a Lie algebraic version of these notions in the
setting of complex semisimple Lie algebras which is essentially equivalent to the setting
of real compact Lie algebras. In many respects the resulting approach based on linear
algebra is simpler than the approach via compact groups discussed here. There is a
very important result, however, for which the two settings lead to very different proofs,
which both are very interesting. This is the so-called Weyl character formula, which
provides detailed information on the structure of irreducible representations and is one
of the cornerstones of representation theory. Given a dominant integral functional A,
this formula describes what the character of an irreducible representation V' with highest
weight A has to look like. (It turns out that such representations always exist, but this
is not needed for the proof.)

The expression for the character obtained in the character formula is of relatively
complicated nature and we will not discuss it here. However, in the setting of compact
groups, there is a small but crucial input coming from integration theory. This is
closely related to the ideas for the proof of Theorem [3.8] so we sketch it here. What one
wants to exploit in the proof of the character formula is the fact that for an irreducible
representation V' of G the character yy satisfies [, o XvXy = 1. To combine this with
the above considerations on a maximal torus 7', one has to relate the integral over G to
an integral over T', which is the content the Weyl integration formula.

This formula is based on the map 1 : G/T x T — G from Theorem which was
defined by ¢(gT,t) := gtg~'. As we have noted in [3.8] the mapping degree of ¢ is
given by |W|, which together with Fubini’s theorem shows that for f : G — C, one
gets fG fvolg = ﬁ fT fG/T(f o Y)Y* volg, where volg denotes the volume form of G
from [3.4 To compute ¥* volg, one needs to compute the Jacobian of v, which is also
essentially done in the proof of Theorem . The result is that in a point (g7, t), this
Jacobian is given by J(t) := det((I—Ad(¢7'))|.). Since this depends only on ¢ and not
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on gT', we see that it can be taken out of the integral over G /T, so for that part we only
get an integral of the form [, /T f(gtg~H)d(gT). In particular, if f is a class function,
then this will simply give a constant that can then be taken out of the integral over T'.
Hence in the case of a class function (which we are interested in), we have successfully
expressed the integral over G as an integral over T. A second important step is that
J(t) can be explicitly expressed using specific elements of t* coming from the adjoint
representation of g, but we will not go into that.

The Peter—Weyl theorem

The final circle of ideas about compact groups we will discuss is centered around the
set of matrix coefficients of finite dimensional complex representations.

3.11. Peter—Weyl theorem for matrix groups. Basically, the Peter—Weyl the-
orem can be thought of as a generalization of the theory of Fourier series. The first
result in this direction is Weierstrass’ theorem, which states that any real valued con-
tinuous function on R which is periodic with period 27 can be uniformly approximated
by linear combinations of the functions ¢ +— sin(kt) and ¢ +— cos(kt) with k& € Z. More
conceptually and slightly simpler, we can look at continuous complex valued functions
on the unit circle S* € C. Then Weierstrass’ result states that these can be uniformly
approximated by functions of the form Z]kvz_ ~ a2z with a5, € C.

To get a connection to representation theory, let us view S' as U(1). Since this is
a compact commutative group, we know from and that any finite dimensional
representation of U(1) is a direct sum of one-dimensional representations. A one di-
mensional representation simply is a homomorphism ¢ : U(1) — C\ {0}. The derivative
of such a homomorphism is a homomorphism ¢’ : iR — C so it must be of the form
¢/ (it) = tzy for some element z; € C. For the commutative groups U(1) and C \ {0},
the exponential map is simply the usual exponential. Using p(exp(it)) = exp(¢'(it)) for
t = 27 we see that exp(27zg) = 1, which implies that zy € iZ. On the other hand, the
map z — 2" for k € Z evidently defines a homomorphism U(1) — C\ {0} with derivative
it — ikt, so these exhaust all possible homomorphisms. Hence the matrix coefficients of
one—dimensional representations of U(1) are exactly the complex multiples of the func-
tions z — 2* and the matrix coefficients of general finite dimensional representations
are exactly the expressions z ZQQNO apz® with Ny, N; € Z and q;, € C.

Hence we can view Weierstrass’ theorem as the statement that any complex valued
continuous function on U(1) can be uniformly approximated by matrix coefficients of
finite dimensional complex representations.

The analogous statement for compact matrix groups can be proved using the abstract
Stone—Weierstrass theorem from topology: Recall that for a compact space X, the
vector space C'(X) = C(X,C) of complex valued continuous functions on X naturally
is a complex Banach space under the norm || f|| := sup,cx | f(x)]. The abstract Stone-
Weierstrass theorem deals with subalgebras A C C(X), i.e. linear subspaces which
are also closed under the pointwise product of functions. The theorem states that a
subalgebra A C C(X) is dense, i.e. the closure A is all of C'(X) provided that

(i) all constant functions belong to A
(ii) for f € A, the conjugate f lies in A
(iii) A separates points, i.e. for z,y € X with = # y, there is an f € A such that
1) # ()

To apply this theorem, we need one more construction. From we know that

a finite dimensional representation of G on V gives rise to the dual representation on
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V* which is defined by (g - A)(v) := Mg~ -v) for A € V* and v € V. Having given
two finite dimensional representations of G on V and W, we define a representation on
L(V,W) by (g- f)(v) =g (f(g~"-v)). One immediately verifies that this indeed is a
representation. The corresponding representation of the Lie algebra g of GG is determined
by (X - f)(0) = X - (f(v)) — F(X -v).

Putting these two constructions together, we see that representations on V and W
give rise to a representation on V@ W := L(V* W), called the tensor product of the
representations V and W. For v € V and w € W we define v ® w € L(V*,W) by
(v @w)(A) == A(v)w. Then (v,w) — v ® w defines a bilinear map V x W — V @ W.
One easily verifies that for bases {vi,...,v,} of V and {wy,...,w,} of W, the set
{v; ® w;} forms a basis for V'@ W. Using this, one easily verifies that for any vector
space Z and bilinear map ¢ : V x W — Z there is a unique linear map ¢ : VW — Z
such that p(v, w) = @(v®@w). This is called the universal property of the tensor product
of the vector spaces V and W.

Now let us compute what the natural representation on V' ® W looks like. We
compute

(g-w@w)N) =g-(v@wlg™ X)) =Xg-v)(g-w)=((g-v) @ (g-w)(N),

so the representation is characterized by ¢g- (v®@w) = (¢-v) ® (¢-w). The corresponding
infinitesimal representation is given by X - (v @ w) = (X -v) @ w + v ® (X - w).

Finally assume that V and W are endowed with Hermitian inner products, which
we both denote by (, ). Then one immediately verifies that

(V1 @ w1, vy ® wa) 1= (v, va) (W, Ws)

defines a Hermitian inner product on V®@W. This has the property that for orthonormal
bases {v1,...,v,} and {wy, ..., w,} the set {v; ® w;} defines an orthonormal basis for
V @ W. Now for the matrix coefficients of V@ W we obtain

(g (11 ®@w1),v2 ®wg) = (g - v1,v2)(g - w1, W),

so this is the product of a matrix coefficient of V' with a matrix coefficient of W. Using
this we can now prove:

THEOREM 3.11 (Peter-Weyl theorem for matrix groups). Let G C GL(n,R) be a
compact matriz group. Then the set A of all matrix coefficients of finite dimensional
representations of G is dense in C(G,C).

PROOF. A linear combination of a matrix coefficient of V' and a matrix coefficient
of W is a matrix coefficient of V& W, so A C C(G) is a linear subspace. The product
of a matrix coefficient of V' and one of W is a matrix coefficient of V@ W, so A even is
a subalgebra. For the trivial representation G — C*, g — 1, the matrix coefficients are
the constant functions, so A contains constants.

For a representation of G on V', an invariant inner product { , ) gives a conjugate
linear isomorphism V' — V*. This immediately implies that the conjugate of a matrix
coefficient of V' is a matrix coefficient of V*, so A is closed under conjugation. Finally,
the inclusion G — GL(n,R) C GL(n,C) defines a representation of G on C". Taking
an invariant Hermitian inner product on C™ and using matrices with respect to an
orthonormal basis for this inner product, we obtain an injective homomorphism G —
U(n). The matrix entries of the image are matrix coefficients of the corresponding
representation on C", which implies that A separates points. Now the result follows
from the Stone—Weierstrass theorem. 0
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3.12. The general result. The proof of the Peter—Weyl theorem for general com-
pact groups needs a deeper result from functional analysis, namely the so—called Hilbert—
Schmidt theorem. Consider a compact topological space X and the Banach space
C(X) = C(X,C) as before. Choosing a Borel measure on X, one can integrate continu-
ous functions and then form spaces like LP(X). In particular, one has the Hilbert space
L?(X). Since on the compact space X any continuous function is square integrable, we
have an inclusion C(X) < L?(X), which is bounded for the usual norms on the two
spaces.

We have to study a class of linear operators which are defined analogously to ma-
trices in finite dimensions. Namely, consider a continuous function K : X x X — C
(called the kernel of the operator) and define an operator 7" on functions by T'f(x) :=
Jx K(x,y)f(y)dy. If f is continuous, then so is T'f, so we can interpret 7" as an
(evidently bounded) linear operator on C(X). However, much more is true. It is
easy to show that for f € L?(X) the function T'f is continuous and even the family
{Tf:feLl*X),]|fllz <1} is equicontinuous. Therefore we can interpret T as a com-
pact linear operator L?(X) — C(X) and via the inclusion also as a compact operator
on L*(X). If one in addition assumes that K is Hermitian, i.e. the K(y,z) = K(z,vy),
then T is self adjoint as an operator on the Hilbert space L?*(X), so one can apply the
spectral theorem.

Notice that for an eigenfunction f of T, we by definition have T'f = Af for some
number )\, so since 7" has values in C'(X), eigenfunctions are automatically continuous.
Now the Hilbert—Schmidt theorem states the following:

e Any eigenvalue of T is real and the set of eigenvalues is finite or countable with
zero as the only possible accumulation point.

e Ordering the eigenvalues as [A| > [Ag] > ... one has Y~ [A;]* < oo, so T'is
a Hilbert—Schmidt operator. In particular, any eigenspace of T is finite dimen-
sional.

e Any continuous function in the image of T' can be uniformly approximated by
a linear combination of eigenfunctions.

Using this background, we can now obtain the general Peter—Weyl theorem:

THEOREM 3.12 (Peter—Weyl). Let G be a compact Lie group. Then the space of
matriz coefficients of finite dimensional representations of G is dense in C(QG).

Proor. We have to show that for each continuous function fy : G — C we can find
a linear combination of matrix coefficients which is uniformly close to fj.

Claim: For any € > 0, there is an open neighborhood U of e in G such that for g,h € G
such that g~'h € U we have |fo(g) — fo(h)| < €.

For each 2 € G we find a neighborhood U, of 2 in G such that | fy(y) — fo(z)| < § for
ally € U,. Then A\,-1(U,) is a neighborhood of e in G and by continuity of multiplication
we find a neighborhood V,, of e in G such that ab € A\,-1(U,) for all a,b € V,. Then
A:(V,) is a neighborhood of = in G. By compactness, we find finitely many points
g1, --.,gn € Gsuchthat G = Ay, (V,,)U-- U\, (V;, ) and we consider the neighborhood
U:=V,N---NV,, of ein G. If g,h € G are such that g~'h € U, then there is an
index j € {1,..., N} such that g € A, (Vy,), i.e. gj_lg €V, Since g7'th e U C V,, we
conclude that g;'h € )\gj—1(Ug].), i.e. h € Uy,. By construction V,, C )\gj_l(Ugj), SO we
also have g € U,,. But then

fo(g) = fo(R)| < [folg) — folg)l + [folg;) — fo(R)| <,

and the claim follows.
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Using a partition of unity, we can construct a smooth function p : G — R with
support contained in U such that p(g) > 0 for all ¢ € G and u(e) > 0. Without loss
of generality, we may assume that p(g) = pu(g™") for all g € G. Now [, u(z)dz > 0, so
rescaling ;¢ we may assume that [, p(z)dz = 1. Define K : G x G — C by K(z,y) :==
p(z~ty). This is continuous, real valued and symmetric and thus Hermitian, and we
consider the corresponding integral operator T'f(z) := [, K(z,y)f(y)dy on C(G). By
construction T fo(x) = [, pu(z™'y) fo(y)dy. The product p(z~'y)fo(y) vanishes unless
r7ly € U and if 7'y € U then |fo(y) — fo(z)| < €. Hence we conclude that

lu(a™y) foly) — p(a™"y) fola)| < eulz™"y)
for all z,y € G. Now [, u(z™'y) fo(y)dy = T fo(x) by definition, while

/G w1y fole)dy = fola) / way)dy = folo).

In the same way, integrating the right hand side we obtain €, so we conclude that
T fo(x) — fo(z)| <€, so foy is uniformly close to an element in the image of 7. By the
Hilbert—Schmidt theorem, any element of this image can be uniformly approximated
by linear combinations eigenfunctions of T, so we can complete the proof by relating
eigenfunctions of T to matrix coefficients.

Consider the map G x C(G) — C(G), (g, f) — g- f, which is defined by (g- f)(h) :=
f(g7'h). One immediately verifies that this defines a left action of G on the space C'(G).
For fixed f € C(G) consider a neighborhood U of e in G as constructed for f; above.

For § € \,(v(U)) and f € C(G) with ||f — f|| < e, we then compute

1F@ " h) = Flg™ W) < (G h) = F@ R+ £ h) — flg™ )] < 26,

since by construction (¢7'h)(g7'h)™t = ¢7'g € v(U) and hence (g7'h)(g'h)™! €
U. But this says that we have actually defined a continuous left action of G on the
topological space C'(G), and of course for g € G the map f + ¢ - f is linear.

Observe that the kernel K of the operator 7' : C(G) — C(G) from above is defined
by K(z,y) = u(z~'y) for x,y € G. In particular, this shows that K (gz, gy) = K(z,y)
for all g, z,y € G. Using this, we compute

(¢-Tf)(a) = Tf(g") = /G Ky, ) f (y)dy =
- / K (. gy) f (y)dy = / K(z.9)f (g y)dy = T(g - f)(a),
G G

where we have used invariance of the integral in the last but one step. But this shows
that T : C(G) — C(G) is equivariant for the G-action on C(G). If f € C(G) is
an eigenfunction with eigenvalue A, then we get T(g - f) = g - (T'f) = g- (\f) =
Mg - f), so any eigenspace of T' is a G—invariant subspace. Any such eigenspace V' is
finite dimensional by the Hilbert—Schmidt theorem, so we obtain a finite dimensional
continuous representation of G on V. But this is a smooth representation of G' by
Corollary [1.§] Fix an invariant inner product (, ) on V. Since the map f +— f(e) is
linear, we find an element w € V' such that (f,w) = f(e). But then the corresponding
matrix coefficient is given by g+ (g- f,w) = (g- f)(e) = f(g™!).

Putting together what we have proved so far, we see that fy is uniformly close to a
linear combination of functions of the form ¢ o v, where ¢ is a matrix coefficient of a
finite dimensional representation of G. Applying this to fy o v, the result follows.  [J
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As an immediate corollary, we can show that any compact Lie group is isomorphic
to a matrix group:

COROLLARY 3.12. Any compact Lie group G is isomorphic to a closed subgroup of
a unitary group U(N) for sufficiently large N.

PROOF. By the theorem, the matrix coefficients of finite dimensional representations
of G form a dense subset of C(G). If g € G is such that ¢(g) = ¢(e) for all matrix
coefficients, then the same property holds for all f € C(G), so g = e. This implies that
for each e # g € G there is a representation ¢, : G — GL(V) such that ¢,(g) # id.
Choose an arbitrary element g; € G and consider the representation ¢ , . Then ker(p,, )
is a closed subgroup of G and hence a compact Lie group. If this group is nontrivial,
then choose e # go € ker(ypg, ) and consider ¢, @ ¢,,. The kernel of this representation
is a proper subgroup of ker(ypy, ), so it must either have smaller dimension or the number
of connected components (which is always finite by compactness) must be smaller. But
this shows that in finitely many steps we obtain a representation ¢ : G — GL(V') which
is injective. Taking an invariant inner product on V' and matrices with respect to an
orthonormal basis, we obtain an injective homomorphism ¢ : G — U(dim(V")). Since
G is compact, this must be an isomorphism onto a closed subgroup. 0

3.13. Infinite dimensional representations. Up to now, we have only consid-
ered representations of Lie groups on finite dimensional vector spaces, but for some
purposes this concept is too restrictive. Let us illustrate this on two examples: On the
one hand, many non—compact groups do not admit finite dimensional unitary represen-
tations. Consider the group G := SL(2,R) and suppose that we have a homomorphism

0 1) in the Lie algebra

¢ : G — U(n) for some n € N. For the matrix E := (0 0

(1) i . For t # 0 all these matrices are conjugate, since
they all have 1 as an eigenvalue with multiplicity 2 but are not diagonalizable. Hence
the elements p(exp(tF)) = exp(t¢'(F)) for t # 0 are conjugate in U(n). However, the
conjugacy class of h in U(n) is the image of U(n) under the continuous map g — ghg™!,
and hence it is compact and therefore closed in U(n). But this implies that p(exp(tE))
must be in the same conjugacy class for all ¢ € R, which implies that p(exp(tE)) = id
for all ¢ € R. Hence ¢/(E) = 0 so the kernel of ¢’ is an ideal in g which contains
E. Tt is a trivial exercise to show that such an ideal must be all of g, and thus ¢ is
trivial. On the other hand, there are many nontrivial unitary representations of G on
infinite dimensional Hilbert spaces. The simplest example of such a representation is
provided by the left reqular representation of G. Using a nonzero 3-linear alternating
map g° — R, one obtains as in[3.4] a left invariant 3-form on G. Via this, one obtains
a left invariant integral fG : C°(G,C) — C defined on compactly supported smooth
functions. Then one defines L?(G) to be the completion of C°(G,C) with respect to
the norm || f||z := [, [f(g)|*dg. Then L*(G) is a Hilbert space and one defines a repre-
sentation of G on L*(G) by (¢ f)(z) = f(g~'x), i.e. g+ f = f o A\;-1. Invariance of the
integral immediately implies that this representation is unitary.

The second example shows that, more drastically, there are Lie groups which do
not have any interesting finite dimensional representations. The example we discuss is
the so called Heisenberg group H. Consider the group of all 3 x 3 matrices of the form

1 a c
0 1 b]. Let us write this matrix as ((Z), ¢) € R?® R. In this picture, the product
0 0 1

g = sl(2,R) we get exp(tE) =
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()0 ()= (G0 crusan

In partiuclar, ((§),¢)™ = ((Z}),ab — ¢). The elements of the form ((J),c) form
a subgroup which is contained in the center. In particular, the elements which in
addtion have ¢ € Z form a normal subgroup and H is defined as the quotient group.
Denoting elements in the quotient group as ((Z),c + Z) the product is given as above,
but computing modulo Z in the second factor.

The elements of the form ((8),0 + Z) form a subgroup in ‘H which is contained in
the center Z(H) and isomorphic to R/Z = U(1). It is easy to see that this subgroup
coincides with Z(H). Mapping ((3),c+ Z) to (;) induces an isomorphism H/Z(H) —
R2. The group H itself is not commutative, however. For example,

(5)0- (1) 0 ()0 (L) m=((g) 2+ 20

which shows that any element of Z(?) can be written as a commutator. A moment of
thought shows that Z(H) = [H, H].

Now suppose that ¢ : H — GL(V) is a finite dimensional complex representation.
We can restrict the representation to the subgroup Z(H) = U(1) and then decompose
into irreducibles. This means that there are finitely many different elements k1, ...k, €
Z and V splits as V = Vi @®- - -®V,, such that z € U(1) acts on V; by multiplication by 2%:.
But since U(1) is contained in the center of H, each of the subspaces V; is H-invariant.
Let us restrict to one of the components V;. Then ¢;(z) € GL(V;) can be written as a
commutator since z is a commutator in H. But this implies that det(y;(z)) = 1 for all
z which is only possible if k; = 0. Hence any finite dimensional representation of H is
trivial on the subgroup U(1) and factorizes through the commutative quotient R?. On
the other hand, one shows that the group H has injective unitary representations on a
separable Hilbert space.

is given by

For infinite dimensional representations, purely algebraic concepts are not sufficient,
so one has to work with topological vector spaces. This can be done on various levels
of generality and for our purposes the amount of generality is of minor importance. We
will restrict our attention to representations on Banach spaces, but everything we do
carries over to complete locally convex vector spaces. The main property we need from
a space V is that for a compact Lie group G endowed with its volume form as in [3.4]
there is a well defined integral for V—valued continuous functions on G. This has the
property that if f : G — V has values in some ball, then also [, f(g)dg lies in that ball.
Of course, this integral still is left invariant, i.e. [, f(hg)dg = [, f(g)dg for all h € G.

Given a Lie group G and a Banach space V', one defines a representation of G on
V' as a continuous left action G x V' — V such that for each g € G the map v +— g - v
is linear. Of course, for a morphism between two representations, one does not only
require equivariancy but also continuity:.

In the proof of Theorem we have seen that for any compact Lie group G,
one obtains a representation in that sense on the Banach space C'(G,C) by defining
(g- f)(h) :== f(g7'h). The same method can be used to define representations of a
general Lie group GG on various spaces of complex valued functions on G respectively
on a homogeneous space G/H of G. A particularly important case is provided by
Hilbert spaces of L?-functions in which one automatically obtains unitary operators by



THE PETER-WEYL THEOREM 57

invariance of the integral. To work with infinite dimensional representations often needs
quite a lot of functional analysis.

Generalizing notions from finite dimensional representations to the infinite dimen-
sional case, one usually has to replace “subspace” by “closed subspace”. This is neces-
sary for various reasons. For example, a subspace of a Banach space is complete if and
only if it is closed, or for a subspace W of a Hilbert space H we have H = W ¢ W+ if
and only if W is closed, and so on. Hence one defines a representation to be indecom-
posable if it cannot be written as the direct sum of two closed invariant subspaces and
to be irreducible if it does not admit non—trivial closed invariant subspaces. Likewise,
complete reducibility is defined as the fact that any closed invariant subspace admits
an invariant complement. Note that unitary representations on Hilbert spaces always
have this property, so for unitary representations indecomposability is equivalent to
irreducibility.

Even though there is a simple notion of smoothness in Banach spaces, one has to
work with continuous rather than smooth representations, simply because many of the
representations that come up canonically are not smooth. Consider for example the
representation of a compact group G on C(G,C) from above. The evaluation in e
defines a continuous linear and hence smooth map ev, : C(G,C) — C. Now fix a
function f € C(G,C) and consider the map g — ev.(g - f). By definition, this is given
by g — f(g71), so it equals f ov. Hence we see that the partial mapping g — ¢ - f can
only be smooth if f itself is smooth. Notice however, that the space C*°(G, C) forms a
dense subspace of C(G, C).

This example also shows that passing from a representation of a Lie group G to
a representation of its Lie algebra g is much more subtle in infinite dimensions. The
natural idea to obtain an action of the Lie algebra is by restricting representations to
one—parameter subgroups and then differentiating. As we see from above, one parameter
subgroups do not act differentiably in general, so the Lie algebra cannot act on the whole
representation space. However, in the special case above, we do obtain a representation
of g on the dense subspace C*°(G,C) C C(G, C). This representation is explicitly given
by

(X - f)(g9) = Fli—olexp(tX) - /)(g) = Flimof (exp(—tX)g) = (R-x - f)(9),

so we have to differentiate functions using right invariant vector fields. The fact that
this is a representation of g (on an infinite dimensional space) follows immediately from
the fact that [R_x, R_y] = R_[xy), see [L.6]

It turns out that general infinite dimensional representations behave similarly. Start-
ing from a representation of G, one obtains a representation of the Lie algebra g on a
dense subspace. This can be used to analyze infinite dimensional representations using
Lie algebra techniques.

3.14. Infinite dimensional representations of compact Lie groups. As a
final topic in this chapter, we want to use the Peter-Weyl theorem to show that for
compact Lie groups infinite dimensional representations are not much more difficult to
handle than finite dimensional ones.

DEFINITION 3.14. Consider a continuous representation of a Lie group G on a
complex Banach space V.
(1) An element v € V is called G-finite if it is contained in a finite dimensional G-
invariant subspace of V. The linear subspace of V spanned by all G—finite vectors is
denoted by V/™".
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(2) For a finite dimensional complex irreducible representation W of G, we define the
W —isotypical component Vi C V as the space of all v € V' for which there is a morphism
@ : W — V with v € im(p).

Note that for finite dimensional W, any linear map W — V is automatically con-
tinuous. Since morphisms from W to V form a vector space, we see immediately that
the isotypical component Vi is a linear subspace of V. For v € Vi, the image of the
corresponding morphism ¢ is a finite dimensional G—invariant subspace of V' containing
v, so Vi C VI,

In the special case of a compact Lie group G, there also is a converse to this result.
For v € V/¥ there is a finite dimensional G-invariant subspace V' C V containing v.
By Theorem , V splits into a direct sum of irreducible representations, which implies
that v can be written as a linear combination of vectors contained in some isotypical
component. This implies that for compact G we get V/" = DyeaVw, where G denotes
the set of all isomorphism classes of finite dimensional irreducible representations of GG
and we consider the algebraic direct sum, i.e. the subspace spanned by all finite linear
combinations of elements of the subspaces V.

THEOREM 3.14. For any representation of a compact Lie group G on a complex
Banach space V, the subspace V" C V of G-finite vectors is dense in V.

PROOF. The main tool for this proof is an extension of the action of G on V to
an action of C'(G,C). This technique is referred to as “smearing out the action” by
physicists. So let f : G — C be a continuous function and for v € V' consider the map
G — V defined by h — f(h)(h-v). Evidently, this is continuous, so we can define
T¢(v) == [, f(h)h-vdh € V.

Given vy € V, continuity of the action of G on V' implies that we can find a neigh-
borhood U of e in G, such that [|g-vo—v|| < § forall g € U. As in the proof of Theorem
3.12) we find a smooth function p : G — R with non—negative values and support con-
tained in U such that fG wu(h)dh = 1. As in that proof, we next get the estimate that
|w(h)h - vo — p(h)vol| < §p(h) and integrating both sides shows that || 7},(vo) —vo| < 5.

On the other hand, one easily verifies that g - Ty(v) = [ f(h)gh - vdh, which by
invariance of the integral equals [, f(g~'h)h - vdh = Tg(v). In particular, if f €
C(G,C)™, then we have Tj(v) € VI, Now certainly any linear combination of matrix
coefficients lies in C(G, C)7™, so by the Peter—Weyl theorem we find a function
f € C(G, C)™ arbitrarily close to u. Since g + ||g-vg|| is continuous and G is compact,
there is an M € R such that ||g - vo| < M for all g € G, and we choose f € C(G,C)/™
in such a way that ||f — u|| < 557. Then f(h)h - vy — p(h)h - vo lies in the ball of radius
5 around zero for all h € G, so integrating shows that ||T¢(vg) — Ty,(vo)|| < §. Together
with the above, we see that T(vy) € V™ is e—close to vp. O

COROLLARY 3.14. For a compact Lie group G, any irreducible representation on a
Banach space is finite dimensional.

ProOOF. This evidently follows from the theorem since for an infinite dimensional
irreducible representation all isotypical components and hence the space of finite vectors
would be zero. 0

REMARK 3.14. (1) The tools introduced in the proof of the theorem are very im-
portant in representation theory of general Lie groups. If G is a general Lie group,
then for representations of G' on V smearing out the action cannot be done with
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continuous functions, but rather one uses L'-functions. These form a Banach space
L'(G), which can be made into a Banach algebra by using the convolution, defined
by (fi* f2)(9) == [, fi(h)f2(h™'g)dh. The above construction then makes V' into a
module over the convolution algebra. The convolution algebra has no identity element
(which would be the delta distribution in e) but one can approximate the identity by
L'-functions, which is the technique used in the proof.

(2) The theorem itself is also very useful for representations of general Lie groups.
Starting with a general Lie group G, one often has a nice maximal compact subgroup
K C @G. Prototypical examples are SU(n) C SL(n,C), and SO(n) C SL(n,R). Given
a representation of G on V', one may first analyze V' as a representation of K. By the
theorem, this mainly amounts to understanding the isotypical components, which in
turn means finding the multiplicities of finite dimensional irreducible representations
W in V, i.e. the dimensions of the spaces of G—equivariant maps from W to V.
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