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Resumé I neerveerende projekt behandles Haarmalet, som er et translations-
invariant ikke-trivielt Radonmal pa en lokalkompakt gruppe. Hovedmalet i dette
projekt er at vise at enhver lokalkompakt gruppe besidder et venstre savel som
hgjre Haarmal og at disse er entydige op til multiplikation af en positiv konstant.
For at n& dette resultat, bevises Carathéodorys sesetning, som sammen med
basale topologiske resultater anvendes til at vise Riesz’ reprzesentationssasetning
for positive linezere funktionaler pa C.(X), maengden af kontinuerte funktioner
med kompakt stgtte, hvor X er et lokalkompakt Hausdorff topologisk rum.
Dette resultat anvendes sa til at vise eksistensen og entydigheden af Haarmalet.
Der gives to beviser for eksistensen af Haarmaélet; et bevis i det generelle tilfalde,
og ét i tilfeeldet hvor den betragtede gruppe er abelsk og kompakt.

Ydermere diskuteres sammenheaengen mellem venstre og hgjre Haarmal ved
hjeelp af den moduleere funktion, og der gives eksempler pa lokalkompakte grup-
per og deres venstre og hgjre Haarmal.

Til sidst, som anvendelse af den teori, der bliver opbygget i lgbet af pro-
jektet, udnyttes eksistensen af Haarmaéalet pa kompakte grupper til at vise en
generalisering af Peter-Weyls szetning om uniteere repraesentationer af en kom-
pakt gruppe.

Kommentarer vedrgrende den litteratur, som er anvendt i dette Bachelor-
projekt, kan findes pa s.51

Abstract In the present thesis the Haar measure is discussed, which is a
translation invariant nonzero Radon measure on a locally compact group. The
main goal of this thesis is to show that every locally compact group posseses
a left, as well as a right Haar measure and that they are unique up to mul-
tiplication by a positive constant. The first chapter contains a proof of the
Carathéodory theorem. This theorem is used together with basic basic topolog-
ical results to show the Riesz representation theorem for positive, linear func-
tionals on C.(X), the space of compactly supported continuous functions on X,
where X is a locally compact Hausdorff topological space. This result is then
used to prove the existence and uniqueness of the Haar measure. Two proofs are
presented of the existence of the Haar measure; one proof in the general case,
and one in the case where the considered group is compact and abelian.

Furthermore, this thesis contains a discussion about the connection between
the left and the right Haar measure using the modular function, as well as
examples of locally compact groups and their left and right Haar measures.

Last, as an application of the theory developed in this thesis, the existence
of the Haar measure on compact groups is used to show a generalization of the
Peter-Weyl theorem about unitary representations of locally comapact groups.

For comments on the litterature used in this thesis, see p.51
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Chapter 1

The Carathéodory theorem

In this chapter we shall present a standard way of constructing measures on a
set X, given that we want the measure to take certain values on a collection of
subsets £ C P(X), where P(X) is the power set of X. This can, for example,
be used to construct the Lebesgue measure on R. The same procedure will be
used to construct the measure in the Riesz representation theorem, and this is
why we prove the following proposition and theorem.

We will need the notion of an outer measure, defined as follows:

Definition 1.1. Let X be a set. An outer measure on X is a map
w* : P(X) — [0,00] which satisfies

1. p*(0) =0.

2. If AC B C X then u*(A) < p*(B).

3. If {An}tnen C P(X) then p* (U?:l An) < Zf:l W (An).

We commence by proving a proposition that we can use for constructing an
outer measure, provided that we know some of the values it should take:

Proposition 1.2. Let X be a set and € C P(X). Let p: & — [0,00]. Assume
0, X € & and that p(B) = 0. Define p* : P(X) — [0,00] by

1 (A) = inf {Z p(E,) | E,e€,AC En} .
n=1 n=1

Then p* is an outer measure.

Proof. First of all, note that p* is well-defined. Indeed, let A C X. Since X € &,
theset {302, p(Ey) | B, € E,AC U, E,} is nonempty since A is covered by
the family E,, = X € &, for all n € N. Moreover, it is clear that p*(A) > 0
since p(F) > 0 for each F € £.

Now, we prove that p* is an outer measure:

1. It is clear that p*(@) = 0 since 0 is covered by the family E, =0 € & for
n € N, and by assumption p(0)) = 0.

2. Let AC B C X. Let {E,}nen C € be a family that covers B. Then
ACBCU,~., E, and hence

1

{ipwn) B.ceBC | E} c {ipwn) |BoegAC
n=1

n=1 n=1

(@

n
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We conclude that pu*(A) < u*(B).

3. Let {An}nen C P(X). Let € > 0. For each n € N, we can choose a family
{En ik}, C € such that A, C Uy Enk and > po g p(Enk) < p*(Ap) +27"e.
It is clear that ;- 4, C Ufjkzl E,, . and hence

w (U An> < S p(Ea) < S (0 (A) + 277 = 3 (A, +e,
n=1 n,k=1 n=1 n=1

Since £ > 0 was arbitrary, we conclude that p* (;—; 4An) < Y00 w*(4y).
Hence p* is an outer measure and the proof is complete. O

We are now ready for some more definitions:

Definition 1.3. Let X be a set and p* : P(X) — [0,00] be an outer measure.
A set A C X is called p*-measurable if the following holds for every E C X :

5 (B) = u* (B0 A) + i (B 0 A%,
Here, A° is the complement of A in X.

It is easy to see that a set A is p*-measurable if and only if p*(E) > p*(EN
A) + p*(En A°) for all E C X such that p*(E) < oo.

Definition 1.4. Let X be a set equipped with a o-algebra £. Let p: € — [0, 0]
be a measure. A subset A C X is called a p-null-set if there is a B € £ such
that A C B and pw(B) = 0. A measure p on X is called complete, if every
w-null-set is measurable.

In fact, in the Riesz representation theorem, which is the main reason for
which we prove the next theorem, we will not use the fact that the measure is
actually complete, but nevertheless, this is a nice feature of the Carathéodory
theorem, so we will include it anyways. Let us now turn to the main theorem
of this chapter:

Theorem 1.5 (Carathéodory). Let pu* be an outer measure on a set X. Let
M be the set of u*-measurable sets and denote by u the restriction of p* to M.
Then M is a o-algebra and b is a complete measure.

Proof. We will go through the following steps in order to complete the proof:
1. M is an algebra.
2. For all A,B € M with AN B = () we have y*(AU B) = u*(A) + p*(B).
3. M is a g-algebra.
4. p is a measure.
5. p is complete.

1. Let E C X. Since p*(0) = 0 we obtain the equality p*(F) = p*(ENX)+
w*(ENXe). Hence X € M. It follows directly from the definition that A € M
whenever A € M. Now, let A, B € M. Then for £ C X,
pi(E) = p*(ENA)+ p* (BN A
=p*(ENANB)+p (ENA°NB)+u (ENANB®) +u*(ENA°N B
> ((ENANB)U(ENA°NB)U(ENANBY))+up*(EN(AUB)%).
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It is not hard to see that (ENANB)U(ENANB)U(ENANB®) = EN(AUB),
and hence
W' (B) = w* (BN (AU B)) + 1*(EN (AU BY°).

As previously remarked, we conclude that AU B € M. Hence M is an algebra.
2. Assume A, B € M and that AN B = (. Since A is p*-measurable it
follows that

W(AUB) = p*((AUB) N A) + 1 (AU B) N A%) = u*(A) + 1" (B).
3. Let {A;}ien € M. First assume that all the sets are pairwise disjoint,
ie, A;NA; =0 fori##j.

Now, for n € N, define B,, := |J!"_; 4;, and set B := [J;2, A;. Let E C X.
Then, by assumption, for all n > 1,

w(ENB,) =p (ENB,NA,)+p (ENB,NAS) = p"(ENA,)+p" (ENB,_1).

Thus it follows inductively that for n € N,
n

pH(ENBy) =Y p(ENA)
i=1

Since M is an algebra, we know that B, € M. Furthermore, since B,, C B
we have that £ N B¢ C EN B¢ and since p* is an outer measure, we get that
p*(ENB®) < p*(EN BE). Therefore

pw(E) = p*(EN B,) + p' (EN BS) Z (ENA;)+ u*(ENB°).
This holds for every n € N, and hence

pi(E) =Y p(ENA)+p (ENB°)

i=1

e (G EOAZ-> + W (EN B
i=1
— (BN B)+ 1" (EN B) > ' (E).

First of all, we note that all the inequalities above are in fact equalities, and
hence in particular we have that

s (GEmL) :iu*(EﬂAi). (1.1)

Furthermore, we see that |J;-, 4; = B € M. Hence M is stable under count-
able, pairwise disjoint unions. In the general case, when {4;};eny € M is not
necessarily consisting of pairwise disjoint sets, consider the family {C;};eny where

Cy := Ay and C; := A\ (UZ LA ) Using that M is an algebra, we conclude

that {C;}ien C M. Since the C;’s are pairwise disjoint and (J;=, 4; = Ujey Cis
we conclude that |J;2; A; € M.
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4. First note that since () € M, it follows that u(0) = p*(0) = 0 by as-
sumption. Now we show that p is o-additive. Let {A;};en and assume that
A;NA; = fori # j. It follows from the preceeding, using the equality (1.1) with

E =J;2, A; that:
w (U Ai> =) (A,
i=1 i=1

and hence p (U2 Ai) = > oq 1(A;).
5. First, let B C X and assume p*(B) = 0. Then for an arbitrary F C X,

Ww'(E) < p*(ENB) + p'(ENB°) = w* (EN B°) < p* (),

using that p* is an outer measure. So B € M.

Now, for A € M assume that u(A) = p*(A) = 0 and that B C A. Then
©*(B) = 0 by monotonicity of u* and therefore B € M, and we conclude that
1 is complete. O

By now it should be clear how Proposition 1.2 and Theorem 1.5 work to-
gether in order to construct a measure. We have some idea of what values our
measure should take on the collection £. Therefore, we define p with these val-
ues and by Proposition 1.2 we construct an outer measure p* which by Theorem
1.5 we restrict to the set of pu*-measurable sets in order to get a measure. If the
values of p are chosen reasonably, then our measure y is actually an extension
of p, and our goal is reached. As already mentioned, we shall use this strategy
later on, in Chapter 3.



Chapter 2

Topology

Our main topic, the Haar measure is defined on a locally compact group. “Locally
compact” is a topological notion, and we need to know something about topology
in order to get any further.

The reader is assumed to know some basic topology, and hopefully, much of
the following will be repetition of well-known facts. We will skip the notion of
a basis and subbasis, etc., together with the defition of the product topology,
which can be looked up in any book about topology (e.g. [1] Chapter 4).

Throughout this thesis, the notion neighbourhood of x is used for an open
set U such that z € U; in the litterature a neighbourhood is not always open.
We will also encounter the notion of a compact neighbourhood, and it will be
precisely defined later.

Definition 2.1. Let X be a topological space. Then
1. X s called Tq if every one-point set is closed.

2. X is called Hausdorff if for every x # y in X there exist disjoint, open
sets U and V such that x € U andy € V.

3. X is called normal if X is Ty and if for every disjoint closed sets A, B C
X there exist disjoint, open sets U and V such that AC U and B C V.

We need the following notion of an open cover in order to formulate the next
definition. Let Y C X. An open cover of Y is a family of open sets {U, }aca
such that Y C UQGA U,. An open cover is called finite if the index set A is
finite. A subcover of the open cover {Uy, }qe 4 is simply an open cover {Ug}gen
of Y such that B C A.

Definition 2.2. K C X is called compact if every open cover of K contains
a finite subcover.

Definition 2.3. Let {F,}aca be a family of subsets of X. We say that the
family has the finite intersection property if mﬁeB Fg # () whenever B is
finite.

It is time to refresh some basic properties of compact spaces. The proofs of
the following propositions should be well-known, and will be omitted.
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Proposition 2.4. A topological space X is compact if and only if every family
of closed subsets of X has the finite intersection property.

Proposition 2.5. Let X be compact. Then every closed subspace of X is com-
pact.

Proposition 2.6. Every compact Hausdorff space is normal.

Now we turn our attention to locally compact topological spaces. This kind
of topological spaces will be of main interest to us. Recall that the Haar measure
is defined on a locally compact group.

Definition 2.7. For z € X we call C C X a compact neighbourhood of x if
C' is compact and there exists a neighbourhood U of x such that U C C.

Definition 2.8. A topological space X is called locally compact if every point
has a compact neighbourhood.

Definition 2.9. A subspace Y C X of a topological space is called precompact
if its closure Y is compact.

Proposition 2.10. Let X be a locally compact Hausdorff space and let x € X.
Then every neighbourhood U of x contains a compact neighbourhood N of x.

Proof. First, assume U is precompact. Since z ¢ OU(:= U\U), by Proposition
2.6 there exist disjoint open sets ¥V and W in the subspace topology of U such
that x € V and U C W.

Since V' C U, we conclude that V is open in X. Furthermore, clearly
V C U\W and since 0U C W, we conclude that V C U\W. V is a closed hence
compact subset of U, and letting N =V, we are done.

Now, let U be an arbitrary open set. Since X is locally compact, there
exists a compact neighbourhood F' of x. Let F'° denote the interior of F', which
is clearly a neighbourhood of z. Then U N F° is a precompact neighbourhood
of x, so by the preceeding argument, it contains a compact neigbourhood of x
which is clearly contained in U. O

To proceed, we need a nontrivial but nevertheless well-known result due to
Urysohn, which we will state without proof. The proof can be found in [1]
(Lemma 4.15).

Lemma 2.11. Let X be a normal space. If A and B are disjoint, closed sets
in X, there exists a continuous function f : X — [0,1] such that f(xz) =0 for
each © € A and f(z) =1 for each x € B.

We shall reformulate Urysohn’s Lemma so it fits the case where our space is
locally compact and Hausdorff. For this, we need a proposition.

Proposition 2.12. Let X be a locally compact Hausdorff space and let K C
U C X where K is compact and U is open. Then there exists a precompact V
such that K CV CV CU.

Proof. For every x € K, choose, using Proposition 2.10, a compact neighbour-
hood N, of x such that N, C U. It is clear that the interior N7 is a neigh-
bourhood of . Hence {N?}.ck is an open cover of K, and since K is compact,
there is a finite subcover {Ng }i_, of K. Letting V' = J;"; Ny, we see that
K CV, and since V = J_, N, and N, C U for all i, we conclude that V is
compact and V C U. O
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Lemma 2.13 (Urysohn, the locally compact version). Let X be a locally com-
pact Hausdorff space and let K C U C X where K is compact and U is
open. Then there exist a compact subset C C U and a continuous function
f:X —[0,1] such that f(z) =1 for x € K and f(z) =0 for x € C°.

Proof. By Proposition 2.12 there exist a precompact open set V such that
K CV CV CU. Let C :=V Since C is compact and Hausdorff, we know that
C is normal. Hence, by Urysohn’s lemma, there exists a continuous function
f:C —[0,1] such that f(z) =1 for € K and f(z) = 0 for z € V. Extend
ftof: X — [0, 1] by letting f(x) = 0 for z € C°.

It remains to show that f is continuous. Let E C [0,1] be a closed set. If
0¢ E, then f~1(E) = f~'(E) which is closed by continuity of f. If 0 € E then
FYUE) = f~YE\{0}) U f~1({0}) = f~Y(E\{0}) U V¢ which is a union of two
closed sets, and we are done. O

Now we are ready to prove the Riesz representation theorem, but in order
to reach our main goal, the existence of the Haar measure, we will need a deep
topological result later, namely Tychonoff’s theorem. Again, we shall omit the
proof, which can be found in [1] (Theorem 4.43).

Theorem 2.14 (Tychonoff). Let {X,}aca be any family of compact topological
spaces and let X = HQGA X, equipped with the product topology. Then X is
compact.



Chapter 3

Radon Measures

3.1 The Riesz representation theorem

The Riesz representation theorem is actually a collection of thereoms that share
the common name. This chapter is devoted to one of these theorems which is
about integration on locally compact spaces. In order to understand the content
of this theorem, we will start out with some definitions:

Definition 3.1. Let X be a locally compact Hausdorff space. For a function
f: X — C, we define the support of f as the set

supp f:={z € A| f(z) # 0} = f~1(C\{0})

We let C.(X) denote the set of continuous, complex-valued functions on X
with compact support.

Definition 3.2. A linear functional I : Co.(X) — C is called positive if I(f) >
0 whenever f > 0.

It is clear that integration with respect to some measure on X gives rise to
a positive linear functional, and the Riesz representation theorem states that
every positive linear functional on C.(X) arises in this way, that is, if T is a
positive linear functional, then I(f) = [ f du for some measure p on X. But it
actually gives us more than that; the measure p has some really nice regularity
properties, namely, it is a Radon measure.

Definition 3.3. Let X be a locally compact Hausdorff space. A Radon mea-
sure i on X is a Borel measure with the following properties:

1. p(K) < oo for all compact K C X.

2. (Outer regularity) For each Borel set E,

w(E) =inf{u(U) | U open, E C U}.

3. (Inner regularity) For each open set U,

w(U) = sup{u(K) | K compact, K C U}.
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To ease the notation, we need the following definition:

Definition 3.4. Let X be a locally compact Hausdorff space and let U C X be
open. We call f € C.(X) subordinate to U, and we write f <U, if0 < f <1
and supp(f) C U.

The next lemma is a handy reformulation of Urysohn’s lemma, that we will
use over and over in the following chapters.

Lemma 3.5 (Urysohn). Let X be a locally compact Hausdorff space and let
K CU C X where K is compact and U is open. Then there exists f € C.(X)
such that f < U and f > 1k.

Proof. 1t follows directly from Urysohn’s lemma in the locally compact version
(Lemma 2.13). O

Proposition 3.6. Let X be a locally compact Hausdorff space and let K C X
be a compact subset. Then for every finite open cover {U;}1"_; of K, there exist
G192, -, gn € Co(X) such that g; < U; fori=1,2,...,n and Y., gi(z) =1
forallx € K.

Proof. For each x € K choose a compact neighbourhood N, such that N, C U;
for some 4. This can be obtained by using Proposition 2.10 since the U;’s cover
K.

Clearly {N2}sek is an open cover of K and hence it contains a finite subcover
{Ng 7Ly Hence K C UjL, Ny

Let A; :={j € {1,2,....,m} | Ny; C U;} and set F; := ;¢ 4, Na;, which is
compact. Then F; C U;. For each i, by Urysohn’s lemma (Lemma 3.5) there
exists h; € Co(X) such that h; < U; and h; > 15,. Clearly > 1 | h; > 1.

Let U := {z € X|>_""_, h;(z) > 0}. Since the h;’s are continuous, U is open.
By Urysohn’s lemma again, there is an f € C.(X) such that f < U and f > 1.

Let hpy1 :=1— f € Co(X). Then E?jll hi(z) > 0 for all z € X. For
i=1,2,...,n we then define

hi
9i = = .
Z +1 hj

j=1
Clearly g; € C.(X) with supp(g;) = supp(h;). Furthermore, g; < U; and for
x € K, we have that f(z) =1 (note that f < U), so hpt1(z) = 0 and hence

7 - 1 = 1.
i=1 Z?:l hl(x>
The proof is complete. O
Using these results, we are now ready to prove the main theorem of this
chapter.

Theorem 3.7 (Riesz Representation Theorem). Let X be a locally compact
Hausdorff space and let I be a positive linear functional on C.(X). Then there
is a unique Radon measure p on X such that I(f) = [ fdu, for all f € Ce(X).
Moreover, p satisfies:

p(U) = sup{I(f) | f € Cc(X), f < U}, (3.1)
p(EK) = inf{I(f) | f € Co(X), f = 1k},
for all open U C X and compact K C X.



The Haar measure 12

Proof. We begin by proving uniqueness. Assume p is a Radon measure such
that I(f) = [ fdu for all Co(f). First, let U C X be open. We want to show
that U satisfies (3.1). Whenever f < U, clearly I(f) = [ fdu < u(U).

Now, using inner regularity of u on U, for each € > 0 we can choose a compact
K contained in U such that p(K) > p(U) —e. By Urysohn’s lemma (Lemma
3.5), there exists f € C.(X) such that f < U and f > 1x. By monotonicity of
integrals, we get that I(f) > u(K) > p(U) —e. Hence (3.1) holds, and u(U) is
uniquely determined by I. Since p is outer regular, for each Borel set E, pu(E)
is uniquely determined by u(U) for open U and hence determined by I, and we
conclude that y is unique.

We now prove existence. Let U C X be an open set and let £ C X be
arbitrary. We first define

p(U) = Sup{](f) | e CC(X)5 f= U}

Note that p(()) = 0. Furthermore, since I is positive and f < U implies that
f >0, we get that p(U) > 0 for each open U. Then we define

w*(E) =inf{p(U) | E C U, U open}.

Note that if U C V C X are open sets, then clearly p(U) < p(V). Hence
w*(U) = p(U) for each open U C X.

Last, define p to be the restriction of p* to the Borel sets. In particular,
w(U) = p(U) for every open U.

The proof will proceed as follows:

1. p* is an outer measure.
Every open set in X is p*-measurable.
u is a Borel measure.

 is a Radon measure that satisfies (3.1) and (3.2).

)= [ fduforall fe C.(X).

1. First, we show that for any sequence {U;};en of open sets, p (U;=, U;) <
Yoo pUi). Let U := |J2, U; and let f € Cq(X) such that f < U. Let
K := supp(f). Since K C U, we get that {U;};cn is an open cover of K and
hence K C |J;'_, U; for some n € N.

By Proposition 3.6, there exist functions g1, ga,...,g, € Ce(X) such that
gi < U; foreach 1 <i <mnand )  g(x)=1forall z € K. Clearly then
f=>" fgi. Moreover, fg; < U. By linearity of I and the definition of p on
open sets, we get

o W

ZI f9:) SZ )< U)

Since f was chosen arbitrary such that f < U, we conclude that p (;2, U;) <

221 p(Us).

Now it follows that for an arbitrary £ C X

1nf{2p )| EC U U;, U; open}

i=1
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Indeed, p*(E) < inf{>;2, p(U;) | E C U;=, Us, U; open} by the preceeding,
and the other inequality follows from the fact that U = Ufil U; where Uy = U
and U; = 0 for ¢ > 2.

By Proposition 1.2, since p maps into the non-negative real numbers and
p(@) = 0, we conclude from the equality just proven that p* is an outer measure.

2. Let U C X be open. Recall from Chapter 1 that it is enough to show
that

P (E) = p (ENU) +p (ENTUS),

for every E C X with p*(E) < oo.

First, we consider a special case, namely the one where £ C X is open.
Then ENVU is open. Let ¢ > 0. By the definition of p there is an f < ENU
such that I(f) > p(ENU) —e. Since supp(f) is compact, hence closed, the set
V = E\(supp(f)) is open, and there is ¢ < V with I(g) > p(V) —e. Then
clearly f + g < E, so by linearity of I and the fact that V covers ENU€,

P (E) = p(E) = I(f) + 1(g)
>p(ENU)+p(V)—2¢
> (ENU)+p (ENUS) — 2e.

Since € was arbitrary, we conclude that p*(E) > p*(ENU) + p*(ENU®).

Now to the general case. Let ¢ > 0, F C X and assume p*(E) < oo. By
definition of p*, we can find an open V' containing E such that p(V) < p*(E)+-e.
Using the special case discussed above, together with the facts that p* is an outer
measure and that £ C V, it follows that

p(E)+e>p(V)=p* (V) > p (VNU)+p(VNU)
>p(ENU)+p (ENU9).

This holds for every € > 0 and hence p*(E) > p*(ENU) + p*(ENU®) holds.
3. By Carathéodory’s theorem, we conclude that the restriction of p* to any
o-algebra consisting of p*-measurable sets is a measure. In particular, we get
that p is a Borel measure.
4. Tt is clear from the definition of p and p* that p is outer regular and
satisfies (3.1). Next we show that u satisfies (3.2). Let K C X be a compact
set, and let f € C.(X) satisfy f > 1x. Let € > 0 and set:

U:={zxeX|f(zx) >1—¢}.

Since f is continuous, U is open, and clearly K C U.

For every g < U we have that g < (1 —¢)~1f, and since [ is positive and
linear, we deduce that I(g) < (1 —¢e) 'I(f). It follows by monotonicity of p
together with the definition that u(K) < p(U) = p(U) < (1 —&)"LI(f). Since
this holds for every € > 0, we conclude that p(K) < I(f). Hence

To show the other inequality, let € > 0 and choose, using outer regularity of
K, an open U such that K C U and p(U) < u(K) +e.

By Urysohn’s lemma there is an f € C.(X) such that f > 1x and f < U.
Therefore, I(f) < u(U) < u(K) + €. Since € > 0 is arbitrary, we conclude that
w(K) >inf{I(f) | f € C(X), f > 1k}, and hence equality (3.2) holds.
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Now we show that u(K) < oo for every compact K. For this, choose an
f € C.(X) such that f > 1k, which is clearly possible by Urysohn’s lemma.
Then p(K) < I(f) < 0.

What is left to prove is inner regularity of p on open sets. Let U be an open
set. If K C U then pu(K) < u(U), so u(U) > sup{u(K)| K compact, K C U}.

On the other hand, let ¢ > 0. By definition of u, we can choose a f < U
such that I(f) > u(U) —e. Set K := supp(f), which is compact. If g € C.(X)
such that g > 1x > f, then I(g) > I(f) > p(U) —e. But then u(K) > uw(U) —¢
by (3.2), and since € > 0 was arbitrary, we see that

p(U) < sup{p(K) | K compact, K C U}.

We therefore conclude that p is inner regular on open sets, and hence p is a
Radon measure satisfying (3.1) and (3.2).

5. It is enough to prove that I(f) = [ fdu for every f € C.(X) such
that 0 < f < 1, because every function in C.(X) can be written as a linear
combination of such functions. Let n € N and set K, := {z € X | f(x) > i/n}
for 1 <i <n. Let Ky :=supp(f). We see that K,, C K,,_1 C--- C Kj.

Furthermore, define f1, fo,..., f,, as

— 1 1
fimin{ma}({fZ ,0},},
n n
where 1 < i <n.

We note that fi(x) =0if z ¢ K;_1,0 < fi(z) = f(x) — (i —1)/n < 1/n for
z € K; 1\K; and f;i(z) =1/nif z € K,.

We claim that f =>"", f;. Indeed, if z ¢ Ko = J;—, K;, then f(z) =0=
Yo filz). Ifx € K;_1\Kj, then 0 < f(z) — (j —1)/n < 1/n, so

n

Yo 5@ = S+ 3~ = fa) L2 S ),

n n

i=1

Since this holds for all 1 < j < n, we are done.

It is clear that the f;’s are continuous. Since 1/n > f > 0 and f;(z) = 0
for x ¢ K;_1, we know that supp(f;) C K;_1 C supp(f) so f; € C(X), and it
follows that f; <n~11g, ,. Moreover, since f;(z) = 1/n for z € K; we conclude
that n_llKi <fi < n‘llKifl. Hence

%M(Ki) < /fz- dp < %M(Ki—l)-

Furthermore, if U is an open set such that K; 1 C U then nf; < U so
I(f;) < n~'u(U). By outer regularity of u on K; ; we conclude that I(f;) <
n~'u(K;_1). Moreover, from (3.2) we get that I(f;) > n~'u(K;), hence

[y

() < 1) < (i),

Since both I and the integral are linear and since f = >, f;, we get that

] n 1n71
WIS FEVEED SIS
i=1 =0
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and, respectively,

IN

> () < 107)

In other words, we have that

10~ [ 1)< (Z (k) - iu(&))

=0 i=1

Sl 3|

= —(u(Ko) — p(Ky)) < —p(Ko)

— 3=

Since K is compact, we have already proved that pu(Ky) < oo and since n was

chosen arbitrarily, we get that

1) = [ £

This completes the proof. O

3.2 Properties of Radon measures

The Lebesgue measure is a well-known example of a Radon measure. Another
example is the counting measure on a discrete group. We shall present a way
of constructing new Radon measures once we already know some. In order to
do this, we need to use the notion of lower semi-continuous functions, which we
recall below.

Definition 3.8. Let X be a topological space. A function f: X — R is called
lower semi-continuous if f~1((a,0)) is open for every a € R.

Note that every lower semi-continuous function is Borel measurable since
the intervals (a, 00) generate the Borel o-algebra on R.

It follows straight from the definition that for every open set U, the char-
acteristic function 1y is lower semi-continuous. Furthermore, if the functions
fig: X — [0,00) are lower semi-continuous, then so is fg. This fact will be
used in the proof of Proposition 3.10.

We will also need the following result:

Proposition 3.9. Let X be a locally compact space with a Radon measure u,
and let f: X — [0,00) be a lower semi-continuous function. Then

/fdu=sup{/gdugGCc(X%OSgSf}.

Proof. 1t is clear that [ fdu > sup{[gdu|ge Ce(X),0<g < f}. In order
to show the other inequality, let a € R such that a < [ fdu. We want to find
a g€ C.(X)such that 0 < g < fand [gdu > a.

For j,n € N define U,, ; = f~!((j27", 00)). By assumption, U, ; is open for
every n,j € N. Now define the function

22n

Sy = 2*”21%],.
j=1
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We immediately see that

jQin T € Un,j\Un,j—H, 1 S] < 22n7
sn(x) = 2n x € Uy, 920,
0 otherwise.

Using the fact that U,—1 ; = Uy o5 forn > 1 and j € N, we see that the sequence
($n(%))nen is increasing for every x € X. Furthermore (s,)nen converges to f.
Indeed, if z € f~1((27",00)) then 0 < f — s, < 27" and the result follows.

By the monotone convergence theorem, we conclude that [ s, dp — [ fdp
as n — 0o. Hence we can fix an m € N such that

22717,

2—m Z“(Um»j) = /sm dp > a.
j=1

Choose a constant b € R such that 27™ Z?: #(Up, ;) > b > a. By inner

regularity of p on the open sets Up, j;, for each 1 < j < 22M we can find a
compact set K; C Uy, ; such that p(K;) > u(Up ;) — (b —a)2™™. Then

22717, 22771.

2_m;M(KJ) > Q_m; (N(Um,j) = b2_ma> > a.

Now, for 1 < j < 22™ by Urysohn’s lemma we can choose g; € C.(X) such

2m
that g; > 1k, and g; < Uy, ;. Then the function g := 27" 2521 g; belongs to
C.(X), and clearly satisfies g < s,,, < f and

22117,
/gdu >27" Y u(K;) > a.
j=1
This completes the proof. O

Proposition 3.10. Let u be a Radon measure on a locally compact Hausdorff
space X and let ¢ : X — (0,00) be a continuous function. Then the measure
defined by v(E) = fE wduy, for all Borel sets E C X, is a Radon measure.

Proof. First we show outer regularity of v. Let E C X be a Borel set. If
v(E) = oo, there is nothing to prove, so assume v(F) < oo. Let £ > 0. We want
to find an open U D E such that v(U\FE) < e.

For every n € N, define the set W,, := ¢~ 1((1/n,n)), which is open by
continuity of ¢. Using the definition of v, we see that for a fixed n € N,
whenever F' C W,, is a Borel set then

u(F) < v(F) < nu(F).

By the first inequality, we get that u(ENW,) < nv(ENW,) < co. Hence, by
outer regularity of p, for every n € N we can find an open U,, C X such that
H(UNENW,)) < =/(2" - n).

Set U = |J;—, U, N W, which is an open set. Since Jo—, W,, = X, we
have that £ = J,—,(ENW,), and since ENW,, C U, NW, for all n € N, we
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conclude that £ C U. Furthermore, since ENW,, C F for all n € N, we obtain
that

Clearly (U, NW,,)\(ENW,) C W, for all n € N and hence

o0

v(U\E) < Y v (U NW)\(ENW,.)))

n=1

<> np((Un NW)\(EN W)

n=1

< Z np(Up\(E N Wy))

n=1

> 3
<> o =&

n=1

and we conclude that v is outer regular.

The linear functional f — [ fedu is clearly positive and hence there is a
Radon measure v/ such that [ fodp = [ fdv/ forall f € Co(X). We will show
that v = /. For this, since both v and v/ are outer regular, it is enough to
show that v(U) = v/(U) for every open U C X. Therefore, let U C X be open.
Using that 1y is lower semi-continuous, by Proposition 3.9 we have that

V() = [ 1 = s {/gdu'm € C(X),0<g< 1U}

=sup{/gs0du|g €C.(X),0<g< 1U}

Since 1y is lower semi continuous, by the same Proposition, we get

v(U) =/1u<ﬂdu=sup{/hdu|h € Ce(X),0<h < 1U<p}-

We show that the two suprema are equal. Clearly

sup{/gwdulg €C(X),0<g< 1U} < sup{/hdulh € C(X),0<h < IU@},

since gp € C.(X) and 0 < gy < 1y whenever g € C.(X) and 0 < g < 1.
To see the other inequality, let h € C.(X) such that 0 < h < 1. Define,
for n € N, the function h,, € C.(X) by

__ h(x)

= n+ o)

This is well-defined and continuous, since the denominator is strictly positive
and has compact support, since h has this property. Clearly 0 < h,(z) < 1y(x)

and h, (x)e(z) is an increasing sequence converging to h(x) as n tends to infinity.
Hence by the monotone convergence theorem

/hdu= lim /hnwdué sup{/gtpdulg € Ce(X),0<g < lu}-
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Since h was arbitrary, the other inequality is proven.
This proves that v(U) = v/(U) for every open set U, and we conclude that
v =1/, so v is a Radon measure. O]

This way of constructing new Radon measure from already known ones will
be important to us, especially in Chapters 6 and 7, where we look at examples
of locally compact groups and their Haar measure.

Next, we shall prove a density theorem that states that if p is a Radon
measure on a locally compact Hausdorff space X, then C.(X) is p-norm dense
in LP(G, u), the space of p-integrable functions on G, for every 1 < p < oo. This
will be needed in Chapter 8.

Lemma 3.11. If p is a Radon measure on a locally compact Hausdorff space
X, then p is inner reqular on all o-finite Borel sets.

Proof. First, let E' be a Borel set and suppose p(F) < co. Let € > 0. Using
outer regularity of u on F, choose and open set U D E such that u(U\E) < e.
Clearly U must have finite measure, and using inner regularity of p on U, we
can find a compact F' C U such that u(F) > pu(U) — e.

Since u(U) < p(E) + €, we can choose an open set V' 2O U\E such that
(V) <e. Let K = F\V. Then K is compact and K C E, and

u(K) = p(F) = p(V) > p(E) —e = p(V) > p(E) — 2e.

This entails that p is inner regular on every E such that u(E) < co.

Now, assume that F is a o-finite Borel set with u(E) = oco. Then there
is an increasing sequence (E;)$2; of Borel sets of finite measure such that £ =
U:2, E;. Since u(E;) — 0o, as i — oo, we conclude that for every n € N there is
an ¢ € N such that u(F;) > n. Since p is inner regular on F; by the preceeding,
there is a compact K C F; C E such that u(K) > n, and we conclude that p is
inner regular on E. O

Theorem 3.12. If u is a Radon measure on a locally compact Hausdorff space
X, then C.(X) is p-norm dense in LP(X, u).

Proof. We know that the simple functions on X which are p-integrable are dense
in LP(X,u). Therefore, since every simple function is a linear combination
of indicator functions, we only need to show that for every Borel set E such
that pu(F) < oo, the indicator function 15 can be approximated in p-norm by
functions from C.(X).

Let E C X be a Borel set with y(E) < oo and let € > 0. Then by Lemma
3.11 and outer regularity of p on E, there is a compact set K C E and an open
set U D E such that p(U\K) < e. By Urysohn’s lemma, there is an f € C.(X)
such that 1x < f < 1y. From this it follows that

e — fllp < (UNE)VP < VP,

and the proof is complete. O



Chapter 4
Topological groups

In the preceeding chapters, we have considered topological spaces equipped with
the Borel og-algebra and have seen how sometimes a Borel measure interacts with
the topology, e.g., by the regularity properties of the Radon measure. In this
chapter, we shall discuss the notion of a topological group, which is a topological
space carrying, in addition, a group structure compactible with the topology.
More precisely,

Definition 4.1. A topological group is a group G together with a topology on
the set G such that the maps

GxG—=G (z,y) — xy (multiplication)

1

G—G T T (inversion)

are both continuous.

4.1 Basic properties
The following notation will come in handy, when we consider some basic prop-

erties of topological groups.

Definition 4.2. Let G be a group. We denote the neutral element of G by e
or simply by e when no confusion can occur. For A, B C G and g € G we define

gA : = {gala € A},
Ag : = {agla € A},
A7V ={a"a € A},
AB : = {abla € A,b € B}.
If A= A"" for a set A C G, we call A symmetric.

Proposition 4.3 (Basic properties of topological groups). Let G be a topological
group

1. For any g € G, the maps x — gz,  + xg, and x — =~ are homeomor-
phisms of G.
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2. If U C G is open, respectively, closed, then the sets xU, Uz and U~ are
open, respectively, closed.

3. Every neighbourhood U of e contains a symmetric neighbourhood V of e.

4. For every neighbourhood U of e there exists a neighbourhood V' of e such
that VV CU.

5. For every neighbourhood U of e there is a symmetric neighbourhood V' of
e such that VV C U.

6. If H is a subgroup of G, then the closure H is a subgroup as well. If H is
normal, then so is H.

7. Every open subgroup of G is closed.
8. If A, B C G are compact subsets of G, then AB is compact.

Proof. 1. It follows directly from the continuity of multiplication and inversion
in G that the maps are continuous with the continuous inverses: y ~ g~ v,
y—yg tand y— y L.

2. Follows from 1.

3. Since U~ is open and contains e, the set UNU ! is a clearly symmetric
neighbourhood of e.

4. Let Ugx+t C G x G be the pre-image of U under the map (x,y) — zy.
By continuity of multiplication, UD_X_BZQ is open and clearly containing (e, e).

By definition of the product topology, there are open sets V7, Vo C G such
that (e,e) € V1 x Vo C Ug&& Let V := V; N Va, which is open. Then
VvV WV, C =U.

5. Choose, using part 4 of this proposition, a neighbourhood V of e such
that VV C U. Then choose, using part 3, a symmetric neighbourhood W of e
such that W C V. Then WW C VV C U and we are done.

6. Obviously e € H. From continuity of multiplication and inversion, it
follows that H is stable under the two operations. Now assume H is normal.
Let g € G. Then H = gHg™' C gHg™!. Since gHg™! is closed, H C gHg™'.
By this last inclusion, we also get that g~'Hg C H. Since g was arbitrary, it
follows that H = gHg ™! for all ¢ and hence H is normal.

7. The sets gH are all open by 2. Hence UQGG\H gH is open. Since the
cosets of H form a partition of G, we see that H® = UgeG\H gH, so H must be
closed.

8. Since A x B is compact and multiplication is continuous, we conclude
that the image AB is compact. O

4.2 Continuous functions on topological groups

Here we pay particular attention to continuous functions with compact support,
which we have already encountered, because of properties that we need later.

Definition 4.4. Let G be a topological group and let f be a function on G.
Then we define the left, respectively, right translate L, and R, of f through
y as follows:

Lyf(z) = f(y~"@),

Preimages of sets by
multiplications need
not be (Cart.) products


Preimages of sets by
 multiplications need 
not be (Cart.) products
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Ry f(z) = f(zy).

Note that for all y,z € G and f € C(G), we have L,,f = L,L,f and
Ryzf = Rszf

Definition 4.5. Let G be a topological group. We say that f € C(G) is left
uniformly continuous if for every e > 0, there is a neighbourhood V' of e such
that ||Ly f — f|| < € whenever y € V.

Similarly, we define the notion of a right uniformly continous function
by replacing L, with R, above.

Proposition 4.6. Let G be a topological group and f € C.(G). Then [ is both
left and right uniformly continuous.

Proof. We shall only prove the left uniform continuity, as the right version is
proved similarly. Let € > 0. Let K := supp(f). For each z € K there is a neigh-
bourhood U, of e such that |f(zx) — f(x)| < £/2 whenever z € U,. This follows
directly from continuity of f. For every z, choose a symmetric neighbourhood
V. of e such that V,V, C U,, which is possible by Proposition 4.3.5. Clearly
{Vzx}rex cover K and since K is compact, there are 1,2, ..., z, such that
K CUL, V@i Set Vi= (N, Va,.

Now we will show that V is the desired neighbourhood. It is clear that V'
is a symmetric neighbourhood of e. First, assume x € K and y € V. Then
xm;l € Vg, CU,, for some 1 < i < n, and hence y‘lms;l eVV,, CV,, Vs, C
U,,. Therefore, we have that

fy ) = f@)| = 1y ey ) — flaa; o)
<y tway ) = fa)] + | f () — flaa )]
<eg/24+¢/2=c¢.

Now, assume = ¢ K. If y~ 'z ¢ K, then the ineqality is trivial.
Otherwise, if y~'2 € K, then y~'zz; ' € V,, for some i. Therefore zz; ! =
yy’leci_l € U, and hence

[fy™'2) = f@)] < 1y~ "2) = flaa)| + 1 f (i) = f(2)]
= |fly~ eay  a) — flao)| + |f(2i) = flaa7 @) <e.

The proof is complete. O

Corollary 4.7. For every f € C.(G) and £ > 0, there is a neighbourhood V' of
e such that |f(z) — f(y)| < € whenever y ™'z € V oryz=! € V.

Proof. Let € > 0. Since f is left and right uniformly continuous, there is a
neighbourhood U; of e such that for all x € G and z € Uy, |L.f(x) — f(z)| < e
and a neighbourhood Us of e such that z € Us implies |R, f(z) — f(z)| < €. Let
U := U, NU,. Then, if y~'z € U, that is, 2 = yu for some u € U, we deduce
that |f(z) — f(y)l = [f(yu) — f(y)| = |Ruf(y) — f(y)| <e. Similarly, we have
that if yr=! = u € U, then |f(z) — f(v)| = |Luf(y) — f(y)| <e&. O

Corollary 4.8. For every f € C.(G) and € > 0 there is a symmetric neigh-
bourhood V' of e such that sup,cq | f(zy) — f(yx)| < e for ally € V.
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Proof. Since f is both left and right uniformly continuous, the conclusion follows
from the fact that

|f(zy) — fyz)| < [f(zy) — f(z)| + [f(yz) — f(z)]
=Ry f(z) — f(@)| + [Ly- f(x) = f(z)],

for every z,y € G, and that every neighbourhood of e contains a symmetric
neighbourhood. U

4.3 The Hausdorff assumption

When dealing with the Haar measure, we always assume that the topological
group in question is equipped with a Hausdorff topology. But in fact this is not
much of a restriction due to the following proposition.

Proposition 4.9. Let G be a topological group. Then we have the following:
1. If G is Ty, then G is Hausdorff.

2. Let H := @. Then H is a normal subgroup and G/H equipped with the
quotient topology, is a Hausdorff topological group.

Proof. 1. Assume that G is T;. Let x # y. By assumption U = G\{zy~ !} is a
neighbourhood of e. Then by Proposition 4.3.5 there is a symmetric neighbour-
hood V of e such that VV C U that is xy~! ¢ VV.

We claim that Vx and Vy are disjoint neighbourhoods of = and y. They are
clearly open by Proposition 4.3.2. Furthermore, if z = ve = wy for v,w € V,
then zy~! = v 1227w =v"tw € V7'V = VV. Since this cannot be the case,
Va and Vy are disjoint. Hence G is Hausdorff.

2. By Proposition 4.3.6 H is a normal subgroup. It is easy to check that
multiplication and inversion are continuous on G/H. We see that {eq g} is
closed in the quotient topology since H is closed. Hence every other one-point
set is closed as well, using that gH is closed for every g € G, and hence G/H is Ty
and by the first part of this proposition, we conclude that G/H is Hausdorff. [

In the following let G be a fixed topological group and let H := @. As we
shall see now, every Borel measurable function f : G — C is constant on the
cosets of the H, and as long as we consider measurable functions on G, we can
restrict ourselves to the Hausdorff group G/H without losing much information.

Lemma 4.10. For all x € H, we have that {z} = H.

Proof. Clearly e € xilm,aind since this set is closed by Proposition 4.3.1,
we conclude that H C 2~ '{z}. On the other hand, since z € H, we have
that {«} C H and since H is a subgroup, z~! € H and hence z~'{z} C H.
Therefore, it follows that {z} = «H = H. O

In the following, set &£ := {{J, o vH | A C G}.
Lemma 4.11. & is a o-algebra.

Proof. Tt is easy to see that G € £ and that £ is stable under (countable)
unions, and since the cosets xH for x € G form a partition of G, we have that

(UweA IH)C = Uo;eAC zH € €. O
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Lemma 4.12. The Borel sets are contained in E.

Proof. Let B(G) denote the o-algebra consisting of the Borel sets on G. Tt is
enough to show that every closed set is contained in &, since the closed sets
generate B(G). Therefore, let A C G be closed. We now show that A =
UpeazH. It is trivial that A C (J,.,2H. Hence, let g € |J,c,2zH, that
is g € xH for some x € A, or equivalently, 7 '¢g € H and by Lemma 4.10
H = {27 1g}. Since 2714 is a closed set containing e, we have that z71g €
{z—lg} =H Ca71A, s0g € A

We thereby conclude that A = J, ., #H € &, and hence B(G) C €. O

Proposition 4.13. Every Borel measurable function f : G — C is constant on
the cosets H

Proof. Let € G and let z = f(z). By Lemma 4.12 f is also £-measurable, so
F1({z}) € &, thatis f71({z}) = Uyea yH, for some A C G.

Since z € f~1({2}) there is some y € A such that € yH. Hence yH = zH
and we get that xH C f~1({z}), that is, f(xH) C {z}. O

4.4 Locally compact groups

Definition 4.14. A locally compact group is a topological group whose topol-
ogy s locally compact and Hausdorff.

We shall now define the Haar measure and discuss some important properties
of it.

Definition 4.15. Let G be a toplogical group. A Borel measure p is called left,
respectively, right invariant if

w(xE) = p(E), respectively, p(Ex) = u(E).
for all measurable sets E and x € G.

Definition 4.16. Let G be a locally compact group. Then a left respectively
right Haar measure on G is a nonzero, left-, respectively, right-invariant
Radon measure on G.

Definition 4.17. Let X be a locally compact Hausdorff space. We define
Cr(X) = {f € Cc(X)|f = 0, || f]| > O}.
Proposition 4.18. Let G be a locally compact group.

1. A Radon measure i on G is a left Haar measure if and only if the measure
i defined by i(E) = pu(E™Y), for all Borel sets E C G, is a right Haar
measure on G.

2. A non-zero Radon measure p on G is a left Haar measure if and only if
[ fdp= [L,fdu forall f € CH(G) and y € G.

3. If p is a left Haar measure on G then u(U) > 0 for all nonempty open
U C G. Furthermore, [ fdu >0 for all f € CH(G).
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4. If w is a left Haar measure on G, then u(G) < oo if and only if G is
compact.

Proof. 1. Assume that p is a left Haar measure. Then it is easy to see that
ii is a nonzero Radon measure. Let £ C G be a Borel set. That i is right
invariant simply follows from the fact that (Ex)™! = x7!E~! for all z € G.
Hence fi(Ez) = p(z~'E~Y) = u(E~1) = i(E), whenever z € G. The other
implication follows similarly.

2. First assume that p is a left Haar measure and let y € G. Note that
Ly1g = 1,g. Hence, for every simple function s = > | ¢;1p, with ¢; > 0 we

have that . .
/sdp = Zcm(Ei) = Zcm(yEi) = /Lysdu.
i=1 i=1

Since [ fdp = sup{[ sdu | s simple, f > s}, for all f € CF(G), it follows that
fde:fLyde-

On the other hand, if [ fdu= [L,fdu for all f € CF(G) and y € G then
the equation must hold for all f € C.(G), beacuse such functions are linear
combinations of functions in CF(G). Since the integral is a positive linear
functional on C.(G), by applying the Riesz representation theorem, we deduce
from the equation (3.1) that

() = sup{/fdulf < U} - sup{/Lyf dpilf < U}
= sup{/fdulf < yU} = pu(yU),

by using that f < U precisely when L, f < yU. Hence p is a left Haar measure.

3. Since p is nonzero, G must have nonzero measure. By inner regularity of
w1 on the open set GG, there must be a compact set K such that u(K) > 0. Now,
let U be an arbitrary nonempty, open set. Then there exist x1,22,...,2, € G
such that K C [J;_, x;U. Since pu(z;U) = p(U) for all 1 < i < n, and pu(K) <
oy u(z;U), we conclude that w(U) > 0.

For f € CF(GQ), let U :={z € G| f(z) > | fl|/2}. Clearly, U is open and
nonempty, since ||f]| > 0, so [ fdu > | f|u(U)/2 > 0.

4. Assume G is compact with Haar measure p. Since p is a Radon measure,
#(G) < oo. Now, assume that p is a Haar measure on G and pu(G) < oo.
Since G is locally compact, there is a compact neighbourhood N of e. Since N
contains an open set, u(zN) = pu(N) > 0 for all z € G. If there were a sequence
(n)nen € G such that z,N Nz, N = 0 for n # m, then pu(U,—, z,N) =
oot iz N) = 3707 w(N) = co.

Hence there must exist finitely many z1,2o,...,z, € G such that ;N N
zjN =0 for i # j and ;N NaN # 0 for all x # x1,x2,...,x,. Since ;N is
compact for every i, the union K = |J]_, ;N is compact, as well.

We claim that G = KK ~!. Indeed, for every z € G we have that KNz K # ().
That is, for every x € G, there are h,k € K such that k = xh, which is the
same as © = kh™! € KK~1.

Since K is compact, so is KK ! by the continuity of inversion and Propo-
sition 4.3 8. Hence G is compact. O

Note that because of Proposition 4.18.1, it follows easily that there are right
Haar measure analogues of Proposition 4.18.2-4.



Chapter 5

The Haar measure

We are now ready to prove what we consider as our main goal, namely the
existence and uniqueness of the left, respectively, right Haar measure on every
locally compact group G. The existence will be proven by constructing a posi-
tive linear functional I on C.(G), which is also left translation invariant in the
sense that I(L,f) = I(f), for every f € C.(G) and y € G. Using the Riesz
representation theorem and Proposition 4.18.2, we can prove the existence of a
left Haar measure, and by the same proposition (4.18.1), we immediately get
the existence of a right Haar measure. The construction of this functional is
most of all technical, but we need some good ideas, especially when we want to
show that our functional is additive.

5.1 The Existence of Haar measure

In the following, we let G be a locally compact group.

Definition 5.1. For f,¢ € CI(G) we define

n n
Cyp = ch TLEN,Cl,CQ,...,Cn>07{E1,l‘2,...71‘nEG,fSZCjojQD ,

j=1 j=1
and
(f ) =infCy,.
Lemma 5.2. Let f,o € CH(G). There exist x1,22,...,2, € G such that
P22l ol = 251 Lay e

Proof. U := {z € G | p(z) > ||¢||/2} is open and nonempty since ||| > 0.
Hence {«xU},cq is an open covering of the support of f and hence there exist
T1,T3,...,T, € G such that {z;U}}_; covers supp f.

For y € U and = € G, we have that f(x) < 2|f|| - [l¢ll ¢(y) by using that
f(@),¢(y) > 0. For z € 2;U we have that that x;lx € U so

F@) < 20f1 - el ™ L, ().

Hence f < 2||f]| - ol ™ S0y L, . -
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It follows from this lemma that Cy , is nonempty for every f,¢ € CH(G),
and hence (f : ¢) € R is well-defined. Furthermore, it is clear that (f : ¢) > 0.

The map f — (f : ¢) will be a very rough estimate of the linear functional
that we are looking for. Of course, it is only defined for functions in C.f (G) but
since every function in C,(G) is a linear combination of positive functions, this
will suffice.

We next show that the map has the following properties.

Proposition 5.3. Let f,g,0 € CT(G) and ¢ > 0. Then

(o) =(Laf i) forallz € G,
(g < (Fro)+(9:9),

(cf:p)=cf:9),

Af f < g, then (f:¢) < (g:¢),

S (Fre) = NS Ml

(o) S (Frg)g: ).

Proof. 1. Using that L,L, = Ly for all z,y € G, it follows that if

~

S v ™ L

f< chLz].QD, then L.f < chLzzzjx(P
Jj=1 j=1

We conclude that Cf, C Cp, 5. To show the other inclusion, note that if
Lof <305 ¢ilayp, then f < 3. ¢jLy 19, for every z € G.

2. To prove this, note that f <3 7 ) ¢;L,; ¢ and g < 377", d;Ly, o implies
that (f +¢:¢) < >0 ;¢j + > 71, dj, which entails the desired conclusion.

3. Here we have that f < 3", ¢; L, if and only if cf < > cc;Ly, o,
which gives the conclusion.

4. Assume f < g. Let 3.7 ¢; € Cyp. Then f < g < 370 ;L for
some x;’s. Hence C, , C Cf,, and we are done.

5. Let 37, ¢j € Cpyp. Then there are a1,...,x, € G such that f(z) <
doim il () < 370 ¢jllpll, for all z € G, using that all the ¢;’s are pos-
itive. Hence, by definition of the supremum norm, we conclude that || f|| <
>oi=1¢illell, and we obtain the desired conclusion.

6. Assume that f <" | ¢;Ly,g and g <3, d;jL, . Then

n m
F<Y Y cidiLay e,
i=1 j=1

so > Z;n:l cid; € Cf,,. Since all the ¢;’s and d;’s are positive, we have that
(frp) <2 2 ady < (300 ci) (Z;”:l dj), and since this holds for any

set of ¢;’s and d;’s, the conclusion follows. O

Definition 5.4. Let fo € CH(G) be fivred. For ¢ € CH(G) define the map
I,: CH(G) — (0,00) by
(f:¢)

LW =1her
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From now on we will consider I, instead of the map f — (f : ¢). The reason
is the following inequalities, which we will need.

Lemma 5.5. For every f,p € C.(G), we have that

(fo: N7 < T (F) < (f : fo)-
Proof. Follows from Proposition 5.3.6. O
Proposition 5.6. The functional I, is sublinear and left translation-invariant.
Proof. Follows from Proposition 5.3. O

This is almost what we are looking for. The functionals are not linear, but
the following proposition will show that if the support of ¢ is small enough,
then I, is approximately linear.

Lemma 5.7. For f,g € C(G) and ¢ > 0 there is a neighborhood V of e such
that if supp(p) CV then I,(f) + 1,(9) < I,(f +9g) + €.

Proof. By Urysohn’s lemma (Lemma 3.5) there exists an hg € C.J'(G) such that
ho(z) =1 for all = € supp(f + g).
Let 6 > 0 and set h:= f 4+ g+ dhg. Set

f/h ifx € supp(f),
hl(l‘) =

0 otherwise.

g/h ifz € supp(yg),
hg(x) =
0 otherwise.

It is clear that these functions are well-defined and that hy, he € CF(G). By
Corollary 4.7, there is some neighbourhood V' of e such that |hi(x) —h1(y)| < §
and |ha(z) — ha(y)| < § for all y~lz € V.

Let ¢ € CF(G) satisfying supp(¢) C V. Choose Z?:l ¢; € Ch,, and cor-

responding x;’s. Then for z € G such that :cj_lzz: € supp(¢) we have that
|ha(x) — ha(zj)] <6.
Therefore, for all x € G,

§(@) = h(@)hi (@) € 3" 6L @@ (@) < Y7 esLa,9(a) (n(ay) +6).
and, respectively,
9(x) = h(x)ha(z) <> ¢;La;p(@)ha(x) < ¢;La,p(x) (ha(;) +6) .
=1 =1

Hence

n n

(f:@) <D ci(l(@)+4), and  (g9:9) <Y ¢;lha(x) +9).

j=1 j=1
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From the definition we see that hy + hy < 1, and hence

n

(f o) +(g: SZ (ha(x5) + ha(z;) + 28) < Z (1+ 26).

Again, since Z?Zl ¢j € Ch,, is arbitrary, we conclude that
(f @) +(9:9) < (h:e)(1+20)
This entails that
Lo(f) + Lo(g) < Tp(R)(1+26) < (1426)(Io(f + ) + 61, (ho)),

using that [ is sublinear.
Hence, for a given £ > 0, since § > 0 was arbitrary, we can choose § small
enough to ensure that

2(f+g: fo) +0(1+ 2§(h0  fo)) < &,

then by Lemma 5.5 we conclude that

Io(f) +1u(9) < (L+28)(Ip(f + g) + 61p(ho)) < (1+20)(Ly(f +g) + 0(ho : fo))
<Io(f+9)+25(f +9g: fo) +6(1+28)(ho = fo) < I,(f +9g)+e

This completes the proof. O
We are now ready to take the last step.

Theorem 5.8. FEvery locally compact group G possesses a left Haar measure.

Proof. Define the interval Xy := [(fo : f)7', (f : fo)], for each f € CH(G).
Define X := [[;cct(q) Xy By Lemma 55 I, € X, for all ¢ € CF(G). By
Tychonoff’s theorem (Theorem 2.14), X is compact.

For each neighbourhood V' of e, let

Ky :={l, € X|p € CI(G),suppyp C V}.

We show that { Ky }v has the finite intersection property. Let Vi, Vs, ..., V,
be given neighbourhoods of e. Clearly e € ﬂ?zl Vi, so the open set 0?21 V; is
non-empty. Hence, by Urysohn’s lemma there is a function ¢ € CJ(G), such
that supp ¢ C ();_; Vi. We see that ¢ € Kqn_ v, Clearly Kqr v, €2, Ky,
and this entails that the latter set is non-empty.

Since {Kvy }v is a family of closed subsets that has the finite intersection
property, we conclude that (1), Ky is non-empty. Choose an I € (), Ky

For each neighbourhood V of e we have that I € Ky . Using the definition
of Ky together with the definition of the product topology, we deduce that
for each fi, fa,..., fn € CF(G) and £ > 0, there exists ¢ € C.F(G) such that
supp C V and |I(f;) — I (fi)| <e,fori=1,2,...,n

In the following, let € > 0, and f, g € C.F(G) be fixed. For each z € G there
is ¢ € CH(G) such that [I(f) — I,(f)| < /2 and |[I(L,f) — I,(L.f)| < €/2.
Using Lemma 5.6 we get that

L(f) = I(La )] S (f) = To(N)] + o (Laf) = I(Laf)| <e.
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From this. it follows that I(f) = I(L,f), for all z € G.
Easily, in a similar way, we get that I(cf) = cI(f), for each constant ¢ > 0.
By Lemma 5.7 there is a neighbourhood V' of e such that

(Lo (f +9) — Lo (F) = 1,(9)] < &/3,

whenever suppy C V. Moreover, we can choose a ¢ € CF(G) such that

suppp C Vand [I(f+9)—I,(f+9)| <e/3and [I,(f)+1,(9)-1(f)—1(9)| < /3.
By using the triangle inequality, it now easily follows that

I(f+9)—I(f) - I(g)] <e.

Since £ > 0 was arbitrary, we conclude that I(f + g) = I(f) + I(g).

Since f,g € CH(G) were arbitrarily chosen, we conclude that [ is left trans-
lation invariant and linear.

We now extend I to C.(G). First of all, we set I(0) := 0. For f € C.(G)
real-valued, define I(f) = I(f*) — I(f~) and for f € C.(G) arbitrary, define
I(f) = I(Ref) + «I(Im f). Then [ is clearly a positive linear functional on
C.(@) and hence, by the Riesz representation theorem, we conclude that there
is a unique Radon measure p such that I(f) = [ fdu, for all f € C.(G).

Definition of I, we have that [ fdu = I(f) > (fo : f)~* > 0 for all
f € CF(G) and hence p must be non-zero. Since [ fdu = I(f) = I(L,f) =
J Lyfdpfor all z € G and f € CF(G), we conclude by Proposition 4.18.2 that
w is a left Haar measure. O

Corollary 5.9. FEvery locally compact group possesses a right Haar measure.

Proof. Tt follows from Proposition 4.18.1 and what we have just proven. O

5.2 Uniqueness of the Haar measure

The following theorem shows that, in a certain sense, the (left, respectively,
right) Haar measure on any locally compact group is unique.

Theorem 5.10. Let p and v be left Haar measures on G. Then there is a
constant ¢ > 0 such that = cv.

Proof. Let f,g € CF(G) be given. First, we prove that

Jfdp _ [gdu
[fdv  [gdv

Let Vj be a fixed symmetric compact neighbourhood of e and let

A = supp(f)Vo UV supp(f),

B = supp(g)Vo U Vy supp(g).

For y € Vp, consider the functions f, : x — f(zy) — f(yx) and g, : © — g(zy) —
g(yx). It is clear that f, g, € C.(G) with supp(f,) C A and supp(g,) C B for
every y € Vjp.

Let ¢ > 0. By Corollary 4.8 there is a symmetric neighbourhood V; of e
such that |f,(z)| < € and |gy(x)| < € for all y € V4. Let V := V, N V4 which is
a symmetric neighbourhood of e.
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Now, pick o € CJ(G) with supp(h) C V and let h(x) = h(z) + h(z™1),
for all z € G. Then h € C.(G), h(z) = h(z™!) for all z € G, and since V is
symmetric, supp(h) C V.

Since f, g and h are all compactly supported, hence supported on sets of finite
measure, Tonelli’s theorem applies in the following calculations. Therefore,

I
// f(yx) du(z) dv(y).

Furthermore, using properties of h together with Tonelli’s theorem, we get

(o) (f19)- | o
_ / / Wy~ ) £(y) du(x) du(y)

Z/h(fv‘ly)f(y) dv(y) dp(x)

//h Fay) dv(y)u(z)
~ [ [ s anomto)

Combining these equalities, we deduce that

(fraw) ([ rae) - (/ nav) ([ ran)
’//h Fzy) du(z //h Flyz) dp )du(y)’
- ] [ [ rsten - e auo avin| < cuta) [ na.

The last inequality is due to the fact that |h(y)(f(zy) — f(yz))| < eh(y) for all
x,y € G, since h is supported in V.

Dividing by the strictly positive number ([ hdv) ([ fdv), we get that

‘fhdu Jfdp| _ ep(4)
Jhdv  [fdv|— ffdl/

Upon replacing f by g, and doing exactly the same calculations, we see that

() () (o) (f ) < f

Dividing by ([ hdv) ([ gdv) we obtain

Jhdp — [gdu| _
[hdv  [gdv

ep(B)
= [gdv’
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Now we can combine these inequalities to obtain

Jfdp  [gdu| _|[fdu  [hdu|  |[hdp  [gdu
[fdv  [gdv|~|[fdv [hdv [hdv  [gdv
< enl4) | ep(B)
~[fdv [gdv
Since € > 0 was arbitrary, we conclude that
[fdp  [gdu
[fdv  [gdv’

Since this holds for any f,g € CJ(G), we conclude that

/fdu:c/fdy

for any f € C(G), where ¢ = [ gdp/ [ gdv > 0 independent of the choice of
g € CI(G). It now clearly follows that [ fdu = c [ fdv for every C.(G), and
by the uniqueness part of the Riesz representation theorem we conclude that
w=cv. O

Note that uniqueness of the left Haar measures also implies uniqueness of
the right Haar measures, because of Proposition 4.18.1.

5.3 An alternative proof of the existence of Haar
measure on a compact abelian group

In this section we shall present a proof of the existence of the Haar measure in
the special case where G is compact and abelian. In this case, the Haar measure
is, of course, both left and right translation invariant.

This proof is based on a fixed point theorem by Markov and Kakutani. To
understand this proof properly, one needs to know something about topological
vector spaces, in particular locally convex spaces and the weak*-topology (see,
e.g.. 2)).

In order to prove the Markov-Kakutani theorem, we need a lemma involving
affine maps.

Definition 5.11. Let X and Y be vector spaces and let C be a convexr subset
of X. Amap T :C —Y is called affine if

T+ (1—t)y) =tTz+ (1 -t)Ty
forallz,ye C and 0 <t < 1.

Lemma 5.12. Let T : C' — C' be a continuous affine map on a compact, convex
subset C of a locally convexr space X. Then T has a fized point.

Proof. We define the sequence (x,,)52, recursively by

n—1
1 B
Ip = — E T Zo,
n -
=0
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where zy € C is arbitrarily chosen. Since C' is convex and 7" maps into C, it
follows that x,, € C, for all n > 0. Further, since C' is compact, there is a subnet
(zn, )aca of our sequence that converges to some point, say x € C. We will
show that Tz = x.

Since the continuous linear functionals seperate points in X (see [5], corollary
to Theorem 3.4), it is enough to show that ¢(Tx) = ¢(z) for each continuous
linear functional ¢ on X.

We see, that for a continuous linear functional ¢, for all n > 0,

1.1 2
lo(Txy — x,)| = ‘cp (T o — xo)‘ < —sup [o(y)].
n n n yec

The last number is finite, since C' is compact, and hence |p(Tz,, — x,)| — 0 as
n — oo.
In particular, p(Tz — z) = limy (T2, — zp,) = 0, and we are done. [

Theorem 5.13 (Markov-Kakutani). Let C be a compact convex subset of a
locally convexr space. Let F be a family of continuous affine maps of C into
itself. Assume furthermore that TSx = STx, for all T, S € F and x € C. Then
F has a common fized point, i.e., there is an © € C such that Tx = x, for all
TeF.

Proof. For each finite subset F' C F, define fp = {zx € C | Tax = z,VT € F}.
We immediately observe that fr is closed, hence compact. Indeed, if (24)aca is
a net in fr such that z, — x € C, then for each T' € F, since T is continuous,
we have that lim, Tx, = lim, x, = x, hence Tx = z.

Next, we show that fr is non-empty by induction after |F|. First, we note
that each of the maps T € F has a fixed point by Lemma 5.12. Hence fy # 0
forall T € F.

Now assume that fr is non-empty whenever |F| = n. Let S € F. We want
to show that frss) is non-empty. Since all the T’s are affine, we have that if
x,y € fr then

Ttex+(1—-t)y) =tTr+ (1 -t)Ty =tz + (1 —t)y,

for all T € F, and hence tx + (1 — t)y € fr and we conclude that fg is convex.

Furthermore, if x € F, then for each S € F we have that T'Sz = STz = Sx
for every T € F, so Sz € fp. In other words the restriction of S to fr can be
viewed as a map S|f. : fr = fr. Since fp is non-empty by assumption and,
moreover, convex and compact, by Lemma 5.12 the map S| f, : fr — fr has a
fixed point, that is, Sz = z for some = € fr. Hence x € fpy(g; and therefore
the latter set is non-empty.

Clearly, we have that frm N fr, = frur, # 0, and from this it follows that
the family of closed sets fr has the finite intersection property. Since C' is
compact, there is an « € [\ fr. Clearly, « has the property that Tz = x for
all T € F, and hence z is a common fixed point. O

Theorem 5.14. Every compact abelian group G possesses a Haar measure.

Proof. Our goal is to find a probability measure on G, which is also a Haar
measure.



The Haar measure 33

Note that if I is a positive linear functional on C.(G) then by the Riesz
representation theorem there is a Radon measure p such that I(f) = [ fdu for
all f € C.(G). It is easy to see that ||| = [1gdu = u(G) < co. In particular,
I € C.(G)*, where C.(G)* denotes the set of bounded linear functionals on
C.(G).

Let M be the set of positive linear functionals on C.(G) of norm 1. We see
that M C C.(G)* is closed in the weak*-topology. Indeed, if (I,)acAa is a net
in M converging to I € C.(G)* then clearly I is positive and hence there is a
Radon measure p such that I(f) = [ fdu for all f € C.(G). Then

11| = p(G) = tim I, (1) = lim 1 = 1,

and we conclude that I € M.

Hence, by the Banach-Alaoglu theorem (see [1], Theorem 5.18), M is com-
pact. Furthermore, M is convex. Indeed, if I,I> € M are given by I;(f) =
J fdps and Iy(f) = [ fdpe, then [|tI; + (1 —t) 2| = tp1 (G) + (1 —t)p2(G) = 1.

Now, for y € G, consider the operator T;, on M defined by

TyI(f) = I(Lyf),

for all f € C.(G). It is clear that T, is weak*-continuous. Moreover, it is easy
to see that Tyl € M for all I € M and y € G.

We see that T, T, = T,T, for all y,z € G, since G is abelian. And clearly
T, is affine, so by the Markov-Kakutani theorem, we conclude that there is a
functional I given by I(f) = [ fdu, f € C.(G), for some Radon probability
measure p such that for T, (I) = I, for all y € G. In other words, [ fdu =
J Lyfduforally € G. Hence by 4.18.2, p is a left Haar measure and therefore
also a right Haar measure on G. O



Chapter 6

The modular function

Having established the existence and uniqueness of the left, respectively, right
Haar measure, we shall next examine the relationship between the them.

If i is a left Haar measure on some locally compact group G, then for every
x € G, the measure u, defined by u,(E) = pu(FEz), for every Borel set E, is
clearly also a left Haar measure. Therefore, by the uniqueness (Theorem 5.10)
there is a positive number A(x) such that p, = A(x)u.

We see that the map A : G — (0,00) is independent of the choice of u.
Indeed, if v is another left Haar measure, the uniqueness theorem gives us a
constant ¢ > 0 such that v = cu, and hence we get that for all Borel sets
ECX,

v (E) = v(Ez) = cu(Ex) = A(x)eu(E) = A(x)v(E).

The map A will be called the modular function on G. To study some basic
properties of A, we need a lemma.

Lemma 6.1. Let p be a Radon measure on a locally compact group G and let
f € C.(G). Then the maps x — [ L, fdu and, respectively, x — [ Ry fdp are
continuous.

Proof. First, define K := supp f and fix a compact neighbourhood V of e. By
Proposition 4.3.8, the set VK is compact and since p is a Radon measure,
wWVEK) < oo.

Let (zo)aca be a net in G converging to z. We want to show that

lim/Lwafd,u:/wad,u.

First, assume that x = e. Then, given ¢ > 0, since f is left uniformly
continuous, there is a neighbourhood U of e such that ||L,f — f|| < ¢/u(VK)
for all y € U. By replacing U with U NV, we may even assume that U C V.
Then clearly supp(L,f — f) C VK for all y € U. This ensures that there is an
ag such that if a > «ag, then z, € U, that is

‘/Lmafdu—/fdu‘ <L f — fIl - 1(VE) <.

Hence lim,, [ L, fdu= [ Lcfdu.
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In general, if lim, o, = = € G then lim, 2,2~ ' = e. Combining this with

the fact that L, f € C.(G), we conclude by the previous arguments that

1im/Lwafd,u:lim/L%rlefd,u: /fodu,

and we are done.
The continuity of the map = — [ R,fdp is proven in exactly the same
way. O

Proposition 6.2. The modular function on a locally compact group G is a
continuous group homomorphism into the multiplicative group ((0,00),-).

Proof. Let z,y € G. It is clear that p,y = (1t2)y and hence A(zy) = A(z)A(y).
To establish continuity, we observe that

[Retdu= [ fdn =@ [ ran

By Lemma 6.1, we get that the map x — A(z™!) [ fdu is continuous. Since
the inversion map = — z~! is continuous and [ fdu is independent of z, we
conclude that « — A(x) is continuous, as wanted. O

An important feature of the modular function is that it can determine when
the Haar measure is both left and right translation invariant, using the following
definition:

Definition 6.3. A locally compact group G is called unimodular if A is the
constant function 1.

It is clear that G is unimodular if and only if the left Haar measure p on
G is also right translation invariant, because (in the “only if”-case) u(Ex) =
1z (E) = p(E), for all Borel sets E.

Note that abelian groups are unimodular. Now let us look at some not
entirely trivial examples:

Proposition 6.4. If G is compact, then G is unimodular

Proof. By Proposition 4.18.4, we infer that 0 < u(G) < oco. If p is a left Haar
measure on /1, then p(G) = p(Gz) = A(x)u(G) for all x € G, and hence clearly
A(z) =1for all z € G. O

Proposition 6.5. Let [G, G] denote the commutater subgroup of G, that is, the
subgroup consisting of elements on the form [z,y] = xyz~'y~t, where z,y € G.
If G/|G, G] is finite, then G is unimodular

Proof. Tt is easy to see that [G, G] is a normal subgroup of G, and furthermore,
it is clear that A(zyz~'y~!) =1 for all z,y € G. Hence [G,G] C ker A. From
this, we conclude that A(G) ~ G/ker A C G/|G, G|, but the latter set is finite
by assumption, and hence A(G) is finite. Since the only finite subgroup of
(0,00) is {1}, we deduce that A(G) = {1}. O

We will conclude this chapter with a proposition which shows a connection
between a left Haar measure p and its right translation-invariant version i from
Proposition 4.18.1.
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Proposition 6.6. Let G be a locally compact group. For every x € G we have
that dji(z) = A(x~1) du(x).

Proof. Define § : z + A(z™!) for all z € G, which is of course a continuous
homomorphism from G to (0, c0).

It is enough to prove that [fdip = [ f(z)A(z7')du(x) for every
f € C.(G), because by Proposition 3.10, the measure 6 du is a Radon measure
and by the uniqueness part in Riesz representation theorem, we can conclude
that dj(z) = Az~ du(x).

Let f € C.(G) and y € G. Then f§ € C.(G), and as in the proof of
Proposition 6.2, we have that

[ B8 =st0) [ 7an
and hence
[ Ryt @s(@)duta) = 87 [ $a)dlay) dute)
=s™) [ B9 an= [ foan

By Proposition 4.18.2, we obtain that 6(z) du(x) is a right Haar measure, and by
uniqueness, we conclude that there is a positive ¢ such that [ fédp =c [ fda,
for all f € C.(G).

Now we show that ¢ = 1. Let € > 0. Since 0 is continuous and d(e) = 1, we
can find a neighbourhood V' of e such that |§(x) — 1| < € for z € V. We may
even assume that V is symmetric.

As we have seen in the proof of the uniqueness of the Haar measure, we can
find h € CH(G) such that h(x) = h(z~1) and supp h C V. Then, by defition of
i, we get that

[ b)) = [ duta) = [ bia) duo)
and hence, we obtain

(c—l)/hd,u‘: c/hdﬁ—/hdﬁ‘z‘/hédu—/hdu’Ss/hdu.

Since € was arbitrary, we conclude that ¢ = 1.
Hence, for every f € C.(G) we get that

[#sdu= [ an

This completes the proof. O




Chapter 7

Examples

In this chapter we shall consider examples of locally compact groups and their
Haar measures.

Example. The Lebesgue measure on the additive group R"” is a standard ex-
ample of a left and right Haar measure. It is well-known that this measure is
translation invariant, and we shall not discuss this any further.

Example. A group equipped with the discrete topology is clearly a locally
compact Hausdorff group.

On such a discrete group G, the counting measure 7 is a left and right Haar
measure and hence every Haar measure on G is on the form cr for some ¢ > 0.
In this case, clearly every singleton {«} has strictly positive measure, namely
u({x}) = ¢. What is more curious, is the following fact:

Proposition 7.1. Let G be a locally compact group and let v be a left or right
Haar measure on G. If u({e}) > 0 then u({z}) > 0 for allz € G and G is a
discrete group.

Proof. The first statement follows from translation-invariance of p.

Now let € G and let U be a precompact open neighbourhood of z, which
exists by Proposition 2.12. Note that by additivity of u, every infinite set has
infinite measure. Since every compact set has finite measure, the open set U
must have finite measure and hence be finite. For an x € U, since GG is assumed
to be Hausdorff, there is a neighbourhood V' of = such that VNU = {z}. Hence
{z} is open, so all the singletons are open in G and hence G is discrete. O

In order to provide more examples, we need to refresh a theorem about the
Lebesgue integral on R™. This theorem is an elementary measure theoretical
result, and we will not spend time on it here. The proof can be found in [1],
Theorem 2.47 a.

Theorem 7.2. Let U be an open subset of R® and h : U — R" be a C*-
diffeomorphism with Jacobi-matriz Dh(x). If f € L*(h(U), m) then:

o) da = /U F(h(z))| det Dh(z)| dz

h(U)

where dx is the Lebesgue measure on R™.
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Using this result, we are able to prove a proposition that enables us to
provide the aforementioned examples. In the following, by GL, (R) we denote
the invertible n x n-matrices with real entries.

Proposition 7.3. Let G be a locally compact group which is homeomorphic
to an open subset U C R"™ in such a way that if we identify G with U, left
translation is an affine map in the sense that xy = Azy~+b,, where A, € GL,(R)
and b, € R™. Then |det A,|~!dz is a left Haar measure on G.

Proof. First note that A,, = A, A, for all z,y € G. Indeed, for z,y,z € G we
have that

Ay Ayz 4+ Agby 4+ by = Ap(Ayz + by) + by = x(yz) = (2y)z = Agy2z + bay,
and hence
(Az Ay — Agy)z = byy — Agby, — by

This means that the linear map A, A, — A, is constant on the open set U C R"
and hence clearly equal to the zero matrix. In other words, A, A4, = A,, and
the claim is proven.

For x € G, let h; : U — R™ be the function defined by

hr(y) =Y = Aacy + bzv

for y € G. Clearly, h,(U) = U, for all z € G. Furthermore, we see that h is a
diffeomorphism with Jacobi-matrix Dhy(y) = As.

Now to the proof of the statement. By Proposition 3.10 and 4.18.2, it is
enough to show that for all y € G and f € C.(G),

/f(yx)\detAz\*ldx:/f(:r)|detAz|*1dm.
U U

By Theorem 7.2 and the fact that h,-1(U) = U, it follows that
/ flyz)|det Ap|~tda = / J(yhy-1(x))| det Ahfl(x)|*1| det Dhy,—1(x)|dz
U U '
= / flyy ‘o) det Ay-1,|" " det A,-1|dx
U

= /Uf(x)| det A1 det A;| 7| det A,-1|dx

= / f(z)|det Ay|~* da.
U

This completes the proof. O

There is, of course, a similar statement, concerning right translation being
an affine map, that is, yr = A,y + b,. Then |det A,|~'dx is a right Haar
measure, and we shall use this in the following examples. The proof is similar.

Now we are finally ready to provide those examples:

Example. A very simple example is the multiplicative group ((0,00), ). Since
(0,00) is an open subset of R, we can easily apply Proposition 7.3 to find the
Haar measure. Since the group is abelian, the measure is both left and right
invariant. We see that for all 2,y € R, zy = A,y where A, := () € GL;(R).
Since det A, = 2 > 0 for all z, we conclude that 2! dz is the Haar measure on
(0,00).
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Example. Now we turn our attention to another example, namely the topo-
logical group

1
G = 0 | z,y,z € R" 3,
0

O = 8
N

equipped with matrix multiplication.
It is clear, that G is actually a group, since every matrix in G is invertible
and the product of two such matrices are given by:

1 =z vy 1 uw v 1 z4+u a2zw+y+vo
01 =z 01 w]=1{0 1 z4+w e G.
0 0 1 0 0 1 0 0 1

Using the topology inherited from R? we get a locally compact group. Fur-
thermore, we can identify G with R? by the homeomorphism

1 =z vy x
01 z|l—|ly
0 0 1 z

Using this identification, we see that left translation is given by

x U xr+u U
yl*(v]=|wtytv)= A(w,y,z) V| 4Dz,
4 w 24w w

where b,y -y == (,y,2) and

Ay,z) =

S O =
o = O
—8 O

By Proposition 7.3, we get that 1- d(x,y,2) = dedydz is a left Haar measure
on G.

This time, the group is not abelian, so this measure may not necessarily be
a right Haar measure. But as a matter of fact, it turns out to be. Using the
fact that right translation is given by

x U 1 0 0 T u
ylx|lov]=w 1 0 yl+1v],
z w 0 0 1 z w

we get, by the right translation version of Proposition 7.3 that 1 - d(u,v,w) =
dudv dw is also a right Haar measure. In particular, G is unimodular.

Example. Now, consider the group

Again, G is clearly a group and multiplication is given by

606G )
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Again, the group is not abelian, and this time the left Haar measure is different
from the right invariant one.
By identifying G with (0,00) x R via the homeomorphism

(1)~ ()
() () = ():

This means that left translation is given as in Proposition 7.3 with

z 0
Ay) = (0 x)

and b(, ) := (0,y). Hence 72 dz dy is a left Haar measure.
Similarly, right translation is given by the matrix

u 0
Aw) = (v 1)

and by . := (0,0), so u~ ! dudv is a right Haar measure on G, which is different
from the left invariant one above. Hence the group is not unimodular.

we see that

Example. Now we want to use Proposition 7.3 on the group of invertible ma-
trices, GL, (R).
For a real-valued matrix X € M, (R) we write X; for the #’th column in X,
that is, X = (X7 X3 ... X,,), and we identify M, (R) with R"’ by the map
X1
Xy )
X— ]| . | eR".
Xn
Using this identification, the group G = GL,(R) is a locally compact group
identified with an open subset of R”Q, by the continuity of the determinant

map.
We see that left translation is given as

XY =(X" XY, ... XY,),

for X,Y € GL,(R), where Y = (Y1,Y3,...,Y,). By our identification map of
M, (R) and R™ we see that left translation is a linear map given by XY = AxY

where
X

X
AX =

X

is a n? xn?-matrix. Proposition 7.3 states that | det Ax |~ dX is a left Haar mea-
sure where dX is the lebesgue measure on R™. Tt is easy to see that det Ax =
(det X)™ using the definition of the determinant, and hence |det X|™"dX is a
left Haar measure on GL, (R).

In a similar way, we see that the measure is also a right Haar measure.



Chapter 8

Unitary representations of
compact groups

This last chapter is an application of the results we have established in the
preceeding ones. We shall discuss unitary representations of compact groups
and use the existence of the Haar measure on such groups to prove certain
results, concerning these representations.

First, we will need some notation. For a Hilbert space H, we denote the
inner product on H by (-,-) or just (-,-), if no confusion can occur. By B(H)
we denote the set of bounded linear operators on H. The identity operator on
H, will be called Iy. For a subset A C B(H) we denote the commutant of A by
A'. By U(H) we denote the set of unitary operators. Recall that an operator
U on H is unitary if by definition (U{,Un) = (&, n), for all {,n € H.

Definition 8.1. Let G be a topological group. A unitary representation of
G on a Hilbert space H is a group homomorphism © : G — U(H) which is
continuous with respect to the strong operator topology on U(H).

Definition 8.2. Let w : G — U(H) be a unitary representation. A subspace
V C H is called invariant under © if 1(G)V C V.

Definition 8.3. Let m : G — U(H) be a unitary representation. A unitary
representation g : G — U(V) is called a subrepresentation of = on V, if

mo(g) = w(g)IV, for all g € G.

It follows directly from the definitions that V is invariant under = if and
only if there is a subrepresentation of 7 on the Hilbert space V. It is clear that
a subrepresentation of a unitary representation 7 is uniquely determined by the
invariant subspace V, and hence we speak of the subrepresentation of = on V.

Definition 8.4. A unitary representation w of a topological group G on a Hilbert
space H is said to be irreducible if the commutant m(G)' = Cly.

We shall later see why this is called irreducible, but first we will state the
main result that we want to prove in this chapter. It is a generalization of the
Peter-Weyl theorem.
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Theorem 8.5. Let w be a unitary representation of a compact group G on a
Hilbert space H. Then we can write

H=PV,

icl

where {V;}icr is a family of finite dimensional, invariant subspaces for © such
that the subrepresentation of w on V; is irreducible for everyi € I.

Now we shall discuss the notion of unitary representations a little further.
The first question one should ask before proving anything about them is, if
such things even exist! Of course, for any topological group G and Hilbert
space H we can construct a trivial example, namely 7 : G — U(H) defined by
m(g) = Iy, g € G. But, as a matter of fact, we can use existence of the Haar
measure on locally compact groups to construct non-trivial examples of unitary
representations.

Definition 8.6. Let G be a locally compact group with left Haar measure p.
The left regular representation on H = L?(G, i) is the map 7 : G — B(H)
defined by 7(g)(§) = Ly& for all g € G and § € L*(G, ) (see Definition 4.4).

It would be adequate to show that 7 is actually a unitary representation of
G on L?(G, u). This will be settled in the following proposition:

Proposition 8.7. With G, H and 7 as above, we have the following
1. w(g) e U(H) for all g € G,
2. The map w is a homomorphism, and
8. T is continuous with respect to the strong operator topology.

Proof. In the following we denote the 2-norm on L?(G, i) by ||-||2-
1. Let £,m € H. Then by definition of the inner product on L?(G, i) and by
4.18.2 we have

(L&, Lyn) = / L,&(x)Lyn(e) du(x)

— [ L& n@an = [ @) dutz)
=&

2. It is clear that w(gh) = Ly, = LyL, = w(g)m(h) for all g,h € G.

3.We want to prove that the map g — Ly¢ is continuous, for every § € H.
We begin by assuming that £ € C.(G). This part of the proof will be some-
what similar to the proof of Lemma 6.1. Let K := supp({) and fix a compact
neighbourhood V' of e. Note that VK is compact and hence u(VK) < co. The
function ¢ is left uniformly continuous, so we can choose a neighbourhood U og
e in G such that |Ly&(x) — &(x)| < \/e/u(VK) whenever g € U and = € G (cf.
Proposition 4.6). We can assume that U C V. Then, for all g € U,

Lyt — ]2 = / Ly (0) — €@ dp(e) < <&
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where we used that the map G 2 z +— |L,&(z) — £(x)|? is supported in VK for
allg e U.

By replacing ¢ with Lp€ for h € G, it now follows that for every g,h € G
there is a neighbourhood U of e such that if gh=! € U, then

|Lg€ — Ln&ll2 = | Lgp—1(Ln&) — Ll < e.

This entails that the map g — L4¢ is continous.

Now, let £ € L?(G, p1), and let (ga)aca be anet in G that converges to g € G.
Let € > 0. Since C.(G) is 2-norm dense in L?(G, u) by Theorem 3.12, we can
choose an € C.(G) such that || —n|| < /3. Obviously, then |Ly§—Lpn|| < &/3
for every h € G. By continuity of the map g — Lyn, we can choose an g such
that if o > a, then || Ly, n — Lgn|| < /3. By this, we get

HLga§ - Lg§||2 = ||Lgaf —Lg,n+ Lg,n—Lgn+ Lgn— L95H2
< ||Lgaf - Lga77||2 + ||Lga77 - Lg77||2 + ||Lg77 - Lg€||2 <g,

which completes the proof. O

After this example of a unitary representation of a compact group, we will
begin to examine properties of unitary representations in general.

Proposition 8.8. A unitary representation w is irreducible if and only if the
only closed invariant subspaces under 7 are the trivial subspaces {0} and V.

Proof. Let m be a unitary representation of G on H. For a closed subspace
V C H, let Py denote the projection onto V. First note that V is invariant
under 7(G) if and only if P, commutes with 7(g) for all ¢ € G. Indeed, if
V' is invariant, then for ¢ € G, we have w(g9)Py(H) = n(g)V C V. Hence
Pym(g)Py = m(g)Py. Similarly, Pyn(g~')Py = m(g~!)Py and it follows that
for¢&,me H

(m(g)Pv€,m) = (Pym(g)Pvé,n) = (&, (Pym(g)Pv)™n)
= (& Pym(g " )Pyn) = (& m(g ") Pyn)
= (Pym(g9)&,m) -

We thereby conclude that w(g)Py = Pyw(g), for all g € G.

On the other hand, if Pyn(g) = 7w(g)Py for all g € G, then w(g9)V =
m(g)Py(H) = Pyn(g)(H) CV for all g € G, and the assertion is proven.

Now we turn to the proof of the proposition. Assume that 7 is irreducible.
Then by definition 7(G)" = {A € B(H)|n(9)A = An(g),Yg € G} = Cly, so,
in particular, the only projections that commute with 7(g) for all g € G are
the trivial ones, namely the projection 0 onto {0} and the identity I onto H.
From the argument above, it follows that the only closed invariant subspaces
under 7 are the trivial ones.

Assume now that if 7(G)V C V then either V = {0} or V' = H. Then again
by the above assertion, we get that the only projections in 7(G)" are 0 and Iy.
It is well-known that the commutant of a self-adjoint set is a von Neumann-
algebra and that a von Neuman algebra is the closed span of the projections in
it. Hence

7(G)" = span{0, Iy} = Cly.

This completes the proof. O
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Proposition 8.9. Let w: G — U(H) be a unitary representation. Furthermore,
let E € B(H) be a finite dimensional projection. Then the map G — B(H) given
by

g m(g)En(g™),
for g € G, is continuous, when B(H) is equipped with the norm topology.

Proof. Since w(g)En(g~!) = m(g9)E(n(g)E)* for all g € G, it suffices to show
that the map defined by g — 7(g)E for g € G is norm continuous.

Let eq, e, ..., e, be an orthonormal basis for F(H). Let g,h € Gand { € H
with [|€]| < 1. Then E{ = Y7 | Aie; for some Aq, Ao, ..., A, € C. We get that

n

>l (h))e:

=1

[(m(9)E —m(h))¢]l =

n

Z —m(h))ei

n 1/2
( [Ai |2> <Z|(W(g)_7(h))ei|2>

1/2
ZII h))e|| ) ,

where we used that (31, A2

1/2
[(m(9)E —m(h))] < (ZI h))e |2> :

Since the map g — 7(g) is continous in the strong operator topology, we con-
clude that this last expression can be made arbitrarily small when g and h are
close, and hence 7(g)F is norm continuous. O

— |IE€]| < Jl¢]l < 1. Hence

Now we will discuss the theory of vector-valued integration, which we will
need in order to prove Theorem 8.5.

Definition 8.10. Let (X, pu) be a measure space and let H be a Hilbert space.
By LY(X,B(H)) we denote the set of functions f : X — B(H) satisfying the
following two contitions:

1. For all ¢&,m € H, the function defined by

= (f(@)€,m),

for x € X, is measurable.
2. The function defined by x — || f(z)||, for x € X, belongs to L*(X, ).

Note that it follows straight from the second condition and the Cauchy-
Schwarz inequality that the functions x — (f(2)&, 1) belong to L' (X, i) for all
&ne H.

The next proposition shows that whenever f € L'(X,B(H)), we can give a
meaningful definition of the integral [ f(z) du(z).
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Proposition 8.11. For each f € LY(X,B(H)), there is a unique element
[ fl= ) € B(H) which satisfies that

<</ f@) dula ) > [ @) duo).

for all &,m € H. Moreover,
)| < [1r@aute

[ f@ aute

Proof. Consider the map F' : HxH — C defined by F(&,n) = [ (f(z)&, 1) du(z),
¢,m € H. This is well-defined since the function integrated belongs to L'(X, i)
for every &, € H by assumption. Furthermore, F' is clearly linear in the first
variable and conjugate linear in the second. Moreover, for all £,7 € H,

£n|</| 2| dp(z )<||£||||77||/||f ) du(z).

Hence, by assumption again, F' is bounded with ||F|| < [|f(z)| du(z). By
a theorem due to Riesz (also called the Riesz representation theorem (see [4],
Theorem 1.2)), there is a unique operator T' € B(H) such that F(&,n) = (T, n),
for all £,7 € H. Obviously, the operator [ fdu(x) := T satisfies the desired
properties. O

Having defined the vector-valued integral properly, we shall examine some
of its basic properties.

Proposition 8.12. Consider L'(X,B(H)) defined as above. Then

1. The vector-valued integral is linear in the sense that if f,g € L' (X, B(H))
and A,B € B(H), then (AfB +g) € L*(X,B(H)) and

[ 4r@)B+ @) dute (/f ) dpu(e ) + [ g@nto).
2. If E C X is measurable of finite measure, then 1g-Iy € LY(X,B(H)) and
/1E($) dp(z) = p(E)n.

3. If f € LN(X,B(H)) and f(z) >0 for allz € X, then [ f(z)du(z) > 0.
Proof. 1. Let f,g € LY(X,B(H)) and A, B € B(H) be given. Since

[Af(2)B + g(x)|| < [[ALf @Bl + g,
for z € X, it follows that (AfB + g) € L(X,B(H)), and for £, € H,

([ 4r@8 -+ 9@ au) 6.0) = [ (AF@B -+ glaNem o
= / (£ ()(BE), A™n) du(x) + / (9(2)¢,m) dp()

- <</ f(z) d,u(x)) Bg,A*n> + <</ 9(x) du(ﬂt)) 3 n>
_ <<A/f(m) du(z)B + /g(a:) du(a:)> £,n>7
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and the desired conclusion follows.

2. It is clear that (1g(z)Ig&,n) = 1p(x) (&, n) for all £,n € H and the right
hand side is clearly measurable.

Furthermore, ||1g(2)Ig| = 1g(2)||IH], so

/ 11 6(2) I | dp() = pu(E) < oo,

and hence 1pIy € L*(X,B(H)). Since

/ (L) w6, n) dule) = u(E) (E.m).

for all £&,n € H, we conclude that [1g(z)Iy du(z) = p(E)Iy.
3. Assume that f(z) > 0 for all z € X. By definition of positive op-
erators, this means that (f(x)¢,n) > 0 for all {,n € H and € X. Hence

<(ff () &n) = [(f(x)&n) du(z) > 0 for all £,y € H and therefore
J f(z) ) > 0. O

For a subset A C B(H), we let L'(X,.A) denote the set of functions
f € LY(X,B(H)) such that f(X) € A. The following proposition is a nice
application of the double commutant theorem, and even though we shall not
use it, it is proven here for completeness.

Proposition 8.13. If M C B(H) is a von Neumann algebra, then the operator
[ f(z) ) belongs to M whenever f € L' (X, M).

Proof. Let f € L*(X, M) be given and let A € M’. Then by Proposition 8.12.1
we have that

A [ $@) duta) = [ A7) duto) = [ f@)4du(@) = [ 1) duta

so [ f(x)du(z) € M” = M by the double commutant theorem (see [4], Theo-
rem 18.6). O

We will now consider certain topological spaces and examine vector-valued
integration with respect to a Borel measure.

Lemma 8.14. Let X be a compact Hausdorff space and let i be a finite Borel
measure on X. Let A C B(H) be a C*-algebra. If f : X — A is a continuous
function when A is equipped with the norm topology, then f € L*(X,A) and
J fz ) € A.

Moreover if f is positive and nonzero, that is, f(x)
there is an xg € X such that f(xo) # 0, and if p(U)
open sets U, then [ f(x)du(x) is positive and nonzero.

>0 forallz € X and
> 0 for all non-empty
Proof. The functions X 3 z — (f(x)&,n) are continuous for all {,n € H, since
f is continuous. The function X > x — || f(z)]| is continuous as well. Since X
is compact with pu(X) < oo, every continuous function from X to C is bounded
hence integrable and therefore f € L1(X, A).

We now prove that [ fdu € A. Let £ > 0. Since f(X) is compact in the
norm-topology, we can find a finite number of operators (7;)_; C f(X), such
that the balls

B(T;,e) :={S € f(X)[IT: — S|l <},
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cover f(X). Hence the sets (f~1(B(T;,¢)))", cover X, and we can find a
finite partition (F;)7; of X, consisting of measurable sets, such that E; C
f~YUB(T;,¢e)), fori=1,2,...,n.
Choose 4; € f(E;) C B(T;,e) foreachi=1,2,...,n,andset g = > -, 15, A;.
We see that for every = € E; we have that || f(z) — g(z)|| = || f(zx) — 4| <e.
Since the sets E; have finite measure for every ¢, by Proposition 8.12 it
follows that [gdu =", u(E;)A; € A. Furthermore, by Proposition 8.11,

H/fdu—/gd,uH S/Hf—g||du<g,u(X)'

Since A is norm-closed, ©(X) < 0o, and € > 0 was arbitrary, we conclude that
[ fdpe A

Now assume that f is positive and non-zero and that (U) > 0 for all open
sets U. Then by Proposition 8.12.3, the integral [ fdu > 0.

Let xg € X such that f(xzg) # 0. Since f(zg) > 0, there must be a £ € H
such that (f(xz0)&, &) # 0. Since (f(x)&, ) is a nonzero, nonnegative continuous
function, the integral [ (f(z)¢, &) du > 0. Hence

<</fdﬂ>€’§>:/<f($)£,§> dp >0,

and we conclude that [ fdu is nonzero. O

The requirement that pu(U) > 0, for all open U, in the last proposition is
in particular satisfied for the Haar measure of a compact group. We shall now
begin to combine the theory we developed in this chapter with our knowledge
of the Haar measure.

Proposition 8.15. Let G be a compact group with Haar measure p. Let
7 : G — U(H) be a unitary representation. Let E € B(H) be a finite di-
mensional nonzero projection. Set

A= / 7(9)En(g™") dpu(g).

Then we have the following:
1. The operator A is compact.
2. Furthermore, A >0 and A # 0.
3. Lastly, A € n(G)".

Proof. Let K(H) denote the compact operators on H, and let f : G — B(H) be
defined by g — w(g9)En(g™"), for g € G. We see that n(g)En(g~") is a finite
rank operator for every g € G since FE is finite dimensional. Hence f(g) € K(H)
for every g € G. By Proposition 8.9 the map f is norm-continuous and hence by
Lemma 8.14 we conclude that f € L'(G,K(H)) and that A= [ fdu € K(H).

We note that for all g € G, we have that f(g9)? = f(9)* = f(g), so f(g) is a
projection and in particular f(g) > 0 for all g € G. Furthermore, f(e) = E # 0
and using that p is a Haar measure, by the last part of Lemma 8.14, we get
that A > 0 and A # 0.
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To show that A € 7(G)’, we prove that for all g € G,
m(9)An(g™") = A.

Using Proposition 8.12.1, it follows that

r(g)An(g™") = / w(g)m () Br(h~ym(g™) du(h) = / w(gh) Ex((gh)™) dpu(h).

Let &, € H. Using Proposition 4.18.2 on the Haar measure u, we get that for
all g € G

(m(9)An(g™1)E,m) = <</ 7T(gh)Eﬂ((gh)‘l)du(h)> 5’77>
- / (=(gh)Ex((gh)~")&,m) du(h)
- /(ﬂh)Ew(h’l)&,n) dp(h)

_ <</7r(h)E7r(h_1)du(h)) §,n> = (A&,1).

We conclude that A = 7(g)An(g~?) for all g € G and hence that A € 7(G)’. O

Proposition 8.16. Let m : G — U(H) be a unitary representation on H #
{0}. Furthermore, assume that G is compact. Then there is a nonzero, finite-
dimensional subspace V- C H which is invariant under .

Proof. Let p be the Haar measure on G, and let £ € B(H) be an arbitrary,
1-dimensional projection. Set

A= / 7(9)En(g™") dpu(g).

Then, by Proposition 8.15, A is a positive, compact operator, which is nonzero,
and A € 7(G)’. Pick a nonzero eigenvector A for A and let V' be the eigenspace
corresponding to A. This is possible by the spectral theorem for compact opera-
tors (see [3] Theorem 5.2.2). The same theorem gives that V' is finite dimensional
and, of course, V' # {0}.

We see that if £ € V and g € G, then A = A€ and hence

Am(g)¢ = m(9)A§ = m(g) A = M (9)¢,

which implies that 7(g)¢ is an eigenvector for A with eigenvalue A and we
conclude that 7(g)¢ € V. In other words, n(g)V C V for all g € G, and V is
invariant under 7. The proof is complete. O

As a corollary, we immediately obtain that if 7 : G — U(H) is an irreducible
unitary representation of a compact group G, then H is finite dimensional.

Lemma 8.17. Let G be a compact group and let H be a nonzero, finite dimen-
sional Hilbert space. Assume that m : G — U(H) is a unitary representation.
Then there is a nonzero subspace V. C H such that the subrepresentation of
on V is irreducible.
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Proof. We prove this by strong induction after dim(H). Let 7 : G — U(H) be a
unitary representation and assume that dim(H) = 1. Then 7 itself is irreducible.
Indeed, all the subspaces of H are {0} and H and hence by Proposition 8.8 the
desired follows.

Let n > 1 and assume that all unitary representations 7’ : G +— U(H’), where
dim(H’) < n, have an irreducible subrepresentation on a subspace V' C H’ such
that V' # {0}. Consider a Hilbert space H with dim(H) = n and a unitary
representation 7 : G — U(H). If « is irreducible, we are done. If not, by
Proposition 8.8 there is a nonzero subspace H' C H such that H' # H and H’
is invariant under . Then the map o : G — U(H') defined as mo(g) = 7(g) [y is
a subrepresentation of 7. Since 0 < dim(H') < dim(H) = n, by our assumption,
there is a irreducible subrepresentation m; of my on a subspace V C H' C H
such that V' # {0}. It is clear that m is also a subrepresentation of 7, and the
proof is complete. O

Corollary 8.18. Let G be a compact group and let # : G — U(H) be a uni-
tary representation on a Hilbert space H # {0}. Then there is an irreducible
subrepresentation of m on a nonzero, finite dimensional subspace V C H.

Proof. Tt follows directly from Proposition 8.16 and Lemma 8.17. O

It turns out that this corollary will be the key to prove the theorem stated
in the beginning of this chapter. We will conclude this chapter and thus the
whole thesis with a presentation of this proof.

Proof of Theorem 8.5. Let G be a compact group and let m be a unitary rep-
resentation of G on a Hilbert space H. Let P be the collection of all fami-
lies {V;}ier, where V; C H is a nonzero finite-dimensional subspace, such that
Vi L V; whenever ¢ # j and the subrepresentation of m on V; is irreducible for
every ¢ € I.

We note that it follows from Corollary 8.18 that P is non-empty. Indeed,
there is a finite dimensional subspace V' C H such that the subrepresentation
of 7 on V is irreducible. Hence {V} € P.

The collection P is partially ordered under the inclusion order “C”. We
want to use Zorn’s lemma in order to conclude that P contains a maximal
element. Therefore, let T be a totally ordered subset of P. We want to show
that Ty = UTGTT is an upper bound for 7 in P, that is, Tp € P and T C T}
for all T € T. The last assertion is clear. To see that Ty € P, we note that T
clearly consists of nonzero, finite dimensional subspaces of H. What remains is
to show that the subspaces are pairwise orthogonal. Let Vi,V, € Ty. Since T
is totally ordered, there is a T' € T such that V1, V5 € T, and since T' € P, we
conclude that V; L V5.

Hence every totally ordered subset of P has an upper bound, and, by Zorn’s
lemma, there exists a maximal element {V;};c in P.

We now claim that

H=:

i€l
Assume by contradiction that this is not the case. Then the orthogonal com-

plement
1
Fi= (@ m—) ,

i€l
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is a nonzero subspace of H.

We check that F' is invariant under m. Let g € G and £ € F. We have to
show that (m(g)¢,n) = 0 for every n € @,.; V;i. Since V; is invariant under 7
for every i € I, we conclude that 7(g~ )y € €,.; Vi- Hence

(m(9)&,m) = (&,7(g~ " )m) = 0.

The last equality follows from the definition of £ being in F'.

Since F' is invariant under m, we can consider the subrepresentation 7y of 7
on F'. By Corollary 8.18, there is a nonzero, finite-dimensional subspace V' C F'
such that the subrepresentation m; of my to V is irreducible. Note that the
subrepresentation of m on V is m; as well. Since V' C F, we conclude that
V LV, for every i € I. Hence {V;};er U {V} satisfies every requirement for
being an element of P, but since {V;}ier € {Vitier U{V} this contradicts the
fact that {V;};cs is a maximal element of P. O



Litterature

The material for this thesis is mainly collected from [1]. Almost all the major
proofs in Chapters 1-7 are from this book, in particular the main theorem about
existence and uniqueness of the Haar measure can be found in [1]. The ideas
of some of the details, though, stem from [3], e.g. the proof of Proposition 7.1.
Moreover, the proof of uniqueness of the Haar measure in the compact abelian
case is from [2].

Chapter 8 is based on notes by the supervisor of this thesis. The main result
discussed in this chapter can be found in [3] as well, but the approach is different
therein.
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