Anton Deitmar
Siegfried Echterhoff

- Principles of Harmonic
Analysis

@ Springer



Universitext

For other titles in this series, go to
www.springer.com/series/223



Anton Deitmar - Siegfried Echterhoff

Principles of Harmonic
Analysis

@ Springer



Anton Deitmar Siegfried Echterhoff

Universitét Tiibingen Universitit Miinster

Inst. Mathematik Mathematisches Institut

Auf der Morgenstelle 10 Einsteinstr. 62

72076 Tiibingen 48149 Miinster

Germany Germany

deitmar @uni-tuebingen.de echters @math.uni-muenster.de
Editorial board:

Sheldon Axler, San Francisco State University, San Francisco, CA, USA
Vincenzo Capasso, University of Milan, Milan, Italy

Carles Casacuberta, Universitat de Barcelona, Barcelona, Spain

Angus Maclntyre, Queen Mary, University of London, London, UK

Kenneth Ribet, University of California, Berkeley, CA, USA

Claude Sabbah, Ecole Polytechnique, Palaiseau, France

Endre Siili, Oxford University, Oxford, UK

Wojbor Woyczynski, Case Western Reserve University, Cleveland, OH, USA

ISBN: 978-0-387-85468-7 e-ISBN: 978-0-387-85469-4
DOI: 10.1007/978-0-387-85469-4

Library of Congress Control Number: 2008938333
Mathematics Subject Classification (2000): 43-01, 42-01, 22Bxx

© Springer Science+Business Media, LLC 2009

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Springer Science+Business Media, LLC, 233 Spring Street, New York,
NY 10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use
in connection with any form of information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they
are not identified as such, is not to be taken as an expression of opinion as to whether or not they are

subject to proprietary rights.
Printed on acid-free paper

springer.com



Preface

The tread of this book is formed by two fundamental principles of
Harmonic Analysis: the Plancherel Formula and the Poisson Sum-
mation Formula. We first prove both for locally compact abelian
groups. For non-abelian groups we discuss the Plancherel Theorem
in the general situation for Type I groups. The generalization of
the Poisson Summation Formula to non-abelian groups is the Sel-
berg Trace Formula, which we prove for arbitrary groups admitting
uniform lattices. As examples for the application of the Trace For-
mula we treat the Heisenberg group and the group SLy(R). In the
former case the trace formula yields a decomposition of the L2-space
of the Heisenberg group modulo a lattice. In the case SLo(R), the
trace formula is used to derive results like the Weil asymptotic law
for hyperbolic surfaces and to provide the analytic continuation of
the Selberg zeta function. We finally include a chapter on the appli-
cations of abstract Harmonic Analysis on the theory of wavelets.

The present book is a text book for a graduate course on abstract
harmonic analysis and its applications. The book can be used as a
follow up of the First Course in Harmonic Analysis, [9], or indepen-
dently, if the students have required a modest knowledge of Fourier
Analysis already. In this book, among other things, proofs are given
of Pontryagin Duality and the Plancherel Theorem for LCA-groups,
which were mentioned but not proved in [9]. Using Pontryagin du-
ality, we also obtain various structure theorems for locally compact
abelian groups.

Knowledge of set theoretic topology, Lebesgue integration, and func-
tional analysis on an introductory level will be required in the body
of the book. For the convenience of the reader we have included all
necessary ingredients from these areas in the appendices.
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Chapter Dependency
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Notation

We write N = {1,2,3,...} for the set of natural numbers. The sets
of integer, real, and complex numbers are denoted as Z, R, C. For
a set A we write 14 for the characteristic function of A, i.e., 14(x)
is 1 if x € A and zero otherwise. The Kronecker-delta function is

defined to be
P {1 if i =7,
/L?-] -

0 otherwise.

The word positive will always mean > 0. For > 0, we use the words
strictly positive.
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Chapter 1

Haar Integration

In this chapter, topological groups and invariant integration are in-
troduced. The existence of a translation invariant measure on a lo-
cally compact group, called Haar measure, gives the very basic tool
for the Harmonic Analysis on such groups. The Harmonic Analy-
sis of a group is basically concerned with the study of measurable
functions on the group, in particular the spaces L'(G) and L*(G),
both taken with respect to Haar measure. The invariance of this
measure allows to analyze these function spaces by some generalized
Fourier Analysis, and we shall see in further chapters of this book
how powerful these techniques are.

In this book, we will freely use concepts of set-theoretic topology.
For the convenience of the reader we have collected some of these in
Appendix A.

1.1 Topological Groups

A topological group is a group G, together with a topology on the set
G such that the group multiplication and inversion,
GxG — G G —- G
1

(:U? y) = :L‘y, €T = x_ )

are both continuous maps.

Remark. It suffices to insist that the map « : (z,y) — 27y is
continuous. To see this, assume that « is continuous and recall that
A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
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2 CHAPTER 1. HAAR INTEGRATION

the map G — G x G, that maps x to (z,e) is continuous (Example
A.5.3), where e is the unit element of the group G. We can thus
write the inversion as a composition of continuous maps as follows
r — (z,e) — a7 'e =27 The multiplication can be written as
the map (x,7) — (z7!,y) followed by the map a, so is continuous as
well, if « is.

Examples 1.1.1

e Any given group becomes a topological group when equipped
with the discrete topology, i.e., the topology, in which every
subset is open. In this case we speak of a discrete group

e The additive and multiplicative groups (R, +) and (R*, x) of
the field of real numbers are topological groups with their usual
topologies. So is the group GL,(R) of all real invertible n x n
matrices, which inherits the R™ -topology from the inclusion
GL,(R) C Mat,(R) = R", where Mat, (R) denotes the space
of all n x n matrices over the reals. As for the proofs of these
statements, recall that in analysis one proves that if the se-
quences a; and b; converge to a and b, respectively, then their
difference a; — b; converges to a—b, and this implies that (R, +)
is a topological group. The proof for the multiplicative group
is similar. For the matrix groups recall that matrix multipli-
cation is a polynomial map in the entries of the matrices, and
hence continuous. The determinant map also is a polynomial
and so the inversion of matrices is given by rational maps, as
for an invertible matrix A one has A~! = det(A)~' A%, where
A# is the adjugate matrix of A; entries of the latter are deter-
minants of sub-matrices of A, therefore the map A — A~! is
indeed continuous.

Let A, B C G be subsets of the group G. We write
AB = {ab:a € A be B} and AV ={a" 0 € A,

as well as A2 = AA, A3 = AAA and so on.
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Lemma 1.1.2 Let G be a topological group.

(a) For a € G the translation maps x — ax and x +— za, as well as
the inversion x — x~! are homeomorphisms of G. A set U C G
is a neighborhood of a € G if and only if a= U is a neighborhood
of the unit element e € G. The same holds with Ua™!.

(b) If U is a neighborhood of the unit, then U~ = {u™! : v € U}
also is a neighborhood of the unit. We call U a symmetric unit-
neighborhood if U = U~!. Ewvery unit-neighborhood U contains
a symmetric one, namely U NU™L.

(¢c) For a given unit-neighborhood U there exists a unit-neighborhood
V with V2 C U.

(d) If A, B C G are compact subsets, then AB is compact.
(e) If A, B are subsets of G and A or B is open, then so is AB.

(f) For A C G the topological closure A equals A = (), AV, where
the intersection runs over all unit-neighborhoods V in G.

Proof: (a) follows from the continuity of the multiplication and the
inversion. (b) follows from the continuity of the inversion. For (c),
let U be an open unit-neighborhood, and let A C G x G be the
inverse image of U under the continuous map m : G x G — G given
by the group multiplication. Then A is open in the product topology
of G x GG. Any set, which is open in the product topology, is a union
of sets of the form W x X, where W, X are open in GG. Therefore
there are unit-neighborhoods W, X with (e,e) € W x X C A. Let
V =WnNX. Then V is a unit-neighborhood as well and V x V C A,
i.e., V2C U. (d) The set AB is the image of the compact set A x B
under the multiplication map; therefore it is compact. (e) Assume
A is open, then AB = |J,c 5 Ab is open since every set Ab is open.
For (f) let € A, and let V be a unit-neighborhood. Then xV ! is
a neighborhood of =, and so 2V "'NA # (. Let a € zV~'NA. Then
a = xv~! for some v € V, so x = av € AV, which proves the first
inclusion. For the other way round let x be in the intersection of all
AV as above. Let W be a neighborhood of . Then V = 2~ 'W is
a unit-neighborhood and so is V~!. Hence € AV ™!, so there is
ac A veV with x =av™!. It follows a« = zv € 2V = W. This
means W N A # (. As W was arbitrary, this implies = € A. O



4 CHAPTER 1. HAAR INTEGRATION

Lemma 1.1.3 Let H be a subgroup of the topological group G. Then
its closure H is also a subgroup of G. If H is normal, then so is H.

Proof: Let H C G be a subgroup. To show that the closure H
is a subgroup, it suffices to show that =,y € H implies xy~' € H.
Let m denote the continuous map H x H — G given by m(z,y) =
xy~!'. The preimage m~!(H) must be closed and contains the dense
set H x H; therefore it contains the whole of H x H — G, which
proves the first claim. Next assume that H is normal, then for every
g € G the set gHg™ ! is closed and contains gHg~! = H; therefore
H C gHg™'. Conjugating by ¢g one gets g 'Hg C H. As g varies,
the second claim of the lemma follows. 0

In functional analysis, people like to use mets in topological argu-
ments. These have the advantage of providing very intuitive proofs.
On the other hand, it takes a little practice to get used to the notion
of nets. See Section A.6 for a definition and some properties. As
an example, how nets provide intuitive proofs, we now give a useful
lemma.

Lemma 1.1.4 Let G be a topological group. Let A C G be closed
and K C G be compact. Then AK is closed.

Proof: Let (z; = ajk;)jes be anet in AK, convergent in G. We have
to show that its limit lies in AK. As K is compact, one can replace
it with a subnet so that (k;) converges in K. Since the composition
in G and the inversion are continuous, the net a; = agk:;l converges
too, with limit in A = A. Therefore the limit of x; = a;k; lies in
AK , which therefore is closed. ]

Recall (Appendix A) that a topological space X is called a T;-space
if for x # y in X there are neighborhoods U,, U, of x and y, respec-
tively, such that y is not contained in U, and z is not contained in
Uy. The space is called a To-space or Hausdorff space if the neigh-
borhoods U, and U, can always be chosen disjoint.

Lemma 1.1.5

(a) Let H C G be a subgroup. Equip the left coset space G/H =
{zH : = € G} with the quotient topology. Then the canonical
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projection w : G — G/H, which sends © € G to the coset xH,
is an open mapping. The space G/H is a Ty-space if and only if
the group H 1is closed in G.

(b) For any open symmetric unit-neighborhood V' the set

0
H=[JV"
n=1
s an open subgroup.

(¢) Every open subgroup of G is closed as well.

Proof: (a) Let U C G be open, then 71 (7(U)) = UH is open. As
a subset of G/H is open in the quotient topology if and only if its
inverse image under 7 is open in GG, the map 7 is indeed open. So,
for every x € G the set G~ zH is mapped to an open set if and only
if H is closed. This proves that singletons are closed in G/H, i.e.,
the space G/H being a Tj-space.

(b) Let V' be a symmetric unit-neighborhood. For z € V" and
y € V™ one has zy € V" and as V is symmetric, one also
has 27! € V", so H is an open subgroup. Finally, for (c) let H
be an open subgroup. Writing G as union of left cosets we get
GNH = Ugec\HgH. As H is open, so is gH for every g € G.
Hence the complement G ~ H, being the union of open sets, is open,
so H is closed. O

Proposition 1.1.6 Let G be a topological group. Let H be the clo-
sure of the set {1}.

(a) The set H is the smallest closed subgroup of G. The group H
is a normal subgroup and the quotient G/H with the quotient
topology is a T1- space.

(b) Ewvery continuous map of G to a Ti-space factors over the quo-
tient G/H.

(c) Ewvery topological group, which is T, is already T, i.e., a Haus-

dorff space.

Proof: We prove part (a). The set H is a normal subgroup by
Lemma 1.1.3. The last assertion follows from Lemma 1.1.5 (a).
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For part (b) let x € G. As the translation by z is a homeomorphism,
the closure of the set {z} is the set xtH = Hz. So, if A C G is a
closed set, then A = AH = HA. Let f: G — Y be a continuous
map into a Ti-space Y. For y € Y the singleton {y} is closed, so
F~t({y}) is closed, hence of the form AH for some set A C G. This
implies that f(gh) = f(g) for every g € G and every h € H.

To show part (c), let G be a topological group that is Th. Let z # y
in G and set U = G~ {zy~'}. Then U is an open neighborhood of
the unit. Let V be a symmetric unit-neighborhood with V2 C U.
Then V N Vay~! = 0, for otherwise there would be a,b € V with
a=>b"loy ! soxy! =abec V2 a contradiction. So it follows that
VenNVy = 0, ie., Vo and Vy are disjoint neighborhoods of x and
y, which means that G is a Hausdorff space. O

The following observation is often useful

Lemma 1.1.7 Suppose that ¢ : G — H is a homomorphism between
topological groups G and H. Then ¢ is continuous if and only if it
18 continuous at the unit eq.

Proof: Assume that ¢ is continuous at eq. Let € G be arbitrary,
and let (z;) be a net with #; — 2 in G. Then z7'2z; — 272 = eg

and we have ¢(z)"'¢(z;) = ¢(z~'w;) — ¢(eq) = ey, which then
implies ¢(x;) — ¢(z). Thus ¢ is continuous. O

1.2 Locally Compact Groups

A topological space is called locally compact if every point possesses
a compact neighborhood. A topological group is called a locally
compact group if it is Hausdorff and locally compact.

Note that by Proposition 1.1.6 every topological group has a biggest
Hausdorff quotient group, and every continuous function to the com-
plex numbers factors through that quotient. So, as far as continuous
functions are concerned, a topological group is indistinguishable from
its Hausdorff quotient. Thus it makes sense to restrict the attention
to Hausdorff groups.

A subset A C X of a topological space X is called relatively compact
if its closure A is compact in X. Note that in a locally compact
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space X, every point has a neighborhood base consisting of relatively
compact open sets. If, in addition, X is Hausdorff, we can even find
neighborhood bases consisting of compact sets. A subset S of G is
called o-compact if it can be written as a countable union of compact
sets.

Proposition 1.2.1 Let G be a locally compact group.

(a) For a closed subgroup H the quotient space G/H is a locally
compact Hausdorff space.

(b) The group G possesses an open subgroup, which is o-compact.

(¢) The union of countably many open o-compact subgroups gener-
ates an open o-compact subgroup.

Proof: For (a) let xH # yH in G/H. Choose an open, relatively
compact neighborhood U C G of  with UNyH = . The set UH
is closed by Lemma 1.1.2, so there is an open, relatively compact
neighborhood V of y such that VNUH = (). This implies VHNUH =
(), and we have found disjoint open neighborhoods of xH and yH,
which means that G/H is a Hausdorff space. It is locally compact,
as for given z € H, and a compact neighborhood U of x the set
UH C G/H is the image of the continuous map G — G/H of the
compact set U; therefore it is a compact neighborhood of zH in
G/H.

To show (b), let V' be a symmetric, relatively compact open unit
neighborhood. For everyn € Nonehas V' =Vr Cc V.V" = yntl,
Therefore H = J, V"' = |J,, V™. An iterated application of Lemma
1.1.2 (d) shows that V" is compact, so H is o-compact. By Lemma
1.1.5 (b), H is an open subgroup.

Finally, for (a) let L,, be a sequence of o-compact open subgroups.
Then each L,, is the union of a sequence (K, ;); of compact sets.
The group L generated by all L, is also generated by the family
(Knj)n,jen and is therefore o-compact. It is also open since it con-
tains the open subgroup L,, for any n. ]
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1.3 Haar Measure

For a topological space X, we naturally have a o-algebra B on X,
the smallest o-algebra containing all open sets. This o-algebra also
contains all closed sets and is generated by either class. It is called
the Borel o-algebra. Any element of this o-algebra is called a Borel
set.

Fix a measure space (X, A,0), so A C P(X) is a o-algebra and
w: A—[0,00] is a measure. One calls p a complete measure if every
subset of a p-null-set is an element of A. If p is not complete, one
can extend j in a unique way to the o-algebra A generated by A
and all subsets of u-null-sets; this is called the completion of A with
respect to pu. A function f : X — C will be called p-measurable if
F7H(S) lies in A for every Borel set S C C.

Any measure p : A — [0, 00| defined on a o-algebra A D B is called
a Borel measure. Unless specified otherwise, we will always assume
A to be the completion of B with respect to pu. A Borel measure p
is called locally finite if every point x € X possesses a neighborhood
U with u(U) < oo.

Example 1.3.1 The Lebesgue measure on R is a Borel measure. So
is the counting measure #, which for any set A is defined by

00 otherwise.

4(A) def {cardinality of A if A is finite

The Lebesgue measure is locally finite; the counting measure is not.

A locally finite Borel measure p on B is called an outer Radon mea-
sure if

e 1(A) = infy-4 pu(U) holds for every A € B, where the infimum
is taken over all open sets U containing A, and

e ((A) = supgca p(K) holds for every A € B that is open or
satisfies p(A) < oo, where the supremum is extended over all
compact sets K contained in A.

The first property can be rephrased by saying that an outer Radon
measure is outer reqular. The second says that an outer Radon
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measure is weakly inner reqular. For simplicity, we will use the term
Radon measure for an outer Radon measure. In the literature, one
will sometimes find the notion of Radon measure used for what we
call an inner Radon measure; see Section B.2 for a discussion.

Examples 1.3.2

e The Lebesgue measure on the Borel sets of R is a Radon mea-
sure.

e A locally finite measure, which is not outer regular, is given by
the following example. Let X be an uncountable set equipped
with the cocountable topology, i.e., a non-empty set A is open
if and only if its complement X ~ A is countable. The Borel
o-algebra consists of all sets that are either countable or have
a countable complement. On this o-algebra define a measure
p by p(A) = 0if A is countable and p(A) = 1 otherwise. Then
w1 is finite, but not outer regular, since every open subset U of
X is either empty or satisfies u(U) = 1.

Let G be a locally compact group. A measure p on the Borel o-
algebra of G is called a left-invariant measure, or simply invariant
if

p(zA) = p(A)
holds for every measurable set A C G and every x € G. Here zA
stands for the set of all xa, where a ranges over A.

Examples 1.3.3
e The counting measure is invariant on any group.

e For the group (R, +) the Lebesgue measure dx is invariant un-
der translations, so it is invariant in the sense above.

e For the multiplicative group (R*,-) the measure ‘df' is invariant

as follows from the substitution rule.

Theorem 1.3.4 Let G be a locally compact group. There exists a
non-zero left-invariant outer Radon measure on G. It is uniquely
determined up to positive multiples. Every such measure is called a
Haar measure. The corresponding integral is called Haar-integral.
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The existence of an invariant measure can be made plausible as fol-
lows. Given an open set U in a topological group G one can measure
the relative size of a set A C G by the minimal number (A : U) of
translates xU needed to cover A. This relative measure is clearly
invariant under left translation, and is finite, if A is compact One
can compare the sizes of sets and the quotient (AU , where K is
compact, should converge as U shrinks to a pomt T e limit is the
measure in question. It is, however, hard to verify that the limit ex-
ists and defines a measure. We circumvent this problem by consider-
ing functionals on continuous functions of compact support instead
of measures. Before giving the proof of the theorem, we will draw a
few immediate conclusions.

For a function f on a topological space X the support is the closure
of the set {z € X : f(z) # 0}.

Corollary 1.3.5 Let o be a Haar measure on the locally compact
group G.

(a) Every non-empty open set has strictly positive (> 0) measure
(including possibly +00).

(b) Ewvery compact set has finite measure.

(c) Every continuous positive function f >0 with [ f(x)du(z) =0
vanishes identically.

(d) Let f be a measurable function on G, which is integrable with
respect to a Haar measure. Then the support of f is contained
in a o-compact open subgroup of G.

Proof: For (a) assume there is a non-empty open set U of measure
zero. Then every translate xU of U has measure zero by invariance.
As every compact set can be covered by finitely many translates of
U, every compact set has measure zero. Being a Radon measure, u
is zero, a contradiction.

For (b) recall that the local-finiteness implies the existence of an open
set U of finite measure. Then every translate of U has finite measure.
A given compact set can be covered by finitely many translates, hence
has finite measure.

For (c) let f be as above, then the measure of the open set f~1(0, o)
must be zero, so it is empty by part (a).
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To show (d), let f be an integrable function. It suffices to show
that the set A = {& € X : f(x) # 0} is contained in an open o-
compact subgroup L, as the closure will then also be in L, which
is closed by Lemma 1.1.5 (c¢). The set A is the union of the sets
A, ={z € X : f(x) > 1/n} for n € N, each of which is of finite
measure. By Proposition 1.2.1 (¢), it suffices to show that a set
A of finite measure is contained in an open o-compact subgroup
L. By the outer regularity there exists an open set U O A with
uw(U) < oo. It suffices to show that U lies in a o-compact open
subgroup. Let H C G be any open o-compact subgroup of G, which
exists by Proposition 1.2.1 (b). Then G is the disjoint union of the
open cosets xH, where x € G ranges over a set of representatives of
G/H. The set U can only meet countably many cosets xH, since for
every coset one has either zH NU = () or u(xH NU) > 0 by part
(a) of this corollary. Let L be the group generated by H and the
countably many cosets vH with tH NU # (. Then L > U D A and
L is o-compact and open by Proposition 1.2.1 (c). O

Proof of the Theorem: Let C.(G) denote the space of all conti-
nuous functions from G to C of compact support.

Lemma 1.3.6 Any function f € C.(G) is uniformly continuous in
the sense that for every € > O there is a unit-neighborhood U such
that if v~y € U or if yz=! € U, then |f(z) — f(y)] < e.

Proof: We only prove the part with 7'y € U because the other
can be shown analogously, and to get both, one simply intersects
the two unit-neighborhoods. Let K be the support of f. Fix ¢ > 0
and a compact unit-neighborhood V. As f is continuous, for every
x € G there exists an open unit-neighborhood V, C V such that
y € xVy = |f(x) — f(y)] < €/2. Let U, be a symmetric open unit-
neighborhood with U2 C V. Then the sets 2U,, for x € KV, form
an open covering of the compact set KV, so there are x1,... 2, € KV
such that KV C U1 N---Nx,U,, where we have written U; for
Ua;j. Let U = Uy n---NU,. Then U is a symmetric open unit-
neighborhood. Let now z,y € G. If x ¢ KV, then y ¢ K as
r € yU~ ' =yU C yV. So in this case we conclude f(x) = f(y) = 0.
It remains to consider the case when x € KV. Then there exists j
with € z;U;, and so y € x;U;U C x;V;. It follows that

F@) = fW) < 1f@) = Fa)l+1f) = FW) < 5+5 =«
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as claimed. O

In order to prove Theorem 1.3.4, we use Riesz’s Representation The-
orem B.2.1. It suffices to show that up to positive multiples there
is exactly one positive linear map I : C.(G) — C, I # 0, which is
invariant in the sense that I(L,f) = I(f) holds for every z € G
and every f € C.(G), where the left translation is defined by

Lof(y) = fla™'y).

Likewise, the right translation is defined by

R.f(y) = flyz).

Note that L., f = L;L,f and likewise for R.

We say that a function f on G is a positive function if f(x) > 0
for every z € G. We then write f > 0. Write CF(G) for the set
of all positive functions f € C.(G). For any two functions f,g €
CH(G) with g # 0 there are finitely many elements s; € G and
positive numbers c¢; such that for every z € G one has f(z) <
> i1 6 g(s}lx). We can also write this inequality without arguments
as f <30 ¢jLs;g. Put

n

e ‘ there are s; € G
(f:g9) = inf ZCJ " such that f < 2?21 ¢jLs;g

J=1

Lemma 1.3.7 For f, f1, fo,g9,h € CH(G) with g,h # 0, ¢ > 0 and
y € G one has

(a) (Lyf:g)=(f:g), so the index is translation-invariant,
(b) (fi+fa:9) <(fi:9)+ (f2:9), sub-additive,
(d) fi<fo = (fi:9) <(f2:g), monotonic,

(€) (f:h)<(f:9)(g:h),

(£) (f:g) > 2 yhere max f < max{f(z):z € G}.

— maxg’

)
)
(c) (cf :g) = c(f,9), homogeneous,
)
)
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Proof: We only prove (e) and (f), as the other assertions are easy
exercises. For (e) assume f <3 . ¢;Ls;g and g <3, d;Ly,h. Then

< Z Z ¢jdy L, h,
i1

which implies the claim. For (f) choose x € G with max f = f(x).

Then
maxf = f(z) < ) cglsj'a) < ) cjmaxg.
J J

Fix a non-zero fy € CF (G). For f,p € CH(G) with ¢ # 0 let

(f:9)

Lemma 1.3.8 For f,g,0 € CHG) with f,o #0, ¢ >0 and s € G
one has

< J(f,e) < (f: fo),
J(L f,) J(f: ),

J(f+9,90) <I(fi0) + I(h ),
J(cfp) = cJ(f, ).

(a) 1
(b)
()
(d)

Proof: This follows from Lemma 1.3.7. O

The map J(-, ) will approximate the Haar-integral as the support
of ¢ shrinks to {e}. Directly from Lemma 1.3.8 we only get sub-
additivity, but in the limit this function will become additive as the
following lemma shows. This is the central point of the proof of the
existence of the Haar integral.

Lemma 1.3.9 Let f1, fo € CF(G) and € > 0. Then there is a unit-
neighborhood V in G such that

J(f1,0) +I(f2s0) < J(f1+f2,0)(1+¢)
holds for every ¢ € CH(G) ~\ {0} with support in V.
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Proof: Choose ' € CI(G) such that f/ = 1 on the support of
f1+ f2. Let €, > 0 be arbitrary. Set
f2

_ N _ 2
- f, h2 f7

where we set h;(z) =0 if f(z) = 0. Then hj € CH(G) for j = 1,2.

f=h+fatof, M

According to Lemma 1.3.6, every function in C.(G) is left uniformly
continuous, so in particular, for h; this means that there is a unit-
neighborhood V such that for z,y € G and j = 1,2 one has

_ g
Ty eV = i) = b < 5

Let ¢ € CH(G) ~ {0} with support in V. Choose finitely many
sk € Gy >0 with f <37 crLs, . Then

elsi ') £0 = [hya) = hj(sw)] < 3,

and

fi(z) = f@)hi(@) < Y enp(sy ')hy(x)

k
< ) ere(sy @) (hy(sk) + %)’
k

so that (fj : ¢) < Y pck (hj(sk) + 5). Therefore one has the in-
equality (fi1:¢)+ (fo:9) < > pcx(l+¢€), which implies that

J(f1,¢) + J(f2, ) J(f, o) (1 +¢)
(J(fi + fo, ) + 8T (', 0)) (1 +e).

For § — 0 we get the claim. O

<
<

For f € C(G)~{0} let Sy be the compact interval [ L (f: fo)} .

(fo:f)?
def
s = I 5y
10
where the product runs over all non-zero f € CJ(G), is compact
by Tychonov’s Theorem A.7.2. Recall from Lemma 1.3.8 (a) that
for every ¢ € CF(G) ~ {0} we get an element J(f,p) € S; and
hence an element (J (f, cp)) s of the product space S. For a unit-
neighborhood V' let Ly be the closure in S of the set of all J(f, )

The space
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where ¢ ranges over all ¢ with support in V. As S is compact,
the intersection (1, Ly over all unit-neighborhoods V' is non-empty.
Choose an element (I7,(f))s in this intersection. By Lemma 1.3.8
and Lemma 1.3.9, it follows that I = Iy is a positive invariant
homogeneous and additive map on CF(G). Any function f € C.(G)
can be written as the difference f, — f_ of two positive functions.
Setting I(f) = I(f+) — I(f-), one gets a well-defined positive linear
map that is invariant. This proves the existence of the Haar integral.

For the proof of the uniqueness we need the following lemma.

Lemma 1.3.10 Let v be a Haar measure on G. Then for every

f € C.(QG) the function
5+ /Gf(xs) dv(zx)

is continuous on G.

Proof: We have to show that for a given sg € G and given ¢ > 0
there exists a unit-neighborhood U of sy such that for every s € U
one has | [, f(xs) — f(zso) dv(z)| < e. Replacing f by Ry, f(z) =
f(xsp), we are reduced to the case sp = e. Let K be the support of
f, and let V' be a compact symmetric unit-neighborhood. For s € V/
one has supp(Rsf) C KV. Let £ > 0. As f is uniformly continuous,
there is a symmetric unit neighborhood W such that for s € W one
has |f(zs) — f(z)| < sy Fors € U =W NV one therefore gets

fas) — f(x) dv(x)
G

guévu@@—ﬂmwww

= v(KV)

v(KV) =
The lemma is proven. O

Suppose now that u, v are two non-zero invariant Radon measures.
We have to show that there is ¢ > 0 with v = cu. For f € C.(G)

with [, f(t) du(t) = I.(f) # 0 set

4 s)dv !
w—Lﬂdehm.

Then the function Dy is continuous by the lemma.




16 CHAPTER 1. HAAR INTEGRATION

Let g € C.(G). Using Fubini’s Theorem (B.3.3) and the invariance
of the measures u, v we get

L)L) = /G [ #(s)ott) dv(e) dte
- / £(5)g(s™ 1) du(t) dyu(s)
GJG

- / / F(ts)g(s 1) du(s) du(t)
GJG

GJG
= L)) GDf(S)g(S Y duls)
Since I,,(f) # 0 one concludes I, ( fG D¢(s)g(s™')du(s). Let f’

be another function in C.(G) Wlth I u(f") #0, so it follows

| (Ps(e) = Do(eals™) dits) = 0
for every g € C.(G). Replacing g with the function g given by

g(s) = lg(s)*(Dg(s71) = Dy (s71))

one gets [ [(Dy(s) — Dy (s)g(s™1)[*du(s) = 0. Corollary 1.3.5 (c)
implies that (Dy(s) — Dy/(s))g(s™!) = 0 holds for every s € G. As
g is arbitrary, one gets Dy = Df/ Call thls function D For every

f with I,(f) # 0 one has [ f(t) du(t)D Jo f( ). By
linearity, it follows that this equality holds everywhere ThlS ﬁmshes
the proof of the theorem. O

Example 1.3.11 Let B be the subgroup of GL2(R) defined by

B = {(1 z):x,yeR, y;éO}.

Then I(f) = [px Jo f((*5)) da:dy is a Haar-integral on B. (See
Exer(nse 1 8.)
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1.4 The Modular Function

From now on, if not mentioned otherwise, for a given locally compact
group G we will always assume a fixed choice of Haar measure. For
the integral we will then write [, f(z)dz, and for the measure of a
set A C G we write vol(A). If the group G is compact, any Haar
measure is finite, so, if not mentioned otherwise, we will then assume
the measure to be the normalized Haar measure, i.e., we assume
vol(G) =1 in that case. Also, for p > 1 we write LP(G) for the LP-
space of GG with respect to a Haar measure, see Appendix B.4. Note
that this space does not depend on the choice of a Haar measure.

Let G be a locally-compact group, and let p be a Haar measure on
G. For x € G the measure ., defined by

pa(A) = p(Az),

is a Haar measure again, as for y € G one has p,(yA4) = p(yAz) =
u(Az) = pgy(A). Therefore, by the uniqueness of the Haar measure,
there exists a number A(z) > 0 with

In this way one gets a map A : G — R, which is called the modular
function of the group G. If A = 1, then G is called a unimodular
group. In this case every left Haar measure is right invariant as well.

Let X be any set, and let f : X — C be a function. The sup-norm
or supremum-norm of f is defined by

Iflx = sup|f(z)l.
zeX

Note that some authors use |-|| ., to denote the sup-norm. This,
however, is in conflict with the equally usual and better justified
notation for the norm on the space L (See Appendix B.4).
Theorem 1.4.1

(a) The modular function A : G — RZ is a continuous group ho-
momorphism.

(b) One has A =1 if G is abelian or compact.
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(c) Fory € G and f € LY(G) one has R, f € L*(G) and

| mus@yde = [ sends = a6 [ 5@

(d) The equality

/Gf(xl)A(xl)dx = /Gf(a:)dx

holds for every f € L*(Q).

Proof: Part (c) is clear for f being the characteristic function 14 of
a measurable set A. It follows generally by the usual approximation
argument. For the other parts we need a lemma.

Lemma 1.4.2 For given 1 < p < oo, and g € LP(G) the maps
y +— Lyg and y — Ryg are continuous maps from G to LP(G). In
other words, for every e > 0 there exists a neighborhood U of the unit
such that
JeU = [Lyg —gll, < ¢

IRyg —gll, < €

Proof: We first assume that g € C.(G). Choose ¢ > 0. Let K
be the support of g. Then the support of L,g is yK. Let Uy be
a compact symmetric unit-neighborhood. Then for y € Uy one has
supp Lyg C UpK.

Let 6 > 0. By Lemma 1.3.6 there exists a unit-neighborhood U C Uj
such that for y € U, the sup-norm ||L,g — g||, is less than d.

In particular, for every y € U one has

1
P 1
ILyg = gll, = (/ lg(y~"z) — )ypda;> < §vol(UpK)».

By setting d equal to e /vol(UgK)'/?, one gets the claim for g € C,(G).

For general g, choose f € Cc(G) such that || f — g[|,, < /3. Choose a
unit-neighborhood U with ||f — Ly f[|, < /3 for every y € U. Then
for y € U one has

lg = Lygll, < llg—fll,+If = Lyfll, + [ Lyf — Lygl,

Sy LC
3 3 3 7



1.4. THE MODULAR FUNCTION 19

In the last step we used |[Lyf — Lygl, = [[f — gl|,, i-e., the left-
invariance of the p-norm. This implies the claim for the left trans-
lation. The proof for the right-translation R, is similar, except for
the very last step, where instead of the invariance we use the con-
tinuity of the modular function and the equality ||R,f — Ryg/| p =

A(y=DHYre | f - gll,, , which follows from part (c) of the theorem.
t

We now prove part (a) of the theorem. For z,y € G and a measurable
set A C G, one computes

Alzy)(A) = pay(A) = plAzy) = py(Az)
A(y)p(Az) = Ay)A(z)u(A).

Choose A with 0 < pu(A) < oo to get A(zy) = A(x)A(y). Hence A
is a group homomorphism.

Continuity: Let f € Co(G) with ¢ = [, f(z) dx # 0. By part (c) we
have

1 _ 1
A = [ fay e = ¢ [ Ry fa)de
cJa cJa
So the function A is continuous in y by Lemma 1.3.10.

For part (b), if G is abelian, then every right translation is a left
translation, and so every left Haar measure is right-invariant.

If G is compact, then so is the image of the continuous map A. As
A is a group homomorphism, the image is also a subgroup of Ryg.
But the only compact subgroup of the latter is the trivial group {1},
which means that A = 1.

Finally, for part (d) of the theorem let f € C.(G) and set I(f) =
Jo f(@™HA(z™!) dz. Then, by part (c),

I(L.f) = /Gf(z_lx_l)A(x_l)dx
_ /f((xz)l)A(:cl)d:c
G
_ Z_l $—1 CCZ_l -1 T
= A [ fe Al )
- waﬂA@*szfwy
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It follows that I is an invariant integral; hence there is ¢ > 0 with
I(f) = ¢ [, f(z)dx. To show that ¢ = 1 let ¢ > 0 and choose a
symmetric unit-neighborhood V' with |1 — A(s)| < ¢ for every s € V.
Choose a symmetric function f € C;7(V). Then

1= [ fwae = | [ swas-10)
< [ 1@ = A6 ds
= [ f@h A de
< E/Gf(x)d:):.

So one gets |1 — ¢| < e, and as ¢ was arbitrary, it follows ¢ = 1 as
claimed. The proof of the theorem is finished. O

Example 1.4.3 Let B be the group of real matrices of the form
((1) g) with y # 0. Then the modular function A is given by A ((1) z) =
ly| (See Exercise 1.8).

Proposition 1.4.4 Let G be a locally compact group. The following
assertions are equivalent.

(a) There ezists © € G such that the singleton {x} has non-zero
measure.

(b) The set {1} has non-zero measure.
(¢) The Haar measure is a multiple of the counting-measure.

(d) G is a discrete group.

Proof: The equivalence of (a) and (b) is clear by the invariance of the
measure. Assume (b) holds. Let ¢ > 0 be the measure of {1}. Then
for every finite set £ C G one has vol(E) = Y .pvol({e}) = c#E.
Since the measure is monotonic, every infinite set gets measure oo,
and so the Haar measure equals ¢ times the counting measure.

To see that (c) implies (d) recall that every compact set has finite
measure, and by locally compactness, there exists an open set of finite
measure, i.e., a finite set U that is open. By the Hausdorff axiom
one can separate the elements of U by open sets, so the singletons
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in U are open; hence every singleton, and so every set, is open, i.e.,
G is discrete. Finally, if G is discrete, then each singleton is open,
hence has strictly positive measure by Corollary 1.3.5. U

Proposition 1.4.5 Let G be a locally compact group. Then G has
finite volume under a Haar measure if and only if G is compact.

Proof: If G is compact, it has finite volume by Corollary 1.3.5. For
the other direction suppose G has finite Haar measure. Let U be
a compact unit-neighborhood. As the Haar measure of G is finite,
there exists a maximal number n € N of pairwise disjoint translates
xU of U. Let 21U, ..., z,U be such pairwise disjoint translates, and
set K equal to the union of these finitely many translates. Then K
is compact, and for every x € G one has K N xK # (). This means
that G = KK !, which is a compact set. O

1.5 The Quotient Integral Formula

Let G be a locally compact group, and let H be a closed subgroup.
Then G/H is alocally compact Hausdorff space by Proposition 1.2.1.
For f € C.(G) let

e = [ pan)n

For any z the function h +— f(xh) is continuous of compact support,
so the integral exists.

Lemma 1.5.1 The function f lies in C.(G/H), and the support
of f1 is contained in (supp(f)H)/H. The map f +— f from C.(Q)
to C.(G/H) is surjective.

Proof: Let K be the support of f. Then KH/H is compact in
G/H and contains the support of f, which therefore is compact.
To prove continuity, let g € G and U a compact neighborhood of xg.
For every x € U, the function h +— f(zh) is supported in the compact
set U'KNH. Put d = puy(U ' KN H), where 1y denotes the given
Haar measure on H. Given € > 0 it follows from uniform continuity
of f (Lemma 1.3.6) that there exists a neighborhood V' C U of xg
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such that |f(zh)— f(xzoh)| < 5 for every x € V, from which it follows
that

P (@) — ()] < / k) — flaoh)| dh < -
U-1KNH

for every x € V, which proves continuity of f.

Write 7 for the natural projection G — G/H. To show surjectivity
of the map f — fH, we first show that for a given compact subset C
of the quotient G/H there exists a compact subset K of G such that
C C 7(K). To this end choose a preimage y. € G to every ¢ € C
and an open, relatively compact neighborhood U, C G of y.. As 7
is open, the images 7(U,) form an open covering of C, so there are
¢1,...¢n € C such that C C w(K) with K being the compact set
0o Ueer U,

Apply this construction to the set C' being the support of a given
g € C.(G/H). Let ¢ € C.(G) be such that ¢ > 0 and ¢ = 1 on
K, which exists by Urysohn’s Lemma (Lemma A.8.1). Then set
f = go/o™ where g is non-zero and f = 0 otherwise. This definition
makes sense as ¢! > 0 on the support of g. One gets f € C.(G) and

fH=go" /ot =g. O

A measure v on the Borel o-algebra of G/H is called an invariant
measure if v(xA) = v(A) holds for every z € G and every measurable
A C G/H. Let Ag be the modular function of G and Ay the
modular function of H.

Theorem 1.5.2 (Quotient Integral Formula)

Let G be a locally compact group, and let H be a closed subgroup.
There exists an invariant Radon measure v # 0 on the quotient G/H
if and only if the modular functions Ag and A agree on H. In this
case, the measure v is unique up to a positive scalar factor. Given
Haar measures on G and H, there is a unique choice for v, such that
for every f € C.(G) one has the quotient integral formula

/fxdx /G/H/thdhda;

We will always assume this normalization and call the ensuing mea-
sure on G/H the quotient measure.

The quotient integral formula is valid for every f € L'(G).
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The last assertion says that if f is an integrable function on G, then
the integral f(z) = [ f(zh) dx exists almost everywhere in  and
defines a v- measurable mdeed integrable function on G/H, such that
the integral formula holds.

See Exercise 1.10 for a generalization of the quotient integral formula.

Proof: Let v # 0 be an invariant Radon measure on the quo-
tient space G/H. Define a linear functional I on C.(G) by I(f) =
fG/H f2(z)dv(z). Then I(f) is a non-zero invariant integral on G,

so it is given by a Haar measure. We write I(f) = [ f o f(z)dr. For
ho € H one gets

atho) [ s@de = [ fanityde = [ Ry fa)ds

— /G/H/Hf(xhhgl)dhdy(x)
zmwwLng@MMwu>
= Ak | f(@)de

As f can be chosen with [, f(z)dz # 0, it follows that Ag|y = Ap.

For the converse direction assume Ag|y = Ag, and let f € C.(Q)
with f# = 0. We want to show that [, f(z)dz = 0. For let ¢ be
another function in C.(G). We use Fubini’s Theorem to get

0 = //th x)dhdr = // f(xzh) dx dh

:/ a(h™ 1)/ o(eh™ ) f(2) dz dh

_ //AH eh VY dh f(2) dz
:Amewmmzéwmmma

As we can find ¢ with ¢ = 1 on the support of f, it follows that
fG x)dx = 0. This means that we can unamblguously define a
non-zero invariant integral on G/H by I(g fG x) dz, whenever
g € C(G/H) and f € C.(G) with ff =g. By Riesz’s Theorem, this
integral comes from an invariant Radon measure. In particular, it
follows that the quotient integral formula is valid for every f € C.(G).
All but the last assertion of the theorem is proven.
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Observe that the integral formula, as proven so far, implies that for
¢ € C(G) one has |||, < [l¢ll;- We want to prove the quotient
integral formula for an integrable function f on G. It suffices to
assume f > 0. The function f is supported in a o-compact set by
Corollary 1.3.5 (d). Therefore, f is a monotone limit of compactly
supported functions, so we can assume that f itself is supported in a
compact set K. Then f is a monotone limit of step-functions, which
are bounded, and hence we may assume f is bounded, say 0 < f < C
for some C' > 0. By Proposition B.4.7 the space C.(G) is dense in
L'(G), so there exists a sequence ¢, in C.(G) converging to f in
L'. This sequence may be assumed to be bounded by C and have
supports in K as well, so we have 0 < |p,| < Clg. Then ¢ is a
Cauchy sequence in L'(G/H), and by switching to a subsequence if
necessary, we may assume that ¢, and @2 both converge pointwise
almost everywhere to integrable limits (see Theorem B.4.3). All that
remains to do is to show that lim,, [;; ¢n(zh)dh = [ lim, ¢, (zh) dh
holds for every x. As 0 < |¢,| < Clg, this interchange is allowed
by the theorem of dominated convergence. O

The quotient integral formula should be understood as a one-sided
version of Fubini’s Theorem for product spaces. As for Fubini, it
has a partial converse, which we give now. Let p be a measure on
a set X. Recall that a measurable subset A C X is called o-finite
if A can be written as a countable union A = [J7Z, A; of sets with
1(Aj) < oo for every j. If X itself is o-finite, one also says that the
measure p is o-finite.

Corollary 1.5.3 Suppose that H is a closed subgroup of G with
Aclg = Apg, and let v be the unique invariant Radon measure on
G/H corresponding to fized Haar measures on G and H. Let f :
G — C be a measurable function such that A ={x € G : f(x) # 0}
is o-finite. If the iterated integral fG/H S |f(xh)| dhdz exists, then
f is integrable.

Proof: It suffices to show that | f| is integrable. So choose a sequence
(Ap)nen of measurable sets in G with finite Haar measure such that
A = U2 Ay, and define f, : G — C by f, = min(|f] - 14,,n).
Then (f)nen is an increasing sequence of integrable functions that
converges pointwise to |f|. It follows from Theorem 1.5.2 that

/an(x)dx:/G/H/an(xh)dhda:g/G/H/H|f(:1:h)|dhdx
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for every n € N. The result follows then from the Monotone Conver-
gence Theorem. O

Corollary 1.5.4

(a) If H is a normal closed subgroup of G, then the modular func-
tions Ag and Ag agree on H.

(b) Let H be the kernel of Ag. Then H is unimodular.

Proof: (a) The Haar measure of the group G/H is an invariant
Radon measure.

(b) As H is a normal subgroup, by part (a) one gets Ay = Ag|g = 1.
O

Proposition 1.5.5 Let G be a locally compact group, K C G a
compact subgroup and H C G a closed subgroup such that G = HK.
Then one can arrange the Haar measures on G, H, K in a way that
for every f € LY(G) one has

/Gf(:c)dx = /H/Kf(hk)dkdh.

Proof: The group H x K acts on G by (h,k).g = hgk™'. As this
operation is transitive, G can be identified with H x K/HNK, where
we embed HNK diagonally into H X K. The group HNK is compact;
therefore it has trivial modular function and the modular function of
H x K is trivial on this subgroup. By Theorem 1.5.2 there is a unique
H x K-invariant Radon measure on G up to scaling. We show that
the Haar measure on G also is H x K-invariant, so the uniqueness
implies our claim. Obviously, the Haar measure is invariant under the
action of H as the latter is the left multiplication. As K is compact,
we have Ag(k) =1 for every k € K and so [, f(zk)dx = [, f(z)dx
for every f € C.(G) by Theorem 1.4.1 (c). O

1.6 Convolution

An algebra over C is a complex vector space A together with a map
Ax A — A, called product or multiplication and written (a, b) — ab,
which is bilinear, i.e., it satisfies

alb+c¢)=ab+ac, (a+0b)e=ab+ ac
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as well as A(ab) = (Aa)b = a(\b) for a,b,c € A and A € C, and it is
associative, i.e., one has a(bc) = (ab)c for all a, b, c € A. The algebra
A is called a commutative algebra if for all a,b € A one has ab = ba.

Examples 1.6.1

e The vector space A = Mat,,(C) of complex nxn matrices forms
an algebra with matrix multiplication as product. This algebra
is not commutative unless n = 1.

e For a set S the vector space Map(S, C) of all maps from S to C
forms a commutative algebra with the pointwise product, i.e.,
for f,g € Map(S,C) the product fg is the function given by

(fg9)(s) = f(s)g(s) for s € S.

Let G be a locally-compact group. For f,g € L'(G) define the con-
volution product as

freglz) = /G Fw)gly ) dy.

Theorem 1.6.2 The integral f x g converges almost everywhere in
x and defines a function in L'(G). The L*-norm satisfies

1 glly < 1Al Mgl -

The convolution product endows L'(G) with the structure of an al-
gebra.

Proof: Let f,g be integrable functions on G. Then f and g are
measurable in the sense that pre-images of Borel-sets are in the com-
pleted Borel-o-algebra. Let the function ¢ be defined by ¢ (y,z) =
f(y)g(y~tx). We write ¢ as a composition of the map

a:GxG — GxGE
(y,x) — (yy 'x)

followed by f x g and multiplication, which are measurable. We
show that a is measurable. Recall that we need measurability here
with respect to the completion of the Borel o-algebra. Since « is
continuous, it is measurable with respect to the Borel o-agebra, so
we need to know that the preimage of a null-set is a null-set. This
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however is clear, as a preserves the Haar measure on G x G, as follows
from the formula

//@(y,w)dwdy = /@(y,ylw)dwdy, ¢ € Ce(G x G),
GJG G

and Fubini’s Theorem. Being a composition of measurable maps,
1 is measurable. Let S(f) and S(g) be the supports of f and g,
respectively. Then the sets S(f) and S(g) are o-compact by Corol-
lary 1.3.5 (d). The support of ¢ is contained in the o-compact set
S(f) x S(f)S(g), and therefore is o-compact itself. We can apply
the Theorem of Fubini to calculate

If+gll, < //f oy~\a)| dy da
= //f gy 'a)| dx dy
= //f z)| dz dy

= /|f(y)|dy/|g(l‘)|da: = £l llgll, < oo
G G

The function ¥(z,-) is therefore integrable almost everywhere in z,
and the function f % g exists and is measurable. Further the norm

| f *glly is less than or equal to fGXc\w(x,y)]dxdy = |Iflly lgll;-
Associativity and distributivity are proven by straightforward calcu-

lations. (]

Recall that for a function f: G — C and y € G we have defined

Ry(f)(x) = f(zy) and Ly(f)(z) = fy~'2).

Lemma 1.6.3 For f,g € LY(G) and y € G one has Ry(f * g) =
[ x(Ryg) and Ly(f * g) = (Lyf) * g

Proof: We compute
Ry(fxg)(z) = /Gf(Z)g(Zlfﬂy) dz
= [ F@RgE D = £ (Ra)a),

and likewise for L. O
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Theorem 1.6.4 The algebra L'(G) is commutative if and only if G
s abelian.

Proof: Assume L!'(G) is commutative. Let f,g € L'(G). For z € G
we have

0 = fxgx * f(x)
- / f(ay)g 1—g(y)f(y’1m)dy

- /G (A ) fay™) — fly ) dy.

Since this is valid for every g, one concludes that A(y~!)f(zy~!) =
f(y~'z) holds for every f € C.(G). For x = 1 one gets A =1, 50 G
is unimodular and f(zy~!) = f(y~'z) for every f € C.(G) and all
x,y € g. This implies that G is abelian. The converse direction is
trivial. g

A Dirac net on G is a net (f;);es in Cc(G) such that each function f;
is > 0 and satisfies [, fj(z) dz = 1, and the support of the f; shrinks
in the sense, that for each unit-neighborhood U there is jy such that
for j > jo the function f; is a supported in U. For convenience, we
will also always assume that each f; is a symmetric function in the
sense that

fiz™) = fila) Vazed.

A Dirac net can be constructed as follows. For every symmetric
neighborhood U of the unit there exists, by the Lemma of Urysohn
A.8.1, a continuous non-zero function fyy > 0 on G with support in
U. Replacing f with fy(z) 4+ fr(z~!) if necessary, one may assume
fu to be symmetric. By scaling one can achieve [, fy(z)dz = 1
for every U. Let I be the set of all symmetric unit-neighborhoods,
partially ordered by the inverse inclusion. Then (fy)yer forms a
Dirac net.

Lemma 1.6.5 Let (fj) be a Dirac net. For every f € LY(G) the
nets (fj = f) and (f * f;) converge to f in L'(G). Further, for any
continuous function f on G the convolution products exist and f *

fi(x) and f; x f(x) both converge to f(x) for every xz € G.
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Proof: It suffices to consider f; * f as the other case is treated
analogously. We compute

Ve f—fll, = /G
/ / L)) — f(2)] dyde
G JaG

/ @) 1Ly f — £, dy.
G

/G @) (Fy~ ) — £(x)) dy| da

IN

The latter tends to zero as j — oo by Lemma 1.4.2.

For the last statement, let f be continuous, and let x € G. For
e > 0 there exists a unit-neighborhood U such that y 'z € U implies
|f(y) — f(x)] < e. To this U there exists jo € J such that for every
J > jo the function f; has support in U. For j > jo one gets

F o F@) — f(z)] < /G F D) f () - F@)dy < e
]

1.7 The Fourier Transform

A locally compact abelian group will be called an LCA-group for
short. A character of an LCA-group A is a continuous group homo-
morphism

x:A — T,

where T is the circle group, i.e., the multiplicative group of all com-
plex numbers of absolute value one.

Examples 1.7.1

2mikx

e The characters of the group Z are the maps k +— e , Where

x varies in R/Z (See [9] Section 7.1).

2mikax

e The characters of R/Z are the maps = — e , where k varies

in Z (See [9] Section 7.1).
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The set of characters forms a group under pointwise multiplication,
called the dual group and denoted A. Later, we will equip the group
A with a topology that makes it an LCA-group.

Let f € L'(A) and define its Fourier transform to be the map fe
A — C given by

~

foo /A fa)x(@) da

This integral converges as x is bounded. A simple estimate shows

1FOO1 < IIFIl, -

Lemma 1.7.2 For f,g € L'(A) and x € A one has |f(x)| < (RAIR
and fxg = fg.
Proof: The first assertion is clear. Using Fubini’s Theorem, one

computes,

—

Frogly) = /Af*g(x)x(w)dw

= //f(y)g(y‘lx)dywdﬂf
AJA

= /f(y)/g(y‘lw)x(fﬂ)dwdy
A A

— /f(y)x(y)dy /g(x)x(w)dx = f(0)9(x)-
A A U

1.8 Exercises

Exercise 1.1 Determine the Haar measures of the groups Z,R, (R*,-), T.
Exercise 1.2 Give an example of a locally compact group G and two
closed subsets A, B of G such that AB is not closed.

(Hint: There is an example with G = R.)

Exercise 1.3 Let G be a topological group and suppose there exists a

compact subset K of G such that xtK N K # () for every x € G. Show that
G is compact.
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Exercise 1.4 Let G be a locally compact group with Haar measure y, and
let S C G be a measurable subset with 0 < p(.S) < co. Show that the map
x — (S NaxS) from G to R is continuous.

(Hint: Note that 15 € L?(G). Write the map as (1g, L,-11g) and use the
Cauchy-Schwarz inequality.)

Exercise 1.5 Let G be a locally compact group with Haar measure p, and
let S be a measurable subset with 0 < ©(S) < co. Show that the set K of
all k € G with u(SNES) = u(S) is a closed subgroup of G.

Exercise 1.6 Let G be a locally compact group, H a dense subgroup,
and p a Radon measure on G such that pu(hA) = p(A) holds for every
measurable set A C G and every h € H. Show that ;1 is a Haar measure.

Exercise 1.7 Let G be a locally compact group, H a dense subgroup, and
1 a Haar measure. Let S C G be a measurable subset such that for each
h € H the sets

RSN(G~NS) and SN(G~hS)

are both null-sets. Show that either S or its complement G\ .S is a null-set.

(Hint: Show that the measure v(A) = u(ANS) is invariant.)

Exercise 1.8 Let B be the subgroup of GLy(R) defined by

B = {( L z>:x,y€R, y;«éO}.

Show that I(f) = [« Jo F (') dm% is a Haar-integral on B. Show that
the modular function A of B satisfies: A ('7) = [yl.

Exercise 1.9 Let G be a locally-compact group. Show that the convolu-
tion satisfies fx (gxh) = (f*xg)*h, fx(g+h)=f*xg+ fxh.

Exercise 1.10 Let G be a locally compact group, and let x : G — RZ be
a continuous group homomorphism.

(a) Show that there exists a unique Radon measure p on G, which is x-
quasi-invariant in the sense that pu(zA) = x(x)u(A) holds for every
x € G and every measurable subset A C G.

(b) Let H C G be a closed subgroup. Show that there exists a Radon
measure v on G/H with v(zA) = x(x)v(A) for every x € G and ev-
ery measurable A C G/H, if and only if for every h € H one has

x(h)Ag(h) = A (h).
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(Hint: Verify that the measure p is x-quasi-invariant if and only if the
corresponding integral J satisfies J(L,f) = x(z)J(f). If I is a Haar-
integral, consider J(f) = I(xf).)

Exercise 1.11 Let G, H be locally compact groups and assume that G
acts on H by group homomorphisms h — 9h, such that the ensuing map
G x H — H is continuous.

(a) Show that the product (h,g)(R',g") = (h9h/,99’) gives H x G (with
the product topology) the structure of a locally compact group, called
the semi-direct product H x G.

(b) Show that there is a unique group homomorphism ¢ : G — (0, c0) such
that pr(9A) = d(9)nm(A), where pp is a Haar measure on H and A
is a measurable subset of H.

(c) Show that [y, f(9z)dun(x) = 6(g) [ f(x)dun(x) for f € C.(H)
and deduce that § is continuous.

(d) Show that a Haar integral on H x G is given by
/ / f(h, 9)o(g) dpr () dpc(g)-

Exercise 1.12 For a finite group G define the group algebra C[G] to be
a vector space of dimension equal to the group order |G|, with a special
basis (vg)geq, and equipped with a multiplication vgvy & Vggr. Show
that C[G] indeed is an algebra over C. Show that the linear map vy — 14
is an isomorphism of C[G] to the convolution algebra L(G).



Chapter 2

Banach Algebras

In this chapter we present the basic concepts on Banach algebras
and C*-algebras, which are needed to understand many of the fur-
ther topics in this book. In particular, we shall treat the basics of the
Gelfand theory for commutative Banach algebras, and we shall give a
proof of the Gelfand-Naimark theorem, which asserts that a commu-
tative C*-algebra is naturally isomorphic to the algebra of continuous
functions vanishing at infinity on a locally compact Hausdorff space.

2.1 Banach Algebras

Recall the notion of an algebra from Section 1.6. A Banach algebra
is an algebra A over the complex numbers together with a norm ||-||,
in which A is complete, i.e., A is a Banach space, such that the
inequality

lla - bl < [lall[b]

holds for all a,b € A. Note that this equation in particular implies
that the multiplication on A is a continuous map from A x A —
A, which means that if (ap)neny and (by)nen are sequences in A
converging to a and b, respectively, then the product sequence a,,b,
converges to ab. This follows from the estimate

lanbn, —ab|| = |lanby, — anb + anb — ab||
lanlbn = bl + (o]l l|an — all,

A

as the latter term tends to zero as n — oo.

A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
DOI: 10.1007/978-0-387-85469-4_2,
© Springer Science+Business Media, LLC 2009
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Examples 2.1.1
e The algebra Mat,, (C) equipped with the norm

n

lal = )" lai,l

i,j=1
is a Banach algebra.

e For a topological space X let C'(X) denote the vector space of
continuous functions f : X — C. If X is compact, the space
C(X) becomes a commutative Banach algebra if it is equipped
with the sup-norm || f||x = sup,cx | f(2)].

e If GG is a locally compact group, then L!(G) equipped with ||-||1
and the convolution product (f,g) — f*g is a Banach algebra
by Theorem 1.6.2, which is commutative if and only if G is
abelian by Theorem 1.6.4.

e Let V be a Banach space. For a linear operator T': V — V

define the operator norm by

71, 2 sup 1
op v#£0 HUH

The operator T is called a bounded operator if ||T'[|,, < oo.
By Lemma C.1.2, an operator is bounded if and only if it is
continuous. The set B(V') of all bounded linear operators on V/
is a Banach algebra with the operator norm (see Exercise 2.1
below).

An algebra A is unital if there exists an element 14 € A such that

lq4a =aly =a forevery a € A.

The element 14 is then called the unit of A. It is uniquely deter-
mined, for if 1/; is a second unit, one has 14 = 141’y = 1’,. We shall
often write 1 for 14 if no confusion can arise.

Recall that two norms ||-|| and ||-| on a complex vector space V are
called equivalent norms if there is C' > 0 with

1 /
— | < . < Al
SIS <

In that case, V' is complete in the norm ||-|| if and only if it is complete
in the norm |-||" and both norms define the same topology on V.
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Lemma 2.1.2 Let A be a unital Banach algebra with unit 1. Then
1| > 1 and there is an equivalent norm |-|" such that (A,]-||') is
again a Banach algebra with ||1]|" = 1.

With this lemma in mind, we will, when talking about a unital Ba-
nach algebra, always assume that the unit element is of norm one.

Proof: In the situation of the lemma one has [|1]|* > ||12|| = ||1], so
1] > 1. Fora € Alet ||a||’ be the operator norm of the multiplication
operator M,, which sends z to az, so

la]|

lal/" = sup T

Then ||-||" is a norm with ||1]|' = 1. Since |laz|| < |la| [|z], it follows
that |lal| < |la|. On the other hand one has

laz] o fle-1f _ el

lal” = sup > =
a0 [l [ ]

This shows that ||-|| and |-||" are equivalent. The inequality [ab||’ <
la| ||b]|" is easy to show (See Exercise 2.1). O

Proposition 2.1.3 Let G be a locally compact group. The algebra
A = LY(G) is unital if and only if G is discrete.

Proof: If G is discrete, then the function 14y is easily seen to be
a unit of A. Conversely, assume that A = L'(G) possesses a unit
g, i.e., we have f*xg = gx f = f for every f € L'(G). Let U be a
given unit-neighborhood. Choose € > 0. By Lemma 1.6.5, there is
f € C.(U) such that ||fxg—g|, <e. As f*xg = f, it follows that
|lf —gll; <e. Since f is supported in U and ¢ is arbitrary, it follows
that ¢ is a null-function outside U. As U is arbitrary, ¢ must, up to a
set of measure zero, be supported in {1}, which therefore has strictly
positive measure, hence G is discrete by Proposition 1.4.4. U

Let A, B be Banach algebras. A homomorphism of Banach algebras
is by definition a continuous algebra homomorphism ¢ : A — B. This
means that ¢ is continuous, C-linear and multiplicative, i.e., satisfies
od(ab) = ¢(a)p(b). A topological isomorphism of Banach algebras is a
homomorphism with continuous inverse, and an isomorphism of Ba-
nach algebras is an isomorphism ¢, which is an isometry, i.e., which
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satisfies ||¢p(a)|| = ||a| for every a € A. For better distinction we
will call an isomorphism of Banach algebras henceforth an isometric
isomorphism of Banach algebras.

Example 2.1.4 Let Y C X be a compact subspace of the compact
topological space X. Then the restriction of functions is a homo-
morphism of Banach algebras from C(X) to C(Y). Note that this
includes the special case when Y = {x} consists of a single element.
Then C(Y') = C, and the restriction is the evaluation homomorphism
9z : C(X) — C mapping f to f(x).

If A is a unital Banach algebra, we denote by A* the group of in-
vertible elements of A, i.e., the multiplicative group of all a in A,
for which there exists some b € A with ab = ba = 1. This b then is
uniquely determined, as for a second such b’ one has b’ = b'ab = b.
Therefore it is denoted a~! and called the inverse of a.

Recall that for a € A we denote by B,(a) the open ball of radius
r > 0 around a € A, in other words, B,(a) is the set of all z € A
with |la — z|| < 7.

Lemma 2.1.5 (Neumann series) Let A be a unital Banach alge-
bra, and let a € A with ||a]| < 1. Then 1 — a is invertible with

nverse
o0
1-a) ' = > a"
n=0

The unit group A* is an open subset of A. With the subspace topol-
ogy, A* is a topological group.

Proof: Since |al| < 1 one has > 7 [|a"|| < > 07 [lal|” < oo, so the
series b = > >° ;a™ converges absolutely in A, and we get the first
assertion by computing

(I—a)h = (1—a)ia” = ia”—ia”“ = 1,
n=0 n=0 n=0

and likewise b(1 —a) = 1.

For the second assertion let y € A*. As the multiplication on A is
continuous, the map x — yx is a homeomorphism. This implies that
yBi1(1) C A* is an open neighborhood of y, so A* is indeed open.
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To show that A* is a topological group, it remains to show that the
inversion is continuous on A*. Note that the map a — > 77 ja" =
(1—a)~! is continuous on By (0), which implies that inversion is conti-
nuous on Bj(1). But then it is continuous on the open neighborhood
yB1(1) C A* of any y € A*. O

Examples 2.1.6

e Let A = Mat,(C). Then the unit group A* is the group of
invertible matrices, i.e., of those matrices a € A with det(a) #
0. The continuity of the determinant function in this case gives
another proof that A* is open.

e Let A = C(X) for a compact Hausdorff space X. Then the
unit group A* consists of all f € C(X) with f(z) # 0 for
every x € X.

2.2 The Spectrum o 4(a)

Let A be a unital Banach algebra. For a € A we denote by

def

Res(a) {A € C: A\l — a is invertible}

the resolvent set of a € A. Its complement,
def

oa(a) = C\ Res(a)

is called the spectrum of a. Since A* is open in A by Lemma 2.1.5
and since A — (Al — a) is continuous, we see that Res(a) is open,
and o 4(a) is closed in C.

Examples 2.2.1

e Let A = Mat,(C). Then for a € A the spectrum o(a) equals
the set of eigenvalues of a.

e Let X be a compact topological space, and let A = C(X).
For f € A the spectrum o(f) equals the image of the map
f: X—-C

Lemma 2.2.2 Let A be a unital Banach algebra. Then for every
a € A the spectrum o(a) is a closed subset of the closed ball Bq)(0)
around zero of radius ||al|, so in particular, o(a) is compact.
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Proof: As the resolvent set is open, the spectrum is closed. Let
a € A, and let A € C with |\| > ||al|]. We have to show that A — a is
invertible. As H)\_lau < 1, by Lemma 2.1.5 one has 1 — \~ta € A%,
it follows that A-1 —a = A(1 — A"1a) € A%, so X € Res(a). O

Let D C C be an open set, and let f: D — V be a map, where V
is a Banach space. We say that f is holomorphic if for every z € D
the limit
o1
f'(z) = lim —(f(z+h) = f(2))

h—0

exists in V. Note that if f is holomorphic and ¢ : V — C is a
continuous linear functional, then the function z +— ¢(f(z)) is a
holomorphic function from D to C. A holomorphic map is continuous
(see Exercise 2.2).

Lemma 2.2.3 Let a € A, then the map f : A — (A —a)~! is holo-
morphic on the resolvent set Res(a). Here we have written X\ for

A oe A

Proof: Let A € Res(a), and let h be a small complex number. Then
%(f()\ + h) — f(N)) equals

(A+h—a)'=(A—a)™)

S| =

(A=a)—=(A+h—a)A+h—a) ' (A=—a)"
=—A+h—a)'(A—a)"".

> =

This map is continuous at h = 0, since the inversion is a continuous
map on the resolvent set by Lemma 2.1.5. O

Theorem 2.2.4 Let A be a unital Banach algebra, and let a € A.
Then o.4(a) # .

Proof: Assume there exists a € A with empty spectrum. Let ¢
be a continuous linear functional on A, then the function f, : A —
©((a — X\)71) is entire. As ¢ is continuous, hence bounded, there
exists C' > 0 such that [p(b)| < C'||b]| holds for every b € A. For
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A #£ 0 we get

_

[fe = Je(a=A)7) (1= A"a)™)]

Y
1 = -1 _\n
W ¥ ZO\ a)
n=0
C & C < /1\" 2C
< E5 g < £ ();
B nZon | |A|,§ 2 B

It follows that the entire function f, is constantly zero by the The-
orem of Liouville [40]. This holds for every ¢, so the Hahn-Banach
Theorem C.1.3 implies that f : A +— (A —a)~! is a constant map. As
|A| tends to infinity, f(A) tends to zero, hence it must be constantly
zero, which is a contradiction. ]

< |/1\|Z|90((/\_1a)")!
n=0

Corollary 2.2.5 (Gelfand-Mazur) Let A be a unital Banach al-
gebra such that all non-zero elements a € A are invertible. Then

A =Cl.

Proof: If a € A~ C1 we have A1 —a invertible for every A € C. But
this means that o 4(a) = 0, which contradicts Theorem 2.2.4. O

If A is a unital Banach algebra, we define the spectral radius r(a) of
a by
r(a) € sup{|A|: A € o4(a)}.

In what follows next we want to prove an important formula for the
spectral radius r(a).

Theorem 2.2.6 (Spectral radius formula)
Let A be a unital Banach algebra. Then r(a) < ||al| and

r(a) = lim [la"|x.
n—oo
Proof: As [|a”|| < ||a]|" the first assertion follows from the second.
We shall show the inequalities
r(a) < liminf Ha””i < lim sup Ha”H% <r(a),

which clearly implies the theorem.
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For A € o4(a), the equation
n—1 ' '
A"l —a" = (Al —a) Z Man—177
=0

implies that A" € 0.4(a™) and hence that |A|" < ||a™| for every n € N.
Thus 7(a) < Ha"||% for every n € N, which gives the first inequality.

To see that lim sup Ha”H% < r(a) recall

-1 _ -1 ay_1 _ = n 1
(Al—a)™t = A1 -7) —Z;)a S

for |A| > ||a||, and hence, as the function is holomorphic there, the
series converges in the norm-topology for every |\ > r(a), as we
derive from Corollary B.6.7 applied to z = %

For a fixed |A| > r(a), it follows that the sequence a”ﬁ is bounded

in A, so that there exists a constant C' > 0 such that ||a™|| < C|\|"H!
for every n € N. Taking n-th rocl)ts on both sides and then applying
limsup shows that limsup ||a™||» < |A|. Since this holds for every

IA| > 7(a) we get limsup [|a”||» < r(a). O
Lemma 2.2.7 Suppose that A is a closed subalgebra of the unital
Banach algebra B such that 1 € A. Then

doa(a) C op(a) C oa(a)

for every a € A, where 0o 4(a) denotes the boundary of o4(a) C C.

Proof: If a € A is invertible in A it is invertible in B O A. So
Res 4(a) C Resg(a), which is equivalent to the second inclusion.

To see the first inclusion let A € do4(a) C o4(a), and let (\y,)nen be
a sequence in Res4(a) with A\, — A. If A € Resg(a), then

A3 Ml-a) >N -a)teB

Since A is closed in B we get (Al —a)~! € A, which implies that
A € Resg(a). This contradicts A € o4(a). O

Example 2.2.8 Let D C C be the closed disk of radius 1 around
zero, and let D be its interior. The disk-algebra A is by definition the
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subalgebra of C'(D) consisting of all functions that are holomorphic
inside D. Since uniform limits of holomorphic functions are again
holomorphic, the disk-algebra is a closed subalgebra of C'(ID) and
hence a Banach algebra. Let T = 0D be the circle group. By the
maximum principle for holomorphic functions, every f € A takes its
maximum on T. Therefore the restriction homomorphism A — C(T)
mapping f € A to its restriction f|r is an isometry. So A can be
viewed as a sub Banach algebra of B = C(T). For f € Aand A € C
the function (f — A\)~! is defined in A if and only if \ is not in the
image of f. Therefore, the spectrum o 4(f) equals the image f(D).
Likewise, considered as an element of B, the spectrum of f equals

op(f) = f(T).

2.3 Adjoining a Unit

The results of the previous section always depended on the existence
of a unit in the Banach algebra A. But many important Banach
algebras, like L'(G) for a non-discrete locally compact group G, do
not have a unit. We solve this problem by adjoining a unit if needed.
Indeed, if A is any Banach algebra (with or without unit), then the
cartesian product,

Af € AxC

equipped with the obvious vector space structure and the multipli-
cation

(a, A)(b, ) = (ab+ Ab+ pa, Ap)

becomes an algebra with unit (0,1). If we define
1@, DI = llall + Al

one easily checks that .4° becomes a Banach algebra containing 4 =
A x {0} as a closed subalgebra of codimension 1. We call A€ the
unitization of A.

If A already has a unit 14, then the algebra A° is isomorphic to
the direct sum A @ C of the algebras A and C, where we define
multiplication componentwise. The isomorphism from A€ to A ® C
is given by

(a,A) = (a4 Aly) @A\
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If A is a Banach algebra without unit then we define the spectrum
of a € A as

def

oala) = oue(a),
where we identify A with a subset of A€ via a — (a,0). With this
convention, all results from the previous section, in particular the
spectral radius formula, have natural analogues in the non-unital
case.

We now give a crucial example. Suppose that X is a Hausdorff space.
A function f: X — C is said to vanish at infinity if for every € > 0
there exists a compact set K = K. C X such that |f(x)| < € holds
for every x € X ~ K. Let Cy(X) denote the vector space of all
continuous functions on X that vanish at infinity. Then Cy(X) is
a Banach algebra with pointwise multiplication and the sup-norm
|| fll x = sup,ex |f(z)|. Note that if X is compact then Cy(X) equals
C(X).

We recall the construction of the one point compactification, also
called Alexandrov compactification X°°, of the space X. Let oo de-
note a new point and X* = X U {oo}, so X is just a set that
contains X as a subset plus one more element. On X one intro-
duces the following topology. A set U C X is open if it is either
already contained in X and open in the topology of X, or if co € U
and the set X \ U is a compact subset of X. Note that X being
a Hausdorff space implies that compact sets in X are closed in X.
Every continuous function in C'(X*°) defines, by restriction, a conti-
nuous function on X. In this way one can identify Cyp(X) with the
subspace of all continuous functions f on X* with f(co) = 0. This
ultimately justifies the notion “vanishing at infinity”.

Lemma 2.3.1 There is a canonical topological isomorphism of Ba-
nach algebras C(X ) = Cp(X)°.

Proof: Extending every f € Cy(X) by zero to X, we consider
Co(X) as a subspace of C(X*°). Define ¢ : Cp(X)¢ — C(X*°) by
U(f,\) = f+ e, where e(x) = 1 for every x € X*°. Then ) is an
isomorphism of algebras. For the norms one has

[, Mllxee = sup |f(z) + Al < sup |f(z)[+ Al = [[(f; V)]
TEX>® z€X
This implies that ¢ is continuous. On the other hand, one has

sup |f(z) + Al = |f(oo) + A = [Al
reEX>®
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Since |f(x)| < |A| + |f(z) + A| for every z, we then get

1AM = xih)l(pm\f(x)\ﬂkl < 3(f5 Ml -

The lemma is proven. Note that 1 is not an isometry, but restricted
to Cy(X), it becomes one. O

2.4 The Gelfand Map

In this section we shall always assume that A is a commutative Ba-
nach algebra. In this case we define the structure space A 4 to be the
set of all non-zero continuous algebra homomorphisms m : A — C.
This space is often called the mazimal ideal space, which is justified
by Theorem 2.5.2 below, that sets up a bijection between A4 and
the set of maximal ideals of A. The elements of A4 are also called
multiplicative linear functionals, which is why we use the letter m to
denote them. If A is unital, it follows automatically that m(1) =1
for every m € Ay, since m(1) = m(1%) = m(1)? implies m(1) = 0 or
m(1) = 1. Now m(1) = 0 implies m = 0, a case which is excluded.

Examples 2.4.1

e Let A= Cy(X) for a Hausdorff space X. For € X one gets
an element m, of A 4 defined by m,(f) = f(x).

e Let A= L'(A), where A is an LCA-group. Let y € E, then
the map m, : A — C defined by

) = 00 = [ @ ds
is an element of A 4 as follows from Lemma 1.7.2.
For a given multiplicative functional m € A 4, there exists precisely
one extension of m to a multiplicative functional on A° given by
m(a,\) = m(a)+ A\

A multiplicative functional of A€ that is not extended from A must
vanish on A4, and hence it must be equal to the augmentation func-
tional ms, of A° given by meo(a, \) = A. Thus we get

Age = {mc:me Ay} U {ms}.
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We now want to equip A4 with a natural topology that makes A 4
into a locally compact space (compact if A is unital). For a Banach
space V let V' be the dual space consisting of all continuous linear

maps ¢ : V. — C. This is a Banach space with the norm ||¢| =

SUPyev {0} %

Lemma 2.4.2 Suppose that A is a commutative Banach algebra.
Let m € Aa. Then m is continuous with |m|| < 1. If A is unital,
then ||m|| = 1.

Proof: We first consider the case when A is unital. If a € A, then
m(a —m(a)l) = 0, which implies that a — m(a)l is not invertible
in A, so that m(a) € o(a). Since o(a) C B (0), this implies that
|m(a)| < |la|| for every a € A. By m(l) = 1 we see that m is
continuous with ||m|| = 1.

If A is not unital, the extension m¢ : A¢ — C is continuous with
|lm¢|] = 1. But then the restriction m = m¢|4 is also continuous
with ||m| < 1. O

It follows from the lemma that Ay C B’ € A’, where B’ = {f €¢ A" :
|1l <1} is the closed ball of radius one. Recall that for any normed
space V, the weak-*-topology on V' is defined as the initial topology
on V' defined by the maps {4, : v € V'} with
0y V! — C,
e — ¢(v).
It follows that convergence in V'’ with respect to the weak-*-topology

is just pointwise convergence, i.e., a net (¢;); converges in V' to a
functional ¢ € V' if and only if ¢;(v) — ¢(v) for every v € V.

We need the following important fact, which, as we shall see, is a
consequence of Tychonov’s Theorem.

Theorem 2.4.3 (Banach-Alaoglu)
Let V' be a normed (complex) vector space. Then the closed unit ball

B = {fev':|fl<1pcV

equipped with the weak-*-topology is a compact Hausdorff space.
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Proof: Recall D = {2z € C:|z| < 1}. For ¢ € B’ and v € V one has
lo(v)| < ||v]|, so ¢(v) is an element of the compact set D ||v||. So one
gets an injective map

B — J[Dl

veV
e = (o))

Note that the product space on the right is Hausdorff and compact
by Tychonov’s Theorem A.7.2. Since a net in the product space
converges if and only if it converges in each component, the weak-*-
topology on B’ coincides with the subspace topology if one views B’
as a subspace of the product space. Thus, all we need to show is
that B’ is closed in the product space. An element z of the product
space lies in B’ if and only if its coordinates satisfy Tyt = Ty + Ty
and zy, = Az, for all v,w € V and every A € C. These conditions
define a closed subset of the product. O

If A is any commutative Banach algebra, we equip the structure
space A4 C A’ of the algebra A with the topology induced from the
weak-*-topology on A’.

Lemma 2.4.4 Suppose that A is a commutative Banach algebra.
Then the inclusion map A g — Aye that maps m to m€ is a homeo-
morphism onto its image.

Proof: Since the weak-*-topology is the topology of pointwise con-
vergence, we only have to check that a net (m, ), converges pointwise
to m € Ay if and only if (m{), converges pointwise to m®. But it is
clear that m¢(a, \) = my,(a) + A\ — m(a) + A = m®(a, A) if and only
if my,(a) — m(a). O

Every a € A defines a function @ on the structure space,
a:Ay — C

m +— a(m) = m(a).

The map a — a is an algebra homomorphism from A to the algebra
of continuous function on A 4. It is known as the Gelfand transform.
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Theorem 2.4.5 (Gelfand Transform)
Let A be a commutative Banach algebra. Then the following hold.

(a) Ay is a locally compact Hausdorff space.
(b) If A is unital, then A 4 is compact.

(c) Foreverya € A the function a on A 4 is continuous and vanishes
at oo. This defines the Gelfand transform, which is an algebra
homomorphism,

— Ch(A,)

a — a.

(d) For every a € A one has ||a||5 , < [lal, so the Gelfand transform
1S continuous.

Proof: We will show (a) and (b) in one go. The closure A4 of A4
in A" is compact by the Banach-Alaoglu Theorem. So we show that
it equals A 4 if A is unital, and A4 or A4 U {0} if A is not unital.
For this let (m,), be a net in A 4 that converges pointwise to f € A’,
it follows that

f(ab) = lill}lmy(ab) = h,fn my(a) lilgnmy(b) = f(a)f(D),

which shows that f : A — C is an algebra homomorphism. If A
is unital, then f(1) = lim, m,(1) = 1, we have f # 0, and hence
f € A4 If A is not unital, it can happen that f = 0. The claim
follows.

For (c) note that, as the convergence in A 4 is pointwise convergence,
every map a is continuous. If A4 is compact, the claim is clear.
Otherwise, the closure of Ay is Ay U {0} and coincides with the
one-point-compactification of A 4. Clearly, every a vanishes at the
point 0 € A 4.

Finally, for (d) note that for a € A one has |a(m)| = |m(a)| <
lm|| ||la|| = ||la|| by Lemma 2.4.2. O

Example 2.4.6 Consider the case A = C(X) for a compact Haus-
dorff space X. For z € X let m, : A — C be defined by m,(f) =
f(x). Then the map x — m, is a homeomorphism from X to the
structure space A4 (See Exercise 2.14).
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Lemma 2.4.7 Suppose that ¢ : A — B is an algebra homomorphism
between commutative Banach algebras A and B such that mo ¢ # 0
for every m € Ag. Then

¢* A — Ay

m +— mog¢g

is continuous and is a homeomorphism if it is bijective.

Proof: Since pointwise convergence of a net (m;) in Ag implies
pointwise convergence of (m; o ¢) in A 4, the map ¢* is continuous.
Assume now that it is bijective. Let ¢° : A° — B¢ be the canonical
extension of ¢ to the unitizations defined by ¢¢(a, ) = (¢(a), \).
Then the map (¢€)* : Age — A e, defined by m — m o ¢, is
a continuous bijection between the one-point compactifications Age
and A ge of Ay and Ap, respectively, which restricts to the map
o* : Ap — A 4. The result then follows from the fact that bijective
continuous maps between compact Hausdorf spaces are homeomor-
phisms. O

2.5 Maximal Ideals

If A is an algebra, a linear subspace I C A is called an ideal of A
if for every a € A one has al C I and Ia C I. Obviously, A itself
is an ideal. Any ideal different from A will be called a proper ideal.
A maximal ideal is a proper ideal M such that for any other proper
ideal I with I D M, one has I = M.

Notice that if A is unital, then A*NI = () for any proper ideal I C A,
since if a € A* NI, then b = ba~'a € I for every b € A, and hence
I = A. Since A* is open in A, it follows that the closure I of any
proper ideal in a unital Banach algebra A is again a proper ideal in

the algebra A.

Lemma 2.5.1 If A is a unital Banach algebra, then every proper
ideal of A is contained in a mazximal ideal of A. Every mazimal ideal
is closed. Finally, if A is commutative, then every non-invertible
element of A lies in some mazximal ideal.

Proof: The first assertion is an easy application of Zorn’s Lemma.
The second is clear by the above remarks. For the third take an
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element a of A~ A*. By the first assertion it suffices to show that a
lies in some proper ideal. Since we assume A commutative, the set
I = aA consisting of all elements of the form aa’ for a’ € A, is an
ideal that contains a. It does not contain 1, as A is not invertible;
therefore it is a proper ideal. O

If A is a Banach algebra and I C A is a closed ideal in A, then the
def

quotient vector space A/I = {a+1:a € A} is again a Banach
algebra if we equip A/ with the quotient norm

la+I| = inf{|a+d||:de I}

and with multiplication given by (a+ I)(b+I) = ab+ I (See Propo-
sition C.1.7).

Theorem 2.5.2 Let A be a commutative unital Banach algebra.

(a) The map m > ker(m) = m~1(0) is a bijection between A4 and
the set of all mazimal ideals of A.

(b) An element a € A is invertible if and only if m(a) # 0 for every
m e Ay.

(c) For a € A one has o(a) =Im(a).

Proof: (a) For the injectivity let m,n be two elements of A 4 with
ker(m) = ker(n) = I. As I is a subspace of codimension one, every
a € A can be written as ag + Al for some ag € I. Then

m(a) = m(ag+ A1) = A = n(ap+ Al) = n(a).

For the surjectivity let I be a maximal ideal. Then B = A/I is a
unital Banach algebra without any proper ideal. Let b € B be non-
zero. As B does not have any proper ideal, Lemma 2.5.1 implies that
b is invertible. Since this holds for any b, Corollary 2.2.5 implies that
B = C. So I is the kernel of the map A — B = C, which lies in A 4.

For (b) let a € A be invertible. For m € A 4 it holds m(a)m(a~!) =
m(1) = 1; therefore m(a) # 0. For the converse suppose a is not
invertible. Then it is contained in a maximal ideal, which is the
kernel of some m € Ay by part (a). Finally, (c) follows by putting
things together as follows: A given A € C lies in o(a) < a — Al is
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not invertible < there is m € A4 with m(a — A1) =0, i.e., a(m) =
m(a) = A, which is equivalent to A € Im(a). Hence Im(a) C o(a).
The converse follows from m(a — m(a)l) = 0 for every m € Ay,
from which it follows that a —m(a)1 is not invertible, hence a(m) =
m(a) € o(a). O

2.6 The Gelfand-Naimark Theorem

Let A be an algebra over C. An involution is a map A — A, denoted
a — a* such that for a,b € A and A € C one has

(a+b)*=a*+0b*, (Ma)*=A\a*, (ab)* =b"a",

as well as (a*)* = a. A Banach-*-algebra is a Banach algebra to-
gether with an involution * such that for every a € A one has

la*ll = llall-
A Banach-*-algebra is called C*-algebra if
2
la*all = lall
holds for every a € A. Equivalently, one can say ||laa*|| = |a||.

An element a of a Banach-*-algebra A is called self-adjoint if a* = a.

Examples 2.6.1

e Let H be a Hilbert space and A = B(H) the Banach algebra
of all bounded linear operators on H. Then the map T+ T
is an involution, where T™ is the adjoint of T', i.e., the unique
operator with (Tv,w) = (v, T*w) for all v,w € H. Then A is
a C*-algebra, as for v € H the Cauchy-Schwarz inequality says
that

|Tol* = (Tv,Tv) = (v,T"Tv) < |lv|l[T*Tv]].

| 7| < 7T
o> = vl

So, for v # 0, one gets and so, for the operator

norm,
ITI* < |77 < |-

This inequality implies ||T|| < || 77|, and by replacing T" by T*

one gets equality, and it also follows that ||T|> = ||T*T|.

An operator T € B(H) with T* = T is called a self adjoint

operator.
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e Let A= Cy(X) for a locally compact Hausdorff space X. The
involution
def 7 1
@) = flx)
makes this commutative Banach algebra into a C*- algebra as

1Lf*FIl = supex 1£*(2)f (@) = supex £ ()] = || fI1*.

e A simple example of a Banach-*-algebra, which is not a C*-
algebra is given by the disk-algebra (Example 2.2.8) with the
involution f*(z) = f(2) (See Exercise 2.13).

Lemma 2.6.2 Let G be a locally compact group, and let A be the
Banach algebra L*(G). With the involution f*(z) = Ag(x™1) f(z~1)
the algebra A is a Banach-*-algebra but not a C*-algebra unless G is
trivial, in which case A = C.

Proof: The axioms of an involution are easily verified, and so is the
fact that || f*|| = ||f|| for f € A. Let G be non-trivial. Then there
exists an open subset U C G of finite Haar measure and z € G such
that 2U NU = 0. Let f = AZY*(1y —il.py) € LY(G). Write p for
the Haar measure on G. Then

WP = /G\f*f*(:v)ldw -

/Ax ) [ () [z~ y) dy| dx

= /Aal/Q(:):)m(UﬂxU)—i—i,u,(Uﬂsz)
G
—ip(zU N2U) + p(zU Nz2U)| da
/A_1/2 p(UNzU) 4+ p(UNzzU)

A

+u(2U NaU) + p(2U NzzU)) dx

— / / Al y) £ () f (2 y)| dy da
GJda

. 2

/G £ dy /G F@)de = [fIP.

To verify the inequality above, note that the integrands are conti-
nuous and satisfy < at every point x € G. For x = 1 one gets strict
inequality. This implies the claim. O

Recall that for an element a in a Banach algebra A, we denote by
r(a) = max{|A| : A € o(a)} the spectral radius of a. By adjoining a
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unit if necessary (See Section 2.3) this makes sense also for non-unital
algebras and the spectral radius formula 7(a) = lim, . ||a™|/"
holds in general.

Lemma 2.6.3 Suppose that A is a C*-algebra and that a € A is self
adjoint, i.e., a = a*. Then the spectral radius of a equals its norm,
i.e., r(a) = |lal|.

Proof: If a = a* the C*-condition implies that ||a?|| = |la*a|| = ||al?.
By induction we get |[a®”|| = |la||?" for every n € N. This implies
. no L
r(@) = lim a2 |F = Ja].

We should point out that the above result is very remarkable, since
it implies that the norm in any C*-algebra A only depends on the
purely algebraic properties of A, since the spectral radius r(a) only
depends on the *-algebraic operations in A. This fact is clear for a
self-adjoint by the above lemma, and it follows for arbitrary a € A
by ||la||?> = |la*al| = r(a*a). In particular, it follows that every C*-
algebra has a unique C*-norm.

For later use we need to know that if A is a C*-algebra, then A° is
also a C""-algebra, meaning that there exists a complete C*-norm on
A°. Tt is easy to extend the involution to A°: Put (a, \)* := (a*, \).
If A is unital, then we saw above that A€ is isomorphic to the direct
sum AP C, and it is easily checked that the pointwise operations and
the norm ||(a, \)|| := max{||a||, [|\|} give A@® C the structure of a C*-
algebra. When A has no unit, the proof becomes more complicated:

Lemma 2.6.4 Suppose that A is a C*-algebra. Then there exists a
norm on A¢ that makes A® a C*-algebra. Moreover, the embedding
of A into A€ is isometric.

Proof: By the above discussion we may assume that .4 has no unit.
Consider the homomorphism L : A® — B(A) given by L b :=
ab+Ab, and define [[(a, A)|| := [|L(q,x)llop- To see that this is a Banach
algebra norm on A€ we only have to check that L is injective. So let
(a, A) € A° such that ab+ A\b = 0 for every b € A. If X # 0, it follows
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that (—%5)b = b for every b € A, and hence that —¢ is a unit for A
(See Exercise 2.4). This contradicts the assumption that A has no
unit. If A = 0, then ab = 0 for every b € A implies that aa® = 0.

But then ||al|? = ||aa*|| = 0.

The inclusion a — (a,0), A — A€ is isometric: since ||ab|| < ||al||b]|
for all a,b € A it follows that [|L¢,0)llop < llall, and the equation
laa*|| = |la||* implies that [a| < [[L(40)llop- Since then A is a
complete subspace of finite codimension in A€, this also implies that
A€ is complete (See Lemma C.1.9).

It only remains to check that the norm on A€ satisfies the C*- condi-
tion ||(a, \)*(a, A)|| = ||(a, \)||?. For this let £ > 0. By the definition
of the operator norm there exists b € A with ||b|| = [|(b,0)]| = 1 such
that [[ab+ Ab|| > ||(a, A)||(1 — €). This implies

(1= &)l MII* < llab+ Ab|* = [|(ab + Ab)*(ab+ Ab)|
= [l 0)(a", A)(a; A) (b, 0)]|
< (16", 0)1[1[ (@, A)*(a, M1 (b, 0)]

= l(a, A)*(a, M|
Since € > 0 is arbitrary, we get the inequalities
(@ MIIZ < [1(a A) (@, M| < (@, 2)* ([l (@, A

Replacing (a, A) by (a, A\)*, this implies equality everywhere. O

A commutative Banach-*-algebra is called symmetric if m(a*) =
m(a) for every ac A and every m € A 4. Of course this is equivalent
to saying that a* =a for every a € A. Another equivalent condition
for symmetry is to require that m(a) is real for every self-adjoint a €
A and every m € A 4. It is clear that this condition is necessary for
A being symmetric, and sufficiency follows from the decomposition

1
21

5 (a—a”),

and the observation that the real and imaginary parts of A are self-
adjoint.

a = Re(a) + iIm(a) with Re(a) = %(a +a*), Im(a) =

Examples 2.6.5

e The algebra Cy(X) for a locally compact Hausdorff space X is
symmetric.
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e The disk-algebra A is not symmetric. For instance, the element
fo(z) = z is self-adjoint, but one has m(fy) = i ¢ R for the
multiplicative functional m € A 4 given by m(f) = f(i).

Lemma 2.6.6 FEvery commutative C*-algebra is symmetric.

Proof: Let A be a commutative C*-algebra. By passing to A€ if
necessary, we may assume that A is unital. Let m € A4 and let
a € A with a = a*. We want to show m(a) € R. For this write
m(a) = x + iy with z,y € R. We have to show that y = 0. Put

def

a; = a-+it. Then we get aja; = (a — it)(a +it) = a® + t? and it
follows m(a:) =  +i(y +t). So for every t € R,

2® + (y +1)° = [m(ar)]® < llael* = llagarl] = [|a® + ¢2]| < [la]]* + ¢,

from which it follows that 22 + y2 + 2yt < ||a||? for every t € R. But
this is possible only if y = 0. O

If A is a commutative Banach algebra with structure space A 4, then
the image of the Gelfand map A = {a:a € A} C Ch(A4) strictly
separates the points of A 4: if my, mgo € A 4 such that a(mq) = a(msy)
for every a € A, then we clearly get mi; = ms, and since we require
m # 0 for the elements m € Ay, we find at least one a € A with
a(m) = m(a) # 0 for any given m € A 4. Using this, it is then a
direct consequence of the Stone-Weierstrafl Theorem A.10.1, that A
is dense in Cy(A 4) with respect to the supremum-norm whenever A
is invariant under taking complex conjugates. But this is certainly
true if A is a symmetric Banach-*-algebra. This proves the first part
of

Theorem 2.6.7 (Gelfand-Naimark)
S/’\uppose that A is a symmetric commutative Banach-*-algebra. Then
A is a dense subalgebra of Co(A4).

If A is a commutative C*-algebra, then the Gelfand transform a — a
is an isometric *-isomorphism

A =5 Co(Aw).

So in particular, one has ||a[|5 , = |lal| and m(a®) = m(a) for every
a € A and every m € A4, Finally, the space Ay is compact if
and only if A is unital. In this case the Gelfand transform gives an
isomorphism A = C(A4).
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Proof: We show that in case of a C*-algebra the Gelfand map is
isometric. This will imply that Ais a complete, hence closed, dense
subalgebra of Cy(A4), and hence A = Co(A4). But for a € A we
get, using Theorem 2.5.2 and Lemma 2.6.3,

a3 = l[adlle = la*allo = r(a*a) = [la*a]| = |lal?,

so indeed the Gelfand transform is an isometric map. Finally, if A4
is compact, then A4 = Cy(A 4) is unital. The converse is Theorem
2.4.5(b). O

2.7 The Continuous Functional Calculus

Let a be an element of a commutative unital C*-algebra A, and let
f be a continuous function on its spectrum o(a) = Im(a). Then
f oa defines a new element of A = C(A 4), which we call f(a). The
map f — f(a) is called the (continuous) functional calculus for a.
One can extend it to non-commutative C*-algebras by restricting to
commutative C*-subalgebras.

The functional calculus is one of the most important tools in func-
tional analysis. In case of the algebra B(H) of bounded operators
on a Hilbert space H, it will play a very important role in further
sections of this book.

An element a of a C*-algebra A is called a normal element of A
if @ commutes with its adjoint a*. If A is unital and a € A, then
there exists a smallest unital C*-subalgebra C*(a,1) containing a,
which we call the unital C*-algebra generated by a. In general, we let
C*(a) denote the smallest C*-subalgebra of A containing a, which
also makes sense if A has no unit. One notices, that C*(a) (resp
C*(a,1)) equals the norm closure in A of the algebra generated by
a and a* (resp. a, a* and 1). The element a is normal if and only if
the C*-algebra C*(a) (resp. C*(a, 1)) is commutative.

In the construction of the functional calculus we will need the fol-
lowing remarkable consequence of the spectral radius formula:

Lemma 2.7.1 Let ® : A — B be a *-homomorphism from the
Banach-*-algebra A into the C*-algebra B. Then [|®(a)| < |la| for
every a € A. In particular, the map ® is continuous.
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Proof: Adjoining units to A and B and passing to ®¢ : A° — B¢
given by ®¢(a,\) = (®(a),\) if necessary, we may assume without
loss of generality that A, B and ® are unital. Let a € A. Since
o5(®(a*a)) C o4(a*a), it follows from the C*-condition ||b*b|| = ||b||?
on B and Lemma 2.6.3 that

12(a)|* = [@(a*a)]| = r(@(a*a)) < r(a*a) < [la*al < [all*.

Theorem 2.7.2 Let A be a unital C*-algebra, and let a € A be nor-
mal. Then there exists a unique x-homomorphism ®, : C(o4(a)) —
A such that (1, ,a)) = 1a and @4(1d, () = a. We use the nota-

def

tion f(a) = P®u(f). The map ® = ®, has the following properties:

1. ®(C(oa(a))) = C*(a,1) C A.
2. 12Nl = [fllouca) for every f € Cloa(a)).

3. If f is given by a power series f(z) = Y 7 cn2", absolutely
uniformly convergent on o 4(a), then

[e.e]

fla) = Z cpa,

n=0

where the series converges in A.

Proof: It follows from the lemma that &, if it exists, has to be conti-
nuous. Since P is a *-homomorphism, it sends any polynomial f(z) =
fol:o Briz*z' in 2 and Z to the element f(a) = Zﬁl:o Braa® (a*).
The map & is therefore uniquely determined by its values on such
polynomials, which by the Stone-Weierstral Theorem A.10.1 form a
dense subalgebra in C(o4(a)). This shows uniqueness of ®. Also,
the third property is implied by the continuity of ®. The first two
properties will be implied by the construction of ® below and the
Gelfand-Naimark Theorem.

To show existence, let B = C*(a,1) C A denote the abelian unital
C*-algebra generated by a. We first show that the result is true if
we replace 0 4(a) by og(a). We then show in a second step that both
sets are equal.
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Let @ : Ag — og(a) denote the Gelfand transform of a. Then a
is surjective by Theorem 2.5.2 and it is also injective, because if
X1, X2 € Ap with x1(a) =a(x1) = a(x2) = x2(a), then both charac-
ters will coincide on the linear span of elements of the form a’(a*)",
which is dense in C*(a,1). Since Ag is compact, it follows that

a: Ag — og(a) is a homeomorphism. We then get a unital isomet-
ric *-isomorphism

T : C(og(a)) — C(AR);¥(f) = foa '

Composing this with the inverse of the Gelfand transform ~ : B —
C(Ap) gives us a unital isometric *-isomorphism ® : C(Ag) — B. If
we apply ¥ to the identity Id : o(a) — og(a) we obtain the function
a, which is mapped to a under the inverse Gelfand transform. Thus
we get ®(1) =1 and ®(Id) = a.

It remains to show that op(a) = o4(a). Since B C A we have
oala) C og(a). So assume that there is an element A\ € og(a)
oa(a). Then a — A1 is invertible in A. Put b= (a — A1)~ € A, and
let s > ||b]|. Define f : og(a) — C by

if [z — A
() = {51 |z | <

= |z — Al >

®w = w =

Then f(A) = s. Put g(2) = (2 — A)f(2) and note that [g[|,,,) <1
by construction. Writing f(a) and g(a) for ®,(f) and ®,(g), respec-
tively, we get

1ol < f) < N fllos@ = £ (@)l
= [lb(a = A1) f(a)|| = [[bg(a)|]
< [ollllg(a)ll = 1011ll9llopa)
<[]l

This is a contradiction. Hence the assumption is proven wrong and
the proof is complete. ]

As a corollary of the proof we get

Corollary 2.7.3 Suppose that C is a unital C*-subalgebra of the uni-
tal C*-algebra A. Then oc(a) = oa(a) for every normal element
a€C.



2.7. THE CONTINUOUS FUNCTIONAL CALCULUS o7

Proof: Let B = C*(a,1) C C C A for a normal element a € C. Then
it follows from the above proof that o¢(a) = op(a) = o4(a). O

In what follows we shall always write f(a) for ®(f) if @ : C(o4(a)) —

A is the isometric *-homomorphism of Theorem 2.7.2.

Corollary 2.7.4 Suppose that a = a* is a self-adjoint element of
the C*-algebra A. Then o4(a) C R.

Proof: By adjoining a unit if necessary, we may assume that A is
unital. It follows from Theorem 2.7.2 that

f(1d) =a=a* = f(Td)

for Id = Id, , (4) Since the map C(0.4(a)) — A that maps f to f(a)
is isometric, hence injective, it follows that Id = Id. But this implies
oala) C R. ]

Corollary 2.7.5 Let ¥ : A — B be a unital x-homomorphism be-
tween the C*-algebras A and B. Then ¥(f(a)) = f(¥(a)) for any
normal element a € A and any f € C(oa(a)).

Proof: Note first that o5(®(a)) C o4(a), so f € C(oa(a)) restricts
to a continuous function on op(¥(a)) and the expression f(¥(a))
makes sense. Consider now the two unital x-homomorphisms

3,10y : Cloa(a)) — B

given by 11 (f) = W(/(a)) and T2(f) = flou(@(ay(¥(a)). Both maps
will send the identity Id = Id, ,(4) to ®(a), and therefore both maps
agree on the dense subalgebra consisting of polynomials in z and z
on o 4(a). Since II; and IIy are continuous, they must therefore agree
on all of C(o4(a)). O

Corollary 2.7.6 Suppose that a € A is a normal element in the
unital C*-algebra A and let f € C(oa(a)). Then f(a) is a normal
element of A, one has 0.4(f(a)) = [(9.4(a)) and g(f(a)) = (g0 f)(a)
for every g € C(oa(f(a))).
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Proof: If X is a compact Hausdorff space then oc(x)(f) = f(X). If
we apply this general fact to the algebra C(o4(a)) and observe that
the spectrum is preserved under isometric *-isomorphisms, we see
that o 4(f(a)) = 0c=(a,1)(f(a) = 0c(o4(a)) (f) = f(04(a)). Consider
now the unital *-homomorphism II : C(c4(f(a))) — A, which we
obtain as the composition of the #-homomorphism C(o4(f(a))) —
C(oa(a));g — go f with the functional calculus for a, i.e., II(g) =
(9o f)(a). Since Ido f = f it sends the identity Id = Idy(s(q)) to
f(a). Thus, by the uniqueness assertion in Theorem 2.7.2 we get
I1(g) = g(f(a)) for every g, which finishes the proof. O

Finally, we prove the remarkable fact that injective x-homomorphism
between C*-algebras are automatically isometric.

Corollary 2.7.7 Suppose that the map ¥ : A — B is an injective
x-homomorphism from the C*-algebra A to the C*-algebra B. Then
| (a)|| = ||a|| for every a € A, i.e., U is isometric.

Proof: By Lemma 2.7.1 we know that || ¥(a)| < ||a| for every a € A.
We want to show equality. As in the proof of Lemma 2.7.1 we may
assume without loss of generality that A, B and ¥ are unital.

So assume that there is a € A with ||®(a)|| < ||a||. By scaling we
may assume ||a|| = 1. Then

a = (@ a)ll = ¥ (@) < [la]* = [la*a] = 1.

So with ¢ = a*a we have ¢ self-adjoint with o(c¢) C [—1,1] and
o(¥(c)) C [~a,a]. It follows from Lemma 2.6.3 that o(c) contains
either 1 or —1. So we can find a function 0 # f € C(o(c)) with f =0
on o(¥(c)). Using the injectivity of ¥ it follows that

07 W(f(c)) = f(¥(e) =0,

a contradiction. O

2.8 Exercises and Notes

Exercise 2.1 Let (V,|||) be a Banach space. Let A = B(V') be the set of
all bounded operators on V| i.e., the set of all linear operators T : A — A,

such that
ger [T

= sup
R Y
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Show: |-[|,,, is a norm, it is called the operator norm. Show that A is a
unital Banach algebra with this norm.

Exercise 2.2 Let V be a Banach space, D C C open and f : D — V
holomorphic. Show that f is continuous.

Exercise 2.3 Suppose that A is a unital Banach-*-algebra. Show that
oa(a®) = oala).

Exercise 2.4 Suppose that A is a Banach-*-algebra. Show that any left
unit is a unit. In other words, suppose that a = ea holds for every a in the
Banach-*-algebra A. Show that e is a unit.

Exercise 2.5 Give an example of a unital Banach algebra A and two ele-
ments z,y € A with zy = 1, but yz # 1.

Exercise 2.6 Consider the Banach algebra [!(Z) with the usual convolu-
def

tion product. Show that f*(n) = f(n) defines an involution on [*(Z)
making [1(Z) into a Banach *-algebra, which is not symmetric.

Exercise 2.7 Let (V,|-||) be a Banach space, and let (a,)nen be a sequence
in A. Show that, if > [lan| < oo, then the series ) a, converges in A.

Exercise 2.8 Let (A, |-||) be a Banach algebra. Show that for every a € A

the series -
def a
exp(a) = Zﬁ

n

n=0
converges and that, for a,b € A with ab = ba, one has exp(a + b) =
exp(a) exp(b).

Exercise 2.9 Let B C A a closed sub algebra of the Banach algebra A.
Suppose that A is unital and 1 € B. Show that for x € B,

ra(z) = ra(z),
where 74 is the spectral radius with respect to the algebra A and likewise

for B.

Exercise 2.10 Let A be a unital Banach algebra. Let x,y € A with
xy = yx. Show that the spectral radius satisfies

r(zy) <r(e)r(y),  re+y) <r(@)+r(y).

Exercise 2.11 Show that commuting idempotents repel each other. More
precisely, let A be a Banach algebra, and let e # f in A with e? = e,
2= f and ef = fe. Show that ||e — f| > 1.
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Exercise 2.12 Let A be the disk-algebra of Example 2.2.8. Show that the
algebra of polynomial functions is dense in A.

(Hint: For f € Aand 0 < r < 1 consider f,(z) = f(rz).)

Exercise 2.13 Show that the disk-algebra, equipped with the involution

fz) € f)

is a Banach-*-algebra, but not a C*-algebra.

Exercise 2.14 Let A = C(X) for a compact Hausdorff space X. For
z € X let my : A — C be defined by m,(f) = f(z). Show that the map
T +— my is a homeomorphism from X to the structure space A 4.

(Hint: For a given ideal I in A consider the set V of all € X such that
f(x) =0 for every f € I. Show that V is non-empty for a proper ideal I.)

Exercise 2.15 Let A be a commutative C*-algebra. A linear functional
L is called positive if L(aa*) > 0 for every a € A. Show that every positive
functional is continuous.

Exercise 2.16 [Wiener’s Lemma] Suppose that f : R — C is a 2m-periodic
function such that

= Z ane™®  with Z lan| < oo.

nez nez

Show that if f(x) # 0 for every « € R, then there exist b,, € C such that

% Zbe with Z|bn|<oo.

nez nez

Exercise 2.17 Let A and B be commutative C*-algebras, and let ¢ : A —
B be a linear map with ¢(aa’) = ¢(a)p(a’) for any a,a’ € A. Show that ¢

is a continuous *-homomorphism.

(Hint: Consider the map ¢* : Ag — A4 given by ¢*(m) =mo ¢.)

Exercise 2.18 Assume that a is a normal element in the non-unital C*-
algebra A. Let Co(oa(a)) ={f € C(oa(a)): f(0) =0}.

(a) Show that there exists a unique *-homomorphism & : Cy(A) — A
such that ®(Id) = a where Id = Id, , (4)-

(b) Show that the x-homomorphism ® in (a) is isometric and satisfies

?(Co(oa(a))) = C*(a).
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(Hint: Apply Theorem 2.7.2 to the unitization .4¢ of A.)

Exercise 2.19 Let a be a self-adjoint element in the C*-algebra 4. Then
a is called positive if o 4(a) C [0,00). Show that for each positive element

a € A and for each n € N there exists a unique positive element b € A with
b" = a.

Exercise 2.20 Let a be any self-adjoint element in the C*-algebra A.
Then there exist unique positive elements a* and o~ such that a = a™ —a™
and ata” =a~at =0.

Exercise 2.21 Suppose that a is a self-adjoint element in the unital C*-
algebra A, and let f(z) = 37" B,2" be a power series, which converges
absolutely for every z € o4(a). Then f(a) =Y., Bna™.

Notes

It is a pleasure for us to recommend Kaniuth’s recent book [29] for
further reading on the theory of commutative Banach Algebras.



Chapter 3

Duality for Abelian
Groups

In this chapter we are mainly interested in the study of abelian lo-
cally compact groups A, their dual groups A together with various
associated group algebras. Using the Gelfand-Naimark Theorem as
a tool, we shall then give a proof of the Plancherel Theorem, which
asserts that the Fourier transform extends to a unitary equivalence of
the Hilbert spaces L2(A) and L%(A). We also prove the Pontryagin
Duality Theorem that gives a canonical isomorphism between A and

its bidual A .

3.1 The Dual Group

A locally compact abelian group will be called an LCA-group for
short. A character of an LCA-group A is a continuous group homo-
morphism

x:A — T,
where T is the circle group, i.e., the multiplicative group of all com-
plex numbers of absolute value one. The set A of all characters on
A forms a group under pointwise multiplication

(x-w)(@) =x(@) pwz), A
The inverse element to a given x € Ais given by

1 -
—1
X () =—7==x(), =zecA
x(x)
A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
DOI: 10.1007/978-0-387-85469-4_3,
© Springer Science+Business Media, LLC 2009
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The group A is called the dual group of A.

Examples 3.1.1

e As explained in Example 1.7.1, the dual group of Z is R/Z and
vice versa.

e The characters of the additive group R are the maps x; :  —
e?miwt, where ¢ varies in R. We then get an isomorphism of
groups R =2 R mapping t to x;.

In what follows next we want to show that A carries a natural topol-
ogy that makes it a topological group. For a given topological space
X let C(X) be the complex vector space of all continuous maps from
X to C. For a compact set K C X and an open set U C C define
the set

LIK,U) = {feC(X): f(K)CU}.

This is the set of all f that map a given compact set into a given
open set. The topology generated by the sets L(K,U) as K and U
vary, is called the compact-open topology.

A net (f;) of functions in C'(X) is said to converge locally uniformly,
if for every x € X there is a neighborhood U of z such that f;
converges uniformly on U.

Lemma 3.1.2 Let X be a topological space. With the compact-open
topology, C(X) is a Hausdorff space. A net in C(X) converges in
the compact-open topology if and only if it converges uniformly on
compact subsets.

If X is compact, the compact-open topology on C(X) coincides with
the topology given by the sup-norm.

Any net that is locally uniformly convergent, also converges in the
compact-open topology, and the converse holds if X is locally com-
pact.

Proof: Let f # ¢ in C(X). Choose z € X with f(z) # g(x),
and let S, T be disjoint open neighborhoods in C of f(z) and g(x),
respectively. Then the sets V({z},S) and V({z},T) of f and g are
disjoint open neighborhoods. Therefore, C'(X) is a Hausdorff space.



3.1. THE DUAL GROUP 65

Fix ¢ > 0, let f; — f be a net converging in the compact-open
topology, and let K C X be a compact subset. For z € C and
r > 0 let B,.(z) be the open ball of radius r around z, and let B,.(z)
be its closure. For x € X let U, be the inverse image under f of
the open ball B, 3(f(z)). Then U, is an open neighborhood of x
and f maps its closure U, into the closed ball B, /3(f(x)). As K is
compact, there are x1, ...z, € K such that K is a subset of the union
Uz, U---UU,,. Since closed subsets of compact sets are compact,
the set U, N K is compact. Let L be the intersection of the sets
L(Uy; N K, Bo.y3(f(x))). Then L is an open neighborhood of f in
the compact-open topology. Therefore, there exists an index jg such
that for j > jo each f; liesin L. Let j > jo and x € K. Then there
exists ¢ such that x € U,,. Therefore,

[fi(x) = f@)] < [fi(@) = fl@)] + [f(2i) — ()]
2¢ ¢

It follows that the net converges uniformly on K. The converse
direction is trivial, and so is the last statement of the lemma.

If X is compact, then, by the above, a net converges in the compact-
open topology if and only if it converges uniformly on X. The latter
is equivalent to convergence in the sup-norm. Hence the compact-
open topology and the sup-norm topology are the same. O

By definition, the dual group A'is a subset of the set C (A) of all conti-
nuous maps from A to C. It is closed in the compact-open topology
of C'(A), since any net of characters that converges uniformly on
compact sets converges to a character.

Examples 3.1.3

~

e The compact-open topology on the dual 7 = T of Z is the
natural topology of the circle group T.

~

e The compact-open topology on the dual T = Z of T is the
discrete topology.

~Y

e The compact-open topology on the dual R = R of R is the
usual topology of R.

Proposition 3.1.4 With the compact-open topology, Aisa topolog-
ical group that is Hausdorff.
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Later we will see that A is also locally compact, i.e., an LCA-group.

Proof: To prove that Aisa topological group, we have to show that
the map A x A— A that maps a pair (y,n) to X -1

So let x; — x and n; — 7 be convergent nets in A i.e., they converge
uniformly on compact sets. For x € A we have

, is continuous.

s (@)ny (@) = x(@)n @) < Iy (@) = xg(@)n ™ ()]
+Ho (@)™ (@) = x(@)n ™ ()]
) —

= nj (@) =0 (@) + Ixs (@) = x(@)],

which proves that Xﬂ]j_l indeed tends to yn~!, so Aisa topological
group. Being a subspace of C'(A), it also is Hausdorff. O

The observation that the dual group of the compact group T is the
discrete group Z and vice versa is a special case of the following
general principle:

Proposition 3.1.5
(a) If A is compact, then A is discrete.

(b) If A is discrete, then A is compact.

Proof: Let A be compact, and let L be the set of all n € A such
that n(A) lies in the open set {Re(-) > 0}. As A is compact, L is an
open unit neighborhood in A. For every € A, the image n(A) is a
subgroup of T. The only subgroup of T, however, that is contained
in {Re(-) > 0}, is the trivial group. Therefore L = {1}, and so A is
discrete.

For the second part, assume that A is discrete. Then A = Hom(A, T)
is a subset of the set Map(A,T) of all maps from A to T. The
set Map(A,T) can be identified with the product [],.,T. By Ty-
chonov’s Theorem, the latter is a compact Hausdorff space in the
product topology and A forms a closed subspace. As A is discrete,
the inclusion A — [],.4 T induces a homeomorphism of A onto its

image in the product space. Hence Ais compact. ]
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3.2 The Fourier Transform

Let A be an LCA-group and consider its convolution algebra L*(A).
In this section we want to show that the topological space A is canon-
ically homeomorphic to the structure space Ap1(4) of the commuta-
tive Banach algebra L'(A). Since the latter is locally compact, this
will also show that the dual group A is an LCA- group. Recall that
the Fourier transform f : A — C of a function f € L'(A) is defined

X) = /A f()x(@) da

Theorem 3.2.1 The map x +— dy from the dual group A to the
structure space ALl(A defined by d (f) f(X) is a homeomorphism.

In particular, Ais a locally compact Hausdorff space, so A is an
LCA-group.

It follows that for every f € L'(A) the Fourier transform f 5 a
continuous function on the dual group A, which vanishes at infinity.

Proof: By Lemma 1.7.2 it follows that d, indeed lies in the structure
space of the Banach algebra L'(A).

Injectivity. Assume dy = dy, then [, f(z)(x(x) — x/(z)) dz = 0 for
every f € C.(A). This implies that the continuous functions x and
X' coincide.

Surjectivity. Let m € Apiay. As Ce(A) is dense in L'(A), there
exists an element g € C.(A) with m(g) # 0. For z € A define
x(z) = m(L,g)/m(g). The continuity of m and Lemma 1.4.2 implies
that x is a continuous function on A. One computes,

m(LxQ)m(Lyg) = m(Lzg * Lyg) = m(nyg *g) = m(nyg)m(g).

Dividing by m(g)? and taking complex conjugates, one gets the iden-
tity x(x)x(y) = x(zy), so x is a multiplicative map from A to
C*. Let f € C.(A). Then one can write the convolution f x g
as [ 4 f(x)Lygdr, and this integral may be viewed as a vector-valued
integral with values in the Banach space L'(A) as in Section B.6.
One uses the continuity of the linear functional m and Lemma B.6.5
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to get
Jer@ar = — [ @m(Leg) iz
- o ( / f(x)Lxgdx)

= () = UL )

Let (f;) be a Dirac net in C.(A). For x € A it follows from Lemma
1.6.5 that we have

x@| = |lmf;*X(@)

= Jim [ Lo

= [(limm(Lyf;)
J

< tim|Lofyl, = 1

So |x(z)| <1 for every z € A. As x(z7!) = x(z)7 L it follows that
Ix(x)] =1 for every x € A. Thus, the map x indeed lies in A, and
the map d is surjective.

Continuity. Let x; — x be a net in A that converges locally uni-
formly on A. Let f € L'(A) and choose € > 0. We have to show that
there exists jo such that for j > jo one has |f(x;) — f(x)| < e. Let
g € C.(A) with || f — g|l; < ¢e/3. Since x; — x uniformly on supp(g),
there exists jo such that for j > jo it holds |g(x;) — g(x)| < /3. For
7 > jo one has

1F0G) = FOOL < 1£0G — a06)| +190) — 9001+ 1a(x) = £
< §+§+§ = &

The continuity of the inverse map d—' is a direct consequence of the
following lemma.

Lemma 3.2.2 Let yg € A. Let K be a compact subset of A, and
let € > 0. Then there exist | € N, functions fi,..., fi € L' (A), and
0 > 0 such that for x € A the condition

\fj(x)—fj(x()ﬂ < § foreveryj=1,...,1
implies
Ix(z) — xo(z)] < € for everyz € K.
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Proof: For f € L'(A) we have

F00 - fl) = /A (@)@ = x0(@)) da

= [ P (o)~ 1) da
= fXo(xXo) — fxo(1).
So without loss of generality we can assume yo = 1.

Let f € L'(A) with f(1) = [, f(¥)dx = 1. Then there is a unit-
neighborhood U in A with ||L,f — f||; <¢e/3 for every x € U. As K
is compact, there are finitely many x1,...,2; € A such that K is a
subset of z1UU---UxU. Set f; = L, f and set 6 = ¢/3. Let x € A
with

Ifi(x)—1] < ¢/3 foreveryj=1,...,1.

Then for v € U and x = zju € x;U one gets

X(@) =1 < [x(@) = x(@) 001+ 1f00x(@) = f(x)]

+ £ () — 1
= 211 = f001 + Lo ;00) — Fi (X))
P
373 °

where the last inequality uses

1La i 500 = F;001 < WLt fj = fillh = Lot f = flli < /3.

The lemma and the theorem are proven. O

3.3 The C*-Algebra of an LCA-Group

In this section we introduce the C*-algebra C*(A) of the LCA-group
A as a certain completion of the convolution algebra L'(A). We show
that restriction of multiplicative functionals from C*(A) to the dense
subalgebra L'(A) defines a homeomorphism between Acw(4) and
Ap1(4). Hence by the results of the previous section, Ac« (4 is canon-

ically homeomorphic to the dual group A. The Gelfand-Naimark the-
orem then implies that the Fourier transform on L'(A) extends to an

A

isometric *-isomorphism between C*(A) and Cy(A). These results
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will play an important role in the proof of the Plancherel Theorem
in the following section.

Let f € L'(A) and ¢, ¢ € L?(A). For every y € A one has

[{(Lye, @) | < [ILyelly 0l = llella 102

This implies that the integral [, f(y) (Lyp, ®) dy exists, and one has
the estimate

\ RO y\ < 1715 Iels Il -

In other words, the anti-linear map that sends ¢ to the integral
J4 f(y) (Lyp,®) dy is bounded, hence continuous by Lemma C.1.2.
As every continuous anti-linear map on a Hilbert space is represented
by a unique vector, there exists a unique element L(f)p in L?(A) such

that
< / f ySO (Z)

for every ¢ € L%(A). The above estimate gives | (L(f)p,¢)| <
I £l ll¢lly |@lly- In particular, for ¢ = L(f)¢ one concludes

IL(Hellz < 171 lell L)l

hence | L(f)elly < |If]l; ll¢ll5, which implies that the linear map ¢ +—
L(f)¢ is bounded, hence continuous. Note that for ¢ € C.(G) one
has L(f)y = f * ¢ by Lemma 3.3.1 below.

Lemma 3.3.1 If f € L'(A) and ¢ € L'(A) N L?(A), then L(f)p =
fro=pxf.

Proof: Let ¢ € C.(A). Then the inner product (L(f)y, 1) equals

o f@W) [4e(y @) (z) dudy. This integral converges if f,p, ¢ are
replaced with their absolute values. Therefore we can apply Fubini’s

Theorem to get (L(f)p, ) = (f * ¢, 1), whence the claim. O

Lemma 3.3.2 The map L from L'(A) to the space B(L?(A)) is an
injective, continuous homomorphism of Banach-*-algebras.

Proof: The map is linear and satisfies | L(f)|l,, < [|fl;, therefore is

continuous. For f,g € L'(A) and ¢ in the dense subspace C.(A) of
L?(A) the above lemma and the associativity of convolution implies

L(fxgle=(f*xg)xo=f*(gxp)=L(f)L(g)e,
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so L is multiplicative. For ¢, 9 € C.(A) we get

(o) = //f Y6 (z) dy da

_ //f lyz) de dy
= // )f(y= D)y~ 1) dy da

= F

where we used the transformation z — yz followed by the transfor-
mation y + y~ 1. This shows L(f*)L(f)*.

For the injectivity, let f € L'(G) with L(f) = 0. Then in particular
f*¢@ =0 for every p € C.(A). Using Lemma 1.6.5 this implies
f=0. 0

We define the group C*-algebra C*(A) of the LCA-group A to be the
norm-closure of L(L'(A)) in the C*-algebra B(L?(A)). As L'(A) is
a commutative Banach algebra, C*(A) is a commutative C*-algebra.

Theorem 3.3.3 The map L™ : Agx(q) — ALl(A) given by m — mo
L is a homeomorphism. It follows Ags(4) = ~ A and C*(A) = CO(A)

Proof: As the image of L is dense in C*(A), it follows that moL # 0
for every m € Ag«(4) and that L* is injective. Therefore by Lemma
2.4.7 it suffices to show that L* is surjective.

To prove this, let m € Apiy) and x € A such that m(f) = f(x)
for every f € L'(A). We have to show that m is continuous in
the C*-norm, because then it has a unique extension to C*(A). For
this let po € Ag«(a) be fixed. Then there is xo € A such that for

f € L'(A) the identity f(xo) = po(f) holds, where we have written
po(L(f)) = po(f). For f € L'(A), one has

/ f@)x(@) da

/ f(z (z)xo(z)dz = po(fXxo)-

It follows that [m(f)| = [po(fXx0)| < [fXXollc+(a)- So we have to
show that for f € L'(A) the C*-norm of f equals the C*-norm of fn
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for any n € A. As the C*-norm is the operator norm in B(L%(A)),
we consider ¢, ¢ € L?(A), and we compute

(Lnf)pd) = /A 0(2)f(2) (Lap, 6) da
- / n()f(x) / (a1 B(g) dy de

- /f ) [ o) T dyda
= (L(f)(ne),nd) -
Putting ¢ = L(nf)e, we get

1Ll = (L)), iLf)e) < IL) @)l ITL0S el

Since [|7L(nf)elly = [IL(nf)plly it follows [|L(nf)elly < L))l
and so the operator norm of L(nf) is less than or equal to the oper-

ator norm of L(f). By symmetry we get equality and the theorem
follows. O]

Corollary 3.3.4 Let A be an LCA-group. Then the Fourier trans-
form L'(A) — C’O(A), mapping f to f, is injective.

Proof: Let A = L'(A). As A~ Ay = Ag=(a), the Fourier trans-
form is the composition of the injective maps A — C*(A) — C(](;{).
U

3.4 The Plancherel Theorem

In this section we will construct the Plancherel measure on the dual
group A relative to a given Haar measure on the LCA group A and
we will state the Plancherel Theorem, which says that the Fourier
transform extends to a unitary equivalence

~

L*(A) = L*A).
The proof of the Plancherel theorem will be postponed to the follow-
ing section.

Let A be an LCA-group. For every open unit-neighborhood U there
exists an open unit-neighborhood W with W = W~! and W? c U.
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Choose some 0 < h € C.(W) with h(z) = h(z~!) for every z € A.
Then the support of h x h lies in U and h* h > 0. One can scale the
function such that [, h h(z)dx = 1. Call this function hy and set
fu = hy * hy. Then the net (fy)y is a Dirac net. We will need the
following Lemma.

Lemma 3.4.1 Let ¢,¢ € L*(A). Then the convolution integral

pxo(x) = [, o)y ) dy exists for every x € A and defines
a continuous function in x. The convolution product ¢ *x ¢ lies in

Co(A) and its sup-norm satisfies ||¢ * @[l 4 < [|@ll5 ||@lly- Finally one
has ¢ x ¢*(1) = ||o-

Proof: With ¢, also the function L,¢* lies in L?(A), as A is abelian,
hence unimodular. The convolution integral is the same as the inner
product (@, L;¢*), hence the integral exists. The continuity follows
from Lemma 1.4.2. Next use the Cauchy-Schwarz inequality to get

lo*dll4 = sap[{p, Lad")| < llolly 18]l -
r€EA

Choose sequences (‘Pn) and (¢n) in CC(A) with ||90n_90H27 ||¢n_¢H2 -
0. Then it follows from the above inequality that ¢, * ¢, € C.(A)
converges uniformly to ¢ x ¢. It follows that ¢ x ¢ € Cy(A) since
Co(A) is complete. The final assertion ¢ * p*(1) = ||¢||3 is clear by
definition. O

For f € Co(A) N LY(A) set

U5 = max(lf]L4, 1111 5)-

Let Cg(A) be the completion of L*(A) N Cy(A) in this norm. This is
a Banach space.

Lemma 3.4.2 Let iy and i, be the canonical embeddings of L*(A)N
Co(A) into the spaces Co(A) and C*(A), respectively. Then both
maps ig and iy possess uniquely determined norm-decreasing injective
linear extensions

Qo Ch(A) — Co(A),  iv:Ci(A) — C*(A).

Hence we can consider C5(A) as a subspace of Co(A) as well as of

C*(A).
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Proof: For f € LY(A) N Co(A) one has |io(f)ll4 < |Ifl; and
lis(f)| < [If]ly according to the definition of the norm |-||5. This
implies that i¢p and 7, possess uniquely determined norm-decreasing
(hence continuous) linear extensions to Cj(A). The only nontrivial
point is to see that these are injective. So let f € C§(A) and write f,
for i.(f) and fy for ig(f). We have to show that if one of these two
is zero, then so is the other. Let (f,) be a sequence in Cy(A)N L (A)
converging to f in Cj(A). Then f, converges to f, in C*(A) and to
fo uniformly on A. So for 1 € L?(A) the sequence f,, *1) converges to
fe(3p) in L2(A). If ¢ is in C,(A), then f,, *1) also converges uniformly
to fox1. So for every ¢ € C.(A), the sequence (f, * ¥, ¢) converges
to (f*(¥), ) and by uniform convergence also to (fo * 1, ¢), i.e., we
have (f.(v¥),¢) = (fo*1,p). As this holds for all ¥, ¢ € C.(G),
we conclude f, =0 < fy =0 as claimed. U

A given element f of Cj(A) can be viewed as an element of Cp(A),
or of C*(A) 2 Cy(A). We will frecly switch between these two view-
points in the sequel. If we want to emphasize the distinction, we
write f for the function on A and f for its Fourier transform, the

function on A.

For g € C*(A) and ¢ € L?(A) we from now on write L(g)¢ for the
element g(p) of L?(A).

Lemma 3.4.3 Let f € Cj(A). If the Fourier transform f is real-
valued, then f(1) is real. If f > 0, then f(1) > 0. Here 1 denotes
the unit element of A.

Proof: Suppose that f is real-valued. Then f = f = ?;, SO we
get f = f* and therefore f(1) = f*(1) = f(1). Now suppose
f > 0. Then there exists g € C*(A) with § > 0 and f = §°. Let

0 = ¢* € C.(A). Then L(g)p € L*(A), so

(L(9)¢) * (L(g)®)"(1) = [IL(g)¢ll5 > 0.

Now g is a limit in C*(A) of a sequence (g,,) in L'(A). We can
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assume g, = g for every n € N. Using Lemma 3.3.1 we have
g In y g

(L(g)p) * (L(g)p)" = lim(L(gn)p) * (L(gn)p)®
= lim(gy * @) * (gn * ¢)"
= limgy, *p*p*gn
= li}@ngn*gn*gp*cp
= lim L(gn * gn) (0 * ¢)
= LN)pxp) = [roxp.

We get fx@*p(1) > 0, and therefore f(1) > 0 since we can let p* ¢
run through a Dirac net. O

Lemma 3.4.4 (a) The space L'(A)x C.(A) is a subspace of Co(A).

(b) Let f € C*(A), and let v, ¢ € C(A). Then L(f)(p * ¢) lies in
Cy(A) N L*(A), viewed as a subspace of Co(A). One has

— ~ ~

L(f)(gx0) = foo.

Proof: (a) Let f € L'(A) and ¢ € C.(A). Choose a sequence
fn € C.(A) such that ||f, — f|l1 — 0. Then f, * p € C.(A), and
for every z € A we have [f x p(x) — fu * o(x)] < [If = fullillolloo-
This shows that f ¢ is a uniform limit of functions in Cy(A). Since
Co(A) is complete with respect to || - ||, the result follows.

For (b) let now f € C*(A). There is a sequence f, € L'(A) converg-
ing to f in C*(A). Then L(f,)(p*¢) = forex¢ lies in Co(A)NLL(A).
We have to show that the ensuing sequence f, * ¢ * ¢ is a Cauchy
sequence in Cj(A). This means that the sequence, as well as its
Fourier transform, are both Cauchy sequences in C’O(A) and Cy(A),
respectively. Observe first that fnj\go*gﬁ = fnnpqﬁ Now fn con-
verges uniformly on A SO fn x @ * ¢ converges uniformly to f<p¢,
hence is Cauchy in CO(A). By Lemma 3.4.1 we conclude that for

m,n € N one has [|(fm — fn) * ¢ * ¢l 4 < |(fm — fn) * @ll5 |0]l,- The
right hand side tends to zero as m,n grow large, so f, x p x ¢ is a

Cauchy sequence in Co(A). Since L(f)(p * ¢) € L*(A), the result
follows. O

We frequently need the following lemma.
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Lemma 3.4.5 Let (f;) be a Dirac net in C.(A). Then

(a) (f * fj) converges converges to f in C*(A) for every f € C*(A).
(b) (f * f;) converges uniformly to f for every f € Cy(A).

(c) (f = f;) converges to f in Cj(A) for every f € Cj(A).

(d) (]?]) converges locally uniformly to 1 on A.

Proof: For (a) observe that the result holds for the dense subspace
L'(A). Then a standard e/3-argument extends it to all of C*(A).
For (b) we can use the same argument with L!(A) replaced by the
dense subspace C.(A) of Cy(A). Then (c) is a consequence of (a)
and (b). For the proof of (d) let C' C A be a compact set. Choose
a positive 1) € C¢(A) with ¢y =1 on C, and let f € C*(A) with
f=1. Then ||[fjh =l 3 = fi* f— fllop — 0 by (a), and the result
follows. O

Lemma 3.4.6 Let n € Co(A) be real-valued, and let & > 0. Then
there are f1, fa € C3(A) N L?(A) such that

e the Fourier transforms fi, f2 lie in Cc(;l\),

o they satisfy f1 <n< f2; Jurther Hfl - f2HK <&
and supp(f;) C supp(n) fori=1,2,

o as well as 0 < fo(x) — fi(x) < e for every x € A.

-~

In particular, every n € C.(A) is the uniform limit of functions of
the form f with f € C5(A) of support contained in supp(n).

Proof: For any Dirac net (f;) in C.(A) one has fj € C’o(g) by
Theorem 3.2.1 and the net ( f]) converges locally uniformly on A
to the constant function 1. Note that the Fourier transform of a
function of the form h x h* is > 0. Let K C A be the support of 7.
As C.(A) contains a Dirac net, we conclude that for every § > 0 there
exists a function ¢5 € CF(A) such that the function p5 = ¢5 * @5
satisfies

1-0 < ¢s(x) < 1496 for every x € K.

Fix ¢ € Cf(A) such that ¢ = ¢ x " satisfies &(x) > 1 for every
x € K. Let f € C*(A) with f =n and set

fi = f*(ps =), fa = f*(ps+dp).
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According to Lemma 3.4.4, the functions fi and f3 lie in the space
Ci(A) N L%(A). For every y € A it holds,

A0 = fOO@s(x) —66(x) < n(x) < f2(x).

Further, as f(x) = n(x), one has supp(f;) C supp(n). The other
properties follow by choosing § small enough. O

Proposition 3.4.7 Let 1) € C.(A) be real-valued. Then the supre-
mum of the set

{f(1) - f e Co(A), f <4}

equals the infimum of the set

{f(1): feCi(A), f=u}
We denote this common value by I(1). We extend I to all of C.(A)

by setting I(u + iv) = I(u) +il(v), where u and v are real-valued.
Then I is a Haar integral on C.(A).

- /gw(x) dx

Proof: It follows from Lemma 3.4.3 that the supremum is less or
equal to the infimum and Lemma 3.4.6 impliesthat they coincide.
Thus [ exists. It is clearly linearand it is positive by Lemma 3.4.3.
For the invariance let ¢ € C.(A) be real-valued, and let f € CO(A)
with f <. For y € A we then have L f < L. Further, fo Xf
as well as xf(1) = f(1). This implies the invariance of I. The proof
of the proposition is finished. O

We write this integral as

We close this section with formulating the Plancherel theorem for
LCA-groups. The proof will be given as a consequence of the Pon-
tryagin Duality Theorem in the following section.

Theorem 3.4.8 (Plancherel Theorem)
For a given Haar measure on A there exists a uniquely determined

Haar measure on A\, called the Plancherel measure, such that for
f € LY(A) N L*(A) one has

£l = 1F]2-

Thas implies that the Fourier transform extends to an isometry from
L2(A) to L*(A). Indeed, it is also surjective, so the Fourier transform
extends to a canonical unitary equivalence L*(A) = L?(A).
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3.5 Pontryagin Duality

In the previous sections we saw that the dual group A of an LCA
group A, which consists of all continuous homomorphisms of A into
the circle group T, is again an LCA group. So we can also consider the

dual group A of A. There is a canonical homomorphism § : A — A
which we write as « — d,, and which is given by

We call § the Pontryagin map. To see that for each x € A the map
0z : A — T is indeed a continuous group homomorphism (and hence

an element in A ) we first observe that

6z (xp) = xp(r) = x(2)pu(x) = d2(x)0x (1)

for all x,u € ‘Zg which implies that §, is a homomorphism. Since
convergence in A with respect to the compact open topology implies
pointwise convergence we see that y; — x in A implies

6z (x5) = xj(z) — x(z) = 62(X),

which proves continuity of ¢, for each x € A.

Examples 3.5.1

o If A =R we know that R = R via t — y; with x;(s) = 275,
Thus we can also identify R with its bidual by mapping s € R
to a character ps : R — T, pus(xe) = 627”t5 It is easy to check
that the map pus = ds with 6 : R — R coincides with the
above defined Pontryagin map. So we see in particular that

the Pontryagin map is an isomorphism of groups in the case
A=R.

e Very similarly, we see that the Pontryagin maps ¢ : T — T and

§:72—7 transform to the identity maps under the identifica-
tions Z =2 T and T = Z as explained in Example 1.7.1.

Proposition 3.5.2 Let A be an LCA-group. The Pontryagin map

is an injective continuous group homomorphism from A to A. In
particular, if 1 # x € A there exists some x € A such that x(x) # 1.
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Proof: Note first that the Pontryagin map § is a group homomor-
phism, since

dzy(X) = x(2y) = x(2)x(y) = 02(X)dy(X)-

To show continuity, let x; — x be a convergent net in A. Replacing
x; by x;z~! we may assume that x = 1. We have to show that
0, converges to the constant function 1 uniformly on compacta in
A Let K C Abea compact unit-neighborhood, and let T" be the
set of all z € T with Re(z) > 0. Then L = L(K,T) is an open
unit-neighborhood in A and hence for X € A the set xL is an open
neighborhood of x. It suffices to show that the convergence 9, — 1
is uniform on yxL. Let n € L, then d,,(xn) = x(zi)n(z;). As x(x;)
converges to 1, it suffices to show that d,, converges to 1 uniformly
on L. In other words, we need to show that for every ¢ > 0 there
exists a unit-neighborhood U in A such that every x € L maps U
into the open ball B.(1). So let ¢ > 0. Then there exists n € N such
that for z € T one has

2,2%,...,2"€{Re(-) >0} = |z—-1|<e.

Choose a unit-neighborhood U with U™ C K; then it follows that
x(U) C B(1) for every x € L.

We still have to show that 6 : A — A is injective. So assume that
1 #z € A with 6, = 15. Then x(z) = 1 for every x € A. Choose
g € Ce(A) with g(1) = 1 and g(z~1) = 0. Then L,(g) # g, but by
Lemma 1.7.2 we have L/x@(x) = x(2)g(x) = g(x) for every x € A
This contradicts the fact that the Fourier transform is injective by
Corollary 3.3.4. O

Lemma 3.5.3 Let f € Cj(A) be such that its Fourier transform lies

in Ce(A). Then for every x € A one has f(z) = f(8,-1).
Proof: One has for z € A,
f@) = Loaf() = [ L7000 dx
A
= [ Fost0dx = f6).
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Lemma 3.5.4 For an LCA-group A the following hold.

(a) C.(A) is dense in C5(A).
(b) C(A)N{f: f e Ci(ANLA(A)} is dense in Ci(A).
(c) C.(A)YN{f: feCi(ANLAA)} is dense in L2(A).

Proof: (a) As Cp(A) N LY(A) is dense in C;(A) by definition, it
suffices to show that for a given f in this space there exists a sequence
in C.(A) converging to f in the norms |[-|| , and ||-||; simultaneously.
Let n € N, and let K,, C A be a compact set with |f| < 1/n outside
K,. Choose a function x, in C.(A) with 0 < y, < 1, which is
constantly equal to 1 on K,. Set f, = xnf. Then the sequence f,
converges to f in both norms. Parts (b) and (c) follow from part (a)
and Lemma 3.4.6. O

Theorem 3.5.5 (Pontryagin Duality)
The Pontryagin map 6§ : A — A is an isomorphism of LCA-groups.

Proof: We already know that ¢ is an injective continuous group
homomorphism. We will demonstrate that it has a dense image.

Assume this is not the case. Then there is an open subset U of A ,
which is disjoint from 0(A). By Lemma 3.4.6 applied to g, there
exists Y € Cg(g), which is non-zero such that 1[1 is supported in U,
i.e., it satisfies ¢ (0(A)) = 0. By Lemma 3.5.4, there exists a sequence

(fn) in Ci(A) such that ¢, = f, lies in C,o(A) and converges
to ¢ in Cj (A). The inversion formula of Lemma 3.5.3 shows that
fa(z) = thp(6,-1) for every zz € A. This implies that the sequence
fn tends to zero uniformly on A. On the other hand fn converges to
¢ uniformly on A. This implies that (fn) is a Cauchy sequence in
Ci(A) so it converges in this space. As the limit is unique, it follows

from Lemma 3.4.2 that ¢» = 0 in contradiction to our assumption.

So the image of § is indeed dense in A.

We next show that § is proper, i.e., that the inverse image of a

compact set is compact. For this let K C A be compact. It suffices
to show that the function 0(x) = 6(z~!) is proper. By Lemma 3.4.6,
there exists ¢ € C§(A) such that ¢ has compact support, is > 0 on

A and > 1 on K. As above, there is a sequence (f,) in C§(A) such
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def ~ -~ -~

that ¢, = fp, > 0 lies in C.(A) and converges to ¢ in Cj(A). Fix
n with |[¢h, — zﬂHZ < 1/2. We also have f(2) = ¥ (5,-1) for every
x € A again and, as f, is in Cy(A), there exists a compact set C' C A
such that |f,| < 1/2 outside C. As 1), is > 1/2 on K, it follows that
the pre-image of K under § is contained in C. As § is continuous,
this pre-image is closed, hence compact, so § is proper.

It remains to show that ¢ is a closed map, i.e., that it maps closed
sets to closed sets. Then § is a homeomorphism, i.e., the theorem
follows. So we finish our proof with the following lemma.

Lemma 3.5.6 Let ¢ : X — Y be a continuous map between locally
compact Hausdorff spaces. If ¢ is proper, then it is closed.

Proof: Let T be a closed subset of X. Let (y;) be a net in ¢(T)
that converges to y in Y. Let K be a compact neighborhood of .
We can assume that y; lies in K for every index j. Let z; € T
with p(z;) = y;. Then x; € ¢ 1(K) N T, which is a compact set.
Replacing y; by a subnet we can assume that z; converges to some
x € T. Then () = y, so y lies in ¢(T), which therefore is closed.
The lemma and the theorem follow. g

Proposition 3.5.7 The Fourier transform induces an isometric iso-

~

morphism of Banach spaces F : Cj(A) — C§(A) with inverse map
given by the dual Fourier transform
F.CiA) — CyA)
F)a) = §(0,).
Proof: Let B be the space of all f € Ci(A) such that f lies in

C.(A). For f € B we have F o F(f) = f by Lemma 3.5.3. Further,
one has

max(|| £l 5. [1.£11.1)
max(||f] 3, | o F(f)ll.)

= maX(Hng,HJ?HAf) = [FWlo-

£l

~

As the set F(B) is dense in Cj(A) by Lemma 3.5.4, the Fourier trans-

-~

form defines a surjective isometry from the closure of B to Cj(A).
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Conversely, this means that F is an isometry from Cs (A) to Ci(A).
Since F = Fj;o0 5!, where F 4 denotes the Fourier transform on

o~

A and since F Z(Cg(ﬁ)) contains a subset of Co(A) that is dense
in Cj (ﬁ ) by Lemma 3.5.4, it follows from Pontryagin duality that

F(Ci(A)) is dense in Cj(A). Since it is isometric it must be an iso-
morphism of Banach spaces as claimed. ]

Theorem 3.5.8 (Inversion Formula) R
Let f € LY(A) be such that its Fourier transform f lies in L'(A).
Then f is a continuous function, and for every x € A one has

f@) = f(0,m).

Proof: Let f € L'(A) with f € L'(A). Then f lies in Co(A)NL!(A),
which is a subspace of Cj (ﬁ) By Proposition3.5.7, there exists g €
Ci(A) with § = f and g(z) = f(8,-1) for every z € A. Since the
Fourier transform is injective on C*(A), we have f = g. O

We are now going to give the proof of the Plancherel Theorem as
a corollary of the above Inversion formula. We need the following

~

lemma, which shows that positive functions in C(A) already lie in

L'(A) N Co(A).

-~

Lemma 3.5.9 Suppose that h € C§(A) is positive as an element of

Co(A). Then h is integrable. By duality, the same is then true for
positive functions g € Cg(A).

Proof: Let f € C3(A) with f = h. We construct a sequence (g,) in
C§(A) such that (g,) is a monotonically increasing sequence, which
converges pointwise to h. It then follows from Lemma 3.4.3 that
J39n(x) dx = gn(1) is bounded by f(1) for every n € N and the
result will follow from the Monotone Convergence Theorem.

For the construction of g, let K, = {x € A h(x) > %} Using
Urysohn’s Lemma, for each n we choose functions v, : A — [0, 1]
with support in K, 41 such that ¢, = 1 on K,. Moreover, using a
Dirac net in C¢(A) of the form ¢; = ¢; x ¢} for some other Dirac
net (¢;), we may use Lemma 3.4.5 to find functions p, = vy, * v},

with v, € C.(A) such that 1 — 2% < jn(x) <1- 271% for every
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X € Kpy1. Choose f, € C*(A) such that fr = tp. Put g, =
fofrspun, = fxfr*v, vt which lies in Cj(A) by Lemma 3.4.4. Then
Ggn = h -y - [in, which implies that (g,) satisfies our requirements.
The lemma is proven. O

Proof of Theorem 3.4.8 Let f € L'(A) N L*(A). Then f x f* €
LY(A)NCy(A) C C;(A) by Lemma 3.4.1. The function h = f/*?‘ =
|f|2 is positive, so the above lemma implies that & € L*(A). Thus,
it follows from Theorem 3.5.8 that

175 = £+ £5(1) = F o Fo(1) = [ F2(1) = I F)12

Since L'(A) N L?(A) is dense in L2(A), the Fourier transform f — f
extends to an isometric linear map from L2(A) to L?(A). It follows
from Lemma 3.5.4 that the image is dense in L2(A), hence it must
be surjective. ([l

With the help of the Plancherel theorem, we can see that there are
indeed many functions f, to which the inversion formula applies.

Proposition 3.5.10 Let ¢, <;5 € Ll(A) N LQ(A)} and let f = ¢ * ¢.
Then f € L'(A) and f € L*(A), so the inversion formula applies to

f.

Proof: We have f = @ qﬁ = g0¢ is the pointwise product of L?-
functions on A, hence f € LI(A) O

3.6 The Poisson Summation Formula

Let A be an LCA group, and let B be a closed subgroup of A. We
want to study the r@t\ions between the dual group A of A and the
dual groups Band A /B of the subgroup B and the quotient group
A/B. The Poisson Summation Formula relates the Fourier transform
of A to the transforms on B and A/B.

We start by introducing some further notation: If £ is a subset of
A we denote by J Et the annihilator of E in A Le., the set of all
characters x € A with X(E) = 1. Similarly, if L C A, we denote
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by L+ the annihilator of L in A, i.e., the set of all z € A such that
x(xz) =1 for every x € L. In short, we have

E+ = {xe€A:x(z)=1VzeE}
Lt = {zecA:x(x)=1VxeL}

It is easy to see that E= is a closed subgroup of ﬁ, and LT is a closed

subgroup of A. Recall that the Pontryagin isomorphism ¢ : A — A
is defined by putting d,(x) = x(z) for every x € A.

Proposition 3.6.1 Let A be an LCA group, and let B be a closed
subgroup of A. Then the following are true:

(a) B is isomorphic to m via X — X with X € m defined by
@B) & y(@).

(b) (BH)* =B.

(c) A/B* is isomorphic to B via x - B+ — x|p.

Proof: This is a straightforward verification (See Exercise 3.10). [

As a direct corollary we get

Corollary 3.6.2 Let B be a closed subgroup of the LCA-group A.

Then the restriction map resg : A — B defined by x — x| is

surjective with kernel m .

Note that one could formulate the above result in more fancy lan-
guage as follows: If B is a closed subgroup of A, then we get the
short exact sequence

1—B--4-%54/B—1
of LCA groups. The above result then says that the dual sequence
1 —A/B L4118

is also an exact sequence of LCA groups, where for any continuous
homomorphism % : A; — Ay between two LCA groups Aj, Ao, we
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denote by E Ay — Ay the homomorphism defined by 1/3()() =xo
for x € As. One should not mistake this notation with the notion of
the Fourier transform of a function. Note that if « : B — A is the

inclusion map, then i(x) = y ot = x|5, 50 i = resf.

We now come to Poisson’s summation formula. Recall from Theorem
1.5.2 together with Corollary 1.5.4 that for any closed subgroup B of
the LCA group A we can choose Haar measures on A, B and A/B
in such a way that for every f € C.(A) we get the quotient integral

formula
/A/B/Bf(xb)dbde:/Af(a:)dm

In what follows we shall always assume that the Haar measures are
chosen this way.

Theorem 3.6.3 (Poisson’s Summation Formula)
Let B be a closed subgroup of the LCA group A. For f € L'(A)
deﬁne 2 € LY(A/B) as fP(zB) = [5 f(xb) db. Then, if we identify

A/B wzth/\BL as in Proposition 3.6.1, we get fB = f|BJ_ If, in
addition, f|gL € L*(BY), we get

/ﬂwwh: Foox() dx,
B BL

for almost all x € A, where Haar measure on B+ = A/B is the
Plancherel measure with respect to the chosen Haar measure on A/B.

If B is everywhere defined and continuous, the above equation holds
for all x € A.

Proof: For y € Bt we have x(zb) = x(z) for every z € A and
b € B. We therefore get from Theorem 1.5.2,

FB(y) = FB(xB)x(x) deB
A/B

= / /f:vb (xb)dbdxB
A/B

- /f 7)dz = ()

for every x € B+. Moreover, if f|z. € LY(BL) = Ll(@), then
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the inversion formula of Theorem 3.5.8 implies that

—
~

/B fabydb = [P@B) = [ (5,1p)

= [lps(05-18)
= FOOx(x) dx.
BL
almost everywhere. It holds everywhere if, in addition, the defining
integral for P exists everywhere and f? is continuous. O

Example 3.6.4 (The Poisson Summation formula for R)

Let A be the group (R,+) with the usual topology. Then A = A
via the map y — x, where x,(z) = €™, Let B be the closed
z=subgroup Z. Then the above identification maps B bijectively to
Bt. For f € LY(R) such that f|; € L'(Z), the equality

Y flw+k) = ) flk)emE

kEZ kEZ

holds almost everywhere in x, where f () =[x f (y)e 2™y dy. In
particular, define the Schwartz space S(R) as the space of all C'*°-
functions f : R — C such that for any two integers m,n > 0 the
function 2" f(™(z) is bounded. Then the Fourier transform maps
S(R) bijectively to itself (Exercise 3.14). For f € S(R), both sums
in the Poisson summation formula converge uniformly and define
continuous functions, which then must be equal in every point. For
x = 0 we get the elegant formula

> Fk) = D> (k).

keZ keZ

For applications of this formula to theta series and the Riemann zeta
function, see [9].

3.7 Exercises and Notes

Exercise 3.1 Let U be a basis for the topology on the LCA-group A. Let
U, denote the set of all U € U that are relatively compact. Show that the
set B of all L(U, V), where U € U, and V is open in T, forms a basis of the

~

topology of A.
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Exercise 3.2 Recall that a topological space is called second countable
if its topology admits a countable base. Show that if an LCA-group A is
second countable, then so is its dual A.

Exercise 3.3 Let b be the map

b:R—>H’JI‘

teR

sending z € R to the element b(z) with coordinates b(z); = e*™%. Let B
denote the closure of b(R) in the product space. By Tychonov’s Theorem
the product is compact; therefore B is a compact group called the Bohr
compactification of R. Show that B is separable but not second countable.
(A topological space is called separable if it contains a countable dense
subset.)

(Hint: Use the fact that Q is dense in R. Show that B is isomorphic to the
dual group of Rgjsc, which is the group (R, +) with the discrete topology.
Then use Exercise 3.2)

Exercise 3.4 Verify the statements in Example 3.1.3.

—

Exercise 3.5 Let A and B be two LCA groups. Show that A x B = AxB.

Exercise 3.6 Show that the multiplicative group C* is locally compact
with the topology of C and that

—~

Cx 2 ZxR.
Exercise 3.7 For a sequence (4;);en of finite abelian groups define the
direct sum €D; A; as the set of all a € J[; A; such that a; = 1 for all but

finitely many j. Equip the direct sum with the discrete topology. Show
that there are canonical isomorphisms,

14, = P A,
J J

and

Il

P4, = ][4
J J
Exercise 3.8 (a) Let (A;) be a sequence of finite abelian groups. A pro-
jective system is a family of group homomorphisms pz : Aj — A; for
i < j such that p? opi = pg whenever ¢ < k < j. Define the projective
limit liln Aj as the set of all a € J[; A; such that pl(a;) = a; whenever

i < j. Show that lim A; is a closed subgroup of []; 4;.
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(b) Let (B;) be a sequence of finite abelian groups. A direct system is a
family of group homomorphisms d’ : A; — A; such that dJ, o d¥ = d!
whenever ¢ < k < j. The direct limit lim B} is defined to be the disjoint
union | J. B; of the B; modulo the equivalence relation ~, where we say
that b € B; and b’ € By, are called equivalent, b ~ b’ if there is j > i,k
such that d(b) = dJ, (). Show that lim B; is a group if we define the
product as [b][b'] = [bb'] where the representatives b, b" are chosen in the
same A; (You have to show that this always can be done). We equip
the direct limit with the discrete topology.

c) Let A»,pj be a projective system. Show that there is a canonical
VAR
isomorphism of topological groups,

1@ = lim;g.

(d) Let (Bj, d?) be a direct system. Show that there is a canonical isomor-
phism

Exercise 3.9 Let A be an LCA group, and let f € L!(A) such that fe
LY(A). Show f € L?(A).

Exercise 3.10 For a closed subgroup B of the LCA-group A and a closed
subgroup L of A let

Bt = {xed:x(B)=1}
Lt = {zeA:5,(0)=1}L

Show that B is canonically isomorphic to m, (BH)* = B, and A\/BJ-
is canonically isomorphic to B.

Exercise 3.11 For a continuous group homomorphism ¢ : A — B between
LCA-groups, define ¢ : B — A by

In def

o(x) = xoo.
Show that for any two composable homomorphisms ¢ and 1 one has m =
1) o ¢. This means that A — A defines a contravariant functor on the
category of LCA-groups and continuous group homomorphisms.

Exercise 3.12 A short exact sequence of LCA-groups is a sequence of con-
tinuous group homomorphisms

a1, p"yo

such that « is injective, 3 is surjective, the image of « is the kernel of 3, the
group A carries the subspace topology and C carries the quotient topology.
Show that a short exact sequence like this induces a short exact sequence
of the dual groups s

&

C° B A
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Exercise 3.13 Let A = R, and choose the Lebesgue measure as Haar
measure. Identify A with R via x +— x, with x.(y) = €?™@¥. Show that
via this identification, the Lebesgue measure is the Plancherel measure on
A.

(Hint: Use the fact that [ e~ dz = 1 and compute the Fourier transform

of f(z) =e ")

Exercise 3.14 Show that f € S(R) for every f € S(R) and that the map
F : S(R) — S(R) defined by F(f) = f is a bijective linear map with

F o)) = / g(z)e v,

Exercise 3.15 As an application of Theorem 3.6.3, show that for every
Schwartz function f € S(R),

k) = Y k)

keZ keZ

holds, where f(z) = Jo Fy) e=27 dy.

Exercise 3.16 Let A = R" with Lebesgue measure as Haar measure and
identify R™ with R™ via z +— x, with x.(y) = e 2@ where (x,y)
denotes the standard inner product on R™. Let S(R™) denote the space of
all C'*°- functions f : R™ — C such that for any two multi-indices «, 8 € N
the function
18l
anf def o n ovLf
O (f) = aft... TR
1. T
is bounded, where |8| = 1 + - -+ + 3,,. Formulate and prove the analogues
of Exercise 3.14 and Exercise 3.15 in this setting.

Exercise 3.17 (Parseval’s equation) Let A be an LCA group, and let
A be equipped with the Plancherel measure with respect to a given Haar
measure on A. Show that the equation

(f.g) = /A f(@)g(z)dr = /Af(x)ﬁ(x) ix = (f.9)

holds for all f,g € L'(A) N L2(A).

Exercise 3.18 A finite abelian group A can be equipped either with the
counting measure or with the normalized Haar measure that gives A the
volume 1. What is the Plancherel measure in either case?
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Exercise 3.19 For a finite abelian group A, let C'(A) be the space of all
function from A to C. For a group homomorphism ¢ : A — B between
finite abelian groups let ¢* : C'(B) — C(A) be defined by ¢*f = f o ¢, and
let ¢, : C(A) — C(B) be defined by

dg(d) = > gla),

a:p(a)=b

where the empty sum is interpreted as zero. Show that for composable
homomorphisms one has (¢1). = @1, and (Py)* = Y*o*.

-~

Exercise 3.20 For a finite abelian group A let F : C(A) — C(A) be the
Fourier transform. Show that for every group homomorphism ¢ : A — B
between finite abelian groups the diagram

is commutative.

Notes

In principle, the ideas for the proofs of the Plancherel Theorem and
the Pontryagin Duality Theorem given in this chapter goe back to
the paper [54] of J.H. Williamson. However, to our knowledge, this

~

book is the first that exploits the very natural isomorphism Cj(A) =
Ci(A).



Chapter 4

The Structure
of LCA-Groups

In this chapter we will apply the duality theorem for proving struc-
ture theorems for LCA groups. As main result we will show that all
such groups are isomorphic to groups of the form R™ x H for some
n € Np, such that H is a locally compact abelian group that con-
tains an open compact subgroup K. This theorem will imply better
structure theorems if more information on the group is available. For
instance it will follow that every compactly generated LCA group is
isomorphic to a group of the form R” x Z™ x K for some compact
group K and some n,m € Ng, and every compactly generated group
of Lie type is isomorphic to one of the form R x Z™ x T! x F, for
some finite group F' and some nonnegative integers n,m and [. To
prepare the proofs of these theorems, we start with a section on con-
nectedness in locally compact groups. The main result in that section
shows that every totally disconnected locally compact group G has a
unit neighborhood base consisting of compact open subgroups of G.
The structure theorems will be shown in the second section of this
chapter.

4.1 Connectedness

Recall that a topological space X is called connected if it cannot be
written as the disjoint union of two nonempty open subsets, i.e., if
U,V C X are two open (or closed) subsets of X such that X = UUV

A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
DOI: 10.1007/978-0-387-85469-44,
(© Springer Science+Business Media, LLC 2009
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and UNV =, then X = U or X = V. Another way to formulate
connectedness is to say that the space X is connected if and only if
any set U C X, which is open and closed at the same time, must be
equal to () or X.

A subset A C X is called connected if it is connected in the subspace
topology, i.e., a subset A C X is connected if for all open sets U,V C
X with ACUUV and ANUNV = () it follows that A C U or
A CV.If Aand B are two connected subsets of X with non-empty
intersection, then the union AU B is also connected. Also, the closure
of a connected set is always connected, but intersections of connected
sets are not necessarily connected, for this see the examples below.
If f: X — Y is a continuous map, then the image of any connected
subset of X is a connected subset of Y (See Exercise 4.1).

If x € X, then the connected component C(z) of x is the union of
all connected sets containing x. It is the biggest connected subset of
X that contains x. The set C(x) is closed in X, and the space X
can be written as the disjoint union of its connected components. A
topological space X is called totally disconnected if C(x) = {z} for
every x € X.

Examples 4.1.1

e Any interval in the real line is connected, and so is any ball in
R™ (See Exercise 4.1).

e A circle in R? is connected, since it can be written as the image
of an interval under a continuous function. But the intersec-
tions of two circles may consist of two distinct points, in which
case it is not connected. This shows that intersections of con-
nected sets might not be connected.

e Every discrete topological space X is totally disconnected.

e The Cantor set is an example of a non-discrete totally discon-
nected set (See Exercise 4.2).

e A space X is called path connected if for each pair of points
x,y € X there exists a continuous map v : [0,1] — X, called
path, such that v(0) = x and (1) = y. Since v([0,1]) C X is
connected (as an image of a connected set under a continuous
map), it follows that given a fixed € X in a path-connected
space, then every y € X belongs to the connected component
of z. Thus X = C(z) is connected.
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Proposition 4.1.2 Let G be a topological group, and let Gg be the
connected component of the unit in G. Then Gg is a closed normal
subgroup of G. Moreover, the coset xGqg is the connected compo-
nent of x for every x € G and the quotient group G /Gy is totally
disconnected with respect to the quotient topology.

Proof: The set xGq is the image of Gg under the homeomorphism
Il : G — G, which maps y to xy; therefore the set xGq is the
connected component of z. If z € Gy, then 2GygN Gy # (), and hence
2Go = Gy. Since y — y~! and y — zyxz~! are also homeomorphisms
from G to G, it also follows that Gal = Gy and zGoz~ ! = Gy for
every x € G. This shows that Gy is a closed normal subgroup of G.

To see that G/G) is totally disconnected, we have to show that ev-
ery subset A C G/Gy that contains more then one element, is not
connected. Take the inverse image B = ¢~ !(A) C G. Then B con-
tains at least two disjoint cosets Gy, yGo with =,y € G. Hence, B
is not connected. Thus there exist open subsets W7, Wy C G with
BNnWinNnWy =0, BNW; # 0 fori=1,2, and B C Wi U W5. Then
2Go N WL N Wy = 0, and Gy C W1 U Wy for every x € B. Since
x(G is connected, it follows that for each x € B there exists exactly
one i € {1,2} with Gy C W;. Thus, for V; = ¢(W;) it follows that
V1, Vo are non-empty open subsets of G/Gy with ANV;NVe = 0,
ANV;# (G fori=1,2,and A C V3 U V4. O

In what follows next, we shall prepare a few structural facts for
groups with compact open neighborhoods of the identity that will
be used later.

Lemma 4.1.3 Let G be a topological group, and let ) # C C G be
compact and U C G open with C C U. Then there exists a neighbor-
hood V' of the unit in G such that CV UV C C U. In particular, if
U is open and compact, then there exist a neighborhood V' of e such
that UV =VU =U.

Proof: For each x € C choose a unit-neighborhood V. such that
V2 C U. By compactness of C we may find z1,...,2; € C such
that C C Uézlxini and C C Uézlvmixi. Set V = ﬂﬁZIVzi. Then
CV CcU_2;V,,V C U_ 2;V2 C U and similarly VC C U. O

If G is a topological group and U is a nonempty subset of GG, then
the subgroup (U) of G generated by U is given by (U) = U,ezU"
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(with U? = {e}). If U = U~ ! and e € U, then (U) = U,enU". If U
is a unit neighborhood in G, then (U) is always open in G, since for
each € (U) the neighborhood zU of x lies in (U). But then (U)
is also closed in G, since its complement is a union of cosets of (U),
and hence is open in G.

Proposition 4.1.4 Let G be a topological group, and let U be a com-
pact and open neighborhood of the identity e in G. Then U contains
a compact and open subgroup K of G.

Proof: By the previous lemma, we can find an open neighborhood
V = V! of e such that UV = VU = U. Since e € U, it follows
that V C U, and then V? C VU C U. By induction we then see
that V" C U for every n € N, from which it follows that the group
K = U,enV"™ generated by V lies in U. By the above remark we
know that K is an open and closed subgroup of G. Thus, since it is
contained in the compact set U, it is also compact. [l

Let X be a topological space. Recall that a system B of open subsets
of X is called base of the topology if every open set is a union of sets
in B. For example, in a metric space, the open balls form a base of
the topology.

Proposition 4.1.5 FEwvery totally disconnected locally compact space
X has a base for its topology consisting of open and compact subsets
of X.

Proof: It is enough to show that for each x € X and each compact
neighborhood U of z there exists an open and closed subset V' of X
such that z € V C U.

For this let M denote the set of all y € U such that there exists a
relatively open and closed subset Cy C U with y € C, and = ¢ C.
Then M is the union of all such sets. This implies in particular, that
M isopenin U. Let A=U ~ M. Then z € A, and we shall show
below that A is connected. But then A = {z} since X is totally
disconnected.

If this is shown, then it follows that the compact boundary U = U ~\
U of U lies in M. Thus for each y € QU we can find a relatively open
and closed neighborhood Cy of y that does not contain . Since U
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is compact it lies in the union of finitely many such sets Cy,, ..., Cy,.
The set V = U ~ (U._,C,,) is then a relatively open and closed
subset of U that contains z. Since it lies in the interior U of U , it is
also open in X. Thus it satisfies the above stated requirements.

We now show that A = U~ M is connected. Note first that A is closed
in X since M is open in U. Let Bj, By be closed (hence compact)
subsets of A such that By N By = ) and A = By U By. We have to
show that one of these sets is empty. Assume that x € By. Since
B, By are compact with By N By = () we may choose a relatively
open subset W C U such that By € W and W N By = 0 (use
Lemma A.8.1). We then have 9W N A = () and hence OW C M,
where OW = W ~. W. Choose a finite set yi,...,yp € OW such
that OW c Cy, U---UC,y, (OW is compact since it is closed in the
compact set U.). Put C' = UleC’yi. Then C C M is open and closed
in U and BoNC = () since By C A and ANM = . Since OW C C
we have CUW = C UW. Thus C UW is open and closed in U
and so is its complement U ~ (C U W). Since the latter does not
contain z, it must be a subset of M. Since BoNC = BoNW = ()
we conclude that By C U ~ (CUW) C M, which now implies that
By C ANM = 0. OJ

Combining the previous two propositions, we immediately get

Theorem 4.1.6 Let G be a locally compact group that is totally dis-
connected. Then every unit-neighborhood U in G contains an open
and compact subgroup of G.

4.2 The Structure Theorems

The main results of this section are the following three Structure
Theorems.

Theorem 4.2.1 (First Structure Theorem)
Let A be an LCA group. Then there exists n € Ny and an LCA group
H such that

(a) A is isomorphic to R™ x H.

(b) H contains an open compact subgroup K.
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A topological group G is called compactly generated if G = (V) =
Unez V™ for some compact subset V' of G. Note that every connected
locally compact group is automatically compactly generated. Indeed,
if V' is any compact unit neighborhood in G, then (V') is an open and
closed subgroup of G and hence contains the connected component
Go. But G = Gq if G is connected. For compactly generated LCA
groups we shall prove

Theorem 4.2.2 (Second Structure Theorem)
Let A be a compactly generated LCA group. Then there exist n,m €
No and a compact group K such that A is isomorphic to R" xZ™ x K.

For the proof of this theorem we shall use without proof the well
known structure theorem for finitely generated abelian groups, which
can be found in many text books on algebra. It says that every
finitely generated abelian group B is isomorphic to a group of the
form Z™ x F for some nonnegative integer m € Ny and some finite
abelian group F'. Moreover, recall that every finite abelian group F'
is known to be a direct product of finite cyclic groups.

A third structure theorem, which will be proved in this section, deals
with LCA-groups of Lie type. To define this notion, let us first say
that two locally compact groups G and G’ are locally isomorphic
if there exist open unit neighborhoods V and V' in G and G’, re-
spectively, together with a homeomorphism ¢ : V' — V' such that
o(zy) = o(x)e(y) and p(z7!) = @(x)~! for all 2,y € V such that
zy € V (resp. 27! € V). An LCA group A is called LCA-group of
Lie type if it is locally isomorphic to R™ for some n € Ng. This n is
then uniquely determined and is called the dimension of the group.

Remark. The notion of an LCA-group of Lie type is closely related
to the notion of a Lie group, which is by definition a differentiable
manifold with a smooth group structure [52]. The connection is this:
For a given abelian Lie group, the underlying topological group is an
LCA-group of Lie type. The other way round, each LCA-group of Lie
type, which has countably many connected components, allows for
a unique differentiable structure that makes it an abelian Lie group.
Two abelian Lie groups are isomorphic if and only if their underlying
LCA-groups of Lie type are isomorphic. This rounds up to saying
that the notion of an abelian Lie group essentially coincides with the
notion of an LCA-group of Lie type with countably many connected
components.
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Examples 4.2.3

e Every discrete abelian group is an LCA-group of Lie type since
it is locally isomorphic to R® = {0}.

e R™ and T" are LCA-groups of Lie type of dimension n for every
n € Ng. There is nothing to show for R" and for n = 0. For
T™ with n > 0 consider the set V = ( - %, %)n C R™ and the
map ¢ : V. — T™ given by

<,0(SL‘1, RN al'n) — (627riz1’ o ’627ria:n)‘

Then ¢ is a local isomorphism between R™ and T".

e If the groups Aq,...,A; are LCA-groups of Lie type of dimen-
sions nq,...,n;, then the direct product A; x --- x A; is an
LCA-group of Lie type of dimension ny + ngo + --- + n;. This
follows directly by considering the direct product of the exist-
ing local isomorphisms between R™ and A; for i =1,...,[. In
particular, every group isomorphic to R™ x T™ x D for some
discrete abelian group D is an LCA-group of Lie type of di-
mension n + m.

Theorem 4.2.4 (Third Structure Theorem)

Suppose that A is an LCA-group of Lie type. Then A is isomorphic
to R™ x T™ x D for some nonnegative integers n,m € Ny and some
discrete abelian group D.

Combining Theorems /4\1.2.2 and 4.2.4 together with the isomorphisms
Rn = R™, Zm =~ T™, T! =2 Z! and the fact that the dual of a discrete
group is compact and the dual of a compact group is discrete, we
get the following corollary as consequence of the Pontryagin Duality

Theorem.

Corollary 4.2.5 Let A be a locally compact abelian group. Then the
following are equivalent:

(a) A is compactly generated.

(b) A is an LCA-group of Lie type.
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Using the easy fact that quotients of compactly generated groups
are compactly generated, Theorem 4.2.4 together with the structure
theorem for finitely generated abelian groups immediately implies

Corollary 4.2.6 Let A be a locally compact abelian group. Then the
following are equivalent:

(a) A is a compactly generated LCA-group of Lie type.

(b) There exist n,m,l € Ny and some finite abelian group F such
that A= R" x T™ x Z! x F.

The proofs of the structure theorems require several technical lem-
mas. We start with

Lemma 4.2.7 Let A and B be abelian topological groups, and let
q: A — B be a continuous and surjective homomorphism. Suppose
further that there exists a continuous section s : B — A for q, i.e.,
s is a continuous homomorphism such that qo s = idg. Then A is
isomorphic to C x B with C = ker(q) C A.

Proof: Just check that the map ¢ : A — C x B given by p(z) =
(x - (soq)(x)"t q(z)) is a continuous homomorphism with inverse
given by ¢~ 1(c,b) = c- s(b). O

Example 4.2.8 If A is an abelian topological group such that there
exists a surjective continuous homomorphism ¢ : A — Z!, then A is
isomorphic to N x Z! for N = ker(q). Indeed, if we choose z; € A
such that q(x;) = e;, where e; denotes the ith unit vector in ViR
then s : Z! — A given by s(nq,...,n;) = 27 -+ -2} is a (continuous)
section for ¢ and the lemma applies.

In the course of this section we shall need other criteria that imply
that a given group can be decomposed as a direct product of two
subgroups. The main ingredient for this is the Open Mapping The-
orem for o-compact locally compact groups that we will formulate
below. Recall that a topological space X is called o-compact if it
is the union of countably many compact subsets of X. Every com-
pactly generated group G is o-compact, since then G = U,z V" for
some compact subset V' C G. Since every connected locally compact
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group is compactly generated (see the discussion preceding Theorem
4.2.2) it follows that such groups are also o-compact.

Theorem 4.2.9 (Open Mapping Theorem)

Suppose that G and H are locally compact groups such that G is
o-compact. Suppose further that ¢ : G — H is a continuous and
surjective homomorphism. Then ¢ is open. In particular, if ¢ is
a continuous bijective homomorphism from G to H where G is o-
compact, then ¢ is a topological isomorphism.

Proof: Let e and ey be the units in G and H, respectively. It is
enough to show that ¢(U) is a neighborhood of ey whenever U is a
neighborhood of eg. To see this choose a compact neighborhood V'
of eg such that V =V~ and V2 C U. Since G is o-compact, we can
choose a countable family {K,, : n € N} of compact subsets of G such
that G = U,enK,. For each n € N we may then find a finite subset
F, C K, such that K,, C Ugep, V. Put F = UpenF,. Then F is
a countable subset of G such that G = UyepxV. Since ¢ is onto, it
follows that H = Uzepp(xV'). Since ¢(zV) is closed for every x € F'
(since zV is compact and ¢ is continuous) and since H is a Baire
space by Proposition A.9.1, it follows that there exists at least one
x € F such that the interior of ¢(xV') = ¢(z)p(V) is nonempty. But
this implies that ¢(V') has nonempty interior as well. So choose a
nonempty open set W in H with W C ¢(V). Then W'W is an
open set in H with

er € WTIW C o(V) (V) C o(VTIV) = ¢(V?) C ¢(U). -

Example 4.2.10 The condition of o-compactness in the open map-
ping theorem is indeed necessary, as the following example shows.
Let H = R with the usual topology, and let G = R with the dis-
crete topology. Then the identity map ¢ : G — H is a surjective
continuous homomorphism, which is not open.

Corollary 4.2.11 Suppose that G is a locally compact group and
that N, H are closed subgroups of G such that

(a) N and H are o-compact.
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(b) NNnH ={eg} and N-H =G.
(¢) n-h="h-n forallnme N,h e H.

Then the map ¢ : N x H — G given by ¢(n,h) =n-h is an isomor-
phism of locally compact groups.

Proof: Conditions (b) and (c) imply that ® is a continuous bijective
homomorphism and (a) implies that N x H is o-compact. The result
then follows from the Open Mapping Theorem. U

Example 4.2.12 The condition of o-compactness in the corollary
is necessary. As an example let G = R x Ry, where the second
is equipped with the discrete topology. Then let H = R(1,1) and
N =R(1,—1). As groups, one has G = H x N, but as H and N both
have the discrete topology, the underlying map form G to H x N is
not continuous.

An abelian group D is called divisible if for every x € D and for
every n € N there exists an element y € D such that y" = z. It
is easy to check that R” x T* is divisible for all r,s € Ny, but Z' is
certainly not divisible if [ > 0. Divisible groups have the following
remarkable extension property for homomorphisms to D:

Lemma 4.2.13 Let B be a subgroup of the abelian group A, and let
¢ B — D be a homomorphism to a divisible group D. Then there
exists a homomorphism 1 : A — D with ¥|p = 1.

Proof: This is a straightforward application of Zorn’s Lemma as
soon as we can show that the lemma applies to the case where A is
generated by B U {z} for some element x € A~ B. If 2™ ¢ B for
every 0 # n € Z, we may define &(bx”) =(b) for all b € B, n € Z.
Suppose now that there exists m € N with ™ € B and suppose that
m is minimal with this property. Since D is divisible, we can choose
an element d € D with d™ = ¢(2™). Define ¥(ba™) = (b)d™. To
check that this gives a well-defined homomorphism we have to show
that if ba" = v'z!, for some b,b' € B and n,l € Z, then 1 (b)d" =
Y(V')d'. Assume that n > [. Since 2"~! = b=V € B there exists
some ¢ € N with n — [ = gm. Then b='0 = (2™)9, which implies
that (b=1b) = (2™) = (d™)9 = d"~'. But this is equivalent to
P(b)d™ = (b)d. O
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Lemma 4.2.14 Let A be an LCA group with unit e, and let B and
D be closed subgroups of A such that

e B and D are o-compact.
e B-D isopenin A and BND = {e}.

e D is divisible.

Then there exists a closed subgroup C of A with B C C, B is open
in C, such that ¢ : C x D — A, ¢(c,d) = c-d is an isomorphism of
locally compact groups.

Proof: Note first that ¢ : B x D — B - D, ¢(b,d) = bd is an
isomorphism of LCA groups by Corollary 4.2.11. Let ¢ : B- D — D
be the projection onto the second factor. Since D is divisible, it
extends to some homomorphism ¢ : A — D. Since B - D is open in
A, this extension is automatically continuous (since it is continuous
at the unit of A). Since the inclusion ¢ : D — A is a section for 1
it follows from Lemma 4.2.7 that A = ker(y)) x D. Put C = ker(¢))
and observe that B = C'N (B - D). Hence, since B - D is open in A

we have B open in C. ([l

Example 4.2.15 As a special case of the above corollary it follows
that every divisible open subgroup D of an abelian topological group
A splits off as a direct factor of A. To be more precise, there exists a
discrete subgroup C' of A such that A = C' x D via the obvious map.

In this special case one can omit the conditions that A is locally com-
pact and D is o-compact, since the only place where these conditions
were used in the above lemma was to ensure that B x D = B- D as
topological groups, which is clear in case of B = {e}.

We say that a topological group A is topologically generated by some
subset U C A if the group (U) generated by U is dense in A. In
particular, A is topologically generated by a single element x € A if
{2 :n € Z} is dense in A. This is clearly equivalent to the existence
of a homomorphism ¢ : Z — A with dense image and ¢(1) = =.

Lemma 4.2.16 Fvery LCA group A that is generated topologically
by one element is either compact or topologically isomorphic to Z.
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Proof: Let z € A such that {z" :n € Z} is dense in A. If A is
discrete, it follows that A = p(Z) with ¢ : Z — A, p(n) = 2", from
which it follows that A is either isomorphic to a finite quotient of Z
or A is isomorphic to Z.

So assume that A is not discrete. Then every neighborhood U of the
identity contains infinitely many elements, and since {z" : n € Z} is
dense in A, it follows that UN{a" : n € Z} is infinite, too. Moreover,
we have

A = Glx"U

for every unit neighborhood U of A. To see this we may assume
that U = U™'. Fix a € A. Then aU N {z" : n € Z} # 0 and if
zt € aU, then a 2! € U and hence az~! = 27 'a € U~! = U. Choose
a unit neighborhood W such that W = W~! and az~'W C U.
Since W N {2" : n € Z} is infinite and since z¥ € W if and only if
zF e W=l =W, we can find k € Z with k < [ such that zF € W.
But then az*~! € axz~'W C U and a € 2!~*U with I — k& > 0. This
proves A = Up2  2"U.

If, in addition, U is relatively compact, it follows that there exists
m € N such that
U C U;Zl.'L‘ZU.

Assuming further that U = U~! we claim that A C U, 2'U, which
then implies that A is compact. For this let n(a) be the minimal
clement in N such that a € 2™@U. Then 2%~ ¢ U™ = U C
U ,2™U. Hence 2@ g=1 ¢ 21U for some 1 < i < m, which then
implies that az’~™® e U~ = U and hence a € @ ~U. Since i > 0
it follows from the minimality condition on n(a) that n(a) —¢ <0,
which implies that 1 < n(a) <i < m. O

Lemma 4.2.17 Suppose that A is an LCA group such that there

exists a compact unit neighborhood V- and x1,...,x; € A with
A=V <a:1,...,a:l>.

Then either A is compact or there exists ani € {1,...,1} with (x;) =

{z]' :n € Z} closed in A and isomorphic to Z.

Proof: For each i € {1,...,1} it follows from Lemma 4.2.16 that
(x;) is closed and isomorphic to Z or that (z;) is compact. If (x;) is
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compact for every 1 < i < n, it follows that

(X1, x) = (x1) -+ (),

since products of compact sets are compact and hence closed. It then
follows that A =V - (z1,..., ;) is compact, too. O

Lemma 4.2.18 Let A be a compactly generated LCA group. Then
there exists a closed subgroup L of A such that L = 7! for some
l € Ny, and A/L is compact.

Proof: Choose a compact unit neighborhood V' = V! such that
A = (V) = UpenV™. Since V? is compact, we find z1,...,z, € A
such that V2 C U™, Va;.

We first claim that A =V - H for H = (xy,...,Zm). To see this we
show by induction that V"™ C V - H for every n € N. By definition
of H, this is clear for n = 2, and if it is known for n € N, then

As H is a finitely generated abelian group, there exists an isomor-
phism ¢ : Z¥ x F — H, where the group L = p(Z*) is algebraically
isomorphic to Z* and the quotient A/i is compact. However, L is
not necessarily closed. To get a closed group, let [ € {0,...,k} be
the smallest number such that there exists a subgroup L = Z! of A
such that A/L is compact. We claim that L is closed. Let 7,...,7
be a set of generators of L. Then (r1) is either closed or (r1) is com-
pact. In the latter case, A/ (1o,...,7;) is compact, a contradiction.
Therefore (11) is closed. Next, by the same token, (m3) is closed in
A/ (11), which means that (71, 72) is closed in A. Iteration shows
that L = (71,...,7) is closed in A. O

Lemma 4.2.19 Suppose that A is a connected LCA-group of Lie
type of dimension n € N. Then A is isomorphic to R™/L for some
discrete subgroup L of R™. If, in addition, A does not contain any
infinite compact subgroup, then A is isomorphic to R™.

Proof: Assume that A # {e}, i.e., n > 0. Then there exists a
neighborhood V' of {e} in A, an ¢ > 0, and a homeomorphism ¢ :
U-(0) :={z € R" : ||z]|2 < e} — V such that p(z + y) = p(z)e(y)
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for all z,y € U.(0) such that x +y € U-(0). Define ® : R — A as
follows: given z € R™ choose m € N such that |1 z||> < & and then
put ®(z) = o(Ltx)™. & is well-defined, because if m,k € N such
that || Lz|2, [|£2[2 < e, then we also have || -2z < € and it follows
from the local additivity of ¢ that

1 1 1

p(a)™ = ok —a)™ = ¢

1 1

= @(m%f%)k = 90(%9C)k~

A similar computation shows that the group homomorphism @ is
continuous, since it is continuous at 0. As A is connected, we have
A =02, V" and since (R"™) D ¢(U) =V, it follows that ® is onto.
The space R™ is o-compact, so it follows from the Open Mapping
Theorem that ® is open, i.e., that A = R"/L with L = ker & C R".
L is discrete since L N U(0) = {0}.

= \km
km)

If A does not contain nontrivial infinite compact subgroups, then ®
is also injective, because if there would exist a 0 # x € R" with
®(z) = e, then (R - x) = ®([0, 1] - ) would be a nontrivial infinite
compact subgroup of A. O

Lemma 4.2.20 Suppose that A is an LCA-group of Lie type. Then
the connected component Ay of A is open in A.

Proof: This is clear if A has dimension 0. If A has dimension
n > 0 let V be a unit neighborhood such that there exists a local
isomorphism ¢ : U-(0) — V. Then 2V is a connected neighborhood
of x for all x € A, and therefore £V is contained in the connected
component of z. Thus all connected components of A are open. [

It A, B are LCA groups and if ¢ : A — B is any continuous group
homomorphism, then there exists a dual homomorphism ¢ : B — A
given by ¢(x) = x o . Recall from Corollary 3.6.2 (see also Exercise
3.12) that any short exact sequence of locally compact abelian groups

0-ASBLC—0

(where we assume that ¢ is an imbedding and ¢ is open) dualizes to
give a short exact sequence

0—C i B X A 0.
We shall freely use this fact in the following lemma, which gives the

proof of the general structure theorem in the special case where A
has co-compact connected component Ag.
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Lemma 4.2.21 Suppose that A is a non-compact LCA group such
that A/Ag is compact. Then A= R"™ x K for some n € N and some
compact group K.

Proof: Let ¢ : A — A/Aj denote the quotient map and choose a
compact symmetric unit neighborhood V' such that ¢(V)) = A/Ao.
Then A coincides with the subgroup (V) = U,enV"™ generated by V
because the open subgroup (V') of A contains the connected compo-
nent Ag and ¢((V)) D q(V) = A/Ap. By Lemma 4.2.18 there exists
a closed subgroup L C A isomorphic to Z" for some n € N such that
C = A/L is compact (we have n > 0 since A is not compact). We
therefore get a short exact sequence

0—-2Z"— A—C—0,
which dualizes to a short exact sequence
05C—A—T"— 0,

since Z" = T". Since C' is compact, C is a discrete subgroup of A.
This implies that the map A—Tris locally a homeomorphism, so A
is an LCA-group of Lie type of dimension n. But then the connected
component (A)y of A is an open subgroup of A.

Note that A (and hence also (E)O)Adoes not contain any infinite
compact subgroup, because if & C A would be such group, then it
would follow from dualizing the sequence 0 — E — A — 2/ E—0
and the duality theorem that there is a short exact sequence 0 —
B — A — E — 0 with F an infinite discrete group. But this would
contradict the assumption that A/Aj is compact.

-~

We can now apply Lemma 4.2.19 to see that (A)g is isomorphic to
R™ for some n € Ny. Since R" is divisible, it follows from Example
4.2.15 that A is isomorphic to R™ x H for some discrete abelian group
H. The Pontryagin duality theorem then implies that A = R x H =
R"™ x K, if K denotes the compact group H. 0

Collecting all the previous information, the proof of the general struc-
ture theorem is now very easy:

Proof of Theorem 4.2.1 Let A be any LCA group. We have to
show that A is isomorphic to some direct product R™ x H for some
n € Ny and some LCA group H such that H contains a compact
open subgroup.
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To show this let Ay be the connected component of A. Then A/Ag
is totally disconnected and therefore contains an open compact sub-
group E by Theorem 4.1.6. The inverse image M of F in A is then
open in A with M /Ay compact. Since My = Ay we can apply Lemma
4.2.21 to M to see that M = R™ x K for some n € Ny and some
compact group K. Since M is open in A and R" is divisible, we
can apply Lemma 4.2.14 (to R™ and K) to see that there exists a

closed subgroup H of A containing K as an open subgroup such that
AXR"x H. O

From this we easily obtain the structure theorem for compactly gen-
erated LCA groups:

Proof of Theorem 4.2.2 Let A be a compactly generated LCA
group. By the general structure theorem we know that A =2 R"™ x H
for some n € Ny and some LCA group H such that H has a compact
open subgroup C. Since quotients of compactly generated groups
are compactly generated it follows that H/C' is a finitely generated
discrete group, and hence H/C is isomorphic to Z! x F for some
I € Ng and some finite group F'. Let K be the inverse image of F' in
H under the quotient map. Then K is compact and it follows then
from Example 4.2.8 that H = Z! x K. Thus A2 R"xZ!' x K. O

We finally want to prove the structure theorem for LCA-groups of
Lie type. For this we need

Lemma 4.2.22 Let L be a discrete subgroup of R™. Then L = 7!
for some 0 <1 <n and then R"/L = R x T

Proof: We give the proof by induction on n. The lemma is clearly
true for n = 0 and also for L = {0} (with [ = 0). So suppose that
n > 0 and L # {0}. Since L is discrete, we can find some x; in
L such that ||z1|2 is minimal among all elements 0 # = € L. Put
R=R-z12R. Then RNL =7 x1 = 7Z because if there were an
element y € (RN L) \Z - x1, then there would exist (after passing
to —xp if necessary) an element n € Ny with nzy < y < (n+ 1)z
and then y —nx1 € L\ {0} with [y —n-z1[l2 < [|21]2, which would
contradict the minimality condition for ;.

Let € = %H:cng, and let ¢ : R" — R™/R denote the quotient map.
We claim that ¢(U(0)) Ng(L) = {0}. To see this suppose that there
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exists € R™ with ||z|l2 < 3|12 such that 0 # g(z) € g(L). Then
there existsat € Rwithax+t-21 € L. f x+t-21 =0we havez € R
and ¢(x) = 0, which is impossible. If x + ¢ - 21 # 0 the minimality
condition on z1 implies that ||z1]j2 < ||z +t - z1]]2 < (5 + [¢])]|z1]]2,
from which it follows that [t| > 3. Choose n € Z with |t + n| < 3.
Then = + (t +n) - z1 is also in L, which then implies that = € R or
that [t +n| > 3. Both are impossible.

Since q(U<(0))Ng(L) = {0} it follows that ¢(L) is a discrete subgroup
of R"/R = R"! and by the induction assumption we know that
q(L) = ZF for some k € Ny. Since RN L = Z - x1 = 7 we obtain a
short exact sequence

{0} »Z— L —2"— {0}

of abelian groups. But then it follow from Example 4.2.8 that L =
7k+1

If I > 01let {x1,...,2;} be a (minimal) set of generators for L. Then
{z1,...,2;} is a set of linearly independent vectors in R™, since
otherwise L 2 Z! could be realized as a discrete subgroup of some R*
with k < [, which would contradict Lemma 4.2.22. Choose vectors
Yy Ym € R™ with m = n — [ such that {z1,...,25,y1,...,ym} is
a linear basis of R™. Then one easily checks that

R"/L = Ry /Zxy X --- x Ray/Za; x Ryy x -+ X Ryp, = T x R™.
O

We are now ready for the proof of the structure theorem for LCA-
groups of Lie type.

Proof of Theorem 4.2.4 Let A be an LCA-group of Lie type. We
have to show that there exist numbers n,! € Ny and a discrete group
D such that A = R™ x T! x D. First observe that the connected
component Ag is open in A by Lemma 4.2.20. It then follows from
Lemma 4.2.19 that Ay is isomorphic to R™/L for some m > 0 and
hence isomorphic to R™ x T for some n,l € Ng with n +1 = m by
Lemma 4.2.22. Since R™ x T! is divisible, the result follows from
Example 4.2.15. U

4.3 Exercises

Exercise 4.1 (a) Show that any interval in R is connected.
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(b) Let A be a connected subset of the topological space X. Show that the
closure A is connected, too.

(c) Let f: X — Y be a continuous map. Show that if A C X is connected,
then so is f(A) C Y.

(d) A topological space is called locally connected if every point € X has
a connected neighborhood V. For example, every topological manifold
is locally connected. Show that if X is locally connected, then the
connected component C(z) is open in X for every x € X.

Exercise 4.2 Recall that the Cantor set C' C [0, 1] is defined as the com-

plement [0,1] \ U, where U is the union of all intervals (221, 3242) with

I € Nand n € Ny with 0 < n < 371, Show that C is totally disconnected.

Exercise 4.3 Let X; be a topological space for every ¢ in the nonempty
index set I. Show that the direct product [],.; X; is connected (resp.
totally disconnected) if and only if all X; are connected (resp. totally
disconnected).

Exercise 4.4 Let G be a locally compact group. Show that the connected
component Gy of GG is the intersection of all open subgroups of G.

Exercise 4.5 Show that every projective limit of finite groups is totally
disconnected (compare with Exercise 3.8). Give concrete examples of infi-
nite compact abelian groups that are totally disconnected.

Exercise 4.6 Suppose that G is a compact totally disconnected group.

(a) Show that G has a unit-neighborhood base consisting of open normal
subgroups of G.

(b) Show that G is a projective limit of finite groups.

Exercise 4.7 A topological space is called locally euclidean if every point
has an open neighborhood homeomorphic to R™. A Hausdorff space X,
which is locally euclidean, is called a manifold if the topology of X is
generated by a countable system of open sets. Show that a connected
locally compact group, which is locally euclidean, is a manifold.

Exercise 4.8 Let G be a topological group, and let H be a closed subgroup
of G such that H and G/H are connected. Show that also G is connected.
Show that the groups U(n) and SO(n) are connected for every n € N. Is
O(n) connected?

Exercise 4.9 Show that an LCA-group, which is countable, must be dis-
crete.

Exercise 4.10 (a) Describe all closed subgroups of R™.

(b) Show that every closed subgroup and every quotient of an LCA-group
of Lie type is again an LCA-group of Lie type.

(¢) Show that every closed subgroup and every quotient of a compactly
generated LCA-group is again a compactly generated LCA-group.



Chapter 5

Operators on Hilbert
Spaces

In this chapter, we will apply the results of Chapter 2 on C'*-algebras
to operators on Hilbert spaces. In particular, we will discuss the con-
tinuous functional calculus for normal bounded operators on Hilbert
space, which turns out to be a powerful tool.

The space B(H) of all bounded linear operators on a Hilbert space
H is a Banach algebra with the operator norm (Example 2.1.1), and,
as we have seen in Example 2.6.1, even a C*-algebra. We will write

o(T) = opum)(T)

for the spectrum of T' with respect to the C*-algebra B(H) and call
it simply the spectrum of the operator T.

5.1 Functional Calculus

Let H be a Hilbert space, and let T" be a bounded normal operator
on H, this means that 7" commutes with its adjoint 1%, i.e., T is
normal as an element of the C*-algebra B(H). We then can apply
the results of Section 2.7, which for any continuous function f on the
spectrum o(7") give a unique element f(7") of B(H) that commutes
with T and satisfies

—

F(T) = foT,

A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
DOI: 10.1007/978-0-387-85469-4_5,
(© Springer Science+Business Media, LLC 2009
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where the hat means the Gelfand transform with respect to the unital
C*-algebra generated by T'. Recall that by Corollary 2.7.3 the spec-
trum of a normal operator 1" does not depend on the C*-algebra.
The map from C(o(T)) to B(H) mapping f to f(T') is the conti-
nuous functional calculus. In the next proposition, we summarize
some important properties.

Proposition 5.1.1 Let A = C*(T,1) be the unital C*-algebra gen-
erated by T

(a) The map f +— f(T) is an isometric C*-isomomorphism from

C(o(T)) to A.

(b) LetV C H be a closed subspace stable under T and T*. Then V
is stable under A and f(T)|v = f(T|v).

(c) Let V be the kernel of f(T). Then V is stable under T and T*,
and the spectrum of f(T|v) is contained in the zero-set of f.

(d) If f(2) = Dol ganz™ is a power series that converges for z =

1T, then f(T) = >_5Zg anT™.

Proof: The first assertion is a direct consequence of Theorem 2.7.2.

To show (b), note first that if V' is stable under T"and 7, then V' is A-
stable, since the linear combinations of operators of the form T (7*)!
are dense in A. We therefore get a well defined *-homomorphism
U : A — B(V) mapping S to S|y. The assertion in (b) is then a
consequence of Corollary 2.7.5.

In (c), the space V is stable under 7' and 7™ as these operators
commute with f(7"). Further, using Corollary 2.7.6, one has

fe(Tly)) = o(f(Tlv)) = o(f(T)lv) = {0}

Finally, part (d) is contained in Theorem 2.7.2. O

An important class of normal operators are the self-adjoint opera-
tors, i.e., operators 7" with 7" = T™. It is shown in Corollary 2.7.4
that o(T) C R for every self-adjoint 7. Another class of interest-
ing normal operators are the unitary operators. These are operators
U € B(H) satisfying UU* = U*U = 1. Note that a normal operator
U € B(H) is unitary if and only if o(U) C T. This follows from
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functional calculus, because if U is normal, then U*U = 1 if and
only if Id - Id = 1 for Id = Id (), which is equivalent to o(U) C T.

Recall the Schwartz space S(R) consisting of all smooth functions
f : R — C such that for any two integers m,n > 0 the function
2" f(™)(z) is bounded. So a Schwartz function on R is a smooth
function on R, which, together with all its derivatives, is rapidly
decreasing.

For f € S(R) the Fourier inversion formula says that

— [ fweray,
R

where f = Jx f( Ye 2™y d is the Fourier transform (See Exer-
cise 3.14 or [9] Sectlon 3.4).

Proposition 5.1.2 Let T be a self-adjoint bounded operator on the
Hilbert space H. Then for every f € S(R),

— [ ey,
R

where the unitary operator e>™¥7T is defined by the continuous func-

tional calculus. In particular, it follows that for any two v,w € H

one has
FTpew) = [ ) (@ Tow) dy

2miyT

Proof: To see that the operator e is unitary, we compute

(627rin)* — 2T _ —2miyT _ (627rin)_1‘

The Bochner integral exists by Lemma B.6.2 and Proposition B.6.3.
Next, let ® : C(o(T)) — C*(T,1),g — ¢(T) denote the isometric
sx-homomorphism underlying the Functional Calculus for T. The
Fourier inversion formula implies that

Floir = /R Fly)e2midom .

By continuity of ® we therefore get

fT) = O(floy) = ( / F(y)emintdocr) dy>
[ i) ay

f( )e*m v dy,

——
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where the last equation follows from Corollary 2.7.5, which implies
@(6271'7::[/1(110.(7*)) — eQﬂ'iy‘I)(Ida(T)) — 62TI"L'T. |:|
A self-adjoint operator T' € B(H) is called positive if

(Tw,v) >0 Yve H.

In what follows, we want to use the spectral theorem to compute a
positive square root for any positive operator T'. For this we need to
know that positive operators have positive spectrum.

Theorem 5.1.3 Let T be a self-adjoint bounded operator on the
Hilbert space H. Then the following are equivalent:

T is positive.

(a
(

(c
(d

)

b) The spectrum o(T) is contained in the interval [0, 00).
) There exists an operator R € B(H) with T = R*R.
)

There exists a unique positive operator S with T = S?.

Proof: The implications (d) = (c) and (c) = (a) are trivial. So it
is enough to show that (a) = (b) and (b) = (d) hold.

For (a) = (b) assume without loss of generality that ||7'| = 1. Then
o(T) C [~1,1] since T is self-adjoint. We show that T), = T+ ul is
invertible for every 1 > 0, which will imply that there are no negative
spectral values for T'. By assumption we have

I Tollllvll = (Tuv,v) = (Tv,0) + p{v,0) = plloll?,

which implies that ||T,v| > pl||v|| for every v € H. It follows that T},
is injective. Since T, is self-adjoint we also get (T),(H))* = ker T}, =
{0}, since if w € (T,(H))*, then 0 = (Tjv,w) = (v, T,w) for every
v € H, which implies that T,w = 0. Thus we get T,,(H) = H and
for each w € H we find a sequence v,, in H with Tv,, — w. Since

1
lon =vm|l < ZITuvn = Toml|

for all n,m € N, it follows that (v,) is a Cauchy-sequence and hence
converges to some v € H. Then T,,v = w, which shows that T}, is
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also surjective. The Open Mapping Theorem C.1.5 implies that T}, 1
is continuous, so T, is invertible in B(H).

Assume finally that (b) holds. Then ¢ — /¢ is a continuous function
on o(T), and by functional calculus we can build the operator S =
VT. Since /- is real and positive, it follows from Corollary 2.7.6
that S is self-adjoint, o(S) C [0,00), and S? = T. For uniqueness
assume that S is another such operator. Then T commutes with S,
and therefore T lies in the commutative C*-algebra C*(S,1). But
then C*(T,1) C C*(S,1) = C(0(S)), and the result follows from the
fact that a positive real function has a unique positive square root.

O

Let T be a bounded operator on a Hilbert space H. Define the

operator |T'| by
T| = VTT,

which exists and is well defined by the above theorem.

Proposition 5.1.4 Let T be a bounded operator on H. Then the
norm of |T|v coincides with ||Tv||. There is an isometric operator U
from the closure of Im(|T|) to the closure of Im(T) such that T =
U|T|. This decomposition of T is called polar decomposition. It is
unique 1n the following sense. If T = U'P, where P is self-adjoint
and positive, and U’ : Im(P) — H is isometric, then U’ = U and
P=|T|.

Proof: For v € H the square of the norm ||Tw|* equals
(To,To) = (T"Tw,v) = (|Tf?0,0) = (Tlo, |T]),

and the latter is [||T|v|*. For v € H we define U(|T|v) = Twv, then
U is a well-defined isometry from Im(|T|) to Im(7"), which extends
to the closure, and satisfies the claim. For the uniqueness let T =
U|T| = U'P. Extend U to a bounded operator on H by setting U = 0
on Im(|T|)* and do likewise for U’. Then U*U is the orthogonal
projection to Im(|7"|) and (U’)*U’ is the orthogonal projection to
Im(P), so that (U')*U'P = P. Note |T| = VT*T = \/(U'P)*U'P =
VP*(U')*U'P = VP*P = VP2 = P. This also implies U = U’

O

An important application of the functional calculus for operators on
Hilbert space is Schur’s Lemma, which we shall use quite frequently
in the remaining part of this book. We first state
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Lemma 5.1.5 Let H be a Hilbert space, and let T be a bounded
normal operator, the spectrum of which consists of a single point
{A} Cc C. Then T'= AId.

Proof: If o(T) = {A}, then Id,(7y = Ay and therefore T' =
Idg () (T) = X - 1dg. O

Theorem 5.1.6 (Schur’s Lemma) Suppose that A C B(H) is a
self-adjoint set of bounded operators on the Hilbert space H (i.e.,
S € A implies S* € A). Then the following are equivalent:

(a) A is topologically irreducible, i.e., if {0} # L C H is any
A-invariant closed subspace of H then L = H.

(b) If T € B(H) commutes with every S € A, then T = pld for
some p € C.

Proof: Assume first that the second assertion holds. Then, if {0} #
L C H is any A-invariant closed subspace of H, the orthogonal
complement Lt is A-invariant as well, for with v € L, u € L+, and
S € A we have

*

(v,Su) = <é/v/,u> = 0.

€L
So the orthogonal projection Py, : H — L commutes with A, so Py,
must be a multiple of the identity. But this implies that P;, = Id
and L = H.

For the converse, assume that (a) holds, and let T' € B(H) commute
with A. Then also T commutes with A since A is self-adjoint. Thus,
writing 7' = (T + T*) — i3 (iT — iT*) we may assume without loss
of generality that T is self-adjoint and T # 0. We want to show
that the spectrum of T' consists of a single point. Note that an
operator S, which commutes with 7', also commutes with f(7) for
every f € C(o(T)). Assume that there are z,y € o(T) with x # y.
Then there are two functions f,g € C(o(T)) with f(z) # 0 # g(y)
and f g = 0. Then f(T) 0 % ¢(T) and f(T)g(T) = f - g(T) = 0.
Since ¢g(T") commutes with A, the space L = g(T)H is a non-zero
A-invariant subspace of H. By (a) we get L = H. But then

{0}y # f(T)H = f(T)g(T)H C f(T)g(T)H = {0},

a contradiction. O
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5.2 Compact Operators

An operator T on a Hilbert space H is called a compact operator
if T" maps bounded sets to relatively compact ones. It is clear from
the definition that if 7" is compact and S a bounded operator on H,
then ST and TS are compact. The definition can be rephrased as
follows. An operator T is compact if and only if for a given bounded
sequence v; € H the sequence T'v; has a convergent subsequence. If
the v; lie in a finite dimensional space, then this is true for every
bounded operator. So one may restrict to sequences v; that are
linearly independent.

A linear map F': H — H on a Hilbert space H is said to be a finite
rank operator if the image F'(H) is finite-dimensional. A finite rank
operator is clearly continuous, i.e., bounded.

Proposition 5.2.1 For a bounded operator T' on a Hilbert space H
the following are equivalent.

(a) T is compact.

(b) For every orthonormal sequence e the sequence T'e; has a con-
vergent subsequence.

(c) There exists a sequence F, of finite rank operators such that
|T = Full,, tends to zero, as n — oo.

Proof: The implication (a)=-(b) is trivial. For (b)=(c) we construct
an orthonormal sequence e; as follows. Choose e; € H with |le]| =1
and |Ter| > 3||T||. Next assume ey, ..., e, already constructed,
and let U, be their span. Then choose e,11 € Uy with [le, 1] = 1
and ||Ten41]| > 3 |T(I — P,)||, where P, is the orthogonal projection
onto U,. Then

T —TP,| = |T(I—-P,)|| < 2||Tens1]| — O,

as n — oo. So T is indeed the limit of a sequence of finite rank
operators I, =TPF,.

For (c)=-(a) let v; be a bounded sequence, and let 7" be the norm-
limit of a sequence of finite rank operators F,. We can assume
llvjll,[|IT|] < 1. Then v; has a subsequence vjl such that Fy (vjl) con-

verges. Next, vjl» has a subsequence 0]2. such that FQ(’UJZ) converges,
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and so on. Let w; = vJ. Then for every n € N, the sequence
(Fn(wj))jen converges. As T is the uniform limit of the F,, the se-
quence T'w; is convergent as well. O

Theorem 5.2.2 (Spectral Theorem)

Let T be a compact normal operator on the Hilbert space H. Then
there exists a sequence A, of non-zero complexr numbers, which is
either finite or tends to zero, such that one has an orthogonal de-
composition

H = ker(T) © EPEig(T, ).

Fach eigenspace Eig(T,\,) = {v € H : Tv = A\v} is finite dimen-
stonal, and the eigenspaces are pairwise orthogonal.

Proof: We first show that a given compact normal operator T £ 0
has an eigenvalue A # 0. We show that it suffices to assume that T is
self-adjoint. Note that T' = (T +T*) — L(iT + (iT)*) = Ty +iT> is a
linear combination of two commuting compact self-adjoint operators.
If 75 = 0, then T is self-adjoint and we are done. Otherwise, 15 has a
non-zero eigenvalue v € R~\.{0}. The corresponding eigenspace is left
stable by T4, which therefore induces a self-adjoint compact operator
on that space, hence has an eigenvalue y € R. Then A =y +iv is a
non-zero eigenvalue of 7T'.

We have to show that a compact self-adjoint operator T # 0 has an
eigenvalue A\ # 0.
Lemma 5.2.3 For a bounded self-adjoint operator T on a Hilbert
space V we have

T[] = sup{|(T'v,v) [ : [Jo] = 1}.
Proof: Let C be the right hand side. By the Cauchy-Schwarz in-

equality we have C' < ||T'||. On the other hand, for v,w € V with
Il s [Jw|| <1 one has

1 1
C = SOl +Ilwl®) = C(v+wl+ [l —wl?)

v

L 0w+ 0o+ 0) — (70 - w0 - w)

= %](Tv,w)+<Tw,v>] = %|<Tv,w>+<w,Tv>|
= |Re(Twv,w)]|.
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Replacing v with v for some 6§ € C with || = 1 we get C >
| (Tv,w) | for all ||v]|, ||w|| <1 and so |T] < C. O

We continue the proof that a compact self-adjoint operator T' # 0
has an eigenvalue A # 0. Indeed, we prove that either ||T’|| or —||T||
is an eigenvalue for T'. By the lemma there is a sequence v,, € V with
llon|| = 1 and (T'vp, v,) — £ ||T||. Replacing T with —T" if necessary,
we assume (T'v,,v,) — ||T||. By the Banach-Alaoglu Theorem there
exists a subnet v;, which converges weakly to, say, v € V with ||v|| <
1. This means that for every w € V the net (v;,w) converges to
(v,w). As T'is compact, the net T'v; has a norm-convergent subnet,
so we assume T'v; is norm-convergent to, say u. On the other hand
Tvj converges weakly to T'v, hence v = T, so ||[Tv; — Tv|| — 0. As

| (Tvj,vj) — (Tv,v) | < [(Tvj — Tv,v;) | +| (Tv,v; —v) |,

<[ Tw; =T

we conlude (Tv,v) = lim; (Tvj,vj) = |T|| and ||Tv| = ||T|| as well
as ||v|| = 1. Tt follows

17w — 1T ]* ITol|* — 2Re (Tw, ||T|| ) + |IT)* [|o]|*

ITI* =2 |T)* + |T)* = o.

IN

So we have Tv = ||T|| v. We have proven that every compact normal
operator 1" has an eigenvalue X\ # 0. Let U C V be the closure of the
sum of all eigenspaces of T' corresponding to non-zero eigenvalues.
By Lemma C.3.3 every eigenvector for 7' is also an eigenvector for T*,
so U is stable under 7" and T™ and hence the orthogonal complement
U+ is stable under T and T* as well. The operator T induces a
compact normal operator on U'; as this operator cannot have a
non-zero eigenvalue, it is zero and U~ is the kernel of T. We have
shown that V is a direct sum of eigenspaces of T

It remains to show that every eigenspace is finite dimensional and
that the eigenvalues do not accumulate away from zero. For this
let f be a continuous function on C whose zero set is the closed e-
neighborhood B:()\) of a given A\ € C, where 0 < ¢ < |\|. Let V
be the kernel of f(7"). By Proposition 5.1.1, the space V is stable
under T and T*, and o(T|y) C B:()\). It follows from Functional
Calculus that [|T"— /\HV = HIdO'(T|V) — /\1‘7(T|V)HU(T|V) < e, which
implies that for v € V one has ||[Tv]| > (|]\| — ¢)[|v]. We want to
deduce that V' is finite dimensional. Assume the contrary, so there
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exists an orthonormal sequence (f;)jen in V. Then ||f; — fil| = V2
for i # j and so |[Tf; — Tfi| > (|]A\| — €)v/2, which means that no
subsequence of (T'f;) is a Cauchy sequence, hence (7'f;) does not
contain a convergent subsequence, a contradiction to the compact-
ness of T'. So V is finite dimensional, hence it is a direct orthogonal
sum of T-eigenspaces. It now follows that no spectral values of T’
can accumulate away from zero, and all spectral values apart from
zero are eigenvalues of finite multiplicity. Finally, the fact that the
eigenspaces are pairwise orthogonal is in Lemma C.3.3. The theorem
is proven. ]

Let T be a compact operator on a Hilbert space H. Then T*T
is a self-adjoint compact operator with positive eigenvalues. The
operator |T'| = v/T*T also is a compact operator. Let s;(T) be the
family of non-zero eigenvalues of |T'| repeated with multiplicities.
These s;(T") are called the singular values of T'.

Proposition 5.2.4 LetT" be a compact operator on H, and let s; =
5;(T). Then there are orthonormal sequences (f;) and (g;) in H,
which may be finite, such that for every v € H,

Tv = >;si(v, f5) 95 T = ;si(v,95) [,

Tl = >siv, fi) fis T = 32,85 (v,9;5) 95

The f; and the g; are the eigenvectors of |T'| and |T™*|. In particular,
T and T have the same singular values.

Proof: By the Spectral Theorem 5.2.2 the compact operator |T|
is of the given form with all s; positive. For v € H we get with
Proposition 5.1.4,

Tv = UlTlo = U siw, /i) fi | = D siw. f;)Uf.
J J

Let g; = Uf; so we get the claim for T". For v,w € H the product
(T*v, w) equals

<U>Tw> = <vazsj<wafj>gj> = <Zsj<vagj>fjaw>a

J

J

which gives the claim for T%. The rest follows from this. O
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Proposition 5.2.5 Let T be a compact operator.

(a) We have s1(T') = ||T|| and

sj+1(T) = inf Hsup{HTwH cw Lo, .., fJw]] =11

V1,.-+,U5

(b) For any bounded operator S on H one has s;(ST) < ||S||s;(T).

Proof: The formulas in (a) follow from the fact that the s; are the

eigenvalues of the self-adjoint operator |T'| and ||T|| = |||T]||. Part
(b) is a consequence of (a). We leave the details as an exercise (See
Exercise 5.4). O

5.3 Hilbert-Schmidt and Trace Class

Let T € B(H), and let (ej) be an orthonormal basis of H. The
Hilbert-Schmidt norm ||T|lyg of T' is defined by

ef
ITls = Y (Tej Tej).

J

This number is > 0 but can be +o00o. It does not depend on the choice
of the orthonormal basis, as we will prove now. First recall that for
any two vectors v,w € H and any orthonormal basis (e;) one has

(v, w) =Y (v,¢;) (e, w).
J
Let now (¢,) be another orthonormal basis; then, not knowing the

independence yet, we write HTHIQ{S (e;) and ||T ||12{S (¢a), respectively.
We compute

ITls (e5) = D> (Tej, da) (#a:Tej)
- ZZ@,T*%MT*%,@)
= Y3 T (T )

= IT"Is (¢a)-
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The interchange of summation order is justified by the fact that all
summands are positive. Applying this for (e;) = (¢q) first and then
for T instead of T" we get

ITIIEs (e) = I1T*fs (e;) = ITfis (6a),
as claimed.

We say that the operator T' is a Hilbert-Schmidt operator if ||T'|| ;¢
is finite.

Lemma 5.3.1 For every bounded operator T’ on H,
1T < Tl -
For every unitary operator U we have |[UT | yo = [|[TU| gg = [|T || g s-

Proof: Let v € H with |[v|| = 1. Then there is an orthonormal basis
(ej) with e; = v. We get

2 2 2 2
ITo* = ITer]” < D ITejl* = Tl
i

The invariance under multiplication by unitary operators is clear,
since (Ue;) is an orthonormal basis when (e;) is. O

The main example we are interested in is the following. Let u be
a measure on a o-algebra of subsets of a set X. Recall the Hilbert
space L?(X). Assume that yu is either o-finite or that X is locally
compact and p is an outer Radon measure, so that Fubini’s Theorem
holds with respect to the product measure y® p on L?(X x X). Let
k be a function in L?(X x X). Then we call k an L?-kernel.

Proposition 5.3.2 Suppose k(z,y) is an L?-kernel on X. For ¢ €
L?(X) define

Ko(z) < /Xk(x,y)w(y)du(y)

Then this integral exists almost everywhere in x. The function K¢
lies in L*(X), and K extends to a Hilbert-Schmidt operator K :
L*(X) — L*(X) with

Kl = [ [ 1hGeo) P du(o) du).
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Proof: To see that the integral exists for almost all x € X let v be
any element in L?(X). Then (z,y) — ¥(x)p(y) lies in L*(X x X),
and therefore the function (x,y) — k(x,y)p(y)1(x) is integrable over
X x X. By Fubini, it follows that

/ b()k(z, y)(y) dy = ¥(z) / Bz, y)e(y) dy
X X

exists for almost all z € X. Since k(z,y) vanishes for every x outside
some o-finite subset A of X, we may let ¢ run through the charac-
teristic functions of an increasing sequence of finite measurable sets
that exhaust A, to conclude that the integral [y k(x,y)¢(y) dy exists
for almost all z € X.

We use the Cauchy-Schwarz inequality to estimate

IKgl? = /X Ko(o)|? da

= /X‘/X7~€(:v,y)s0(y)dy2
< /X /X (o, y) 1 do dy /X ) dy
= [ [ P sy 1ol

So K extends to a bounded operator on L?(X). Let (ej) be an
orthonormal basis of L?(X). Then

dx

K5 = Z(Kej,Ke] = /Ke] x)Kej(z) de
= Z// (z,9)ej(y dy/ k(z,y)e;(y) dy da
- zj:/X<k(m,.),ej><ej,k(m,.)) da
- /)(;(k‘(m, Drei) ey, klx, ) de

- /X<1<;(x,.),k(:c,.)> dv = /X/Xm(x’y)%xdy' 0




122 CHAPTER 5. OPERATORS ON HILBERT SPACES

Proposition 5.3.3 The operator T is Hilbert-Schmidt if and only if
it is compact and its singular values satisfy Zj 5;(T)? < 0o. Indeed,

then one has Zj 5;(T)? = HTH2HS

Proof: We show that a bounded operator T is Hilbert-Schmidt if
and only if |T'| = T*T is. This follows from

> (Te;,Tej) = Z(T*T%ej) = Z<\T|2€j7ej>

J J

= > (ITles, |Tley) -

J

Let T be Hilbert-Schmidt. To see that T is compact, it suffices to
show that if e; is an orthonormal sequence, then T'e; has a conver-
gent subsequence. But indeed, extend e; to an orthonormal basis,
then the Hilbert-Schmidt criterion shows that T'e; tends to zero. So
T is compact. The operator |T'| is Hilbert-Schmidt if and only if
Zj sj(T)? converges, as one sees by applying the Hilbert-Schmids
criterion to an orthonormal basis consisting of eigenvectors of |T'|.
Finally, it is clear that > s;(T)% = |HT|H%IS, but by the above com-

putation the latter equals HTH%IS O

A compact operator T is called a trace class operator if the trace

def
Tl = > si(D),

J

norm,

is finite. It follows that every trace class operator is also Hilbert-
Schmidt.

Lemma 5.3.4 Let T be a trace class operator and S a bounded op-
erator.

(a) The norms ||ST||,, , TS|, are both < S|/, -

(b) Let T be a compact operator on H. One has

T, = sup | (Tei, hi) |,
' <ei>,<hi>zi:

where the supremum runs over all orthonormal bases (e;) and

(hi).
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Proof: The inequality ||ST|,, < [|S|/||Tl, is a consequence of
Proposition 5.2.5 (b). The other follows from ||T'|| = || 7| and the
same for the trace norm.

For the second part recall that by Proposition 5.2.4 there are or-
thonormal sequences f and g such that with s; = s;(7),

Tv =) si(v,f5) 9
J
Therefore, we can use the Cauchy-Schwarz inequality to get for any
two orthonormal bases e, h,

Z | (Tei, hi)| = Z | Z sj (€is f5) (g5, hi) |
Z%Zl@iafﬁ (g5, ha) |

IN

2

IN

> s (Z | {ei, f5) |2> (Z | {gj, hi) |2>

J

= S silfllgl = s

J J

This implies the > part of the claim. The other part is obtained by
taking e to be any orthonormal basis that prolongs the orthonormal
sequence f and h any orthonormal basis that prolongs the orthonor-
mal sequence g, because then » ;| (Te;, h) [ = 3_; 5. O

Theorem 5.3.5 For a trace class operator T' the trace
(1) = ) (Teje;)
J
does not depend on the choice of an orthonormal base (ej). If T is
trace class and normal, we have

tr(T) = > A, dimEig(T, ),

where the sum runs over the sequence of non-zero eigenvalues (Ay)
of T. The sum converges absolutely.

Proof: Let T' = U|T| be the polar decomposition of T. It follows
from the Spectral Theorem that the image of the operator Sy = /|T|
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equals the image of |T'| and therefore we can define the operator S1 =
U+/|T|. The operators S, Se and ST are Hilbert-Schmidt operators,
and T' = 5155. Therefore

Z (Tej,e;) = Z (S2e4,S7€i),

% %

and the latter does not depend on the choice of the orthonormal basis
as can be seen in a similar way as in the beginning of this section.
Choose a basis of eigenvectors to prove the second statement. O

5.4 Exercises

Exercise 5.1 Let A and B be bounded operators on a Hilbert space H.
Show that AB — BA # Id, where Id is the identity operator.

(Hint: Assume the contrary and show that AB™ — B"A = nB"~! holds for
every n € N. Then take norms.)

Exercise 5.2 Let H be a Hilbert space, and let T € B(H) be a normal
operator. Show that the map v : ¢ — exp(¢T') satisfies (¢t +s) = Y (t)(s),
that it is differentiable as a map from R to the Banach space B(H), which
satisfies ¥(0) = Id and ¢/ (t) = Ty (t).

Exercise 5.3 Show that for a bounded operator T' on a Hilbert space H
the following are equivalent:

e T is compact,

e T*T is compact,

e T™ is compact.
Exercise 5.4 Check the details of the proof of Proposition 5.2.5.

Exercise 5.5 Show that a continuous invertible operator 7" on a Hilbert
space H can only be compact if H is finite dimensional.

Exercise 5.6 Show that T' € B(H) for a Hilbert space H is compact if and
only if the image of the closed unit ball is compact (as opposed to relatively
compact).

Exercise 5.7 Let H be a Hilbert space, F the space of operators T of finite
rank (i.e., finite dimensional image), 7 the set of trace class operators,HS
the set of Hilbert-Schmidt operators, and K the set of compact operators.
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(a) Show that all these sets are ideals in the algebra B(H ), which are stable
under *.

(b) Show that K is the norm closure of F.
(¢c) Show F € T = HS? € ‘HS C K, where the inclusions are strict if
dim(H) = oo.

Exercise 5.8 Let H be a Hilbert space.

(a) Show that for a trace class operator T on H one has tr (T*) = tr (T).
(b) Show that for two Hilbert-Schmidt operators S, T on H one has

tr (ST) = tr (T'S).

Exercise 5.9 Show that the set HS(V) of Hilbert-Schmidt operators on
a given Hilbert space V' becomes a Hilbert space with the inner product

(S, T) = tr(ST™).
Show that the map ¢ : V@V’ — HS(V) given by
Pv@a)(w) = a(w)v
deﬁr)les a Hilbert space isomorphism (Compare Appendix C.3 for the nota-
tion).

Exercise 5.10 Let H be a Hilbert space. For p > 0 let S,(H) be the set
of all compact operators T on H such that

p

def
I7ll, = [ D_osi(@F ] <
J

Show that S,(H) is a vector space. It is called the p-th Schatten class.

Exercise 5.11 Let H be a Hilbert space. An operator T' € B(H) is called
nilpotent if T* = 0 for some k € N. Show that if 7" is nilpotent, then
o(T) = {0}. Show also that the converse is not generally true.

Exercise 5.12 Let H be a Hilbert space. Show that an operator T is
invertible in B(H) if and only if |T| is invertible.

Exercise 5.13 Let H be a Hilbert space, T' € B(H) invertible. Let T' =
U|T| be the polar decomposition. Show that 7' is normal if and only if
UlT| = |T|U.

Exercise 5.14 Let G = SL,(R), and let H be the subgroup of upper
triangular matrices in G. Let K = SO(n). Show that G = HK.

(Hint: For g € G apply the spectral theorem to the positive definite matrix
t
9'9.)



Chapter 6

Representations

In this chapter we introduce the basic concepts of representation
theory of locally compact groups. Classically, a representation of
a group G is an injective group homomorphism from G to some
GL,,(C), the idea being that the “abstract” group G is “represented”
as a matrix group.

In order to understand a locally compact group, it is necessary to
consider its actions on possibly infinite dimensional spaces like L?(G).
For this reason, one considers infinite dimensional representations as
well.

6.1 Schur’s Lemma

For a Banach space V', let GLcont (V') be the set of bijective bounded
linear operators T on V. It follows fro the Open Mapping Theorem
C.1.5 that the inverses of such operators are bounded as well, so that
GLcont (V) is a group. Let G be a topological group. A representation
of GG on a Banach space V' is a group homomorphism of G to the group
GLcont(V), such that the resulting map G x V' — V, given by

(g,v) = 7(g)v,

is continuous.

Lemma 6.1.1 Let m be a group homomorphism of the topological
group G to GLicont (V') for a Banach space V.. Then 7 is a represen-
tation if and only if

A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
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(a) the map g +— 7(g)v is continuous at g =1 for every v € V, and

(b) the map g — ||7(g)||..,, is bounded in a neighborhood of the unit

n G.

op

Proof: Suppose 7 is a representation. Then (a) is obvious. For
(b) note that for every neighborhood Z of zero in V' there exists a
neighborhood Y of zero in V and a neighborhood U of the unit in G
such that 7(U)Y C Z. This proves (b). For the converse direction
write

Im(9)v —7(go)vol < lIm(g0)llop [|(g0 " 9)v — wol|
< 790 lop [|7(95 9) (v — v0)
+ 7 (90) lop |7 (95 9)v0 — vol|
< N (90)lop [|7(g5 ' 9| op 10 = woll

+17(90)llop [l (95" 9)v0 — vo| -

Under the assumptions given, both terms on the right are small if g
is close to gg, and v is close to vg. ]

Examples 6.1.2

e For a continuous group homomorphism x : G — C* define a
representation 7, on V = C by my(g)v = x(g) - v.

e Let G = SLa(R) be the group of real 2 x 2 matrices of determi-
nant one. This group has a natural representation on C? given
by matrix multiplication.

Let V be a Hilbert space. A representation m on V' is called a unitary
representation if m(g) is unitary for every g € G. That means 7 is
unitary if (w(g)v,7(g)w) = (v,w) holds for every g € G and all
v,we V.

Lemma 6.1.3 A representation w of the group G on a Hilbert space
V is unitary if and only if 7(g~') = n(g)* holds for every g € G.

Proof: An operator T is unitary if and only if it is invertible and
T* = T~'. For a representation 7 and g € G the operator m(g) is
invertible and satisfies 7(g~!) = 7(¢g)~!. So 7 is unitary if and only
if for every g € G one has 7(g~!) = w(g9)~! = 7(g)*. O
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Examples 6.1.4

e For a continuous group homomorphism x : G — C* the repre-
sentation m, is unitary if and only if x maps into the compact
torus T.

e Let G be a locally compact group. On the Hilbert space L?(Q)
consider the left reqular representation x — L, with

Leo(y) = o(a™y), ¢ L*G).

This representation is unitary, as by the left invariance of the
Haar measure,

(Lo, Lovt)) = /G Loo(y) Lot (y) dy
- / ol y) P Ty) dy
G
= /Gw(y)w(y)dy = {p,9).

Let (m,Vi) and (w2, V2) be two unitary representations. On the
direct sum V = Vj @ V5 one has the direct sum representation ™ =
T D To.

Example 6.1.5 Let G = R/Z, and let V = L?(R/Z). Let 7 be the
left regular representation. The theory of Fourier series [9] Section

2.4 shows that 7 is a direct sum representation on V' = @, ., Ce,
where e (r) = €2™** and G acts on Cey, through the character éy.

A representation (7, V) is called a subrepresentation of a representa-
tion (1, V;) if Vx is a closed subspace of V;, and 7 equals 7 restricted
to V. So every closed subspace U C V,, that is stable under 7, i.e.,
n(G)U C U, gives rise to a subrepresentation.

A representation is called irreducible if it does not possess any proper
subrepresentation, i.e., if for every closed subspace U C V; that is
stable under 7, one has U =0 or U = V.

Example 6.1.6 Let U(n) denote the group of unitary n x n ma-
trices, so the group of all v € Mat,(C) such that wu* = I (unit
matrix), where u* = @'. The natural representation of U(n) on C"
is irreducible (See Exercise 6.4).
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Let (m, Vz) be a representation of G. A vector v € V is called a
cyclic vector if the linear span of the set {m(z)v : z € G} is dense in
G. In other words, v is cyclic if the only subrepresentation containing
v is the whole of 7. It follows that a representation is irreducible if
and only if every vector is cyclic.

Lemma 6.1.7 (Schur) Let (7, V) be a unitary representation of the
locally compact group G. Then the following are equivalent

(a) (m,Vz) is irreducible.

(b) If T is a bounded operator on V; such that Tm(g) = ©(g)T for
every g € G, then T € CId.

Proof: Since m(g~') = m(g)*, the set {m(g) : g € G} is a self-adjoint
subset of B(V;). Thus the result follows from Theorem 5.1.6. O

Let (7, Vx), (n, V) be representations of G. A continuous linear op-
erator T' : V; — V,, is called a G-homomorphism or intertwining
operator if

Tn(g) = n(g)T

holds for every g € G. We write Homg(V7, V;)) for the set of all G-
homomorphisms from V; to V;,. A nice way to rephrase the Lemma
of Schur is to say that a unitary representation (m, V) is irreducible
if and only if

Homg(Vy, V) = CId.

If 7, n are unitary, they are called unitarily equivalent if there exists
a unitary G-homomorphism T": V; — Vj,.

Example 6.1.8 Let G = R, and let V; = V;, = L*(R). The rep-
resentation 7 is given by m(z)p(y) = ¢(x + y) and n is given by
n(z)e(y) = 2™ p(y). By Theorem 3.3.1 in [9] (see also Exercise
6.3), the Fourier transform L?(R) — L?(R) is an intertwining oper-
ator from 7 to 7.

Corollary 6.1.9 Let (m,Vz) and (n,V;) be two irreducible unitary
representations. Then a G-homomorphism T from Vi to V;, is either
zero or invertible with continuous inverse. In the latter case there
exists a scalar ¢ > 0 such that ¢T' is unitary. The space Homeg (Vy, Vy)
is zero unless m and 1 are unitarily equivalent, in which case the space
is of dimension 1.
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Proof: Let T' : V;z — V; be a G-homomorphism. Its adjoint
T* : 'V, — Vi is also a G-homomorphism as is seen by the following
calculation for v € V;, w € V;), and g € G,

(0, T*n(g)w) = (Tv,n(g)w) = (n(g~")Tv,w)
(Tn(g™Ho,w) = (n(g™ v, T w)
= (v,n(g)T"w).
This implies that T*T is a G-homomorphism on V;, and therefore
it is a multiple of the identity AId by the Lemma of Schur. If T is
non-zero, 1T*T is non-zero and positive semidefinite, so A > 0. Let
¢ =V~ then (¢T)*(¢T') = Id. A similar argument shows that 7T
is bijective, which then implies that ¢I' is bijective, hence unitary.
The rest is clear. O

For a locally compact group G we denote by G the set of all equiv-
alence classes of irreducible representations of G. We call G the
unitary dual of G. It is quite common to make no notational dif-
ference between a given irreducible representation 7 and its unitary
equivalence class [r], and we will often do so in this book.

Example 6.1.10 If G is a locally compact abelian group, then ev-
ery irreducible representation is one-dimensional, and therefore the
unitary dual G coincides with the Pontryagin dual of G. To see this,
let (m,Vy) be any irreducible representation of G. Then m(z)w(y) =
m(xy) = m(yx) = w(y)m(z) for all x,y € G, so it follows from Schur’s
Lemma that w(z) = A(x)Idy, for some A(xz) € T. But this implies
that every non-zero closed subspace of V is invariant, hence must
be equal to V. This implies dim V; = 1.

6.2 Representations of L!(G)

A unitary representation (m,V;) of G induces an algebra homomor-
phism from the convolution algebra L'(G) to the algebra B(V;), as
the following proposition shows.

Proposition 6.2.1 Let (7,V;) be a unitary representation of the
locally compact group G. For every f € LY(G) there erists a unique
bounded operator w(f) on Vi such that

(v, w) = /G f(@) (n(z)v,w) da



132 CHAPTER 6. REPRESENTATIONS

holds for any two vectors v,w € Vy. The induced map 7 : L'(G) —
B(V%) is a continuous homomorphism of Banach-*-algebras.

Proof: Taking complex conjugates one sees that the claimed equa-
tion is equivalent to the equality

(w,m(fyv) = /G F@) (w, n(2)v) da.

The map w — [, f(x) (w, 7(x)v) dx is linear. It is also bounded,
since

‘/Gf(a:)<w,7r(:1:)v> dx

< [ 1@ e |do

< /If(w)IIuIH I ()0l d
G
AN el ol

Therefore, by Proposition C.3.1, there exists a unique vector 7(f)v €
Vi such that the equality holds. It is easy to see that the map
v +— 7(f)v is linear. To see that it is bounded, note that the above
shows

A

I (f)ol? = (a(Fo,x(f)o) < IFlly ol Ix(f)oll,

and hence [|7(f)v|| < ||fll; [|[v]l. A straightforward computation fi-

nally shows 7(f % g) = 7(f)n(g9) and 7(f)* = n(f*) for f,g € L}(G).
U

Alternatively, one can define 7(f) as the Bochner integral

w(f) = /G f(@)n(z) da

in the Banach space B(V;). By the uniqueness in the above propo-
sition, these two definitions agree.

The above proposition has a converse, as we shall see in Proposition
6.2.3 below.

Lemma 6.2.2 Let (m,V;) be a representation of G. Let (f;) be a
Dirac net in C.(G). Then for every v € Vi the net n(fj)v tends to
v.



6.2. REPRESENTATIONS OF L'(G) 133
Proof: We compute

I (fi)v —vl =

/fj x)v —v)dx

[ 5@ Ity — ol
G

IN

For given € > 0 there exists a unit-neighborhood U in G such that
for € U one has ||r(z)v —v|| < e. As (f;) is a Dirac net, there
exists jo such that for every j > jo the function f; is supported in
U. For j > jo it follows || (fj)v —v| <e. O

We say that a s-representation m : L*(G) — B(V) of L}(G) on a
Hilbert space V' is non-degenerate if the vector space

T(LNG)V = span{r(f)v: f e LY(G),v eV}

is dense in V. It follows from the above lemma that every repre-
sentation of L!(G) that comes from a representation (m,V;) as in
Proposition 6.2.1, is non-degenerate. The next proposition gives a
converse to this.

Proposition 6.2.3 Let 7 : LY(G) — B(V) be a non-degenerate -
representation on a Hilbert space V. Then there exists a unique uni-
tary representation (7, V') of G such that

flu,w) = /Gf(:c) (7(z)v,w) dx.

Proof: Note first that 7 is continuous by Lemma 2.7.1. For x € G
we define the operator 7(x) on the dense subspace w(L'(G))V of V
by
() (7 (f)v) = 7(Laf)v,

where (L.f)(y) = f(z~'y). A short computation shows (L,g)* *
(Lyf) = g* * f for all f,g € L'(G). Using this, we see that for all
f,g € LY(G) and v,w € V we have

(7(z)(x(f)v), 7 (x)(m(g)w)) = (w(Laf ) ( z9)w)
(m((Log)* * (Laf))v,w)
(m(g” *f )v w)
(m(f)v, m(g)w) .

™
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It follows that 7(x) extends to a well defined unitary operator on V'
with inverse 7(z71), and we clearly have 7(zy) = 7(z)7(y) for all
r,y € G. Since for each f € L'(G) the map G — L!(G) sending =
to L, f is continuous by Lemma 1.4.2, it follows that x — 7 (z)v is
continuous for every v € V. Thus (7, V) is a unitary representation
of G.

It remains to show that 7(f) equals 7(f) for every f € L'(G). By
continuity it is enough to show that (7 (f)w(g)v,w) = (w(f)7(g)v, w)
for all f,g € C.(G) and v,w € V. Since g — (m(g)v,w) is a conti-
nuous linear functional on L'(G) we can use Lemma B.6.5 to get

which completes the proof. ]

Remark 6.2.4 If we define unitary equivalence and irreducibility
for representations of L'(G) in the same way as we did for unitary
representations of (G, then it is easy to see that the one-to-one corre-
spondence between unitary representations of G and non-degenerate
x-representations of L!(G) preserves unitary equivalence and irre-
ducibility in both directions. Note that an irreducible representa-
tion 7 of L'(G) is automatically non-degenerate, since the closure of
(LY (G))Vy is an invariant subspace of V,. Thus, we obtain a bijec-
tion between the space G of equivalence classes of irreducible repre-
sentations of G and the set L'(G)™ of irreducible -representations
of LY(G).

Example 6.2.5 Consider the left regular representation on G. Then
the corresponding representation L : L(G) — B(L*(G)) is given by
the convolution operators L(f)¢ = f * ¢ whenever the convolution
f * ¢ makes sense.
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6.3 Exercises

Exercise 6.1 If 7 is a unitary representation of the locally compact group
G, then |7(g)|| = 1. Give an example of a representation 7, for which the
map g — ||7(g)| is not bounded on G.

Exercise 6.2 Let I be an index set, and for i € I let (m;,V;) be a unitary
representation of the locally compact group G. Let

—

V= v;

el

be the Hilbert direct sum (See Appendix C.3). Define the map = : G —

B(V) by
m(9) Zvi = ZW@‘(Q)W

Show that this is a unitary representation of the group G. It is called the
direct sum representation.

Exercise 6.3 Show that the Fourier transform on R induces a unitary
equivalence between the the unitary representations m and n of R on L?(R)

given by m(z)e(y) = o(z +y) and n(z)e(y) = ™ o(y).

Exercise 6.4 Show that the natural representation of U(n) on C™ is irre-
ducible.

Exercise 6.5 Let P be the group of upper triangular matrices in SLy(R).
The injection 1 : P < GL3(C) can be viewed as a representation on V =
C2. Show that 7 is not the sum of irreducible representations.

Exercise 6.6 Let G be a locally compact group and H a closed subgroup.
Let (7, Vy) be an irreducible unitary representation of G, and let

VH = {fveVy:n(hw=vVheH}
be the space of H-fixed vectors. Show: If H is normal in G, then VI is

either zero or the whole space V.

Exercise 6.7 For t € R let A(t) = (3 {). Show that A(t) is not conjugate
to a unitary matrix for ¢ # 0. Show that the representation ¢t — A(t)
on C? is not a direct sum of subrepresentations. Determine all irreducible
subrepresentations.

Exercise 6.8 Show that G = SL3(R) has no finite dimensional unitary
representations except the trivial one.

Instructions:
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e For m € N show

Let ¢ : G — U(n) be a representation. Show that the eigenvalues
of ¢(A(t)) are a permutation of their m-th powers for every m € N.
Conclude that they all must be equal to 1.

e Show that the normal subgroup of G generated by {A(t) : t € R} is
the whole group.

Exercise 6.9 Let (7, V) be a unitary representation of the locally com-
pact group G. Let f € L'(G). Show that the Bochner integral

/ F@)n(z) de € B(V)
G

exists and that the so defined operator coincides with 7(f) as defined in
Proposition 6.2.1.

(Hint: Use Corollary 1.3.5 (d) and Lemma B.6.2 as well as Proposition
B.6.3.)

Exercise 6.10 Let (7, V) be a representation of G. Show that for every
x € G there exists a net f; in C.(G) such that 7(f;)v tends to w(z)v for
every v € V.

Exercise 6.11 In Lemma 6.2.2 we have shown that for a representation
7 and a Dirac net f; the net m(f;)v tends to v for every v € V. Give an
example, in which [[7(f;) —Id|,, does not tend to zero.

Exercise 6.12 Give an example of a representation that possesses cyclic
vectors without being irreducible.

Notes

As for abelian groups, one can associate to each locally compact
group G the group C*-algebra C*(G). It is defined as the completion
of L'(G) with respect to the norm

I fllcs < sup{||x(f)| : © a unitary representation of G},

which is finite since ||7(f)| < || f||1 for every unitary representation
of G. By definition of the norm, every unitary representation 7 of G



6.3. EXERCISES 137

extends to a *-representation of C*(G), and, as for L!(G), this exten-
sion provides a one-to-one correspondence between the unitary rep-
resentation of G to the non-degenerate *-representations of C*(G).
Therefore, the rich representation theory of general C*-algebras, as
explained beautifully in Dixmier’s classic book [11] can be used for
the study of unitary representations of G. For a more recent treat-
ment of C*-algebras related to locally compact groups we also refer
to Dana William’s book [53].



Chapter 7

Compact Groups

In this chapter we will show that every unitary representation of a
compact group is a direct sum of irreducibles, and that every irre-
ducible unitary representation is finite dimensional. We further prove
the Peter-Weyl theorem, which gives an explicit decomposition of the
regular representation of the compact group K on L?(K).

The term compact group will always mean a compact topological
group, which is a Hausdorff space.

7.1 Finite Dimensional Representations

Let K be a compact group, and let (7,V;) be a finite dimensional
representation, i.e., the complex vector space V; is finite dimensional.

Lemma 7.1.1 On the space V. there exists an inner product, such
that T becomes a unitary representation. If T is irreducible, this in-
ner product is uniquely determined up to multiplication by a positive
constant.

Proof: Let (-,-) be any inner product on V;. For v,w € V. set

(v,w) & /K(T(k:)v,T(k)w)dk,

where we have used the normalized Haar measure that gives K the
measure 1. We claim that (-,-) is an inner product. Linearity in
A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
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the first argument and anti-symmetry are clear. For the positive
definiteness let v € V; with (v,v) =0, i.e.,

0 = (v,v) = /K(T(k:)v,T(k:)v)dk.

The function k +— (7(k)v, 7(k)v) is continuous and positive, hence,
by Corollary 1.3.5, the function vanishes identically, so in particular,
(v,v) = 0, which implies v = 0 and (-,-) is an inner product. With
respect to this inner product the representation 7 is unitary, as for
x € K one has

(r(x)v,7(x)w) = /K(T(k)T(x)v,T(k)T(:c)w)dk:
= /(T(kx)v,v'(kx)w)dk
K
_ / (r(k)o, (R)w) dk = (v,w),
K

as K is unimodular.

Finally, assume that 7 is irreducible, let (-,-); and (-, -), be two inner
products that make 7 unitary. Let (7,V}) and (72, V2) denote the
representation (7,V;) when equipped with the inner products (-, -);
and (-,-),, respectively. Since V; is finite dimensional, the identity
Id : Vi — V4 is a bounded non-zero intertwining operator for m and
7. By Corollary 6.1.9 there exists a number ¢ > 0 such that c¢-Id is
unitary. But this implies that ¢ (v, w), = (v, w), for all v,w € V.
]

Proposition 7.1.2 A finite dimensional representation of a com-
pact group is a direct sum of irreducible representations.

Proof: Let (7,V) be a finite dimensional representation of the com-
pact group K. We want to show that 7 is a direct sum of irreducibles.
We proceed by induction on the dimension of V. If this dimension
is zero or one, there is nothing to show. So assume the claim proven
for all spaces of dimension smaller than dim V. By the last lemma,
we can assume that 7 is a unitary representation. If 7 is irreducible
itself, we are done. Otherwise, there is an invariant subspace U C V
with 0 # U # V. Let W = U* be the orthogonal complement to U
in V,sothat V =U @& W. We claim that W is invariant as well. For
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this let k € K and w € W. Then for every v € U,

(r(k)w,u) = (w,7(k")u) = {0}
——
€U
This implies that 7(k)w € Ut = W, so W is indeed invariant. We
conclude that 7 is the direct sum of the subrepresentations on U and
W. As both spaces have dimensions smaller than the one of V', the

induction hypothesis shows that both are direct sums of irreducibles,
and sois V. O

7.2 The Peter-Weyl Theorem

Let K be a compact group, and let K be the set of all equivalence
classes of irreducible unitary representations of K. Let IA(ﬁn be the
subset of all finite dimensional irreducible representations. We want
to show that K = IA(ﬁn.

For every class in K, choose a representative (7,V;). Choose an
orthonormal basis eq, ..., e, of V. and set

(k) = (r(k)ei e;) .

The function 7;; : K — C is called the (7, j)-th matriz coefficient of
the representation 7. The matrix coefficients are continuous func-
tions, so they lie in the Hilbert space L?(K).

Theorem 7.2.1 (Peter-Weyl Theorem)

(a) For 7+~ in Kan one has

<Tij77rs> = /KTij(k)”)/Ts(k)dk = 0.

So the matriz coefficients of non-equivalent representations are
orthogonal.

(b) For T € I?ﬁn one has (1;;,7rs) = 0, except for the case when

i=r and j = s. In the latter case the products are (7;j,T;j) =

ﬁ. One can summarize this by saying that the family

(\/ dim VT Tij)r,i,j

is an orthonormal system in L*(K).
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(c) It even is complete, i.e., an orthonormal basis.
Proof: For (a) let 7 # v in _[?ﬁn. Let T : V; — V,, be linear and set

S = Sp = /Kfy(kl)TT(k:) dk.

Then one has S7(k) = v(k)S, hence S = 0 by Corollary 6.1.9. Let
(ej) and (fs) be orthonormal bases of V. and V, respectively, and
choose Tjjs : V; — V,, given by Tjs(v) = (v,e;) fs. Let Sjs = St;, as
above. One gets

0 = jsezafr /<7 JST 617f7">
- /K (B (r(R)ei, e5) for £r) dl

= [ Gene)  QUNEE) b
~—— ——
:<f577(k)f'r>:<7(k)fr7fs>
- /Tij(k)%“s(k)dk'
K

To prove (b), we perform the same computation for v = 7, where we
use that [ 7(k~1)T'r(k)dk = AId, which immediately implies the
first assertion of (b). In order to show that [y |7;(k)[* dk = dlmV
put 7' = Id and use 7(k)7(k)* = Id. This means

5 Tir (k 7—]7" = 51',]'-

For i = j one gets Y., |mir(k)[* = 1, and so >, [i |7 (k) [?dk = 1.
Now consider the case T'(v) = (v, €;) ¢;. Then

= r(k~YHYTr(k)e,, e = Tri(K)Tri
A= [ (T Rerer) ik = [ R,

which does not depend on r. The claim follows.

Finally, to show (c), let 7 € IA(ﬁn, and let M, be the subspace of
L?(K) spanned by all functions of the form h(k) = (7(k)v,w), where
v,w € V;. Generalizing the previous notion, these functions are also
called matrix coefficients. One has

(k) = hEk=Y) = (r(k)w,v) € M,
Ligh(k) = h(ky'k) = (r(k)v,7(ko)w) € M,
Ri,h(k) = h(kko) = (r(k)r(ko)v,w) € M,.
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This means that M, is closed under adjoints, and left and right
translations. Let M be the closure in L?(K) of the span of all M.,
where 7 € Kgn. We want to show that L2 (K) = M, or, equivalently,
M*+ = 0. So assume M* is not trivial. Our first claim is that
M+ contains a non-zero continuous function. Let H # 0 in M».
Let f; be a Dirac-net on K. Then f; * H is continuous, and f; * H
converges to H in L?(K). Since M~ is closed under translation it
follows that f;* H € M~ for every i. As there must exist some 7 with
fi * H # 0, the first claim follows. So let F| € M~* be continuous.
After applying a translation and a multiplication by a scalar, we can
assume Fi(e) > 0. Set Fy(z) = [ Fi(y~'zy)dy. Then F», € M* is
invariant under conjugation and Fy(e) > 0. Finally put

F(z) = Fy(z)+ Fa(z1).

Then the function F is continuous, F € M=+, F(e) > 0,and F = F*.
Consider the operator

T(f) = f*F, f € L*(K).

The operator T is self-adjoint, as

(fxF,g) = (f«xF)xg"(e) = [fx(Fxg*)(e)
= fx(gxF)(e) = (f,g*xF)
= (f,gxF).

Further, as T'f (z) = [, f(y)F(y~'z) dy, the operator T is an integral
operator with continuous kernel k(z,y) = F(y~'z). By Proposition
5.3.2, T = T* # 0 is a Hilbert-Schmidt operator, hence compact,
and thus it follows that 7" has a real eigenvalue A # 0 with finite
dimensional eigenspace V). We claim that V) is stable under left-
translations. For this let f € V), so f* F = Af. Then, for k € K
one has

(Lpf)*x F = Lp(f*F) = ALgf.

This implies that V) with the left translation gives a finite dimen-
sional unitary representation of K, hence it contains an irreducible
subrepresentation W C Vi € ML, Let f,g € W, and let h(k) =
(Li.f, g) be the corresponding matrix coefficient. Then

(k) = /K F (kY g(@) da,

so h = f*g* € M*. On the other hand, h € M, and so (h,h) = 0,
which is a contradiction. It follows that the assumption is wrong, so
M = L?(K) and the Peter-Weyl Theorem is proven. 0]
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Let 7 be a finite dimensional representation of the compact group
K. The function x, : K — C defined by x.(k) = trm(k) is called
the character of the representation 7.

Corollary 7.2.2 Let w,n be two irreducible unitary representations
of the compact group K. For their characters we have

(s X} = {1 if m=mn,

0 otherwise.

Here the inner product is the one of L*(K).

The proof follows immediately from the Peter-Weyl Theorem. Note
that it is shown in Exercise 7.10 that {xr : 7 € K} even forms an
orthonormal base of the space L?(K/conj) of conjugacy invariant L?-
functions on K. O

We now give a reformulation of the Peter-Weyl Theorem. The group
K acts on the space L?(K) by left and right translations, and these
two actions commute, that is to say, we have a unitary representation
n of the group K x K on the Hilbert space L?(K), given by

n(ky, ko) f(x) = f(ky aks).

On the other hand, for (7,V;) € IA(ﬁn the group K x K acts on the
finite dimensional vector space End(V;)= Homg (V;, V;) by

ne(k ko) (T) = 7(k)T7(ky ).

On End(V;) we have a natural inner product (S,T) = tr(ST*)
making the representation of K x K unitary (Compare with Exercise

5.9).

Theorem 7.2.3 (Peter-Weyl Theorem, second version)
There is a natural K x K-isomorphism

—

LK) = @ . End(Vs).

TE€Kgn

This isomorphism maps a given f € L*(K) onto (f), where

TEI?ﬁn T

(f) = /K f(@)r(x) d.
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Proof: For indices 4,j one has (7(f)e;,e;) fK x)7i(x) de =
(f,7ij). Therefore this theorem is but a reformulation of the first
version. O

Theorem 7.2.4

(a) Let K be a compact group. Then K= _[/%ﬁn, so every irreducible
representation of K is finite dimensional.

(b) Ewery representation of the compact group K is a direct sum of
wrreducible representations.

Proof: Let (m,V;) be a unitary representation of K. Let v,w € Vp,
and let

Pow(r) = (T(x)v, w)

be the corresponding matrix coefficient. Then 1, ,, € C(K) C L*(K)
and

Pr(ypow(®) = (T(ey)v,w) = bow(ry) = Ryyuw(z).

In other words, for fixed w the map v + 1,4, is a K-homomorphism
from 7 to (R, L*(K)). We assume (v, w) # 0. Then this map is non-
zero. Since L?(K) is a direct sum of finite dimensional irreducible
representations, there exists an orthogonal projection P : L?(K) —
W to an irreducible subrepresentation, such that P(t,,,) # 0. So
there exists a non-zero K-homomorphism S : V; — W. If 7 is irre-
ducible, then S must be an isomorphism, which implies (a). If 7 is
arbitrary, it follows V; = W @ ker(S), so every unitary representa-
tion contains a finite dimensional irreducible summand. By Zorn’s
Lemma, V. contains a subspace U, which is maximal with the prop-
erty of being a direct sum of irreducibles. The maximality implies
that the orthocomplement Ut has no finite dimensional subrepre-
sentation other then zero, so U+ = 0, whence U = V., which is the
claim. ]

7.3 Isotypes

Let (m, V) be a unitary representation of the compact group K. For
(1,V;) € K we define the isotype of T or isotypical component in m
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as the subspace

Ve(r) = YU

UCVry
USVy

This is the sum of all invariant subspaces U, which are K-isomorphic
to V. Another description of the isotype is this: There is a canonical
map

T, : Homg (V;, V)@V, — Vi

a®v — av).

This map intertwines the action Id ® 7 on Homg (V;, V) ® V; with
7, from which it follows that the image of T’ lies in V(7). Indeed,
the image is all of V;(7), since if U C V; is a closed subspace with
mly 2 7 viaa: V; — U, then U = T;(a® V;) by construction of 7.
Note that if (7,V;) and (o,V,) are two non-equivalent irreducible
representations, then Vi (7) L Vi(o), which follows from the fact
that if U, U’ C V, are subspaces with U = V., U’ = V,, then the
orthogonal projection P : V; — U’ restricts to a K-homomorphism
Ply : U — U’, which therefore must be 0.

Lemma 7.3.1 On the vector space Homg (V;, Vi) there is an inner
product, making it a Hilbert space, such that T is an isometry.

Proof: Let vg € V; be of norm one. For o, 3 € H = Homg (V;, V)
set

(@, 8) = (a(v), B(v0)) -

As any element of Hompg (V;, V;) is either zero or injective, it fol-
lows that (-,-) is indeed an inner product on H. We show that H
is complete. For this let a,, be a Cauchy-sequence in H. Then
an(vo) is a Cauchy-sequence in V, so there exists wg € Vi such
that «,(vg) converges to wy. For k € K the sequence ay,(7(k)vg) =
7(k)an(vg) converges to m(k)wg. Likewise, for f € L'(K) the se-
quence oy, (7(f)ve) = 7(f)an(ve) converges to w(f)wy. Let I C
LY(K) be the annihilator of vy, i.e., I is the set of all f € L'(K)
with 7(f)vg = 0. It follows that every f € I also annihilates wy.
Therefore the map o : V, = LY(K)/I — V, mapping 7(f)vo to
7w (f)wp is well-defined and a K-homomorphism. It follows that « is
the limit of the sequence «,, so H is complete. We now show that
T = T; is an isometry. For fixed « the inner product on V; given
by (v,w) = (a(v), a(w)) is K-invariant. Therefore, by Lemma 7.1.1,
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there is ¢(a) > 0 such that (v, w) = ¢(«a) (v,w) for all v,w € V;. So
we get
(T(a®v),T(@®v) = (1,0) = (@) {,0).

Setting v = vy, we conclude that ¢(a) = (v, ), which proves that T
is indeed an isometry. O

It follows from the above lemma that V(7) is isomotrically isomor-
phic to the Hilbert space tensor product Homg (V;, V)@V, and that
7|y, (r) 18 unitarily equivalent to the representation Id ® 7 on this
tensor product. If we choose an orthonormal base {o; : i € I} of
Hompg (V;, V), then we get a canonical isomorphism

Homg (Vy, Vi) &V, @ZEIVT

given by sending an elementary tensor a ® v to Y ;- (o, ;) v. Thus
we see that V(7) is unitarily equivalent to a direct sum of V;’s with
multiplicity I = dim Homg (V;, V;).

Recall that the isotypes of non-equivalent irreducible representations
are pairwise orthogonal.

Theorem 7.3.2
(a) Vx(7) is a closed invariant subspace of V.
(b) Vx(7) is K-isomorphic to a direct Hilbert sum of copies of V.

(¢) Vi is the direct Hilbert sum of the isotypes V() where T ranges
over K.

Proof: As V,(7) is an isometric image of a complete space, it is com-
plete, hence closed. The space V(1) is a sum of invariant spaces,
hence invariant, so (a) follows. Now let V; = @ZVZ be any decompo-
sition into irreducibles. Set

—

Va(r) = @i:mgw%'

Then it follows Vi (7) C Vi (7) as the latter contains the direct sum
and is closed. Now clearly V. is the direct Hilbert sum of the spaces
V(7), and hence it is also the direct Hilbert sum of the Vi (7), as
the latter are pairwise orthogonal. This implies (c¢) and a fortiori
Vi (T) = Vi (7) and thus (b). O
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Proposition 7.3.3 Let (m,V;) be a unitary representation of the
compact group K. For T € K the orthogonal projection P : V; —
Vz(7) is given by

Pv) = /KXT(;E)W(x)vdm.

Proof: We have to show that for any two vectors v, w € V. one has

(Pv,w) = /KXT(:B)<7T(:E)U,w> dx.

Let (v,w) denote the right hand side of this identity. Write v =
vo + vy, where vy € Vi (7) and v; € Vi(7)t. Likewise decompose
w as wg + wi. Then (Pv,w) = (vy, wp). The Peter-Weyl theorem
implies that (v, wo) = (vo, wop). To see this we decompose V(7) into
a direct sum of irreducibles, each equivalent to V;. It then suffices
to assume that vy, wg lie in the same summand, since otherwise we
have (Pv,w) = 0 = (vg, wg). The result then follows from expressing
vp, wo in terms of an orthonormal basis of V. The spaces V(1) and
its orthocomplement are invariant under 7, therefore (vg,wq) =0 =
(v1,wp). Finally, as V(1) is a direct sum of isotypes different from
7, the Peter-Weyl theorem also implies that (vi,w;) = 0. As the
map (-,-) is additive in both components, we get

(v,w) = (vo,wo) + (vo, w1) + (v1,wo) + (v1 + w1)

(v, wo) = (vo, wp) = (Pv,w),

as claimed. m

Example 7.3.4 It follows from the Peter-Weyl Theorem that the
isotype L?(K)g(7) of the right regular representation (R, L?(K)) for
the irreducible representation 7 of the compact group K is the linear
span of the functions 7;;(z) = (7(x)e;, ej). In particular, it follows
that all functions in L?(K)g(7) are continuous. Similarly, the isotype
L?(K) (1) of the left regular representation (L, L?(K)) is given by
the linear span of the functions 7;;, the complex conjugates of the
Tij-

7.4 Induced Representations

Let K be a compact group, and let M C K be a closed subgroup.
Let (0, V) be a finite dimensional unitary representation of M. We
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now define the induced representation ©, = Ind%; (o) as follows. The
space of 7, is the space V. of all measurable functions f : K — V,
such that f(mk) = o(m)f(k) holds for every m € M and every
k € K, and such that [, If (k)2 dk < oo, modulo null-functions.
Here |-||, is the norm in the space V,. The inner product of the
Hilbert space V_ is given by

(f,9) = /K CFR), g(R)).
The representation 7, is now defined by

To(y)f(x) = f(xy).

The representation m, is clearly unitary. As K is compact, m, de-
composes as a direct sum of irreducible representations 7 € K, each
occurring with multiplicity

[y 2 7] = dimHompg (Vy, V).

Theorem 7.4.1 (Frobenius reciprocity)
If o is irreducible, the multiplicities [my : T| are all finite and can be
glven as

Mo : 7] = [T|am: 0]

More precisely, for every irreducible representation (7,U) there is a
canonical isomorphism

Homy (U, Ind% (o)) — Homy (Ular, Vy).

Proof: Let V¢ be the subspace of V;  consisting of all continuous
functions f : K — V, with f(mk) = o(m)f(k). The space V¢ is
stable under the K-action and dense in the Hilbert space V;_, which
can be seen by approximating any f in Vi by 7, (f;)f with (f;) a
Dirac net in C(K). Let o € Homg (U, Ind%;(0)). We show that the
image of a lies in V¢. For this recall that by the Peter-Weyl Theorem
the space ALQ(K ) decomposes into a direct sum of isotypes L?(K)(7)
for v € K. Here we consider the K-action by right translations
only. Each isotype L?(K)(y) is finite dimensional and consists of
continuous functions. We have isometric K-homomorphisms,

a: U — IndS(V,) — L3(K,V,) — LK) ® V,,
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where K acts trivially on V. This implies that a(U) C L?(K)(7)®V,
consists of continuous functions. Let § : V¢ — V,, be given by

6(f) = f(1),
and define v : Hom g (U, Ind%; (o)) — Homy (U|as, Vi) by

We claim the 9 is a bijection. For injectivity assume that 1(«)
Then for every u € U and k € K one has a(u)(k) = 75 (k)a(u)(1)
a(t(k)u)(1) = ¢ (a)(r(k)u) = 0, which means a = 0.

0.

For surjectivity let 8 € Hom; (U, V,) and define a € Home (U, V)
by a(u)(k) = B(r(k~Y)u). Then indeed by definition, a is a K-
homomorphism and 3 = ¥ (a)). The theorem is proven. O

Example 7.4.2 Let M be a closed subgroup of the compact group
K. Then K/M carries a unique Radon measure p that is invariant
under the left translation action of the group K and is normalized by
w(K/M) = 1. The group K acts on the Hilbert space L?(K/M, 1) by
left translations and this constitutes a unitary representation. This
representation is isomorphic to the induced representation Ind% (1)
induced from the trivial representation. An isomorphism between
these representations is given by the map ® : L2(K /M) — Ind% (1),
which maps ¢ € L2(K/M) to the function ®(p) : K — C defined by

(o) (k) = (k™' M).

Now, for any 7 € K the multiplicity [7|as : 1] equals dim V.M where
VM denotes the space of M-invariant vectors in V. Thus by Frobe-
nius we get

—

L*(K/M) = @Tef{ dim(V )V,

where dim(V,*)V, denotes the dim(V,M)-fold direct sum of the V’s.

7.5 Representations of SU(2)

In this section we are going to determine the irreducible representa-
tions of the compact group SU(2). We are then using this description
to construct decompositions of the Hilbert spaces L?(S%) and L?(S5?),
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thus giving a glance into the harmonic analysis of the spheres. For
this recall the n-dimensional sphere,

S" = {z e R"™:|z| = 1},

where ||z|| = \/x% + -+ a2 is the euclidean norm on R™™!. The

set S™ inherits a topology from R"*!. For a subset A C S™ let IA
be the set of all ta, where a € A and 0 <t < 1. The set ITA C R"
is Borel measurable if and only if A C S™ is, (Exercise 7.13). For a
measurable set A C S™, define the normalized Lebesgue measure as

aer A(IA)

where A\ denotes the Lebesgue measure on R"*!. As a consequence
of the transformation formula on R™*!, the Lebesgue measure \ is
invariant under the action of the orthogonal group

O(n+1) £ {geMaty1(R): gtg = I}.

The group O(n + 1) can also be described as the group of all g €
Mat,,, 1 (R) such that ||gv| = ||lv| holds for every v € R**!. It follows
from this description, that O(n + 1) leaves stable the sphere S™ and
that the measure y is invariant under O(n+1). We denote by SO(n+
1) the special orthogonal group, i.e., the group of all g € O(n + 1)
of determinant one. For the next lemma, we consider O(n) as a
subgroup of O(n + 1) via the embedding g — (§ 2) .

Lemma 7.5.1 Let n € N, and let e; = (1,0,...,0)" be the first
standard basis vector of R"1. The matriz multiplication g — ge;
gives an identification

S" =~ O(n+1)/0(n) = SO(n+1)/SO0(n).

This map is invariant under left translations and so the normalized
Lebesgue measure on S™ is the unique normalized invariant measure
on this quotient space.

Proof: The group O(n) is the subgroup of O(n + 1) of all ele-
ments with first column equal to e, so it is the stabilizer of e; and
one indeed gets a map O(n + 1)/O0(n) — S™. As the invariance of
the measure is established by the transformation formula, we only
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need to show surjectivity. Now let v € S™. Then there always ex-
ists a rotation in SO(n + 1) that transforms e; into v. One simply
chooses a rotation around an axis that is orthogonal to both e; and
v. This proves surjectivity. The assertion on the measure is due to
the uniqueness of invariant measures. O

Recall that SU(2) is the group of all matrices g € Mato(C) that are
unitary: ¢g*¢g = gg* = 1 and satisfy det(g) = 1. These conditions

imply i
- 39

where we realize the three sphere S® as the set of all z € C? with
|21|2+4|22|> = 1. From this description and the fact that the Lebesgue
measure on S° is invariant under O(4) as well as the uniqueness of
invariant measures we get the following lemma.

Lemma 7.5.2 The map SU(2) — S3, mapping the matriz g €
SU(2) to its first column, is a homeomorphism. Via this homeo-
morphism, the normalized Lebesque measure on S3 coincides with
the normalized Haar measure on SU(2).

We want to obtain a convenient formula for computations with the
Haar integral on SU(2) = S3. Recall from Calculus that the gamma
function I" : (0,00) — R is defined by the integral

F(:c):/ t* et dt.
0

Note that T'(1) = 1 and that I'(z + 1) = zI'(z) for every = > 0,
which implies that T'(n) = (n — 1)! for every n € N. Moreover,
via the substitution ¢+ = r? we get the alternative formula I'(z) =
2 [,° r22=1e=r gr which we shall use below.

Lemma 7.5.3 Let f : S — C be any integrable function, and for
each m € Nq let Fy, : C2 — C be defined by Fy, (rx) = r™f(x) for

every x € S3 and r > 0. Further let ¢,, = 720 ()~ Then

T T) = Cm m(z e_(“2”2) z),
[ 1@ du@) = 6 [ Ful2)eare)

where X stands for the Lebesgue measure on C* = R, and |z||* =
‘21’2 + ’22‘2.
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Proof: Integration in polar coordinates on C? implies

AJ%@KM%M@
= c]gm3r3jé3l§n(rx)eTzdu(x)dr

—((Amﬁmeﬂm)éyummw

= ) [ f@ duta).

where c is some positive constant (the non-normalized volume of S3).
To compute the constant ¢ let f =1 and m = 0. Since I'(2) = 1 one
gets

c:z/f;WPuM@:2</gﬂnwa>(/eﬂmw@>:2ﬁ.
c2 C C

The lemma follows. [l

For m € Ny let P, denote the the set of homogeneous polynomials
on C? of degree m. In other words, P,, is the space of all polynomial
functions p : C2 — C that satisfy p(tz) = t™p(z) for every z € C?
and every t € C. Every p € P, can uniquely be written as

m
p(z) = Z Cr zfz;”_k.

k=0

For p,n € P, define

<mm¥@mmmwf/mmmwm

53
It follows then from Lemma 7.5.3 that
s = n [ oI ),
(CQ
We define a representation m,, of SU(2) on P, by

(mm(9)p)(2) = p(g7(2)).
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Theorem 7.5.4 For every m > 0, the representation (7, Pm) 1S
irreducible. Every irreducible unitary representation of SU(2) is uni-
tarily equivalent to one of the representations (Pp,, ™). Thus

SU(2) = {[(Pom, ™m)] : m € No},

where [(Pm, ™m)] denotes the equivalence class of (P, Tm,)-
Proof: This is Theorem 10.2.1 in [9]. O
The next corollary follows from the Peter-Weyl Theorem.

Corollary 7.5.5 The SU(2) representation on L*(S3) is isomorphic
to the orthogonal sum @, ~o(m + 1)Pp, where Py, is the space of
homogeneous polynomials of degree m and each Py, occurs with mul-
tiplicity m + 1.

We want to close this section with a study of the two-sphere S2. For
each A € T consider the matrix gy = diag(A,A). Then we may
regard T = {g) : A € T} as a closed subgroup of SU(2). Recall that
we can identify SU(2) = S3. The map p : S3 — S? of the following
lemma is known as the Hopf fibration of S3.

Lemma 7.5.6 Let us realize the two-sphere as
S$* ={(v,z):veC,z €R and |v|* + 2> =1} .
Then the map 1 : S® — S? defined by
n(a,b) = (2ab, la|?> — ]6]2)

factors through a homeomorphism SU(2)/T = S?, which maps the
normalized SU(2)-invariant measure on SU(2)/T to the normalized
Lebesgue measure on S2.

Proof: For (a,b) € S we compute
12ab* + (|a|® — |b*)* = 4|ab|* + |a|* — 2|adb]* + |b]*
(laf® +[b]*)* = 1,

which shows that the image of 7 lies in S?. To see that the map is
surjective let (v, x) € S? be given. Choose a,b € C with |a|?+[b|? = 1
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and |a|? — |b|? = x, which is possible since |z| < 1. Then |v| = 2|ab|,
and_there exists a complex number z of modulus one such that v =
2zab. It then follows that n(za,b) = (v,x).

We now claim that n(a,b) = n(a’,b") if and only if there exists A € T
with (a,b) = A(a’,b). The if direction is easy to check, so assume
now that (2ab, |a|?> — |b|?) = (2d'V, |a’|> — [b'|?). Since |a|? + [b|> =
1= |d|?> + |V/|? we get

1 =2 = |a|* - |o* = |o'|* = [t']* =1 - 20/,

from which it follows that [b| = [o/|. Hence A = ¥'/b € T with b = AV’
Since ab = a'b’ it also follows that a = \a’.

AEY-G D

it is then clear that 7 factorizes through a bijection SU(2)/T = S2.
Since n is continuous and all spaces are compact, this bijection is
also a homeomorphism.

Finally, since

We next need to show that the induced action of ¢ € SU(2) on
S? =2 SU(2)/T comes from some linear transformation. Since it maps

S? to S? it is then automatically orthogonal. But if g = (Z _ab>

and (Z) =p <Z> € 52 then a short computation shows that

ORI .
( 2(az — bw)(bZ + awb) )

laz — bw|? — |bz + aw|?
2abx — a’v — b2V
(la]? = |b|?)z — abv — abv )
This expression is obviously R-linear in v and x. This implies that
SU(2) acts on S? through orthogonal transformations. As the nor-
malized Lebesgue measure on S? is invariant under such transforma-

tions, it is invariant under the action of SU(2), so it coincides with
the unique invariant measure on SU(2)/T. O

The left translation on SU(2)/T induces a unitary representation
7 of SU(2) on L2(S?) = L?(SU(2)/T). We will now make use of
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the Frobenius reciprocity to give an explicit decomposition of this
representation.

Proposition 7.5.7 The representation 7 of SU(2) on L?(S?) is iso-
morphic to the direct sum

D

m>0

Proof: As SU(2) is a compact group, Theorem 7.2.4 implies that
7 is a direct sum of irreducibles. By Theorem 7.5.4, it is a direct
sum of copies of the m,,. It remains to show that for m > 0 the
irreducible representation 7, has multiplicity 1 in 7 if m is even and
0 otherwise. Example 7.4.2 shows that the 7 is isomorphic to the

induced representation Indqst(Q)(l), hence the Frobenius reciprocity
applies. So by Theorem 7.4.1 we can compute the multiplicity as

[ :7m] = [mm|T @ 1]

Using the basis 27", z{”flzz, ..., 24" one sees that

ol : 1] 1 m even,
T : =
mit 0 otherwise.

The proposition is proven. ]

7.6 Exercises

Exercise 7.1 Let A be an abelian subgroup of U(n). Show that there is
S € GL3(C) such that SAS~! consists of diagonal matrices only.

Exercise 7.2 Let G be a finite group.

(a) Show that the number of elements of G equals

> dim(V;)%.

TE@

(b) Show that the space of conjugation-invariant functions has a basis
(Xr),ca- Conclude that the number of irreducible representations of
G equals the number of conjugacy classes.
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Exercise 7.3 Let (m, V) and (n,V,,) be two unitary representations of the
compact group K. Suppose there exists a bijective bounded linear operator
T :V, — V, that intertwines = and », i.e., T'r(k) = n(k)T holds for every
k € K. Show that there already exists a unitary intertwining operator
S Ve =V,

Exercise 7.4 Write down all details of the proof of the second version of
the Peter-Weyl Theorem.

Exercise 7.5 Let K and L be compact groups, and let 7 € K and n e L.
Show that 7 @ n(k,l) = 7(k) ® 7(1) defines an element of K x L and that
the map (7,7) — 7 ® 7 is a bijection from KxTLtoK x L.

Exercise 7.6 Let K be a compact group, let (7, Vy) € I?, and let x, be
its character. Show that for z € K,

-1 _ X ()
/KW(kmk )dk = dimVWId'

Conclude that
Xr(@)xx(y) = dim(V,r)/ xﬂ(kxkfly) dk
K

holds for all x,y € K.

Exercise 7.7 Let (m, V) be a finite dimensional representation of the com-
pact group K with character x,. Let m* be the dual representation on
Ve« = V¥, the dual vector space of V. defined by 7* (k)(a)(v) = a(r(k~1)v)
(See Proposition C.3.1 for the notation). Show that

Xm* = Xn-

Exercise 7.8 Keep the notation of the last exercise. The representation
m is called a self-dual representation if 1 = 7*. Show that the following are
equivalent.

(a) 7 is self-dual,

(b) xr takes only real values,

(c) there exists a real sub vector space Vg of V;: such that V. is the orthog-
onal sum of Vg and iVg, and 7(K)Vg = V.

Exercise 7.9 Show that every unitary representation of SU(2) is self dual.
(Hint: Use Theorem 7.2.4.)
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Exercise 7.10 Let the compact group K act on L?(K) by conjugation,
ie., k.f(z) = f(k~'zk). Show that the space of K-invariants L?(K /conj)
is closed and that

(Xﬂ)wef(

is an orthonormal basis of the Hilbert space L?(K /conj).

Exercise 7.11 Show that the direct summand End(V;) of L?(K) in the
second version of the Peter-Weyl Theorem is equivalent to the irreducible
representation 7* ® 7. (Compare with Exercise 5.9.)

Exercise 7.12 Let K be a compact group. Show that the following are
equivalent.

e Every character x, for 7w € K is real valued.

e For every k € K there exists [ € K such that [kl7! = k=1,

Exercise 7.13 For a subset A C S™ let 1A be defined as in the beginning
of Section 7.5. Show that A is Borel measurable as a subset of S™ if and
only if I A is measurable as a subset of R".

Exercise 7.14 Consider the map ¢ : SU(2) x T — U(2) that sends a
pair (g, z) to the matrix zg. Show that ¢ is a surjective homomorphism.

—

Compute ker ¢ and U(2).

Exercise 7.15 Via Lemma 7.5.6, the group SU(2) acts on S? = SU(2)/T.
Show that this action determines a surjective homomorphism ¢ : SU(2) —
SO(3) such that ker¢) = {+I}. In particular, this gives an isomorphism

SO(3) =2 SU(2)/{%I}. Use this to compute SO(3).



Chapter 8

Direct Integrals

Direct integrals are a generalization of direct sums. For a compact
group every representation is a direct sum of irreducibles. This prop-
erty fails in general for non-compact groups. The best one can get
for general groups is a direct integral decomposition into factor rep-
resentations. The latter is a notion more general than irreducibility.
For nice groups these notions coincide, and then every unitary rep-
resentation is a direct integral of irreducible representations.

8.1 Von Neumann Algebras

Let H be a Hilbert space. For a subset M of the space of bounded
operators B(H) on H, define the commutant to be

M AT e B(H): Tm=mT Ym € M}.

So the commutant is the centralizer of M in B(H). If M C N C
B(H), then N" ¢ M’'. We write M" for the bi-commutant, i.e., the
commutant of M’. For a subset M of B(H) we define its adjoint set
to be the set M* of all adjoints m* where m is in M. The set M is
called a self-adjoint set if M = M*.

We define a von Neumann algebra to be a sub-*-algebra A of B(H)
that satisfies A” = A. A von Neumann algebra is closed in the
operator norm, and so every von Neumann algebra is a C*-algebra.
The converse does not hold (See Exercise 8.5).

For a subset M C B(H), one has M C M" and hence M"" Cc M'.

A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
DOI: 10.1007/978-0-387-85469-4_8,
© Springer Science+Business Media, LLC 2009
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Since, on the other hand, also M’ C (M')" = M", it follows M’ =
M", so M’ is a von Neumann algebra if M is a self-adjoint set.
In particular, for a self-adjoint set M the algebra M" is the smallest
von Neumann algebra containing M, called the von Neumann algebra
generated by M.

Let A C B(H) be a von Neumann algebra. Then Z(A) = AN A’ is
the center of A, i.e., the set of elements a of A that commute with
every other element of A. A von Neumann algebra A is called a
factor if the center is trivial, i.e., if Z(A) = CId.

Examples 8.1.1
e A=(H) is a factor, this is called a Type-I factor.
e A=CId is a factor.

e The algebra of diagonal matrices in Mato(C) = B(C?) is a von
Neumann algebra, which is not a factor.

e Let V,W be two Hilbert spaces. The algebra B(V) @ B(W)
acts on the Hilbert tensor product VW via A ® B(v ® w) =
A(v) ® B(w). Then the von Neumann algebra generated by
the image of B(V)® B(W) is the entire B(V&W) (See Exercise
8.1).

8.2 Weak and Strong Topologies

Let H be a Hilbert space. On B(H) one has the topology induced
by the operator norm, called the norm topology. There are other
topologies as well. For instance, every v € H induces a seminorm
on B(H) through T — ||Tv||. The topology given by this family of
seminorms is called the strong topology on B(H). Likewise, any two
v,w € H induce a seminorm by T +— | (Tv,w) |. The topology thus
induced is called the weak topology. It is clear that norm convergence
implies strong convergence and that strong convergence implies weak
convergence. Therefore, for a set A C B(H) one has

A c A" ¢ A5 c A,

where A" denotes the closure of A in the norm topology, or norm
closure, A® the strong closure, and A" the weak closure. In gen-
eral, these closures will differ from each other. It is easy to see that
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A, A¥ c A" and so every von Neumann algebra is strongly and
weakly closed.

Theorem 8.2.1 (von Neumann’s Bicommutant Theorem)
Let H be a Hilbert space, and let A be a unital *-subalgebra of B(H).
Then A® = AY = A".

Proof: It suffices to show that A” C A%. Let T € A”. We want to
show that T lies in the strong closure of A. A neighborhood base
of zero in the strong topology is given by the system of all sets of
the form {S € B(H) : ||Svj|| <e, j=1,...,n} where vy,...,v, are
arbitrary vectors in H and £ > 0. So it suffices to show that for given
vi,...,0, € H and ¢ > 0 there is a € A with [|[Tv; — avj|| < ¢ for
j=1,...n. For this let B(H) act diagonally on H"™. The commutant
of Ain B(H™) is the algebra of all n x n matrices with entries in A’,
and the bicommutant of A in B(H") is the algebra A”I, where I = I,
denotes the n x n unit matrix. Consider the vector v = (v1,...,v,)"
in H". The closure of Av in H™ is a closed, A-stable subspace of H".
As A is a *-algebra, the orthogonal complement (Av)* is A-stable as
well; therefore the orthogonal projection P onto the closure of Av is
in the commutant of A in B(H™). It follows that T' € A" commutes
with P and leaves Av stable. One concludes Tw € Av, and so there
is, to given £ > 0, an element a of A such that |Tv — av|| < e, which
implies the desired ||Tv; — avj|| <efor j=1,...,n. O

The Bicommutant Theorem says that for a *-subalgebra A of B(H)
the von Neumann algebra generated by A equals the weak or strong
closure of A.

Lemma 8.2.2 A von Neumann algebra A is generated by its unitary
elements.

Proof: Let A be a von Neumann algebra in B(H). Let Agr be the
real vector space of self-adjoint elements, then A = Ag + i Ag. Let
T € Ag, and let f € S(R) be such that f(z) = =z for x in the
(bounded) spectrum of T'. By Proposition 5.1.2,

T~ 1) = [ Fen i

The unitary elements e>™T € B(H) are power series in T, so belong
to the von Neumann algebra A, and every operator that commutes
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with the e*™¥T will commute with 7', so T belongs to the von Neu-
mann algebra generated by the unitaries 27", O

Let By be the unit ball in B(H), i.e., the set of all ' € B(H) with
1Top < 1.

Lemma 8.2.3 B is weakly compact.

Proof: For 7 > 0 and z € C let B,(z) be the closed ball around z
of radius r. For T' € By and v,w € H, one has | (T'v,w) | < ||v| |lw],
so the map
viBr = ] Bl (©)
v,weH

with ¢¥(T")yw = (T'v, w) embeds By into the Hausdorff space on the
right, which is compact by Tychonov’s Theorem A.7.2. The weak
topology is induced by v, so Bj is weakly compact if we can show
that the image of 1 is closed. For this let T be a net in By such that
1 (T}) converges in the product space. That is, (Tjv, w) converges to
some number x,, ,, € Blllelwll (0). For given v € H, the map w — x4
is anti-linear, so there is a vector T'v such that x,, ., = (T'v, w). Next,
Tv depends linearly on v, so we get a linear operator 7" on B(H) such
that T); converges to T in the weak topology. The operator T' satisfies
| (Tv,w) | < |v|l||w| for any two vectors v,w in H. Applying this to
w = Tv, we get | Tw||* = (T'v, Tv) < |[v||||T| and hence ||Tv|| < ]|,
so T € Bj. ]

8.3 Representations

A unitary representation (m,Vy) of a locally compact group G is
called a factor representation if the von Neumann algebra VN(r)
generated by m(G) C B(V;) is a factor. So 7 is a factor representation
if and only if 7(G) N7 (G)" = CId.

Lemma 8.3.1 FEwvery irreducible representation is a factor represen-
tation.

Proof: It follows from the Lemma of Schur 6.1.7 that VN (7)) =
B(Vy) for every irreducible representation 7. O
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Two unitary representations w1, me of G are called quasi-equivalent
if there is a C*-isomorphism

¢ : VN(m1) — VN(me)

satisfying ¢(mi(z)) = ma(z) for every z € G.

Example 8.3.2 A given unitary representation 7 is quasi-equivalent
to the direct sum representation 7 @ w. This follows from the gen-
eral fact that any von-Neumann algebra A C B(H) is isomorphic to
Al C B(H?). (Compare with the proof of von Neumann’s Bicom-
mutant Theorem.)

Lemma 8.3.3 Two irreducible unitary representations are quasi-
equivalent if and only if they are unitarily equivalent.

Proof: Let the unitary representations (m, V) and (n, V,,) be unitar-
ily equivalent, i.e., there is a unitary intertwining operator 7" : V; —
Vy. Then T induces an isomorphism VN(mw) — VN(n) by mapping
S to TST~!. This shows that 7 and n are also quasi-equivalent.
Conversely, let (7, Vz) and (n,V})) be two irreducible unitary repre-
sentations of G, and let ¢ : VN(7) — VN(n) be an isomorphism of
C*-algebras. For u,v € V; let T}, , : Vx — V; be given by

def

Tuw(z) = (x,u)v.

Then Ty Ty, = (2,u) Tww, and T, = Tyu. Let (ej)jer be an
orthonormal basis of V. For each j € I the map P; =T, ., is the
orthogonal projection onto the one dimensional space Ce; and Tt e,
is an isometry from Ce; to Ce; and is zero on Ce; for ¢ # j. The
Pj are pairwise orthogonal projections that add up to the identity
in the strong topology. The same holds for the images ¢(P;). Let
Vi = &(Pj)Vy. Then V,, is the direct orthogonal sum of the V,, ;.
We claim that ¢(T¢, e, ) is an isometry from V;, ; to V; x and zero on

Vi for i # j. For this let x,y € V, ;, then

<¢(T6j,ek)xv¢(Tej,ek)y> = <¢(Tek7€jTej7€k)x7y>
<¢(T€]‘,€j)x7y> = <x,y>.

Now fix some jg € I and choose fj, € V;, j, of norm one. For j # jo
set fj = ¢(Te;, ;) fjo- Consider the isometry S : Vz — V; given by
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S(ej) = fj. It then follows that ST¢, ¢, = (T, ¢, )S. The C*-algebra
VN(m) = B(Vx) is generated by the Tt .., so S is an intertwining
operator onto a closed subspace of V;,. As 7 is irreducible, S must
be surjective, i.e., unitary. O

A factor representation 7 is called a Type-I representation if m is
quasi-equivalent to a representation 7m; whose von Neumann algebra
VN(m) is a Type-I factor. Then 7 is Type-I if and only if 7 is
quasi-equivalent to an irreducible representation.

Example 8.3.4 We here give an example of a factor representation,
which is not Type-I. Let I' be a non-trivial group with the property
that every conjugacy class in I is infinite or trivial. So the only finite
conjugacy class in I' is {1}. An example of this instance is the free
group F5 generated by two elements. Another example is the group
SLo(Z)/ £ 1.

Consider the regular right representation R of I' on the Hilbert space
H = ¢*(T). Let VN(R) be the von Neumann algebra generated by
R(T) C B(¢2(1)).

Proposition 8.3.5 VN(R) is a factor, which is not of Type-1I.

Proof: We show that the commutant VN(R)’ is the von Neumann
algebra generated by the regular left representation L of I'. For this
consider the natural orthonormal basis (dy)yer, which is defined by
0y(r) = 1 if v = 7 and zero otherwise. Omne has R,6,, = .,
and L,0y, = 0yy,. Let T € VN(R)', so TRy, = R,T for every vy €
I'. Then T(61) = >_, cydy for some coefficients ¢, € C satisfying
> ley|? < 0o. For 7o € T arbitrary one gets

T((Swo) = T(R%_usl) = R%—1T(51)
= R%A ZCV&Y = Zc,yéﬂm
Y vy
= ZCVLW(é'yo)a
Y

soT = Zv ¢y L, where the sum converges pointwise, i.e., for every
¢ € H the sum ) cyL,(¢) converges in the topology of H to T'(¢).
This means that if S € B(H) commutes with L(I"), then it commutes
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with VN(R)' or in other words, L(I')’ € VN(R)"” = VN(R). This im-
plies that VN(R) C L(T")” = VN(L). As trivially VN(L) € VN(R)’
we get VN(R) = VN(L). This means that VN(L) and VN(R) are
each other’s commutants. In particular, it follows that each element
of VN(L) can be written as a pointwise convergent sum of the form
>, ¢yLy, and likewise each element of VN(R) can be written as a
sum of the form Zw dyR,. As neither of these algebras is trivial,
neither is a Type-I factor. It remains to show that they are factors.
For this we have to show that their intersection is trivial. So let
T € VN(L) N VN(R). Then we have two representations

Y eyLy = T =) dyR,.
v v

In particular,

by = T(61) = Y dyby,
Y

v

which implies d, = ¢,-1, so for o € I, on the one hand,

Y
T(la) = > yLyba = D ¢0ya = > Crq10y
v v v

and on the other,

T(6a) = Y cyRy100 = D> 00y = Y a140y.

Y Y Y

This means that the function vy + ¢, is constant on conjugacy classes.
Since the sums must converge, this function can only be supported
on finite conjugacy classes. As there is only one of them, it follows
that ¢y = 0 except for v =1, so T' € CId. O

8.4 Hilbert Integrals

A family of vectors (&;)icr in a Hilbert space H is called a quasi-
orthonormal basis if the non-zero members of the family form an
orthonormal basis of H.

Let X be a set and A a g-algebra of subsets of X. A Hilbert bundle
over X is a family of Hilbert spaces (H,),cx and a family of maps
&+ X — U,ex He (disjoint union) with &(x) € H,, such that for
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each z € X the family (§(x)) is a quasi-orthonormal basis of Hy,
and for each 7 € I the set of all x € X with §(x) = 0 is measurable.

A section is a map s : X — |J,cx He with s(z) € H, for every
x € X. A section is called measurable section if for every j € [
the function z — (s(z),§;(z)) is measurable on X, and there exists
a countable set Iy C I, such that the function z — (s(z),&(x))
vanishes identically for every i ¢ I.

Let u be a measure on 4. A measurable section s is called a nullsec-
tion if it vanishes outside a set of measure zero. The direct Hilbert
integral is the vector space of all measurable sections s, which satisfy

Jsl 2 [ Js(e)|? duto) < oo
X
modulo the space of nullsections.

This space, written as

H = /X H, du(),

is a Hilbert space with the inner product

(s.t) = /X (5(2), (2)) dp(z).

To show the completeness, for ¢ € I let X; be the set of all z € X
with & (x) # 0. We get a map P; : H — L%*(X;) given by P;(s)(x) =
(s(x),&(x)). These maps combine to give a unitary isomorphism,

H = /XdeM(g;) L= @LZ(Xi).

Example 8.4.1 Direct sums are special cases of direct integrals.
Let H= jer Hj be a direct sum of separable Hilbert spaces. This
space equals the direct integral [y H, du(x) with X = I and p the
counting measure on X.

Let (Hy,&;) be a Hilbert bundle and p a measure on X. Let G be
a locally compact group, and for every z € X let n, be a unitary
representation of G on H,, such that for every g € G and all i,j € [
the the map x — (n5(9)&;(z),&;(z)) is measurable. Then

(n(9)s)(z) = na(g)s(x)

defines a unitary representation of G on H = [ Hy, du(x).
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Example 8.4.2 Let A be a locally compact abelian group with dual
group A equipped with the Plancherel measure. Each character y :
A — T = U(C) determines a one-dimensional representation of A on
H, = C. Consider the constant section & (x) = 1 € C = Hy and
& =0for j > 1. Let 7,(y) = x(y). Then the direct integral

[ =12
A

with (n(y)€) (x) = x(y)&(x)- It follows then from the Plancherel The-

o~

orem 3.4.8 that (n, L%(A)) is unitarily equivalent to the left regular
representation (L, L?(A)) of A via the Fourier transform.

8.5 The Plancherel Theorem

A locally compact group G is called a type I group if every factor rep-
resentation of G is of type I, i.e., is quasi-equivalent to an irreducible
one.

Examples 8.5.1

e Abelian groups are of type I.
For an abelian group A and a unitary representation 7 of A,
the von Neumann algebra VN(7) is commutative. So, if VN(7)
is a factor, it must be isomorphic to C, which means that 7 is
quasi-equivalent to a one-dimensional representation.

e Compact groups are of type I.
For a compact group any unitary representation is a direct sum
of irreducible representations.

e Nilpotent Lie groups are of type I. See [3] Chapter VI.
e Semisimple Lie groups are of type I. See [18].
e A discrete group is only of type I if it contains a normal abelian

subgroup of finite index. See [51]; see also Proposition 8.3.5.

Let G and H be locally compact groups, and let (w,Vz), (o,V,)
be unitary representations of G and H, respectively. On the Hilbert
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tensor product V,®V, (see Appendix C.3) we define a representation
7 ® o of the product group G x H by linear extension of

vRw — 7(r)v®o(y)w
for (z,y) € G x H,v € V, and w € V.

Recall that the unitary dual G consists of all equivalence classes
of irreducible unitary representations of G. On G we will install a
natural o-algebra in the case that G has a countable dense subset.

Lemma 8.5.2 Assume that G has a countable dense subset. Then
every irreducible unitary representation (7, Vy) has countable dimen-
ston, i.e., the Hilbert space V; has a countable orthonormal system.

Proof: Let (m, V;) be an irreducible unitary representation of G. A
subset T C V; is called total, if the linear span of T' is dense in V.
By the orthonormalization scheme it suffices to show that there is a
countable total set in V. Let 0 # v € V. Then the set 7(G)v is
total in Vi, as V; is irreducible. Let D C G be a countable dense
subset. Then the set w(D)v is dense in 7(G)v, hence also total in
Va. O

Assume that G has a dense countable subset. For a countable cardi-
nal n =1,2,...Ng, let H, denote a fixed Hilbert space of dimension
n. For each class C in G we fix a representative m € C with repre-
sentation space H,,, which exists by Lemma 8.5.2. The cardinal n is
uniquely determined by C' = [r] and is called the dimension of the
representation. Let @n be the subset of G consisting of all classes
[7] of dimension n. On G,, we install the smallest o-algebra making
all maps [r] — (7m(g)v, w) measurable, where g ranges in G and v, w
range over Hy,. On G = U, CAJH we install the union o-algebra.

The prescription n(z,y) = Ly R, defines a unitary representation of
G x G on the Hilbert space L?(G). Note that if G is second countable,
then it contains a dense countable subset.

Theorem 8.5.3 Let GG be a second countable, unimodular, locally
compact group of type I. There is a unique measure p on G such that

for f € LY(G) N L*(G) one has

12 = /G (£ s dur).
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The map f — (w(f))r extends to a unitary G x G equivariant map

L2(G) = /@ HS(V2) dyu(r).

The proof is in [11], 18.8.1.

This Plancherel Theorem generalizes the Plancherel Theorem in the
abelian case, Theorem 3.4.8, as well as the Peter-Weyl Theorem in
the compact case, Theorems 7.2.1 and 7.2.3. Concrete examples
for groups, which are neither abelian nor compact will be given in
Theorem 10.3.1 and Theorem 11.3.1.

8.6 Exercises

Exercise 8.1 Let V, W be Hilbert spaces.

(a) For A € B(V) set a(A)(v @ w) = A(v) ® w. Show that « is a norm-
preserving *-homomorphism from B(V) to B(V&W).

(b) Let 8 be the anologous map on the second factor. Show that a ® 8
defines a *-homomorphism from B(V) @ B(W) to B(V&W).

(¢) Show that the von Neumann algebra generated by the image of a ® 8
equals the entire B(VQW).

Exercise 8.2 Give an example of a set of bounded operators on a Hilbert
space, for which the norm-closure differs from the strong closure. Also give
an example, for which the strong and weak closures differ.

Exercise 8.3 Let H be a Hilbert space, and let P be the set of all orthog-
onal projections on H. Let 7; and 7, be the restrictions of the strong and
weak topologies to the set P. Show that 7, = 7,,,.

Exercise 8.4 Let H be a Hilbert space, and let U be the set of all unitary
operators on H. Let 7] and 7, be the restrictions of the strong and weak
topologies to the set U. Show that 7] = 7.

Exercise 8.5 Show that not every C*-algebra is isomorphic to a von Neu-
mann algebra.

(Hint: Consider an infinite dimensional Hilbert space H and the space K
of compact operators. The algebra A = K + CId is a C*-algebra.)
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Exercise 8.6 Let H be a Hilbert space, and let M C B(H) be self-adjoint
and commutative, i.e., for S,T € M one has S*,T* € M and ST = TS.
Show that the bicommutant M"” is commutative.

Exercise 8.7 For a von Neumann algebra A C B(H) let A" be the set of
all finite sums of elements of the form aa* for some a € A. Show:

(a) AT is a proper cone, i.e.:
AT+ AT Cc AT, RTAT Cc AT, AT Nn(-A")=0.
(b) For a € A one has

ac AT & TFbeA:a=bb*, & a>0.

Exercise 8.8 Let A C B(H) be a von Neumann algebra. A finite trace
is a linear map 7 : A — C with 7(A") € R™ and 7(ab) = 7(ba) for all
a,b € A. Show:

(a) Let 7 be a finite trace on A = Mat,,(C). Then 7(a) = ctr (a) for some
c>0.

(b) Let A = B(H), where H is an infinite-dimensional Hilbert space. Then
there is no finite trace on A.

(¢) Let T be a discrete group, and let A = VN(R). Then

T E Ry | =

yer

is a finite trace on A.

Exercise 8.9 Show that a von Neumann algebra A is generated by all
orthogonal projections it contains.

Exercise 8.10 Let G be a locally compact group. For a unitary represen-
tation (m, Vy) let its matriz coefficients be all continuous functions on G of

the form
def

9 = bowlg) = (mlgv,w),  v,weVr
Let G be of type I. Let m be a unitary representation such that all its
matrix coefficients are in L?(G). Show that 7 is a direct sum of irreducible
representations.



Chapter 9

The Selberg Trace
Formula

In this chapter we introduce the Selberg trace formula, which is a
natural generalization of the Poisson summation formula to non-
abelian groups. Applications of the trace formula will be given in
the next two chapters.

9.1 Cocompact Groups and Lattices

We will study the following situation. G will be a locally compact
group, and H will be a closed subgroup, which is unimodular and
cocompact. Here we say that a subgroup H of a topological group
G is a cocompact subgroup if the quotient G/H is a compact space.

Examples 9.1.1
e A classical example is G =R and H = Z.

e For a unimodular group H and a compact group K together
with a group homomorphism 7 : K — Aut(H) such that the
ensuing map K x H — H given by (k,h) — n(k)(h) is conti-
nuous, one can form the semi-direct product G = H x K. As
a topological space, one has G = H x K. the multiplication is
(h,k)(hi,k1) = (hn(k)(h1),kk1). Then the pair (G,H) is an
example.

A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,

DOI: 10.1007/978-0-387-85469-4_9,
(© Springer Science+Business Media, LLC 2009
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e For G = SLy(R), one uses hyperbolic geometry [1] to construct
discrete subgroups I' = H C G, which provide examples of the
situation considered here.

Proposition 9.1.2 Let G be a locally compact group. If G admits
a unimodular closed cocompact subgroup, then G is unimodular.

Proof: Let H C G be a unimodular closed cocompact subgroup.
The inversion on G induces a homeomorphism G/H — H\G by
gH +— Hg . Therefore H\G is compact as well. We install a
Radon measure p on the compact Hausdorff space H\G using Riesz’s
representation theorem as follows. For f € C(H\G) choose g €
C.(G) with Hg = f, where

Hy(z) /H g(hz) dh.

In this case define fH\G f(z)du(x) by [ g(x)dz. For this to be well-

defined, we have to show that g = 0 implies Jo 9(x)dz = 0. Note
that, as H is unimodular, we have [, g(h~'z)dh = [}, g(hz) dh = 0.
Let ¢ € C.(G) with o = 1. One gets

/ / / (hx)g(z) dhdx
/ / (hx)g(x) dx dh
/ / g(h™'2) dz dh

_ /Ggp()/H (h'2)dhda = 0.

This measure 1 on H\G satisfies

flzy)dp(z) = /Gg(wy)dﬂf = A(yl)/ag(w)dﬂf

- A [ @)

So in particular, for f =1 € C(H\G) one gets

H\G

0 < f(x)du(z) = f(zy) du(z)

H\G H\G

— A /H @)



9.1. COCOMPACT GROUPS AND LATTICES 173
which implies A(y~1) = 1. O

A subgroup I' C G of a topological group is called a discrete subgroup
if the subspace-topology on I' is the discrete topology.

Lemma 9.1.3

(a) A subgroup T' C G is discrete if and only if there is a unit-
neighborhood U C G with 'NU = {1}.

(b) A discrete subgroup is closed in G.

Proof: As T is a topological group, it is discrete if and only if {1}
is open, which is equivalent to the existence of an open set U with
I'NU = {1}. This implies part (a). For part (b) let I be a discrete
subgroup, and let € G be in the closure of I', and let (7;) be a
net in I' converging to x. Let U be a unit-neighborhood as in part
(a), and let V be a symmetric unit-neighborhood with V2 C U. As
v; — x, there exists ig such that for ¢ > iy one has v; € Vux, or
vix~l € V. So, for i,j > iy one has

'yi’yj_l = (mz Dy H™t e V2 C U
So for i,j > iy one has %'y;l el'nU = {1}, ie, vy =7 =z, so
zel. O
Examples 9.1.4
e The subgroup Z of R is a discrete subgroup.

e Let G be Hausdorff and compact. Then a subgroup I' C G is
discrete if and only if it is finite.

e Let G = SLa(R) be the group of real 2 x 2 matrices of deter-
minant one. Then I' = SLy(Z) is a discrete subgroup of G.

Let G be a locally compact group. A discrete subgroup I' such that
G/T carries an invariant Radon measure p with

W(GT) < oo

is called a lattice in G. A cocompact lattice is also called a uniform
lattice.
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Proposition 9.1.5 Let G be a locally compact group. A discrete,
cocompact subgroup ' is a uniform lattice.

Proof: Let I' C G as in the proposition. Then G is unimodular
by Proposition 9.1.2. As I' is unimodular, by Theorem 1.5.2 there
exists an invariant Radon measure on G/I', and, as the latter space
is compact, its volume is finite, so I' is a lattice. ]

Remark. There are lattices, which are not uniform, like I' = SLy(Z)
in G = SLy(R) (See [45]).

Theorem 9.1.6 Let G be a locally compact group. If G admits a
lattice, then G is unimodular.

Proof: Let A be the modular function of G, and let H = ker(A).
Then H is unimodular by Corollary 1.5.4. Let I' C G be a lattice.
By Theorem 1.5.2, it follows that A is trivial on I', so I' € H. On
G/H and on H/T there are invariant measures by Theorem 1.5.2, so
by the uniqueness of these respective measures we conclude that

oo > vol(G/T) = / ldx = / / 1dz dy.
G/r G/H JH/T

Therefore G/H has finite volume. Being a locally compact group, it
follows that G/H is compact. By Proposition 9.1.2 the group G is
unimodular. O

9.2 Discreteness of the Spectrum

Let G be a locally compact group, and let H C G be a unimodular
closed cocompact subgroup. It is a convention that one uses the
right coset space H\G instead of the left coset space. This quotient
carries a Radon measure p that is invariant under right translations
by elements of G and has finite volume. On the ensuing Hilbert space
L?*(H\G) the right translations give a unitary representation R of G
by

def

R(z)p(y) = ¢(yx).

Example 9.2.1 Let G =R, and I' = Z then I' is a closed cocompact
subgroup and the theory of Fourier series, [9] Chapter 1, implies
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that the representation R decomposes into the direct sum @nezxm
where x,, : R — T is the character given by x,(z) = ¢*™"®. Thus R
decomposes into a discrete sum of irreducible representations. This
is a general phenomenon, as the next theorem shows.

For a representation 7 and a natural number N we write N7 for the
N-fold direct sum 7 ®7w--- P .

Theorem 9.2.2 Let G be a locally compact group, and let H C G be
a unimodular closed cocompact subgroup. The representation R on
L*(H\G) decomposes as a direct sum of irreducible representations
with finite multiplicities, i.e.,

L*(H\G) = @ Nu(r

req

where the sum runs over the unitary dual G of G, and Ny (m) € Ny
is a finite multiplicity for m € G.

Proof: We need a lemma that tells us that for f € C.(G) the
operator R(f) is given by a continuous integral kernel. For later use
we will extend this to a greater class of functions f. Let U be a

compact unit-neighborhood in GG. For a continuous function f on G
let fr : G — [0, 00] be defined by

fuly) = sup |f(zyz)l.
z,zeU

Lemma 9.2.3 The function fy is continuous.

Proof: It suffices to show that for a > 0 the sets f;;'((a,0)) and
f&l([O,a)) are open. For the former assume fi7(x) > a, then there
exist uy,uy € U with |f(ujauz)| > a. As the function y — f(uiyus)
is continuous, there exists an open neighborhood V' of z such that
| f(uivug)| > a for every v € V. This implies fy(v) > a for every
velV.

For the second case assume fi(x) < a. Then [f(y)| < a for every
y in the compact set UxU. By Lemma A.8.1 there exists an open
neighborhood W of UaU such that |f(w)| < a for every w € W.
We claim that there exists an open neighborhood V' of a such that
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UVU c W. If not, then there exist nets a; — a and ujl-, u? € U such
that u}aju? ¢ W for every j. As U is compact, we can switch to
subnets such that (u;) and (u?) converge to, say, ut,u? € U. As W
is open, its complement is closed, so u'au? ¢ W, a contradiction.

0

We say that a continuous function f is a uniformly integrable function
if there exists a compact unit-neighborhood U such that fy is in
LY(G). If f is uniformly integrable, then f € LY(G) as |f| < fu.
Let Cunie(G) be the set of all continuous functions f on G that are
uniformly integrable.

Examples 9.2.4
o If f € C.(G), then f is uniformly integrable.

e Every Schwartz-function on R is uniformly integrable (Exercise
9.1).

Lemma 9.2.5 Let G be unimodular. FEvery uniformly integrable
function vanishes at infinity, and the space Cynit(G) is an algebra
under convolution.

Proof: Assume that f is uniformly integrable and let U be a com-
pact unit neighborhood in G such that fy is integrable. If f does
not vanish at oo, there exists an € > 0 and a sequence {x,, : n € N}
in G such that z,U Nz,,,U = 0 for all n # m and |f(x,)| > € for
every n. But then fiy > € on x,U for every n, which contradicts the
integrability of fis.

Since integrable functions in Cyp(G) are square integrable, we get
Cunit(G) C L*(G).

Let f,g € Cuit(G). We can write f * g(x) = (f,Lyg*). The
map z +— L,g* is continuous as a map from G to L?(G). The in-
ner product is continuous, hence so is f * g. Finally, choose a
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unit-neighborhood U such that fyy and gy are both integrable. Then

Frow) = s [ f(£)g(£‘1xy2)d£‘

x,2eU

= sup
z,zeU

< sup / | (@€)g(€y2)| de

z,2€U JG

| 1€ ) ds‘

< /fU(f)gU(f_ly)df = fuxgu(y).
e

This implies that (f * g)y is integrable over G. O
Lemma 9.2.6 For f € Cuit(G) and ¢ € L?(H\G) one has
R(PDe@) = [ Kewew)dy
H\G

where k(z,y) = [, f(z"thy)dh. The kernel k is continuous on
H\G x H\G.

Proof: For g € C.(G) let Hg(x = [y 9(hx) dh. Recall that the map
g — Hg is surjective onto C. (H\G) and one has fH\G Hy(z) do =

Jo9(@)de. If ¢ € C.(H\G) and g € Co(G), then 7 (pg) = ¢y
Choose g € C.(G) such that flg = 1. Let f € LY(G). For ¢ €
L?*(H\G) one gets

R(N)pr) = /G F)Ry)p(a) dy = /G F(w)o(ay) dy
- / Fay)e(y) dy
G
= //g(h‘ly)dh fla ™ y)ey) dy
— / / " hy)p(y) dy dh

— / (W)k(z v)e(y) dy,
G

where k(z,y) = [, f I (r7'hy) dh as claimed, and the integral con-
verges almost everywhere in z,y. The calculation continues as

[ kaetidy = [ ke e
H\G H\G
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In particular, for f € Cypnir(G) this argument works with f replaced
by fu for a suitable unit-neighborhood U. This implies that in the
neighborhood Uz x Uy of (z,y), the integral [, | f(z~'hy)|dh is uni-
formly bounded by [,; fu(z~'hy)dh and the theorem of dominated
convergence then implies the continuity of (z,y) — k(x,y). 0

As k€ C(H\G x H\G) C L?>(H\G x H\G), the operator R(f) is a
Hilbert-Schmidt operator, hence compact. The theorem follows from
the next lemma.

Lemma 9.2.7 Let A be a *-closed subspace of C.(G) that contains
a Dirac net. Let (n,V,) be a unitary representation of G' such that
for every f € A the operator n(f) is compact. Then n is a direct sum
of irreducible representations with finite multiplicities.

Proof: Zorn’s Lemma provides us with a subspace U, maximal with
the property that it decomposes as a sum of irreducibles. The as-
sumption of the Lemma also holds for the orthocomplement U+ of
U in V = V,. This orthocomplement cannot contain any irreducible
subspace. We have to show that it is zero. In other words, we have to
show that a representation n as in the assumption, always contains
an irreducible subspace.

The space A is generated by its self-adjoint elements and it contains
a Dirac net consisting of self-adjoint elements. Let f € A be self-
adjoint. Then n(f) is self-adjoint and compact. By the spectral
theorem for compact operators 5.2.2 the space V' =V}, decomposes,

Vo= Vo @ PV
j=1

where Vo is the kernel of 7(f) and V; is the eigenspace of n(f) for
an eigenvalue A\; # 0. The sequence A; tends to zero and each Vy;
is finite dimensional for 7 > 0. For every closed invariant subspace
V! C V one has a similar decomposition

o0
V=V, e PV
j=1
and V C Vy; for every i > 0. Since A contains a Dirac net(f;), it
follows that every non-zero closed invariant subspace U has a non-
zero intersection with one of the Vy; for some ¢ > 0 and some f € A,
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since otherwise U C kern(f) for every f € A. But since n(f;)u — u
for every u € U, this implies U = {0}, a contradiction. Fix f and j
and consider the set of all non-zero intersections V¢ ; N U, where U
runs over all closed invariant subspaces. Among these intersections
choose one W = V¢ ; N U of minimal dimension, which is possible as
Vi ; is finite-dimensional. Let

Ul = N U

U:Uunvy ;=W

where the intersection runs over all closed invariant subspaces U
with U N Vy; = W. Then U 1'is a closed invariant subspace. We
claim that it is irreducible. For this assume that U' = E @ F with
closed invariant subspaces E,F. Then by minimality, W C E or
W C F, which implies that one of the spaces F or F is zero, so U is
indeed irreducible. We have shown that V' indeed has an irreducible
subspace U'. As shown above this implies that V' decomposes as a
sum of irreducibles.

It remains to show that the multiplicities are finite. For this note
first that if 7 and o are unitarily equivalent representations, then
A is an eigenvalue of 7(f) if and only if it is one for o(f). Thus
finiteness of the multiplicities follows from the fact that any collec-
tion of orthogonal subspaces, which give rise to unitarily equivalent
representations, must all have non-trivial intersection with the same
eigenspaces Vy ;. Since the Vy ; are finite dimensional, there can only
exist finitely many of them. O

9.3 The Trace Formula

Let X be a locally compact Hausdorff space, and let u be a Radon
measure on X. A continuous L?-kernel k on X is called admissi-
ble kernel if there exists a function g € C(X) N L?(X) such that
|k(z,y)| < g(x)g(y). Note that if X is compact, then every conti-
nuous kernel is admissible.

An operator S : L}(X) — L%*(X) is called an admissible operator if
there exists an admissible kernel k such that

Sep(z) = /Xk(%y)w(y)dy,

where we have written dy for du(y).
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Lemma 9.3.1 Let X be a first countable locally compact Hausdorff
space equipped with a Radon measure. Let T be an integral opera-
tor with continuous L?*-kernel on X. Assume that there exists an
admissible operator S with T = SS*. Then T is of trace class and

tr (1) = /Xk(x,x)dx.

Proof: As S is a Hilbert-Schmidt operator, T = S5* is trace class
and also tr (T") = ||S|g- Let I(x,y) be the admissible kernel of S.
For ¢ € C.(X) we compute

SS5*p(x)

/ l(z,u)S*p(u) du
X

= /X/XZ(SE,U)Z(@/Mw(y)dydu
- /X(/Xl(a:,u)l(y,U)dU> e(y) dy.

So the operator SS* has the kernel

I 1*(z,y) = /Xl(a:,u)l(y,u)du.

As [ is admissible and X is first countable, the Theorem of Dominated
Convergence implies that the kernel [ % [* is continuous. For ¢,y €
C.(X) we have

//l*l*a:y y(z)dyde = (85 p,)

= // (z,y)p () dy dx.

Varying ¢ and ¢ we conclude that the continuous kernels k and [ [*
coincide. Therefore,

= 2 = = r .
/Xk:(x,x)d:n - /X/X|l(3:,u)| dude = Sl = (@)

Recall that for 7 € G the number Np () > 0 is the multiplicity of 7
as a subrepresentation of (R, L?*(T\G)). Let G denote the set of all
m € G with Np(mw) > 0.
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We write Cunif(G)2 for the space of all linear combinations of func-
tions of the form g*h with g, h € Cypnir(G). Moreover, if I' is a lattice
in G and v € T', then we denote by [y] the conjugacy class of v in T,

G, L {zeG:ayr!
def

I'y = G, NT denotes the centralizer of v in I'. Note that the map
from T to [y], which sends v to v~ 1qv, factors through a bijection
DAL =[],

= 7} denotes the centralizer of v in G, and

Theorem 9.3.2 (Trace Formula)

Let G be a first countable locally compact group and I’ C G a uniform
lattice. Let f € Cunit(G)?. For every w € Gr the operator 7(f) is of
trace class and

Z Nr(m) tro(f) = ZVOI(F’Y\GV) O, (f),

WE@F [’7]

where the summation on the right runs over all conjugacy classes [7]
in the group T', and O(f) denotes the orbital integral,

0,(f) = /G BRICELE

We shall see in Lemma 9.3.4 below that the centralizer G, is uni-
modular and that I'y\G, has finite measure for every v € I'. The
expression vol(I',\G~)O,(f) is therefore well-defined. It does not
depend on the choice of Haar measure on G .

There are many deep applications of the trace formula. One immedi-
ate (simple) application concerns a compact group K, in which case
we can choose I' = {e}.

Corollary 9.3.3 Let K be a first countable compact group. For ev-
ery f € C.(K)? one has

fle) = > (dimr) tr7(f).

rek

Proof of the trace formula. The algebra Cyp,i(G)? consists of all
finite linear combinations of convolution products of the form g * h*
with g,h € Cunie(G). So it suffices to show the trace formula for
f = gxh*. Write S(g,h) = g« h* and use the same letter for the
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diagonal, i.e., S(h) = S(h,h) = h* h*. Then S is linear in the first
and anti-linear in the second argument. The standard polarization
identity,

% (S(g+h) = S(g —h) —iS(g — ih) +iS(g +ih))

shows that S is completely determined by its diagonal and that it
suffices to show the trace formula for functions f of the form f = hxh*
for h € Cynif(G). Then the operator R(f) = R(h)R(h)* is positive.
According to Lemma 9.2.6, the operators R(h) and R(f) are integral
operators with continuous kernels

kn(z,y) =Y h(z7lyy)  and  kp(z,y) =Y flz M),

yel yel’

S(g,h) =

By Lemma 9.3.1 the operator R(f) is of trace class and
w(R(D) = [ ko)
NG

With R(f), all its restrictions to subrepresentations are of trace class.
It follows,

Z Nr(m)trw(f) = tr(R(f)) = /F\Gk:f(x,x)dx.

WEGF

Let g € Cc(G) with 37 cpg(yz) = 1. Then, since ky(yz,vz) =
kg(x,x) for every v € T, it follows from Theorem 1.5.2 that

wRY) = [ o@h@ade = [ o3 a0
~yel'
= Z/ (x~ ’ymd

~vel
Y / “1y(0w)) da
[v] oA\
= Z/ Z (o7 ) f(z " yzx) dx
o'\’
:Z/ ZZ (o nz) f(z ™ yx) da
] I\G g \rer,

-

1

= ) d
S EREER



9.3. THE TRACE FORMULA 183

Lemma 9.3.4 For every v € I', the centralizer G, is unimodular
and '\ \G~ has finite invariant measure vol(I'y\G-).

Proof: The above calculation shows that for every f as in the theo-
rem, which is positive, i.e., for f > 0, one has fFW\G flz7lyx)dr < 0o
for every v € I'. Consider the projection p : I'"\G — G,\G. The
space I',\G carries an invariant Radon measure v. Let p be the image
under p of v, i.e., we define fGW\Gf(x) du(z) = fFV\G f(p(y)) dv(y)
for every f € C.(G,\G). We need to show that this is finite. For
this let 0 < f € C.(G), and let ® : G,\G — G be given by
®(Gyx) = 2~ 'yx. Then K = ®(supp f) C G is compact in G and by
Tietze’s extension theorem we can find a function 0 < f € C.(G) such
that f(y 'vy) = J(Gy) for every y € G. Choose 0 < F € C.(G)?
such that f < F. (We leave it as an exercise to show that such
function exists.) Then F' is as in the theorem and we get

_ D) — Pyl
/G W = /lﬂw\ef(p@))d(y) /FW\Gf(y vy) dy

< / F(y 'vy) dy,
TG

which is finite by computations preceding the lemma. Thus u is a
well defined Radon measure. One easily checks that it is invariant.
By Theorem 1.5.2 it follows that the modular function of G, agrees
with the one of G. As G is unimodular, so is G,. Finally, since
for every function in C.(G,\G) the function f o p is invariant under
G, it follows follows from the finiteness of fFW\G f(p(y)) dv(y) that

I',\G5 has finite invariant volume. O

By the lemma, we can continue the calculation above to get

= ox -1 ox)do dx
wR(f) = Z/GV\G/FV\GV“( ) lyor) do d

[

= Z vol(I,\G5) O4(f)-

[

This proves the theorem. ]

Example 9.3.5 Consider the case G =R and I' = Z. Every t € R
gives a character x — 2™ and in this way we identify G with R.
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The subset @p is mapped to Z and the multiplicities Ny () are each
equal to one. Therefore the spectral side of the trace formula equals

> fk),

keZ

and the geometric side equals

> (k).

keZ

In other words, the trace formula is the same as the Poisson summa-
tion formula.

For applications of the trace formula, the following lemma will be
important.

Lemma 9.3.6 Let G be a locally compact group, and let A be a *-

subalgebra of C.(G), which contains a Dirac net. Assume further
that A is stable under left translations Ly, y € G. Let (m,V) and
(o, W) be unitary representations of G such that for every f € A the
operators w(f) and o(f) are trace class and that tr7(f) = tro(f).
Then w and o are both direct sums of irreducible representations with
finite multiplicities, and they are equivalent.

Proof: The fact that 7 and o are both direct sums of irreducible
representations with finite multiplicities is Lemma 9.2.7. There is a
subrepresentation of 7w, maximal with the property of being isomor-
phic to a subrepresentation of o. Restricting to the orthogonal space
we can assume that 7 and ¢ do not have isomorphic subrepresenta-
tions. We have to show that they both are zero.

Let (vq) be an orthogonal family of vectors in V' such that
Dol (Hval® < oo

every f € A. Fix 0 # w € W. Then for every € > 0 there exists f € A
such that Y, [|[7(f)va|?® < e |lo(f)w]|?. If this were not the case, the
map »., 7(f)va — o(flw, f € A, would extend to a non-trivial
intertwining operator from the closure L of the space {>_  7(f)vq :
f € A} € V to W. The space L decomposes as a direct sum of
irreducible representations as well and it only contains isotypes that
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also occur in V. But having a non-zero intertwiner from L to W,
they must have an isotype in common, a contradiction.

Assume o # 0. Since A contains a Dirac net, there is a function h
in A such that o(h) # 0. Let f = h* h*. It follows that o(f) is of
trace class and positive. So it has a largest eigenvalue, and we can
scale h so that this eigenvalue is 1. Fix w € W of norm one with
o(f)w = w. Let A > 0 be the largest eigenvalue of w(f). Let (vq)
be an orthonormal basis of V' consisting of eigenvectors of 7(f), say
7(f)va = Aava. Then for every g € A, the sum 3, [7(g)va|? is the
Hilbert-Schmidt norm of 7(g) and is therefore finite. According to
the above remark, there exists g € A such that

1
S lin()eal® < 5 lotgwl? .
Then the trace of w(g * f)*m(g * f) is equal to

Y lmlg = freal® = ZA Im(g)vall* < A2Z:II7T Jval.

The right hand side is less than ||o(g)w|* = ||o(g * f)w|?, which is
less than or equal to tr (o(g* f)*o(g* f)) = tr (w(g* f)*n(g* f)),

a contradiction.

This implies ¢ = 0 and, by symmetry, also 7 = 0. The lemma
follows. O

9.4 Locally Constant Functions

A function f on a locally compact group G is called a locally constant
function if for every x € GG there exists a neighborhood U of x, such
that f is constant on U. Clearly every locally constant function is
continuous. The function f is said to be uniformly locally constant
if there exists an open subgroup U of G such that f is constant on
each double coset UxU, x € G.

Proposition 9.4.1 If f € LY(G), and f is uniformly locally con-
stant, then f € Cunit(G)2.

Remark. A non-zero function as in the proposition can only exist
if the group G has a compact open subgroup U. This holds, for
instance, for p-adic Lie groups.
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Proof: Let f # 0 be as in the proposition, and let U be an open
subgroup such that f is constant on U double cosets. Then f is
uniformly integrable and U must have finite Haar measure hence
be compact. It follows that f = g * f, where g = VOI( )1U, and so

[ € Cunit(G)? as claimed. O

9.5 Exercises and Notes

Exercise 9.1 Show that every Schwartz function on R is uniformly inte-
grable.

Exercise 9.2 Show Corollary 9.3.3 using the Peter-Weyl Theorem instead
of the trace formula.

Exercise 9.3 Let B be the group of upper triangular matrices in SLa(R).
Show that B does not contain a lattice.

Exercise 9.4 Let I' be a subgroup of the locally compact group G. Show
that T" is discrete if and only if for every compact subset C' C G the inter-
section I' N C' is finite.

Exercise 9.5 A group I' acts discontinuously on a topological space X if
for every x € X there is a neighborhood U of x, such that the set of all
v €T with UN~U # ( is finite.

Let K C G be a compact subgroup of the locally compact group G. Show
that a subgroup I' C G is discrete if and only if it acts discontinuously on
the space G/K.

Exercise 9.6 Let G be a finite group, and let H be a subgroup. For each
choose the counting measure as Haar measure. For x € H let H,, G, be
the centralizers of z in H and G, respectively. For m € G let x, : G — C be
defined by xr(x) = trw(z). For x € H let [x]g be the H-conjugacy class
of z, i.e.,

[x]g = {hah™':hec H}.

G
Z (dim VH Z ||HZ

reC [hlu

Show:

where VI denotes the space of H-invariant vectors in V.

(Hint: Let g be one of the sides of the equation. For f € L?(G) consider
the inner product (f, g) and use the trace formula.)
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Exercise 9.7 Let f € S(R) be a Schwartz function. Apply the trace
formula to f with G =R and I = Z to give a proof of the classical Poisson

summation formula: R
S fk) = > f(k),

keZ kEZ

where f(z) = [, f(y)e 27 dy.

Exercise 9.8 Let M = (R/Z)", and let k € C?"*1(M x M). Show that
the operator I, : L?(M) — L*(M)

Ivp(z) = | k(z,y)e(y)dy
M
is of trace class and that

tr I, = / k(z,z)dz.
M

(Hint: Consider the Fourier expansion of k in L2(M x M).)

Exercise 9.9 Let G be a first countable compact group and H C G a
closed subgroup. Let f € C(G)? with supp(f) N G.H = (), where G.H is
the union of all conjugates gHg~' of H. Show that

Z dim(V) trr(f) = o.

Treé
Notes

For a Lie group G and a cocompact lattice I' C G the trace formula is
valid for any f € C2°(G), the space of smooth functions of compact
support. The reason is the important result of Dixmier and Malliavin
[10], which states that

Cl(G) = CF(G) * CZ(G).

As C°(G) C Cuit(G), the trace formula is valid for every f €
CX(@G).



Chapter 10

The Heisenberg Group

In this chapter we prove the Stone-von Neumann Theorem, which
gives a full characterization of the unitary dual of the Heisenberg
group H. We then apply the trace formula to describe the spectral
decomposition of L2(A\#), where A is the standard integer lattice
in H.

10.1 Definition

The Heisenberg group # is defined to be the group of real upper
triangular 3 x 3 matrices with ones on the diagonal:

1 x
o = 1 z,y,z€R

[ SRS

It can also be identified with R3, where the group law is given by
(a,b,c)(x,y, 2) o (a+z,b+y,c+ z+ay).
The inverse of (a, b, ¢) is
(a,b,¢)”t = (—a,—b,ab— c).

The center of # is Z(H) = {(0,0,2) | z € R}, and the projection to
the first two coordinates induces an isomorphism

H/Z(H) = R

A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
DOI: 10.1007,/978-0-387-85469-4_10,
(© Springer Science+Business Media, LLC 2009
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An easy calculation (][9] Chapter 12) shows that # is unimodular and
that a Haar integral on # is given by

/ﬂf(h)dh o /R/R/Rf(a,b,c)dadbdc, feCu(H).

We will use this Haar measure on # for all computations in the
sequel.

10.2 The Unitary Dual

In this section we are going to describe the unitary dual # of the
Heisenberg group #.

Let .‘/% denote the subset of # consisting of all classes 7 € #{ such that
m(h) = 1 whenever h lies in the center Z(#) of #. Since H/Z(H) =
R?, it follows that

—

Hy = H/Z(H) = R2 = R

and the latter can be identified with R? in the following explicit way.
Let (a,b) € R? and define a character

Xa,b: H - Ta
(.I, v, Z) —  e2miaz+by)

The identification is given by (a,b) — X44. In particular, it follows
that all representations in ;6 are one-dimensional. This observa-
tion indicates the importance of the behavior of the center under a
representation.

As a consequence of the Lemma of Schur 6.1.7, for each 7w € H
there is a character y, : Z(#H) — T with 7(z) = xx(2)Id for every
z € Z(#). This character x, is called the central character of the
representation .

For every character x # 1 of Z(#), we will now construct an irre-
ducible unitary representation of the Heisenberg group that has x
for its central character. So let ¢t # 0 be a real number and consider
the central character

x:(0,0,¢) = e*miet,
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For (a,b,c) € # we define the operator 7;(a,b,c) on L?(R) by
mi(a,b,)p(z) £ 2TV 4 a).

It is straightforward that m; is a unitary representation.

Recall from Exercise 3.16 that the Schwartz space S(R™) consists of
all C>®-functions f : R® — C such that z*9°f is bounded for all
multi-indices o, 8 € Nj. We have S(R™) C LP(R") for every p > 1
and S(R™) is stable under Fourier transform.

Theorem 10.2.1 (Stone-von Neumann)

For t # 0 the unitary representation m; is irreducible. FEvery ir-
reducible unitary representation of H with central character xi is
isomorphic to m. It follows that

H = R U {m:t+£0}

Proof: We show irreducibility first. Fix ¢ # 0, and let V' C L?(R) be
a closed non-zero subspace that is invariant under the set of operators
m(H). If ¢ € V, then so is the function 7(—a,0,0)p(z) = p(x —a).
As V is closed, it therefore contains ¢ xp(z) = [ ¢(a)¢(z—a) da for
1 € § = S(R). These convolution products are smooth functions, so
V' contains a smooth function ¢ # 0. One has

(0, =0, 0)p(x) = e ?™p(x) € V.

By integration it follows that for 1) € S one has that ¢(tz)p(x) lies in
V. The set of possible functions ) (¢z) contains all smooth functions
of compact support, as the Fourier transform is a bijection on the
space of Schwartz functions to itself. Choose an open interval I, in
which ¢ has no zero. It follows that C°(7) C V. Translating, taking
sums, and using a partition of unity argument gives C°(R) C V.
This space is dense in L?(R), so V' = L?(R), which means that 7; is
irreducible.

For the second assertion of the theorem, let m be an irreducible uni-
tary representation with central character x;. We want to show that
7 is isomorphic to m;. For notational ease, let’s first reduce to the case
t = 1. Consider the map 0; : # — 4 given by 6;(a,b,c) = (a,bt, ct).
A calculation shows that 6, is an automorphism of # with y106; = x;.
So we conclude that 7 has central character x; if and only if mo 6, !



192 CHAPTER 10. THE HEISENBERG GROUP

has central character yp. It therefore suffices to show the uniqueness
for t = 1.

Let (1, V;) be an irreducible unitary representation of # with central
character x1. Let T be the subgroup of # consisting of all (0,0, k)
with & € Z. Then I" lies in the center and xi1(I') = {1}. So the
representation n factors over the quotient group

B £ 4T,
which is homeomorphic to the space R? x R/Z. For ¢ € S(R?), let

op(a,b,c) = p(a,b)e”?™. Then ¢(a,b) = pp(a,b,0). For o, €
S(R?), one computes

o s vn(ab.) = [ en(u)inly (e b.0)dy
B
= / / p(z,y)e ™ pp(a—x,b—y,c — 2+ xy — ab) dz dy dz
R2 JR/Z
= / / (P($, y)e—Qﬂ'izw(a —z, h— y)e—Qﬂi(c—z+zy—mb) dx dy dz
R2 JR/Z
— e—27r1',c/ (,O(CC, y>w(a —z,b— y>e27ri:c(b—y) dr dy
R2

Inspired by this, we define a new, non-commutative convolution
product on S(R?) by

prnt@d) 2 [ plep)ite-ab— e dody
R2
For ¢ € S(R?) we define 1(p) = n(¢p). One gets

n(e) = /R? e(a,b)n(a,b,0)dadb.

By construction of the convolution product one gets n(p xp 1) =
n(e)n(¥), so n is an algebra homomorphism of the algebra A =
(S(R?),%p). One computes that (pg)* = (¢*)p, where the involu-
tion on the left is the usual involution of functions g on the group B,
given by ¢*(b) = g(b=1). The involution on the algebra A = S(R?)
on the other hand is defined by ¢*(a,b) = p(—a, —b)e?™. So 7 is a
homomorphism of *-algebras.

Lemma 10.2.2 The *-algebra homomorphism n : A — B(V;) is
mjective.
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Proof: Assume n(yp) = 0. Then, for h = (a,b,0) € B and v,w € V},
we have
0 = (nh)n(e)n(h™")v,w)

= [, e 00, 0) o)) iy

The continuous, rapidly decreasing function (n(zx,y,0)v,w) ¢(z,y)
therefore has zero Fourier transform, hence is zero. Varying v and
w, this leads to ¢ being zero. O

In the special case n = m; the lemma has the consequence that
relations among the 71 (¢) for ¢ € A already hold in A. We will make
use of this principle for special elements as follows. For F,G € S(R)
let

¢ra(a,b) = Fa+b)G(b),

and
era(a,b) = Fappalab) € SR?),

where F5 denotes taking Fourier transform in the second variable.
Then,

meralf@) = [ pro(abm(ab0)fa) dady
= /R _era(a,b)f (@ + a)e*™" da db
= /R Faorala = z,b) f(a)e?™® da db
= [ #rota—v.2)f(a)da

— /R F(@)G(x)f(a) da
— (/.F)G(x).

In particular, if the norm of F' is one, then 71 (¢ F r) is the orthogonal
projection onto the one dimensional space CF'.

For h € B = H/T and ¢ € S(R?) define Ly by the formula
(Lre) = Lp(vp). Explicitly, one computes that

L(%y,z)@(a, b) = pla—2x,b— y)€27ri(b.1’—$y+z)‘

For ,9 € A we also write pt for the convolution product ¢ *xg .
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Lemma 10.2.3 In the algebra A, one has the relations

ercenr = (L, F)opc and @rq = @G F.

For h € B one has Lhpr,c = ¢rx (h)a-

Proof: Using the formula 7 (¢rq)f = (f, F) G one computes for
f e L*(R),

m(ercenr)f = mi(pre)m(en.L)f
= (m(pur)f, F)G
= (f,H)L,F)G = (L, F)(f, H)G.

This implies the first claim as 71 is injective. The second follows
from

(mera)fih) = (f,F)(G,h) = (f,m(par)h).

For the last claim compute

m(Lnerc)f = mh)mere)f = mh)(f,F)G
= (,F)m(h)G = m(Prmma)ll-

The lemma follows. ]

As S(R) is dense in L?(R), by the orthonormalizing scheme one
can find a sequence Fj in S(R) that forms an orthonormal base of
L?(R). For j, k € N write @, for o5, 5. Lemma 10.2.3 implies that
kst = 01051 (Kronecker-delta), and 90?,3‘ = ¥ji = @5 ;-

Let now (n,V},) again denote an irreducible unitary representation

with central character y;. By integration, n gives an algebra homo-
morphism A — B(V})).

Lemma 10.2.4 The n(pj;)jen are non-zero projections. They are
pairwise orthogonal. Write Vj for the image of n(y; ;). Then n(¢j k)
is an isometry from V; to Vi, and it annihilates every Vi for | # j.

Proof: Since cpjz’j = jj = ¥; , the same holds for n(p; ;) hence
the latter are projections. They are non-zero by Lemma 10.2.2. For
v € V; one computes

m(eip)v,n(pjr)v) = (0(Pkieik)v, w)
(n(pjj)v,w) = (v,v).
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The claim follows. O

Now choose v1 € Vi of norm one and set v; = 1(¢1,j)vi. Then (v))
is an orthonormal system in Vj,. Define an isometry T : L*(R) — V,,
by mapping F} to v;. Then

n(WT(F;) = nh)v; = n(h)n(e;;)v;
= (Lnpji)vi = N(CF;mh)F;)V5-
By the fact that (F}) is an orthonormal basis, one concludes
m(WF; = Y (mi(h)Fy, Fy) Fy.
k
So that by Lemma 10.2.3

n(WT(Fy) = Y (m(h)Fj, Fi) n(er,m)v;
k

= Y (m(h)Fj, Fy) vy
k
= T(m(h)F}).

So T is an #H-homomorphism onto a non-zero closed subspace of V,.
As 7 is irreducible, T" must be surjective, so 7' is unitary and 7 is
equivalent to m;. This finishes the proof of the Theorem of Stone
and von Neumann. O

10.3 The Plancherel Theorem for #

We have an identification # = R3. We interpret f € S(R3) as a
function on #, and we write S(#) for this space of functions.

Theorem 10.3.1 (Plancherel Theorem)
Let f € S(#H). For every t € R* the operator m(f) is a Hilbert-
Schmidt operator, and we have

/ e ()llgs [t dt = /]f(h)\zdh.
RX 3

It follows that the Plancherel measure of A in the sense of Theorem
8.5.3 equals |t| dt and that the set of one dimensional representations
of H has Plancherel measure zero.

Proof: This is proved in [9], Chapter 12. O
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10.4 The Standard Lattice

Let A be the set of all (a,b,c) € #H, where a,b, c are integers. The
multiplication and inversion keep this set stable, so A is a discrete
subgroup.

Lemma 10.4.1 A is a uniform lattice in H.

Proof: Let K = [0,1] x [0,1] x [0,1] C #. Then K is a compact
subset. We claim that the projection map K — # /A is surjective.
This means we have to show that for every h € # there exists A € A
such that hA € K. Let h = (z,y,2) € #H, and let A = (a,b,c) € A.
Then hA = (z+a,y+0b, z+c+xb). So we can find a,b € Z such that x
and y lie in the unit interval. Assuming that, we only consider such
A, which are central, i.e., of the form A = (0,0,¢) and it becomes
clear that we can find A such that hA € K. O

By Theorem 9.2.2 we conclude that as #H-representation one has the
decomposition
L*(A\#) = P N(x
e
with finite multiplicities N (7).

We want to apply the trace formula to compute the numbers N (7).
For this recall the characters of # given by x,s(a,b,c) = 27 (ratsb),
where r, s € R.

Theorem 10.4.2 For a character x,.s of H the multiplicity N (xr,s)
in L?(A\#) is equal to one if r and s are both integers. Otherwise
it is zero. Fort € R, t # 0, the multiplicity N(m) is |t| if t is an in-
teger and zero otherwise. So the decomposition of the representation
(L2(A\#), R) reads

€£> XT@ D {}9|k|ﬂk.

7 keZ
r,8€ R0

Proof: We first consider the subspace H of L?(A\#), which is in-
variant under the action of the center Z C #. This is isomorphic
to L?(Z*\R?) as A\#H/Z = Z*\R? and the representation of # on
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H factors through the representation of R? on L?(Z?\R?). By the
theory of Fourier series this gives us the value of N(x,s) as in the
theorem. The difficult part is to determine N (7).

Let h € C°(#) and set f = hx h*. Then the trace formula says,
tR(f) = > Nmur(f) = 3 vol(Ax\#4) Oa(f),
TEH (A

where the sum is taken over all conjugacy classes [A] in A, Ay and #)
denote the centralizers of A in A and #, respectively, and O\ (f) =
/. st S (z7!'A\z) dz. First consider 7 € # with trivial central charac-
ter, say m = X, s. Then

tro(f) = xrs(f ///fabc QWZQHbs)dadbdc
= f1f2f3f —S 0)

where F; denotes Fourier transform on R applied to the i-th com-
ponent of #. Next the center Z, of A, the set of all (0,0,%) for
k € Z, is contained in the center of # and therefore acts trivially
on L?(A\#). This implies that for 7 € # one has that N () # 0
implies m(Za) = {1}. Therefore, N(m;) # 0 implies that ¢t € Z. For
t = k € Z one computes

m(fe(x) = AA(Af(a,b,c)eQﬂikcdc> >R (a4 2) da db

= / FoFsfla—x,—kx,—k)p(a)da
R

So 7,(f) is an integral operator with kernel
k(x,y) = f2f3f(y - &, _kl" _k)

Analogously, the kernel of mi(h) is FoFs f(y—x, —kx, —k). The latter
kernel is in S(R?) and therefore is admissible. By Lemma 9.3.1, we
have

! F3f(0,0,—k).

trm(f) = /sz}"gf(o, —ka, —k)dx = T

Together we get

tr R(f) = fo(r,s,0)+ Z N(Wk)fgf(o,(),k),

r,5EL kezZ~{0} |k|
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where Ff = F1FaFsf.

Next we consider the geometric side of the trace formula. Let A € A.
First assume that A lies in the center of A. Then A = (0,0,k) for
some k € 7, and the centralizer #) equals #, so that the orbital
integral equals

Ok(f) = f()‘) = f(0,0,/{?).

Next let A = (r,s,t) € A = Z? with (r,s) # (0,0). Let h = (a,b,c) €
H, then
RALY = (r,s,t+as —br).

So h lies in the centralizer # if and only if as = br. It follows that
4, is the subspace generated by the vectors (r, s,0)" and (0,0, c)! as
a subspace of R3. On #, we pick the Haar measure that comes from
the euclidean length in R3; then the volume of A A\, is the minimal
value va? + b2 where a,b € Z, not both zero, and as = br. This
minimum is taken in a = m and b = m, where ged(r, s)
denotes the greatest common divisor of r and s. Therefore,

Vr? + s2

vol(A\\7Hy) = wed(rs)”

The orbital integral equals

O\(f) = - flrys,t+as —yr)d(x,y),

where U is the subspace of all (¢) € R? with as — br = 0. Then
U = R(}) and the orthogonal space is spanned by the norm one

vector \/ﬂlﬁ (%) . So we get

Oxf) = /f(rst+xM> e = ——— Fyf(r,s,0).
N N )

The number of conjugacy classes with given (r, s, *) equals ged(r, s),
hence
trR(f) = > f0,0,k)+ > Ff(r,s,0).
kez (r,5)7#(0,0)
Using the Poisson summation formula in the first two variables we
get,

Z Fzf(r,s,0) = Z Ff(r,s,0)

(r,s)€Z2 (r,s)€Z2
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with F = F1F>F3 and using the formula in the third variable gives

> £0,0,k) =Y F3£(0,0,k).

keZ keZ

Combining this with the two expressions for tr R(f) we conclude

k#0 k#0

By Lemma 9.3.6 this implies N (7) = |k|. The theorem is proven.
U

10.5 Exercises and Notes

Exercise 10.1 Let # be the Heisenberg group, and let Z be its center.
Show that every normal subgroup of # lies in the center Z or contains the
center.

Exercise 10.2 On R2 consider the bilinear form

o) = o (0§ )

Let L be the group R? x R with the multiplication
def 1
(v, t)(w,s) = (U+w7s+t+§b(v,w)).

Show: The map ¢ : H — L, defined by

Y(a,b,c) = ((a,b)t,c—%ab)

is a continuous group isomorphism with continuous inverse.

Exercise 10.3 Let L be defined as in Exercise 10.2. The group G =
SLo(R) acts on L via g(v,t) = (gv,t). Show that G acts by group homo-
morphisms, which fix the center of L pointwise. Conclude that for every
g € G one has m o g = 7. Conclude that for every g € G there is a
T(g) € U(L*(R)), which is unique up to scalar multiplication, such that

m(gl) = T(g)m()T(g)~",

where we consider 71 as a representation of L via Exercise 10.2. Show that
the map g — T'(g) is a group homomorphism G — U(L?(R))/T.
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Exercise 10.4 Let Aut(#) be the group of all continuous group automor-
phisms of #. Every ¢ € Aut(#) preserves the center Z, hence induces an
element of Aut(#/Z) = Aut(R?) = GL2(R). Show that the ensuing map
Aut(#H) — GLy(R) is surjective.

Exercise 10.5 For h € # let ¢;, € Aut(#) be defined by ¢y () = hah™L.
Every such automorphism is called an inner automorphism. Let Inn(#) be
the group of all inner automorphisms. Show that Inn(#) = R?, and that,
together with the last exercise, one gets an exact sequence

1 — R? = Aut(#) — GLy(R) — 1.

Exercise 10.6 Let N C GL,,(R) be the group of all upper triangular ma-
trices with ones on the diagonal. Show that I' = N N GL,,(Z) is a uniform
lattice in N.

Exercise 10.7 The (2n+1)-dimensional Heisenberg group 7, is defined as
the group of all matrices of the form (1 g1 @Z,) in GL,,2(R) where z,y € R”
1

and z € R. Determine its unitary dual along the lines of the Stone-von
Neumann Theorem.

Exercise 10.8 Let L be as in exercise 10.2. Let A C R? be a lattice with
b(A x A) C 2Z. Show that A x A x Z is a uniform lattice in L. Use the
proof of Theorem 10.4.2 to find the decomposition of L?(L/A).

Notes

As shown in Exercise 10.3, the Stone-von Neumann Theorem yields
a group homomorphism SLy(R) — U(L?(R))/T. There is a unique
non-trivial covering group SL3(R) of degree 2. On this group the
homomorphism induces a proper unitary representation SL3(R) —
U(L*(R)). This representation is known as the Weil representation.
It is used to explain the behavior of theta-series, in particular with
respect to lifting of automorphic forms [28, 36, 55].



Chapter 11

SLo(R)

The group SL2(R) is the simplest case of a so called reductive Lie
group. Harmonic analysis on these groups turns out to be more
complex then the previous cases of abelian, compact, or nilpotent
groups. On the other hand, the applications are more rewarding.
For example, via the theory of automorphic forms, in particular the
Langlands program, harmonic analysis on reductive groups has be-
come vital for number theory. In this chapter we prove an explicit
Plancherel Theorem for functions in the Hecke algebra of the group
G = SLy(R). We apply the trace formula to a uniform lattice and
as an application derive the analytic continuation of the Selberg zeta
function.

11.1 The Upper Half Plane

Let G = SLa(R) denote the special linear group of degree 2, i.e.

SLy(R) = {(Z Z)eMatg(]R):ad—bc—l}.

The locally compact group SLy(R) acts on the upper half plane
H={z € C:Im(z) >0}

by linear fractionals, i.e., for g = (‘; Z) € SLy(R) and for z € H one

defines

az+b

cz+d

A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,
DOI: 10.1007/978-0-387-85469-4_11,

(© Springer Science+Business Media, LLC 2009

gz =
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To see that this is well-defined one has to show that cz +d # 0. If
¢ = 0 then d # 0 and so the claim follows. If ¢ # 0 then the imaginary
part equals Im(cz + d) = cIm(z) # 0. Next one has to show that gz
lies in H if z does and that (gh)z = g(hz) for g,h € SLa(R). The
latter is an easy computation, for the former we will now derive an
explicit formula for the imaginary part of gz. Multiplying numerator
and denominator by ¢z + d one gets

ac|z|? 4+ bd + 2bc Re(z) + 2

9= = lcz + dJ? ’

so in particular,
Im(z)

Im(gz) = my

which is strictly positive if Im(z) is. Note that the action of the
central element —1 € SLy(R) is trivial.

If g = (‘;2) € (@ stabilizes the point ¢ € H, then ZZ’:[Z = 14, or

at + b= —c—+ di, which implies « = d and b = —c. So the stabilizer
of the point ¢ € H is the rotation group:

K = S0(2) = {(‘b‘ _ab > ca,b eR, a2—|—b2:1},
which also can be described as the group of all matrices of the form

cosp —siny for cR
singp  cosp v '

The operation of G on H is transitive, as for z = x + iy € H one has

0 7

It follows that via the map

the upper half plane H can be identified with the quotient G/K.

Theorem 11.1.1 (Iwasawa Decomposition)
Let A be the group of all diagonal matrices in G with positive entries.
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Let N be the group of all matrices of the form (%) for s € R. Then
one has G = ANK. More precisely, the map

YV:AXxNxK — G,

(a,n,k) +— ank

18 a homeomorphism.

Proof: Let g € G, and let gi = x + yi. Then, with

(7 ) ()

one has gi = ani and so g 'an lies in K, which means that there

exists k € K with g = ank. Using the explicit formula for gz above
in the case z = i, one constructs the inverse map to v as follows. Let

¢p:G—AxXNxK

be given by ¢(g) = (a(9),n(9), k(g)), where

1
¢ = | VorE
“\c d N

a b _ 1 ac+bd
A\ ¢ d a 1 ’
(@ b - 1 d —c
“\ec d 2+ \ce d )
Then a straightforward computation shows that ¢y = Id and ¢ =

Id. t

For g € SLy(R) we shall use throughout this chapter the notation
a(g), n(g), and k(g) as explained above. Moreover, for z,t,0 € R,

we shall write
t
ag 2ef < € ¢ ) €A
e

Ny et <1 T)eN

def cos) —sind
ko = <sin«9 cos >EK'
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A function f: G — C is called smooth if the map R3 — C given by
(t7x7 9) = f(atnacke)

is infinitely differentiable. We denote the space of smooth functions
by C*°(G). The space of smooth functions of compact support is
denoted by C°(G).

Theorem 11.1.2 The group G is unimodular.

Proof: Let ¢ : G — R be a continuous group homomorphism. We
show that ¢ = 1. First note that ¢(K) = 1 as K is compact. As
¢ restricted to A is a continuous group homomorphism, there exists
x € R such that ¢(a;) = e for every t € R. Let w = (1 *1),
then wa;w™! = a_y, and therefore e = ¢(a;) = p(waw= 1) = e
for every t € R, which implies z = 0 and so ¢(A4) = 1. Similarly,
¢(ny) = €™ for some r € R. As we have amxat_l = N2, it follows
ers = ere™'s for every t € R, which implies r = 0, so ¢(/N) = 1 and
by the Iwasaswa decomposition, we conclude ¢ = 1. O

We write t(g) for the unique t € R with a(g) = ay, i.e., one has

a(g) = ayg)-

Theorem 11.1.3 Given Haar measures on three of the four groups

G,A,N, K |, there is a unique Haar measure on the fourth such that
for f € LY(G) one has

/Gf(m)dx - /A/N/Kf(ank:)dk:dnda.

For p € LY(K) and x € G one has

/ o(k)dk = / o(k(kz)) e®k) qk.
K K

From now on we normalize Haar measures as follows. On K we
normalize the volume to be one. On A we choose the measure 2dt,
where ¢ = t(a), and on N we choose [ f(ns)ds. The factor 2 is put
there to match the usual invariant measure d”;gly on the upper half

plane.
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Proof: Let B = AN, the subgroup of G consisting of all upper
triangular matrices with positive diagonal entries. Then an easy
computation shows that db = dadn is a Haar measure on B and that
B is not unimodular. Indeed, one has Ag(a,n) = e~2*, which follows
from the equation aingzasn, = ap4snyqe—25,. Let b: G — B be the
projection b(g) = a(g)n(g). The map B — G/K = H mapping b
to bK is a B-equivariant homeomorphism. Any G-invariant measure
on G/K gives a Haar measure on B and as both these types of
measures are unique up to scaling one gets that every B—invariant
measure on G /K is already G-invariant. So the formula [, f(z) dz =
fG/KfK f(zk) dk dzx leads to [, f(z)dx = [, [, f(bk)dkdb. Since
db = dadn, the integral formula follows

For the second assertion let ¢ € L'(K). Let n € L'(B) and set
g(bk) = n(b)e(k). Then g lies in L'(G). As G is unimodular, for

y € G one has

/ / k) dk db

I
S
Q

(y)dy = /G g(yz) dy
_ / n(blya))e(k(yz)) dy

_ /B/Kn (b)) (k) dhe db
_ /B/nbbk;x (k(ka)) d db

- /B /: n(b ) p(k(ka)) di db
fo

n(b)e? 5 o (k (k) dk db,

where we used the facts that k(bg) = k(g) for all b € B, g € G and
t(b(kx)) = t(kx) for all b € B,k € K, and € G. Varying n, we get
the claim of the theorem. O

11.2 The Hecke Algebra

Let AT be the subset of A consisting of all diagonal matrices with
entries €', e, where t > 0. Let At = AT U {1} be its closure in G.
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Theorem 11.2.1 (Cartan Decomposition)

The group G can be written as G = K ATK , where the middle factor
is uniquely determined, i.e., if KaK = Kd'K for some a,d’ € At,
then a = a'. For f € L'(G) one has the integral formula

/Gf(:c) dr = 27r/K/OOO/Kf(katl)(ezt—e_Zt)dk:dtdl.

Proof: For given g € G the matrix gg' is symmetric and positive
definite. As it has determinant one, it follows from linear algebra that
there exists k € K and t > 0 such that kgg’k! equals the diagonal ma-
trix with entries e, e~2!. For two elements g,g; € G the condition
99" = g1g} is equivalent to 1 = g~ (g1g1)(¢") " = (9 g1) (g g1)".
The latter is true if and only if g~'g; € K. Therefore, there exists
k' € K with ¢ = k~1'a;k’. This shows the existence of the decom-
position. For the uniqueness recall that e?’ is the larger of the two
eigenvalues of gg' and therefore is uniquely determined.

Let M = {£1} C K. For the integral formula we consider the map
¢: K/M x AT — AN defined by

¢(kM,a) = n(ka)a(ka).

We claim that it is injective with image AN \ {1}. Indeed, the
formulas for a(g) and n(g) as given in the proof of Theorem 11.1.1
show that ¢ is well defined and combining the Iwasawa decomposition
G = ANK (=NAK) with the above decomposition, we see that
its image is AN \ {1}. Since KaK = Kd'K implies a = d' for
a,a’ € At it follows that ¢(kM,a) = ¢(k'M,ad’) implies a = o
for a,a’ € A*. For § € [0,7) and s > 0 a computation shows for

cosf) —siné . .
kg = <sin9 cos 0 ) that ¢(kgM, as) = nya; with x,t € R given by

cos 6 sin 6 (e** — 1)

sin® 0 es + cos2 0

1 623
t = =-ln .
2 (sin2 0 e*s + cos? 9>

Taking derivatives one checks that, for fixed s > 0, the variable ¢ is
strictly increasing as a function of ¢ on the interval [0, 5]. We also
have t(§ — 0,s) = t(5 + 0,s) and z(5 — 0,s) = —x(5 + 0, s) for all
¢ € [0, 3] and s > 0. This implies that ¢ is injective.
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Another straightforward computation shows that

dr dt dt dx

dsdf dsdf

|e4s _ 1|

sin’ 0 e4s + cos? 0

|d€tD¢| = — (625 —6_28)62t

)

We now use the the transformation formula for the variables (z,t) =
®(6, s) together with the equation a;n, = n.2,a; and the substitution
T = thy to compute

/G 7(g) dg

Y

2 /R /R /K fagnyl) dl dy dt

= 2 /R /R /K f(ngad)e 2t dl dt de

= 2/07r /Ooo/Kf(kzgasl)(eQS—e_QS)dldst
_ /0 ” /0 h /K F(kgasl) (€% — e2%) dl ds df
= 27T/K/OOO/Kf(k:asl)(628—e2S)dldsdk,

for every f € L1(G), where the transition from the integral over [0, 7]
to the integral over [0, 27| in the middle equation is justified by the
fact that kg as = kgasm with m = +1 € M for all € R and s > 0.
This finishes the proof. O

Corollary 11.2.2 The map
K\G/K — [2,00)
r — tr(zt)
s a bijection.

Proof: The map is a bijection when restricted to A+, so the corollary
follows from the theorem. g

A function f on G is said to be K-bi-invariant if it factors through
K\G/K. We define the Hecke algebra H of G to be the set of K-
biinvariant functions f on G, which are in L'(G). So we can charac-
terize H as the space of all f € L(G) with

Lyf = f = Rif
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for every k € K, where Lyf(z) = f(k~'z) and Ry f(z) = f(zk). We
know that for f,g € L(G),

Lp(fxg) = (Lef)*g and Ri(fxg) = fx(Bkg).

We conclude that H is a convolution subalgebra of L!(G). Futher, H
is stable under the involution f*(x) = f(z~!), so H is a *-subalgebra
of L}(@).

Theorem 11.2.3
(a) The Hecke algebra H is commutative.

(b) For every irreducible unitary representation © of G the space of
K-invariants,

VE = {veV, n(klw=vVke K}
18 zero or one dimensional.

(¢) For every irreducible representation m of G and for every f € H
we have 7(f) = Pxm(f)Pk, where Px : Vi — VX denotes the
orthogonal projection.

Proof: For x € GG the Cartan decomposition implies that Kz K =
Kz 'K, as this is the case for = € A, since conjugating = € A with
(1 *1) € K gives . This implies that for every f € H one has
f(z™Y) = f(x). For general f € LY(G) let fV(x) = f(x™1), then
(fxg)Y =g"*fYforall f,g € L'(G). For f,g € H, one has f¥ = f
and likewise for g and f * g, so that

frg = ([x9)" = g"xf" = g«
So H is commutative, which proves (a).

For (b) assume VX # 0. The Hecke algebra acts on V.X. We show
that VI is irreducible under H, so let U C VX a closed, H-stable
subspace. We show that U = 0 or U = V.. For this assume U # 0,
then, as 7 is irreducible, one has 7(L'(G))U = V. Let Px : Vi —
VX Dbe the orthogonal projection. Then Pxv = [ m(k)vdk for v €
Vi (see Proposition 7.3.3), as we normalize the Haar measure on K
to have volume one. For f € L(G) let

flz) = /K/Kf(k::cl)dkdl € H.
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It follows that Pxm(f)Px = 7(f). Let u € U and f € L'(G). Then

Pin(f)u = Pgn(f)Pgu = w(f)u € U.

So we conclude that U = PxV, = VX and thus VX is irreducible.
Finally, to see that every irreducible *-representation n : H — B(V}))
on a Hilbert space V;, is one-dimensional, observe that for each f € 'H
the operator n(f) commutes with the self-adjoint irreducible set
n(H) C B(H), since H is commutative. Thus n(H) C CId by Schur’s
Lemma (Theorem 5.1.6). As 7 is irreducible, it must be one dimen-
sional.

For (c) observe that f = f for every f € H. Thus it follows from the
above computations that 7(f) = Pxn(f)Pk for every f € H. O

Let G be the set of all 7 € G such that the space V.E of K-invariants
is non-zero. We will now give a list of the m € Gg. For A € C let V),
be the Hilbert space of all functions ¢ : G — C with firstly,

H(2A+1)

p(manz) = e ()

form = +1 € G, as € A, n € N and ¢z € G. By the Iwasawa
decomposition, such ¢ is uniquely determined by its restriction to
K. We secondly insist that o|x be in L?(K). We equip V3 with the
inner product of L?(K). The group G acts on this space as

m(y)e(r) = e(zy).

Note that the restriction to the subgroup K of the representation
7y is the induced representation Indf (1) as in Section 7.4. The
Frobenius reciprocity (Theorem 7.4.1) implies that

mlk = Pea,

lEZ

where for | € Z the character £; on K is defined by
cosf) —siné e
=l < sinf  cosf > -

Proposition 11.2.4 The representation wy is unitary if and only if
A € iR
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Proof: The map ¢ — |k yields an isomorphism of Hilbert spaces,
29= L*(K), where K = K/ 4 1. The representation 7, can, on
L?(K), be written as

m@)e(k) = eFEH D (k(ky)).

To see this recall that ¢t = t(ky) is the unique real number such that
a; = a(ky) in the Iwasawa decomposition ky = a(ky)n(ky)k(ky),
and therefore

@) p(k) = o(ky) = o (ayuyyn(ky)k(ky)) = AT o(k(ky)).

It follows that |my(y)p(k)|? = el)AR+2) |6 (k(ky))|2. By the
second assertion of Theorem 11.1.3, one sees that ) is indeed unitary
if and only if A € iR. O

For a general representation (7, V) of G we let V; k denote the space
of all K-finite vectors, i.e., the space of all vectors v € V. such that
m(K)v spans a finite dimensional space in V. The vector space Vy g
is in general not stable under G,/b\ut is always stable under K. Since
V: has a decomposition V, = @z‘e ;Ui, where U; is an irreducible
(hence finite-dimensional) K-representation, it follows that V; g is
dense in V.

The representations 7y for A € iR are called the unitary principal
series representations. One can show that m) is irreducible and uni-
tarily equivalent to m_) if A € iR. These are the only equivalences
that occur. One can show that for 0 < A < 1/2 there is an inner
product on the space V) i such that the completion of V) x with
respect to this inner product is the space of a unitary representa-
tion of G. By abuse of notation, this representation is again denoted
(mx, V). These are called the complementary series representations.
The set G K consists of

e the trivial representation,

e the unitary principal series representations m;., where r > 0,
and

e the complementary series 7y for 0 < A < 1/2.

No two members of this list are equivalent. The proofs of these facts
can be found in [32], Chapter II.



11.2. THE HECKE ALGEBRA 211

Note that the one dimensional space VAK is spanned by the element

py with

pa(mank) = et@)(22+1)

By Corollary 11.2.2 there exists for every f € H a unique function
¢ = ¢s on [0,00) such that

f(@) = é5(tr (a'x) —2).

Consider the special case z € AN, say x = ayng, then tr (zlzr) =
(s +1)e* + e72!. For f € H there exists a function h = hy such
that

WiT(f)pir = hf(r)pir-

The function hy is called the eigenvalue function of f. Here ir can
vary in iRU(0, 1/2). Since pi,(1) = 1, we can compute h(r) as follows

bo) = ml Do) = | J@hn (o) do
Lemma 11.2.5 The map f +— hy is injective on H. We have
h(r) = trm(f), and for f,g € H the formula
hisg = hihyg

holds. The function hy can be computed via the following integral
transformations. First set

o) = @) = A ¥ [ o+ a0

The map ¢ — A(@) is called the Abel transform. Next define

def

g(u) = gf(u) = gqp(e"+e™=2),  wek

Then one has

hy = /g(u)eimdu.
R

Proof: For the injectivity take an f € H with hy = 0. Then 7(f) =
0 for every w € G. By the Plancherel Theorem the representation
(R, L*(G)) is a direct integral of irreducible representations and so
it follows that R(f) = 0. In particular it follows that g * f = 0 for
every g € C.(G). Letting g run through a Dirac net, it follows f = 0.
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The equation h(r) = trm;,(f) is a consequences of Theorem 11.2.3
and hf.y = hyshg follows from 7(f * g) = n(f)n(g) for all f,g €
LY(G).

Using Iwasawa coordinates and the K-invariance of f, we compute

h(r) = / f(an)etDEY) qq dn

= / / p(e® 4+ e 4 52 — 2)e? ds dt,

where we used the transformation s — e~ 's. As g(z) = A¢(z) and g
is even, we have

h(r) = 2/ q(e® + e —2)e? at = / g(u)e™ du.
R U

Let Sjgoc) be the space of all infinitely differentiable functions ¢ on
[0,00) such that the function z"¢(™(x) is bounded for all m,n > 0.

Lemma 11.2.6 The Abel transform is invertible in the following
sense: Let ¢ be continuously differentiable on [0,00) such that

bz + 5°)], [s¢'(x + 5%)| < g(s)

for some g € L1([0,00)), then q = A(¢) is continuously differentiable

and
1

= —A(q).
¢ = —Ald)
Moreover, the Abel transform maps Sjg o) to itself and defines a bi-

Jection A = 8pg o) — Sjo,00)-

Proof: It follows from the Theorem of dominated convergence that
q is continuously differentiable and that ¢ = A(¢’). Using polar
coordinates, we compute

1 / 2, 42 o [T 2
[ [d@riedasa = [T
= —¢(x+7“2)|80 = ¢(z).

It is easy to see that the Abel transform as well as its inverse map
SJo,00) to itself. The lemma follows. O
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Lemma 11.2.7 Let E be the space of all entire functions h such
that 2" h(™ (z + ki) is bounded in x € R for all m,n > 0 and every
k e R. Let F' be the space of all smooth functions g on R such that
(e* + e~ ")"g(™)(u) is bounded for all m,n > 0. Then the Fourier
transform

e 1 —7
®(h)(u) € o Rh(r)e gy, heE,

defines a linear bijection ® : E — F. Its inverse is given by

3 (g)(r) = / g(u)e™™ du.

R

The map ® maps the subspace of even function E€V to the space of
even functions F*° in F.

Proof: By some simple estimates, the space F' can also be charac-
terized as the space of all smooth g such that e=*%¢("™) () is bounded
for every k € R and every m > 0.

The space F' is a subspace of the Schwartz space S(R) be definition.
By the identity theorem of holomorphic functions, the restriction
h +— h|r is an injection of E into S(R). As the Fourier transform is
a bijection on S(R), it suffices to show that it maps F to F and vice
versa.

For h € E let g = ®(h). With k € R, and m > 0 compute

1 .
efkug(m) (U) _ efku R /Rh(T)rmezru dr
1 L
= , / h(r)rmefl(“’k)“ dr
2m™ Jr
1 A
= / h(r + ik)(r +ik)™e """ dr.
R

2™

The latter is the Fourier transform of a Schwartz function and hence
a bounded function in u. It follows that g lies in F.

For the converse, let g € F'. Then the Fourier integral

h(r) = /Rg(u)e"“du

converges for every r € C, so h extends to a unique entire function.
Further, for m,n > 0 and k € R we have

2"h™ (z +ik) = x"z’m/umg(u)e_k“eimdu.
R
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The latter function is bounded in z € R. So h lies in E as claimed.
The last assertion is clear as the Fourier transform preserves even-
ness. ]

Proposition 11.2.8 Let HS be the space of all smooth functions f
on G of the form f(x) = ¢(tr (z'z) —2) for some ¢ € Sy o0y Then
HS is a subalgebra of the convolution algebra L'(G) and the map
VU f s hy is a bijection onto the space E°V.

For a given h € E® the function f = U~1(h) is computed as follows.
First one defines the even function

1 —iru
g(u) = o Rh(r)e dr.

Then q : [0,00) — C is defined to be the unique function with g(u) =
q(e® + e~ —2). Further one sets ¢ = —LA(q'). Then

f(2) = 6(tr (a'z) — 2).

Proof: First note that that the map ¢ — g with g(u) = g¢(e*+e " —
2) is a bijection between Sjg ) and the space F**V. Finally, Lemma
11.2.6 and Lemma 11.2.7 give the claim. O

11.3 An Explicit Plancherel Theorem

The Plancherel Theorem says that there exists a measure p on G
such that for ¢ € L'(G) N L?(G) one has

lgl2 = /@uw(mHHs dy(r).

The techniques developed so far allow us as a side-result, to give an
explicit measure on G, for which this equation holds with f € HS.
Any such computation is called an Ezplicit Plancherel Theorem.

Theorem 11.3.1 For every g € HS one has
1
2 2
lolis = 5 [ Imo(@)lfis rtanb(er) dr.
T JR
Moreover, for every f € HS one has

() = % Rtr(mr(f))rtanh(ﬂr)dr.
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Proof: We show the second assertion first. Let h = hy, ¢ = ¢y and
gy be as in the discussion at the end of the previous section. Recall
in particular that

Ap(e" +e " —2)=g(u) = /Rh(r)eim dr,

from which it follows that g/(u) = 5= [ rh(r)e™ dr. Using this and
Lemma 11.2.6 we compute

fQ) = 60) = —+ /R (A¢) (22) du

s

As gj(u) = Ag(e" + e — 2) = Ag((e"/? — e7/2)?), we get g (u) =
(Ag) ((e"/? — e=%/2)2)(e* — e~%). Putting x = e*/? — e~%/? in the
above integral, we get

1 gy (u)

f) = Tor Jp w2 g eul? du

i eiru
= —47T2/R/Rrh(r)eu/2_eu/2 dr du.

As h is even, the latter equals

! rh( )/ idudr.
R

87T eu/2 _ eu/2

The first step of the following computation is justified by the fact
that the integrand is even. We compute

i eiru o 6—iru
SR B ———
{72 \/R eu/2 — o—u/2

1 00 eiru o e—iru J
= u
An2i Jo  et/2 — emu/2

—iru

00 Ty
1 uptt —e

et e,
4m2i |, 1—e v
1 o _ —
_ yoor e u/2 eire zru 2 e~ du,
T
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For this latter expression we temporarily write ¥ (r). Then

o0

1 1 1 1 1
i(r+2)) = . — — cot(mr).
vilr+3)) = 15 ;} T ir oy = 1ot

The last step is the well known Mittag-Leffler expansion of the cotan-
gent function. We conclude

1 1
P(r) = = tan(mir) = e tanh(mr).
The second assertion of the theorem follows. For the first, put f =
g * g* and apply the theorem to this f. Then, on the one hand,
f)=gx*xg*(1) = HgHg, and on the other, for 7 € G,

trr(f) = tra(g)m(g)" = ||7T(9)”12{S

This implies the theorem. O

11.4 The Trace Formula

For g € SLa(RR) the two eigenvalues in C must be inverse to each other
as the determinant is one. Since g is a real matrix, its characteristic
polynomial is real, and so the eigenvalues are either both real, or
complex conjugates of each other. Let g # +1. There are three
cases.

e g is in SLy(C) conjugate to a diagonal matrix with entries ¢, &
for some ¢ € C of absolute value one. In this case, g is called
an elliptic element of G; or

e g is conjugate to (! 1). In this case g is called a parabolic
element; or

e ¢ is conjugate to a diagonal matrix with entries ¢, 1/t for some
t € R, in which case g is called a hyperbolic element.

For a hyperbolic element g, with eigenvalues A, 1/ for |\| > 1, define
the length of g as I(g) = 2log|A|.

Let I' C G be a uniform lattice. Using hyperbolic geometry [1], it
can be shown that I' does not contain any parabolic elements and
that I' contains a sublattice, which, besides the unit element, only
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contains hyperbolic elements. We call such a lattice a hyperbolic
lattice. Hyperbolic lattices are always uniform. In [1], there are
given many examples of uniform lattices in G. For instance, every
Riemannian manifold of genus g > 2 is a quotient of the upper half
plane by a hyperbolic lattice in G.

So let I' be a hyperbolic lattice in G. Let rg = %, and let (r;);>1
be a sequence in C such that ir; € iR U (0, 2) with the property
that 7, is isomorphic to a subrepresentation of (R, L*(T'\G)) and
the value r = r; is repeated in the sequence as often as Np(m)
times, i.e, as often as 7, appears in the decomposition of R. Let
f € 'H such that the operator R(f) is of trace class, and define ¢, g, h
as in the previous two sections (See Lemma 11.2.5). Recall that
f(x) = o(tr (ztz) — 2), g(u ) Aqﬁ(e —|— e " —2), where A denotes
the Abel transform, and h(r fR e du. Recall from Lemma
11.2.5 that h(r) = trWZT(f) for every ir € iR U (0,4). Moreover, it

follows from Theorem 11.2.3 that tr7(f) = 0 for all 7 € G~ Gg.

We therefore get
trR(f) = > h(r)).
j=0

Suppose that the trace formula of Theorem 9.3.2 is valid for the
function f. Then

> h(ry) = > vol(T\G)O4(f).

7=0 &

eT_e—T

erte "

Recall the hyperbolic tangent function tanh(z) =

Theorem 11.4.1 Let e > 0, and let h be a holomorphic function on

the strip {|Im(z)| < 1+¢c}. Suppose that h is even, i.e., h(—z) = h(z)

for every z, and that h(z) = O(|z|727°) as |z| tends to infinity. Let
u) = 5 [ h(r)e"™ dr. Then one has

3 1 == M rn\r)tann(mwr T
X = /Rhw h(rr) d

+ 2 ol v)/2 — i)
[]#1

Proof: We start with functions f € HS, for which the trace formula
holds and then we extend the range of the trace formula up to the



218 CHAPTER 11. SLy(R)

level of the theorem. So let f € HS such that the trace formula is
valid for f. For instance, f € C°(G)? = C°(G)+C>(G) will suffice.
At first we consider the class [y] with v = 1. Then

vol(T,\G4)O, (f) = vol(T\G) f(1).
Theorem 11.3.1 tells us that

% /R tr (mip(f)) r tanh(mr) dr = i A h(r)rtanh(7r) dr.

f() =

Next let v be an element of I' with v # 1. Then + is hyperbolic.
Replacing I' with a conjugate group we may assume that ~ is the
diagonal matrix with entries e, e~ for some ¢t € R, as the other case
of v = —diag(e’, e7") gives the same result. Then the centralizer G,
of v in G equals £A, the group of all diagonal matrices in G and
'y =TI'Nn+A. As —1 ¢ T, since I is torsion-free, it follows that
there is 7o € I' such that the centralizer I'y in I' is equal to (7). The
element -y is called the primitive element underlying . The element
v is called a primitive element if vy can be chosen equal to . This
is equivalent to saying that for every o € I' the equation ¢ = v
with n € N implies n = 1. If 79 = diag(e’, e ?) and if we identify A
with R via the exponential map, the group (7p) corresponds to the
subgroup tZ. It follows that

vol(IT,\G,) = 2t = l(y),

where the factor 2 is due to the normalization of Haar measure on
A. By the Iwasawa decomposition, the set G, \G can be identified
with NK/+1. As f is K-bi-invariant and f(z) = ¢(tr (2'z) —2) for
every x € G, the orbital integral O,(f) equals

/Rf(nslvns /¢e +e 2t 452 (t—1/t)* — 2)ds,

so that

O(f) = —— Ap(e* 42 —2)

et —et
1
= T =9(2)
1

elm/2 — e—l(fy)/zg(l('V))'
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So we see that the theorem holds if f € HS is admissible for the
trace formula.

We now derive the trace formula for the special case of the heat
kernel. Let L,
hir) = h(r) = e G,
Note that h; € E and so Proposition 11.2.8 applies. One gets
e—t/4 2

9(u) = e

VAt

Let ft = q/_l(ht).

Recall from Section 9.2 the definition of the space Cypif(G) of uni-
formly integrable functions on G.

Proposition 11.4.2 The function f; lies in Cyunit(G)?, so the trace
formula is valid for f.

Proof: Note that h; = htz/27 which means f; = f;/5 * fi/2 and so,
in order to show that the trace formula is valid for f;, it suffices
to show that f; € Cyunit(G) for every ¢t > 0, as it then follows that

[t € Conit(G)2. Let r > 0 and define

def

U(r) = K{as:0<s<r}K CG.

Then U(r) is an open neighborhood of the unit. Note that U(r) =
{z € G: tr(a'z) < e"+e "} and the boundary satisfies

oU(r) = {x€G:tr(zlz) =" +e 2"} = Ka, K.

Lemma 11.4.3 For 0 <r < 5 we have

U(r)asU(r) CU(s+ 2r) \U(s — 2r).

Proof: As U(r) is invariant under K-multiplication from both sides,
it suffices to show everything modulo K-multiplication on both sides.
Suppose that for 0 <y <r and k € K we can show that a,ka, and
agka, both lie in U(x+1r)\U(z—r). Then, modulo K-multiplication
one has aykas = a; for s —r <t < s+ r. Iterating the argument
with ¢ taking the part of s, one gets for 0 < ¢/ < r,

aykask'ay = aik"ay € Ut+r)\U(t—r) C U(s+2r)\U(s—2r).
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So it suffices to show that for £ € K one has aykas, aska, € U(s+7r)~
U(s—r) for 0 <y < r and arbitrary s. For z € G'let T'(z) = tr (z'x).
Note that

T<a b) — 24024+ +d2
c d

We have to show that
e2(57m) 4 2(r=s) T(aykas) < e2(s1) 4 g=2(s ),

Now any k € K can be written as k = (‘g _ab) for some a,b € R with
a’® +b%> = 1. Then

e¥tsq  —e¥=5h
T(aykas) = T( eSYb e(y+8)a>

= 2+ 4 20ts) 4 p2(2—s) y (2s) _ 2yts) _ o2y ts)),

Here we have used a? = 1 — b%. Now b € [—1,1] and the above is
a quadratic polynomial in b, which takes its extremal values at the
zero of its derivative, i.e., at b = 0 or at b = +1. In both cases we
get the claim. O

The proof of the proposition now proceeds as follows: One notes
that the function ¢; with fi(z) = ¢;(trz'x — 2) is monotonically
decreasing. This follows from ¢; = —%A(qé). Hence Lemma 11.4.3
implies that (ft)y((as) < fi(as—2r) for 0 < r < s/2. (Recall the
notation fy(z) = sup|f(UxU)|.) Therefore it suffices to show that
for any r > 0,

/ oi(tr (zfx) —2 —2r)dx < oo.
{zeG:T(x)>2r}

For this we use the integration formula of the Cartan decomposition
in Theorem 11.2.1, which shows that the integral equals

277/ dr(e2” + e 2 —2 = 2r)(e* — ™) dx.
€2 4e—22—2>2r
Substituting u = e?* + e~2% this becomes

7T/u>2r+2¢t(u—2—2r)du = 7T/0 oi(x) d.
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As hy € E, the function ¢; lies in Sjg ) and so this integral is
indeed finite. 0

The trace formula for the function f; says

o

e (Tt — volI\G) / re_(%"'rz)ttanh(wr) dr
; 4m R
7=0
1 2 .
—(r?41/4)t jirl(y)
+ Z 72 27r/ e dr,
P71
where we used the equation g;(u) = 5- fR e dr, which follows

from inverse Fourier transform and the fact that h is even. Let p(t)

denote either side of this equation. For a complex number s with
Re(s?) < —1 let

By realizing ¢ via the left hand side of the trace formula gives

oo 2_p2
5T

a(s) =

2 _ 2
P
and using the right hand side of the trace formula gives

2 2

vol(I'\G e "
a(s) = (471\ )/]RTTQ—SQ tanh(mr) dr
1 st
wrl(y)
+ gm e o2 27r/ R dr.

Now take h as in the assumptions of the theorem, but with the
stronger growth condition h(z) = O(exp(—a|z|*)) for some a > 0 and
IIm(z)| < § +e. For T > 0, let Ry denote the positively oriented
rectangle w1th vertices £7" £ 2€+1 By the Residue Theorem we can
compute

1 882_7.2

1
2wt 7l ds = () + b)) = h(r)

whenever r lies in the interior of the rectangle, and 0 else. For T" — oo
this converges to h(r) for every r € RUi(0,1). Thus, using the real-

2

s2—r
ization a(s) = > 2%, &— it follows that that = fRT a(s)sh(s)ds
J
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converges to the right hand side of Theorem 11.4.1 if T — oo. On
the other hand, using the realization of a(s) given by the left hand
side of the trace formula and interchanging the order of integra-
tion Which is justiﬁed by the growth condition on A, shows that

o f Ry s) ds equals

vol(I'\G)
47

1 T irl(vy)
+ Z:m 02 _e—l(v)/2 o /Th(r)e dr.

This converges to the left hand side of Theorem 11.4.1 if T — oo
since g(! = Jo h( et dp.

T
/ rh(r) tanh(mr) dr
T

This proves the theorem for h satisfying the stronger growth condi-
tion. For arbitrary h, let @ > 0 and set hy(2) = h(z)exp(—az?).
Then the function h, satisfies the stronger growth condition for
Im(z)] < 3 + ¢ and the limit @ — 0, using Lesbesgue’s conver-
gence theorem for the integrals, gives the claim. O

11.5 Weyl’s Asymptotic Law

In the proof of the trace formula, we have used the “heat kernel”

hi(r) = e~ (177%)t The reason for this being called so is the follow-
ing. The Laplace operator for hyperbolic geometry on H,

s () ()

is invariant under G, i.e., (Ap)? = A(Y) for every ¢ € C*>°(H) and
g € G. Therefore A defines a differential operator on the quotient
I'\H, which we denote by the same letter. Its eigenvalues are \; =
(3 +7r?) for j > 0.

The hyperbolic heat operator is e *» for t > 0. This is an integral
operator whose kernel k;(z, w) describes the amount of heat flowing
in time ¢ from point z to point w. Therefore

o0 1 o0

(1,2 _

e (+rt _ Z i tre— tA
j=0 Jj=0

is the heat trace on I'\H.



11.5. WEYL’S ASYMPTOTIC LAW 223

Proposition 11.5.1 Ast — 0, one has

J

/3 e, YU\

= 47
— ’u.2
Proof: As g(u) = e\/%e_ﬂ, the trace formula for the heat kernel

gives

s I(T\H) [*°
t Z et = tm / re= (Gt tanh(7r) dr

= 47 oo
um?
l(o)  eTi
“[Z]:elw)/z_el(v)/z el
.

Substituting r with 7/v/t shows that the first summand equals

VOI(FvH)e_tM/ re_TQ tanh (TrR> dr.
Am R Vit

The integral equals
o R
/ 2re™ tanh <7r> dr.
0 Vit

Ast — 0, the tanh-term tends to 1 monotonically from below; there-
fore the integral tends to

o0 2 2
/ 2re” " dr = —e T
0

It remains to show that

|
G
I
N
ey

[(70) €
\/E[Z}: el(M/2 — e=l(v)/2 AT
g

tends to zero as t — 0. This is clear as the sum is bounded for
0<t<l. O

We use this proposition to derive Weyl’s asymptotic formula.
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Theorem 11.5.2 ForT > 0, let N(T') be the number of eigenvalues
Aj = i =+ 7“]2» that are <T. Then, as T — oo, one has

vol(T"\H)
47

where the asymptotic equivalence ~ means that the quotient of the
two sides tends to 1, as T — oc.

N(T) ~ T,

Proof: We need a lemma. Recall the definition of the I'-function
from Section 7.5.

Lemma 11.5.3 Let o be a Borel measure on [0,00) such that the

integral
/ e~ du(\)
[0,00)

exists for t > 0 and such that
lim ¢t / e Pdu(\) = C
t—0
[0,00)
for some o, C > 0. If f is a continuous function on [0, 1], then

lim ¢“ /[0 )f(eft)‘)eft)‘du()\) = F(Ca)/ooo fle )z e ™ da.

t—0

Proof: By The Stone-Weierstrall Theorem A.10.1, the set of poly-
nomials is dense in C([0,1]). We first show that it suffices to prove
the lemma for polynomials in the role of f. So let f, — f be a con-
vergent sequence in C([0,1]) and assume the lemma holds for each
fn- We have to show that it holds for f as well. Let ¢ > 0. Then
there exists ng such that || fn — f|;g 1) < € for every n > ng. For such
n one gets

o N (G B C ) B e)

< sta/ e~ du(N),
0,00)

and the latter tends to eC as t — 0.
On the other hand,

< €

i e - s e a

C /°° oy
e " dr.
L(a) Jo
[ —

=I'(@)
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So it suffices to prove the lemma for a polynomial and indeed for
f(z) = 2™, in which case it comes down to

limto‘/[o )e_t(”“)A dp = (n+1)"“lm¢* /[0 )e_t)‘ dp(N)

t—0 t—0

(n+ )
_ C —(n+1)ta—1
= F / )t dt,

where in the last equation we use that

I'(a) _ /Ooe—t< ¢ ) dt — /ooe—(n+1)ttadt.
(n+1)a 0 n+1 t 0 t ]

Taking in the lemma, a decreasing sequence of continuous functions
converging to the function equal to 1 on the interval [%, 1] and equal
to zero on the interval [0, 1), we see “that

C 1 C
limto‘/ du(\) = / g = — 2
A A O Fat1)

To get the theorem, we apply this to the measure p = Z;’;O dx; with
a = 1. Indeed, substituting T = %, the left hand side of the above
equation becomes lim7_ .o %N (T'), while, by the proposition, we

have C = limy_.o tZJO'iO et — Volgll;‘r\H) ) [l

11.6 The Selberg Zeta Function

The compact surface I'\H is homeomorphic to a 2-sphere with a finite
number of handles attached. The number of handles g is > 2. It is
called the genus of the surface I'\H (See [1]).

The Selberg zeta function is defined for s € C with Re(s) > 1 as

H H ( 8+k‘)l(7))

Y k>0

where the first product runs over all primitive hyperbolic conjugacy
classes in T'.
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Theorem 11.6.1 The product Z(s) converges for Re(s) > 1 and the
function Z(s) extends to an entire function with the following zeros.
For k € N the number s = —k is a zero of multiplicity 2(g—1)(2k+1),
where g is the genus of T\H. For every j > 0 the numbers

, I
5—1—173, and 3~

are zeros of Z(s) of multiplicity equal to the multiplicity Nr(mi,).
These are all zeros.

Proof: Let a,b € C of real part > % Then the function

1 1

h(r) = a2+r2_b2+r2

satisfies the conditions of the trace formula of Theorem 11.4.1. One
computes (Exercise 11.4),

26 = oo HH( o)

Yo k>0
—-n 8+/<?)l(70)
:Zziﬂwmmd
Yo k>0n=1

If 4o runs over all primitive classes, then v = ~7 will run over all
classes. So we get

26 = Y e i)

Yy k>0

_ —sl(y ’YO)
- Ze 1_e 1 el

= Y e 1(70) .
- el/2 — g=l(v)/2
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Up to this point we have ignored questions of convergence. To deal
with these, note that the geometric side of the trace formula for our
function h equals Yo F\G fR rh(r) tanh(mr) dr plus

e—al(y e—bl() l(’YO)
9 Z b el()/2 — e=lv)/2°

(]

By the trace formula, the latter sum converges absolutely for all

complex numbers a,b with Re(a), Re(b) > 1. In the special case

b = 2a > 1 all summands are positive and the estimate

e_al(’Y) 6_2al(7) S e_al(’)/) e_al(')/) - 16_0'1(’7)
a 2a a 20 2 a

shows that the series

- [(70) Z' 1
al(y) _ Z -
%: e on e = Zzety)

converges locally uniformly absolutely for Re(a) > % To be precise,
for every ag > % consider the open set U = {Re(a) > ag}. For a € U
and every v € T'~ {1} one has |e” (V)| = ¢~ Re(@)l(n) < ¢aol(y),
This shows locally uniform absolute convergence of the logarithmic

derivalive
Z § : § : 2 : —n(s+
S) — e ( k)l(’yo)l(,y[))

Yo k>0n=1

for Re(s) > 1. By direct comparison we conclude the absolute locally
uniform convergence of the series

DI

Y0 k>0n=1

—n(s+k)l

which is the logarithm of Z. This implies the locally uniform con-
vergence of the product Z(s) in the region {Re(s) > 1}.

The geometric side of the trace formula for h equals

V"I(LET\G)/R rh(r )tanh(ﬂr)dr+2§< +;)_2le <b+;>.

The spectral side is

=1 1 N 1 1 1 . 1
,:OQCL a+ir;  a—ir; 20 \b+ir; b—ir;)

J
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The trace formula implies that this series converges for complex num-
bers a,b with Re(a), Re(b) > 3. Being a Mittag-LefHler series, it con-
verges for all a,b € C, which are not one of the poles %ir;, and it
represents a meromorphic function in, say a € C with simple poles
at the +ir; of residue 1/2a times the mutiplicity of +ir;.

We want to evaluate the integral

/ rh(r) tanh(mr) dr.
R

The Mittag-Leffler series of tanh equals

o0

1 1 1
tanh(mz) = — , + , )
(m2) W%Z—l—’b(ﬂ—l—;) z—i(n+3)

where the sum converges absolutely locally uniformly outside the set
of poles z(% + Z). For n € N the path -, consisting of the interval
[—n,n] and the half-circle in {Imz > 0} around zero of radius n will
not pass through a pole. Note that the function tanh(7r) is periodic,
i.e, tanh(7(r + 2i)) = tanh(7r). Further, it is globally bounded on
any set of the form {z € C: |z —i(k + 1/2)| > ¢ Vk € Z} for any
e > 0. As rh(r) is decreasing to the power =3, it follows that the
integral f% rh(r) tanh(7r) dr converges to the integral in question.
By the residue theorem we conclude

/}Rrh(r) tanh(7r) dr = 2mi Z res,—,(rh(r) tanh(zr)).

z:Imz>0

We have

Moy = ML Ly
=y r4+ia r—ia 2\r+ib r—ib/)’

We will assume a # b, both in C \ (3 + Z). Then the poles of rh(r)
and of tanh(7r) are disjoint and we conclude that the integral equals

7t tanh(mia) — i tanh(7wib)+

1
222 < +za+i(n+;)—m> =)

where the dots mdlcate the same term for b instead of a. Plugging in
the Mittag-Leffler series of tanh, one shows that the integral equals

—~\a+i+n b+i+n)’

From hyperbolic geometry (see [1] Theorem 10.4.3) we take
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Lemma 11.6.2 The positive number VOI(L\G) is an integer. More

precisely, it is equal to g — 1, where g > 2 is the genus of the compact
Riemann surface I'\H.

Comparing the two sides of the trace formula tells us that

. Y . o 1 1
(@)= yj(b) +4(a - ) —g)Z% (a+n a b+n)

n=

/

+§: 1 a’ 1 +a7 1
a— —|—zrj a—%—irj Vb—1i+ir; Vb—1—ir;

/

witha =a— 5 b’ = b — 5. Fixing an appropriate b, this extends to
a meromorph1c functlon on C with simple poles at a = —n and a =
%j:irj. It follows that Z extends to an entire function on C and by a
theorem from Complex Analysis (see [40, Theorem 10.43]) it follows
that the poles of Z7, are precisely the zeros of Z with multiplicity the
respective residues. These are 2(2n 4 1)(g — 1) for a = —n and 1 in
all other cases. 0

Note that, as r; € i[-1 55 2] U R, the Selberg zeta function satisfies
a weak form of the Riemann hypothesis, as its zeros in the critical
strip {0 < Re(s) < 1} are all in the set {Re(s) = 3} with the possible
exception of finitely many zeros in the interval [0, 1].

Note further, that one has a simple zero at s = 1 and no other poles
or zeros in {Re(s) > 1}. This information, together with the product
expansion, suffices to use standard machinery from analytic number
theory as in [6] to derive the following theorem.

Theorem 11.6.3 (Prime Geodesic Theorem)
For x > 0 let w(x) be the number of hyperbolic conjugacy classes []
in T with () < 2. Then, as © — oo,

62:6

m(x) ~ Py

11.7 Exercises and Notes

Exercise 11.1 Show that [ H%“fm) du = mtanh(7r).
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(Hint: Write sin(ru) = ("™ — e~""*) and thus decompose the integral
into the sum of two integrals, each of which can be computed by the residue

theorem.)

Exercise 11.2 Show that g € G = SL(R) is

hyperbolic < |[tr (g)] > 2,
parabolic < |tr(g)] = 2,
elliptic < [tr(g)| < 2.

Exercise 11.3 Let A € Mat,, (C). Show that

det(exp(A4)) = exp(tr (A)).

Exercise 11.4 Let a € C with Re(a) > 0. Show that [ el dr =
prawes

Exercise 11.5 Let G be a locally compact group and K a compact sub-
group. The Hecke algebra H = C.(K\G/K) is defined to be the space of
all L'-functions on G which are invariant under right and left translations
from K. Show that H is an algebra under convolution. Show that for every
(7, Vy) € G the space VX of K-invariants is either zero, or an irreducible
‘H-module in the sense that it does not contain a closed H-stable subspace.

Exercise 11.6 Continue the notation of the last exercise. The pair (G, K)
is called a Gelfand pair if H is commutative. Show that if (G, K) is a
Gelfand pair, then for every (m,V;) € G the space VX is at most one
dimensional.

Exercise 11.7 Keep the notation of Exercise 11.5. Suppose that there is
a continuous map G — G, x +— ¢ such that (zy)¢ = y°z¢ and (2°)¢ = = as
well as x¢ € KaK for every x € G. Show that (G, K) is a Gelfand pair.

Exercise 11.8 Let f € H with tr (m,(f)mir(z)) = 0 for every x € G and
every r € R. Show that f =0.

Exercise 11.9 Let A denote the hyperbolic Laplace operator. Show that
the function z — Im(z)® for s € C is an eigenfunction of A of eigenvalue
s(1—s).

Exercise 11.10 Read and understand the proof of the prime number the-
orem in [6]. Apply the same methods to give a proof of Theorem 11.6.3.
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Notes

The Selberg zeta function has been introduced in Selberg’s original
paper on the trace formula [44]. It has fascinated mathematicians
from the beginning as its relation to the trace formula is similar to
the relation of the Riemann zeta function to the Poisson summation
formula and, as we have seen, a weak form of the Riemann hypothesis
can be proved for the Selberg zeta function. However, Selberg’s zeta
continues to live in a world separate from Riemann’s, and although
many tried, no one has found a bridge between these worlds yet.

The name Prime Geodesic Theorem for Theorem 11.6.3 is derived
from the following geometric facts. On the upper half plane H there
is a Riemannian metric given by L—Ed?ﬂ, which is left stable by
the action of the group G, in other words, G acts by isometries. If
I' C G is a torsion-free discrete cocompact subgroup, the quotient
IM"\H will inherit the metric and thus become a Riemannian manifold,
the projection H — I'\H is a covering. A closed geodesic ¢ in I'\H is
covered by geodesics of infinite lengths in H and any such geodesic
is being closed by an element v € I', which is uniuely determined
up to conjugacy. The map ¢ +— v sets up a bijection between closed
geodesics and primitive conjugacy classes in I". The number () is
just the length of the geodesic c¢. So indeed, Theorem 11.6.3 gives
an asymptotic of lengths of closed geodesics. This theorem has been
generalized several times, the most general version being a theorem of
Margulis [31], which gives a similar asymptotic for compact manifolds
of strictly negative curvature.



Chapter 12

Wavelets

In this chapter we will give an introduction to the theory of wavelets
and wavelet transforms from the viewpoint of Harmonic Analysis.
We will not be able to cover all theoretical aspects of wavelet theory,
but we shall at least give a first introduction into this fascinating
field. A much more complete coverage is given in the Lecture Notes
[15], which we recommend for further reading.

12.1 First Ideas

Let (X, pu) be any measure space. Roughly speaking, a wavelet is
an element ¢ € L?(X, ) together with a family of transformations
t — mp indexed by the elements of some other measure space (7', ).
The corresponding wavelet transform is a map

®: L*(X, ) — L*(T,v),
which maps a function 1 to the function ®(¢), which is defined by

O(¢)(t) = (¢, mep) .

One usually considers only cases where the wavelet transform is in-
jective and allows some reconstruction formula for a given 1 out of
the transformed data. In many interesting cases, the measure space
T is a locally compact group equipped with Haar measure and the
transformation ¢ — 7; is a unitary representation of 7' on L? (X, ),
so it is evident that Harmonic Analysis is entering the picture. Al-
though there are many important cases that do not fit directly into
A. Deitmar, S. Echterhoff, Principles in Harmonic Analysis, Universitext,

DOI: 10.1007/978-0-387-85469-4_12,
(© Springer Science+Business Media, LLC 2009
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this setting (like most discretized versions), we shall restrict ourselves
to this setting below. The basic example is given by the continuous
wavelet transform of the real line:

Example 12.1.1 Recall the az+b-group G consisting of all matrices

of the form <g ll)> with a € R* = R~ {0} and b € R. It is the

group of affine transformations (a, b) — T, on the real line given by
Top(z) = ax +b. A short computation shows that left Haar measure
on G is given by the formula

Jfanden=[ [ savag

and that A : (a,b) — ﬁ is the modular function on G.

The action of G on R induces a unitary representation (a, b) — m(a,b)
of the ax + b-group on L?(R) via

a T _ L x _ L (x=®
(r(a.009) (2) = (T} ) mw( ).

Now fix an element ¢ € L?(R). Then for each ¢ € L*(R) we obtain
a bounded continuous function Wy, (¢)) : G — C given by

(a,0) = Wo(¥)(a,b) = (¢, m(a, b)g) -

In order to get useful transformations in this way, we have to find
conditions on ¢, which guarantee that the transform ¢ — W, (v)
is injective with image in L?(G) and allows for a suitable inversion
formula.

Of course, the optimal solution to the above stated problem would
be to find functions ¢ € L?(R) such that the resulting transform
Y = W,(¢) is an isometry from L?(R) into L?*(G). In that case
the reconstruction formula would be given by the adjoint operator
W L?(G) — L*(R), since for every 1,1 € L?(R) we would have

(¥,n) = (Wo(v), W () = (WgWo(v),m)

and hence
w = W;W@ (17/})7

as elements in L*(R).
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Before we give specific answers to the questions asked in the above
example, we want to put the problem into a more general framework:
Suppose that G is an arbitrary locally compact group and that (m, V)
is a unitary representation of G on some Hilbert space V.. Given any
fixed vector ¢ € Vi, we obtain a corresponding transformation

We : Ve — C(G),

which sends n € V; to the matrix coefficient z — (n, w(z)&). We call
this the (generalized) continuous wavelet transform corresponding to
m and £. Note that this transformation is injective if and only if £ is
a cyclic vector for .

If We mapped V; into the Hilbert space L?(G), we would be able
to use Hilbert space methods. But in general the function z —
(n, 7(x)€) may not be an L2-function. So, in order to be able to use
inner products, we have to restrict W¢ to the linear space

D¢ = {n € Vy: We(n) € L*(G)}.

We then get a linear operator We : D¢ — L*(G). Up to now we
have always considered operators from Banach spaces to Banach
spaces. The current example shows that sometimes linear opera-
tors occur naturally, which are only defined on linear subspaces of
Banach spaces. So let V, W be Banach spaces, and let D C V be a
linear subspace. A linear map T : D — W will loosely be called a
linear operator from V to W with domain D.

Let D be a linear subspace of the Banach space V.

e A linear operator T': D — W is called a closed operator if its
graph
G(T) = {(n,Tn):n € D}

is a closed subset of V' x W.

e A linear operator T : D — W is called a bounded operator if
its norm
1T = sup || T]]
veD

lloll=1

is finite.

e A linear operator T : D — W is called densely defined if D is
dense in V.
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Note (Exercise 12.1) that if 7' is densely defined and bounded, it
extends to a unique bounded operator T': V — W.

Lemma 12.1.2 The operator We : D¢ — L*(G) is closed.

Proof: Suppose that (1, )nen is a sequence in V; such that n, — 7 in
Ve and We(n,) — ¢ in L*(G). Passing to a subsequence (Theorem
B.4.3) if necessary, we may assume in addition that We(n,) — ¢
pointwise almost everywhere. But for every x € G we have:

[We(n)(z) — We () (@)l | (1 = 1, T (2)8) |
[l = mnll1€]];

IN

which converges to 0. This implies that ¢ = W¢(n) almost every-
where. O

A vector £ € Vy is called square integrable if D¢ = V., i.e., if We(n) :
x +— (n,m(x)&) is square integrable on G for every n € V.. We put

Dr & {€ €V, : ¢ is square integrable}.

It is easily checked that D, is a 7(G)-invariant linear subspace of Vj,
and it follows from the above lemma and the closed graph theorem
(C.1.6) that W¢ : V; — L?(G) is bounded for every & € D,. The
representation (m, V) is called a square integrable representation, if
D, is dense in V. A square integrable vector £ is called an admissible
vector if We + Vz — L*(G) is isometric. Having fixed notation as
above, the general problems to be solved are now as follows:

[P1] Under what conditions does a unitary representation (m, Vy)
have any nontrivial square integrable vectors, or when is 7 a
square integrable representation?

[P2] Suppose the unitary representation(m, V) is square integrable.
Characterize all admissible vectors in V; (if they exist).

[P3] Given an admissible vector ¢ for the representation (m, Vy).
Find an explicit reconstruction formula for the corresponding
continuous wavelet transform W : V; — L*(G).

As explained in the above example, if £ is an admissible vector for
(m, Vz), then the reconstruction operator for the wavelet transform
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We @ Vi — L?(G) is given by the adjoint weg L*(G) — V. So
Problem 3 reduces to the problem of finding an explicit formula for
Wg . In the next section we shall give a general answer to the first two
problems in case where the representation (7, V) is irreducible. This
case covers many of the known examples and applies in particular
to the continuous wavelet transform of the real line as discussed in
Example 12.1.1 above.

In what follows next, we shall present some more or less easy obser-
vations concerning the above stated problems in general. Since the
wavelet transformation We : Vy — Cy(G) is injective if and only if
& is a cyclic vector for m, we should restrict our attention to cyclic
representations and cyclic vectors thereof. Then the following easy
lemma shows that we are really only interested in square integrable
representations.

Lemma 12.1.3 Suppose that & € V; is a cyclic square integrable
vector of the unitary representation (m,Vy). Then m is a square in-
tegrable representation.

Proof: If ¢ € D, is cyclic then D, contains the dense subspace
span{7(z)¢ : x € G} of V. O

We now give a description of the adjoint operator Wg c L2(G) — Vi

Lemma 12.1.4 Suppose that £ € V. is a square integrable vector
for the unitary representation (w,Vy). Then the adjoint operator
WE* : L2(G) — Vi of the wavelet transform We is given by the formula

We(p) = /G o(@)m(2)€ de.

Proof: This integral is to be understood in the weak sense, i.e., it
signifies the unique vector such that

</G80(x)w(x)€d;p,n>:/0w($) (r(2)esn) da

for every n € H. Note that it follows from the square integrability of
& that the integral on the right hand side of this formula exists. For
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n € Vy and ¢ € L?(G) we have
(WE(e),m) = (o, We(n)
= [ @@ i

— / o(2) (n(2)é, ) da.
G
]

As a consequence, we obtain the following general reconstruction for-
mula for continuous wavelet transforms corresponding to admissible
vectors & € V!

Proposition 12.1.5 Suppose that & € V; is an admissible vector for
the unitary representation (m,Vy). Then for all n € V; we have

n=WiWen = /G (n, 7(2)€) 7 (2)E da.

Moreover, the image We(Vy) C L*(G) of the wavelet transform is a
closed subspace of L*(G) with orthogonal projection P¢ : L*(G) —
We(Vz) given by the formula

(Pee) (y) = (WeW¢ () (v) =/ () (n(2)€, m(y)E) d.

G

Proof: It is a general fact for isometries S : V. — W between
Hilbert spaces V' and W that S*S is the identity on V and SS5* :
W — S(V) is the projection onto the closed range S(V) C W of S
(we leave the verification as an easy exercise for the reader). Thus
the proposition follows directly from the explicit description of WE*
given in the previous lemma. U

Corollary 12.1.6 Suppose that & € Vi is an admissible vector for
the unitary representation (m,Vy). Then the orthogonal projection
Pe : L*(G) — We(Vr) is given by right convolution with We(€) €
LA(@), i.e. Pe(p) = pxWe(€) for every p € L*(G).

Proof: By definition of W, and convolution of functions on G, we
have

o We(©)y) = /G (@) (€, m(a1y)E) da
— / o(z) (r(2)€, 7(y)E) da
G
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and the result follows from the previous proposition. O

We close this section by observing that every group has at least one
square integrable representation:

Example 12.1.7 Consider the left regular representation of G. We
claim that every g € C.(G) C L*(G) is square integrable. Since
C.(@) is dense in L?*(G) it then follows that (L,L?(G)) is square
integrable.

Consider the right regular representation R of G' on L?(G) given
by R(y)e(x) = \/A(y)p(zy), where A = Ag denotes the modular
function on G. Put j(y) = A(y)~Y%g(y), and let p € L*(G) be
arbitrary. Consider the continuous function x — {(p, L(z)g). We
compute

(0, L(x)g) = /G e(y)g(z—ly)dy = /G 9(y)e(zy) dy
= Aé(y)vA(y)¢(xy)dy
- /G 3(y) Ry)p(x) dy = R(5)p(w).

It follows that x +— (¢, L(x)g) is in L?(G) indeed.

12.2 Discrete Series Representations

In this section we want to characterize the irreducible square inte-
grable cyclic representations of a locally compact group as precisely
those irreducible representations, which are direct summands of the
left regular representation (L,L?(G)). Note that such representa-
tions are commonly called the discrete series representations of G.
Aside of their relation to wavelet theory, as discussed here, they play
a very important role in the general representation theory of reduc-
tive Lie groups, and a good deal of research work has been done
to characterize the discrete series representations of certain locally
compact groups. We start with some easy observations:

Suppose that (7, Vy) is a unitary representation, let £ € Vi be any
vector, and let D¢ C V; be the domain of W¢ : D¢ — L?(G). Then,
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if y € G, we have

(Welr(y)m)(x) = (w(y)n,w(x)E)

which proves that Dy is a m(G)-invariant subset of V. Moreover, we
see that W intertwines the representation 7 restricted to D¢ with the
left regular representation L : G — L?(G). Thus, if ¢ is admissible
it follows that the closed subspace W¢(V;) C L?(G) is L-invariant
and that W establishes a unitary equivalence between (7, V) and a
subrepresentation of (L, L?(G)). So we have shown

Proposition 12.2.1 Suppose that £ is an admissible vector for the
unitary representation (m,Vy). Then (mw, Vi) is equivalent to a sub-
representation of (L, L*(G)).

In what follows we shall need the following generalization of Schur’s
Lemma for possibly unbounded intertwining operators. Let (m, V)
and (p,V,) be two representations of the locally compact group G.
Let D C Vi be a linear subspace. A linear operator T': D — V), is
called an intertwining operator if D is stable under 7 and

holds for every z € G.

Proposition 12.2.2 Let (7, Vz) and (p,V,) be two unitary repre-
sentations of G with 7 irreducible and let T': D — V,, with D C V;
be a densely defined closed intertwining operator. Then D =V, and
T = puS for some 0 < p € R and some isometry S : Vy — V,.

Proof: We may assume that 7" # 0. Denote by (-,-), and (-,-),, the
inner products on V; and V), respectively. Since G(T') is a closed
subspace of V; x V), we see that

(&, 7€), (0, Tm)) = (& m), +(TETn),

defines an inner product on G(T'), which turns G(7T') into a Hilbert
space. Let P : G(T) — Vi denote the projection to the first factor,
and let P* be its adjoint operator. Then PP* : V; — V, is a bounded
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intertwining operator for the irreducible representation 7, which, by
the classical version of Schur’s Lemma (see Lemma 6.1.7), must be a
multiple of the identity. Since T # 0 it follows PP* # 0, and there-
fore V; = PP*(V;) C P(G(T)) = D, so T is everywhere defined.
By the closed graph theorem (Theorem C.1.6) it must be bounded.
Now we can apply Schur’s Lemma to the positive intertwining oper-
ator T*T of 7 to obtain some p > 0 such that T*T = p?Idy,. Put
S = ,T. Then

(S6.50), = (8°S6.m, = o (T'TEm), = (€,

which implies that S is an isometry. g

As a first consequence, we obtain the following characterization of
admissible vectors in irreducible representations:

Proposition 12.2.3 Let (7, V) be an irreducible unitary represen-
tation, and let 0 # £ € V.. Then the following are equivalent.

(a) There exists 0 # n € Vi such that We(n) € L*(G).
(b) & is a square integrable vector.

(¢) There exists 0 < X\ € R such that A is admissible.

~ ' — L&l
Moreover, if these assertions are true, then \ = AGIE

Proof: The implications (¢) = (b) and (b) = (a) are trivial, so
we only have to show that (a) implies (c¢). The discussion preceding
Proposition 12.2.1 shows that D¢ is a m(G)-invariant linear subspace
of V., which is nonzero by condition (a). Thus, since 7 is irreducible,
it must be dense in V. We further observed above that the densely
defined linear operator

We : D¢ — L*(G)

intertwines 7 with the left regular representation (L,L*(G)) and
Lemma 12.1.2 shows that W¢ is a closed operator. Thus by Propo-
sition 12.2.2 we know that Wy = uS for some 0 < p € R and some
isometry S : Vi — L?*(G). Since (W¢(€))(e) = (£,€) # 0, and since
x — (&, m(x)§) is continuous, it follows that We(§) # 0, and We is
not the zero operator. Thus p # 0. Applying W¢ = uS to § implies

Clus : — 1 el
that S = qu = W){ with A = e HW£(E)H O
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Corollary 12.2.4 Let (m, V) be an irreducible representation of the
locally compact group G. Then the following are equivalent:

(a) (m, Vz) is square integrable.
(b) There exists an admissible vector £ € V.

(c) (m,Vx) is a discrete series representation, i.e., it is equivalent to
a subrepresentation of the left reqular representation (L, L*(G)).

Proof: The equivalence (a) < (b) follows from Proposition 12.2.3
together with Lemma 12.1.3. The part (b) = (c) follows from Propo-
sition 12.2.1. Thus it only remains to show that (c) implies (a). Re-
call from Example 12.1.7 that every function ¢ € C.(G) is a square
integrable element in L?(G) for the regular representation (L, L*(G)).
Suppose that T : V; — L?(G) is an isometric intertwining operator.
Let P : L?(G) — T(Vy) denote the orthogonal projection on the
image T'(V;) C L*(G). Since C.(G) is dense in L?*(G), the image
P(C.(@)) is dense in T'(V;) and D = {{ € V; : T¢ € P(C.(Q))} is
dense in V.. But all elements £ € D are square integrable vectors for
(7, Vz): Using the fact that L(z) commutes with P for every x € G
and that P oT =T we obtain

(n,w(2)§) = (Tn, L(x)T¢) = (T'n, L(z)Py) = (Tn, L(z)e).
But © — (T'n, L(x)p) is square integrable. O
We now come to the main result of this section, which is mainly due

to Duflo and Moore in [12]. But its importance to wavelet theory
was first highlighted by Grossmann, Morlet and Paul in [17]:

Theorem 12.2.5 Let (m,V;) be a discrete series representation of
the locally compact group G, and let Dy be the set of square integrable
vectors in V.

(a) There exists a closed densely defined operator Cr : Dy — Vg
satisfying the orthogonality relation

(Cx€,Cx&) (n,n') = (We(n), Wer(n))

for all £,¢" € Dy and all n,n € V.
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(b) The operator Cr : Dy — Vi is injective and § € V. is admissible
if and only if £ € Dy with ||CrE|| =1

(c) If, in addition, G is unimodular, then all vectors & € Vi are
square-integrable, so Dy = Vi and there exists a unique constant
cx > 0 such that Cr can be chosen equal to c;1dy,.

Proof: Choose any n € V; with ||n|| = 1. Then, if C; exists as in
the theorem, we must have

(Cr&, Cr€"y = (Wer(n), We(n)) .

Thus, in order to obtain the operator C,, we have to check that

By(&.€) = (We(n), We (n))

is a closed, positive definite, hermitian form on D, x D, as explained
in the appendix preceding Theorem C.4.5. Linearity (resp. conjugate
linearity) in the first (resp. second) variable follows easily from the
equation

(We (n), We(n)) = /G (n,m(z)€) (n(2)€,m) dz.

Positivity follows from the fact that every non-zero vector ¢ € V; is
cyclic by irreducibility of 7, and hence the function x — (n, 7(x)§)
does not vanish everywhere if 0 # £. To see that B, : Dy x Dy — C
is closed, let (&, )nen be any sequence in D, which converges to some
¢ € V: and such that

Bn(gn_gmagn_fm) _’0 fOI' n,m — oQ.

Since

By(&n — Emrbn—Em) = [[Wene,, )13
= ||[We,(n) — We,, ()3,

it follows that (W, (n))nen is a Cauchy-sequence in L?*(G). Hence
it converges to some ¢ € LQ(G). By passing to a subsequence if
necessary we may further assume that (We,(n))nen converges to ¢
pointwise almost everywhere. On the other hand, we have

(We,, (n)() = We) (@) = [, m(2)(€n =€) < [[€n =&l
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from which we may conclude that ¢ = We(n) in L*(G) and all re-
quirements of Theorem C.4.5 are satisfied. We therefore obtain an
operator C : D — V. such that

(Cr&, Cr€") = (Wer(n), We(n)) .

We now check that B, = B,y whenever 7 is some other unit vec-
tor in V;, hence proving that the constructed operator C does not
depend on the choice of 7. To see this we simply use the fact that
by Proposition 12.2.3 we have W¢ = peS with S an isometry and

pe = ”Wﬁéﬁ)lh whenever 0 # £ € D,. It then follows that

By(&,€) = (We(n), We(n)) = uz (Sn,Sn) = .

Hence the expression B (£, &) does not depend on the chosen unit
vector 7 and, via polarization, neither does the hermitian form B,,.
This shows that we have

(Cx€,Cx&) nll* = (We(n), Wer(n))

for all £,&" € V; and all n € V. Now if (Cr&,Cr&) = 0 it follows
from Cauchy-Schwartz applied to the positive semi-definite hermitian
form (n,1') — (We(n), We(n)) that this form vanishes on Vi x Vi
and if (C(£'),Cx(€)) # 0 we can apply the polarization formula to
the positive definite hermitian form

, 1
(n,n') — m <W§(77)7 Wé'(ﬁ)>

to obtain the orthogonality relation of (a) for all £, € D, and all
n,m € Va.

The injectivity of C follows from the orthogonality, since the inner
product (We(n), We(n)) is > 0 if £ and 1 are non-zero. Moreover, a
vector £ € V; is admissible if and only if £ € D and W is isometric.
But the latter is equivalent to

ICHE]* = (We(n), We(n)) =1

for all unit vectors n € V. This finishes the proof of (b).

Assume now that G is unimodular. For f € L?(G), the function
f*(x) = f(x~1) then lies in L?(G) again, and for g € L?(G) one has
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(f*,9%) = (g, f). For {&,n € V; one has We(n)* = W,(§). Therefore,
for £,&',m,n" € D one has

<C7r§,a C7r§> <77a 77,> = <W£(77)7 W&’(U’)>
= (Wy (&), Wy(6))
= (G, Crt') (€',€) -

For fixed n = 0’ # 0, one sees that there exists a constant d; > 0
such that (¢/,&) = d.(CE,CrE). For arbitrary £,n € Vi, we
choose a sequence &, that converges to £ in V;. The above implies
that [We, () — We, ()2 = [Wer—e, ()2 = [ Co(n)|2]&n — &ml?
for all n,m € N. Thus Wy, (n) is a Cauchy-sequence in L?(G), hence
converges to an L?-function f. Passing to a subsequence if necessary,
we may assume that it converges pointwise almost everywhere to
f. But the sequence W¢, (1) converges pointwise to the continuous
function We(n), hence f = We(n) and the latter is in L*(G). As &

was arbitrary, it follows D, = V;. The number ¢, = \/d7:1 will
satisfy the claim. O

Remark 12.2.6 Using functional calculus for unbounded operators
one can strengthen the above theorem by showing that there exists a
unique positive operator Cr, which satisfies the requirements of the
theorem (See Remark C.4.6). Since we did not discuss functional
calculus for unbounded operators and since this stronger result is
not needed in what follows, we decided to state the theorem in the
present weaker form.

Example 12.2.7 We should discuss the content of the theorem in
case of a compact group G. In this case every bounded continuous
function is square integrable, and hence we have D, = V, for ev-
ery irreducible representation (m, V;). By Theorem 7.2.4, we know
that every irreducible representation of the compact group G is finite
dimensional. We claim that the operator C; is then given by multi-

plication with the constant ———— so in other words, d, = dim(V},).

v/dim V.’
To see this recall that it follows from the Peter-Weyl Theorem (The-
orem 7.2.1) that for any vectors &,&',n,n" € Vi we have the orthog-

onality relation

(Weln) Wee)) = [ tn.m(@)) Wor()e) da
— d17r<£,£’><?7,77’>7
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which follows easily from part (b) of Theorem 7.2.1 by choosing an or-
thonormal basis and writing all vectors as linear combinations of that
basis. Thus we see that multiplication by \/17 satisfies the require-
ments for the operator C; in the theorem. This relation between Cx
and the dimension d led to the study of the operator K, = (Cy) 2
by Duflo and Moore in [12] (with C being the positive operator of
Remark 12.2.6), which they called the formal dimension operator of

the square integrable irreducible representation 7.

If G is unimodular, then C; = c¢;Idy, for some positive number
¢r, and we can define the formal dimension of the discrete series

representation 7w to be the positive number d, = c%

12.3 Examples of Wavelet Transforms

In this section we want to give several examples of continuous wavelet
transforms where the results of the previous sections are used. But
before we start we want to give a useful result concerning the con-
struction of certain irreducible representations of semi-direct product
groups. For notation, we say that a subset L of a locally compact
space Y is locally closed if L = O N C for some open subset O of
Y and some closed subset C' of Y. It is clear that all open and all
closed sets are locally closed and one can show that the locally closed
subsets are precisely those that are locally compact with respect to
the subspace topology.

Lemma 12.3.1 Let L C Y be a locally closed subset of the locally
compact space Y. Then for every function f € Cy(L) there exists
F e Cy(Y) such that f = F|L.

Proof: Let L = ONC with O open and C closed in Y. By Tietze’s
Extension Theorem (Theorem A.8.3), every function in Cy(C) is the
restriction of some function in Cp(Y). On the other hand, since
L =0NC isopen in C, it follows that Cyp(L) is a subspace of Cy(C).

O

The following proposition is a very special case of Mackey’s Theory of
irreducible representations for group extensions. For a more general
treatment of this theory we refer to Folland’s book [14].
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Proposition 12.3.2 Suppose that G = N x H is the semi-direct
product of the abelian locally compact group N by the locally compact
group H. Consider the action of H on the dual group N of N given
by (h-x)(n) = x(h™'n). Suppose further that there exists x € N
such that the map H — H(x) defined by h — h - x is a homeo-
morphism (this implies that H(x) is locally closed in N). Then the
representation (my, L?(H)) defined by

(my(n, )E) (1) = x(I ™ n)E(R 1)

1s irreducible.

Proof: It is straightforward to check that m = 7, is a unitary rep-
resentation. To see that it is irreducible let 0 # V C L?(H) be any
closed invariant subspace, and let £ € V. Let f € L'(IN). We then
get

(eln(HE)(s) = /N £(m)(x(n, 1E) (1) dn
— /N FX( e dn = F(I- )&,

Since the set of Fourier transforms { f:f e LYN)}is dense_in
CO(N), we see that [ — g(I - x)&(]) lies in V for every g € Cy(NV).
Since the orbit H(x) is locally closed, every function in Co(H (x))
can be realized as a restriction of some function in Co(N). Thus,
identifying H with H(x) via h +— h-x shows that My¢ € V for every
g € Co(H) and £ € V, where My denotes multiplication operator
with g.

Suppose now that f € C.(H). Integrating the restriction of 7 to H
against f yields the operator

(7l (f) / f(h

Thus we observe that V is invariant under all operators of the form
Myr|p(f) for all f,g € C.(H). Computing

(Myla(HED) = / o) f(RER ) dh = / o) FAR)EMR) dh

H

- / Ap(h~)g(1) F(IRVER) dh,
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we see that Mym|p(f) is an integral operator on L?(H) with kernel
(h, 1) = Ag(h~Yg(D)f(Ih~Y) in C.(H x H). We leave it as an exercise
to show that every function in L?(H x H) can be approximated in
the L?-norm by finite linear combinations of functions of the form
(h,1) — Ag(h~YHg()f(In=Y) with f,g € C.(H). This shows that
V is invariant under all Hilbert-Schmidt operators on L?(H). Since
V # {0} this implies that V = L?(H) and 7 is irreducible. O

We are now ready to treat our motivating example of the continuous
wavelet transform of the real line:

Example 12.3.3 Recall from Example 12.1.1 the definition of the
az +b-group G and of the unitary representation (m, L?(R)) given by

(ﬂmwwuozv%ﬁ(xgﬂ.

We want to study the admissible vectors for w. For this we first
observe that 7 is irreducible, and hence the results of the previous
section apply. In order to apply the above proposition we want to
realize 7 as a representation on L?(R*) with respect to Haar measure
|?1‘al:c. As a first step we apply the Plancherel isomorphism F :
L*(R) — L*(R) given by ¢ — @ for ¢ € L'(R) N L?(R), where we
use the formula

pa) = [ pla)e o
R
for the Fourier Transform on R. We then compute

(rloste) @) = [ e e s

_ \/M/ Sp(u)e%ri:c(au-‘rb) du
R
— /‘a|e—2wimb¢(a‘r)’
so that on the transformed side we get the representation (7, L?(R))
(7(a,0)?)(2) = Vlale "G (az).

If we now identify L*(R) with L?(R*) via g — (z — /|z[g(z)), and
then use the transform on L*(R*) given by n — 1 with 7(z) = n(2),
we see that 7 transforms to the representation (also called ) given
by

((a,0)6) () = e >/ ¢(a )
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for ¢ € L?(R*). But this is precisely the representation 7y of the
semi-direct product G = R x R* corresponding to the character
x(z) = e~¥™ of R as in the previous proposition. One easily checks
that x satisfies all conditions of that propositon. It follows that 7 is
irreducible.

We now want to show that 7 is a discrete series representation, and
we want to compute explicitely the Duflo-Moore operator C : D —
L?(R). Indeed, using the Plancherel isomorphism for the real line,
we shall show the following:

e v € D, if and only if x — ﬁ@(w) € L*(R), and

S N ~1 :
o Cro=F Y \/mcp), where F~* denotes the inverse Plancherel

isomorphism on L?(R).

As a result, it will follow that ¢ € L*(R) is admissible if and only if

o~ 2
X
1= HCWQPHQ — /R |90< ‘)| da.

|z

For the first item we directly compute the norm ||[W,(1))||2 for vectors
@, € L*(R). In the following computations we write ¢ also for the
Plancherel transform on L?(R), although the Fourier integral itself
might not always be defined. Using the Plancherel isomorphism and
the above computation for (7(b,a)n)”, we get

W) = /G | (0, (b, a)n) |2 d(a, b)
= b (m(b.a)n)” ) 2 d(a
= [ 1{utrtbayn)) P dab)

- /G 2

|al d(a, b).
The interior integral is the Fourier integral for the function Fy(x) =
Y(x)p(ax) at the point —b € R. Thus, applying the formula for the
Haar measure on G and the Plancherel isomorphism in the variable

/ O(2)e*™ ™3 (ax) do
R
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b the last term is equal to

LB 0Pl e, = /*/@(b) mdbda
= /*/W) x d:cﬂda
[1iwr ( /R a1 da) do

~ N 1
1912 / 1B(a)? - da,
R* \a|

where the last two equations follow from Fubini and the translation
invariance of Haar measure |1‘da on R*. In particular, |[Wy(¢)]]2 is

]2 L da is finite.

finite if and only if [5. |§

Now a similar (but a bit more tedious) computation shows that for
two elements ¢, ¢’ € D, and ¢ € L*(G) with ||¢||2 = 1 we get the
equation

(Wa ). Wo0) = | Bl

with C; as in the second item of our claim.

da = (Crp, Cx
o 1 = (G Gl

Notice that Duflo-Moore operator C; for the representation 7 is not
a bounded operator since its domain is not all of L?(R). This reflects
the fact that G is not unimodular.

If p € L*(R) is an admissible vector, then by Proposition 12.1.5 the
reconstruction formula for the continuous wavelet transform

W, : L*(R) — L*(G)

is given by the adjoint operator W : L?(G) — L?(R), which is given
by the formula

= / f(a,b)m(a,b)pd(a,b),
G

where the integral has to be understood in the weak sense. How-
ever, in good cases (see Exercise 12.2 below) we obtain a pointwise
reconstruction formula

= [ [ S@n el

from the transform f = W, (¢) of 1.

—b
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We now proceed by describing some explicit admissible functions
¢ € L*(R) for the continuous wavelet transform of the real line.

Lemma 12.3.4 Suppose that p € L*(R) such that x — x¢(x) lies
in LY(R). Then ¢ is a square integrable vector for the continuous
wavelet transform on R if and only if $(0) = [ p(z) dz = 0.

Proof: We first note that the conditions of the lemma imply that
¢ € LYR)N L3(R). Then ¢ lies in Co(R) N L?(R), and the existence
of [ |#(x)[>% da implies that $(0) = 0.

||

Conversely, the condition z¢p € L'(R) implies that ¢ is continuosly
differentiable with L3 = —27izp(z) (see [9, Theorem 3.3.1]). Let
M be any upper bound of |¢’| on the interval [—1,1]. Then the mean
value theorem implies that

|p(2)| < M|
for every x € [—1, 1], which implies that

~ 1
V(z)|>— dx
R*| @) 2] |z <1

M + o]

IN

M2|:U|dﬂc+/ |$($)|2dx
|z|>1

IN

Corollary 12.3.5 Suppose that f € S(R) is a Schwartz-function.
Then [’ is a square integrable vector for the continuous wavelet trans-
form.

Proof: By the computation rules for the Fourier transform (see [9,
Theorem 3.3.1]) we have

o~

Fl(w) = 2mizf(x),

so that f'(0) = 0. 0

Example 12.3.6 To get an explicit example for an admissible vec-
tor ¢ for the continuous wavelet transform on the real line we look
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at the Gauss function f(z) =-e m* This function has the remark-
able property that f = f (See [9, Proposition 3.4.6]). By the above
corollary we see that the derivatives of any positive order of f are
square integrable vectors for the continuous wavelet transform. The
first two of them are given by

fl(x) = —Omwe ™
f'(z) = 27T(27TI2—1)677T12.

This yields even and odd square integrable functions. Their Fourier
transforms are given by

f’(m) = 2mize ™
ﬁ(w) = —dr?z%e ™,

—

We can use this to compute the integrals [,. [¢)(z)|?2; da for ¢ = f’

]

and ¢ = f”. In the first case we obtain the integral
o0 2
8772/ e 7™ dx = 2,
0

as follows from the standard substitution z = 7wz2. In the second

case we arrive at the integral

(e.)

o 2

32714/ 23e ¥ dy = 472,
0

as follows from the same simple substitution plus a straightforward
partial integration. Thus, scaling f’ and f” by the factors —\/% and

respectively, we obtain the admissible vectors

vi1(x) = V2rze™™ and
po(x) = (1—27r:1:2)e_7””2

_1
2m?

for the continuous wavelet transform of the real line. The following
figure shows the graph of the function ¢, which is known under the
name Mezican hat:

IR
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The big advantage of using wavelet transforms with functions like
the Mexican hat lies in the fact that such transforms have much
better local properties than the usual Fourier transform. Note that
the wavelet transform is given by integration of a given function v
on the real line with translates and dilates of the function ¢. Now
if ¢ is a function with a large peak at the point b € R, say, then it
is in general impossible to localize this peak in any local data of the
Fourier transform. However, if we translate the Mexican hat by b,
its peak will match the peak of the function v, and therefore this
peak will have a strong effect at the wavelet transform W, (1) (a, b) if
© = 9 is the Mexican hat. In addition, this effect will be amplified
by the dilations with the factors a € R*. Of course, the possibility
of having infinitely many choices for the admissible function (often
called mother wavelet in the literature) gives the possibility to adjust
the transformations to special needs.

Before we finish, we want to give one other example of a (generalized)
continuous wavelet transform by using a variant of the Heisenberg
group A as studied in Chapter 10.

Example 12.3.7 The transform we are studying here is known as
the windowed Fourier transform or Gabor transform named after
the 1971 physics Nobel prize winner Dennis Gabor, who was one of
the first who systematically studied this transform. The idea behind
the Gabor transform is to force the Fourier transform to be local by
taking a window function ¢ € L*(R) and use this function to cut
out the relevant pieces of a given function 1 € L?(R) in its Fourier
integral. To be more precise, if ¢, 1) € L?(R) are given then we define
the transform W, () : R x R — C by the formula

W (@) (x,y) = /R ()o@ = )e-2m da.

We shall show that this transform also fits in our general scheme.
For this we consider the group #, = #/Z, where H denotes the real
Heisenberg group as introduced in Chapter 10, and Z denotes the
standard lattice in the center of #. The group may be realized as
the semi-direct product (T x R) x R with action of y € R on a pair
(z,z) € T x R given by

z(z,x) = (ze” W 1),
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The dual group TxR of T x R is given by the characters X,
indexed by n € Z and s € R such that

X(n,s) (Z, .’E) _ Zn€—2msx
Let x = X(1,0); -, X(2,7) = z. Then the action of R on x is given
by

y-x(za) = x(-=y-(z2) = x(2""",x)
= 2" = X(l,—y)(z’x)'
It follows that the character x satisfies all requirements of Proposition
12.3.2, and we obtain an irreducible representation o of the group
#H. = (T x R) x R on L?(R) by the formula

(0(z, 2, 9)p) () = 27 p(z — ).

The corresponding wavelet transform for a function ¢ € L?(R) is
then given by

(W) (22, 9) = 2 /R b(x)e 2 5w~ g) d.

The parameter z € T obviously plays no important role in this trans-
formation, and we observe that (up to this parameter) we end up with
the Gabor transform.

As in the case of the ordinary Heisenberg group one easily checks
that the Lebesgue measure on T x R x R serves as Haar measure on
H,. and that #,. is unimodular. Thus it follows from Theorem 12.2.5
that either every vector ¢ € L?(R) is square integrable or ¢ has
no square integrable vectors at all. Let’s do the calculations: Since
|z|> = 1, applying the Plancherel formula to the function F,(z) =
Y(x)e(x — y) and applying Fubini several times we get

IWo )3 = /R /R /T Wo() (22 2, y)? dz der dy

)67271’1':&’1: dx

2
dx dy

[ | veree=
— [ [B@rddy = [ [ 18P ddy
= [ [ wap =l drdy = l13lels
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which is always finite. So we see that ¢ is a discrete series represen-
tation. Since #, is unimodular, the Duflo-Moore operator is given
by multiplication with a positve scalar, which must be one since

ICoell* = IWe ()5 = llell3

if [|1|]2 = 1. Thus the unit vectors in L?(R) are precisely the ad-
missible vectors and the formal dimension of the representation o is
one.

12.4 Exercises and Notes

Exercise 12.1 Show that a densely defined bounded operator T : D C
V — W extends to a unique bounded operator V. — W.

(Use the methods of the proof of Lemma C.1.2.)

Exercise 12.2 Let ¢ € L*(R) be an admissible vector for the continuous
wavelet transform of Example 12.1.1 that lies in S(R) (For example ¢ is
the Mexican hat of Example 12.3.6). Show that the reconstruction formula
for the wavelet transform W (1) holds pointwise for every ¢ € S(R), i.e.

b

v = [ [ W]

for every z € R.

1
—_dbd
)|CL|2 a

Exercise 12.3 Let p € L'(R) N L?(R) with compact support. Show that
¢ is a square integrable vector for the representation (w,L?(G)) under-
lying the continuous wavelet transform of Example 12.1.1 if and only if
fR o(z) dz = 0. In particular, the Haar wavelet ¢ : R — R defined by

olx) = {1 for |z] <1
0 for|z|>1

is square integrable for m. Compute the scaling constant A > 0 such that
1) = Ap is admissible for 7 and give explicit formulas for the continuous
wavelet transform corresponding to ¢ and for its reconstruction.

Exercise 12.4 (a) Let G be any locally compact group, and let (m,Vy)
be any discrete series representation of G. Let Cr : Vz D D¢ — Vi be
the corresponding Duflo-Moore operator, and let &1, & € D, be two square
integrable vectors for 7 such that (Cr&1,Créa) # 0. Show the following
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(mixed) reconstruction formula for the wavelet transform with respect to

SH
1

1T (G, Crt)
(Hint: Use the orthogonality relations for Ci.)

/ (0, m(@)6r) m(2)Es de
G

(b) Assume now that G is the ax + b-group and that (7, L?(R)) is the rep-
resentation corresponding to the continuous wavelet transform of the real
line. Use the formula in (a) to give a reconstruction formula for the wavelet
transform corresponding to the Mexican hat by using reconstruction corre-
sponding to the Haar wavelet of the previous exercise.

Exercise 12.5 Let m = ®;c;m; be a direct sum of discrete series represen-
tations of the locally compact group G, and let £ = (&;)icr € Ve = ®icr Vi,
For each pair 4,5 € I let S;; : Vz, — V, be an intertwining operator (which

must be 0 if 7; is not equivalnt to ;). Then ¢ is admissible for 7 if and
only if &; is admissible for m; for every i € I and

<C7rj Sz‘jfi» ij 5j> =0

for all 4, j € I with i # j.

Exercise 12.6 In this exercise we work out the two-dimensional analogue
of the continuous wavelet transform of the real line. For this we consider
the similitude group G = R? x (SO(2) x R*) (with R the multiplicative
group of positive reals) with respect to the action

(g;7)-y=y+rgy

for € R? g € SO(2), and » € RT. Show that the representation
(m, L*(R?)) given by

(7(.9,7)0) @) = T (+97 "z ~ )

is an irreducible discrete series representation of G with

D, = {p € L*(R?): (z+— @Ej)) € L*(R?)}

and Duflo-Moore operator given by

)

() () = 22

E

where |z| denotes the Euclidian norm of z.
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Notes

The examples of continuous wavelet transforms we considered so far
are all constructed with the help of irreducible representations. But
there are interesting examples of transforms that arise from more gen-
eral representations. For instance, a frequently used wavelet trans-
form is the dyadic wavelet transform, which is given by the restriction
of the representation (7, L?(R)) of the continuous wavelet transform
of the real line via the ax + b-group G to the subgroup

{@2*b):keZ beR} CQG.

The resulting representation is not irreducible and the results of the
previous section are not applicable for the analysis of the correspond-
ing transforms. We refer to Fiihr’s book [15] for more details on this
more general setting. We should point out that the content of this
chapter bases to a good extend on the first two chapters of that
book. Other sources for the material of this chapter are the original
articles [12, 17] and the more basic introduction into wavelet theory
given in Blattner’s book [4]. Of course, the interested reader will find
many more very good books on wavelet theory in every decent math
library.



Appendix A

Topology

In the appendix, we have collected notions and results from topology,
measure theory, and functional analysis, which are used in the body
of the book. With a few exceptions, we have included proofs, so that
the appendix can be read as an independent introduction into the
named topics.

We will use standard notations of set theoretic topology. For the
convenience of the reader, we will recall a few here. To name a
reference, we give [16].

First recall the definition of a topology and a topological space. A
topology on a set X is a system of subsets O C P(X), which con-
tains () and X, and is closed under finite intersections and arbitrary
unions. A topological space is a pair (X,O) consisting of a set X
and a topology O on X. The sets in O are called open sets; their
complements are closed sets. For every set A C X there is a smallest
closed subset A that contains A, it is called the closure of A, and its
existence is secured by the fact that the intersection of all closed sets
that contain A is a closed set.

There are two immediate examples, firstly the set P(X) of all subsets
of X is a topology on X for every set X, called the discrete topology
on X. Secondly, every set X carries the trivial topology {0, X}.
Our standard example of a topological space is the real line R where
open sets are the unions of open intervals, or more generally a metric
space (X, d) where the open sets are arbitrary unions of open balls
By(z)={ye X :d(z,y) <r}, r>0.

259
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Let z € X be a point. Any open set U C X, which contains z, is
called an open neighborhood of x. A neighborhood V of x is a subset
of X, which contains an open neighborhood of z.

Lemma A.0.1 Let A be a subset of the topological space X. A point
x € X belongs to the closure of A if and only if ANU # () for every
neighborhood U of x.

Proof: The claim is equivalent to saying that x ¢ A if and only if
there exists a neighborhood U of x with ANU = (). We may assume
U to be open.

If U is an open neighborhood of x with ANU = (), then A is a subset
of the closed set X \ U, so x ¢ A. Conversely, assume x ¢ A. Then
U = X ~ A is an open neighborhood of z with ANU = (). O

A.1 Generators and Countability

For a given system of subsets £& C P(X) there exists a smallest
topology containing £ given by

o= (] o

ODE
O topology

One calls O¢ the topology generated by E.

Lemma A.1.1 Let £ C P(X), and let S C P(X) be the system of
all sets
AN N A,

where Ay,..., A, € E. Neat let T be the system of all sets of the

form

U Siu

el
where S; € S for every i € I. Finally, let T = T'U{0,X}. Then
0s = T.

Proof: Every topology containing £ must contain S and 7, so 7 C
Og¢. On the other hand one verifies that 7 is a topology containing
E,507 D Oc¢. O
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For a point « € X a neighborhood base is a family (U;);c; of neigh-
borhoods of x such that every neighborhood of x contains one of
them, i.e., for every neighborhood U there exists an index ¢ € I with
U; C U. If moreover every Uj is open, then the family (U;) is called an
open neighborhood base. For example, an open neighborhood base of
zero in R is given by the family of open intervals (—1/n,1/n), where
the index n runs in N.

A topological space X is called first countable if every point x € X
possesses a countable neighborhood base.

Examples A.1.2

e Let (X, d) be a metric space. Then for any x € X the family of
balls (B /n(2))nen forms a neighborhood base for x. It follows
that every metric space is first countable.

e A product J],.; X; is not first countable, provided all X; have
non-trivial topologies, and the index set I is uncountable.

A topology base is a family (U;);ecr of open sets such that every open
set U C X can be written as a union of members U; of the family.
For example, the family of open intervals (a,b), where a and b are
rational numbers with a < b forms a topology base for R.

A topological space X is called second countable if it possesses a
countable topology base. Every second countable space is first count-
able. It is a direct consequence of Lemma A.1.1 above that a space
is second countable if and only if its topology possesses a countable
generating set.

A.2 Continuity

A map f: X — Y between topological spaces X and Y is called
continuous if f~1(U) is open in X for every open set U C Y. This
is equivalent to the condition that f~1(C) is closed in X for every
closed C C Y.

From the definition it is clear that a composition f o g is continuous
if f and g are.

In this book we shall always equip the complex numbers C with the
topology given by the metric d(z,w) = |z — w|. So continuity for
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a function f : X — C is always understood with respect to this
topology on C. Similar holds for real functions f: X — R on X.

A map f: X — Y between topological spaces X and Y is called open
if f(U) C Y is open in Y for all open sets U in X and f is called
closed if f(C) is closed in Y for all closed C' C X. If f is injective,
then both conditions coincide, but in general an open map doesn’t
have to be closed and vice versa.

A bijective map f : X — Y is called a homeomorphism if it is
contiuous and open. It is clear that openess of f is equivalent to
the continuity of the inverse map f~! : Y — X. In particular,
f~':Y — X is also a homeomorphism. We say that X and Y are
homeomorphic if a homeomorphism f: X — Y exists.

In topology one often identifies two topological spaces X and Y if
they are homeomorphic, since they both carry the same topological
information. But in Analysis it is usually necessary to keep track
of the given homeomorphism if one wants identify two spaces, since
other structures, like differentiability are not carried over in general
by homeomorphisms.

Examples A.2.1

e Every nonempty open interval (a,b) C R is homeomorphic to
the real line R when both are equipped with the usual topology.

e Every solid rectangle [a,b] x [¢,d] C R? with a < b,c < d is
homeomorphic to the solid ball B1(0) = {(x,y) € R? : 22442 <
1}. We leave it as an interesting exercise to construct explicit
homeomorphisms.

A.3 Compact Spaces

Recall that a topological space X is called compact if every open
covering contains a finite subcover. In other words, X is compact if
for any family (U;)icr of open sets in X, which satisfy X = J;c; Ui,
there exists a finite subset F' C I with X = (J,c» U;. Switching to
the complements, this can be reformulated to

Lemma A.3.1 A topological space X is compact if and only if for
every family (A;)ier of closed sets in X with (\;cp As # 0 for every
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finite subset F' C I, one has

4 # 0.

icl

This property of compact spaces is called the finite intersection prop-
erty.

Proof: The sets U; = X . A; form an open cover that permits a

finite subcover if and only if the condition of the lemma is satisfied.
O

We now state some important facts for compact spaces, which are
used throughout this book without further reference.

Lemma A.3.2 Let X be a topological space. Then

(a) If X is compact and C C X s closed, then C is compact.
(b) If X is Hausdorff and C C X is compact, then C is closed.

(c) If f: X — Y is continuous and C' C X is compact, then so is
f(C)cy.

Proof: For (a) let (U;)ier be an open cover of C. Then (U;);cr U
{X \ C} is an open cover of X. Thus there exist indices i,...,7
such that X ¢ X ~ CU U;‘:l Ui;, which implies C' C Ué.:l Ui,

For (b) we have to show that for any z € X ~ C there exists an
open neighborhood U of x with U N C' = (). Since X is Hausdorff
we can find for every y € C' open neighborhoods Vj, of y and U, of
z with V, N U, = 0. Since (V,)yec is an open covering of C' we find
Y1,-..,y € C with C C Ué’:l Vy,- Then U = ﬂ;zl Uy, is an open
neighborhood of  with U N C = (.

Finally, for (c¢) let (U;);er be an open cover of the set f(C'). Then
(f71(U;))ier is an open cover of C and there exist i1, ...,4 with
Cc Ué‘:1 f~1(Ui,), which implies that f(C) C ngl Ui, O

In this book, a space X is called locally compact if every point x € X
possesses a compact neighborhood. For instance R is locally compact
with its usual topology.
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A.4 Hausdorff Spaces

A topological space X is called a Hausdorff space, if any two different
points can be separated by disjoint neighborhoods, i.e., if for any two
x # y in X there are open sets U,V C X with z € U and y € V and
unv = 0.

Examples A.4.1
e Any metric space is Hausdorff.

e The discrete topology P(X) is Hausdorff for every X but the
trivial topology {), X'} is not Hausdorff if X has more than one
element.

e Let X be an infinite set. A subset A C X is called cofinite if
its complement X \ A is finite. On X we install the cofinite
topology, which consists of the empty set and all cofinite sets.
With this topology, X is not Hausdorff.

For any two topological spaces X,Y one defines the product space
X XY to be the cartesian product of the sets X and Y, equipped
with the product topology, where every open set is a union of sets of
the form U x W for open sets U C X and W C Y. If X =Y one
has the diagonal A C X x X, which is the set of all elements of the
form (z,z) for x € X.

Lemma A.4.2 A topological space X is a Hausdorff space if and
only if the diagonal A is closed in X x X.

Proof: Suppose X is Hausdorff, and let (x,y) be in X x X \ A, that
means & # y. Then there exist open neighborhoods U 3 x and V 3 y
with UNV = (). The latter condition means that U x VNA = (), i.e.,
U x V is an open neighborhood of (z,y) contained in X x X \ A, the
latter set therefore is open, so A is closed. The converse direction is
similar. ([l

A Hausdorff space is also called a Th-space, or a separated space.
A topological space X is called a Ti-space if for any two elements
x,y € X there are open sets U,V with x € U and y € V such that
x ¢ Vand y ¢ U. A space is T} if and only if all singletons {x},
x € X, are closed subsets. Every Hausdorff space is also T7.
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A.5 Initial- and Final-Topologies

Let X be a set, and let f; : X — Y; be a family of maps into
topological spaces Y;. The initial topology on X given by the family
fi is the smallest topology such that all f; are continuous, so it is
the topology generated by the inverse images fi_l(U) of open sets
UcCy,.

Let X be a set, and let g; : W; — X be a family of maps from
topological spaces W;. The final-topology on X given by the g; is the
biggest topology on X that makes all g; continuous. A set U C X is
open in this topology if and only if its inverse image g; '(U) C Wj is
open for every ¢ € I. A special case of a final-topology is the quotient
topology on the set F/ ~ of classes of an equivalence relation ~ on a
topological space E. It is the final-topology given by the single map
E—E/~.

Examples A.5.1

e Let A C X be a subset of the topological space X. The topol-
ogy on A induced by the inclusion map i : A — X is called the
subspace topology on A. The open sets in A are precisely the
sets of the form A NU, where U is open in X.

e Let G be a topological group and H a subgroup. Then one
equips the coset space G/H with the quotient topology, i.e.,
the final topology of the projection map G — G/H.

e Let (X;)ier be a family of topological spaces, and let X =
[Lic; Xi be the cartesian product of the X;. Then the product
topology on X is the initial topology induced by all projections
pi: X — Xz

e Let X be a locally compact Hausdorff space, and let C.(X)
denote the set of all continuous complex valued functions on X
with compact supports. The space C.(X ) can be equipped with
the inductive limit topology defined as follows. For a compact
subset K let Cx(X) be the set of all continuous functions on
X with support in K, then C.(X) is the union of all Cx (X)
as K varies. We equip Ck(X) with the topology given by the
supremum-norm

Ifllg = sup |f(z)]
reK
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and give C.(X) the final topology induced by all inclusions
iK . CK(X) — CC(X)

Proposition A.5.2

(a) Let X be a set equipped with the initial topology given by the
family f; - X — Y;. Then a map o : W — X from a topological
space W is continuous if and only if fioa is continuous for every
indec i.

(b) Likewise, let X be equipped with the final topology given by g; :
W; — X, then a map B : X — Y is continuous if and only if
B o g; is continuous for every i.

Proof: For (a), let o be continuous then f; o a is continuous as a
composition of continuous maps. Conversely, assume that f; o « is
continuous for every i. Let £ be the system of subsets of X of the
form f;'(U) where U is an open subset of ¥;. Then & generates
the topology O on X. Let O, be the biggest topology on X that
makes « continuous, then, as f; o « is continuous, it follows £ C Og;
therefore O C Oy, so « is continuous. Part (b) is proved along the
same lines. 0

Examples A.5.3

o Let X = [[;c; Xi be the direct product of the topological spaces
X, equipped with the product topology. Let p; : X — X; be
the projections. Then a map f : W — X is continuous if and
only if all maps p; o f : W — X, are continuous. This implies,
for instance, that for two topological spaces X, Y and yg € Y
the map X — X x Y that maps x to (z,yp) is continuous.

e Let H be a closed subgroup of the topological group G. Then
amap f:G/H — C is continuous if and only if go f : G — C
is continuous, where g : G — G/H denotes the quotient map.

e In the case of the inductive limit topology on the space C.(X)
for a locally compact Hausdorff space this means, for instance,
that the restriction Tk : C(K) N C.(X) — C is continuous for
every compact set K C X. In terms of sequences, this means
that a map 7" : C.(X) — Cis continuous if and only if for every
compact set K C X and every sequence (f;);en of functions
in C.(X) with support in K, which converges uniformly to
f € Cu(X), one has lim; . T(fi) = T(f).
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A.6 Nets

When dealing with topology in R or more generally, metric spaces,
it suffices to define convergence via sequences. Continuous maps are
then characterized by mapping convergent sequences to convergent
sequences. For general topological spaces this concept is too weak.
Sequences need to be replaced by nets. It takes a little practice to
get used to the notion of nets. It then, however, reveals its beauty
and utility in the applications. Once having understood the differ-
ences to sequences, which mainly lie in the possible uncountability
of a net, one can basically use nets just like sequences. Before start-
ing seriously on the definition of nets, a word of caution is required
here, as just the possible uncountability of nets renders them use-
less for measure-theoretic conclusions. For example, the Theorem of
Monotonic Convergence is false for nets.

Let I be a set. Recall a partial order on I is a relation < that is

e reflexive: x < x,
e anti-symmetric: x <y andy <z = x =1y,

e transitive: x <yandy <z =2 < z.

Examples A.6.1
e The natural order < on R.

e Let X be a set. On the set P(X) of all subsets of X one has a
natural order by inclusion, so for A, B C X,

A<B & ACB.

A partially ordered set (I, <) is called a directed set if for any two
elements there is an upper bound, i.e., for any two elements xz,y € I
there exists z € I such that x < z and y < z. By induction it follows
that every finite set has an upper bound if I is directed.

A net in a topological space X is a map
a:l — X,

where [ is a directed set. It is a convention to write the images as
a;, 1 € I, instead of «(3).
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We say that a net converges to a point x € X if for every neighbor-
hood U of z there exists an index ig € I such that

1>19 = o; €U

In the special case of a sequence, I = N, this notion coincides with
the notion of convergence of a sequence.

Note that a net can converge to more than one point. The extreme
case is the trivial topology, in which every net converges to every
point. Indeed, the uniqueness of limits is equivalent to the Hausdorff
property, as the following lemma shows.

Proposition A.6.2 A topological space X is a Hausdorff space if
and only if limits are unique, i.e., if any net has at most one limit.

Proof: Suppose X is Hausdorff and (x;) is a convergent net. Assume
it converges to x and y with x # y. By the Hausdorff property, there
are open sets U 3 z and V > y such that UNV = 0. As (z;)
converges to x and y there exists an index ¢ such that x; € U and
xz; € V, a contradiction. This means that the limit of a convergent
net indeed is unique.

For the converse assume uniqueness of limits, and let z # y be in
X. Let S be the system of pairs (U,V) such that U,V are open
subsets of X with U > x and V 3 y. The set S is partially ordered
by inverse inclusion, i.e., (U, V) < (U’, V') if and only if U D U’ and
V D V’. The set is directed, as one can take intersections. We show
the Hausdorff property by contradiction, so assume that U NV # ()
for every (U,V) € S. Choose an element zyy in U NV for each
(U, V) € S. Then zyy forms a net with index set S. As zyy lies
in U and V, it follows that this net converges to = and y. The
uniqueness of limits then implies x = y, a contradiction. O

A map ¢ : J — I between two directed sets is called strictly cofinal
if for every ig € I there exists a jo € J such that j > jy implies
©(j) > ip. This means that the map ¢ is allowed to jump back and
forth, but “in the limit” it is monotonically increasing and “exhausts”
the set I.

Let a: I — X be anet. A subnet is a net 3 : J — X together with
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a factorization ”

—_ I
«
PN
X
such that the map ¢ is strictly cofinal. In other words, subnets of «

can be identified with strictly cofinal maps to I. If a converges to
x € X, then every subnet converges to x € X.

J

To get used to the concept of nets, we will prove the following propo-
sition.

Proposition A.6.3 Let X be a topological space, and let A C X.
Then the closure A coincides with the set of all limits of nets in A.
In other words, a point x € X lies in A if and only if there exists a
net (a;)ier in A, that converges to x.

Proof: The closure A is the set of all 2 € X such that A intersects
every neighborhood of . So let z € X and U a neighborhood of .
Then the intersection A NU is non-empty. Choose an element oy in
ANU. Let I be the set of all neighborhoods of x with the partial
order

U<U & U>U.

The set [ is directed as the intersection of two neighborhoods of x is
a neighborhood of z. The net (ay)yer converges by construction to
x. This proves the ‘only if’ part.

For the converse direction let x € X and «; € A, i € I a net converg-
ing to . Let U be a neighborhood of x, then there exists ¢ € I with
a; € U. Since o also lies in A, it follows that A N U is non-empty.
As U was arbitrary, it follows that x € A. O

The next proposition shows the charming beauty of the concept of
nets.

Proposition A.6.4 A map f: X — Y between topological spaces is
continuous if and only if for every net (z;) in X that converges to,
say, x € X, the net f(x;) converges to f(x).

Proof: Observe that the following proof is almost verbatim the same
as in the case of maps on R, where sequences can be used. Let f be
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continuous, and let (x;);c;r be a net in X convergent to z € X. We
have to show f(z;) — f(z). For this let U be an open neighborhood
of f(z) in Y, then V = f~1(U) is an open neighborhood of z. As
x; — x, there exists ig such that x; € V for every i > iy and so
f(z;) € U for every i > ij.

For the converse direction assume that f satisfies the convergence
condition. Let A C Y be closed, and let B C X be the inverse image
of A. We have to show that B is closed in X. For this let b; be a
net in B, convergent to x € X. As f(b;) converges to f(z), which
therefore lies in A, it follows that z lies in B = f~1(A), so B indeed
is closed. g

Example A.6.5 Let G be a group with a topology. Then G is
a topological group if and only if for any two nets x; and y; that
converge to x resp. y € G, the net :Uiyl-_l converges to xy . This is
a consequence of the last proposition.

A map f: X — Y between topological spaces is said to be continuous
at a point © € X if for every net x; € X that converges to z € X,
the net f(z;) converges to f(x). It follows that a map is continuous
if and only if it is continuous at every point of X.

Proposition A.6.6 A topological space X is compact if and only if
every net in X has a convergent subnet.

Proof: Let X be compact, and let (x;);cr be a net in X. For each
i € I let A; be the closure of the set {x; : 7 > i¢}. Any finite inter-
section of the A; is nonempty, so by the finite intersection property,
there exists * € X that lies in every A4;. That means, that to ev-
ery neighborhood U of z and every ¢ € I, one can choose an index
i' = ¢(U,i) € I such that i’ > i and vy = 24 € U. Let J be the
directed set of all pairs (U, ), where U is a neighborhood of = and
i € I. We order J as follows: (U,i) < (U',¢')if U D U’ and i <7/,
We have constructed a map ¢ : J — I, of which we claim that it
is strictly cofinal. For this let ¢ € I and in J choose any element
of the form j = (U,7) with i as the second component. Then by
construction, ¢(j') > i for every j' > j, so ¢ is indeed cofinal. We
claim that the induced subnet ¢ : J — X converges. For this let
U be a neighborhood of = and choose an element jo = (U,7). Then
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for every j > jo one has ¢(j) € U, so indeed (x;) has a convergent
subnet.

For the converse assume that every net in X has a convergent sub-
net. Let A be a collection of closed subsets such that every finite
intersection of members of A is non-empty. We need to show that
the intersection of the elements in A is non-empty, too. For this let
B denote the set of all finite intersections of elements in .A. Then B
is a directed set via By > Bs < B C Bs. Choose zp € B for every
B € B. Then (zp)pep is a net in X and by assumption there exists
a subnet (vp;)jes that converges to some » € X. But then z € B
for every B € B, for if B is fixed we can choose jj such that B; C B
for every j > jo. But this implies that x5, € B for all j > jo. Since
B is closed, the limit = of (xp;) also lies in B. O

A.7 Tychonov’s Theorem

Let I be an index set, and for each i € I let X; be a topological space.
As mentioned above, one equips the product X = [[,.; X; with the
initial topology of the projections p; : X — X;. This topology is
generated by all sets of the form

Ui X HX]',
J#i

where U; is an open subset of X;. Let’s call such a set a simple set.
Recall that this means that every open set is a union of finite intersec-
tions of simple open sets. Dually, every closed set is an intersection
of finite unions of simple closed sets.

We need a combinatorial Lemma.

Lemma A.7.1 Let (Ay)ven be a family of subsets of a set X, such
that for every finite index set E C N one has

A = (A, # 0.

veE

Assume that every A, is a finite union of some other sets,
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Then for every v € N there exists an index k, € {1,...,n,} such

that
ﬂ Rl/,ky 7& @

veE
holds for every finite E C N.

Proof: We apply Zorn’s Lemma to the set S of all pairs (M, k),
where M is a subset of N and k is a map from M to N, mapping v
to k, < n,, such that for every finite set &£ C N one has

N Bown [) A # 0.

veMNE veEE~M

Note that S # () as it contains all single sets {v} by the argument
given below. There is an obvious partial order on S given by (M, k) <
(M', k') if and only if M C M’ and K'|py = k. If L C S is a linearly
ordered subset, then the union of all elements is an upper bound. So
the lemma of Zorn applies to give a maximal element (M, k) € S.
We want to show M = N. Assume this is not the case, so there
exists vy € N . M. For a finite set £ C N one has

0 # () RBomndyn [ A

veENM veE~M
n,,o
= () Ren|URwi |0 [ A
veENM j=1 veE~ M
TLVO
= U( (N Bk DRy 0 () Al,>.
j=1 \veEnM veEE~M

So there must be an index k, such that

ﬂ Ry,kaRyo’kum ﬂ A, 75 0.

veENM veE~M

By enlarging F, one sees that k, can be chosen so that this indeed
holds for every E. This shows that (M, k) was not maximal. The
lemma follows. 0

Theorem A.7.2 (Tychonov)

Let I be an index set and for every i € I let X; be a topological space.
The product space X = [, X; is compact if and only if each X; is
compact.
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Proof: If X is compact, then every X; is compact as the image of
the continuos projection. So, for the converse direction assume that
every X; is compact, and let (A4,),en be a family of closed subsets of
X such that for every finite index set £ C N one has ()5 A, # 0.
We need to show [,y Ay # 0. Every A, is the intersection of finite
unions of simple closed sets. Replacing the index set N by a larger
one we can assume that each A, is a finite union A4, = U?;l R, ; of
simple closed sets. By Lemma A.7.1 there exist indices k, such that
for every finite £ C N one has

() Bow, # 0.

veE

Now every R, 1, is a simple closed set of the form

Ai,, X H Xj.
i
For given ¢ € I the space X; is compact and thus the intersection of

all A;, with i, = ¢ is nonempty, so that the intersection of all R, 1,
is non-empty. The theorem of Tychonov follows. O

A.8 The Lemma of Urysohn

Recall that a Hausdorff space is called locally compact if every point
has a compact neighborhood, and a subset S C X is called relatively
compact if its closure S C X is compact.

Lemma A.8.1 (Lemma of Urysohn) Let X be a locally compact
Hausdorff space. Let K C X be compact and A C X closed with
KnA=.

(i) There exists a relatively compact open neighborhood U of K
such that K CU Cc U C X ~ A.

(ii) There exists a continous function of compact support f : X —
[0,1] with f =1 on K and f =0 on A.

(iii) Let B C X be closed, and let h : B — [0,00) be in Co(B)
and suppose h(x) > 1 for every x € K N B. Then there exists
a continuous function f as in (ii) with the additional property

that f(b) < h(b) for every b € B.
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This lemma is of fundamental importance, we will give the proof.

Proof: To prove the first assertion, let a € A. Then for every k € K
there is an open, relatively compact neighborhood Uy of k that is
disjoint from some neighborhood Uy, of a. The family (U) forms
an open covering of K. As K is compact, finitely many suffice. Let V'
be their union and W be the intersection of the corresponding Uy .
Then V and W are open disjoint neighborhoods of K and a, and V'
is relatively compact. Repeating this argument with K in the role of
a and V N A in the role of K one gets open disjoint neighborhoods
U’ of K and W’ of V N A, respectively. Then the set U = U' NV
does the trick.

For (ii), choose U as in the first part and replace A with AU(X \U).
One sees that it suffices to prove the claim without f having compact
support. So again let U be as in the first part and rename this open
set to U 1. Next there is a relatively compact neighborhood U 1 of

K such that U% C Uié C U%. Let R be the set of all numbers

of the form 2% in the interval [0,1). Formally set Uy = X ~\ A.
Iterating the above construction we get open sets U,, r € R, with
KcU,cU,CcU;C X~ Aforallr > sin R. We now define f. For
r € Aset f(x) = 0 and otherwise set f(z) =sup{r € R:z € U, }.

Then f =1 on K. For r > s in R one gets

f71(577‘) = U Ug ~ W7

s<s'<s"<r

which is open. Similarly, f~1([0,s)) and f~*((r,1]) are open. Since
the intervals of the form (r, s), [0, s), and (7, 1] generate the topology
on [0, 1] it follows that f is continuous.

The proof of (iii) is an obvious variant of the last proof, where at
each step of the construction of the U, one applies part (i) with A
replaced by AU{b e B : h(b) < r}. O

Corollary A.8.2 In a locally compact Hausdorff space, every point
possesses a neighborhood base consisting of compact sets.

Proof: Let X be a locally compact Hausdorff space, and let z € X.
We have to show that every open neighborhood V' of z contains a
compact neighborhood. Let K = {z}, then K is a compact subset of
X. Let A be the closed set X \ V. Then K N A = () and by Lemma
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A.8.1 (i) there exists a relatively compact open neighborhood U of =
with U C V. O

Theorem A.8.3 (Tietze’s Extension Theorem)
Let X be a locally compact Hausdorff space, and let B C X be a
closed subset. Then the restriction Co(X) — Co(B) is surjective.

Proof: Let h € Cy(B). Decomposing h into real and imaginary
parts we see that it suffices to assume that h is real valued. Writing
h = ht —h~ for positive functions h*, we restrict to the case h > 0.
Scaling h, we can assume 0 < h < 1.

Let K = {b € B: h(b) > £}. Then K is compact in X and the
Lemma of Urysohn gives a function 0 < f < 1 in C.(U) with f =1
on K and f(b) < 2h(b) for every b € B. So the function g; = L f is
equal to % on K and satisfies 0 < g1 < % as well as g1 < hy = h. Set
ho =hy; —g1. Then 0 < hy < % By repeating the argument we get
g2 € Co(X) with 0 < go < i and go < ho. Set hg = ho — g9. Iteration
gives a sequence g, € C.(X) such that 0 < g, <27". The function

g(x) = Y gn(x)
n=1

is continuous, vanishes at infinity, and satisfies g(b) = h(b) for every
be B. a

A.9 Baire Spaces

A subset D of a topological space X is dense in X if D = X. This
is equivalent to saying that U N D # () for every open U C X. In
this section we show that every locally compact topological space X
is a Baire space, i.e., whenever we have a countable family (U,,)nen
of open and dense subsets of X, then the intersection D = NyenUn
is also dense in X. Equivalently, X is a Baire space if, whenever X
can be written as a countable union X = U,enA, with A, closed in
X, then there exists at least one ng € N such that A,,, has nonempty
interior.

Proposition A.9.1 FEvery locally compact Hausdorff space and ev-
ery complete metric space is a Baire space.
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Proof: Let X be either a locally compact Hausdorff space or a
complete metric space. Suppose Vi, Vs, ... are dense open subsets of
X. We define a sequence By, By, ... of open sets as follows. Let By
be an arbitrary nonempty open set in X. Inductively, assume n > 1
and an open set B,_1 # () has been chosen, then, as V,, is dense,
there is an open set B,, # () with

Fn c V,NB,_1.

If X is a locally compact Hausdorff space, one can choose B,, to be
compact. If X is a complete metric space, B;,, may be taken to be a
ball of radius < 1/n. Set K = (7", B,. If X is a locally compact
Hausdorff space, then K # () by the finite intersection property. If
X is a complete metric space, then the centers of the balls B,, form
a Cauchy sequence that converges to some point of K, so K # () in
either case. One has K C By and K C V,, for each n, so BoN(,, Vs, #
0. O

A.10 The Stone-Weierstral3 Theorem

For a locally compact Hausdorff space X it is very often necessary
to decide whether a given subalgebra of the algebra Cy(X) is dense
with respect to sup-norm || - ||x. The Stone-Weierstrass Theorem
gives an easy criterium that applies in many situation.

Theorem A.10.1 (Stone-Weierstrass Theorem)
Let X be a locally compact Hausdorff space and suppose that A C
Co(X) is a subalgebra of Cy(X) such that

(a) A seperates the points, i.e., for x #y in X there exists f € A
with f(x) # f(y),

(b) for every x € X there is f € A such that f(z) # 0, and

(c) A is closed under complex conjugation.

Then A is dense in Co(X).

The above complex version is a consequence of the following real ver-
sion, in which C%{(X ) denotes the real Banach algebra consisting of
all real continuous functions on X which vanish at infinity equipped
with || - [|x.
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Theorem A.10.2 (Stone-Weierstrass Theorem over R)
Let X be a locally compact Hausdorff space and suppose that the set
A C CR(X) is a (real) subalgebra of C5(X) such that

(a) A seperates the points, and
(b) for every x € X there is f € A such that f(z) # 0.

Then A is dense in Cy(X).

We first show how the complex version follows from the real ver-
sion: For this suppose that A C Cp(X) is as in Theorem A.10.1.
Then A = AR + A% where AR = AN CF(X). This follows from
the decomposition f = Re(f) + ilm(f) with Re(f) = 3(f + f) and
Im(f) = &(f — f) in AR, If A satisfies the conditions of Theorem
A.10.1 one easily checks that AR satisfies  the conditions of Theorem
A.10.2. But then AR = CF(X) and A = AR 4+ AR = Cy(X).

So we only have to show the real version. We need two lemmas.

Lemma A.10.3 (Dini’s Theorem)

Let X be a compact topological space, and let (fn)nen be a monoton-
ically increasing sequence of continuous functions f, : X — R that
converges pointwise to the continuous function f : X — R. Then
(fn) converges uniformly to f.

Proof: Let € > 0 be given. For every x € X there exists n, € N
with f(x) —e < fu(x) < f(z) for every n > n,. Let U, :={y € K :
f(y)—e < fn,(y)}. Then {U, : x € X} is an open cover of X. Since
X is compact, we find x1,...,2; € X with X = Ué-:l Uz;. Then
|f — fullx <e for ever n > N = max{ns,...,n}. O

Lemma A.10.4 Let A be a subalgebra of C5(X). If f € A, then
|f| € A. Moreover, if f,g € A, then also max(f,g), min(f,g) € A.

Proof: Let 0 # f € A. By passing to Wf we may assume that

f(X) C [~1,1], and therefore f(z)? € [0,1] for every z € X. We
define inductively a sequence (p,,) of polynomials on [0, 1] such that
p1 =0 and

P (t) = palt) = 5 (ale 1), £ 0,1].
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We claim that (p,(t)) is a monotonically increasing sequence that
converges to v/t for every t € [0,1]. Indeed, we show first by induction
that 0 < p,(t) < v/t and p,(0) = 0 for every n € N. This is clear for
n =1 and if it is shown for n the result for n + 1 follows from

Pt =V = (alt) = VD) — 5 (palt) = VD (t) + V)

= (onlt) — VD1 - = (pa(t) + VD) <0,

2
since py,(t) — vt < 0 and p,(t)++/t < 2v/t < 2. Thus, since p,41(t) —
pn(t) = 3(t — pa(t)?) > 0, the sequence (p,(t)) is monotonically

increasing and bounded by v/t. It therefore converges to some 0 <
g(t) < v/t. We then get

0= g(t) ~ 9(0) = lm(pa (1) — pa(t)) = im £ (1~ pa()?) = 5 (¢ — 9(1)%),

from which it follows that g(t) = v/%.

Since ¢ is continuous, it follows from Dini’s Theorem that (p,) con-
verges uniformly to g on [0,1]. Define f,(z) = pn(f(x)?) for every
x € X. Then (f,) converges uniformly to \/ﬁ = |f| on X. Since f,
is a linear combination of powers of f it lies in A for every n € N.
Thus |f| € A.

The final assertion now follows from the fact that A is a real algebra
and max f,g = 5(f +g+|f —g]) and min(f, 9) = 3(f +9—|f — g]).
O

Proof of Theorem A.10.2 We first show that for all pairs x,y € X
with = # y there exists a g € A with g(x) # ¢g(y) and g(x), g(y) # 0.
Assume that this is not the case for the given pair z,y. Choose g1 € A
with g1(z) # ¢1(y) and assume that g;(y) # 0. Then g;(z) = 0.
Choose g2 € A with ga(z) # 0. Then ga2(x) = g2(y) or g2(y) = 0. If
g2(x) = g2(y) define g = g1 + g2 and if g2(y) = 0 put g = g1 + pgs
with ¢ € R such that ¢1(y) # pg2(x) # 0. In both cases one checks
that 0 # g(z) # g(y) # 0, a contradiction.

In the next step we show that for all pairs z,y € X with z # y and
any given «, 3 € R there exists a function f € A with f(z) = «
and f(y) = [. For this choose g as above. We make the Ansatz
f=Ag+ ug® for \, p € R. Then f(x) = a, f(y) = 3 is equivalent to

() 96 ) =(5)
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But since 0 # g(z) # g(y) # 0 one computes det (zgg ggz§z> =

9(x)g(y)(g(y) — g(x) # 0, and the above linear equation has a unique
solution.

Now let h € CX(X) be given, and let ¢ > 0. We need to show
that there exists some f € A with |h — f||x < e. For each pair
z,y € X with  # y we choose g, € A with h(z) = g,4(x) and
My) = gzy(y). For fixed y we define

Up:={2€ X :h(2) < gay(z) + €}

Then U, is an open neighborhood of z and z N U, = {2z € X :
(h — goy)(2) > €} is compact, since h — g, vanishes at infinity.
Thus, if we fix 1 € X, then there exist xa,...,2; € X \ U, with
X N\ U, € Ui—y Us,, from which it follows that X  (Jj_, Us,. Set

fy = 8x(gorgs G

It lies in A by Lemma A.10.4 and by the construction it follows that
h(z) — fy(z) < ¢ for every z € X, since if z € U, then h(z) <
Gu;y(2) +€ < fy(2) +e

Now, for y € X define
Vy=1{2€ X : fy(2) < h(z) +¢}.

Since fy(y) = h(y), this is an open neighborhood of y, and similarly
as above we can show that there exist y1,...,yx € X such that
X cU, v, Put

f = min(fylv e 7fyk)‘

Then f € A and one easily checks that f(z) —e < h(z) < f(2) +¢
for every z € X. This finishes the proof. O



Appendix B

Measure and Integration

In this Appendix we want to review some basic facts on integra-
tion theory, following mainly the approach given in Rudin’s beauti-
ful book [40]. In the first section we recall the basic definitions of
measure spaces, measurable functions and integration of functions
with respect to positive measures. In the second section we review
the Riesz Representation Theorem, which, for any locally compact
Hausdorff space X, gives a one-to-one correspondence between Borel
measure spaces with certain regularity properties and positive linear
functionals I : C.(X) — C, called Radon integrals on X. In further
sections we review some basic facts on LP-spaces and give a proof of
the Radon Nikodym Theorem.

B.1 Measurable Functions and Integration

Let X be a set. A g-algebra in X is a set A of subsets of X, which
satisfies the following axioms:

e ) € A, and if A € A then so is its complement X \ A,

o A is closed under countable unions.

It follows immediately from the above axioms that a o-algebra is
closed under countable intersections and that A ~ B € A for all
A, B e A

The set P(X) of all subsets of X is a o-algebra, and since the inter-
section of two (or infinitely many) o-algebras is again a o-algebra,

281
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we see that for every given set S of subsets of X there exists a small-
est g-algebra A that contains S. We then say that S generates A.
If X is a topological space, then B = B(X) denotes the o-algebra
generated by the topology on X. It is called the Borel o-algebra, its
elements are called the Borel sets in X. If A is a o-algebra in X,
then we call the pair (X,.A) a measurable space. In particular, for
each topological space we obtain the measurable space (X, B).

A map f : X — Y between two measurable spaces (X, Ax) and
(Y, Ay) is called a measurable map if f~*(A) € Ax, whenever A €
Ay . The composition of two measurable maps is measurable.

We consider the real line R furnished with its Borel o-algebra. We
now list some basic facts on measurable functions, which are easy to
prove and will be used without further mention.

Lemma B.1.1 Let (X, A) be a measurable space.

(a) A Function f: X — R is measurable if and only if f~*((a,0)) €
A for every a € R.

(b) A function f: X — C is measurable if and only if Re f and Im f
are measurable.

(¢) If f,g: X — C are measurable, then so are f+ g, f-g, and |f[P
for every p > 0.

(d) If f,g : X — R are measurable, then so are max(f,g) and
min(f, g).

(e) If frn, : X — C is measurable for every n € N and (fn)nen
converges pointwise to f: X — C, then f is measurable

Proof: For the proof of the first assertion, we only have to show that
S = {(a,0) : a € R} generates B(R). But since [b,00) = Nyen(b —
1 00) and (a,b) = (a,00)\[b, 00) we see that the o-algebra generated

by & must contain all open intervals in R. Thus S generates B(R).

The other assertions are easy, except for the last one. For this, we
first consider the case where (fy,)nen is monotonically increasing.
Then f~'((a,00]) = U2, fr ' ((a,00]) € A, hence f is measurable.
A similar argument applies if (f,,)nen is decreasing. For the general

case we can first use (b) to restrict to the case of real functions, and
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then we can write f as the limit of the decreasing sequence (gi)ken
with g, = sup{f, : n > k}, which itself is a limit of the increasing
sequence of measurable functions h,, = max{fg,..., fr+n}- O

In what follows, it is sometimes useful to consider functions f : X —
[0, 00|, where we equip [0, 0] with the obvious topology. As in the
lemma, such a function is measurable if and only if f~! ((a, oo]) cA
for every a € R. Assertions (c), (d) and (e) of the lemma remain
valid for functions f : X — [0, co].

A measure p on a measurable space (X,.A) is a function p : A —
[0, 0c] that satisfies p(0)) = 0 and

o u(U, Ay) =307 1(Ay) for any sequence (Ap)nen of pair-
wise disjoint elements A, € A.

From this condition one can derive the following facts

e (AUB) = pu(A)+ u(B)— u(ANB) for all A,B € A.

e If (A))nen is a sequence in A such that A, C A, for every
n € N, then p(A4,) — p(A) for A =U2 A,.

o If (A))nen is a sequence in A such that A, D A, for every
n € N and p(A;) < oo, then p(A,) — p(A) for A =N, A,.

If o : A — [0, 00] is a measure on (X, .A) we call (X, A, u) a measure
space.

If (X, A, ) is a measure space, then a step function g: X — Cis a
function of the form g = ;" a;14, with a; € C and A; € A with
1(A;) < oo for every 1 < i < m. For such step function g we define

m
/ gdp =) aip(A) € C.
X i=1
For a positive measurable function f : X — [0, 00| we define
/ fdp =sup {/ gdu g < f, g a positive step function} .
X X

We say that f is integrable if [ + fdp < oco. A measurable function
f : X — R is integrable if and only if f* = max(f,0) and f~ =
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—min(f,0) are integrable, and then we put [y fdu = [y fTdu —
/ /7 dp. Similarly, we define the integral of complex measurable
functions via its real and imaginary part in the obvious way.

The set £!(X) of integrable complex valued functions on X is a
complex vector space such that the integral f — [ « [ du is a positive
functional on £'(X) in the sense that f > 0 implies Jx fdp > 0.
We shall frequently use the following proposition.

Proposition B.1.2 Let (X, A, 1) be a measure space. Then a mea-
surable function f : X — C is integrable if and only if | f| is integrable
and then we have

’/deu\sufnl i /dew

As a consequence, if f,g: X — C are measurable with |f| < |g| and
g 1is integrable, then so is f.

Proof: It follows from the definition of the integral that the positive
measurable function dominated by an integrable function must be
integrable. If f is real, then | f| = fT+f~ is integrable if f is, and if f
is complex, we can use the equation | f| < |Re f|+|Im(f)| to see that
| f| is integrable if f is. The equation | [y fdu| < [y |f|dp follows
by replacing f by zf if z € C with |z| = 1 such that z [ fdu > 0,
which then implies that [y fdu = [ Re fdu < [ |f]dp. O

Remark B.1.3 If f : X — [0,00] is an integrable function, the
value oo can only occur on a null-set, i.e., a set N with u(N) = 0.
Indeed, if N = {z € X : f(z) = oo} has measure a > 0, then
n-a= [ynlady < [y fdu < oo for every n € N, which implies
a=0.

Similarly, if f is integrable, then A = {x € X : f(z) # 0} is always
o-finite, since A = U2, 4, with A, = {z € X : f(z) > 1} and
W(An) <n [y fdu < oo. (Aset Ae Ais called o-finite if it can be
covered by a countable collection of sets with finite measure).

The following two theorems are used frequently.

Theorem B.1.4 (Monotone Convergence Theorem)
Let (fn)nen be a pointwise monotonically increasing sequence of pos-
itive integrable functions. For x € X let f(x) = lim, fn(z) (with
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possible value 0o ). Then f is measurable and one has

Aﬂmﬁwéh@.

Proof: See [40, Theorem 1.26]. O

Theorem B.1.5 (Dominated Convergence Theorem)

Suppose that (fn)nen s a sequence of complex-valued integrable func-
tions that converges pointwise to some function f. Suppose further
that there exists g € LY(X) such that |f,| < |g| for every n € N.
Then f is integrable with

AﬁWﬁwéﬁw.

Proof: See [40, Theorem 1.34]. O

A measure space (X, A, p) is called complete if A is closed under
taking subsets of sets of measure zero, i.e., if A € A with u(A) =0
and B C A, then B € A (and then it follows automatically that

u(B) = 0).

Given an arbitrary measure space (X,.A4,u), one can always pass
to its completion (X, A, i), which is obtained by adding all subsets
of null-sets in A with the obvious extension i of . A function is
integrable with respect to p if and only if it differs only on a null-set
from a p-integrable function, and then the two integrals coincide. So
passing to the completion does not change the theory substantially,
but it gives more freedom in dealing with measurable and integrable
functions.

Thus we will always consider measurable functions and their integrals
with respect to the completion (X, A, i), without further mention.

B.2 The Riesz Representation Theorem

Let X be a locally compact Hausdorff space. By a Radon integral on
X we understand a positive linear functional I : Co(X) — C, ie., I
is linear, and I(¢) > 0 if ¢ > 0. In this section we want to associate
to each Radon integral I a certain Borel measure p : B — [0, 0o] such



286 APPENDIX B. MEASURE AND INTEGRATION

that the functional I can be recovered via integration of functions
with respect to u. Recall the notion of an outer Radon measure from
Section 1.3.

Theorem B.2.1 (Riesz Representation Theorem)
Let I : Co(X) — C be a positive linear functional. Then there exists
a unique outer Radon measure p: B — [0,00] such that

() = / pdp
X
for every ¢ € Co(X).

Proof: [40, Theorem 2.14]. O

In the literature one will find the notion Radon measure often at-
tached to what we call an inner Radon measure. A locally finite
Borel measure p on B is called an inner Radon measure if

o ((A) = supgca p(K) holds for every A € B. Here the supre-
mum is extended over all subsets K of A that are compact in
the space X.

There is a Representation Theorem of the above type for inner Radon
measures as well, so for every positive linear functional I on C.(X)
there exists a unique inner Radon measure pi,, such that

1(f) = /X  dtinn

holds for every f € C.(X). Thus the two representation theorems
give a bijection p — piny from the set of all outer Radon measures
to the set of all inner Radon measures on X. This map can be made
explicit, as for a given outer Radon measure p one can describe the
corresponding inner Radon measure p,, by

pinn(A) = sup  p(K).
KCA
K compact

Remark B.2.2 A topological space X is called o-compact if X is a
countable union of compact sets. If 1 is an outer Radon measure on
the o-compact space X, then every measurable set A C X is o-finite,
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from which it follows that the equation p(A) = supg -4 p(K) holds
for every measurable set A C X. Thus for o-compact spaces the two
notions of Radon measures coincide.

This is not true in general. As an example one can look at the space
X =R x Ry, where the second factor is equipped with the discrete
topology. On compact sets K C X we define u(K) = 3> cp A(Ky)
with K, = {z € R: (z,y) € K} and X denotes Lebesgue measure
on R. With the obvious extension formulas we obtain outer and
inner Radon measures p and pin, on X, both given on compact sets
as above. Let A = {(z,z) : x € R} C X. Then every open set
containing A has infinite measure with respect to u, since it is a
union of uncountably many disjoint open sets with strictly positive
measure. On the other hand, every compact subset of A is finite and
has measure zero. It follows that p(A) = oo while pinn(A) = 0.

B.3 Fubini’s Theorem

If (X,A,pn) and (Y,C,v) are o-finite measure spaces, then there is
a unique product measure p-v : A® C — [0,00] on the o-algebra
A ® C generated by {A x C: A e A,C € C} such that the following
theorem holds:

Theorem B.3.1 (Fubini’s Theorem) Let (X, u) and (Y,v) be o-
finite measure spaces, and let f be a measurable function on X xXY.

(a) If f >0, then the partial integrals [y f(x,y)dx and [, f(z,y)dy
define measurable functions and the Fubini formula

/Xxyf (@, )y v(z,y) = /X /Y f(x,y) dydz

=/Y/Xf(x,y>dxdy

(b) If f is complex valued and one of the iterated integrals

/Xfylf(x,y)\dydx or /Y/X]f(m,y)\dxdy

is finite, then f is integrable and the Fubini formula holds.

holds.
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Proof: [40, Theorem 7.8]. O

Unfortunately, the Haar measures we use in this book fail to be
o-finite in general, so the above theorem cannot be applied in all
situations. In order to fix this, we shall prove a version of Fubini’s
Theorem that works for all outer Radon measures on locally compact
spaces. As preparation we need.

Lemma B.3.2 Let p be an outer Radon measure on X, and let
f >0 be an integrable function on X. Then

swp [ p@)de = [ sw (o) dute).
peCe(X) J X X #€Cc(X)

0<p<f 0<e<f
It is part of the assertion that the integrand on the right is a mea-
surable function.

Proof: In the proof, we will for short write 0 < ¢ < f, where we
mean that ¢ ranges over ¢ € C.(X). We first show that the function
g(x) = supg<,<s (x) is measurable. As the Borel o-algebra on R is
generated by the intervals (a,c0) for a € R it suffices to show that
g~ 1(a,00) is measurable for every a € R. One has

g_l(a,oo) = U 90_1(a7oo)7

0<p<f
and so this set is open, hence measurable.

For the integral formula, note that the estimate “<” is trivially sat-
isfied. Let s = Z:il a;14, be a step function with s < g. As g < f
and f is integrable, it follows that pu(A4;) < oo for every i. So we can
find compact sets K; C A; such that for a given £ > 0 one has

/sdu < Zai,u(Ki)—i-e.
X

=1

Let K = |J;~, K; and write so = Y ", a;1x,. For given 0 < § < 1
one has (1 — d)so(z) < g(z) for every x € K. This implies that for
every x € K there exists ¢, € C.(X) with 0 < ¢, < f such that
(1-8)50(z) < pa(w). The open sets U = {y: (1—0)s0(y) < paly)}
form an open covering of the compact set K, so there are x1,...,z,
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such that K C Uy, U---UU,,. Let o(x) = max(py, (), ..., ¢z, (7))
Then 0 < ¢ < f and ¢ > (1 — 0)sp, so that

/sda: < /sodx—i-s < /@dw—l—s.
X X 1-9

Varying first ¢, then s, this implies

1
/gdw < sup /goda:+€.
X 1 =08 o<p<y

Letting € and ¢ tend to zero, we get the claim. O

Theorem B.3.3 (Fubini’s Theorem for Radon measures)
Let pn and v be outer Radon measures on the Borel sets of the locally
compact spaces X and Y, respectively. Then there exists a unique
outer Radon measure p-v on X XY such that

(a) If f: X xY — C is u v-integrable, then the partial integrals
fX z,y)dx and fY x,y)dy define integrable functions such
that Fubzm s formula holds:

/nyf(” //ffydydw—//fxydmdy

(b) If f is measurable such that A = {(x,y) € X xY : f(x,y) # 0}

is o-finite, and if one of the iterated integrals

/X/Y|f($ay)|dydx or /Y/X|f(x,y)|dxdy

is finite, then f is integrable and the Fubini formula holds.

Proof: Uniqueness is an immediate consequence of the Riesz Rep-
resentation Theorem, since Fubini’s formula determines the values of
the integral on C.(X x Y).

To show existence of p-v we first observe that by the classical Fubini
theorem for each compact set K = K7 X K5 there is a unique product
measure (p - v)g on K such that integration with respect to (u -
V) is given by integration in parts. Since (u - v)r restricts to (u -
V)i whenever K C L with L = L X Ly compact, it follows that
integrating a continuous function with compact support in K with
respect to (p - v)x determines a well defined positive functional on
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Co(X xY). Let - v denote the corresponding outer Radon measure,
as in Riesz’s Representation Theorem.

To show that Fubini’s formula holds for all integrable functions f :
X xY — C, we may assume, by linearity, that f > 0. Then, approx-
imating f pointwise by an increasing sequence of step functions, it
follows from the Monotone Convergence Theorem that it suffices to
prove the theorem for step functions. By linearity, we may assume
that f = 14 for some measurable set A C X XY with finite measure.

If A= U is open, we use Lemma B.3.2 several times to get

//1U(l’,y)dydfﬂ = // sup  p(z,y) dydx
xJy Y 0<p<1y
= sup //%(x,y)dydw
0<p<iy Jx Jy

— sup /XXY g0($,y) d(m,y)

0<p<1ly

= / sup ¢(z,y)d(z,y)
X

xY 0<e<1ly

= / ]-U(x7y) d(x7y)
XxY

If A= K is a compact set, then let V be a relatively compact open
neighborhood of K. Then 1x = 1y — 1y k. The claim follows
for A = K. Using the Monotone Convergence Theorem, the claim
follows for A being an arbitrary o-compact set.

Every measurable set A with finite measure is a disjoint union of a
o-compact set A" and a null-set N. To see this note first that by
the definition of an outer Radon measure (see Section 1.3) we have
w(A) = sup{u(K) : K C A, K compact}. Choose an increasing
sequence of compact sets K, such that pu(K,) — pu(A). Then A" =
UnenK, is o-compact with N = A ~ A’ a null-set. It therefore
remains to show the result for a null-set N C X x Y. Let ¢ > 0, and
let U D N be an open set of measure < €. Then

//lNdydaf < //1Udydx = / 1y < e.
xJy xJy XxY

Letting € tend to zero, the first assertion of the theorem follows.

For the second assertion let f : X x Y — C be given such that
the partial integral [, [y |f(x,y)|dzdy exists. It suffices to show
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that | f| is integrable. Choose a sequence (A, )nen of measurable sets
in X x Y with finite measure such that A = U2, A, and define
fn: G — Cby f, =min(|f|14,,n). Then (f,)nen is an increasing
sequence of integrable functions, which converges pointwise to | f|. It
follows from the first part of this theorem that

/Xxyfn(:zz,y)d(x,y)Z/Y/an(x,y)dxdyg/y/x|f(x,y)dxdy

for every n € N. The result follows now from the Monotone Conver-
gence Theorem. O

Remark B.3.4 We should note that the analogue of the above the-
orem does not hold for the inner Radon measures. Indeed, if A C
R x Ry is as in Remark B.2.2, then A is a null-set with respect to the
inner Radon measure on R x R? corresponding to Lebesgue measure
on R and counting measure on Rq. But [, (ZyeRd Ia(z,y)) dz = .

B.4 LP-Spaces and the Riesz-Fischer
Theorem

Let (X, A, u) be a measure space. For 1 < p < oo let LP(X) be the
set of all measurable functions f : X — C such that

TR ( / Iflpdu>p < .

A function in £2(X) is also called a square integrable function. Fur-
ther, let £°(X) be the set of measurable functions f : X — C such
that there is a null-set N, on the complement of which f is bounded.
For such f let

def

| fllo = inf{c>0:3 null —set N with |f(X ~N)| < c}.

Note that || - ||co might differ from the sup-norm || - ||x defined by
| fllx = sup{|f(z)| : = € X}. A function f € £°(X) might even be
unbounded. It is easily seen that || - || is a semi-norm on £*°(X),
but it takes a bit of work to see that this is also true for || - ||, for
1 < p < oo. For this we first need
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Proposition B.4.1 (Hélder’s inequality) Let 1 < p,q < oo be
such that%—i—% =1 (wesetq=o00ifp=1). Then f-g e LY(X) for
every f € LP(X) and g € LI1(X) and

1 - gl < 17 1Ipllgllq-

Proof: In case p =1 and ¢ = co we have f-g: X — C a measurable
function with |f - g| < |f||lg|lcc almost everywhere. Thus ||f - g||1 <
| fll1]lg]lcc by Proposition B.1.2.

So let 1 < p < co. We may assume that || f[|, # 0 # ||g||, since
otherwise f - g = 0 almost everywhere and hence || fg|/1 = 0.

We first show that ab < % + % for all a,b > 0. To see this consider
the function ¢ : (0,00) — R,@(t) = t'/P — %t. It has a global
maximum at ¢ = 1, since ¢/(t) = 0 if and only if t = 1 and ¢"(t) < 0
for every t. This implies that

1_ 1— 1_ (1) > p(aPb™) = ab™9/P — lapb—q.

q p p
Multiplying this with b7 gives

Yy Lap > apomorr — ap,

If we apply this inequality to a = % and b= |||ggH‘q we get

. P q
o9l u|p+|mq_
A pllglly — pIfIE — Pllgll
The integral of the function on the right hand side exists by assump-
tion, which then implies by Proposition B.1.2 that the integral of the

function on the left hand side exists, too. Integrating both sides we
get,

1 / 1
[ rglde < /rfrp /lquu
17Tl Jx pllfllp ol Jx

= 7+7
b q

This finishes the proof. U

Proposition B.4.2 (Minkowski’s inequality) Let p € [1,00].
Then for all f,g € LP(X) we have f + g € LP(X) with

1+ glly <[ fllp + lgllp-

Thus || - ||, is a semi-norm on LP(X) for every 1 < p < oc.
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Proof: The result is clear forp=1or p=o00,solet 1 < p < co. By
Holder’s inequality for C? we get

a8 < lal- 1+ bl - 1 < (|af? + pl?) /7211

for a,b € C and q = z%’ We therefore get

|f +gl? < 2P9(|FP + 1g]?).

Since the right hand side is integrable, the same is true for the left
hand side, which shows that f + g € £LP(X). Since p = (p — 1)q we
have |f + g|P~! € £9(X). Applying Holder we get

1f+gllh = /X’f_|_g‘.|f+gpldu
: /x|f"|f+9’p_1dﬂ+/X\gl | gl dp
1/q
< (Il + llglly) ( /. |f+g](p1)qdu>

(1£llp + llgllp) I1F + g2/,

where the last equation follows from p = (p — 1)g. Dividing both
sides by ||f + g||£/q and using p — % =1 gives the result. U

A measurable function f is a null function if there exists a null-set N
with f(X ~ N) = {0}. Since integrals don’t see null-sets, it follows
that for every p € [1,00] the set N of null functions is a sub vector
space of LP(X) such that

feN<|fl,=0

Set
LP(X) & LP(X)/N.

Then || - ||, factorizes to give a norm on LP(X) for every 1 < p < oo.
We need to know that (LP(X),| - ||,) is a Banach space for every
p € [0,00]. This is easy for p = oo since for any Cauchy sequence
(fn)nen in £2°(X) we can choose a null-set N C X such that (fy,)nen
is Cauchy with respect to || - || x-, and hence converges uniformly
to a bounded function f : X N~ N — C. If we trivially extend f to
X we obtain a limit f € £>(X) of the sequence (fy,)nen. Note that
f is measurable as a pointwise limit of measurable functions. The
cases 1 < p < oo require a bit more work.
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Theorem B.4.3 (Riesz-Fischer) Let 1 < p < oo and suppose that
(fn)nen is a sequence in LP(X) that is a Cauchy sequence with respect
to || - ||lp- Then there exists a function f € LP(X) such that

(@) [[fn— fllp — 0.

(b) There exists a subsequence (fp, )ken of (fn)nen such that fy, ()
converges to f(x) for every x outside a set of measure zero.

Proof: Choose indices n1 < ng < nz < --- so that ||fn, ., — fu,llp <
2% and put gr = fu,,, — frp- Let g = D02 [gk]. By Minkowski’s
inequality we have (Y., |gx|)” integrable with integrals bounded
above by (3-72; llgkllp)? < 1. It then follows from the Monotone
Convergence Theorem that gP is integrable, hence g € £LP(X). But
then it follows from Remark B.1.3 that g(z) # oo outside a null-
set N C X and the series Y ;- ; gr(x) converges absolutely to some
function h(x) for every = ¢ N. We trivially extend h to all of X.
Then h is measurable as a pointwise limit of measurable functions,
and since |h(x)| < g(x) for every z € X we have h € LP(X). Put
f=h+ fn,. Then

f(z) = fm(x)""”%i_{nmz:(fnkﬂ _f”k)
k=1
= mlgnoo fr ()

for every = ¢ N, which proves assertion (b) of the theorem. To see
(a) observe that

oo o0 1
1f = frmllp = Z(fnk+1_f”k) < 227:_)0’
k=m P k=m
which implies that (fy,)xen converges to f with respect to || - |[[,.
Since (fn)nen is Cauchy we also get || f — full, — 0. =

Corollary B.4.4 The spaces (LP(X), || - ||p) are Banach spaces for
every 1 < p < oo.

An important special case is the case p = 2, in which it follows from
Holder and the Riesz-Fischer theorem that L?(X) is a Hilbert space
with respect to the inner product

(f.9) = /X £ (@)9(@) du(x).
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Another direct corollary of the Riesz-Fischer Theorem is

Corollary B.4.5 Suppose that f,, — f in LP(X). Then there exists
a subsequence (fn, )ken that converges pointwise almost everywhere

to f.

We should point out that in general one cannot expect pointwise
almost everywhere convergence of the original sequence (f,)nen, as
can be seen from

Example B.4.6 Consider X = [0, 1] with the Lebesgue integral.

Define a sequence f, : [0,1] — R of integrable functions as follows:

Put fi =1, fa = X1y, f3 = i1 fa =11y, f5 =111y, fo =
113y, fr = ;3 4, fs = 1 17, and so on. It is then clear that
[274} [4)1} [1’8]

|| fulli = 0 but f,(z) 4 0 for every z € [0,1].

Proposition B.4.7 Let u be a Radon measure on a locally compact
Hausdorff space X. Then C.(X) is dense in LP(X) for every 1 <
p < 00.

Proof: Let f € LP(X). Decomposing f into real and imaginary
parts, and those further into positive and negative parts, it becomes
clear that it suffices to assume f > 0. Then f can be written as the
pointwise limit of a monotonically increasing sequence of Lebesgue
step functions. It therefore suffices to assume that f is a step func-
tion, and by linearity, that f = 14 for some set A of finite mea-
sure. By outer regularity there exists a sequence U, of open sets,
Un D Upt1 D A such that u(Uyn) — p(A), ie., (14 —1g,[, — 0. It
therefore suffices to assume that A is itself open. By inner regularity
of open sets there exists a sequence of compact sets K, C K41 C A
such that |14 —1k,[[, — 0. By Urysohn’s Lemma, A.8.1, there
exists for each n a function ¢, € C.(X) with 1x, < ¢, < 14. It
follows that ¢, — 14 in the LP-norm. O

Remark B.4.8 It follows from Holder’s inequality that for 1 <
p,q < oo with % + % = 1 every function g € LI(X) determines a
continuos linear functional Ty, : LP(X) — C by

Tg(f)Z/Xf-gdu
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such that ||T,]| < [|g[lq for every g € LI(X). If 1 < g < oo, it is an
important result in Functional Analysis that g — T, actually gives
an isometric isomorphism from L?(X) onto the space LP(X)’ of all
bounded linear functionals on X, equipped with the operator norm.
The same holds for ¢ = co and p = 1 if X is o-finite. However,
the duality L'(X) =2 L>°(X)" almost never holds. (See [40, Theorem
6.16]). For Radon integrals on locally compact spaces the duality
LY(X)" = L*(X) holds, but with L>(X) constructed with respect
to a slightly different norm (See [38, 6.4.5 and 6.5.11]).

B.5 The Radon-Nikodym Theorem

Recall that a measure p on a set X is called o-finite if there exists
a sequence A, C X of measurable sets such that X = (J,, A, and
1(Ay) < oo for every n € N.

Theorem B.5.1 (Radon-Nikodym Theorem)

Given two o-finite measures A\, on a o-algebra A over a set X.
Suppose that every A-null-set is a p-null-set. Then there exist a
measurable function h > 0 such that for every measurable function
@ : X — C we have @ is p-integrable if and only if ph is A-integrable,
and then [y ¢ d\ = [ phdp. In particular, p(A) = [, hdX for ev-
ery measurable set A C X.

The function h is called the Radon-Nikodym derivative of u with
respect to A. It is unique up to changes on A-null-sets. One also
writes this as dp = hd.

Proof: As both measures are o-finite, there is a pairwise disjoint
decomposition X = U;‘;l X into measurable sets X;, on which both
measures are finite. Suppose there exist Radon-Nikodym derivatives
on each X;. Then these can be patched together to give a Radon-
Nikodym derivative on the whole of X. Therefore it suffices to prove
the theorem under the condition that both measures be finite.

Assume p and A are finite and set 7 = A+ u. For every 7-integrable
function ¢ we have by the Cauchy-Schwarz inequality,

‘/Xsodu‘ < /Xlsoldu < /Xlwldf < </|§0|2dT>§(T(X))

=
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Therefore the map ¢ — [ ¢ pdp is a continuous linear map on
L*(X,7). The same is true for the map ¢ + Jx @dX. By the
completeness of the Hilbert space L?(X,7) there are unique (up to
addition of null functions) measurable, T-square integrable functions
f and g such that [, @du = [y fedr and [, pd\ = [ gedr.
Approximating a positive measurable function ¢ by an increasing
sequence (pn)nen of positive step functions and using the Mono-
tone Convergence Theorem on both sides of the equation | x PndA =
/ + ¢ng dT shows that the function ¢ is A-integrable if and only if ¢g
is T-integrable. A similar result holds for y and 7.

Let N be the set {z € X : g(z) = 0}. Then A(N) = 0 and so also
w(N) = 0. Let h(z) = f(z)/g(x) if x € X ~ N and h(z) = 0 for
x € N. Since null-sets can be neglected for integration it follows for
any measurable function ¢ : X — C that ¢ is p-integrable if and
only if o f = pgh is T-integrable if and only if ph is A-integrable, and

then
/godu:/gogth:/cphd)\.
X X X u

B.6 Vector-Valued Integrals

In this section we introduce the vector-valued integral, also known as
the Bochner integral. For a Banach space valued function f : X — V
one wants to define an integral [ v Jdu € V, such that for every
continuous linear functional o on V' the formula

a(/)(fdfz):/xa(f)du

To be precise, let (V,||-||) be a Banach space, and let (X, A, 1) be a
measure space. A simple function is a function s : X — V, that can

be written as
n
5= Z 14,55,
j=1

where A1, ..., A, are pairwise disjoint measurable sets of finite mea-
sure p(A;) < oo, and b; € V. We define the integral of the simple

holds.
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function s as .
/sdu = uAph € V.
X =

Note that || [y sdu|| < [ |Is|| du and that for every linear functional
a:V — Conehas a([ysdu) = [y als)du.

We equip V with the Borel o-algebra. A measurable function f :
X — V is called integrable if there exists a sequence s, of simple
functions such that

lim [ ||f — sall du = 0.
X

n—o0

In this case we call (s,) an approzimating sequence. The following
Proposition will justify the terminology.

Proposition B.6.1 (a) If f is integrable and (s,) an approzimat-
ing sequence, then the sequence of vectors [y s, dp converges.
Its limit does not depend on the choice of the approrimating se-
quence.

One defines the integral of f to be this limit:

/fdu o lim/sndu.
X neoe Jx

(b) For every integrable function f one has

H/xfd“H S/XHfH dp < oo.

(¢) Let f be integrable. For every continuous linear operator T :
V — W to a Banach space W one has

T</deu>=/XT(f)du-

(d) If V. = C, then the Bochner integral coincides with the usual
integral.

Proof: It suffices to show that for every approximating sequence (sy,)
the sequence [ s, dp converges, for if (t,) is another approximating
sequence, then the sequence (r,) with ro, = s, and ro,_1 = ¢, also
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is an approximating sequence. As [  Tn dp must converge, the limits
of [y spdp and [y t, du coincide.

To show the convergence, it suffices to show that the sequence of
complex numbers [ « Sndp is a Cauchy-sequence. For m,n € N con-
sider

/Smdu—/snduH = H/ sm—snd,uH
X X X
< /H%—&M@
X
/H%efwm+/Wu—%|w
X X

and the latter tends to zero as m,n — oo. Therefore, [ « Sn dp indeed
is a Cauchy-sequence. This proves (a).

IN

To prove (b) note that the inequality | || f|| —||snll| < ||f — s/ implies
that the C-valued function | f|| is integrable and that |/s,|| converges
to ||f|| in L1(2). Tt follows that

/Nw:hm/%wHSMJ%MMZ/WMw
Q molJe "Ja Q

Finally for part (c). The continuity and linearity of 7" implies that

T</Qfd,u> = liTan/S)T(Sn)dﬂ.

We want to show that the right hand side equals [, T'(f) du. Since
T is continuous, there exists C' > 0 such that |T'(v)| < C'||v|| holds
for every v € V. In particular one has ||T°(f)| < C'||f| and so T'(f)
is an integrable function. We can estimate

’/QT(f)du—/QT(sn)duH < /QHT(f)—T(sn)H dy
= [ sl du
< o[-l de

As the latter tends to zero, the claim follows. Finally, (d) follows
from (c) applied to the identity operator. O

A function f: X — V is called a separable function if there exists a
countable set C' C V such that the image f(X) is contained in the
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closure C of C. Recall that the Banach space V is called separable
if it contains a countable dense set. So if V is separable, then every
function f : X — V is separable. In applications we will, however,
encounter non-separable Banach spaces, which is why we need the
notion of separable functions.

A function f: X — V is called essentially separable if there exists a
measurable set N C X of measure zero such that f is separable on
X ~ N. This means that f is separable up to a negligible alteration.

Lemma B.6.2 Let X be a topological space and f: X — V a con-
tinuous function of o-compact support. Then f is separable.

Proof: The image f(X) is a o-compact set. So we have to show
that every o-compact subset K C V has a dense countable subset.
It suffices to assume that K is compact. By compactness it follows

n

that for every n € N there are elements k7, ..., kr(n) € K such that

r(n)
K c | Bk,

v=1

where for r > 0 and a € V' we denote by B, (a) the open ball around
a of radius r, i.e., the set of all x € V with ||z — a|| < r. The set of
all k) for n € Nand 1 < v < r(n) then is a countable dense subset
of K. O

Proposition B.6.3 For a measurable function f : X — V the fol-
lowing are equivalent:

o f is integrable.

o f is essentially separable and [ || f|| dp < co.

Proof: If f is integrable, then by Proposition B.6.1 (b) the function
|l f]l is integrable as well. We need to show that it is essentially
separable. So let (s,,) be an approximating sequence. As each s, has
finite image, the Banach space E generated by all the images s,,(X),
n = 1,2,... is separable. The set N = f~1(V . E) is a countable
union N = {J,, Ny, where N, = {z € X : ||f(z) — || > 1 Ve € E}.
Since [y [|f — snl di tends to zero, the set N, is a set of measure
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zero for every n € N. hence N is a null-set and so f is essentially
separable.

For the converse direction assume that f is essentially separable and
satisfies [ || f|| dpu < co. After altering f on a set of measure zero,
we assume f is separable. Let C' = {¢, : n € N} be a countable
subset of V with f(X) Cc C. For n € N and § > 0 let A2 be the
set of all x € X such that ||f(z)| > 0 and ||f(z) —cpl| < 6. As fis
measurable, this is a measurable set. To have a sequence of pairwise
disjoint sets, we define

D) = A5~ 4.

k<n

Then the set U,cn A% = Uneny DY equals f~1(X \ B;(0)), as C

is dense in f(X). As f is integrable, the set |, DS is of finite

measure. Let s, = Z?:l 1,1/nc;. Then s, is a simple function. We
j

show that the sequence (s,) converges to f pointwise. Let x € X.
If f(x) = 0, then s,(x) = 0 for every n. So suppose f(z) # 0.
Then ||f(z)| > L for some n € N. For every m > n one has z €

Uven Di/’”, so that for each m > n there exists a unique vy with

x € D%m, hence sp,(2) = ¢y, and || f(z) — ¢y || < L, which implies

sp, — [ as claimed. We also see that ||s,|| < 2| f|| by construction.
So we get || f — sn|| — 0 pointwise and || f — sn|| < |[f[|+[lsnll < 3111,
so by dominated convergence,

/ If = sull du — o.
X ]

Corollary B.6.4 Suppose that X is a locally compact topological
space and i is a Radon measure. Then every continuous function
X — V with compact support is integrable.

Proof: As the C-valued function || f|| is again continuous of compact
support, it is integrable. Thus the corollary follows immediately from
Lemma B.6.2 and Proposition B.6.3. ]

An important case of a Bochner integral is given by the convolution
f#*gin LY(G) for a locally compact group G.
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Lemma B.6.5 Let G be a locally compact group If f € C.(G) and
g € LYG), then the Bochner integral Jo f(x)Lygdx exists in the
Banach space L'(G) and equals the convolutzon product f x g.

Proof: Consider the function ¢ : G — L'(G) given by o(z) =
f(z)Lyg. It is continuous by Lemma 1.4.2 and it has compact sup-
port as f has compact support. So it follows that ¢ is continuous of
compact support, hence integrable by Corollary B.6.4.

It follows, that the Bochner integral [, ¢(x)dx exists in the Banach
space L'(G). We want to show that it coincides with f x g. If we
can show h* [, ¢(x)dx = h* f g for every h € C.(G), the claim
follows, as h might run through a Dirac net (See Lemma 1.6.5).

Let h € C.(G). For ¢ € L*(G) the convolution product h * ¢ is
continuous, as follows from the Theorem of Dominated Convergence.
So it makes sense to evaluate this function at some given y € G. One
has

hedy)| < /G ()= 9)| d

_ /G AN h(yz)|(2)| dz
Cllgl;

with C' > 0 an upper bound for the function z +— A(z~1)|h(yz~1)].
This implies that the linear functional a : ¢ — hx*¢(y) is continuous.
For ¢ = [ f(x)Leg dx it follows

heoly) = al@) = a( /| f(as)Lxgda:)
= /f Lyg) dx
= //f gz 27 Yy) dz dx

= hx*xfx*gy

So it follows that fG L.gdx = f * g as claimed. U

IN

As an application of the Bochner integral, we will now prove the
Cauchy Integral Formula for Banach space valued functions. Let
D C C be an open set, and let f : D — V be holomorphic (Section
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2.2), and let 7y : [0,1] — D be continuously differentiable. The path
integral is then defined as

/ f(z)dz / V(0 (1 (1)) dt.
¥ [0,1]

Let a € D, and let B = B,(a) be a disk whose closure is contained
in the set D. We write faB f(2) dz for the integral over the positive
oriented boundary of B, i.e., [, f(2)dz = f7 f(z)dz, where 7 :

[0,1] — D is given by v(t) = a + re2mit

Theorem B.6.6 (Cauchy’s Integral Formula)

Let D C C be an open set and f : D — V be holomorphic, where V
is a Banach space. Let B C C be an open disk with B C D. Then
for every z € B we have

1 f€)

2mi Jop €= 2

f(z) =

de.

Proof: Let a: V — C be a continuous linear functional, then

o(om [ Hae) = o [ ae — agro

2mi Jop € — 2 2mi Jop €—2

according to Cauchy’s integral formula for holomorphic functions. So
the two sides of our claimed equality coincide after the application
of any continuous linear functional. By Corollary C.1.4, the claim
follows. O

Corollary B.6.7 Let the situation be as in the theorem, and let B
be an open ball around zero such that B C D. Then there are v, € V
such that

f(z)= Z 2"y,
n=0

holds for every z € B, where the sum converges uniformly on every
closed subset of B.

Proof: If z € B and { € 0B, then |z/£| < 1, which means that the

geometric series
o0

no 1
D" = 1o

n=0




304 APPENDIX B. MEASURE AND INTEGRATION

converges uniformly for (z, &) in a given closed subset of B x 9B. We
apply Cauchy’s formula to get

1 f(&)
2mi an—ng
1 1 f()

= omi Jypel e ™

= o [ S ey

2ri Jop €

flz) =

n=0
I R S U (9
— m;z /w&”“dg'

The last step is justified by uniform convergence. The claim follows.
O




Appendix C

Functional Analysis

C.1 Basic Concepts

A topological vector space is a complex vector space V' together with
a topology such that the additive group (V,+) is a topological group
and such that the scalar multiplication map C x V' — V| which maps
(\,v) to Av, is continuous. A Banach space is a special case of a
topological vector space, in which the topology is induced by a norm
such that the corresponding metric space is complete. Most spaces
considered here are Banach spaces, but an important example of a
topological vector space, which is not a Banach space is given by the
space S(R) of Schwartz functions on R. The topology is generated
by all sets of the form f + By, ¢, where f € S(R) and B, ¢ is
the set of all g € S(R) with |¢"™) (x)z"| < C for every x € R. For
a topological vector space V we denote by V' the continuous dual
space, i.e., the space of all continuous linear functionals v : V' — C.
In most cases this is a proper subspace of the algebraic dual space V*
consisting of all linear functionals on V. We say that V' separates
points in V if for any two v # w in V there exists a € V' with

a(v) # a(w).

In this book we generally deal with vector spaces over C. Sometimes
it is convenient, however, to use vector spaces over R instead. Every
complex vector spaces naturally is a vector space over the reals. We
will now show that in this case every real linear functional is the real
part of a complex linear functional.

305
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Lemma C.1.1 Let W be a complex vector space and W* be its dual
space. The map ¥ : ¢ — Re(p) is a bijection of W* to Wg =
Hompg (W, R).

Proof: The map V¥ is real linear. Let ¢ be in its kernel. This implies
that ¢ takes only purely imaginary values. Since p(iv) = ip(v)
this implies that ¢ = 0. Now let u : W — R be real linear. Set
() = u(x) — iu(iz). Then ¢ is C-linear and u = Re(yp). O

Recall that for a linear operator T': V' — W on normed spaces V, W
the operator norm is defined by

H o
17N = Tl = = sup [[Tv],
o ol lo=1

and that T is called a bounded operator if ||T'|| < co. For every vector
v we have ||| < [T [|v]-

Lemma C.1.2 A linear operator T is bounded if and only if it is
continuous as a map from V — W.

Proof: Let T' be bounded, and let v; — v be a convergent sequence
in V. Then [T, — Tv] = |T(v; — v)|| < 7]l lo; — v]| tends to zero,
which means that T'v; tends to T'v, so T' is continuous.

For the converse direction assume that T is continuous, but ||| =
Then there is a sequence (v;) of vectors in V' of norm one such that
| T'v;|| tends to infinity. It follows that the sequence mvj tends to
zero. As T is continuous, the sequence

1 1
T(v-) _
[ Tv;] 1T~

also tends to zero, but this is a sequence of vectors of norm one. A
contradiction. ([l

Theorem C.1.3 (Hahn-Banach Theorem)

Let M be a subspace of a Banach space V', and let o : M — C be
linear with |¢(x)| < ||z|| for every x € M. Then ¢ extends to a linear
functional V- — C such that |p(x)| < ||z|| holds for every xz € V.
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Proof: Let u = Re(y). Suppose we can show that u extends to a
real linear functional with |u(z)| < ||z||, then ¢ extends to a complex
linear functional whose real part is u. For given x € V there exists
6 € R such that e?p(z) is real. So, |p(x)| = |ePp(z)| = |p(e?z)| =
u(e?z)| < [|e”z[| = |||

So it remains to show that u extends to V. What we really show is
this: Let M be any real vector subspace of V', and let u: M — R
be real linear with |u(z)| < ||z| for every x € M, then u can be
extended to a linear map from V' to R with |u(z)| < [jz| for every
x e€V. Assume M # V, and let v1 € V.~ M. Let M1 = M @ Ruy.
Then the inequality

w@) +uly) = u(z+y) < ety < z—vll+ v+l
implies
u(@) = flz — vl <y +vill = uly)

for z,y € M. Let o € R be any value between the least upper bound
of the left hand side as x ranges over M, and the largest lower bound
of the right hand side as y ranges over M. Then

u(@) —a < o —ol

and
u(y) +a <y + v

holds for all z,y € M. Define u;(x +tv) = u(z) + ta for x € M and
t € R. Then u; extends u to M; and is linear. Further, for ¢ # 0,

1
ur(z +tv)] = fulz) +ta] = Ju(2)+alft]
1
< |ze+oltl =z +toll.

This implies that u extends to M; satisfying the norm bound. The
lemma of Zorn implies that there is a maximal subspace M of V,
to which u can be extended satisfying the norm bound and what we
just have seen implies that then M must be equal to V. O

Corollary C.1.4 Every continuous linear functionalo on a subspace
E of the Banach space V' extends to a continuous linear functional
ay on Vsuch that ||aq]] = ||a|.

The continuous linear functionals on V' separate points, so if v,w €
V' with a(v) = a(w) for every a € V', then v = w.
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Proof: Let a # 0 be a continuous linear functional on E. This
means that [a| = sup.cp oy [a(e)|/ |le]| is finite. Then 8 = ﬁa
satisfies ||3]| =1, so, by the Hahn-Banach Theorem, (3 extends to a
linear functional 5, on V with ||3;||=1. Hence o = ||| # extends to
ar = e B1 with [laq | = [|af].

If v # w, then there exists a linear functional a on the space F
spanned by v and w such that a(v) # a(w). As a extends to an
element of V', the claim follows. O

Theorem C.1.5 (Open Mapping Theorem)

LetT : E — F be a continuous surjective linear map between Banach
spaces. Then T is an open mapping, i.e., T(U) is open in F' for every
open U C E.

In particular, if T : E — F is continuous and bijective, then T :
F — FE is a topological isomorphism.

Proof: Let U C E be an open neighborhood of 0. We have to show
that T'(U) contains an open neighborhood of 0. There exists € > 0
such that U contains the ball U; = B.(0) around zero of radius e.
Let U,, = 2%U1, then U,4+1 + Upt1 C U, for every n. We will show
the existence of an open neighborhood W of 0 in F' such that

W c T(U;) ¢ TU).

As F = T(E) = Ujo1kT(Usz), and F' is a Baire space, one of the
spaces kT'(Us) has non-empty interior, and as the map z +— kx is a
homeomorphism on F', the set T'(Uz) has non-empty interior, which
implies the existence of an open Wy C T'(Us). Then Wy = —W; C
T(Us) as well, and W = W + Wy is an open neighborhood of 0
contained in T'(Uy). It remains to show T'(Uy) C T(U). For this let
y1 € T(Uy). Assume that n > 1 and y;, € T(Uj) has been chosen for
all 1 < k < n. In the same way as for U it follows that T(U,+1)
contains a neighborhood of 0. Hence

(yn+ (Un+1)) NTU,) # 0,

so there exists x,, € U, such that T'(zy,) € yn+T (Up+1). Put yp+1 =
Yn — T(zp). Then ypi1 € T(Uyy1) and we iterate the inductive
construction. Note that by the continuity of 7" we have 3, — 0. As
2n]l < 57 the sum x =3>""", x, converges in E and lies in U; C U.
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Now
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(Yn — Yn+1) = lij{[n(yl —YN+1) = Y1

We conclude that T'(xz) = y; and so y; € T'(U) as claimed. O

In the following we equip the direct product V' x W of two Banach
spaces V' and W withe the norm |[|(v,w)|| = [jv| + [Jw||. With this
norm V x W is also a Banach space.

Theorem C.1.6 (Closed Graph Theorem)

Suppose that the map T : V. — W is a linear map between Banach
spaces, such that the graph G(T) = {(v,Tv) : v € V} is a closed
subset of V. x W. Then T is bounded.

Proof: As T is linear, its graph is a linear subspace of V x W.
As V x W is a Banach space, so is its closed subspace G(T'). Let
m : G(T) — V be the projection onto the first factor. Then 7 is
continuous and bijective, so its inverse 7! is continuous by the Open
Mapping Theorem C.1.5. Now 7 is the composition of 7~ with the
projection onto the second factor, hence T is continuous. O

Proposition C.1.7 Let I be a closed subspace of the normed space
E. Then the quotient space E/F becomes a normed space with respect
to the quotient norm

def

F|| = inf .
o+ Fll, = inf flo+ul

If E is a Banach space, then so is E/F.

Proof: We leave it as an exercise to show that || - ||, is well-defined
and strictly positive, and that it satisfies |\|||v + F||q = [|[Av + F||q
for every A\ € C. To see that it satisfies the triangle inequality,
let v1,v9 € E and € > 0. Then we find wy,wy € F such that
[vi +wi|| <|lvi + F||, + € for i = 1,2, and then we get

[[v1 +v2 + F, l1 4+ vo + wy + wo|

<
< oy + Fll, + Joe + Fll, + 2.
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Since € > 0 was arbitrary, the triangle equation follows.

Assume now that E is a Banach space. To show completeness of
E/F, let (v, + F)nen be a Cauchy sequence in E/F. By passing to a
subsequence, we may assume that >7; [[vp41 — vn + Fl|, < 00, s0
that > >° | (Un41 — vy + F) converges absolutely in E/F. If it has a
limit, say v+ F, then v+ F is clearly a limit for the original sequence
(Un + F)nen. Thus it suffices to show that every series Y o0 w, + F,
which converges absolutely in E/F, converges in E/F. But given
such series, we may choose for each n € N some u,, € F such that
[wn +un | < [lwn + FI|, + 3. Then >0° | |lwy + uy|| < 0o and since
E is complete, there exists w € E such that w = Y7 (wy, + uy).
Since the quotient map v — v+ F' is norm-decreasing, it follows that
Yool wn + F =% (wy +uy) + F converges to w + F in E/F.
O

Corollary C.1.8 Suppose that T : E — F is a continuous sur-
jective linear map between Banach spaces. Then the linear map
T : E/kerT — F defined by T(v +kerT) = T(v) is a topological
isomorphism with ||T|| = ||T|.

Proof: We only have to show the equation ||T|| = ||T||. All other
assertions will then follow from the Open Mapping Theorem and
Proposition C.1.7. Since T =T o g, where ¢ : E — E/kerT denotes
the quotient map, and since ||| < 1, it follows that ||T|| < ||T|.
On the other hand, if ¢ > 0 is given, we can choose a unit vector
v+kerT € E/kerT with ||T| < ||T(v + kerT)|| + ¢ and we can
choose the vector v € E such that ||v]| <1+ ¢e. Then

IT|| < |IT(v+kerT)||+e = | Tv||+& < |T|||Jv]| +& < |TI|(1+¢) +e.

As £ > 0 is arbitrary, we get ||T]| < ||T. O

A subspace F' of a vector space E is said to have finite codimension
if F/F is finite dimensional. We close this section with

Lemma C.1.9 Suppose that F is a closed subspace of the normed
vector space E with finite codimension. If F' is complete, then so is
E.

Proof: By induction it suffices to assume that F/F is one-dimen-
sional. Choose vy € E\F and fix the isomorphism E/F = C given
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by A(vg + F) — A. Then the quotient map ¢ : ¥ — E/F =2 Cis a
continuous linear functional on F. We claim that & : F& C — F
given by ®(w,\) = w + Avg is a topological isomorphism. It is
clearly continuous. To see continuity of the inverse assume that
(wy, + Apvg) — (w + Avg). Then A\, — A by the continuity of the
quotient map, which then also implies that w,, — w. The result now
follows from completeness of F' & C. O

C.2 Seminorms

Occasionally, one wants to consider spaces more general than Banach
spaces. Here we introduce topological vector spaces whose topology
is induced by a family of seminorms. Let V be a complex vector
spaces. A seminorm on V is a map N : V — [0,00) such that for
v,w €V and X € C one has

e N(\v)=|\N(v), and

e N(v+w) < N(v)+ N(w).

The second condition is the triangle inequality.

Let (Nj)ier be a family of seminorms on V. Then the family of open
balls

Bi(v) = {weV:Ni(v—w)<r},

where r > 0, i € I, v € V, generates a topology on V that makes V'
a topological vector space.

Examples C.2.1

e Consider the Schwartz space S(R) of all infinitely differentiable
complex functions on R such that z — |2 f"(x)| is bounded
for all n,m € R. Then

Nopn(f) = sup|z™ ™ ()],
zER

defines a family of seminorms on S(R), which induces a topol-
ogy on S(R).



312 APPENDIX C. FUNCTIONAL ANALYSIS

e Let V be any complex vector space, and let £ C V* be a subset
of the dual space of V. Then every o € F defines a seminorm
N, on V by N, (v) = |a(v)| for every v € V. Thus, every sub-
set ¥ C V* determines a topology on V.

If V is a normed space and V' its topological dual space,
then the topology on V generated by V' C V* is called the
weak topology on V. Similarly (and more important for this
book) the weak-* topology on V' is generated by V viewed

as a subspace of (V')*: each v € V determines a seminorm
N, : V' —[0,00) by Ny(a) = |a(v)].

Lemma C.2.2 Let V' be equipped with the topology given by the
seminorms (N;)icr. A net (v,),en converges to v € V if and only if
the net (Ni(v, —v)),en converges to zero in C for everyi € I.

Proof: Let v, — v be a convergent net. Then for every ¢ > 0 and
every ¢ € I the set B.(v) is an open neighborhood of v, so N;(v, —v)
tends to zero. The other way round, assume N;(v, —v) — 0 for every
1 € I. Let U be an open neighborhood of v. By Lemma A.1.1, the
set U contains an open neighborhood of the form
Bf,i (v1)N---N Biz(vn).

If v € Bi(w), then the triangle inequality guarantees that for ¢ =
7 — N(v—w) one has B.(v) C B}.(w). Hence there exists ¢ > 0 such
that U contains an open neighborhood of v of the form

B2 (v)N---N Br(v).

As Nj; (v, — v) tends to zero for every j = 1,...,n, there exists 1
such that for every v > vg one has v, € U. O

Using this lemma, we easily see the following corollary.

Corollary C.2.3 Let the vector space V' be equipped with the topol-
ogy generated by the family of seminorms (N;)icr. Then V is Haus-
dorff if and only if for any two x # 0 in V there exist i € I with
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C.3 Hilbert Spaces

Recall that a Hilbert space is a complex vector space V' with an inner
product (-,-) : V- x V. — C, such that V is complete in the ensuing

[oll = v/ (v, v).

For basics on Hilbert spaces see Chapter 2 of [9]. The following is
often used.

Proposition C.3.1 Let V be a Hilbert space. Choose an orthonor-
mal basis (e;). The continuous dual V' is a Hilbert space with the
inner product

(0, B) = alen)Bles),

i
which does not depend on the choice of the orthonormal basis.

For a given continuous linear map « : V. — C there exists a unique
vector wg € V' such that o(v) = (v,w,) holds for every v € V.
One has ||a| = ||wall, so the map o — wq is an antilinear norm-
preserving isomorphism V' — V.

Proof: The properties of an inner product are easily verified. Let
(fx) be another orthonormal basis, then there are numbers a;; such
that e; = ), aifr and these satisfy >, ;G = 0;; as well as
Zk QiOkj = 61] Then

Yoale)fle) = Y apaaalf)B(fi) = Y alfi)B(fi)-

i i,k,l k

The fact that this inner product gives the norm on V' follows from
the second part. If = 0, then set w = 0. Otherwise, let U be
the kernel of . Then U is closed and so V = U @ U*. The map
o induces an isomorphism U+ — C, so U is one-dimensional. Let
vy € UL of norm one and set w = a(vg)vg. A given v € V can be
written uniquely as v = u 4+ Avg for u € U and A € C. Then

(w,w) = (Mo, alw)en) = Aa(w) = a(v).

The uniqueness of w is clear. Finally, [a = supj, = [A(v)| =
a(vg) = [|lw].
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It is a bit disturbing that the canonical isomorphism V' — V is an-
tilinear. It is possible to give linear isomorphisms, but not a canon-
ical one. For this choose an orthonormal basis (e;) of V' and define
V' =V by ¢(a) = ;ale)e;. It is easy to see that this indeed
is an isomorphism.

Let I be an index set and for each ¢ € I fix a Hilbert space V;. The
algebraic direct sum €,.; V; has a natural inner product

(v, w) = Z (vi, wi) 5
i€l

for v = (v;),w = (w;). If V; # 0 for infinitely many ¢ € I, then
this space will not be complete. We denote by V. = ®ie Vi its
completion, called the Hilbert direct sum of the spaces V;. One can
identify this space with the set of all v € [[..; V; such that

D lill* < oo,

el

i€l

where the inner product is given by the same formula as above, only
now with possibly infinitely many non-zero summands. One can
show that the sum defining the inner product always converges.

Likewise, the algebraic tensor product V ® W of two Hilbert spaces
has a natural inner product, given on simple tensors by

<v®w,v/®w/> E v,v'> <w,w/>.

If both spaces are infinite dimensional, then this pre-Hilbert space
will not be complete. We denote its completion by V&W and call
it the Hilbert tensor product of the spaces V and W. If (e;) is an
orthonormal basis of V', and (f;) is an orthonormal basis of W, then
the family (e; ® f;);; is an orthonormal basis of V&W.

Lemma C.3.2 LetT : V — W be a bounded linear operator between
Hilbert spaces. Then there exists a bounded linear operator T* : W —
V' such that (Tv,w) = (v, T*w) holds for every v € V and every
we W. We have (T*)* =T and |T*|| = ||T|.

Proof: For given w € W consider the linear functional v — (T'v, w).
As T is continuous, this functional is, and so there exists a unique
vector T*w € V such that (Tv, w) = (v, T*w) holds for every v € V.
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The map T™ is easily seen to be linear. For w € W we can apply
this to v = T*w and, using the Cauchy-Schwarz inequality we get
| T*w|* = | (TT*w,w) | < |Jw| ||T] |T*w]|. Dividing by || T*w]|| shows
that ||7*w| < ||T]|||Jw||, so T* is indeed bounded with [|T*|| < ||T||.
Since (T*w,v) = (v, T*w) = (Tv,w) = (w,Tv) foralw e W, v eV
we have (T%)* =T and then ||T'|| = ||(T7)*]] < || T O

Recall that a bounded operator T : V' — V' is normal if T*T =TT*.

Lemma C.3.3 Suppose that v € V is an eigenvector for the eigen-
value \ € C of the normal operator T € B(V). Then v is an eigen-
vector for the eigenvalue \ of the operator T*. Moreover, if X # u
are two eigenvalues of T, then Eig(T, \) L Eig(T, u).

Proof: Since (T'— A1)v = 0 we have
(T = Awl> = ((T* = Al)v, (T* — Al)v)
= (v, (T = \1)(T* = Al)v)
mr=rr (v, (T* = A1)(T — Al)v)
= (T-xl? =0,

from which the first assertion follows. For the second assertion let
v € Eig(T, \) and w € Eig(T, 1). Then

A (v, w) = (Tv,w) = (v, T*w) = (v, pw) = p(v,w).

Since A # p it follows that (v, w) = 0. O

A bounded operator P on a Hilbert space V is called a projection if
P = P2 The operator is called an orthogonal projection if P is a
projection, which is self-adjoint.

Lemma C.3.4 A bounded operator P on a Hilbert space V' is an
orthogonal projection if and only if the space V is a direct orthogonal
sumV =U@® W, where U and W are closed subspaces and for every
u+w €V withu €U and w € W one has P(u+ w) = u.

Proof: Let P be an orthogonal projection. If x lies in the image of
P, say © = P(y), then P(x) = P?(y) = P(y) = z. By continuity,
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the identity z = P(z) extends to the closure U of Im(P). This
however means that U = P(U) equals the image of P. Let W be its
orthogonal complement. For w € W one has (P(w), P(w)) = 0, so
W lies in the kernel of P. As clearly V= U & W, the claim follows.
The converse is trivial. O

In general, if W C V is any closed subspace of V', there is a unique
orthogonal projection Py € B(V) such that Py (V) = W. Just
write V = U@ W with U = W+ and define Py (u +w) = w. We call
this the orthogonal projection onto W. Thus there is a one-to-one
correspondence between orthogonal projections in B(V') and closed
subspaces of V.

If v is a unit vector in the Hilbert space V, then the orthogonal
projection P, onto Cv is given by P,(u) = (u,v)v. More general, if
W is a closed subspace of V' and {e; : i € I'} is an orthonormal basis
for W, then the orthogonal projection Py onto W is given by

Py (v) = Z (v, €i) €.

el

C.4 Unbounded Operators

In this section we give some background on unbounded operators on
Hilbert spaces. The content of this ection is needed in our study
of continuous wavelet transforms. We shall only restrict to those
topics we need in this book, so the content of this section cannot be
regarded as a full introduction to the theory. In particular, we will
not touch on spectral theory of unbounded operators, which can be
found in any good text book on Functional Analysis.

Let V and W be Hilbert spaces. If D C V is a linear subspace and
if T': D — W is a linear map, we say that T is a linear operator
from V — W with domain D. A linear operator T': D C V — W is
densely defined if D is dense in V.

The operator T : D C V — W is closed if the graph
Gg(T)=A{(v,Tv) : v € D}

is closed in V @& W. It follows from the closed graph theorem, that
a densely defined closed opertor T': D C V' — W is bounded if and
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only if D = V. Since the map D — G(T) given by v +— (v,Tv) is
clearly a bijection, it follows that T is closed if and only if D becomes
a Hilbert space when equipped with the modified inner product

{(v,w)) € (v,w) + (Tv, Tw).

IfT:D CV — W is a densely defined linear operator, then the
adjoint operator T : D* C W — V is defined as follows: The domain
D* of T™* consists of all vectors w € W such that v — (Tv,w)
is a continuos linear form on D, and hence extends uniquely to a
continuous linear functional on all of V. By the Riesz representation
theorem, there exists therefore a unique vector, which we call T*w,
in V such that
(Tv,w) = (v, T"w)

for every v € D. It is straightforward to check that T* : D* C W —
V' is a linear operator. Although we don’t need it here, we mention
the following fact

Proposition C.4.1 Suppose that T : D C V. — W is a densely
defined closed operator. Then T* : D* C W — V is also a densely
defined closed operator and we have T = T**.

For a proof of this and many other useful results on unbounded
operators we refer to [39]. The following easy observation will be
used frequently in this section. We leave the straightforward proof
as an exercise

Lemma C.4.2 Suppose that T : D C V. — W s a closed densely
defined operator. Then T(D)* = ker(T*) C D*.

A densely defined operator T : D C V. — V is called self-adjoint if
D = D* and T = T*. Note that in general this is not the same as
being symmetric, which means that

(Tv,w) = (v, Tw)

for all v,w € D, since one can construct symmetric operators such
that the domain D* of T* is strictly larger than D (See [39, p 258] for
an example of a symmetric densely defined closed operator, which is
not self-adjoint). So an operator T is self-adjoint if and only if T is
symmetric and D = D*. We shall also need the following criterion
for self-adjointness:
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Proposition C.4.3 Suppose that T : D C V — V is a closed,
densely defined, symmetric operator. Then the following are equiva-
lent:

(a) T is self-adjoint.
(b) ker(T +ild) = {0}.
(c) (T'+:dd)(D)=V.

Proof: If T is self-adjoint then it follows easily from the symmetry
of T that ¢ and —¢ cannot be eigenvalues for T" = T™, which proves
(a) = (b). The assertion (c) = (b) follows from Lemma C.4.2 after
checking that (T + AId)* = T* + AId for every A € C, which we leave
as an exercise for the reader.

Also by Lemma C.4.2 we see that (b) implies that (7" + iId)(D) is
dense in V. So, in order to get (b) = (c) we only have to check
that (T'+:1d)(D) is closed in V if (b) holds. For this we restrict our
attention to the operator T'—ild. Suppose that (vy,)nen is a sequence
in D such that Tv,, — iv,, — w for some w in V. Using the equation

ITw — i = || T|* + [|v]?

for every v € D, we observe that (Tv,)nen and (v, )pen are Cauchy
sequences and there exist v,u € V such that v, — v and Tv, — u.
Since T is closed, it follows that v € D and Tv = wu, and then
w=(T'—1i)veD.

To show (¢) = (a) let w € D*. Then it follows from (c) that there
exists v € D with (T%* — ild)w = (T —ild)v. Since D C D*, we see
that w — v € ker(T™ — ild), and the latter is zero by (c) = (b). So
D¥=Dand T*=T. O

A self-adjoint operator T': D C V' — V is called positive if (Tv,v) >
0 for every v € D, and it is called positive definite if, in addition,

(Tv,v) =0 = v=0.
We shall need the following observations:

Lemma C.4.4 IfT: D CV — V is self-adjoint and injective, then
T(D) is densein V and T~' : T(D) CV — V is also self-adjoint. In
particular, if T : D CV — V is positive definite, then T is injective
and T~ : T(D) CV — V is also positive definite.
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Proof: It follows from Lemma C.4.2 that a selfadoint operator has
dense image if and only if it is injective. Since G(T) = G(T~1), it
follows that 77! is also closed, and it is clearly symmetric. To see
that it is self-adjoint, we simply use Proposition C.4.3 to see that

(T~! —i1d)(T(D)) = —i(ild + T)(D) = V

since T is self-adjoint, and similarly (7! +ild)(D) = V. Thus 7!
is self-adjoint by Proposition C.4.3. g

We are now ready for the proof of the main technical result of this
section. We first recall the well-known result that any continuous
positive (definite) hermitian form B : V' x V' — C on a Hilbert space
V is induced by a positive (definite) operator 7" : V' — V in the sense
that

B(v,w) = (Tv, w)

for every v,w € V. Indeed, the proof of this fact simply uses the
Riesz representation theorem: If we fix w € V, then v — B(v,w) is
a positive linear functional on V, and therefore there exists a unique
element, which we call Tw, in V' such that

B(v,w) = (v, Tw) .

It is quite straightforward to check that T is a bounded linear self-
adjoint operator, which is positive (definite) since B is positive (def-
inite). Using the spectral theorem, we may also consider the square-
route C' = T2 of T, which is also a positive operator that satisfies
the equation

B(v,w) = (Cv, Cw)

for every v,w € V.

We now want to extend these results to certain unbounded hermitian
forms. Suppose that D is a dense linear subspace of the Hilbert space
V. A hermitian form

B:DxD—C

is called closed if, whenever (v,)nen is a sequence in D, which con-
verges to some v € V' and such that

B(vy, — Uy, Uy — V) — 0

for n,m — oo, then v € D and B(v,, — v,v, —v) — 0 for n — oo.
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Theorem C.4.5 Suppose that D is a dense linear subspace of the
Hilbert space V and that

B:DxD—-C

18 a positive semi-definite closed hermitian form on D. Then there
exists a closed operator C': D C'V — V such that

B(v,w) = (Cv,Cw)

for all v,w € D. If B is positive definite, then C' is injective.

Proof: We equip D with the inner product
((v,w)) = (v,w) + B(v,w)

and claim that D is complete with respect to this inner product.
Indeed, if (v,)nen is a sequence in D, which is Cauchy with respect
to (-,-), then it follows that (v,)en is Cauchy in V, hence converges
to some v € V', and that B(v, — vy, vy — vp) — 0 for n,m — oo.
Since B is closed we get v € D and v, — v with respect to (-, -).

We first regard the restriction of the inner product on V on D as
a positive definite hermitian form on (D, ((-,-))). This is clearly
bounded, and we obtain a positve definite operator Cy : D — D
such that

(v,w) = (Cyv, CLw) + B(Civ, Ciw)

for all v,w € D. Since C is positive definite, it is injective and has
dense image in D with respect to ((-,-)), and then certainly with
respect to the given inner product on V. Let C;' : Cy(D) — D
denote the inverse of Cp. It then satisfies

<Cl_lv,Cl_1w> = (v,w) + B(v,w)

for all v,w € Cy(D).

Consider now the hermitian form B : D x D — C. Since it is
continuous with respect to ((-,-)) there exists a positive operator
Cy: D — D with

B(v,w) = (Cyv, Cow) + B(Cov, Cow)

for all v,w € D.
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Put D = C; 1(Cy(D)). We want to define C' : D — V as the compo-
sition C| L5 Cy. A priori, this operator is only defined on the dense
subset D C D, so we have to show that it extends to a positive (and
in particular self adjoint) operator on D. We first observe that we
have the equation

B(v,w) = (Cv, Cw)

for all v,w € D. Thus, if we regard C' as a map from (D, ((-,-)))
to (V,(-,-)), we see that C' becomes bounded, and therefore ex-
tends uniquely to all of D, and it follows then from continuity that
B(v,w) = (Cv,Cw) holds for all v,w € D. If we now regard
C:D CV —V as a densely defined operator on V' with respect to
(+,+), then C'is closed since D is complete with respect to the inner
product

(v,w) + (Cv, Cw) = ({(v,w)). O

Remark C.4.6 Let C be as in the above theorem. Using functional
calculus for unbounded operators (see [41, Chapter 13]) we may con-
sider the operator |C| & /C*C. Then |C| is a positive self-adjoint
operator such that

(ICv, |Clw) = (|C*v,w) = (C*Cv,w) = (Cv, Cw)

for all v,w € D. Thus the operator C in the above theorem can
always be chosen to positive or even positive definit if B(-,-) is posi-
tive definit. Indeed there exists a unique positive operator C' : D C
V — V such that B(v,w) = (Cv,Cw), for if S would be another
such operator, then

<(02 - SQ)U,w> = <02v,w> — <Szv,w> =0

for all v,w € D, from which it follows that C? = S?, and hence
Cc==5.
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