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Preface

The thread of this book is formed by two fundamental principles of Harmonic Anal-
ysis: the Plancherel Formula and the Poisson Summation 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 Selberg Trace For-
mula, which we prove for arbitrary groups admitting uniform lattices. As examples
for the application of the Trace Formula we treat the Heisenberg group and the group
SL;,(R). In the former case the trace formula yields a decomposition of the L? -space
of the Heisenberg group modulo a lattice. In the case SL,(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 applications of abstract Harmonic Analysis on the theory of wavelets,
and we include a chapter on p-adic and adelic groups, which are important examples,
as they are used in number theory.

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, [Dei05], or independently, 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 [Dei05]. Using Pontryagin duality, we also obtain
various structure theorems for locally compact abelian groups.

Knowledge of set theoretic topology, Lebesgue integration, and functional 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.

Differences to the first edition: Many details have been changed, new and better
proofs have been found, some assertions have been sharpened and a few are even
new to this book. Section 1.8 and Chap. 13 have not been part of the first edition.
Whilst fitting in the changes, we tried to preserve the numbering of Theorems etc. We
apologize for inconveniences that arise at those places where this was not possible.
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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 1, 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

Bud_ef 1 ifi=j,
“I 7 10 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 introduced. The
existence of a translation invariant measure on a locally compact group, called Haar
measure, is a basic fact that makes it possible to apply methods of analysis to study
such groups. The Harmonic Analysis of a group is basically concerned with spaces
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

(x,y) = xy, X xil,

are both continuous maps.

Remark 1.1.1 It suffices to insist that the map « : (x,y) — x~'y is continuous.
To see this, assume that ¢ is continuous and recall that the map G — G x G, that
maps x to (x, 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 x — (x,e) — x'e = x~!. The multiplication can be written as the map
(x,y) — (x‘l, y) followed by the map «, so is continuous as well, if « is.

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 1
DOI 10.1007/978-3-319-05792-7_1, © Springer International Publishing Switzerland 2014
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Examples 1.1.2

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

The additive and multiplicative groups (R, +) and (R*, x) of the field of real num-
bers 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”z-topology from the
inclusion GL,,(R) € M,,(R) = R”z, where M,,(R) denotes the space of all n x n
matrices over the reals. As for the proofs of these statements, recall that in anal-
ysis one proves that if the sequences 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 multiplication 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 determinants of sub-matrices of A, therefore the map A +— A~ lis
indeed continuous.

Let A, B C G be subsets of the group G. We write

as

AB={ab:acAbe B} and A '={a"':a€eA},

well as A2 = AA, A3 = AAA and so on.

Lemma 1.1.3 Let G be a topological group.

(a)

(b)

(©)

(d)
(e)
®

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

If U is a neighborhood of the unit, then U~! = {u‘l ‘u€ U} also is a neigh-
borhood of the unit. We call U a symmetric unit-neighborhood if U = U™,
Every unit-neighborhood U contains a symmetric one, namely U N U™,

For a given unit-neighborhood U there exists a unit-neighborhood V with
Vic U.

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

For A C G the topological closure A equals A = (y AV, where the intersection
runs over all unit-neighborhoods V in G.
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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 G. Any set, which is open in the product topology, is a
union of sets of the form W x X, where WX are open in G. Therefore there are
unit-neighborhoods WX with (e,e) € W x X C A.Let V. = WN X. ThenV is a
unit-neighborhood as welland V x V C A, i.e., V% C U. For (d) recall that 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,.z Ab is open since every set
Ab is open. For (f) let x € A, and let V be a unit-neighborhood. Then xV~! is a
neighborhood of x, and so xV~' N A # @. Leta € xV~' N A. Then a = xv~! for
some v € V,s0x = 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
x. Then V = x~!'W is a unit-neighborhood and so is V~!. Hence x € AV~!, so
thereisa € A, v € V with x = av~!. It follows a = xv € xV = W. This means
W N A # (. As W was arbitrary, this implies x € A. O

Lemma 1.1.4 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 x, y € H implies xy~! € H. Let m denote the continuous map
H x H — G given by m(x,y) = xy~'. The pre-image m~'(H) must be closed
and contains the dense set H x H; therefore it contains the whole of H x H, 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. O

In functional analysis, people like to use nets in topological arguments. These have
the advantage of providing very intuitive proofs. We refer the reader to Sect. A.6 for
further details on nets and convergence in general. The next lemma is an example,
how nets provide intuitive proofs.

Lemma 1.1.5 Let G be a topological group. Let A C G be closed and K C G be
compact. Then AK is closed.

Proof Let (xj = ajkj) .o, beanetin AK, convergent in G. 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; = x jk/-fl converges too, with limit in

‘A = A. Therefore the limit of x ; = ajk; lies in AK, which therefore is closed. O

Lemma 1.1.6 Letr G be a topological group and K C G a compact subset. Let U
be an open set containing K. Then there exists a neighborhood V of the unit in G
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such that KV UV K 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 € K choose a unit-neighborhood V, such that xV? C U. By

compactness of K we may find x;,...,x; € K such that K C Ui:l x;Vy, and
K cUl_ Vaxi. SetV =_, Vy. Then KV  Ui_, x; Vi,V C Ui_, xiV2 C U
and similarly VK C U. O

Recall (Appendix A) that a topological space X is a Tj-space if for x # y in X there
are neighborhoods Uy, U, of x and y, respectively, such that y is not contained in U,
and x is not contained in U,. So X is T if and only if all singletons {x} are closed.
The space is called a T,-space or Hausdorff space if the neighborhoods U, and U,
can always be chosen disjoint.

Lemma 1.1.7 Let G be a locally compact group.

(a) Let H C G be a subgroup. Equip the left coset space G/H = {xH : x € G}
with the quotient topology. Then the canonical projectionw : G — G/H , which
sends x € G to the coset xH, is an open mapping. The space G/H is a T|-space
if and only if the group H is closed in G. If H is normal in G, then the quotient
group G/H is a topological group.

(b) For any open symmetric unit-neighborhood V the set H = | -, V" is an open
subgroup.

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

Proof (a) LetU C G be open, then 7 '@ (U)) = UH is open by Lemma 1.1.3 (e).
As a subset of G/H is open in the quotient topology if and only if its inverse image
under 7 is open in G, the map 7 is indeed open. So, for every x € G the set G ~\ xH
is mapped to an open set if and only if H is closed. This proves that singletons are
closed in G/H, if and only if H is closed.

Now suppose that H is normal in G. One has a canonical group isomorphism
(G xG)/(Hx H)y— G/H x G/H and one realizes that this map also is a home-
omorphism, where the latter space is equipped with the product topology. Consider
the map o : G x G — G and likewise for G/H. One gets a commutative diagram

GxG——5 G
|

G/H x G/H — G/H.

AsG/H xG/H = (G xG)/(H x H), the map « is continuous if and only if the map
G x G — G/H is continuous, which it is, as & and the projection are continuous.

(b) Let V be a symmetric unit-neighborhood. For x € V" and y € V™ one has
xy € V" and as V is symmetric, one also has x~! € V", so H is an open
subgroup.
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(c) Let H be an open subgroup. Writing G as union of left cosets we get G \ H =
UgeG\H gH.As H isopen,sois gH forevery g € G. Hence the complement G\ H,
being the union of open sets, is open, so H is closed. O

Proposition 1.1.8 Let G be a topological group. Let H be the closure 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 T;- space.

(b) Every continuous map of G to a Ti-space factors over the quotient G/H.

(c) Every topological group, which is T, is already T, i.e., a Hausdor{f space.

Proof We prove part (a). The set H is a normal subgroup by Lemma 1.1.4. The last
assertion follows from Lemma 1.1.7 (a).

For part (b) let x € G. As the translation by x is a homeomorphism, the closure of
the set {x} is the set xH = Hx. So,if A C G is aclosed set,then A = AH = HA.
Let f : G — Y be a continuous map into a Tj-space Y. For y € Y the singleton {y}
is closed, so f~!({y}) is closed, hence of the form AH for some set A C G. This
implies that f(gh) = f(g)forevery g € Gandeveryh € H.

To show part (c), let G be a topological group that is 7;. Let x # y in G and set
U = G~ {xy~!}. Then U is an open neighborhood of the unit. Let V be a symmetric
unit-neighborhood with V2CcU.Then VN Vx y‘1 = ¢, for otherwise there would
bea,b € V witha = b’lxy’l, SO xy’1 = ab € V2, a contradiction. So it follows
that Vx N Vy = @, i.e., Vx and Vy are disjoint neighborhoods of x and y, which
means that G is a Hausdorff space. m|

The following observation is often useful.

Lemma 1.1.9 Suppose that ¢ : G — H is a homomorphism between topological
groups G and H. Then ¢ is continuous if and only if it is continuous at the unit 1¢.

Proof Assume that ¢ is continuous at 1. Let x € G be arbitrary and let (x;) be
a net with x; — x in G. Then x’lxj — x'x = 15 and we have qb(x)’l(p(xj) =
qb(x"xj) — ¢(1g) = 1y, which then implies ¢(x;) — ¢(x). Thus ¢ is continuous.

O

Notation In the preceding proof we have used the notation x; — x indicating that
the net (x;) converges to the point x.

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.
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Note that by Proposition 1.1.8, every topological group has a biggest Hausdorft quo-
tient group, and every continuous function to the complex 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 Hausdorff space X, every point has a
neighborhood base 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) Fora 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.

(c) The union of countably many open o-compact subgroups generates an open
o -compact subgroup.

Proof For (a)let xH # yH in G/H. Choose an open, relatively compact neigh-
borhood U C G of x with U N yH = @. The set U H is closed by Lemma 1.1.3, so
there is an open, relatively compact neighborhood V of y such that VN UH = @.
This implies VH N UH = {, 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 x € 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 xH in G/H.

To show (b), let V be a symmetric, relatively compact open unit-neighborhood. For
everyn € Nonehas V' = V" c V.V* = V"+! Therefore H = | J, V" =, V".
An iterated application of Lemma 1.1.3 (d) shows that V" is compact, so H is
o-compact. By Lemma 1.1.7 (b), H is an open subgroup.

Finally, for (c) let L, be a sequence of o-compact open subgroups. Then each L, is
the union of a sequence (K,,,‘,-)j of compact sets. The group L generated by all L, is

also generated by the family (Kn, J')n N and is therefore o -compact. It is also open
since it contains the open subgroup L, for any n. O

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.
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Fix a measure space (X, A, u), so A C P(X) is a o-algebra and u : A — [0, o0]
is a measure. One calls u a complete measure if every subset of a p-null-set is an
element of A. If 1 is not complete, one can extend . in a unique way to the o -algebra
A generated by A and all subsets of y-null-sets; this is called the completion of A
with respect to . A function f : X — C will be called p-measurable if f=1(S) lies
in A for every Borel set S C C.

Any measure u : 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 j. A Borel measure w1 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

#A) Y

def | cardinality of A if A is finite
otherwise.

The Lebesgue measure is locally finite; the counting measure is not.
Definition A locally finite Borel measure  on B is called an outer Radon measure if

e wu(A) = infy5 w(U) holds for every A € B, where the infimum is taken over all
open sets U containing A, and

* w(U) = supgy w(K) holds for every open set U, where the supremum is
extended over all compact sets K contained in U.

For the first property one says that an outer Radon measure is outer regular. The
second says that an outer Radon measure is weakly inner regular. 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 Appendix B.2 for a discussion.

Note that for an outer Radon measure p one has u(A) = supg -, u(K) for every
measurable A with ©(A) < oo, where the supremum is taken over all subsets of A
which are compact in X. This is proved in Lemma B.2.1.

Example 1.3.2

* The Lebesgue measure on the Borel sets of R is a Radon measure.

* 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., anon-empty setA 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
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complement. On this o-algebra define a measure p by (A) = 0if A is countable
and ((A) = 1 otherwise. Then p is finite, but not outer regular, since every open
subset U of X is either empty or satisfies u(U) = 1.

The following assertion is often used in the sequel.

Proposition 1.3.3 Let i be an outer Radon measure on a locally compact Hausdorff
space X. Then the space C.(X) is dense in LP () for every 1 < p < oo.

Proof Fix p as in the lemma and let V. C L”(u) be the closure of C.(X) inside
LP = LP(u). Wehave to show V = L?. By integration theory, the space of Lebesgue
step functions is dense in L” and any such is a linear combination of functions of
the form 1,4, where A C X is of finite measure. So we have to show 1, € V. By
outer regularity, there exists a sequence U, D A of open sets such that 1y, converges
to 14 in L?. So it suffices to assume that A is open. By weak inner regularity we
similarly reduce to the case when A is compact. For given ¢ > 0 there exists an open
set U D A with (U \ A) < ¢. By Urysohn’s Lemma (A.8.1) there is g € C.(X)
with 0 < g < 1, the function vanishes outside U and is constantly equal to 1 on A.
Then the estimate

14— gllh =/ g7 dx < w(U N A) <&
U~NA

shows the claim. O

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

Examples 1.3.4

* The counting measure is invariant on any group.

* For the group (R, +) the Lebesgue measure dx is invariant under translations, so
it is invariant in the sense above.

¢ For the multiplicative group (R*, -) the measure ﬁc—ﬁ is invariant as follows from
the change of variables rule.

Theorem 1.3.5 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.

The existence of an invariant measure can be made plausible as follows. Given an
open set U in a topological group G one can measure the relative sizeof aset A C G
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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 %, where K is a given fixed compact,
should converge as U shrinks to a point. The limit is the measure in question. It is,
however, hard to verify that the limit exists and defines a measure. We circumvent
this problem by considering 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

{x e X: f(x) #0}.
Corollary 1.3.6 Let u be a Haar measure on the locally compact group G.

(a) Every non-empty open set has strictly positive (> 0) measure.
(b) Every compact set has finite measure.

(c) Every continuous positive function f > 0 with fG fx)du(x) = 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 fis 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, i 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~!(0, 00) must be zero,
so it is empty by part (a).

To show (d), let f be an integrable function. It suffices to show thatthe set A = {x €
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 1.1.7 (c). The set A is the union of the
sets A, = {x € X : |f(x)| > 1/n} forn € N, each of which is of finite measure. By
Proposition 1.2.1 (c), 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 D A
with u(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 x H, where x € G ranges over a
set of representatives of G/H. The set U can only meet countably many cosets x H,
since for every coset one has either xH N U = @ or u(xH N U) > 0 by part (a) of
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this corollary. Let L be the group generated by H and the countably many cosets x H
withx HNU # . Then L D U D A and L is o-compact and open by Proposition
12.1 (c). m|

Proof of the theorem Let C.(G) denote the space of all continuous functions from
G to C of compact support.

Definition We say that a map f : G — X to a metric space (X,d) is uniformly
continuous, if for every ¢ > 0 there exists a unit-neighborhood U such that for
x“lyeUoryx~! € Uonehasd (f(x), f(y)< e.

Lemma 1.3.7 Any function f € C.(G) is uniformly continuous.

Proof We only show the part with x 'y € U because the other part is proved simi-
larly and to obtain both conditions, 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, forevery x € G there exists an open unit-neighborhood V, C V such that
yexV, = |f(x)— f(y)| < ¢&/2. Let U, be a symmetric open unit-neighborhood
with Uf C V.. Then the sets xU,, for x € KV, form an open covering of the
compact set KV, so there are xy,...x, € KV suchthat KV C x;U; N---Nx,U,,
where we have written U; for Uy;-LetU = U, N---NU,. Then U is a symmetric
open unit-neighborhood. Let now x,y € G withx 'y e U.Ifx ¢ KV, theny ¢ K
as x € yU™! = yU C yV. So in this case we conclude f(x) = f(y) = 0. It
remains to consider the case when x € K'V. Then there exists j with x € x;U;, and
soy € x;U;U C x;V;. It follows that

£
2

=£¢&

f() = fODII = 1) = fapl+ 1)) = fFO < §+

as claimed. O

In order to prove Theorem 1.3.5, we use Riesz’s Representation Theorem B.2.2. 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 /(L. f) = I(f) holds
for every x € G and every f € C.(G), where the left translation is defined by
L,f(y) dzdf (x‘ly) . Likewise, the right translation is defined by R, f(y) déff(yx).
Note that L,, f = L, L, f and likewise for R.

Definition We say that a function f on G is a positive function if f(x) > 0 for
every x € 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 € CI(G) with g # 0 there are finitely
many elements s; € G and positive numbers c; such that for every x € G one has
fix) < Z;l':l c jg(sj_lx). We can also write this inequality without arguments as

f< Z?:] cjLy;g. Put
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of . . there are s; € G
(f : ) Einf cit .
fe ; 77 suchthatf <37 c;Lyg

Lemma 1.3.8 For f, f1, f2,8,h € CH(G) withg,h #0,c¢ > 0and y € G one has

(@) (Lyf:g) = (f:g) sotheindex is translation-invariant,
®) (fi+ fr:8) <(fi:8)+(fr:g), sub-additive,

(©) (cf : g) =c(f,g), homogeneous,

@ fi<fo = (fi:g <(f2:g) monotonic,

e (f:h)=(f:8)g:h),

) (f:g) > "L here max f = max{f(x): x € G}.

max g’

Proof We only prove (e) and (f), as the other assertions are easy exercises. For (e)
assume f < Zj ciLs,;gand g < ), djL,yh. Then f < Zj > ¢jdi Ly, h, which
implies the claim. For (f) choose x € G with maxf = f(x). Then maxf = f(x) is

less than or equal to ) ; ;¢ (sj_lx) <) ;cjmaxg. |
Fix a non-zero fy € C(G). For f,¢ € CH(G) with ¢ # 0 let

(f:¢)

J(f, )= J(f ) = .
(f.¢)=Jn(f.9) )

Lemma 1.3.9 For f,g,¢ € CH(G) with f,¢ #0,¢ > 0and s € G one has

@ gy < J(f.9) < (f : fo),

(b) J(Lsf ¢)=I(f.9),

© J(f +8.¢) < J(f.d)+ (g 9),
) J(cf.d) =cI(f.9).

Proof This follows from Lemma 1.3.8. o

The map J (-, ¢) will approximate the Haar-integral as the support of ¢ shrinks to {e}.
Directly from Lemma 1.3.9 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 1.3.10 Let fi, f> € C:F(G) and ¢ > 0. Then there is a unit-neighborhood
Vin G such that

J(f1.0) + I (f2.0) = J(fi + f2.0) +¢)
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holds for every ¢ € CI(G) ~ {0} with support in V.

Proof Choose f' € CH(G)suchthat f’ = 1 on the support of f; + f>. Lete,§ > 0
be arbitrary. Set

=£, h2=ﬁ,
f f

where we set i1;(x) = 0if f(x) =0.Then h; € C}H(G) for j = 1,2.

f=hn+nhH+8f h

According to Lemma 1.3.7, every function in C.(G) is left uniformly continuous,
so in particular, for 4; this means that there is a unit-neighborhood V' such that
for x,y € G with x~'y € V and j = 1,2 one has |h;(x) — h;(y)| < 5. Let
¢ € CH(G) ~ {0} with support in V. Choose finitely many s; € G,c; > 0 with
f < > ickLgo. Then qj(sk_lx) # 0 implies |h;(x) — h;(sx)] < 5, and for all x
one has

Fi) = fOR;(x) <Y ek (s 'x) hj(x)
k
=< ;ck(b (sk_lx) (hj(sk) + %) s

sothat (fj : @) < D, crlhj(si) + 5), implying that (f1 : ¢) + (f2 : ¢) is less than
or equal to ), cx(1 + ¢), which yields

J(f1,0) + I (f2.0) = J(f. ) + &)
<J(fi+ fo,0) +8I(f. o)A + o).

For § — 0 we get the claim. a
Lemma 1.3.8(e) together with (f : f) = 1 implies ﬁ < (f : fo). For
f € CHG) ~ {0} let S; be the compact interval [@,(f : fo)]. The space

S déf]_[ ££0 S¢, where the product runs over all non-zero f € CH(G), is com-

pact by Tychonov’s Theorem A.7.1. Recall from Lemma 1.3.9 (a) that for every
¢ € CI(G)~ {0} we getan element J(f, ¢) € Sy and hence an element (J(f, ¢))
of the product space S. For a unit-neighborhood V let Ly be the closure in S of
the set of all (J(f, ¢))s where ¢ ranges over all ¢ with supportin V. As § is com-
pact, the intersection (7),, Ly over all unit-neighborhoods V' is non-empty. Choose
an element (/4,(f)), in this intersection. By Lemma 1.3.9 and 1.3.10, it follows
that I = Iy, is a positive invariant homogeneous and additive map on C1(G). Any
real valued function f € C.(G) can be written as the difference f, — f_ of two
positive functions. Setting I(f) = I(fy) — I(f-), and for complex-valued func-
tions I(f) = I(Re(f)) + iI(Im(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.
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Lemma 1.3.11 Let v be a Haar measure on G. Then for every f € C.(G) the
function s — fc f(xs)dv(x) is continuous on G.

Proof We have to show that for a given sp € G and given ¢ > 0 there exists a neigh-
borhood U of sy such that for every s € U one has ]fG flxs)— f(xso)dv(x)‘ < e&.
Replacing f by Ry, f(x) = f(xsp), we are reduced to the case so = e. Let K be the
support of f, and let V be a compact symmetric unit-neighborhood. For s € V one
has supp(R; f) C KV.Lete > 0. As f is uniformly continuous, there is a symmet-

ric unit-neighborhood W such that for s € W one has | f(xs) — f(x)| < ﬁ For
s € U = W NV one therefore gets
[ 19— rmave) < [ i - fwidve
G KV
< VW(KV)=c¢.
V(KV)
The lemma is proven. O

Suppose now that p, v are two non-zero invariant Radon measures. We have to show
that there is ¢ > 0 with v = cu. For f € C.(G) with fG f@du@) =1,(f)#0

set Dy(s) o f ¢ fas)d v(t)ﬁ. Then the function Dy is continuous by the lemma.

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

L) (g) = fc /G F(5)g(t) dv(t) dus)

= / [ F()gs ' Hdvt)du(s) = [ / Fs)g(s™ ) duls)dv(t)
GJG GJG

= / [ Fs)gls ™ dvt)du(s) = [ / F@s)dv(t) g(s~")dpu(s)
GJG GJG

=1,(f) /G Dy(s)g(s™ " du(s).

Since 1,(f) # 0 one concludes /,(g) = fG Df(s)g(s_l)d,uv(s). Let f/ be another
function in C.(G) with I,,(f") # 0, so it follows fG (Dy(s)— Dfr(s))g(s_l)du(s) =
0 for every g € C.(G). Replacing g with the function g given by g(s) =
18()A(Dp(s~) = Dpr(s~1) one gets [, [(Dy(s) — Dy(s)gls P dpuls) = 0.
Corollary 1.3.6 (¢) implies that(Df(s)—Df/(s))g(s_l) = Oholds forevery s € G.As
g is arbitrary, one gets Dy = D . Call this function D. For every f with I,,(f) # 0
one has [, f(t)du(t)D(e) = [ f(t)dv(r). By linearity, it follows that this equality
holds everywhere. This finishes the proof of the theorem. O
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Example 1.3.12 Let B be the subgroup of GL,(R) defined by

B:{(l );):x,yeR,y;éO}.

Then I(f) = e« [3 f((l ;))dx% is a Haar-integral on B. (See Exercise 1.8.)

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 ¢ f(x)dx, and for the measure of aset 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 L?(G) for the L?-space of G with respect to a
Haar measure, see Appendix B.4. Note that this space does not depend on the choice
of a Haar measure.

Definition Let G be a locally-compact group, and let u be a Haar measure on G.
For x € G the measure u,, defined by ©,(A) = w(Ax), is a Haar measure again,
as for y € G one has u,(yA) = uw(yAx) = u(Ax) = u,(A). Therefore, by the
uniqueness of the Haar measure, there exists a number A(x) > 0 with u, = A(x)u.
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

def

Ifllx =sup|f(x)l.
xeX
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 homomorphism.
(b) One has A = 1if G is abelian or compact.
(c) Fory € G and f € L'(G) one has R,f e LY(G) and

/ R, f(x)dx = / Fley)dx = AG™) / F)dx.
G G G
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(d) The equality fG f(x’l)A(x’l)dx = fG f(x)dx holds for every integrable
function f.

Proof Part (c) is clear if f is the characteristic function 1,4 of a measurable set A. It
follows generally by the usual approximation argument.

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

A@y)u(A) = pyy(A) = n(Axy) = u,(Ax)
= A(Y)u(Ax) = A(Y)Ax)u(A).

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

Continuity: Let f € C.(G) with ¢ = fG f(x)dx # 0. By part (c) we have

1 1
Ay)=~- [ f(xy ") dx=- [ R~ f(x)dx.
C JG c Jo

So the function A is continuous in y by Lemma 1.3.11.

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 R. . 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(x7') A (x7") dx. Then, by part (c),

I(sz)=/ f(z*‘x*l)A(x*‘)dx=f F(x2) YA dx
G G

=AY / FeH Az dx = / FeH A dx = 1().
G G

It follows that 7 is an invariant integral; hence there is ¢ > 0 with I(f) =
c fG f(x)dx. To show that ¢ = 1 let ¢ > 0 and choose a symmetric unit-
neighborhood V with |1 — A(s)| < ¢ for every s € V. Choose a nonzero symmetric
function f € CH(V). Then
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|1 —c|/Gf<x>dx= ’/Gf(X)dx—l(f) S/GIf(X)—f(x")A(x")ldx

:/ F) 1 —ANldx < g/ f(x)dx.
14 G

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

Lemma 1.4.2 For given 1 < p < oo, and g € LP(G) the maps y + L,g and
y > R, g are continuous maps from G to L”(G). In particular, for every ¢ > O there
exists a neighborhood U of the unit such that

”Lyg_g”p < ¢,

el =
Y IRg —gll, < e

The proof will show that L is even uniformly continuous and in case that G is
unimodular, so is R.

Proof Note that by invariance of the Haar integral we have

ILyg — Ligllp = IILi-1y8 = &llp-

so uniform continuity as claimed follows from continuity at 1, which is the displayed

formula in the lemma. Likewise, for the right translation we have || R, g — Rgll, =
A~ HYP|R-1,g — gll, as follows from part (¢) of the theorem. It remains to show
continuity at the unit element.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 suppL,g C UpK.

Let § > 0. By Lemma 1.3.7 there exists a unit-neighborhood U C Uy such that for
y € U, the sup-norm || L,g — gl is less than §.

In particular, for every y € U one has

1
P 1
ILyg —gll, = (/ lg(y~"x) — g(X)I”dX> < dvol(UpK)7.
G

By setting § equal to & /vol(UyK)'/?, one gets the claim for g € C.(G).

For general g, choose f € C.(G) such that || f —g|l, < &/3. Choose a unit-
neighborhood U with ||f — L, fll, < &/3 for every y € U. Then for y € U
one has

e € ¢
lg —Lyglly =llg— fllp +If —Lyfllp +ILyf —Lygllp < 3 + 3 + 3=¢
In the last step we have used ||L, f — Lygll, = Il f — gll», i.e., the left- invariance

of the p-norm. This implies the claim for the left translation. The proof for the right-
translation R, is similar, except for the very last step, where instead of the invariance
we use the continuity of the modular function and the equality ||R, f — R, gll, =

A(y™) YPIf =gl »» which follows from part (c) of the theorem. 0
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Example 1.4.3 Let B be the group of real matrices of the form ((l) ’;) with y # 0.
Then the modular function A is given by A ((1, §) = |y| (See Exercise 1.8).

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

(a) There exists x € G such that the singleton {x} has non-zero measure.
(b) The set {1} has non-zero measure.
(c) The Haar measure is a multiple of the counting-measure.

(d) G is adiscrete 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) = ), vol({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 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 1.3.6. O

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 1f Gis compact, it has finite volume by Corollary 1.3.2. 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 71U, ..., 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 NxK # ¢. This means that G = K K !, 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 a locally compact Hausdorff space by Proposition 1.2.1. For f € C.(G) let
FHEx) & f y J(xh)dh. For any x the function mapping % to f(xh) is continuous
of compact support, so the integral exists.
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Lemma 1.5.1 The function f liesin C.(G/H), and the support of f is contained
in (supp(f)H)/H. The map f — ¥ from C.(G) to C.(G/H) is surjective.

Proof Let K be the support of f. Then K H/H is compactin G/H and contains the
support of £, which therefore is compact. To prove continuity, let x, € G and U a
compact neighborhood of x. For every x € U, the function 4 +— f(xh) is supported
in the compactset U"' K NH. Putd = ju;(U~'K N H), where 15 denotes the given
Haar measure on H. Given ¢ > 0 it follows from uniform continuity of f (Lemma
1.3.7) that there exists a neighborhood V C U of xg such that | f(xh) — f(xoh)| < 5
for every x € V, from which it follows that

LF7 () — fH o)l < / | f(xh) — f(xoh)|dh < €

U-'KNH
for every x € V, which proves continuity of .

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
pre-image 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
arecy,...c, € Csuchthat C C 7 (K) with K being the compact set Uq U--- Uﬁcn.

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 = g¢/¢p 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

[ =got/p" =3g. 0

Remark 1.5.2 For later use we note that in the proof of the above lemma we also
showed that for any compact set C C G/H there exists a compact set K C G such
that C C 7(K). By passing to 7 ~'(C) N K if necessary, we can even choose K such
that 7(K) = C.

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

Theorem 1.5.3 (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 Ay 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

/ F)dx = / / F(xhydh dox.
G G/HJH
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We will always assume this normalization and call the ensuing measure on G/H the
quotient measure.

The quotient integral formula is valid for every f € L'(G).

The last assertion says that if f is an integrable function on G, then the integral
fAx) = f y J(xh)dx exists almost everywhere in x and defines a v-measurable,
indeed integrable function on G/H, such that the integral formula holds.

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

Proof Assume first that there exists an invariant Radon measure v # 0 on the quo-
tient space G/H. Define a linear functional / on C.(G) by I(f) = fG/H FHE() dv(x).
Then I(f) is a non-zero invariant integral on G, so it is given by a Haar measure. We
write I(f) = [, f(x)dx.For hy € H one gets

AG(ho)[ f(x)dx :/ f(xhg") dx :/ Ryt f(x)dx
G G G

:/ [f(xhhgl) dh dv(x)
G/H JH

— Anho) / f Flxhydhdv(x)
G/H JH

= AH(ho)/Gf(X)dX-

As f can be chosen with fG f(x)dx # 0, it follows that Ag|lyg = Ap.

For the converse direction assume Ag|y = Ay, and let f € C.(G) with f7 = 0.
We want to show that f ¢ S (x)dx = 0. For let ¢ be another function in C.(G). We
use Fubini’s Theorem to get

0://f(xh)¢(x)dhdx:/ /¢(x)f(xh)dxdh
GJH HJG

:/ AG(h’l)/q)(xh’l)f(x)dxdh

H G

:/ / Ap (h7") ¢ (xh™") dh f(x)dx
GJH

=/ f ¢(xh)dh f(x)dx =/¢H(x)f(x)dx.
GJH G

As we can find ¢ with ¢ = 1 on the support of £, it follows that fG fx)dx = 0.
This means that we can unambiguously define a non-zero invariant integral on G/ H
by I1(g) = [; f(x)dx, whenever g € C.(G/H) and f € C.(G) with f# = 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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We want to prove the quotient integral formula for an integrable function f on G.
It suffices to assume f > 0. Then f is a monotone limit of step-functions, so by
monotone convergence one may assume f is a step-function itself and by linearity
one reduces to the case of f being the characteristic function of a measurable set A
with finite Haar measure. We have to show that 1# is measurable on G/ H and that its
integral equals |, ¢ 1a(x) dx. We start with the case of A = U being open. Note that
by Lemma B.3.2 the function g(xH) = supoqui(? f g ®(xh)dh is measurable on
=¢=1u

G/H and coincides with 1/. A repeated use of the Lemma of Urysohn and Lemma
B.3.2 shows the claim for A = U,

/ /lu(xh)dhdx=/ / sup ¢(xh)dhdx
G/HJH G/H J H 0=¢=1y

= sup / /d)(xh)dhdx
0<p<1y JG/H JH

= sup /¢(x)dx=/ sup ¢(x)dx
G G

0=¢=<1y 0=¢=<ly

= / 1y(x)dx.
G

If A = K is a compact set, then let V be a relatively compact open neighborhood of
K. Then 1y = 1y — 1y k. The claim follows for A = K. For general A of finite
measure and given n € N, by regularity and Lemma B.2.1, there are a compact set
K, and an open set U, such that K, C A C U, and w(U, \ K,) < 1/n. We can
further assume that the sequence U, is decreasing and K, is increasing. Let g be the
pointwise limit of the increasing sequence 1%1 and let & be the limit of 1y,. Then
g and h are integrable on G/H, one has 0 < g < 1¥ < h and h — g is a positive
function of integral zero, hence a nullfunction. This means that 121 coincides with g
up to a nullfunction and thus is measurable. One has

/ lg(x)dx = / g(x)dx = lim lgl(x) dx
G/H G/H " JG/H

=lim/ lkn(x)dxzf 14(x)dx. O
e G

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 u 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 = (J72, A; of sets with
1(A;) < oo for every j. If X itself is o-finite, one also says that the measure u is
o -finite.

Corollary 1.5.4 Suppose that H is a closed subgroup of G such that there exists an
invariant Radon measure = 0 on G/H. Let f : G — C be a measurable function
such that the set A = {x € G : f(x) # 0} is o-finite. If the iterated integral
fG/H fH | f(xh)| dh dx exists, then fis integrable.
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Proof It suffices to show that | f| is integrable. So choose a sequence (A;,),en Of
measurable sets in G with finite Haar measure such that A = Uf;l A,,, and define
fu: G — Cby f, = min(|f]| - 14,,n). Then (f,)nen is an increasing sequence
of integrable functions that converges point-wise to | f|. It follows from Theorem

1.5.3 that [, f,(x)dx = fG/H [y fu(xh)dhdx < fG/H Sy | f(xh)| dh dx for every
n € N. The result follows then from the Monotone Convergence Theorem. O

Corollary 1.5.5

(a) If H is a normal closed subgroup of G, then the modular functions Ag and Ay
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, so
(a) follows from the theorem. Part (b) follows from part (a). O

Proposition 1.5.6 Let G be a locally compact group, K C G a compact subgroup
and H C G a closed subgroup such that G = H K . Then one can arrange the Haar
measures on G, H, K in a way that for every f € L'(G) one has

/f(x)dX=//f(hk)dkdh.
G HJK

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 /HN K, where we embed H N K diagonally
into H x K. The group H N K is compact; therefore it has trivial modular function
and the modular function of H x K is trivial on this subgroup. By Theorem 1.5.3
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
[ fxkydx = [, f(x)dx forevery f € C.(G) by Theorem 1.4.1 (c). O

Lemma 1.5.7 Let H be a closed subgroup of the locally compact group G such that
there exists a G-invariant Radon measure on G/H. Fix such a measure. For given
1 <p<oo,and g € LP(G/H) the map y — L,g is a uniformly continuous map
from G to L?(G/H). In particular, for every ¢ > 0 there exists a neighborhood U of
the unit such that

yeU = |Lyg—zgl, < e

Proof The lemma is a generalization of Lemma 1.4.2 and the proof of the latter
extends to give a proof of the current lemma. O
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1.6 Convolution

An algebra over C is a complex vector space .4 together with a map A4 x A — A,
called product or multiplication and written (a, b) +— ab, which is bilinear, i.e., it
satisfies

alb+c)=ab+ac, (a+b)c=ab+ac, Ailab)= (ra)b = a(Ab)
fora,b,c € Aand 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 in addition for
all a,b € A one has ab = ba.

Example 1.6.1

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

» Foraset S the vector space Map(S, C) of all maps from S to C forms a commutative
algebra with the point-wise product, i.e., for f, g € Map(S, C) the product fg is
the function given by (fg)(s) = f(s)g(s) fors € S.

Definition Let G be a locally-compact group. For two measurable functions f, g :
G — C define the convolution product as

7ege0 = [ For0 .
G
whenever the integral exists.

Theorem 1.6.2 If f,g € L'(G), then the integral f % g exists almost everywhere
in x and defines a function in L'(G). The L'-norm satisfies || f * glli < II.f1llgll-
The convolution product endows L'(G) with the structure of an algebra.

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 completed Borel-o-algebra. Let the
function ¥ be defined by ¥(y,x) = f(y)g(y~'x). We write ¥ as a composition
ofthemapa : G x G — G x G; (y,x) — (y,y’lx) followed by f x g and
multiplication, which are measurable. We show that « 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 -algebra, so we
need to know that the pre-image of a null-set is a null-set. This however is clear, as
o preserves the Haar measure on G x G, as follows from the formula
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ffd)(y,X)dxdy:/[d)(y,y”X) dxdy, ¢ €C(G xG),
GJG GJG

and Fubini’s Theorem. Being a composition of measurable maps, ¥ 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 Corollary 1.3.6 (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

ILf gl S/chlf(y)g(fIX)Idydx=/G/G|f(y)g(y71X)Idxdy

=/ f IfOMgldxdy = [l fllvllglh < oo.
GJG

The function ¥ (x, -) is therefore integrable almost everywhere in x, and the function
f * g exists and is measurable. Further, the norm || f * g||; is less than or equal to
foG [V (x,y)ldxdy = || fllillglli. Associativity and distributivity are proven by
straightforward calculations. g

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

Ry(f)(x) = f(xy) and L,(f)x) = f(y"x).

Lemma 1.6.3 For f,g € L'(G)and y € G one has R, (f*xg) = f*(R,g) and
Ly(f*g)=(Lyf)*g.

Proof We compute

Ry(f # g)(x) = /G f@g ('xy) dz= /G f@Ryg (z7'x) dz = [ * (Ryg)(x),
and likewise for L. m|
Theorem 1.6.4 The algebra L'(G) is commutative if and only if G is abelian.

Proof Assume L'(G) is commutative. Let f, g € L'(G). For x € G we have
0=fxgx)—gx* flx)= /G feng (™) — s f (y'x) dy
= /G g (A Hfay™) = f(y7'x0) ay.

Since this is valid for every g, one concludes that A (y™') f (xy™") = f (y~'x)
holds for every f € C.(G). For x = 1 one gets A = 1, so G is unimodular and
f (xy’l) =f (y’lx) for every f € C.(G) and all x,y € g. This implies that G is
abelian. The converse direction is trivial. a
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Definition By a Dirac function we mean a function ¢ € C.(G), which

* s positive, i.e., ¢ > 0,
* has integral equal to one, fG ¢(x)dx = 1,and

* is symmetric, ¢(x ") = ¢(x).

A Dirac family is a family (¢y)y of Dirac functions indexed by the set U of all
unit-neighborhoods U such that ¢y has support inside U. Note that the set ¢/ can
be partially ordered by reversed inclusion which makes it a directed set. So a Dirac-
family is a net, which we also refer to as a Dirac net

Lemma 1.6.5 If ¢ and  are Dirac functions, then so is their convolution product
¢ * . To every unit neighborhood U their exists a Dirac function ¢y such that ¢y
as well ¢y * ¢y have support inside U.

Proof 1If ¢ and i are positive, then so is their convolution product. For the integral
we have [ ¢ * ¥ (x)dx = [, ¢(x)dx [, ¥(x)dx =1 and symmetry is preserved
by convolution. For the second assertion, let U be a given unit neighborhood. Then
their exists a symmetric unit neighborhood W C U such that W? C U as well.
The Lemma of Urysohn (A.8.1) yields a function 7 € C.(G) with 0 #= h > 0 and
supp(h) C W. Set ¢y (x) = h(x) + h (x~") and scale this function so it has integral
one. Then supp(¢y * ¢y) C supp(dy)supp(py) C W2 C U, so ¢y satisfies the
claim. O

Lemma 1.6.6 Let ¢ > 0. For every f € L'(G) there exists a unit-neighborhood U
such that for every Dirac function ¢y with support in U one has

Nfxdu— flli <&, Nouxf—fli <e.

For every continuous function f on G and every compact set K C G there exists a
unit-neighborhood U such that for every Dirac function ¢y with support in U one
has

If*xdu — fllxk <& lgu=f—flx <e,
where || gl k = sup,ex |§(x)I.

In other words this means that the net (¢y * f)y indexed by the set of all unit-
neighborhoods, converges to f in the L' norm if f € L'(G) and compactly
uniformly, if f is continuous.
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Proof Ttsuffices to consider ¢y * f, as the other side is treated similarly. We compute
H@wf—fm=/W/¢meO”ﬂ—f@mhdx
G lJG
< [ [ ounr 7x) = seolayax
GJG

Z/(;¢U(y)||Lyf_f||ldy'

The claim nor follows from Lemma 1.4.2.

For the last statement let f be continuous and let K C G be compact. Since a
continuous function on a compact set is uniformly continuous, for every ¢ > 0 there
exists a unit-neighborhood U, such that for x € K, y~!'x € U one has |f(y) —
f(x)| < e. Let now ¢y be a Dirac function with support in U. Then |¢y * f(x) —

F@I= [oouo " OIf ()~ f@ldy < e U

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 homomorphism

x:A — T,

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

Example 1.7.1

 The characters of the group Z are the maps k — e>™*, where x varies in R/Z
(See [Dei05] Sect. 7.1).

¢ The characters of R/Z are the maps x > e2™k* where k varies in Z (See [Dei05]
Sect. 7.1).

Definition The set of characters forms a group under point-wise 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 f ‘A —C given by

ﬂﬂﬁﬂfmﬂﬁm.

This integral exists as x is bounded.
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Lemma 1.7.2 For f,g € L'(A) and x € A one has | f()| < || fIl1 and Frg=
fé.
Proof The first assertion is clear. Using Fubini’s Theorem, one computes,
f*g(x) = / fg)x(x)dx = / / Fg (y7'x) dy x(x)dx
A AJa
= / ) f g (y'x) x()dx dy
A A

= /A FOxdy /; g0 x()dx = FOOE(X). O

1.8 Limits

In this section we shall give a construction principle for locally compact groups as
limits, i.e., direct and projective limits. The reader mostly interested in developing
the theory may proceed to the next chapter.

We first recall the notion of a partial order on a set I. This is a relation < such that
for all a,b,c € I one has a < a, (reflexivity); a < b and b < a impliesa = b
(antisymmetry); a < b and b < c implies a < c (transitivity).

Definition A directed set is a tuple (I, < ) consisting of a non-empty set / and a
partial order < on I, such that any two elements of / have a common upper bound,
which means that for any two a, b € [ there exists an element ¢ € [ witha < ¢ and
b<ec.

Examples 1.8.1

e The set N of natural numbers is an example with the natural order <. In this
case the order is even linear, which means that any two elements on N can be
compared. Every linear order is directed.

* Let Q2 be an infinite set and let I be the set of all finite subsets of €2, ordered by
inclusion, so A < B < A C B. Then [ is directed, as for A, B € I the union
C = A U B is an upper bound.

* Directed sets are precisely the index sets of nets (x;);¢;.

Direct Limits

A direct system of groups consists of the following data
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e adirected set (1, <),
e afamily (G;);¢; of groups and

* afamily of group homomorphisms ¢ij G — Gj,ifi <,

such that the following axioms are satisfied:

¢/ = Idg, and ¢fog/ = ¢, ifi <j <k
Examples 1.8.2

* Let G be a group and let (G;);<; be a family of subgroups, such that for any two
indices i, j € I there exists an index k € I, such that G;, G; C Gy. Then the G;
form a direct system, if on / one installs the partial order

i<j & G;,CGy,
and if for group homomorphisms ¢ij one takes the inclusions.

* Let X be a topological space, fix xo € X and let I be the set of all neighborhoods
of xo in X. For U € I let Gy be the group C(U) of all continuous functions from
U to C. We order I by the inverse inclusion, i.e., U <V < U D V. The
restriction homomorphisms

oy C(U) — C(V), o5(f)=flv

form a direct system.

Definition Let ((G,'),-e I (q)ij )i< j) be a direct system of groups. The direct limit of

the system is the set

lim G,’ déf]_[ G,‘ / ~,

iel iel
where | [ denotes the disjoint union and ~ the following equivalence relation: For
a€G;andb € G;wesaya ~ b, if thereis k € [ withk > i, j and ¢ (a) = ¢(b).

On the set G = lim G; we define a group multiplication as follows. Let a € G;
and b € G; and let [a] and [b] denote their equivalence classes in G. Then there
is k € I with k > i and k > j. We define [a][b] to be the equivalence class of
the element ¢} (a)¢5(b) in Gy, so [al[b] = [¢(a)¢’(b)]. Some authors also use the
notion inductive limit instead of direct limit.

Proposition 1.8.3 The multiplication is well-defined and defines a group structure
on the set G. This group is called the direct limit of the system (Gi, ¢;) For every
i € I the map
vi: G — |[G; > G
jel

is a group homomorphism.
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The direct limit has the following universal property: Let Z be a group and for every
i € I let a group homomorphism «; : G; — Z be given, such that o; = o} o ¢/
holds if i < j. Then there exists exactly one group homomorphism o : G — Z
making all diagrams

commutative.

Note that in this construction the word “group” can be replaced with other algebraic
structures, like rings. Then one assumes that the structure homomorphisms ¢; are
ring homomorphisms and gets a ring as direct limit.

Proof To show well-definedness, we need to show that the product is independent
of the choice of k. If k' is another element of 7 with X’ > i, j, there exists a common
upper bound [ for k and k’, sol > k, k’. We show that the construction gives the same
element with [ as with k. Then we apply the same argument to k" and /. Note that by
definition for every ¢ € Gy one has [c] = [#;(c)]. Gs ¢ is a group homomorphism,
it follows that

[6f @i ()] = [#; (6@ B)] = [¢r(@f @)y (¢;1))] = [di(@)g}®)].

This proves well-definedness. The rest is left as an exercise to the reader. O
Examples 1.8.4

 Inthe case of the direct system (C(U))y, where U runs through all neighborhoods
of a point in a topological space, one calls the elements of lim C(U) germs of

continuous functions.

* A special example of a direct limit is the direct sum of groups. So let S # (J be
an index set and for each s € S let G, be a group. Let I be the directed set of all
finite subsets of S. For each E € I we let G be the finite product of groups,

Ge=[]G.
seE

For E C F in I we have the natural group homomorphism ¢£ : Gg — GrF
sending x to (x, 1,...,1). The direct limit constructed in this way is called the
direct sum of the groups G and is denoted as

$oa..

ses
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Since all groups G can also be embedded into the product []
that the direct sum is isomorphic to the subgroup of []
elements x with x; = 1 for almost all s € S.

ses Gs we find

+es G consisting of those

1

Definition We say that a direct system ((G,);e/, (d)j )i<j) is a Mittag-Leffler direct
system, if the kernel of the homomorphism ¢>{< stabilizes as k grows. More precisely,
if for every i € I there is a kg > i such that for every k > k( one has

ker(¢f) = ker(,°).
In particular, it follows that ker(y;) = ker (¢f0).

Examples 1.8.5

* The case of a family of subgroups provides an example of a Mittag-Leffler system,
as here the structure homomorphisms are indeed injective.

* The system of germs of continuous functions at a point is in general not a Mittag-
Leffler system.

Definition Suppose that (Gi, ¢>;7 ) is a direct system of topological groups, i.e., each
G; is a topological group and each ¢/ is continuous. Then one defines the direct
product topology on the limit G = lim G; to be the topology generated by the maps

¥ G; — G, i.e.,itis the finest topology that makes all maps G; — G continuous.
Recall that amap f : G — X into some topological space is continuous if and only
if all compositions f o v; are continuous (see Appendix A.5).

Proposition 1.8.6 Ler (G,-, ¢ij ) be a direct system of topological groups with limit
G. Assume that all structure homomorphisms ¢ij are open maps.

(a) The limit G is a topological group, when equipped with the inductive limit
topology. The natural homomorphisms v; : G; — G are open maps.

(b) Suppose that all the groups G; are Hausdorff, then the limit G is Hausdor{f if
and only if each of the kernels of the maps V; : G; — G is closed.

(¢) If the system is Mittag-Leffler and all G; are Hausdorff, then G is Hausdorf{f.

(d) Ifall G; are locally compact groups and ker(y;) is closed for each i € I, then
G is a locally compact group.

Proof (a) A subset U of G is open if and only if the pre-image 1//171(U) C G is
open in G; for every i € I. Since the structure homomorphisms are open, the maps
Y + G; = G are open as well and a set U C G is open if and only if it can be
written as U = Uie[ ¥;(U;) for some open sets U; C G;. We use this to show that
the natural continuous bijection
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11_1:1’1 Gi X Gj - GxG

i
is also open, hence a homeomorphism. As any open subset of the left hand side is a
union of images of open subsets of G; x G, it suffices to show that the image of an
open subset of G; x G; in G x G is open. For this it suffices to assume that the open
set be arectangle, i.e., of the form U; x U; for open sets U; C G; and U; C G;. But
then the images of U; and U in G are open, hence the image of U; x U; in G x G
is open.

We need to show continuity of the multiplication map G x G — G. As G x G
is homeomorphic with the direct limit of the G; x G, it suffices to show that the
compositemap « : G; x G; — G x G — G is continuous, where the second map
is multiplication. Choose some k¥ € I with k > i, j. Then « also equals the map
G; xGj = G x Gy — Gy — G. In the second description the continuity follows
from the continuity of the multiplication map of Gy. The inversion is dealt with in a
similar way. This shows that G is a topological group if all G; are.

(b) Suppose that G is Hausdorff. Then for giveni € [ themap ¢; : G; — G
is continuous, hence its kernel is closed, as it is the pre-image of the closed set
{1}. Conversely, assume all kernels ker(y;) are closed and let y # 1 in G. Then
there exists i € I and y; € G; such that y = v;(y;). Now v; is open, and so
U = ¥;(G; \ ker(y;)) is an open neighborhood of y which does not contain 1.
Therefore, G is Hausdorff.

(c) Now suppose the system is a Mittag-Leffler direct system and that all G; are
Hausdorff. Leti € I and fix kg € I such that H; = ker(¢f) = ker (q)lk °> holds for

every k > ko. Then the closed subgroup H; is also the kernel of v;, so G is Hausdorff
by part (b).

(d) Finally, suppose that all G; are locally compact groups and the kernels ker(v;)
are closed. Then G is Hausdorff by (b), further, as each v; : G; — G is open as well,
a compact unit neighborhood U inside G; maps to a compact unit neighborhood in
G, which therefore is locally compact. a

Examples 1.8.7

e If all G; are open subgroups of a given topological group H with their subspace
topology, then the limit is their union and the limit topology is the subspace
topology as well.

o If (Gi, q&lt" ) is a direct system of discrete groups, then the limit is a discrete, hence
a locally compact group.

* This example shows that the Hausdorff property in the direct limit can fail if
the system does not satisfy the Mittag-Leffler condition. Let V be an infinite-
dimensional Hilbert space and let D # V be a dense subspace of V. Let I be the
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set of all finite subsets of D, for each « € I let V,, denote the (finite-dimensional)
linear span of « and set
G, =V/V,.

We order I by setinclusion, then if &« < f there is a natural projection ¢ : G, —
G g. This family of maps forms a direct system. Each V;, is a Hilbert space, hence
a Hausdorff topological group and the structure maps are open, but the direct
limit, which can be identified with V /D is no longer Hausdorff, indeed, it carries
the trivial topology.

Projective Limits

There is a dual construction to the direct limit, called the projective limit.
Definition A projective system of groups consists of the following data

e adirected set (1, <),
* afamily (G;);¢; of groups and

* afamily of group homomorphisms
7l G;— G, ifi<],

such that the following axioms are met:

k
J

n! = 1dg, and 7/ om

ok i .
; =, ifi <j<k

Note that, in comparison to a direct system, the homomorphisms now run in the
opposite direction.

Example 1.8.8 Let p be a prime number. Let / = N with the usual order. For
neNletG, =2Z/p"Zand form > nletn," : Z/p"Z — 7/ p"Z be the canonical
projection. Then (Gn, n,’,") form a projective system of groups.

Definition Let (G;,7/) be a projective system of groups. The projective limit of
the system is the set
G = limG;
«—

ofalla € [[;.; Gi such that q; = Jrij(a‘,-) holds for every pairi < jin /.
Proposition 1.8.9 The projective limit G of the system (G;) is a subgroup of the
product [];.; G;. Let w; : G — G; be the map given by the projection to the i-th
coordinate. Then 1; is a group homomorphism. The projective limit has the following
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universal property: If Z is a group with group homomorphisms «; : Z — G, such
that o; = 7} o« holds for all i < j in I, then there exists exactly one group

homomorphism « : Z — G, such that all diagrams

Gl<n—!G

N

commute.

As in the case of direct limits, one can replace the word “group” with, say, the
word “ring”. Then one assumes that the structure homomorphisms 7/ are ring
homomorphisms and gets a ring as projective limit.

Proof The proof is left to the reader. g

Definition Again assume that the groups G; in a given projective system are topo-
logical groups and that all structure homomorphisms 7/ are continuous. Then one
equips G = lim G; with the topology induced by the projections p; : G — G; and

calls this the projective limit topology.

Since the topology of the product [[; G; is induced by the projections as well, the
projective limit G carries the subspace topology of the product. Hence the question
of locally compactness is connected to the same question for products.

Lemma 1.8.10 Let [ be an index set and for every i € I let there be given a non-
empty locally compact space X;. Then the product space X = [[,.; X; is locally
compact if and only if almost all the spaces X; are compact.

iel

Proof Let E C I be a finite subset and for each i € E let U; C X; be a subset.
These data define a rectangle

R=R(Uicp)=]]U: x ] Xi.

icE icl\E
A rectangle is open if and only if every U; is open.

By definition of the product topology, every open set is a union of open rectangles.
The intersection of two open rectangles is again an open rectangle. If X #  is
locally compact, there therefore exists a non-empty open rectangle with compact
closure. The closure of a rectangle R((U;);) is the rectangle R((Ui),-), and for this to
be compact, almost all X; must be compact.

The converse direction follows from Tychonov’s Theorem and the simple observation
that a finite product of topological spaces is locally compact if and only if all factors
are locally compact. a
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Proposition 1.8.11 Let (Gi, nij ) be a projective system of topological groups with
limit G. Then G is a closed subgroup of the product [ |; G; and carries the subspace
topology, hence it is a topological group. If all G; are Hausdorff, then G is Hausdorff.
If all G; are locally compact and all but finitely many are compact, then G is locally
compact.

Proof The assertions of this propositions are clear by what has been said above. O

Definition A profinite group is a locally compact group isomorphic to a projective
limit of finite groups.

Example 1.8.12 Let p be a prime number. The profinite group

Zp=limZ/p"Z

is called the group of p-adic integers, see Sect. 14.1.

1.9 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 xK N K # @ for every x € G. Show that G is compact.

Exercise 1.4 Let G be alocally compact group with Haar measure p, andlet S C G
be a measurable subset with 0 < ©(S) < oco. Show that the map x +— (S N xS)
from G to R is continuous.

(Hint: Note that 15 € L2(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) < oco. Show that the set K of all k € G with
w(S NkS) = u(S) is a closed subgroup of G.

Exercise 1.6 Let G be alocally compact group, H a dense subgroup, and u a Radon
measure on G such that u(hA) = w(A) holds for every measurable set A C G and
every h € H. Show that u is a Haar measure.
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Exercise 1.7 Let G be a locally compact group, H a dense subgroup, and p a Haar
measure. Let S C G be a measurable subset such that for each & € H the sets

ASN(GNS) and SN(G\S)

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

(Hint: Show that the measure v(A) = w(A N S) is invariant.)

Exercise 1.8 Let B be the subgroup of GL,(RR) defined by

B:{(l f}):x,yeR,y;ﬁO}.

Show that I(f) = fou fo £ ('})dx% is a Haar-integral on B. Show that the
modular function A of B satisfies: A ( ! ;‘) =yl

Exercise 1.9 Let G be a locally-compact group. Show that the convolution satisfies
fr@@xh)y=(fxgxh fx(@+h)=fxg+ 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 © on G, which is y-quasi-
invariant in the sense that u(xA) = 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 withv(xA) = y(x)v(A)forevery x € G and every measurable A C G/H,
if and only if for every & € H one has x (h)Ag(h) = Ay (h).

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

1(xf).)

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

(a) Show that the product (i, g)(h', g') = (h8h/, gg') gives H x G (with the product
topology) the structure of a locally compact group, called the semi-direct product
HxG.

(b) Show that there is a unique group homomorphism § : G — (0, c0) such that
u(8A) = 6(g)un(A), where g is a Haar measure on H and A is a measurable
subset of H.
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(©) ShowthatfH fCx)dug(x) =46(g) fH f(x)dug(x)for f € C.(H)anddeduce
that § is continuous.

(d) Show that a Haar integral on H x G is given by

//f(h,g)é(g)duﬂ(h)dua(g)-
HJG

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 (v4)4ei, and
equipped with a multiplication vV dzetvgg/. Show that C[G] indeed is an algebra over

C. Show that the linear map v, — 1y, is an isomorphism of C[G] to the convolution
algebra LY(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 further 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 com-
mutative 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 Sect. 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 norm is submultiplicative, i.e., the inequality

lla - bl < llalllibll

holds for all a,b € A. Note that this inequality in particular implies that the multi-
plication on A is a continuous map from A x 4 — A, which means that if (@, ),en
and (b, )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

”anbn - ab” = ”anbn - anb +anb - ab”
< laxllb, — DIl + bl llan — all,

as the latter term tends to zero as n — oQ.
Examples 2.1.1

* The algebra M,,(C) equipped with the norm
lall =) lai |
ij=1

is a Banach algebra.

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 37
DOI 10.1007/978-3-319-05792-7_2, © Springer International Publishing Switzerland 2014



38 2 Banach Algebras

» Foratopological 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|lx = sup,.x | f(x)[.

+ If G is a locally compact group, then L'(G) equipped with || - ||; and the convo-
lution 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

w TV
IT]lop = su .
v20 VIl

The operator T is called a bounded operator if || T ||op < 00. 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).

Definition An algebra A is unital if there exists an element 1 4 € A such that
lga =aly=a foreverya e A.

The element 14 is then called the unit of A. It is uniquely determined, for if 1’
is a second unit, one has 1 4 = 141’y = 1’,. We shall often write 1 for 1 4 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
—_- < Il < -,
=10 = Clrl

In that case, V is complete in the norm ||-|| if and only if it is complete in the norm
I-]I" and both norms define the same topology on V.

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.

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

Proof 1In the situation of the lemma one has ||1]|> > [|[12|| = ||I1], so |1]| > 1.
For a € Alet ||a]|’ be the operator norm of the multiplication operator M,,, which
sends x to ax, so [la||” = sup, laxl “Then ||||” is a norm with ||1]]' = 1. Since

Ixl
llax|| < |lallllx]l, it follows that ||a]’ < [la||. On the other hand one has |a|’ =
SUp, o HIIQ;HH > ”‘Tl'h” = H This shows that |-]| and ||-||" are equivalent. The

inequality ||ab]’ < |la]’||b||’ is easy to show (See Exercise 2.1). a
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Proposition 2.1.3 Let G be a locally compact group. The algebra A = L'(G) is
unital if and only if G is discrete.

Proof If G is discrete, then the function 1y, is easily seen to be a unit of A.
Conversely, assume that 4 = L'(G) possesses a unit ¢ and G is non-discrete. The
latter fact implies that any unit neighborhood U has at least two points. This implies
by Urysohn’s Lemma (A.8.1) that for every unit-neighborhood U there are two Dirac
functions ¢y and vy, both with support in U, such that the supports of ¢y and Yy
are disjoint, hence in particular, ||[¢py — ¥y ||; = 2 for every n € N. The function
¢ being a unit means that we have ¢ * f = f x ¢ = f for every f € L'(G).
There exists a unit-neighborhood U, such that one has ||¢y *¢ — @|l1 < 1 and

Y ¢ —¢lli < 1. Hence 2 = |l¢py — Yulli < llpv — ¢l + ¢ —Yuli <2,
contradiction! Hence the assumption is false and G must be discrete. a

Definition 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 ¢(ab) = ¢(a)p(b). A
topological isomorphism of Banach algebras is a homomorphism with continuous
inverse, and an isomorphism of Banach algebras is an isomorphism ¢, which is an
isometry, i.e., which satisfies ||¢(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 homomorphism of Banach algebras
from C(X) to C(Y). Note that this includes the special case when Y = {x} consists
of a single element. In this case C(Y) = C, and the restriction is the evaluation
homomorphism 8, : C(X) — C mapping f to f(x).

If A is a unital Banach algebra, we denote by A* the group of invertible 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 &’ one
has ' = 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 setof all z € A with |la —z| <.

Lemma 2.1.5 (Neumann series). Let A be a unital Banach algebra, and let a € A
with ||la|| < 1. Then 1 — a is invertible with inverse

(l1-a)'= ia".
n=0

The unit group A* is an open subset of A. With the subspace topology, A* is a
topological group.
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Proof Since |lall < 1 one has Y oo, lla"l < Y o2, llall® < oo, so the series
b =Y, a" converges absolutely in A, and we get the first assertion by computing
(A—ap=(-a)Y 2ga" =Y 2a"—Y o a"! = 1,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 yB;(1) C A* is an open
neighborhood of y, so A* is indeed open.

To show that A is a topological group, it remains to show that the inversion is
continuous on .4*. Note that the map a +— Z;.Lo:o a" = (1 —a)~! is continuous on
B1(0), which implies that inversion is continuous on Bj(1). But then it is continuous
on the open neighborhood yB;(1) C A* of any y € A*. O

Examples 2.1.6

e Let A = M,(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 .4 is open.

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

2.2 The Spectrum o 4(a)

Let A be a unital Banach algebra. For a € A we denote by
Res (a) & {r € C: Al — ais invertible}
the resolvent set of a € A. Its complement,
oa(a) o C~Res(a)

is called the spectrum of a. Since A* is open in .A by Lemma 2.1.5 and since
A = (A1 — 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= M,(C). Then for a € A the spectrum o (a) equals the set of eigenvalues
of a.

* Let X be acompact topological space, and let A = C(X). For f € .Athe spectrum
o (f) equals the image of the map f : X — C.

Lemma2.2.2 Let A be aunital Banach algebra. Then for every a € Athe spectrum
o(a) is a closed subset of the closed ball By, (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. Leta € A, andlet A € C
with [A| > |la||. We have to show that A1 — a is invertible. As |[A"!a| < 1, by
Lemma?2.1.50nehas 1 —A~"'a € A%;itfollowsthatA-1—a = A(1 —A"'a) € A%,
so A € Res(a). O

Definition 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

1
f'@) = Jim - (fG+h) = f2)

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 Leta € A, then the map f : A — (A — a)~! is holomorphic on the
resolvent set Res(a). Here we have written ) for A1 € A.

Proof Let) € Res(a), and let i be a small complex number. Then %( fO+h)— )
equals

E (A+h—a)y ' = —a)")
=%((,\—a)—(x+h—a))()\+h—a)*l(,\—a)*l
=—QA+h—a)y'0—a)

This map is continuous at iz = 0, since the inversion is a continuous map on the
resolvent set by Lemma 2.1.5. m|

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 o be a continuous
linear functional on A, then the function f, : A — « ((a — )»)’1) is entire. As « is
continuous, hence bounded, there exists C > 0 such that |x(b)| < C||b|| holds for
every b € A. For |A| > 2||a| we get

|feW) = la (@ =17") | = mla (1=2""a)™") |
= (Z (" a)”) Z (') |
n=0 =0

| /\

1 2C
—l n - ==
1Al Z” ‘I I?»I <2> Al
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It follows that the entire function f,, is constantly zero by the Theorem of Liouville
[Rud87]. This holds for every «, so the Hahn-Banach Theorem C.1.3 implies that
f :A+> (A —a)~!is the zero map as well, which is a contradiction. O

Corollary 2.2.5 (Gelfand-Mazur). Let A be a unital Banach algebra such that all
non-zero elements a € A are invertible. Then A = C1.

Proof Ifa € ANCI1 we have A1 — a invertible for every A € C. But this means that
o 4(a) = ¥, which contradicts Theorem 2.2.4. O

Definition For an element a of a unital Banach algebra .4 we define the spectral
radius r(a) of a by

r(a) o supf{|r| : 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) < llall and

. 1
r(a) = lim ||a"|».
n—o0

Proof As ||a"|| < |la||” the first assertion follows from the second. We shall show
the inequalities

o LR 1
r(a) <liminf [@"[* <limsup [la"||" < r(a),

which clearly implies the theorem.

For A € o4(a), the equation A"1 — a" = (Al — a) Z?;(l) A a"~1=7 implies that

A" € o4(a™) and hence that |A|" < ||a"|| for every n € N. Thus r(a) < ||a"||% for
every n € N, which gives the first inequality.

To see that lim sup [|a" |7 < r(a) recall (A1 —a)~! = A~!(1 — Ol =3 " e
for |A| > |la||, and hence, as the function is holomorphic there, the series converges
in the norm-topology for every [A| > r(a), as we derive from Corollary B.6.7 applied
toz = %

For a fixed |1| > r(a), it follows that the sequence a” /\,% is bounded in A, so that
there exists a constant C > 0 such that ||a"|| < C|A["*! for every n € N. Taking
n-th roots on both sides and then applying lim sup shows that lim sup ||a” ||»]7 < |A].
Since this holds for every |A| > r(a) we get lim sup ||a” ||% < r(a). O
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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 opla) C o4(a)

for every a € A, where 3o 4(a) denotes the boundary of o 4(a) C C.

Proof 1If a € Ais invertible in A it is invertible in B D A. So Res 4(a) C Resg(a),
which is equivalent to the second inclusion.

To see the first inclusion let A € do 4(a) C o.4(a), and let (1,),cn be a sequence in
Res 4(a) with A, — A. If A € Resg(a), then A 5 (A1 —a)! = (M1 —a)~! € B.
Since A is closed in B we get (A1 —a)~! € A, which implies that A € Res 4(a).
This contradicts A € o 4(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 subalgebra of C(DD) consisting
of all functions that are holomorphic inside . 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 = 9D be the circle group. By the maximum principle
for holomorphic functions, every f € A takes its maximum on T. Therefore the
restriction homomorphism 4 — C(T) mapping f € A to its restriction f|r is an
isometry. So .4 can be viewed as a sub Banach algebra of B = C(T). For f € Aand
) € C the function (A — f)~! is defined in A if and only if A is not in the image of .
Therefore, the spectrum o 4( f) equals the image f(ID). Likewise, considered as an
element of B, the spectrum of f equals og(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,

AL AxC
equipped with the obvious vector space structure and the multiplication
(@, 2)(b, n) = (ab + Ab + pa, Apt)

becomes an algebra with unit (0, 1). If we define ||(a, A)|| = |lall + |A], one easily
checks that A¢ becomes a Banach algebra containing A = A x {0} as a closed
subalgebra of codimension 1. We call A€ the unitization of A.
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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 component-wise.
The isomorphism from A€ to A @ C is given by (a,A) > (@ + 114) D A.

If A is a Banach algebra without unit then we define the spectrum of a € A as

oa@) = oua),

where we identify A4 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.

A very important class of commutative Banach-Algebras without unit is given as
follows:

Definition Suppose that X is a locally compact 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 Cyo(X)
denote the vector space of all continuous functions on X that vanish at infinity.
Then Co(X) is a Banach algebra with point-wise multiplication and the sup-norm
I fllx = sup,cx | f(x)]. Note that Co(X) is unital if and only if X is compact in
which case Cy(X) equals C(X).

Example 2.3.1 As a crucial example we want to compute the unitization Co(X)°.
We recall the construction of the one point compactification, also called Alexandrov
compactification X*°, of the space X. Let oo denote 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
introduces 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 continuous function on X. In this way one can identify Cy(X) with the subspace
of all continuous functions f on X* with f(co) = 0. This ultimately justifies the
notion “vanishing at infinity”.

Lemma 2.3.2 There is a canonical topological isomorphism of Banach algebras
C(X®) = Co(X)e.

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

[ (fs Mlixe = sup [f(x) +A] < Suglf(X)l + (A =11 M-

xeX®

This implies that ¥ is continuous. On the other hand, one has

sup [f(x)+A[ = [f(00) +A] = [A].

xeX®
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Since | f(x)| < |A| + | f(x) + A| for every x, we then get
ICF, M= sup [FOO)l+ Al = 3lY(f, Mllxe.
xeX

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

2.4 The Gelfand Map

In this section we shall always assume that A is a commutative Banach 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 maximal
ideal space, which is justified by Theorem 2.5.2 below, that sets up a bijection
between A 4 and the set of maximal ideals of A. The elements of A 4 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 € A4, 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

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

» Let A= L'(A), where A isan LCA-group. Let x € A, then the mapm, : A — C
defined by

my(f) = f(x) = /A FE)x(x)dx

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

mf(a,)) = m(a) + A.

A multiplicative functional of .4¢ that is not extended from .4 must vanish on A,
and hence it must be equal to the augmentation functional ms, of A° given by
Meo(a,A) = A. Thus we get

Age={m®:me Ay} U {my}.

We now want to equip A4 with a natural topology that makes A 4 into a locally
compact space (compact if 4 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 ||| = sup .y (o “"“(VV“)'
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Lemma 2.4.2 Suppose that A is a commutative Banach algebra. Let m € A 4. 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 @ — m(a)1 is not invertible in A, so that m(a) € o(a). Since
o(a) C By (0), this implies that |m(a)| < ||la| for every a € A. By m(1) = 1 we
see that m is continuous with ||m| = 1.

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

It follows from the lemma that A4 € B’ C A’, where B’ = {f € A" : || f|| < 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 {3, : v € V} with
8, : V' = C; a — a(v). It is the topology of point-wise convergence, i.e., a net
(oj); in V' converges to & € V' in the weak-* topology if and only if o/;(v) — «(v)
forallve 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

=, def

B = {feVi:lfl=ncV

equipped with the weak-*-topology is a compact Hausdorff space.

Proof RecallD ={z e C:|z] <1}.Fora € B’ andv € V one has |a(v)| < |v|,
so «(v) is an element of the compact set D ||v||. So one gets an injective map

B = []Divl

veV

o — (a(v)),.

Note that the product space on the right is Hausdorff and compact by Tychonov’s
Theorem A.7.1. 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 x of the product space lies in B’ if and
only if its coordinates satisfy x,.,, = x, + x,, and x;, = Ax, forall 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 A 4 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 g4 — A_ye that maps m to m¢ is a homeomorphism onto its image.
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Proof & is clearly injective. Since the weak-*-topology is the topology of point-
wise convergence, we only have to check that a net (m,), converges point-wise
tom € A, if and only if (mf,)v converges point-wise to m°. But it is clear that
mé(a,r) = my(a)+ A — m(a) + A =m*(a, Ar) if and only if m,(a) — m(a). O

Every a € A defines a function a on the structure space,
a:Ayq— C, m = a(m) = m(a).

The map a +> a is an algebra homomorphism from A to the algebra of continuous
functions on A 4. It is known as the Gelfand transform.

Theorem 2.4.5 (Gelfand Transform). Let A be a commutative Banach algebra.
Then the following hold.

(a) A4 is alocally compact Hausdorff space.
(b) If A is unital, then A 4 is compact.

(¢c) For every a € A the function a on A 4 is continuous and vanishes at co. The
Gelfand transform
A— Co(An); ar>a.

is an algebra homomorphism.

(d) Foreverya € Aonehas ||alla, < |lall, so the Gelfand transform is continuous.

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

f(ab) =limm,(ab) = limm,(a)limm,(b) = f(a)f(b),

which shows that f : A — C is an algebra homomorphism. If 4 is unital, then
f() = lim, m,(1) = 1, we have f # 0, and hence f € A 4. If A is not unital, it
can happen that f = 0. This implies (a) and (b).

For (c) note that, as the topology of A 4 is induced by the weak-*-topology,
the point-evaluation a is continuous by definition. If A 4 is compact, the claim
is clear. Otherwise, the closure of A 4 is A4 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 one has |a(m)| = |m(a)| < ||m|l|lall = |la|l by
Lemma 2.4.2. g

Example 2.4.6 Consider the case A = Cy(X) for alocally compact Hausdorff space
X.Forx € X letm, : A — C be defined by m,(f) = f(x). Then the map x > m,
is a homeomorphism from X to the structure space A 4 (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 m o ¢ # 0 for every m € Ag.
Then

o*: Ag — Ay

mi— moa@

is continuous and is a homeomorphism if it is bijective.

Proof Since point-wise convergence of a net (m;) in Ag implies point-wise conver-
gence 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,r) = (¢(a), 1). Then the map (¢°)* : Age — A 4e, defined by m — m o ¢€, is
a continuous bijection between the one-point compactifications Ag. and A 4. of A 4
and Ap, respectively, which restricts to the map ¢* : Ag — A 4. The result then
follows from the fact that bijective continuous maps between compact Hausdorff
spaces are homeomorphisms. m|

2.5 Maximal Ideals

If Ais an algebra, a linear subspace I C A is called an ideal of A if foreverya € A
onehasal 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, onehas I = M.

Notice that if A is unital, then A* N I = @ for any proper ideal I C A, since if
ae AN I, thenb = ba'a € I forevery b € A, and hence I = A. Since A* is
open in A, it follows that the closure 7 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 maximal ideal of A. Every maximal ideal is closed. Finally, if A is
commutative, then every non-invertible element of A lies in some maximal 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 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 = a.A consisting of all elements of the form aa’ fora’ € A,
is an ideal that contains a. It does not contain 1, as A is not invertible; therefore it is
a proper ideal. a

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

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

la + 1| =inf{|la+d| :d eI}
and with multiplication given by (a + I)(b + I) = ab + I (See Proposition C.1.7).

Theorem 2.5.2 Let A be a commutative unital Banach algebra.

(a) The map m — ker(m) = m~'(0) is a bijection between A 4 and the set of all
maximal ideals of A.

(b) An element a € A is invertible if and only if m(a) # 0 for everym € A 4.

(¢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) =
1. As I is a subspace of codimension one, every a € A can be written as ag + A1 for
some ag € I. Then

m(a) = m(ag + A1) = A = n(ag + A1) = 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 [ 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(@)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 € A 4 by part (a). Finally, (c)
follows by putting things together as follows: A given A € Cliesino(a) < a — Al
is 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 € A 4, from which it follows that a — m(a)1 is not
invertible, hence a(m) = m(a) € o(a). ]

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

(@+ by =a*+b*, () =ra*, (ab)* =b*a*,

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

la*ll = llall.



50 2 Banach Algebras

A Banach-*-algebra is called C*-algebra if
la*all = llal®

holds for every a € A. Equivalently, one can say |laa*| = |la]>.

An element a of a Banach-*-algebra A is called self-adjoint if a* = a.
Examples 2.6.1

* 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

ITVI? = (Tv,Tv) = (v, T*TV) < [W|IT*Tv].

2 * .
So, for v # 0, one gets % < % and so, for the operator norm it follows

ITI*> < \IT*T| < IT*|IT]|. This inequality implies |7'| < ||7*|, and by
replacing 7 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.
e Let A = Cy(X) for a locally compact Hausdorft space X. The involution

def

) = fx)

makes this commutative Banach algebra into a C*-algebra as ||f*f| =
SUpex | f*(0) fO)] = supyey [ FOOPP = [LfI1%.

* 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(z) (See Exercise
2.13).

Proposition 2.6.2 Let G be a locally compact group, and let A be the Banach
algebra L'(G). With the involution

@) =Ag (x7") £ (x71)

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*|| =
Il £l for f € A. For the last assertion, we need a lemma.
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Lemma2.6.3 (a) Let X bealocally compact Hausdorffspace andlet xy, . ..,x, € X
pairwise different points. Let Ly, ..., L, € C any given numbers. Then there exists
f € C(G) with f(x;)=Aj foreach j =1,...,n.

(b) Let G be a locally compact group and g € C.(G) with the property that
|/ 80 dy| = [, 18| dy. Then there is 6 € T such that g(x) € 6[0,00) for
everyx € G.

Proof (a) By the Hausdorff property there are open sets U; ; and V; ; fori # j
with X € U,',j, X; € V,‘,j and U,‘)j N V,"j = {. Set Wj = mj;éi Uj’,‘ N V,"j. Then Wj
is an open neighborhood of x; and the sets Wy, ..., W, are pairwise disjoint. By the
Lemma of Urysohn (A.8.1) there is f; € C.(X) with supportin W; and f(x;) = 1.
Set f = A1 fi +---+ A, fu. Then f satisfies the assertion of the lemma.

(b) Let g be given as in the assumption. If [ g(x)dx = 0, then [, [g(x)|dx =0,
so g = 0. So we assume fG g(x)dx # 0. Replacing g by Ag for some A € T, we
can assume |,; g(x)dx > 0. Then

f lg(x)|dx = / g(x)dx =Re (/ g(x)dx> = / Re(g(x))dx.
G G G G

So fG (Jg]—Re(g))(x) dx = 0. Since the continuous function |g| —Re(G) is positive,
it vanishes, hence |g| = Re(g), which means g > 0. O

To prove the proposition assume that L'(G) is a C*-algebra. We show that G = {1}.
By the C*-property one has for every f € C.(G) that

J

[ a6 yroaTay] dx
G
= If = fr = IfI7
= [ [ 86 o iy dx,
¢JG
The outer integrals on both sides have continuous integrands > 0. The integrands

satisfy the inequality <. As the integrals are equal, the integrands are equal, too. So
for every x € G we have

’/GA(x‘ly)f(y)f(x“y)dy’ =/(;A(x‘ly)lf(y)f(x“y)ldy

By the lemma there is, for given x € G, a6 € T such that f(y) f(x~!y) € 0[0, c0)
foreveryy € G.
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Assume now that G is non-trivial. Then there is xo # 1 in G. By the lemma there
is a function f € C.(G) with f(xg) = f(xo_l) =i and f(1) = 1. For x = xo we
deduce

y=1 = fO)fe"y)=ff0qg) =i,

y=x0 = fOfaTy) = fao)f(D) =i

This is a contradiction! Therefore G is the trivial group. a

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 unit if necessary (See Sect. 2.3)
this makes sense also for non-unital algebras and the spectral radius formula r(a) =
lim, o ||@*||'/" holds in general.

Lemma 2.6.4 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) = ||a||.

Proof If a = a* the C*-condition implies that ||a?|| = |la*a|| = ||a||*. By induction
n n F . . n 1

we get ||a®' || = ||la||*" for every n € N. This implies r(a) = lim,_, [|[a* |77 =

llall. o

We should point out that the above result is 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
lall*> = ||la*a|l = 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 .4¢. It is easy to extend the
involution to A¢: Put (a, A)* := (a*,ﬂ . If A is unital, then we saw above that A°¢
is isomorphic to the direct sum A @ C, and it is easily checked that the point-wise
operations and the norm ||(a, A)|| := max{||a||, ||A|} give A & C the structure of a
C*-algebra. When .4 has no unit, the proof becomes more complicated:

Lemma 2.6.5 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 A has no unit. Consider the
homomorphism L : A® — B(A) givenby L, )b := ab+Ab, and define ||(a, A)|| :=
| L a1 llop- To see that this is a Banach algebra norm on A° we only have to check
that L is injective. So let (a,1) € A¢ such that ab + Ab = 0 for every b € A. If
A # 0, it follows that (—j\—‘) b = b for every b € A, and hence that —£ is a unit for
A (See Exercise 2.4). This contradicts the assumption that .4 has no unit. If L = 0,
then ab = 0 for every b € A implies that aa* = 0. But then ||a||?> = |laa*|| = 0.
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The inclusion a + (a,0), A — A° is isometric: since ||ab|| < |la|||p| for all
a,b € Ait follows that || L, 0)llep < lla|l, and the equation [laa*| = lla||? implies
that [|a|| < | L0 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*- condition
(@, 2)*(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 = &)lla, DI < llab + Ab|* = l[(ab + 1b)*(ab + Ab)||
= [|(v*,0)(@*, 1)(a, 2)(b,0)]],
and the latter is less than or equal to
1@, 0)lllI(a, 2)*(a, DI, Ol = li(a, M)*(a, V]|
Since ¢ > 0 is arbitrary, we get the inequalities
@, MI? < llG@, 2) (@, DIl < @, 1) [l1I(@ 1]l
Replacing (a, A) by (a, A)*, this implies equality everywhere. O

Definition If A is a C*-algebra and a € A, we define the real and imaginary part
of a as

1 1
Re(a) = 5 (a + a*) an Im(a) = % (a - a*) .
i
Then Re(a) and Im(a) are self-adjoint with a = Re(a) + iIm(a).

Lemma 2.6.6 If A is a commutative C*-algebra, then m(a*) = m(a) for every
a € Aandeverym € A 4.

Proof Let Abe acommutative C*-algebra. By passing to .A¢ if necessary, we may
assume that A4 is unital. Let m € A 4 and let a € A. Decomposing a € A in its real
and imaginary parts, we may assume that a = a*. We want to show m(a) € R. For
this write m(a) = x +iy with x, y € R. We have to show that y = 0. Put q, Sa+it.
Then we geta’a, = (a—it)(a+it) = a*+1* and it follows m(a,) = x +i(y+1). So

for every t € R we have x* + (y +1)* = |m(a)|* < |l |* = llaja;|| = la*> + 2| <
llal|*> + 2, from which it follows that x> + y*> 4+ 2yt < |la|® for every ¢ € R. But
this is possible only if y = 0. O

Theorem 2.6.7 (Gelfand-Naimark). If A is a commutative C*-algebra, then the
Gelfand transform a v~ a is an isometric *-isomorphism

A =5 Co(A).

So in particular, one has ||a||a, = |a| and a* = Zfor every a € A. Finally, the
space A 4 is compact if and only if A is unital. In this case the Gelfand transform
gives an isomorphism A = C(A ).
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Proof We show that in case of a C*-algebra the Gelfand map is isometric with dense
image. This will imply that A = {a : a € A} is a complete, hence closed, dense
subalgebra of Co(A 4), and hence A = Cy(A 4). For a € A, using Theorem 2.5.2
and Lemma 2.6.4 we get [|a]|2, = [|ddlle = lla*alle = r(a*a) = |la*a| = |a|?
so indeed the Gelfand transform is an isometric map. It remains to show that the
image is dense. The image of the Gelfand map A = {a : a € A} C Co(Ay)
strictly separates the points of A 4: if mi,my € A4 such that a(m,) = a(m,) for
every a € A, then we clearly get m; = my, and since we require m # 0 for the
elements m € A4, 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/.\IO.I, that A is dense in Cy(A 4) with respect to the supremum-norm
whenever A is invariant under taking complex conjugates, which is the case thanks
to Lemma 2.6.6. Finally, if A 4 is compact, then A = 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 4, and let f be a continuous
function on its spectrum o (@) = Im(a). Then f o a defines a new element of A =
C(A 1), whichwecall f(a). Themap f — f(a)is called the (continuous) functional
calculus for a.

The functional calculus is one of the most important tools in functional 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 a 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 .4 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 following remarkable
consequence of the spectral radius formula:

Lemma 2.7.1 Let ® : A — B be a x-homomorphism from the Banach-*-algebra
A into the C*-algebra B. Then ||®(a)|| < |a| for every a € A. In particular, the
map ® is continuous.

Proof Adjoining units to A and 5 and passing to ®¢ : A¢ — B¢ given by ®(a, 1) =
(®(a), A) if necessary, we may assume without loss of generality that A, 3 and ® are
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unital. Let a € A. Since op(®(a*a)) C o4(a*a), it follows from the C*-condition
I16*b|| = ||b]|? on B and Lemma 2.6.4 that | ®(a)||> = || P(a*a)| = r(P(a*a)) <
r(a*a) < |la*a| < |a|>. .

Lemma2.7.2 Let A C B be unital C*-algebras and let a € A be a normal element.
Then o 4(a) = op(a).

Proof One has C*(1,a) C A C B and therefore o¢c«14)(a) D oa(a) D op(a). So
it suffices to show that o¢c+(1 4y C o(a). We can replace the algebra 4 with C*(1, a)
and therefore assume that .4 is commutative. In a first step we also assume B to
be commutative. Restriction of multiplicative functionals defines a continuous map
res : Ap — A 4. Define res* : C(A4) — C(Ap) by res* f(m) = f(res(m)). We
get a commutative diagram

~

ClAn)—— A

*
res JV

C(AB).;—> B,

whose horizontal arrows are isomorphisms by the Gelfand-Naimark theorem. It
follows that res* is injective, hence res must be surjective. So o 4(a) = a(Ay) =
a(res(Ap)) = a(Ap) = op(a).

We finally consider the general case, i.e., now B is no longer restricted to be commu-
tative. Let A € C with A ¢ og(a). We have to show A ¢ o 4(a). The element a — A
is invertible in B. Put b = (@ — »)~! € B. Then b commutes with a and a*, so the
C*-algebra C = C*(1,a, b) generated by 1, a, b is commutative and A ¢ o¢(a). By
the first part we get oc(a) = o 4(a). O

Theorem 2.7.3 Let A be a unital C*-algebra and let a € A be a normal element.
Then there exists exactly one unital *-homomorphism

®,:C(o(a)—> A

with the property that ®,(1d) = a. We write f(a) = ®,(f). Then ®, is isometric
and the image of ®, is C*(a, 1). If A is commutative, then ®,(f) = f oa.

If A=C*(1,a), thena : A4 — o(a) is a homeomorphism.

If f : o(a) — Cisgiven by apower series f(z) = ZZOZO a,(z—z0)" which converges
uniformly on o (a), then f(a) = Z;o:o a,(a—zo1)", andthe series converges in norm.

Proof For the uniqueness, let ®,¥ : C(o(a)) — A be two unital *-
homomorphisms with ®(Id) = W(Id) = a. Then they agree on all polynomials
in z and zZ, which span a dense subalgebra of C(o(a)) by the Theorem of Stone-
Weierstrall A.10.1. By Lemma 2.7.1 the maps ® and W are continuous, hence they
agree.
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To show existence, let B = C*(a,1) € A denote the abelian unital C*-algebra
generated by a. Let d : Ag — op(a) = o.4(a) denote the Gelfand transform of a.
Then a is surjective by Theorem 2.5.2 and it is also injective, because if m1,my € Ap
with mi(a) = a(m) = a(m,) = my(a), then both characters 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 : Ay — op(a) is a homeomorphism. We then get a unital
isometric *-isomorphism

W : Cop(a)) = C(Ap);W(f) = foa™l,

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

The assertion for a uniformly convergent power series f follows from applying &,
to the polynomials fx(z) = Zﬁ:’:o a,(z — z0)" and the fact that ®,, is isometric. O

Example 2.7.4 If A = C(X) for some compact Hausdorff space X, the functional
calculus sends an element g € C(a(f)) = C(f(X)) to the function g o f € C(X).
This follows from the uniqueness assertion in Theorem 2.5.2 and the fact that the
homomorphism @ : C(f(X)) - C(X) : P(g) = g o f satisfies d(Id) = f.

Corollary 2.7.5 (a) If a = a* is a self-adjoint element of the C*-algebra A, then
oala) CR.
(b) Let ¥V : A — B be aunital *-homomorphism between C*-algebras andleta € A

be a normal element. Then V(a) is normal and (¥ (a)) C o(a). The diagram

C(o(a)) L) A

St

W(a)

Clo(¥() —
commutes.
In particular, one has f(¥(a)) = V(f(a)) for every f € C(o(a)).

(c) 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, o4(f(a)) = f(oa(a)) and
8(f(a)) = (go f)a) forall g € Cloa(f(a))).

Proof (a) We assume A to be unital. By Theorem 2.7.3 we have f(Id) = a =
a* = f(Id), where Id = Id, ,(4). AS tE: map C(o(a)) — A, that sends f to f(a), is
isometric, hence injective, it follows Id = Id on o(a) and hence o (a) C R.
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(b) The two ways through the diagram give us two unital *- homomorphisms I71;, I, :
C(o(a)) — B. Both maps send the identity Id = Id, , () to ®(a), and therefore they
agree.

Applying part (b) to the functional calculus homomorphism &, : C(o(a)) - A
yields (c) exceptforo4(f(a)) = f(o.4(a)), whereitonly gives “C”. If X isa compact
Hausdorff space then o¢c(x)(f) = f(X). If we apply this fact to the algebra C (o 4(a))
and observe that the spectrum is preserved under isometric *-isomorphisms, we see

that 0.4(f(a)) = 0c+@.)(f(@)) = 0o a@)(f) = floa(a)). U

We now show that injective *-homomorphisms between C*-algebras are automati-
cally isometric.

Corollary 2.7.6 Suppose that the map V : A — B is an injective x-homomorphism
from the C*-algebra A to the C*-algebra B. Then ||V (a)| = |la|| for every a € A,
i.e., W is isometric.

Proof By Lemma 2.7.1 we know that ||V (a)|| < ||la|| 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 A4, 5 and W are unital.

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

lall = 1. Thene & |W(a*a)| = [|[¥(a)|? < |la|? = |la*a]l = 1. So with ¢ = a*a

we have ¢ self-adjoint with o(c) € [ — 1,1] and o(¥(c¢)) C [ — o, «]. It follows
from Lemma 2.6.4 that o(c) contains either 1 or —1. So we can find a function
0 # f € C(o(c)) with f = 0 on o(W(c)). Using the injectivity of W it follows that
0 # ¥(f(c)) = f(¥(c)) =0, a contradiction. O

2.8 Exercises and Notes

Exercise 2.1 Let(V, ||-||) be aBanach 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

def 1TV
||T||0p = Ssup —— < o0
w20 VIl
Show: ||-||op 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 Copenand f : D — V holomorphic.
Show that f is continuous.

Exercise 2.3 Suppose that for an element a of a unital Banach-*-algebra one has
oala*) = oala).
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Exercise 2.4 Suppose that A is a Banach-*-algebra. Show that any left unit is a unit.
In other words, suppose that @ = ea holds for every a in the Banach-*-algebra 4.
Show that e is a unit.

Exercise 2.5 Give an example of a unital Banach algebra A and two elements
x,y € Awithxy = 1, but yx # 1.

Exercise 2.6 Consider the Banach algebra /!(Z) with the usual convolution product.

Show that f*(n) ] f(n) defines an involution on /'(Z) making /' (Z) into a Banach
*-algebra, which is not symmetric, i.e., there exists a self-adjoint element f € / L(z)
such that o (f) ¢ R.

Exercise 2.7 Let (V,||-||) be a Banach space, and let (a,,),cn be a sequence in A.
Show that, if ) |la,|| < 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

X n
def a
expla) £ Y=
n.
n=0

converges and that, fora, b € A withab = 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 4. Suppose
that A is unital and 1 € B. Show that for x € B,

ra(x) =ra(x),

where r 4 is the spectral radius with respect to the algebra .4 and likewise for 5.

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

r(xy) < r(x)r(y), r(x +y) <rx)+r).
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 = ¢, f> = f,and ef = fe.
Show that [le — ]| > 1.

Exercise 2.12 Let A be the disk-algebra of Example 2.2.8.. Show that the algebra
of polynomial functions is dense in 4.

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

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

def

i) =

is a Banach-*-algebra, but not a C*-algebra.
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Exercise 2.14 Let A = Cy(X) for a locally compact Hausdorff space X. For x € X
let my : A — C be defined by m,(f) = f(x). Show that the map x +> m, is a
homeomorphism from X to the structure space A 4.

(Hint: By passing to the one-point compactification reduce to the case when X is
compact. For a given ideal [ in .4 consider the set V of all x € 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.

Exercise2.16 (Wiener’s Lemma) Supposethat f : R — Cisa2m-periodic function
such that

fx)= Zanei"x with Z la,| < oo.

nez nez

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

% = bye™ with ) |b,| < o0.

nez nez

Exercise 2.17 Let A and 5 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
x-homomorphism.

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

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

(a) Show that there exists a unique *-homomorphism ® : Co(o4(a)) — A such
that ®(Id) = a where Id = Id, , (4)-

(b) Show that the x-homomorphism & in (a) is isometric and satisfies
P(Co(o.a(@)) = C*(a).

(Hint: Apply Theorem 2.7.3 to the unitization A° of A.)

Exercise 2.19 Let a be a self-adjoint element in the C*-algebra .A. 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 Leta be any self-adjoint element in the C*-algebra A. Then there exist
unique positive elements a* and @~ such thata = a* —a~ andata™ =a~a™ = 0.
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Exercise 2.21 Suppose that a is a self-adjoint element in the unital C*-algebra A,
and let f(z) = Y -, Bu2" be a power series, which converges absolutely for every

z € oa(a). Then f(a) =Y, Bua".
Notes

It is a pleasure for us to recommend Kaniuth’s book [Kan09] 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 locally 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 L?(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 homomorphism

x:A — T,

where T is the circle group, i.e., the multiplicative group of all complex numbers of
absolute value one. The set A of all characters on A forms a group under point-wise
multiplication

(- W) = x(x) - pu(x),  x €A,
The inverse element to a given x € Als givenby x (x) = ﬁ = x(x). The group

A is called the dual group of A.
Examples 3.1.1

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

 The characters of the additive group R are the maps x, : x + e*™*, where ¢

varies in R. We then get an isomorphism of groups R = R mapping 7 to ;.

Definition In what follows next we want to show that A carries a natural topology
that makes it a topological group. For a given topological space X let C(X) be the

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 61
DOI 10.1007/978-3-319-05792-7_3, © Springer International Publishing Switzerland 2014



62 3 Duality for Abelian Groups

complex vector space of all continuous maps from X to C. For a compactset K C X
and an open set U C C define the set

LK, U) € {feCX): f(K)C U}
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.

Lemma 3.1.2 (a) Let X be a topological space. With the compact-open topology,
C(X) is a Hausdorff space.

(b) A net (f;) in C(X) converges in the compact-open topology if and only if it
converges uniformly on every compact subset of X.

(c) If X is locally compact, then a net (f;) converges in the compact-open topology
if and only if it converges locally uniformly.

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

(e) If C(X) is endowed with the compact-open topology, then each point evaluation
map 8¢ : C(X) — C,; f — f(x) is continuous.

Proof (a) Let f # g in C(X). Choose x € X such that f(x) # g(x), and choose
disjoint open neighborhoods S, T in C of f(x) and g(x). Then the sets L({x}, S) and
L({x}, T') are disjoint open neighborhoods of f and g, so C(X) is a Hausdorff space.

(b) Fixe > 0,let f; — f be anet converging in the compact-open topology and let
K C X be a compact subset. For z € Cand 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(x)). Then U, is an open neighborhood of x and f maps its
closure U, into the closed ball 55/3(.f(x)). As K is compact, there are xq,...x, € K
such that K is a subset of the union Uy, U - - - U U,, . Since closed subsets of compact
sets are compact, the set Ux; N K is compact. Let L be the intersection of the sets
L(l_]xi N K, By./3(f(x;))). Then L is an open neighborhood of f in the compact-open
topology. Therefore, there exists an index jj such that for j > jj each f; lies in L.
Let j > jo and x € K. Then there exists i such that x € U,,. Therefore,

Lfi ) = fFOOl < 1f(0) = fOadl + 1 f (i) = o)

28+8
< —+-=cs.
3 3

It follows that the net converges uniformly on K. The converse direction is trivial.

(c) Let X be a locally compact space and let (f;) be a net in C(X) which converges
to f € C(X) in the compact-open topology, i.e., it converges uniformly on compact
sets. As every x € X has a compact neighborhood, (f;) converges uniformly on
a neighborhood of a given x, hence it converges locally uniformly. Conversely,
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assume that (f;) converges locally uniformly and let K C X be compact. For each
x € K there exists an open neighborhood U, on which the net (f;) converges
uniformly. These U, form an open covering of K, hence finitely many suffice, i.e.,
K cU,U---UUy, forsome xy,...,x, € K.As (f;) converges uniformly on each
U,,, in converges uniformly on K.

(d) If X is compact, the compact-open topology and the sup-norm topology generate
the same set of convergent nets. Therefore they have the same closed sets, so they
are equal. For the last point, (e), let (f;) be a net in C(X) convergent to f. Then
8, (fi) = fi(x) convergesto f(x) = 8;(f), so the evaluation map is continuous. O

By definition, the dual group A'is asubset of the set C (A) of all continuous maps from
A to C. Itis a consequence of Lemma 3.1.2 (e) that A is closed in the compact-open
topology of C(A).

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.

* The compact-open topology on the dual T = Z of T is the discrete topology.
* 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 topological group that is
Hausdorff.
Later we will see that A is also locally compact, i.e., an LCA-group.

Proof We have to show that the map « : AxA— X, that sends a pair (x,7) to
xn~!, is continuous. For two pairs (), 7), (x'n’) and x € A we have

X~ @) — X' n' T @) < x0T ) — x '™ )]
+ 1@ ™ ) = X om0
=In"'@) — T @]+ () — x @,
Let K C A be compact and let ¢ > 0. Then

Br.(xnH={yeA:lly—xnlx <e}

is an open neighborhood of x1~! and sets of this form are a neighborhood base. The

estimate above shows that the open neighborhood Bk . /2(x) x Bk ¢/2(n) of (x,n) is
mapped to Bk .(xn~"), so « is continuous. O

The observation, that the dual group of the compact group T is the discrete group Z
and vice versa, is an example of the following general principle:
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Proposition 3.1.5

(a) IfA is compact, then A is discrete.
(b) IfA is discrete, then Ais compact.

Proof Let A be compact, and let L be the set of all € 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 n € A, the image 7(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 Tychonov’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 < [[,., T induces a homeomorphism of A
onto its image in the product space. Hence A is compact. O

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 canonically homeomorphic to the
structure space Ay 14, of the commutative Banach algebra L'(A). Since this structure
space is locally compact, this will show that the dual group AlisanLCA- group. Recall
that the Fourier transform f : A — C of afunction f € L'(A) is defined as

Foo = /A FOXG dx.

Theorem 3.2.1 The map x v+ d, from the dual group A to the structure space
AL](A) deﬁned by

d,(f) = fQ0

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

It follows that for every f € L'(A) the Fourier transform f is 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).
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Injectivity Assume d, = d,/, then fA F@)(x(x)— x'(x))dx = 0 for every f €
C.(A). This implies that the continuous functions x and x’ coincide.

Surjectivity Letm € Apiy). As C.(A)is dense in L'(A), there exists an element
g € C.(A) with m(g) # 0. For x € A define x(x) = 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(Lxg)m(Lyg) =m(L,g * Lyg) = m(nyg *g) = m(nyg)m(g)~

Dividing by m(g)? and taking complex conjugates, one gets the identity x (x)x (y) =
x(xy), so x is a multiplicative map from A to C*. Let f € C.(A). Then one can
write the convolution f * g as | 4 J (X)L g dx, and this integral may be viewed as a
vector-valued integral with values in the Banach space L'(A) as in Sect. B.6. One
uses the continuity of the linear functional m and Lemma B.6.5 to get

N 1 1
/ fx)x(x)dx = —/ f)m(Lyg)dx = ——m <f fx)Lyg dx)
A m(g) Ja m(g) A

m(f)m(g) = m(f)

1
=m0 T

Let (¢y) be a Dirac net in C.(A). Then ¢y * X converges point-wise to ¥ and so for
x € A and ¢ > 0 there exists a unit-neighborhood U, such that

O] = [u 5 70)| + 6 = '/ Lxc/m(y)x(_y)dy’ +e
A
= (L. = lim 1Lyl +e =1 +e.

As ¢ is arbitrary, we get | x(x)| < 1 for every x € é By x(x™") = x(x)~! we infer
|x(x)| = 1 for every x € A. So the map x lies in A, and the map d is surjective.

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

1FGG) = FOOL < 1F G — Gl +18(x) — 8001+ 1800 — F (X0
& & £
<3t3t3=*

The continuity of the inverse map d " is a direct consequence of the following lemma.
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Lemma3.2.2 Let g € A.LetKbea compact subset of A, and let ¢ > 0. Then there
exist | € N, functions fy, fi,..., fi € L'(A), and § > 0 such that for x € A the
condition |f}(x) — fj(Xo)| < Sforevery j =0,...,Limplies |x(x) — xo(x)| < ¢
foreveryx € K.

Proof For f € L'(A) we have
fGO = fo) = /A FOEOXE) — xo(x)) dx

= / F)x0(0) (x () xo(x) — D dx
A
= Fo(x 7o) = Fo(D).
So without loss of generality we can assume xo = 1.

Let f € L'(A) with f(l) = fA f(x)dx = 1. Then there is a unit-neighborhood U
inA with |L,f — fll1 < &/3 forevery u € U. As K is compact, there are finitely
many xp,...,x; € A such that K is a subset of x;U U ---Ux;U. Set f; = Lx,f

aswellas fy = fandletd = ¢/3. Let x € A with |fj()() — 1| < ¢&/3 for every
j =0,...,1. Now let x € K. Then there exists 1| < j <[ and u € U such that
x =xju € x;U. One gets

X G) — 1] =[x(0) — 1]
< X = x@ LI+ 1 GOX @) = F001 + 1£060 = 1
=11 = OOl + 1L F OO = L, FOOL+ 1£500 = 1
& + & + & .
<3t3zt3=e

where the last inequality uses

ILef (O = L, FOOl < WL f — L, £l = 1Ly, (Lu f — Iy
=Luf = fllh <€/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 multiplica-
tive functionals from C*(A) to the dense subalgebra L'(A) defines ahomeomorphism
between Ac«4) and Aj14). Hence by the results of the previous section, Acx«(y) is
canonically homeomorphic to the dual group A. The Gelfand-Naimark Theorem then
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implies that the Fourier transform on L'(A) extends to an isometric *-isomorphism
between C*(A) and Cy(A). These results 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

Ly )l < ILy@l2ll¥ 12 = IDl2ll¥ll2.
This implies that the integral [, f(y)(L,¢, V) dy exists, and one has the estimate

= If i@l 1l

‘ /A FO(Lyo.v)dy

In other words, the anti-linear map that sends 1 to the integral | A SONLyp, ) dyis
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)¢
in L%(A) such that (L(Ho,¥) = fA SONLy¢, ) dy for every Y € L?*(A). The
above estimate gives [(L(f)¢, ¥)| < I fll1l@ll2[1]l2. In particular, for ¢ = L(f)¢
one concludes [|L(/)pl5 < IIf ¢l L(f)¢ll2, hence [L(F¢lla < [ f1l¢ll2,

which implies that the linear map ¢ +— L(f)¢ is bounded, hence continuous. Note
that for ¢ € C.(G) one has L(f)¢ = f * ¢ by Lemma 3.3.1 below.

Lemma3.3.1 If f € L'(A)and ¢ € L'(A)NL*(A), then L(f)p = fx¢p = dpx f.

Proof Let v € C.(A). Then the inner product (L(f)¢p,y¥) equals
[y FO) [, #(y~"0)¥ (x) dx dy. This integral exists if £, ¢, ¥ are replaced with their
absolute values. Therefore we can apply Fubini’s Theorem to get (L(f)¢, V) =
(f = @, ¥), whence the claim.

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)llop < |l fll1, 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(fxg)p=(f*g)x¢p=fx(g*¢)=L(fIL(,

so L is multiplicative. For ¢, ¥ € C.(A) we get
(fx¢.¥) = /A /A FO$(y "0 (x) dy dx

- / / FOIOFOR dx dy
AJA

_ /A /A SAG- O DYy dy dx
— (6. f* %)



68 3 Duality for Abelian Groups

where we used the transformation x > yx followed by the transformation y > y~!.

This shows L(f*) = L(f)*.

For the injectivity, let f € L'(G) with L(f) = 0. Then in particular f % ¢ = 0 for
every ¢ € C.(A). Using Lemma 1.6.6 this implies f = 0.

Definition We define the group C*-algebra C*(A) of the LCA-group A to be the
norm-closure of (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* : AC*(A) — Apia) given by m > molLisa
homeomorphism. It follows Acsay = A and C*(A) = CO(A)

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

Toprovethis, letm € Api4yand x € Xsuchthatm(f) = f(x)foreveryf e L'(A).
We have to show that m is continuous in the C*-norm, because then it has a gnique
extension to C*(A). For this let ;1o € Ac=(4) be fixed. Then there is xo € A such

that for f e L'(A) the identity f (x0) = mo(f) holds, where we have written
mo(L(f)) = wo(f). For f € L'(A), one has

Wt(f)=/Af(X)mdx=/Af(X)mXo(X)x()(X)dx=Mo(f>'<Xo).

It follows that |m(f)| = |wo(f X x0)l < IIf X Xollca)- So we have to show that for
f € L'(A) the C*-norm of f equals the C*-norm of fn for any € A. As the
C*-norm is the operator norm in B(L?(A)), we consider ¢, € L?*(A), and we
compute

(Lf)d ) = /A D) G Lh, W) dx
- fA Do) f(x) /A S VT dy dx

= [ 1o [ o @y ds
— (L)), )
Putting ¥ = L(1f)$, we get
ILOABIE = (LD, AL = ILOGHINTLOAG .

Since 7L )¢l = Lol it follows [|[L(nf)dll < IL(f)7HP)|l2 and so
the operator norm of L(nf) is less than or equal to the operator norm of L(f). By
symmetry we get equality and the theorem follows. a
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Corollary 3.3.4 Let A be an LCA-group. Then the Fourier transform L'(A) —
Co(A), mapping fto f,is injective.

Proof Let A = L'(A). As Az A4 = Acxa), the Fourier transform is the
composition of the injective maps A — C*(A) — Co(A). O

3.4 The Plancherel Theorem

In this section we will construct the Plancherel measure on the dual group Arelative 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

LX(A) = L%(A).

The proof of the Plancherel theorem will be postponed to the following section,
where it will be shown as a consequence of Pontryagin duality.

Lemma 3.4.1 Let ¢,v € L?(A). Then the convolution integral ¢ * ¥(x) =
fA dONY(y~'x)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

g % ¥lla < Il2ll¥ll2. Finally one has ¢ * ¢*(1) = |$]l5.

Proof With v, also the function L,y* lies in L?*(A), as A is abelian, hence uni-
modular. The convolution integral is the same as the inner product (¢, L, 1*), hence
the integral exists for every x € A. The continuity follows from Lemma 1.4.2 and
the fact that the map L*(A) — C, given by ¥ — (¢, V) is continuous. Next use the
Cauchy-Schwarz inequality to get

||¢*w||A=su§|<¢,wa*)\ < lgl20¥ 2.

Choose sequences (¢,) and (¢,) in C.(A) with ||¢, — &ll2, |¥n — ¥]l2 — 0. Then
it follows from the above inequality that ¢, * ¥, € C.(A) converges uniformly to
¢ * . It follows that ¢ x ¥ € Cy(A) since Cy(A) is complete. The final assertion
¢ * ¢*(1) = ||§]|3 is clear by definition. O

The space C = Cy(A) x CO(X) is a Banach space with the norm
ICfmlls = max (Iflla,Inllz) -

We embed Co(A) N L'(A) into this product space by mapping f to (f, f) and we
denote the closure of Cy(A) N L'(A) inside C by

Ci(A).

This is a Banach space the norm of which we write as || f 5.
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Lemma 3.4.2 Let py and p, be the projections from C to Co(A) and CO(Z), respec-
tively. Then the restrictions of po and p, to Ci(A) are both injective. Hence we can
consider C{(A) as a subspace of Co(A) as well as of Co(A).

Proof Let f € C5(A) and write f, for p.(f) and f for po(f). We have to show
that if one of these two is zero, then so is the other. Let (f,) be a sequence in
Co(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 ¥ € L*(A) the sequence f, * Y converges to f,(v) in
L%(A). If  is in C.(A), then f, x v also converges uniformly to fy * V. So for
every ¢ € C.(A), the sequence ( f, * ¥, ¢) converges to { f*(), ¢) and by uniform
convergence also to ( fy * ¥, ), i.e., we have ( fo(V), ¢) = (fo * ¥, ¢). As this holds
for all Y, ¢ € C.(G), we conclude f, =0 < fy = 0 as claimed. O

A given element f of Cj(A) can be viewed as an element of Cy(A), or of C*(A) =
CO(A) We will freely switch between these two viewpoints 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 ;f .

Forg € C*(A)and ¢ € L%(A) we from now on write L(g)¢ for the element g(¢) 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 = f *, s0 we get f = f*,
and therefore f(1) = f*(1) = f (D). Now suppose f > 0. Then there exists g €
CO(A) C*(A)withg > Oandf = g Let¢ = ¢* € C.(A). Then L(g)¢ € L*(A),
so (L(g)p) x (L(g)p)*(1) = ||L(g)q)||2 > 0. Now g is a limit in C*(A) of a sequence
(gn) in L'(A). We can assume g, = g for every n € N. Using Lemma 3.3.1 we
have

(L(g)P) * (L()¢)" = lim (L(ga)p) * (L(gx)¢)" = lim (g, * §) % (g * )"
=limg, *xd*xp*xg, =limg, xg, xPpx¢
=lim L(gy * 8)(¢ * ) = L(f) @ x @) = [ p % ¢.

We get f *x ¢ x ¢(1) > 0, and therefore f(1) > 0 by Lemma 1.6.6. since we can let
¢ * ¢ run through a Dirac net. m|
Lemma 3.4.4 (a) The space L' (A) * C.(A) is a subspace of Cy(A).

(b) Let f € C*(A), and let ¢, € C.(A). Then L(f)(¢ * ) lies in CZ(A) N L>(A),
viewed as a subspace of Co(A). One has L(f)(¢ * ) = f&tﬁ
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Proof (a)Let f € L'(A) and ¢ € C.(A). Choose a sequence f, € C.(A) such that
lfu — flli = 0. Then f, x¢ € C.(A), and for every x € A we have | f * ¢(x) —
fauxdX)| < I f — full1ll@llco. This shows that f * ¢ is a uniform limit of functions
in Cy(A). Since Cy(A) is complete with respect to || - || 4, the result follows.

For (b) let now f € C*(A). There is a sequence f, € L'(A) converging to f in
C*(A). Then L(f,)(¢ * V) = fn * ¢ * ¢ lies in Cy(A) N L'(A). We have to show
that the ensuing sequence f, * ¢ * v is a Cauchy sequence in C;j(A). This means
that the sequence, as well as its Fourier transform, are both Cauchy sequences in
Co(A) and CO(A) respectlvely Observe first that (f,, * ¢ * w) fn 1/f Now f,Z
converges uniformly on A s0 (f, * ¢ % ¥) converges uniformly to f q&w hence
is Cauchy in CO(A). By Lemma 3.4.1 we conclude that for m,n € N one has
(fin — ) * @ xPlla < (fiw — fu) * @ll2l¥ ||2. The right hand side tends to zero
as m,n grow large, so f, x¢x is a Cauchy sequence in Cy(A). Since L(f)(¢p*¢) €
L?(A), the result follows. O

Lemma 3.4.5 Let (¢y) be a Dirac net in C.(A). Then

(@) (f *¢u) converges to f in C*(A) for every f € C*(A),
(b) (f * ¢dy) converges uniformly to f for every f € Co(A),
() (f *¢y) converges to fin Ci(A) for every f € Cj(A),

(d) (ay) converges locally uniformly to 1 on A.

Proof For (a) observe that the result holds for the dense subspace L'(A) by Lemma
1.6.6. Then a standard ¢/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 Co(A). Then
(c) is a consequence of (a) and (b). For the proof of (d) let C C Abea compact set.
Choose a positive ¢ € CC(X) with ¥ = 1 on C and let f € C*(A) with f = .
Then ||¢A5(/1ﬁ —Y¥llz=Illgu * f — fllop — 0 by (a) and the result follows. O

Lemma 3.4.6 Letn € CC(Z) be real-valued, and let ¢ > 0. Then there are fi, f» €
C5(A)N L2(A), considered as subspace of Cy(A), such that

* the Fourier transforms fl, fz lie in CC(X),

* they satisfy fl <n< fz further ||fl — f2|lg < &, and supp(fi) C supp(n) for
i=1,2,

e aswellas 0 < fo,(1) — fi(1) < &.

In particular, every n € CC(A\) is the uniform limit of functions of the form f with
f € Ci(A) of support contained in supp(n).
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Proof For any Dirac function ¢ in C.(A) one has (ﬁ € C()(X) by Theorem 3.2.1 and
by Lemma 3.4.5 the ensuing function ¢ can be chosen to approximate the constant
1 arbitrarily close on any compact set. Note that the Fourier transform of a function
of the form & % h* is > 0. Let K C A be the support of n. As C.(A) contains Dirac
functions of arbitrary small support, we conclude that for every § > O there exists a
function ¢5 € CF(A) such that the function s = ¢ * ¢} satisfies

1-6§ < 1/}5()() <145 for every x € K.
Fix ¢ € CI(A) such that ¢ = ¢ * ¢* satisfies 1/?()() > 1 for every x € K. Let
f € C*(A) with f = n and set
fir=fxWs — oY), fa=f*Ws +8Y).
According to Lemma 3.4.4, the functions f; and f; lie in the space Co(A) N L?(A).
For every x € A it holds,
H60 = FOOWs00 = 89G0) < nGO < A0

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

Proposition 3.4.7 Let € CC(A\) be real-valued. Then the supremum of the set
() feCia), f=v)

equals the infimum of the set

{f(): f eCiA), f=1)

We denote this common value by 1(1). We extend I to all of CC(Z) by setting I(u +
iv) = I(u) + i1(v), where u and v are real-valued. Then I is a Haar integral on
C.(A).

We write this integral as

KWZAVUWX

Proof Itfollows from Lemma 3.4.3 that the supremum is less or equal to the infimum
and Lemma 3.4.6 implies that they coincide. Thus / exists. It is clearly linear and
it is positive by Lemma 3.4.3. For the invariance let € C (A) be real-valued,
and let f € C5(A) with f < ¢.For x € A we then have L f < L. Further,
fo = Xf as well as x f(1) = f(1). This implies the invariance of /. The proof of
the proposition is finished. g

We close this section with formulating the Plancherel theorem for LCA groups. The
proof will be given as a consequence of the Pontryagin Duality Theorem in the
following section.
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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 € L'(A) N L*(A) one has

Il =1l

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

In the special case of a compact group we derive from this, that the characters form
an orthonormal basis of L?(A).

Corollary 3.4.9 LetA be a compact LCA-group. Then the elements of the dual group
A form an orthonormal basis of L%(A).

Proof According to our conventions, we assume the Haar measure of A to be
normalized in a way that the total volume is one. As A is compact, any continuous
function on A, in particular every character, lies in LZ(A); ‘We show that the characters
of A form an orthonormal system, i.e., that for x,n € A we have

1 x=n,

(X.m) =63y = {0 X £

If x = n, then

<x,n>=/x(X)mdx=/ dx = 1.
AT A

If x # n, then pick xp € A with x(x9) # n(xo). We obtain

X)) = /A X o) dx = /A XG0 dx = n(xo) (6 7).

which implies (x,n) = 0 as claimed. It follows that the Fourier transform of a
character y is the map §, with §,(n) = é, ,,. These maps form an orthonormal basis

of the Hilbert space LZ(X) for the discrete group A. Since the Fourier transform is a
unitary equivalence, the characters form an orthonormal basis of L2(A). a

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 x > 8y, and which is given by
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8 () = x(x).

We call é the Pontryagin map. To see that for each x € A the map y :_ A—>T
is indeed a continuous group homomorphism, and hence an element of A, we first
observe that
Sx(x ) = xm(x) = x()u(x) = 8x(x)dx (1)

forall y,u € A, , which implies that §, is a homomorphism. Since convergence in A
with respect to the compact open topology implies point-wise convergence we see
that if a net x; — x converges in A, then the net 8x(x;) = xj(x) converges to
x (x) = 8,(x), which proves continuity of §, for each x € A.

Examples 3.5.1.

e If A =R we know that R = R via ¢ > X with x;(s) = €™, ThusAwe can
also identify R with its bidual by mapping s € R to a character u; : R — T,

ws(x:) = XS Tt is easy to check that the map pu;, = §; with § : 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 6 : T — T and$ @ Z — Z
transform to the identity maps under the identifications Z = 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.

Proof Note first that the Pontryagin map 6 is a group homomorphism, since §,,(x) =
x(xy) = x(x)x(y) = 8x(x)8y(x). It suffices to show continuity at the unit element

1. So let V be an open unit-neighborhood in A. Then there exists a compact set
K* C A and an ¢ > 0, such that V contains the open unit-neighborhood

Byoy = {a €A lalx)—1] < avXeK*}.

Let L C A beacompact unit-neighborhood. As K* is compact, thereare x; ..., x, €
K* suchthat K* C Br¢p(x1) U+ U Bp¢/2(xn), Where

Br.()={x'"€eA:lx' —xlL <e}.
Forj=1,....nletU; ={x € A:|yx;(x)—1| <8/2}.LetU=iﬂUlﬂ~-~ﬂUn.

Then U is a unit-neighborhood for whichwehave x € U = [x(x) — 1] < & Yy ek+.
So §(U) C V and 4§ is continuous.
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We still have to show that § : A — A is injective. So assume that 1 # x € A with
8y = 13. Then x(x) = 1 for every x € A. Choose g € C.(A) with g(1) = 1 and
g(x~") = 0. Then L,(g) # g, butby Lemma 1.7.2 we havefx—@(x) = x(x)gx) =
g(x) forevery x € A. This contradicts the fact that the Fourier transform is injective
by Corollary 3.3.4. O

Lemma 3.5.3 Let f € C5(A) be such that its Fourier transform lies in Cc(;\\). Then
for every x € A one has f(x) = f (85-1).

Proof One has forx € A,

f(x)=Lx—1f(1)=/XL/rU‘(x)dx =/Zf(x)5x(x)dx —fGen. O

Lemma 3.5.4 For an LCA-group A the following hold.

(a) C.(A) is dense in Cj(A).
b C (A) N {f fecC; (A)DLZ(A)} is dense in CO(A)
(©) CC(A) N {f = CO(A)DLz(A)} is dense in Lz(A).

Proof (a)As Co(A)NL'(A)isdense 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 ||-||4 and ||-||; simultaneously. Let n € N, and let K,, C A be a compact set
with | f| < 1/n outside K,,. Choose a function ¥, in C.(A) with 0 < x,, < 1, which

is constantly equal to 1 on K,,. Set f, = x, f- 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 § : A — A s 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 §(A). By Lemma 3.4.6 applied to
A there exists ¢ € Cg‘(A) which is non-zero such that 1/f is supported in U, i.e.,

it satisfies w(S(A)) = 0. By Lemma 3.5.4, there exists a sequence (f,,) in C;(A)
such that v, o f,, lies in CC(Z) and converges to ¥ in C(’)‘(;\\). The inversion
formula of Lemma 3.5.3 shows that f,(x) = 12/,1(8)(—1) for every x € A. This implies
that the sequence f, tends to zero uniformly on A. On the other hand fn converges
to ¢ uniformly on A. This implies that (f,) is a Cauchy sequence in Cj(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
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We next show that § is a proper map, 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
5(x) =8(x"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 that v, & fn > 0 lies in CC(Z) and converges to ¥ in C{;(X). Fix n
with ||1ﬁ,1 — 1}“; < 1/2. We also have f,(x) = &n(er-l) for every x € A again and,
as fil is in Cy(A), there exists a compact set C C A such that |f’L| < 1/2 outside C.
As v, is > 1/2 on K, it follows that the pre-image of K under 6 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. We show first that
(*) For every compact set L C Y the intersection ¢(7) N L is closed.

For this recall that ¢~'(L) is compact and therefore T N ¢~'(L) is compact and so
d(T)N L = ¢(T N¢~'(L)) is compact and therefore closed.

Now we use () to deduce that ¢(T) is closed. Let y be in the closure of ¢(T).
Let L be a compact neighborhood of y. For every neighborhood U of y one has
UNLNGT) #@,soyisin LNG(T) = LN G(T) C ¢(T). This means that
¢(T) is closed. O

Proposition 3.5.7 The Fourier transform induces an isometric isomorphism of Ba-

nach spaces F CO(A) — C0 (A) with inverse map given by the dual Fourier
def

transform F : C3(A) > Ci(A): F)x) = §(8,1).

Proof Let B be the space of all f € Cg(A) such that f lies in CC(A\). For f € B
we have F o F(f) = f by Lemma 3.5.3. Further, one has

115 = max(| £l 3, £ 1l.a) = max([| £l 2, I1IF o F(f)lla)
= max(| 117, 1 £12) = IFHI;-

As the set F(B) is dense in CO(A) by Lemma 3.5.4, the Fourier transform defines
a surjective isometry from the closure of B to Cj (A) Conversely, this means that
Fis an isometry from CO(A) to Cj(A). Since ]—" Fz 087, where F; denotes

the Fourier transform on A and since Fz i (CO(A)) contains a subset of CC(Z ) that is
dense in C(’)‘(X ) by Lemma 3.5.4, it follows from Pontryagin duality that Fi (Cy (X))

is dense in C5(A). Since it is isometric it must be an isomorphism of Banach spaces
as claimed. m|
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Theorem 3.5.8 (Inversion Formula). Let f € LY(A) be such that its Fourier trans-
form f lies in L'(A). Then f is a continuous function, and for every x € A one
has

FO0) = f3).

Proof Let f € L'(A) with f € L'(A). Then f lies in Co(A) N L'(A), which is a
subspace of Cj (A) By Proposition 3.5.7, there exists g € C(A) with § = f and

glx) = f (8,-1) for every x € A. Since the Fourier transform is injective on C*(A),
we have f = g. O

We are now ready for the proof of the Plancherel Theorem.

Proof of Theorem 3.4.8 Let f € L'(A) N L*(A). By Lemma 3.4.1 one has f x
f* € L'(A) N Co(A). The continuous function = f % f* = | f1? is positive. Let
¢ € C.(A) satisfy 0 < ¢ < h. Then

fzqﬁ(x)dx < fxfr=Ifl13} < .

Therefore h is integrable, so f/>|<?k € L'(A). By Theorem 3.5.8 it follows that
IFI5 = f* (1) = f* f*(1) = |f|2(1) = [ f113. As L'(A) N L(A) is dense

in L?(A), the Fourier-transform f +> f extends uniquely to an isometric linear
map L*(A) — L%(A). By Lemma 3.4.6 the image in L2(A) is dense, so the map is
surjective. o

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

Pr0p051t10n3 5.9 Let ¢,y € L'"(A)NL*(A), and let f = ¢ . Then f € L'(A)
and f el! (A) so the inversion formula applies to f.

Proof We have f /? = qgtﬁ is the point-wise product of L2-functions on X,
hence f eL! (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 relations 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 introduce some further notation: If E is a subset of A we denote by E L the
annihilator of E in A i.e., the set of all characters x € A with x(E) = 1. Similarly,
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if L C ;4\, we denote by L+ the annihilator of LinA,i.e., the setof all x € A such
that y(x) = 1 for every x € L. In short, we have
={X€X:)((x)=1Vx€E}
={xeA:x(x)=1Vx elL}.

It is easy to see that E* is a closed subgroup of X, and l;j- is a closed subgroup

of A. Recall that the Pontryagin isomorphism § : A — A is defined by putting
8x(x) = x(x) 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) Btis lsomorphlc to A/B via x — Y with’{ € A/B defined by X(xB) X(x)
(b) (BH)* =
(c) :4\/BL is isomorphic to B via x - Bt — xl|p.

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

As a direct corollary we get

Corollary 3.6.2 Let B be aclosed subgroup of the LCA-group A. Then the restriction
map resy A—B defined by x + x|p is surjective with kernel A/B

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

1—>B-—5A-5 A/B—1

of LCA groups. The above result then says that the dual sequence
1 — A//\B i) A LN B—1

is also an exact sequence of LCA groups, where for any continuous homomorphism
Y 1 Ay > A, between two LCA groups Aj, Ay, we denote by 1// A, — A the
homomorphism defined by 1//( x)=x oy for x € Az One should not mistake this
notation with the notion of the Fourier transform of a function. Note thatif: : B — A
is the inclusion map, then {(x) = x ot = x|p, so{ = resj.

We now come to Poisson’s summation formula. Recall from Theorem 1.5.3 together
with Corollary 1.5.5 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
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/ /f(xb)dbde:/f(x)dx.
A/B JB A

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 f® € L'(A/B) as fB(xB) = fB f(xb)db.
Then, if we identify A/B with B+ as in Proposition 3.6.1, we get fB = f |gL. If, in
addition, f |pL € L'(BY), then we get

/ Flebydb = f Fooxdy,

for almost all x € A, where Haar measure on BL=A / B is the Plancherel measure
with respect to the chosen Haar measure on A/B. If f? is everywhere defined and
continuous, the above equation holds for all x € A.

Proof For x € B+ wehave x(xb) = x(x)foreveryx € Aandb € B. We therefore
get from Theorem 1.5.3,

J/‘E(X)= fB(xB))_((x)de=/ ff(xb)i(xb)dbde
A/BJB

A/B
= /; f)xx)dx = f(x)

for every x € BL. Moreover, if f |z. € L'(BY) = L'(A/B), then the inversion
formula of Theorem 1.5.3 implies that

/B Febydb = fP(xB) = IP (8, 1)

— Flp (e = fB Fooxm@dy.

almost everywhere. It holds everywhere if, in addition, the defining integral for f2
exists everywhere and f2 is continuous. m|

Example 3.6.4. (The Poisson Summg\tion formulafor R) LetA be the group (R, +)
with the usual topology. Then A = A via the map y — x, where x,(x) = e>my,
Let B be the closed subgroup Z. Then the above identification maps B bijectively to
BL.For f € L'(R) such that f|z € L'(Z), the equality

Y fa+k =) floer

keZ keZ

holds almost everywhere in x, where f x) = fR F(»)e~2™* dy . In particular, define
the Schwartz space S(R) as the space of all C*°- functions f : R — C such that
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for any two integers m,n > 0 the function x” £ (x) 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

D flo =Y fk).
keZ keZ

For applications of this formula to theta series and the Riemann zeta function, see
[Dei05].

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, generates the topology of A.

Exercise 3.2. Show that if an LCA-group A is second countable, then so is its dual A

Exercise 3.3. Letbbethemapb : R — [[,.z T sending x € R to the element
b(x) with coordinates b(x); = ¢*™*. Let B denote the closure of »(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.

(Hint: Use the fact that QQ is dense in R. Show that B is isomorphic to the dual group
of Ryisc, 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 = A x B.

Exercise 3.6. Show that the multiplicative group C* is locally compact with the
topology of C and that -
Cx = Z xR

Exercise 3.7. Let (A;)jc; be a family of discrete groups. Show that there is a
canonical isomorphism
Pa=[]A4

jeJ jeJ
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Exercise 3.8.

(a) Let (Aj, pij ) be a projective system of compact groups. Show that there is a
canonical isomorphism of topological groups,

imA; = limA4,.

(b) Let (B;, dltj ) be a direct system of discrete groups satisfying the Mittag-Leffler
condition. Show that there is a canonical isomorphism

Exercise 3.9. Let A be an LCA group, and let f € L'(A) such that f € LI(X).
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

BY={xeA:xB)=1)
Lt ={xeA:8,(L)=1)}.

Show that B+ is canoniczﬂly isomorphic to 14773, (BHt = B, and Z/BJ- is
canonically isomorphic to B.

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

def

d(X) = x 0.

Show that for any two composable homomorphisms ¢ and ¢ one has m = 1@ oqA&.
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 continuous
group homomorphisms

o B
A— B —»C

such that « is injective, B is surjective, the image of « is the kernel of 8, 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

~ B o~ & ~
C— B — A.
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Exercise A3.13 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 fR e ™ dx = 1 and compute the Fourier transform of

fo)y=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 W) = /R g(x)e* ™ dx.

Exercise 3.15. Let f € S(R) and set g(x) = ) ., f(x + k). Show that g is a
smooth function on R.

(Hint: The estimate | f(x)| < C/(1 + x?) for a constant C shows point-wise con-
vergence. The same holds for the n-th derivative £ instead of f. Now integrate n
times.)

Exercise 3.16. As an application of Theorem 3.6.3, show that for every Schwartz

function f € S(R),
Y =" fk)

keZ keZ

holds, where f(x) = Jo FO e 2y dy.

Exercise 3.17. Let A = R" with Lebesgue measure as Haar measure and identify
R™ with R” via x — 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 € Njj the function

3Ibl f
aop el o ay
xP(f)=x"...x, N
1 e Xn
is bounded, where || = B; + --- + B,. Formulate and prove the analogues of

Exercise 3.14 and Exercise 3.16 in this setting.
Exercise 3.18. (Parseval’s equation) LetA be an LCA group, and let Abe equipped

with the Plancherel measure with respect to a given Haar measure on A. Show that
the equation

(f.g) = /A FOFC) dx = /z FOORCOdX = (. 8)

holds for all f, g € L'(A) N L*(A).
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Exercise 3.19. 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?

Exercise 3.20. 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 p* : C(B) — C(A) be defined by ¢*f = f o ¢, and let ¢, : C(A) — C(B) be
defined by
$.80) = > gla),
a:p(a)=b

where the empty sum is interpreted as zero. Show that for composable homomor-

phisms one has (@), = ¢, and (@Y)* = Y™ o™

Exercise 3.21. For a finite abelian group A let F : C(A) — C (X) be the Fourier
transform. Show that for every group homomorphism ¢ : A — B between finite
abelian groups the diagram

C(A) A

for o

C(B) — C(B)

Exercise 3.22. An LCA-group A is called monothetic, if it contains a dense cyclic
subgroup. Show that a compact LCA-group A is monothetic if and only if its dual
Ais isomorphic to a subgroup of T, where T is the circle group with the discrete
topology.

Notes

In principle, the ideas for the proofs of the Plancherel Theorem and the Pontrya-
gin Duality Theorem given in this chapter goes back to the paper [Wil62] of J.H.
Williamson. However, to our knowledge, this book is the first that exploits the very
natural isomorphism C§(A) = Cj(A).



Chapter 4
The Structure of LCA-Groups

In this chapter we will apply the duality theorem for proving structure 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 € Ny, such that H is a locally compact
abelian group that contains 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 € Ny, and
every compactly generated locally euclidean group is isomorphic to one of the form
R" x Z" x T! x F, for some finite group F and some nonnegative integers 7, m and
1. To prepare the proofs of these theorems, we start with a section on connectedness
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 suchthat X = U UVandUNV =@, thenX =UorX =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
todor 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 A C U UV and
ANUNV = {itfollowsthat A C UorA C V.If Aand B are two connected subsets
of X with non-empty intersection, then the union A U 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 isa
continuous map, then the image of any connected subset of X is a connected subset
of Y (See Exercise 4.1).

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 85
DOI 10.1007/978-3-319-05792-7_4, © Springer International Publishing Switzerland 2014
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If x € X, then the connected component C(x) of x is the union of all connected
subsets 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) = {x} forevery 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).

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

* Every discrete topological space X is totally disconnected.

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

Proposition 4.1.2 Let G be a topological group, and let G be the connected com-
ponent of the unit in G. Then Gy is a closed normal subgroup of G. Moreover, the
coset xGy is the connected component of x for every x € G and the quotient group
G/ Gy is totally disconnected with respect to the quotient topology.

Proof Thesetx Gy isthe image of Gy under the homeomorphism/, : G — G, which
maps y to xy; therefore the set xGy is the connected component of x. If x € Gy,
then xGoN Gy # ¥, and hence xGy = Gy. Since y — y~'and y — xyx~! are also
homeomorphisms from G to G, it also follows that G I = Go and xGox~' = G
for every x € G. This shows that G is a closed normal subgroup of G.

To see that G/ Gy is totally disconnected, we have to show that every subset A C
G/ Gy that contains more then one element, is not connected. Take the inverse image
B = q¢~'(A) C G. Then B contains at least two disjoint cosets xGg, yGo with
x,y € G. Hence, B is not connected. Thus there exist open subsets Wi, W, C G
with BNWiNW, =0, BNW;, £ @fori = 1,2, and B ¢ W; U W,. Then
xGoNW NW, =@, andxGy C W, UW, forevery x € B. Since xGy is connected,
it follows that for each x € B there exists exactly one i € {1,2} with xGoy C W;.
Thus, for V; = q(W;) it follows that Vi, V, are non-empty open subsets of G/ Gy
with ANVIiNV,=0,ANV, #@fori =1,2,and A C VU V,. O

Definition A topological space X is called locally connected, if each point has a
connected neighborhood.
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Lemma4.1.3 (a) IfXisalocally connected space, then every connected component
C(x) is open.

(b) If the topological group G possesses a connected unit-neighborhood, then its
connected component G is open.

Proof (a) Letx € X andlety € C(x). Let U denote a connected neighborhood of
y.As C(x) = C(y), it follows U C C(x) and therefore C(x) is open.

(b) If G has a connected unit-neighborhood U, then every point x has a connected
neighborhood, for example xU. Therefore G is locally connected and the claim
follows from part (a). 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.

Proposition 4.1.4 Let G be a topological group, and let U be a compact and open
neighborhood of the identity e in G. Then U contains a compact and open subgroup
Kof G.

Proof By Lemma 1.1.6, 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 V2 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 = |, V" generated by V lies in U. By Lemma 1.1.7 (b) and (c) 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. O

Definition 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 Every totally disconnected locally compact Hausdorff space X
has a base for its topology consisting of open and compact subsets of X.

Proof 1t is enough to show that for each x € X and each compact neighborhood U
of x there exists an open and closed subset V of X such thatx € V C U. For this
let M denote the set of all y € U such that there exists a relatively open and closed
subset C, C U withy € C, and x ¢ C,. Then M is the union of all such sets. This
implies in particular, that M is relatively openin U.Let A = U ~ M. Thenx € A
and A is closed. We shall show

(a) If W C U isrelatively open in U and WW is a subset of M, then there exists
W D W open and closedin U, suchthat AN W = AN W.

(b) The set A is connected.
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Once this is shown, we conclude that A = {x} since X is totally disconnected. It
then follows that the compact boundary dU = U ~ U of U lies in M and lies in
the union of finitely many sets Cy,,...,Cy,. The set V.= U~ (J'_, C),) is then a
relatively open and closed subset of U that contains x. Since it lies in the interior U
of U, itis also open in X. Thus it satisfies the above stated requirements.

To show (a), let W be as assumed. Then the compact set W~ W can be covered by
finitely many of the open sets C,, hence we get (W ~ W) C C for a set of the form
C=C,U.---UCy, C M.Then C is closed and open in U. We set W=Wwuc.
Since C contains W~ W it follows W U C~: WUC, so W is closed and openin U.
Finally, as C is contained in M, we have W N A = W N A.

To end the proof, we conclude (b) from (a). Let B;, B, be closed (hence compact)
subsets of A such that By N\ B, = ¥ and A = By U B,. We have to show that one of
these sets is empty. Assume that x € By. Since By, B, are compact with BN B, = {J
we may choose a relatively open subset W C U such that B, C W and W N By = ¢
by the Lemma of Urysohn (A.8.1). By (a) there exists W open and closed in U with
B, = W N A. Then x ¢ W and so W C M, which implies B, = (. O

Theorem 4.1.6 (a) Let G be a locally compact group that is totally disconnected.
Then every unit-neighborhood U in G contains an open and compact subgroup of G.

(b) A locally compact group is profinite if and only if it is compact and totally
disconnected.

Proof (a) follows from the Propositions 4.1.4 and 4.1.5.

(b) Let G = lim G; be profinite, then G C []; G; and the product is compact and
totally disconnected, hence the closed subset G is compact and totally disconnected.
For the converse, let G be compact and totally disconnected. By part (a), G possesses
a unit-neighborhood base of open subgroups. By compactness, every open subgroup
U has finite index. Let U be an open subgroup and let N be the kernel of the group
homomorphism G — Per(G/U), where Per(G/U) is the permutation group of the
finite set G/U. As U is open, this homomorphism is continuous, so N is an open
normal subgroup, which is contained in U, since the coset eU is stable undern € N.
Therefore, G has a unit-neighborhood base consisting of open normal subgroups.
Consider the natural map

¢:G — limG/N,
N

where the limit is extended over all open normal subgroups. We claim that ¢ is an
isomorphism of locally compact groups.
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Injectivity Let x € G~ {1}. There exists an open normal subgroup N with x ¢ N.
So x is not equal to 1 in G/N and ¢ is injective.

Surjectivity Lety € limﬁ G/N.Foreach N, let Ay denote the inverse image in G
of yy € G/N. The family of closed sets (Ay) has the finite intersection property, so
there exists an element x in their intersection. This is a pre-image for y.

Continuity Every projection G — G/N is continuous and therefore so is ¢.

Continuity of the Inverse A continuous surjective map ¢ : X — Y between compact
Hausdorff spaces is automatically closed, for the image of compact sets are compact.
O

We will also need the concept of path-connectedness, which we present next.

Definition A topological space X is called path-connected if any two points can be
joined by a continuous path, i.e., if for any two x,y € X there exists a continuous
map p : [0,1] — X with p(0) = x and p(1) = y.

Lemma 4.1.7 (a) Any path-connected space is connected.

(b) A connected topological group having a path-connected neighborhood of the
unit element, is path-connected.

(c) If Kis a compact LCA-group which is connected, then the discrete group K has
no non-trivial elements of finite order.

Proof (a) Let X be a path-connected space and let X = U U V where U and V
are open subsets with U N U = . Suppose U is non-empty and fix a point x € U.
Let y € X be any other point and let p : [0,1] — X be a path with p(0) = x and
p(1) = y. Then [0,1] = p~'(U) U p~ (V) is a disjoint decomposition of the unit
interval into open subsets with p~!(U) # . The unit interval being connected, it
follows that p’l(V) =Pandsoy € U,ie., U = X, so X is connected.

(b) Let G be a connected topological group and U C G a path-connected unit-
neighborhood. The subgroup H generated by U is an open subgroup and as G is

connected, H = G. So any x € G can be written in the form x = xf‘ .- x2n, where
Xi,...,x, € Uand¢g; € {£1}. Let py,..., p, : [0,1] — G be paths connecting
the unit 1 € G to the points xi,...,x,, i.e.,, p;(0) = 1 and p;(1) = x;. Then

p(t) = pi(t)*" --- p,(¢)* is a path connecting 1 € G to x, which means that G is
path-connected.

(c) Let K be a compact LCA-group and let D = K be its dual group. Suppose that
D has a non-trivial element x of finite order, say x" = 1. We have to show that
K is non-connected. Let u, C C be the finite group of n-th root of unity, then the
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continuous group homomorphism K — u, mapping k € K to x(k), is non-trivial
and so x ~!(1) is an open subgroup different from K, so K is non-connected. a

In the proof of the next theorem we shall need the following path lifting lemma.

Lemma 4.1.8 Suppose that A C G is a discrete subgroup of the topological group
G andlet g : G — G/A denote the quotient map. Suppose that o : [0,1] - G/A
is a path, connecting 0 = q(0) to q(x) for some given x € G. Then there exists a
path & : [0,1] — G connecting O to x in G such that c = q o G.

Proof First choose an open unit neighborhood U in G such U N A = @. Then
V = q(U) is an open neighborhood of 0 in G/A and for each y € G the map
q : yU — q(y)V is a homeomorphism. Let o : [0,1] — G/A be as in the
lemma. Then there exists a partition 0 = ) < #t; < --- < 4 = 1 of [0, 1] such
that o ([t;,t;+1]) € o(t;)V forevery 0 < i <[ — 1. We show by induction on j €
{0, ... ,I} that there exists a continuous path ¢ : [0,#;] - G/A withqg o6 =0 on
[0,¢;]. Thisis clear for j = 0, soassumeitis trueforO < j < /. Theno ([tj,tj+1]) C
o(tj))V = q(c(t))U). Since g : 6(t;)U — o(t;)V is a homeomorphism, we find
a continuous map &; : [t;,1;41] — &(t;)U such that g 0 6; = o on [,;1] and
0;(tj) = (tj). Glueing both maps at ¢; gives the desired path s : [0,¢;41] - G. O

Theorem4.1.9 Letthe LCA-group K be compact, path-connected and second count-
able. Then K is isomorphic to a product of countably many circle groups, i.e.,
K =11, T, where T; = T for every i € I and the index set I is countable.

Remark The restriction of second countability in this theorem is required, as Shelah
has shown in 1974 that the question, whether a path-connected compact LCA group
is a product of circle groups, is non-decidable in the context of the usual Zermelo-
Frenkel set theory plus axiom of choice. For details see Theorem 8.48 in [HMO6].

The proof of this theorem requires the concept of a divisible hull of a torsion-free
abelian group which we shall introduce first. For this it is best to write abelian groups
additively, i.e., use the symbol 4 to denote the group law. Fora € A andn € N we
then write

na=a+---+a (n-times).
We further write (—n)a = —na forn € N.
Definition A group G is called torsion-free if it has no elements of finite order. If

the group is abelian and written additively, this means that na = 0 implies a = 0 for
neNanda € A.

An abelian group A is called divisible, if for every a € A and every n € N there
exists b € A such that a = nb. The additive group of rationals, (Q, +), is divisible,
the group (Z, +) is not.
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Lemma 4.1.10 Let the abelian group A be divisible and torsion-free. Then A is a
Q-vector space. More precisely, there exists a unique map Q x A — A making A a
vector space over the field of rationals.

Proof Let A be divisible and torsion-free. We first show that fora € Aandn € N
the element b € A with nb = a is uniquely determined. For this assume that b’ also
satisfiesnb’ = a. Thenn(b—b') =a—a = 0andsob—b" = O whichmeans b = b’.
We then write this element b as b = Illa. We define a map Q x A — A by sending
(%,a) to k (1a). The axioms of a Q-vector space are verified in a straightforward
manner.

For the uniqueness, assume there is a second map (r,a) — r o a making A a vector
space over Q. For k € N we get

koa=04+---+1)oca=a+ --+a=ka.

Nextfork = —1wehavea+ (koa) =loa+(—1)ca=(1—-1)oa=00a=0
and so (—1)oa = —a = (—1)a, so in total we have k o a = ka for every k € Z. For
r= f € Q we finally have

n(roa)=noroa=(nr)oa=koa=ka =nra,

so r o a = ra and the uniqueness is proven. a

Lemma 4.1.11 Let A be a torsion-free abelian group. Then there exists a Q-vector
space Aq, called the divisible hull and an injective group homomorphism ¢ : A —
Ag such that every group homomorphism A — V to a Q-vector space V factors
uniquely over ¢. The vector space Aq is generated by the image of A and is unique
up to isomorphism.

For the reader familiar with the notion of tensor products over rings, the group Ag
can also be defined as the tensor product A ® Q over the ring Z.

Definition We define the rank of a torsion-free abelian group A as the dimension
of the vector space Ag. It may be infinite. If the group is finitely generated, say with
r generators, then A = Z" by Theorem 1.8.4 of [Lan02]. Therefore the rank is finite
and equals the smallest number of generators. On the other hand, there are groups
of finite rank which are not finitely generated as for example the group Q itself has
rank one but is not finitely generated as an additive group.

Proof of Lemma 4.1.11 We define Ag to be the quotient of A x N by the following
equivalence relation. We say (a, m) ~ (b, n) if and only if na = mb. It is easy to see
that this establishes an equivalence relation. We write the class of (a,m) as 7 and
we turn Ag into an abelian group by setting

a b na + mb

m n mn
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The axioms of abelian groups are readily verified, and so is the fact that the map
a — { injects A into Ag. We note that Ag is still torsion-free as n,- = 0 implies
0 = mns = na and hence a = 0 and so - = 0. The equation n,— = - implies
that A is divisible, hence a Q-vector space, which is clearly generated by the image
of A. Finally, let v : A — V be a group homomorphism to a Q-vector space V.
Define yrg : Ag — V by ¥g (%) = Ly (a). Then g is the unique Q-linear map

m

such that ¥ = ¥g o ¢. O

Proof of Theorem4.1.9 Let D = K be the dual group. Then D is discrete and, as K
is connected, Lemma 4.1.7 implies that D is forsion-free. So D may be considered
a subgroup of the Q-vector space Dg of Lemma 4.1.11.

We claim that D is countable. Recall that the elements of D form an orthonormal
basis of the Hilbert space L>(K) by Corollary 3.4.9. This Hilbert space is separable
by Lemma B.4.9, hence any orthornormal basis is countable.

We next show that every finite rank subgroup of the group D is finitely generated. Let
F be a finite rank subgroup of D and L = F, then the inclusion of F into D dualizes
to a surjection K — L, so L is compact and path-connected. Let » be the rank of
F. Then F is the union of all its finitely generated subgroups, where it suffices to
consider those subgroups of full rank. This means that F' = liin F;, where (F})jes

is the directed family of all finitely generated subgroups of full rank. Our goal is to
show that this limit stops, i.e., that the map F; — F is an isomorphism for some j.
By Exercise 3.8, dualizing gives

L=1limT;,

where T; = I?J is isomorphic to the torus group T" and each projection in the
projective system is surjective. As T" = R"/Z" we can fix some index v € J and an
isomorphism 7, = R"/Z". Then for each j > v there is a subgroup A ; C Z" of full
rank and an isomorphism ; : T; — R’ /A ; such that the diagram
i
T, —— T,

ol [

.
R'/A; —— R 7"

commutes, where p; is the natural projection. Let A be the intersection of all A
for j > v. The group G = R"/A injects to the projective limit and we claim that
G actually equals the path-connected group L. For this let x € L and let p be a
path joining it to the neutral element. Lemma 4.1.8 implies that for every projection
mwj: L — T; with j > v the projected path 7; o p lifts to a path in G, and therefore
the whole path lies in G, which implies that x € G. We get L = R"/A and as L is
compact, A has full rank. So the limit stops and hence every finite rank subgroup of
D is finitely generated.
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According to Exercise 3.7, the assertion of the theorem is equivalent to saying that D
is a direct sum of cyclic groups. Hence the theorem will follow from the next lemma.

Lemmad4.1.12 Let D be a countable torsion-free abelian group such that every finite
rank subgroup of D is finitely generated. Then D is a direct sum of cyclic groups.

Proof The Q-vector space Dg is generated by D, hence it contains a basis consisting
of elements of D. So let vi,v,... be a basis of Dg with v; € D for each j. As
an application of the theory of elementary divisors, we shall inductively construct a
basis wi, wy, ... of Dy such that

QWIGB"'@QWHZQVI@"'@Qvn

and
Qw®---&Qw)ND =Zw; ®--- D Zw,

holds for every n € N. To start, let ' = Qv; N D. Then QF = Qv is one-
dimensional, so F has rank one. By the assumption, F is finitely generated, being of
rank one, it has one generator wy. This concludes the construction of w;. Now assume
wi, ..., w, have been constructed. The group G = Qw1 ®---®Qw, DQv, )N D
has rank n + 1 and is a subgroup of D, hence is isomorphic to Zu; @ - - - @ Zu, 4
for some uy,...,u,41. We claim that the u; can be chosen such that u; = w;
for 1 < j < n. Using the basis (u;) this is equivalent to the following. Suppose
that wy,...,w, € Z"*! are linearly independent over Q and that (Qw; @ --- @
Qw,)NZ' = Zw, & - - - @ Zw,, then there exists w,; € Z"! such that Z"*+! =
Zwi; @ - @ Zw,41. Consider the integral (n + 1) x n matrix B with columns
Wi, ..., w,. By Theorem III.7.9 of [Lan02], there exist invertible integral matrices
S, T such that the matrix SBT has non-zero entries only on the main diagonal. The
property (Qw; @ - -- ® Qw,) N Z"*' = Zw, @ - - - @ Zw, prevails for the columns
wi,...,w, of the matrix SBT, which implies that each diagonal entry of SBT can
be chosen equal to 1, so the w/,...,w) are the first n standard basis vectors. Let
w), +1 be the last standard basis vector, then the vector w, 1 = § ‘1w,’1 41 will do the
job. This finishes the construction of the sequence (w,,). From the properties of this
sequence it follows that

o0
D = @ Zw,,
n=1
and so the Lemma holds. The theorem also follows. O
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
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(a) A is isomorphic to R" x H.

(b) H contains an open compact subgroup K.

A topological group G is called compactly generated if there exists a compact set
V C G generating G as a group. In this case the set W = V U V! is compact as
well and that G = |,y W". 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 Gy. But G = Gy 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 € Ny and a compact group K such that A is isomorphic
toR" xZ" x K.

For the proof of this theorem we shall use without proof the well known structure
theorem for finitely generated abelian groups, as 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 group.

A third structure theorem, which will be proved in this section, deals with LCA
groups which are locally euclidean.

Definition A topological space is called locally euclidean of dimension n if every
point has an open neighborhood homeomorphic to R”.

Remark The notion of a locally euclidean group is closely related to the notion of
an abelian Lie group, which is by definition a differentiable manifold with a smooth
abelian group structure [War83]. The connection is this: For a given abelian Lie
group, the underlying topological group is a locally euclidean group. The other way
round, every locally euclidean group with countably generated topology allows for
a unique differentiable structure that makes it an abelian Lie group. The latter is a
deep theorem, known as the Montgomery-Zippin Theorem, see [MZ55]. The proof
of the existence part of this theorem in the special case of LCA groups follows from
our third structure theorem stated below. In this case, the proof was first obtained by
Pontryagin in [Pon34].

Two abelian Lie groups are isomorphic if and only if their underlying LCA groups
are isomorphic. This rounds up to saying that the notion of an abelian Lie group es-
sentially coincides with the notion of a locally euclidean LCA-group with countably
many connected components.
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Examples 4.2.3

» Every discrete abelian group is a locally euclidean LCA-group since it is locally
homeomorphic to R® = {0}.

* R" and T" are locally euclidean LCA groups of dimension n for every n € Nj.
There is nothing to show for R” and for n = 0. For T" with n > 0 consider the
setV = (—%, %)n C R" and the map ¢ : V — T" given by

G (X1yenn s, Xpy) = (ezm'xl,_._ ,e2m'xn).

Then ¢ is a homeomorphism of V = R” onto a unit neighborhood of T”.

e If the groups Ay,...,A; are locally euclidean LCA groups of dimensions
ni,...,n;, thenthe direct product A; x - - - X A; is alocally euclidean LCA-group
of dimension ny +n, + - - - + ny.

Theorem 4.2.4 (Third Structure Theorem). Suppose that A is a locally euclidean
LCA-group. 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 4.2.2 and 4.2.4 together with the isomorphisms Rr = R",
Zm = T™ T! = 7! 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 an LCA-group. Then the following are equivalent:

(a) A is compactly generated.

(b) Ais locally euclidean.

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 locally euclidean LCA-group.
(b) There exist n,m,l € Ny and some finite abelian group F such that A = R" x
T" x Z! x F.

Using Theorem 4.1.9, we derive the following classification of second countable
path-connected LCA groups.
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Corollary 4.2.7 Assume that the LCA-group A is second countable and path-
connected. Then A is isomorphic to R" x ]_[l. o1 Ti for some n > 0, where each
T; is a circle group, i.e., T; = T and the set I is countable.

Proof Being path-connected, A is connected, so by Theorem 4.2.2 the group A is
isomorphic to R” x K for a compact group K. Then K = A/R”" is path-connected
and by Theorem 4.1.9, K is isomorphic to a product of circle groups. O

The proofs of the structure theorems require several technical lemmas. We start with

Lemma 4.2.8 Let A and B be abelian topological groups, and let ¢ : 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
q o s =idp. 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 ¢(x) =
(x - (s 0og)(x)™',q(x)) is a continuous homomorphism with inverse given by
o~ (c,b) = c-sb). O

Example 4.2.9 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(g). Indeed, if we choose x; € A such that g(x;) = e;, where ¢; denotes
the ith unit vector in Z, thens : Z! — A given by s (ny,...,n;) = x?' .- ~x,’” 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 Theorem 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 compactly generated group
G is o-compact, since then G = | J,,.,, V" for some compact subset V C G. Since
every connected locally compact group is compactly generated (see the discussion
preceding Theorem 4.2.2) it follows that such groups are also o-compact.

Theorem 4.2.10 (Open Mapping Theorem). Suppose that G and H are locally com-
pact 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 1g and 1y be the units in G and H, respectively. It is enough to show
that ¢(U) is a neighborhood of 1 whenever U is a neighborhood of 1. To see this,
choose a compact neighborhood V of 15 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 suchthat G = | J,.y K. Foreachn € N we may then find a finite subset F,, C K,
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such that K, C {J,cp, xV. Put F = (J, oy Fu- Then F is a countable subset of G
such that G = | J, . x V. Since ¢ is onto, it follows that H = |, ¢#(x V). Since
¢(xV) is compact, hence closed for every x € F 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 p(xV) = ¢(x)¢(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

ly e WI'W C (V) 'op(V) C o (VV) =¢ (V?) C o(U). O

Example 4.2.11 The condition of o-compactness in the open mapping theorem
is indeed necessary, as the following example shows. Let H = R with the usual
topology, and let G = R with the discrete topology. Then the identity map ¢ : G —
H is a surjective continuous homomorphism, which is not open.

Corollary 4.2.12 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,
(b) NNH ={lg}and N - H = G,
(cyn-h=h-nforallne N,h € H.

Then the map ¢ : N x H — G given by ¢(n, h) = n - h is an isomorphism 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. O

Example 4.2.13 The condition of o-compactness in the corollary is necessary. As
anexample let G = RxR,, where R, denotes the real line equipped with the discrete
topology. 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.

Remark Recall that 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" = x. 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 4.2.14 Let B be a subgroup of the abelian group A, and let v : B — D
be a homomorphism to a divisible group D. Then there exists a homomorphism

V:A— Dwithyl|g=1.
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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 {x} for some
element x € A\ B.Ifx" ¢ B for every 0 # n € Z, we may define VU (bx") = Y (b)
for all b € B, n € 7Z. Suppose now that there exists m € N with x” € B and
suppose that m is minimal with this property. Since D is divisible, we can choose
an element d € D with d”" = ¥ (x™). Define lﬁ(bx”) = Y(b)d". To check that
this gives a well-defined homomorphism we have to show that if bx" = b'x/, for
some b,b' € B and n,l € Z, then ¥(b)d" = (b )d'. Assume that n > [. Since
x"' = b~'b' € B there exists some ¢ € N withn — I = gm. Then b='b' = (x™)1,
which implies that ¥ (b~'b') = ¥(x™)? = (d")? = d"~'. But this is equivalent to
Y(b)d" = y(b')d'. O

Lemma 4.2.15 Let A be an LCA group and let B and D be closed subgroups of A
such that

* Band D are o-compact.
* B-DisopeninAand BN D = {1}.
* Disdivisible.

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 firstthat ¢ : B x D — B - D, ¢(b,d) = bd is an isomorphism of
LCA groups by Corollary 4.2.12. 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 v it
follows from Lemma 4.2.8 that A = ker(1/~f) X D.PutC = ker(IZ) and observe that
B = CN(B- D). Hence, since B - D is open in A we have B open in C. a

Example 4.2.16 As a special case of the above corollary it follows that every divisi-
ble 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 suchthat A = C x D
via the obvious map.

In this special case one can omit the conditions that A is locally compact 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 = {1}.

Definition 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 {x" : n € Z}isdensein A. This
is clearly equivalent to the existence of a homomorphism ¢ : Z — A with dense
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image and ¢(1) = x. A group which is topologically generated by a single element
x is called monothetic (see also Exercise 3.22).

Lemma 4.2.17 (a) Let A be an LCA-group and let ¢ : A — T be an injective
continuous group homomorphism. Then ¢ is either an isomorphism or A is discrete.

(b) Every monothetic LCA group A is either compact or topologically isomorphic
to 7.

Proof (a) As a first step we assume A is totally disconnected and show that A is
discrete. By Theorem 4.1.6, A contains a compact open subgroup K. Then ¢(K) is
a compact subgroup of T, hence finite or equal to T. If ¢(K) equals T, then the open
mapping theorem says that ¢ maps K isomorphically to T, contradicting the fact
that A is totally disconnected. Hence K is finite, so K is a finite unit-neighborhood.
Being Hausdorff, A is discrete.

Next we assume that ¢ is not surjective and show that A is discrete. If x € T\ ¢(A)
and y € T with y* = x for some k € Z, then y ¢ ¢(A) as well. Therefore, there
exists a sequence xkil ¢ ¢(A), tending to 1. Hence the connected component of ¢(A)
is trivial, and the same holds for A, i.e., A is totally disconnected, hence discrete.

Finally suppose ¢ is surjective and that A is not totally disconnected, i.e., Ag # {1},
where A is the connected component of A. If Ay # A, then the second observation,
applied to Ay, shows that A is discrete, hence trivial, contradicting our assumption.
Therefore A is connected, hence o -compact. By The Open Mapping Theorem 4.2.10,
¢ is an isomorphism.

Now for (b) let A be as in the assumption, then there exists a group homomorphism
Y : Z — A with dense image. The dual g@ : A — Z = T must therefore be injective,
hence by part (a) the group A is either discrete or isomorphic to T and so A is either
compact or isomorphic to Z. m|

Lemma 4.2.18 Suppose that A is an LCA group such that there exists a compact
unit-neighborhood V and xy, ... ,x; € A with

A=V - (x1,...,x).

Then either A is compact or there exists ani € {1,...,l} with {x;) = {x]' 1 n € Z}
closed in A and isomorphic to 7.

Proof Foreachi € {l,... 1} it follows from Lemma 4.2.17 that (x;) is closed and

isomorphic to Z or that (x;) is compact. If (x;) is compact for every 1 < i < n, it
follows that

(X1, ,x) = (x1) - (xg),

since products of compact sets are compact and hence closed. It then follows that
A=V .(x],...,x) is compact, too. O
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Lemma 4.2.19 Let A be a compactly generated LCA group. Then there exists a
closed subgroup L of A such that L = 7! for some | € Ny, and A/L is compact.

Proof Choose a compact unit-neighborhood V. = V~! such that A = (V) =
U,en V™. Since V2 is compact, we find x1, . .. , x,, € A such that V2 C /L, Vx;.

We first claim that A = V - H for H = (xi1,...,x,). 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

vyl —y.v"cv.(V-H)=V>.HcCc(V-H)-H=V -H.

By Lemma 4.2.18 either A is compact and the proof is finished, or there is j such
that T = (x;) is discrete and infinite. We assume j = m. The LCA-group A=A/T
is compactly generated and with V = VT/T we have A = V(x,...,x,_1). By
induction on m we can assume that there is a subgroup L in A with L = 7' and
A/L is compact. Let 7,...,7; € A be any pre-images of the generators of L. We
claim that the group L = (1},..., 7, X,) is discrete and isomorphic to 7+ Only
discreteness is non-trivial. Let V be a unit-neighborhood in A with V N L = {1} and
let V be its pre-image in A. Further let U C A be a unit-neighborhood in A with

UN{x,) ={1}.Set W =V NU,thenonehas WN L = {1}. O

Definition We 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’, respectively, together
with a homeomorphism ¢ : V — V' such that ¢(xy) = ¢(x)p(y) and p(x~") =
¢(x)"!forall x,y € V such that xy € V (resp. x~! € V).

Lemma4.2.20 Suppose that A is a connected LCA-group locally isomorphic to R".
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) := {x € R" : ||x|, <&} > V
such that ¢(x + y) = ¢(x)¢(y) for all x, y € U.(0) such that x + y € U.(0). Define
® : R*" — A as follows: given x € R” choose m € N such that ||%x||2 < e
and then put ®(x) = ¢(%x)m. @ is well-defined, because if m,k € N such that
||%x||2, ||%x||2 < ¢, then we also have ||ﬁx||2 < ¢ and it follows from the local
additivity of ¢ that

1 m_ B 1 m_ 1 km_ 1 k_ 1 k
() <ol = )=o) =+

A similar computation shows that the group homomorphism @ is continuous, since
it is continuous at 0. As A is connected, we have A = Ufnozl V™, and since ®(R") D
¢(U) = V,itfollows that ® is onto. The space R" is o -compact, so it follows from the
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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}.

If A does not contain nontrivial infinite compact subgroups, then ® is also injective,
because if there would exista0 # x € R" with ®(x) = e, then ®(R-x) = &([0, 1]-x)
would be a nontrivial infinite compact subgroup of A. a

Lemma4.2.21 SupposethatAis alocally euclidean LCA-group. Then the connected
component Ay of A is open in A.

Proof This follows from Lemma 4.1.3. O

Definition If A, B are LCA groups and if ¢ : A — B is any continuous group
homomorphism, then there exists a dual homomorphism ¢ : B — A given by
(]3( 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>A5BACc>0

(where we assume that ¢ is a topological embedding and ¢ is open) dualizes to give
a short exact sequence

0—>C z) B 3 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 Ay.

Lemma 4.2.22 Suppose that A is a non-compact LCA group such that A/Ay is
compact. Then A = R" x K for some n € N and some compact group K.

Proof Letg : A — A/A(denote the quotient map and choose a compact symmetric
unit-neighborhood V such that g(V) = A/Ay. Then A coincides with the subgroup
(V) = U,en V" generated by V because the open subgroup (V) of A contains
the connected component Ag and g({V)) D q(V) = A/Ag. By Lemma 4.2.19 there
exists aclosed subgroup L C A isomorphic to Z" for somen € NsuchthatC = A/L
is compact (we have n > 0 since A is not compact). We therefore get a short exact
sequence
0—->27"—-A— C—0,

which dualizes to a short exact sequence
0—>6—>Z—>’]I‘”—>O,

since Z" = T". Since C is compact, C is a discrete subgroup of A. This implies that
the map A—> Tis locally a homeomorphism, so Ais locally isomorphic to R".
But then the connected component (A)O of A is an open subgroup of A.
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Note that A (and hence also (X)()) does not contain any infinite compact subgroup,
because if E C A would be such group, then it would follow from dualizing the
sequence 0 — E — A— A /E — 0 and the duality theorem that there is a short
exact sequence 0 - B — A — E — 0 with E an infinite discrete group. But this
would contradict the assumption that A/ A is compact.

We can now apply Lemma 4.2.20 to see that (X)o is isomorphic to R” for some
n € Np. Since R” is divisible, it follows from Example 4.2.16 that Ais 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. a

Collecting all the previous information, the proof of the general structure 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.

To show this, let A be the connected component of A. Then A/ A is totally discon-
nected and therefore contains an open compact subgroup E by Theorem 4.1.6. The
inverse image M of E in A is then open in A with M /A, compact. Since My = A
we can apply Lemma 4.2.22 to M to see that M = R” x K forsome n € Ny and some
compact group K. Since M is open in A and R” is divisible, we can apply Lemma
4.2.15 (to R" and K) to see that there exists a closed subgroup H of A containing K
as an open subgroup such that A = R” x H. O

From this we easily obtain the structure theorem for compactly generated 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 = 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 [ € Ny 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 4.2.9 that H = Z' x K. Thus
A=R"x 7' x K. ]

We finally want to prove the structure theorem for locally euclidean LCA groups.
For this we need

Lemmad4.2.23 Let L be a discrete subgroup of R". Then L = 7! for some0 <1 < n
and R"/JL =R x T'.

Proof We first show that L = Z' for some 0 < [ < n. We give the proof by induction
on n. The lemma is clearly true for n = 0 and also for L = {0} (with [ = 0). So
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suppose that n > 0 and L # {0}. Since L is discrete, we can find some x; in L
such that ||x;]|; is minimal among all elements 0 # x € L. Put R =R - x; = R.
Then RN L = 7Z - x; = Z because if there were an element y € (RN L) \Z - x1,
then there would exist (after passing to —x; if necessary) an element n € Ny with
nx; <y < (n+41)x; and then y —nx; € L~{0} with ||y —n - x;||» < ||x1]]2, which
would contradict the minimality condition for x.

Lete = %Hxl l2, and let ¢ : R* — R”/R denote the quotient map. We claim that
q(U:(0)) N g(L) = {0}. To see this, suppose that there exists x € R"” with ||x|, <
%Hxl |l such that 0 # g(x) € g(L). Then there existsat € R withx 4+17-x; € L. If
x+1t-x; =0wehave x € R and g(x) = 0, which is impossible. If x +17 - x; 7~ O the
minimality condition on x; implies that ||x{], < ||[x+7-x1]2 < (% +1¢Dllx1]l2, from
which it follows that |¢| > 1. Choose n € Z with |t +n| < . Then x + (t +n) - x;
is also in L, which then implies that x € R or that |t 4+ n| > % Both are impossible.

Since q(U.(0)) N g(L) = {0} it follows that g(L) is a discrete subgroup of R"/R =
R*~! and by the induction assumption we know that g(L) = Z* for some 0 < k <
n —1.Since RN L =7 - x; = 7Z we obtain a short exact sequence

0} > Z— L —7— {0}
of abelian groups. But then it follow from Example 4.2.9 that L = Z/*1,

Ifl > 0 let {x,...,x;} be a (minimal) set of generators for L. Then {xi,... ,x;}
is a set of linearly independent vectors in R™, since otherwise L = Z! could be
realized as a discrete subgroup of some R¥ with k < I, which would contradict the
first part of the proof. Choose vectors yi,...,y, € R" with m = n — [ such that
{x1,..., X1, y1,... , Y} is a linear basis of R”. Then one easily checks that

R"/L = Rx;/Zx; x --- x Rx;/Zx; x Ry; x --- xRy, =T' xR". O

For the proof of the structure theorem for locally euclidean LCA groups we need the
following lemma.

Lemmad4.2.24 Suppose that K is a compact normal subgroup of the locally compact
group G such that G/K is compactly generated. Then G is also compactly generated.

Proof Let C C G/K be a compact generating set for G/K. By Remark 1.5.2 we
find a compact set L C G with 7(L) = C, where 7 : G — G/K denotes the
quotient map. But then L - K is a compact generating set for G. a

Proof of Theorem4.2.4 We first reduce the proof to the case of a connected group. So
assume we have shown the theorem for connected groups and let A be an arbitrary
locally euclidean LCA-group. Let A, denote the connected component and let D
denote the quotient group A/Ao, which by Lemma 4.1.3 is discrete. The exact
sequence | - A9 > A - D — 1 dualizestol - L — A — A0—> 1,
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where L is the compact group D. If we can show that Ay = R" x T’ it follows that
Ay = R" x Z! is compactly generated, and as L is compact, it follows that A is
compactly generated, too. Hence, by the Second Structure Theorem the group A is
isomorphic to R" x Z™ x K, so that A is isomorphic to R” x T" x K. As K is
discrete, the general version of the Third Structure Theorem follows from the version
for connected groups.

So we now assume the group A to be connected. In this case, the First Structure
Theorem tells us that A is isomorphic to R™ x K for a compact group K. The locally
euclidean group A is path-connected by Lemma 4.1.7. As A = R™ x K we have
K = A/R™ and therefore the compact group K is path-connected. As R” is second
countable and A is generated by a set homeomorphic to R”, the space A is second
countable, and so is K. By Theorem 4.1.9 we have K = [[,_, T; where T; = T for
eachi e I.

iel

So far we have shown that the connected locally euclidean group A is isomorphic to
R" x [[;c; T. It only remains to show that the product is finite. For this we need the
concept of contractible spaces.

Definition Let X be a topological space. A subset C of X is called contractible
in X or X-contractible if there exists a point xo € X and a zero-homotopy, i.e., a
continuous map % : [0, 1] x C — X such that

h(0,x) = xg and h(l,x)=x

for every x € C. If C is contractible in X, then every subset of C is contractible in
X.

Examples 4.2.25

» The space X = R” is contractible in itself, as the map
h(t,x) =tx

is a zero-homotopy.

¢ Complex analysis tells us that the circle group T is not contractible in itself, as oth-
erwise the path y (t) = ¢*™' would be homotopic to a constant path, contradicting
the fact that fy % dz = 2mi and the homotopy-invariance of path integrals.

* We can elaborate the last example a bit further. Let Y be an arbitrary topological
space and let X = Y x T. Then for a given point yy € Y the set {yp} x T is
not contractible in X, as any zero-homotopy would, after projection to T, give a
zero-homotopy of T.

Now the group A possesses a unit-neighborhood U which is homeomorphic to R”,
hence contractible in A. Assume that the productin A = R" x [[,, Tiis infinite, then
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every unit-neighborhood contains a non-empty set of the form V x [ [,z Vi X[ [; ¢E T
for some finite set E C I. Therefore, U contains a subset of the form {yy} x T in
A, which cannot be contractible, a contradiction. Therefore the product must be
finite. -

Remark 4.2.26 The proof of the third structure theorem for locally euclidean groups
becomes much easier under the stronger assumption that the LCA-group A is locally
isomorphic to R”. In this case the connected component Ay is open in A and locally
isomorphic to R”. Thus, by Lemma 4.2.20 and Lemma 4.2.23, A, is isomorphic to
RF x T for some k,! € Ny with k + [ = n. Hence Ay is divisible and it follows
from Lemma 4.2.23 (applied to B = {e¢} and D = A) that A = R* x T! x D with
D = A/Ay discrete. In particular, the proof does not use the quite intricate Theorem
4.1.9.

4.3 Exercises

Exercise 4.1 (a) Show that any interval in R is connected.

(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 thatif A C X is connected, then so
is f(A)CY.

Exercise 4.2 Recall that the Cantor set C C [0, 1] is defined as the complement
[0, 1]~ U, where U is the union of all intervals (3"3—J{1, 3”3—J,rz) with! € Nandn € N
with 0 < n < 3/~!. Show that C is totally disconnected.

Exercise 4.3 Let X; be a topological space for every i in the nonempty index set /.
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 alocally compact group. Show that the connected component
Gy of G 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 infinite 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.
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Exercise 4.7 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 4.8 Show that an LCA-group, which is countable, must be discrete.

Exercise 4.9 (a) Describe all closed subgroups of R”.

(b) Show that every closed subgroup and every quotient of a locally euclidean
LCA-group is again a locally euclidean LCA-group.

(c) 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 Chap. 2 on C*-algebras to operators on
Hilbert spaces. In particular, we will discuss the continuous 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) = opm)(T)

for the spectrum of 7' 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 T commutes with its adjoint 7%, i.e., T is normal as an element of the C*-algebra
B(H). We then can apply the results of Sect. 2.7, which for any continuous function
f on the spectrum o (7T') give a unique element f(7) of B(H) that commutes with
T and satisfies

f(T)=foT,
where the hat means the Gelfand transform with respect to the unital C*-algebra
generated by 7'. Recall that by Lemma 2.7.2 the spectrum of a normal operator T
does not depend on the C*-algebra. The map from C(o(T)) to B(H) mapping f to
f(T) is the continuous functional calculus. In the next proposition, we summarize
some important properties.

Proposition 5.1.1. Let T be a normal bounded operator on the Hilbert space H and
let A= C*(T,1) be the unital C*-algebra generated by T.

(@) The map f + f(T) is a unital isometric C*-isomorphism from C(o(T)) to A,
which sends the identity map 1d, ) to T.

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 107
DOI 10.1007/978-3-319-05792-7_5, © Springer International Publishing Switzerland 2014
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(b) Let V C H be a closed subspace stable under T and T*. Then 'V is stable under
Aand f(T)ly = f(Tly).

(c) LetV be the kernel of f(T). ThenV is stable under T and T*, and the spectrum
of f(T|v) is contained in the zero-set of f.

@) If f(z) = Yp2ganz" is a power series that converges for z = ||T||, then

F( =3 ga,T".

Proof The first assertion is a direct consequence of Theorem 2.7.3.

To show (b), note first that if V is stable under T and T*, then V is A-stable, since the
linear combinations of operators of the form 7*(7*)' are dense in .A. We therefore get
a well defined *-homomorphism ¥ : 4 — 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 T and T* as these operators commute with f (7).
Further, using Corollary 2.7.5, one has

flo(Tly) =o(f(Tv)) =o(f(Dlv) = {0}.

Finally, part (d) is contained in Theorem 2.7.3, since convergence of the power series
at | 7'|| implies uniform convergence on o (T") € B)7(0). O

An important class of normal operators is formed by the self-adjoint operators, i.e.,
operators T with 7 = T*. It is shown in Corollary 2.7.5 that o(T) € R for every
self-adjoint T'. Another class of interesting normal operators consists of 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
functional calculus, because if U is normal, then U*U = 1 if and only if d-Id=1
for Id = Id, (v, which is equivalent to o (U) € T.

Recall the Schwartz space S(RR) consisting of all functions f : R — C such that for
any two integers m, n > 0 the function x” £ (x) 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
rw = [ foeay,
R

where f(y) = [; f(x)e 2™ dx is the Fourier transform (See Exercise 3.14 or
[Dei05] Sect. 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),

f(T) = /R Fe¥™T dy,
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where the unitary operator ¢*™7 is defined by the continuous functional calculus

and the integral is a vector-valued integral in the Banach space B(H) as in Sect. B.6.

Proof To see that the operator ¢>™ 7

is unitary, we compute
ivT\ ¥ _omivT* _omiv i -1
(eZm}T) —e 2miyT* _ e 2miyT _ (EZmyT) .

The Bochner integral exists by Lemma B.6.2 and Proposition B.6.3. Next, let & :
C(o(T)) — C*(T,1), g — g(T)denote the isometric x-homomorphism underlying
the Functional Calculus for 7. The Fourier inversion formula implies that

floa) = / F(y)e¥ldam gy,
R

By continuity of ® we therefore get
f(T) = O(floy) = @ ( f f(yermitem dy)
R
B f FOI® (M) dy = f Foe™ T dy,
R R

where the last equation follows from Corollary 2.7.5, which implies @ (e*™1d) =
e2miy® (o) — 2miT O

Definition A self-adjoint operator 7' € B(H) is called positive if
(Tv,v) >0 VveH.

In what follows, we want to use the spectral theorem to compute a positive square
root for any positive operator 7. 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:

(a) T is positive.
(b) The spectrum o (T) is contained in the interval [0, 00).
(¢) There exists an operator R € B(H) with T = R*R.

(d) There exists a unique positive operator S with T = S>. In this case we write

S=+T.

Proof The implications (d) = (c) and (c) = (a) are trivial. So it is enough to show
that (a) = (b) and (b) = (d) hold.
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For (a) = (b) assume without loss of generality that ||7|| = 1. Theno(T) € [—1, 1]

since T is self-adjoint. We show that T, &1+ w1 is invertible for every o > 0,
which will imply that there are no negative spectral values for 7'. By assumption we
have

1TV = (Tuv, v) = (Tv,v) 4+ v, v) = vl

which implies that || T,,v]| > w||v|| for every v € H. It follows that 7}, is injective.
Since T}, is self-adjoint we also get (TM(H))J- = kerT,, = {0}, sinceifw € (TM(H))J-,
then 0 = (Tﬂv, w) = (v, TMW> for every v € H, which implies that 7,,w = 0. Thus

we get T,,(H) = H and for each w € H we find a sequence v, in H with Tv, — w.
Since ||v, — vl < %LHT,LV,, — Tl for all n,m e N, it follows that (v,) is a
Cauchy-sequence and hence converges to some v € H. Then T,,v = w, which shows
that 7}, is also surjective. The Open Mapping Theorem C.1.5 implies that T/;‘ is
continuous, so T, is invertible in B(H).

Assume finally that (b) holds. Then ¢ — /7 is a continuous function on o (T'), and
by functional calculus we can build the operator S = /7. Since /- is real and
positive, it follows from Corollary 2.7.5 that S is self-adjoint, o(S) C [0, 00), and
$2 = T. For uniqueness assume that S is another such operator. Then 7T lies in the
commutative C*-algebra C*(S, 1). But then S € C*(T, 1) € C*(S,1) = C(o(8)),
and the result follows from the fact that a positive real function has a unique positive
square root. u

Definition Let 7 be a bounded operator on a Hilbert space H. Define the operator

|T| by |T| LV T*T, 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 coin-
cides 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 de-
composition. It is unique in 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 Forv e H the square of the norm || Tv||?> equals
(Tv,Tv) = (T*Tv,v) = (IT*v,v) = (IT v, |T|v),

and the latter is |||T|v||>. For v € H we define U(|T|v) = Tv, then U is a well-
defined isometry from Im(|7'|) to Im(7"), which extends to the closure, and satisfies
the claim. For the uniquenesslet 7 = 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| = ~/T*T = /(U P)*U'P = /P*(U)*U'P =
VP*P = +/P? = P. This also implies U = U’ |

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 {,} C C. Then T = MAId.

Proof 1If o(T) = {A}, then Ids(r) = Aly(r) and therefore T = Ids(7)(T) = A -
Idy. O

Theorem 5.1.6 (Schur’s Lemma) Suppose that A € 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 = uld for some u € C.

Proof Assume first that the second assertion holds. Then, if {0} # L € H is any
A-invariant closed subspace of H, the orthogonal complement L' is A-invariant as
well, for withv € L,u € L+, and S € A we have

(v, Su) = { )y =0.

S*v,u
—
€L
So the orthogonal projection P, : H — L commutes with A, so P, must be a
multiple of the identity. But this implies that P, =Idand 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 T = %(T 4+ T*) —
i %(i T — 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(T) for every
f € C(o(T)). Assume that there are x,y € o(T) with x # y. Then there are two
functions f,g € C(o(T)) with f(x) # 0 # g(y) and f - g = 0. Then f(T) #
0 # g(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} # f(T)H = f(T)g(T)H C f(T)g(T)H = {0}, a contradiction. O

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 T S are compact. The definition can be
rephrased as follows. An operator 7' is compact if and only if for a given bounded
sequence v; € H the sequence Tv; 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.
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Definition A bounded 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.

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 Te; has a convergent
subsequence.

(c) There exists a sequence F, of finite rank operators such that |T — Fy,||op tends
to zero, as n — OQ.

Proof The implication (a)=>(b) is trivial. For (b)=-(c)let T : H — H be compact
and let B C H denote the closed unit ball. Then 7' (B) is compact, hence has a vector
v1 of maximal norm. Next suppose the vectors vy, . . . v, are already constructed and
let V,, be their span. Choose a vector v, of maximal normin 7 (B)N V,f- The vectors
Vi, V2, ... are pairwise orthogonal and for their norms we have ||v(|| > |[w] > ....
We claim that the sequence v, tends to zero. Assume not, then there exists § > 0 such
that ||v,|| > & foralln. Fori # j if follows |lv; — v;[|* = [[vi|I*+]lv;[I*> > 282, hence
the sequence has no convergent subsequence, in contradiction to the compactness of
T (B). So the sequence does tend to zero. Let P, be the orthogonal projection onto
V,.. Then

IT — P.T| = sup [[v— Pyl <Ivall = 0.
veT (B)

So with F,, = P, T the claim follows.

For (c)=>(a) letv; be abounded sequence, and let T be the norm-limit of a sequence of

finite rank operators F,,. We can assume ||v;||, ||| < 1. Thenv; has a subsequence v}.

such that F; (v}) converges. Next, v} has a subsequence v? such that Fz(vﬁ) converges,

and soon. Letw; = vj . Then for every n € N, the sequence (F,(w;))jen converges.
As T is the uniform limit of the F},, the sequence Tw; converges as well. a

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 complex numbers, which
is either finite or tends to zero, such that one has an orthogonal decomposition

H =ker(T) ® @Eig(T,An).

Each eigenspace Eig(T,A,) = {v € H : Tv = A,V} is finite dimensional, and the
eigenspaces are pairwise orthogonal.

Proof We first show that a given compact normal operator 7 # 0 has an eigenvalue
A # 0. We show that it suffices to assume that 7 is self-adjoint. Note that 7 =
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% (T+T* — %(iT 4+ (iT)*) = T, 4+ iT; is a linear combination of two commuting
compact self-adjoint operators. If 7, = 0, then T is self-adjoint and we are done.
Otherwise, T, has a non-zero eigenvalue v € R\ {0}. The corresponding eigenspace
is left stable by 77, which therefore induces a self-adjoint compact operator on that
space, hence has an eigenvalue © € R. Then A = p + iv is a non-zero eigenvalue
of T.

We have to show that a compact self-adjoint operator T 7 0 has an eigenvalue A # 0.

Lemma 5.2.3 For a bounded self-adjoint operator T on a Hilbert space H we have
1Tl = sup{|{Tv,v)| : [Iv]l = 1}.

Proof Let C be the right hand side. By the Cauchy-Schwarz inequality we have
C < ||IT||. On the other hand, for v, w € H with ||v||, ||w| < 1 one has

C

v

1
C (IVI* + Iwli?) = 1€ (v +wi? + v = wi)

v

KT +w),v+w) —(T(v —w),v —w)|

Rl = B = ] —

1
(Tv,w) + (Tw,v)| = §|(Tv, w) + (w, Tv)|
= |Re(Tv,w)|.

Replacing v with Ov for some 8 € C with |0] = 1 we get C > [(Tv,w)] for all
Ivil,Iwll < Tandso [T < C. o

‘We continue the proof that a compact self-adjoint operator T 7 0 has an eigenvalue
A # 0. Indeed, we prove that either ||T|| or —||T| is an eigenvalue for 7. By the
lemma there is a sequence v; € H with |lv;|| = 1 and <ij,vj> — || T||. Replacing
T with —T if necessary, we assume (ij,vj) — ||T'||. Since T is compact, there
exists a norm-convergent subsequence, i.e., we can assume that 7v; — u in norm.
Then ||u]| < ||T|| and we get

0 < ITv; — ITIv;I* = ITv;II> = 20T I(Tv;,v;) + IT 17 1Iv; 112
— flull* = IT|* <0,
which implies that |7v; — |T||v;|| — 0. Thus v := lim;v; = ﬁu exists and
Tv=Ilm;Tv; =u=|T|v.

We have proven that every compact normal operator 7" has an eigenvalue A # 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 7%,
so U is stable under T 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 H is a direct sum of eigenspaces of T.
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It remains to show that every eigenspace for a non-zero eigenvalue is finite dimen-
sional 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
agiven A € C, where 0 < ¢ < |A|. Let V be the kernel of f(T). 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 |7 — Ally = [Idgr},) — M(,(T|V)||U(T|V) < g, which im-
plies that for v € V one has || Tv|| > (JA| — &)||v]|. We want to deduce that V is finite
dimensional. Assume the contrary, so there exists an orthonormal sequence (f;) en
in V. Then || f; — fjll = v/2fori # jandso |Tf; — Tfi| > (|A] — £)v/2, which
means that no subsequence of (7' f;) is a Cauchy sequence, hence (7 f;) does not
contain a convergent subsequence, a contradiction to the compactness of 7. So V
is finite dimensional, hence it is a direct orthogonal sum of 7'-eigenspaces. It now
follows that no spectral values of 7' 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. O

Definition 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'| = +/T*T also
is a compact operator. Let s ;(T') be the family of non-zero eigenvalues of |T | repeated
with multiplicities and such that s;,(T) < s;(T) for all j. These s;(T) are called
the singular values of T .

Proposition 5.2.4 Let T be a compact operator.

(a) We have s\(T) = ||T|| and

s = inf | sup(ITwilsw Lvi.o.vg. wl = 1),
~~~~~ J

where the vectors vi,...,v; are unit eigenvectors for the eigenvalues
s1(T),...,s;(T), respectively.

(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 (¢;) be an orthonormal basis of H. The Hilbert-Schmidt norm
IT||gs of T is defined by

ITIfs =) (Tej, Tej).
j
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This number is > 0 but can be +o0. It does not depend on the choice of the orthonor-
mal basis, as we will prove now. Along the way we also show that || T ||jys = |7 ||us
holds for every bounded operator 7. First recall that for any two vectors v,w € H
and any orthonormal basis (e;) one has

(row) =Y (v.e;)es w)

J

Let now (¢, ) be another orthonormal basis; then, not knowing the independence yet,
we write ||T ||%Is(e[) and ||T ||2HS(¢a), respectively. We compute

ITIRs(e)) = DD (Tej palltaTes) =Y > (e T*¢u)T*bus ;)
: — -

J o

=33 es T 0u)(T buse)) = IT* s (ba).

J

The interchange of summation order is justified by the fact that all summands are
positive. Applying this to (e;) = (¢,) first and then to T* instead of T we get
IT|Is(e;) = IT*[IEs(e;) = IIT Iz (¢a), as claimed.

We say that the operator T is a Hilbert-Schmidt operator if the Hilbert-Schmidt norm
IT|| s is finite.

Lemma 5.3.1 For any two bounded operators S,T on H one has ||ST||gs <
ISllopllT | ezss and ST |s < S uslT llops as well as | T llop < T ||us- For every
unitary operator U we have |\UT |lgs = [TU|\us = T | us-

Proof Let (e;) be an orthonormal basis. We have [|ST[|3,5 = >_; [ISTe;|I* <
IS ||§p > lTe ;1I%, which implies the first estimate. The second follows by using
IT|gs = IT*||ys and the same assertion for the operator norm.

Letv € H with ||v|| = 1. Then there is an orthonormal basis (e;) with e; = v. We get
ITv)I?> = ||Tei|* < Zj ||Tej||2 = ||T||%IS. The invariance under multiplication by
unitary operators is clear, since (Ue;) is an orthonormal basis when (e;) is. O

Example 5.3.2 The main example we are interested in is the following. For a mea-
sure space (X,.A, u) consider the Hilbert space L?(X). Assume that u is either
o-finite or that X is locally compact and u is an outer Radon measure, so that
Fubini’s Theorem holds with respect to the product measure 4 ® i on L>(X x X).
Let k be a function in L%(X x X). Then we call k an L?-kernel.

Proposition 5.3.3 Suppose k(x, y) is an L*>-kernel on X. For ¢ € L*(X) define

def

KoL /x k(x »)B() du(y).
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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

IK (135 = /X /X lkCx, V)12 dp(x) d(y).

Proof To see that the integral exists for almost all x € X let i be any element
in L2(X). Then (x, y) — ¥ (x)¢(y) lies in L?(X x X), and therefore the function
(x,y) = k(x, y)¢(y)¥(x) is integrable over X x X. By Fubini, it follows that

[ vwkesmdy =y [ keredy

X X

exists for almost all x € X. Since k(x, y) vanishes for every x outside some o -
finite subset A of X, we may let ¥ run through the characteristic functions of an

increasing sequence of finite measurable sets that exhaust A, to conclude that the
integral fx k(x,y)p(y)dy exists for almost all x € X.

We use the Cauchy-Schwarz inequality to estimate

1Kol = fx |K $(x)]* dx

- / ‘ / k(. y)p(y) dy
X X

< / / k(e )P dx dy / (I dy
XJX X

_ / / IkCx, )2 dx dy ]I
XJX

So K extends to a bounded operator on L*(X). Let (e ;) be an orthonormal basis of
L*(X). Then

K% = Z(Kej,Kej) = Z/XKej(x)Kej(x)dx
J

2
dx

J

= Z/ f k(x,y)ej(y)dy/ k(x,y)ej(y)dydx
j XJX X

= 3 [ (kex e ke, )
J

=/XZ(k(x,.),ej)(ej,k(x,.))dx
J

:/ (k(x,.),k(x,.))dx:/ / lk(x, y)|* dx dy. i
X XJX
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Proposition 5.3.4 The operator T is Hilbert-Schmidt if and only if it is compact
and its singular values satisfy Zj sj(T)2 < 00. Indeed, then one has Zj sj(T)2 =

IT 13-

Proof We show that a bounded operator T is Hilbert-Schmidt if and only if |T'| =
~/T*T is. This follows from

Z(T@j’ Tej) = Z(T*Teja€j> = Z<|T|2€j’€j>
= Z(|T|ej,|T|ej>.

Let T be Hilbert-Schmidt. To see that T" is compact, it suffices to show thatif e; is an
orthonormal sequence, then Te; has a convergent 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 ) ;s j(T)2
converges, as one sees by applying the Hilbert-Schmidt criterion to an orthonormal
basis consisting of eigenvectors of |T'|. Finally, it is clear that Zj sj(T)2 = |IT| ||%IS,

but by the above computation the latter equals || T ||%IS. O

A compact operator T is called a trace class operator if the trace norm,
def
1Tl = si(T),
J

is finite. It follows that every trace class operator is also Hilbert-Schmidt.
Lemma 5.3.5 Let T be a trace class operator and S a bounded operator.

(a) The norms [|ST'[| ¢, [ 7S]« are both < IS|IT || -

(b) Let T be a compact operator on H. One has

T« = sup [(Tei, hi)l,
' (ei)>(hi)lz

where the supremum runs over all orthonormal bases (e;) and (h;).

Proof The inequality ||ST ||« < ISIIIIT ||+ is a consequence of Proposition 5.2.4
(b). The other follows from ||T'|| = ||T7*|| and the same for the trace norm.

For the second part we use the Spectral Theorem for compact operators to find an
orthonormal sequence ( f;) such that

Tl =" si{v. f) 15

J
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We then write T = U|T|, where U is an isometric operator on the image of |T'| to
get

Tv=UY sifv. fi)f; = 3 silv. filg),
7 7
where (g;) is the orthonormal sequence g; = U f;. Therefore, we can use the Cauchy-
Schwarz inequality to get for any two orthonormal bases e, 1,

Z| Teihi)l =)D siles fillghi)

< Zs_,- Z (e fi)g-hi)l

1

<ZSJ<Z|6,,f, ) (Zlg,,- )
- ;s_j||ff||||gj|| = ;sj-

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 orthonormal sequence g, because then

Y ilTei i)l =3 -

Theorem 5.3.6 For a trace class operator T the trace

tr (T) defZ<T€j, €j>
J
does not depend on the choice of an orthonormal base (e;). If T is trace class

and normal, we have tr (T) = ), A,dim Eig(T, ,,), where the sum runs over the
sequence of non-zero eigenvalues (A,) of T. The sum converges absolutely.

Proof LetT = U|T| be the polar decomposition of T'. It follows from the Spectral
Theorem that the image of the operator S, = /|T| equals the image of |T| and
therefore we can define the operator S; = U+/[T[. The operators S;, S, and S | are
Hilbert-Schmidt operators, and T = S, S,. Therefore ), (Te;, e;) =), (Szei, Si‘ei>,
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

Theorem 5.3.7 Let H be a Hilbert space, F the space of bounded operators T of
finite rank (i.e., finite dimensional image), ‘T the set of trace class operators, HS
the set of Hilbert-Schmidt operators, and K the set of compact operators. Further,
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we write HS? for the linear span of all opertors of the form ST, where S and T are
both in HS.

(a) The spaces F,T,HS and K are ideals in the algebra B(H), which are stable
under *.

(b) The space K is the norm closure of F.
(c) One has
FCT=HS*CHSCK,

where the inclusions are strict if dim(H) = oo.

Proof (a) The *-ideal property is clear for F and K. The space 7 is an ideal
by Lemma 5.3.5 and #S by Lemma 5.3.1. Part (b) of the theorem is contained in
Proposition 5.2.1. The first inclusion of (c) is clear. Let T be in 7 and write T = U|T|
as in Proposition 5.1.4. With § = /[T one has T = (US)S and by Proposition
5.3.4, the operators S and U S arein HS,s0 T € HS?.If S € HS, then by definition
§*S € T and by polarization we find HS? C 7. The remaining inclusions are clear
and we leave the strictness as an exercise. m|

5.4 Exercises

Exercise 5.1 Let A and B be bounded operators on a Hilbert space H. Show that
AB — BA # 1Id, 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 ¢ : t +— exp(¢tT) satisfies (¢t + s) = ¥ ()Y (s), that it is
differentiable as a map from R to the Banach space B(H ), which satisfies ¥/ (0) = Id

and ¥'(1) = Ty ().

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 5.2.4.
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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.

(a) Show that for a trace class operator 7 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 (TS).

Exercise 5.8 Let H be the real Hilbert space £2(N, R) and let (e i)jen be the standard
orthonormal basis. Define a linear operator T on H by

(= py*!
T(ej) = fej_‘_(_l)j-%—l.

Show that for every orthonormal basis ( f,,) of H one has
> 1
E KT fos fu)| < E A
- £2j@2j -1

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 ¥ : VRV’ — HS(V) given by ¥/(v ® a)(w) = a(w)v defines a
Hilbert space isomorphism (Compare Appendix C.3 for the notation).

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

1

P

171, = s}y | < 0.
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 7' € B(H) is called nilpotent
if T¥ = 0 for some k € N. Show that if T 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.
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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 U|T| = |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 g’g.)



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 GL, (V) be the set of bijective bounded linear operators
T on V. It follows from the Open Mapping Theorem C.1.5 that the inverses of such
operators are bounded as well, so that GL o, (V) is a group. Let G be a topological
group. A representation of G on a Banach space V is a group homomorphism of
G to the group GL on(V), such that the resulting map G x V. — V, given by
(g,v) — m(g)v,is continuous.

Lemma 6.1.1 Let m be a group homomorphism of the topological group G to
GLcont (V) for a Banach space V. Then 1 is a representation if and only if

(a) the map g — m(g)v is continuous at g = 1 for everyv € V, and

(b) the map g — || (8)llop is bounded in a neighborhood of the unit in G.

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

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 123
DOI 10.1007/978-3-319-05792-7_6, © Springer International Publishing Switzerland 2014
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7w (v — 7w (govoll < Il (go)llopll (g5 " )v — voll
< [l (go)lloplim (g5 &) — vo)
+ [l (80)llop 17 (85 ' 8)vo — vol
< I (g0)llopll (g5 @ llopllv — voll
+ 117 (g0 llop 77 (85 §)v0 = voll-
Under the assumptions given, both terms on the right are small if g is close to g,
and v is close to vy. O
Examples 6.1.2
* For a continuous group homomorphism x : G — C* define a representation
onV = Cbym,(gv=x(g) v
e Let G = SL,(R) be the group of real 2 x 2 matrices of determinant one. This

group has a natural representation on C? given by matrix multiplication.

Definition Let V be a Hilbert space. A representation = on V is called a uni-
tary representation if w(g) is unitary for every g € G. That means r is unitary if
(m(g)v,m(g)w) = (v,w) holds for every g € G and all v,w € V.

Lemma 6.1.3 A representation w of the group G on a Hilbert space V is unitary if
and only if w(g~") = m(g)* holds for every g € G.

Proof An operator T is unitary if and only if it is invertible and 7* = T~!. For a
representation 7 and g € G the operator 7(g) is invertible and satisfies 7(g~!) =
7(g)~". So m is unitary if and only if for every g € G onehas n(g™") = n(g)~! =
w(g)*. |

Examples 6.1.4

* The representation i, defined by a continuous group homomorphism x : G —
C* is unitary if and only if x maps into the compact torus T.

+ Let G be a locally compact group. On the Hilbert space L?(G) consider the left
regular representation x +— L, with

Lip(y)=¢:x7'y), ¢ e L*G).

This representation is unitary, as by the left invariance of the Haar measure,
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(Lo, L) = /G LWL TG dy
=/G¢(x*1y)w(f‘y)dy

= /G¢(y)mdy = (¢, ¥).

Definition Let (771, V;) and (715, V) be two unitary representations. On the direct
sum V = V@V, one has the direct sum representation m = m;®m,. More generally,
if {m; : i € I} is a family of unitary representations acting on the Hilbert spaces V;,
we wri/tg @i ;7 for the direct sum of the representations 7;, i € I on the Hilbert

space €D, ., Vi. See also Exercise 6.3 and appendix C.3.

Example 6.1.5 Let G = R/Z, and let V = L*(R/Z). Let w be the left regylar
representation. By the Plancherel Theorem, the elements of the dual group G =
{ex : k € Z} with ex([x]) = e?™k* form an orthonormal basis of L*(R/Z) so that 7
is a direct sum representation on V = €D, ;Ce, where ex(x) = €2 and G acts
on Cey through the character e;.

Definition A representation (;r, V,;)is called a subrepresentation of a representation
(n, V,y) if V; 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 subrepresenta-
tion, i.e., if for every closed subspace U C V,; that is stable under 7, one has U = 0
orU =V,.

Example 6.1.6. Let U(n) denote the group of unitary n x n matrices, so the group
of all u € M, (C) such that uu* = I (unit matrix), where u* = u’. The natural
representation of U(n) on C” is irreducible (See Exercise 6.5).

Definition Let (;r, V;) be a representation of G. A vector v € V,; is called a cyclic
vector if the linear span of the set {w(x)v : x € G} is dense in V. 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 nonzero vector is cyclic.

Lemma 6.1.7 (Schur) Let (7, V;) be a unitary representation of the topological
group G. Then the following are equivalent

(a) (mr, Vy) is irreducible.

(b) If T is a bounded operator on V, such that Tr(g) = n(g)T for every g € G,
then T € C1d.
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Proof Since 7(g™h) = n(g)*, the set {w(g) : g € G}isa self-adjoint subset of
B(Vy). Thus the result follows from Theorem 5.1.6. O

Let (r, V), (, V,) be representations of G. A continuous linear operator ' : V; —
V), is called a G-homomorphism or intertwining operator if

Tr(g)=n@T

holds for every g € G. We write Homg(Vy, 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 (77, V) is irreducible if and only if Homg(V,, V;;) = CId.

Definition If 7, are unitary, they are called unitarily equivalent if there exists a
unitary G-homomorphism 7 : V; — V,.

Example 6.1.8. Let G = R, and let V; =V, = L%(R). The representation 7 is
given by 77 (x)¢p(y) = ¢(x+y) and n is given by n(x)¢p(y) = e ¢(y). By Theorem
3.3.11n [Dei05] (see also Exercise 6.4), the Fourier transform L2(R) — L?(R) is an
intertwining operator from 7 to 7.

Corollary 6.1.9 Let (7, V) and (n, Vy)) be two irreducible unitary representations.
Then a G-homomorphism T from Vy to V,, is either zero or invertible with continuous
inverse. In the latter case there exists a scalar ¢ > 0 such that cT is unitary. The
space Homg(Vy, V,) is zero unless w and n are unitarily equivalent, in which case
the space is of dimension 1.

Proof LetT : V, — V, be a G-homomorphism. Its adjoint 7* : V;, — V; is also
a G-homomorphism as is seen by the following calculation forv € V,, w € V,, and
g € G,

(v, T*n(g)w) = (Tv,n(g)w) = (n(g~HTv,w)
= (Tn(g_l)v, w) = (n(g_l)v, T*W)
= (v, n(g)T*w).

This implies that 7*T is a G-homomorphism on V,, and therefore it is a multiple
of the identity X Id by the Lemma of Schur. If T is non-zero, T*T is non-zero and
positive semi-definite, so A > 0. Let ¢ = V1, then (cT)*(cT) = Id. A similar
argument shows that 7T* is bijective, which then implies that ¢ is bijective, hence
unitary. The rest is clear. O

Definition For alocally compact group G we denote by G the ietl of all equivalence
classes of irreducible unitary representations of G. We call G the unitary dual of

! There is a set-theoretic problem here, since it is not clear why the equivalence classes should form
a set. It is, however, not difficult to show that there exists a cardinality ¢, depending on G, such that
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G. It is quite common to make no notational difference between a given irreducible
representation 77 and its unitary equivalence class [7], and we will often do so in this
book.

Example 6.1.10 If G is a locally compact abelian group, then every irreducible
representation is one-dimensional, and therefore the unitary dual G coincides with
the Pontryagin dual of G. To see this, let (7, V) be any irreducible representation
of G. Then w(x)m(y) = w(xy) = w(yx) = w(y)w(x) for all x,y € G, so it follows
from Schur’s Lemma that 7 (x) = A(x)Idy, for some A(x) € T. But this implies that
every non-zero closed subspace of V; is invariant, hence must be equal to V;. This
implies dimV,; = 1.

6.2 Representations of LY(G)

A unitary representation (i, V,;) of G induces an algebra homomorphism 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 € L'(G) there exists a unique bounded operator m(f) on Vy
such that

(r(fHv,w) =/Gf(x)<7r(X)v,W) dx

holds for any two vectors v,w € Vy. The induced map w : L'(G) — B(Vy) is a
continuous homomorphism of Banach-*-algebras.

Proof Taking complex conjugates one sees that the claimed equation is equiv-
alent to the equality (w,m(f)v) = fG f@)(w,wr(x)v)dx. The map w >
fG f&x)(w, w(x)v) dx is linear. It is also bounded, since

/ FO)w, m(x)Wv) dx
G

< fG | f Q) (w, w(x)v)|dx

SLIf(X)IIIWIIIIN(X)VIIdx
= A Ilwlivil.

every irreducible unitary representation (7, V;;) of G satisfies dimV,, < «. This means that one can
fix a Hilbert space H of dimension « and each irreducible unitary representation 7 can be realized
on a subspace of H. Setting the representation equal to 1 on the orthogonal complement one gets
a representation on H, i.e., a group homomorphism G — GL(H). Indeed, since every irreducible
representation has a cyclic vector by Schur’s lemma, one can choose « as the cardinality of G.
Therefore, each equivalence class has a representative in the set of all maps from G to GL(H) and
so G forms a set.
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Therefore, by Proposition C.3.1, there exists a unique vector 7w (f)v € V, such
that the equality holds. It is easy to see that the map v — m(f)v is linear. To
see that it is bounded, note that the above shows || (f)v||> = ((fv, w(fv) <
LAVl (F)vil, and hence || (f)v] < || fll1]Iv]l. A straightforward computation
finally shows (f * g) = w(f)n(g) and 7 (f)* = n(f*) for f,g € L'(G). O

Alternatively, one can define 7 ( f) as the Bochner integral 7 (f) = f ¢ S(xX)m(x)dx
in the Banach space B(V;). By the uniqueness in the above proposition, 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 (7, V) be a representation of G. Then for everyv € V, and every
& > 0 there exists a unit-neighborhood U such that for every Dirac function ¢y with
support in U one has ||w(¢y)v — v|| < €. In particular, for every Dirac net (¢py)y
the net (7w (¢py)v) converges to v in the norm topology.

Proof The norm |7 (¢y)v — v|| equals ||fG ¢y (x)((x)v — v)dx| and is therefore
less than or equal to fG ¢y (x| (x)v — v|| dx. For given ¢ > 0 there exists a unit-
neighborhood Uy in G such that for x € Uy one has |7 (x)v — v|| < €. For U C Uy
it follows || (¢y)v — V| < ¢. O

Definition We say that a x-representation 7 : L'(G) — B(V) of L'(G) on a Hilbert
space V is non-degenerate if the vector space

def

7(LY(G))V Sspan{n(f)v: f € LY(G),v € V}

is dense in V. It follows from the above lemma that every representation of L!(G)
that comes from a representation (rr, V;;) as in Proposition 6.2.1, is non-degenerate.
The next proposition gives a converse to this.

Proposition 6.2.3 Let 7 : L'(G) — B(V) be a non-degenerate - representation
on a Hilbert space V. Then there exists a unique unitary representation (77, V) of
G such that (w(f)v,w) = fG FOO A (x)v, w) dx holds for all f € L'(G) and all
v,weV.

Proof Note first that 7 is continuous by Lemma 2.7.1. We want to define an
operator 77(x) on the dense subspace 7(LY(G)V of V. This space is made up
of sums of the form ) ._, 7 (f;)v; for f; € L'(G) and v; € V. We propose to
define 7 (x) Y ', w(fi)vi EZLI (L, fi)v;. We have to show well-definedness,
which amounts to show that if Y ' 7(f;)v; = 0, then Y - 7(L.fi)v; = 0
for every x € G. For x € G and f,g € L'(G) a short computation shows
that g* x (L, f) = (L,-1g)" * f. Based on this, we compute for v,w € V and
fl""?fn € LI(G)7
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<Zn<fo,->v,n<g)w> =Y (e * (L f))v,w)

i=1 i=1

= Z (T(L-19)" * fi)v,w) = <Z n(ﬁ)v,n(Lxlg)w>.
i=1

i=1

Now for the well-definedness of 7 (x) assume Y ;_, 7w(f;)v; = 0, then the above
computation shows that the vector ZL, (L, f;)v; is orthogonal to all vectors of the
form 7 (g)w, which span the dense subspace 7 (L'(G))V, hence Y (L fi)vi =0
follows. The computation also shows that this, now well-defined operator 77(x) is
unitary on the space 7(L'(G))V and since the latter is dense in V, the operator 77 (x)
extends to a unique unitary operator on V with inverse 77 (x '), and we clearly have
7(xy) = 7(x)@(y) forall x,y € G. Since foreach f € L'(G)the map G — L'(G)
sending x to L, f is continuous by Lemma 1.4.2, it follows that x +— T (x)v is
continuous for every v € V. Thus (77, 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 () (g)v,w) = (w(f)m(g)v,w) for all f,g € C.(G) and
v,w € V. Since g — (m(g)v,w) is a continuous linear functional on L'(G) we can
use Lemma B.6.5 to get

(T(fm (v, w) Z/Gf(X)(ﬁ(X)(ﬂ(g)V),W) dx

= /G (m(f(x)Lxg)v,w)dx

:<n (f reor.gar) v,w>

= (n(f *x v, w) = (w(HHm(gv,w),

which completes the proof. O

Remark 6.2.4 If we define unitary equivalence and irreducibility for representa-
tions 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 correspondence between unitary representations of
G and non-degenerate x-representations of L'(G) preserves unitary equivalence and
irreducibility in both directions. Note that an irreducible representation 77 of L' (G) is
automatically non-degenerate, since the closure of n(Ll(G)g V is an invariant sub-
space of V,;. Thus, we obtain a bijection between the space G of equivalence classes
of irreducible representations of G and the set L'(GY of irreducible *-representations
of L'(G).

Example 6.2.5 Consider the left regular representation on G. Then the correspond-
ing representation L : LY (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 Let G be a topological group and let V be a Banach space. We equip
the group GLon¢(V) with the topology induced by the operator norm. Show that any
continuous group homomorphism G — GL (V) is a representation but that not
every representation is of this form.

Exercise 6.2 If 7 is a unitary representation of the locally compact group G, then
I (g)|l = 1. Give an example of a representation 7, for which the map g — || (g)||
is not bounded on G.

Exercise 6.3 Let / be an index set, and for i € I let (;r;, V;) be a unitary represen-
tation of the locally compact group G. Let V = @p,_,; V; be the Hilbert direct sum
(See Appendix C.3). Define the map 7 : G — B(V) by

m(@) Y vi= Y mi(gvi.

Show that this is a unitary representation of the group G. It is called the direct sum
representation.

Exercise 6.4 Show that the Fourier transform on R induces a unitary equivalence
between the the unitary representations 7 and  of R on L%(R) given by 7 (x)¢(y) =
¢(x +y) and n(x)p(y) = eV (y).

Exercise 6.5 Show that the natural representation of U(n) on C" is irreducible.

Exercise 6.6 (a) Fort € Rlet A(z) = ((') i ) Show that A(?) is not conjugate to a
unitary matrix for ¢ # 0.

(b) Let P be the group of upper triangular matrices in SL,(R). The injection 7 :
P < GL,(C) can be viewed as a representation on V = C2. Show that 7 is not the
sum of irreducible representations. Determine all irreducible subrepresentations.

Exercise 6.7 Let G be alocally compact group and H a closed subgroup. Let (i, V;;)
be an irreducible unitary representation of G, and let

VH ={veV,:nhy=vVYhe H}

be the space of H-fixed vectors. Show: If H is normal in G, then VHH is either zero
or the whole space V.

Exercise 6.8 Show that G = SL,(R) has no finite dimensional unitary representa-
tions except the trivial one.
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Instructions:

e Form € N show

~1
<m - )A(t)( " - ) = A(m?1) = A(D)"".

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.

* Show that the normal subgroup of G generated by {A(¢) : ¢ € R} is the whole
group.

Exercise 6.9 Let (;r, V) be a unitary representation of the locally compact group
G.Let f € L'(G). Show that the Bochner integral

/f(X)ﬂ(X)dx € B(Vx)
G

exists and that the so defined operator coincides with (/) as defined in Proposition
6.2.1.

(Hint: Use Corollary 1.3.6 (d) and Lemma B.6.2 as well as Proposition B.6.3.)

Exercise 6.10 In Lemma 6.2.2 we have shown that for a representation 7 and Dirac
functions ¢y the numbers || (¢y)v — v|| become arbitrarily small for fixed v € V.
Give an example, in which |77 (¢y) — Id||p does not become small as the support of
the Dirac function ¢y shrinks.

Exercise 6.11 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

Il f1lc* défsup{”n(f)” : 7T a unitary representation of G},

which is finite since || (f)|| < || f |1 for every unitary representation 7 of G. By def-
inition of the norm, every unitary representation = of G extends to a *-representation
of C*(G), and, as for L'(G), this extension provides a one-to-one correspondence
between the unitary representation of G to the non-degenerate x-representations of
C*(G). Therefore, the rich representation theory of general C*-algebras, as explained
beautifully in Dixmier’s classic book [Dix96] can be used for the study of unitary
representations of G. For a more recent treatment of C*-algebras related to locally
compact groups we also refer to Dana William’s book [Wil07].



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 irreducible 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 (z, 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 inner product is uniquely determined
up to multiplication by a positive constant.

Proof Let(-,-)be any inner product on V;. We define a new inner product (v, w) for
v,w € V; to be equal to f x (T(k)v, T(k)w) dk, where we have used the normalized
Haar measure that gives K the measure 1. We have to show that this constitutes an
inner product. Linearity in the first argument and anti-symmetry are clear. For the
positive definiteness let v € V; with (v,v) = 0, i.e.,

0= (v,v) = / (z(k)v, t(k)v)dk.
K

The function k +— (z(k)v, T(k)v) is continuous and positive, hence, by Corollary
1.3.6, 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 t is unitary, as for x € K one has

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 133
DOI 10.1007/978-3-319-05792-7_7, © Springer International Publishing Switzerland 2014
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(T(x)v, T(x)W) :/ (t(k)t(x)v, (k)T (x)w) dk
K
=[ (t(kx)v, T(kx)w)dk
K

= / (tk)v, t(kyw)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 (71, V) and (12, V) denote the representation (z, V;) when
equipped with the inner products (-,-); and (-, -),, respectively. Since V. is finite
dimensional, the identity Id : V; — V, is a bounded non-zero intertwining operator
for 7; and 7. By Corollary 6.1.9 there exists a number ¢ > 0 such that ¢ - Id is
unitary. But this implies that ¢?(v, w), = (v,w), forall v,w € V. O

Proposition 7.1.2 A finite dimensional representation of a compact group is a direct
sum of irreducible representations.

Proof Let (t,V) be a finite dimensional representation of the compact 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, so that V = U @ W. We claim
that W is invariant as well. For this let k € K and w € W. Then for every u € U,

(ztyw,u) = (w, (k" ")u) =0.
———
eu

This implies that (k)w € U+ = W, so W is indeed invariant. We conclude that
T 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

Definition Let (z, V;) be a finite dimensional representation of a compact group K.
The dual space
V) = Hom(V;, C)

of all linear functionals & : V;, — C carries a natural representation of K, the dual
representation T* defined by

o (v) = o (r(x_l)v) .
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Suppose that V; is a Hilbert space. By the Riesz Representation Theorem for every
a € V7 there exists a unique vector v, such that

a(w) = (w,vy)

holds for every w € V.. One instals a Hilbert space structure on the dual V* by
setting

((X, .B> = <Vﬁ’va)-

Lemma7.1.3 Ifthe representation T is irreducible, then so is the dual representation
©*. The same holds for the property of being unitary. For x € K and o € V} one
gets the intertwining relation

Vi*(x)a = r(x)va,
so the map o +— vy is an anti-linear intertwining operator between V} and V-.
Proof Suppose that W* C V7 is a subrepresentation. Then the space (W*)1 of

all v € V; with a(v) = O for every « € W* is a subrepresentation of V;. If T is
irreducible the latter space is trivial and so then is W*.

For the remaining assertions, we first show the claimed intertwining relation. For
w € V; we use unitarity of t to get

(W, veoa) = TH@AW) = a(T(xHw)
= (r(x’l)w, va) = (W, T(x)vy).

Varying w, the relation follows. Now the unitarity of t* follows by transport of
structure,

(T* @), T*(X)B) = (Veroyps Vera) = (T(0)Vp, T(X)Va)
= (vg,va) = (@, B)

The Lemma is proven. a

7.2 The Peter-Weyl Theorem

Let K be a compact group, and let K be the set of all equivalence classes of irre-
ducible unitary representations of K. Let K5, be the subset of all finite dimensional
irreducible representations. We want to show that K = Ky,

A matrix coefficient for a unitary representation t of K on V; is a function of the
form k — (t(k)v,w) for some v,w € V;. The matrix coefficients are continuous
functions, so they lie in the Hilbert space L?(K). We need to know that the set of
matrix coefficients, where 7 runs through all finite dimensional representations is
closed under taking complex conjugates. To see this we use Lemma 7.1.3 for a finite
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dimensional unitary representation (z, V;). So let v,v' € V; and let o, 8 € V be
their Riesz duals, i.e., v = v, and V' = vg in the notation of the last section. Then

(T, V) = (vg, T(0Iva) = (Vg Verne) = (T (), B)
shows that the complex conjugate of a matrix coefficient is indeed a matrix coefficient.

Now, for every class in K, fin choose a representative (t, V;). Choose an orthonormal
basis ey, ...,e, of V; and write 7;;(k) déf(r(k)ei, e j) for the corresponding matrix
coefficient. It is easy to see that for every v,w € V; the function k — (t(k)v,w) is
a linear combination of the 7;;, 1 < i,j < dimV;. In what follows we shall write
dim(7) for dimV;.

Theorem 7.2.1 (Peter-Weyl Theorem).
(@) Fort £y in k\ﬁn one has
(o) = [ iRy dk =0,
K

So the matrix coefficients of non-equivalent representations are orthogonal.

(b) Fort € I?ﬁn one has (tij, t”) = 0, except for the case wheni = r and j = s.
In the latter case the products are (ti;, T;;) One can summarize this by
saying that the family

_ 1
— dim(z)"

(\/ dim(7) 7)1,
is an orthonormal system in L*(K).

(¢c) It even is complete, i.e., an orthonormal basis.

(d) The translation-representations (L, L*(K)) and (R,L%*(K)) decompose into
direct sums of finite-dimensional irreducible representations.

Proof For (a)lett # y in Eﬁn. Let T : V; — V, be linear and set § = Sy =
fK y (kYT t(k) dk. Then one has St(k) = y(k)S, hence S =0 by Corollary 6.1.9.
Let (e;) and (fy) be orthonormal bases of V; and V,, respectively, and choose
Tjs : Ve = V, given by Tj,(v) = (v, ¢;) f;. Let S;; = Sz, as above. One gets

0={(Sjsei. fr) = fK (y& DTt (K)e;, f)dk
= /K (y k=Dt ®)ein e;) fsr f)dk

_ / (cWee;)  (vkDfo £ dk
K —

=(fs.y k) fr)=(y k) fr. fs)

— / w7 T dk = (7. yrs)-
K
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To prove (b), we perform the same computation for y = 1 to get
(ijeh er) = (Tij, Trs>~

In this case the matrix S, is a multiple of the identity S;; = Ald for some A € C, so
if i # r we infer (Sjsei, e,) = 0, hence (rij, r,s> = 0. Assume j # s. We claim that
S;s = 0, which implies the same conclusion, so in total we get the first assertion of
(b). To show S, = O recall that § = §;; = A 1d, so the trace equals

AdimV, = tr (S) = tr (/ r(k)‘lTr(k)dk)
K
=f tr (f(k)*lTr(k))dsz tr (T) dk = tr (T),
K K

but as j # s, the trace of T is zero, hence S is zero and so is (Se;, e;) = <rij, 'C,-’S>.
Finally, we consider the case j = s and i = r. Then §;; = X;Id for some 1; € C.
Our computation shows A; = (ri s Ti j), independent of i. But 7;;(k) = ;;(k~!) and
therefore, as K is unimodular we get

(ry71)) = / v (T R dk = / e e dk
K K
Z/ ‘L'j,'(k)‘[ji(k)dkZ(Tji,l'ji>.
K

We conclude 4; = <rij, rij> = <rji, rj,-) = A;. We call this common value A and
we have to show that A = dim;(t). Write n = dimV; and note that Id = 3"_, T};.
Therefore (nA)Id = Z’;zl Sij = fK t(k~HIdz (k) dk = Id and the claim follows.

Finally, to show (c), let T € I’{\fm, and let M, be the subspace of L>(K) spanned by
all matrix coeficients of the representation t. If (k) = (7 (k)v, w), then one has

h*(k) = h(k~1) = (t(k)w,v) € M,,
Lih(k) = hky'k) = (t(k)v, T(ko)w) € My,
Ry h(k) = h(kko) = (t(k)T(ko)v, w) € M.

This means that the finite-dimensional space M. is closed under adjoints, and left
and ri}ght translations. Let M be the closure in L2(K) of the span of all M., where
T € Kgn. Then M decomposes into a direct sum of irreducible representations un-
der the left or the right translation. By the discussion preceding the theorem, M
is also closed under complex conjugation. We want to show that L>(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 L. Let (¢y)y be a Dirac
net. Then the net ¢y * H converges to H in the L?>-norm. Since M+ is closed under
translation it follows that ¢y * H € M* for every U. As there must exist some U



138 7 Compact Groups

with ¢y * 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 Fj(e) > O.
Set Fy(x) = [, F1 (y~'xy) dy. Then F, € M* is invariant under conjugation and

F>(e) > 0. Finally put F(x) = Fr(x)+ F» (x—l). Then the function F is continuous,
F € M+, F(e) > 0,and F = F*. Consider the operator T(f) = f*F = R(F) f for
f e L*K).Since R: L' (K) — B (LZ(K)) is a x-representation, 7 is self-adjoint.
Further, as Tf(x) = [, x fJOOF (y"x) dy, the operator T is an integral operator
with continuous kernel k(x,y) = F (y~'x). By Proposition 533, 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 x F = Af. Then, for k € K one
has (Ly f) * F = Li(f % F) = LALy f. This implies that V, with the left translation
gives a finite dimensional unitary representation of K, hence it contains an irre-
ducible subrepresentation W C V; C M*. Let f,g € W, and let h(k) = (Li f, g)
be the corresponding matrix coefficient. One has h(k) = f i (k’lx)@dx, SO
h=gxf*e M. On the other hand, » € M, and so (h,h) = 0, which is a
contradiction. It follows that the assumption is wrong, so M = L%*(K).

Above, we showed in particular that L2(K) decomposes as the closure of the direct
sum (P, .z, M;, where the the linear span M, of all matrix coefficients of 7 has
dimension dim(t)?. Since each M, is stable under left and right translations, this
implies that (LZ(K ), L) and (L2(K ), R) decompose as direct sums of finite dimen-
sional representations. Hence (d) follows from Proposition 7.1.2 and the Peter-Weyl
Theorem is proven. m|

Definition Let 7 be a finite dimensional representation of the compact group K.
The function y, : K — C defined by x, (k) = tr w (k) is called the character of the
representation 7.

Corollary 7.2.2 Let ,n be two finite-dimensional irreducible unitary representa-
tions of the compact group K. For their characters we have

1 ifm=n,

<Xn’Xn>= 0 otherwise.

Here the inner product is the one of L*(K).

Proof  The proof follows immediately from the Peter-Weyl Theorem. Note that it
is shown in Exercise 7.10 that {x, : m € K} even forms an orthonormal base of the
space L2(K /conj) of conjugacy invariant L2-functions on K. O

Let (;r, V) be arepresentation of a locally compact group G. An irreducible subspace
is a closed subspace U C V, which is stable under 7 (G) such that the representation
(m, U), obtained by restricting each 7 (k) to U, is irreducible.



7.2 The Peter-Weyl Theorem 139

Theorem 7.2.3

(a) Let K be a compact group. Then K = Eﬁn, so every irreducible unitary
representation of K is finite dimensional.

(b) Every unitary representation of the compact group K is an orthogonal sum of
irreducible representations.

Proof Let (7, V) be a unitary representation of K. We show that V,; can be written
as adirectsum V, = EBi <; Vi, where each V; is a finite dimensional irreducible sub-
space of V.. This proves (b) and if we apply this to a given irreducible representation
V. it also implies (a).

Solet (w, V) be a given unitary representation of K . Consider the set S of all families
(Vi)ier, where each V; is a finite dimensional irreducible subrepresentation of V;, and
fori # j in I we insist that V; and V; are orthogonal. We introduce a partial order
on S given by (V;)ic; < (Wy)uea if and only if I C A and for each i € I we have
V; = W;. The Lemma of Zorn yields the existence of a maximal element (V;);c;.
We claim that the orthogonal sum &, _, V; is dense in V. This is equivalent to the

orthogonal space W = (@: el V,-)l being the zero space. Now assume that inside W
we find a finite-dimensional irreducible subspace U, then we can extend / by one
element iy and we set V;, = U which contradicts the maximality of /. Therefore,
it suffices to show that any given non-zero unitary representation (n, W,) contains
a finite-dimensional irreducible subspace. For this let v, w € W,, and let ¥, ,,(x) =
(n(x)v, w) be the corresponding matrix coefficient. Then ¥, ,, € C(K) C L?*(K)and
Ynewaw(X) = (n(xy)v, w) = ¥, ,(xy) = Ry, (x). In other words, for fixed w, the
map v — ¥, is a K-homomorphism from V), to (R, L?(K)). We assume (v, w) # 0.
Then this map is non-zero. Since (R, L*(K )) is a direct sum of finite dimensional
irreducible representations, there exists an orthogonal projection P : L2(K) — F
to a finite dimensional irreducible subrepresentation, such that P (%,w) # 0. So
there exists a non-zero K-homomorphism 7" : V,, — F, which is surjective, hence
induces an isomorphism from U = (ker(T)* C V, to F. Therefore U is the desired
finite-dimensional irreducible subspace. m|

We now give a reformulation of the Peter-Weyl Theorem. The group K acts on the
space L2(K) by left and right translations, and these two actions commute, that is
to say, we have a unitary representation 1 of the group K x K on the Hilbert space
L?*(K), given by

0 (kiko) f(x) = f (k7 xke).

On the other hand, for (7, V;) € K the group K x K acts on the finite dimensional
vector space End(V;)= Homg (V;, V) by

ne(ky, ko) (T) = T(k)TT (k3 ').
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On End (V;) we have a natural inner product

(S,T) = dim(V)tr (ST™)
making the representation of K x K unitary (Compare with Exercise 5.8).

Theorem 7.2.4 (Peter-Weyl Theorem, second version). There is a natural unitary
isomorphism

LX(K) = @End(vf),

tek

which intertwines the conjugation representation n of K x K on L*(K) with
D,z n:. This isomorphism maps a given f € L*(K) C L'(K) onto Y ek T,
where

(f) = /K FOT00) dx.

In particular, if for a given f € L*(K) we define the map f ‘K — @TegEnd(Vr)
by f(r) = 7(f), then we get .
1A= 150

for every f € L*(K). In this way the Peter-Weyl Theorem presents itself as a
generalization of the Plancherel Formula.

Proof Since t +— t* is a bijection from K onto itself, the Peter-Weyl Theorem
yields the orthonormal basis /dim(7)t};, where the indices are taken with respect
to the dual basis of a given orthonormal basis {ej, . . . , €dim(r)} of V;. For f € L*(K)
and indices i, j one has (t(f)e;, e;) = [ f(X)Ti;(x)dx :H,Fj). If we apply this
formula to f = o} = oy for some o € I’(\, we see that o;(t) = t(0k) = 0 for
o # 7 and

-~ __Jdim(r) ifk=iand!/ =
(ti(Dei-ej) = { 0 otherwise.
Thus it follows that 7}/, is mapped to the operator ﬁmE,fl € End(V;), where Ej;

denotes the endomorphism which sends e; to ¢; and all other basis elements to O.
Hence, the basis element /dim(7)7}; € M.« is mapped to «/dim(z)E},. It is trivial
to check that these elements form an orthonormal basis of End(V;) with respect to
the given inner product. m|

Definition Let (7, V;) and (y, V, ) be finite dimensional representations of the com-
pact group K. There is a natural representation 7 ® y of the group K x K on the
tensor product space V; ® V, given by

(T Q) (ki,kz) = t(k) ® y (k2).
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Lemma 7.2.5 For given t € K , there is a natural unitary isomorphism
vV, ® V,x — End(V,),
which intertwines T @ T* with 1.

Show that the direct summand End(V,) of L?(K) equipped with the conjugation
action n of K x K as in the second version of the Peter-Weyl Theorem is equivalent
to the irreducible representation 7* ® m of K x K. (Compare with Exercise 5.8.)

Proof The map v : V; ® V;+ — End(V;) given by

VO ®a)=[wr a(w)]

is linear and sends the simple tensors to the operators of rank one. Every operator of
rank one is in the image, so the map is surjective as End(V;) is linearly generated by
the operators of rank one. As the dimensions of the spaces agree, the map is bijective.
It further is intertwining, as for k,/ € K one has

¥ (1 ® Tk, D ® ) (W) = ¥ (T(k)v @ T*(k)ax) (w)
= a(r("Hw)t (k)

Ty w @ a)rd~)(w)

[n:(k, DY (w ® a)] (w).

By Corollary 6.1.9 it follows that, modulo a scalar, ¥ is unitary. Plugging in test
vectors, one sees that ¥ = /dim(V;) 'y satisfies the lemma. O

Corollary 7.2.6 There is a natural unitary isomorphism

—_—
LZ(K) = @ V‘r ® V‘E*?
tek
where each finite dimensional space V; ® Vi« carries the tensor product Hilbert-
space structure. This isomorphism intertwines the K x K representation n with

the sum of the representations T @ T, where T* is the representation dual to t. In
particular, we get direct sum decompositions

L ’E@lvr ®t* and R E@r ® ly,.
rek

tek

for the left and right regular representations of K.

Proof The corollary is immediate from the theorem and the lemma. The assertion
about the left and right translation operations follows from restricting to one factor
of the group K x K. O
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7.3 Isotypes

Let (;r, V) be a unitary representation of the compact group K. For (7, V) € K we
define the isotype of T or the isotypical component of T in 7 as the subspace

Vo)=Y U
UcVy
U=Vvy
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, = V,

ada®@vi> alv).

This map intertwines the action Id ® T on Homg (V;, V) ® V; with &, 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,isaclosedsubspace with |y = tviaa : V; — U, thenU = T, (¢ ®V;) by
construction of 7;. Note thatif (t, V;) and (o, V,;) are two non-equivalent irreducible
representations, then V. (t) L V, (o), which follows from the fact thatif U, U’ C V,,
are subspaces with U = V., U’ = V,, then the orthogonal projection P : V, — U’
restricts to a K-homomorphism P|y : U — U’, which therefore must be 0.

Lemma 7.3.1 On the vector space Homg (V;, V) 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 «,8 € H = Homg(V;,V,) set
def

(o, B) = (a(vp), B(vo)). As by Corollary 6.1.9, any element of Homg(V;, V) is
either zero or injective, it follows that (-, -) is indeed an inner product on H. We
show that H is complete. For this let «,, be a Cauchy-sequence in H. Then «,,(vg)
is a Cauchy-sequence in V,, so there exists wy € V, such that «,(vy) converges
to wy. For k € K the sequence «,(t(k)vy) = m(k)a,(vo) converges to m(k)wy.
Likewise, for f € LY(K) the sequence o, (t(f)vo) = m(f)a,(vy) converges to
7(f)wo. Let I ¢ L'(K) be the annihilator of v, i.e., I is the set of all f € L'(K)
with (f)vg = 0. It follows that every f € [ also annihilates wy. Therefore the
mapa : V., = LYK)/I — V, mapping t(f)vy to w(f)wy is well-defined and
a K-homomorphism. It follows that « is the limit of the sequence «,, so H is
complete. We now show that 7 = T; is an isometry. For fixed « the inner prod-
uct on V; given by (v,w) = (a(v),x(w)) is K-invariant. Therefore, by Lemma
7.1.1, there is c(a) > O such that (v,w) = c(a)(v,w) for all v,w € V.. So we
get (T ®v), T(@®v)) = (v,v) = c(a){(v,v). Setting v = vy, we conclude that
c(a) = (o, o), which proves that T; is indeed an isometry. O

It follows from the above lemma that V, (7) is isometrically isomorphic to the Hilbert
space tensor product Homg (V;, V) &V, and that 7 lv, () 1s unitarily equivalent to
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the representation Id ® t on this tensor product. If we choose an orthonormal base
{a; : i € 1} of Homg (V;, V), then we get a canonical isomorphism

Homg (V;. Vi) ®V: = PV,
iel
given by sending an elementary tensor o ® v to ) ., (&, c;)v. Thus we see
that V() is unitarily equivalent to a direct sum of V;’s with multiplicity I =
dim Homg (V;, V).

Theorem 7.3.2

(a) V. (7)is a closed invariant subspace of V.
(b) V() is K-isomorphic to a direct Hilbert sum of copies of V.

(c) Vg is the direct Hilbert sum of the isotypes V,(t) where T ranges over K.

Proof As V. (t) is an isometric image of a complete space, it is complete,
hence closed. The space V;(z) is a sum of invariant spaces, hence invariant, so
(a) follows/.\ Now let V, = €B,V; be any decomposition into irreducibles. Set
‘77,(‘[) = @i:v,-%vrvi‘ Then it follows that Vn(r) C V(1) as the latter contains
the direct sum and is closed. Now clearly V;; is the direct Hilbert sum of the spaces
‘7,,(1’), and hence it is also the direct Hilbert sum of the V.(t), as the latter are
pairwise orthogonal. This implies (c) and a fortiori V(t) = V(1) and thus (b). O

Proposition 7.3.3 Let (7, V;) be a unitary representation of the compact group K.
For t € K the orthogonal projection P : V, — V() is given by

P(v)= dim(r)/ XX (x)vdx.
K

Proof We have to show that for any two vectors v,w € V, one has (Pv,w) =
dim(7) f x Xe(xX){mw(x)v, w) dx. Let (v, w) denote the right hand side of this identity.
Write v = vy 4 v;, where vy € V(1) and v; € V,(t)*. Likewise decompose w as
wo + wi. Then (Pv,w) = (vy, wp). The Peter-Weyl theorem implies that (vo, wg) =
(vo, wo). To see this, we decompose V(t) into a direct sum of irreducibles, each
equivalent to V;. It then suffices to assume that vy, wy lie in the same summand,
since otherwise we have (Pv,w) = 0 = (vg,wp). The result then follows from
expressing vg, wy in terms of an orthonormal basis of V;. The spaces V,(7) and its
orthocomplement are invariant under 7, therefore (vo, w;) = 0 = (v, wp). Finally,
as V(7)* is a direct sum of isotypes different from , the Peter-Weyl theorem also
implies that (vi, w;) = 0. As the map (-, -) is additive in both components, we get

(V9 W) = (VO’WO) + (V(), Wl) + (V],W()) + (V1 + Wl)

= (vo, wo) = (vo, wo) = (Pv,w),

as claimed. O
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Example 7.3.4 It follows from the Peter-Weyl Theorem that the isotype L2(K)g(7)
of the right regular representation (R, L?(K)) for the irreducible representation t
of the compact group K is the linear span of the functions 7;;(x) = (t(x)ei, e j>. In
particular, it follows that all functions in L2(K)g(t) 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 T;;, the complex conjugates of the T;;.

7.4 Induced Representations

Let K be a compact group, and let M C K be a closed subgroup. Let (o, V,)
be a finite dimensional unitary representation of M. We now define the induced
representation w, = Indﬁ(o) as follows. First define the Hilbert-space L*(K,V,)
of all measurable functions f : K — V, satisfying f x If ()c)||(27 dk < oo modulo
nullfunctions, where ||-||, is the norm in the space V,,. This is a Hilbert-space with
inner product (f,g) = f x (fk), g(k)), dk. Choosing an orthonormal basis of V,,
gives an isomorphism L*(K,V,) = L*(K)%m"+) which shows completeness of
L*(K, V,).

The space of the representation 7, is the space Ind% (V,) of all f € L%(K, V,,) such
that for every m € M the identity f(mk) = o(m) f (k) holds almost everywhere in
k € K. This is a closed subspace of L>(K, V,) as we have

IndX (v,) = ﬂ kerT,,,
meM

where for given m € M the continuous operator f +— L,,-1 f —o(m)f is denoted
by 7,,. The representation 7, is now defined by

7o (V) f(x) = f(xy).
The representation 7, is clearly unitary.

It suffices to consider finite dimensional, indeed irreducible representations o here,
since an arbitrary representation o of M decomposes as a direct sum o = P, _; o;
of irreducibles and there is a canonical isomorphism

Ind¥ (QB oi> = B indf; (o).

iel iel

iel

So suppose that o is irreducible. As K is compact, 7, decomposes as a direct
sum of irreducible representations T € K, each occurring with some multiplicity

[y : 7] dgdimHomK (VT, V,,G).
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Theorem 7.4.1 (Frobenius reciprocity). If o isirreducible, the multiplicities [, : T]
are all finite and can be given as

(7o : Tl = [tlm : o]

More precisely, for every irreducible representation (t,U) there is a canonical
isomorphism Homg (U,Ind,ﬁ(Vo)) — Homy (U|y, 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 V;, by m,(¢)f with Dirac functions ¢ in C(K) of arbitrary small support. Let
a € Homg (U, Ind};(V,)). We show that the image of « lies in V. For this recall that
by the Peter-Weyl Theorem the space L*(K ) decomposes into a direct sum of isotypes
L*(K)(y)fory € 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 — Ind¥(V,) — L*(K,V,) S LXK RV,

where K acts trivially on V,;. This implies that «(U) C L*(K)(t) ® V, consists
of continuous functions. Let § : V¢ — V, be given by §(f) = f(1), and define
¥ : Homg (U, Indf;(V,)) = Homy (Ulu. Vi) by ¥(@)(w) = 8(a(w)) = a(u)(l).
We claim the 1 is a bijection. For injectivity assume that y(«) = 0. Then for every
u € Uandk € K one has a(u)(k) = n,(k)a(u)(1) = a(t(k)u)(l) = y(a)(t(k)u) =
0, which means o = 0.

For surjectivity let 8 € Hompy(U,V,) and define an element o €
Hom¢ (U,Ind,’&(Va)) by a(u)k) = ﬁ(r(k‘l)u). By definition, o is a K-
homomorphism and 8 = v(«). 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 u(K /M) = 1. The group K acts on the Hilbert
space L2(K /M, 1) by left translations and this constitutes a unitary representation.
This representation is isomorphic to the induced representation Ind%, (C) induced
from the trivial representation. An isomorphism between these representations is
given by the map ® : L>(K/M) — IndAK,,(C), which maps ¢ € L*(K/M) to the
function ®(v) : K — C defined by

Sk =y (k' M).
Now, for any T € K the multiplicity [r]y : 1] equals dimV*, where V¥ denotes
the space of M-invariant vectors in V. Thus by Frobenius we get

-~

LY K/M) = @Tefdim (vMyv,

where dim (V) V; denotes the dim (V*)-fold direct sum of the V,’s.
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7.5 Representations of SU(2)

In this section we consider the irreducible representations of the compact group
SU(2). We use the description of these representations to construct decompositions of
the Hilbert spaces L>(S?) and L?(S?), thus giving a glance into the harmonic analysis
of the spheres. For this recall the n-dimensional sphere, 8" = {x € R"*!: |x|| = 1},

where | x| = \/x} + - -+ 4 x2,, is the euclidean norm on R"*'. The set S" inherits a

topology from R"*!, For a subset A C S” let I A be the set of all ra, where a € A and
0 <t <1.Theset /A 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

Ww(A) o ;((11 ;x))’ where A denotes the Lebesgue measure on R"*!. As a consequence
of the transformation formula on R”*!, the Lebesgue measure A is invariant under

the action of the orthogonal group

On+1)={geMR): g'g=1}.

The group O(n 4+ 1) can also be described as the group of all g € M,,;1(R) such that
llgvll = |Iv| holds for every v € R**! It follows from this description, that O(n + 1)
leaves stable the sphere S” and that the measure p 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 — (4 9).

Lemma 7.5.1 Let n € N, and let e, = (1,0,...,0) be the first standard basis
vector of R"*. The matrix multiplication g — ge, gives an identification

S" = O(n +1)/0(n) = SO + 1)/SO(0).

This map is invariant under left translations and 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 elements with first column
equal to ey, soitis the stabilizer of ¢; and one indeed gets amap O(n+1)/0(n) — S".
As the invariance of the measure is established by the transformation formula, we
only need to show surjectivity. Now let v € S”. Then there always exists 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 € M,(C) that are unitary: g*g =
gg* = 1 and satisfy det(g) = 1. These conditions imply

sva={(5 )+ (5) 5]
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where we realize the three sphere S3 as the set of all z € C? with |z1]? + |z22|> = 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 SUQ2) — S°, mapping the matrix g € SU(2) to its first
column, is a homeomorphism. Via this homeomorphism, the normalized Lebesgue
measure on S° 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 " : (0,00) — R
is defined by the integral I'(x) = fooo t*~le~" dt. Note that I'(1) = 1 and that
I'x + 1) = xI'(x) for every x > 0, which implies that I'(n) = (n — 1)! for
every n € N. Moreover, via the substitution = r? we get the alternative formula
Frx)=2 fooo p=lemr? dr, which we shall use below.

Lemma 7.5.3 Let f : S> — C be any integrable function, and for each m € Ny let
F,, : C?> — C be defined by F,, (rx) = r"™ f(x) for every x € S> and r > 0. Further

let ¢, Er-2r (% + 2)_1. Then

f f)dp(x) = cn / Fu@e 19Pda(z),
53 c?
where A stands for the Lebesgue measure on C* = R* and |z|)* = |z1|* + |22|%.

Proof Integration in polar coordinates on C2 implies

f Fu@e W anz) = ¢ / OO r3f Fu(rx)e™ du(x)dr
c? 0 53

=c (/OO p3tme=r? dr) / f(x)du(x)
0 $3

- gr (% + 2) /Sz F) du(x).

where ¢ is some positive constant (the non-normalized volume of S%). To compute
the constant ¢ let f = 1 and m = 0. Since I'(2) = 1 one gets

c = 2/ ef(Hzllz)d)\(z) =2 </ emlzdm) (/ elzz2dZ2) =277,
C? C C

The lemma follows. O

For m € Ny let P,, denote the set of homogeneous polynomials on C? of degree m.
In other words, P, is the space of all polynomial functions p : C?> — C that satisfy
p(tz) = t" p(z) for every z € C? and every ¢ € C. Every p € P,, can uniquely be
written as p(z) = Y 4o ¢k 2523 . For p,n € P, define
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def
=(

(P =(Plszsnls3) 253y = /83 pn(x)dp(x).

It then follows from Lemma 7.5.3 that
— 2
(Dt = ez [ | p@E Tarca
(
We define a representation i, of SU(2) on P,, by

(Tn(2P)@) Zp (7).

Theorem 7.5.4 For every m > 0, the representation (7,,, Py,) is irreducible. Every
irreducible unitary representation of SU(2) is unitarily equivalent to one of the
representations (P, 7w,,). Thus

SUQ) = {[(Pu )] : m € No},

where [(Py,, )] denotes the equivalence class of (P, 7).

Proof This is Theorem 10.2.2 in [Dei05]. 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 @mzo (m+1)P,,, where Py, is the space of homogeneous polynomials of degree
m and each P,, occurs with multiplicity m + 1.

We want to close this section with a study of the two-sphere S%. For each A € T
consider the matrix g, CI=5fdiag()x, 1). Then we may regard T = {g, : » € T} as
a closed subgroup of SU(2). Recall that we can identify SU(2) = §3. The map
p : 8% — 52 of the following lemma is known as the Hopf fibration of S>.

Lemma 7.5.6 Let us realize the two-sphere as
S ={w.x):veCxeRand > +x* = 1}.

Then the map n : S* — §? defined by n(a,b) = (2a15, lal> — |b|2) factors through
a homeomorphism SUQ2)/T = S2, which maps the normalized SU(2)-invariant
measure on SU(2)/T to the normalized Lebesgue measure on S*.

Proof For (a,b) € S we compute |2ab|>+(|a|? —|b|*)? = 4|ab|* +|a|* —2|ab|* +
|b]* = (|la|* + |b|*)* = 1, which shows that the image of 7 lies in S2. To see that
the map is surjective let (v, x) € S? be given. Choose a,b € C with |a|> + |b|> = 1
and |a|?> — |b|> = x, which is possible since |x| < 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).
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We now claim that n(a, b) = n(a’, b’) if and only if there exists A € T with (a,b) =
Ad’, b'). The if direction is easy to check, so assume now that Qab, |a|* — b} =
Qa'b,|a'|* — |b'[?). Since |al®> + |b]> = 1 = |d'|* + |b'|> we get | — 2|b]* =
la]?> — |b|* = |a')> — |b'|?> = 1 — 2|b')?, from which it follows that |b| = |b’|. Hence
L =0b'/b € T with b = Ab'. Since ab = a'b’ it also follows that a = Aa’.

AR

it is then clear that n factorizes through a bijection SU(2)/T = S2. Since 7 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 g € SU(2) on §? = SU(2)/T comes
from some linear transformation. Since it maps S? to S? it is then automatically

orthogonal. Butif g = (Z _Ezb> and (;) =p <vzv) € S then a short computation

shows that
(v _ az — bw . 2(az_— bw)(bz + aw)
8 \x) TP \bzraw) = az = bw? — |bz + aw)?
_ 2abx —azv—52\7_
“ \(al)? = |bP)x —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 normalized Lebesgue measure on S is
invariant under such transformations, it is invariant under the action of SU(2), so it
coincides with the unique invariant measure on SU(2)/T. a

The left translation on SU(2)/T induces a unitary representation & of SU(2) on
L?(8%) = L*(SU(2)/T). We will now make use of the Frobenius reciprocity to give
an explicit decomposition of this representation.

Proposition 7.5.7 The representation  of SU(2) on L*(S?) is isomorphic to the
direct sum @mzo Tom-

Proof As SU(2) is a compact group, Theorem 7.2.3 implies that  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 m,, has multiplicity 1 in & if
m is even and 0 otherwise. Example 7.4.2 shows that 7 is equivalent to the induced
representation Ind%U(z)(l), hence the Frobenius reciprocity applies. So by Theorem
7.4.1 we can compute the multiplicity as [7 : m,] = [7,|r : 1]. Using the basis

2,20 20, . .., 2 one sees that

tle s 1] 1 meven,
Tulr i 1] = )
T 0 otherwise.

The proposition is proven. m|
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7.6 Exercises

Exercise 7.1 Let A be an abelian subgroup of U(n). Show that there is S € GL,(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 > __ g dim(V; )2.

(b) Show that the space of conjugation-invariant functions has a basis (x.),.g. Con-
clude that the number of irreducible representations of G equals the number of
conjugacy classes.

Exercise 7.3 Let (77, V) and (5, V;)) be two unitary representations of the compact
group K. Suppose there exists a bijective bounded linear operator T : V; — V,, that
intertwines 7 and 7, i.e., Tw (k) = n(k)T holds for every k € K. Show that there
already exists a unitary intertwining operator S : V; — V.

Exercise 7.4 For a compact group K write Lz(f )= @T g End(V?) equipped with
the inner product as in the second version of the Peter-Weyl Theorem and let

Fi LK) — LXK), F(f)=Ff

be the Plancherell-isomorphism as given in that theorem. Show that the inverse of
this isomorphism is given by the inverse Fourier transform

F: LYK) - LX(K); F(g)(x) = Zdim(t)tr (g(rx™),

tek

for (t — g(1)) € LA(K).

Exercise 7.5 Let K and L be compact groups, and let T € K and n e L. Show that
t®nk,l) = t(k)®7:(l) deﬁnes anelementof K x L and thatthe map (t,n) — T®n
is a bijection from KxLtoK x L.

Exercise 7.6 Let K be a compact group, let (77, V) € K , and let x, be its character.

Show that for x € K, [, m(kxk™")dk = Z2)1d. Conclude that x-(x)xx(y) =

dim(Vy) [ xx (kxk™'y) dk holds for all x,y € K.

Exercise 7.7 Let (7, V,;) be afinite dimensional representation of the compact group
K with character x,. Let w* be the dual representation on Vy» = V*. Show that

X+ = X~

Exercise 7.8 Keep the notation of the last exercise. The representation 7 is called a
self-dual representation if 1 = m*. Show that the following are equivalent.
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(a) m is self-dual,
(b) there exists an antilinear bijective K-homomorphism C : V, — V_,

(c) there exists a real sub vector space Vg of V, such that V; is the orthogonal sum
of Vg and i Vg, and 7 (K)Vg = V.

(d) x takes only real values,

Exercise 7.9 Show that every unitary representation of SU(2) is self dual. (Hint:
Use Theorem 7.2.3.)

Exercise 7.10 Let the compact group K act on L?(K) by conjugation, i.e.,
k.f(x) = f(k~'xk). Show that the space of K-invariants L>(K /conj) is closed
and that (X ),z is an orthonormal basis of the Hilbert space L?(K /conj).
Exercise 7.11 Let (7, V) be a representation of a compact group K on a Banach
space V. Show that V,, = €, _, V;, where each V; is a finite-dimensional irreducible
subspace.

iel

(Hint: Use matrix coefficients as in the proof of Theorem 7.2.3 to get a map T :
V: — W, where W is a finite-dimensional irreducible representation. Then fix
a complementary space of ker(7') inside V,; and apply a projection operator as in
Proposition 7.3.3.)

Exercise 7.12 Let K be a compact group. Show that the following are equivalent.

* Every character x, form € K is real valued.

 Forevery k € K there exists | € K such that [kl~! = k~!.

Exercise 7.13 Forasubset A C S" let I A be defined as in the beginning of Sect. 7.5.
Show that A is Borel measurable as a subset of S” if and only if /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 v : SU(2) — SO(3) such that
ker ¢ = {£1}. In particular, this gives an isomorphism SO(3) = SU(2)/{%/}. Use
this to compute m



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 property fails in general for
non-compact groups. The best one can get for general groups is a direct inte-
gral decomposition into factor representations. The latter is a notion more general
than irreducibility. For nice groups these notions coincide, and then every unitary
representation 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 EAT e B(H): Tm = mT Ym € M).

So the commutant is the centralizer of M in B(H). If M ¢ N C B(H), then
N° C 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 isin M. The set M is called a self-adjoint set it 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 8.6).

For a subset M C B(H), one has M C M°° and hence M°°° C M°. 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.

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 153
DOI 10.1007/978-3-319-05792-7_8, © Springer International Publishing Switzerland 2014
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Examples 8.1.1

e A = B(H) is a factor, this is called a type-I factor.
+ A=CIdis afactor.

+ The algebra of diagonal matrices in My(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 Neu-
mann algebra generated by the image of B(V) ® B(W) is the entire B(V&W)
(See Exercise 8.2).

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 7 +> |(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
AcA c A 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 general, these closures will differ from
each other. It is easy to see that A’ A" c A% since multiplication in B(H) is easily
seen to be separately continuous with respect to the weak topology. Hence 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 =A" = A~

Proof Tt suffices to show that A°° C A’ LetT € 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) : ||Sv;|| <&, j =1,...,n} where
vi,...,V, are arbitrary vectors in H and ¢ > 0. So it suffices to show that for given
Vi,...,vs € Hand e > O thereis a € Awith |Tv; —av;| <eforj=1,...n.
For this let B(H) act diagonally on H". The commutant of .4 in 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 = (v,...,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;
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therefore the orthogonal projection P onto the closure of Av is in the commutant of
Ain B(H"). It follows that T € A°°I commutes with P and leaves Ay stable. One
concludes Tv € Av, and so there is, to given ¢ > 0, an element a of 4 such that
ITv — av|| < &, which implies the desired ||Tv; —av;|| <sforj=1,...,n. O

The Bicommutant Theorem says that for a *-subalgebra A of B(H ) the von Neumann
algebra generated by .4 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 Ag be the real vector space
of self-adjoint elements, then A = Agr + iAg. Let T € Ag, and let f € S(R) be
such that f(x) = x for x in the (bounded) spectrum of T (see Exercise 8.1). By
Proposition 5.1.2,

T = f(T) = /R FOIETT dy.

The unitary elements e?™7

Neumann algebra A, and every operator that commutes with the e
with T, so T belongs to the von Neumann algebra generated by the unitaries e

€ B(H) are power series in 7', so belong to the von

27iyT will commute
2miyT

Let B; be the unit ball in B(H), i.e., the set of all T € B(H) with || T ||op < 1.
Lemma 8.2.3 B is weakly compact.

Proof Forr > 0and z € C let B,.(z) be the closed ball around z of radius r. For
T € Byandv,w € H, one has [(Tv,w)| < |[v|[|lw]|, so the map

v:B = [ Bm©
v,weH
with ¥(T),,, = (Tv,w) embeds B, into the Hausdorff space on the right, which
is compact by Tychonov’s Theorem A.7.1. The weak topology is induced by v, so
B, is weakly compact if we can show that the image of i is closed. We claim that
this image equals the set A of all elements x of the product such that (v, w) — x,,,,
is linear in v and conjugate linear in w. Since convergence in the product space is
component-wise, this set is closed. Givenx € Aandw € H,the map o, : w = X,
is a linear functional on H with ||, || < ||v|]| and hence there exists an element
Tv € H such that x,,, = (Tv,w) for all w € H. One then checks that v > Tv
defines an element in B; such that y(T) = x. O

8.3 Representations

A unitary representation (i, V) of a locally compact group G is called a factor
representation if the von Neumann algebra VN(ir) generated by 7 (G) C B(V;)isa
factor. So 7 is a factor representation if and only if 7 (G)° N 7 (G)*° = CId.
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Lemma 8.3.1 Every irreducible representation is a factor representation.

Proof 1t follows from the Lemma of Schur 6.1.7 that VN(r) = B(V,) for every
irreducible representation 7. m|

Definition Two unitary representations w1, w, of G are called quasi-equivalent if
there is an isomorphism of *-algebras

¢ : VN(;) — VN(m3)

satisfying ¢ (1 (x)) = mo(x) forevery x € G.

Example 8.3.2 A given unitary representation m is quasi-equivalent to the direct
sum representation 7 @ . This follows from the general fact that any von-Neumann

cB (H 2). (Compare with the proof

algebra A C B(H) is isomorphic to A (1 |

of von Neumann’s Bicommutant Theorem.)

Lemma 8.3.3 Two irreducible unitary representations of a locally compact group
are quasi-equivalent if and only if they are unitarily equivalent.

Proof Let the unitary representations (i, V) and (», V;)) be unitarily equivalent,
i.e., there is a unitary intertwining operator 7 : V; — V,. Then T induces an
isomorphism VN(r) — VN(57) by mapping S to T ST ~'. This shows that 7 and
n are also quasi-equivalent. Conversely, let (r, V) and (n, V;)) be two irreducible
unitary representations of G, and let ¢ : VN(;r) — VN(n) be an isomorphism of C*-
algebras such that ¢(m(x)) = n(x) forallx € G. Foru,v e V; letT,, : V; — V;
be given by T,,,(x)=(x,u)v. Then T,,, Ty, = (z,u) Ty, and T, = Ty, Let (¢))es
be an orthonormal basis of V. Foreach j € I the map P; = T, ., is the orthogonal
projection onto the one dimensional space Ce; and T, ., is an isometry from Ce; to
Cey and is zero on Ce; for i # j. The P; are pairwise orthogonal projections that
add up to the identity in the strong topology. The same holds for the images ¢(P;).
Let V, ; = ¢(P;)V,. Then V, is the direct orthogonal sum of the V; ;. We claim
that A(Te; o) is an isometry from V; ; to V,,; and zero on V,; for i # j. For this let
x,y €V, ;, then

(T2, 0%, B (Te; 0)Y) = (S (Tepo; Tey )%, V)
= <¢(Tej,ej)x’ Y> = (X, }’)

Now fix some jo € I and choose f}, € V, j, of norm one. For j # jj set f; =
(e}, ;) fjo- Consider the isometry S : V, — V, given by S(¢;) = f;. It then
follows that ST, o, = (T, ¢,)S. The C*-algebra VN(r) = B(Vy) is generated by
the 7, ., so § is an intertwining operator onto a closed subspace of V,. As n is
irreducible, S must be surjective, i.e., unitary. O
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Definition A factor representation r is called a type-I representation if 7 is quasi-
equivalent to a representation r; whose von Neumann algebra VN(ir}) is a type-I
factor. Then m is of 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 of
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 F, generated by two elements. Another example is the
group SL,(Z)/ £ 1.

Consider the regular right representation R of I' on the Hilbert space H = ¢*(I").
Let VN(R) be the von Neumann algebra generated by R(I") C B(AI)).

Proposition 8.3.5 VN(R) is a factor, which is not of type I.

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 (8, ),er, which is defined by 8,,(tr) = 1 if y = t and zero otherwise. One
has R,d,, = §,,-1 and L,8,, = §,,. Let T € VN(R)°, so TR, = R, T for
every y € I'. Then T(6;) = Zy ¢, 8, for some coefficients ¢, € C satisfying
>, ley|* < oc. For yy € T arbitrary one gets

T(,) =T (Ryo-uS]) = R, T(5)

=R, ZCVSV = ch‘swu
v v

= Z ¢y Ly (8y,),
y

soT =) c,L,, where the sum converges in the strong topology. Hence T €
VN(L). As trivially VN(L) C 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 point-wise convergent sum of the form
>, ¢yLy, and likewise each element of VN(R) can be written as a sum of the
form Zy d, R, . We show that VN(R) is a factor. For this we have to show that the
intersection of VN(R) and VN(L) is trivial. So let T € VN(L) N VN(R). Then we

have two representations
ey, =T =) dyR,.
¥ ¥

In particular, } ¢,8, = T(8;) = >_, dy8,-1, which implies d, = c,-1, so for
o € I', on the one hand,

T(@S,) = ZCVLVSO, = chsw = chlay
Y

14 14



158 8 Direct Integrals

and on the other,
T@o) =Y cyRy18a =Y Cyday = I Cum1,8,.
Y y Y

This means that the function y + ¢, 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 ¢, = O exceptfory = 1,50 T € Cld.

Finally we show that VN(R) is not of type I. For this consider the map o : VN(R) —
C; T +— (Té;,61). This map is evidently continuous with respect to the strong and
weak topologies. We show o (ST) = o(T'S) for all S, T € VN(R). By continuity it
suffices to show this for S = R, and T = R,, where y, 7 € I". Then we have

1 ifyr=1,
0(ST) = 0 (RyR) = 0(Rye) = (8,r.81) = | o Otgerwise

The last condition is symmetric in y and 7, since in the group I' we have
yT =1 <% 1ty =1, so the same calculation gives o (ST) = o (T S) as claimed.

We now show that for every selfadjoint projection P #% 0 in VN(R) one has 0 <
o (P) < 1. We first observe that for T = Zyel" ¢y R, € VN(R) one has o(T) = c;.
Next let P be a selfadjoint projection, which is the same as an orthogonal projection.
So it satisfies P* = P = P2. We write P = ) _.. ¢, R, and we get

yel

v y \s
So in particular ¢; = }_; cscs-1. The condition P = P* = 3 ¢ -R, implies
c¢,-1 = ¢, and therefore o(P) = ¢ = Zy |cy|2. This implies ¢; > 0 and ¢; > c%,

sol > c.

Now assume there is a *-isomorphism ¢ : B(H) — VN(R) for some Hilbert space
H. Since VN(R) is infinite-dimensional, the space H is infinite-dimensional. So let
(ej)jen be an orthogonal sequence in H. Let Q; be the orthogonal projection with
image Ce; and let P; = ¢(Q;). Then P; is a selfadjoint projection. Further Q; is
conjugate to Qy in B(H), since there are unitary operators interchanging e; and e;.
Then P; and P, are conjugate in VN(R) and therefore o(P;) = o (Fy) is a fixed
number ¢ > 0. Now Q; + --- + O, again is a selfadjoint projection, so the same
holds for P; + --- + P,. So we have

12 0P+ + P)=0(P)+ - +0(P) =nc,

Since this holds foe every n, we get ¢ = 0, a contradiction! Hence ¢ does not exist
and VN(R) is not of type L. O
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8.4 Hilbert Integrals

A family of vectors (§;);c; 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 D a o -algebra of subsets of X. A Hilbert bundle over X is a family
of Hilbert spaces (H,),cx and a family of maps §; : X — Ux <x H. (disjoint union)
with &;(x) € H,, such that for each x € X the family (§;(x)) is a quasi-orthonormal
basis of H,, and for each i € I the set of all x € X with &;(x) = 0 is measurable.

A sectionisamaps : X — Uxex H, with s(x) € H, for every x € X. A section
is called measurable section if for every j € [ the function x — (s(x), & j(x)) is
measurable on X, and there exists a countable set I; C I, such that the function
x > (s(x), & (x)) vanishes identically for every i ¢ I;.

Let i be a measure on D. A measurable section s is called a nullsection if it vanishes
outside a set of measure zero. The direct Hilbert integral is the vector space of all
measurable sections s, which satisfy

]2 & f IsCOI? dpux) < oo
X

modulo the space of nullsections.

This space, written as H = f y Hxdu(x), is a Hilbert space with the inner product
(s,t) = fx (s(x),t(x)) du(x). To show the completeness, for i € I let X; be the
set of all x € X with &(x) # 0. We get amap P; : H — L*(X;) given by
Pi(s)(x) = (s(x), & (x)). These maps combine to give a unitary isomorphism,

H= | H.d ;/\sz,-.
/X uix) — EPLix)

iel

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
fx H, du(x) with X = I and p the counting measure on X.

Let (H,,&;) be a Hilbert bundle and u a measure on X. Let G be a locally compact
group, and for every x € X let n, be a unitary representation of G on H,, such that
forevery g € Gandalli, j € I themapx — <77x(g)§,-(x), Sj(x)> is measurable. Then

(n(g)s)(x) o nx(g)s(x) defines a unitary representation of G on H = fx H, du(x).

Example 8.4.2 Let A be alocally compact abelian group with dual group A equipped
with the Plancherel measure. Each character ¥ : A — T = U(C) determines a
one-dimensional representation of A on H, = C. Consider the constant section
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&1(x) =1eC=H,.Letn,(y) = x(y). Then the direct integral satisfies

/AHX dy = L*(A)
A

with (n(»)§)(x) = x () (x). It follows then from the Plancherel Theorem 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 representation of
G is of type [, i.e., is quasi-equivalent to an irreducible one.

Examples 8.5.1

¢ Abelian groups are of type . For an abelian group A and a unitary representation
m of A, the von Neumann algebra VN(rr) is commutative. So, if VN(rr) is a
factor, it must be isomorphic to C, which means that 7 is quasi-equivalent to a
one-dimensional representation.

» Compact groups are of type I. For a compact group any unitary representation is
a direct sum of irreducible representations.

* Nilpotent Lie groups are of type 1. See [BCD+72] Chapter VI.
¢ Semisimple Lie groups are of type I. See [HC76].

* A discrete group is of type I if and only if it contains a normal abelian subgroup
of finite index. See [Tho68].

Let G and H be locally compact groups, and let (7, V), (o, V) be unitary rep-
resentations of G and H, respectively. On the Hilbert 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

VAW > m(x)v o (y)w

for (x,y) e G x H,ve V,,andw € 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 (i, V;) has countable dimension, i.e., the Hilbert space V,
has a countable orthonormal system.

Proof Let (i, V;)be an irreducible unitary representation of G. A subset 7 C V is
called rotal, if the linear span of 7T is dense in V. By the orthonormalization scheme
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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 V,,, as V,; is irreducible. Let D C G be a countable dense
subset. Then the set 7(D)v is dense in 7 (G)v, hence also total in V.

Assume that G has a dense countable subset. For a countable cardinal n = 1/,\2, ... R,
let H, denote a fixed Hilbert space of dimension n. For each class C in G we fix a
representative w € C with representation 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
representatlon Let Gn be the subset of G consisting of all classes [r] of dimension
n. On G we install the smallest o-algebra making all maps [7] — (7(g)v,w)
measurable, where g ranges in G and v, w range over H,. On G = | J, G, we install
the union o -algebra.

The prescription n(x, y) = L, 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, i.e., is separable.

Theorem 8.5.3 Let G be a second countable, unimodular, locally compact group of
type I. There is a unique measure i1 on G such that for f € L'(G) N L*(G) one has

I£1I3 = fé 7w (s d ().

The map f +— (w(f))r extends to a unitary G x G equivariant map
14G) = [ HS)dun)
G
where the representation of 1y of G x G on the space of Hilbert-Schmidt operators
HS (V) is given by n, (x, y)(T) = n(x)TJT(y’l)for each 7w € G and x ,y€G.

The proof is in [Dix96], 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 7.2.4. 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 For § > 0 show that there exists a function f : R — R which is
infinitely differentiable, of compact support and satisfies f(x) = x for |x| < S.

(Hint: Let g(x) = 1 for |[x| < S+ 1 and g(x) = 0 otherwise. Let h = ¢ * g for some
smooth Dirac function with support in [—1, 1]. Set f(x) = xh(x).)
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Exercise 8.2 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 B be the analogous map on the second factor. Show that « ® g defines a
*-homomorphism from B(V) ® B(W) to B(VRW).

(c) Show that the von Neumann algebra generated by the image of @ ® 8 equals the
entire B(VRW).

Exercise 8.3 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 8.4 Let H be a Hilbert space, and let P be the set of all orthogonal pro-
jections on H. Let 7; and 7, be the restrictions of the strong and weak topologies to
the set P. Show that 7, = 7,,.

Exercise 8.5 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] =T},

Exercise 8.6 Show that not every unital C*-algebra is isomorphic to a von Neumann
algebra.

(Hint: Consider an infinite dimensional Hilbert space H and the space K of compact
operators. The algebra A = K 4 CId is a C*-algebra.)

Exercise 8.7 Let H be a Hilbert space, and let M C B(H) be self-adjoint and
commutative, i.e., for S,7 € M one has S*,T* € M and ST = T S. Show that the
bicommutant M°° is commutative.

Exercise 8.8 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.:
AV + AT C AT, RYAT C AT, ATn(-AhH=0.
(b) Fora € A one has

ac At & 3IbeA:a=bb*, & a=>0.

Exercise 8.9 Let A C B(H) be a von Neumann algebra. A finite trace is a linear
map 7 : A — C with t(A") C R" and t(ab) = t(ba) for all a,b € A. Show:
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(a) Let 1 be a finite trace on A = M,,(C). Then (a) = ctr (a) for some ¢ > 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 (Zyer‘ cy Ry> =cisa
finite trace on A.

Exercise 8.10 Show that a von Neumann algebra A is generated by all orthogonal
projections it contains.

Exercise 8.11 Let G be alocally compact group. For a unitary representation (i, V;;)
let its matrix coefficients be all continuous functions on G of the form

g = Y@ Sw(@v,w),  vwe Vy.

Let G be of type L. Let w 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 generaliza-
tion 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. 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 exampleis G = R and H = Z.

e For a unimodular group H and a compact group K together with a group ho-
momorphism n : K — Aut(H) such that the ensuing map K x H — H
given by (k,h) — n(k)(h) is continuous, one can form the semi-direct prod-
uct G = H x K. As atopological space, one has G = H x K. The multiplication
is (h,k)(hy, k1) = (h n(k)(hy), kk;). Then H is a cocompact subgroup of G.

e For G = SL,(R), one uses hyperbolic geometry [Bea95] to construct discrete
subgroupsI' = 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 itself.

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 v on the compact Hausdorff
space H\G using Riesz’s representation theorem as follows. For f € C(H\G)
choose g € C.(G) with g = f, where fg(x) d:EffH g(hx)dh. In this case de-
fine | i S ) dux) by J &(x)dx. For this to be well-defined, we have to show

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 165
DOI 10.1007/978-3-319-05792-7_9, © Springer International Publishing Switzerland 2014
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that g = 0 implies [; g(x)dx = 0. Note that, as H is unimodular, we have
[y 8(h~'x)dh = [}, g(hx)dh = 0. Let ¢ € C.(G) with ¢ = 1. One gets

fg(x)dx:/ f ¢(hx)g(x)dhdx
G GJH
=/ ffﬁ(hX)g(x)dxdh
1Jc

=f /.c/)(x)g(h’lx)dxdh

HJG

:/¢(x)/ g(h'x)dhdx = 0.
G H

This measure u on H\G satisfies
/ fey)ydp(x) = / glxy)dx =A™ [ g(x) dx
H\G G G

=AG™H Fx)du(x).
H\G

So in particular, for f = 1 € C(H\G) one gets

0 < f)ydu(x) = Fy)dux) =A™ Fx)du(x),
H\G H\G H\G

which implies A(y~!) = 1. O

Definition 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
withI'NU = {1}.

(b) A discrete subgroup is closed in G.

Proof AsT is atopological group, it is discrete if and only if {1} is open, which is
equivalent to the existence of an open set U with I' N U = {1}. This implies part (a).
For part (b) let I" be a discrete subgroup, and let y; — x be a netin I', convergent
in G. We have to show that x € I". Let U be a unit-neighborhood in G such that
' NU = {1} and let V be a symmetric unit-neighborhood such that V> C U. As
xV is a neighborhood of x, there exists an index jy such that for i, j > j, one has
vi,¥Yj € xV, therefore y[-_lyj € V2 C U, hence y; = ¥j, so the net is eventually
constant, hence x = y;, € I'. o
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Example 9.1.4

* 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 = SL,(R) be the group of real 2 x 2 matrices of determinant one. Then
I' = SL,(Z) is a discrete subgroup of G.

Definition Let G be a locally compact group. A discrete subgroup I" such that G/ T’
carries an invariant Radon measure p with u(G/T") < oo is called a lattice in G.
A cocompact lattice is also called a uniform lattice.

Proposition 9.1.5 Let G be a locally compact group. A discrete, cocompact
subgroup T is a uniform lattice.

Proof LetI’ C G as in the proposition. Then G is unimodular by Proposition 9.1.2.
As T is unimodular, by Theorem 1.5.3 there exists an invariant Radon measure on
G/ T, and, as the latter space is compact, its volume is finite, so I' is a lattice. O

Remark There are lattices, which are not uniform, like I' = SL,(Z)in G = SL,(R)
(See [Ser73]).

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 1.5.5. Let I' C G be a lattice. As there is an invariant
measure on G/ I', Theorem 1.5.3 implies that A is trivialonI',soI’ C H.On G/H
and on H/T there are invariant measures by Theorem 1.5.3, so by the uniqueness
of these respective measures we conclude that

oo > VOI(G/F)=/ 1dx=/ / ldxdy.
G/T G/HJH/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 I' C G be a cocompact lattice. It is a
convention that one uses the right coset space I'\G instead of the left coset space.
This quotient carries a Radon measure p that is invariant under right translations
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by elements of G and has finite volume. On the ensuing Hilbert space L>(I"\G) the
right translations give a unitary representation R of G by

RX)$(y) = p(yx).

Example 9.2.1 Let G = R, and I' = Z then I is a closed cocompact subgroup
and the theory of Fourier series, [Dei05] Chap. 1, implies that the representation
R decomposes into the direct sum @n ez Xn» Where x, : R — T is the character
given by x,(x) = e*™*. 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 Nz for the N-fold direct
summa @w---D.

Theorem 9.2.2 Let G be a locally compact group, and let ' C G be a unimodular
closed cocompact subgroup. The representation R on L*(T'\G) decomposes as a
direct sum of irreducible representations with finite multiplicities, i.e.,

LAT\G) = @ Nr(m)m,

neG

where the sum runs over the unitary dual G of G, and Nr(w) € Ny is a finite
multiplicity for 7 € 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 G. For a continuous function
fonGlet fy : G — [0,00) be defined by

fo() = sup | f(xy2)l.

x,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 fu ([0, a))
are open. For the former assume fy(x) > a, then there exist u;,u; € U with
| f(u1xup)| > a. As the function y — f(u;yu,) is continuous, there exists an open
neighborhood V of x such that | f(u;vup)| > a for every v € V. This implies
fu(v) > aforeveryve V.

The second assertion is equivalent to saying that f;; Y([a, 00))is closed. So let (x j)bea
net in this set, convergent to some x € G. This means that fy;(x;) > a and we have to
show that fy(x) > a.Foreach j fixsomeu;,v; € U suchthat fyy(x;) = | f(u;x;v;)l.
By switching to a subnet, we may assume that the nets (u;), (v;) are both convergent
in the compact set U with limits # and v respectively. It follows that

fo@) 2 |f (e = lim | v = a. =
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Definition 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 L'(G). If f is
uniformly integrable, then f € LY (G) as | f| < fu. Let Cuyir(G) be the set of all
continuous functions f on G that are uniformly integrable.

Example 9.2.4

e If f € C.(G), then f is uniformly integrable, as fy € C.(G) again.

* Every Schwartz-function on R is uniformly integrable (Exercise 9.1).

Lemma 9.2.5 Let G be unimodular. Every uniformly integrable function vanishes
at infinity, and the space Cu,it(G) is an algebra under convolution.

Proof Assume that f is uniformly integrable and let U be a compact symmetric
unit-neighborhood in G such that fy; is integrable. If f does not vanish at co, there
exists an ¢ > 0 such that for every compact set K C G there is x € G\ K with
| f(x)| > e.Letx; € G beanyelement with | f(x;)| > ¢. Then there exists x, ¢ x,U?
such that | f(x2)] > e. As U is symmetric, it follows that x;U N x,U = . Next
we pick an element x3 outside of x;U 2 U x,U? with | f(x3)] > ¢. Repeating this
argument, we find a sequence {x, : n € N} in G such that x,U N x,,U = @ for all
n # m and | f(x,)| > € for every n. But then fy > ¢ on x,U for every n, which
contradicts the integrability of fy.

Since integrable functions in Co(G) are square integrable, we get
Cunit(G) C L*(G).

Let f,g € Cunir(G). We can write f x g(x) = (f,L,g*). The map x +— L,g*
is continuous as a map from G to L?(G). The inner product is continuous, hence
so is f * g. Finally, choose a unit-neighborhood U such that f;; and gy are both
integrable. Then

(f *gu(y) = sup

x,zeU

/Gf(é)g(é‘lxyz) dé‘

/Gf(xif)g(é‘lyZ)dél

= sup
x,zeU
< sup / | f(x&)g(E " y2)| d
x,zeU JG

< /G Fu®)guEy)dE = fu * gu(y).

This implies that (f * g)y is integrable over G. O
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Lemma 9.2.6 For f € Cyuir(G) and ¢ € L*(T'\G) one has

R(NHHo(x) =/ k(x, y)¢(y)dy,

G

where k(x,y) = Zyel‘ F(x~Yyy)dh. The kernel k is continuous on T\G x I'\G.

Proof Let f € L'(G). For ¢ € L>(I'\G), one computes with the quotient integral
formula

R(f)¢(X)=/Gf(y)R(y)¢(X)dychf(y)qb(xy)dy

= fG FOT o) dy

= fr D e f S Fa g dy,

yel NG yell

as claimed, and the integral converges almost everywhere in x. In particular, for
f € Cuit(G) this argument works with f replaced by f; for a suitable symmetric
unit-neighborhood U to get a kernel k. We choose g € C.(G) with g > 0 and
Zy or &(yx) = 1for all x € G and use the quotient integral formula to compute

ky(x,y)dxdy = o dad
/F\GXF\G vl )dxdy /r\G/r\GZg(Vx)qu(x Ty)dx dy

yel tel
= g) Y fulx~'ty)dxdy
/F\G [G ; v

=/G/Gg(x>fu<x*1y>dxdy= lg * fulli < oo

By the quotient integral theorem, the sum ZV o Ju (x~'yy) converges almost ev-
erywhere in (x, y), so it converges on a dense set of (x,y). Let (xg, yo) be such a
point of convergence. We show that k(x, y) is continuous in the set xoU x yoU. For
given ¢ > 0 there exists a finite set S C I" such that Zy¢s fU(xo_lyyo) < ¢/2. This

means that for (x, y) € xoU x yoU one has ZV¢S | f(x~'yy)| < &/2. This implies
for (x',y") € xoU x yoU,

Ik(x,y) = k(' 3O < Y 1f G yy) = F&T ) e,
yesS

from which the continuity of k follows O

Ask € C(T\G xT'\G) C LX(I'\G x I'\G), the operator R( f) is a Hilbert-Schmidt
operator, hence compact. The theorem follows from the next lemma.
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Lemma 9.2.7 Let A be a *-closed subspace of C.(G). Let (n,V,) be a unitary
representation of G such that for every f € A, the operator n(f) is compact and
such that for every non-zero v € V, the space n(A)v is non-zero. Then n is a direct
sum of irreducible representations with finite multiplicities.

Note that the condition n(A)v # 01is always satisfied if A contains a Dirac-net (¢y)y .

Proof Zorn’s Lemma provides us with a subspace E, maximal with the property
that it decomposes as a sum of irreducibles. The assumption of the Lemma also holds
for the orthocomplement E+ of E 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 7 as in the assumption, always contains an irreducible
subspace.

The space A is generated by its 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,

[e.¢]
V=V ® @ Vs
j=1
where V;  is the kernel of n(f) and V ; is the eigenspace of 1( f) for an eigenvalue
A; # 0. The sequence A tends to zero and each Vy ; is finite dimensional for j > 0.
For every closed invariant subspace £ C V one has a similar decomposition

oo
E=E}y & PE,

j=1
and £ } j C Vy,j forevery j = 0. It follows that every non-zero closed invariant
subspace E has a non-zero intersection with one of the V; for some i > 0 and some
f € A, since otherwise E C ker n(f) for every f € A. Fix f and j and consider
the set of all non-zero intersections V; ; N E, where E runs over all closed invariant
subspaces. Among these intersections choose one W = V ; N E of minimal dimen-
sion # 0, which is possible as V/ ; is finite-dimensional. Let E! = ﬂE:EWN:W E,
where the intersection runs over all closed invariant subspaces E with ENVy ; = W.
Then E! is a closed invariant subspace. We claim that it is irreducible. For this as-
sume that E! = F @ F’ with closed invariant subspaces F, F’. Then by minimality,
W C F or W C F', which implies that one of the spaces F or F' is zero, so E'! is
indeed irreducible. We have shown that V indeed has an irreducible subspace E!.
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 t and
o are unitarily equivalent representations, then A is an eigenvalue of t(f) if and
only if it is one for o(f). Thus finiteness of the multiplicities follows from the fact
that any collection of orthogonal subspaces, which give rise to unitarily equivalent
representations, must all have non-trivial intersection with the same eigenspaces V7 ;.
Since the V; ; are finite dimensional, there can only exist finitely many of them. O
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9.3 The Trace Formula

Let X be a locally compact Hausdorff space, and let « be a Radon measure on X.
A continuous L?-kernel k on X is called admissible kernel if there exists a function
g € C(X) N L*(X) such that |k(x, y)| < g(x)g(y). Note that if X is compact, then
every continuous kernel is admissible.

An operator S : L2(X) — L?(X) is called an admissible operator if there exists an
admissible kernel k such that

5000 = [ kex. )00 dy.
b'¢
where we have written dy for du(y).

Proposition 9.3.1 Let X be a locally compact Hausdorff space equipped with a
Radon measure. Assume that X is first countable or compact. Let T be an inte-
gral operator with continuous L*-kernel on X. Assume that there exists admissible
operators S1, S with T = §15,.

Then T is of trace class and

tr(T):/k(x,x)dx.
X

Proof Replacing S, with S; we can assume 7' = S;.5; in the proposition. The map
o : (81, 82) — 8155 is sesquilinear, so it obeys the polarization rule,

1
o(S,R) = 7 (6(S+R)—o(S—R)+i(c(S+iR)—0a(S—iR))),
where we have written o (S + R) for o(S + R, S + R). This implies that, in order
to prove the proposition, it suffices to assume that 7 = SS* for some admissible
operator S. As § is a Hilbert-Schmidt operator, T = SS* is trace class and also

tr (T) = ||S||12{S. Let I(x, y) be the admissible kernel of S. For ¢ € C.(X) we
compute

SS*¢(x)=/l(x,u)S*¢(u)du
x
=//l(x,u)l(y,u)¢(y)dydu
x Jx

:/ <[ l(x,u)l(y,u)du) ¢(y)dy.
X X

So the operator SS* has the kernel [ x [*(x, y) = fx I(x,2)l(y,2)dz. If | is admis-
sible and X is first countable, it suffices to check convergence with sequences, and
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therefore the Theorem of Dominated Convergence implies that the kernel / * [* is
continuous. If X is compact, the Radon measure is finite and the function / is uni-
formly continuous in the following sense: For every xo € X and every ¢ > 0 there
exists a neighborhood U of x( such that for all x € U and all z € X we have
|l(x,z) — l(x0,2)| < e. This implies the continuity of / x [*. For ¢, ¥ € C.(X) we
have

fX /X L# (e )W () dy dx = (S5°6. )

_ / / k(s )PP () dy dx.
XJX

Varying ¢ and ¥ we conclude that the continuous kernels k and [/ * [* coincide.
Therefore,

/ k(x,x)dx:/ / [1(x, w)|? dudx=||S|lus = tr (T).
X X Jx
The proposition follows. O

Recall that for 7 € G the number Nr(r) > 0 is the multiplicity of 7 as a
subrepresentation of (R, L*>(I'\G)). Let Gr denote the set of all 7 € G with
Nr(w) > 0.

Definition We write Cy,,s(G)? for the space of all linear combinations of functions
of the form g *x & with g,h € Cypir(G). Moreover, if I is a lattice in G and y € T,
then we denote by [y ] the conjugacy class of y in ", G,, déf{)c €G:xyx ' =y}
denotes the centralizer of y in G, and I',, £ G,Nr denotes the centralizer of y in I.
Note that the map from I" to [y ], which sends v to v~'y v, factors through a bijection

A = [yl

Theorem 9.3.2 (Trace Formula) Let G be a locally compact group and T' C G a
uniform lattice. Let Gr denote the set of all m € G which appear as subrepresenta-
tions of the representation R on L*(T'\G) and let f € Cuyit(G)?. For every w € Gr
the operator w(f) is of trace class and

> Ne@m) r(f) =Y vol(T,\G,) O, (f),
ne@r [v]

where the summation on the right runs over all conjugacy classes [y] in the group
", and O, (f) denotes the orbital integral,

0,(f) = f Falyx)dx,
G,\G

We shall see in Lemma 9.3.3 below that the centralizer G, is unimodular and that
I'y\G, has finite measure for every y € I'. The expression vol(I',\G,)O, (f) is
therefore well-defined. It does not depend on the choice of Haar measure on G,,.
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Proof of the trace formula The algebra Cunit(G)? consists of all finite linear combi-
nations of convolution products of the form g xh* with g, h € Cypir(G). So it suffices
to show the trace formula for f = g * h*. According to Lemma 9.2.6, the operators
R(g) and R(h) are integral operators with continuous kernels

kee,y) =Y gGx'yy)  and  ky(x,y)= Y h(x"'yy).
yel yel

By Proposition 9.3.1 the operator R(f) is of trace class and tr(R(f)) =
]F\G kr(x,x)dx. With R(f), all its restrictions to subrepresentations are of trace
class. It follows that

> Moo () = w®() = [ kstxodx

NG

=/ Zf(x’lyx)dx.
I\G

yell

JTGG[‘

We order the sum according to conjugacy classes [y] in ', interchange integration
and summation and use the quotient integral formula to get

tr(R(f)):/ ) faloTyox)dx
G

[y] oel)\I'

= Z/ Z f(ox)'yox)dx

[y1 “T\C ger,\r

= Z Fx'yx)dx.
[yl YIr\G

Lemma 9.3.3 For every y € T, the centralizer G, is unimodular and I',\G,, has
finite invariant measure vol(I', \G ).

Proof The above calculation shows that for every f as in the theorem, which is
positive, i.e., for f > 0, one has fry\G f(x"'yx)dx < oo for every y € T.
Consider the projection p : I'y/\G — G, \G. Since G is unimodular by Theorem
9.1.6, the space I',\G carries an invariant Radon measure v. Let 4 be the image
under p of v, i.e., we define fGV\G f)du(x) = ny\G f(p(»))dv(y) for every
f € C.(G,\G). We need to show that this is finite. For thislet0 < f € C.(G,\G),
and let ® : G,\G — G be given by ®(G,x) = x~'yx. Then K = ®(suppf) € G
is compact in G and by Tietze’s extension theorem we can find a function 0 < f €
C.(G) such that f(y’lyy) = f(G,y) forevery y € G with f(G,y) > 0. Choose
0 < F € C.(G)? such that f < F. To show the existence of such a function, let
g > 0in C.(G) such that g > 0 in a neighborhood of supp(f). There exists a unit-
neighborhood U, such that ¢y * g is > 0 on the set supp(f), where ¢ is a Dirac
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function of support in U. Set F = c¢y * g for some sufficiently large ¢ > 0, then
f e C.(G)* and F > f. Further F satisfies the conditions of the theorem, so we get

/ fx)dx = / F(p())dv(y) = / FO Yy dv(y)
G,\G l"V\G l"y\G

< / F(y 'yy)dv(y),
NG

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 1.5.3 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 from the finiteness of fry\c f(p(y))dv(y) that I')\G, has finite
invariant volume. O

By the lemma, we can continue the calculation above to arrive at

tr R(f) = Z/ \G-/F\G f(ox) 'yox)do dx

v]

= Z vol(I',\Gy) Oy (f).
[v]

This proves the theorem. O

Example 9.3.4 Consider the case G = Rand I' = Z. Every 7 € R gives a character
x > e?™* and in this way we identify G with R. The subset GF is mapped to Z
and the multiplicities N (i) are each equal to one. Therefore the spectral side of the
trace formula equals ), _, f (k), and the geometric side equals ), _, f(k). In other
words, the trace formula is the same as the Poisson summation formula.

For applications of the trace formula, the following lemma will be important.

Lemma 9.3.5 Let G be a locally compact group, and let A be a *-subalgebra of
C.(G) which contains a Dirac net (¢py)y. Assume further that A is stable under
left translations L, y € G. Let (7, V) and (o, W) be unitary representations of G
such that for every f € A the operators n(f) and o(f) are trace class and that
trr(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 m and o are both direct sums of irreducible representations
with finite multiplicities is Lemma 9.2.7. There is a subrepresentation of &, maxi-
mal with the property of being isomorphic to a subrepresentation of o. Restricting
to the orthogonal space we can assume that m and o do not have isomorphic
subrepresentations. We have to show that they both are zero.
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Let V = @,; Vo be a decomposition in pairwise orthogonal subrepresentations
and let v, , € V, be vectors, such that

DY I fvanull® < oo
o u

for every f € A. Choose a vector 0 # w € W. We claim that for every ¢ > O there
exists some f € A, such that

D (el < ello(fHwl’.
a  u

If this were not the case, the map

S R Was > o (Pows €A,
"

would be well-defined and could be extended to a non-trivial intertwining map from
the closure L of the space

DY w1 (Ve f € A} cPHP v
o " o "

to W. Here every V,, ,, is a new copy of the space V,,. The space L decomposes as a
direct sum of irreducibles and it only contains isotypes, which don’t occur in W, so
such an intertwiner cannot exist.

Now assume o # 0. As A contains Dirac functions of arbitrary small supports, there
is a function 4 in A, such that o(h) # 0. Let f = h x h*. Then o (f) is of trace class
and positive. Therefore o (f) possesses a largest eigenvalue and we can scale & in
such a way that this eigenvalue is equal to 1. Letw € W of norm one witho (f)w = w.
Let A > 0 be the largest eigenvalue of 77 (). For every «, let (v, ) be an orthonormal
basis of V,, consisting of eigenvectors of 7 ( f), say w(f)Ve,u = Aa,puVa,u- FOr every
ge A thesum) )" w17 (8)Var |1 equals the square of the Hilbert-Schmidt norm
of m(g) and therefore is finite. By the above remark there is a g € A with

2 1 2
2 Im@veul? < ssllo(@wl’.
@ p
The trace of w(g * f)*7m(g * f) equals

DD s fvaul® =Y A% I (@)ve
o " o "
<Y (@)l
o p
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The right hand side is strictly smaller than lo@wl?* = llo(g * f)w||2, which again
is smaller than

tr (o(g* f)o(g* f)) =tr (w(g= fm(g*f),
a contradiction!

This implies o = 0 and, by symmetry, also 7 = 0. O

9.4 Locally Constant Functions

Let G be a locally compact group with a cocompact lattice I’ C G. A function f on
G is called locally constant, if for every x € G there exists a neighborhood U, of x
such that f is constant on U,. There are not many locally constant functions if G is
connected, but there are many if G is totally disconnected.

The function f is called uniformly locally constant, if there exists a unit-
neighborhood U such that f is constant on every set of the form UxU, x € G.
For example, if f is locally constant and of compact support, then f is uniformly
locally constant.

Proposition 9.4.1 Let G be totally disconnected and f a uniformly locally constant
and integrable function on G. Then f € Cuyir(G)?. Hence the trace formula is valid

for f.

Proof Let U denote a compact open subgroup such that f is constant on every
set of the form UxU. Then fy = | f| and therefore f € Cyni(G). The same holds
for the function g = #(U)IU and one sees that f = g * f,s0 f € Cuit(G)? as
claimed. O

9.5 Lie Groups

In this section, we shall present a simple class of functions which satisfy the trace
formula in the case of a Lie-group, i.e., a group which is a smooth manifold such
that the group operations are smooth maps. We shall freely make use of the notion
of a smooth manifold as in [War83].

Theorem 9.5.1 Let G be a Lie group of dimension n and let ' C G be a cocompact
lattice. Let f be a continuous integrable function on G, such that the sum

k(x,y) =) fOxyy)

yell
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converges uniformly and the kernel k is 2r-times continuously differentiable, where
1 is the smallest integer with r > n/2. Then the trace formula is valid for f.

In particular, the trace formula holds for every f € CL(G).

Proof To show the theorem, we need a partition of unity with a smooth square-root.
The easiest way to achieve that is to adapt the classical construction of a partition of
unity as is done in the following proposition.

Lemma 9.5.2 Let M be a smooth manifold and let (U;);c; be an open covering of
M. Then there are smooth functions u; : M — [0, 1], such that the support of u; in
contained in U; and that

Z u = 1,

iel
where the sum is locally finite, i.e., for every p € M there is a neighborhood U, such
that the set
{i el :uly #0}

is finite. The family (u;) is called a smooth partition of unity subordinate to the
covering (U;). One can choose the u; in a way that for each i € I the function \/u;
is smooth as well.

Proof Except for the smoothness of the square-root, this is Theorem 1.11 of
[War83], the proof of which is adapted to give the lemma. In loc.cit., one con-
structs a sequence () j>1 of smooth functions, which are > 0 and such that the sets
{p : ¥;(p) > 0} form a locally-finite covering of M, subordinate to the covering

(U;). So the function
V=29

Jj=1

is a smooth function with (p) > 0 for every p € M. The functions

2
_Y
uj = —
14

are smooth with smooth square root and satisfy » ; u; = 1. O

A Borel measure v on R” is called a smooth measure, if it has a smooth, strictly
positive density with respect to the Lebesgue measure A, i.e., if there is a smooth
function

d:R" — (0,00)

such that
v(A):/d(x)dA(x)
A

holds for every Borel set A C R”.
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A measure p on a smooth manifold M is called a smooth measure, if for every smooth
chart¢ : U — R” the induced measure v = ¢, on R, given by u(A) = v(¢p~'(A))
is smooth.

Proposition 9.5.3 Let M be a compact smooth manifold of dimension n with a
smooth measure . Let k : M x M — C be continuous and 2r-times continuously
differentiable in the first argument, where r is the smallest integer r > n /2. Then the
induced integral operator Ty : L*(M) — L*(M),

Tk(¢)(x)=f k(x, y)p(y)dy,
M

is of trace class and

tr(Tk)=/ k(x,x)dx.
M

Proof We first prove the assertion in the case M = R" /Z" and i being the Lebesgue
measure A. In this case we define

1 " -
I(x,y) = Z <1—|—T2|Ik||2> er(x)er(y),

keZ

where e (x) = e2ritakitxoka++xnkn) gapnd ||k||2 — k% +... +kr21 As the Corresponding
integral converges, this sum converges absolutely uniformly and the kernel /(x, y)
therefore is continuous. Let A be the Laplace operator,

02 a2

A= —— — o .

ax? dx?2

Lemma 9.5.4 For ¢ € C*(R"/Z") one has

Ti(1+AY¢ =¢.

Proof Both sides are continuous functions, so it suffices to show that they agree as
L?-functions. But for all ey, k € Z", we have (1 + A) ex = (1 + 472||k||*) e and
Tier = (1 4 4x2||k||*) " ek, hence T;(1 + AY ey = ei. Since {ex : k € Z"} is an
orthonormal basis of L2(R"/Z") we see that T;(1 + A) =1d 2R 7> and the result
follows. m|

We now show the proposition in the case M = R"/Z" equipped with the Lebesgue
measure. Let k be as in the theorem. Then for ¢ € L*(M) the function T;¢ is in
C¥ (M), so by the lemma,
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T(14+ A Tip = Tip.
One has (1 + A)' T, = Ty, where k’ is the continuous kernel
K'(x,y) =14+ A)k(x, y).

So T = T;Ty is a product of two Hilbert-Schmidt operators, hence of trace class.
As both, T; and Ty, are admissible, the claim follows from Lemma 9.3.1.

Next let M be an arbitrary smooth compact manifold of dimension 7. Let (U;);_, be
an open covering by chart sets, where we choose the chart maps 1; not as maps to
R”" but instead to R”/Z", which is possible as well. So for every i the map ; is a
homeomorphism of U; to some open set V; C R"/Z". The sets Vy,...,V, C R"/Z"
can be chosen pairwise disjoint. Let (#;) be a smooth partition of unity with smooth
square root subordinate to the covering (U;). For 1 <i,j < s let

ki j(x,y) = v (0)k(x, y)y/u; ().

Then k; ; is a continuous kernel on M x M. For given 1 < i,j < s, define a
continuous kernel IE,-, jonR*/Z" x R" /7" by

vd(x ki j (7 00T OV (0) (x,y) € Vi x Vg,

ki i(x,y) =
(X 7) otherwise.

Here d; denotes the density of the measure (;),u with respect to the Lebesgue
measure, i.e. fv F)di(x)dA(x) = fu Fri(Ndu(y) for all f e C.(V;). We
define k = Y k; j and for ¢ € L?>(M) we set

@ (x) = d(x)y/u;(x).
We define ¢; € L2(R"/Z") by

¢,(1/f ")) x eV,

otherwise.

i (x) =

Finally set ¢ = Y, ¢;.

Lemma 9.5.5 The map ¥ : ¢ — & is a linear isometry L>(M) — L*(R"/Z") and
one has
V(T p) = Ty V()

for every ¢ € L*(M). The operator T; equals PT; P, where P is the orthogonal
projection L*(R" /7"y — Im(W). Finally we have

fk(x,x)du(x):/ lz(x,x)dx.
M Rn /71
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Proof The map W is linear. For ¢ € L?>(M) we compute

@I = [ gefain =3 [ ideor dico
Rejzr i Vi

=z

=Y [ 1,007 dye dr)

v —_————
d(rj)sp(x)

=> /U 6@ du@) = /M |6(2)uj(x) d ()
J J J

_ / S dunx) = 11,
M

so W is an isometry. In order to show WT; = T; ¥, we compute

T = 11600 = 3Ty = 3 [ Kby dro)
i i Vi

= Vdix) / ki j (U Q) ¥ ) () dj(3) di(y)

b =d())ep(y)

= VA [ ki .20 dio)
i j

= VA [ ok 0. 00,060 dnc)
i.Jj J

= 3 VA Juw; o) /M K (1,26 du)
=Y V) w7 T (1) = WTi(x).

To show T; = PT; P one has to show that for g € Im(¥)*,
Ti(9)=0 and (Tih,g)=0

holds for every h € L*(R"/Z"). The first of these assertions follows from the fact
that for fixed x, the map y — k(x, y) lies in the image of W. The second assertion
follows similarly from the observation, that for fixed y the map x — k(x, y) lies in
the image of W.

We finish the proof of the lemma with
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k di ; di
@Wum (x) = Z/W 06 x) dA(x)

=0ifiz#i

=3 [ g7 o o) e
j J

=Z/mmmwm
i v

:Z/ k(x, x)u;(x)dp(x)
i

= / k(x,x)du(x). O
M

The lemma implies
tr Ty =T = / Iz(x,x)dx = / k(x,x)dx
R"/Z" M

and the proposition follows. a

Now Theorem 9.5.1 follows from Proposition 9.5.3 in the same way as Theorem
9.3.2, i.e., the trace formula, follows from Proposition 9.3.1. O

9.6 Exercises

Exercise 9.1 Show that every Schwartz function on R is uniformly integrable.

Exercise 9.2 Let B be the group of upper triangular matrices in SL,(R). Show that
B does not contain a lattice.

Exercise 9.3 Let I" be a subgroup of the locally compact group G. Show that I' is
discrete if and only if for every compact subset C C G the intersection I' N C is
finite.

Exercise 9.4 A group I" acts discontinuously on a topological space X if for every
x € X thereis aneighborhood U of x, such thatthe setofally € ' withUNy 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 9.5 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 x in
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H and G, respectively. For m € G let Xz : G — Cbe defined by x,(x) = tr 7(x).
For x € H let [x]y be the H-conjugacy class of x, i.e., [x]g = {hxh~' : h € H}.

Show: G|
. h
D @mV) o =D L,
< |Hp |
neCG lhlm
where V¥ 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.)

Exercise 9.6 Let f € S(R) be a Schwartz function. Apply the trace formula to f
with G = Rand I' = Z to give a proof of the classical Poisson summation formula:

Y =Y fk),

kel kel
where f(x) = [, f(y)e~ 2" dy.

Exercise 9.7 Let G be a first countable compact group and H C G a closed sub-
group. Let f € C(G)* with supp(f) N G.H = @, where G.H is the union of all
conjugates g Hg~! of H. Show that

Zdim(vf) trw(f) = 0.

neG



Chapter 10
The Heisenberg Group

In this chapter we prove the Stone-von Neumann Theorem, which gives a full char-
acterization of the unitary dual of the Heisenberg group 4. 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 H is defined to be the group of real upper triangular 3 x 3
matrices with ones on the diagonal:

1
def

H = x,y,Z € R

,_.
—_ N

It can also be identified with R3, where the group law is given by
(a,b,c)(x,y,2) d=ef(a +x,b+y,c+z+ay).
The inverse of (a, b, ¢) is
(a,b,0)”' =(—a,—b,ab — ).

The center of H is Z(H) = {(0,0,z) | z € R}, and the projection to the first two
coordinates induces an isomorphism

H/Z(H) = R

An easy calculation ([Dei0S5] Chap. 12) shows that H is unimodular and that a Haar
integral on H is given by

/f(h)dhd:ef//[f(a,b,c)dadbdc, f e C(H).
H RJRJR

We will use this Haar measure on # for all computations in the sequel.

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 185
DOI 10.1007/978-3-319-05792-7_10, © Springer International Publishing Switzerland 2014
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10.2 The Unitary Dual

In this section we are going to describe the unitary dual 7 of the Heisenberg group

H.

Let ﬁo denote the subset of . consisting of all classes m € H such that w(h) =1

whenever  lies in the center Z(#) of H. Since H/Z(H) = R?, it follows that
Ho=H/ZH) = R = (R)",

and the latter can be identified with R? in the following explicit way. Let (a, b) € R?

and define a character

Xab H - T,
()C, y, Z) — eZm’(aerby)'

The identification is given by (a,b) — x,,. In particular, it follows that all repre-
sentations in H, are one-dimensional. This observation 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 7 € 77 there is a character
Xz ¢ Z(H) — T with 7(z) = x,(z)Id for every z € Z(H). This character y, is
called the central character of the representation 7.

For every character x # 1 of Z(?H), we will now construct an irreducible 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

Xt(09 09 C) = ezﬂiCt .
For (a, b, c) € ‘H we define the operator m,(a, b, c) on L%(R) by
m(a, b, O)p(x) =P p(x + q),

It is straightforward that 7; is a unitary representation.

Recall from Exercise 3.17 that the Schwartz space S(R") consists of all C*°-functions
f : R" — C such that x*3” f is bounded for all multi-indices «, 8 € Nj. We have
S(R") € LP(R") for every p > 1 and S(R") is stable under Fourier transform.

Theorem 10.2.1 (Stone-von Neumann). For t # O the unitary representation 7, is
irreducible. Every irreducible unitary representation of H with central character x;
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 w,(H). If ¢ € V,
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then so is the function 7,;(—a,0,0)¢(x) = ¢(x — a). As V is closed, it therefore
contains ¥ * ¢(x) = fR Y(a)p(x — a)da for v € S = S(R). These convolution
products are smooth functions, so V contains a smooth function ¢ # 0. One has
7,(0, —b,0)p(x) = e 2"P"*p(x) e V. By integration it follows that for v € S one
has that Iﬂ(tx)qb(x) lies in V. The set of possible functions I/AI(Z‘)C) 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 /, in which ¢ has no zero. It
follows that C2°(1) 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 = be an irreducible unitary representation
with central character x,. We want to show that r is isomorphic to r,. For notational
ease, let’s first reduce to the case + = 1. Consider the map 6, : H — H given by
0;(a,b,c) = (a,bt,ct). A calculation shows that 6, is an automorphism of H with
X1 0 6; = x;. So we conclude that  has central character x; if and only if 7 o 9,‘1
has central character x;. It therefore suffices to show the uniqueness for ¢t = 1.

Let (5, V,) be an irreducible unitary representation of  with central character ;.
Let I' be the subgroup of  consisting of all (0,0, k) with k € Z. Then I' lies in
the center and y;(I") = {1}. So the representation 7 factors over the quotient group

B cléf7—[/ I", which is homeomorphic to the space R? x R/Z. For ¢ € S(R?), let
ds(a,b,c) = d(a,b)e”>™¢. Then ¢(a,b) = ¢p(a,b,0). For ¢, € S(R?), one
computes

¢p * Ypla,b,c) = / ¢s(h)Ys(h~ (a,b,c))dh
B
=/ P(x, y)e T Yg(a —x,b — y,c — 2+ xy — xb)dx dy dz
R? JR/Z
— / ¢(X,y)€72nizlﬂ(a _ x,b _ y)872m‘(cfz+xy7xb) dx dy dZ
R2 JR/Z

=e e f PO, Y (a—x,b =)™ dx dy.
R2

Inspired by this, we define a new, non-commutative convolution product on S(R?)
by

def

¢ *p Y(a,b) —/ d(x, VY (a — x,b — y)e™ =Y dx dy.
RZ
For ¢ € S(R?) we define 1(¢) = n(¢p). This equals
ne) = /RZ ¢(a,b)n(a,b,0)da db.

By construction of the convolution product one gets n(¢ *g ¥) = n(d)n(¥), so n
is an algebra homomorphism of the algebra A = (S(R?), ). One computes that
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(¢pB)" = (¢*)p, where the involution on the left is the usual involution of functions g
on the group B, given by g*(b) = g(b~1). The involution on the algebra A = S(R?)
on the other hand is defined by ¢*(a, b) = ¢(—a, —b)e*™*. So i is a homomorphism
of *-algebras.

Lemma 10.2.2 The *-algebra homomorphism n : A — B(V,) is injective.
Proof Assume n(¢) = 0. Then, for h = (a,b,0) € B and v,w € V, we have
0 = (n(h)n(@)m(h™" v, w)

=/ (0 (x, 3, 0) v, whg(x, )™ @) dx dy
RZ

The continuous, rapidly decreasing function (n(x, y, 0)v, w)¢(x, y) therefore has zero
Fourier transform, hence is zero. Varying v and w, this leads to ¢ being zero. a

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 qu,G (a,b) = F(a + b)G(b), and
¢rcla,b) = .7-'2<5 r.c(a,b) € S(R?), where F, denotes taking Fourier transform in
the second variable. An application of the properties of the Fourier transform yields

T (¢rc) f(x) = /Rz ¢r.la,b)mi(a,b,0)f(x)dadb
- fR _bro(ab)f(x+ a)e*™"* da db
- /R 2 Fabr.cla — x,b) f(a)e*™ da db
— [ érota—r0f@da

- /R F@G) f(@)da = (f, 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.

Forh € B =H/T and ¢ € S(R?) define L;¢ by the formula (L,¢)z = L,(¢p).
Explicitly, one computes that L, ,»$(a,b) = ¢(a — x,b — y)e*b*=+)_ For
¢, ¥ € A we also write ¢ for the convolution product ¢ *p .

Lemma 10.2.3 In the algebra A, one has the relations

¢rconL = (L, F)pnc and ¢% = dc.r.

For h € B one has Ly¢rc = Or . n)G-
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Proof Using the formula ,(¢rc)f = (f, F)G one computes for f € L*(R),

7(prcPuL)f = m1(Prc)m(PnL)f
= (m(¢u)f. F)G
={(f,H)L,F)G =(L,F)(f,H)G.

This implies the first claim as 77| is injective. The second follows from

(mi(@rc)fh) = (f, F)(G, h) = (f,m1(pc.r)h).

For the last claim compute

mi(Laprc)f = mi(W)mi(dre) f = mih){f, F)G
= (f, F)n1(h)G = 71(PF 7 ,)6) f-

The lemma follows. O

As S(R) is dense in L2(R), by the orthonormalizing scheme one can find a sequence
F; in S(R) that forms an orthonormal base of L*(R). For j,k € N write ¢; for
¢r;,F,- Lemma 10.2.3 implies that ¢; yds, = 6; ¢, (Kronecker-delta), and ¢J24! =
$jj =9}

Let now (n, V,) again denote an irreducible unitary representation with central
character x;. By integration, n gives an algebra homomorphism A — B(V,).

Lemma 10.2.4 The n(¢; ;) jen are non-zero projections. They are pairwise orthog-
onal. Write V; for the image of n(¢; ;). Then n(¢; ) is an isometry from V; to Vi
and it annihilates every V; forl # j.

Proof Since quz.‘ ;= 9 = qb;." I the same holds for 1n(¢; ;) hence the latter
are projections. They are non-zero by Lemma 10.2.2. For v € V; one com-

putes (n(@; v, n(P;)v) = NGk, jdjx)v,w) = (n(@; ;)v,w) = (v,v). The claim
follows. o

Now choose v; € V; of norm one and setv; = n(¢; ;)vi. Then (v;)is an orthonormal
system in V. Define an isometry T : L>(R) — V,, by mapping F; to v;. Then

n(WT(F;) = n(h)v; = n(h)n(d; ;)v;
=n(Lad; ;v = N@F; mimF;)Vj-

By the fact that (F;) is an orthonormal basis, one concludes

T F; =) (mi(Fj, F) Fi.
k

So that by Lemma 10.2.3



190 10 The Heisenberg Group

n(WT(F) =Y (mi(h)Fj, F)n($r, 5)vj

k

=Y (m(WF;, Fve = T(m(h)F)).
k

Hence T is an H-homomorphism onto a non-zero closed subspace of V,,. As n is
irreducible, T must be surjective, so T is unitary and 7 is equivalent to 77;. This
finishes the proof of the Theorem of Stone and von Neumann. O

10.3 The Plancherel Theorem for H

We have an identification H = R3. We interpret f € S(R?) as a function on A, and
we write S(H) for this space of functions.

Theorem 10.3.1 (Plancherel Theorem). Let f € S(H). For every t € R* the
operator mw,( f) is a Hilbert-Schmidt operator, and we have

/ IInt(f)Ilqultldt=/ | f(W)* dh.
Rx H

It follows that the Plancherel measure of H in the sense of Theorem 8.5.3 equals
|t| dt and that the set of one dimensional representations of  has Plancherel measure
Zero.

Proof This is proved in [Dei05], Chap. 12. a

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 H. 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 € H there exists A € A such thathA € K.Leth = (x,y,z) € H, and let
A =(a,b,c) € A. Then hA = (x +a,y + b,z+ c+ xb). Sowe can find a,b € Z
such that x + a and y + b lie in the unit interval. So we may assume as well that
x,y € [0, 1]. Assuming that, we only consider such XA, which are central, i.e., of the
form A = (0, 0, ¢) and it becomes clear that we can find A such that A € K. O
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By Theorem 9.2.2 we conclude that as H-representation one has the decomposition

LYA(A\H) = @N(n)n,

reH
with finite multiplicities N (7).

We want to apply the trace formula to compute the numbers N (). For this recall
the characters of H given by x, (a, b,c) = ™ 4+b) where r,s € R.

Theorem 10.4.2 For a character ¥, of H the multiplicity N(x,) in L>*(A\H) is
equal to one if r and s are both integers. Otherwise it is zero. For t € R, t # 0, the
multiplicity N(m;) is |t| if t is an integer and zero otherwise. So the decomposition
of the representation (LZ(A\H), R) reads

R =P x. ® P lkim.

r.SeZ keZ
k0

Proof We first consider the subspace H of L?(A\), which is invariant under
the action of the center Z C H. This is isomorphic to L* (Z*\R?) as A\H/Z =
Z>\R? and the representation of / on 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,) as in
the theorem. The difficult part is to determine N (;).

Leth € C°(H) and set f = h x h*. Then the trace formula says,
rR(f) =Y N@uwx(f) =Y vol(A\Hy) O:(f),
reH [A]

where the sum is taken over all conjugacy classes [A] in A, A; and H; denote the
centralizers of A in A and H, respectively, and O, (f) = f?—[;\?—t Ff(x~"Ax)dx. First

consider w € H with trivial central character, say w = x, 5. Then

tr 7(f) = xr5(f) = f / / fa,b,c)e™™ @+ da db de
RJRJR
= .7:1.7'—2.7:3f(—r, —S, 0),

where F; denotes Fourier transform on R applied to the i-th component of 7. Next
the center Z, of A, the set of all (0,0, k) for k € Z, is contained in t}}g center of H
and therefore acts trivially on L>(A\H). This implies that for ¥ € H one has that
N(m) # 0 implies w(Z,) = {1}. Therefore, N(m;) # 0 implies that t € Z. For
t = k € Z one computes

ﬂk(f)¢(x)=// </ f(a,b,C)ezmkcdc) e”*xp(a + x) da db
R JR \JR

= / FoFifla—x,—kx,—k)p(a)da
R
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So 7 (f) is an integral operator with kernel
k(x’ y) = .7-"2~7:3f(y — X, _kx’ _k)

Analogously, the kernel of my(h) is Fo Fzh(y — x, —kx, —k). The latter kernel is in
S(R?) and therefore is admissible. By Proposition 9.3.1 and Fourier inversion, we
have

1
trm(f) = / FrF3f(0, —kx, —k)dx = m}}f(O, 0, —k).
R
Together we get

N (i)

wR(f) =Y Ffer.s.00+ o

r.Sez keZ~{0}

—7:3f(0’ 0’ k)»

where F f = Fi1 5 f.

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 € 7Z, and the centralizer
H, equals H, so that the orbital integral equals O, (f) = f(A) = f(0,0,k). Next
let ., = (r,s,1) € A = Z? with (r,s) # (0,0). Let h = (a,b,c) € H, then
hih~' = (r,s,t + as — br). So h lies in the centralizer 7, if and only if as = br.
It follows that #, is the subspace generated by the vectors (r, s, 0) and (0,0, c¢) as
a subspace of R3. On H, we pick the Haar measure that comes from the euclidean
length in R?; then the volume of A;\?, is the minimal value +/a? + b% where

a,b € 7, 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 » and s.
Therefore,
/2 2
re+s
vol(AM;\Hy) = ——.
gcd(r,s)

The orbital integral equals
O.(f) = /L flr,s,t +xs —yr)d(x,y),
U

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 % ( 2 ) . So we get

rz-k—x2
s24r? 1
@) :/ <r,s,t+x—>dx:—.7-" r,s,0).
H=1 7 N T 00

The number of conjugacy classes with given (r, s, *) equals gcd(r, s), hence

wR(f) =Y fO.0.0+ Y Fsf(r.s,0).

keZ (r,5)7#(0,0)
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Using the Poisson summation formula in the first two variables we get

Y FBfrs.00= > Ff(r.s0)

(r.$)eZ? (r,$)eZ?

with F = F|F,F; and using the formula in the third variable gives

3 £0.0.0) =Y F £(0.0.k).

keZ keZ

Combining this with the two expressions for tr R(f) we conclude

N
> N 5 10,00 = 3 75 710,0.0.
20 k| k20

By Lemma 9.3.5 this implies N (rry) = |k|. The theorem is proven. O

10.5 Exercises and Notes

Exercise 10.1 Let 7/ be the Heisenberg group, and let Z be its center. Show that
every normal subgroup of H lies in the center Z or contains the center.

Exercise 10.2 On R? consider the bilinear form

b(v,w) &l (_(1) (1)> w.

Let L be the group R> x R with the multiplication (v, #)(w, s) déf(v +w,s +1t+
3b(v,w)). Show: The map ¥ : H — L, defined by ¥(a, b,c) = ((a,b)',c — 3ab) is
a continuous group isomorphism with continuous inverse.

Exercise 10.3 Let L be defined as in Exercise 10.2. The group G = SL,(R) acts
on L via g(v,t) = (gv,t). Show that G acts by group homomorphisms, which fix
the center of L point-wise. Conclude that for every g € G one has 7 o g = ;.
Conclude that for every g € G there is a T(g) € U(L*(R)), which is unique up to
scalar multiplication, such that ;(gl) = T'(g)m(I)T(g)~", where we consider m;
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.

Exercise 10.4 Let Aut(#) be the group of all continuous group automorphisms
of H. Every ¢ € Aut(H) preserves the center Z, hence induces an element of
Aut(H/Z) = Aut(R?) = GLy(R). Show that the ensuing map Aut(#) — GL,(R)
is surjective.



194 10 The Heisenberg Group

Exercise 10.5 For i € H let ¢, € Aut(#) be defined by ¢, (x) = hxh~!. Every
such automorphism is called an inner automorphism. Let Inn(#) be the group of
all inner automorphisms. Show that Inn(H) = R2, and that, together with the last
exercise, one gets an exact sequence

1 - R?> - Aut(H) - GLy(R) — 1.

Exercise 10.6 Let N C GL,(R) be the group of all upper triangular matrices 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 #,, is defined as the
group of all matrices of the form (1 4 )) in GL,,1»(R) where x,y € R" and z € R.

1
Determine its unitary dual along the lines of the Stone-von Neumann Theorem.

Exercise 10.8 Let L be asin Exercise 10.2. Let A C R? be a lattice with b(A x A) C
27.. 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 LZ(A\L).

Notes

As shown in Exercise 10.3, the Stone-von Neumann Theorem yields a group homo-
morphism 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 SL% (R) — U(L*(R)). This representation is known as the Weil repre-
sentation. It is used to explain the behavior of theta-series, in particular with respect
to lifting of automorphic forms [How79, LV80, Wei64].



Chapter 11
SL>(R)

The group SL,(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 become vital for
number theory. In this chapter we prove an explicit Plancherel Theorem for functions
in the Hecke algebra of the group G = SL,(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 = SL,(R) denote the special linear group of degree 2, i.e.
a b
SLy(R) = {(c d) € Mh(R) : ad — bec = 1}.

The locally compact group SL,(R) acts on the upper half plane
H={z€C:Im() > 0}
by linear fractionals, i.e., for g = (‘L‘_ f}) € SL,(R) and for z € H one defines

_az-l—b
gZ_cZ-Fd'

To see that this is well-defined one has to show that cz +d # 0. If c = O thend # 0
and so the claim follows. If ¢ # 0 then 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 € SL,(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 cz + d one gets
__ aclz|®+bd+2bcRe(2)+z
8z = lez-+dP?

, S0 in particular,

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 195
DOI 10.1007/978-3-319-05792-7_11, © Springer International Publishing Switzerland 2014
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Im(z)
Im(gz) = m,

which is strictly positive if Im(z) is. Note that the action of the central element
—1 € SLy(R) is trivial.

If g = (%5) € G stabilizes the point i € H, then % =i,orai +b=—c+di,

which implies a = d and b = —c. So the stabilizer of the point i € H is the rotation

group:

K =S0Q2) = {(Z _ab> ra,beR, a* +b* = 1},

which also can be described as the group of all matrices of the form

<cos t —sint

. for reR.
sint  cost

The operation of G on H is transitive, as for z = x + iy € H one has
(ﬁ ﬁ) .
= O e l.
NGl
It follows that via the map G/K — H, given by gK > gi, 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. Let N be the group of all matrices of the form
((l) i )for s € R. Then one has G = AN K. More precisely, the map

Yv:AXNXxK — G,
(a,n, k) — ank

is a homeomorphism.

Proof Letg € G, and let gi = x + yi. Then, with

a=<ﬁ 1/ﬁ) and nz(l x{y),

one has gi = ani and so g~'an lies in K, which means that there exists k € K

with ¢ = ank. Using the explicit formula for gz above in the case z = i, one
constructs the inverse map to ¥ as follows. Let ¢ : G — A x N x K be given by
#(g) = (a(g), n(g). k(g)), where

1
a(? )= (vEE
“\c d 2+ a2 )’

nab_lac—i—bd
=\c d} 1 ’
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(@ b\ _ 1 d —c
“\¢ d) Jrxag\c d)°

A straightforward computation shows that ¢y = Id and ¢ = Id. O

For g € SL,(R) we shall use throughout this chapter the notation a(g), n(g), and
k(g) as explained above. Moreover, for x,7,0 € R, we shall write

def et
a = ( e") €A
Ny & <1 )lc) eN

def [cos® —sinf
ko = (sin@ cos @ ) €k

A function f : G — C is called smooth if the map R? — C given by
(t,x,0) — f (anxko)

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 = SL;(R) is unimodular.

Proof Let ¢ : G — R be a continuous group homomorphism. We show that
¢ = 1. Firstnote that (K) = 1 as K is compact. As ¢ restricted to A is a continuous
group homomorphism, there exists x € R such that ¢(a;) = ¢'* forevery ¢t € R. Let
w= (1 -1 ) then wa,w™' = a_,, and therefore ¢’* = ¢(a;) = p(wa,w™') = ™'~
for every t € R, which implies x = 0 and so ¢(A) = 1. Similarly, ¢(n,) = " for

some r € R. As we have a;n,a;' = n,, it follows e = &' for every t € R,
which implies » = 0, so ¢(N) = 1 and by the Iwasawa decomposition, we conclude
¢ =1. O

We write ¢(g) for the unique ¢ € R with a(g) = a;, i.e., one has a(g) = ay(,).
Theorem 11.1.3 For any 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 € L'(G) the
decomposition formula

fﬂ@w=///fwm%@w
G AJN JK

holds. For ¢ € L'(K) and x € G one has

/¢®M=/¢@mmwm%
K K
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From now on we normalize Haar measures as follows. On K we normalize the
volume to be one. On A we choose the measure 2d¢t, where t = t(a), and on N we

choose fR f(ns)ds. The factor 2 is put there to match the usual invariant measure
dxdy
2

on the upper half plane.

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 A g(a,n) = e,

which follows from the equation a;n,asny = a;ysnyqe2,. Letb : 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 for-

mula [, f(x)dx =fG/K [x f(xkydkdxleadsto [, f(x)dx = [, [ f(bk)dkdb.
Since db = da dn, the integral formula follows.

For the second assertion let ¢ € L'(K). Let n € L'(B) and set g(bk) = n(b)¢p(k).
Then g lies in L'(G). As G is unimodular, for y € G one has

f/n@ﬂmﬁﬁ=/ﬂw@=fﬂwwy

BJK G G
=1ﬁ@@mwﬂw»w
=//mwmwwmwwb
B JK
=//mwmwwmwwb
BJK
=//mwmwmww@mmmw
BJK

= [ [ nore oy akav,

BJk

where we used the facts that k(bg) = k(g) forallb € B, g € G and t(b(kx)) = t(kx)
forallb € B,k € K, and x € G. Varying n, we get the claim of the theorem. O
Hyperbolic Geometry

Letg = (fé f}) be in G = SL,(R). For z € H one gets

_daz+b alcz+d)—claz+b) 1
Cdzcz+d (cz +d)? _(CZ-G—d)Z'

d
dzgZ
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Im(z)
lez+d|??

Im(gz)

Since on the other hand, Im(gz) = () *

weget|dizgz‘ = or

d d
L |
Im(gz) Im(z)

. . . . 2 72 . . . .
That is to say, the Riemannian metric 4" s invariant under the group action of

y
G on H. For a continuously differentiable path p : [0, 1] — H we get the induced
hyperbolic length defined by

Y aAG]
Ly )_/0 m(p) &

Then it follows that L(p) = L(g o p) for every g € G, i.e., the length is G-invariant.
The hyperbolic distance of two points z, w € H is defined by

p(z,w) = inf L(p),
P
where the infimum is extended over all paths p with p(0) = z and p(1) = w.

Lemma 11.1.4 For any two point z,w € H there exists g € G such that gz = i
and gw = yi for some y > 1.

Proof As we have seen in the beginning of this chapter, the group action of G on H
is transitive, hence there exists 4 € G with hz = i. We next apply an element k € K
so that g = kh does the job. For this we have to show that for any given z € H there
exists k € K such that kz = yi for some y > 1. The map 6 +— kyz is continuous, for
6 = 0 we have kyz = zand for @ = /2 we have kg = (§ ') so that kz = —1/z.
Hence the real parts of z and k,,z have opposite sign, by the intermediate value
theorem there exists k € K such that Re(kz) = 0. If now kz = yi with y < 1, then
we replace k with k; >k to finish the proof |

Lemma 11.1.5 The hyperbolic distance is a metric on H. It is G-invariant, i.e.,
p(gz,8w) = p(z,w) holds for all z,w € H, g € G. For z,w € H one has

lz —w|+ |z —w|

p(z,w) = log = ,
lz—w| — |z —w|
and
2cosh p(z,w) =2 + ﬂ
plew) = Im(z)Im(w)

Proof The G-invariance follows from the invariance of the length. The axioms of
a metric are immediate from the definition. For the explicit formulae, we start with
the special case z = i and w = yi for y > 1. For any path p with p(0) = i and
p(l) = yi we get
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L(p) = f VRGO + Im(p (0 —

Im(p(1))’
This is minimized by the path p(r) = ity, since for any path p = Re(p)+ilm(p) the
path iIm(p) will also connect the points 7 and yi. So one gets p(i, yi) = log y, which
also equals the right hand side of the first assertion in this case. Next the equivalence
of the first and second formula are easy, as is the G-invariance of the right hand side
of the second formula, which then concludes the proof. O

11.2 The Hecke Algebra

Let A be the subset of A consisting of all diagonal matrices with entries &, e,

where ¢ > 0. Let AT = AT U {1} be its closure in G.

Theorem 11.2.1 (Cartan Decomposition). The group G can be written as G =
KATK, ie. every x € G is of the form x = kjak, with a € F, ki,ky € K. The
element a is uniquely determined by x. If a # 1, which means that x ¢ K, then
also ky and ky are uniquely determined up to sign, i.e., if kyak, = kjak}, then either
(k1, ko) = (K}, kb)) or (ki, ko) = (— kY, —k5).

For f € L'(G) we have the integral formula

/ f&x)dx =27 / / N / f(ka,l) (¥ — e ) dkdtdl.
G K JO K

Proof For x € G the matrix xx’ is symmetric and positive definite. As it has
determinant one, it follows from linear algebra, that there exists k € K and ¢t > O,
such that kxx'k’ is the dlagonal matrix with entries e, e =%, For two elements x, x| €
G the condition xx’ = xyx! is equivalentto 1 = )c’l()cl)c{)()c‘)’1 =D X))
The last is equivalent to x‘lxl € K. Sothereis k' € K withx =k~ 'a,k’.

This shows existence of the decomposition. For the uniqueness note that ¢? is the
larger of the two eigenvalues of xx’ and thus determined by x. For the uniqueness
of k1, k, assume thata € A and kjak, = [ al, with k, k»,1;,l» € K. Then one has
akyly' =k 'l1a. But the equation ak = kK'a with k, k' € K implies k = k' = %1 as
we show now. Leta—a,,k—( ) k’—(”’ ) Then

e'la —é'b e a —b ,
<e_’b e"a) o ( e") (b a ) = ak =ka
_f(c —=d\/[€ _(éc —eT'd
“\d ¢ e')] 7 \ed e'c
Consider the norm of the first column of this matrix to get

ezt — ezt(cz +d2) eZtaZ + e—2tb2 eZtaz + 6—21(1 _ a2)’
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or e’ (1 — a?) = e~ (1 — a?), which implies @ = %1 and therefore » = 0. But then
also d = 0 and the claim follows. So this means ky/; ' = k;'l; = £1 and therefore
the claimed uniqueness up to sign.

Let M = {£1} C K. In order to verify the integral formula, consider the map
¢: K/M x AT — AN ~ {1} defined by

¢(kM,a) = a(ka)n(ka).
Lemma 11.2.2 The map ¢ is a C' diffeomorphisms. In the coordinates R/nZ x

R.g 2 (0,s) — (kgM,as) on K/M x A and (t,x) — a;n, on AN one has for the
differential matrix

|det(D@) (0, s)| = |e* — e~ |.

Proof A computation shows that
¢(k9’ax) = Q(kOas)Q(kQ’ as) = ANy,

where
1 '
t=—3 log (¢* sin® 6 + ¢~ cos® 0)
x = (¥ —e ) sinb cosd

According to the Cartan decomposition, the map K/M x At — (G~K)/K is
bijective. By the Iwasawa decomposition, the map AN — G/K is bijective as well,
hence ¢ is bijective.

The map ¢ is continuously differentiable. Once we have shown the claimed formula
for the differential, it follows that the differential matrix is invertible and so the
inverse function is continuously differentiable as well. We have

at ot dx  dt Ox
T 90 ds  9s 90

Jt
det(D)(8, 5) = det (ﬁ B
a0

as
From this one gets the lemma by a computation O

The transformation formula for the variables (x, t) = ¢ (0, s) shows

/f(g)ngZ[// flanyl)dl dy dt
G RJRJK
=2 / ' f N / f(koasl) (e* — ™) dlds do
0 0 K
2 oo
= / [ / f(koagl) (e* — ™) dlds do
0 0 K
=2 / / ” / f(kayl) (e** — ™) di ds dk,
K JO K
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forevery f € L'(G), where the transition from the integral over [0, 7] to the integral
over [0, 27r] in the middle equation is justified by the fact that kg, a; = kga,m with
m = =x1 € M forall & € Rand s > 0. This finishes the proof of the theorem. O

Corollary 11.2.3 The map
K\G/K — [2,00), x = tr(x'x)
is a bijection.

Proof The map is a bijection when restricted to A+, so the corollary follows from
the theorem. m|

Definition A function f on G is said to be K-bi-invariant if it factors through
K\G/K.Wedefine the Hecke algebra H of G to be the set of K -bi-invariant functions
f on G, which are in L'(G). So we can characterize # as the space of all f € L(G)
with Ly f = f = Ry f forevery k € K, where L; f(x) = f(k~'x) and Ry f(x) =
f(xk). We know that for f,g € L'(G),

Li(f+xg)=(Lef)*g and Ri(f *g) = f*(Reg).

We conclude that # is a convolution subalgebra of L'(G). Further, H is stable under
the involution f*(x) = f(x~!), so H is a *-subalgebra of L'(G).

Theorem 11.2.4

(a) The Hecke algebra H is commutative.

(b) For every irreducible unitary representation w of G the space of K-invariants,
VE={veV, :m(k)y=vVk € K}

is zero or one dimensional.

(c) For every irreducible representation w of G and for every f € H we have
n(f) = Pxr(f)Px, where Px : V; — VX denotes the orthogonal projection.

Proof For x € G the Cartan decomposition implies that KxK = Kx 'K, as this
is the case for x € A, since conjugating x € A with (1 ‘1) € K gives x~!. This
implies that for every f € H one has f(x~') = f(x). For general f € L(G) let
FfY@)= f(x~"), then (f xg)V =gV * f¥forall f,g € L'(G).For f,g € H, one
has f¥ = f and likewise for g and f * g, so that

frg=(fxg) =g xf' =g*
So ‘H is commutative, which proves (a).

For (b) assume VX £ 0. The Hecke algebra acts on VX. We show that VX is
irreducible under H, so let U C VHK a closed, H-stable subspace. We show that
U=0orU = VHK. For this assume U # 0, then, as m is irreducible, one has
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(LY (G)U = V,. Let Py : V; — VJTK be the orthogonal projection. Then Pxv =
f x T(k)vdk for v € V, (see Proposition 7.3.3), as we normalize the Haar measure
on K to have volume one. For f € L'(G) let

f(x)=/ / flkxl)dkdl € H.
K JK

It follows that P (f)Px = n(f). Letu € U and f € L'(G). Then
Pxr(f)u= Pxr(f)Pxu=n(flu € 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(#) C B(V,), 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
dimensional.

For (c) observe that f = f for every f € H. Thus it follows from the above
computations that 7 () = Pxm(f)Pg forevery f € H. O

Let G be the setof all 7 € G such that the space VX of K-invariants is non-zero.
We will now give a list of the w € Gg. For A € C let V;, be the Hilbert space of all
functions ¢ : G — C with firstly, p(ma,nx) = e/@+Vep(x) form = +1 € G, a, €
A,n € N andx € G. By the Iwasawa decomposition, such ¢ is uniquely determined
by its restriction to K. We secondly insist that ¢|x be in L?(K). We equip V;, with
the inner product of L?(K). The group G acts on this space by 7, (y)¢p(x) = ¢(xy).
Note that the restriction to the subgroup K of the representation 7, is the induced
representation IndX, (1) as in Sect. 7.4. The Frobenius reciprocity (Theorem 7.4.1)

implies that
Mk = @8217
leZ

where for [ € Z the character ¢ on K is defined by
e (€ 0 —sinf\ oil?
"\sing coso ] —° -

Proposition 11.2.5 If A € iR, then the representation ;, is unitary.

Proof The map ¢ — ¢|x yields an isomorphism of Hilbert spaces, V;, = L*(K),
where K = K/+1. The representation i, can, on L%(K), be written as 77; (y)p(k) =
e NCAHD gk (ky)). To see this, recall that ¢ = 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

TP Kk) = ¢pky) = ¢ (ayuynky)k(ky)) = P D (k(ky)).

It follows that |7, (y)g(k)|> = el*»ERI4D) (K (ky))|%. By the second assertion of
Theorem 11.1.3, one sees that r; is indeed unitary if A € iR. O
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Definition For a general representation (7, V) of G we let V,; x denote the space of
all K -finite vectors, i.e., the space of all vectors v € V,; such that 7 (K)v spans a finite
dimensional space in V. The vector space Vy k is in general not stable under G, but
is always stable under K. Since V,; has a decomposition V, = €P; <1 Ui, where U;
is an irreducible (hence finite-dimensional) K -representation, it follows that V,; g is
dense in V.

The representations i, for A € iR are called the unitary principal series representa-
tions. One can show that 7, is irreducible and unitarily equivalent to 7w_, 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,_g such that the completion of V, g with respect to
this inner product is the space of a unitary representation of G. By abuse of notation,
this representation is again denoted (7;, V). These are called the complementary
series representations. The set G g consists of

* the trivial representation,
* the unitary principal series representations 7;,, where r > 0, and

* the complementary series m; for0 < A < 1/2.

No two members of this list are equivalent. The proofs of these facts can be found
in [Kna01], Chapter II.

Note that the one dimensional space V,X is spanned by the element p; with

pi(mank) = @O+,

By Corollary 11.2.3 there exists for every f € H a unique function ¢ on [0, 00)
such that

fx) =y (tr(x'x)—2).
Consider the special case x € AN, say x = a,n;, then tr (x'x) = (s 4+ 1)e* + ¢~ 2.
For f € H there exists a function % ; such that
T[ir(f)pir = hf(r)pir~

The function & is called the eigenvalue function of f. Here ir can vary in iR U
(0,1/2). Since p;-(1) = 1, we can compute 4 ¢(r) as follows

hf(r)=mr(f)Pir(l)=/Gf(X)Pir(X)dx

Lemma 11.2.6 The map f v+ hy is injective on H. We have hy(r) = trm;.(f),
and for f,g € H the formula
hywg =hghg

holds. The function h y can be computed via the following integral transformations.
First set

qr(x) = A(@s)(x) & /l;qﬁf (x + s2) ds, x> 0.
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The map ¢ — A(¢) is called the Abel transform. Next define

gr(u) o qr(e"+e " =2), ueR.

Then one has
hy = / gf(u)ei“‘ du.
’ R

Proof  For the injectivity take an f € H with hy = 0. Then (f) = 0 for every
7 € 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 = O for every g € C.(G). Letting g run through a Dirac net, it follows

f=0.

The equation 4 (r) = tr m;-(f) is a consequences of Theorem 11.2.4 and hf,, =
hyhg follows from 7w (f * g) = n(f)m(g) forall f,g € LY(G).

Using Iwasawa coordinates and the K -invariance of f, we compute
hy(r) = / flan)e @D dq dn
AN
o0 o0 .
= 2/ / ¢r (¥ +e ¥ +5* —2) e dsdt,
—00 J—00

where we used the transformation s > e™'s. As g (x) = A¢¢(x) and g is even, we
have

o0
hy(r) = 2/ qr (le +e 2 — 2) 2 dr = / gf(u)ei’” du. O
—00 R

Definition Let Sy, be the space of all infinitely differentiable functions ¢ on
[0, co) such that the function x"¢"(x) is bounded for all m,n > 0.

Lemma 11.2.7 The Abel transform is invertible in the following sense: Let ¢ be
continuously differentiable on [0, 00) such that

¢ (x +57) 1,159 (x +57)| < g(s)
for some g € L'([0,00)), then g = A(¢) is continuously differentiable and
1 )
¢ = —A(q).
T

Moreover, the Abel transform maps S to itself and defines a bijection A :
S[O,oo) e S[O,oo)'
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Proof We first show that for any ¢ satisfying the conditions we have lim,_, o, ¢(x) =
0. To see this, let h(s) = s¢'(s?). Then h is integrable on [0, oo]. It follows that

Y h(J/1)
— $(0) =
6() — $(0) /0 =

Letting y — o0, we see that lim,_, o, ¢(x) exists and since ¢(x + s2) is integrable,
this limit is zero.

Nii
dt zzf h(u) du.
0

Next by the theorem of dominated convergence one sees that g is continuously
differentiable and that ¢’ = A(¢’). Using polar coordinates, we compute

[y aia= [T ) a
T JRJR 0
=—¢ (x+7r7) [ = p(x).

It is easy to see that the Abel transform as well as its inverse map Sy ) to itself. The
lemma follows. o

Lemma 11.2.8 Let E be the space of all entire functions h such that x"h™ (x + ki)
is bounded in x € R for all m,n > 0 and every k € R. Let F be the space of all
smooth functions g on R such that (e" + e™Y' g™ (u) is bounded for all m,n > 0.
Then the Fourier transform

g 1 :
dh)u) 5/ h(rye ™dr,  heeE,
R

defines a linear bijection ® : E — F. Its inverse is given by

N g)r) = /R g(we™ du.

The map ® maps the subspace of even functions E in E to the space of even functions
F® inF.

Proof By some simple estimates, the space F can also be characterized as the space
of all smooth g such that e =% g™ (u) 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 i + h|g 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
E to F and vice versa.

Forh € E let g = ®(h). With k € R, and m > 0 compute

e—kug(m)(u) — e—ku

- /h(r)rme_"”dr
2mi™" Jp



11.2  The Hecke Algebra 207

1

= — /h(r)r’”e”'(”"k)”dr
zmm R

1 )
= — / h(r +ik)(r +ik)"e """ dr.
2mim R

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):/g(u)ei"” du
R

converges for every r € C, so h extends to a unique entire function. Further, for
m,n > 0and k € R we have

X"h™(x + ik) = x"i" f u" g(uw)e e du.
R
The latter function is bounded in x € R. So / lies in E as claimed. The last assertion

is clear as the Fourier transform preserves evenness. O

Recall the definition of the function 4 ¢ for f € H as given preceding Lemma 11.2.6.

Proposition 11.2.9 Let HS be the space of all smooth functions f on G of the form
f(x) = @(tr (x"x) — 2) for some ¢ € Sjp.00)- Then HS is a subalgebra of the Hecke
algebra H and the map V : f > hy is a bijection onto the space E®'.

For a given h € E® the function f = W~'(h) is computed as follows. First one
defines the even function

g(u) = 1 / h(r)e ™ dr.
2 R

Then q : [0,00) — Cisdefined to be the unique function with g(u) = g(e"+e~"—2).
Further one sets ¢ = —%A(q’). Then

fx)=¢ (r(x'x)—2).
Proof First note that that the map ¢ — g with g(u) = g(e" +e™ —2)isa

bijection between Sy ) and the space F'. Finally, Lemma 11.2.7 and 11.2.8 give
the claim. a
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11.3 An Explicit Plancherel Theorem

The Plancherel Theorem says that there exists a measure p on G such that for
g € L'(G) N L*(G) one has

lgllz = / 17 (&)l d ().
G
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 € Hgym. Any such computation is called
an Explicit Plancherel Theorem.
Theorem 11.3.1 For every g € Hsym one has

1
2 2
= — Tir tanh (;rr) dr.
llgll3 /II (&) lgs r tanh (;rr) dr

Moreover, for every f € Hgym one has

() = 1 / tr (i, (£)) r tanh (7 dr.
4 R

Proof We show the second assertion first. Let h = hy, ¢ = ¢y and g = g be as
in the discussion at the end of the previous section. Recall in particular that

1 )
A (e” +e ™" — 2) =g = - /Rh(r)e”” dr

(since h is even), from which it follows that g'(u) = i fR rh(r)ei™ dr. Using this
and Lemma 11.2.7 we compute

1
F) =¢0) = —— f Ay () dx.
T JrR

AS g7 () = Ad(e" + e —2) = Ap((e"/ — e™)?), we get g'(u) = (Ap) (e —
e ) (et — 7). Putting x = €2 — ¢=%/2 in the above integral, we get

! g'(w)
rw=-5 ] ﬁd

= 4n2// h(r) drdu

As h is even, the latter equals

rh(r)/ = _ u/2 dudr.

The first step of the following computation is justified by the fact that the integrand
is even. We compute
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i eiru _ e*iru 1 00 eiru _ e*iru
—— | —————du= du
87-[2 v/]R eu/2 _ e—u/2 47T2i f() eu/2 _ e—u/2

1 e8] eiru _ e—iru
—u/2
= — e —du
472 J, 1 —e

_ —u/ iru _ ,—iru —nu g
=— / e (e ey e du
42 0 =0

1

o0 [ L. 00 .
— — Z/ e—Lt(n+§—tr) du _/ e—u(n+§+tr) du
42 =0 0 0

1 i 1 1
_4n2i’1=0n+%—ir n+i4ir

For this latter expression we temporarily write ¥ (r). Then

e +1 1 i 1 1 1 (o)
— — — = ——cCcot(mr).
"\’ 2 42 n+l4+r n—r 4m d

n=0

The last step is the well known Mittag-Leffler expansion of the cotangent function.
We conclude

1 N
Y(r) = e tan (7ir) = yp tanh (7).

The second assertion of the theorem follows. For the first, put f = g * g* and apply
the theorem tOEliS f. Then, on the one hand, (1) = g * g*(1) = ||g||%, and on the
other, for 7 € G,

7 (f) = rr(g)m(g)* = |m(9)lls-

This implies the theorem. o

11.4 The Trace Formula

For g € SLy(R) 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.

* gisin SL,(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

* gisconjugate to = (' }). In this case g is called a parabolic element; or

* g is conjugate to a diagonal matrix with entries ¢, 1/¢ for some ¢ € R, in which
case g is called a hyperbolic element.
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Let g be elliptic, say g is conjugate to (‘”’”i —bi ) As an element of G, the element

g is conjugate to some (Z ‘a” ) in K. This implies that g has a unique fixed point in
H.

Proposition 11.4.1 A uniform lattice ' C G contains no parabolic elements.

Proof Consider the map n : H — [0, co) given by
n(z) = inf{p(z,yz) : y € I', y # £1, y not elliptic}.

It is easy to see that the map 7 is continuous. Further it is I'-invariant and therefore it
constitutes a continuous function I'\H — (0, co). Since '\H = I'\G /K is compact,
the function » attains its minimum, hence there exists 8 > 0 such that n(z) > 6 for all
z € H. Now assume that T contains a parabolic element, say p = g (' 1) g7' € T
for some g € G. Then for y > 1 we have

p(g(yi), pg(yi)) = p(g(yi), g(yi + 1)) = p(yi,yi + 1)

and the latter tends to zero as y — oo, which follows from

1
p(yi, yt+1)</|p()| -,
Im(p(1)) v
where p(t) = yi + t. We therefore have a contradiction! Hence I does not contain
any parabolic element. O

For a hyperbolic element g, with eigenvalues A, 1/A for |A| > 1, define the length of
gasl(g) =2log|Al

Let I' C G be a uniform lattice. For convenience we will assume that I contains
no elliptic elements. Then I" consists, besides &1, of hyperbolic elements only. We
call such a group a hyperbolic lattice. In [Bea95], there are given many examples
of uniform lattices in G without elliptic elements. 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 rp = ’5 and let (r;);>; be a sequence
in C such that ir; € iR U (0, %) with the property that 7;,; is isomorphic to a
subrepresentation of (R, L*(I'\G)) and the value r = r; is repeated in the sequence
as often as Nr(s;,) times, i.e, as often as Tiy; appears in the decomposition of R.
Let f € H such that the operator R( f) is of trace class, and define ¢ = ¢y, g = g¢
and h = h; as in the previous two sections (See Lemma 11.2.6). Recall that f(x) =
o(tr (x'x) —2), g(u) = Ap(e" + e — 2), where A denotes the Abel transform, and
h(r) = [ g(u)e'™ du. Recall from Lemma 11.2.6 that h(r) = tr m;.(f) for every

ir € iRU (0, %). Moreover, it follows from Theorem 11.2.4 that tr 7(f) = O for

alr € GG k- We therefore get tr R(f) = Z;io h(r;). Suppose that the trace
formula of Theorem 9.3.2 is valid for the function f. Then
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> h(rj) = vol(Ty\G,)O, (£).
Jj=0 [r]

X —ex

e e

Recall the hyperbolic tangent function tanh (x) =

Anelement y € '\ {1} is called primitve, if it is not a power in I', i.e., if the equation
y =o0" withn e Nando € I" impliesn = 1.

Lemma 11.4.2 [f T is a torsion free uniform lattice, every element y of '\ {1} isa
positive power of a uniquely determined primitive element yy. This element generates
the centralizer T',, of y in I". We call it the primitive element underlying y .

Proof Let y € I'\{1}. By assumption, y is hyperbolic. Replacing I"' with a con-
jugate group we may assume that y is the diagonal matrix with entries ¢’, e~ for
some ¢ > 0, as the other case of y = —diag(e’, e™") gives the same result. Then the
centralizer G,, of ¥ in G equals +A, the group of all diagonal matrices in G and
'y =I'N+A. As —1 ¢ T, since I is torsion-free, it follows that there is yp € T’
such that the centralizer I',, in I' is equal to (yp). Replacing y, by yo_l if necessary,
we can assume that y = y for some n € N. It follows that y; is primitive. O

Theorem 11.4.3 Assume that T is a torsion free uniform lattice in SL(2,R). Let
e > 0, and let h be a holomorphic function on the strip {|Im(z)| < % + &}. Suppose

that his even, i.e., h( —z) = h(z) for every z, and that h(z) = O(|z|7>~%) as |z| tends
to infinity. Let g(u) = % fR h(r)e~ ™ dr. Then one has

Zh( =2 (F\G)/rh(r)tanh(nr)dr

Jj=0

L(y0)
+ 2 Sz — i8¢,
[y1#1

where for y # 1, vy is the primitive element underlying y .

Proof We start with functions f € Hgyn, for which the trace formula holds and
then we extend the range of the trace formula up to the level of the theorem. So let
f € Hgym such that the trace formula is valid for f. For instance, f € Cx(G)? =
CX(G) * CX(G) will suffice. At first we consider the class [y'] with y = 1. Then

vol(T'y,\G,)O, (f) = vol(I'\G) f(1).
Theorem 11.3.1 tells us that

f) = L/ tr (7;-(f)) r tanh (wr)dr = L/ h(r)rtanh (zr)dr.
4 R 4 R

Next let y be an element of I' with y # 1 and recall that this implies G, = +A. If
yo = diag(e’, e™") and if we identify A with R via the exponential map, the group
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I'), = (o) corresponds to the subgroup ¢Z. It follows that vol(I', \G,,) = 2t = I(yp),
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(x) = ¢(tr (x’x) — 2) for every x € G, the orbital integral
O, (f) equals

/ fn yng)ds = / P (e’ +e ¥ +57(e —e ") —2) ds,
R R

so that
1

et — e—l

O,(f) =

Ag (e +e7* —2)

1 1
= 8@ = S sl

By the general trace formula as stated before the theorem, we see that the theorem
holds if f € Hym is admissible for the trace formula.

We now derive the trace formula for the special case of the heat kernel. Let
h(r) = hy(r) = e G,
—t L12
Note that i, € E and so Proposition 11.2.9 applies. One gets g(u) = f/%e_?. Let

fi =W (h,) with ¥ : Heym — E°¥ as in Proposition 11.2.9. Recall from Sect. 9.2
the definition of the space Cypir(G) of uniformly integrable functions on G.

Proposition 11.4.4 The function f; lies in Cuit(G)?, so the trace formula is valid

for f.

Proof Note that h, = htz/z, which means f; = f;,> * f;/» and so, in order to show
that the trace formula is valid for f;, it suffices to show that f; € Cyni(G) for every
t > 0, as it then follows that f; € Cuit(G)?. Let r > 0 and define

def

Ur) = K{a; :0<s <r}K CG.

Then U(r) is an open neighborhood of the unit. Note that U (r) = {x € G : tr (x'x) <
e”" 4 e~?"} and the boundary satisfies

Wr)={xeG:tr(x'x)=e” +¢ ¥} =Ka K.

Lemma 11.4.5 For 0 <r < 5 we have

Ur)a,U(r) Cc U(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 thatfor0 < y < r
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and k € K we can show that a,ka, and a,ka, both lie in U(x +r)~U(x —r). Then,
modulo K-multiplication one has ayka; = a, fors —r <t < s + r. Iterating the
argument with 7 taking the part of s, one gets for 0 <y’ < r,

aykask'ay = ak"ay € Ut +r)\U({t —r) C U(s +2r)\U(s — 2r).

So it suffices to show that for k € K one has a,kay, aska, € U(s +r)\U(s —r) for
0 < y < r and arbitrary 5. For x € G let T(x) = tr (x"x). Note that

T(a b>=a2+b2+c2+d2.
c d

We have to show that
eZ(x—r) +62(r—s) < T(aykas) < eZ(H—r) +e—2(s+r).

Now any k € K can be written as k = (¢ —?) for some a,b € R with a® + b* = 1.
Then

e’a  —e’ b
T(aykas) =T (es—yb e—(y+s)a>

= 20t 4 p7204s) b2(82(y7s) 426y Q2048 672(y+5)).

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 =0oratb = %1. In both cases we get the claim. a

The proof of the proposition now proceeds as follows: One notes that the function
¢ with fi(x) = ¢, (trx'x — 2) is monotonically decreasing. This follows from
¢ = —nlA(qt’). Hence Lemma 11.4.5 implies that (f;)yy(as) < fi(as—o) for
0 < r < s/2. (Recall the notation fy(x) = sup |f(UxU)|.) Therefore it suffices to
show that for any r > 0,

/ ¢.(tr (x'x) —2 —2r)dx < oo.
{xeG: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

27 / s (ez" +e 2 Zr) (ezx — e_zx) dx.
X e 2¥ 2521
Substituting u = €** 4 e¢~>* this becomes

JT/ ¢,(u—2—2r)du=n/ ¢ (x)dx.
u>2r+2 0

As h, € E®, the function ¢, lies in Sjp,«) and so this integral is indeed finite. O
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The trace formula for the function f; says
2 (142 vol(I'\G) |
(142 (12
Ze (4+f)t = —/ re~GH) tanh (r) dr
— 4w R

00 1 [

_ M) gy i

+ [%;1 d02 — 102 27 [ ¢ e,
Y

where we used the equation g,(u) = % fR h,(r)e'™ dr, which follows from inverse
Fourier transform and the fact that &, is even. Let w(¢) denote either side of this
equation. For a complex number s with Re(s?) < —% let

a(s) & / ~ w()e' &+ dr.
1

By realizing p via the left hand side of the trace formula gives

e

als) :Z _sz

/:0

and using the right hand side of the trace formula gives

vol(I'\G) / e
r
4r 2

a(s) = — tanh (7rr) dr
1(0) L[ e
0 2L
+ Z A2 oI 2 [R 2 _2¢ dr.

[y1#(1]

Now take & as in the assumptions of the theorem, but with the stronger growth
condition (z) = O(exp (—alz|*)) for some a > 0 and [Im(z)| < § +¢.For T > 0,
let Ry denote the positively oriented rectangle with vertices :I:T + z”' By the
Residue Theorem we can compute

2_ .2

L/ T hs)ds = —(h(r)+h( ) = h(r)
Rt

2mi r2 —s2

whenever r lies in the interior of the rectangle, and O else. For T — oo this converges
s2—r2
to h(r) for every r € RU (0, l). Thus, using the realization a(s) = Zfo 0 % it

follows that that 5~ f Ry a(s)sh(s)ds converges to the right hand side of Theorem
11.43if T — oc. On the other hand, using the realization of «(s) given by the left
hand side of the trace formula and interchanging the order of integration, which is
justified by the growth condition on /, shows that # f Ry a(s)sh(s)ds equals
T T
YolM\G) / rh(r)tanh (wr)dr + Z ___fw) 1 / h(r)e' Y dr.
4 T -T

1072 — oI/
1 € ¢ L
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This converges to the left hand side of Theorem 11.4.3 if T — oo since g(I(y)) =
% IS h(r)e™ ) dr.

This proves the theorem for 4 satisfying the stronger growth condition. For arbitrary
h,let a > 0 and set h,(z) = h(z)exp(—az*). Then the function &, satisfies the
stronger growth condition for |Im(z)| < % + ¢ and the limita — 0, using Lebesgue’s
convergence 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” h,(r) = e~ (),
The reason for this being called so is the following. The Laplace operator for
hyperbolic geometry on H,

() ()

is invariant under G, i.e., AL, = L,A for every g € G. Therefore A defines a
differential operator on the quotient I'\H, which we denote by the same letter. It
can be shown that its eigenvalues are A; = (le + r]?) for j > 0. Since this requires
additional arguments from Lie theory and is not essential for our purposes, we will
not give the proof, but only mention the fact as an explanation for the terminology.
The interested reader may consult Helgason’s book [HelO1].

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 N o0
Ze—(ﬁq)t = e = e
=0 j=0

is the heat trace on I'\H.

Proposition 11.5.1 Ast — 0, one has

o0
t;e—(iw})z — —VOIE{;[\H).

e—t/4

Vart

00 o0
(3 et t_“’lg{\H) / re 4™ tanh (r) dr
4 —00
=0

Proof As g(u) =

M2 .
e~ 4, the trace formula for the heat kernel gives

(o) e 4w
1) oo e
[y1#1
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Substituting r with r/+/f shows that the first summand equals

1(I"\H
Vol\HD )e*’/“/ re™" tanh <nL> dr.
4 R NG

The integral equals fooo 2re~"" tanh (71 #) dr. As t — 0, the tanh-term tends to 1
monotonically from below; therefore the integral tends to

o0 2 2
/ 2re " dr = —e "
0

i 1) e i
[gl N2 _ e l2 far
Y

tends to zero as t — 0. This is clear as the sum is finite for every 0 < ¢ < 1 and each
summand tends to zero monotonically as soon as ¢t < [/2, where [ is the minimal
length I(y) for y € T'\{1}. O

0
=1.
0

It remains to show that

We use this proposition to derive Weyl’s asymptotic formula.

Theorem 11.5.2 For T > 0, let N(T') be the number of eigenvalues A; = % + r}
of A thatare < T.Then, as T — oo, one has

vol(T"\IH) T

N(T) ~ o )

where the asymptotic equivalence ~ means that the quotient of the two sides tends
tol,as T — oc.

Proof We need alemma. Recall the definition of the I"-function from Sect. 11.2.6.

Lemma 11.5.3 Let 1 be a Borel measure on [0, 00) such that

t—0

lim ¢ / e dur) =C
[0,00)
for some C > 0. Then the following hold.

(a) Iffis a continuous function on [0, 1], then

o0
lim ¢ fle™™e ™ du() =C / fle™ e " dx.
t—0 [0,00) 0

(b) One has
limt/ dud) =C.
=0 Jio.4y
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Proof (a) By The Stone-Weierstrafl Theorem A.10.1, the set of polynomials 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 convergent sequence in C([0, 1]) and assume the
lemma holds for each f,,. We have to show that it holds for f as well. Let ¢ > 0.
Then there exists ng such that || f, — {01 < € for every n > ng. For such n one
gets

t/ (fule™) = fle™™)) e du)| < stf e~ du(h),
[0,00) [0.00)

and the latter tends to eC as t — 0.

On the other hand,

< ¢C.

‘C/O (fule™) = fle™)) e " dx

So it suffices to prove the lemma for a polynomial and indeed for f(x) = x", in
which case it comes down to

lim 7 / e gy = (n+ 1) Mim ¢ / e du(n)
[0,00) [0,00)

t—0 t—0

_ C
T+

o0
0

Now for (b). Consider any continuous function f > 0 on the interval such that
fx) = )lc for x > ¢~!. Then

t / fle™) e du) =t / du(r),
[0.41 (0,1

so that for the limit superior we have the bound

lim supt/ dup()) < lim t/ f(e_”‘) e dur)
[0,4] [0,00)

1—0 t—0
[e.¢]
= Cf f(@ix) Eix d.x
0

= C+C‘/1oo f(efx) e "dx.

As the last integral can be chosen arbitrarily small, by using the Monotone Con-
vergence Theorem we get that the limit superior in question is < C. Similarly, by
choosing f(x) to vanish for x < e~! and satisfy 0 < f(x) < 1/x one gets

t—0

lim inft/ du(r) > C. O
(0,1}
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To get the theorem, we apply part (b) of the last lemma to the measure u = Zjio 7y

Indeed, substituting T = % the left hand side of the above equation becomes

lim7_. +N(T), while, by the proposition, we have C = lim,_.o¢ Yt =

vol(I"'\H) 0
47

11.6 The Selberg Zeta Function

As in the previous sections, let I be a torsion free hyperbolic uniform lattice in
SL(2,R). 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 [Bea95]).

The Selberg zeta function for I" is defined for s € C with Re(s) > 1 as
2y =[] (1 = e+,
v k=0
where the first product runs over all primitive hyperbolic conjugacy classes in I.
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
Jj = 0 the numbers

5 +ir;, and 5~ ir;

are zeros of Z(s) of multiplicity equal to the multiplicity Nr(m;,;). These are all
zeros.

Proof Leta,b € C with real part > % Then the function

1 1
a2+r2 b2+r2

h(r) =

satisfies the conditions of the trace formula of Theorem 11.4.3. One computes
(Exercise 11.5),

efalul e*blul

2a 2b

g(u) = 1 / h(r)e ™ dr =
R

21

We compute, formally at first,

%,(5) = 0 (log (l—[ l_[ (1 — g(5+k)l()/o)))>

v k>0

—o(-xEy et

Y k>0 n=1
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oo
— Z Z Z e*n(SJrk)l(V())l(yO).
v k=0 n=1

If o runs over all primitive classes, then y = y will run over all classes # 1. Using
I(yg) = nl(yo) we get

z ,
Z6) =D e i)

Y k=0

_ Z —siyy o) I(vo)
1 — g_[(}’)

_ Z o~ I(vo)
N2 _ =l/2”

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 s equals
Y9 [ rh(r) tanh (r) dr plus

1 e e L(v)
2 2 < a b ) A2 — o2
[y1#1

By the trace formula, the latter sum converges absolutely for all complex numbers
a,bwithRe(a),Re(b) > % In the special case b = 2a > 1 all summands are positive
and the estimate

e—d)  p2y)  mdly)  pmaly) | g—al)
_ - _ —
a 2a a 2a 2 a

shows that the series

- 1(yo) zZ' 1
al(y) _ -
E e Ve = —(a+ 2)

1(y)/2 —I(y)/2
e e
[y1#1

converges locally uniformly absolutely for Re(a) > % To be precise, for every ag >

% consider the open set U = {Re(a) > ap}. Fora € U and every y € I'\\{1} one has

le=4!0)| = ¢~Re@Iy) ~ g=al(¥) This shows locally uniform absolute convergence
of the logarithmic derivative

%(s) _ Z Z i efn(erk)l(Vo)l(yo)

Yo k>0 n=1

for Re(s) > 1. By direct comparison we conclude the absolute locally uniform

. —n(s+k)l(yp) . . .
convergence of the series — " 3,3 % “—,——, which is the logarithm of

Z. This implies the locally uniform convergence of the product Z(s) in the region
{Re(s) > 1}.
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The geometric side of the trace formula for 4 equals

vol(N'\G) / iy tanh oy 4 2 (a N l) 1z (b 4 l) .
47T R 2a Z

The spectral side is

il 1 N 1 1 1 N 1
j:02a a+ir; a-—ir; 2b \b+ir; b—ir; '

The trace formula implies that this series converges for complex numbers a, b with
Re(a),Re(b) > % Being a Mittag-Leffler series, it converges for all a, b € C, which
are not one of the poles %ir;, and it represents a meromorphic functionin, say a € C
with simple poles at the &ir; of residue 1/2a times the multiplicity of %ir;.

We want to evaluate the integral

f rh(r)tanh (7r)dr.
R

The Mittag-Leffler series of tanh equals

[e¢]

1 1 1
tanh (7z) = ; ,
ZZ+l(n—i— DHooz—im+ D

where the sum converges absolutely locally uniformly outside the set of poles
i(% + Z). For n € N the path y, 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 (r7) is periodic, i.e, tanh (7 (r + 2i)) = tanh (;rr). Further, it is
globally bounded on any set of the form {z € C : |z — i(k + 1/2)| > ¢ Vk € Z}
for any ¢ > 0. As rh(r) is decreasing to the power r 3, it follows that the integral
fyﬂ rh(r) tanh (;rr) dr converges to the integral in question. By the residue theorem
we conclude

/rh(r) tanh (7rr) dr = 2mi Z res,—.(rh(r) tanh (7 r)).

zImz>0

We have

hr) 1 1 + 1 1 1 + 1
rh(r) = = - = .
2\r+ia r—ia 2\r+ib r—ib

We will assume a # b, both in C\(% + Z). Then the poles of rh(r) and of tanh (;rr)
are disjoint and we conclude that the integral equals

1 1
7i tanh (mia) — mtanh(mb)—i—ZzZ (;(n+ )+m+i(n+l)_m)—(...),
2
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where the dots indicate the same term for b instead of a. Plugging in the Mittag-Leffler
series of tanh, one shows that the integral equals

a+j3+n b+3+n)

n=0

From hyperbolic geometry (see [Bea95] Theorem 10.4.3) we take

Lemma 11.6.2 The positive number wn\(;) is an integer. More precisely, it is equal

to g — 1, where g > 2 is the genus of the compact Riemann surface I'\H.

After a change of variables a +— a + % and the same for b, comparing the two sides
of the trace formula tells us that

Z’( +1> aZ/(b+1>+4(1 )i 1 1
S T 2 a(l — _
z 2} bZ 2 gnzo a+i+n b+i+n

+§: 1 N 1 a 1 L 1
“a+ir; a—ir; bb+ir; bb—ir;

Fixing an appropriate b, this extends to a meromorphic function on C with simple
polesata = —nanda = % +ir;. Itfollows that Z extends to an entire function on C
and by a theorem from Complex Analysis (see [Rud87], Theorem 10.43) it follows
that the poles of % 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. O

We define the Ruelle zeta function of " as the infinite product

R(s) = ]_[(1 — ey,
[v]

Corollary 11.6.3 The product defining the Ruelle zeta function converges for
Re(s) > 1 and the so defined Ruelle zeta function extends to a meromorphic function
on C. Its poles and zeros all lie in the union of R with the two vertical lines Re(s) = %
and Re(s) = —%. One has

Ris) — Z(s)
D=7+

Proof The correlation between the Ruelle and the Selberg zeta function is immediate
from the Euler product. The rest of the Corollary follows from this and Theorem
11.6.1. =

Note that, as r; € i [—%, %] 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) = %} with the possible exception of finitely many zeros in the interval
[0, 11.
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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 [Cha68] to derive the
following theorem.

Theorem 11.6.4 (Prime Geodesic Theorem). For x > 0 let 7w (x) be the number of
hyperbolic conjugacy classes [y]in T with [(y) < x. Then, as x — 00,

2x

7T(x) ~ Z

11.7 Exercises and Notes

Exercise 11.1 Show that [, “ 32 gy = 5 tanh (xr).

(Hint: Write sin (ru) = %(ei”‘ — 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 Show that a circle or a line in C is described by the equation Azz +
Bz 4+ Bz + C = 0, where A, C € R. Show that the linear fractional z — Z‘ij[s for

(¢ %) € GLy(C) maps circles and lines to circles and lines.

Exercise 11.4 Let A € M,,(C). Show that
det(exp (A)) = exp (tr (A)).

Exercise 11.5 Leta € C with Re(a) > 0. Show that [, e~ dr =

a’4r?

Exercise 11.6 Let G be a locally compact group and K a compact subgroup. The
Hecke algebra H = L'(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 # is an
algebra under convolution. Show that for every (, V;) € G the space VX of K-
invariants is either zero, or an irreducible -module in the sense that it does not
contain a closed H-stable subspace.

Exercise 11.7 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 (, V) € G the space VX is at most one dimensional.
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Exercise 11.8 Keep the notation of Exercise 11.6. Suppose that there is a continuous
map G — G, x — x such that (xy)° = y“x“ and (x°)° = x as well as x“ € KxK
for every x € G. Show that G is unimodular and that (G, K) is a Gelfand pair.

(Hint: Let pu be the Haar measure on G and set u°(A) = w(A€). Show that u¢
is a right Haar measure and that fG fx)dux) = fG f(x)du(x) holds for every
f € H. Consider the equation [, f(xy)du(x) = A(y™") [; f(x)du(x) for f € H
and make the integrand on the right hand side K -bi-invariant.)

Exercise 11.9 Let f € H with tr (r;.(f)m;(x)) = O for every x € G and every
r € R. Show that f = 0.

Exercise 11.10 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 11.11 Read and understand the proof of the prime number theorem in
[Cha68]. Apply the same methods to give a proof of Theorem 11.6.4.

Notes

The Selberg zeta function has been introduced in Selberg’s original paper on the
trace formula [Sel56]. 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 11.6.4 is derived from the following
geometric facts. On the upper half plane H there is a Riemannian metric given by
M’ 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 '\H is covered by geodesics of
infinite lengths in H and any such geodesic is being closed by an element y € I,
which is uniquely determined up to conjugacy. The map ¢ +— y sets up a bijection
between closed geodesics and primitive conjugacy classes in I". The number /(y) is
just the length of the geodesic c. So indeed, Theorem 11.6.4 gives an asymptotic of
lengths of closed geodesics. This theorem has been generalized several times, the
most general version being a theorem of Margulis [KH95], 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 [Fiih05], which we recommend for further reading.

12.1 First Ideas

Let (X, ) be any measure space. Roughly speaking, a wavelet is an element ¢ €
L?(X, u) together with a family of transformations ¢ > 7,¢ indexed by the elements
of some other measure space (7', v). The corresponding wavelet transform is a map

@ L2(X,pn) — LAT,v),
which maps a function ¢ to the function ®(v), which is defined by

QW )(1) = (Y, 1) .

One usually considers only cases where the wavelet transform is injective and allows
some reconstruction formula for a given ¥ 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 ¢ — m, is a unitary representation of 7' on
L%(X, u), so it is evident that Harmonic Analysis is entering the picture. Although
there are many important cases that do not fit directly into 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 ax 4 b-group G consisting of all matrices of the form

(g [;) witha € R* =R\ {0} and b € R. It is the group of affine transformations

(a,b) — T, on the real line given by 7, ,(x) = ax + b. A short computation shows
that left Haar measure on G is given by the formula

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 225
DOI 10.1007/978-3-319-05792-7_12, © Springer International Publishing Switzerland 2014
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/f(a,b)d(a,b):/ /f(a,b)dbd—a
G R+ JR la|?

and that A : (a,b) — \71| 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

(7@, D) = —— (Toh() = — d)(x_b)
7(a, X)= — X)) = — )
Var? Ten) = o (=
Now fix an element ¢ € L?(R). Then for each ¥ € L*(R) we obtain a bounded
continuous function Wy(y) : G — C given by

(a,b) = Wo(¥)(a,b) = (Y, m(a,b)p) .

In order to get useful transformations in this way, we have to find conditions on ¢,
which guarantee that the transform ¥ > Wy(¥) 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 v > Wy () is an isometry from L*(R)
into L2(G). In that case the reconstruction formula would be given by the adjoint
operator W : L*(G) — L*(R), since for every ¥, € L*(R) we would have

(W n) = (We(W), Wy () = (W Wy (¥). n),
and hence
V= WyWe(¥),
as elements in L2(R).

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 (7, V) is a unitary representation of G on
some Hilbert space V. Given any fixed vector § € V, we obtain a corresponding
transformation

We : Vz = C(G),

which sends n € V,, to the matrix coefficient x — (n,7(x)&). We call this the
(generalized) continuous wavelet transform corresponding to 7 and &. Note that this
transformation is injective if and only if € is a cyclic vector for .

If W;: mapped V;, into the Hilbert space L*(G), we would be able to use Hilbert space
methods. But in general the function x > (1, (x)£) may not be an L>-function. So,
in order to be able to use inner products, we have to restrict Wy to the linear space

D; = {n € Vy : We(n) € L*(G))}.

We then get a linear operator Wz : D¢ — L?*(G). Up to now we have always
considered operators from Banach spaces to Banach spaces. The current example
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shows that sometimes linear operators 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 7 : 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.

* A linear operator 7 : D — W is called a closed operator if its graph
G(T)={(.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

IT]l = sup [[Tv]

is finite.

e A linear operator T : D — W is called densely defined if D is dense in V.

Note (Exercise 12.1) that if T is densely defined and bounded, it extends to a unique
bounded operator 7 : V — W.

Lemma 12.1.2 The operator Wg : D¢ — L*(G) is closed.

Proof Suppose that (17,),en 1S a sequence in V, such that n, — n in V, and
We(n,) — ¢ in L?*(G). Passing to a subsequence (Theorem B.4.3) if necessary,
we may assume in addition that We(n,) — ¢ point-wise almost everywhere. But for
every x € G we have:

[We(m)(x) = We ()] =1 (1 — 1, T (X)E) |
< lln = nallEl

which converges to 0. This implies that ¢ = W;(n) almost everywhere. a

Definition A vector & € V; is called square integrable if De = V, i.e.,if We(n) :
x — (n,w(x)&) is square integrable on G for every n € V. We put

D, o {€ € V, : £ is square integrable}.
It is easily checked that D is a 7 (G)-invariant linear subspace of V., 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 (1, V) is called a square
integrable representation, if D is dense in V. A square integrable vector & is called
an admissible vector if We : V, — L?*(G) is isometric. Having fixed notation as
above, the general problems to be solved are now as follows:
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1. Under what conditions does a unitary representation (i, V,;) have any nontrivial
square integrable vectors, or when is 7 a square integrable representation?

2. Suppose the unitary representation(rr, V) is square integrable. Characterize all
admissible vectors in V; (if they exist).

3. Given an admissible vector £ for the representation (7, V). Find an explicit
reconstruction formula for the corresponding continuous wavelet transform W :
Ve — L*(G).

As explained in the above example, if £ is an admissible vector for (;r, V, ), then
the reconstruction operator for the wavelet transform W : V, — L*(G) is given
by the adjoint W[ : L?*(G) — Vy. So Problem 3 reduces to the problem of finding
an explicit formula for W. In the next section we shall give a general answer to
the first two problems in case where the representation (i, 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 observations concerning
the above stated problems in general. Since the wavelet transformation We : V; —
Cy(G) is injective if and only if £ is a cyclic vector for 7, 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 (1w, V;). Then 1 is a square integrable representation.

Proof 1f& € D, iscyclic then D, contains the dense subspace span{r (x)§ : x € G}
of V. O

We now give a description of the adjoint operator Wy : L%(G) = Vy:

Lemma 12.1.4 Suppose that & € V, is a square integrable vector for the unitary
representation (7, Vy.). Then the adjoint operator W; L*(G) — Vy of the wavelet
transform We is given by the formula

W§(¢)=/(;¢(X)7T(X)S dx.

Proof This integral is to be understood in the weak sense, i.e., it signifies the unique
vector such that

</G ¢ (x)m (x)§ dx,n> = /Gtﬁ(x) (m(x)€, ) dx

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 n € V,, and ¢ € L*(G) we
have
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(WE(@),n) = (¢, We(m)
=/G¢(X)W§(T))(X)dx

=fc¢(X) (w(x)§,m) dx.

O

As a consequence, we obtain the following general reconstruction formula for
continuous wavelet transforms corresponding to admissible vectors & € V:

Proposition 12.1.5 Suppose that & € V, is an admissible vector for the unitary
representation (v, V). Then for all n € V, we have

;7:Wg‘Wgn=/G(77,7T(X)$)JT(X)§dX-

Moreover; the image W (Vy) C L*(G) of the wavelet transform is a closed subspace
of L*(G) with orthogonal projection P; : L*(G) — Wg(Vy) given by the formula

(Pe) (n) = (We Wi(9)) (v) = /G¢(X) (r(x)§, m(y)§) dx.

Proof 1t is a general fact for isometries S : V — W between Hilbert spaces V and
W that S*S is the identity on V and SS* : 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 W
given in the previous lemma. O

Corollary 12.1.6 Suppose that & € V. is an admissible vector for the unitary
representation (1, Vy). Then the orthogonal projection P: : L*(G) — We(Vy) is
given by right convolution with We (&) € L*(G), i.e. P:(¢) = ¢ = We(§) for every
¢ € LX(G).

Proof By definition of W, and convolution of functions on G, we have
¢ * We(§)(y) = f ¢() (. w(x~ V)E) dix
G

:/G¢(x) (m(x)E, w(y)E) dx

and the result follows from the previous proposition. a

We close this section by observing that every group has at least one square integrable
representation:
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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.(G) 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)¢(x) =
VAM)P(xy), where A = Ag denotes the modular function on G. Put g(y) =
A(y)~'?g(y), and let ¢ € L*(G) be arbitrary. Consider the continuous function
x — (¢, L(x)g). We compute

(¢, L(x)g) =/G¢(y)g(f1y)dyzf(;wwxy)dy
_ /G FOIVADI(xy) dy

= /Gé'(y)R(y)qﬁ(JC)dy = R(&)p(x).

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 integrable represen-
tations 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 representations 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 reductive 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 (v, V) is a unitary representation, let £ € V,; be any vector, and let
D; C Vy be the domain of W : D — L*(G). Then, if y € G, we have

(We (@ (y)m)(x) = (r(y)n, w(x)§E)
= (n.7(y" " x)E)
= (L(y)We(m)(x),

which proves that D¢ is a 7 (G)-invariant subset of V. Moreover, we see that We
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
We(Vz) C L*(G) is L-invariant and that We establishes a unitary equivalence
between (17, 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 represen-
tation (v, V). Then (7, V) is equivalent to a subrepresentation of (L, L*(G)).
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Definition In what follows we shall need the following generalization of Schur’s
Lemma for possibly unbounded intertwining operators. Let (v, V) and (p, V,) be
two representations of the locally compact group G. Let D C V. be alinear subspace.
A linear operator T : D — V,, is called an intertwining operator if D is stable under
7 and

p)T = Tm(x)

holds for every x € G.

Proposition 12.2.2 Let (7, V) and (p,V,) be two unitary representations 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 = uS for some 0 < u € R and some
isometry S : Vz — V,.

Proof We may assume that T # 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

(&, TE, (0, Tn) = (€,0), + (TE,Tn),

defines an inner product on G(7T'), which turns G(7T) into a Hilbert space. Let
P : G(T) — V. denote the projection to the first factor, and let P* be its ad-
joint operator. Then PP* : V, — V, is a bounded intertwining operator for the
irreducible representation rr, 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 P P* # 0,
and therefore 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 operator 7*T of 7 to obtain some p > 0
such that 7*T = p’Idy,. Put S = %LT. Then

1
(Sé’STI)p = (S*SS’ ﬂ)n = E<T*T§’ 7)),, = <‘§’ n)n 5

which implies that S is an isometry. O

As afirst consequence, we obtain the following characterization of admissible vectors
in irreducible representations:

Proposition 12.2.3 Let (w, V) be an irreducible unitary representation, and let
0 # & € V. Then the following are equivalent.

(a) There exists 0 # n € V, such that We(n) € L%(G).
(b) & is a square integrable vector.

(c) There exists 0 < A € R such that L& is admissible.

Moreover, if these assertions are true, then A =
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Proof The implications (c) = (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 Dy is a
7 (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

Ws : 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 Proposition 12.2.2 we know that W; =
wS for some 0 < u € R and some isometry S : V, — L?(G). Since (We(€))(e) =
(£,€) # 0, and since x +— (&,7(x)&) is continuous, it follows that We(§) # O,
and W; is not the zero operator. Thus u # 0. Applying W = S to & implies that
— 1w, = i — 1 _ _l&l

S = MWE = W)\g with A = P TAGTE O
Corollary 12.2.4 Let (7w, V) be anirreducible representation of the locally compact
group G. Then the following are equivalent:

(a) (m, V) is square integrable.
(b) There exists an admissible vector & € V.

(c) (m, Vy) is adiscrete series representation, i.e., it is equivalent to a subrepresen-
tation of the left regular 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 Proposition 12.2.1. Thus it only
remains to show that (c) implies (a). Recall 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(V,) denote the orthogonal projection on the image T (V,) C
L%(G). Since C.(G) is dense in L*(G), the image P(C.(G)) is dense in T'(V,) and
D=1{e€V,:T& € P(C,(G))} is dense in V. But all elements & € D are square
integrable vectors for (i, V;): Using the fact that L(x) commutes with P for every
x € Gandthat P o T = T we obtain

(n,m(x)§) = (T'n, L(x)T§) = (Tn,L(x)P¢) = (Tn, L(x)p),

where ¢ € C.(G) such that T¢ = P¢. But x — (T'n,L(x)p) is square
integrable. m|

We now come to the main result of this section, which is mainly due to Duflo and
Moore in [DM76]. But its importance to wavelet theory was first highlighted by
Grossmann, Morlet and Paul in [GMPS85]:

Theorem 12.2.5 Let (7w,V,) be a discrete series representation of the locally
compact group G, and let D, be the set of square integrable vectors in V.
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(a) There exists a closed densely defined operator C, : D, — V. satisfying the
orthogonality relation
(Cx&'.CE)(n.') = (We(m), Wer(n)
forall £, € D, and all n,n € V.

(b) The operator C, : D, — V, is injective and & € V, is admissible if and only
if § € Dy with |Cr8|| =1
(¢) If, in addition, G is unimodular, then all vectors & € V, are square-integrable,

so D, = V. and there exists a unique constant ¢, > 0 such that C,, 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

(CrE, CxE) = (Wer(m), We(m).
Thus, in order to obtain the operator C;, we have to check that

def

By(£,8") = (We(n), We ()

is aclosed, 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 (), We () = /G (7 () (r (). 1) dox.

Positivity follows from the fact that every non-zero vector £ € V; is cyclic by irre-
ducibility of 7z, and hence the function x > (1, 7(x)&) does not vanish everywhere
if 0 # &. To see that B, : D, x D, — Cis closed, let (§,),en be any sequence in
D,., which converges to some & € V. and such that

Bn(é;:n —&,,6,—&,)—> 0 for n,m— oo.
Since
By(&n — s En — En) = |We, s, DI
= | We,(n) — W, ()13,

it follows that (W, (1)),en is a Cauchy-sequence in L%(G). Hence it converges to
some ¢ € L?(G). By passing to a subsequence if necessary we may further assume
that (Wg, ()),en converges to ¢ point-wise almost everywhere. On the other hand,
we have

[We, (x) — W) = [ (n, 7 (x)(E — E)) | < 116, — &
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from which we may conclude that ¢ = W:(n) in L*(G) and all requirements of
Theorem C.4.5 are satisfied. We therefore obtain an operator C, : D, — V, such
that

(C&,CLE") = (Wer(m), We()).

We now check that B, = B,y whenever 1’ is some other unit vector in V,;, hence
proving that the constructed operator C,,; does not depend on the choice of 1. To see
this, we simply use the fact that by Proposition 12.2.3 we have Wy = ;S with S an

HWFEH) I whenever 0 # & € D.,. It then follows that

By(5,8) = (We(n), W) = g (Sn., Sn) =

isometry and pig

Hence the expression B, (£, &) does not depend on the chosen unit vector n and, via
polarization, neither does the hermitian form B, . This shows that we have

(C&', CLE) IlI* = (We(n), We,(m))

for all £, € D, and all n € V,. Now if (C;£’,C&) = 0 it follows from
Cauchy-Schwartz applied to the positive semi-definite hermitian form (1, ") —
(We(n), We: (1)) that this form vanishes on Vz x V, and if (Cz (&), Cx(§)) # 0 we
can apply the polarization formula to the positive definite hermitian form

(1)~ We(n), Wer(n))

_t
(Cx'.Ca)

to obtain the orthogonality relation of (a) for all £,&” € D, and all n,n’ € V,.

The injectivity of C, follows from the orthogonality, since the inner product
(Wg(n), Wg(n)) is > 0if & and n are non-zero. Moreover, a vector § € V, is admissible
if and only if & € D, and W; is isometric. But the latter is equivalent to

IC&1% = (W (), We(m)) = 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~!)
then lies in L?(G) again, and for g € L*(G)one has (f*, g*) = (g, f).For&,n € V,
one has We(n)* = W, (£). Therefore, for £,&’,n,n" € D, one has
(Cx&'.CxE) (. 1') = (We (), Wer ()
= (Wn/(él), |14 (§)>

For fixed 77 = n’ # 0, one sees that there exists a constant ¢, > 0 such that
(S’ & > ( &, Cr& ) For arbitrary £, € V., we choose a sequence &, that
converges to € in V. The above implies that || W, () — We, (D> = [|We,—¢, )|* =
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I1C(DIPIIE, — &nll® for all n,m € N. Thus We, (1) is a Cauchy-sequence in L*(G),
hence converges to an L2-function f. Passing to a subsequence if necessary, we
may assume that it converges point-wise almost everywhere to f. But the sequence
WEe, (n) converges point-wise 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

Cyr = «/d;fl 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
C,, 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 every irreducible representation (i, V). By Theorem
7.2.3, we know that every irreducible representation of the compact group G is finite
dimensional We claim that the operator C;; is then given by multiplication with the
constant Jﬁ’ so in other words, d, = dim(V,). To see this, recall that it follows
from the Peter-Weyl Theorem (Theorem 7.2.1) that for any vectors £,&", 1,7 € V,
we have the orthogonality relation

(We(n). Wer(r')) = /G (0, 7 (0)E) T GO dx

1 !/ /
= Z(S,é)(ﬂﬂ”,

which follows easily from part (b) of Theorem 7.2.1 by choosing an orthonormal
basis and writing all vectors as linear combinations of that basis. Thus we see that
multiplication by @ satisfies the requirements for the operator C,; in the theorem.
This relation between C, and the dimension d, led to the study of the operator

K, = (C»)~? by Duflo and Moore in [DM76] (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.

Definition If G is unimodular, then C; = c,Idy, for some positive number ¢, and
we can define the formal dimension of the discrete series representation 7 to be the
positive number d,, = }2

T

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 construction of certain irreducible representations
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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 ¥ 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 € Co(L) there exists F € Co(Y) such that f = F|L.

Proof LetL = ONC with O openand C closedin Y. By Tietze’s Extension Theorem
(Theorem A.8.3), every function in Cy(C) is the restriction of some function in Cy(Y).
On the other hand, since L = O N C is open in C, it follows that Cy(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 [Fol95].

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 groupAﬁ 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 homeomorphism (this implies that H(x) is locally closed in N). Then the
representation (1, L?(H)) defined by

(m,(n, WEYD) = x (I 'n)EMR™)

is irreducible.

Proof It is straightforward to check that 7 = 7, is a unitary representation. To see
that it is irreducible let 0 # V C L?*(H) be any closed invariant subspace, and let
£ eV.Let f € L'(N). We then get

@ IN(ENs) = / F)(n, DE)I) dn
N
= /N Fxd'mey dn = F - D).

Since the set of Fourier transforms { f cfel! (N)} is dense in CO(]V ), we see that
I — g( - x)&(Q) lies in V for every g € Co(N). Since the orbit H() is locally
closed,Aevery function in Co(H ()) can be realized as a restriction of some function
in Co(N). Thus, identifying H with H(x) via h — h - x shows that M & € V for
every g € Co(H) and § € V, where M, denotes multiplication operator with g.
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Suppose now that f € C.(H). Integrating the restriction of 7 to H against f yields
the operator

(ﬂlH(f)%‘)(l)=/Hf(h)é(hfll)dh-

Thus we observe that V' is invariant under all operators of the form M,m|y(f) for
all f,g € C.(H). Computing

(M (HEND) = /H o) FER"T) dh = fH o) FUEMR) dh
_ / Au(h~g() f(Uh~"Ye(h) dh,
H

we see that M,m|y(f) is an integral operator on L*(H) with kernel (h,1) +—
Ay(h~YHg) fUh™") in C.(H x H). We leave it as an exercise to show that every
function in L2(H x H) can be approximated in the L2-norm by finite linear combi-
nations of functions of the form (1,1) — Ay (h~"g() f(Ih~") 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 ax + b-group G
and of the unitary representation (7, L>(R)) given by

1 x—b
(2(@, B)P)x) = —— ( )

lal a

We want to study the admissible vectors for rr. 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 ITl‘dx. As a first step we apply the Plancherel isomorphism

F : LA(R) - L*(R) given by ¢ — ¢ for ¢ € L'(R) N L2(R), where we use the
formula

OE / $(0)e > dr.
R
for the Fourier Transform on R. We then compute

(2(a, b)) (x) = / L g by gy
’ B R JW a

— /|a|/¢(u)e2MX(au+b)du
R

s
= Vlale 7 ¢(ax),
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so that on the transformed side we get the representation (7, L*(R))

R (a,b)p)(x) = y/lale b §(ax).

If we now identify L?(R) with L2(R*) via g — (x — +/[x[g(x)), and then use the
transform on L%(R*) given by > 7 with j(x) = n(%), we see that 77 transforms
to the representation (also called ) given by

(7(a,b)e)(x) = e /" E(a " x)

for & € L>(R*). But this is precisely the representation 7, of the semi-direct product
G = R x R* corresponding to the character x(x) = e~>™* of R as in the previous
proposition. One easily checks that y satisfies all conditions of that proposition. It
follows that 7 is irreducible.

We now want to show that 7 is a discrete series representation, and we want to
compute explicitly the Duflo-Moore operator C; : D, — L2(R). Indeed, using the
Plancherel isomorphism for the real line, we shall show the following:

e ¢ € D, if and only if x > ﬁ(ﬁ(x) € LA(R), and

e Chp=F _l(ﬁé), 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

2 2
1=||Cn¢||2=/ PO
R x|

For the first item we directly compute the norm || Wy (v/)|l2 for vectors ¢, ¥ € L*(R).
In the following computations we write ¢3 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

IWs()li5 = /G | (¥, 7 (b, a)n) |* d(a, b)

:/G‘<12,(n(b,a)n)/\>‘2 d(a,b)

).

The interior integral is the Fourier integral for the function F,(x) = @(x)qg(ax) at
the point —b € R. Thus, applying the formula for the Haar measure on G and the
Plancherel isomorphism in the variable b the last term is equal to

2
la| d(a,b).

/ 1/}(x)ezmbq3(ax) dx
R
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/IF(—b)I lald(a,b) = / /IF(—b)Iz—dbda
L
=/ fll/f(X)¢(aX)I dxﬂda

/II/f(X)I </ |p(ax)| —da> dx

= ||1/>||§/ $@)P— da,
R* la|
where the last two equations follow from Fubini and the translation invariance of Haar
measure 1 da on R*. In particular, || Wy (v)||; is finite if and only if fR* |¢(a)|2
is finite.

\al

Now a similar (but a bit more tedious) computation shows that for two elements
¢,¢' € D, and ¥ € L*(G) with ||/, = 1 we get the equation

A R 1
(Wor (¥), Wo(y)) = - ¢(a)¢/(a)ﬁ da = (Cx¢,Cx )

with C, as in the second item of our claim.

Notice that the 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 ¢ € L*(R) is an admissible vector, then by Proposition 12.1.5 the reconstruction
formula for the continuous wavelet transform

Wy : L*(R) — L*(G)

is given by the adjoint operator Wy : L?*(G) — L*(R), which s given by the formula

WiH = [ flabmabisdab)
G

where the integral has to be understood in the weak sense. However, in good cases
(see Exercise 12.2 below) we obtain a point-wise reconstruction formula

o) = / f fa)——o(*=2) - dbda
r* JR Vlal a /lal?

from the transform f = Wy () of .

We now proceed by describing some explicit admissible functions ¢ € L?(R) for
the continuous wavelet transform of the real line.
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Lemma 12.3.4 Suppose that ¢ € L*(R) such that x — x¢(x) lies in L'(R). Then
¢ is a square integrable vector for the continuous wavelet transform on R if and only

if $(0) = [ p(x)dx =0.

Proof We first note that the conditions of the lemma imply that ¢ € L'(R)N L*(R).
Then ¢ lies in Co(R) N L%(R), and the existence of fR |p(x)|>L dx implies that

|x|
¢(0) =0.
Conversely, the condition x¢ € L'(R) implies that b is continuously differentiable

with %q@ = —2m’xA¢(x) (see [Dei05, Theorem 3.3.1]). Let M be any upper bound
of |¢3’| on the interval [ — 1, 1]. Then the mean value theorem implies that

1$(x)| < M|x]|

for every x € [ — 1, 1], which implies that

|¢3<x)|2i| dx < M2|x|dx+f 1p(x)I? dx

R |x Ixl<1 Ix|=1

<M+ o> m

Corollary 12.3.5 Suppose that f € S(R) is a Schwartz-function. Then [’ is a
square integrable vector for the continuous wavelet transform.

Proof By the computation rules for the Fourier transform as in [Dei05, Theorem
3.3.1], we have R R
J'(x) =2mix f(x),

so that f(0) = 0. O

Example 12.3.6. To get an explicitexample for an admissible vector ¢ for the contin-
uous wavelet transform on the real line we look at the Gauss function f(x) = e
This function has the remarkable property that f = f (See [Dei05, 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

fx) = —2mxe ™

F(x) = 27 2rx? — De ™,
This yields even and odd square integrable functions. Their Fourier transforms are
given by
]’;’(x) = dmixe ™

o~

f"(x) = A2y
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We can use this to compute the integrals fR* |1/}(X)|2ﬁ dx fory = f"and ¢ = f".
In the first case we obtain the integral

o0
a2
8712/ xe 7 dx = 27w,
0

as follows from the standard substitution z = 7 x2. In the second case we arrive at
the integral

o0
h2
327{4/ e 7 dx = 4x?,
0

as follows from the same simple substitution plus a straightforward partial integra-
tion. Thus, scaling f’ and f” by the factors —\/%7 and —%, respectively, we obtain
the admissible vectors

d1(x) = V2rxe ™ and
$o(x) = (1 — 27 x%)e ™

for the continuous wavelet transform of the real line. The following figure shows the
graph of the function ¢,, which is known under the name Mexican hat:

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 i 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 Wy(y)(a,b) if ¢ = ¢,
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) continu-
ous wavelet transform by using a variant of the Heisenberg group # as studied in
Chap. 10.
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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 ¥ € L*(R) in its Fourier integral. To be more
precise, if ¢, ¥ € L?(R) are given then we define the transform We(¥) : RxR — C
by the formula

W¢(‘¢/)(t;y)='él[/(x)¢(x—_y)e—2m'tx dx.

We shall show that this transform also fits in our general scheme. For this we consider
the group H, = H/Z, where H denotes the real Heisenberg group as introduced
in Chap. 10, and Z denotes the standard lattice in the center of 7{. The group may
be realized as the semi-direct product (T x R) x R with action of y € R on a pair
(z,t) € T x R given by

y(z, 1) = (ze~ 2% 1),

The dual group TxRof T x R is given by the characters x(, ) indexed by n € Z
and s € R such that

n —2mist

Xz, 1) =7"e

Let x = x(1.,0), 1.€., x(z,t) = z. Then the action of R on x is given by
y- X(Z, t) = X( -y (Z,t)) — X(ZeZm'ty,t)

= 7?0 = X,-»(@1).
It follows that the character y 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@ 1.39)0) = e p(x = y).

The corresponding wavelet transform for a function ¥ € L?(R) is then given by

(Wow)) @ty =7 /}R Ye Gl — y)dx.

The parameter z € T obviously plays no important role in this transformation, 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 7, and that A, is unimodular.
Thus it follows from Theorem 12.2.5 that either every vector ¢ € L*(R) is square
integrable or o has no square integrable vectors at all. Let’s do the calculations: Since
Iz> = 1, applying the Plancherel formula to the function Fy(x) = y(x)p(x — )
and applying Fubini several times we get
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[Wo ()5 = / / / \Wy(¥) 1, y)* dzdt dy
RJRJT

_ / / / PO — e dx
RJR R

=//@(r)ﬁdrdy:/f|Fy<x)|2dxdy
RJR RJR

=//|w<x>¢(x—y>|2dxdy=||w||§||¢||%,
RJR

2
dtdy

which is always finite. So we see that o is a discrete series representation. Since H,
is unimodular, the Duflo-Moore operator is given by multiplication with a positive
scalar, which must be one since

ICoII> = IWs ()5 = 1815

if |||, = 1. Thus the unit vectors in L>(R) are precisely the admissible 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 7 : 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 point-wise for every ¢ € S(R), i.e.

1 — by 1
Y(x) = / / W¢<w>(a,b>—¢(x—) dbda
R* JR a

lal la|?

for every x € R.

Exercise 12.3. Let ¢ € L'(R) N L?(R) with compact support. Show that ¢ is a
square integrable vector for the representation (v, L?(R)) underlying the continuous
wavelet transform of Example 12.1.1 if and only if [, ¢(x)dx = 0. In particular,
the Haar wavelet ¢ : R — R defined by

= for|x| <1
= ] Ix
42 { 0 for |x| > l}

is square integrable for . Compute the scaling constant A > 0 such that ¢y = A¢
is admissible for 7 and give explicit formulas for the continuous wavelet transform
corresponding to v and for its reconstruction.
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Exercise 12.4. (a) Let G be any locally compact group, and let (7, V;) be any
discrete series representation of G. Let C, : V; D D¢ — V; be the corresponding
Duflo-Moore operator, and let §;,&, € D, be two square integrable vectors for
such that (C, &, C, &) # 0. Show the following (mixed) reconstruction formula for
the wavelet transform with respect to &;:

1
<Cn52, Cnél)

(Hint: Use the orthogonality relations for C;.)

y= /G (.2 (0)61) (0 d.

(b) Assume now that G is the ax + b-group and that (;r, L*(R)) is the representation
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 corresponding to the Haar wavelet of the
previous exercise.

Exercise 12.5. Let 1 = @®;c;m; be a direct sum of discrete series representations
of the locally compact group G, and let § = (§;);e; € Vi = ®jes Vr,. For each pair
i,jelletS;:Vy — Vz, be an intertwining operator (which must be 0 if 7; is not
equivalent to 7 ;). Then & is admissible for 7 if and only if &; is admissible for 7z; for
every i € [ and

(Cx, Sijki. Cnj) = 0

foralli,j € I withi # 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

(8:r)-y=y+rgy
for x € R?, g € SO(2), and r € R*. Show that the representation (77, L>(R?)) given
by

I /1 _,
(x0.8.10) @) = ~p (g7 x = 1)

is an irreducible discrete series representation of G with

D, = (¢ € L*(R?) : (x > @) e LX(R?)
|x|
and Duflo-Moore operator given by
o = 22,
|x]

where |x| denotes the Euclidean norm of x.
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Notes

The examples of continuous wavelet transforms we considered so far are all con-
structed with the help of irreducible representations. But there are interesting
examples of transforms that arise from more general representations. For instance, a
frequently used wavelet transform is the dyadic wavelet transform, which is given by
the restriction of the representation (;r, L2(R)) of the continuous wavelet transform
of the real line via the ax + b-group G to the subgroup

{@*,b):keZ,beR}CG.

The resulting representation is not irreducible and the results of the previous section
are not applicable for the analysis of the corresponding transforms. We refer to Fiihr’s
book [Fiih05] 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 [DM76],
[GMP85] and the more basic introduction into wavelet theory given in Blattner’s
book [Bla98].



Chapter 13
p-Adic Numbers and Adeles

The majority of the examples of topological groups in this book given so far, are
locally euclidean, meaning that the groups are locally homeomorphic to R”. In this
chapter the reader will see some examples which are not of this type. These examples,
the p-adic numbers and the adeles, resp. ideles, are not only interesting as examples
of this theory, but they also carry great importance for other areas of mathematics,
in particular number theory.

13.1 p-Adic Numbers

The set R of real numbers is the completion of Q with respect to the usual absolute
value

| = X if x >0,

o =1_x ifx <o.

We shall see, that there are more “absolute values” defined on Q. But first we have
to give this notion a precise meaning.

Absolute Values

By an absolute value on a field K we mean amap | - | : K — [0, 00), such that for
all a,b € K one has

¢ Ja| =0 < a = 0, (definiteness)

e |ab| = |al|b|, (multiplicativity)

* la+ b| < l|a| + |b|. (triangle inequality)

Remark Every absolute value maps +1 to 1, i.e., one has |[1| = | — 1| = 1. Fora

proof consider |1| = [1-1] = [1?so|1| = land | —1> = [(=1)}| = |1| = 1 s0
that | — 1] = 1.

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 247
DOI 10.1007/978-3-319-05792-7_13, © Springer International Publishing Switzerland 2014
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Lemma 13.1.1 If | - | is an absolute value on the field K, then d(x,y) = |x — y| is
a metric on K.

Proof The map d is positive definite. It is symmetric, too, since
diy,x) =]y —x|=[(=Dx =y =|—1llx —y[=|x —y[ =d(x,y).
Finally. it satisfies the triangle inequality, since for x, y,z € K one has

dx,y)=lx—z+z—y|<|lx—zl+|z—y|=dx,2) +d(z,y). O

Examples 13.1.2

e For K = Q the usual absolute value | - | is an example.

* The discrete absolute value exists for every field and is given by

Xy = 0 ifx=0,
Mov =01 ifx #£0.

The metric generated by this absolute value is the discrete metric

_J0 ifx=y
d(x,y)—{l’ if x # y.

The discrete metric induces the discrete topology, as for every x € K the open
ball By ,>(x) of radius 1/2 equals the set {x}, which therefore is open.

Definition Consider the field K = Q of rational numbers and fix a prime number
p. Every rational can be written in the form

m
r:pk;, n #0,

where m,n € Z are coprime to p. The exponent k € Z is uniquely determined by r,
if r # 0. We define the p-adic absolute value by

rm
rl, = |p*—
rlp = [P

. pF ifr £0,
»|o ifr =0.

Lemma 13.1.3 Let p be a prime number. Then |- |, is an absolute value on Q, which
satisfies the strong triangle inequality

Ix 4+ ylp = max(|xl,, |ylp).

Here we have equality, if |x|, # |yl,.
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Proof Definiteness follows from the definition. To show multiplicativity, Write X =
pk% and y = pk/',"l—,’, where m,n,m’,n’ are coprime to p. Then xy = pk“‘ mn’ - and
this yields |xy|, = |x|,|y], in the case xy # 0. The case xy = 0 is tr1v1al For a
proof of the strong triangle inequality, we can assume xy # 0 and k < k. Then we
have i ’ k' —k /
x4y =pt <E+Pk"kﬂ/> = p L

n n nn

If [x|p, # |ylp,ie., k' —k > 0, then the number mn’ + ¥~ nm’ is coprime to p and
we have |x +y| = p~F = max(|x|,, |y|p). If on the other hand |x|, = |y|,, then the
enumerator mn’ + p* “*nm' = mn’ + nm’ is of the form p' N, where [ > 0 and N is

coprime to p. This means that |x+y|, = |p**' I5|, = p™ < max(|x|,, Iyl,). O

In what follows we denote by R* the group of units in a ring R. Of course, if K isa
field, we have K* = K~ {0}.

Proposition 13.1.4 For every x € Q™ we have the product formula
[Tl =1
p<o0

The product is extended over all prime numbers and p = oco. For a given number
x € Q%, almost all factors in the product are equal to 1.

Remark When we say almost all, we mean all, up to finitely many exceptions.

Proof Write x as a fraction of coprime integers and write these integers as product of
primes. Then one has x = & p’f‘ k" for pairwise different primes py,..., p, and
ki,...,k, € Z. The p-adic absolute Value |x|, equals 1, if p is a prime not occurring
among the above. So the product indeed has only finitely many factors # 1. Further

one has |x|,; = p; "~ and [x|e = pi... pkr Hence

[T, = ]_[p]" Pl pl =1 0

p<oo

Remark One can show that every non-trivial absolute value | - | on Q is of the form
|x| = |x|%, for a uniquely determined p < oo and a uniquely determined real number
a>0.

Q, as Completion of Q

We now give the first construction of the set Q, of p-adic numbers. This set is the
completion of Q in the p-adic metric

dp(x’y) = |x - y|p~
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Proposition 13.1.5 Let p < oo. Then Q is not complete in the metric d,,. We denote
the completion by Q. Addition and Multiplication of Q can be extended in a unique
way to continuous maps Q, x Q, — Q. With these operations, Q,, is a field, called
the field of p-adic numbers. The absolute value | - |, can be extended in a unique way
to a continuous map on Q,,, which is an absolute value, again.

Proof We consider this proposition known for p = oo. In this case one has Q, =
Qs = R. We now let p < oo. We write | - | = | - |,. The non-completeness of Q
follows from another description of QQ,, which will be shown in the next section.
We now extend the operations. Let x,y € Q,. As Q is dense in the metric space
Q,, there are sequences (x,) and (y,) in Q, converging to x, resp. y in Q,. These
sequences are Cauchy sequences in Q. The estimate

[ + Yn) — Em + Y| < 1% — Xl + Y0 — Yl

implies that (x, + y,) is a Cauchy sequence as well. So it converges in @, to an
element z. This element does not depend on the choice of the sequences, since if (x],)
and (y;) is another choice, then the sequence (x], 4 y;) also is a Cauchy sequence,
which differs from (x, 4 y,) only by a sequence converging to zero, hence gives the
same element in the completion. We set x+y = z and have thus extended the addition
to Q. It is easy to see that addition is a continuous map from Q, x Q, — Q,.
The multiplication is extended analogously and it is not difficult to show that Q,, is
a field with these operations and that the absolute value extends as well. We leave
the details as an exercise. m|

The strong triangle inequality |x + y| < max(|x|,|y|) still holds on Q,. It has
astonishing consequences, for example, the set

ZPZ{XEQPIPHPEH,

which contains Z, is a subring of the field Q,. This ring is called the ring of p-adic
integers.

Power Series

Let p be a prime. We now give a second construction of p-adic numbers. Every
integer n > 0 can be written in the p-adic expansion,

N
=S a;p!
n = ajp,
j=0

with uniquely determined coefficients a; € {0,1,..., p — 1}. The sum of n and a
second number m = Y"1 b; p' is

max(M,N)+1

n+m= Z c.,-pj,
Jj=0
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where each c; only depend on ay, . ..,a; and by, ..., b;. More precisely, these co-
efficients are computed as follows: First one sets c;. = a; + bj. Then one has
0< c} < 2p — 2 and it may happen, then c} > p. Let j be the smallest index, for
which this happens. One replaces c} by the remainder modulo p and increases c;. 41
by one. Then one repeats this step until all coefficients are < p — 1.

For the multiplication one has

M+N+1
nm = Z d;p’,
j=0
where again the coefficient d; only depends on ao, ...,a; and by, ..., b;.

These properties of multiplication and addition make it possible, to extend them to
the set Z of formal power series

o0
E a;p’,
Jj=0

with0 < a; < p.A formal power series may be considered simply as the sequence of
its coefficients (ag, @y, . . . ). The multiplicative unit 1 is represented by the sequence
(1,0,0,... ). One only uses the notation of a series for convenience.

Lemma 13.1.6 With these operations, the set Zis aring. An element x = Zjio ajp’
is invertible in Z if and only if ay # 0.

Proof Associativity and distributivity are inherited from Z, as it suffices to check
them on finite parts of the series. To show that Z is aring, we are left with showing that
an additive inverse exists. Soletx = } 7 a; p’ in Z. We have to show the existence
of some y = Z;OZO b;p’ in Z, such that x + y = 0. We construct the coefficients b;
inductively. In the case ayp = 0 we set by = 0 and by = p — ap otherwise. Assume
by, ..., by, already constructed with the property, that the element y, = Z;:O bjp’

satisfies
o0

x+yn=chpj, 0=<c¢; <p.
j=n+1
If ¢,+1 = 0, then one sets b,,; = 0. Otherwise one sets b, = p — ¢,+1. In this
way one gets an element y = Y%7 b, p/, which satisfies x + y = 0.

‘We show the second assertion. If x = Zjio a; p"' is invertible, then ay # 0, since
otherwise the series xy would have vanishing zeroth coefficient for every y € Z. For
the converse direction, 1etx = Z;’;O ajp’ withay # 0. We construct a multiplicative
inverse y = Zjozo b; p’ by giving the coefficients b; successively. Since F,, = Z/ pZ
is a field, there exists exactly one 1 < by < p such that apby = 1modp. Assume
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next that 0 < by, ..., b, < p are already constructed with the property that

Za_,pj Z bjpj =1 mod p".

0=<j 0<j=n

=A =B
Then one has /;f,f—j,l € Z, so there exists exactly one 0 < b,,; < p, such that

S+ aobur = pe, ¢ € Lot AB — 1+ aghy p"tt = p't?

one has
Zajpj Z bip’ | =1 mod p"*2.

c. In other words,

0<j 0<j<n+1
The element y = Zjio bjp’ constructed in this way satisfies the equation
xy = 1. O
Lemma 13.1.7 Let (a;) be a sequence in {0,1,...,p — 1}. Then the series

Z?OZO ajp’ converges in Q,. We map the formal series to this limit and get a map
Y 1 Z — Q. This map is an isomorphism of rings

z>17,

Proof Letx, = Zj’:o a;jp’. We have to show that (x,) is a Cauchy sequence in Q,,.
For m > n > ng one has

m

m — Xl = | > a;p!| < max |a;l,lp’|, < p
Pt n<j<m

—ngo

Therefore the sequence is Cauchy, so the map  is well-defined. It is easy to show
that v is a ring homomorphism. It remains to show bijectivity of ¢ : Z — Z,,.

Injectivity: Letx = Z;’io ajp’ # 0. Then there is a minimal jj such that a, # 0.
We have

o0
W@l = |aj,p®+ Y ajp’|=p",
Jj=jo+1
since )Z?O:jﬁl a;jp!| < max;.jla;lp™ < p~o (use continuity of | - |,). So it

follows 1(x) # 0 and therefore i has trivial kernel, thus is injective.

Surjectivity: We define an absolute value on Z by

|zl = [¥@I,-

We claim that Z is complete in this absolute value. Let (z;) be a Cauchy-sequence
in Z. For each k € N there exists a jy(k) € N, such that for all i, j > jy(k) one has
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lzi —z;| < p~*, which means, that ¥ (z;) — ¥(zj) € ka,,, s0z —zj € p*Z. We
conclude, that the coefficients of the power series z; and z; coincide up to the index
k— 1. Therefore there are coefficients a, forv = 0, 1,2, ..., such thatforevery k € N
and every j > jo(k) one has z; = Z’;(l) a,p’modp*Z. Set z = Yosoavp’ € Z.
The sequence (z;) converges to z, so Z is complete. To finish the proof, it suffices to
show that v/(Z) contains a dense subset of Z,. Such a set is given by the set of all
rational numbers in Z, i.e., the setof all g = + pk % where k > 0 and m, n coprime
to p. As Z is a ring, it suffices to show that % € Z,if n € Nis coprime to p. But
for n coprime to p the zeroth coefficient of the p-adic expansion is non-zero and
therefore n is invertible in Z. a

We now can identify Z, with the set of all power series in p. As Z, equals the set
of all z € Q, with |z| < 1, the set p~/Z, is the set of all z € Q, with |z| < p/.
Therefore,

oo
Q, = U P L,
j=0
So we can write @, as the set of all Laurent-series in p with only finitely many
negative entries, i.e.,

o0
Q, = Zajpj:NeN,Ofaj<p

j=—N

This also implies that Q,, is uncountable. In particular, Q # Q, and therefore Q is
not complete in the p-adic metric.

Proposition 13.1.8 (a) The topological spaces Q,, and Q; are locally compact and
totally disconnected. So together with Proposition 13.1.5 this implies that these are
totally disconnected LCA-groups.

(b) The open compact subgroups p"Z,, n € N form a basis of the unit-
neighborhoods of the additive group (Q,, +).

(¢c) The compact open subgroups 1 + p"Z,, n € N form a basis of the
unit-neighborhoods of the multiplictive group (Q;, x).

Proof It suffices to show (b) and (c), for these imply (a) as well. The subgroup p"Z,
coincides with the open ball B,(0) for any » > 0 with p™ < r < p~"*!, so these
sets clearly form a neighborhood basis of zero. Likewise, the set 1 + p"Z, equals
the open Ball B,(1) around 1 of radius r > 0, if p™ < r < p~"*!. Hence the
claim follows as soon as we have shown that Z,, and hence p"Z,, is compact. But
if (x,,) is a sequence in Z,, and if we write each x,, as a power series Zj‘;o a;? p/ with
a” € {0,..., p—1} we may pass inductively to subsequences (x}, ) of (x,) such that
the first [ coefficients ay, ... ,q; of all elements in the /-th subsequence agree. It is

then easy to check that the diagonal subsequence (x}, ) of (x,) converges in Z,. O
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p-Adic Numbers as Limits

Fix a prime p and let m,n € N with m > n. Then the natural projection
) Z/p" L — L/p"L

is a ring homomorphism. The family (n}}l)m , satisfies the axioms of a projective
system of rings as in Sect. 1.8.

Proposition 13.1.9 The ring Z,, is canonically isomorphic with the projective limit
of the Z] p"Z.

Proof If weview Z, asring of power series, we get natural projections Z,, — Z/p"Z
by cutting off a power series beyond its n-th entry. These projections are compatible
with the projections 7, : Z/p™7Z — 7Z/p"Z, so these maps fit together to give a
ring homomorphism

Z, — limZ/p"Z.
Interpreting the right hand side as set of compatible elements in the product
[1,, Z/ p"Z easily shows that this map is a bijection. O

13.2 Haar Measures on p-adic Numbers

The absolute value |- |, defines a metric, which yields a topology on Q,,. We showed
above that with this topology the groups (Q > +) and (Q; ) are locally compact
abelian groups. We now determine their Haar measures.

Note that the group of units Z in Z,, is exactly the set of all x € Q,,, which satisfy
lx], = 1.

Let u be the Haar measure on the group (Qp, —i—), which gives the compact open
subgroup Z, the volume 1, so u(Z,) = 1. Invariance of u means p(x + A) = (A)
for every measurable A C Q, and every x € Q,,.

Lemma 13.2.1 For every measurable subset A C Q, and every x € Q, one has
w(xA) = |x|p,u(A). In particular, for every integrable function f and x # 0 one has

/ f(x7y) duy) = Ixl, [@ F»du).

r

Proof Let x € Q,~{0}. The measure j,, defined by u,(A) = p(xA), is a Haar
measure again, as is easily seen. By uniqueness of Haar measures, there exists some
M(x) > 0 such that u, = M(x)u. We show that M(x) = |x],. It suffices to show
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w(xZ,) = |x|,. Assume that |x|, = p~*. Then x = p*y for some y € Z*%, and
$0 xZ, = p*Z,. Therefore it suffices to show p (p*Z,) = p~*. We start with the
case k > 0. Then [Z), : ka,,] = pk, so there is a disjoint decomposition of Ly,

k
Z,= Ule (x; + p*Z,). By invariance of Haar measure we have

k

p
1=,y = Z w1 (xj + p*2,) = p*u (p'Z,),
Jj=1
which implies the claim. If k < 0, then one uses [ p*Z,, : Z,, ] = p~* in an analogous
way. O

For simplification, we write integration according to a Haar measure as dx, so

.ﬂﬁduuwzf Flx)dx.
Qp Qp

Proposition 13.2.2 The measure 4 is a Haar measure of the multiplicative group

|x‘p
X
Qp'

Proof Let f € CC(@;) and y € Q;. Then one has

SN AU R O 3
f@f(yx)II v, /.Myx)_%bm— f0)

P Qp |y |-x|p
by Lemma 13.2.1. O
The subgroup Z; of Q; is the kernel of the group homomorphism Q — Z;
1 . L .
Oi)(g‘xl”). Hence Q) can be written as disjoint union: Q; = Urkez ka;.

One has vol 4 ( kaX) = vol ax (Z;) It is therefore of interest, to compute the

[xIp Ixlp

measure vol v (ZX) One has vol e (z ) pr T fo, dx = voly, (Z;)
Consider the power series representatlon of Z,, and order the elements of Z by their

first coefficient. We get a disjoint decomposition

Zy = U (a +pZ,,).
a modp

a#0 mod p

This means that the subgroup 1 + pZ,, of Z has index p — 1, so

X p— 1
volyy (Zp) = (p — Dvolyy (pr) = T
We define the normalized multiplicative Haar measure on Q, by
d
d*x=-L_
p—Lixlp

This Haar measure is determined by the property that the volume of the compact
open subgroup Z is one.
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Self-duality

The group R is self-dual in the way that there is a character xo(x) = ¢>™** such that
every character y can be written as x(x) = xo(ax) for aunique a € R. Actually, the
choice of xo was arbitrary, so, given any non-trivial character w, any character can
uniquely be written as x — w(ax). We will now find that Q,, is self-dual as well.

Theorem 13.2.3 (Self-duality of Q,). Fix any non-trivial character o € @\p. Then
the map ® : Q, — Q,, given by ®(a) = w,, where w,(x) = w(ax), is an
isomorphism of LCA groups.

Proof The computation
wa15(x) = w(ax + bx) = w(ax)w(bx) = w(x)wy(x)

shows that & is a group homomorphism. For injectivity, assume ®(a) = 1, then
w(ax) = 1 for every x € Q, and as w is non-trivial, this implies a = 0.

For surjectivity, we construct a standard character xo : Q, — T and show that
x(x) = xo(ax) for some a € Q. Since the same holds for v we get w(x) =
Xo(bx) and as w is non-trivial, it follows & % 0. Then we infer y(x) = yo(ax) =
xo(bb~'ax) = w(b~'ax). We use the power series representation of elements of Q »
to define g as follows

o0
X0 ( Z akpk> = i Nt vt

k=—N

This is easily seen to be a character with xo(Z,) = 1 and xo (p~") = emir™"

Let now x be any character. By continuity, there exists k € Z such that the open
subgroup p*Z, is mapped into the open unit-neighborhood {Re(z) > 0} in T. The
latter set contains only one subgroup of T, the trivial group. So we get x ( o/ p) =1.
Replacing x (x) with x(p*x), we can assume x(Zp) =1.Let N € N. Then we have

N
x(p7™" )p = 1, so there are uniquely determined coefficients a; € {0,..., p — 1},
such that
i N-1 arp®)p=N

X (p—N) — 62 (Zk:() 19! )[’ .
Since x(p~) = x(p~¥*Vp) = x (p~ V)", these coefficients do not depend on
N, so there is a number a = Y ;o ax p* in Z,, with x(p~™) = xo(ap~") for every
N e N. We apply this to varying N to conclude

-1

o0 1 1
X ( > akp"> = x (Z akpk> = [ x@p= ] x"*
k=—N k=—N k=—N k

=N

1 —1 o
= [T xo@p"y* = T xolaap*) = xo (a > akpk) :

k=—N k=—N k=—N
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To establish continuity of ¢, recall that the topology of @7, is the topology of the
structure space of LY(Q »)- So it suffices to show that the map a — f (w,) is contin-
uous for every f € LI(Q,,). This map, however, is f(wa) = pr f(x)de, and
is seen to be continuous by means of the Theorem on Dominated Convergence, as
for a sequence a; — a the sequence f(w,,;) converges dominatedly to f ().

The continuity of the inverse map follows from the Open Mapping Theorem 4.2.10.
O

13.3 Adeles and Ideles

In this section, we compose all the completions @, to a big ring, called the adele
ring, which contains number theoretical information on all primes. The naive idea
would be to simply take the product of all Q,,. This, however, will not give a locally
compact space, as we show in the first section. The construction has to be refined to
the so-called restricted product.

Restricted Products

By the Theorem of Tychonov, direct products of compact spaces are compact. For
“locally compact”, this does not hold in general, as Lemma 1.8.10 shows. Let (X;);¢;
be a family of locally compact spaces and for each i € I let there be given a compact
open subset K; C X;. Define the restricted product as

AKi
X = 1_[ X; = :x € HXi : x; € K; foralmostalli € 1}
iel iel
= U {HX, X HKl}
ect \ieE i¢E
finite

If it is clear, which sets K; to take, one leaves them out of the notation and simply
writes X = [[,, X;.

On the restricted product we introduce the restricted product topology as follows. A
restricted open rectangle is a subset of the restricted product of the form [ [, U; x
l—[iﬂ K;, where E C I is a finite subset and fgr eachi € E the set U; C X; is
an arbitrary open subset of X;. A subset A C [],.,X; is called open, if it can be
written as a union of restricted open rectangles. Note that the intersection of two
restricted open rectangles is again a restricted open rectangle, since the sets K; have
been assumed to be open.
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Lemma 13.3.1 (a) If [ is finite, then [[, X; = ﬁ,-Xi and the restricted product
topology is the usual product topology.

(b) For every disjoint decomposition of the index set I = AUB one has a
homeomorphism

ieIXi = (nieAXi) X (HieBXl)’

(¢) The inclusion map ]:L. X; — [, X; is continuous, but the restricted product
topology only equals the subspace topology, if X; = K; for almostalli € I.

(d) If all the spaces X; are locally compact, then so is X = ﬁ,-Xi-

Proof (a) is trivial. For (b) note that both sides of the equation describe the same
set. The definition of the restricted product topology implies that the left hand side
carries the product topology of the two factors on the right.

(c) For continuity we have to show that the pre-image of a set of the form [ [, U; x
]_[l.ﬂ X; isopenin [[; X;, where E C [ is a finite subset and every U; C X, is open.
This follows from (a) and (b). The second assertion is clear.

We finally show (d). Let x € X. Then there exists a finite set £ C [ such that
x; € K;,ifi ¢ E. Forevery i € E choose a compact neighborhood U; of x;. Then
[lice Ui x [1i¢x Ki is a compact neighborhood of x, so X is locally compact. O

Adeles

By a place of Q we either mean a prime number or 0o, the latter we call the infinite
place. Write p < oo, if p is a prime and p < oo if p is an arbitrary place. This
manner of speaking comes from algebraic geometry, as these “places” behave in
many ways like points on a curve. We write Q,, = R.

The set of finite adeles is the restricted product

=7,

Agn = ]‘[p<oo<@,,.
The set of adeles is the set A = Ag, x R. We also write A = [] » 500@,,, although
this is not a restricted product, as there is no restriction at the infinite place. For an

arbitrary set of places S we write Ag = HpGSQP and AS = Hp¢s@p- Note that
A= Agx AS.

Theorem 13.3.2

(a) For every set of places S the ring Ay is a locally compact topological ring.
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(b) The set Q, embedded diagonally into A, is a discrete subgroup and the quotient
of abelian groups A/Q is compact.

(¢) Qisdensein Ag,.

Proof The space Ag is locally compact by Lemma 13.3.1. For (a) we have to show
that addition and multiplication are continuous maps from Ag x Ag to Ag. We only
show this for addition, as the proof for multiplication is analogous. Let a,b € Ag
and let U be an open neighborhood of a + b. We have to show that there are open
neighborhoods V, W of a and b such that V 4+ W C U. Choosing U smaller, we can
assume that U = [[,.p Up X [ e5. g Zp for a finite set E C S. For given p € E
the addition is continuous on Q,,, so there are open neighborhoods V,, W, C Q,
of a, and b, such that V,, + W, C Uj. Set V. =[], V) X [[,c5 p Zp and
W =T[,ce Wp x [[,c5 g Zp- Then V and W are open neighborhoods of @ and b,
and one has V + W C U as claimed.

For part (b) let U = (=3, 5) x [, Zp. The set U is an open neighborhood of
zeroin A. Forr € QN U one has |r|, < 1 for every p < oo and therefore r € Z.
Further one has |r|. < % and so r = 0. We have thus found an open neighborhood
of zero with U NQ = {0}. As Q is a subgroup of the additive group A, it is discrete in
A. For compactness it suffices to show, that the compact set K = [0, 11 x [[,_, Z)
contains a set of representatives of A /Q, because then the projection P : K — A/Q

is surjective, so A/Q is the continuous image of a compact set, hence compact.

Solet x € A. There is a finite set E of places withoo € E,suchthatp ¢ E = x,, €

Z,.For p € E with p < 0o we write x, = > 72y a;p’. Then

-1
Xp — Z ajp’ € 7,.
j=—nN
———
=reQ
For a prime g # p one has |r|, = ‘Z;f,\, ajpj‘ < max{la;p’|,} < 1. We replace
q

x by x — r and thus reduce E to E~{p}. Repeating this argument, we end up with
E = {00}, s0x, € Z, forevery prime number p. This means thatx € Rx[] ZLp.
Modulo Z one can move x to [0, 1] x ] Z,=K.

p<oo

p<00

Note that the above argument implies in particular that Ag, = Q + 7 for Z =
[1,-00 Zp- Hence, for (c) it suffices to show that Z is dense in Z. We have to show
that Z meets every open subset of Z. Every such set is a union of sets of the form
U =[1,ce By x [ 1,4 Zp, where E is a finite set of places and every B, is an open
ball in Z,,. This means that B, is of the form B, = n, + p*»Z, for some n, € Z and
some k, € Ny. We have to show that there is [ € Z, such that for every p € E one
has! € n, + p*Z,, orl = n,mod p*». The existence of such / is a consequence of
the Chinese Remainder Theorem. g
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The ring A is locally compact, so in particular a locally compact group with respect
to addition, so there is an additive Haar measure dx on A. To describe it, we need
the following definition.

Definition A simple function f on A is a function of the form f =[] p<oco Jp With
= lzp for almost all p. Likewise, a simple function on Ag, is a function of the
form f =[],_ fp with f, = 1z, for almost all p.

Theorem 13.3.3 The Haar measure dx on (A, +) can be chosen such that for every
integrable simple function f =[] p Jp one has the product formula

F)dx = ff( V.
/A X X 1:[@[) p.xp .xp

The Haar measure dx, on Q,, is normalized such that vol(Z,) = 1 for p < o0
and dxs equals the Lebesgue measure. The product is alway finite, i.e., almost all
factors are equal to 1,

This theorem also holds for A g for an arbitrary set of places S. In the sequel, we will
always use the normalization of the theorem.

Proof Since A = Ag, x R, any Haar measure on A is a product of the Lebesgue
measure and some Haar measure on Ag,. It therefore suffices to show that the Haar
measure on Ag, can be normalized in a way that for every simple function f on Ag,

one has
foydx =[] /@ fo(xp)dx,.
p P

Afin

Lemma 13.3.4 Let f € C.(Ag,) be a continuous function with compact support.
Then there is a compact subset K C Ag, and a sequence of simple functions (f,) on
Ag, with supports in K which converges uniformly to f.

Proof Let L be the support of f. Since f is uniformly continuous, we find a neigh-
borhood U, of zero of the form [],_., B, with B, = k7, for all p < oo with
k, € Z for all p and k, = 0O for almost all p such that | f(x + y) — f(x)| < %
for all x € Ag, and y € U,. Then U, is a compact open subgroup of Ag,, so
L can be covered by a disjoint union of a finite number of translates of U,, so
L C ]_[iz1 (x; + U,) for suitable x; € K. Define g,(x) = f(x;)ifx € x; + U,. Then
supp g, € suppf + U, and || f — gulla;, < L. Doing this construction for all 7 and

—n

taking care that U, € U, for all n, we obtain the desired sequence (g,). O

Proof of Theorem 13.3.3 1f f € C.(Asqn) choose a sequence ( f;,) of simple functions
as in the lemma. Then it is easy to check that ( f Adn fa(x)dx ) is a Cauchy sequence
in C, and that the limit
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/f(x)dx = lim/fn(x)dx
A n o Ja

does not depend on the chosen sequence. Then || s - Cc(A) — Cis a positive
Radon integral which is left invariant, since it is left invariant on the set of simple
functions. O

We will finally show that A is self-dual as well. For this let x be a character of the
LCA-group A. For p < oo, we define the character yx, of Q, as the composition

Q,— A LTIt p is a prime, we say that y,, is unramified, if x,(Z,) = 1.

Lemma 13.3.5 For almost all p, the character ¥, is unramified. For an adele a one
has x(a) = ]—[pfoo xplap), where the product is finite, i.e., almost all factors are
equal to one.

Proof As x is continuous, there exists a unit-neighborhood U in A such that x (U) C
{Re(z) > 0}. Then U contains a restricted open rectangle, therefore U contains Z,
for almost all p. The image x(Z,) = x,(Z,) is a subgroup of T contained in
{Re(z) > 0}, hence trivial. So almost all x, are unramified. Finally, leta € A and let
S be a finite set of places outside which a, € Z, and y, is unramified. This implies
that outside S one has x,(a,) = 1. Let ag be the product of all a, with p € S and
a’ the product of all a, with p ¢ S. Thena = aga® and we have x(a’) = 1 as well
as x(as) = [ ,es xp(ap) as the product is finite. ]

Definition We say that a character w is nowhere trivial, if w, # 1forevery p < oo.

Theorem 13.3.6 (Self-duality of adeles). There are /c\haracters w of A which are
nowhere trivial. For any such, the map ® : A — A given by ®(a) = w, with
wq(x) = wlax) is an isomorphism of locally compact groups.

Proof Ateach p < o0, fix a non-trivial character w, in a way that @, is unramified
for almost all p. One can, for instance, choose w), to be the standard character used
in the proof of Theorem 13.2.3, which was called yg there. It is easy to verify that
the prescription

w(@) = [ w,(a,)

p=00

defines a nowhere trivial character.

Asin the case of Q, in Theorem 13.2.3, we observe that ® is a group homomorphism.
For injectivity, let a € A with ®(a) = 1. Then w(ax) = 1 for every x € A, which
implies w,(a,x,) = 1 for every x, € Q,, hence a, = 0 and soa = 0.

To show surjectivity, let x be a character. By the corresponding local result, for each
p =< oo, there exists a unique a, € Q, with x,(x,) = w,(a,x,) for every x, € Q,.
At places p, where x and w are both unramified, we get a, € Z,. Hence the a,, are
the coordinates of an adele a and we have y(x) = w(ax) for all x € A.
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Continuity and openness follows exactly as in the proof of the corresponding result
for Q, in Theorem 13.2.3. O

The ring of adeles A can be used to describe the dual group @ of the discrete additive
group Q. For this recall that (Q imbeds diagonally into A as a discrete subgroup. Thus
we obtain a short exact sequence

0-Q>A5A/Q—>0
which dualizes to the short exact sequence
00— Qt— AL @ -0

For each p < oo lete, : Q, — T denote the standard character given by

o0 .
k 27i Y Ly akpk
ep E appt | = ¥ Limn P
k=—N

and let e : R — T be the character es(x) = e 2"*. Then the character
o =1]] peoc €p A — T is nowhere trivial and by Theorem 13.3.6 we have an
isomorphism A = A given by a > o, with w,(x) = w(xa). If we compose
this with the restriction map res : A — Q we obtain a surjective homomorphism
¢:A— Qbyar wlg.

Theorem 13.3.7 The kernel ker¢p C A is precisely the image of Q under the diag-
onal embedding. Therefore ¢ factors through an isomorphism of topological groups

A/Q= @ givenby a + Q — w,|qg.

Proof An element a € A lies in the kernel of ¢ if and only if aQ C ker w with
o =1T] p<oco €p a8 above. We first show that Q C ker w, which then implies that
Q < ker ¢. For this let x € Q. Let E be the finite set of primes p such that |x], > 1
and for p € Eletx, = > 1o yax p* denote the p-adic expansion of x and let
rp =Y. yap® € Q. Then |r,l, < maxy<_|ap*l, < 1 forall g # p and
therefore r,, € ker ¢, for all primes g # p. It follows that

o(x = rp) = 0(x)ews (=rp) €p (=1p) = @(X)e 77 = w(x).

Thus, replacing x by x + > peE T'p> WE May assume without loss of generality that
|xplp < 1forall p < oo. But this implies that x € Z, hence x, € kere, for all
p <ocand w(x) = 1.

Assume now that a € A such that w(ax) = 1 for all x € Q. We need to show that
a € Q. Let E be the finite set of primes p with |a,|, = p*» > 1. By passing from
atoa =a- ]_[peE p’» if necessary we may assume that E = ¢J, hence lapl, <1
for all p < oo. It follows that a,, € kere, for all p < oo and 1 = w(a) = ex(awo),
hence ay, € Z. Writing a, = iplf‘ . pfi with ki, ...,k > 0 and after passing to
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a’ =a- (% pl_kl e p kl)we may even assume that a,, = 1. (Note that multiplication
of a with p;” % only alters the norm of ap,. But since 1 = exo(ao - p;k") and 1 =

—ki —k
= ew(aoo " Pi )‘epf (a,, " Pi
|a;|,, < 1forall p < o0.)

w(a . P;ki) ‘) we still have |ap, ‘pfk" [, <1, hence

i

After these reductions we need to show that a, = 1 for all p < oo. To see this let
a, =Y 1o bxp*. We need to show that by = 1 and by = 0 for all k > 0. To see this
we consider for all/ e N

l=w (a . p*l) = ey (pik) e, (Zbkpkl)

27i -1
= exp (# ((bo — D+ Zbkpk>)
p k=1

which is only possible if by = 1 and by = 0 for all 1 < k < [. Since [ is arbitrary,
the result follows. a

Ideles

The group A* of invertible elements of the adele ring A can be described as follows

« ' gp7é0‘v’p§00
A _{aeA- lay|, = 1foralmostallp |-

Equipping A* with the subspace topology makes the multiplication continuous, but
not the map x — x~'. In order to make A a topological group, we need more open
sets. We have to insist, that with each open set U, the set U'={u':ueU)is open
as well. The topology of A is generated by all sets of the form [] pee Up X I1 peE Lp
where E is a finite set of places and U, is open in Q,, for every p € E. The subspace
topology of A* therefore is generated by all sets of the form

U:{aeAX.apeUp’PeE}
la,l <1,p¢ E
where we can insist, that every U, lies in Q;. So we have to ask that sets of the form
Ulz{aeAX.apIEUp’peE}
lay| > 1,p ¢ E

be open as well. This implies that the intersection of sets of the form U and another
of the form (U’)~! be open. Such intersections are of the form

apeWp,peE}
lapl=1.p ¢ E |’

where W), is any open subset of Q. On the other hand, sets of the form U or U -
above can be written as unions of sets of the form W.

W:{aeAX:
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Lemma 13.3.8 The coarsest topology on A*, which contains the subspace topology
of A and makes A* a topological group is the topology generated by all sets of the
form W above with W, any open set in Q;. This topology is a restricted product
topology, i.e., one can write A* as restricted product

X AZ; X X
A= (]_[p<oo<@p> x R*.

With this topology, A* is a locally compact group, called the idele group of Q. The
elements are referred to as ideles.

Proof This is clear by what we have said above. O

Definition The absolute value of an idele a € A* is defined as |a| = ]_[p lap|p. This
productis well defined, since almost all factors are equal to 1. We extend the definition
to all of A by setting |a| = 0, if a € AN A*. Note that the identity |a| = I—[p lapl,
also holds in this case, if one interprets the product as (|deo oo limy 0o [ | PN lap|p).
Let

Al ={a e A* :|a| = 1}.

Proposition 13.1.4 says that Q C A!. Recall that we write

Z=1]z,.

p<00

ThenZ is a compact subring of Ag,. Its unit group is 7" = I1 peoco Ly -
Theorem 13.3.9 The subgroup Q* isdiscrete in A* , it lies in the closed subgroup A",
andthe quotient A' /Q* is compact. More precisely, there is a canonical isomorphism

AI/QX ~ Zx‘
The absolute value induces an isomorphism of topological groups: A* = A' x (0, 00)
given by x — (X, |x|s0), where ¥ € Al is defined by

x, ifp < oo,

X, = i
r ﬁ if p = oo.

Further one has A' = A} x {£1}.

Proof Choose 0 <& < landsetU = (1 —e&,1+¢) x[[,_,Z;. Then U is an

open unit neighborhood in A*. With r € Q N U we get |r|, = 1 for every prime
number p,sor € Zandr~' € Z.Wehaver ¢ (1 —e,1+¢),s0r = 1.

Consider the map 7 : ]_[p L, — A'/Q* given by x > (x,1)Q*. We claim that
n is an isomorphism of topological groups. The map 7 is a group homomorphism,
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and since the map [ | » Z, — A* is continuous, 7 is continuous. The inverse map is
given by x = (X, Xoo) H> %Xﬁn, where we note, that for x € A! one has xo, € Q*.
o]

We leave it as an exercise to check that the map x +— (X, |x|o) gives an isomorphism
A* = A x (0, 00). Finally, the map ¢ : A}, x {£1} — A! given by ¢(ag, &) =
(asn, €laga| ") is easily seen to be an isomorphism. O

Proposition 13.3.10 (a) The set Af, is the disjoint union

Af = L[ q/Z\X.

q€QZ,
The set Z. N Af, is the disjoint union

Zn Ay, =[xz~
keN

(b) For every s € C with Re(s) > 1 the integral fi |x|* d*x converges absolutely
and equals the Riemann zeta function {(s). Here d*x is the uniquely determined
Haar measure on Ag,, which gives the compact open subgroup Z* the measure 1.
We consider this measure also as a measure on Agy, which is zero outside Af, .

Proof For given x € Af the absolute value |x| lies in Q. Consider the element
Ix|]x € Aj . Let p be a prime number. One has x, = p*u for some k € Z and
some u € Z. So one has |x| = p~*r, where r € Q is coprime to p. We infer that

llxIxpl, = 1, so |x|x € Z*. With g = |x|~! we have x € gZ*. If x € Z we have
k, = 0 for all p, which implies that ¢ € Z. This concludes the proof of (a).

We use (a) to show (b) as follows

xI*d*x = / x| d*x
/Z Z kZx

keN
=Z/A lkx|*d*x = Zk“’ /; [x]*d*x.
keN V2% ke  ZZ%
=1
The convergence follows from the convergence of the Dirichlet series ¢ (s). a

13.4 Exercises

Exercise 13.1 Fora € Q, andr > Olet B,(a) be the open ball B.(a) = {x € Q, :
la — x|, < r}. Show:

(a) If b € B,(a), then B,(a) = B,(b).

(b) Two open balls are either disjoint or one is contained in the other.
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Exercise 13.2 Show that there is a canonical ring isomorphism Q, = Q ®z Z,,.

Exercise 13.3 Show that Zjo:_zv ajp’ — Z?":_N ajp™,0 <a; < p, defines a
continuous map Q, — R. Is this a ring homomorphism? Describe its image.

Exercise13.4 LetT = {z € C: |z| = 1} denote thecircle groupandlet x : Z, — T
be a continuous group homomorphism, i.e., x(a + b) = x(a)x(b).

Show that there exists k € N with x(p*Z,) = 1. It follows that x factors through
the finite group Zp/ka,, = 7./ p*Z, so the image of  is finite.

(Hint: Let U = {z € T : Re(z) > 0}. Then U is an open neighborhood of the unit,
so x ~'(U) is an open neighborhood of zero.)

Exercise 13.5 Lete, : Q, — T be defined by

oo -1

e, Z ajpj = exp | 2ni Z ajpj ,

j=—N j=—N

wherea; € Z with0 < a; < p. Show that e, is a continuous group homomorphism.

Exercise 13.6 (For this exercise it helps to have some familiarity with number
theory.) Let p be a prime number and let O be the polynomial ring FF,[¢]. As one
can perform division with remainder, the ring O is a factorial principal domain. The
prime ideals of O are the principal ideals of the form O or (1), where n # 0 is an
irreducible polynomial in O.

(a) Forsuchpletv,: O — Ny U {oc} be defined by v,(f) = sup{k: f € (")}
Show that | f|, = p~9eM"(/) defines an absolute value on the ring O.

(b) Letvoo(f) = —deg(f). Show that | |- = p~=() is an absolute value.

(c) Prove the product formula Hnﬁoo [fl, = 1.

Exercise 13.7 (a) Show that the family (N i) NeN 1S a neighborhood basis of zero
in Ag,. That is, show that every NZ is a neighborhood of zero and that every zero
neighborhood contains a set of the form NZ for some N.

(b) Show that the sets of the form (1 + N 2) N 2*, N € N are a neighborhood basis
of the unit 1 in Af .

Exercise 13.8 Let p be a prime number, n € N and let dx be the additive Haar
measure on M,(Q,), so

/ fx)dx =/ e [ fGag)dxn - dXp.
Mn(Qp) QP QP
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(a) Show that \dgt_fc\” is aleft- and right-invariant Haar measure on the group GL,(Q)).

Conclude that the group GL,(Q),,) is unimodular.
(b) Show that the group GL,,(A) is unimodular.

Exercise 13.9 Letn, N € Nand let Ky be the set of all invertible n x n matrices g
with entries in Z such that g = I mod N. Show

* Ky is a compact open subgroup of GL,, (2),
e Ky C K;ifd|N,
e the Ky form a neighborhood basis of the unit in GL, (Z).

Exercise 13.10 Let U be a compact open subgroup of the locally compact group G.
Show that for every g € G the set UgU /U is finite.

Exercise 13.11 Let G be a totally disconnected locally compact group. For a com-
pact open subgroup U and a compact set K let L(U, K) be the set of all functions
f:G — Cwith

e suppf C K and
e f(ux)= f(x)foreveryx € Gandeveryu € U.

Further let R(U, K) be the set of all functions f : G — C with

* suppf C K and
e f(xu)= f(x)foreveryx € Gandeveryu € U.

Show that in general one has L(U, K) # R(U, K), but

U LWU,K) = U R(U, K).

U.K U.K



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 [Gaa64].

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 contains ¥ 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 {#, 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
B(x)={yeX:dx,y)<r},r=0.

Let x € X be a point. Any open set U C X, which contains x, is called an open
neighborhood of x. A neighborhood V of x is a subset of X, which contains an open
neighborhood of x.

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 A NU # () 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 A N U = ). We may assume U to be open.

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 269
DOI 10.1007/978-3-319-05792-7, © Springer International Publishing Switzerland 2014
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If U is an open neighborhood of x with AN U = ¥, 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 x with AN U = 0. o

A.1 Generators and Countability

For a given system of subsets £ C P(X) there exists a smallest topology containing

& given by
Oe= () ©.

O>¢&
O topology

One calls O¢ the topology generated by E.

LemmaA.1.1 Let £ C P(X), and let S C P(X) be the system of all sets
AiN---NA,,

where Ay, ..., A, € E. Next let T' be the system of all sets of the form

USi,

iel

where S; € S for every i € I. Finally, let T =T U{@, X}. Then Og =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 £, so T D Og. a

Definition For a point x € X a neighborhood base is a family (U;);<; of neighbor-
hoods of x such that every neighborhood of x contains one of them, i.e., for every
neighborhood U there exists an index i € I with U; C U. If moreover every U;
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
* Let (X, d) be ametric space. Then for any x € X the family of balls (B;/,(x))en

forms a neighborhood base for x. It follows that every metric space is first
countable.
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* A product [[;.,; X; is not first countable, provided all X; have non-trivial
topologies, and the index set / is uncountable.

Definition A topology base is a family (U;);<; 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 countable. 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~'(U) is open in X for every open set U C Y. This is equivalent to the condition
that £~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 a function f : X — C is always
understood with respect to this topology on C. Similar holds for real functions
f:X—>RonX.

Amap 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 bijective, 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 continuous and
open. It is clear that openness of f is equivalent to the continuity of the inverse map
f~':Y — X.Inparticular, f~! : ¥ — 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 homeo-
morphic, 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

* Every nonempty open interval (a,b) C R is homeomorphic to the real line R
when both are equipped with the usual topology.
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¢ Every solid regtangle [a,b] x [c,d] € R?® witha < b,c < d is homeomorphic to
the solid ball B;(0) = {(x,y) € R? : x? + y? < 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 sub-cover. In other words, X is compact if for any family (U;);<; of open sets in
X, which satisfy X = (J,,; U;, there exists a finite subset F C [ with X = |, U..
Switching to the complements, this can be reformulated to

Lemma A.3.1 A ropological space X is compact if and only if for every family
(Aier of closed sets in X with (,.p Ai # ¥ for every finite subset F C I, one has

(A # 9.
iel

This property of compact spaces is called the finite intersection property.

Proof This is a straightforward reformulation of the compactness property obtained
by switching to complements. 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 is closed, then C is compact.
(b) If X is Hausdorff and C C X is compact, then C is closed.
(©) If f:X — Y iscontinuous and C C X is compact, then so is f(C) C Y.

Proof For (a) let (U;);<; be an open cover of C. Then (U;);c; U {X~\C} is an open
cover of X. Thus there exist indices iy,...,#; such that X € X~C U Ulj=1 Uij,

which implies C ¢ J'_, U;,.

For (b) we have to show that for any x € 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 V, of y and U, of x with V, N U, = . Since (V,),cc is an open
covering of C we find y,...,y, € C with C C U_l].:] Vy;. Then U = ﬂljzl Uy, is
an open neighborhood of x with U N C = §.
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Finally, for (c) let (U;);<; be an open cover of the set f(C). Then (f’l(Ui)),-d is an
open cover of C and there exist iy, ... ,i; with C C Uljz1 f’l(U[j), which implies

that £(C) ¢ U\, Ui, O

Definition 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.

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 XwithxeUandye VandUNV = 0.

Examples A 4.1

* Any metric space is Hausdorff.

* 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.

* 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.

Definition For any two topological spaces X, Y one defines the product space X x Y
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 (x, x) forx € X.

LemmaA.4.2 A topological space X is a Hausdorff space if and only if the diagonal
Ais closedin X x X.

Proof Suppose X is Hausdorff, and let (x, y) be in (X x X)\ A, that means x # y.
Then there exist open neighborhoods U 5 x and V 5 y with U NV = . The latter
condition means that U x V N A = , i.e., U x V is an open neighborhood of
(x,y) contained in (X x X)\ A, the latter set therefore is open, so A is closed. The
converse direction is similar. O

Definition A Hausdorff space is also called a T,-space, or a separated space. A
topological space X is called a T}-space if for any two elements x,y € X there are
opensets U,V withx e Uand y € V suchthatx ¢ V andy ¢ U. A space is T if
and only if all singletons {x}, x € X, are closed subsets. Every Hausdorff space is
also T;.
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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 f; is the smallest topology such that
all f; are continuous, so it is the topology generated by the inverse images ]‘fl(U )
of open sets U C ;.

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) ¢ W, is open for every i € I. A special case of a final-topology is
the quotient topology on the set E/ ~ 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 topology 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 N U, where U is open in X.

* 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.

* Let(X;);cs be afamily of topological spaces, and let X = [];_, X; be the cartesian
product of the X;. Then the product topology on X is the initial topology induced
by all projections p; : X — X;.

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 C (X)
with the topology given by the supremum-norm

I fllxk = sup|f(x)l
xekK

and give C.(X) the final topology induced by all inclusionsig : Cx(X) — C.(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 fi o« is continuous for every index i.

(b) Likewise, let X be equipped with the final topology given by g; : W; — X, then
amap B : X — Y is continuous if and only if B o g; is continuous for every i.
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Proof For (a), let o be continuous then f; o « 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 ffl(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 O,; therefore O C O,,

so « is continuous. Part (b) is proved along the same lines. O
Examples A.5.3
e Let X = [[,., X; 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, ¥ and
yo € Y the map X — X x Y that maps x to (x, y) is continuous.

* Let H be aclosed subgroup of the topological group G. Thenamap f : G/H —
Cis continuous ifand only if go f : G — Cis 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 < X. In terms
of sequences, this means that a map 7' : C.(X) — C is continuous if and only
if for every compact set K C X and every sequence (f;)ien of functions in
C.(X) with support in K, which converges uniformly to f € C.(X), one has
lim; , o T(fl) = T(f)

A.6 Nets

Every student of mathematics is taught convergence of sequences in R or more
generally, in metric spaces. When dealing with more general topological spaces,
which naturally arise in analysis, sequences are insufficient, because a point can
have “too many” open neighborhoods. In this book, we use the concept of nets,
which generalizes the concept of sequences in a way sufficient for all needs. In the
beginning, it takes a little practice to get used to the notion of nets. They then reveal
their beauty and utility in the applications. Once having understood the differences to
sequences, which mainly lie in the possible uncountability of a net, one can basically
use nets just like sequences. Before starting seriously on the definition of nets, a word
of caution is required here, as just the possible uncountability of nets renders them
useless 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 < which is

e reflexive: x < x,
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e anti-symmetric: x < yandy <x = x =y,

e transitive: x < yandy <z=x <z
Examples A.6.1

¢ 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 (1, < ) is called a directed set if for any two elements there
is an upper bound, i.e., for any two elements x,y € I there exists z € I such that
x < zand y < z. By induction it follows that every finite set has an upper bound if
1 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 «;, i € I, instead
of a(i).

We say that a net converges to a point x € X if for every neighborhood U of x there
exists an index iy € I such that

i >ip = a; €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 > x and
V 5 ysuchthat UNV = . As (x;) converges to x and y there exists an index i such
that x; € U and x; € V, a contradiction. This means that the limit of a convergent
net indeed is unique.

For the converse assume uniqueness of limits and let x # 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 > y.
The set S is partially ordered by inverse inclusion, i.e., (U,V) < (U’, V') if and
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only if U D U’ and V O V’. The set is directed, as one can take intersections. We
show the Hausdorff property by contradiction, so assume that U NV # §J for every
(U,V) € S. Choose an element zyy in U NV for each (U, V) € S. Then the zyy
form a net with index set S. As zyy liesin U and V, it follows that this net converges
to x and y. The uniqueness of limits then implies x = y, a contradiction. a

To get used to the concept of nets, we will prove the following proposition.

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 («;)ic; in A which converges to x.

Proof Theclosure A isthe setofall x € X such that A intersects every neighborhood
of x. Solet x € A and U a neighborhood of x. Then the intersection A N U is non-
empty. Choose an element oy in A N U. Let I be the set of all neighborhoods of x
with the partial order

U<U &< UD>DU.

The set [ is directed as the intersection of two neighborhoods of x is a neighborhood
of x. The net (ay)ye; converges by construction to x. This proves the ‘only if” part.

For the converse direction let x € X and o; € A, i € I a net converging to x. For
any given neighborhood U of x there exists i € [ with ; € U. Since «; also lies in
A, it follows that AN U is non-empty. As U was arbitrary, it follows thatx € A. O

Proposition A.6.4 Let f : X — Y be a map between topological spaces. The map
fis continuous if and only if for every net (x;) in X, which 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 continuous and let (x;);c; be
anet in X convergent to x € X. We have to show f(x;) — f(x). For this let U be
an open neighborhood of f(x)in Y, then V = f~!(U) is an open neighborhood of
x.As x; — x, there exists iy such that x; € V for every i > iy and so f(x;) € U for
every i > .

For the converse direction assume that f satisfies the convergence condition. Let
A C Y beclosed 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, convergentto x € X. As f(b;) converges
to f(x), which therefore lies in A, it follows that x lies in B = f~'(A), so B indeed
is closed. O

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;, which converge to x resp. y € G, the net
X; yfl converges to xy~!. This is a consequence of the last proposition.
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Definition A map ¢ : J — [ between two directed sets is called strictly cofinal if
for every iy € I there exists a j, € J suchthat j > j, 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 /.

Definition Let« : I — X be a net. A subnet is anet 8 : J — X together with a
factorization

¢
J——1

AN

X

such that the map ¢ is strictly cofinal. In other words, subnets of « can be identified
with strictly cofinal maps to /. If o converges to x € X, then every subnet converges
tox € 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;);c; be a net in X. For each i € I let A; be
the closure of the set {x; : j > i}. Any finite intersection of the A; is nonempty,
so by the finite intersection property, there exists x € X which lies in every A;.
That means, that to every neighborhood U of x and every i € I, one can choose
an index i’ = ¢(U,i) € I such thati’ > i and xy = x4,y € U. Let J be the
directed set of all pairs (U, i), where U is a neighborhood of x and i € I. We order
J as follows: (U,i) < (U’, i’) if U D U’ andi < i’. We have constructed a map
¢ : J — I of which we claim that it is strictly cofinal. For this let i € I and in J
choose any element of the form j = (U, i) with i as the second component. Then
by construction, ¢(j’) > i for every j' > j, so ¢ is indeed strictly cofinal. We claim
that the induced subnet ¢ : J — X converges. For this let U be a neighborhood of
x and choose an element j, = (U, i). Then for every j > jy one has ¢(j) € U, so
indeed (x;) has a convergent subnet.

For the converse assume that every net in X has a convergent subnet. Let 4 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 .4 is non-empty,
too. For this let B denote the set of all finite intersections of elements in .4. Then B is
adirected set via B > B, < B; C B,.Choose xp € Bforall B € B. Then (xg)gep
is a net in X and by assumption there exists a subnet (xp;);e; Which converges to
some x € X. Butthen x € B for all B € B, for if B is fixed we can choose jj such
that B; C B forall j > jo. But this implies that x5, € B forall j > jo. Since B is
closed, the limit x of (xg,) also lies in B. O
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A.7 Tychonov’s Theorem

Let I be an index set, and for each i € I let X; be a topological space. As men-
tioned 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

Ul‘ Xl_[Xj’

J#

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 intersections of simple open sets.
Dually, every closed set is an intersection of finite unions of simple closed sets.

TheoremA.7.1 (Tychonov). Assume the space X = [];.; X; to be non-empty. Then
X is compact if and only if each factor X; is a compact space.

Proof The projections p; : X — X; being continuous, the X; are all compact,
if X is. The difficult part is the converse. So assume that every X; is compact.
Let F = (F,)ven be a family of closed subsets in X satisfying the finite intersection
property. Then there exists a maximal family F* = (F),),en+ of subsets with F* O F
having the finite intersection property. This is easily seen by means of Zorn’s lemma.

A If F,...,F,eF*, then FiN---NF, isin F*, as is clear by maximality of F*

(B) If S C X is any subset with the property that S N F,, # # for every F, € F*,
then S € F*, as follows from maximality again.

Leti € 1. The family of closed sets (p;(F,)),en+ has the finite intersection property,
so there exists an element z; in their intersection. Let

U=U, x-xU,x [[ X

be an open neighborhood of the element z = (z;);c; in X. Letk € {1,...,n}. For
every I, € F*thereisan f € F, with p; (f) € U;,, sowith §; = plzl (U,-k) we have
Sy N F, # (. By (B) the set Sy isin F*. By (A) wehave U = §1N---N S, € F*. In
particular, U has non-empty intersection with every F € F*, so with every F € F.
Since these sets form a neighborhood base, the point z lies in the closure of F), so in
F, for every v € N. We infer that (1),_, F) is non-empty and X is compact. 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.
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Lemma A.8.1 (Lemma of Urysohn). Let X be a locally compact Hausdorff space.
Let K C X be compactand A C X closed with K N A = 0.

(i)  There exists a relatively compact open neighborhood U of K such that K C
UcCUCX\A

(i1)  There exists a continuous function of compact support f : X — [0, 1] with
f=lonKand f =0o0nA.

(iii) Let B C X be closed, and let h : B — [0,00) be in Cy(B) and suppose
h(x) > 1 for every x € K N B. Then there exists a continuous function f as in
(i) with the additional property that f(b) < h(b) for every b € B.

This lemma is of fundamental importance, we will give the proof.

Proof To prove the first assertion, leta € A. Then for every k € K there is an open,
relatively compact neighborhood Uy of k that is disjoint from some neighborhood
Uy.q of a. The family (Uy) 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
Uio- 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 @ 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’ N V does the trick.

For (ii), choose U as in the first part and replace A with A U (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 1 C U e U 1 Let R be the set of all

numbers of the form % in the interval [0, 1). Formally set Uy = X\ A. Iterating the
above construction we get open sets U,, r € R, with K C U, C U, C U, C XNA
for all r > s in R. We now define f. For x € A set f(x) = 0 and otherwise set

f(x)=sup{r e R:x € U,}. Then f = 1 on K. Forr > s in R one gets

fMen=J Us~Tp,

s<s'<s"<r

which is open. Similarly, £~!([0, s)) and f ~“1((r, 1)) are open. Since the intervals of
the form (r,s), [0,s), and (r, 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 A U {b €
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.
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Proof Let X be alocally compact Hausdorff space, and let x € X. We have to show
that every open neighborhood V of x contains a compact neighborhood. Let K = {x},
then K is a compact subset of X. Let A be the closed set X~\V.Then K NA =0
and by Lemma A.8.1 (i) there exists a relatively compact open neighborhood U of x
withU C V. m

TheoremA.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 Leth € Co(B). Decomposing A into real and imaginary parts we see that it
suffices to assume that 4 is real valued. Writing h = ht — h™~ for positive functions
h*, we restrict to the case & > 0. Scaling i, we can assume 0 < h < 1.

Let K ={b e B:h(b) > %}. Then K is compact in X and the Lemma of Urysohn
gives a function 0 < f < 1in C.(U) with f = 1 on K and f(b) < 2 h(b) for every
b € B. So the function g; = %f is equal to % on K and satisfies 0 < g < % as well
as gy <h;=h.Sethy =h; —g.Then0 < h, < % By repeating the argument we
get g € Co(X)with0 < g, < i and g, < hy. Set hs = hy — g». Iteration gives a
sequence g, € C.(X) such that0 < g, < 27". The function

gx) =) galx)
n=1

is continuous, vanishes at infinity, and satisfies g(b) = h(b) for every b € B. O

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,),cn of open and dense subsets of X, then the intersection
D = (), Un is also dense in X. Equivalently, X is a Baire space if, whenever X
can be written as a countable union X = | J, .y A» With A, closed in X, then there
exists at least one ng € N such that A,, has nonempty interior.

Proposition A.9.1 Every locally compact Hausdorff space and every complete
metric space is a Baire space.

Proof Let X be either alocally compact Hausdorff space or a complete metric space.
Suppose Vi, V,, ... are dense open subsets of X. We define a sequence By, B, ...
of open sets as follows. Let By be an arbitrary nonempty open set in X. Inductively,
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assume n > 1 and an open set B,_; 7# { has been chosen, then, as V,, is dense, there
is an open set B, # () with
B, C V,NB,_.

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=, 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 By N ﬂn V. £ 0. O

A.10 The Stone-Weierstraf3 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-Weierstral Theorem gives an easy criterion that applies in many situation.

Theorem A.10.1 (Stone-Weierstral Theorem). Let X be a locally compact Haus-
dorff space and suppose that A C Co(X) is a subalgebra of Co(X) such
that

(a) A separates the points, i.e., for x # y in X there exists f € Awith f(x) # f(y),
(b) forevery x € X thereis f € A such that f(x) # 0, and

(¢) A is closed under complex conjugation.

Then A is dense in Co(X).

The above complex version is a consequence of the following real version, in which
C§(X ) denotes the real Banach algebra consisting of all real continuous functions
on X which vanish at infinity equipped with |- | x.

Theorem A.10.2 (Stone-Weierstral Theorem over R). Let X be a locally compact
Hausdorff space and suppose that the set A C C(]%{(X ) is a (real) subalgebra of
C(]%Q(X) such that

(a) A separates the points, and
(b) forevery x € X thereis f € A such that f(x) # 0.

Then A is dense in C§(X).

We first show how the complex version follows from the real version: For this suppose
that A C Co(X) is as in Theorem A.10.1. Then A = AR + i AR, where AR =
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AN C§(X). This follows from the decomposition f = Re(f)+iIm(f) withRe(f) =
%( f+ f)and Im(f) = %( f — f)in AR.If A satisfies the conditions of Theorem
A.10.1 one easily checks that A® satisfies the conditions of Theorem A.10.2. But
then AR = CF(X) and A = AR + i 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
(fi)nen be a monotonically increasing sequence of continuous functions f, : X —
R that converges point-wise to the continuous function f : X — R. Then (f,)
converges uniformly to f.

Proof Lete > 0 be given. For every x € X there exists n, € N with f(x) — ¢ <
fu(x) < f(x)foreveryn > n,. Let U, :={y € K : f(y) —¢ < f,,(»)}. Then
{U; : x € X} is an open cover of X. Since X is compact, we find xq,... ,x € X
with X = Ulj=1 Uy;. Then || f — fullx < ¢eforevern > N = max{n,,... ,n,}. O

LemmaA.10.4 LetA be a subalgebra of ng(X_). If f € A, then|f| € A. Moreover,
if f,8 € A, then also max(f, g), min(f, g) € A.

Proof Let0 # f € A. By passing to mf we may assume that f(X) C [—1,1],

and therefore f (x)? € [0, 1] for every x € X. We define inductively a sequence (p;,)
of polynomials on [0, 1] such that p; = 0 and

1
Pus1(t) = pu(t) — E(pn(rf —1), telo1]

We claim that (p,(¢)) is a monotonically increasing sequence that converges to /7
for every t € [0, 1]. Indeed, we show first by induction that 0 < p,(t) < J/t and
pn(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

puer) =i = (pu® = V1) = 3 (put0) = V7) () + 1)
= (pn(t) - \/;) (1 - % (pn(t) + «/?)) <0,

since p,(t) — +/t < 0and p,(t) + /t < 2/t < 2. Thus, since p,41(t) — pa(t) =
%(t — Pn (1)%) > 0, the sequence (p,(t)) is monotonically increasing and bounded by

/1. It therefore converges to some 0 < g(t) < +/t. We then get
g 8 g

(t — @),

N =

1
0= g(t) = &) = lim (prs1(t) = pu(0)) =1lim = (1 = pa()?) =

from which it follows that g(¢) = Jt.
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Since g is continuous, it follows from Dini’s Theorem that (p, ) converges uniformly
to g on [0, 1]. Define f,(x) = p,(f(x)?) for every x € X. Then (f,) converges
uniformly to \/F = |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 =
3(f+g+If —ghandmin(f,g) = 3(f +g—1f — g 0

Proof of Theorem A.10.2 We first show that for all pairs x, y € X with x # 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 x, y. Choose g; € A with g;(x) # g(y) and assume that g;(y) # 0.
Then g;(x) = 0. Choose g, € A with g>(x) # 0. Then g>(x) = g2(y) or g2(y) = 0.
If go(x) = go(y) define g = g1 + g2 and if g»(y) = Oput g = g1 + nugy with u € R
such that g;(y) # uga(x) # 0. In both cases one checks that 0 £ g(x) # g(y) # 0,
a contradiction.

In the next step we show that for all pairs x,y € X with x # y and any given
o, B € R there exists a function f € A with f(x) = « and f(y) = B. For this
choose g as above. We make the Ansatz f = Ag + ug” for A, € R. Then
f(x) =a, f(y) = B is equivalent to

(g(X) g(x)z) <k>=<a)
g g(»*) \u B)"

2
But since 0 # g(x) # g(y) # 0 one computes det (gg; §832> = g(x)g(y)

(g(y) — g(x)) # 0, and the above linear equation has a unique solution.

Nowlet he C§(X ) be given, and let ¢ > 0. We need to show that there exists some
f € Awith |h — f|lx < ¢. For each pair x, y € X with x # y we choose g, , € A
with h(x) = g, ,(x) and h(y) = g, (y). For fixed y we define

Uy:i={z€ X :h(z) < g:y()+ €}

Then U, is an open neighborhood of x and x\U, = {z € X : (h — g, ,)(@) > ¢}
is compact, since & — g, , vanishes at infinity. Thus, if we fix x; € X, then there

exist xz,... ,x € X\U,, with X\U,, C Uljzz Uy;, from which it follows that
X c Ui Uy, Set
fy = max (gxl,y, o ,gx,,y) .

It lies in A by Lemma A.10.4 and by the construction it follows that A(z) — H@) <e
for every z € X, since if z € Uy, then h(z) < ng,y(z) +e=< fi@)+e.

Now, for y € X define

Vi={zeX: f,(2) <h(@)+e}
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Since f,(y) = h(y), this is an open neighborhood of y, and similarly as above we
can show that there exist y;, ..., yx € X such that X C U_];:, Vy,. Put

f=min(fy,,..., fy)-

Then f € ‘A and one easily checks that f(z) —¢ < h(z) < f(z)+¢ forevery z € X.
This finishes the proof.



Appendix B
Measure and Integration

In this Appendix we want to review some basic facts on integration theory, following
mainly the approach given in Rudin’s beautiful book [Rud87]. 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 L”-spaces and give
a proof of the Radon Nikodym Theorem.

B.1 Measurable Functions and Integration

Let X be a set. A o-algebra in X is a set A of subsets of X, which satisfies the
following axioms:

e e A, and if A € Athen so is its complement X\ A,

¢ A is closed under countable unions.

It follows immediately from the above axioms that a o-algebra is closed under
countable intersections and that ANB € Aforall A,B € A.

The set P(X) of all subsets of X is a o-algebra, and since the intersection of two (or
infinitely many) o -algebras is again a o -algebra, we see that for every given set S
of subsets of X there exists a smallest o -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, .A4) a
measurable space. In particular, for each topological space we obtain the measurable
space (X, B).

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 287
DOI 10.1007/978-3-319-05792-7, © Springer International Publishing Switzerland 2014
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A map f : X — Y between two measurable spaces (X, Ayx) and (Y, Ay) is called
a measurable map if f~'(A) € Ay, 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 — Rismeasurable ifand only if f~'((a, o0)) € Aforevery
aeR.

(b) A function f : X — C is measurable if and only if Ref and Imf are
measurable.

(©) If f,g: X — Care measurable, then so are f + g, f - g, and | f|? for every
p > 0.

(d) If f,g: X — R are measurable, then so are max(f, g) and min(f, g).

() If fu: X — Cismeasurableforeveryn € Nand (f,),en converges point-wise
to f: X — C, then fis measurable

Proof For the proof of the first assertion, we only have to show that S =
{(a,00) : a € R} generates B(R). But since [b,00) = (), — %,oo) and
(a,b) = (a,00)\[b,00) we see that the o-algebra generated by S 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 con-
sider the case where (f,),en is monotonically increasing. Then f~!((a,o0]) =
Uz, fl((a,00]) € A, hence f is measurable. A similar argument applies if
(fi)nen 1s decreasing. For the general case we can first use (b) to restrict to the
case of real functions, and then we can write f as the limit of the decreasing se-
quence (gr)keny With gx = sup{f, : n > k}, which itself is a limit of the increasing
sequence of measurable functions /,, = max{fi,... , fr+n}- O

In what follows, it is sometimes useful to consider functions f : X — [0, 00],
where we equip [0, co] with the obvious topology. As in the lemma, such a function
is measurable if and only if f~'((a,o0]) € A for every a € R. Assertions (c), (d)
and (e) of the lemma remain valid for functions f : X — [0, oo].

Definition. A measure u onameasurable space (X, A)isafunctionu : A — [0, 00]
that satisfies u(4) = 0 and

o w(Ul A = Y02 w(A,) for any sequence (A,)uen of pairwise disjoint
elements A, € A.



B.1 Measurable Functions and Integration 289

From this condition one can derive the following facts

e wW(AUB)=u(A)+ uw(B)— u(AN B)forall A,B € A.

e If (A))nen is a sequence in A such that A, C A, for every n € N, then
WAL — (A) for A = U2, A,

e If (A))qen is a sequence in A such that A, D A, foreveryn € Nand u(A;) <
00, then u(A,) — u(A) for A = (72, A,.

If u: A — [0, 00] is a measure on (X, .A) we call (X, A, u) a measure space.

If (X, A, n) is a measure space, then a step function g : X — C is a function of
the form g = Y 1" a;14, with a; € C and A; € A with u(A;) < oo for every
1 < i < m. For such step function g we define

/gdu =3 @A) e C.
X

i=1

For a positive measurable function f : X — [0, co] we define

/ fdp =sup {/ gdup : g < f, g apositive step function}.
b b%

We say that f is integrable if |, x [ du < oo. A measurable function f : X — Ris
integrable if and only if f* = max(f,0) and f~ = —min(f,0) are integrable, and
then we put [, fdu = [, fTdu — [, f~ 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 L'(X) in the sense
that f > 0 implies || « [ dp = 0. We shall frequently use the following proposition.

Proposition B.1.2 Let (X, A, ) be a measure space. Then a measurable function
f : X — Cisintegrable if and only if | f| is integrable and then we have

Uxfdu

As a consequence, if f,g : X — C are measurable with |f| < |g| and g is
integrable, then so is f.

<Iflh di“/}(lfldu-

Proof 1t 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
|fl = fT + f~ is integrable if f is, and if f is complex, we can use the equation
|f1 < |Re f|+|Im(f)| tosee that | f| is integrable if f is. The equation |fX fdu| <
[x | f1dufollows by replacing f by z f ifz € Cwith|z] = Isuchthatz [, fdu >0,
which then implies that [, fdu = [yRefdu < [, |fldu. O
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Remark B.1.3 If f : X — [0, o0] is an integrable function, the value co can only
occur on a null-set, i.e., aset N with w(N) = 0. Indeed,if N = {x € X : f(x) = o0}
has measure a > 0, thenn -a = [ynladu < [, fdu < oo forevery n € N,
which implies a = 0.

Similarly, if f is integrable, then A = {x € X : f(x) # 0} is always o-finite, since
A= A, withA, ={x € X : f(x) > %} and w(A,) < n [y fdu < oo. (A
set A € 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 (f,),en be a point-wise
monotonically increasing sequence of positive integrable functions. For x € X let
f(x) =1lim, f,(x) (with possible value co). Then f is measurable and one has

/fdu:lim[fndu.
X noJx

Proof See [Rud87, Theorem 1.26]. O

Theorem B.1.5 (Dominated Convergence Theorem). If the sequence of measur-
able functions ( f,).en converges point-wise to some function f, and there exists an
integrable function g such that | f,,| < |g| for every n € N, then f is integrable and

/fdu:lim/fndu.
X moJx

Proof (See [Rud87], Theorem 1.34). O

A measure space (X, A, ) 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, A, i), one can always pass to its completion
(X, A, 1), which is obtained by adding all subsets of null-sets in .4 with the obvious
extension i of u. A function is integrable with respect to [i 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, 1), without further mention.
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B.2 The Riesz Representation Theorem

Let X be alocally compact Hausdorff space. By a Radon integral on X we understand
a positive linear functional I : C.(X) — C, i.e., [ is linear, and I(¢) > 0if ¢ > 0.
In this section we want to associate to each Radon integral [ a certain Borel measure
u @ B — [0,00] such that the functional I can be recovered via integration of
functions with respect to u. Recall the notion of an outer Radon measure from
Sect. 1.3.

LemmaB.2.1 Foranouter Radon measure 1 on X and every measurable set A C X
with u(A) < oo one has

u(A) = sup wu(K).
KcaA
K compact

Proof First let A be a subset of a compact set L and set 7 = L~ A. For any given
6 > 0 there exists an open set W D T with w(W~T) < §. The set K = L~ W is
closed in L, hence compact, and we have

K=L\W C L~\T =L~(L~NA)=A
and
WANK) = p(AN(LNW)) < wWf(WN(LNA)) = wn(WNT) < 6.

Let now A be arbitrary with u(A) < co and ¢ > 0. By outer regularity there exists
an open set U D A of finite measure. As U is inner regular, there is a compact
set L C U such that u(U~\L) < ¢/2. Then u(A) = w(A N L)+ n(A~L) and
UW(ANL) < w(UNL) < ¢/2. Set B = AN L. By the first part there is a compact set
K C B with u(B~\K) < ¢/2 and we conclude

UWANK) = w(BNK)+ u(ANL) <e/2+¢/2 =e. O

Theorem B.2.2 (Riesz Representation Theorem). Let I : C.(X) — C be a positive
linear functional. Then there exists a unique outer Radon measure . : 3 — [0, 0]
such that

I(¢) = / pdp
X
for every ¢ € C.(X).
Proof Using Lemma B.2.1 the conditions of outer regularity imply the conditions
given in [Rud87, Theorem 2.14], where a proof of the theorem is given. O

In the literature one will find the notion Radon measure sometimes attached to what
we call an inner Radon measure. A locally finite Borel measure ¢ on B is called an
inner Radon measure if
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* (A) = supg4 (K) holds for every A € B. Here the supremum 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 [Lip, such that

10f) = / £ dptim
X

holds for every f € C.(X). Thus the two representation theorems give a bijection
M > Winn 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
u one can describe the corresponding inner Radon measure i, by

Min(A) = sup (K.
KcA
K compact

Remark B.2.3 A topological space X is called o-compact if X is a countable union
of compact sets. If u is an outer Radon measure on the o-compact space X, then
every measurable set A C X is o-finite, from which it follows that the equation
w(A) = supg 4 u(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 w(K) = ZyeRd AKy) with K, = {x e R: (x,y) € K} and
A denotes Lebesgue measure on R. With the obvious extension formulas we obtain
outer and inner Radon measures p and i, on X, both given on compact sets as
above. Let A = {(x,x) : x € R} C X. Then every open set containing A has infinite
measure with respect to i, 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 £(A) = oo while @in(A) = 0.

B.3 Fubini’s Theorem

If (X, A, u) and (Y, C, v) are o -finite measure spaces, then there is a unique product
measure - v : A® C — [0,00] on the o-algebra A ® C generated by {A x C :
A € A, C € C} such that the following theorem holds:

Theorem B.3.1 (Fubini’s Theorem). Let (X, i) and (Y, v) be two o -finite measure
spaces, and let f be a measurable functionon X x Y.
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(@) If f = 0, then the two partial integrals fx f(x,y)dx and fY f(x,y)dy define
measurable functions and the Fubini formula

f(x,y)dWV(x,y):/ff(x,y)dydx
XJY

= [ [ rwnaxay
Yy Jx
(b) Iffis complex valued and one of the iterated integrals

//If(x,y)ldydx or //If(x,y)ldxdy
X JYy Y JX

is finite, then f'is integrable and the Fubini formula holds.

XxY

holds.

Proof ([Rud87], 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 u be an outer Radon measure on X, and let F be any subset of
C.(X) consisting of functions ¢ > 0 such that for ¢,V € F there exists a function
neFwithn> ¢, . Then

supf ¢(x)dx =/ sup ¢(x) du(x).
X X

PpeF peF

It is part of the assertion that the integrand on the right is a measurable function.

Proof We first show that the function g(x) = SUPye 7 ¢(x) is measurable. As the
Borel o-algebra on R is generated by the intervals (a, co) for a € R it suffices to
show that g~!(a, co) is measurable for every a € R. Then

g N(a,00) = | ] ¢7'(@,00)
peF

is a union of open sets, hence open and thus measurable.

For the integral formula, note that the estimate “<” is trivially satisfied. Let s =
> ", aila, be a step function with s < g. By the definition of step functions,
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W(A;) < oo for every i. So we can find compact sets K; C A; such that for a given

& > 0 one has .
/sd,u < ZaiM(K,-)+8.
X

i=I

Let K = (U, K; and write s9 = Y . a;lg,. For given 0 < § < 1 one
has (1 — &)so(x) < g(x) for every x € K. This implies that for every
x € K there exists ¢, € F such that (1 — 8)so(x) < ¢.(x). The open sets
U ={y : (1 — 8§)so(y) < ¢(y)} form an open covering of the compact set K,
so there are xi, ..., x, such that K C U,, U---U U,,. By assumption, there exists
¢ € F with ¢(x) > ¢y, (x), ..., ¢y, (x) forevery x € X. Then ¢ > (1 — §)so, so that

/sdx < /sodx+£ < —f¢dx+s

Varying first ¢, then s, this implies

/gdx < sup/¢>dx+e
X ¢e]—'

Letting ¢ and § tend to zero, we get the claim. ]

Theorem B.3.3 (Fubini’s Theorem for Radon measures). Let u 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 i - v on X x Y such that

(@ If f: X xY — Cis u- v-integrable, then the partial integrals fx f(x,y)dx
and fy f(x,y)dy define integrable functions such that Fubini’s formula holds:

f(x,y)d(x,y)=//f(x,y)dydx=//f(x,y)dxdy
XJY YJX

XxY

(b) Iffis measurable such that A = {(x,y) € X x Y : f(x,y) # 0} is o-finite, and
if one of the iterated integrals

//If(x,y)ldydx or //If(x,y)ldxdy
XJY YJX

is finite, then f is integrable and the Fubini formula holds.

Proof Uniqueness is an immediate consequence of the Riesz Representation
Theorem, since Fubini’s formula determines the values of the integral on C.(X x Y).

To show existence of u - v we first observe that by the classical Fubini theorem for
each compact set K = K| x K there is a unique product measure (i - vV)g on K
such that integration with respect to (i - v)g is given by integration in parts. Since
(u - v) restricts to (i - V) whenever K C L with L = L x L, compact, it follows
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that integrating a continuous function with compact support in K with respect to
(u - v)g determines a well defined positive functional on C.(X x Y). 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 x ¥ — C,
we may assume, by linearity, that f > 0. Then, approximating f point-wise 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 = 1, for some measurable set A C X x Y with finite measure.

If A = U is open, we use Lemma B.3.2 several times to get

/fly(x,y)dydx:/f sup @(x,y)dydx
xJy X JY 0<¢<1y

= sup //¢(x,y)dydx
0<¢=<1y JX JY

= sup d(x,y)d(x,y)
0<¢<ly JXxYV

= /X sup ¢(x,y)d(x,y)

xY 0<¢=<1y
_ / 1u(r, ) d(x, y).
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 Lemma B.2.1 we have u(A) =
sup{u(K) : K C A, K compact}. Choose an increasing sequence of compact sets
K, such that u(K,) — u(A). Then A" = |,y K is o-compact with N = AN A’ a
null-set. It therefore remains to show the result for anull-set N C X x Y.Lete > 0,
and let U D N be an open set of measure < ¢. Then

f/lNdydx < //lydydxzf 1y < e
xJy xJy XxY

Letting ¢ tend to zero, the first assertion of the theorem follows.

For the second assertion let f : X x ¥ — C be given such that the partial inte-
gral [, [ | f(x,y)|dxdy exists. It suffices to show that | f| is integrable. Choose
a sequence (A,),cy of measurable sets in X x Y with finite measure such that
A =J;2, A, and define f, : X x Y — Cby f, = min(| f|14,,n). Then (f,)nen is
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an increasing sequence of integrable functions, which converges point-wise to | f.
It follows from the first part of this theorem that

pxnden = [ [ fwardy < [ [ iseoidcay

XxY vy Jx Yy Jx

for every n € N. The result follows now from the Monotone Convergence
Theorem. o

Remark B.3.4 We should note that the analogue of the above theorem does not
hold for the inner Radon measures. Indeed, if A C R x Ry, is as in Remark
B.2.3, then A is a null-set with respect to the inner Radon measure on R x R4
corresponding to Lebesgue measure on R and counting measure on R;. But

Jo (X er, 1a(x, y))dx = 0.

B.4 L”-Spaces and the Riesz-Fischer Theorem

Let (X, A, u) be a measure space. For 1 < p < oo let L”(X) be the set of all
measurable functions f : X — C such that

||f||,,“=“(/x|f|z’du)” < .

A function in £2(X) is also called a square integrable function. Further, 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

Il f oo d:efinf{c > 0 : 3 null —set N with | f(X~\N)| < c}.

Note that ||-|| oo might differ from the sup-norm ||-||x defined by || f||x = sup{|f(x)| :
x € X}. Afunction 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
I-ll, for I < p < oo. For this we first need

Proposition B.4.1 (Holder’s inequality). Let 1 < p,q < oo be such that % +$ =1
(wesetq =o0if p=1).Then f -g € L'(X) forevery f € LP(X)and g € LI(X)
and

I1f =gl = I1Flpllgllg-

Proof Incase p = landg = cowehave f-g : X — C ameasurable function with
If - &l < [flligllec almost everywhere. Thus || f - glli < | fll1l1glloc by Proposition
B.1.2.

Solet]l < p < co. We may assume that || f ||, # 0 # ||g|l, since otherwise f-g =0
almost everywhere and hence || fg||; = 0.
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We first show that ab < % + % for all a, b > 0. To see this, consider the function
¢ :(0,00) = R, ¢p(t) =t1/P — %t. It has a global maximum atz = 1, since ¢'(t) = 0
if and only if r = 1 and ¢”(¢) < O for every ¢. This implies that

1 1 1
—=1-—=¢(1)=¢(a’b™") = ab™/'? — —aPb™1,
q pr p

Multiplying this with b9 gives

lbq + lap > ab?™1'? = ap.
q p
If we apply this inequality to a = % and b = % we get
Jlip q
lf-el _ _IfIP g1?

I£10glly = pIAIS  plgld

The integral of the function on the right hand side exists by assumption, 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 1
e [ stdn s o [ o [ e d
IfIpliglly Jx pifllp Jx pliglg Jx
1 1
= — —_ = 1
P q
This finishes the proof. m|

Proposition B.4.2 (Minkowski’s inequality). Let p € [1, co].
Then forall f,g € LP(X) we have f + g € LP(X) with

If+gllp < Iflp+llglp-

Thus |||l p is a semi-norm on LP(X) for every 1 < p < oo.

Proof The result is clear for p = 1 or p = 00, solet | < p < oo. By Holder’s
inequality for C? we get

ja+bl < lal-1+1b| -1 < (jal” +[b]?)"/" 24
fora,b e Cand g = ﬁ. We therefore get
If +8l” <277 (1117 +181%) -
Since the right hand side is integrable, the same is true for the left hand side, which

shows that f 4+ g € L£P(X). Since p = (p — 1)g we have |f + g|P~! € LI(X).
Applying Holder we get
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If+elb =/ \f+gl-If +glP du
X

s/ |f|~|f+g|"—‘du+f gl 1f +gl”du
X X

1/q
< (If 1y + gl (/X|f+g|<p-1>qdu>

=11, + gl f +glbe,

where the last equatlon follows from p = (p — 1)q. Dividing both sides by || f +
g||%/% and using p — 2 = 1 gives the result.

Definition 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 A of null functions is a sub vector space of £7(X) such that

feNsIfll,=0.

Set
def

LP(X)=LP(X)/N.

Then |||, factorizes to give a norm on L?(X) for every 1 < p < oo. We need to
know that (L?(X), ||-||,) is a Banach space for every p € [1,00]. This is easy for
p = oo since for any Cauchy sequence (f;),en in £°(X) we can choose a null-set
N C X such that (f}),en is Cauchy with respect to || || x- n, and hence converges
uniformly to a bounded function f : X~ N — C. If we trivially extend f to X we
obtain a limit f € L£>(X) of the sequence (f,),en. Note that f is measurable as a
point-wise limit of measurable functions. The cases 1 < p < oo require a bit more
work.

Theorem B.4.3 (Riesz-Fischer). Let 1 < p < oo and suppose that (f,) is a se-
quence in LP(X) that is a Cauchy sequence with respect to ||-|| ,. Then there exists a
function f € LP(X) such that

@ IIfu = fll, = 0.

(b) There exists a subsequence (fu,)ken Of (fulnen such that f, (x) converges to
f(x) for every x outside a set of measure zero.

Proof Choose indices n; < ny < n3 < --- so that || fp, ., — full, < Zlk and
put gr = anl fo- Let g = Z,fol |gx|- By Minkowski’s inequality we have
(30, lgkl)” integrable with integrals bounded above by (3 5o, llgell,)” < 1. It
then follows from the Monotone Convergence Theorem that g7 is 1ntegrable hence
g € LP(X). But then it follows from Remark B.1.3 that g(x) # oo outside a null-set
N C X and the series Z,fil gir(x) converges absolutely to some function i (x) for
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every x ¢ N. We trivially extend £ to all of X. Then 4 is measurable as a point-wise
limit of measurable functions, and since |h(x)| < g(x) for every x € X we have
h e LP(X).Put f =h+ f,,. Then

m

f”l(x) + mli_r};oz (fnk+1 - fnk)
k=1

fx)
= lim f,,(x)

for every x ¢ N, which proves assertion (b) of the theorem. To see (a) observe that

> e = fu)] =D = 0.
P

k=m k=m

”f - fnm”p =

which implies that ( f,,, )xen converges to f with respect to ||- || ,. Since (f,)nen is
Cauchy we also get || f — f,Il, — O. =
Corollary B.4.4 The spaces (L”(X), II- ||,,) 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.8) = / F)gx) dp(x).
b
Another direct corollary of the Riesz-Fischer Theorem is

Corollary B.4.5 Suppose that f, — f in L?(X). Then there exists a subsequence
(fu Jken that converges point-wise almost everywhere to f.

We should point out that in general one cannot expect point-wise almost everywhere
convergence of the original sequence ( f;,),<n, as can be seen from

Example B.4.6 Consider X = [0, 1] with the Lebesgue integral. Define a sequence
fn 2 [0,1] — R of integrable functions as follows: Put f; = 1, f, = 1[0,%],
3= 1[%’1], fa= 1[0’%]a fs = 1[%’%]’ fe = 1[%’%]’ fi= 1[%’]]’ fs = 1[1,%]’ and so on.
It is then clear that || f,,||; — O but f,(x) /4 O for every x € [0, 1].

Remark B.4.7 It follows from Holder’s inequality that for 1 < p,q < oo with
é + é = 1 every function g € L?(X) determines a continuous linear functional

T, : LP(X) - Cby
Tg(f)=fxf-gdlt

such that || Tg|| < |Igll4 forevery g € L9(X).If 1 < g < oo, itis an important result
in Functional Analysis that g — T, actually gives an isometric isomorphism from
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L7(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) = L°(X)' almost never holds. (See [Rud87, Theorem 6.16]). For
Radon integrals on locally compact spaces the duality L'(X) = L*°(X) holds, but
with L°°(X) constructed with respect to a slightly different norm (See [Ped89, 6.4.5
and 6.5.11]).

Definition A topological space is called separable, if it has a countable dense subset.
Examples B.4.8

* The space R" is separable as Q" is a countable dense subset.

¢ A discrete space is separable if and only if it is countable.

Recall that a topological space is called second countable if its topology admits a
countable base. The following Lemma on separability will be needed in the text.

Lemma B.4.9 (a) A Hilbert space is separable if and only if it has a countable
orthonormal basis.

(b) If X is a second countable compact Hausdorff space with a Radon measure |1,
then the Hilbert space L*(X, i) is separable.

Proof (a) Let the Hilbert space H be separable. Then there exists a family (r;) jen
which is dense in H. The procedure of orthonormalization produces a countable
orthonormal basis of H consisting of linear combinations of the r;, hence H has
a countable orthonormal basis. The other way round, let (e¢;);en be a countable
orthonormal basis. Then the C-span of the ¢; is dense in H. As the countable field
Q@) = Q @ Qi is dense in C the countable set of all Q(i)-linear combinations of
the ¢; is dense in H.

(b) As X is second countable, there exists a countable set C of open sets such
that every open set in X is the union of some elements of C. As the set of all
finite intersections of the elements of C is countable again, we can extend C and
assume that all finite intersections of elements of C lie in C. For U,V € C we
have 1yuy = 1y + 1y — 1yny and therefore the space H spanned by all linear
combinations of the functions 1;;, U € C contains all functions 1,y for U,V e C.
A straightforward generalization of this argument implies that H contains 14 for
any finite union A of elements of C. Let now U be an arbitrary open subset of X.
By the countability of C the set U can be written as the union of a family (U;);en
where U; € C for every j € N. So the sequence of functions (lulu...uuj) converges
monotonically to 1y and so it converges in L2(X, u). It follows that the closure
of H contains all functions 1y for open sets U. By the Radon property the latter
span a space which contains all simple functions, hence is dense in L*(X, ), which
therefore is separable. O
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B.5 The Radon-Nikodym Theorem

Recall that a measure ( 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 (A,) < oo for every n € N.

Theorem B.5.1 (Radon-Nikodym Theorem). Given two o -finite measures X, L on
a o-algebra A over a set X. Suppose that every A-null-set is a j-null-set. Then
there exist a measurable function h > 0 such that for every measurable function
¢ : X — C we have ¢ is u-integrable if and only if ¢h is A-integrable, and
then [, ¢ dr = [ ¢hdu. In particular, u(A) = [, hdA for every measurable set
ACX.

The function h is called the Radon-Nikodym derivative of @ with respect to A. It is
unique up to changes on A-null-sets. One also writes this as du = hd.

Proof Asboth measures are o -finite, there is a pairwise disjoint decomposition X =
U;’il 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 T = A + u. For every t-integrable function ¢ we
have by the Cauchy-Schwarz inequality,

/¢du < /|¢|du < /|¢|dr < (/ |¢>|2dr) (T(X))*.
X X X

Therefore the map ¢ — f « ¢ d is a continuous linear map on L*(X, 7). The same
is true for the map ¢ > | « ¢ dX. By the completeness of the Hilbert space L*(X,1)
there are unique (up to addition of null functions) measurable, T-square integrable
functions f and g such that [, pdu = [, fédr and [, pdr = [, gpdr. Ap-
proximating a positive measurable function ¢ by an increasing sequence (¢, ),cn of
positive step functions and using the Monotone Convergence Theorem on both sides
of the equation |’ ¥ Pnd)r = | « Png dt shows that the function ¢ is A-integrable if
and only if ¢g is T-integrable. A similar result holds for i and 7.

Let N be the set {x € X : g(x) = 0}. Then A(N) = 0 and so also u(N) = 0. Let
h(x) = f(x)/gx)if x € X~ N and h(x) = 0 for x € N. Since null-sets can be
neglected for integration it follows for any measurable function ¢ : X — C that ¢ is
u-integrable if and only if ¢ f = ¢gh is T-integrable if and only if ¢/ is A-integrable,

and then
/(ﬁdﬂ:/(j)gkdr:[(ﬁhdl. O
X X X
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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 || x [ du €V, such that for every continuous linear functional & on V' the

formula
Ol(/ fd,u> Z/Ol(f)d,u
X X

To be precise, let (V, ||-||) be a Banach space, and let (X, A, i) be a measure space.
A simple function is a function s : X — V, that can be written as

§ = Z lAjbj,
j=1

where Ay, ..., A, are pairwise disjoint measurable sets of finite measure (A ;) <
00, and b; € V. We define the integral of the simple function s as

/sd,u =D wApb; € V.
X .
j=1

Note that || [ s dull < [y sl dp and that for every linear functional o : V — C
one has a( [, sdu) = [, a(s)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

holds.

lim / If = sull dpu = 0.
n—oo X

In this case we call (s,) an approximating sequence. The following proposition will
justify the terminology.

Proposition B.6.1 (a) If f is integrable and (s,) an approximating sequence, then
the sequence of vectors |. x Sn du converges. Its limit does not depend on the choice
of the approximating sequence.

One defines the integral of f to be this limit:

/ fduZ lim | s,dpu.
X

n—00 X

(b) For every integrable function f one has

‘/deu

5/ Iflldp < oo.
X
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(c) Let f be integrable. For every continuous linear operator T : V. — W to a

Banach space W one has
r([ san) = [ rnan
X X

(d) If V = C, then the Bochner integral coincides with the usual integral.

Proof It suffices to show that for every approximating sequence (s,) the sequence
/ « Sn d converges, for if (,) is another approximating sequence, then the sequence
(rn) with rp, = s, and ry,_; = t, also is an approximating sequence. As f ymdp
must converge, the limits of [, s, du and [, t, dju coincide.

To show the convergence, it suffices to show that the sequence of vectors |, ySndp
is a Cauchy-sequence. For m,n € N consider

/Smdﬂ_/sndMH:‘/Sm_snd,uH
X X X

=< / ”Sm - Sn” d/fL
X

5/ IISm—fIIdMJr/ If = sulldpt
X X

and the latter tends to zero as m,n — o0. Therefore, f ¥ Sn du indeed is a Cauchy-
sequence. This proves (a).

To prove (b) note that the | inequality ||| f|| — IIs,ll < ||f — s.|| implies that the
C-valued function || f|| is integrable and that ||s, || converges to || f|| in LY(X). It

follows that
/fdMH =lim‘/sndu < lim/ ||sn||du=/ I fIldp.
X n X noJx X

Finally for part (c). The continuity and linearity of 7 implies that

T(/fd,u):lim/T(sn)d,u.
X mJx

We want to show that the right hand side equals f « T'(f)du. Since T is continuous,
there exists C > 0 such that |7 (v)| < C||v|| holds for every v € V. In particular one
has ||T(f)|l < C| fll and so T(f) is an integrable function. We can estimate




304 Appendix B Measure and Integration

f T(f)du — / T(sn)dp
X X

< /X ITCf) = T(so)ll du
_ f ITCf = soll du
X

SC/ If —snlldi.
X

As the latter tends to zero, the claim follows. Finally, (d) follows from the last estimate
applied to the identity operator. O

Definition 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 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 continuous function
of o-compact support. Then f is separable.

Proof Theimage f(X)isao-compactset. 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 that for every n € N there are elements k7, ..., k) € K

r(n
such that
r(n)

K c |JBim(ky),

v=1

where for »r > 0 and a € V we denote by B,(a) the open ball around a of radius
r, ie., the set of all x € V with ||[x —a| < r. The set of all £ for n € N and
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 following are
equivalent:

* fisintegrable.
e fis essentially separable and fx I flldu < oo.
Proof 1If f is integrable, then by Proposition B.6.1 (b) the function || f|| is inte-

grable 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
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by all the images s5,(X), n = 1,2,... is separable. The set N = f~'(V\E)is a
countable union N = | J, N,, where N, = {x € X : || f(x) —e] > ]ll‘v’e € E}.
Since f « IIf = sqll dp tends to zero, the set N, is a set of measure 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 x Il fll du < oo. After altering f on a set of measure zero, we assumi f is separa-
ble. Let C = {c, : n € N} be a countable subset of V with f(X) C C.Forn € N
and § > 0O let Af, be the set of all x € X such that || f(x)|| > § and || f(x) — c,|| < 6.
As f is measurable, this is a measurable set. To have a sequence of pairwise disjoint
sets, we define
def
Dy =A) | 4y
k<n

Then the set |, .y A2 = U,y DS equals (£ (X)~\Bs(0)), as C is dense in f(X).
As f is integrable, the set |,y D) is of finite measure. Let s, = >}_; 1 unc;.

: J
Then s, is a simple function. We show that the sequence (s,) converges to f point-
wise. Let x € X. If f(x) = 0, then s,(x) = 0 for every n. So suppose f(x) ;é 0.
Then || f(x)]| > for some n € N. For every m > n one has x € |,y D SO

that for each m > n there exists a unique vy with x € DVO , hence s, (x) = ¢y, and
| f(x) —cyll < ;, whichimplies s, — f asclaimed. We also see that ||s,,|| < 2| f||
by construction. So we get || f — s,|| = Opoint-wise and || f — s, || < | f I+l <
3|1 £l so by dominated convergence,

/Ilf—snlldu ~o. 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 f : X — V with compact support
is integrable.

Proof As the C-valued function || f|| is again continuous of compact support, it is in-
tegrable. 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 * g in L'(G)
for a locally compact group G.

Lemma B.6.5 Let G be a locally compact group. If f € C.(G) and g € L'(G),
then the Bochner integral fG f(x)L g dx exists in the Banach space L'(G) and
equals the convolution product f * g.

Proof Consider the function ¢ : G — L'(G) given by ¢(x) = f(x)L.g. It is
continuous by Lemma 1.4.2 and it has compact support as f has compact support.
So it follows that ¢ is continuous of compact support, hence integrable by Corollary
B.6.4.
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It follows, that the Bochner integral f G P(x) dx exists in the Banach space L (G). We
want to show that it coincides with f * g. If we can show £ * fc ¢x)dx =h* fxg
for every h € C.(G), the claim follows, as 4 might run through a Dirac net (See
Lemma 1.6.6).

Let h € C.(G). For ¢ € L'(G) the convolution product & * ¢ 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

o $()] < /G NP )l dz

:/GA(z*I)m(yz”)lw(z)ldz
< Clglh.

with C > 0 an upper bound for the function z — A(z~")|h(yz~")|. This implies that
the linear functional « : ¢ — h x ¢(y) is continuous. For ¢ = fG f(x)L,gdx it
follows

hx$(y) = a(g) = a ( /G F()Lag dx)
=/Gf(X)oe(Lxg)dx

= / / fOh@R)g (x'z7"y) dzdx
GJG
=hx fxg(y).

So it follows that fG f(x)Lygdx = f % g as claimed. o

Definition 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 (Sect. 2.2), and let y : [0, 1] — D be continuously
differentiable. The path integral is then defined as

f f@dzE f Y () f(y(0)dt.
y [0,1]

Leta € D, and let B = B,(a) be a disk whose closure is contained in the set D.
We write [, op J (2) dz for the integral over the positive oriented boundary of B, i.e.,
[op fR)dz = fV f(2)dz, where y : [0,1] — D is given by y(t) = a + re*™".
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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 7 € B we have

G
f@) =5 /BB—E_st.

Proof Leta :V — C be acontinuous linear functional, then

1 f () > 1 a(f(&))
57 dE =
(o4 < /; & /{’ 3 a(f(z)

2mi p§—z2 :2_7Ti B §—z2

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@ =7 2

n=0
holds for every 7 € B, where the sum converges uniformly on every closed subset
of B.
Proof Ifz € Band & € 9B, then |z/&| < 1, which means that the geometric series
= 1

> GO =

n=0

converges uniformly for (z, £) in a given closed subset of B x d B. We apply Cauchy’s
formula to get

NG EG
fo=z /aBs—zdg‘zm' b ET—zE %t
1 &) & f&
- EACES tdE = — " d§.
27 /BB & g(Z/é) d 2mi ;Z ap E"H1 :

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 (A, v) to Av, is continuous. A Banach
space is a special case of a topological vector space, in which the topology is in-
duced 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 + B, ,c, where f € S(R)
and B, is the set of all g € S(R) with |g"™ (x)x"| < 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 — 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 « € 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.

Lemma C.1.1 Let W be a complex vector space and W* be its dual space. The map
WV : a = Re(a) is a bijection of W* to Wy = Homg(W,R).

Proof The map W is real linear. Let « be in its kernel. This implies that « takes
only purely imaginary values. Since a(iv) = ia(v) this implies that « = 0. Now
let u : W — R be real linear. Set a(x) = u(x) — iu(ix). Then « is C-linear and
u = Re(x). O

A. Deitmar, S. Echterhoff, Principles of Harmonic Analysis, Universitext, 309
DOI 10.1007/978-3-319-05792-7, © Springer International Publishing Switzerland 2014
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Recall that for a linear operator 7 : V. — W on normed spaces V, W the operator
norm is defined by
def 1Tl
ITII = ITlop =sup ——— = sup [|Tv],
v#£0 Ivil vl=1
and that T is called a bounded operator if ||T| < oo. For every vector v we have
I7vl < ITIHvI-

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
ITv; = Tvll = IT(v; —v)Il < [IT[llv; — vl tends to zero, which means that T'v;
tends to 7'v, so T is continuous.

For the converse direction assume that 7 is continuous, but || 7'|| = co. Then there
is a sequence (v;) of vectors in V of norm one such that || 7v;|| tends to infinity. It
1

follows that the sequence Vi tends to zero. As T is continuous, the sequence
J

1 1
T( Vj) = TVj
ITv;ll ITv;ll

also tends to zero, but this is a sequence of vectors of norm one. A contradiction. O

Theorem C.1.3 (Hahn-Banach Theorem). Let M be a subspace of a Banach space
V,andleta : M — C be linear with |a(x)| < ||x|| for every x € M. Then « extends
to a linear functional V. — C such that |a(x)| < ||x|| holds for every x € V.

Proof Letu = Re(a). Suppose we can show that u extends to a real linear functional
with |u(x)| < ||lx||, then o extends to a complex linear functional whose real part
is u. For given x € V there exists # € R such that e?a(x) is real. So, |a(x)| =
lea(x)| = la(ex)] = |ue’x)| < [lex| = |lx|.

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(x)| < ||x|| for
every x € M, then u can be extended to a linear map from V to R with |u(x)| < ||x||
for every x € V. Assume M # V,andletv, € V~M.Let M| = M & Rv;. Then
the inequality

u@) +u(y) =ulx +y) < [lx+yl = llx=vill +vi +yl
implies
u(x) = llx =will = lly +will — u(y)

for x,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
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u(x) —a < [lx — v

and
u(y)+a =y +wvll

holds for all x,y € M. Define u;(x + tv;) = u(x) 4+ ta for x € M and t € R. Then
u; extends u to M; and is linear. Further, for ¢ # 0,

IA

1
liaCx + tv)] = ulx) + taf = [u(-x) + all|

1
—-Xx 4+

; lt] = llx 4 tvi]l.

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
equalto V. m|

Corollary C.1.4 Every continuous linear functional o on a subspace E of the Banach
space V extends to a continuous linear functional oy on 'V such that ||o| = |le]].

The continuous linear functionals on V separate points, so if v,w € V with a(v) =

a(w) foreverya € V', then v = w.

Proof Leta # 0 be a continuous linear functional on E. This means that || =
1

SUp,cg oy l(e)l/lle|l is finite. Then B = T satisfies || 8||=1, so, by the Hahn-
Banach Theorem, S extends to a linear functional 8; on V with ||8;||=1. Hence
o = [ler|| B extends to oy = ||| By with [ler || = [le]l.

If v # w, then there exists a linear functional « on the space E spanned by v and w
such that a(v) # a(w). As o extends to an element of V', the claim follows. O

Theorem C.1.5 (Open Mapping Theorem). Let T : 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 — E isa
topological isomorphism.

Proof Let U C E be an open neighborhood of 0. We have to show that 7(U)
contains an open neighborhood of 0. There exists ¢ > 0 such that U contains the ball
U, = B.(0) around zero of radius ¢. Let U,, = zinU], then U, v + U,4+1 C U, for
every n. We will show the existence of an open neighborhood W of 0 in F such that

W c T, Cc TW).

As F =T(E) = U,filkT(Uz), and F is a Baire space, one of the spaces kT (U;)
has non-empty interior, and as the map x > kx is a homeomorphism on F, the set
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T (U,) has non-empty interior, which implies the existence of an open W; C T (U>).
Then W, = —W, C T'(U,) as well, and W = W + W, is an open neighborhood of
0 contained in 7'(U;). It remains to show T(U;) C T(U). For this let y; € T(U,).
Assume that n > 1 and y; € T(Uy) has been chosen for all 1 < k < n. In the same
way as for U] it follows that 7'(U,+) contains a neighborhood of 0. Hence

(0 + TWa)) N T W) # 0,

so there exists x,, € U, such that T'(x,) € y, + T(U,+1). Put y,01 = y, — T(xp).
Then y,4+; € T(U,+1) and we iterate the inductive construction. Note that by the
continuity of 7 we have y, — 0. As |[x,[| < 5; the sum x = Y o2 | X, converges in
E and lies in U; C U. Now

N N
T(x)=limT (Z xn> =1im Y (v = Y1) = lim (1 = yn1) = 1.

n=1 n=1

We conclude that T(x) = 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
with the norm ||(v, w)|| = ||v|| + ||w]|. 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 isa
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 islinear, 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 & : 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 T is the composition of 77! with the
projection onto the second factor, hence 7 is continuous. O

Proposition C.1.7 Let F 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

v+ Fll, = inf [[v+ ul.
ueklF
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 |A|[|v + F|l; = |Av + F||, for every A € C. To see that
it satisfies the triangle inequality, let v, v, € E and ¢ > 0. Then we find w;,w, € F
such that [[v; +w;|| < |[vi + Flly + & fori = 1,2, and then we get

vi+va+ Fllg < lvi +va+wi +wal
Slvi+Fllg+llva+ Fllg + 2e.
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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),en
be a Cauchy sequence in E/F. By passing to a subsequence, we may assume that
Yoo a1 — v + Fllg < 00,50 that Y o | (Va1 — v, + 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 (v, + F),en. Thus it suffices to show that every series 2211 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 [|w, +u,| < [lw, + Fllg + 2%
Then Z;’f:, lw, + u,|| < oo and since E is complete, there exists w € E such that
w = 230:1 (Wn + u,). Since the quotient map v +— v + F is norm-decreasing, it
follows that Y>> w, + F = > 2, (w, +u,) + F convergestow+ F in E/F. O

Corollary C.1.8 Suppose that T : E — F is a continuous surjective 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 q,
where g : E — E/kerT denotes the quotient map, and since ||g|| < 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 IT|l < |IT(v+ kerT)|| + & and we can choose the vector
v € E such that ||v|]| < 1 + ¢. Then

ITI < 1T +kerT)| +&=[ITv|+e < TVl +e& < [ITI(1+¢)+e.

As ¢ > 0 is arbitrary, we get ITI < IT]. O

A subspace F of a vector space E is said to have finite codimension if E/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 E/F is one-dimensional. Choose
vo € E ~ F and fix the isomorphism E/F = C given by A(vop + F) — A. Then
the quotient map g : £ — E/F = C is a continuous linear functional on E.
We claim that ® : F @ C — E given by ®(w,1) = w + Ly is a topological
isomorphism. It is clearly continuous. To see continuity of the inverse assume that
Wn + Apvg) = (W + Avg). Then A, — X by the continuity of the quotient map,
which then also implies that w, — w. The result now follows from completeness of
FocC. O
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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 seminormon VisamapN : V —
[0, 00) such that for v,w € V and A € C one has

e N(w) = |AIN(v), and
e Nv+w)<N®W) + Nw).

The second condition is the triangle inequality.
Let (N;);c; be a family of seminorms on V. Then the family of open balls
B,’:(v) ={weV:N{—w)<r},

where r > 0,i € I, v € V, generates a topology on V that makes V a topological
vector space. It is an easy exercise for the reader to check that a net (v;) converges
to v with respect to this topology, if and only if N;(v; — j) — Oforalli € I.

Examples C.2.1

e Consider the Schwartz space S(R) of all infinitely differentiable complex
functions on R such that x — |x™ f"(x)| is bounded for all n,m € R. Then

Nun(f) = sup Ix™ ()]

defines a family of seminorms on S(R), which induces a topology on S(R).

¢ Let V be a vector space over the field of complex numbers, and let E C V* be
a subset of the dual space of V. Then every o € E defines a seminorm N, on
V by Ny(v) = |a(v)| for every v € V. This means that every subset £ 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(ox) = |oe(v)]. It follows that a net («;) in V converges
to « in the weak-* topology if and only if o;(v) — a(v) forall v € V, i.e., the
weak-* topology is the topology of pointwise convergence.

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 norm

vl = v/ v, v).
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For basics on Hilbert spaces see Chap. 2 of [Dei05]. The following is often used.

Proposition C.3.1 LetV be a Hilbert space. Choose an orthonormal basis (e;). The
continuous dual V' is a Hilbert space with the inner product

(o, B) =) " a(er)Bler),

which does not depend on the choice of the orthonormal basis.

For a given continuous linear map o : V — C there exists a unique vector wy, € V
such that a(v) = (v,wy) holds for every v € V. One has ||«|| = ||wy ||, so the map
o — Wy is an antilinear norm-preserving isomorphism V' — V.

Proof The properties of an inner product are easily verified. Let (f;) be another
orthonormal basis, then there are numbers a;; such that ¢; = Zk a;r fr and these
satisfy ), ajxajx = &;j as well as ), ay;ax; = &;j. Then

Y atenBlen) =Y anama(fOB(H) = Y a(fOB(fo).

i ikl 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 « induces an isomorphism U+ — C, so U™ is
one-dimensional. Let vy € U~ of norm one and set w = a(vo)vo. A givenv € V can
be written uniquely as v = u + Avy foru € U and A € C. Then

(v,w) = (Avo,oz(vo)v0> = A (vg) = a(v).

The uniqueness of w is clear. Finally, |||l = sup, =, [A(v)| = a(vo) = [Iw]|. O

It is a bit disturbing that the canonical isomorphism V' — V is antilinear. It is
possible to give linear isomorphisms, but not a canonical one. For this choose an
orthonormal basis (e;) of V and define ¢ : V' — V by ¥(a) = >, a(e;)e;. It is
easy to see that this indeed is an isomorphism.

Definition. Let / be an index set and for each i € [ fix a Hilbert space V;. The
algebraic direct sum €p,_; V; has a natural inner product

(vw) 23 (i wi),

iel

iel

forv = (v;),w = (w;). If V; # O for infinitely many i € I, then this space will not
be complete. We denote by V = P, _, V; its completion, called the Hilbert direct
sum of the spaces V;. In practice, when no confusion can arise, it is convenient to
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leave out the hat, i.e., to write @i <; Vi for the completed direct sum as well. One
can identify this space with the set of all v € [ [, V; such that

2
D villP < oo,

iel

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 Qw,V ® w/) déf(v, v’)(w, w/).

If both spaces are infinite dimensional, then this pre-Hilbert space will not be com-
plete. We denote its completion by V®W and call it the Hilbert tensor product of
the spaces V and W. If (¢;) is an orthonormal basis of V', and ( f;) is an orthonormal
basis of W, then the family (e; ® f;); ; is an orthonormal basis of VRW.

IfS:V —> Viand T : W — W are bounded linear operators on Hilbert spaces,
then they give rise to a natural bounded linear operator

ST:VOW—>V W,
which on simple tensors is given by

SRXITEYRw)=Sv)QT(Ww).

Lemma C.3.2 Let T : 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 w € W. We have (T*)* =T
and |T*|| =T

Proof For given w € W consider the linear functional v +— (Tv,w). As T is
continuous, this functional is, and so there exists a unique vector 7*w € V such
that (Tv,w) = (v, T*w) holds for every v € V. 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)| < ||w|[|T||T*w|. Dividing by || T*w||
shows that || T*w| < ||T|||lw|l, so T* is indeed bounded with ||T*|| < ||T]|. Since
(T*w,v) = (v, T*w) = (Tv,w) = (w,Tv) forallw e W,v € Vwehave (T*)* =T
and then ||T|| = [(T*)*|| < IT™]. o

Recall that a bounded operator T : V. — V is normal if T*T = TT*.
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Lemma C.3.3 Suppose that v € V is an eigenvector for the eigenvalue A € C of
the normal operator T € B(V). Then v is an eigenvector for the eigenvalue A of
the operator T*. Moreover, if A # [ are two eigenvalues of T, then Eig(T,\) L
Eig(T, ).

Proof Since (T — A1)y = 0 we have

[(T* = ADw||* = ((T* — X1, (T* — 1))
= (v, (T = A1)(T* = A1)
= (v, (T* = A1)(T — Al)v)
= I(T = Alp|> =0,

from which the first assertion follows. For the second assertion let v € Eig(T, 1) and
w € Eig(T, n). Then

My, w) = (Tv,w) = (v, T*w) = (v, tw) = w{v,w).

Since A # u it follows that (v,w) = 0. O

Definition 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 projec-
tion if and only if the space V is a direct orthogonal sum V = U @& W, where U and
W are closed subspaces and for every u +w € V withu € U and w € W one has
Pu+w)=u.

Proof Let P be an orthogonal projection. If x lies in the image of P, say x = P(y),
then P(x) = P?(y) = P(y) = x. By continuity, the identity x = P(x) 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

Definition 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
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{e; : i € I}is an orthonormal basis for W, then the orthogonal projection Py onto
W is given by

Py(v) =) (v.e)e:.

iel

C.4 Unbounded Operators

In this section we give some background on unbounded operators on Hilbert spaces.
The content of this section 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 andif 7 : D — W
is a linear map, we say that 7 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
g(T)={(v,Tv) : v e D}

is closed in V @ W. It follows from the closed graph theorem, that a densely defined
closed operator T : D C V — W is bounded if and only if D = V. Since the map
D — G(T) given by v — (v, T'v) 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)) Liv, w) + (Tv, Tw).

If T : D C V — W is adensely defined linear operator, then the adjoint operator
T* : D* ¢ 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 7*w,
in V such that

(Tv,w) = (v, T*w)

for every v € D. It is straightforward to check that 7* : 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**.
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For a proof of this and many other useful results on unbounded operators we refer to
[RS80]. The following easy observation will be used frequently in this section. We
leave the straightforward proof as an exercise

Lemma C.4.2 Supposethat T : D C V — W isa closed densely defined operator.
Then T(D)* = ker(T*) C D*.

A densely defined operator T : D C V — V is called self-adjoint it 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 [RS80, 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 7' is symmetric and D = D*. We shall also need the following
criterion for self-adjointness:

Proposition C.4.3 Suppose that T : D C V — V is a closed, densely defined,
symmetric operator. Then the following are equivalent:

(a) T is self-adjoint.
(b) ker(T £ ild) = {0}.
(c) (T £ild)(D)=V.

Proof If T is self-adjoint then it follows easily from the symmetry of T that i and
—i cannot be eigenvalues for 7 = T*, which proves (a) = (b). The assertion (c) =
(b) follows from Lemma C.4.2 after checking that (T 4+ AId)* = T* + AId for every
X € 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 & iId)(D) is closed in V if (b)
holds. For this we restrict our attention to the operator 7' — iId. Suppose that (v, ),en
is a sequence in D such that Tv, — iv, — w for some w in V. Using the equation

1TV — iv))? = | Tv|? + V]2

for every v € D, we observe that (Tv,),cn and (v,),en are Cauchy sequences and
there exist v,u € V such that v, — v and Tv,, — u. Since T is closed, it follows
thatv € D and Tv = u, and then w = (T — ild)v € (T — ild)(D).

To show (c) = (a) let w € D*. Then it follows from (c) that there exists v € D with
(T* —ildyw = (T — ild)v. Since D C D*, we see that w — v € ker(T* — ild), and
the latter is zero by (¢) = (b). So D* =D and T* =T. O



320 Appendix C Functional Analysis

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,vy) =0 = v=0.

We shall need the following observations:

Lemma C4.4 If T : D C V — V is self-adjoint and injective, then T (D) is dense
inVand T™' : T(D) C V — V is also self-adjoint. In particular, if T : D C V —
V is positive definite, then T is injective and T~' : T(D) C V — V is also positive
definite.

Proof It follows from Lemma C.4.2 that a selfadjoint operator has dense image if
and only if it is injective. Since G(T) = G(T "), it follows that 7! 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

(77" —ild)(T(D)) = —i(ild + T)(D) = V

since T is self-adjoint, and similarly (7' + iId) (D) = V. Thus T~ is self-adjoint
by Proposition C.4.3. O

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
T : 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, thenv — 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 (definite). Using the spectral theorem,
we may also consider the square-route C = T'/? of T, which is also a positive
operator that satisfies the equation

B(v,w) = (Cv,Cw)

for every v,w € V.
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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,),cn 1S a sequence in D, which converges to some
v € V and such that
B(Vn — VmsVn — Vm) - 0

forn,m — oo, thenv € D and B(v, —v,v, —v) = 0 forn — oo.
Theorem C.4.5 Suppose that D is a dense linear subspace of the Hilbert space V

and that
B:DxD—C

is 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)

forall 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,),en 1S
a sequence in D, which is Cauchy with respect to (-, -), then it follows that (v;)cn is
Cauchy in V, hence converges to some v € V, and that B(v, — v, v, — v;) = 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 to D as a positive definite
hermitian form on (D, ((-,-))). This is clearly bounded, and we obtain a positive
definite operator C; : D — D such that

(v,w) = (C1v, Cyw) + B(Cyv,C1w)

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 Cfl : C1(D) — D denote the inverse of C;. It then satisfies

(Cflv, Cflw) = (v,w) + B(v,w)
forall v,w € C{(D).

Consider now the hermitian form B : D x D — C. Since it is continuous with
respect to ((-, -)) there exists a positive operator C, : D — D with

Bv,w) = (Cov, Cow) + B(Cypv, Caw)

forall v,w € D.
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Put D = CZ_I(CI(D)). We want to define C : D — V as the composition Cl_1 o Cs.
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)

forall v,w € D. Thus, if we regard C as a map from (D, ({-,-))) to (V, (-, ), we see
that C becomes bounded, and therefore extends 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 C V — 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 [Rud91, Chap. 13]) we may consider the operator

|C| L JC*C. Then |C| is a positive self-adjoint operator such that
(ICIv,ICw) = (IC|*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
be positive or even positive definite if B(, -) is positive definite. Indeed there exists
a unique positive operator C : D C V — V such that B(v,w) = (Cv,Cw), forif S
would be another such operator, then

((C2 — Sz) v, w) = (sz, w) — (Szv, w> =0

for all v, w € D, from which it follows that C2 = §2, and hence C = S.
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