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Notation and Conventions

If H is a complex Hilbert space, then its scalar product is written (-,-). It is
linear in the first and antilinear in the second argument

Mov,w) = A, w) = (v, \w),
and ||v| := /{v,v) is the corresponding norm.
o N:={1,2,3,...}
e Ry :={zeR:z>0}=10,00[
o R*: =R\ {0}, C*:=C\ {0}, T:={z€C: |z|=1}.
For Banach spaces X and Y we write
B(X,Y):={A: X - Y: A linear, ||A] < oo}

for the Banach space of bounded linear operators from X to Y. For X =Y
we abbreviate B(X) := B(X, X) and write GL(X) for the group of invertible
elements in B(X). If H is a complex Hilbert space, then we have an antilinear
isometric map B(H) — B(H), A — A*, determined uniquely by

(Av,w) = (v, A*w) for v,w € H.

We write
U(H):={g e GL(H): g ' =g¢*}

for the unitary group. For H = C", the corresponding matrix group is denoted
U,(C) == {g € GL,(C): =" = ¢"}.

If G is a group, we write 1 for its neutral element and

A(z) = g2, pglx) =29 and c4(z)= grg !

for left multiplications, right multiplications, resp., conjugations.
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Lecture Notes






Introduction

A unitary representation of a group G is a homomorphism 7: G — U(H) of G
to the unitary group

U(H) ={g€ GL(H): g" =g}

of a complex Hilbert space H. Such a representation is said to be irreducible
if {0} and H are the only m(G)-invariant closed subspaces of H. The two
fundamental problems in representation theory are:

(FP1) To classify, resp., parameterize the irreducible representations of G, and

(FP2) to explain how a general unitary representation can be decomposed into
irreducible ones. This is called the problem of harmonic analysis because it
contains in particular the expansion of a periodic L?-function as a Fourier
series.

As formulated above, both problems are not well-posed. First, one has to
specify the class of representations one is interested in, and this class may de-
pend on the group G, resp., additional structure on this group. Only in very
rare situations, one studies arbitrary unitary representations. If, fi., G is a
topological group, i.e., if G carries a topology for which the group operations are
continuous, one is only interested in unitary representations which are continu-
ous in the sense that for each v € H, the orbit map

m™:G—-H, g¢g—7(g)v

is continuous. If GG is a Lie group, a concept refining that of a topological group,
so that it makes sense to talk about smooth functions on GG, then we consider
only representations for which the subspace

H* :={veH:m": G—H issmooth}

of smooth vectors is dense in H.
This means that there are three basic contexts for representation theory

e the discrete context (G is considered as a discrete group, no restrictions)
e the topological context (G is a topological group; continuity required)
e the Lie context (G is a Lie group; smoothness required).

In each of these contexts, the two fundamental problems mentioned above are
of a completely different nature because they concern different classes of repre-
sentations. For example one can show that the harmonic analysis problem has
a good solution for the topological group GL2(R), but not for the same group,
considered as a discrete one. To make statements like this more precise is one
of the fundamental tasks of representation theory.

To give a first impression of the major difficulties involved in this program,
we discuss some examples.



Remark 0.0.1. If the group G is abelian, then one can show that all irreducible
representations (m,H) are one-dimensional, so that mw(a) = x(a)1 holds for a
group homomorphism

x:A—-T:={zeC:|z|] =1}

into the circle group. Such homomorphisms are called characters. For a topo-
logical group G we write R
G := Hom(G,T)

for the set of continuous characters. They form a group under pointwise mul-
tiplication, called the character group. Since all irreducible representations are
one-dimensional, the group GG parameterizes the irreducible representations and
the solution of (FP1) therefore consists in a description of the group G.

The second fundamental problem (FP2) is much harder to deal with. If
(w,’H) is a unitary representation, then each irreducible subrepresentation is
one-dimensional, hence given by a G-eigenvector v € H satisfying

m(g)v=x(gv for geG

and some character xy € G. Now one would like to “decompose” H into the
G-eigenspaces

Hy :={veH: VgeG)n(g)v=x(g)v}
As the following two examples show, there are situations where this is possible,
but this is not always the case.

Example 0.0.2. To solve (FP1) for the group G := T, we first note that for
each n € Z, xn(z) := 2™ defines a continuous character of T, and one can show
that these are all continuous characters. Therefore x,,Xm = Xn+m leads to

T = Hom(T, T) = Z.

The group T has a continuous representation on the space H = L?(T, u),
where p is the probability measure on T specified by

1

[ 1@ ) =5 " ety di
T ™ Jo

and
(w(t)f)(2) := f(tz).
Then the T-eigenfunctions in H corresponding to x,, are the functions y,, them-

selves, and it is a basic result in the theory of Fourier series that any function
f € 'H can be expanded as a Fourier series

/= Z AnXn
neEZ

converging in H. In this sense H is a (topological) direct sum of the subspaces
Cxn, which means that the representation = decomposes nicely into irreducible
pieces.



Example 0.0.3. For the group G := R, the solution of (FP1) asserts that each
continuous character is of the form

so that xaXxu. = Xa+u leads to
R=R.

The group R has a continuous representation on the space H = L?(R, dx)
given by
(m(@)f)(y) = f(z + ).

Then the R-eigenfunctions in H corresponding to x solve the equation

flx+y) =™ fly)

almost everywhere on R, which leads to f = ¢y for some ¢ € C. Unfortu-
nately, the functions x, are not square integrable because |xx| = 1 and R has
infinite measure. Therefore the representation (7, H) contains no irreducible
subspaces and we need refined methods to say what it means to decompose it
into irreducible ones.

The problem of decomposing functions into simpler pieces with respect to
the transformation behavior under a certain symmetry group arises in many
situations, not only in mathematics, but also in the natural sciences. In math-
ematics, unitary representation theory has many applications in areas ranging
from number theory, geometry, real and complex analysis to partial differential
equations.

However, one of the strongest motivation for the systematic development of
the theory of unitary group representations, started in the 1940s, was its close
connection to Quantum Mechanics. This connection is due to the fact that the
states of a quantum mechanical system are modeled by the set

P(H) :={[v] =Cv: 0 #£v € H}

of one-dimensional subspaces of a complex Hilbert space, its projective space.
This spaces carries several interesting structures. The most important one for
physics is the function

[ (v, w)|?

B:P(H) x P(H) — [0,1],  B([v], [w]) = 751

[[o]2{|w]]
which is interpreted as a transition probability between the two states [v] and
[w]. A central feature of quantum physical models is that systems are often
specified by their symmetries. This means that each system has a symmetry
group G. This group acts on the corresponding set P(H) of states in such a

way that it preserves the transition probabilities, i.e., we have a group action
G x P(H) — P(H), (g, [v]) — g[v], satisfying

Blglvl, glw]) = B([v], [w])  for g€ G,0#v,weH.



To link these structures to unitary representations, we have to quote Wigner’s
fundamental theorem that for each bijection ¢ of P(H) preserving (3, there
exists either a linear or an antilinear surjective isometry v : H — H such that
@[v] = [¥(v)] holds for each 0 # v € H (cf. [FF00, Thm. 14.3.6] for Wigner’s
Theorem and various generalizations and [PF80] for the Lorentzian case). We
thus obtain a surjective homomorphism

I': Us(H) — Aut(P(H),8), ¢ — o,

where Ug(H) denotes the set of semilinear unitary operators, where semilinear
means either linear or antilinear. If G C Aut(IP(H), ) is a quantum mechanical
symmetry group, we thus obtain a subgroup G* := IT'"}(G) C Uy(H) with a
semilinear unitary representation on H, and the subgroup G¥ := G* N U(H) of
index two is a unitary group. One subtlety that we observe here is that the
homomorphism I' is not injective, if dim’H > 1, its kernel consists of the circle
group T1 = {z1: |z| = 1,z € C}, so that

G=GHT

and G* is an extension of the group G by the circle group T.

It is this line of reasoning that leads us from quantum mechanical modeling to
the problem of classifying irreducible unitary representation of a group G, resp.,
its extensions G*, because these representations correspond to systems with the
same kind of symmetry. Similar questions lead in particular to the problem of
classifying elementary particles in terms of representations of certain compact
Lie groups.



Chapter 1

Continuous Unitary
Representations

Throughout these notes we shall mainly be concerned with continuous repre-
sentations of topological groups. Therefore Section 1.1 introduces topological
groups and some important examples. In Section 1.2 we discuss continuity of
unitary representations and provide some methods that can be used to verify
continuity easily in many situations. We also introduce the strong topology
on the unitary group U(H) for which a continuous unitary representation of G
is the same as a continuous group homomorphism 7: G — U(H). As a first
step in the decomposition theory of representations, we discuss in Section 1.3
direct sums of unitary representations and show that every representation is a
direct sum of cyclic ones. Later we shall study cyclic representations in terms
of positive definite functions on G.

1.1 Topological Groups

Definition 1.1.1. A topological group is a pair (G,7) of a group G and a
Hausdorff topology 7 for which the group operations

mg:GxG—G, (z,9)—a2y and ng:G—G, z—az !
are continuous if G x G carries the product topology. Then we call 7 a group
topology on the group G.

Remark 1.1.2. The continuity of the group operations can also be translated
into the following conditions which are more direct than referring to the product
topology on G. The continuity of the multiplication m¢ in (z,y) € G X G means
that for each neighborhood V of xy there exist neighborhoods U, of = and U,
of y with U,U, C V. Similarly, the continuity of the inversion map ng in x
means that for each neighborhood V' of 27!, there exist neighborhoods U, of x
with U7t C V.
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Remark 1.1.3. For a group G with a topology 7, the continuity of m¢g and ng
already follows from the continuity of the single map

0:GxG—G, (g,h)—ghl.

In fact, if ¢ is continuous, then the inversion ng(g9) = g~ = ¢(1,9) is the
composition of ¢ and the continuous map G — GxG, g — (1, g). The continuity
of ng further implies that the product map

idg xng: Gx G —GxG, (g,h)— (9,071
is continuous, and therefore mg = ¢ o (idg x7¢g) is continuous.
Remark 1.1.4. Every subgroup of a topological group is a topological group.

Example 1.1.5. (1) G = (R",+) is an abelian topological group with respect
to any metric defined by a norm.

More generally, the additive group (X, +) of every Banach space is a topo-
logical group.

(2) (C*,") is a topological group and the circle group T := {z € C*: |z| = 1}
is a compact subgroup.

(3) The group GL,,(R) of invertible (n x n)-matrices is a topological group
with respect to matrix multiplication. The continuity of the inversion follows
from Cramer’s Rule, which provides an explicit formula for the inverse in terms
of determinants: For g € GL,(R), we define b;;(g) := det(gmk)mjkzi- Then
the inverse of g is given by

)it
)

see Proposition 1.1.10 for a different argument).
P ition 1.1.10 f different t
(4) Any group G is a topological group with respect to the discrete topology.

We have already argued above that the group GL, (R) carries a natural
group topology. This group is the unit group of the algebra M, (R) of real
(n x n)-matrices. As we shall see now, there is a vast generalization of this
construction.

Definition 1.1.6. A Banach algebra is a triple (A, m4, || -||) of a Banach space
(A, |l - II), together with an associative bilinear multiplication

ma: Ax A— A (a,b) — ab
for which the norm || - || is submultiplicative, i.e.,
llabl| < llal - [lo]]  for a,be€ A.

By abuse of notation, we shall mostly call A a Banach algebra, if the norm and
the multiplication are clear from the context.
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A wunital Banach algebra is a pair (A, 1) of a Banach algebra .4 and an
element 1 € A satisfying 1a = al = a for each a € A.
The subset

A :={aec A: (3be A) ab=ba =1}
is called the unit group of A (cf. Exercise 1.1.24).

Example 1.1.7. (a) If (X, ]| - ||) is a Banach space, then the space B(X) of
continuous linear operators A: X — X is a unital Banach algebra with respect
to the operator norm

[A]l := sup{[|Az[|: = € X, [l«] < 1}

and composition of maps. Note that the submultiplicativity of the operator
norm, i.e.,

|AB| < ||A]l - [|BI],
is an immediate consequence of the estimate
[ABz|| < |A[| - | Bz| < [[Al - | B] - [|«]| ~ for =z € X.

In this case the unit group is also denoted GL(X) := B(X)*.

(b) If X is a compact space and A a Banach algebra, then the space C(X,.A)
of A-valued continuous functions on X is a Banach algebra with respect to point-
wise multiplication (fg)(z) := f(z)g(z) and the norm | f|| := sup,cx ||f(z)]|
(Exercise 1.1.22)

(¢) An important special case of (b) arises for A = M,,(C), where we obtain
C(X, M,(C))* = C(X,GL,(C)) = GL,(C(X, C)).

Example 1.1.8. For any norm || - || on R™, the choice of a basis yields an iso-
morphism of algebras M, (R) = B(R"), so that GL,(R) = B(R")* = GL(R").

Remark 1.1.9. In a Banach algebra A, the multiplication is continuous because
an — a and b, — b implies ||b,|| — ||b|| and therefore

lanbn — abll = |lanbn — aby + aby — abl| < [lan — al| - [|ba[| + [l - [[bn — b]] — .
In particular, left and right multiplications
At A= A, x—azx, and pg: A— Az za,
are continuous with
Pall < llall  and  [lpall < llall-
Proposition 1.1.10. The unit group A* of a unital Banach algebra is an open

subset and a topological group with respect to the topology defined by the metric
d(a,b) := |la — b||.
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Proof. The proof is based on the convergence of the Neumann series fo:o z"
for ||z|| < 1. For any such 2 we have

(1—x)ix" = (ix")(l—x) =1,
n=0 n=0

so that 1 —z € A*. We conclude that the open unit ball B;(1) is contained
in A%.

Next we note that left multiplications \;: A — A with elements g € A*
are continuous (Remark 1.1.9), hence homeomorphisms because A\; ' = Aj-1 is
also continuous. Therefore gB1(1) = AyB1(1) C A* is an open subset, showing
that g is an interior point of A*. Therefore A is open.

The continuity of the multiplication of A* follows from the continuity of
the multiplication on A by restriction and corestriction (Remark 1.1.9). The
continuity of the inversion in 1 follows from the estimate

el

o0 oo 1
Ao =1 =12 < 3 llef” = —1= 7
PBELEDD 1= ] o]

which tends to 0 for x — 0. The continuity of the inversion in gg € A* now
follows from the continuity in 1 via

97 =90 =95 (9097 = 1) =95 (995 )" — 1)
because left and right multiplication with g, 1'is continuous. This shows that

A* is a topological group. O

As we shall see throughout these notes, dealing with unitary representations
often leads us to Banach algebras with an extra structure given by an involution.

Definition 1.1.11. (a) An involutive algebra A is a pair (A, *) of a complex
algebra A and a map A — A, a — a*, satisfying

(1) (a*)* = a (Involutivity)
(2) (Ma+ pb)* = Aa* + mb* (Antilinearity).
(3) (ab)* =b*a* (x is an antiautomorphism of A).

Then * is called an involution on A. A Banach-x-algebra is an involutive algebra
(A, *), where A is a Banach algebra and ||a*|| = ||a]| holds for each a € A. If,
in addition,

la*all = a2 for ac A,
then (A, %) is called a C*-algebra.
Example 1.1.12. (a) The algebra B(H) of bounded operators on a complex
Hilbert space H is a C*-algebra. Here the main point is that for each A € B(H)

we have
[ All = sup{[(Av, w)|: ||, [lw]| < 1},



1.1. TOPOLOGICAL GROUPS 11

which immediately implies that ||A*|| = ||A]|. It also implies that
1A* Al = sup{|{Av, Aw)|: o]}, [[w]] < 1} > sup{[|Av]]*: o]l < 1} = [|A[}?,

and since |A*A| < [|A*]| - [|A]| = ||A|? is also true, we see that B(H) is a
C*-algebra.

(b) From (a) it immediately follows that every closed *-invariant subalgebra
of A C B(H) also is a C*-algebra.

(c) If X is a compact space, then the Banach space C(X,C), endowed with
| fIl := supgex | f(x)] is a C*-algebra with respect to f*(z) := f(x). In this case
£ 1l = NP1 = [1F]J? s trivial.

(d) If X is a locally compact space, then we say that a continuous function
f: X — C vanishes at infinity if for each € > 0 there exists a compact subset
K C X with |f(z)] < € for z ¢ K. We write Cy(X,C) for the set of all
continuous functions vanishing at infinity and endow it with the norm || f| :=
sup,ex | f(z)|. (cf. Exercise 1.1.23). Then Cy (X, C) is a C*-algebra with respect
the involution f*(z) := f(x).

Example 1.1.13. (a) If H is a (complex) Hilbert space, then its unitary group
U(H) = {g € GL(H): g* = g™}

is a topological group with respect to the metric d(g, h) := ||g—h||. It is a closed
subgroup of GL(H) = B(H)*.
For H = C", endowed with the standard scalar product, we also write

Un(C) := {g € GLa(C): g =g~} 2 U(C"),

and note that
Ui(C)={z€C* =GL(C): |2| =1} =T

is the circle group.
(b) If A is a unital C*-algebra, then its unitary group

UA) :={geA:g9"=g"g=1}

also is a topological group with respect to the norm topology.

Exercises for Section 1.1

Exercise 1.1.14. (Antilinear Isometries) Let H be a complex Hilbert space.
Show that:

(a) There exists an antilinear isometric involution 7 on H. Hint: Use an or-
thonormal basis (e;);es of H.

(b) A map ¢: H — H is an antilinear isometry if and only if

<50(U)7 <p(w)> = <'LU, U> for wv,weH.
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(c) If o is an antilinear isometric involution of H, then there exists an or-
thonormal basis (e;);ecs fixed pointwise by o. Hint: Show that H? :=
{v € H: o(v) = v} is a real Hilbert space with H? @ iH’ = H and pick
an ONB in H.

Exercise 1.1.15. (Antilinear Isometries) Let H be a complex Hilbert space.
Show that:

(a) In the group Us(H) of semilinear (=linear or antilinear) surjective isometries
of H, the unitary group U(H) is a normal subgroup of index 2.

(b) Each antilinear isometry ¢ of H induces a map @: P(H) — P(H), [v] —

[p(v)] preserving B([u], [w]) = 1y

TPl ie.,
_ o), ow))?
()12l (w)l*

(c) An element g € U(H) induces the identity on P(H) if and only if g € T1.

B(@lv], plwl) = B([v], [w]).

(d) If there exists an antilinear isometry inducing the identity on P(H), then
dim’H = 1. Hint: Show first that 02 = A1 for some A € T. Find y € T
such that 7 := po is an involution and use Exercise 1.1.14(c).

Exercise 1.1.16. Let G be a topological group. Show that the following asser-
tions hold:

i) The left multiplication maps A\y: G — G,z +— gz are homeomorphisms.
ii) The right multiplication maps py: G — G,z — xg are homeomorphisms.

1

iii) The conjugation maps ¢,: G — G,z +— gzg~' are homeomorphisms.

1

(
(
(
(iv) The inversion map ng: G — G,z +— x~

is a homeomorphism.

Exercise 1.1.17. Let G be a group, endowed with a topology 7. Show that
(G, ) is a topological group if the following conditions are satisfied:

i) The left multiplication maps A,: G — G,z — gx are continuous.
(i) P ps Ay : g

1 is continuous.

(ii) The inversion map ng: G — G,z — z~
(i) The multiplication m¢g: G X G — G is continuous in (1,1).

Hint: Use (i) and (ii) to derive that all right multiplications and hence all
conjugations are continuous.

Exercise 1.1.18. Let G be a group, endowed with a topology 7. Show that
(G, 7) is a topological group if the following conditions are satisfied:

i) The left multiplication maps A\,: G — G,z +— gz are continuous.
(i) p DS Ag g

(ii) The right multiplication maps p,: G — G,z — xg are continuous.
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(iii) The inversion map ng: G — G is continuous in 1.
(iv) The multiplication mg: G x G — G is continuous in (1,1).

Exercise 1.1.19. Show that if (G;);cr is a family of topological groups, then
the product group G := [],.; G; is a topological group with respect to the
product topology.

Exercise 1.1.20. Let G and N be topological groups and suppose that the
homomorphism a: G — Aut(N) defines a continuous map

GXxN—=N, (g,n)—alg)(n)
Then N x G is a group with respect to the multiplication

(n,9)(n,g") := (na(g)(n'),g9"),

called the semidirect product of N and G with respect to . It is denoted N x,G.
Show that it is a topological group with respect to the product topology.
A typical example is the group

Mot(H) := H x, U(H)

of affine isometries of a complex Hilbert space H; also called the motion group.
In this case a(g)(v) = gv and Mot(H) acts on H by (b, g).v := b+ gv (hence the
name). On U(H) we may either use the norm topology or the strong topology.
For both we obtain group topologies on Mot(H) (verify this!).

Exercise 1.1.21. Let X be a topological space and G be a topological group.
We want to define a topology on the group C(X, G), endowed with the pointwise
product (fg)(x) = f(x)g(x). We specify a set 7 of subsets of C(X,G) by
O € 7 if for each g € O there exists a compact subset K C X and an open
1-neighborhood U C G such that

W(K,U) = {f € C(X,G): f(K)C U}

satisfies gW (K,U) C O. Show that 7 defines a group topology on C(X,G). Tt
is called the compact open topology, or the topology of uniform convergence on
compact subsets of X. Hint: You may cut the problem into the following steps:

(i) For compact subsets K7, ..., K, of X and open 1-neighborhoods Uy, ..., U,
in GG, we have
w( UK N U:) € WK, U).
i=1 i=1 i=1

(i) W(K,U) € 7 for K C X compact and U C G an open 1-neighborhood.
Hint: If f(K) C U, there exists a 1-neighborhood V in G with f(K)V C
U, and then fW(K,V) C W(K,U).

(iii) 7 is a topology on C(X, G).
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(iv) Use Exercise 1.1.17 to show that C'(X,G) is a topological group. For
the continuity of the multiplication in 1, use that W (K, V)W (K,V) C
W(K,U) whenever VV C U.

Exercise 1.1.22. Let X be a compact space and A be a Banach algebra. Show
that:

(a) The space C(X,.A) of A-valued continuous functions on X is a complex
associative algebra with respect to pointwise multiplication (fg)(z) :=

f(x)g(x).

(b) I fIl :== sup,ex ||f(2)] is a submultiplicative norm on C(X,.A) for which
C(X,.A) is complete, hence a Banach algebra. Hint: Continuous func-
tions on compact spaces are bounded and uniform limits of sequences of
continuous functions are continuous.

(c) C(X,A)* =C(X,AX).

(d) If A is a C*-algebra, then C(X, A) is also a C*-algebra with respect to the
involution f*(z) := f(z)*, z € X.

Exercise 1.1.23. Let X be a locally compact space and A be a Banach algebra.
We say that a continuous function f: X — A wvanishes at infinity if for each
€ > 0 there exists a compact subset K C X with ||f(z)| < e for z & K. We
write Co(X,.A) for the set of all continuous A-valued functions vanishing at
infinity. Show that all assertions of Exercise 1.1.22 remain true in this more
general context.

Exercise 1.1.24. Let A be a Banach algebra over K € {R,C}. If A has no
unit, we cannot directly associate a “unit group” to A. However, there is a
different way to do that by considering on A the multiplication

Txy:=x+y+xy.
Show that:

(a) The space A, := A x K is a unital Banach algebra with respect to the
multiplication

(a,t)(a',t') == (ad' + ta' +t'a,tt’).

(b) The map n: A — A,z — (z,1) is injective and satisfies n(x * y) =
n(z)n(y). Conclude in particular that (A, *,0) is a monoid, i.e., a semi-
group with neutral element 0.

(c) An element a € A is said to be quasi-invertible if it is an invertible element
in the monoid (A, %,0). Show that the set .A* of quasi-invertible elements
of A is an open subset and that (A*,*,0) is a topological group.
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1.2 Continuous Unitary Representations

For a topological group GG, we only want to consider unitary representations
which are continuous in some sense. Since we have already seen above that
the unitary group U(H) of a Hilbert space is a topological group with respect
to the metric induced by the operator norm, it seems natural to call a unitary
representation 7: G — U(H) continuous if it is continuous with respect to the
norm topology on U(H). However, the norm topology on U(H) is very fine, so
that continuity with respect to this topology is a condition which is much too
strong for many applications. We therefore need a suitable weaker topology on
the unitary group.

We start by defining some topologies on the space B(H) of all continuous
operators which are weaker than the norm topology.

Definition 1.2.1. Let H be a Hilbert space. On B(H) we define the weak
operator topology T,, as the coarsest topology for which all functions

fow: B(H)—>C, Aw (Av,w), v,weH,

are continuous. We define the strong operator topology s as the coarsest topol-
ogy for which all maps

BH) - H, A~ Av, veEH,

are continuous. This topology is also called the topology of pointwise conver-
gence.

Remark 1.2.2. (a) Since
fow(A) = fo,w(B) = (A= Bv,w) < [[(A = B)ol| - [[w]]

by the Cauchy—Schwarz Inequality, the functions f, ,, are continuous on B(H)
with respect to the strong operator topology. Therefore the weak operator
topology is weaker (=coarser) than the strong one.

(b) In the weak operator topology all left and right multiplications

Aa: B(H) — B(H), X+~ AX andps: B(H) — B(H), X+— XA
are continuous. Indeed, for v, w € H, we have
fow(Aa(X)) = (AXv,w) = fo,a-0(X),

so that f, ., 0A4 is continuous, and this implies that A 4 is continuous. Similarly,
we obtain f, ., © pa = fav,w, and hence the continuity of pa.

Proposition 1.2.3. On the unitary group U(H) the weak and the strong oper-
ator topology coincide and turn it into a topological group.

We write U(H); for the topological group (U(H), 7s)-
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Proof. For v € H and ¢g; — g in U(H) in the weak operator topology, we have

lgiv — goll* = [lgivl? + llgvl|* — 2Re(giv, gv) = 2||v||* — 2Re(g;v, gv)
— 2o — 2Re{gu, gv) = 0.

Therefore the orbit maps U(H) — H, g — gv are continuous with respect to the
weak operator topology, so that the weak operator topology on U(H) is finer
than the strong one. Since it is also coarser by Remark 1.2.2, both topologies
coincide on U(H).

The continuity of the multiplication in U(H) is most easily verified in the
strong operator topology, where it follows from the estimate

lgihiv — ghv|| = ||gi(hi — h)v + (g9: — g)hv|| < ||gi(hi — R)v|| + ||(9: — g)hv]]
= [[(hi = h)v|l + [[(g: — g)hv].

This expression tends to zero for g; — ¢g and h; — h in the strong operator
topology.

The continuity of the inversion follows in the weak topology from the conti-
nuity of the functions

fow(g™) = (g7 v,w) = (v, gw) = (gw,v) = fu.(9)
for v,w € H and g € U(H). O

Remark 1.2.4. (a) If dim’H < oo, then the norm topology and the strong
operator topology coincide on B(H), hence in particular on U(H). In fact,
choosing an orthonormal basis (e1,...,ey) in H, we represent A € B(H) by the
matrix A = (a;;) € M, (C), where a;; = (Aej,e;) = fe, e, (A). If By € M,(C)
denote the matrix units, we then have A =37 j=1@ij Eij, so that

1AL < D lais Bl = ) fey e (AIE

ij=1 ij=1

which shows that convergence in the weak topology implies convergence in the
norm topology.

(b) If dim’H = oo, then the strong operator topology on U(H) is strictly
weaker than the norm topology. In fact, let (e;);cr be an orthonormal basis of
‘H. Then [ is infinite, so that we may w.l.o.g. assume that N C I. For each n we
then define the unitary operator g, € U(H) by gne; := (—1)%nme;. For n # m,
we then have

90 — gmll = [[(gn — gm)enll = | — 2enl| = 2,
and
<gnv7w> - <v,w> = <gnv - va) = <_2<vven>en7w> = _2<vven><emw> —0

implies that lim, - g, = 1 in the weak operator topology.
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Definition 1.2.5. Let H be a complex Hilbert space and G a topological group.
A continuous homomorphism

m: G— U(H),

is called a (continuous) unitary representation of G. We often denote unitary
representations as pairs (7, H). In view of Proposition 1.2.3, the continuity of
7 is equivalent to the continuity of all the representative functions

Tow: G — C, Wv,w(g) = (m(g)v,w).

A representation (w,H) is called norm continuous, if it is continuous with
respect to the operator norm on U(H). Clearly, this condition is stronger

Here is a convenient criterion for the continuity of a unitary representation:

Lemma 1.2.6. A unitary representation (mw,H) of the topological group G is
continuous if and only if there exists a subset E C H for which span E is dense
and the functions m, ., are continuous for v,w € E.

Proof. The condition is clearly necessary because we may take ' = H.

To see that it is also sufficient, we show that all functions =, ., v,w € ‘H, are
continuous. If F' := span F, then all functions m, ,,, v,w € F, are continuous
because the space C(G, C) of continuous functions on G is a vector space.

Let v,w € H and v,, — v, w, — w with v,,w, € F. We claim that the
sequence Ty, ., converges uniformly to m, ,,, which then implies its continuity.
In fact, for each g € G we have

Mo, (9) = Tow(9)] = (T(9)Vn, wr) — (7(g)v, w)]
= [(m(g)(vn = v),wn) — (7(g)v,w — wn)|
< lIm(g)(vn = ) llwnl + lm(g)vll[|w — wall
= [lvn = vllllwn |l + lv[[lw — wn| — 0. O

Example 1.2.7. If (¢;)cs is an orthonormal basis of H, then E := {e;: j € J}
is a total subset. We associate to A € B(H) the matrix (a;x); ke, defined by

ajk = <Aeka 6j>7

AZxkek = Z (Zajkxk)ej.

keJ jeJ keJ

so that

Now Lemma 1.2.6 asserts that a unitary representation (7, H) of G is con-
tinuous if and only if all functions

mik(9) = (T(9)er, €j) = ey e;(9)

are continuous. These functions are the entries of m(g), considered as a (J x J)-
matrix.



18 CHAPTER 1. CONTINUOUS UNITARY REPRESENTATIONS

To deal with unitary group representations, we shall frequently have to deal
with representations of more general structures, called involutive semigroups.

Definition 1.2.8. A pair (S, ) of a semigroup S and an involutive antiauto-
morphism s +— s* is called an involutive semigroup. Then we have (st)* = t*s*
for s,t € S and (s*)* = s.

Example 1.2.9. (a) Any abelian semigroup S becomes an involutive semigroup
with respect to s* :=s.

(b) If G is a group and g* := g1, then (G, %) is an involutive semigroup.

(¢) An example of particular interest is the multiplicative semigroup S =
(B(H), -) of bounded operators on a complex Hilbert space H (Example 1.1.12(a)).

Definition 1.2.10. (a) A representation (w,H) of the involutive semigroup
(S, *) is a homomorphism 7: S — B(H) of semigroups satisfying 7(s*) = 7(s)*
for each s € S.

(b) A representation (m, H) of (S, *) is called non-degenerate, if 7(S)H spans
a dense subspace of H. This is in particular the case if 1 € 7(S5).

(c) A representation (m, H) is called cyclic if there exists a v € H for which
7(S)v spans a dense subspace of H.

(d) A representation (m,H) is called irreducible if {0} and H are the only
closed 7(S)-invariant subspaces of H.

Example 1.2.11. If G is a group with g* = g1, then the representations of
the involutive semigroup (G, *) mapping 1 € G to 1 € B(H), are precisely the
unitary representations of G. All unitary representations of groups are non-
degenerate since 7(1) = 1.

Exercises for Section 1.2

Exercise 1.2.12. Let H be a Hilbert space. Show that:

(1) The involution on B(H) is continuous with respect to the weak operator
topology.

(2) On every bounded subset K C B(H) the multiplication (A, B) — AB is
continuous with respect to the strong operator topology.

(3) On the unit sphere S := {x € H: ||z|| = 1} the norm topology coincides
with the weak topology.

Exercise 1.2.13. Let H be a Hilbert space and U(H), its unitary group, en-
dowed with the strong (=weak) operator topology. Show that the action map

o: UH)s xH—H, (g,v)—gv

is continuous. Conclude that each continuous unitary representation (m,H) of
a topological group G defines a continuous action of G on H by g.v := 7(g)v.
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Exercise 1.2.14. Let (a,)nen be a sequence of real numbers. Show that we
obtain a continuous unitary representation of G = (R, +) on H = ¢?(N,C) by

n(t)x = (" xy, e 2, .. ).

Show further that, if the sequence (a,) is unbounded, then 7 is not norm con-
tinuous. Is it norm continuous if the sequence (a,) is bounded?

Exercise 1.2.15. Let (m,H) be a representation of an involutive semigroup
(S, *). Show that:

(a) (w,H) is non-degenerate if and only if 7(S)v C {0} implies v = 0.

(b) Show that (m, H) is an orthogonal direct sum of a non-degenerate represen-
tation and a zero representation ({, K), i.e., {(S) = {0}.

Exercise 1.2.16. Let (m,H) be a representation of the involutive semigroup
(G,ng), where G is a group. Show that:

(a) (w,H) is non-degenerate if and only if (1) = 1.
(b) H =Ho® Hi, where H; = ker(n(1) — j1), is an orthogonal direct sum.

Exercise 1.2.17. Let (X,d) be a metric space and G := Aut(X,d) be the
group of automorphisms of (X, d), i.e., the group of bijective isometries. Show
that the coarsest topology on G for which all functions

fz: G—R, fm(g) = d(g.l‘7l')

are continuous turns G into a topological group and that the action
o: Gx X — X,(g,x) — g.x is continuous.

1.3 Discrete Decomposition of Unitary Repre-
sentations

One major goal of the theory of unitary representations is to decompose a
unitary representation into simpler pieces. The first basic observation is that
for any closed invariant subspace K C 'H, its orthogonal complement is also
invariant, so that we obtain a decomposition into the two subrepresentations
on K and Kt. The next step is to iterate this process whenever either K of
ICt is not irreducible. This method works well if H is finite dimensional, but in
general it may not lead to a decomposition into irreducible pieces. However, we
shall apply this strategy to show at least that every unitary representation is a
direct sum of cyclic ones.
We start with the discussion of invariant subspaces.

Lemma 1.3.1. Let K C H be a closed subspace, P € B(H) be the orthogonal
projection on K and S C B(H) be a *-invariant subset. Then the following are
equivalent
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(i) K is S-invariant.
(ii) Kt is S-invariant.
(iii) P commutes with S.

Proof. (i) = (ii): If w € K+ and v € K, we have for any s € S the relation
(sw,v) = (w, s*v) = 0 because s*v € SK C K.

(ii) = (iil): First we observe that the same argument as above implies that
the invariance of K1 entails the invariance of K = (K+)*.

We write v = vg + vy, according to the decomposition H = K @ K. Then
we have for any s € S:

sPv = svg = Psvg = P(svy + sv1) = Psv,

so that P commutes with S.
(iii) = (i) follows from the fact that K = ker(P — 1) is an eigenspace of P,
hence invariant under every operator commuting with P. O

We record an important consequence for unitary representations:

Proposition 1.3.2. If (7, H) is a continuous unitary representation of the
group G and Hy C H a closed invariant subspace, then Ho := Hi is also
1mvariant.

Writing elements of B(H) according to the decomposition H = Hy & Ha
as matrices CCL Z) with a € B(H1), b € B(Hz2,H1), ¢ € B(H1,Ha) and
d € B(Hz) (Ezercise 1.3.19), we then have

m(g) = <még) m? g)> ,

where (m;, H;), i = 1,2, are continuous unitary representations.

Proof. The invariance of Hy follows from Lemma 1.3.1 because 7(G) C B(H)
is *-invariant. Therefore 7;(g) := ﬂ(g)\%i is a unitary operator for each g € G

and we obtain two unitary representations (m;, ;). Their continuity follows
immediately from the continuity of (m, H). O

Definition 1.3.3. (a) If (7,H) is a unitary representation of G and X C H a
closed G-invariant subspace, then p(g) := m(g)|& defines a unitary representa-
tion (p, ) which is called a subrepresentation of (7, H).

(b) If (w, H) and (p, K) are unitary representations, then a bounded operator
A: K — 'H satisfying

Aop(g)=m(g)oA forall geG

is called an intertwining operator. We write Bg(K,H) for the set of all in-
tertwining operators. It is a closed subspace of the Banach space B(K,H)
(Exercise 1.3.20).
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Two unitary representations (m,H) and (p, K) are said to be equivalent if
there exists a unitary intertwining operator A: I — H. It is easy to see that this
defines indeed an equivalence relation on the class of all unitary representations.
We write [r] for the equivalence class of the representation (7, H).

To understand the decomposition of representations into smaller pieces, we
also need infinite “direct sums” of representations, hence the concept of a direct
sum of Hilbert spaces which in turn requires the somewhat subtle concept of
summability in Banach spaces.

Definition 1.3.4. Let I be a set and X a Banach space. Then a family (x;);cr
is called summable to x € X if for each € > 0 there exists a finite subset I, C I
with the property that for every finite subset F' O I. we have

||Z:J:z —z|| <e.

icF

If (2;)ies is summable to z, we write z =), ; x;.t

Remark 1.3.5. (a) Note that for I = N the summability of a family (2, )nen
in a Banach space X is stronger than the convergence of the series Y o | @,.
In fact, if # = ) 2, holds in the sense of summability and N. C N is a
finite subset with the property that for every finite subset F' O N. we have
| > ner Tn — x| < ¢, then we have for N > maxN, in particular

N
||an—x|| < g,

n=1

showing that the series Y - | x, converges to .

(b) If, conversely, the series >~ | x,, converges absolutely to some z € X and
e > 0, then there exists an N € Nwith >\ [|lzn|| <e. With N, :={1,..., N}
we then find for every finite superset F' O N, that

le =zl < 37 llaal < Y llall <e.

ner neEN\F n>N

Therefore we also have x = )\ 2, in the sense of summability.

(¢) For X = R and I = N summability of (2,)nen implies in particular
convergence of all reordered series Zzozl To(n), Where 0: N — N is a bijection.
Therefore Riemann’s Reordering Theorem shows that summability implies ab-
solute convergence.

(d) If (z4)ier is a family in Ry = [0, oo], then the situation is much simpler.
Here summability is easily seen to be equivalent to the existence of the supre-
mum of the set F := {3 ;. pxi: FF C I,|F| < oo} of all partial sums, and in

this case ), ; x; = sup F.

IThis can also be formulated in terms of convergence of nets. First we order the set
T :={F CI: |F| < oo} of finite subsets of I by set inclusion, so that F~— >, x; is a net
in X, called the net of partial sums. Then the summability of (z;);cs in X is equivalent to
the convergence of this net in X.
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Lemma 1.3.6. Let (H;)jecs be a family of Hilbert spaces and

H = {(l‘j)jeJ e 17 Dol < OO}-

jeJ jed
Then H is a Hilbert space with respect to the scalar product

(@i)ies Wi)jes) = D> (5, y5)-
jeJ
Proof. First we show that H is a linear subspace of the complex vector space
11 jed H;, in which we define addition and scalar multiplication componentwise.
Clearly, H is invariant under multiplication with complex scalars. For a,b € H;
the parallelogram identity

lla +0]1* + lla — blI* = 2[Jal|* + 2[|b]*
(Exercise) implies in particular that
lla +0]1* < 2(lall* + [[b]%)-

For x = (z;)jes,y = (yj)jes € H, we therefore obtain

Do llzgHyilP <2 Nl +2 llysll? < oo

JjeJ jeJ jeJ

This shows that = 4+ y € H, so that H is indeed a linear subspace.
For z,y € 'H, the polarization identity

1 . . . . . .
<l’,y> = Z(<x+yax+y>7 <:cfy,xfy>+z<:17+zy,x+zy>72<:Efzy,xfzy>)

(Exercise 1.3.14(i)) and z + y, x &+ iy € H imply that the sum

(@,y) = (5,5

jeJ

exists. For 0 # z, some x; is non-zero, so that (z,z) > (x;,z;) > 0. It is a
trivial verification that (-,-) is a hermitian form. Therefore H, endowed with
(+,-), is a pre-Hilbert space.

It remains to show that it is complete. This is proved in the same way as the
completeness of the space £2 of square-summable sequences, which is the special
case J = N and H; = C for each j € J. Let (2"),en be a Cauchy sequence
in ‘H. Then |z — 27| < ||z — 2™ holds for each j € J, so that (27 )nen is
a Cauchy sequence in H;. Now the completeness of the spaces H; imply the
existence of elements x; € H; with 7/ — z;. For every finite subset F' C J, we
then have

Do llagl? = tim Y flap(* < lim Y e = lim 2",
n—oo J n— o0 J n—oo

JjeF jeF jeJ
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which exists because (z™),en is a Cauchy sequence. This implies that z :=
(z;)jes € H with |z]|? < lim, s |22

Finally, we show that 2™ — x holds in H. So let ¢ > 0 and N, € N with
||l — 2™ <& for n,m > N.. For a finite subset F' C J, we then have

S ey — a3l = tim S [ — a3 < lim e - o < &2
—

ier m OojEF m— o0

for n > N.. We therefore obtain

|z —a™> = sup Yl —af|? <en
FCJ|F|<ce oo

This implies that ™ — x in H, and thus H is complete. O

Definition 1.3.7. For a family of (H,),cs of Hilbert spaces, we define

@Hj = {(%‘)jeJ e [[H: D llasl® < OO}

jeJ jeJ jeJ
with the scalar product from Lemma 1.3.6. We call this space the Hilbert space
direct sum of the spaces (H;)jes. This space is larger than the direct vector
space sum of the H;, which is a dense subspace of P, ;H; (Exercise). In the
following we always identify H; with the subspace
H; & {(l‘j)jeji (VJ #* Z) T; = 0}

Note that the requirement that (||z;]|?);e. is summable implies in particu-
lar that, for each € ‘H, only countably many x; are non-zero, even if J is
uncountable (Exercise 1.3.15).

Example 1.3.8. (a) If H; = C for each j € J, we also write

—

%(J,C) == €= {(xj)je, ec’: Y ul? < oo}.

7€ jeJ
On this space we have
(@y) = (wjy;) and 2] = Jay
jed jeJ
For J ={1,...,n}, we obtain in particular the Hilbert space
C" = *({1,...,n},C).
(b) If all Hilbert spaces H; = K are equal, we put

—

(1K) = K= {(zj)je, ek?: 3y < oo}.

jeJ ‘
JjeJ
On this space we also have

(@y) = (zjy;) and lz]® = |ay*

JjeJ jeJ
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Proposition 1.3.9. Let (m;,H;)jes be a family of continuous unitary repre-
sentation of G. Then

m(9)(vi)jes = (mj(9)vj)jes
defines on 'H := ®jeJHj a continuous unitary representation.

The representation (m, H) is called the direct sum of the representations m;,
Jj € J. It is also denoted m = . ; ;.

Proof. Since all operators 7;(g) are unitary, we have

Yo lmila)uillP =D llull? < oo for  v=(v;)jes € H.

jeJ jeJ

Therefore each 7(g) defines a unitary operator on H and we thus obtain a
unitary representation (m, H) of G because each 7; is a unitary representation.

To see that it is continuous, we use Lemma 1.2.6, according to which it
suffices to show that, for v € H; and w € H,;, the function

Tow(9) = (7(g)v, w) = 6i{(m;(g)v, w)

is continuous, which immediately follows from the continuity of the representa-
tion ;. O

As we shall see soon, we cannot expect in general that a unitary represen-
tation decomposes into irreducible ones, but the following proposition is often
a useful replacement.

Proposition 1.3.10. Each continuous unitary representation (w,H) of G is
(equivalent to) a direct sum of cyclic subrepresentations (mj, H;) jcJ-

Proof. The proof is a typical application of Zorn’s Lemma. We order the set
M of all sets (H;);cs of mutually orthogonal closed G-invariant subspaces on
which the representation is cyclic by set inclusion. Clearly, each chain K in this
ordered space has an upper bound given by the union |JK € M. Now Zorn’s
Lemma yields a maximal element (H;);es in M.

Let K = 3 ;. ;H;. Since each H; is G-invariant and each 7(g) is con-
tinuous, K is also G-invariant. In view of Proposition 1.3.2, the orthogonal
complement Kt is also G-invariant. If ' is non-zero, we pick 0 # v € Kt.
Then H' := span7(G)v is a closed G-invariant subspace on which the represen-
tation is cyclic. Therefore H’, together with (H;),ec is an orthogonal family of
G-cyclic subspaces. This contradicts the maximality of (H;);e.s, and therefore
K+ = {0}, which proves that K = H.

Finally, we note that the mutual orthogonality of the spaces H; implies the
existence of a map

D @jeJHj —H, P(z):= Z:rj

JjeJ
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which is easily seen to be isometric (Exercise 1.3.18). Since its range is dense and
complete, it is also surjective. Moreover, w(g)®((z;)) = ®((7;(g)x;)) implies
that ® is an equivalence of unitary representations.

Proposition 1.3.11. FEach finite dimensional continuous unitary representa-
tion (m,H) of a group G is a direct sum of irreducible representations.

Proof. This is proved easily by induction on dimH. If dim’H < 1, there is
nothing to show. Suppose that dim’H = d > 0 and that the assertion is true
for representations of dimension < d. Let K C H be a minimal G-invariant
subspace. Then the representation mx of G on K is irreducible and H = K@ is
a G-invariant decomposition (Proposition 1.3.2). Using the induction hypothesis
on the representation on K, the assertion follows. O

Corollary 1.3.12. If G is a finite group, then each unitary representation
(m,H) of G is a direct sum of irreducible representations (m;, H;) -

Proof. First we use Proposition 1.3.10 to decompose 7 as a direct sum of cyclic
representations 7;. Hence it suffices to show that each cyclic representation is
a direct sum of irreducible ones. Since G is finite, each cyclic representation is
finite dimensional, so that the assertion follows from Proposition 1.3.11. O

Remark 1.3.13. The preceding corollary remains true for representations of
compact groups. Here the main point is to show that every cyclic representation
contains a finite dimensional invariant subspace, which can be derived from the
existence of Haar measure and the theory of compact operators.

Exercises for Section 1.3

Exercise 1.3.14. Let b: V x V — C be a sesquilinear form on the complex
Vector space V, i.e., b is linear in the first argument and antilinear in the second.

(i) Show that b satisfies the polarization identity which permits the recover
all values of b from those on the diagonal:

3
1
b(x,y) = 1 Z iFb(x + i*y, x4+ *y).
k=0

(ii) Show also that, if b is positive semidefinite, then it satisfies the Cauchy-
Schwarz inequality:

|b(z,y)|*> < b(z,z)b(y,y) for wv,weV.

Exercise 1.3.15. Show that for each summable family (z;);cs in the Banach
space X, the set
J*={jeJ:z; #0}

is countable, and that, if J* = {j,: n € N} is an enumeration of J*, then
Y jesi = >opey zj,. Hint: Show that each set J, := {j € J: |z, > 1}is
finite.
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Exercise 1.3.16. Show that for an orthogonal family (x;);es in the Hilbert
space H, the following are equivalent:

(i) (z;);es is summable.

(ii) (lz;]/?);es is summable in R.

Show further that, if this is the case, then || 32, ; ;ij2 =Y es llzjl* and the
set {j € J: z; # 0} is countable.

Exercise 1.3.17. Show that for an orthonormal family (x;);es in the Hilbert
space H, the following assertions hold:

(i) (Vo€ H) Y ey l{xj,2)[* < [lz]|* (Bessel inequality).

(i) @ = > ,cs(®,zj)z; holds if and only if >, ; |(z,z;)|* = ||z||* (Parseval
equality).

Exercise 1.3.18. Let (H;),es be an orthogonal family of closed subspaces of

the Hilbert space H. Show that for each z = (z;),c; € @H;, the sum ®(z) :=

>_jesxj converges in ‘H and that ®: B, ,;H; — M, (2))jes — X ;e ;x5 defines

an isometric embedding (cf. Exercise 1.3.16).

Exercise 1.3.19. Let V be a vector space which is the direct sum
V=Vie---aV,

of the subspaces V;, i = 1,...,n. Accordingly, we write v € V as a sum
v =v + -+ v, with v; € V. To each ¢ € End(V) we associate the map
vi; € Hom(V;,V;), defined by ¢;;(v) = ¢(v); for v € V;. Show that

(a) p(v)i =37 pij(vy) forv =377 v; € V.
(b) The map

I': @ Hom(V;, Vi) — End(V), T((¢;))(v) == Y i;(v))

4,j=1 i,j=1

is a linear isomorphism. In this sense we may identify endomorphisms of
V with (n x n)-matrices with entries in Hom(V}, V;) in position (3, j).

(c) If V is a Banach space and each V; is a closed subspace, then the map

n

S;lecuxvn—)v, (vl,...,vn)szi

i=1

is a homeomorphism. Moreover, a linear endomorphism ¢: V — V is con-
tinuous if and only if each ¢;; is continuous. Hint: For the first assertion
use the Open Mapping Theorem. Conclude that if ¢;: V; — V denotes
the inclusion map and p;j: V. — V; the projection map, then both are
continuous. Then use that ¢;; = p; o p on;.
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Exercise 1.3.20. Let (7, H) and (p, ) be unitary representations of G.. Show
that the space Bg(K,H) of all intertwining operators is a closed subspace of
the Banach space B(K,H)

Exercise 1.3.21. Let G be a group. Show that:

(a) Each unitary representation (m,H) of G is equivalent to a representation
(p,?(J,C)) for some set J. Therefore it makes sense to speak of the set
of equivalence classes of representations with a fixed Hilbert dimension.

(b) Two unitary representations 7;: G — U(H), j = 1,2, are equivalent if and
only if there exists a unitary operator U € U(H) with

m2(g) = Umi(g)U™'  foreach g¢e€G.

Therefore the set of equivalence classes of unitary representations of G on
H is the set of orbits of the action of U(H) on the set Hom(G, U(H)) for
the action (U * 7)(g) := Un(g)U .

Exercise 1.3.22. Let V be a K-vector space and A € End(V). We write
VA(A) := ker(A — A1) for the eigenspace of A corresponding to the eigenvalue A
and VA(A) = U, ey ker(4 — A1)" for the generalized eigenspace of A corre-
sponding to A. Show that if A, B € End(V') commute, then

BV*A) CVMA) and BV\(A) C Vi(A)
holds for each A € K.
Exercise 1.3.23. Let (5, %) be an involutive semigroup. Show that:
(a) Every cyclic representation is non-degenerate.
(b) If (w, H) is a direct sum of cyclic representations, then it is is non-degenerate.

(¢) Every non-degenerate representation (m, H) of S is a direct sum of cyclic
representations. Hint: One can follows the argument in Proposition 1.3.10,
but one step requires additional care, namely that for 0 # v € H, the
representation of S on the closed subspace K := span7(S)v is cyclic. One
has to argue that v € K to see that this is the case, and this is where it is
needed that (7, H) is non-degenerate.
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Chapter 2

Representations on
Lz-spaces

In the first chapter we have seen how to deal with discrete decompositions of
Hilbert spaces and unitary representations. We now turn to the continuous
side. Here the simplest situations arise for Hilbert spaces of the type L?(X, ),
where (X, S, 11) is a measure space. We start with recalling the construction of
the L2-space in Section 2.1. Then we turn to unitary operators on this space
coming from measurable transformations of X and multiplication with functions
(Section 2.2), and how this leads to unitary representations. In Section 2.3 we
discuss the Riesz Representation Theorem and how it connects locally compact
spaces with measure theory. It provides a natural source of L?-spaces on which
topological groups act unitarily. In Section 2.4 we briefly discuss Haar measure
on a locally compact group G and how it leads to faithful continuous unitary
representations of G.

2.1 Measures and L?-spaces

Definition 2.1.1. Let X be a set.
(a) A subset & C P(X) is called a o-algebra if

(SAl1) D e 6.
(SA2) A°:=X\Aec&for Ac 6.
(SA3)

Note that (SA2) and (SA3) imply that & is also closed under countable inter-
sections. If & is a o-algebra of subsets of X, then the pair (X, &) is called a
measurable space or a Borel space and the elements of G are called the measur-
able subsets.

(b) If (X,6) and (X', &") are measurable spaces, then a map f: X — X’
is said to be measurable if f~1(&’) C &, i.e., inverse images of measurable sets

Uj=, Aj € & for every sequence (4;) ey in 6.

29
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are measurable. It is easy to see that compositions of measurable maps are
measurable.

A map f: X — X' is called a Borel isomorphism if there exists a measurable
map g: X' — X with fog =idyx/ and go f = idx. This is equivalent to f being
bijective, measurable and f~1 also measurable (Exercise). We write Aut(X, &)
for the group of Borel automorphisms of (X, S).

Definition 2.1.2. Let (X, &) be a measurable space.
(a) A positive measure on (X, &) is a function p: & — [0, co] with u(@) =0
which is countably additive, i.e., for each disjoint sequence (E,,)nen in & we have

;(Dﬂgzimm» (2.1)

A positive measure is called a probability measure if u(X) = 1.

(b) A measure space is a triple (X, &, 1), where p is a positive measure on
(X, 6).

(¢) A complex measure is a function p: & — C which is countably additive.
In particular, oo is excluded as a possible value.

We shall now freely use basic results and constructions from Lebesgue mea-
sure theory, such as the integral of measurable functions and the convergence
theorems.

Definition 2.1.3. For a measurable function f: X — C, we define

o= ([ 1@ auto)

L2(X, ) = {f+ [Ifll2 < 00}
If f,g € L2(X,p), then |f|?,|g|? are integrable, and so is (|f| + |g|)? because

(If] +1gD)? < 2|f* +2|g|*. Therefore |fllg| = 5((|f| + lg])* = [f]* = |g/?) in
LY(X, ), i.e., this function is integrable. For f, g € £2(X, 1) we may thus define

(f,9) r=/Xf§du-

This expression makes sense because fg is integrable. One easily verifies that
we thus obtain a positive semidefinite hermitian form on £2(X, u1) whose corre-

sponding seminorm is given by || f|l2 = /{f, f). With
N={feL*X,n): |fll2=0}

and put

we now derive that
LY(X, p) = L2(X, p) /N

is a pre-Hilbert space w.r.t. {[f],[g]) := (f,g), and it is a standard result of
integration theory that it is complete, i.e., a Hilbert space and that the step
functions, i.e., the integrable measurable functions with finitely many values
form a dense subspace.



2.1. MEASURES AND L?-SPACES 31

Definition 2.1.4. There are two more Banach spaces associated with a measure
space (X, &, ) that we shall need in the following,.
(a) For a measurable function f: X — C, we define

1l = (/X f(x)ldu(x)> and  £1(X,p) = {J+ | fll < oo},

and write L' (X, u) := £1(X, u)/N, where N is the subspace of functions van-
ishing p-almost everywhere. In measure theory one shows that this space is a
Banach space with respect to || - ||1.

(b) We consider the algebra £°(X,C) of bounded measurable functions
f: X — C and define

[flloo = inf{C = 0: u({|f| > C}) = 0},

where {|f| > C} :={z € X: |f(z)| > C}. It is easy to verify that

[Aflloe =Ml flloe for A€ C and  |[f + glloo < [|flloc + [lglloo-

Therefore N := {f € L>®(X,C): || f|loc = 0} (the set of all functions vanishing
p-almost everywhere) is a subspace, and

L®(X, ) := L2(X)/N

is a normed space with respect to ||[f]|lcc := || f]loo, Which is easily seen to be
complete. In fact, for every Cauchy sequence [f,] in this space, there exists
an F € & of measure zero such that the restrictions f,|x\g form a Cauchy
sequence with respect to the sup norm. If f is its limit, then we extend f by 0
on E to obtain an element [f] € L>=(X, u) with [f,] — [f]-

For (fg)(x) := f(x)g(x) and f*(x) := f(x), we have
I£glloo < Ifllscllglloe  and  [1f*lloc = I fllocs 1" flloc = I £II3.
so that L>°(X, u) carries the structure of a C*-algebra.

For the following lemma, we recall that a positive measure p on (X, S) is
said to be o-finite if X = |J, ey B with E,, € & and u(E,) < oo. This is
an important assumption for many results in measure theory, such as Fubini’s
Theorem and the Radon-Nikodym Theorem.

Lemma 2.1.5. For each f € L>®(X,u), we obtain a bounded operator \; €
B(L*(X,p)) by A¢(9) == fg. It satisfies |A¢|| < ||flloo, and the corresponding
map

X L¥(X,p) — B(LA(X, ), [ As

is a homomorphism of C*-algebras. If, in addition, p is o-finite, then X\ is
isometric, i.e., |Af|| = || flloc for each f.
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Proof. Since |f(x)g(z)| < || flleolg(z)| holds p-almost everywhere, we see that
Af defines a bounded operator on L?(X, u) with [|[Af]| < || f|lec. We clearly have
Afg = AfAg and A} = Ay« so that A defines a homomorphism of C*-algebras.

Now assume that || f||cc > ¢ > 0. Then F := {|f| > ¢} has positive measure,
and since p is o-finite, it contains a subset E of positive and finite y-measure.
Then h := xg € L*(X, ) and

cllpllz < [[fhllz < [IA7 (172

leads to ||[Af|| > ¢, and since ¢ was arbitrary, we obtain || f|loc < [|[Af]]- O

Exercises for Section 2.1

Exercise 2.1.6. We say that a measure p on (X,&) semifinite if for each
E € 6 with u(F) = oo, there exists a measurable subset F' C E satisfying
0 < p(F) < oo. Show that any o-finite measure is semifinite and that the
conclusion of Lemma 2.1.5 remains valid for semifinite measure spaces. Show
also that the counting measure on an uncountable set is semifinite but not o-
finite.

2.2 Unitary Representations on L2-spaces

2.2.1 Measure Classes and Their Invariance

Definition 2.2.1. Let (X, &) be a measurable space and A, u be positive mea-
sures on (X, &). We say that X is absolutely continuous with respect to u if

WE)=0, Ec6 = AE)=0.

We then write A << u. We call A and p equivalent if they have the same zero
sets, i.e., if A << p and p << X\. We then write A ~ p. It is easy to see that ~
defines an equivalence relation on the set of positive measures on (X, &). The
corresponding equivalence classes [\] are called measure classes.

The Theorem of Radon—Nikodym ([Ru86, Thm. 6.10]) is a central result in
abstract measure theory. It makes the relation A << p more concrete.

Theorem 2.2.2. (Radon-Nikodym Theorem) If p is a o-finite measure on
(X,6) and \ << p is a finite positive measure, then there exists a unique non-
negative f € LY (X, i) with

AE) = /Ef(x) du(x) for E€6.

We then write

X
dp
is called the Radon—Nikodym derivative of \ with respect to p.

A=f-u, and =f
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Remark 2.2.3. (a) If A is not finite, but only o-finite, then the relation A << u
still implies the existence of a measurable non-negative function f: X — Ry
with

)\(E):/Ef(:r)du(x) for FEe€6.

In fact, the o-finiteness of A implies the existence of a disjoint sequence (Ey,)nen
in & with X = J,, E, and A(E,,) < co. Then M| g, << p|g, implies the existence
of fn € LY(E, pn) with Ag, = fuplg,. Then f(x) := f,(z) for z € E,, defines
a measurable function on X with A = fpu.

From the uniqueness of f,, on each E,, it follows that f is unique up to a
function vanishing on the complement of a p-zero set.

(b) The set

{f=0}={z e X: f(z) =0}
is a A-zero set because
=0 = [ f@)duta) 0.
{f=0}
If A ~ pu, then this implies that {f = 0} is also a p-zero set, and we obtain
p=f71A
because we may w.l.o.g. assume that f(X) C R*.

We have already seen that each o-finite positive measure p on (X, &) defines
a natural Hilbert space L?(X, ). We are interested in unitary group represen-
tations on this space. Clearly, a natural group to be considered in this context
is the group

Aut(X,6) :={p: X —» X: p meas.,, Fp: X — X meas.,tpop =poth =idx}

of automorphism of the measurable space (X, &).
Recall that for a measurable map ¢: (X, 6) — (X', &’) and a measure x4 on
(X, 6), we obtain a measure @, u on (X', &) by

(up)(E) := p(e~"(E)) for Ee&

It is called the push-forward of u by @. The corresponding transformation
formula for integrals reads

f(@) d(pup) () = / flp(x)) dpu(z). (2.2)
X’ X

For a given positive measure p on (X, &), we thus obtain two subgroups of
Aut(X, 6):
Aut(X, 1) := {p € Aut(X, 6): pup = p}

and the larger group

Aut(X, [u]) == {p € Aut(X,6): pup ~ p}.
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If .p ~ p, then p is said to be quasi-invariant under . Clearly,
Aut(X, p) © Aut(X, [u]).

For ¢ € Aut(X, [u]), we define

5(e) = 3u() = AL

1

and note that, with the notation ¢, f := f o ™", we have

5(ey) = 6() -« (6(¥)), (2.3)
because
()ept = @uthapp = 0 (0(0) ) = £ (8(1)) - pupp = 02 (6(1))8(p) -
Proposition 2.2.4. For f € L?>(X, ) and ¢ € Aut(X, [u]), we put
(m(@)f)(@) == V() (@) f(p™ (@)
Then (m, L2(X, i) is a unitary representation of the group Aut(X, [u]).

Proof. Clearly, w(p)f is measurable, and we also find
(@) I2 = /X 5() (@)~ (@) dia(r) = /X (e (@) P d(pa) ()
— [ 1@ duo) = 1|2,
X

so that () defines an isometry of L%(X,u). We also observe that for ¢, €
Aut(X, []) we obtain with (2.3):

7T((,D’(/J>f = 5(‘P¢)(P*(¢*f) =V 5(90)90* V 6(¢>‘p* ("/}*f)
= V()ps (VO (W f)) = m(0)m (1) f.

In particular, we see that each isometry 7(yp) is surjective with 7(p~1) =
m(p) O

Remark 2.2.5. Let M(X,T) be the group of measurable functions
0: X — T, where the group structure is defined by pointwise multiplication.
We also associate to each § € M(X,T) a unitary operator on L?(X, i) by

p(0)f :=0f.
Clearly, this defines a unitary representation

p: M(X,T) — U(L%(X, ).
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For ¢ € Aut(X, []) we have

m(0)p(0)f = /0(0)(0x0)(pxf) = plwsd)m () f,
ie.,
m(@)p(0)m(0) " = plpsb). (2.4)

Next we observe that the transformation of measurable functions under
Aut(X, S) defines a homomorphism

B Aut(X, [u]) = Aut(M(X,T)), B(p)d == .0,
so that we can form the semidirect product group
M(X,T) x Aut(X, [p]),
and the relation (2.4) implies that
T M(X,T) » Aut(X, [1]) — U(LA(X, 1), (6,0) = p(0)7 () (2.5)

defines a unitary representation of this semidirect product.

2.2.2 Intermezzo on Group Cocycles

Definition 2.2.6. Let N and G be groups and a: G — Aut(N) be a group
homomorphism, so that we can form the semidirect product group

G:=N Xo G,
i.e., the product set N x GG, endowed with the multiplication

(n,9)(n,g") := (na(g)(n'),g9").

A map f: G — N is called a (left) 1-cocycle, resp., a (left) crossed homo-
morphism if

flgh) = f(g9) - alg)(f(h)) for g,hed. (2.6)

We write Z1(G, N), for the set of 1-cocycles f: G — N.

The cocycle relation (2.6) is equivalent to the map s := (f,idg): G —
N X4 G being a group homomorphism. If ¢: G — G, (n,g) — g denotes the
corresponding quotient homomorphism, then g o s = idg. Conversely, every
group homomorphism s: G — N X, G with g o s = idg is of the form (f,id¢g)
for some f € Z1 (G, N),.

Identifying N with the subgroup N x {1} of N x, G, we see that N acts on
the set

S :={s € Hom(G,N x4, G): gos =idy}

by composition with the conjugation map

(n*5)(g) = (n,1)s(g)(n, 1)~
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For s(g) = (f(9),9), this leads to

(n*s)(g) = (nf(g)alg)(n™), ),

and from that we derive that

(n* f)(g) = nf(g)e(g)(n")

defines an action of the group N on the set Z'(G, N),, satisfying n * (f,idg) =
(nx* f,idg). We write

HY(G,N)y := Z'(G,N)y/N

for the set of N-orbits in this set. It is called the first cohomology set for G
with values in N with respect to a. In general, this cohomology set does not
carry a group structure, but it has a natural base point given by the orbit of
the constant cocycle f = 1. We write [f] € H'(G, N), for the N-orbit of f,
which is also called its cohomology class.

If N is abelian and written additively, the cocycle relation can be written as

f(gh) = f(g) +a(g)(f(h)) for ghea. (2.7)

Since this relation is “additive in f”, the the set Z1(G, N), is a group with
respect to pointwise addition. The N-action on this group is given by

(nx f)(9) = f(g) +n — a(g)(n).

Cocycles of the form
da(n)(g) = alg)n —n

are called 1-coboundaries. They form a subgroup B!(G, N), of Z}(G,N),, so
that
H'(G,N)o =2 Z"(G,N)o/B1(G,N)q

can be identified with the quotient group, hence carries a natural group struc-
ture.

2.2.3 Applications to Representation Theory
Let (X, S, 1) be a o-finite measure space and
c:GxX—-X, (g,2)— gz
a group action by measurable maps such that each map o4(x) := o(g,x) pre-

serves the measure class [p].
From Proposition 2.2.4, we obtain immediately that

(m(9)f) (@) 1= 1/d(0g) (@) f (0" (x))
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defines a unitary representation (w, L?(X, u)) of G, but there are many other
representations. Indeed, let v: G — M(X, T) be a 1-cocycle with respect to the
action of G on M(X,T) by g.0 := 6 oo, '. Then

(7,0): G = M(X,T) x Aut(X, [u]), g+ (v(9)09)

is a group homomorphism, and (2.5) in Remark 2.2.5 implies that also

(m4(9) ) (@) = v(g) (@)1 /d(g)(2) f (o' (2)),  74(9)f = (g) - \/8(0g)(0g).f

defines a unitary representation of G on L?(X, u1). The following lemma already
shows the close connection between the problem to determine cohomology sets
and the classification problem for unitary representations.

Example 2.2.7. In the situation from above, we obtain in particular a natural
class of 1-cocycles by

,}/(g) — 5(0_9)1'5 _ eislogé(ag)’ seR.

This leads to a family of unitary representations on L?(X, 1), parameterized by
seR:

(ms(9)f) := 8(0g) T+ (o) .

Lemma 2.2.8. If the cocycles y1,7v2: G — M(X,T) are equivalent, then the
representations m.,, and 7., are equivalent.

Proof. If o1 ~ 72, there exists a § € M(X,T) with

(’72(9)’9) = (9, 1)(71(9)79)(0, 1)71
holds in M(X,T) x G. This implies that

700 (9) = p(O)7, (9)p(B) ' for g€ G O

Example 2.2.9. Let U C R" be an open subset and A be Lebesgue measure,
restricted to U. For each C!-diffeomorphism ¢: U — U we then have the
transformation formulas

/U F(@) d(pN) () = /U F(p(x)) dA(@)
/f )| det(dp(x |dm—/f

Comparing these two implies that

/f(x)d( /f )| det(dp(x))|| det(dp(x))| ™! dA(x)
U

and

- /U F(@)] det(dp (e (2))] ™ dA(x)
- /U F(@)] det(dg™ ()] dA(x)
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and therefore do
Px _
() (@) == 22 = | det(ap™ (@)

(1(9))(@) := V| det(dp~1(2))|f (¢ (2))
defines a unitary representation of the group Diff 1(U ) of C!-diffeomorphisms of
U on L2(U,\).
For U = R"™ and the subgroup

Therefore

Aff,,(R) :={pap(x) = Az +b: A€ GL,(R),b e R"}
we obtain in particular
3(pap)(x) =|det A7,
so that

(m(pan) f)(@) = V/det A] f(p3}(@))

defines a unitary representation of the affine group Aff,,(R) on L*(R™, \).

Exercises for Section 2.2

Exercise 2.2.10. (Affine actions) Let V' be a vector space and p: G — GL(V)
be a representation of the group G on V. Show that:

(1) For each 1-cocycle f € Z1(G,V), we obtain on V an action of G by affine
maps via 07(g)(v) := p(g)v + f(9)-

(2) The affine action oy has a fixed point if and only if f is a coboundary, i.e.,
of the form f(g) = p(g)v — v for some v € V.

(3) If G is finite and V is defined over a field of characteristic zero, then the
group H*(G,V), is trivial.

Exercise 2.2.11. (Affine isometric actions) Let H be a Hilbert space and (7, H)
be a unitary representation of G. Show that:

(1) For each 1-cocycle f € Z1(G,H), we obtain an action of G on H by affine
isometries o¢(g)(v) == w(g)v + f(g).

(2) If this action has a fixed point, then f is bounded. !

(3) Consider the real unitary (=orthogonal) representation of G = R on H = R3

by
cost —sint 0
7w(t) ;== | sint cost O
0 0 1

Show that f: R — R3 f(t) := (0,0,t)T = tes is a l-cocycle with non-
trivial cohomology class. Find a set of representatives for the correspond-
ing affine action and describe the orbits geometrically.

IThe converse is also true. It is a consequence of the Bruhat-Tits Fixed Point Theorem.
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Exercise 2.2.12. (Left- and right cocycles) Let G = N x4 G be a semidirect
product defined by the homomorphism a: G — Aut(N). Show that:

(1) The map G x N — G, (g,n) — (1,9)(n,1) is a group isomorphism if we
define the multiplication on G x N by
(9.n)(g", ') = (99", ag") " (n)n).
We write G X, N for this group.

(2) Amap s: G — G x4 N,s(g,n) = (g, f(g9)) is a group homomorphism if and
only if it is a right cocycle, i.e.,

flgh) = a(h) " (f(g9))f(h) for g,heG.

Exercise 2.2.13. Let U C R” be an open subset. We consider the group
G := Diff(U) of C'-diffeomorphisms of U, and the group N := C(U, GL,(R)),
where the group structure on N is given by pointwise multiplication. Then
a(p)(f) == f o1 defines a homomorphism a: G — Aut(N). Show that the

Jacobi matrix

. dp;
. 1 n - v
J: Diff(U) — C(R", GL,(R)), J(p):= (ax]‘)i’j:l""’"

is a right cocycle with respect to a.

Exercise 2.2.14. Show that each o-finite measure ;1 on a measurable space
(X, 6) is equivalent to a finite measure.

Exercise 2.2.15. Let p and A be equivalent o-finite measures on (X, &) and
h:= % Show that

®: L2(X,p) — L*(X,)), f— Vhf
defines a unitary map.

Exercise 2.2.16. (From measure classes to cohomology classes) Let o: G x
X — X be an action of G by measurable maps on (X,&) and [u] be a G-
invariant o-finite measure class. Verify the following assertions:

(a) Let R denote the group of all measurable functions f: X — R with re-
spect to pointwise multiplication and write R for the subgroup of those
functions which are constant 1 on the complement of a p-zero set. Then
R :=R/Ry is a group, whose elements are denoted [f], and

g.[f1 == [(og)+f]
defines an action of G on R by automorphisms.

(b) 0u(g) := d(%;*“ defines a R-valued 1-cocycle on G.
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(c) If [h] € R, then Onu(g) = (Ug,z*héu(g). Conclude that the cohomology class

[6,] € HY(G, R) does not depend on the representative y of the measure
class [p].

(d) Show that the measure class [p] contains a G-invariant element if and only
if the cohomology class [d,,] vanishes.

Exercise 2.2.17. Consider the Gaufliian measure

1

~3ll=l?
(277) e T

dry(x) :=

w3

on R™. Its measure class is invariant under the action of the affine group Aff,, (R).
Find a formula for the action of this group on L?(R", ).

Exercise 2.2.18. Let G be a group and H be a complex Hilbert space. We con-
sider the trivial homomorphism o = 1: G — Aut(U(H)), i.e., a(G) = {idy(s) }
for each g € G. Show that there is a bijection between H'(G,U(H)) and the of
equivalence classes of unitary representations of the group G on H.

Exercise 2.2.19. Let (X, &, u) be a measure space. Show that:
(a) If f € L'(X, ), then the measurable subset {|f| # 0} of X is o-finite.

(b) If H C L?(X, i) is a separable subspace, then there exists a o-finite measur-
able subset Xy C X with the property that each f € H vanishes p-almost
everywhere on X§ = X \ Xo.

Exercise 2.2.20. (Limitations of the Radon-Nikodym Theorem) Let (X, &, )
be a finite measure space. Define v: & — Ry by

W(E) = {0 for u(E) =0
oo otherwise.

Show that v is a measure and that v ~ p, but there exists no R-valued measur-
able function f: X — R with v = fu. However, the constant function f = co
satisfies V(F) = [, f(x)du(x) for each E € 6.

Exercise 2.2.21. (Modifying homomorphisms by cocycles) Let G and N be
groups and : G — N a homomorphism. Then a(g)(n) := 8(g)nB(g) ! defines
a homomorphism a: G — Aut(N). Show that:

(a) A function f: G — N is a l-cocycle with respect to « if and only if the
pointwise product

f8:G— N, g~ f(9)B(g)
is a homomorphism.

(b) If v: G — N is another homomorphism, then f(g) :=v(g)3(g)~! defines a
1-cocycle with respect to a.
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Exercise 2.2.22. Let (X, S, ) be a finite measure space and G := Aut(X, )
be its automorphism group. Verify the following assertions:

(a) On & we obtain by d(E, F) := u(EAF) a semimetric. Let
[E] :={F € 6:d(E,F) =0}

denote the corresponding equivalence class of F and & := &/ ~ denote the
set of equivalence classes. Then d([E], [F]) := p(EAF) defines a metric
on G.

(b) The map v: & — L*(X,u), E — g satisfies
d(E,F) = (EAF) = |[x5 — xrl*.
(¢c) N:={g € G: (VE € 6)d(¢E,E) = 0} is a normal subgroup of G, and if

7: G — U(L*(X,p)),7(g)f := f og ! is the canonical unitary represen-
tation of G on L?(X, i), then ker u = N.

(d) On the quotient group G := G/N, we consider the coarsest topology for
which all functions

fe:G—R, g u(gEAE)

are continuous. Show that G is a topological group and that 7 factors

through a topological embedding 7: G — U(L?(X,pu))s. Hint: Exer-
cise 1.2.17 and Lemma 1.2.6.

2.3 L’-spaces on Locally Compact Spaces

In this section we discuss a central bridge between topology and measure theory,
the Riesz Representation Theorem.

Definition 2.3.1. Let X be a locally compact space. A positive Radon integral
on X is a linear functional

I:C.(X,C)—R

on the algebra C.(X) := C.(X, C) of compactly supported continuous functions
on X which is positive in the sense that

f=20 = I(f)=0.

For the following we recall that for a topological space X, the sigma algebra
B(X) of Borel sets is the o-algebra generated by the open subsets. Accordingly,
a Borel measure on X is a measure defined on B(X).

Theorem 2.3.2. (Riesz Representation Theorem) Let X be a locally compact
space.
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(a) If p is a positive Borel measure on X with p(K) < oo for each compact
subset K, then the integral

I,: C.(X)—C, f>—>/Xf(JU)d,u(x)

s a positive Radon integral on X.

(b) For each positive Radon integral I on X there exists a positive Borel measure
woon X, which is uniquely determined by the following properties:

(i) I, =1I.
(il) pu(K) < oo for each compact subset K of X.
(iii) (Outer regularity) For each Borel subset E C X we have

w(E) =inf{u(U): E CU,Uopen}.
(iv) If E C X is open or E is a Borel set with u(E) < oo, then

w(E) =sup{u(K): K C E,K compact}.
Then p is called the Radon measure defined by I.

Proof. (Sketch) We only give a rough outline of the proof.

(a) is the simple part. First we observe that every continuous function
f+ X — Ris Borel measurable. If, in addition, f vanishes outside some compact
set K, then |f| < ||fllcoxx implies the integrability of f with respect to p.
Clearly, the so obtained linear functional I,, is positive.

(b) The simple part of the proof is the verification of uniqueness. In view of
(iii) and (iv), p is determined by its values on compact subsets of X. So let p;
and p2 be two Borel measures satisfying (i)-(iv) and K C X be compact. We
have to show that 1 (K) = pa(K). So let € > 0. In view of (iii), there exists
an open subset U 2 K with ps(U) < pa(K) + . Using Urysohn’s Theorem, we
find a function f € C.(X,R) with 0 < f <1, f|[x =1 and f|x\y = 0. Then

Ml(K):/ x) duy (x /f dp (v /f ) dpa(z

< /X 30 (®) dpia(@) = pa(U) < pa () + <.

Since € was arbitrary, we obtain p;(K) < ps(K). Exchanging the roles of uy
and pus now shows equality. This proves uniqueness and we have also seen in
(a) that (i) implies (ii).

For the existence, we put for an open subset U C X:

p(U) = sup{I(f): supp(f) CU,0 < f <1}
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and note that p(Uy) < p(Us) for Uy C U, follows immediately. This shows in
particular that
w(E) =inf{u(U): E CU,Uopen} (2.8)

for each open subset E C X. We may therefore define p(F) for an arbitrary
subset E C X by (2.8). For the somewhat technical and lengthy proof, we refer
to [Ru86, p.40ft]. O

Definition 2.3.3. Property (iv) in the Riesz Representation Theorem is ex-
pressed by saying that all open subsets and sets with finite measure are inner
reqular. We call u a regular Borel measure if all Borel sets are outer regular
and all open subsets are inner regular. Then the Riesz representation theorem
yields a bijection between Radon integrals and regular Borel measures. There-
fore regular Borel measures are often called Radon measures.

If i is regular, then the proof of the following proposition shows that every
Borel set of finite measure is inner regular. In sufficiently nice spaces, regularity
is automatic (cf. [Ru86, Thm. 2.18]):

Proposition 2.3.4. If X is a locally compact space in which every open sub-
set is a countable union of compact subsets, then every Borel measure p with
w(K) < oo for every compact subset is regular.

Remark 2.3.5. (a) If (X, d) is a metric, o-compact locally compact space, then
every open subset of X is o-compact. To see this, let O C X be a proper open
subset and X = |J __n Ky, where each K, is compact, and w.l.o.g. K, C K,,11
for n € N. Then

neN

[+ X =R, f(z):=sup{r>0: B.(z) CO}=dist(z,X \ O)

is a continuous function (Exercise), measuring the distance to X \ O. Then each
set

Qn = {:L’ e K,: f(z) > %}

is compact and O = |J,,cjy @n-
(b) Applying Proposition 2.3.4 to the Riemann integral on C.(R™), the Riesz
Representation Theorem yields the Lebesgue measure on B(R™).

An important property of Radon measures is that many properties of L2-
functions can be derived from corresponding properties of continuous functions.
The key is the following approximation result:

Proposition 2.3.6. If u is a Radon measure on a locally compact space X,
then C.(X) is dense in L2(X, p), resp., L*(X, p).

Proof. Since the step functions form a dense subspace of L?(X, u), it suffices to
show that any characteristic function y g with u(E) < co can be approximated
by elements of C.(X) in the L2-norm. Since every such Borel set is inner regular,
we may w.l.o.g. assume that F is compact. Then the outer regularity implies



44 CHAPTER 2. REPRESENTATIONS ON L2-SPACES

for each € > 0 the existence of an open subset U C X with u(U \ E) < e.
Next we use Urysohn’s Theorem to find a continuous function f € C.(X) with
0< f<1, flg=1, and supp(f) CU. Then

I - xEuz—/u p(@)? d <x>:/U\E|f<x>|2du<x><u(U\E><e,

and this completes the proof. O

Lemma 2.3.7. Let X be a topological space and Y be a locally compact space
and v be a Radon measure on'Y . Let f: X XY — C be continuous and suppose
that there exists a compact subset K C'Y with supp(f) € X x K. Then the
functions

[ X = (C(E), - loo)s @ fo,  foly) = f(z,y)
and
F: X —C, ac»—>/ f(z,y) dv(y)
Y
are continuous.
Proof. Let xp € X and € > 0. Then

M :={(z,y) e X xY: |f(z,y) — f(z0,y)| < &}

is an open subset of X x Y containing the compact subset {z¢} x K, hence also
a set of the form U x K, where U is a neighborhood of zy (Exercise 2.3.12), and
this means that for x € U, we || fz — fz,llco < €.

Finally, the continuity of the function F' follows from the continuity of the
linear functional C(K) — C,h — [} hdv with respect to || - [oc on C(K) (cf.
Exercise 2.3.11). O

Proposition 2.3.8. Let G be a topological group and o: G x X — X be a
continuous action of G on the locally compact space X . Further, let i be a Radon
measure on X whose measure class is G-invariant and for which the Radon—

Nikodym derivative §(g) := % can be realized by a continuous function

5:Gx X —R*, §g,z):=0d(g)(x).
Then the unitary representation (7, L*(X,u)), defined by

((9)f)(x) = \/o(g)(x) f(g™*
18 continuous.

Proof. In Proposition 2.3.6 we have seen that C.(X) is dense in L?(X,p). In
view of Lemma 1.2.6, it therefore suffices to show that for f,h € C.(X), the
function

min: G—C, g (n(g )f7 h)

/\/ D f (g V(@) dyu(z) = VI @ f (g~ 2)h(@) d(z)

supp(h)

is continuous. This follows from Lemma 2.3.7. O
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Corollary 2.3.9. Let G be a topological group, 0: G x X — X be a continuous
action of G on the locally compact space X and p be a G-invariant Radon
measure on X. Then the unitary representation (m, L?(X, 1)), defined by

m(g)f == foo,"
15 continuous.

Example 2.3.10. (a) The translation representation of G = R" on L*(R", dz),
given by

(m(z)f)(y) == flz +y)

is continuous.
(b) On the circle group G = T, we consider the Radon measure pr, given by

/f(z) dpr(z) == % 7rf(e“)dt.
T

0

Then the unitary representation of T on L*(T, ur), given by

() )(2) = [(t2)

is continuous.

Exercises for Section 2.3

Exercise 2.3.11. Let p be a Radon measure on the locally compact space X
and K C X be a compact subset. Show that the integral

I:C(K)—~C, fe /K f(x) du(z)

satisfies
(< [ flloopt(E).

In particular, I is continuous.

Exercise 2.3.12. Let X and Y be Hausdorff spaces and K C X, resp., Q CY
be a compact subset. Then for each open subset U C X x Y containing K X @,
there exist open subsets Ux C X containing K and Ug C Y containing ¥ with

KxQCUg xUgCU.

2.4 Haar Measure on Locally Compact Groups

In this section G always denotes a locally compact group.
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Definition 2.4.1. (a) A positive Radon measure p on G is called left invariant
if
[t du@) = | 1@ au@) for fecu@oe

We likewise define right invariance by

/ f(zg) du(z) = / f(z) dufz) for feCu(G)geG.
G G

(b) A positive left invariant Radon measure p on G is called a (left) Haar
integral, resp., a (left) Haar measure, if 0 # f > 0 for f € C.(G) implies

/ f(z) dp(z) > 0.
G

In the following we shall denote Haar measures on G by pg.

Remark 2.4.2. One can show that every locally compact group G possesses
a Haar measure and that for two Haar measures p and p there exists a A > 0
with ¢/ = Ap ([Neu90], [HiNe91]).

If G is compact and p a Haar measure on G, then u(G) is finite positive,
so that we obtain a unique Haar probability measure on G. We call this Haar
measure normalized.

Example 2.4.3. (a) If G is a discrete group, then C.(G) is the space of finitely
supported functions on G, and the counting measure

[ fin=3 100
G geG
is a Haar measure on G. If, in addition, G is finite, then
1
/ fdp:=—=>" f(9)
¢ ] 22

is a normalized Haar measure.
(b) For G = Z we obtain in particular a Haar measure by

/Zfduz = f(n).

(c) On G = R™, the Riemann, resp., Lebesgue integral defines a Haar mea-
sure by

/ fdue = f(z) de.
Rr R™

(d) On the circle group G =T,

1 27 )
[rau=g [ sy ar
T ™ Jo
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is a Haar measure.
(e) If G = (R*,") is the multiplicative group of real numbers, then

fdu = ﬁ dx
RX rx |7

is a Haar measure on G. Note that a continuous function with compact support
on R* vanishes in a neighborhood of 0, so that the integral is defined.

Lemma 2.4.4. If ug is a Haar measure on G and h € C(G) with [, fhdpg =0
for all f € C.(G), then h =0.

Proof. Let g € G. Then there exists a function f € C.(G) with 0 < f and
f(g) > 0 (Urysohn’s Theorem). Now fh € C.(G) satisfies fh-h = f|h|> > 0,
so that [, f|h|* duc = 0 implies f|h|* = 0, and therefore h(g) = 0. O

Proposition 2.4.5. Let pug be a Haar measure on G. Then there exists a
continuous homomorphism

Ag: G — (RY,)  with (pg)epc = Aalg) 'ua  for geG.

Proof. Since left and right multiplications on G commute, the Radon measure
(pg)«tic 1s also left invariant and satisfies

[ Fdlos)enc) = [ 1o pyduc >0
G G

for 0 # f > 0 (cf. (2.2)). Therefore (pg)«pc is a left Haar measure, and hence
there exists Ag(g) €]0, 0o[ with (pg)spic = Ac(9) *pe (Remark 2.4.2).
Let 0 # f € C.(G) with f > 0. To see that

B 1
B fG fd,uG

depends continuously on g, we note that for a fixed g € G, we actually in-
tegrate only over supp(f)g~!. For any compact neighborhood K of go, the
subset supp(f)K ! of G is compact (it is the image of the compact product set
supp(f) x K under the continuous map (z,y) — xy 1), and for any g € K we
have

Ac(g)™! /G(f o pg) dpic

1
A 971:7/ fopg)duc,
o9) Je fdue supp(f)K”( o) due

so that the continuity in g¢ follows from Lemma 2.3.7. That Ag is a homomor-
phism is an immediate consequence of the definition:

(Pgn)sbic = (Prpg)<tic = (pr)«(pg)«tic
= Ac(9) M pn)sie = Aalg) ' Ac(h) ug

(cf. Exercise 2.2.16). O
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Definition 2.4.6. The function A is called the modular factor of G. Clearly,
it does not depend on the choice of the Haar measure ug. A locally compact
group G is called unimodular if Ag = 1, i.e., each left invariant Haar measure
is also right invariant, hence biinvariant.

Proposition 2.4.7. A locally compact group G is unimodular if it satisfies one
of the following conditions:

(a) G is compact.
(b) G is abelian.
(c) Its commutator group (G,QG) is dense.

Proof. (a) In this case Ag(G) is a compact subgroup of R*, hence equal to {1}.
(b) Follows from the fact that p, = Ay for any g € G.
(c) Since R is abelian, (G,G) C ker Ag. If (G, G) is dense, the continuity
of Ag implies that Ag = 1. O

Lemma 2.4.8. Let G be a locally compact group, ug a Haar measure and Ag
be the modular factor. Then we have for f € L*(G, ug) the following formulas:

a) [ f(zg) duc(z) = o f(@) dug(x).
(b) Aal - pa s a right invariant measure on G.
¢) Jo fla™h) dug(z) = [, f( “Hdpa(x).

Proof. (a) is the definition of the modular factor.

(b) Using (a), we obtain (pg).pic = Ac(g9) ‘. Since we also have (p, ). Ag =
Ac(g9) tAg, (b) follows.

(c) Let I(f):= [, f(x7")Aq(x)~" dug(x). Then (b) implies that

1700) = [ oo™ A6 duc(o) = [ (e Aa@) ! duc)
= [ a0 duota) = 106,

so that I is left invariant. For 0 < f # 0 in C.(G) we also have I(f) > 0, so that

I is a Haar integral. In view of the Uniqueness of Haar measure, there exists a

C > 0 with

/f “HAg(z) ™ dpg(x) C/ f(x) dug(z) for fe C.(Q).

It remains to show that C' = 1. We apply the preceding relation to the compactly
supported function f(z) := f(x~1)Ag(z)~?! to find

C/f ) dc(z /f JAa(2)Ac(z) ! ducl(s /f dyic(x

which leads to C' = 1/C, and hence to C' = 1. O
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Proposition 2.4.9. Let G be a locally compact group and pe o (left) Haar
measure on G. On L*(G) := L?(G, ug) we have two continuous unitary repre-
sentations of G. The left regular representation

m(g)f = forg!

and the right regular representation

m(9)f = VAc(9)f o pgy-

Proof. The continuity of the left regular representation follows from Corol-
lary 2.3.9. For the right regular representation we apply Proposition 2.3.8 to
the left action of G on G defined by oy(z) := 29! = py-12. Then

N d((0g)-c) d((pg1)+nc)
0(g,x) := T) = g ) =A
(9.2) 1= T ) = TP ) = Ag(o)
is a continuous function on G x G, which implies the continuity of . O

Corollary 2.4.10. For a locally compact group G, the left regular representation
1s injective. In particular, G has a faithful continuous unitary representation.

Proof. For g # 1, pick disjoint open neighborhoods U of 1 and V of g with
gU C V. Let 0 < f € C.(G) be non-zero with supp(f) C U. Then

(m9)f. ) = /G Ho~ o) T @) dua() = 0

because supp(m;(9) f) = gsupp(f) C gU C V intersects U trivially. On the other
hand the definition of Haar measure implies || f||2 > 0, so that m(g) # 1. O

Exercises for Section 2.4

Exercise 2.4.11. Let A = dX denote Lebesgue measure on the space M, (R) =
R™ of real (n x n)-matrices. Show that a Haar measure on GL, (R) is given by

1
dpcr,, (R) (9) = Wd)\(g).

Hint: Calculate the determinant of the linear maps Agy: M, (R) — M,(R),z —
gz.

Exercise 2.4.12. Let G = Aff;(R) & R x R* denote the affine group of R,
where (b, a) corresponds to the affine map ¢y 4(x) := ax + b. This group is

sometimes called the ax + b-group. Show that a Haar measure on this group is
obtained by

da
/Gf(bva)duc(bva) -—/R | s

Show further that Ag(b,a) = |a|~!, which implies that G is not unimodular.
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Exercise 2.4.13. We consider the group G := GLy(R) and the real projective
line
Py (R) = {[v] :== Rv: 0 # v € R?}

of 1-dimensional linear subspaces of R?. We write [z : y] for the line R (g)
Show that:

(a) We endow P;(R) with the quotient topology with respect to the map
q: R?\ {0} — P1(R),v — [v]. Show that P;(R) is homeomorphic to S.
Hint: Consider the squaring map on T C C.

(b) The map R — Py(R),z — [z : 1] is injective and its complement consists
of the single point co := [1 : 0] (the horizontal line). We thus identify
P;(R) with the one-point compactification of R. These are the so-called
homogeneous coordinates on Py (R).

(¢) The natural action of SLy(R) on Pi(R) by g.[v] := [gv] is given in the
coordinates of (b) by

ar +b a b
gw:ag(m)::cx+d for g¢= e d)

(d) There exists a unique Radon measure p with total mass = on Py (R) which is
invariant under the group O2(R). Hint: Identify P;(R) with the compact
group SO2(R)/{£1} = T.

(e) Show that, in homogeneous coordinates, we have du(z) = liﬂ;Q. Hint:
<098x o x> .0 = —tanz, and the image of Lebesgue measure on
sinz  cosz

: dx
] = m/2,7/2[ under tan is {75.

(f) Show that the action of SLa(R) on P;(IR) preserves the measure class of p.

Hint: Show that oy(z) := ‘;fig satisfies oy (z) = m and derive the
formula
d((gg)«1) 1422 1
J = g = ) = .
(Ug)(l') d,u ((Z—CZL')2 + (b_dx)ga (O'q)(OO) 62+d2

(g) The density function also has the following metric interpretation with re-
spect to the euclidean norm on RZ:

s(og) () = 190

Il

The corresponding unitary representations of SLy(R) on L?(P;(R), u) defined
by
ma(9)f 1= 0(0y) T (0y). f

(cf. Example 2.2.7) form the so-called spherical principal series.
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Exercise 2.4.14. Let X be alocally compact space, p a positive Radon measure
on X, H a Hilbert space and f € C.(X,H) be a compactly supported continuous
function.

(a) Prove the existence of the H-valued integral

1= /X £(z) du(@),

i.e., the existence of an element I € H with

(v, I) = /X(U,f(x)) du(xz) for veH.

Hint: Verify that the right hand side of the above expression is defined
and show that it defines a continuous linear functional on H.

(b) Show that, if u is a probability measure, then
I € conv(f(X)).

Hint: Use the Hahn—Banach Separation Theorem.

Exercise 2.4.15. Let 0: K x H — H, (k,v) — k.v be a continuous action of
the compact group K by affine maps on the Hilbert space H. Show that ¢ has
a fixed point. Hint: For any orbit K-orbit K.v, define the center of mass by

c(v) :=/Kk.vd,uK(k:),

where p is a normalized Haar measure on K (cf. Exercise 2.4.14).

Conclude that for any continuous unitary representation (r,H) of K each
continuous 1-cocycle f: K — H is a coboundary, i.e., of the form f(k) = w(k)v—
v for some v € H. Hint: Use Exercise 2.2.11.
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Chapter 3

Reproducing Kernel Spaces

In Chapter 2 we have seen how Hilbert spaces and continuous unitary represen-
tations can be constructed on L?-spaces. An L%-space L?(X,u) of a measure
space (X, &) has the serious disadvantage that its elements are not functions
on X, they are only equivalence classes of functions modulo those vanishing on
p-zero sets. However, many important classes of unitary representations can be
realized in spaces of continuous functions. In particular for infinite dimensional
Lie groups, this is the preferred point of view because measure theory on infi-
nite dimensional spaces has serious defects that one can avoid by using other
methods.

The main concept introduced in this chapter is that of a reproducing kernel
Hilbert space. These are Hilbert spaces H of functions on a set X for which
all point evaluations H — C, f — f(z), are continuous linear functions. Repre-
senting these functions according to the Fréchet—Riesz Theorem by an element
K, € H, we obtain a function

K: XxX—-C, K(zy) :=Ky(x)

called the reproducing kernel of H. Typical questions arising in this context
are: Which functions on X x X are reproducing kernels (such kernels are called
positive definite) and, if we have a group action on X, how can we construct
unitary representations on reproducing kernel spaces.

Throughout this chapter K denotes either R or C.

3.1 Hilbert Spaces with Continuous Point Eval-
uations
Definition 3.1.1. Let X be a set.

(a) Consider a Hilbert space H which is contained in the space KX of K-
valued functions on X. We say that H has continuous point evaluations if for

53
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each z € X the linear functional
evg: H— K, f— f(z)

is continuous. In view of the Fréchet—Riesz Theorem, this implies the existence
of some K, € H with

flz)=(f,K,) for feH,xelX.
The corresponding function
K: XxX—-C, K(z,v) ;:Ky(m)

is called the reproducing kernel of H. As we shall see below, H is uniquely
determined by K, so that we shall denote it by Hx to emphasize this fact.

(b) A function K: X x X — K is called a positive definite kernel if for
each finite subset {z1,...,2,} C X the matrix (K(Ii7xj))i7j:1,...,n is positive
semidefinite. For a function K: X x X — C we write K*(z,y) := K(y,z) and

say that K is hermitian (or symmetric for K = R) if K* = K.
We write P(X,K) for the set of positive definite kernels on the set X.

Remark 3.1.2. (a) Over K = C, the positive definiteness of a kernel K already
follows from the requirement that for all choices x1,...,x, € X and ¢y,...,¢c, €
C we have

Z Cj@K(CL‘j,LEk) >0

jk=1

because this implies that K is hermitian (Exercise 3.1.7).
For K = R, the requirement of the kernel to be hermitian is not redundant.

Indeed, the matrix
0 1
(Kij)ij=12 = (_1 0) ;

considered as a kernel on the two element set X = {1, 2}, satisfies

2

Z cicpK(xj,x) =0
k=1

for z1,...,x, € X and ¢y, ...,¢, € R, but K is not hermitian.
(b) For any positive definite kernel K € P(X) and z,y € P(X), the positive
definiteness of the hermitian matrix

(o) m o)

implies in particular that

K (z,y)]” < K(z,2)K(y,y) (3.1)
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In the following we call a subset S of a Hilbert space H total if it spans a
dense subspace.

Theorem 3.1.3. (Characterization Theorem) The following assertions hold for
a function K: X x X — K:

(a) If K is the reproducing kernel of H C KX, then the following assertions
hold:

(1) K is positive definite.
(2) {K,: z € X} is total in 'H.
(3) For any orthonormal basis (ej) je, we have K(z,y) =3, ; ej(x)e;(y).

(b) If K is positive definite, then H% := span{K,: z € X} C KX carries a
unique positive definite hermitian form satisfying

(Ky, Ky) = K(z,y) for z,yeX. (3.2)
The completion Hy of HY permits an injection
v Hre = KX uv)(2) = (v, K,)

whose image is a Hilbert space with reproducing kernel K that we identify
with HK .

(c) K is positive definite if and only if there exists a Hilbert space H C KX with
reproducing kernel K.

Proof. (a)(1) That K is hermitian follows from

K(y,r) = K. (y) = (K, Ky) = (K, Kz) = K(2,9).
For ¢ € K™ we further have

chkK(xjﬂ xk) = Zchk<sz,ij> = || chkaHQ > 0.
j.k Jik k
This proves (1).
(2) If f € H is orthogonal to each K, then f(z) = 0 for each z € X implies

f = 0. Therefore {K,: © € X} spans a dense subspace.
(3) If (e;) et is an ONB of H, then we have for each y € X the relation

Ky =Y (Kyeje; =Y ei(y)e;,
jeJ jed

and therefore

K(z,y) = K,(@) =) e;(y)e;(@).

jeJ
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(b) We want to put

<chK$j,deK$k> = ch?kK(xk,xj), (3.3)
j k

3.k

so that we have to show that this is well-defined.
Solet f =3 ¢jKy; and h = 7 dp Ky, € HY. Then we obtain for the
right hand side

> ediK (wx, ) = cdiKy (2x) = Y dif(zk). (3.4)
3k gk k

This expression does not depend on the representation of f as a linear combi-
nation of the K. Similarly, we see that the right hand side does not depend
on the representation of h as a linear combination of the K,,. Therefore

(fih) = cjdiK (zx, 2))
3.k
is well-defined. Since K is positive definite, we thus obtain a positive semidefi-
nite hermitian form on HY . From (3.4) we obtain for h = K, the relation

(f,K,)=f(x) for ze€X, fecHy.
If (f, f) =0, then the Cauchy—Schwarz inequality yields

[f(@)]* = {f, Ko)|* < K (2, 2)(f, f) =0,

so that f = 0. Therefore HY, is a pre-Hilbert space.
Now let Hx be the completion of H%. Then

v Hg — KX u(v)(x) == (v, K,)

is an injective linear map because the set {K,: z € X} is total in H%, hence
also in Hg. Now Hi = 1(Hgk) C KX is a Hilbert space with continuous point
evaluations and reproducing kernel K.

(c) follows (a) and (b). O

Lemma 3.1.4. (Uniqueness Lemma for Reproducing Kernel Spaces) If H C
KX is a Hilbert space with continuous point evaluations and reproducing kernel
K, then H ="Hg.

Proof. Since K is the reproducing kernel of 7, it contains the subspace H% :=
span{K,: x € X} of Hx, and the inclusion n: H} — H is isometric because the
scalar products on the pairs (K, K,) coincide. Now 7 extends to an isometric
embedding 7: Hx — H, and since HY% is also dense in H, we see that 7 is
surjective. For f € Hx we now have

N()x) = @), Ka)n = (f, Ka) i = f(2),
so that 7(f) = f, and we conclude that Hx = H. O
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Definition 3.1.5. The preceding lemma justifies the notation Hg for the
unique Hilbert subspace of KX with continuous point evaluations and repro-
ducing kernel K. We call it the reproducing kernel Hilbert space defined by K.

Lemma 3.1.6. If Hx C KX is a reproducing kernel space and S C X a subset
with
K(z,x) <C for z€S,

then
If(@)| <VCIfll  for z€S, feHk.

In particular, convergence in Hy implies uniform convergence on S.

Proof. For f € Hi and = € S, we have

@)= [(f Ka)l < IFI - 1Kl = 11V (Ko, Ka) = IFIVE (@,2) < VO £
O

Exercises for Section 3.1

Exercise 3.1.7. Show that, if A € M5(C) satisfies
c*Ac>0 for ceC?
then A* = A.

Exercise 3.1.8. Let X be a non-empty set and T C X x X be a subset
containing the diagonal. Then the characteristic function xr of T is a positive
definite kernel if and only if 7" is an equivalence relation.

Exercise 3.1.9. Show that if K is a positive definite kernel and ¢ > 0, then
H.x = Hx as subspaces of KX. Explain how their scalar products are related.

3.2 Basic Properties of Positive Definite Ker-
nels

The key advantage of Hilbert spaces with continuous point evaluations is that
they can be completely encoded in the function K, which is a much less com-
plex object than an infinite dimensional Hilbert space. Before we discuss some
important examples of positive definite kernels, we take a closer look at the
closure properties of the set P(X) of all positive definite kernels under several
operations.

Proposition 3.2.1. (Permanence properties of positive definite kernels) The
set P(X) of positive definite kernels on X x X has the following properties:

(a) P(X) is a conver cone in KX*X e, K Q€ P(X) and X € Ry imply

K+QeP(X) and MK e P(X).
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(b) The cone P(X) is closed under pointwise limits. In particular, if (K;);ecs
is a family of positive definite kernels on X and all sums K(x,y) =
ZjeJ K,(x,y) exist, then K is also positive definite.

(c) If p is a positive measure on (J,&) and (Kj)jes is a family of positive
definite kernels such that for x,y € X the functions j — K;(x,y) are
measurable and the functions j — K,;(x,x) are integrable, then

K(z,y) := /]Kj(x,y) du(y)

18 also positive definite.

(d) (Schur) P(X) is closed under pointwise multiplication: If K,Q € P(X),
then the kernel

(KQ)(xvy) = K(Jj, y)Q(m,y)

is also positive definite.
(e) If K € P(X), then K and Re K € P(X).

Proof. A hermitian kernel K is positive definite if

n

S(K) =Y K(x;z;)ei; >0

Jik=1

holds for z1,...,2, € X and c1,...,c, € K.

(a) follows from S(K + Q) = S(K) + S(Q) and S(A\K) = A\S(K).

(b) follows from S(K;) — S(K) if K; — K holds pointwise on X x X and
the fact that the set of positive semidefinite (n x m)-matrices is closed. For
K =3, K; we likewise have S(K) =}, ; S(K;) > 0.

(c) To see that the functions j — K;(x,y) are integrable, we first observe
that the positive definiteness of the kernels K; implies that

K (,9)] < /K ,2) K (9,9)

(Remark 3.1.2) and since the functions j — +/K;(z, z) are square integrable by
assumption, the product \/ K (z, :c \/Kj (y,y) is integrable. Now the assertion
follows from S(K) = [, S 7 1(y) > 0, because p is a positive measure.

(d) We have to show that the pointwise product C' = (a,;b;x) of two positive
semidefinite matrices A and B is positive semidefinite.

On the Hilbert space ‘H := K", the operator defined by B is orthogonally
diagonalizable with non-negative eigenvalues. Let fi,...,f, be an ONB of
eigenvectors for B and \q,...,\, be the corresponding eigenvalues. Then

Bv=>Y (v, f;)Bf; = Z/\ V=Y Nfv-fi =Y Nfifjv
j=1 j=1 j=1




3.3. REALIZATION AS REPRODUCING KERNEL SPACES 59

(where we use matrix products) implies B = Zj A;jfjf}, and since the A; are
non-negative, it suffices to prove the assertion for the special case B = vv* for
some v € K", i.e., bj;, = v;U;. Then we obtain for d € K"

Zdj?kcjk = Zdj@vjﬁkajk = Z(djvj)dkvkajk >0,
- - I

and thus C is positive semidefinite.

(e) Since K is hermitian, we have K(x,y) = K(y,z), and this kernel is
positive definite. In view of (a), this implies that Re K = (K + K) is also
positive definite. O

Corollary 3.2.2. If f(z) := E:o:o anz™ is a power series with a, > 0 converg-
ing for |z| < r and K € P(X) is a positive definite kernel with |K(z,y)| < r for
z,y € X, then the kernel

(f o K)(x.y) = F(K Zan

18 positive definite.

Proof. This follows from Proposition 3.2.1(b) because Proposition 3.2.1(d) im-
plies that the kernels K (x,y)™ are positive definite. O

3.3 Realizing Hilbert Spaces as Reproducing Ker-
nel Spaces

At this point we know how to get new positive definite kernels from given ones,
but we should also have a more effective means to recognize positive definite
kernels quickly.

Remark 3.3.1. (a) For any map 7v: X — H of a set X into a Hilbert space
H, the kernel K, (x,y) = (y(y),v(z)) is positive definite because it clearly is

hermitian, and for x41,...,z, € X and cy,...,c, € K, we have
n
Z ¢jer Iy (5, ) Z cier(y (@) (z5)) = || ) ey (an)
i,j=1 1,j=1 i=1

(b) For K € P(X) and f: X — C, the kernel

Q(z,y) = f(x)K(x,y)f(y)

is also positive definite. In fact, it is the product of K with the kernel f(z)f(y)
whose positive definiteness follows from (a), applied to the function

y=fX—->C=H
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and Proposition 3.2.1(d).
() If K € P(X) and ¢: Y — X is a function, then the kernel

K Y xY —=C, (v,y)— K(p(z),(y))

is also positive definite. This is a direct consequence of the definitions.

Definition 3.3.2. Let H be a Hilbert space. A triple (X, v, H) consisting of a
set X and a map v: X — H is called a realization triple if v(X) spans a dense
subspace of H. Then K(z,y) := (y(y),~v(x)) is called the corresponding positive
definite kernel.

Theorem 3.3.3. (Realization Theorem for Positive Definite Kernels) For each
positive definite kernel K on X, there exists a realization triple (X,~v, H) with
reproducing kernel K. For any other such triple (X,~', H'), there exists a unique
isometry ¢: H — H' with ooy =+".

Proof. Existence: Let Hx C K¥ be the reproducing kernel Hilbert space with
kernel K (Theorem 3.1.3). Then v: X — Hg,v(x) := K, satisfies

(W), v(@)) = (Ky, K;) = Ky(2) = K(z,y).

Uniqueness: Let ¢q,...,¢, € Kand 21,...,2, € X. Then

n
| Y@
j=1

cier( (), 7' (k)

‘ 2

J

‘ 2

1

NGRRANGE

cjer K (vg, ;) = H > eay)
J j=1

We may therefore define a linear map
¢ spany(X) — M, @(ZQ"Y(%’)) = ZQ"Y’(%)
i=1 i=1

As the preceding calculation shows, ¢ is isometric, hence extends to an isometry
w: H — H', and by definition it satisfies p oy = +’. That ¢ is surjective follows
from the density of span(y/(X)) in H" and the uniqueness of ¢ follows from the
density of span(y(X)) in H. O

Definition 3.3.4. (a) For a positive definite kernel K: X x X — C, the real-
ization triple (X,~, Hx) with vy(x) = K,, used in the previous proof, is called
the canonical realization triple.

(b) For a realization triple (X,~,H), the corresponding unitary map

oyt H—Hg with o (y(z)) = K,

satisfies
P (0)(2) = (py(v), Kz) = (v, 7(2)).

The isomorphism ¢ is called a realization of H as a reproducing kernel space.
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Proposition 3.3.5. Let K be a continuous positive definite kernel on the topo-
logical space X. Then the map v: X — Hgi,x — K., is continuous and Hg
consists of continuous functions.

Proof. The continuity of « follows from the continuity of
1Ko — Ky|? = K(z,2) + K(y,y) — K(z,y) — K(y,@).

Since the scalar product is a continuous function H x ‘H — K, the continuity of
each f € Hgi now follows from f(z) = (f, K;) = (f,v(x)) and the continuity
of ~. O

Examples 3.3.6. (a) If H is a Hilbert space, then the kernel

K(z,y) = (y,z)

on H is positive definite (Remark 3.3.1(a)). A corresponding realization is given
by the map v = idy. In particular, H = Hyx C K.

(b) The kernel K(z,y) := (z,y) = (y,x) is also positive definite (Propo-
sition 3.2.1(e)). To identify the corresponding Hilbert space, we consider the
dual space ‘H’ of continuous linear functionals on H. According to the Fréchet—
Riesz Theorem, every element of H’ has the form ~,(z) := (z,v) for a uniquely
determined v € H, and the map

yH—-H, v,

is an antilinear isometry. In particular, H’ also is a Hilbert space, and the scalar
product on H’ (which is determined uniquely by the norm via polarization) is
given by

(Y 7a) o= (2, y) = K(2,y).

Therefore v: H — H’ yields a realization of the kernel K, which leads to
Hi 2 H'.
(c) If (ej)jes is an orthonormal basis in H, then the map

y:J—=H, jr—ej

has total range, and K (i, j) := 0;; = (e;, e;) is the corresponding positive defi-
nite kernel on J. The element v € H then corresponds to the function

py(v): I =K, e (v,e5)
of its coefficients in the expansion v = ZjeJ<”’ ej)e;, and the map
Py H— C(LK), v ((v,65))jes

is an isomorphism of Hilbert spaces. We conclude that Hz = ¢2(J,K) C K7 is
the corresponding reproducing kernel space.
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(d) Let (X, &, u) be a finite measure space and H = L?*(X,u). Then the
map
v:6 - L*(X,n), Ew xg

has total range because the step functions form a dense subspace of L?(X, ).
We thus obtain a realization

ot P(X,0) = Hae €€, o (NE) = (Foxs) = [ Fu

of L?(X, i) as a reproducing kernel space on & whose kernel is given by
K(E,F) = (xr,xg) = W(ENF).

(e) If H is a complex Hilbert space, then the kernel K (z,w) := e(*®) is also
positive definite (Corollary 3.2.2. The corresponding Hilbert space Hx C C*
is called the (symmetric) Fock space F(H) of H. As we shall see below, it plays
an important role in representations theory, and in particular in mathematical
physics.

We also note that the same argument shows that for each A\ > 0, the kernel
eMaw) g positive definite.

(f) Let H be a Hilbert space and D := {z € H: ||z|| < 1} be the open unit
ball. For each s > 0, we find with Corollary 3.2.2 that the kernel

me<1@wwi<ﬁ<m@w”

|
"0 n.
© 1)--- -1
:ZS(S+ ) $S+n )<Z7w>n
"0 n:

is positive definite.
We shall see below how these kernels can be used to obtain interesting unitary
representations of certain Lie groups.

Remark 3.3.7. (Extending v: X — H to measures) Let (X, &) be a measur-

able space and K € P(X) be a positive definite measurable kernel. Let p be a
measure on (X, &) satisfying

CK = / VE(z,z) du(z) < oo. (3.5)
X
Each f € Hg satisfies

[f @) < A 1) = (LI E (2, 2)-
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We also observe that the measurability of all functions K, implies the measura-
bility of all functions in Hx because they are pointwise limits of sequences of lin-
ear combinations of the K, (cf. Theorem 3.1.3). We conclude that f € L1(X, i)
for each f € Hg, and that we have an estimate

| [ 1@ dut@)] < exls

Therefore integration defines a continuous linear functional on H g, and we thus
obtain a uniquely determined element K, € Hx with

/X f@)du(a) = (f.K)  for  feHi

This relation can be rewritten as (f, K,) = [, (f, Ky) du(y), so that

KH:/ Kydﬂ(y)
X

in the sense of weak integrals. Evaluating this relation in z € X, leads to

/ Ky(x)du(y / K(z,y)du(y
We further obtain

0< /K ) du(y //Ky, ) dp(z) du(y).

Note that for the point measure J, in X we have K5, = K,, so that the
assignment p — K, can be considered as an extension of the map yx: X —
Hr,x — Ky, to a certain set of measures p, restricted by the relation (3.5).

If 1 is a Radon measure on a locally compact space, K is continuous and
f € C.(X), then

/X (@) | VE @ 2) du(z) < 0

so that we obtain in particular the relation

/ / F@)FQK (2, ) du() du(y) > 0, (3.6)
X JX

which shows that

//f K(z,y) dp(x)du(y) >0

defines a positive definite hermitian form on C.(X).
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Exercises for Section 3.3

Exercise 3.3.8. Let Hx C KX be a reproducing kernel Hilbert space and
Hi = @jg sH; be a direct Hilbert space sum. Show that there exist positive
definite kernels K7 € P(X) with K = 3_ . ; K7 and H; = Hy; for j € J. Hint:
Consider H; as a Hilbert space with continuous point evaluations and let K7
be its reproducing kernel.

Exercise 3.3.9. Let X = [a,b] be a compact interval in R and K: [a,b]> — C
be a continuous function. Then K is positive definite if and only if

b b
//c(x)@[((:c,y)dxdyzo for each ¢ € C([a,b],C).

Exercise 3.3.10. Show that for ¢ € C with Rea > 0 and z € C, the following
integral exists and verify the formula:

1 az? 1 22
- 2

where +/a refers to the canonical branch of the square root on the right half
plane with v/1 = 1. Hint: Assume first that a,z € R. Then use a dominated
convergence argument to verify that the integral depends holomorphically on z
and a.

(L(L'2

Exercise 3.3.11. Fix a > 0 and define v: C — L?(R,dx) by v(z) := e®*~ "2

Show that
T G+m)?
B = |65

and that v(C) is total in L?*(R). Use this to derive an isomorphism ¢., of
L?(R,dx) with a reproducing kernel space of holomorphic functions on C.

Exercise 3.3.12. Let (X, S, 1) be a probability space. Show that on X = &,
the kernel
K(E, F) = p(ENF) — p(E)u(F)

is positive definite. Hint: Consider the hyperplane {f € L*(X,p): [y fdu =

0}.

Exercise 3.3.13. Show that on X := [0, 1], the kernel K (z,y) := min(z,y)—xy
is positive definite.

Exercise 3.3.14. On the interval [0, 1] C R, we consider H = L?([0, 1], dz) and
the map

o [07 1] —H, ’y(l’) = X[0,z]
Show that:

(a) K(z,y) = (v(y),7(z)) = min(z,y).
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(b) im(7) is total in H. Hint: The subspace spanned by im() contains all Rie-
mannian step functions (those corresponding to finite partitions of [0, 1]
into subintervals). From this one derives that its closure contains all con-
tinuous functions and then use Proposition 2.3.6.

(c) The reproducing kernel space H g consists of continuous functions and
pri L(0.1) = Mo (M) = [ Fle)ar
0

The space H is also denoted H}([0,1]). It is the Sobolev space of all
continuous functions on [0, 1], vanishing in 0 whose derivatives are L2-
functions.

Exercise 3.3.15. Show that on X :=]0, co[ the kernel K (z,y) := ﬁ is positive
definite. Hint: Consider the elements ey (z) := e™** in L?(R,, dx).

Exercise 3.3.16. Let X be a topological space and Y C X be a dense subspace.
Show that, if K: X x X — C is a continuous positive definite kernel, then the
restriction map

r: Hg — CY, fe=fly

induced a unitary isomorphism onto the reproducing kernel space Hqg with
Q= Klyxy.

Exercise 3.3.17. Let X be a set and K € P(X, C) be a positive definite kernel.
Show that

(a) Hz = Hk and that the map o: Hx — Hz, f — f is anti-unitary.

(b) The map o(f) = f preserves Hyx = Hy and acts isometrically on this
space of and only if K is real-valued.

3.4 Inclusions of Reproducing Kernel Spaces

In this subsection, we discuss the order structure on the cone P(X) = P(X,C)
of complex-valued positive definite kernels on the set X and relate it to the
structure of the corresponding Hilbert spaces.

Definition 3.4.1. Let K € P(X) and A € B(Hg). We define the symbol of A
as the kernel

K4 X x X —»C, K%=bvy):=(AK,, K,).

Note that K' = K for the identity operator 1 on Hy. Since the K, = € X,
form a total subset of X, A is uniquely determined by its symbol.

Lemma 3.4.2. The assignment B(H) — CX*X A — KA has the following
properties:
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(i) (K4)* = K4 and K* is hermitian if and only if A is hermitian.
(ii) K4 is positive definite if and only if A is positive.
Proof. For x,y € X, the relation

KA(y,2) = (AKo, Ky) = (Kay A7K,) = K2 (2, y)

implies that (K4)* = K“™. Since an operator is uniquely determined by its
symbol, (i) follows.
(ii) In view of (i), we may assume that A is hermitian. For ¢,...,¢, € C

and z1,...,2, € X and w := Zj cj Ky, we have

n

n
A
(Aw, w) g ciCr(AKy;, Ky,) = E c;ier K (g, xj).
jk=1 jk=1

Therefore A is a positive operator if and only if the kernel K is positive definite.
O

Example 3.4.3. (a) Let (e;);es be an orthonormal basis in the Hilbert space
H and K: J x J — C,(4,j) — d;; be the reproducing kernel corresponding
to the natural realization as functions on J (cf. Example 3.3.6(c)). Then the
symbol of A € B(H) is the function

KA(i,j) = <AKj,Ki> = (Aej,ei> = Qqy,

where (a;;)i jes is the matrix of the operator A with respect to the orthonormal
basis (e;) e

(b) We realize the Hilbert space H as a reproducing kernel space Hx on
X = H with kernel K(z,w) = (w, z) (cf. Example 3.3.6(a)). Then the symbol
of an operator A € B(H) is the kernel K4 (z,w) = (Aw, z).

(¢) We assume that (X, G, 1) is a measure space and that we have a repro-
ducing kernel space Hx C CX with an isometric embedding Hx — L?(X, u).!
Since the K, form a total subset of Hy, this condition is equivalent to
| Kz|l2 < oo for each z € X, and the relation

zmw=mwm=ﬁm@Kum@=

For a bounded operator A € B(Hk) and f € Hx, we then have

/X K(z,2)K(z,y)du(z).

(Af)(2) = (f, A°K. /f VAR (1) du(w)
/f VKA (w, 2) dps(w /KAzw w) dp(w).

This means that every bounded operator A on Hy can be written as a kernel
operator with kernel K4.

1The example under (a) is of this type if u is the counting measure on J and K (4, j) = §;;.
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Definition 3.4.4. (a) If C' is a convex cone in the real vector space V, then we
define an order on V by a < b if b —a € C. We say that b dominates a and
write a < b if @ << Ab for some A > 0.

A face F of C is a convex cone F' C C with the property that

r+yeFzx,yeC = x,yePF
This can also be expressed as
(F-C)nCCF.

Since intersections of families of faces are faces (Exercise 3.4.11), it makes sense
to speak of the face generated by a subset of C'. The face generated by an
element © € C is the set of all elements of C, dominated by z (Exercise). An
extremal ray of C is a face of the form RTx C C. That x generates an extremal
ray means that x = y 4 z for y, z € C' implies that y,z € R z.

(b) In the following, we shall apply all concepts defined under (a) to the
convex cone P(X) of positive definite kernels.

We now relate these notions to the corresponding Hilbert spaces.

Remark 3.4.5. Let K,Q € P(X). We describe the space Hi1¢g. In order to
do that, we define a map

v: X > Hx ®Hg, z— (K;, Q).

Then (y(y),v(x)) = K(x,y) + Q(x,y), so that the Realization Theorem 3.3.3
shows that we obtain a realization of the closed subspace of Hx ®H¢g generated
by v(X) as Hr+¢q. Since

((f1; f2) (@) = fr() + fal),

the mapping Hx @Hg — Hr+q, (f1, f2) — fi+ f2 is surjective and an isometry
on the closed subspace generated by im(7y). Its kernel is the set of pairs (f, — f),
f € Hxk N'Hg. We conclude in particular that

Hiro = Hi + Ho = (Hix ® He)/(Hr NHq).-

Lemma 3.4.6. Let H be a Hilbert space, K € P(X) and Hx be the corre-
sponding reproducing kernel Hilbert space. Then a linear mapping A: H — Hg
is continuous if and only if, for each x € X, the map H — C,v — (Av)(x) is
continuous.

Proof. Since the point evaluations on Hy are continuous, the continuity of the
functions v — (Awv)(z) is clearly necessary for the continuity of A.
Suppose, conversely, that all these functions are continuous. We claim that
the graph
I'(A) :={(v,Av) e Hx Hg:v € H}

is closed. In fact, if (v,, Av,) — (v, w), then we have for each = € X the relation
(Av,)(z) — w(x), and also (Av,)(z) — (Av)(z), which leads to Av = w. Now
the continuity of A follows from the Closed Graph Theorem. O
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Theorem 3.4.7. For L, K € P(X), the following are equivalent:
(1) L<K, i.e., \K — L € P(X) for some XA > 0.

(2) Hp C H.

(3) There exists a positive operator B € B(Hg) with KP = L.

Proof. (1) = (2): If L < K, then we find a A > 0 with K’ := AK — L € P(X).
Then NK = L 4+ K’, and therefore Hx = Hax = Hr + Hi (Remark 3.4.5)
implies Hy, C Hg.

(2) = (3): We claim that the embedding A: H — H is continuous with
L = K*4". For each z € X, the mapping H; — C, f — (Af)(z) = f(z) is
continuous so that the continuity of A follows from Lemma 3.4.6. The definition
of A implies that

(fi La) = f(x) = (Af)(z) = (Af, Kz) = (f, A"Kz)
for each f € Hp, and therefore L, = A*K,. This in turn leads to
L(z,y) = (Ly, L) = (A" K, A'K,) = (AA'K,, K,) = K4 (x,y).
(3) = (1): The operator C := ||B||1 — B is positive, so that
K€ = |B|K' - K? = |B|K — L € P(X)
(Lemma 3.4.2). Hence L < K. O

Remark 3.4.8. Note that Theorem 3.4.7 implies in particular that the mapping
B +— KP yields a linear isomorphism of the convex cone B(Hg )" of positive
operators on Hy onto the face of P(X) generated by K.

Proposition 3.4.9. For 0 # K € P(X), the following are equivalent:
(1) dimHy = 1.
(2) RTK is an extremal ray in P(X).

(3) There exists a non-zero function f € CX with K(x,y) = f(x)f(y) for all
z,y € X.

Proof. (1) & (2) follows from Remark 3.4.8 and the observation that the cone
of positive operators in Hx is one-dimensional if and only if H itself is one
dimensional.

(1) = (3): If Hk is one-dimensional, then let f € Hy denote a unit vector.
We claim that K(x,y) = f(z)f(y) holds for all z,y € X. In fact, we have

Ky = c(y)f for some c(y) € C, so that f(z) = (f, Ks) = (f,c(z)f) = c(z) leads
to K (z,y) = Ky (@) = c(u) f(2) = £ )T ).

(3) = (1): If K(z,y) = f(x)f(y), then all functions K, are multiples of f,
so that Hx = Cf is one-dimensional if K is non-zero. O
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Remark 3.4.10. We claim that the extremal rays of the cone B(H)* of positive
operators on H are of the form Ry P,, where

P,x = (z,v)v for some 0#veEH.

To verify this claim, we identify H with the reproducing kernel space Hx C
C™" with K(z,w) = (w,z) (Example 3.3.6(a)). In view of Remark 3.4.8, an
operator A € B(H)t generates an extremal ray if and only if its symbol K4
corresponds to a minimal non-zero subspace Hxa of H = Hyg. This is clearly
equivalent to dim H x4 = 1, which in turn is equivalent to

KA(va) = <Aw72> = f(Z)m

for some f € Hx = H (Proposition 3.4.9). Since each f € H can be represented
as f(z) = (v, z) for some v € H (a continuous antilinear functional), we have

F2)f(w) = (v,2)(w,v) = (Py(w), 2) = K™ (2,w).

This proves that Ry A is extremal if and only if A = P, for some non-zero vector
v € H.

Exercises for Section 3.4

Exercise 3.4.11. Let C be a convex cone in a real vector space. Show that for
any family (F;);es of faces of C, the intersection (,.; F; also is a face.
Exercise 3.4.12. Let C' be a convex cone in a real vector space and f: V — R
a linear functional with f(C) C Ry. Show that ker f N C' is a face of C.

Exercise 3.4.13. Let C be a convex cone in a topological vector space V. Show
that every proper face F' of C' is contained in the boundary dC. Hint: Show that
the face generated by any x € C? is all of C' by showing that C' C UssoAz=0C).

Exercise 3.4.14. We have seen in Example 3.3.6 that the L2-space for a finite
measure p on (X, &) can be realized as a reproducing kernel space H,, C C®
with kernel K(E, F) = pu(E N F). Show that for two finite positive measures A
and p on (X, &), we have

HyCH, <= (3C>0)u<CA

Hint: Use Theorem 3.4.7 to see that for the corresponding kernels K, and K
we have K)(E,FE) < CK,(E,FE) for all E € &.
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Chapter 4

Commutants and Tensor
Products

In this chapter we turn to finer information on unitary representations, resp.,
representations of involutive semigroups. We have already seen in Lemma 1.3.1
that for a representation (m,H) of (S, *), a closed subspace K of H is invariant
if and only if the corresponding orthogonal projection P onto K belongs to the
subalgebra

Bs(H)={A € B(H): (Vs € S) An(s) = n(s)A}.

This algebra is called the commutant of 7(S) and since its hermitian projections
are in one-to-one correspondence with the closed invariant subspaces of H, it
contains all information on how the representation (m,H) decomposes.

A key result in this context is Schur’s Lemma, asserting that «(S) = C1
if and only if (w,H) is irreducible. The proof we give is based on Gelfand’s
Representation Theorem for commutative C*-algebras, which is explained in
Section 4.1. In Section 4.2, Schur’s Lemma is used to get complete informa-
tion on the commutant of any representation generated by irreducible ones. In
Section 4.3 we introduce tensor products of unitary representations. They pro-
vide in particular a natural way to deal with infinite multiples of an irreducible
representation and to determine their commutants in terms of the so-called
multiplicity space.

4.1 Commutative C*-algebras

Let A be a commutative Banach-x-algebra. We write
A :=Hom(A,C)\ {0},

where Hom(A, C) denotes the set of all morphisms of Banach-*-algebras, i.e.,
continuous linear functionals y: A — C with the additional property that

x(ab) = x(a)x(b) and x(a*)=x(a) for a,be A (4.1)

71
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Thinking of C as a one-dimensional Hilbert space, we have C = B(C), so
that Hom(A, C) can also be considered as the set of one-dimensional (involutive)
representations of the Banach-x-algebra A.

Since the set Hom(A,C) is defined by the equations (4.1), it is a weak-x-
closed subset of the topological dual space A’. One can also show that ||x|| <1
for any x € Hom(A,C) (Exercise 4.1.4), so that Hom(A, C) is also bounded,
hence weak-x-compact by the Banach—Alaoglu Theorem. Therefore Ais a lo-
cally compact space.

Since A C CA carries the weak-*-topology, i.e., the topology of pointwise
convergence, each element a € A defines a continuous function

a: A—C, a(x) = x(a).

Since a extends to a continuous function on the compact space Hom(A,C)

-~

vanishing in the O-functional, we have a € Cy(A) (Exercise 4.1.5), with

[a()] = Ix(a)] < lIixllllall < [lal

(cf. Exercise 4.1.4). We thus obtain a map

-~

G:A— Cy(A), aw—a,
called the Gelfand transform. For a,b € A and x € A we have
G(ab)(x) = x(ab) = x(a)x(b) = G(a)(X)G(b)(x)

and

G(a")(x) = x(a") = x(a) = G(a)" (),
so that G is a morphism of Banach-x-algebras, i.e., a continuous homomorphism
compatible with the involution.

Theorem 4.1.1. (Gelfand Representation Theorem) If A is a commutative
C*-algebra, then the Gelfand transform

-~

gl .A - Co( )
18 an tsometric isomorphism.
For a proof we refer to [Ru73, Thm. 11.18].

Remark 4.1.2. (a) If A is already of the form A = Cy(X) for a locally compact
space, then one can show that the natural map

n: X — A, n@)(f) = f(x)

is a homeomorphism, so that we can recover the space X as A. R

(b) The image G(A) of the Gelfand transform is a *-subalgebra of Cy(.A)
separating the points of A and for each y € A, there exists an element a € A
with @(x) # 0. Therefore the Stone-Weierstrafi Theorem (for locally compact

-~

spaces) implies that G(A) is dense in Cy(A).
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Corollary 4.1.3. If A is a unital C*-algebra and dim A > 1, then there exist
non-zero commuting elements a,b € A with ab = 0.

Proof. Since A # C1, there exists an element x € A\ C1. Writing = y + iz
with y* = y and z* = z, it follows immediately that A contains a hermitian
element a € A\ C1. Let B C A be the closed unital subalgebra of .4 generated
by a. Then B is commutative and larger than C1, hence isomorphic to Cy(X) for
some locally compact space X (Theorem 4.1.1). Then X contains at least two
points z # y, and Urysohn’s Lemma implies the existence of non-zero elements
a,b € Co(X) C Co(X) = B with ab = 0. O

Exercises for Section 4.1

Exercise 4.1.4. Let A be a Banach algebra and y: A — C be an algebra
homomorphism. Show that:

(a) x extends to the unital Banach algebra A, := A X C with the multiplication
(a,t)(a’,t") = (ad’ + ta’ + t'a,tt")
(cf. Exercise 1.1.24).
(b) If A is unital and x # 0, then
x(1)=1 and x(A*)CC*.

Conclude further that x(B;(1)) € C* and derive that y is continuous
with || x|l < 1.

Exercise 4.1.5. Suppose that Y is a compact space yp € Y and X :=Y \ {yo}.
Show that the restriction map yields an isometric isomorphism of C*-algebras:

r: C.(Y,C):={f e C(Y,C): f(yg) =0} — Cy(X,C).
Exercise 4.1.6. Let A be a C*-algebra. Show that:

(i) If a = a* € A is a hermitian element, then [[a"| = ||a||™ holds for each
n € N. Hint: Consider the commutative C*-subalgebra generated by a.

(ii) If B is a Banach-*-algebra and a: B — A a continuous morphism of Banach-
x-algebras, then |||l < 1. Hint: Let C' := |||| and derive with (i) for b € B
the relation

[a(B)][*" = [|a(®™)[[" = [|e((b0")™)]| < C[|(00*)"™ ]| < C|lb]*".
Finally, use that C/™ — 1.

Exercise 4.1.7. Let A be a C*-algebra. We call a hermitian element a = a* €
A positive if a = b2 for some hermitian element b = b* € A. Show that:
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(a) Every positive Element a € A has a positive square root. Hint: Consider the
commutative C*-subalgebra B generated by b and recall that B = Cy(X)
for some locally compact space.

(b) If Cy(X), X alocally compact space, is generated as a C*-algebra by some
f > 0, then it is also generated by f2. Hint: Use the Stone—Weierstraf
Theorem.

(c) If b is a positive square root of a, then there exists a commutative C*-
subalgebra of A containing a and b in which b is positive. Hint: Write
b = c? and consider the C*-algebra generated by c.

(d) Every positive Element a € A has a unique positive square root. Hint: Use
(b) and (c) to see that any positive square root of a is contained in the
C*-algebra generated by a; then consider the special case A = Cy(X).

Exercise 4.1.8. Let A be a unital C*-algebra and a = a* € A with |ja]| < 1.
Show that
* /1
b:=+1-a?:= Z <2) (=1)"a®"
n=0 n
is hermitian and satisfies b2 = 1 — a2. Show further that

u:=a+i1v1—a?eU(A)

and conclude that A = span U(A). Hint: To verify b = 1 — a?, it suffices to
consider the commutative C*-algebra generated by a.

4.2 The Commutant of a Representation

4.2.1 Basic Properties of Commutants
Definition 4.2.1. For a subset S C B(H), we define the commutant by
S":={A e B(H): (Vs € S)sA = As}.

If (m,H) is a representation of an involutive semigroup S, then w(S)" =
Bs(H,H) is called the commutant of (w,H). It coincides with the space of
self-intertwining operators of the representation (m, H) with itself (cf. Defini-
tion 1.3.3).

Lemma 4.2.2. For subsets E, F C B(H), we have:
(i) ECF & FCEF.
(i) E C E".

(i) EC F = F' C E'.
(iv) E' = E".
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(v) E=E"if and only if E = F’ holds for some F C B(H).

Proof. (i) is trivial.

(ii) In view of (i), this is equivalent to E’ C E’, hence trivial.

(i) is also trivial.

(iv) From (ii) we get E/ C (E’)” = E". Moreover, (ii) and (iii) imply
E" CFE.

(v) If E = F', then E” = F'"" = F' = FE is a consequence of (iv). The
converse is trivial, O

Lemma 4.2.3. The commutant E' of a subset E C B(H) has the following
properties:

(i) If E is commutative, then so is E".

(il) E’ is a subalgebra of B(H) which is closed in the weak operator topology,
hence in particular norm-closed.

(iii) If E* = E, then E’ is also x-invariant, hence in particular a C*-subalgebra

of B(H).

Proof. (i) That F is commutative is equivalent to £ C E’, but this implies
E" C E' = E" (Lemma 4.2.2(iv)), which means that E” is commutative.

(i) Clearly E’ is a linear subspace closed under products, hence a subalgebra
of B(H). To see that E’ is closed in the weak operator topology, let v,w € H
and B € E. For A € B(H) we then have

fo.w(AB — BA) = (ABv,w) — (BAv,w) = (fBow — fo,B*w)(4),

which leads to
E = m ker(va,w - fv,B*w)7

v,weH,BEE

which is subspace of B(H) that is closed in the weak operator topology.
(iii) If A € E' and B € E, then

A*B — BA* = (B*A— AB*)* =0

follows from B* € E. Therefore E’ is *-invariant. Since it is in particular norm
closed by (ii), E’ is a C*-subalgebra of B(H). O

Definition 4.2.4. A unital x-subalgebra A C B(H) is called a von Neumann
algebra if A= A".
A von Neumann algebra A is called a factor if its center

Z(A):={z€ A: (Va € A)az = za}

is trivial, i.e., Z(A) = C1.
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Remark 4.2.5. (a) In view of Lemma 4.2.3, any von Neumann algebra A is
closed in the weak operator topology.

(b) For every s-invariant subset £ C B(H), the commutant E’ is a von
Neumann algebra because it is also *-invariant and E”" = E’ (Lemma 4.2.2).
In particular, for any von Neumann algebra A, the commutant A’ is also a von
Neumann algebra.

(¢) Clearly, the center Z(A) of a von Neumann algebra can also be written
as

Z(A) = ANA = AN A = Z(A).

In particular, we see that A is a factor if and only if its commutant A’ is a
factor.

Example 4.2.6. The full algebra A = B(H) is a von Neumann algebra. In
this case A" = C1 (Exercise), which implies in particular that B(H) is a factor.
Such factors are called type I factors.

4.2.2 Schur’s Lemma and some Consequences

The fact that commutants are always C*-algebras is extremely useful in repre-
sentation theory. We now use the results on commutative C*-algebras explained
in Section 4.1.

Theorem 4.2.7. (Schur’s Lemma) A representation (m,H) of an involutive
semigroup is irreducible if and only if its commutant is trivial, i.e., 7(S)" = C1.

Proof. If (w, H) is not irreducible and K C H is a proper closed invariant sub-
space, then the orthogonal projection P onto K commutes with 7(S) (Lemma 1.3.1)
and P ¢ C1. Therefore (m, H) is irreducible if 7 (S)" = C1.

Suppose, conversely, that m(S)" # C1. Then Corollary 4.1.3 applies to the
C*-algebra 7(S)’ (Lemma 4.2.3), so that there exist non-zero commuting A, B €
7(S) with AB = 0. Then K := A(H) is a non-zero closed subspace invariant
under 7(5) and satisfying B = {0}. Therefore (7, H) is not irreducible. O

For a version of Schur’s Lemma for real Hilbert spacs, asserting that in this
case the commutant is one of the skew fields R, C of H, we refere to [SV02].

Corollary 4.2.8. Every irreducible representation (7w, H) of a commutative in-
volutive semigroup (S, ) is one-dimensional.

Proof. It S is commutative, then 7(S) C #(S). If (w,H) is irreducible, then
w(S)" = C1 by Schur’s Lemma, and therefore 7(S) C C1, so that the irre-
ducibility further implies dimH = 1. O

Corollary 4.2.9. Suppose that (w,H) is an irreducible representation of an in-
volutive semigroup and (p,K) any representation of S. If Bs(H,K) # {0}, then
(7, H) is equivalent to a subrepresentation of (p,K). In particular, Bs(H,K) =0
if both representations are irreducible and non-equivalent.
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Proof. Let A € Bs(H,K) be a non-zero intertwining operator. Then A*A €
Bgs(H) = w(S)’ = C1 by Schur’s Lemma. If this operator is non-zero, then
(A* Av,v) = ||Av||? > 0 for v € H implies that A*A = A1 for some A > 0. Then

-1
B :=+/\ A is another intertwining operator with B*B = 1. Hence B: H — K
is an isometric embedding. In particular, its image Ky is a closed non-zero

invariant subspace on which the representation induced by p is equivalent to
(m, H). O

Corollary 4.2.10. If (7, H) is a representation of an involutive semigroup and
H1,Ho € H are non-equivalent irreducible subrepresentations, then Hi L Hs.

Proof. Let P: H — 'H; denote the orthogonal projection onto Hi. Since H;
is invariant under 7(S), Lemma 1.3.1 implies that P € Bg(H,H1). Hence
Pln, € Bs(Ha,H1) = {0} by Corollary 4.2.9. This means that H; L Hos. O

At this point it is natural to observe that any representation (m,H) of an
involutive semigroup S decomposes naturally into a discrete part (7q, Hq) which
is a direct sum of irreducible ones and a continuous part (w., H.) which does
not contain any irreducible subrepresentations.

Proposition 4.2.11. Let (7, H) be a representation of the involutive semigroup
S on H and Hq C H be the closed subspace generated by all irreducible subrep-
resentations. Then the following assertions hold:

(i) Hq is S-invariant and the representation (mq, Hq) of S is a direct sum of
irreducible ones.

(ii) The orthogonal space H. := Hz carries a representation (., H.) of S which
does not contain any irreducible subrepresentation.

Proof. 1t is clear that the subspace H, is S-invariant because it is generated by
a family of S-invariant subspaces. To see that it is a direct sum of irreducible
representations, we apply Zorn’s Lemma. Let H;, j € J, be a maximal set of
S-invariant subspaces of H such that the corresponding representations (m;, H,)
are irreducible and their sum . ; H; is orthogonal. Set Ho :=>_,c ; H; € Ha.
Then Hq := 'HOL N Hgy is S-invariant. We write p: Hy — H; for the orthogonal
projection. Then p is surjective and if H; # {0}, there exists an irreducible
subspace K C Hg with p(K) # {0}. This means that Bg(K,H1) # {0} and
hence, by Corollary 4.2.9, that the representation on K is equivalent to an irre-
ducible subrepresentation of H;. This contradicts the maximality of the family
(H;)jes. We conclude that Hy; = {0}, and (i) follows from Exercise 1.3.18.
Assertion (ii) follows from the construction of H,. O

Definition 4.2.12. If (7, H) is an irreducible representation, then we write 7]
for its (unitary) equivalence class.
For a topological group G, we write G for the set of equivalence classes of

irreducible unitary representations (cf. Exercise 1.3.21). It is called the unitary
dual of G.
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Let (p, H) be a continuous unitary representations of G. For [r] € CA?, we
write Hr) C H for the closed subspace generated by all irreducible subrepre-
sentations of type [r]. From Corollaries 4.2.9 and 4.2.10 it follows in particular
that

Higj LHpey - for - [a] # ],

so that the discrete part of (p, H) is a direct sum

Ha=D, oM
(Exercise 1.3.18). The subspaces H;, are called the isotypic components of H.

Remark 4.2.13. (Reduction of commutants) Applying Corollary 4.2.9 to the
decomposition

H=H.oHi=H D Hpm,
we see that
Bg(’H[W],'HC) = {0} and BG(H[W],'H[W/]) = {0}

for [r] # [n']. Therefore Bg(H) preserves each H[,, hence it also preserves
He = H(J[ because it is *-invariant.
From Exercise 4.2.23 we thus derive that

Bo(H) = {(Am) € ] Ba(Mm): sup | Ax] < oo} @ Ba(to).
[ﬂ]eé [r]eG

Using the concept of an ¢*° direct sum of Banach spaces
052,X; = {(@))jes € [ X5+ ol s=sup | < oo},
jeJ jed

it follows that
Ba(M) = (875 Ba(Mix)) @ Bo(Ho).

In the following section we shall determine the commutant of the isotypic
components of a representation.

Example 4.2.14. (a) For an abelian topological group A, we have seen in
Corollary 4.2.8 that all irreducible unitary representations are one-dimensional,
hence given by continuous homomorphisms

x: A—T.

Since U(C) = Uy(C) = T is abelian, two characters define equivalent unitary
representations if and only if they coincide. Therefore the unitary dual of A can
be identified with the group

A := Hom(A, T)
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of continuous characters of A. R
For any continuous unitary representation (m,H) of A and x € A, the iso-
typic subspace

Hy :=Hp) ={v e H: (Va € A)n(a)v = x(a)v}

is the simultaneous eigenspace of A on H corresponding to the character y.
Taking all the simultaneous eigenspaces together, we obtain the subspace

Ha =& . 3Hy

x€A

from Proposition 4.2.11.

(b) In general its orthogonal complement H, is non-trivial, as the regular
representation of R on L?(IR) shows. To see this, we first observe that, in view
of Exercise 4.2.24, every continuous character of R is of the form y,(z) = e**.
Therefore any eigenfunction f € L?(R) satisfies for each 2 € R for almost every
y € R the relation

fly+a)=ef(y).
This implies in particular that the function |f| is, as an element of L*(R,dz),
translation invariant. We thus obtain

00> / |f<x>|2dx=n§ejz / (@) 2 da,

and therefore f vanishes almost everywhere. This proves that the discrete part
is trivial, i.e., L?(R,dxz)q = {0}.

Example 4.2.15. If A is a compact group and f14 is a normalized Haar measure
on A, we have for each non-trivial character y € A

/ Xta = 0.
A
In fact, for a € A we have
Ii= [ x@dna@) = [ on)dua@) = @) [ @) duate) = (@)1
and for x(a) # 1, we derive I = 0. We conclude that A is an orthonormal subset
of L?(A, j14) because
0o = /AxﬁduA = Oxn-

This observation has an important application to the analysis of unitary rep-
resentations of A because it permits to derive an explicit form for the projection
onto the isotypic components. R

Let (m,H) be a continuous unitary representation of A and x € A. For
v € H we consider the H-valued integral

Pe(v) == /A X@)(g)v dualg).
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We refer to Exercise 2.4.14 for its existence. Clearly, P, defines a linear map
‘H — 'H with

[Py (v ||</|x I (g)vll dialy /IlvllduA = [Joll,

so that P, is a contraction. We also note that

(P (v), w) = /A X&) (g)v, w) dyialg) = /A X@) v (g™ ) dpealo)
— (v, /A x(@)m(g™ wdpa(g)) = (v, /A X~ (g)w dpia(g))

— (v, /A X@m(g)w dpialg)) = (v, Py(w)),

so that Py = Py. If v € H,, then

Px(“):A@X(Q)UdMA(Q)ZAX 9)x(9) dpalg) v =v,

and for a € A we have

7(a) Py (v) = /A X@)m(a)m(g)v dpualg) = / X@m(ag)v dualg)

A

:/x(a‘lg)ﬂ(g)vdlm(g) =x(a)/@ﬂ(g)vdxm(g) = x(a)Py(v).
A A

This shows that Pf = P, = Py is the orthogonal projection onto the eigenspace
Hy.

As we shall see in the following subsection, H = H,4 holds for any continuous
unitary representation of a compact group, and for compact abelian groups A,

this leads to
H=@,

This decomposition is of particular interest for the right regular represen-
tation (7., L?(A)). In this case we can be more specific. For f € L?(A) we
have

P (f)(h) Z/A@f(hg) dualg) Z/Ax(h‘lg)f(g) dpa(g)
= x(h) / X@)F(9) dualg).
A

This proves in particular that L?(A, ua), = Cy, so that we obtain

—

L2(A7MA) = @ A(CX>

XEA
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and since the characters form an orthonormal system, the map

~

Fi L3 (A pa) — 2(A,C), FHK) = ) = /A X@)F(9) dyalo)

is unitary. This map is called the Fourier transform and its unitarity is called
the Plancherel Theorem.

Example 4.2.16. The preceding example specializes in particular to the right
regular representation of the circle group G = T on H = L*(T, ur).

To see how this representation decomposes, we first recall from
Example 4.2.14(b) that each character of R is of the form y(z) = e*** for some
A € R. Since ¢: R — T, t + ¢ factors through an isomorphism R/27Z — T of
topological groups, it follows that any character y € T satisfies

X(eim) — ei)\a:
for some A € R and any « € R. Then x(1) = 1 implies A € Z, so that x,(z) = 2"
for some n € Z and all z € T. This proves that

T={xn:necZ =7

In this case the Fourier transform is given by

~

Fi LD £2.0), f) = [ ) dus(a)
T
and the corresponding expansion in L?(T) has the form

[ = Z J?(”)Xm f(z) = Z f(n)z" for zeT.

nez nez

Identifying T with R/27Z and L?(T) with 27-periodic functions, this takes
the familiar form for Fourier series:

fla) = X Foen. Foy = [ e ) de

neL
where the series on the left convergence in L?([0, 27]).

Remark 4.2.17. (a) There exist abelian topological groups A with faithful
continuous unitary representations for which all continuous characters are triv-
ial, i.e., A = {1}. For these groups, the two fundamental problems discussed in
the introduction make no sense.

To see how such groups arise in concrete situations, let (X, S, 1) be a finite
measure space. An E € & is called an atom if u(F) € {0,u(E)} for any
measurable subset F' C E. Accordingly, i is said to be atomic if all elements of
S with positive measure are atoms and non-atomic if there is no atom.
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In [GNO1] it is shown that if (X, &, i) is a finite non-atomic measure space,
then the group
M(X,T) = {f € L=(X, p): [f| =1},
endowed with the weak operator topology obtained from the embedding
L®(X, p) = B(L*(X, )

(cf. Lemma 2.1.5), is an abelian topological group for which all continuous char-
acters are trivial.

(b) Another pathology that can occur for an (abelian) topological group G
is that all its continuous unitary representations are trivial. Such topological
groups are called ezotic. In Chapter 2 of [Ba91] one finds various constructions
of such group of the type G = E/T', where E is a Banach space and I' C F is
a discrete subgroup. Note that for any such exotic group G, in particular all
characters are trivial.

From Exercise 4.2.24, we immediately derive that all characters of G = E/T’
are of the form

X(U + 1—1) — 6271-1104(11)7
where o € E’ is a continuous linear functional satisfying a(I') C Z. If G is
exotic, resp., G = {1}, then the subgroup I' has the strange property that for
any continuous linear functional o € E’ with a(T") C Z we have o = 0. It is not
hard to see that this never happens if dim £ < oco.

4.2.3 Discrete Decomposability for Compact Groups

Let (m,H) be a continuous unitary representation of the compact group G and
te be a normalized Haar measure on G. We assume that H # {0} and want
to show that H = Hy, i.e., that H decomposes as a direct sum of irreducible
representations. This will follow, as soon as we can show that H contains a non-
zero finite dimensional G-invariant subspace because every finite dimensional
representation is a direct sum of irreducible ones (Proposition 1.3.11).

If 0 # A = A* € Bg(H) is a non-zero compact intertwining operator,
t/}\len the Spectral Theorem for compact hermitian operators implies that H =
@ ,crHA(A) is the orthogonal direct sum of the eigenspaces

Hx(A) :=ker(A — A1)

and if A # 0, then dimH,(A) < oo. Since A is non-zero, it has a non-zero
eigenvalue A, and therefore H(A) is a finite dimensional subspace of H which
is G-invariant (Exercise 1.3.22). It therefore remains to construct a non-zero
hermitian compact element of Bg(H).

Proposition 4.2.18. For each A € B(H), there exists a unique operator Ag €
Bg(H) with the property that

(ev.w) = [ (rlo)Ante) o) g for vweH.

Moreover, (Ag)* = (A*)g and if A is compact, then Ag is also compact.
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We also write this operator as an operator-valued integral

/ m(9)Ar(g) " dug = Ag.
G

Proof. On 'H we consider the sesquilinear form defined by
Flo.w) 1= | (n(a)A(a) v, 0) duc o).
Then
|F (v, w)] < /G I (9) A ()~ v llllwll duc (9)
:/GHAH”UHHw”dNG(Q) = [Allllollllwl,

and we conclude the existence of a unique bounded operator Ag € B(H) with
F(v,w) = (Agv,w) for wv,weH

(Exercise in Functional Analysis). To see that Ag commutes with each 7(g),
we calculate

((9)Acm(9) " v, w) = / (m(g)m(h)Am(h) "7 (g) " v, w) duc(h)
G
= [ trtamyAx(ah) v, u) ()
= /G<7r(h)A7r(h)_1v,w> duc(h) = (Agv, w).
Next we note that

«&ﬁuw:wAmw:L@m@mwrwmm@>

= /G(w(g)A*ﬂ(g)flv,w> duc(g) = ((A%)gv, w).

Finally, we assume that A is compact, i.e., the image of the closed unit ball
B C H is relatively compact. We have to show that the same holds for Ag.
Since G is compact, the set B’ := 7(G)AB C 7(G)AB is also compact because
the action G x H — H,(g,v) — w(g)v is continuous (Exercise 1.2.13). The
closed convex hull K := conv(B’) is also compact (Exercise 4.2.26).

We claim that Ag(B) C K, and this will imply that Ag is compact. So let

v € H and ¢ € R with Re(v,z) < ¢ for all € K. Then we obtain for w € B:

Re(v, Agw) = Re/G@m(g)Aﬂ(g)‘lw) duc(g)

=/RWMWMﬂw%wwams/cmaw=a
G

G
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Since
K ={zeH: (Yv € H)Re(v,z) <supRe(v, K)}

by the Hahn—Banach Separation Theorem, it follows that Agw € K, and thus
AgB CK. O

Combining the preceding proposition with the discussion above, we obtain:

Proposition 4.2.19. If (m,’H) is a non-zero continuous unitary representa-
tion of the compact group G, then H contains a non-zero finite dimensional
G-invariant subspace.

Proof. We have to show the existence of a non-zero compact hermitian inter-
twining operator. So let vy € H be a unit vector and consider the orthogonal
projection P(v) := (v,vo)vg onto Cvg. Then dim(im(P)) = 1 implies that P
is compact, and since it is an orthogonal projection, we also have P* = P.
Therefore

Po(o)i= [ (nlg)Pr(e) vduc(o) = [ (r(o) v, wn)n(ghun duc(s)
G G
from Proposition 4.2.18 is a compact hermitian operator. To see that it is
non-zero, we simply observe that

(Pguo,vo) = /

(m(9) w0, v0) (m(g)vo, v0) duc(g) = / | (g)v0, v0)? dpci(g) > 0
G G

follows from (m(1)vg, vg) > 0 and the defining property of the Haar measure p¢.
O

Theorem 4.2.20. (Fundamental Theorem on Unitary Representations of Com-
pact Groups—Abstract Peter-Weyl Theorem) If (7, H) is a continuous unitary
representation of the compact group G, then (7, H) is a direct sum of irreducible
representations and all irreducible representations of G are finite dimensional.

Proof. Writing H = Hg4® H, for the decomposition into discrete and continuous
part (Proposition 4.2.11), we use Proposition 4.2.19 to see that if H. # {0}, then
it contains a finite dimensional invariant subspace, contradicting the definition
of H. (Proposition 1.3.11). Therefore H. = {0} and thus H = Hy, so that the
first part follows from Proposition 4.2.11. Applying Proposition 4.2.11 to an
irreducible representation (7, H) of G, we thus get dimH < co. O

Exercises for Section 4.2

Exercise 4.2.21. (Concrete commutants) Let (X, &, u) be a finite measure
space, H := L?(X, i) the corresponding Hilbert space and

7w L®(X, p) — B(LA(X,pn), w(f)g:=fg

be the homomorphism from Lemma 2.1.5. Show that:
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(1) 1 € L*(X,p) is a cyclic vector for 7, i.e., not contained in a proper closed
subspace invariant under L>°(X, u).

(2) If B e w(L>®(X,u)), then

(a) B(f) = B(1)f for f € L?*(X,p). Hint: Verify this relation first for
bounded functions f.

(b) B(1) is bounded. Hint: Apply B to the characteristic function of the
set B :={x € X:n<|B(1)|(z) <n+1}.

(¢) B=n(B(1).

(5) m(L°(X,p)) = w(L>°(X,p)) is its own commutant, hence in particular a
von Neumann algebra.

Exercise 4.2.22. Let (7, H) be an irreducible representation of the involutive
semigroup (S, *) and 7, := @7_;7 be the n-fold direct sum of m with itself on
H" = @j_H. Show that

mn(S) = M, (C).

Hint: Write operators on H™ as matrices with entries in B(H) (cf. Exer-
cise 1.3.19) and evaluate the commuting condition.

Exercise 4.2.23. Let (H;);cs be a family of Hilbert spaces and A; € B(H;).
Suppose that sup;¢ ; [[A;]| < co. Then A(z;) := (A;x;) defines a bounded linear
operator on @jeJHj with
[ All = sup [|A;].
jeJd

If, conversely, H = @jeﬂ-{j is a Hilbert space direct sum and A € B(H)
preserves each subspace H;, then the restrictions A; := Aly, are bounded
operators in B(H;) satisfying || Al| = sup;¢; || 4;]-

Exercise 4.2.24. Let V be a real topological vector space. Show that each
continuous character y: V' — T is of the form y(v) = e'*(*) for some continuous
linear functional @ € V’. Hint: Let U C V be a circular 0-neighborhood
(circular means that AU C U for |A| < 1; such neighborhoods form a local basis
in 0) with Re x(v) > 0 for v € U 4+ U. Define a continuous (!) function

L:U—]—ma[CR by e*® =y(u).
Observe that L(z +y) = L(z) + L(y) for x,y € U and use this to see that

alz) := lim nL(f)

n— 00 n

is an additive extension of L to V. Now it remains to observe that continuous
additive maps V' — R are linear functionals (prove Q-linearity first).
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Exercise 4.2.25. Let G be a countable group acting in a measure preserving
fashion on the o-finite measure space (X, &, ). The measure p is said to be
ergodic (with respect to this action) if any G-invariant subset E € & either

wE)=0 or pu(E)=0.

Show that, if u is ergodic, then the unitary representation of M(X,T) x G on
L*(X, ) by

(7(0,9)f) () := 0(x) f(g~ ")
(cf. Remark 2.2.5) is irreducible. We suggest the following steps:

(i) Any element of the commutant of 7(M (X, T)) coincides with p(h)f := hf
for some h € L*°(X,u). Hint: Exercise 4.1.8 implies M(X,T) has the
same commutant as L>(X, u); then use Exercise 4.2.21.

(i) If p(h) commutes with w(G), then h coincides u-almost everywhere with a
constant function. Hint: Here we need the countability of G to select for
an invariant class in L>°(X, ) a G-invariant measurable function in this
class.

(ili) Use Schur’s Lemma to conclude that 7 is irreducible because

T(M(X,T) x G) = C1.

Exercise 4.2.26. Show that if B is a compact subset of a Banach space F,
then its closed convex hull K := conv(B) is also compact. Hint: Since we are
dealing with metric spaces, it suffices to show precompactness, i.e., that for
each € > 0, there exists a finite subset F' C K with K C B.(F) := F + B.(0).
Since B is compact, there exists a finite subset Fig C B with B C B.(Fp).
Then conv(B) C conv(Fg) + B-(0), and since conv(Fp) is compact (why?),
conv(Fp) C B.(F) for a finite subset F' C conv(Fp). This leads to conv(B) C
F + B5.(0), which implies implies K C F 4+ B<2.(0).

Exercise 4.2.27. Show that for each n € N the unitary group
Un(C) ={g € GL.(C): 1 = g"g = 99"}
is compact.

Exercise 4.2.28. Let H be a complex Hilbert space and G C U(H)s be a
closed subgroup. Show that G is compact if and only if H can be written
as an orthogonal direct sum ‘H = €P;;H; of finite dimensional G-invariant
subspaces. Hint: Use Tychonov’s Theorem and Exercise 4.2.27 to see that for
any family of finite dimensional Hilbert spaces (H;);c, the topological group
[1;c; U(H;)s is compact.
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4.3 Tensor Products of Unitary Representations

In this section we define tensor products of Hilbert spaces and of unitary rep-
resentations. Our motivation for discussing tensor products are twofold. First,
they provide a natural construction for new unitary representations of product
groups G X G5 from representations of the factor groups G; and G5. Second,
they can also be used to give natural descriptions of isotypical representations
of a group G in terms of a multiplicity space on which G acts trivially and the
corresponding irreducible representation.

4.3.1 Tensor Products of Hilbert Spaces
Definition 4.3.1. Let H and K be Hilbert spaces. Then

K((J?, y)v (l‘/? y/)) = <J}/, $> <y/’ y>

defines on the product set H x K a positive definite kernel because it is a prod-
uct of two positive definite kernels (Proposition 3.2.1(d)). The corresponding
Hilbert space in CT*X is called the tensor product of H and K and is denoted
by H®K.

Then the realization map

e Hx K — H®K7 ’Y(xa y) = K(z,y)
is bilinear and we write
rTRY = K(z,y)

for the image of (z,y) under this map. These elements span a dense subspace
and their scalar products are given by

(@Y, @Y) = (Kay), Ka yy) = K2, y), (x,y) = (x,2") (y,9).

Remark 4.3.2. (a) One can obtain a more concrete picture of the tensor prod-
uct by choosing orthonormal bases (e;);cs in H and (fx)xex in K. Then the
family (e; ® fx)(j,k)esx k is orthonormal in the tensor product and spans a dense
subspace, so that it is an orthonormal basis. That it spans a dense subspace
follows directly from the continuity of the bilinear map « (Proposition 3.3.5),
which implies that

r@y=vx,y)= Y (z.e)y, fi) ;D fr.

jeJkeK

b) Similarly, we find that the subspaces e; @ K of H®K are pairwise or-
( y p j p
thogonal and span a dense subspace, so that

H@K = @jeJ(ej X K:)
(cf. Exercise 1.3.18). In addition, we have

<ej ®v,ej ®w> = <U’w>a
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so that the inclusion maps
K—HOK, v e v
are isometric embeddings. This implies that
HOK = 2(J,K)

(cf. Example 1.3.8).
(¢) With a slight generalization, we can form tensor products of finitely many
Hilbert spaces Hi,...,H, by using the kernel

n

K(z,2') = H(x;,x]> for x=(z1,...,2,) € HH]',
j=1

j=1
which leads to a reproducing kernel space

®)_1H; = Hyg C Clli= ™,
One easily verifies that

~n ~ (n—1 ~

®jo1Hj = (8= Hj)OHan,

so that an alternative construction is to apply the construction of twofold tensor
products several times.

To form tensor products of two representations, we first verify that pairs of
linear operators define operators on the tensor product space:

Lemma 4.3.3. Let A € B(H) and B € B(K). Then there exists a unique
bounded linear operator A @ B on HRK with

(A® B)(v®w) := (Av) ® (Bw) for veH,weK. (4.2)
It satisfies
JA® Bl < IAIIB| and (A B) = A" @ B".

Proof. Since the elements v ® w span a dense subspace, the operator A ® B is
uniquely determined by (4.2). It therefore remains to show its existence. To
this end, we fist consider the case A = 1.

Identifying H®K with ¢2(J,K) (Remark 4.3.2(b)), we see that B defines
an operator B on (2(J,K) = e K by E(xj) = (Bzj), and IB| = |B|
(Exercise 4.2.23). This proves the existence of 1 ® B. We likewise obtain an
operator A ® 1 with ||[A ® 1| = ||4]|, and we now put

A®B:=(A®1)(1® B).
It satisfies

(AeB)(vew)=(A1)(1®B)vew)=(A®1)(v® Bw) = Av ® Bw
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and
[A® Bl =[(Ae 1)1 e B[ < [[Ae1]|1e B < |Al- Bl
From
(Ao B)(v@w),v' @w') = (Av,v")(Bw,w') = (v, A"')(w, B*w')
=(v@w,(A*® B*)(v' @ w'))
we derive that (A® B)* = A* @ B*. O

Lemma 4.3.4. Let (mj,H;) be a continuous unitary representation of G; for
j=1,2. Then

(m1 ®@m2)(91,92) = m1(g1) @ m2(g2)
defines a continuous unitary representation of the product group G1 x Ga in

H1QHs.

Proof. From the uniqueness part of Lemma 4.3.3 we derive that

(m1(g1) @ m2(g2)) (71 (h1) @ m2(h2)) = m1(g1h1) @ T2(g2h2)

and
(m1(g1) ® ma(g2))* = mi(g7 ") @ malgy ).

Therefore m; ® 7o is a unitary representation of G; X Gs.
For v, w; € H;, we further have

((m1 @ m2) (g1, g2) (V1 ® W1), va ® wa) = (T1(g1)v1, w1)(ma(g2)v2, wa2),

which is a continuous function on G; X G5. Now the continuity of m; ® o follows
from the fact that the elements vy ® vo,v1 € Hy, vy € Ho, form a total subset
(Lemma 1.2.6). O

Definition 4.3.5. If (71, H;1) and (w2, Hz2) are unitary representations of the
same group G, then we define their tensor product as the representation on
H1@Hs, given by

(m @ m2)(g) == m1(g) ® m2(g).
This corresponds to the restriction of the tensor product representation of G x G
to the diagonal Ag = {(g,9): g € G} 2 G.

Definition 4.3.6. Let (p, H) be a continuous unitary representation of G and
(m,H;) be an irreducible one. Then the Banach space M, := Bg(H,, H) is
called the multiplicity space for 7 in p.

From Schur’s Lemma we know that Bg(H,) = C1, so that we obtain a
sesquilinear map

() My x My — C, B*A=(A B

If A+ 0and v € H, is a unit vector, then Av # 0 because otherwise A (G)v =
m(G)Av = 0 leads to A = 0. We therefore obtain

(A, A) = (A* Av,v) = || Av||* > 0,
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showing that (-,-) is positive definite on M, turning M, into a pre-Hilbert
space. This argument also shows that the evaluation map

evy: My —H, A~ Av
is an isometric embedding.

Proposition 4.3.7. The multiplicity space M is a Hilbert space and the eval-
uation map induces a unitary map

ev: M,®QH, — Hiz), A@ve— Av

which is an equivalence of unitary representations if Mz&H, is endowed with
the representation 1 ® m of G.

Proof. Replacing H by the isotypic component H,) does not change the space
M (Remark 4.2.13), so that we may w.l.o.g. assume that H = H[,. In view of
Proposition 4.2.11, we can write H as éjeﬂ-(,r =~ (2(J, C)@)H7r for some set J.
For each x € ¢2(J,C) we then obtain an element A, € M, by A,(w) :=2x @ w
for w € H,;. In particular, we obtain for the unit vector v from above the
relation A, (v) = z ® v with ||4;]? = ||[v ® z||? = ||z||>. Conversely, we have
for each j € J an intertwining operator Pj: H — Hy,z @ w — (z,e;5)e; ® w,
corresponding to the orthogonal projection of H onto H; = e¢; ® H,. For each
A € M, we then have P;A € Bg(H,) = C1, so that

Av=> PiAve ) Cej@v CL*(J,C)@v
JEJ jeJ

implies that Av = x ® v for some = € ¢?(J,C). This proves that A = A,.
Collecting all this information, we see that

evy: My — £2(J,C) @ v = (2(J,C)

is unitary, and therefore that M, is a Hilbert space isomorphic to £2(J,C).
The preceding discussion also shows that the evaluation map

M @H, - H, AQuv+— Av
induces an isomorphism of Hilbert spaces
M&H, — H,

and even an equivalence of representations if M,®H, is endowed with the
representation 1 ® 7. ]

The main advantage of the multiplicity space, as compared to the description
of H{ as a tensor product (%(J,C)@H,, is that M, and its scalar product are
naturally defined in terms of the irreducible representation (m,H,) and the
representation (p, H). We don’t have to refer to Zorn’s Lemma to define it.
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Lemma 4.3.8. If (m,H) is an irreducible representation of G and p :=1Q 7
1s the tensor product with the trivial representation 1 on M, then

Proof. Let (e;);jes be an ONB in M, so that M = ¢2(.J,C), M&H = P, H
and p = @jeym. We write

Pj: M&H —H, z®@uv+ (z,e;)w

for the projections which are in particular intertwining operators.

Clearly, B(M) ® 1 C p(G)". If, conversely, A € p(G)’, then, for i,5 € J,
Aij == P AP} € B (H) = C1 by Schur’s Lemma. Let a;; € C with A;; = a;;1
and v, w € ‘H be unit vectors. Then

(A(e; ®v),e; @ W) = (a;v,w) = a;; (v, w)

implies that the closed subspaces M ® v = M are A-invariant with

Ale; ®v) = (Zaijei) Q.

icl

Therefore the matrix (a;;)i jes defines a bounded operator Aon M with A =
A ®1. This proves that A € B(M) ® 1. O

Proposition 4.3.9. If (7;,H;), j = 1,2, are irreducible unitary representations
of the groups G;, then the tensor product representation m1 ® w2 of G1 x Ga on
H1®Hs is irreducible.

Proof. Lemma 4.3.8 implies that

(m ®@m2)(G1 x G2)' = (m(G1) ® 1) N (1@ m(G))
=(1® B(H2))N(B(H1) ®1).

To see that this is not larger than C1, let A € B(H;) and B € B(H2) with
C:=A®1=1®B. Let (¢j)jcs be an ONB in H; and (fs)rxecx be an ONB in
Ha. Then this operator preserves all subspaces H; ® fi and e; ® Ha, so that

(H1® fi) N (ej ® Ha) = Ce; @ f,

(Remark 4.3.2(a)) implies that all elements e; ® fi are eigenvectors. Write
Cle; ® fx) = cjr(e; ® fr). Then C = A® 1 implies that c;; does not depend
on k, and C = 1 ® B implies that it does not depend on j. Therefore C = c1
for ¢ = cji. O
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4.3.2 Types of Representations

Definition 4.3.10. Let (7, H) be a representation of an involutive semigroup
(S, ). It is said to be

i) multiplicity free if its commutant 7(S)’ is commutative, i.e.
() plicity  de.,

7(S) C w(9)".

(ii) a factor representation or primary if

Z(r(S)) :===(S) nn(S)" =C1,

/ "

i.e., the von Neumann algebra 7(S5)
mark 4.2.5).

, resp., m(5)" is a factor (cf. Re-

iii) a factor representation of type I if H = H;, for an irreducible representa-
(o]
tion (p, H,), i.e.,

H = M,&H, with m(s)=1®p(s) for seS8.

(iv) A topological group G is said to be tame or of type I if all its unitary factor
representations are of type I.

Remark 4.3.11. To understand the terminology introduced above, it is instruc-
tive to consider the special case where H = Hg, i.e., the representation (p, H)
is a direct sum of irreducible representations. We combine Remark 4.2.13 and
Lemma 4.3.8 to see that

p(G) = Bo(H) = &

mecBe(Hm) =

®leaBMx)
is an £>°-direct sum. In view of Z(B(M)) = C1 for any non-zero Hilbert space
K (Example 4.2.6), we have

Z(Bs(H)) = @5 gCL=X(J,C)  for J:={[r] € G: Him # {0}}.

(a) That the representation of H is multiplicity free means that Bg(H) is
commutative, which in turn is equivalent to dim M, < 1 for each [x] € G. This
means that the representation on Hj, is irreducible and that (p,H) is a direct
sum of pairwise non-equivalent irreducible representations.

(b) We also see that (p, H) is a factor representation if and only if £>°(J, C) =
C,i.e., |J| = 1. This means that H = H|,) is an isotypic representation. In par-
ticular, the isotypic components of any representation are factor representations.
By definition, these are the factor representations of type I.

(¢c) If (7, H) is a finite dimensional factor representation, then it is of type I
because it is a direct sum of irreducible ones (Proposition 1.3.11).
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Remark 4.3.12. (a) The Fundamental Theorem on Unitary Representations
of Compact Groups 4.2.20 implies in particular that compact groups are tame.

(b) If G is abelian and (7, H) a unitary representation, then 7(G) C 7(G)’
implies that 7(G) C Z(w(G)’). If, in addition, (7, H) is a factor representation,
then 7(G) C C1. This implies that (m,H) is a factor representation if and only
if there exists a character y € G with m(9) = x(g)1 for g € G. It follows in
particular that all factor representations are of type I, so that abelian groups
are tame.

(c) The general idea is that the tameness condition for topological groups
means that the two fundamental problems of representation theory are well-
posed for G. Later we shall make this statement more explicit.

Two central results in the representation theory of locally compact groups
assert that a discrete group G is tame if and only if it possesses an abelian
normal subgroup of finite index (cf. [Fo05, Thm. 7.8]). This means that if
discrete groups are “too large” or “too non-commutative”, then they are not
tame.

On the positive side, one knows that if G C GL,(R) is a subgroup which
is algebraic in the sense that it is the common zero set of a family (p;)jecs of
polynomials in the n? matrix entries, then G is tame (cf. [Fo05, Thm. 7.8]).

Proposition 4.3.13. Suppose that (7, H) is an irreducible representation of the
product group G = G1 X Go. Then 7|g, and 7|, are factor representations. If
one of these is of type I, then there exist irreducible representations (m;,H;) of
Gj, j=1,2, with

TEmT Qma.

Proof. We identify G; and G5 with the corresponding subgroups of G. In view
of Schur’s Lemma, we then have
Cl =7(GQ) = (7(G1)7(G2)) = n(G1) N7 (Gs)'.
Therefore m(G2) C 7(G1)’ implies that
m(G1)' Nm(Gy)" Cn(Gy) Nm(Ge) = C1,

which means that 7|, is a factor representation. A similar argument shows
that 7|q, is a factor representation.

If 7|g, is of type I, then we accordingly have H = H;®@Hs, where 7(g1) =
71(g1) ® 1 for g1 € G; and an irreducible representation (w1, H1) of G;. Then
Lemma 4.3.8 implies that

7(G1)' = (m(G1) ® 1) =1® B(Ha),

and since 7(G2) C 7(G1)’, we thus obtain a unitary representation ma: Go —
U(Hz) with

m(g2) =1®ma(g2) for g2 € Ga.
Now 1 ® m2(G2)" C 7(G)’ = C1 implies that mo(G2)’ = C1, so that (ma, Ha) is
irreducible, and we clearly have 7 & m; ® 7. O
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Corollary 4.3.14. If G = G1 x G5 is a direct product group and one factor is
tame, then the map

T:Gy xGy— G, ([m],[m)) — [ ® )
s a bijection.

Proof. First we observe that I' is well defined because equivalent unitary rep-
resentations have equivalent tensor products (Exercise). Next, the preceding
Proposition 4.3.13 asserts that I' is surjective. To see that it is also injective,
assume w.l.o.g. that G is tame. If the representations m; ® mo and p; ® p2 of
G are equivalent, then the restrictions to G; are equivalent isotypic representa-
tions, so that Remark 4.2.13 implies that m; ~ p;. The same argument applies
to the restriction to G, which leads to 7w ~ ps. O

Exercises for Section 4.3

Exercise 4.3.15. We have defined the tensor product H®K of two Hilbert
spaces as a space of functions on the product H x K, defined by the kernel

K((Ilv y,)’ (‘Ta y)) = <x’ I,><y, y/>'

Show that H®K consists of continuous maps which are biantilinear, i.e., anti-
linear in each argument.

Exercise 4.3.16. Show that if (7, H) is a factor representation of G and there
exists an irreducible subrepresentation H; C H, then (7, H) is of type I. Hint:
Consider the decomposition H = Hy@® H, into continuous and discrete part and
show that H, is trivial.



Chapter 5

Representations on
Reproducing Kernel Spaces

In this chapter we combine the concepts of the preceding two chapters. First
we explain how group actions on a space X lead to unitary representations on
reproducing kernel spaces on X (Section 5.1) and discuss a variety of examples
in Section 5.2. A key advantage of this general setup is that it specializes to
many interesting settings. In particular, we shall see in Section 5.3 how cyclic
continuous unitary representations are encoded in positive definite functions.

In Section 5.1 we also describe the commutant of a representation on a
reproducing kernel space in terms of invariance conditions on certain kernels.
This technique provides a simple direct way for verifications of irreducibility in
many important contexts.

5.1 From Cocycles to Unitary Representations

If X is a set, then the group Sx of all bijections of X, the symmetric group on
X, acts by (¢,0) — .0 = 0 o p~! on the group (K*)¥, so that we can form
the semidirect product group (K*)X x Sy with the multiplication

(0,0)(0,¢") = (0 (pu),0¢) and  (0,0)" = ((p~1).07" 07 ").

This semidirect product group acts in a natural way on the vector space KX of
complex-valued functions on X, given by

(7(0,9)f) (@) == 0(x) f(o™(2)), 70, 0)f =6-puf.
If Hx € KX is a reproducing kernel space, we are now interested in a

characterization of those pairs (0, ) for which (6, ¢) leaves Hy invariant and
induces a unitary operator on this space.

95
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Lemma 5.1.1. Let Hx C KX be a reproducing kernel space, 0: X — K* a
function and p: X — X a bijection. Then 7(0,p) preserves Hx and restricts
to a unitary operator on this space if and only if

K(o(x), o)) = 0(p(x)) K (z,9)0(p(y))  for w,y€ X, (5.1)

which is equivalent to
— 1
7(0,0) K, =0(¢p(x)) Ky for zeX. (5.2)

Proof. Condition (5.2) can be written as

0(p(2) K (2,y) = 0(p(2)) Ky () = (m(0, ) K, (p(2)) = 0((y)) Ky (e(2))

for x,y € X, and this is equivalent to (5.1).
If Hy is invariant under (6, ) and it restricts to a unitary operator on
Hy, we obtain for f € Hx and z € X:

(f;m(0,0)Ky) = (m(0, ‘JD)_lfv Ky) = (m(0, 90)_1f)($)

= (7(((¢71:0) o)) (@) = 0(p(@) " Fp(@) = (£,000@)  Koa))
which is (5.2).

Suppose, conversely, that (5.1) and (5.2) hold. For

y@) =K, and ~(2):=0(p@) K,

we then find that
3 W)Y (@) = 0(0(2) " 0@®) (Kop(y)s Koia)
— 0(p(2) " Ble(y) K (o), 0(y) = K (z,y) = (Vg Ve)-

Therefore (0, ¢) coincides on HY with the unique unitary map ®: Hyx — Hx
satisfying ® oy = 4’ (Theorem 3.3.3). In Definition 3.3.4 we have seen that ®
is given on any f € Hg by the formula

0 =

o(x
= 0(p(2))(f, Kz) = 0(p(x)) f(2) = (7(8, ) f) (p(2))-

This proves that 7(6, @) leaves H g invariant and restricts to a unitary map on
this space. O

Definition 5.1.2. Composing in each argument with ¢~ (5.1) can also be
written as

K(z,y) =0(x)K(e " (x), ¢ ' (y)0(y) for wz,y€X,

and this means that K is invariant under the action of the group (K*)X x Sx
on the set KX*X of kernels, given by

((0,0).K)(x,y) == 0(x)K (o (x), " (y)0(y).
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In particular, the stabilizer of K with respect to this action is a subgroup
Aut(X, K) := {(f, ) € (K*)X x Sx: (f,9).K = K},

called the automorphism group of the pair (X, K).
From the preceding Lemma 5.1.1, we immediately derive that, if K is positive
definite, then
(mr(0,0) ) (@) := 0(x) f(o™ () (5.3)
defines a unitary representation of Aut(X, K) on the reproducing kernel Hilbert
space Hy and that it is the maximal subgroup of (K* )X x Sx with this property.

Example 5.1.3. If K = C and K (z,y) = dg,y is the d-kernel on the set X, then
every bijection ¢ € Sx preserves this kernel, which leads to

Aut(X,K) = TX x Sx.

Definition 5.1.4. Let 0: G x X — X, (g9,2) — 04(z) = g.« be an action of G
on X. Then o defines a homomorphism o: G — Sx,g — 04, and to obtain a

homomorphism
7= (J,0): G— (KX x Sy,

the map J: G — (K*)¥ needs to be a 1-cocycle, i.e.,
J(gh) = J(9) - g:J(h) for g,heG

(cf. (2.6)). Here we simply write g. instead of (04).. In the following we
often write J(g,z) := J(g)(x), so that the cocycle property for the function
J: G x X — K* reads

J(gh,z) = J(g,x)J(h,g '.x) for g heG,zeX. (5.4)

Remark 5.1.5. The cocycle condition implies in particular that J(1,z) =
J(1,2)?, so that J(1,2) = 1 holds for each z € X. This in turn implies that

J(g,x) P =J(g gtx) for geGreX. (5.5)

Proposition 5.1.6. Let K € P(X,K) be a positive definite kernel,
0:Gx X — X be a group action and J: G x X — K* be a 1-cocycle. Then

(rx (9)f)(x) :== J(g,2)f(g~ ")

defines a unitary representation of G on Hy if and only if K satisfies the in-
variance condition

K(g.x,g9.y) = J(g.9.0)K(z,y)J(g.9y) for geG xyeX, (5.6)
which is equivalent to
Tk(9) K, =J(g7 L 2)Kge for geG,xeX. (5.7)

If these conditions are satisfied, we further have:
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(a) If, in addition, X is a topological space, G a topological group, and o, J and
K are continuous, then the representation (1x,Hx) of G is continuous.

(b) Any G-invariant closed subspace I C H is a reproducing kernel space Hg
whose kernel Q satisfies

Qg.x,9.y) = J(9,9.0)Q(x,y)J(9,9.y) for geGzyeX. (58)

Proof. The fist part follows immediately from Lemma 5.1.1, applied to (6, ) =
(J(g),0,) for g € G and the relation J(g,g.z)"* = J(g7 ', z) (Remark 5.1.5).

(a) We apply Lemma 1.2.6 to the total subset E := {K,: z € X}. For
xz,y € X we have

(m(9) Ky, Kz) = (m(9)Ky)(x) = (971, y) Kgy(x) = J(97 1, ) K (2, g.y),

which depends continuously on g. Therefore the representation (7, Hg) is
continuous.

(b) Since the inclusion K — H is continuous, K has continuous point evalu-
ations, hence is a reproducing kernel space H¢g (Lemma 3.1.4). By assumption,
Hg = K is invariant under the unitary G-action defined by

(x(9) ) (@) = T (g, 2) f(g~" @),
so that (5.8) follows from the first part of the proof. O

Definition 5.1.7. If (5.6) is satisfied, the cocycle J is called a multiplier for
the kernel K.

Remark 5.1.8. The preceding proposition applies in particular if the kernel K
is G-invariant, i.e.,

K(g.x,9y) = K(z,y) for geGx,yeX.

Then we may use the cocycle J = 1 and obtain a unitary representation of G
on Hx by
(m(g)f)(x) = fg~ a), feHKzeX, g€QG.

Commutants and Invariant Kernels

Definition 5.1.9. Let 0: GxX — X be a group action and J: Gx X — K* be
a corresponding cocycle. We write P(X, o, J) for the set of all positive definite
kernels K € P(X,K) satisfying the J-invariance condition (5.6):

K(g.x,9y) = J(g,9.2)K(2,y9)J(g,9.y) for geG z,yeX. (5.9)

Since this condition is linear in K, P(X, o, J) is closed under sums and positive
scalar multiplication, hence a convex cone.
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Remark 5.1.10. If K is J-invariant positive definite and Hx = H1®Hs is a G-
invariant orthogonal decomposition into two closed subspaces and K = K1+ K»
the corresponding decomposition of K with H; = Hg, (Exercise 3.3.8), then
Proposition 5.1.6(b) implies that K; € P(X,0,J) for j =1, 2.

Proposition 5.1.11. (a) For K,L € P(X,0,J), the relation Hr, C Hg is
equivalent to the existence of a positive operator B € Bg(Hg) with L = K5.
(b) For B € B(Hk), the J-invariance of K is equivalent to B € Bg(H).

Proof. (cf. [Dix64, p. 35]) In view of Theorem 3.4.7, it remains to show that an
operator B € B(Hf) commutes with G if and only if its symbol KZ(x,y) =
(BK,, K;) = (BKy)(z) is J-invariant. As we have seen in Proposition 5.1.6,
the invariance condition is equivalent to

k() Ky =J(g72)K,, for geG,zeX.
Since KZ = BK,, the invariance of K is equivalent to
k(9)BK, = J(g7',2)BKy, = Brg(g9)K, for g¢geG,zeX.

Since the K, span a dense subspace of Hg, this condition is equivalent to
B e g (GQ). O

The following theorem provides an important criterion for irreducibility of
representations on reproducing kernel spaces. However, it is still quite abstract
and therefore not easy to apply. However, we shall see below how it can be
turned into an effective tool for actions on Hilbert spaces of holomorphic func-
tions.

Theorem 5.1.12. (Irreducibility Criterion for Reproducing Kernel Spaces) If
0+# K € P(X,0,J), then the representation (7, Hr) of G is irreducible if and
only if RT K is an extremal ray of the convex cone P(X,0,J).

Proof. According to Proposition 5.1.11 and Theorem 3.4.7, the face of P(X, o, J)
generated by K is in one-to-one correspondence with the cone of positive op-
erators in the commutant 7(G)’. The kernel K generates an extremal ray if
and only if this face is one-dimensional, i.e., if and only if the commutant 7 (G)’
is one-dimensional which in turn means that 7(G)" = C1. Since by Schur’s
Lemma (Theorem 4.2.7) the latter condition is equivalent to the irreducibility
of the representation (7, H), the assertion follows. O

Remark 5.1.13. Let K € P(X,0,.J), so that we have a unitary representation
(mx,Hk) of G satisfying

() Ky =J(g72)Kgo € C*Kyp, g€G,xeX.
This implies in particular that

K(z,2) = | Ki|* = [J(g~ ", 2)PK (9.2, g.).
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If all vectors K, are non-zero, i.e., K(z,x) > 0 for each € X, then we can
normalize these vectors and obtain

Then (X,~,Hg) also is a realization triple, and the corresponding kernel is
given by
K(x,y)

Q(z,y) == (y(y),(x)) = TR EG D)

so that the map
py: Hr = Hq, oy (f)(@) = (fiv(2)) =

is unitary.
We now transfer the unitary representation (7x, Hx) to Hg by

7Q(9) == ¢y 0K (9) 0 3,

so that
(ral(9) f)(z) = szx)J(g,w)¢K(9‘1~x,g‘1-w)f(g‘1-w) — To(g.2) g )
for

VE(g 'tz g ta)  J(g,x)
Jo(g,z) = J(g,x = e T.
A T i V)
We thus obtain an equivalent unitary representation (g, Hg) with a T-valued
multiplier. If the original multiplier has positive values, i.e., J(g,z) > 0 for

g € G and x € X, then Jg =1 and the kernel @ on X is G-invariant.

Exercises for Section 5.1

Exercise 5.1.14. Let K: X x X — C be a positive definite kernel and 6: X —
C* a function. Determine necessary and sufficient conditions on # such that

() K (z,y)0(y) = K(w,y) for z,yeX.
Hint: Consider the subset X7 := {x € X: K(z,2) > 0} and its complement X

separately.

Exercise 5.1.15. Let K,Q € P(X,C) be positive definite kernels on X and
0: X — C*. Show that

mGZHK_)HQv fHaf

defines a unitary map if and only if

Qz,y) =0(x)K(z,y)0(y) for wz,y€eX.
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Exercise 5.1.16. Let (V.|| - ||) be a normed space,
P(V):={[v]:=Rv: 0£v eV}

be the space of one-dimensional subspace of V' (the projective space). Show
that

(a) g.[v] := [gv] defines an action of GL(V') on P(V).

(b) J: GL(V) x P(V) — R*, J(g, [v]) := L2
this action.

is a 1-cocycle with respect to

5.2 Some Examples

Let H be a complex Hilbert space. We consider the kernel K(z,w) := el
corresponding to the Fock space F(H) := Hx C C™. Fock spaces play a cen-
tral role in operator theory and mathematical physics, in particular in Quantum
Field Theory (QFT). In this section we discuss several interesting unitary rep-
resentations of groups on F(H).

Since our approach is based on reproducing kernels, we start with groups
acting on H, and then discuss the cocycles that are needed to make the kernel
invariant under the group action.

5.2.1 The Schrodinger Representation of the Heisenberg
Group

The simplest group acting on H is the group of translations. For v € H, we write
Tv(x) := x + v for the corresponding translation. We want to associate to 7, a
unitary operator on the Hilbert space Hg . Since the kernel K is not translation
invariant, this requires a function 6,: H — C* with (6,,7,) € Aut(H, K).
To find this function, we observe that
K(z 4 v,w + v) = FHowtv) — glzv) oz} o (vw) o (v:0)
— e(z,v>+%(v7v>K(z’ w)e<v,w>+%<v7v).

Therefore
91,(2) — e{z—v,’u)-{-%(v,v} — e(z,'u)—%(v,'u)

satisfies
K(z+v,z4+w) =0,z 4+ 0)K(z,w)0,(z +v),

which means that (0,,7,) € Aut(H, K). Hence

(m(v) £)(2) = 0u(2) f(z — v) = e300 (2 o)

defines a unitary operator on Hy (Lemma 5.1.1).
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However, this assignment does not define a unitary representation (H,+) —
U(Hk) because we have in Aut(H, K) the relation

(91)77—1))(91077—111) - (011 : (Tv)*9w77v+w) 7é (0v+w»7—v+w)

because

(91) . (7_1])*9“))(2) _ e(z,v>7%<v,v)e(z7v,w>fé(w,w)

— e(z,v—&-w)—%(v+w,v+w)e—(v,w)—&-%((v,w)—i—(w,v))

i

_ ev_‘_w(z)e%((w,v)f(v,w)) _ 91,_._11,(2)675 Im(v,w>'

This leads us to the Heisenberg group of H, which is given by
1
Heis(H) ;=R xH and (t,v)(s,w):= (t +s— 3 Im{v, w),v + w).
It is easy to verify that this defines a group structure on R x H with

(0,v)(0,w) = (— %Im(v,w),v + w).

Proposition 5.2.1. The group Heis(H) is a topological group with respect to
the product topology on R x H, o(t,v)(z) := z + v defines a continuous action
of Heis(H) on H and

J((t,0), 2) = eitf,(z) = etz =3 (v0)
is a continuous cocycle. Further,
(m(t,0)1)(2) = € ,(2)f (2 = v) = eHTEITEON ()
defines a continuous unitary representation of Heis(H) on F(H).

Proof. The continuity of the group operations on Heis(H) is clear and the con-
tinuity of the action on H is trivial.
From the preceding calculations we know that the map

Heis(H) — Aut(H, K), (t,v) — (e"0,,7,)

is a homomorphism, and this implies that J is a cocycle. Its continuity is
clear, and therefore Proposition 5.1.6 implies that 7 defines a continuous unitary
representation of Heis(H) on Hx = F(H). O

Remark 5.2.2. (a) If 0: H — H is an antilinear isometric involution, then
H? :={veH: o(v)=uv}
is a real form of 'H, i.e., a closed real subspace for which

H="H" ®iH°
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is orthogonal with respect to the real scalar product (z,y) := Re(z, y). To verify
this claim, we recall the relation

(z,w) = (o(w),0(2))

from Exercise 1.1.14. For z,w € H° it implies that (z,w) € R, and for z €
H?,w € iH? = H™7 we obtain (z,w) € iR, so that (z,w) = 0.

This observation has the interesting consequence that {0} x H? is a subgroup
of the Heisenberg group Heis(H) and that

(1(0) f)(z) = Ou(z) f(z — v) = DOV f(g — p),

defines a unitary representation of H? on the Fock space F(H). We shall see
later that F(H) is isomorphic to the reproducing kernel space on H? defined by
the real-valued kernel K (z,w) = e*).

(b) For a real Hilbert space H, the situation is simpler. Then we have the
relation 6,4, = 0, - (7)) 0., so that

(m(v)f)(x) = bu(2) f(z —v)

defines a unitary representation of the additive group (H, +) on the reproducing
kernel space Hy with kernel K (z,w) = e(*®).

5.2.2 The Fock Representation of the Unitary Group

Proposition 5.2.3. Let H be a complex Hilbert space and F(H) := Hx € CH
be the Fock space on H with the reproducing kernel K(z,w) = el#w) - Further,
let Fo(H) C F(H) denote the subspace of those functions in F(H) which are
homogeneous of degree m, i.e., f(Az) = X" f(z) for A € C, z € H. Then the
following assertions hold:

(i) The action (7(g)f)(v) := f(g~'v) defines a continuous unitary representa-
tion of U(H)s on F(H). The closed subspaces Fp,(H) are invariant under
this action and their reproducing kernel is given by K™ (z,w) = %(z, w)™.

(ii) Let (ej)jes be an orthonormal basis of H. Then the functions

pm(z) = 2™ = H z;"j for zj:={(z,e;),me€ NE)J),
JjeJ

form a complete orthogonal system in F(H) and ||pm||* = m! := [Lie,mjl.

Proof. Since the action of U(H)s on H given by (g,v) +— gv is continuous
(Exercise 1.2.13), it follows from the invariance of K under this action that
(m(9)f)(v) = f(g~'v) defines a continuous unitary action of U(H), on F(H)
(Proposition 5.1.6). It is clear that the subspaces F,,(H) are invariant under
this action.



104 CHAPTER 5. REPRESENTATIONS ON KERNEL SPACES

Next we consider the action of the subgroup T := T1 C U(H) on F(H). For
m € 7, let

F(H)m = {f € F(H): (vt € T)(Vz € H) f(tz) = t"f(2)}

be the common eigenspace corresponding to the character t1 — ¢t~ of T
(cf. Example 4.2.16). According to the discussion in Example 4.2.15 and Theo-
rem 4.2.20, we have an orthogonal decomposition

f(H) = é\BmEZ‘F(H)nr

In view of Exercise 3.3.8, we have a corresponding decomposition K =}, K™
of the reproducing kernel Then K" € F(H),, is the projection of K, to the
subspace F(H), which leads with the discussion in Example 4.2.15 to

1 ’r —im i 1 U 1 —im i n
K'(y) = 5- e Ko(eMy) dt = - ; > —e ety @) dt
n=0
o) 27 1
_ Z i/ leit(n—m) (y, 2)" dt = —{y, )™, for m e Ny
0 2r Jo  n! 0, for m < 0.

We conclude that K™ (z,w) = -1 (z,w)™ for m € Ny and that F(H),, = 0 for
m < 0. We also see that F(H),, C Fpn(H) for all m € Ny and therefore obtain
Fm(H) = F(H)y, for each m € N because the inclusion F,,(H) C F(H), is
trivial.

(i) We consider the topological product group T := T and note that Ty-
chonov’s Theorem implies that this group is compact if it is endowed with the
product topology. Next we observe that the natural homomorphism

(e T—>U(H), a((tj)jeJ)szej = thzjej

= jed
(the action of T' by diagonal matrices) defines a continuous unitary representa-
tion. In view of the continuity criterion Lemma 1.2.6, this follows from the fact
that the functions ' — C,t = (¢;),es — (a(t)eg, er) = dpxty are continuous for
all k,¢ € J. Next we use (i) to conclude that mo« is a continuous unitary repre-
sentation of T' on F(H). Since T is compact abelian, the Fundamental Theorem
on Unitary Representations of Compact Groups (Theorem 4.2.20) shows that
the eigenfunctions of T' form a total subset of F(H). So we have to determine
these eigenfunctions.

Each continuous character x: T — T is of the form xm(z) = [[;c; z;”j
for m € Z), where Z(/) C Z’ denotes the subset of all functions with finite
support, i.e., the free abelian group on J (Exercise 5.2.10). Accordingly, we
have

—

FH) = 69mez<J>‘7:(7_()m’

where

FH)m ={f € F(H): (vt € T)m(a(t))f = foalt)™" = x-m(t)f}
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(cf. Example 4.2.15). Then we have a corresponding decomposition K =3 ;) K™

of the reproducing kernel (Exercise 3.3.8). To determine the kernels K™, we

first observe that, in view of (i), F(H)m € F(H)m holds for 3, ;m; = m.
We recall from Example 4.2.15 the orthogonal projection

Pz F(H)m = F(H)m, Pm(f)(Z)=/Txm(t)f(04(t)*12) dpur (t).

In particular, we obtain

K™(2) = Pn(K)(2) = /T X (KT (a(t)~12) dpur (1)
1 “YNat)z, w)™ dup
—/Txmoe ) (at)z, w)™ dyur (1),

T oml

To evaluate this expression, we recall the multinomial formula

k __ k a o, 00 (7% k — k!
(x1+ ...+ zp)" = Z o) w =t o) T ot anl

|| =k

where |a| := a1 + -+ + a,. We thus obtain for z,w € H with the Cauchy
Product Formula

@z = (S tom) = X (1)

jed mENéJ),\m|:m

with uniform convergence in ¢ € T'. This leads to K*(z) = 0 for m ¢ Ng‘]), and

for m € Né']) we get

1

K} (z) = m'(m)z = — "™ = Hpm(z)pm(w).

This shows that F(H)m = Cpm (Proposition 3.4.9), and Theorem 3.1.3(3)
implies that ||pm|* = m!. O

Remark 5.2.4. At this point we have unitary representations of the Heisenberg
group Heis(H) and the unitary group U(H) on the Fock space F(H). These two
representations are compatible in the following sense.

For each g € U(H), we obtain a topological automorphism of Heis(H) by
a(g)(t,v) = (t, gv), and we thus obtain a homomorphism

a: U(H) — Aut(Heis(H)),

defining a continuous action of U(H)s on Heis(H) (cf. Exercise 1.2.13). There-
fore we obtain a topological semidirect product group

Heis(H) %o U(H).
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In view of the relation

(r(g)e(t, 0)[)(2) = 0T = h e (g1 )
= eit+<z,gv>—%<gv,gv>f(9_1(z —gv)) = (n(t, gv)w(9)f)(2),
we have
w(g)m(t, v>7r<g>-1 — n(t,g).

so that the representations of Heis(H) and U(H) on the Fock space combine
to a continuous unitary representation 7r( ,9) = 7(t,v)w(g) of the semidirect
product group.

5.2.3 Hilbert Spaces on the Unit Disc

Before we discuss some typical examples of Hilbert spaces on the unit disc,
we show that many L?-spaces of holomorphic functions have continuous point
evaluations.

Proposition 5.2.5. Let Q C C be an open subset and p: Q — R} be a mea-
surable function such that every point p € Q has a neighborhood on which p is
bounded below by some € > 0. Then

{fEO /\f )2p( )dz<oo}

1s a Hilbert space with respect to the scalar product

)= /Q F(2)a@p(z) d,

and the inclusion H — O(Q) is continuous with respect to the topology of uni-
form convergence on compact subsets sets on O(Q). In particular, the point
evaluations on H are continuous.

Proof. Let p € 2 and r > 0 such that the closed disc D := B<,(p) of radius r
is contained in 2. Then the compactness of D implies that p is bounded below
by some € > 0 on D. For f € O(f2) we obtain from the mean value property

27
71_712/f dw—ﬁ// f(p+ret dtrdr——/ 2w f(p) rdr

=5 [ a5 = 1),

Now the Cauchy—Schwarz inequality in L?(D, dz) leads to

2 1 w 2 w - wzi w 2 w

10)? < gy [ 1) dw- [ 1aw = —5 [ 1 ¢
1 ) 1

< [ 1r@Psw)
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Applying this to smaller discs Bs(q) € B, (p), we find for ¢ € B,_s(p) the

estimate )
2 2
F@F < —If]

This estimate proves that every Cauchy sequence (fy,)nen in H is a Cauchy
sequence on B,_;(p) with respect to the sup-norm, hence uniformly convergent
to a continuous holomorphic function f: B,_s(p) — C. Therefore the limit
f(2) :==lim, o fn(2) exists pointwise on 2 and f is holomorphic because it is
holomorphic in a neighborhood of any p € €.

Since each compact subset B C () can be covered by finitely many discs on
which the sequence converges uniformly, it converges uniformly on B, so that
we obtain

[ 17@F s @z = lin [ 1fa@)Pole)dz < tim (1
B B

Therefore [, |f(2)|?p(z) dz < lim, .o || fn]|? follows from the Monotone Con-
vergence Theorem, so that f € H.

To see that f,, — f holds in H, let 6 > 0 and ||f,, — fm|| < J for m,n > ng.
Then for each compact subset B C Q2 and m > ng, we have

/|f — ful2)plz)dz = Tim / 1Fal2) = Fim(2)Pp(2) d
< lm || fo = finll? <6

and hence ||f — fm|| < 6. This proves that f, — f, and therefore that H is
complete. O

Example 5.2.6. (a) Let D := {z € C: |z| < 1} denote the unit disc, and
consider for a real m > 1 the Hilbert space

={f € OD): [[fllm < oo},

where

17112, = / F)(1 = |22y 2 da.

Since the measure (1 — |2|?)™~2dz is invariant under the action of T by
scalar multiplication, we obtain with Proposition 2.3.8 a continuous unitary
representation of T on H,,, given by (¢t.f)(w) := f(tw).

Further, Proposition 5.2.5 implies that 7, is a reproducing kernel Hilbert
space and Proposition 5.1.6 shows that its kernel K™ is T-invariant, i.e.,

K™(tz,tw) = K™(z,w) for z,weD,teT.

From the Fundamental Theorem on Unitary Representations of Compact
Groups (Theorem 4.2.20) we now derive that H,, is an orthogonal direct sum
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of the T-eigenspaces H, n, corresponding to the characters x,(t) = ¢". If
f € Hm n, then
fiz)=t"f(z) for 2€eD,teT,

and this implies that f(wz) = w"f(z) for |w| < 1 because both sides are
holomorphic in w and coincide on T. Therefore f(z) = cz™ for some ¢ € C,
and thus either H,, , = Cp,, for p,(z) = 2™, or Hy,n, = {0}, where the latter
relation holds in particular for n < 0 because the functions 2", n < 0, on D\ {0}
do not extend holomorphically to D.
To see which monomials are contained in H,,, we calculate ||p,||?,:
m—1

1
Il =" [P ) e =2 1) [
D 0
1
=(m— 1)/ u™(1—u)™? du.
0

Let I, := (k+ 1) fo (1 — u)* du. Then integration by parts gives

Ink

n
p— 7],”_
, k12 1,k+1

whenever n > 0 and k > —1. Proceeding further, we obtain Iy, = 1 and thus

o n! S _(k+n+1)_1
Tk 2) (ka1 O n '

We thus obtain ||p,||%, = Lim—2 = (m 1+n) . We know already from above
that the orthogonal family (p,)nen, is complete. With Theorem 3.1.3(iii), we
thus obtain for the reproducing kernel

. -1
K™(z,w) = Z (m +: )z"w" =1—-zw)™
n=0

(cf. Example 3.3.6(f) for H = C). For m = 2, the Hilbert space H,, is called the
Bergman space of D. It is the space of square integrable holomorphic functions
on D.

One also obtains an interesting “limit space” for m = 1. This can be done
as follows. On O(D) we consider

To evaluate this expression, let f(z) = > 7 a,2™ denote the Taylor series
of f about 0 which converges uniformly on each compact subset of D. Hence
we can interchange integration and summation and obtain

1 27

o oo
2 n+m it(n—m) _ 2 2n
— dt = E dt = E .
27 Jo I ‘ anam%r/ " € n:0|an| "

n,m=0
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Applying the Monotone Convergence Theorem to the sequences (|a,|?r*"),en €
?*(Np), we see that (|a,|*)nen € £1(Np) if and only if || f|| < oo, and that in this
case || f||* = Yo—, |an|*. Therefore

My = {f € O(D): [|fll < oo} = ¢*(No, C)

is a Hilbert space and the polynomials form a dense subspace of H;. Moreover,
the monomials p,,(z) = 2™ form an orthonormal basis of H;. Note that ||p,| =1
is exactly the limit obtained for general m > 1 if m tends to 1. We put

oo L oo . 1
K ) =3 pallpal) = Yt =
n=0 n=0
(cf. Theorem 3.1.3(a)). Then, for w € D, the functions K,(z) = == =

oo ow™z" are contained in Hy, and for f(z) =Y. anz", we get

<f7 Kw> = Z apw" = f(w)
n=0

This proves that H; has continuous point evaluations and that its reproducing
kernel is given by K.

The space H; is called the Hardy space of D and K! is called the Cauchy
kernel. This is justified by the following observation. For each holomorphic
function f on D extending continuously to the boundary, we obtain the simpler
formula for the norm:

1 2 )
117 = 5= [ 1

We see, in particular, that such a function is contained in H; and thus

1 27 ) . 1 27 f(eit)
_ 1\ _ ) 7 —_ - 7
JG) =K = 5o | peRI @ de= g [ 3T
_ 1 T f(e) it 1 1 Q)
=i ), eit_zetzdtme|_1<_ZdC,

where the latter integral denotes a complex line integral. This means that the
fact that K is the reproducing kernel for H; is equivalent to Cauchy’s integral

formula
f(2) = 1 f(©) dc

We have already seen how the spaces H,, decompose under the unitary
representation of the group T, but the spaces H,, carry for m € N a unitary
representation of the larger group

G = SUL,(C) == {g - (Z b

a

) € GLy(C): a,b € C,|a|* — |b|* = 1}.
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We claim that B

04(2) = g.2 == (az + b)(bz +a) !
defines a continuous action of G on D. Note that this expression is always
defined because |z| < 1 and |b| < |a| implies that bz + @ # 0. That o4(z) € D
for z € D follows from

laz +0|* = |a|?|2|* + (abz + @bz) + |b]> < |b]?|2|? + (abz +a@bZ) + |a|® = bz +a|>.

The relations 01 (z) = z and 04y = 040, are easily verified (see Exercise 5.2.13).
To see that this action is transitive, we note that for |z| < 1,

1 1 =z
g:= \/TW (Z 1) € SU1,1(C)

satisfies ¢.0 = z.

To obtain a unitary action of G on ‘H,,, we have to see how the corresponding
kernel K™ transforms under the action of G. For the kernel Q(z,w) =1 — 2w
an easy calculation shows that

(az+0b) (@ +b) (bz+a)(a+ bw) — (az + b)(aw + b)

Qg-2,gw) =1~ (b= +a) b0 +a) (bz + a)(a + bw)

_(aP - -m) _ Qw)

(bz +@)(a + bw) (bz +@)(a + bw)

Finally, we note that, B
J(g,%2) :=a—bz

defines a 1-cocycle for the action of G on D, which can be verified by direct
calculation), and
—az+b abz+l|a]? —baz— b2 1

J(g,9.2) = a— b= — = — ,
(9.9-2) bz +a bz +a bz +a

so that we obtain for
J™(g,z) = J(g,2)™™

the relation
K™(g.z,9.w) = J"(g,9.2) K (z,w)J™(g, g.w),

and Proposition 5.1.6 show that, for m € N,

Q—BZ

(T (9)f)(2) = T™(g,2) f(g7"2) = (a = bz) ™™ f (az 7 b)

defines a continuous unitary representation of G = SU; 1(C) on H™.
For m = 2, the space Hs is the Bergman space of the disc and

1 (s
@ gy 0

for g € SU;,1(C), so that the existence of the representation in this case also
follows from Exercise 5.2.12.

J*(g,2) =
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Remark 5.2.7. From Example 3.3.6 we recall the positive definite kernels
K°(z,w):=(1—-z2w)"®% s>0,

on the open unit disc D C C. We have seen in Example 5.2.6 that for s € N, we
have a unitary representation of SU; 1(C) on the corresponding Hilbert space.
The reason for restricting to integral values of s is that otherwise we don’t have
a corresponding cocycle. However, for Q(z,w) = 1 — 2w, we have

v o) = Q(Z,U)) _ Q(Z,U))
gz 5:w) (bz +a)(a+bw)  |a]*(1+ (b/@)2)(1 + (b/a)m)

Q(z,w),

and therefore

K®(g.2,9.w) = 04(2)0y (w) K* (2, w)
for
04(2) = lal*(1 + (b/a)2)*,

where, in view of |b| < |al, the right hand side can be defined by a power series
converging in D.

As we shall see below, these considerations lead to a projective unitary rep-
resentation of SUp 1(C) on Hs by

(ms(9)f)(2) == 04(g7".2) f (g~ ".2).

5.2.4 Some Representations of SU,(C)

In this section we discuss the action of SU(C) on a Hilbert space of polynomials
on the complex plane. We shall see later that all these representations are
irreducible, and one can even show that they exhaust the irreducible continuous
unitary representations of this compact group.

Example 5.2.8. For m € Ny, let H,, = {f € O(C): || f|lm < oo}, where

m 2
17112, = “/C( F&E

. 1+ [2[2)m+2

and dz denotes Lebesgue measure on C.

Then exactly the same arguments as in Example 5.2.6, based on the rotation
invariance of the density (1+ |z|2)~("*+2) show that H,, is a reproducing kernel
Hilbert space and that the monomial p,(z) := 2™ contained in H,, form an
orthogonal total subset. To determine these monomials, we calculate

m+1 2" > o -
pnll?, = - /C(1+ ) dz:2(m—|—1)/0 2 (1 4 12) 2 dr

=(m+1) /Ooo u™ (14 u)_m_2 du.
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n

Let I = (k—1) [° (117@% du. This integral exists if and only if k > n + 1.
Under this assumption integration by parts yields I, = t%5ln—1%-1. For

n =0, weget Inp =— [;*(1 —k)(1+u)~" du= 1. Therefore

n!

(k—2)(k—3)...(k_n_1)10”“‘": (k;2>_1

and [|p,|* = (’Z)_l for n < m, so that the monomials 4/ (Zl)pn, n=0,....,m
form an orthonormal basis in ‘H,, and in particular H,, consists of all polyno-
mials of degree < m.

Since the the point evaluations on the finite dimensional space H,, are con-
tinuous, we have a reproducing kernel which is given by

K™(z,w) = i <m)z”w” = (1 + zm)™.

n
n=0

In,k =

(Theorem 3.1.3). The group G = SUy(C) acts on the Riemann sphere C =

b
CU{oo} by g.z = f{;fa for g = (ab a) (Exercise 5.2.13). We claim that we

have a unitary representation on SUs(C) on the Hilbert space H,, by

az —b
a—i—gz

(tm(9)F) (2) = (a +B2)™ f ( ) (a5 (g ).

Note that the factor (a 4 bz)™ ensures that, although f(g~!.z) is a rational
function, the product is a polynomial of degree < m. R

It is instructive to see how this arises from the identification of C with the
projective line P;(C) = P(C?). Let F,,(C?) be the subspace of the Fock space
F(C?) consisting of homogeneous polynomials of degree m. From the inclusion

C—C?% 2w (z1),
we obtain an inclusion
R: fm((CZ) — O0(C), (Rf)(2):=f(z1),

and the injectivity of R follows from the homogeneity of the elements of F,,, (C2).
Defining a Hilbert space structure on the image of R in such a way that R is
unitary, its image is a reproducing kernel space with kernel

(1+ zw)m.

K(zw) = (1), (1) = 52

Since this is, up to a positive factor, the kernel of H,,, it follows that im(R) =
H,, and that the unitary representation of SU3(C) C U(C?) on F,,(C?) cor-
responds to the unique unitary representation m,, on H,, for which R is an
intertwining operator.
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For g = (_ab Z) € SU,(C) we then find with g=! = (Z _ab> the formula
(rm @BU(E) = (g™ (e D) = flaz=b5s+a) = (a+ 5" (B (5.

Exercises for Section 5.2

Exercise 5.2.9. Let V be a real vector space and w: V x V — R be a bilinear
map.

(a) Show that on R x V' we obtain a group structure by
(t,v)(s,w) := (t + s+ w(v,w),v + w).

This group is called the Heisenberg group Heis(V,w).

More generally, we obtain for any two abelian groups V and Z and any
biadditive map w: V x V — Z a group structure on Z x V' by

(t,v)(s,w) := (t + s + w(v,w),v + w).

(b) Let H be a complex Hilbert space. How do we have to choose V and w to
obtain an isomorphism Heis(V, w) 2 Heis(H)?

(c) Verify that Z(Heis(V,w)) = R x rad(ws), where

ws(v,w) == w,w)—w(w,v) and rad(ws):={veV:ws(v,V)={0}}.

(d) Show that for V = R? with w(z,y) = z1y2, the Heisenberg group H(V,w)
is isomorphic to the matrix group

1
H::{ 0
0

Exercise 5.2.10. Let G = HjeJ G be a product of abelian topological groups
and p;: G — G; be the projection maps. Show that the map

S: @é\] -G, (x))jes — H(Xj o pj)

jeJ jeJ

z
Y :amy,zeR}.
1

o =8

is an isomorphism of abelian groups.

Exercise 5.2.11. On R™ we consider the vector space Py of all homogeneous
polynomials of degree k:

p(z) = Z o, o ERz¥ =2 cann, Jal=a1 + -+ ap.
|| =k
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We associate to such a polynomial p a differential operator by

0

p0) = 3 ad, 9V =802, 8= S

|| =k

Show that the Fischer inner product

(P, q) := (p(9)q)(0)

defines on Py, the structure of a real Hilbert space with continuous point evalu-
ations. Show further that its kernel is given by

K(z,y) = Ii (z,y)* k'(ZaﬁJyJ) .

Hint: Show that the monomials p,(z) = z* form an orthogonal subset With
(Pas Po) = ! and conclude with Theorem 3.1.3 that K(x,y) = Zlal

a"

Exercise 5.2.12. Let D;,D; C C be two open subsets and ¢: D1 — D5 be
a biholomorphic map, i.e., ¢ is bijective and ¢! is also holomorphic. Let
B(D) := L*(D,dz) N O(D) denote the Bergman space of D. Show that the map

®: B(Dy) — B(D1), [ ("f)-¢, ¢ f=fop

is unitary. Hint: For the real linear map \,: C — C,w — zw, we have
detg(\.) = |2|2.

Exercise 5.2.13. We consider the group G := GL32(C) and the complex pro-
jective line (the Riemann sphere)

P, (C) = {[v] :== Cv: 0 # v € C?}

of 1-dimensional linear subspaces of C%. We write [z : y] for the line C <Z)
Show that:

(a) The map C — P1(C),z +— [z : 1] is injective and its complement consists
of the single point oo := [1 : 0] (the horizontal line). We thus identify
P (C) with the one-point compactification C of C. These are the so-called
homogeneous coordinates on P1(C).

(b) The natural action of GL2(C) on P1(C) by g.[v] := [gv] is given in the
coordinates of (b) by

az+b a b
g.z:ag(z)::cz+d for g¢g= e d)
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(c) On C? we consider the indefinite hermitian form
Bz, w) := 2107 — 293 = W* L0 z.
0 -1
We define

U11(C) = {g € GLy(C): (Vz,w € C?) B(gz, gw) = f(z,w)}.

Show that g € Uy ;(C) is equivalent to

4 _ (1 0 +(1 0
9 =\ -1)7 o —1)-
Show further that the above relation is equivalent to
detge T, d=adetg and c=bdety.

In particular, we obtain |a|? — [b|? = 1.

(d) The hermitian form £ is negative definite on the subspace [z1 : 25 if and
only if |z1] < |z2|, i.e., [21 : 22] = [z : 1] for |z| < 1. Conclude that

g.z = Zj_tdb defines an action of Uy 1(C) on the open unit disc D in C.

5.3 Positive Definite Functions

It was one of our first observations in Section 1.3 that any unitary representation
decomposes as a direct sum of cyclic ones. The main point of this section is to
describe the bridge between cyclic representations and positive definite kernels
on the group G which are invariant under right translations. Such kernels are
determined by the function ¢ := K; via K(g,h) = ¢(gh™!), and ¢ is said to be
positive definite if K has this property. We shall see that any cyclic represen-
tation of G is equivalent to one in a reproducing kernel subspace H, C C(G)
corresponding to a continuous positive definite function ¢, and characterize the
irreducible ones geometrically by the condition that ¢ generates an extremal
ray in the cone of continuous positive definite functions on G.

5.3.1 Cyclic Representations

Definition 5.3.1. A function ¢: S — C on an involutive semigroup (.5, *) is
called positive definite if the kernel

K,: Sx8—C, Kg(st):=q(st")

is positive definite. We then write H, C C¥ for the corresponding reproducing
kernel Hilbert space.

(b) If G is a group, then (G, 7¢) is an involutive semigroup, so that a function
p: G — C is called positive definite if the kernel

K,:GxG—C, Ky(st):=p(st™)
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is positive definite. We then write H,, := Hx, for the corresponding reproducing
kernel space in C©.
A kernel K: G x G — C is called right invariant if

K(zg,yg) = K(z,y) holds for g,z,y € G.

For any such kernel the function ¢ := K; satisfies

K(z,y) = K(zy™ 1) = o(zy ™).

Conversely, for every function p: G — C, the kernel K (z,y) := @(zy 1) is right
invariant. Therefore the right invariant positive definite kernels on G correspond
to positive definite functions.

(c¢) For a topological group G, we write P(G) for the set of continuous
positive definite functions on G. The subset

S(G) :={p € P(G): p(1) = 1}

is called the set of states of G.

Clearly, P(G) is a convex cone and §(G) C P(G) is a convex subset with
P(G) = R.S(G). The extreme points of S(G) are called pure states of G.

Recall from Proposition 3.3.5 that H, C C(G) for each continuous positive
definite function ¢ € P(G).

(d) If A is a Banach-x-algebra, then a linear functional f: A — C is said
to be positive if it is a positive definite function on the involutive semigroup
((A,-),*), i.e., if the sesquilinear kernel

K(a,b) := f(ab™)
is positive definite.

Remark 5.3.2. If (7, H) is a unitary representation of the involutive semigroup
(S,*) and v € H, then the function

78 —=C, s (n(s)v,v)
is positive definite because
K(s,t) := 7" (st*) = (w(s)7(t")v,v) = (w(t")v, 7(s¥)v),

and the positive definiteness of this kernel follows from Remark 3.3.1. The
corresponding realization map is

v:S—=H, ~(s)=mn(s")v
(Theorem 3.3.3). If v is a cyclic vector, then this map has total range, so that
Py H—=Hr,  @y(w)(s) := (w,m(s)v) = (m(s)w,v)
is an isomorphism of Hilbert spaces. In view of
Py (m(t)w)(s) = (m(st)w,v) =y (w)(st),

this map intertwines the representation = of S on H with the representation of

S on Hg by (s.f)(z) := f(xs).
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In the following we write a cyclic unitary representation (mw,H) with cyclic
vector v as a triple (m, H,v).

Proposition 5.3.3. Let G be a topological group.
(a) For every continuous unitary representation (7, H) of G and v € H,

() := (m(g)v,v)

18 a continuous positive definite function.

(b) Conversely, for every continuous positive definite function p: G — C,
the reproducing kernel space H, C C(G,C) with the kernel K(g,h) :== p(gh™')
carries a continuous unitary representation of G, given by

(mo(9))(2) := [(zg),

satisfying T8 = o, l.e.,

o(g) = (mp(9)p, ) for geq.

(¢) A continuous unitary representation (w, H) of G is cyclic if and only if
it is equivalent to some (m,, H,) with ¢ € P(G).

(d) For two cyclic unitary representations (m,H,v) and (z',H',v") of G,
there exists a unitary intertwining operator I': H — H' with T'(v) = v" if and
only if 7 = (x')"

v

Proof. (a) follows immediately from Remark 5.3.2.
(b) We first observe that the kernel K is invariant under right multiplications:

K(zg,yg9) = p(xg(yg)~") = K(z,y), =z,y,9€G,

so that we obtain a continuous unitary representation (7,,H,) of G (Proposi-
tion 5.1.6). Finally, we note that K(z,g) = ¢(zg~') leads to K, = ¢ o p,-1, s0
that
(mo(g9)e, 0) = (To(9), K1) = (me(9)9) (1) = (9g).
(c) To see that (m,,H,) is cyclic, we show that ¢ is a cyclic vector. In fact,
if f € H, is orthogonal to 7, (G)¢p, then we have

f9) = (n(9)f)(A) = (n(g9)f,0) = (f,m(9) ") =0,

for each g € G, and therefore f = 0.

If, conversely, (7, H) is a cyclic continuous unitary representation of G' and
v € H a cyclic vector, then ¢ := 7¥ € P(G) by (a), and Remark 5.3.2 implies
that the map

pri H =Ry, py(w)(g) = (m(g)w,v)

is a unitary intertwining operator. We conclude that (7, H) = (7,, H,).

(d) IfT': H — H' is a unitary intertwining operator with I'(v) = v/, then we
have for each g € G the relation

()" (9) = (7' (g, ) = (T(x(g)v), T(v)) = (w(g)v,v) = 7"(g)-
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Suppose, conversely, that ¢ = 7¥ = (77’)”/. Then we obtain with Re-
mark 5.3.2 unitary intertwining operators

I'H—H, with T(v)=¢

and
I'-H' —H, with TI'(v)=¢.

Then IV oT'"!: H — H’ is a unitary intertwining operator mapping v to v’. [

Applying the Irreducibility Criterion for Reproducing Kernel Spaces (Theo-
rem 5.1.12) to the right action of G on itself and J = 1, we immediately obtain:

Proposition 5.3.4. For ¢ € S(G), the representation (my,, H,) is irreducible
if and only if ¢ is an extreme point of S(G), i.e., a pure state.

Proof. We only have to observe that R ¢ is an extreme ray of the cone P(G)
if and only if ¢ is an extreme point of S(G) (Exercise 5.3.20). O

Example 5.3.5. (a) Let G be an abelian topological group and G its character

group. Further, let G be the smallest o-algebra on G for which all the evaluation
functions

G:G—T, x—xl(g)

1 Tt is generated by the inverse images g~ !(E), E C

are Borel measurable.
T an open subset. For any finite measure p on (G, &), we obtain a unitary
representation of G on L?(G, i1) by

((9)./)(x) == g0 f (X)-

Suppose that G is first countable, i.e., has a countable basis of 1-neighbor-
hoods. We claim that 7 is continuous. It suffices to verify sequential continuity
of the functions

Tow: G—=C, myw(g) = (m(g)v,w) =/@§(x)v(x)w(x)du(x)~

In view of the estimate
[G00v 00w = [v(x)w()| = (W) (x)]

and vw € L! (é, ), this follows from Lebesgue’s Dominated Convergence The-
orem.
It follows in particular that the function

Alg) == /ﬁ(x) dp(x) = (m(g)1, 1)

G

n general, this o-algebra may be much smaller than the o-algebra of Borel sets for the
topology of pointwise convergence. This is due to the fact that arbitrary unions of open sets
are open, but for measurable subsets, only countable unions are measurable.
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is continuous and positive definite. It is called the Fourier transform of p. In
Corollary 6.2.19 below we shall develop tools to verify that 1 is a cyclic vector
for this representation (see also Example 6.2.21), 2 so that

My = (G, p)

and we shall also see that for a locally compact abelian group G every positive
definite function is the Fourier transform of a unique Radon measure p on G
(Bochner’s Theorem).

(b) The preceding construction applies in many special cases. If G = (V, +)
is a Banach space, then G =~ V', the topological dual space (Exercise 4.2.24),
so that we obtain for any finite Borel measure p on V' the continuous positive
definite function

)= [ e dua)

For V' = R" this specializes to

)= [ e duty),

which in probability theory is also called the characteristic function of the mea-
sure p.

5.3.2 Spherical Functions

In many situations one is interested in understanding and classifying unitary
representations in reproducing kernel spaces H¢g of continuous functions (and
with continuous point evaluations) on a homogeneous space X := G/K of a
topological group G and a closed subgroup K, where G acts by (n(g)f)(z) =
f(g71z). For any unitary representation (mg, Heg) in such a Hilbert space, we
know from Proposition 5.1.6 that its kernel Q on X is G-invariant, i.e.,

Qlg.x,9.y) =Q(z,y) for ¢geGz,yeclX.

Hence the problem is to describe the convex cone P(X) of G-invariant positive
definite continuous kernels on X. In particular, we are interested in its extremal
rays because they correspond to irreducible representations (Theorem 5.1.12).
Choosing the natural base point 2o := 1K € G/K = X, we see that the
transitivity of the G-action on X implies that any invariant kernel @) satisfies

Q(g-wo, h.zo) = Q(h™"g.xo, 20),
hence is determined by the function

0:G—C, o(g):=Q(g.20,T0)-

2The main difficulty is to show that the von Neumann algebra generated by the functions
G, g € G, is all of L> (G, 11), when we consider these functions as operators on L2(G, 1). This
requires spectral measures as a tool (cf. Corollary 6.2.19).
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Clearly, ¢ is K-biinvariant because for hi,ho € K we have

@(h1ghs) = Q(h1gha.zo, 7o) = Q(g.z0, hy .70) = Q(g.70, T0).

If, conversely, ¢: G — C is an K-biinvariant function, then

Q(91K, g2 K) == ¢(g5 " 91)

is a well-defined G-invariant kernel on G/K and $(gK) := ¢(g) defines a K-
invariant function on G/K (cf. Exercise 5.3.26 for continuity issues). This leads
to the following concept.

Lemma 5.3.6. The kernel Q on G/K is positive definite if and only if the
function p: G — C, defined by p(g) = Q(g.z0, o) is positive definite.

Proof. We have
Qu(g:h) == p(gh™") = Q(gh™" w0, 20) = Q(h™ "0, g " 0),

and this kernel on G is positive definite if and only if @ is positive definite
because the map G — G/K, g +— g~ 'l.x¢ is surjective. O

Definition 5.3.7. Let (G, K) be a pair of a topological group G and a subgroup
K. A continuous positive definite function ¢ € P(G) is said to be spherical if it
is K-biinvariant and the representation (m,, H,) with (7,(g9)f)(z) == f(g~'z)
is irreducible.

Remark 5.3.8. (K-biinvariant functions and K-fixed vectors) If ¢ € P(G) is
a K-biinvariant positive definite function on G, then the element ¢ € H, is a
K-invariant vector, i.e., an element of Hf .

Suppose, conversely, that (w,H) is a continuous unitary representation of
G and vy € HE is a K-fixed vector. Then the orbit map G — H,g — 7(g)v
factors through a continuous G-equivariant map

v: G/K — m(g)vo,

so that the closed G-invariant subspace Ho C H generated by vy leads to a
realization triple (G/K,~y,Ho) for the kernel

Q9K hK) = (y(hK),1(gK)) = (m(h)vo, 7(g)vo) = 7 (9" 1)
(cf. Definition 3.3.4), and hence to a realization of the representation (7, Hp) in

continuous functions on G/K.

Remark 5.3.9. The terminology is due to the special case where X is the
sphere
S:=8S(V):={zeV: |z =1}
in a real euclidean space V, such as R™. On this space the orthogonal group
O(V):={geGL(V): g" =g 1}

of linear surjective isometries acts transitively (Exercise 5.3.27) and the corre-
sponding spherical functions on O(V') correspond to the irreducible representa-
tions of O(V) in reproducing kernel spaces in C(S).



5.3. POSITIVE DEFINITE FUNCTIONS 121

Definition 5.3.10. Let (7, H) be a unitary representation of the group G and
K C G a subgroup. For a homomorphism x: K — T, we write

HEX .= {v e H: (Vk € K)n(k)v = x(k)v}

for the corresponding common eigenspace in H. For the trivial character y = 1,
we write HX = H¥:1 for the space of K-fixed vectors in H.

Proposition 5.3.11. (Irreducibility criterion for cyclic representations) Sup-
pose that the unitary representation (w,H) of G is generated by the subspace
HEX for some character x: K — T of a subgroup K. If dimHXX = 1, then
(m,H) is irreducible.

Proof. Let K C H be a closed non-zero invariant subspace and P: H — K be
the orthogonal projection. Since P commutes with G, we then have P(HXX) =
KX, Since K = P(H) is generated, as a unitary G-representation, by HX, the
representation on K is generated by P(H¥X) = ICK:X and we see in particular
that KX £ {0}. As H¥X is one-dimensional, we this leads to H&X = KX C
K, so that H = K follows from the fact that H*X generates H. This proves
that the representation (m, H) is irreducible. O

Proposition 5.3.12. Let Q € P(G/K)% be a G-invariant positive definite
kernel. Then the following assertions hold:

(a) Hq is generated by the closed subspace Hg of K-fixed vectors.
(b) Ifdim Hg =1, then the unitary representation (rq, Hg) of G is irreducible.

Proof. (a) The evaluation in the base point zyp = 1K € G/K is fixed under K,
so that @, € Hg. Now 79(9).Quy = Qg.z, (Proposition 5.1.6) implies that
the G-invariant subspace generated by Hg contains all elements Q,,z € G/K,
hence is dense.

(b) follows by combining (a) with Proposition 5.3.11. O

Definition 5.3.13. Representations (w,H) of G with dim H¥ = 1 which are
generated by this subspace are called class one representations. As we have seen
above, class one representations are always irreducible.

In view of Remark 5.3.8 all class one representations can be realized in repro-
ducing kernel spaces Hg C C(G/K) with kernel Q(zK,yK) = (r(z~'y)vg, vk)
for any vg € H¥. Here the main point of the class one condition is that the vec-
tor vg € H is unique up to scalar multiples, so that the space Bg(H, C(G/K))
of intertwining operators is one-dimensional, hence the name.

Remark 5.3.14. We have seen in Proposition 5.3.11 that any class one rep-
resentation is irreducible. The main advantage of class one representations
is that they are completely encoded in the single spherical function ¢(g) =
(i, m(9)vK), where v € HX is a unit vector because every other unit vector
leads to the same function and (7,H) = (7, H,) by Proposition 5.3.3. This
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fact makes class one representations particularly accessible via the correspond-
ing spherical functions.

The converse is not true in general, i.e., there may be irreducible represen-
tations (mg, Hg) in C(G/K) which are not class one. To see this, we choose
K := {1}, then each irreducible representation (m, H) of G can be realized in
C(G) by a right invariant kernel defined by a positive definite function (Propo-
sition 5.3.3), but in this case HX = H is not one-dimensional in general.

To obtain situations where all irreducible representation are type one, so that
their classification is more manageable, one has to look for conditions ensuring
that K is “large” in G. One such requirement is that for every continuous
unitary representation (7, H) of G and the orthogonal projection P : H — HX,
the set of all operators

S := {Pxn(g)Px: g € G} C B(H¥)

is commutative. Then (G, K) is called a Gelfand pair.

If K C 'HE is an S-invariant closed subspace, then Pk (7(G)K) C K implies
that the closed G-invariant subspace Kg generated by K satisfies KX = KC. In
particular, the set S acts irreducibly on H¥ if (7, H) is irreducible. Since S
is commutative and #-invariant, in view of Schur’s Lemma, this implies that
dim H® = 1, hence that (7, H) is of class one.

Examples 5.3.15. If K is a topological group and G := K x K, then X := K
is a homogeneous space of G by the action (g1,¢2).x = glxggl. Then the
stabilizer of the element zy := 1 is the diagonal subgroup

Ag :={(k,k ) ke K} 2K,

so that K = G/Ak. In this context a G-invariant kernel ) on K corresponds
via p(k) := Q(k,1) to a conjugation invariant function on K. Such functions
on a group are also called central.
One can show that (K x K, Ak) always is a Gelfand pair if K is compact.
Typical examples of central functions on groups arise from finite dimensional
unitary representations. For any such representation (7, H) of K, the function

X (k) := tr(m(k))
is a central positive definite function, called the character of w. In fact, the
space B(H) carries the Hilbert space structure given by the Hilbert—Schmidt
scalar product
(A, B) :=tr(AB*) = tr(B*A),
which leads to a unitary representation of K x K on B(H) via
7~T(kj1, k‘g)A = 7T(]€1)A7T(k2)*,

and then

Xr(k) = tr(n(k)) = (7(k,1)1,1).
If (7, H) is an irreducible representation of K, then one can derive from Proposi-
tion 4.3.9 that (7, B(H)) is also irreducible, so that x,(k1k3) defines a spherical
function on K x K.
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It is an important representation theoretic problem to classify for a given pair
(G, K) the spherical functions. As the following example shows, this problem
has tight links with problems in classical harmonic analysis.

Example 5.3.16. (Spherical functions on motion groups) Let V' be a euclidean

space and
G2V x0O(V)

be its group of surjective isometries (Exercise 5.3.22). We endow O(V') with
the strong operator topology and recall that it acts continuously on V' (Exer-
cise 1.2.13), so that G is a topological group with respect to the product topology
(Exercise 1.1.20). The group G acts transitively on V by (v, g).z := g.x +v and
the stabilizer of 0 is the group K := O(V) of linear surjective isometries.

We are interested in the spherical functions of the pair (G, K) and, more
generally, in positive definite K-biinvariant functions on G. Since K acts tran-
sitively on the spheres in V' (Exercise 5.3.27), every K-biinvariant continuous
function ¢: G — C can be written as

o(v,g) = f(llvl),

where f: Ry — C is a continuous function. Now the main problem is to see for
which functions f, the function ¢ is spherical, resp., positive definite.
We claim that the functions

oa(v, k) = eI (5.10)

are positive definite for A > 0. To verify this claim, we note that the corre-
sponding kernel is given by

Q((v, k), (w, h)) = (v, k) (w, h) 1) = al(v, k) (=h ™ w, h71))

—1 2 -1 —1 2
— S0)\(1) o kh*lw) _ 67)\||'u7kh wl| — e*)‘Hk v—h~ w||

_ 2 2 -1 -1
_ oMl =M lwl? 22k o,k )

(cf. Exercise 5.3.19).
To see that this kernel is positive definite, we first use Remark 3.3.1(b) and
Corollary 3.2.2 to see that it suffices to show that the kernel

(v, k), (w, h)) — (k™ v, " w)

is positive definite, but this follows from Remark 3.3.1(a).
Now Proposition 3.2.1 implies immediately that any function of the form

el i= [ oa R du) = [ e auey

for a finite Borel measure p on Ry is positive definite and it is an important
result of Schoenberg that, if V' is infinite dimensional, all K-biinvariant positive
definite functions on G are of this form ([Sch38)), i.e., ¢(v, k) = f(||v]]), where

fr) = / T e (),
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i.e., f is the Laplace transform of a finite Borel measure on R . In particular, the
functions ¢, are the extreme points in the set S(G, K) of K-biinvariant positive
definite normalized functions and therefore the corresponding representation
(mg,,Hag,) on the reproducing kernel space associated to the G-invariant kernel
@ on V is irreducible. As we have seen above, this kernel is given by

Or(v,0) = (v — w,0) = e Mo=wl? = A =Nl 27 w).

For Q' (v, w) := e**("*) we thus obtain from Exercise 5.1.15 that the map
®: Ho — Ha,, @(f)(v) :=e 1 (0)

is unitary. Note that H¢ is the Fock space F2*(V') on V, corresponding to the
scaled inner product 2\ (v, w).

On the space Hg, the unitary representation of the affine group G is simply
given by composition

(ma(v, k) f) (@) = f((v, k)" ) = fF(k™ (2 = v)),

but the unitary representation 7} on the Fock space Hg: transferred by @
satisfies .
(mA (0, k) f) () = e A2 £ (71 (2 — 0)),

which corresponds to the formula found in Remark 5.2.2 for the canonical action
of the translation group on the Fock space.

For finite dimensional euclidean spaces V' = R"”, the spherical functions have
a more complicated structure. They are the Fourier transforms of the invariant
measures on spheres. We shall see in Chapter 6 below where this comes from.

Examples 5.3.17. (a) Let (7, F(H)) be the representation of the Heisenberg
group Heis(H) on the Fock space

(n(t,0)f)(2) = e ENTRO (2 — o)

(Proposition 5.2.1). Recall that F(H) = Hg for Q(z,w) = el#®).
First we note that the constant function 1 = Q) is a cyclic vector. Indeed,
: 1
for J((t,v),z) = e®*H{@v)=3(v) we have

m(t,0)Qz = J((t,v) 71, 2)Qutv € C* Qupo,

so that Q, € C*7(0,z)Q1, and since the set {Q,: = € H} is total, the vector 1
is cyclic. The corresponding positive definite function is

o(t,v) = (r(t,v)1,1) = (7(t,v)1)(0) = J((t,v),0) = e~z

The affine space H is a homogeneous Heis(H)/K for K = T x {0} and
7(t,0) = €1 for all t € R. Therefore the character x(t,0) := e of K sat-
isfies F(H)KX = F(H), so that the irreducibility criterion Proposition 5.3.11
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does not apply. However, one can show with tools based on complex analysis
(Kobayashi’s Theorem) that (m, F(H)) is irreducible.

(b) Let (m, F(H)) be the representation of the semidirect product group
G := Heis(H) x U(H) on the Fock space

(m(t,v, 9)f)(2) = eHEI=3O0) f(g7L( —v))

(Remark 5.2.4). Since 1 is cyclic for Heis(H), it is in particular cyclic for G.
For the action of G on H by (t,v,g).2 = gz + v we have H & G/K for K =
T x {0} x U(H), and 1 is a y-eigenvector for K for the character x(t,0, g) := e®’.

We claim that F(H)%X = C1. Considering the action of the subgroup
T1 C U(H), the decomposition F(H) = @men,Fm(H) from Proposition 5.2.3
implies that F(H)XX C Fo(H) = C1. Therefore the irreducibility criterion
Proposition 5.3.11 implies that the representation of G on F(H) is irreducible.

Note that the same conclusion applies for the oscillator group Heis(H) x T1.

(c) Let (mm, Fm(H)) be the representation of U(H) on the subspace Fy, (H)
of homogeneous functions of degree m in F(H) by (mm(g)f)(2) = f(g712). Its
reproducing kernel is Q(z, w) = % (Proposition 5.2.3). Since all functions in
this space are homogeneous, they are uniquely determined by their restrictions
to the unit sphere

S:={veH:|v|]| =1}

Therefore the set {Q,: ||v]| = 1} is total.

Let (ej)jes be an orthonormal basis of H, jo € J be a fixed element and
eo := ej,. Then U(H)ey = S and 7y, (9)Qv = Qgv imply that the element Q,
is a cyclic vector unit. The corresponding positive definite function is

©(9) = (Tm(9)Qep» Qeo) = (Mm(9)Qe, ) (€0) = Qe (9_160)

1, 1 — 1_
= m(g Leg, e0)™ = m<960,€o>m = mgoo

Let T = T7 be the subgroup of diagonal operators in U(H) with respect to
the orthonormal basis. Then Q., is a T-eigenvector for some character x of T,
given by

x(t) =t;",
and we have seen in Proposition 5.2.3 that any character xm, of T occurs at
most with multiplicity 1 in F(H). Therefore

Fm(H)TX =CQ,,

is one-dimensional, and the irreducibility criterion Proposition 5.3.11 implies
that (7, Fm (H)) is irreducible.

(d) We consider the representations (m,,, H,,) of the group G = SU;1(C)
on the Hilbert space H,, € O(D) on the open unit disc D C C with kernel
Q(z,w) = (1 — zw)~™, where m € N is fixed:

(Tm(9)F)(2) = ™ (g,2)f(g™".2) = (a = b2) ™™ f ( 7 b) .

CL—EZ
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First we show that 1 = Qg is a cyclic vector. Since the action of SU; 1(C)
on D is transitive, the relation

7Tm(g)Q0 = Jm(g_1, O)Qg.O = aing.O

implies that Qg is cyclic. This relation also implies that it is an eigenvector of

the subgroup
a 0
T.— { (0 a_1> Lac T} C SUL.(C)

of diagonal matrices, and the corresponding character is

a O _ —m
X <0 a1> e

The other T-eigenvector in H,, are the monomials 2™, n € N, which form
a total orthonormal system. For g € T we have J™(g,z) = a~™, so that we
obtain for f(z) = 2™ the relation

(T (9)f)(2) =a ™ f(g7"2) = a ™" f(2).

It follows in particular that HZI.X = C1, so that Proposition 5.3.11 implies that
(Tm, Hum) is irreducible.

Example 5.3.18. (A non-type I factor representation) Let 1 # G be a discrete
group such that all non-trivial conjugacy classes are infinite, such as PGLy(R) =
GL2(R)/R*1 (cf. Exercise 5.3.23).

We consider the representation (w,H) of G x G on the Hilbert space H =
?%(G,C) C CY given by

((g, h) f)(x) := f(g~'zh).

First we show that this representation is irreducible. We consider the ONB
(0¢)gec, consisting of d-functions satisfying

ﬂ-(gah)éz :5gzh*17 g,h,z €GqG.
Clearly, the vector 7 is cyclic and invariant under the diagonal subgroup
K:=Aq:={(g,9): g€ G}.

The K-invariance means for an element f € ¢*(G,C) that it is constant on
conjugacy classes, and since all non-trivial conjugacy classes are infinite, we
have

(G,0)% = Cé;.

Therefore Proposition 5.3.11 implies that (m, £2(G, C)) is irreducible.

This implies that the right regular representation of G on ¢?(G, C), defined
by m-(g9) := m(1,g), is a factor representation. We claim that this factor rep-
resentation is not of type I, i.e., a multiple of an irreducible representation.
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Assume the contrary, i.e., H = M QH, is isotypic with multiplicity space M.
Then 7, (G)" = B(M,) by Lemma 4.3.8. We consider the map

T:m(G) — C, T(A):=(Ad1,01) = (A01)(1).
It clearly satisfies T'(1) = 1, and we claim that it is a trace, i.e.,
T(AB)=T(BA) for A,Bemn.(G).
For each A € 7,.(G)’, the function a: = Ad; satisfies
Ab, = Amp(x) 7101 = mp(2) TP AS) = mo(x) ta,  de., (Ad)(y) = a(yzh).
This further leads to

(Af)(9) = (Af.05) = > f(2)(Ad,.05) = > alga™") f(2).

zeG zeG
For b := Béq, this leads to
T(AB) = A(B&y)(1) = > a(z™")(Bd1)(x)

zeG

=Y al@ b(z) = bz Ma(z) =... = T(BA).

zeG z€G

In view of Exercise 5.3.24, the existence of T implies that dim M, < oo,
and hence that dimspanm;(G) < dim B(M;) < co. This in turn implies that
m(G)o1 = {d4: g € G} is finite dimensional, which implies that G is finite,
hence trivial. This contradicts our initial hypothesis.

Exercises for Section 5.3

Exercise 5.3.19. Let G = N x,K be a semidirect product group and ¢ € P(N)
be a positive definite function on N which is K-invariant in the sense that

w(k.n) =¢(n) for ke K,neN.

Then
Y:G—C, P(n,k):=epn)

is a positive definite function on G. Hint: Show that the representation (., H,)
of N extends by m,(k)f := foa(k)~™! to a unitary representation (m,,H,) of
G (Proposition 5.1.6) and consider 7, € P(G).

Exercise 5.3.20. Let C C V be a convex cone in the real vector space V' and
a € V* with a(c) > 0 for 0 # ¢ € C. Show that

S:={ceC:alc)=1}

satisfies:
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(a) C= R+S
(b) x € S is an extreme point of S if and only if Ry« is an extremal ray of C.

Exercise 5.3.21. (Metric characterization of midpoints) Let (X, - ||) be a
normed space and z,y € X distinct points. Let

Tty

My:={zeX:|z—z|=z-yl=3lz—yll} and m:= D)

For a subset A C X we define its diameter
6(A) :=sup{|la —b|| : a,b € A}.
Show that:

(1) If X is a pre-Hilbert space (i.e., a vector space with a hermitian scalar
product), then My = {m} is a one-element set.

(2) For z € My we have ||z —m| < $6(Mo) < 3|z — y||.
(3) For n € N we define inductively:
My = {p € My : (V2 € My_y) 12— pll < 26(My 1)}
Then we have for each n € N:

(a) M, is a convex set.
(b) M, is invariant under the point reflection s,,(a) := 2m — a in m.
(¢c) me M,.
(d) 6(Mp) < 50(My—1).
(4) ﬂneN M, = {m}.

Exercise 5.3.22. (Isometries of normed spaces are affine maps) Let (X, || - )
be a normed space endowed with the metric d(x,y) := ||z — y||. Show that each
isometry ¢: (X,d) — (X,d) is an affine map by using the following steps:

(1) It suffices to assume that ¢(0) = 0 and to show that this implies that ¢ is
a linear map.

( is continuous.

o(\z) = Ap(x) for A € 22 C R.
5) o(x+vy) =p(x)+ ¢(y) for z,y € X.
6) o(Ax) = Ap(x) for A € R.
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Exercise 5.3.23. Let X be an infinite set and S x) be the group of all those
permutations ¢ of X moving only finitely many points, i.e.,

Hz e X: p(x) # x}| < o0.

Show that for each element ¢ # idx in S(x) the conjugacy class

Co = {ppv™": 9 € Sx)}
is infinite. Hint: Consider a description of ¢ in terms of cycles.

Exercise 5.3.24. Let H be an infinite dimensional Hilbert space. Show that
every linear trace functional T': B(H) — C vanishes in 1, i.e.,

T(AB) =T(BA) for A, Be B(H)
implies T'(1) = 0. Here are some steps to follow:

(a) T is conjugation invariant, i.e., T(gAg~!) = T(A) for ¢ € GL(H) and
A € B(H).

(b) If P and @ are two orthogonal projections in B(H) for which there are
unitary isomorphisms P(H) — Q(H) and P(H)* — Q(H)*, then T'(P) =
T(Q).

(¢) For each n € N, there exists a unitary isomorphism w,,: H — H", i.e.,
H=H1®---®H, with H;=H.
Let P;n) denote the orthogonal projection onto H;.

(d) Show that T(Pj(n)) = 17(1) and use (b) to derive T(P1(2)) = T(P1(3)).
Conclude that T'(1) = 0.

Exercise 5.3.25. Let G be a topological group, O C G be an open subset
and S C G any subset. Then the subsets OS and SO of G are open. Hint:
0S = ,c5 Os.

Exercise 5.3.26. Let G be a topological group and K C G be a closed sub-
group. We endow G/K with the quotient topology, i.e., O C G/K is open if
and only if ¢7*(0O) C G is open, where ¢: G — G/K is the quotient map. Show
that:

(a) The quotient map ¢: G — G/K is open. Hint: Exercise 5.3.25.

(b) To see that G/K is Hausdorff, argue that for y ¢ zK there exists an
open l-neighborhood U in G with U 'Uy N zK = () and derive that
m(Uy) Nw(Uz) = 0.

(¢) The action 0: G x G/K — G/K,(g,2K) — gzK is continuous. Hint: (a)
and the openness of idg X gq.
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(d) Themap gxq: GXG — G/K xG/K is an open map, i.e., O C G/ K xG/K
is open if and only if (¢ x q)~*(O) is open in G x G.

(e) Show that for every continuous K-biinvariant function ¢: G — C, the kernel
Q(zK,yK) := ¢(zy~!) on G/K x G/K is continuous.

Exercise 5.3.27. Show that for a euclidean space V, the group O(V) of linear
surjective isometries acts transitively on the sphere

S(V)={veV:|v| =1}
Hint: For a unit vector v € S(V') consider the map
oy(x) ==z — 2(x,v)v.

Show that o, € O(V) and that for z,y € S(V) there exists a v € S with
ou(z) = y.

Exercise 5.3.28. Let (m,H) be a non-degenerate representation of the invo-
lutive semigroup (S,%) and v € H. Show that the following assertions are
equivalent:

(a) v is a cyclic vector for 7(S).
(b) v is a cyclic vector for the von Neumann algebra 7(S)”.

(¢) v separating for the von Neumann algebra =(S)’, i.e., the map
7(S) — H, A — Av is injective.

Hint: To see that (c) implies (a), consider the projection P onto (m(S)v)t

which is an element of 7(S)’.

)

Exercise 5.3.29. Let (7, H) be a non-degenerate multiplicity free representa-
tion of the involutive semigroup (.5, %) on the separable Hilbert space H. Show
that (7, H) is cyclic. Hint: Write H as a direct sum of at most countably many
cyclic representations (7, H;, v;) with cyclic unit vectors (v;),es and find ¢; > 0
such that v := ZjeJ c¢jv; converges in H. Now show that v is a separating vec-
tor for 7(S)" and use Exercise 5.3.28. Note that the orthogonal projections P;
onto H; are contained in m(S)’.

Exercise 5.3.30. Let G be a topological group, K C G be a closed subgroup
and X := G/K the corresponding homogeneous space with base point z¢ := 1K.
We fix a 1-cocycle J: G x X — C* and 0 # @Q € P(X,0,J), so that

(m(9)f)(x) == J(g,z)f (g .x)

defines a unitary representation of G on Hg C CX (Proposition 5.1.6). Show
that:

(a) x(k):= J(k,z) defines a character xy: K — T.
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(b) 'Hg’x = Npex ker(m(k) — x(k)1) # {0}. It generates H¢o under the G-
action.

(c) If Hg’x is one dimensional, then the G-representation on Hg is irreducible.
Hint: Proposition 5.3.11.

Exercise 5.3.31. Let 0: G x X — X, (g,x) — g.x be a transitive continuous
action of the topological group G on the topological space X. Fix x¢g € X and
let K :={g € G: g.xg = x0} be the stabilizer subgroup of zy. Show that:

(a) We obtain a continuous bijective map n: G/K — X,gK — g.x0.

(b) Suppose that n has a continuous local section, i.e., ¢ has a neighborhood
U for which there exists a continuous map 7: U — G with 7(y).zo = y for
y € U. Then 7 is open, hence a homeomorphism.

(c) Let G := Ry be the group (R, +), endowed with the discrete topology and
X = R, endowed with the canonical topology. Then o(z,y) := z +y
defines a continuous transitive action of G on X for which the orbit map
7 is continuous and bijective but not open.

Exercise 5.3.32. Let V be a euclidean space, S C V be its unit sphere, G :=
O(V) be its orthogonal group, endowed with the strong operator topology, ¢g €
S and K = O(eg) be the stabilizer of eg in G. Show that the orbit map
o®: O(V) — S, g+ gey induces a homeomorphism

n: G/K =0(V)/O(eg) — S, gK = geo.
Hint: Show first that for U := S\ {—ep} the map

. - g(zZ)\v) = we Z)—v
7 U= O(V), o()0) =252 (o +2)

is continuous and satisfies
o(z)(eg) = z.

Then apply Exercise 5.3.32.
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Chapter 6

From the Group Algebra to
Spectral Measures

The main goal of this chapter is to explain how representations of locally com-
pact abelian groups G can be described in terms of spectral measures on their
character group G, endowed with a suitable locally compact topology. This is
of particular interest for the group G = (R, +) because it provides a description
of all continuous one-parameter groups of the group U(H); in terms of spectral
measures on R.

To achieve this goal, we want to apply the Gelfand Representation Theorem
to a suitable commutative Banach-x-algebra. Such a group algebra can be ob-
tained for a locally compact group G from the convolution product on L' (G, ug)
and a suitable x-operation turning L'(G, u¢) into a Banach-*-algebra. The main
point of this construction is that the continuous unitary representations of G
are in one-to-one correspondence with the non-degenerate representations of
this Banach-x-algebra.

Here we shall mainly exploit the applications of this algebra for abelian
groups. We first discuss in Section 6.2 spectral measures and explore in Sec-
tion 6.3 how this applies to representations of abelian locally compact groups.
In particular, we obtain a rather complete description of the representations of
the additive group (R, +).

133
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6.1 The Group Algebra of a Locally Compact
Group

6.1.1 The Convolution Product

Let G be a locally compact group and pug be a left Haar measure on G. For
f,9 € C.(G) we define we define the convolution product

(f*g)( /f g(y~'z) duc(y /f (2y)g(y™") dpc(y). (6.1)

This integral is defined because the first integrand is supported by the compact
set supp(f). Using the modular factor Ag, we define an involution on C.(G)
by

fr(@) = Ag(x) ™ fla). (6.2)

Lemma 6.1.1. For f,g € C.(G), we have

(i) f*g € C.(G) with supp(f * g) C supp(f)supp(g) and convolution is asso-

ciative.
i) If =gl <Ifillgll-
i) [f*le = I fll1-

iv) (frg) =g * [
v) Forx € G and f € Co(G) we put Ao f :== fo ;! and p.f := fop,. Then
(@) Ao(f*9) = (Aaf) x g, pa(f % 9) = [ * pzy,
(b) pu(f) xg=f*Ac(x) ' (N-19).
(©) (Naf)* = Ac(@)paf* and (po f)* = Ac(@)  Aaf*
(@) [Aaflls = lIfllr and [lpaflls = Ac(@) = If]1-
(vi) For f € C.(G), the map G — LY (G, ug),x — Mo(f) is continuous.

(
(
(
(

Proof. (i) The continuity of fx*g follows from Lemma 2.3.7, applied to supp(f) x
G. If (f * g)(x) # 0, then there exists a y € G with f(y)g(y~'x) # 0. Then
y € supp(f) and y~ 'z € supp(g), so that x € supp(f)supp(g). In particular,
f * g has compact support if f and g have.

For the associativity of the convolution product, we calculate

((f *9) * h)( //f Wy~ duc(y) duc (2)

- / 1) / o)Ay~ 1x) duc(y) duc(z)
G G

- /G F2) g # ) (=~12) dpa (=) = (f * (g b)) ().
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(ii) We have
1 *g(@)] < / F @) lel2)] duc(y)
G

and therefore
I % gl < /G /G )9l )] duc () duc(x)
Fupini / W) / 90y~ 2)] duc (@) duc(y)

= [1£6)1 [ 1) ducta) duct) = lall [ 170 disct)

= llgllll 1]z

Here the application of Fubini’s Theorem is justified by the fact that both
integrals extend over sets of finite measure, so that the assumption of o-finiteness
is satisfied for the corresponding restricted measures.

(iii) In view of Lemma 2.4.8, we have

151 = [ Aca™ i) diota) = [ 17 ducte) = 1111
(iv) As in (iii)7 we get
(f*9)"(x) /f (y~tz=1) duc(y)
= Ag(z / Fl1y)g(y1) duc(y)
= [ 5 A6 )T dicty)
= [ oW es) diot) = @+ 1)(e)

(v) (a) follows immediately from (6.1).
(b) follows from

(0l +0)®) = [ ") dno(2) = Sole)™ [ @atws"2) duo(2)
= Ac(x) 7 (f # Aem19)(®)-

(c) follows from

Aaf)"(y) = Acy) ™ fla~ly™1) = Ag(e)Ac(yz) ™ fla~ty )
= Ac(2)f*(yx) = Ac(@)(paf7)

which in turn implies

*
—~
<

=

(o f)* = Ag (@) A f*
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(d) follows from the left invariance of pg.
(vi) In view of

IAef — Al = /G Fatg) - F('" )] ducle),

the assertion follows from Lemma 2.3.7 for f € C.(G). O

Let LY(G) := LY(G, ) denote the completion of C,.(G) with respect to ||-||1.
The preceding lemma implies that the convolution product and the involution
extend to continuous maps on L'(G), turning it into a Banach-*-algebra. We

also extend the left translations A, and the maps Ag(g)py to isometries of
LY(G).

Proposition 6.1.2. Let (w,H) be a continuous unitary representation of the
locally compact group G. For f € LY(G) and v,w € H, we define by

(m(f o, w) = /G F(9)(n(g)v,w) duclo) (6.3)

an operator w(f) € B(H), which we also denote symbolically by

7(f) :/Gf(g)ﬂ(g) dpc(g).

It has the following properties:
(@) [ (HI<NA1x-

(ii) The continuous linear extension w: L'(G) — B(H) defines a representation
of the Banach-x-algebra L*(G), i.e., it is a homomorphism of algebras

satisfying w(f)* = w(f*) for f € L}(G).

(iii) For z € G and f € LY(G) we have n(x)n(f) = 7(Asf) and 7(f)w(z) =
Ag(z)m(psf).

(iv) The representation 7 of L'(G) on H is non-degenerate.

(v) W(IEZ;()G”))’ = 7(Q)" and, in particular, 7(G) C w(LY(G))" and ©(L*(G)) C

(vi) The representations of G and L'(G) have the same closed invariant sub-
spaces. In particular, one is irreducible if and only if the other has this
property.

Proof. (i) First we observe that the sesquilinear map

(0, w) - /G (@) (m(g)v,w) duc(g)
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is continuous:
| [ t@)e@ ) dua(o)] < [ @lir@olll duct) = 17l ol

Hence there exists a unique operator =(f) € B(H) satisfying (i) and (6.3).
(i) In view of (i), 7 defines a continuous linear map L'(G) — B(H). It
remains to verify

m(fxg) =n(f)m(g) and w(f)" =7(f7).

Since C.(G) is dense in L'(G), it suffices to verify these relations for f,g €
C.(@). For v,w € H, we have

((f * g)v,w :/ / FW)gly™ @) {m(x)v, w) duc(y) duc(x)
" [ g / (2)0, w) duc(z) duc(y)

- [ 1w
:/ fly (2)(r(z)v, 7(y~Hw) duc(x) duc(y)
/ e Jw) dyic(y)
/f ()7 () (g)v, w) duc(y)
(

(f)m(g)v, w).
(f)m(g). We further have

= fp o
-2
/
which implies 7(f)* = 7r(f*)

(iii) Since A, defines an isometry of L!(G), it suffices to assume that f €
C.(G). For v,w € H, we have

(m(@)m (v, w) = / e ) duc(y)

/ m(yz)v, w) duc(z) duc(y)
/

This proves that 7(f * g) =

(v, m(2)w) dpc(z)

Ag(z
a(@)fla™ ) (m(z" v, w) dpa(z)
flz Jv,w) duc()

yw),

/f m(xy)v, w) duc(y /fxy y)v, w) dpc(y)
(m(Aaf)v,w).
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From this relation and (ii) we further derive

(m(H)m(@))” = m(@™r(f*) = 7\ 1) = 1(Ac(2)(paf)") = Ac(@)m(pa f)",
and this proves (iii).

(iv) To see that the representation of L!(G) is non-degenerate, we show
that for every 0 # v € H there exists an f € C.(G) with ||7(f)v — v|| < e.
To find such an f, let U be a 1-neighborhood in G with ||7(g)v — v| < e for
g € U. Urysohn’s Lemma implies the existence of 0 # f € C.(G) with 0 < f
and supp(f) € U. Then [ f(g)duc(g) > 0, and after multiplication with a
suitable scalar, we may w.l.o.g. assume that [ f(g) duc(g) = 1. Then

Ithye =l = | [ r@ar= [ s@wdnato)

= | [ @@y =) ducta)|
< /G F@)lIm(g) — vll duc(g) < /G £(9) duc(g) =

(v) First we show that 7(L'(GQ)) C 7(G)". So let A € ©(G)'. For f € L'(G)
and v,w € 'H we then have

(Ar(f)o,w) = (=(f)v, A™w / 19 A*w) dc(g)
/f ) (Ar(g)v,w) dpic (g /f 9)Av, w) duc(g) = (w(f)Av,w),

which implies that An(f) = 7 (f)
Next we show that 7(G) C (Ll(G))” If A€ n(LYQ)), then

m(9)An(f) = m(g)n(f)A =71\ f)A = An(Xy f) = An(g)7(f)

for each f € L'(G), and since the representation of L'(G) on H is non-
degenerate, it follows that w(g)A = An(g).

From 7(LY(G)) C 7(G)", we now get 7(G)" = 7(G) C #(L*(G))’, and
likewise we derive from 7(G) C w(LY(G))” that 7(LY(G))" C m(G)’, so that we
have equality.

(vi) Since the closed invariant subspaces correspond to the orthogonal pro-
jections in the commutant (Lemma 1.3.1), this follows from (v). O

We have just seen how to “integrate” a continuous unitary representation
of G to a representation of the Banach-*-algebra L!(G). Thinking of 7(f) =
fG x) dpg(x), this means a “smearing” of the unitary operators w(z). If
the group G is not discrete, then G is not contained in L'(G) (as é-functions),
so that it is not obvious how to recover the unitary representation of G from
the corresponding representation of L!(G). However, since the representation
of L*(G) is non-degenerate, the operators 7(z), z € G, are uniquely determined
by the relation 7(z)7(f) = m(A\.f) for f € L*(G). To make systematic use of
such relations, we now introduce the concept of a multiplier of an involutive
semigroup.
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6.1.2 Unitary Multiplier Actions on Semigroups

Definition 6.1.3. Let (S, *) be an involutive semigroup. A multiplier of S is a
pair (), p) of maps \, p: § — S satisfying the following conditions:

aA(b) = p(a)b, A(ab) = A(a)b, and  p(ab) = ap(b).

We write M (S) for the set of all multipliers of S and turn it into an involutive
semigroup by

A p)(N,p') == (Ao XN, p'op) and (A, p)" = (p", A7),
where A*(a) := Ma*)* and p*(a) = p(a*)*. We write
UM (S)) == {(\, p) € M(S): (A, p)(A, p)" = (A, 0)" (A, p) = 1}
for the unitary group of M(S).

Remark 6.1.4. (a) The assignment ng: S — M(S),a — (Aq, ps) defines a
morphism of involutive semigroups which is surjective if and only if S has an
identity. Its image is an involutive semigroup ideal in M(S), i.e.,

M(S)ns(S) Cns(S) and  ns(S)M(S) C ns(S).

(b) The map
M(S) xS — 5, ((phss)  A(s)

defines a left action of the semigroup M (S) on S, and
Sx M(S) = S, ((\p),s) = pls)
defines a right action of M(S) on S.

Example 6.1.5. (a) The C*-algebra (C*(X),|| - [ls) of bounded continuous
functions on a locally compact space acts via the multipliers

A= p(f)h = fh

on the commutative C*-algebra Cy(X).

(b) Let H be a complex Hilbert space and K (H) be the C*-algebra of com-
pact operators on H. Then we obtain for each A € B(H) a multiplier (A4, pa)
on K(H).

Lemma 6.1.6. Let G be a locally compact group and (L*(G),*) be its convolu-
tion algebra. Then, for each g € G, the pair

m(g) = (Ag, Ac(9) ' py-1)

is a unitary multiplier of L*(G) and m: G — U(M(LY(G))) is a group homo-
morphism.
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Proof. That each m(g) is a multiplier of the involutive semigroup L!(G) follows
from Lemma 6.1.1(v)(a),(b). We further obtain from Lemma 6.1.1(v)(c) that

)\; = Ac(9)pg,

so that

m(g)* = (Ac(g)ps-1,05) = (Ag1,86(9)pg) =m(g™") = m(9) ™,

which shows that m(g) is unitary. That m is multiplicative is an immediate
consequence of the definitions. O

Proposition 6.1.7. For each non-degenerate representation (w, H) of S there
exists a unique unitary representation (7, H) of U(M(S)), determined by

m(g)m(s) =7(gs) for geUM(S)),s€eS. (6.4)

Proof. Every non-degenerate representation of S is a direct sum of cyclic ones
(Exercise 1.3.23), which in turn are of the form (7, H,) (Remark 5.3.2). We
therefore may assume that (7, H) = (m,,H,). The reproducing kernel K of
H, is K(s,t) := p(st*), and it is invariant under the right action of any g =
(N> pg) € U(M(S)):
K(pg(s), pg(t)) = 9pg(s)pg(t)*) = @(pg(5)p,(t") = ¢(pg(s)Ag (t7))
= @(sAgA 1 (t7)) = p(st”) = K(s,1).

Hence 7, (g)(f) := f o pg defines a unitary representation (7, H,) of U(M(S))

satisfying (6.4). That this condition determines 7, uniquely follows from the
non-degeneracy of the cyclic representation (m,,H,) (Exercise 1.3.23). O

6.1.3 Intermezzo on Banach Space-Valued Integrals

Let X be a compact space, 1 a Radon probability measure on X, E' a Banach
space and f: X — FE a continuous function. We want to define the F-valued

integral [y f(z)dp(z).

Lemma 6.1.8. There exists at most one element I € E with
MI) = / A f(x))du(z)  for each X€E'.
X

Proof. This is an immediate consequence of the fact that £’ separates the points
of E. O

We define a linear functional

B —cC T ::/X/\(f(x))du(x)
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and observe that the integral exists because the integrand is a continuous func-
tion on X. We also observe that

byl S/Xlz\(f(x))ldu(x)S/XIIAII-IIf(x)Hdu(x)=||/\||~/XHf(x)||du(x),

so that I € E” with

17l < /X 17 (@)l dis().

We recall the isometric embedding
ne: E— E", n(v)(\) = A\o).

A Banach space F is said to be reflexive if ng is surjective, but this is not the
case for each Banach space. A typical examples is co with ¢f = (¢1)" = .
However, we want to show that I = n(I) for some I € E, which means that T
satisfies the condition in Lemma 6.1.8.

Let K := conv(f(X)) and recall from Exercise 4.2.26 that K is a compact
subset of E with respect to the norm topology. Write E,, for the space F,
endowed with the weak topology, i.e., the coarsest topology for which all ele-
ments A € E’ are continuous. Then the identity F — E,, is continuous and E,,
is Hausdorff, which implies that K is also compact with respect to the weak
topology. The embedding n: E,, — E” is clearly continuous with respect to
the weak-*-topology on E” (with respect to E’) and the weak topology on E,
because for each A € E’ the map E,, — C,v — n(v)(A) = A(v) is continuous.
Therefore the image n(K) C E” is weak-*-compact.

Finally we show that I € n(K). In fact, for each A € E’ we have

T(n) = /X A(F(2)) du(e) < (sup AK))u(X) = sup A(K) = sup n(K)(A),

so that the Hahn—Banach Separation Theorem and the weak-x-closedness of
n(K) imply that

I e n(K).
This proves the following theorem:

Theorem 6.1.9. Let X be a compact space, i a Radon measure on X, E a
Banach space and f: X — E a continuous function. Then there exists a unique
element I € E with

AI) = / A(f(x))du(z) for XeE.
X
Proof. Tt only remains to argue that the requirement that p(X) = 1 can be

dropped. If p(X) = 0, we anyway have I = 0, and if p(X) > 0, then we simply
replace p by ﬁ,u and f by pu(X)f, and apply the preceding arguments. [



142 CHAPTER 6. SPECTRAL MEASURES

We denote the element I also by

/X /(@) du(z).

We have already seen that

| [ @) < [ sl auta). (6.5)

Remark 6.1.10. If A: E — F is a continuous linear map between Banach
spaces, then

A f@)dnte) = [ A7) duta),

For each A € I’ we have

A(4 /X Fla) du(a)) = (Ao A)( /X f() d(x)) = /X (No A)(f(2)) dpu(x)

= /X Af(@) du(x) ).

so that the assertion follows from Lemma 6.1.8.

6.1.4 Recovering the Representation of G
Proposition 6.1.11. For f,h € C.(G) we have

f*h:/Gf(a:)/\x(h)duG(x)

as an LY(G)-valued integral.
Proof. Let K C G be a compact subset containing
supp(f) - supp(h) 2 supp(f * h).
Since supp(f) is compact and the map
G—C(K), z~ f(x)r(h)|k

is continuous (Lemma 2.3.7), Theorem 6.1.9 implies the existence of a C(K)-
valued integral

I= /G F(@) Aa(B)|x¢ dpic ().

If A: C(K) — L'(G) is the canonical inclusion, defined by extending a
function f: K — C by 0 on G \ K, then

A= /G (@) A () dpics ()
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follows from the fact that A;(h) vanishes outside of K. Since point evaluations
on C(K) are continuous, we have for each y € K:

/ fa y) d(z) = (f * h)(y),

hence I = (f * h)|k, and finally AI = f x h follows from supp(f xh) C K. O

Theorem 6.1.12. Let G be a locally compact group. Then there exists for each
non-degenerate representation (m,H) of the Banach-x-algebra L*(G) a unique
unitary representation (rwg, H) with the property that

ma(g)n(f)=n(Nf) for geG, feLYG)

The representation (wg, H) is continuous, and for f € L*(G) we have
w() = [ fe)mate) duc(a),

so that 7 coincides with the representation of L*(GQ) defined by mg.
Proof. Since we have the homomorphism
m: G — UM(LNG))), g+ (A, Ac(9) " pg-1)

from Example 6.1.5, the existence of g follows from Proposition 6.1.7.
To see that 7¢ is continuous, let v € H and f € C.(G). Then the map

G = H,g — ma(g)n(f)o = T(Af)v

is continuous because the map G — L'(G),g — A f is continuous (Lemma
6.1.1(vi)). Since the elements of the form 7(f)v span a dense subspace, the
continuity of mg follows from Lemma 1.2.6.

To see that integration of mg yields the given representation 7, it suffices to
show that for f,h € C.(G) and v € H we have

ma(f)m(h)o = = (f)m(h)v

because the elements of the form 7(h)v, h € C.(G), v € H, form a dense subset
of H. For v, w € H we obtain a continuous linear functional

w: LYG) = C, [ (n(f)v,w).

Applying, Proposition 6.1.11 to this functional, we get with Proposition 6.1.2(iii):
(Y, w) = {(f * B)ow) = ol 5 ) = [ f@hodh) dua(a)

/f T(Agh)v, w) dug(x /f (ra(z)m(h)v, w) duc(v)

c(f)m(h)v, w).
This proves that 7(f)m(h) = wa(f)n(h). O
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Exercises for Section 6.1

Exercise 6.1.13. Let G be a locally compact group. Show that the convolution
product on C.(G) satisfies

1 * hlloo < 1f 1l - [[2]loo-

Conclude that convolution extends to a continuous bilinear map
LYG, ug) x Co(G) — Co(G).

Conclude that for f € L*(G, ug) and h € C.(G), the convolution product f *h
can be represented by a continuous function in Cy(G).

Exercise 6.1.14. Let G be a compact group. Show that every left or right
invariant closed subspace of L?(G) consists of continuous functions. Hint: Use
Exercise 6.1.13 and express the integrated representation of L!(G) on L?(G) in
terms of the convolution product.

Exercise 6.1.15. Let 7: G — U(H) be a unitary representation of the locally
compact group G on ‘H which is norm-continuous, i.e., continuous with respect
to the norm topology on U(H). Show that there exists an f € C.(G) for which
the operator 7(f) is invertible.

6.2 Projection-valued Measures

We have already seen in Chapter 1 that forming direct sums of Hilbert spaces
and decomposing a given Hilbert space as an orthogonal direct sum of closed
subspaces is an important technique in representation theory. However, this
technique only leads to a complete understanding of those representations which
are direct sums of irreducible ones, i.e., H = Hy in the notation of Chapter 4.
Up to this point, we know that even the group (R, 4) has natural representations
not containing any irreducible subrepresentation. In this section we develop the
concept of a projection valued measure, which provides a continuous analog of
direct sum decompositions of Hilbert spaces. In particular, it can be used to
study the structure of representations without irreducible subrepresentations.
The general idea is that a representation may be composed from irreducible
ones in the same way as a measure space is composed from its points, which
need not have positive measure.

6.2.1 Spectral Measures
Definition 6.2.1. Let H be a Hilbert space and
Py = {P € B(H): P = P? = P*}

be the set of all orthogonal projections on H. Further, let (X, &) be a mea-
surable space. A map P: & — Py is called a spectral measure or a projection
valued measure if
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(SM1) P(X)=1, and
(SM2) If (Ej)jen is a disjoint sequence in &, then

P(UFZ Ej)v = ZP(Ej)v for each v eH.
j=1
In this sense we have
P( U Ej) =Y P(E)
j=1 j=1

in the strong operator topology.

Remark 6.2.2. For each spectral measure P on (X, &) and each v € H,
PY(E) := (P(E)v,v) = | P(E)v|?

defines a positive measure on (X, &) with total mass ||v||%. In particular, it is a
probability measure if v is a unit vector.

Definition 6.2.3. If X is a locally compact space and & := B(X) the o-algebra
of Borel subsets of X, then a spectral measures P: B(X) — Py is said to be
reqular if all measures PV, v € H, are regular.

Remark 6.2.4. If (X, ©) is a measurable space, then & is an abelian involutive
semigroup with respect to the operations

A-B:=ANB and A*:=A.
In Proposition 6.2.6 below we shall see that every spectral measure is in partic-
ular a representation of this involutive semigroup (&, ).

The following lemma describes a typical situation where spectral measures
arise.

Lemma 6.2.5. Let (X, S, i) be a measure space and H := L*(X,p). For E € &
we define an operator on H by P(E)f := xgf. Then P defines a projection
valued measure on H.

Proof. From Lemma 2.1.5 we recall the homomorphism of C*-algebras

p: LOO(X’ :u) - B(Lz(Xa M))’ p(h)f =hf.

For each E € &, the characteristic function y g satisfies xg = X% = x%, so that
P(E) = p(xe) € Pr.
Clearly, P(X) = 1. Now let (E;);en be a disjoint sequence in X and f € H.

We put Fj, :=JS_; E; and F := J32, E;. Then

IP(F)f = P(Fu)fII? = IP(F\ Fo) fII* = / |f(@)]* du(z) — 0

F\F}
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by Lebesgue’s Dominated Convergence Theorem. Therefore

P(F)f = lim P(F})f = §:j P(E,)f,
and this completes the proof. O

Proposition 6.2.6. For a spectral measure P: & — Py, the following asser-
tions hold:

(i) P(0)=o0.
(i) P(EUF)+ P(ENF) = P(E)+ P(F).

(iii) P(ENF) = P(E)P(F) = P(F)P(E). In particular, the set P(&) is
commutative and P: (&,N) — B(H) is a representation of the involutive
semigroup (&, x).

(iv) If E; C Ej4q for all j € N, then we have in the strong operator topology

P( U Ej) = lim P(E).

— 00
j=1 !

(v) If E; D Ejq1 for all j € N, then we have in the strong operator topology

u

Proof. (i) We consider the disjoint sequence defined by F; := X and E,, := 0
for n > 1. Then (SM2) implies

=y

I
-

E;) = lim P(E).
J

1=P(X)=1+)_ P(0),
which leads to 1 = 1 + P(0), and therefore to P(()) = 0.
(ii) We write
FUE=(ENF)U(F\E)U(E\F)
and F=(FNE)U(F\E). Then P(F)=P(ENF)+ P(F\ E), and therefore

P(EUF)=P(ENF)+ (P(F)-P(ENF))+ (P(E)—P(ENF))
=P(E)+ P(F) - P(ENF).

(iii) We first assume that E and F are disjoint. Then

P(E)+ P(F)=P(EUF)=P(EUF)? = (P(E)+ P(F))?
(E)? + P(F)* + P(E)P(F) + P(F)P(E)

(E)+ P(F)+ P(E)P(F)+ P(F)P(E),

P
P
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so that
P(E)P(F)=—-P(F)P(E). (6.6)

Multiplying (6.6) from the left with P(E), we obtain
P(E)P(F) = P(E)*P(F) = —P(E)P(F)P(E) = P(F)P(E)* = P(F)P(E).

With (6.6) we thus obtain

Now let E, F' € © be arbitrary. With the preceding discussion we obtain

P(E)P(F) = (P(ENF)+ P(E\ F))(P(FNE)+ P(F\ E))
=P(ENF)P(FNE)=P(ENF).

(iv), (v) are easy consequences of (SM2). For (iv), we apply (SM2) to the
disjoint sequence Fy, := Ej \ Ex_1, k € N, with Ey := (), to obtain

P( G En> - P( G Fn> - iP(Fn) - n}@miP(Fn) = lim_P(Ey).

n=1 n=1

For (v), we apply (iv) to the sets F,, := E1 \ E, to get

P(E)) — P(E,) = P(F,) — P( U E \En) - P(E1 N En)

neN neN

— P(Ey) — P( N En)

neN

Example 6.2.7. (Discrete spectral measures)

o~

(a) Let H = €D, ;H; be a direct sum of Hilbert spaces (Lemma 1.3.6). For
each subset I C J, we define P(I) € Py as the orthogonal projection onto the
subspace Ejel H;. Then P: P(J) — Py is a spectral measure. Since each
element v € H is a countable orthogonal sum v = Zje] v;, we have for I C J:
P(1) =% P'({iH) =D llull?,

jeI jeI

where the sum is countable. Therefore every measure P is a countable linear
combination of point measures with the mass ||v;||* in the point j.
(b) Conversely, let X be a set and P: P(X) — Py be a spectral measure
with
o> = P*(X) =Y P'({z}) for wveH. (6.7)
reX
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For each x € X, we then obtain a closed subspace H,, := P({z})H, and, in view
of P({z})P(X \ {z}) = 0 (Proposition 6.2.6(iii)), these subspaces are mutually
orthogonal. Now our assumptions imply that for each v € H:

loli* =" P'({z}) = > 1P}l

zeX reX

and therefore v € ) _\ H,. This implies that ) H, is dense in H, so

that H is isomorphic to the Hilbert direct sum @, yH, (Exercise 1.3.18).
We therefore have exactly the same situation as in (a) because (6.7) implies
P(I) =% ,c; P({z}) for each subset I C X, where the right hand side is the

projection onto the subspace > H,.

Proposition 6.2.8. (The Spectral Integral) Let P: & — Py be a spectral
measure on (X,S). Then there exists a unique linear map

P: L*(X,8) — B(H),
called the spectral integral, with P(xg) = P(E) for E € &. This map satisfies

P(f)*=P(f), P(fg)=P(f)P(g) and [P <]flloc (6.8)

so that (P,’H) is a representation of the commutative C*-algebra L™ (X, &) of
all bounded measurable functions on (X, S).

Proof. (1) If f: X — C is a measurable step function, then we write f =
>, aixa; with Aj = f~'(a;) and pairwise different a; € C. Then the set A;
form a measurable partition of X and we define

P(f) = Z%‘P(Aj)-

Let S(X, 6) be the space of measurable step function. Then the definition above
yields a map
P:S8(X,6) — B(H).

(2) If f =3, Bexs, is another representation of f as a linear combination of
characteristic functions corresponding to pairwise disjoint measurable subsets,
then

f= Z BrXBinA;

k,j

and restriction to A; leads to By = o if By N A, # (). Now we obtain

> BkP(Br) =Y BP(BeNAj) =Y a;P(BiNA;) = a;P(4;).
k k,j J

k,j

Therefore the integral does not depend on the representation of f.
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(3) The advantage of (2) consists in the fact that for two step function f
and g we find a finite measurable partition of X by A;,..., A, such that both
can be written as f = Ej ajxa; and g = Zj Bjxa,- This leads immediately to

P(f+g)=P(f)+ P(g).

Since P(Af) = AP(f) follows directly from (1), the map P: S(X,6) — B(H)
is linear. We further have

PUY = Y @P(A) = Y aP(4,) = P()
and Proposition 6.2.6 implies
P(f)P(g) = a;P(A;) Y BiP(Ar) = > a;BuP(A;)P(Ay)
J k ik

= a;BP(A; N Ax) = > a;B;P(A;) = P(fg).
Jik J
(4) (Continuity of P) Let v € H and let Ay,..., A, in & be disjoint subsets

in &. Then the vectors P(A;)v are pairwise orthogonal (Proposition 6.2.6(ii)),
so that

loll* = 1P 45)0l® = > 1P(45)0]?,
j=1 j=1

and we obtain for any function of the form f = Z?Zl aj;xa; the relation

J

P9I = 1Y ey P(A)ul* =D lay P P(A;)0]®
j
<1 Do Pl < 11l
j

This proves that ||[P(f)|| < [|fllc, and the density of S(X,u) in L>®(X,S)
implies that P extends to a continuous linear map P: L*(X,8) — B(H).
Continuity implies that (6.8) also holds for P. O

Remark 6.2.9. (a) If P is a spectral measure on (X, &), then we obtain for each
v € 'H a measure PY on (X, &). For each measurable function f € L>*(X,8),
we then obtain the relation

<P(f)v,v>:/xf(fv)dp”(w) and IIP(f)v||2:/le(w)IQdP”(w)- (6.9)

between usual integrals with respect to the measure P and the spectral integrals
with respect to P.

If f = xg is a characteristic function, then (6.9) reproduces simply the
definition of the measure PY, which implies the first relation for step functions
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because both sides of the equation are linear in f. Since both sides define
continuous linear functionals on L™ (X, &)

| [ t@ i@ < [ 5@l < 1P () = £l
X X

(cf. (6.8) in Proposition 6.2.8), step functions form a dense subspace, they co-
incide on all of L*°(X,&). The second relation now follows from

IP(f)ol® = (P(f)*P(f)v,v) = <P(|f|2)v7v>=/ |f ()] dP*(x).
X

(b) From (6.9) we further get
PPU(E) = (P(E)P(f)v, P(f)v) = (P(f)P(E)P(f)v,v)
= (P(fPxe)o) = [ |Pap
which in turn leads to
PPV —|72PY (6.10)
in the sense of measures with densities.

Example 6.2.10. Let (X, S, ) be a measure space and H = L?(X,u) be
the corresponding L2-space. In Lemma 6.2.5 we have see that P(E)f = xgf
defines a spectral measure P: & — B(H). In view of ||Af||2 < ||h]loollf]l2, the
multiplication map

LOO(Xvﬂ)XLQ(X?/’L)_)LQ(X’M)v h-f=h-f

is continuous, so that we obtain P(h)f = h- f for all h € L*°(X, u) because this
relation holds for all measurable step functions. Therefore the spectral integral
of a function is a multiplication operator, and we recover the representation of
L>(X,p) from Lemma 2.1.5.

For the proof of the spectral theorem in the following subsection, we need
the following lemma.

Lemma 6.2.11. Let H = &;c H; be a direct sum of Hilbert spaces and (X, S)
be a measurable space. Suppose that we are given for each j € J a spectral
measure Pj: & — Py,. Then

P(E)v:= (Pj(E)v;) for v=(vj)jes €H
defines a spectral measure P: & — Pyy.

Proof. Clearly, P(E)* = P(E) = P(E)?, so that each P(E) is indeed an or-
thogonal projection. Further, P(X) = 1, and for any disjoint sequence (Fy,)nen
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of Borel subsets of X, we obtain P(E,)P(E,,) = 0 for n # m. Therefore the
sequence (P(En)v) is orthogonal for each v € H. Further,

neN
IP(EY|* = P (E)o 1 =D 1P (En)vylf?
JjeJ j€J neN
= > D IP(E)v 1P = > IP(En)ol?,
neNjeJ neN
ie.,
Jim || Z P(En)v|* = | P(E)v|?
and

(P(Eyv,w) =Y (P;(E)v;,w)) ZZ Ep)vj,w;)
cJn=1
= ZZ n Vi Wj)

n=1jeJ

M
N

follows from absolute summability. With Exercise 6.2.23 we now obtain

lim Y " P(Ep)v=P(E)v,
m=1
i.e., P is a spectral measure. O

6.2.2 The Spectral Theorem for Commutative Banach-x-
Algebras

In this section we shall prove one of the central tools in representation theory,
namely the Spectral Theorem for commutative Banach-x-algebras. Basically,
all other spectral theorems can be derived from this one by specialization.

Theorem 6.2.12. (Spectral Theorem for commutative Banach-x-algebras) Let
A be a commutative Banach-x-algebra. Then the following assertions hold:

(i) If P: B(A) — Py is a reqular Borel spectral measure on A, then wp(a) ==
P(a) defines a non-degenerate representation of A on H.

(ii) If (w,H) is a non-degenerate representation of A, then there exists a unique
reqular spectral measure P on A with m = 7p.

Proof. (i) Since the Gelfand transform G: A — Co(A),a — @ is a homomor-
phism of Banach-x-algebras (Section 4.1) and the same holds for the homomor-
phism N

P: L>*(A) — B(H), [~ P(f)
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obtained as the spectral integral (Proposition 6.2.8), the composition
7p:=PoG: A— B(H), a~ P(a)

is a representation of the Banach-*-algebra A.

To see that the representation (7, H) is non-degenerate, let v € H be a unit
vector. Then the positive Borel measure P” on X is regular, so that there exists
for each e > 0 a compact subset C C A with PY(C') > 1—e¢. For any continuous
function f € C,(A) with 0 < f <1 and f|c = 1 we then have

175<P”(C)f/ AP (x /f )dPY(x) = (P(f)v,v),

and ||P(f)v|? = (P(f?)v,v) < 1, so that

IP(f)v = vll* = [P(f)ol* + [v]]* = 2(P(FHv,v) < 2= 2(P(f)v,v)
<2-2(1—-¢)=2e.

Therefore P(C,(A))H is dense in H. Since G(A) is dense in Cy(.A) by the Stone—
Weierstrafl Theorem (Remark 4.1.2), it follows that mp(A)H is also dense in H,
and therefore the representation (mw,H) is non-degenerate.

(ii) First we show that we may assume that A = Cy(X) for some locally
compact space X. So let B := 7(A). Then B is a commutative C*-algebra and
m: A — Bis a morphism of Banach-*-algebras with dense range. In view of the
Gelfand Representation Theorem (Theorem 4.1.1), B = Cy(Y") for some locally
compact space Y. For y € Y and 6,(f) := f(y), we have 7*(d,) :=J,om € A
because 7*(d,) # 0 follows from the fact that = has dense range. The so

obtained map 7*: Y — A is continuous because for each a € A, the function
y — 7 (dy)(a) = m(a)(y) is continuous. Moreover, it extends to an injective
continuous map

7*:Y U{0} = Hom(B,C) — AU {0} = Hom(A,C)

of compact spaces which therefore is a topological embedding. This implies that
7 (Y)U{0} is a compact subset of AU{0} so that Y = 7*(Y") is a closed subset
of A. We may therefore assume that Y is a closed subset of .Z, so that 7 obtains
the simple form 7(a) = al]y. If Pp is a regular Borel spectral measure on Y
with Pg(f) = f for f € B C B(H), then P4(F) := Pg(ENY) is a regular Borel
spectral measure on A (cf. Exercise 6.2.25(d)), and for a € A we have

Pa(a) = Pp(aly) = Pp(r(a)) = n(a).

Replacing A by B, we may thus assume that A = C(X) holds for some locally
compact space X. N

Next we show the uniqueness of the spectral measure. Let P and P be
spectral measures with the desired properties. For v € H we then obtain two
positive measures PV and P? on A with

/ﬁ(x) dP?(x) = (P@)v,v) = (n(a)v,v) = /ﬁ(x) dP" (x)
A

A
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for a € A. In view of the Riesz Representation Theorem 2.3.2, the regularity
assumption implies P = PV. Since each P(FE) is uniquely determined by the
numbers PY(E) = (P(E)v,v), v € H, the uniqueness of P follows.

Now we prove the existence. To this end, we decompose the representation
(m,’H) into cyclic representations (m;,H;), j € J (Exercise 1.3.23). If we have
for each j € J a spectral measure P/ with values on B(H;) and the desired
properties, then Lemma 6.2.11 implies that

P(E)v:= (Pj(E)v;) for v=(vj)jes€H

defines a spectral measure. We may thus assume that the representation of
A = Cy(X) is cyclic. Let v € H be a cyclic vector, so that m(A)v is dense in
‘H. Then

7 Co(X) = C,  f = (m(f)v,v)

is a positive functional, and the Riesz Representation Theorem 2.3.2 provides a
unique regular Borel measure P¥ on X with

()= [ APt fe i),
_ Next we show that H = L?(X, PY). To this end, we consider the map
®: Co(X) — H,a+— w(a)v. Then
(B(a), B(1)) = {n(a)v, 7(b)0) = {x(ab*)o,v)
— (@) = [ a@i@) dP"(a) = (0.0) 2500
Hence the map L?(X, P¥) 3 a — 7w(a)v € H is well defined and, since Cp(X) is
dense in L?(X, P?) (Proposition 2.3.6), it extends to an isometric embedding
®: L?(X,P°) — H,

which is surjective because m(.A)v is dense. For each a € A we have

(@), 0) = 0, 1) pax pey = (B(a), B(1)) = (w(a)o, B(1),

so that ®(1) = v.
Let p: L*°(X) — B(L?*(X, P")) denote the representation from Lemma 2.1.5.
For a,b € A we then have

m(a)®(b) = 7(a)w(b)v = w(ab)v = ®(ab) = P(p(a)d).

In view of the density of Co(X) in L?(X, P?), ® is an intertwining operator for
the representations p and 7 of A. We may thus assume that H = L?(X, P?).

Finally, let P(E)f = xgf denote the spectral measure on L?(X, P") from
Example 6.2.10. For a € A we now have P(a) = p(a). It remains to show that,
for f € L?(X, PY), the measures

E o PI(E) = (P(E)f. f) = (xzf, f) = /E @) AP ()

are regular, but this is a consequence of the following Lemma 6.2.13. O
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Lemma 6.2.13. If p is a regular Borel measure on the locally compact space
X and f € L2(X, ), then the finite measure ps(E) := [ |f(2)|* du(z) is also
reqular.

Proof. Let E C X be a Borel set. We have to show that F is outer regular.
We may assume p(E) < oo because otherwise there is nothing to show. Let
e > 0. For n € N we consider the sets F,, :== {z € X:|f(x)] > n}. Then
pr( X\ F,) — pp(X) = || f|3 implies that ps(F,) <eforn>N.. If VD Eis
an open subset with u(V) < p(E) + Nig’ then we obtain for n = N,:

pr(VNE) = pr(VOF)\E) +pus((V\F)\ E)
< ps(F) +ps(V\F)\E) < e+ %rﬂ = 2.

This proves the outer regularity of F.
To see that each open subset U C X is inner regular, we argue similarly. [

The preceding proof even implies the following:

Corollary 6.2.14. A representation (w,H) of a commutative Banach-x-algebra
is cyclic with cyclic vector v if and only if there exists a finite Radon mea-
sure p on A such that (w,H,v) is unitarily equivalent to the representation

(T(M,LQ(./Z, ), 1) with w(a)f =a- f.
Proof. First we show that the representation 7, on L2(A, ) is cyclic. Since p

is finite, 1 € L?(X, ). Further, 7,(A)1 = {a: a € A}. According to the Stone-

~ o~

Weierstrall Theorem, G(A) is dense in Cy(A), so that the density of C.(A) C
Co(A) in L2 (.,Zl\, 1) (Proposition 2.3.6) implies that 1 is a cyclic vector.

If, conversely, (7, H,v) is a cyclic representation of A with cyclic vector v,
then the argument in the proof of Theorem 6.2.12 implies that it is equivalent
to a representation (m,, L(A, ), 1). O

Lemma 6.2.15. Let P: & — Py be a spectral measure and (fn)nen be a
bounded sequence in L™ (X, &) converging pointwise to some f: X — C. Then
P(fn)v — P(f)v holds for each v € H.

Proof. From the Dominated Convergence Theorem we obtain
Pao) = [ fu@)aP@) = [ f@)ap@) = (o)
which also implies
IP(fa)vll* = (P(Ifal*)v,v) — (P(If*)v,v) = [IP(f)v].
By polarization (Exercise 1.3.14(i)), we also obtain
(P(fn)v,w) = (P(flv,w), v,weH.

Now the assertion follows from Exercise 6.2.23. O
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Remark 6.2.16. (a) In Mackey’s books (cf. [MaT76, p. 93]) one finds the notion
of a projection-valued measure. If (X, &) is a measurable space and H a Hilbert
space, then a map P: & — Py is called a projection-valued measure if:

1) 'H is separable.

(1)
(2) P(0) =0 and P(X)=1.

(3) P(ENF) = P(E)P(F) for E,F € &.

(4) P(Uj2, Ej) = Y272, P(Ej) pointwise for each disjoint sequence (E});en
in 6.

It is clear that projection-valued measures define spectral measures, and with
Proposition 6.2.6 we also see that every spectral measure on a separable Hilbert
space is a projection-valued measure.

(b) In Rudin’s Functional Analysis [Ru73] one finds the notion of a resolution
of the identity P: & — Py, where the following properties are required:

1) P(0) =0 and P(X) = 1.

(1) P
(2) P(ENF)=P(E)P(F) for E,F € 6.

(3) If ENF = 0, then P(E U F) = P(E) + P(F).

(4) The functions PV: E — (P(E)v,v), v € H, are measures on (X, S).

We have already seen that all these properties are satisfied by spectral mea-
sures. Conversely, it is shown in [Ru73, Prop. 12.18] that every resolution of
the identity is a spectral measure.

6.2.3 An Application to von Neumann Algebras

Let A C B(H) be a von Neumann algebra, i.e., A = A" (cf. Definition 4.2.4).
We want to show that A is generated, as a von Neumann algebra, by its pro-
jections, i.e., that the set

Py:={PcA: P=P* =P?}
satisfies P; = A.

Lemma 6.2.17. Let (m,H) be a non-degenerate representation of the Banach-

x-algebra A and P: & = B(A) — Py the corresponding reqular Borel spectral
measure with P(a) = n(a) for a € A. Then

7T(.A)” _ P(G)N.

Proof. Clearly P(6)” is a von Neumann algebra in B(H), hence in particular
norm closed. Since it contains all operators P(F), E € &, it contains the
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operators P(f) for all measurable step functions f: A — C. As these form a

-~

dense subspace of L>°(A), we see that
n(A) = P({a: a € A}) C P(Co(A)) C P(L*(A)) C P(6)".

To prove the converse inclusion, we have to show that each P(E) is contained
in 7(A)", i.e., that it commutes with 7(.A)’. In view of Exercise 4.1.8, the unital
C*-algebra 7(A)" is spanned by its unitary elements, so that it suffices to show
that P(E) commutes with all unitary elements u € w(.A)’. For any such unitary
element

Py(E) := uP(E)u™*

defines a regular spectral measure with the property that for a € A we have
P,(a) = uP@)u"" = ur(a)u™t = n(a).

Therefore the uniqueness of the spectral measure representing 7w implies that
P, = P, i.e., that each P(F) commutes with w. O

The following proposition is a useful tool in representation theory. It implies
in particular that the commutant of any unitary representation is completely
determined by its orthogonal projections, hence by the closed invariant sub-
spaces.

Proposition 6.2.18. For any von Neumann algebra A C B(H) we have Py =
A, where Py is the set of orthogonal projections contained in A.

Proof. From Py C A= A" we immediately derive that P; C A" = A.

To see that we actually have equality, let a € A be a hermitian element and
B C A be the C*-algebra generated by a. Then there exists a spectral measure
P: & =B(B) — Py with P(b) = b for each b € B. From Lemma 6.2.17 we now
derive that

acBCB" = P&).
Further, P(&) C P(6)" = B" C A” = A implies P(&) C P4, so that we arrive

at a € P(6)” C P'j. Since a was arbitrary and each element of A is a linear
combination of two hermitian elements, we obtain A C P/. O

Corollary 6.2.19. Let (X, 6, u) be a o-finite measure space and S C L= (X, u)
be a x-subsemigroup with the property that G is the smallest o-algebra on X for
which all elements of S are measurable. We identify L (X, u) with the cor-
responding subalgebra of B(L*(X,u)) acting by multiplication operators. Then
S§" = L*°(X, ) holds in B(L*(X, u)) and if u is finite, then 1 is a cyclic vector
for the representation of S on L*(X, ).

Proof. Let A:=S" C L*®°(X, u) (Exercise 4.2.21) be the von Neumann algebra
generated by S and P4 its set of projections. We claim that

A:={ECX:xpe A}
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is a o-algebra. Clearly 0 € A implies § € 2, and since 1 € A, we also have
xXge =1—xg € A for each E € 2. From xg - xr = XEnr We also derive that
2 is closed under intersections. Further

XEUF = XE T XF — XENF

implies that 2 is closed under finite unions.

Now let (Ep)nen be a sequence of elements in 2. It remains to show that
E:=U,ey En €2 Let F, ;= E1U---UE,. Then F,, € % implies xr, € A. In
view of Proposition 6.2.6(iv) xr, — xg holds in the strong operator topology
because the map F — xg is a spectral measure (Lemma 6.2.5). As A is closed
in this topology (Remark 4.2.5(a)), xg € A.

We may w.l.o.g. assume that S is a x-algebra. If f = f* € S, the commu-
tative C*-algebra generated by f is contained in A and contains all functions
ho f, where h: C — C is continuous (this is an easy consequence of the Gelfand
Representation Theorem). In particular, it contains for each ¢ € R the function
max(f,c). Now e "max(f:0)=¢) ¢ A converges pointwise to the characteris-
tic function xf<c. Therefore Lemma 6.2.15 implies that xf<. € A, so that
{f < ¢} € 2. This proves that each real-valued function f € S is A-measurable,
and hence that every f € S is 2-measurable. By assumption, we now find that
A = &, which implies A = L*(X, ) because L*°(X, p) is a von Neumann
algebra in B(L?(X, u1)) (Exercise 4.2.21).

Clearly, 1 is a cyclic vector for L (X, u) = S”, and therefore Exercise 5.3.28
implies that it is also cyclic for S. O

Remark 6.2.20. (Central decomposition) If G is a topological group and (7, H)
a continuous unitary representation, then Z := Z(7(G)’) is a commutative von
Neumann algebra and one can apply the spectral theorem to this algebra to ob-
tain a spectral measure on Z. Then all spectral projections P(F) are contained
in Z, and for any such projection we obtain a G-invariant decomposition

H = P(E)H & P(E°)H.

Since P(E) also commutes with 7(G)’, the commutant preserves these two sub-
spaces, which implies that

Bg(P(E)H, P(E°YH) = {0},

which means that both pieces are “disjoint” as G-representations. Refining
these techniques leads to a so-called “direct integral decomposition” of H into
factor representations. This is an important generalization of the isotypical
decomposition of a unitary representation with H = H, to the general case,
when there is a non-zero continuous part.

Example 6.2.21. (a) Let A be an abelian topological group, H a topological
group, and a: H — Aut(A) be a homomorphism defining a continuous action
of H on A. We want to construct irreducible unitary representations of the
semidirect product group G := A x, H.
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On the character group //1\7 we consider the smallest o-algebra & for which all
functions @: A — T, x — x(a), are measurable. If u: & — [0,1] is a probability
measure on A invariant under the right action of H on A, given by @(h)(y) :=
X o a(h), we obtain a unitary representation of G by

mw(a,h)f :=a- (f oa(h)).
In view of Corollary 6.2.19, we then have
n(A)" = L®(4, ),

and therefore R R
m(A) =m(A)" = L>(A, p)" = L=(A, )

by Exercise 4.2.21. This implies that
m(G) = m(A)nm(H) = L=(A, )" == {f € L™(A, p): (Yh € H) foa(h) = f}.

Note that the relation f o @a(h) = f only means an identity of elements of
L>(A, ), i.e., that these functions coincide up to a set of y-measure zero.
We call the measure u strongly ergodic if

L®(A, ) = C1.

Now the preceding argument implies that p is strongly ergodic if and only if
7m(G)" = C1, which, by Schur’s Lemma, is equivalent to the irreducibility of the
representation (m, L2(A, y1)).

(b) To see a more concrete example, let A = R®™ and H = O,(R) C
GL,(R) = Aut(A). We identify A with R" via Xy(z) := e Then the
surface measure u, on the sphere

S(r) :=={veR": v =r}

is H-invariant, and by identifying S(r) with the coset space O, (R)/ O,_1(R),
we derive from Exercise 6.2.30 that this measure is strongly ergodic. In par-
ticular, we obtain an irreducible unitary representation of the motion group
G =R" x 0,(R) on L*(S(r), u,) by

(m(2,9) f)(y) := eV f(g7ly), 0<r < oo

For more general examples and results in this context, we refer to [Fa08] (cf.
also the discussion in Example 5.3.16).

Remark 6.2.22. The construction in the preceding example can be generalized
as follows. Let A be an abelian topological group and X a set. Consider a
homomorphism 3: A — TX (which is the same as a map X — A), and let &
be the smallest o-algebra on X for which all maps (a), a € A, are measurable.

Suppose, in addition, that H is a topological group acting continuously on
Aby a: H — Aut(A) and that it acts on X by ox: H — Sx with 3(a)ooy' =
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B(a(h)a) for a € A, h € H (this means that the map X — Ais H-equivariant).
Then H acts by automorphism on the measurable space (X, &) and every H-

strongly ergodic measure p on (X, &) leads to an irreducible representation of
G on L?(X,pu) by

(m(a,h)f)(@) := Bla) - (f o ox(h) 7).

Exercises for Section 6.2

Exercise 6.2.23. Let (v,)nen be a sequence in a Hilbert space H which con-
verges weakly to v and satisfies ||v, || — ||v]|. Then we have v,, — v.

Exercise 6.2.24. Let a: A — B be a homomorphism of commutative Banach-
x-algebras which is non-degenerate in the sense that no (non-zero) character of
B vanishes on a(A). Show that

~

a:l/S\HA, X xouw

is a continuous map which is proper, i.e., inverse images of compact subsets of
A are compact. Hint: Extend & to a continuous map Hom(B, C) — Hom(A, C).

Exercise 6.2.25. Let f: X — Y be a continuous proper map between locally
compact spaces. Show that

(a) f is a closed map, i.e., maps closed subsets to closed subsets.
(b) If f is injective, then it is a topological embedding onto a closed subset.

(¢) There is a well-defined homomorphism f*: Co(Y) — Co(X) of C*-algebras,
defined by f*h := ho f. Identifying X with Co(X) and Y with Co(Y)]
we have f* = f.

(d) For each regular Borel measure p on X, the push-forward measure f.u on
Y, defined by (fip)(E) := u(f~1(E)) is regular. Hint: To verify outer
regularity, pick an open O 2 f~}(E) with u(O\ f~'(E)) < e. Then

U = f(0°°¢ is an open subset of Y containing F and O = f~1(U)
satisfies f~1(E) C O C O, which leads to (f.u)(U \ E) < e.

Exercise 6.2.26. (Cyclic spectral measures) Let P: & — Py be a spec-
tral measure on (X, &) with a cyclic vector v. Find a unitary isomorphism
®: L2(X, PY) — H with ®(xgf) = P(E)®(f) for f € L*(X, P?).

Exercise 6.2.27. (Unitary one-parameter groups) Let P: & — Py be a spec-
tral measure on (X, &) and f: X — R be a measurable function. Show that

(a) m: R — U(H),n(t) := P(e'*f) defines a continuous unitary representation
of R on H.

(b) If f is bounded, then 7 is norm continuous.
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(c) If f is norm-continuous, then f is essentially bounded.

Exercise 6.2.28. (Strongly ergodic measures) Let (X,&) be a measurable
space and

0: G x X — X an action of a group G on X by measurable maps. Show that
for a finite G-invariant measure p on (X, &), the following are equivalent

(a) L*(X,pu)¢ = C1, i.e., the only elements of L?(X,u) invariant under the
representation (7(g)f)(x) := f(g~'x) are the constants.

(b) L°(X, u)C = CL.
Then the measure y is called strongly G-ergodic.

Exercise 6.2.29. Let G be a compact group and pg be normalized Haar mea-
sure of G. Show p¢ is strongly ergodic for the multiplication action o (g, h) := gh
of G on itself is strongly ergodic. Hint: Exercise 6.1.14.

Exercise 6.2.30. Let G be a compact group, pug be normalized Haar mea-
sure of G, H a closed subgroup of G, ¢: G — G/H the quotient map and
W= q«ptc. Show that p is strongly ergodic with respect to the left translation
action o(g,xH) := gxH of G on the quotient space G/H of left cosets of H.
Hint: Exercise 6.2.29. For more details on ergodic measures we refer to [FD88,
Sect. VIII.19].

Exercise 6.2.31. Let H be a compact group, G C H be a dense subgroup
and p g normalized Haar measure of H. Show that pp is strongly ergodic with
respect to the multiplication action o(g,h) := gh of G on H.

Exercise 6.2.32. Show that the Haar measure on T is ergodic for the action
of Z on T by n.e’ := ¢!+ here 6 is an irrational number.

Exercise 6.2.33. Let A C B(H) be a commutative von Neumann algebra,
where H is separable. Show that the following assertions are equivalent

(a) A is maximal commutative, i.e., A" = A.
(b) The representation of A on H is multiplicity free, i.e., A’ is commutative.
(¢) The representation of A on H is cyclic.

Hint: Use Exercise 5.3.29 for (b) = (c¢) and for (b) = (a) observe that A’ is
commutative if and only if A’ C A” = A. For (c) = (b) use Corollary 6.2.14
to identify the cyclic representations as some L2 (,Zl\, 1), and then Lemma 6.2.17
to see that in this case the commutant is the commutative algebra L™ (VZ, w) =
L®(A, 1) € B(L*(A, 1)) (Exercise 4.2.21).
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Exercise 6.2.34. Let A C B(H) be a von Neumann algebra. Show that the
following assertions are equivalent !

(a) The commutant A’ is commutative, i.e., the representation of A on H is
multiplicity free.

(b) Any maximal commutative von Neumann subalgebra B C A satisfies B’ =
B, i.e., it is maximal commutative in B(H).

Hint: If A" is commutative, then A’ = Z(A") = Z(A), and if B C A is maximal
commutative, then Z(A) C B, so that A" C B, which in turn leads to B’ C A.
If, conversely, B C A is commutative with B’ = B, then A’ C B’ C A.

6.3 Representations of Abelian Locally Compact
Groups

Proposition 6.3.1. For an abelian locally compact group G, the following as-
sertions hold:

(a) LY(G) is a commutative Banach-x-algebra.

(b) The map
n G LG a0 = [ @) duct)

maps the character group G bijectively onto L'(G)"

Proof. (a) It suffices to show that the convolution product is commutative on
the dense subalgebra C.(G). Since the modular factor Ag of G is trivial (Propo-
sition 2.4.7), we have

:/ f@)h(z ™ y) dug(z /f h(yz) dpc(z)
/f:r () duc(z) = (h* )(y).

(b) Since each character y € G is a bounded measurable function, it defines
an element in L'(G)". If m,(g) = x(g9)1 is the one-dimensional irreducible rep-
resentation of GG, defined by the character y, then the corresponding integrated
representation of L!(G) is given by

/ F@)x (@)1 dpa(x) = 100 ()1,

1This exercise illustrates the hypothesis of Commutative Superselection Rules in Quan-
tum Field Theory (cf. [Wi95, p. 759]). Here A plays the role of the von Neumann algebra
generated by the observables of a quantum system, so that its commutant corresponds to the
superselection rules. A commutative von Neumann algebrea B which is maximal in B(H) is
called a complete set of commuting observables. The result discussed in the exercise (Jauch’s
Theorem) then states that the commutativity of the superselection rules is equivalent to the
existence of a complete commuting set of observables.
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so that n(x): L*(G) — C defines a non-zero algebra homomorphism because it
is a non-degenerate representation.

If, conversely, v: L'(G) — C is a non-zero continuous homomorphism of
Banach-#-algebras, then 7(f) := v(f)1 defines a one dimensional non-degenerate
representation of L!(G), and the corresponding representation of G is given by
a continuous character x with m, = #. This implies that v = n(x). O

In the following we endow the character group G always with the locally
compact topology for which 7 is a homeomorphism. This is the coarsest topology
for which all functions

Fé-c, xe /G f@)x(@) dpo ()

are continuous, and, by definition, all these functions vanish at infinity, i.e.,
f € Co(G). The function f is called the Fourier transform of f.

Example 6.3.2. For G = R" we have already seen that each element of G is
of the form x,(y) = e*®¥ for some x € R™. Therefore the Fourier transform
can be written as

fo)= [ f@)e@ do.
R

From Lebesgue’s Dominated Convergence Theorem it follows immediately
that all the functions f are continuous with respect to the standard topology of
R"™. Therefore the bijection

L:R”—ﬂl@”, T— Xz
is continuous. Further, the Riemann-Lebesgue Lemma (Proposition 6.3.3 be-
low) implies that all functions f vanish at infinity, and this implies that ¢ extends
to a continuous map

ot (R™), — (R™), = Hom(L'(R"),C)

of the one-point compactifications. As ¢, is a bijection and R, is compact, it
follows that ¢, and hence also ¢, is a homeomorphism.
Proposition 6.3.3. (Riemann-Lebesgue) For each f € LY(R") the Fourier
transform [ wvanishes at infinity, i.e., f € Co(R™).
Proof. For each 0 # = € R™ we obtain with e7" = —1 and the translation
invariance of Lebesgue measure the relation

foy=2; [ e fg)ay

1 o 1 (e, y— =5z
=5 [ ity [T ) dy

_ %/n ) () dy — %/n e“’”*”f(y + ||;:||2.’13) dy
=5 [ e 1) = o+ )] v
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This implies that
1 s
< - —x )| dy.
Fal <5 [ 1w = 1(v+ pe)|av

Now the assertion follows from the continuity of the map

R™ — LY(R™), 2z~ A\ f

in 0 (Lemma 6.1.1) and lim,_, iz = 0. 0

Theorem 6.3.4. (Spectral Theorem for locally compact abelian groups) Let G
be a locally compact abelian group and G~ LY(G) " be its character group. Then,
for each regular spectral measure P on the locally compact space @, the unitary
representation

mp: G—UH), =p(g):=P@G), gx) =x9),

is continuous. If, conversely, (m,H) is a continuous unitary representation of
G on H, then there exists a unique reqular spectral measure P with m = mp.

Proof. First we use the spectral measure P to define a non-degenerate repre-
sentation mp of L1(G) by 7p(f) = P(f) (Theorem 6.2.12). Then we clearly
have

wp(9)mp(f) = P@P(f) = PGf), g€G.feLYG).

Next we observe that for each character x € G we have
(700 = [ Cuh @) dicla / Fla™ ) (@) dyuc (@)
= [ H@(on) ducta) = xlo) | )@ duc(o) = 300700

We thus obtain

wp(9)mp(f) = PGf) = P(Agf)) = mp(Agf),

so that mp: G — U(H) is the unique continuous unitary representation of G on
H corresponding to the representation of L!(G) (Theorem 6.1.12). In particular,
mp is continuous. It follows in particular that 7p is continuous.

If, conversely, (w,H) is a continuous unitary representation of G and
7. LY(G) — B(H) the corresponding non-degenerate representation of Ll( ),
then we use Theorem 6.2.12 to obtain a regular spectral measure P on G
LY G with 7(f) = P(f), f € L'(G). Then

m()n(f) = 7\ f) = P@f) = P@P(f) = P@)n(f)
implies that P(g) = m(g) holds for each g € G (Theorem 6.1.12).
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Definition 6.3.5. Let P be a regular spectral measure on G. If (Ui)ier are
open subset of G with P(U;) = 0, then the same holds for U := (J;.; U;. In
fact, since P is inner regular, it suffices to observe that for each compact subset
C C U we have P(C) = 0, but this follows from the fact that C' is covered by
finitely many U;. We conclude that there exists a maximal open subset U C G
with P(U) = 0, and its complement

supp(P) :=U*

is called the support of P, resp., the support of the corresponding representation.
It is the smallest closed subset A of G with P(A) = 1.

Combining Corollary 6.2.14 with the arguments in the preceding proof, we
immediately obtain a description of the cyclic representations:

Corollary 6.3.6. A representation (7w, H) of an abelian locally compact group
G is cyclic if and only if there exists a finite Radon measure p on G such
that (m,’H) is equivalent to the cyclic representation (T(M,LQ(G,M), 1), given by
7.(9)f = g-f. In particular, all these representations are continuous and cyclic.

Theorem 6.3.7. (Bochner’s Theorem) A continuous function ¢ on the locally
compact abelian group G is positive definite if and only if there exists a finite
Radon measure p on G with ¢ = fi. Then p is uniquely determined by .

Proof. We have already seen in Proposition 5.3.3 that o is positive definite if and
only if ¢ = 7¥ holds for a continuous cyclic unitary representation (m, H,v). In
view of Corollary 6.3.6, any such representation is equivalent to a representation
of the form (7, G, 1), where p is a regular Borel measure on G and 7, (g) f = gf.
Now the assertion follows from

(mru(0)1,1) = (§.1) = / 30x) du(x) = Alg).

G

To see that p is unique, we note that it can be written as
u(E) = (P(E)1,1) = PY(E)

in terms of the spectral measure P. Therefore its uniqueness follows from the
uniqueness of the spectral measure. O

Remark 6.3.8. An important but subtle point of the theory of non-discrete
spectral measures is the measurement of multiplicities. For a discrete spectral
measure P: & — Py the multiplicity of z € X can simply be measured by
dim P({z})H, but for the continuous part of & this is more complicated. One
way to deal with this problem is to decompose H into cyclic subspaces

H, :=span{P(E)v: E € &}
with respect to P. From

(P(E)v, P(F)v) = (P(E N F)v,v) = P*(EN F)
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one easily derives that
H, = L*(X, PY)

(cf. Examples 3.3.6(d)). On this space the representation of the involutive semi-
group (S,idg) is multiplicity free because (P(S&)|y,) = L°(X, P?) (Exer-
cise 4.2.21) is commutative. Now H is a direct sum of such spaces H,, so that
one may count multiplicities by comparing the measures P”. This problem
is studied systematically in Halmos’ nice book [Ha57] which is still the best
reference for these issues.

Exercises for Section 6.3

Exercise 6.3.9. Show that every cyclic representation of an abelian involutive
semigroup (S, *) is multiplicity free. Hint: Since 7(S) = w(S)"”’, one may
assume that S = A is a commutative C*-algebra. In this case we know the cyclic
representations and the corresponding commutants (Exercise 4.2.21). Combined
with Exercise 5.3.29, this proves that a non-degenerate representation of an
abelian involutive semigroup on a separable Hilbert space is cyclic if and only
if it is multiplicity free.

6.4 Unitary Representations of R

The following theorem shows how spectral measures lead to unitary representa-
tions of the group (R, +) and vice versa. It may be considered as a classification
of unitary one-parameter groups in terms of spectral measures on R which pro-
vides important structural information.

Theorem 6.4.1. Let P: & — Py be a spectral measure and f: X — R be a
measurable function. Then .

7(t) == P(e))
defines a continuous unitary representation m: R — U(H).

Conversely, every continuous unitary representation of R has this form for
X =R and f(z) = x.

Proof. Since R — U(L>(X,C)),t — e/ is a homomorphism into the unitary
group of the C*-algebra L>°(X, C), it follows from Proposition 6.2.8 that 7(¢) :=
P(e™) defines a unitary representation of R.

Now let v € H. Then Remark 6.2.9 implies that

7 (6) = (r(t)o,0) = (P o) = [ 1) dP (o),
b'e
and the continuity of this function follows from Lebesgue’s Theorem on Domi-
nated Convergence.

If, conversely, (7, H) is a continuous unitary representation of R, then The-
orem 6.3.4 implies the existence of a spectral measure P on R with 7(t) = P(%)
£or t € R. Identifying the locally compact space R with R in such a way that
t(x) = e'* (Example 6.3.2), the assertion follows. O
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Remark 6.4.2. If 7 is defined as above, then all operators P(F), F € &,
commute with 7(R).

Example 6.4.3. Note that Theorem 6.4.1 applies in particular for X = R and
S = B(R) (the o-algebra of Borel sets) and f(x) = x.

If, f.i., p is a Borel measure on R and H = L?(R, i) as in Lemma 6.2.5, then
we obtain a continuous unitary representation by 7(t)f = ¢* f (Exercise).

Remark 6.4.4. We have seen above that every unitary one-parameter group
is of the form m(t) = P(e!9®) for some spectral measure P on R. If the
spectral measure P is supported by a bounded subset of R, i.e., there exist
a,b € R with P([a,b]) = 1, then the function idg is essentially bounded and
A := P(idr) € B(H) is a bounded hermitian operator satisfying

o0

Z 1 1
m(t) = itidz) Z o P(itidg)* = E (itA)k = eitA,
k=0

Taking derivatives in ¢, we obtain

in the operator norm.

For a general unitary one-parameter group the corresponding spectral mea-
sure P on R may have unbounded supported, which is reflected in the fact that
the limit

.1
Av = tlgr(l) p (m(t)v —v)

may not exist for every v € H. Write D(A) for the linear subspace of H
consisting of all elements for which this limit exists. Then

A:D(A) - H

is called an unbounded operator. A closer analysis of this situation leads to the
theory of unbounded selfadjoint operators on Hilbert spaces.

Here we only note that for every bounded subset B C R the closed subspace
Hp := P(B)H is invariant, and on this subspace we have

ﬂ—(t)|HB = P(eitidﬁ)‘HB = P(eitidRXB”'HB = eitp(idﬁ XB)|'H37

and since the operator P(idr xp) is bounded, we obtain in particular that Hp C
D(A) with
Alny = P(idr XB)|#5p-

In view of P([-n,n]) — P(R) = 1 in the strong operator topology, the union
Unen Hi=n.n is dense in H, which implies that D(A) is a dense subspace of H.
We say that A is densely defined.

This suggests that A should be something like P(idr), and to make sense
out of that, one has to extend the spectral integral to unbounded measurable
functions.
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Exercises for Section 6.4
Exercise 6.4.5. (One-parameter groups of U(H))

(1) Let A= A* € B(H) be a bounded hermitian operator. Then vy4(t) := 4
defines a norm-continuous unitary representation of (R, +).

(2) Let P: (X,6) — B(H) be a spectral measure and f: X — R a measurable
function. Then v (t) := P(e'/) is a continuous unitary representation of
(R,+). Show that 7 is norm-continuous if and only of f is essentially
bounded.
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Chapter 7

Closed Subgroups of
Banach Algebras

In this chapter we study one of the central tools in Lie theory: the exponential
function of a Banach algebra. This function has various applications in the
structure theory of Lie groups. First of all, it is naturally linked to the one-
parameter subgroups, and it turns out that the local group structure of A* for
a unital Banach algebra A in a neighborhood of the identity is determined by
its one-parameter subgroups.

In Section 7.1, we discuss some basic properties of the exponential function of
a unital Banach algebra A. In Section 7.2, we then use the exponential function
to associate to each closed subgroup G C A* a Banach-Lie algebra L(G), called
the Lie algebra of G. We then show that the elements of L(G) are in one-to-one
correspondence with the one-parameter groups of G and study some functorial
properties of the assignment L: G — L(G). The last section of this chapter is
devoted to some tools to calculate the Lie algebras of closed subgroups of A.

7.1 Elementary Properties of the Exponential
Function

Let A be a unital Banach algebra. For 2 € A we define

[oe]
ev: = E
k=0

The absolute convergence of the series on the right follows directly from the
estimate

| —

o+ (7.1

™

=1 =1 N
>l < D lelF = el
k=0 k=0

169
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and the Comparison Test for absolute convergence of a series in a Banach space.
We define the exponential function of A by

exp: A— A, exp(x) :=e".
Lemma 7.1.1. Let z,y € A.
(i) If zy = yz, then exp(z + y) = expzrexpy.
(i) exp(A) C AX, exp(0) =1, and (expz)~! = exp(—=).
(ili) For g € A* we have ge®g~! = 979 .
(iv) exp is differentiable in 0 with dexp(0)x = x for x € A.

Proof. (i) Using the general form of the Cauchy Product Formula (Exercise 7.1.8),
we obtain

0 k=0 " =0
>~ k 2t yk—e P ye
2227(1@—@)1 - (ZH)(ZE)
k=0 £=0 p=0 £=0

(ii) From (i) we derive in particular exp x exp(—xz) = exp 0 = 1, which implies
(ii).

(iii) is a consequence of gz™g~
jugation map cy(z) := gzg~' on A.

(iv) For the exponential series we have the estimate

EPTITIEE w E AN o P
e —1—af = | T < S I ol gy,

n>2 n>2

I = (grg=1)" and the continuity of the con-

showing that

e —1—T . € —1—||Z
le” =1 — | bl — 1 — ol _

lim < =0
a=0 |z =0 ] ’
and hence that exp is differentiable in 0 with dexp(0)x = z for = € A. O

Remark 7.1.2. (a) For n = 1, the exponential function
exp: R M,(R) —» R* 2 GL,(R), =z €”

is injective, but this is not the case for n > 1. In fact,
ox 0 =2\ 1
Plor 0 )7

o 0 —t\ (cost —sint teR
A\t 0)7 \sint cost ) '

27ri:1

follows from

This example is the real picture of the relation e
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Definition 7.1.3. A one-parameter (sub)group of a group G is a group ho-
momorphism v: (R,4) — G. The following result describes the differentiable
one-parameter subgroups of A*.

Theorem 7.1.4. (One-parameter Group Theorem) For each x € A, the map
Yo: (R, +) — A, t— exp(tx)
s a smooth group homomorphism solving the initial value problem
v(0)=1 and ~L(t)=~.(t)z forteR.
Conwversely, every continuous one-parameter group v: R — A* is of this form.

Proof. In view of Lemma 7.1.1(i) and the differentiability of exp in 0, we have

lim % (Yult + ) — (1)) = Jim, % (72 ()72 (h) = 72(1))

_ : 1 hx _
=7a(t) lim 2 (" —1) = 7. (t)a.

Hence 7, is differentiable with . (t) = zv,(t) = 7. (¢)x. From that it immedi-
ately follows that v, is smooth with *y;") (t) = ™7, (t) for each n € N.
We first show that each one-parameter group v: R — A* which is differen-
tiable in 0 has the required form. For x := 4/(0), the calculation
t+s)—~(t)

(6) =ty W= iy 1200 3 51500) =01

implies that - is continuously differentiable. Therefore

L et ) = —e ar(t) + e/ (1) = 0
implies that e~**v(t) = v(0) = 1 for each t € R, so that v(t) = e'®.

Eventually we consider the general case, where v: R — A* is only assumed
to be continuous. The idea is to construct a differentiable function ¥ by applying
a smoothing procedure to v and to show that the smoothness of 7 implies that
of v. Solet f: R — R, be a twice continuously differentiable function with
f(t) =0for |t| > e and [, f(t)dt = 1, where € is chosen such that [|y(t)—1| < 3
holds for |t| <e.

We define

)= [ £t =) ds=2(0) [ Fen(=s) ds =) [ fls(=s)as.
Here we use the existence of Riemann integrals of continuous curves with values
in Banach spaces, which follows from Theorem 6.1.9. Change of Variables leads
to

A(t) = / £t - $)1(s) ds,
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which is differentiable because

(t+h /f +h—s —f(t—s)

~(s) ds

and the functions fp(t) := M converge uniformly for h — 0 to f’ (this
is a consequence of the Mean Value Theorem). We further have

H ; f($)v(=s)ds — 1H _ ” _Z F(s)(v(—s) — 1) ds

< [ sl -alds< g [ s ds= 3

because of the inequality || [ h(s) ds| < [ ||h(s)| ds (cf. Subsection 6.1.3).

Let g := [°_ f(s)v(—s)ds. In view of [[g — 1|| < 1 we have g € A* (see the
proof of Proposition 1.1.10) and therefore v(t) = 7(t)g~!. Now the differentia-
bility of 7 implies that ~ is differentiable, and one can argue as above. O

Product and Commutator Formula

We have seen in Lemma 7.1.1 that the exponential image of a sum x + y can
be computed easily if £ and y commute. In this case we also have for the
commutator [z,y] := zy — yz = 0 the formula explz,y] = 1. The following
proposition gives a formula for exp(x + y) and exp([z,y]) in the general case.
If g, h are elements of a group G, then (g,h) := ghg~'h~! is called their
commutator. On the other hand, we call for two element a,b € A the expression

[a,b] := ab — ba
their commutator bracket.

Proposition 7.1.5. For x,y € A, the following assertions hold:

k
(i) lmy— oo (e%xe%y> = e”™¥ (Trotter Product Formula).

2
(ii) limy_oo (eF%ek¥e F%e™ ky)k = ™Y (Commutator Formula).

Proof. We start with a general consideration. We shall have to estimate an
expression of the form A* — B*. To this end we write

AF - BF = (A% — A*1B) 4 (AF'B — A*2B?) + ...+ (AB*! - BY)
= A1 (A-B)+A**(A-B)B+...+(A— B)B"!
k—1
=> Al(A-B)B*'.

=0
Let us assume that there exists a constant C' > 0 with

JA||, |B]| < C for 1<j<k. (7.2)
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Then we get the estimate

k—1
|A¥ = B¥| <> | A7|| - | B* - |A = BI| < kC?||A - BJ.
j=0

(i) We apply the estimate from above to some special situations. First we
consider k =n, A =en%en? and B = ex@¥). Then

A" —-B" = (e%””e%y)n — ety

and we have to show that this expression tends to zero. We therefore check the
assumptions from above. We have
IA] < lle=®| le¥|| < ewll=lenlvll = e ll+lvl),

and therefore || A7]| < ellzI+Ivll for j < n. We likewise obtain | B7|| < ell=l+lvl
for j < n, and hence

|A™ — B < 62(Hr\|+lly\|)n||A - B|.

We further have

erTony — e (zty)
1
n
1 1 1 1
en®(eny —1) + (en® —1) +1 — en(@ty)
1
n

n(A— B) =

— €% - dexp(0)y + dexp(0)z — dexp(0)(z + y)
=y+z—(x+y)=0.

This implies A™ — B™ — 0 and hence the Trotter Formula.
(i) Now let k = n2, A = en®enve n%e ¥ and B = ez (®¥=¥%)  Then

2
2 2 1 1 1 1 n
A" — B"™ = (eﬁxeﬁyefﬁxefﬁy> _ eiyfyw7

and we have to show that this expression tends to zero. Again, we verify (7.2).
In view of
IB|| < enzllev=vall < oz Cllzl-lvl)

we have |B7| < e2I#I'lvl for j < n2. To estimate the A-part, let us write
O(t*) for a function for which t~*O(t*) is bounded for t — 0. We likewise write
O(n*), k € Z, for a function for which n=*O(n*) is bounded for n — co. We
consider the smooth curve

v R — A%, s eTee e,



174 CHAPTER 7. CLOSED SUBGROUPS OF BANACH ALGEBRAS

Then e'* =1 + tz + %xQ + O(t?) leads to

2 12
Y(t) = (1 +tz + 5952 +O0()) (1 +ty + 5@/2 +0(t))
t2 t?

(1t + 53@2 +0(t)) (1 -ty + Eyz +O(t*))
=14tz +y—z—y) +t*(@® +y° + 2y — 2 —ay —yr —y* + xy) + O(t°)
=1+ t*(zy — yx) + O(t3).

This implies that 7/(0) = 0 and 7”(0) = 2(xy — yx). Moreover, for j < n? we
have for each € > 0

1471 = IR < P < (1+ & llzy - yall + O(2))

1

< (1+ —llay —ya + O(n~*))"

For sufficiently large n, we thus obtain for all j < n?:
: 1 o llay—yall+1
1471 < (14 5 (llzy =yl +1))" < elomveiet,
This proves the existence of a constant C' > 0 (independent of n) with
|A™ — B || < Cn?|A—B|| forall neN.

We further have

1
y(E) —enz@v) () 141 —enzvTyo)
7?,2(A — B) = — .

— 377(0) — (zy —yx) = (zy —yx) — (zy — yz) = 0.

This proves (ii). O

Exercises for Section 7.1

Exercise 7.1.6. Let X1,..., X, be Banach spaces and 3: X; x...x X,, =Y
a continuous n-linear map.

(a) Show that there exists a constant C' > 0 with

1821,y ..., zn)ll < Cllza]l - ||lzn]]  for x; € X;.

(b) Show that § is differentiable with

n

dﬁ(ml, e ,an)(hl, .. 7hn> = Zﬁ(,ﬁbl, e 7.’L’j,17 hj7xj+17 e ,,’En).

Jj=1
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Exercise 7.1.7. Let Y be a Banach space and a,, ,, n,m € N, elements in Y

with
E Gn,m || := sup E Up,m ]| < 0.

n,m n,m<N

(a) Show that
A = Zl Zlan,m == Zlglan,m

and that both iterated sums exist.

(b) Show that for each sequence (S, )nen of finite subsets S,, C Nx N, n € N,
with S,, € Sp41 and |J,, S = N x N we have

A= lim E aj -
n—oo
(4:k)E€Sn

Exercise 7.1.8. (Cauchy Product Formula) Let X, Y, Z be Banach spaces and
B: X XY — Z a continuous bilinear map. Suppose that if z := fo:o T, 18
absolutely convergent in X and if y :== >y, is absolutely convergent in Y,

then .
ﬂ(zvy) = ZZﬂ(zkayn—k)'

n=0k=0
Hint: Use Exercise 7.1.7(b).

Exercise 7.1.9. The function

1
t

e"t, fort>0

P R—-R, t—
0, fort <0

is smooth. Hint: The higher derivatives of e~ are of the form P(t~1)e~7,

where P is a polynomial.
(b) For A > 0 the function ¥(t) := ®(¢)®(A — t) is a non-negative smooth
function with supp(¥) = [0, A].

Exercise 7.1.10. (A smoothing procedure) Let f € CL(R) be a C'-function

with compact support and v € C(R, E), where F is a Banach space. Then the
convolution

h:=fxy:R— E, t|—>/f(s)'y(t—s) ds:/f(t—s)'y(s) ds
R R
of f and ~ is continuously differentiable with h' = f’ % v. Hint:

—s)v(s) ds = —5)v(s) ds.
fremoneas=[ a0
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Exercise 7.1.11. Show that for X = —X* € M,,(C) the matrix e is unitary
and that the exponential function

exp : Aherm,,(C) := {X € M, (C): X* = =X} - U,(C), X —e*
is surjective.

Exercise 7.1.12. Show that for X T = —X € M, (R) the matrix X is orthog-
onal and that the exponential function

exp : Skew,, (R) := {X € M,,(R): X" = —X} — O, (R)

is not surjective. Can you determine which orthogonal matrices are contained in
the image? Can you interprete the result geometrically in terns of the geometry
of the flow R x R" — R", (t,v) s X v.

Exercise 7.1.13. Show that for A := C(S') the exponential function
exp : Aherm(A) := {a € A: a* = —a} — U(A) = C(S}, T), ar e

is not surjective. It requires some covering theory to determine which elements
f € C(SY,T) lie in its image. Hint: Use the winding number with respect to 0.

Exercise 7.1.14. Show that for any measure space (X, &) and the C*-algebra
A= L*(X, &), the exponential function

exp : Aherm(A) — U(A), ar— e
is surjective.

Exercise 7.1.15. Show that for every von Neumann algebra A, the exponential
function
exp : Aherm(A) — U(A), a— e

is surjective. This applies in particular to A = B(H), so that for every complex
Hilbert space H, the exponential function exp : Aherm(H) — U(H),a — e* is
surjective.

Exercise 7.1.16. (a) Calculate 'V for t € K and the matrix

01 0 ... 0
.0 1 0 -

N=|- | e Mu(K).
0 0

(b) If A is a block diagonal matrix diag(A;, ..., A), then e is the block
diagonal matrix diag(e, ..., e/*).

(c) Calculate e*4 for a matrix A € M, (C) given in Jordan normal form.
Hint: Use (a) and (b).
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Exercise 7.1.17. Let a,b € M, (C) be commuting elements.

(a) If @ and b are nilpotent, then a + b is nilpotent.

(b) If @ and b are diagonalizable, then a + b and ab are diagonalizable.
(c) If a and b are unipotent, then ab is unipotent.

Exercise 7.1.18. For A € M,,(C) we have e?* = 1 if and only if A is diagonal-
izable with all eigenvalues contained in 27iZ. Hint: Exercise 2.2.19.

7.2 Closed Subgroups of Banach Algebras

We call a closed subgroup G C A* of a unital Banach algebra A a linear group.
In this section we shall use the exponential function to assign to each linear
group G a vector space

L(G) :={z € A: exp(Rz) C G},

called the Lie algebra of G. This subspace carries an additional algebraic struc-
ture because for z,y € L(G) the commutator [z,y] = zy — yx is contained in
L(G), so that [-,-] defines a skew-symmetric bilinear operation on L(G). As a
first step, we shall see how to calculate L(G) for concrete groups.

7.2.1 The Lie Algebra of a Linear Group

We start with the introduction of the concept of a Lie algebra.

Definition 7.2.1. (a) Let K be a field and L a K-vector space. A bilinear map
[,-]: L x L — L is called a Lie bracket if

(L1) [z,2] =0 for z € L and
(L2) [z,[y,2]] = [z, ], 2] + [y, [z, 2] for z,y,2 € L (Jacobi identity).!

A Lie algebra? (over K) is a K-vector space L endowed with a Lie bracket. A
subspace E C L of a Lie algebra is called a subalgebraif [E, E] C E. A homomor-
phism ¢: L1 — Lo of Lie algebras is a linear map with ¢([z,y]) = [p(z), p(y)]
for 2,y € L;. A Lie algebra is said to be abelian if [z,y] = 0 holds for all

z,y € L.
A Banach-Lie algebra is a Banach space L, endowed with a Lie algebra
structure for which the bracket [, -] is continuous, i.e., there exists a C' > 0 with

Iz, ylll < Cll]| - flyll - for 2,y € L.

The following lemma shows that each associative algebra also carries a nat-
ural Lie algebra structure.

LCarl Gustav Jacob Jacobi (1804-1851), mathematician in Berlin and Koénigsberg (Kalin-
ingrad). He found his famous identity about 1830 in the context of Poisson brackets, which
are related to Hamiltonian Mechanics and Symplectic Geometry.

2The notion of a Lie algebra was coined in the 1920s by Hermann Weyl.
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Lemma 7.2.2. Fach associative algebra A is a Lie algebra Ap with respect to
the commutator bracket

[a,b] := ab — ba.
If A is Banach algebra, then Ap is a Banach—Lie algebra.
Proof. (L1) is obvious. For (L2) we calculate
[a, bc] = abe — bea = (ab — ba)c + b(ac — ca) = [a, blc + bla, ],
and this implies
[a, [b, )] = [a,blc + bla, c] — [a, c]b — cla, b] = [[a,b], ] + [b, [a, c]].

If, in addition, A is a Banach algebra, then the norm on A is submultiplica-
tive, and this leads to

s ylll = llzy = yll < l2[[ly [l + [lylll=[l = 2[lz[l{ly-
O

Definition 7.2.3. A closed subgroup G C A is called a linear group. For each
subgroup G C A we define the set

L(G) :={z € A: exp(Rz) C G}
and observe that RL(G) C L(G) follows immediately from the definition.
The next proposition assigns a Lie algebra to each linear group.

Proposition 7.2.4. If G C A* is a closed subgroup, then L(G) is a closed real
Lie subalgebra of Ap and we obtain a map

expe: L(G) - G, zw—e€".

We call L(G) the Lie algebra of G and the map exp the exponential function
of G. In particular we have

L(AX) = AL.
Proof. Let x,y € L(G). For k € N and t € R we have exp %z,exp %y € G and
with the Trotter Formula (Proposition 7.1.5), we get for all ¢ € R:
. tr ty F
exp(t(x +y)) = khm exp-exp--) € G

because G is closed. Therefore z 4+ y € L(G).
Similarly we use the Commutator Formula to get

k2
tx tr
oxp eyl = iy, (exp % expze"p‘ke"p‘@ €a,

hence [z,y] € L(G). O
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Remark 7.2.5. If G is an abelian subgroup of A*, then L(G) is also abelian.

Lemma 7.2.6. Let G C A* be a subgroup. If Hom(R, G), denotes the set of
all continuous group homomorphisms (R,+) — G, then the map

I'' L(G) = Hom(R, G), = — 7., 7z(t) =exp(tx)
s a bijection.

Proof. For each z € L(G), the map ~, is a continuous group homomorphism
(Theorem 7.1.4), and since z = 7,(0), the map I is injective. To see that
it is surjective, let v: R — G be a continuous group homomorphism and

t: G — A* the natural embedding. Then ¢t o~y: R — A* is a continuous
group homomorphism, so that there exists an x € A with v(t) = t(y(¢)) = e'*
for all £ € R (Theorem 7.1.4). This implies that z € L(G), and therefore that

Yz =7 O

Remark 7.2.7. The preceding lemma implies in particular that for a linear
group, the set L(G) can also be defined in terms of the topological group struc-
ture on G as L(G) := Hom(R, G), the set of continuous one-parameter groups.
From the Trotter Formula and the Commutator Formula we also know that the
Lie algebra structure on £(G) can be defined intrinsically by

(A7) =~ (),

(71 +72)(8) := lim. (71(%)72(%)) /

and )
nZ

sl(®) = i (31(Dra()m(=£)ne(-1))
This shows that the Lie algebra L(G) does not depend on the special realization
of G as a group of matrices.

Examples 7.2.8. Let X be a Banach space.

(a) Then B(X) is a unital Banach algebra. We write GL(X) := B(X)* for
its unit group and gl(X) := (B(X), [, ]) of its Lie algebra.

(b) Let X := X x R. We consider the homomorphism

$: X > GL(X), z— (é f)

and observe that ® is an isomorphism of the topological group (X, +) onto a
linear group.

The continuous one-parameter groups v: R — X are easily determined be-
cause y(nt) = ny(t) for all n € Z, t € R, implies further v(q) = ¢v(1) for all
g € Q and hence, by continuity, v(¢) = ty(1) for all ¢ € R. Since (X,+) is
abelian, the Lie bracket on the Lie algebra L(X, +) vanishes, and we obtain

L(X,+) = (X,0) 2 L(®(X)) = { (8 g) e X}

(Exercise).
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Definition 7.2.9. A linear Lie group is a closed subgroup G of the unit group
A* of a unital Banach algebra A for which the exponential function

exps: L(G) — G

is a local homeomorphism in 0, i.e., it maps some open 0-neighborhood U in
L(G) homeomorphically onto an open 1-neighborhood in G.

7.2.2 Functorial Properties of the Lie Algebra

So far we have assigned to each linear group G its Lie algebra L(G). We shall
also see that this assignment can be “extended” to continuous homomorphisms
between linear groups in the sense that we assign to each such homomorphism
¢: G1 — G2 a homomorphism L(yp): L(G1) — L(G2) of Lie algebras, and this
assignment satisfies

L(idg) =idrg) and  L(p20¢1) = L(p2) o L(p1)

for a composition ¢ o s of two continuous homomorphisms ¢;: Gy — G and
p2: G3 — Go. In the language of category theory, this means that L defines
a functor from the category of linear groups (where the morphisms are the
continuous group homomorphisms) to the category of real Banach—Lie algebras.

Proposition 7.2.10. Let p: G1 — G2 be a continuous group homomorphism
of linear groups. Then the derivative

_ d
T dt|e=0

L(p)(z) : p(expg, (tz))

exists for each x € L(G1) and defines a homomorphism of Lie algebras
L(v): L(G1) — L(G3) with

expg, o L(p) = poexpg,, (7.3)

i.e., the following diagram commutes

G1 —><P G2
Texpcl expg,
LG — 2 L)

Then L(p) is the uniquely determined linear map satisfying (7.3).
If, in addition, H is a linear Lie group, then L(p) is continuous.

Proof. For x € L(G1) we consider the homomorphism v, € Hom(R,G1) given
by 7. (t) = €. According to Lemma 7.2.6, we have

© 0 7z(t) = expg, (ty)
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for some y € L(G3), because ¢ o v,: R — G2 is a continuous group homo-
morphism. Then clearly y = (¢ 0 7,)(0) = L(p)z. For t = 1 we obtain in
particular

expg, (L(¢)r) = ¢(expg, (7)),

which is (7.3).
Conversely, every linear map ¢: L(G1) — L(G2) with

expg, © ¥ = Y 0 exXpg,

satisfies
poexpg, (tr) = expg, (Y(tz)) = expg, (t(z)),
and therefore

Lig)e = o exp, (1) = w(2).

Next we show that L(y) is a homomorphism of Lie algebras. From the
definition of L(p) we immediately get for « € L(G):

expg, (s L(p)(tx)) = p(expg, (stx)) = expg, (ts L(p)(z)),  s,t € R,

which leads to L(p)(tz) = t L(p)(z).
Since ¢ is continuous, the Trotter Formula implies that

expg, (L(p)(z +y)) = ¢(expg, (x +y))

. 1 1 \* . 1 1 k
- (o b 1) g (o, ) 1)

k—oo
= klggO (expG2 % L(p)(z) expg, % L(‘P)@)) '
= expg, (L(p)(x) + L) (y))

for all z,y € L(G1). Therefore L(¢)(z + y) = L(¢)(z) + L(p)(y) because the
same formula holds with ¢z and ty instead of « and y. Hence L(y) is additive
and therefore linear.

We likewise obtain with the Commutator Formula

p(explz, y]) = exp[L(p)(z), L(v)(y)]

and thus L(p)([z,y]) = [L(p)(x), L{¢)(y)].
If, in addition, H is a linear Lie group, then expy is a local homeomorphism

in 0, so that the relation poexps = expy o L(p) implies that L(y) is continuous
on some 0-neighborhood, and since it is a linear map, it is continuous. O

Note that we did not show at this point that L(y) is continuous. To verify
this claim, we have to restrict to the class of those groups for which the expo-
nential function is a local homeomorphism around 0, and this is precisely the
class of linear Banach-Lie groups.
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Corollary 7.2.11. If 1 : G1 — G2 and py: Gy — G3 are continuous homo-
morphisms of linear Lie groups, then

L(p2 0 p1) = L(p2) o L(¢1).
Moreover, L(idg) = idyq) -

Proof. We have the relations

¢10expg, = expg, oL(p1) and  p20expg, = expg, o L(p2),

which immediately lead to

(20 1) 0expg, = P2 0expg, o L(p1) = expg, o(L(p2) o Lyp1)),

and the uniqueness assertion of Proposition 7.2.10 implies that

L(p2 0 1) = L(p2) o L(p1)-

Clearly idy, () is a linear map satisfying expg oidy ) = idg o expg, so that
the uniqueness assertion of Proposition 7.2.10 implies L(idg) = idy(q)- O

Corollary 7.2.12. If ¢: G1 — G4 is an isomorphism of linear Lie groups, then
L(p) is an isomorphism of Lie algebras.

Proof. Since ¢ is an isomorphism of linear Lie groups, it is bijective and ¢ :=
¢~ 1 also is a continuous homomorphism. We then obtain with Corollary 7.2.11
the relations idy,g,) = L(idg,) = L(¢ 0 ¢) = L(y) o L(¢)) and likewise

idpg,) = L(¥) o L(p).
Hence L(yp) is an isomorphism with L(p)~! = L(1)). O

Definition 7.2.13. If V is a vector space and G a group, then a homomorphism
p: G — GL(V) is called a representation of G on V. If g is a Lie algebra, then
a homomorphism of Lie algebras ¢: g — gl(V) is called a representation of g
onV.

As a consequence of Proposition 7.2.10, we obtain

Corollary 7.2.14. If op: G — GL(V) is a continuous representation of the
linear group G on the Banach space V, then L(p): L(G) — gl(V) is a repre-
sentation of the Lie algebra L(G).

Definition 7.2.15. The representation L(y) obtained in Corollary 7.2.14 from
the group representation ¢ is called the derived representation. This is motivated
by the fact that for each z € L(G) we have

d

. d
L(p)z = 7 P etLl@)r — Zileo p(exptx).
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7.2.3 The Adjoint Representation

Let G C GL(V) be a linear Lie group and L(G) C gl(V') the corresponding Lie
algebra. For g € G we define the conjugation automorphism ¢, € Aut(G) by
cg(z) :=gzg~—'. Then

d d _
L(cy)(@) = = _ colexpta) = = glexptz)g™

t=0

1

exp(tgrg™') = gug~

dt|t=0

(Lemma 7.1.1), and therefore L(cy) = c4|r(q). We define the adjoint represen-
tation of G on L(G) by

Ad: G — Awt(L(G)), Ad(g)(z) := L(c,)r = grg~*.

(That this is a representation follows immediately from the explicit formula).

For each z € L(G), the map G — L(G),g — Ad(g)(x) = gzg~! is conti-
nuous and each Ad(g) is an automorphism of the Lie algebra L(G). Therefore
Ad is a continuous homomorphism from the linear group G to the linear group
Aut(L(G)) C GL(L(G)). The derived representation

L(Ad): L(G) — gl(L(Q))

is a representation of L(G) on L(G). The following lemma gives a formula for
this representation. First we define for z € L(G):

ad(z): L(G) = L(G), adx(y) := [z,y] = 2y —ya.
Lemma 7.2.16. For each x € A we have
Ad(expz) = exp(ad ). (7.4)
Proof. We define the linear maps
L, A— A, y—uzy, R,:A— A y— yx.

Then LR, = R,L, and adz = L, — R,, so that Lemma 7.1.1(ii) leads to

T L,

Ad(expz)y = e®ye % = eleefe

e y = k=

This proves (7.4). O
Lemma 7.2.17. L(Ad) = ad.

Proof. In view of Proposition 7.2.10, this is an immediate consequence of the
relation Ad(exp ) = €*? (Lemma 7.2.16). O
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Exercises for Section 7.2

Exercise 7.2.18. (a) If (G;);es is a family of linear groups in A*, then their
intersection G :=) g G also is a linear group.
(b) If (G;)jes is a family of subgroups of A, then

L(N6)= LG
JjeJ jeJ

Exercise 7.2.19. Let G := GL,(K) and V := P;(K"™) be the space of homoge-

neous polynomials of degree k in x1,...,x,, considered as functions K" — K.
Show that:
: _ (k4n—1
(1) dimV = ( e )

(2) We obtain a continuous representation p: G — GL(V) of G on V by
(p(9)f)(x) = f(g~ x).

(3) For the elementary matrix E;; = (0;;) we have L(p)(E;;) = —xja%i. Hint:
(1 + tEij)il =1- tE,]

Exercise 7.2.20. If X € End(V) is nilpotent, then ad X € End(End(V)) is
also nilpotent. Hint: ad X = Lx — Rx and both summands commute.

Exercise 7.2.21. If (V,-) is an associative algebra, then we have Aut(V,-) C
Aut(V, [, ]).

Exercise 7.2.22. (a) For each linear group G, Ad : G — Aut(L(G)) is a group
homomorphism.

(b) For each Lie algebra g, the operators ad z(y) := [z, y] are derivations and
the map ad: g — gl(g) is a homomorphism of Lie algebras.

Exercise 7.2.23. Let V and W be vector spaces and ¢ : V x V — W a skew-
symmetric bilinear map. Then

[(v, w), (Ul7wl)} = (Oa Q(U»U/))
is a Lie bracket on g :=V x W. For z,y,z € g we have [z, [y, z]] = 0.

Exercise 7.2.24. Let g be a Lie algebra with [z,[y,z]] = 0 for z,y,z € g.
Then

1
x*%:x+y+§mm

defines a group structure on g. An example for such a Lie algebra is the three-
dimensional Heisenberg algebra

0
g= 0 rx,y,z €K
0

o OR
o n
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7.3 Calculating Lie Algebras of Linear Groups

In this section we shall see various techniques to determine the Lie algebra of a
linear Lie group.

Example 7.3.1. Let K € {R,C}. Then the group G := SL, (K) = det™ (1) =
ker det is a linear group. To determine its Lie algebra, we first claim that

det(e®) = T (7.5)
holds for « € M, (K). To verify this claim, we consider
det: M, (K) = (K")" - K

as a multilinear map, where each matrix = is considered as an n-tuple of its
column vectors x1,...,x,. Then Exercise 7.1.6 implies that

(ddet)(1)(x) = (ddet)(e1,...,en) (X1, ..., Zp)
= det(z1,€2,...,6n) + ... +det(er,...,en_1,Tn) =211 + ... + Tpp = Tra.

Now we consider the curve v: R — K* = GL;(K),¢ — det(e'®). Then 7 is a
continuous group homomorphism, hence of the form () = e* for a = /(0)
(Theorem 7.1.4). On the other hand the Chain Rule implies

a=7'(0) = ddet(1)(dexp(0)(z)) = Tr(z),
and this implies (7.5). We conclude that

50, (K) := L(SL,(K)) = {z € M,,(K): (Vt € R) 1 = det(e'*) = ! "7}
={z € M,(K): Trz =0}.

Lemma 7.3.2. LetV and W be Banach spaces and 3: VXV — W a continuous
bilinear map. For (z,y) € gl(V') x gl(W), the following are equivalent:

(a) e¥B(v,v") = B(et*v, e’ for allt € R and all v,v" € V.

(b) yB(v,v") = B(xv,v") + B(v,av") for all v,v' € V.

Proof. (a) = (b): Taking the derivative in ¢ = 0, the relation (a) leads to
y.8(v,v") = B(zv,v") + Bv, xv"),

where we use the Product and the Chain Rule (Exercise 7.1.6).
(b) = (a): If (b) holds, then we obtain inductively

n

y"Blo, ) = (Z) B(zFv, 2" k).

k=0
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For the exponential series this leads with the general Cauchy Product Formula
(Exercise 7.1.8) to

oo n

W0, = 3 w8 = 3 L (3 (1) platart)

n=0 n=0 k=0
oo n
_ 1 k 1 n—=k_ ./
_ZZﬁ<k!m R Pk v)
— 1 — 1
= ( kav, Z m!xmv’> = B (e"v,e"v’).

Since (b) also holds for the pair (tz,ty) for all ¢t € R, this completes the proof.
O

Proposition 7.3.3. Let V and W be Banach space and 3: V XV — W a
continuous bilinear map. For the group

O(V,B) = {g € GL(V): (Vo,v" € V) B(gv, gv") = B(v,v")},
we then have
o(V,3) :=L(O(V,3)) = {z € gl(V): (Vv,v" € V) B(zv,v") + B(v,zv") = 0}.

Proof. We only have to observe that X € L(O(V,3)) is equivalent to the pair
(X,0) satisfying condition (a) in Lemma 7.3.2. O

Example 7.3.4. (a) Let B € M, (K), 8(v,w) = v" Bw, and
G :={g € GL,(K): ¢' Bg = B} = O(K", 3).
Then Proposition 7.3.3 implies that

L(G) = {z € gl,(K): (Vo,v" € V) B(av,v") + B(v,av) = 0}
={zcgl,(K): (Vo,v' € V) v 2" Bv' +v" Bxv' =0}
={z €gl,(K): 2" B+ Bx = 0}.

In particular, we obtain for the orthogonal group
0n(K) :={g € GLa(K): g" =g '}
the Lie algebra
0, (K) := L(0,(K)) = {z € gl,(K): 2" = —z} =: Skew,,(K).

Let ¢ :=n — p and let I, ; denote the corresponding matrix

1 0
Ipq = (Op _1q) € Merq(R)-
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Then we obtain for the indefinite orthogonal group
Opq(R) := {g € GLa(R): g g9 = Iy},
the Lie algebra
0p,q(K) := L(0p,4(K)) = {z € gl ,(K): @' g + Ipga = 0},

and for the symplectic group
T 0o -1,
Sp2n(K) = {g € GLQn(K) g Bg — B}7 B = <1 0 ) ’
we find

692, (K) := L(Spy, (K)) = {w € gly, (K): @ B+ Bz = 0}.

(b) Applying Proposition 7.3.3 with V' = C™ and W = C, considered as real
vector spaces, we also obtain for a hermitian form

B:C"xC"—=C, (z,w)—wl,qz:

Up,q(C) :=L(U,4(C))
={z e gl,(C): (Vz,w e C")w'I, qxz + w*z"I, 4z = 0}

[ (
={z € gl,(C): [ gz + 271, 4 = 0}

In particular, we get
u,(C) :=L(U,(C)) ={z € gl,,(C): a* = —=x}.

(¢) If H is a complex Hilbert space, then U(H) is a closed subgroup of GL(H),
and we obtain for its Lie algebra

w(H) :=L(U(H)) ={z € gl(H): «* = —z}.
Example 7.3.5. Let g be a Banach Lie algebra and

Aut(g) == {g € GL(g): (Vz,y € g) g[z,y] = [97, gy]}-

Then Aut(g) is a closed subgroup of GL(g), hence a linear group. To calculate
the Lie algebra of G, we use Lemma 7.3.2 with V = W = g and §(z,y) = [z, y].
Then we see that D € aut(g) := L(Aut(g)) is equivalent to (D, D) satisfying
the conditions in Lemma 7.3.2, and this leads to

aut(g) = L(Aut(g)) = {D € gl(g): (Va,y € g) D[z,y] = [Dz,y] + [z, Dy}

The elements of this Lie algebra are called derivations of g, and aut(g) is also
denoted der(g). Note that the condition on an endomorphism of g to be a
derivation resembles the Leibniz Rule (Product Rule).
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Remark 7.3.6. If A is a complex unital Banach algebra, we call a linear group
G C A* a complex linear group if L(G) C A is a complex subspace, i.e., i L(G) C
L(G). Since Proposition 7.2.4 only ensures that L(G) is a real subspace, this
requirement is not automatically satisfied.

If H is a complex Hilbert space, then the linear group U(H) C GL(H) is not
a complex linear group because

iu(H) = Herm(H) € u(H).

This is due to the fact that the scalar product on H whose automorphism group
is U(H), is not complex bilinear. For any complex bilinear form §: V xV — C,
the corresponding group O(V, 3) is a complex linear group because

o(V,3) ={X e gl(V): (Vv,w e V)B(Xv,w)+ B(v,Xw) =0}

is a complex subspace of gl(V).

7.4 Smooth Functions Defined by Power Series

Lemma 7.4.1. If A is a unital Banach algebra, then we endow the vector space
TA:=A® A with the norm ||(a,b)| := ||a|| + ||b|| and the multiplication

(a,b)(a’,b") := (ad’,ab’ + a'b).

Then T A is a unital Banach algebra with identity (1,0).
Writing ¢ := (0,1), then each element of TA can be written in a unique
fashion as (a,b) = a + be and the multiplication satisfies

(a+be)(a" +b'e) =aad + (ab’ + a'b)e.
In particular, €2 = 0.

Proof. That T'A is a unital algebra is a trivial verification. That the norm is
submultiplicative follows from

I(a, ) (a’, )| = llaa|| + llab’ + a'bll < [lall - [|a’l] + [lall - [16']] + [|a’l| - [|B]
< (llall + oM dla’ll + 161 = 1I(a, B)II - 1I(a’, &I

This proves that (T'A, || -||) is a unital normed algebra, the unit being 1 = (1,0).
The completeness of T'A follows easily from the completeness of A (Exercise).
O

Lemma 7.4.2. Let ¢, € K and r > 0 with Y ;" |ca|r™ < oco. Further let A be
a unital Banach algebra. Then

f:B(0):={zeA:|z|<r}— A4 z+— chx"
n=0
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defines a smooth function. Its derivative is given by
o0
daf(x) = Z cndpn (),
n=0

where p,(x) = x™ is the nt" power map whose derivative is given by

dpp (z)y = 2"y + 2" yr + ..+ aya" 2 4yl

For ||z|| < r and y € A with xy = yx we obtain in particular
oo
dp,(z)y =na" "ty and df(x)y = Z cona Ly,
n=1

Proof. First we observe that the series defining f(z) converges for ||z| < r by
the Comparison Test (for series in Banach spaces). We shall prove by induction
over k € N that all such functions f are C*-functions.

Step 1: First we show that f is a C'-function. We define a,,: A — A by

an(h) = 2" th+ 2" ?he + ...+ zha" 2 + ha" L
|n71

Then «,, is a continuous linear map with ||ay,| < n||z||”~*. Furthermore

pn(x+h)=(x+h)" =2" + a,(h) +r,(h),

where
Il < (5 )0+ () WPl + ..+
=5 (G ) al
k>2
In particular limy_.q W = 0, and therefore p,, is differentiable in = with

dpn(z) = . The series
B(h) = chan(h)
n=0

converges absolutely in End(A) by the Ratio Test since ||z|| < r:

oo o0
D lealllanll < leal -l < oo
n=0 n=0

We thus obtain a linear map ((z) € End(A) for each x with ||z|| < r.
Now let h satisfy ||z|| + ||| < r, i.e., ||h]| <7 —|z|. Then

fl@+h) = f(z)+B)(h) +r(h), r(h) =Y carn(h),
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where
<3 el < Jen Z ( )||h|k|x||”k
o o . e
<3 (el ()t )l < o0
k=2 n=k

follows from ||z|| + ||h|| < r because

n
505t (el = S lealhel + 1" < 3 sl < o0
k n>k
Therefore the continuity of real-valued functions represented by a power series

yields
(MW n—k\ k-1 _
i th ‘Z(nz_ '"'( )qu ot =0

k=2

This proves that f is a C'-function with the required derivative.
Step 2: To complete our proof by induction, we now show that if all functions
f as above are C*, then they are also C**1. In view of Step 1, this implies that
they are smooth.

To set up the induction, we consider the Banach algebra T'A from Lemma 7.4.1
and apply Step 1 to this algebra to obtain a smooth function

F:{z+echeTA: || +||hl| = |z +eh| < r} — TA

x +¢eh) = ch- (x +¢eh)"™

We further note that (z + ch)™ = 2™ + dp,,(x)h - £. This implies the formula
F(z +¢eh) = f(z) +edf(x)h,

i.e., that the extension F of f to T'A describes the first order Taylor expansion of
f in each point z € A. Our induction hypothesis implies that F is a C*-function.

Let 29 € A with ||zg] < 7 and pick a basis hy,...,hq of A with
kil < r — ||lzo|l. Then all functions = + df(z)h; are defined and C* on a
neighborhood of z, and this implies that the function

B,(0) — Hom(A4, 4), z~ df(z)
is C*. This in turn implies that f is C**1. O

The following proposition shows in particular that inserting elements of a
Banach algebra in power series is compatible with composition.
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Proposition 7.4.3. (a) On the set Pr of power series of the form

f(z) = Zanz", an, €K

n=0

and converging on the open disc Br(0) := {z € K: |z| < R}, we define for
r < R:

oo

£l == Z |an|r™.
n=0
Then || - ||, is a norm with the following properties:

() NI~ [lr is submultiplicative: || fgll» < || fl+llgll--

(2) The polynomials fn(z) := 271:/:0 anz™ satisfy ||f — fnll- — 0.

(3) If A is a finite dimensional Banach algebra and x € A satisfies ||z]| < R,
then f(z):=Y 7" ,anz" converges. We further have

[f@ < fll- for Jz|<r <R
and for f,g € Pr we have
(f-9)(z) = f(z)g(z).

(b) If g € Ps with ||glls < R for all s < S and f € Pgr, then fog € Ps
defines an analytic function on the open disc of radius S, and for x € A with
lz]] < S we have ||g(x)]] < R and the Composition Formula

flg(z)) = (fog)(z). (7.6)

Proof. (1) First we note that Pg is the set of all power series f(z) = Yo" ;anz"
for which || f||, < oo holds for all » < R. We leave the easy argument that || - ||,
is a norm to the reader. If || f|.,||g|l» < oo holds for g(z) = Y72 b,2", then
the Cauchy Product Formula (Exercise 7.1.8) implies that

oo n o0 n
79l = 32| D axbocs|r™ < D2 D lawl lrucslrr=* = |1l gl

n=0 k=0 n=0 k=0

(2) follows immediately from || f — fx|lr = >, < n |an|r™ — 0.

(3) The relation || f(z)|| < ||f|l» follows from ||a,2™|| < |ay|r™ and the Dom-
ination Test for absolutely converging series in a Banach space. The relation
(f-9)(x) = f(z)g(x) follows directly from the Cauchy Product Formula because
the series f(z) and g(x) converge absolutely (Exercise 7.1.8).

(b) We may w.l.o.g. assume that K = C because everything on the case
K = R can be obtained by restriction. Our assumption implies that g(Bg(0)) C
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Br(0), so that fog defines a holomorphic function on the open disc Bg(0). For
s < S and |lg|ls < r < R we then derive

o )
D llang™ls <D lanllglls < £l
n=0 n=0

Therefore the series fog =Y  a,g" converges absolutely in Pg with respect
to || - ||s, and we thus obtain the estimate

N 0o
If oglls = Jim 1> ang"ls <Y lanllglls < [I£l-
n=0

n=0

For s := ||z|| we obtain ||g(x)| < |lg]ls < R, so that f(g(x)) is defined. For
s < r < R we then have

1(g(x)) = In(g@)Il < If = fnllr — 0.

Likewise

[(fog)(@) = (fnog) (@) < [I(feg) = (fneg)lls < IIf = fnllr =0,

and we get

(fog)(x) = (fvog)(z) = lim fn(g(z)) = flg(2))

lim
N—oo

because the Composition Formula trivially holds if f is a polynomial. O

7.5 The Logarithm Function

After the preparations of the preceding section, it is now easy to see that the
matrix exponential function of a unital Banach algebra defines a smooth map
on A. In this section we describe some elementary properties of this function.

Proposition 7.5.1. Let A be a unital Banach algebra. Then the exponential
function exp: A — A is smooth. For xy = yx we have

dexp(z)y = exp(z)y = yexp(z). (7.7)

Proof. To verify the formula for the differential, we note that for zy = yzx,
Lemma 7.4.2 implies that

1 . — 1
dexp(z)y = Z gkxk Ly = Z E:cky = exp(a)y.

For =«

dexp(0)y =

0, the relation exp(0) = 1 now implies in particular that
Y. O
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Proposition 7.5.2. For each sufficiently small open neighborhood U of 0 in A,
the map
exply: U — A”

18 a diffeomorphism onto an open neighborhood of 1 in A*.

Proof. We have already seen that exp is a smooth map, and that d exp(0) = id 4.
Therefore the assertion follows from the Inverse Function Theorem. O

If U is as in Proposition 7.5.2 and V = exp(U), we define
logy: = (exply) ™' :V = U C A.
We shall see below why this function deserves to be called a logarithm function.

Theorem 7.5.3. (No Small Subgroup Theorem) There exists an open neigh-
borhood V' of 1 in A* such that {1} is the only subgroup of A* contained in V.

Proof. Let U be as in Proposition 7.5.2 and assume further that U is convex
and bounded. We set U; := %U. Let G C V := exp U; be a subgroup of A* and
g € G. Then we write g = expz with z € U; and assume that = # 0. Let k € N
be maximal with kz € U; (the existence of k follows from the boundedness of
U). Then

g =expk+ 1)z eGCV

implies the existence of y € U; with exp(k + 1)z = expy. Since (k + 1)z €
2U; = U follows from £ta € [0,k]z C Uy, and exp |y is injective, we obtain
(k+ 1)z =y € Uy, contradicting the maximality of k. Therefore g = 1. O

Next we apply the tools from Section 7.4 to the logarithm series. Since
this series has the radius of convergence 1, it defines a smooth function A* D
B;(1) — A, and we shall see that it provides a smooth inverse of the exponential
function.

Lemma 7.5.4. The series log(1 + x) := Zzozl(—l)k“% converges for x € A
with ||z|| < 1 and defines a smooth function

log: B1(1) — A.
For ||z|]| <1 and y € A with xy = yx we have
(dlog)(1 +x)y = (1 +2) ty.

Proof. The convergence follows from

o0 k
Z(—l)kﬂ% =log(l+r) < oo
k=1

for |r| < 1, so that the smoothness follows from Lemma 7.4.2.
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If x and y commute, then the formula for the derivative in Lemma 7.4.2
leads to

(alog)(1 +a)y =Y (- a" Ty = (1 +a)7ly
k=1

(see the proof of Proposition prop:1.1.7). O

Proposition 7.5.5. (a) For x € A with ||z|| < log2 we have
log(expz) = x.
(b) For g € GL4(K) with ||g — 1|| < 1 we have exp(logg) = ¢.

Proof. (a) We apply Proposition 7.4.3 with ¢ = exp € Ps, S = log2, R =
€82 =2 and ||exp|ls < e® < e’ =2 for s < S. We thus obtain log(expx) = x
for ||z|| < log2.

(b) Next we apply Proposition 7.4.3 with f = exp, S = 1 and g(z)
log(1 + 2) to obtain exp(logg) = g.

oo
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Chapter 8

Complex Methods

8.1 Hilbert Spaces of Holomorphic Functions

The constructions in Chapter 3 do not refer to any differentiable structure on
the set X, but positive definite kernels are also quite useful in complex anal-
ysis, where one studies holomorphic functions. One possibility to introduce
holomorphic functions in an infinite dimensional context is the following:

Definition 8.1.1. (a) Let E be a complex locally convex space and D C C
be an open subset. A map v: D — FE is called a holomorphic curve if it is

continuous and ( . B
/ Y (- — 7z
(0) = fa M

exists in every z € D. It is called antiholomorphic of the map z — (%) is
holomorphic.

(b) Let E; and Fs5 be a locally convex spaces and D C E; be an open
subset. A map f: D — FEs is said to be (anti-)holomorphic if it is continuous
and for every holomorphic curve v: Dy — D, the composition fo~v: Dy — D is
(anti-)holomorphic. !

We write O(D, E) for the space of holomorphic E-valued functions on the
domain D. For E = C, we simply write O(D) := O(D,C) for the space of
holomorphic functions on D, which is a complex algebra with respect to the
pointwise operations (Exercise 8.2.5).

Remark 8.1.2. Compositions of holomorphic functions are holomorphic: If
E,E; and E3 are complex locally convex spaces D; C FEj;, j = 1,2, open
subsets and ¢: D1 — Dy, ¢: Dy — E3 holomorphic, then their composition

Yop: Dy — Ej

LFor more details on holomorphic function in infinite dimensional spaces, we refer to Hervé’s
book [He89]. The preceding concept applies in particular to X = C". In this case the
continuity requirement on f can be dropped. It is a deep result in the theory of several complex
variables, called Hartog’s Theorem, that continuity follows from the partial holomorphy of f.

197
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is also holomorphic. In fact, for every holomorphic curve v: Dy — Dy, the
composition ¢ o v is a holomorphic curve in Do, so that the holomorphy of
implies that 1 o (¢ o y) is holomorphic.

Similarly one argues that compositions of holomorphic maps with antiholo-
morphic maps are antiholomorphic and compositions of two antiholomorphic
maps are holomorphic.

Lemma 8.1.3. Let Xy, X1, ..., X, be complex locally convex spaces and
ﬂ:Xl X"'XXRHXO
be a continuous n-linear map. Then (B is holomorphic.

Proof. Let D C C be an open subset and 7: D — X be a holomorphic curve,
ie.,v=(m,-...,vn) for holomorphic curves v;: D — X;. We have to show that
the curve

f(2) = Bn(2),- -, m(2)

is holomorphic. For z + h € D we derive from the n-linearity of 3 that

f(Z+h) —f(Z) = ﬁ(’h(z"i_h)av’)’n(z—i_h)) _ﬂ('}/l(z)vv’yn(z))

=Bz +h),...,m(z+h) = B(n(2),72(z+h),..., m(z + h))
+ = = BMn(2), -, m(2))

= 26(71(2)7---,%‘(2+h) —=75(2); s (z £ h)).

This implies that

fE+h) —fz) . vi(z +h) —;(h)

Jim h = %g)%gﬁ(%(z), s ) N E)
= Zﬁ(’)/l(z), cee 77§‘(Z)7 o m(2))
j=1
Therefore § is holomorphic. O

Theorem 8.1.4. (Principle of Analytic Continuation) Let D be an open con-
nected subset of the complex locally convex space X and f,g: D — Y be two
holomorphic functions into a locally convex space Y. Then f = g if one of the
following conditions is satisfied:

(a) There exists a non-empty open subset U C D with f|ly = glu-

(b) There exists an antilinear involution o on X such that f = g holds on
DN(p+ X7) for some p € D, where X :={v € X: ov =0} denotes the
real subspace of o-fixed vectors.
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Proof. Since the continuous linear functionals on Y separate the points, it suf-
fices to show that a o f vanishes for every a € Y’. Therefore we may w.l.o.g.
assume that Y = C. Replacing f by f — g, we may also assume that g = 0.

(a) Let V denote the interior of the set {z € D: f(z) = 0} and F =V
denote its closure. Then the continuity of f — g implies that f vanishes on the
closed set F'. This set is non-empty because it contains U. We claim that F' is
also open, so that the connectedness of D implies that F' = D, and hence that
f=0.

Pick z € F and let W C D be an open convex neighborhood of x. We want
to show that f vanishes on W by reducing this assertion to the one-dimensional
case. Let w € W and v € VNW. Such a point exists because € V. Then the
map

Y:C— X, z—v+z(w—0)

is affine, hence holomorphic, and Q, := v, 1(W) is an open convex subset of C.
From +,(0) = v we derive that the holomorphic function f o+, on 2, vanishes
on a neighborhood 0, hence on all of €, by the one-dimensional version of (a).
This implies that f(w) = 0, and because w € W was arbitrary, we derive that
f vanishes on W.

(b) In view of (a), it suffices to show that f vanishes on some neighborhood
of p. We may therefore assume that D is a convex neighborhood of p invariant
under the antiholomorphic involution 7(v) := p + o(v — p) fixing p. For ¢ € D,
the convexity of D implies that

W= 5+ 7(@) =p+ 5(0 =) +o(v—p)) € DN (p+ X7)

is fixed by 7, so that
o(qo—p)=7(q0) —pP=q —p

implies that
q €p+ X°.

Further,
20(¢ —qo) =0(qg—7(q)) =0(qg—o(q)) =0o(q) —q=7(q) —q=2(q0 — )
yields ¢ — qop € 1X? = X 7. Now the map
Yq: C— X,z qo+iz(¢— q)

is holomorphic and Q, := v, (D) is an open convex subset of C. For z € RN,
we have

Y4(z) € DN (g0 +Ri(g — q0)) SDN (p+ X7),

so that the holomorphic functions f oy, vanishes on this open interval, and this
implies that it vanishes on {2, because its set of zeros is not discrete. O
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Definition 8.1.5. Let X be a complex locally convex space. The conjugate
linear space X is defined to be the same set X with the same addition, but the
scalar multiplication defined by (\,v) — Av. Thenidx: X — X is an antilinear
isomorphism of complex vector spaces.

A hermitian kernel K: D x D — C is said to be holomorphic if it is holo-
morphic as a function on the open subset D x D of the complex product space
X xX.

Proposition 8.1.6. Let D be an open subset of the locally convex space X and
K € P(D) be a holomorphic positive definite kernel. Then Hx C O(D).

Proof. First we use Proposition 3.3.5 to see that Hx C C(D,C). Next we
observe that, for each w € D, the function K, (z) := K(z,w) is holomorphic
on D. Let f € Hi and v: Dy — D be a holomorphic curve. Then for each
compact subset Sy C Dy, the image S := v(Sp) in D is compact, so that C' :=
sup,cg K (z,2) < co. Therefore convergence in H g implies uniform convergence
on S.

Let f € Hi and f, € HY with f,, — f. Then, for each n € N, the function
fnov: D — C is holomorphic, and f,, oy — f o~ uniformly on compact subsets
of Dy, so that f o~ is also holomorphic. This proves that f € O(D). O

Examples 8.1.7. (a) The Kernel K(z,w) := (2, w) on a complex Hilbert space
H is holomorphic. Indeed, as a function on the product space H x H, it is
complex bilinear and continuous, hence holomorphic (Lemma 8.1.3).

(b) If K € P(D) is a holomorphic kernel with |K(z,w)| < r for z,w €
D, where r is the radius of convergence of the complex power series f(z) =
EZOZO apz™ with a,, > 0 for each n € N, then the positive definite kernel
f(K(z,w)) = Yo" janK(z,w)" is also holomorphic because composition of
holomorphic functions (on domains in C) are holomorphic (Example 3.3.6 (e),
(£)).

(c) Let H be a complex Hilbert space. Then the kernels M) X >0, on
H and (1 — (z,w))™%, s > 0, on the open unit ball of H are holomorphic.

The following lemma is an important tool to verify holomorphy of vector-
valued functions.

Lemma 8.1.8. If D C E is an open subset of the complex locally convex space
E and V a sequentially complete locally convex space. Then a map v: D — V
is holomorphic if and only if it is weakly holomorphic, i.e., for each A\ € V', the
composition A oy is holomorphic.

Proof. Since holomorphy is tested by composition with holomorphic curves, we
may w.l.o.g. assume that £ = C. Clearly, the weak holomorphy of ~ follows
from its holomorphy (Remark 8.1.2 and Lemma 8.1.3). So let us assume that ~
is weakly holomorphic. Let o € V' 2 € D and assume that z + h € D holds for
|h| < 2e. Then, for |h| < €, the Cauchy Integral Formula

L1 JG+0
ferm=gud T«
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yields ( )( )
l04 z — f(z :L lae )z+¢)
RO M 7ol

because

}(Lf}):C*(C*h): 1
h\C—=h ¢ h¢(C—h) — C(C—h)

Since V is sequentially complete, the V-valued integral

fz 4 Q)
fiq_% C—mc®

exists (cf. Lemma 8.2.4 below), and since V' separates the points of V', we derive

the relation
1 f(z+()

1
St~ 1) = 5 i (C—R)C

Finally, the fact that the function

dc.

Fihe ol Sehx (CeCil =2} = Ve (h¢)r £
is continuous entails that

1 1 fz+¢)
lim 5 (f(+h) = () = 5 ]{q_% 629 4

holds in V' (Exercise!). This means that f: D — V is holomorphic. O

The following result sharpens Proposition 8.1.6 considerably. It will be used
below to derive irreducibility criteria for unitary representations on reproducing
kernel spaces.

Proposition 8.1.9. If K € P(D) is a holomorphic positive definite kernel, then
the map
v:D—-H, z— K,

1s antiholomorphic.

Proof. In view of Lemma 8.1.8, it suffices to show that v is weakly antiholo-
morphic, i.e., all compositions with continuous linear functionals are antiholo-
morphic. This is an immediate consequence of Proposition 8.1.6, which asserts
that, for each f € Hg, the map

D—=C, ze={(2),)=[(2)

is antiholomorphic. O

Theorem 8.1.10. (S. Kobayashi’s Irreducibility Criterion) Let D be an open
subset of a complex locally convexr space, 0: G x X — X be a group action,
J: G x D — C* a corresponding cocycle, and K € P(D,o,J) be a holomorphic
positive definite kernel. If G acts transitively on D, then the representation
(7, Hi) is irreducible.
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Proof. Suppose that K C Hg is a closed G-invariant subspace and let @) be its
reproducing kernel, so that X = Hg. Then Proposition 5.1.6(b) implies that
Q € P(X,0,J), and from Proposition 5.1.11 we derive that Q = K holds for
some B € m(G)’. This shows that

Q(z,w) = (BKy,K,) for zweD.

To see that @ is holomorphic, we recall from Proposition 8.1.9 that the map
D — 'H,z+— K, is antiholomorphic. Hence the map

HXxH2O2DXxD—HxH, (z,w)— (Ky K,)

is holomorphic, and since the map H x H — C, (z,w) — (Bz,w) is continu-
ous bilinear, hence holomorphic (Lemma 8.1.3), composition of these two maps
implies that @ is holomorphic,

Pick g € D. If K, = 0, then also Q(zo,x0) = 0, so that there exists a
¢ > 0 with Q(zo,z0) = ANK (g, zp). Then the invariance condition implies that

Q(g'ang'xO) = |J(g71'0)|2Q(CE0,.’£0) = C|J(g,$0)|2K(CE0,.’E0) = CK(g'x(ng'xO)'

Our assumption that G acts transitively on D now implies that Q(z,z) =
cK(z,z) for all z € D.

To derive from this relation that the two holomorphic functions ¢K and @)
on D x D coincide, we note that the flip involution o(z,w) := (2, w) on H x H
is antilinear and Ay = {(z,2): z € H} is the set of its fixed points. Therefore
Q = cK follows from Theorem 8.1.4. If ¢ = 0, then @ = 0 and Hg = {0}, and
if ¢ > 0, then K = ¢~'(Q implies that Hx = Hg. This proves the irreducibility
of the representation (7x, Hg). O

Example 8.1.11. Kobayashi’s Theorem can be used in particular to prove the
irreducibility of the representation of the Heisenberg group Heis(H) on the Fock
space F(H). In fact, we apply it with G = Heis(H), D =H, o((t,v),2) =v+ 2z
and

J((t,v), 2) = eftHEv s,

8.2 Appendix: Vector-valued Riemann Integrals

Definition 8.2.1. Let F be a locally convex space. A sequence (zp)nen in E
is called a Cauchy sequence if for every 0-neighborhood U of E there exists an
Ny € N with

Tp —Tm €U for n,m> Ny.

The space F is said to be sequentially complete if every Cauchy sequence in F
has a limit.

Remark 8.2.2. Since the sets of the form

U(p,e) :={z € E: p(x) < &},
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where p is a continuous seminorm on E form a basis of zero-neighborhoods, a
sequence (x,)nen is Cauchy if and only if for every continuous seminorm p and
every € > 0 there exists an N, € N with

p(zy, — ) <e  for n,m> N..

Definition 8.2.3. Let E be a locally convex space. Then a curve 7: [a,b] — E
is said to be differentiable in t if the limit

() 1= Jim = (3(¢ 4 B) — (1)

exists in E. Then ~/(¢) is called the derivative of v in t. The curve 7 is said to
be differentiable if it is differentiable in every point, and it is called a C*-curve,
if, in addition, the curve v': [a,b] — E is also continuous.

Lemma 8.2.4. Let E be a sequentially complete locally conver space and
v: [a,b] — E be a continuous curve. Then there exists a unique C'-curve

I': [a,b] - E withI" =~ and I'(a) = 0. It is denoted

T(t) = /atw) dr.

Proof. For any partition T = (to,t1,...,t,) of the interval [a, b], we write

S@)i= [ )t - )
J
for the corresponding Riemann sum. We call
5(T) = max{th —tji _] = 0,...,71— 1}

the width of T. We want to show that if (7},) is a sequence of partitions with
0(Ty,) — 0, then the sequence (S(T},)) in E converges. Since E is sequen-
tially complete, it suffices to show that it is a Cauchy sequence. So let p be a
continuous seminorm on E. Since « is uniformly continuous with respect to p
(Exercise), there exists for each ¢ > 0 a ¢ > 0 with

p(y(t) =(s)) <e  for [|t—s] <o

Now let T" and T” be two partitions with 6(7"), §(7”) < §. Then their common
refinement T also has this property and we have

p(S(T) = S(T)) < Z8(t~j+1 —1;) =¢e(b—a),

and since p(S(T") — S(T)) satisfies the same estimate, we obtain

P(S(T) = S(T")) < 2¢(b— a).
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This proves that (S(T},))nen is a Cauchy sequence in E, and our estimates
show that the limit does not depend on the choice of the sequence (7). We
write

b
/ ~v(r)dr := lim S(T,)

n—oo
for this limit. We also observe that

b

b n—1
o [ 2)ar) =t p(S(T) <l Y a6 51 ) = [ pOr(o)de
a =0

—
n—oo a

for every continuous seminorm p.
Finally, we put

D(t) == /aty(f) dr.

For a <t + h < b we then have

(MR a0) =G [0t

1

<t [ ) —wpar) o

because p(y(1) — v(t)) — 0 for 7 — t. We conclude that T is a Cl-curve with
I"=~and I'(a) = 0.
If T': [a,b] — E is another C'-curve with these properties, then F := T — T’

is a Cl-curve with F” = 0 and F(a) = 0. Then we obtain for every continuous
linear functional A € E’ a C'-curve Ao F': [a,b] — R with

(Ao F)(a)=0 and (AoF) =0.

Now basic calculus implies that Ao F' = 0, and hence that A(F'(t)) = 0 for each
A€ E and t € [a,b]. Since the continuous linear functionals on F separate the
points, we obtain F' = 0. O

Exercises for Section 8.1

Exercise 8.2.5. Let D be an open subset of a complex locally convex space.
Show that O(D) is a complex unital algebra with respect to pointwise multipli-
cation.

Exercise 8.2.6. Let H be a complex Hilbert space and H be its complex
conjugate space with the scalar multiplication defined by A * v := Av. Show
that the map

o H =M p(v)(w) = (w,v)

is a linear isomorphism.
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Exercise 8.2.7. Let V be a complex locally convex space and o: V — V be
a continuous antilinear involution. Further, let D C V be a convex o-invariant
domain and Hx C O(D) be a Hilbert space of holomorphic functions with
kernel K. Then

D°={veV:o) =v}

is an open domain in the real locally convex space V7. Show that the restriction
map

r: O(D) - C(D7%), f flpe
restricts to a unitary map r: Hx — Hg, where Q := K|poxpo.

Exercise 8.2.8. Let H be a real Hilbert space and H¢ be its complexification.
Show that the restriction map

R: F(He) = F(H), fr= fln

is unitary, where F(H) is defined as the reproducing kernel space of the real-
valued kernel K (z,y) := e{®¥),

8.3 More Representations of U(H)

We have already seen that each complex Hilbert space H can be realized as a
reproducing kernel space Hg on X = H with the kernel Q(z,w) = (w,z). In
the same spirit, we have defined n-fold tensor products Hi® - - - ®H,, as repro-
ducing kernel spaces on X = [[j_, X; with the kernel Q(z, w) := [}_; (wj, 2;).
Specializing this construction to H; = H for j = 1,...,n, we obtain the space

HO™ :=Ho CCM" with  Q(z,w) == H(wj,zj>.
j=1

Since the kernel @ is invariant under the natural action of the unitary group
U(H) on H™ by g.(21,...,%n) = (921, -.,9%n), We obtain a unitary represen-
tation

T(g) =gRg®---©g

of U(H) on H®™. For n > 1 this representation is no longer irreducible, and it
can be shown to be multiplicity free with finitely many irreducible summands
whose precise description is part of the so-called Schur—Weyl theory of decom-
positions of tensor products of representations.

That the representation is not irreducible for n > 1 is easy to see by showing
that its commutant is larger than C1. This is due to the fact that the symmetric
group S, also has a unitary representation on H®". To see this action, we first
note that .S,, acts on the product space H" by permuting the factors:

0.(21, 5 2n) = (Zo-1(1)s - > Zo—1(n)),
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and that this action preserves the kernel Q. Hence

(p(U)f)(Zl, sy Z’I’L) = f(zcr(l)7 sy Zo’('n))
defines a unitary representation of S, on H®". In terms of tensor products, this
action is given by
(p(0)(1®@- - -@Vp)) (21, -+, 2n) = V1(20(1)) - - Un(Zo(n)) = Vo-1(21) - Vo-1(n) (Zn),

i.e.,
p(O')(Ul R Un) — Uo‘*l(l) R ® ’[]071(”).

8.3.1 Symmetric and Exterior Powers

Clearly, p(S,) C m(U(H))" is non-trivial, which leads to a decomposition of
the representation 7. The two most important subspaces of H®™" are the two
eigenspaces of S,, for the two characters of this group. For the trivial character

we obtain the subspace
S™(H) = (H®™)5"

of Sy,-invariant vectors. It is called the n-th symmetric power of H, and for the
signature character sgn: S,, — {£1}, we obtain the subspace

A" (H) := (H®™)%™5 = (v € HO": (Vo € S,) p(o)v = sgn(o)v}.

It is called the n-th exterior power of H.
It is easy to write down projections onto these subspaces using the Haar
measures on the finite group S,:

1
P, = ol z p(o)
’ Uesn
is the projection onto S™(H) and
1
P_i=— > sen(0)p(o)

T oeS,

is the projection onto A™(H). To verify these claims, one first verifies that
p(T)Py =P, and p(7)P- =sgn(r)P-

by direct calculation. This proves that im(Py) C S™(H), and that Pyv = v
holds for each v € S™(H) is an immediate consequence of the definition of P, .
Therefore P, is a projection, and that it is hermitian follows from

Pi= S oo )= S plo) = Py

oceS, ocES,

Similarly one argues that P_ is an orthogonal projection onto A™(H).
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For vy, ...,v, € H, we define the symmetric product
v Ve Vo, i =P(v® - Qup)

and the exterior (=alternating) product by
VA AUy =P (11 Q- ®@uy).

These products define continuous complex n-linear maps H" — S™(H) and
H"® — A™(H). Tt follows directly from the definition that the V-product is
symmetric and the wedge product A is alternating, i.e.,

Ug(1) V- VUgn) =01 V- VU,

and
V(1) N AUg(n) = 8g0(a)v1 V- - V Uy,

The inner products of such elements are given by
(V- Vug,wi V- - Vwy) =01V Vo, w ® - @ wy)

1
= ! Z <U0(1)a w1> T <Ua(n)7wm>
" o€Sn

and likewise
(VI A A, A Awy) = (V1 A AV, W ® -+ - @ wy,)

1 1
= D sgn(0) (Vo (1), 1) -+ (Vo) Wn) = —7 det((vi, wi)r<ij<n-
oeSy

8.3.2 The Representation of U(H) on S™(H)

We first take a closer look at the subspace S™(H). As a closed subspace of the
reproducing kernel space Hg = H®", it also is a reproducing kernel space on
‘H", and the evaluation functionals on S™(H) are obtained as the orthogonal
projections of @Q,,, w € H", to S"™(H):

Q*(w,2) = Pr(Q)w) = 3 Qa0 ) = 3 T wocr)
cES, c€eS, j=1

To evaluate this expression, we note that the elements of S™(H) are n-linear
functions on ‘H which are invariant under the symmetric group, hence completely
determined by their values on the diagonal

AH = {(U?"' 77]): v EH}
(Exercise). Therefore the restriction map

R: S"(H) — cH, (Rf)(2) := f(z,-++ , 2)
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is injective, and it maps S™(H) in a U(H)-equivariant fashion onto the Hilbert
space with reproducing kernel

@_;,_(Z,w) = Q+((Z7 e ,Z), (w7 e ,’LU)) = <Za w>n
This implies that the unitary representation (S™, S™(H)) of U(H), given by

S"(g)(v1 V- Vup)=guL V-V gu,

is equivalent to the representation on the dual space F,,(H) = F,(H) of the
set n-homogeneous functions in the Fock space. In particular, we derive from
Example 5.3.17 that this representation is irreducible.

8.3.3 The Representation of U(H) on A"(H)

Now we turn to the representation A™ of U(H) on the exterior power, given by
A" (g)(vy A+ Avp) = gur A+ A gug.

The subspace A™(H) is generated by elements of the form vq A -+ A v,. Since

the wedge product is alternating, this product vanishes if vq,...,v, are lin-
early independent. We also see that, if wq,...,w, is an orthonormal basis of
span{vy,..., v, }, then

ViAo Avp € Cwp A A wy,.

We now assume that dimH > n because otherwise A™(H) vanishes. Let
€1,...,en be orthonormal. Then each other orthonormal tuple (vy,---,v,) in
H is of the form (gey, ..., ge,) for some g € U(H). This implies that

UH).(ex A Nep)U{0} D {vr A+  Awvg: vg,... v, € HE,

so that
vo:=e1 A--- Aep € A¥(H)

is a cyclic vector for U(H).
Let (e;);es be an orthonormal basis containing e, ..., e, and, accordingly,
{1,...,n} € J. We also assume that J carries a linear order < satisfying

1<2<...<n<j for jeJ\{L,...,n}

For each n-element subset F' = {ji1,...,jn} C J with j; < jo < ... < jn, we
then obtain an element

ep:=ej N---Nej, € A"(H),

and, expanding wedge products v; A --- A v, with respect to the orthonormal
basis (e;);c.s, we see that the finite wedge products

ejl/\'../\ejn7 jl?"'?jne‘]7
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form a total subset of A™(H). If [{j1,...,jn}| < mn, then e, ..., e;, are linearly
dependent, so that e;, A---Aej, = 0. If [{j1,...,jn}| = n, we put F :=
{j1,--.,Jn} and note that if o € S, satisfies jo(1) > jo(2) > - > Jo(n), then

ej, N+ Nej, =sgn(o)ep.

This proves that the ep, FF C J an n-element subset, form a total subset of

A" (H). Since

0 for F#£F'

cepr) = det(8;, i1 )1<kmen =
<€F eF) € ( jk:jm)lgk7 < {1 for F:F/,

we see that the ep even form an orthonormal basis of A™(H).

To show that the representation of U(H) on A™(H) is irreducible, we consider
the restriction to the subgroup T = T of diagonal operators with respect to
our orthonormal basis. For F' = {j1,...,j,} we have

tep =tjej N Aty ej, = (tj, - tj,)er.

Defining

xreT=T" by xp(t)=]]tr.
fer

we conclude that
A" (H)"XF = Cep

because different n-element subsets F, F’ C J lead to different characters of T.

As we have seen above, each ep is a cyclic vector for U(H), so that Proposi-

tion 5.3.11 now implies that the representation of U(H) on A™(H) is irreducible.
For the cyclic vector vy we have

1
©(g) = (gvo,vo) = (ge1 A== Agen,e1 A=+ Ney) = -] det((ge;, ex))1<j,k<n-
Writing ¢ as a block matrix with respect to the decomposition
H="Ho®Hy, Ho:=spaniey,...,en},

this means that

©(g) = det(a) for g= (i Z) )
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Chapter 9

Projective Unitary
Representations

In this chapter we discuss an important issue arising in many situations where
unitary operators are only determined up to a “phase factor” in the circle group
T. To understand the underlying structures, we take a brief look at central
group extensions for which the unitary group U(H), as a T-extension of the
projective unitary group PU(H), is a paradigmatic example.

We have already seen in Section 5.2 that for a complex Hilbert space H, we
do not get a unitary representation of the translation group (H,+) on the Fock
space F(H). Instead we have to extend this group to the Heisenberg group
Heis(H) which has a natural representation on F(H). In this section we take a
closer look at the underlying structures. In particular, we shall define projec-
tive unitary representations and explore how they are related to central group
extensions. For more details on projective representations, we refer to Chapter
9 of Magyar’s book [Mag92], where one finds in particular a detailed discussion
of the representations of the Galilei and the Poincaré group, the fundamental
symmetry groups of non-relativistic, resp., relativistic particle physics.

9.1 Central Group Extensions

Definition 9.1.1. An extension of groups is a short exact sequence
1-N—G-1.G—1

of group homomorphisms. We then speak of an extension of G by N. Since

t: N — G is injective, we may identify N with its image, so that the surjectivity

of ¢ leads to G = G/N.

An extension is called central if «(N) is central in G. We call two extensions
N — (G1 — G and N — G5 — G of G by the group N equivalent if there exists

211
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a homomorphism ¢: @1 — 62 such that the following diagram commutes:

N o Gh o G
lidN iw lidg
N ——2 G —2 .G

It is easy to see that any such ¢ is in particular an isomorphism of groups (Exer-
cise). We write Ext(G, N) for the set of equivalence classes of group extensions
of G by N. R

We call an extension ¢: G — G split or trivial if there exists a group homo-
morphism o: G — G with ¢ o 0 = idg. In this case the map

NNSGHéa (nvg)HnU(g)

is an isomorphism, where the semidirect product structure is defined by the
homomorphism

S: G — Aut(N), S(g)(n) = o(g)no(g)™"

(Exercise).
When dealing with topological groups, one requires all homomorphisms to
be continuous, ¢ to be an embedding and ¢ to be a quotient map.

In this section we shall only deal with central extensions. We start by intro-
ducing product coordinates on such extensions:

Remark 9.1.2. Let g: G — G be a central group extension with kernel Z and
0: G — G be a section of ¢ which is normalized in the sense that o(1) = 1.
Then the map R

: ZxG—G, (z,9) v z0(g)

is a bijection and it becomes an isomorphism of groups if we endow Z x G with
the multiplication

(z,9)(z',9") = (22'w(g,9), 99"), (9.1)
where
w:GxG—2Z, (g9.9)— clg)o(g)olgg) ™" (9.2)
The map w satisfies
a(9)o(g’) = w(g,g")algg), (9:3)

and the cocycle condition
w(g, 9 )w(gg’,g") = wlg' g")w(g,9'd") (9.4)

If o/: G — G is another normalized section, then there exists a function
0: G — Z with §(1) = 1 and ¢’ = 0. Then we find the relation

0(9)0(g')

W'(9,9") = w(g,9") 9099
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Definition 9.1.3. If Z is an abelian group, G a group and w: G X G — Z
a map satisfying (9.4), then we call w a 2-cocycle. Tt is said to be normalized
if w(l,9) = w(g,1) = 1 for any g € G. We write Z%(G, Z) for the set of
normalized 2-cocycles. It is easy to see that this is an abelian group under
pointwise multiplication.

Functions of the form

0(9)0(g")
0(99’)
for some normalized function §: G — Z are always normalized cocycles (Exer-

cise). They are called 2-coboundaries. The set B?(G, Z) of 2-coboundaries is a
subgroup of Z%(G, Z), and the quotient group

blg,g') :=

H*(G,Z):=Z*(G,Z)/B*(G, Z)

is called the second cohomology group of G with values in Z. We write [f] for
the image of f € Z2(G, Z) in H?(G, Z). 1t is called the cohomology class of f.

Theorem 9.1.4. For any w € Z*(G, Z), we obtain on Z X G a group structure
by
(2,9)(2',9') == (22'w(g,9'),99).
We write Z X, G for this group. Then ((z) := (2,1) and q(z,g) := g define a
central extension
757 x,G1-G.

Every central extension of G by Z is equivalent to one of these, and Z X, G is
equivalent to Z X G if and only if [w] = [w'].

In this sense the group H?(G, Z) parameterizes the equivalence classes of
central extensions of G by Z.

Proof. The associativity of the multiplication in Z x, G follows immediately
from the cocycle property of f. To see that we actually obtain a group, we
observe that the conditions w(g,1) = w(1,g) = 1 imply that 1 := (1,1) is an
identity element of Z x s G and

-1

(z9) ' =("tw(g,g ) e ) = w g e

is the inverse of (2, g). Note that w(g,g~ 1) = w(g~*, g) follows from the cocycle
relation, applied to the triple (g,¢g~1,g). It is obvious that ¢ and ¢ are group
homomorphisms and that «(Z) = Z x {1} is central. Therefore Z x,, G defines
a central extension of G by Z.

The preceding remark implies that any central extension is equivalent to
some Z X, G because for any normalized section o: G — G and

w(g,g') = o(9)a(g")o(gg") ™"

the map ~
D: Zx,G—G, (29— zo(g)
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is an equivalence of central extensions.
Finally we note that an equivalence

U:Z Xy G— Z %, G

has the form ¥(z, g) = (20(g), g) for some normalized function : G — Z. Now
the requirement that W is a group homomorphism implies that

22'0(9)0(g"w(g,q') = 22'0(99")w'(9,9) for g,¢' € G,

which is equivalent to

0(9)0(g") N

N w9 wig,9)
We conclude that such an equivalence of central extension exists if and only if
W] = [w]. O

Example 9.1.5. (a) If G and Z are abelian groups, then every biadditive map
w:GxG—2Z2
is a group cocycle because

wg+g',g")+wlg,g) =wlg,g")+wlg' g")+wlg,g) = wlg, g’ +9")+wlg’. g")
(b) The Heisenberg group Heis(H) of a Hilbert space is a central extension
of the additive group (H,+) by R, defined by the cocycle

wv,w) = f% Im (v, w).

Remark 9.1.6. If a central extension g: G—Gof@ by Z is trivial, then any
homomorphic section o: G — G leads to an isomorphism of groups

3: ZxG—G, (z9)— z0(g).

In particular, there exists a homomorphism p: G — Z with plz =idz. As Z is
abelian, it follows that L
(G,G)YnZ ={1} (9.5)

holds for the commutator group of G. This is a necessary condition for the
triviality of a central extension.
If, conversely, this condition is satisfied, then ¢ restricts to a group isomor-
phism L
q|(@,§): (G,G) = (G,G),

so that its inverse provides a homomorphism

0:(G,G)—>CA7Y with  goo =idg,q)-
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However, in general o does not extend to a homomorphic section on all of G.
An instructive example is the surjective homomorphism

q: Cy:={2€C: 2" =1} - Cy = {£1}, 2z 2%

It defines a central extension of C5 by C5 which is non-trivial because Cy x Cs
contains no element of order 4. As Cy is abelian, its commutator group is trivial.
Therefore (9.5) is not sufficient for a central extension to split.

9.2 Projective Unitary Representations

Definition 9.2.1. Let H be a complex Hilbert space, PU(H) := U(H)/T1 be
the projective unitary group and ¢: U(H) — PU(H),g9 — [g] := Tg, be the
quotient map. We endow PU(H) with the quotient topology with respect to
the strong operator topology on U(H) which turns it into a topological group
(Exercise 9.3.7).

Proposition 9.2.2. (a) The topology on PU(H) is the coarsest topology for
which all functions

how: PUH) = R, [g] — [(gv, w)]

)

are continuous.

(b) The quotient map q: U(H) — PU(H) has continuous local sections, i.e.,
each [g] € PU(H) has an open neighborhood U on which there exists a continuous
section o: U — U(H) of q.

Proof. (a) Let ¢: U(H) — PU(H) denote the quotient map. Then all functions
hyw ©q = fuw are continuous on U(H), which implies that the functions h, .
are continuous on PU(H).

Let 7 denote the coarsest topology on PU(H) for which all functions h,
are continuous. We know already that this topology is coarser than the quotient
topology. Next we observe that the relations

how((91l9']) = Pgro.w([9]) = hog-10((9'])

imply that left and right multiplications are continuous in 7. To see that 7
coincides with the quotient topology, it therefore remains to see that [g;] — 1
in 7 implies that [g;] — 1 in the quotient topology.

For a net ([g;])icr in PU(H) we consider a lift (g;);er in U(H). Since the
closed operator ball B := {A € B(H): ||A|| < 1} is compact in the weak operator
topology (Exercise 9.3.8), there exists a convergent subnet g,(;) — go € B. For
v,w € 'H we then have

hv,w(ga(j)) - hv,w(l) = |<’U7w>‘

and also
how(9a(iy) = Hgai)vs w)| — Kgov, w),
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hence |{gov,w)| = |(v,w)|. This implies in particular that for each non-zero

vector v, we have
gov € (H): = C,

so that each vector is an eigenvector, and this implies that gy = t1 for some
t € C (Exercise). If v = w is a unit vector, we obtain [t| = |(gov,v)| = 1.
Therefore we have g,y — t1 in U(H), and this implies that [gq(;y] — [1] in
PU(H).

If the net (g;);cr does not converge to 1 in PU(H), then there exists an open
1-neighborhood U for which the set Iy := {i € I: g; € U} is cofinal, which leads
to a subnet (g;);ecr, converging to 1 in 7 and contained in the closed subset U®.
Applying the preceding argument to this subnet now leads to a contradiction
since it cannot have any subnet converging to 1 because U€ is closed.

(b) Since we can move sections with left multiplication maps, it suffices to
assume that ¢ = 1. Pick 0 # vy € H. Then

0 :={g € U(H): (gvo,vo) # 0}

is an open 1-neighborhood in U(H)s with QT = Q. Therefore Q := {[g]: g € Q}
is an open 1-neighborhood of PU(H) and for each g € Q there exists a unique
t € T with

tg € Qy :={g € U(H): (gvo, vo) > 0}.

We now define a map
0:Q—Q, [g)—g for geQ,.
To see that o is continuous, it suffices to observe that the map

|<9U07 Uo>|

Q— Q+7 g—
<9U07U0>

is continuous and constant on the cosets of T. Hence it factors through a
continuous map {2 — Q4 which is 0. This proves that the quotient map

¢: UH) = PU(H), g+ [g]
has a continuous section in some 1-neighborhood of PU(H). O
Remark 9.2.3. (a) For each complex Hilbert space H, we have
Z(U(H)) = T1.
In fact, for each unit vector v € H, the operator
oy(z) =2 — (v, x)v

is unitary with the eigenvector v for the eigenvalue —1 and v' is pointwise
fixed. Therefore any linear map A € B(H) commuting with o, preserves the
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line Cv. This implies that for any element z € Z(U(H)) each unit vector v is
an eigenvector, and therefore z € C1, so that z € T1 by unitarity.
The projection

q: UH) - PU(H), g~ [g]=Tg

defines a central extension of PU(H) by T. We have seen in Remark 9.1.6 that
the subgroup

Z(U(H)) N (U(H), U(H)) = T1 N (U(H), U(H))

is a measure of non-triviality for this central extension.
(b) To determine this group, we fist assume that dimH = n is finite. Then
U(H) = U, (C) and we have a homomorphism

det: U,(C) =T
vanishing on all commutators. We write
SUL(C) = {g € Un(C): det(g) = 1}
for the special unitary group. Then
(Un(C), Un(C)) < SUL(C)
implies that
(Un(C),U,(C))NTL C {21 € T1L: 2" =1} =: C,,.

We claim that we actually have equality. Let ¢ € C,. Then we define two
unitary operators p, g € U, (C) by

‘ ' ejy1 for j<n
qle;) =Cej, j=1,...,n and p(ej):{ j -
€1 fOI' ] =n.

For 1 < j we then have

1

(¢.p)e; = qpg'pte; = U Ngpe;_1 = (U Vge; = Ce;j

and

(¢:p)er = ¢ "qpe, = qer = Cer.
This proves that (p, ¢) = (1, and hence that every element of C,, is a commutator
of two unitary operators. We conclude that

(Upn(C), Un(C)) NT1 = Cy 1. (9.6)

(c) If dim H = oo, we have H = ¢2(Z, C)®K for some other Hilbert space K.
In fact, if J is an index set of an ONB, then there exists a bijection Z x J — J
([La93, Thm. 3.3 in App. 2]). Alternatively, one can use Zorn’s Lemma directly



218 CHAPTER 9. PROJECTIVE UNITARY REPRESENTATIONS

to show that each infinite set J can be written as a disjoint union J = (J;c; Ji
of infinite countable sets, which leads to a bijection I x Z — J and hence to a
unitary map ¢%(.J,C) — (?(Z,C)&¢*(I,C).

Let ¢ € T. Then we define two unitary operators p, ¢ € U(H) by

qglej@v) =Ce;j@v and ple;®v):=ejy1 ®@v for jE€ZveK.
We then have
(4,p)(e;@v) = qpg~ ' (ej—1®@v) = ("YU Vgp(e;_1@v) = (~UVg(e;@v) = Ce;@v,

so that (g, p) = (1. This proves that every element of T1 is a commutator group
of two unitary operators. We conclude that

T1 C (U(H), U(K)). (9.7)

Definition 9.2.4. Let G be a (topological) group. A projective unitary repre-
sentation is a (continuous) homomorphism 7: G — PU(H).

Remark 9.2.5. Clearly, every continuous unitary representation
w: G — U(H)
also defines a continuous projective representation,
7: G — PUH), g [n(g)].

One can even say more, namely that, if N := {g € G: w(g) € T1}, then we
obtain a continuous unitary representation of the factor group G/N:

7: G/N — PU(H), ¢gN — [n(g)]-

Example 9.2.6. (a) We have seen in Proposition 5.2.1 that the Heisenberg
group Heis(H) has a continuous unitary representation on the Fock space F(H)
defined by

(n(t,0) f)(2) = HED =300 £ ),

Since 7(t,0) = €1 € T1, we obtain a continuous projective representation
T: H — PU(F(H)), v [r(t,v)].

(b) Let G be a locally compact abelian group and H := L?(G, ). Then we
have the right regular representation (.., L?(GQ)) of G, given by (m,.(g)f)(x) =
f(zg), but we also have a unitary representation

p: G —ULAG), (p())9) = x(9)f(9).

We consider the corresponding map

7:Gx G —ULXG), (g.x) — m(9)p(x).
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This map is not a group homomorphism because

m(9)p(x) = x(9)p(X)7r(9) for geG,xeq.

From this relation we immediately derive that
7™ GxG—PUH), (9,x)— [m(9)p(X)]

defines a projective representation of the abelian group G x G on L2 Q).

Proposition 9.2.7. Let a: G — PU(H) be a continuous projective unitary
representation of G on ‘H. Then

G:=a*UH) :={(g,u) € G x U(H): a(g) = [u]},
endowed with the product topology, is a topological group and
¢:G—G, (gu)—g
s a quotient map with central kernel T, hence a central T-extension of G. By
G — U(H), (g,u)—u
we obtain a continuous unitary representation of G on H with T = «.

Proof. Clearly, G is a closed subgroup of G x U(H), hence in particular a topo-
logical group. Next we recall from Proposition 9.2.2(b) that there exists a
1-neighborhood V' C PU(H) and a continuous section o: V. — U(H) of the
quotient map U(H) — PU(H), g — [g]. Therefore we obtain on a=}(V) C G a
continuous section

(V)= G, g (g,0(al9)),

showing that ¢ has continuous local sections, hence in particular that ¢ is a
quotient map (Exercise). The remaining assertions are trivial. O

Examples 9.2.8. (a) For the projective unitary representation
7: H — PU(F(H))

on the Fock space of H, we know already that we have a corresponding unitary
representation m: Heis(H) — U(H) of the Heisenberg group. This implies that
7 U(H) = Heis(H).

(b) If G is a locally compact abelian group and 7: G x G — PU(L%(G)) the
projective unitary representation from Example 9.2.6, then

T U(H) 2T x,, (G x G),
where the cocycle w € Z2(G x G, T) is given by

w((QvX)7 (9,7)(,)) = X(g/)fl.
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9.3 Projective Invariance of Kernels

Definition 9.3.1. For a kernel K on the set X, we define its projective invari-
ance group by

PAut(X,K) :={p € Sx: (30: X - C*)(0,¢).K = K},

where

((0,9)-K)(,) = 0(2)K (¢~ (), 0~ (4))0(y)
(

is the natural action of (C*)X x Sx on the space of kernels (cf. Definition 5.1.2).

By definition, we then have a surjective homomorphism
qg: Aut(X, K) - PAW(X,K), (f,9)+— .

Its kernel is the set of all functions 8: X — C* leaving K invariant in the sense
that

0(x)K(z,9)0(y) = K(x,y) forall z,ye€X. (9.8)
We now take a closer look at the kernel of g.

Definition 9.3.2. We call a kernel K: X x X — C of transitive type if
K(xz,z) #0 for x € X, and the equivalence relation on X generated by

{(z,y) € X x X: K(z,y) # 0}

coincides with X x X. This means that, for z,y € X, there exist zg, z1,...,Z, €
X with zg =z, z, = y and

K(mi,xi+1)7é0 for i:O,...,n—l.

Proposition 9.3.3. Suppose that the kernel K is of transitive type and positive
definite. Then the following assertions hold:

(a) kerq 2 T is the set of constant functions with values in T. In particular,
q: Aut(X, K) — PAut(X, K)
defines a central T-extension of PAut(X, K).
(b) m: PAut(X, K) — PU(Hkg), defined by

m(p) = [r(0,9)]  for (0,¢) € Aut(X,K), (w(0,9)f) =0 (p.f)
defines a projective unitary representation of PAut(X, K) on Hg.

Proof. (a) Suppose that f € kergq, i.e., that (9.8) holds. If the kernel K is of
transitive type, then K (z,x) > 0 implies |f(z)| = 1, and for K(z,y) # 0 we
obtain f(z) = f(y). Therefore the kernel relation of f is an equivalence relation
on X containing all pairs (z,y) with K(z,y) # 0, hence equals X x X, and this
means that f is constant.

(b) follows from (a) and the discussion in Definition 5.1.2. O
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Remark 9.3.4. For the diagonal kernel K (x,y) = d,, on a set X, the condition

0(z)K (z,y)0(y)

is satisfied for ever function #: X — T and the kernel K is invariant under the
whole group Sx. Therefore PAut(X, K) = Sy and

Aut(X, K) = TX x Sx.
In particular, the kernel of the quotient homomorphism
q: Aut(X, K) — PAut(X, K)

is not central because Sx acts non-trivially on kerq = TX. As the preceding
lemma shows, the kernel of ¢ is minimal if K is of transitive type.

Definition 9.3.5. Let 0: G x X — X be an action of G on X. The kernel
K on X is called projectively G-invariant if o, € PAut(X, K) holds for every
ge€aq.

Proposition 9.3.6. If K is a projectively invariant kernel of transitive type,
then the group

G:={(f,9) € (C)* xG: (f,9).K =K}
s a central extension of G by the circle group T, i.e., the projection

p:G—G, (f,9)—yg
s a surjective homomorphism with central kernel kerp = T.

Proof. The projective invariance of K implies that the action o defines a ho-
momorphism o: G — PAut(X, K). This implies that p(G) = G. The kernel of
p is the set of all functions f with (f,1).K = K, which is equivalent to f being
constant with values in T. Since G acts trivially on constant functions kerp is

central in the semidirect product group (C*)X x G and therefore also in G. [

Exercises for Chapter 9

Exercise 9.3.7. Let G be a topological group and N < G be a closed normal
subgroup, so that we can form the quotient group G/N with the quotient map
q: G — G/N. We endow G/N with the quotient topology, i.e., O C G/N is
open if and only if ¢71(O) C G is open. Show that G/N is a topological group
with respect to the quotient topology. Here are some steps to follow:

(a) Show that ¢ is open. Hint: Exercise 5.3.25.

(b) To see that G/N is Hausdorff, argue that for y ¢ zN there exists an open
1-neighborhood U in G with U~'Uy NaN = () and derive that 7(Uy) N
n(Ux) = 0.
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(c) Use Exercise 1.1.17 to complete the proof. To verify (iii), pick for any
open 1-neighborhood O in G/N an open 1-neighborhood U in G with
UU C ¢~ 1(O) and argue that 7(U) = 7(UN) is open.

Exercise 9.3.8. For a Hilbert space H, show that the closed operator ball
B:={AeB(H): ||A| <1}

is compact with respect to the weak operator topology. Hint: Consider the
topological embedding

n: B— C 0 (A)(v,w) = (Av,w)
and show that its image is compact by applying Tychonov’s Theorem.

Exercise 9.3.9. Let K: X x X — C be a positive definite kernel. Let X, :=
{r e X: K(xz,x) =0} and X; := X \ Xo. On X, we consider the equivalence
relation generated by

z~z  if  K(z,2') #0.
Show that:

(a) On each equivalence class [z], the kernel K := K|y, is of transitive
type.

(b) H*! := H a1 is a closed subspace of Hy and
HEPLHW = {0} for  [2] #[y],

so that

—

- [=]
M = @[z],m€X+H ’

(c) The equivalence relation on X and the subset X are invariant under the
group Aut(X, K).

Exercise 9.3.10. Let X be a compact space and z: (I, <) — X be a net, i.e.,
(I,<) is a directed set. Show that if all convergent subnets z o a: (J, <) — X
of x converge to the same point py € X, then z; — pg. Hint: If z; 4 pg, then
there exists an open neighborhood U of pg for which Iy := {i € I: 2, € U¢} is
cofinal. Use the compactness of U to see that x|, has a convergent subnet,
and verify that this is also a subnet of z.

Exercise 9.3.11. Let G be a perfect group, i.e., G = (G,G). Show that a
central extension ¢: G — G with kernel Z splits if and only if

Zn(G,G) = {1}

(cf. Remark 9.1.6).



Chapter 10

Negative Definite Kernels
and Affine Actions

10.1 Negative Definite Kernels

Definition 10.1.1. Let X be a set. A hermitian kernel Q: X x X — K is
called negative definite if for (x1,c1), ..., (zn,cy) in X x C with Z]‘ ¢; =0, we
have

Z citrQ(xj, x) < 0.

Jk=1

We write N (X) = NM(X,K) for the set of negative definite kernels on X. If
@ is negative definite, then the kernel —@Q is said to be conditionally positive
definite.

Remark 10.1.2. (a) If f: X — K is a function, then the kernel

Qrlx,y) == fx) + f(y)
is negative definite because Z?Zl ¢; = 0 implies that
> el + Fa)) = (Y eif @) Y+ (Y af@) Y e =o.
J,k=1 j=1 k=1 k=1 j=1

We even conclude that +Qf € N(X). Note that for ¢ € R, we have Qs4ic = Qy,
and that ¢ = 0 implies that f is constant with values in iR.
(b) If K is a positive definite kernel, then —K is negative definite, i.e.,

—P(X) S N(X).

(c) Clearly, positive definiteness implies conditional positive definiteness,
but if K: X x X — K is conditionally positive definite and K, vanishes for

223
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some zo € X, then K(zo,z) = 0 = K(z,x0) for any z € X because K is
hermitian. This implies that for zi1,...,z, and c1,...,¢c, € K, we may put
co:=—(c1+...4 ¢y) to derive

n n
0< Z cier K (zj,xp) = Z cicr K (xj, k),
J,k=0 k=1

so that K is positive definite.
(d) The preceding argument can be used to write a negative definite kernel
Q as Qf — K, where K is positive definite. Pick o € X and put f(z) :=

Q(z,70) — $Q(20, o). Then (a) implies that

K = Qf - Qa K(Jf, y) = Q(l‘,ﬂfo) + Q(J:O,y) - Q(Z‘O, .TQ) - Q(l‘,y)

is conditionally positive definite, but our construction also implies that K., = 0,
so that K is positive definite by (c).

If h: X — Cis another function for which @ — @}, vanishes in xg, then Qy_4
vanishes in zg, which implies that f — h is constant purely imaginary, so that

Qr = Q.
Lemma 10.1.3. For each map v: X — H of a set into a Hilbert space H,

Qy(@,y) = [ly(@) = yW)I* = v @)I* + v @)II* = 2Re(y(2), 7(»))

is a negative definite real-valued kernel on X wvanishing on the diagonal.

Proof. We write @Q = Q1 + @2, where

Qi(z,y) = (@) + [2@)II*  and  Qu(z,y) = —2Re(y(x),7(y))-

The first kernel is negative definite by Remark 10.1.2(a), and the second one is
negative definite because —Q)5 is positive definite, which follows from Proposi-
tion 3.2.1(e) and Remark 3.3.1(a). O

Definition 10.1.4. Let H be a real Hilbert space. A pair (X,~,H) consisting
of a set X and a map v: X — H is called an affine realization triple if v(X) is
not contained in a proper closed affine subspace of H. Then

Q(z.y) = [ly(z) =)
is called the corresponding negative definite kernel.

Before we turn to the uniqueness of the affine realizations of a negative
definite kernel, we explain the connection between negative and positive definite
real-valued kernels.

Lemma 10.1.5. If Q € N(X,R) vanishes on the diagonal and o € X, then
there exists a unique positive definite kernel K on X with K, =0 and

Qz,y) = K(z,z) + K(y,y) — 2K (z,y).
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It is given by

K(e,) = 5 (@, 20) + Qo) — Qe,1). (10.1)

Proof. That the kernel K defined by (10.1) is positive definite follows from
Remark 10.1.2(d). It satisfies K, = 0 because @ vanishes on the diagonal, and
we have

K(x,z) + K(y,y) — 2K (2, y)
= Q(z,20) + Qy, w0) — Q(x,70) — Qy, z0) + Qz,y) = Q. y).

That K is uniquely determined by these properties follows from Remark 10.1.2(d).
O

Theorem 10.1.6. (Realization Theorem for Negative Definite Kernels) Let
X be a non-empty set. For each negative definite real-valued kernel @Q on X
vanishing on the diagonal, there exists an affine realization triple (X,~, H). For
any other affine realization triple (X,~',H') for Q, there exists a unique affine
isometry ¢: H — H' with g oy =+".

Proof. Existence: Let xg € X and consider the real-valued kernel K from
Lemma 10.1.5 satisfying K,, =0,

Q(r,y) = K(z,7) + K(y,y) — 2K (z,y)
and

K(e,) = 5(QU,0) + @y, 20) — Q).

We consider the canonical realization triple (X, vk, Hx ) of the positive definite
kernel K with v (x) = K,. Then

v () = v WII? = v @) 1* + v W17 — 2Revx (2), 7 (9))
= K(z,z) + K(y,y) — 2K(z,y) = Q(z,y).

Since yx (X) contains 0 = yx () and spans a dense subspace of H, it is not
contained in any proper closed affine subspace of Hg. Therefore (X, v, Hx)
is an affine realization triple for @.

Uniqueness: Let (X, v, H) be an affine realization triple for Q. Pick 2o € X
and consider the triple (X, n,H), where n(x) := v(z) — v(z¢). Then n(xo) =
0 and there exists no proper closed affine subspace containing n(X), which
implies that 7(X) spans a dense subspace of H. Therefore (X, n, H) is an affine
realization triple for () and also a realization triple for the positive definite kernel

(n(y), n(z)) = %(II??(:L’)H2 +n@W)I* = lIn(z) = n)11?)
= %(Hn(w) = n(zo)* + In(y) = n(zo)|I* = In(z) = n(w)|*)

= L@ 70) + QM. x0) ~ Q) = K(r.3).
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Now we use Theorem 10.1.6 to find a surjective isometry
p:H—Hg with pon="yk.

Then o~y = vk + @(v(xo)) shows that the affine map 1 (v) := p(v) — p(y(z0))
satisfies ¥ oy = yk. 0

Combining Theorem 10.1.6 with Lemma 10.1.3, we obtain:

Corollary 10.1.7. (Schoenberg) A real-valued kernel Q on X vanishing on the
diagonal is negative definite if and only if there exists a map v: X — H to some
real Hilbert space H satisfying

Qz,y) = (@) —vWI* wyeX.
)

Corollary 10.1.8. A metric space (X,d) can be embedded isometry into a real
Hilbert space if and only if the kernel Q(z,y) = d(z,y)? on X is negative
definite.

Theorem 10.1.9. (Schoenberg) A kernel Q on X x X is negative definite if
and only if, for each t > 0, the kernel e '€ is positive definite.

Proof. Suppose first that @ is negative definite. In Remark 10.1.2(d), we have
seen that Q = Q¢ — K holds for a function f: X — C and a positive definite
kernel K on X. Then the positive definiteness of

ez, y) = e 11 (@Y) tK(zy) — —tf(®) o—tf(y) tK (z.y)

follows from the positive definiteness of e!X (Corollary 3.2.2) and Remark 3.3.1(b).
If, conversely, e *? is positive definite for any ¢ > 0, and E(z,y) := 1 =
Q1/2(x,y) is the constant kernel, then E is negative definite, and therefore

;(E —e7'Q)

is negative definite. This implies that the pointwise limit
1
Q= lim —(E - e”1Q)

is also negative definite. O

Exercises for Section 10.1

Exercise 10.1.10. Show that for each a € R the kernel Q,(z,v) := (a+x —y)?
on R satisfies the inequalities

n
Z cickQalzj, w1) <0
J,k=1

for 1,...,x, € R and ¢q,...,¢, € R with Zj ¢; = 0. Nevertheless, Q, is
negative definite only for a = 0.



Chapter 11

Hilbert—Schmidt and Trace
Class Operators

In this chapter, we collect some facts on Hilbert—Schmidt and trace class oper-
ators.

11.1 Hilbert—Schmidt Operators

For the following lemma, we note that for a finite rank operator on any vector
space V, its trace is well defined by identifying the finite rank operators with
V ® V* and the trace with the functional

tr: VeV *—-C, z®a— ax).

Lemma 11.1.1. Forxz,y € H, we write Py, for the operator given by Py ,,(v) =
(v,y)x and put P, := P, .. Then the following assertions hold:

(i) trPpy = (z,9).
(i) Py, =

(111) PLsz,w = <Z7y>Pz7w-

P,..
(iv) AP, yB* = Py py for A, B € B(H).
(V) Pa, = AP A*.

(vi) If A= Z?Zl i Py, w;, where the finite sequences vi, ..., v, W1, ..., W, are
orthonormal, then ||A|| = max{|\;|: j =1,...,n}.

Proof. The simple proof of (i)—(v) is left to the reader.

227
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(vi) From Aw; = A\jv; we obtain ||A|| > |A;| for all j =1,...,n. Conversely,
we obtain for L := max{|\;|: j =1,...,n} with

A*A = Z )\j)\ikpikvwkpvj,wj = Z Ajrkpzzjk,vkﬂ)j,qui

jk=1 j k=1
n n

= ANk (U, 0k) Pa = D I\ P,
g k=1 j=1

that [|Av|[* = (A*Av,v) < 370 N2 |(v,w;) P < L2370, [{v, wi)* < L2|v]?,

and hence ||A]| < L. Thus ||A|| = L. O

Lemma 11.1.2. Let H, K be Hilbert spaces, (ej)jecs an orthonormal basis in
H, and (fr)rex an orthonormal basis in K. For A € B(H,K), we then have

D lAeil® =D 1A% il

jeJ keK

Proof. 37 | Aejl|* = 32, 1 (Aej fi)? = X055 lei A" fu) P = 4 IIA*-fk:II;

Definition 11.1.3. Let H and K be Hilbert spaces and (e;);c.; an orthonormal
basis. An operator A € B(H,K) is called a Hilbert-Schmidt operator if

JAlle = (D ll4es]1?) " < oo.
JjeJ

In view of Lemma 11.1.2, the preceding expression does not depend on the choice
of the orthonormal basis in H. We write Bo(H, K) for the space of Hilbert—
Schmidt operators in B(H,K), B2(H) for the Hilbert—Schmidt operators in
B(H), and Bgn(H) = span{P, ,: z,y € H} for the space of continuous finite
rank operators on H.

Proposition 11.1.4. Let H and K be Hilbert spaces.
(i) For A € By(H,K), we have || A|| < || 4|2 = || A*]|2-
(i) If A,B € Ba(H,K) and (ej),jes is an orthonormal basis of H, then
(A,B) =) (B*Aej,e;)
J

converges and defines the structure of a complex Hilbert space on Ba(H, KC)
such that (A, A) = || Al|3.

(iii) (A, B) as in (ii) does not depend on the chosen basis.
If H=K, then

(iv) (A, B) = (B*, A*) for A, B € By(H).
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(v) If A€ B(H) and B,C € Ba(H), then AB € Ba(H) with
[AB|l2 < |A[l - | Bll2 and (AB,C) = (B, A"C).

(vi) Hilbert-Schmidt operators are compact, i.e., Bo(H) C K(H).

Proof. (i) The relation | A||2 = ||A*||2 is immediate from the proof of Lemma 11.1.2.
To prove that ||A|| < ||Al|2, let € > 0 and (e;);es be an orthonormal basis of H
such that ||Ae;,|| > ||A]| — € for an element jo € J. Then

1413 =D ll4e;1* = (Al - €)*.
jed
Since € > 0 was arbitrary, we obtain ||All2 > [|4].
(ii) One easily checks that the subspace

E = {(v)ses € K- Z Jusl? < oo}

is a Hilbert space with scalar product given by (v, w) 1=}, ;(v;, w;). Further
it is clear from the definition that ®: By(H,K) — E,A — (Ae;)jes is an
isometric embedding. That ® is surjective follows from the observation that
for v € B and x € H the prescription Az 1=}, ;(z,e;)v; defines a bounded
operator H — K with

1Az(* <> [, en)* Y losl® = llll ol
JjeJ J

(Cauchy—Schwarz inequality). Hence A € By(H, K) with ®(A) = v. This shows
that ® is an isometric bijection, and therefore that B2(H, K) is a Hilbert space
with scalar product given by (A4, B) =, ;(Ae;, Bej) = > . ;,(B* Aej, ej).

(iii) This follows from the fact that the scalar product on the Hilbert space
Bs(H, K) is uniquely determined by the norm via the polarization identity.

(iv) We know already that A — A* is an isometry of By(H). Hence both
sides in (iv) are hermitian forms on Bo(H) which define the same norm. Since
the scalar product is uniquely determined by the norm, the assertion follows.

(v) The first part follows from

IABI3 =Y |ABe;|> < Y (1Al Besl|* = [IAIP|IB]3-
jeJ jeJ
For the second part, we calculate

(AB,C) =) (C*ABej,e;) = Y ((A*C)*Bej,¢;) = (B, AC).
jeJ jeJ
(vi) If A € B(H,K) is a Hilbert-Schmidt operator and (e;),es is an or-
thonormal basis of H, then for each finite subset F' C J we consider the op-
erator Ap with Ap.e; = Ae; for j € F and Ap.e; = 0 otherwise. Then the
net (Ap)pcy converges to A in Bo(H, K) and hence, in particular, with respect
to the operator norm. Therefore A is a limit of finite rank operators, hence
compact. L]
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11.2 Trace Class Operators

Definition 11.2.1. We say that an operator A € B(H) is of trace class if
A € By(H) and

[A[ly = sup{[{(4, B)[: B € Ba(H), || B]| < 1}

is finite. We write By (H) C Ba(H) for the subspace of trace class operators. It
follows easily from the definition that || - ||; defines a norm on B; (H).

Proposition 11.2.2. The following assertions hold:

(i) If A€ B(H) and B € B1(H), then AB € B1(H) with ||[AB]|1 < ||A| - ||B]l1-
(i) [|All2 < [|Allx for A € Bi(H).

(iii) B1(H) is invariant under taking adjoints, and || A*||1 = | A]1.

(iv) B2(H)B2(H) € Bi(H).

(V) 1Peyll = [1Peylly = [lzll - lyll for =,y € H.

Proof. (i) This follows from |[(AB, X)| = [(B, A*X)| < ||B|l1||A| - | X|| for X €
By (H) with || X|| < 1.
(ii) From || X|| < || X||2 for X € B2(H) (Proposition 11.1.4(i)), it follows that

{X € By(H): | X]| <1} 2 {X € Bao(H): | X[z < 1}.

Hence the assertion follows from || A|l2 = sup{|(4, X)|: [| X2 < 1}.

(iii) From [(A*, X)| = [(X*, A)| = |[{A4, X*)| and the fact that X — X* is an
isometry of B(H) and B2(H), we see that A* € By (H) with [|A*||1 = ||A]:.

(iv) If A = BC with B,C € By(H), then we have for X € By(H) the

estimate
I(4, X)| = (BC, X)| = [(C, B*X)| < ||C|2[| B*X[|2 < [[C||2]| B|2[|X]|-

Hence A € Bi(H) with || A]|1 < ||B|2||C]|2-
(v) For A € By(H), we have

(A, Py ) = tr(APw*,y) =tr(AP, ;) = tr Pay . = (Ay, x),

hence || Py y|| < [|Prylls < [|z] - [lyll. Moreover, [Py, (y)]| = lly|*[|z]| shows that
| Peyll > llz|| - lyll. This proves the desired equality. O

Proposition 11.2.3. Let (e;)jes be an orthonormal basis and A € Bi(H).
Then the sum
trA:= Z(Aej, e;)
jeJ

converges absolutely and has the following properties:
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(i) |trA| < ||A|1, i.e., tr is a continuous linear functional on B1(H) and it is
independent of the chosen orthonormal basis.

(ii) (A, B) = tr(AB*) and tr(AB) = tr(BA) for A, B € By(H).

(iii) For A € B1(H), the function X — tr(XA) on B(H) is continuous and ex-
tends the linear functional X — (X, A*) on Ba(H). Moreover, tr(AX) =
tr(XA).

(iv) Each A € B1(H) can be written as A =Y ." | Py w,, where (v,)nen and
(wn)nen are orthogonal sequences. Then ||Alx = Yoo ol - [|wn|| and
trA =37 (v, wy).

(v) Bgn(H) is dense in B1(H).

(vi) B1(H) = K(H)' and B1(H)' = B(H), where the pairings are given by the
bilinear form (A, B) — tr(AB).

(vii) (B1(H),|-|l1) is a Banach space.

(vill) The ultraweak operator topology on B(H) coincides with the weak-+-topology
with respect to the identification B(H) = By(H)'.

(ix) If (ej)jes is an orthonormal basis, then [|All1 < 2, ;e ; [(Aei, €5)| holds for
all A € B(H).

Proof. Let Jy C J be a finite subset and \;,j € Jy, be complex numbers with
|A;| =1 and X\;(Ae;,e;) = |(Aej,e;)|. Then, in view Lemma 11.1.1(vi),

D Aej e = > A{Aej,e) = (A, NiPe,) < ALY APyl < [1A]1-
J€Jo J€Jo J€Jo J€Jo

This proves the estimate under (i) and the absolute convergence of the series.
To see that tr A does not depend on the chosen basis, let (fx)rex be another
basis and calculate

D (Afw fi) =D (Afireideg i) = > (i A%ej){es, fr)

k k,j k,j
= Z<eij*ej> = Z<Aejvej>~
J J

(ii) The first part is precisely Proposition 11.1.4(ii). The second follows from
Proposition 11.1.4(iv):

tr(AB) = (A, B*) = (B, A*) = tr(BA).

(iii) For A € B1(H) and B € B(H), we use Proposition 11.2.2(i) to see that
AB € B1(H) with |tr(XA)| < || XA|1 < | X]| - ||A|l:- This proves the first part
of (ii).
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To show that tr(AX) = tr(XA) holds for A € By(H) and X € B(H), we
note that, since both sides define complex bilinear forms, we may assume that
A is hermitian. Then the fact that A is compact (Proposition 11.1.4(vi)) shows
that there exists an orthogonal basis consisting of eigenvectors for A. Thus we
may assume that Ae; = Aje;. Then

tr(AX) = Z(AX.ej,ej> = Z X.ej, Aej) Z)\ (X.ej,€j)
J J
= Z(XAej,ej> =tr(XA).
J

(iv) Since A is compact, it can be writtenas A = > >° | X\, P, ., , as required
(cf. [WeT6, Satz 7.6]). Now Proposition 11.2.2 yields [|All; < >°0%; [lvn| - [[wn]|-
To obtain the converse estimate, we consider the operator X,, = Z;.Lzl ¢ Py; ;s

where ¢; = g if Py, w; # 0. Then || X| < 1 follows from Lemma 11.1.1(vi).

1
v |[-flwy |l
Moreover, we have

n n

1A > 44, Xn) =D (v, Xnawg) = Y esllvillPllws 1 =D llogll - llws ]l
j=1

j=1 j=1

Since n was arbitrary, we obtain || A||; > Z;’;l [lvj]l-Jw;|| and therefore equality.
It follows, in particular, that A = lim,, .o A with A, = Z;nzl P, w, because
A = Amll =325 0] - [[w;]l. Therefore

m (oo}

trA= lim trd,, = lim g vj, W) g vj, w;).
m— 00 1
i=

m— oo
j=1

(v) Since Bi(H) is invariant under taking adjoints, it suffices to show that
each symmetric element A in Bi(H) can be approximated by finite rank oper-
ators with respect to || - [[1. We write A = >°°° | A, P, , where (v,)nen is an
orthonormal system and conclude as in (iv) that 4,, — A.

(vi) The continuity of the pairing B;(H) x B(H) — C, (A, B) — tr(AB)
follows from |tr(AB)| < ||AB||1 < ||A|1]|B]|. First we show that this pairing
yields an isomorphism of By (H) with K(H)’. Solet f € K(H)". Then f|p, ) is
a linear functional with | f(X)| < || fI|-[IX|I < [|f]]- | X |l2 (Proposition 11.1.4(i)),
hence can be represented by an element Y € By(H). Then f(X) = (X,Y) =
tr(XY™*) holds for all X € By(H), and with |f(X)| < ||f|l - | X]|| we obtain
Y € By(H) with [|[Y|l1 = [|[Y*|l1 < ||f]|- The converse follows from the density
of Bgn(H) € Bo(H) in K (H).

Next we show that By (H)' = B(H). So we have to represent each continuous
linear functional f on B;(H) by a bounded linear operator on H. From Propo-
sition 11.2.2 we recall that || P, |1 = ||v|| - [Jw]|. Therefore, for each w € H, the
mapping v — f(P,.,) is continuous and linear, hence can be represented by a
vector a,, in the sense that f(P,.,) = (v, ay) holds for all v € H. Moreover, the
above calculation shows that [|a,|| < ||f|| - [Jw||. Since the assignment w — a,,
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is linear, we find a bounded operator A on ‘H with Aw = a,, for all w € ‘H and
A < [IfIl- Now f(Pyw) = (v, Aw) = (Py 4, A) holds for v,w € H. From that
we obtain f(X) = tr(XA*) for X € Bg,(H) and since, in view of (v), Ban(H)
is dense in B1(H), we obtain f(X) = tr(XA*) for all X € By(H). This proves
(vi).

(vii) Since Bi(H) = K(H)' follows from (vi), the completeness of B (H)
follows from the fact that dual spaces of normed spaces are Banach spaces.

(viii) Let (vn)nen and (wy)nen be sequences in ‘H satisfying > oo, [lvn]|? <
oo and Yo7, [lwy||? < co. Then ||Pvmw"H1 = ||vn |- ||wn]| (Proposition 11.2.2(v))
implies that the series A := Y~ | P, ., converges absolutely in By (H). There-
fore

i (X vp,wp) = Ztr Py, w,) =tr(XA).
n=1

This proves that each ultraweakly continuous linear functional on B(H) is also
weak-*-continuous.

If, conversely, f(X) = tr(AX) with A € By(H), then we want to show
that f is ultraweakly continuous. Writing A = By — B_ + ¢(C; — C_), where
By,B_,Cy and C_ are positive trace class operators, we may assume that A
is positive. Then A = Y7, P, , where (u,)nen is an orthogonal sequence
consisting of eigenvectors of eigenvalue ||u,||?, and, in view of (iv), ||A|; =
Sy Junll* < oo. We conclude that f(X) = tr(XA) = >°0°  (X.up, u,) with
S0 lunll® = ||All1 < co. Hence f is ultraweakly continuous. Now the asser-
tion follows from the fact that the weak-+-topology and the ultraweak topology
are the coarsest topology for which the same set of linear functionals is contin-
uous.

(ix) We may assume that the sum 3, |(Ae;, e;)| exists. In view of
[(Aei, ej)| < || Al, this implies that 37, . [(Ae;, e;)[* < o0, i.e., A € Ba(H).

Let B = ), ije 70ijPe, e, be a ﬁmte sum of the operators P,
B € By(H), |bi | < HB|| for all 4, j, and

| tr(AB)| < Y [bij tr(AP.,e;)| < Zlbu\ {Aes, )l < IBIY [(Aeise)].

1,J ]

Then

J€i"

This prove that whenever the sum }, ; [(Ae;, e;)| exists, then A € By (H) with
1ALl < 225 5 [{Aes e5)]. m
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