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Abstract

The theory of unitary representation of locally compact groups is closely related
to the representation theory of the corresponding group C*-algebras. This thesis
explores this relationship and the unitary representation theory of the Heisen-
berg groups will be worked out in detail. The representation theory of the
Heisenberg groups will then be used to give a more concrete description of
their corresponding group C*-algebras as C*-bundles. A driving motivation is
C*-rigidity for connected, simply connected nilpotent Lie groups and the rep-
resentation theory of the Heisenberg groups give concrete insight of what one
might expect in the still unsolved 2-step nilpotent case.
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1 Introduction

Representation theory is the the study of how groups can act as linear transfor-
mations on a vector space and how these actions decompose. This more concrete
description of a group allows algebraic problems to be reduced to problems of
linear algebra which are often more tractable. On the other hand, represen-
tation theory also illuminates other results in mathematics. One example is
Fourier series where Plancherel’s theorem in the language of representation the-
ory can be viewed as a type decomposition of the regular representation into
irreducible subrepresentations. The theory of unitary representations started
with G. Frobenius and I. Schur at the end of the 19th century with their work
on how group representations of finite groups on complex vector spaces can be
decomposed into irreducible representations. For non-finite topological groups
one works with unitary representations which are strongly continuous group
homomorphisms into the group of unitary operators on a Hilbert space. These
conditions work as a substitute for the finiteness condition for finite groups. In
the theory of unitary representations the main object of interest is that of the
unitary dual of a group. The unitary dual is the set of all irreducible representa-
tions of the group up to equivalence. The results of finite groups could then be
generalized for unitary representations on compact groups with the Peter-Weyl
theorem in 1927 showing how the regular representation is decomposed into
irreducible subrepresentations. For locally compact groups E. Wigner, moti-
vated by quantum mechanics calculated the unitary dual of the Poincaré group
in 1939. At the same time the theory of C*-algebras started to emerge with
(among other) the work of I. Gelfand and I. Segal and it was already suspected
back then that theory of C*-algebras were linked to the theory of unitary rep-
resentations. The C*-algebras are a particular class of Banach *-algebras such
that ||z*x| = ||z for any element in the algebra. This requirment and spec-
tral radius formula for Banach algebras leads to the remarkable fact the an-
alytic component of the C*-algebra, its norm is completely determined by its
algebraic structure. This property makes the C*-algebras a particularly nice
class to study and tools from both analysis and algebra can be used to study
them. One exmaple of how well-behaved a C* algebra is that any commutative
C*-algebra is isomorphic to space of continuous functions on its spectrum that
vanish at infinity. This is not true in general for the Banach *-algebra L!(G) for
some locally compact group G. In the 1960’s the relationship between unitary
representations of locally compact groups and C*-algebras recieved more inter-
est and it was shown that the representation theory of locally compact groups
coincided with a type of C*-algebras called the group C*-algebras. This is the
case since the unitary dual of a group and the dual object for the corresponding
C*-algebra can be equipped with natural topologies and the two spaces will be
isomorphic to each other. More information on the early history of the subject
can be found in J. Rosenberg [1]

In this thesis the correspondence between unitary representations of locally
compact groups and the group C*-algebras will be explored. In particular the



unitary representation theory of the Heisenberg groups will be worked out in
detail and a description for their group C*-algebras will be given. A motivation
for considering the Heisenberg group is to have concrete non-trivial examples in
mind when working on rigidity questions. For discrete groups the representa-
tion theory can be translated in terms of the complex group algebra C[G] which
is a finite analogue of the group C*-algebra. A famous conjecture regarding
group algebras is Kaplansky’s conjecture which asserts that for any torsion-free
group G the units of C[G] are of the form kf, for some k € C and g € G. This
conjecture implies the following rigidity result for torsion-free groups, if G and
H are torsion-free groups such that C[G] = C[H] then G = H are isomorphic.
For an arbitrary locally compact group G the same rigidity question can be
asked and there are several types of group algebras to consider. Firstly there
is the algebra L!(G) but there is also the maximal group C*-algebra C% (G)
which was described above. This algebra is a completion of L!(G) with respect
to special type of norm. There is also the reduced group C*-algebra of G de-
noted by C. (G) that is also a completion of L*(G) with the benefit that it is
often more concrete to work with. The two group C*-algebras are isomorphic
when G is amenable and in that case one simply writes C*(G). The L!-case
was solved by Wendel, [15] in the 1950s when he showed that if G and H are
locally compact groups and L'(G) = L'(H) as Banach algebras then G = H.
For the group C*-algebras things does not work as nicely and a similar rigidity
statement fails in the class of locally compact groups. One counter example are
the groups Z4 and Zs X Zs. For these groups the reduced and maximal group
C*-algebras are isomorphic and C*(Z4) =2 C* = C*(Zy X Z3) but clearly Z4 and
Zo X Zy are not ismorphic. Since the situation for the group C'*-algebras is more
nuanced one has many types of rigidity statements to explore. A strong notion
of rigidity is that of C*-superrigidity of a group G. A locally compact group G
is C*-superrigid if Creq(G) = Creqa(H) for some locally compact group H im-
plies that G = H. A classical result by Scheinberg, [14] shows that torsion-free
abelian groups are C*-superrigid. A more recent result is that of Eckhardt, C
and Raum, S showing that every torsion-free, finitely generated 2-step nilpotent
group is C*-superrigid. It is conjectured that finitely generated nilpotent groups
are C*-superrigid. It is also not known if there exists a torsion-free group lo-
cally compact group that is not C*-superrigid [17]. Guided by these results it is
natural to examine which locally compact group G satisfies the following weaker
rigidity result: If H is a connected, simply connected, nilpotent Lie group and
Cred(G) =2 Creq(H) then G =2 H. The collection of nilpotent connected, simply
connected, nilpotent Lie groups is a good collection to consider rigidity results
on. This is the case since if G is in this collection then G/Z(G) and Z(G) are
also in this class and induction on the nilpotence class lets us use arguments
that pass rigidity on G to rigidity on G/Z(G) and Z(G).

The overlying structure of the thesis is the following. In section 2 general re-
sults of locally compact groups are found and section 3 and 4 introduce the
basic theory of unitary representations and C*-algebras. In section 5 and 6 the
relationship between unitary representations and representations of the group



C*-algebra is given. In section 7 and 8 the nilpotent Lie groups are introduced
and the representation theory of the Heisenberg group is worked out in detail
as well as a description of its C*-algebra. In the last section rigidity is discussed
briefly building on the results for the heisenberg groups. A great reference for
many of these things is the lecture notes in abstract harmonic analysis by S.
Raum, [2].



2 Locally Compact Groups

We begin by introducing the topological groups and we will in particular be
interested in the locally compact groups. The locally compact groups are nice
to work with since they admit a measure, the Haar measure which allows one
to do analysis on the group.

Definition 2.0.1 (Topological groups). A topological group G is a group G such
that multiplication: m : G x G — G, m(z,y) = zy and inversion i : G — G,
i(x) = 27! are continuous.

Notation 2.0.2. The unit element will be denoted with 1.

Proposition 2.0.3. The inversion map i : G — G and the translations maps
Ty:G— G, ¢T:G— G defined for any fived g € G by

T
oI'(z) =gz
are homeomorphisms.

Proof. For inversion: i : G — G note that i is continuous by definition of a
topological group and is a bijection with continuous inverse since i o i = idg.
The map 4T is continuous since (T' = m o 1yyyx Where tgxa : G — {g} x G
is the injection « — (g,x). The map (7" is a bijection with continuous inverse
since ;11 o, T' = idg. O

Notation 2.0.4. Let E C G and g € G. The following notation will be used
throughout the text,

gE ={gz € G; z € E}
Eg={zg€G; z € E}
E~'={a7Y 2z € E}.

Since left translation, right translation and inversion are homeomorphisms it
follows that gF, Eg, and E~' are open, closed or compact whenever E is open,
closed or compact respectively. A set E C G is called symmetric if E = E~1.
If f is any function defined on G we define left- and right translates of f, Ly f
and Ry f for any fized g € G as the functions

(Lof)(x) = f(g~ )
(Ryf)(2) = f(zg)

If f is a continuous function on G then Lyf and Ryf are continuous since they
are a composition of f and either a left translation or a right translation, both
being continuous. The reason for choosing g~' instead of g in the definition of
a left translate is in order to obtain a left action on function spaces.



Proposition 2.0.5. For any open set V containing the identity 1 there exists
an open set U containing 1 such that U CV and U~ = U.

Proof. Assume that V C G is open and contains 1. Define U = V NV ~! then
U is open since V is open and inversion is a homeomorphism. Since 1 € V it
follows that U contains 1 and U = UL, O

Notation 2.0.6. The Borel g-algebra of a topological space, X will be denoted
by B(X)

Proposition 2.0.7. If f : X — Y is a homeomorphism then f(B(X)) = B(Y)

Proof. Pick an open set V C Y then f~1(V) is open and hence a Borel set in X.
Since V = f(f~1(V)) € f(B(X)) it follows that f(B(X)) contains the open sets.
Using the fact that f~! is continuous it follows that f(B(X)) is a o-algebra and
since it contains all the open sets it follows that B(X) C f(B(X)). Repeating
the same arguments with the function f~! it follows that B(X) C f~}(B(X))
and therefore f(B(X)) C B(X). O

Definition 2.0.8. An element x in a topological space has a compact neigh-
bourhood if there exists an open set V' containing x and a compact set K such
that V C K.

Definition 2.0.9 (Locally Compact Topological Space). A topological space X
18 locally compact if any x € X has a compact neighbourhood.

Definition 2.0.10 (Locally Compact Group). A topological group that is also
a locally compact Hausdorff space is called a locally compact group.

Proposition 2.0.11 (Examples of Locally Compact Groups). Ezamples of lo-
cally compact groups are the following

o Any group G equipped with the trivial or discrete topology.

o R™ (under addition).

o The unit circle T under multiplication viewed as a subspace of C.

o The general linear group GL,(R) consisting of real invertible n x n-matrices

viewed as a subspace of R™"*".

Proof. The first three examples are straightforward to show that they are lo-
cally compact Hausdorff groups and that group multiplication and inversion are
continuous operations. For the general linear group note that we can identify
the space of all real n x n-matrices, M(n x n,R) with R"*" by stacking the
columns of a given matrix on top of each other. After doing this identifica-
tion we can give GL,(R) the subspace topology induced by this identification.
Since R™*™ is locally compact and Hausdorff it follows that GL,(R) is locally
compact and Hausdorff. Using the identification above a function mapping into
M(n x n,R) is continuous if and only if each component is continuous and it
follows that matrix multiplication m : M (nxn,R)x M(nxn,R) — M(nxn,R)



is continuous since each entry in the matrix AB is a polynomial in the entries
of A and B which is continuous. The restriction of m to GL,(R) x GL,(R) is
therefore continuous. By Cramer’s rule the inverse of A € GL,(R) is given by

-1 _ 1 T
det A

Here C'T (the transpose of the cofactor matrix of A) is a polynomial in the
entries of A hence continuous and det A is by the same reason continuous which
shows that inversion is continuous. O

2.1 Uniform Continuity

We will sometimes need a more restrictive version of uniform continuity for
topological groups. The details are given below.

Definition 2.1.1. Let G be a topological group. We say that a function f :
G — Cis

o left uniformly continuous if for any € > 0 there exists an open set V' con-
taining the identity such that |f(x) — f(y)| < € whenever x € Uy

o right uniformly continuous if for any € > 0 there exists an open set V con-
taining the identity such that |f(x) — f(y)| < € whenever y € 2U

e uniformly continuous if it is left- and right uniformly continuous.

Theorem 2.1.2. If f is continuous compactly supported, complex valued func-
tion then f is uniformly continuous.

Proof. See Lemma 1.3.7 in [3] O

2.2 Nets

On well behaved topological spaces like metric spaces it is well known that a
function f : X — Y is continuous if and only if for any sequence (z;); in X
one has that if ; — = then f(z;) — f(z). The notion of nets for a topological
space generalizes the notion of a sequence and enables one to check continuity
of a function f : X — Y between arbitrary topological spaces by examining
convergence of nets just like one does with sequences in the metric space setting.

Definition 2.2.1 (Directed Sets and Nets). A directed set I is a set I equipped
with a reflexive and transitive relation < such that for any i,k € I there exists
7 €1 such that i < j and k < j. Let X be a topological space and I a directed
set. A net is a function xe : I — X. One often writes x; instead of x4(i). A
net xo : I — X converges to x € X, written xe — x if for any open set V
containing x there exists an ig € I such that x; € V whenever ig < i.

The following propeties of nets are useful and easy to verify

Proposition 2.2.2. Let X and Y be topological spaces then the following holds

10



o A function f : X =Y is continuous if and only if f(xe) = f(x) whenever
Te — x for any net in X.

o If X is Hausdorff then any convergent net in X has a unique limit.

o IfP= HjeJXj has the product topology then the net xq : I — P
converges to © € P if and only if m;(xe) — mj(z) for all j € J.

Definition 2.2.3 (The Topology of Pointwise Convergence). Let X be a set, Y
be a topological space and M be a collection of maps from X toY. The topology
of pointwise convergence on M is the topology of M inherited from the product

space [[ Y.

Remark 2.1. Let M be a set of maps from a topological space X into another
topological space. Using Proposition 2.2.2 it follows that a net (fs) in M con-
verges pointwise to f € M if and only if the net m,(fo) = fo(x) converges to
f(z) for each x € X.

Definition 2.2.4 (The General Linear Group). IfV is a topological vector space
we can define GL(V') as the set of all continuous vector space isomorphisms
L :V — V with continuous inverse. The set GL(V') is called the general
linear group of V and as a topological space it is given the topology of pointwise
convergence.

Proposition 2.2.5. The general linear group GL(V') is a group in the ordinary
algebraic sense.

Proof. The proposition follows straight from the definition. O

2.3 The Haar Measure

In this section we will introduce and show existence of a measure called a Haar
measure on any locally compact group that also interacts nicely with the group
operation. A Haar measure is in particular a Radon measure which means that
the measure interacts nicely with the topological properties of the group as well.

Definition 2.3.1 (Radon Measure). Let X be a Hausdorff space. A measure
p:B(X) — [0, 400] is

o locally finite if any x € X has an open neighbourhood of finite measure

o outer reqular on E C G if p(E) = infgcy p(V)

e inner reqular on E C G if p(E) = supycp p(K)

where the infimum is taken over open supersets and the supremum is taken
over compact subsets. A Radon measure p : B(X) — [0,400] is a locally finite
measure that is outer reqular on any Borel set and inner regular on any open
set.

11



Remark 2.2. Note that a locally finite measure is finite on any compact set.
Conversely if X is locally compact and p is a measure defined on B(X) that is
finite on compact sets then, by definition of local compactness it is also locally
finite.

Remark 2.3. Let X be a locally compact Hausdorff space and C.(X) be the
space of complex valued, continuous, compactly supported functions on X. For
any Radon measure p on X the mapping A, : Co(X) — C

Au(f):l[;fdu (1)

is a positive linear functional on C.(X), that is A,(f) > 0 whenever f > 0.
Conversely, the Riesz representation theorem for positive linear functionals, see
Theorem 2.14 in [4] shows that any positive linear functional A on C.(X) is of
the form (1) for some unique Radon measure. This correspondence gives us a
bijection between the set of Radon measures on X and positive linear functionals
on Ce(X). This relationship will be used througout the text.

Definition 2.3.2 (Haar measure). Let G be a locally compact group. A non-
zero Radon measure p : B(G) — [0, +0o0] is

e a left Haar measure if u(gE) = u(E) for any g € G and E € B(G)
o a right Haar measure if u(Eg) = w(E) for any g € G and E € B(G)

Any left Haar measure on G will be referred to as a Haar measure on G.

Remark 2.4. Note that by Proposition 2.0.7 the sets gE and Eg are Borel sets
whenever E is.

Theorem 2.3.3 (Existence of Haar measures). For any locally compact group
G there exists a left Haar measure and there exists a right Haar measure.

Sketch of Proof. The idea behind the proof is to construct a positive linear
function A on C.(G) such that

ALy f) = A(f)

for any f € C.(G) and g € G. By Riesz representation theorem there corre-
sponds to this functional a Radon measure p on G such that

Mﬁ=Aﬁm

for any f € C.(G). It remains to show (left) translation invariance of this
measure, that is if £ € B(G) and g € G then

wgE) = p(E). (2)

12



Assume first that £ = K is a compact subset of G and pick € > 0. By outer
regularity on K there exists an open set V' such that K C V and

u(K) < p(V) < p(K) +e.

By Urysohn’s Lemma, see Theorem 2.12 in [4] there exists a compactly sup-
ported function f € C.(G) such that

xx < f<xv.
It follows that

u(gK):LXngu:LXK(g’lx)du(r)

< /G o~ w)dp(x) = A(Lef)

=) = | s
< /GXVdu =pu(V)
< u(K)+e

Letting € — 0 we get

1(gK) < p(K).

A symmetrical argument shows that

W(K) < p(gk).

Hence (2) holds for any compact set. It then follows from inner regularity that
(2) holds for any open set V. From this it follows from outer regularity and
Proposition 2.0.7 that (1) holds for any Borel set. For the the proof of the
right Haar measure one can now take a left Haar measure, u and then consider
@ (E) = p(E~1) which is easily shown to be a right Haar measure. O

Proposition 2.3.4. If p is a Haar measure on the locally compact group G

then
| tamydute) = [ s

for any f € L'(u) and g € G.

Proof. If E is any Borel set of G then for any fixed g one has

/ xe(gw)du(z) = / Xo-12(@)du(z)
G G

=u(g™' B) = u(E)

= / XEdp.
G

13



By linearity it follows that the proposition holds for any measurable simple
function. Assume that f € L'(u) is a positive function. There exists a se-
quence of simple measurable functions (s,,) pointwise monotonously increasing
and converging everywhere to f by Theorem 1.17 in [4]. Then s, (gx) converges
monotonously to f(gx) for all € G and by the monotone convergence theorem
it follows that

| floz)duta) = im [ s (go)du(o)
G G

n— oo

n— oo

= lim snd,u:/ fdp.
G €]

The proposition then follows after decomposing any element of L!(u) into its
real positive, real negative, positive imaginary and negative imaginary parts. O

Proposition 2.3.5. If p is a Haar measure and V' is a non-empty open subset
of the locally compact group G then p(V') > 0.

Proof. Assume that p(V) = 0 and pick any compact set K. Then K can be
covered by sets of the form gV for g € V. Since any set of the form gV is open
the family (¢V')4ec is an open cover of and K. By compactness of K there
exists g1, ..., gn such that

n

p(K) < p(|J V) < Zu(giV) =nu(V) =0.

i=1

It follows that any compact set has measure 0 and by inner regularity it follows
that any open set has measure 0. By outer regularity it follows that any Borel
set has measure 0 which is a contradiction since p = 0 by definition is not a
Haar measure. Hence u(V') > 0. O

Theorem 2.3.6 (Uniqueness of Haar measures). If u and v are two Haar
measures on G then there exists a number ¢ € Rsq such that

W(E) = ev(E)
for any E € B(G).
Proof. See Theorem 2.20 in [5] O

Notation 2.3.7. Since any two Haar measures p and v are proportional to
each other it follows that the two spaces LP () and LP(v), p € [1,+00] contain
exactly the same elements. We will therefore for any Haar measure p on G
write LP(u) simply as LP(G). We will also denote integration with respect to a

Haar measure p by
[ fau= [ sas
G G

14



Example 2.3.8 (Examples of Haar measures).
e The counting measure is a Haar measure on any discrete group, in particular
1t ©s a Haar measure on Z.
e The n-dimensional Lebesgue measure, m,, is a Haar measure on R™.
o The measure u(E) = my(y~Y(E)) defines a Haar measure on the unit circle
where v : [0,1) — T given by v(t) = >,
o When viewing GL,(R) as a subset of R™*"™ the set function

1
M(E):/EWCWLM(X)

defined on the Borel sets of GL,(R) is a Haar measure.

Proposition 2.3.9. For any open set V. C G, of finite Haar-measure there
exists a sequence (f,) of real valued compactly supported functions such that
lim, 00 frn = xv almost everywhere and f, < fnr1 < xv-

Proof. Pick an open set V' such that u(V) < co. By inner regularity of the Haar
measure there exists for each integer n > 0 a compact set K,, C V such that

WV) - < ) < (V).

By Urysohn’s lemma see Theorem 2.12 in [4] there exists for each n > 0 a
compactly supported real valued function f,, such that

XK, < fn < Xxv.

After considering g, = maxj<;<, f; we can without loss of generality assume
that f, < fa41 for all n > 0. It is clear that lim, o f(z) = xv(z) except
possibly on the set

E=V-JKn
but
p(E) < WV — Ko) = (V) — () <

and it follows that p(F) = 0. O

2.4 The Modular Function

Let p be a Haar measure on G, fix a ¢ € G and consider the function defined
on B(G) given by

pg(E) = p(Eg™).

15



Since a Haar measure is assumed to be left invariant and not right invariant it
is not always the case that u, = . However using left invariance of 1 it is easy
to show that p, is a (left) Haar measure. By the uniqueness Theorem 2.3.6 it
follows that there exists a number A(g) > 0 such that

w(Eg—") = Alg)u(E).

From here we see that we get a function A : G — R+ that in a sense measures
to what extent our (left) Haar measure fails to be a right Haar measure. The
reason why the inverse was choosen in yy(F) = u(Eg~') was in order to make
notation consistent with the theorem below.

Theorem 2.4.1 (The Modular Function). For any locally compact group G
there exists a continuous group homomorphism A : G — Rsq such that

/G F(zg)du(z) = Alg) /G fdy

for any Haar measure p and any f € LY(G). Furthermore we have for any
Borel set E C G and any g € G the formula

w(Eg~') = A(g)u(E).

Proof. Let p be a Haar measure on G, select an element g € G and consider the
functional defined on C.(G) by

Ag(f) = /G R, fdp

It is easy to show that A, is a positive linear functional. This functional also
satisfies Ag(Lpf) = Ag(f) for any f € C.(G) and h € G since

Ay(Lnf) = /G Ry (Lo f)dy
= [ s tag)an

G
- / Lu(Ryf)dp

G

= /GRgfd,u

= Ag(f)

Note that Proposition 2.3.4 has been used. It follows by the proof of the exis-
tence Theorem 2.3.3 that there exists a Haar measure p1y on G such that

A1) = [ s

16



By the uniqueness Theorem 2.3.6 there exists a number A(g) > 0 such that p, =
A(g)u. Assume that v is another Haar measure on G and the corresponding
relation v, = A’(g)v is given for some A’(g) > 0. Pick a V such that 0 <
n(V) < oo then pg(V) = A(g)p(V) € (0,400). Since there exists a ¢ > 0 such
that v = cp it follows that v(V) = cu(V) and v4(V) = cpg(V) hence

Alg) _ mg(V)/uV) _ pg(V)r(V) _

Ag)  vy(V)/v(V) — vy(V)u(V)

Thus A(g) = A’(g) and it follows that the function A : G — R is independent
of the choice of Haar measure. We also have

[ 1woriute) = 8,0 = [ sdny = 00) [ s

for any f € C.(G). Using this we see that A is a group homomorphism since
for any f € C.(G) and g,h € G we have

A(gh) /G fp = Agn(f) = /G F(agh)dy
- / (Bnf)(zg)du(z)
G
— Ag) /G (Rnf)(@)dp(x)
— Ag) /G f(ah)dp(z)
— Alg)A(h) /G fdu.

We now prove continuity of A. Since A is a group homomorphism it is enough
to check continuity at the identity element 1 € G. Pick an € > 0 and choose an
f € C.(G) such that fG fdu = 1. Since G is locally compact there exists an open
set U containing 1 such that K = U is compact. Let supp(f) be the (compact)
support of f. The set Ksupp(f) is compact since it equals m (K, supp(f)) where
m is the multiplication function which is continuous. By uniform continuity
there exists an open set V' C K containing 1 such that

p(Ksupp(f))

whenever z 71y € V. It follows that if g lies in the open set V=1 (which contains
the identity) then

[f(z) = f(y)l <

€

Fg) = Fol < o)
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for any = € G. It follows that

—1\</|fxg 2)|du(z)

= [ 1) - f@)ldute)
Vsupp(f)

< M(Vsupp(f)))m <e

whenever g € V1. Note that the support of the function z + f(xg) — f(z)
indeed is a subset of Vsupp(f) when g € V=1 since

supp(Ryf — f) C supp(Ryf) Usupp(f)
C Vsupp(f) Usupp(f)
= Vsupp(f)

where the last equality is true since 1 € V. We now prove the relation
WEg™) = Alg)u(E)

Pick an open V' C G such that u(V) < 400. By Proposition 2.3.9 we can find a
sequence of compactly supported function f,, such that f,, < f,,41 for all n and
lim, .~ frn = xv almost everywhere with respect to p. By uniqueness of left
Haar measures we also have lim,,—, o fr = xv almost everywhere with respect
to pg. The monotone convergence theorem yields

o (V) = /G iy = Tim /G Fudpty
= lim fn(zg)du( )

- / v (zg)du(z)

/ Vg_ldlu’

=p(Vg™h).
Hence
p(Vg™h) = ng(V) = Alg)u(V),

for any open set V' C G of finite measure and g € G. From outer regularity it
follows that the statement holds for any compact K hence for any open set by
inner regularity and then for any Borel set by outer regularity. We next show

that the formula
/ f(zg)du(z / fu
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holds for any f € L'(G). We pick an integrable function f and consider the
function (R, f)(x) = f(xy) for a fixed y € G. Since (R, f) is the composition of
measurable functions it is measurable. If f = g a.e. then

p{zr € G: Ry f(z) # Ryg(z)}) = n({x € G f(wy) # g(zy)}
=u{z e G: f(x)#gx)}y™")
=A(y)p({r € G: f(x) #g(x)}) = 0.
)

It follows that R, f = R,qg almost everywhere for any f,g € L'(G). It is clear
that the formula holds for f = xg where E is a Borel set since u(Eg~—!) =
A(g)p(E) and by approximation by simple functions it follows that the formula
holds for any f € L(G). O

Definition 2.4.2. The function A : G — Rsq appearing in Theorem 2.4.1 is

called the modular function of G and a locally compact group is called unimodular
if A(g) =1 for all g € G.

Proposition 2.4.3. Let G be a locally compact group then for any f € L*(G)
we have

2)dr = | Az)f(zYdz
|t = [ a@se)
and for any f € C.(G) we have
/ flz™Hdx = / A(z) f(x)dz.
G G
Proof. Define A : C.(G) — C by

A(f) = /G Ax)f(a)de

Since x + 27! is continuous and f has compact support A is well defined. For

any g € G and f € C.(G) we have
A(Lyf) = /G A@) (Lo f) (& V)da
— [ @ e o
G
— Al /G A(zg) f((zg)V)dz

— AlgHA() /G A@) () V)da
— A(f).

It follows from the proof of construction of the Haar measure in Theorem 2.3.3
that A corresponds to a Haar measure and by the uniqueness theorem of Haar
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measures 2.3.6 it follows that there exists ¢ € Rx¢ such that A(f) = cI(f) for
all f € Ce(G) where I(f) = [ fdz. Pick an € > 0. By continuity of A there
exists an open set V' containing the identity such that |[A(z) — 1| < e whenever
x € V. Let U CV be a symmetric set containing the identity of G. Choose a
function f € C.(G) with support in U that is not zero on some open set. Define
g(z) = f(z)f(z~1). Then g is continuous with compact support contained in U
and g(x) = g(x~!) for all x € G. By considering g/I(|g|) we can assume that
I(|g]) = 1 and it follows that

Alg) — I(g)| < /G A()g(a) — g(a)|dx

- / IA() 1] |g(@)ldz
U
< eI(lg))

= €.

It follows that A(g) = I(g) hence ¢ = 1 and therefore

/G f(@)ds = /G A@)f(z)da (1)

for any f € C.(G). f V C G is open and of finite measure then by Proposition
2.3.9 there exists a sequence of monotonously increasing compactly supported
functions (f,,) that converges to xy almost everywhere. By the monotone con-
vergence theorem we then get

/GA(m)XV(xfl)dx: lim [ A(z)f,(z )da

n— oo a

= lim [ fu(z)dx

n— oo a

/ xvdz.
G

Hence (1) holds for f = xy where u(V) < co. Let E be a Borel set that is
contained in some compact set K. By outer regularity for each n > 0 there
exists an open set V' containing F such that

p(E) < u(V) < u(E) + -

By considering W,, = (i, V; we can assume that V41 C V,, and it follows

that lim,, 4 xv, = XE almost everywhere and by the dominated convergence
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theorem we get

/Xde: lim Xv, dx
G n—oo G

= lim [ A(z)xv,(z7")dz
a

n—oo

- [ Awpsta s,

The last equality holds because the continuous function A is bounded on K.
By linearity (1) then holds for any linear combination of characteristic functions
with compact supports. If f is a positive integrable function then it is an
increasing limit of simple functions of compact support and by the monotone
convergence theorem it follows that (1) holds for f. The general case clearly
follows from the positive case. The statement

Lf(x_l)dx:LA(x)f(x)dx

for any f € L'(G) follows from (1) by applying it to the integrable function
g(z) = fz™"). O
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3 Group Representations

In this section group representations will be defined. We begin with a general
definition for group representations on topological vector spaces and then re-
strict our attention to the special case of unitary representations. After this
is done we introduce the so called left- and right regular representation of a
locally compact group which appear in the contruction of the reduced group
C*-algebra.

3.1 Representations of Topological Vector Spaces

Definition 3.1.1 (Group Representation). Let G be a topological group and V
a topological (Hausdorff) vector space. A representation of G on'V is a (group)
homomorphism © : G — GL(V') such that the map (g,v) — w(g)v is continuous.

Proposition 3.1.2. If V is a Banach space then a group homomorphism m :
G — GL(V) is a representation if and only if © is continuous and the map
g — ||m(g9)|| defined on G is locally bounded.

Proof. Let m : G — GL(V) be a representation on the Banach space V. If
ge is a net in G that converges to g € G then by definition of the topology
of pointwise convergence it follows that m(ge) converges to 7(g) if and only if
7(ge)v converges to mw(g)v for all v € V which is true since 7 is a representation.
It follows that 7 is continuous. Pick an element gy € G. Since (g,v) — m(g)v
is continuous there exists an open sets U C G and W C V such that gy € U,
0 e W and

Im(g)vll <1

whenever g € U and v € W. Since there exists an 7 > 0 such that the open ball
of radius r centered at 0 is contained in W. It follows that

1 1
= — < —
(@l = suw ~[n(g)rol] < -

lvll<1

whenever g € U which means that 7 is locally bounded. Conversely assume
that 7 : G — GL(V) is a continuous homomorphism and is locally bounded.
Pick elements gg € G, vg € V and € > 0. Then by assumption gy has an open
neighbourhood U such that ||7(g)|| <1 for all g € U and

[m(g) — m(go)ll < m

whenever g € U. Let W be the ball of radius § centered at vo. If v € W and
g € U we have

[7(g)v = m(govo) || < [Im(g)llllv = wvoll + llw(g) = 7(go) [ [voll < €

which shows that the map (g,v) — 7(g)v is continuous. O
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3.2 Unitary Representations

Before defining the unitary representations we recall what Hilbert space adjoints
and unitary operators are.

Proposition 3.2.1. Let Hq, Hy be two Hilbert spaces and JB(Hq, Hs) be the
set of all bounded linear operators from Hy, Hs. For any A € $B(Hy, Hy) there
exists a unique element A* € B(Haz, Hy) such that

(Az,y) = (z, A%y)
for any x € Hy and y € Hy. Furthermore we have (A*)* = A and ||Al| = ||A*]].

Proof. Choose an A € #(H,, H>). Fix a y € Hy and define f, : H; — C by

fy(@) = (Az,y).

It is clear that f, is linear and since |fy(z)| < [|Al||z|/||y|| it follows that f, is
a bounded linear functional on H; of norm || f,| < ||A||||y||. It follows that for
each y € Hj, there exists a unique element A*y € Hy of norm ||A*y|| = || fyll
such that

(Az,y) = (z, A™y)

for all x € Hy. For any = € Hy, y1,y2 € Hy and o, 8 € C we have

(z, A" (a1 + By2)) = (Az, ays + By2)
=a(Az,y1) + B(Az, y2)
=z, A"y1) + Bz, A*ys)
= (z,aA%y; + BATY,).
This shows that A* is linear. Since ||A*y| < ||Al/|ly] it follows that ||A*| <

|A|l and we see that A* is bounded. The relation A** = A follows from the
calculation

(y, A z) = (A"y,x) = (z, A*y) = (Az,y) = (y, Az)

Lastly to show that ||A*|| = ||A|| we recall that we already know that ||A*|| < A.
Since A** = A we also have

Al = [IA*[] < 147,
which completes the proof O

Definition 3.2.2 (The Adjoint Operator). The operator A* € %B(Hs, Hy) ap-
pearing in Theorem 3.2.1 for A € B(H,, Hs) is called the adjoint of A.

Definition 3.2.3 (Unitary Operators and the Unitary Group). An operator
A € $B(Hy, Hy) is called unitary if A*A = idy, and AA* = idy,. The set of all
unitary elements in B(H) = B(H,H) will be denoted U(H) and is called the
unitary group of H.
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Remark 3.1. It is easy to show that A € B(Hy, Hs) is unitary if and only if
A is a surjective isometry.

Proposition 3.2.4. The unitary group U(H) with the topology of pointwise
convergence is a topological group.

Proof. To prove continuity of multiplication we need to show that if Fy : [ —
U(H) x U(H) is a net that converges to (A, B) € U(H) x U(H) then m(F,)
converges to AB. The net F, induces two nets A, : [ — U(H) and Be : I —
U(H) such that A, converges to A and B, converges to B. In order to avoid
confusion of what A, B, means we drop the dot notation in the next part which
means that we need to show that A;B; converges to AB. By definition of the
topology of pointwise convergence A;B; converges to AB if and only if A;B;x
converges to ABx for any « € H. Pick an z € H then since B; — B we have
that ||(B; — B)z|| — 0 and since A; — A we have that

(A — A)B| 0.
Since unitary operators are isometric and hence have norm 1 it follows that
|A;Bix — ABz|| < [|Ai(B; — B)x| + ||(A; — A)Bz||
< [|(Bi = B)x|| + [|(Ai — A)Bz| — 0.
Which shows that multiplication is continuous. To show that inversion is contin-
uous, assume that A, — A and pick z € H. Set y = A~ x then ||[(A—A4,)y| — 0
and it follows that
AT e — A7 || = [[(ATH — A7H Ay
= [(ATTA = Dy
= [Ae(ATT A= Dy]|
=[[(A—Ad)yl — 0.
O

Definition 3.2.5. Let G be a topological group and H be a Hilbert space. A
unitary representation of G on H is a homomorphism of topological groups
m: G — U(H) and is denoted by (m, H).

Remark 3.2. By Propostion 3.1.2 a unitary representation is a representation
in the sense of Definition 3.1.1.

If U : Hi — Hs is unitary then for any =,y € H; we have
(Az, Ay) = (x, A" Ay) = (z,y)

and it follows that U preserves the inner product of H;. Since the inverse of a
unitary map also is unitary it follows that the unitary maps can be seen as the
Hilbert space isomorphisms. The notion of equivalence of unitary representa-
tions (71, Hy), (w2, H2) should therefore be a unitary map U : H; — Hy that
interacts nicely with 71 and 7o as is formally defined now!
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Definition 3.2.6 (Equivalence of Unitary Representations). Let G be a topo-
logical group and (w1, Hy1) and (w2, Ha) be two unitary representations of G.
The two representations are unitarily equivalent if there exists a unitary map
U : Hy — Hs such that Un1(g) = m2(g)U for any g € G.

If (7w, H) is a unitary representation and K is a closed subspace H such that
7(g)K C K for all g € G. Then K C 7(g~1!)K for all g € G hence n(9)K = K
for all g € G. The restrictions m(g)|x therefore map onto K and are isometries
hence 7(g)|x € U(K). It follows that we get a representation g — 7(g)|x called
a subrepresentation of (7, H).

Definition 3.2.7 (Subrepresentations). Let (7, H) be unitary representation of
a topological group G. If there exists a closed subspace K of H such n(g)K C K
for all g € G then K 1is called w-stable or m-invariant. The correpsonding
unitary representation denoted (7|x,K) of G defined by 7|k (g9) = w(9)|x is
called a subrepresentation of G.

Definition 3.2.8 (Containment of Representations). If (7, Hy) and (wq, Ha) are
unitary representations of G we say that w is contained in mo if ™1 is unitarily
equivalent to a subpresentation of mo. We denote this relation by m < mo.

Remark 3.3. For any unitary representation (v, H) of G the two subrepresen-
tations corresponding to the trivial subspaces {0} and H of H are called the
trivial subrepresentations of (w, H).

After having defined the notion of a subrepresentation it is easy to define the
notion of an irreducible representation

Definition 3.2.9. A representation (w,H) of G is called irreducible if its only
subrepresentations are trivial.

Remark 3.4. As one expects, unitary equivalence preserves irreducibility. This
is the case since if (w1, H1) and (72, Ha) are unitarily equivalent by U : Hy — Hs
and K1 C Hy is a m-invariant subspace. Then UK7 is a closed subspace of Ho
and is To-invariant since

72(9) UK, = Umy (9)U UK, CUKj.

This gives us a bijective correspondence between the mi-invariant subspaces of
H, and the mo-invariant subspaces of Ho. This shows in particular that if my is
irreducible then mo is irreducible.

Just as one in linear algebra can take the direct sum of two vector spaces to get
a new vector space one can in the theory of unitary representations get a new
representation called the direct sum representation from two given representa-
tions. The direct sum representation acts on the direct sum of the underlying
vector spaces and before we define it we give a general construction of the direct
sum of Hilbert spaces.
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Definition 3.2.10 (Direct Sum of Hilbert Spaces). Let (H;, (-,-);) be a family
of Hilbert spaces indexed by I. The Hilbert space direct sum @, ., H; of the
family (H;) is the set of all x € [[,.; Hi such that

iel
iel
Z(m(z),x(z)% < 0
iel
with componentwise addition and scalar multplication. The inner product of
D Hi is given by

(w,y) = (i), y(i)):
il
Remark 3.5. The Cauchy-Schwartz inequality shows that the inner product is
well defined and the rest of the defining properties of a Hilbert space are easily
verified.

Definition 3.2.11 (Direct Sum of Unitary Representations). If (m;, H;); is a
family of unitary representations of G indexed by I then the direct sum repre-
sentation @,;c; m; is the unitary representation of G that acts on @,.; H; by
the relation

i€l

(r(9)x)(i) = mi(g)2(i)
forallz € @;c; Hi, g€ G andic 1.

Proposition 3.2.12. The direct sum @,;c;
(mi, H)ier of G is a unitary representation.

m; of the unitary representations

Proof. For any x € @, _; H; and g € G we have

(Biermi)(9)z, (Biermi)(g9)x) = Z@Tz‘(g)ﬂ?(i)’ mi(g)x(i))
= Z<I(l),$(l)> = <$,l‘>

which shows that (©;ecr7;)(g)z is an element in @, ; H; and that (©serm;)(g) is
an isometry. The operator (®;ecrm;)(g) is also surjective for any g € G since for
any y € @,c; H; we can define the element x € @,.; H; by z(i) = mi(9)*y(7)
and then it follows that (®;c7;)(g)x = y. This shows that (®;c;m;)(g) is a uni-
tary operator on €, ; H;. It remains to show that the map g +— (©ierm;)(g) €
U(D,c; Hi) is a continuous group homomorphism. The homomorphism prop-
erty is clear. For continuity of we need to show that (B;ec;m;)(ge)r — (Bicrm)(g)z
for any g € G, © € ®;c;H; and any convergent net go — ¢. By definition of
the inner product it follows that (®;erm;)(ge)r — (Dicsmi)(g)x if and only if
(®icrmi)(ge)x) (i) — ((Bicrmi)(g9)x)(i) for all i € I. But

(Diermi)(ge)2) (i) = mi(ge)2(i) — mi(g)x

since (m;, H;) is a unitary representation of G which proves continuity. O
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Example 3.2.13. If (m, H) is a unitary representation of G that has a -
inwvariant subspace K C H then it follows that the orthogonal complement of K,
K+ is also m-invariant since

(z,m(9)y) = (7(9)z,y) =0

forany g€ G, x € K and y € K+. It follows that 7 is equivalent to the direct
sum representation ;| @ w;| 1. This shows that reducible unitary representa-
tions are decomposable.

Lastly we give the definition of a character in the context of abelian groups.
The characters of an abelian group will be shown to have a close relationship
to the irreducible representations of the group.

Definition 3.2.14 (Characters). If G is an abelian topological group we call
any continuous group homomorphism x : G — S' a character of G.

3.3 The Regular Representations

We will now define the left and right regular representation of a locally compact
group G. Essentially the left representation of G acts on a given function space
on (G with left translation while the right regular representation acts by right
translation. The most important case for us is the case when the space of
functions is the Hilbert space L?(G) and in this case the left and right regular
representation of G are unitarily equivalent.

Proposition 3.3.1. Fiz an element g in our locally compact group G and
consider the maps L, and Ry defined on C.(G) by (Lyf)(x) = f(g~'z) and
(Rgf)(x) = f(g9x). The maps Ly and R, extend uniquely to maps on LP(G),
p € [1,+00) such that

1Lgfllp = Il fllp
1Rg [l = Ag) 115l

for any g € G, f € LP(G) and p € [1,+00). For any f € LP(G) the maps
g+— Lgf and g — Ry f are continuous. Furthermore the maps

g Ly € GL(LP(G))
g Ry € GLLP(G))

are representations for any p € [1,+00).

Proof. For any g € G, f € C.(G) and p € [1,00) we have
1Ly 2 = /G g ) Pde = /G (@) Pz = | I
IR fI12 = / |f(zg)Pdz = A(g) / (@) Pdz = A £
G G
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and since C;(G) is dense in L”(G) we can uniquely extend L, and R, to LP(G)
with their norms preserved. We begin by showing that for fixed f € C.(G) the
map g — Lg4f is continuous at 1. Pick an open V' C G containing the identity
such that K = U is compact. By uniform continuity of f we can find an open
symmetric subset U C K such that

€

p(Ksupp(f))

whenever g € U and « € G. Since the support of x — f(gx) — f(z) is contained
in Usupp(f) it follows that when g € U then

_ € __(Usupp(f))
1Eof = 1 ”p</Usupp<f> W(Esupp (D) ™ = Cpu(Esupp(f) = ©

[f(gz) = f(2)]" <

It follows that g — L, f is continuous at 1. Assume now that f € LP(G). Since
C(G) is dense in LP(G) we can find an fr € C.(G) such that [|f — fx| < 5.
By continuity of g — L, fx at 1 there is an open set V' containing 1 such that
|Lgfrx — fr|l < § whenever g € V. If g € V then we have

ILgf = Fllo < WLof = Lofrlly + Lo fxc = frcllp + 1/ = fllp <€

Which shows that g — L4 f is continuous at 1. Now pick an arbitrary point
y € G and f € LP(G). Since g — Lyf is continuous at 1 there exists an open
set V of 1 such that | Lyf — f|| < e whenever g € V. If y € 2V then

ILyf = Lafllp = [|La(Lo-1yf — )| = [ Lo-1yf = F)l <€

which shows that g — L, f is continuous. The proof that g — R, f is similar.
It is trivial to show that g — L, and g — R4 are group homomorphisms.

Note that the map g — L, is continuous if and only if for any net x, converging
to x € X we have L,, — L, but by properties of the topology of pointwise
convergence this happens if and only if L,, f — L, f for any f € LPG) which is
true since we proved that the map g — L f is continuous for any f € LP(G).
The same argument shows that g — R, is continuous. Since ||Ly|| = 1 and
| Ry = A(g)/? it is clear that the two functions g + || L,|| and g — ||R,|| are
locally bounded and by Proposition 3.1.2 it follows that g — L, and g — R,
are representations. O

Definition 3.3.2. Let G be a locally compact group. The unitary represen-
tations X : G — U(L*(G)) and p : G — U(L*(G)) given by N(g) = Ly and
p(9) = A(g)~Y?R, are called the left regqular repsententation and right regular
representation of G respectively.

Remark 3.6. Routine inner product calculations using Theorem 2.4.1 yield
Mg)* = Mg)™! and p(g)* = p(g)~! which shows that \ and p indeed map into
U(L*(G)) as claimed in the definition above.
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Proposition 3.3.3. The left- and right regular representation of G are unitarily
equivalent.

Proof. Define W : C.(G) — C.(G) by W(f)(z) = f(z~1)A(x)*/2. For any
f € C.(G) we have that the function g(x) = f(z~")A(z)"/? satisfies W (g) = f
and it follows that W is surjective. We also have

W2 = /G Fa ) PA@)d

- / (@) 2d
G
— /13

hence W is an isometry. The extension W : L?(G) — L?(G) of W : C.(G) —
C.(G) is then also an isometry, where we slightly abuse notation. Since the
image of W is dense in L?(G) and the image of W is complete and therefore
closed it follows that W : L2(G) — L?(G) is surjective and therefore a unitary
operator. If f € C.(G) then

W) )() = (Ag) ) )A )2

g A2
29)!/2A(g)"1/?
—1/2

hence WA(g)f = p(g)W f for any f € C.(G). If (f,,) is a sequence of compactly
supported functions converging to f in L?(G) then |[WA(g)f — WA(g) fall2 — 0
and [|p(g)W f — p(g)W fullz — 0 hence [[WA(g)f — p(g)W fl2 = 0 and the
proposition follows. O
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4 C*-Algebras

4.1 Basic Definitions and Properties

In this section we will give basic definitions of algebras and C*-algebras in
particular. A C*-algebra A is a special type of a Banach algebra equipped with
an involution * : A — A such that the *-identity,

"zl = [l

holds for any x € A. This rather innocent looking requirement has tremendous
consequences for its underlying structure. The reason for this is that the above
requirement implies by the spectral radius formula that ||z||? = p(2*z) where
p(x) is the supremum of all |A| over the set of all complex A such that e — x
is not invertible. Being invertible or not is an algebraic property and it follows
that the analytical component of A, its norm is completely determined by its
algebraic structure. This will, as we will see lead to many cases where algebraic
properties of A will imply analytical consequences of A. Another example of how
well-behaved a C*-algebra is is that any commutative C*-algebra is isomorphic
to the the algebra of continuous functions on its structure space that vanish at
infinity which will be discussed in section 6.

Definition 4.1.1 (Complex Algebra). A complex algebra A is a complex vector
space equipped with a multiplication operation A x A — A satisfying

z(y+z) =zy+az
(x+y)z=z2+yz
a(ey) = (ax)y = z(ay)

for any x,y,z € A and o € C then A is a complex algebra. The algebra A is
associative if

z(yz) = (vy)z
whenever x,y, z are elements of A. If there exists an element e € A such that
er=re==x

then A is said to be unital and e is called the identity element. If there for
a given x € A exists an element x ™ such that xx~' = 7'z = e then x is
invertible and x=! is an inverse of z. If for any x,y € A we have

Ty = yx
Then A is commutative.

Definition 4.1.2 (Banach Algebra). If A is an associative algebra and a Ba-
nach space such that

eyl < ll=[lllyll

30



for any x,y € A then A is a Banach algebra. Furthermore, if A is unital it is
also required that

llefl =1

Definition 4.1.3 (Involution, *-Algebras and C*-Algebras). Let A be a complex
algebra. A mapping A — A, x +— x* is an involution if

(z+y) =z +y"

*

)
(ax)* =ax
) =yt
=z

for any z,y € A and o € C. A complex associative algebra equipped with an
imwvolution * is called a *-algebra. If A is a Banach algebra equipped with an
involution such that

lz*z]| = [l
then A is called a C*-algebra.
Remark 4.1. If A is a C*-algebra then
lzl* = [lz*z]| < [l=*||[l2]

and it follows that ||z|| < ||z*||. After replacing x with x* in the previous
argument the relation

[l = fl=]l (1)
for any x € A follows. This relation then implies
o™ = [l ][l (2)

whenever x € A. Conversely if A is a Banach algebra with an involution satis-
fying (1) and (2) then A is a C*-algebra since

lzz* [ = [l [l = [|l=]*.

The existence of an identity element e of a C*-algebra A is not included in
the definition. However the proposition below there always exists a unital C*-
algebra A that contains A as a subalgebra and the norm on A is an extension of
the norm of A. This enables us in many cases to restrict our attention to unital
subalgebras.

Proposition 4.1.4. For any C*-algebra A there exists a unital C*-algebra A
such that A is a subalgebra of A and ||z||a = ||z|| 5 for any x € A.

Proof. See Proposition 1.3.8 in [6] O
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The prototypical examples of a C*-algebra are given by following theorem.

Proposition 4.1.5. The space Z(H) of bounded linear operators on a hilbert
space H is a C*-algebra with involution given by the adjoint. Furthermore, any
closed subalgebra of B(H) that is closed under taking adjoints is a C*-algebra.

Proof. Tt is well known that Z(H) is a Banach algebra with multiplication given
by composition. It is easy to show that the adjoint operator * on Z(H) satisfies
the properties of an involution. In order to prove that Z(H) is a C*-algebra it
therefore remains to prove the equality

177" = |IT*
for any T' € #(H). Since %(H) is a Banach algebra we have
17T || < |77 = 17>
To prove the other direction Cauchy-Schwartz yields

ITI* = sup ||Tz||* = sup (T, Tx)

lel=1 lell=1
= sup (T"Tx,z) < sup ||T*T|[|=]* = ||TT|
lel=1 lzl|=1

which shows that (H) is a C*-algebra. Let A be a closed subalgebra of Z(H)
that is closed under taking adjoints. Since A is closed it it complete and therefore
a Banach algebra since #(H) is a Banach Algebra. By assumption A is closed
under taking adjoints and the adjoint therefore defines an involution on A and

since the C*-equality is satisfied in #(H) it is in particular also satisfied in
A. O

Definition 4.1.6 (Algebra Homomorphisms and *-Homomorphisms). Let A
and B be two complex algebras. A linear map ¢ : A — B is an algebra homo-
morphism if

P(zy) = d(x)d(y)
for any z,y € A then ¢ is called an algebra homomorphism. If A and B

* *

are *-algebras and ¢ : A — B is an algebra homomorphism then ¢ is a *-
homomorphism if

foranyx € A. If¢p : A — B is*-homomorphism with an inverse map : B — A
that is also a * -homomorphism then ¢ : A — B is called a *-isomorphism.

For any algebra homomorphism ¢ : A — B the kernel ker ¢ is the set of all
x € A such that ¢(x) = 0. The kernel is clearly a subspace of A and it also
satisfies the absorption properties yx € ker A and yx € ker A for any = € I and
y € A. Subsets with these properties have been given the name two sided ideals.
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Definition 4.1.7 (Ideals). A subset I of a complex algebra A is called a left
ideal if I is a subspace and if yr € I whenever x € I and y € A. Similarly a
subspace I is called a right ideal if xy € I whenever x € I andy € A. If I is
both a left ideal and a right ideal then I is called a two-sided ideal. A (left or
right) ideal of a *-algebra A is called *-closed if x* € I for any x € I.

Remark 4.2 (Quotient Algebras). Let I be a closed two-sided ideal of a Banach
algebra A and let A/T be the coset space. It is straightforward to show that the
operations

(+D+y+DH=x+y+1
alz+I)=ax+1
(x+Dy+1)=ay+1

are well-defined and turns A/I into an associative algebra. Since A is a Banach-
algebra we can also introduce a norm on A/I that turns it into a Banach-
algebral, see section 11.4 in [7]. The canonical projection m: A — A/I will then
be an algebra homomorphism such that ||7(z)|| < ||z|| for allz € A. If A is in
particular a C*-algebra and I is a closed two-sided ideal that is *-closed then we
know that A/I is a Banach Algebra. It is also easy to show that the operation

(x+D)"=z"4+1

is a well-defined involution on A/I and w(a*) = w(x)*. The norm identity for
C*-algebras does also hold on A/I, see Proposition 1.8.2 in [6] which means
that A/I is a C*-algebra. We summarize this below

Proposition 4.1.8. If A is a C*-algebra and I is closed, *-closed ideal of A
then A/I is a C*-algebra and w: A — A/I is a *-homomorphism.

The C*-algebras have a particularly nice structure to them. The following
propositions are examples of this.

Proposition 4.1.9. Let A be a Banach algebra equipped with an involution
such that ||z|| = ||x*|| for all x € A and B be a C*-algebra. If ¢ : A — B is a
*-homomorphism then A is contractive, that is ||p|| < 1.

Proof. See 1.3.7 in [6] O

Proposition 4.1.10. Let A be a C*-algebra with norm ||-||. If ||-||" is any other
norm that makes A a C*-algebra (with respect to the same algebraic operations)
then || - | = I - I

Proof. We can without loss of generality assume that A has an identity e. Let
I || be a norm on A that makes it into a C*-algebra. For any element x € A one
has the relation ||(z*z)2| = |||(2*7)||>. This relation combined with induction
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on ||1/2n

then shows that for any positive integer n the relation ||(z*xz) = |lz*x]|.

The spectral radius formula see Theorem 10.13 in [7] then shows that

12" — sup{\ € C | (e — z*z) ! exists}.

2 * T _ * _\2™
lell? = la*a] = lim = (a*2)

Define p(z) = sup{\ € C | (Ae — z)~! exists} then we have proved that ||z||? =
p(xz*z) for any x € A. But the number p(z) is independent of the choice of
norm on A and any other norm || - || that makes A a C*-algebra with respect
to the same operations must also satisfy ||x||”> = p(z*x) for any x € A hence
=111 0

Proposition 4.1.11. If ¢ : A — B is an injective *-homomorphism between
C*-algebras then ¢ is an isometry

Proof. Since *-homomorphisms are contractive we have that ||¢|| < 1. On the
other hand Proposition 1.8.3 in [6] shows that ||¢(x)|| > ||z|| for all x € A when
¢ is injective. It follows that ||¢(z)|| = ||z| for all x € A. O

Proposition 4.1.12. If¢ : A — B is a *-homomorphism then ¢(A) is a closed
C*-algebra with respect to the norm and the operations of B.

Proof. Assume first that the *~-homomorphism ¢ : A — B is also injective. Since
¢ is a *-homomorphism it is clear that ¢(A) is closed under the operations of B.
Since B is a C*-algebra the C*-identity also holds in ¢(A). To show that ¢(A)
is complete we choose a Cauchy-sequence (y,,) in ¢(B). There exists for each n
an element x,, € A such that ||¢(z,) = yn||. The assumptions on ¢ implies that
¢ is an isometry from which we see that (x,), is a Cauchy sequence in A. By
completeness of A there exists an element x such that lim,_,. z, = z. Since
yn 1s a Cauchy sequence in B there exists a y € B such that lim, ., yn = y.
It follows that ¢(x) = y which shows that ¢(A) is complete and hence a C*-
algebra. The C*-algebra ¢(A) is closed in B since ¢ : A — B is an isometry.

We are now in a position to tackle the general case. Let I = ker ¢ then [ is a
closed ,*-closed two-sided ideal of A. It follows that A/I is a C*-algebra. Let
7w : A — A/I be the canonical projection map. Define for any = + I € A/I the
map ¢(z+1) = ¢(z). If x+1 = y+1 then ¢(z—y) = 0 hence ¢(x) = ¢(y) which
shows that ¢Z is well-defined. It is easy to show that qB is a *-homomorphism. If
oz +1)=¢(y+1) then ¢p(a — b+ 1) = 0 hence ¢(a —b) = 0 which means that
a+ I = b+ I. This shows that ¢ is injective. Since ¢ = ¢ o 7 it follows that
#(A) = ¢(A/I). This shows that ¢(A) is a C*-algebra since ¢ is injective and
A/I is a C*-algebra. O

We know that any closed, *-closed subalgebra of bounded operators on a Hilbert
space is a C*-algebra. One remarakable fact of C*-algebras is that any C*-
algebra is isomorphorphic to a C*-algebra of operators on a Hilbert space.

Theorem 4.1.13. If A is a C*-algebra then there exists isometric *-isomorphism
of A onto a closed subset of B(H) for some Hilbert space H.
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Proof. See 12.41 in [7] O

One goal of the thesis is to define the maximal and reduced group C*-
algebras. These are defined as closures of L*(G) with respect to different C*-
norms. Up to this point only the Banach space structure of L'(G) has been
used which means that we first need to define multiplication and a *-structure
on L'(G). We also note that the same operations turns C,(G) into an associative
*-algebra.

Proposition 4.1.14. For f, g € C.(G) the maps defined by f*(x) = A(z) f(x~1)

and
(r+9)a) = [ 1w

turn C.(G) into an associative *-algebra. The operation (f,g) — f * g is called
convolution.

Proposition 4.1.15. The involution map * : C.(G) — G and the convolution
map * : Co(G) x Ce(G) — C.(G) extend uniquely to L' (G) and make L*(G) a
Banach *-algebra such that || f*||[1 = || f|1-

1

Proof. Since (z,y) — y~ 'z and (x,y) — y are continuous and products of
1

measurable functions are measurable it follows that (z,y) — f(y)g(y ') is
measurable when f and g are measurable. If f, g are integrable functions we

also have
/G /G F @)y )| ddy = /G £ W)l /G lg(y™ ) ddy
— [ 1) [ lo@ldzdy = 1711l <+
G G

and it follows that Fubini’s theorem can be applied below. Note that o-finiteness
is not needed since the supports of f and g are o-finite since they are integrable
and our Haar measures can be replaced by o-finite measures preserving the
integrals. We therefore have for any integrable functions f, g

[ [ 1swstolante = [ [ 156)at sy < +oc

which shows that (f * g)(x) is well defined for almost all . Using our previ-
ous calculations it is also clear that ||f * g|li < ||fll1llglli. If f1 = fo almost
everywhere and g1 = ¢go almost everywhere then

| f1 %91 — fax g2l < |[f1* (g1 — 92)|l1 + || (f1 — f2) * g2
< I fillallgr = g2l + [1f1 = fallillgll = O

and it follows that convolution is well defined as a function on L'(G) which
clearly satisfies the properties of being a Banach-algebra multiplication in L!(G).
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Is is easy to show that * is an involution on C¢(G). For any f € C.(G) we have
by properties of the modular function

1£5 ] = /G A@)| @)z = | £l

and it follows that * : C.(G) — C.(G) is an isometry on C.(G). By density
of C.(G) in L*(G) we can extend this involution uniquely to an isometry * :
LY(G) — L'(G). Since * is an involution on the dense subspace C.(G) it follows
that is an involution on L!(G). O

36



5 Algebra Representations and the group C*-
algebra

In this section we will develop the theory of representations of algebras and
define the group C*-algebra. This will give us a nice correspondence between
unitary representations of G and a certain class of representations of the group
algebra. What enables this correspondence is a Banach space integral called the
Pettis integral which we first discuss.

5.1 The Pettis Integral

We would like to develop the notion of an integral

/deu

for a function f : X — V where V is a Banach space and (X, M, u) is a measure
space. One way of defining [ + fdu € V is to recall that the linear functionals on
V separate points so we can define | « fdu € V in terms of how linear functionals
act on it. Since integrals often are thought of as a kind of continuous sum a
natural definition | « fdp € V would be that it is the unique element in V' such

that
¢(/deu):/X¢0fdu

for all ¢ € X* given that such an element exists. Since the linear functionals
separates points this element is unique if it exists. The theorem below provides
a setting where this integral is well-defined. Details on the construction can be
found in appendix B.6 in [3].

Theorem 5.1.1. Let V' be a Banach space, (X, M,u) a measure space and
f: X — V be a measurable function. If the function x — ||f(x)|| is in L*(u)
then there exists a unique element denoted fX fdu €V such that

o s = [ oo fau
X X
for any ¢ € V*. The element fx fdu also satisfies

|| /X fdu]) < /X 1£ @) dulz)

Definition 5.1.2. Let V be a Banach space, (X, M, u) a measure space and
f+ X — V a measurable function such that the function x — ||f(z)|| is in
LY(u). Then the unique element fX fdu €V as in Theorem 5.1.1 satisfying

¢</deu>:/x¢ofdu

for any ¢ € V* is called the Pettis integral of f with respect to .
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Theorem 5.1.3. Let (w, H) be a unitary representation and f : G — C be
an integrable function. Then the Pettis integral of © — f(x)n(x) € B(H),
Iy = [, f(a)n(x)de € B(H) is well defined and it defines a a map on L'(G) —
PB(H). For any £ € H we have

1€ = / f () (@)eds.

Where the right hand side is the Pettis integral of x — f(x)n(z)€ € H.

Proof. Let f be a complex-valued, integrable function defined on G and set
F(z) = f(z)n(z). For fixed x € G we have

IF ()] = e [1F(z)¢]l = Sup, [f @)l (@)l = [f@)l[x(@)] = 1f ()]

hence F(z) € B(H). The function F': G — %(H) is measurable since it equals
the composition x — (f(z),n(z)) — f(z)m(x) where the last function is scalar
multiplication in Z(H) which is continuous. We also have

AﬂH@WW5LV@WM@Ww=WM

and it follows that the Pettis integral of F' is well defined. If f is an element of
L'(G) then there exists an integrable function g : G — C that represents f and
we can define

If:/Gg(x)ﬂ'(x)dz.

This is well defined since if h : G — C equals g almost everywhere and ¢ €
Z(H)* then by definition of the Pettis integral we have

wlgmwwmm:/¢wuw@mm

/¢ (2) + h(a))m(x))da
:/¢wm—mmﬂmm+/¢wwwww
G G
=0+ (b(/G h(z)m(z)dx).

By uniqueness of the Pettis integral it follows that

/Gg(x)w(x)dx:/Gh(x)w(x)dx

and therefore f — I; is well defined as a function on L'(G). Choose £ € H
and an integrable function f : G — C and consider the map Ay : G — H given
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by A(z) = f(z)m(x)¢ then Ay is measurable since it equals the composition
x = (f(z),7(x)§) — f(x)(n(x)€) where the last map is scalar multiplication in
H. We also have

[ 145 @ldz = [ 5@ @glds = €]17]:
G G

and it follows that the Pettis integral of Ay is well defined. A similar argument
as before shows that the Pettis integral of A is well defined as a function on
LY(G). Lastly, fix £&,n € H. Then since A — (A¢,n) € C is a linear functional
on B(H) and € — (&, n) is a linear functional on H we have by definition of the
Pettis integral for any f € L'(G) that

wen = | @@= (| femedsn)
Since n was arbitrary it follows that
6= [ J@rees.
O

Proposition 5.1.4. For any f and g in L*(G) we have the following Pettis
integral convolution formula

[xg= /Gf(x)Lxgdx-

Proof. Recall that the L*°(G) can be isometrically embedded in the dual space
of LY(G). This embedding is given by mapping h € L*(G) to the functional

Ly : LY(G) — C given by
= /G f(@)h(x)da

Using this identification it is easy to show that L>°(G) separates points of L1(G).
Define the pairing (f,h) = Lp(f) for f € L'(G) and h € L*(G). Then by
definition of the Pettis integral we have for any f,g € L'(G) and h € L*>(G)

/ F(2) Logd, h) = / (f (2) Lag, h)da

/ / fa h(y)dydz
/ / F(2)g(z y)h(y)dydz
//f y)dzh(y)dy

- /G (f * 9)W)h(y)dy
= (f * g, h)
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Since L>°(G) separates points we have

[ f@Lagds =1 +g.
G

O

5.2 Algebra Representations and Integrated Representa-
tions

Since the group structure of G is encoded both in the Haar measure of G and
in the convolution formula for elements of L!(G) it is reasonable to expect that
properties of G would carry over to properties of L!(G) and vice versa. Some
examples of this that one can show are that G is discrete if and only if L'(G)
is unital and that G is abelian if and only if L!(G) is abelian. This suggests
that the the representation theory of G might be related to L'(G) in some
way. Since unitary representations of a locally compact group are homomor-
phisms into U(H) for some Hilbert space H a natural candidate definition of
a *-representation of a *-algebra would therefore be an algebra homomorphism
into (H). This is indeed a good definition since in this section we will show
that there is correspondence between unitary representations of G and a well
behaved collection of *-representations of L(G).

Definition 5.2.1 (*-Representation). A *-homomorphism ©: A — Z(H) be-
tween a *-algebra A and the space of bounded linear operators on a Hilbert space

H is called a *-representation of A. We will sometimes denote a *-representation
by (m, H)

Definition 5.2.2 (Non-Degenerate Representation). If m : A — ZAB(H) is *-
representation and the span of m(A)H = {m(a)¢; a € A, £ € H} is dense in H
then w is non-degenerate

We now define some more important properties of *-representations.

Definition 5.2.3 (Equivalence of Representations). We say that (7, H) and
(7', H') are equivalent representations if there exists a unitary map U : H — H'
such that Un(x)U~t = w(z) for all x € A.

Definition 5.2.4 (Subrepresentations and Algebraic Subrepresentation). A
subrepresentation of a *-representation (mw, H) of A is a closed subspace K of H
such that m(A)K C K. An algebraic subrepresentation of w is a subspace K of
H such that 1(A)K C K.

Definition 5.2.5 (Irreducibility and Algebraic Irreducibility). A *-representation
(m, H) of A is irreducible if its only subrepresentations are K = H and K = {0}.
The *-representation (m, H) of A is algebraically irreducible if its only algebraic
subrepresentations are K = H and K = {0}.

Remark 5.1. Algebraic irreducibility is far more restrictive than irreducibility.
For C*-algebras however they turn out to be the same.
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Proposition 5.2.6. A *-representation of a C* is irreducible if and only if it
1s algebraically trreducible.

Proof. See 2.8.4 in [6]. O

Proposition 5.2.7. Let (7, H) be a unitary representation of a locally compact
group G and define 7 : L*(G) — %(H) by

w0 = [ f@r(e)ds

Then 7 is non-degenerate contractive *-representation of L'(G).

Proof. Let (m, H) be unitary representation of our locally compact group G. It
is easy to show that the Pettis integral is linear from which it follows that 7 is
linear. and f € L'(G) we have

I fl = | /G f(@)m(z)da]| < / 1 f(@)m(@)lldz < 1]

which shows that 7 is contractive. Recall that contractive means that |7 < 1.
Choose &,n € H then since the map A — (A, n) is a linear functional on #(H)
we get for any f,g € L'(G) the following (by the defining property of the Pettis
integral)

G (f * 9)om) = | /G (f * 9) (&) (x)det, )
=/<(f*g)( yre(@)€,m)da

//f gy~ 2)dy(m(2)¢, n)da
/ / e (n(2)¢, n)ddy
/ / e ()€, m)dady

= [ 1w / (9(o)m(@)6. w(y)"n)dody
G G

— [ 1) / o) (e)det, m(y) n)dy
G G

- /G F@)(F(9)€, w(y) n)dy

= /G<f(y)7r(y)fr(g)€m>dy
= (7(f)7(9)&, ).
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It follows that 7(f % g) = 7(f)7(g) hence 7 is a homomorphism. To show that
7 is a *-homomorphism we have

(@(fEm) = | (FH(@)m(x)s,n)de

>

(@) f (&= 1) (m(2)€, m)dx

Az)f (= 1) m(x) n)dx

Fla)(g,m(a™") n)de

f(@)(& m(z)n)dx

I
T~~~

(f(@)m (), §)dx

(@ (f)n, &)

= (&7 (f)m

which shows that 7(f*)* = 7(f) hence 7 (f*) = 7(f)*. It remains to show
that 7 is non-degenerate. Pick an element £ € H. Since (7, H) is a unitary
representation we can find for any € an open set V' C G of 1 such that ||7(x)§ —

&|l < e for all z € V. Define for any open set U of 1 of finite measure the
function fy on G by fy = ﬁXU where p is the Haar measure of G. For any
U CV and for any n € H we then have

Q

M

G (fo)e — Em)| = | /G o (@)m(@)e nydz — (E.m)] = /U (n(2)E — £, m)da]

1

w(U)
1

< /U (r(2)e — €,)]da.

< €||n|l-

It follows that the net 7(f,)¢ converges weakly to £ as the open sets gets smaller.
To show that the net 7(f, )¢ converges in the norm of H to £ we see by expanding
the inner product that it is enough to show that (7(fe)&, 7(fe)&) converges to
|€]|%. Using the integral formula for the modular function and the definition of
convolution show that

5 - 1
(F6 7 0)6) = 7 /U /U X0 @)Xy (2)(m(W)€, E)dyda

There exists an open set V' of 1 such that ||7(y)¢ —&|| < e for all y € V. Since
the map (,y) — zy~! is continuous there exists an open set Uy of 1 such that
UOU(;1 C V. For any open U C U the support of the integrand above is then
contained in V' which shows

(@ (fv)&; T(fr)€) — (& )] < ell€]l-

42



This means that 7(fyy)€ converges to ¢ in the norm topology on H. It follows
that ¢ is in the closure of 7#(L!(G))H which shows that 7 is non-degenerate. [

Definition 5.2.8 (Integrated Representation). If (w,H) is a unitary repre-
sentation of the locally compact group G then the non-degenerate, contractive
*_representation, 7 : L'(G) — B(H) given by

#(f) = /G f(@)n(x)de

1s called the integrated representation of .

Theorem 5.2.9. If G is a locally compact group then there exists a bijective
correspondence between unitary representations (7, H) of G and non-degenerate,
contractive *-representations 7 : L*(G) — B(H) of L*(G). The bijection is
given by associating any unitary representation with its integrated representa-
tion.

Proof. In proposition 5.2.7 it was shown that the integrated representation
7@ LY(G) — %B(H) of a unitary representation (m, H) is a non-degenerate,
contractive *-representation. To show the converse pick a non-degenerate con-
tractive *-representation 7 : L'(G) — %(H) of L'(G). We begin by noting that
the definition of convolution shows that

(9" * Lo f)(y) = ((Le—19)" * f)(y)

for all f and g in C.(G) and z,y € G. By density of C.(G) it follows that
g * Lof = (Ly-19)* * f holds for all f,g € L*(G) and any z € G. Pick an
element v = Y"1 | a;@(f;)& in the span of #(L'(G))H and define

r(w)o = (Lo fi)s
i=1

for any x € G. The calculation

|
:M:’

|| (7 ()} || (i (L fi)&ir a7 (Lo f)&5)

=

<

S
I

= (T (Lo f;)" * Lo fi)&ir &)

Q

<
Il
—

I
ZM§ N

(Tt ((Lg—1Laf5)" * fi)&i, &)

B

<
Il
—

I
M-

(T (fi)&is o m(f5)E5)

ij=1

lvll®

43



This relation shows that if also v = > | 8;7(g;)& then m(z) evaluted on the
difference of these 2 sums is zero. It follows that 7(x) is well-defined on the
span of 7#(L'(G))H. The relation above also shows that 7(z) is an isometry
on this space. Since 7w(x) is clearly surjective it follows that 7(z) is unitary.
Since the span of #(L'(G))H is dense in H it follows that we can extend 7
to a unitary map on H. It is clear that 7(zy)v = w(x)n(y)v for any v on the
span 7(L'(G))H and by density it follows that 7(zy) = m(z)7r(y). Choose an
€ > 0 and pick for 1 < i < n elements «;,&; of H and f; of L*(G). Since the
map x — L. f; is continuous for any ¢ we can find an open set V' of 1 such that
| Lo fi — fill < & for any x € V where C = ), |a|||zi;||. Since 7 is contractive
it follows that

Hﬂ- Zaz fz z Zaﬂfz 51”—”2041 7~TL f’L (fz))gz”
= ZOWNT Lo fi — fi)&il|
<Y lol gl

<e.

This shows that 7(z) is a continous map on the span 7#(L!(G))H. By density it is
continuous on H. We have thus showed that (7, H) is a unitary representation.
To finish the bijection it remains to show that the integrated representation of
m, now denoted by 7 is equal to © and if two integrated representations are
equal then the corresponding unitary representations are equal. By definition
of m we have for any f,g inL'(G) and £ € H

()7 (9)€ = /f 2)da7 (g)¢

/ F () ()7 (g)édz
/ F (@) (Log)éde

- / #(f(2) Log)dat.
G

It is shown in Appendix B.6 in [3] that the Pettis integral commutes with
bounded linear maps from which it follows using our convolution formula that

7(f)7 = 7( / f(x)Lygdx)€
=7(f * 9)¢ = 7(f)7(9)¢.

This shows that # = 7 on the span of #(L'(G))H. By density they agree for
all £ € H. If m; and 7y are two unitary representations on H of G such that
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71 = 7o then for any f € LY(G) and &,m € H it follows that

[ 1@ @) - ma@)ends =0
G

Since this is true for any f € L'(G) it follows that ((m(x) — ma(x))&,n) = 0 for
any z € G and &, € H. This shows that m;(x) = m2(x) for all x € G. O

Proposition 5.2.10. Let (7, H) be a unitary representation of G. Then (m, H)
s irreducible if and only if the integrated representation 7 is irreducible. If
(7', H) is another unitary representation of G then (w, H) and (7', H) are equiv-
alent if and only if their integrated representations are equivalent.

Proof. Assume the (7, H) is an irreducible unitary representation of G and that
K is a closed subspace of H such that #(f)K C K for all f € L'(G). Take an
element 7 from the orthogonal complement K. For any ¢ € K and f € L*(G)
we then have

0= (7(f)esn) = /G f(@)(m(2)E, n)de.

Since above holds for any f € L'(G) it follows that (r(x)¢,n) = 0 for any £ € K
and x € G. This implies that m(z)¢ is in (K T)T for any z € G and ¢ € K. But
(KT)T = K and it follows that K is a 7-invariant subspace. This shows that
K = H or K = {0} showing that 7 is irreducible. A similar but easier argument
shows that 7 is irreducible when 7 is irreducible. Let (7', H) is another unitary
representation of G. If m and 7’ are equivalent then there exists a unitary map
such that Un(x)U* = 7/(z) for any z € G. For any £, € H and f € L}(G) we
then have

(UR(U*E, ) = /G J(@)(m (2)U"€, U n)de
= G(HU,U™n) = (7 (f)m)

which shows that 7 and 7’ are equivalent. Conversely if 7 and 7’ are equivalent
then there exists a unitary map such that Un(f)U* = 7'(f) for all f € LY(G).
The formula for integrated representations then shows that

/ f@) (' ()€, ) = / @) (Un(@)U€,n)
G G

for any f € L'(G) and &,m € H. This implies that Un(z)U* = 7/(z) for all
x € G showing that m and 7’ are equivalent. O

5.3 Maximal and Reduced Group C*-Algebras of a Locally
Compact Group

For a locally compact group G we have obtained a bijective correspondence be-
tween unitary representations of G and non-degenerate, contractive *-representations
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of L'(G). However L'(G) is in general not a C*-algebra and the C*-algebras
have a particularly nice structure to them. It is therefore natural to try to find
a way to transfer this result to the C*-setting. One way of doing this is to define
the maximal group C*-algebra of G. Another C*-algebra which is also useful in
this setting is the reduced group C* of G.

Definition 5.3.1 (The Reduced Group C*-Algebra). If G is a locally compact
group and X : LY(G) — B(L*(Q)) is the integrated representation of the left
reqular representation of G then C!,,(G) = )\(G)H‘H is called the the reduced
group C*-algebra of G.

Proposition 5.3.2. The reduced group C*-algebra of a locally compact group
is a C*-algebra.

Proof. By Proposition 4.1.5 we need to show that C (G) = mu.” is a closed
subalgebra that is closed under taking adjoints. By definition C},;(G) is closed
in B(H). If a,b € CL4(G) then there exists sequences (f,),(gn) such that
lla — A(fr)|l = 0 and ||b — A(gn)|| — 0. Since A is a homomorphism it follows

that A(frn)A(gn) = A(fn * gn) € Cl4(G) for all n. We also have
lab = ACfa)A(gn)ll < lla = ACLDNBI + 1A = AMgn) | = 0

hence ab € C} ;(G). An easier proof shows that C} (G) is closed under taking
adjoints and it follows that C}4(G) is a C*-algebra. O

Proposition 5.3.3. The integrated representation \ : L*(G) — C* ,(G) of the

red
left regular representation is injective.

Proof. Define for any open set U of finite Haar measure measure that contains
1 the function fy = ﬁxy where p is the Haar measure on G. Then it can be

shown that for any f € L'(G) the net f * f, converges to f in the L'-norm as U
gets small. Assume that A(f) = 0 for some f € L!(G). By the proposition we
have proved for convolution and the Pettis integral it follows that for any open
U of finite measure containing 1

0= /) fu = /G (@) Ladafir = /G @)L fode = [+ fu

but f x fy tends to f in L*(G) as U gets small. It follows that f = 0 which
shows that X is injective. O

Proposition 5.3.4. Let G be a locally compact group. Then the map || - ||max
defined by

”meax = sup ”7}(.]0)”
(m,G)

(where (m, H) is any unitary representation of G) is a norm on LY(G). Fur-
thermore this norm satisfies the identity

Hf*f”maw = Hf”gnax
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Proof. The supremum is over the set of all ||w(f)| where (7, G) is a unitary
representation. This set is a non-empty set of real numbers and it follows that
the supremum is well defined. Since the integrated representation of a unitary
representation is contractive it follows that || f||max < ||f]|1 for any f € LY(G).
For any f and g in L'(G) it is also clear that ||cf]/maz = ||| f|lmaz for ¢ € C
and that [|f + gllmaz < [Ifllmaz + |9llmaz- If [[fllmaz = O then A(f) = 0 and
since the integrated representation of the left-regular representation is injective
it follows that f = 0. Lastly, since #(H) is a C*-algebra for any Hilbert space
H we have

)

1 max = sup [[7(ff*)I| = sup [|[7(f)7(f)"]]
(m,H) )

(m

= sup [7(H)7 ()"l = sup [[7(f)|

(m,H) (m,H)
= || fllnax

O

Definition 5.3.5 (The Maximal Group C*-algebra). For a locally compact
group G we let || - || maz be the norm in Proposition 5.3.4 of L*(G). The mazimal
C*-algebra of G, Crae(G) is then the completion of L*(G) with respect to the
norm || « || maz-

We will now show that the correspondence betweeen unitary representations
of G and non-degenerate contractive *-representations of L!(G) extends to the
maximal C*-algebra.

Theorem 5.3.6. There is a bijective correspondence between unitary represen-
tations of a locally compact group G and non-degenerate *-representations of
Cua(G) on Hilbert spaces. The bijection sends a unitary representation (mw, H)

of G to the unique extension of the integrated representation 7 to C},,.(G).

Proof. By Theorem 5.2.9 there is a bijective correpondence between unitary
representations of G and non-degenerate, contractive representations of L!(G)
which sends a unitary representation (w, H) to its integrated representation
7: LY(G) — %(H). By definition of the norm || - [|max it follows that || 7(f)|| <
|| fllmax for any f € L'(G). This inequality implies that we can extend 7
uniquely to a *-representation of C,_ (G). Since 7 is non-degenerate on L'(G) it
follows that its extension is also non-degenerate. Conversely let 7 : C . (G) —
% (H) be a non-degenerate *-representation on a Hilbert space H and consider
the restriction 7|1y : (LY(G), | - 1) = Z(H). The restriction is clearly a
*-homomorphism. Pick an € > 0. Since 7 : C*(G) — #(H) is non-degenerate
there exists for each hg € H an integer N, elements (h,)1<p<ny of H and ele-
ments (an)1<n<n 0of C*(G) such that
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Since L(G) is dense in C*(G) (under ||-||max) there exists for each n, 1 <n < N
an element f,, € L'(G) such that

€
fn — Qpnllmax < s -
= e < SR

It follows that

N N N
| Z T(fn)hn — holl < | Z T(fn = an)hn| + || Z T(an)hn — hol|
n=1 n=1

= n=1
N €
< ; 1 = anllmaxllhn | + 5 <€

which shows that 7|1 () is non-degenerate. Since 7|1 (¢) is a *-homomorphism
from a Banach algebra (with ||f*[1 = ||f||1) into a C*-algebra it follows that
7|1 (@) is contractive. Using the bijective correspondence between non-degenerate,
contractive *-homomorphisms of L!(G) and unitary representations of G the
theorem then follows. O

Remark 5.2 (Amenability). We have defined two C*-algebras of a locally com-
pact group G, namely the reduced C*-algebra C*,,(G) of G and the mazimal

red

C*-algebra C?,..(G) of G. One might ask if these two algebras are isomorphic

mazx

to each other. The integrated representation X : L' (G) — C* (G) C B(L*(@))

red
of the left-reqular representation of G extends to *-homomorphism

A:CE (G = CFy(@).

mazx red

Since the image N(C%,,.(G)) is a C*-algebra it is complete and therefore closed

in Crea(G). It also contains the dense subset N(L'(G)) and it follows that X :

Cran(G) = CF1(G) is surjective. However this map is not in general injective.
One can show that when G is an amenable group then X : C%,,.(G) — CF ,(G) is

injective and hence an isometric *-isomorphism. This is what we present next.

Definition 5.3.7 (Amenability). If G is a locally compact group then a linear
functional m on L (G) is called a mean if f(x) > 0 for almost all x implies
that m(f) > 0. The mean m is said to be left-invariant if m(Lyf) = m(f) for
all x € G and right-invariant m(R, f) = m(f) for all x € G. The group G is
said to be amenable if it has a left or right-invariant mean.

Theorem 5.3.8. If G is amenable then Cf, .. (G) is isometrically *-isomorphic

to C!,(G).
Proof. See above discussion and Corollary G.39 in [8]. O

Notation 5.3.9. When we are in a situation where C%,,.(G) is isometrically

*-isomorphic to C* ,(G) we denote either of these objects with C*(G).

red

Theorem 5.3.10. Abelian groups are amenable.
Proof. See Theorem G.2.1 in [§] O

Remark 5.3. We will later show that nilpotent groups are amenable.
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5.4 The Group C*-Algebra of a Locally Compact Abelian
Group

In this section we will calculate the group C*-algebra of a locally compact
abelian group G. Since G is abelian we know that C} . (G) is isometrically
*-isomorphic to C}, 4 (G) so we can restrict our attention to C},(G). Before
we begin we need to recall some results from Fourier analysis which can all be
found in the first chapter of [9]. For any locally compact abelian group we can
define its dual group G as the set of continuous homomorphisms G — T (the
unit circle) with multiplication given by pointwise multiplication of functions.

The Fourier transform of f € L*(G) is a function f : G — C given by

f) = /G f(@)y(—)de.

Since G is unimodular any left Haar measure is also a right Haar measure
and vice versa. If we equip G with the weak topology induced by the set of
Fourier transforms, {f, f € L*(G)} then one can show that G is also a locally
compact abelian group and f € Co(@) whenever f € L'(G). Furthermore if the
Fourier transform is viewed as a map ~: L1(G) — CO(@) then ~ is a bounded
*-homomorphism and the image of ~ is dense in CO(@). Lastly Plancherel’s
theorem tells us that one can extend ~ viewed as a map on L'(G) N L?*(G) to a
unitary map F : L?(G) — L? (@) called the Fourier-Plancherel transform. Note
that since G is also a locally compact group it also has a Haar measure from
which it is clear what L?(G) means. The following proposition will be used
when we calculate the reduced group C*-algebra of a locally compact abelian

group.

Proposition 5.4.1. Let G be a locally compact group, f € Co(G) and define the
multiplication operator My : L*(G) — L*(G) by (Mysg)(z) = f(z)g(z). Then
M is well defined bounded linear operator on L*(G) and the map f — My is a
*_homomorphism and an isometry of Co(G) into B(L*(Q)).

Proof. Choose an f € Cy(G). It is easy to show that Mg is well defined as an
element of L?(G) and it is clearly linear. We also have

1M;ll3 < /G F(@)g(x) Pz < | fI% /G g(@)2dz = (£ ]9

From which is clear that M; € Z(L*(G)) and [[My| < ||f|lc. On the other
hand we can choose ¢ > 0 and since f vanishes at infinity it has a global
maximum || f||s attained at a point zg € G. Pick an open neighbourhood V' of
xo with compact closure. Let W = |f|7}((|| f|lc — €, +00)) which is open and
set U =W NV then 0 < m(U) < +o0o where m is the Haar measure and

AU 2_ 1 2)|2dx —€)?
Iy = s [ @2 (1o
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Hence | M| = |- Since Moy, = aM;y + M, My, = MyM, and M; =

M- where f*(z) = f(x) for any o, € C and g, f € Cy(G) the proposition
follows. 0

Remark 5.4. If we replace G and a Haar-measure with a locally compact Haus-
dorff space and a Radon measure we see that the only place where the proof breaks
is that the Radon measure of an open set can be 0. A Radon measure is said to
be fully supported if the Radon measure is non-zero on any open set. It follows
that the proposition can be generalized to any locally compact Hausdorff space
with a fully supported Radon measure.

Remark 5.5. Since G is also a locally compact group the above proposition s

~

also true for Cy(G).

~

We will now prove that C} (G) is isomorphic to Cy(G) when G is a locally
compact abelian group. Since we know that abelian groups are amenable the
same result holds for C} . (G).

max

Theorem 5.4.2. Let G be a locally compact abelian group. Use proposition
5.4.1 to view Co(G) as a closed, *-closed subalgebra of B(L*(G)). Define the
map ad F on C* ,(G) by ad F(a) = FaF* then ad F maps into Co(G) and
ad F: C

A
red

— Co(Q) is a surjective isometric *-homomorphism.

Proof. Pick f € L'(G) and consider the map FA(f) : L%(G) — L2(G). Since
IACON < |1 f]l1 we have

IFA)gll2 < 1 £llllgll2
hence |FAS)|| < ||If]l: and FA(f) : L*(G) — L*(G) is a bounded map. If

g € C.(G) then X\(f)g € L*(G). Since g € L'(G) N L*(G) we also have by
Proposition 5.1.3 and 5.1.4

Mf)g = (/G f(z)Lydz)g = /Gf(I)Lxgdx =fxg

and it follows that A(f)g € L'(G). Since F coincides with the Fourier transform,
“on LY(G)NL*(G) and ~: LY (G) — Co(G) is a homomorphism it follows that

FA[f)g=F(fxg)=F(f)F(g)

and F(f) € CO(@). If g € L*(G) and (g,,) is a sequence of compactly supported
functions converging to g in L?(G) then FA(f)gn — FA(f)g in L*(G) since
FA(f) is bounded. We also have

IF()F(gn = Dll2 < (1M IIIF (g — 9)ll2
= [ F(f)lloollgn — gll2 — 0
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hence F(f)F(gn) — F(f)F(g) in L2(G). It follows that

FASflg= lim FA(f)gn = lim F(f)F(gn)=F(f)F(g)-

n—-+oo n—-+o0o
If g € L*(G) and f € L*(G) then since F is unitary we have
FANNF g =F(NHF(F(9) = F(f)g = Mrpg.

In other words, if f € L*(G) then ad F(A(f)) € Co(G). Pick any a € *a(G)
then there exists a sequence of (f,,) € L*(G) such that

dimfla = A(f)]] =0

hence

nl}r}rloo |FaF* — FA(fn)F*|| =0

since F is an isometry. From this we see

FaF*= lim FA(fu)F* = lim Mg(,).

n—-+oo n—-+4oo

But the set of multiplication operators is a closed subset of %(L*(G)) and
therefore we must have that FaF* € Cy(G). Using the fact that F : L*(G) —
L?(G) is a surjective isometry we get

sup |[[FaF gl = sup [laF glla= sup [laf|l2 = ||a
lgll2=1 lgll2=1 I£ll2=1

hence ad F is an isometry. It is clear that ad F is a linear map. Since C}4(G) is
complete and ad F is an isometry it follows that ad F(C},4(G)) is complete and

hence closed in Co(G). Since ad F( * 4(G)) contains the dense subspace {f.f e

LY (@)} it follows that ad F(Cr,(G)) = Co(G) hence ad F is surjective. It
remains to show that ad F is a *-homomorphism which follows from calculations

ad F(ab) = FabF* = FaF*FbF* = ad F(a)ad F(b)
and

ad F(a*) = Fa*F* = F*a*F* = (FaF*)* = ad F(a)*

ol



6 Duals and Spectral Theory

Given a unitary representation of a group G a natural question to ask is whether
it is possible to decompose this representations into a direct sum of irreducible
representations. For compact groups the Peter-Weyl theorem (Theorem A.5.2
[8]) shows that any unitary representation can be decomposed as a direct sum
of its irreducible subrepresentations. For general locally compact groups this
might not be possible since being reducible only implies that it has a subrepre-
sentation and we don’t know if it is irreducible or not. One example of this is the
regular representation for any locally compact, but not compact group. In this
case the regular representation has no irreducible subrepresentations (see Corol-
lary C.47 in [8]). However it is possible to decompose it with a direct integral.
This explains the interest in irreducible representations. Since equivalent repre-
sentations are the same from a representation theoretical perspective it follows
that one would like to study the class of all equivalence classes of irreducible
representations, G of a given group G. It is not clear that G called the unitary
dual of G is well-defined as a set but this will be proven in section 6.3 with
the GNS-construction. For a *-algebra A one would similarly want to study
its set of equivalence classes of irreducible representations A called the dual or
spectrum of A. These duals, G and A will not only be considered as sets but
they will also be equipped with natural topologies. For a locallwpact G we
know already that we have a correspondence between G and C% ax(G) through
the integrated representation and after equipping the topologies on these two
spaces this map will be a homeomorphism. This shows that one can equally
well study the representation theory of G through its C*-algebra. The term
spectrum is an overloaded word in analysis and there are also notion of the
gelfand spectrum (which we choose to call the structure space for this reason)
and the spectrum of a point. These spectrums are also important and in the
first section we give an overview of them.

6.1 The Gelfand Transform and Spectral Theory

In this section some basic facts of the Gelfand transform and the spectrum of an
element will be given. These facts will be needed to prove Schur’s Lemma which
we will prove in the next section. The facts mentioned here are well known and
can be found in many books such as in [3] and in [7].

Definition 6.1.1 (The Gelfand Transform and the Structure Space). Let A
be a commutative Banach algebra and define A to be the set of all non-trivial
complex homomorphisms h : A — C. For any x € A the map & : A — C given
by &(h) = h(z) is called called the Gelfand transform of x. Denote by A the
set of all Gelfand transforms and give A the weak topology induced by A. The
topological space A is called the structure space of A.

Remark 6.1. The trivial homomorphism is of course the homomorphism ¢(x) =
0 for all x € A. If the commutative Banach algebra A has an identity element e
then a complex homomorphism ¢ : A — C is non-trivial if and only if ¢(e) = 1.
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Proposition 6.1.2. Let A be a a commutative Banach algebra. Then the fol-
lowing hold

e A is a locally compact Hausdorff space.
o If A is unital then A is compact.
e The Gelfand transform I is in Cy(A) for any x € A.

o The map : A — Co(A) is a continuous algebra homomorphism.
Proof. See Theorem 2.4.5 in [3] O

If A is a commutative C*-algebra one might not expect that the Gelfand trans-
form will respect the *-structure on A since the elements of A were not required
to be *~homomorphisms. However the remarkable theorem of Gelfand-Naimark
shows not only that the Gelfand transform is a *-homomorphism but also that
it is an isomorphism.

Theorem 6.1.3 (Gelfand-Naimark). If A is a commutative C*-algebra then the
Gelfand transform ~: A — Cy(A) is an isometric *-isomorphism. Furthermore
A is compact if and only if A is unital.

Proof. See Theorem 2.6.7 in [3]. O

For a unital Banach algebra A we can also define the notion of the spectrum
o(z) of an element z € A.

Definition 6.1.4. Let A be a unital Banach algebra with identity element e.
The spectrum o(x) of an element x in A is defined as the set of all A € C such
that x — Ae s not invertible.

Proposition 6.1.5. Let A be a unital Banach algebra and x be any element of
A. Then the spectrum o(x) of x is compact and non-empty. If A is commutative
then the range of & is the spectrum o(x).

Proof. See Theorem 10.13 and 11.5 in [7]. O

Restricting our attention to commutative and unital C*-algebras we get a par-
ticularly nice result that enables us to do continuous functional calculus.

Theorem 6.1.6. Let A be a commutative unital C*-algebra which contains an
element x such that the set of polynomials in the variables x and x* are dense in
A. Then C(o(x)) is isometrically *-isomorphic to C(A) where the isomorphism
is given by sending f € C(o(z)) to fo& € C(A).

Proof. See Theorem 11.19 in [7]. O
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Remark 6.2 (Continuous Functional Calculus). Let A be a commutative unital
C*-algebra and © € A be an element that satisfies the assumptions of Theorem
6.1.6. We can then combine the Gelfand-Naimark Theorem and Theorem 6.1.6
to obtain that for any f € C(o(x)) there exists an element y € A such that
g = fo&. If we denote this element y by f(x) it follows that || f(z)|| = || f]lcc-
This identification between continuous functions on o(x) and elements of A is
called continuous functional calculus and it also satisfies the following properties,

for any f,g € C(o(x)) and o, 5 € C.

6.2 Schur’s Lemma

In this section Schur’s Lemma will be proved which gives a characterization
for irreducible unitary representations. To prove it we introduce the following
notions. A set of operators S C #(H) in the Hilbert space H is called self-
adjoint if S € S implies that S* € S. The commutant of S is

S' = {T € #(H)| TS = ST}.

Finally S is said to act topologically irreducible if the only closed S-invariant
subspaces of H are {0} and H. Schur’s lemma in the context of operators is
then the following.

Theorem 6.2.1 (Schur’s Lemma for Operators). Let S C Z(H) be a self-
adjoint set of operators on the Hilbert space H. Then S acts topologically irre-
ducible if and only if S’ = Cidy.

Proof. Assume first that &’ = Cidy and let K € H be an S-invariant closed
subspace of H. Since K is closed we can decompose H as H = K & K+
where K is the orthogonal complement of K. Let P: H — K be the natural
projection onto K, then any « € H can be written on the form x = Px + Qx
where Qx € K. If 2 and y are elements of H we have

(Pz,y) = (Px, Py + Qy) = (Px, Py)
= (Pz + Qz, Py) = (x, Py)

and it follows that P is self-adjoint. By definition of P is also clear that PSP =
SP for any S € S since K is S-stable. Since S is self-adjoint we get for any
Ses

SP = PSP = (PS*P)* = (§*P)* = PS
and it follows that P € 8’ = Cidy. Since P? = P it is clear that either P = idy
or P = 0 hence we either have K = H or K = {0} and it follows that S is

o4



topologically irreducible.

For the converse assume that S is topologically irreducible and pick an ele-
ment T € 8§’. Since § is self-adjoint it follows that S’ is closed under taking
adjoints. Let RT = 3(T+T*) and ST = o (T —T*) then since &’ is closed under
addition and adjoints it follows that ST and RT are elements of S’. It is also
straightforward to check that RT and 7T are self-adjoint and T = RT + iST'.
Hence, if we can show that A € &’ and A* = A implies that A € Cidy then it
follows that 7' € Cidy and we are done. Assume that A is self-adjoint element
of §'. Let M = C[A] C AB(H) be the set of all complex polynomials in A where
we let A® = idg. Then M is a subalgebra of Z(H) that is closed under taking
adjoints and it follows that the closure .27 = M is a C*-algebra by Proposition
4.1.5. Since M is commutative it follows that <7 is commutative. By construc-
tion the polynomials in A are dense in &/ and the Theorem of Gelfand-Naimark
combined with Theorem 6.1.6 shows that 7 is isometrically *-isomorphic to
C(o(A)). If the spectrum o(A) consists of only one point then in particular
C(o(A)) is a one-dimensional vector space and it follows that < is a one di-
mensional vector space hence there exists o € C such that A = aidy € Cidg.
We are therefore done if we show that the spectrum o(A) only consists of one
point. If 0(A) does not consist of one point then since it is non-empty it follows
that there exists two distinct points z,y in o(A). Since o(A) is Hausdorff there
exists open and disjoint sets V and W of o(A) containing = and y respectively.
By Urysohn’s Lemma, 2.12 in [4] there exist continuous functions f, g € C(c(A))
such that f(x) # 0, g(y) # 0 and f is supported in V and g is supported in W
hence fg = 0. Functional calculus then gives us non-zero elements f(A) and
g(A) of & such that f(A)g(A) = 0. Since A is an element of S’ and S’ is closed
it follows that o7 C &’. The subspace f(A)H is then S-stable since

Sf(A)H C Sf(A)H = f(A)SH C f(A)H

for any S € S. By assummtion S is topologically irreducible hence f(A)H = H
since f(A) # 0. But this implies the contradiction g(A) = 0 since

g(A)H = g(A)f(A)H C g(A)f(A)H = {0}
and it follows that o(z) consists of exactly one point. O
Schur’s Lemma in the context of representation theory is then an easy corollary

Theorem 6.2.2 (Schur’s Lemma). Let (7, H) be a unitary representation of
G and set 7(G) = {n(g)| g € G}. Then (w,H) is irreducible if and only if the
commutant satisifies ©(G) = Cidy .

Proof. Let (m, H) be a unitary representation of G. Since 7(g)* = w(g™?1) it
follows that w(G) is a self-adjoint set of operators. It is also clear that (m, H)
is irreducible if and only if 7(G) is topologically irreducible which by Schur’s
lemma for operators happens if and only if 7(G)’ = Cidg. O
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Schur’s lemma yields the following important description of irreducible repre-
sentations of abelian groups.

Proposition 6.2.3. If G is an abelian topological group then any irreducible
unitary representation (w, H) of G is 1-dimensional. Thus there exists a char-
acter x : G — S such that w(g) = x(g)idy for any g € G.

Proof. Let (m, H) be an irreducible unitary representation of our abelian group
G. Fix any h € G then for any g € G we have

m(g)m(h) = w(gh) = w(hg) = w(h)m(g)

hence m(G) C 7w(G)’. Schur’s lemma then shows us that 7(G) C Cid(H).
Pick a non-zero z in H and consider the closed subspace X = span{z} of H.
Since 7(G) C Cidy is irreducible it follows that H = X, that is (7, H) is one-
dimensional. Since 7(g) € Cid(H) and is unitary there exists for each g € G a
number x(g) € S! such that 7(g) = x(g)idg. The map x : G — S! is clearly a
homomorphism of groups since 7 is. Since H is one-dimensional it follows that
U(H) is homeomorphic to S' and this shows that x : G — S! is continuous. [

6.3 The Unitary Dual

In representation theory the primary object of study for a given topological
group is its irreducible representations. In this section we will, as said in the
introduction of chapter 6 show that the set G of all equivalence classes of ir-
reducible representations G actually is a set which we call the unitary dual of
G. For abelian groups Proposition 6.2.3 already shows that this is the case,
since it shows that any equivalence class of irreducible representations can be
identified with exactly one character and any character is identified in this way.
We summarize the definition below

Definition 6.3.1 (The Unitary Dual). For any topological group G the set of
equivalence classes of irreducible representations of G is called the unitary dual
of G which is denoted by G

Remark 6.3. The notion of equivalence discussed above is of course the equiv-
alence relation given by unitary equivalence. Two unitary representations of a
group G are equivalent to each other if they are unitarily equivalent.

The fact that G is a set was explained above in the abelian case. For the
general case we first need to introduce functions of positive type and the GNS
construction (Gelfand-Naimark-Segal). The idea of the proof that G is a set
is to show that it can be identified with a subset of functions of positive type
on G. There is a related notion of kernels of positive types for a topological
space X which we define first. The GNS construction is also well explained in
Appendix C in [8].
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Definition 6.3.2 (Kernels of Positive Type). A kernel of positive type on a
topological space X is a continuous function ® : X x X — C such that

N N
Z Z nCm®@(zn, m) >0,

n=1m=1
for any N € N, any c1,....,cy in C and any x1,...,zn in G.

A reason for considering these functions is that for any Hilbert space H and
continuous function f : X — H the continuous function ®(z,y) = (f(x), f(y))
is of positive type. This is the case since

N N
Z Z cnCm(f(xn)E, f(zm)é Z Z cnf(@n)&, em f(xm)E)

n=1m=1 n=1m=1

N
chf xng Zcmf wm

The GNS construction shows that the converse is true.

Theorem 6.3.3 (GNS Construction). Let ® be a kernel of positive type on
the topological space X . Then there exists a Hilbert space H and a continuous
function f: X — H such that the following properties hold,

o O(z,y) = (f(), f(y)) for all z,y € X.

e The span of the image f(X) is dense in H.
Furthermore, if the pair (H', f') H' where H' is Hilbert space and f': X — H'
a continuous function satisfies the same properties as (H, f) then there exists a
unique unitary map U : H — H' such that f' =Uo f.

Proof. Let ® be a kernel of positive type and define for any = € X the function
o, € C(X) by ®,(y) = ®(z,y). Let V be the span of {®,|z € X} C C(X).
Set ¢ =", a, 2, and ¢ = Zm bj®,, and define

(&, V)v —ZZa,b (x4, 7).
The equalities
(9. )v = Zzazb i ®(4,75) ijgb(xj) = Zaiw(u)
J=1 i=1

shows that the value of (¢, )y does not depend on the choice of representation
of ¢ or ¢ as a sum. By definition of (-,-)y it is clear that (-,¢)y is additive
for any fixed ¢ € V. Since ® is a kernel of positive type it is easy to show
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that ®(z,y) = ®(y, ) for all ,y € X which implies that (¢, )y = (¢, ¢),,. If
¢=> i ,a;P;, then

(¢, @) V—ZZa,a] xz,xj ) >0.

1=1 j=1

These properties are the ones needed for showing the Cauchy-Schwartz inequal-

ity (o, )v|* < (b, 9)v (¢, ¥)y. Since (¢, )y = ¢(x) for any ¢ € V and
x € X the Cauchy-Schwartz inequality shows that

|6(2)* < (z,2)(¢, $)v

for any x € X hence if (¢, )y = 0 then ¢ = 0. These facts show that (-, ) is an
inner product on V. Let (H, (-,-)) be the Hilbert space completion of (V, (-, -)v).
The bound

0(2)* < @(z,2)l¢, 0llv

shows that for any Cauchy sequence (¢,,) in V' the limit lim,,_, o ¢, () exists for
any x € X. This means that H can be realized as the space of complex functions
on X that are pointwise limits of functions of V. If we define f : X — H by

f(z) = @, then (f(x), f(y)) = ®(z,y) for any @,y € X. Since [[¢]> = (¥,v)
for any ¢ € H it follows that

1f (@) = F@IP = 1 (@)]P = 2R((f (2), £ () + I FW)II*.

The right side of the equality above are continuous functions which means that
f: X — H is continuous. This establishes the existence of the pair (H, f) that
we were looking for. If (H', f') is another pair, f' : X — H’ that satisfies the
same properties as (H, f) then it follows that

n
||Zai@xi||2 ZZ“Z% (i, 7;)
=1 1=15=1

n

> Y aia(f @), f (@)

i=1 j=1
n

1Y aif!()*.
i=1

This shows that the map U : V — H' given by S0 a;®,, + o1 a;f'(z;)
is well defined and is an isometry. The extension of U to U : H — H’ is then
also an isometry. Since the image U(V) is the span of {g(z)|z € X} which is
dense in H' by assumption it follows that U is surjective and hence an isometry.
It is clear that U(f(x)) = g(x) for all z € X and this relation determines U
uniquely. U

We now turn the attention to positive functions on a topological group G.
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Definition 6.3.4 (Functions of Positive Type). A function of positve type on
a topological group G is a continuous function ¢ : G — C such that

N N
> cntmé(gm' gn) = 0,

n=1m=1
for any N € N, any c1,....,cy in C and any g1, ...,gn in G.

Remark 6.4. If ¢ : G — C is a function of positive type then ®(x,y) = ¢(y~ ')
s a kernel of positive type on G.

Another construction that is also called the GNS construction will show that to
any function of positive type on GG we can associate a unitary cyclic representa-
tion.

Definition 6.3.5 (Cyclic representations). A unitary representation (w, H) on
a topological group G is called cyclic if there exist a £ € H such that the span of
7(G)E is dense in H. The element £ is called a cyclic vector.

Remark 6.5. For any irreducible representation (w, H) of G any element & € H
must be a cyclic vector since otherwise the closure of the span of w(G)€ would
be a m-invariant subspace of H.

Remark 6.6. If (7, H) and (7', H') are unitarily equivalent representations
given by U : H — H' and (7, H) is cyclic with cyclic vector & then (x', H') is
cyclic with cyclic vector £ = UE.

Theorem 6.3.6 (GNS Construction). For any function ¢ of positive type on
G there exists a cyclic unitary representation (w, H) of G with cyclic vector &
such that

¢(x) = (m(2)¢, )

for any x € G. Furthermore if (7', H') is another cyclic unitary representation
of G with cyclic vector G such that ¢(z) = (n'(x)¢', &) for allx € G then (mw, H)
and (7', H') are equivalent with unitary map U : H — H' such that U = &'.

Proof. Let ¢ : G — C be a function of positive type on G and consider the
kernel of positive type ®(x,y) = ¢(y~*x) on G. By the other GNS-construction
there exists a hilbert space H and a continuous map f : X — H range such
that

(f(@), F(v)) = (z,y) = p(y~ @)

for all z,y € G. Furthermore, the span of the range of f is dense in H. Consider
for any fixed g € G the function fy(x) = f(gz). It satisfies

(fgz), f(gy)) = ®(gz, gy) = oy 'a).
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By uniqueness of the GNS construction there exists a unitary map 7 (g) : H — H
such that fy(z) = 7(g)f(z) for any z € G. It follows that

m(gh)f(z) = f(ghz) = m(g9)f(hx) = m(g)mw(h) f (),

for any = € G. Since the span of the range of f is dense in H it follows that
7(gh) = n(g)w(h) for any g,h € G. The relation n(g)f(z) = f(g9z) combined
with continuity of f and density shows that the map g — 7(g)n is continuous
for any 7 € H. This shows that (7, H) is a unitary representation of G. Set £ =
f(1). Then 7(G)¢ = f(G) and it follows that (7, H) is a cyclic representation.
We also have

(m(2)¢, &) = (w(2) (1), F(1)) = (f(2), f(1)) = ®(2,1) = ¢(x).

If (7', H') is another cyclic unitary representation with cyclic element £ that
also satisfies

¢(x) = (r'(x)¢", ')

for any x € G then

(m(x)¢ 7' (y)¢') = (7' (y ' 2)€, &) = p(y~'z) = ®(x,y)

for any z,y. By uniqueness of the GNS consctruction there exists a unitary
map U : H — H' such that 7'(2)¢' = Uf(x) = Un(z)€ for any = € G. Setting
x =1 yields U¢ = £'. Tt then follows that

Un(@)U~'¢' = Un(a)¢ = 7' (2)¢
for any x € G. Tt follows that Un(2)U ! = 7/(x) on 7' (G)&' since

Urn(2)U 7 (y)¢ = Un(z)U 7 (y)UU ¢

This implies that Ur(z)U~! = 7/(x) for all # € G on the span of 7'(G)¢’ hence
on H' since £’ is a cyclic vector. U

Remark 6.7. By the GNS-construction there corresponds to any function of
positive type ¢ : G — C a cyclic representation (wy, Hy) with cyclic vector . If
7 is a cyclic representation of G with cyclic vector €. Set ¢p(x) = (w(x)&,€) then
it follows by the GNS-construction that m is unitarily equivalent by (U) to my
and U§ = &4. This means that the equivalence classes of cyclic representations
can be parametrised as a set by If (my, Hy) which shows that the equivalence
classes of cyclic representations is a set. Since any irreducible representation is
cyclic it follows that G is a set.

Corollary 6.3.6.1. The collection of equivalence classes of unitary cyclic rep-
resentations of a topological group G is a set. It follows that G is a set.
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6.4 Topology on the Unitary Dual

For any irreducible unitary representation (r, H) its diagonal matrix coefficients
are given by

pe(r) = (m(9)§, &)

for x € G. These are the functions of positive type associated to m and any
equivalent representation will have the same functions of positive type associated
to them. A way of defining a topology on G' could therefore be to let a point 7 €
G be close to 7 if functions of positive type associated to 7’ can be approximated
by functions of positive type associated to 7 in some sense. This is what the
Fell topology does.

Definition 6.4.1. For any equivalence class [7] in G the functions of positive
type associated to x| are the functions of the form ¢¢(x) = (w(x)€, &) where &
s any vector in the Hilbert space associated to H.

Remark 6.8. The functions of positive type associated to [r1] € G do not depend
on the choice of representative (w, H). Due to this we will often abuse notation
and simply write 7 for the equivalence class [r].

Definition 6.4.2 (The Fell Topology on CA?) For any w € G let @1y ..e O, be
some collection of functions of positive type associated to m, let K be a compact
subset of G and let € > 0. Define W(m, ¢1, ..., on, K, €) to be the set of all ' € G
such that there exists for any ¢; a function of positive type 1; associated to 7’
such that

|¢5(x) — ()| <€

for all x € K. The set of all W(m, 1, ..., on, @, €) is a basis of a topology on G
which is called the Fell topology.

Proposition 6.4.3. The set of all W(m, ¢1, ..., 0n, K, €) is a basis of a topology
on G.

Proof. 1t is clear that the union of all such sets cover G since 7 is in W,y ey sy ey s)
for any ™ € G. Pick two such sets W; = W(r,d1, ..., dn, K,€) and Wy =
W(n' Y1, ...;%n, Q,6) with p lying in their intersection. Then there are func-
tions (fi)i<i<n (gi)1<i<m Of positive type associated to p such that

a; = max |pi(x) — fi(x)| <€

b; = gleagh/%(x) —gi(x)| <6

Let ¢ = min(e — a;) and d = min(4) and set C = min, 4 and define

W =Wi(p, (fi)i<i<n, (9i)1<i<m, K UQ,C).
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Pick an element o in W and consider the function ¢;. There exists a function
h; of positive type associated to ¢ such that

|fi(z) — hi(z)| < C
for all x € K UQ. It follows that

|0i(2) — hi(2)] < |i(x) — fi(2)] + | fi(z) — ha(2)]

< a; +min(e— ai) <e

for any x € K. The same argument can be used for any other function (¢;); or
(14); which means that W C W7 N W,. This shows that elements on the form
W(rm, ¢1, ..., dn, K, €) defines a basis for G. O

Example 6.4.4 (Locally Compact Abelian Groups). Let G be a locally compact
abelian group. Then any irreducible representation (m, H) is of the form x(z)idg
where x : G — T is a character. It follows that any function of positive type is
of the form

(m(2)€,€) = (X()€,6) = x(@)[|¢]I*

for some £ € H. It follows that a subbase for the topology on G when viewed as
the set of characters is generated by sets of the form

Vi = {x € GIx(K) C U}

for some open set U € T and a compact set K € G. This topology is called the
compact open topology on G and is shown in [9] to be equivalent to the weak
topology induced by the set of Fourier transforms which is the topology that we
previously gave it.

6.5 The Dual of a C*-Algebra

Just as with unitary representations we can consider irreducible representations
for a *-algebra A and by analogy we would like to have a dual object A of
equivalence classes of irreducible representations of A as well. For the maximal
group C*-algebra of a locally com@t\ group G the integrated/r\emesentation

gives a bijection between G and Ct .« (G) which shows that C . (G) is a set.
The dual (or spectrum as it is also called) of a general *-algebra is also well-
defined as a set. The reason for this is that there is correspondence (similar
to our GNS-constructions) between equivalence classes of *-representations of
A and a subset of functions of the form x — (w(x)¢,&) where (7, H) is a *-
representation and & € H, see Proposition 2.4.1 in [6]. This correspondence has
a uniqueness property for cyclic representations just as in the GNS-construction.
This uniqueness property can be used show that these collections of equivalence
classes are indeed sets. Functions of the x — (7(x)¢, &) form are called positive

forms on A. There is also another notion of a dual of A called the primitive
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ideal space of A which is the set of kernels of irreducible representations of A.
The primitive ideal space, Prim(A) is sometimes more managable than A but
in many cases they are in bijection.

Definition 6.5.1 (The Dual of a *-Algebra). For any involutive algebra A we

let A denote the set of all equivalence classes of irreducible *-representations of
A.

Definition 6.5.2 (The Primitive Ideal Space). Let A be a *-algebra. We de-
note by Prim(A) the set of all subsets in I of A such that I = kerw for some
irreducible *-representation m of A.

We will begin with putting a topological structure on the primitive ideal space.

Definition 6.5.3 (Hull-Kernel Closure and Jacobson topology). Let A be a
*-algebra. For any subset S C Prim(A) we define

I(S) = ﬂ ker 7

TeSsS

and let S be the set of all elements 7 of Prim(A) such that 1(S) C kermw. The
operation S +— S is called hull-kernel closure. The hull-kernel closure satisfies
the Kuratowski’s closure axioms and therefore defines a topology on Prim called
the Jacobson topology.

Remark 6.9. Since equivalent irreducible representations have the same kernel
it follows that we get a canonical surjective map k : A — Prim(A). This map

will be used to define a topology on A.

Definition 6.5.4. We define a topology on A by declaring the open sets to be
the ones on the form V. = k= (W) for some open W in Prim(A).

Remark 6.10. For a locally compact group G we know that there is a bijection
between G and C*(G) given by the taking the integrated representation. This
bijection is also natural candidate to use in order to define a topology on @(G)
However the content of Proposition 18.1.5 in [6] is that these two topologies will
coincide.

The following is a nice class of C*-algebras which is also important when con-
sidering the canonical map k : A — Prim(A) as we soon shall see.

Definition 6.5.5 (Liminal C*-Algebras). A C*-algebra, A is said to be liminal
if for any irreducible *-representation © : A — B(H) the evaluation 7(z) is a
compact operator for any x € A.

For us it will be of interest that the group C*-algebras of connected nilpotent
Lie groups are liminal. Note that the reduced and maximal group C*-algebra
coincides since nilpotent groups are amenable. This fact will be proved in the
next section.
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Proposition 6.5.6. The group algebra C*(G) is liminal if G is a connected
nilpotent Lie group.

Proof. See *13.11.12 in [6]. O

Proposition 6.5.7. If C*(G) is liminal for some locally compact group G then
the canonical map k : A — Prim(A) is a homeomorphism.

Proof. This is proposition 2.1 in [18] O

Proposition 6.5.8 (Central Characters). The map res : G — Z/(-\G) given by
T = T z(q) i a quotient map.

Proof. Let (m, H) be an irreducible unitary representation on G. By Schur’s
lemma we have 7(Z(G)) C n(G)" C Cidy which shows that res(r) is irreducible.

—

The fact res : G — Z(G) is continuous is clear from the definition of the Fell
topology. One can induce representations from subgroups, see appendix E in
8] O

The following fact is now straightforward to prove.

Proposition 6.5.9. Any isometric *-isomorphism ® : C*(G) — C*(H) for
some connected nilpotent Lie groups G and H induces a homeomorphism of

—

C*(H) — C*(G)

6.6 Projection Valued Measures and Unitary Representa-
tions

In this section we will define projection valued measures and apply them in the
context of unitary representations. All the details on projection valued measures
can be found in chapter 12 in [7].

Definition 6.6.1. Projection Valued Measures Let (X, M) be a measureable
space and H a Hilbert space. A projection valued measure E is a map E : M —
PB(H) such that for any elements w and W' in M

°
S|

(2) =0 and E(X) = idg.

e FE(w) is a self-adjoint projection.

e FlwnNuw')=EW)EW).

o FlwUw') = E(w)+ E(W') whenever wNw' = @.

e For any x and y in H the function E,, : 9 — C defined by
Fpylw) = (E(w)a,y)

is a complex measure on X.
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When X is a locally compact Hausdorff space M is the o-algebra of Borel sets
then it is also customary to add the requirement that E . should be a regular
measure for any x,y € H.

6.6.2. The spaces B(X, M) and L*>°(E)

Let (X, M) be a measurable space, E : M — B(H) a projection valued measure
and f : X — C a M-measuradble function. There exists a countable collection
of open balls {B;} that is a basis for the topology of C. Let V be the union of
all the B; such that E(f~1(B;)) = 0. Then one can show that E(f~*(V)) =0
and V is the largest open set with this property. The essential range of f is the
complement of V and f is said to be essentially bounded if the essential range is
a bounded set. If f is essentially bounded then its essential range is a compact
set and we can therefore define || f||c to be the mazimum of f over its essential
range.

Define B(X,0M) to be the C*-algebra of all M-measurable bounded functions
f: X — C normed by the supremum norm. The set

is a closed, *-closed ideal of B(X,0M) and it follows that B(X,9M)/N is a C*-
algebra which we denote by L>°(E).

Theorem 6.6.3. For any projection valued measure E : 9 — B(H) on some
measurable space (X,9M) and some Hilbert space H there exists an isometric
x-isomorphism ® of L*°(E) onto a commutative sub-C*-algebra A of B(H).
The element ©(f), f € L>(E) is the unique element of B(H) satisfying

(®(f)z,y) = /X fdE,,

forall x,y € H.
Proof. See Theorem 12.21 in [7] O

Definition 6.6.4. Integrals of Projection Valued Measures
With the theorem above in mind it is natural to introduce the notation

a(f) = /X fdE

for f € L>(FE) which then means that the integral fX fdFE is the unique element
in B(H) such that

([ fapjay) = [ fae.,
X X
holds for all x,y € H.
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Theorem 6.6.5. If G is a locally compact abelian group then there is a bijection
between unitary representations of G and projection valued measures defined on
the Borel sets of the dual group G. If (w,H) is a unitary representation of G

~

then there exists a projection valued measure E : B(G) — ZB(H) such that

ﬂ@=é%wMW)

7(f)= [ f(dE()

G

For all x € G and f € L*(G) where 7 is the integrated representation of .

~

Conversely, if E : B(G) — B(H) is a projection valued measure on the Borel
sets of the dual group then

defines a unitary representation of G.

Sketch. The proof is quite long but the construction of a projection valued
measure from a unitary representation of a locally compact abelian group ties
in nicely with the rest of the chapter and therefore I include that part. The
rest of the proof can be found in Theorem D.31 in [8]. Assume that (7, H) is a
unitary representation of G. Fix any £ in H and define f : G — C by

f(@) = (w(2)€, &)

Then f is a function of positive type. By Bochner’s Theorem, see Theorem 1.4.3
in [9] there exists a regular finite positive measure p defined on the Borel sets
of G such that

f@waév@mmw

for all x € G. Now define for any { and 7 in H the function ¢¢, : G — C by

Pen(x) = (w(2)€, )

Then the polarization identity

(m(z)&,m) = (m(x)(§+n),§+n) — (7(x)( —n), & —n)
+i(m(2) (€ +in), & +in) —i{m(x)(§ —in), & —in)

shows that ¢¢,(x) is a linear combination of functions of positive type and
Bochner’s Theorem then implies that there exists a complex regular measure
e, n on the Borel sets of G such that

wmamzéwwme (1)
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for all z € G. Since the integral representation in Bochners Theorem is unique

and each of the four measures corresponding to each term in the polariza-
tion identity is exactly one of the following types: real-positive, real-negative,
imaginary-positive and imaginary-negative it follows that the measure in (1) is
unique. The calculation

A @tagi g = trtaas + )0
= a(n(@)e,n) + Blr(x)(w).1) = /G (@) d(apien + Biivm) (7)

combined with uniqueness shows that the function (§,71) — pe,(B) is linear
in the first argument for any fixed Borel set B C G. A similar calculation on
the second argument shows that (£,7) — pe ,(B) is a sesquilinear form for any
fixed Borel set B. Since

e (G| = 1€, m)] < [€llIm]l

it follows that ||pe | < [€|ll|n]] and therefore |pe (B)| < [|€][||n]| which shows
that (§,m) — pen(B) is bounded for any Borel set B. By Theorem 12.8 in [7]

there exists for each Borel set B C G a unique operator E(B) € %(H) such
that

(E(B)§;n) = pe.n(B)

for all £ and 7 in H. The mapping E : B(G) — %(H) can then be verified to
be a projection valued measure. By (1) we also know that

n(z) = /ﬂ(x)dE(v)

G

If m is the Haar measure on G then the integrated representation is given by

F(f)Em) = /G f(@){m(@)€, nydm(z)
— | f@) /G (@) dpse () dm(z)

This means by definition that

O

Theorem 6.6.6. If (X,9M) is a measurable space then there is a bijective cor-
respondence between continuous *-representations of B(X, M) — ZAB(H) and
projection valued measures E : 9 — B(H).

Proof. This is corollary 1.55 [5]. O
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7 Nilpotent Groups and Matrix Lie Groups

We have proved that the reduced group C*-algebra of a locally compact abelian
group G is isomorphic to the space Cy(G) of continuous functions vanishing
at infinity on the dual group G. On the algebraic side, the class of nilpotent
groups is a generalization of the abelian groups and is natural class of groups
to consider next. On the topological side the Lie groups have a nice theory
associated them and some examples of matrix Lie groups will be given below.

7.1 Matrix Lie Groups

A Lie group G is a group and a smooth manifold such that multiplication
G x G — @G and inversion G — G are smooth maps. A subclass of the Lie
groups are the matrix Lie groups, which essentially are the Lie groups that can
be realized as groups of matrices. Being matrix groups, the matrix Lie groups
are much more concrete to work with and can therefore be studied without
going to deep into the realm of differential geometry.

Definition 7.1.1 (Matrix Lie groups). Any closed subgroup H of the general
linear group GL,(R) is a matriz Lie group.

Remark 7.1. Recall that the topology of GL,(R) is given by the subspace topol-
ogy induced by M (nxn,R) which is identified with R™"*™. Since the determinant
function is continuous on M(n x n,R) and GL,(R) = det " (R — {0}) it follows
that GL,(R) is an open (smooth) submanifold of M (n x n,R). Now the same
argument as the proof that the general linear group is a topological group, propo-
sition 2.0.11 with the word continuous replaced with the word smooth shows that
inversion and multiplication in GL,(R) are smooth operations which shows that
GL,(R) is a Lie group.

It is not easy to show that a matrix Lie group in fact is a Lie group since it
is not clear apriori that a closed subgroup of GL,,(R) is a smooth manifold and
a proof that this is indeed the case uses the theory of Lie Algebras which we
will not discuss here.

Proposition 7.1.2. Any matriz Lie group is a Lie group
Proof. See Corollary 3.45 in [10]. O

Proposition 7.1.3 (Examples of matrix Lie groups). The following groups are
matriz Lie groups
e The general linear group GL,(R).
e The special linear group SL,(R) C GL,(R) of matrices with determinant 1.
e The orthogonal group O(n) C GL,(R) of matrices such that AT = A~}
e The special orthogonal group SO(n) = O(n) N SL,(R)
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Proof. The group GL,(R) is trivially a matrix Lie group. The set SL,(R) is a
group since the determinant is multiplicative and it a closed subset of GL,(R)
since it is the inverse image det™*({1}) = SL,(R) of the continuous determinant
function. Since (AB)T = BTAT it follows that O(n) is a group. Define the
map ¢ : GL,(R) = GL,(R) x GL,(R) by t(4) = (A, A7) and consider the
composition map ® = m o where m is multiplication. If ®(A) = I,, then
using the determinant it follows that A is invertible and AT = A~!. Since
® is continuous and ®~1({I,}) = O(n) it follows that O,, is closed. Being the
intersection of two closed groups it is clear that SO(n) is also a closed group. O

The unitriangular matrix group and the Heisenberg group are two other
examples of matrix Lie groups and will be defined below.

Definition 7.1.4 (The Unitriangular Matrix group). Define the set U,(R) as
the set of all real n X n-matrices of the form

]. % *
0 1 *
0 0 1 *
0 0 o - 1

Here any * (to be thought of as different entities) is a placeholder for a real
number. The set U, (R) is called the n-th (real) unitriangular group.

Proposition 7.1.5. U, (R) is a matriz Lie group.

Proof. The proof that U, (R) is a group proceeds by induction over n. The set
U;(R) = {I1} is clearly a group. Assume that U,_1(R) is a group and pick
An, By, € U,(R). Then A,, can be written as the block matrix

_ An—l a
vt

where A,,_; € U,,_1(R) and a is real column matrix of length n — 1 and 0 is a
row matrix of length n — 1. Doing the similar decomposition for any B,, € U,

we see
An—l a Bn—l b _ An—an—l An—lb +a
0 1 0 1) 0 1 '

Hence A, B, € U,(R). It is straightforward to check that the inverse of A,, is
given by

—1 —1
ATl = (A%—l —Ayi_la> € Un(R).

Which shows that U, (R) is a group. To show that U, (R) C GL,(R) is closed
note that any sequence (x,), in R™ converges to € R™ if and only if each of
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its component sequences converge to the corresponding component of x. Since
the topology of GL,(R) is given by viewing it as a subspace of R™*" it follows
that if (A4,), is a sequence in U, (R) that converges to A € GL,(R) then any
component a of A correspondong to an element below the main diagonal is
given by a = lim,,_,o, 0 = 0. Similarly any component a of A corresponding to
a component on the main diagonal is given by a = lim, ., 1 = 1 which shows
that A € U,(R). O

Definition 7.1.6 (The Heisenberg Group). Let n be a non-negative integer and
let Hop11 be the set of all matrices of the form

1 a c
0 I, b
0 0 1

where a € M(1 x n,R), b€ M(n x 1,R) and ¢ € R and the boldface zeros are
suitably chosen zero-matrices. The set Hap+1(R) is called the Heisenberg group
with 2n + 1 degrees of freedom.

Proposition 7.1.7. The Heisenberg group is a matriz Lie group.

Proof. Clearly Ha,11(R) contains the identity. A quick calculation shows that

1 a ¢ 1 d f 1 a+d c+ f+ae
0 I, b 0 I, e|l=1]0 I, b+e (1)
0 0 1 0 0 1 0 0 1

and it follows that Ha,41(R) is closed under multiplication. From formula (1)
it is also easily seen that

1 a ¢ 1 —a ab-c¢
0 I, b =(0 I, -b € Hopt1(R)
0 0 1 0 O 1

which shows that Ha,1(R) is a group. A similar argument as the one showing
that U, (R) is closed shows that Hap,1(R) is closed in GL,(R) O

7.2 Nilpotent Groups

The upper central series of a group G is a sequence of normal subgroups Z;
that in a sense measures failure of centrality in G. This is the case since Z; =
Z(@G), the center of G and if x € Z;;1 then o ly~lay € Z; for all y € G. A
central series is similar to the upper central series but with flexibility on how the
sequence of subgroups is chosen. A nilpotent group is a group where the upper
central series or equivalently some central series eventually equals G. Before
the definitions are given it is useful to recall the lattice theorem for groups
which states that if N < @ is a normal subgroup of G then there is an inclusion
preserving bijection between subgroups H such that N < H < G and subgroups
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Q < G/N. Furthermore if N < H < G then H is normal in G if and only if the
corresponding group is normal in G/N. The bijection is given by H — 7 (H)
where 7 : G — G/N is the natural projection.

Definition 7.2.1 (Cental Series). Let G be a group. A sequence of subgroups
1=Gy <G <..<G

where each G; is normal in G and G;41/G; < Z(G/G;) is called a central series
for G.

Definition 7.2.2 (Upper Central Series and Nilpotence). Let G be a group and
set Zy = 1 < G. Define recursively Z;11 to be the normal group in G such
that Zi11/Z; = Z(G/Z;). This is well-defined since Zy is normal in G and if
Z; is normal in G then Z;11 is normal in G since it corresponds to the normal
subgroup Z(G/G;) in G/G;. The series

1=2<7Z;1<..<@G
is called the upper central series of G. If there exists an integer n such that
1=20< 71 <. <7, =G,

then G is called nilpotent and the smallest such n is called the nilpotency class

of G.

Remark 7.2. [t is easily seen that Z1 = Z(G) which shows that abelian groups
are nilpotent with nilpotency class not greater than 1. Conversely any group of
nilotency class not greater than 1 is abelian. The trivial group is the only group
of nilotency class of 0.

Proposition 7.2.3. A group G is nilpotent if and only if there exists a central
series that terminates at G, that is if there exists a central series (G;) for G
such that

1=Gy <G <..<G, =G. (1)
for some integer n. Moreover for any central series (G;) of G we have
G; < Z; (2)

for alli. Hence if G is nilpotent then the upper central series Z; is the central
series of G that terminates at G in the least number of steps. It follows that the
nilpotency class of G equals the smallest possible n in (1) over all central series

for G.

Proof. 1t is clear that the upper central series for G is a central series for G hence
if G is nilpotent then this central series for G terminates. If (2) is true then
it follows that the upper central series for G terminates if some central series
terminates. It therefore remains to prove (2) which we will do by induction. Let
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(G;) be a central series of G. The base case is clear since Gp = 1 = Z. Assume
that G; < Z; and define ¢ : G/G; — G/Z; by

o(2G;) = xZ;

for x € G. If 2G; = yG; for x,y € G then y~ 'z € G; C Z; hence zZ; = yZ;
and it follows that ¢ is well defined. It is clear that ¢(H/G;) = H/Z,; for any
G; < H < G and we therefore get

Git1/Zi = §(Gis1/Gi) < (Z(G/Gy))
< Z(W(G/Gy) = Z2(G|Z;) = Ziv1/Zi

hence Gi+1 < Zi+1 ]
Proposition 7.2.4. Subgroups of nilpotent groups are nilpotent

Proof. Let G be a group and H be a subgroup of G. If G is nilpotent then we
have a series

1<Gi1<..<G, =G

where each G; is normal in G and G,41/G; < Z(G/G;). Define H; = G;NH. It
is clear that H; is normal in H since G; is normal in G. The relation H;1/H; <
Z(H/H;) is equivalent to showing that

—173—1
x hi+1$hi+1 € H;

for all x € H and h;y+1 € H;y1. Fix an ¢ and choose x € H and h;41 € Hi4q1. It
is clear that x_lh;rllxhiﬂ € H since H;;1 is a subgroup of H. Since (G;) is a
central series and h;y1 € G;41 we also have that

7 hizhi € Gy
By definition of H; it follows that z=*h; ! zh; 1 € H,. O
Proposition 7.2.5. Nilpotent locally compact groups are amenable.

Proof. A group is nilpotent if and only if it has a finite nilpotency class. A
group with nilpotency class 1 or 0 is amenable since it is abelian. We will
use Proposition G.2.2 in [8] that states if G is topological group with a closed
normal subgroup N such that G/N and N are amenable then G is amenable.
Pick a positive integer n and assume that any Nilpotent topological group with
nilpotency class strictly less than n is amenable. Let G be a topological group
with nilpotency class n > 1 and consider its center Z(G). Since Z(G) is abelian
it is nilpotent. Fix a g € G and consider the map fy(z) = grg~ 'z, This map
is clearly continuous and it follows that Z(G) is closed since

2(G) = () £, ({1

geG
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Consider now the quotient G/Z(G). Since G is nilpotent with nilpotency class
n > 1 it is clear that Z(G) is not the trivial group. We can therefore quotient
each group in the upper central series of G with the center and obtain a central
series of G/Z(G) of length n — 1. Tt follows that the nilpotency class of G/Z(G)
is at most n — 1. Since the canonical projection G — G/Z(G) is surjective,
continuous and open it follows that G/Z(G) is locally compact. The hypothesis
therefore implies that G/Z(G) is amenable. This implies that G is amenable. [

Proposition 7.2.6.
e The permutation group Sy is nilpotent if and only if n < 2.
e The group GL,(R) is nilpotent if and only if n = 1.

Proof. Tt is clear that S7 and Sy are abelian and hence nilpotent. Assume that
o € Z(Ss) is non trivial. Then it contains a cycle. If the cycle is of the form
o = (12 3) then we can let 7 = (1 2) and we see that o7 = (1 3) but 70 = (2 3)
and it follows that ¢ is not in the center in that case. Otherwise ¢ is of the
form o = (a b) where a,b are distinct element of {1,2,3} and if ¢ is the third
element we have (b ¢)(a b) = (a ¢ b) but (a b)(bc) = (abc). It follows that
Z(Ss) = 1 is trivial. The group Z, in the upper central series of S3 therefore
satisfies Z5/1 = Z(S3/1) = 1 hence Zs = Z; = 1 and by induction it follows
that the upper central series does not terminate at S3 which shows that S3 is
not nilpotent. Since S5 is a subgroup of S,, whenever n > 3 it follows that S,
is not nilpotent when n > 3.

For the general linear group it is clear that the group GL;(R) = R* is nilpotent.
Asssume that n > 2 and define the map ® : GLy(R) — GL,(R) by

®(4) = (61 In02>

where 0 denotes suitable zero-matrices and I, is the n x n-identity matrix. Since
det(®(A)) = det(A) # 0 it follows that @ is well defined. It is clear that ® is
injective and it is a homomorphism since

®(A)8(B) = (j(é)1 Ino_g) (ﬁ In0_2> - (AOB 1n0_2> = ®(4B).

It follows that GL,(R) where n > 2 is not nilpotent if GL2(R) is not nilpotent.
We therefore only need to prove that GL2(R) is not nilpotent which we will do
by showing that the subgroup GL3 (R), consisting of invertible matrices with
positive determinant is not nilpotent. Choose a matrix

a b
4=(c g
in Z(GL$ (R)). Then A needs to commute with the matrix

(_01 é) e GLE(R)
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from which it follows that @ = d and b = —c¢. The matrix A also needs to
commute with the invertible matrix

1 1
<0 1> € GL;'(R)
from which it follows that b = 0 hence
Z(GL (R)) = {cI; ¢ > 0}.

Define the map ¢ : GL§ (R) — SLa(R) given by

1

S Ty

It is clear that ¢ is well-defined since det(A) > 0 whenever A € GLJ (R) and

det(¢(A)) = det( delt(A)A)( delt(A))?det(A)L

It is easy to check that ¢ is a surjective homomorphism. The kernel of ¢ is
{cI, ¢ >0} = Z(GL3 (R)) and it follows that

Z(GL3 (R)/Z(GL3 (R))) = Z(SL2(R))

Since the commutativity calculations above hold in SLs(R) it follows that
Z(SLs(R)) =1 and we have that Z> must satisfy

2/Z(GLY (R))) = Z(GLS (R)/Z(GLS (R))) = 1.

Thus Z, corresponds to the trivial subgroup of GL§ (R)/Z(GLF (R)) and it
follows that Z, = Z(GL3 (R)) = Z; which shows that G'Ly(R) is not nilpotent.
O

Proposition 7.2.7. U,(R) is nilpotent with nilpotency class n — 1.

Proof. Fix an integer n > 1 and define U]* tobe {I,,} if m < 0andif 0 <m < n
to be set of all elements of the form

1 0 0 -~ 0 *

o 1 0 -~ 0 0 *

o o0 1 -~ 0 0 0

0 0 1 0 0
0 0 0 -vc eeneni e e o1

Where the number of non-zero elements of the first row, not counting the first
1 is m. Furthermore define UJ® = {I;} for all m. It is clear that any U} is
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a subgroup of U, (R). We will show by induction on n that the upper central
series of U, (R) is given by

1=U02<U<...<U" ! =U,(R)

from which it follows that U, (R) is nilpotent of nilpotency class n—1. The base
case is clear since Uy (R) = {I;} = U§. Pick an integer n > 0 and assume that
the proposition holds for this n — 1. We then want to show that

U Ui = Z(U,u(R)/UT).
where 0 < m < n — 2. This is equivalent to showing that A, € U™+ if and
only if
A B YALB, € U™ (1)

for all B € U,(R) and 0 < m < n — 2. Using the formulas for multiplication
and inversion in U, (R) we have

A 'B71A,B,

_ Anfl a - anl b - Anfl a anl b
o 0 1 0 1 0 1 0 1

_ (Anll —An11a> <Bn11 —Bn11b> (An_an_l An_1b+a>

0 1 0 1 0 1
(AL B, -4 B b— At a\ (Ay1Baor A,oib+a
o 0 1 0 1
_ (A;ilB;llAn_an_l A LB (A,_ib+a)— AL B b — A;lla)
0 1 ’

It follows by the induction hypothesis that (1) holds for any B,, € U, (R) if and
only if A,,—1 € U"7" and any element after the m:th-row of the column matrix

AL B L (Apb+a) - AL B b - AL a (2)

is zero for any B,,—1 € U,,_1(R) and any column vector b of length n — 1. Note
that (2) equals

Ar:llB;—ll(Anfl - In71>b + A;Lil(B’r:—ll - Infl)a (3)
and we analyse each term in (3) separately. Since 4, ; € U™" it follows
that any row after the m:th row in A,,_1 — I,_1 is zero . Consider the m’:th
row, m' > m of A1 B!, since A ' B! is unitriangular any element of
row m’ on a column before m’ is zero and it follows that the m’:th row of
At B Y (A, — 1) is zero hence the m/':th element of

AL B (A —1,1)b

n—1

(6]



is zero for any B, _1 and b. If a is any column vector of length n — 1 that is 0
after row m then it is clear that A, € U™. Conversely if B,_1 € U,_1(R) is
the matrix whose inverse are all 0 except on the main diagonal and any element
of the last column after row m equals 1 then the elements after row m of

AL (B —Tho1)a

n—1
equals the corresponding elements of a which shows that
Un /oy = Z(Uu(R) /U
O

Proposition 7.2.8. The Heisenberg group Han11(R) is nilpotent with nilpo-
tency class 2.

Proof. Define

1 a ¢
A=(0 I, b
0 0 1
and
1 d f
B=10 I, e
0 0 1
then the multiplication formula
1 a ¢ 1 d f 1 a+d c+ f+ae
0 I, b 0 I, e|l=|0 I, b+e (1)
0 0 1 0 0 1 0 0 1

shows that AB = BA if and only if ae = db. It is then routine to show that
Z(Hzp+1(R)) consists of all elements of the form

1 0 ¢
0o I, O
0 o0 1

where ¢ € R. Define the map ¢ : Ho,1 — R?” by

( )=(a,b') e R*"

S O
o
— oo
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From the multiplicationn formula (1) it is clear that ¢ is a homomorphism and
it is clearly surjective. From our calulation of the center of Ha,11 we see that
the kernel of ¢ coincides with Z(Hs,11(R)) and we therefore have

Honi1(R)/Z(Hzp41(R)) = R
It follows that Z5 satisfies
Z3/Z(Hant1(R)) = Z(Hon41(R)/Z(H2n11(R))) = Happ1(R)/Z(Hapg 1 (R))

hence Z5 = Hop11(R) and it follows that Hay,41 (R) is nilpotent with nilpotency
class 2. 0
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8 Representation Theory of the Heisenberg group

In this section we will work out the the unitary dual of the Heisenberg group
Hsp+1(R™). The Stone-von Neumann theorem will be proved and we can
use it to classify elements of the unitary dual as either being equivalent to
a Schrodinger representation or being characters of R?”. Knowing the unitary
dual of the Heisenberg group will enable us to give a more concrete view of the
C*-algebra of the Heisenberg group as sitting in a particular type of continuous
field of C*-algebras.

8.1 Notation and Haar-measure

Recall that the Heisenberg group, Ha,+1(R) is the collection of all real valued
matrices on the form

1 a ¢
0 I, b
0 0 1

where a’,b € R” and ¢ € R. To make the notation more compact and easier
to read we drop the bold notation and write the matrix above simply as (a, b, ¢)
and then the group law becomes

(a,b,¢)(a’, b, )= (a+ad,b+b,c+c +a-V) (1)
where a - b denotes the scalar product in R™.

Proposition 8.1.1. The Haar measure of the Heisenberg group, Hani1(R)
when viewed as a subset of Rt is the 2n + 1-dimensional Lebesgue measure,

mM2an+1-

Proof. The map that sends the matrix

1 a ¢
0 I, b
0 0 1

to (a,b,c) € R?"*! is a homeomorphism and therefore establishes a bijection
between the Borel sets of Ha,1(R) and the Borel sets of R?"*1. Since the
Lebesgue measure is a Haar measure it follows that it defines a non-zero Radon
measure on Ha,11(R). It remains to show translation-invariance. If E is a Borel
set in Hopy1(R) and (a, b, ¢) € Hapt1(R) then it follows that translation can be
written as

(a,b,¢)E = (a,b,¢) + Lo(E)

where L, : R2*t1 5 R27+1 ig the linear transformation with matrix

I, 0 O
0 I, af
0 0 1
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in the standard basis. It is clear that det(L,) = 1 and using well known prop-
erties of the Lebesgue measure we have

man+1((a, b, ¢)E) = many1((a,b,¢) + La(E)) = mani1(La(E)) = mapi1(E)
O

8.2 The Stone-von Neumann Theorem

Example 8.2.1 (The Schrodinger representation). For any fized non-zero h €
R we can define the function py : Hapt1(R) — U(L2(R™)) by

(pn(a,b, ) f)(z) = ") f(z + ha)

Since pp(a,b,c) is a composition of a translation operator and a multiplication
operator by a complex exponential, both being unitary operators on L*(R™) it
follows that pp(a,b, c) is unitary. The calculation

(pn(a,b,c)pn(a’, b, ) f) ()

= T the) (! W ) f) (z + ha)

_ ei(b~x+h0)ei(b/'(x+ha)+hc,)f(‘r + ha + ha')
ei((Hb/).z+h(c+c’+a-b’))f(g; + h(a+a'))
(pla+a'b+b,ct+c +a-t)f)(z)
(pl(a,b, e)(a, V) ) (@)

shows that py is a group homomorphism. The continuity of py, follows from the
fact that b — M. and a — L_p, are continuous mappings R™ — U(L*(R™))
and multiple uses of the triangle inequality. This is shown in a more general
situation in the Stone-von Neumann theorem. It follows that py, : Hapi1(R) —
U(L*(R™)) is a unitary representation for any non-zero h € R. This repre-
sentation is called the Schrédinger representation. It is clear that pp, and pp
for distinct choices of h and h' are non-equivalent since they in particular are
non-equivalent when they are restricted to the center of the Heisenberg group.

Proposition 8.2.2. The Schridinger representation (pp, L*(R™)) of Hapt1(R)
for any h # 0 is irreducible.

Proof. Assume that K is closed non-trivial subspace of L?(R™) such that
p(Hzn41(R))K C K.
Then it follows that there exists a non-zero g € L?(R™) such that

{on(x)f,9) =0

for all f € K and all x € Ha,y1(R). Pick a non-zero f € K and define
F . H2n+1(R) — C by

F(x) = {pn(®)f, 9)-
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By assumption, F' = 0 hence

0=I1Fllz = // / [{pla,b,¢) f. g)[*dbdade
R JRX JRX
// / |/ 'Ot £y 4 ha)g(y)dy|>dbdade
R JRX JRX n

_ /R /R K /R () 0)Pdbdade,

From Plancherel’s Theorem it follows that

0= /R/R /R |(F~1a3) (8) 2 dbdade
B /R/R /R |(f(y + ha)g(y)*dydade
= [ [ [ 1wt dadyc
- ﬁ/ﬂg/ﬂ@ |f(a>|2da>(/w l9(y)|Pdy)de
— o [ 1Bl

The last integral can only be zero if || f||2 = 0 or ||g||2 = 0 which contradicts our
choice of f and g¢. O

Define pj, and p}, on R™ by
p;l(l‘) = pn(z,0,0)
ph(x) = pn(0,2,0).
It is then clear that both p, and p} are unitary representations of R™. Since

(l’, 0, O)(Oa Y, 0) - (Oa 0,z - y)(oa Y, 0)(937 0, O)
for any x,y € R™ it follows that

ihz~yp//(

pr(x)py(y) = e 0 (W) ().

where
p(0,0,¢) = ethe.

It is also clear that p) and p}, determine py, since

ihe 11

pn(a,b,c) = e"py (b)py(a) = pj,(a)pp (b)

The Stone-von Neumann Theorem shows when this relationship between pairs
of representations of R™ can be extended to a representation of the Heisenberg
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group and vice versa in the general case. It also characterises any unitary
representation of the Heisenberg group that satisfies

7(0,0,¢) = e idy
for some non-zero h as being unitarily equivalent to a direct sum of Schrdodinger
representations.

Theorem 8.2.3 (The Stone-von Neumann Theorem).
a) If (', H) and (7", H) are unitary representations of R™ which satisfy

(@) (y) = eV (y)n' (2)

for some real non-zero h then there exists a unitary map U : H — @@, ; L*(R")

such that

i€l
U @)U = P oh(@)

icl

Ur" (@)U~ = €D ph(x)

iel
for all x € R™.
b) If (w, H) is a unitary representation of Hapy1(R) such that

7(0,0,¢) = eidy

for some non-zero real h then 7 is unitarily equivalent to a direct sum of copies
of ph.-

Proof. We begin by showing that the statements a) and b) are equivalent. Sup-
pose that (7, H) is a unitary representation of Ha,11(R) such that

7(0,0,¢) = e idy

for some non-zero h. Define unitary representations of R™ satisfying
7' (z) = m(x,0,0)
7" (x) = (0, x,0).

Tt follows that the condition of a) is satisfied since

7' (z)7" (y) = 7(x,0,0)w(0,y,0) = 7(x,y,x - y)
= 77((07 0,2 - y)(oa Y, O) (07 0, I))
_ eih:r-y,]r//(y)ﬁ/(x)'
Hence there exists a unitary map U : H — @,.; L*(R™) such that
Un' (@)U~ = P ph(w)
iel

Ur” (U™ = P ri(y)

i€l
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for any x,y € R™. On any copy of L?(R") we then have
Un(z,y,c)U~" = Un((0,0,¢)(0,9,0)(0,0,2))U~"
e'Lhcl-],n_//( )7_(/( )U 1 _ezth //( )U71U7TI(£L')U71
/

e pil () ph () = pr((0,0,¢)(0,y,0)(0,0,))
p(z,y,c)

and it follows that 7 is unitarily equivalent to a direct sum of copies of pj. This
shows that a) implies b). If instead (7, H) and (7", H) are unitary representa-
tions of R™ which satisfy

7TI(1‘)7T”(y) _ eihmy,ﬂ_/l(y)ﬂ_/(x)
for some real non-zero h then we can define 7 : Hap41(R) — U(H) by
(@, y,c) = e on” (y)n' (2).

The operators w(z,y,c) are clearly unitary. The map 7 : Hopt1(R) — U(H)
is also continuous since multiple applications of the triangle inequality and the
fact that the operators are isomtetries yields the estimate

(2, y, )€ — €l < e = 1{lIg]l + [l (y)m(2)€ — m(@)€]| + |7’ (2)€ — €]

The first and third term clearly tend to 0 as (a,b,¢) — 0 for any £ € H. For
the middle term we have

17" (y)m(2)€ = w(@)¢]l = [I7" (y)m(2)¢ — 7" ()€l + 7" (y)§ — m ()|
< 2fw(@)€ = &Il + 17" (w)§ — <.

This shows that = : Ha,11(R) — U(H) is continuous. It follows that (7, H) is
a unitary representation since

=7((z,y,0)(@" Y. ) =n(z+ 2"y +y et +a-y)

— eih(c-&—c/-i-x‘y')ﬂ_//(y_i_y/)ﬂ_/(x +{13/)

— eih(c+c’+r~y/) ”(y)w"(y’)ﬂ’(x)w’(x')

— eihceihc ezhm y’ T (y)efihm-y'ﬂ_l(x)ﬂ_//(y/)ﬂ_l(m/)

_ eihc,]rll(y 71_/( ) ihc,’/T//(yl)’lTl(l'/)

=m(z,y,0)m(@’,y', ).
The representation also satisfies 7(0,0, ¢) = e*“idy hence b) gives us that 7 is
unitarily equivalent to a direct sum of copies of pj,. Let U : H — @,; L*(R")
be a unitary map giving this equivalence. Since Un(x,y,c)U ! = pp(x,y,c) on
any copy of L?(R") it is clear that a) holds by simply inserting y = 0, ¢ = 0 and
x = 0,c = 0 in the equation. We have thus showed that a) and b) are equivalent
statements.
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We prove now prove the Stone-von Neumann Theorem by proving a). Assume
that (7', H) and (7", H) are unitary representations of R™ which satisfy

' (2)n" (y) = eV (y)n' (2) (1)

for some real non-zero h. If we replace 7”/(y) with the representation 7 (%) it
follows that (1) is satisfied with A = 1 hence we can assume that h = 1. By
Theorem 6.6.5 there is a unique projection valued measure P : B(@”) — #(H)
such that

#(f)= [ F(yHdP(v)

]R?n

for all f € LY(R™). It is well known that R" = R and each element of R™ is of
the form ~(t) = ¥ for any t € R. It follows that translating P that

#(f)= | f(=y)dP(y).
Rﬂ,

Fix an z in G and consider the unitary representations o and 7 given by o(y) =
7' (x)7" (y)7' () ! and 7(y) = Y7 (y). The calculation

—~

[ towisen = [ twowendy
= [ G @ W @) ey

| ) e @) e @)y

—~

[ )y @) x' (@) )
(7 @7 () ()26, )

shows that

A similar straightforward calculation shows that

7(f) =7"(9f)

where g(y) = . Let E° be the projection valued measure corresponding to
o and pick an open set V in R™. There exists a sequence (f,,) of functions in
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LY(R™) such that f,(—y) — xv(y) monotonously for all y € R™. Then we have

(B (Ve ) = / \vdEZ, = lim / Fu(—y)dEZ, (4)

n—-+oo

=l (G(f)6m) = lm (7 (f)7' (@)1 (@) M)

n—+oo

= lim fn(7y)dpfr’(m)*1§,7r’(x)*ln(y)

n—+oo Jpn
— [ XVaPoemiar i = (PO (@) 6 @) )
= (n'(x) P(V)n' (x) '€, m).
From which it follows that
E7(w) = ' (z) P(w)n’ (z) "

for any Borel set w. If E7 is as above and V and (f,,) are as above then we also
have

E V&) = [ Bz, = tim [ F-ndEz, o
= (F(f)6 ) = (#(9fu)Em) = lim / (97)(~y)dPe,,

= lm o fu(=(y+2))dPey(y) = / Xv+2dPe,p
n o Jrn R™
= (P(V +2)¢,n)
hence
E™(w) = Plw+ )
for any Borel set w. But by assumption ¢ = 7 hence

7' (2)P(w)n’(z) ™! = P(w + x). (2)

By Theorem 6.6.6 there correponds to P a continuous *-representation m :
B(R™, B(R™)) — #(H) such that

m(xw) = P(w)

for any Borel set w. Assume that f € B(R"™,B(R")) is a function such that
Ifllcc = 0. Then there exists a sequence of simple functions (s,) that con-
verges to f in the norm || - ||oo. It follows that ||s,|lcc = 0 hence m(f) =
lim,,—, 00 (Sp) = 0. This shows that m factors through L>°(P). Denote this
map by m : L>®(P) — $(H). From (2) it follows that

' (@)m(xw)m ()7 = m(Xwto)
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and since the simple functions are dense in L°°(P) it follows that

' (@)m(f)m’ (@)~ = m(L_sf)

for any f € L*°(P). By a special case of the imprivitivity Theorem, see 6.31
in [5] and the definitions of 6.4 implies that there exists a unitary isomorphism
U:H — @,c; L*(R") for some index set I such that

Ur @)U = @ PR (2)

iel
Um(fU™ = @ L*(R™) M;
iel
where My : L*(R") — L?(R™) is the multiplication operator. This shows the
first part of a) regarding 7’. For ©” we have

U7r"(y)U71 = U/ e“”'ydP(y)U*1 =Um(y — ei"’”'y)U*1

= Myseizy = plll(y)
which concludes the proof. O

The Stone-Von Neumann Theorem lets us characterize the irreducible represen-
tations of the Heisenberg group.

Corollary 8.2.3.1. The irreducible unitary representations of Hapi1(R™) are
either unitarily equivalent to a Schrédinger representation (pp,, L*(R™)) for some
h # 0 or are being equivalent to a representation @q . : Hoypi1 (R") = C

Pa(w,y, ¢) = (oY),
that factors through R?™.

Proof. Let (m,H) be an irreducible unitary representation of Ha,1(R™) and
consider the map my : R — U(H) given by my(c) = 7(0,0,¢). The map 7 is a
representation of R and since R is abelian it follows that there exists an h € R
such that mo(c) = et*“idy. If h is not 0 the Stone-Von Neumann Theorem allows
us to conclude that (7, H) must be equivalent to a direct sum of the Schrédinger
representation (pp, L?(R™)) and since 7 is irreducible it follows that (m, H) is
equivalent to (pp, L>(R™)). If h = 0 then the restriction of 7 to the center is

trivial:
7T|Z = idH

and it follows that 7 factors through Ha,.1(R)/Z = R?". The representations
of R?" are all of the form ¢(x,y) = e/(***+F¥) for any a, B € R™. It follows that

(3,9, ) = el@s+D)

for some «, € R". O
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8.3 The Unitary Dual of the Heisenberg Group

The unitary dual ]i,:l (R™) is by the corollary above given (as a set) as a union
of a line without the origin and a plane through the origin, R* UR?". Restricting
our attention to the plane we know that functions of positive type on the plane
R** € R* UR*" correspond up to scalar multiple to representations of R*".

That is, elements of R2" and it is well known in Fourier analysis that R2n s

homeomorphic to R?”. In other words the topology of the plane part of R R2”
coincides with the Euclidean topology on R?". If we instead restrict to R* and
recall that the map h +— Ly, f € L*(R") for any fixed f € L?(R") is uniformly
continuous (see 1.1.5 in [9]). Then we can show that for any ¢ € L?(R") and
h' € R* that the expression

|<ph(aﬂ b, C)§7 §> — (o (a, b, c)§, &)

can be made arbitrarily small on compact subsets of Ha,11(R) as h gets closer
to h'. This shows that the topology on the unitary dual when restricted to R*
coincides with the usual topology on R*. However, not everything is as well-
behaved as one might expect. It is shown in 2.2.2 in [11] that for any character
e’ @+18Y that there exists a family of functions (f,)perx in L?(R™) such that

lim (pp,(a, b, ¢) fn, fn) = e’ * By
h—0

for any a,b, ¢ € Hay,11(R?™) and this convergence is uniform on compact subsets
of Hy, 11 (R?™). It follows that pj, converges to any character on R?" in R* UR?"
as h goes to 0 which shows that R* UR?" is not Hausdorff.

8.4 A Bundle description for the Group C*-Algebra

In this section we will obtain a description for C*(Ha,+1(R)) as a C*-bundle.
This part follows closely the work of J. Ludwig, J and L. Turowska in [11]
although the presentation is slightly different. The reason for this is that the
bundle is presenteted here as a continuous field of C*-algebras while it is worked
on more concretely in [11] through the Fourier transform and operators fields.
The benefit of this more concrete description is that a better understanding
of the fibre at 0 is obtained but it also requires more work. The definition of
continuous fields of C*-algebras is given in 10.3 in [6]. The idea behind the defi-
nition is to have a C*-algebra that sits inside a vector bundle over a topological
space. The fibers of the bundle will be C*-algebras and the C*-algebra that sits
in this bundle will be a collection of sections.

Througout this section we set H = Ha,11(R) for a fixed choice of n. Let
pn : H— U(L*(R™)) denote the Schrédinger representation

(pn(a,b,e) f)(w) = '@+ f(a + ha)

where h is a real non-zero number. We will abuse notation and also denote the
integrated representation py : C*(H) — %(L?(R™)) by pp,. Define for each real
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| pn(CH(H)), if h € RX
B(h) = {o*(R%), if h=0

Denote by [],cr E(h) the set of all functions  such that z(h) € E(h) for each
h € R. Let I' C [],cg E(h) be the set of all x € [], g £(h) such that the
restriction z|gpx : R* — Z(L*(R")) is norm continuous and |z(:)|| : R — R
is continuous at 0. It is straightforward to show that ¥ = (T, E(h)necr) is a
continuous field of C*-algebras over R. Let ©® C I' be the set of all x € T" such
that the function ||z(-)|| vanishes at infinity. Then © is a C*-algebra when it is
equipped with the norm

[ ]| = sup [|z(h)].
heR

Now consider I : L'(H) — L'(R?") given by

Hia,y) = / f(,y, ¢)de

It is clear that I is well-defined and it is not too hard to prove that I is a
surjective *-homomorphism. Composing I with the canonical injection tgn :
LY(R?") — C*(R?") gives us a *-homomorphism L'(H) — C*(R?"). By the
characteristic property of C*(H) we get an extension I : C*(H) — C*(R?*")
such that I ovg = tgen o I. In order to prove that I maps onto C*(R?*") we first
note that I(C*(H)) is closed in C*(R?") because I(C*(H)) is a C*-algebra and
therefore it is complete. It then follows that

C*(R*™) = tgen (LY (R2")) = 1pen (I(L1(H))) (3)
=1I(en(LY(H))) C I(C*(H)) (4)
= I(C*(H)) (5)

and we see that I is surjective. Define the *-homomorphism ¢ : C*(H) —

[ner E(R) by

pn(x), if h € R®

2@)(h) = {I(x) ith=0

If ®(a) = 0 then pp(a) = 0 for all h € R* and I(a) = 0. Let (m,H) be an
irreducible representation of C*(H). If 7 is equivalent to a Schrédinger rep-
resentation then 7(a) = 0. Otherwise 7 corresponds to an irreducible unitary
representation (m,H) of H such that m|zg) = idy. It follows that 7 factors

through R?" hence (a,b,c) = e(=*¢=Fjdy for some a, in R™. A straigh-
forward calculation then shows that for any f € L'(G) and &, € H we have

e = // ’(O‘aﬂb)/fabcgndcdadb

= I(/)(e, B)(&m) = (L))o B)E,m)

87



It follows that 7(f) = I(f)(c, 8). Which implies that 7(a) = 0. We have showed
that if ®(a) = 0 then 7(a) = 0 for any irreducible representation (w,H).
Theorem 5.1.2 in [12] there exists an irreducible representation (m,,H,) such
that |74 (a)|| = ||a|| which implies that @ = 0. This shows that ® is injective.

We will show that ® maps onto ©® and to do that we first need to examine

what it does on any non-zero fiber. For h € R* and f € L*(H) we have
on(Dem) = [ (F@pna)6.mds
H
= [ [ 1@ @t

.
— [ ([ 1@ on@)))dentrdy
nJH

and it follows that if we define K} : L*(R") — L*(R™) by

(Khe)(f / £ (@) (on(@)€) (v)
then it follows that

(on(f)&,m) = (K} m).

hence

pn(f) :K?

for all h € R* and f € L'(H). Using the definition of pj,(f) we obtain
5560 = [ f@on(@)) 0o
= / / f(a,b,¢)e! v (y + ha)dadbde
R JR" JRn

=ar L L
1
- LGl

It follows that K J’} is an integral operator with kernel

Y b, ¢)ei U+ ¢ () dadbde

Y. b, ¢)eiCv+h gbde)e (a)da

Kt (a,y) = - / F(=2.b, ) v dbde
Ihl Rn
y
f23 »y — Y, _h)
s
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Where f23 is the Fourier transform of f € L'(H) with respect to the second
and third argument when viewed as a function on R™ x R™ x R. Theorem 1.6 in
[13] shows that K} : L*(R™) — L*(R") is well defined bounded linear operator.
If we identify H with R?"*! then we can let S(H) be the Schwartz functions on
H. Since the Schwartz functions are dense in L' it follows that S(H) are dense
in C*(H). Pick an element = in C*(H) and a sequence of Schwartz functions
converging to a. By continuity of ®(-)(h) for any non-zero h it follows that
®(f,,)(h) converges to ®(a)(h) in B(L*(R™)). It is easy to show that k; is
in L2(R?") when f is a Schwartz function and Theorem 4.7 in [13] therefore
shows that ®(f,)(h) is a compact operator. Denote the set of all compact
operators from L?(R") into L?(R™) by K. Theorem 4.18 in [7] shows that K is
a norm closed subspace of Z(L*(R™)) and it follows that ®(a)(h) is a compact
operator. We have thus showed that ®(-)(h) maps C*(H) into K when h # 0.
To show that this map is surjective we recall that the finite rank operators in
B(L*(R")) are dense in K, see Theorem 4.4 [13]. Since linear functionals on
Hilbert spaces are evaluations of inner products it follows that any finite rank
operator, F: L?(R™) — L?(R") can be written on the form

n

F(§) = (& ui)h

=1

for some positive integer n and w;, h; € L*(R™) for each i and {h;} is an or-
thogonal set. By expanding the inner product it follows that F' is an integral
operator with kernel fr given by

frla,y) = Z hi(y)ui(z)

Since the Schwartz functions are dense in L?(R") it is enough to prove, by
linearity that for any u and h in S(R™) there exists an f € L'(H) such that

1

P ) = b ae.

h

Denote by F : S(R2"1) — S(R2"*1) the partial Fourier transform Ff = f%3
and define T : S(R*"*1) — S(R*H1) by (Tf)(z,y,h) = f(hx — y,—y,h)
it is easy to show that these maps are well defined. Since the (ordinary)
Fourier transform maps maps Schwartz functions onto Schwartz functions and
the partial Fourier transform fixes the first argument it follows that F has
an inverse F'. Let T = F'TF : S(R") — S(R") then TF = FT. If

f(z,b,¢) = |h|"u(x)ho(b)g(c)e™™" where hy € S(R™) is the unique element
such that hg = h and g € S(R™) is positive with ||g||s = 1. Then it follows that
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Tf € S(R™) and

y

TR F@H (S~ —h) = S TF(S

—h)=—F ,—h) =
Ih\” )= |h|n f(x,y,—h) =

|h|”
= 7/ /f(fBJ% C)e"'y'beihcdbdc:@ ho(b)e~ b db
|h|n n JR Rn

= u(z)h(y)

We have thus showed that the image ®(S(H))(h) contains the finite rank oper-
ators of K. Since the Schwartz functions are dense in C*(H) and the finite rank
operators are dense in the compact operators it follows that ®(-)(h) is surjective
for each h € R*.

The next step is to calculate the image of the map ® : C*(H) — [],cp E(h)
where we have showed that E(h) = K, the compact operatators on L?(R™)
when h # 0. In particular we want to show that this image is ©. If we pick a
Schwartz function f € S(R***!) then the kernel function k} is in S(R*"). For
any £ € L?(R™) we then have

| uowra s [ (] kol

< / ( / K (y, )Py / €(y) Py /?)2de
= [l€l13]|%%113

which shows that K )'} is a bounded linear operator with norm bounded by ||kj} Il2-
Pick a compactly supported Schwartz function f € S(H) and a non-zero h,
then we have

h h
1K} = K3o|1* < ||k} = k5ol

1 30—y 72,3
= g ,—y,—h) —

|h /2 /2
/n / \ffl”/2 §2{haa, =y, =h) = ||hon/2 F#%(ha, =y, —ho)[*dady

—ho)|*dady

Using Plancherel’s Theorem we can rewrite the last expression with respect
to partial Fourier transform with respect to the last variable, denoted by f3
yielding

1K} — Kpe|?

hn/Z R
< [ L e om0 = )t

h n/2 ' hn/2 ‘
/ / ||h0||n/2 hoa, —b7 C)elhc _ ||ho||n/2 f(h(l, —b7 C)elhoc)dc|2dadb,
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Define F}, : H — C by

|h|n/2
|h0|n/2

_ ‘ho|n/2

Fh(avba C) - |h|n/2

f(hoa, —b, c)ehe — f(ha,—b, c)ethoe

it then follows that
1K} — Kol < 1(En)l2
It is straightforward to show that there exists a constant C' > 0 such that

11(9)ll2 < Cllg

2,0
for any g € S(H) where || - ||2,0 is the Schwartz norm

lgll2,0 = sup |g(a, b, )| (1 + |af® + [b* + ).

a,b,c

Since F}, is compactly supported there exists an R > 0 such that for all h close
enough to hy we have

|ho|™/?
|h|n/?

|h|n/2
‘ho‘"/Q

| Enll2.0 < (14 (2n+ 1)R?*)?sup |

a,b,c

|h0|n/2 ‘h|n/2

f(hoa, =b,c)ee — f(ha,—b,c)ee|

< 22 o
< (14 (2n+ DR RRE |h0|n/2)\|f||oo
2\2 |h|n/2 i(ho—h
+ (1 + (2n + 1)R ) |h0|n/2 Sl[l)p |f(h0aa _b7 C) - f(hav —b,C)eZ 0 )C|

The first term above clearly goes to 0 as h — hg. For the second term we recall
that if » # 0 and if T;.(g9)(x) = g(rz) is the dilation operator on C,(R™) then
the map r — T,.(g) is continuous on R* for any fixed g € C.(R™). This implies
that the second term above goes to 0 as h — hg. It follows that ®(f)|gx is
a continuous map R* — K. A similar calculation using Plancherel’s Theorem
shows that

1
(AW < IK}ll2 < |h|T/2||T(f)H2

and it follows that ||®(f)(-)|| vanishes at infinity.

To show that ®(f) is an element of O it remains to prove that ||®(f)(-)| is
continuous at 0 but this is not however easy since we haven’t got a good de-
scription of what happens at the O-fiber. It is true that ||®(f)(-)|| is continuous
at 0 and this follows from Theorem 2.12 in [11]. This shows that ®(C*(H)) C ©
However ® is not onto © and instead C*(H) = ®(C*(H)) sits inside O

Let Cyp(R*,K) be the set of functions continuous functions f : R* — K that

vanishes at infinity which means that || f(-)| is an element of Co(R*). The
proof that Cp(X) is a C*-algebra can be used to prove that Co(R*,K) is a
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C*-algebra. It is not too hard to show, using convex combinations and uniform
continuity that Co(R*, FR) where FR is the finite rank operators of K is dense
in Co(R*,K). One can show that this implies that the restrictions x|gx of el-
ements z in the image ®(C*(H)) contains Co(R*, K) since ® maps onto each
fibre K. We summarize our results below

Theorem 8.4.1. Let I : C*(H) — C*(R?"™) be integration over the center and
pn, h € R* be the Schridinger representations of H = Hapt1(R). Define for
each non-zero h and x € C*(H)

®(z)(h) = pn(z)

and set ®(x)(0) = I(x). Then each image ®(-)(h) is given by the compact
operators, K on L*(R") if h # 0 and ®(-)(0) = C*(R?*"). The map ®(z) =
(®(x)(h))ner defines an isometric *-isomorphism between C*(H) and a C*-
algebra defined by a continuous field of C*-algebras over R where the fibers over
non-zero h are K and the fiber over 0 is C*(R?"). Furthermore the restrictions
x|rx of elements x in the image ®(C*(H)) contains Co(R*, K).

We conclude this section by examining the kernel of the integration over the
center map I : C*(H) — C*(R?"). By our theorem above we know that I
factors as I = ® o ey where ¢ : ®(C*(H)) — C*(R?") is evaluation on the 0-
fiber z — x(0). If eg(x) = 0 for some z € &(C*(H)) Then z(0) = 0. Continuity
of the vector field at 0 then shows that limp o ||z (h)|| = 0. This means that
the restriction z|gx is an element of Cy(R*, K). Define for = € ker ey the map
¥(x) = z|gx. The map ¢ is then well-defined as a map kereqg — Co(R*, K).
By continuity there is only one way to extend a restriction x|px to a continuous
vector field on R, namely by setting x(0) = 0 and it follows that 1 is injective.
Furthermore, since the restrictions z|gx of elements z in the image ®(C*(H))
contains Co(R*, K) it follows that ey maps onto Co(R*,K). It is easy to show
that the map v is a *~-homomorphism which shows that ker e is isometrically
*-isomorphic to Co(R*,K). Since I(x) = 0 if and only if eyg(z) = 0 it follows
that the kernel of I is isometrically *-isomorphic to Co(R*, K). It follows that
we have get the following short-exact sequence for C*(H).

0 — Co(R*,K) = C*(H) = C*(R*) — 0.

Recall that a short exact sequence means that the image of any map equals the
kernel of the map to the right of it and vice versa.
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9 Rigidity

In this section a brief discussion on rigidity will be given and how induction
arguments can be used for connected, simply connected, nilpotent Lie groups.
We will also examine how the Heisenberg gives potential approaches for rigidity
results for 2-step nilpotent groups. We begin with a definition of a strong form
of rigidity. Some properties of nilpotent Lie groups will be assumed and these
facts should be in any book on nilpotent Lie groups.

Definition 9.0.1 (C*-superrigidity). A locally compact group G is called C*-
superrigid if for any locally compact group H such that C%,(H) = C*,,(G) then
H is isomorphic to G as topological groups.

Not all groups are C*-superrigid since for example C*(Zg x Zs) =2 C* =2 C*(Z4)
but clearly Zy X Zs is not isomorphic to Z,. However, superrigidity for abelian
groups has been known for a long time and the proof essentially follows from
an article by Scheinberg [14] proving that if G and H are two connected locally
compact abelian groups such that G is homeomorphic to H then G is isomorphic
to H as topological groups.

Theorem 9.0.2. Any locally compact, torsion-free abelian group is C*-superrigid.

Proof. Let G be a locally compact, simply connected, connected abelian group
and H be any locally compact group such that C. ;(H) is isomorphic to C; 4 (G).
Since C}4(G) = Co(H) it follows that Cr 4(H) is abelian. It is not too hard
to show that C¥ (H) is abelian if and only if H is abelian since H is abelian
if and only if C.(G) is abelian and C.(G) is abelian if and only if C¥  (G) is
abelian. It follows that H is an abelian group. Note that G is connected if
and only if G is torsion free, indeed if G is connected and assume that v E G
satisfies 4™ = 1 for some n. Then the image v(G) is a subset of the set of all
points in T that have order less than n. This set is finite. Since the image of
connected space by continuous function is conncted it follows that this image
only has 1 element and it follows that v = 1. which shows that G is torsion-free.
If G is connected then Pontryagin’s duality theorem (see 1.7 in [9]) shows that

G = G is torsion free. It follows that G is connected since G is assumed to
be torsion-free. The isomorphism C};(G) = Cy(G) induces a homeomorphism
G H and since G is connected it follows by the theorem of Scheinberg that
G~ H as topologlcal groups. From the Pontryagin duality theorem it follows

that G~ G~ H~H. O

The following weaker but natural rigidity properties are the natural next steps
to consider from the abelian case

Definition 9.0.3. Let G, be the collection of all connected, simply connected,
nilpotent Lie groups. Let €, be the collection of all the groups in €s of nilpo-
tency class less than or equal to n.
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Definition 9.0.4. We say that a group in G in some 6, 1 < n < oo is rigid
with respect to €, if C*(G) = C*(H) for some H in 6, implies that G = H.

Remark 9.1. It can be proved that a connected nilpotent Lie group is torsion-
free if and only if it is connected simply connected.

Remark 9.2. The assumptions on €1 implies that any group in €1 is of the
form R™ for some integer n.

The reason for considering these classes for rigidity is that not much is known
about them (except for the abelian case) and that they are closed under tak-
ing centers and quotients of centers. That is, since G is a connected, simply
connected, nilpotent, Lie group of nilpotency degree n then it follows that its
center Z(@) is a connected simply connected Lie group of nilpotency degree less
than or equal to 1. Nilpotency is required for this step to hold. Since Z(G) is
also closed in G properties of Lie groups then implies that G/Z(G) is connected
simply connected Lie group of nilpotency degree less than n. In short we have
the following proposition

Proposition 9.0.5. If G is in 6,, 1 <n < oo then Z(G) and G/(Z(G)) are
elements of €,,.

This proposition gives the opportunity to use induction arguments on the nilpo-
tency degree n. The base case is the following statement: if G is an element of
%) and H is element of € such that C*(G) =2 C*(H) then G = H. This is a
much weaker statement than superrigidity for torsion-free abelian groups which
we have already proved. The idea for the induction case is then the following
we assume that G and H are elements of €, such that C*(G) = C*(H) then
we want to show that

0 (2(G)) = C*(Z(H))
C(G/2(G)) = C*(H/Z(H))

>~

Since then the induction hypothesis would allow us to conclude that Z(G)
Z(H) and G/Z(G) = H/Z(H). Which will give the following diagram

0—-2(G)—-G—G/Z(G) =0

T T
0—ZH)—>H—H/Z(H)—0

of exact sequences where vertical arrows are isomorphisms. This is an extension
problem for groups and group cohomological arguments such as the ones found
in [16] could potentially be used to get further into the analysis.

9.1 2-step Nilpotence

For the 2-step nilpotent case we let G and H be two groups in %> such that
o : C*(G) =2 C*(H) is an isomorphism. By comparing what we got for our
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Heisenberg groups Ha,+1 which are all 2-step nilpotent we can look at reason-
able properties to expect from general 2-step nilpotent groups that should aid
the analysis to arrive both at the conclusion that the centers are isomorphic
and the quotients are isomorphic. For the center we look at the unitary dual
of the heisenberg group. For our Heisenberg groups Hs, 11 we know that their
unitary duals are given by R* UR?" and the subset R* is a dense open subset
such that the elements on R* are uniquely determined by the value of their
central charaters. A reasonable assumption to examine would therefore be the
one given below.

9.1.1 (Assumption). For any 2-step nilpotent group G there exists a dense open
set U C G such that if [v] € U and [7'] € G such that rest = rest’ then

(7] = ['].

Recall that for any isomorphism C*(G) — C*(H) we get an induced homeomor-
phism f : G — H. We also have quotient maps by taking the central character
res : G — Z/(\G) and res : H — /(I?) If we can use the central characters
to induce a homeomorphism g : Z/(-\G) — Z/(-PT) then we are done by the theo-
rem of Scheinberg. With the assumption above we get by standard properties
of quotient maps that there exists a dense open set U = res(U) C Z/(\G) and a
function gg such that gyores = reso f on U where U is a dense open subset of G.

We know turn our attention to the quotient. For the Heisenberg group we recall
that integration over the center I : C*(Hg,y1) — C*(R?") is surjective and
Hopi1/Z(Hapy1) =2 R?™. We therefore have a surjective map I : C*(Hapi1) —
C*(Han+1/Z(Hant1)). We can for any locally compact group G define integra-
tion over the center first as a map on L'(G) — L*(G/Z(G)) by the formula

I1(f)(x2) = / f(z2)dp(z)

Z(G)

where p is the Haar measure. This map is a surjective *-homomorphism and us-
ing the same arguments as for the Heisenberg group this map can be extended
to a surjective *-homomorphism I : C*(G) — C*(G/Z(G)). For our Heisen-
berg groups Ha,11(R) we know that the kernel of this map is isomorphic to

C’O(Z/(\G) — {1}, K) where K is the set of compact operators on L?(R"). If the
work of J. Ludwig and L. Turowska can be generalized to show that the kernel

of integration over the center is Co(Z(G) — {1}, K) for general 2-step nilpotent
groups then we can conclude, given that the centers are homeomorphic that

C*(G/Z(Q)) = C*(@)/Co(Z(G) — {1}, K)
~ C*(H)/Co(Z(H) — {1},K) = C*(H/Z(H))

which would show that G/Z(G) = H/Z(H) by the induction hypothesis.
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