Introduction

In this thesis we characterize the primitive ideal space of C*(G, (),
where G is a connected, simply connected nilpotent Lie group, and (2 is a lo-
cally compact separable Hausdorff space upon which G acts by bicontinuous
automorphisms. We are use the space of continuous functions on €2 vanishing
at infinity as a commutative C* algebra upon which G acts, denoted Cy(£2).

We require all stability subgroups of points in €2 be connected. We
also establish some results on trace class operators related to these algebras.

First we give some general information; we give a section-by-section
breakdown of this thesis a little later in this introduction.

The point of this thesis is to show that the orbit method of Kirillov
has a natural extension to transformation group C* algebras which gives
information about the primitive ideal spaces of these algebras, as well as
providing formulas for characters of these algebras.

The main result of this thesis concerns the case where a connected
simply-connected nilpotent Lie group acts on a locally compact separable
Hausdorff space €2 in a “nilpotent” fashion. Several reasonable restrictions
on this “nilpotent” action are 1) all stability subgroups are connected, and 2)
all orbits of G in €2 are locally closed, which is the same as saying that Q/G
is a Tp space. In Kirillov’s paper, [21], he had the hypothesis of connectivity,
and the second is a very common “niceness” hypothesis of the orbit space of

transformation group C* algebras.



Let g be the Lie algebra of a nilpotent Lie group G and g* be its
dual space. Using the Mackey machine developed Takesaki in [25] as well as
by Green in [18] for transformation group C* algebras and some of the ideas
employed by Dana Williams in [26], we extend the orbit method of Kirillov
to the transformation group C* algebra setting: given a Tj orbit space Q2/G
we find a map from a quotient space of g* x Q to Prim(C*(G, §2)), which is a
homeomorphism to the primitive ideal space of C*(G,2). We comment that
this is also a homeomorphism to the space of irreducible representations of
C*(G,Q); we will have more to say about this later. In the case where () is a
single point this relation restricts to Kirillov’s coadjoint equivalence relation
on g*, which is g* /G, which is a homeomorphism to primitive ideal space of
G, and by Fell, [11], this is the same as hte primitve ideal space of C*(G);

this relation is described in more detail later in this thesis.

Finally in the third chapter we show that there is a character formula
for the representations of C*(G, Q) which generalizes the Kirillov character

formula for nilpotent Lie groups.

In [9], Effros and Hahn raised an important question: When is ev-
ery primitive ideal of a tranformation group C* algebra “induced” in an
appropriate sense from an irreducible representation of a subgroup and a
point evaluation of 27 This question was partially settled by Gootman and
Rosenberg in [17], and their work does include all of our examples. However,
parameterizing and determining the topology of this primitive ideal space

remained an open question.

In [26], under the hypothesis that the group G is abelian, and denot-
ing the set of characters of G as @, Dana Williams provides a natural map

from a quotient space of G'x € to Prim(C* (G, €2)) which is a homeomorphism.
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In [7], Siegfried Echterhoff describes the topology of Prim(C*(G, A))
(where A need not be an abelian C* algebra), subject to continuity of the
map from A to the closed subgroups of G by a — G, the stabilizer of a. We

comment that this continuity hypothesis is fairly stringent.

In the case where € is a single point, we are dealing with a group C*
algebra. It was proven by Fell in [11] that this is the same as characterizing
the representation space of G, and in the case of a connected, simply con-
nected nilpotent Lie group this was solved by Kirillov (in [21]) and Brown (in
[1]), also see [19] for a concise proof of Brown’s result. We add that Kirillov
used the “orbit method” to find a continuous 1-1 onto map from g*/G to
CAJ, where g* /G denotes the dual space of g mod’ed out by an equivalence
relation of G acting on g* and identifying elements of the same orbit. We

will have more to say about the orbit method later on.

An important part of the harmonic analysis of transformation group
C* algebras is the theory of characters. In the type one situation (see be-
low for definitions), it is known that there is a large number of elements
a € C*(G, Q) such that for any irreducible representation = of C*(G,Q2) we
have 7(a) is a trace-class operator. Given an irreducible representation m of
C*(G, Q) that “lives” (more on this later) over a G-orbit G - x in Q we will
characterize a linear subalgebra Ag., € Co(G, Q) such that for a € Ag..,
7(a) is a trace-class operator. We also give a generalization of the Kirillov

character formula for Tr(7(a)), a € Ax.
Theorems 200 and 197 were first proven by Kirillov in [21].

We here give an outline of this paper. Chapter one consists of pre-
liminaries, many of which are used in both chapters 2 and 3; there is one

important result in the last section. Chapter one has eleven subsections:



4

First in section 1.1 we give some basic information about C* algebras and
their representations, followed by descriptions of the topologies on their rep-
resentation and ideal spaces in section 1.2. In section 1.3 we introduce some
of the basic information about nilpotent Lie algebras and groups that will
be needed for this paper. Section 1.4 is dedicated to giving a topology, origi-
nally defined by Fell, upon the closed subsets of an arbitrary locally compact
space and also giving several results particular to nilpotent Lie groups and
separable locally compact transformation groups. Section 1.5 is where we
first introduce information about unitary representations of a group G and
introduce induced representations. Following this in section 1.6 we describe
the irreducible representations of a connected, simply-connected nilpotent
Lie group, and section 1.7 describes the topology on the space of irreducible
representations of an arbitrary locally compact group, with the main focus
the case of simply connected nilpotent Lie groups. In section 1.8, a short
section, we describe the topology on arbitrary representation spaces of lo-
cally compact groups and give several more results that will be needed about
induced representations of nilpotent Lie groups. Section 1.9 is dedicated to
describing a topology, first introduced by Fell, upon pairs (H,T), where H
is an arbitrary closed subgroup of a “supergroup” G and T is an arbitrary
representation of H. Section 1.10 is dedicated to induced representations
and ideals of transformation group C* algebras. We give two different pre-
sentations of this, as we need the second for a result that was proven in the
course of this research that isn’t really needed for this thesis, but we decided
to include anyway, as we may need it for a future abstraction of some of the
results. Finally in section 1.11 we give a topology upon representations of

C* algebras arising from subgroups of our nilpotent Lie group G and give



one important result that will be needed in chapter 2. Some of the sections
in chapter one logically overlap, but we felt that each topic deserved to be
handled separately. In chapter 2 we describe the topology of Prim(C* (G, Q2))
given that G is a connected, simply connected nilpotent Lie group, given the
hypothesis that Q/G is a Ty space. In this section we also give a result
(Proposition 183) relating to kernels of induced representations of C*(G, )
that is not specifically needed for this paper, as it is trivial when Q/G is a
Ty space, but we include it as we may need it for a future abstraction of the
results to the case where /G is non-Ty. We comment that we prove this in
some abstraction, as the result does not depend upon G being a nilpotent Lie
group. The ultimate result of this section abstracts the work of Kirillov and
Brown in [21] and [1], as well as expanding upon the work of Dana Williams
in [26]. Chapter 3 is devoted to giving a character theory of C*(G, 2) given
that G is a connected, simply-connected nilpotent Lie group, and is divided
into four subsections. Section 3.1 is devoted to some preliminary informa-
tion about trace-class operators in general. In section 3.2 we describe the
Schwartz functions on a nilpotent Lie group G; these are important in the
character theory of such groups. In section 3.3 we describe some operators
arising from C*(G) which are trace class, we comment that all references
here may be found in [3], and the original work was done by Kirillov in [21].
Finally in section 3.4, we let G be our usual connected, simply-connected
nilpotent Lie group, and let = be a fixed point in €2, with its associated
G-orbit G - x. We let L be an arbitrary irreducible representation which
“lives” (more on what this means later) over G - x and characterize a linear
subalgebra Ag.,, of C*(G, ) upon which L(a) is a trace-class operator for

each a € Ag.,.. We also give a formula for the trace of this operator. Both
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of these results abstract the previous work of Kirillov which is presented in
section 3.3.

We presuppose only basic knowledge of transformation group C*
algebras and representation theory.

All proofs are concluded with Halmos’s [J. Our numbering system
is sequential, which we feel makes the paper easier to read and back-reference

when necessary.

This paper constitutes part of the author’s doctoral thesis at the
University of Colorado at Boulder. I would like to hear thank Jeffrey Fox,
my graduate advisor, for his help in the preparation of this thesis. I would
also like to extend a word of thanks to Larry Baggett, Carla Farsi, Arlan
Ramsay, and Marty Walter for helpful discussions. Another word of thanks
is extended to Judy Packer, who was my first doctoral advisor prior to Jeft

Fox, for her suggestions and words of encouragement.



Chapter 1

Preliminaries

Discussion 1
The purpose of this section is to inform the reader of some facts
about the representations of transformation group C* algebras. More de-

tailed accounts may be found in [6], [8], [18] and [25].

Section 1.1

C* algebras and representations

Discussion 2

Let € be a locally compact Hausdorff space. Denote the space of
complex valued functions on ) vanishing at infinity by Cy(2). Denote by
C(€) the subspace functions in Cy(2) with compact support.

We suppose that G is a locally compact group with a jointly contin-
uous action on €2, that is, we have a continuous map G x ) — €2, where for
r,s € G,r-(s-x)=(rs)-x, where s-x is the image of (s,z) in Q2. As (G, ()
is a locally compact transformation group, we may form the transformation
group C* algebra, denoted C*(G,(?). For a precise treatment of the details,
see [6], [8], [18], [25] and [26]. We here give the basics. Let p be a fixed Haar
measure on G. First we define the Banach *-algebra L!(G, Q) of all Bochner
integrable C(£2)-valued measurable functions on G with respect to p, with

multiplication and involution defined by

frgls,x) = / F(r2)g(r s, r - 2)dpa(r)

reG



fr(s,2) = AT f(s7hs™ )

where f,g € L1(G,Co(Q)), s € G, x € Q, A is the modular function on G,
and  denotes complex conjugation.

C*(G,Q) is the enveloping C* algebra of the Banach-* algebra
LY(G, ) under the multiplication and involution as just defined.

When (2 is a single point, the above construction gives the group C*
algebra of G. We will make frequent use of the dense subalgebra C.(G x 2),
which we denote by C.(G,Q).

By Q/G we mean the orbit space with the quotient topology.

Definition 3
A covariant representation L = (Vi,, Mp,) of (G, ) on a Hilbert space
Hj, consists of a uniformly bounded strongly continuous unitary representa-
tion Vg, of G on H, and a norm-decreasing non-degenerate *-preserving rep-
resentation of Co(Q), My, on Hy, such that Vi (s)Mp(¢)Vy(s™1) = ML (%¢)
We will henceforth assume all representations to be non-degenerate.

We must establish a lemma about these covariant representations.

Lemma 4. A covariant representation L = (Vi,, Mp) on Hy, gives a repre-

sentation of L'(G,Q), also called L, by

L(f)(€) = / My (f (5, ))Vi(5)(€) duc(s).

seG

Proof.

See [15], Theorem 1.5. O

Example 5
As an example, the natural representation of L!(G, Q) upon L*(G, Q)

by left multiplication is the integrated form of (V, M), where

(V(S)f)<r7 'T) = f(3_1T7 s :E), (M(¢)f)(r> I) = Qb(x)f(n m)a
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forr,s € G, x € Q, f € LYG,Cy(Q)), and ¢ € Cy(Q2). From these actions,
we induce homomorphisms Rg and R of G and Cy(2) into the multiplier
algebra, M (C*(G,)), see [2], of C*(G, Q). Phil Green in [18] has combined

this with the work in [6] to show the following:

Proposition 6. If H is a Hilbert space then there is a one to one corre-
spondence between *-representations of C*(G,Q) on H and covariant rep-
resentations of (G,2) on H. The correspondence is given in one direction
by Lemma 2 (recall that *-representations of L'(G,Cy(R?)) are in 1-1 cor-
respondence *-representations of its enveloping C* algebra, C*(G,)). In
the other direction, let L be a *-representation of C*(G,). Then L has a

unique extension to M (C*(G,Q)), which we will also denote by L, and

Vi(s) = L(Ra(s)), My (¢) = L(Ra(9)).
Proof.
See [18], page 195. [
We will refer to the notation in Example 4 again later on.
Section 1.2

Topologies of representation and ideal spaces

Discussion 7

The purpose of this section is to describe the topologies on the rep-
resentation and primitive ideal spaces of C'* algebras, as well as some infor-
mation about how these topologies behave in the transformation group C*

algebra case.
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Definition 8

Let A be a fixed C* algebra. Define A to be the space of unitary
equivalence classes of irreducible representations, and define Rep(A) to be the
space of all of all *-representations of A. Let 7" € Rep(A), and S C Rep(A).

We say that T' is weakly contained in S (notation T' < §) if

kernel(T) D () kernel(S)

or equivalently (see [11]), if every positive functional associated to 7" may
be weakly-* approximated by sums of positive functionals associated to S.
We comment that [5], section 3.4 also has a nice discussion of this topology.
Restricted to ﬁ, the notion of weak containment defines the closure operation
for the hull-kernel topology of g, where the closure of a set is the set of
representations which are weakly contained in the set. From this, each T" €
Rep(A) is weakly equivalent to a unique closed subset Sp(7’) of ﬁ, called the

spectrum of T'. For F a finite family of nonvoid open sets of /T, let
U(F) ={T € Rep(A) | Sp(T') N B # 0 for each B in F}.

The inner-hull kernel topology of Rep(A) is the topology in which the set of
all U(F) (as above) form a basis for the open sets. Restricted to A, this is
the hull-kernel topology. In this paper, we will always assume that Rep(A)
and A are equipped with the inner-hull-kernel and the hull-kernel topologies,

respectively.

Proposition 9. If T € Rep(A) and S C Rep(A), the following are equiva-
lent:

(1) T is weakly contained in S

(2) The closure of | Jges Sp(S) contains Sp(T)
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(3) T is in the closure of the set Sy of all finite direct sums of elements
of S. If T is irreducible, these conditions hold if and only if T belongs

to the closure of S.
Proof.

See Theorems 1.1 and 2.3 of [12] and also the remark following The-
orem 2.1 of [10]. We comment that this proposition is first stated as such in

[13], page 427. O
We also state the following easy facts:

Proposition 10. A sequence {T,}32, converges to T in Rep(A) if and only

if every subnet weakly contains T.

Proposition 11. If T,, — T in Rep(A) and T weakly contains S, then
T, — S in Rep(A).

Definition 12
A primitive ideal of a C* algebra A is the kernel of an irreducible
representation of A. The set of all primitive ideals we denote by Prim(A).

We topologize Prim(A) by defining a closure operation: If S C Prim(A), let

J, S#0
ker(S) = JDS

Prim(A), S=10
this is a closed ideal (unless S = ()) called the kernel of S. Now if T is any

subset of A, define
hull(T') = {I € Prim(A) | I 2 T}.
This is called the hull of T'. Then
S +— S = hull(ker(S))

is the closure operation defining the Jacobson structure topology on Prim(A).
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Proposition 13. The above construction defines a topology on Prim(A).
Proof.

See [24], Theorem 5.4.6. [

Definition 14

We define a C* algebra A to be Type I (read: “type one”) if for
every non-zero irreducible representation 7" on A we have T'(A) 2 K(Hr),
where K(Hr) denotes the compact operators on Hp, the Hilbert space of
T. Such a C* algebra is also called postliminal, or generalized completely
continuous (G.C.R.) (The R is for representations). We also comment that
if T(A) = K(Hr), for every nonzero irreducible representation 7' on A,
we call A completely continuous (C.C.R) or liminal. A C.C.R. algebra is

obviously G.C.R. as well.

The following two theorems give us part of what we will need about

Type I C* algebras for this paper.

Proposition 15. Let A be a C* algebra. The following three conditions are
equivalent:
(1) A is a Ty space.
(2) Two irreducible representations of A with the same kernel are equiv-
alent.

(3) The canonical map A Prim(A) is a homeomorphism.
Proof.
See [5], Proposition 3.1.6, page 71. [

Now we give a theorem particular to transformation group C* al-
gebras. We comment that the second hypothesis of the next is trivial in

our case as our stability subgroups are connected and simply connected by
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hypothesis, and connected, simply connected nilpotent Lie groups are Type

L

Theorem 16. C*(G,Q) is Type I if and only if /G is Ty and all isotropy

subgroups are Type I.

Proof.

See [16], Theorem 3.3. [

Definition 17
Let G be a group acting on a space (2, and assume x € 2. We will

always in this paper denote the isotropy subgroup of x in G by G,.

We also need to include the following result.

Proposition 18. Let (G,Q) be a Polish (i.e., both are separable and metriz-
able by a complete metric) transformation group. Then following two state-
ments are equivalent.

(1) For each x € Q, the map sG, — s-x onto G-x is a homeomorphism.

(2) Q/G is a Ty space.
Proof.
See [8], Theorem 2.1. O

Theorem 19. If I is a proper closed ideal of a C* algebra A, then

I = ker(hull(1));

that s, I is the intersection of the primitive ideals containing it.
Proof.

See [24], Theorem 5.4.3. O
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Definition 20
For A a C* algebra, we here give the space Z(A) of arbitrary closed

two sided ideals of A the topology having as a sub-base the sets
{OJ}JEI(A), where Oy ={I €Z(A) | I p J}.

We may also identify any ideal with a closed subset of Prim(A) by the last
theorem. The topology of Z(A) may then be described in terms of a sub-base
for the topology on K(A), the closed subsets of A (see section 1.4 below).
This sub-base is the family U(O) = {F € K(A) | FN O # 0} where O runs
over the the set of all open subsets of A. We comment that on Prim(A) this
topology restricts to the usual hull-kernel (Jacobson) topology. One can see

that this topology is almost Fell’s “inner hull kernel” topology, see [10]; we

define that topology in section 1.4.

Proposition 21. For A a separable C* algebra, the topology of A has a

countable base.

Proof.

See [5], Proposition 3.3.4. [

The next lemma will be of importance in Chapter 2 in the proof of
Lemma 154.

Lemma 22. Let {I,}qca be a net of ideals in Z(A) converging to I. Suppose
also that 1, corresponds to F, € IC(A\) Then, given any P € F', there is a
subnet, {Ig}gens, such that there are Pg € Fg with {P3}gen’ converging to
P in Prim(A).

Proof.

See [26], Lemma 2.4 on page 338. [
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Definition 23
Let D’ and F be C* algebras and D be an ideal of D’. Suppose that

P is a *-homomorphism from F into D’. Define
(1) P.:Z(F)— Z(D) by

P*(J) = the ideal generated by {P(f)d | f € J,d € D}

(2) P*:Z(D)— I(F) by
pr(I)={feF|P(f)-DCI}

Note that P*(I) is an ideal of F' as I is an ideal of D’. The properties that

we need are given by the next lemma.

Lemma 24.
(1) P* is continuous from Z(D) — Z(F).
(2) P* preserves arbitrary intersections while Py preserves arbitrary unions

(the union of a family of ideals being the ideal that they generate).

Proof.

This is part of [18], Proposition 9(i). O

Definition 25

If L = (V, M) is a *-representation of C*(G, ), let Res% (L) denote
the *-representation of C*(H, ) corresponding to (V|g, M).

Let Ry = R¢|y and note that R = (Ry, Rq) is a homomorphism of
C*(H,Q) into M(C*(G,Q)), see Example 4 for notation. As M (C*(G,())
is a C* algebras, the integrated form of R “lifts” to a *-homomorphism of

LY(H,Q) into M(C*(G,Q)). We refer to this homomorphism as £.

Definition 26
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We define Res$, : Z(C* (G, Q)) — Z(C*(H,)) by Res$ = £*. When
H = e, we define Res = Res$ : Z(C*(G, Q)) — Z(Cy(Q)); we will use this

notation without reference.

The next lemma justifies the ambiguous notation of the last two

definitions.

Lemma 27. If L is a representation of C*(G,<), then

ker(Res% (L)) = Res% (ker(L)).

Proof.

See [18], Proposition 9(ii). O
Definition 28

Let I' be the integrated form of the homomorphism Rg of G into
M(C*(G,Q)).

We need another result relating to kernels.

Lemma 29. Let A be a C* algebra with norm || - ||, and Ly and Ly be two
representations of A with I = ker(L1) = ker(Ls). Denote the norms on the
C* algebras L1(A) and La(A) by ||-]|1 and ||-||2, respectively. For each a € A
we have |[Li(a)|lr = [[La2(a)[]2-

Proof.
Note that norms are Banach algebra quotient norms, so

IL1(@)ll = [[L2(a)ll2 = inf {[la+ D]},

and the result is clear from here. O
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Section 1.3
Nilpotent Lie algebras and groups

Discussion 30
The purpose of this section is to give the information about nilpo-
tent Lie groups that will be needed for this thesis. We will describe their

representation spaces in later sections.

Discussion 31
We assume that the reader has a basic knowledge of topological
groups and Lie groups.
Throughout this paper, we use the following conventions:
1) All groups are real, locally compact, separable, connected and simply
connected.
2) All representations are unitary.
Let G denote a Lie group and g its Lie algebra. We assume that
g is a Lie algebra over R. We comment that the convention of referring to
Lie groups in uppercase Roman and Lie algebras in lowercase Gothic will
be used throughout this paper. We also refer to elements of the group in
lower case Roman and elements of the Lie algebra in uppercase Roman, so

notation such as “r € G” and “X € g” will be common.

Definition 32

The adjoint representation, ad of g on g is defined as ad, : g — gl(g)
by ad,(y) = [z,y], for all y € g (here [-, -] denotes Lie bracket on g).
Definition 33

The Lie algebra g is said to be nilpotent if ad, is a nilpotent endo-

morphism of g, for all x € g.
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The Lie group G is nilpotent if g is nilpotent.
The following two lemmas are immediate from the definitions.

Lemma 34.

1) If g is nilpotent, then all quotient algebras and subalgebras of g
are nilpotent.

2) If G is nilpotent, then all closed connected subgroups of G are
nilpotent.

3) If G is nilpotent, and N is a closed connected normal subgroup,

then G /N is nilpotent.

Lemma 35. Let g° = g, define g° = [g,g" '], fori =0,1,2,..., then
1) Each g' is an ideal in g,
2)g"DglD ...
3) g is nilpotent if and only if g* = {0} for some k > 0. In this case,

the g*’s are a strictly decreasing sequence.

Definition 36
The sequence of subalgebras defined in Lemma 35 is called the de-

scending central series for g.

Lemma 37. Let b be a subalgebra of codimension 1 in a nilpotent Lie alge-

bra. Then by is an ideal, in fact, [g,g] C b.
Proof. See [3]|, Lemma 1.1.8, page 4. O

Discussion 38
Let G be a connected Lie group, with exponential map exp : g — G,

and for X and Y in g, define amap * : g x g+— g by

X xY =log(exp(X) - exp(Y)).
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This is an analytic function well defined near X = Y = 0, and does not
depend upon which of the locally isomorphic connected Lie groups G we
associate to g. This is also given by a universal power series which involves
only commutators. The resultant formula is know as the Campbell-Baker-
Hausdorff formula, which lets us construct G locally, only knowing the struc-

ture of g. For our purposes, the formula is given by

XV = (X +Y 4+ 5[X, Y]+ X, [X, V] - S [X Y]+

1 1
— 5V X XY = X [ (X Y+

+ commutators in five or more terms)

but the general term can not be expressed in closed form. For further dis-

cussion of this, see [3], pp. 11-12.

Lemma 39. Let G be a (connected, simply connected) nilpotent Lie group,
with Lie algebra g.
(a) exp is an analytic diffeomorphism.

(b) The Campbell-Baker-Hausdorff formula holds for all X,Y € g.
Proof.
See [3], Theorem 1.2.1, page 13. O

Corollary 40. Every connected Lie subgroup of G is closed and simply con-
nected. FEvery Lie subgroup H of a (connected, simply connected) nilpotent

Lie group s closed and simply connected.
Proof.

See [3], Corollary 1.2.2, page 14. O
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Definition 41

Let V and W be two finite dimensional vector spaces. We say that
amap f: V — W is polynomial if it is described by polynomials for some
(hence any) pair of bases. We say that f is a polynomial diffeomorphism if

f~! exists and both f and f~! are polynomial.

Theorem 42. Let g be a nilpotent Lie algebra, and let g1 C go C --- C g C
g be subalgebras, with dim(g;) = m; and dim(g) = n.
(a) @ has a basis {X1,...,X,} such that
(1) for eachm, b, = R—span{Xy,..., X} is a subalgebra of g,
(2) for1<j<k, b, =g,
(b) If the g; are ideals of g then one can pick the X; so that (1) is
replaced by
(3)  for each m, b, =R — span{X1,..., X} is an ideal of g.

Proof.
See [3], Theorem 1.1.13, page 10. O

Definition 43
We call a basis satisfying (1) and (2) a weak Malcev basis for g through

g1,---, 0k, and one satisfying (2) and (3) a strong Malcev basis for g through

g1,-.-,0k-

Proposition 44. Let {X;,...,X,,} be a strong Malcev basis for a nilpotent

Lie algebra g. Define a map ¢ : R" — G by
P(s) = exp(s1X1) - exp(sn Xy) = exp(s1X7 * - * 5, X,).

(1) ¢(s) = exp (Z?:l Pj(s)Xj) , where the P;j are polynomial.

(2) Pj(s) = s; + a polynomial in S;j11,. .., Sp.
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(8) logo ¢ is a polynomial diffeomorphism with polynomial inverse.

(4) Ifgr =R — span(Xla - 7Xk) and Gy, = 6xp(gk’)a then

G = ezp(RX1) - - - exp(RXy).

Proof.

See [3], Proposition 1.2.7, page 16. [

We have a slightly weaker result for weak Malcev bases.
Proposition 45. Let {X1,...,X,} be a weak Malcev basis for a nilpotent
Lie algebra g. Define a map v : R" — G by

W(s) = exp(s1X1) - exp(spnXy) = exp(s1X7 * -+ x s, X ).

(1) v is a polynomial diffeomorphism with polynomial inverse.

(2) If g, = R — span{ X1, ..., Xx} and Gy = exp(gx), then

G = exp(RX1) - - - exp(RXy).

Proof.
See (3], Proposition 1.2.8, page 17. [

Theorem 46. Let G be an n-dimensional nilpotent Lie group with Lie al-

gebra g.

(1) The map exp : g — G takes Lebesgue measure on g to a left-invariant
(Haar) measure on G. This meaure is also right-invariant.

(2) Let ¢:R™ — G be any polynomial coordinate map. Then ¢ takes
Lebesgue measure on R™ to a Haar measure on G. In particular, this is

true if Lebesque measure is transferred to G via strong or weak Malcev
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coordinates.
Proof.
See [3], Theorem 1.2.10, page 19. O

Weak Malcev coordinates let us choose a nice cross section for G/H,

and give us a nice description of the invariant measure, as in the next.

Theorem 47. Let by be a k-dimensional subalgebra of the nilpotent Lie al-
gebra g, let H = exp(h) and G = exp(g), and let {X1,...,X,} be a weak
Malcev basis for g through b. Define ¢ : R"~% s G/H by

d(t1y. o ytnk) = H - exp(t1 Xg41) - exp(tn—1Xn).

Then ¢ is an analytic diffeomorphism taking Lebesque measure on R™ ™% to
a G-invariant measure on G/H.
Proof.

See [3], Theorem 1.2.12, page 21. O

We also use the following general result.

Lemma 48. Let H be a closed subgroup of a locally compact group G. Sup-
pose that G/H has a right invariant measure A, 5 denote right Haar mea-

sure on H by du,, . Then right Haar measure du, on G is given by

[o@an = [ | [ samdu, @) | i, @,
G

geG/H heH
for all ¢ € C.(G).
Proof.

See [3], Lemma 1.2.13, page 22. [
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Definition 49

Let G be a connected, simply-connected nilpotent Lie group. Define
the adjoint representation Ad of G into GL(g) as follows: for z,y € G,
let a(y) = zyx~!l. Tts differential at the unit element, Ad(z), makes the

following diagram commute for any = € G:

Ad(zx)
-7

g g
expl lexp
G =

It satisfies the formula

exp(Ad(z)Y) = z(exp(Y))z .

We relate Ad and ad by the following:
Ad(exp(x)) = exp(ady).
That is to say, the following diagram commutes:

G 24, GL(g)

expT Texp

g T gl(g).

For more on this, see [3], page 12.
We comment further that in our setting, that of nilpotent Lie groups,
that for Y € g, that Ad(z)(Y) = zYz™!, it is easy to see that this is

multiplicative, Ad(zy) = Ad(z)Ad(y).

The following four observations are of importance in Chapter 3.
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Lemma 50. Let b be a codimension one subalgebra of g. Let a basis of g
be {X1,..., X} (dim(g) = n), withh = R — span{Xy,...,X,,_1}. Let an
arbitrary element S € h be S = t1 X7 + -+ tp,—1Xn_1, and R € g/b as

tn Xy, then if we write s = exp(S), r = exp(R), we have

n—1 n—1
rsr—! = exp X+t Z Pj 1 (tn) Xy, =
= =
n—1
= exp t; + Z tiP;i(tn) | Xi |,
i=1 j

i
where each Pj}, is a polynomial in t,.

Proof.
Remember that b is an ideal in g, see Lemma 37. We have
rsrt = exp(t, Xn)exp(ty + ... tp_1Xn_1)exp(—t, X,) =

exp(exp(tan)(thl + -4 tn_an_l)exp(—tan)) =

n— n—1
exp ead(tan) Z thj = exp Z Gad(t"X")(t X) _
- e
n—1 oo
(ad(tn X)) " (£, X;)
o (33 2) -
j=1k=1
n—1
tn X, s i X s
exp Z <thj + [tan,thj] + [ [2' J J” + .. ) =
j=1 )
exp | > (X + tnt;[Xn, X;] + o X X, Xl
j=1 ’

Note that by nilpotence, in the j;;, summand none of the brackets can “re-

turn” on Xj; the sum is finite. So the last gives us

rsr— ! =exp t; X+t Z P 1.(tn) Xk ,
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for some collection of polynomials {Pj}* ;=1 in ¢,, what we set out to
ki
prove, and the second formula is a simple rearrangement. [

Corollary 51. In the setting of Lemma 50, we have H normal in G.

Lemma 52. Let H be a normal subgroup of G. Denote Haar measure on H

as i, then for any v € G, and measurable set E of H, we have u(zrEx~1) =

This is part of Proposition 1.2.9, page 17 of [3]. O

Lemma 53. In the setting of connected, simply connected nilpotent Lie
groups, we have u(E) = p(E~Y), where E=1 = {e7! | e € E}, for Haar

measure fi.
Proof.

Haar measure on G is lifted from a Lebesgue measure on g, see
Theorems 45 and 46, and as for any x € G such that z = exp(X), X € g,
we have z71 = exp(—X), the result is clear as X +— —X is an orthogonal

linear transformation; hence it preserves measure on R (dim(g) =n). O

Section 1.4

A topology on the space of closed subsets of a locally compact space

Definition 54
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Let X be an arbitrary locally compact space. Let K(X) denote the
set of all closed subsets of X, and equip K(X) with the topology whose open
sets have as basic open neighborhoods U(C,F) = {F € K(X) | FNC =
0, FNO # () for all O € F} where C is a compact subset of X and F is
a finite family of open sets of X. This topology is call the compact-open

topology of K(X).

Lemma 55. K(X) equipped with the compact-open topology is a compact

Hausdorff space.
Proof.
See [10], Theorem 1. O

Lemma 56. IfY is a subset of X, then the compact-open topology of K(Y)

is the compact-open topology of K(X) relativized to K(Y').
Proof.

The proof follows from the fact that every compact (resp. open)

subset of Y is the intersection of Y with with a compact (resp. open) subset

of X. O

Lemma 57. If X has a countable base of open sets, then KC(X) also has a

countable base of open sets.
Proof.

Let {O,}52 be a basis of open sets of X such that the closure of
each O, is compact. Define C,, = O,,. Then the sets {U(C,, F)}, where F

is a finite subcollection of {O,,} form a basis of I(X). O

We henceforth assume that X is locally compact Hausdorff and sep-

arable.
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Lemma 58. Let {F,,}22, be a sequence in K(X) converging to F' € K(X).

Assume x,, € F,, for all n and that x,, — x in X. Then x € F.
Proof.

Suppose that z ¢ F. As alocally compact Hausdorff space is regular,
separability here implies metrizability (see [20], page 146 and Theorem 16,
page 125), hence X is Ty. So there exists a compact neighborhood C’ of
x such that ' N C’ = (0. But for sufficiently large n, we have z,, € C’,
so F, N C" # (. Let U(C,F) be a basic open neighborhood of F, and
consider U(C' U C’, F). This is a basic open neighborhood containing F' but
for sufficiently large n, not containing F,,. This is a contradiction to the fact

that F,, — F.

Lemma 58. Let {F,,}°°, be a sequence in (X)) converging to F'. For each

x € I, there exists elements x,, € F,, with x,, — x in X.
Proof.

Let z € F, and let O be an arbitrary open neighborhood of = in X.
Let U(C,F) be a basic open neighborhood in IC(X) containing F'. Defining
F' = FUO, then U(C, F') is also a neighborhhood of F', and so for sufficiently
large n, F, € U(C,F’), that is, F,, N O # (), that is, {F,}>2, eventually
intersects 0. Combined with the fact that X is second countable implies the

desired result. O

Lemma 59. Let X be Hausdorff, and {F,}>2; a sequence in KC(X). If the
following two conditions hold:
1) given x € F, there exists x,, € F}, such that x,, — x in X,

2)if v, € F,, and x,, — x in X, then x € F,

then
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F, — F in K(X).
Proof.

Let U(C,F) be a basic open neighborhood of F. For each O € F,
let x € FNO. By 1), there exists an integer N, such that when n > No,
F, N O # (). By the finiteness of the collection O, we can choose one integer
N that works for all O € F.

Now we observe that if infinitely many of the F;, intersect C', we could
choose a subsequence {y,;}52; with y,, — y in X, where y,,, € F,,, N C,
where {F},;}52, is a subsequence of {F,};2;. The limit of this sequence
must be contained in F'NC (we observe that C is closed as X is Hausdorff).
This contradicts the fact that F N C = (). So there must exist an integer N’
such that when n > N', F, N C # 0.

So when n > max(N, N'), we have F,, € U(C,F). As U(C,F) was
arbitrary, we have F,, — F in (X). O

We now let G be a topological group, with Hausdorft topology, and

let IC(G) be the set of all closed subgroups of G equipped with the relativized

compact-open topology.

Proposition 60. Let {H,}>°, and {K,}>2 be two sequences in K(G) con-

verging to H and K respectively. If K,, C H,, for all n, then K C H.
Proof.
This follows immediately from Lemma 58 and Lemma 59. [J

Proposition 61. Let {H,}32, be a sequence in K(G). Let H € K(G).
Then H, — H if and only if:
(1) if h € G and there exists a sequence {hy}5% 1 such that h,, € H,, for

each n, and h,, — h, then h € H,
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(2) for each h € H there exists a sequence {hy,}5> ¢ in G such that h,, €

H, for eachn and h, — h in G.
Proof.
This is immediate from Lemmas 58, 59 and 60. [

Lemma 62. Let G be a simply connected nilpotent Lie group and let g be its
Lie algebra. Let {H,}3° , be a a sequence in K(G), and let H € K(G). Then
H, — H in K(G) if and only if

1) if {Xn}52, is a sequence in g converging to X € g, and for each
n, X, € b, then X € b,

2) if X € b, then there exists a sequence {X,}5%, in g such that
X, €b, foralln and X,, — X in g.

Proof.

This follows immediately from Proposition 60 and the fact that exp
(resp. In) are analytic diffeomorphisms of g and G (resp. G and g), see
Lemma 45. U

Lemma 63. Let {V,,,}5°_, be a sequences of subspaces of the n-dimensional
(n finite) normed linear space V. Then there exists a sequence of bases
{z7, 25, ..,z }9%, of V' such that
1) 2, ..z is a basis of Vi, where dim(Vy,) = ky,, m=1,2, ...
2) for all i, 1 < i < n, there exists a subsequence of the sequence
{z"}5°_1 that converges in V' to some element x; € V.

3) the elements x1,...,x, are a basis of V.
Proof.

For each m, choose a basis of V,, and expand this basis to a basis
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of V. We may assume that this basis is orthonormal with respect to an
appropriate inner product.

Now as a bounded sequence in a finite dimensional space always has
a convergent subsequence, 1) and 2) are satisfied.

By further restricting to subsequences, we may assume that all of
{zI"}>°_,, 1 <i < m converge in V.

Now it is easy to see that each z; has norm 1 and the elements
{z1,...x,} are pairwise orthogonal with respect to the previously defined

inner product, thus form a basis of V. [J

Lemma 64. Let G be a nilpotent Lie group, and let H,, — H in K(G). If
dim(H,,) = k for all n, then dim(H) = k.

Proof.

By Lemmas 62 and 63, the finite dimensional normed linear space g

posesses bases x7, ...,z

m and z1,...,z, such that z[* — z;, 1 <¢ < n. We

may assume that b, is spanned by z7*,...,2}". Now by Lemma 58, we may
assume that zi,...,x; € b, and if z; € bh for some j > k, then there would
exist a sequence {X,, }7°_; with X,, € b,,, for each m, and X,,, — x; in g. If
this were true, z; would be a linear combination of x4, ..., z, a contradiction.

So z; ¢ b, and dim(h) = k, and by the exponential map, dim(H) = k. O

Lemma 65. Assume that Q) is a locally compact Hausdorff space and {z,}72 4
be a sequence in ) that converges to a point x in 2. Possibly by passing to
a subsequence, we may assume that in IC(G) that the sequence of stabiliz-
ers {Gy, }°2, converges to a subgroup S C G, with strict containment a

possibility.

Proof.
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See [9], page 66. [
Definition 66

Suppose that fy is a nonnegative, real valued function in C.(G) that
does not vanish at the identity element. For the remainder of this paper, let

1, be the left Haar measure on H defined by

/H fot)du, (1) = 1

such a choice is referred to as a continuous (“smooth”) choice of Haar mea-
sures, and has the property that H — [, fdu,, is continuous on K(G) for
each f € C.(G), see [15], page 908.

Lemma 67. Suppose that {f,}521 C C.(G) converges to f € C.(G) in the

inductive limit topology and H,, — H in K(G). Then

/ Jndpy, —>/ fdpy, .
H, H

Proof.

Follows by an § argument. [J

Section 1.5

Unitary representations of G and induced representations.

Definition 68
Let G be an arbitrary group. A wunitary representation T of G on
a separable Hilbert space Hr (we will always deal with separable Hilbert

spaces in this paper) is a homomorphism x — T, of G into the space of all
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unitary operators on Hp such that if &,& € Hp, the map x — (T,(&1),&2)
is continuous.

Note that we have Ty, = T,T, and T, = (T,,)~! = (T,,)*. From
here on out, the word “representation” will always mean “unitary represen-

tation”.

Definition 69

Let T7 and T5 be two representations of G. T7 and Ty are said to be
unitarily equivalent if there exists a unitary operator U : Hy, — Hrp, such
that (Ty), = U(T1),U ! for all z € G. In this case, we write Ty = Tb.

Let T be a representation of G. A closed subspace N of Hrp is called
an invariant subspace of Hy provided that T,(N) C N for all x € G.

T is said to be irreducible when Hp has no invariant subspaces under

its action except Hr and {0}.

Definition 70
G is defined to be the set of all equivalence classes of irreducible

representations of G.

We now introduce the concept of “induced representation”.

Definition 71

Let N be a closed subgroup of G. A mapping ¢ : G/N — G is called
a cross section if

1) if for each g € G/N, ¢(g) is a coset representative of g.

2) ¢ is a Borel isomorphism of G/N and ¢(G/N).

3) if C' is compact in G/N, then ¢(C) has compact closure in G.

Lemma 72. If N is a closed subgroup of G, then a cross section of G/N

into G exists.
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Proof.
See Lemma 1.1 of [22]. and recall that our groups are separable. [

Definition 73

Assume that we have a Borel measure p on G/N. For any = € G,
define p, to be the measure p, (E) = u(E - z) for Borel sets E C G/N. The
measure y is called quasi-invariant if for all z € G, p and p, are equivalent
as measures. Up to equivalence, there is only one quasi-invariant measure.
We note that for nilpotent groups that such always exist. For each z € G, we
define the Radon-Nikodym derivitive p, = %. Now to define the induced

representation from a closed subgroup N of G.

Definition 74

Let T be a representation of N. Let u be a quasi-invariant Borel
measure on G/N, let K be the set of all functions f : G — Hp such that

1) (f(x),€) is a Borel function of x for all £ € Hr.

2) f(zn) = T(n)~1f(x) for all n € N and x € G (this condition is
called covariance).

3) Notably, for f,¢g € K, the function = — (f(x),g(z)) is always
constant on right NV cosets, we also require

[ 1O, ants) < .

s€G/N

K is a separable Hilbert space with inner product

(f.9) = / (F(8), 9(8))dpu(3).
$€G/N

For each x and y in G, f € K, define the induced representation U,

which we sometimes denote by ind$;(T) by

(U )W) = f@'y)V p2(v).
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We call U the representation of GG induced by the action of 7" on N.
We note that in our case, that of nilpotent Lie groups, that p is the constant
one; we will henceforth ignore it. We note that the representation U does
not depend upon the measure p. We also note that we will always use left

actions in this paper.

Lemma 75. Let Hy and Hy be subgroups of G with Hy C Hs, let T be a

representation of Hi. Then

ind§y, (T) = indS, (ind!% (T)).

Proof.

See Theorem 4.1 of [22]. O

The last lemma is usually referred to as the “inducing in stages”

lemma.
Lemma 76. If ind$(T) is irreducible then T is irreducible on H.

Proof. See Theorem 10.1 of [22]. O

Section 1.6

The irreducible representations of a connected, simply-connected

nilpotent Lie group.

Discussion 77
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In this section we describe the irreducible representations of a con-
nected, simply connected nilpotent Lie group and parameterize the represen-
tation space of such a group in terms of coadjoint orbits. We will describe

the topology on this space in the next section.

Definition 78

Let G be a connected, simply-connected nilpotent Lie group. Hence-
forth in this paper, “nilpotent Lie group” will mean “connected, simply con-
nected nilpotent Lie group”. Denote the dual space of g by g*. G acts on g*

by the coadjoint map, Ad*, precisely, for x € G and [ € g*
(Ad*(2))(Y) = 1(Ad(=z")Y) =1(z"'Y2), Yeg, lcg*, z€C.

The differential d(Ad*),. of the coadjoint map at the unit e € G is

written ad* : g — End(g*), by
(ad*(X))(Y) =1([X,Y]) =l(ad(-X)Y), X, Y €g, l € g,

for more on this, see [3], pages 25-26. We comment that Ad* is multiplicative;
see definition 49 for notation.

The stabilizer subgroup of GG associated to [ is
R ={z e G| Ad*(x)l =1},
this is related to the Lie subalgebra
v, ={X e€g|ad"(X)l =0}
by the next lemma.

Lemma 79. If G is a nilpotent Lie group and | € g*, The stabilizer R; is

connected and ¢, is its Lie algebra. In particular, R; = exp(t,).
Proof.

See [3], Lemma 1.3.1, page 26 [
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Lemma 80. The Ad* orbit of a functional l, Oy, satisfies O; = G/R;.
Proof.

This is obvious, see also the end of the proof of Lemma 1.3.1 of [3],

page 26. [J

Comment 81

Each [ € g* defines a natural bilinear form, B; : g x g — R,
B(X,Y)=1([X,Y]), X,Y €g.
By definition, the radical of Bj is
{Yeg|B(X,)Y)=0forall X eg}={Y €g|I([X,Y]) =0for all X € g}

={Y eg| (Ad*(Y)]) =0 for all X € g}.

Lemma 82. Ifg is a Lie algebra andl € g*, its radical has even codimension

in g. Hence the coadjoint orbits are of even dimension.
Proof.
See [3], Lemma 1.3.2 on page 27. [

Definition 83

If V is a real vector space, with a skew-symmetric (symplectic) bilin-
ear form B, its isotropic subspaces W with respect to B are those for which
B(wy,ws) = 0 for all wy,wy € W. It is known from linear algebra that

maximal isotropic subspaces exist and have the same dimension:
1 1
édim(V/rad(B)) + dim(rad(B)) = i(dim(V) + dim(rad(B)))

where rad(B) = {x € V | B(z,y) = 0, all y € V}. (From this, they

have codimension k = 1dim(V/rad(B)); they lie halfway between the radical
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rad(B) and V. They always include rad(B); for further discussion of this see

[3], pp. 27-28 (from which this is abstracted).

Discussion 84

In the representation theory of a nilpotent Lie group G it is important
that there exists subalgebras m C g which are isotropic for B; and have
maximal dimension n — k in g (see Theorem 86 below). Such subalgebras
are called polarizing subalgebras or mazximal subordinate subalgebras for 1.

Isotropy insures that [([m, m]) = 0. By Discussion 38

exp(My) - exp(Msz) =

1 1
exp (M1 + M, + §[M1, M) + E[Ml’ [My, M]] + higher order terms)

and as M;, My € m (again see Discussion 38), we have that y(exp(H)) =

e"!(H) is a one dimensional representation of the subgroup M = exp(m).

We state part of this as a corollary.

Corollary 85. Form an isotropic subalgebra of a functionall on a nilpotent
Lie algebra g, we may define a 1-dimensional representation X, ,, of M =

exp(m) by x, ,, (x) = 1008,

Theorem 86. Let g be a nilpotent Lie algebra and let | be any element of

*

g*. Then there exists a polarizing subalgebra for [.
Proof.
See [3], Theorem 1.3.3. [

Definition 87
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Now let [ € g*, let B; be the bilinear form B;(X,Y) = I([X,Y]).
Choose a maximal subordinate subalgebra m for [ and let M = exp(m). As

we have previously noted in Corollary 85, the character

XZ,M(GXP(Y)) = e“(y), Yem

is a one dimensional representation of M. We now define the induced repre-

sentation 7, ,, of the group G to be m, ,, = ind§;(x, ,,)-

The following results describe the irreducible representation space G

in terms of these induced representations.

Theorem 88. Letl € g*. Then there exists a maximal subordinate subalge-

bra m for | such that w, ,, is irreducible.
Proof.
See [3], Theorem 2.2.1. [

Theorem 89. Let | € g*, and let m,m’ be two mazximal subordinate sub-

~

algebras for I. Then m, , m, - (Hence we may write m, for m, , if

1,M!

we are interested only in equivalence classes of unitary representations.) In

particular, 7, ,, is irreducible whenever m is mazximal subordinate for .
Proof.
See [3], Theorem 2.2.2. [

Theorem 90. Let m be any irreducible unitary representation of G. Then

there is an | € g* such that m, = .
Proof.

See [3], Theorem 2.2.3. [
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Theorem 91. Let [,I' € g*. Then n, = 7w, <= 1 andl’ are in the same

Ad*(G) orbit in g*.
Proof.

See [3], Theorem 2.2.4. [

Section 1.7
The topology on G.

Discussion 92
In this section we explicitely describe the Fell topology on the irre-

ducible representation space of a nilpotent Lie group.

Definition 93
Given a locally compact group G, function f : G — C is positive

definite if it is continous and
m
> NN f(a ) >0
i,j=1

for all finite sets {A1,..., A\p,} € C and {x1,...,2,,,} € G. We use the corre-
spondences that exist between

(1) The set P(G) of all positive definite functions on G.

(2) The set of norm bounded linear functionals w that are positive on

the convolution algebra L'(G) :

w(p* * ¢) >0 for all ¢ € L*(G)
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(3) The set of all matrix elements fr ¢(g) = (74§,€), ™ a unitary repre-

sentation of GG, £ a vector in H.

Definition 94

The following sets from a base for a topology on G , the Fell topology:
U(ﬂ-7 617 ey €m7 K7 E) =

(7' €G|3¢,....¢, € Hy such that |fre, — frr el < eon K}

Here fr,£(g) = (7(9)&, &) as above, &1, ..., &y € Hy, K is compact in G, and

€ > 0. For further discussion of this topology, see [4].

Definition 95

If G is a set of unitary representations of GG, then a representation
T is weakly contained in & if every matrix element f,.,(G) = (Ty&,€), € €
Hp, may be approximated uniformly on compacta by finite sums of matrix
elements fg, = (Syn,n) with S € &, n € Hg. We write T' < & when this
happens, and write & < ¥ for two sets of representations if S < ¥ for all

S € 6. Also see Definition 6 for how this works on the level of C* algebras.

Comment 96

As unitarily equivalent representations have the same matrix ele-
ments, the above definitions apply to unitary equivalence classes; we have
slightly abused notation by referring to concrete representations and their

Hilbert spaces.

Lemma 97. Let G be a locally compact group.
(a) The sets U(m, &1, ..., &m, K, €) of Definition 94 form a topology basis
of G.

(b) The smaller family of sets U(w, &, K, €) is also a base for this topology.
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If G is separable every point m € G has a countable base of neighborhoods.
Proof.
See [4], Lemma N.1.10. O

Proposition 98. Let G be a locally compact group, m € G, and & C G.

Then m < 6 <= m € CI(&), the closure in the Fell topology.
Proof.

See [4], Proposition N.1.13. [

Theorem 99. If G is a simply connected nilpotent Lie group the Kirillov

map j: g*/Ad*(G) — G is a homeomorphism.
Proof.
See [4], Theorem N.3.5. [

Comment 100

By the Kirillov map (Theorem 99), the irreducible representations of
G are in 1-1 correspondence with Ad* orbits in g* and the quotient topology
of g*/G describes the topology of G. We further comment that Kirillov
proved that the above map is continuous, 1-1 and onto, with the bijectivity
first proven by Brown in [1] and later given a nicer proof by Joy in [19]. We
also comment that for a connected, simply connected nilpotent Lie group

that the topology on G is 1.

Section 1.8

The Inner-Hull-Kernel Topology in Rep(G)
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Discussion 101
In this section we describe the topology on arbitrary representations
of groups; our focus as usual is nilpotent Lie groups. We also give several

results relating to weak containment that will be needed later.

Discussion 102

The inner hull kernel (ihk) topology on the space Rep(G) of arbitrary
representations of G was introduced by Fell in [12]. As we are restricting our
attention to separable groups, it will suffice to consider the set Rep(G) of
unitary equivalence classes of representations on separable Hilbert spaces.
Rep(G) then includes all cyclic or irreducible representations and is closed
under countable direct sums, conjugation, and tensor products.
Definition 103

If T € Rep(G) its spectrum is sp(T) = {S € G|S~< T}.

The following definition is due to Fell, see [12], page 245.

Definition 104

Let Uy, ...,U,, be open subsets of G. The sets
N(Ui,....,Up) ={T € Rep(G) | sp(T)NU; #0, 1 <i < m}
form a topology, called the inner-hull-kernel (ihk) topology on Rep(G).

Equivalently, we can define this in terms of positive definite functions,

see [12], Theorem 2.2 on pages 245-248.

Theorem 105. If T € Rep(G), let &1, ....&mnm € Hp, a compact set K C G,
and € > 0 be given. Define N = N(T,&1,...,&m, K, €) :
T"e N < J o0, € sum{fr, | n€ Hp} such that

|fre, —oil <eon K, 1<i<m.

These sets form a basis for T in the (ihk) topology.
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Proposition 106. If G is a separable locally compact group, the Fell and
inner hull kernel topologies coincide on G.
Proof.

See [4], Proposition N.1.18. [

We will need a few more results which are specific to nilpotent Lie

groups.

Definition 107
Let G be a nilpotent Lie group, S be a closed connected subgroup,
having Lie algebras g and s, repectively. We define s+ to be the set of linear

functionals in g* that are zero on s.

Lemma 108. Let G be a simply connected nilpotent Lie group, S a closed
connected subgroup, and suppose f € g* satisfies f([s,s]) = 0 so
that x, (exp(Y)) = €7 is a one dimensional representation of S. Then

W = ind§ (x,) weakly contains
{r,€G|fef+s},

in fact,

Sp(W) = Fell-closure({my € G | ffef -I-BL}).
Proof.

See [4], Theorem N.2.5. [

Proposition 109. Let G be a nilpotent Lie group acting on g* by the coad-
joint action; let f € g*, and let b be a polarizing subalgebra for f, H = exp(h).
Then Ad*(H)f = f+b*; that is, through each point in a coadjoint orbit there

is a ‘flat’ of dimension half of the dimension of the orbit.
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Proof.

See [3], Proposition 3.1.18, page 97. [

Section 1.9
The topology on subgroup-representation pairs

Discussion 110
In this section we develop a “natural” topology for the set Q(G) =
{(H,T) | H e K(G), T € Rep(G)}.

Definition 111

Let G be a locally compact group, K(G) be the space of closed sub-
groups of G.

We again define Rep(G) to be the set of all equivalence classes rep-
resentations of G.

We define Y(G) = {(K,z) | K € K(G),z € K}. Using our smooth

choice of Haar measures on K(G), we have:

Lemma 112. If f € Cy(Y), the function

K [ 5 0in)
is continuous on K(Q).
Proof.
See Lemma 1.1 of [13]. O

Definition 113

Let Ak be the modular function of the closed subgroup K.
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Lemma 114. The map (K, x) — Ak (z) is continuous on Y (G).
Proof.
See the paragraph following Lemma 1.1 of [13]. O

Discussion 115
We make Cy()) into a normed *-algebra as follows: For f,g € Cy()),

define

f*g(K,w)Z/Kf(K,y)g(K,y_lx)duK(y),

f*(Kv CL‘) = 7(K,CE—1)AK($_1),

9= suw [ 1702 duc ()
KeK(G)JK

The completion A4(G) of Cy(Y) with respect to the above norm is a
Banach *-algebra called the subgroup algebra of G.

For each K € K(G), the mapping f — fx by fx(x) = f(K,x)
extends to a continuous *-homomorphism, called @, of A4(G) into a dense

subalgebra of L(K, jug).

The following is easy by previous work.

Lemma 116. For each f in As(G), K — [Pk (f)| is continuous on K(G)

and || f|| = sup |®x ()]

Definition 117 We define, for K € K(G), the space of continuous functions

on K as C(K). We are working toward defining a topology on U C(K),

KeK(G)
so that a function defined on K is allowed to approach a function defined on
Ky as K approaches K in the topology of closed subgroups as outlined in
section 1.4. This will be done in such a fashion that for functions with fixed

domain, the topology is that of uniform convergence on compact sets. For a

much more detailed account, see [13].
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Definition 118 Each unitary representation 7" of a closed subgroup K can be
lifted to a *-representation we denote as W7T of A,(G) by WET = To .
From this and Lemma 116, A4(G) is a reduced Banach *-algebra. Its C*
completion, denoted C*(G), is called the subgroup C* algebra of G, with
norm || - ||. A representation of the form W7 is said to be lifted from K.
Definition 119

Q(G) is defined to be the set of all subgroup representation pairs of
G, where (H,T) is such a pair if H € K(G) and T € Rep(H). We identify all
pairs (K, T) where T is identically zero, the resulting element 6 being called
the zero element of Q(G).
Definition 120

By the inner hull-kernel topology of Q(G), we mean the topology
which makes the 1-1 mapping (K, T) — W7 a homeomorphism with re-
spect to the inner hull kernel topology of Rep(A4;(G)). We follow with some

of its notable properties.

Lemma 121. For H € K(G), the topology of Q(G) relativized to the set of
a subgroup-representation pairs whose first coordinate is constant H is just

the inner-hull-kernel topology on Rep(H).
Proof.

This is immediate from the definitions and Lemma 3.3 of [13]. O

Definition 122
Let X be an arbitrary locally compact Hausdorff space, and set S =
X x C. A subset of S is semicompact if it is closed and its projection onto X

has compact closure, D we define to be the family of all semicompact subsets

of S. As before, K(5) is the family of closed subsets of S. Let F be a finite
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family of nonempty open sets of S and D € D. Define

UD,F)={AeK(S)| AND =0, AN B #0 for each B € F}.

Definition 123
The semicompact-open topology of (S) will be that topology in which
the U(D,F), where D € D and F is a finite family of nonempty subsets of

S, form a basis of open sets.

Definition 124

Now define £(X) to be the union of all the spaces C(A), where
A € K(S5), thus the elements of £(X) are complex-valued functions f such
that for the domain of f, D(f), we have D(f) € K(5). Identifying a function
with its graph we have £(X) C K(S). We will always consider the set £(X)

as being equipped with the (relativized) semicompact-open topology.

Lemma 125. Suppose f € E(X), {fi} is a net of elements of £(X), and
D(f;) = D(f) in K(X). Then f; — f in E(X) if and only if, for each subnet
{f!} of {f:} and for each choice of z; in D(f}) (for cach j) such that z; —
some x in D(f), we have fi(x;) — f(z).

Proof.
See [13], Lemma 3.2 [

Definition 126
We denote by E(G) the topological space of £(G) consisting of those
f for which D(f) C K(G).

Lemma 127. Let {(K;,T;)} be a net of elements of Q(G) and (K,T) an
element of Q(G). Then (K;,T;) — (K,T) if and only if, for each finite
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sequence ¢1,- -+ , ¢n of functions of positive type on K associated with (K, T),
and each subnet of {(K;,T;)}, there exists (i) a subnet {(K",T'7)} of that
subnet, and (i) for each j and eachr = 1,--- ,n a finite sum ¢J. of functions
of positive type associated with (K", T'7) such that ¢¢. — ¢, in Es(G) for

each r.
Proof.

See [13] Theorem 3.1°, page 439. [

We need another result.

Definition 128 Let G a connected, simply connected nilpotent Lie group.
By Kirillov, [21], the irreducible representations of G are in one-to-one cor-
respondence with Ad* orbits in g*. If W € @, we denote its correspondence

orbit by Q.

Lemma 129 (Joy’s Lemma). Let G be a real, connected, simply connected
nilpotent Lie group. Let (H,,S,) — (H,S) in Q(G). If f € g* such that
fly € Qg, then for every subsequence of {(Hy,Sn)}o>,, there is a subse-
quence {(Hp,, Sn,) 52, such that for each i, there exists f; € g* such that
fily,, € Qs, and f; — f in g*.

Proof.

See [19], page 138. O

Section 1.10



49
Induced representations and ideals of C*(G, )

Discussion 130
In this section we give further specifics about induced representations
of transformation group C* algebras, giving two ways to view them in our

case.

Definition 131

In [18], Phil Green defines a covariance algebra to be quasi-regular if
every primitive ideal lives on a quasi-orbit, for references, see [18], page 221.
In the setting of transformation group C* algebras, quasi-regularity means
that for every P € Prim(C*(G,Q)), hull(Res(P)) = G - z for some x € ,
where we view a closed ideal in Cy(€2) as corresponding to a closed set of
points. We here comment that all of our algebras are quasi-regular, see [17],

we also comment on this fact elsewhere in this thesis.

Discussion 132

We comment that on the topic of induced representations of trans-
formation group C* algebras that we only here give what we need for the
examples in this this paper. We give two different presentations and will use

both. More detailed accounts can be found in [18], [25] and [26].

Let G be a group, acting with jointly continuous action on a locally
compact Hausdorff space 2. We will always induce from point evaluations
and stabilizers or polarizing subalgebras, which we presuppose to be con-
nected and simply connected.

For S C G, the stability group of a point x € €, let 7 be a rep-
resentation of S with Hilbert space H,, p, a representation of Cy(2) on
H,, where for a function ¢ € Cy(f2) and a function f € H, we have

pz(@)(f)(r) = ¢(x) f(r). We have that (7, p, ) is a covariant pair for C* (S, ).
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We define the induced representation of (7, p,) on C*(G,Q) tobe L = (V, M),
where V' = ind§(7), and M is a representation of Cy(f2) on Hy which acts
by M (¢)(f)(r) = ¥(r-x)f(r), we will say more about this at Comment 142.
We use the notation

L = (V7 M) = mdg}%) (7—7 pm>7

we will use this notation without reference.

Another way to view induced representations of C*(G,$2) follows.
We comment that for our purposes in this paper we will always induce from
subgroups contained in stabilizers and point evaluations of €2, also, our mod-
ular functions are always identical 1. However, we here include the modular
functions as later on we will prove a result (Proposition 183) which does
not depend upon our group GG being a nilpotent Lie group. We should here
point out that in [18], Phil Green defines C*(G, 2) in terms of a symmetric
Haar measure, AZ'/%(s)du(s). To avoid confusion, we point out that his
definitions are mapped to ours by f — Agl/ 2f. This was abstracted from
[26], page 340, a more general account may also be found in [18]. We will
use this to characterize certain primitive ideals coming from representations

living over a fixed point x € €.

We assume that H is a closed subgroup of G.
We assume that we are in the C* algebra C*(G,§2), and that 7 is
a representation of C*(G,, ) acting on the Hilbert space V. Let £ and

n be arbitrary vectors in V. We define the induced representation, L =

ind(G’Q)

(H.Q) (m) as follows:

We first define a B = C.(H, 2)-valued inner product on the imprim-
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itivity algebra C.(G,Q) b
(F. 90 / 55 D)g(st,s - 9)dug s).
ea

The induced representation L acts on the completion of C.(G, Q) ® V., com-

pleted in the inner product defined by

(fe@&g@n), = (7((g, f)s)&m)r.

The action of h € C*(G, Q) on the class of f ® £ is given by (h* f) ® £, see
[18], page 204, or [26], page 340.

We also will need several more general results.

Proposition 133. (“Induction in Stages”) Let H O K be closed subgroups
of G, and L be a *-representation of (K,Q2). Then defl g;( dgg g;(L)) is

unitarily equivalent to mdgf(g))(l))

Proof.
See [18], Proposition 8 on page 207. [

Proposition 134. Let H be a subgroup of G. There is a continuous map,
Ind%,, from T(C*(H,Q)) (ideal space) to T(C*(G,Q)) such that, if L is a

representation of C*(H,Y), then IndS (ker(L)) = ker(IndEg”gg(L)).

Proof.

This originally appears in [18], Proposition 9 on pages 208-209, see
also [26], Lemma 3.5 on page 343. [

Proposition 135. The process of induction on transformation group C*

algebras preserves weak containment, that is to say, if H is a subgroup of
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G, and Ly and Lo are representations of C*(H,Q) and L1 < Lo, then
ind &Y (Ly) < ind S (Ly).

(H.Q) (H.Q)
Proof.
Note that weak containment may be viewed as a statement about

containment of kernels, see Definition 6, and appeal to the Proposition 134

above. [

Proposition 136. Let G be a group acting on a locally compact Hausdorff
space §2. Let x be a fized point in 2, and T a representation of G,. If T is

irreducible, then the induced representation of C*(G, ),

N (eXe:
L= anEGz,f)z)(T’ Pa)

is an irreducible representation of C*(G, Q).
Proof.

See [26], Proposition 4.2, page 344. [0
Definition 137
Let (V, M) be a representation of (H,Q), s € G. Let K = sHs™ 1,

and let (V, M)® be the covariant representation of (K, 2) given by
Ve(r)=V(sTlrs)  M*(¢) = M(°9).

Recall that *¢(z) = ¢(s~! - x), see Definition 1.

Comment 138

The system (G,€2) is presupposed to satisfy the second axiom of

countability for the next lemma, which is true by hypothesis in our case.



53

Lemma 139. If S = ind(;;'0) (V, M) and T = ind{; () (W, N)), then S = T

if and only if for some s € G, we have T = indgsz),lﬂ)((v, M)?).

Proof.

See [15], Theorem 2.1. O

Section 1.11

A topology on representations of subgroup C* algebras

Discussion 140
In this section we do a construction which is Siegfried Echterhoff’s
construction in [7] modified for our particular situation, and use these tools

to prove an important lemma that we will need later on.
Definition 140

Let G be our connected, simply-connected nilpotent Lie group, and
again denote by KC(G) the space of closed subgroups of G endowed with the
compact Hausdorff topology of Fell in [10]. Let N be a locally compact
space. Assume that H : N — K(G); H — H; is a continuous map from N
to K(G). Define:

DNH ={(i,2) e N xG | z € H;}

2) N2 H = {(i,z,y) e N x G x G | z,y € H;}

13

3) On N x G x G we introduce and equivalence relation “ ~ " by
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(i,2,9y) ~ (i',2',y") < i=14, v=2"and y € y'H;.

The H - equivalence class of some (i, z,y) € N x G x G we denote by (i,z,7).
4) If K : N — K(G) is another continuous map such that H; C K; for
all n € N, then N?X is a union of H- equivalence classes and we define N
to be the quotient space N2K/ ~
Comment 142
We here comment that in all of our examples in this thesis we will

be using N' = NU oo, the one-point compactification of the natural numbers.

Lemma 143. N7 N2 and NX are locally compact Hausdorff spaces and

the quotient map q : N?K — NIS{ 18 open.
Proof.
See [7], Lemma 1 on page 64. [

Definition 144

Now let G again be a nilpotent Lie group and (G, 2) denote a covari-
ant system. We will make the spaces C.(NH,Cy(2)) and C.(NF,Co(Q))
into normed *- algebras. We comment that we simplify Echterhoff’s work
slightly as modular functions are identical 1 for a nilpotent Lie group. Define

multiplication, involution, and norms on these spaces by

k2

waMZ/fmef%waMQ

SGHZ‘
fr,t,x) = f(i,t7 1t x)

|wﬁmg/wummmﬂﬁ
ieEN s rEQN

for f,g € C.(NH,Cy()), and also set
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7

F«G(i,t,0,x) = / F(i,s,0,2)G(i,s ', s 1,871 - 2)du,, ()
seH;
F*(i,t,0,2) = F(i,t 7't gt 2)

| F|ly = sup / sup {SHP\F(i,S,Z),fIT)\} dpiy (8)

iEN yeK; \zeq
SEKz

for F,G € C.(Nf,Co(2)). We have defined multiplication and involution

“fiberwise” on the “fibers” C.(i,Cy(f2)) and C.(i, C.(K;/H;, Co(£2))).

Theorem 145. The spaces Co(N,Co(2)) and Co(NE,Co(Q2)) are normed

* -~ algebras if we define multiplication, involutions, and norms as above.

Proof.
See [7], Theorem 1 on page 65.

Definition 146

We denote by LY(NH Co(Q)) and LY(NE Co(Q)) to be the
completion of C.(NH,Cy(Q)) and C.(NE, Co(£2)) with respect to the above
norms.
Again, for any F € C.(NX,Co(Q)) we denote by F; the element of
C.(K;,Co(K;/H;,Cy(R2))) defined by F;(t,u,x) = F(i,t,u,z). For each n €
N the map F — F; extends to a norm-decreasing * - homomorphism from
LY(NE, Co(2)) into a dense subalgebra of
LY(K;,Co(K;/H;,Cy(£2))). Hence any covariant representation 7 of the sys-
tem (K;, Co(K;/H;,Co(2))) defines a * - representation of L'(NF, Co())
by
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We may similarly look at pairs (i,p), i € N, and p € Rep(H;,Cp(2)) as
* - representations of L'(NH, Cy(Q2)). It is clear that these representations
separate the elements of LY(NE Co(Q2)) and LY(NH, Cy(R)), respectively.
We now define our subgroup C'* algebras.
Definition 147

Let C*(N*,Cy(Q)) and C*(NE,Cy(9)) be the enveloping C* alge-
bras of LY(NH Cy(Q)) and LY(NE,Co(Q)), respectively.  We call
C*(NH Cy(Q)) the subgroup algebra of (G,Co(Q)) and C*(NE,Co(£2)) the
imprimitivity subgroup algebra of (G, Cy(€2)). Furthermore, the representa-

tion spaces

R(C*(NEr, Co()) = {(i,m) | i € N, m € Rep(K;, Co(K;/Hi, Co(2))) }

and

R(C* N, Co(Q))) = {(i,p) | i € N, p € Rep(H;,Co(Q))}

equipped with the relative topologies of Rep(C*(NE,Co(Q2))) and
Rep(C* (N Cy(9))) are the subgroup representation spaces of C* (N, Co(£2))
and C*(NH Cy(Q)), respectively.

Proposition 158. Every irreducible representation of C*(NZ,Co(Q)) is a

subgroup representation. The same is true of C*(NH,Cy()).
Proof.

See [7], Proposition 2 on page 66.
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Proposition 149. Let (G,Cy(2)) be a covariant system, N be a locally
compact space and H, K : N — K(G); i — H;, K; be continuous maps
such that H; C K; for alli € N'. Then the map

Indgy : R(C* (N, Co(2))) = R(C* N, Co())); (i, p) = (i indj! (p))

18 continuous.
Proof.
See [7], Proposition 6, page 69. [

Now we look at restrictions of representations to subgroups.

Proposition 150. Let (G,Cy(R2)), N, H, and K be as in the last proposi-

tion. Then the map

Resgy : R(C* (N, Co(Q))) = R(C* N, Co(Q))); (i7) = (6,7 a1,,0)

18 continuous.
Proof.

See [7], Proposition 7 on page 70. [
Comment 151

As the last proposition will be important, we look at it a bit closer
in the situation where we will need it. Define N'= N U co and assume that
we have two continuous maps H and K from N to K(G), with H(n) = H,
and H(oo) = Ho, similar for the map K, with H; codimension one in K;
for all i € N. Assume that we have a collection {{m;} | i € N'}, each m,

a representation of C*(K,,Q2), and 7y is a representation of C*(K,{2).
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Assume that in the representation space R(C*(NE, Cy(Q))) we have that
(n,m,) — (00,Ts). The previous proposition says that the restriction
map Res® : R(C*(NE, Cy())) — R(C*(NT,Cy(Q))) by Resh (n,m,) =
(n,7n|(m, o)) is continuous, i.e. in the space R(C*(NH, C())) we have

(1, Tl (H,,0)) = (0, Too| (o ,02))-

Comment 152
We need the following result of Dana Williams in the proof of Propo-
sition 154 below. We comment that the original has a small (non-fatal) typo

which we fix.

Proposition 153. Let H be a normal subgroup of G and L a representation

of C*(H,Q). Then

ker(Res§; (Ind§; (L)) = () ker(L*)
seG

Proof.

See [26], Proposition 5.5 on page 354. [

Proposition 154. Assume that G is a nilpotent Lie group, € is a locally
compact Hausdorff space upon which G acts via bicontinuous automorphisms,
and we have two continuous maps K and H from N' = NU oo to K(G)
with H,, codimension 1 in K, for all n. We also assume that we have a
collection {{(i,m;)} | i € N}, each of the m;’s induced from (H;, ), and
each m; is irreducible on C*(K;,Q). We further assume that in the space
R(C*(NE,Cy(Q))) we have (n,m,) — (00,Ts). Then we may choose a

collection

H(niapn)} i €N}
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with each py,, being an irreducible representation of C*(H,,,) and ps an
irreducible representation of (Hu,SY), these representations satisfying:

Tn; = an(Hni’Q)(pni)7

Ko O
Too = IndEHoin(poo),

and

(ni7pni) - (oo7p00)
in R(C*(NH,Cy(2))).
Proof.

We have assumed that 7, is induced from (H,, §?), therefore we may
assume that m, = 1nd§§:3§ (prn). By the continuity of restriction (Proposi-

tion 150, see also Comment 151), we have:

(n:W|(Hn,Q)) - (OO;T"|(HOO,Q))7

in R(C*(NH Cy(2))). For each n the restricted representation is equivalent

to the following direct integral:

S

(0 malio) = [ i) 0

s€EKnp/Hnp

remembering that H, is normal in K,,, see again Proposition 153 and Def-
D
inition 137 for notation. As | pg represents an ideal of C*(H,,Q)
seK, /H,
and the the sequence of ideals represented by the representations in formula

(1) above converges to the ideal represented by (00, Too|(f.. o)), We may use
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Proposition 22 to choose an irreducible representation p’_ of (Ho, $2) with
Poo = Too|(Ho,0) and T < mdggzg;(pgo) and a subsequence {(n;, o}, }72;)
with p}, = p*ri for some s,, € K, for all n;, and (4, p;,,) — (o0, pl,) in the

representation space R(C*(NH,Cy(Q))). Notably, we have

: (KTL,L?Q) ~J
lnd(Hni Q) (p;h) = Tn;s

as by Proposition 139 we have

~ e G,Q ~ e G,Q Sny
Tn; = deHM?Q)(Pm) = mdgﬂni?g)(ﬂm ).

We also have

(KOCMQ)( /

Moo < ind(Hoo’Q) o)s

as we have previously noted. [

Lemma 155. Assume that G is a nilpotent Lie group, 2 is a locally com-
pact Hausdorff space upon which G acts via bicontinuous automorphisms,
and we have a continuous map H from N' = NU oo to K(G) with H(n) =
H, and H, — Hy in K(G). We also assume that we have a collection

{{m} EXS N}, with my, = (X, My,,) and Too = (Xt M.

L oo

), one-dimensional
representations of C*(H,, Q) and C*(Hx, ), the x s characters and the M ’s
point evaluations of ).

We assume that in the space R(C*(NH, Cy(2))) we have (n,m,) —

(00, o). Then by passing to a subsequence, we may choose another collec-

tion {{fn}o1, f'} such that

fl— fo and x, —x
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and

Tn = (Xf{ﬂ Mﬂﬁn)

Proof.

Now we note that for any ¢ € C.(G) and ¢ € C.(€2) we may consider
¢ € C*(NH Cy(Q)) by setting (¢ - ) (i) = ¢|g, - 1. We note that

wamm-w:w@m£/¢@mﬁ@mm4@

seH,

-ew@/wmﬂmM@zww%w»

s€H
Let e denote the identity element of the group. Since the restriction map
from R(C* (N, Cy(2))) to ©, Res’, is continuous (Proposition 150), we have
M, — M, and z,, — x.

We choose 1 to be identical one in a neighborhood of z € €, so
that it “goes away” in the last displayed equation. By the work of Fell in
[12] and explicated in section 1.9 of this thesis, and the equivalence of the
representation spaces of G and G described by Fell in [11], we get that in

the subgroup-pair topology (again, section 1.9 of this thesis) that

<XﬂbaHn> - <Xf’7 HOO>7
and we may pass to a subsequence and use Joy’s Lemma (Lemma 129) to

find a sequence {f},}o2; € @* With X (1|, ) = X(fu|,) a0d f,, — fing*. O

Comment 156
The following lemma is very important in Chapter 2, and what we

have been building up to in this entire section.
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Lemma 157. Assume that we have a collection {P, {Pn}fle} of primitive

ideals of C*(G, ), with

P, = ker(L,) = ker(indggﬁ)’m(qun , M)

— P = ker(L) = ker(indg, ), (7, ., My)).

We may choose subsequences

{yni}’?il g Q and {f;ml}?il g 9* with Yn;, — SCI € Q’f;lz - f/’

with
ker(L,,) = ker(mdggﬁz 79)(Tf7’1i>yni , My, )
and
ker(L) = ker(indggﬁ)m (Tfr, Myr)).
Proof.

If an infinite subcollection of {L,,}7° | are 1-dimensional representa-
tions of C*(G, ), we may use the constant sequence H,, = G for all n in

Lemma 155 just proven.

Thus (by passing to a subsequence if necessary) we assume that all
of the L,’s are not one-dimensional, hence are induced from codimension
one subgroups. So assume that for all n we have

~ G,Q
L, = 1ndEHn732)(pn),
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with H,, codimension 1 in G. We may assume by passing to a subsequence
if necessary that H,, — H., in K(G), as K(G) is compact. So the map H
defined on N'=NUoo by H(n) = H,, and H(c0) = H is a continuous map
from /' = NU oo to £(G).

We do the codimension one case of

(G,9)

L, = ind(Hn,Q) (an , Mxn),

with each xy, a character of the codimension one subgroup H,,, and H,, —
H, in K(G). We may apply pass to a subsequence and apply Proposition
154 to produce a collection {p; | i € N'} of the collection {(H;,Q) | i € N},
such that for each index ¢ € N we have p; = (Xf:, Myr).

We have for each n,

~ : G,Q
Ln = deHn,s)])(Xf;’Mx;)

and

. (G0
Ly < deHoo,)Q)(Xféo’Mwéo)'

As we may assume that (n,p,) — (00, poo) in R(C*(NH,Cy(Q)))
we may apply Lemma 155 and pass to a subsequence to conclude that f;

converges in g* to f and z, converges to x_ in .

In general, we assume that we have the following

~ - 1(G,Q
L, = ind{5 %, (L)

and



64

Loo < indgf(f?m(Lgo),

and by passing to a subsequence we may assume that all of the K;’s have
the same codimension in G and K,, — K.

We may assume by multiple applications of Proposition 154 that
(n, L") — (00, L) in R(C*(NE,Cy(22))). Our inductive hypothesis is that
when each K; is codimension [ and each L/ is a one-dimensional representa-
tion of C*(K;, ?) that we may assume (n, L)) — (0o, L) in the representa-
tion space R(C*(NE Cy(£2))) and can produce the desired sequence of the

conclusion of the lemma.

We note that when [ = 0 or 1 that we have established this and the

final conclusion of the lemma.

oo

o°_, is one-dimensional, we

When no infinite subcollection of {L/,

will define a sequence p,, = (Tf;l,Mm ) on the codimension of K, in G such

’
n

that (n, p,) — (00, peo) in R(C*(NH,Cy(Q))) inductively.

Now, we assume that we have a collection {{L}} | i € N'} with

~ : G,Q
L, = 1ndEngz)(L;l)

and

. G,Q
L < deKoo )Q)(Lgo)

We also assume

L =~ mdgf{:’g; (14,, My, ),
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L, = mdggz;g; (70, M)

We also assume that each H,, codimension [ 4+ 1 in G, and each K,
codimension [/ in GG, and we may assume by passing to a subsequence if nec-
essary that H,, — H, and K,, — K.,. We assume again by multiple applica-
tions of Lemma 154 that in  the representation  space
R(C*(NE,Cy())) that we have (n, L)) — (oo, LL.).

We may apply Proposition 154 to produce a collection
{{pi} | i € N} with p,, = (74, My, ) and poe = (74, M,__) of the collection

{(H;,Q) | i € N'}. We note that we may also assume
~ i (G0
L, = dengz)(pn)
and

. 1(G,Q
L < deHoo,)Q)(poo)'

We note that we may assume that in the representation space
R(C*(NH,Cy(Q))) that we have (n, p,) — (00, pso). We further note that
H,, is codimension [ + 1 in G; we may repeat this step until we have a se-
quence of one-dimensional representations, and by applying Lemma 155, we

are done by induction. [

Comment 158

We here comment that we have slighty abstracted the work of Joy in

[19], and the reverse implication is trivial.
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Chapter 2
The topology on Prim(C*(G, 2))

Discussion 159

In this chapter we describe the topology of the primitive ideal space
of our transformation group C* algebra C*(G,{2) given that G is a con-
nected, simply connected nilpotent Lie group and /G is a Ty space. We
will define a map from a quotient space of g* x Q to Prim(C*(G,?)) that
is a homeomorphism, analogous to what Kirillov and Brown did in [21] and
[1], see also [19] which is a nice proof of Brown’s result. Our result follows

some of the methods used by Dana Williams’ in [26].

Discussion 160

Again we state the hypotheses: G is a connected, simply connected
nilpotent Lie group, and €2 a locally compact Hausdorff space. We also
require that all stability subgroups be connected, by Corollary 40 this means
that they are closed and simply connected.
Definition 161

We must make several definitions, which will be used repeatedly for
the remainder of this paper. For z € ), f € g*, let G, denote the stabilizer
subgroup of z in G, let p, denote a polarizing subalgebra of g, with respect to
the action of a given f, let p denote any subalgebra of g, which is isotropic
for the restriction of f to g, see Definition 83. We remind the reader of
Definition 107, that for s any Lie subalgebra of a nilpotent Lie algebra g, by
s+ we mean the set of all linear functionals in g* which vanish on 5. We also

define

X;.» to be the obvious character (see Corollary 85) of P = exp(p),

X;.p, t0 be the obvious character of P = exp(p.),
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Tio = indgf (x . ), an irreducible representation of G,

7';@ = indIGDz (X,.»), a representation of G, not in general irreducible.

Definition 162
Let (V,M) be a covariant pair for (G,). If M is induced from
a point evaluation p, of a point z € Q, i.e., if for ¢ € Cy(2) we have

M(@)(r) = ¢(r - ), we often write (V, M, ) for (V, M).

Comment 163
We observe that L = (V,M) = (V,M,) acts on a function f in

C*(G,Q) and a function h in the Hilbert space of V' as follows:

f(s,r-z)h(s™ r)dug(s).
seG

We also comment that on functions of the form 1 - ¢, for v € Cy(Q2),

¢ € LY(G), the L' functions of G, L acts as

L(p - §)h(r) = v(r - ) / o(s)h(s~1r)ds.

The second observation about L will be of importance in Chapter 3.

Lemma 164. Let x € ), f € g* be given.
Let p, be polarizing for the restriction of f to g., and let p be
isotropic (not necessarily polarizing) for the restriction of f in g,. Then L' =

(V. M) = indggy’g))(xff, x) weakly contains L = (V, M) = deJGD;%)(Xf,pI , ).

Proof.

By Lemma 108, the representation TJ/C’I = indgm (X;.p) weakly con-

tains 7, = indg: (X;.p, ) Let ¢ € Co(Q). Let M, be the representation
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of Cy(2) by M,(¢p) = ¢(z) as a multiplication operator. As M, is a mul-
tiplication operator and factors through inner products, we have that as

covariant pairs of C*(G, Q) that (7] , M,) weakly contains (7, _,

M,). As
induction on C*(G,2) preserves weak containment (See Proposition 135),

the conclusion is clear from this and “induction in stages”, see Proposition

133. O

Observation 165
We observe that by the discussion in Definition 3, and using the

terminology of Lemma 164, that we have

ker(L) D ker(L'.)

This observation and the next will be important in the proof of

Lemma 168 below.

Definition 166

Let f € g%, and p be isotropic for the functional f, and x, denote
the expected character of P = exp(p). Let W = ind$ denote the induced
representation of the group acting on the space H. Let h € C.(G). We define

an averaging map A over G/ P cosets by

A9 = [ x5 (hlgs)dn, (o)
Note, for m € P we have
AW gm) =[x, (s hlgms)da, (5) =

s€Pp

(by s — m™'s)
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[ X m7 S h(gs)dn, () = x, 0 () A9

SEPp

giving us A(h) € H, see Definition 74. Notably, the range of C.(G) under

the action of A is dense in H.

Definition 167
Now define ¢ : g* x Q — Prim(C*(G,Q)) by

. (G.Q
6(f,x) = ker(ind{) (712 pa)-

Lemma 168. ¢ is continuous in the product topology of g* x €.
Proof.

Let = {I € Prim(C*(G,)) | I 2 J} be an arbitrary closed subset
of Prim(C*(G,Q)). Assume also that {(fn,z,)}52; C g* x Q converges to
(f,z) in the product topology of g* x Q, and ¢(fn,x,) 2 J for all n. We
must show that ¢(f,z) 2 J.

As the space of closed subgroups of G, K(G), is compact, assume
G, — S. By Proposition 65 S C G,. Also defining p,, to be a polarizing
subalgebra of G, with respect to the restriction of f to g,, assume that
pn, — p Cs. We comment that p is isotropic for f in g,, but not in general

polarizing. We must make several definitions before we get to the main proof.

Define (x;, ,, »Mz,) on the pair (P,,2), acting on the Hilbert space C, by
Xporn (5)(2) = €52, M (9)(2) = g(an)z, for ¢ € Co(9), 2 € C;

we note that for and s € P, that ¢(s-z,) = ¢(z,) as P, C G4, , and a

similar statement is true for P and P,.

Further define:
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L, = indggfg)l)(xfn’m ,Zpn), the ny, induced representation of C*(G, ),

(G,Q)

Lo = ind 5o (X;.prT)s

. (G0
L= lndEPx,S%)(Xf,Px , ),

We need to induce to the C* algebra C*(G,$?). Define (V,,, M,,) on

the ny;, Hilbert space, H,,, where

H, = {f :G—C| f(sp) :anypn(p_l)f(s), p€ P,, s€G/P, and

[ U@Pdng,, 6) < oo,

SEG/Pp,
by
Va(s)(N)(r) = f(s7'r),  Mu(0)(f)(r) = o(r - 20) f(r),
where f € H,, ¢ € Cy(Q2), s,7 € G.
Now we define, for g € C.(G), and r € G
Al ) = [ x5 (D) (5)
and

A, (g)(r) = / Xou o (8)9(rs)dpun, (5),

s€Pp

see Definition 166.

We claim that it suffices to show that for all h € C.(G,Q) and
g € C.(G) that (L,(h)An(9),An(9)) — (Loo(h)A(g), A(g)). Assume that
this is true. As the image of C.(G) under A (resp. A,) is dense in H (resp.
H,), we have that if b’ € J, as L, (h') = 0 for all n, we have L. (h') = 0.
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Now we show

(Ln(h)An(9), An(g)) — (Loo(h)A(g), A(g))

for any h € C.(G,$), any g € C.(G). Now by Lemma 4, see also Comment
163, we have that

L (h)(An(9))(r) =

/ M, (h(5, ) (Vi () (An(9)) () (P, = / B(s, 1) An(g) (s ) (5) =

seG seG

[ Hsr e, 0ot ), (0 dig (5,

sEG tePy

and when we take an inner product we have

/ / / / h(s,f.xn)xfn,l,n(t)g(s_lrf»t)xfmpn(u) g(ru) -

7€G/Pp s€EG tEPp uEPp

djtp, () i, (8) dpag () dpig (7). (2)

Note that in formula (2) above that we may change 7 - z, to 7t - z,, as
t € P, C G, . Also note that we may use Haar measure to change the u part
of the integral to tu. Making these changes and using the multiplicativity of

characters, we get that (2) above equals
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/ / / / h(s,txn)x, p (Og(sT )X, o () X, 5 (W) g(Ftu) -

7€EG/Pp s€G t€EPp ucPp

d,upn (u) d/’LPn (t) d:u’G (8) d/’LG/Pn (T) =

(Note that the x, , (t)’s cancel)

/ // /h(s,ft.xn)g(s—lft)xfmpn(u)g(q‘ﬂtu)-

FE€EG /Py sEG tEPy u€Py
dpep, (w) dpep, (8) dppg () A, (7). (3)

Now we combine 7 and ¢ into a single variable v € G to get that (3) above

equals

/ / / W(s,v- 22)g(s ™ 0)X, (@) 9008) djsy, () djag (5) djig (v), (4)

VEG sEG uEPy,
and all functions in the last integral (4) are continuous with compact support,

so by Lemma 67 the integral of formula (4) above converges to

/ / / h(s,v-z)g(s™ 0)x, »(u) glou) dp, (u) dpg (s) dpg (v) =

= <Loo(h)A(g)7 A(g)>

So by earlier remarks we conclude that L,, — L.

If P = exp(p,), for any p, a polarizing subalgebra of g, with re-
spect to the restriction of f, we are done. Otherwise we note that L., =
ind (&Y ind (&

(PO (X;psT), and L = (Pm,Q)(Xf,wa)’ and the desired containment

of kernels comes from Lemma 164, see also Observation 165. [

Definition 169
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We define a quotient space (we prove that we have an equivalence
relation below) of g* x Q by identifying (f,x) ~ (f’,2') if:
(1) There exists s € G such that 2’ = s - x.

(2) For some h € gL, we have Ad*(s)f = f’ + h.

(2a) Equivalently, we may write (2) as:
For some h' € g, we have f = Ad*(s™1)f' + 1.

Comment 170

We comment that we may also view this as

O, =1{y) € g" x Q| for some s € G, we have

Il=Ad*(s"")f+h, y=s-2, hegy};
we will use these equivalence classes in Chapter 3.
Remember, Ad* was defined in Definition 78.
Proposition 171. The above relation ~ is an equivalence relation on g* x .
Proof.
Reflexivity is obvious.

For symmetry, assume that we have ' = sz and that Ad*(s)f =
f'+ h as above. Then s7! - (s-2) =z, and Ad*(s™1)f' = f — Ad* (s })h.
Now note that Ad*(s™1)h = h(s - s71), and g, = s 'gs..5, and as h € gs.o,

we have that Ad*(s~1)h € g is easy. So our relation is reflexive.

For transitivity, assume that (f,x) ~ (f',2") ~ (f", 2"), 2’ = s1 -

xz, 2" = so-2', and

Ad*(sy)f = f' 4 hy, for hy € g2,
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and

Ad*(so)f = f" + ho, for h e gh,.

We have
Ad*(SQSl)f = Ad*(Sg)Ad*(Sl)f = Ad* (SQ)(f/ + hl) = f” + hg —+ Ad*(Sg)hl.

Now we need only note that as hy € g, = gs,.2, and by the same logic as
the above we get Ad*(s2)hy € géQSl).x = Gs,-(s2.0), and as 2" = (s281) - ,

we are done. [

Definition 172

For X a topological space we denote the quotient topological space
obtained from X by identifying points with identical closures as X~. X~ is
called the Ty-ization of X. Note that X is always Ty and X = X if X is

already Tj.

Definition 173
For C*(G, Q) quasi-regular, define 7 : Prim(C*(G, )) — (2/G)~ by
m(P) = hull(Res(P)), see Definitions 23, 24 and 26 for notation.

Lemma 174. Suppose C*(G, Q) is quasi-reqular:
(1) ™ is continuous and surjective.

(2) If w is a representation of G, then

hull(Res(ker(degfgz)(w, M.)))) =G -x.

Proof.

See [26], Lemma 4.5. O
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Lemma 175. Let p: Q — (2/G)™ be the natural map. We have that p is

an open map.
Proof.
See [18], page 221. O

Observation 176
As the natural map p: Q — (2/G)™ is open (Lemma 175), it is easy

to see that /G is locally compact, so we use Fell’s compact-open topology

(section 1.4 of this thesis) on K((Q2/G)™).

We will need a several more results before we get to the main result.

Definition 177
Let L = (V, M) < (f,x) be a functional-point pair in g* x 2/ ~, see
Definition 150. Again we remind the reader of the equivalence class of (f, z)

under ~,

O, ={(l,y) € g" x Q| for some s € G, we have

l=Ad*(s)f+h, y=s-2, he€g,}.

Comment 179

Proposition 183 which follows (and we are building up to) is not
necessary for this paper at this time, but may be for a future abstraction
of some of the results, so we include it. It is perhaps of some independent
interest. We here comment that it does not depend upon G being a nilpotent
Lie group, and has been proven by Takesaki ([25], Theorem 7.2) when our
orbit space /G has a Ty topology.

Comment 180
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We here remind the reader of the convention that 2 is separable
space, and by [20], page 146 and Theorem 16, page 125, is metrizable, hence

T4, and the Tietze Extension Theorem be applied to (2.

Lemma 181. Let x € Q, G, = the stabilizer of x in G. Let C C G/G,
be compact in G/G,. If f € C.(G/Gy) is supported on C, we may find a

sequence of continuous functions {f,}52, C Co(Q2) with

f(s) wheny=s-z, yeC- -z

fu(y) —
0 y¢C -z

Proof.

We comment on the conclusion of this lemma. The function A on €2

defined by

f(s) wheny=s-2z, yeC- -z

h(y) =
0 y¢C-x

is not in general a continuous function on €2, However, we may find a sequence
of continuous functions limiting on h, so h will be Borel.

The set C' - x is closed and compact in €2 by sequential arguments.
Now simply define ' on C-x by f'(s-x) = f(s). Assume that {y,}>2, C C-z,
and y, — y € C-z. We need show that f'(y,) — f'(y). Assume that we have
a collection {{g,}321,9} € C and y, = g, - and y = g - 7, we may easily
find such as C'is compact in G and C - x is compact in 2. As C is compact,
we may assume that g, — ¢, and as ¢’ - = ¢g - 2, and Q is Hausdorff, we
have ¢’ = ¢g. As f is continuous on C, we have that f’ is continuous on C' - x
is clear by brute force. We now employ the Tietze Extension Theorem to

extend to all .
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Now we note that C' - x may not contain an open set. We find a
sequence {C),}>°; of nested compact neighborhoods with N> ,C,, = C - z.
For each n, we use Urysohn’s Lemma to find a continuous function g,, which
is 1 on C' - x and 0 on the closure of m We set f,, = g,f' and we are

done. O

Discussion 182
First we reference Section 1.3, Discussion 132 about induced repre-
sentations; we here reproduce the relevant details as we will use them in the
proof of Proposition 183 below. We assume that we are in the C* algebra
C*(G,Q), that y is any fixed point in €2, and that 7 is a representation of
C*(G4, ) acting on the Hilbert space V. Let £ and ) be arbitrary vectors
ind!&<

in V. We define the induced representation, L = c, Q)(7T) as follows:

We first define a B = C.(G, Q?)-valued inner product on the imprim-
itivity algebra C.(G, Q) by

o9 () = 7 (1) / F(s5 - w)g(st, s - y)dug (s), (5)
seG

where v is a modular function, see Discussion 134 again.
The induced representation L acts on the completion of C.(G,Q)@V,

with respect to the inner product defined by

(f@&gen), =(t(g.f)s)&mn)x (6)

The action of h € C*(G, Q) on the class of f ® £ is given by (h* f) ® £, see
[18], page 204, or [26], page 340.

Proposition 183. Let x be any fixed point in 2, 7 and 7o be two rep-

resentations of G such that (11, M) and (12, M) do not have the same
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kernel as representations of C*(Gy, Q). Defining L1 = indggf’%)(ﬁ,Mm)

and Lo = indgg;ﬂs)))(m, M,), we have ker(Li) # ker(Ls).
Proof.

We first define a new C* algebra, that being C*(G,G/G;). We
observe that our orbit space (G/G,)/G for C*(G,G/G,) is a Ty space; it
consists of one point. Hence by Theorem 14 C*(G,G/G,) is Type I, and

—

by Theorem 13 we have a canonical homeomorphism between C*(G, G/G,)
and Prim(C*(G,G/Gy)).

We identify the point x € Q with 2’ = e € G/G, in the new or-
bit space. We further observe that G,» = G, is clear. We use the same

representations 7, and 7 of GG,,. Now define

L} = ind{g %, (11, M)

and

L, = indggﬁ)m('rg, M),

two irreducible representations of C*(G,G/G,,), and that these have different
kernels is clear by the above comments and the fact that our orbit space is
now 1.

Throughout we assume that £, and 7, (i = 1,2) are vectors in the
space of 7, (i = 1,2). The representation (7,, M,/) of C* (G, G/G,) we will
refer to as ;.

Now, as ker(L}) #ker(L}), we may find an ' € C*(G, G/G,) with
h' € ker(L}) and h’ ¢ ker(L}). So we may assume that for all elementary
tensors f'®¢&, that L) (h')(f'®&,) = W« f'®&, = 0 (or more properly, the class
of zero), and that for some elementary tensor f’ ®¢, that Lo(h')(f'®¢E,) # 0.

We may further assume that f’ is in the dense subset of continuous functions
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with compact support having the form

fl(s,y) = Z Fa(s) ().

We may assume that each f{’i in the last displayed formula is a continuous
function of compact support on G, and fé,i is a continuous function of com-
pact support on G/G, for each i, and f’ and its component functions are
collectively supported on C; x Cs, where C is a compact set in G and (5 is
a compact set in G/G,.

We will refer to all inner products of the C* algebra C*(G,G/G,) as
(- -)! to avoid confusion later on.

Re-iterating, we may assume by a scaling argument that

<h/*f/®£1af/®€1>,1 =0,

and

(Wxf &g, o), =1,

Now assume that {h},}>°, C C.(G,G/G,) and h], — k' in the topol-
ogy of C*(G,G/G,), and each h!, has the form

Ny

h%(S, y) = Z 925;1,1‘ (5)%/1,@'(9),

=1

and each is supported on a set C7 x CF, each CT' a compact set in G and
each CF a compact set in G/G,.

We here note that A} x f' (each n) is a continuous function of compact
support; this is proven on pages 32-33 of [§].

We have
(hyx ff@&, f®E) —0

(hpyx [ @&, f®¢&,), — 1,
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and more explicitely, when we “untwist” formulas 5 and 6 of Discussion 182

we have

i @&, ' @€Y = (mal(f, (W % )Y )€ €)=

<7Ti Voo (t) / 7(57 S y) (h;z * f/)(Stv S y)d:uc (S) (ta y) éq ’ §z> =

seG i

/ (%m [ Flsosea)

reGy seG

() (sm05 ) 5) ) ()60 € i, 1) —

n—oo

Now we return to C*(G,§2). All inner products in this C* algebra
we refer to by (- ), (no ”’s so as to distinguish from those in C*(G, G/G,.) ).
Again, we have the hypothesis that 7 2% 75 as representations of G.

Let

L = indggj}g)m, M,),
and

L2 = 1ndggf’%) (7‘2, Mx)

We define a collection of functions {{hn;}%_1,{f;}52,} in Ce(G,Q) in a

special way. Define

l
fi(s,y) = Z f1,i(8) f2,1,5(y),
i=1
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each fi, = f1,; we do not change these functions. Now we choose f2; ; to
? )
! »

satisfy foij(s-x) = f5,(s-2'), so fa;; “behaves the same as f;,” on the

specific set C5 - x, extend to all €2, and require

foi(s-a') wheny =s-2, s€Cy

f2,,5(y) —
Jee 0 otherwise,

see Lemma 181 for specifics. We note that we have

f'(s,s-2') wheny=s-2, s€Cy
hm fj(57y) =
I 0 otherwise,

Similarly use Lemma 181 to define a sequence {h, ;};°;—; with (for each

fixed n)

h! (s,s-x') wheny=s-2, s€Cy

h’I’L,j (87 y) —>
I 0 otherwise.

For each n and all j (fixed n) we may assume that the functions f; and
hy.; have support contained in the set ST x S3', ST compact in G, and S3
compact in 2, see again the proof of Lemma 181. We also (for each fixed n)

choose them uniformly bounded for all j.

Now we re-write our old calculations with these new functions, and

follow the same steps now in the C* algebra C* (G, Q):

<hn7j *fj ®€i7fj ®£Z>Z =

/ A(r) / (s @) (hug # f3)(sr.5 - @)dpg (s) | (ra(r)E &) dpg, (1),

reG, seG
(7)

Now we observe that the integral in s is over a compact set as f; is of

compact support, and by the way that we choose the functions h,_ ; * f;
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for all j these have support contained in another compact set we denote
K x K. So we must have sr € K, and as s € ST is forced already, we have
r e ((S7)~!- K1) NG, is forced, and this is compact in G.

Now we observe that we may apply the Bounded Convergence The-
orem to the above integral, these functions are converging in j and for each
n have been choosen in a bounded fashion with compact support, hence are
easily bounded above by an integrable function. So for each fixed n, as we
limit j — oo, formula (7) above converges to

(hpxf'@&, ff®&), (i=1)
Wxf @E, o), (i=2),
where we remind the reader that these inner products are in our C* algebra

C*(G,G/G,). Furthermore, we may assume (fixed n) that for all j > n
1
(% f3 @ €0, f3© €)= (W x ' @&, f ©E)] < —
1
‘<hn7j *fj ®€27fj ®§2>2 - <h;1, *f/®€27f/®§z>;‘ < E?
where we have mixed inner products of C*(G, ) and C*(G,G/G,) in the
above.
Now we may choose the diagonal sequence {h; ;}32, and the sequence
{f };‘;1 in the above integrals, and for ¢ = 1 the sequence converges to 0, for
i = 2 it converges to 1. As & was arbitrary, we now have L;(h; ;) — 0 and

La(hj ;) # 0, showing by Lemma 29 that L; and L, cannot have the same

kernel, the desired result. [

Definition 184
We say that C*(G, Q) is EH regular if
(1) C*(G,Q) is quasi-regular,
(2) for every P € Prim(C*(G,2)), there is an x € € and an irreducible

representation 7 of G, such that P = ker(indgg’gg)l)(ﬂ M,)).
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This has been established in our case by Jon Rosenberg and Elliot

Gootman, see [17].

Definition 185
Now define ¢ : g* x Q/~ — Prim(C*(G, Q)) by

(f, ) = ker(ind(g, ) (7, . My)).

By construction, v factors through ~, see Definition 169 for particulars on

Theorem 186. v is a homeomorphism.
Proof.

We have the diagram:

g xQ
K
g* x O/~ —2— Prim(C*(G,Q))
As ¢ (see Lemma 168) and the natural map ¢ of g* x Q to g* x 0/~
are continuous, we have that 1 is continuous. We have 1-1 by Theorem 7.2
of [25] and onto by construction.
Now let F' be closed in g* x ) and saturated with respect to ~. We
only need show that (F') is closed in Prim(C* (G, 2)).
Assume that {P,}52; C ¢(F) and P, — P. By EH regularity, we

ind(G’Q)

may assume that P, = ker(L,,) = ker( (Gzn,Q)(TfnvEn M)

Passing to a subsequence, apply Lemma 157 to choose sequences

e, € o {yuntnsy € Q with f), — f, yn — 2, and

N (eRe!
ker(L,) = ker(deGyn{Q) Tor M,y.)),
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and as (f),yn) — (f,z) in g* x Q, and F is saturated and closed, we are

done. [J
Comment 187
As our orbit space /G has a Ty topology, we have established a

—

homeomorphism to C*(G, ), see Theorem 16.
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Chapter 3
Traces of irreducible representations of C*(G, Q)

Discussion 188
In this chapter we give a character theory for C*(G, Q) with G nilpo-

tent Lie analogous to Kirillov’s character theory for GG, which is given below.

Section 3.1

Preliminaries

Discussion 189

In this section we give some general information about trace class op-
erators, which we will use without reference. For further on trace-class oper-
ators, consult [24]. For A € B(H), the bounded operators on a Hilbert space

H, A is said to be Hilbert-Schmidt if for some orthonormal basis {£,}72 ;,

and for the norm || - |2,
IAIZ =D I 4&lP = D (A&, &n)l* < oo
n=1 n,m=1

for some orthonormal basis {£,}52 ;. Then A is a compact operator, and
the Hilbert-Schmidt norm does not depend on the basis, and these operators
are a two-sided ideal in B(H). If A = U|A| is the polar decomposition of A,
then || A[|3 = >0, | A%, where {)\,}52; are the eigenvalues of |A|, counted

with multiplicity.
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An operator A is trace class or nuclear if |A\% is Hilbert Schmidst,

i.e., for the norm || - ||; (below), we have
0o oo B .
1Al =D (A, &) = D I AIZEN? = || A3 < oo
n=1 n=1

for any orthonormal basis. Obviously, ||A]l1 < oo implies ||All2 < co. We
have [[All; = Y07 An, where {\,}5°, are the eigenvalues of |A|. For A

trace class, we define the trace of A,

Tr(A) = Z(A(fn)v &n)s

and this is absolutely convergent and independent of the basis {&,}72; of

H. Conversely, for A € B(H),

o0
A is trace class <= Z(Agn, &) exists for all orthonormal
n=1
bases (in which case all sums have the same value.)
As these sums are independant of rearrangements, they are absolutely con-
vergent. Also, trace class operators form a *-ideal in B(H) and are compact
operators.
Assume that a representation L of C*(G, ) is modeled on L?(R¥).

In this paper, our operators will often have kernels K in R*¥ x R*, that is

(Af)(s) = / K (s, 1) £(£)dt.

teRk

Here A is Hilbert-Schmidt <= K € L?(R?*), and also

14|32 = / K (s,1)[2ds dt.

To determine nuclearity from the nature of the kernel is much more

difficult. Some results are known, to wit:
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Theorem 190. Let A be an integral operator with kernel K(z,y) € S(R™ x
R™), the Schwartz space on R™ x R™ (see below).

(a) A is a trace class operator.

(b) Tr(A) = E{W K(z,z)dr

Proof.

See [3], Theorem A.3.9, page 250. O

Section 3.2
Schwartz functions on G.

Discussion 191
In this section we describe the Schwartz functions on a nilpotent Lie

group G; these are important in the character theory of such groups.

Discussion 192
On R, the Schwartz functions S(R™) are those C* functions f such
that

o \™" o\
7D e <0, @ =afteenae, 00 = () (5 )

Oz, Oz,

for all multi-indices o, 3 € Z’. The natural (metrizable) topology of S(R")
is determined by these seminorms. If we denote the polynomial coeffi-
cient differential operators on R™ by P(R™), it it clear from the above that
fe€SMR") <= ||L(f)]|eo < o0 for all L € P(R™).



88

Lemma 193. Let p: R™ — R" be a polynomial diffeomorphism (p and p~*

polynomial maps).
(a) The map f+— fop is a topological isomorphism of S(R™)
(b) The map p*L, defined by p*L(f) = L(f op)op~t, is an algebraic
isomorphism of P(R™)

Proof.

See [3], Lemma A.2.1, page 235. O

Definition 194
On G we define S(G), the Schwartz functions on G, to be the func-
tions on G that correspond to P(R™) under a polynomial coordinate map

1 : R" — G. By the last lemma, this does not depend upon the choice of .
We need several more results about Schwartz space.

Definition 195
A tempered distribution on Schwartz space is a linear functional that

is continuous in the topology of Schwartz space.

Proposition 196. Let T' be a tempered distribution on S(G). There exists

some constant C', and multi-indices o and 3 such that

T(f)<C- ‘xﬁDo‘f(x)‘ for all f € C(G).

Proof.

See [27], Corollary 1, page 43. We comment that [27]’s version of

this is slightly more general. [J

Proposition 197. The Fourier transform of a Schwartz function is also

Schwartz.
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Proof.

See [27], Proposition 4 on page 146. [

Section 3.3
Traces on C*(G)

Discussion 198
In this section we describe some operators on GG which are analogues

of classical trace operators on finite and compact groups.

For references on the following discussion, see [3], from which it is

abstacted.

Discussion 199

For 7 a unitary infinite-dimensional irreducible representation of a
nilpotent Lie group G, the operators 7(x) have no trace. However, for any
T e é, there is a tempered distribution 6, on G that plays the role of the
classical trace character 0, (g) = Tr(n(g)) for finite and compact groups. For

m € S(G), the Schwartz functions on G, the operator

7)€ = [ olo)m(s)€dnals) (¢ € Hy)

seG

turns to be trace class. To wit:



90

Theorem 200. Let m = 7 be an irreducible representation of a nilpotent
Lie group, let m be a polarization for I, and model 7 in L?>(R¥) using any

weak Malcev basis through m. If ¢ € S(G), then w(¢) is trace class and

o f(s) :/ Ky(s,t)f(t) dt, for all f € L*(RF)
RE
where K5 € S(R* x R¥). Furthermore,

0.(¢) = Tr(m(¢)) = . Ky4(s,s)ds (absolutely convergent)

and the functional 0, is a tempered distribution on S(G).

Proof. See [3], Theorem 4.2.1, page 133. O

Definition 201

Now we know the properties of the kernel K, which is unique, it is
easy to obtain explicit formulas for it once an [ € g*, a polarization m, and
a weak Malcev basis through m are specified. If { X7, ..., X,,} is the basis, let
p =n—k = dim(m). Define polynomial maps v: R"” — G, a: RP — M, [ :
R* — G by

V(s,t) = exp(s1.X1) -+ -exp(spXp) - exp(t1 Xp41) - - - exp(teXn)

a(s) =7(s,0), B(t) =~(0,1)

and let du, dp,,, dug,,, be the invariant measures on G, M, G /M deter-
mined by Lebesgue measures dsdt,ds, dt as in Theorem Theorems 46, 47

and 48.

Proposition 202. If we take the standard basis realization of m = m in

L2(R¥) relative to the given Malcev basis, the kernel Ky has the form

Ky(s,t) = / xalm)o (3(0) - B(s) ) dy (m) (absolutely convergent)
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where xi(exp(Y)) = ') for Y € m and B is the map defined above.
Proof.

We will prove this in greater generality in Proposition 209 later on,
also see [3], Proposition 4.2.2 for its form when we are in a group case. We
comment that our kernel looks different from [3]’s as [3] uses right actions

and we are using left. [

Discussion 203

We comment that the following discussion is abstracted from [3], pp.
137-8.

We now use the above formula to describe Tr(7(¢)) in terms of in-
tegrals over coadjoint orbits (see Definition 80) in g*. Given a Euclidean
measure dX on g, we normalize measures on g and g* so that Fourier inver-
sion holds, and we define the Fuclidean Fourier transforms f (resp. Ff) of

functions on G (resp. g) to be

\

7o) = / &0 f(exp(X)) dX,
ree for all [ € g*.
FI) = / e 100 (X) dX,
Xeg )

Each coadjoint orbit O, = (Ad*(G))l has an invariant measure p that is

unique up to scalar multiple as O, = R, /G, where

R, = Stab,(I) = {z € G | Ad*(z)l = I}.

Theorem 204. Ifx is an irreducible representation of a nilpotent Lie group,
corresponding to the co-adjoint orbit O = Ad*(G)l C g*, there is a unique
choice of invariant measure p on O; such that

Tr(n()) = / S(dl) for all ¢ € S(G),

leg*
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with the integral absolutely convergent.
Proof.

See [3], Theorem 4.2.4, page 138.

Comment 205

We observe that it is included in the proof of the above that the the
measure is ¢ - dg, where dg is invariant measure on R, /G (R; = exp(t;) and
t; = a polarizing subalgebra of g with respect to the action of 1), and c is

determined by the next theorem.

Theorem 206. Let G be a nilpotent Lie group, let m =, be an irreducible
representation (forl € g*). Let {Uy,...,U,, X1,...,Xor} be any weak Mal-
cev basis through t,, and let v : R?* + R \G be the Malcev coordinate map. If
B is the 2k x 2k matriz with entries B,(X;, X;) = l([X;, X,]), then Euclidean
measure dr = dr; A--- A droy on R?* determines a particular invariant
measure on R,\G such that

Tr(n(9)) = |det B|V/2 / - () de

rER2k

— |det B|'? / (- 9)dg
geER\G

for any Schwartz function on G.
Proof.

See [3], Theorem 4.2.5, page 141.

Section 3.4
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Traces of irreducible representations of C*(G, )

Discussion 207

In this section we characterize some operators coming from C*(G, 2)
which are trace class. First define S(G) to be the set of functions on G which
are Schwartz, see Discussion 192. We assume that G is a connected, simply
connected nilpotent Lie group with Lie algebra g, these are fixed for the
remainder of this section. First we establish a small inequality that we will

need in one of our proofs.

Lemma 208. (Peetre’s Inequality) Let s be real and x,y € R™. Then

(L4l +y)° < (1+[y) (1 + |z

Proof.
See [14], page 10. O

Proposition 209. Let ¢ € S(G), ¥ € Cy(Q). Alsolet L= (V,M) < (f,z),
let k = dim(g/p), where p is polarizing for the action of f in g,. Then if L
is modeled on L*(R¥), then for ¢ € Co()) and ¢ € S(G), then L(¢ - 1)) has

as a kernel K, where

K(r.s) = wleap(r)-2) [ o(3(r)t5(s) e 05O dy (1)

teP

Proof.

See Comment 142 for how L is acting. For ¢ € S(G), ¢ € Cp(N)
such that (- 2)|g/q, € S(G/Gy), h € L*(R¥) we have

(L(¢ - Y)h)(exp(r)) = v (exp(r / o(exp(s exp(s)_lexp(r))dug(s) =
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1

(letting s — s~*, our measure doesn’t change by Lemma 52)

W (exp(r /(bexp -1 Jh(exp(s)exp(r))dug(s) =

(letting s — sr—1)

W (exp(r /gzb exp(r)(exp(s 1)))h(e:><p(s))d,ug =

(splitting g into g/p and p)

blexp(r) - ) / / dexp(r) (exp(t)exp(s™)))hexp(s)exp(t))dug =

s€g/p tep
lexp(r / / d(exp(r) (exp(t~exp(s~)))e O h(exp(s) g
s€g/ptep
We now let
K(r.s) = wlexp(r) o) [ (80 )exp(0)3(5) e Oy 1),

tep

and the result is clear. [J
Definition 210

Let H be a Hilbert space, we assume that H = L?(RF). For a
function 1) € Cy(R¥), the multiplication operator on H defined by 1 we

denote by M,.

Comment 211
The next theorem is an important one, enabling us to prove our first

trace theorem.
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Lemma 212. Let p be an irreducible representation of a subgroup H of
G, corresponding to the restriction of a functional f € g* to . Defining
7 = ind%(p), we have that the the operator Ty 5 = My, - w(¢) is trace class

with a Schwartz kernel when ¥ € S(G/H) and ¢ € S(G). Also, for fized 1),

Ty, 4 is tempered in ¢.

Proof.

We do this by induction on the codimension of H in G. If codim(H) =

0, this is true by Theorem 200.

Assume that the lemma is true for codim(H) = n. We show it for
codim(H) =n+ 1.

By Theorem 42 we find a subgroup G; C G with codim(G;) = 1
and H C G;. We note GGy is normal in G by Corollary 51, and that H
is codimension n in G;. We assume that the Lie algebra of G7 is g;. Let

g=9g1D (R — spa,n{X}); we have a smooth cross section for G/G; by
exp(R- X) = R.

Define 7 = indg1 (p), acting on the Hilbert space H.

112

We assume that m = ind% (p) = ind§& (1) acts on the Hilbert space

H,=L*R)® H,.

For f € C*>°(H,), and an element a € G/G1, by f(a) we mean the
element of H, corresponding to f(a), for z € Gy, we will refer to f(a)(z) as
the value of the H,-valued function f(a) in H, at the point z in G;. Let
¢ € S(G/Gh), ¢2 € S(Gy), Y1 € S(G/G1), and Y2 € S(G1/H). We here
note that sums of elements of the form ¢, - ¢ are dense in S(G), and that

sums of the form ; - ¢ are dense in S(G/H).
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Let r € G/G;1. Let f € C*°(H,). We have

(Mo, apy (D1 - P2) [) (1) = My, py / / d1(8)p2(t)m(s)mw(t) f(r)dsdt =

SEG/G; teGy

Moir [ [ er000a0r() ¢ asat =

SGG/G1 teGy

My, ., / / b1(8)po(t)m(s) f(rr~H 1r)ds dt =

s€G /G, teGy

(Note that »~tr € G; by normality)

My, / /cbl(s)cbz(t)ﬂ(S)T(r‘ltr)f(T)dsdt:

s€EG/G; teGy

Moy, s / / d1(8)po(t)T(rLsts ) f(sT1r)dt ds =

SEG/G1 tEG

(Let t — s~ 1rtr~ls in the inner integral)

My, s / o1(8) / Go (s trtr=ts)T(t) f(sTir)dtds =

s€G/G1 teGy
(Let s~'r — a, we note that a € G/G1)
My, / g1(ra™") | My, / ¢a(ata™ )T (t)dt| f(a)da. (8)
e e teGy

We note that for fixed a, by induction hypothesis we have that the operator
in the brackets of (8) above is a trace class operator on H., and for fixed s,

is tempered in ¢. We now employ Lemma 50 to get that for some selection
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of polynomials {P;}? ; and at a fixed point y € G; the inner integral of

formula (8) equals

M,, / b2 (Pi(a,1),... Pala, 1)) 7(t) f(a)dt | (4) = / K (2, 9) /() (2)dz.

teGy zeGq

We note that we may find the integral kernel kg, (z,y) by inductive hypoth-
esis, and it may be chosen Schwartz in y and z by inductive hypothesis.
We now recall that for fixed a that Tr(kg,) is tempered in ¢o by
inductive hypothesis. By Proposition 196 we know that there exists a semi-
norm p on G such and a constant C' such that that |Tr(k3,))| < C - p(5),

where ¢5 is defined as obvious.

Assume that we have multi-indices «, § € Z", with a = (aq, ..., ay),
B8 =Pp1,...,0n, and we have for the seminorm p:
p(¢°)] =
8 8 ol
sup {‘ wyt Wyt a— ¢2 (Pi(a,w),...,Py(a, w))‘ } <
wER™ awl s 6wn
< |Q(a)],

by Lemma 49 and the n dimensional chain rule, where () is a polynomial.
Putting this together, Tr(kg,) = fyeGl kg, (y,y)dy (See Theorem
190) grows no faster than polynomial in a, and kg, grows no faster that
polynomial in a.
Now note that for a in a bounded set, we have ¢o(ata™t) is easily
bounded by a L! function. Now note that by Proposition 209 that when p

is a polarizing subalgebra of g, with respect to the restriction of f, we have

kgz(r,s) o (exp(r /gbg r)ata” ﬁ(s)_l)ei'f(log(t))dup(t),

tepP



98

and to differentiate in a under the integral sign is easy, and infinite differen-
tiabilty of k3, in a follows.

Now we choose an smooth splitting of G into G/G; and G by the
projections p and ¢, p: G — G/G1, and q : G — Gj.

Now for our functions ¢1, ¢2, 11 and 1o we define the integral kernel

K by

K(z,y) = My, (p(y)) - 61 (p(y)p(z™1) - K2 ((2), a(y)).-

We note that integrated against f € H, this gives us My, .4, m(¢1 - ¢2)(f),

viewing K as an operator:

(K (y) = / K (2, 9)f(2)de =

zeG

My, (0() / 61 ()P~ DY (q(), o)) f(2)de =

zeG

M) [ [ erlbo)a ), (al0) @)z da =

a€G/G1 z€Gy

(Myy.pom(P1 - D2) ) ().

We note that kg, is Schwartz on G and its integral and the integrals of its
derivitives grow no faster than polynomial in a; we will henceforth ignore
the parameter a.

We note that G/G; = R, so we henceforth treat composition on
G /G as addition on R. Now we note that 11 and ¢; are both Schwartz on
G/G1, and part of the integral kernal looks like My, (p(y)) - ¢1(p(y)p(z™1))
and the other part is Schwartz already.

So our problem reduces to: for ¢ and ¢ both Schwartz on R, we need

to verify that 1 (r)¢(r + s) is Schwartz on R x R.
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Note that as 1 and ¢ are Schwartz that

[(r)p(r + s)| < Crmn - (L [s)) "™ (1 +[r +s) 7",
where C' depends on the positive integers m and n. By Peetre’s inequality

(Lemma 208), we have
[$(r)o(r+ )| < Crmn - (L4 [s) ™™ (L +[r+s))7"
< Conn (14 J3) ™™ (14 1) (1 + s = (1 + sl) =™+ (1 + |r])~™.

By varying C,, ,, we may choose m as large as we like, verifying
that growth conditions of Schwartz functions. The similar properties of the
derivitives are clear, and we have that 1 (r)¢(r + s) is Schwartz on R?.

So our entire integral kernel is Schwartz, and the operator
My, .p,m($1 - ¢2) is trace class by Theorem 190. We also observe that the
kernel K is clearly tempered in ¢1 € S(G/G1). The final result follows by

induction and density arguments. [J

Convention 213

We must here make the convention that Q/G is a T space, and
(G, Q) is Polish, see Proposition 18, thus we have that for any = € €2 we have
G-x = G/G,. We here comment that when /G is non-Tj then there exists
an irreducible representation L of C*(G,) such that for a any non-zero
element of C*(G,2) we have L(a) is not a compact operator, hence L(a)

cannot be trace-class, see again Discussion 189.

Definition 214
For any orbit G - z, define
A, =R— span{gzﬁ | ¢ € S(G), Y€ Co(Q) and Y(- z)|g/q,

is in S(G/G,)}.
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Theorem 215. Let L = (V, M) be the irreducible representation of C*(G, )
associated to (f,x). The representation L is trace class on A, and for fized

WY, is tempered in ¢.
Proof.

Note that L(y) - ¢) = My(- z) - V(¢) and appeal to Lemma 212 just

proven. [J

Definition 216

Remember Definition 201, where we defined maps «, 3, v from g to
G. Assume that we have a functional f € g*, and that g, is the Lie algebra
of G, for x € ), and that p is a polarizing subalgebra for the restriction of

f to g,. We assume that dim(g,) = . We define a new map ¢ : R — G, by

d(s) =v(s1,---,51,0).

Theorem 217. Let L be a representation of C*(G,Y) corresponding to the
functional-point pair (f,z), modeled on L*(R*) (k = dim(g/p)), where p =
a polarizing subalgebra of g, with respect to the restriction of f to g.. Let

O, be the equivalence class of (f,x), specifically,

(@) ={(l,y) € g* x Q| for some s € G, we have

(f,2)
l=Ad* (s )f+h, y=s-1z, hEgi}.

see Definition 169 and comment 170. Let p,q be the natural projections from

O, to g" and Q, respectively. Let ¢ € S(G), ¥(- x) € S(G/G,). We have

THL(¢ - ) = / $(a(=))B(0(2)) d=

2€0,

for a particular choice of G-invariant measure dz on O, .
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Proof.

We closely mimic the proof of Theorem 4.2.4 on pp. 138-41 of [3].

Assume that p has dimension p, so n = dim(g) = p+ k. Also, as G,
is fixed, denote it by S, and its Lie algebra will be denoted by s.

We give g a standard basis realization on L?(R¥). By Proposition

209 above, and Theorem 190, we have

Te(L) = / K(s, s)ds =

s€g/p

[ w0 [ SBeep®ns) e a0 iyl ©)

s€g/p tep

Let 3 be a subspace complementary to p in g. It is easy to take
3 = R-span of the last k£ basis vectors of our Malcev basis through p. We
have an additive splitting H + X € p @ 3 for each element in g. Let dX, dH
be arbitrarily assigned Euclidean measures on 3, p; then we have that dH d X

is a Kuclidean measure on g, which we use to define the above integrals.

For ¢ € S(G), u € R¥F 2232 5/p, we define

$u(H, X) = ¢(B(u)exp(H + X)B(u) ).

For each fixed u, this is a Schwartz function on R? x R¥ = p x 3. Viewing

3* = pt, define the Fourier transform

Fo(ft) = / ST AL for ¢ € S(Z), [ e pt.

Xes

When the measures are suitably normalized, this is an L? isometry with
inverse

(F o) (X) = / o(fH)e T Maft,

frept
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taking the dual Euclidean measure di* on p*. We have

bu(H,0) = (F Y Fp,)(H,0) = / e IO Fo (H, fHYdft =

fresr

/ / Gu(H, X)e" " Max daft. (10)
frept X€;

We want to insert equation 9 into equation 10 and interchange some inte-
grals, this will be done introducing and removing an ad hoc function which
enables us to use Fubini’s Theorem. Let {w;}52,; be a collection of functions
on pt with 0 < w;(f*) <1, and w; T 1 uniformly on compacta in p* and
[ wi(fH)df*t < oo for all j. As Fe,(H, f*) is Schwartz in both vari-

frept
ables (remember that the Fourier transform of a Schwartz function is also

Schwartz, see Proposition 197), by dominated convergence we have

Tr(L) = / Y(B(u) - x) / ey (H,0)dH du =

ueg/p Hep

[ wsa) [ [ Fou et art | ar -

j—o0
ucg/p Hep frept
/ w(ﬁ(u)-w)[hm [ ][ e s, xuty
j—o0
u€g/p Hep flepl Xe;

dx dft dH} du.

Fubini’s Theorem may be applied to the innermost triple integral,
when we re-arrange, we get

Tr(L) =

/ ww(uw)LIE& [ ot [ e gy x)

ueg/p frept {H,X}epd;

dX dH df* |du =



103

/ w(mu)-x){ [ [ et xaxanag!
ueg/p frept {H,X}epd;

by the Dominated Convergence Theorem, as the integral over p®j3 is Schwartz

in f1. The integral over p amounts to integration over 3*, by translation
invariance in this integral, we may replace f1(X) with (f + f)(X). As

f(H) = (f+ f5H(H) for all f+ cpt, all H € p, we may write

Tr(L) =

/w(ﬁ(U)‘x) / / i (F+FH) () i (F+F1)(X)

ueg/p frept {H,X}epd;

¢(B(w)exp(H + X)B(u)")dX dH df* du =

/ / / HIHDW g (B(w)exp(V))Au) 1) dY dfE du =

ueg/p frepltYeg

(letting Y — Ad(B(u=1))(Y) in the last integral above)

/ P(B(u) - x) / / e (THIAABE D) g (exp(Y))AY df* du =

ueg/p freptYeg

/ V(B(u) - ) / /ei'(Ad*(ﬁ(u))(Y)fHﬂ¢<6Xp(y))dydedu:

ucg/p freptYeg

/ B(Bw) - z) / SAC B ™ + fH)df  du. (11)

u€eg/p frept

We now split g/p into g/s and s/p, and as (t) -z = x for all t € 5/p,

and we get that formula (11) above equals

/W / / (A (B(u)Ad* (B())(f + [+))df* dvdu =

u€g/s ves/p fLept
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/ B(B(w)2) / / / (A (Bw) A (B(0)) (f+fi+ 1)
u€g/s ves/p fest filrepl/st

dfi dfy dvdu.  (12)

We note that by using the integral in f;3- that we may now assume
that f is nonzero only on s.

We now work with the integral in fi-. If Ry is the stabilizer of
the functional f restricted to s, there exists invariant measures dp and dz
on P/Ry and S/P such that dpdd is invariant measure on S/R¢. We know
from Proposition 109 that Ad*(P)(f) = f+p* /st = (f+p*)|s, and that the
natural diffeomorphism A : P/Ry — Ad*(P)(f) = (f +p1)|s is equivariant
and measure preserving on (f + pt)s. Using different ideas, we may also
transfer Euclidean measure dfi- on p* /st under the translation map g,
where q(fi") = f + fir to a Euclidean measure v = ¢*(dfi-) on the affine
space f + pt/st. Now for each p € P, we define an affine map A(p) from
pt/st to itself by A(p)(fit) = Ad*(p)fir + (Ad*(p)f — f), we note that

(Ad*(p)f — f) € pt /s, see Proposition 109 again. We now note that

g0 Alp)(fi) = a(Ad*(p)(fi") + (Ad"(p)f — f)) = Ad*(p)(f + fi"). (13)
As the linear part Ad*(p)|,.,s1 of A(p) is unipotent, the operator A(p)
preserves dfi-, and by formula (9) above, Ad*(p) preserves v on the affine
space f + pt/st. As Ad*(p) is also measure preserving on P/Rj, we have
that under A, v is identified with an invariant measure on P/Ry, which must
be a scalar multiple of dp: (A~1)*v = ¢-dp. Hence if ¢ € L} (f +p*/s1) we
must have

/ U+ fR)afE = / SN (f) = ¢ / (AL (5) F)dp.

firept/st fref+pt/st pEP/Ry
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Consequently, formula (12) above equals

[ v [ [ e ]

u€g/s vEs/p fi-esL  mep/ey
$(Ad* (B(u)Ad* (5(v))(Ad* (a(m)) f + f3))

dmdfs dvdu =

(by Haar measure we move the Ad*(«(m)) to include

f5-, we note that Ad*(a(m)) fs is still zero on )

N o

u€g/s

/ / / G(Ad*(B(u))Ad* (5(v))(Ad* (a(m))(f + f5)))
vEs/p fiest mep/ry
dmdfs dvdu =

(now combining v and m into a single variable ¥)

. / B(B(u) - 2) / / (A (B(w)Ad*(5(9))(f + f2))dy df du.

u€g/s fiestyes/r,

This is our orbital integral. [J
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