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S. Kaliszewski, Paul S. Muhly, John Quigg
and Dana P. Williams

ABSTRACT. We show that for any Fell bundle & over a locally compact
group G, there is a natural coaction § of G on the Fell-bundle C*-algebra
C*(G, /) such that the full crossed product (C* (G, &) xsG)x ;G by the
dual action § of G is canonically isomorphic to C*(G, &) ® K(L*(G)).
Hence the coaction § is maximal.
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Introduction

The theorem announced in the abstract, which we prove as Theorem 8.1,
is part of a larger program that is inspired by the realization, which only
recently has come into focus, that Fell bundles provide a natural setting for
a broad range of imprimitivity theorems and equivalence theorems for C*-
dynamical systems, especially theorems involving nonabelian duality. Even
in the context of group actions or coactions, the Fell bundles which arise
are over groupoids, and so our approach in this program will involve the
recent equivalence theorem of [16] for Fell bundles over groupoids. The
present paper is a first step in this larger program: in the course of re-
formulating the standard C*-dynamical system constructions in the context
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of Fell bundles, it will be crucial to know that the coactions which arise will
always be maximal ones.

Very roughly, a Fell bundle 7 over a locally compact group G is a bundle
over GG such that the fibre A, over the identity e of G is a C*-algebra and
such that the fibre A; over each s € G is an A, — A-imprimitivity bimodule
with the property that A; ®4, A; is isomorphic to A in such a way that
tensoring gives an associative multiplication on <7.! The space of continu-
ous, compactly supported cross sections of o7, denoted I'.(G; &), carries a
natural convolution-like product under which it forms a *-algebra. A cer-
tain completion of this algebra is a C*-algebra, denoted C*(G,.<). One
can profitably think of C*(G, «7) as a generalized crossed product of A, by
G. Indeed, if G acts on a C*-algebra B via a continuous homomorphism
a: G — Aut(B), and if &7 is defined to be B x GG, with product defined by
the equation (a, s)(b,t) = (aas(b), st), then o7 is a Fell bundle over G, called
the semidirect-product bundle determined by the action, and the C*-crossed
product B x, G is isomorphic to the bundle C*-algebra C*(G,.«7).?> This
point was made by Fell in his first works on the subject [9, 10] and was one
of the reasons he began the theory of these bundles. Importantly, not every
Fell bundle over a group G is isomorphic to such a bundle [12, §§VIII.3.16,
VIII.4.7]; thus the results in the present paper properly generalize those (in
[3], for example) which directly address group actions.

Coactions were introduced to give a generalization, for nonabelian groups,
of the Takai—Takesaki duality for crossed products by actions of abelian
groups on C*-algebras. Subsequently Katayama proved a crossed-product
duality theorem for coactions, specifically, if § is a coaction of a group G on
a C*-algebra A, then there is a dual action § of G on the crossed product
A x5 G such that the reduced crossed product (A x5 G) % 5 » G 1s isomorphic

to A®K(L?(G)). Katayama used what are now known as reduced coactions,
which involve the reduced group C*-algebra C}(G). For more information
on crossed-product duality, see [4, Appendix A].

The use of the term “crossed product” both in the context of group actions
and in the context of coactions may seem confusing, initially. However, in
practice, it is easy to distinguish between the two.

Raeburn introduced full coactions, which involve the full group C*-algebra
C*(G), to take advantage of universal properties. For such coactions, there
is always a canonical surjection

B Ax5Gx; G — A K(ILA(Q)),

and the question naturally arose, when is ® in fact an isomorphism? When
this is the case, full crossed-product duality is said to hold, and the coaction

1We follow the convention that the total space of a Banach bundle is represented in a
script font, while the fibres are written in Roman font. Thus if p : & — X is a bundle
over a space X, then we’ll write A, for the fibre p~*(x) viewed as a Banach space.

2\We shall have more to say about semidirect-product bundles in Sections 6 and 7.
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0 is said to be mazimal. For example, the dual coaction on a full crossed
product by an action is always maximal [3, Proposition 3.4].

Since Fell bundle C*-algebras are generalizations of crossed products by
actions, it is natural to ask whether there exists a coaction § of G on
C*(G, ), and if so, whether ¢ is maximal. In the present paper, we settle
these questions affirmatively; thus our Theorem 8.1 can be regarded as a
generalization of [3, Proposition 3.4] to arbitrary Fell bundles over G.

The existence of a coaction on C*(G, &) was briefly presented in [13] for
the case of reduced coactions. In [19] (see also [18]), the third author showed
that when the group G is discrete there is in fact a bijective correspondence
between Fell bundles over G and coactions of G on C*-algebras. Further, in
[5] the third author and Echterhoff observed that given a Fell bundle . over
a discrete group G, there is a natural coaction 0 of G on C*(G, «/) and the
crossed product C*(G, /) x5 G is naturally isomorphic to the C*-algebra
of a Fell bundle & x3; G over the discrete groupoid G xj; G obtained by
letting G act on itself by left translation. This observation, coupled with
the work of the second and fourth authors on the theory of Fell bundles over
groupoids [16] (which, in turn, was inspired, in part, by [19]), was the point
of departure for the current project.

Indeed, although groupoids do not appear explicitly in the statement of
our main theorem, Fell bundles over groupoids are crucial in the techniques
we develop for the proof: roughly speaking, crossed products by actions
of groups are modeled by Fell bundles over semidirect product groupoids,
and crossed products by coactions of groups are modeled by Fell bundles
over transformation groupoids. We rely heavily on [16] for the theory and
basic results concerning Fell bundles over groupoids. In particular, we make
free use of the Disintegration Theorem for Fell bundles [16, Theorem 4.13]
which is a generalization of Renault’s Disintegration Theorem for groupoids
[23, Proposition 4.2]. (See [17, §7] for more discussion and references on
Renault’s Theorem.)

The plan for our proof of Theorem 8.1 is as follows: The initial two
sections are preparatory. Section 1 establishes notation and collects some
results that will be used in the sequel. Section 2 addresses some fine points
regarding the problem of “promoting” a Fell bundle over a group to a Fell
bundle over the product of the group with itself. The first real step in our
analysis is taken in Section 3. There we prove in Proposition 3.1 that if
&/ is a Fell bundle over a locally compact group G, then there is a natural
coaction ¢ of G on C*(G, /) analogous to the dual coaction on a crossed
product.

We note in passing that in [7], Exel and Ng prove a result that is similar
to our Proposition 3.1. However, their setting is somewhat different from
ours in that it uses an older and no-longer-used definition of “full coaction”
that was advanced by Raeburn in [20]. Also, their proof is different in
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certain important respects. So, to keep this note self-contained we present
full details.

The second substantial step taken in our analysis is Theorem 5.1, which
asserts that there is a natural isomorphism 6 from the crossed product
C*(G, ) x5 G to the C*-algebra C*(G xy; G, o Xy G) of the Fell bun-
dle o/ xy; G over the transformation groupoid G xj; G. As we mentioned
above, this isomorphism theorem was inspired by [5]. Section 4 provides the
necessary prerequisites for the formulation and proof of Theorem 5.1.

The third major step is Theorem 7.1, which establishes, in the general
context of a Fell bundle & over a groupoid G, an isomorphism between the
C*-algebra of a semidirect-product bundle Z x,, G (the theory of which is
developed in Section 6) and the crossed product of C*(G, %) by a corre-
sponding action of G.

The remainder of the argument occupies Section 8. There, we show that
the isomorphism 6 established in Theorem 5.1 is equivariant for the dual
action 8 of G on C*(G, /) x5 G and a natural action of G on

C*(G Xlt G,JZ{ Xlt G)

Using this, 0 is promoted to an isomorphism between the two crossed prod-
ucts. We then apply the result of Section 7 to this natural action to see
that the crossed product can be realized as the C*-algebra of a certain
semidirect-product bundle; this bundle turns out to be isomorphic to one
whose C*-algebra is easily recognized as C*(G, &) ® K(L?(G)). Finally, we
show that these isomorphisms combine to give the canonical surjection ®,
and this completes our proof of Theorem 8.1.

1. Preliminaries

If Ais a C*-algebra, then its maximal unitization M(A) ([21, Defini-
tion 2.46]) is called the multiplier algebra of A. Traditionally, M(A) is
realized as the collection of double centralizers. Here we adopt the approach
taken in [21], regarding M (A) as the algebra £(A) of bounded adjointable
operators on A viewed as a right-Hilbert module over itself. (That any two
maximal unitizations are naturally isomorphic is guaranteed by [21, Theo-
rem 2.47].) As usual, we let A be the C*-subalgebra of M (A) generated by A
and 1p7(4). (Thus A = Aif Ais unital, and A is A with an identity adjoined
otherwise.) We use minimal tensor products of C*-algebras throughout.

Let G be a locally compact group. We use u : G — M (C*(G)) to denote
the canonical embedding, although sometimes we will simply identify s € G
with its image u(s) € M(C*(G)). Similarly, we will usually not distinguish
between a strictly continuous unitary homomorphism of G and its unique
nondegenerate extension to C*(G). As a general reference for group actions
we use [24], and for coactions we refer to [4, Appendix A].

1.1. Group Actions. An action of G on a C*-algebra A is a homomor-
phism « : G — Aut A such that the map s — «a;(a) is norm continuous from
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G to A for each a € A. A covariant representation of (A, G, a) on a Hilbert
space H is a pair (m,U), where 7 : A — B(H) is a nondegenerate represen-
tation and U : G — B(H) is a strongly continuous unitary representation,
which satisfies the covariance condition

(1.1) m(as(a)) = Usm(a)U; fora € A and s € G.

More generally, for a C*-algebra B, a covariant homomorphism of (A, G, «)
into M (B) is a pair (m,U), where m : A — M(B) is a nondegenerate homo-
morphism and U : G — M(B) is a strictly continuous unitary homomor-
phism, which satisfies (1.1).

A crossed product for (A, G, «a) is a C*-algebra A x, G, together with a
covariant homomorphism (i4, ig) of (4, G, a) into M (A X4 G) which is uni-
versal in the sense that for any covariant homomorphism (7, U) of (A, G, «)
into M (B) there is a unique nondegenerate homomorphism

TxU:Ax,G— M(B),
called the integrated form of (w,U), such that
n=(mxU)ois and U= (rxU)oig.

The crossed product is generated by the universal covariant homomorphism
in the sense that

Axg G =span{ia(a)ig(f):a€ Aand f € C.(G)}.

The space C.(G, A) of compactly supported continuous functions from G
into A is a *-algebra with (convolution) multiplication and involution given
by

(f*g)(S)Z/Gf(t)at(g(t18))dt and  f*(s) = f(s7)"A(s) !,

where A denotes the modular function of G. The algebra C.(G, A) embeds
as a dense x-subalgebra of A x, G via the map

f /G iA(F(s))ic(s) ds,

so that if (m,U) is a covariant homomorphism of (A, G, «), then
m () = [ ()T ds

1.2. Coactions. A coaction of G on a C*-algebra A is a nondegenerate
injective homomorphism ¢ : A — M (A® C*(G)) which satisfies the coaction
identity

(1.2) (6 ®idg) 0d = (Id ® d¢g) 0 9,

and which is nondegenerate as a coaction in the sense that

(1.3) span{d(A)(1 ® C*(G))} = A ® C*(G).
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Here d¢ : C*(G) — M(C*(G) ® C*(G)) is the homomorphism determined
by the unitary homomorphism of G given by s — u(s) ® u(s). Note that
condition (1.3) implies nondegeneracy of 0 as a map into M (A ® C*(G)).

A covariant representation of (A,G,d) on a Hilbert space H is a pair
(m,p), where 7 : A — B(H) and u : Cyo(G) — B(H) are nondegenerate
representations which satisfy the covariance condition

(1.4) Ad(p ®id)(wg)(m(a) ® 1) = (r ®@1id)(6(a)) for a € A.

Here wg is the element of M(Cy(G) ® C*(G)) which corresponds to the
canonical embedding u : G — M (C*(G)) under the natural isomorphism of
M(Cy(G) ® C*(G)) with the strictly continuous bounded maps from G to
M(C*(G)). More generally, for any C*-algebra B, a covariant homomor-
phism of (A, G,¢) into M(B) is a pair (m,u), where 7 : A — M(B) and
w: Co(G) — M(B) are nondegenerate homomorphisms satisfying (1.4).

A crossed product for (A,G,0) is a C*-algebra A x5 G, together with a
covariant homomorphism (j4, j¢) of (A4, G, ) into M (A x5 G) which is uni-
versal in the sense that for any covariant homomorphism (m, i) of (A4, G, )
into M(B) there is a unique nondegenerate homomorphism

TXpu:AxsG— M(B),
called the integrated form of (m, u), such that
m=(rxp)oja and = (7 pu)oj.
The crossed product is generated by the universal covariant homomorphism
in the sense that

A x5 G =span{ ja(a)ja(f) :a € Aand f € Co(G) }.

The dual action of G on A X5G is the homomorphism 5:G— Aut(A x5 G)
given on generators by

A

ds(jala)ja(f)) = jala)ja(rts(f)),
where rt denotes the action of G on Cy(G) by right translation: rts(f)(t) =
f(ts).

Given a representation 7w of A on a Hilbert space H, the associated regqular
representation A of A x5 G on H ® L%*(G) is the integrated form

A= ((r®@A)od) x(1® M),

where ) is the left regular representation of G on L?(G) and M is the
representation of Co(G) on L?(G) by multiplication: (M€)(s) = f(s)&(s).
When 7 is faithful, the associated regular representation is always faithful
[4, Remark A.43(3)], and thus gives an isomorphism between A x5 G and
the concrete C*-algebra

A(A x5 G) =span{ (m® ) od(a)(1®@ My):a€ Aand f e Cy(G)}.
The canonical surjection associated to § is the map

®=(({[d®N)odx(1aM))x(1®p): AxsGx;G— A K(L*(G)),
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where p is the right regular representation of G on L?(G). (It almost
goes without saying that, by convention, (A\s&)(t) = &(s™1t) and (psé)(t) =
£(ts)A(s)'/2.) On the generators, ® is given by

®(iax,0(ia(a)ic(f))ia(g) = (d® ) o d(a)(1 @ Msp(g))

for a € A, f € Cy(G), and g € C*(G). The coaction § is mazimal if
the canonical surjection ® associated to J is injective; thus the maximal
coactions are precisely those coactions for which full crossed-product duality
holds in the sense that ® is an isomorphism of Ax5G ;G onto AQK(L*(G)).

Some of our coaction calculations will involve the Fourier—Stieltjes alge-
bra B(G). (see [4, §§A.4-A.5] for brief survey or [8] for a more detailed
treatment). In simple terms the Fourier—Stieltjes algebra B(G) is a space of
bounded continuous functions on G which can be identified with the dual
space C*(G)* via the formula

flg) = /G f(8)g(s)ds for [ € B(G) and g € Co(G) C C(G).

By [8, Propositions 3.4 and 3.7], the intersection B(G)NCy(G) is norm dense
in Cy(G). For f € B(G), the slice map ida® f : AQC*(G) — A determined
by
(ida ® f)(a®b) =af(b) forae Aandbe C*(Q)
extends uniquely to a strictly continuous linear map
ida® f: M(A® C*(G)) — M(A),

and moreover such slice maps separate the points of M(A ® C*(G)) ([4,
Lemma A.30]).

1.3. Fell Bundles. A Fell bundle over a groupoid is a natural general-
ization of Fell’s C*-algebraic bundles over groups treated in detail in [12,
Chap. VIII] and discussed briefly in the introduction. We will refer to [16]
for the particulars of Fell bundles over groupoids. Generally speaking, a Fell
bundle p : 8 — G is a upper semicontinuous Banach bundle over a locally
compact Hausdorff groupoid G satisfying the axioms laid out in [16, Defini-
tion 1.1].3 It was observed in [1, Lemma 3.30] that the underlying Banach
bundle of an upper semicontinuous Fell bundle over a group is necessarily
continuous. (The authors of [1] attribute this observation to Exel.) Since all
the Fell bundles in this work originate from Fell bundles over groups, they
will necessarily be built on continuous Banach bundles.* We will assume all
the Fell bundles here are separable in that G is second countable and the

3There are a number of equivalent definitions of Fell bundles over groupoids in the liter-
ature starting with Yamagami’s original in [25, Definition 1.1], as well as [14, Definition 6]
and [2, Definition 2.1].

4An exception is that in sections 6 and 7 we work with general Fell bundles over
groupoids, and there it is not necessary to assume that the underlying Banach bundles
are continuous.
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Banach space I'g(G; ) of sections is separable. (This hypothesis is not only
a sign of good taste, but it will also ensure that the results of [16] apply.)

We are only interested in groupoids G with a continuous Haar system
{ A" }ueg@- Then the set I'.(G; &) of continuous compactly supported sec-
tions of & has the structure of a x-algebra:

f gl t/"f gy ') AN @) and  fr(z) = fla)

Then we can define a norm, || - ||, on I'+(G; #) via

Hmmﬁm/WMwaﬂfw}
ueG 0 uegG 0

If H is a Hilbert space, then a s-homomorphism L : T'.(G; %) — B(H)
is called || - ||7-decreasing if ||L(f)|| < ||f|lr for all f. We say that L is a
|| - ||-decreasing representation if it is also nondegenerate in the sense that

span{ L(f)¢: f €Te(G; PB) and £ € H} = H.
Then, by definition, the universal norm on T'.(G; AB) is
| £l == sup{ ||L(f)|| : L is a || - || -decreasing representation of I'.(G; %) }.

The completion (I¢(G; %), || - ||) is the C*-algebra C*(G, &) of the Fell bun-
dlep: % —G.>

More generally, a nondegenerate *-homomorphism L : I'.(G, Z) — B(H)
is called simply a representation if L is continuous when I'.(G; £) is equipped
with the inductive limit topology and B(H) is given the weak operator
topology. It is a nontrivial result — a consequence of the Disintegration
Theorem ([16, Theorem 4.13]) — that every representation of I'.(G; A) is
|| - || ;-decreasing. Since || - ||;-decreasing representations are clearly represen-
tations, we see that

1] = sup{ |[L(f)| : L is a representation of I'.(G; #) }
(see [16, Remark 4.14]).

Lemma 1.1. Suppose that p : B — G is a Fell bundle over a locally compact
groupoid G. If H is a locally compact groupoid and ¢ : H — G is a continuous
groupoid homomorphism, then the pull-back q : ¢*%# — H is a Fell bundle
over H with multiplication and involution given by

(a,h)(b,t) = (ab,ht) and (a,h)* = (a*,h7}).

Proof. The proof is routine. For example, q : ¢*# — H is clearly a Banach
bundle (see [11, §11.13.7] where pull-backs are called retractions). The fibre
over h is isomorphic to Byp). The Fell bundle structure from % makes the
latter into a B,.(,(n)) — Bs(p(n))-imprimitivity bimodule. Since the fibre over

5 might be helpful to look over the examples in [16, §2] at this point.
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s(h) is isomorphic to Bys(ny) and ¢(s(h)) = s(p(h)), the rest is easy. (Note
that when G and H are groups, this result is [12, §VIIL.3.17].) O

1.4. Fell Bundles over Groups. However, to begin with, we are inter-
ested in a (separable, of course) Fell bundle p : & — G where G is a locally
compact group. This case affords a number of simplifications, and also al-
lows us to avoid some of the overhead coming from [16]. Note that a Fell
bundle p : & — G over a group is what Fell and Doran call a C*-algebraic
bundle over G (see [12, Definitions VIII.16.2 and VIIL.3.1]). Since we ulti-
mately treat Fell bundles over groups as a special case of a Fell bundle over
a groupoid, our axioms require that p : & — G is saturated in the sense
that span{As;A:} = Ag for all s,t € G (see [12, §VIIL.2.8]). We will often
write ag for an element of Ag; that is, as € & and p(as) = s.

We do make one deviation from the groupoid treatment when building
the associated C*-algebra, C*(G, 7). In order that we can easily obtain the
usual group C*-algebra construction as well as the usual crossed-product
construction as special cases, it is convenient to add the modular function,
A, on G to the definition of the involution on I'.(G; <7):

Fr(s)=A(s)7 f(s™h”

(see [12, §VIIL.5.6]). Then the somewhat unsatisfactory || - ||; reduces to the
normal analog of the L!-norm:

1l = /G 1£(s)]] ds,

and the universal norm on I'.(G;.«/) is given as the supremum over || - |1-
decreasing representations. As we shall see shortly (see Remark 1.5), the
isomorphism class of C*(G, /) is the same as that obtained using the def-
inition of the involution given for groupoids where no modular function is
available.

Assuming p : & — G is a Fell bundle over a group, a *-homomorphism
7o/ — M(B) is just a map with the obvious algebraic properties. We call
m nondegenerate if

span{m(A.)B} = B.

The next lemma shows that &/ comes with a canonical nondegenerate strictly
continuous embedding ¢ : &7 — M (C*(G, /)). Then Lemma 1.3 shows that
the pair (C*(G, /), 1) is in fact universal for strictly continuous nondegen-
erate x-homomorphisms of .27 into multiplier algebras.

Lemma 1.2. Let p : &/ — G be a separable Fell bundle over a locally
compact group G. There exists a strictly continuous nondegenerate x-homo-
morphism v : o — M(C*(G, <)) such that for as € As and f € T.(G; <),
we have t(as)f € T'o(G; o), with

(1.5) ((as) F)(t) = asf(s™1t).
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Proof. For each as € A;, (1.5) clearly defines a linear map ¢(as) of I'.(G; <)
into itself. Here we will view I'.(G; <) as a dense subspace of C*(G, <)
viewed as a Hilbert module over itself. Then the inner product (f , g) = f**g
is T'c(G; o )-valued on ' (G; &7). It is easy to check that v(as)e(ar) = t(asar),
and a straightforward computation shows that

(1.6) (las)f 5 g)=(f,ula})g)

(a similar, but more involved computation is given in detail in the proof of
Theorem 5.1). Since ||as||?14, —aZas > 0 in A, there is a b, € A, such that
las||?14, —atas = bibe. Then, since (1.5) makes sense and ¢ is multiplicative

for elements of A, and since (1.6) also holds for b, € A,, we see that

las|>(f 5 £) = (elas)f , elas) f) = (elllas|*1a, — akas)f , f)
= <L(be)f ) L(bE)f> >0

for all f € T'.(G;<). It follows that t(as) is bounded and extends to a
bounded operator on C*(G, /) with adjoint ¢(a¥). It is routine to verify
that the resulting map ¢ : &/ — M(C*(G, <)) is a *-homomorphism.

To see that ¢ is nondegenerate, first note that A is an A, — A.-imprim-
itivity bimodule. Thus if {a; };c; is an approximate identity in A., then
a;as — ag for any as; € A;. Then a messy compactness argument similar to
that given in the proof of Theorem 5.1 shows that ¢(a;) f — f in the inductive
limit topology on I'.(G; <) for any f € I'.(G;.</). Since convergence in the
inductive limit topology implies convergence in the C*-norm, this establishes
nondegeneracy.

It only remains to prove strict continuity. Our separability assumptions
on p: .o/ — G allow us to invoke [11, Proposition 11.13.21] to see that < is
second countable. Thus, it suffices to show that if { as, } is a sequence in o
converging to as, then t(as,) — t(as) strictly.

The convergent sequence { as, } must lie in a norm-bounded subset of
</, so the image (i(as,)) is a bounded sequence in M (C*(G, %)) (because
lle(as)|| < |las||). Thus, it suffices to show that ¢(as,) — t(as) *-strongly; and
since ajy — aj and ¢ is *-preserving, it suffices to show strong convergence.
Finally, since { ¢(as,) } is bounded, it suffices to show that t(as,)f — t(as)f
in the inductive limit topology, for each f € I'.(G; .«).

Suppose not; so there is f € I'.(G; .o7) such that ¢(as, ) f does not converge
to t(as)f in the inductive limit topology. Note that since s, — s in G, we
can find a compact set K C G such that the supports of ¢(as)f and all
the (as, ) f are contained in K, so it must be that the convergence is not
uniform on K. So, passing to a subsequence and relabeling, we can find
€ >0 and t, — t in K such that for all n,

[e(as, ) f(tn) = tlas) f(tn)l| > €.

But by joint continuity of multiplication in &, we have

Was, ) f(t) = as, f(s7t) — asf(s7't) = u(as) £(t)
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in &/. Since this implies that the norm of the difference goes to zero, we
have a contradiction. [l

Lemma 1.3. Let p:.of — G be as in Lemma 1.2. If B is a C*-algebra and
o : @ — M(B) is a strictly continuous nondegenerate *-homomorphism,
then there is a unique nondegenerate homomorphism m : C*(G, &) — M(B),
called the integrated form of mg, such that m ot = mg. Moreover,

(L.7) 7(f) = /G mo(f(s))ds for [ € Tu(G: ).

Conversely, every nondegenerate x-homomorphism of C*(G, /) is the in-
tegrated form of some such m.

Remark 1.4. Note that the integral in (1.7) makes sense since my o f is
strictly continuous so that we can apply, for example, [21, Lemma C.11].

Proof. It is straightforward to check that (1.7) defines a *-homomorphism
m:T(G; /) — M(B).
To see that 7 is nondegenerate, we need to see that

span{ 7w(f)b: f € [.(G;</) and b € B}

is dense in B. To this end, fix a € A, and choose f € I'.(G;) such
that f(e) = a. Let { ¢ } be a sequence in CF(G) with integral one whose
supports shrink to the identity. Let fi(s) = vr(s)f(s). Then it is not hard
to see that 7(fx)b — mo(a)b. Therefore, the nondegeneracy of 7 follows from
that of .

If L : B — B(H) is a faithful representation, then Lo is a ||-||;-decreasing
representation of I'.(G; 7). By the definition of the universal norm,

[Lom(HI < IF1-

Since the extension of L to M (B) is isometric, ||[7(f)| < |/ f||. Therefore, w

extends to C*(G, &).
To prove uniqueness, we need to establish that

(1.8) /GL(f(s)) ds = f,

where the equality in (1.8) is meant in M (C*(G, «/)). Therefore, it suffices
to see that

(1.9) (/L(f(s))ds>g—/Gb(f(s))gdS—f*g for all g € To(G: 7).

Thus we need to establish that the C*(G, o7)-valued integral in the middle of
(1.9) takes values in (the image of) I'.(G; /) in C*(G, &/) and coincides with
f*g. This can be verified almost exactly as in the proof of [24, Lemma 1.108].

Now, if p : C*(G, o/) — M(B) is a homomorphism such that p o = m,
then by (1.8), for each f € T'.(G; %) we must have

o) = [ e as) = [ pttsemas = [ mo(s)ds =)

G
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For the converse, let 7 : C*(G, &) — M(B) be a nondegenerate *-homo-
morphism. By nondegeneracy, m extends to a strictly continuous homomor-
phism of M(C*(G, 7)), so that 7o ¢ is a strictly continous nondegenerate
x-homomorphism of &/ whose integrated form, by uniqueness, is . (|

Remark 1.5 (Modular Differences). If p : &/ — G is a Fell bundle over a
locally compact group, then we could just as well have formed the C*-algebra
C¢, (G, o) by treating G as a groupoid. (That is, by leaving the modular
function off the involution.) To see that C¢, (G, o) and C*(G, «/) are nat-
urally isomorphic, we first observe that Lemma 1.2 and Lemma 1.3 remain
valid for C, (G, «7) using virtually the same proofs; the only difference is
that Equations (1.5) and (1.7) must be modified to deal with the lack of
modular function in the involution:

(1.5") (L'(as)f)(t):A(s)%asf(s_lt) and
(L.7) w(f):/(}wg(f(s))A(s)—éds.

Then notice that there is a *-isomorphism ¢ : T$"(G, &) — T'.(G; @) given
by ¢(f)(s) = A(s)féf(s). We just need to see that ¢ is isometric with
respect to the universal norm || - ||gr on C¢, (G, <) and || - || on C*(G, ).
To verify this, let M be a faithful representation of C*(G, 7). Then M is
the integrated form of My : & — B(H). But if L is the representation of
C¢, (G, o) which is the integrated form of My, then

eI = MU = LA < N[ fller-

On the other hand, if L is a faithful representation of C¢, (G, &) which is the
integrated form of Ly, then we can let M be the representation of C*(G, <)
that is integrated up from L. Then

eI = IM (DI = IILHT = 1 fllr-

Thus ¢ is isometric.

Remark 1.6. The same comments about modular functions apply to the
standard group C*-algebra and crossed product constructions; that is, one
can omit the modular function in the definition of the involution and arrive
at isomorphic algebras. However, you have pay for the luxury of modular-
free involutions by adding the modular function to the integrated form of
any representation as in (1.77).

Proposition 1.7. Let p: B — G be a separable Fell bundle over a locally
compact groupoid G, and let Xo be a dense subspace of a right Hilbert A-
module X. Suppose that L is a algebra homomorphism of T'c(G; B) into the
linear operators, Lin(Xgp), on Xo such that for all x,y € Xo:

(i) (L(NHz,y), = (x, L(fH)y),,
(ii) f+— (L(f)z, y>A is continuous in the inductive limit topology, and
(iii) span{ L(f)x : f € T.(G; B) and x € Xo } is dense in X.
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Then L is bounded with respect to the universal C*-norm on I'c(G; %) and
extends to a nondegenerate homomorphism L : C*(G, B) — L(X).

Proof. This proposition is a consequence of the disintegration result [16,
Theorem 4.13] for Fell bundles. To see this, let p be a state on A. Then

(@ y)p:=p(ly,),)
is a pre-inner product on Xy. After modding out by the subspace N of

vectors of length zero, we get a pre-Hilbert space Hy := Xo/N which we
view as a subspace of its completion H. Since

(L(f)z | L(f)z)p = (x| L(f* * f)a)p,
it follows from the Cauchy Schwartz inequality that L(f) maps N to itself.
Therefore L(f) defines a linear operator L*(f) on Hy via LP(f)(x + N) =

L(f)x + N. It is clear that L” defines a pre-representation of & on Hy as
in [16, Definition 4.1]. Then [16, Theorem 4.13] implies that

(L(N)z | L(Hz), < 1P (2 | 2)p-

Since this holds for all states p, we have ||L(f)|| < || f]|.- The rest is straight-
forward. O

Proposition 1.8. Let &7 be a separable Fell bundle over a groupoid G. Fv-
ery x-homomorphism from T'.(G; <) into a C*-algebra which is continuous
from the inductive limit topology into the norm topology is bounded for the
universal norm, and hence has a unique extension to C*(G, /).

Proof. Suppose that 7 : I'.(G; /) — B is such a homomorphism, and that
p: B — B(H) is a faithful representation of B on a Hilbert space H. Let

Hy =span{ pon(f)¢: feT(G; ), E€HY.

Then f — pon(f)|x, is a representation of & on H; in the sense of [16,
Definition 4.7], since the operator norm topology is stronger than the weak
operator topology. By [16, Remark 4.14],

7 (DI = llpomHDIl = llpom(Hlr | < NfII for all feTe(G;e). O

2. Product bundles

If p: & — G is a Fell bundle over a locally compact group G, then the
Cartesian product, o/ X GG, carries a natural Fell bundle structure over G x G.
The bundle projection q : & x G — G x G is given by q(a,t) = (p(a),t) and
the multiplication and involution are given by

(as,t)(bp,u) = (ashy,tu) and (as,t)* = (a,t7h).

(Indeed, the map (a,t) — (a,(p(a),t)) is a bijection of o7 x G onto the
pull-back Fell bundle ¢*/ — see Lemma 1.1 — where ¢ : G X G — G is
the projection onto the first factor.)
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Every section h € I'.(G x G; & x G) is of the form
h(s,t) = (h1(s,t),1t),

where hy € C.(G x G, o) satisfies hy(s,t) € A, for s,t € G. For f €
I'.(G;97) and g € C.(G) we let fX g denote the element of I'.(G X G; &7 X G)
defined by

(f ®g)(s:t) = (f(s)g(t),1).
Lemma 2.1. With the above notation,
span{ f K g: f € Te(G; o) and g € Ce(G) }
is inductive-limit dense in I'c(G x G; o/ x G).

Proof. Put § = {fRg : f € T.(G;o),g € C.(G)}. Then for each
(s,t) € GXx G, {h(s,t): h € S} is easily seen to be dense in A, x {t}, which
is the fibre of the bundle &7 x G over (s,t). Furthermore if u,v € C.(G)
and u ® v is the function in C.(G x G) given by u® v(s,t) = u(s)v(t), then
(u®@v)h € S for all u,v € C.(G) and h € S. Then, because the u ® v’s
span an inductive-limit dense subspace of C.(G x G), a straightforward
partition of unity argument implies that spanS is dense as required (see
[11, Proposition I1.14.6 and its remark| or [24, Proposition C.24]). O

For the study of the coaction associated to a Fell bundle over a group
(specifically, in Section 5) we will need the following slight variation on
Lemma 2.1:

Lemma 2.2. Let &/ — G be a Fell bundle. For f € T.(G; <) and g € C.(G)
define fege Co(Gx G, ) by

fogls,t) = f(s)g(s™ "),
and define
fxg(s,t)=(feg(st)1).

Then fxg € I'e(Gx G; & X G), and such sections have inductive-limit-dense
span.

Proof. It is obvious that fxg € I'.(GxG; ./ xG). For the second statement,
let

S=span{ fxg: f €T(G; ) and g € C.(G) }.

To show that S is dense, we want to invoke a partition of unity argument
exactly as in Lemma 2.1; thus it suffices to establish the following two as-
sertions:

(i) For each (s,t) € GxG, theset { h(s,t) : h € S } is dense in Agx {t}.
(ii) For each x,n € C.(G) and h € S we have (k e n)h € S, where
similarly to the above we define x (s, t) = k(s)n(s~'t).
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(Note that (ii) suffices since the set of functions of the form « e 7 have dense
span in C.(G x G) for the inductive limit topology, because this set is the
image of the set {u ® v : u,v € C.(G) } under the linear homeomorphism
U:C.(G x G) = C.(G x G) defined by

U(p)(s,1) = (5,5~ 11),
and the functions u ® v have dense span in the inductive limit topology.)
For (i), if as € As we can choose f € I'.(G; &) and g € C.(G) such that
f(s) = as and g(s~'t) = 1, and then

f*g(s,t) = (as,t).
For (ii), just observe that

(kon)(fxg) = (kf)*(ng)- O
3. Coactions from Fell bundles

As mentioned in the introduction, if « is an action of a locally compact
group G on a C*-algebra B, then &/ = B X G has a natural Fell-bundle
structure such that C*(G, %) = B x4 G. Then the dual coaction on B X, G
gives us a coaction on C*(G, o/). In this section, we show that if p: &/ — G
is any Fell bundle, then C*(G, «7) admits a natural coaction § generalizing
the dual coaction construction just described.

Proposition 3.1. Let o/ be a separable Fell bundle over a group G. There
is a unique coaction § of G on C*(G, <) such that

(3.1) 0(e(as)) = tlas) ® s foras € As and s € G.

Proof. For the proof we will make explicit the canonical map u : G —
M(C*(G)). Consider the map 0y : &/ — M(C*(G, o) @ C*(G)) defined by
do(as) = t(as)®@u(s). This clearly gives a x-homomorphism of .7, and nonde-
generacy of §g follows directly from nondegeneracy of «. That §g is strictly
continuous follows from strict continuity of ¢ : &/ — M(C*(G, <)) and
u: G — M(C*(G)). To see this, let as;, — a5 in &7, and let z € C*(G, o) ®
C*(@). Since C*(G, &7) embeds nondegenerately in M (C*(G, &) ® C*(Q))
via b — b ® 1, by the Hewitt—Cohen factorization theorem we can write
z = (b® 1)y for some b € C*(G, <) and y € C*(G, /) ® C*(G). Since
t(as;)b — t(as)b in norm, we have t(as,)b ® 1 — t(as)b ® 1 in norm in
M(C*(G, o) ® C*(G)). Since the map u : G — M(C*(G)) is strictly con-
tinuous, and since as;; — as implies s; — s in G, we have (1 ® u(s;))y —
(1 ® u(s))y in norm in C*(G, /) ® C*(G). Since multiplication is norm
continuous,

(¢(as,) @ ulsi))z = (as,) @ uls:)) (0@ Dy = (t(as,)b @ 1) (1@ u(si))y

converges in norm to

(Llas)b @ 1) (1@ u(s))y = (¢(as) ® u(s))w.



330 KALISZEWSKI, MUHLY, QUIGG AND WILLIAMS

Thus Lemma 1.3 gives a unique nondegenerate sx-homomorphism 9§ :
C*(G,o) — M(C*(G,o) @ C*(G)) such that § o v = dy, and by (1.7)

we have
S(f) = /GL(f(s)) @u(s)ds for f e T(G; ).

To see that ¢ is injective, let 1¢ : G — C be the constant function
with value 1, and regard 15 as an element of the Fourier—Stieltjes algebra
B(G) = C*(G)*. Then for f € I'.(G; &) equation (1.8) and strict continuity
of the slice map give

(49 16)6() = [ (48 10)6(7) S ul)ds = [ if(s))ds = 1

Thus (id® 1g) o d = ido+(q,7) by continuity and density, so ¢ is injective.
Now if as € Ay, then

(6 ®1id) o dp(as)) = ( ®id)(t(as) @ u(s)) = t(as) @ u(s) @ u(s)
= (id ® dg)(t(as) @ u(s)) = (id ® dg) o dp(as)-

Thus the coaction identity (1.2) follows from uniqueness in Lemma 1.3 to-
gether with the usual manipulations with vector valued integrals as justified,
for example, in [21, Lemma C.11].

Finally, for the nondegeneracy condition (1.3), we elaborate on the argu-
ment sketched in the paragraph preceding [7, Lemma 1.3]. Consider the map
Co: o xG— M(C*G, o) ® C*(@)) defined by (p(as,t) = t(as) @ u(t),
where o/ x G is the Fell bundle over G x G defined in Section 2. Ar-
guing as for dg shows that (p is a strictly continuous nondegenerate -
homomorphism, and so Lemma 1.3 gives a nondegenerate *-homomorphism
(:C*"(Gx G, xG)— M(C*(G,«) ® C*(G)) such that { ot = (p.

In particular, using (1.7) and (1.8) we have, for f € I'.(G; <) and g €
C.(Q),

((fRg) = / Go((F R g)(s,1)) d(s, 1)

GxG

_ /G /G Co(f(s)g(t), 1) ds dt

:/ L(f(s))ds@/g(t)u(t) dt
G G

=f®g,

which implies that ¢ maps C*(G x G, </ x G) onto (and into) C*(G, &) ®
C*(G).

Similarly, if f*g is the element of I'.(G x G; & X G) defined in Lemma 2.2,
then for a ® b € C*(G, &) ® C*(G) we have

C(frg)a®b) = / Cof * 9) (s, )(a @ b) d(s,1)

GxG
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— / / Co(f(5)g(s™14), 1)(a @ b) dt ds

/ / Na @ g(s™t)u(t)bdt ds
which, after ¢t — st, is

://L(f(s))a®g(t)u(st)bdtds
GJG

= [ [ 060 @ u) (o attyu(on) deis
= (ot as) ([ 1@ atuo )@

=6(f1@g)la®b).

Thus, the multiplier §(f)(1 ® g) of C*(G, &) ® C*(G) coincides with the
image ((fg). The set of sections of the form f*g was shown in Lemma 2.2
to have dense span in I'.(G x G; o/ x G), so the images ((f % g) have dense
span in C*(G, <) ® C*(G). It follows that ¢ satisfies the nondegeneracy
condition (1.3). O

Remark 3.2. It is clear from the above proof that saturation of the Fell
bundle &7 — G is not necessary for Proposition 3.1.

Remark 3.3. Not every coaction is isomorphic to one constructed from a
Fell bundle as in Proposition 3.1 [13, Example 2.3(6)]. For abelian G, in
[6, Theorem 11.14] Exel effectively characterizes which coactions do arise
from Fell bundles (modulo the correspondence between coactions of G and

actions of the Pontryagin dual group @)

Proposition 3.4. Let o/ be a separable Fell bundle over a group G, and let
d be the coaction of G on C*(G, /) described in Proposition 3.1. Further let
o : o/ — M(B) be a strictly continuous nondegenerate x-homomorphism,
with integrated form m : C*(G, /) — M(B), and let p : Co(G) — M(B)
be a nondegenerate homomorphism. Then the pair (mw,p) is a covariant
homomorphism of (C*(G, /), G, 0) if and only if
(382) molag)u(f) = polt(f)molas) forse G, ase A, and f € Co(G),
where 1t is the action of G on Co(G) by left translation: 1ts(f)(t) = f(s~'t).
Proof. First assume that (7, 1) is covariant. Because B(G)NCy(G) is dense
in Cy(G), it suffices to verify (3.2) for f € B(G). So fix f € B(G), and put
g =1lts(f) € B(G). By [4, Proposition A.34], we have

(idg ® ¢) ((n @ id)(we)) = pu(g)
where id®g : M(Co(G)@C*(G)) — M(Co(G)) denotes the slice map. Then

polts(f)m(as) = p(g)mo(as) = (idp ® g) (1 ® id)(we)) mo(as)
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which, by [4, Lemma A.30], is
= (idp ® 9) ((p @ id) (wg) (7 (t(as)) © 1))

which, by the covariance condition (1.4), is

(idp ® ) ((r @ 1d)(d(e(as))) (1 @ id)(we))
(idp @ g)((m(e(as)) ® u(s))(n ® id)(we))
(idp ® g) ((mo(as) @ 1) (p @id) (1 ®@ u(s))wg))

which, after applying [4, Lemma A.30] and writing (It,-1 ® id)(w¢q) for the
multiplier r — wu(sr), is

— mo(as)(idp ® 9) (1 @ id) (16,1 @ id)(we)))

which, since (g ® id) o (Ity;-1 ® id) = p o lt,-1 ® id as a nondegenerate
homomorphism of Cy(G) ® C*(G) into M (B) ® C*(G) C M (B ® C*(G)), is

= 7o(as)(idp ® g) ((u o lty1 @ id)(we))
which, by [4, Proposition A.34], is

= 7o(as)p o ltg-1(g)
= Wo(as)lu'(f)‘

Conversely, the above computation can be rearranged to show that, if
(3.2) holds, then

(idp ® g) ((p @ id)(we)(m(t(as)) ® 1))
= (idp ® ) ((r ® id)(3(¢(as))) (1 ® id)(we))

for every g € B(G). Since slicing by elements of B(G) separates points in
M(C*(G, o) ® C*(Q)), it follows that the covariance condition (1.4) holds
for every a of the form ¢(as), which then implies (by Lemma 1.3) that it
holds for every element of C*(G, 7). O

We include the following proposition since it might be useful elsewhere,
although we will not need it in the present paper.

Proposition 3.5. If a is an action of a group G on a C*-algebra B, and
o — G is the associated semidirect-product Fell bundle, then the isomor-
phism

B x,G=C*G, o)

carries the dual coaction & to the coaction § of G on C*(G, <) described in
Proposition 3.1.
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Proof. We recall that the isomorphism 0 : B xo G — C*(G, &) is charac-
terized on generators by

0(ip(b)ic(f)) :/ f(s)e(b,s)ds forbe B and f € C.(G)

(which follows from [12, §VIIL.5.7]). Thus,

50 0(ip(d) /f

=LNW@$®MS
_ /G F(s)(0 @id) (ip(b)ic(s) @ s) ds

:LJ@W®@°M@@W@MS
= (0 ®@1id) o &(ip(b)ic(f)). -

4. Transformation bundles

Having defined a coaction § on the C*-algebra C*(G, «7) of a Fell bundle
over a group, an obvious next step is to consider the corresponding crossed
product. In the next section, we will show that C*(G, .27) x5 G is isomorphic
to the C*-algebra of a Fell bundle over a groupoid. The purpose of this short
section is to describe that groupoid and Fell bundle.

Let G be a locally compact group, and let G x1; G denote the transforma-
tion groupoid associated to the action 1t of G on itself by left translation,
with multiplication and inverse

(s,tr)(t,r) = (st,r) and (s,t)"' = (s7',st) for s, t,r €G.

Note that the unit space is (G x3; G)° = {e} x G, and the range and source
maps are given by

r(s,t) = (e,st) and s(s,t) = (e,t).
It it not hard to check that we get a left Haar system on G xy; G via

/ f(u,v) dA"CD (u, v) :/ flu,u=tst)du for f € C.(G xy; G).
Gx G G

Now let &/ — G be a Fell bundle over the locally compact group G.
The map ¢ : (s,t) — s is a groupoid homomorphism of G xj; G onto the
group G. The pull-back Fell bundle ¢*.o/ (see Lemma 1.1) will be called the
transformation Fell bundle o/ xi; G — G Xy G. We will use the bijection
(as, (s,t)) — (as,t) to identify the total space of &7 X G with the Cartesian
product &/ x G. Then the multiplication is

(as, tr)(be,r) = (asby,r) for s,t,r € G, as € As and by € Ay,
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and the involution is
(as,t)" = (a}, st).
For future reference, the convolution in I'.(G xy; G; &/ X3 G) is given by

(4.1) (hxk)(s,t) = /G h(u,u 'st)k(uts, t) du

and the involution by
(4.2) h*(s,t) = h((s,t)7")" = h(s™', st)".
Note that every h € I'.(G Xy G; & Xy G) is of the form
h(s,t) = (h1(s,t),t)
for a continuous function hy : G Xy G — o/ with hy(s,t) € As.

5. Coaction crossed product
Our purpose in this section is to prove the following:

Theorem 5.1. Let o/ be a separable Fell bundle over a group G, and let
d be the associated coaction on C*(G, o) described in Proposition 3.1. If
q: A X1y G — G Xy G is the transformation Fell bundle constructed in the
preceding section, then there is an isomorphism

0:C*"(G, o) x5 G — C*(G xy G, o x1; G)
such that
(5.1) (i) (Nic(9) = (A2 f)Rg  for f € Te(Gs) and g € CulG),
where (A%f) Kg el (G xy G; o x1, G) is defined by
(A2 f) R g)(s.t) = (A(s)2 f(s)g(t). 1).
Remark 5.2. For G discrete, this is a special case of [5, Corollary 2.8].

Proof. We will obtain 6 as the integrated form of a covariant homomor-
phism (0, 60¢) of (C*(G, <7),G,0) into M(C*(G xy, G, o x3; G)) such that

(5.2) 0.,(F)0c(g) = (A2f) R g € To(G x1 G; o x1; G)

for f € To(G; ) and g € C.(G). It will follow that § = 6, x 6g maps

A x5 G into C*(G Xy G, o Xy G), satisfies (5.1), and is surjective because
{fRg:feT(G; ), g€ C(G)}

has inductive-limit-dense span in I'.(G xy; G; & X3 G). We will show that 6
is injective by finding a representation II of C*(G xy; G, &/ X}y G) such that
ITo @ is a faithful regular representation of C*(G, <) x5 G.

We will obtain 0, : C*(G, %) — M(C*(G X1 G, o Xy G)) as the inte-
grated form of a *homomorphism 0§ : o — M(C*(G <1 G, & Xy G))
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(as in Lemma 1.3). Given as € As, we define an operator 6§ (as) on
FC(G X1t G,% X1t G) by6

(5.3) (05 (as)h)(t,r) = (asha (s, 7)A(s)7,7).

Then it is straightforward to verify that 65 (as)0§ (ar) = 05 (asa;). More-
over, if h,k € T'.(G xy, G; o/ x3; G), we have

<96‘/(as)h k)t ) = ((Q(Jf{(as)h)* * k) (t,r)
which, in view of the formula for convolution given by (4.1), is
- /G (0 (ax) ) (= ) (w1, 1) d
which, using the formula for the involution given by (4.2), is
- /G (0 (a)h) (u=L, tr)* k(u='t, r) du
= /G(asfh(s_lu_l,tr)A(s)é,tr)* (ki(u't,7),7) du
= /G(hl(s1u1,tr)*a:A(s)%,u1tr) (k‘l(uflt, r),r) du
= /G(hl(s_lu_l,tr)*a;‘kl (u_lt,r), r) A(s)%du

which, after sending v — us™!, is

:/G(hl(u_lat?")*al‘kl(su‘lt,r),r)A(S)—édu

= [ i ) (o)A )
:/G(hl(@fl,t7">,tr)*(aZkl(su—lt,r)A(s)—é,q«) du

- /Gh(“_l’fr)*(%f (ag)k)(u™ ', 7) du

= / B (w, w ) (05 (a2) k) (u™t, r) du
G
= (n* * (65" (a)k)) (t,7)
= (h, 05 (a})k)(t,r).
6The operator 6§ (as) defined in (5.3) is analogous to ¢(as) defined in Lemma 1.2. The

modular function appearing in its definition is required to make 6§ x-preserving. We need
it here because there is no modular function in the involution in T'c(G X1, G; & X1; G).
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If we choose b. € A, such that [as||?14, — a¥as = bibe, then since 65 makes
sense and is multiplicative on A., and since the preceding computation cer-
tainly holds for b, € A., we see that

las|[>(h, h) — (05 (as)h , 05 (as)h) = (0 (|las||*1a, — aias)h , h)
— (658, 0 b)) > 0
for all h € To(G xx G;.7 %1y G). Thus 6 (a;) extends to a bounded ad-
jointable operator on C*(G xy G, o/ X1y G) and we get a *-homomorphism
697 A — M(C (G X1t G,JZ{ X1t G))

We need to show that 06?{ is strictly continuous and nondegenerate. For
nondegeneracy, let {e;} be an approximate identity in A.. It suffices to show
that if h € Te(G xy; G;.97 Xy, G) then 6§ (e;)h — h in the inductive limit
topology.” Notice that

gg/(ei)h(’r? t) = (eihl (Ta t)? t)'

Since each A, is an A, — A-imprimitivity bimodule, e;hy(r,t) — hy(r,t) for
any (r,t) € G x3; G. Fix € > 0. Since a — ||a|| is continuous on .o/, we can
cover supp hi with open sets V1,...,V, and find a; € A, such that

llajha(r,t) — ha(r,t)|| < % for all (r,t) € Vj.

Let {p; } € CF(G x1; G) be such that supp p; C Vj and 3, ¢;(r,t) <1 for
all (r,t), with equality for (r,t) € supp hy. Define a € C.(G xy; G, A¢) by

r t) = Z(p]’(’l",t)aj.

Then .
lla(r,t)hi(r,t) — hi(r, )| < 3 for all (r,t).

Clearly, there is an ig such that ¢ > ¢ implies that

”@ia(r7 t) — a(?"’ t)” < for all (’I“, t)

5
3([[Palloo +1)
Since ||le;|| < 1 for all 4, we see that ¢ > iy implies
1657 (ei)h(r, t) — h(r,1)]

= lleiha(r;t) — ha(r,1)]]

<|leihi(r,t) — e;a(r,t)hi(r,t)|| + |lera(r,t)hi(r,t) — a(r,t)hi(r, t)]]
+ ||a(r, t)h1(r,t) — ha(r, t)||

< 2l 1) — afr, Ohs ()] + lesar, 1) = alr, )]s o
e € €

< 3 + 3 + 3¢

"This could be proved using [16, Lemma 8.1]. However, the proof of that lemma given
in [16] is incorrect. Fortunately, it can be fixed along the same lines as presented here.
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Therefore 05{ (e;)h — h uniformly, so since supp 06‘7 (e;)h = supp h for all 4,
we have 0 (e;)h — h in the inductive limit topology, as desired.

Finally, for strict continuity we note that our separability assumption on
p: &/ — G guarantees that o7 is second countable [11, Proposition 11.13.21].
Thus, it suffices to show that 96% takes convergent sequences to strictly
convergent sequences.

So suppose {a;} is a sequence converging to a in /. Let s = p(a),
and for each i, let s; = p(a;); so s; — s in G. Since {a; } must lie in a
norm-bounded subset of &7, the image { 6§ (a;) } is a bounded sequence in
M(C*(G xy, G, 1 G)). Thus it suffices to show that 6§ (a;) — 0§ (a)
«-strongly [21, Proposition C.7]. Since a} — a* and 0657 is *-preserving, it
suffices to show strong convergence. Since {6 (a;) } is bounded, it suffices
to show that 65 (a;)h — 6 (a)h in the inductive limit topology for each
h € FC(G X1 Gy & Xyt G)

We can replace {a;} by a subsequence (keeping the same notation) such
that the s;’s lie in a fixed compact neighborhood of s. Then the supports
of the 9637 (ai)h’s all lie in a fixed compact set, so it suffices to show that
0 (a;)h — 0 (a)h uniformly. If not, then there are (r;,¢;), all lying in a
compact subset of G xj; G, and an € > 0 such that

(5.4) 105 (i) h(ri, ti) — 05 (a)h(rs, ti)]| > .
Of course, we can pass to a subsequence, relabel, and assume that (r;,¢;) —
(r,t). But the left-hand side of (5.4) equals

(5 5) ”azhl( Tzatz) ahl( 7“1, )H

Since (a;, h1(s; 4, t;)) and (a, h1(s~'7;,t;)) both converge to (a, k(s 'r,t))
in &/ X, and since multlphcatlon is continuous from &/ x &/ — &/, it follows
that azhl( Ly, ti) —ahi(s~'r;,t;) tends to 04, in @7. Therefore, (5.5) tends
to zero, and this contradicts (5.4). Thus g is strictly continuous.

Having dealt with 65/, we turn to the definition of 6. For f € Cp(G)
and h € T'.(G Xy G; & Xy G) define

(5.6) (Oc(f)h)(s;t) = (f(st)hi(s, 1), t).
We note that (5.6) makes perfectly good sense for f € Cy(G)™, and then
0c(fg) = 0a(f)bc(g) for f,g € Co(G)~. Another computation shows that

(0c(H)h k)= (h . bc(F)k)
for all such f. Writing ||f|]2 — ff =gg for some g € Co(G)™, we thus have
113 Ch s By = (B (H)R , 0a(f)R) = (ba(9)h , ba(g)h) > O
for all h. Therefore O¢( f) is bounded and we get a x-homomorphism of

CD(G) into M(C*(G X1t G, JZfN]tg)).g3

8n fact, modulo the obvious identification of G with (G X1 G)(O)7 0 is just the natural
map of Co(G?) into the multiplier algebra of the C*-algebra C*(G, %) of a Fell bundle
over a groupoid G.
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We let 6., be the integrated form of 6§ (see Lemma 1.3). To see that
(0, 60¢) is covariant, we will use Proposition 3.4. For as € A, f € C.(G),
heT.(G x G; o x G), and r,t € G we have

(05 (as)0c(f)R) (r,t) = (as(0c(f)h)1 (s r, t)A(s)%,r)
= (asf(s7'rt)ha (s, t)A(s)% r)
= (ts(f)(rt)ashi (s 'r, 1) A(s) 2, 7)
= (I6(N ) (OF (as)h) (r,t), )
= (0 o 1ts(£)0 (as)R) (r, ).
To verify (5.2), for h € T.(G xy; G; . X1y G) we have

(0. (£ )06(0)0) 5:6) = [ (65 (£ )oc(0)1) (00

Nl=

= /((A%f) X g) (r,r_lst)h(r_ls,t) dr

= (((AZf) B g) *h)(s.1).

As outlined at the start of the proof, it follows from the above that the
integrated form 6 = 6, x 6 maps A x5 G onto C*(G xy; G, X1 G).
To show that 6 is faithful, we will now construct a representation II of
C*(G xy, G, Xy G) such that II o § is the regular representation A =
(Ter @A) 0d % (1® M) associated to a faithful representation m, of C*(G, 7).
This will suffice since A is faithful by [4, Remark A.43(3)].

So let my be a faithful nondegenerate representation of C*(G,.27) on a
Hilbert space ‘H. Of course, 7, is the integrated form of a representation
7r°§{ of &7, by Lemma 1.3. For h € I'.(G x1; G; & x1; G) and £ € C.(G,’H) C
H ® L?(G), define Ty (h)¢ : G — H by

60 @m0 = [ (s ) DA ds

the integrand is in C.(G x G, H), so (5.7) does define a vector in H, and
IIy(h)§ € C.(G, H). It follows that (5.7) defines a linear operator IIy(h) on
the dense subspace C.(G,H) of H® L*(G).

By [16, Theorem 4.13], to show that IIy extends to a representation

I1: C*(G %y, G, o x; G) — B(H® L*(Q)),
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it suffices to show that Iy is a pre-representation of &7 xy; G on C.(G,H).
Recall from [16, Definition 4.1] that to say that Il is a pre-representation
means that [Ty : To(G X1, G; o7 X11G) — Lin(C.(G, H)) (where Lin(C.(G, H))
denotes the algebra of all linear operators on the vector space C.(G,H)) is
an algebra homomorphism such that for all {,n7 € C.(G,H):

(i) h — (IIo(h)€ , n) is continuous in the inductive limit topology;

(i) (Mo(R)E , n) = (€, Mo (h*)n); and
(iii) Ho(Te(G x1, G; o Xy G))Ce(G, H) has dense span in H ® L*(G).

IIy is obviously linear; we verify that it is multiplicative: for
f?.QEFC(G X1t G;'Q{Xlt G) and ée CC(GvH)

we have

(I (f * g)€)(¢)
- / I ((f g1 (s,57 1)) E(s~ M)A (s)~ ds

//7[‘0 fi(r,r g (r ls,s_lt))ﬁ(s_lt)A(s)_%dsdr

which, after s — rs, is

= /G/GWg{(fl(rjr_lt)gl(&S_IT_lt))f(S_IT_lt)A(rg)_% ds dr

:/Gwéy(fl(r,rlt))
: (/ 7 (g1(s, s~ 1)) (s ) A(s) ds>A(r)—§ dr
G

= (Mo (f)Mo(9)€)(1).

For (i), it suffices to show that if K C G x G is compact and {h,} is a
sequence converging uniformly to 0 in ' (G X3y G, &7 Xy G) then

(Tlo(hn)€ ,my — 0 for all £,n € C.(G, H).
We have

(To(h)é , ) = /G ((Uo(hn)€) (8) . (1)) dt

—/G/G<7r{j{(hn(s,slt))§( s71)  n(t))ds dt,

which converges to 0 since the integrands converge uniformly to 0 and the
integration is over a compact set.
For (ii) we have

(To(1)¢ . n) = [ () (0) n(e)
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= [ s (s ) )5 (0) v
GJG
= / /<§(51t) , wﬁf(hl(s,sflt)*)n(t)>A(s)*% dtds
GJG

which, after ¢ — st, is

= [ [ {07 a0 (o) 55) s
GJG

which, after s — s~ is

_/G G<§(t) cwd (ha (s~ 0 )n(s 1 ))A(s) "2 dt ds
= [ [ {6 w0 0)A) dsar
GJG

= [ tew. (mawm) @)
= (&, Io(h*)n).

For (iii), it suffices to show that for f € I'.(G; «7) and g € C.(G) we have
o((A2f) 8 g) = (my ® A) 0 6(f)(1® My),

because the ranges of the operators on the right-hand side have dense span
in H ® L?(G) since the regular representation of A x5 G is nondegenerate.
For £ € C.(G,H) we have

(HO((A%f)@g)f)(t) _/Wé{((f@g)l(s,s1t))§(81t)A(s)éds

°y

(f())g(s't)E(s™ ) ds

N

3
]

(f()(My€)(s™ ') ds

Il
)
e R

(f(3))(AsMy&)(t) ds
(77 (f(s) @ AsMy)€) () ds

(rar (£ (5))) © MM, ) (£) s

((mr @ ) (e(£(5)) @ uls)) (1 ® My)€) (t) ds

I

((mer @ X) 0 8(e(f () (1 ® My)E)(t) ds
(T ® A) 0 6(f)(1 ® My)E)(t).

I
—
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As we explained above, we now can conclude that IIy extends uniquely
to a nondegenerate representation II of C*(G x; G, &7 Xy, G), and then the
above calculation verifies that II o § agrees with the regular representation
A= (my @A) od x (1®M) on the generators ja(f)ja(g) for f € T'(G; &)
and g € C.(G). Hence I[To§ = A on all of C*(G, o) x5 G by linearity,
continuity, and density. ]

6. Semidirect-product bundles

To prove our main theorem in Section 8, we are going to need to build
a Fell bundle over groupoid arising as a semidirect product. In this sec-
tion, we give the construction of this semidirect-product Fell bundle. We
will investigate the structure of the corresponding Fell bundle C*-algebra in
Section 7.

To begin, let G be a locally compact Hausdorff groupoid with Haar system
{ A% }ueg, and let G' be a second countable locally compact group. An
action of G on G is a homomorphism 3 : G — Aut G such that (z,t) — Fi(x)
is continuous from G x G to G. (Note that automorphisms of a groupoid
do not necessarily fix the unit space pointwise.) Given an action 5 of G on
G, the semidirect-product groupoid G X g G comprises the Cartesian product
G x G with multiplication

(z,)(y, 5) = (2Bu(y), ts)
whenever s(z) = B¢(r(y)) and inverse (z,t)~' = (B;-1(z~1),t71) ([22, Defi-
nition 1.1.7]). Note that we have (G x5 G)? = G° x {e}, with

r(z,t) = (r(x),e) and s(z,t) = (B; " (s(x)),e).
Also note that C.(G) ® C.(G) is inductive-limit dense in C.(G x5 G).
Now suppose p : & — G is a separable Fell bundle over G. An action
of G on £ is a homomorphism « : G — Aut % such that (b,t) — oy (b) is
continuous from £ x G — 4, together with an associated action 8 of G on

G such that p(ay(b)) = B¢(p(b)) for all t € G and b € A.

Remark 6.1. The compatibility of a and 3 allows us to write down, for
each ¢t € G, an automorphism &, of I'.(G; #) given by

(6.1) ar(f)(@) = ar(f(B; ' (2).

Since @; is clearly continuous from the inductive limit topology to the norm
topology, it follows from Proposition 1.8 that @; extends to an automorphism
of C*(G,%A). Similarly, t — @ (f) is continuous from G into C*(G, A), so
we obtain an action @ of G on C*(G, A).

Proposition 6.2. Let « be an action of G on a Fell bundle p : &/ — G, with
associated action 3 of G on G. Then the Banach bundle g : Zx,G — GxgG
with total space B x G and bundle projection q(b,t) = (p(b),t) becomes a
Fell bundle when equipped with the multiplication given by

(b, t)(cy, 5) = (bpou(cy),ts) whenever s(x) = r(B(y))
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and the involution given by
(bm t)* = (atfl(bﬂﬂ)i til)'

We refer to a Fell bundle which arises from a group action as in Proposi-
tion 6.2 as a semidirect-product Fell bundle.

Sketch of Proof. For convenience, we'll write C', ;) for the fibre of # x, G
over (z,t). Verifying the axioms that & x, G is a Fell bundle is routine
with the possible exception of seeing that C(;4) is a C(r(q) ) *C(ﬁt—l(s(l,))’e)-
imprimitivity bimodule via the operations inherited from % x, G. How-
ever, C(;4) is naturally identified with B, and the latter is given to be a
B, () = By(z)-imprimitivity bimodule with respect to the operations inherited
from Z. Furthermore, oy restricts to a C*-algebra isomorphism of B 571 (s())
onto By(;). Therefore B, is naturally a B, () fBﬁt_1(s($))—imprimitivity bi-
module. The right action is given by z - b = za4(b) and the right inner
product is given by

-1
(x,y)Bﬁgl(s(z)) =a; ((x,9)s,,,)

Now it is a simple matter to see that the given operations in & x, G induce
the same structure on C', ;) as does the identification of C', ;) with By. [

In order to have a Haar system on a semidirect-product groupoid G x5 G,
we will need 3 to be compatible with the Haar system on G in the following
sense.

Definition 6.3. An action 8 : G — Aut§ is invariant if for all v € GO,
f € CuG), and t € G we have

/ F(Bily)) dX“(y) = / F(y) N (y),
g g

i.e., B; transforms the measure on 7~!(u) to the measure on r~(3;(u)). If
oG — Aut £ is an action on a Fell bundle 24 — G with associated action
8 :G — Aut G, we say « is invariant if 3 is.

Proposition 6.4. Let §: G — Aut G be an invariant action on a groupoid
G with Haar system {\"} cg© . Then

ANy, 5) = dN(y) ds
is a Haar system on G x5 G.

Proof. The left-invariance property we need is that for h € C.(G x3 G) and
(x,t) € G xg G we have

[ h@nw.) e = [ b)),
gxQG

gGxG
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and it suffices to take h = f® g, where f € G.(G) and g € C.(G). Fixx € G
with s(z) = v and r(z) = u. In the left-hand integral we must have

(T(y)ve) = r(y,s) - S(:L',t) - (ﬂt_l(s(x)),e) - (ﬁt_l(’u),e),

and in the right-hand integral we must have

(r(y).e) = (r(z),e) = (u, e).
Since

(2, )(y, s) = (2B:(y), ts),

we must show that

/ / F(xB(y))g(ts) ds dAPr ¢ / / f(y)g(s)dsd\"(y).

We have

// F(@Bi(y))g(ts) ds A € /f 2B (y / (ts) ds dNF @) (y)
| rena o | o
g G

and similarly

//f s)ds d\"(y /f ) A" (y /()d

so it remains to verify

/ F(xBi(y)) dNP @ (y / F(y) dX“(y

But invariance of the action § gives
/ F(xBi(y)) dNP @ (y / f(zy) dX*(y

which equals fg y) dA"(y) because A is a Haar system. O

For reference, we record the formula for convolution in C.(G xg G):

(h*k)(x,t) // (y,s Yy lz), s~ )dsd)\r(x)( ).

Thus in I'.(G xg G; & x G) the convolution is given by

it = [; /c h(y, )k (85 (u™'2), 571) ds dN" 0 (y)
- /g/c(hl(y’ s),8) (k1 (B (y~ta), s7H), s71E) ds dA"@) (y)
= é/a(ln(y, s)as (b (7 (y~ ), 571) ), 1) ds dN@ ().
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As with product bundles (see Section 2), each section h € I'c(GxgG; B x Q)
is of the form

h( ) = (hl(x’ )7t)7
where hy € C.(G x5 G, AB) satisfies hy(z,t) € B;. So in particular
(6.2) (h*k) / / hi(y, s)as (k1 (B (y~ta), s71)) ds dA™@) (y).
The involution in I'c(G x5 G; % X

G)
h*(x,t) = h((z,t)"1)" —h(ﬁt (™)
= (cr(M (B (@), t71)") 1

so in particular

is given by

AN = (h (B @), ) )
)7
hi(z,t) = ar(ha (B (271,717,

7. Action crossed product

We now relate the C*-algebra of a semidirect-product bundle to the
crossed product.

Theorem 7.1. Let p : B — G be a separable Fell bundle over a locally
compact Hausdorff groupoid with Haar system {\"},cq), and let o : G —
Aut B be an action of a second countable locally compact group G on B
with an tnvariant associated action B of G on G. Let

q: B xaG—GxgG

denote the associated semidirect-product Fell bundle over the semidirect-
product groupoid as defined in Section 6, and let @ : G — Aut C*(G, A)
denote the concomitant action described in Remark 6.1. Then there is a
unique isomorphism

0:C*(G, B) x5z G — C*(G x3G, B x40 G)

such that if f € T¢(G; AB) and g € C.(Q) then o(iz(f)ic(g)) is the continu-
ous compactly supported section of B xo G given by

(7.1) a(iz(Nic(9)) (x,t) = (f(@)g(t)A(1)7,1).

Proof. Uniqueness is immediate from density. For existence, we will ob-
tain o as the integrated form of a covariant homomorphism (o4,05) of
(C*(G,4%),G, @) into M(C*(G x5 G, % xq G)) such that

(7.2) o5(f)oc(g) = R (AZg) € TG x5 G5B x4 G)

for f € Tc(G; %) and g € C.(G). It will follow that o maps C*(G, #) xg G
into C*(Gx 3G, B xoG), satisfies (7.1), and is surjective because the sections
in (7.2) have inductive-limit-dense span in I'.(G x5 G; % X G).

To define 04, we appeal to Proposition 1.7, viewing C*(G x 3G, X ,G) as
a right Hilbert module over itself, with dense subspace I'.(G X3 G; # xo G).
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For f € I'.(G; %) we define a linear operator oz(f) on I'c(G x5 G; B xo G)
by

(0:(£)h) () = /g (F@)ha(aty, 1), £) AN (z).
Seeing that 04 : I'c(G; #) — Lin(I'¢(G x5 G; B x4 G)) is an algebra homo-

morphism is straightforward: for f,g € I'c(G; &) and h € I'.(G x3G; BxoG)
we have

(02(f)oz(g)h)(y.t) = /g(f(x)((j%(g)h)l(l’1y,t),t) I (@)
:/g/g(f(l’)g(z)hl(zlx1y,t),t) d)\s(f’f)(z) d)\r(y)(x)7

which, after using Fubini and sending z — z 1z, is

= /g/g(f(x)g(x_lz)hﬂz_ly,t),t) d)\r(y)(%) d/\r(y)(z)
- /g(f*g(z)hl(z_ly,t),t) dN"W)(2)

= (05(f * 9)h)(y,1).

Thus, it remains to verify that o4 satisfies (i), (ii) and (iii) of Proposition 1.7.
To check (i), we compute as follows. For h,k € I'.(G x5 G; & xo G), we
have

<U@(f)h ) k>l($,t) = ((U%(f)h)* " k)l(ﬂ?,t)
— /g/G(U%(f)h)f(y,S)as(kl(gs—l(y—lx)’ 1)) ds AN @) ()

_ /g /G s (e M ()57 s (ka8 (2, 510) ds X O 3
= [ [osrme a0 s) ok (0 7 . 710)

A8 ) (2) ds dA"®) (y)

:/g/G/gas<h1(z_1/85_l(y_1)73_1>*f(2')*k1(ﬁs_1(y_133),3_1t))
AN ) (2) ds dAT@) ()

which, after z — ;7 1(y~1)z for fixed y, is

) /Q/G/ga (s 67 ) k(07 ) s 7h))

AN W (2) ds dAT@ (y)
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which, by invariance of the action  (in the variable z), is

= /Q/G/gas (hl(ﬂ;l(zfly 571)*(}”(5;1(yilz))*kl(ﬂgl(yfla:), Silt))
)\s(yil)(z) ds d}\r(:c) (y)

which, by Fubini, is

= /g/G/;as <h1(5;1(2*1)73*1>*f(ﬁ;1(y )) kl(ﬂ (y 11,) Silt)>

which, after y — zy for fixed z, is

— /g/G/gas <h1(551(271),fl)*f(ﬁgl(yil))*k1(5;1(y*1z*1x),sf%))

which, by invariance of 8 (in y), is

= /Q/G/gas <h1(5;1(271),371)*f(y71)*k1(yilﬂgl(zflx%sflt)>
AN ) () ds X (2)

= /g/G/gOés (hl(ﬁs_l(z—l)’ S—l)*)as(f*(y)kl(y—lﬁs—l(z—lx)’S_lt))
d}\r(ﬁs_l(zflz))(y) ds d)\r(:v)(z)

// (2, 8)as (0 (f)R)1(B (27 e), s7 1)) ds dA" @ (2)

(05 (f)k)), (2,1)
:<h,033 /{7>l :L',t.

To check the continuity condition (ii) of Proposition 1.7, it suffices to
show that if L C G is compact and f; — 0 uniformly in I'z(G, %), then for
each h,k € I'c(G xg G; B x o G) there exists a compact set K C G xgG such
that (o(fi)h , k) — 0 uniformly in T'x (G X3 G, # x4 G). Using continuity
of the action of G on G, it is routine to verify that for any such A and k&
there exists a compact set K such that supp<a@( fh, k:> C K for every i.

Then, to verify uniform convergence, we notice that for each 1,
I{oz(fi)h s k)lloo < M| filloollAlloo Koo
where M = sup, g0 e (K.

For the nondegeneracy condition (iii) of Proposition 1.7, note that if f, g €

I.(G; %) and h € C.(G), then
oa(f)(g®h) = (fg)Hh,
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where g h € T'.(G x3G; B xo G) is defined by (¢Xh)(z,t) = (g(z)h(t),1).
Letting f run through an approximate identity {f;} for T'.(G; %) in the
inductive limit topology (see [16, Proposition 6.10]), we have f; x ¢ — g,
hence (f; * g) K h — g X h, both nets converging in the inductive limit
topology. Since such sections g X h have dense span in I'.(G x5 G; B xo G),
hence in C*(G xg G, %A X, G), nondegeneracy follows.

Now we conclude from Proposition 1.7 that o4 extends to a nondegener-
ate s-homomorphism of C*(G, #) into M (C*(G xgG, B x4 G)), as required.

We now turn to og. Fix s € G, and for each h € I'o(G x5 G; % xq G),
define og(s)h € (G xg G5 B xo G) by

(0a(s)h) (@, ) = (as (b1 (B (x), 57 1)) Als)2, ).
Then for h,k € T'(G x5 G; & xo G) we have
<Ug(s)h , ag(s)k:>1(a:,t) = ((Ug(s)h)* * (ag(s)k:)) (z,1)
- /g /G (0a($)h)i(u on (Ga()k) (B (1), 1)) dr dAT@) (y)

= [ [ arliootemn(er )
GgJG

ar((oa()k)1 (B8 (™ ), r 1)) dir dA™@) (y)
://Oér(as(m(ﬁ;l(ﬁfl(y_l)),s_lr_l)*A(s)é)
e

o (C)és(kl(ﬁ;l(ﬁr_l(y_lx)), s_lr_lt)A(s)%) dr d)\"@®) (y)

:/QLars(hl(ﬂml(yl),(TS)1)*)
ars (k1 (Bt (y '), (rs) 7't)) A(s)dr dA"@)(y)

which, after r — rs™1, is

:// ar(hl(ﬁr_l(y_l)ﬂ“_l) )Oér(kl(ﬁ (y 1$) r )) d’l“d)\r(x)(y)

//h* y, Yo (k1 (B (y ™ ), v 7)) dr AN (y)
(b« k)1(z,t) = (b, k), (2,1).

Since we clearly have og(s)og(t) = og(st) and og(e) is the identity, it
follows that og(s) defines a unitary in M (C*(G xg G, % X, G)).

To see the resulting homomorphism og : G — M(C*(G x5 G, % xo G))
is strictly continuous, it suffices (by [21, Corollary C.8]) to show that if
si = ein G and h € I'.(G X3 G; B xo G) then og(s;)h — h in the inductive
limit topology. Without loss of generality all the s;’s are contained in some
compact neighborhood V of e. Choose compact sets K C G and L C G such
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that supph C K x L. Then for each ¢ we have
supp og(si)h C fy-1(K) x V'L,

which is compact by continuity of the action 8. The uniform continuity of
h and continuity of the actions a and 3 guarantee that

lim asi(hl(ﬂsf(a:),si_lt)) = hy(z,t)

uniformly in (z,t), so og(s;)h — h uniformly. Thus og(s;)h — h in the
inductive limit topology.

Now we verify that the pair (0g,0q) is covariant for (C*(G, %), G, ).
If f elG; %) and s € G, then for each h € I'.(G x5 G; % xo G) and
(y,t) € G x5 G, we have

(O-G(S)O-%’(f)h) 1(y> t)
= as (o (/)1 (8, (y), s711) Als)?

= /g as(F(@)ha(z7 87 (), s 7)) As) dAO W) ()

which, by invariance of 3, is
= [ an(FB @) (3 )57 ) Al N )

_ L @o(£)(@) (oa(s)h) ,(z 1y, ) AW (z)

= (ox(@(f)oc(s)h),(y.1t).

Next we verify (7.2): for h € I'.(G xg G; B xo G) and (y,s) € G xg G, we
have

(o2(f)oa(g)h)(y, s)

(/ f(@)(oa(g)h),(z y,s) dAT(y)(a:),g)
(//f t)ay hl(ﬁ Ya=ty), et ))A(t)édtd/\"(y)(x),s>

/ / Hae (b (B (@ y) 17 1s)), 5) At dt ANV (2)

s

// £ 8 (A2g)) (2, (B a1y, tLs) dt dNT) (z)

— ((f& (Azg)) * h)(y, s).

As outlined at the start of the proof, it follows from the above that the
integrated form o = 04 X og maps C*(G, %) xgG onto C*(Gx 3G, B xG).

l\.’)\»—t

) (h (B (27 ty), t1s), t 1) de dN W) (2)
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To show injectivity of o, it suffices to find a left inverse. We will begin by
constructing a *-homomorphism 7 : I'e(G X3 G5 B xo G) — Co(G,T'(G; %))
which is continuous for the inductive limit topologies on each algebra, where
(of course) I'.(G; A) is also given the inductive limit topology. Then, the
composition

T (Gx5G; BxaG) D Co(G,To(G; B)) — Cu(G,C*(G, B)) — C*(G, B)xaG

will be continuous from the inductive limit topology to the C*-norm topol-
ogy, and hence, by Proposition 1.8, will extend to a homomorphism, which
we will also denote by 7, of C*(G xgG, % x o G) into C*(G, #) xgG. Finally,
we will check that 7 o 0 = id on generators, and this will suffice.

For h e T'.(G xg G; & x4 G) and t € G, it is clear that the rule

i hy(z, ) A(t) 2

defines an element 7(h)(t) of I'.(G; #). The discussion in [11, I1.15.19] shows
that the map t — hi(-,t) from G into I'.(G; £) is inductive-limit continuous,
and it follows that t — 7(h)(t) defines an inductive-limit continuous map

7(h) from G to T'.(G;%). Since 7(h) obviously has compact support, we
therefore have 7(h) € C.(G,T':(G; %)), with

7(h)()(z) = hi(z,)A(t)"2 fort € G and z € G.

Now the rule h +— 7(h) gives a map 7 with domain I'.(G x5 G; & x4 G)
which is clearly linear. To show that 7 is continuous for the inductive limit
topologies, it suffices to show that if K C G and L C G are compact and
{hi} is a net in I'gx (B X G) converging uniformly to 0, then 7(h;) — 0
in the inductive limit topology of C.(G,T'.(G; %)). Since supp 7(h;) C L for
all 4, it suffices to show that 7(h;) — 0 uniformly. But this is obvious, since
h; — 0 uniformly.

Next we show that 7 is a *-homomorphism. For h,k € T'.(Gx3G; B xoG)
we can use the argument? of [24, Lemma 1.108] to conclude that 7(h) *7(k),
which is a priori an element of C.(G, C*(G, %)), lies in C.(G,T.(G; $)) and
that we can pass “evaluation at x” through the integral in the third line of
the following computation:

(T(h) = 7(k)) (t)(x)
_ ( / T(h)(s) * @ (r(k) (s~ 1)) d5> (@)
G

_ /G (r(h)(s) * @ (r(k) (s~ 10)) ) () ds
— [ [ @@ @ 0)w e v ) ds
GJG

9Lemma 1.108 of [24] as stated does not apply to a section algebra I'.(G; %) sitting
inside a bundle C*-algebra C*(G, %), but it is easy to see that the argument gives the
conclusion we need here.
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/ / ha(y, ) A(s) Eas (r(B)(s~1) (57 L (5~ 12)) ) AN @) (y) ds
_ / / by, S)A(S)_ias(kl(ﬁ;l(y_lw),s‘lt))A(s_lt)_%dAT(x)(y) ds
GJG

= (h* k)1 (z, t)At)~

= 7(hxk)(t)(z),
so 7T is multiplicative. For the involution, we have

T(h)*()(z) = @ (r(h)(t 1) Al™) («)

() E ) (@)Ar)
(r(M) ()" (Bi-1(2))) A
(T () (B (@)
( (t
(

N

()
NG
)2) A

t

[
e 2 £

I
2

)
t hl(ﬂt 1T ,t 1)A
¢ (h1 (B
(h*)1(z, t)At)~
= 7(h")(8)(x).

Finally, we check 7 o o = id on generators of the form iz(f)ig(g) for f €
'(G;#) and g € C.(G):

Too(izn(f)ic(g)t)(z) =

2

(@)
(a7,

8. The canonical surjection is injective

Since Fell bundle C*-algebras are generalizations of crossed products by
actions, our main result generalizes the fact ([3, Proposition 3.4]) that the
dual coaction on a crossed product is always maximal:

Theorem 8.1. Let o/ be a separable Fell bundle over a group G, and let
d be the associated coaction of G on C*(G, <) as in Proposition 3.1. Then
the canonical surjection

®: C*(G, o) x5 G x; G — C*(G, ) ® K(L*(G))
is an isomorphism; hence 6 is mazrimal.

To do prove Theorem 8.1, we will factor & into three isomorphisms,
each involving the C*-algebra of a Fell bundle over a groupoid. These
isomorphisms will be presented in Propositions 8.2-8.4. We will use the



COACTIONS AND FELL BUNDLES 351

following notation for canonical maps related to the double-crossed product

C*(G,JZ{) >45G><]SG:
ko = icn(G,a)xsG © oGyt CF (G, ) — M(CH(G, o) x5 G x5 G)
kC(G) = iC*(G,M)XI(;G ojg: Co(G) — M(C*(G, o) xs G X5 G)
b = ig: G — M(C*(A,G) %5 G x; G).

Note that the double-crossed product is densely spanned by products of the
form

k%(f)]{fc(g)(g)k’g(h) for f € FC(G; 527) and g,h € CC(G).

Our first isomorphism involves an iterated product Fell bundle. As in
Section 4, let ./ X, G be the transformation Fell bundle over the transfor-
mation groupoid G X3y G. The group G acts on both G xj; G and & X}y G
by right translation in the second coordinate:

(idg x rt),(s,t) = (s,tr~ ') and (idy x rt),(as,t) = (as, tr ).
Thus we get a semidirect-product Fell bundle
o X1 G Xid, xrt G5

for simplicity, we will denote the corresponding semidirect-product groupoid
(G x1 G) Xidgxrt G by S.

The action of G on G x|; G is invariant in the sense of Definition 6.3, since
for each (e,u) € (G x1;; G)? = {e} x G, f € C.(G x1; G), and r € G we have

/ F((idg x 1t),(s,1)) dA@W (5,) = / F((idg x ),(s, s u) ds
Gx11G G
:/f(s,s_lur_l)ds
G
- / F(s,t) XD (s, 1)
Gx11G

— / f(S, t) d)\(idG xrt)r(e,u) )
GXltG

Therefore Proposition 6.4 gives a Haar system on S, so we can form the
Fell-bundle C*-algebra C*(S, . xi G Xid_, xit G)-

Proposition 8.2. There is an isomorphism
O:C*(G, ) x5 G xs G — C(S, o X1t G Xidyxrt G)
such that, for f € T.(G; %) and g,h € C.(G), the image
Ok (fkce) (9)ka(h))
is in I'e(S; o X4 G Xid, xrt G), with

(8.1) O (ke (M) (@)ka(h) (r,,8) = (F(r)g(s)hHA(r)Z, 5,1).
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Proof. Theorem 5.1 gives an isomorphism
0:C"(G, o) x5 G— C*(G xyy G, o x1; Q)
such that )
0(jc=(a.x)(flic(g) = (Azf) g
for f € T'e(G;e/) and g € C.(G). We want to parlay this into our isomor-
phism O. First, we verify that 6 is equivariant for the dual action of G on

C*(G, 47) x5 G and the action (id, x rt) coming from the action of G on
o/ xy, G. Note that for h € I'.(G xy; G; & Xy G),

(ide x 1t) 5(h)(t,7) = (ha(t,75),7).
Thus for f € T'.(G; <), g € Co(G) and s € G we have

(ide % 1t) 5 0 0 (jo (G, (f)ic(9)) (t,7) = (idzzf X rt)f (A2f)Rg)(t,7)

( g(rs), t)
= (A(t g)(r),t)
- ((A%f R rt(9)) (¢, 7).

so that
(ides X 1t) 5 0 0 (jor (o) (Fia(9)) = 0(ic(c.0) (f)ic(rts(g)))
=6 (55 (oo (f )JC(!J)))

= 0005 (jo- () ()ic(9))-
Therefore we have an isomorphism
OxG:C* G, ) x5 Gx; G— C(G x G, o ¥y G) X (id by x1t)” G.
Now, Theorem 7.1 gives an isomorphism
o:C*(G xy G, o X1 G) )fG—>C*(S,¢z% X1t G Xid , xrt G)

taking a generator ic«(gx, G, x, @) (k)ic(h) for k € T (G xyy G; o Xy G)
and h € C.(G) to the section of &7 X G Xiq_, xrt G given by

0 (10 (G ey (KNG (1)) (ry 5,8) = (K(r, )h(t)A(t)2, 5,1).

We now define © to be g o (6 ¥ GG), and it only remains to verify (8.1).
We have

O (kw (fkc(a)(9)ka(h))
=00 (0 x G)(ic-(ag)xsc (io (G0 (Nic(g))ia(h))
o ((0 x G)(ic+(a,g)xsc (Jor (o) (Nia(g))ia(h)))
)ic(9))ic(h))
(h)).

(id gz X1t

0 (ic+ (G Gy xn @) © O (oo (f
(

=0 ZC*(letG,ﬂxltG)((AQ )ﬁg)ze
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SO
1 1
O (ko (f)kcc)(9)ka(h))(r,s,t) = (A2 f) K g)(r, s)h(t)A(t)2,t)
= (f("g(s)h A7, 5,1). O
For our second isomorphism, we let £ denote the equivalence relation
groupoid G x G on the set G, and we endow & with the Haar system A(5) =
ds X A, where J; is the point mass at s, and X is Haar measure on G. We then

form the Cartesian product Fell bundle &/ x £ over the Cartesian product
groupoid G x &, in analogy with the group case in Section 2.

Proposition 8.3. There is an isomorphism
U :CHS, o x4 G Xidyxt G) = C*(G x E, 9 x E)
such that, for f € T'o(S; o X1y G Xid,, xrt G), the image
U(f)eT(Gx & o xE),
with
(8.2) T(f)(r,s,t) = (fi(r,r 's, s71rt), s, t).

Proof. First notice that the groupoids S = (G x; G) Xiq,, xrt G and G x €
are isomorphic via the homeomorphism ¢ : § — G x &€ given by ¢ (r, s,t) =
(r,rs,st). Furthermore, the homeomorphism ¥ : & Xy G Xiq,, xrt G —
o/ x & given by ¥y(a,,s,t) = (ar,7s,st) is a bundle map which covers 1
and is an isometric isomorphism on each fibre. Routine computations show
that Wq also preserves the multiplication and involution. Hence we can
define a *-isomorphism W : T'o(S; 7 X1y G Xid, xrt G) = Te(G x E;.9 x &)
by
U(f)(r5,1) = Wo(f( 7 (r,5,)) = (falr,r7 s, s7'rt), 5,8).

Because ¥ is a homeomorphism, ¥ is homeomorphic for the inductive limit

topologies; therefore ¥ extends to an isomorphism of the bundle C*-algebras
which satisfies (8.2). O

Proposition 8.4. There is an isomorphism
T:CHGxE o xE) — C*G, o) @ K(L*(Q))

such that, for every faithful nondegenerate representation 7 : C*(G, o) —

BH), feT(Gx& o xE), and § € C.(G,H), we have

(83)  ((x®id)o T(H)E)(s) = /G /G 7o (f1(r,5,0)E)A () drdt,

where mg = mo v as in Lemma 1.3.

The proposition depends on the following lemma, which may be of general
interest. As above, o7 x G denotes the Cartesian product bundle over the
Cartesian product groupoid G x G.
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Lemma 8.5. Let G be a second countable locally compact groupoid such that
C*(G) is nuclear. There exists an an isomorphism w : C*(G x G, o x G) —
C*(G, o) @ C*(G) such that

w(gRh) = (A_%g) ®@h for g eT(G;o) and h € C.(G),
where g h € T.(G x G; o7 x G) is defined by (g h)(s,z) = (g(s)h(x),x).

Proof. For a; € Ay, define a linear operator pf (a;) on T'o(G x G;.o7 x G)
byl()

(08 (a)h) | (5, 2) = apha (¢ "5, 2) A(t)3.

Then a computation shows that
(o5 (ar)h , kY= (h, p (a})k) for h,k € To(G x G;./ x G),

where we are viewing C*(G x G, o/ x G) as a right Hilbert module over itself
with dense subspace I'.(G x G; .7 x G). Just as in the proof of Lemma 1.2,
it follows that p¢(a;) is bounded as an operator on C*(G x G, .« x G) with
adjoint pg(a), and that the rule a; +— p¢’(a;) therefore extends to a -
homomorphism p§ of &7 into M(C*(G x G,/ x G)). The proof that p§
is nondegenerate and strictly continuous also closely parallels the proof in
Lemma 1.2 and will be omitted. Using Lemma 1.3, we get a nondegenerate
homomorphism p,, : C*(G, &) — M(C*(G x G, & x G)).

Similarly, for g € C.(G) we define an operator pg(g) on I'.(G x G; &7 x G)
by

(po(g))1(s,2) = /g a()ha(s,y~12) AN ().

Another computation shows that
(pg(9)h k)= (N, pg(g*)k) for hk € Te(G x G5/ x G).

Thus condition (i) of Proposition 1.7 is satisfied, and condition (ii) is not
hard to check. Condition (iii) follows from the existence of an approxi-
mate identity for C.(G) in the inductive limit topology (cf. [15, Corol-
lary 2.11]). Hence, pg extends to a nondegenerate homomorphism of C*(G)
into M(C*(G x G,/ x G)) by Proposition 1.7.

Clearly, p.s and pg commute. Since C*(G) is nuclear, we obtain a ho-
momorphism py ® pg of C*(G, o) @ C*(G) into M(C*(G x G, o/ x G)). If
g € T.(G;o), h € C.(G) and k € T.(G x G; o/ x G), then an argument
patterned after the proof of [24, Lemma 1.108] implies that p.(g)pg(h)k is
in I'.(G x G; & x G) and that evaluation at (s,z) € G x G “passes through
the integral” in the second step in the next calculation:

10Although this construction almost exactly parallels that in Lemma 1.2, we need to
insert a modular function here (compare with (1.5)) because, just as with (5.3) in the
proof of Theorem 5.1, there is no modular function in the definition of the involution in
the x-algebra associated to a Fell bundle over a groupoid.
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(s (9)pg(R)k) (5, )
- ([ 6 60 oo, ) 5.
= [ 5 @) (oo(1)8) (5.2
= [ a0 o), (7 s ) 0)*
/ / Pkt L,y a)d\ @ (y)A(t)z dt
-/ (@5 R), )k (1.9) 7 (5.0 X O 1)

= (((A%g) X h) * k), (s,2).
Therefore

(84) pw®pglg@h) = (A2g)Rh for g € To(G;.27) and h € C(G).

Since such elements (A%g) X h span a dense subspace of I'.(G x G; &/ x G),
P @ pg maps C*(G, o) @ C*(G) (into and) onto C*(G x G, & x G).

Now fix a faithful nondegenerate representation = of C*(G, /) on a
Hilbert space H, and let mp : &/ — B(H) be the nondegenerate repre-
sentation whose integrated form is 7 (as in Lemma 1.3). Further let 7 be
a faithful nondegenerate representation of C*(G) on a Hilbert space K. By
the Disintegration Theorem ([23, Proposition 4.2] or [17, Theorem 7.8]), we
can assume K = LQ(Q(O) x ¥, 1), where G « ¥ is a Borel Hilbert bundle
and p is a finite quasi-invariant Radon measure on G ), such that 7 is the
integrated form of a groupoid representation 7y of G; thus

(8.5) (r(h)K)(u) = /gh(l‘)T()(l‘)li(S(x))Ag(I)é d\"(z) for h € C.(G),

where Ag is the Radon-Nikodym derivative of »~! with respect to v = po\.
Note that we can identify (G x G)© with G(9). Then we can form a Borel
Hilbert bundle G % (H ® #) such that (H ® ¥)(u) = H ® V(u) and such
that L2(G) « (H® %), 1) can be identified with H @ L2(G® %« ¥, 11). Then
we can define a Borel *-functor (see [16, Definition 4.5]) II from &/ x G to
End(G x (H ® %)) by

II(a, z) = mo(a) ® T0(x).

If pg is a left Haar measure on G, then we get a Haar system { A"}, 500
on G x G via A* = ug x A\*. Notice that the Radon—Nikodym derivative
of =1 with respect to v := X o p is given by (s,z) — A(s)Ag(x). Then
[16, Proposition 4.10] implies that II integrates up to a *-homomorphism
L:T(GxG; o/ xG)— B(H® L*(GO ¥, 1)) given by
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(86) L(f)(n® )(u)

_ / / mo(f1(t,2))1 ® To(x)s(5(2)) Ag () EA(E)~F dX(z) dt
GJG

which extends to a representation of C*(G x G, &/ x G).
Now, using (8.4), for g € T'.(G; /) and h € C.(G) we have

L(pos @ pg(g @ h))(n @ k) (u)
= L((AZg) ®h) (5 ® k)(u)

= /G /g 7o (A2 (H)g(t)h(x))n @ mo(x)k(s(x)) Ag(x) 2 dA"(z) A(t) "2 dt
= ([ mlatommar) @ [ rrm@n(s) g ()

=7(g)n ® (7(h)K)(u)

=(mer)(g®h)(n® k) (u).
It follows that L o (py ® pg) = m ® 7, and since the latter is a faithful
representation of C*(G, &) ® C*(G), it follows that p, ® pg is faithful.

To complete the proof, we just let w = (py ® pg)~'. Then w is an
isomorphism of C*(G x G, & x G) onto C*(G, &) ® C*(G) and satisfies

w(g®h) = (A"2g) ® h. O

Proof of Proposition 8.4. Note that C*(€) = C*(&,)) = K(L*(G)). In
fact, since £ is groupoid-equivalent to the trivial group, C*(€) is simple, so
the representation 7 : C*(€) — B(L?*(G)) defined by

(T(R)K)(s) = / h(s,t)k(t)dt for h € C.(€) and k € C.(G) C L*(G)
G
is an isomorphism onto K(L?(G)). In particular, C*(£) is nuclear, so by
Lemma 8.5, we have an isomorphism
YT:=({d®7)ow: C*G x &, x &) — C*(G, o) @ K(L*(G)).

If we let £ %C be the trivial bundle G' x C, then we can identify L?(G) with
L2(£©) %« C, \) in the obvious way. Notice also that A is a quasi-invariant
measure on £© with Ag = 1. Thus the representation 7 is essentially

presented as in (8.5). (The representation 7y acts on (s,z) € G x C by
70(t,5)(s,2) = (t,2).) Thus, in the current situation, (8.6) reduces to

(L(f)ﬁ)(S):/GLWO(fl(r,s,t))g(t)A(r)—édrdt

for ¢ € C.(G,H) € H® L*(G). Now (8.3) is easily verified using the
observation (from the proof of Lemma 8.5) that (m ® 7) ow = L. O
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Proof of Theorem 8.1. We need to show that ® is injective, and to do
this we will show that the diagram

CH(G, ) x5 G x5 G —2 CX(S, X1 G Xid st G)

o] =[v

C*(G, o) @ K(L*(G)) < C*(T x £,/ x £)

commutes, where ©, ¥, and T are the isomorphisms of Propositions 8.2,
8.3, and 8.4, respectively.

Let 7 : C*(G, «/) — B(H) be a faithful nondegenerate representation on
a Hilbert space H. Let f € T'.(G; ), g,h,k € C.(G), and n € H. Then,
to show that the diagram commutes, the following computation suffices.
Applying Proposition 8.4, we have

(r®@id) o YT o Wo O(ky(fkec)(9)ka(h))(n® k))(s)
- /G /G 70(W 0 O (ks (e @k () (1, 5,8)) (0 @ k) (AG) 3 dr dt
which, by Proposition 8.3, is
. /G /G 70(6 (ko (ke @)k (B)) (o5, 57 rt) ) () A(r)~F dr
which, by Proposition 8.2, is
- /G/Gm(f(rm(r)%g(rls)h(s1rt)A(slrt)%)m(t)A(r)% dr dt
which, after using Fubini and sending t + r~!st, is
_ / / T (F(r)g (L) () A (L) s s (r—Lst) dit dr
GJG
which, since p;r(r—ts) = /<c(7“_15t)A(t)%7 is
= [ [ mott gl s) o) o s e e dr
GJG
/G 7o (£ (r)ng(r=2s) (p(h)r) (r~'s) dr

[
ST~~~

mo(f(r))n(Mgp(h)k) (r~'s) dr
mo(f(r))n(A-Mgp(h)k)(s) dr

(mo(f(r))n ® ArMgp(h)r)(s) dr
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_ /G (mo(F(r)) ® A Myp(h)) (n ® 5)(s) dr

= (1 ®id) 0 @ (ke (f)kc(c)(9)ka(h))(s).

(e N @ M) 08 (e ar

i) [ (060050 & M) () ar)
(r®id)(id® A) o (5(f)(1 ® Mgp(h))(s)
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