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Three versions of categorical
crossed-product duality

S. Kaliszewski, Tron Omland and John Quigg

ABSTRACT. In this partly expository paper we compare three different
categories of C*-algebras in which crossed-product duality can be for-
mulated, both for actions and for coactions of locally compact groups.
In these categories, the isomorphisms correspond to C*-algebra isomor-
phisms, imprimitivity bimodules, and outer conjugacies, respectively.

In each case, a variation of the fixed-point functor that arises from
classical Landstad duality is used to obtain a quasi-inverse for a crossed-
product functor. To compare the various cases, we describe in a formal
way our view of the fixed-point functor as an “inversion” of the process
of forming a crossed product. In some cases, we obtain what we call
“good” inversions, while in others we do not.

For the outer-conjugacy categories, we generalize a theorem of Peder-
sen to obtain a fixed-point functor that is quasi-inverse to the reduced-
crossed-product functor for actions, and we show that this gives a good
inversion. For coactions, we prove a partial version of Pedersen’s the-
orem that allows us to define a fixed-point functor, but the question
of whether it is a quasi-inverse for the crossed-product functor remains

open.
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1. Introduction

In crossed-product duality for C*-algebras there are two problems that
are of interest, both stated for a fixed locally compact group G. The first,
and perhaps the original one, is: Given a crossed product A X, G, how can
A and « be recovered? Secondly: How can we identify a C*-algebra B as the
(full or reduced) crossed product of some other C*-algebra A by an action
of G?

The simplest case to consider is where G is abelian. Then there is a dual
action of G on A x, G defined for f € C.(G, A) by a,(f)(t) = x(t)f(t). In
this situation, a famous result of Takai [Tak75] tells us that

(Ax, G) g G~ A®K(LXG)),

so we can recover A up to Morita equivalence (and if G is second countable,
up to stabilization). The generalization of Takai’s theorem to nonabelian
groups involves the dual coaction & of G. This version is usually now called
Imai-Takai duality [IT78], and in a similar fashion it gives an isomorphism

(A Xo, G) xgn G~ A K(L*(Q)),

where @" is our notation for the appropriate version of the dual coaction
on the reduced crossed product. However, Imai—Takai duality does not give
any useful answer to the question of when a C*-algebra is a crossed product
by an action of G. In fact, what the theorem says is that, up to stabilization,
every C*-algebra is a crossed product.

For reduced crossed products by actions, Landstad answered both of the
above questions up to isomorphism ([Lan79]). First, given a crossed product
Axq,G, we can recover A as a generalized fixed-point algebra of the crossed
product that depends on both the dual coaction a™ of G on A X, G and the
canonical embedding i, of G into M (A X4, G). Second, a given C*-algebra
C is isomorphic to a reduced crossed product by an action of G if and only
if there exists a normal coaction of G on C and a unitary homomorphism
of G in M(C) that interact with one another like @" and i, would.! The
dual questions, where actions are replaced by coactions, were answered in
[Qui92| (see Section 2.7 for more details).

These results, now called classical Landstad duality, have recently [KQO09,
KQRO8] been recast in a categorical framework, so let us first consider two
categories of C*-algebras and morphisms that are central in this context.

In the theory of C*-algebras, and in particular in classification theory,
there are two types of equivalences that have an especially great impact;
C*-isomorphisms and Morita equivalences. Therefore, there are two cat-
egories of C*-algebras that are natural to study; the nondegenerate cate-
gory Cj 4, whose morphisms are nondegenerate C*-homomorphisms, and

the enchilada category CY,,, whose morphisms are (isomorphism classes of)

1 andstad used reduced coactions, but his results can be applied to full coactions on
reduced crossed products using [Qui94].
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C*-correspondences (see Section 2.3). The latter category does not have
such a long history, and was treated extensively in [EKQRO06], although not
with the name “enchilada” attached. If we fix a locally compact group G,
then the nondegenerate and the enchilada categories give rise to equivariant
categories Acpq and Acen, where the objects are pairs (A, «) comprising a
C*-algebra A and an action « of G on A, and where the morphisms are the
ones from Cj 4 or CZ,, respectively, that are G-equivariant.

It was shown in [KQ09] that the nondegenerate category of actions is
equivalent to a certain comma category of maximal coactions. In that setup,
a quasi-inverse functor from this comma category into the category of actions
was constructed. We call this the fized-point functor, since the image of
an object in the comma category gives a generalized fixed-point algebra
together with an action.

In this paper, we further develop this categorical perspective. In partic-
ular, a notion we call an inversion of a functor P: C — D is introduced.
Our motivation is that when P is not an equivalence, we wish to keep track
of what information it forgets. An inversion is therefore a category D that
contains the data of both D and the extra structure that P forgets, an equiv-
alence P: C — D, and a forgetful functor F': D — D with F o P = P. Any
choice of quasi-inverse H : D—Cof Pis regarded as “inverting the process”
P.

As we explain in Section 5, categorical Landstad duality fits into this
setup. Indeed, the full-crossed-product functor (A, ) — A X G from Acpg
to C;4 plays the role of P: C — D, and the comma category plays the
role of D. Moreover, this inversion is good, meaning in particular that the
forgetful functor D — D enjoys a certain lifting property.

In the same way, we find an inversion for the crossed-product functor be-
tween enchilada categories. It turns out that the comma category analogous
to the one used for the nondegenerate category has too few morphisms to be
equivalent to the category of actions, so we need to consider a “semi-comma
category” instead (borrowing a concept and terminology from [HKRW11]).
With this modification we get an inversion, and the quasi-inverse is a fixed-
point functor. However, in this case the inversion is not good, essentially
because a C*-algebra can be Morita equivalent to a crossed product without
being isomorphic to one.

We remark that, as a consequence of the Imai—Takai duality mentioned
above, a crossed-product functor that only keeps track of the dual coaction
defines an equivalence between the enchilada category of actions and the
enchilada category of coactions. This gives rise to an inversion as well.
However, we want to compare the various categories and functors in a more
direct way, so therefore the semi-comma category and the fixed-point functor
are used.

We think of our third example as lying between the two cases discussed
above. The underlying category in this example is still the nondegenerate
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one, but now the isomorphisms correspond to outer conjugacies. Inspired by
a theorem of Pedersen, which we generalize from abelian to arbitrary groups,
we define a certain “fixed-point equivariant category” of coactions, which is
equivalent with the “outer category” of actions. This gives an inversion of
the crossed-product functor from the outer category to C} 4, which is also a
good inversion. The main innovation in this paper is the introduction and
study of these outer categories.

The paper is organized as follows. As an attempt to make it mostly
self-contained, we first provide a preliminary section recalling much of the
background material. Then, in Section 3 we prove the generalization of
Pedersen’s theorem for actions by nonabelian groups, and also give a version
for coactions.

Further, we introduce the category theoretical framework for inverting a
process in Section 4, and define the concept of a (good) inversion.

In Section 5 we show that the three versions of crossed-product duality
for actions fit into this categorical setup. In particular, we show that the
category equivalence arising from classical Landstad duality gives category
equivalences also in the enchilada and outer categories. We present our
results for full crossed products and the use of maximal coactions, but only
minor modifications are required to obtain similar results for the reduced-
crossed-product functor.

In the last section, for the nondegenerate and enchilada categories, we
produce abstract inversions of crossed-product duality for coactions similar
to the ones for actions. However, in this case, we work with normal coactions,
since this closely resembles the techniques applied for actions.

Finally, for the outer category, we use a version Pedersen’s theorem for
coactions that allows us to define a crossed-product functor in a manner
parallel to the one for actions, but our current version of Pedersen’s theorem
is not yet strong enough to give a category equivalence.

Acknowledgements. The second author would like to thank Johan Steen
and Martin Wanvik from NTNU for helpful e-mail correspondence on various
category-theoretic aspects.

2. Preliminaries

Throughout, G will be a locally compact (Hausdorff) group. By a homo-
morphism between C*-algebras, we always mean a *-homomorphism. We
always use the minimal tensor product for C*-algebras.

2.1. Actions and coactions. An action of G on a C*-algebra A is a
strongly continuous homomorphism a: G — Aut(A). Because we typi-
cally consider the group G to be fixed and the actions to vary, we will
refer to the pair (A4,«a) as an action of G. It is also common to call the
triple (4,G,a) a C*-dynamical system. One example of an action that
deserves special mention is the right translation action (Cp(G),rt) defined
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by rtsf(t) = f(ts). Given a strictly continuous unitary homomorphism
V:G — M(A), which can equivalently be regarded as a nondegenerate ho-
momorphism V': C*(G) — M(A), the associated inner action Adu of G on
A is defined by
(Adu)s(a) = Adus(a) = usau.

To every action (A, ) we associate a full crossed product A x, G and
a reduced crossed product A X, , G in the usual way. (A more detailed
discussion of crossed products can be found in [EKQRO06, Appendix Al.)
We denote the canonical universal covariant homomorphism of (A, «) in the
multiplier algebra M(Ax,G) by (i%,1%), and we write A%: AxoG — Axq,
G for the regular representation; the canonical covariant homomorphism of
(A,a) in M(A Xor G) is (197,i5") = (A* 0%, A% 0 i%). However, when
there is no potential ambiguity, we will abbreviate these as (i4,ig), A, and
(1", i¢;), respectively. For every covariant homomorphism (7, U) of (4, o) in
a C*-algebra C', there is an integrated form m x U: A x4 G — C such that
(mrxU)oiy =mand (m x U)oig = U. Moreover, if ker A C ker(m x U),
then m x U descends to a homomorphism 7 x,U: A x,, G — C, also called
the integrated form of (m,U), such that (7 X, U)o A =7 x U.

If (A,«) and (B, 3) are actions of G, a nondegenerate homomorphism
p: A — M(B) is a — B-equivariant if

poag=pfso0p forall seq.

Such a map induces nondegenerate homomorphisms ¢ x G: A xo, G —
M(B xgG)and ¢ X G: Axgr G— M(B xg, G).

Two actions (A,«) and (B, f) are conjugate if there exists an o — (-
equivariant C*-isomorphism ¢: A — B, in which case ¢ X G and ¢ X, G are
isomorphisms of the respective crossed products.

A coaction of G on a C*-algebra A is an injective nondegenerate homo-
morphism §: A - M(A® C*(G)) satisfying the (additional) nondegeneracy
condition

span{d(A)(1 ® C*(G))} = A® C*(G)
and the coaction identity
(0®id)od = (id ® d¢g) o 4.
Here the coaction dg of G on C*(G) is the canonical map
C*"(G) - M(C*(G) ® C*(G))

given by the integrated form of s — s ® s. In analogy with actions, we
also refer to the pair (A,0) as a coaction of G. Given a nondegenerate
homomorphism p: Co(G) — M(A), the associated inner coaction Adpu is
given by

Ad pi(a) = Ad(p ® id)(we)(a ® 1),

where wg denotes the unitary element of

M (Co(G) ® C*(G)) = Cy(G, MP(C*(G)))
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associated to the canonical unitary embedding of G inside M (C*(G)), and
where in turn Cy(G, M?(C*(G))) denotes the continuous bounded functions
from G to M (C*(G)) with the strict topology.

As with full crossed products by actions, to each coaction (A,d) we as-
sociate a crossed product C*-algebra A x5 GG, and the covariant homomor-
phisms of (A,d) correspond, via the integrated form, to homomorphisms
of A x5 G. The canonical universal covariant homomorphism of (A4,0) in
M(A x5 G) is denoted by (5%, j&), but as for actions, the notation is usu-
ally simplified to avoid clutter. When j4 is injective, d is called a normal
coaction.

If (A,0) and (B, ¢) are coactions of G, a nondegenerate homomorphism
p: A— M(B) is 0 — ¢ equivariant if

(2.1) (p®id)od =€ o0,
and such a map induces a nondegenerate homomorphism
exG: AxgG— M(B x.G)

between the corresponding crossed products.

Two coactions (A,d) and (B, ¢) are conjugate if there exists a § — € equi-
variant isomorphism ¢: A — B, in which case ¢ X G is an isomorphism of
the crossed products.

For every action (A, a), there is a dual coaction & of G on A x4 G, defined
on generators by

a(ig(a)) =iala)®1 and a(ig(s)) =ig(s) ® s.

There is also a normal dual coaction &” on A %, G, defined similarly on
generators. Note that ig: C*(G) — M(A x4 G) is 0g — @ equivariant; it
follows that if (B, ) is an action and ¢: A — M(DB) is a — [ equivariant,
then the induced homomorphism ¢ x G: A xo G — M(B x5 G) will be
a— B equivariant, and ¢ %, G: A Xo, G = M(B xg, G) will be a" — B”
equivariant.

Similarly, for every coaction (A, d), there is a dual action §of Gon AxsG
defined by

35 = ja x (ja orts).
The canonical map jg: Co(G) — M(A x5 G) is 1t — 5 equivariant, so if
(B,¢) is a coaction and ¢: A — M(B) is § —e equivariant, then the induced
homomorphism ¢ x G: A xs G — M (B x. G) will be § — £ equivariant.
If (A,J) is a coaction, then the pair

([d@A)ed x (1@ M),1®p),

where A and p are the left and right regular representations of G and M
is the multiplication representation of Cy(G) on L%(G), is a covariant rep-

~

resentation of the dual action (A x5 G,d), and the integrated form is a
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surjection
D: AxsGx;G— AR K(L*(G)),

called the canonical surjection, where K denotes the compact operators on
L?*(G). The coaction ¢ is called mazimal if ® is an isomorphism, and by
[EKQO04, Theorem 2.2] § is normal if and only if ® factors through an iso-
morphism of the reduced crossed product A x5G x5 G onto A® K(L*(@G)).
2.2. Normalization and maximalization. A normalization of a coac-
tion (A, d) is a normal coaction (A", ™) together with a § — §" equivariant
surjection n: A — A™ such that

NXG: AxsgG— A" x50 G

is an isomorphism. Every coaction has a normalization, and, given an-
other coaction (B, ¢), if ¢p: A — M (B) is a nondegenerate § — ¢ equivariant
homomorphism then there is a unique nondegenerate 0" — €™ equivariant
homomorphism @™ making the following diagram commute:

A—2 5 M(B)

S

A 7&L»M(B ).

Consequently, normalizations are unique up to isomorphism.
Similarly, a mazimalization of (A,J) is a maximal coaction (A™, ™) to-
gether with a ¢ — ¢ equivariant surjection ¢: A™ — A such that

PYXG: A" Xgm G — A X5 G

is an isomorphism. Every coaction has a maximalization, and, given an-
other coaction (B, ¢), if ¢p: A — M (B) is a nondegenerate § — ¢ equivariant
homomorphism then there is a unique nondegenerate 6™ — ™ equivariant
homomorphism ¢™ making the following diagram commute:

am 7 hvBm)

N

ATM(B).

Consequently, maximalizations are unique up to isomorphism.

If (A,6) is a maximal coaction then the normalization ¢: A — A" is
also a maximalization of the coaction (A", ¢™). If (B,¢) is another maximal
coaction, then the map ¢ — ¢™ gives a bijection between the sets of § — &
equivariant nondegenerate homomorphisms ¢: A — M (B) and 0" —¢" equi-
variant nondegenerate homomorphisms ¢": A™ — M (B"), and moreover ¢
is an isomorphism if and only if ¢™ is.
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Given an action (A, a), the dual coaction @ on the full crossed product
A X, G is maximal, the dual coaction a” on the reduced crossed product
A Xq, G is normal, and the regular representation

A: (Axy G a) = (Axa, G,a")
is both a maximalization and a normalization.

2.3. C*-correspondences. Let A and B be C*-algebras. An A— B corre-
spondence is a (right) Hilbert B-module X together with a homomorphism
of A into the C*-algebra £(X) of adjointable (hence bounded and B-linear)
maps on X. We say that the correspondence is nondegenerate if X is nonde-
generate as a left A-module, i.e., A- X = X. For any A — B correspondence
X, we use M(X) to denote the set Lp(B,X) of adjointable maps from
B to X, which is an M(A) — M (B) correspondence in a natural way (see
[EKQRO6, Definition 1.14]).

Given an A — B correspondence X and a B — C' correspondence Y, the
balanced tensor product X ®p Y is an A — C correspondence, and the
isomorphism class of X ®p Y depends only on the isomorphism classes of
X and Y ([EKQRO06, Theorem 2.2]).

A Hilbert A— B bimodule is an A— B correspondence that also has a left A-
valued inner product 4(-,-) that is compatible with the right B-valued inner
product (-,-)p in the sense that 4(x,y) -z = z - (y,2)p for all x,y,z € X.
An imprimitivity bimodule is a Hilbert A — B bimodule X that is both
left- and right-full, meaning that span 4(X, X) = A and span(X, X)p = B.
Two C*-algebras A and B are Morita equivalent if there exists an A — B
imprimitivity bimodule.

If X is a nondegenerate A — B correspondence, Y is a nondegenerate
C — D correspondence, and ¢: A — M(C) and ¢: B — M(D) are homo-
morphisms, a linear map ¢: X — M(Y) is a ¢o—1 compatible correspondence
homomorphism it (¢(x),C(1)ai(p) = ¥((z,y)s) and wla) - (@) = C(a- )
for all z,y € X and a € A. These properties imply that {(x) -1 (b) = ((x-b)
for all z € X and b € B. Sometimes we write

(0, G, 9): (A, X, B) = (M(C), M(Y), M(D))

for the correspondence homomorphism. A correspondence homomorphism
(p, ¢, 1) is a correspondence isomorphism if ¢: A — C and ¢: B — D are
C*-isomorphisms and (: X — Y is bijective. In this case, if X and Y are
Hilbert bimodules, then (¢, (,1) also preserves this extra structure in the
sense that

c(C(@),¢(y)) = plalz,y)) forall 2,y € X,

and we call (¢, (, ) a Hilbert bimodule isomorphism.

Given actions (A, «) and (B, ), an (A,«a) — (B, 3) correspondence ac-
tion (X,v) is an A — B correspondence X equipped with an « — 3 com-
patible action v ([EKQRO06, Section 2.2]). To every such correspondence
action we associate a full crossed product correspondence X x. G that is an
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(A xq G) — (B xg G) correspondence and comes with a canonical universal
19— ig compatible correspondence homomorphism % of X in M(X %, G)
such that X x, G = span{i} (X) - zg(C*(G))} Similarly, there is a reduced
crossed product correspondence X X . G that is an (A x4, G) — (B xg, G)
correspondence and comes with a canonical ij’r — i%r compatible correspon-
dence homomorphism i{". Actions (A, &) and (B, 8) are Morita equivalent
if there exists an (A4, «) — (B, 3) correspondence action (X,~) such that X
is an A — B imprimitivity bimodule ([Com84]).

Given coactions (A, ) and (B,¢), an (A4,9) — (B, e) correspondence coac-
tion is an A— B correspondence X equipped with a § —e compatible coaction
¢ ([EKQRO6, Section 2.3]). For example, the crossed product correspon-
dences X x, G and X x,, G described above carry a — B and Q™ — B”—
compatible dual coactions 54 and 3™, respectively. To every correspondence
coaction we associate a crossed product correspondence X x¢ G that is an
(A x5 G) — (B x. G) correspondence, comes with a canonical 5% — j& com-
patible correspondence homomorphism j§( of X in M(X x¢ G) such that
X xeG= spﬁ{jg((X) - J&(Co(G))}, and carries a & — & compatible dual ac-
tion . Two coactions (A,0) and (B, ) are Morita equivalent if there exists
an (A,0) — (B,¢) correspondence coaction (X,~) such that X is an A — B
imprimitivity bimodule.

2.4. Linking algebras. Let (A,«) and (B, ) be actions, let (X,v) be
an (A,a) — (B, 8) correspondence action, let K = K(X) be the algebra of
generalized compact operators, and let L = L(X) = (X %) be the linking
algebra (see [EKQRO06, Section 1.5]). Then by [EKQRO06, Proposition 2.27]
there is a unique action o of G on K such that v is ¢ — 8 compatible, and
moreover the canonical nondegenerate homomorphism

va: A— M(K)=L(X)

is a—o equivariant. By [EKQR06, Lemma 2.21] there is an action 7 = ( g)
of G on L. There is a natural identification (more properly, an isomorphism,
but we blur the distinction)

N~ [(Kx.G X x,G o 7
wean=((7¢ 536)-(C 5)),

For the isomorphism of the crossed products, without the dual coactions, see
[Com84, EKQRO0] — these references require that the B-valued inner prod-
uct be full, but the proof of the above isomorphism carries over. [EKQRO06,
Lemma 3.3 and Proposition 3.5 together with its proof] states the above
isomorphism for reduced crossed products.

Dually, let (A, d) and (B, €) be coactions and let (X, () be an (A4, )—(B,¢)
correspondence coaction. Then by [EKQRO06, Proposition 2.30] there is a
unique coaction y of G on K such that ¢ is 4 — € compatible, and moreover
the canonical nondegenerate homomorphism ¢4: A — M(K) = L(X) is
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d — p equivariant. By [EKQRO06, Lemma 2.22] there is a coaction v = ({: g)
of G on L. By [EKQ04, Proposition 2.5] x4 and v are maximal if ¢ is. By
[EKQRO6, Proposition 3.10] there is a natural identification (more properly,
an isomorphism, but we blur the distinction)

~  ((Kx,G X x:G i C
aan - (K6 X8) (7 O))

[EKQRO06, Proposition 3.10] only states this isomorphism for the crossed
products; the statement regarding the dual actions was apparently regarded
in [EKQRO6] as being self-evident.

2.5. Exterior equivalence and outer conjugacy. Let (B, ) be an ac-
tion of G. A [-cocycle is a strictly continuous unitary map u: G — M(B)
such that

ust = usfs(uy) for all s,t € G.
Given a f(-cocycle u, the map s — Adus o B gives an action Adwu o 3
on B, which is said to be exterior equivalent to . An action (A, «) is outer
conjugate to (B, B) if it is conjugate to Adu o 8 for some [-cocycle w.

Now let (B,e) be a coaction of G. An e-cocycle is a unitary element

U e M(B® C*(G)) such that

(i) [d®déc)(U)=(U®1)(e®id)(U), and

(i) AdU oe(B)(1 ® C*(G)) € B® C*(G).
Given an e-cocycle, AdU o ¢ is a coaction on B which is said to be ezterior
equivalent to e, and which is normal if € is. A coaction (A,0) is outer
conjugate to (B,e) if it is conjugate to Ad U o e for some e-cocycle U.

Of the three properties discussed in Subsections 2.1, 2.3, and 2.5, con-
jugacy is stronger than outer conjugacy (for both actions and coactions),
and outer conjugacy is in turn stronger than Morita equivalence. Inciden-
tally, “outer” Morita equivalence of actions or coactions, if it were defined
in analogy with Section 2.5, would just coincide with the respective type of
equivariant Morita equivalence.

2.6. Classical Landstad duality for actions. As outlined in Section 1,
Landstad duality is a method of recovering an action or coaction up to
isomorphism from its crossed product, as a “generalized fixed-point algebra”.
Here we explain in more detail how this works for full crossed products by
actions, and also for crossed products by normal coactions.

We will begin by recalling Landstad duality for reduced crossed products
by actions. Theorem 2.1 below is a reformulation of [KQ07, Theorem 3.1],
modulo an addendum taken from [Lan79, Theorem 3]°.

Theorem 2.1 (Landstad duality for reduced crossed products). Let C be a
C*-algebra and G a locally compact group. Then there exist an action (A, «)
and an isomorphism 0: A X, G — C if and only if there exist a normal

2Landstad used reduced, rather than full, coactions.
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coaction § of G on C and a 6g—9 equivariant nondegenerate homomorphism
V. C*G) = M(C).

Moreover, given § and V' as above, the action (A, «) and the isomorphism
6 can be chosen such that 0 is &" — 0 equivariant and 6 oig, =V ; with such a
choice, if (B, 8) is any action and 0: B x5, G — C is a B\” — 0 equivariant
isomorphism such that o o iy; =V, then there exists an o — 3 equivariant
isomorphism @: A — B such that o0 o (¢ X, G) = 6.

In fact, we can take A to be the C*-subalgebra of M(C) defined as all
elements a € M(C) satisfying Landstad’s conditions [Lan79, (3.6)—(3.8)]:

(2.2) da)=a®1,
(2.3) aV (f),V(f)a € C foradl f € C.(G),
(2.4) s+ Ad V(a) is norm continuous from G to C,

and we can let a be the restriction to A of (the extension to M(C) of) the
inner action AdV. Then, letting 1: A — M(C) be the inclusion map, the
pair (v, V) is a covariant homomorphism of (A, ) in M(C), whose integrated
form factors through an isomorphism A X, G ~ C.

In Theorem 2.2 below we give a parallel version of Theorem 2.1 for full
crossed products. Some of the facts are contained in [KQO7] and [KQ09].
The characterization in terms of Landstad’s conditions seems to be new,
however.

Theorem 2.2 (Landstad duality for full crossed products). Let C be a C*-
algebra and G a locally compact group. Then there exist an action (A, «)
and an isomorphism 0: A x4 G — C if and only if there exist a maximal
coaction 6 of G on C and a dg—9 equivariant nondegenerate homomorphism
V:C*G) - M(C).

Moreover, given § and V' as above, the action (A, a) and the isomorphism
0 can be chosen such that 0 is & — ¢ equivariant and 0 o i = V'; with such
a choice, if (B, ) is any action and 0: B x3 G — C is a B— 0 equivariant
isomorphism such that o oig =V, then there exists an a — 8 equivariant
isomorphism ¢: A — B such that 0o (¢ X G) = 6.

In fact, we can take A to be the C*-subalgebra of M(C) defined as all
elements a € M(C) satisfying Landstad’s conditions (2.2)—(2.4), and we
can let o be the restriction to A of (the extension to M(C) of) the inner
action AdV. Then, letting 1: A — M(C) be the inclusion map, the pair
(t,V) is a covariant homomorphism of (A,«) in M(C), whose integrated
form is an isomorphism A x, G ~ C.

Proof. The first two paragraphs are [KQO07, Theorem 3.2], modulo the slight
improvement indicated in [KQ09, Remark 5.2]. We must prove the third
paragraph, involving Landstad’s conditions, and we combine techniques of
the proofs of [Lan79, Lemma 3.1] and [Qui92, Proposition 3.2]: It follows
from the second paragraph of the theorem that there is a C*-subalgebra A
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of M(C ) such that AdV gives an action a of G on A, and, letting t4: A —
M(C) be the inclusion, the pair (t4,V) is a covariant homomorphism of
(A, ) in M (C) whose integrated form is an isomorphism of A X, G onto C.

B = {a € M(C) : Landstad’s conditions (2.2)—(2.4) hold}.

Note that A C B. Claim: B is a C*-subalgebra of M (C'). Obviously the set
of elements satisfying (2.2) is a C*-subalgebra. For fixed f € C.(G), the set
of elements a € M (C') such that aV(f),V(f)a € C is a closed subspace that
is closed under adjoints, and if it contains both a and b then abV (f) € C
since bV (f) € C, and V(f)ab € C since V(f)a € C. Thus the claim is
verified.

Note that AdV gives an action 5 of G on B, and, letting tp: B — M(C)
be the inclusion, the pair (¢, V) is a covariant homomorphism of (B, ) in
M (C) whose integrated form tp x V: B xg G — C'is a B — 6 equivariant
surjective homomorphism. Since ¢p is injective, by [KQO07, Corollary 4.4]
tp X V is an isomorphism.

Now let m: A — B be the inclusion. Then 7 is o — 8 equivariant, and
the induced homomorphism 7 x G: A xo G — B xg G is an isomorphism
because the following diagram commutes:

ANQGLG>B>45G

Z ~|1gXV
MJ{B
C.

Taking crossed products by the dual coactions and applying crossed-product
duality (the statement of [Rae87, Theorem 7] is perhaps most suitable for
the present purpose), we get a commutative diagram

Ao GxgG—""2% s BxgGx;G
A® K(L¥(G)) ———— B & K(L(G)).

Thus 7 ® id, and hence 7 itself, must be an isomorphism, and therefore
A=B. O

The following definition applies to both Theorem 2.1 and Theorem 2.2.

Definition 2.3. Let 0 be a coaction of G on a C*-algebra C, and let
V:C*(G) - M(C) be a d¢ — d equivariant nondegenerate homomorphism.
Then we call the triple (C,§,V) an equivariant coaction. If ¢ is normal
or maximal, we denote the set of elements of M (C') satisfying Landstad’s
conditions (2.2)-(2.4) by C®Y, or just C? if V is understood, and we call
this the generalized fized-point algebra of the equivariant coaction (C,4, V).
Further, we write oV for the action AdV on C%V.
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Example 2.4. Starting with an action (A, «a), let C = A x, G, 0 = a, and
V =ig. Then o
ia: A= (Axg G)¥'¢ C M(A Xy G)

is an a — '@ equivariant isomorphism.

Theorem 2.2 immediately implies the following characterization of the
image of A in the multipliers of the full crossed product:

Corollary 2.5. Let (A,«) be an action, and let m € M(A x4 G). Then
m € ia(A) if and only if
(i) a(m)=m®1,
(ii) mig(f),ic(f)m € A xqy G for all f € C.(G), and
(iii) s — Adig(s)(m) is norm continuous from G to M (A X, G).

We record a particular consequence of the above that we will need later:

Corollary 2.6. Suppose (C,0,V) is an equivariant mazximal coaction and
©: A — C% is an isomorphism. Then there exist an action o of G on A
and an @ — ¢ equivariant isomorphism

0: Ax,G—C
such that
Qoig=V
BOoix= .

When we wish to appeal to Corollary 2.6 or any other aspect of the above
discussion, we will just say “by classical Landstad duality”.

2.7. Classical Landstad duality for coactions. The following result is
a reformulation of [Qui92, Theorem 3.3 and Proposition 3.2].

Theorem 2.7. Let C' be a C*-algebra and G a locally compact group. Then
there exist a normal coaction (A,d) and an isomorphism 6: A x5 G — C
if and only if there exist an action o of G on C and a rt — a equivariant
nondegenerate homomorphism p: Co(G) — M(C).

Moreover, given « and p as above, the coaction (A,d) and the isomor-
phism 0 can be chosen such that 6 is 5—a equivariant and 0 o jg = u; with
such a choice, if (B, ) is any normal coaction and o: Bx.G — C is a €—«
equivariant isomorphism, then there exists a § — e equivariant isomorphism
w: A — B such that 0o (p x G) = 0.

In fact, we can take A to be the unique C*-subalgebra of M(C') char-
acterized by the following conditions, modeled upon [Qui92, (3.1)-(3.3) in
Proposition 3.2].

(2.5) Ad p restricts to a normal coaction on A,
(2.6) span{ Au(Co(G))} = C,
(2.7) as(a) =a for alls € G anda € A,
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and we can let § be the restriction to A of (the extension to M(C) of) the
inner coaction Ad p. Then, letting v: A — M(C') be the inclusion map, the
pair (i, 1) is a covariant homomorphism of (A, ) in M(C), whose integrated
form is an isomorphism A x5 G ~ C.

Definition 2.8. Let o be an action of G on a C*-algebra C, and let
w: Co(G) = M(C) be a rt — a equivariant nondegenerate homomorphism.
Then we call the triple (C, a, 1) an equivariant action. We denote the C*-
subalgebra of M (C') characterized by the conditions (2.5)—(2.7) by C**, or
just C'* if p is understood, and we call this the generalized fixed-point alge-

bra of the equivariant action (C, «, 1). Further, we write 6 for the coaction
Ad p on C*H.

Example 2.9. Starting with a normal coaction (A4,d), let C = A x5 G,
a =9, and u = jg. Then

jar A= (Axs G)e C M(A x5 G)

is a § — §7¢ equivariant isomorphism.

3. Pedersen’s theorem

Theorem 35 of [Ped82], stated more precisely as [RR88, Theorem 0.10],
says that actions (A, «) and (A, 8) of an abelian group G are exterior equiv-

alent if and only if there is an @ — 8 equivariant isomorphism
O: AxgG— Axg G

such that
®oif =i
Pedersen’s arguments carry over to the nonabelian case, except that we
have to deal with the dual coaction of G rather than the dual action of G.
Since we need it, and the coaction version for nonabelian groups does not
seem to be readily available for reference in the literature, we include the
statement and proof for completeness.

Theorem 3.1. Let o and 8 be actions of a locally compact group G on a
C*-algebra A. Then o« and B are exterior equivalent if and only if there is an
a— B equivariant isomorphism ®: A xo G — A xg G such that ® 0 = ii.

Moreover, there is a bz’jectionAbetween the set of B-cocycles u for which

a=Aduo 8 and the set of a@ — [ equivariant isomorphisms
O: AxyG— Axg (G

for which ® 0% = ii, given for s € G by

(3.1) P 0 i(s) = i) (us)i(s).
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Proof. First suppose that u is a S-cocycle and a = Adw o 3. Define
V:G— M(AxgG)

by

Vi = iy (us)il(s).
Then V is a strictly continuous unitary map, and is a homomorphism be-
cause u is a [-cocycle. Routine computations show that the pair (z’i, V)
is a covariant homomorphism of the action (A,a) in M(A xg G), whose
integrated form ® takes f € C.(G, A) to the element ®(f) of C.(G, A) given
by

O(f)(s) = f(s)us.
Thus ® maps A X, G into A xgG. The a-cocycle u* gives a homomorphism
in the opposite direction that is easily verified to be an inverse of ®.

We verify that ® is @ — 8 equivariant by checking the generators. For
a € A,

(P ®id)oaoify(a) =

1
—~
=
N
= 2
N
& xe
- =
®
[
N—

I
-~
™
—
.o .
~—
X
~— —_

I
=) @)

(0]
KA
o]
.
N
—
S
:_/

and for s € G,
(P ®id) o doi(s) = (P ®id)(ig(s) ® s)

Note that the above construction takes a [-cocycle u and produces an
a — 8 equivariant isomorphism ®: A x, G — A xg G such that both

®oif =i

and (3.1) hold. This construction is obviously injective from cocycles to
equivariant isomorphisms.
Now suppose that T: A xo G — A xg G is an @ — ( equivariant isomor-

phism such that Y o = iﬁ. Define U: G — M(A x5 G) by
Uy = T (i%(s)) it (s)*.
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Then U is a strictly continuous unitary map, and a quick calculation shows
that for s,t € G we have

(3.2) Ust = Us Ad il (s)(Uy).

We claim that for all s € G, the value U, is in the image zﬁ(M(A)) First
note that ZZ(M(A)) = M(zﬁ(A)) So, we must show that for every a € A the

products Usif‘(a) and ii(a)Us are in iﬁ(A). We only give the argument for

the first product; the computations for the other product are very similar.
By Corollary 2.5, it is enough to verify that the element y = Usii(a) of
M (A x5 G) satisfies the following conditions:

(i) Bly) =y 1;
(ii) yzg(f) and zg(f)y are in A xg G for all f € C.(G);
(iii) t — Ad z'g(t)(y) is norm continuous.
For (i), we have

B(T o igy(s)ig(s) i (a))
= (T ®id) 0 & 0 ig(s) (igs(s)"i} (a) ® 57)
= (T @id)(ig(s) ® 5)) (igy(s) iy (a) @ 57")
=T 0i(s)ig(s)"i%(a) ® 1.

For (ii), the first product is obvious, and the second product is similar once
we note that

y =T oi(s)iy o By-1(a)ig(s)"
=T 0ig(s)T 0% o By-1(a)ig(s)*
= T (i 0 ay 0 By-1(a)ids(s))ige(s)*
— i% 0 a0 By-1(a)Us.

Condition (iii) follows from combining the identity

iG(OUsi(a)ig(t)" = Adig (O (U] © fila)
with the facts that ¢ — Ad ZG(t) (Us) is strictly continuous and norm bounded,
and t — ii o B¢(a) is norm continuous.
We have proved the claim that Us € Zi(M(A)) Since ii: A— ii(A)

is an isomorphism, we conclude that there is a unique strictly continuous
unitary map u: G — M(A) such that

U, = i (us),

and then since iﬁ is — Ad zg equivariant it follows from (3.2) that wu is

a (-cocycle. By construction, the isomorphism Y arises from this cocycle
as in the first part of the proof, and this proves the second part of the
theorem. 0
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Theorem 3.1 is the only version we will need. However, we record the
following version for reduced crossed products, since it might be useful else-
where.

Theorem 3.2. Let o and B be actions of a locally compact group G on a
C*-algebra A. Then o and B are exterior equivalent if and only if there is
an " — B" equivariant isomorphism ®: A xo, G — A xg, G such that
®oiy" =iy
A T YA -
Moreover, there is a bijection between the set of B-cocycles u for which
a = Adwuo 8 and the set of @™ — ™ equivariant isomorphisms

O: Axg, G— Axg, G
for which ® o iy" = ii’T, given for s € G by
@ 0% (s) = iy (us)it" (s).
Proof. Recall from Subsection 2.2 that the dual coaction & on a full crossed
product A X, GG is maximal, and the regular representation
A: (Axy G a) = (Axa, G,a")

is a both a normalization and a maximalization, and consequently the map
d — P™ gives a bijection between the sets of & — 3 equivariant isomorphisms
®: Axy G — AxgG and @" — " equivariant isomorphisms

®: Axg, G— Axg, G.

We need to know that ® o = if‘ if and only if ®" 0 {}" = ig’r. One
direction is straightforward: a computation using the commutative diagram

AxgG—25 A%3G

Aal v

Axgr G—Axg, G
b @’ﬂ b

shows that ® 0% = iﬁ implies ®" 0 i}" = iﬁ’r.
On the other hand, the converse implication seems to be a little harder,

requiring an indirect approach via cocycles again. Assume that
o, _ B
Q" oi, =iy
Using the same technique as in the proof of Theorem 3.1 for the case of full

crossed products, but working in the reduced crossed products, we use the
isomorphism ®" to get a [-cocycle u such that

D" 0y (s) = iy (us)igy" (5).

Applying Theorem 3.1 to this cocycle u gives an a — E equivariant isomor-
phism T: Ax,G — AxgG such that Yoi% = i and Toi&(s) = iy (us)il(s).
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We check that the diagram

AxgG—15 AxsG

A{ |

AXar G——Axg, G
b @n b

commutes by computing on the generators:
P oA 0if = D" 0iy" :ii’r :Aﬁoii = Ao T o,
and for s € G we have
D" o A% 0 id(s) = " 0 i (s) = iy (us)ity ()
= AP (i (us)il(s)) = AP o T 0 i&(s).

Since the vertical maps A* and A? are maximalizations, the isomorphism Y
must coincide with ®. Therefore ® o9 = ii, as required. O

Notation 3.3. In Theorem 3.1, given a (-cocycle u, we will denote the
associated isomorphism of A x, G onto A xg G by ®,,.

Remark 3.4. For actions a and 8 on A, we could say that « is “measurably
exterior equivalent” to f3 if there exists a measurable a-cocycle v (in the sense
that t — 14 is measurable) such that f = Advoa. This is evidently a weaker
notion than exterior equivalence. However, we can adapt the technique of
proof of Proposition 3.1 by defining ® on L!(G, A) instead of C.(G, A), and
then we can use Proposition 3.1 to obtain a continuous a-cocycle u. Thus,
actions a and 3 are “measurably exterior equivalent” if and only if they are
exterior equivalent.

The following elementary lemma is presumably folklore; we include the
proof because we could not find a reference for it in the literature.

Lemma 3.5. If u is an a-cocycle and v is an Adu o a-cocycle, then vu is
an a-cocycle, and

Py = Py 0 P,
Proof. First note that vu: G — M(A) is a strictly continuous unitary map,
and for s,t € G,
(vu) st = Vsrus = Vs(Ad u o @) g(ve)usars(u)

= vs(Ad ug 0 ag) (v )usas(uy)

= vsusors (V) ususas (ug)

= vsUss(Vg) s (Uy)

= vsusas(vpug) = (vu)sas((vu)t).

Thus vu is an a-cocycle.
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For the other part,
P, 0P, 0 i%dvoAduoa =d,0 Z'ﬁd uoa _ Z'ﬁ = ®,, 0 iﬁdvuoa’
and for s € G
b, 0P, 0 iédvoAduoa(S) =P, (iﬁduoa(vs)iéduoa(s))
= 19 (vs) 1% (us)ic(s)
= i3 ((vu)s) i (s)
=d,, 0 iédvuoa(s)

— (I)vu ° iédvoAduoa(S)‘ 0

Proposition 2.8 of [QR95], and its proof, imply the following partial ana-
logue of Pedersen’s theorem for coactions:

Proposition 3.6 (Pedersen’s theorem for coactions). Let § be a normal
coaction of G on A. Let U be a d-cocycle, and let e = AdU o . Then there
is a unique € — § equivariant isomorphism

Dy: Ax. G =3 AxsG
such that
Dy 0 j5 = j%
(Py ®id) ((j& ®id)(we)) = (4 ®id)(U)(j& @ id)(we).

However, for coactions the converse is still open.

The following elementary lemma, dual to Lemma 3.5, is presumably folk-
lore, and is included for completeness, because the computations are peculiar
to coactions.

Lemma 3.7. If U is a d-cocycle and V' is an Adu o § cocycle, then VU is
a d-cocycle and

Py = Oy o Py

Proof. Clearly, VU is a unitary in M (A®C*(G)), and routine computations
show that

(1d @ 8c)(VU) = (VU @ 1)(AdVU 0 §(VU)),
AdVU 0 5(A)(1® C*(G)) C A® C*(G).

Thus VU is a d-cocycle.
For the other part, let ¢ = AdU o § and { — AdV oe. We have

Oy 0 Dy 0 j5 = By o j§ = 44 = Py o4,



312 S. KALISZEWSKI, T. OMLAND AND J. QUIGG

and

(P o Py ®id) jG®1d wg)

)((
®id)((@y @ id) (5 @ id) (wa)))

= (v
= (®y ®id) ((JA ®id)(V)(jg ® id)(wG))
= (®y 0 j5 ®id)(V)(®r ®id) ((jg ® id)(wea))
= (j2 ®id)(V) (4 ®1d)(U)(5& @ id) (we)
= (ja ®id)(VU)(j& ® id) (we)-
It follows that ®; o @y = Py ). U

4. Abstractly inverting a process

Very often in mathematics we are studying a process P that takes inputs
x and produces outputs P(z), and several questions arise:

(i) Classify the outputs: For which objects y is there an input z
such that P(z) = y?
(ii) Classify the inputs: Given that y is an output, find all inputs x
such that P(z) =
(iii) Invert the process: Given that P(z) =y, what other data do we
need to recover x?

Typically we must interpret the above questions “up to isomorphism”. For
example, we should write P(z) ~ y throughout, in (ii) we should classify
the x’s up to isomorphism, and in (iii) we should only expect to recover z
up to isomorphism.

Our strategy is to put everything in a categorical setting, so that the
process P is a functor, and in (iii) we want to convert P into a category
equivalence. We say “convert” here because most of the time the original
version of the process will not be an equivalence. When we inquire about
“other data”, which in mathematics are usually thought of as “extra struc-
ture”, we want to factor P as an equivalence followed by a specific type of
forgetful functor, and the “extra structure” is what we are forgetting.

We want to give some meaning to “inverting” a functor P. To begin,
we introduce some terminology — some standard, some ad-hoc — that is
convenient for our purposes.

Definition 4.1. Suppose P: C — D is a functor.

e An output of P is an object y of D for which there exists an object
x of C such that P(z) =

e An essential output of P is an object y of D for which there exists
an object z of C such that P(z) ~ y.

e The image of P is the class of all outputs of P.

e The essential image of P is the class of all essential outputs of P.
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e For an output y of P, the inverse image of y under P is the class
P~1(y) of all objects = of C such that P(z) = y.

e For an essential output y of P, the essential inverse image under P
of y is the class of all objects = of C such that P(z) ~ y.

e If every object in D is isomorphic to an output of P, then P is
called essentially surjective.

e If for all objects z,y in C, the map Mor(z,y) — Mor(P(x), P(y)) is
surjective or injective, then P is full or faithful, respectively.

e If P is essentially surjective, full, and faithful, then P is a cate-
gory equivalence and has a quasi-inverse, i.e., there is some functor
H: D — C such that H o P and P o H are naturally isomorphic to
the identity functors.

e P is called conservative if it reflects isomorphisms, that is, if for
every morphism f in C such that P(f) is an isomorphism in D,
then f is an isomorphism in C.

e An inversion of P is a commutative diagram

of functors such that:
(i) P is an equivalence of categories;
(ii) D is a category whose objects are pairs (4, ), where A is an
object of D and o denotes some extra structure;
(iii) F' is defined by F'(A,o) = A on objects, and is faithful.

e An inversion of P (as above) is good if the image of F' is contained
in the essential image of P, and F has the following unique isomor-
phism lifting property: whenever y € D and u € F~!(y), for every
isomorphism 0 in D with domain y there is a unique isomorphism
60, in D with domain u such that F'(6,) = 6. We write 6 - u for the
codomain of 6,,.

We regard F': D> Dasa special type of forgetful functor that “forgets
extra structure”, and we regard any choice of quasi-inverse H: D — C of P
as “inverting the process P”.

From a slightly different viewpoint, we can think about this as transform-
ing P into a forgetful functor F' by replacing its domain category C by an
equivalent category D, in a way that makes it clear what extra structure
that is forgotten, i.e., what extra structure we need to invert the process.

We emphasize that the above is not an attempt to give a definition of
inversion that is completely satisfactory to category theorists, but we are
rather describing a situation that is easily recognizable. To shed further
light on this, let us for a moment ignore part (ii) and (iii) of the definition
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of inversion, and instead only require F' to be faithful, so that it identifies
Mor(z,y) with a subset of Mor(F(z), F(y)). Then one may think of an ob-

ject x in D as having an underlying D-object F'(z), plus some extra structure
that F forgets. In this way, one can think of morphisms Mor(z,y) in D as
those morphisms in Mor(F'(z), F(y)) that are “compatible” with this extra
structure. To simplify the description, we denote the extra structure by a
symbol o, making the definition less rigorous. N

Moreover, the requirements that F' is faithful and P is an equivalence
mean that inversions only exist for functors P that are faithful. In fact, this
is the only obstruction: assuming P: C — D is faithful, define a category D
whose objects comprise all pairs (P(z),z) where x is an object in C, and in
which a morphism from (P(z),x) to (P(y),y) is just a morphism f: x — y
in C. Define a functor P: C — D on objects by P(z) = (P(z),z) and on
morphisms by P(f) = f. Then P is actually an isomorphism of categories,
and we have an inversion with the forgetful functor F': D — D defined by
F(P(x),z) = P(z) and F(f) = P(f). This construction is rather artificial,
and the point we wish to make in this paper is that inversions arise quite
naturally, and can give useful information.

In a good inversion, the unique isomorphism lifting property implies that
the forgetful functor F' will be conservative. It turns out that even for
inversions that are not good the functor F' will frequently be conservative;
for example, this will be the case in all the examples we consider in this
paper. Note that F' is conservative if and only if P is conservative.

In general, the unique isomorphism lifting does not carry over from F
to P. Indeed, suppose F has this property. For all y € D, u € P~(y),
and 6 € Isop(y,-), there only exists some v’ ~ u and 6" € Isoc(v/,-) such
that P(¢') = 6, namely, v/ € P~}(P(u)) and 0 € ﬁ_l(F(Gﬁ(u))). The
isomorphism u — u’ can be chosen in a canonical way for every choice of
quasi-inverse H for P by letting ' = (H o P)(u), and 6, = H(ng(u)) is
unique up to isomorphism. In other words, for a good inversion to exist, P
must have a property that is very close to the unique lifting property in a
category-theoretical sense (the requirement that the image of F' is contained
in the essential image of P does not impose any restrictions on what P can
be).

The unique isomorphism lifting property may of course be defined for any
functor, and has presumably been studied, but we could not find this precise
property in the category theory literature.

The unique isomorphism lifting property is very close to the requirement
that F' be a covering of the underlying groupoids, except that we do not
require that F' be surjective on objects.

Note that, even in good inversion, F' is not full on the underlying groupoids
since the lift 6, of # does not necessarily belong to Iso(u,v), but rather to
Iso(u, w) for some possibly different w with F(v) = F(w).
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Suppose we have a good inversion of P. We emphasize that we do not
assume that the objects of D that are in the image of F' form a particularly
large portion of the class of all objects of D; in particular, F' will typically not
be essentially surjective, i.e., there typically will be objects of D that are not
isomorphic to anything in the image of F'. However, good inversion requires
that the image of F' is isomorphism-closed in the sense that any object of D
that is isomorphic to an output of F' is an output of F'. It follows from this
and the definition of good inversion that the essential image of P coincides
with the image of F.

Proposition 4.2. Suppose we have a good inversion of P as above. Then
for any essential output y of P, the essential inverse image of y under P
is classified up to isomorphism by the orbits of F~'(y) under the natural
action of Aut(y).

Proof. For an object = in C we have P(x) ~ y if and only if there exists
u € F~1(y) such that  ~ H(u). For two such xy, s, with x; ~ H(u;),
u; € F71(y) (i = 1,2), we have x1 ~ x9 if and only if u; ~ us, if and only if
ug = 0 - uq for some automorphism 6 of y. O

5. Inverting the crossed-product process — actions

We will give three examples of (categorically) inverting the crossed-pro-
duct _process for actions. In all three cases the objects of the categories C,
D, D will remain the same, but in some sense the first example will have
the fewest morphisms, the second example the most, and the third example
somewhere in between.

Broadly speaking, we will start with a category C of actions, and the basic
process will produce the full crossed product, which will be an object in a
category D of C*-algebras, and the category D will have objects comprising
C*-algebras with a coaction and a certain kind of equivariant map (see
below).

In each example the objects of the category C will be actions (A, «) of
G, and the process P will be a functor that takes an object (A, «) to the
full crossed product C*-algebra A x, G. The objects of the category D will
be equivariant maximal coactions (C,d,V), i.e., § is a maximal coaction of
G on a C*-algebra C and V: C*(G) — M(C) is a nondegenerate 6g —
equivariant homomorphism. The functor P will take an object (4, ) to
(A X G, a, iG).

5.1. Nondegenerate Landstad duality for actions. This first example
of inverting the process will be based upon the nondegenerate category Cy 4
of C*-algebras, in which a morphism ¢: C — D is a nondegenerate homo-
morphism ¢: C' — M (D). A morphism ¢ is an isomorphism in the category
if and only if it is a C*-isomorphism in the usual sense.
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The nondegenerate category Acnq of actions has actions (A, a) of G as
objects, and when we say 1: (A,a) — (B,f) is a morphism in the cate-
gory we mean ¢: A — B is a morphism in Cj, that is o — 3 equivariant.
Isomorphisms in the category are equivariant C*-isomorphisms.

The nondegenerate equivariant category dg-Cong of coactions has equi-
variant maximal coactions (see Definition 2.3) (C,d, V') of G as objects, and
when we say ¢: (C,6,V) — (D,e, W) is a morphism in the category we
mean ¢: C' = D is a morphism in C 4 that is § — € equivariant and satisfies

W =4oV.

The nondegenerate crossed-product functor CPpq is given on objects by
(A, ) — A %, G, and on morphisms by

(¢: (A,0) = (B,B)) = (¢ x G: Axg G — B x3G),

where we must keep in mind that ¢ x G is to be interpreted as a morphism
in the nondegenerate category of C*-algebras. s

The nondegenerate equivariant crossed-product functor CPyq is given on
objects by (4, a) — (A X, G, Q,ig), and on morphisms by

(p: (A,@) = (B,B)) = (px G: (A%, GG, ig) — (B x5 G, Bic),

where we recall ihat exGisa— B equivariant and takes ig to zg

The functor CPgq is an equivalence [KQ09, Theorem 5.1] and CPgq is the
composition of CPyq followed by the forgetful functor F': 6g-Cong — Cj 4
defined on objects by (C,0,V) — C and on morphisms by f — f. Hence,
F is precisely the type of forgetful functor that fits into the framework of
Section 4, and hence, this setup gives an inversion of the process CPnq. We
call this inversion nondegenerate Landstad duality for actions.

Moreover, it follows from [KQ09, proofs of Theorems 4.1 and 5.1] that
a quasi-inverse of the nondegenerate equivariant crossed-product functor is
given by the nondegenerate fized-point functor Fixn,q, defined on objects by
(C,6,V) = (C%,a") (see Definition 2.3 for notation), and on morphisms
as follows: if ¥: (C,6,V) — (D,e,W) is a morphism in jg-Copng, then

Fixpa(¥): (C%V,a") — (D=, o)

is the unique morphism in Acpq such that the diagram

ey Fixp G -
(05"/ AoV G, av,’icé,v) % (DE’W ><]OcW G,OZW, iDe,W)
(C,5,V) - (D, W)

commutes in dg-Coyq, where the vertical arrows are the canonical isomor-
phisms.
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Since we have chosen the object map of Fix,q to take an equivariant max-
imal coaction (C,8,V) to the C*-subalgebra C%V of M(C), in our setting
the nondegenerate homomorphism

Fixpa(¥): €%V — M(D=W)

is the restriction of (the canonical extension to M(C) of) . Thus, the
additional data required to recover the action from the full crossed product
A %, G consists of the dual coaction @ and the canonical homomorphism

1G-

Proposition 5.1. The above nondegenerate Landstad duality is a good in-
Version.

Proof. We must check that the image of F' is contained in the essential
image of CPhLq, and the unique isomorphism lifting property. The first
follows immediately: if C' = F(C,§,V), then by classical Landstad duality
(Corollary 2.6) there is an action (A4,a) = Fixpq(C,0,V) such that C' ~
CPnd(A, @). For the unique isomorphism lifting property, given an object
(C,6,V) of §g-Copng and an isomorphism 6: C = Din C: 4, we can use 0
to carry the coaction ¢ and the homomorphism V over to a coaction € on D
and a g —e equivariant nondegenerate homomorphism W: C*(G) — M (D),
and then 0 gives an isomorphism

0: (C,8,V) = (D,e, W)

in 6G-Copg covering 0: C' — D. Since the forgetful functor is faithful we
see that 6 is unique. O

5.2. Enchilada Landstad duality for actions. The enchilada category
Cin of C*-algebras has the same objects as Cj 4, but now when we say
[Y]: C — D is a morphism in the category we mean [Y] is the isomorphism
class of a nondegenerate C' — D correspondence Y. Composition of mor-
phisms is given by balanced tensor products, and identity morphisms by
the C*-algebras themselves, viewed as correspondences in the standard way.
A morphism [Y] is an isomorphism in the category if and only if ¥ is an
imprimitivity bimodule.

The enchilada category Acen of actions has the same objects as Acpg,
but now when we say [X,7]: (4,a) — (B, ) is a morphism in the category
we mean [X|: A — B in C}, and v is an a — /3 compatible action of G on
X. Isomorphisms in the category are equivariant Morita equivalences.

The enchilada equivariant category 0g-Coen 0f coactions has the same
objects as dg-Copg, but now when we say [Y,(]: (C,9,V) — (D,e, W) is
a morphism in the category we mean [Y]: C — D in C{ and (isad—¢
compatible coaction of G on Y. Note that this time the morphisms have
nothing to do with the equivariant homomorphisms V,W. In particular,
isomorphisms in the category are just equivariant Morita equivalences.
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While §5-Conq defined in the previous subsection is a so-called comma,
category, 0g-Coen is sometimes loosely said to be a “semi-comma category”.

The enchilada crossed-product functor CPey is the same as CPpq on ob-
jects, but is given on morphisms by

([X,7]: (4,0) = (B,B)) = ([X 1y G]: Axq G = BxgG).

__The enchilada equivariant crossed-product functor CAIBen is the same as
CPpq on objects, but is given on morphisms by

((X,7]: (A,0) = (B, B)) =
(X x5 G,7]: (A x4 G,8,ic) — (B x5 G, B,ig).

Note that CPen is the composition of (/]\f’en followed by the forgetful
functor F': (C,0,V) — C.

We will prove that, although F' and 613en provide a way of inverting
CPen, in this case we do not have a good inversion. Propositions 5.2 and
5.4 below, which we express in noncategorical terms, form the crux of the
matter.

First we need “generalized fixed-point correspondences”:

Proposition 5.2. Let (C,6,V) and (D,e, W) be equivariant maximal coac-
tions, and let (Y, () be a (C,9) — (D, e) correspondence coaction. Then there
are a (C?,aV)—(D?,a") correspondence action (X, ) and an isomorphism

O: (X %, G,7) ~ (¥ ()
of (C,6) — (D,e) correspondence coactions, characterized by
O(ix(z) -ig(d)) =x-W(d) for z€ X,deC*(Q).

Proof. Recall from Subsection 2.4 there is an associated maximal coaction
w on the algebra K := IC(Y) of generalized compact operators on Y, and
a maximal coaction v = (#¢) on the linking algebra L := L(Y) = (X Y))
(where we do not bother to explicitly indicate the lower-left corners, since

they take care of themselves). The composition
U:=ypcoV:C"(G) = M(K)

(where pc: C — M(K) is the homomorphism associated to the left-module
structure) and the homomorphism Z := (g VQ/) are equivariant from g to
p and v, respectively. The projections p = (§9),¢ = (39) € M(L) are

in the multiplier algebra of the generalized fixed-point algebra L”, giving a
matrix decomposition
K+ X
v _
e (T 5)

where we define X = pLYq. Thus X is a K* — D¢ Hilbert bimodule, and
hence a C% — D¢ correspondence, incorporating the nondegenerate homo-
morphism Fixpq(pc): C° — M(K!).
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Now, L carries an inner action Ad Z. The projections p,q € M(L) are
Ad Z-invariant, and the restrictions on the diagonal corners are

AdZ|prp =AdU and AdZ|jrq =AdW,
so Ad Z decomposes as a matrix of actions

AdU Ad(U,W)
AdW

(where Ad(U, W) denotes the action of G on Y whose value at s € G is the
operator z + Uy - & - W}). Thus the restriction a? = Ad Z|;» decomposes

as a matrix u
oZ = (¢ v
x oW
U w

(where we define v; = aZ|x for s € G). Moreover, 7 is a” —a"” compatible,
and hence o¥ — o'V’ compatible, incorporating Fixpq(¢c) again.
Classical Landstad duality (Corollary 2.6) gives an isomorphism
0p: (LY x4z G a?) =5 (L,v).
Z

AdZ:<

d
S

On the other hand, since the projection p is «
irv(p) gives a matrix decomposition
KtxuoG X x,G

* D¢ X W G

-invariant, the projection

LVNQZG—<

of full crossed products and

—~ U=
«
* aW

of dual coactions. Further, 67 preserves the corner projections. Thus 6,
restricts on the corners to a 4 — ¢ equivariant Hilbert-bimodule isomorphism

~

(0k,0,0p): (K" x40 G, X %y G, D xow G) — (K,Y, D).
We also have an &‘\/ — § equivariant isomorphism f¢: C?% x v G =5 C, and

Ok 0 pcou o= wcobc

by nondegenerate Landstad duality. Thus, incorporating the isomorphisms
O¢c and Op, O is an isomorphism of (C, §) — (D, e) correspondence coactions.
For the other part, we have

pipvq=1ix and qZ =qZq=W,
and it follows that for x € X,d € C*(G) we have
@(iX(m)-ig(d)) =z -W(d). O
Notation 5.3. We denote the C% — D¢ correspondence X constructed in

the above proof by Y&V'"W  or just Y¢ if confusion is unlikely, and we denote
the action v by a¥'W.
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Proposition 5.4. Let (A,«) and (B, ) be actions, and let (X,v) be an
(A, ) — (B, B) correspondence action. Then ix: X — M(X x,G) gives an
isomorphism

(X.7) = (X, G, afe)
of (A,a) — (B, B) correspondence actions.

Proof. We have associated actions (K = K(X), o) and (L = L(X), 7), with
T= (Z Zg), a dual coaction

N~ [(Kx.G X x,G o 7
ween=(("00 5256)-(C5)

on the full crossed product, and an isomorphism
ir: (L,7) = ((L x; G)T,a'6)
by classical Landstad duality. On the other hand, we also have a decompo-
sition
~ K x,G)7 (X x,G)
T (s
* (B Xpg G)

and iy, preserves the corner projections. Thus iy, restricts on the corners to

a vy — o'¢'c equivariant Hilbert-bimodule isomorphism
(ix,ix,ip): (K, X, B) =5 (K s G)7,(X 1, G)7, (B x5 G)P).
We also have an isomorphism i4: A — (A x4 G)%, and

LK © QA = P(An,G)a © 1A
by nondegenerate Landstad duality. Thus, incorporating the isomorphisms

ia and ip, ix is an isomorphism of (A4, a) — (B, 3) correspondence actions.
O

Theorem 5.5. The enchilada equivariant crossed-product functor éTDQn 18
an equivalence, and there is a quasi-inverse Fixen: 0g-COen — AcCen with
morphism map

(Y, ¢): (C,6,V) = (D,e,W)) = ([Y,a¥]: (C%,aY) — (D, "))
and the same object map as Fixpg: 6g-Cona — Acnd-

Proof. It is clear that CPen: Acen — dg-Coen is essentially surjective,
because it is essentially surjective for the nondegenerate categories, which
have the same objects and in which isomorphism is stronger than in the
enchilada categories. To see that CPey is an _equivalence, we must show that,
for any two objects (4, a), (B, ) in Acen, CPen takes the set of morphisms
Mor((A, a), (B, B)) bijectively onto Mor((A x, G, @, ig), (B x5 G, B.ig)).

For injectivity, if [X,~]: (4,a) — (B, ) in Acen, it suffices to note that
Proposition 5.4 tells us that (X, ) can be recovered up to isomorphism from
the crossed product.
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We turn to the surjectivity. If [Y,(]: (A X, G, ig) = (B xgG, E, ig) in
dG-Co0en, Proposition 5.2 (and Notation 5.3) give an isomorphism

0: (Y% , s G,aidic) =5 (Y,()
G

a'Gr"
of (AxaG,a)— (BxgG, B) correspondence coactions. Now, (Y7, ai%’ig) is
an
(A %0 G)F, ') — ((B x5 G)P,aic)
correspondence action. Incorporating the isomorphisms
(A, @) =~ (A x4 )7, a'0)
(B,B) ~ ((B x5 G)?,aic)

from classical Landstad duality (Theorem 2.2), (Yc,ai%’ig) becomes an
(A,a) — (B, 8) correspondence action, whose full crossed product is iso-
morphic to the given coaction (Y, (). Finally, the assertions regarding the
quasi-inverse Fixe, follow immediately from the above constructions. O

Let F': 0g-Coen — C},, denote the forgetful functor defined on objects by
(C,6,V) — C. The factoring of CPpq into a composition of CPhq followed
by F' gives an inversion of CPey, which we call enchilada Landstad duality
for actions.

Remark 5.6. Enchilada Landstad duality for actions is not a good inver-
sion. For if it were, the image of the forgetful functor (C,4d,V) — C from
0G-Co0en to Coen would coincide with the essential image of CPey, and
it would follow that any C*-algebra C' that is Morita equivalent to a full
crossed product A x, G would have extra structure 0, V' such that (C,d,V)
is an object in dg-Coen. But then by classical Landstad duality C' would
be C*-isomorphic to a full crossed product. We can easily see that this
is false in general — for instance, if G is finite of even order then every
finite-dimensional C*-algebra isomorphic to a crossed product by G would
have even dimension, while every finite-dimensional C*-algebra is Morita
equivalent to one of odd dimension.
Nevertheless, it is still the case that the forgetful functor

F: 6G‘C0en — CZn

is conservative, i.e., a morphism [Y]: (C,0,V) — (D, e, W) in §G-Coen is an
isomorphism in the category if and only if its image [Y]: C'— D under the
forgetful functor is an isomorphism in Cf,,, i.e., Y is a C' — D imprimitivity
bimodule — the problem is that isomorphisms do not always lift. Interest-
ingly, the enchilada crossed-product functor CPey, has a special property: it
is essentially surjective, because every C*-algebra is Morita equivalent to a
full crossed product, by crossed-product duality. In fact, we could use the
dual crossed product

~

(C,0,V) = (C x5G,0)
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as an alternative quasi-inverse of (fj\f’en, again by the properties of crossed-
product duality. This has the following consequence: the map

(C,0,V) — (C,9)

extends to an equivalence of enchilada categories that is actually surjective
on objects.

5.3. Outer Landstad duality for actions. We have seen that nonde-
generate Landstad duality is a good inversion, whereas enchilada Landstad
duality is not. In some sense the problem with the latter is that we have too
many morphisms. This led us to wonder whether there might be intermedi-
ate categories, with more morphisms than the nondegenerate but fewer than
the enchilada, where good inversion is possible. Here we present a nontrivial
example of such an intermediate choice of morphisms. However, this time
the domain and target categories involve an asymmetrical choice of mor-
phisms — in the domain category C of actions we start with nondegenerate
equivariant maps and throw in outer conjugacy, while in the category D we
require the coaction-equivariant maps to respect the generalized fixed-point
algebras in some sense.

We base this third example of inverting the process upon the nondegen-
erate category Cj of C*-algebras, as we did for nondegenerate Landstad
duality. The outer category Acou of actions has the same objects as Acpg,
but now when we say (¢, u): (4,a) — (B, ) is a morphism in the category
we mean u is a (-cocycle and ¢: A — B is a morphism in Cj, that is
a — Adu o 8 equivariant.

Lemma 5.7. The category Acoy introduced above is well-defined.

Proof. The crucial thing is to check that we can compose morphisms: let
(p,u): (A,a) = (B, ) and (¢, v): (B,5) = (C,v) be morphisms in Acoy.
Claim:
(Yo, (You)v): (4,a) = (C,7)
is a morphism. We need to show that:
(i) (¢ ou)v is a y-cocycle.
(ii) ¥ o is @ — Ad((¢ o u)v) oy equivariant.
For (i), note that ¢ o w is an Adwv o v cocycle since ¢ is 8 — Adwv o
equivariant, and hence it follows from Lemma 3.5 that (¥ ou)v is a y-cocycle.
For (ii), we reason as follows: 1 is 8 — Adv o v equivariant and u is a
B-cocycle, so ¥ ow is an (Adwv o «y)-cocycle and 9 is

Aduop —Ad(¢pou)oAdvory
equivariant. Note that
Ad(you)o Advoy = Ad((¢ ou)v) 0.
Since ¢ is @ — Ad u o § equivariant, the composition 1 o ¢ is
a—Ad((¥ou)v) oy
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equivariant.
This proves the claim, and so composition of morphisms is well-defined.
It is obvious that there are identity morphisms, and a routine computation
shows that composition is associative. ([

The isomorphisms in the category are just outer conjugacies of actions
(and hence the name).

For Theorem 5.9 below we will need the fixed-point equivariant category
0c-Coou 0f coactions, which has the same objects as §g-Copng, and in which
a morphism ¢: (C,4,V) = (D, e, W) is a morphism ¢: C' — D in Cj 4 that
is 6 — € equivariant and satisfies

(5.1) DW= peveV,

However, there is a subtlety: it is not obvious to us how to give a direct
proof that composition of the above morphisms is well-defined. We will
in fact give an indirect argument for this below (see Theorem 5.9). To
outline our strategy, it will help to keep the following goal in mind: we want
to establish an equivalence between the outer category of actions and the
fixed-point equivariant category of coactions. Due to the above difficulty,
we will begin with a functor into an auxiliary category, and the properties
of this functor will allow us to eventually prove that it gives an equivalence
with a subcategory.
Here is the auxiliary category: the semi-comma equivariant category

dg-Cosc

of coactions has the same objects as dg-Copq, namely equivariant maximal
coactions, and a morphism ¢: (C,d,V) — (D,e, W) in the category is just
a morphism ¢: C — D in Cj, that is § — € equivariant. The reason for
the name “semi-comma” is that the morphisms have nothing to do with V'
and W. Note that once we have cleared up the issue with compositions,
our desired category dg-Coeoy Will be a subcategory of da-Cogc obtained by
keeping all the objects but placing a restriction on the morphisms.

Also note that the fixed-point condition on morphisms in dg-Cogy does
not say that v takes the generalized fixed-point algebra C%" to D=W but
rather the two equivariant homomorphisms W, o V': C*(G) — M (D) give
the same generalized fixed-point algebra. However, an isomorphism in the
category will preserve the generalized fixed-point algebras.

Let (A, ) be an action of G. For an a-cocycle u, write

®,: (A Xaduon Gy Aduo ) =5 (A %, G, Q)

for the full-crossed-product isomorphism given by Pedersen’s theorem (Pro-
position 3.1).

Suppose (¢, u): (A,a) — (B, ) in Acoy. Then u is a S-cocycle, giving
an exterior-equivalent action v = Aduo 3, and ¢: (4,a) — (B,7) in Acpg.
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Taking crossed products gives a morphism

X G: (Ax, G,a,i%) — (B xy G,7,i)
in the nondegenerate equivariant category dg-Copnq of coactions. Forgetting
some structure,

exG: A%y G — Bxy G
is an @ — 7 equivariant morphism in CJ .
On the other hand, Pedersen’s theorem gives a 7 — 3 equivariant isomor-

phism

@, =i x (i ou)ily: Bx,G =5 BxgQG
in C} 4. Then composition gives an & — B equivariant morphism

Puo(pxG): Axg G — BxgCG

in Cy.
Proposition 5.8. With the above notation, the assignments
(5.2) (A, a) — (Ax,G,a,id)
(5.3) (p,u) = Py 0 (¢ x Q)
give a functor 61350: Acoy — 0g-Cogc that is faithful and essentially sur-
jective.

Proof. It follows immediately from the definitions that the object and mor-
phism maps (5.2)—(5.3) are well-defined and that (5.3) preserves identity

morphisms. To check that CPg. preserves compositions, given morphisms

(¥,v)
—

(4,0) 2% (B, 5) Y (0,4)

in Acgu, we have
CPsc(1),v) 0 CPgc (g, u) 0 ia

= (Pyo(p xG))o (Pyo(pxG))oia
— D, 0(1hx Q) o, 0int"Pogp
=D, 0 (Y xG)oifogp
=®, 00T ooy
=il ooy
= B oy 0 1 P 0o
= Q(pouys © (Vo) X G)oiy
= CPsc(v 0, (You)v) oig
= CPsc((,v) o (¢, u)) 0ia,
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and for s € G

CPec(t,v) © CPsc(p,u) 0 i (s)
= (®yo (1 X G)) o (Pyo(pxG))oid(s)
=B, 0 (1h x Q) o @, 0ig " (s)
=®,0 (1 xG) (zB(us)zg(s))
G o )i 5)
= i} o Y (us)it:(vs)ig(s)
= ((T/JOU) Us) G( s)
= ( (¢ o) )Zg(s)

_ ‘I)(wou)v oin Ad((yo )v)ow( )

= (I)(d}ou)v (W o 90) A G) © Z%(S)
= é\ijsc (¢ op, (Yo U)U) oigi(s)
= CPuc((1,0) 0 (. u)) 0 i (s).

Thus é\f’sc: Acoy — 6G-Cosc is a functor.

It is clear that CPgc is essentially surjective, because it is essentially sur-
jective for the nondegenerate categories, which have the same objects, and
isomorphism in A(EG'Cond is stronger than in dg-Cogc.

To see that CPg is faithful, suppose that we have morphisms

(o u), (pv): (A, ) = (B, )
in Acgy such that
CPsc(p,u) = CPse(p,v): (A %o G,@,i%) — (B x5 G, B,i)

in 6g-Cogc. By construction, we have

CPsc(p,u) 00 = By 0 (¢ % G) 0 i

_ (I) Aduoﬁ o
—igog,

and similarly
CPsc(p,v) 0 i% =iy 0 p,
So = p since Z'BB is injective.
On the other hand, for s € G we have
CPac(p,u) 0 ig(s) = B 0 (¢ % G) 0 ig(s)

=&, 00 P (s)

= ilf (us)ig(s),



326 S. KALISZEWSKI, T. OMLAND AND J. QUIGG

and similarly N
CPsc(p,v) 0 igy(s) = ig(%)ig(s)’
SO ug = Vs since zg(s) is unitary and zﬂB is injective. Thus (¢, u) = (p,v). O

With the above functor CAIJ:’SC in hand, we can achieve our goal:

Theorem 5.9. With the above notation, the category dg-Coou is a well-
defined subcategory of 6g-Cosc, and the assignments (5.2)—(5.3) give a cat-

egory equivalence CPoy: Acou — dg-Coou-

Proof. We will first show that for objects (A4, «) and (B, ) in Aceu, the
functor CPgc gives a bijection

(5.4) Morac,, ((4,),(B,B)) +—

{4 € Mors,_co.. (@SC(A, a), @SC(B,B)) : 1 satisfies (5.1)}.

Given a morphism (p,u): (A, a) — (B, ) in Aceu, let v = Aduo 3, so
that : (A,a) = (B,7) is a morphism in Acpq. Since (p x G) 0 i = i/,
and ®, is a ¥ — 8 equivariant isomorphism, we have

(B x5 G)P'6 = if)(B)
= 3, ((B %, G)74)

(B )E @uozG
( Xy G)B uo(pxG)oi
( Xy G)B CPOU(@,u)Oi%’
and hence 6135(;(@,11) satisfies (5.1).

Now suppose we are given a morphism

¥ (A g G,a,i%) — (B xg G, B,i)
in 0g-Cogc that satisfies (5.1). Put
V=1oig: G— M(BxsG).
Since 1) satisfies (5.1), we have
i2(B) = (B x5 G)Pic = (B x5 G)PV.

Since z’% :B— i%(B ) is an isomorphism and (B xgG, B, V) is an equivariant
maximal coaction, by classical Landstad duality (Corollary 2.6) there are an
action vy of G on B and an isomorphism

0: (B %, G,7,i) = (B x3G,B3,V)
in -Copg such that
(5.5) Ooil, =i
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Forgetting some structure, we have a 7 — B equivariant morphism
©:BxyG—BxgG

satisfying (5.5), so by Pedersen’s theorem there is a unique S-cocycle u such
that v = Aduo 8 and © = ®,,.
On the other hand, we can regard

¥: (A xa G,a,iq) = (B xgG,B,V)
as a morphism in dg-Copng, and thus the composition
O loth: (A%, G,a,ic) = (B %y G,7,ic)

is also a morphism in dg-Conq. By nondegenerate Landstad duality for ac-
tions discussed above [KQO09, Theorem 4.1], there exists a unique morphism

p: (A,a) = (B,7)

in Acpq such that © 1o = p x G, and then by construction of the functor
CPg. we have

Y =00(pxG)=2,0(pxG)=CPs(p,u):
(A x4 G,a,i%) = (B xp G, B,il)

in 0g-Cogc. Thus we have established the desired bijection (5.4).
Now let

$:(D,6,V) = (E,e, W)
p: (E,e,W) = (F,¢,U)

be morphisms in dg-Cogc satisfying (5.1). We must show that the compo-
sition p o 1) also satisfies (5.1). By nondegenerate Landstad duality we have
actions (4, «), (B, 3), and (C,~) such that

(A >404 G)a7zg) = (D767V)
(B Xﬂ G’Bvllg) = (E)va)
(C N’Y G)’/y\azf(y;) = (F7C7U)7

where the isomorphisms take place in the nondegenerate equivariant cate-
gory 0g-Copg, i.e., there are C*-isomorphisms

o: Axg G =D
TZBNBGi)E
w:vaGi)F

that are equivariant for the dual coactions and the given coactions 4, €, and
¢, respectively, and that also satisfy

coid =V, Toil,=W, and woi} =U.
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Under these isomorphisms, the homomorphisms ¢ and p are transferred to
W =1"tooo: (Axg G, a,ik) = (B xgG,B,il)
p=wlopor: (BxsG,B,il) = (CxyG,7,i%)

in §g-Cosgc, and because the isomorphisms o, 7, and w preserve all structure
we see that ¢ and p’ will satisfy (5.1).

Since CPgc is bijective between morphism sets in Ace, and sets of mor-
phism sets in §g-Coge determined by the condition (5.1), there are unique
morphisms

): (A, @)
): (B7

(o, u —
, U —

(o

in Aceoy such that

Since 615“ is functorial we have

pl © wl = 613“((0,1)) o (cp,u)).

Thus p' o ¢}’ satisfies (5.1). Since the isomorphisms o and w preserve all
structure, the morphism

pow:a_lop’o¢/ow

also satisfies (5.1).

Thus we have proved the first statement of the theorem, establishing the
existence of the subcategory dg-Cooy of dg-Coge consisting of the same
objects but only those morphisms satisfying (5.1). In view of the bijections

(5.4), it now follows that CPg gives a full and faithful functor
é\]?)ou: Acou — 0g-Coou,

which is essentially surjective since CPqc is, and therefore is a category
equivalence. 0

Remark 5.10. Regarding the bijection (5.4), of course the injectivity also
follows from fidelity of the functor 613“ in Proposition 5.8. On the other
hand, the proof of surjectivity is the only place in the entire paper that the
full strength of Pedersen’s theorem is needed. Thus, Pedersen’s theorem is
what guarantees that the functor (5\13011: Acoy — 9g-Cogy is full.

We define a forgetful functor F': ig-Coou — Cj 4 on objects just as for
F: )G-Copg — C} 4, and on morphisms by taking

$: (C,6,V) = (D,e, W)
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to the same map viewed as a morphism C' — D in Cj 4. We define the outer
crossed-product functor as the composition

CPoy := F 0 CPoy: Acoy — Cra-

This setting describes an inversion of CPgy in the sense of Definition 4.1,
which we call outer Landstad duality for actions.

Proposition 5.11. The above outer Landstad duality for actions is a good
IMVersion.

Proof. We must check the unique isomorphism lifting property: given an
object (C,8,V) of §G-Cogyu and an isomorphism #: C — D in C; 4, since
nondegenerate Landstad duality for actions is a good inversion by Proposi-
tion 5.1, we have extra structure (¢, W) for D such that 6 gives an isomor-
phism
0: (C,5,V) = (D,e, W)

in 0G-Cong, and hence an isomorphism in dG-Coou, covering 6, and since
the forgetful functor is faithful we see that # is unique. O

6. Inverting the crossed-product process — coactions

The exposition we give below will parallel what we did in the preceding
section for actions, especially for nondegenerate and enchilada dualities.
However, subsequent to Proposition 3.6, we remarked that we do not know
if the converse of Pedersen’s theorem holds for coactions. Consequently,
although we have complete versions of nondegenerate and enchilada dualities
for coactions, we do not have an outer duality. N

As before, in all three cases the objects of the categories C,D, D will re-
main the same: we start with a category C of normal coactions, the basic
process will produce the crossed-product C*-algebra, and the objects in the
category D will be equivariant actions. When the development is exactly
parallel to that in the preceding section, modulo a completely routine switch-
ing of “action” and “normal coaction”, together with routine adjustments in
the notation, we will merely mention the analogous results. However, com-
putations involving coactions are frequently of a different character than
those for actions, and in all appropriate cases we will include these compu-
tations.

6.1. Nondegenerate Landstad duality for coactions. The nondegen-
erate category Cong of coactions has normal coactions (A, d) of G as objects,
and when we say ¢: (A,d) — (B,¢) is a morphism in the category we mean
¢: A — B is a morphism in C}, that is § — € equivariant. Isomorphisms in
the category are equivariant C*-isomorphisms.

The nondegenerate equivariant category rt-Acnq of actions has equivari-
ant actions (see Definition 2.8) (C,a, u) of G as objects, and when we say
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Y: (C,a,u) — (D, B,v) is a morphism in the category we mean ¢: C' — D
is a morphism in C} 4 that is o — 8 equivariant and satisfies

v =10 .

The nondegenerate crossed-product functor CPpq is given on objects by
(A,9) — A x5 G, and on morphisms by

(¢: (A4,0) = (B,e)) = (¢ x G: Ax5G— Bx.G).

The nondegenerate equivariant crossed-product functor é\f’nd is given on
objects by (4,9) — (A x5 G,d,ja), and on morphisms by

(p: (A,0) = (B,e)) = (¢ % G: (A x5 G, 3, jc) — (B % G, jc).

The functor é\f’nd is an equivalence [KQRO08, Theorem 4.2 and Corollary 4.3]

and CPpq is the composition of CPnq followed by the forgetful functor
F: rt-Acnq — Cj 4 defined on objects by (C,a, 1) — C and on morphisms
by f +— f. Hence, F is precisely the type of forgetful functor that fits into
the framework of Section 4, and hence, this setup gives an inversion of the
process CPpq. We call this inversion nondegenerate Landstad duality for
coactions.

By [KQROS8, Theorem 4.2 and Corollary 4.3] a quasi-inverse of the nonde-
generate equivariant crossed-product functor is given by the nondegenerate
fixed-point functor Fixpq, given on objects by (C,a, u) +— (C**, ) (see
Definition 2.8 for the notation), and on morphisms as follows: if

¥: (Cra,p) = (D, B,v)
is a morphism in rt-Ac,q, then
Fixpq(1): (CF, 6) — (D, )
is the unique morphism in Coygq such that the diagram

~ Fixp, G F
(Ca,u X §u G,(S”,jcayu) % (D’&V Xev G, 5V7]D3’V)

i |

(C.aum0) ; - (D.B.v)

commutes in rt-Acnq, where the vertical arrows are the canonical isomor-
phisms.

Since we have chosen the object map of Fix,q to take an equivariant
action (C, a, p) to the C*-subalgebra C** of M (C'), in our setting the non-
degenerate homomorphism

Fixpg(1): C** — M(DP")

is the restriction of (the canonical extension to M (C') of) .
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Thus, the additional data required to recover the coaction from the crossed
product A x5 G consists of the dual action é and the canonical homomor-
phism jg.

Proposition 6.1. The above nondegenerate Landstad duality is a good in-
Version.

Proof. This is a routine adaptation from the action case. ([

6.2. Enchilada Landstad duality for coactions. The enchilada cate-
gory Coen of coactions has the same objects as Copg, but now when we say
[X,(]: (A,6) = (B,¢) is a morphism in the category we mean [X]: A — B
in C}, and ( is a § — € compatible action of G on X. Isomorphisms in the
category are equivariant Morita equivalences.

The enchilada equivariant category rt-Acen of actions has the same ob-
jects as rt-Acpq, but now when we say [Y,7]: (C,o,u) — (D,5,v) is a
morphism in the category we mean [Y]: C — D in C}, and vy is a o — 8
compatible coaction of G on Y. The isomorphisms in the category are pre-
cisely the equivariant Morita equivalences of the actions.

The enchilada crossed-product functor CPey is the same as CPpq on ob-
jects, but is given on morphisms by

([X,¢]: (A,0) = (B,e)) = ([X x¢G]: AxsG — Bx:G).

The enchilada equivariant crossed-product functor (/J\IJDen is the same as
CPpLq on objects, but is given on morphisms by

([X,¢]: (A,8) = (B,e)) —
(X %¢ G,C): (A x5G,0,j6) = (B x:G,E jg).

The following two results are routine modifications of the corresponding
Propositions 5.2 and 5.4.

In the following proposition, the existence of the C® — D? correspondence
X is established (with greater generality) in [BE15, Corollary 6.4]. The
construction, which is based upon a technique introduced in [EKQRO6], is
essentially the same one that we used in Proposition 5.2.

Proposition 6.2. Let (C,a, p) and (D, 3,v) be equivariant actions, and let
(Y,7) be a (C,a)—(D, ) correspondence action. Then there are a (C%,6")—
(D?,6") correspondence coaction (X,¢) and an isomorphism

0: (X x¢ G, () = (Y,7)
of (C,a) — (D, B) correspondence coactions, characterized by

O(jx(x) - ja(f)) =z-v(f) for zeX, feCo(G).



332 S. KALISZEWSKI, T. OMLAND AND J. QUIGG

Proof. The argument is completely parallel to that of Proposition 5.2, and
so we omit the details. The only point we should mention is that the de-
composition of the associated inner coaction on the linking algebra (see
Subsection 2.4) L(Y) = (X Y) takes the form

Adk Ad(k,v)
* Adv )’

where x and v are nondegenerate homomorphisms of Cy(G) into M (K) and
M (D), respectively, and Ad(k,v) denotes the coaction of G on Y given by
y— k@id(wg) - (y®1) v @id(wy). O

Notation 6.3. We denote the C® — D? correspondence X constructed in
the above proof by Y7*¥ or just Y7 if confusion is unlikely, and we denote
the coaction ¢ by d*".

Proposition 6.4. Let (A,0) and (B,e) be normal coactions, and let (X, ()
be an (A,d) — (B,e) correspondence coaction. Then jx: X — M(X x¢ G)
gives an isomorphism

(X.0) =5 (X 2 O)F, 576)
of (A,0) — (B,e) correspondence coactions.

Proof. The argument is completely parallel to that of Proposition 5.4, and
so we omit the details. ]

As for the case of actions, the above two results imply the following.

Theorem 6.5. The enchilada equivariant crossed-product functor (/]\IJDen ]
an equivalence, and there is a quasi-inverse FiXen: rt-Acen — CoOen with
morphism map

(Y:7): (Coa,p) = (D, B,v)) = ([Y7,6"7]: (C*,6") = (D7, 6"))
and the same object map as Fixpq: rt-Acng — Conpg.-

Proof. The argument is completely parallel to that of Proposition 5.5, and
so we omit the details. (]

Let F': rt-Acen — Cf,, denote the forgetful functor defined on objects by
(C,6,V) — C. The factoring of CPey into a composition of éﬁen followed
by F gives an inversion of CPey, which we call enchilada Landstad duality
for actions.

Remark 6.6. This inversion is not good, since when G is abelian the coac-
tions become actions of the dual group, and we have observed earlier that
enchilada Landstad duality for actions is not a good inversion. Nevertheless,
just as for actions, the forgetful functor is faithful and essentially surjective
(because we can again use crossed-product duality).
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Remark 6.7. It might be of interest to note that our use of category-theory
technique in the above proof obviated the need to directly establish that the
morphism map [Y,v] — [Y7,0*"] is functorial; this would have required
that we prove an isomorphism of the form

(Y ®p Z)¥P ~ YT @pp Z°,

whereas in fact this follows from the properties of category equivalences.
In contrast, the functoriality in [BE15, Corollary 6.4] depends upon [BE15,
Proposition 6.1], which proves such a tensor-product isomorphism; this was
necessary in [BE15] because their fixed-point correspondence functor was
not presented as a quasi-inverse to a known functor.

6.3. Outer Landstad duality for coactions. The outer category Coou
of coactions has the same objects as Copq, but now when we say

(0, U): (A4,6) = (B,¢)

is a morphism in the category we mean U is an e-cocycle and ¢: A — B is
a morphism in Cj ; that is 6 — AdU o ¢ equivariant.

Lemma 6.8. The category Coey introduced above is well-defined.

Proof. The outline of the proof is completely parallel to that of Lemma 5.7;
we only include those calculations that are peculiar to coactions. The cru-
cial thing is to check that we can compose morphisms: given morphisms
(p,U): (A,a) = (B, ) and (¢, V): (B, ) — (C, () in Copyu, we must show
(i) (¥ ®id)(U)V is a (-cocycle;
(ii) Yoy is § — Ad[(v ®id)(U)V] o ¢ equivariant.

For (i), as we show below, (¢ ® id)(U) is an AdV o ¢ cocycle, and hence
it follows from Lemma 3.7 that (¢ ® id)(U)V is a (-cocycle.

For (ii), we appeal to [Fis04, Remark 1.14], concerning naturality of co-
cycles: ¢ is € — AdV o ¢ equivariant and U is an e-cocycle, so (¢ ® id)(U)
is an AdV o cocycle and 9 is

AdUoe — Ad(¢h ®1d)(U) 0o AdV o ¢

~— —

equivariant. Note that
Ad(y ®id)(U) o AdV o ¢ = Ad[(¢ ® id)(U)V] o C.
Since ¢ is § — Ad U o € equivariant, the composition 1 o ¢ is
§—Ad[(y ®id)(U)V] o ¢

equivariant. This proves the claim, and so composition of morphisms is
well-defined.

It is obvious that there are identity morphisms, and a routine computation
shows that composition is associative. [l
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Isomorphisms in the category are just outer conjugacies of normal coac-
tions.

Parallel to the fixed-point equivariant category of coactions, we would
now like to define the fixed-point equivariant category rt-Aceoy of actions in
which the objects are the same as in rt-Acnq, and in which a morphism
¢ (C,o,p) — (D, B,v) is a morphism ¢: C — D in C}y4 that is a — 3
equivariant and satisfies

(6.1) DBV — pBon

However, just as before we do not see how to prove directly that composition
of morphisms will be well-defined. Moreover, in this case we cannot use the
indirect approach that we did for §g-Coeyu because we have no fully working
version of Pedersen’s theorem for outer conjugacy of coactions.

Consequently, in this case we need to modify the definition of morphisms
in the category. In fact, we will replace (6.1) by a condition that is for-
mally weaker (see Remark 6.11), but for all we know the two definitions are
equivalent — fortunately, our result will not depend upon the answer to this
question.

So, we start over: we define the fized-point equivariant category rt-Acoy
of actions to have the same objects as rt-Acpq, namely equivariant actions,
and when we say ¢: (C,a,pu) — (D,B,v) is a morphism in rt-Acey, we
mean that ¢: C — D is a morphism in C} 4 that is a — 3 equivariant and
for which the canonical extension

©: M(C)— M(D)
restricts to a nondegenerate homomorphism
?|: C¥F — M(DPY).

Lemma 6.9. With the above definition of morphism, the category rt-Acou
is well-defined.

Proof. We must check that composition of morphisms is defined. Once we
have done this it will be obvious that composition is associative and that we
have identity morphisms. Suppose that p: (D, S,v) — (E,~,7) is another
morphism, so that p restricts to a nondegenerate homomorphism

pl: DPY — M(EYT).

The composition of ¢ and p in C} 4 is the a — v equivariant nondegenerate
homomorphism

poy: C— M(E).
On the other hand, the composition of the nondegenerate homomorphisms
| and p| is the nondegenerate homomorphism

plot|: CH — M(EYT).

It is clear from the definitions that this composition is the restriction of
poy=porto CH. (]
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Remark 6.10. If ¢: (C,a, u) — (D, 3,v) is a morphism in the nondegen-
erate category rt-Acpq of equivariant actions, then we can apply the functor
Fixpq to get the nondegenerate homomorphism

Fixpq(y) = 1]: C%* — M(DPV).
Thus rt-Acpg is a subcategory of rt-Acoy with the same objects.
Remark 6.11. Given equivariant actions (C, a, ) and (D, 8,v), if ¢: C —

D is an o — 3 equivariant morphism in Cj 4 that satisfies (6.1), then 1 is a
morphism in rt-Acey, because we have a morphism

¥: (Coa,v) = (D, B¢ op)
in rt-Acpq, and hence in rt-Acgy, i.e., ¥ restricts to a nondegenerate ho-
momorphism
Pl CO* — M(DPYor) = M(DPV).
We do not know whether the converse holds — for all we know, the mor-
phisms in rt-Ace, might be precisely those equivariant nondegenerate ho-
momorphisms satisfying (6.1), completely parallel with éG-Cooy. We should

mention that it is not hard to show that the converse does hold for isomor-
phisms.

Theorem 6.12. With the above notation, the assignments

(A,8) = (A x5 G, 3, 5E)

(p,U) = @y o(pxG)
give a functor 613011: Coou — 1t-Acoy that is essentially surjective and
faithful.

Proof. The first thing to check is that if (p,U): (4,d) — (B,e) is a mor-
phism in Cog, then

CPou(ip, U) = By o (p % G): (AxsG,6,58) — (B . G,8j&)
is a morphism in rt-Acey. Let ( = AdU oe. Then we have a morphism
02 G (Ax5G,6,8) = (B ¢ G,C.jg)
in rt-Acpq, and hence in rt-Acgy. Next, we have a E — € equivariant mor-
phism
Sy: BxeG—Bx.G
in C} 4, and we have a nondegenerate homomorphism
Oy 0jS = j5: B— M(B x. G),
and so @y restricts to a nondegenerate homomorphism from
. C.i¢
J5(B) = (B x¢ G)*J5
to .
M(j3(B)) = M((B % G)™c).
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Thus we have a morphism
Bu: (B¢ G, (. jg) = (B %G8, jg)
in rt-Acoy. Therefore the composition
Gi)ou(%U) =dyo(pxqG)

is a morphism in rt-Acgy.
Now let (¢,V): (B,e) — (C, ) be another morphism in Coey. Then

CPou(1, V) 0 CPou(tp, U) 0 ja = CPou((1, V) 0 (¢,U)) 0 ja
by computations parallel to Proposition 5.8. On the other hand,
(CPou(¥h, V) 0 CPou(ip,U) 0 j; ® id) (we)
= (Py o (1h xG) o By o (px Q) o jd®id)(we)
= (®yv o (¥ x G) ®id) ((Py 0 ja*V* ®id)(we))
= (Py o (¥ x G) ®id) ((j3 @ 1d)(U)(j& @ id)(we))
= (Pv o (¥ x G) 0 jp ®id)(U)(Pv o (¥ x G) 0 ji ®id) (we)
= (Dy 0 ja? 0 @1d) (U) (Dy 0 j51V @ id) (we)
= (j& o ¥ ®id)(U)(j& @ id) (V) (jg @ id)(we)
= (4 ©id) (¢ @ id)(U)V) (54 @ id)(we)
= (®ygiaywyv © (Yo x G) 0 j& ®id) (wg)
(cpou o, (¥ ®id)(U)V) 0 & @ id) (wg)

= (CPou((w, V) 0 (9, 1)) 0 j& @ d ) (wa),
which implies
613ou(wv V)o 613011(% U)o Jg = 513011((1#, V) o (e, U)) © ]g
For fidelity, given morphisms
(2, U), (p,V): (A,6) = (B,e)
in Cogy such that
6{3011(303 U) = C\IJDou(p? V) (A A§ Gaga.]g) — (B Ag Gaajé‘)
in rt-Acgyu, we have
CPou(ip, U) 0 4 = @y o (o x @) 0 j)
_ (I)U oJAdan o
- ]B °o®,
and similarly -
CPoul(p, V) o Jg =jBop,
so ¢ = p since j is injective by normality of e.
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On the other hand,
(CPou(ip,U) 0 j& @ id) (we) = (®y o (¢ x G) 0 j& @id) (we)
= (Jp ®1d)(U)(jg ® id)(we),
and similarly

(CPoulp, V) 0 g ®1d) (we) = (3 © 1d)(V)(jg; ® id) (we),
so (jp ®id)(U) = (jp ®id)(V) since (j& ® id)(wg) is unitary. Since j3 is
injective by normality of the coaction ¢, so is
jp®id: B® C*(G) - M((B x. G) @ C*(G)).
Thus U =V, and hence (p,U) = (p, V). O

Remark 6.13. It can be shown by a computation similar to the first part
of the proof of Theorem 6.12 that if ¢ is a morphism in Acoy then the
morphism CPoyu(¢) in dg-Cooy actually satisfies the formally stronger con-
dition (6.1). Thus, if we had a converse of Pedersen’s theorem for coactions,
then we would be able to (re)define a category rt-Aceoy subject to (6.1),
and get a category equivalence Cogy ~ rt-Acey dual to the equivalence
Acoy ~ 0g-Cogy of Subsection 5.3. Moreover, this would give rise to an
outer Landstad duality for coactions, which would be a good inversion, since
we could show that the forgetful functor has the required properties using a
routine adaption of the argument for outer duality for actions.

Remark 6.14. In Section 5 we worked with full crossed products by ac-
tions, and consequently the dual coactions were maximal. As we remarked
at the end of that section, it is possible to give an alternative development,
involving reduced crossed products, in which case the dual coactions would
be normal. In Section 6 we chose to work with crossed products by normal
coactions, rather than maximal ones, because this allowed for a development
that was quite parallel to the one in Section 5. It is possible to prove ana-
logues of the results of Section 6 for maximal coactions, but this requires
substantial modification of the techniques, principally because the gener-
alized fixed-point algebras will then be in a different place. We felt that
to present all of this here would distract from the main point, namely the
description of a general procedure for “inverting the process”. We will give
an alternative development in terms of maximal coactions in a forthcoming

paper.
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