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1. Introduction

Let A be a C*-algebra and let X be a Hilbert A-module with an A-valued
inner product (- , - ). For any closed subspace Y of X, we denote by Y the
orthogonally complemented subspace of Y in X, i.e.,

Yit={zeX|(z,y)=0forallyeY }.

We say that a closed A-submodule Y of a Hilbert A-module X is orthogonally
complemented in X if X coincides with Y @Y+, and that a closed A-submodule Y of
a Hilbert A-module X is orthogonally closed in X if (Y+)1 = Y. If Y is orthogonally
complemented in X, then it is orthogonally closed in X. But the converse is not
necessarily true. As is well known, every closed subspace of a Hilbert space is
orthogonally complemented. This fact is a reason why it is easier to work on Hilbert
spaces than on Banach spaces. Thus we have reached a question of when every
closed submodule Y of a Hilbert C*-module X is orthogonally closed or orthogonally
complemented in X. The purpose of this article is to introduce complete answers
(containing the author’s unpublished results) to the above question, which have been
obtained by Magajna [11], Schweitzer [12] and the author [4], [6]. Here it would be
significant to remark that although the Hilbert C*-modules to be considered in
this article are supposed to be full, the assumption to be full is not essential in
the subject (or the question) mentioned above. In the latter half part of §2, we
mention the author’s density theorem which says that a submodule Y of a Hilbert
C*-module X is dense in (Y1) in some topology.

In §3, as an easy application of results in §2 and the author’s results on C*-
crossed products ([2], [5]), we discuss the orthogonal complementedness of closed
submodules in crossed products of Hilbert C*-modules.

2. Recent Developments and Density Theorem

Recall the definition of a Hilbert C*-module. Let A be a C*-algebra. By a right
Hilbert A-module, we mean a right A-module X equipped with an A-valued pairing
(-, *), called an A-valued inner product, satisfying the following conditions:
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(1) (-, -) is sesquilinear. (We make the convention that (-, -) is conjugate-linear
in the first variable and is linear in the second variable.)

(2) (z,y)=(y, z)* forall z,y € X.

(3) (z,ya)=(z, ylaforalla€e Aand z,y € X .

(4) (z, z) 20forall z € X, and (z, z) = 0 implies that z = 0.

(5) X is a Banach space with respect to the norm ||z|| = ||(z , z)||3.
Furthermore, X is said to be full if X satisfies an additional condition:
(6) the closed linear span of {{(z, y) | z,y € X} coincides with A.

Let A be a C*-algebra. Left Hilbert A-modules are defined similarly, except
that we require that A should act on the left of X, that the A-valued inner product
(-, -) should be linear in the first variable, and that (az , y) = a(z , y) for all
a€ Aandz,y€ X.

Let A and B be C*-algebras. We denote by 4(, ) the A-valued inner product
on the left Hilbert A-module and by (-, ‘)5 the B-valued inner product on the right
Hilbert B-module, respectively. By an A — B-imprimitivity bimodule X, we mean
a full left Hilbert A-module and full right Hilbert B-module X satisfying

(7) alz, y)z=z(y, 2)p forall z,y,2 € X.
Here we remark that it follows from the above condntion (7) that the following
condition holds: '

(8) afzb, y) = alx, yb*) and (az, y)s = (z , a*y)s for alla € A, b € B and
z,y € X.

Now we consider the question of when every closed submodule Y of a Hilbert
C*-module X is orthogonally closed or orthogonally complemented in X. Note that
there are known cases where a single closed submodule Y of a Hilbert C*-module X
becomes orthogonally closed (or orthogonally complemented) in X. For example,
if T is an adjointable linear operator with closed range on X, each of the kernel of
T and the range of T is orthogonally complemented. But all closed submodules of
a Hilbert C*-module are not necessarily orthogonally closed (hence complemented)
in general, as the following examples show.

Example 2.1. Let A = C([0,1]) be the C*-algebra of all continuous functions on
the closed interval [0, 1].

(1) Put X = A as a Hilbert A-module with the A-valued inner product (- , -)
defined by (f , g) = f*g. Consider a closed submodule Y = {f € X | f(0) = 0}.
Then Y+ = {0}. Hence Y ® Y+ # X.

(2)Put J={f € A| f(0) =0} and let X = A® J as a Hilbert A-module with the
A-valued inner product ((: , -)) defined by

((f1€9f2 y g1 @92» = <f1 ’ gl> +(f2 ’ 92)'



Consider Y = {f® f| f € J}. Then Y+ = {g& (—g) | g € J}. Hence we see that

YoYt={(f+g9o(f-9)|figectt=JaJ+X(=A0J).

We denote by A the spectrum of A, that is, the set of (unitary) equivalence
classes of nonzero irreducible representations of A equipped with the Jacobson topol-
ogy. We note that Aisa locally compact space, not necessarily a Tg-space.

The first answer to our question above was given by Magajna [11]. Here recall
that a C*-algebra A is called dual if it is a type I C*-algebra with discrete spectrum,
or equivalently if A is isomorphic to a C*-subalgebra of the C*-algebra C(#H) of all
compact linear operators on some Hilbert space H.

Theorem 2.2 ([11, Theorem 1]). Let A and B be C*-algebras and let X be an
A — B-imprimitivity bimodule. Then every closed right B-submodule of X is or-
thogonally complemented if and only if B is isomorphic to a dual C*-algebra.

Soon after the above result was shown, Schweitzer [12] elaborated on Magajna’s
theorem, that is, he showed the following theorem:

Theorem 2.3 ([12, Theorem 1]). Let A and B be C*-algebras and let X be an A—
B-imprimitivity bimodule. If every closed right B-submodule of X is orthogonally
closed, then there are families {H;}icr, {Ki}ier of Hilbert spaces such that A =

D1C(H), B2 Y2 C(K:) and X = T2 C(Ki, Hs), where the symbol “ = 7
means isomorphic.

Remark that it is trivial that the converse holds in Theorem 2.3. As a corollary,
furthermore we immediately have the following:

Corollary 2.4 ([12]). Let A and B be C*-algebras and let X be an A — B-
imprimitivity bimodule. Then every closed right B-submodule of X is orthogonally
closed if and only if every closed right B-submodule of X is orthogonally comple-
mented in X. ,

Let X be an A — B-imprimitivity bimodule. For a closed A — B-subbimodule
Y of X, it is not difficult to prove that for z € X,

az,y)y=0forallyeY < (z,y)s=0forallyeY.
Thus we see that

Yi={zeX|alz,v)=(z,y)a=0forallyeY }.
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Theorem 2.5 ([4, Theorem 2.3]). Let A and B be C*-algebras and let X be an
A — B-imprimitivity bimodule. Consider the following conditions :

(1) The spectrum A of A is discrete in the Jacobson topology.

(2) The spectrum B of B is discrete in the Jacobson topology.
(3) Fvery closed A — B-subbimodule of X is comlemented in X.

Then we have (1) <= (2) = (3). If either A or B is a Ty-space, then conditions
(1) — (3) are equivalent.

In the above theorem, the implication (3) = (2) is not true in general. Hence
the assumption that either Aor Bbea T, -space is necessary to show the implication
(3) = (2).

Recall that the primitive spectrum Prim(A) of a C*-algebra A is the topo-
logical space, consisting of all primitive ideals of A, endowed with the Jacobson
topology.

Theorem 2.6 ([4, Theorem 2.6]). Let A and B be C*-algebras and let X be an
A — B-itmprimitivity bimodule. Consider the following conditions :

(1) The primitive spectrum Prim(A) of A is discrete in the Jacobson topology.

(2) The primitive spectrum Prim(B) of B is discrete in the Jacobson topology.

(3) Every closed A — B-subbimodule of X is comlemented in X.

Then we have (1) <= (2) => (3). If either Prim(A) or Prim(B) is a T} -space, then

conditions (1) — (3) are equivalent.

Note that a separable C*-algebra is dual if and only if A is discrete ([3]).

But even though a nonseparable C*-algebra A has discrete spectrum A, A is not
necessariry dual.

Theorem 2.7 ([6, Theorem 2.3]). Let A and B be C*-algebras and let X be an
A — B-imprimitivity bimodule. Then every closed A — B-submodule of X is orthog-
onally closed in X if and only if every closed A — B-submodule of X is orthogonally
complemented in X.

Corollary 2.8 ([6, Corollay 2.4]). Let A and B be C*-algebras and let X be an
A — B-imprimitivity bimodule. Consider the following conditions (1) — (4) :

(1) The spectrum A of A is discrete in the Jacobson topology.

(2) The spectrum B of B 1is discrete in the Jacobson topology.
(3) Bvery closed A — B-submodule of X is complemented in X.
(4) Every closed A — B-submodule of X is orthogonally closed in X .

122



Then we have (1) <= (2) = (3) <= (4). If either A or B is a T;-space, then
conditions (1) — (4) are equivalent.

Remark 2.9. Let A and B be C*-algebras and let X be an A — B-imprimitivity
bimodule. Consider the following conditions (1) - (4).

(1) Every closed B-submodule of X is orthogonally closed in X.

(2) Every closed B-submodule of X is orthogonally comlemented in X.

(3) Every closed A — B-submodule of X is orthogonally closed in X.

(4) Every closed A — B-submodule of X is orthogonally comlemented in X.

v Then we have (1) < (2) = (3) <= (4). The implication (2) <= (3) does

not hold in general. For example, consider a UHF C*-algebra B which is not of type
I. Then B is not T:-space, hence not discrete. Since B is simple, X is automatically
full. Then X has no nontrivial A — B-subbimodules, hence condition (4) above
holds. Since B is not a dual C*-algebra, condition (2) does not hold.

Recall here that if H is a Hilbert space, every subspace K of H is dense in K++
in the norm topology. Thus we have a problem of how such a result is generalized
for Hilbert C*-modules. In the rest of this section, we mention the density theorem
that any submodule Y of a Hilbert C*-module is dense in Y1 with respect to
some topology. Its proof will appear in [10]. For this, we must intoroduce such a
topology on Hilbert C*-modules.

Deflnition 2.10. Let A be a C*-algebra and let X be a Hilbert A-module. The
o(X,S(A))-topology on X is the topology generated by a basis consisting of the
sets

O={zeX||lpi{x—=0, y))| <efori=1,2,---,n}

for all choiceéﬁf zo € X, 01,02, ,¢n € S(A) and € > 0. For a subset Y of X,
we denote by Y the closure of Y in the o(X, S(A))-topology.

Theorem 2.11. (Density) Let A be a C*-algebra and let X be a Hilbert A-module.
Then every A-submodule Y is dense in Y+ in the o(X, S(A))-topology, that is,

Y =Y+t

If we apply our density theorem above to Hilbert spaces H, we easily obtain
the well known result that every subspace K of H is dense in K+ in the norm
topology.

Corollary 2.12. Let A be a C*-algebra and let X be a Hilbert A-module. For any
A-submodule Y, we have Y @ Y is dense in X in the o(X, S(A))-topology.

The following result characterizes the closedness of submodules in terms of the
o(X,S(A))-topology.
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Corollary 2.13. Let A be a C*-algebra and let X be a Hilbert A-module. An A-
submodule Y is closed in the o(X, S(A))-topology, that is, Y =Y, if and only if
there exists a submodule Yy of X such that Y = Y§'.

The following result characterizes dual C*-algberas in terms of the o (X, S(A4))-
topology.

Corollary 2.14. Let A be a C*-algebra and let X be a Hilbert A-module. Then
every closed A-submodule Y of X is closed in X in the o(X, S(A))-topology, that
is, Y =Y if and only if A is a dual C*-algebra.

3. Applications to Crossed Products of Hilbert C*-modules

Let (A, G, a) be a C*-dynamical system. By a C*-dynamical system, we mean
a triple (A4, G,a) consisting of a C*-algebra A, a locally compact group G with
left invariant Haar measure ds and a group homomorphism o from G into the
automorphism group of A such that G 3 t — a4(z) is continuous for each z in A4 in
the norm topology. Denote by K (A, G) the linear space of all continuous functions
from G into A with compact support and by L!(A4,G) the completion of K(4,G)
by the Ll-norm. Note that L1(4,G)) admits the Banach*-algebra structure. Then
the C*-crossed product A X, G of A by G is the enveloping C*-algebra of L1(4, G).

Recall that for any covariant representation (,u,H), the representation (7 x
u,H) of A x4 G is defined by

(7 x u)(z) = /G r(o(t))udt, =€ L'A,G).

For a given representation (7., ") of A, we always denote by 74 the representation
of A on the Hilbert space L?(H 4, G) defined by

(Ta(a)€)(t) = maley-1(a))€(t)

for a € A, € L?(Ha,G), where L?(H.4,G) is the Hilbert space of all square inte-
grable functions from G into H.. Define a unitary representation A4 on L%(H,4,G)
by

(A%s€)(t) = £(s1).

Then (74, A%, L%(H4,G)) is a covariant representation of A. If 7, is faithful, then
(Ta X AM)(A x4 G) is called the reduced C*-crossed product of A by G and we
denote it by A x4, G. ‘

Let (A,G,a) and (B, @G, 8) be C*-dynamical systems and let X be a left A-
Hilbert module (resp. a right B-Hilbert module). Suppose that there exists an
a-compatible action (resp. a (B-compatible action) n of G on X, that is, a group
homomorphism from G into the group of invertible linear transformations on X
such that
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(E1) n:(a - z) = au(a)me(z) (resp. me(z - b) = me(x)B:(b));
(E2) a(me(2), 1 (y)) = u(a(,9) (resp. (me(z),me(y))s = Be((z,y)s) )

for each t € G,a € A,b € B,z,y € X; and such that ¢ — n;(z) is continuous from
G into X for each z € X in norm.

Let (4,G,a) and (B,G,B) be C*-dynamical systems. Let n be an (a, 8)-
compatible action of G on a left A- and right B-Hilbert module X, that is, 5 is an
a-compatible and B-compatible action of G. Then there exists a left (A x4 G)- and

right (B x g G)- Hilbert module X X, G containing a dense subspace K (X, G) such
that

(f - 2)(s) = /G F(Eym(e(t1s))dt,
@00 = [ =(0)B(o(t"5))dt,
axac(T, 9)(8) = /G A(st7Y) | ma(yEY)))dt,

@ Waxgo (@) = [ B ((alt) , ylte))s)dt

for f € K(A,G),z,y € K(X,G), and g € K(B,G). We call X x, G the (full)
crossed product of X by G. Here K(X,G) (resp. K(A,G) and K(B,G)) denotes
the set of continuous functions from G into X (resp. A and B) with compact
support.

Let A and B be C*-algebras and let X be an A-B-Hilbert bimodule. We
say that a representation of X as an A-B-Hilbert bimodule is a triple (74, 7x,75)
consisting of nondegenerate representations w4 and wz of A and B on Hilbert spaces
Ha and H s, respectively, together with a linear map wx:X — B(#Hs,H.) such that

(R1) mx(az) = wa(a)wx(x),

(R2) mx(zb) = mx(z)ms(b),

(R3) mala(z,y)) = nx(z)7x(y)* for z,y € X, and
(R4) m5((z, ) 5) = mx(z)*7x(y)

foralla € A,z,y € X, and b € B, where B(#5,H.) denotes the set of all bounded
linear operators from Hp into H.,.

Now we suppose that X is a right Hilbert A-module with an A-inner product
(-, ). We define a linear operator ©,, on X by

@m,y(z) = .’E-(y ) z)

for all z,y,2 € X. We denote by K(X) the C*-algebra generated by the set
{©zy | zy € X }. Then X is a full left K(X)-Hilbert module with respect to
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the natural left action defined by ¢z = t(z) for ¢ € K£(X) and z € X and the inner
product x(x){Z , y) = O 4. Thus X is a K(X)-A-Hilbert bimodule.

Definition 3.1. Let (4, G, a) and (B, G, 8) be C*-dynamical systems. Let X be a
left A-Hilbert module and a right B-Hilbert module with an («, §)-compatible ac-
tion n of G. Suppose that (74,u,H4) and (7, v, Hs) are covariant representations
of A and B, respectively. Then we say that a representation (74,7 x,7s,u,v) of X
into B(Hs,Ha) is covariant if

mx(n(z)) = wnx(z)v; forall ze€ X,teq.

Then we can define the representation 7x x v of X X, G into B(Hs,H.) by

(mx x v)(z) =/ 7x(z(8))vsds
G

for x € K(X,G). Thus we obtain the representation (w4 x u, mx X v, 7s x v) of
X X, G into B(Hs,Ha).

Define the representation 7x of X into B(L*(Hs,G), L*(H.,G)) by
(Tx (2)€)(t) = mx (ne-1(2))§(2)

forallz € X, t € G and £ € L?(H5,G). Then (74,7, 75, M, AB) is a covariant
representation of X into B(L%(Hs,G), L%(H,@)), that is, we have

(x (1 (2))€) () = (M a7x (2)A25)€) (£)

for s,t € G and ¢ € L?(Hs,G). The following definition of a reduced crossed
product of a Hilbert C*-module was introduced by the author [9).

Definition 3.2. Let (4,G,a) and (B, G, 8) be C*-dynamical systems. Let 5 be an
(e, B)-compatible action of G on a left A- and right B-Hilbert module X. Consider
a representation (74, mx,ms) of X, where (w4, H4) and (75, Hs) are faithful rep-
resentations of A and B, respectively. Then nx is automatically faithful. Consider
the representation Tx X A2 of X x, G into B(L?(#s,G), L?(Ha,G)). Then we say
that (Tx x A®)(X x, G) is the reduced crossed product of X by G, and we denote it
by X x4 G. It is easy to verify that X x, . G is a left (A X4, G)-Hilbert module
and a right (B x g, G)-Hilbert module. We remark that X x,, . G does not depend
on the choice of a pair of faithful representations 7, and 75 of A and B.

Proposition 3.3([9, Proposition 2.13]). Let (A,G,a) be a C*-dynamical system
and let X be a right A-Hilbert module. Suppose that there exists an a-compatible
action n of G on X. If G is amenable, then X x,, G is isomorphic to X X, G.

The reader is referred to [9] for crossed products of Hilbert C*-modules and
their representations mentioned in the above.
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Given a C*-dynamical system (A, G, @), a induces the natural action of G on
A which is defined by

t,[r]) € Gx A= [rooy]€ A

This map makes G into a topological transformation group acting on A. Let Sir)
be the stability group at [}, which is defined by Six) = {t € G|[r 0 @;-1] = [n]}. If
all stablhty groups are trivial, i.e., Si;) consists only of the identity of G at every
[7] € A, it is said that G acts freely on A.

Theorem 3.4. Let (A,G,a) be a C*-dynamical system and let X be a full right
A-Hilbert module with an a-compatible action n of G. Suppose that G acts freely
on A. Then the following condtions (1) — (3) are equivalent :

(1) For any closed right A-submodule Y of X, we have X =Y @ Y*.

(2) G is discrete, and for any closed (A x4 G)-submodule ¥ of X Xn G, we have
Xx,G=Y o (Y)*

(3) G is discrete, and for any closed right (A Xq,r G)-submodule Y of X Xnr G, we
have X xp,G =Y & (Y)* |

Proof. (1) = (2). Since X is a full right A-Hilbert module, it is a K(X) — A-
imprimitivity bimodule. Hence it folllows from Theorem 2.2 that A is a dual C*-
algebra. Since G acts freely on A, G is discrete and A X, G is a dual C*-algebra
([2, Theorem], or [5]). This shows codition (2) by Theorem 2.2, since X x, G is a
full right (A x,, G)-Hilbert bmodule.

(2) = (3). This is trivial.

(3) = (1). Condition (3) implies that A x4 G is a dual C*-algebra. Since G
is discrete, A is embedded into A X4, G as a C*-algebra. Since every C*-subalgebra

of a dual C“-algebra is dual, so is also A. Hence condition (1) follows from Thoerem
22. O

For a C*-dynamical system (A,G,a), we say that o is pointwise unitary if
for every irreducible representation (7, H,) of A, there exists a strongly continuous
unitary representation u of G on the Hilbert space H, such that

(e (z)) = wpm(z)ug
forallz € Aandt€G.

Theorem 3.5. Let (A,G,a) be a C*-dynamical system and let X be a full right
A-Hilbert module with an a-compatible action n of G. Suppose that G is a compact
group. Consider the following condtions.

(1) For any closed right A-submodule Y of X, we have X =Y @ Y*.
(2) For any closed (A X, G)-submodule ¥ of X x, G, we have X x,G =Y & (Y)*.
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Then we have (1) = (2). Furthermore we suppose that G is (compact)
abelian. If A is of type I and o is pointwise unitary, we have (2) = (1).

Proof. (1) = (2). It follows from the proof of Theorem 3.4 above that A is
a dual C*-algebra. On the other hand, by Imai-Takai’s duality we see that there
‘exists a coaction § of G on A X4 G such that (A x4 G) x5 G2 A®C(L*(QR)) (see
the paragrapf following Remark 3.6 for the detail of crossed products by coactions).
Since G is compact, A X, G is embedded into (A x, G) x5 G as a C*-algebra. Since
A ® C(L*(@)) is a dual C*-algebra, so0 is A Xo G. This shows condition (2) by
Theorem 2.2.

(2) = (1). Suppose that G is abelian. Since A is of type I and « is pointwise
unitary, it follows from the proof of (ii) = (i) in (5, Theorem 3.2] that the action
of G induced by the dual actxon & of G acts freely on the spectrum (A xo G)" Since
G is discrete, (A X oG) x5 @G is a dual C*-algebra. Hence A®C (L%(G)) is also a dual
C*-algebra, which shows that A is dual. Thus condition (1) follows from Thoerem
22. O

Remark 3.6. Let (A,G,a) be a C*-dynamical system. Suppose that B is an
a-invariant C*-subalgebra of A. Then B X, G is not necessarily embedded into
A Xo G as a C*-algebra (see [1]). Let (4,G,a) and (B,G, ) be C*-dynamical
systems and let X be an A — B-imprimitivity bimodule with an («, 8)-compatible
action n of G. If Y is an n-invariant closed A — B-submodule of X, then Y x,, G is
embedded into X X, G as an (A xo G) — (B xg G)-bimodule. This is not suprising.
For, the closed A — B-submodules in the case of Hilbert C*-modules correspond
to the closed ideals in the case of C*-algebras. The author will discuss the further
details of this subject elsewhere.

Here we briefly review the definition of the crossed products by coactions. Let
G be a locally compact group with left invariant Haar measure ds. We denote by
A the left regular representation of G' on L2(G). We define the representation A of
LY(G) on L%(G) by

3 = [ s

for f € L(G). Then the reduced group C*-algebra C;(G) of G is defined as the
norm closure of A(L*(G)) in the set of all bounded linear operators on L*(G). We
write As for A(f) above.

Let A be a C*-algebra and denote by M (A ®min Cr(G)) the multiplier algebra
of the injective C*-tensor product A ®min Cy (G). We then define the C*-subalgebra

M(A @rin C}(@)) of M(A 8uin C}(G)) by
M(A ®min C2(Q)) =
{m € M(A ®min C;(G)) Im(1® 2),(1 @ z)Mm € A ®min C; (G) for all z € C}(G)}.
We denote by W the unitary operator on L?(G x G) defined by
(Wa€)(s,t) = &(s,s71t) for € € L*(G x G) and s,t € G.
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Define the homomorphism 65 from C*(G) into M(C*(G) ®min C*(G)) by
JG(Af) = Wc;(Af ® 1)W(;* fOI' f € LI(G).

We say that an injective homomorphism § from A into M (A ®min Cr(G)) is a
coaction of a locally compact group G on A if § satisfies:

(C1) there is an approximate identity {e;} for A such that d(e;) — 1 strictly in
M(A @min C7(G));

(C2) (6 ® id)(d(a)) = (id ® 65)(6(a)) for all a € A, where we always denote by id
the identity map on each considered set.

Furthermore, the coaction ¢ is said to be nondegenerate if it satisfies the ad-
ditional condition:

(C3) for every nonzero ¢ € A*, there exists 1 € C*(G)* such that (p ® ¥) 0§ # 0.

This is equivalent to the condition that the closed linear span of §(A)(1. ® Cr(G))
be equal to A ®min Cr(G), where 1,4 is the identity of the multiplier algebra M(A)
for A. (In (C2) and (C3), we implicitly extended 6 to M (A ®min Cr(G)), which is
ensured by condition (C1).) We always denote by the same symbol § the extension
of § to M(A ®min Cr (Q)).

Let é be a coaction of a locally compact group G on A and let Cp(G) be the
set of all continuous functions on G vanishing at infinity. We denote by My the
multiplication operator on L?(G) given by f € Co(G) which is defined by

(My£)(8) = F(B)E®)

for all £ € L%(G). Then the crossed product A xsG of A by 6 is the C*-subalgebra
of M(A®C(L?(G))) generated by the set {6(a)(1® My)|a € A, f € Co(G) }, where
C(L*(G)) always denotes the C*-algebra of all compact linear operators on L%(G).

Let X be a right A-Hilbert module. We define a linear operator ©;,4 on X by

Oz y(2) =z(y, 2)

for all z,y,z € X. We denote by KX(X) the C*-algebra generated by the set
{©zy | z,y € X }. Then X is a full left X(X)-Hilbert module with respect to
the natural left action defined by ¢ -z = ¢(z) for ¢ € K(X) and z € X and the inner
product xx){T , ¥) = Ozy. Thus X is a K(X)-A-Hilbert module.

We denote by M(X) the set of all multipliers of a right Hilbert A-module
X. We refer to M(X) as the multiplier bimodule of X, and note that M(X) is an
M(K(X)) — M(A)-Hilbert module, where M(K(X)) and M(A) are the multiplier
algebras for K(X) ani A, respectively.

Let 64 : A & M(A ®uin C}(G)) be a coaction of a locally compact group
G on the C*-algebra A and let 65 : B = M(B Qmnin Cr(G)) be a coaction of
G on the C*-algebra B. Suppose that X is a B — A-Hilbert bimodule. We say
that a linear map dx : X = M(X ® C*(G)) is a §4-compatidble coaction (resp. a
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d 5-compatible coaction) of the locally compact group G on X if dx satisfies the
following conditions:

(D1) (15 ® 2)dx(z) lies in X @ Cy(G) for all z € X and z € C}(G);
(resp. (D1)' 0x(z)(14a ® 2) lies in X ® C;(G) for all z € X and 2z € C;(G);)

(D2) 6x(b-z) =0d5(b) - 6x(z) for all z € X and b € B;
(resp. (D2)' dx(z-a) =06x(z) da(a) for all z € X and a € A;)

(D3) 6a(8(Z , ¥)) = MBomaoren(0x() » 6x(¥));
(resp. (D3)' da({(z, ¥)a) = (0x(z), 6X(y)>M(A®m;nc:(G));)

(D4) (6x ®id) 0 6x = (id ® §5) o bx.

(In (D1) and (D2) (resp. in (D1)’ and (D2)'), we implicitly extended the
module action on the (B ®min Cy (G)) — (A ®@min Cr (G))-Hilbert module X ® C}(G)
to actions of the multiplier algebras on the multiplier bimodule; in (D3) (resp. (D3)’)
we extended the inner products to M(X®Cr(G)) ; and in (D4), we used the strictly
continuous extensions of 0x ® id and id ® s to make sense of the compositions.)

Furthermore, we say that dx is nondegenerate if §x satisfies the following
additional conditions:

(D5) the closed linear span of (15 ® C*(G))éx(X) is equal to X ® C}(G);
(D5)’ the closed linear span of §x(X)(14 ® C}(G)) is equal to X ® C*(G).

Suppose that a C*-algebra A is concretely represented on some Hilbert space
Ha. Let 04 be a coaction of G on A and let X be a right A-Hilbert module,
and we suppose that K(X) is concretely represented on some Hilbert space Hx.
Given a d4-compatible coaction 6x of G on X, the crossed product X x5, G
of X by dx is the right (A x5, G)-Hilbert closed submodule of M(X ® Cr(G)) C
B(L*(M4,G), L%(H«,G)) generated by the set {6x(z)(La®Mj)|z € X, f € Co(G)}.
Then the inner product on X x5, G is given in terms of the usual operator adjoint
" B(L?(Ha, G), L2 (M, G)) = B(L* (M, G), L*(Ha4, G)) by

(T, Yaxs,c =2y forz,y e X x5, G.

Suppose that §4 is nondegenerate. If, for every irreducible representation n of
A, there exists a unitary W € M(m(A) ®min C;(G)) such that

(m ®id)(6a(a)) = W(n(a) ® 1)W*
for all a € A, then 64 is called pointwise unitary.

Theorem 3.7. Let A be a C*-algebra with a nondegenerate coaction 64 of G and
let X be a full right A-Hilbert module with an d4-compatible coaction dx of G.
Consider the following condtions.

(1) G is discrete and for any closed submodule Y of X, we have X =Y @ YL,
(2) For any closed (Ax s, G)-submodule Y of X x5,,G, we have X x5, G = Yo@)*.
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Then we have (1) => (2). If a is pointwise unitary and if A is a Hausdorff
sapce, we have (2) = (1).

Proof. (1) = (2). It follows from the proof of Theorem 3.4 that A is a dual
C*-algebra. Then we see that A X5, G is a dual C*-algebra (see [2, Theorem 3.1]).
Thus we obtain condition (2) by Theorem 2.2. '

(2) = (1). Condition (2) and Theorem 2.2 imply that A x5, G is a dual
C*-algebra. Then condition (1) follows from [2, Thereom 3.1]. O

Remark 3.8. Let A be a C*-algebra with a coaction §4 of a compact group G and
let X be a full right A-Hilbert module with an d 4-compatible coaction §x of G. If
every closed (A X5, G)-submodule Y of X x4, G is orthogonally complemented,
then so is every closed submodule Y of X in X (see [2, Proposition 3.3]).
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