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In this paper we study actions of locally compact quantum groups on von

of von Neumann algebras When o is an action of the locally compact quantum
group (M, 4) on the von Neumann algebra N we can give necessary and sufficient
conditions under which the inclusion N> N <> M, x N is a basic construction.
Here N* denotes the fixed point algebra and M, x N is the crossed product. When
o is an outer and integrable action on a factor N we prove that the inclusion
N*c N is irreducible, of depth 2 and regular, giving a converse to the results of
M. Enock and R. Nest (1996, J. Funct. Anal. 137, 466-543; 1998, J. Funct. Anal.
154, 67-109). Finally we prove the equivalence of minimal and outer actions and
we generalize the main theorem of Yamanouchi (1999, Math. Scand. 84, 297-319):
every integrable outer action with infinite fixed point algebra is a dual action.
© 2001 Academic Press

INTRODUCTION

Building on the work of Kac and Vainerman [30], Enock and Schwartz
[6], Baaj and Skandalis [1], Woronowicz [32] and Van Daele [31], a
precise definition of a locally compact quantum group was recently intro-
duced by J. Kusterman and the author in [19], see [ 18] and [20] for an
overview. For an overview of the historical development of the theory we
refer to [20] and the introduction of [19]. This theory provides a
topological framework to study quantum groups and it unifies locally com-
pact groups, compact quantum groups and Kac algebras.

Because classical groups are usually defined to act on a space it is very
natural to make a quantum group act on a quantum space, which will be
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an algebra. In an algebraic framework the study of Hopf algebras acting on
algebras has been very useful.

On the other hand, actions of locally compact groups on von Neumann
algebras have always been an important topic in operator algebra theory,
see e.g. [2] and [23]. In these works the importance of Haagerup’s results
on the canonical implementation of locally compact group actions and his
results on the dual weight construction, cannot be overestimated. It is
simply used all the time, without noticing it. See [10] and [11].

Hence it seems natural to study more generally actions of locally com-
pact quantum groups on von Neumann algebras and to try to develop the
same machinery of canonical implementation and dual weight construction.
This is what is done in the first half of this paper. We strongly believe that
this will serve as an important tool in several applications of locally com-
pact quantum groups. We already give some applications in the second half
of this paper. Other applications are given by Kustermans in [ 17] and by
Vainerman and the author in [29a]. This will be explained below.

The special case of Kac algebra actions has been studied by Enock and
Schwartz in [4] and [5]. They obtained important results on crossed
products, with the biduality theorem as a major achievement. But they
never obtained a unitary implementation for an arbitrary action and also
Haagerup’s theory of dual weights on the crossed product could not be
completely generalized. For instance, it remained an open problem whether
the crossed product with a Kac algebra action on a von Neumann algebra
is in standard position on its natural Hilbert space. It should be mentioned
that in [ 1] also Baaj and Skandalis obtain a biduality theorem for crossed
products with multiplicative unitaries.

A first attempt to obtain the unitary implementation of a Kac algebra
action was made by J.-L. Sauvageot in [25]. Unfortunately his proof is
wrong, and for this we refer to the discussion in the beginning of Section 3.

So in this paper we will define actions of a locally compact quantum
group on a von Neumann algebra and we will construct its unitary
implementation. We will also give a construction for the dual weight on the
crossed product and prove analogous results as those about group actions
obtained by Haagerup in [10] and [11]. In particular we prove that the
crossed product is in standard position on its natural Hilbert space and we
identify the associated modular objects. Hence we do not only give a right
proof for the results of Sauvageot, but also we prove new results on the
dual weights which make then a workable and applicable tool, and we
work in the more general setting of locally compact quantum groups.

In the second half of the paper we will give some applications of these
results in the theory of subfactors and inclusions of von Neumann algebras.
It has been proved by Enock and Nest in their beautiful papers [ 7] and
[8] that every irreducible, depth?2 inclusion of factors satisfying the
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regularity condition, can be obtained as N* < N where a is an outer action
of a locally compact quantum group on the factor N and N* is the fixed
point algebra. We show in this paper that the action « is always integrable
and that, conversely, for every outer and integrable action a on a factor N
the inclusion N* < N is irreducible, of depth 2 and regular. So we obtain a
converse to the results of Enock and Nest. The same result is stated for the
special case of a dual Kac algebra action in [7, 11.14], but not proved.
While doing this, we study more generally the problem when the inclusion
N*c N M, x N is a basic construction, and here M, x N denotes the
crossed product.

As a final application of our results we prove the equivalence of outer-
ness and minimality of a locally compact quantum group action, under the
integrability condition. We also generalize the main theorem of Yamanouchi
[33] to actions of arbitrary locally compact quantum groups: when working
on separable Hilbert spaces, we prove that every integrable outer action
with infinite fixed point algebra is a dual action.

It should also be mentioned that our results on the unitary implementa-
tion of a locally compact quantum group action are already applied in a
recent paper by Kustermans (see [17]) in which he constructs induced
corepresentations of locally compact quantum groups. Taking into account
the importance of induced representations of locally compact groups, it is
clear that the results of Kustermans serve as a major motivation of our work.

DEFINITIONS AND NOTATIONS

The whole of this paper will rely heavily on the modular theory of von
Neumann algebras. Throughout the text we will not make efforts to give
references to the original papers, but we will use [26] as a general
reference.

When 6 is a normal, semifinite and faithful (we say n.s.f.) weight on a
von Neumann algebra N, one can make the so-called GNS-construction
(Kg, mg, Ay), where K, is a Hilbert space, 7, is a normal representation of
N on K, and A,: Ny — K, is a linear map satisfying 7y(x) Ag(y) = Ao(xy)
for all xe N and y € ./. Further A4,4(.4}) is dense in K,. Here ./} is the left
ideal in N defined by {xe N |0(x*x) < oo}. The representation 7, is faithful
and often we will identify N and n,(/N). Then we will use the expression:
let us represent N on the GNS-space of § such that (K,, 1, 4,) is a GNS-
construction.

We will use several standard notations and results of modular theory.
We write

My ={xeN*|0(x)<o0}
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and we denote with (¢?), the modular automorphism group of 6. Further
we denote with 7, the Tomita algebra defined by

Jy={xe N|xis analytic with respect to (¢?) and

al(x)e Ny N § for all zeC}.

Given a GNS-construction (K, 7y, 4,) we define as usual the modular
conjugation J, and the modular operator V,. Recall that

Jevé/z/le(x) = Ap(x*)

for all xe Ny A F and Ay(Ny N N F) is a core for V2.

When 6, and 0, are n.s.f. weights on N we denote with ([ DO,: DO,],),cr
the Connes cocycle as defined in e.g. [26, 3.1].

Often we will make use of operator valued weights. When N is a von
Neumann algebra we denote with N} the extended positive part of N as
introduced by Haagerup in [13], see e.g. [26, 11.1]. For the notion of
operator valued weights we refer to [13] or [26, 11.5]. We will denote
with (., - > the composition of elements of N, and N;. When T is an
operator valued weight we denote with .47 the left ideal of elements x such
that 7(x*x) is bounded.

All tensor products in this paper are either von Neumann algebra tensor
products or tensor products of Hilbert spaces. This will always be clear
from the context. We will use ¢ to denote the flip map on a tensor product
A® B of von Neumann algebras and 2 to denote the flip map on a tensor
product H® K of Hilbert spaces. When K is a Hilbert space and & € K we
denote with 0. the operator in B(C, K) given by 0.(4)=A¢ for all AeC.
When H is a Hilbert space and &, ne H we denote with w, , the usual
vector functional in B(H), given by w, ,(x)=<{x¢{ 7). We use w, as a
shorter notation for w, .. We will denote with (T) the domain of a
(usually densely defined) map 7.

Throughout this paper the pair (M, 4) will denote a (von Neumann
algebraic) locally compact quantum group. This means that

e M is a von Neumann algebra and 4: M - M ® M is a normal and
unital x-homomorphism satisfying coassociativity: (4®1) 4=(1® 4) 4.
e There exist n.s.f. weights ¢ and y on M such that
— ¢ 1is left invariant in the sense that ¢((w®1) 4(x)) = p(x) w(1)
for all xe.Z 7 and we M.

— 1 is right invariant in the sense that Y((:® w) 4(x)) =y(x) w(1)
for all xe .#; and we M.
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We refer to [ 19, 21] and [ 18] for the theory of locally compact quantum
groups in either the von Neumann algebra or C*-algebra language. It
should be stressed that in [19] there is given a definition of a locally
compact quantum group in the C*-algebra framework, and it is proven
that one can associate with this a locally compact quantum group in the
von Neumann algebra framework. In [21] the above definition of a von
Neumann algebraic locally compact quantum group is given and it is
shown how to associate with it a C*-algebraic locally compact quantum
group.

One can then prove the existence of a g-strong* closed map S on M,
called the antipode, such that for all a, be ./, we have

(1@ @)(4(a*)(1®b)) e Z(S)

and
S(1®@@)(4(a*)(1®D))) =@ @)(1®@a*) A(b)).

Moreover, such elements (1 ® ¢)(4(a*)(1 ® b)) span a g-strong* core for S.
Then there exists a unique one-parameter group (7,),.g of automorphisms
of M and a unique *-anti-automorphism R of M such that

S=Rt_,; R*=1 Rt,=1,R forall te%

We call 7 the scaling group of (M, 4) and R the unitary antipode. One
refers to the expression S=Rt_,, as the polar decomposition of the
antipode.

Next one can prove that AR =a(R® R) 4, where ¢ denotes the flip map
on M ® M. One can also prove that the left and right invariant weights on
(M, 4) are unique up to a positive scalar. So iy and @R are proportional
and we can suppose from the beginning that y =@R. We denote with
(0,);cr the modular group of ¢. Then there exists a unique self-adjoint,
strictly positive operator o affiliated with M and satisfying o,(d) =v’0 and
Yy =¢s, where v>0 is a real number. Formally this means that
W(x) = @(6?x6"?) and for an exact definition of @5 we refer to [29, 1.5].
We call 6 the modular element of (M, 4). The number v >0 is called the
scaling constant of (M, 4).

Let us represent M on the GNS-space H of ¢ such that (H,1, 4) is a
GNS-construction for ¢. Let (H, 1, ") be the canonical GNS-construction
for = ¢4 as defined in [ 19, 7.2]. Then one can define unitaries W and V'
in B(H® H) such that

WH(A(a) @ A(b)) = (AR A)A(b)(a®1))  forall a be.k,
V(@) ®I(h)=(I'®T)(A(a)(1®b))  forall a,be.t,.
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Here 41 ® A and I'® I' denote the canonical GNS-maps for the tensor
product weights ¢ ® ¢ and Yy ®y. Then W and V are multiplicative
unitaries, which means that they satisfy the pentagonal equation

W12 W13 W23 W23 W12

The unitaries W and V will be used throughout the paper. Denoting with
~ the g-strong* closure we have that

M={(1®w)(W)|weB(H),} " and
Ax)=W*(1Q@x) W for all xeM.

We will denote with J and V the modular conjugation and modular
operator of ¢ in the GNS-construction (H, 1, A).

Finally we describe how to define the dual locally compact quantum
group (M, A). Define the von Neumann algebra M as follows, where again
~ denotes the g-strong* closure.

M={(0®)(W)|loeM,}~
Then one can define a comultiplication 4 on M by
A)=ZW(y®1) W*s  forall yeM

where X' denotes the flip map on H® H. When we M, we define A(w)=
(w®1)(W). Of course M, should be thought of as the L'-functions on the
quantum group (M, 4), and then A is the left regular representation. We
also define

J ={we M, |there exists # € H such that
o(x*) = {n, A(x)) for all xe A,}.

Such a € H is necessarily uniquely determined and will be denoted with
&(w). Then there exists a unique n.s.f. weight ¢ on M with GNS-construc-
tion (AH, 1, A) such that A(.%) c Ny, A(F) is a g-strong*-norm core for A
and A(A(w))=¢&(w) for all we £

Then (M, A) will be a locally compact quantum group, and having fixed
the GNS-construction (H, 1, /1) for ¢ we can now repeat the story about
(M, A) and obtain (8,),.p, 0, W, V, J and V. For all kinds of formulas
relating these objects we refer to [21]. We only mention that

JI=v*JJ
VitxV =it =7 (x) and Jx*J = R(x) forall xeM, teR.
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Finally we denote with (M, 4)°P the opposite locally compact quantum
group (M, A4°P?) where A°°=cA. Further we define (M, 4) =(M', 4")
where

A'(x)=(®J) AIxJ)J®J)

for all xe M" and we call (M, 4)’ the commutant locally compact quantum
group. Then one can prove that

(M, 4)°" = (M, 4)™

and for this we refer to [21].

1. ACTIONS OF LOCALLY COMPACT QUANTUM GROUPS

In this section we define actions of locally compact quantum groups on
von Neumann algebras and we construct an important tool: the canonical
operator valued weight from the von Neumann algebra on which we act to
the fixed point algebra, obtained by integrating out the action.

DEerFINITION 1.1. Let NV be a von Neumann algebra. A normal, injective
and unital x-homomorphism o: N > M ® N will be called a left action of
(M, 4) on N when 1®a)a=(4&1)a.

A normal, injective and unital x-homomorphism a: N > N® M will be
called a right action of (M, 4) on N when («a®1) a=(1® 4) a.

In this paper we will only work with left actions and so we drop the
predicate left. When a is a right action, oa will be a left action of (M, 4°P)
on N, where o denotes the flip map from N® M to M ® N and 4°P denotes
the opposite comultiplication. So it is not a real restriction to work only
with left actions. It should be observed that in [4] and [5] they work with
right actions.

DEFINITION 1.2. When oo N—> M ® N is an action of (M, 4) on N we
define the fixed point algebra N* as

N*={xeN|a(x)=1®x}.

It is clear that N* is a von Neumann subalgebra of N.

Recall that N}, denotes the extended positive part of N.

ProrosITION 1.3. Let N be a von Neumann algebra and o an action of
(M, A) on N. For every xe N* the element T,(x)= (Y ®1)a(x) of NX

ext



LOCALLY COMPACT QUANTUM GROUP ACTIONS 433

belongs to (N*)Z,. Further T, is a normal, faithful operator valued weight
from N to N*.

Proof. Let xeN™ and we(M®N);. Denote with (-, - ) the com-
position of an element in N}, and an element in N;}. Then by definition
of the operator valued weight  ® 1 we get

{To(x), way =LY @1) alx), way = (1@ wa) (X))
=Y((1®@w)(4®1) a(x))
=< (W @:1@1)((4®1) a(x)), w.

By the right invariant version of [21, 3.1] we get that
(Ty(x), way ={1® (Y ®1) alx), 0y =1 ® T(x), w).

From this it follows that a(7,(x))=1® T,(x). So we get that T, (x)e
(N*) gt

If xe Nt and ae N* we have

(T(axa*), 0y ={(Yy@1)((1®a)ux)(l1®a*)), w)
=yY((1®a*wa) a(x)) = T(x), a*wa).

So we get that T, is indeed an operator valued weight. Because both « and
Y ®1 are faithful and normal, also T, is faithful and normal. ||

One should observe that the same result is stated and used in [5] for
Kac algebra actions. Their proof contains a gap because they do not have
an invariance formula like [21, 3.1], which is indispensable. For Kac
algebra actions this was repaired by Zsido (see [34], see also [26, 18.18
and 18.23]). Also in the case of a group action this was a non-trivial
problem (see [ 11]). The simple proof of Zsido6 for this invariance formula
only works in the Kac algebra setting, where the scaling group is trivial.
I would like to thank prof. Enock for the discussion on this topic.

DerFINITION 1.4.  An action a of (M, 4) on a von Neumann algebra N
is called integrable when the operator valued weight 7, defined in Proposi-
tion 1.3 is semifinite.

We will now introduce the well known concept of cocycle equivalent
actions (cfr. [4, 1.6]).

DEerFINITION 1.5. Let a be an action of (M, 4) on the von Neumann
algebra N. A unitary Ue M ® N is called an a-cocycle if

(A®)(U) = Uyt ®@a)(U).
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It is clear that in this case the formula
p(x)= Uax(x) U* forall xeN

defines an action f§ of (M, 4) on N.
Two actions « and f§ of (M, 4) on N are called cocycle equivalent if there
exists an a-cocycle U such that f is given by the formula above.

It is easy to see that U* is a fi-cocycle when U is an a-cocycle and when
p(x)= Ua(x) U* for all xe N.

2. CROSSED PRODUCTS, THE DUAL ACTION, AND
THE DUALITY THEOREM

In this section we fix an action a of a locally compact quantum group
(M, 4) on a von Neumann algebra N. We will define the crossed product
M,x N in a similar way as in [4]. We will also state some classical
theorems concerning crossed products, the biduality theorem being the
major one, but we will omit proofs because they are completely analogous
to the proofs of [4] and [5]. See also [9], where the results of [4] and
[5] are generalized to actions of Woronowicz algebras.

DerFINITION 2.1, We define the crossed product of N with respect to the
action o of (M, 4) on N as the von Neumann subalgebra of B(H)® N
generated by a(N) and M@ C. We denote this crossed product with
M, x N. So we have

M, xN=(a(N)uM®C)".

We will now define in the usual way the dual action, which will be an
action of (M, A°P?) on M x N.

PROPOSITION 2.2. There exists a unique action & of (M, A°°) on M, x N
such that

A(a(x))=1® a(x) forall xeN
Qa®@1)=4(a)®1  forall aeM.

Moreover when we denote with W the unitary (J®J) EWX(J®J) we have

) =WRNI2)(W*®1)  forall zeM,xN.
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As we already mentioned, Enock and Schwartz deal with right actions in
[4] and [5]. Hence they also give a slightly different definition for the
crossed product, but in fact our definition agrees with theirs. When « is a
right action of (M, A) on N they define N x, M to be ((N)uC® M')".
This is in accordance with our definition, because o is a left action of
(M, 4°?) on N. The dual of (M, A°) is (M, A'), which gives

M, xN=(ca(N)yuM' ®C)".

So we have N x, M =a(M,x N), which shows that both definitions in fact
agree.

Let us introduce the following concept, which will be needed later on.
See also [5, IILI.17.

DermNiTION 2.3. Let p be a self-adjoint, strictly positive operator
affiliated with M. Then a n.s.f. weight § on N is called p-invariant if

O((we, e @ 1) a(x)) = [|p"%E]|% O(x)
for all xe.#; and &e Z(p'?).

We will always work with § ~!-invariant weights, where J is the modular
element of the locally compact quantum group in action.

Then the following result can be proved as in [9, 2.9]. For the last state-
ment of the next proposition observe that 7,(d) =9J and so the self-adjoint
operators ¢ and V commute strongly. Hence their product ¢ V is closable.

PROPOSITION 2.4. When 0 is a n.s.f. 6 '-invariant weight on N with
GNS-construction (Hy, my, Ay), then there exists a unique unitary Ve
M ® B(H,) such that for all &€ 2(5'?), ne H and x e N,

(0g,®@1)( V) Ag(x) = Ag((®s12¢, , @ 1) 2(X)).

Denote with J, and V, the modular conjugation and modular operator of 0.
Then V, satisfies

(A4®1)(Vy) = Va3 Vs
(1Q@mg) a(x)=Vo(1Q@my(x)) VE  forall xeN
Vold®Jp) = (J®J,) Vi
Vo(O®Vy)=(0®V,) V, where Q is the closureof&?.

The following result is crucial (see [9, 2.8]).
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PROPOSITION 2.5. o Let o be an integrable action of (M, A) on N and
denote with T, the operator valued weight defined in Proposition 1.3. Let u
be a n.s.f. weight on N* Then uo T, is a 6~ '-invariant weight on N.

o Every dual action is integrable.

With these results at hand one can copy the proofs of [ 5] to obtain the
well known biduality theorem. Before we state this theorem we have to
clarify some terminology. The dual action & is an action of (M, 4)"°? on
M,xN. So we can make the double crossed product M,x (M,x N) in
B(H® H)® N and on this double crossed product there is an action & of
(M, A)™°P"°?, Now (M, A)"°P"°P=(M, A4)°® and we can define an
isomorphism of locally compact quantum groups

J (M, 4)—> (M, 4)°°
given by #(x)=JJxJJ for all xe M.

THEOREM 2.6 (Biduality theorem). 1. We have B(H)® N=(B(H)®
Cua(N))".
2. The map @ from B(HY® N to BLH® H)® N defined by

D(z)=(WR(1@a)(z)(W*®1)
defines a x-isomorphism from B(H)® N onto Myx (M, x N), satisfying
D(a(x)) =1 @ a(x) forall xeN
DbR1)=A®°bY®1  forall beM
2Hye)=rele®l forall yeM'

In particular (M, X N)=4a(M,x N).
3. When we define

n=(0®1)1®a): BH)®N->MQBH)®N

then u is an action of (M, 4) on B(H)® N. The unitary XV*Y®1 is a
u-cocycle and the action y of (M, A) on B(H)® N defined by

W)= 2ZV*2R 1) u(z)(ZVE®1) forall ze BIH)®N

is isomorphic to the bidual action & of (M, 4)"°*"°? on M,x (M ,x N) in
the following way:

AD(z2)=(FQ@DP)y(z)  forall zeB(H)® N.
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With the help of the biduality theorem Enock and Schwartz were able to
prove the following crucial results, which remain true for actions of locally
compact quantum groups.

THEOREM 2.7. We have
(M, x N)*=a(N)
AN)={ze MON|(1®w)(z) = (4@ 1)(2)}.

3. THE UNITARY IMPLEMENTATION OF A LOCALLY
COMPACT QUANTUM GROUP ACTION

In this section we will define in a canonical way the unitary implementa-
tion of a locally compact quantum group action. This will be a unitary
corepresentation of the quantum group, implementing the action and
satisfying some other properties. A same kind of result was obtained for
Kac algebra actions by Sauvageot in [25], but the proof of the fact that
the implementation is a corepresentation, is wrong. More precisely,
Sauvageot’s crucial Lemma4.1 is false. I would like to thank prof.
Sauvageot for the discussions on this topic.

We will use a different technique to prove that the implementation is a
corepresentation. In the same time we will obtain some interesting results
concerning the dual weight on the crossed product M, x N given a weight
on N. We will also settle a problem which was left open in [25].

For integrable actions—and in particular for dual actions—we already
obtained an implementation in Proposition 2.4, as it was done by Enock
and Schwartz. Nevertheless it is desirable to have an implementation
without the integrability condition, first of all for reasons of elegance. But,
more importantly, one will need this general implementation result in
several applications. We refer to the introduction for a discussion.

Fix an action « of a locally compact quantum group (M, 4) on a von
Neumann algebra N. In Definition 2.1 and Proposition 2.2 we defined the
crossed product M, x N and the dual action & M,xN— M@ (M,x N).
We already observed in Proposition 2.5 that 4 is integrable. So we can
define the n.s.f. operator valued with T from M, x N to (M, x N)* by

T(z2)=(¢p®1®1)d(z) forall ze(M xN)*.

For this, observe that & is an action of (M, 4°°) and that ¢ is the right
invariant weight on (M, 4°?). By Theorem 2.7 we know that (M, x N)*=
oa(N). So T is an operator valued weight from M, x N to a(N).
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With this operator valued weight at hand, we can easily define the dual
weights on M, x N. Nevertheless, to make dual weights a workable tool,
we need a concrete GNS-construction for them. The structure of this
section is then as follows. First we will restrict the dual weight to a weight
for which we can give a GNS-construction (Definition 3.4), then we use the
restricted weight to obtain the unitary implementation for the action
(Definition 3.6 and Proposition 3.7) and finally we prove that the restricted
weight is in fact not a restriction, but equal to the original dual weight
(Proposition 3.10).

DerFINITION 3.1.  Let a be an action of (M, 4) on N. Denote with T the
ns.f. operator valued weight from M,x N to a(N) given by the formula
above. For every n.s.f. weight § on N, we define the dual weight 6§ on
M, x N by the formula:

0=0c0""'cT.

For the rest of this section we fix a n.s.f. weight 6§ on N. One can prove
easily the following lemma.

LEMMA 3.2. For all ae A, and x € N we have
D(a(x*)(a*a® 1) a(x)) = 0(x*x) p(a*a).
Proof. We have
B(a(x*)(a*a®1) a(x)) = (1@a(x*))(A°P(a*a) @ 1)(1 @ «(x)).

Choose we (M, x N); . Define ue My by u(b) =w(ax(x*)(b® 1) a(x)) for
all be M. Then

P((1®@p) 4°P(a*a))

= @(a*a) u(1) = p(a*a) o(x(x*x))

(T(a(x*)(a*a®1) alx)), 0

by invariance of ¢. So we may conclude that
T(u(x*)(a*a® 1) a(x))=@(a*a) a(x*x).

Then the result of the lemma follows immediately. ||

From now on we will suppose that N acts on the GNS-space of the n.s.f.
weight 6, such that (K, 1, 4,) is a GNS-construction for 6. We will restrict
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the weight 6 in the sense of Proposition 7.4 of the appendix in order to
obtain a concrete GNS-construction. Fix a GNS-construction (K, 7;, 4;)
for 0. Because of the previous lemma we can define a unique isometry

v HQK—K,  suchthat ¥ (A(a)® Ay(x))=A,((a® 1) a(x))

for all ae ./ and x e .4,.
Further we define

Dp=span{(a® 1) a(x) |ae N;, x € Np}.

Because we have the isometry 7~ at our disposal there is a well defined
linear map

Ao: Dy > HOK: Ag((a® 1) a(x)) = A(a) ® Ay(x)
for all aeA,, xe.,.

Because A, is o-strong*-norm closed, we can close A, for the o-strong*-
norm topology, and then we obtain a linear map 4: ¥ - H® K satisfying

9 < N3 and ¥ A(z) = A,(z) for all ze Z.
In order to apply Proposition 7.4, we need the following lemma.

Lemma 3.3. 1. 9 is a weakly dense left ideal in M x N.
2. Forall ze M,x N and y € 9 we have A(zy)=zA(y).

Proof. Choose (e Hand be 7,. Let (e;);., be an orthonormal basis for
H. Choose xe N. Because (4®1) a(x)=(1® ) a(x) we have

(I@aux))(WR)=(WR 1)1 ®@a) a(x).

Hence applying w; 44, ®1®1 gives

oc(x)(/l(a)é’ A(b)) ®1)= z (/l(we,.,A(b)) ®1) O‘((wg, ei® 1) a(x))

iel

in the g-strong* topology.
Choose now ye 4,. For every finite subset I/, = I we have by Proposi-
tion 7.1 that the element

Z (M We,, A(b) )® 1)« ((wé,ei®l) a(x) y)

iel,
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belongs to %, and
210 Z A We,, A(b)))® (wg,e,.®l) a(x) Ay(y)

iel,

= 2 Joialb) Jei® (we, , ®1) %(x) Ag(y)

=(Jo,n(b) JQI) (P ®1) u(x)(E® 4p(y)),

where P, is the projection on span{e;|ie l,}. So we get that the net (zg,)
converges g-strong* to the element

zZ:= O((x)(;“(a)f, A(b)) ®1)a(y)
and the net (A(z 1,)) converges in norm to
(Jo,2(b) TR 1) a(x)(E® Ap(y)) =(x)(JT,;5(D) JER Ay(y))
oc(x)(/i(},(a)é A(b)))@Ae(J’))
a(x) /‘I((;{(wé A(b)) ®1)a(y)).

Then we may conclude that ze & and

A(z) = a(x) A((M@g, 40) @ 1) A 1)).

Because the considered elements A(w; 4)) form a o-strong*-norm core for
A we conclude that for every xe N and zeZ we have a(x)ze % and
Aa(x) 2) =a(x) (). A
It is easy to prove that for every ae M and ze & we have (a® 1)ze P
and A((a®1)z)=(a® 1) A(z). From this follows the lemma. ||

We can now apply Proposition 7.4.

DerFINITION 3.4. There is a unigue n.s.f. weight , on M, x N such that
N5, =2 and such that (H® K, 1, 4) is a GNS-construction for 0.

Later on we will prove that in fact 0, = 0. This question was left open in
the Kac algebra case considered by Sauvageot. In applications the equality
0,=0 is indispensable, e.g. Proposition 5.7 cannot be proved without
knowing the GNS-construction of §, which amounts to the equality 0, = 0.

In [29a] Vainerman and the author study the bicrossed product con-
struction and extensions locally compact quantum groups. In this situation
the Haar weight will be a dual weight and in order to prove invariance and
to compute the multiplicative unitary, we need a concrete GNS-construc-
tion for this weight.

Let us fix some modular notations.

DEFINITION 3.5.  We denote with J and V the modular conjugation and
modular operator of 8, in the GNS-construction (HQ® K, 1, A) We denote
with & the modular automorphism group of 8, and we put 7=JV'2.
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We denote with J, and V, the modular conjugation and modular
operator of 0 in the GNS-construction (K, 1, 4,), and with ¢’ the modular
automorphism group of 0.

With this notations at hand we will now define the unitary implementa-
tion of the action a. Of course this terminology will only be justified after
the proofs of 3.7, 3.12 and 4.4.

DEFINITION 3.6. Define U=J(J®J,). Then U is a unitary in B(H® K)
and it is called the unitary implementation of a.

We will first prove the following result.

ProposiTION 3.7.  We have the following formulas:

. a(x)=U(l®x) U* for all xe N.
2. G,oa=aca? for all te R
3. UJ®J,)=(®J,) U*

Before we can prove this proposition we need the following lemma.

Lemma 3.8. For allye@(agz) we have a(y) € %(6,,) and

T6n(a(0)* T=1®J,09,(y)* J,.

Proof. Choose ae ./, and x € Aj. Then xy e A} and hence (a® 1) a(x)
a(y) € Ng, with

A((a@® 1) a(x) a(y)) = A(a) ® Ap(xp)
=(1®Jp05(»)* Jp) A(a®1) a(x)).

Because %, is a o-strong*-norm core for A we may conclude that for every
z€ N, we have za(y) e N5 and

A(za(y)) = (1@ 905 9)* Jp) A(2).

Then the lemma follows immediately. |

Proof of Proposition3.7. Because a,(y)* =0’ ,(y*) it follows from
the previous lemma that for every y € Z(a%. i2) We have a(y) € (6 _;,) and

G _ip(a(y) = U1 ®c? (1)) U*.

Taking the adjoint we may replace —i/2 by i/2 in the formula above.
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Let now y e Z(c? ;). Then we have «(y)e2(6_;,) and
G_ip(( ) =U1®a?,,(y) U*.
Because 6% ,(y) € Z(a},) we also have a(6” ,(y)) € 2(6,,) and
Ginla(a? (1) = U1 ®aj,(a? (y) U*=U1®a’,,(y)) U*.

So we get & _;p(a(y)) =Gp(a(a? () and so a(y) € 2(G _,;) with G _;(a( y))

=a(a? ,(y)). It now follows from the results of [13, 4.3 and 4.4] that
G,0oa=0ooa? for every teR.
But then it follows that for all ye@(afii/z) we have G _;H(a(y)) =

(0 (). Combining this with the formula above we get

O((O.ii/Z(y)) =0 _;pla(y))=U(1 @00,,72(}/)) U*.

By the density of such elements ag_i/z(y) we get that a(x) = U(1 ® x) U* for
all xe N.

From the definition of U follows immediately the final formula we had
to prove. ||

Now we have gathered enough material to prove that 6, = 6. For this we
need the following lemma (cfr. [5, VI.4]).

LemMmA 3.9. Let a be an action of (M, A) on N. Let 0, and 0, be two
6 ~Yinvariant n.s.f. weights on N. Then [ DO, : D0,], e N* for all teR.

Proof. Denote with M, the von Neumann algebra of 2 x 2-matrices
over C. Denote with e; the matrix units. Define

PNROIMy, > MRINQM,:y=a®@1.

Then y is an action of (M, 4) on N® M,. Denote with # the balanced
weight on N® M, (see e.g. [26, 3.1]) given by

X X
9( ! 12>=91(x11)+92(x22).

X21 X2

It is immediately clear that 0 is § ~!-invariant for the action 7.
Let teR. Denote with g, the automorphism of M defined by u,=
o,°0_,°1,. Here (0}),.g denotes the modular automorphism group of .
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Then g, is implemented by Q% = 6% V. 1t follows from Proposition 2.4 that
7o0?=(u,®ac?) oy for all e R. In particular we have

([ DO,: DO, ],)® ez =p([DO,: DO],®ez) = V(Uf(l ® e31))

:(ﬂt®‘7tg) WI®ey)= (:ut®0-tg)(1 ®1®ey)
== 1 ® [Dez N Dgl]t®821'

So we get [DO,:DO,],e N*for all te R. |

Now we can prove the following interesting result. It is important for

technical reasons and we will need it in Section 5.

_ ProrosiTioN 3.10.  Ler 0 be a n.s.f. weight on N. Then the weights 0 and

0y on M, x N, defined in 3.1 and 3.4 are equal.

Proof. Recall that the dual action & is an action of (M, A°?) on M, x N.
We claim that the weight 0, is O-invariant. Observe that o !
is the modular element of (M, A°°) and that is the reason to have
S-invariance rather than J ~'-invariance.

To prove our claim, choose ae A, x €./, e 2(8"?) and y e H. Then
define

2= (0, ®1®1) &(a® 1) a(x)) = (g, ®1) AP(@) @ 1) ().
It follows from Proposition 7.2 of the appendix that
(05, ®1) 4°%(a) = (1@ v, ,) Ala)e N,  and
A(wg,,®1) 4°P(a)) = (1@ wgire, (V) Ala).
So we may conclude that z e .43 and
A(2) = (1@ wgine (V) @ 1)(A(a) ® A(x))
= (1@ g2, )(V)®1) A((a® 1) a(x)).

Because &, is a g-strong*-norm core for A we conclude that (0g ,®1®
1) &(y) € Np, for all ye A7 and

A, ®1®1) 8(y)) = (1@ @g1 , (V)@ 1) A(p).

Because V is unitary we immediately get that 8, is d-invariant.

From Proposition 2.5 it follows that 8 is d-invariant. Then we conclude
from Lemma 3.9 that [DO,: D0],e(M,xN)* for all reR. So by
Theorem 2.7 we can take unitaries u, € N such that [ D6, : DO],=a(u,) for
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all teR. From the theory of operator valued weights we know that
0% ca=ao0? Because ([DO,:D0],) is a & -cocycle we get that (u,) is a
a"—cocycle. By [26, 5.1] we can take a (uniquely determined) n.s.f. weight
p on N such that [ Dp: DO],=u, for all te R. With p we can define the
n.s.f. weight p on M, x N in the sense of Definition 3.1. Then it follows from
the theory of operator valued weights that

[Dp: DO, =([Dp: DO],)=a(u,)=[D0,: DO,

for all 7€ R. So j=0,. Because 0, is a restriction of 0 we get that 5 is a
restriction of .

Fix ae.#; with ¢(a)=1. Choose xe.f,. Then it follows from
Lemma 3.2 that a(x*)(¢® 1) a(x) € .4 5 and

Pla(x*)(a®1) a(x)) = p(x*x).

Because j is a restriction of 0 we get that a(x*)(a® 1) a(x) €.#7 and

O(a(x*)(a® 1) a(x)) = p(x*x).

Then it follows from Lemma 3.2 that 0(x*x) = p(x*x). This means that p
is a restriction of 6.

Further we have, using the theory of operator valued weights in the first
equality and Proposition 3.7 in the last one,

aog? =0l co=g%ca=acag?.

So a? =¢a? for all 7e R. Because p is a restriction of ¢ we may conclude that
p=20and then 0=p5p=0,. |

We want to conclude this section with the proof of the fact that Ue M ®
B(K). First we state the following lemma, which is easily proved because
A is the closure of A,. Recall that T=J V2

LemMa 3.11. Defining T=JV'2 we have that the linear space
span{a(x*)(7 ® 4y()) | x, y € Ng, ne X(T)}

is a core for T and

Tu(x*)(n ® Ag( ) = y*)(Tn ® A(x))

for all x, ye N, and e Z(T).



LOCALLY COMPACT QUANTUM GROUP ACTIONS 445

PrOPOSITION 3.12. We have Ue M ® B(K).

Proof.  Let t € R. Because Vi implements the automorphism 7, on M we
get that AdV? will also leave M’ invariant. So we can define the
automorphism group (u,) on M by

w(x)=JVixJV~*]  forall xeM, teR.

So, for every ae Z(u_;,) we have JaJ@l/zcﬁl/sz_,-/z(a) J. Further we
have

wAR(a)) =TV IJa*JIN ~*J = JV*JJa*JIV ]

=Jufa*) J=R(ua))

for all 7e R and a e M. Here we used the formula JJ =v/*JJ stated in the
beginning of the paper. i o
Let now a€ Z(u;;), x, ye Ny and n € Z(T'), where T'=J V' Then

(JaJ @ 1) Tu(x*)(n ® Ag(y)) = (JaJ @ 1) a y*)( Ty ® A(x))
=a(y*)(JaJF V2 ® A,(x))
=a(y*)(JIR(a*) IV @ Ay(x)).

Now a*e%(u_;5) and R and u, commute. So R(a*)eZ(u_;,) and
#t_a(R(a*)) = R(juyp(a)*). Then we get

JR(a*) IV < V2JR(p,0(a)*) J.
Hence we may conclude that JR(u,,(a)*) Jye 2(T"?) and

(JaJ ® 1) Ta(x*)(n ® A,(y))

o y*)(TIR(u;p(@)*) Jn ® Ay(x))
To(x*)(JR(uip(@)*) Jn @ Ag(y))
= T(JR(pyn(a)*) J® 1) a(x*)( ® Ag( ).

Because of the previous lemma we get
(JaJ®1) T = T(JR(u;n(a)*) J®1) (3.1)
for all ae Z(u,,). By taking the adjoint we get

(JR(pip(a) J®1) T* = T*(Ja*J®1)
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for all ae Y(u,,). So for all ae (u _;)
(JaJ®1)V=(JaJ®1) T*T < T*(JR(u_ip(a)*) J® 1) T
=V(Ju_i(a) J@1).

Denoting with y, the automorphism Ad V* of B(H® K) we get that for
every a€ Z(u_;) we have JaJ® 1€ %(y;) and y,(JaJ® 1)=Ju _;(a) J® 1.
Then the results of [ 13, 4.3 and 4.4] allow us to conclude that y,(JaJ® 1) =
Jua) J® 1 for every te€ R and a e M. This gives

(JaI®1) V=2 V=" (Jun(a) S 1)
for all ae Z(u,,). Combining this with Eq. 3.1 we get for every ae Z(u,,)

(JaJ®1) TV = TUJR(u;p(a)*) J@1) V12
cTV"2(JR(a*)J®1) = J(JJaJJ®1).

So we get
(JaJ® 1) T=J(JJaJI®1)=J(JJaJi®1)

for every ae Z(u,,), and hence for every ae M. Rewriting this we get
(JaJ® 1) U= U(JaJ® 1) for every ae M. This gives Ue M ® B(K). |

Finally we want to prove that U is a unitary corepresentation of (M, 4),
namely (4 ®1)(U)= U,;3 U,5. This will be done in an indirect way in the
next section. Nevertheless the results we use to prove that U is a
corepresentation are interesting in themselves.

4. THE UNITARY IMPLEMENTATION IS A
COREPRESENTATION

The main aim of this section is to prove that the unitary implementation
U is a corepresentation (Theorem 4.4). On our way towards the proof of
Theorem 4.4 we will solve three problems which appear naturally in
applications (see Section 5 and [17]). First we will see what happens when
we choose a different weight 0 on N, next we will show how U changes
when the action « is deformed with an a-cocycle and finally we will show
that in the presence of a J ~!-invariant weight our implementation agrees
with the one of Enock and Schwartz given by Proposition 2.4.

In the proof of the first proposition we will make use of Connes’ relative
modular theory (see e.g. [26, 3.11, 3.12 and 3.16]). When 0, are ns.f.
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weights on N with GNS-constructions (K;, n;, 4;) (i=1, 2), we denote with
J,,1 the relative modular conjugation, which is a anti-unitary from H, to
H,. Recall that J, ,=J5% ;. If we denote with J; the modular conjugation
of the weight 0; we have J, J, =J,J, | and we denote this unitary with w.
Then u is the unique unitary from K, to K, which satisfies unm,(x)u* =
7,(x) for all x e N and which maps the positive cone of K; (determined by
the GNS-construction (K, 7;, 4;)) onto the positive cone of K,. We will
say that u intertwines the two standard representations of N.

Finally we introduce the one-parameter group ¢*! of isometries of N
given by

6> '(x)=[ DO, : DO, 1, 5(x)

for all xe N and te R.

PROPOSITION 4.1. Let o be an action of (M, 4) on N. Let 0; be n.s.f.
weights on N with GNS-constructions (K;, n;, A;)(i=1,2). Let u be the
unitary from K, to K, intertwining the two standard representations of N.
Denote for every i=1,2 with 0, the dual weight of 0, on M,x N, with
GNS-construction (H®K,,1®m,, A;). Denote with U,e M® B(K,) the
unitary implementation of o obtained with 0,, as defined in Definition 3.6.

Then 1 @u is the unitary intertwining the two standard representations of
M, x N. In particular

U,=(1®u) U(1 ®@u*).

Proof. Let ae N, and xe Ay . Let ye (a> 1/2) Then, by [26, 3.12],
xy* e Ny, and

Az(xy*)=J2,17T1( 1/2( ) J1A(x).
o(a®1)a(x) oc(y)*=(a®l)oc(xy”‘)eﬂﬁg2 and
A(a) ® Ax(xy*)

(1®J2,17Z1(02_’3/2( ) Ji)(A ( ) ® A,(x))
(1@ (07 5(1)) J1) A1((a® 1) a(x)).

A((a@1) a(x) a(y)*)

Because the elements (¢ ® 1) a(x) span a core for 4, and because A, is
closed (both in the g-strong*-norm topology), we have for all ze /3 that
za(y)* e A3, and

Ay(zo( y)*) = (1@]21711( ,/2( ))JI)ZI(Z)-
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Denoting with J21 and (6%') the relative modular apparatus of the
weights 0, and 0,, it follows from [26, 3.12] that a(y) e 2(6%,,) and

Jz (1@ m,)(6 _,/2(( )))J1—1®J217'51( _,/2(y))J1~

Because [Db2 Do ],—oc([Dﬁ2 D0,],) for every e R we see that 7' o«
=aoo>!. So we have 6> 1/2( wy))=a(a _,/2( )). Combining this with the
equatlon above we get

(1®m) (o ,/2(y)):-7§k,1(j®-]2,1)( ®ny(o* ,/2( ) Uf.

The last formula is valid for all ye@( 1/2) Because U, implements a we
may then conclude that U, = J2 1(J@J2 1)-
Then we get

1=U1U1>l<= (j®-]2,1)(j®-]1)-71

and so .72’ Ji=1 ®J5,1J,. Now u=J, ;J; and .72,1j1 is the unitary inter-
twining the two standard representations of M, x N. This proves the first
claim of the proposition. In particular we get

(1®u) Uy(1@u*)=(1®u) J,(J®J,)(1 ®u*)
=L(1@uWJ@J)(1®u*) =T (J®J,)=U
This proves the proposition. ||
In the next proposition we will show how the unitary implementation of

an action o changes when « is deformed with an «-cocycle.

ProrosITION 4.2. Let a be an action of (M, A) on N and let V" e M @ N
be an a-cocycle in the sense of Definition 1.5. Define the action f§ of (M, A)
on N by B(x)=7"a(x) V" * for all xe N. If 0 is a n.s.f. weight on N with
GNS-construction (K, 1, Ay), the unitary implementations U, and Uy of « and
B obtained with 0 satisfy

Ug=71"UJ®J) V¥ ® ).

In particular Uy is a corepresentation if and only if U, is a corepresentation.

Proof. Because (4®1)(7)=(1® 7 )t ®a)(?") we have

1@7*)(WRLHI®7)=(WR L) ®@x)(7*).
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So for every &, n e H and with (e;);.; an orthonormal basis of H we have,
by applying w; ,®1®1

VM Mg ) @) V=3 (U, ,)@1) al(wg ,,®1)(77*))

iel

in the o-strong* topology. From this it follows that ¥ *(a® 1) e M, x N
for all ae M. But ¥ *f(x) " =a(x) for all xe N. So

P Mg N— M X N:zi— *z¢"

is a well-defined *-homomorphism. By symmetry p will be surjective and
hence it is a s-isomorphism. Consider now the dual weights 0, and Hﬂ on
M,x N and M zx N, with canonical GNS-constructions (H® K, 1, A,) and
(H®K, 1, /1/3) Take ¢eH, be7,and xe A, Then

"/*(/l(wf,A(b))®1 )V = Z We,, Ab) )®1) « ((wf,ei®l)("/*)x)

iel

in the g-strong* topology. For every finite subset I, of I we define

I = Z (/l(we,., ) ® 1) al(wg, ¢ ® D(77*) x).

iel,

By Proposition 7.1 of the appendix we get that z; belongs to /5 and

ZIO Z /1 We,, A(b)))® (wtf,ei®l)(nﬂ'*)A6(x)

iel,

= Z Jo'i/z(b) Je;® (wé, e,.®l)("V*) Ap(x)

iel,

=(Jou(D) JRI)(P®1) 77H(E® Ay(x))

where P denotes the projection onto span{e;|iely}. Now define z:=
VH (M0, 4)) @ 1) f(x) 7. Then we see that z; — z o-strong™ and

A(z) = (Jon(b) T®1) 7" H(E@ Ag(x))  in norm.
So we get that ze /3 and

A2)=(Jo,n(b) J® 1) ¥ *(E® Ay(x))
= V*(Jai/z(b) JE®Ag(x)) = %*Zﬂ((i(wé, A(b)) ®1) B(x)).

Because the elements (A(wg, A(b))~®1)ﬂ(x) span a core for Aﬂ we have
p(y) € N5, for every ye./tfgﬁ and A, (p(y))=7"*1 s(») in that case.
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_ By symmetry p(y)e N5 if and only if yEJVgﬁ. But then it is clear that
Jg=v"J,¥* and so

Up=TyJ®@Jp)=1T, 1 (J®Jp) =71 UT®Jy) V*(T®Jy).

Now suppose that U, is a corepresentation, meaning that (4®:)(U,) =
U,»; U,q13- Then

(4® l)(U/S') =A@ 1)V") Upp3 Up13(4 @ 1)(R® Ly)( V")

where L, is the x-anti-isomorphism from N to N’ defined by L,(x)=
Jyx*J, for all xe N. Then we can compute

(A@1)(Up)="723(1@ o) (V") Uyzz Up13(ROR® Lp)( AP @1)(77)
=V 23UV 13 U233 Uao3 Uy is(R®O R® L) (V13(1 @ 0)( V) 213)
=133 Up23 713 Upis(J@® T @ Jy) U3V 5 UV H(J®T® )
= V33 Ui Vi3S @ T ® )
xVHJIQTQRINIR®I®J,) Ukis ¥ H(J@T®J,)
= V3 Ups((J® o) V(T ®Jp))a
X3 Upis(F®T9) VT @ Jp)) 13

= Uﬁ23 UﬂlS'

So, when U, is a corepresentation then Upg is a corepresentation. By
symmetry also the converse implication holds. ||

In Proposition 2.4 we saw how to construct, with the methods of Enock
and Schwartz, an implementation of an action « in the presence of a
6~ !-invariant weight. We will show now that this implementation coincides
with the unitary implementation given in Definition 3.6.

ProrosITION 4.3.  Let o be an action of (M, A) on N. Let 0 be a n.s.f. and
6 ~invariant weight on N with GNS-construction (K, 1, A,). When V, is the
unitary defined in Proposition 2.4 and when U is the unitary implementation
of o defined in Definition 3.6, then U=1V.

Proof. Recall that

(g, ®1)(Vy) Ag(x) = Ag((ws12¢,, @ 1) 2(X))
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for all € 2(6%) and ne H. Because the positive operators ¢ and V
strongly commute, we can define the closure Q of the product V. Denot-
ing with y, the characteristic function of a subset % — R we consider the
following subspace of H.

U X]l/n,n[(é)X]l/m,m[(ﬁ)H

n,meN
Let now (e H, ne%,, xe I, and ye N, n N §. Put again T'=JV'? and
T=JV'2 Then
(0@ 1) Ta(x*)(n ® 44(y))

= (0¥ @ 1) 2(y* )Ty ® Ay(x)) = Ag((0 7, ;@ 1) A y*) X)

=Jg0n(X)* JgAg((@7,, ¢ ® 1) a(y*))

= Jp0(X)* T (w5127, e @ 1)(Vp) Ag(y*)

= (0¥ @ (1 ®J,055(x)* Jo) V(6™ 2Ty ® A5(y*)).
Now

V2T =~ 2]V 2y = J5V2 V2 = JO V.

So we may conclude that

Ta(x*)(n® A,(»))
=(1®Jy05,(x)* J,) Vo(J® Q@ V) (@ Ag(y))

for all ne%,, xe7, and ye N, n.A§. Because T is closed we can
conclude that n® A,(y) e 2(T) and

T @ 4g(3)) =Vo(J® QP @V ® A(y))

for all e, and ye A, n A ¥. Because %, is a core for QY? and
Ag(Ng N F) for V> we get

VolJ® QP @V = T. (4.1)

We now claim that (Q"®V#) T=T(Q"®V¥) for every teR. Together

with the fact that 2(Q'?® V*) < 2(T 7) this leads to the conclusion that

Z(Q"»®VY?) is a core for T. Then we get that the inclusion in Eq. 4.1 is

in fact an equality. Uniqueness of the polar decomposition gives us
Vy(J®J,)=J and so V,=U.
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So we only have to prove our claim. For this choose x, ye ./} and
e Y(T). Then using Proposition 2.4 we get

(0" @ Vi) Ta(x*)(E® 4y(1) = (0" @ Vi) a y*)(TE® Ap(x))
=(Q"®Vy) Vo(1@y*) VE(TE® Ay(x))
=Vo(1®@a(y*) VE(QTE® Vi Ay(x))

because Q" ® V¥ and ¥, commute. Now observe that Q" and 7" commute,
so that Q"¢ e %(T') and

(Q"® V) Ta(x*)(E® Ag(y)) = a{(»)*TQ'E® Ay(a(x)))
Tu(a)(x*))(Q"E® Ap(a ()

T(Q"@VE) a(x*)(E® Ay(y)).

From this immediately follows our claim, and then the proof of the
proposition is complete. [

With all these results at hand we can now prove the following theorem.

THEOREM 4.4. The unitary implementation U of an action o of (M, A) on
N is a corepresentation in the sense that (A®1)(U) = Uy Uys.

Proof. Consider the bidual action & of (M, 4)"%*°P on M,x (M,x N).
Let 0 be a ns.f. weight on N and denote with 0 the bidual weight on
Myx (M, x N). It follows from Proposition 2.5 that 6 is a JdJ-invariant

A
A

weight for the action a. With the notation of Theorem 2.6 we define

p = 0o ®. Then p will be a n.s.f. and 6 ~'-invariant weight on B(H)® N for
the action y of (M, 4) on B(H)® N. Combining Proposition 4.3 and
Proposition 2.4 the unitary implementation of y constructed with the
weight p is a corepresentation. By Proposition 4.2 the unitary implementa-
tion of u:=(e®1)(1®a) constructed with p is a corepresentation as well.
Then it follows from Proposition 4.1 that the unitary implementation U, of
i constructed with the nsf weight Tr®0 on B(H)®N will be a
corepresentation. Here Tr denotes the usual trace on B(H).

Represent N on the GNS-space of 0 such that (K, i, 4,) is a GNS-con-
struction for . Let (Hr,, 71, A1,) be @ GNS-construction for Tr. Then we
have a canonical GNS-construction (Hr, @ K, m1,®1, A1, ge) for Tr® 0.
With this we construct the GNS-construction (HQ Hr,® K, 1Q@ 1, ® 1,
AT,®9) of the dual weight (Tr®86) on M, x (B(H)® N). Denote with
T Tr@(,—JTr@HVTr@ o the modular operator of this dual weight. As before
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we denote with 7=J V' the modular operator of the weight § on M, x N
with GNS-construction (H® K, 1, A). It is an easy exercise to check that

ZIZTTr®9212:JTr® T,

where X', flips the first two legs of H® Hr,® K. By uniqueness of the
polar decomposition we get

EIZjTr®9212:JTr®‘7

and hence X, U, 2, =1® U. Because U, is a corepresentation, also U will
be a corepresentation. ||

5. SUBFACTORS AND INCLUSIONS OF VON NEUMANN
ALGEBRAS

It is well known that there is an important link between irreducible,
depth 2 inclusions of factors and quantum groups. After a conjecture of
Ocneanu the first result in this direction was proved by David in [3],
Longo in [22] and Szymanski in [27]. They were able to prove that every
irreducible, depth 2 inclusion of II,-factors with finite index has the form
N*c N, where N is a I, -factor and « is an action of a finite Kac algebra
(i.e. a finite dimensional locally compact quantum group, or a finite dimen-
sional Hopf =-algebra with positive invariant integral). The restriction on
type an index has been removed by Enock and Nest in [ 7] and [8]. There
does not appear a finite quantum group but an arbitrary locally compact
quantum group.

The theory of Enock and Nest is quite technical, but the results are deep
and beautiful. They are important in themselves and serve as a motivation
for the concept of a locally compact quantum group.

Before we describe their result we have to explain a little bit the basic
theory of infinite index inclusions of factors or van Neumann algebras. So,
let us look at an inclusion N, = N, of von Neumann algebras. In this most
general setting one can perform the well known basic construction of Jones.
For this we have to choose a n.s.f. weight § on N, and represent N, on the
GNS-space of 0. Denote with J, the modular conjugation of 0. Then we
define N, =JyNyJ,. Because Ny =J,N,J, we have Ny = N, = N, and this
inclusion of three von Neumann algebras is called the basic construction.
One can continue in the same way and represent N, on the GNS-space of
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some n.s.f. weight. Then we obtain the von Neumann algebra N;. Going on
we get a tower of von Neumann algebras

NocN,cN,cN;zc---

which is called the Jones tower.

But there is more. In the theory of inclusions of /7, -factors an important
role is played by conditional expectations. In the more general theory being
described now, this role will be taken over by operator valued weights.
Before we can explain this, and also because we need it in the proof of
Theorem 5.3, we have to explain Connes’ spatial modular theory. For this
we refer to e.g. [ 26, Section 7] and [28, Section III].

Suppose that N is a von Neumann algebra acting on a Hilbert space K.
Let ¢ be a n.s.f. weight on N and ¥ a n.s.f. weight on N'. Let (K, y, 4,)
be a GNS-construction for . For every & € K we define the densely defined
operator RY(¢) with domain A4,(.4;)<K, and range in K by R¥(¢)
Ay(x)=x¢ for all xe./j,. When e K we can define an operator OY(&) in
the extended positive part of B(K) by

IRUE* nI> i neZ(RUE*)
<w,,,@¢<f>>={ .

+ o0 else
In fact O¥(¢)=R¥(E) R¥(E)*+ooP where P is the projection onto the
orthogonal complement of Z(R¥(&)*). Then one can prove that @¥(&)
belongs to N}, and it is possible to define a strictly positive, self-adjoint

ext

operator % on K such that

d
<w¢, df;> — (9. 0%(&))

for all £ e K. Here we used the extension of the weight ¢ to the extended
positive part of N. The operator Z—i is called the spatial derivative of ¢ with
respect to .

So, let N, = N, be an inclusion of von Neumann algebras and 7T a n.s.f.
operator valued weight from N, to N,. Represent again N; on the GNS-
space of a n.s.f. weight . Let N, « N; < N, be the basic construction. Then
there exists a unique n.s.f. operator valued weight 7, from N, to N, such
that

d(poT,) du

av' d((veTy))

for all n.s.f. weights 4 on N, and v on N,. Here we denote with #' the n.s.f.
weight on either N,=J,Ny,J, or Ny=J,N,Jy, given by the formula
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n'(x) =n(JgxJ,) for all positive x, whenever # is a n.s.f. weight on either N,
or N;. The existence of T, follows from [26, 12.11]. One can continue in
the same way and construct n.s.f. operator valued weights T, from N; to
N;_, anywhere in the Jones tower.

Next recall that an inclusion of von Neumann algebras N, = N, is said
to be

e irreducible, when N, n Ny=C.

e of depth2, when N, nNyz=N,n"Ny<=N;nN; is the basic
construction.

Finally we describe the notion of regularity as it was introduced by
Enock and Nest in [7, 11.12]. Let N, < N; be an inclusion of von
Neumann algebras. Suppose that 7 is a n.s.f. operator valued weight from
N, to Ny. Let Nyc N, « N, ©c N; < --- be the Jones tower and construct
as above the operator valued weights 7, from N, to N, and 75 from N,
to N,. Then T} is called regular when the restrictions of 7, to N, n Ny and
of T to N; n N are both semifinite.

Then we can give the main result of Enock and Nest. Recall that for a
locally compact quantum group (M, 4) we denoted with (M, A)’ the com-
mutant locally compact quantum group, as described in the introduction.

THEOREM 5.1 (Enock and Nest). Let Ny < Ny be an irreducible, depth 2
inclusion of factors and let T, be a regular n.s.f. operator valued weight from
N, to Ny. Then the von Neumann algebra M = N, N N'| can be given the
structure of a locally compact quantum group (M, A), such that there exists
an outer action o of (M, )" on N, satisfying Noy=N¢ and such that the
inclusions Ny c Ny c N, and CQ N§ ca(N,) € M, x Ny are isomorphic.

The definition of an outer action is given in Definition 5.5. Further we
want to mention that in [8] it is proved that (M, 4), together with
invariant weights and antipode, is in fact a Woronowicz algebra. But it
should be stressed that there is a small mistake in the proof that the Haar
weight is invariant under the scaling group, so that in fact (M, 4) is an
arbitrary locally compact quantum group, possibly with scaling constant
different from 1.

The main aim of this section is to clarify the conditions of Enock and
Nest’s theorem (in particular the regularity condition) and to prove a con-
verse result: when « is an integrable and outer action of (M, 4) on N, then
the inclusion N*< N is irreducible, of depth 2 and the operator valued
weight (Y ®1) a from N to N* is regular. The same result is stated in [7,
11.14] for the special case of dual Kac algebra actions, but the proof is
incomplete. The crucial point, our Proposition 5.7 identifying two operator
valued weights, is not proved in [7]. We also remark that it will follow



456 STEFAAN VAES

from Corollary 5.6 that the actions appearing in Enock and Nest’s theorem
are integrable. Further we refer to section 6 for the link between outer and
minimal actions.

First of all we study the following problem. Let a be an action of (M, 4)
on N. Let N“c Nc N, be the basic construction. When (M, 4) is finite
dimensional, it is known that N, is a quotient of the crossed product
M, x N (a proof can be found in [ 14, 4.1.3], but the result was undoubtedly
known before). More precisely, there exists a surjective #-homomorphism
p from M, x N to N, sending a(x) to x for all xe N. So, when M, x N is
a factor, the inclusion CQ N*ca(N)<= M, x N is the basic construction.
More specifically, when N is a I1,-factor and o is an outer action (or equiv-
alently a free action) of a finite group G on N it is well known that the
crossed product G, x N can be identified with (N U {u,|t€G})", where N
is represented standardly and (u,),. i1s the canonical implementation of a.
This can be found in e.g. [16].

More generally we look at the following problem. Suppose that a locally
compact group G acts on a von Neumann algebra N with action «. Then
we can construct the crossed product G, x N as follows. We represent N on
a Hilbert space K and define operators on L*(G)® K=~ L* G, K) by
putting

(u(x)&)g)=a,-1(x)&(g) forall geG  and xeN, (e LA G, K)
(Ag&)(h)=&(g~'h) forall g,heG and éeLXG, K).

Then we define G, x N=(x(N)u {4, |ge G})". But, when we represent N
standardly on K and denote with (u,), . the canonical unitary implemen-
tation of a, we can also define

N,=(Nuiu,|geG})"

Purely algebraicly one would expect to be able to define a *-homomorphism
p: Gyx N — N, satisfying p(a(x))=x for all xe N and p(4,)=u, for all
g€ G. When the group G is finite, this can be done easily. In Theorem 5.3
we will prove that the construction of such a p is possible if and only if the
action is integrable, and this will be proved for arbitrary locally compact
quantum group actions. To see the link with the group case, recall that
now the role of the regular representation (4,) is taken over by
Mw)=(wo®1)(W) for all we M,. So we work in fact with the regular
representation of the L'-functions.

Before we come to the proof of our main Theorem 5.3 we characterize
the basic construction N, =J,(N*)' J, in terms of the unitary implementa-
tion of a.
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PROPOSITION 5.2.  Let o be an action of (M, A) on N. Fix a n.s.f. weight
6 on N and let N act on the GNS-space of 0. Let U be the unitary implemen-
tation of o obtained with 0. Let Ny=Jy(N*)' J, be the basic construction
from N*< N. Then

No=(Nu{(w®1)(U)|weM,})"
Proof. Because N,=J,(N*) J, we get easily that
h=N' nJy{(o@1)(U*) |weM,}' J,.
But (J®J,) U¥J®J,)=U, so that we have
Ny=N'n{(w®1)(U)|weM,}'
Because U is a corepresentation the g-strong* closure of {(w ®1)(U) |we
M} is self-adjoint and then the result follows. ||
Then we prove the following result.
THEOREM 5.3. Let o be an action of (M, A) on N. Fix a n.s.f. weight 0
on N and let N act on the GNS-space of 0. Let U be the unitary implementa-

tion of o obtained with 6. Let N, =J,(N*)' J, be the basic construction from
N*c< N. Then the following statements are equivalent.

o There exists a normal and surjective * -homomorphism p: M, x N —
N, satisfying
pla(x))=x forall xeN and
P(@N)(W)®1)=(w®1)(U*) Jorall weM,.
o The action o is integrable.

Proof of the first implication. Let us first suppose the first statement is
valid. Because Ker p is a g-strong* closed, two-sided ideal of M, x N we
can take a central projection P e M, x N such that

Ker p=(M,x N)(1—P).

Let pp be the restriction of p to (M, x N) P. Then pp is a *-isomorphism
onto N,. When 7 is a n.s.f. weight on M, x N we have ¢”(P)=P for all
t€ R, because P is central. So the restriction 77, of # to (M,x N) P is a n.s.f.
weight and 77 is the restriction of ¢” to (M,x N) P for all teR.

For every n.s.f. weight 4 on N we define the n.s.f. weight 4 on N, by
d=(@)popp"'. Here i denotes as before the dual weight on M, x N. For
every x € N we have

af(x)=pp(ar(pp(x))) = pp(ar(a(x) P))
= pp(af(a(x)) P)=p p(a(a?(x)) P) = o%(x).
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When x4 and v are both n.s.f. weights on N we have

[Dgi:Dv], =pp([D(@)p: D(V)pl) = pp([Dii: DV], P)
=ppla([Du:Dv],) P)=[Du:Dv],

for all e R. So, by [26, 12.7], there exists a unique n.s.f. operator valued
weight T, from N, to N such that g =pu-T, for all n.s.f. weights 4 on N.
So uoTyopp=(fi)p for all n.s.f. weights 4 on N.

When v is a n.s.f. weight on either N* or N we denote again with ' the
n.s.f. weight on either J,N*J,= N’ or JyNJ,= N’ given by v'(x) =v(JyxJy)
for all positive x in either N* or N. By [26, 12.11] there exists a unique
n.s.f. operator valued weight 7', from N to N* such that

du-T,)  du
&' d((veT)))

(5.1)

for all n.s.f. weights x on N and v on N*

Choose now a ns.f. weight 0, on N* Put 0,=60,-T, and 6,=0,-T,
When we change the weight # which was chosen on N in the beginning of
the story, the tower N*< N < N, will be transformed into a unitarily equiv-
alent tower. The unitary implementing this transformation is the unique
unitary intertwining the two standard representations of N. This unitary
also intertwines the two implementations of a by Proposition 4.1. Hence
also p can be transformed. So we may suppose that 0 =0,.

From Eq. 5.1 follows that

do, do,
do, — do,’

do, doy do; _ .
So we also have 2= But 2=V, because K is the GNS-space of
., 40y 1

0=10,. To compute jj‘;f we need a GNS-construction for the weight 6,. But

O,opp=10o0 TZOpP—(O)P So we put L=P(H®K) and as before we
denote with (HQ® K, 1, A) the GNS-construction of . For every x e No, We
define Ag (x)=4 ( (x)). Then 4, (x)€L and it is easy to check that

(L,ppt, 4 0,) 18 @ GNS-construction for 0,. Also observe that for all ae ./
and xe A we have p(a® 1) xe Ap, and

Ao p(a®1) x) = P(A(a) ® A,(x)).
Now choose z € 7,. Then
do,
+00>0(z%z) = <wA0(a‘{i/2(z)), Vol = <60A0(a"m(z)), ddf)>
2

= {0, ©%(A(0% 5(2)))>. (5.2)
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Choose now a family (&;);.; of vectors in K such that

Oo(z) =}, wg(2)

for all ze (J,N*J,)*. Fix i L Then
(e, O%(Ay(a? ,5(2)))) < + o0
and so &, € Z(R%(A4,(5% ,()))*). Further
(g, 0%(Ay(a?,5(2)))> = [R*(Ag(a? ,5(2)))* &2 (5.3)

We will compute the final expression. For this we choose w € .# and x € ./.
Recall that the subset .# = M, was introduced in the introduction. Observe
that

R%(Ay(0? 5(2)))* & € L.
So we have
(R Ag(07 1(2)* & A @ )W) ® Ag(x))
= (R Ag(0” 5(2)))* iy P(A((0 @ 1)(W)) ® A(x)))
= (R Ag(0” 5(2)))* &y Ag(P(@@(W)® 1) X))
= (& R A5(07 15(2))) Ag((0 @ 1)(U*) X))
=& (@ 1)(U*) xA4(a? 5(2)))
= (& (@@)(U*) Jgz*T g Ag(x))
= (1@ @, 4,00)((1®Tp2Jp) U)).

By continuity we get that

(R%(Ag(a” 1 (2)* & A0 ®@D(W) @ 1)
=0((1@ g, ,)(1®JgzJy) U))

for all we ¥, neK and ze J,. By Proposition 7.3 of the appendix, it
follows that

(1®w. N(1®Jy2],) U)e A,
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and
A ® s, N(1®JpzJ,y) U))=(1®0%) R%(A4(0” 15(2))* &,

for all ne K and z € J,. Fix an orthonormal basis (e;);., for K. Then we
may conclude that

IR™(Ag(0? 5(2)))* &1
=2 11 ®0%) R™(Ay(a? 5(2)* &2

jeJ

=2 o((1®@we, N(1®JpzJy) U)* 1Qwe, . )((1®Jyz],) U))

P
— (1@ e )(U*(1® Jy2*2]5) U))
—p(Ju®w,,.) alz*2) J)

—W((1® ) al(z¥z)

= (e (W@ 1) A(=%2)).

Combining this with Eq. 5.3 we get that

(g, 0%(A5(0”,5(2)))) =@ ye, (b @1) d(z*2))

for all ze 7, and ie I. Summing over i we get

(0o, 0(A5(?,5(2)))) =<0, (Y ®1) 2(z*2))

for all ze 7,. Using Eq. 5.2 we get that
0(z*z) =< 0bo, (Y ®1) a(z¥z2) )

for all ze 7,. Hence the normal faithful weight 6, - (¥ ®1) « is semifinite.
From [26, 11.7] it follows that ( ®1) a is semifinite. So a is integrable.

Proof of the second implication. The second implication can be proved
along the same lines as in the case of an Abelian group action, see [24].
So let us suppose that « is integrable. Choose a n.s.f. weight 8, on N* and
put 0=0,°(y ®1)a Then 6 is a n.s.f. weight on N. Represent N on the
GNS-space K of 0 such that (K 1, 4,) is a GNS-construction for . Choose
a family of vectors (&,);<; in K such that

Oo(x) =Y. we (x) for all xe(N*)*.

iel
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Define L= @ ,;.; H® K and let = be the I-fold direct sum of the identical
representation 1 of M, x N on H® K. Recall that for any operator valued
weight T we define 47 as the left ideal of elements x for which T(x*x) is
bounded. Also recall that we introduced the canonical GNS-construction
(H,1,T') for  in the introduction. When z e .4}, , we define (I'®1)(z) €
B(K, HRK) by (I'®1)(z) Ag(x)=(I"® Ay)(z(1 ® x)) for all x € .4, where
I'® A, denotes the canonical GNS-map of y ® 6. One can check easily
that (I'®1)(z)* (I'®1)(z)=(Y ®1)(z*z). For this see e.g. [7, 10.6]. Put
T=(y®1)a. For all xe A3 NN, we define

Y Ag(x)=D (I'®1) a(x) ¢,
iel
Observe that 7~ is well-defined:

2 IT®@ alx) &7 =Y o (b ®1) a(x*x))

iel iel

=<0y, (Y ®1) a(x*x)) =0O(x*x) < c0.

Because A7, is a o-strong*-norm core for A, we get that
Ag( N7 Np) 1s dense in K. So ¥~ can be extended uniquely to an isometry
from K to L.

We now want to prove that the range of ¥  is invariant under
n(M,x N). So we first choose y € N. Then for every x € A7 N A we have

(@) V' Ap(x) = D a( p)I'®1) 1(x) &;

iel

=@ (I'®1) a(yx) ;=7 Ag(yx)=7"yAe(x).

iel
Next we will look at the invariance under 7(M ® C). Analogously as in

Proposition 7.2 of the appendix we have that for every xe .4}, &€ 2(6'?)
and ne H, (wsing, ,®1) A(x) € N, and

I(ws1re,,®@1) A(x)) = (we, , @) (W) I'(x).
Then it follows easily that for all ze ./, g, we have

= (s , Q1R®1)(AR1)(z) €Ny, and
(I'®@1)(x) = (g, @N(W*) Q1)L ®1)(2).



462 STEFAAN VAES

So for all &€ 2(6Y?), ne H and x € N5y 0 AN, we have
T((wg , @)(W*)®1) V" Ag(x)
=@ (v, @)W*) @ 1)NI'®1) a(x) &;
iel
=@ (I'®@1)(ws12e , @1 1) (A ®1) a(x)) &;
iel
= (—B ('@ 1)((ws12¢,, ® 1) (X)) &;
=7 Ag((w512¢ , ®1) X)) =V (0, , ®1)(U) Ay(x)

by Propositions 2.4 and 4.3. So the range of ¥~ is invariant under
n(M,x N). Then we can define a x-homomorphism

p: M, x N— B(K): p(z)=""*n(z) V.

By the computations above we get that p(a(x))=x for all xe N and
(@p)W®1)=U*. Then it follows from Proposition5.2 that
p(M,x N)=N, and so the theorem is proved. ||

One can also prove the following more general kind of result, where we
do not specify what p should be.

ProrosITION 5.4. Let o be an action of (M, A) on N. Fix a n.s.f. weight
0 on N and let N act on the GNS-space K of 0. Consider the inclusions

CON*ca(N)cM,xN and N*cNcN,=J,(N*) J,.

Then the following statements are equivalent.

o There exists a surjective *-homomorphism p from M, x N to N,
such that p is an isomorphism of a(N) onto N and of C® N* onto N*.

e The action a is cocycle-equivalent with an integrable action  satisfying
N# = N=.

Proof of the first implication. Suppose the first statement is true.
Because N is represented on the GNS-space of 6, there exists a unitary u
on K such that p(a(x))=uxu* for all xe N and uJ,=J,yu. Define p from
M,x N to B(K) by p(z) =u*p(z) u for all ze M, x N. Then p(a(x)) = x for
all x e N. Further

u*Nu=u*p(CQN*)u=u*p(a(N*)) u=N*

Because uJ,=Jyu, we get u*N,u=N,, which leads to p(M x N)=N,.
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So we may suppose from the beginning that p(a(x))=x for all xe N.
Define the unitary Xe M ® B(K) by

=(J®J)u@p)WR 1) ® ).
Put "= XU¥*. Clearly ¥ e M ® B(K) and
(J®Je) (J®Ja) @p)(W®1) U.
For every xe N we have
(@p) (W) U1®x)=01@p)(W®1)a(x) U

=XM1 ®a) a(x)) U
=) ((1@ux)(W®1)) U
=(1®x)t@p)(We®1) U.

So we get (1®p)(W®1)UeM@N' and hence ¥ e M® N. In the next
computation we denote again with L, the x-anti-automorphism of B(K)
given by Ly(x)=Jyx*J, for all x e B(K). Then we have

(A4®)(7")

(AR L)@ p)(W*® 1) (4®1)(U¥)
(RORQLy)(AP@p)(W*®1) Ul U
(RORRLy)(1@:®@p)(Wi5W3) UlsUss
(ROLy(1@p)(W*®1))p3 U3 U
X(RL)@p)(W*®1) U*)3 Uss
=751 Q@a)(7").

So 77 is a a-cocycle. Define the action f on (M, 4) on N given by f(x) =
¥ o(x) ¥ * for all xe N. Then f(x)= X(1 ® x) X* for all xe N. Because the
a-strong* closure of {(0®1)(X)|we M,} equals Jo,p(M®C)J, we get
that N =Jyp(M x N) J,= N*

To conclude the proof of the first implication we have to show that f is
integrable. For this we will use the previous theorem. From Proposition 4.2
it follows that the unitary implementation Uy of f is given by

Up=7"UJ®Jp) V*J®Jp) =7 (1@ p)(W*R1).

From the proof of Proposition 4.2 we also get that z+— ¥ *z7" gives an
isomorphism from Mzx N onto M, x N. So we can define

P Mgx N— Ny: p(z)=p(V*z97).
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Then j is a surjective *-homomorphism onto N,=Jy(N%)' J,=J,(N?) J,
and clearly p(f(x)) =x for all x e N. Because 7" is an a-cocycle we get that

(I@V*)(W*@)(1®Y)=0Q@a) (V)N W*R1).
From this it follows that

(t@p)W*®@1)=0@p) 1RV *)(W*R1)(1® 7))
=7 @p)(W*®1)=Uy.

By the previous theorem we get that f§ is integrable.

Proof of the second implication. Conversely suppose that the second
statement is valid and take such an action f. Let ¥~ be an a-cocycle such
that f(x)=7"a(x) 7 * for all xe N. It follows from the proof of Proposi-
tion 4.2 that

®: M,x N — Myx N: d(z) =12/ %

is an isomorphism and @(a(x))=pf(x) for all xe N. By the previous
theorem we can find a surjective *-homomorphism j from Mgzx N onto
Jo(NP)' J, satisfying p(f(x)) = x for all xe N. Putting p = p o @ and observ-
ing that N*= N# we get the first statement. ||

We do not know an example of a non-integrable action o which is
cocycle-equivalent with an integrable action f satisfying N*= N’ but it
seems to be natural that this kind of actions will exist. We will now specify
a case in which it cannot exist. This should be compared with the example
of a finite group acting outerly on a factor as described above.

DEFINITION 5.5. An action o of a locally compact quantum group
(M, A4) on N is called outer when

M, x Nna(N) =C.
COROLLARY 5.6. Let a be an outer action of (M, A) on N. Choose again
a n.s.f. weight 0 on N and represent N on the GNS-space of 0. Let N, =
Jo(N®) Jg be the basic construction. Then the inclusions

CON*ca(N)cM,xN and N*<=NcN,

are isomorphic if and only if o is integrable.
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Proof. When a is integrable, one can use Theorem 5.3 and then observe
that the s-homomorphism p is faithful because M, x N is a factor.

Next suppose that the inclusions stated above are isomorphic. By
Proposition 5.4 there exists an integrable action f which is cocycle equiv-
alent with a and satisfies N¥=N* Let ¥ e M® N be an a-cocycle such
that B(x) = a(x) ¥ * for all xe N. Then for all xe N*= N* we have

I®x=p(x)=7"ox)?V*=7(1Q®x) ¥ *

Hence we get ¥ e M® (N (N®)'). From our assumption and the fact
that « is outer it follows that N, n N' = C. But then also

(N*Y AN=Jy(N, nN') J,=C.

So we can take ue M such that ¥"=u® 1. Because 7~ is an a-cocycle we
get that A(u) =u® u. By the unicity of right invariant weights on (M, 4)
there exists a number 4> 0 such that y(u*au) = Ay(a) for all ae M *. Then
we get that for all xe N* we have (Y ®1) a(x) = A(Yy ®1) f(x). Because
is integrable it follows that o is integrable. ||

There exist outer actions which are not integrable: see 6.3. Combining
the previous result with Theorem 5.1 we get that all actions coming out of
Enock and Nest’s construction are integrable.

Next we turn towards the notion of a regular operator valued weight.
Suppose a is an integrable action of (M, 4) on N and suppose that the
x-homomorphism p given by Theorem 5.3 is faithful. This will of course be
the case whenever M, x N is a factor, but also when « is a dual action or
a semidual action. The latter follows from Proposition 5.12. Then we can
prove that the operator valued weight (y ®1) a from N to N* is regular.
More precisely, we will do the following. By our assumption the basic con-
struction N*< N < N, is isomorphic with C® N*ca(N) < M, x N through
the isomorphism p. Let us denote with 7, the operator valued weight
(Y ®1) o from N to N* Then we can construct the operator valued weight
T, from N, to N by modular theory and the basic construction, as
described above. Through the isomorphism p the operator valued weight
T, is transformed to an operator valued weight from M, x N to a(N). In
the next proposition we prove that this operator valued weight is equal to
the canonical operator valued weight T=(¢®:®1)4& from M, XN to
oa(N).

PROPOSITION 5.7. Let o be an integrable action of (M, A) on N. Suppose
that the x-homomorphism p constructed in Theorem 5.3 is faithful. Denote
with T, and T the operator valued weights defined above. Then poT =T, o p.
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Proof. For clarity we stress that T, is the operator valued weight
(y®1)a from N to N* that T, is obtained out of 7, by modular theory
and the basic construction, and it goes from N, to N. Finally T is the
canonical operator valued weight (¢ ® 1 ®1) & from M, x N to a(N), giving
the dual weights by the formula 0=0ca~'oT for all nsf weights 0
on N.

Choose a n.s.f. weight 6, on N* Put =0, T, and let 0,=0-p~'. We
will prove that §,=0-T,. As in the proof of Theorem 5.3 we may suppose
that N is represented on the GNS-space of 6 such that (K, 1, 4,) is a GNS-
construction for 6. Let (H® K, 1, 1) be the canonical GNS-construction for
0 and put Ag,= Ao p~'. We now make a kind of converse reasoning of the
proof of Theorem 5.3. Denote again with 05 the n.s.f. weight on JyN*J,=
N3, given by Oy(x) = 04(JyxJ,) for all positive x. We claim that for all ze 7,

do’
<wA0(l79_i/z(Z))’ d9>=<00a (lﬁ®1) OC(Z*Z)>' (54)
2
So choose ze .7,. Take a family of vectors (&;),.; in K such that

Oo(x) = Z {xJolin Joli

iel
for all xe (N*)*. Because <6,, (Y ®1)a(z*z)) =0(z*z) < o0 we have
(0, (Y1) A(#2)) < 00
for all iel. Fix iel. Then we conclude from the previous formula that
P((1Q@w (U1 ®Jyz*2Jy) U)) < 0.

So, when (¢;);; is an orthonormal basis for K we can define the element

ne HQ K by

ni=3 A(1®w, )(1®Jy2J,) U)) ®e;.

jeJ

It is easy to check that for all u € K we have (z®a)§i”)((1 ®JpzJp) U)e N,
and ’

A ® g, (1@ Jyz]y) U)) =107 1.



LOCALLY COMPACT QUANTUM GROUP ACTIONS 467

Using the notation .# = M, introduced in the introduction, we get for all
wef and x € AN, that

(& R Ay(0” () Ap (0 @D(U*) X))
= (& (@@ 1)(U*) Jpz*Ty Ay(x))
— (1@ g, 400 (1©T52]5) U))
=, A(@@ )W) ® 4,5(x))
=, Ag (@ ®1)(U*) X))

From this we get that
(& R%(A (0% (2)) A (1)> =, Ag (1))
for all y e A5 . Hence & € Z(R%(A4(a” ,,(2)))*) and
IR(Ag(05(2))* &1 = Inl|* =@y, (Y ®1) 2(2%2)).

This means that

(g, 0%(Ap(6?,5(2)))) =L @e, (Y @1) a(z*2)).
Summing over i we get our claim stated in Eq. 5.4. But now

Oy (Y ®1) al2%2)) = 0(z%2) = (w4000 (22 Vo s

and so

do,
—1\ _ 0
<wAg(a€i/2(z)), Voo = <wA9(agl./2(z))a d02>

for all ze Z,. Next we claim that % and V, ! commute strongly. Then we

will be able to conclude that %: V,'. But then j—z(z,): V. and so we will
get

d(0-T,) do o do,

d0y,  d(0,-Ty)) 40 ' do,’

So we may conclude that 0, =0-T),. By definition of O we have 0 =00poT
and then fopoT=0=0,0p=0-T,op. By [26, 11.13] we get that
peT=T,ep.



468 STEFAAN VAES

. do;
So we only have to prove our claim. Hence we want to prove that d—g‘z’

and V{ commute for every 7€ R. For this it is sufficient to prove that Ad V
leaves both J,N*J, and N, invariant and

0y - Ad V0, and 0,-AdVi=0,
for all 7e R. When x € N* we have
VZJQXJBVH_” == JgO'tH(x) J@ =J,90'f0(x) Jg ngNan.

Then it is immediately clear that 0; - Ad Vi = 0.

Because N, =(J,N*J,)" we have that Ad V7 leaves N, invariant. Recall
that we denoted with (&,) the modular group of & on M,x N. Then we
have, for all xe N

Vip(a(x)) V" =VixV " =g%x)
= p(a(a](x))) = p(& (a(x))). (5
Finally, for all w e B(H), we have by Proposition 4.3 and 2.4 that

VeP(0@D)(W)@1) Vi " =Vi(w@)(U*) V" =(Q"0Q " ®1)(U*)
=p(Q"w0™"@)(W)®1)
=p(Q"@Vy)(w®@)(W)@1)(Q™"® V"))

where we used that W(Q"® 0")=(Q"® Q") W. From the proof of
Proposition 4.3 it follows that V¥ = Q0" ® VJ and so we see that

Vip(a®1) V" =p(6{a@1))

for all aeM and reR. Combining this with Eq.5.5 we get that
Vip(z)Vy"=p(6(z)) for all zeM,xN and teR. Then we get
immediately that 6, - Ad Vj =0, for all 1eR.

This proves our claim and ends the proof of the proposition. ||

COROLLARY 5.8. Under the same assumptions as in Proposition 5.7, the
operator valued weight (Y ®1) a from N to N* is regular.

Proof. Using the notations introduced above we will identify the
inclusions N>c Nc N, and C®N*ca(N)= M, x N. Then we get that
T,=(¢p ®1®1) 4 Now it is obvious that M @ C = M, x N n(C ® N*)" and
N3 ®C = N7,. So the restriction of T, to N, N (N*)' is semifinite.
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Next observe that a(N) = (M, x N)* Applying the first part of the proof
to the dual action &, which is integrable and for which the *-homomorphism
p is faithful by Proposition 5.12, we get that the restriction of 75 to
N5 N N’ is semifinite. [

As a final ingredient for the converse of Enock and Nest’s theorem we
look at depth 2 inclusions. The assumption of the following proposition
may seem strange, but one can immediately look at the corollary for a
more clear result.

ProposITION 5.9.  Let a be an action of (M, A) on N such that CQ N*c
o(N)c M, xN is the basic construction. Then the inclusion N*< N has
depth 2.

Proof. Choose a ns.f. weight # on N and let 0 be the dual weight on
M, x N. Represent N on the GNS-space of 8 such that (K, 1, 4,) is a GNS-
construction for 6. Let (H® K, 1, 1) be the canonical GNS-construction for
0 and denote with J the modular conjugation of . Then it follows from
Definition 3.6 that U=J(J®J,) is the unitary implementation of a. The
basic construction from a(N)< M, x N is then given by

Ju(N) J=JUBH)Q®N') U*J= B(H)® N.
To prove that N*< N has depth 2, we have to show that
UNN(N*)) e (M xN)N(CRON*) = B(H)® (N (N%))

is the basic construction. But it is immediately clear that the restriction of
«to Nn(N*) is an action f of (M, 4) on Nn(N*)'. So by the first part
of the proof it is sufficient to prove that

Mpx (N (N%)) =(M.xN)n (CONT)'". (5.6)
Now it follows from Theorem 2.6 and 2.7 that
Myx (N0 (N*))={ze B(H)@ (NN (N*)) | 1@ p)(z) = V1213 Vis}
and
M, xN={zeBH)®N|(1®@a)(z)=Vipz;3V}.

From this we can immediately deduce Eq.5.6, and that concludes the
proof. 1

Although the following result is an immediate corollary of the previous
one, we include it for completeness. The first statement is clear and the next
two statements follow from the first, using Proposition 5.12 for the last one.
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COROLLARY 5.10. Let o be an action of (M, A) on N.

o If o is integrable and the x -homomorphism in Theorem 5.3 is faithful,
then the inclusion N*< N has depth 2.

o If a is integrable and M x N is a factor, then the inclusion N*< N
has depth 2.

e The inclusion a(N)<= M, x N has depth 2.

We now prove the announced result giving a converse to the theorem of
Enock and Nest.

PRrOPOSITION 5.11. Let o be an integrable outer action of (M, 4) on N.
Then the operator valued weight (y ®1) o from N to N* is regular. Further
the inclusion N* c N is irreducible and has depth 2.

Proof. Because M, ,x N is a factor the =x-homomorphism p from
Theorem 5.3 is faithful. Then we apply Corollary 5.8 to obtain the
regularity of (¥ ® 1) « and Corollary 5.10 to get that N* = N has depth 2. It
is clear that N*< N is irreducible, because

Nﬂ(Na)’=J9(N2(WN')J9=C. I

As a complement to Theorem 5.3 we prove the following easy result. The
terminology is taken from [23].

PROPOSITION 5.12.  Let a be an action of (M, A) on N. Then we call a
semidual when there exists a unitary ve B(H)® N satisfying (1&® o)(v) =
vz V.

o FEvery dual action is semidual.

o Every semidual action is integrable and the x-homomorphism p from
Theorem 5.3 is faithful.

Proof. Let us first prove the first statement. Denote with & the dual
action, which is an action of (M, A°°) on M, x N. Because ¢ is the right
Haar weight of (M, A°), the role of V' is played by TW*X = W. So we
have to find a unitary ve B(H)® (M, x N) satisfying (1® &)(v) =v3 WH.
Then it is clear that we can take v= W*® 1 and so & is semidual.

To prove the second part suppose that ve B(H)® N is unitary and
(1®a)(v) =v,3V}. Define the isomorphism ¥: B(H)®@ N—> B(H)® N by
Y(z) =vzv*. Using the notation of Theorem 2.6 we get that u(¥(z))=
(1® %) y(z) for all ze B(H)® N. So the action u of (M, 4) on B(H)® N
is isomorphic with the action y, which is integrable because it is isomorphic
with the bidual action &. Hence x is integrable, and so « is integrable.
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Fix now a n.s.f. weight 6 on N and represent N on the GNS-space of 6
such that (K1, 45) is a GNS-construction. Let U be the canonical
implementation of a. Let N,=J,(N*)' J, be the basic construction from
N*c N and let p: M, x N — N, be the *-homomorphism from Theorem 5.3.
Then define w=(J®J,) v(J®J,) and define

n: N, > B(H®K): n(z)=Uw*(1®z) wU* for all zeN,.
Because we B(H)® N' we have
n(x)=U1®x) U* =a(x)

for all xe N. Further we have (1®a)(v)=v3V3 and so U,v3 U=
v153 V. Putting J®J®J, around this equation and using that V=
(JRNZW*X(J®J) (see [21, 2.15]), we get

Uiwiz Uy =wis(Z W),
Flipping the first two legs of this equation and rewriting it we get
wHUkwa =W, UE.
From this it follows that
Upswi Uksws U = Uy W, U U
=UpWin(A@1)(U*)= Uy Uls Wiy = W
Then we get for all we M, that
N(@1)(U*) =(0®@1@1)(Upwi Usw,s US) = (0@ 1)(W)® 1.

Hence we may conclude that #op =1 and so p is faithful. |

6. MINIMAL ACTIONS AND OUTER ACTIONS

In Definition 5.5 we already defined the notion of an outer action. In the
literature one usually encounters the notion of outer action when dealing
with discrete group actions and one encounters the notion of minimal
action when dealing with compact group actions. In this section we will
prove how both notions can be linked in a locally compact quantum group
setting. We will also prove a generalization of the main theorem of
Yamanouchi, [33]: when working on separable Hilbert spaces, we prove
that every integrable outer action with infinite fixed point algebra is a dual
action.

The following definition appears in [ 15, 4.3] when dealing with actions
of compact Kac algebras.
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DErFINITION 6.1. An action « of (M, 4) on N is called minimal when
Nn(N* =C and {t®@w)a(x)|weN,, xeN}" =M.

We will prove the following result.

PropPoOSITION 6.2. Let o be an action of (M, A4) on N.

o If o is minimal, then o is outer.

o If o is outer and integrable, then o is minimal.

Proof. Let o be minimal. Let ze (M,x N)na(N)'". Then certainly z €
(B(H)® N)n(C® N*)' and hence ze B(H)® C by minimality. We now
claim that for x € B(H) we have x® 1€ M, x N if and only if x € M. Sup-
pose x® 1€ M, x N. It is clear that for every ze M, x N we have (1® a)(z)
=ViZi3 V. So we get (x®1) V=V(x®1). From this it follows that
x€M. So we may conclude that z=x® I, where x € M. Because z€a(N)’
we get that (x® 1) a(y)=a(y)(x®1) for all y e N. By minimality we get
xeM'. But then xe M’ n M =C and so ze C. Hence « is outer.

Let now a be outer and integrable. Choose a n.s.f. weight § on N and
represent N on the GNS-space of 6. Let J, denote the modular conjugation
of # and let N,=J,(N*)" J, be the basic construction from N*< N. Let p
be the #-homomorphism given in Theorem 5.3. Then p is faithful because
M,x N is a factor. Because p is an isomorphism we get N, n N'=C and
o)

Nm(Na)’ng(Nz (-\N’)J‘QZC

Next we claim that (a(N) U C® N')” = M ® B(K). Because, by Theorem 2.6,
B(HYQN=(M,xNuUM®C)", we get

BH)®(UN)VCRN')"=((1Q@a)(B(H)@N)vCR®CRQN')"
=((I®) (M XN)UMRKCR®N'")"
=Vip((MyXN)j3 V*(M®C) VRN')"

When J denotes the modular conjugation of the dual weight 6, we already

observed in the proof of Proposition 5.9 that B(H)® N =Jx(N)' J. Then
the outerness of a implies that B(H)® N (M, x N)' =C and so

(CON' UM,xN)"=B(H)® B(K).
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Then we may conclude from the previous computation that

B(H)® ((N)uC®N')"
=V,(BBH)® CQBK) U V¥ M®C)V®C)" Vi
=(V(B(H)QC) V*®B(K) UM®C®C)"
=(AM)®BK)u(MUM)®CR®C)"
=B(H)® M ® B(K),

where we have used that Ve M @ M, (M uM)"=B(H) and (4(M)u
B(H)® C)"=B(H)® M. Then our claim follows and hence it is clear that

{(l@w)a(x)|weN,, xe N}" =M.

So a is minimal. ||

We will now give an example of an outer action which is not minimal.

COUNTEREXAMPLE 6.3. There exists an action « of Z on a II,-factor N
such that « is outer and N*=C. Then « is clearly not minimal, and neither
can C® N*ca(N)< M, x N be the basic construction.

Proof. Let G be the free group with a countably infinite number of
generators {a,|neZ}. It is well known that the free group factor
N=2%(G) is a II,-factor. Let f be the automorphism of G satisfying
pla,)=a, ., for all ne Z. Let « be the automorphism of N satisfying «(/,)
= Ag(g for all ge G. Define the automorphism group («,),cz in the usual
way by a,=a” for all ne Z. It is easy to verify that « is a free action and
hence « is outer (see [ 16, Def. 1.4.2 and Prop. 1.4.4]). Further it is easy to
check that N*=C. |

We conclude this section with a generalization of the main theorem of
Yamanouchi [33]. It is remarkable that the proof of our result is much
more easy then Yamanouchi’s proof. In [33] the following result is proved
for minimal actions of compact Kac algebras, which are automatically
integrable because the Haar weight is finite.

PROPOSITION 6.4. Let a be an action of (M, A) on N. Suppose that both
M and N are o-finite von Neumann algebras (i.e. with separable preduals). If
the action o is minimal and integrable and if N* is infinite, then o is a dual
action.
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Proof. Consider the action f of (M, 4) on N=B(H)®N® M,(C)

gl cn b)
ﬁ <'£ y> < Ill('{') lu(g) >
X r [l(Z) y(r)

for x, y, z, re BLH)® N. Here we ~used ‘[he’:~ notations of Theorem 2.6:
wx)=(e®1)1®a)(x), p(r)=Vu(r) V¥ and V=2V*2® 1. Let us define
now

J= {XEB(H)®N|(l®°‘)(x):x13Vik2}-

Using matrix notation and referring to Theorem 2.6 and 2.7, it is then clear
that x € N? if and only if x,; € B(LH) @ N* x,, € M,x N and x,,, x} € 7.

Choose a n.s.f. weight 0 on N and represent N on the GNS-space of ¢
such that (K, 1, 44) is a GNS-construction. Then we fix z€ ./, g, . and
¢e H and we claim that the element x € B(H® K) defined by

x:=(I'®1)a(z)(0F®1)

belongs to #*. Here we used the notation I"®1 introduced in the second
part of the proof of Theorem 5.3. To prove our claim we observe that for
all be NV, ye Npand ne H

(0F6)®@1) x(n® Ag(y)) = {11, EX(0F ) @ II'® Ap)((2)(1 ® )
=, W N)(D*®1) a(z)) Ag().
We can conclude that
(@, ry @ 1)(x) =1, WY @ )((D* R 1) a(z2)).
So xe BLH)® N and for all ne H, be ./, and we N, we have
(0, rpy@1@W)1®a)(x) =(1®w) ({7, EH(Y @ 1)((B*® 1) a(z)))
=, HWRN(0*®1) A((1®w) «z)))
=1, f>(60r((z®w) «(z)), I'(b) ®1)(V).
Next we observe that for all y .4},
K, T @w)a(z2)), I'(y)) =<1, &) oYy @)((y*®1) a(2))
=o((@,, 1) ®1)(x))
=t®@w)(x)n, I'(y)).
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Inserting this in the computation above we get that

(CU;,, ) ®1 Qw)(1®a)(x)= (w(z®w)(x) 7, I'(b) ®u)(V)
= (a),,, r(b)®l®w)( Vi2X13)-

Then it follows that x e #*.

So we see that # # {0}. Because o is minimal we also have that o is
outer by Proposition 6.2. In particular M, x N is a factor. Also N* is a
factor. Because # # {0} we then get immediately that N’ is a factor.
Because M is supposed to be o-finite, the Hilbert space H is separable. So
N’ is ¢-finite. Denoting with e; the matrix units in M,(C) we see that the
projections 1 ® ¢,; and 1 ® e,, both belong to N%. Because C ® N* = M, x N
both projections are infinite. Hence they are equivalent in the o-finite factor
NP. Take we N” such that w*w=1®e,, and ww*=1®e,,. Then there
exists a unitary ve ¢ such that w=v® e,,.

Now we can consider the isomorphism

Y.:B(HY®N— B(H)®N: ¥Y(z)=v*zv.

It is easy to check that (1 ® ¥) u(z)=yp(¥(z)) for all ze B(H)® N. So the
actions u and y are isomorphic. Because y is isomorphic to the bidual
action & by Theorem 2.6, we get that x is a dual action. Because N* is
properly infinite and because H is a separable Hilbert space we get that the
action o on N is isomorphic with the action ¢ on B(H)® N. So « is a dual
action. |i

7. APPENDIX

In this appendix we collect four technical results which do not have any-
thing to do with actions. The first three results are general results on locally
compact quantum groups and the last one deals with n.s.f. weights on a
von Neumann algebra. We will use freely the notations introduced in the
introduction.

ProrposITION 7.1. Let (M, A) be a locally compact quantum group. For
every (€ H and be F, we have

A

Nog am) €Ny and — AMwe, 4p) = Jon(b) JE

Moreover span{Mw¢ 44) | E€ H, be T} is a a-strong*-norm core for A.
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Proof. The first statement follows easily from the definition of ¢. Let
xe.A,, then

e, 45)(X*) = (x*E, A(b)) = Jo (D) JE, A(x)).
So we get the first statement. To prove the second one we define
& ={ae N, |there exists w € M, such that w(x) = ¢(xa) for all xe 4" }}.

It is clear that for ae ¥ such a we M, is necessarily unique. We denote
it with ap. Then for every a € & we have i(ag) € ./, and A(M(ap)) = A(a).
Define %, = {Aap)|ae L}. We claim that &, is a g-strong*-norm core
for A.

Denote with & the domain of the g-strong*-norm closure of the restriction
of 4 to %,.

Let ae # and t€ R. Define b=1,(a) 6" Then be ./, and for all xe 4"}
we have

@(xb) =p(xt(a) 67") =v'p(6~"x7(a)) = (0 ~"T_(x) a)
= (ap)(0~"t _(x)) =(pLap))(x)

where we used the notation of [ 19, 8.7]. So b€ ¥ and by = p,(agp). Hence

G (Map))=Aplap))=Abp)e Y.

So we get that &, is invariant under &,. Then it is easy to conclude that
2 is invariant under &, for all e R.

Let now we M, and suppose that there exists a ue M, such that
u(x)=w(S7(x)) for all xe2(S™"). Let ae#. Define b=(u®1) A(a).
Then be ./, and for all xe /") we have

p(xb) = p(x(u®1) 4(a)) =u((1@ ¢)((1 ® x) 4(a)))
=0((1®@@)(4(x)(1®a))) =9(0®1) 4(x) a) = (0 ® ap) A(x).

So we see that be ¥ and by = (w ® ap) 4. Then we may conclude that
Mw) AMap)=Abp) e %,.

Because such elements A(w) form a o-strong* dense subset of M it is easy
to conclude that & is a left ideal in M.

Because Z is a o-strong* dense left ideal of M, invariant under 6 and
because & = ./;;, we may conclude that & is a g-strong*-norm core for A.
But then & = .4 and we have proven our claim.
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Then it follows easily that also
span{A(abp)|lac ¥, be 7,}
is a g-strong*-norm core for A. This last space equals
span{ (@ 44, 4) | a€ L, beT,}
and so the proposition is proven. |

For completeness we also include the following easy result.

PropOSITION 7.2. Let (M, A) be a locally compact quantum group. For
every ae N, E€ D(6'?) and ne H we have (1® w,,,) A(a) € N,, and

A(1Qw; ,) A(a)) = (1@ wsine (V) Ala).

Proof. Let (e,) be the sequence of operators defined in the proof of [ 19,
7.6]. Because 4(d) =0 ® it is clear that

(1®wg,,) A(ae,)) 6P = (1@ wsize, ) Ala(d~e,)).

Because a(d~"?e,) € A, we have (1 ® wying, ) A(a(6~'e,)) € N7, We know
that ¢ =y 5-1, so that 1 ® w,, ,) 4(ae,) € N, and

AM(1®w, ,) Aae,) = T((1@waing, ) Ala(6~e,))
= (1@ ws1ne, ,)(V) T'(a(d~2e,,))
=(®wsine ,)(V) Alae,).

Because A is o-strong*-norm closed, the conclusion follows. |

We also need the following technical result.

ProrosiTiON 7.3.  Let (M, A) be a locally compact quantum group and
let x € M. Suppose that there exists a vector ne€ H such that

w(x*) = &(w), 1y
Jor all we J. Then x e N, and A(x)=1.

Proof. Let we.# and ye J,. Then we have for all a e .V, that

(wy)(a*) = o((ay*)*) = &(w), A(ay*)) = {Jon(y*) J(w), A(a)).
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So we get that wy €.# and {(wy) =Jo,5(y*) J(w). Take now a net (e,) in
7, such that o,(e,) — 1 in the g-strong™ topology for all ze C. Then we
have for all we .#

(L), A(xe,) ) =wley x*) = (wef)(x*) = {L(wey), ny
= <f(60), JUi/Z(ea)* J’?>

Hence A(xe,) = Jo;,(e,)* Jy for all a. Because A is g-strong*-norm closed
we get xe A, and A(x)=n. |

The following result is probably well known, but we could not find it in
the literature.

PrOPOSITION 7.4. Let 0 be a n.s.f. weight on a von Neumann algebra N
with GNS-construction (H, , A). Suppose that

e 9 is a weakly dense left ideal in N with &9 < N,.

o K is a Hilbert space and Ay: 2 — K is a linear map such that Ay(2)
is dense in K.

o 7, is normal representation of N on K such that my(x) Ag(y)=
Ao(xy) for all xe N and ye 9.

o V" is an isometry from K to H such that v Ay(x)= A(x) for all
xXeg.

o A, is o-strong*-norm closed.

Then there exists a unique n.s.f. weight u on N such that N, =% and
(K, 7o, Ag) is a GNS-construction for p. In particular p is a restriction of 0,
which means that for every x e ./, we have x e .4 ; and u(x)=0(x).

Proof. Because 7" is an isometry, A, is injective. Define % = Ao(Z N 2*).
Then % is a dense subspace of K. We make % into a =-algebra by using
Ay and the x-algebra structure on 2 N Z*. We claim that % is a left Hilbert
algebra. The only non-trivial point is to prove that the map 4y(x)+> Ay(x*)
for xe 2 n 2* is closable. But, suppose that (x,) is a sequence in ¥ N Z*
such that Ay(x,)—> 0 and Ay(x})—> e K. Applying ¥~ we get A(x,)—0
and A(x})— 7 ¢ Because 0 is a n.s.f. weight we get that »'¢=0 and so
¢=0. This gives our claim.

It is clear that the von Neumann algebra generated by the left Hilbert
algebra % is no(N). Because 4, is injective we have that 7, is injective. So
the n.s.f. weight on 7y(N) which is canonically associated with % can be
composed with 7, to obtain a n.s.f. weight 4 on N. Let (K, n,, 4;) be the
canonically associated GNS-construction.
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Then, by definition of u, every xeZnZ* will belong to .4, and
Ay(x)=Ay(x). Let now xe 2. Take a net (e,) in Z such that e, — 1
o-strong*. Then we have e} x — x o-strong*, e¥xe 2 n 9* and

Aq(efx) = Ag(efx) =mo(ef) Ao(x) — Ag(x).

Because A, is g-strong*-norm closed we get xe ./, and 4,(x) = A(x).
Conversely, suppose x € .4,. By the main theorem of [12] thee exists a
net (x,) in N 2* such that |x,| < |x| for all a, x, » x o-strong* and
Ay(x,) = A4(x) in norm. But 4,(x,) = A44(x,) for every a. Because A, is
g-strong*-norm closed we get that x € Z. This concludes our proof. |i
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