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ABSTRACT. This is Part IT in our multi-part series of papers developing
the theory of a subclass of locally compact quantum groupoids (quantum
groupoids of separable type), based on the purely algebraic notion of
weak multiplier Hopf algebras. The definition was given in Part I. The
existence of a certain canonical idempotent element F plays a central
role. In this Part II, we develop the main theory, discussing the structure
of our quantum groupoids. We will construct from the defining axioms
the right/left regular representations and the antipode map.

INTRODUCTION.

In Part I of this series [14], we proposed a definition for a class of locally
compact quantum groupoids. This definition (see Definition 1.2 below) is
motivated by the purely algebraic notion of weak multiplier Hopf algebras,
introduced by one of us (Alfons Van Daele) and Shuanhong Wang [32], [33].

A fundamental example of a weak multiplier Hopf algebra is the algebra
A = K(G), where G is a groupoid and K (G) is the set of all complex-valued
functions on G having finite support. Here, the comultiplication map is
not necessarily non-degenerate, while the existence of a certain canonical
idempotent element E € M(A ® A) is assumed, which coincides with A(1)
in the unital case. See Introduction of the previous paper (Part I) for further
motivation.

In our C*-algebraic framework, building on the authors’ previous work
at the purely algebraic level [12], we consider a subclass of locally compact
quantum groupoids determined by the data (A, A, E, B,v, ¢,1), where (i) A
is a C*-algebra, taking the role of the groupoid G; (ii) A: A - M(A® A)
is the comultiplication, corresponding to the multiplication on G; (iii) B is
a sub-C*-algebra of M(A), taking the role of the unit space G(¥); (iv) v is
a weight on B; (v) E is the canonical idempotent element motivated by the
theory of weak multiplier Hopf algebras; and finally, (vi) ¢ and 1 are the
left and right invariant Haar weights, respectively.

This framework is closely related to the notion of measured quantum
groupoids, developed in the von Neumann algebra setting [19], [9], though
not quite as general. It is because requiring the existence of a canonical
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idempotent element restricts the choice of the subalgebra B and the weight
v on it. As our framework is a subclass, we plan to use the terminology lo-
cally compact quantum groupoids of separable type from now on (The authors
thank the referee for this suggestion.).

On the other hand, our framework is less burdened with the technical
difficulties that accompany the measured quantum groupoids, which is based
on the notion of a “fiber product” of von Neumann algebras over a “relative
tensor product” of Hilbert spaces. There is really no corresponding notion
for a fiber product in the C*-algebra theory, and therefore, there has been
no C*-algebraic theory of quantum groupoids developed for non-unital (non-
compact) cases. Our framework, while restrictive, achieves this. In addition,
as can be seen in what follows, the theory is rich in nature. The authors
believe that the current framework will provide a nice bridge, until a more
general theory of C*-algebraic locally compact quantum groupoids can be
developed in the future (at the purely algebraic level, some progress has
been made in this direction: [27], [28]).

Here is how this paper is organized. In Section 1, we review the notations
and state our main definition, revisiting Definition 4.8 of Part I [14]. As
this paper is a continuation of the previous paper (Part I), we refer to that
paper for details and proofs.

In Section 2, we further investigate the consequences of the right/left
invariance conditions of our Haar weights ¢, ¢. We construct four maps,
Qr, @Qp, Qr, @x, which will play useful roles throughout the paper.

In Section 3, we construct the partial isometries V' and W, using the
invariance properties developed in Section 2. These operators are essentially
the right and the left regular representations, and they play similar roles as
the multiplicative unitary operators in the quantum group case.

In Section 4, we carry out the construction of the antipode map S. We
first construct a Hilbert space operator K implementing the antipode. Both
the right and the left Haar weights play significant roles. Similar to the
quantum group case, our antipode map S would be defined in terms of its
polar decomposition. As the operators V and W are no longer unitaries,
however, the arguments need to be modified and generalized accordingly.

The discussion on the antipode map is continued in Section 5, where
we collect some useful formulas and properties involving S (antipode), o
(modular group for ¢), 7 (“scaling group”). Along the way, we obtain some
alternative characterizations of the antipode map, which do not explicitly
involve the weights 1) or ¢. We also explore the restrictions of S, o, 0¥, T
to the base algebra level, gathering some useful results. As a consequence,
we establish that the weight v on B is quasi-invariant.

With the construction of the regular representations and the antipode, we
can say that what we have is indeed a valid (though restrictive) framework
for locally compact quantum groupoids. This framework contains all locally
compact quantum groups ([17], [18], [20], [31]), while extending the notions
like weak Hopf C*-algebras ([2], [3]), generalized Kac algebras ([35]), and
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finite quantum groupoids ([21], [30]). Some other examples include the face
algebras ([10]), the linking quantum groupoids ([5], [6]), or the partial com-
pact quantum groups ([8], [7]). See section 5 of Part I for some discussion
on these examples.

The series will continue in Part III [15]. In that paper, we plan to con-
struct the dual object, which is also a locally compact quantum groupoid
of our type. We aim to show there that our class of quantum groupoids is
self-dual, by obtaining a Pontryagin-type duality result.

ACKNOWLEDGMENTS.

This project began during the first named author (Byung-Jay Kahng)’s
visit to University of Leuven during 2012/2013. He is very much grateful to
his coauthor (Alfons Van Daele) and the mathematics department at KU
Leuven, for their warm support and hospitality during his stay. He also
wishes to thank Michel Enock for the hospitality he received while he was
visiting Jussieu. The discussions on measured quantum groupoids, together
with his encouraging words, were all very inspiring. Discussions with Erik
Koelink (Radboud) was helpful as he suggested a possible future application
toward dynamical quantum groupoids. Two occasions to visit Albert Sheu
(Kansas) were also helpful, who was very supportive from the beginning of
the project. Finally, he also acknowledges Thomas Timmermann (Miinster),
as an on-going partner in pursuing the generalizations and applications of
quantum groupoids. The numerous discussions helped polishing the current
project as well as shaping the future ones. Kahng’s sabbatical was supported
by the Fulbright U.S. Scholar program. This work was partially supported
by the Simons Fundation grant 346300 and the Polish Government MNiSW
2015-2019 matching fund.

1. DEFINITION OF A LOCALLY COMPACT QUANTUM GROUPOID

1.1. Separability idempotent. We gather here some results concerning
the notion of a separability idempotent, which plays a central role in our
theory. We skip the proofs. Instead, we refer the reader to sections 2 and 3
of Part I [14], as well as the authors’ earlier paper on the subject [13].

Let B be a C*-algebra and v a KMS weight on B. This means that v is
faithful, lower semi-continuous, and semi-finite, together with a certain one-
parameter group of automorphisms (o} )i cr, the “modular automorphism
group”, satisfying the KMS property. See [25]. See also section 1 of Part I.
Consider another C*-algebra C' = B°P together with a *-anti-isomorphism
R=Rpc:B—C.

A self-adjoint idempotent element £ € M(B ® C) is referred to as a
separability idempotent, if

(v@id)(E)=1 and (v®id)(E(b®1))=R(0](b)), b€ D(d})).
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See Definition 2.1 in Part I. Using the *-anti-isomorphism R, we can also
define a KMS weight p on C, by = vo R™'. We have o} = Roo”, 0 R,
and (id®u)(E) = 1.

Consider a densely-defined map yp : B — C, such that D(yp) = D(O’;.//2)
and defined by yp(b) := (Roa;’/Q)(b) = (aﬁi/Q oR)(b). It is a closed injective
map, has a dense range, and is anti-multiplicative: yp(bb') = v5(b')v5(b).
Its inverse map is 75! : C' — B, such that D(v5') = Ran(yp) = D(Jf/z) and

given by 7151 = aii/QoR_l =R! oo’f/

injective map, has a dense range, and is anti-multiplicative.
Similarly, there exists a closed, densely-defined, injective map ~y¢ from
C into B, such that D(y¢) = D(aﬁiﬂ) and given by yo = R~ o aﬁi/2 =

,- It is also a closed, densely-defined,

03/2 o R~!. Tt also has a dense range and is anti-multiplicative. Its inverse
map is 751 = 052 oR=Ro o{i/z, again closed, densely-defined, injective,
having a dense range, and anti-multiplicative.

Lemma 1.1. The maps yg : B — C and vo : C — B defined above are
closed, densely-defined, injective anti-homomorphisms, having dense ranges.
Moreover,

(1) The vB, vc maps satisfy the following relations:

®1) = E(1®75(b)),Vb € D(y5),
E(1®c)=E(v5'(c)®1),Ve € D(vz"),
(1®c)E = (ve¢(c) ® 1)E, Ve € D(ve),
b@1E = (105" (b)) E,Yb € D(v5').

(2) We have: 7@(73(6)*)* = b, for b € D(yg), and ’YB(’YC(C)*)* =c,
for c € D(ve).

Proof. See Propositions 2.4, 2.5, 2.7 in Part 1. For more details, see [13]. O

It can be shown that F € M(B ® C) is “full” (see Propositions 4.3, 4.4,
4.5 in [13]), satisfying certain density conditions. See also Proposition 2.8
of Part I. This means that the left leg of E' is B and the right leg of F is C.

We have: (0¥ ®@ o",)(E) = E, Vt (see Proposition 2.10 in Part I). Mean-
while, it turns out that (yp®~¢)(E) is bounded, and that (yg®vc)(E) = ¢F
and (yo ® vp)(sE) = E, where ¢ denotes the flip map on M(B ® C). As a
consequence, we also have: (R™! ® R)(¢E) = E and (R® R™Y)(E) = cFE.
See Proposition 2.12 in Part 1.

The separability idempotent condition for E is actually a condition on
the pair (B, v), as E is uniquely determined by (B, v). See Proposition 2.2
in Part I. It can be shown that B must be postliminal, and the choice of v
cannot be arbitrary. For more details on all these, please refer to [13].
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1.2. Definition: Locally compact quantum groupoid of separable
type. In what follows, we re-state Definition 4.8 from Part I [14]. See
paragraphs following the definition for some additional comments.

Definition 1.2. The data (A,A, E, B,v,p,v) defines a locally compact
quantum groupoid of separable type, if
e Ais a C*-algebra.
A:A— M(A® A) is a comultiplication on A.
B is a non-degenerate C*-subalgebra of M(A).
v is a KMS weight on B.
E is the canonical idempotent of (A4, A) as in Definition 3.7 of Part I.
That is,

(1) A(A)(A® A) is dense in F(A® A) and (A ® A)A(A) is dense
in (A A)E;

(2) there exists a C*-subalgebra C' = B contained in M (A), with
a *-anti-isomorphism R = Rpc : B — C, so that E € M(B®C)
and the triple (E, B,v) forms a separability triple (see subsec-
tion §1.1);

(3) E®1 and 1 ® E commute, and we have:

(d®A)E)=(E®1)(1®E) = (10 E)E®1) = (A ®id)(E).

e  is a KMS weight, and is left invariant.

e 1) is a KMS weight, and is right invariant.

e There exists a (unique) one-parameter group of automorphisms (0;):cr
of B such that v o6, = v and that of|p = 6;, Vt € R.

In the above, the comultiplication A is a *-homomorphism from A into
M(A® A), not necessarily non-degenerate. It is assumed to satisfy a “weak
coassociativity” condition, and there is also a certain density condition (A
is “full”). See Definition 3.1 and Lemma 3.2 in Part I.

Without the non-degeneracy, there is no straightforward way of extending
A to M(A). However, it turns out that Condition (1) for the idempotent
element E can be used to make the extension possible, and the following
coassociativity condition is shown to hold:

(A ®id)(Aa) = (id ®A)(Aa), Va € A (1.1)

For proof, see Theorem 3.5 in Part I.
Among other consequences of Condition (1) on F, we note that

E(Aa) = Aa = (Aa)E, VYac A (1.2)

See Proposition 3.3 in Part I. In fact, £ = A(1,(4)), the image of 1 €
M (A) under the extended comultiplication map. However, without the non-
degeneracy of the comultiplication map, we have £ # 1 ® 1 in general.

As for Condition (2), the “separability idempotent condition”, refer to the
brief discussion given in the previous subsection.

Condition (3) for E is referred to as the “weak comultiplicativity of the
unit”. Parts of it can be proved (for instance, Proposition 3.6 in Part I) and
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it is automatically true in the ordinary groupoid case with £ = A(1), but
the condition as a whole does not follow from other axioms.

As a consequence of the existence of the canonical idempotent E, we can
show that the C*-algebras B and C' commute, and so do M (B) and M (C).
See Proposition 3.8 in Part I. We also have:

Ay=E(loy) = (18yE, VyeM(B), (1.3)
Ar=(xz®1)E=FE(x®1), VYreM(C). (1.4)
See Proposition 3.9 and its Corollary in Part I. The canonical idempotent
is uniquely determined by the Conditions (1), (2), (3) above.
Meanwhile, the left /right invariance of ¢ and 1 mean the following:
e For any a € M, we have Aa € Mg g, and (id @p)(Aa) € M(C).
e For any a € My, we have Aa € Myg;iq and (¢ ® id)(Aa) € M(B).
See section 4 of Part I for more discussion on the left/right invariance, and
some other properties of ¢ and . In particular, we note the following
proposition. It shows the relationships between the weights ¢, ¥ with the

expressions (id ®p)(Az) and (¢y®id)(Az), which are in fact operator-valued
weights:

Proposition 1.3. We have:

e v((¢ ®id)(Az)) = ¢(z), for z € My,
o pu((id®p)(Az)) = ¢(z), for z € M.

Proof. See Proposition 4.9 in Part 1. ([l

Finally, note the last condition of Definition 1.2, Concerning v. In fact, it
is possible to prove using the other axioms that each of leaves B invariant
and that (07|p)ier is an automorphism group of B. In the definition, we
are further requiring that v is invariant under of|p (that is, v o 0| = v).
This additional condition is necessary later, when we show that v is quasi-
invariant. More discussion on this aspect will be given in Section 5 below.

2. SOME ALTERNATIVE FORMULATIONS OF THE LEFT/RIGHT INVARIANCE

Fix a quantum groupoid of separable type (A, A, E, B,v,¢,1), as given
in Definition 1.2. In what follows, the left/right invariance properties of ¢,
1 are needed in a fundamental way. In preparation, it is quite helpful to
introduce certain densely-defined maps on A ® A.

2.1. Definition of the maps Qr, Q,, @1, @x. Let us begin with a lemma,
which is a consequence of the weights ¢, 1 being faithful.

Lemma 2.1. The following subspaces are norm-dense in A:
span{(1d®<,0 (A(a*)Y1®z)) :a,x € ‘ﬁw},
span{ (id ®¢)((1 ® 2*)(Aa)) : a,z € Ny},
span{ (¢ ® id)(A(a )(y ®1)):a,y € Ny},
span{ (¥ @ id)((y* @ 1)(Aa)) : a,y € Ny }.



LOCALLY COMPACT QUANTUM GROUPOIDS 7

Proof. For a € M,, we know Aa € Miq ®p Dy the left invariance of ¢ (See
Proposition 4.2 in Part 1.). For any = € 9, we have A(a*)(1®x) € Miq gy,
so we can see that (id ®p)(A(a*)(1® z)) € A.

Let § € A* be such that 0((id ®¢)(A(a*)(1 ® 2))) = 0, Va,z € N,. But,
0((id @¢)(A(a*)(10z))) = ¢((0®id)(A(a*)(10x))) = ¢((I®id)(A(a*))z).
Since ¢ is faithful, and since x is arbitrary in 91,, a dense subspace of A, it
follows that (# ® id)(A(a*))z = 0, or (f ®id)(A(a*)(1 ® )) = 0, for any
a,r € Ny,. So, for any w € A* and a,z € N, we will have:

0((idow)(A(a*)(1®2))) = w((d ®id)(A(a*)(1 @ 2))) = 0. (2.1)

By definition, the comultiplication A is “full” (see Definition 3.1 and
Lemma 3.2 in Part I). Together with the fact that 91, is dense in A, this
means that the elements (id ®w)(A(a*)(1 ® z)), for a,z € N, span a dense
subspace in A. Therefore, Equation (2.1) shows that actually § = 0.

By the Hahn-Banach argument, we can thus conclude that the elements
(id®yp) (A(a*)(1 ® 2)), a,z € Ny, span a dense subspace in A. The other
three density results can be proved in the same way. (]

Now let b € A be arbitrary, and consider p = (id ®¢p)(A(a*)(1 ® z)), for
a,r € N,. We just saw from Lemma 2.1 that such elements span a dense
subset in A. For p® b = (id ®id ®¢) (A13(a*)(1 ® b ® z)), define:

Qr(p®b) = Qr((d®id®p)(A13(a")(1®b® 2)))

= ([d®id®p) (A13(a")(1® E)(1 ®b® z)). (2.2)

By the left invariance of ¢, we have Ai3(a) € Miggidee- Since z € Ny,

the expression in the right side is valid. Nevertheless, at this stage we do

not know whether Qr determines a well-defined map. So, to motivate the

choice of Qr as well as to show that it is indeed a well-defined map, let us,

for the time being, assume that b € 7,,. Here, T, is the Tomita subalgebra
of B, which is dense in B.

Consider the following lemma, where we are using the vg, ¢ maps we
reviewed in subsection 1.1.

Lemma 2.2. Suppose b € T,. Then b € D(yg) N D(’ygl), and we have:
Ei(1@E)(1@be1) = Ei3(ildeye ®id) ((Leqz' (b)) @ 1)(E® 1)).

Proof. By the property of E, it is known that (y¢ ® v5)(cE) = E, where
¢ denotes the flip map. Since b € D(yp), and since the maps vy, vo are
anti-homomorphisms, we thus have:

(e ®1B) (1@ b)(sE)) = E(1®75(b) = E(b® 1).
The last equality is using Lemma 1.1 It follows that
E(1®@E)(10b®1)=Ei3(1® (yo®v)(12b)(SE))).

Using again E(b® 1) = E(1®vp(b)), but this time for Ey3, the right side of
the equation becomes: Ej3 (id ®yc®id) ((b®1®1)(E®1)). Since b € D('ygl)
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as well, we can now use (b® 1)E = (1®~5' (b)) E. We thus have:

Ei(1@E)(1@be 1) = Ei3(ildeye ®id) (1 @5 (b) @ 1)(E ® 1)).
O
Remark. Formally, the right hand side of the equation in the Lemma may
be written as E3 ((id ®y¢)(E)®1)(1®b®1). Since b is arbitrary, the result
of the lemma would mean that
E13(1 X E) = E13(F1 & 1),

where F} := (id ®7y¢)(E). This exact formula appears in the weak multiplier
Hopf algebra theory. See Proposition 3.17 in [32] and Proposition 4.6 in [33].
In our case, unlike in the purely algebraic framework, the F; map would be
unbounded (because ¢ is), and so we needed to treat this with care.

If we assume that p € A is as above and b € T, then Equation (2.2) for
Qr(p ® b) becomes:
Qr(p®b) = ([d®id®p)(A13(@*)(1® E) (1 b )
= (id®id®p) (A13(a")E3(10 E) (1t 1) (10 1® )
= (id@c @ p)(A(a*) (1@ D) @ NEe )11 1))
= (id®70) (([d@id @p)(A(a") (1@ 1@ 2))(1 @75 (b)) E)

= (id@ye) (p® 1)(1 @' (1) E).
The third equality is using the previous Lemma. We also used the fact that
Aa = (Aa)E, as given in Equation (1.2).

Note that formally, with the notation for F; as in Remark above, the
result can be written as: Qr(p ® b) = (p ® 1)F1(1 ® b). This observation
explains where the definition of Qr comes from. In addition, it is now easy
to see that if p® b = 0, then Qr(p ® b) = 0. So, for p of the type given
in Equation (2.2) and b € 7, we see that Qr : p® b — Qr(p ®b) is a
well-defined linear map.

We can actually go even further. See next proposition:

Proposition 2.3. Consider D(QRr), which is dense in A® A, as follows:
D(Qr) := span{sp®b : p = (id@¢)(A(a*)(1®2z)), a,x € Ny; s € M(A); be A}
Then:

(1) We can extend Equation (2.2) to a well-defined map Qr : D(Qr) —
A® A, such that

Qr(sp®b) = (s®1)(iId®id®p) (A13(a")(1® E)(1®1®z))(1®b)
= ([d®id®p)((s®1® 1)A13(a*)(1® E)(1® b z)).

(2) The following properties hold:
Qr(str®b) = (s®1)Qr(rxb), fors € M(A) andr®b € D(QR).
Qr(rebd) = Qr(r®b) (1®d), ford e M(A) and r®b € D(QR).
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Proof. From the discussion given in the previous paragraph, we can see
quickly that for s € M(A) and d € A, the definition of Qg can be extended
to elements of the form sp ® bd € A ® A, by letting

Qr(sp @ bd) = (s @ 1)Qr(p ® b)(1® d),

where p is of the given type and b € T,,.

Meanwhile, since 7T, is dense in B and since B is a non-degenerate sub-
algebra of M (A), any element of A can be approximated by the elements
of the form bd, for b € T,, d € A. In fact, looking at the way the Qg map
is defined, it is evident that it can be naturally defined for elements of the
form sp b e AR A, for any b € A. Such elements form the dense domain
D(QR) in A &® A

Definition of Qg is now an immediate consequence of Equation (2.2). It
is also clear from these discussions that the two properties in (2) hold. O

Observe now that Qg is an idempotent map:
Proposition 2.4. We have: QrQr = Qr.

Proof. Let p= (id®y)(A(a*)(1® x)), for a,z € Ny, and let b € A. We can
define Qr(p ® b) as above.

Note next that E(b® x) € A® N, because N, is a left ideal. From this,
we can see that Qr(p ® b) € D(Qr). Moreover, we have:

QrQr(p®b) = Qr((i[d®id®p)(A(@) (1@ E)(12bo 1))
= Qr((i[d®id@p)(A3(c*) (12 E)(1® E)(10boz)))
= Qr(p®0),
because E? = E. It follows that QrQr = Qr. O

In the next proposition, we write down a characterization of the map Qg,
which will be useful later:

Proposition 2.5. If a,x € N, and b € A, then
(1) Aiz(a*)(1®@b®x) € D(Qr ®id);
(2) (Qr®id)(Ap(e*)(1®be 1)) = Aa) (12 E)(10bo ).

Proof. By Proposition 2.3, we know that (id ® id ®¢)(A13(a*)(1®@b® 1)) is
contained in D(Qr). But, this immediately means that Aj3(a*)(1®@b®x) €
D(Qr ®id) and that (Qr ®id)(A13(a*)(1®b®z)) € Magide, We have

(id®id®¢) ((Qr ®id)(A13(a")(1 @ b® 2)))
= Qr((i[d®id@p)(Az(a") (1@ b® 1))
= (ld®id ®@p)(A13(a*)(1® BE)(1®b® x)).
This is true for any x € M, while ¢ is a faithful weight. It follows that
(Qr®id)(A3(@)(1@bo 1)) =A@ (1@ E)(12be ).
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We may modify Equation (2.2) a little to define three other densely-
defined idempotent maps @Q,, Qr, Qx, which satisfy results analogous to
Propositions 2.3, 2.4, 2.5 above. Since the method is essentially no different,
we will skip the details and collect the results in three propositions below:

Proposition 2.6. (1) Let p = (id®y)((1 ® 2*)(Aa)), for a,z € Ny,
and let be A, s € M(A). Define:

Qp(ps®b) := (I[d®id @) (1 ®b® 2*)(1 ® E)A13(a)) (s ® 1).

This determines a densely-defined map on A ® A into itself.
(2) The following properties hold:
Qp(rs®@b) =Qu(r®b) (s®1), for s € M(A) andr @b e D(Q,).
Qp(r®db) = (1®d)Qy(r®b), ford e M(A) andr®be D(Q,).
(3) Q, is an idempotent map. That is, Q,Q, = Q,.
(4) If a,x € Ny, and b € A, then (1 ®b® 2*)A3(a) € D(Q, ®id), and

we have:
(Qy®id)(1®b®z")A13(a)) = (1@ b®z")(1® E)A13(a).

Proposition 2.7. (1) Let ¢ = (v ®@id)(A(a*)(y ® 1)), for a,y € Ny,
and let c€ A, s € M(A). Define:

Qr(c®sq):=(1®s)(Yp®id®id) (Alg(a*)(E R)(yRc® 1))

This determines a densely-defined map on A ® A into itself.
(2) The following properties hold:
Qr(c@sr)=(1®s)Qr(c®r), fors € M(A) and c®r € D(QL).
Qr(cd®r) =Qr(c®r)(d®1l), ford e M(A) and c®r € D(QL).
(3) Qr is an idempotent map: QrQr = Q.
(4) If a,y € Ny, and c € A, then A13(a*)(y®c®1) € D(Id®QL), and

we have:
(id2Qr) (A(@)(y®@c®1) = A(@)Eo ) (y©co1).

Proposition 2.8. (1) Let ¢ = (v ®@id)((y* ® 1)(Aa)), for a,y € Ny,
and let c € A, s € M(A). Define:

Qr(c®gs) = (W ®ideid)((y* @ c®1)(E®1)A13(a) (1®s).

This determines a densely-defined map on A ® A into itself.
(2) The following properties hold:
Qr(cars)=Q\(cer)(1®s), for s € M(A) and c@r € D(Q))-
Qr(dc@r)=(d®1)Qr(c®T), for d € M(A) and c@1 € D(Q)).
(3) Qx is an idempotent map: QrQx = Q.
(4) If a,y € Ny, and c € A, then (y* ® c® 1)A13(a) € D(Id®Qy), and

we have:
(1d@Q\) (¥ ® c®1)A3(a)) = (v* ® c® 1)(E ® 1)Aq3(a).

These maps are very closely related, as one can imagine. The following
result will be useful later.
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Proposition 2.9. (1) Let p = (id®y)((1 ® 2*)(Aa)), for a,z € Ny,
and let b € A. Then we have: Q,(p ®b) = Qr(p* ® b*)*.
(2) Let ¢ = (¢ ®id) ((y* ® 1)(Aa)), for a,y € Ny, and let ¢ € A. Then
we have: Qx(c® q) = Qr(c* @ ¢*)*.

Proof. Straightforward. O

Remark. (1). A different way to look at all these results is that the case of
@, is when we instead work with the opposite C*-algebra A°P; Q) is when
we work with (A, A°P) so that the roles of the left/right Haar weights are
reversed; @) is when we work with (A°P, A%P),

(2). The four maps Qr, Qp, Qr, @\ are only densely-defined on A ® A.
For those readers who are familiar with the theory of weak multiplier Hopf
algebras [32], [33], we pointed out earlier that the Qg map plays the role of
the map p ® b — (p ® 1)F1(1 ® b). Similarly, the Q, map corresponds to
pRb— (1®b)F3(p®1); the Qr, map corresponds to c®q — (1®q)Fi(c®1);
and the @) map corresponds to ¢ ® ¢ — (¢ ® 1)F5(1 ® ¢q). However, in our
case, these expressions are not very useful and we will not mention them
except in formal settings, because I}, Fs, F3, Fy are unbounded elements.

2.2. Left/Right invariance of ¢, ¢y and the maps Qgr, Q,, Qr, Q2.
The four maps Qr, Q,, @1, @, satisfy some very useful properties, as a
consequence of the invariance properties of the Haar weights ¢ and .

Let a € M. Then by the left invariance of ¢, we know Aa € Mgz, and
(id®p)(Aa) € M(C). Apply A here. By Equation (1.4), we have:

A((id®e)(Aa)) = E((i[d®¢)(Aa) @ 1) = ([d@id @) ((E ® 1)A3(a)).
On the other hand, by the coassociativity of A, we also have:
A((ld®p)(Aa)) = (Id®@id ®¢) ((Azid)(Aa)) = (id ® id @) ((id @A) (Aa)).
Combining the two results, we see that

(id ® id @) (([d ®A)(Aa)) = (d®@id@¢) ((E ® 1)A13(a)), Va € M.

Let ¢,y € A and multiply y ® ¢ to the equation above, from left. Then, the
two sides become:

(LHS) = (id®id@p)((1@ce 1)([ideA)(y @ 1)(Aa))),
(RHS) = (id®id®y)((y ® c® 1)(E ® 1)A3(a)).
Now, let 8 € A* be arbitrary and apply 6 ® id to both sides. Then
(id@y)((c® A0 @id)[(y ® 1)(Aa)]))
— ([deg)((oideid(yoce )E@DA@]). (23

In the right hand side of Equation (2.3), recall the characterization of the
@) map given in Proposition 2.8 (4). Assuming the choice of a,c,y are
such that (y ® ¢ ® 1)Aj3(a) € D(id ®Qy), this means that the right side of
Equation (2.3) is same as

= (id@e) (0 © Q))[(y ® c® 1)A3(a)]).
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So Equation (2.3) now becomes:
(id®yp)((c® DA((0 @ id)[(y @ 1)(Aa)]))
= (id®p)(Qr(c® (0 @id)[(y @ 1)(Aa)))).

For convenience, write ¢ := (f ® id)[(y ® 1)(Aa)], an element in A. We can
then write the result above as:

(id®p) ((c®1)(Aq)) = (id®¢) (Qx(c ® q)). (2.4)

The elements of the form ¢ = (f ®id)[(y ® 1)(Aa)] span a dense subset in A
(“A is full”). So Equation (2.4) will remain valid as long as the expression
makes sense. This would happen when (¢c®1)(Aq) € Miqgy; c®q € D(QH);
and Qx(c® q) € Migx,- See Proposition 2.10 below:

Proposition 2.10. As a consequence of the left invariance of ¢, we have:

(1) Let c,q € A be such that (c ® 1)(Aq) € Miggy; c® q € D(Q)); and
Qr(c®q) € Miggy,. Then Equation (2.4) holds true. Namely,

(id@e)((c®@1)(Ag)) = (id®@p) (Qr(c® q)).

(2) In particular, let p = (¢ @ id)((z* ® DA(r*w)), for z,w € Ny,
r €Ny, and let s € Ny,. Let ¢ € A be arbitrary. Then we have:

(id®p)((c® 1)A(ps)) = (id @) (Qxr(c @ ps)). (2.5)

Proof. We already discussed (1) in previous paragraphs.

As for (2), note first that since 91, is a left ideal in A, so r*w € Ny,
from which it follows that ¢ ® ps € D(Qx) by Proposition 2.8. Meanwhile,
since N, is a left ideal in A, we have r*w € NL. So A(r*w) € Ny, (by
the left invariance of ¢), which in turn means that p € 91, Since s € Ny,
we have ps € 9M,. From this observation, we can conclude quickly that
(c® 1)A(ps) € Miqg, and also that Qr(c ® ps) € Migg,. By (1), or by
Equation (2.4), the result follows. O

The next three propositions are similar in nature, corresponding to maps
Qr, Qp, Qr, respectively. The proofs are skipped, as they are essentially no
different from the above discussion.

Proposition 2.11. As a consequence of the left invariance of ¢, we have:

(1) Let c,q € A be such that (Aq)(c® 1) € Miqg,; c®q € D(QL); and
QL(C ® q) S mid(@w. Then:

(id®¢)((Ag)(c® 1)) = (i[d@p)(QL(c® q)). (2.6)

(2) In particular, let p = (p®id) (A(w*r)(z®1)), forz,w € Ny, r € N,
and let s € Ny, (so s* € N). Let c € A be arbitrary. Then:

(id@g) (A(s"p)(c® 1)) = (i[d@p)(QL(c @ s™p)). (2.7)

Proposition 2.12. As a consequence of the right invariance of v, we have:
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(1) Let b,p € A be such that (1 ® b)(Ap) € Mywia; p®b € D(Q,); and
Qp(p®@0b) € Mygiq. Then:
(¥ ®id)((1@b)(Ap)) = (¥ ®id)(Q,(p® D). (2.8)
(2) In particular, let g = (id ®@)((1®8*)A(y*7“)), forr,s € Ny, y € Ny,
and let w € Ny. Let b € A be arbitrary. Then we have:
(¢®id)((1®b)A(qw)) = (1/J®id)(Qp(qw®b)). (2.9)
Proposition 2.13. As a consequence of the right invariance of 1, we have:
(1) Let b,p € A be such that (Ap)(1®b) € Mygia; p® b€ D(QR); and
QR(p & b) € 932¢®id. Then:
(6 @ id)(Ap)(1 ® 1) = (¥ 2 id)(Qr(p V). (2.10)
(2) In particular, let ¢ = (id @¢) (A(r*y)(1®s)), forr,s € Ny, y € Ny,
and let w € Ny, (so w* € Ny ). Let b € A be arbitrary. Then:
6 2id) (Al ob) = (2 id)(Qrwqb).  (211)
The results collected in Propositions 2.10, 2.11, 2.12, 2.13 are all conse-
quences of the left/right invariance properties of ¢ and 1. They will play
useful roles in what follows. Before we wrap up this subsection, we prove

the following result, which sharpen the right/left invariance conditions given
in Section 1.

Proposition 2.14. We have:
(1) B =span{(¢ ®id)(Ak) : k € My}
(2) C = span{(id®@y)(Ak) : k € ﬁﬁw}“ :

Proof. (1). Consider ¢ = (id®¢) (A(r*y)(1 ® s)), where r, s € Ny, y € My,
Since C' is a non-degenerate subalgebra in M(A), we may, without loss of
generality, assume that s = ck, for ¢ € C' and k € M,. In addition, let (by)
be an approximate unit for A. Then we have:

(¢ @ 1d)(Ag) = lim(¢ @id) ((Ag)(1 @ b)) = lim(¢ @ id) (Qr(g @ by)),

by Proposition 2.13. Computing further, now using the definition of the Qg
map given in Proposition 2.3, this becomes

(¢ @id)(Ag) = lim(¢ @id) ((id @ id @p)[A13(r"y) (1 @ E)(1 @y @ 5)])

= ® id)((id® id ®¢)[A13(r*y)(1 E)(1®l® ck)])
= (id @) ((¢ ® id ®id)(A13(r*y)) E(1 ® ck))
= (id ®<,0)((1 ®Rx)E(l® ck:)),

where in the last line, we wrote z = (y®id) (A(r*y)), which is a valid element
contained in M7, because r € Ny, y € My Next, write w := @(x - k). This
is a linear functional in M (A)* C C*. In this way, we see that

(v ®id)(Aq) = (id ®w) (E(l ® c))
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Since ¢ € C and w € C*, this is an element contained in B (Here, we are
using the fact that the left leg of E is B. See Proposition 2.10 in Part I.).
By Lemma 2.1, we know the elements of the form g above are dense in 9.
It follows that (1 ® id)(Ak) € B, for any k € M.

For the opposite inclusion, suppose 8 € B* is such that

0((¢ @ id)(AK)) = 0,Vk € My, (2.12)

Without loss of generality, we may assume that § = v(-b), b € M, where
v is the KMS weight on B. Note that {v(-b) : b € M, } is dense in B*.
Meanwhile, since b € B, we know from Equation (1.3) that Ab = E(1 ® b).
Putting these together, the left side of Equation (2.12) becomes:

(LHS) = v((4 ® id)((AR)(1 © 1)) = v(( © id) (A (kb)) = (kD).

In the last equality, we used the result of Proposition 1.3. In other words,
Equation (2.12) is none other than saying that ¢ (kb) = 0, Vk € 9ty,. By the
faithfulness of v, this would mean that b = 0. So # = 0. This shows that
the elements of the form (v ® id)(Ak) are dense in B.

(2). The result about C is similarly proved. O

3. THE OPERATORS V AND W: THE RIGHT AND LEFT REGULAR
REPRESENTATIONS

In the theory of locally compact quantum groups [17], [18], [20], [31],
a fundamental role is played by the “multiplicative unitary operators” (in
the sense of Baaj and Skandalis [1]; see also [34]), as they are essentially
the right /left regular representations. In the setting of measured quantum
groupoids [19], [9], a similar role is played by the “pseudo-multiplicative
unitary operators” (see also [26]).

In our setting, an analogous role will be played by certain partial isome-
tries (the multiplicative partial isometries). However, unlike in the cases
of quantum groups or measured quantum groupoids, these operators are in
general not unitaries. This causes some subtle issues that are not present in
the quantum group theory. The tools developed in Section 2 will be useful.

3.1. Defining the operators VV and W. For our discussion, we will as-
sume the existence of a proper weight n7 on our C*-algebra A and fix a GNS-
construction (#,m,A) corresponding to 7. We will identify A = 7(A4) C
B(H). Depending on the context, we may later let n = ¢, n = ¢, or some-
thing else. Let (e;)jes be an orthonormal basis for . We will also use the
standard notation we ¢, for &, ¢ € H, to denote the linear form defined by
we,e(T) = (TE,¢), VT € B(H). Note that any w € B(H). can be approxi-
mated by the we . See Lemma 3.1 below for some useful results:

Lemma 3.1. Let £, € H. Then:

(1) @g¢ = wees
(2) (d®we o )(T)* = (1d ®wee)(T*), for T € B(H®H);
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(3) For S,T € B(H), we have:
> we ((S)wee, (T) = we o (ST);
Jj€J
(4) For S,T € B(H ® M), we have:
D (id Qwe,; ¢)(9) (id @uwe ¢, )(T) = (id @we ¢)(ST).
jeJ
Remark. We skip the proof of the lemma, as these are essentially basic linear

algebra results. Here, the complex conjugate @ for w € B(H). is given by
W(T) := w(T*), for T € B(H). Also, the result in (4) is to be understood that

the net of finite sums (Zjel(id ®uwe,;,¢)(S)(id ®w§7€j)(T))I€F(J) converges,

in operator norm, to (id ®wg ¢)(ST).

Let us first construct the right regular representation, in terms of a certain
operator V. For this, consider the right Haar weight ) and let (Hy, my, Ay)
be its GNS-triple. See below, where we can recognize the resemblance to
the corresponding definition in the case of locally compact quantum groups
[17], [18], [31].

Proposition 3.2. (1) There ezists a bounded operator V € B(H, @ H)
satisfying
((id ®w)(V)) Ay (p) = Ay ((id @w)(Ap)),
for p € Ny and w € B(H)..
(2) If p e Ny and a € Ny, then we have:
V(Ay(p) @ Ala)) = (Ay ® A)((Ap)(1 @ a)). (3.1)

Proof. (1). By the right invariance of ¢, we know (id @w)(Ap) € My So the
expression makes sense. Now, let  be arbitrary, and consider we¢; € B(H)x,
where (e;);es is an orthonormal basis for 7. Then:

S| Au((d @we e )(AP)||F = D v ((id ®we ;) (Ap)* (id @we.e, ) (Ap))
jeJ jeJ
= P((id@we, ) (A(p"))(id Ruwe., ) (Ap))
jeJ
< P((id @we ) (A(p™p))),

where we are using (2), (4) of Lemma 3.1 and the lower semi-continuity of
the weight . As ¢ ((id ®we ¢) (A(p*p))) = wee((v @id)(A(p*p))), this then

becomes:

D l[Ap((id ®@we o, ) (Ap)) |7 < ((¥@id) (AP P)) & €) < || (w@id) (AP p))]|I]*.
Jj€J

Because of the way V was defined, the left side of this equation is actually
ZjeJH<V(A¢(p) ®E),  ®ej) ? while (¥ ®1d)(A(p*p)) in the right side is a
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bounded element in M (B), due to the right invariance of ¢». We can thus
see that V : Ay(p) ® £ — V(Ay(p) ® £) is a bounded operator.

(2). Let a,b € M, be arbitrary and consider w = wx (), A5)- Then, for any
P, q € My, we have:

(V(Ay(p) ® Ala)), Ay(q) ® A(b)) = ((id @wa(a),a)) (V) A (P), Aup(9))

= (Ay((Id ®wn(a),a)) (AP)), Ay (q))

= (W @n)((¢" ®0")(Ap)(1® a))
= ((Ay ® M) ((Ap)(1 ® a)), Ay(q) @ A(D)).
This is true for arbitrary ¢ € 91 and b € 9M,;, so we have:

V(Ayp(p) ® Aa)) = (Ay ® A) ((Ap)(1 ® a)).
O

In the below are some immediate properties for V. Here, for convenience
of the notation, we just wrote x € A to represent my(x) € B(Hy). As it
will eventually turn out that we can regard H, = H (see last Remark in

Section 5), this casual bookkeeping is not too harmful. Similarly, we regard
Az = (my @ m)(Azx) and E = (my @ m)(F), as contained in B(Hy @ H).

Proposition 3.3. (1) V(z® 1) = (Az)V, for any z € A;
(2) EV=V;
(3) Ran(V) C Ran(E), in Hy @ H.

Proof. (1). For any p € M and any a € 0M,), we have:
V(z®1)(Ay(p) ® A(a)) =V (Ap(zp) @ Ala)) = (Ay @ A) (A(zp)(1 ® a))
= (Az)(Ay ® A)((Ap)(l ® a))
= (Az)V (Ay(p) ® Ala)),
where we used the property of the GNS representation and Equation (3.1).
(2). As E(Ap) = Ap, we have for any p € M, and any a € M,
EV (Ay(p) ® Aa)) = E(Ay ® A)((Ap)(1 ® a)) = (Ay ® A) (E(Ap)(1 ® a))
= (A ® M) ((Ap) (1 ® a)) =V (Ay(p) ® Aa)).
(3). Since EV =V, the result is immediate. Note here that the space
Ran(E) is already closed in H, ® H because E is a projection. O

In an analogous way, we can also construct the left regular representation,
in terms of an operator W. For this, consider now the left Haar weight ¢
and let (Hy, 7y, Ay) be its GNS-triple. We actually define W* first, as is
typically done in the quantum group case:

Proposition 3.4. There exists a bounded operator W € B(H ® H,) char-
acterized and defined by

(0 @id)(W*))Ap(a) = Ay ((f ®id)(Aa)),  for a € Ny, 0 € B(H)..
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If a € N, and p € N,), then we have:
W (Ap) ® Ay(0) = (A ® A,)(Aa)(p @ 1)), (3:2)

Proof is essentially no different than in the case of Proposition 3.2. We
also have the following result, analogous to Proposition 3.3. With a similar
comment as before, we are regarding x = m,(x) € B(H,), while Az =
(m®my)(Az) and E = (1 @ m,)(F), as elements contained in B(H @ H.,).
Proposition 3.5. (1) W*(1®z) = (Az)W*, for any x € A;

(2) EW* =W*;
(3) Ran(IW*) C Ran(E), in H ® H,.

In the quantum group case [17], [18], [31], we have E = 1 ® 1 and it is
known that V' and W are unitaries. In our case (E # 1 ® 1), this is no
longer expected. It turns out that V and W are partial isometries such that
Ran(V) = Ran(FE) for V, and Ran(W*) = Ran(F) for W. However, the

proof of “D” is rather complicated and needs more work. This is what we
alm to establish in the following two subsections.

3.2. V is a partial isometry. Let us begin with a result that will later
help us understand how the operator V* behaves:

Proposition 3.6. Consider a = (id®¢)(A(r*y)(1 ® s)), where r,s € N,
and y € Ny. Then a € Ny. Consider also b € N,,.
Let z = (id®@id @) (A13(r*y) Aoz(s)) € Nygida. Then we have:
2(1®b) = (i[d®id @p) (A13(r*y)As(s)(1 @ b® 1)).
With the notation as above, we have:

V((Ay @ M) (2(1®1))) = E(Ay(a) @ A(D)).

Proof. As y € My, it is easy to observe, by the right invariance of 1, that
a € Ny and z € Nygiq. We also have z(1 ® b) € Ny,

Suppose w € My, (so w* € MNy) and ¢ € N, (so ¢ € Ny). Then by the
definition of the operator V, as in Equation (3.1), we have:

(V((Ay ® A)[z(1 @ b)]), Ay(w) ® Alc))
=W ®n) ((w* ® ) (id®@id @) (A ®@ id)[A(r*y)]As(s)(1 @ b® 1)))
By the coassociativity of A, the right side becomes:
= (¢ @) ((w* @ ") (id ®id ®p)((id ®A)[A(r*y)] Az (s) (1 @ b® 1))).
This is equal to
=W enee) (v ®c @1)(idA)A(rY)(1®s)](l®bx 1))

= (@) ((c @ DA((¢ @id)[(w" @ 1)A(r'y)]s) (b @ 1))
=M e e)((c®1)A(ps)(b® 1)) = n((id@e)((c" ® 1)A(ps))b),
where we wrote p = (¢ ® id)[(w* ® 1)A(r*y)].
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Apply here the result of Proposition 2.10, a consequence of the left in-
variance of . All the conditions for Equation (2.5) hold, so we have:

(id@e)((¢" @ 1)A(ps)) = (id @p) (QA(c" @ ps)).

But by the definition of the @, map as given in Proposition 2.8, and re-
membering the definition of p above, we have:

Qa(c*®@ps) = (Y ®1d®id)(w* ® ¢ @ 1)(E @ 1)A13(r*y)) (1 ® s).
Therefore, combining all these together, we have:
(V((Ay ® A)[z(1 @ b)]), Ay(w) ® Alc))
=n((¢ ®idep)[(w* @ @ 1)(E® 1)A(r*y)(1®1® s)]b)
=@ en)((v' B (deidop)[A(ry)(le1®s)] (1®D))
= (Y ®n) ((w* ®c)E(a® b)) = <(A¢ Q@A) (E(a®Db)),Ap(w) ® A(c)>
= (E(Ay(a) @ A()), Ap(w) @ Alc)).
Third equality is just remembering that a = (id ®¢) (A(r*y)(1®s)), and the

last equality is the property of the GNS-representation. Since this is true
for arbitrary w € 91 and ¢ € 9M,;;, we have shown the desired result. O

Remark. In the quantum group theory, a result analogous to the above
proposition helps us see that the map Ay(a) ® A(b) — (Ay @ A)(2(1 @ b))
determines the (adjoint) operator V*. It will turn out later that this fact is
still true even in our more general setting, but at this stage (with F # 1®1),
this is not so obvious.

Define now a subspace Ky, of Hy, as follows:

Ky = spaml 1 {A,(d@p) Ay 1@ )]) sy € My, ros €N} (33)
Then the result of Proposition 3.6 implies the following;:
Proposition 3.7. E(K, @ H) CV(Ky @ H).

Proof. With the notation as in Proposition 3.6, we see that Ay(a) € Ky,
and such elements span a dense subspace of K. Write z € ﬁzp@id as in that
proposition, and let b € N,,.

Note that using basically the same (tedious but straightforward) method
as in Proposition A.9 in [17], we can show:

(Ay @A) (2(1@D)) =D Ay ((id @wppye;)(2) @ €5,
jeJ
where (ej);cs is an orthonormal basis for H. With the definition of z, this
becomes:

=Y A (([d@p) A Y) (1 © (aw) e, ®1d)(As5))]) © ¢
jedJ
Expressed in this way, we can see that (Ay ® A)(2(1® b)) € Ky ® H.



LOCALLY COMPACT QUANTUM GROUPOIDS 19

By the result E(Ay(a) @ A(b)) = V((Ay @ A)(2(1 ®b))) from Proposi-
tion 3.6, we see that E(ICy @ H) C V(Ky ® H). O

Remark. While we know from Lemma 2.1 that the elements of the form
(id ®p)[A(r*y) (1 ® s)] span a dense subspace in A, this does not necessarily
mean that the Ay ((id ®p)[A(r*y)(1®s)]) span a dense subspace in H,,. The
norms involved (operator norm versus Hilbert space norm) are different.
So, at this stage, the result of the proposition saying that E(KC, ® H) C
V(Ky ® H) is not yet enough to argue that Ran(V) O Ran(E). We will
have to give a separate proof that we indeed have Ky, = H,. This is what
we will achieve in this subsection.

Proposition 3.8. Let Iy, C Hy be as defined in Equation (3.3). Then
Ky = span| ”{Aw((id ®w)(Az)) : x € My, w € A*}.

Proof. Let x € M. Then, for w € A*, we know from the definition of V' (see
Proposition 3.2) that Ay ((id ®w)(Az)) = (id@w)(V)Ay(z). As (id @w)(V)
is a bounded operator, the map w — Ay ((id ®w)(Az)) is a bounded map.
It can be extended, as long as the expression remains valid.

Note that any w € A* can be approximated by the w4 @), for a,b € T,
(the Tomita subalgebra). It follows that any Ay ((id ®w)(Ax)), for x € My,
w € A*, can be approximated by the Ay ((id ®wy(q)a@p)) (A(r*y)), for y €
‘)L/,, re ‘ﬁ@.

Meanwhile, it is easy to see that wp(a)a@p) = o(b* - a), because for any
z € A we have: wy ) ap) () = (#A(a), A(b)) = p(b*za). So we have

Ap((id B a) (AGY) = Ap((d@p)[(1© D )AGY) (1 ® a)])
= Ay (([d@p)[A(r"y) (1 @ s)]).
In this way, we just showed that
Ky = span! 1{A, ((d@@)[AGy) (1@ 5)]) 1y € Ny, 7,5 € N}
= spanl 1{Ay((id ®wp ey ap)(A2)) - & € Ny, a,b € Ty}
= spanl 1{Ay((id®w)(Az)) : 2 € Ny,w € A*}.

Corollary. By the new characterization of the subspace Ky, we have

Ran(V)=V(Hy, @ H) C Ky @ H.

Proof. For any x € My, recall that (id @w)(V)Ay(z) = Ay ((id ®w)(Az)),
which is contained in Ky by Proposition 3.8. This is true for any w €
B(H)+. As the elements Ay(x), v € My, are dense in H,y, it follows that

V(Hy @H) C Ky @ H. O



20 BYUNG-JAY KAHNG AND ALFONS VAN DAELE

Combine the result of the Corollary, together with our earlier result in
Proposition 3.7 that E(KCy, ® H) C V(Ky @ H). We then have:

EKy@H) CV(IKy@H) CV(Hy @H) C Ky @ H. (3.4)
Next, apply F from the left, and use the fact that EV =V (from Proposi-
tion 3.3) and that E? = E. Then:
EKy@H)CV(IKy @H) CV(Hy @H) C E(Ky @H).
From this, we observe the following;:
VIKy @H) =V (Hy @H) = E(Ky @ H). (3.5)

Motivated by Equations (3.4) and (3.5), let us consider U = Vi, an,
which is an operator contained in B(Ky ® H). Equation (3.5) means that

Ran(U) = E(Ky ® H). See also the next result:

Proposition 3.9. LetU := Vi, ,en. ThenU* € B(Ky®H) is characterized
by

Ay(a) @ A(b) = (Ay @ M) (2(1® D)),
where a, z, b are as in Proposition 3.6. That is, a = (id @) (A(r*y)(1®s)),
fory € Ny, r,s €Ny and z = (Id@id @) (A13(r*y)Azs(s)). Also b € N,,.

Proof. By the definition of the subspace Ky given in Equation (3.3), we
know that the elements Ay(a) ® A(b) span a dense subset in Ky, ® H. We
would prove the result if we can show that

(Ayp(a)@A(D), V(Ap(c)@A(d))) = (Ay @A) (2(1®b)), Ay(c)@A(d)), (3.6)

for any ¢ € 9y and any d € N,,. This is actually a stronger result than is
necessary because Ay (c)®A(d) € Hy®@H, but convenient because V ((®¢) =
U(®E),if (€ Ky, £ €H.

For convenience, denote the left side of Equation (3.6) as (LHS) and the
right side as (RHS). We have:

(RHS) = (¢ ® n)((c* @ d*)z(1@ b))

YN e)((d®@d ®1)A3(r'y)Axs(s)(1®bx 1))

=W enee)((c®@d @1)A3(ry)(1© E)Ay(s)(1®b® 1)),
)

because As = F(As). Meanwhile, (id ® id ®p)[A13(r*y)Ags(s)(1@bR1)] €
D(QRr), because (As)(b® 1) € Mg, and r*y € IN7,. By the definition of
the Qr map, we can write:

(RHS) = (v ® 1) ((¢" @ d") Qr((id ®id @¢)[A13(r"y) Aas(s)(1 @ b ® 1)])).
Recall Proposition 2.3 and Proposition 2.13, where we have:
(¥id)((c*®1) Qr(pebd)) = (V&id) (Qr(c'peb)) = (Y©id) (A(c*p)(1®D)),
for an appropriate p ® b. Applying this result to our case, we obtain:
(RHS) = n(d* (¢ ® id ®¢)[(A @ id)((c* ® 1)A(r*y)) Agz(s) (1 @ b® 1)]).

= (
= (
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By the coassociativity of A and the fact that A is a homomorphism, this
becomes:

(RHS) = n(d"(¢ ® id®¢)[(A(c") @ 1)(id ®A)(A(r"y)) Ags(s) (1 @ b ® 1)])
=n(d" (¢ ® id@p)((A(c") @ DId@A)[A(r"y) (1@ s))b).  (3.7)

Let us now turn our attention to computing the (LHS). Note first that
by Proposition 3.2, we have:

(LHS) = (Ay(a)@A(D), (Ap@A)((Ac)(1®d))) = (b&n) ((1ed")A(c")(a®b)).
Since a = (id ®p) (A(r*y)(1 ® s)), this becomes:
(LHS) = (y@n@¢)(1@d @1)(A(c) @ 1)A(ry) (1o 1es)(10de1)).

Note here that (¢ ® id®id)((1 ® d* ® 1)(A(c*) ® 1)A13(r*y)) € D(Q»),
because (1 ® d*)A(c*) € Ngia and r*y € Ny. Applying the @\ map and
using A(c*)E = A(c*), we can see easily that (LHS) now becomes:

=n((id@p)[Qx((v ®@id@id)[(1® d* @ 1)(A(c") @ 1)As3(r"y)]) (1 @ 5)]b).

Next, use the fact (from Proposition 2.8) that Qx(¢®q)(1®s) = QA(E®qs),
and also that (id®p)(QA(¢® gs)) = (id®y)((¢ ® 1)A(gs)), from Proposi-
tion 2.10. Then we have:

(LHS) = n((¢ ® id®¢)((1 @ d* @ 1)(A(c*) @ 1)(id @A) [A(r*y) (1 ® s)])b).

(3.8)
Comparing Equation (3.7) with Equation (3.8), we can finally see that
(RHS)=(LHS), thereby finishing the proof. O

The operators U and U* are adjoints of each other, and we now know
how they behave. In addition, with the notation as above, we have:

UU* (Ayp(a) @ A(b)) = U((Ay @ A)[2(1 @ b)])
=V((Apy @ A)[z(1®b)]) = E(Ay(a) @ A(b)). (3.9)
The first equality is the result of Proposition 3.9 and the last equality is using
Proposition 3.6. Since the Ay (a) ® A(b) span a dense subset in ICy, ® H, this
shows that we have: UU* = E|x, g See below:
Proposition 3.10. Recall that U = Vi, g We have:
(1) uu* = E|’C¢®7‘[;
(2) UU*U =U.
This shows that U is a partial isometry in B(ICy @ H).
Proof. (1). Already shown above. See Equation (3.9).
(2). We know from Proposition 3.3 that EV = V. So EU = U, because

we saw from Equation (3.4) that E(Ky ® H) C Ky ® H. It follows that
UU*U=FEU=U. ]
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It is clear that U* is also a partial isometry (as U*UU* = U*). By the
general theory on partial isometries, UU* is a projection onto Ran(UU™*) =
Ran(U) = Ker(U*)*, while U*U is a projection onto Ran(U*U) = Ran(U*) =
Ker(U)t. These spaces are necessarily closed in K, ® H. This means
that we can write: Ky @ H = Ker(U) ® Ran(U*U), as well as Ky @ H =
Ker(U*) @ Ran(UU™). In addition, U is an isometry from Ran(U*U) onto
Ran(UU™), and similarly, U* is an isometry from Ran(UU*) onto Ran(U*U).
All these are standard results.

We next turn our attention to showing that Ky = H,. We need some
preparation. Note first that

Hy @ H = Ker(V) @ Ker(V)* = Ker(V) @ Ran(V*). (3.10)

Similarly,

My @ H = Ker(V*) @ Ran(V). (3.11)

Let us look more carefully about the subspaces Ran(V) and Ran(V*).
First, by Equation (3.5) and Proposition 3.10, we have:

Ran(V)=V(Hy @ H) =V(Ky @ H) = E(Ky ® H) = Ran(UU™).

Meanwhile, considering Equation (3.11) and the previous equation, we have:

Ran(V*) = V*(Hy ® H) = V*(Ran(V)) = V*(Ran(UU")),

which is actually no different than U*(Ran(UU*)) = Ran(U*), by the prop-

erty of the partial isometry U*. In particular, we see that Ran(V*) C K,QH.
Here is our main result of this subsection:

Theorem 3.11. (1). Let Ky be the subspace of Hy, as in Equation (3.3)
and Proposition 3.8. We actually have: Ky = H,y.

(2). V is a partial isometry such that VV* = E, where we regard E =
(myp @ m)(E). In particular, we see that Ran(V') is closed, and that

Ran(V) = Ran(E).

Proof. (1). Suppose Ky # Hy, and let @ € 9y be such that Ay(z) €
Hy © Ky. Then for any £ € H, we have Ay(z) ® £ € (Hy © Ky) @ H.
Since Hy @ H =Ky @ H & (Hy © Ky) ® H, and since we saw above that
Ran(V*) C Ky ® H, the observation in Equation (3.10) means that we must
have (Hy © Ky) @ H C Ker(V). So V(Ay(z) ® £) = 0 0m-

It follows that for any ¢ € H, we will have:

((id @we,c) (V) Ay (z) = (V(Ay(2) ® €), - @ () = 0.
By Definition 3.2, this means that
Ay ((d ®we ) (Az)) = 0.

Since &, ( € H are arbitrary, this means that £ = 0. This in turn means that
Hy ©Ky = {0}, or Ky = Hy.
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(2). Since ICy, = Hy, it follows that U =V € B(Hy ® H). By Proposi-
tion 3.10, we thus conclude that V is a partial isometry such that VV* = FE
In particular, Ran(V") is closed, and Ran(V) = Ran(E). O

Since V is a partial isometry, it follows that the operator V*V is also a
projection. To learn more about this projection, let r, s € M., y € Ny, and
let p = (id @) (A(r*y)(1 @ s)). Then consider Ay(p) @ A(b) € Hy ® H,
where b € 9. By Theorem 3.11, such elements span a dense subspace
in the Hilbert space Hy ® H. Meanwhile, recall from Proposition 2.3 that
p®be D(Qr). Now define:

Gr(A(p) © AB)) == (Ay @A) (Qrlp ). (3.12)

Here are the properties of Gg:

Proposition 3.12. Let the notation be as in the previous paragraph. Then:
(1) Gr is self-adjoint and idempotent, so it determines a bounded oper-
ator G € B(Hy @ H);
(2) The operator Gr is characterized by
(GR®id)((A¢®A®A)(A13(a)(1®b®m))) = (A¢®A®A)(A13(a)(1®E)(1®b®x)),

forae Ny, byx €N,

(3) Gr=V*V;

(4) Ran(V™*) is a closed subspace in Hy @ H, and we have: Ran(V*) =
Ran(GR).

Proof. (1). GrGr = Gp is clear, because we know QrQr = Qr from
Proposition 2.4. To show that it is self-adjoint, suppose g € 9y is of a
similar type as p, that is ¢ = (id ®¢) (A(u*z)(1®v)), for u,v € Ny, x € Ny,
and consider Ay (q) ® A(d) € Hy ® H, where d € 91,,. Then:

(Gr(Ay(p) @ AD)), Ay(q) @ Ad))

= (@ ®n)((¢" @ d)Qr(p®b) =n(d" (¢ ®id)[(¢" ® )Qr(p @ b)]).
But by Proposition 2.3 and Equation (2.11), we have:
(¥ ®id)((¢*®1)Qr(p®b)) = (Y©id)(Qr(¢*p®b)) = (¥©id) (A(¢*p)(1®b)).

Returning to the earlier equation, we now have:

(Gr(As(p) ® AB)). Aul(q) ® Ad))

— (@ (¢ @ i)[A[P) (1o D)]) = @ n)((1©d)A[G)AP)(1 o).
Using the same idea, we also have:

(Ap(p) @A), Gr(Ay(q) ® A(d))>

= (Gr(Ap(q) ® A(d)), Ay(p) ® A(D)) = (¥ @ 1) (1@ b*)A(p*q)(1 @ d))

=@ en)((1ed)A)AP )(1 ®b)).
In this way, we showed that

(Gr(Ayp(p) @A), Ay(q) @ A(d)) = (Ay(p) ® Ab), Gr(Ay(q) @ A(d))).
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We thereby observe that Gr is symmetric and idempotent, defined on a
dense subspace of the Hilbert space H,, ® H. This means G extends to an
orthogonal projection, a bounded self-adjoint operator in B(Hy @ H).

(2). This follows from the characterization of the @ g map, given in Propo-
sition 2.5. Unlike the case of Qg, there is no issue about the domain in this
case, because G is a bounded operator in B(H, ® H).

(3). From the computations in (1) above, and using the definition of the
operator V earlier (Proposition 3.2), we can see that

(Gr(Ay(p) @ M), Ap(q) ® Ad)) = (¥ @) (1 ® d")A(q")Ap)(1 ® b))
= (A ® A)(A(p)A ® D)), (Ay @ A)(A(g)(1 @ d)))
= (V(Ay(p) ® AB)), V(Ay(q) ® A(d)))
= (V'V(Ay(p) ® A(D)), Ay(q) @ A(d)).-
Since the Ay (p) ® A(b) span a dense subset in the Hilbert space Hy ® H, we
conclude that Gr = V*V € B(Hy @ H).

(4). This follows from the fact that V* is a partial isometry such that
V*V = GR. See the discussion immediately following Proposition 3.10. [

Corollary. In a similar way, we can define a self-adjoint idempotent oper-
ator G, € B(Hy ® H), given by the Q, map at the algebra level.

3.3. W is a partial isometry. In Proposition 3.4 and Proposition 3.5, we
gave the definition and some basic properties of W € B(H ® M), which
is the operator corresponding to the left regular representation. All the
earlier results concerning the operator V will have analogous results for the
operator W. The argument is essentially no different. However, for the
purpose of clarifying the notation for the later sections, we will gather the
relevant results here (without proof).

Proposition 3.13. We have the following characterizations for the Hilbert
space H.
H, =spanl A, (¥ @id)[A("r)(y@1)]) : y,2 € Ny, r € N}
= spanl [ {A,((0 ®@id)(Az)) : z € My, 0 € A}
Proposition 3.14. Letp = (¢ ® id)(A(z*r)(y ® 1)), where y,z € Ny, and
r €Ny, Also let ceMN,). Then W € B(H ® H,) is characterized by
W:A(e) @ Ap(p) — (A® Ay) (w(c®1)),
where w = (Y ®id ®id) (A13(z*r) A12(y)(1 ® c® 1)).
Theorem 3.15. W and W* are partial isometries in B(H ® H,), with the

following properties:

(1) W*W = E, where we regard E = (1 @ 7,)(F), as an element in
B(H ® H,). In particular, the subspace Ran(W*) is closed and we
have:

Ran(W*) = Ran(E) (C H® H,).
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(2) WW* = Gr, where Gr, € B(H ® H,) is a (bounded) self-adjoint
idempotent operator given by

G A(c) @ Ap(p) = (A®AL)(QLc®p)).

Here, we are using the same notation as in Proposition 3.14. By
definition of the Qr map (see Proposition 2.7), the operator G, is
thus characterized by

(id ®G1) (A®A®AL)(A13(a) (yRe®1))) = (ARARAL) (A13(a)(ER1) (y@e®1)),

foraeNg, y,ceN,.
(3) We also have: Ran(W) = Ran(GL), as a closed subspace in H® H,.
(4) In a similar way, we can define a self-adjoint idempotent operator
Gy € B(H®M,), given by the Qx map at the algebra level.

3.4. Multiplicativity properties of W and V. We indicated earlier that
the operators V' and W behave much like the multiplicative unitary opera-
tors in the case of locally compact quantum groups. In this subsection, we
give results that strengthen this point. For convenience, we give here the
results regarding the operator W. Of course, similar results exist for the
operator V.

Let us begin with a result that will be useful down the road.

Proposition 3.16. Ifr,s € 9M,. Then we have:
(id @wi, (5).,) (W) = ([d@p) (A (1 @ 5)).
Proof. Let c,d € M, be arbitrary. Then
((1d @wa (9,4, (W)A(e), A(d)) = (A(c), (id ®wp, (r).a, () (WF)A(D))
= <A(C) ® Ap(s), W (A(d) ® Ap(r))),

where we used the result of Lemma 3.1 (2). By using the definition of W*
(see Proposition 3.4), this becomes:

= (A(c) ® Ay(s), (A®A )((Ar)(d®1)))

— (@) (@ © DAG) (e ® ) = n(d (deg) A1 o 5)|)

= (A(([d@p)[A(r )(1®s)]c A(d))

= (r(([d@P)[A(")(1 ® 5)))Ac), A(d)).
This is true for any c,d € 91, which is dense in H. It follows that

(ld ®WA¢(5),A¢(T))(W) - (ld ®§0) ((A(T*)(l ® 3))7
with the convention that w(A) = A. O
For any w € B(Hy)«, since it can be approximated by the wa(s) A, (r)s

we see from Proposition 3.16 that (id ®w)(W) € m(A) = A. Furthermore,

we have the following useful characterization for our C*-algebra A, which
resembles the result from the quantum group theory.
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Proposition 3.17.
A=n(A)= {(id Qw)(W) 1w e B(’H@)*}H H (Q B(?—[))

Proof. We saw that span{(id ®¢)(A(a*)(1 ® z)) : a,z € My} is norm-
dense in A (see Lemma 2.1). But by Proposition 3.16 above, we know
that (id ®¢p)(A(e*)(1® x)) = (Id ®wa,(2),A,(a))(W). The result follows im-
mediately. O

The next result also looks quite familiar:
Proposition 3.18. We have:
(v & 7p)(A) = W* (1 & 7 (2)) W,
for all x € A.

Proof. We saw in Proposition 3.5 (1) that W*(1&7,(z)) = (m®m,)(Az)W*.
It follows that

W (1@ m,(2))W = (1 @ 7)) (Az)W*W = (7 ®@ m,) (Az) (7 @ m,) (E)
- (r & 7,) (A)E) = (x @ =) (M)
U

In what follows, we show some properties that support the idea that W
is, in a sense, a “multiplicative partial isometry”. This notion is not as
completely axiomatized as in [1], [34] for multiplicative unitaries, but some
work in this direction has appeared in [4] in the finite-dimensional case.
The second-named author (Kahng) is currently working on the axiomatic
approach [11].

For the rest of this section, let us take H = H, (so n = ¢), so that
W € B(H ® H). This assumption is not as restrictive as it may sound,
because later (Section 5 and Part III), we will be able to identify the Hilbert
spaces H = Hy = Ho,.

Proposition 3.19. In B(H® H ® H), we have:
WiaWisWas = WasWha.
Proof. For a,b,c € N, by definition of W (Proposition 3.4), we have:

Wi Wss(Ala) @ A(b) ® Ale)) = Wi((A@ A® A)(a @ [(Ac)(b@ 1))

= (A ARAN)((A®id[(Ac)(b@D](a®1®1)),
while
WasWis Wi (Ala) @ A(b) ® A(c)) = W23W13((A ®A®A)([(Ab)(a® 1) @)
= Wi ((A®A®@A)(A13(c)A12(b)(a ® 1 ® 1))
=(A®A®A)((d ®A)(A0)A12(b)( ®1®1))
=A@ A®A)((A®id)(Ac)Aa(b)(a®1® 1))
=A@ AN ((A®id[(Ac)(b@D](a®1®1)).
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In the next to last equation, we used the coassociativity property of A. Com-
paring, since a, b, c € N, are arbitrary, we see that Wi, W35 = Wi, Wi WY,
Or, W12Wi3Wa3 = WasWis. O

The above result resembles the “pentagon equation” for the multiplica-
tive unitaries. As in that case, we needed to use the coassociativity of A.
However, since the operator W is no longer unitary, many results that would
automatically follow from the pentagon equation need separate proofs in our
case. There are several such results and we collect some of them here, which
will be useful later.

Proposition 3.20. In B(H® H ® H), we have:
(1) WisWasWss = Wi, W1aWis
(2) Wi,WasWia = Wi3Wa3
(3) WasWiaWs3 = Wi2Wh3
(
(

)
3)
4) WiaWiyWas = Woz W1 Wiy
5) W12W§3W23 = W;3W23W12
Proof. (1). For a,b,c € M, using the fact that W*W = E and the definition
of W, we have:
WisWihWia(Ala) @ A(b) @ A(c )) =Wi(A®A®A)(E(a®b) ®c))
=(A2AA)(Ap()(Eel)(a@be1)).
Meanwhile, using the fact that WW* = G, (Theorem 3.15), we have:
WasW3s Wi (A(a) @ A(b) @ A(c)) = W23W23((A ®A®A)(Az(c)(a®b®1)))
=A@ A A)(A(e)(E@1)(a®b®1)).

Since a,b,c € N, are arbitrary, we see from above that Wi5W5,Wiy =
W23W53W1*3. OI“, by taking adjoints, W13W23W2*3 = Wf2W12W13.

(2). By Proposition 3.19 (pentagon equation) and from (1) above, we
have:

WisWasWig = WiWiaWi3Was = WisWasWasWag = Wi3Was,

where we used the fact that WW*W = W in the last equality.
(3). Again by Proposition 3.19 and from (1) above, we have:

WosWiaWas = WiaWisWasWas = Wia Wi, WiaWig = WiaWis.
(4). Let w € B(H). be arbitrary. Then
(ld ®id ®w)(W12W{k2W23) = WW*(l ® l’),

where z = (id ®w)(W). It is an element of A (see the discussion right above
Proposition 3.17). But, by Proposition 3.5 (1), we know that W*(1 ® x) =
(Az)W*, while the same proposition implies that W(Az) = (1 ® x)W.
Combining, we have: WW*(1 ® ) = (1 ® 2)WW*. It follows that

(id ®id ®w) (W12W1*2W23) = (id ®id ®w) (W23W12W1>((2).

Since w was arbitrary, this proves the result: WiaW7,Waz = WasWiaWT,.
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(5). For a,b,c € M, since W*W = E, we have:

Wiy WasWaz (A(a) @ A(b) @ Ale)) = Wi (A@ A® A)(a® E(b®c)))
=ARAAN)((A®id)(E(b®c)(a®1®1))
=A®ARN)((A®id)(E)(A®id)(b®c)(a®1®1))
=AARAN)(1®E)(E®1)A(b)(a®1®c))
=A®A®N)((1®E)A1(b)(a®1®c)).

Next to last equality is using the Property (3) of E given in Definition 1.2.
On the other hand, we have:

WisWasWip (Aa) @ A(b) ® Ac)) = WasWas(A @ A @ A) (Ar2(b)(a @ 1 @ ¢))
—(A2A®A)((1® E)AnLDd)(ae1d).

We see that WTQW53W23 = W§3W23Wf2. OI“, W12W§3W23 = W§3W23W12.
([

Often, we may wish to consider the von Neumann algebra m,(A)"”. From
the characterization of the C*-algebra A given in Proposition 3.17, we have:

To(A) = {m,((id@w)(W)) : w € B(Hy)s } (S B(H,)). (3.13)

We can extend A on A to the level of the von Neumann algebra m,(A)”,
by taking advantage of the characterization given in Proposition 3.18.

Proposition 3.21. Denote by M the von Neumann algebra m,(A)"”. For
x € M, define:

Alz) =W*(1®z)W.
Then A is a *-homomorphism from M into M @ M, extending A. And, the
coassociativity property holds: (A ® id)A = (Id®A)A.

Proof. If a € m,(A), by twice using the result of Proposition 3.5 (1), we see
that WIW*(1 ® a) = (1 ® a)WW?*. Therefore, for any 6 € B(H)., we have
(0 ®id)(WW*)a = a(d@id)(WW™*). So (0 @id)(WW*) € m,(A)". It follows
that for x € M = m,(A)”, we have: ( ®id)(WW*)z = z(§ ® id)(WW*).
Or, equivalently, (§ @ id)(WW*(1® z)) = (f ®id)((1 ® 2)WW*). Since 6
is arbitrary, we conclude that WW*(1 ® z) = (1 ® z)IWW*, true for any
x € M. So, if x1,z9 € M, we have:

A1) A(z2) = W (1 @ 21) WW*(1 @ 22)W
= W*(l X 1‘1)(1 & $2)Ww*W = W*(l & 33‘1.%‘2)W = A(:lez).

It is clear that A(z)* = A(z*). So we see that A is a *-homomorphism of
M into B(H, ® By,). By Proposition 3.18, it is also clear that A|%(A) = A.

Since the elements of the form (id®@w)(W) € m,(A) are dense in M,
while A(TK‘SO(A)) = A(m,(A)) C (mp @ 1) (M(A® A)), which is contained
in M ® M, we can say that in fact, A:M— Mo M.
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For the coassociativity, suppose x € M. Then, by the pentagon relation
(Proposition 3.19), we have:

WisWas(1® 1@ x)WasWia = WosWisWih(1 @ 1@ x)WiaWi3Was
= WauWi(1 1@ z)Wi5WiaWisWas
=W W51 ®1® x)WisWasWaosWas
= W Wi5(1 ® 1 ® x)WisWas,
where we used Proposition 3.20 (1), for the third equality. It follows that
(A ®id)(Az) = (id @A) (Ax).
([l

There exist results similar to all of the above propositions in this subsec-
tion, in terms of the operator V. See Proposition 5.17 later.

4. ANTIPODE

The aim of this section is to construct the antipode map S for a given
locally compact quantum groupoid of separable type (A, A, E, B v, p, ).
Since S is in general unbounded even in the quantum group case, this needs
some care. The standard approach nowadays is to use the “polar decompo-
sition”: The idea originally goes back to an unpublished work by Eberhard
Kirchberg, which was adopted by the authors of the quantum group litera-
ture. See [17], [18], [20], [31]. Similar strategy can be employed in our case
as well (see §4.4 below), with some necessary modifications to incorporate
the fact that the operators V and W are not unitaries.

But first, we will construct an (unbounded) involutive operator K. This
is the operator implementing the antipode at the Hilbert space level, and
the underlying idea here is essentially same as in the quantum group case
(in particular, see section 2 of [31]).

4.1. The involutive operator K. Keep the notation as in the previous
sections, while we take H = H,. So we will have A = 7y, (A) C B(Hy) via
the GNS representation. The operator V', defined in Proposition 3.2, will
be contained in B(Hy @ Hy).

Definition 4.1. Let { € H,. We will say £ € D(K), if there exists a vector
§ € Hy such that for any € > 0 and any vectors (1, (2,...,(, € Hy, We can
find elements p1,p2,...,Pm;q1,q2,- .-, qm € My satisfying

4 ZAtb(pj)@qj’ka —EoG)| <c¢ and
j=1

m

VY Aulg)@piG | —BE®G)| <,
j=1
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for all k =1,2,...,n. Here, we wrote ' = (my, @ my)(E) € B(Hy ® Hyp).

Our aim is to define a linear operator K by the map D(K) > £ — £.
However, at present we do not know whether this is a well-defined map. See
the next proposition.

Proposition 4.2. If £ = 0, then & € D(K) and £ = 0.

Proof. Tt is clear that 0 € D(K), because we can just let £ and the p; and
the g; all zero. But the main issue here is to show whether { = 0 necessarily.
So suppose & = 0, and let £ be as in Definition 4.1. Then for arbitrary

C1,¢2 € Hy and € > 0, we can find elements p1,p2,...,Dmiq1,42,---,qm €
My, such that

VY Ay oda ||| <e, (4.1)
j=1
and
V> Aplg)@pita | —EEeQ)| <e. (4.2)
j=1

Here, we may assume without loss of generality that the elements p; are of
the form p; = (id @) (A(r5y;)(1 @ s5)), for rj, 55 € Ny, y; € Ny, so that
p; @b € D(Qr), for b € A.

Consider two “right bounded” vectors p1, p2 in H = H,. Recall that
a vector p is right bounded in H, if there is a (unique) bounded operator,
denoted as mgr(p), satisfying xp = mr(p)Ay(z) for all € Ny. See Defi-
nition 1.7 of [25]. Such elements are dense in H,. Meanwhile, recall that
V is a partial isometry, with the terminal projection V*V = G (see The-
orem 3.11 and Proposition 3.12). By the definition of the operator G as
given in Equation (3.12), we have:

<V ZAMPJ')@Q;Q 7V(7TR(PI)*C2®PZ)>
= 2 ((mr(p) @ DGR (Ap(ps) © 65C1), G2 @ p2)

— Z<QR(pj @ q;)(p1 ® 1), © pa)

J

= Z<p1 ® L Qr(p; @) (@ p2)) =D {p1® (1, Qp(p; @ ;) (G2 ® p2))

J

=2 {1 @ Ta(p2) G, Gp(pj G2 @ Au(4))))- (4.3)

We used the result of Proposition 2.9, and in the last line, we are using the
projection operator G, defined in Corollary of Proposition 3.12.
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Meanwhile, observe that we have

(B ® (), V(rr(p2)* G ® p1))]

< <E(5®Cz)—V ZAw(q]')®p}f62 ,V(WR(PQ)*C1®01)>
+ <V > Aulgy) @ piGa ,V(WR(p2)*Cl®p1)>
i

< ellmr(p2) G @ pr|| + || D (Gr(Ay(q) @ piCa), mr(p2)* G @ p1)||, (4.4)

J

by Equation (4.2), the fact that ||V|| < 1, and by noting that V*V = Gp.

Because of the way the projection operators Gr and G, are defined and
by Proposition 2.9, it is evident that HGR(nl ® 172)” = HGP(m ®n2)||, and
also HGR(m ® 772)‘ = HGp(ng ®n) }, for any n1,m2 € Hy. Therefore,

HZ<GR(Aw(qj) ® p;C2), mR(p2)"CL @ p1)|

J

= HZ% ® TR(p2)"C1, Go(pj G2 @ Ay (g5))||

It follows that by Equation (4.3), we have:

HZ<GR(Aw(CIj) ® p;C2), r(p2)"C1 @ p1) |

J

J

<V D Aylp) @ GG ,V(WR(pl)*C2®p2)> < e||mr(p1)*¢2 @ pal|.

The last inequality is due to Equation (4.1) and the fact that ||[V|| < 1.
Combining Equations (4.4) and (4.5), we now conclude that

(E(E® G),V(rr(p) G @ p))| < ellmrp) | |loa|| + el mr(p)* G| ||o2]-

As this is true for any ¢, it follows that

(B ® (), V(mr(p2)*¢1 ® p1)) =0,

true for any right bounded vectors pi,p2, and any ¢; € Hy. Since the
Tr(p2)*C1 ® p1 span a dense subspace of H, @ Hy,, we see that E(f®)e
Ran(V)*. Since Ran(V) = Ran(E), this means that E(£ ® (o) = 03y @My s
where (7 is arbitrary in H.

We claim that this implies f = 0y, To see this, take, without loss of
generality (2 = Ay (a), for an arbitrary a € 91,,. Note that for any ¢ € C, we
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have: E(£ ® c() = E(§® Aw(ca)) = O3,0#,,- So for any d € 9, we have:

(id ®@wa, ()., (@) (E(1® ))& = (B ® cAy(a)), - @ Ay(d)) = On,.

Recall that the elements of the form (id ®w) (E(1®c)) span a dense subspace
in B (“E is full”). It follows that b€ = 0 for any b € B. Since B is a non-
degenerate subalgebra of M (A), this is enough to show that {N = Oy,,. This
finishes the proof. O

We can now give the definition of our operator K. Proposition 4.2 assures
us that it is well-defined.

Definition 4.3. For £ € D(K) and ¢ as in Definition 4.1, write K¢ := €.

Remark. The definitions of D(K) and K are analogous to the definitions
given in section 2 of [31], in the quantum group case. However, with E # 1®1
and the operator V' not unitary (only a partial isometry), the proof became
more complicated.

Proposition 4.4. K, as defined above, is a closed operator on H,, in gen-
eral unbounded. Moreover, if £ € D(K), then K¢ € D(K) and K(K§) =¢.

Proof. (1). Suppose (§) — &, with each & € D(K), and (K¢§) — (. We

need to show that £ € D(K) and that ( = K¢ = . This can be done by a
standard argument using triangle inequality. So K is a closed operator.
(2). Second claim is also immediate from the symmetry of Definition 4.1,

which implies that §~ =¢£. ]

We now have a valid operator K, but at this stage, we do not know
whether it is densely-defined. This is the problem we will turn to next. For
this part, it is useful to work with the operator W € B(H ® H,,), where we
still let H = H,, as we did at the beginning of this subsection.

Lemma 4.5. Let c € My, and let w € B(Hy)«. Then we have:
(id@w(c-)) (W) € Ny.
Proof. Write z = (id®@w(c-))(W) = (idew)((1 ® ¢)W). By Proposi-
tions 3.16 and 3.17, we already know that x € A. We then have:
gz = (idew) (1@ W)™ (id@w)((1 ® c)W)
< wl| (id ®w|) (W*(1 @ ") (1 @ )W),

where we used the result of Lemma 4.4 in Part I [14]. Meanwhile, note
that W*(1® ¢*)(1 @ c)W = W*(1 ® c*c)W = A(c*c), by Proposition 3.18.
Also, since ¢ € 9y, we have c¢*c € My, and A(c*c) € Myia, by the right
invariance of 1. It follows that

P(z"z) < P(||lwll (d@|w])(A(cc))) = [lw]] lw|((¥ @ id)(A(c"))) < 0.
Therefore, x € 9. O
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In the below is a result for the case when the comultiplication is applied
to the element of the type given in the previous lemma:

Proposition 4.6. Let v = (id @w(c-)) (W) € Ny, as above, where c € Ny,
w e B(Hy)«. Then we have:

Az = (id@id®w(c-)) (WisWas),

which is contained in Nygid-

Proof. As we are taking H = Hy, we have W € B(Hy ® Hy). For this
discussion, introduce also JV € B(H, ®H,), which is defined in exactly the
same way as the operator W but by taking ‘H = H, in Proposition 3.4. It
is clear that T, (z) = (id @w(c-)) (V).

By Proposition 3.18, we then have:

(r &) (Ax) = W (1@ mp(@)) W = (id@id @w(c-)) (Wi MWagWao).

From Proposition 3.20 (2), it is evident that Wy, WasWia = Wiz a3, as
operators on Hy @Hy, @M. So (1@7,)(Az) = (id®@id @w(c-)) (Wis MWas).
With our convention that A = 7(A) C B(H), we can see that

Ar = (7’[‘ ® W)(AZL‘) = (1d®ld ®W(C . ))(W13W23) € M(A ® A)
By the right invariance of v, it is in fact contained in 9y gjiq. ([

Remark. Eventually, we will see that H,, and H,, can be identified. Then, the
result like the previous proposition would become unnecessary, as it is just a
corollary of Proposition 3.18. Until then, similar technique as in the above
proof can be used when we work with elements of the form (id ®w)(W), to
be viewed as in m(A) or in m,(A).

The next proposition shows that there are sufficiently many elements
contained in D(K).

Proposition 4.7. Let c,d € My, and let w € B(H,)«. Consider:
€= Ay ((id@w(c - d°)(W)).
Then we have £ € D(K) and K¢ = £ = Ay ((id@a(d - ¢*)(W)).

Proof. Without loss of generality, we may assume w = wgr ¢/, for &, (" € H,,.
Let (ej)jes be an orthonormal basis for H,, and define:

pj = (id ®wejjc*</)(W) = (id ®wej,</(6‘))(W) € Ny,
q; = (id ®we].’d*§/)(W) = (id ®wej,§/(d‘))(W) € My.
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Suppose ¢ = Ay(a) € H, for an arbitrary a € 9. In view of Defini-
tion 4.1, the proof will be done by verifying the following:

VIS M) @ ¢ | — Bee0), (4.6)
JjeJ

VDo Aule) ©95¢ | — E(E®0). (4.7)
jeJ

This notation is being understood that the net of sums over the finite sets
I' C J converges, in norm.

To verify Equation (4.6), note first that by Proposition 4.6, we have:
A(pj) = (i[d ®id Qwe; ¢ ) (W13Was). By Lemma 3.1 (2), we also know that
q; = (id ®wgs¢ ¢; ) (W*). Then

VD M) @gi¢ | =D (A @A) (Alp) (1@ g))(1®a))
jedJ jeJ
= (Ay © Ay) ((id @ 1d ®we, o) (Wi3Was) (id @ 1d @wgegr o) (W) (1 © a)).
jeJ
By Lemma 3.1 (4), this sum converges to
(A¢ ® Aw) ((ld ®id ®Wd*£ljc*gl)(W13W23W;3) (1 & a)) .

Now use Proposition 3.20 (1), namely WisWas W3y = Wi, WioWi3 = E1oWis.
Here again, there is the subtle issue concerning the Hilbert spaces H and
H,, which can be easily managed by working with J as in the proof of
Proposition 4.6. It follows that

VD Au(p) ®qi¢ | — (Ay @ Ay) (E(id ® id Qwgegr co¢ ) (Wi3) (1 @ a))
JjeJ
=E(E®Ay(a)) = E(€®).
Note here that Ay ((id Qwgsgr e+ )(W)) = Ay ((id Qe ¢r(c - d*)(W)) = &,
because w = wer . In this way, we verified Equation (4.6).
By using the same notation and same method, we can show that

VD Aulg) @pi¢ | =D (Ap @ Ay)(Alg)) (1 @ p})(1®a))
jeJ jeJ
converges to
(Ayp ® Ay) ((1d @ id @wes¢r gve ) (W13 WasWis) (1 ® a))
= (Ad) X Aw)(E(id@id ®Wc*(’,d*§’)(Wl3)(1 X CL)) = E(§:® Aw(a)),
where £ = Ay ((id ®werer geer ) (W) = Ay ((id®@a(d - ¢*))(W)). Note here
that 0 = We o7 = wer ¢r. This verifies Equation (4.7). O
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Corollary. D(K) is dense in H,. Moreover, the elements of the form
Ay ((id@w(c - d*)(W)), w € B(Hy)s, ¢,d € Ny, form a core for K.

Proof. By Proposition 4.7, the elements of the form Ay ((id @w(c - d*))(W)),
¢,d € My, are contained in D(K). Since Ny, is dense in A, these elements
are dense in the space generated by Ay ((id @w)(W)), w € B(Hy)s.
Meanwhile, by Proposition 3.16, for {’ = Ay (s), ¢/ = Ay(r), s,r € Ny, we
have Ay ((id @wer o) (W) = Ay ((id @) (A(r*)(1 ® s))). By Equation (3.3)
and by Theorem 3.11, we know such elements are dense in H,. Combining
the results, we can see that D(K) is dense in the Hilbert space . O

So far, we have established that K is a well-defined, closed, densely-
defined operator on H,,. We wrap up this section with the following result,
involving the operator K and one leg of the operator W.

Proposition 4.8. For any & € D(K) and any w € B(Hy)«, we have:
(idew)(W)¢ € D(K), and
K ((id@w)(W)E) = (id @w)(W)(KE).
Proof. Without loss of generality, we may consider (id ®@wer ¢ )(W)E, with
¢",¢" € My, while £ = Ay ((Id@wgr ¢/ (c - d*))(W)), with &, € Hey, ¢,d €
M. We may imitate the proof of Proposition 4.7.
Let (ej)jes be an orthonormal basis for H,. For j,1 € J, define:

pji = (1d ®we; ¢ ® Wey ex¢r) (Wi12Whs),

gj1 = (1d @we; g7 @ Wey arer) (Wi2Wh3).
Note that we can write pj; = (id ®@we, cv)(W)(id ®we, ¢'(c-))(W). Since
(id ®wel,§/(c-))(W) € Ny (by Lemma 4.5) and since Ny, is a left ideal in

M (A), we can see that p;; € M. Similarly, g;; € MNy.
Note that we have:

A(pjl) = (id ®id ®wej7¢~ & Wel,c*g’)(Wf2W23W24W12)-
Therefore, if we let ( = Ay(a), for an arbitrary a € 9, we have:

VY M) @aid | = D (Ay @ Ay)(Alp) (1 @ ¢3) (1 @ a))

et et
= Z (Ay @ Ay) ((1d ©id Rue, ¢ @ wey ex¢r) (Wi WazWas Wia)
jled

x (Id @id ®wer e, ® wiwgre,) (W3 W33) (1 ® a)).

For the characterization of ¢}, we used Lemma 3.1 (2).
By twice applying Lemma 3.1 (4), this sum converges to

(Ay ® Ay) ((id @id @wer o @ wgr =) (WipWasWaa W12 W5, Wi33) (1 @ a)).
(4.8)
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But note that

Wi WasWaosWiaWay Wy = WiyWasWiaW1aWas = WiyWazWiaWas Wiy
= WiLWiaWisWiy = E1oWi3 Wiy,

by twice using Proposition 3.20(3). Therefore, the limit given in Equa-
tion (4.8) becomes

E [Ay ((id ®wer o) (W) (id @wgsgr e+ ) (W) @ Ay(a)].

In other words, we have shown that

VI D> M) @i | — E[(id@wen o) (W)E @) (4.9)
jedled

In a similar way, we can also show that

VI YD Aulgp) @ | — E [([d@weren)(W)E @ (], (4.10)
JjeJled

where £ = Ay ((id ®wer¢r ge') (W) = K&, as observed in Proposition 4.7.
Since £”,¢",¢,(',¢,d,a are arbitrary, Equations (4.9) and (4.10) show

that (id®@w)(W)¢ € D(K), V¢ € D(K),Yw € B(H)«, by Definition 4.1.

Also, K ((id ®w)(W)€) = (id @@)(W)(KE). O

Corollary. (1) The result of Proposition 4.8 means that we have the
inclusion: (id@w)(W) K C K (id ®@w)(W), Yw € B(Hy)«-
(2) By taking adjoints, we also have: (id ®@w)(W*) K* C K* (id @w)(W™).
Phrased in a different way, this means that for ¢ € D(K*) and
w € B(Hy)s, we have: (idQw)(W*)&' € D(K*), and

K*((id@w)(W*)¢') = (id @w)(W*)(K*¢).

4.2. The operator 7" and some modular theory. Consider the operator
T on H,, which is the closure of the map Ay (z) — Ay(z”), for z € N, NN,
This is exactly the operator studied in the Tomita—Takesaki modular theory
[25]. The usual notation in the modular theory for this operator is S, but
we use 1" in our case to avoid confusion with the antipode map.

To be precise, denote by ¢ the lift of ¢ to the von Neumann algebra
M = m,(A)". Tt is a normal, semi-finite, faithful (n.s.f.) weight. While the
operator T is typically associated with the von Neumann algebra weight, it
is known that the GNS Hilbert spaces Hgs and H,, are same. The operator
T is conjugate linear and involutive. There exists the polar decomposition
T=1J V%, where J is a conjugate linear isomorphism (called the “modular
conjugation”) and V = T*T is a positive operator (called the “modular
operator”). We have J = J* J? = 1, and JV.J = V~L. If we regard the
elements of M as operators on H,, then it is known that JMJ = M’. For
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all t € R, we also have VEMV ™% = M. From this last observation, one
defines the “modular automorphism group” (o7 ):er, by

Gf(x) =ViVTt e M.
We have ¢ = ¢ o af , and the modular automorphism group satisfies the
“KMS condition”. All these are standard results. Refer to [25], [24]. In our
case, our ¢ being a KMS weight implies that (Uf ) leaves the C*-algebra A
invariant, and the restriction of (Uf ) to A coincides with the automorphism
group (of) associated with ¢.

Our aim here is to show that there is a result similar to Proposition 4.8,
involving the operator T" and the other leg of the operator W.

Proposition 4.9. Let T be as above.
(1) For ¢ € D(T) and for any 0 € B(H)., we have: (0 @ id)(W*)( €
D(T), and
T((0 ®id)(W*)¢) = (6 @ id)(W*)(T¢).
So we have: (0 ®@id)(W*)T C T (0 @ id)(W*).
(2) For ¢’ € D(T*) and 0 € B(H)., we have: (0 @ id)(W)¢' € D(T™),
and
T((0 @id)(W)(') = (0 @ id)(W)(T*¢).
So we have: (0 ®id)(W)T* C T* (6 @ id)(W).
Proof. Without loss of generality, let ( = A (), for some z € N, N o,. By
the left invariance of p, we know (/®id)(Ar) € M,NN,. Also, by definition
of W, we have: (6 ®id)(W*)Ay(z) = Ay ((6 ®id)(Az)). Therefore,
T((0 @id)(W*)Ay(z)) = T(A[(0 @id)(Az)]) = Ay ([(0 @ id)(Az)]*)
= A (( ®@id)(A(z"))) = (0 @ id)(W*) Ay ()

= (B id)(W*) (TA(2)).
Since ¢ = Ay (z) is arbitrary, this proves the first result. The second result
is obtained by taking the adjoints. [l

4.3. Some technical results concerning the polar decompositions of
the operators K and 7. In §4.2, we considered the operator 1" on H,, its

polar decomposition T' = J V%, the modular automorphism group (07 )ier,
and their properties.

In §4.1, we defined the operator K on H = H,. As in the case of T,
since K is also an involutive conjugate linear operator, we can consider its
polar decomposition, given by K = IL%, where L = K*K is a positive
operator and I is a conjugate linear isomorphism. We will have: I* = I,
I? =1, and ILI = L~'. In addition, we can consider the “scaling group”

(T¢)ter, which is a norm-continuous automorphism group on B(#) given by
()= L% . L%,
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Main goal in this subsection is to show that (L* @ V)W (L% @ V=) =
W, t € R (Proposition 4.18) and that (I @ JYW(I ® J) = W* (Proposi-
tion 4.20). From these results, we can show later (in §4.4) that the map
defined by S := Ro7_ i where R(x) = Iz*I and 7_; is the analytic gener-

ator of (1y) at t = —3, is our antipode.

In fact, this is exactly how things are done in the quantum group case
(see Proposition 2.20 in [31], for instance). Our situation is more compli-
cated, however, because the methods that worked in the quantum group
case cannot be applied, due to the fact that W is not a unitary (it is only
a partial isometry). This makes our discussion below to appear somewhat
long-winded, but the overall strategy is still the same.

As before, regard A = 7(A) € B(H), via the GNS representation. Let us
first begin by collecting some technical results, given in the following two
lemmas. Lemma 4.10 below is analogous to Lemma 3.14 of [17]. Here, T3
denotes the Tomita *-algebra, a dense subalgebra in m,(A)".

ol

Lemma 4.10. Let a,b € Tz and p € N,. Then
Ao, )ag () (W) = T((d @i (@).0, 1) (A7)
Proof. For any g € M, by an earlier result in Proposition 3.16, we have

(id @wa,, (g0, (n)) (W) = (id @) (A(p*) (1 @ q)).

Let 0 be an arbitrary linear functional. Then from the above, we have

0((id ®wa, (), ) (W)) = 0((id@e)(A(P*) (1 ®q))) = ¢((0 ®id)(A(p*))q)
= (0 ®@id)(Ap)*q) = (Ay(q), Ap((f ®id)(Ap))).

In terms of the lifted weight ¢ (recall that Hs = H,,), this is same as
0((1d Dwn )W) = (Ap(m(@) Ap(x[@ @ Q) AP)])),  (4.11)

where we wrote 7(-) to distinguish the elements in A from the generic
elements in the von Neumann algebra m,(A)”.

Equation (4.11) holds true for any ¢ € 9,. This means that for any
x € Ny, we will also have

0((1d ®WA¢(1’),A¢(p))(W ) < «9 & ld)(Ap)])> (4.12)
f (b*), for a,b € T3. Then Equation (4.12)

(id ®w

In particular, let * = ao
becomes

6((id ®WA¢<aafi(b*)),A¢<p>)(W)) = ¢(wl(6 @ id)(A(p"))]z)

([0 @id)(A = 3(b*7[(0 ®id) (A(p"))]a)

([(0 ®id)(A(p")) A@(a) @(b)> Wi ()00 (70 @ id)(A(p"))])
0 (7[(id ®wa_ (a),4 () (A (D%))]) -

=
i
*
—_—
=
=
Q
N’
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This result is true for any functional 8. It follows that
as elements in A = w(A). O

Remark. By the property of the Tomita *-algebra, we know that the elements
of the form Ag(ac?;(b*)), a,b € T3, span a dense subset in Hy = He.
Meanwhile, now that we have proved the result, and since we can see that
the equality holds as elements in A = w(A), we may as well write the result
of the lemma as

(W) (462 1))0, () (W) = (1 B 0).0,0)) (A7), (4.13)
for a,b € T3 and p € N,,.

The following Lemma 4.11, which is analogous to Lemma 5.7 of [17], is a
consequence of the previous result.

Lemma 4.11. Let a € T3 and x € Nz N ‘ﬁf;. Then
((d wry@).a000) W) = (dEW (1) (02 () (V)
which can be also written as
(id ®WA¢(a),A¢,(x))(W) = (id ®WA¢($*),A¢(O—fi(a*)))(W*)-

Proof. Let p € Ny, a,b € Tz, and consider the result of the previous lemma,
given in Equation (4.13). Take the adjoint. Then we have:

(d@wy ). 45002, ) (W) = (d Bwrg 1) 4500 (AP).
This holds true for any p € M,. Therefore, the result extends to any z €
Ny (C mp(A)"), with Az := W*(1 ® )W (see Proposition 3.21). That is,
(id ®WA¢(m),A¢(aafi(b*)))(W*) = (id ®WA¢(b),A¢(a))(A$)7 for z € Ng. (4.14)
If z € Ny NI, from Equation (4.14), we will have:
(AW, () A (ao?, o)) V)T = (1 w0500 (A7)
:(id®wA¢(:c*),A¢(bafi(a*)))(W*)' (4.15)

Next, we need a technical result from the weight theory: Namely, find
a bounded net (by)rep in T3, where P is an index set, such that (by)rep

converges strongly™ to 1, and that (Jf(bk))k cp 1s bounded and converges
strongly* to 1. For instance, take a bounded net (uy)zep in g N ‘ﬁz con-
verging strongly™ to 1, and define by = ﬁ [ exp(—t*)of (uy) dt. (See the
proof of Lemma 5.7 in [17], or the proof of Proposition 1.14 in [16].) Then,

by a standard result in modular theory (see also Lemma 1.2 in Part I [14]),
we have the following convergence:

Ag(ao?, (b)) = Jomp(0? , (0)) " Jphp(a) = Jpmp (0 (br)) JpAp(a) — As(a).

i
2

A

ol
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Now let b = by in Equation (4.15) and consider the limit. Then we obtain:
((id @wry @ a0 W) = (dEW (1) (02 () (V)

proving the lemma. The second equation is a quick consequence of Lemma 3.1.
O

Using Lemma 4.11, we can prove the next result, which plays a central
role in what follows. Recall here that L = K*K and V = T*T, the positive
operators arising from the polar decompositions of K and T, respectively.

Proposition 4.12.
W*(L®V)C (Lo V)W* and W(L®V)C (L& V)W.
Proof. Let &,& € D(L) and (,¢" € D(V). Without loss of generality, we may

let ¢ = Ap(a), ¢ = Ag(b), for a,b € Tz. Then V( = VAg(a) = A¢(Ufi(a)),
by modular theory. So we have:

<W*(Lf ® VC); §’ ® </> = <(id ®WA¢(Ufi(a)),A¢,(b))(W*)K*Kfa €/>7 (4-16)
where we used L = K*K. But by Proposition 4.8, we have:
W*K*K¢ = K*(id ®wA¢(b),A¢,(o'fA(a)))(W*)Kg'

k3

(i @wy (o (@450

Meanwhile, by Lemma 4.11, we have
(id ®WA¢(b),A¢(ofi(a)))(W*) = (Id ®wa 5 (a*),a50%) (W).

So Equation (4.16) now becomes
(W (LE@ V()& @)
= (K*(id ®wa , (a=), a4 060)) (W) KE ) = (KK (id @wa54), 45 (a%)) (W)E: E)
= ((id @wn ) o) WNE KTKE) = (W(E @ Ap(b")), K*KE @ Ag(a”))
= (W(ET(), LE @ TC). (4.17)
The second equality used Proposition 4.8. Since a,b € T3 are arbitrary,

Equation (4.17) is true for any &,¢&" € D(L) and any ¢, (" € D(V).
Next, consider the right hand side of Equation (4.17). We have

(W(ERTE), LE @ TC) = ((we.er @ 1d)(W)TC', TC)
= <TC', (Wrere ® id)(W*)TC>
= (T¢', T(we e @ id)(W*)C), (4.18)

where we used Proposition 4.9 (1) for the last equality. Since T is a conjugate
linear operator, the right hand side becomes

= (T*T¢, (we,rer ® id)(W*)¢) = ((we, e @ id)(W*)¢, V),
using V = T*T. Putting these together, Equation (4.18) then becomes
(W(EaT(), L @ TC)
= (W' (@), L@ V() =(LeaV)W'(®().d®).  (419)
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Combine Equations (4.17) and (4.19). We conclude that
W*(LE® VE) = (Lo V)W*(E©C), VE e D(L), ¥ € D(V).

This proves the inclusion W*(L ® V) C (L ® V)W*. The second inclusion
is an immediate consequence obtained by taking adjoints.
O

Remark. In the quantum group case, once the result like W*(L ® V) C
(L ® V)W* is obtained, one can immediately show that it is actually an
equality, by taking advantage of the fact that W is a unitary. Unfortunately,
the operator W is not unitary in our situation, so the analogous approach
does not work, and in fact the equality does not hold. This requires us to
look for a different approach, based on the fact that W is a partial isometry.

We know from Theorem 3.15 that W is a partial isometry in B(H ® H,),
with W*W = E = (7 ® n,)(F) and WW?* = G. In the below are some
consequences of Proposition 4.12.

Proposition 4.13. We have:
(1) ELeV)C (L®V)E and GL(L® V) C (L® V)G
(2) WHL® V)G =E(L®V)W*
3) WHLV)W =E(L&V)E and W(Le V)W*=Gr(L® V)Gy,

Proof. (1). From Proposition 4.12, we know that W*(L® V) C (L® V)W*
and W(L® V) C (L ® V)W. Combining, we have:

ELeV)=WW(LeV)CW(LeV)WC(LV)W'W = (L V)E.
Similarly, we have:

GrL(LeV)=WW*(LeV) CW(LeV)W* C(LaV)WW* = (Lo V)GL.
(2). Again from W*(L ® V) C (L ® V)WW*, we have:
GLLV)W =WW*(LeV)W CW(LV)WW=W(LV)E.

By taking adjoints, it becomes: E(L® V)W* C W*(L® V)Gr,. Meanwhile,
since EW* = W*WW* = W* and W*Gy = W*WW* = W*, we have:

W (L®V)G,=EW"(L® V)G, CE(L&V)W*'G, =E(L®&V)W*.
Combining the two results, we see that
WHL® V)G =E(L® V)W
(3). Since GLW = WW*W = W, from (2) we have:
WHL@V)W =W (L&V)GLW =E(L&V)W*'W =E(L®V)E.

From (2), taking adjoint, we also see that W (L ® V)E = G(L @ V)W.
Since EW* = W*WW* = W*, we have:

W(L & V)W*=W(L®V)EW*=GL(LeV)WW*=GL(L® V)GL.
O
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Corollary. We may write the two results in (3) of the above proposition in
a more symmetric form:

W*(GL(L® V)G )W = E(L® V)E
W(E(L®V)E)W* =GL(L® V)GL.

Proof. Use WE =W, GtW =W, EW* = W*, W*G, = W, then re-write
(3) of Proposition 4.13. O

The Corollary suggests us to look more closely at the operators F(LQV)E
and G (L®V)G. For this purpose, it is useful to note that as a consequence
of W being a partial isometry, we can write H®@H, = Ker(W)@Ker(W)+ =
Ker(W) @ Ran(F) and also H ® H, = Ker(W*) @ Ran(Gr). Then the
operators E(L®V)E and G (L® V)G, are none other than the restrictions
of L ® V onto the subspaces Ran(E) and Ran(Gp), respectively.

Proposition 4.14. We have:
(1) (L®V)E=E(L®V)E
(2) (L®V)Gr,=GL(L& V)G

Proof. By Proposition 4.13 (1), we have: E(L ® V)E C (L ® V)E, with
FE being a projection. We may regard them as operators restricted to the
subspace Ran(E). It is clear that D(E(L ® V)E) = Ran(E)ND(L ® V) =
D((L ® V)E). Since the domains are same, we see that E(L ® V)E =
(L V)E.

Similarly, regarded as operators restricted to the subspace Ran(Gp), we
have: GL(L®V)GL = (L@V)GL. O

Corollary. For the (unbounded) operator L @ V on H ® H,, we have:

(1) (L ® V)|Ran(E) is an operator on the subspace Ran(E).

(2) (L ® V)|Ran(ay) i an operator on the subspace Ran(GL).

(3) (L ® V)|ker(w) is an operator on the subspace Ker(W).

(4) (L ® V)|ker(w+) is an operator on the subspace Ker(W™).

(5) A typical element of D(W(L ® V)) can be written as { = (o ® (1,
where (p € Ker(W)ND(L® V) and (; € Ran(E)ND(L ® V).

(6) A typical element of D(W*(L ® V)) can be written as ( = (o ® (1,
where (y € Ker(W*)ND(L ®@ V) and {; € Ran(E)ND(L® V).

Proof. (1), (2). These are immediate consequences of Proposition 4.14.

(3), (4). Consider (L®V)(1—F) and (1—E)(L®V)(1—FE), and consider
an arbitrary element ¢ € Ran(1 — E) N D(L ® V), the common domain for
both. Then by Proposition 4.13 (1), we have E(L ® V) = (L® V)E( = 0.
From this it is easy to conclude that

(LoV)(1—E)=(1—-E)(Lo V)1 - E).

Since Ker(W) = Ran(1 — E), the result follows. Proof for (4) is similar,
since Ker(W*) = Ran(1 — Gp).
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(5), (6). Consider ¢ € D(W(L® V)) =D(L® V) and write ¢ = (o & (1,
where (g € Ker(W) and (; € Ran(F). Then, from the fact that W(L®V) C
(L ® V)W (by Proposition 4.12), we must have W (¢ € D(L ® V), and

WLeV)=LeV)W(=(Le V)W =(LeV)GLW(,
because GLW = WW*W = W. But
(LQV)GLW =GL(LRV)GLW =GrL(Le V)W =W(L® V)E,

using Proposition 4.14 (2) and Proposition 4.13 (4). Combining the results,
we have W (L®V)((o®¢1) = W(LRV)(1, since ¢; € Ran(E). In this way, we
showed that ¢; € Ran(E)ND(L® V) such that W(L®V)(; = (L@ V)W (.
Also as a consequence, we see that (y € Ker(W)ND(L ® V). Proof for (6)
is similar to that of (5). O

Remark. In (5) of the above Corollary, we saw that a typical element of
D(W(L®V)) can be written as ¢ = (o ® (1, where (s € Ker(W)ND(L®V)
and ¢; € Ran(E) N D(L ® V). We also saw that W3 € D(L ® V). On the
other hand, an element in D((L ® V)W) would be written as { = {y @ (1,
where (y € Ker(W) and (; € Ran(E) such that W¢; € D(L ® V). We do
not expect to have Ker(W)ND(L ® V) = Ker(W) in general. Therefore,

W(L®V)S (LeV)W.
Similarly, W*(L® V) G (L ® V)W*.

This is different from the quantum group case, which makes things tricky.
We can find a way, nonetheless. The following is a re-interpretation of the
results in Corollary of Proposition 4.13

Proposition 4.15. We have:

(1) (L ® V)|Ran(e) = W*(L @ V)|Ran(c, )W, as operators on Ran(E).
(2) (L@ V)|Ran(ay) = WL ® V)|ran(p) W™, as operators on Ran(Gp,).

Proof. When restricted to subspaces, note that Wgang) and W*[grana,)
may be regarded as onto isometries between Ran(F) and Ran(Gp). Also
W Ran(G )W IRan(E) = IdRan(r) and Wran(m)W* [Ran(c,) = IdRan(ey)- In
this way, the results in Corollary of Proposition 4.13 can be re-interpreted
as above. (]

Since L, V are self-adjoint operators, we can perform functional calcu-
lus. In particular, we can consider L?, V?#, for any z € C. We next wish
to explore the behavior of the operator L* ® VZ*. Note first that by Corol-
lary of Proposition 4.14, it is clear that (L* ® V)|gan(g) is an operator on
Ran(E) and (L* ® V?)|ker(w is an operator on Ker(W). Similar also for
the operators (L* ® V?)|gan(q,) and (L* @ VZ)|ger(w+)-

As for (L7 ® V7)|gan(p) and (L* ® V?)|gan(G, ), We have the following:

Proposition 4.16. For z € C, we have:
(1) (L*®V?)|Ran(e) = W*(L*®V?)|Ran(c,)W, as operators on Ran(E).
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(2) (LF®V?)|Ran(ar) = W(LF®V?)|Ran(m) W™, as operators on Ran(G,).
(3) W(L*®V?)|Ran(r) = (L* ® VZ)|Ran(c, )W, as operators on Ran(E).
(4) W*(L*®V?)|Ran(a,) = (L*®V7)|Ran(m) W™, as operators on Ran(Gp).

Proof. (1), (2). It is clear that
(L@ V)|Ran())” = (L* ® V*)|Ran(p)

(L@ V)|Ran(GL))Z = (L* ® V*)|Ran(cy)
for z € C. Combine this result with that of Proposition 4.15, using the fact
that W|ran(p) and W*|gan(q, ) are inverses of each other.
(3), (4). By (1), we have:

W(L* ® V?)|Ran(g) = WW'(L* @ V)W Ran(m) = GL(L" @ V)W |Ran(E)
which is just (L* ® V)W |gan(g), because (L* ® V?)|gan(c, ) is an operator
on Ran(Gp). (4) is proved similarly, using (2). O

On the level of the whole space H ® H,,, however, we do not in general

expect a result like W (L*®V?) = (L*®@V?*)W. The domains may not agree,
as noted in the case when z = 1. The best we can expect is the following:

Proposition 4.17. For any z € C, we have:
W(L*@V?) C(L*@ VW  and W*(L*®@V?) C (L* @ V)W

Proof. Suppose ¢ € D(L* ® V#) and write ¢ = (o ® (1, where (p € Ker(W),
(1 € Ran(FE). Then each of {p and ¢; must also be contained in the domain
D(L* ® V#). That was the case when z = 1 (see Corollary to Proposi-
tion 4.14), and it is because (L* ® V?)|ger(w) and (L* ® V?)|gan(g) are
operators on Ker(W) and Ran(E) respectively. Since (L* ® V?)|kerw) :
Ker(W)ND(L* @ V?) — Ker(W), it is then easy to see that W (L* ® V*)(
is valid and vanishes. So we have:

W(LF @V )(=W(L* @V )((&G)=W(L @V )q = (Lo V)WG.
For the last equality, we used the fact that {; € Ran(F), applying the result
of the previous proposition. It follows that for any ( = (p®(; in D(L*®@V?),

W(LZ @ V) (G ® 1) = (L@ VI)WG = (L7 @ V)W (¢ & Q).
This proves the first inclusion. The second one is similar, using H ® H, =
Ker(W*) & Ran(Gp). O

While we only have “C” in general, the situation is better if z € C is
purely imaginary, that is z = it, t € R. If so, the operators L, V% are
bounded, so D(L* @ V) would be the whole space H ® H,. Then we will
have the equalities, as can be seen in the proposition below.

Proposition 4.18. Lett € R. Then we have the following equalities on the
whole space H @ H,.

(1) W(L* @ V) = (L' @ VW

(2) W*(th ® vzt) — (th ® vzt)W*
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Proof. Since L, V% are bounded operators, there is no issue with their
domains. We already know that W (L* @ V#) C (L* ® V*)W, in general. So
we indeed have the equality (1). Similar for (2). O

Proposition 4.18 plays a significant role as we define the antipode map
later. The next main result to show is Proposition 4.20 below. But first, we
need some preparation.

Lemma 4.19. Let v € D(L%) and w € D(L_%). Then we have:

(Wow @)WY = (@, 3,y @id)(V).

Proof. For any a,b € 9,, we have:

. . 1 _1
<(wIL%v,IL7%w®1d)(W)ASD(a)7A¢(b)> = <(1d ®wAw(a),A¢(b))(W>IL2U7IL 2w>.

Recall that ILT = L', so IL™2 = L>I, and K = IL3 = L~31. Also
(id ®WA¢(a),A¢,(b))(W)K C K(id ®wAw(b),A¢(a))(W)7 by Proposition 4.8. Putting
these all together, the above expression becomes
1 1
= (L2 I(id @wp )4, () (W)v, L2 Tw) = (I(id @wp_ @) 4, () (W0, Tw).

As I* =1, I? =1, and I is conjugate linear, this becomes

((id @wp, (1), A (@) (W), w) = (w, (id ®wa, 4),4,(a)) (W)V)
= ((1d ®wa (a),0,0) W )w,v) = (Ww,e @id) (W) Ap(a), Ay (b))
Since a, b are arbitrary, we conclude that

(wIL%v,IL*%w ®@id)(W) = (ww,p @ id)(W") = (wy,w @ id) (W)™

O
We are now ready to prove one remaining main result of the subsection:

Proposition 4.20. We have:
TJHIWIxJ)=W".

Proof. Let v € D(L%) and w € D(Lfé). From Proposition 4.17, we know
that W*(L% ® V%) - (L% ® V%)W* So for any p,q € D(V%), we have:
(W*(v®p),w® V%q> = (W*(v®p), L3 30w ® V%q>
— (L2 @ V)W (v @ p), L 2w @ q)
= <W*(L%v ® V%p), L iw® q>.

N[

Re-writing, this becomes:
. . 1 . N
((wow@id)(W)p, V2g) = ((w ) -y @A)W)V2p,g), Ip.g€D(V2).
. 1 . % . T
Or equivalently, <V2(wv,w®1d)(W )p,q> = <(wL%U7L_%w®1d)(W )Vzp, q>.

This means that for any p € D(V%), we have (wy . @ id)(W*)p € D(V%)



46 BYUNG-JAY KAHNG AND ALFONS VAN DAELE

and that V2 (Wy,uw @1d)(W*)p = (w1 L ®id)(W*)V%p. In other words,

LIv,L72
we have shown that
(@,3 1. @I(W)VE C Vi (w,, ®id)(W*). (4.20)
By Lemma 4.19, we have
(wL%v,Lf%w &® ld)(W*) = (wa%w,L%v &® ld)(W)* = (wlw,lv &® ld)(W)

So Equation (4.20) now becomes
(Wreo.1o ® id)(W)V2 C V2 (wy @ id) (W) (4.21)
Meanwhile, since T = JV2 (so JT = V%), we have:
J(We @ Id)(WH)JIVE = J (W, @ id)(WHT

C JT(wyw @ id)(W*) = V2 (wy ® id) (W),
(4.22)

where we used the result of Proposition 4.9.
Compare the two inclusions obtained in (4.21) and (4.22), where we ob-

serve that the right hand sides are exactly same. Since V3 has dense range,
this implies that the two bounded operators in the left sides of these inclu-
sions should be same. That is,

(Wrw,rv ®1d) (W) = J(wy,p @ id) (W) J,

true for any v € D(L%) and w € D(L_%). In fact, this equality will actually
hold for any v,w € H, because the equation involves only the bounded

operators and since the domains D(L%) and D(Lfé) are dense in ‘H. In
other words,

(Wrw, 10 @1A) (W) = J (W, @ id)(W*)J, VYo, w € H. (4.23)
Finally, let v,w € H and p,q € H, be arbitrary. We have:

(IJW*(IeJ)(vep),weq) =W IJ)(vep),lws Jq)
= (W10 ®id)(W*)Jp, Jq), (4.24)
because I ® J is conjugate linear. But, by Equation (4.23), we have:
(wWro,rw @ 1d)(W7)Jp = J(wyw @ 1d) (W)p.
So Equation (4.24) becomes:

(I JW*(I®J)(vep),wsq) = (J(ww@id)(W)p, Jq)
= ((wow ®i)(W)p,q) = (W(v @ p),w®q), Yv,w € H,Vp,q€ H,.
This proves that (I @ J)W*(I ® J) =W. O
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4.4. Antipode map in terms of its polar decomposition. Now that
we have gathered results about the operators K and 7', including their polar
decompositions, we are now ready to define our antipode map S. See the
discussion given in the beginning paragraphs of §4.3.

Analogous to the theory of locally compact quantum groups ([17], [20],
[18], [31]), the two main ingredients are the unitary antipode and the scaling
group. With the technical results obtained in the previous subsection, which
needed some approaches that are more general than the ones used for the
quantum group theory, the rest of the construction becomes mostly similar
to the quantum group case.

As a consequence of Proposition 4.20, we have the following observation:

Proposition 4.21. Let a,b € Tz be arbitrary. We have:
I(id ®°~)A¢,(a),A¢(b))(W)*I = (id ®w/\ (U L (6%), A¢(0¢ ) (a*)))(w)‘

N
[N

Proof. For any v, w € H, we have:
(T(1d ®@wn , (b), A (a) (W) v, w) = ((id @wa (b) 45 (a)) (W) v, Tw)
= (W*(ITv @ Mg (b)), Iw @ Ag(a)).

We may write Ag(a) = JAz(o fl(a*)), and also Ag(b) = JA¢(0fi(b*)).

2 2
Then by using the fact that (I ® J)W*(I ®J) = W (from Proposition 4.20),
the expression above becomes:

= (W*(I® J)(v @ Ag(0”, (b)), I @ J)(w @ Ag(o f (a*))))

(a™)))

N

(I YW (I J)(ve As(e?,
(b)), w ® Ag(o? <a*>>>
=@y 02w ap0? , @) V)00

= s
= (W

(v® Ag( f

(Ve

As v, w € H are arbitrary, this shows that
(id ®WA¢( f B Ag(0? (a*)))(W) = I(id ®WA¢,(b),A¢(a))(W*)I)

i L
2 2

which is in turn equal to I(id ®wa ;(a),a ) (W)"I. O

Since A = mw(A) is generated by the elements of the form (id ®w)(W),
Proposition 4.21 assures us that the map R4 : x — Iz*I is a map from A
onto itself. For this map, it is clear that Ra(x)* = Ra(z*), Vo € A, and
that Ra(z122) = Ra(x2)Ra(z1), Vo, 29 € A. We also have Rqo R4 = Ra.
We summarize the result below.

Definition 4.22. For x € A, define Ra(z) by Ra(x) := Iz*I. It is a *-
anti-isomorphism from A onto A and is involutive. We call R4 the unitary
antipode.
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Remark. We may regard R4 as a *-isomorphism from A into A°P. So the
map can be naturally extended to the level of the multiplier algebra M (A).
If we restrict this extended map to the C*-subalgebras B and C, the “source
algebra” and the “target algebra”, then we can show later that R4(B) = C
and that the restriction map of R4 onto B coincides with the map Rpc¢ :
B — C that we considered as part of the defining data for the separability
triple (E, B,v). See Proposition 5.24 in Section 5 below. In this sense, we
will from now on be a little lazy and denote simply by R = R4 the unitary
antipode on A.

Next, consider the result (L" @ V)W = W (L" @ V"), true for any ¢t € R
(see Proposition 4.18). By multiplying (id @ V=) from left and (L™ ® id)
from right, we obtain:

(L* @id)W(L™" ®id) = (iJd@V )W (id @V¥).
So for any w € B(Hy)«, we have:
L' (id@w)(W)L™" = (id@w(V" - V) (W). (4.25)

In §4.3, we considered the (norm-continuous) “scaling group” (7¢)icr on
B(H), defined by 7(-) = L* - L™, Since we know that A = 7(A) is gen-
erated by the elements (id @w) (W), Equation (4.25) suggests the following:

Definition 4.23. For z € A, define 7(x) := L%z L% for t € R. Then
Tt(A) = A, and (7¢)¢cr is a norm-continuous one-parameter group of auto-
morphisms on A. It is referred to as the scaling group on A.

Proposition 4.24. R and 7, commute, for allt € R. That is, Ror; = 1o R.

Proof. Recall that ILI = L~!. Furthermore, I is conjugate linear, so we
have IL*] = L*. Therefore, we have:

R(ry(x)) = Im(x)*] = IL"2*L™"] = L"I2*IL™" = 7 (R(x)).
O
Just as in the modular theory, let us consider 7_i, which is the analytic
2

generator of (r;) at ¢t = —%. From Equation (4.25), it is easy to conclude

that the elements of the form (id®w)(W), w € B(Hy)«, are contained in

D(7_i). So 7_i is densely defined. Using this, we can give our definition of
2

the antipode, in terms of its polar decomposition. Observe the resemblance
with the quantum group case.

Definition 4.25. Define the antipode map S on A, as follows:
S:=RorT .

N

Furthermore, with the characterization of M = m,(A)” given in Equa-

tion (3.13) and Proposition 3.21, we may also define S, an extension of S
to M, by S := Ro7_i, where R : x — Iz*[ is a *-anti-automorphism of
2

M such that Rom, = m, o R, whereas (7;);cg is a (strongly continuous)
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one-parameter group of automorphisms on M given by 7; : z — Ltz L%
such that 7y om, = m, o 7. It is clear that Som, =m,0S.

Here is an immediate consequence of the definition (compare with Propo-
sition 5.22 of [17]):

Proposition 4.26. Let S be the antipode on A, as defined in Definition 4.25.
Then S satisfies the following properties:
(1) S:ROT_% =Ti oR.
(2) S is a closed densely-defined map having a dense range.
(3) S is injective and S~ = Ro1i = 7: o R. We also have S™! injective
with dense range. ’ ’
(4) S is antimultiplicative: For z,y € D(S), we have zy € D(S) and
S(xy) = S(y)S(x).
(5) For all x € D(S), we have S(z)* € D(S) and S(S(z)*)" = =.
(6) S? =7_;. In particular, S* # Id in general.
(7) RS = SR.
(8) Sory =108 forallt € R.

Similar results hold true at the von Neumann algebra level, for S = Ro7 .
2

Proof. (1). This is a consequence of Proposition 4.24.
(2). True because that is the case for 7_.
2

(3). S is injective because R and 7_; are injective. The characterization

2
for S~ is easy to see.

(4). True because R is an anti-isomorphism.

(5). If = € D(S), consider S(z)* = (LzIx*IL"2)* = L™2IxIL2, which
is contained in D(7_ i ) = D(S). Moreover,

S(S(x)*)" = S(L™2IelL?)* = (I(LEL 2Tzl L2L72)* 1) = (2%)* = =
(6), (7), (8). These are easy to verify, using (1). O

Here is a useful characterization of the antipode, again analogous to the
quantum group case:

Proposition 4.27. For any w € B(Hy)«, we have: (id@w)(W) € D(S),
and

S((d®@w)(W)) = (id @w)(W™).
The space {(id @w)(W) : w € B(Hy)«} is invariant under the scaling auto-
morphisms T, and it forms a core for S.

Proof. (1). We know from Equation (4.25) that the space {(id ®w)(W) :
w € B(Hy)+ }, which is dense in all of A, is contained in D(T_%') = D(S) and
is invariant under the 74. It thus forms a core for S.

(2). Let w € B(Hy)s. Write 2 = (ildew)(W) and T = (id ®w)(W).
By Proposition 4.8, we know that for £ € D(K), we have 2§ € D(K) and
Ki¢ = 2 KE.
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Let € € D(K) = D(L2) and ¢ € D(K*) = D(L"2) be arbitrary. Then
(1_i(@)¢,€) = (L2xL ™3¢, &) = (wL~3¢, L3E). Using this result, since I is
2
conjugate linear, we have:

(S(@)¢,€) = (s (Te" D), €) = (Ix*IL"3¢, L3€) = (a*IL™3(, IL3€).
But K = IL3 and K* = L>] = IL"3. So the above equation becomes:

(8(2)¢,€) = (z*K*¢, K¢€) = (K*¢,aK¢) = (K*¢, Kz€) = (¢, %) = (27, ),

where we are using Kz = xK¢, and the fact that K is involutive and
conjugate linear.

Since this is true for any £ € D(K), ¢ € D(K™), both being dense in H,
it follows that S(z) = *, as elements in A = 7(A) (C B(H)). Or,

S((id ®w)(W)) = ((id @@)(W))" = (id ®w)(W*).
O

The following result is the strong left invariance of the weight ¢, which
looks familiar from the Kac algebra theory and the locally compact quantum
group theory.

Proposition 4.28. For a,b € N, we have (id @) (A(a*)(1 ® b)) € D(S),
and

S((d®e)(A(a*)(1®b))) = (i[d®e)((1® a*)(AD)).
Also, span{(id @) (A(a*)(1 ® b)) : a,b € Ny} forms a core for S.
Proof. Recall the result of Proposition 3.16. We have:
(id@p) (Ala) (1 @ b)) = (id @wa, (b) A, (a) (W)

Such elements span a dense core for S. By Proposition 4.27, we have:

S((id@p)(A(a*)(1©b))) = (id @wa, @A, @) (W) = ((id @wa, (@),a,0)) (W)
= [([d@p)(AGY) (1 ®a))]" = (id®p)((1 ® a*)(Ab)).

0

)
1

5. PROPERTIES OF THE ANTIPODE MAP

In this section, we will gather various properties involving the antipode
map. We will first consider some results relating the modular group (o7)
and the scaling group (7;), with the maps R, S, A. For convenience, let us
from now on denote of by oy.
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5.1. Some relations between (0;), (1) and the maps R, S, A.

Proposition 5.1. (1) For all x € M = m,(A)" and t € R, we have:

A(of (2)) = (7 © of ) (Aa).
(2) Similarly, for x € A and t € R, we have: A(oy(z)) = (1 @ o) (Az),
where oy and Ty are naturally extended to M(A).
Proof. By definition, we know that af(:ﬁ) = V2V~ x € M. So we have:
Ao} () = A(V"2V ) = W*(1 & V2V Hw
— W*(th ® Vlt)(l ® (E)(Liit ® vfit)W
= (L' VOW* 1 ea)W(L ™" e V") = (7 o} )(Az),
by Proposition 4.18 and by definition of 7;. This proves the statement at
the von Neumann algebra level. .
Meanwhile, since of om, = 7, 00y, Tt 0Ty = Ty 0T, and Ao mw, =
(mp @ my) © A, it follows immediately that A(o¢(z)) = (1 ® o¢)(Az), for
x € A (|

In addition to giving a useful relation, the above proposition actually
characterizes the scaling group (7;), in the sense below:

Corollary. The equation A(o¢(z)) = (7 ® o¢)(Az), Vo € A, Vt € R,
uniquely characterizes ().

Proof. By the fullness of A, the elements of the form (id ®w)(Ax), for x € A,
w € A*, span a dense subspace in A. But note that

7 ((id @w)(Az)) = (id@w 0 0_¢) ((14 @ 0¢)(Az)) = (id @w 0 0_¢) (A(0¢())).
This shows that 7 is completely determined by (o) and A. O

In particular, we observe from the Corollary that (7;) does not explicitly
depend on the choice of 9. In the below is another result concerning (7).

Proposition 5.2. (1) Forallz € A and t € R, we have:
A(Tt(.’l:‘)) = (1 ® 7)(Ax).
(2) Fora € M =m,(A)" andt € R, we have: A(F(z)) = (@ 7)(Az).
Proof. For a € A, by the coassociativity of A and by the result of Proposi-

tion 5.1, we have:
(A ®id)A(o¢(a)) = (i[d@A)A(0¢(a) = (7 ©@ 7 @ 0¢) ((id ©A) (Aa)).

Again using Proposition 5.1 (in the left) and the coassociativity of A (in the
right), this can be written as follows:

(Aom) ®or)(Aa) = (1 ® 7 @ 0y) (A ®id)(Aa)).
Apply here id ® id ®o_¢, to both sides. Then it becomes:
(Aom)®id)(Aa) = ((: ® 1) 0 A ®id)(Aa).
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Apply now id ® id ®w, for an arbitrary w € A*. Then we have:
A(Tt((id ®w)(Aa))) =( ® 1) (A((id ®w)(Aa))).

Recall that the elements of the form (id ®w)(Aa), for a € A, w € A*,
generate A. So we have: A(r(z)) = (1 ® 7¢)(Az), for any z € A.

At the same time, since the elements (id ®w)(Aa), a € A, w € A*, also
generate M, we see that A(ﬁg(fv)) = (7 ® 7)(Ax), for 2 € M. O

We next wish to explore the relationship concerning the antipode S and
the comultiplication A. This is somewhat tricky, as .S is an unbounded map.
Nevertheless, we may use an argument similar to the one in the quantum
group case (for instance, see Lemma 5.25 and Proposition 5.26 of [17]).

Lemma 5.3. Let p,0 € A* be such that po S and 0 oS are bounded, which
can be naturally extended to the maps on M(A). Then for all x € D(S), we
have:

(poS ® 60S) (Ax) = (§© p)(A(S(x))).

Proof. It suffices to consider z = (id®@w)(W) for w € B(Hy)«, as such
elements form a core for S. By the same argument given in Proposition 4.6,
we have: Az = (id ® id ®w)(W13Wa3). So we have:

(poS ®008)(Ax) =(poS ® 00S®w) (WisWaz) = (picw)(WisWis),

since S((id ®@w)(W)) = (id ®w)(W*), by Proposition 4.27.
Meanwhile, again using an argument as in Proposition 4.6, together with
WiWs Wi = Wi Wi from Proposition 3.20 (2), we can show that

A(S(az)) = A((id ®w)(W*)) = (id ® id Q) (Was W75).
Combining the two results, we have:
(poS @ 008)(Ax) = (p© 0 ® w)(WisWsy)
= (0@ p@w)(WxWi) = (0© p)(A(S(2))),

where we used the flip operation (between leg 1 and leg 2) in the second
equality. This proves our claim. O

Proposition 5.4. For all x € A, we have:
(R® R)(Az) = A“P(R(z)).
Similarly, for x € M = m,(A)", we have: (R® R)(Az) = A®P(R(z)).

Proof. Suppose p,0 € A* are analytic with respect to 7. This means that
the map R 3 ¢t — p o7 has an analytic extension to a function from C to
A*. Then po 7, is bounded for any z € C, and the function z — po 7, is
analytic. Similar for z— Ao, and z — poT, ® orT,.

For a € D(S), being analytic with respect to 7, we will have: z
(por: ® BoT.)(Aa) and z — (p ® §)A(7.(a)) both analytic as functions
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from C to C. They actually coincide, by Proposition 5.2. Moreover, by
Lemma 5.3, we have:
(0@ p)((R® R)A(S(a))) = (pRS ® ORS) (Aa) = (po T_i® for_i)(Aa)

= (p@0)A(1_1(a)) = (p2 0)(A(R(S(a))).

Since S has a dense range, and by the boundedness of the other maps in-
volved, this means that

(0@ p)(R® R)(Az)) = (p®0)(A(R(z))), forallz € A. (5.1)

So far, Equation (5.1) holds true only for p,0 € A* that are analytic with
respect to 7. But for any p € A*, one can find a norm-bounded sequence
{p(n)} of functionals that are analytic with respect to 7 and p(n)(a) — p(a),
for all a € A. For instance, see proof of Proposition 5.26 in [17], where
p(n)(a) = % [ exp(—n?t?)p(7¢(a)) dt. By Equation (5.1), we will have

(00n) @ p(m)) (R ® R)(A)) = (p(n) © 6(n)) (A(R(x)-
Letting n — oo, we have, now for any p, € A* and x € A,
(0@ ) ((R® R)(A2)) = (p 0) (AR())) = (6. p) (AP (R(x))).
Therefore, we have: (R® R)(Az) = A“P(R(x)), Vz € A.

Same argument will hold at the von Neumann algebra level. O

Proposition 5.5. As an immediate consequence of Propositions 5.1, 5.2,
5.4, we have, for all t € R, the following results:

(1) (Tt & O't)(E) =F

(2) (Tt & Tt)(E) =F

(3) (R® R)(E)=cFE

Proof. The results follow from the earlier propositions, with £ = A(1). O

5.2. An alternative characterization of the antipode map. While we
do have a valid definition of the antipode (Definition 4.25), it is true that
this definition is based on specific Hilbert space operators K and L, and so
depends on the choice of the weights ¢, . The goal in this section is to
give an alternative characterization of the antipode that do not explicitly
rely on the Haar weights. The formulation presented below (Definition 5.9
and Proposition 5.10) is analogous to the quantum group case, as given in
section 1 of [31].

We need some technical preparation: Let B be a C*-algebra and con-
sider an index set I. Borrowing from Kustermans—Vaes (see Definition 5.27
of [17]), define M C(B) as the set of I-tuples (z;)ic; in M(B) such that
(xfx;)ier is strictly summable in M (B); and similarly define M R;(B) as
the set of I-tuples (z;)ics in M(B) such that (x;z])icr is strictly summable
in M(B).

In a sense, elements of MCj(B) may be thought of as infinite columns,
elements of M R;(B) as infinite rows. It is clear that the *-operation provides
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a bijection between the two sets. These notions will be useful in what follows,
as we will occasionally deal with strict convergence. Here are some results:

Lemma 5.6. Consider a C*-algebra B and an index set I.

(1) Let (i), (yi) € MCr(B). Then (z}yi)icr is strictly summable. Also
the net {Ziel‘ :cfyi}r over the finite subsets I' C I is bounded.

(2) Let (z;) € MR;(B) and (y;) € MC1(B). Then (x;yi)icr is strictly
summable. Also the net {ZiEF J:iyi}r over the finite subsets I' C I
s bounded.

(3) MR;(B) and MCy(B) are vector spaces for the componentwise ad-
dition and scalar multiplication.

Proof. See Lemma 5.28, Results 5.29, 5.30 in [17]. O

Also, here is another lemma that will be useful below:

Lemma 5.7. We can find a net (e;)icr, in A such that
e cach e, | € L, is contained in D(T_i);
2

e (e1)icr is bounded and converges strictly to 1;
° (T—i(el))leL is bounded and converges strictly to 1.
2

As a consequence, we see that (e;)ier, is a net contained in D(S) such that
(S(el))leL converges strictly to 1.

Proof. This is similar to the case considered in the proof of Lemma 4.11 (See
also Remark 5.32 in [17].). Consider a bounded net (u;);cr, such that (u;)ier
converges strictly to 1. For each | € L, define ¢; := ﬁ [ exp(—t?)7(wy) dt.
Then the three properties are easy to verify. The last statement is straight-
forward, because D(S) = D(Tié) and S=RoT_.. O

(SIS

Let us now gather some results concerning the antipode map S and the
strict topology on the multiplier algebra M (A).

Proposition 5.8. (1) Suppose a,b € A are such that for every z € D(S)
we have za € D(S) and S(za) = bS(z). Then we have a € D(S) and
S(a) =b.
(2) Similarly, if for every z € D(S) we have az € D(S) and S(az) =
S(z)b, then a € D(S) and S(a) = b.

Proof. By the previous lemma, we can find a net (e;);cy, contained in D(.S)
such that (S(el))leL converges strictly to 1. Suppose a,b € A are such that
for every z € D(S) we have za € D(S) and S(za) = bS(z). Then e;a € D(S5),
Vi € L, and e;ja — a. Since S is a closed map on A, we see that a € D(5)
and that S(a) = limyey, S(eja) = limyer, bS(e;) = b. The second statement is
proved in a similar way. O

Corollary. S is closed with respect to the strict topology on A.



LOCALLY COMPACT QUANTUM GROUPOIDS 55

Proof. Suppose a,, — a strictly, where each a,, € D(S), and also S(a,) — b
strictly. Then for any z € D(S), we would have: za, — za, in norm.
Moreover, by the strict convergence S(a,) — b, we also know that S(za,) =
S(an)S(z) — bS(z), in norm. Since S is a closed map, it follows that
za € D(S) and that S(za) = bS(z).

In other words, we see that za € D(S) for any z € D(S) and that S(za) =
bS(z). By the Proposition 5.8, we conclude that a € D(S) and S(a) = b,
showing that S is closed under the strict topology. ([l

We now turn to giving an alternative description of the antipode. First,
we define a subspace Dy of A.

Definition 5.9. Let x € A. We will say = € Dy, if there exists an element

Z € A and an index set I with elements {pi1,p2,... ticr, {q1,92,--- }bicr
contained in M R;(A), such that

Z A(p;)(1 ® ¢;) converges strictly to E(z ® 1), (5.2)
el
Z A(gi)(1 ® pj') converges strictly to E(z ® 1). (5.3)
el

One may notice its resemblance to the definition at the Hilbert space level
for the domain of the operator K (Definition 4.1). Here is an important
observation:

Proposition 5.10. Let x € Dy, and let T € A be as in Definition 5.9. Then
x € D(S) and S(z) = z*.
Proof. Suppose x € Dy and £ € A be as in the definition, with elements
(pi)ier, (gi)ier in MRy(A), satisfying Equation (5.2) and Equation (5.3).
Note that Equation (5.3) is equivalent to saying
Z(l ® pi)A(g;) converges strictly to (Z* ® 1)E. (5.4)
el
Let ¢, d € 91,. Then, by Proposition 4.28, for any finite subset I' C I, we
will have Y, - (id ®¢) (A(c*p;) (1 ® ¢fd)) € D(S), and

$ (Z(M @) (A(p)(1® q:d>)> = S (dee) (1@ cp)Agd). (55)
i€l iel

Meanwhile, by Lemma 5.6, the net {Zier Diq; }F over the finite subsets
I" C I is bounded. Since A is a *-homomorphism, this in turn means that the
net {3 cp A(pi)(19¢;) }» over the finite subsets of I is bounded. Because of
the boundedness of the net, Equation (5.2) leads us to the strict convergence:

S (0 @e) (Alp)(1 © i) — (d o) (Al B @ 1)1 © )
el
= (i[d®y)(A(c)(1® d)) =,
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where we used the fact that A(¢*)E = A(c*). Similarly, by Equation (5.4)
and the boundedness of the net, we have the following strict convergence:

S (d@p)(1© cp)A(gd) — (dop)(1 & )(E © 1E|(Ad)
el
=" (id®p) ((1 ® ¢*)(Ad)).

These observations, together with the fact that .S is closed under the strict
topology (recall Proposition 5.8), mean that at the limit, Equation (5.5)
becomes:

S((id o) (A(c)(1®d) z) = 2" (Idop)((1® c*)(Ad)).

It follows that for all elements z = (id ®¢p) (A(c*)(1 ® d)), which form a

core for S, by Proposition 4.28 we have:
S(zz) = 2%5(2).
Applying Proposition 5.8, we conclude that x € D(S) and S(x) = &*. O

From Proposition 5.10, we see that Dy C D(S) and Sy = S|p,, where Sy

is the map given by Dy 3 x — Z*. Meanwhile, by imitating the proof of
Proposition 4.7, we can also show the following result:

Proposition 5.11. Forw € B(Hy)«, let v = (id@w)(W) and & = (id @w)(W).
Then x € Dy, with T is as in Definition 5.9.

Proof. Without loss of generality, we may assume w = we ¢, where £, ( € H,.
Also let (e;)jes be an orthonormal basis for H,. Define:

pj = (id ®wejyg)(W), and ¢; := (id ®wej7§)(W).

Note that by Lemma 3.1, we have: > . ;p;p; = (id ®w¢,¢)(WW™), where
the net of finite sums is bounded and convergent. So (p;)jes € MR;(A).
Similarly, we have (¢;)je; € MR;(A).

Meanwhile by Proposition 4.6, we have: A(p;) = (id ®id ®w; ¢ ) (W13Wa3),
while (1 ® ¢}) = (id®id ®we ;) (W33). So by a similar argument as in the
proof of Proposition 4.7, we have the convergences:

D Ap)(1®q)) — E(id®id Qwe o) (W) = E(z ® 1), (5.6)
JjeJ
> Alg)(1®p)) — E(1d®id@w ) (Wis) = E(i 1), (5.7)
Jj€J

The two convergences are under the strict topology. To be precise, a modi-
fied version of Lemma 3.1 (4) is needed, regarding the strict topology. But,
that is not fundamentally different.

Comparing Equations (5.6) and (5.7) with the defining equations in Def-
inition 5.9, we see that x € Dy. O

Theorem 5.12. Let x € Dy, with T be as in Definition 5.9. Let Sy be the
closure of the map given by Dy > x — T*. Then Sy = S.
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Proof. Following the proof of Proposition 5.10, we already observed that
Doy € D(S) and Sy = S|p,. On the other hand, from Proposition 5.11, we
saw that Dy contains the elements of the form (id ®w)(W), for w € B(Hy)«.
But we know such elements form a core for S (Proposition 4.27). Therefore,
we conclude that Sp = S. U

Remark. The significance of this latest observation is that the antipode
map S can be characterized as the map Sy (defined on Dy), which does
not explicitly refer to the weights ¢ or 7). Moreover, the pair R and 7 are
completely determined by the following properties:

R is a *-anti-automorphism on A;
T = (T¢)teRr 1S & norm-continuous one-parameter group on A;
R and 7 commute;

S:ROT_L

2
Indeed, if we know S (like the characterization Sp), then from the above
properties, we will have S? = 7_;, from which we can determine 7. We can
then determine R using R = S o 7;. What this means is that R and 7 also

2
do not explicitly depend on the choice of the weights ¢ and .

Since M = m,(A)” is generated by the (id®Qw)(W), w € B(Hy)«, the
same argument as above will provide an analogous characterization of S.
As above, the pair R, 7 are completely determined by S,

The result of Proposition 5.8 can be further extended to the level of M (A).
First, write S = Ro7 : to be the strict closure of S, where R is the *-anti-

2
automorphism on M (A) extending R, and 7_i is the strict closure of 7_;.
2

2
Using the net (e;);cr, from Lemma 5.7, we have the following result. The
proof is essentially same as in Proposition 5.8.

Proposition 5.13. (1) Suppose a,b € M(A) are such that for every
z € D(S) we have za € D(S) and S(za) = bS(z). Then we have

a € D(S) and S(a) = b.
(2) Similarly, if for every z € D(S) we have az € D(S) and S(az) =

S(z)b, then a € D(S) and S(a) = b.

Also for S, at the level of M(A), we do have a similar characterization for
its domain, Dy, like in Definition 5.9. Then S : x +— &* for « € Dy. For the
proof, we can use Proposition 5.13. As above, the maps R, 7 are completely
determined by S.

We end this subsection with a result symmetric to Definition 5.9 and
Proposition 5.10:

Proposition 5.14. Let y € A be such that there exists an element § € A
and an index set I with elements (p;)ier, (¢i)ier € M R1(A), satisfying

Z(pi ® 1)A(g;) converges strictly to (1@ y)E,
el
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Z(qi ® 1)A(p;) converges strictly to (1@ g)E.

i€l
Then y € D(S) and S(y) = g*.
Proof. Apply ¢o(R® R) to both sides of the two convergences above, where
¢ is the flip. Using so (R® R)(Az) = A(R(z)) and co (R@ R)(E) = E (see
Proposition 5.4 and Proposition 5.5), we will have:

Z A(R(q})) (1 ® R(p;)) converges strictly to E(R(y) ® 1),
el
Z A(R(py)) (1 ® R(g;)) converges strictly to E(R(j) ®1).
i€l
Note here that as R is a *-anti-automorphism,we have (R(pl))
and (R(qf))ie] € MRi(A).

Comparing these observations with Equations (5.2) and (5.3), and know-
ing Proposition 5.10, we see that R(y) € D(S) and S(R(y)) = R(y)*. Since
SR = RS and since R preserves the *-operation, this becomes R(S(y)) =
R(y*). Since R is injective, it follows that y € D(S) and that S(y) = y*. O

i € MO1(A)

The result will hold true if we let y,§ € M(A) and extend S to S. Similar
also at the von Neumann algebra level. In addition, all the comments earlier
have analogous results, providing us with another characterization of the
antipode map, which again does not explicitly involve the weights ¢, 1.

5.3. Strong right invariance of ¢ and the operator V. In this subsec-
tion, we will obtain results corresponding to Proposition 4.28 and Proposi-
tion 4.27, but in terms of the weight ¢ and the operator V' (instead of ¢
and W earlier).

We begin with a result that is a consequence of the right invariance of 1.

Proposition 5.15. Let c € My, and w € Ny. Then
(Y ®id®id) (A @id)(A(*)(w® 1)) = E(1® (¢ ®id)(A(c")(w ® 1))).

Proof. Since M7 Ny, is dense in Iy, we can assume without loss of generality
that c is of the form ¢ = r*y, where r € M, y € M. Also consider x € A
arbitrary and let s € 9, be arbitrary.

(P ®id@e)((1®z®s*)(A®id)(A()(w®1))) = (Y ®id) (1 @ z)A(qw)),

where ¢ = (id ®¢) ((1 ® s*)A(c*)) = (id@p) ((1 ® s*)A(y*r)).
Here, by Proposition 2.12, and by the property/definition of the @, map
given in Proposition 2.6, the right side becomes:

= (¥ ©1d)(Qp(qw® z)) = (Y ®id)(Qp(¢ @ z)(w @ 1))
= (¥ ®id)(([d®idop) (1 ® 2z ® s*)(1 ® E)A13(y*r))(w @ 1))
= (Y ®idop)(1®z® s")(1® E)A3(c) (w1 ®1)).
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With = € A, s € N, being arbitrary, and as ¢ is faithful, it follows that
(Y@id ®id) ((Aid)(A(c*)(w®1))) = (YRid®id) ((IQE)A13(c*)(w®1®1)),
which is none other than

(Y ®id®id) (A @id)(A(*)(w® 1)) = E(1® (¢ ®id)(A(c")(w ® 1))).
O

The following is the strong right invariance of the weight 1, which is
analogous to Proposition 4.28 (“strong left invariance”) for ¢. The first part
of the proof uses the approach analogous to the proof of Proposition 5.5 in

[17], and we also make use of the characterization of S we obtained earlier
in Proposition 5.14.

Proposition 5.16. For a,b € Ny, we have: (Y ®id)((a*®@1)(Ab)) € D(S),
with such elements forming a core for S, and
S((W @id)((a" ® 1)(Ab))) = (¢ ®id)(A(a") (b ®1)).
Proof. Let (Hy, Ty, Ay) be the GNS-representation for ¢, and let (e;);cr be
an orthonormal basis for H,. For a,b € My, define:
pi = (0; ®1)(Ay ®1d)(Aa), and ¢ = (0; ®1)(Ay ®id)(Ab),
where 0; := (-, e;).
Then for any finite subset I' C I, we will have:
> Alg)pi©1)
el
= Z(Aw ®id ®id) ((id @A) (A(6))) (6;0; @ 1 ® 1)(Ay ® id®id)(Aa® 1)
el
=Ay® id®id)((A ®id)(A(0")) (Pr®1® 1)(Ay @ id®id)(Aa @ 1),
where Pr denotes the orthogonal projection onto the subspace generated by
the (e;)ier. From this we see that the net {3, A(q})(p; ® 1)}i€F over the
finite subsets I' C I is bounded and converges strictly to
(¢ ®id®id)((A @ id)(A(b*)(a @ 1))),
which is same as E (1® (¢ ®id)(A(b*)(a ® 1))), by Proposition 5.15.
In other words, we have established that
Z A(g})(pi ® 1) converges strictly to E (1 ® (¢ ®id)(A(b*)(a @ 1))),
i€l
which is equivalent to saying
Z(pff ®1)A(g;) converges strictly to (1® (¢ ®id)((a*®1)(Ab))) E. (5.8)
i€l
By a similar argument, we can also show the following:

Z(qf ®1)A(p;) converges strictly to (1® (¢ ®@id)((b* ®1)(Aa))) E. (5.9)
el



60 BYUNG-JAY KAHNG AND ALFONS VAN DAELE

Write y = (¢ ® id)((a* ® 1)(Ab)) and § = (¢ ® id)((b* ® 1)(Aa)). By
Proposition 5.14, the convergences given in Equations (5.8) and (5.9) show
that we have y = (¢ ®id)((a* ® 1)(Ab)) € D(S) and that S(y) = g*. Or,

S((p®id)((a*®1)(Ab))) = (¥@id)((b*®1)(Aa))” = (P@id)(Aa*)(b@1)).
0

Now that we have shown the “right” analogue of Proposition 4.28, we
will next show the analogue of Proposition 4.27. We first observe the fol-
lowing proposition, which is itself providing analogues of Proposition 3.16
and Propositions 3.17, 3.18.

Proposition 5.17. (1) For a,b € My, we have:
(WA (0):A(a) @A) (V) = (1 ®id) ((a* @ 1)(AD)),

regarded as elements in A = w(A).
(2) We have the following characterization of our C*-algebra A:

A={(w®id)(V):we B(’;‘-W)*}H H.
(3) We also have: (my @ m)(Az) =V (my(z) ® 1)V*, for all z € A.

Proof. (1). The proof is done in essentially the same way as in Proposi-
tion 3.16. Use the fact that V (Ay(c) ® A(d)) = (Ay @ A)((Ac)(1 ®d)).
(2), (3). Again, imitate the proofs of Propositions 3.17 and 3.18. O

Proposition 5.18. For any w € B(Hy)«, we have: (w ®id)(V) € D(S),
and

S((w®id)(V)) = (w®id)(V*).
Proof. Without loss of generality, we may assume that w = wy »(0).Ay(a)s for
a,b e Ny. Any w € B(Hy )« can be approximated by the WA, (), Ay (a)-

By Proposition 5.17 (1) and the strong right invariance property of
(Proposition 5.16), we have:

S (@ tyr @ @ID(V)) = S((Boid)((a*©1)(AB)) = (¥oid) () (b1)).

Meanwhile, we have:

*

(Way (0),Ay (@) @I (V) = (Wa(@),0, ) @1)(V)* = (¥ @1d) ((b* @ 1)A(a)) ",

which is same as (¢ ® id)(A(a*)(b® 1)). This proves the result. O

Since the space {(w ® id)(V) : w € B(Hy)«} is dense in A (Proposi-
tion 5.17), it would form a core for S.



LOCALLY COMPACT QUANTUM GROUPOIDS 61

5.4. The operator V, and the one-parameter group (af’ ). Using the

right Haar weight v, we can construct the “right” analogues of V and (o),

satisfying the properties that are similar to the results obtained earlier.
Here is a result that corresponds to Lemma 4.19.

Lemma 5.19. Let £ € D(L%) and ¢ € D(L_%). Then we have:
(id ®we ¢)(V)* = (id ®WIL%§,IL_%§)(V)'

Proof. Let a,b € 9, be arbitrary. Then we have:

. . 1 _1
((id @w J(V)Ay(a), Ay (b)) = ((Wa,(a).0, @A) (V)IL2E, TL72C).
Since IL? = L~ 2] and IL" 2 = L%I, the right side becomes

. _1 1 1 . 1
= (WA ()0, m)®1A) (V)LT2IE, L2 I¢) = (L2 (wa, (a),0, 1y @id) (V) L2 IE, IC).
But observe that
1 . 1

L2 (W (a),p,0) @1d)(V)L72

= 7_i (Way(@.4,0) ®1A)(V)) = RS ((wa ()4, 0) @1d)(V))

= R((Way(a),a, ) @) (V) = T(wa,(a),0, ) @ 1d) (V)T
where we used Proposition 5.18 in the third equality.

Putting all these together, knowing that I = 1, I* = I, and I is conjugate
linear, we thus have:

<(id ®WIL%§7[L*% )(V)Aw(a)’ A¢(b)>

= (WA (@),Ap ) @) (V)EIC) = (& (Way(a).a,0) @ 1) (VF)E)
= ((Way(a),ay0) @I (VF)C,€) = ((Id ®uwe,e) (V) Ay (a), Ay ().
Since a,b € Ny, are arbitrary, this means that

(4w, 4, 3 V) = (dGwee) (V) = (i @ug ) (V)"

1 1
IL2¢TL73¢

O

We may imitate the discussion given in §4.2, and write T to be the closed

operator on Hy, such that Ay(9y NN) is a core for T and TrAy(y) =
1

Ay (y*), for y € Ny N O1y,. Its polar decomposition is T = JyV7, where
Vy = TETR. As before, we have ~J¢ = Jy Ji =1, and JyVyJy = V;l.
Since 1 is a KMS weight, its lift ¢) to the von Neumann algebra my(A)” is
an n.s.f. weight, with the same GNS-Hilbert space ’Hd; = Hy. We have the
modular automorphism group (af’ )ter at the von Neumann algebra level,
given by O'Z’Z) C x> VZJ:V;“. Note that (Uf’) leaves the C*-algebra A
invariant, and the restriction of (O'Zl} ) to A is exactly the one-parameter

group (O’;/} ) associated with the KMS weight 1, or Jf’ = a;p O Ty
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With the notation above, we are able to prove the following, which cor-
respond to Propositions 4.12, 4.17, 4.20.

Proposition 5.20. The following results hold:
(1) V(V¢ ® Lil) - (Vw & Lil)V
(2) V(Vfb ® L7%) C (Vfb ® L3V, for all z€ C
3) (Jy @)V (Jpy@I)=V"*

Proof. (1). Let y € 9y, N 9,. For any w € B(H)., we have:
(id @w)(V)Ay(y) = Ay ((id @w)(Ay)),

by definition of V' (Proposition 3.2). By the right invariance of 1, we know
(id ®w)(Ay) € Ny NN, and so we have (id @w)(V)Ay(y) € D(Tr). Then:

Tr((id@w)(V)Ay(y)) = Tr(Ayp((id@w)(Ay))) = Ay ((ild@@)(A(y)))
= (id @w)(V)Ay(y*) = (id@w)(V)TrAy(y).
Since Ay (Dt N ‘ﬂ;‘p) is a core for Tgr, we just showed that

(idew)(V)Tgr C Tr(id @w)(V). (5.10)
This is analogous to Proposition 4.9 earlier. Taking adjoints, we also have:
([dew)(V)TE C Tr(id®w)(V*), Yw e B(H).. (5.11)

Now let £ € D(L) and ¢ € D(L™1). By the inclusion (5.11), we have:
(id ©we.¢) (V) Vs = (id D1 ) (V') TETR C Tii(id o) (V)T
Look at the right hand side. By Lemma 5.19, we have

(RHS) = Tj(id @we o) (V) T = T(id @w )(V)Th.

Using inclusion (5.10), and again using Lemma 5.19, this becomes:

(RHS) C TjTr(id ®w J(V) = Vylid@w,y oy (V)

1 _1
ILZEIL2¢

IL73C L%
= Vy(id ®wIL%L%I§,IL’%L’%I§) V)
= Vy(id@wp-1¢0e)(V)" = Vy(id @wre -1) (V).
Combining the results, for any £ € D(L) and any ¢ € D(L™!), we have:
(id ®@we ) (VF)Vy C Vy(id @wre -10) (V). (5.12)

This means that if p € D(Vy), we have (id ®wpe ,-1)(V*)p € D(Vy) and
that Vw(id ®WL§,L*1()(V*)]7 = (id ®W£,§)(V*)V¢p.
Let p,q € D(Vy) and v,w € D(L™!). Then, by Equation (5.12), we have:

(VXp @), Vg ® L™ w) = ((id ®w,, 1-1,) (V*)p, Viq)
= (Vy(id@wrp-14,1-1,)(V*)P, @)
= (([d @wp-144,) (V) Vyp, ).
This result can be re-written as:

(V@ LHV*(p@v),q@w) = (V(Vy @ L) (p@v),q® w),
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true for any p,q € D(Vy) and v,w € D(L™!). We thus have the inclusion:
V¥(Vy® L) C (Vy® L 1)V*. Equivalently, V(V,®L™1) C (V4@ L™ HV.

(2). Recall that V is a partial isometry with the projections VV* = FE
and V*V = Gp. Similar to the case involving W (see Proposition 4.15,
Proposition 4.16), for all z € C we can show the following:

VI(V3 © L7) ran(er) = (V3§ © L77)|[Ran(m)V,
as operators on Ran(Gp), and
VI (V3 @ L7%)|Ran@) = (V3§ @ L7%)[Ran(ar) V">

as operators on Ran(FE).
As a consequence (similar to the proof of Proposition 4.17), we obtain the
following result:

V(Vi® L %) C(Vie L")V, VzeC.

This is in general not an equality, but if z = it (¢ € R), the operators are
bounded and we do have the equality:

V(Vie L™ =(Vie L™V, teR. (5.13)
(3). Proof for (Jy ® I)V(Jy ® I) = V* is similar to the proof of Proposi-
tion 4.20. We use V(Vj@L*%) C (vj@)r%)v, as well as Lemma 5.19. O
Here is a result that corresponds to Proposition 5.1
Proposition 5.21. For allz € A and t € R, we have:
Ao} (@) = (of ® 1) (Ax).
This uniquely characterizes (7y).
Proof. We have, for any t € R,
Ao} (z)) = A(VilaV™) = V(Vi2V " @ 1)V
_ V(Vﬁf ® L) (z® 1)(V1;z’t © LYV
= (Vi L V(e )V (V" @ L") = (of @ 7.4)(Az),

where we used Equation (5.13)
As in Corollary of Proposition 5.1, this result provides an alternative
characterization of (7). Proof is similar. O

5.5. Antipode map restricted to the base algebra. We often indicated
in Part I that the vp, 7¢ maps at the level of the subalgebras B and C,
associated with the canonical idempotent F, are restrictions of the antipode
map S. Finally we will provide the proof.

We begin with a converse result of Equations (1.3) and (1.4), giving us
useful characterizations of M(B) and M(C'), the “source algebra” and the
“target algebra” contained in M (A).

Proposition 5.22. Let z,y € M(A). We have:
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(1) x € M(C) if and only if Az = (@ 1)E =FE(z®1),
(2) y€ M(B) if and only if Ay=FE(1®y) =(1®y)E.

Proof. (1). One implication is already known from Equation (1.4). To prove
the converse statement, suppose © € M(A) is such that Az = (z ® 1)E =
E(zx ®1). By Proposition 5.1, we have:

Afoy(z)) = (@ o) (Az) = (@ 0y) ((z ® 1)E) = (1 @ 0¢) (E(z ® 1)).

But we know that (7, ® 0¢)(E) = E (Proposition 5.5) and that 7, o, are
automorphisms. So from the above equation, we have:

A(o¢(z)) = (1e(z) ® 1) E = E(1(z) ® 1). (5.14)
For n € N, define z,, z, € M(A) as follows:

Ty = ;E/exp(—thQ)at(x) dt and =z, = ;E/eXp(_thQ)Tt(x) dt.
Note that lim,, 0 ,, =  and lim,,_,~ 2, = . By Equation (5.14), we have:
Azy) = (2, ®1)E = E(2, ® 1). (5.15)
Since z,, is analytic with respect to (0;), we have z,k € 9, for any
k € M, (see Lemma 1.2 in Part I [14]). So we have A(z,k) € Miq gy, and
we can apply id ®p. Then we have:
(id@p) (A(znk)) = (id @p) (A(zn) (AR)) = (id@p)((20 © 1)(AF)),

using Equation (5.15). Let n — oco. Then this becomes

(id®@p) (A(zk)) = z(id®p)(Ak), VkeM,. (5.16)
Similarly, again using Equation (5.15), we can also show that
(id @) (Alkz)) = (id@p)(Ak)z, Yk €M, (5.17)

But we saw in Proposition 2.14 that the elements (id ®¢)(Ak), k € M,
are dense in C. Therefore, Equations (5.16) and (5.17) show that zz € C
and zz € C for all z € C. It follows that x € M(C).

(U

(2). Proof for the case of M (B) is similarly done, this time using Aoo, =
(J}f ® 7—¢) o A (from Proposition 5.21). O

Next, we show how the scaling group (7¢) and the anti-isomorphism R act
on the subalgebras M (B) and M(C).
Proposition 5.23. We have:
(1) The scaling group (1) leaves both M(B) and M(C) invariant.
(2) R(M(B)) = M(C) and R(M(C)) = M(B).
Proof. (1). Let x € M(C). Then Az = (z®1)E = E(x®1). Apply 7+ ® 7.

Since we know (73 ® 73)(E) = E from Proposition 5.5, we obtain:

(r @ ) (Az) = (Tt(x) ® 1)E = E(Tt(ZE) ® 1).
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But note also that (7y ® 7)(Az) = A(7(z)), by Proposition 5.2. In other
words, we have:

A(r(z)) = ((z) ® 1) E = E(r(w) ® 1).

It follows from Proposition 5.22 that 7 (z) € M(C).
Similarly, we can show that y € M (B) implies 7(y) € M (B).
(2). Suppose z € M(C). Then Az = (z®1)E = E(x®1). Apply R® R.

Since R is an anti-isomorphism, we then have:
(R® R)(Az) = (R® R)(FE) (R(CL‘) ® 1) = (R(a:) ® 1) (R® R)(E).
By Propositions 5.4 and 5.5, this can be rewritten as:
ACOP(R(JU)) = (<E)(R(z)®1) = (R(:c) ® 1)(gE).
Or, equivalently,
A(R(z)) =E(1®R(z)) = (1® R(z))E

By Proposition 5.22, we see that R(x) € M(B).
Similarly, we can show that y € M(B) implies R(y) € M(C). O

Since S = RoT7_ i, We can see immediately from Proposition 5.23 that
S|y : M(B) = M(C) and S|y : M(C) — M(B), when restricted to
the respective domains, of course. Let us now compare these maps with the
vB, Yc maps earlier.

Suppose y € B is such that y € D(vgp). Let a,b € Ny, be arbitrary, and
consider z = (¢ ® id)((a* ® 1)(Ab)) € D(S). Then, since Ay = (1® y)E,
we can show that

yz = (Y @id)((a” @ y)(Ab)) = (v ®id)((a” @ 1)(Ay)(Ab))
= (e id)((a 1)(A(yh)), (5.18)

which is also contained in D(S), because yb € My, a € MNy,. We have:

S(yz) = S((v @id)((a* @ 1)(A(yb)))) = (¢ @ id)(A(a”)(yb @ 1))
= (Y @1d)(A(a*) (b © v5(y)))
= (Y ®id)(A(a*)(b® 1))yB(Y) = S(2)7B(Y).

In the second and the last equalities, we used the strong right invariance
property of ¢ (Proposition 5.16). Third equality is using Lemma 1.1, saying
that E(y®1) = E(1®v5(y)). The elements (¢ ®id)((a* ® 1)(Ab)) form a
core for S, so we can say from above that yz € D(S) and S(yz) = S(z)v5(y),
for all z € D(S). Therefore, by Proposition 5.8, we conclude that y € D(S)
and that S(y) = vs(y).

This observation shows that yg C S|p. But vp is a densely-defined map,
implying that yg = S|p. To explore this further, let y € BN D(S). Then
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for any a,b € My, we have:

(¥ @id)(A(a")(yb® 1)) = S((¢¥ @id)((a” ® 1)(A(yb))))
= S(yz) = 8(2)S(y) = (¥ ®@id)(A(a") (b ® 1)) S(y)
= (Y ®id)(A(a")(b® S(y))),

where we wrote z = (¢ ®id)((a* ® 1)(Ab)) and used Equation (5.18). We
also used the strong right invariance property and the anti-multiplicativity
of S. Since b is arbitrary and since 1 is faithful, it follows that

Ala")(y®1) = A(a")(1® S(y)),

true for any a € 9y, a dense subspace of A. By the property of E (see
Proposition 3.3 (2) in Part I [14]), it follows that

E(y®1l)=E(1®S(y)). (5.19)

Equation (5.19) confirms that the restriction of our antipode map S onto B
is exactly the yp map earlier, whose image is contained in C.

In a similar way, we can show, using now the strong left invariance prop-
erty of ¢ (Proposition 4.28), that the restriction map S|¢ is exactly the v¢
map earlier, whose image is contained in B. We will further have:

(l®z)E=(S(z)®1)E, forz € D(S)NC =D(y). (5.20)

We collect these results in the following proposition, together with some
related results concerning the map R and the automorphism group (7).

Proposition 5.24. The antipode map S = RoT_i, when restricted to the
subalgebras B and C, has the following properties: ’
(1) S|p =B, with D(S) N B =D(yB);
(2) Sle =c¢, with D(S) N C =D(yB);
(3) For allt € R, we have: 7|p = 0¥, and 1¢|c = o}, where (o¥) and
(0}) are the automorphism groups associated with the KMS weights
v (on B) and v (on C) considered earlier.
(4) R|p = Rpc : B — C and R|c = Ry, : C — B, where Rpc is the
*-anti-isomorphism associated with the separability triple (E, B,v).

Proof. (1), (2). These were shown in the above paragraphs. Note in partic-
ular Equations (5.19) and (5.20).

(3). From Proposition 2.9 of Part I [14], we know ", (¢) = (ypo~c)(c) for
¢ € D(ypoyc), and that 0¥, (b) = (75" oy&l)(b) for b € D(v5" 0751), which
is equivalent to 0¥ (b) = (yc o vp)(b) for b € Ran(v3' ov5') = D(vc 0 vB).

Meanwhile, we just observed that vp, ¢ are restrictions of .S onto B and
C, respectively. So, by Proposition 4.26 (6), we have:

o', =qpovc =5 c="1ilc and ¥ =qcoyp=S%p=""ilB

In other words, on C, we have two one-parameter groups (o}) and (7¢|¢)
such that ", = 7_;|c. But o, and 7_; generate (o}') and (73), respectively.
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This means that on C, the two one-parameter groups coincide, such that
Ttlc = of for all t.
Similarly, on B, using 0¥ = S?|g = 7|, we show that 7| = 0", Vt.
(4). Recall that yg = Rpc o 0% (see §1.1). Compare this with the

2
polar decomposition of the antipode S = R o 7_: restricted to B, namely,
2
Slp = R|po7_i|g. We now know that S|p = v and 7_i|p = o4. It
2 3 5
follows immediately that R|p = Rpc.

Proof for R|c = RJ_Blc is similar, using S|¢ = v¢ and 7_i|c = " O
2

i

2

Remark. In the Remark following Definition 4.22, we discussed our choice to
denote by R the anti-isomorphism R4, the unitary antipode on A. Here, we
see that the restriction of R4 to the subalgebra B is Rp¢, which was a part
of the defining data for the separability triple (E, B,v). Proposition 5.24
assures us that using R throughout is all right and not ambiguous.

We have below a sharper result improving Proposition 5.23, as a corollary
to Proposition 5.24.
Corollary. We have:

(1) (7¢) leaves B invariant and v o 1¢|p = v, for any t € R.
(2) (1¢) leaves C invariant and po 1¢|c = p, for any t € R.
(3) R(B) =C and R(C) = B.

Proof. (1), (2). Since 7|p = ¢¥, and 7¢|c = o}, these are immediate.
(3). This follows from the observation that R|p = Rpc : B — C and
R|c = Ry : C — B. O

Next result is about the automorphism groups (o;) and (Uf ), associated
with our Haar weights ¢ and v, respectively, restricted to the base algebras
C and B.

Proposition 5.25. We have: o|c = o and o¥|p = o”.

Proof. Consider s = o;(a)b*, for a,b € 7Ty, the Tomita subalgebra. Such
elements are dense in M, and for any z € M(A), we have sz € ﬁ¢ with
¢(sz) = p(oi(a)b*z) = ¢(b*za). Similarly, we also have zs € M,,.

Suppose z € M, (C C) is analytic with respect to u, and consider o (z),
which is also an element in C'(C M(A)). As noted above, we will have

so".(z) € M. By Proposition 1.3, we have:
o (50%(2)) = (A D) (A (30" (2)))) = (1 ® 9)(A(s0" ().
Since A(o",(z)) = E(o";(z) ® 1) and Az = (z ® 1)E, this becomes:
o507 () = (19 D) ((As) 0™ (1) © 1)) = (4 © ¢) (2 © 1)(A9))

= (L® @) (Aws)) = p(2s),
again by Proposition 1.3.
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Compare this with the usual characterization of the automorphism group
(0¢) for ¢, given by ¢(zs) = ¢(so_i(z)). As elements s = o;(a)b* are dense
in M, and ¢ is faithful, we conclude that = € D(o_;) and that o_;(z) =
o 1(33)> which is true on a dense subset of C. Since o_; and " ; generate
(0¢) and (o}") respectively, we see that on C, we have o¢|c = o} for all .

Similarly, for y € M, (C B), that is analytic with respect to v, we have,
for any s € Ty, that

Y(s0%5(y) = (W @v)((As)1®0”i(y) = (¥ @ v)((L@y)(As))
= (W @ v)(Alys)) = v(ys).

Comparing with the characterization 1 (ys) = w(safi(y)), we can conclude

that on B, we have of’|B = oy for all ¢t. O

Corollary. As a consequence of the previous proposition, we have:

(1) oy leaves C invariant and p o of|c = u, for any t € R.
(2) af} leaves B invariant and v o UZ/}|B =v, for any t € R.

Proof. Since o¢|c = o and oj|p = 0¥, these results are immediate. O

Now that we considered the restrictions ¢|c and o¥|g, which were re-
spectively shown to coincide with ¢# and ¢V, it is natural to consider the
restriction o|g. While it does not have to coincide with o, we still have the
following invariance result:

Proposition 5.26. o, leaves B invariant and v o o¢|p = v, for any t € R.

Proof. Suppose y € M(B). Then by Proposition 5.1, we have:

A(Ut(y)) = ® o) (Ay) = (1t ® 0¢) (E(l ® y)) = E(l ® at(y)),

where we also used (1 ® 0¢)(E) = E (Proposition 5.5). But then, by Propo-
sition 5.22, we see that o(y) € M(B). It follows that o; leaves M(B)
invariant.

At this stage, recall the last condition given in Definition 1.2, where we
required the existence of a one-parameter group (6;) of B such that 6,(b) =
o¢(b), Vb € B, Vt € R, and that v o §, = v. We can see immediately that
o|p = 0, which in particular means that (o;|p) is a one-parameter group of

B, and that v(o¢(b)) = v(0(b)) = v(b), for any b € B and ¢ € R. O

The above proposition was the first occasion where the last condition of
our main definition (Definition 1.2) was used. We will be using this result
to gradually make our case that v is “quasi-invariant”. First, we show the
commutativity of o and 7:

Proposition 5.27. We have:

(1) ¥ is invariant under (o4 © T_t)teR.
(2) o and T commute. That is, oy o Ts = T5 0 0y, Vi, s.
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Proof. (1). By Proposition 1.3, we have:
Y(opor—) = v((¥ @id)(A(op 0 7—))).
But by Propositions 5.1 and 5.2, we know that
Aogor) = (1@ 0y) (A=) = (id@(0y 0 7)) 0 A. (5.21)
Combining, we have:
P(op o) = v((orom) (¥ ©®id)A)) = v((¢ ©®id)A) = ¢,

where we used the fact that (¢ ® id)(Aa) € M(B), Va € My, together
with the knowledge that v o o¢|p = v (Proposition 5.26) and v o 7_4|p = v
(Corollary of Proposition 5.24). The last equality is using Proposition 1.3.

(2). By (1), it follows from the general weight theory (see [25]) that (o)
and (0y 0 T_¢)1er commute. In other words,

oV o(or07¢)=(0s0T_¢)00?, Vs, Vit (5.22)
Then we have:
(id@(gr o)) 0o A= Aoy 07—4) = A(0¥, 0 (0,0 7—4) 0 oY)
= (0¥, @ 1) (A((or07-1) 0 o))
= (O‘fs ® 750 (01 07—)) (A(af))
= (id ®Ts0 (0p0T_¢)o0 7'_5) o A.

The first and fourth equalities used Equation (5.21); second equality used
Equation (5.22); third and fifth equalities used Proposition 5.21.

Since the elements of the form (w ® id)(Ax), x € A, w € A*, are dense in
A, the above result implies that

00Tt =Tg0 (04 OT_)OT_3 =Tg004O0T_50T_y,

true for all s and t. From this, we have o = 75 0 0 0 T_g, or equivalently,
O4Ts = TsO0¢, VS, 1. O

Results similar to Propositions 5.26 and 5.27 do exist for o¥ (the invari-
ance of 4 under o¥|c, and the commutativity of ¢¥ and 7). But we will
consider them later.

5.6. The right Haar weight poR. Consider our left Haar weight . Using
the involutive *-anti-isomorphism R : A — A, we can define a faithful weight
poR. It is not difficult to see that po R is also KMS, with its one-parameter
group of automorphisms (o} OR)teR given by

UfOR:Roa,toR.
Let us further explore this KMS weight ¢ o R.

Proposition 5.28. ¢ o R is right invariant.
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Proof. Let a € Myor. Then R(a) € M,. By the left invariance of ¢, we
thus know that A(R(a)) € Miage, and that (id®@e)(A(R(a))) € M(C).
With AP =¢o A, we have (id @) (A(R(a))) = (¢ ®id) (A“P(R(a))). So
by Proposition 5.4, we have:

(id®p)(A(R(a)) = (¢ ®1d)((R® R)(Aa)) = R((p o R®id)(Aa)).
From this, we can see that Aa € ﬁ@o R®id, and that
(po R®id)(Aa) = R((id®¢)[A(R(a))]) € M(B),

because R(M(C)) = M(B) by Proposition 5.23. It follows that ¢ o R is
right invariant. U

Unlike in the quantum group case, with our base algebra B being non-
trivial, we cannot expect any uniqueness result for the right Haar weight.
Specifically, while both ¢ and ¢ o R are right invariant, it is not true in
general that ¢ o R is a scalar multiple of v. Having said this, it turns out
that for all practical purposes, replacing 1 by ¢ o R gives us essentially
an equivalent structure for our quantum groupoid. The remainder of this
subsection discusses this point.

Proposition 5.29. For all x € A and t € R, we have:
A(o?? (@) = (of" @ 7_)(Az).

poR
¢

Proof. Since o = Roo_; o R, we have:

A(o?°(2)) = A((Ro—¢R)(z)) = s o (R® R)(A(0—¢(R(2))))
=go(RT_4® Ro_)(A(R(z))) = (Ro—t ® RT_¢) (AP (R(z)))
= (Ro_+R® RT_R)(Ax) = (UfoR ® 7_¢)(Ax).

We used the results of Propositions 5.1 and 5.4, as well as the commutativity
of 7 and R. O

Observe that this result is essentially the same as Proposition 5.21. See
the following proposition for our main claim:

Theorem 5.30. The data (A, A, E, B,v, ¢, poR) determines a locally com-
pact quantum groupoid of separable type, in the sense of Definition 1.2.
Moreover, R and (1) are still the unitary antipode and the scaling group for
this new quantum groupoid.

Proof. Since ¢ o R is shown to be right invariant, we can see immediately
that (A, A, E,B,v,p,p o R) is a locally compact quantum groupoid sepa-
rable type. We also have the following result analogous to Proposition 1.3.
Namely, for a € M or, we have:

I/(((p oR® id)(Aa)) =(vo R)((id ®30)(A(R(a)))) = w(R(a)). (5.23)
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First equality is true because (¢ o R ® id)(Aa) = R((id ®¢)(A(R(a)))),
observed in the proof of Proposition 5.28, and the second equality is using
v o R =y and Proposition 1.3.

Therefore, all the same discussion and construction will go through, in-
cluding the construction of the unitary antipode and the scaling group, with
1 replaced by ¢ o R.

From Definition 4.22 and Proposition (4.21), we know that R: A — A is
defined by

R:(id ®WA¢(a),A¢,(b))(W> = (id ®WA¢(af (a*))>(W)7

for a,b € 7. Since the elements (id ®wa ;(a),a;1)) (W) generates all of A,
this characterizes the map R. Observe that the definition does not explicitly
refer to the right Haar weight.

As for the scaling group, instead of Definition 4.23, which does depend
on the right Haar weight, consider an alternative characterization noted in
Proposition 5.21. Comparing it with Proposition 5.29, we can see that the
scaling group determined by having ¢ o R in place of ¥ is exactly 7. U

Remark. By Theorem 5.30, we see that the data (A, A, E, B,v,¢,¢) and
(A,A,E,B,v,p,p o R) represent essentially equivalent quantum groupoid
structure, with same R (unitary antipode), same 7 (scaling group), so the
same antipode map S.

L (69)),Ag(0”
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5.7. Quasi-invariance of v. From now on, building on the insight we
gained from the previous subsection, we will take the right Haar weight for
our quantum groupoid to be 1) = p o R. For convenience, write ¢/ = o%°%.

Let us begin with an invariance result, concerning the restriction of (o7)
to C' and the weight p on C.

Proposition 5.31. o} leaves C' invariant and p o oj|c = p, for any t € R.

Proof. Let ¢ € C. Then R(c) € B. By Proposition 5.26, we thus have
o1(R(c)) € B, Vt. Since g, = 0¥°f = Roo_; o R, we have,
7i(e) = Ro-1(R(e) € C,
showing that o} leaves C' invariant.
Meanwhile, we have (again by Proposition 5.26),
poolle = (woR)o(Roo 4o R)c =vooi|poRlc =voRlc = p
[l
The next proposition shows the mutual commutativity of the automor-
phism groups o, o/, T.
Proposition 5.32. We have:

(1) o and T commute.
(2) o' and T commute.
(3) o and o' commute.
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Proof. (1). This is none other than Proposition 5.27 (2).

(2). By modifying the proof of Proposition 5.27 (1), we can show that ¢
is invariant under (o, o 75)ser. Then using the result, we can show that o’
and 7 commute. Use Propositions 1.3, 5.1, 5.21, 5.2, and imitate the proof
of Proposition 5.27 (2). Alternatively, it can be obtained as a consequence
of (1), by making use of the fact that 0/ = Roo~' o R and that 7 and R
commute.

(3). By Propositions 5.1 and 5.29, and by using the results from (1), (2)
above, we have:

A(oro0l) = (®oy)(A(0}) = ((Teo0y) @ (00 T—5)) 0 A
= ((0hom) @ (t—s 0 01)) 0 A = (04, ® 7—5) (A(01)) = A(0% 0 0u).
It follows that oy o o, = o, 0 o4, which holds true for all ¢, s. O

Commutativity of the automorphism groups ¢ and ¢’ corresponds to the
quasi-invariance condition that is typically required of the ordinary locally
compact groupoid theory [23], [22]. This is assumed also in the framework
of measured quantum groupoids [19], [9]. Some discussion on this was given
in Introduction and section 4 of Part I [14]. See also Remark given below.

Remark. From the commutativity of o and ¢, and by using a result by Vaes
[29], one can define the Radon-Nikodym derivative, and this in turn will
allow us to define the modular element §. It would be a positive unbounded

operator affiliated to A such that ¢y = po R = gp(d% . (5%) In addition to
providing us with some useful results relating ¢ and v, or o and ¢’, the
modular element allows a natural way of identifying the Hilbert spaces H,,
and H,. This is similar to the quantum group case. In this way, we will
be able to work conveniently within the setting of one single Hilbert space
H. These discussions will be made more precise in Part III [15], when we
explore the duality issues.
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