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Abstract

An alternative version of the theory of multiplicative unitaries is presented.
Instead of the original regularity condition of Baaj and Skandalis we formulate
another condition selecting manageable multiplicative unitaries. The manage-
ability is the property of multiplicative unitaries coming from the quantum group
theory. For manageable multiplicative unitaries we reproduce all the essential
results of the original paper of Baaj and Skandalis and much more. In particular
the existence of the antipode and its polar decomposition is shown.

0 Introduction

To explain the subject of the paper we consider the multiplicative unitary related to
a locally compact group G. Let H = L*(G) be the Hilbert space of all measurable
functions on G square integrable with respect to the right - invariant Haar measure.
One can easily verify that the formula

(Wzx)(g,9') =2(99", 9)

defines a unitary operator on H® H. This operator often called Kac - Takesaki operator
is very interesting. It contains the full information about the group G. This fact follows
in the most transparent way from the famous Tatsuuma duality [6]. Let

G>9— R, € B(H)

be the right regular representation of G: (R,x)(¢') = x(¢'g) forany x € H and g, ¢’ € G.
Then for any non-zero 7' € B(H) we have

. B There exists g € G
{W (I®T)W_T®T} = { such that T = R, }
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We list the most important properties of the Kac - Takesaki operator. First of all,
it satisfies the following pentagonal equation:

W23W12 = W12W13W23- (01)

In this formula, we use the leg numbering notation: Wy, (k,l € {1,2,3}, k < l) denotes
the copy of W acting on H ® H ® H = L*(G x G x @) affecting only the k™ and [}
variable:

(Whaz)(g, 9", 9") = z(99'. 9", 9"),
(Wisz)(g.9',9") = z(99". 9", "),
(Wasz)(9,9',9") = x(9,9'9", 9").

The verification of the pentagonal equation is a matter of a simple computations. One
can easily check that

(WasWia)(9,9',9") = 2(9(9'9"), 9’9", 9"),
(WiaWisWas)(g. 9", 9") = x((99')9", 9’9", 9")

so, the pentagonal equation is equivalent to the associativity of the group rule.

Another interesting property is the regularity. To describe it, we consider the set
B(H). of all normal linear functionals defined on B(H) and the flip ¥ € B(H ® H):
Y(r®y)=y®uzforall z,y € H. In what follows, L?(H) will denote the space Hilbert
space of all Hilbert-Schmidt class operators acting on H. It is known that L?(H) is
canonically isomorphic to L?(G x G): an operator T' € L*(H) if and only if T is an
integral operator with the kernel belonging to L*(G x G).

Let z,y € H and for any a € B(H), w(a) = (z|ay). Then w € B(H).. One can
casily check that (id ®@w)(XW) is an integral operator with the square integrable kernel
K(g,9) = y(9)T(¢'g~") and that the set of such kernels (when z and y run over H)
is linearly dense in L*(G x G). Therefore (id ® w)(XW) € L*(H) and the set of such
operators is linearly dense in L*(H). Remembering that L*(H) is norm dense in the
algebra C'B(H) of all compact operators acting on H we get:

{(d@w)(EW):w e B(H),

} norm closure

= CB(H). (0.2)

In a fundamental and beautiful paper [3], Baaj and Skandalis presented an axiomatic
approach to the theory of Kac - Takesaki operator. As basic axioms they used the
unitarity of W, the pentagonal relation (0.1) and the regularity property (0.2). They
were able to show that

A={(w®id)W :w e B(H).

}norm closure

and

~

A

{(id@w)W* ‘w € B(H).

} norm closure
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are C*-algebras and that W € M (A ® A). In the special case considered above, A =
Cx(G) and A = C*(G).

Unfortunately the Baaj and Skandalis theory does not apply to all Kac - Takesaki
operators related to quantum groups. It was discovered by Baaj [1, 2] that in general
these operators are not regular. In the present paper we propose to replace the regularity
by another property called manageability. To explain the sense of this concept we go
back to the Kac - Takesaki operator W related to a locally compact group. It has the
following remarkable property: There exists a unitary operator W such that

(z@uW|z®y) = (ZouW|[T®y) (0.3)

for all x,y,z,u € H. Indeed one can easily check that the operator W = W* satisfies
(0.3). One can easily show that Kac - Takesaki operators related to quantum groups
with involutive antipode have the same property.

The manageability is a natural generalization of the above property necessary to in-
clude into the theory the quantum groups with a nontrivial square of the antipode. The
paper presents the theory of multiplicative unitaries based on three axioms: unitarity,
pentagonal equation and manageability.

In the first section we introduce the notions of manageable multiplicative unitary
and that of adapted unitary. The latter notion coincides with the concept of a unitary
representation of the quantum group associated with a given manageable multiplicative
unitary. We decided to change the terminology, because we had to consider the adapted
operators before the corresponding quantum group is constructed. One should also
notice that introducing adapted operators we do not assume explicitly that their ‘second
leg’ is affiliated with the function C*-algebra of the group. This is what we are able
to prove. Next we show that for any manageable multiplicative unitary W, its dual
W =3SW*S is manageable.

In the second part of Section 1 we formulate the theorems containing the main results
of the paper. Theorem 1.5 deals with a manageable multiplicative unitary, Theorem 1.6
contains the corresponding results for adapted unitaries. The reader should notice that
any multiplicative unitary is adapted to itself, so many Statements of Theorem 1.5
follows directly from the corresponding Statements of Theorem 1.6

In Section 2 we show that any unitary adapted to a manageable multiplicative
unitary is manageable. Section 3 contain the proof that slicing an adapted unitary
with respect to the second leg and taking the norm closure we obtain a C*-algebra.
The same is shown for the first leg slicing. Then in Section 4 we show that the adapted
operator belongs to the multiplier algebra of the of the tensor product of the two
algebras. The most important point in the proofs is to show that the closure of the set

[[d®w)(SW) 1w e B(H).)

contains sufficiently many one-dimensional operators. The essential difference between
this paper and [3] lies in the different topology used for this purpose. Instead of the
norm topology used by Baaj and Skandalis we use a Hilbert space topology on the space
of modified Hilbert - Schmidt operators.



Section 5 contains standard material on comultiplication. Section 6 is devoted to
the scaling group: the analytical generator of the scaling group enters the polar decom-
position of the antipode. The remaining factor of this decomposition (so called unitary
antipode) is introduced and investigated in Section 7.

In this paper we freely use the C*-algebra notation described in our previous papers
(e.g: [8]). In particular for any C*-algebras A and B, Mor(A, B) denotes the set of all
non-degenerate *~homomorphisms acting from A into the multiplier algebra M (B) of
the algebra B.

1 Basic definitions and results

Let H be a separable Hilbert space and H be the complex conjugate of H. For any = €
H, the corresponding element of H will be denoted by Z. Then H > 2 — 7 € H is an
antiunitary map. In particular (Z|g) = (y|x) for any x,y € H. For any closed operator
m acting on H, m" will denote the transpose of m. By definition D(m") = D(m*) and

m'T =m'x (1.1)

for any x € D(m*). For any m € B(H), m' is a bounded operator acting on H
such that (z|m'y) = (y|mz) for all z,y € H. Clearly B(H) > m — m' € B(H) is
an antiisomorphism of C*-algebras. Setting T = = we identify H with H. With this
identification m'" = m for any m € B(H).

Let W be a bounded operator acting on H ® H: W € B(H ® H). We shall
use the leg numbering notation: Wiy, = W I, Wiz = (I @ X)(W @ I)(I ® ) and
Was = I @ W. In these formulae I is the unit operator acting on H and ¥ € B(H ® H)
is the flip: X(z®y) = y®x for any x,y € H. Clearly Wi, Wi3, Wo3 € B(H® H® H).
Similarly for any V' € B(K ® H) (where K is another Hilbert space) one introduces
Via, Vis € B(K@H@H)

Definition 1.1 Let H be a Hilbert space and W be a unitary operator acting on H® H.
We say that W is a multiplicative unitary if it satisfies the pentagonal equation

W23W12 = W12W13W23- (12)

Definition 1.2 Let H be a Hilbert space and W € B(H®H) be a multiplicative unitary.
We say that W is manageable if there exist a positive selfadjoint operator Q acting on
H and a unitary operator W acting on H® H such that ker(Q) = {0},

W (QReQW=0eQ (1.3)

and -
(z@uW|z®y) = (Z2QuW|z®Q 'y) (1.4)

for any x,z € H, y € D(Q™') and u € D(Q).



Definition 1.3 Let H and K be Hilbert spaces, W € B(H ® H) be a multiplicative
unitary and V' be a unitary operator acting on K @ H. We say that V' is adapted to W

if
WasVig = ViaVizWas. (1.5)

Definitions 1.1 and 1.3 are due to Baaj and Skandalis [3]. In their terminology
adapted unitaries are called representations. Definition 1.2 contains the condition that
in our approach replaces the condition of regularity of [3]. The both conditions have
more or less the same implications. However there are strong indications [4] that the
condition formulated in Definition 1.2 is satisfied for all multiplicative unitaries related
to quantum groups. This is not the case for regularity condition [1, 2].

It is well known [3] that for any multiplicative unitary W, the dual W = SW*¥ is
a multiplicative unitary. We shall prove that the dual of a manageable multiplicative
unitary is manageable. The operator () remains the same.

Proposition 1.4 Let H be a separable Hilbert space, W € B(H ® H) be a manageable
multiplicative unitary and () and W be the operators related to W in the way described
in Definition 1.2. Then

1. W and QT @ Q™ commute:
R e W =Q Q! (16)
2. For anyx € D(Q™1), 2 € D(Q) and y,u € H:
(x@uWzey) = (QzuWQ z®y). (1.7)
3. The multiplicative unitary W = SW*Y is manageable.

Proof:

Ad 1. Due to (1.3), the left hand side of (1.4) remains unchanged when one replaces
r,y,z and u by Q%z, Q"y, Q"2 and Q"u respectively (t € R). Taking into account (1.1)
we get

e Qe ™y = ([Q7] 7o Q'euW|[Q7] Te Q' y),

W= <[QT]“ 2 Q—it> W ({QT} —it 2 Qz‘t>
and (1.6) follows.

Ad 2. Assume for the moment, that in addition y € D(Q™!) and u € D(Q). Then
our formula follows immediately from Statement 1 and formula (1.4). To get (1.7) in
full generality it is sufficient to use the continuity argument.

Ad 3. One can easily verify that W commutes with @ ® Q). Moreover introducing
the unitary W = (SW*X)T®T we have:

(z@uV]z®y) = (20 QuV|z @ Q'y) (1.8)
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for any 7,2 € H, y € D(Q™') and u € D(Q). Indeed, using in the forth step formula
(1.7) we obtain:

(2@ QuI(EW™E) Tz 0 Q) = (¢ © Q TyIEW*S|z © Qu)

= (Q Ty @WQue:2) = (Que W@ Ty @) = (y ® 2[W[uc )

= (uRzWly®z) = (z @ u[EW*E|z @ y)
and (1.8) follows. It shows, that IV is manageable.
Q.E.D.

The main results of the paper are containing in the following theorems:

Theorem 1.5 Let H be a separable Hilbert space, W € B(H ® H) be a manageable
multiplicative unitary and

A= {(w Sid)W : w € B(H)*}mm e (1.9)
A= {(id D)) : w e B(H)*}norm e (1.10)
Then
1. A and A are separable C*-algebras acting on H in a non-degenerate way.
2. WeMA®A).
3. There exists unique A € Mor(A, A® A) such that
(id @ A)W = WioWis. (1.11)

A is coassociative: (A ® id)A = (id ® A)A. Moreover {A(a)([ ®b):abe A} and
{(a @ I)A(D) : a,b € A} are linearly dense subsets of A ® A.

4. There exists a unique closed linear operator k acting on the Banach space A such
that {(w ® id)W :w € B(H).} is a core (essential domain) of k and

p ((w ® id)W) — (w®id)(W") (1.12)

for any w € B(H).. The domain D(k) is a subalgebra of A and k is antimultiplicative:
for any a,b € D(k), k(ab) = k(b)k(a). The image K(D(K)) coincides with D(k)* and
k(k(a)*)* = a for any a € D(k).

The operator k admits the following polar decomposition:

H:ROTZ'/Q (113)

where ;)5 is the analytic generator of a one parameter group (7;),.g of *-automorphisms
of the C*-algebra A and R is an involutive normal® antiautomorphism of A commuting

li.e. continuous with respect to the ultra-weak operator topology on A, we need not to say that R

is norm continuous



with automorphisms 7, for all t € R. In particular D(k) = D(7;)2). R and (1), are
uniquely determined.

5. Let W and Q@ be operators entering Definition 1.2. Then for any t € R and
a € A we have:

Tt(a) — Q%t(lQ_%t.

Moreover using the exponent notation for R (i.e. writing a® instead of R(a)) we have:
WTer — . (1.14)

It is understood that the group (7;),.g is pointwise continuous: for any a € A,
|7(a) — al| — 0 when ¢ — 0. Let us recall [9] that the analytical generator 7;/, of a
(pointwise continuous) one parameter group (7;),.g of *-automorphisms of a C*-algebra
A is the linear operator acting on A in the following way:

For any a,b € A: a € D(7;/2) and b = 7;)2(a) if and only if there exists a mapping
z — a, € A continuous on the strip {z € C: Sz € [0,1/2]} and holomorphic in the
interior of this strip such that a; = 7;(a) for all ¢ € R and a;/» = b.

It is known that 7;/5 is a closed linear mapping, D(r; /2) is a dense subalgebra and 7;/,
is multiplicative. Moreover 7;/2(a)* € D(7i/2) and 7;/9(7i2(a)")” = a for any a € D(7;/2).

Due to the polar decomposition (1.13) x admits a natural extension to an operator
R acting on M(A). & is the closure of k with respect to the strict topology of M (A).
This extension is used at the point 4 of the following theorem.

Theorem 1.6 Let H and K be separable Hilbert spaces, W € B(H ® H) be a manage-
able multiplicative unitary, V € B(K ® H) be a unitary adapted to W and

norm closure
B— {(id Dw)(V*) we B(H)*} (1.15)
Then, using the notation introduced in the previous theorem we have:
0. V is ‘manageable’: There exists a unitary V € B(K @ H) such that
(reuVisey) =3 QulViFreQ'y) (1.16)

foranyr,s € K,y e D(Q™!) and u € D(Q).
1. B is a separable C*-algebra acting on K in a non-degenerate way.
2. VeMB®A).
3. d® A)V = VW3,
4. For any ¢ € B(K). we have: (¢ ®id)V € D(k) and

i (((,0 ® id)V) — (p@id)(V*).

L VTRR =
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6. The C*-algebra B is generated by V € M(B® A) in the sense described in [8]: for
any Hilbert space L, any m € Rep (B, L) and any non-degenerate separable C*-algebra
D C B(L) we have:

((W@id)v € M(D@A)) == (7? € Mor(B, D))

It turns out that the condition 3 of the above theorem characterizes the adapted
operators completely. We have:

Theorem 1.7 Let H and K be separable Hilbert spaces, W € B(H ® H) be a man-
ageable multiplicative unitary and V' be a unitary element of M(CB(K)® A). Assume
that (id @ A)V = ViuVis. Then V is a unitary adapted to W.

2 The manageability of adapted unitaries

Throughout this Section H and K are separable Hilbert spaces, W € B(H ® H) is a
manageable multiplicative unitary and V' € M(CB(K) ® A) is a unitary adapted to
W. Moreover Q and W will be the operators related to W in the way described in
Definition 1.2.

We shall prove Statement 0 of Theorem 1.6.

Let V = VTET QNI W) (V8T NI ® W*). Clearly V is a unitary operator

acting on K ® H ® H. We shall prove that V is of the form V = Vi3, where V is a
unitary operator acting on K ® H. Next we shall show that the later operator satisfies
(1.16).

In the following computations 7, s € K, z,y € D(Q™') and z,u € D(Q). Let v and
p be normal linear functionals on B(H) such that

p(a) = (ulaly), v(a) = (QulalQ™"y)

for any a € B(H). According to (1.4), (z|(id ® p)W|z) = (z|(id ® v)W|Z). It shows
that -
((de W] = (id® )W,

By the definition of \:/:

VIQW)=WV"T o NI W)V " @1I).

Therefore

(id®id @ v) [V(I © W)

=VTeT 1@ (idov)W| vreT

=V I @ (de W] T VTl = (VI ® (ido W]V} ®'
= (4 ®1d@ 1)VigWasVia} ™7 = {1 ©1d © )Vighis} "
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where in the last step we used (1.2). Now we have:

(id®id ® ) [f/([ ® W)}

T®$)

= ez {(deide uVisWys} T|FeT) = (r@|(id @ id ® p)(VisWas)|s @ 2)

<S®Z®Qu

(I®W)

TRT® Q™ y) (S@Z

= (rezeulVisWyls®@z®1y)
Let ¢ and ' be normal linear functionals on B(K) and B(K) such that
p(m) = (rlmls), p'(n) = (slni7) (2.1)

for any m € B(K) and n € B(K). With this notation, the result of the above compu-
tations can be written in the following way:

(z ® Qu {(gﬂ ®id ® id)f/] w
= @@ [(p@id)V]uWzoy) = (Qz @ [(p®id)V]u

where in the last step we used (1.7). Finally we have:

(W* T® Q‘1y>

I® Q1y> _ (33 ® u| [[@ (gp ®id)V] W|Z ®y)

Tm@y),

(¢T ®id® id)ﬂ " (z® Qu)

= (7 @ el (@Toe ) raqy).

We know that (QT ® Q‘l)_l is selfadjoint. The above relation shows that:

W (Qz @ [(p®id)V]'u) € D ((QT ® Q‘l)_1>
and
(@"® Q—l)_IW* (QzelpeidV]u) = |(¢ @ide id)ﬂ (e Qu).
Taking into account the commutativity (1.6) we see that

[(¢ ®id)V]'u € D(Q)

and

20 Qe ®id)V]u = |(¢" ®id® id)f/r (Z ® Qu).

The appearance of the factor z on the left hand side shows that V is of the form V = Vi3
Introducing this information into the last equation we get

Qllp @id)V]'u=[(¢" ®id)V] Qu.
Now we have:
(Qllg @ iVTu|Q ') = ([(¢7 ®id)V] Qu|Q™"y)
(ul(p @id)V]y) = (Qu|(¢" @id)V|Q "y)
and using (2.1) we obtain (1.16). This way Statement 0 of Theorem 1.6 is proved.
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3 The algebras generated by adapted unitaries

The title of this Section refers to the norm closed subspace B of B(K) introduced by
(1.15). The aim is to prove that B is a C*-algebra.

We keep the notation used in the previous Section: H and K are separable Hilbert
spaces, W € B(H ® H) is a manageable multiplicative unitary, V'€ M(CB(K) ® A)
is a unitary adapted to W and @) and W are the operators related to W in the way
described in Definition 1.2.

For any bounded operator p € B(H) we set:

D=

Illus = [Trp"@2p)]
If ||pllye < 00, then pH C D(Q™ ') and Q'p is an operator of Hilbert-Schmidt class.

Moreover choosing an orthonormal basis (ey),_,, in H we have:

2 = 2
lollas™ = D 1Q penll”
n=1

For any « € H we consider the operator
0, CoA— reH
Clearly 6, € B(C, H). The hermitian adjoint of 6, acts in the following way:
0, H>zv+— (z|2) € C.

The reader should notice that the Dirac dyad |z)(y| = 6,60,". We shall also use the
operators 6 in the tensor product context. For example: (I ® 0%)(z ® y) = z(z|y),
(0, ® Iy =z ®y and so on.

The following proposition plays an important role in this paper:
Proposition 3.1 Let uw € D(Q) and p € B(H) Then
I @)V @ p)l| < [|Qull - lIoll,- (3.1)

Proof: Let (en)n:m,... be an orthonormal basis in H. Then any vector ¢ € K ® H is
of the form

Y= Z Un @ en,
n=1
where 1, are elements of K such that

> nll* = [ )I* < oco.
n=1

We may assume that ||p||,s < 0o. Then pH C D(Q™') and for any y € K we have:

Wl @ O)VI @ p)lp) = (y@ulV(I @ p)l)
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= i(y @ u|V|n @ pe,) = i(% ® Qu|VI|y @ Q  pen).

n=1 n=1

Therefore

(Wl @ o)V @)l <3 wnll - 1Qull - Iyl - 1Q" penl
n=1

<yl - 1 Qull [Z ||¢n||2]2 [z u@—lpenn?]
n=1 n=1
— iyl - 1Qul - 191 - el

1
2

and (3.1) follows.
QE.D.

It will be useful to have a criterion selecting p € B(H) with finite HS-norm.

Proposition 3.2 Let p € B(H). Then ||p|l s < o0 if and only if there exists a vector
U(p) € H® H such that

(ulpz) = (z @ Qu|¥(p))
for any u € D(Q) and z € H. ¥(p) is uniquely determined by p. The correspondence
p— W(p) is linear and isometric:

M) = 1ol

for any p € B(H) with finite HS-norm.

Proof: The statement follows immediately from the well known 1 — 1 correspondence
between H @ H and the Hilbert space of all Hilbert-Schmidt class operators acting on
H.

Q.E.D.

Example 1: Let # € H and y € D(Q™"). Then p = |y)(z| = 0,0 is of finite
HS-norm. Indeed for any v € D(Q) and z € H we have:

(ulpz) = (uly)(z]2) = (Z® QuiT @ Q"'y)

and ¥(p) =70 Q 'lye H® H.

Example 2: Let z € H and y € D(Q™'). Then p = (6 @ )W (I ® §,) is of finite
HS-norm. Indeed for any v € D(Q) and z € H we have:

(ulp2) = (z@uW|z0y) = (Z0 QuIVZ® Q'y)
and U(p) =W(ET®Q 'y) € H® H.

In the next example we shall use the antiunitary operator .J acting on H ® H
according to the formula:
JTey) =7® (3.2)

for any x,y € H.
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Example 3: Let 2 € H and y € D(Q™!'). Then p = (I ® 05)W*(0, ® I) is of finite
HS-norm. Indeed for any v € D(Q) and z € H we have (cf (1.7)):

(ulpz) = uRz[W*y®2) = (y® 2|Wlu® z)

= (Que W@ y®z)=W(Q y®)|Que 2)
= (WJ@eQ 'y)|J(z2® Qu) = (2@ Qu|JWJ|T® Q'y)

and U(p) = JWJZ®Q 'y) e HR H.

In what follows, & (& and &; respectively) will denote the set of all p € B(H) of
the form considered in Example 1 (Example 2 and Example 3 respectively). It is very
important that each of the three sets is linearly HS-dense in {p € B(H) : ||p|,s < o0}:
For any p € B(H) with finite HS-norm, there exists a sequence p,, of linear combinations
of elements of & such that ||p — pu|l;c — 0. Indeed

[

_ pis alinear combina- | —
{\If(p) " tion of elements of &; } - H ®a5 D(Q)
_ pisalinear combina- | = & —
{\If(p) " tion of elements of & } = W(H &, D(Q))
_ pisalinear combina- | = = —
{\If(p) " tion of elements of & } = JWJ(H @, D(Q))

and all three sets on the right hand side are dense in H ® H.

Proposition 3.3 Let p € B(H) be an operator with finite HS-norm, u € D(Q) and
z€ H. Then
IR)VIp)V(I®E,)=(1d®w,)V", (3.3)

where w, is a normal functional defined on B(H) such that

wp(a) = (2@ Qu|IW(a" @ NW*|¥(p))

for any a € B(H).

Proof: Let LHS(p) (RHS(p) respectively) denote the left (right respectively) hand
side of (3.3). By virtue of (3.1)

ILHS(p)|| < lQull[[2]] o]l

On the other hand it is obvious that the norm of the functional w, is majorized by
[Qull [[2]l [ (p)], so we have:

IRHS ()|l < [Qull 1]} 1]

Due to these estimates the set of p satisfying (3.3) is HS-closed. We know that &, is
linearly HS-dense in the set of all operators with finite HS-norm. Therefore it is sufficient

12



to prove (3.3) for p of the form considered in Example 2. Let p = (0; @ )W (I ® 6,),
where z € H and y € D(Q™'). Then ¥(p) = W(z ® Q" 'y) and

wyla) = (f@Qu‘W(aT ®])‘T®Q*1y) = (§®QU‘W

T2 Q)
= (@z@uWz©y) = (zul(e® HW|z@y).
Therefore for any r,s € K we have:
(r|(id @ w,)V*[s) = (r @ z @ u|V53Wasls ® z @ y).

According to (1.5), Vi5Was = VisWasVi5. Inserting this information into the right hand
side we get

(rlid @ w,)V*|s) = (r®z @ u|VisWaVihls ® 2@ y)
=(ruVI®0:)Wys(I®I®0,)Vs® :z2)
=(reulV(I®pV*s® z2)

and (3.3) follows.
Q.E.D.

Inserting in (3.3) p of the form considered in Example 1 we obtain

Proposition 3.4 Let z,2 € H, y € D(Q™") and u € D(Q). Consider normal func-
tionals p,v,w € B(H), introduced by the formulae

p(a) = (ulay), (3.4)
v(a) = (z|az), (3.5)
wia) = (zeQuW( e W zeQy), (3.6)

where a runs over B(H). Then we have:

(1d @ )V (id ® v)(V*) = (id @ w) (V). (3.7)

Now we are able to prove Statement 1 of Theorem 1.6. Let B be the norm closed
subspace of B(K) introduced by (1.15). It is well known that the functionals p defined
by (3.4), where u and y run over a dense subsets of H form a linearly dense subset of
B(H).. The same holds for functionals v introduced by (3.5). A moment of reflection
shows that also the set of functionals w of the form (3.6) is linearly dense in B(H)..
Therefore in the formula (3.7), the first factor on the left hand side runs over a linearly
dense subset of B*, whereas the second factor and the right hand side run over a linearly
dense subset of B. Formula (3.7) shows that B*B is a linearly dense subset of B. Since
B*B is *-invariant, so is B: B* = B. Now we have: B B = B*B C B. It means that B
is a *-subalgebra of B(K).

Let r € K and r # 0. Then for any non-zero z € H, r® z # 0, V*(r ® z) # 0 and
there exist s € K and x € H such that (s ® z|V*|r ® z) # 0. Let v be the normal
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functional on B(H) defined by v(a) = (z|az) for all a € B(H) and b = (id ® v)(V*)
Then b € B, (s|br) = (s @ z|V*|r ® z) # 0 and br # 0. It shows that B acts on K in a
non-degenerate way. Since B(H ), is separable, so is B. Statement 1 of Theorem 1.6 is
proved.

Let K = H and V = W. Comparing (1.2) and (1.5) we see that V = W is a
unitary adapted to W. In this particular case B coincides with A introduced by (1.10)
and consequently Ais a separable C*-algebra acting on H in a non-degenerate way.
Replacing W by its dual W = SW*X we get the same result for A introduced by (1.9).
Statement 1 of Theorem 1.5 is proved.

4 Adapted unitaries as multipliers

In this Section we shall prove the Statements 2 of Theorems 1.5 and 1.6. We shall use
the notation introduced in Section 2. We already know that B introduced by (1.15) is
a C*-algebra. Applying the hermitian conjugation to the both sides of (1.15) we obtain
an alternative definition of B:

B = {(id@w)V ‘w € B(H).

} norm closure

(4.1)

We recall, that the algebra of all compact operators acting on the Hilbert space H
is denoted by C'B(H). This is the smallest norm closed subspace of B(H) containing
all one dimensional operators 0.0% (2,2 € H). We start with the following interesting

Proposition 4.1 Let z € H, u € D(Q) and p € B(H), ||p|l,;c < 00. Then
(I®6.0;,)V(I®p) € B®CB(H). (4.2)
Moreover the set of all elements of the form (4.2) is linearly dense in B ® CB(H).

Proof: By virtue of (3.1) we have
I ®0.0,)V(I@p)l < =] - |Qull - [l - (4.3)

Due to this estimates the set of p satisfying (4.2) is HS-closed. We know that &
is linearly HS-dense in the set of all operators with finite HS-norm. Therefore it is
sufficient to prove (4.2) for p of the form considered in Example 1.

Let p = 0,0%, where x € H and y € D(Q™!). Then
(I®0.0,)VI®p) =>1(dow)V 0.0,

where w is the normal functional on B(H) such that w(a) = (u|ay) for all a € B(H). By
virtue of (4.1), the right hand side of the above equation belongs to B ®,, CB(H) and
(4.2) follows. To end the proof one should notice that elements of the form (id ® w)V
(0,07 respectively) are linearly dense in B (C'B(H) respectively).

Q.E.D.
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Proposition 4.2 Let u,x,y,z € H. Then
(I®0.0: 20 )ViuWi(I®0,1) € BoCB(H) (4.4)
Moreover the set of all elements of the form (4.4) is linearly dense in B ® CB(H).

Proof: We may additionally assume that u € D(Q) and y € D(Q™') (D(Q) and
D(Q™") are dense in H. Let p = (I ®6%)W*(0,®I). Then ||p||,s < oo (cf Example 3).
Inserting this particular value of p into (4.2) we obtain

(I®0.0,)V(I®p)=(1®0.0,®0,)VioWyi(l®0,I)

and (4.4) follows. Taking into account the estimate (4.3) and the linear HS-density of
&3 in the space of all operators with finite HS-norm we see that the closed linear span
of all elements of the form (4.4) coincides with that of all elements of the form (4.2)
i.e. with B® CB(H). It shows that the set of all elements of the form (4.4) is linearly
dense in B® CB(H).

Q.E.D.
According to (1.5) VoW = W3, ViaVis. Therefore
(I ®0.0:20)VWh(I®0,21) = (10,02 0:)WiVisVis(I 20, ® 1)
= (1 ®0.05 @ 0)WaVis(I® 0, )V, 45
Proposition 4.3 Let u,x,y,z € H. Then
(I®06.0,0,)WyiVis(I®b,®1) e B CB(H) (4.6)

Moreover the set of all elements of the form (4.6) is linearly dense in B® CB(H).
Proof: At first we notice that the element (4.6) may be written in the form
(1900, 0)WiVia(I 26,0 1) = (19 0.)(I® (0,0 )W)V & )T 0,6 )
= ([ ®0.)(I ® 0y en)(VRHI®0,01).

The set W(H ®ug H) is dense in H ® H. So is the set H ®,1; H. Therefore replacing
W(u® z) by u ® x we do not change the closed linear span: the closed linear span of
all elements of the form (4.6) coincides with that of all elements of the form

I20,) [0, ) (VeHI®0,x])=(dow)V 0,0

where w is the normal functional on B(H) such that w(a) = (u|ay) for all a € B(H).

We already know (cf the last part of the proof of Proposition 4.1) that these elements

belong to B ® C'B(H) and that their closed linear span coincides with B ® CB(H).
Q.E.D.

Combining Propositions 4.2 and 4.3 with the formula (4.5) we see that

B®CB(H) = (B® CB(H)V.
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It means that V' is a right multiplier of B& C B(H ). Multiplying both sides of the above
formula by V* from the left we get (B ® CB(H))V* = B® CB(H). It shows that V*
is a right multiplier of B ® CB(H). Consequently V' is a left multiplier of B ® CB(H)
and

VeMB®CB(H)). (4.7)
Using this result in the special case K = H, V = W (cf the end of Section 2) we get
W e M(A® CB(H)).
Replacing W by its dual W = SIW*S we obtain SW*Y € M(A® CB(H)) and
W e M(CB(H)®A). (4.8)

Now we may use the beautiful argument of Baaj and Skandalis (cf [3, page 441]):
According to (1.5)
Vig = V5 WasViaWos

By virtue of (4.7) and (4.8), Vis and Was belong to M (B @ CB(H) ® A). Therefore
Vise M(BRCB(H)®A)and V € M(B® A). Statement 2 of Theorem 1.6 is proved.
In the special case K = H, V = W we obtain Statement 2 of Theorem 1.5.

Now we can prove Statement 6 of Theorem 1.6. Let L be a separable Hilbert
space, D C B(L) be a separable C*-algebra acting on L in a non-degenerate way and
m € Rep (B, L). Assume that

(r®id)V e M(D® A). (4.9)
We have to show that m € Mor(B, D), i.e. that 7(B)D is a linearly dense subset of
D (cf [8, formula (1.5)]). According to (4.9) (7 ® id)V* € M(D ® A), and for any
functional w € B(H).,
7 (([d®@w)V") = (id @ w)(r @id)V* € M(D).

It shows that 7(B) C M(D) and consequently w(B)D C D. To prove the density we
shall use the unitarity of (4.9). Let d € D, a € A and w € B(H),. Then

(id ® w) ( (roiVv?) [@ds a)) —r((dew) [V'U®a))der(B)D. (410
Due to the unitarity of (4.9) the set
{ (r@id)V*) (dwa):deDac A}

is linearly dense in D ® A. Therefore the set of elements of the form (4.10) is linearly
dense in D and the Statement follows.

16



5 Comultiplication

In this Section we shall prove Statements 3 of Theorems 1.5 and 1.6. Moreover the
last line will contain the proof of Theorem 1.7. Let W be a manageable multiplicative
unitary and A be the C*-algebra introduced by (1.9). For any a € A we set:

Ala) =W(ax )W, (5.1)
With this notation we have:

Proposition 5.1 {A(a)([ ®b):a,be A} and {(a @ I)A(D) : a,b € A} are linearly
dense subsets of the algebra A ® A.

Proof: Let w € B(H), and a = (w ® id)/W. Then a € A and using in the last step
(1.2) we obtain

Ala) =A((weidW) = W[(weid)W o IW*
= (w®id ®id)(WyWiaWs) = (w ® id @ id) (W12 W3)

We shall use products wm and mw, where w € B(H), and m € CB(H). By defini-
tion wm and mw are elements of B(H ), such that (wm)(n) = w(mn) and (mw)(n) =
w(nm) for any n € B(H). It is well known (see [7, Thm 16.1] that

{wm:w e B(H)., m e CB(H)} = B(H),,

{mw cw€ B(H),, me CB(H)} = B(H)..

Let

closed linear
envelope

= {A(a)([@b) ta,b € A}

We compute:

closed linear
envelope

r— {A ((mw®i)W) (I©) :w e B(H)., me CB(H), be A}

closed linear
envelope

_ {(w 2id @ id)(WisWis(m @ T® b)) : w € B(H)., m € CB(H), b € A}

closed linear
envelope

= {(w ®id ® id)(W1aWisTis) :w € B(H),, T € CB(H) ® A}

We know (cf (4.8)) that W is a unitary element of M(CB(H) ® A). Therefore
W(CB(H)® A) =CB(H)® A and

closed linear
envelope

r— {(w ©id @ id)(WisTis) : w € B(H)., T € CB(H) ® A}

closed linear
envelope

_ {(w 2id @id)(Wis(m @ [ @) : w € B(H)., m € CB(H), b € A}

closed linear
envelope

:{(mw@id)W@b:weB(H)*,mECB(H),beA} _ApA
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In the similar way one can show that

closed linear
envelope

{(a@[)A(b):a,beA} —A® A

Q.E.D.

Now the proof of Statement 3 of Theorems 1.5 is very simple: Let a € A. Then for
any b,c € A we have: A(a)(c®b) = A(a)(IRb)(c® 1) € A® A. It shows that A(a) is
a left multiplier of A ® A. Replacing a by a* we see that A(a) is a right multiplier and
Aa) € M(A® A). Clearly the mapping

As>a— Ala) e M(A® A)

is a *-algebra homomorphism. By virtue of Proposition 5.1 this homomorphism is non-
degenerate: A(A)(A® A) is linearly dense in A® A. It means, that A € Mor(A, A® A).

Let a € A. It follows immediately from the definition (5.1), that
(A X 1d)A(a) = W12W13(CL X I & I)WE))WFQ,

(id® A)A(a) = WosWip(a @ I @ I)Wi,Was.

Obviously Was commutes with a ® I ® I, so the pentagonal equation (1.2) shows that
the right hand sides of the above relations coincide and the coassociativity of A follows.

Formula (1.11) follows immediately from definition (5.1) and pentagonal relation
(1.2):
(ld X A)W = W23W12W;3 = W12W13.

In the same way, using (1.5) we prove Statement 3 of Theorem 1.6:
<1d ® A)V - W231/12W53 - ‘/12‘/13.
To prove Theorem 1.7 it is sufficient to write the above equalities in another order:

WasVisWiy = (id @ A)V = Vi5 V3.

6 Scaling group

In this Section we introduce the scaling group (7;),.gp appearing in Statement 4 of
Theorem 1.5.

Proposition 6.1 With the notation introduced in Section 1, we have:
1. There exists one parameter group (7;),cg of automorphisms of A such that

ri(a) = Q¥aQ %" 6.1)

for any a € A and t € R. The group is pointwise continuous: ||1(a) — a|| — 0 when
t— 0.
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2. Let 72 be the analytic generator of (1;),cg. Then for any w € B(H),:

and
_— ((w ® id)W) — (W @id)IV, (6.2)
where w' € B(H), is related to w by the formula: w™ (m") = w(m) for any m € B(H).
3. A={(w®id)W :w € B(H).} is a core of T;/5.

Remark: In particular Statement 2 shows that (w' ® id)W € Afor any w' € B(H)..

Proof:
Ad. 1. Let w € B(H), and t € R. By virtue of (1.3)

Q" ((w@id)W) Q™" = (v ®id)W, (6.3)
where w; is a normal functional on B(H) introduced by the formula

wi(m) =w (Q’MmQ%) (6.4)

for any m € B(H). The reader should notice that |lw; — wl||p#), — 0, when t — 0.

Formula (6.3) shows that for any a € A, 7;(a) introduced by (6.1) belongs to A and
that 7:(a) is a continuous (in the sense of the norm topology) function of t. Clearly
(Tt);er 1s @ one-parameter automorphism group of A.

Ad. 2. Analytic generators are closed operators. Therefore it is sufficient to prove
the statement for w running over a linearly dense subset of B(H),. In particular we
may assume that w(m) = (z|mz), where x € D(Q) and z € D(Q™?') are fixed vectors
(m € B(H)).

For any t € C such that 3t € [0,1/2] and any m € B(H) we set
wie(m) = (Qzﬁx‘szitz) (6.5)
Then the mapping ¢ — w; € B(H), is continuous on the strip {z € C: Iz € [0,1/2]}

and holomorphic in the interior of this strip. For real ¢ (6.5) coincides with (6.4).
Moreover

wis2(m) = (Qz[mQ~"2).
It shows that (w ®id)W € D(7;/2) and

Let u,y € H. Then

(ulrijz (W @IOW) [y) = (ul(wipe © IWy) = (Qr @ uW|Q 'z ®y).
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Inserting in (1.7) Qz and Q~'z instead of x and z respectively we get:
QrouW|Q20y) =EZeuW|Toy) = (u‘ (wT ® id) W‘y) .

Combining the last two relations we obtain (6.2).

Ad. 3. We shall use a regularization operator. Let n be a natural number. For
any a € A we set

n 242
R, (a) = NG /Re_" P 1i/2(a)dt.

We know that 7;(a) depends continuously on t. Therefore |R,(a) — a|| — 0, when
n — oo. Taking into account (6.3) one can easily show, that R, A C A. One should
notice that |R,(a)|| < |lall. Moreover R,(a) € D(7;)2) and ||7;/2(Rn(a))|| < e’||al|.
Indeed 7,5 R, = %fexp[—nQ(t — )% )0dt, ||T;/0Ry]| < = exp[—n?(t — i)?]|dt and
the estimate follows.

Let a € D(7;2), b = 7;/2(a) and € > 0. Then for sufficiently large n we have

€ €
—all < = b) —b|| < =.
|Ru() —al < 5, I1Ral6) ~ bl < &

Clearly 7,/2R,(a) = R, (b). We know that A is dense in A. Let a. be an element of A
such that

lac —all < Se=

Then R, (a.) € A and using the above estimates we have
€ _n2
1Ba(ac) = all < [|Ba(ac = a)|| + [[Bu(a) —all < 5(e™ +1) <,

I7i2(Bn(ae)) = bll < |I7ij2Rnlac — a)ll + [ Bn(b) — bl < e

It shows that the closure of 7; /2| A coincides with 7;/5 and the statement follows.
Q.E.D.

7 Unitary coinverse

Let K be a separable Hilbert space and V' € B(K ® H) be a unitary adapted to W.
For any ¢ € B(K). we denote by p € B(K). (p' € B(K). respectively) the hermitian
conjugate (the transposed respectively) functional:

@(m) = p(m*)
p'(m") = p(m)

for any m € B(K). Let z,y € D(Q™"), u, 2 € D(Q) and ¢ € B(K).. We shall use the
notation introduced in Proposition 3.4. According to (3.7) and (3.6) we have:

o ((m © W)V (id @ y>(v*>) _ <(id ® w)(V*)) —w ((w ® id)(V*))
= (FoQuW((peid)(V)" e N TeQ 'y).
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Exchanging on the left hand side x with y and v with z (this operation changes y into
7 and v into @) and replacing ¢ by @ we obtain a number complex conjugate to the
original one. Therefore

(7@ QuW([(p ®id) (V)" ® I

f®Q*@

— (ﬂ@ Qz\VT/([(a,o @iV @ HW*

79 Q 'r) (7.1)

= [FeQ |W((poidV]" @ NW* | Q).

Let RHS denotes the right hand side of (7.1). Taking into account (1.6) we have:

RHS = <y® Q 'x

W(weiav e ni- ({7} o) que:)
= <y®@‘1x

W(l(p 2id)V]T ®I) ({QT}_l ® Q) W

Qu ® z)
Using (1.16) one can easily show, that
(T oiV]| Q™ c Q7 [(paid)V]. (7.2)

Therefore (passing to transposed operators inverts the inclusion)

1

(@7} [ ei¥] > [weinv] {QT}
({QT}l ® Q) ([(gﬁ ®id)7] ® 1) 5 ([(ga 2i)V] ® I) ({QT}1 ® Q)

and

RHS — (y ©Q

W ({QT}_l ® Q) ([(<,pT 2i)V] ® I) W

Ques).
Using once more (1.6) we get

RHS = (y@ Q 'z ({QT}l ® Q) W ([(<pT ® id)f/}T ® I) W

Qu@z)
= (Qly@)x

W ([(gﬂ ® id)f/r ® I) W

Ques).
Formula (7.1) takes now the following form:

(z® Qu|W ([(gp ®id)(V*)r ® I) W*

x®Q‘1y>
= <Qly® T

W <[(@T ® id)f/r ® I> W

Que:)
and using the antiunitary operator (3.2) we get

(J(I)W ([(go 2i) (V)] ® I) W

J@) _ (qfﬁ/ ([(J 2i)V] ® I) W

®).
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where ® = Qu® z and ¥ = Q~ly ® x run over a linearly dense subsets of H @ H.
Therefore the above formula holds for all ®, ¥ € H ® H. Remembering that J is an
antiunitary involution we get

— T *__ — ~1T —
JW([(go 2i) (V)] ® I> W= <[(90T 2i)V] © I> s
One can easily verify that J(a" ® I)J = I ® a* for any a € B(H). Therefore
JWJI (I [(peid)(VH)]) JW T =W (I [ @id)V]) W
and finally
J(1e[eeidv)))I=Ia[¢ 2idV], (7.3)
where J is an antiunitary involution acting on H ® H introduced by
J = JW*JWJ. (7.4)

Assume for the moment that K = H and V = W. In this special case (7.3) takes

the form N B .

J(Ie|weid)W)])J=1e | eid)W|

where w € B(H), and w' € B(H), is related to w by the formula: w'(a") = w(a) for all

a € B(H). We already know (cf Remark following Proposition 6.1) that (w™ ® id)W €

A. Remembering (cf (1.9)) that (w ® id)(W*) runs over a dense subset of A we obtain
Statement 1 of the following Proposition:

(7.5)

Proposition 7.1
1. For any a € A there exists a®* € A such that

JI®a)]=1®[d"]". (7.6)

2. The mapping
Asar—adtc A (7.7)

is an involutive antiautomorphism acting on the C*-algebra A.

3. R commutes with the action of the scaling group (7),cg -

Proof: Statement 1 is already proven.

Ad 2. Tt follows immediately from (7.6), that the correspondence a — |af* " s

antilinear, multiplicative isometric and ultraweakly continuous. Consequently (7.7) is
linear, antimultiplicative isometric and normal. Applying the hermitian conjugation
to the both sides of (7.6) and comparing the result with the original formula we get
a*f* = qft. Tt shows that (7.7) commutes with the hermitian conjugation. On the other
hand the antiunitary (7.4) is involutive. Therefore a™* = @ and o' = a for all a € A.

So (7.7) is involutive and consequently its range coincides with A.
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Ad 3. Using (1.6) one can easily show that antiunitary (7.4) anticommutes with
~ ~ -1
QT @ Q' J (QT ® Q*I) J = (QT ® Qﬂ) . Therefore for any real ¢ we have

j(QT ® Q_l)itj = (QT ® Q_l)it and the Statement follows.
Q.E.D.

Let w € B(H),. Formula (7.5) shows that [(w ® id)W*]" = (wT ® id) W. Therefore
woidW* = [(w id) W]". (7.8)

One can easily see that this formula is equivalent to (1.14).

To complete the proof of Theorem 1.5 we have to demonstrate Statement 4. To this
end we use the polar decomposition (1.13) as definition of : for any a € D(7;/2) we set

K(a) = 7;2(a)"®
Then (cf Proposition 6.1.3) {(w ® id)W : w € B(H),} is a core of x and (1.12) holds.
Indeed, using (6.2) and (7.8), we get:
—~ R
K ((w ® id)W) = {(wT ® id) W} = (w®id)W™.
The algebraic properties of x described in Statement 4 follows immediately from the
polar decomposition (1.13). Theorem 1.5 is proved.

In the similar way we can complete the proof of Theorem 1.6. By the general theory,
the action of R and 7;/» admits canonical extension to M(A). Let ¢ € B(K),. Formula
(7.3) shows that

(p@id)V]" = (¢ ®id) V.

and Statement 5 follows. Moreover the above equality proves that (ng ® id) Ve M(A).
The relation (7.2) shows now, that (¢ ®id)V € D(7;/2) and

Ti/2 ((90 ® id)V) = (¢ ®id)V.

Combining the last two formulae we obtain Statement 4. Theorem 1.6 is proved.
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