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Abstract. The purpose of this paper is to consider some basic con-
structions in the category of compact quantum groups —for example
the case of extensions— with special emphasis in the finite dimensional
situation. We give conditions, in some cases necessary and sufficient,
to extend to the new objects the original compact structure.

1. Introduction

Since the beginnings of group theory, in the work of Frobenius, Schur
and others, the concept of product and its variations as well as the concept
of “extension” have been recognized as important tools in order to under-
stand the structure of the groups and of its representations. This line of
thought has been carried through many different algebraic situations, more
recently to the theory of Hopf algebras, see for example [4], [5], [11],[13],
[14], [19] and [20]. This paper intends to understand how to carry on the
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classical constructions of products and extensions to the context of compact
quantum groups. In this direction, previous results have been obtained in
the particular settings of Kac algebras or von Neumann algebras, see for
example [12], and [22], and also [5] for a Hopf algebra approach.

We assume the reader to be familiar with the basic results and notations
in Hopf theory, specially in the case of compact quantum groups. We refer
to [16] for the general theory and notations and to [1], [2] and [8] for the
case of compact quantum groups.

Next we present a brief summary of the contents of this paper.

In Section 2, we recall the basic definitions of *—Hopf algebras, its repre-
sentations and corepresentations and the notion of unitary inner product.
We list some basic well known results that will be used throughout the
paper.

In Section 3, we study the behaviour of the compactness property of a
x—Hopf algebra when we perform a Drinfel’d twist.

In Section 4, we recall the definition of matched pair of Hopf algebras and
the naturally obtained product, and find conditions to extend the compact
structures on the factors to a compact structure on the product. We con-
sider the particular case of the quantum double, and the characterization
of compactness in terms of the category of Yetter—Drinfel’d modules.

In Section 5, we study the case of extensions of compact quantum groups,
and find conditions to extend the compact structure from the given Hopf
algebras to the extension.

In Section 6 we consider the particular cases of (cocycle) Singer pairs
and of pairs of groups.

The authors would like to thank the referee of this paper for many helpful
comments, in particular for pointing out the results of [5] that suggested
some generalizations of the formulations and results of a first version of the

paper.

2. Preliminaries and basic notations

All the objects considered will be based on vector spaces over the field of
complex numbers C. If V' is a vector space, its linear dual will be denoted as
VV. We use the symbol x for the convolution product of morphisms and if
f is such a morphism, f~! represents its (eventually existing) inverse. We
adopt Sweedler’s notation for the comultiplication and for the comodule
structures.

2.1. Finite Hopf algebras. If H is a Hopf algebra a function ¢ € H"Y is
called a right or left integral if Y p(x1)x2 = p(x)1 or > z1p(x2) = ()1,
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for all x € H, according to the case. A normal integral is a left and right
integral ¢ such that ¢(1) = 1; in case it exists, a normal integral is unique.
If a right or left integral ¢ verifies p(1) = 1, then it is a right and left
integral and hence it is normal, see [7].

A finite Hopf algebra is a finite dimensional Hopf algebra. A Hopf al-
gebra H is semisimple if every H-module is completely reducible and it is
cosemisimple if every H-comodule is completely reducible. A semisimple
Hopf algebra is always finite.

Theorem 2.1 ([7], Theorem 7.4.6). Let H be a Hopf algebra. The following
assertions are equivalent:

(1) H is cosemisimple.
(2) There exists a normal integral ¢ € H" .

If H is a finite Hopf algebra, then the following assertions are equivalent:

(1) H is semisimple.

(2) There exists a (unique) element t € H —called a normal integral—
such that e(t) =1 and tz = xt = e(x)t, for all x € H.

(3) H is cosemisimple.

(4) The antipode of H is an involution i.e. S? = id.

Moreover if H is a semisimple Hopf algebra, and t € H and ¢ € HY are
as above, then

(1) S(x) = (dim H) > p(t1x)te, for allx € H.
(2) H—= ¢ =H"=¢ < H, where (x = ¢)(y) = ¢(yz) and (p —
z)(y) = p(xy), for all z,y € H.
(3) S(t) =t and ¢S = .
(4) Dt1 @ty => ta®@t1 and p(zy) = p(yz), for all z,y € H. O
Remark 2.2 ([6]). Let H be a cosemisimple Hopf algebra and ¢ € HV its

normal integral. There exists a unique algebra automorphism N : H — H
characterized by the equality

p(ry) = p(yN(z)), Vr,ye H (1)

called the Nakayama automorphism and an algebra homomorphism oo € HY
—called the modular function— such that

N(x) =Y 8*(z1)a(xs), Ve H. (2)

It is easy to deduce from the above equation that the inverse of N satisfies
a similar equation:

N7 z) =) 872(x1)(aS)(z2), Vz € H. (3)

S&o Paulo J.Math.Sci. 6, 1 (2012), 1-40
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2.2. Compact quantum groups. A x-bialgebra is a pair (H,*), where

H is a bialgebra, and H - H is a conjugate linear involution which is
antimultiplicative and comultiplicative. It follows from the definition that
1* =1 and ex = €. A x-Hopf algebra is a x-bialgebra (H, ) such that H is a
Hopf algebra; in this situation it follows that (S¥)? = id. A x-Hopf algebra
morphism between x-Hopf algebras is a Hopf algebra map that commutes
with the x—operators.

If H is a *-Hopf algebra, and V is a right H-comodule, a sesquilinear
form (,):V xV — C is invariant if

> (uo,v)S(ur) =Y (u,v0)vf, Vu,v€EV. (4)
A wunitary (right) comodule is a pair (V,(,)), where V is a right H-
comodule and ( , ) is an invariant inner product on V.

In the case of left comodules, the definition is similar and the unitary
condition becomes:

2871(U_1)<u0,v> = va1<u, vo), Vu,veV. (5)

If V is a unitary comodule and W C V is a subcomodule —right or left—
, then the orthogonal complement W+ is also a subcomodule. Hence a
unitary comodule is always completely reducible.

A compact quantum group (CQG) is a x-Hopf algebra H such that every
right H-comodule admits an invariant inner product (see [1], [2], [8], [21]).

If H is a CQG, then it is cosemisimple and admits an inner product ( , )
such that for all x,y € H,

Z<$1,y>5($2) = Z(%yl)y;

Moreover, as every cosemisimple x-Hopf algebra H admits a normal integral
¢ € HY, and this integral satisfies that oS = ¢ and p* = P, then the
formula

(,y)p = p(y*z), Vz,ye H.
defines an invariant Hermitian form. A direct computation shows that:

(zz,y)p = (@, 27Y)p, Vr,y,z€ H. (6)
Moreover, if H is finite, then ¢(zy) = ¢(yx) implies
<$Z?y><,0 = <$7yZ*><p7 <!E*,y*>¢> = <y,$><p, Vl‘,y,z € H. (7)

Theorem 2.3 ([3], [21]). A cosemisimple x-Hopf algebra H is a CQG if
and only if (, ), is an inner product, i.e. if p(x*x) > 0,V # 0,2 € H. O
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Remark 2.4. A Hopf subalgebra of a cosemisimple x-Hopf algebra is again
a x-Hopf algebra. Indeed, if we write the decomposition of H into simple
coalgebras H = @, Cx, we have (see for example [1]) that S(C)) = (Cy)*
for each A € A. Taking a Hopf-subalgebra K of H, it will be of the form
K = @,cp Cy and therefore K* = @, Cx = S(K) = K.

In view of Theorem 2.3 and Observation 2.4, we have the following result.

Corollary 2.5. If H is a CQG, then every sub-Hopf algebra of H is a
CQG. O

Remark 2.6. If (H, x) is a x-Hopf algebra, then it is easy to see that (H°P, %),

(H®P, x) and (HPP, %) are *-Hopf algebras. Using Theorem 2.3 we prove
that if H is a CQG, then H°P, H°P and H"°P are also CQG.

Let H be a cosemisimple *-Hopf algebra and let ¢ € HY be the normal
integral. As ¢ is also a normal integral for H°P, then ( , ), is invariant in
HP q.e. forall z,y € H,

> ST a) (@2 y)e = D uile p2)e, - 8)

Let us assume that H is a CQG and that (V,x) is a left H-comodule.
Then (V,sw x) is naturally a right H°P-comodule where sw is the usual
transposition of the tensor factors, hence —being HP a CQG— we deduce
the existence a right invariant inner product ( , ) in (V,swx), this inner
product can be read as left invariant inner product in the original (V,x).
Then a *-Hopf algebra H is a CQG if and only if every left H-comodule

admits an invariant inner product. Note that the equation (8) implies that
(', )y is an invariant inner product for the regular left H-comodule H.

For future reference we write the following result.

Theorem 2.7 ([3], Theorem 2.6). If x and # are involutions in a Hopf
algebra H such that (H,x) and (H,#) are CQG, then there exists a Hopf
algebra automorphism T : H — H such that Tx = #T. O

2.3. Duality for finite compact quantum groups. Let H be a finite
CQG. First we observe that the relations S? = id and S * S¥ = id, imply
Sx = %S. i.e. the antipode is a x-map.

In this situation the dual Hopf algebra H" has a conjugate linear invo-
lution defined by

a*(z) = a(S(x)*) = a(S(x*)), Va€ HY, x € H. 9)

It is clear that HY equipped with this involution is a *-Hopf algebra and
that the functor H — H" is a contravariant automorphism in the category
of finite »-Hopf algebras. Moreover, the cannonical injection H — H"V is
an isomorphism of x-Hopf algebras.
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Lemma 2.8. If H is a finite x-Hopf algebra, then H is a CQG if and only
if H is a CQQG.

Proof: From Theorem 2.1 it follows that H is semisimple if and only if
HV is semisimple. Assume the semisimplicity hypothesis and denote t € H
and ¢ € HY as before.

If n = dim H, then:
(z =,y —ph= %<w,y><p’ Va,y € H
Indeed,
@—=py—er=(y—=9@—=9)t =D (y—= 9 t)(x— 9)(t)
=Y (St y) (tar) =Y o((S(t1)*y)*) ¢(tax)
=Y oy S(t)) p(taz) = > o(y*S(t2)) ¢(t1)

= ¢ (y*S (Z @(h:v)tz)) =¢ (y*S <i5(w)>)

1
- a<x7y>¥7

Theorem 2.1 guarantees that H — ¢ = H", hence in view of the above
equality it is clear that (—, —); is positive definite if and only if the same
holds for (—, —),, and then Theorem 2.3 yields the result. O

Example 2.9. If G is a finite group, then the group algebra CG is a CQG
with the structure ¢g* = g1, for all g € G. Hence the dual Hopf algebra C%
with dual basis {e; : g € G} is a CQG with respect to (e4)* = e4, for all
g € G. Theorem 2.7 implies that the above are the unique possible CQG
structures in CG and CC.

Remark 2.10. Let H be a finite x-Hopf algebra and V a left H-comodule
with structure v — >" v_1 ®vg. Then V is a left HY-module and the action
and coaction are related by the equality: S(a) - v = > a(v_1)vg, for all
a€ HY, veV. If (,)is an inner product on V| it is easy to see (using
that S is bijective) that (V,(,)) is an unitary H-comodule if and only if
the representation of HY in V is a x-representation —the inner product in
that case is said to be invariant for the action—, i.e.

(- u,v) = (u,a* -v), Yae€HY, uvelV.

From the above Observation and Lemma 2.8, we conclude:

Lemma 2.11. Let H be a semisimple x-Hopf algebra. Then the following
assertions are equivalent:
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(1) H is a CQG, i.e. for every right (left) H-comodule V' there exists
an inner product ( , ) on V such that

D (uo,v)S(ur) =Y (u,vo)v}, Vu,v €V (10)

ZS(u_1)<u0,v> = Zv:(u,vo), Yu,v € V. (11)
(2) For every left (right) H-module V' there exists an inner product { , )
on V such that

(x-u,v) = (u,z*-v), Vu,veW (12
(u-z,v) = (u,v-z*), Yu,veW (13

~—

N

In the preceeding subsection we proved that the validity of (10) or (11)
for all comodules are equivalent conditions, and the same is true regarding
(12) and (13). Moreover, these last two equalities are consistent with the
equalities appearing in (6) and (7).

Remark 2.12. If H is a finite CQG and V, W are right H-comodules with
invariant inner products ( , )y and (, )y, then it is clear that the inner
product defined on V ® W by the formula:

(v@w, v @w) = (v,0")y{w,w)w
is invariant with respect to the diagonal right H-comodule structure on

V @ W. Obviously an analogous result is valid for H—modules and also
changing right for left.

3. Compactness of Drinfel’d twists

In this section we study how compactness behaves under performing a
Drinfel’d twist to a x—Hopf algebra. We choose to develop the basic results
in the case of twisting the product with a cocycle, the case of twisting the
coproduct with a cococycle being similar.

3.1. Twisting products. Consider a Hopf algebra H = (H, A, e, m, u,S)
with invertible antipode.

Recall that a cocycle is a (convolution) invertible element x : H® H — K
that satisfies the following properties.

(x ®e)* x(m®id) = (e ® x) * x(id @m) (14)
x(1,2) = x(z,1) = e(x) (15)
The fist equation above becomes:
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Y x@nyn)x(@ays, 2) = Y x(y, 21)x(@, y222) (16)

Taking inverses one easily deduces that:

Y M meid)x (x '®e) = x " idom)x (@ x ) (17)
X HLz) = x (e, 1) = e(a). (18)
Equation (17) above can easily be transformed into:

D ox(@nyz)x @, 20) = Y x Ty 2)x (@, o). (19)

Observation 3.1. It is well known that if we let H, = (H, A e,my,u,Sy)
where m, = xxmxx~! and S, = kK * Sx k™! with £ = x(id®S)A and
k7 1(z) = x 1 (S®id)A, then H, is a Hopf algebra (see V. G. Drinfel’d,[9]).

More explicitly we have that:
my(,y) =z y = x(@1,y1)wayex " (3, 3),
x) = Zx(xl,ng)S(a: )X *1(8334,375) and

:ZX(xl,Saﬁg), K ZX (Sz1,x2).

3.2. Twisting x—Hopf algebras. In this subsection we review well known
results concerning twistings and *—structures on a Hopf algebra defined over

C.

We consider the case that we twist the product with a cocycle x : H ®
H— C.

In this situation, we want to find conditions on x that guarantee that
the same x—structure is compatible with the new product.

‘We have:

(zxy) ZX 1, Y1)Y2 25X (23, Y3)-
Also
v et =Y Xl ey (5, 75).

Hence, a reasonable hypothesis to work with is to ask x to be a *—
cococycle, compare with ([11]).

Definition 3.2. We say that the cocycle x is a *—cocycle provided that
the condition

x(z%,y") = x(y, ), (20)
is satisfied.

S&o Paulo J.Math.Sci. 6, 1 (2012), 1-40
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Observation 3.3. It is clear that in case that x is an invertible *—cocycle,
then x~! is also a *—cocycle, and then H, is also a xHopf algebra with
the same involution that H (compare with [11]).

3.3. Twisting compact quantum groups. To study the preservation of
compactness by Drinfel’d twists we need to consider the positivity of the
integral.

If ¢ is a normal left integral in H, as the cocycle twist does not affect
the coproduct, ¢ is also a normal integral for H,.

Hence in this case, assuming that the cocycle satisfies the additional
property (20), and considering the two existing products on H one can
define two hermitian forms in H as follows: (z,y) = ¢(y*x) and [z,y] =

oy -y ).
To perform our computations we need the following two formulae involv-
ing x and (, ) (see for example [1] or section 2.2).

D (wny)S(we) = (wy)ys Y S @) (w2,y) = Y yilw, ). (21)

One has that:

[z, y] = e(* - 2) =Y xWiz)e(wsra)x " (5, z3).
Also

D x(i ) (@, yo)x T (W5 ws) = D X(yT @) (@2, y2) x T (Sa, wa)
= Z X(S_lx% .’L‘1)<;U3, y)X_l(SQMa 33‘5),

where for the last two equalities above we have used equations (21).
Similarly

D oxi w1 (e, ya)x (w5 w) = Y x (i, Sys)w ys)x (w3, S i)
= X(S w2, y1) (%, y3) XL (Sya, us)-
Consider the map ® : H — H defined as:
= ZX(S_lzcg,xl)x3X_1(8$4,:v5).
We have shown that:

Concerning the map ® one has the following.

S&o Paulo J.Math.Sci. 6, 1 (2012), 1-40
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Observation 3.4. (1) As x(S712) = S x(S Y(x2),71), the map @
can be written as: ® = (ko S7!) xidxx~!. Recalling that S, =
kxS % k1, we conclude that: ® xS, = (ko S™1) x k=1, Hence, if
we call ( = (koS™1) k™! we conclude that ( is invertible and that
® is the convolution inverse of S, * ¢ -1

(2) Moreover, from the definition of S, we deduce that: S™1 oS, =
k x idxk~1 and comparing with the definition of ®, we conclude
that S71 0 S, = (! x @, or equivalently ® = (x (S0 S,).

(3) In the particular case that ¢ = ¢, i.e. if K0S = k, we deduce that
® =8108, is the convolution inverse of S,.

The next theorem follows directly from the observation above (Observa-
tion 3.4) and equation (22).

Theorem 3.5. In the hypothesis above, the map ® : H — H 1is self adjoint
with respect to the original inner product (, ) in H. Moreover, H, is
a compact quantum group if and only if ® is a positive operator, where
O = (koS ) xidxr~1.

4. Matched pairs of CQG

In this section, we consider the situation of a matched pair of Hopf alge-
bras, as defined in [11], and the product naturally obtained in this context
—that is called the bicrossproduct—. We study the particular case where
the Hopf algebras in question are equipped with a compatible x-involution
and present a necessary and sufficient compatibility condition (linking the
involution with the actions) for the bicrossproduct to be a *-Hopf algebra.
We prove that if the factors are CQG, then so is the product.

A matched pair of bialgebras is a quadruple (A, H,<,>) where A and H
are bialgebras and

HEHoASD A,
rda+—rR@a—xrb>a

are linear maps subject to the following compatibility conditions:

(1) (A,>) is a left H-module coalgebra, i.e. (A,>) is a left H-module
and

Ag(z>a) = Z(ml >ay) @ (xa>az), ealx>a)=cy(x)ea(a), (23)
Ve € H,ac€ A

S&o Paulo J.Math.Sci. 6, 1 (2012), 1-40
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(2) (H,<) is aright A-module coalgebra, i.e. (H,<) is a right A-module
and

Ag(z<a) = Z(xl dar) @ (ra<ag), (24)
eg(r<a) =cg(x)ea(a), Vxe H, ac A

(3) The actions > and < verify the compatibility relations:

z>ab= Z(ml >ar)((z2<a2)>b), x>1=eg(z)l,

(25)
ry<da= Z (z<(yi>ar))(y2<a2), l<a=cea(a)l,
(26)
D (r19a1) ® (w20 az) = > (32<902) @ (21> a1), (27)

for all x,y € H and a,b € A.

Observation 4.1. (1) It is well known —see [11], Theorem 7.2.2— that
in the above situation the operations: (a ® x)(b® y) = > a(z1 >
b1) ® (x2 <b2)y, Ala®@ x) = > a1 ® 1 ® ag ® x2 and the usual
unit and counit, endow the vector space A ® H with a bialgebra

structure. The bialgebra thus obtained is called the bicrossproduct
of A and H and will be denoted by A H.

Representing the element a ® x € A 1 H as ax, we can abbrevi-
ate:

xa = Z(azlbal)(wgdag), Alazx) = Zal.m@ag:rg,Vx €H, ac A (28)

Moreover, if A and H are Hopf algebras, then A < H is also a Hopf
algebra with antipode

S(az) = S(x)S(a) = Z (S(z2) > S(a2)) (S(z1) «S(ar)), Vz € H, a€ A.

Lemma 4.2. Let (A, H,<,>) be a matched pair of cosemisimple Hopf al-
gebras and call o4 € AV and pg € HY its corresponding normal inte-
grals. Then, A <1 H is a cosemisimple Hopf algebra and the linear map
Oasr @ At H — C defined by pasmm(az) = @ala)en(z) is a normal
integral. Moreover, the following equations hold:

pala) or(zy) = Z@A(ﬂil >ar) e ((z2<a2)y), Vo,y€ H, a€ A. (29)

wa(ba) pp(z) = ZSOA(b(ﬂlell)) cpH((x2<1a2)), Vx € H, a,b e A. (30)

S&o Paulo J.Math.Sci. 6, 1 (2012), 1-40
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Proof: The proof that ¢y € (A > H)V is a normal integral on A >1 H
follows directly from the definitions; hence A <1t H is cosemisimple.

Let us call N : A >t H — A <t H the Nakayama automorphism of
A1 H. Observe that from equation (2) we deduce that A and H are N-
invariant, and therefore it follows by the definition of A —recall (1)- that
the restrictions N'|4 and N|py are the Nakayama automorphisms of A and
H, respectively.

To prove (29) we take a € A and z,y € H and compute:
pala) or(zy) = pala) or (YN (x)) = asar (ayN (z)) = Pavar (zay)
= VAo (Z(azl >ap)(x2 < ag)y> = Z oa(z1>a1) op((z2 1a2)y).

Equation (30) is proved similarly using N'=! instead of A" and formula
(3). O

Theorem 4.3. Let (A, H,<,>) be a matched pair of Hopf algebras where A
and H are x-Hopf algebras. Then there exists a structure of x-Hopf algebra
in A1 H such that A and H are sub-x-Hopf algebras of A< H if and only

if

a‘epg(x™) = Z(xgqag)*b(xlbal)* and (31)
31
eala)x™ = Z(xg daz)*<(x1>ay)™Ve € H, a € A.

Moreover, in this situation A and H are CQG if and only if A<t H is a
CQG.

Proof: As any *-structure in A > H as above will satisfy:
(az)* = x*a* = Z(w’{ >aj)(zy<ay), Yre H, ac A (32)

Hence it is natural to take the above equation (32) as the definition of a *-
structure on A 1 H. Clearly this s—structure is comultiplicative on A <1 H
and restricts to A and H as stated. To prove the antimultiplicativity we

observe that:((az)(by))” = (3 a(z1 > b1)(z2 9b2)y)* = 3 y* (v2 < bo)*(z1 >
b1)*a*, (by)*(az)* = y*b*x*a*. Then * is antimultiplicative if and only if

a*x* = Z(xg daz)"(z1>a1)”
= (w2 <ag)e (w15 01)7) (w2 9a2)5 < (z1 > a1)3), [using (28)].

Or, in the tensor product notation, if and only if

a* @zt = Z (z3<ag)*> (@1>a1)*) ® (g <as)* <9 (z2>a)*) € A® H,
Va €A, x € H.
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Then, the relations (31) follows by applying id4 ®ecp and €4 ® idy to the
equation above.

Conversely, if we assume equations (31), then:

Z(xg dag) (x1>ay)*

:Z((x2<a2 >(z1>ap) )(x2<1a2 a( a:lbal);)
:Z((CC3<ICL3 (1> ay) *)(x4<1a4 a( .%‘2[>(12)*)
= Z ((:cg qQag)* > (1> ap *)( xg<dayg)* < (xz> ag)*) [using (27)]

- Z (GTSH(:UT))(IQEA(QQ)) = a*z*.

We deduce that in this situation * is antimultiplicative, and then, the fact
that it is an involution follows immediately.

We assume now that A and H are CQG and verify conditions (31). Let
pa € AV and oy € HY be the normal integrals. As A and H are CQG,
the hermitian forms ( , )4 and (, )y defined by the formulae: (a,b)s =
valb*a),(x,y)g = e (y*x),Ya,b € H, x,y € H, are inner products.

Considering the previously defined normal integral @ gpqrr : At H — C
and computing explicitly its associated hermitian form one obtains that:

(azx, by) Avarr = @AmH((by)*ax) = YA~H (y*b*a:lr)
= Z PA (yi< > (b*a)1)(,0H( (y5 < (b*a)s2) x) (33)
= pa(b*a)pn(y =) = (a,b)a({z,y)u-

The penultimate equation above, follows directly from condition (29). It
is then clear that when A and H are CQGs, the hermitian form:
(az,by) g = (a,b) a(z,y)H, Va,b € H, z,y € H, is indeed an inner
product. O

4.1. The quantum double. The Drinfel’d double of a finite Hopf alge-
bra is a particular case of the above construction, and thus we can apply
to this situation the results just proved. In that sense, using condition (31)
we deduce that H is a CQG if and only if, its double is a CQG.

Let H be a finite Hopf algebra. We consider the actions H < HQH" = HY
defined by

(@ea)(y) = a (S (z2)yn),
rda = Za (8_1(:E3)$1) xo, Yae HY, z,ye H.
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14 A. Abella, W. Ferrer Santos, and M. Haim

In this situation it is well known that (HVP, H,<,>) is a matched pair of
Hopf algebras and the bicrossproduct D(H) = HYP 1 H is called the
quantum double —or the Drinfel’d double- of H. Hence D(H) is a Hopf
algebra with the property that HV°P and H are Hopf subalgebras and
D(H) = HY*°PH. In explicit terms the Hopf structure maps of D(H) are:

(02)(By) = 3 aler > )@ s By = 3 (w1 — B S (z3)) oy,
Alax) = Zagm ® aixa,
S(aw) = (S(x2) > S(a1)) (S(a1) < S(a2))
- Z (S(xg) — S_l(a) . xl)S(xg),
for all o, 3 € HY and =,y € H.

Corollary 4.4. A finite Hopf algebra H is a CQG if and only if its quantum
double D(H) is a CQG.

Proof: We assume first that H is a *-Hopf algebra and we endow HY

with the x-structure given in (9). We show that the first of the equations
(31) is verified ~the other is similar—

D (w2 aar)* @z > ag)”

= (a1p az)*(sfl((ﬂfz Qa)3) (24 al)f)(ﬂw Qar);

=3 (@15 az) (:ggqal 5 S- ((I2<1a1)1))(:82<1a1)§
:(Zm»az)((@qal)gs HN(z2 a.a1)1) (:L‘2<10z1)2)*
(" an (872 wa) (w5 aa1)s S ((ws s aa) 1 ) (ws 90)s )
(D (87 @n)es)an(S™" (2) 268 ™ (ea)ar)as)
(

Za(S_l(x7)x38_1(x2) x68_1(x4)x1)x5>
=a(l)z*,Va e H',z € H.
Then the result follows directly from Theorem 4.3. (]

Observation 4.5. If H is a finite CQG, then the corresponding *-structure
in D(H) is defined by

(ax)* = Z (:L"{ — o S_l(xg)*) Ty = Z (acg — S_l(xl))*mg,
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foralla € HY, x € H.

4.2. Yetter-Drinfel’d modules. It is well known that for a finite Hopf
algebra H, the Yetter-Drinfel’d modules over H can be interpreted as mod-
ules over D(H). In view of the general results just proved, the compactness
of H (in the finite case) can be expressed in terms of the category of D(H)—
modules. Hence, one produces a characterization of the compactness of a
finite x-Hopf algebra in terms of its category of Yetter-Drinfel’d modules.

Assume that H is also endowed with a x—operation and take in D(H)
the involution defined above. In this situation, not only a vector space
can be equivalently viewed as a Yetter—Drinfeld module or as a D(H)-
module but it is also equivalent for an hermitian form to be invariant for
the module and comodule structures than to be invariant for the D(H)-
structure. Recall the definition of inner product invariant for an action that
appears in Observation 2.10.

Proposition 4.6. Let H be a finite x—Hopf algebra and take V € gyD.
Assume that (, ) is an hermitian form in V. Then, ( , ) is invariant for
the D(H )-module structure if and only if it is simultaneously invariant for
the H—module and for the H—-comodule structures.

Proof: Assume first that ( , ) is invariant for the D(H )-module structure:
(az - u,v) = (u, (ax)* -v), VYa€H', x€H, u,veV.

Being H and HY x-subalgebras of D(H), we deduce that ( , ) is invariant
for the H-module and for the HY-module structures. The fact that the
HVY— invariance of { , ) is equivalent to the invariance for the corresponding
H-comodule structure is the content of Observation 2.10.

Conversely, assume that ( , ) is invariant for the H—module and for the
H—comodule structures. Arguing as above we deduce that ( , ) is invariant
for the HY-module structure. As D(H) = HYH and H C D(H), HY C
D(H) as x-subalgebras, we conclude that ( , ) is invariant for the D(H)—
module structure. O

5. Extensions of CQG

We consider in this section the case of extensions of Hopf algebras and
more particularly, the case of cleft and cocleft extensions. It is proved in [4],
that cleft and cocleft extensions are exactly the Hopf algebras arising from
what we call here a cocycle linked pair of Hopf algebras (by duality this
concept is closely related to the notion of matched pair of Hopf algebras
—see Observation 5.14). We consider the case in which the Hopf algebras
involved are CQG, and —inspired on the results of [5]-give necessary and
sufficient conditions for the product to be a *-Hopf algebra and a CQG.
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16 A. Abella, W. Ferrer Santos, and M. Haim

A cocycle linked pair of bialgebras (of Hopf algebras) is a sextuple
(A, H,»,p,x,1), where A and H are bialgebras (Hopf algebras) and

HoAZ A HL2H®A
rTRar—x®a Ty TgpRTy (34)
HoHS A HY AvA
@y x(r,y)’ NI
are linear maps such that: (compare with [4], [5] and [11])
(1) (A,»,x) is a cocycle left H-module algebra:
w1 =¢e(x)l, (35)
zwab=> (1> a)(x2 » D), (36)
1»a=a, (37)
Z (z1» (y1 > a)) x(z2,y2) ZX (z1,y1) ((z2y2) » a), (38)
> (2% x(y121) X(@2,9222) = Y x(@1, 1) x(@2y2, 2), (39)
x(x,1) = x(1,2) = e(x)1, (40)
for all z,y,z € H, a,b € A.
(2) (H,p,) is a cocycle right A-comodule coalgebra:
26(30}1)33,4 =e(z)l, (41)
Z-THI R TH2 DT = Ewm ® Topg @ T14T24,  (42)
Zst(:vA) =z, (43)
Z ToHH @ T1[T2HA @ TI[IT2A = Z T1H @ T1A1T21 @ T1A27211,
(44)

E T11T2HT @ T112T2HIT @ T171T24 = E T1r @ T1rnTrer @ T1r12T2071,
(45)

> e(@an = wre(an) = (@)1, (46)

forall x € H.
(3) the maps », p, x, ¥ verify the following compatibility relations:
g(zw» a) =e(x)e(a), (47)
Y aelp=101, (48)
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e(x(@,y)) = e(x)e(y), (49)
Zl[®11121®1, (50)
D (21 a)1z2 @ (21 % a)omarr = Y a1r(vam » a1) @ xizaa (s B az),

(51)

> (zaw2)m @ x(@1,51)(T2y2)a = Y w18 Y1 @ T14(22 > Y14)X(73, 12),
(52)
(

nyq@(xl >a)x2A:Zx1H®x1A(x2>a), 53)

Z X(x1, y1)1(z2y2)1 @ x(x1, y1)2(z2y2) 11
= > (@ » yi0)X(@ar, y2u)® (54)

zirrroA(3 » yirr)Taa(xs » y2a)x (26, y3),
for all z,y € H, a € A.

Observation 5.1. (1) In this context , see for example [4], [5] and
[11] Theorem 6.3.9, one can define a bialgebra structure on A ® H,
that is called the cocycle bismash product of A and H and it is
usually denoted by A¢#XH . The basic operations —computed on

the elementary tensors of Aw#xH , that will be denoted generically
as a#x with a € A, x € H— are the following:

Product: (a#x)(b#y) = > a(z1 » b)x(z2, y1)#x3y2, with unit 1#1;

Coproduct: A(a#tz) =Y ai(x1)#(x2) gy ® az(z1)11(x2) a# s, with counit
e®e.

(2) Let (A, H,»,p,x,v) be a cocycle linked pair of bialgebras. Condi-
tion (38) shows that » is not necessarily an action. If y is invertible
and belongs to the center of the convolution algebra Hom(H® H, A),
then y cancels in (38) and » becomes an action. This is the case
for example whenever y is trivial, i.e. x = € ® € or whenever A is
commutative, H is cocommutative and y is convolution invertible.
Dual considerations hold for p and . This particular situation
can be generalized to the notion of cocycle Singer pair that will be
introduced in Definition 6.1.

(3) For the product of two elements of the form 1#z, 1#y € AV#, H,
we have the following formula: (1#x)(1#y) = > x(z1, y1)#x2y2.

(4) The rather complicated compatibility condition (54) can be same-
what simplified as we can write it as:

Ax*xym = (P @e)*x0x(1® ), (55)
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18 A. Abella, W. Ferrer Santos, and M. Haim

with

0(z,y) =Y (w1 » yu)Xx(@3m, you) ® 14(x2 » Y1rr)z34(Ts » Y22)

= Z(xm > yir)X (2, yorr) @ x1ax24 (T3 ® Yir1)(T4 » Y24), (56)

where the last equality follows from a direct application of equation
(53). Using equations (36) and (42) the above expression can be
transformed into:

0(z,y) = 2(3611{1 » yi)X(T1mr2, vor) @ w1a(z2 » (Y111y24)).  (57)

Let (M) : A5 M 5 H be a sequence of Hopf algebras and Hopf
algebra maps. In this situation the correstriction m — > mj ® m(mg) :
M — M ® H endows M with a structure of right H-comodule algebra
and the restriction a ® m — t(a)m : A® M — M endows M with a
structure of a left A-module coalgebra. The space of right coinvariants of
Mis M®°H ={me M: Y m ®@r(ms) =m®1}.

Definition 5.2 ([4]). We say that (M) is ezact and that M is an extension
of H by A if

(1) ¢ is injective,

(2)  is surjective,

(3) Im(e) = M,

(4) Ker(m) = M AT, being A" the kernel of the counit of A.

An equivalence of exact sequences (M) and (M’) is a Hopf algebra map
M — M’ which induces the identity map in A and H. This algebra map
is necessarily bijective.

The extension is cleft if there exists a convolution invertible H-comodule
map H — M, and is cocleft if there exists a convolution invertible A-module
map M — A.

Proposition 5.3 (Lemma 3.2.17, [4]). Let (A, H,»,p, x,%) be a cocycle
linked pair of Hopf algebras, where x : HQH — A andy: H — A® A are
convolution invertible. Then Aw#XH is a Hopf algebra and

A AV H L H

is a cleft and cocleft extension of Hopf algebras. Conversely, any cleft and
cocleft extension of Hopf algebras A — M — H is equivalent to Aw#xH,
for some », p,x, Y as above, where x and 1 are convolution invertible.

In this situation, if we write the inverses of x and v as xRy +— x~(z,y)
and x — ) 17 ® 177 respectively,
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then the antipode of Aw#xH is given by
S(a#zx) = Z (Xfl(s(%H)vl’sH) #3(371H)) <x4f8(aa:1Aa:2Ax3A:c4ﬁ)#1)

- Z (Xfl(S(xlgz),331H3)#5(3?1H1)) (xzfs(axmxﬁ)#l)
O

It is well known (see Theorem 3.3 in [18]) that an exact sequence of
finite Hopf algebras is always cleft and cocleft, and —being ¢ injective and
7 surjective— conditions (3) and (4) in Definition 5.2 are equivalent ([13]).

Observation 5.4. In the context considered above, the bialgebra Aw#XH
can be endowed with natural structures of left A-module and a right H-
comodule as follows:

a' - (aftz) = d adtw, d(a#z) = Za#xl ®x9, Vae€A, xe H.

Observe that a’- (a#z) = (a’'#1)(a#z), and 6 = ((ida®idy) @ (e®idy))A.
If we consider the natural inclusion and projection maps

A Avy H o H L AV H

a+— a#l ’ r — 1#x ’
AV H T4 A4 AV H L H
a#tx — as(z) a#x — e(a)r

then, 14 and 7wy are bialgebra maps, 1y is a morphism of H-comodules
and 74 is morphism of A-modules.

Lemma 5.5. Let (A, H,»,p, x,v) be a cocycle linked pair of cosemisimple
bialgebras and call 4 : AY — C and oy : HY — C its corresponding
normal integrals. Then, the linear map ® : A#H — C defined by ®(a#x) =

oa(a)on(z) is a normal integral on AY4, H that is then cosemisimple.
Proof: The following computation shows that ® is a left integral:
Z(a#m)lcb (a#x)2 Zal 1) 1#(22) g @ (a(21) 11 (22) a#t23)

= Zal r1) 1 # (w2 HtpA(a2($1)H($2) Jor(x3)

= Z‘PH x)arl#1mpalazlrsla)

= pu(@)a#lnpalaz) = (atz)1#1.

As ®(1#1) = 1 it follows that A#H is cosemisimple and hence that ®
is also right integral. O
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Definition 5.6. An extension of x-Hopf algebras is an extension (M) :

AL M 5 H where A, M and H are -Hopf algebras and ¢ and 7 are
*-1Naps.

The following theorem is inspired in [5], Proposition 3.2.9.
Theorem 5.7. Let (A, H,», p,x,¥) be a cocycle linked pair of bialgebras,
where x : HQH — A and ¢y : H — A® A are convolution invertible and

A and H are %-Hopf algebras. Let v : H — A be a linear map such that
v(1) =1 and ey = €. Then the formula below:

(a#x)* Z’y (1) (x5 » a*) #x5, Yac A, v € H (58)
defines a structure of x-Hopf algebra in Aw#XH if and only if

> v (@) (@3 » A(@)?) = (a1, (59)
>y (@3) (@5 (21 > a)*) = a*y(a”), (60)

D i) (s (@) x(s, w3) = > v(wses) (y323) » x(z1,01)%), (61)

D @)y @i =) (@)y)" ©v(@3) (@5 ((21))7),  (62)

>~ (i), @3)r @ (1) @)
ZZW (((z2)n)") (((ws)H)* > ((331)1)*>® (63)
@) (23 (@)ir(e2)ale)a)”),

for alla € A, x € H. Hence in this situation A — A’/’#XH — H is an
extension of x-Hopf algebras.

Proof: First we assume that conditions (59)-(63) are verified. The fact
that the operator * is an involution, i.e. that (a#z)** = a#tx, follows easily
from (59) and (60).

S&o Paulo J.Math.Sci. 6, 1 (2012), 1-40



Some constructions of compact quantum groups 21

Next we show that * is antimultiplicative:

((atta)(b#)" = 3 (alzr > b)x(w2,y1)#esy2)”
= > (sa3) (v3ai » (x(@z, )" (@1 » b)*a”) )y

= y(wsa3) (vizs » x(a2, 1))

(yizs » (z1 > b)*) (yiag » o) #ygas [using (36)]

= ") (vs » v (=5) x (5. 3)

(yizl » (z1 2 b)") (Y525 » a”) #ygag  [using (61)]

=> (i) (y5 » v(z3)) (y§ > (a5 > (z1 > b)*)>

In order to prove t

A((a#1)7) =

X(y1, 1) (Y25 » a”) #ysrg  [using (38)]

(7(@3)) (5 » (@1 > 1))
Xy o) (yiws » o*) #ysel [using (36)]
D) x(y3, %3) (yizs » a”) #y5 ] [using (60)]
)(y > (23 a"))x(yi, 23)#ysz;  [using (38)]
(b*v(f{)(% > a")) )xys, @3 v [using (36)]

he comultiplicativity of *, it is enough to show that

(A(a# 1)), A((1#2)") = (A(1#2))*",
Va € A,z € H.
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The first equality is obvious, for the second:

x))*®*

((x0)1#(@2) )" © ((x1)11(22) aFas)”

3
H

M MM MM

=3 ((@2)0)") ((@a))™ » ()" ) # e e
V(HJZ)((UCS)A)*(SCE > ((Jil)ll(fvz)A(ﬂf3)A)*>#€U? [using (62)]
=39 ((@)m)") ((@)m)" » (@00)) et ne

(@) (25 (@) 10(2)a(25)a) ") (w6) 4) Hw;  [using (53)]
=D (D), @) r#(@3)m © (v(ah)), (@) rr#tas

I
>

(1#2™). [using (63)]

Hence we have proved that A#H is a x-Hopf algebra.

Conversely, let us assume that the formula (58) endows A¥V#, H with a
x-bialgebra structure. Then from the equalities

((1#2)(a#1))" = (a#1)"(1#t2)" and  ((1#2)(1#y))" = (1#y)* (1#2)",

we obtain (60) and (61), respectively. Moreover from (a#x)** = a#x, we
deduce (59). Finally, if we apply e ® id ®id ® € and id ® e ® id ® ¢ to both

sides of A((1#2)*) = (A(l#x))*®*, we deduce (62) and (63). O
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Observation 5.8. For future use we present below a slightly different and
equivalent version of the conditions of last theorem.

S (a2) (2 (2)") = (@)1, (64)
S (w2) (w5 > (2] > a)") = (@), (65)
> ) (2 » (@) x(ys, 22) = > y(yawa) ((yss) » x(af,47)%), (66)
S wan @ y(@)aaa = 30 (@) © (@) (23w (@147, (67)
> (V@) wor ® (V(z1))y22ns
=S (@n)) (@) > (@) ) (69)
Yw) (w5 ((2)11(3)a(23))"),

Observation 5.9. We consider two particular situations of special rele-
vance.

(1) In the hypothesis of the Theorem 5.7, if one takes the particular case
that y(z) = > x7! (22,87 (z1)) —see [5]-, then it can be proved
that conditions:

(xw»a) = S_l(a:*) > a’, x(z,y)" = x ! (S_l(as*),S_l(y*))

taken from [5], Proposition 3.2.9, imply (59), (60) and (61).
(2) If we consider y(z) = e(x)1, then conditions (59)—(63) become:
Zm§ > (1 > a)" =a*e(z),
X(@*y*) = (w3y3) » x(y1, 1),
Z:ﬂ*H Q% = Z (1) @ (23 > (714)"),
Z:E} Rz = Z (wom)* » (z11)") @ (25 » (z1171724)%),

for all @ € A, x € H. These conditions, were the ones appearing in
a preliminary version of this paper.

Theorem 5.10. Let (A, H,», p, x, ) be a cocycle linked pair of Hopf alge-
bras, where A and H are CQG and x and v are invertible. We consider the
map v : H — A defined by y(z) =Y x ' (22,8 Hz1)), for allz € H. Let
wa, o, ® be normal integrals given as in Lemma 5.5. Assume that ® is
central, i.e. it satisfies ®((a#x)(b#y)) = ®((b#y)(a#x)). If (59)-(63) are
verified, then AY#, H with the x-structure considered in (58) is a CQG.
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Proof: Let (—, =) gv 4 g, (—, —)a and (—, —) i the hermitians forms cor-
responding respectively to ®, p4 and ¢g.
From condition (39) it follows that —see also equation (83)-

Z (21 » (Y1) x (22, y2) ZX Yoy2, S (1)) Va,y € H.

Also it is easy to see that

(b#y)" (atx) =Y (v(wi)#vs) (Bra#te),  Va,y e H, abe A
Then

(atte, bty agn = ©((b#ty) (a#tn) = 3 0( (Vi) #us) (vatta) )
=Y o((tatta) (v(wh)#u3))
=> pa(bra(z » 'y(yl))x(myg))w(:vzy%‘)
=Y ea(bax(ays S D) )enlways)
= pa(btay 1(w1y2<PH (w233), 3_1(yf))>
bax(1,S7 D) )en(ays)
=> palt*a)pu(zy*) = {a,b)a{y”, z")u.

The proof of the positivity of the inner product in Aw#XH follows imme-
diately from the above equality. O

—

M N - N - NN

Observation 5.11. In the case that A and H are finite, the fact that ® is
central follows immediately from Theorem 2.1.

Next we study the particular case of this construction when y and v are
trivial.

5.1. Linked pair of bialgebras. In this section we consider the special
case of a cocycle linked pair of bialgebras with trivial cocycle and cococycle,
in which case one can prove more precise results.

Definition 5.12. A linked pair of bialgebras is a cocycle linked pair of
bialgebras with trivial cocycle and cococycle.

Observation 5.13. (1) If we have a linked pair of bialgebras
(A, H,»,p), where A and H are Hopf algebras, then conditions
(47) and (48) are automatically verified (see [20]).
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(2) Clearly if (A, H,», p) is a linked pair of bialgebras, then (A4, ») is a
left H-module algebra and (H, p) is right A-comodule coalgebra. In
this situation, the remaining compatibility relations are (47), (48),
(51), (52) and (53).

Observation 5.14. (1) If (H, A,<,>) is a matched pair of bialgebras
and A is finite dimensional, we have that (A", H,», p) becomes a
linked pair of bialgebras with the following structures:

(x » a)(a) =ala<z), p(a:):Za:H®:UAv = Z:L‘H:UAv(a):an

forallac A, x € H and o € AV.
(2) In view of Observation 5.1.1, a linked pair of bialgebras gives rise to

a bialgebra Aw#XH , for which ¢ and x are trivial. The bialgebra
obtained in this particular case is called the bismash product of A
and H and is denoted by A#H. (See [20], Theorem 6.2.2 or [11].)
We have the following explicit formulae:

(atx)(b#y) = > a(z1 » b)#way,
Aa#z) = Z a1# (1) g ® ag(x1) 4#22,Va,b € A, z,y € H.

In the case that A and H are Hopf algebras, then A#H is a Hopf
algebra with antipode

S(a#z) = Z (I#S(J:H)) (S(axA)#l), Yaec A, € H.

Moreover, if we consider the natural inclusion and projection maps
defined in Observation 5.4 then, ¢y is an algebra map and w4 is
a coalgebra map. Hence A#H is generated as an algebra by the
subalgebras A#1 and 1#H.

Lemma 5.15. Let (A, H,»,p) be a linked pair of bialgebras. If A and H
are cosemisimple bialgebras with normal integrals w4 and g respectively,
then A#H is cosemisimple and ® : A#H — C defined by ®(a#x) =
va(a)pm(x) is a normal integral. Moreover, in this situation gy : H — C
is a morphism of A-comodules.

Proof: The first assertion follows from Lemma 5.5. The second assertion
is proved by writing the right integral condition of ® to 1#xz and then
applying id4 ® € to obtain:

ZwH (xg)xa =@p(x)la, VreH.

In connection with Observation 5.9 we have the following.
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Lemma 5.16. Let (A, H,», p) be a linked pair of bialgebras, where A and
H are x-Hopf algebras. We consider v : H — A defined by v(z) = e(x)1,
for all x € H. Then condition (60) is equivalent to

(xw»a)*=S1(z*) »a*. (69)
Proof: If we assume (69) then
Sz (i wa)=> a3 (S(z]) b a’) =ae(z”).
If we assume (60), then
(b a) = Zs<x;><x1 >ay =Y
= ZS ) > a*e(x])

Lzs) » (25 » (z1 9 a)")

S
S7H(z*) » a*.
O

From Theorems 5.7 and 5.10, Observation 5.11 and Lema 5.16 we get:

Corollary 5.17. Let (A, H,»,p) be a linked pair of bialgebras, where A
and H are x-Hopf algebras. Then the formula below:

(a#x)* Z:clba #xy, Vac A zeH
defines a structure of x-Hopf algebra in A#H if and only if
(z»a)* =S (z*) »a* and  p(x*) = Z (x1m)" @ (25 » (214)"),

for alla € A, x € H. In this situation, if A and H are finite CQG, then
so is A#H. O

In order to apply theorem 5.10 without assuming that A and H are finite,

we have the following.

Proposition 5.18. Let (A, H,», p) be a linked pair of bialgebras. Let v 4,
v, ®, be as in Lemma 5.15. Then @ is central if and only if pao and g
are central and 4 : A — C is a morphism of H-modules.

Proof: We have ®((a#x)(b#y)) = > ¢a(a(z1 » b))pn(z2y), then @ is
central if and only if
ZSDA a(zy » b)) pu(z2y) = ZSDA(b(?ﬂ > a))on(yaz),
Ya,be A, x,y € H.

Assume that ¢4 and ¢ are central and ¢4 is a morphism of H-modules.
The last condition on ¢4 means that ps(z » a) = e(z)pa(a) for all x €

(70)
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H,a € A. Then

> pala(zy» b))en(ey) = ea

b)a)pu(z2y)
b

wl >
T » (w2y1) » ))@H($3y2)

((
(> 0)(
- Zm( 210 b) (22 > (41 > ) ) o (@sye)
(1> (0
((

T y1 > a)))wH(wﬂn)

= oa(b(yr » a))pu(zy2)

= oa(b(y1 » a))ou(y2z).

Assume now that @ is central. If we put @ =b =1 in (70) we get that ¢y
is central and if we put x =y = 1 we get that ¢4 is central.

Using that ¢ is central, if we put b= 1 in (70) we get
pa(a)pn(yr) Z@A y1 » a)pm(yex), Ya€ A, z,y € H.

Now, as H is coFrobenius the validity of the above equation for all z € H
implies that

pala)y=> palyy > a)ya, Ya€A, yeH,
and applying € we obtain that ¢4 is a morphism of H—modules. ([l

6. The case of a cocycle Singer pair

In this section we consider the general construction of a star for a cocycle
linked pair of *—Hopf algebras in the case that H is cocommutative and A
is commutative. Notice that in this situation the antipodes of A and of H
are involutive.

6.1. General definitions.

Definition 6.1. A cocycle linked pair of Hopf algebras (A, H,», p, x,¥) is
said to be a cocycle Singer pair if H is cocommutative, A is commutative,
and the cocycle and cococycle x and 1 are invertible.

The above definition is motivated by the fact that a linked pair of Hopf
algebras (A, H,», p) in which A is a commutative Hopf algebra and H is a
cocommutative Hopf algebra is called a Singer pair (see for example [13]).

Observation 6.2. (1) Notice that if we have a cocycle Singer pair,
then condition (53) is authomatically verified, and it is easy to see
that we can remove x and 1 from relations (38), (44), (51), (52).
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(2) Hence in this case being H is cocommutative, A commutative and x
and 1) are convolution invertible, then (A, H, », p, x, ) is a cocycle
linked pair of bialgebras if and only if (A, H, », p) is a linked pair of
bialgebras and x and 1 verify relations (39), (40), (45), (46), (49),
(50), (54).

Observation 6.3. In this case the conditions characterizing the structure
become simpler.

(1) Conditions for (», x).
zp»1=¢(x)l, x»ab:Z(:ﬁl > a)(za »b), 1 »a=a,
> (y »a) = (zy) » a,
D (1w x(1,21)) X(@2,9222) = D x(@1,m1) x (w292, 2),

x(@,1) = x(1,2) = e(x)L.
for all z,y,2 € H, a,b € A.
(2) Conditions for (p,).

Ze(mH)xA =e(x)1, Z-THI QT2 @TA = ZIEH{ ® Tog @ T1AT24,

ZwHE(xA) =z

ZivHH®xHA®$A :ZxH®$A1®$A27

(71)

E T1M1ToHT @ T112T2H ] Q T1[[T24A = E 17 @ 1111221 @ T1rr2%2171,

> e(xpar =Y wre(r) = e(@)l, (72)
for all x € H.
(3) Compatibility conditions for (», p, x, ¥).

ge(xwa)=¢cx 21A®1H:1®1 e(x(z,y)) = e(x)e(y),
211®1H=1®L
d@wa)p@@rea)=Y ((x1)y»a)® (1) 4(z2 » a2), (73)
> @)@ (zy)a = (21) g yn @ (21) 4 (2 » ya), (74)

Ayxim= (@) *0%(18Y), (75)
with

O(x,y) = Z($1H1 » yir)X(T1m2, Y2m) @ T14(T2 » (Y171924)).  (76)
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Observation 6.4. (1) Recall —see Observation 5.13— that the above
equations imply that the map »: H ® A — A is in fact an action
and dually the map p: H — H ® A is a coaction.

(2) Condition (36) implies that the convolution inverse of »: HRA — A
is:

> l=p (id®S). (77)
(3) Similarly, condition (42) yields the formula:
= (S®id)p. (78)

(4) If we apply m(S®id) in equation (73) and use that the Hopf algebras
are involutive, we obtain £(z)e(a)l = > S(z1g » a1)z14(T2 » a2)
and using (77) we deduce that:

x»a:ZS(beS(a))xA or S(w»a):Z(xHDS(a))S(a:A).

(79)
(5) Proceeding dually with equation (74) and p we deduce that:
Y zp@aza=Y S(S(z2)n) @ (x1 > S(22)4), (80)
or:
D S(won) @ (S(a1) » 224) = > S(a)g ® S(x (81)

We list some additional properties needed for our computations.

Observation 6.5. The map v : H — A, y(z) = > x 'z, 87 (21))
considered in [5] can also be written as: y(x) = > x (z2,S(z1))

Sox T, S(a2)).
(1) Clearly, v~ '(z) = 3 x(x1,S(22)) = 3 x (22, S(21)).

(2) From the cocycle equation (39) one easily obtains:

2o x My 2) = x(an,yz)x (w22, 2)x (23, ). (82)

Using the above equation (82) and applying it to the situation
that z®@y® z is substituted by y®@x2®S(z1), we obtain the formula:

y» (@) = x " (i, S(@2))x (y2, w3). (83)
(3) Similarly, from equation (39) we deduce that
Yoz e (S(a2) = (@), (84)
Lemma 6.6. In the above situation, the we have that:
Zylxl > x (S ZW (y121)7(y2) (y3 » 7($2))X(y4,$(3)-)
85
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Proof. By substitution of z®y® z with > y121 @ S(z2) ® S(y2) in equation
(82) we obtain:

ZZ/L’LH > X (S(22), S(y2))
= X1, 8(z6)S(ys))x " (y2w2S (25), S(ya))x " (y33, S(24))
=Y X171, S(22)S(ys)x " (y2, S(ya))x(ysws, S(wa))  (86)

Hence, using (83) we deduce our result from the above formula (86). O
Observation 6.7. Next we extract some consequences of equation (54).

(1) If we change variables in equation (55) substituting x®y — > 1 ®
S(z2), the left hand side becomes:

D (Axxym)(a1,S(a2)) = Ay~ (@),
and we obtain the expression:
Ayt =¢xvx(1@yY) and v ' x Ay I x(1®79) =0,
v(w) =) (a1, S(x2)).

(2) By sustitution in equation (57), we obtain the following expression
for v:

v(z) = Z (2101 » S(x3)1) X (z102, S(@a) 1) ® w14 (22 > S(23)11S(24) 4)-
Applying equation (81) we change v into:

(87)

v(z) = Z (z1m1 » S(23)1) X (2102, S(25H))®
a;lA(acg > (S(xg)H(S(x4) > xg,A)))
= Z (2101 » S(za)1) X (2102, S(26H)) @
T1A (xg > S(:z:4)[[) (:r35(x5) > ;UGA)
= Z (2101 » (Sz3)1)X (2112, S(@an)) @ x14 (22 » (S3)11) 744
= Z (211 » (Sz3)1) X (2112, S(@21)) @ T14T24 (T4 » (S23)17).

Next if we apply the morphism A ® id®1id to equation (42) and then
substitute above, we obtain:

V() = Z (z1m1 » (Sz2)1) X (2102, S(@113)) ® 14 (23 » (ST2)17)
= Z (lel > (5552)1)’7_1(951&) R x14 ($3 > (ng)H). (88)
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6.2. The structure of compact quantum group. In the general situa-
tion of a cocycle linked pair each of whose components is equipped with a
star structure, we have proved that for an arbitrary map ~v: H — A if we
define * : Aw#XH — Ad’#XH by the formula:

(a#tx)* Z'y x1) (x5 » a*)Has; (89)

then conditions (59), (60), (61), (62), (63) —or its versions (64), (65), (66),
(67), (68)—are necessary and sufficient for % to define a *—structure com-
patible with the bialgebra structure on A¢#XH

Next we prove that in the case of a cocycle Singer pair with the particular
7 considered in [5], i.e. y(x) = 3. x (2, S~ !(x1)) the above conditions are
equivalent to those presented by Andruskiewitsch in [5] with the numbers
(3.2.1), (3.2.2), (3.2.6) and (3.2.7) that we write below as: (90),(91), (92)
and (93), respectively.

V

(xw»a) =S 1(95*)
x( )=

Observation 6.8. Let (A, H) be a cocycle Singer pair.

(1) For a general ~, equation (64) is equivalent to the (convolution)
invertibility of v and to the equality: y~1(x) = > z1 » y(x3)*.
Indeed using the commutativity of A and cocommutativity of H
we have:

Yoy » y(@3)) =@l =) (x> y(23))y(zs).  (94)

(2) Notice also that for the particular v = > x (22, S !(21)) using
(84), from the condition above for v(z*)* and using that » is an
action, we deduce:

y(@*)" =71 (Sx). (95)
(3) In the case of a general v that is invertible (65) is equivalent to
(90). Indeed from (65) we obtain —after cancelling v— that: > x; »

(x5 > a*)* =¢e(x)a.
By acting with S(z) we deduce that:

S)wa=(z"w»a")" and (x» a)" =S(z") » a”.
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(4) We consider now the particular case that
Y(z) =22 x (22,8 (1))
(a) Equation (66) is equivalent to (91). Indeed after some elemen-
tary manipulations it can be transformed into:

> oy » x(@3,53)" = > ) v(y2) (s » (@)X (ya, x3)  (96)

Then, the equality X(ﬂf YY) = xTH(S(2),S(y))
(or x~(z*,y*)* = x(S(z),S(y)) follows immediately from
Lemma 6.6, equation (85). Clearly, this argument can be re-
versed.

(b) If we start with equation (91), then ~(z*)* = x~(zF, (Sz2)*)*
= x(8x1,72). Hence the equality v~ 1(z) = S z1 » y(a3)*
becomes x(x1,Sx2) = Y x1 » x(Sxz2,x3), that can be easily
proved using (82). Hence, in the context of [5], condition (59)
is unnecessary.

(5) Consider again the situation of a general v. Once that the equality
(90) as well as the invertibility of v are guaranteed, we can prove
that equation (67) is equivalent to (92). Indeed, in equation (67),
we can cancel 7 and obtain: Y (2*)y ® (2*)4 = > (x14)* @ x5 »
(x14)* = > (z1m)" ® (S(z2) » z14)*. Hence, to prove the equiva-
lence, all we have to check is that

ZS(S(ff)H) A_Z$1H® 2) » T14),

and this is exactly equation (81).

(6) In the particular situation that (z) = > x~ 1(:52, ~1(z1)) and
using equation (87) one can write condition (63) in the following
manner:

vH(z) = x Ay (Lo (@)
= (@) mD (@) )5 » (1)) © (23 (1) 11(23)4)")
Next we proceed to compute v(z*)* once we know that in our situation
conditions (90)-(92) hold and assuming that v(z) = 3. x 1 (z2, S~ (21)).

Lemma 6.9. In the situation of a cocycle Singer pair and under the hypoth-
esis of conditions (90)—(92), and assuming that v(z) = > x (22, S H(z1)),
we have that:

(1)

(97)

=D A(S@)m)(S(1)m2 » (S(a5)1))@

(98)
S(x1)a(S(x2) » (S(23)11)7)-
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(2) If we call
ZV Y(S(@1)m) (S(x1) 2 » 231) @ S(1) A(S(22) » 2311),

then condition (63) —see also condition (97)— is equivalent to:

v (@")" = p(x) (99)

Proof. (1) Performing a direct substitution in equation (88) we obtain:
(@) = (@) » S(a)r)y (@ip)™ @ (@¥)1a)" (a5 » S(@3)i)"
(100)

Using equation (92) in the equation above, we obtain:

v(a®) =Y (S(S(@)m)i » S(a3)r) v (S(S(x1)n)3)*®
S(:Jcl)A(x§ > S(a:;)n)*

= Z (S(S(z1)m)s » S@5) 1) v H(S(S(@)m);) @S(x1) a2l » S(@5)m) "
Then, applying the equalities (95) and (90), we deduce the required

result.
(2) By a direct substitution we check that condition (97) is equivalent
to:
Z’Y zom1)")" (w2m2)" » (211)")" @ (25 » ((2111724)7)"

= ZV S(@2m1))(S(x2m2) » z11) ® (S(23) » (T111724))
=3 7N (S(x2m))(S(wam2) » w11) @ (S(w3) » 2111)(S(24) B T24)

= Z’V S(xom1))(S(zam2) » xar) @ (S(x3) » xar7)(S(z1) » 224).
(101)
Applying A ® id to equation (81) we obtain:

ZS(-TQHl) ® S(z2m2) ® (S(z1) » x24) = Z(Sﬁ)m ® (Sz) 2 ® (Sx)a.
(102)

By a direct substitution in equation (101) we obtain equation (99).
([

Next we prove the main result in this section.

Theorem 6.10. In the situation of a cocycle Singer pair with ~y(x
Sox " Ywa, 87 (1)), conditions (90),(91),(92),(93) and conditions (
(60),(61),(62),(63) are equivalent.

) =
59),
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Proof. In Observation 6.8 we took care of the equivalence between condi-
tions (90),(91),(92) and conditions (59),(60),(61),(62). We need to consider
the additional conditions (93) and (63). Performing the convolution prod-
uct of the right hand sides of equations (98) and (99), we have —for clarity
we have abbreviated £(z) = )" qr(z) ® qrr(z) = Y (S(@*)1)* @ (S(z*)11)*
and ¢(2) = Y pr(z) @ prr(z) = xr @ wr

> (@) ulas)

= (S@1)m) (S(@1)ma » ar(w3)y ™ (S(w2) i) (S(w2) 12 » pi(a6))
®3($1)A5($2)A(5(964) > qrr(x3))(S(xs5) » pri(ae))

= Z’y (1) r)y H(S(@2) i) (S(21) 2 » ar(23)) (S(22) g2 » pr(w5))

®S(21) 4S8 (22) 4(S(x4) » (ar1(23)p11(25))).- (103)
The equation (42), applied to S(z) yields:

ZS ) @S(@) g2 @ S(x)a = ZS($1)H @ S(x2)m @ S(x1)aS(22) 4,

(104)
and applying A ® A ® id to the above equation we get:

D S@)m @ S(@) g2 ® S(@) s ® S(x) s @ S(x) 4
= S(x1)m ® S(x1) 2 @ S(2) g1 ® S(72) 12 @ S(21) AS(72) A
By substitution in equation (103) we obtain:
ZV (1) i)y (S(@2) 1) (S(@1) 2 » qr(23)) (S(22) 2 » pr(25))
®8(21) aS(w2) A(S(x4) » (qr1(23)p11(5)))
= WS )y (S(@1) m2) (S1) s » qr(22)) (S(x1) s » pr(za))
®@S8(21)A(S(x3) » (qrr(z2)pri(x4)))
= " S(@1)m » (qr(w3)pr(ea)) ® S(w1) a(S(wa) » (

=Y mser(ar(z2)pr(as) ® arr(2)prr(s)) = Y wsey (€% 9)(x2)), (105)

Where the map 7, : A® A — A® A is defined as follows: m,(a ® b) =
> (x1m » a) @ x14(z2 » b). We have proved that:

Zl/(:ﬂl ZTFSzl (€ *v¥)(z2))

An elementary computation shows that Y 7y, 7gs,(a®b) = a®b, and also
that m;(1® 1) =e(z)l ® 1.

ar1(z3)prr(z4)))
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Then, p(x) = v=1(x*)* if and only if 3 msz, (€ x ) (22)) = e(2)1 ® 1,
i.e. if and only if (£ x1)(7) = e(x)1 ® 1, i.e. if and only if ¢ = 1 ~1, that is
exactly condition (93) —see also Lemma 6.9.

U

6.3. Matched pair of groups. In the special case of a pair of Hopf alge-
bras of the form A = C® and H = CF, where F and G are finite groups,
a cocycle Singer pair can be produced directly at the level of the groups F
and G by enriching them with four maps <, >, ¢ and 7 that we describe
below. This construction has been presented in [10] and further studied in
[13].

Using this description and the results of the general case, we give neces-
sary compatibility conditions between the four maps mentioned above, for
the product Hopf algebra to be a *x-Hopf algebra and a CQG.

Definition 6.11. A matched pair of groups ([20]) is a quadruple (F, G, <,>)
where F' and G are groups and

GEGxFLIF,
gaf—(9,f)—grf

are actions of the groups F' and G on the sets G and F' respectively, satis-
fying the conditions that follow:

g ff = (g>f)gaf)ef), (106)
g9 af =(g9<(d> ) <), (107)
for all f,f € Gandg,¢ € F.

Observation 6.12. (1) Tt is easy to prove for a matched pair of groups
that laf=1landgr1=1,Vfe F,g €.
(2) If (F,G,<,>) is a matched pair of groups, then we define a product
in the set F' x G by

(f9)fd)=(flg> ), (g<fg), VYg,d €F, [ f eG.

F x G with this product is a group that we call F' > G. If we
apply the usual functor between groups and Hopf algebras sending
a group to its group algebra and extend < and > in the obvious
manner, then it is easy to see that (F,G,<,>) is a matched pair
of groups if and only if (CF,CG,<,>) is a matched pair of Hopf
algebras and we have CF < CG = C(F < G).

(3) If (F,G,<,>) is a matched pair of groups where G is a finite group,
it follows from Observation 5.14 (1),
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that the quadruple ((CG, CF,», p) is a Singer pair. Indeed, given
the arrows G < G x F > F, we define CF % CF @ C¢ 2 ce by:

freg=cop1,  pf)=) gof®e, VfEF geG,
geG

where we have denoted as {e; : g € G} the fundamental idempo-
tents in CC.

The above structure can be enriched by adding a cocycle x : CFQCF —
C% and a cocoycle 1 : CF — C% ® C% in order to obtain a cocycle Singer
pair. Any pair of convolution invertible linear maps:

CFeCFX5ct  crbcéect
fof=x(ff)  f—=Xfefu

can be described in terms of the natural basis as two families of functions:

GxFxF3%c~ GxGxF5LCx
(9. £ f)—=o(gf f)  (9.9,f)—7(9.95f)

such that:
XU ) =Y olgi £, f)eqs

geG

S fiofu= > (995 eg@eqy, Vf f €F

9.9'€G

Note that the invertibility of x and 1 is equivalent to the fact that o and
7 take non zero values.

We write CG#JJCF for the vector space C¢ @ CF and eqg#f for the
element e, ® f of the standard basis.

Observation 6.13. In this situation, Observation 5.1.1, Theorem 5.3 and
Observation 6.2, imply Lemma 1.2 in [13]. Explicitly: the vector space

(CG#J,T(CF with the product, coproduct, unit and counit defined below

(gt ) (eg#f') = gapg o (g: 1. ') eq#t L f,
Aleg#f) = Y. 7(d.9" P eg#(g"> f) @ egritf. lcoy, cr

g9'9"=g

= eg#l ecoy, crleg#f) =041,
g
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is a bialgebra if and only if (F,G,<,>) is a matched pair of groups and o
and 7 verify the following conditions:

algafi £ ") alg £, 1 ) = alg; £, /) alg; F 5 f7), (108)
o(1; f, ') = o(g;1 ) =o(g; f,1) =1, (109)
(999" f) (9,9 9" > f) =7(d",9"; F) 7(9:9'9"; ), (110)
m(1,9'; f)ZT(glf)—T(gg 1) =1, (111)

o(gg’s £, f) (9.9 [f)

=o(g;gd v f,(d<f)vfolds f, )19, 95 F)T(g<a(d > f), g < f; {’)7 |
112

for all g,¢',g" € G, f,f,f" € F. Moreover, C¢4,,CF is a Hopf algebra
with antipode:
_ -1
Seg#tf) =0 (67590 £(ge HT) 7070 ) eggap1#gn )7
(113)
A pair (0, 7) as above, verifying conditions (108)—(112), is called a pair
of compatible normal cocycles.

Theorem 6.14. Let (F,G,<,>,0,7) be such that (F,G,<,>) is a matched
pair of groups and o, T are compatible normal cocycles. Let a: FF x G — C
be an arbitrary map.

(1) The formula

(eg#f) =a(f ' gaf) eqap#tf™" (114)

defines a structure of x-Hopf algebra in (CG#UJ(CF if and only if
a(l,g) = a(f,1) =1, (115)
a(f,g)a(f~1gaf) =1, (116)

a(fi,9)a(f2, g < f1)o(g; f1, f2) = el fife, g)o (g < (fufo); f2 ' 1), (117)
a(f, 0192)7(91,92: f) = elg2> f, g1)a(f, 92)7(91 9 (920 f), 92 9 f, f_(ll),

18)
fOT’ allg’glng € G7 f7f17f2 er.
(2) The pair ((CG#UJ-CF, *) is a CQG if and only if o and T verifiy
(115)-(118) and
a(f~g<f)olgf, f7') >0, (119)
forallge G, feF.
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Proof: For the first assertion, we recall that C¢ and CF are CQG with
respect to the x-structures:
(eg)* =¢g, [*=[7", Vg€G, fEF.

If we define a linear map v : CF — C% by ~(f) = deG a(f, g)eg, for all

f € F, then the formula (58) becomes (114). Moreover, (115) is equivalent
to y(1) = 1 and ey = ¢, (60) and (62) are automatically verified, and
conditions (116), (117) and (118) are equivalent to conditions (59), (61)
and (63), respectively. Hence the first assertion follows from Theorem 5.7.

For the second assertion, we observe that the linear map
® : CY%,,.CF — C defined by ®(e,#f) = ‘—61”5131 is a normal integral
and

1
(egi #f1,€g0F# f2)® = 0g1.92 01115 @a(fl_1791 afi)olgi fi, fih),

V1,92 € G, f1, f2 € F.
Then (, )¢ is positive definite if and only if (119) follows. O

Observation 6.15. We consider two particular cases of the above theorem.

If we take oa(f,g) = U(g;f, f_l)_l which corresponds to
v(z) = > x ! (22,87 (x1)), then conditions (115)-(118) are equivalent
to

lo(g1; f1, fo)l = |7(91, 925, f1)| = 1, V1,92 € G, fi1, f2 € F,

and condition (119) is automatically verified. Now if we take the trivial map
a(f,g) = 1 which corresponds to v(z) = (z)1, then conditions (115)-(119)
are equivalent to

o(gaffif~ ) =olgf. f)

(g v f)gd<f, f)=7(9.95f), olgff')>0,
forall g,¢' € G, f,f € F.

6.4. Examples. In this subsection we present two examples, where the
first one is a parametric family of CQG that generalizes an example due to
Masuoka [15].

Both examples are based on the same matched pair of groups.

Let n be an integer greater than one and C), be the cyclic group of order n.
We consider F' = Cy = {l,z} and G = C, xC), = {aibj D 1,] € Zn}, where
a, b are generators of C,,. The group F' acts on G by group automorphisms
with the following action:

a'V ax=a'bd, Vi, j € Zn.
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Hence if we consider the trivial action >: G x F' — F', then (G, F,<,>) is a
matched pair of groups and G < F' is the semidirect product of G and F'.

Example 6.16. If we take o as the trivial map —that produces the trivial
cocycle— and we define 7 by

r <aib7,a’fbl; 1) -1, T (aibﬂ',akbl;x) — Rl LG k€ T,

where (,n are complex numbers with || = |n| = 1, then (o, 7) is a pair of
compatible normal cocycles and therefore we have a Hopf algebra extension
CEnxCn — COnXCngt  CCy — CCs.

The only solution of equations (115)-(119) is the trivial one, so
CEnxCndt CCy is a CQG by defining

(eij#1)" = ey #1, (ey#x)" =ej_j#x, Vi, j € L.

Example 6.17. We change slightly our perspective and as both groups
are abelian we view the matched pair

Ch X Cp < (Cy, x Cp) x Cy = Oy,
b’ =a't 9z — (a'V,r) — a'V>x =2
as actions on the other side:
Cy <— Cy % (Cp x Cy) —> Cp X Chy,
r=x—ab — (z,a'V) — z — d't) =a'b77.

Now we take 7 as the trivial map —that produces the trivial cococycle—,
and we define o by

o (1;aib7,akbl) =1, o (m;aibj,akbl) = Ciln_jk, Vi, j, k,l € Zn,

where (,n are complex numbers with || = |n| = 1, then we have a Hopf
algebra extension

CcC — #o.C[C),, x Cy] — C[C,, x Cy] with similar properties than
before.

We obtain a solution of equations (115)-(119) by defining a : (Cy, x Cy,) X
Cy — C by a(a’®,1) = 1 and a(a’¥,z) = <%>Z], for all ¢,7 € Z,. Then
CO#,,C[C,, x Cp] is a CQG by defining

]
(e1#a’t’)" = erta™ b7, (em#a%j)%(g) extta™ b, Vi, j € Zn,
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