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ALGEBRAIC QUANTUM HYPERGROUPS
OF DISCRETE TYPE
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Abstract

In this paper we will study some structures of algebraic quantum hypergroups. First, we construct
more examples of algebraic quantum hypergroups of discrete type. Next, we introduce the notion
of a generalized quasi-Frobenius multiplier Hopf algebra and then show that generalized quasi-
Frobenius multiplier Hopf algebras are a class of algebraic quantum hypergroups of discrete type.
We also give some equivalent conditions for an algebraic quantum group to be of discrete type.
Finally, we study sub-algebraic quantum hypergroups of discrete type and quotients of algebraic
quantum hypergroups of discrete type.

Introduction

The concept of a multiplier Hopf algebra introduced by Van Daele in [4]
extends the notion of a Hopf algebra to the setting of nonunital algebras. An
important difference with the situation for ordinary Hopf algebras is that the
comultiplication of a multiplier Hopf algebra A takes values in the multiplier
algebra M(A ® A) and not in A ® A itself. Because of the occurrence of
multipliers, certain constructions for Hopf algebras need to be carried out
more carefully in this context.

Algebraic quantum groups are regular multiplier Hopf algebras with in-
tegrals. They have nice properties like admitting a dual quantum group and
satisfying the analogue of the Pontryagin duality [6]. We notice that the study
of regular multiplier Hopf algebras of discrete type was given in 1999 by
Van Daele and Zhang [7].

Recently, motivated by hypergroups, algebraic quantum hypergroups were
introduced by Delvaux and Van Daele in [2]. They generalize algebraic quan-
tum groups in the following sense. An algebraic quantum hypergroup is an
associative algebra with a non-degenerate product, with a regular coproduct
A: A — M(A® A) which is not necessarily a homomorphism of algebras,
with counit €, with a faithful integral v and with an antipode S : A — A that
is a bijective antimorphism of algebras satisfying: S((¢ ® 1)(b ® 1)A(a)) =
W R)(AMb)(a®1)) foralla, b € A. A basic example of algebraic quantum
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hypergroupis the algebra C.(G) of compactly supported functions on a discrete
group G with a finite subgroup H of order n. The coproduct A : C.(G) —
M(C.(G)®C.(G))is givenby A(f)(p, q) = L 3,y f(phq) forall p, q €
G. These algebraic quantum hypergroups were recently generalized to the
setting of bornological quantum hypergroups in [6].

In this paper we will provide new examples of algebraic quantum hyper-
groups that are not algebraic quantum groups and study some structures of
algebraic quantum hypergroups.

An outline of the paper is as follows. In Section 1, we construct more
examples of algebraic quantum hypergroups of discrete type (see Example 1.5
and Example 1.8). These examples can be regarded as generalizations of a well-
known example of algebraic quantum groups given in [3, p. 496], see also [1,
2.2.1]. In Section 2, we introduce the notion of a generalized quasi-Frobenius
multiplier Hopf algebra (see Definition 2.1) and then show that generalized
quasi-Frobenius multiplier Hopf algebras are a class of algebraic quantum
hypergroups of discrete type (see Theorem 2.9). We also give a characterization
of generalized quasi-Frobenius multiplier Hopf algebras (see Theorem 2.13),
generalizing the results in [7]. In Section 3, we give some equivalent conditions
for an algebraic quantum group to be of discrete type (see Theorem 3.7). In
Section 4, we study sub-algebraic quantum hypergroups of discrete type (see
Theorem 4.1) and quotients of algebraic quantum hypergroups of dicrete type
(see Theorem 4.5).

1. More Examples of Algebraic Quantum Hypergroups
The following definition can be found in [2] or [6].

DerINITION 1.1. The data (A, m, A, ¢, S, V) is said to be an algebraic
quantum hypergroup if the following conditions hold:

e (A, m) is an associative algebra with a non-degenerate product m.

e A is aregular coproduct on A,ie., A: A - M(A ® A) is a linear map
such that A(a)(1 ® b), A(a)(b® 1), (a ® 1)A(b) and (1 ® a) A(b) belong to
A ® A forall a, b € A and such that

@R1NARNADI1R®c)=0RA)((a@DADbL)HAR1I®c)

forall a, b, c € A.
e cisacouniton A, i.e., € : A — k is a homomorphism of algebras such
that (¢ ® ) A(a) =aand (t ® €)A(a) = a foralla € A.
e 1 is a faithful right integral on A, i.e., a non-zero linear functional on A
satisfying
W ®)Aa) = ¢(a)l

foralla € A.
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e There is a bijective antimorphism of algebras S : A — A satisfying:
(1.1) S(Y @b DHA@@) = ®@)(AD)(a® 1))
foralla,b € A.

Let A be an algebraic quantum hypergroup. An element 4 € A is called a
right cointegral if ha = e(a)h for all a € A. A similar definition for a left
cointegral.

An algebraic quantum hypergroup (A, A) is called of discrete type if there
exists a right cointegral in A. An algebraic quantum hypergroup (A, A) is
called of compact type if the algebra A has an identity (and hence that A(1) =
I1®1).

REMARK. (1) Observe that it is not assumed that A is an algebra morphism
in an algebraic quantum hypergroup.

(2) ([2, Proposition 2.1]) Let A be an algebraic quantum hypergroup. Then
S is necessarily an antimorphism of coalgebras and &(S(a)) = &(a) for all
a € A.

PROPOSITION 1.2. Let A be an algebraic quantum group of discrete type
with a cointegral h € H. Then

Ah)(@®1)=AM)(1® Sa))

forall a € A.

PrOOF. We choose arightintegral ¥ on A such that (k) = 1. By Eq. (1.1),
we have

S@)=W)AMm@®1) forall acA.
Hence
W ®)(AM) @b ® 1)) = (¥ @ V(AR (Db ® S(a)))  forall a,b e A.
For all @ € A’, by applying o to both sides of the above equation, we get
V(@ w)AM)(a®1)-b) =y ({((t®w)A(h)(1® S(a)) -b)
forall a, b € A. Since v is faithful, we have
(t@w)AM)@®@1) = (@ w)A(h)(1 ® S(a)) forall a € A.

Thus, we obtain
AW (a® 1) =AM ® S(a))

for all @ € A. This completes the proof of the proposition.
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ExaMPLE 1.3. Any regular multiplier Hopf algebra of discrete type is an
algebraic quantum group and so it is an algebraic quantum hypergroup of
discrete type (see [7], [2]).

ExamPLE 1.4 (Motivating example, see [2]). Given a group G with identity
e and a finite subgroup H of G. Let A be the algebra of complex functions with
finite support on G and constant on double H-cosets with pointwise product.
The coproduct A is defined by

1
ANP.9) =~ f(phg)

heH

where n is order of H and p,q € G and f € A. The counit ¢ is given by
e(f) = f(e). Therightintegral v is givenby ¥ (f) = ZPGG f(p) and the left
integral ¢ is equal to ¥. The right cointegral ¢ in A is the function thatis 1 on H
and 0 everywhere else. In this case, a right cointegral is also a left cointegral.
By [2, Example 3.16], we know that A is an algebraic quantum hypergroup of
discrete type. The map S : A — A defined by S(f)(p) = f(p~!) satisfies
the following property:

S(HP) = (¥ @)AMD(f @ D)(p) = Z(A(t)(f ® 1)(g, p)

qeG
1
=Y f@AW(G. p)=)_ f@)= Y t(ghp)
qeG qeG n heH
1
=D fupT'm =1
hleH

forall f € A and p € G. It is straightforward to check that the following
identities in general do not hold for A:

m((S @ D(A(fH1 R g))) =¢e(f)g.
m((1 ® H((f @ DA(R)) =¢e(g)f
forall f, g € A.

We now recall that the well-known multiplier Hopf algebra B in [3, p. 496]
(see also [1, 2.2.1]) is a vector space with the linear basis given by {w,, ; | p €
Zandi = 0, 1}. The product in B is given by the formulas

Wp,iWq ] = 8p—g.j Wq.i+j

forall p,g € Zand i, j € {0, 1}.



202 SHUANHONG WANG

The coalgebra structure on B is given by the following formula. Take p € Z
andi € {0, 1}

A(a)p,i) = Z (_1)(p—r)sa)r’s ® Wp—ri—s-
rez,i>se{0,1}
Observe that the unit in M (B) is given as 1 = Zjez
The following example is a generalization of the above example in order to
get an infinite-dimensional algebraic quantum hypergroup.

a)j’().

ExaMPLE 1.5. Fix a natural number n € N and set N, = {0, 1,2, ..., n}.
We define A=" as the complex infinite-dimensional algebra generated by a set
{(Xip. Yiq | P.g €Z,i, j € Ng,} with the following relations:

SpgXitjp, THJ =1,

X, X, =
e o, i+j>n,
8P,l]+1Yi+j,q7 i+j=<n,
XipYiq = 0 i+j>n
(Sp,qYH-j,qa i +] <n,
YiaXip = 0 i+j>n
YipYjqg =0

forall p,g € Zand i, j € No,.
e The coproduct on A=" is given by:

n
A(Xo,p) = Z XO,r 2 XO,p—ra A(Xn,p) = Z Z Xi,r b Xn—i,p—ra

rez rez i=0

A(X;p) = Z Xo, ® X p—r + in,r ® Xo,p—r forall 1 <i <n,
rez rez

A(YO,p) = Z(_l)rXO,r ® YO,pfr + Z YO,r ® X(),pfr,
rez rez

AWap) =D Y (=D Xiy ®Yusipr + Y Y Yir ® Xuipors
rez i=0 rez i=0

Aip) = (=1 X0, ®Yipr + > Yor ® Xipos
rez rez
+Y (=)' X, ®Yopr+ Y Yy ®Xop, foralll <i<n

rez rez

for all p € Z.
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It is straightforward to check that A as above is coassociative.
e The counit on A=" is given by:

S(X,"p) = 5,‘,03[],0 and S(Y,',p) =0

forall p e Zandi € N.,.
If n > 2, it is straightforward to check that A is not an algebra map. For
example, take n = 5. We have X5 , = X4 ,X; , and

A(Xs ) A(X1p) = (Z Xor ® Xapr+ Y Xar ® Xo,,,r>

rez rez

X (Z X()yz X Xl,p—t + le,r & XO,p—l)

tez tez

= ZXOJ 02y XS,p—r + le,r 02y X4,p—r

rez rez

+ Z X4 ® X1p—t + Z X5, @ X0, p—st

teZ teZ

and this is not equal to A(X5s ) forall p € Z.
The right cointegral in A=" is given by Y, ¢ and the left cointegral in A="
is given by Y, _;. The right integral v is given by:

¥ (Xip) =0, U (Yip) = din

forall p € Zand i € N.,. The left integral ¢ is given by:

¢(Xi,p) =0, (Y p) = din(=D"

forall p e Zandi € N.,.
o Define a linear map S on A=" by:

S(Xip) = Xi—p, S(Yi,) = (=Y,

forall p € Zandi € N,. Then S is bijective.

It is straightforward to verify that S is both an anti-algebra map and an anti-
coalgebra map. It is also straightforward to check that the following identities
in general do not hold for A:

m((S ® )(A(a)(1 ® b))) = e(a)b,
m((1® $)((a @ DHA(D))) = e(b)a

foralla, b € A=".
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REMARK 1.6. In Example 1.5, we consider A=9 which has the linear basis
given by {Xo p, Yo,, | p € Z}. Then there is the following isomorphism as
multiplier Hopf algebras:

®: A= — Beop, Xo.p > ®p0, Yo, > wp1

for all p € Z.
In particular, we have

ProOPOSITION 1.7. With the above notations as in Example 1.5. Then
(1) A=%is an algebraic quantum group of discrete type.
(2) A=!is an algebraic quantum group of discrete type.
(3) Ifn = 2, then A=" is an algebraic quantum hypergroup of discrete type.

ExaMpLE 1.8. Fix an odd naturalnumbern € N. LetN-, = {0,1,2, ..., n}.
Denote the set of even numbers in N<, by N<, ) and denote the set of odd
numbers in N<,_1 by N<,(0q). Let A="°Y be the algebra as in Example 1.5
with the same counit as in Example 1.5, with the same coproduct A on the
elements Xg ,, X, p, Yo, and Y, , as in Example 1.5, for all p € Z, but with
a different coproduct on the elements X; , and Y; ,, given by:

AXip) = Xor ®Xipr+ Y Xir®Xop, forall i €Ny,

rez rez
A(Xi,p) = Z XO,r ® Xi,pfr + Z Xl,r & Xifl,pfr
rez rez
+ Z X[_]’r ® Xl,p—r + Z Xi,r ® XO,p—r fOl‘ all l € an(ev)a
rez rez
A(Yi,p) = Z(_l))‘XO,r ® Yi,p—r + Z YO,r ® Xi,p—r
rez rez
+Y (' Xiy ®Yopr+ Y Vi, ® Xo,p—r foralli € Neyioa),
rez rez

A(Yi,p) = Z(_l)rXO,r &® Yi,p—r + Z YO,r ® Xi,p—r

rez rez

+ Z(_l)rxl,r ® Yi—l,p—r + Z Yl,r ® Xi—l,p—r
rez rez

+ Z(—I)FXI',L, ® Yl,pfr + Z Yifl,r ® X],pfr
rez rez

+ Z(_l)rxi,r 2 YO,p—r + Z Yi,r X XO,p—r foralli € Nsn(ev)
rez rez

for all p € Z.
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It is straightforward to check that A="°Y have the same cointegrals, integ-
rals and antipode as in Example 1.5.

Similarly, we have

PROPOSITION 1.9. Take the notations as in Example 1.8. Then
(1) A=1Y js an algebraic quantum group of discrete type.

(2) If n > 3 then A="°Y is an algebraic quantum hypergroup of discrete
type.

2. Generalized Quasi-Frobenius Multiplier Hopf Algebras

Let A be an algebra with a non-degenerate product. We now consider the dual
space A’ of A as a right A-module for the natural action of A defined by
wa = w(a-) foralla € Aand w € A’. We denote A’A by A.

DEFINITION 2.1. The data (A, m, A, ¢, S, h) is said to be a generalized
quasi-Frobenius multiplier Hopf algebra if the following conditions hold:

(a) (A, m) is an associative algebra with a non-degenerate product m.

(b) A is aregular coproduct on A in the sense of Definition 1.1.

(c) e is acounit on A in the sense of Definition 1.1.

(d) h € A such that if (w ® t)A(h) = 0, then w = 0 for all w € A" and if
(tQ@w)A(h) =0,thenw =0forallw € A’.

() S: A — Aisan anti-automorphism of coalgebras satisfying
(2.1) Ah)@®1) = AMh)(1® S(a))

forall a € A.

If moreover A is a x-algebra and A is a *-map, then we call the data (A, m, A,
e, S) a x-generalized quasi-Frobenius multiplier Hopf algebra.

Remark here that for a regular multiplier Hopf algebra of discrete type,
the concept of quasi-Frobenius multiplier Hopf algebra (with different notion
there they call it Frobenius algebra) was first appeared in [7, Theorem 3.3].

EXAMPLE 2.2. Let (A, A) be an algebraic quantum hypergroup with the
right integral ¥ on A. Then by [2], we have the dual A = {{/(-a) | a € A} =
{¥(a-) | a € A} to A with the following properties:

e A is an associative algebra with a non-degenerate product given by
(w1@n)(x) = (w1 ® wr)A(x) for all w;, w» € A and x € A (see [2, 3.2]).

e There exists a regular coproduct AonA given by (K(w), X®y) = w(xy)
forallw € Aand x,y € A (see [2, 3.2]).
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e There is a counit 2 on A given by €(w) = ¥ (a) for all @ = ¥ (-a) with
a € A (see [2, 3.2]). R
e If A has an identity, then by [2, 3.3] ¥ is a right cointegral in A. Fur-
thermore, if (z ® ()A(y) = 0 for all z = @ € A’, then we compute, for all
aeA —~
(AW),z®a) =0.

Hence

Y (za) = 0.

Since ¥ is faithful, we have @2=z=0.
Similarly, we have that if (¢ ® z)A(w) =0, thenz =0forall z = e A’
e There exists a map S: A — A defined by S (w) =wo Sforallw € A.
Then by [2, Theorem 3.11], Sis an anti- automorphism of coalgebras. If A has
an identity, then we have, foralla,b € Aand w € ;4\,

AW (R S@)b®a) = (¥ @ S@)((b® 1)A@)
= o(S((¥ ® V(b ® DA@))))
=o((¥y @ )(AMD)(a® 1))
=AW (@® 1)) (b a)

and s0 A(Y)(@ ® 1) = A(Y)(t ® S(w)). Therefore, if A is an algebraic
quantum hypergroup of compact type, then A is a generalized quasi-Frobenius
multiplier Hopf algebra (see [2, 1.13]).

ProrosITION 2.3. Let (A, m, A, &, S, h) be a generalized quasi-Frobenius

multiplier Hopf algebra. Then
(1) The map T : A A defined by I' (w) = (0 ® t)A(h), is bijective.
(2) The map I : A— A defined by T (w) = (t ® w)A(h), is bijective.
(3) Themap L : A’ — M(A) defined by L(w) = (w ® t)A(h), is bijective.
4) Themap L' : A’ — M (A) defined by L' (w) = (tQ w)A(h), is bijective.
(5) The space of M(A) coincides with the dual space ;f’of A.
(6) Foralla € A, if A(h)(1 ®a) =0, thena = 0.

ProoF. (1)—(4). By Definition 2.1(d), we know that these maps I', ', L
and L’ are injective. We have to prove that they are also surjective. Suppose,
e.g., that I is not surjective. Then it follows the proof of [7, Proposition 2.6]
that we deduce a contradiction.

(5). Follows from the proof of [7, Proposition 2.9].

(6). Foralla € A,if A(h)(1 ® a) = 0, then we have (1 ® w(-a))A(h) =0
for all w € A’. By Definition 2.1(d) we have that w(-a) = 0. Thus we have
a=0.
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THEOREM 2.4. If (A, m, A, ¢, S, h) is a generalized quasi-Frobenius mul-
tiplier Hopf algebra, then there exists an integral on A.

ProoF. By Proposition 2.3(3), we can choose ¥ € A’ sothat (Y ®t)A(h) =
1 € M(A). By Proposition 2.3(2), we may take a € A and we may write
a = I''(w) with w € A. Now write @ = f(b-) such that yr(a) = f(b). For
any x € A we have

W @0(A@1 &) =1 )A( ®AR)(1®c® 1)
=R RN (Vv NAM)))(I®cR1)
= f(b)e = Y (@)e.

As the product in A is non-degenerate, we get (¥ ® t)A(a) = Y (a). Thus,
is a right integral on A.

The proof of the following Proposition is essentially found in [2, 1.16].

PROPOSITION 2.5. Let (A, m, A, ¢, S, h) be a generalized quasi-Frobenius
multiplier Hopf algebra. Given elements ay, a, ...,a, € A, there exist ele-
ments e, [ € A such that ea; = a; and a; f = a; forall i.

ProoF. Similar to [2, Proposition 1.6]. It goes as follows: We consider a

set
V ={(aa,,aa, ..., aa,, a1a,aa,...,a,a)|ac A}

and consider a linear functional on A?" that is zero on V. Then we have
functionals w; and p; on A fori = 1,2, ..., n such that

> wiaa) + ) pilaia) =0
i=1 i=l1

for all a € A. Hence, for all x, a € A one has

x(Z(wi ®)(AW@(@ ® D)+ ) (i ® (e ® 1>A<a>>)

i=1 i=1

=Y (@ ®0)((1®x)A@)(@ ® 1)+ ) (n ®1)((a ® x)Aa))) =0.

i=1 i=1

Since the product in A is non-degenerate, we get for all a € A that

(Z(wi ®)(A@@ @)+ (n®)(@® 1>A<a)>) =0.

i=1 i=1
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Letting a = h in the above equation, we obtain

(Z(w,-(w ® L>>A<h> + (Z(pi (a;) ® t)A(h)) =0.
i=1 i=1

That means:

((Z wi ) + ) pi (a,»-)) ® a)A(h) =0.
i=1 i=1

By assumption, we have

> wita)+ Y pilai) =0.
i=I i=1

The remaining statement is the same as one of [2, Proposition 1.6].
PROPOSITION 2.6. Let A be a generalized quasi-Frobenius multiplier Hopf
algebra. Then we have
(1) S is an antimorphism of algebras.
(2) eS(a) = ¢e(a) forall a € A and h is a right cointegral in A.

(3) For an integral r such that ¥ (h) = 1, we have that S(a) = (Y ®
D(A(h)(a ® 1)).

4) If h and h' are two right cointegrals, there is a scalar » € C so that
h' = Ah.

5) A=AA={w@)|acA wcA)

Proor. (1) Foralla,b € A, we compute

Ah) (1 ® S(ab)) = Ah)(@b®1) = (AN @®1)(bR1)
=AM S(@) = A1 & Sa)SD)).

By Proposition 2.3(6), we have that S(ab) = S(b)S(a).

(2). Applying (¢t ® ¢) to both sides of Eq. (2.1), we have he(a) = he(S(a))
for all a € A. Hence ¢(S(a)) = ¢(a) for all a € A. Then by applying (t ® €)
to the both sides of Eq. (2.1), we get ha = he(a) for all a € A. As required.

(3). Obvious.

(4). Let h and k' be two right cointegrals. By Eq. (2.1), we have

AR Q1) =AM SH) =(1Qe)Ah) @ S(h')=hQ S(h')
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By Proposition 2.5, these is e € A so that h'e = h'. Take w € A’ so that
(1 ® w)A(h) = e. Hence h' = w(S(h'))h. We take A = w(S(h’)) and finish
the proof of Part (4).

(5). Straightforward.

LEmMMA 2.7. Let (A, m, A, ¢, S, h) be a generalized quasi-Frobenius mul-
tiplier Hopf algebra. Let ' be a right integral on A and t a right cointegral
such that ¥ (S~ (h)) = 1. Then we have the following formula:

(2.2) b=(1®¥)(1R®b)((1R S HA)))
forallb € A.
PrOOF. Forall b € A. By Eq. (2.1), we have that
(1S HAmE®GR1) =185 HAMKUARSD))).

By applying (1 ® 1) to both sides of the above equation and Proposition 2.6(1),
we have that

1@yS™HAm®Be 1) =18 y)((1®b)(1® S ) AM)).

Since ¥ o S~! is a left integral on A, we have

(ST )b =1 ¥)((1®b)((1®S™HAM))
and so Eq. (2.2) is proven.

PrROPOSITION 2.8. Let (A, m, A, ¢, S, h) be a generalized quasi-Frobenius
multiplier Hopf algebra with an integral . Then the following identities are
equivalent:

(2.3) S(Y @b ® DHA(@)) = (¥ @(AD)a® 1)
2.4) S(a@) =W @A) (a® 1))

foralla,b € A.

Proor. Eq. (2.3) = Eq. (2.4): We can choose a right cointegral / such that
Y (h) = 1. Then by taking b = h in Eq. (2.3) and by the properties of the
counit &, we get Eq. (2.4).

Eq. (2.4) = Eq. (2.3): It follows from Lemma 2.7 that:

2.5) AD)@®1) = (AR ((t®Y)((1®b)(1RS™HAM))))@R1®1)
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for all b € A. Since § is an antimorphism of coalgebras, it follows from
Eq. (2.4) that

(S®HAP(@)(1®b) = (¥ ®®)((A®YAM))(a®1® b))

forall a, b € A. Applying (1t ® S~') to both sides of the above equation, we
get

2.6) (S®)((1® S~ () A (a))
=W )11 S'®NR® @S H(A®)AM)(@®1® 1))

foralla,b € A.Let S™'(b) = x with x € A.
Since S is bijective and by applying (¢ ® ¢) to both sides of Eq. (2.5) and
Eq. (2.6), respectively, we obtain Eq. (2.3).

We now prove the main result in this section.

THEOREM 2.9. If (A, m, A, ¢, S, h) is a generalized quasi-Frobenius mul-
tiplier Hopf algebra, then (A, m, A, ¢, S, h) is an algebraic quantum hyper-
group of discrete type.

Proor. By Theorem 2.4, there is the right integral on A. Now we choose
one integral ¥ so that 1 (h) = 1. Applying (¥ ® ¢) to both sides of Eq. (2.1),
we get

W @0(AR)(a® 1) = (¥ ®@VAH)S(a) = (h)S(a) = S(a)

for all a € A. By Proposition 2.8, we have that (A, m, A, g, S, h) is an algeb-
raic quantum hypergroup of discrete type.

As an immediate result of Theorem 2.9 and Example 2.2, we have

COROLLARY 2.10. Let (A, A) be an algebraic quantum hypergroup of com-
pact type. Then (A A) is an algebraic quantum hypergroup of discrete type.

REMARK 2.11. In a generalized quasi-Frobenius multiplier Hopf algebra
(A,m, A, &, ¥, h), because of Proposition 2.8, we are allowed to replace
Eq. (2.3) by Eq. (2.4).

We now combine Proposition 2.6(5) and [2, Theorem 3.11] to arrive at;

PrOPOSITION 2.12. If (A, m, A, ¢, S, 1) is a generalized quasi-Frobenius
multiplier Hopf algebra with right integral r, then A = A where A is defined
by

{Y(@@)lacA}
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Therefore A (with product and coproduct A dual to the coproduct, and product
in A) have the following properties:

() {Y(a)laecAt={y(a)|acAl={pa)|acAt={¢p(a)|ac
A} where ¢ is a left integral on A.

(2) There exists a right integral {E on A such that the map T:A—> A
defined by @ — (@ ® OA®W) is bijective.
(3) There exists a right comtegral T on A such that the map T : A A

defined by a > (a ® L)A(t) is bijective.
(4) There exists a counit € defined by €(w) = ¥ (a) for all w = ¥ (a-).

(5) € is a group-like element.

(6) The map S A Zdeﬁned by §(a)) = (;lf\ ® L)(Z(?)(w ® 1)) is an
antimorphism of algebras and coalgebras.

Let A be an algebra and [ be a left ideal, and J be a right ideal. The right
annihilator of 7 isthe set r(/) = {x € A | ax = 0 for all @ € I}. Similarly,
the left annihilator of J isthe set/(J) = {x € A | xa =0foralla € J}. We
say that A is quasi-Frobenius if for any left ideal / and any right ideal J we
havelr(I) =T and ri(J) = J.

The following theorem is a generalization of [7, Theorem 3.6, Theorem 3.8]
to a generalized quasi-Frobenius multiplier Hopf algebra.

THEOREM 2.13. The following statements are equivalent:

() (A,m, A, e, S,t) is a generalized quasi-Frobenius multiplier Hopf al-
gebra.

(2) Any proper ideal of A has a non-zero left annihilator.
(3) Any proper right ideal of A has a non-zero left annihilator.
(4) A is quasi-Frobenius.

3. Algebraic Quantum Hypergroups of Discrete Type

Let (A, m, A, &, {) be an associative algebra with or without unit, but with
non-degenerate product m and with a coproduct A : A — M(A ® A), here
A is not necessarily an algebra morphism, and a counit ¢ : A — k, and
with a right integral ¥. By [2, Proposition 1.6], any finite elements of A have
common two-sided local units. Let A" denote the dual space of A. Then we
have AA" = {w(-a) |a € A,w e A'}and A’A = {w(a') |a € A,w € A’}
We will denote these two submodules AA” and A’A of A’ by H; and H,,
respectively. Remark here that H; and H, are also algebras for the product
dual to the coproduct (see, e.g., [S]).
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We consider »: A ® H — H;and «: H. ® A — H, definedasa » f =
f(a)and w 4a =w(a)foralla € A, f € Hy and w € H,. Then for every
f € A, the induced maps » f : A — H; and f €: A — H, are morphism
of left A-modules and of right A-modules, respectively.

Dually, one can take »: A’Q@ A — M(A) and €: AQ A’ — M(A) defined
as f»a=0® f)A(@)anda €4 f = (0w @ 1)A(a) for all a € A and
f € A’. Then for every a € A, the induced maps » a : A — M(A) and
a €: A’ — M(A) are linear maps, respectively.

LEmMMA 3.1. Let (A, m, A, €) be an associative algebra with a non-degene-
rate product m, and with a regular coproduct A on A, and with a counit € on
A. Assume that there exist an integral ¥ on A and a cointegral h € A such
that the map S : A — A defined by S(a) = (Y ® )(A(h)(a ® 1)) is an
anti-automorphism of algebras and coalgebras. Then

(1) The maps
3.1) a— Y da and ar>aw Y

are bijective from A to H, and from A to H,, respectively.
(2) The maps

(3.2) fr>h<«f and fr> fwh

are bijective from H, to A and from H; to A, respectively.
(3) The maps

3.3) f—=haf and fr=fw»h

are bijective from A’ to M (A).
@) (A,m, A&, S,¥, h) is an algebraic quantum hypergroup of discrete
type.

PRrOOF. (1) We notice first that the map 1 <« is injective since ¥ is faithful.
To prove ¥ «is surjective, letx = 1®@wS~')A(h), forallw € H, anda € A.

We have (W €4x)(a) = (¥ €t ® oS HAMR))) ()
=Y ((® oS HAM))a)
= (Y ®wS ) (AM)@® 1))
= wS (¥ @ (AR (@ ® 1))
= w(S87'(S@)) = w(a)

and so ¥ «is bijective. Similarly we have that the second map is also bijective.
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(2) By Part (1), since » 1 is bijective, i.e., A » v = H,. By assumption we
have S(a) = h < (a » ). Itfollows thath €4 H, = S(A) = A, which means
that /1 « is bijective. Similarly we get that the second map is also bijective.

(3) These maps are injective. To show that, e.g., the first map is surjective,
for x € M(A) we define a linear map w € A’ by w((t ® f)A(h)) = f(x)
for f € H;. By the part (2), w is well-defined and also linear. Then we have
f(x) = f((w ® )A(2)). Since H; separates points in A, we get x = (0 ®
A(h) = h €4 w. Similarly we get that the second map is also bijective.

(4) By the part (3), we have that Definition 2.1(d) holds. By the assumption
and the proof of Proposition 1.2, Definition 2.1(e) is true. Then A is a gener-
alized quasi-Frobenius multiplier Hopf algebra. It follows from Theorem 2.9
that A is an algebraic quantum hypergroup of discrete type.

ExaMpPLE 3.2. Let A be a regular multiplier Hopf algebra of discrete type
with antipode S. Assume that ¥ and / are integral on A and cointegral in A
such that ¥ (h) = 1, respectively. Then, for all a, b,c € A

(¥ ® (1 8 HANE@® )
=weo(1en(d At 8:@a)o))

=weo(1en(D A@n @ D)1 @m s $) (A ® )
=W NARLIRHI(I®H((h®1A(@)(1®c)))

=W 0((h@H((t®HA@))(1Qc))

=Y (h)bS(a)c = bS(a)c,

since the product on A is degenerate we have (V ® )(A(h)(a ® 1)) = S(a).

By Lemma 3.1, we have three bijections: v 4: A — H,, h «: H, — A and
h € A — M(A).

CORrROLLARY 3.3. By [2, Proposition 2.1), Proposition 2.7 and Lemma 3.1,
we have that every algebraic quantum hypergroup of discrete type satisfies
Eq. (3.1), Eq. (3.2) and Eq. (3.3).

REMARK 3.4. Algebraic quantum groups of discrete type are not necessarily
finite dimensional (see Example 1.4).

ProPOSITION 3.5. Let A be an associative algebra with a non-degenerate
product. Then

(1) If (A, v, &) is an associative algebra with an algebra morphism counit
g, and h € A is (the unique element) such that v €4 h = ¢ and Eq. (3.1)
holds, then h is a right cointegral in A.
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(2) If (A, A, h) admits a coproduct and € A’ is (the unique element) such
thath €4 =1 € M(A) and Eq. (3.3) holds, then V is a right integral
on A.

Proor. (1) By Eq. (3.1),forallw € Hywewritew =a » ¢ = A(Y)(1®
a) for some a € A. Then we have, forallb € A

w(hb) = A(Y)(hb ® a) = Y (hba) = (Y 4 h)(ba) = &(ba)
= e(b)e(a) = e(b)(y < h)(a) =)y (ha)
= (AW (1 ® a))(he(b)) = w(he(b))

and since w is any element of H;, we have hb = e(b)h.
(2) Similar to Part (1).

COROLLARY 3.6. Let (A, m, A, g, S, ¥, h) be an algebraic quantum hyper-
group of discrete type. Then
(1) We have the following equivalent identities;

(Qa) h 4y =1eM(A);, @by yh) =1 (2c) ¢ €«h=e¢;

We say that (h, ) is an integral pair if one of these equivalent identities
holds.

(2) Given a non-zero right cointegral h € A, there exists a unique non-zero
linear functional r on A such that (h, vr) is an integral pair.

(3) Given a non-zero right integral \r on A, there exists a unique non-zero
element h € A such that (h, V) is an integral pair.

(4) If (h, V) is an integral pair, then any other integral pair is of the form
(Mh, 1), 0 # A € k.

(5) If (h, V) is an integral pair, then S(a) = (Y @ 1)(A(h)(a ® 1)) for all
a € A

THEOREM 3.7. Let (A, m, A, e) be an associative algebra with a non-
degenerate product m, with a regular coproduct A on A and with a counit
g on A. Assume that S : A — A is an anti-automorphism of algebras and
coalgebras. Then the following statements are equivalent:

(1) Thereis h € A such that Eq. (3.3) and Eq. (2.1) hold.

(2) Thereis € H, such that Eq. (3.1) and Eq. (1.1) hold.

(3) (A,m, A,¢, S,¥, h) is an algebraic quantum hypergroup of discrete
type.

Proor. By Proposition 2.8, it is obvious that the part (3) implies the part
(1) and the part (2).
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(1) = (3). Since h €4 A’ = M(A), there is an element ¢y € A’ such that
h 4y =1¢€ M(A). We compute
W RAME@®D) E ¥ )ANm(1®S@) = (h «¥)Sa) = Sa).
Hence, by Lemma 3.1, the part (3) holds.

(2) = (3). Since v €4 A = H,, there is an element & € A such that
v 4h =¢¢€ H,. Then

W @AM @ ® 1) 'E S((¥ @ 1)(h® 1)A))
= (Y <h®0)((1® S)Aa))

= S((e®vA(a)) = S(a).

Thus, by Lemma 3.1, the part (3) holds.

4. Sub-algebraic Quantum Hypergroups of Discrete Type

Let(A,m, A, e, S, ¥, h) be an algebraic quantum hypergroup of discrete type.
By a sub-algebraic quantum hypergroup of discrete type of A we mean a
subalgebra E with A(E) € M(EQE)and S(E) € E suchthat (E, mg, Ag =
Alg, €gle, SelE, w, v) is an algebraic quantum hypergroup of discrete type
for some w € E’ and v € E.

THEOREM 4.1. Let (A, m, A, e, S, ¥, h) be an algebraic quantum hyper-
group of discrete type. Let E be a subalgebra with A(E) € M(E ® E) and
S(E) € E. Suppose that E has an map € : E — E satisfying m((E ®
VAKX ® y) = ex)y and m((t ® E)((y ® DA(x))) = e(x)y for all
x,y € E. Then E is a sub-algebraic quantum hypergroup of discrete type of
A if and only if the following condition holds:

4.1) W 4)((mMRY(®ER)(®ANC® PIA)) =0@V

where w € E' and v € E are right integral and cointegral, respectively, where
P : A — E is any linear projection.

PrROOF. (=). Let (E,mg, A = A|g, €elg, Selg, , v) be an algebraic
quantum hypergroup of discrete type. Then by S = (¥ (-) ® t)A(h), we have
Slg = (w() ® )A(v). Since S(E) C E, we have

W () ® P)A(h) = S|g = (@() @ )A(V)

where P : A — E is any linear projection.
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Thus,

(Y 4«@) (Mm@t E®)((t®A)(t® P)A(h)))))
= (w0 4Q)((MRY((t®E R (AR )AW)))
= (v 4« Q) ((e @ A(v)))

=wQv.

(«). Suppose that any linear projection P : A — E satisfies Eq. (4.1) for
aright integral ® € E' and a right cointegral v € E. Then we compute

(@A) (x ®Y))
= 4)(MA)((t®ER)((®AN®P)A(M)))N1®x R y))
=W )(dMERRNARN(RA)(® PIAM)))(1Qx®Yy))
=WRN(ReRNURA((tRP)AM))(1QRx®y))
=W )((t®@PIAM(1R®x®y))
=P( @AM (xR 1))y
= P(S(x))y = S(x)y

for all x, y € E. Since the product on E is non-degenerate one gets (v ®
DAW)(x ® 1)) = S|g(x) for all x € E. The result now follows from
Lemma 3.1.

Remark here that for any algebraic quantum group A, if E is a subalgebra
of A with A(E) € M(E ® E) and S(E) C E, then by Theorem 4.1, E is
necessarily an algebraic quantum subgroup.

In order to explain the condition Eq. (4.1), we give two concrete examples
as follows:

EXAMPLE 4.2. Let A be the algebra A< as defined in Example 1.5 with
the same counit as in Example 1.5, and with the same coproduct A on the
elements Xg ,, X7, Yo, p, Y7 ,and X; ,, Y; , foralli =1,2,4and p € Z as
in Example 1.5. Its coproduct on element X; ,,, Y; , foralli =3,5and p € Z
is the same as in Example 1.8. For the elements X¢ , and Y5 , with p € Z, we
have a different coproduct structure as follows:

A(Xé,p) = Z X(),r 02y X(),p—r + Z X2,r (24 X4,p—r

rez rez

+ Z X4,r ® X2,p7r + Z X6,r ® XO,pfry

rez rez
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AWsp) = (=1 Xo, ® Yo per + O Yo, ® Xe.pr

rez rez

+ Z(_l)rXZ,r X Y4,p—r + Z Y2,r ® X4,p—r

ret rez

+Y D Xay ®Yapor + > Yo, ® Xy

rez rez
+ Z(_l)rX6,r ® YO,pfr + Z Y6,r &® XO,pfr
rez rez

for all p € Z.
The right cointegral in A=’ is given by Y7 o and the left cointegral in A=’
is given by Y7 _;. The right integral v is defined by:

v (Xip) =0, V(Yip) =di7
forall p € Zandi € N<;. The left integral ¢ is defined by:
p(X; ) =0, oY) = (=178 7

forall p e Zandi € N<7.
A bijective antipode on A=’ is given by:

S(Xip) = Xi—p, S(Yi,) = (=Y,

forall p e Zandi € Noy.

It is straightforward to verify that S is both an anti-algebra map and an
anti-coalgebra map. Then A is an algebraic quantum hypergroup of discrete
type.

Let E be a infinite dimensional subalgebra of A = A=’ generated by X ,,
X2, 5, X4 pand X , forall p € Z. Itisobvious thatwehave A(E) € M(EQE).
Define a Hopf-type antipode E : E — E by

E(Xo,p) = Xo,—p» E(X4,p) = — X4 —p,
E(XZ,[)) = _X2,7pv E(X6,p) = X6,7p

forall p € Z. We define the linear projection P : A<” — E by P(X; ;) = X,
forall j =0,2,4,6; P(X;,) =0forall j =1,3,5,7; P(Y;,) = 0 for all
p€Zandi € No;.

For the right cointegral 4 = Y7o we have

(@ P)A(h) =) Y1, ® Xor + ) V3, ® Xay

rez rez

+ Z YS,r ® X2,7r + Z Y7,r ® XO,fr-

rez rez
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Hence
(t®t®A)((t® P)A(h))
= Y1, ® X0 @ Xoormi + ) Vi ® X2, ® Xoyy

rtez rtez

+ Z Y, X4, QX0 o4+ Z Yi,® Xe: @ Xo,—r—

rteZ rteZ

+3 V3, ® X0, ® Xarr + D Var ® Xay ® Xo—s

rtez rtez

+ Z Y5, ® X0, @ Xo i + Z Y5, Xo, @ Xo,—r—;

rteZ rteZ

+ Z Y7, ® Xo, @ Xo,—r—¢-

r,tez
Therefore,
M@0 ®1®A)((® P)A) =) Y1, ® Xep.
rez

Finally, we have
(Y 4«®@)(m@)((®EQ)((L®A)(® P)A(h)))) = w® X6
where w is defined on E by
w(X;p) =66

forall p € Zand i = 0, 2,4, 6. Obviously, w and X are the right integral
and the right cointegral of E, respectively.

Thus by Theorem 4.1, (E,m|g, Alg, €le, S|g, ®, X6,0) is an algebraic
quantum hypersubgroup of discrete type of A = A=7.

ExAMPLE 4.3. Let A=7 be the algebraic quantum hypergroup of discrete
type as in Example 1.5 whenn = 7. Let E be a infinite dimensional subalgebra
of A=" generated by Xo, ,, X2, X4., and X, , for all p € Z. It is obvious that
we have A(E) € M(E ® E). Define a Hopf-type antipode E : E — E by

E(Xo,p) = Xo,—p, E(X4p) = —X4p,
E(XZ,p) = _XZ,—p, E(XG,p) = _X(),—p
forall p € Z. We define the linear projection P : A<" — Eby P(X; ;) = X; »

forall j =0,2,4,6; P(X;,) =0forall j =1,3,5,7; P(Y;,) = 0 for all
peZandi € Noy.
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For the right cointegral 4 = Y7o we have

(@ P)A(h) =) Y1, ® Xor + ) V3, ® Xa -y

rez rez

+Y Y5, ®Xo ,+ Y Y1, ® Xo

rez rez
Hence
(t®t®A)((® P)A(h))
= Z Y1, ®Xo: ® Xo—r—r + Z Y, ® Xer ® Xo,—r—t

rtez ritel

+ Z Y3, ® Xo, ® X4, + Z Y3, ® X4, ® Xo,—r—

r,tez rteZ

+ Z Y5, ® X0, ® X0t + Z Y5, @ X0, ® Xo,—r—

rtel r,tez

+ D Y1, ® Xos ® Xo.—rr.

rtez

Therefore,

(Mm@ ®t®A)((t® P)A(h))
= ZYl,r ® Xe6,0+ ZYs,r ® X40+ ZYS,r ® X20 — 22 Y7, ® Xo,0-

rez rez rez rez
Finally, we have

(¥ 4®)((m@0)((t®E®)((t®A)((t® P)A(h)))))
=0 XO’O + a)/ ® Xz,() + a)” ® X470 + (,()W ® X(),O

where w, o', ®”, " are defined on E by, respectively:
w(Xi,) =280, &Xip) =82 "(Xip) =264 " (Xip) =3is

forall p € Zand i = 0,2, 4, 6. Thus Eq. (4.1) is not of the form o ® v. By
Theorem 4.1, E is not a sub-algebraic quantum hypergroup of discrete type of
A=T,

In fact, since for h = X¢ , with p € Z, we have

hd4w= Za)(XOJ)Xprr + ZCU(X&r)XO,pfr

rez rez

for all w € E’. Thus we have h « E' %2 M(E).
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The following lemma is straightforward.

LEMMA 4.4. Let A be an associative algebra with a nondegenerate product
and A : A — M(A ® A) is a coproduct of A and ¢ : A — k is a counit
on A. Let I be an ideal of A satisfying A(I) CMARI+MUIQA) and
8(1) = 0. Then there exists a coproduct A : A — M(A ® A) with a counit
g : A — k, such that the diagrams commute:

A—2L S MA®A) A—F Sk
Pl lP@P and Pl /
A—2 S MAQA A

where A = A/I and P ® P is the algebra extension in the sense of [4].

Remark here that the conditions A(/) C M(AQ® I) + M(I ® A) and
e(I) = 0 on the ideal I in Lemma 4.4 means that / is a ‘coideal’ (in the
multiplier sense).

THEOREM 4.5. Let (A, m, A, &, S, ¥, h) be an algebraic quantum group of
discrete type. Let I be an ideal of A satisfying A(I) C M(AQ® 1)+ M(I® A)
and (1) = 0, and SU) CI.Let P: A — A= : A/I be the canonical
projectionand S : A — A be the induced anti- automorphzsm of algebras and
coalgebras. Then the following statements are equivalent:

(1) (A, w,v,S) is an algebraic quantum hypergroup of discrete type satis-
fying items (1) and (2) of Lemma 3.1.
(2) There is an element u € A such that (1) = Au and

(4.2) (t®P)Ama)b® 1) =01®P)((u®DA@D Q)

foralla,b € A.
(3) There is an element u € A such that r(I) = uA and

(4.3) t®P)(b® DA(au)) = @ P)(bQ DA(a)(u ® 1))
foralla,b e A.

PrOOF. We only prove that the part (1) is equivalent to the part (2). Similarly,
we have (1) < (3). We will write P(a) =a + I as a for all a € A below.

Assume that there is an element # € A such that [(/) = Au and Eq. (4.2)
holds. We prove that the part (1) holds. One defines the functional w on A
by w(a) = Y (ua). Since u € I(I), w is well-defined. We will apply The-
orem 3.7(2) to complete the claim.
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First we only show that the map » @ : A — H,, @ > a » w is injective.
In fact, assume that (A » )(@) = 0. We have (A » 0)(@) = w(@A) =
w(aA) = Y (uaA), we have ua = 0 (since the faithfulness of A » ) and so
a € r(Au) =r(l(1)) = I. Hence Eq. (3.1) holds.

Then foralla, b € A, we compute

(@@)ADB@®1) = (@w®)(P®P)AD)(a® 1)
= (Y P)(u®DAMD)(a®1))
Z W0 e P)Aub)@® 1))
= (®P)((¥y @ )(A(ub)(a ® 1)))
=P @b ® DAW))
= PS(P((Yy @ )(ub @ 1)A(a)))
= S(w® (P ® P)(b® 1)A)))
= S(@® (b ® DA@)).

Conversely, since (A, 1) is an algebraic quantum hypergroup of discrete
type satisfying Eq. (3.1), we have v € A = H, and so there is u such that
Vv 4du =wo P,ie., ¥(ux) = w(x) for all x € A. We claim that the u
is a required one. In fact, since Yy (ulA) = (Vv 4 u)(I) = w(P)) =0
and the faithfulness of i, we have ul = 0. This means that u € [(]), i.e.,
Au C [(I). We also claim: /(1) € Au. For all x € r(Au), we have ux = 0
and w(XA) = w(xA) = (wo P)(xA) = (Y € u)(xA) = ¥(uxA) = 0.
Thus x = 0 and so r(Au) < I. Therefore, [(I) < I(r(Au)) = Au and so
I(I) = Au.

Then we have

W ® P)(Aua)b® 1) ‘=

P(S((¥ ® D((ua ® A ®D)))
S(@® (P ® P)((a® HA®b))))
S0 ® (@@ A®D))))

M weBd@be )

(@ ® (P < PY(A@ (b ® 1))

(V@ P)(u® )(A(@)(b® 1))

—
Q

(1.1

and so Eq. (4.2) holds since A » ¢ = H, and S is bijective.
This finishes the proof of the theorem.
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