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WEAK HOPF QUASIGROUPS*
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Abstract. In this paper we introduce the notion of weak Hopf quasigroup as a generalization
of weak Hopf algebras and Hopf quasigroups. We obtain its main properties and we prove the
fundamental theorem of Hopf modules for these algebraic structures.
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1. introduction. The notion of Hopf algebra and its generalizations appeared as
useful tools in relation with many branch of mathematics such as algebraic geometry,
number theory, Lie theory, Galois theory, quantum group theory and so on. A common
principle for obtaining generalizations of the original notion of Hopf algebra is to
weaken some of its defining axioms. For example, if one does not force the coalgebra
structure to respect the unit of the algebra structure, one is lead to weak Hopf algebras.
In a different way, the weakening of the associativity leads to Hopf quasigroups and
quasi-Hopf algebras.

Weak Hopf algebras (or quantum groupoids in the terminology of Nikshych and
Vainerman [12]) were introduced by Béhm, Nill and Szlachényi [4] as a new general-
ization of Hopf algebras and groupoid algebras. A weak Hopf algebra H in a braided
monoidal category [2] is an object that has both, monoid and comonoid structure,
with some relations between them. The main difference with other Hopf algebraic
constructions is that weak Hopf algebras are coassociative but the coproduct is not
required to preserve the unit, equivalently, the counit is not a monoid morphism.
Some motivations to study weak Hopf algebras come from the following facts: firstly,
as group algebras and their duals are the natural examples of Hopf algebras, groupoid
algebras and their duals provide examples of weak Hopf algebras and, secondly, these
algebraic structures have a remarkable connection with the theory of algebra exten-
sions, important applications in the study of dynamical twists of Hopf algebras and
a deep link with quantum field theories and operator algebras [12], as well as being
useful tools in the study of fusion categories in characteristic zero [6]. Moreover,
Hayashi’s face algebras (see [7]) are particular instances of weak Hopf algebras, whose
counital subalgebras are commutative, and Yamanouchi’s generalized Kac algebras
[17] are exactly C*-weak Hopf algebras with involutive antipode.

On the other hand, Hopf quasigroups are a generalization of Hopf algebras in the
context of non associative algebra. Like in the quasi-Hopf setting, Hopf quasigroups
are not associative but the lack of this property is compensated by some axioms
involving the antipode. The concept of Hopf quasigroup is a particular instance of
the notion of unital coassociative H-bialgebra introduced in [15]. It includes the
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example of an enveloping algebra of a Malcev algebra (see [11] and [14]) when the
base ring has characteristic not equal to 2 nor 3, and in this sense Hopf quasigroups
extend the notion of Hopf algebra in a parallel way that Malcev algebras extend the
one of Lie algebra. On the other hand, it also contains as an example the notion of
quasigroup algebra of an I.P. loop. Therefore, Hopf quasigroups unify I.P. loops and
Malcev algebras in the same way that Hopf algebras unify groups and Lie algebras.
Actually, Hopf quasigroups in a category of vector spaces were introduced by Klim
and Majid in [11] in order to understand the structure and relevant properties of the
algebraic 7-sphere.

The main purposes of this paper are to introduce the notion of weak Hopf quasi-
group as a new Hopf algebra generalization that encompass weak Hopf algebras and
Hopf quasigroups and to prove that the more relevant properties of these algebraic
structures can be obtained under a unified approach, that is, we show that the fun-
damental assertions proved in [4] and [2] about weak Hopf algebras and in [11] for
Hopf quasigroups can be obtained in this new setting. Also, we construct a fam-
ily of examples working with bigroupoids, i.e. bicategories where every 1-cell is an
equivalence and every 2-cell is an isomorphism. The organization of the paper is the
following. After this introduction, in Section 2 we introduce weak Hopf quasigroups
and we explain in detail how the first non-trivial examples of this algebraic structures
can be obtained considering bigroupoids. In Section 3 we discuss the consequences
of the definition of weak Hopf quasigroups obtaining the first relevant properties of
this objects. Finally, Section 4 is devoted to prove the fundamental theorem of Hopf
modules associated to a weak Hopf quasigroups.

2. Definitions and examples. Throughout this paper C denotes a strict
monoidal category with tensor product ® and unit object K. For each object M
in C, we denote the identity morphism by idy; : M — M and, for simplicity of nota-
tion, given objects M, N, P in C and a morphism f : M — N, we write P ® f for
de@f and f®P for f®ldp

From now on we assume that C admits split idempotents, i.e. for every morphism
Vy : Y — Y such that Vy = Vy o Vy there exist an object Z and morphisms
ity : Z — Y and py : Y — Z such that Vy = iy o py and py oty = idz. There is
no loss of generality in assuming that C admits split idempotents, taking into account
that, for a given category C, there exists an universal embedding C — C such that C
admlts split idempotents, as was proved in [9].

Also we assume that C is braided, that is: for all M and N objects in C, there
is a natural isomorphism cyr,ny : M ® N — N ® M, called the braiding, satisfying
the Hexagon Axiom (see [8] for generalities). If the braiding satisfies ey a0 ey v =
tdpe N, the category C will be called symmetric.

DEFINITION 2.1. By a unital magma in C we understand a triple A = (A, 74, 1a)
where A is an object in C and 74 : K — A (unit), pua : A® A — A (product) are
morphisms in C such that pa o (A®mna) =ida = pao (na ® A). If pa is associative,
that is, pa o (A ® pa) = pa o (pa ® A), the unital magma will be called a monoid
in C. Given two unital magmas (monoids) A = (A,na,pa) and B = (B,np,pun),
f:+ A — B is a morphism of unital magmas (monoids) if ug o (f ® f) = f o ua and
fona=ns.

By duality, a counital comagma in C is a triple D = (D,ep,dp) where D is an
object in C and ep : D — K (counit), ép : D — D ® D (coproduct) are morphisms
in C such that (ep ® D) odp =idp = (D ®@ep) o dp. If §p is coassociative, that is,
(0p ® D)o dp = (D ®dp) o dp, the counital comagma will be called a comonoid. If
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D = (D,ep,dp) and E = (E,ep,0g) are counital comagmas (comonoids), f: D — E
is a morphism of counital comagmas (comonoids) if (f® f)odp =dgofandego f =
ED-

If A, B are unital magmas (monoids) in C, the object A ® B is a unital magma
(monoid) in C where nagp = na®np and pagp = (La®up)o(A®cp A®B). In a dual
way, if D, E are counital comagmas (comonoids) in C, D ® F is a counital comagma
(comonoid) in C where epgr =ep Q@ eg and dpgr = (D Q@ cp,p @ E) o (dp ® Ig).

Finally, if D is a comagma and A a magma, for two morphisms f,g: D — A with
f * g we will denote its convolution product in C, that is

frg=pac(f@g)odp.

DEFINITION 2.2. A weak Hopf quasigroup H in C is a unital magma (H,ng, ftm)
and a comonoid (H, e, dp) such that the following axioms hold:

(al) émopn = (uH ® pu) o dneH.

(a2) egopno(pn @ H) =epopp o (H® pp)
= ((egopn)®(egopn))o(H®dg® H)
=((cropn)® (emopn)) o (H® (cgyobu)®H).

(a3) (0g @ H)odgony =(H @ pu ® H) o ((6m onm) ® (61 o nm))
= (H® (un o cgrg) © H) o ((0n 0 nir) © (O 0 nir)).-

(ad) There exists Ay : H — H in C (called the antipode of H) such that, if we
denote the morphisms idy * Ay by 115 (target morphism) and Ay * idg by
£ (source morphism):

( ) Iy = (g opm) @ H) o (H @ ch,m) o ((0n oni) ® H).
(a4-2) IE = (H® (egopm)) o (cuuy @ H) o (H® (0 onm)).
( ))\H*HL—H?}*AH—)\H
(ad-4) prr o (Mg @ prr) o (0 © H) = pupr o (11 @ H).
(a4-5) po (H® pg)o(H@ g @ H)o (0g @ H) = ppy o (I @ H).
(a4-6) pmr o (um @ Amr) o (H @ 6pr) = pupr o (H @ ITfy).
(a4-7) pgo(py @ H)o(H® Ay ® H)o (H ®dy) = py o (H @ E).

Note that, if in the previous definition the triple (H,ny, puy) is a monoid, we
obtain the notion of weak Hopf algebra in a braided category introduced in [1] (see
also [2]). Under this assumption, if C is symmetric, we have the monoidal version of
the original definition of weak Hopf algebra introduced by Béhm, Nill and Szlachanyi
in [4]. On the other hand, if ey and dy are morphisms of unital magmas, 1% =
L = ny ® ey and, as a consequence, we have the notion of Hopf quasigroup defined
by Klim and Majid in [11] ( note that in this case there is not difference between the
definitions for the symmetric and the braided settings).

ExAMPLE 2.3. In this example we will show that it is possible to obtain non-
trivial examples of weak Hopf quasigroups working with bicategories in the sense of
Bénabou [3]. A bicategory B consists of :

(b1) A set By, whose elements x are called 0-cells.

(b2) For each z, y € By, a category B(z,y) whose objects f : x — y are called
1-cells and whose morphisms a : f = ¢ are called 2-cells. The composition
of 2-cells is called the vertical composition of 2-cells and if f is a 1-cell in
B(x,y), x is called the source of f, represented by s(f), and y is called the
target of f, denoted by ¢(f).
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(b3) For each x € By, an object 1, € B(z,x), called the identity of x; and for each
x,y,z € By, a functor

By, z) x B(z,y) = B(x, z)

which in objects is called the 1-cell composition (g, f) — go f, and on arrows
is called horizontal composition of 2-cells:

[ eB(xy), 9,9 €By,2), a: f=>f,8:9=4¢

(B,a) — Boea:gof=gof

(b4) For each f € B(x,y), g € B(y,z), h € B(z,w), an associative isomorphisms
Ehgf i (hog)of = ho(go f); and for each 1-cell f, unit isomorphisms
ly : Yypyof = f,ry: folyy = f, satisfying the following coherence
axioms:

(b4-1) The morphism &, 4 ; is natural in h, f and ¢ and Iy, r; are natural in
f.
(b4—2) Pentagon axiom: gk,h,gof Ofkoh,g,f = (’Ldk .gh,g,f) Ofk,hog,f o (gk,h,g [ ] de)
(b4-3) Triangle axiom: ry e idy = (idg @ lf) 0 &g 1,1
A bicategory is normal if the unit isomorphisms are identities. Every bicategory is
biequivalent to a normal one. A 1-cell f is called an equivalence if there exists a 1-cell
g : t(f) — s(f) and two isomorphisms g o f = 1), fog = ly). In this case we
will say that g € Inv(f) and, equivalently, f € Inv(g).
A bigroupoid is a bicategory where every 1-cell is an equivalence and every 2-cell
is an isomorphism. We will say that a bigroupoid B is finite if By is finite and B(x, y)
is small for all x,y. Note that if B is a bigroupoid where B(z,y) is small for all z,y
and we pick a finite number of 0-cells, considering the full sub-bicategory generated
by these 0-cells, we have an example of finite bigroupoid.
Let B be a finite normal bigroupoid and denote by B; the set of 1-cells. Let F be
a field and FB the direct product

FB = P Ff.

feBy

The vector space FB is a unital nonassociative algebra where the product of two 1-
cells is equal to their 1-cell composition if the latter is defined and 0 otherwise, i.e.
g.f=gofifs(g)=t(f)and g.f =0if s(g) # t(f). The unit element is

lpg = Z 1.

x€By

Let H = FB/I(B) be the quotient algebra where I(B) is the ideal of FB generated
by

h—go(foh),p—(pof)oy,

with f € By, g € Inv(f), and h,p € By such that t(h) = s(f), t(f) = s(p). In what
follows, for any 1-cell f we denote its class in H by [f].

If there exists a 1-cell f in B(z,y) such that [f] = 0 and we pick g € Inv(f)
we have that [1,] = [¢.f] = [¢9].[f] = 0 and [1,] = [f.g] = [f].[g] = 0. Conversely, if
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[1;] = 0 or [1,] = 0 we have that [f] = 0 because f.1, = 1,.f = f. Therefore, the
following assertion holds: There exists a 1-cell f in B(z,y) such that [f] = 0 if and
only if [h] = 0 for all 1-cell h in B(z,y). Moreover, let z,y, z, w be 0-cells. If there
exists a l-cell f € B(x,y) satisfying that [f] = 0 we have that [1,] = 0 and then
[h] = 0 for all 1-cell h in B(y,z). As a consequence, [1,] = 0 and this clearly implies
that [p] = 0 for all 1-cell p in B(z,w). Thus, if there exists a 1-cell f such that [f] =0
we obtain that [h] = 0 for all h € By. According to this reasoning, there exists a 1-cell
f such that [f] = 0 if and only if I(B) = FB. Equivalently, H is not null, if and only
if [f] #0 for all f € B.

Then, in the remainder of this section, we assume that I(B) is a proper ideal.
Under this condition if f € By and g, h € Inv(f) we have

l9] = lg9-(F-9)] = l9-1y] = [La-g] = [(h.f).g] = [R].

Moreover, for all f, f € By such that [f] = [f’], the following holds: if s(f) # s(f”)
we have

[f] = [f-Lsp) = [f]-sp] = [F]Lsp)) = [F 1] = 0.

In a similar way, if ¢(f) # t(f’) we obtain that [f] = 0. Thus, [f] = [f’], clearly forces
that f and f" are 1-cells in B(s(f),t(f)). Moreover, if f, f" are 1-cells in B(z,y) such
that [f] = [f'] and g € Inv(f), ¢’ € Inv(f’) we have

[9'] = [la-g') = [(9-)-9'1 = (9)-1D-19'] = ([g)-LFD-19'] = [(9-£)-9] = [g].

Then, for a 1-cell f we denote by [f]~! the class of any g € Inv(f). Note that, in the
previous equalities, we proved that [f]~! is independent of the choices of g € Inv(f)
and f’ such that [f] = [f'].

Therefore, the vector space H with the product pg([g] ® [f]) = [g.f] and the unit

e (1g) = [les) = Y (1]

z€Bo

is a unital magma. Also, it is easy to show that H is a comonoid with coproduct
du([f]) = [f] ® [f] and counit ey ([f]) = 1. Moreover, the morphism Ay : H — H,
Au([f]) = [f]7! is well-defined and H = (H,ng, pm,cm,0m, A\er) is a weak Hopf
quasigroup. Indeed: First note that, for all 1-cells f, g we have

(O o pu)(lgl @ [f]) = lg-f1 @ [g.f]
if s(g) = t(f) and 0 otherwise. On the other hand,
((nm @ p) 0 0nen)((9l @ [f]) = (na(lgl @ [f]) @ pa (g @ [f]) = [g-f1© [g.f]

if s(g) = t(f) and 0 otherwise because cp g ([g] ® [f]) = [f] ® [g]. Therefore, (al) of
Definition 2.2 holds.
If f,g,h are 1-cells we have the following equalities:

(emopro(pn @ H))([h @ [g] @ [f]) =1r = (g o pr o (H @ pn))([M] @ [9] ® [f])
when s(h) = t(g), s(g) =t(f) and

(em opm o (pa @ H))([h] @ [g] ©[f]) = 0= (em o pr o (H @ p))([h] @ [9] @ [f])
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otherwise. Also,
(e o pn) @ (em o par)) o (H ® 6y @ H))([h] & [g] @ [f])
= ((em o pm)([h] @ [9])) @ (e o pr))([9] ® [f])) = 1r
if s(h) = t(g), s(g9) =t(f) and
((eropm) @ (emopn)) o (H® oy @ H)) ([ @ [g] @ [f]) =0

otherwise. Then (a2) of Definition 2.2 holds because in this case cyy = cj'; and
O ocy g =0y (le. H is cocommutative).
To prove (a3) first note that

(s ® H) o 5 one) (1) = Y [1a] @ [1a] ® [La].
zE€By

Then (a3) holds because:

(H@pg @H)o (g onm) @ (0monm)))(lr @ 1r)
—(Hopr @ H)(Y [Llel]e Y [1,]e1)])

xz€Bo yE€Bo

= Y [L]@l1] @1, = > [1]®[1] @1

I,yGBo zeBo

To prove the antipode identities first note that

5 ([f]) = Mup), TR = [Lis)] (1)

for all 1-cell f.
Then, (a4-1) and (a4-2) hold because, for all 1-cell f,

(e opm) @ H) o (H @ cum) o (6 o nm) @ H))([f])

= ((er o pm) ® H) o (H® cn))( Y (1] @ [1a] @ [f])
zE€By

= 3 enlllef) @ ] = )]

x€Bo
and, by a similar calculus,
((H @ (e o prr)) o (e @ H) o (H @ (35 0 nm)))([f]) = [Lo(s))-
Also, if f € By, by (1),
e+ ) () = (17 L] = 171 = Au (D)

(I * M) ([f]) = s AT = (A7 = A ((fD)

and then (a4-3) holds.
The proof for (a4-4) is the following: It follows easily that for two 1-cells f, h we
have that

(o (1T @ H))([A] @ [f]) = [f]
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if s(h) = ¢(f) and 0 otherwise. On the other hand,

(o (A ® ) o (6 @ H))([h] @ [f]) = pa (B @ [h.f])
if s(h) = t(f) and 0 otherwise. Therefore, if m € Inv(h) and s(h) = t(f) the equality

pr([R)7 @ [h.f]) = [me(h.f)] = [f]
holds and thus (a4-4) holds.

If f, h are 1-cells we have

(o (g @ H))([A] @ [f]) = [f]
if t(h) = ¢(f) and 0 otherwise. Moreover, let m € Inv(h), then

(ko (H®pm)o (H®Ag @ H)o (6g ® H))([A] @ [f])
= pa([P] @ [m.f]) = [h.(m-f)] = [/]

if t(h) = t(f) and 0 otherwise. Therefore, (a4-5) holds.
The proofs for (a4-6) and (a4-7) are similar and the details are left to the reader.
Note that, in this example, if By = {x} we obtain that H is a Hopf quasigroup.
Moreover, if |By| > 1 and the product defined in H is associative we have an example
of weak Hopf algebra.

3. Basic properties for weak Hopf quasigroups. In this section we will show
the main properties of weak Hopf quasigroups. First, note that by the naturality of
the braiding, for the morphisms target and source the following equalities hold:

I = ((em o pr ocyy) © H) o (H® (61 onm)) @

= (H® (emopm)) o ((cgiy o 0m onu) ® H),

I3 = (H® (e opmocyy)) o (6uonm) @ H)

:((EHO/J,H)®H)O(H®(C;I}HO5HO’I]H)). )

PropoSITION 3.1. Let H be a weak Hopf quasigroup. The following equalities
hold:

I« idg = idg + 118 = idg, (4)
I ong =ny = 1§ onu, (5)
EHOH%:EH:EHOH};I. (6)

Proof. By the definition of I1% and (al) of Definition 2.2 we have
Hf{*idH =(eg®@H)opggro(dponn)®@dy) = (ep@H)odgougo(ng@H) =idy.

We can now proceed analogously to the proof of idy * Il = idy. Finally (5) and (6)
follow easily from the definitions of I1%4 and II%. 0



672 J. N. ALONSO ALVAREZ ET AL.

PROPOSITION 3.2. The antipode of a weak Hopf quasigroup H is unique and
leaves the unit and the counit invariant, i.e. A ong =ng and € oA\ = €x.

Proof. Let Ag,sy : H — H two morphisms satisfying (a4) of Definition 2.2.
Then,

sg = (sgxH)xsy = Ag*xH)xsg = po(ug @sp)oAg@06g)ody = A+l = Mg,

where the first and the last equalities follow by (a4-3) of Definition 2.2, the second
one by (a4-2) of Definition 2.2, the third one by the coassociativity of g and the
fourth one by (a4-6) of Definition 2.2.

On the other hand, by (a4-3), (a3) of Definition 2.2, the naturality of the braiding
and (5), we have

A ong = (ILF * Aw) o
= pr o (H® (g o pm o cyy) @ M) o (61 0 nar) @ (61 0 1))
=pmo(H®em)odu)®Au)obuonu
= Hf{ onNH
=1"NH-
The proof for the equalities involving the counit follows a similar pattern but
using (a2) of Definition 2.2 and (6) instead of (a3) and (5) respectively. O
DEFINITION 3.3. Let H be a weak Hopf quasigroup. We define the morphisms
— =R
IT;; and II; by
—I
Iy =(H®(enopn)) o ((6n onm) @ H),

and

Iy =((egopn)@H)o (H® (5 onm)).

PROPOSITION 3.4. Let H be a weak Hopf quasigroup. The morphisms Hf{, Hﬁ,
ﬁqu and ﬁfl are idempotents.

Proof. First, by (2) and (a3) of Definition 2.2 we have that

Hf{l o Hf{

= ((emonn o cyy) ® (emopn o cyy) ® H) o (H @ (65 0 nw) @ (5 0 nrr))

= ((egopn OC;;}H)@)EH@H)O (H® ((0g @ H)odg onm))

=11k,

With the same reasoning but using (3) instead of (2) we prove that II£ is an
idempotent morphism. Finally, by (a3) of Definition 2.2, ﬁg o ﬁf{ = ﬁg and ﬁfl o
—R =R

PROPOSITION 3.5. Let H be a weak Hopf quasigroup. The following identities
hold:

o (H®Ip) = ((emopn) ® H)o (H®cp,u)o (0p @ H), (7)
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pro (I ® H)=(H® (eg o pp)) o (g @ H) o (H ® 6p), (8)
i o (H®Tg) = (H® (eg o py)) o (0 @ H), (9)
pa o (Mg @ H) = (e o par) © H) o (H @ 8g1). (10)

Proof. We first prove (7).

pr o (H © 1)
= (EH@H)O(SHO‘LLHO(H(@HII/{)
(€H®H)O,UH®HO(5H®5H)O(H®(((5HOMHOC;LIH)@H)O(H®(5HO77H))))
= (e opm) ® (e © par)) o (H @ (cipigg 0 0pr) © H)) © )
olHoH®cyg®@H)o(H®cyy®H®H)
o(6n @ cy'y @ H) o (H® H @ (8 0 nur))
=(egopgo(pg @ H))®@pp)o(H®H®@cy g ® H)
(H®cap ®cum)o (0g ® (6g ony) ® H)
=((emopn)®@H)o(H®cun)o (tugn o0y ®0y)) @ H)o (H®@ny © H)
(emopn)®H)o(H®cun)o (6n ® H).

[¢]

In the last identities, the first one follows by the properties of the counit, the
second one follows by (2) and (al) of Definition 2.2. The third and the fifth ones rely
on the naturality of c. The fourth equality is a consequence of (a2) of Definition 2.2
and finally the last one follows by (al) of Definition 2.2 and the properties of the unit.

The proof for (8) is similar but in the second step we must use (3) instead of (2).
To finish the proof we show that (9) holds. The proof for (10) is similar.

o (H L)
= (EH@H)OéHOMHO(H@)ﬁZ)
=(ug @ (egopn) @ (emopn))o Onenr @ H@ H) o (H @ (6 onm) @ H)
=g @ (e opn) @ (Eqgopn))o(H®og@H))) o (0pegn @ H)o(H®ny @ H)
= (pu @ (egopgo(py @H)))o (0ngn @ H) o (H @ng @ H)
=H @ (enopn)) o ((6nopn)e (H@ny))® H)
=(H® (egopn)) o (0n ®H).
The first equality follows by the counit properties, the second and the fifth ones by

(al) of Definition 2.2, the third one follows from the coassociativity of dx, the fourth
one by (a2) of Definition 2.2, and the sixth one by the properties of the unit. O

REMARK 3.6. Note that if we compose with ey in the equalities (7), (8), (9) and
(10) we obtain

egoupo(H®IE) =cpyoum, (11)

egopgo(IE®H)=¢cwoum, (12)
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—L
egopgo(H®Iy)=cyopm, (13)
—R
egopgo My @ H)=¢cpgopup. (14)

PROPOSITION 3.7. Let H be a weak Hopf quasigroup. The following identities
hold:

(H®Ug)ody = (uy @ H) o (H®cpu) o ((6n o nm) @ H), (15)
(If; ® H) 00y = (H @ par) © (e @ H) o (H @ (61 0 11a1)), (16)
(I © H) o b = (H ® pr) o (5 0 nzr) @ H), (17)
(H ©T0y) 0 bm = (ur © H) o (H & (61 0 nir)). (18)

Proof. The proof for (15) is the following:

pr @ H)o(H @ cupm)o (0 onm) @ H)

(H®eg)odgoun)@H)o(H®cupm)o ((6gony)® H)

pr @ (egopn) ®H)o(H®@cypg®cumg)o (dp®@cyy®H)o((dgonmg)®dm)
® (e opn) @ H)o(H®cum)o (0n ®H)))o ((pn @ H)

oH@cum)o((dgonu) @ H))® H)odn

= ((pu ocy'y) © (enopn) @ H) o (H @ cpm))) o (H® ((H @)

odgony) R H)ody

= ((pr ocy'y) ® (eropm)® H) o (H® H® (1w o cy'y) ® cau)

o(H® (dgonm)® (dgong)® H)odn

= (@ (((epopumo(pn ®H)) @ H)o (H® H® cy,n)
o(H®cuuy®H)o (g onmg)®H®H)))odugn o (na ® H)

=(ur @ (((ecropmo(H@puy)) @H)o(H®H®cH n)
o(H®cug @ H)o((0g onu) ® H® H)))odnen o (nu ® H)

= (H @ 1lg) o (pu @ pr) 0 Suem o (i © H)

= (H®Th)ody.

(
=
= (
= (H

In the last equalities the first one follows by the counit properties, the second
one by (al) of Definition 2.2 and the naturality of ¢. In the third one we used the
naturality of ¢ and the coassociativity of dgy. The fourth and the sixth ones are
consequence of the equality

(rg @ H)o(H®cupm)o((0gony)® H)

= (um o cg'y) ® H) o (H® (5 o)) (19)

and the fifth one follows by (a3) of Definition 2.2. The seventh one relies on (a2) of
Definition 2.2, the eight one follows by the naturality of ¢ and the last one by the unit
properties.
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The proof for (16) is similar but using

(H®up)o(cuy @H)o(H® (g onm))

— (H ® (urr o cily) o (531 o i) ® H) (20)

instead of (19).
Moreover, (17) holds because

H®(egopuo(H®pu)) @ pm)o ((6monm)® (Saewn o (nu ® H)))
H® ((egopg)®@(Egouy))o(HRIy @ H))® ug)

o((6m onu) ® (Smen ° (nn ® H)))

=H®(Egopn)®@ (g @H)odgopm))o ((0gonu) @ (0gony) @ H)
=(H®eg @pm)o (((0g @ H)odmonm) ® H)

= (H®pm)o ((0g onm) ® H).

(
= (I,
- (ﬁé@H)o(uH ® pr) o 0pgw © (Mg @ H)
=(
(

The first equality follows by the unit properties, the second one by (al) of Defini-

tion 2.2 and the third one by the definition of ﬁf{. The fourth equality relies on (a2)

of Definition 2.2. The fifth one is a consequence of the coassociativity of dy and the

sixth one follows by (a3) of Definition 2.2. Finally the last one holds by the properties
of the counit.

The proof of (18) is similar to the developed for (17) and we leave it to the reader.

o

REMARK 3.8. Note that if we compose with ng in the equalities (15), (16), (17)
and (18) we obtain

(H ®@10f) 0 8y onu = 0 o N, (21)
(If; @ H) 0 8 o = 0 0 M, (22)
(T ® H) 0 857 0 g = 651 0 s (23)
(H @ Tlgy) 0 6 0n = 611 0. (24)

As a consequence of Propositions 3.5 and 3.7 we can get other useful identities.

PROPOSITION 3.9. Let H be a wek Hopf quasigroup. The following identities
hold:

W o pm o (H @ 1lg) = I o p, (25)

I o ugg o (I @ H) = I o pup, (26)



676 J. N. ALONSO ALVAREZ ET AL.

(H® ) o0y ollly =0y o1lf, (27)
(I ® H) o 0y o IR = 6 o ITE. (28)

Proof. The equality (25) holds because:

1 o g o (H @ 117)

(e opn) @j) o (H @ cpm) o (6n @ H)

(emopn)@H)o(H®cuu)o ((HeIlf)odn) @ H)

((egopgo(pg@H)@H)o (HR®H®®cyp)o (H®cyn® H)
o((dgonu)® H®H)

=((epoppgo(HRup))@H)o(HR®HQ®cyp)o(HRcyuyH)
o((dgonu)® H®H)

:Hf{o,uH.

In the previous equalities, the first one follows by (7), the second and the fifth ones
by the naturality of ¢, the third one by (15) and the fourth one by (a2) of Definition
2.2.

The proof for (25) is similar. To finish we will show that (27) holds (using the
same reasoning we obtain (28)). Indeed:

(H®TE) oy oIl
= (ug ® H)o (H®cp,p)o ((6g onm) ®11f)
((pm o (H@ M) @ H)o (H® cum) o ((0m onu) © H)
(tgopg)@H)o(H®cyp)o(dp@H))®@H)o(H®cyg)o ((0gonu) @ H)
S oIl

The first and the third equalities follow by (15) and the second one by the natu-
rality of ¢. Finally, the last one relies on the naturality of ¢ and the coassociativity of
op. O

REMARK 3.10. By the equalities contained in Remark 3.8 and using similar
arguments to the ones utilized in the previous Proposition we have that

Ty 0 g o (H @ 1) = Ty 0 (29)
My 0 o (I @ H) =Tl 0 gy, (30)
(TE @ H) 06y 0Ty = 65 0 I, (31)
(Ho1h) 06y oy = 65 o Ty (32)

PROPOSITION 3.11. Let H be a weak Hopf quasigroup. The following identities
hold:

1 oThy = 1, 115 o 10y, = T, (33)
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I, oIl =T}, T ollk =11k, (34)
1% o 10y = My, 115 o 10, = 115, (35)
Iy, olE =%, T, ol =T. (36)

Proof. We only check (33) and (34). The proof for the other equalities can be
verified in a similar way. Taking into account the equalities (2) and (a2) of Definition
2.2 we have

L oﬁz
= (H® (egopm)® (emopm)) o ((cg'y o bmonm) @ (Omonm) ® H)
= (H® (emropm)) o ((cgy 0 0m o) @ (pw o (nu @ H)))
=11k,
and composing with ey ® H in (32) we obtain 1% oﬁﬁ = ﬁﬁ. Also, composing with
ng @ H in (29) we have the equality ﬁfq ollf = ﬁqu.
Finally, by the usual arguments
ﬁg o H%I
=((emopmocy'y) ® (egopn)®H)o(H® (6uonu) @ (8m onu))
= ((emopmocyy)® ((em ® H) 0 dx)) o (H® (6 0 nur))
=11%.
d

PRrROPOSITION 3.12. Let H be a weak Hopf quasigroup. The following identities
hold:

M5 oAy =TT o TIE = Ay o TIE, (37)
OB oAy =TI oIk, = Ay o L, (38)
L =T o Ay = Ay o Ty, (39)
I =TI} oAy = Ay o Ty (40)

Proof. As in the previous Proposition, it is sufficient to check (37) and (39). The
proof for the other equalities can be verified in a similar way.
The equalities of (37) hold because by (a4-3) of Definition 2.2 and (25) we have

M5 oAy =T o Ay +1TE) = IE o TIE
and by (28)

A o TTE = (TTR « Agr) o TIE = TIE o TTR.
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On the other hand, by (a4-3) of Definition 2.2, (30) and (34) we obtain
Ty oAy =y o (IR « \y) = Ty o 1Tk, = 11k,
Moreover, by (31) and (33)
Aol = (IR « Ay) oIy = 115 o T = 114,

and then (39) holds. O

PROPOSITION 3.13. Let H be a weak Hopf quasigroup. Put Hy = Im(I1%) and
let pr, - H — Hy, and iy, : Hy, — H be the morphisms such that 1% = iy o p;, and
pr otr =idp, . Then,

OH
H H&®H
(H® L) ody

ir

Hy,

is an equalizer diagram and
HH
H®H H

L © (H®Hf{)

pL

Hiy,

is a coequalizer diagram. As a consequence, (Hp,nm, = Pr © NH, b, = PL © LH ©
(ip ®1ir)) is a unital magma in C and (Hp,epg, =epgoip,dp = (pL @ pr)odmgoir)
is a comonoid in C.

Proof. Composing with iy, in the equality (27), we have that i;, equalizes 0y and
(H®1%)ody. Now, let t : B — H be a morphism such that (H®I15) oy ot = dyot.
If v =pyg ot, since Hf{ ot =t we have if, o v = t. Trivially the morphism v is unique
and therefore, the diagram is an equalizer diagram. In a similar way we can prove
that the second diagram is a coaqualizer diagram using (25) instead of (27). Finally,
note that the morphisms 7y, and g, are the factorizations, through the equalizer
i1, of the morphisms ny and pgy o (i, ®ir,) and then it is an easy exercise to show
that (Hr,nm,,pm,, ) is a unital magma in C. The proof for the comonoid structure it
is similar and we leave it to the reader. O

ExampLE 3.14. If H is the weak Hopf quasigroup defined in Example 2.3 note
that Hy, = ([1,], « € By). Then, in this case we have that Hy, is a monoid because
its induced product pp, is associative because [1].([1,].[1:]) and ([1].[1,]).[1:] are
equal to [1,] if z = y = z and 0 otherwise.

Note that if we denote by Hr = Im(Hﬁ) and pr: H — Hr and ip : Hp — H
are the morphisms such that Hﬁ = iropgr and pr o ir = idy,, in this example
H; = Hpg.

REMARK 3.15. By the second equality of (34) it is easy to show that

OH
H H®H
(H®ﬁ§)O5H

ir

Hy,

is an equalizer diagram in C. Analogously, by (33),
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12224
H®H H

—L
g o (H ®HH)

is a coequalizer diagram in C.

pL

Hiy,

Also, by a similar proof to the one used in Proposition 3.13, we obtain that
Hp = Im(IT1%) is a unital magma in C with structure (Hg,Nm, = Pr © NH, oy =
pr o ppg o (ir ® ig)) and it is a comonoid in C where e, = ey oigr and dy, =
(pr @ pr) © 8 o ir. Moreover,

in OH
Hg H HoH
(IIE @ H) oy
in OH
Hg H HoH

—L
are equalizer diagrams and
rH
HoH H

uHo(Hﬁ,@H)

PR

Hpg

HH
H®H H

—R
pa o (Il @ H)

Pr

Hp

are coequalizer diagrams.

PROPOSITION 3.16. Let H be a weak Hopf quasigroup. The following identities
hold:

prr o (py © H) o (H® (I ® H) 0 67))

=pp = puo (pg @®IE) o (H® 6x), 1)
o (I ® p) o (65 ® H) (42)
= pg = pg o (H® (ug o (I ® H))) o (55 @ H),
p o (A @ (pm o (I @ H))) o (0g @ H) (43)
= pr o (\e @ H) = ppr o (I @ (pg o (A\wr @ H))) o (6u @ H),
pr o (ug ® H) o (H @ (Amr © 1) 0 6p1)) ()

= pr o (H® M) = par o (umr © H) o (H @ (T @ Apgr) © 0pr)).
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Proof. Let us first prove (41). By (al) of Definition 2.2 and (7) we have

pa = (ex ®H)ody opy = ((em © pr) ® pi) © dnon
=ppo(ur @ H)o(H® (I ® H)odp)).

On the other hand, by the coassociativity of dy, (a4-6) and (a4-7) of Definition
2.2,

pr @MIE) o (H® )

pr @ H)o(ug @Ay @ H)o (H®®H ®dp)o (H® )
pa @ H)o(ug @ Ag @ H) o (H® oy @ H) o (H ®0p)
pr @ H)o (H® (I @ H) o dx)).

HH ©
=HH®
=HH®

:,LLHO

o~ o~~~
o~ o~

The proof for (42) is similar but we must use (8), (a4-5) and (a4-4) of Definition
2.2 instead of (7), (a4-6) and (a4-7) respectively.

To prove (43) first note that by (a4-5), (a4-4) of Definition 2.2 and the coassocia-
tivity of 0 we have:

I ® H))) o (6 @ H)
H@pp)e(H® Ay @H)o (0g © H)))o (0g © H)
oy @ H)o (H® (uu o (An ® H))) o (0p @ H)

Ag @ H)))o (g @ H).

—

pr o (Mg ® (pg o
=pgo(Ag @ (um o
(
(

o~ o~

=pgo(Ag @ pm)o
= g o (I ® (pp o

—~

On the other hand, by (15), the naturality of ¢, the coassociativity of §y and (al)
of Definition 2.2 we also have the following identity:

(po ® (g o (H@1}))) o duen = (pg ® H) o (H® cyp) o (g ® H).  (45)
Therefore,

prr o (I @ (o (Ag ® H))) o (6n © H)
=(H®@Enopn))o(cug@H)o (H® ((0goun)o(Ag @ H)))o (ép @ H)
=(H®Egopn))o(cur@H)o(H® (((hu @ pu)odnem)

o(Ag ® H))) o (6n ® H)
=(H& (egopn))o(cun®H)o(H® ((un @ (Mg o pn)) o dusn)

o(Ag @ H)))o (dg @ H)
=(H® (emopn))o(cun@H)o(H (nr @ (o py o (H 1))

obnemn)° (Am ® H)))o (0g ® H)
=(H® (emopm))o(can@H)o(H® (ur © (uu o (H @ 1))

o6ren) o (Au ® H))) o (6 ® H)
=(H@ Enopn))o(cnn@H)o(H® ((py ® H) o (H @ cp,n)

o(dg ® H)) o (Ag ® H))) o (6 ® H)
=pro((H® (e opn)) o (cun @ H)o(H®dn)) ® H)

oH® Ay @ H)o (6 ® H)

:MHO((HZ*AH)(X)H)
=pg oAy ® H).
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In the last calculus the first and the eight equalities are consequence of (8). In
the second one we used (al) of Definition 2.2. The third and the fifth ones follow by
(11), the fourth one by (25) and the sixth one by (45). The seventh one relies on the
naturality of ¢ and the last one follows by (a4-3) of Definition 2.2.

By a similar reasoning but using that

(e o (I ® H)) @ purr) 0 dpon = (H @ pgr) o (e ® H) o (H @ 6y)  (46)

instead of (45) we obtain that (44) holds. O

REMARK 3.17. Note that as a consequence of (41) or (42) we have

05 s idy = idy = idy * &, (47)

PROPOSITION 3.18. Let H be a weak Hopf quasigroup. The following identities
hold:

prr o (g @ TIE) = pup © gy o (I @ 11), (48)
(I @ ) 0 0 = (g @ 1) 0 e’y © 0, (49)
pr o (I @ 1) = pp o cp,p o (I @ 11f;), (50)
(I @ W) 0 6 = (Mg @ 1) 0 ey © O, (51)

Proof. The equalities (50) and (51) can be obtained from (48) and (49) composing
with ¢g . Then we only need to prove (48) and (49). Note that, by (2), (3) and (a3)
of Definition 2.2 we have:

pr o (I @117
=((egopn oc;LlH) ®H® (egopn ocl_{)lH)) o(H® ((H®pg @ H)
o((6m o nu) ® (Om o nu))) ® H)
=((emopmocyy) ®H® (em o pm o i)
o(H @ (H® (o cgy) ® H) o (6 0n1r) © (3 0 nmr))) @ H)
= lipr © C;I,lH o (Hf{l ®H§).
Therefore, (48) holds. The proof for (49) is similar using (a2) of Definition 2.2 instead
of (a3). O
THEOREM 3.19. Let H be a weak Hopf quasigroup. The antipode of H is antim-

ultiplicative and anticomultiplicative, i.e. the following equalities hold:

/\HO,UH:/LHOCH,HO()\H(X)/\H)v (52)

dgodg=Ag®@Ag)ocymodm, (53)

Proof. We will prove (52). The proof for (53) is similar and we leave the details
to the reader.
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AH O pH

= (Au #11g7) o ppr

= pr o (Ao prr) @ (Ifg 0 ) © Oreom

= pr o (A o ppr) @ (g o ppr o (H @ 11g)) 0 S

=pmoMy @) o (ug @ H)o (H @ cyp)o (6y @ H)

=pr o (pr @A) o (Aw ®dp) o (ug @ H)o (H ® cyyp)o (0 © H)

=pmo((pg oAy ®H))®@Ag)o (g ® H)o (H & ch,m)
o0y ® H)) @ H) o (H @ cpm) o (6n ® H)

= pr o ((nir o Aa @ H)) @ Arr) o (nir ® (pa o (H ® 1))
odngn) ® H)o (H ® ch,m)o (0n ® H)

=pr o (proAuw @ H))@Au)o (ke @ (pw o (e ® Ax) o (H ® dm)))
odpen)@H)o(H®cypg)o(0yg ®H)

= pur o ((pr oAy @pu)o(dy @ H)) @ H)o (ug @ Ay @ H)
o(H®dp ®@Ag)o(H®cum)o(0ng ®H)

= pr o ((pmo (N @ H)) @ H) o (ug @ Aer @ H) o (H ® 0mr @ Amr)
o(H®chm)o (0g @ H)

= pur © ((nar o (g @ H)) @ H) o ((nar o (I ® H)) @ A @ H)
o(H® g @A) o (H®CH_,H)O by @ H)

= pr o ((pmo (I @ H)) @ H) o (H © (ep 0 pur)) © (e, @ H)
o(HR®u)) @Ay @ H)o (H®dy @ Ag)o(H®cyp)o 0y @ H)

= pu o (((pa o (A @ pr)o (6 ® H)) ® H) o (H® (e1 © pr))
oleca,g @H)o (H®p)) @ Ag @ H)o (H®dg @ Ag)o(H @ cum)o (0n @ H)

=pgo(pr ®@H)o(H®pun ® H)o (A ® ((H® (em o pu))
ol @H)o(H®A)) @Ay @A) o (cyp ® g @ H)
olH®dég@H)o(H®cupm)o(0y®H)

= pro(pn @ H)o (H® pp @ H) o (Ag @ ((pr o (I © H))) @ A
@Ag)o(cpp ®og @ H)o(H®ég @ H)o(H®cyp)o (g ® H)

= pu o (pr ® H) o (A @ ((un o (I @ 1)) @ Apr) o (cm @ H @ H)
olH®dég@H)o(H®cupm)o 0y ®H)

= pr o (pa @ H) o (g @ ((p o e o (T @ 1)) @ Agr)
olecrg@H®H)o (HRog @ H)o(H®cuua)o(dyg ®H)

= pwo(pn @ H)o (H® pr @ H) o (Ag @115) 0 6x) @ (I @ M) 0 6u)) o e

= pr o (pr @ H) o (g @ (T @ Agr) 0 0p)) © com

= ppocaao(Ag @ Am).

02y
02y

The first equality follows by (a4-3) of Definition 2.2, the second one by (al) of
Definition 2.2 and the third one by (25). The fourth and seventh ones relies on (45).
The fifth, eighth and sixteenth ones are consequence of (a4-6) of Definition 2.2. In the
sixth, ninth and eighteenth equalities we used the naturality of ¢ and the equalities
tenth and thirteenth follow by (a4-4) of Definition 2.2. By (26) we obtain the eleventh



WEAK HOPF QUASIGROUPS 683

equality and the twelfth and fifteenth ones are consequence of (8). The naturality of
¢ and the coassociativity of d imply the fourteenth equality and the seventeenth one
follows by (48). Finally, the nineteenth equality relies on (43) and the last one on
(44). O

A general notion of dyslexia was introduced by Pareigis in [13]. The following
definition is the weak Hopf quasigroup version of dyslexia introduced by us in the weak
Hopf algebra setting [2]. As application of (52) and (53) we obtain a generalization
of the main result about (co)dyslexia contained in [2].

DEFINITION 3.20. Let H be a weak Hopf quasigroup. We will say that H is

n-dyslectic if pp o cf y = pm where cf y = cg o ", ocy,r- When ¢y ooy =dpn
we will say that H is n-codyslectic.

ProprosiTION 3.21. Let H be a weak Hopf quasigroup. If \% = idg, then H is
n-dyslectic and n-codyslectic.

Proof. By (52), we have that

pr =Ny opg =Ny o dgoun =Ny oo (Am®Ag)ochn
=Ny PoXdmopuno (Mg ®Aw) ocmm =Ny 2o pm o (N @ \y) o ciry
:...:uHo(A’;I(@)\’}I)oc’}LH:,MHOC?LH-

Analogously, if we use (53), with a similar calculation, we obtain that H is n-
codyslectic. O

THEOREM 3.22. If H is a weak Hopf quasigroup (co)commutative then the an-
tipode A\ satisfies /\%{ =idy.

Proof. 1If we assume that H is commutative (ug o cg,g = pm, equivalently,
JLH © C;{,lH =un), by (2) 1§ = ﬁﬁ. Analogously, by (3), II% = ﬁqu. Then

Ao Am = Ag o (Mg = 11})
= ()\H o )\H) * ()\H o HII{I)
= (e o Anr) * (Mg o TTy)
= (AmoAg) * 117
=pgo(pn @ H)o((AmoAg)®Ag ® H)o (H®dp)odn
= (()\H e} )\H) * )\H) * ’LdH
=(Ago Hg) *idyg
= ()\H 9 ﬁf{) * idH
== HII‘/I * idH = idH.

The first equality follows by (a4-3) of Definition 2.2, the second and seventh ones
by (52) and the commutativity of g, the third and eight ones by the commutativity
of ppr and the fourth one by (40). The fifth equality relies on (a4-7) of Definition 2.2
and the sixth one follows by the coassociativity of dg. In the ninth one we used (39)

and finally the last one follows by (47).
The proof for a cocommutative weak Hopf quasigroup is similar using that Ik =

Ty, and IR = .. O
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4. The fundamental theorem of Hopf modules. In the following definition
we introduce the notion of right-right H-Hopf module for a weak Hopf quasigroup
H. Note that if H is a Hopf quasigroup and C is the symmetric monoidal category
F — Vect, we get the notion defined by Brzeziniski in [5].

DEFINITION 4.1. Let H be a weak Hopf quasigroup and M an object in C. We
say that (M, ¢, par) is a right-right H-Hopf module if the following axioms hold:
(cl) The pair (M, par) is a right H-comodule, i.e. ppr : M — M ® H is a morphism
such that (M @ eg) o py = idy and (pyr @ H) o ppr = (M ® 55) 0 par-
(¢2) The morphism ¢y : M @ H — M satisfies:
(c2-1) ¢pr o (M @ny) =idy.
(c2-2) pprodnr = (b @pup)o(M@cy p®@H)o(prpr @9 ), i.e. ¢pris a morphism
of right H-comodules with the codiagonal coaction on M ® H.
(03) VES) (d)M ® )\H) o (M ® 5H) =¢np o (M ® Hjl{l)
(c4) dpo(py @ H)o (M @Ay @ H)o (M ®6g) = ¢ o (M @ 11E).
(c5) ¢n o (¢ ® H) o (M @11 @ H) o (M ®p) = dur.

REMARK 4.2. Obviously, if H is a weak Hopf quasigroup, the triple (H, ¢y =
Wi, pg = Op) is a right-right H-Hopf module. Moreover, if (M, ¢, par) is a right-
right H-Hopf module, the axiom (c5) is equivalent to

o o (dn @) o (M ® 0r) = dar. (54)
because by (c3) and (c4) of Definition 4.1 we have that

oar o (dn @ 11E) o (M @ 5py)

— s (orr @ H) o (M @1l @ H) o (M © 5. (55)
Also, composing in (¢2-2) with M ® ng and M ® ey we have that
dn o (M @I 0 pas = ids. (56)
Finally, by (c¢5) and (54) we obtain
¢ o (pp @ H) o (M @1 ® H) o (M ® (6y 0 np)) = id, (57)
ér o (py @TLE) o (M @ (i o)) = idy . (58)

PROPOSITION 4.3. Let H be a weak Hopf quasigroup and (M, ¢y, par) a right-
right H-Hopf module. The endomorphism qur := ¢pr 0o (M Q@ Ag) opyr - M — M
satisfies

pMqu:(M®Hf{)opMqu (59)

and, as a consequence, is an idempotent. Moreover, if M°°H (object of coinvariants)
is the image of qar and ppr : M — MCH iy M©H — M the morphisms such that
Gy = tap 0 pyr and idppeon = Pag O ipg,

PM

McoH — M M ® H

—R
(M ®1ly)opm
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is an equalizer diagram.

Proof. The equality (59) holds because

prmoqm = (dm @ up)o (M ey @ H)o(pym @ (0m0Aw)) o pm
= (¢m @ pm)o (M @cyu @ H)o(pm ® (Ax @ Am) ocamodm)) o pu
= ((pm o (M @ Agr)) @ T0g) o (M @ (e, © 0m)) © pumr
= ((pm o (M @ Agr)) © (I o)) © (M @ (cr,r 0 1)) © par
= (M ®10) o paoqu

where the first equality follows by (c¢2-2) of Definition 4.1, the second one by (53),
the third one relies on (c1) of Definition 4.1 as well as the naturality of the braiding,
the fourth one is a consequence of the properties of 114 and the last one uses the
arguments of the three first identities but in the inverse order.

On the other hand, g, is an idempotent. Indeed,

qrM O qu = Ou O

=m0

M & Ag)opumoqu
M®(/\H0Hf{1))opMqu

—R
M@ (Mg oy oTIE)) 0 par o qur
M @TE) o paroqu

=m0
= o

=dqM-

o~ o~ o~ o~

In the last equalities, the first one follows by definition, the second one by (59), the
third one by (34), the fourth one by (40) and (59) and the last one by (56).
Finally, by (40) and (56)
drro (M@ (N oTly)) o par = dar o (M QTIE)) 0 prs = idyy.
Then,

M
MCOH — M M@H

—R -
(M @ 1ly) o pu

is a split cofork [10] and thus an equalizer diagram. O

REMARK 4.4. Note that, in the conditions of Proposition (4.3), by (33) and (34),
we obtain that
. PM
M
McoH - 5 M g M ® H
(M @1If) © pu

is also an equalizer diagram.
Moreover, by the comodule condition and (c4) of Definition 4.1 we have

Finally, the following identities hold:

py o dnm o (i @ H) = (pp @ H) o (i ®0n), (61)
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paodnr o (ing @ H) = parodaro (i @ ), (62)

. . =L
pMO¢MO(ZM®H):pMO(bMO(lM@HH). (63)
Indeed:

pa o dar o (i ® H)
= (om @ pa)o (M@ cyn @ H)o ((pm oin) @)
—R )

= (¢m @ pu)o (M @chu @ H)o (M &1y) o pyoin)®dn)

= (¢ @ (p o (g ® H))) o (M @ e ® H) o ((par ©inr) ® 611)

= (¢m @ (emopn)®H)o (M ®chm ®6m)o ((pmoin) @ dm)

= (((M®5H) OPMO¢M)®H)O (iM®5H)

= ((bM ®H) o (’LM ®5H)

The first equality follows from (c2-2) of Definition 4.1, the second one by Propo-

sition 4.3 and the third one by the naturality of the braiding. The fourth equality is
a consequence of (10). In the fifth one we used the coassociativity of dy and (c2-2)

of Definition 4.1. The last one follows by (c1) of Definition 4.1.
On the other hand, by (61) and (a4-6) of Definition 2.2 we have

pv o dar o (ing @ H) =prrogu oo o (ing @ H)
=puodryo(M@Ag)opr oo o (ing®H)
=pa om0 (G @A) o (i @ 0mr)
= par o dar o (i @ Ih).

Finally, composing with M ¢ ®ﬁ§} in (62) and using (33) we obtain (63).

PROPOSITION 4.5. Let H be a weak Hopf quasigroup, (M, ¢ar, par) a right-right
H-Hopf module. The endomorphism

Var = (py @ H)opyrodaro(ing @ H) : MH @ H — M°? @ H

18 an tdempotent and the equalities

Vu = ((prroonm) ®H)o (in ®0m), (64)
(MH @65) oV = (Vi @ H) o (M®H @ 6y). (65)
Vi = (M" @ py)o((Varo(M" @np)) H). (66)

hold.
Proof. Trivially, by (60) we have that

VaroVar=pu@H)opayodao(qgu ®H)oprodnyol(ing®H) = V.

The equality (64) follows from (61) and (65) is a consequence of (64) and the coasso-
ciativity of dg. Finally, (66) holds because, by (64), (17) and (63) we have

(MM @ ) o (Var o (MH @np)) @ H)
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= ((prr 0 $ar o (M ®TLgy)) @ H) o (ias @ 61) = V.

[

REMARK 4.6. In the conditions of Proposition 4.5 we define the morphisms
wy MOt 9 H - M, Wy M- M"ToH

by war = ¢én o (iny ® H) and Wy, = (par ® H) o pyr. Then, wyr o w), = idy and
Vv = w§w owyps. Also, we have a commutative diagram

M
WM w\
\Y%
McoH ®H M McoH ®H
pM“% %:H@JH

McoH x H

where MH x H denotes the image of Vs and pyjeongp, ipreongy are the mor-
phisms such that ppjeon g © i preon gy = idpreort x g aNd @ pjeori gy © Ppjeoi oy = VM-
Therefore, the morphism o = ppreorr g 0 wh, is an isomorphism of right H-modules
(i.e. pageorsp © an = (aa @ H) o pyr) with inverse o) = was 0 ipjeorngy. The
comodule structure of MH x H is the one induced by the isomorphism aj; and it
is equal to

PMcoH  H = (pMcoH®H ®H) [e] (MCOH®6H) OiMcoH®H.

PROPOSITION 4.7.  Let H be a weak Hopf quasigroup and (M,dnrr,par),
(N, dn, pN) right-right H-Hopf modules. If there exists a right H-comodule isomor-
phism o : M — N, the triple (M, ¢S, = o=t o ¢y o (a @ H),par) is a right-right
H-Hopf module.

Proof. The proof follows easily because, if « is a right H-comodule isomorphism,
pv = (@™t ®@ H) o py o« holds. 00

PROPOSITION 4.8. Let H be a weak Hopf quasigroup, (M, dar, par) a right-right
H-Hopf module. The triple (MH x H, ¢preor y i1, prseor x 1) where

Grreort xir = Prreorigp © (MM @ ) o (ipgeon gy @ H),

and ppreorr g 48 the coaction defined in Remark 4.6, is a right-right H-Hopf module.

Proof. By Remark 4.6 we have that (MH x H, pyeony i) is a right H-comodule
and it is clear that (¢2-1) of Definition 4.1 holds. On the other hand, by (65),

pMCOHXH [¢] ¢MCOH><H == (pMcoH®H ® H) [e] (MCOH ® (6[—[ O /,LH)) ] (iMcoH@H ® H).
Moreover, by (65), the properties of Vj; and (al) of Definition 2.2 we obtain

(baseorr s @ pr) © (MM x H® crg ® H) 0 (pageor s r ® S51)
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= ((prreongm © (M" @ ppr)) @ H) o (Var © H @ )

oMM @H@cypy®H)o (M @6y @65) 0 (ipeongy @ H)
= (Pareongm @ H) o (MM @ ((nmr @ par) 0 Saen)) o (Var 0ipeongm) © H)
= (Prreongn @ H) o (M" @ (65 0 ppr)) © (ingeorgn © H)

and then (c2-2) of Definition 4.1 holds.
The proof for (¢3) of Definition 4.1 is the following:

Grreort gy © (Pareort xir @ Apr) 0 (M x H @ 6pr)
= pueorion © (Pv 0 dn) @ pr) o (i @ (O © ) @ Apr) © (ipgeorigpr @ Omr)
= Pueorign © ((par 0 Onr) @ pr) © (i @ ((par @ pa) 0 duem) @ Amr)
o(ipfeoigp @ Opr)
= pareorigr © ((par © dar o (ivg ® pmr)) @ (pw o (H @ 11)))
o(M" @ 6pom) o (ipjeongn @ H)
= pareerrgn © ((Par © dar o (in © ppr)) @ H) o (M" © H © ey i)
o(M®H @6y @ H) o (ipreon gy @ H)
= pareoripn © (Par © g 0 (ine @ (I © ppr))) @ H) o (MH @ H @ )
o(M®H @6y @ H) o (ippeongy @ H)
= pareorrgn © ((par © dar o (in © ppr)) @ H) o (M" © H © cpr i)
o(M®H @6y @ H) o (ipreon gy @ I15)
= preorign © ((Par 0 dnr) @ H) o (i @ (e o pn) @ H @ H)
o(H®cug @ H)o (0 ®chu)o (6 @ H))) o (ineongm ® H)
= pyeorign © ((Par 0 o) @ H) o (ing @ (e © prr) ® 0m)
o(H®cum)o 0y @ H)))o (ineorngn @ H)
= pueonigm © (Par © dar) © H) 0 (ing @ (Op © ppr o (H @ 1)) © (ipgeorrgn © H)
= preoripn © Vs o (M7 @ (um o (H @ 115))) o (ipeongp @ H)
= Papeort o pr 0 (MH x H @ 11%).

The first and tenth equalities follow by (64), the second one by (al) of Definition
2.2 and the third one by the coassociativity of dy and (a4-6) of Definition 2.2. In
the fourth one we used (45). The fifth equality relies on (62) and the sixth one
follows by (25) and (62). The seventh one is a consequence of the naturality of the
braiding and (7). The eighth equality follows by the naturality of the braiding and
the coassociativity of 0. Finally, the ninth equality follows by (7) and the last one

relies on the properties of V.
We continue in this fashion proving (c4) of Definition 4.1. Indeed:

Grreott i1 © (Pppeorr g @ H) o (MH x H@ A g @ H) o (M x H® 6y)
= pueongr © (Py 0 ¢ar) @ ) o (i @ (6 o pr o (H @ M) © H)
o(ipjeorrgy @ O)
= Pueorign © (P © dnr) @ pr) o (invg ® ((por @ pm) © dnen
o(H®Ag)) ® H) o (ippeongy @ )
= paeorgp © (par 0 par o (M @) @ ) © (ing © ((1rr ® porr)
odper o (H®Ag)) @ H) o (ipreon gy @ 0 )
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= prreongr © (Py 0 dn) @ ) o (in ® (e 0 pr) ® (e o pm) ® H
@pp)o(HRdp@cgp@®HQH)o(H®cypg®cypg®H)
o((dponu)®@dg @ (dgorm))| @ H) o (ipeonog @ 0p)

= pareorigr © ((par 0 ar) © puwr) o (ing @ (g @ (e ® H) 0 61 0 )
®@H)o (M*“" @6y @ \g @ H) o (ippeon gy @ 01)

= Puyeorign © (Pm 0 dm) @ pgr) o (i @ H @ gy @ H)
o(MCOH @0 @Ag @ H) o (ipjeorngy @ 0mr)

= pareorigrr © (Par © ar) ® ) 0 (ing @ 6 @ TIE) 0 (ipgeonrggpr @ H)

= prreorigp © (MM @ ) o (Var 0 ipeongpr) @ 1)

= Gppeorror 0 (MH x H @ TIE).

The first and eighth equalities follow by (64), the second one by (al) of Definition
2.2 and the third one by (62). In the fourth one we used the naturality of the braiding
and (a2) of Definition 2.2. The fifth one is a consequence of the naturality of the
braiding, the coassociativity of dy and (al) of Definition 2.2. The sixth equality
follows from the counit properties and (62) and the seventh one by (a4-7) of Definition
2.2. Finally, the last equality is a consequence of the properties of V.

The only point remaining is (¢5) of Definition 4.1. This equality holds because:

Grpeor i © (Prpeor g @ H) o (MH x H@ L @ H) o (M x H® )
= pareorign © (Par 0 ar) ® par) o (ing @ (6 © ppr o (H @ 11gy)) @ H)
o(ipreorr g @ O)
= pareorigm © ((par 0 ¢ar) @ pur) © (inr @ (o @ pr) © S o (H @ M)
®@H) o (ipreorgyg @ 0m)
= pareorigm © ((par 0 ¢ar) @ pr) © (inr © ((pm @ (pm o (H @ 11g;)))
oSpen o (H@IE))® H) o (iyeon g @ 0n)
= pareorngm © ((par 0 ¢ar) @ H) o (ing @ (I @ H) 0 pron
o0 ® (T & H) 0 4)))) o (ingeon oy © H)
= pareorion © ((Par 0 ¢nr) @ H) o (ing @ (g 0 g o (H @ 1)) © )
odnem) o (inveorgn ® H)
= pareorngm © ((par 0 ¢ar) @ H) o (ing @ (I ® H) 0 0 © pur))
o(ingeorngy ® H)
= preotigp © ((par 0 dar) @ H) o (ing @ (0 © par)) © (ingeorr g @ H)
= Pppeoigy © Vs 0 (MH @ ) o o(ippeori g @ H)
= Ppmeort s p-
The first equalitiy follows by (64), the second one by (al) of Definition 2.2 and
the third one by (27). In the fourth one we used (45) as well as (62). The fifth one
relies on the naturality of the braiding and the sixth one is a consequence of (25) and

(al) of Definition 2.2. The seventh one follows by (62) and the eighth one by 64.
Finally, the last one follows by the properties of V. O

PROPOSITION 4.9. Let H be a weak Hopf quasigroup, (M, éur, par) be a right-
right H-Hopf module and apr : M — MH x H be the isomorphism of right H-
comodules defined in Remark 4.6. Then, for the action ¢4} introduced in Proposition



690 J. N. ALONSO ALVAREZ ET AL.

4.7, the triple (M, ¢}, par) is a right-right H-Hopf module with the same object of
coinvariants of (M, ¢, par). Moreover, the identity

WM = prro (g @ prr) o (pvr @ H) (67)

holds and g3} = qu where g3 = ¢4} o (M ® Mg ) o par is the idempotent morphism
assoctated to the Hopf module (M, ¢35}, par). Finally, if for the triple (M, 3}, par),
V4" denotes the idempotent morphism defined in Proposition 4.5, we have that

VoM =V (68)

and then, for (M, 3™, par), the associated isomorphism between M and M x H
defined in Remark 4.6 is apy. Finally,

(P3r")* = 1" (69)
holds.

Proof. By Proposition 4.7 we obtain that (M, ¢5}", par) is a right-right H-Hopf
module and by the equalizer diagram of Proposition 4.3 the object of coinvariants of
(M, 51", par) is equal to the one of (M, ¢ar, par). Also, by (60) we have

drvo(ing @H) oV = ¢pro (i ® H) (70)
and
Vo (pm ®@H)opy = (pu @ H)opu. (71)

Then, (67) holds because

%I :Oé&lo¢McoH><HO(OéM®H)

:QSMO(’LM®H)OvMo(MCOH®,UH)O((VMO(pM®H)opM)®H)
= ¢nmo(qu @ pm) o (pm ® H).

On the other hand, by (67), the coassociativity of 0z, (c1), (c4) of Definition 4.1
and (54) we obtain:

a3 = dm o (qu @ prr) o (pavr @ M) © pu
=¢m o (dm @ H) o ((¢ar 0 (M @A) @ H) o (M ®0p1)) ® Anr)
o(M ®dy)opm
= o ((daro(MIE)) @ Agr) o (M @65) 0 pur
= ¢nm o ((bar o (M @TIE) 0 par) @ Air) © par
=dqMm-
Then, ip = 5} and pa = p§}* and, as a consequence, wiM = (pyr @ H) o par =
wh. Moreover, by (c2-1) of Definition 4.1, (66) and (70)
wyt' = oy o (in @ H)
= ¢m o (qm @ prr) o ((pvr o ing) @ H)
=¢po(in®@pm)o(Vy®@H)o (MM @ny @ H)
=¢pmo(iy @H)oVy
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= WHpy-

Therefore, V§}* = Vs and then, for (M, ¢5}", par), the associated isomorphism be-
tween M and MH x H is ay.
Finally, by (66)

(O3 )™ = dnr o (qnm @ p) © ((par 0 qur) @ pmr) © (pvr @ H)
= ¢ o (i @ pu) o (Va o (pm @nu)) @ pw) o (pm @ H)
=¢m o (in ® H) oV o(py ® pr) o (py ® H)
and (69) holds. O
REMARK 4.10. Let H be a weak Hopf quasigroup. The triple (H, ¢g = pm, pug =
dm) is a right-right H-Hopf module and ¢3" = ¢ because by (42),

W =pm ol ®@pm)o (0n ® H) = pg = ¢

DEFINITION 4.11. Let H be a weak Hopf quasigroup and let (M, ¢ur, par) and
(N, én, pn) be right-right H-Hopf modules. A morphism in C f: M — N is said to
be H-quasilineal if the following identity holds

N o(f@H)=fo@y". (72)

A morphism of right-right H-Hopf modules between M and N is a morphism f :
M — N in C such that is both a morphism of right H-comodules and H-quasilineal.
The collection of all right H-Hopf modules with their morphisms forms a category
which will be denoted by M.

PROPOSITION 4.12. Let H be a weak Hopf quasigroup and let (M, ¢rr, par) be an
object in ME. Then, for (M x H, ¢preon 11, prreor i) the identity

QppeoH
¢MNCIOH XX; = Qpreot xH (73)

holds.
Proof. First note that, by (65) we have

qMCOH x H = pMcoH®H ] (MCOH ® H%) O iMcoH@H (74)

and, as a consequence, by (67), the equality

Gu I = prreon gy © (MH @ ppr) o (Vo o (M @ 1)) ® )
[¢] (MCOH ® 5H ® H) [¢] (iMcoH@H ® H).

holds.
Then,

¢QMC°H X H
MecoH x H

= preorign © (Pmr @ pim) © ((par © dar o (ing ® 1)) © )
o(MH" @6y @ H) o (ipjeor gy @ H)
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= prreongr © (Pm @ pm) o ((pvr 0 dar 0 (P @ Am) © (ivg ® 0)) @ pumr)
o(M®H @6y @ H) o (ipjeongy @ H)

= Pumeotigr © (P @ i) © ((par © ¢ar 0 (b @A) @ purr)
o(ipyy @ (H ®0pm)0dm) @ H) o (ippeongy @ H)

= Pueongm © (Pm @ p) o (P 0 dar o (M @ Ay)) @ pr) o (M @ 0pr)
oppr o Par o (ipg @ H) o lpeonngyy) @ H)

= pueorigm © (Pm @ p) o ((py 0 qur) @ pr) o ((par © dag o (ing @ H)
Olpeoigy) ® H)

= Pyeorign © (Pv @ pm) o ((pa oing) @ pm) o (Vg 0 dppeorngpy) @ H)

= pyeorign © (Pm ® ) © ((par 0 ing) ® pr) © (ingeon g © H)

= papeorigp © (MM @ ppr) o (Var o (M @ n)) @ pwr) o (ingeon g © H)

= Paseorigp © Var o (M? @ pugr) o (ipeon g @ H)

= Qrreott

where the first equality follows by (75) and the definition of V;, the second one by
(¢3) of Definition 4.1, the third one by the coassociativity of d and the fourth one
by (61). In the fifth equality we used (cl) of Definition 4.1 and the sixth and eighth
ones are consequence of the definition of V. Finally, the seventh and the tenth one
rely on the properties of V; and the ninth one follows by (66). O

THEOREM 4.13. (Fundamental Theorem of Hopf modules) Let H be a weak Hopf
quasigroup and let (M, ¢y, par) be an object in Mg Then, the right-right H-Hopf
modules (M, s, par) and (MH x H, ¢ppeor s i, prseor ) are isomorphic in M.

Proof. By Remark 4.6 oy = ppjeongp © why is an isomorphism of right H-
comodules with inverse 04;41 = Wi O ippeongy. To finish the proof we only need to
show that (72) holds. Indeed, by (73), (70) and (71) we have

— « H
aMl o¢MNc’§;,XX; o(ay @ H)

=m0 (ing @ H)oVaro (M7 @ pugr) o (Var o (pu © H) o pyr) @ H)
= %['
a
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