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COMPATIBILITY CONDITIONS BETWEEN RINGS
AND CORINGS

L. El Kaoutit

Department of Algebra, Faculty of Education and Humanities of Ceuta,
University of Granada, Ceuta, Spain

We introduce the notion of “bi-monoid” in general monoidal category, generalizing by
this the notion of “bialgebra”. In the case of bimodules over a nonc ative algebra,
we obtain compatibility conditions between rings and corings whenever both structures
admit the same underlying bimodule. Several examples are expounded in this case. We
also show that there is a class of right modules over a bi-monoid which is a monoidal
category and the forgetful functor to the ground category is a strict monoidal functor.

Key Words: Bi-(Co)modules; (Co)Monoides; (Co)Rings; (Co)Wreath; Double distributive law;
Monoidal categories.
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INTRODUCTION

Let R be an associative algebra over a commutative ring with identity k,
and consider its category of unital and k-central bimodules ./, as a monoidal
category with multiplication given by the tensor product — ®, — and with identity
object the regular bimodule R;. The search of a compatibility conditions between
a ring structure (monoid in /L, see below) and coring structure (comonoid in g/,
see below) is a well known problem in noncommutative algebra. Even though the
object is the same (i.e., the underlying R-bimodule structures coincide), there is no
obvious way in which a tensor product of bimodules can be equipped with a monoid
(or comonoid) structure. In this direction, Sweedler (1975b, §5) introduced the
X g-product, and few years later Takeuchi (1977) gave the notion of x ,-bialgebra
with noncommutative base ring. This notion can be seen as an approach to a
compatibility conditions problem by taking, in an appropriate way, a comonoid in
gy and a monoid in pg gollgg, g (R is the opposite ring of R).

In this note, we give another approach to the compatibility conditions problem
by considering a comonoid and monoid in the same monoidal category. The
basic ideas behind our approach are the notions of wreath and cowreath recently
introduced in Lack and Street (2002), which are a generalization of distributive
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law due to Beck (1969). In the category of bimodules, wreath and cowreath lead
in a formal way to endow certain tensor product with the structure of a ring and
of a coring. A double distributive law is then a wreath and a cowreath induced,
respectively, by a ring and coring taking the same underlying bimodule. In this way,
we arrive to the compatibility conditions by assuming the existence of a double
distributive law for a bimodule which admits a structures of both ring and coring.

In Section 1, we review the Eilenberg—Moore categories attached to a monoid
(resp., comonoid) in a strict monoidal category. We give, as in the case of the
category of bimodules (El Kaoutit, 2006), a simplest and equivalent definition for a
wreath (resp., cowreath) over monoid (resp., comonoid), see Proposition 1.11 (resp.,
Proposition 1.4). In particular, we show that the wreath (resp., cowreath) product
satisfies a universal property, Proposition 1.14 (resp., Proposition 1.7). In Section 2,
we use the notion of double distributive law (Definition 2.1) in order to give
equivalent compatibility conditions for an object with structures of both monoid
and comonoid, Proposition 2.2. An object satisfying the equivalent conditions of
such proposition is called a bimonoid. In Section 3, we introduce the category of
right twisted module over a bimonoid. It turns out that this class of right modules is
a monoidal category, and the forgetful functor is a strict monoidal (Proposition 3.2).
Section 4 presents several applications; we show that the tensor algebra of any
algebra with a group algebra is a bimonoid in the category of bimodules over a
non-necessary commutative ring. In the case of commutative base rings, we give an
example which shows that the class of bialgebras is strictly contained in the class of
bimonoids in the monoidal category of k-modules. The theory of bialgebras in a
braided monoidal category is recovered as well as the notion of braided bialgebras
over commutative rings (Takeuchi, 2002).

Recently, an article by Mesablishvili and Wisbauer was posted in arXiv.math
(Mesablishvili and Wisbauer, 2007), where the definition of bimonoid in monoidal
category (in the sense of Definition 2.3, see below) was transferred to the case
of bimonad on a category. If we consider the 2-category of functors (Categories,
Functors, Natural transformations), then the category of endo-functors Funct(s{, sf)
on a category & is in fact a strict monoidal category. Thus a bimonoid in
this monoidal category (Definition 2.3) is just a bimonad on s in the sense of
Mesablishvili and Wisbauer (2007, Definition 4.1). Another interesting and different
approach was given for a general bicategory in Lopez-Lépez (1976, (1.3.1), p. 7, and
(3.1.1), p. 31).

Notations and Basic Notions. Given any Hom-set category %, the notation X €
‘¢ means that X is an object of €. The identity morphism of X will be denoted by
X itself. The set of all morphisms f: X — X’ in € is denoted by Hom (X, X’). Let
Al be a strict monoidal category with multiplication — ® — and identity object I.
Recall from Mac Lane (1998, §VII) that a comonoid in ./ is a three-tuple (C, A, €)
consisting of an object € and two morphisms A : € - C ® C (comultiplication),
e:C — 1 (counit) such that (@ C)ocA=C=(C®R¢c)oA and (AQC)oA =
(C® A) o A. A morphism of comonoids ¢ : (C, A, g) — (ID, A’, &) is a morphism
¢:C — D in / such that & o ¢ = & (counitary property) and A'o ¢ = (¢ ® ¢) o
A (coassociativity property). Dually, a monoid in ./ is a three-tuple (A, u,n)
consisting of an object A € ./ and two morphisms y: A ® A — A (multiplication),
n:MT— A (unit) such that puo (@ A)=A=po(A®n) and po(AQu) =po
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(t ® A). A morphism of monoids y : (A, u,n) — (T, i/, 1) is a morphism ¢ : A —
T such that yonn=#n"and Yo pu = ' o (Y @ V).

A right C-comodule is a pair (X, pX) consisting of an object X € # and
a morphism p¥: X — X ® C (right C-coaction) such that (X ® €) o p*¥ = X and
(P*RC)op* = (X®A)op*. A morphism of right C-comodules f: (X, p¥) —
(X', p¥) is a morphism f:X — X’ in the category ./ such that p¥ o f = (f ®
) o pX. These form a category which we denote by #%. The category T/ of
left C-comodules is similarly defined; we use the Greek letter A~ to denote their
left C-coactions. A C-bicomodule is a three-tuple (X, p*, A¥) where (X, p¥) is a
right C-comodule and (X, %) is a left C-comodule such that (¥ ® C) o p* = (C ®
p¥) o X, A morphism of C-bicomodules is a morphism of left and of right C-
comodules. We use the notation Homg_¢(—, —) for the sets of all C-bicomodules
morphisms. Dually, a right A-module is a pair (P, rp) consisting of an object P €
and a morphisms rp, : P ® A — P (right A-action) such that r, o (P ® ) = P and
rpo(PQ ) =rpo(rp® A). A morphism of right A-modules g: (P, rp) = (P, rp)
is a morphism g: P — P’ in J( such that gor, =rp o (g ® A). Right modules and
their morphisms form a category which we denote by ./ ,. The category ,./ of
left A-module is similarly defined, and we use the letter |_ to denote their left A-
actions. An A-bimodule is a three-tuple (P, rp, |,), where (P, rp) is a right A-module
and (P, 1,) is a left A-module such that rpo (I, ® A) =1, 0 (A ®rp). A morphism
of A-bimodules is a morphism of left and of right A-modules. We denote by
Hom,_,(—, —) the set of all A-bimodule morphisms. For details on comodules over
corings, definitions, and basic properties of bicomodules over corings, the reader is
referred to monograph of Brzeziriski and Wisbauer (2003).

1. REVIEW ON (RIGHT) EILENBERG-MOORE
MONOIDAL CATEGORIES

Let # denote a strict monoidal category with multiplication — ® — and
identity object II. In this section, we review the Eilenberg—-Moore monoidal
categories (Lack and Street, 2002) associated to a monoid and to a comonoid both
defined in /. We start by considering a comonoid € in / with structure morphisms
A:C—->CQCande:C— 1.

1.1. The Monoidal Category %¢

This is the right Eilenberg—Moore monoidal category associated to the
comonoid € (see Lack and Street, 2002, for a general context) and defined as
follows:

Objects of Rg:  Are pairs (X, r) consisting of an object X € #f and a

morphism ¢ : C® X — X ® C such that
XQ®@A)or=cRC)o(CR1)o(ARX) (1.1)
(X®e)or=eQX. (1.2)
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We have the following useful lemma.

Lemma 1.1. For every object X € M, the following conditions are equivalent:

(i) € ® X is a C-bicomodule with a left C-coaction 1T®* = A ® X;
(1) There is a morphism ¢ : C ® X — X ® C satisfying equalities (1.1) and (1.2).

Proof. (ii) = (i) Take the right C-coaction p®®* = (C ® 1) o (A ® X).

(i) = (ii) Take r = (e ® X ® €) o pT*, where pT@X is the given right C-
coaction. O

In this way, the morphisms in Rg are defined in their unreduced form as
follows:

Morphisms in Rg:
Hom,,. ((X, x), (X', 1)) =Homg_(CRX,CR® X),
where C ® X and € ® X' are endowed with the structure of C-bicomodule defined
in Lemma 1.1. That is, a morphism « : (X, r) — (X', r) in Rg is morphism o : C®
X - €C® X' in /I satisfying
A®X)oa=(CRa)o (AR X), (1.3)
(Cor)o(A®X)oa=(@QC)o(C®1)o(A®X). (14)

The Multiplication of Rg: Let a: (X, 1) — (X',r') and f:(Y,y) — (Y,v)
two morphisms in %g. One can easily prove that
(X, ) ®c (Y,1) = (X®Y,(X®y)o(x®Y))
(X, 1) ®c (Y1) = (X' @Y, (X®y)o (' ®Y))
are also objects of the category %¢., which defines the horizontal multiplication. The
vertical one is defined by the composition
(2®ch) =(CROX ®e®Y)o(CRX )
c(CRI®YNo(CRIRYN(ARXRY) (1.5)
= (CoX'®e®Y)o(@®f)o(CRr®Y)o(ARX®Y).

Lastly, the identity object of the multiplication — ®¢ — is given by the pair (I, C)
(here € denotes the identity morphism of € in /).



07:12 6 May 2009

Downl oaded By: [ Universidad G anada] At:

COMPATIBILITY CONDITIONS BETWEEN RINGS AND CORINGS 1495

1.2. The Monoidal Category %g

This is the left Eilenberg—-Moore category associated to € and defined as
follows:

Objects of £g: Are pairs (p, P) consisting of an object Pe /l and a
morphism p : P® €C — € ® P such that

(A@P)op=(CR®p)o(p®C)o (P®A) (1.6)
(e®P)op=PQ®e¢. (1.7)

As before one can easily check the following lemma.

Lemma 1.2. For every object P € M, the following conditions are equivalent:
(i) P® C is a C-bicomodule with a right C-coaction pP®*C = P ® A;
(1) There is a morphism p : P Q@ C — C Q P satisfying equalities (1.6) and (1.7).
In this way the morphisms in £g are defined in their unreduced form as

follows:

Morphisms in £g:
Homy, ((b, P), (v, P')) := Hom¢_¢(P® C, P’ ® C),

where P ® € and P’ ® C are endowed with the structure of C-bicomodule defined
in Lemma 1.2. That is, a morphism y : (p, P) — (v, P') in £g is morphism y: P ®
C - P’ ® C in ./ satisfying
(P®A)oy=(®C)o(P®A), (1.8)
PMRC)o(PRA)oy=(C®7)o(PRC)o(P®A). (1.9)
The Multiplication of £g: Let y:(p,P) - (¢, P’) and o:(a,Q0) — (a', Q)
two morphisms in £g. One can easily prove that
(0. P) @ (2.0) == ((r® Q) o (P®0). P® Q)
. P)&" (@.0) = ((®Q)o(P®q).P®Q)

are also objects of the category ¢, which leads to the horizontal multiplication.
The vertical one is defined as the composed morphism

18" ) =PRe200C)e()®Q®C)o (PR ®C)
o(PRc®C)o (PRQO®A)
=PRe0C)o(R0)o(PRa®C)o(PRQO®A). (1.10)

The identity object of the multiplication — ®® — is given by the pair (€, ) (here €
denotes the identity morphism of C in /).
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1.3. Cowreath and Their Products

C still denotes a comonoid in J/#, RE, and £g are the monoidal categories
defined, respectively, in Subsections 1.1 and 1.2. The notion of wreath was
introduced in Lack and Street (2002) in the general context of 2-categories, in the
monoidal case they are defined as follows.

Definition 1.3. Let € be a comonoid in a strict monoidal category M. A right
cowreath over C (or right C-cowreath) is a comonoid in the monoidal category .
A right wreath over C (or right C-wreath) is a monoid in the monoidal category .
The left versions of these definitions are obtained in the monoidal category Z¢.

The following gives, in terms of the multiplication of ./, a simplest and
equivalent definition of cowreath.

Proposition 1.4. Let C be a comonoid in a strict monoidal category Al and (IR, r)
an object of the category Rg. The following statements are equivalent:

(1) (R, v) is a right C-cowreath;
(ii) There are morphisms of C-bicomodules £: CQR — C and 6 :COR - C®
R ® R making commutative the following diagrams

COR—2 ~C®R®R COR——2% . CQR®R

EQR T t®R

-
C®R ReC XoE R®C®R

COR——% . CoROR—2* _COR®R®R

s t@ROR

Co®R®R RICOIR———RRICRR®R

t®R R®S

Proof. Analogue to that of El Kaoutit (2006, Proposition 2.2). d

The cowreath product was introduced in Lack and Street (2002) for
comonoids in a general 2-category. In the particular case of strict monoidal
categories, this product is expressed by the following proposition.

Proposition 1.5. Let C be a comonoid in M and (IR, ) a right C-cowreath with
structure morphisms ¢ : CQR — Cand §: CQ R - C ® R ® R. The object C ® R
admits a structure of comonoid with comultiplication and counit given by

CoreR

ACORZE CoCoR ZE CeCoR9R 2 COROCOR,
e COR —> C > 1L
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Moreover, with this comonoid structure the morphism & :CQ IR — C becomes a
morphism of comonoids.

Proof. Straightforward. O

The comonoid € ® R of the previous proposition is referred to as the cowreath
product of C by IR.

Remark 1.6. Notice that the object R occurring in Proposition 1.4 need not to be
a comonoid. However, if R is itself a comonoid with structure morphisms A’ : R —
R ® R, & : R — I such that the pair (r, C) belongs to the left monoidal category
<5, then the morphisms ¢ := C ® ¢’ and 6 := C ® A’ endow (IR, r) with a structure
of right C-cowreath while ' := ¢ ® R, and ¢ := A ® R give to (v, €) a structure of
left R-cowreath. Furthermore, by Proposition 1.5, the morphisms ¢: C® R — C
and & : C® R — IR are in fact morphisms of comonoids.

In this way the morphism r : € ® R — R ® C satisfies the following equalities:

R®A)or=(1rQC)o(CRr)o(ARIR) (1.11)
R®e)or=e®R (1.12)
ARC)or=R®r)o(rt@®R) o (C®A) (1.13)
(®@C)or=C®c¢. (1.14)

A morphism satisfying the four previous equalities is called a comonoid distributive
law from € to IR, see Beck (1969) for the original definition.

A cowreath product satisfies a universal property in the following sense.

Proposition 1.7. Let (C, A, &) be a comonoid in a strict monoidal category M and
(R, v) a C-cowreath with a structure morphisms ¢ :CQR — C and 6 : CQ R —
CoRQR.

Let (D, A, &') be a comonoid with a comonoid morphism o : ID — C and with
morphism [ : ID — R satisfying

(o(CR®pf)=Co¢ (1.15)
00(CRP)=(CRPFRP)o(CRA). (1.16)
Assume that o and [ satisfy the equality

ro(@®p)oA'=(fRa)o A, (1.17)

then there exists a unique comonoid morphism y : ID — C ® R such that £ oy = o and
(e®@R)oy=p

Proof. If there exists such morphism, then it should be unique by the following
computations:

@B oA = ((07)® (@ R)o0y))od
((®e®R)o(y®7)) oA
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= ((®e®R)o(CRTO®R)o(CR®Ho(AQR)o0y
= ((QR)o (COARReRR) o (CRT®R)o(C®I)o(A®R)oy

L (@R o (C®e@RO®R) 0 (C®5)o(ARR)o

C (@R o(C®e@R®R) 0 (ARR®R)0d07

= ((®R)odoy =y

Since, by hypothesis, (o (2 ® f) oA’ = o and (e ® R) o (¢ ® f) o A’ = f3, it suffices
to show that (¢ ® ff) o A’ is a morphism of comonoids. The counitary property
comes out as

golo(a®P)oA" = €0lo0(CR®P)o(x®D)o A’
D o (C®e)o(x@D)oA

= gooo(D®&)oA =¢.
Now, the coassociativity property is obtained by the following computations:

Ao(@®@f) oA = (COTOR)o(CR)o(A@R) o (x® f)oA
Y (C®r@R) e (AOR®R) 0o (2® f) oA’
= (C®r®R) o (AQR®R)0do(C®f)o(@®D)oA
(T C®r®@R)c(ASROR) 0 (CR LR f)
o (C®A)o(x®D)oA
(CRr®R)c(AQRR®R)o (6 ® R® R)
c(D®B®B)o(DDA) oA
(COr®R)o (2028 ROR)o (A ®R® R)
o(DRF® ) o(DSA) oA
@ORSCOR) o (D& (ro(@®f) ®R)o (A ®D®R)
o(DRD®P)o(A®ID)o A’
ORCIR)o (DR (ro(2®P) ®R)o (AR ®R)
o (A®@R)o(D®p) oA
@RSCOR) o (D (ro(@®f)oA)®R)
o(A®@R)o(D®f)oA
D EeR®COR) o (DR R)o (DA ®R)
o(A®@R)o(D®f)oA
= (R Ru@R)c((DRIAQRR)o (DD ®f)o (A ®@D)o A
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(®fRuRPo(DRA D)o (A'®D)o A
(P RuRP)o(AR®A)o A= (((¢® f)oA")
® ((1® ) o)) o . 0

In what follows we announce the analogue notion for a given monoid in a
strict monoidal category. So consider a monoid (A, u, 1) in /(. We start by defining
the right and left Eilenberg-Moore monoidal categories attached to A.

1.4. The Monoidal Category %5

This is the right Eilenberg—-Moore monoidal category associated to the monoid
A (see Lack and Street, 2002), and defined as follows:

Objects of R4: Are pairs (U, u) consisting of an object U e M and a
morphism 11 : A ® U — U ® A such that:

o (URU)=(UQuo(u®A)o(ARu) (1.18)
no(MU) =U®71. (1.19)

We have the following lemma.

Lemma 1.8. For every object U € M, the following conditions are equivalent:

(i) U® A is an A-bimodule with a right A-action ryg, = U @ ;
(1) There is a morphism u: A Q@ U — U ® A satisfying equalities (1.18) and (1.19).

Proof. (ii) = (i) Take the left A-action I g, = (U® p) o (1 ® A).

(i) = (i) Take u=lygz, o (A® U ® 1), where |4, is the given left action.
O

In this way, the morphisms in &9 are defined in their unreduced form as
follows:

Morphisms in R :
Homy, (U, n), (U, v')) :== Hom,_,(UQ A, U' ® A),
where U ® A and U’ ® A are endowed with the structure of A-bimodule defined

in Lemma 1.8. That is, a morphism v : (U, u) — (U’, v’) in &, is a morphism v :
U A — U ® A satisfying

vo(U®u) =U Quo (v A), (1.20)
vo(UQu)o (@A) = (U Quo (' ®A)o(ARV). (1.21)

The Multiplication of %4: Let v:(U,u) — (U, v’) and v: (V,p) — (V',v)
two morphisms in %9 . One can easily check that

U, ) @, (Vo) :=(U®V,(U®v)o(u®V))
U, )R, (V,0)=UQV,U ®v)o (V)
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are also objects of the category %%, which gives the horizontal multiplication. The
vertical one is defined by the composition

(V®,0) =U' RV uWo(URvRA)o(URVQA) o (vRV R A)
c(U®n®VeR)
=UQVOuwo(URUWVA)o(vev)o(URnaVeAa). (1.22)
The identity object of the multiplication — ®, — is given by the pair (I, A) (here A
denotes the identity morphism of A in /).

1.5. The Monoidal Category <3

This is the left Eilenberg—Moore category associated to A, and it is defined as
follows:

Objects of £4: Are pairs (m, M) consisting of an object M € /L and a
morphism m : M @ A — A ® M such that

moMOu=pMo(ARm)o (M A) (1.23)
mo(MQ®n =nQ M. (1.24)

As before one can easily check the following lemma.

Lemma 1.9. For every object M € M, the following conditions are equivalent:

(i) A® M is an A-bimodule with a left A-action | gy = 1 Q@ M;
(1) There is a morphism mi : M @ A — A ® M satisfying equalities (1.23) and (1.24).

In this way, the morphisms in &} are defined in their unreduced form as
follows:

Morphisms in £4:
Homy, ((m, M), (m', M")) := Hom,_, (A ® M, A® M),
where A ® M and A ® M’ are endowed with the structure of A-bimodule defined

in Lemma 1.9. That is, a morphism 0 : (m, M) — (m', M’) in &} is a morphism
0:AQM — A® M such that

Oo(u@M)=(n®M')o(A®D0), (1.25)
Oo(u@M)o(ARm)=(UQM)o(AQRm')o (0RQ A). (1.26)

The Multiplication of £4: Let 0:(m,M)— (m',M’) and ¢:(n,N) —
(', N’) be two morphisms in Z£%. One can easily show that

(m, M) @ (1, N) := (m @ N)o (M ® 1), M ® N)
(', M) @"* (W',N):=(WRN)o (M @1'),M ®N')
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are also objects of the category &}, which leads to the horizontal multiplication.
The vertical one is defined as the composed morphism
") =M ON)o(ARI®N)o (AQMEN)o (ARM® D)
oc(A®M®nQ®N)
= UM N)o(AXIM AIN)o(0@No (AXMRnN). (1.27)

Lastly, the identity object of the multiplication — ®”* — is given by the pair (4, II).

1.6. Wreaths and Their Products

A still denotes a monoid in M, R}, and &4, are the monoidal categories
defined, respectively, in Subsections 1.4 and 1.5. As in the comonoid case, we have
the following definition.

Definition 1.10. Let A be a monoid in a strict monoidal category M. A right
wreath over A (or right A-wreath) is a monoid in the monoidal category R}. A right
cowreath over A (or right A-cowreath) is a comonoid in the monoidal category %¢.
The left versions of these notions are defined in the monoidal category Z5.

The following gives, in terms of the multiplication of ./, a simplest and
equivalent definition of wreath.

Proposition 1.11. Let A be a monoid in a strict monoidal category M and (T, t) an
object of the category R,. The following statements are equivalent:

(1) (T, t) is a right A-wreath;
(i1) There are morphisms of A-bimodules {: A - TQ A and v: TQTQRA - T®
A rendering commutative the following diagrams:

TRT® A Y T® A TITA—F—>T®A
T®{ TRt t
-
T® A TRART ot AT
vQT TRt

TITIAKIT ——— >TRAQIT——— >TRTR A

TRTRt v
T®T®T®AT>T®T®A—V>T®A
Proof. Tt is left to the reader. O

The wreath product is expressed by the following proposition.
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Proposition 1.12. Ler (A, u, 1) be a monoid in M and (T, t) a right A-wreath with
structure morphisms { : A > TQ A and v . TTQ A — T ® A. The object T @ A
admits a structure of monoid with multiplication and unit given by

TtRA

W TOASTOA - TeTorAA S Tore A 25 Te A,
W:]ILA—%”JT@A.

Moreover, with this monoid structure the morphism (: A — T Q® A becomes a
morphism of monoides.

Proof. Straightforward. a

The monoid T ® A of the previous proposition is referred to as the wreath
product of A by T.

Remark 1.13. Notice that the object T occurring in Proposition 1.11 need not to
be a monoid. However, if T is itself a monoid with structure morphisms ¢ : T ®
T — T, # : 1 — T such that the pair (t, A) belongs to the left monoidal category
<4, then the morphisms { :=#' ® A and v := i’ ® A endow (T, t) with a structure
of right A-wreath, while {' :==n® T, and v/ := u ® A give to (t, A) a structure of
left T-wreath. Furthermore, by Proposition 1.12, the morphisms { : A - T ® A and
{:T— TQ A are in fact morphisms of monoids.

In this way the morphism t: T® A — A ® T should satisfy the following
equalities:

to(ueT) =(TRuo(t®A)o (A1) (1.28)
to(®M) =Ty (1.29)
to(A@U)=WQA)o(TRt) o (t®T) (1.30)
to(AQ1)=1n® A. (1.31)

A morphism satisfying the previous four equalities is called a monoid distributive law
from A to T, see also Beck (1969) for the original definition.

The universal property of wreath products is expressed as follows.

Proposition 1.14. Ler (A, 1, 1) be a monoid in a strict monoidal category M and
(T, t) right A-wreath with a structure morphisms { : A - TQ A, v . TQT® A —
T®A.

Let (L, ', n") be a monoid with a monoid morphism ¢ : A — IL and with
morphism y : T — 1L satisfying

YRR ol=nQA (1.32)
YA ov=(ER) (YR A). (1.33)
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Assume that ¢ and y satisfy the equality

Wole®Y)=po(®a)ot, (1.34)

then there exists a unique monoid morphism ¢ : T @ A — IL such that ¢ o { = ¢ and

o (MT®n) =y
Proof. Dual to that of Proposition 1.7. O

Remark 1.15. Take / the monoidal category J, (see Remark 2.4), let A be
a k-algebra and € a k-coalgebra. If in Proposition 1.12 the right A-wreath is
induced by a k-algebra T, then the wreath product A ®, T is the well-known smash
product A, T as it was proved in Caenepeel et al. (2002, Theorem 2.5) (see also
the references cited there). Dually, if in Proposition 1.5 the right C-cowreath is
induced by a k-coalgebra R, then the cowreath product C ®, R is the well-known
smash coproduct C, x R (Caenepeel et al., 2002, Theorem 3.4). In this way, the
universal properties of smash product and smash coproduct stated, respectively, in
Caenepeel et al. (2002, Propositions 2.12 and 3.8), are in fact a particular cases of
Propositions 1.14 and 1.7.

On the other hand, the factorization problem (Caenepeel et al., 2002,
Theorem 4.5) between two k-bialgebras can be reformulated using the double
distributive law. Explicitly, consider two k-bialgebras A and C together with two
k-linear maps c: AQC - CQ A and a: C® A — A ® C such that (C, ¢) € R,
(a,C) € Z4, and (A, a) € RE, (¢, A) € £¢. So as above, A® C is a k-coalgebra
and k-algebra which is not necessarily a k-bialgebra (this is the factorization
problem). Using Corollary 4.1, one can give as in Caenepeel et al. (2002,
Theorem 4.5) a necessary and sufficient conditions for a double distributive law 7 :
ARC)RARC) > (ARC)Q® (A®C) in order to get a structure of bimonoid
on A ® C in the monoidal category /.

Remark 1.16. Using Lemma 1.1, we can prove that an object (X, ) belongs to the
category R if and only if the functor — ® X : Ml — J is lifted to the category of
right C-comodules, in the sense that there exists a functor — ® X : #(T — 4T such
that the following diagram is commutative:

ME———— - — == - — — — > MC
Ocl loc
M X M,

where O : MT — J is the forgetful functor. Lifting functor of this type and their
morphisms form a strict monoidal category. Under some suitable assumptions on
the multiplication — ® — and the category J/(, one can show that this category is
monoidal equivalent to &g (e.g., El Kaoutit, 2006, Proposition 2.2). Notice that
lifting functors were first studied in Beck (1969, Proposition, p. 122) (see also
Appelgate and Tierney, 1969; Johnstone, 1975); recent treatments can be found in
Wisbauer (2008) and Gomez-Torrecillas (2006).
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2. BIMONOID IN A GENERAL MONOIDAL CATEGORY

The letter / sill denotes a strict monoidal category with multiplication — ® —
and identity object II. Consider B an object of ./ such that (BB, A, ¢) is a comonoid
in # and (B, y, 1) is also a monoid in /. Assume that there is a morphism # :
B ® B — B ® B which satisfies the following equalities:

ho(n®B)=B®1y (2.1)
ho(u®B)=(B® )o (h®B)o (B Hh) (2.2)
hoB®n =nxB (2.3)
hoB®u) =u®B)o(B®HA) o (h®B) 2.4
(BRe)oh=c®B (2.5)
(B®A)oh=(h®B)o(B®Hh)o(A®B) (2.6)
(e®@B)oh=BQRe¢ 2.7
(A®B)oh=(B®h)o(h®B)o (B A). (2.8)

Observe that the equalities (2.1)—(2.2) mean that (B, k) € R, and (2.2)—(2.3) mean
that (k, B) € &f; while (IB, k) € &y by equalities (2.5)-(2.6), and (k, B) € &£ by
equalities (2.6)—(2.8). Moreover, (2.1)-(2.4) say that % is a monoid distributive law
from B to B, and (2.5)—(2.8) say that % is a comonoid distributive law form B to IB.

Definition 2.1. The morphism % : B ® B — B ® IB satisfying equalities (2.1)—(2.8),
is called a double distributive law between the monoid (1B, u, ) and the comonoid
(IB, A, &).

Observe that if #: BB — B® B is a double distributive law, then (B ®
B,(BRrR®B)o(A®A),eo (B®¢)) is by Remark 1.6 and Proposition 1.5 a
comonoid in /, and (B® B, (1 ® u) o (B® A ® B), (y ® B) o 17) is by Remark 1.13
and Proposition 1.12 a monoid in /. Using both structures, we can now state our
main result.

Proposition 2.2. Let /Il be a strict monoidal category with multiplication — ® — and
identity object 1. Consider a 6-tuple (B, A, &, u, 5, h) where (B, A, €) is a comonoid
in M, (B, u,1n) is a monoid in M and h : BRQ B — BQ® B is a double distributive
law between them (i.e., satisfies equalities (2.1)—(2.8)). The following statements are
equivalent:

(i) A and € are morphisms of monoids;
(i1) p and n are morphisms of comonoids;
(i) A, &, p, and n satisfy:

(@) Aon=nQmn;

() (UeWo(BRR®B)o (A®A)=Ao0u;
(c) eon=1;

(d) eou=¢eQe.
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Proof. 1t is clear from the definitions that A is morphism of monoid if and only if
the equalities (iii)(a)—(b) are satisfied, and that ¢ is a morphism of monoids if and
only if the equalities (iii)(c)—(d) are verified. This shows that (iii)) < (i). On the other
hand, (iii)(b)—(d) is equivalent to say that u is a comonoid morphism, and (iii)(a)-(c)
is equivalent to say that # is a comonoid morphism. This leads to the equivalence
(iii) < (ii). O

Definition 2.3. Let ./ be a strict monoidal category with multiplication — ® — and
identity object II. A bimonoid is a 6-tuple (B, A, &, p, , ) satisfying the equivalent
conditions of Proposition 2.2.

Remark 2.4. The results stated in Sections 1 and 2 can be extended to the case
of not necessary strict monoidal category by using the multiplicative equivalence
between any monoidal category and a strict one, see Joyal and Street (1993,
Corollary 1.4).

3. RIGHT TWISTED B-MODULES

In this section, we show that the category of right modules over a bimonoid
admits a class of right module which is a monoidal category with a strict monoidal
forgetful functor (after forgetting all structures). This is the category of right twisted
modules. In case of the monoidal category of bimodules, a twisted right module, is
a twisted module in the sense of Cap et al. (1995, Section 3), see El Kaoutit (2006,
4.4) for more details. In the case of braided monoidal category, any right module is
in fact a twisted right one, that is, the class of right twisted module coincides with
the category of all right modules. The proper bimonoid is a right twisted module if
and only if the attached double distributive law satisfies the Yang-Baxter equation,
and this is the case of the double distributive laws of Examples 4.2, 4.5, and 4.6 of
the forthcoming section.

The converse of the above implication is not so clear. That is, if there is a
monoidal category € whose objects are right modules over a monoid (B, g, ) and
contain the regular module (B, u) such that the forgetful functor U : € — M is a
strict monidal functor, then it is not clear that B admits a structure of bimonoid
in /.

Let (IB, A, &, 1, 1, i) be a bimonoid in a strict monoidal category (/, ®, I).
Define the category of right twisted modules Twisty as follows:

e Objects of Twisty: They are 3-tuples (r, X, ry) where (r, X) is an object of the
category Z§ and (X, ry) is a right B-module with the following compatibility
conditions:

(B®ry)o(x®B)o(X®HK) =1ro(ry ®B) 3.1)
BRr)o(x®B)o(X®h)=(Eh®X)o(BRr)o(x®B) (3.2)

o Morphisms in Twistg: A morphism f: (x, X, ry) = (&', X', ry) in Twisty is a
morphism f: X — X’ of right B-modules such that

B®floxr=1'o(f®B). (3.3)
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Using the properties of B, we will show later that (B, I, &) is an object
of the category Twisty (here B denotes the identity morphism of the object B).
Moreover, (A, B, i) is a right twisted module if and only if & satisfies the Yang—
Baxter equation, i.e.,

(h@B)o(B®HK) o (h@B)=(B®%) o(h®B)o (B h). (3.4)

Note that /& need not to be an isomorphism.
Let (x, X, ry) and (v, Y, r,) two right twisted modules, define the following
morphism:

XQY®A X®9eB

XY B——————XQY®B®B XBRY®B
\\\r)(@y\ rxQry
TXev

Lemma 3.1. The 3-tuple (t ® Y) o (X ® 1Y), X Q Y, rygy) is an object of the category
Twistg. Moreover, if f:(t, X,ry) > (X', X',ry) and g: (v, Y, ry) = (v, Y, ry) are
two morphisms in Twistg, then

[ (@Yo (X®Y), XY, rygy) > (A'®Y) o (X' ®Y), X' @Y, rygy)
is also a morphism in Twistp.

Proof. It was shown, in subsection 1.5, that ((t ® ¥) o (X ® 1), X ® ¥) is an object
of the category Zj. Let us first show that ryg, is a right module structure on X ® Y;
we have

oy © (X ®Y®n) = (k®ry)o(X@Y®B)o(XQY®A) o (XQY Q1)

W (e @1r) 0 (X@Y@B)o (XQY 17 ® 1)

2 (1 ®1) o (X®NOY®B)o(X®Y®1)

= X®r)o(X®Y®n)
= XQ®VY

The associativity property is given as follows,

xor © (ryey ®B) = (y®1,) o (XY@ B)o (X®Y @A) o (ry ®ry ®B)
c(X®)1®B®B)o(X®Y ®ARB)
(ry®YNo(X®BRry)o(ry ®BRY ® B)
c(X®BR®)®B)o(X®B®r, ®B® B)
c(X®BRY®B®RA)o (X®y® B B)
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c(X®Y®A®B)

= (;®Yo(ry®BRY)o(XB®B®Try)
c(X®BRy®B)o (X ®B®r, ® B® IB)
c(X®BRYR®B®A)o(X®y®B® B)
c(X®Y®A®B)

= (;®No(XQu®Y)o(XB®B®Try)
c(X®B®y@B)o(X®B®r, ® B® IB)
c(X®)BRBRB)o(X®YRBRB®A)
c(X®Y®A®B)

= (N o(X®B®r)o(X®uY ®IB)
o(XB®yY®B)o(X®BRr, ® B B)
c(X®)RBYB®B)o(X®Y®A®A)

Y (@) o(XeueY®B)o(X®BRB®, ®B)
c(X®BRY®BRB)o(X®BRY®h®B)
o(XY)®BRBRB)o(XQYR®ARQA)

= (;®ry)o(X®BRry,®@B)o(X®u®Y ®B® IB)
c(X®BY®BRB)o(X®yQ®B®B®B)
c(XQYRBRh®B)o(XQY®A®A)

2, 9n) o (X®B&r, ®B)
o(X®Y®BRB)o(X®Y ®u®B®B)
c(XRYRBRE®B)o(X®YQ®ARA)

= (ry®ry)o(XB®Y R u
c(X®y1®B®B)o(X®Y ®u®B®B)
o(XRYRBRA®B)o (X QY ®AR®A)

= (k®ry)o(X®yeB)
c(X®Y@BRuWo(XRY®u®B®B)
c(XQYRQBRhE®B)o(XQYR®A®A)

= (x®ry)o(X@Y®B)o(XQY®((t®n
o(B®h®B)o(A®A)))

2 ®@1) 0 (X@YOB) o (X®Y @A) o (XY ® i)

= fxero(X®YQpu).

1507
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We need to show Egs. (3.1) and (3.2) for the twist (r ® ¥) o (X ® ), so we have

(t®Y)o (X®Y)o (rygy ® B)
=RV o(X®Yo(ry®ry®B)o(XRYQBR®B)o(XRY AR B)
=(®VNo(ry ®BRYNo(XB®Y o (X®BRr, ® B)
c(X®y1®B®B)o(X®Y ®AQB)
3.1

= @OV (x@BRY)o (XOBRBRIy)o (XQ®B®YEB)

c(X®@BRY®K)o(X®@)®BEB)o(X®Y®AR®B)

P BornenoeteBeY)o(XahaY)

c(X®BRB®r)o(X®@BRyY®B)o(X@BR® Y ® h)
c(X®YQB®B)o(X®Y ®A®B)
=BRry,®o(t®BRY)o(XQBRB®ry)o(X®EQY QB)
o(X®BRy®B)o(XRyBRB)o (XY RBRA) o (XY RAR®B)
P BRy®)ot®BRNo(X®BRB®)o(X®B®Y® B)
c(XYQBR®B)o(XQ@YR®h®B)o(X®Y®BRAE) o(X®Y®A®IB)
P BR@No(x®BRY)o(X®@BRBRN) o (X®B®Y)® B)
c(X®)YBRB)o(XQ@YRBRA)o (X®Y ®h)
=BRry,®No(t®BRYo(XQB®B®r,)o(XQB®Yy® B)
c(XQBR®Y®A)o(X®@y)®B)o(XQY ®h)
=BRry®r)o(BIX®yY®B)o (t ®Y ® B® B)
c(X®BRY®A)o(X®yRB)o (XY ®h)
=(BRryRr)o(BIXRyYIB)oc(BRIXKQRY ®A)
o ®YRB)o(X®YQ@B)o (X RY R h)
=(B®rxgy) o ((1®Y) o (X®Y)®B)o (X QY Q ),

this gives us Eq. (3.1). For Eq. (3.2), we have

(h@X®¥)o(B& (@Yo (X®V))o(t®F) o(X®Y)®B)

=heX®No(BR:r®No(BRIX®Yo(r®Y®B)o(X®Y) ®B)
—(h®X®Y)o(BRI®No(®BRY) o (X@BOY) o (X®Y) ®B)
P BV c(xt@BRY(XRE®Y) o(X®B®Y) o(X® ) B)

P BoreY)ocx@BRY)o(X®BRY)o(X®)@B)o(X®Y )
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=BRrY)oc(BRIXR®No(t®YRB)o(X®YQ®B)o (X R Y ® h)
=BR((t®Y)o(X®1)o(®Y)o(X®Y)®B)o(X®Y ®h).

Let f and g be the stated morphisms, we have

(f®8orygy = (f®o(ry®ry)o(X®Y®B)o(X®Y ®A)
(ry ®ry)o(f®BRgRIB)o(X@YR®B)o (XQYRA)

C iy ®n)o(fOY @B o(X®g®BOB) o (X® Y ®A)

= (e ®1,) o (X @Y ®B)o (X ®Y ®A)o(f@gaB)
= rygr o (f ®g®B),

this proves that f ® g is a morphism of right modules. Equation (3.3) for f ® g is
given as follows,

BRfR®go(x®@No(X®Y) = BRfRY)o(BRIX®o(t®Y) o (X®Y)
BRfRY)o(t®Y)o(X®B®g)o(X®VY)

3.3
) e (feBaY)o(X®Y)o(X®g®B)

= ('®Y)o(X'®V)o(f®g®B). O

Proposition 3.2. If (B, A, &, u, 1, h) is a bimonoid in a strict monoidal category
(M, ®, ), then the category of twisted right modules Twisty is a strict monoidal
category with a strict monoidal forgetful functor U : Twisty — .

Proof. By Lemma 3.1, we know that the multiplication — ® — of the category
induces a well-defined associative multiplication in the category of twisted modules
Twisty. By Proposition 2.2(iii)(c)—(d), ¢ is actually a right B-action on II. This action
satisfies trivially Eq. (3.2), and Eq. (3.1) is fulfilled since % satisfies Eq. (2.5). The
identity object of the above multiplication in Twistg, is then given by the 3-tuple
(B, I, &) (here B is the identity morphism of B in /). By construction, it is clear
that the forgetful functor U : Twisty — J is a strict monoidal functor. g

Remark 3.3. There are also two functors @ : Twistg — My and @ : Twisty —
&4. The first one sends every twisted right B-module (r, X, ry) to its underlying
right B-module (X, ry) and acts by identity on morphisms. The second functor
sends every twisted right module (x, X,ry) to its underlying object (r, X) €
¢ and any morphism f in Twisty to the morphism B® f in <£§. The
functor @ : Twisty — £ is in fact strict monoidal. Namely, if f: (r, X, ry) —
(', X',ry) and g: (v, Y,ry) > (v, Y, ry) are two morphisms in Twistg, then
by Lemma 3.1, we have @' ((r, X,ry) ® (1, Y, 1) = (R V)0 (X ®Y),XQY) =
@ (x, X) ®® @ (v, Y). Moreover, since f and g satisfy Eq. (3.3), an easy computation
shows that @(f ® ) =B f ® g = f ®® g, where — ®® — is the multiplication of
&4 defined in Eq. (1.27).
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Remark 3.4. Of course there is a dual result of Proposition 3.2, concerning right
B-comodules. That is, we can define the category of right twisted comodules Twist®
as follows:

e Objects of Twist®: They are 3-tuples (x, X, p¥), where (X, r) is an object of the
category %S, and (X, p¥) is a right IBB-comodule with the following compatibility
conditions:

(X®h)o(x®B)o(X®p*) =(p*@B)ox
t®B)o(B®r)o(h®X)=(X®h)o(t@B)o(B®r).

e Morphisms in Twist®: A morphism f: (x, X, p¥) — (v, X', p¥) in Twist® is a
morphism f: X — X’ of right B-comodules such that

(f®B)or=1'o(BQ f).

We can prove, as in Proposition 3.2, that Twist® is a monoidal category with
identity object (B, II, ) and with a strict monoidal forgetful functor % : Twist® —
M. We also have analogue results on both categories of left modules and left
comodules.

4. SOME APPLICATIONS

In what follows, k denotes a commutative ring with 1 and ., its category of
modules. The unadorned symbol — ® — stands for the tensor product over k.

4.1. Compatibility Conditions Between Rings and Corings

Let R be k-algebra, all bimodules are assumed to be central k-bimodules,
and their category will be denoted by j/;. This is a monoidal category with
multiplication — ®; — the tensor product over R, and with identity object the
regular R-bimodule R,. Let (€, A, &) be an R-coring (Sweedler, 1975a) (i.e., a
comonoid in g/Mlg), we use Sweedler’s notation for the comultiplication, that is,
A(c) = ¢y ®g ¢z, for every ¢ € € (summation understood). Given an R-bilinear
morphism A : € ®, € — € ®, €, we denote the image of x® y € € ®, € by A(x ®
y) = y" ® x" (summation understood).

Now taking into account Remark 2.4, we can state the compatibility
conditions in the monoidal category j./(.

Corollary 4.1. Let R be a k-algebra, and 1 : R — © a ring extension. Consider S as
an R-bimodule by restricting 1. Assume that this R-bimodule admits a structure of an R-
coring with comultiplication and counit, respectively, A and €. If h : € @, C - C R, €
is a double distributive law (i.e., an R-bilinear map satisfying (2.1)—(2.8)), then the 6-
tuple (G, A, g, u, 15, B) is a bimonoid in the monoidal category p My (Definition 2.3) if
and only if:

(@) A(lg) = 1 ®p Ls
(b) A(xy) = x(l)y(l)h ® x(z)h)’(z)» for every x,y € §;
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(© e(le) =1z
(d) e(xy) = e(x)e(y), for every x,y € G.

In particular, R is a trivial bimonoid in /.

Example 4.2. Let G be any group and consider the group algebra k[G]. We
denote by B := R ® k[G] the tensor product algebra, and consider it as an R-ring by
the canonical extension R — B sending r — (r ® ¢) (here e is the neutral element
of G). This endows IB with a structure of an R-bimodule given by the rule

r(s®@x)t=((rst) ® x) foreveryr,s,t€ R and xe€G.
This bimodule is clearly an R-coring with structure maps

A:B— B®;B, g:B— R
(rex)— (rex) @ (1; ® x), (r®x)+—r.

Now define i : B®; B — B ®; B by the rule
AMrox)@,(®y)=((rs®y) ®r (1 ®x)) foreveryr,se€ R and x,y € G.

It is clear that 7 is an R-bilinear map. Up to the canonical isomorphism B @, B =
R ® k[G] ® k[G], this map can be rewritten as A = R ® t, where 1 is the usual flip
7:xQ®yt> yQ® xonk[G]. In this way, it is easily checked that # satisfies Eq. (2.1)-
(2.2) and (2.5)—(2.6). The rest of equations, that is, (2.3)—(2.4) and (2.7)—(2.8) are
similarly deduced. Henceforth, % is a double distributive law between the R-ring IB
and the R-coring IB. Moreover, for every r, s € R and x, y € G, we have

r® x)(l)(t ® Y)(l)h ®p (r® x)(z)h(t ® Y = (rs ® xy) ®g (1 ® xy)
=Aopu((r®x)® (t®7y)),

and clearly A(1p) = 15 ®; 1, e(1p) = 1 (here 1 = 1, ® e the unit of the ring IB),
and

gop((r®x) @ (1®y)) =rs = (e Qg &)((r®x) @ (1 ®Y)).

Therefore, by Corollary 4.1, we conclude that the 6-tuple (R @ k[G], A, &, u, 1, ®
e, h) is a bimonoid in the monoidal category of bimodules ./ .

Example 4.3. Consider the Ore extension B:=R[X;0], with ¢ a ring
endomorphism of R. The elements of BB are left polynomials in the indeterminate

X. This is an R-bimodule with the biaction

r(rX")s =r'ra"(s)X", Vr',r,s € R, and Vn e N.
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B is in fact an R-ring with a canonical injection R < IB the identity map. On the
other hand, B is an R-coring with structure maps

A:B— B®;B, g¢:B— R
X' X"Qprl14+1@, X", ifn#0 X"—0, ifn#0
re—>rQ@gl rer.

Define & : B®; B — B ®, IB by the rule
A(rX" @p sX™) = ra"(s) X" @z X", for every r,s € R and n,m € N.

A routine computation shows that % is in fact a double distributive law.

4.2. Algebras and Coalgebras

Example 4.4. Let (B, A, ¢) be a k-coalgebra and (B, u, 1) a k-algebra. Denote by
7:B® B — B ® B the usual flip map, i.e., 7(x ® y) = y ® x, for all x, y € B. One can
easily check that t satisfies all Eqs. (2.1)—(2.4) and (2.5)—(2.8) with respect to A, &,
u, and 1. That is, in our terminology, t is a double distributive law. Therefore, by
Corollary 4.1, (B, A, &, u, 15, 7) is a bimonoid in the monoidal category ./, if and
only if B is a bialgebra in the usual sense (Sweedler, 1969).

Example 4.5 (Takeuchi, 2002, Definition 5.1). A braided k-bialgebra is a 6-tuple
(H, A, &, u, n, &), where H is a k-module and the following are k-linear maps

A:H— HoH, ¢:H -k, t:H®H - H,

nk—H, % HeH > H®H

satisfying the following conditions:

(1) (IH, A, &) is a k-coalgebra;

(2) (IH, u, n) is a k-algebra;

(3) % is a Yang—Baxter operator on H;

(4) The structures A, g, 4 and y commute with % (in the sense of Takeuchi, 2002,
Lemma 1.7);

(5) € is an algebra map and 5 : k — H is a coalgebra map;

(6) We have

Aop=(ue@uo(H®AZRH)o (AR A).

An easy verification shows that the Yang-Baxter operator satisfies condition (4)
if and only if it is a double distributive law. Conditions (5) and (6) are exactly
the conditions (a)—~(d) of Corollary 4.1. Thus, if (H, A, &, u, 5, ) is a braided k-
bialgebra, then it is a bimonoid in the category of modules /. Notice, that in this
case the double distributive law in an isomorphism and satisfies a further condition,
namely, condition (3). An example of braided algebras are bialgebras in the braided
monoidal category of right comodules over coquasitriangular bialgebra over a field
(Takeuchi, 2002, Proposition 5.2).
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The following gives an example of bimonoid in the monoidal category
which is not necessarily a k-bialgebra.

Example 4.6. Let L be a k-module, and set B :=k & L. An element belonging to
B will be denoted by a pair (k, x), where k € k and x € L. We consider B as a k-
algebra with multiplication and unit defined by

u((k, x) ® (1, y)) = (k. x)(I, y) = (kL ky + 1x),  15=(1,0), V(k,x),(l,y) € B,
and also as a k-coalgebra with comultiplication and counit defined by
Ak, x) = (k, x) ® (1,0) + (1, 0) ® (0, x), e(k, x) = (k,0), V(k,x) € B.

It is well known that B is not a k-bialgebra, since A is not in general a multiplicative
map. Now consider the k-linear map

h : B ® B —> B ® B’

((k, ) ® (1, y) = (1, %) ® (k, x) = (0, %) ® (0, x) — (0, x) ® (0, y)).
We claim that & is a double distributive law. To this end, it suffices to check a half
of conditions (2.1)—(2.8). That is, we only need to show (2.1), (2.2), (2.5), and (2.6),
and the rest follow immediately by symmetry. Fix (k, x), ({, ), (//, ") € B. First, we
have

A((1,0)® (1, y) =(y)®(1,0), and
(B®¢)oh((k,x)®(l,y) =B®&((l,y) ® (k, x) — (0, y) ® (0, x) = (0, x) ® (0, y))
= (LLy)k=e® B((k.x) ® (1, y)),

that is, A satisfies (2.1) and (2.5). On the other hand, we have

(B@u)o(h®B)o(B®h)((k,x)®(I',y)® (L, )

=BWo(h®B)((k,x)® (L y)®(,Y)

— (k, x) ® (0, ) ® (0, y) — (k, x) ® (0, y) ® (0, y))
=B WLy &Kk x)—(0,y)®(0,x)—(0,x)®(0,y) ®(,)

= ((0,¥) ® (k, x) = (0, y) ® (0, x) — (0, x) ® (0, ) ® (0, y)

= ((0,») ® (k, x) = (0, y) ® (0, x) = (0, x) ® (0, y)) ® (0, y)]
=Ly)Q *kl'ky +xI") — (0,y) ® (0, I'x) — (0, x) ® (0, I'y)

—(0,Y) ® (0, ky) = (0, y) ® (0, ky)
=y *kl, ky+xI')—(0,y) ® (0, xI' + ky') — (0, I'x + ky') ® (0, y)
=ho (u®B)((k,x)®(I',y)® (1,y)),
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and

(h®B)o(B®Hh)o(A® B)((k,x)® (I,))
=(h®B)o (B®h)((k, x) ®(1,0)® (I, y) + (1,0) ® (0, x) ® (, y))
=RheB)((k,x)®(Ly)y® 1,00+ (1,0)® (I, y) ® (0, x)
—(1,0)® (0, x) ® (0,y) — (1,0) ® (0, y) ® (0, x))
= (LY @k, x) ®(1,0) = (0,y) ® (0, x) ® (1, 0)
-0, )0,y 1,00+(,y) ®(1,0) ® (0, x)
-0, (1,00®(0,y) —(0,y) ® (1,0) ® (0, x)
=(B®A) o h((k, x) ® (. ),
which gives Eqgs. (2.2) and (2.6) for A. This finishes the proof of the claim. Next
we show that the 6-tuple (B, A, €, u, 1, k) is by Proposition 2.2, a bimonoid in the
monoidal category /. The equalities 2.2(iii)(a), 2.2(iii)(c), and 2.2(iii)(d) are easily
checked, and 2.2(iii)(b) is derived from the following computation:
(L@ o(BRK®B)o (AR A)((k, x) ® (1, ))
=(u®poB@heB)((k.x)®(1.0)® () &(1,0)
+(k,x) @ (1,0)®(1,0) ® (0, y) + (1,0) ® (0, x) ® (1, y) ® (1, 0)
+(1,0)® (0, x) ® (1,0) ® (0, y))
=W (k,x)® 1y ®(1,0)®(1,0) + (k, x) ® (1,0) ® (1,0) ® (0, y)
+(1,0®((1,0) ® (0, x) —(0,x) ® (0,y) ® (1,0)
+(1,0)® (1,0) ® (0, x) ® (0, y)),

and so
(Lo (BO®h®B)o(A®A)((k, x)® (I, )
= (kl, ky +Ix) ® (1,0) + (k, 0) ® (0, y) + (1, 0) ® (0, x)
= (kl, ky 4+ Ix) ® (1,0) + (1, 0) ® (0, ky + Ix)
= A((kl, ky + [x)) = A o u((k, x) ® (1, y)).
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