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Introduction

The most convenient way to explain what we mean by the factorization problem of an algebraic
structure is to consider a concrete example. Chronologically speaking, the first problem of this type
was studied for groups, see for instance [Mai,Ore,Za,Sz,Tak]. Let G be a group. Let H and K denote
two subgroups of G. One says that G factorizes through H and K if G = HK and HNK = 1. Therefore,
the factorization problem for groups means to find necessary and sufficient conditions which ensure
that G factorizes through the given subgroups H and K. Note that, if G factorizes through H and
K then the multiplication induces a canonical bijective map ¢ : H x K — G, which can be used to
transport the group structure of G on the Cartesian product of H and K. We shall call the resulting
group structure the bicrossed product of H and K, and we shall denote it by H X K. The identity
element of HX K is (1, 1), and its group law is uniquely determined by the ‘twisting’ map

R:KxH—>HxK, Rk h):=¢ (kh).

Obviously, R is induced by a couple of functions >: K x H— H and <: K x H — K such that R(k, h) =
(k> h, k <h). Using this notation the multiplication on H X K can be written as

(h,k) - (0, K') = (h(keh'), (k<h')K).

The group axioms easily imply that (H, K,>, <) is a matched pair of groups, in the sense of [Tak].
Conversely, any bicrossed product H X K factorizes through H and K. In conclusion, a group G fac-
torizes through H and K if and only if it is isomorphic to the bicrossed product H X K associated to
a certain matched pair (H, K, >, <).

Similar ‘products’ are known in the literature for many other algebraic structures. In [Be], for a dis-
tributive law A : G o F — F o G between two monads, Jon Beck defined a monad structure on F o G,
which can be regarded as a sort of bicrossed product of F and G with respect to the twisting natural
transformation A.

The twisted tensor product of two K-algebras A and B with respect to a K-linear twisting map
R:B®k A — AQ®xk B was investigated for instance in [Ma1l,Tam,CSV,CIMZ,LPoV JLPvO]. It is the analo-
gous in the category of associative and unital algebras of the bicrossed product of groups. The classical
tensor product of two algebras, the graded tensor product of two graded algebras, skew algebras,
smash products, Ore extensions, generalized quaternion algebras, quantum affine spaces and quantum
tori are all examples of twisted tensor products.

Another class of examples, including the Drinfeld double and the double crossed product of
a matched pair of bialgebras, comes from the theory of Hopf algebras, see [Ma2]. Some of these
constructions have been generalized for bialgebras in monoidal categories [BD] and bimonads [BV].

Enriched categories have been playing an increasingly important role not only in Algebra, but also
in Algebraic Topology and Mathematical Physics, for instance. They generalize usual categories, linear
categories, Hopf module categories and Hopf comodule categories. Monoids, algebras, coalgebras and
bialgebras may be regarded as enriched categories with one object.

Our aim in this paper is to ‘categorify’ the factorization problem, i.e. to answer the question when
an enriched category factorizes through a couple of enriched subcategories. Finding a solution at this
level of generality would allow us to approach in an unifying way all factorization problems that
we have already mentioned. Moreover, it would also provide a general method for producing new
non-trivial examples of enriched categories.

In order to define factorizable enriched categories, we need some notation. Let C be a small en-
riched category over a monoidal category (M, ®,1). Let S denote the set of objects in C. For the
hom-objects in C we use the notation xCy. The composition of morphisms and the identity mor-
phisms in C are defined by the maps xc) : xCy ® yC; — xC; and 1y : 1 — 4Cy, respectively. For
details, the reader is referred to the next section. We assume that A and B are two enriched sub-
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categories of C. The inclusion functor e : A — C is given by a family {xay}x yes of morphisms in M,
where oy : xAy — xCy. If B is the inclusion of B in C, then for x, y and u in S we define

x‘ﬂ; D xAy ® uBy — xCy, xﬁﬂg = xckl/ o (x0y ® uBy).

Assuming that all S-indexed families of objects in M have a coproduct it follows that the maps
{x¢}}ues yield a unique morphism

xPy :@XAL, ® uBy — xCy.

ues

We say that C factorizes through A and B if and only if all x¢, are invertible. An enriched category
C is called factorizable if it factorizes through A and B, for some A and B.

In Theorem 2.3, our first main result, under the additional assumption that the tensor product on
M is distributive over the direct sum, we show that to every M-category C that factorizes through
A and B corresponds a twisting system between B and A, that is a family R := {fo}x,y,zes of
morphisms

XR%/ : xBy ® yAZ *@ xAu ® uB;

uesS

which are compatible with the composition and identity maps in A and B in a certain sense.

Trying to associate to a twisting system R := {ng}x,y,zeS an M-category we encountered some
difficulties due to the fact that, in general, the image of xR} is too big. Consequently, in this paper we
focus on the particular class of twisting systems for which there is a function |[---|:Sx Sx S — S
such that the image of xR%' is included into xA|xyz ® |xyz Bz, for every x,y,z € S. These twisting
systems are characterized in Proposition 2.5. A more precise description of them is given in Corol-
lary 2.7, provided that M satisfies an additional condition (f), see §2.6. A similar result is obtained in
Corollary 2.9 for a linear monoidal category.

In this way we are led in §2.10 to the definition of simple twisting systems. For such a twisting
system R between B and A, in Theorem 2.14 we construct an M-category A ®g B which factorizes
through A and B. Since it generalizes the twisted tensor product of algebras, A ®g B will be called
the twisted tensor product of A and B.

In the third section we consider the case when M is the monoidal category of coalgebras in
a braided category M’. In this setting, we prove that there is an one-to-one correspondence between
simple twisting systems and matched pair of enriched categories, see §3.6 for the definition of the
latter notion. We shall refer to the twisted tensor product of a matched pair as the bicrossed product.
By construction, the bicrossed product is a category enriched over M’, but we prove that it is enriched
over M as well.

More examples of twisted tensor products of enriched categories are given in the last part of the
paper. By definition, usual categories are enriched over Set, the category of sets. Actually, they are en-
riched over the monoidal category of coalgebras in Set. Hence, simple twisting systems and matched
pairs are equivalent notions for usual categories. Moreover, if A and B are thin categories (that is
their hom-sets contain at most one morphism), then we show that any twisting system between B
and A is simple, so it corresponds to a uniquely determined matched pair of categories. We use this
result to investigate the twisting systems between two posets.

Our results may be applied to algebras in a monoidal category M, which are enriched categories
with one object. Therefore, we are also able to recover all bicrossed product constructions that we
discussed at the beginning of this introduction.

Finally, we prove that the bicrossed product of two groupoids is also a groupoid, and we give an
example of factorizable groupoid with two objects.
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1. Preliminaries and notation

Mainly for fixing the notation and the terminology, in this section we recall the definition of
enriched categories, and then we give some example that are useful for our work.

1.1. Monoidal categories. Throughout this paper (M, ®, 1, a,l, r) will denote a monoidal category with
associativity constraints axy,z : (X®Y)® Z — X ® (Y ® Z) and unit constraints Ix : 1® X — X and
rx : X ® 1 — X. The class of objects of M will be denoted by My. Mac Lane’s Coherence Theorem
states that given two parenthesized tensor products of some objects Xi,..., X, in M (with possible
arbitrary insertions of the unit object 1) there is a unique morphism between them that can be
written as a composition of associativity and unit constraints, and their inverses. Consequently, all
these parenthesized tensor products can be identified coherently, and the parenthesis, associativity
constraints and unit constraints may be omitted in computations. Henceforth, we shall always ignore
them. The identity morphism of an object X in M will be denoted by the same symbol X.

By definition, the tensor product is a functor. In particular, for any morphisms f’: X’ — Y” and
f”: X" —Y” in M the following equations hold

(f/® Y//) o (X/(X) f//) f ® f// (Y ® f//) (f/®X”). (1)

If the coproduct of a family {Xj}ic; of objects in M exists, then it will be denoted as a pair
(P Xi, {oilier), where the maps o; : Xj — @, X; are the canonical inclusions.

1.2. The opposite monoidal category. If (M,®,1,a,l,r) is a monoidal category, then one con-
structs the monoidal category (M°, ®°,1°,a°,1°,r°) as follows. By definition, M° and M share the
same objects and identity morphisms. On the other hand, for two objects X,Y in M, one takes
Hompo (X, Y) := Hompy (Y, X). The composition of morphisms in M°

o : Homppo (Y, Z) x Hompo (X, Y) — Hompo (X, Z)

is defined by the formula feg:=go f, forany f:Z—Y and g:Y — X in M. The monoidal
structure is defined by X ®° Y =X ® Y and 1° = 1. The associativity and unit constraints in M° are
given by a())(,y.z = a)_(qu’z, I°= l)_<1 and r° = rXl If, in addition M is braided monoidal, with braiding
Xx.y: X®Y — Y ® X then M° is also braided, with respect to the braiding x° defined by Xx,y =

(xv) L

Definition 1.3. Let S be a set. We say that a monoidal category M is S-distributive if every S-indexed
family of objects in M has a coproduct, and the tensor product is distributive to the left and to
the right over any such coproduct. More precisely, M is S-distributive if for any family {Xj}ics the
coproduct (P Xi, {i}ies) exists and, for an arbitrary object X,

(m(@x) X®oi) les> and ((@xi>®x, {cr,-®X},-es>

ieS ieS

are the coproducts of {X ® Xj}ics and {X; ® X}ics, respectively. Note that all monoidal categories are
S-distributive, provided that S is a singleton (i.e. the cardinal of S is 1).

1.4. Enriched categories. An enriched category C over (M, ®, 1), or an M-category for short, consists
of:

(1) A class of objects, that we denote by Cy. If Cy is a set we say that C is small.
(2) A hom-object xCy in M, for each x and y in Co. It plays the same role as Homc¢ (y, X), the set of
morphisms from y to x in an ordinary category C.
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, , 2c?®,Cy , Cy®ly , 1a®aCy
:ccy®ycz®zct %wcz@@zct xcy®ycy<—x xcz®zcy
+Cy®ycf l Lnlff \ H /

ny ®ny v ;cct
xCy

Fig. 1. The definition of enriched categories.

(3) A morphism Xcz 1 xCy ® yC; — xCp, for all x, y and z in Co.
(4) A morphism 14 :1— xCy, for all x in Cp.

By definition one assumes that the diagrams in Fig. 1 are commutative, for all x, y,z and t in Cy. The
commutativity of the square means that the composition of morphisms in C, defined by {xC%'}z,y,zeco.
is associative. We shall say that 1 is the identity morphism of x € Co.

An M-functor o : € — C’ is a couple (o, {x@y}x yec,), Where ag : Co — C{) is a function and
x0y : xCy = er;,, is a morphism in M for any x,y € Cp, where for simplicity we denoted o (u)
by u’, for any u € Cy. By definition, g and xoy must satisfy the following conditions

/
xxo1S =10 and ydY o (xay ® yoz) = xotz 0 xC3.
1.5. To work easier with tensor products of hom-objects in M-categories we introduce some new

notation. Let S be a set and for every i =1,...,n+ 1 we pick up a family {4 Xi Jx,yes of objects in
M.If x;,.... X 41 € S then the tensor product x, Xz, ® x, X7, ® - ® x,_, X§ ® x, X"“ will be denoted

+1
by X0X>](1 sz . X;‘tll Assuming that M is S-distributive and ﬁxmg Xo and Xx,41, one can construct
inductively the lterated coproduct

1 _ n yn+l . 1 n yn+1
X, wa XX = D D w X XX 2)

x1€S Xn€S

It is not difficult to see that this object is a coproduct of {XOX)}1 e XY xpesn. Moreover, as
e : 1 b
a consequence of the fact that the tensor product is distributive over the direct sum, we have

1 _ n n+l ~ . n+1
%0 Xz, Fn1 Xy Xpan = @ @ X0 Xnm Xn(z) X K 3)

x1€S Xn€S

for any permutation 7 of the set {1,2,...,n}. The inclusion of XOX}I o X,’}:f] into the coproduct

defined in (2) is also inductively constructed as the composition of the following two arrows

1 1 n+1 1 1 _ xnt1 x1 1 _ yntl
XX1 ® x XXz Xy n+1 XOXX] ® x X5<2 Xy e @ X0 Xl ® x Xffz o X"XXn+1’
X1€S

where the first morphism is the tensor product between the identity of XOXL and the inclusion of

1 n+1 1 . xn+
0 Xy, g Xy N0 3 Xg oo 5, X301 Clearly, for every x4 €S,

1 +1. 1 +1
X xa Xe Xet =D X3 - g XE X0

Xn+1 Xn+1
X0€S

is the coproduct of {xXj -« Xx,,ﬂ}(xux] ,,,,, xesn- The objects XOX)%IW,—(”?]XQ X;’n’:]] and

RUX}(] ez 1X,'(‘HX"“LI1 are analogously defined.
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A similar notation will be used for morphisms. Let us suppose that Xocg, is a morphism in M with

source XX} and target ,Y!, where x, ye S and i € {1,...,n+ 1}. We set
1 .2 n+1 .__ 1 n+1
X1axza;<3 T Xnaxnﬂ = Xoa)q ®--® Xnaan'

; 1 n+1 ; ; 1
By the universal property of coproducts, {x,¢y, - x”axntl }(x1-xp)esn induces a unique map X0,

,;nfla;n”a;}“ , that commutes with the inclusions. In a similar way one constructs
P n ., n+l 1 .. n ,n+1 N n o n+l1
%Oz, " &1 %%, Xxy X% " &1 O, Xy and g0 -+ g, Oy, X1

To make the above notation clearer, let us have a look at some examples. Let A and B be two M-
categories such that Ag = Bo = S. Recall that the hom-objects in A and B are denoted by xAy and
xBy. Hence, ;A = @5 xAy. We also have yAyB,Ar = xAy ® yB, ® ;A and

AyBzA =D D xAyB:A =P P rAyB.A = @D xAyBA:.

yeS ze§ zeS yeS y.zeS

Since we have agreed to use the same notation for an object and its identity map, we can write
xByozAcBy instead of Id,p, ® yor; ® Id 4, ® ¢y, for any morphisms yo; and (B, in M. The maps
xay xAyA; — 3A; and Xa%' : xAyA; — xA; are induced by the composition in A, that is by
the set {xa)};es. For example, the former map is uniquely defined such that its restriction to
xAyA; and oy ;o xay coincide for all x € S, where Oy, z is the inclusion of xA; into 3A,. Similarly,
Xl xAjAz —> xAz is the unique map whose restriction to yAyA; is xar, for all y €S.

For more details on enriched categories the reader is referred to [Ke]. We end this section giving
some examples of enriched categories.

1.6. The category Set. The category of sets is monoidal with respect to the Cartesian product. The
unit object is a fixed singleton set, say {#}. The coproduct in Set is the disjoint union. Since the
disjoint union and the Cartesian product commute, Set is S-distributive for any set S. Clearly, a Set-
category is an ordinary category. If C is such a category, then an element f € xC, will be thought of
as a morphism from y to x, and it will be denoted by f :y — x, as usual. In this case we shall say
that y (respectively x) is the domain or the source (respectively the codomain or the target) of f. The
same notation and terminology will be used for arbitrary M-categories, whose objects are sets.

1.7. The category K-Mod. Let K be a commutative ring. The category of K-modules is monoidal
with respect to the tensor product of K-modules. The unit object is K, regarded as a K-module. This
monoidal category is S-distributive for any S. By definition, a K-linear category is an enriched category
over K-Mod.

1.8. The category A-Mod-A. Let A be a K-algebra and let A-Mod-A denote the category of left
(or right) modules over A ®x A°, where A° is the opposite algebra of A. Thus, M is an object in
A-Mod- A if, and only if, it is a left and a right A-module and these structures are compatible in the
sense that

a-m=m-a and (x-m)-y=x-(m-y)

for all a e K, x,y € A and m € M. A morphism in A-Mod-A is a map of left and right A-modules.
The category of A-bimodules is monoidal with respect to (—) ® 4 (—). The unit object in A-Mod-A
is A, regarded as a A-bimodule. This monoidal category also is S-distributive for any S.
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1.9. The category H-Mod. Let H be a bialgebra over a commutative ring K. The category of left H-
modules is monoidal with respect to (—) ®x (—). If M and N are H-modules, then the H-action on
M ® N is given by

h~m®n:2h(1)-m®h(z)~n.

In the above equation we used the X¥-notation A(h) =) h(1) ® h). The unit object is K, which is
an H-module with the trivial action, induced by the counit of H. This category is S-distributive, for
any S. An enriched category over H-Mod is called H-module category.

1.10. The category Comod-H. Dually, the category of right H-comodules is monoidal with respect to
(=) ®k (—). The coaction on and M ®xk N is defined by

pMmen) = me) ® n) ® myny,

where p(m) =) m) ® nypy, and a similar X-notation was used for p(n). This category is S-
distributive, for any set S. By definition, an H-comodule category is an enriched category over
Comod-H.

1.11. The category [A, A]. Let A be a small category, and let [A, A] denote the category of all endo-
functors of A. Therefore, the objects in [A, A] are functors F : A — A, while the set g[A, A]¢ contains
all natural transformations w : G — F. The composition in this category is the composition of natu-
ral transformations. The category [A, A] is monoidal with respect to the composition of functors. If
m:F— Gand ' : F — G’ are natural transformations, then the natural transformations wF’ and
Gu' are given by

UF :FoF — GoG', (WF'), = tF-
G :GoF - GoG, (Gu'), == G(1y).

We can now define the tensor product of u and u’ by
U =Gu ouF =uG oFu'.

Even if A is S-distributive, [A, A] may not have this property. In spite of the fact that, by as-
sumption, any S-indexed family in [A, A] has a coproduct, in general this does not commute with
the composition of functors. Nevertheless, as we have already noticed, [A, A] is S-distributive if
IS|=1.

This remark will allow us to apply our main results to an [A, A]-category C with one object x.
Hence F := yCyx is an endofunctor of A, and the composition and the identity morphisms in C are
uniquely defined by natural transformations

Uu:FoF—F and (:Ildg — F.

The commutativity of the diagrams in Fig. 1 is equivalent in this case with the fact that (F, u, () is a
monad, see [Be] for the definition of monads. In conclusion, monads are in one-to-one correspondence
to [A, A]-categories with one object.

1.12. The category Opmon(M). Let (M,®,1) be a monoidal category. An opmonoidal functor is
a triple (F, 8, &) that consists of
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Y Fz)®e g1 ® F(x
Fla®y®z) —"" > Pz 2y)® F(2) Fo)® P 25 F 0 2k (1) @ ()
| )
5zl\t®z Sy & F(2) 8z,1 01,z
F(x)®F(y®z)WF(:C)@F(;})@F(Z) F(x)

Fig. 2. The definition of opmonoidal functors.

(1) A functor F: M — M.
(2) A natural transformation & := {8x y}(x,y)eMoxMy» With 8xy : FX® ¥) — F(x) ® F(¥).
(3 Amape:F(1)—1in M.

In addition, the transformations § and ¢ are assumed to render commutative the diagrams in Fig. 2.
An opmonoidal transformation « : (F, 6, &) — (F’, 8, ¢’) is a natural map « : F — F’ such that, for
arbitrary objects x and y in M,

(ax®ay)08xyy=8;yoax®y and & oaq=¢.

Obviously the composition of two opmonoidal transformations is opmonoidal, and the identity of
an opmonoidal functor is an opmonoidal transformation. The resulting category will be denoted by
Opmon(M). For two opmonoidal functors (F, 8, &) and (F/, ', ¢") one defines

(F,8,8)®(F',8',&'):=(FoF 8p poF(8) e0F()),

where 8/ pr = {8F/(x),F'(y) }x,yeMo- ON the other hand, if 4 : F — G and u” — G’ are opmonoidal
transformations, then © ® i’ := uG’' o Fiu' is opmonoidal too. One can see easily that ® defines
a monoidal structure on Opmon(M) with unit object (Idp, {Idxgy}x,yem,, 1d1).

1.13. The categories Alg(M) and Coalg(M). Let (M, ®, 1, x) be a braided monoidal category with
braiding x := {Xx,y}(x,y)eMoxMo» Where xxy :X® y — y @ x. The category Alg(M) of all algebras in
M is monoidal too. Recall that an algebra in M is an M-category with one object. As in §1.11, such
a category is uniquely determined by an object X in M and two morphisms m: X ® X — X (the
multiplication) and u : 1 — X (the unit). The commutativity of the diagrams in Fig. 1 means that the
algebra is associative and unital. If (X,m,u) and (X’,m’,u’) are algebras in M, then X ® X’ is an
algebra in M with multiplication

mem)o(X@xxx®X): (XX)®(X®X)—> XX

and it uu :1— X® X'.

The monoidal category Coalg(M) of coalgebras in M can be defined in a similar way. Alternatively,
one may take Coalg(M) := Alg(M°)°. Note that the monoidal category of coalgebras in M and the
monoidal category of algebras in M° are opposite each other.

It is not hard to see that Coalg(M) is S-distributive, provided that M is so.

2. Factorizable M-categories and twisting systems

In this section we define factorizable M-categories and twisting systems. We shall prove that to
every factorizable system corresponds a certain twisting system. Under a mild extra assumption on
the monoidal category M, we shall also produce enriched categories using a special class of twisting
systems that we call simple.
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bl Ia 151 4
+ByB. Ay —— ;B A, +ByA: Ay —— By Ay 2 Ay — ;B A, +By —— ;ByA,
| ) ! ! | ) ! )
RIGIR IRQ RI e Ag
{ { J ) | { it )

+AvBa By T +AzBt « AvAwDBy Y « AwBy 2 Ay By — +AzBy 2 AzBy — + Az By

Fig. 3. The definition of twisting systems.

Throughout this section S denotes a fixed set. We assume that all M-categories that we work with
are small, and that their set of objects is S.

2.1. Factorizable M-categories. Let C be a small enriched category over (M, ®,1). We assume that
M is S-distributive. Suppose that A and B are M-subcategories of C. Note that, by assumption, Ay =
Bo=Co=S.For x, y and u in S we define

x§0; :xAyBy — xCy, x(p; = xCl;/ o x0y By, (4)

where ¢ : A — C and f: B — C denote the corresponding inclusion M-functors. By the universal
property of coproducts, for every x and y in S, there is x¢y : xAzBy — xCy such that

x@Py o XU; = x(/);la (5)

where xo; is the canonical inclusion of yA,By into xAzBy. Note that by the universal property of
coproducts xpy = xcg o x@zBy, as we have xagBy o 0l = 4T} o xauBy and xcg o xTj = xCYj, where
X‘l:;,‘ denotes the inclusion of yC,Cy into xCzCy.

We shall say that C factorizes through A and B if x¢, is an isomorphism, for all x and y in S. By
definition, an M-category C is factorizable if it factorizes through A and B, where A and B are certain

M-subcategories of C.

2.2. The twisting system associated to a factorizable M-category. Let C be an enriched category over
a monoidal category (M, ®,1). We assume that M is S-distributive. The family R := {XRg}X,y,Zes
of morphisms xRY : xByA; — xAgBy is called a twisting system if the four diagrams in Fig. 3 are
commutative for all x, y, z and t in S.

Let us briefly explain the notation that we used in these diagrams. As a general rule, we omit
all subscripts and superscripts denoting elements in S, and which are attached to a morphism. The
symbol ® is also omitted. For example, a and 14 (respectively b and 18) stand for the suitable com-
position maps and identity morphisms in A (respectively B). The identity morphism of an object
in M is denoted by I. Thus, by Ia: xByA;Ar — xByA: we mean xB, ® yaf. On the other hand,
al : xAyAiB: — xAyB¢ is a shorthand notation for xagBt, which in turn is the unique map induced
by {xo o xa} Bt}u,ves. We shall keep the foregoing notation in all diagrams that we shall work with.

We claim that to every factorizable M-category C corresponds a certain twisting system. By defi-
nition, the map ¢, constructed in (5) is invertible for all x and y in S. Let xi, denote the inverse of
x@y. For x, y and z in S, we can now define

ng i xByAz — xAgBz, xR%/ = xYzo0 xC%/ o xBydz. (6)

Theorem 2.3. If C is a factorizable enriched category over an S-distributive monoidal category M, then the
maps in (6) define a twisting system.
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Proof. Let us first prove that the first diagram in Fig. 3 is commutative. We fix x, y, z and t in S, and
we consider the following diagram.

+ByAvB, pos 2CyCxCy —5 5 .0, C
-
+CyCBy 118 +CyCCy
I |
i {
+CzBy 18 CzC (F)
|
Pl
|, ©
IAFBEBt - ICFCECt —cl—> zCECt
J b 1J >
¢ © I ® i

+AzBt 43> +C5Ct e O ——,C;
af g

Since the tensor product in a monoidal category is a functor, that is in view of (1), we have

nyCu,Bt o xﬁyauBt = xﬁyauﬂtv (7)
for any u in S. Hence by the universal property of the coproduct and the construction of the maps
xCyCapBt, xByanBe and xByazpr we deduce that the relation which is obtained by replacing u with u

in (7) holds true. This means that the square (A) is commutative. Proceeding similarly one shows that
(B) is commutative as well. Furthermore, xcy C;, x5 BBt and xyzB; are induced by {xcy ® uCtlues,

{xayBu ® uPtlues and {x¥u ® uBtlues, respectively. Hence their composite A := ngCt o x0y PPt o
xWi Bt is induced by {A,}yes, where

Ay = (xCZ ® uct) o (x5 Bu ® upPt) o (xYu ® uBr) = (XCZ o xy By o qu) ® ubt
= (x¢u ° x¥u) ® upt.
Since xy, is the inverse of ¢, it follows that A, = xC, g, for every u € S. In conclusion
xCuCe o xatgBaPe o xViBe = xCafr,

so (C) is a commutative square. Since B is an M-functor it follows that {,Cyc} o x& yBuBt}u,ves and
{xtt vBt o xAvb{}u ves are equal. Therefore these families induce the same morphism, that is

xCuct o xa 3Bt = x0 yfr o xAyby.
Hence (D) is commutative too. Since the composition of morphisms in C is associative, we have
%€l 0 xCycll = xcl o xciC; and ¢} o xCycll = xcl o xc2Cy.
These equations imply that (E) and (F) are commutative. Summarizing, we have just proved that all
diagrams (A)-(F) are commutative. By diagram chasing it results that the outer square is commutative

as well, that is

%@t 0 xAgbl o xRYBr = xc! o xBy@r.
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Left composing and right composing both sides of this equation by xy and xByR?, respectively, yield

xAgb} o xRYbr o xByRE = x¥ o xc} o xBy@r o xByRE

= xYo ng/ o xBy@r o xByyr o xByC? o xBy B0

xVto fo o xcyciZ o xByBza,

where for the second and third relations we used the definition of yR? and that y¢; and vy are
inverses each other. On the other hand, the definition of xR?, the fact that 8 is a functor and associa-
tivity of the composition in C imply the following sequence of identities

z y z y
xR; o xbz At = xr o xCt © xBz0t o xbz A
_ V4 yC
= xYto xCf o xc;Cr o x,By,Bzat

= xY o ng/ o nyCf o xByBar.

In conclusion, the first diagram in Fig. 3 is commutative. Taking into account the definition of XRg‘,,

the identity xfx o 1f =14 and the compatibility relation between the composition and the identity
morphisms in an enriched category, we get the following sequence of equations

xPy o XR’J‘, o 1fAy = x@y o xYyo xc’}‘, o xBxtty o lfAy = Xc§ o l1xary = xaty.
Analogously, using the definition of x¢, and the properties of identity morphisms, we get

B B B
@y 0 x03 0 xAy1) = vy 0 xAy1) = xcy 0 xaty By 0 xAyly = xCy 0 xty1y = xay.

Since x¢y is an isomorphisms, in view of the above computations, it follows that the third diagram is
commutative as well. One can prove in a similar way that the remaining two diagrams in Fig. 3 are
commutative. 0O

2.4. We have noticed in the introduction that to every twisting system of groups (or, equivalently,
every matched pair of groups) one associates a factorizable group. Trying to prove a similar result for
a twisting system R between the M-categories B and A we have encountered some difficulties due
to the fact that, in general, the image of the map

XR%/ : xByAz - @ xAuB;

ues

is not included into a summand xA,B;, for some u € S that depends on x, y and z. For this reason,
in this paper we shall investigate only those twisting systems for which there are a function |---|:
S3 — S and the maps xRY : xByA; — xAjxyz B, such that

xR,Jz/ = xo,z\xyzl o x;i%/a (8)
for all x, y, z, € S. For them we shall use the notation ('ﬁ, [~ D).
Proposition 2.5. Let M be a monoidal category which is S-distributive. Let | ---| : S3 — S and {,ﬁ%’}x,y,zes

be a function and a set of maps as above. The family {ng}x,y,Zeg defined by (8) is a twisting system if and
only if, forany x, y, z, t € S, the following relations hold:



A. Bdrdes, D. Stefan / Journal of Algebra 348 (2011) 416-445 427

Xat\xylyzt\l o xA\xy\yztIIb‘tthl R|yzt|Bf o xBy R = Xat\xztl ) sz o xbJ As, (9)
gyl l)\%/z‘lztlBt o xApyz RZ 0 xR A = v0 ¥ 0 (Y o «Byd?, (10)
0y o (RY o (12 ® xAy) = 0] o (xAy ®15), (m

0y o xRy o (xBy ®14) = xo¥ o (12 ® «By). (12)

Proof. We claim that {x'@'}x’y,zes satisfy (9) if and only if {xRi’}x’y,zeg render commutative the first
diagram in Fig. 3. Indeed, let us consider the following diagram.

=By B Ar 141%> @By Ajyz1) Be T « By AuB:
bI Ell lm
2Bz A o Alayly=tl| Bly=o Be == 2 As BBy
IbJ © l[b
R @ o Alayly=t) Bt — 72— AsB,
Al Bi _ AoB,

The squares (B) and (C) are commutative by the definition of XRg : xByAs — xAyB; and gb?:
7BiB: — 7B:. Hence the hexagon (A) is commutative if and only if the outer square is commuta-
tive. This proves our claim as (A) and the outer square in Fig. 3 are commutative if and only if (9)
holds and the first diagram in Fig. 3 is commutative, respectively. Similarly one shows that the com-
mutativity of the second diagram from Fig. 3 is equivalent to (10). On the other hand, obviously,
the third and fourth diagrams in Fig. 3 are commutative if and only if (11) and (12) hold, so the
proposition is proved. 0O

The inclusion maps make difficult to handle Egs. (9)-(12). In some cases we can remove these
morphisms by imposing more conditions on the map |---| or on the monoidal category M.

2.6. The assumption (). Let M be a monoidal category which is S-distributive. We shall say that M
satisfies the hypothesis () if for any coproduct (6P icsXi, {0i}ics) in M and any morphisms f’: X —
Xy and f” : X — X;j» such that oy o f' =0y o f”, then either X is an initial object ¥ in M, or f' = f”
and i’ =1i".

The prototype for the class of monoidal categories that satisfy the condition (7) is Set. Indeed, let
{Xi}ies be a family of sets, and let o; denote the inclusion of X; into the disjoint union | [;.5 X;. We
assume that f': X — Xy and f”: X — X;» are functions such that X in not the empty set, the initial
object of Set, and oy o f' =0 o f”. Then in view of the computation

(i", ') = (a1 0 f') ) = (0w o f")(0) = (i", f" (%))
it follows that f'= f” and i’ =1i".

Corollary 2.7. Let M be an S-distributive monoidal category. Let A and B be two M-categories such that
Ao = Bo = S. Given a function |---|: S3 — S and the maps {XR%/}x,y,Eg as in §2.4, let us consider the
following four conditions:
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(i) If xByB;A; is not an initial object, then |xy|yzt|| = |xzt| and

xApatb? ™ o (RY, B o xByRE = xRf o (bY Ac: (13)

(ii) If xBy Az Ay is not an initial object, then ||xyz|zt| = |xyt| and

[xyz| Y4 By By z.
xajrs Bt © xAjxyz RE o xRY Ar = <R} o «Byaf: (14)

(iii) IfxAy is not an initial object, then |xxy| = y and

«RY o (18® 4Ay) = 1Ay ®15; (15)
(iv) If xBy is not an initial object, then |xyy| = x and

xRy o (xBy ®13) =17 ® xBy. (16)

The above conditions imply the relations (9)-(12). Under the additional assumption that M satisfies the
hypothesis (T), the reversed implication holds as well.

Proof. Let us prove that the condition (i) implies the relation (9). In the case when xByB,A; =0
this is clear, as both sides of (9) are morphisms from an initial object to yA;B;. Let us suppose
that yByB;A; # . By composing both sides of (13) with Xot‘xylyzm = Xatlxzt\ we get the equation (9).
Similarly, the conditions (ii), (iii) and (iv) imply the relations (10), (11) and (12), respectively.

Let us assume that M satisfies the hypothesis (). We claim that (9) implies (i). If xB yB,A; is
not an initial object we take f’ and f” to be the left-hand side and the right-hand side of (13),
respectively. We also set i’ := |xy|yzt|| and i” := |xzt|. In view of (f), it follows that f’' = f” and

i’ =1", so our claim has been proved. We conclude the proof in the same way. O

2.8. K-linear monoidal categories. Recall that M is K-linear if its hom-sets are K-modules, and both
the composition and the tensor product of morphisms are K-bilinear maps. For instance, K-Mod,
H-Mod, Comod-H and A-Mod-A are S-distributive linear monoidal categories, for any set S.

Note that the (f) condition fail in a K-linear monoidal category M. Indeed let us pick up an
object X, which is not an initial object, and a coproduct (P;cs Xi, {di}ies) in M. If f': X — X; and
f"”: X — X;» are the zero morphisms, then of course oy o f' = oy o f”, but neither i’ =i” nor f' = f”,
in general.

Nevertheless, the relations (9)-(12) can also be simplified if M is a linear monoidal category. For
any coproduct (;.s Xi, {0i}ies) in M and every i € S, there is a map 7; : @, X; — X; such that
mioo; = X; and 7; o 0j =0, provided that j#i. Hence, supposing that f': X — Xy and f”: X — X
are morphisms such that oy o f' =0y o f”, we must have either i’ =i” and f' = f”, or i’ #1i” and
f/ —0= f”'

Using the above property of linear monoidal categories, and proceeding as in the proof of the
previous corollary, we get the following result.

Corollary 2.9. Let M be an S-distributive K-linear monoidal category. If A and B are M-categories, then the
relations (9)-(12) are equivalent to the following conditions:

(i) If |xy|yzt|| = |xzt| then the relation (13) holds; otherwise, each side of this identity has to be the zero
map;
(ii) If ||xyz|zt| = |xyt|, then the relation (14) holds; otherwise, each side of this identity has to be the zero
map;
(iii) If |xxy| =y, then the relation (15) holds; otherwise, each side of this identity has to be the zero map;
(iv) If |xyy| = x, then the relation (16) holds; otherwise, each side of this identity has to be the zero map.
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2.10. Simple twisting systems. The proper context for constructing an enriched category A ®g B out
of a special type of twisting system R is provided by Corollary 2.7.

By definition, the couple (R | -|) is a simple twisting system between B and A if the function
|---]1:5*— S and the maps {XR }x,y.zes as in §2.4 satisfy the conditions (i)-(iv) in Corollary 2.7. As
a part of the definition, we also assume that yA|xy; B, is not an initial object whenever y\B,A; is not
so.

The latter technical assumption will be used to prove the associativity of the composition in
A ®g B, our categorical version of the twisted tensor product of two algebras, which we are going
to define in the next subsection. Note that for Set this condition is superfluous (if the source of Ry
is not empty, then its target cannot be the empty set).

For a simple twisting system (75, |---]) we define the maps xR) using the relation (8). By Corol-
lary 2.7 and Proposition 2.5 it follows that R := {XR%/}x,y,zeS is a twisting system.

2.11. The category A ®p B. For a simple twisting system (R, |---]) we set

(AQr B)o:=S and y(A®gB)y:=EP xAu® uBy = AgBy.

ues
Let us fix three elements x, y and z in S. By definition yAzByA;B; := @u,ves xAyByAyB;, and
XA,_—,ByA\—,BZ = xAgBy ® yA\—,BZ

as M is S-distributive. Via this identification, the canonical inclusion of yA,ByA,B; into the co-
product xAzByAyB, corresponds to x0y/0; = xo)/ ® yo,. Thus, there is a unique morphism xCY

y
xA,jByAVBZ — xAiB; such that

u_v |uyv| 54
0, = x0; o xa\uyvlbz o xAyRy B,

y
xCz © X0

for all u, v € S. Finally, we set 1y := xo o (12 ® 18), and we define

xy = x03 o (xAy ®15) and By = x07 o (12 ® xBy).

2.12. Domains. To show that the above data define an enriched monoidal category A ®g B we need
an extra hypothesis on M. By definition, a monoidal category M is a domain in the case when the
tensor product of two objects is an initial object if and only if at least one of them is an initial object.
By convention, a monoidal category that has no initial objects is a domain as well.

Obviously Set is a domain. If K is a field, then K-Mod is a domain. Keeping the assumption on
K, the categories H-Mod and Comod-H are domains, as their tensor product is induced by that one
of K-Mod. On the other hand, if K is not a field, then K-Mod and A-Mod-A are not necessarily
domains. For instance, Z-Mod = Z-Mod-Z is not a domain.

Lemma 2.13. Let M be an S-distributive monoidal domain. Let (ﬁ, |---|) denote a simple twisting system
between B and A.

(1) If xAuByAyB;Aw Bt # ¥ then luyq| = |pvq| = |pzw/|, where p = luyv| and q = |[vzw]|.
(2) In the following diagram all squares are well defined and commutative.
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mA'u.ByAuBzAwBt M} mAuByAquBwBt ﬂ) zAuByAquBt % mAuByAth
| _ [ I L
IRIII - _ IIRIToIRIII = =
i ITRII o ITIRI I @ ”Rfj’(”?” @ “ﬁf
—_— >
rAuAvaBZAwBt ;cAuApA‘pm”BquBt m IAuApA‘pm”Bth m) mAuA‘pmﬂBth
%u ® (ﬂin ® a)w @ aif
mApBUBZAwBt r,ApA|puq\BquBt T zApA“mq\Bth T‘ IA‘pvq‘Bth
—_—
Ibln IRITo ITRI I]JbI @ Iib ® ib

mAszAwBt B —— :rApA|p'uq\BwBt T :rApA|puq\Bt T acA|pvq\Bt

Proof. Since M is a domain it follows that any subfactor of yA,ByA,B;Ay B; is not an initial object.
In particular B;Ay # @. Thus, by the definition of simple twisting systems, yAqBy is not an initial
object. In conclusion, yAq and By, are not initial objects in M. Since ,ByA, # @ it follows that
uByAyAq # . In view of the definition of simple twisting systems (the second condition) we deduce
that |pvq| = |uyq|. The other relation can be proved in a similar way.

Let f and g denote the following two morphisms

f = xAual,, BgBt o xAuApRyBr o xAyRyA¢Br and g:= yAuR]Bto vAyuBya}B:.

The target of f is xAyA|pvq BqB¢, while the codomain of g is xAyAjuyq BqB:t. These two objects may
be different for some elements x, u,t, p and g in S. Thus, in general, it does not make sense to speak
about the square (R). On the other hand, we have seen that |uyq| = |pvq|, if p = |uyv| and q = |vzw]|.
Hence (R) is well defined for these values of p and g. Furthermore, since B, Ay, Aq # @, by definition
of simple twisting systems we have

uafy,qBg o uApRy o uRYAg = uR) o uByay. (17)

By tensoring both sides of the above relation with yA, on the left and with ¢B; on the right we get
that f =g, i.e. (R) is commutative. Analogously, one shows that (L) is well defined and commutative.
All other squares are well defined by construction, their arrows targeting to the right objects. The
squares (F) are commutative since the tensor product is a functor. The remaining squares (A) are
commutative by associativity. O

Theorem 2.14. Let M be an S-distributive monoidal domain. If (R, | ---|) is a simple twisting system, then the
data in §2.11 define an M-category A ®g B that factorizes through A and B.

Proof. Let us assume that yAyByAyB;AwB: # . In view of the previous lemma, the outer square in
the diagram from Lemma 2.13(2) is commutative. It follows that
%€ 0 xAgByct o 10,0, 0" = xf o xCY AwB; o x0y 0, o .

If yAyByAy,B;AyBy = this identity obviously holds. Since xAzByAyB;AyB; is the coproduct of
{xAuByAvBzAwBt}y v, wes, with the canonical inclusions {Xo)’,‘oz"atw}u,,,,weg, we deduce that the
composition in A ®g B is associative.

We apply the same strategy to show that 1y := xof o (1;‘ ® 15) is a left identity map of x, that
is we have Xc’)‘, o (1x ® xAzBy) = xAzBy for any y. By the universal property of coproducts and the
definition of the composition in A ®g B, it is enough to prove that

[xxu|

x0y " o xy by o xAxR}By o (1§ ® 1} ® xAuBy) = 10, (18)
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for all u € S. If xA, is an initial object we have nothing to prove, as the domains of the sides of the
above equation are also initial objects (recall that yA,By = if yAy = ). Let us suppose that xA, is
not an initial object. Then by the definition of simple twisting systems (the third condition) we get
|xxu| =u and

|xxu|

%0y o b o xAxREBy 0 (12 @ 15 ® xAuBy) = 10y o xaibh o (17 ® xAu® 1] ® uBy).

Thus Eq. (18) immediately follows by the fact 1;‘ and 15 are the identity morphisms of x and u. The
fact that 14 is a right identity map of x can be proved analogously.

We now claim that {xay}x yes is an M-functor. Taking into account the definition of o and XY
we must prove that

0o a2 o xAYRYAz 0 (xAy @10 ® yA; ®12) = w07 o (xal ®17), (19)

for all x, y and z in S. Once again, if yA, =% we have nothing to prove. In the other case, one can
proceed as in the proof of (18) to get this equation. Similarly, g is an M-functor.

It remains to prove the fact that A ® B factorizes through A and B. As a matter of fact, for this
enriched category, we shall show that ¢y is the identity map of x(A ®g B)y, for all x and y in S.
Recall that x¢, is the unique map such that x¢y o xo!' = xc% o oty By, for all u € S. Hence to conclude

y y
the proof of the theorem it is enough to obtain the following relation

|luuul|

x0y ° xaruuulbljl/oXAuiﬁByo(XA“®15®lﬁ® UBZ): X0y, (20)

for all u € S. We may suppose that xA, is not initial object. Thus |uuu| =u and we can take x =u
and y = u in (16). Hence, using the same reasoning as in the proof of (18), we deduce the required
identity. O

Corollary 2.15. Let A and B be enriched categories over an S-distributive monoidal category M. Let us suppose
that forall x, y, zand t in S the function |- --| : 3 — S satisfies the equations

|xylyzt|| = |xzt],  |Ixyzlzt| = |xyt|l,  |xxy|=y and |xyy|=x. (21)

If{xﬁg}x,y,zgs is a family of maps which satisfies the identities (13)-(16) for all x, y, z and t in S, then the
data in §2.11 define an M-category A ®p B that factorizes through A and B.

Proof. Let x, y, u, v, z, w and t be arbitrary elements in S. By using the first two identities in (21) we
get |uyq| = |pvq| = |pzw|, where p = |uyv| and q = |[vzw|. Hence the first statement in Lemma 2.13
is true. In particular, the squares (R) and (L) in the diagram from Lemma 2.13(2) are well defined.
On the other hand, under the assumptions of the corollary, the relation (17) hold. Therefore we can
continue as in the proof of the second part of Lemma 2.13 to show that (R) is commutative. Similarly,
(L) is commutative too. It follows that the outer square of is commutative too. By the universal prop-
erty of the coproduct we deduce that the composition is associative, see the first paragraph of the
proof of Theorem 2.14.

Furthermore, the relations in (21) together with the identities (13)-(16) imply Egs. (18), (19) and
(20). Proceeding as in the proof of Theorem 2.14 we conclude that A ®g B is an M-category that
factorizes through A and B. O

Remark 2.16. Throughout this remark we assume that M is a T-distributive monoidal category, where
T is an arbitrary set. In other words, any family of objects in M has a coproduct and the tensor prod-
uct is distributive over all coproducts. It was noticed in [RW, §2.1 and §2.2] that, for such a monoidal
category M, one can define a bicategory M-mat as follows.
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By construction, its O-cells are arbitrary sets. If I and ] are two sets, then the 1-cells in M-mat
from I to ] are the J x I-indexed families of objects in M. A 2-cell with source {Xji}(j ejx1 and
target {Yji}(j,iyejx1 is a family {fji}(jiejxr of morphisms fj; : Xji — Yj;. The composition of the
1-cells {Xkj}k, jyexxy and {Yji}j.heyx1 is the family {Zyi}k, iyex <1, where

Zyi == @ij ®Yiji.
je]

The vertical composition in M-mat of {fji}(j.iejx1 and {gji}(j,iejx1 makes sense if and only if the
source of fj; and the target of g;; are equal for all i and j. If it exists, then it is defined by

{(fiiG.erx1 @ {&ji}j.eyx1 = {fji © &ji(j.eyxI-

Let {fji}(j,i)e]xl and {f]:j}(k,j)el(x] be 2-cells such that fﬁ : Xji = Vi and fl:j : Xl,<j — Yl,(j‘ By
the universal property of coproducts, for each (k,i) € K x I, there exists a unique morphism
hyi : @je] X;(j ® Xji — @jej Y,Qj ® Yji whose restriction to Xl/q@ Xji is f,éj® fji- By definition, the
horizontal composition of {f,éj}(k,j)erj and {fji}(j.iyeyx1 is the family {hy;}k iyek x1- The identity 1-
cells and 2-cells in M-mat are the obvious ones.

As pointed out in [RW], a monad on a set S in M-mat is an M-category with the set of objects
S, and conversely. In particular, given two M-categories with the same set of objects, one may speak
about distributive laws between the corresponding monads in M-mat. In our terminology, they are
precisely the twisting systems. In view of [RW, §3.1], factorizable enriched categories generalize strict
factorization systems.

In conclusion, the Theorem 2.3 may be regarded as a version of [RW, Proposition 3.3] for enriched

categories. For a simple twisting system (R, |---|) between B and A, the enriched category A ®r B
that we constructed in Theorem 2.14 can also be described in terms of monads. Let p: BoA— Ao B
denote the distributive law associated to (R, |---|), where (A, ma, 14) and (B, mp, 1) are the monads

in M-mat corresponding to A and B, respectively. By the general theory of monads in a bicategory,
it follows that A o B is a monad in M-mat with respect to the multiplication and the unit given by
the formulae:

m:=(mapomp)e(ldgopoldg) and 1:=1401p.

It is not difficult to show that A ®p B is the M-category associated to (Ao B,m, 1).

By replacing Set-mat with a suitable bicategory, one obtains similar results for other algebraic
structures, such as PROs and PROPs; see [La]. We also would like to note that distributive laws be-
tween pseudomonads are investigated in [Mar].

We are indebted to the referee for pointing the papers [La,Mar,RW] out to us.

3. Matched pairs of enriched categories

Throughout this section (M’,®,1, x) denote a braided category and we take M to be the
monoidal category Coalg(M’). Our aim is to characterize simple twisting systems between two cate-
gories that are enriched over M. We start by investigating some properties of the morphisms in M.
For the moment, we impose no conditions on M’.

A slightly more general version of the following lemma is stated in [La, Proposition 3.2]. For the
sake of completeness we include a proof of it.

Lemma 3.1. Let (C, Ac, &c), (D1, Ap,, €p,) and (D3, Ap,, €p,) be coalgebras in M’. Let f : C — D1 ® D>
be a morphism of coalgebras. Then f1 := (D1 ® €p,) o f and f := (¢p, ® D3) o f are coalgebra morphisms
and the following relations hold:
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(f1® fa)oAc=f, (22)
(f2® f1) o Ac = Xpy,p, 0 (f1® f2) o Ac. (23)

Conversely, let f1 : C — Dy and f, : C — D, be coalgebra morphisms such that (23) holds. Then f :=
(f1 ® f2) o Ac is a coalgebra map such that

(D1®éep,)o f=f1 and (ep, ® D2)o f = fo. (24)

Proof. Let us assume that f:C — Dy ® D> is a coalgebra morphism. Let &; := &p,, for i =1, 2. Clearly,
D1 ® ep, and ep, ® D, are coalgebra morphisms. In conclusion f; and f, are morphisms in M. On
the other hand, as f is a morphism in M we have

(D1 ® XDy,0, ® D2) 0 (Ap; ® Ap,y) o f =(f® f)o Ac. (25)

Hence, using the definition of fi; and fo, the relation (25), the fact that the braiding is a natural
transformation and the compatibility relation between the comultiplication and the counit we get

(f1®f2)oAc=D1®&®1®D2)o(f® f)oAc
=[D1® ((62®€1) 0 XD, D, ® D2) 0 (Ap, ® Ap,)]o f
=(D1®e1®&QD2)o(Ap, ® Ap,)o f=f.

By applying €1 ® D, ® D1 ® €3 to (25) and using once again the compatibility between the comulti-
plication and the counit we obtain

(2@ fi)oAc=(c1®D2®D1®&)o(f® f)oAc
=(E1®D2®D1®¢&2)0(D1® xpy,p, ® D2) o (Ap, ® Ap,)o f
= Xp,,0,°(61®D1 ® D3 ®¢&3) o (Ap, ® Ap,) o f = xp,,p,0 f.

Conversely, let us assume that f1:C — D and f : C — D, are morphisms in M such that (23) holds.
Let f:= (f1 ® f2)o Ac. By the definition of the comultiplication on D; ® D and the fact that f; and
f> are morphisms in M, we get

Ap,ep, o f =(D1® Xp;,p, ® D2) 0 (Ap, ® Ap,) o (f1 ® f2) 0 Ac
=D1®xp1,0,®D2) o (f1®f1® f2® f2) o (Ac ® Ac) o Ac.

Taking into account (23) and the fact that the comultiplication is coassociative, it follows that

Ap,ep, o f=[f1® (Xp1.0, 0 (f1® f2) 0 Ac) ® f2] 0 (C® Ac)o Ac
=[/1®((f28 fi) o Ac)® f2] o (C® Ac) 0 Ac
=[((f1® f2) 0o Ac) ® ((f1® f2) o Ac)]o Ac=(f ® f) o Ac.
The formula that defines f together with €; o f; = &c yield
(e1®&2) o f=(e10f1®&20 fr)oAc=(ec ®&c) o Ac =¢c.

Thus f is a morphism of coalgebras, so the lemma is proved. The equations in (24) are obvious, as
giofi=éc. O
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Remark 3.2. Let f’, f”:C — Dy ® D, be coalgebra morphisms. By the preceding lemma, f’ and f”
are equal if and only if

(e1®D2)o f'=(e1®D2)of” and (D1 ®ez)o0 f'=(D1®e&2)o0 f".
3.3. The morphisms ,>) and y<). Let A and B denote two M-categories whose objects are the
elements of a set S. The hom-objects of A and B are coalgebras, which will be denoted by

(xAy. xA}, xe}) and (xBy, xA%, xeb). By definition, the composition and the identity maps in A
and B are coalgebra morphisms. Note that the comultiplication of xByA; is given by

AXByAZ = (XBy ® XxBy»yAz ® yAz) o xAgA?

Let |---]: $3 — S be a function and let R denote an S3-indexed family of coalgebra morphisms
xRY 1 xByA; — xAjxyz Bz We define x>3 : xByA; — xAjxyz and x<t) : xByAz — |xyz Bz by

=7 = xApyz€S o RS and < 1= (x&fk,;B2) o xRY. (26)
In view of Lemma 3.1, y>7 and < are coalgebra morphisms and they satisfy the relations
(x> ®x<)) 0 A, a, = xRY, (27)
Y ®x>7) 0 Ay A, = (x>7 ®x<2) o A (28)
(x < ®x>z) O AyByA; = XyApyzisixyziBz © (xPZz ®x<z) 0 Ay oa,.
Conversely, if one starts with > := {X>§}X,y,zeg and <:= {qu}x,yqzeg, two families of coalgebra maps
that satisfy (28), then by formula (27) we get the set R := {ng}x,y,zgs whose elements are coalgebra
maps, cf. Lemma 3.1. Therefore, there is an one-to-one correspondence between the couples (>, <)
and the sets R as above. Our goal is to characterize those couples (>, <) that corresponds to a simple
twisting system in M’.
Lemma 3.4. The statements below are true.
(1) If |xy|yzt|| = |xzt| then the relation (13) is equivalent to the following equations:
t
x < 0xbY Ar = parib’™ 0 0l Be o (xBy ® yf ® y<f) 0 (xBy ® A 5,a,), (29)

J oxBy7. (30)

z y _
xf oxby Ar = X>yzt|

(2) If |xyz|zt|| = |xyt| then the relation (14) is equivalent to the following equations:
X >3’ OxByaf = Xalgfl‘ o xA\xyzl '>? o (x D%/ R x 4%) ®2At) o (AXByAZ ® 2At), (31)
X <1gl oxByaf = |xyz| <1? ox 4%’ At. (32)
(3) If |xyy| = x then the relation (15) is equivalent to the following equations:

x<1§, o(]f@x/-\y)=x8§‘®18, (33)

x5y o(17 ® xAy) = xAy. (34)
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(4) If |xxy| = y then the relation (16) is equivalent to the following equations:

x <y o(xBy ®13) = xBy. (35)
x=y o(xBy ®1%) =11 ® x&5. (36)
Proof. In order to prove the first statement we apply the Remark 3.2 to

f'=RfobJAr and "= cApab?™ o xRY . Bio «ByRE.

Note that f” is well defined and its target is xAjxz B, since the codomain of xk\yyqut o XBny? is
xAxylyzt) Be and |xy|yzt|| = |xzt|. Clearly, f" and f” are coalgebra morphisms, since the composite
and the tensor product of two morphisms in M remain in M. An easy computation, based on Eq. (27)

and the formulae of > and x<, yields us

A / zZ y
xg\xth of =« <t oxbz A,

B ’ z y
xAxzt|&r © f'= x>r oxbz Ag,

A " [yzt| y z z
Xg\xzt\Bf of’= \XZf\bt O x Jyz Bt o (XBJ’ ® yrt ®y<'t) o(xBy ® AszAr)'

Taking into account that xb) is a coalgebra morphism and using the definition of y>) we get
XA|XZt|8tB o f” = XA\XZflgﬁ/zﬂ o X§|yyzt| ° (XB}’ ® ()’A|y2t\8tB o yﬁf)) =x l>\yyztl oxBy D? .
In view of the Remark 3.2, we have f’ = f” if and only if
wApztiel o f' = xAxaiel o f and X8|/,‘Vzt|Bf of'= X8|/)\<zt|Bf o f".

Thus, if |xy|yzt|| = |xzt|, then (13) is equivalent to (29) together with (30). We omit the proof of the
second statement, being similar.

To prove the third part of the lemma we reiterate the above reasoning. We now take f’ and f” to
be the coalgebra morphisms

fl=xRo(18®4Ay) and f":=,Ay®15.

Since |xxy| =y both f’and f” target in yAyBy. It is easy to see that (33) together with (34) are
equivalent to (15). Similarly, one shows that the fourth statement is true. 0O

Theorem 3.5. We keep the notation and the assumptions from §3.3. The set Risa simple twisting system in
M’ if and only if the families i and < satisfy the following conditions:

(i) If xByA; is not an initial object then xA\xyz B is not an initial object as well.

(ii) If xByB, Ay is not an initial object in M', then |xy|yzt|| = |xzt| and Eqgs. (29) and (30) hold.
(
(

iii) If xByAzA; is not an initial object in M, then ||xyz|zt| = |xyz| and Eqgs. (31) and (32) hold.
iv) IfxAy is not an initial object in M, then |xxy| = y and Egs. (33) and (34) hold.
(v) If xBy is not an initial object in M’, then |xyy| = x and Egs. (35) and (36) hold.

Proof. The condition (i) is a part of the definition of simple twisting systems. If x\ByB;A; is not an
initial object in M’ then we may assume that |xy|yzt|| = |xzt|. Thus, by Lemma 3.4, the relation (13)
and Egs. (29) and (30) are equivalent. To conclude the proof we proceed in a similar way. O
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3.6. Matched pairs and the bicrossed product. Let > :={,>) }xyzes and < := {y<}xy.zes be two
families of maps as in §3.3. We shall say that the quintuple (A, B,>, <, |---|) is a matched pair of M-
categories if and only if > and < satisfy the conditions (i)-(v) from the above theorem. For a matched
pair (A, B,>,<,|---|) we have just seen that (R,|---|) is a simple twisting system in M’, where
R:= {Xﬁg}x,y,zes is the set of coalgebra morphisms which are defined by the formula (27). Hence,
supposing that M’ is an S-distributive domain, we may construct the twisted tensor product A ®g B,
which is an enriched category over M’. We shall call it the bicrossed product of (A, B,>,<,|---|) and
we shall denote it by A X B.

Proposition 3.7. The bicrossed product of a matched pair (A, B,>, <, |---|) is enriched over the monoidal
category M := Coalg(M’).

Proof. Let {C;}ic; be a family of coalgebras in M’. Let us assume that the underlying family of objects
has a coproduct C := P xesCi in M'. Let {0i}ic; by the set of canonical inclusions into C. There are
unique maps A:C— C®C and ¢: C — 1 such that

Aooij=(0i®0j)oA; and €oo0;=¢;,

for all i € I, where A; and ¢; are the comultiplication and the counit of Cj. It is easy to see that
(C,A, &) is a coalgebra in M’. Note that, by the construction of the coalgebra structure on C, the
inclusion o; is a coalgebra map, for any i € I. Furthermore, let f; : C; — D be a coalgebra morphism
for every i € I. By the universal property of the coproduct there is a unique map f:C — D in M’
such that f oo; = fj, for all i € I. It is not difficult to see that f is a morphism of coalgebras, so
(C, {oij}iey) is the coproduct of {C;i}ic; in M.

In particular, xAzBy = @, s xAaBy has a unique coalgebra structure such that the inclusion xo} :
xAuBy — xAzBy is a coalgebra map, for all x, y and u in S. Recall that for the construction of the
composition map ¢ : xAgByAyB; — xAyB; one applies the universal property of the coproduct to
{fu.v}y,ves2, where

luyv| oY
fuv = x0; o xaluyvlbz o xAyRyB;.

Since A and B are M-categories and uﬁ?,’ is a coalgebra map, in view of the foregoing remarks,
it follows that ,c} is a morphism in M, for all x,y,z € S. The identity map of x in A X B is the
coalgebra map 0¥ o (12 ® 18). In conclusion, A X B is enriched over M. O

4. Examples

In this section we give some examples of (simple) twisting systems. We start by considering the
case of Set-categories, that is usual categories.

4.1. Simple twisting systems of enriched categories over Set. The category Set is a braided monoidal
category with respect to the cartesian product, its unit object being {}. Clearly, the empty set is the
initial object in Set, and this category is an S-distributive domain, for any set S. We have already
noticed that the (f) hypothesis holds in Set.

Let C be an enriched category over Set. Thus, by definition, C is a category in the usual sense, that
is xCy is a set for all x, y € S. An element in xC is regarded as a function from y to x.

It is easy to see that a given set X can be seen in a unique way as a coalgebra in Set. As a matter
of fact the comultiplication and the counit of this coalgebra are given by the diagonal map A : X —
X x X and the constant map & : X — {#},

Ax)=x®x and &) =40.
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Obviously, any function f : X — Y is morphism of coalgebras in Set. Consequently, any category C
may be seen as an enriched category over Coalg(Set),

Our aim is to describe the simple twisting systems between two categories B and A. In view of
the foregoing discussion and of our results in the previous section, for any simple twisting system
R := {XR;’}X,y,Zeg there is a unique matched pair (A, B,>, <, |---|), and conversely. These structures
are related each other by the formulae (26) and (27).

Since A is an usual category, the composition of morphisms will be denoted in the traditional way
gog/, forany ge yAy and g’ € yA;, (recall that the domain and the codomain of g are y and x,
respectively). The same notation will be used for B. On the other hand, for any f € xBy and g € A,
we shall write

frgi=x>2(f,8 and fag=,<(f. Q).

Since the comultiplication in this case is always the diagonal map, and the counit is the constant map
to {#}, the conditions of Theorem 3.5 and the following ones are equivalent.

(i) If yBy A, is not empty then yAxyz B, is not empty as well.
(ii) For any (f, f', g) € xByB;Ar we have |xy|yzt|| = |xzt|, and

(fof)eg=fe(f'>g) and (fof)ag=[f<(f'>g)]o(f <g).
(iii) For any (f, g, g’) € xByA ;A we have ||xyz|zt| = |xyt|, and
fa(geg)=(f<g)<g and fr(gog)=(frgol(f<g)>gl
(iv) For any g € xAy, we have |xxy| =y, and
Iy>g=g and 1} <g=1;.
(v) For any f € xBy we have |xyy| =x, and
fe1p=17 and f<l}=f.
In this case the bicrossed product A X B is the category whose hom-sets are given by

x(AX B)y =] [ xAuBy.

ues

The identity of x in AX B is (12,15). For (g, f) € xAuBy and (g', f') € yAB; we have

(g No(g.f)=(go(frg).(fag)of).

Remark 4.2. R. Resebrugh and R.J. Wood showed that every twisting systems between two Set-
categories B and A is completely determined by a left action »~ of B on A and a right action «
of A on B. More precisely, given a twisting system R = {XRf}x,y,zes and the morphisms f € xBy and
g € yAz then XR%’(f, g) is an element in yA, B, where u is a certain element of S. Hence, there are
unique morphisms f g€ xA, and f < g€ B, such that

«RI(g =(frg fag).

The actions > and < must satisfy several compatibility conditions, which are similar to those that
appear in the above characterization of simple twisting systems. For details the reader is referred to
the second section of [RW].
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4.3. The bicrossed product of two groupoids. We now assume that (A, B,>, «,|--+|) is a matched
pair of groupoids. Recall that a groupoid is a category whose morphisms are invertible. We claim
that A X B is also a groupoid. Indeed, as in the case of monoids, one can show that a category is a
groupoid if and only if every morphism is right invertible (or left invertible). Since

«(AXB)y =] [xAuBy,

ues

it is enough to prove that (g, f) is right invertible, where g € xA, and f € ,By are arbitrary mor-
phisms. Therefore, we are looking for a pair (g’, f') € yAy x By such that

go(frg)=14 and (f<g)of =15
Since g is an invertible morphism in xA, we get that f g’ =g~ ! € ,Ay. Since f is invertible too,
g=1vgd=(f"of)eg=f"o(frg)=Ff"rg "
As g' e yAy and f~'>g 7! € yAjyuy we must have v = |yux|. Thus we can now take

fr= [f < (f_1 Dg_])]q € |yux|Bx-

4.4. The smash product category. We take M to be the monoidal category K-Mod, where K is a com-
mutative ring. Hence in this case we work with K-linear categories. Let H be a K-bialgebra. We define
an enriched category H over K-Mod by setting yHy =H and yHy, =0, for x # y. The composition of
morphisms in H is given by the multiplication in H and the identity of x is the unit of H. For the
comultiplication of H we shall use the X-notation

A(h) = Zh(]) ® h(z).

Let A denote an H-module category, i.e. a category enriched in H-Meod. Thus H acts on xAy, for any
X,y € S, and the composition and the identity maps in A are H-linear morphisms. Obviously, A is
a K-linear category. Our aim is to associate to A a simple twisting system R = {Xﬁf}w,zes. First we
define |---|:S3 — S by |xyz| = z. Then, using the actions -: H ® xA; — xA;, we define

xkgiH@)xAz_) xA;®H, xﬁﬁ(h@)f):Zh(l)-f@h(z).

For x # y we take «RY=0.1tis easy to see that R is a simple twisting system of K-linear categories.
Clearly K-Mod is S-distributive, for any set S. If K is a field then K-Mod is a domain, so in this case
the twisted tensor product of A and H with respect to R makes sense, cf. Theorem 2.14. It is called
the smash product of A by H, and it is denoted by A#H. By definition, x(A#H), = xyAy, ® H and

(f@mo(f @)=Y fo(ha - f)@hxh, (37)
for any f € xAy, f'€ yA; and h,h’ € H.

4.5. The semidirect product. Let A be a category. Let us suppose that (B, -, 1) is a monoid that acts
to the left on each xAy via

>:B X xAy = xAy.
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We define the category B so that xBy =B and xBy =, for x # y. The composition of morphisms is
given by the multiplication in B. To this data we associate a matched pair (A, B, |---|,>, <), setting
f<g=f for any (f, g) € xBxAy, and defining the function |---|: $3 — S by |xyz| = z. Note that
if x# y then xB yA; is empty, so «>5 and y< coincide with the empty function. One shows that
(A, B,>,<,|--+]) is a matched pair if and only if for any (g, g’) € xAyA; and f € B

fr(gog)=(freo(frg),

A A
fely =1y

The corresponding bicrossed product will be denoted in this case by A x B. If |S|=1 then A can be
identified with a monoid and A x B is the usual semidirect product of two monoids. For this reason
we shall call A x B the semidirect product of A with B. Note that x(A x B)y = xAy x B. For any
f,f eBand (g, g) € xAyA;, the composition of morphisms in A x B is given by

g No(g.f)=(go(frg). fof).

4.6. Twisting systems between algebras in M. We now consider a twisting system R between two M-
categories B and A with the property that S = {xg}. Obviously, M is S-distributive. We shall use the
notation A = x Ay, and B = 4, By,. The composition map a := xoaig and 14 := 1;‘0 define an algebra
structure on A. A similar notation will be used for the algebra corresponding to the M-category B.
Let R be a morphism from B® A to A ® B.

Since xo(r,fg’ is the identity map of B ® A, by Proposition 2.5, we deduce that y, Rﬁg = R defines
a twisting system between B and A if and only if R satisfies the relations (13)-(16) with respect to

the unique map |---|:S> — S. In turn, they are equivalent to the following identities
Ro(b®A)=(A®b)o(R®B)o(B®R), (38)
Ro(B®a)=(@a®B)o(A®R)o(R® A), (39)
Ro(1p®A)=A® 13, (40)
Ro(B®14)=14®B. (41)

In conclusion, in the case when |S| =1, to give a twisting system between B and A is equivalent to
give a twisting map between the algebras B and A, that is a morphism R which satisfies (38)-(41).

By applying Corollary 2.15 to a twisting map R: B® A — A ® B (viewed as a twisting system
between two M-categories with one object) we get the twisted tensor algebra A ®pg B. The unit of this
algebra is 14 ® 1p and its multiplication is given by

m=@®b)o(A®R® B).

Note that, in view of the foregoing remarks, an algebra C in M factorizes through A and B if and only
if it is isomorphic to a twisted tensor algebra A ®g B, for a certain twisting map R.
An algebra in the monoidal category K-Mod is by definition an associative and unital K-algebra.
Twisted tensor K-algebras were investigated for instance in [Ma1l,Tam,CSV,CIMZ,LPoV,JLPvO].
Coalgebras over a field K are algebras in the monoidal category (K-Mod)°. Hence a twisting map
between two coalgebras (A, A, €4) and (B, Ap, €p) is a K-linear map

R:A®xB— B®RKA
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which satisfies the equations that are obtained from (38)-(41) by making the substitutions a := Ay,
b:= Ap, 14 :=¢€4 and 1p := &g, and reversing the order of the factors with respect to the composition
in M. For example (38) should be replaced with

(Ap®k A)oR=(B®K R) o (R®x B) o (A®xk Ap).
Obviously A ®g B is the K-coalgebra (A ®k B, A, €), where € :=£4® &p and
A=(A®R®B)o(As®k Ap).

An algebra in A-Mod- A is called a A-ring. Specializing M to A-Mod-A we find the definition of
the twisted tensor A-ring. Dually, A-corings are algebras in (A-Mod-A)°. Thus in this particular case
we are led to the construction of the twisted tensor A-coring.

By definition a monad on a category A is an algebra in [A, A]. If (F, wr,tF) and (G, ug, tg) are
monads in M, then a natural transformation

AMiGoF—>FoG

satisfies the relations (38)-(41) if and only if A is a distributive law, cf. [Be]. Let F2 := F o F. For every
distributive law A we get a monad (F o G, i, t), where t :=tgGotc = Fig otf and

W= wrG o F?pug o FAG = F g o G2 o FAG.

Distributive laws between comonads can be defined similarly, or working in [A, A]°.

Finally, twisting maps in Opmon(M) have been considered in [BV]. In [BV] the authors define
a bimonad in M as an algebra in Opmon(M). Hence a twisting map between two bimonads is an
opmonoidal distributive law between the underlying monads. For any opmonoidal distributive law A
between the bimonads G and F, there is a canonical bimonad structure on the endofunctor F o G. See
[BV, Section 4] for details.

4.7. Matched pairs of algebras in Coalg(M’). Let M denote the category of coalgebras in a braided
monoidal category (M’, ®, 1, x). By definition, a bialgebra in M’ is an algebra in M. We fix two bial-
gebras (A,a,14,Aa,€4) and (A,b,1p, Ap,€p) in M’ and take R: B® A — A ® B to be a morphism
in M. By Lemma 3.1, there are the coalgebra maps >: B® A— A and <: B® A — B such that

R=(r®<)oApga and XABOo(>® <)o Apga =(<®p>) o Apga. (42)

We have seen that R is a twisting map in M if and only if it satisfies the relations (38)-(41). In view
of Lemma 3.4, these equations are equivalent to the fact that (A,w) is a left B-module and (B, <) is
a right A-module such that the following identities hold:
<o0(b®A)=bo(«®B)o(B®>®<)o(BQ Apza), (
>o(B®a)=a0(A®r)o(>Q<® A)o(Apga ®A), (
<o0(1p®A)=¢4® 15, (45)
(46)

44)

>0(B®14)=14 R ¢€p.

By definition, a matched pair of bialgebras in M’ consists of a left B-action (A, ) and a right A-action
(B,<) in M such that the second equation in (42) and the relations (43)-(46) hold. For a matched
pair of bialgebras we shall use the notation (A, B, >, <).

Summarizing, there is an one to-one-correspondence between twisting maps of bialgebras in M’
and matched pairs of bialgebras in M’. If (A, B,>, <) is a matched pair of bialgebras and R is the
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corresponding twisting map, then A ®g B will be called the bicrossed product of the bialgebras A and
B, and it will be denoted by A X B. Note that A X B is an algebra in M. Thus the bicrossed product
of A and B is a bialgebra in M’. The unit of this bialgebra is 14 ® 15 and the multiplication is given

by
m=@@®b)o(A®>R®<®B)o (AR Apga @ B).

As a coalgebra A X B is the tensor product coalgebra of A and B. We also conclude that a bialgebra
C in M’ factorizes through the sub-bialgebras A and B if and only if C = A X B.

As a first application, let us take M’ to be the category of sets, which is braided with respect to
the braiding given by (X,Y) (Y, X) and (f, g) — (g, f), for any sets X, Y and any functions f, g.
We have already noticed that there is a unique coalgebra structure on a given set X

AX) =%, e =40,

where ¢ denotes the empty set; recall that the unit object in Set is {#}}. Hence an ordinary monoid,
i.e. an algebra in Set, has a natural bialgebra structure in this braided category. Moreover any twisting
map R: B x A— A x B between two monoids (A, -,14) and (B, -, 1) is a twisting map of bialgebras
in Set. Let (A, B, >, <) be the corresponding matched pair. One easily shows that the second condition
in (42) is always true. By notation, the functions > and < map (f,g) e Bx A to frg and f < g,
respectively. Hence Eqs. (43)-(46) are equivalent to the following ones:

(f-f)<g=[f<(f>8)] (f<g),
fr(g-g)=Fre (fag)>g1
]B<1g:13 and fl>1A:1A.

Since R(f, g) = (f > g, f «g) the product of the monoid A X B is defined by the formula

@ N-(g f)=(e(fo2). (f<£)f).

In conclusion, a monoid C factorizes through A and B if and only if C = A X B.

We have seen that the bicrossed product of two groupoids is a groupoid. Thus, if A and B are
groups, then A X B is a group as well. This result was proved by Takeuchi who introduced the
matched pairs of groups in [Tak].

We now consider the braided category K-Mod, whose braiding is the usual flip map. An algebra
in M, the monoidal category of K-coalgebras, is a bialgebra over the ring K, and conversely. Proceed-
ing as in the previous case, one shows that a twisting map R: B ®x A — A ®k B of bialgebras is
uniquely determined by the coalgebra maps >: B ®x A — A and <: B ®x A — B via the formula

RF®D =D (fay>21) ® (f2) 18))-
Using the X'-notation, the second equation in (42) is true if and only if

Yy <ga) ® for = ga) =Y (fo) <€) ® (fay> &),

for any f € B and g € A. On the other hand, Eqgs. (43)-(46) hold if and only if
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(gg')<f= Z [g< (gén > f<1>)](giz> < f@)
ge ()= " (> faplee < fa) = f].
fe1t=ep(NH14,
1P ag=ea(@1”,

for any f, f’ € B and any g, g’ € A. Thus, we rediscover the definition of matched pairs of bialgebras
and the formula for the multiplication of the double cross product, see [Ma2, Theorem 7.2.2]. Namely,

foo(feg)=)_ flgn>fl)®(Ee<fy)e

4.8. Twisting systems between thin categories. Our aim now is to investigate the twisting systems
between two thin categories B and A. Recall that a category is thin if there is at most one morphism
between any couple of objects. Thus, for any x and y in S we have that either yAy, = {xgy} or xAy is
the empty set. Clearly, if xAy = {xgy} and yA; = {, g} then xgy o yg; = xg;. The identity morphism
of x is xgy. Similarly, if xBy is not empty then xBy, = {x fy}.

We fix a twisting system R between B and A. It is defined by a family of maps

xRY : xBy x yA; — [ [ AuB.

uesS

that render commutative the diagrams in Fig. 3. We claim that R is simple. We need a function
|---1:S% — S such that the image of xRY is included into yAy B, for all (x,y,z) € S>. Let T C S3
denote the set of all triples such that yByA, = xBy x yA; is not empty. Of course, if (x,y,2) is
not in T then xR is the empty function, so we can take |xyz| to be an arbitrary element in S. For
(x,y,2) €T there exists |xyz| € S such that

xRE‘}(xfya y82) = (x&xyzl» |xyz\fz)- (47)

Hence xR} is a function from xByA; to xAjxyz B;. Note that yA|xy; B, is not empty in this case. For
any (x,y,z) € S3 we set Xﬁ%’ := xRY. By Proposition 2.5 and Corollary 2.7 it follows that R is simple.
We would like now to rewrite the conditions from the definition of simple twisting systems in an
equivalent form, that only involves properties of T and |---|. For instance let us show that the first
condition from Corollary 2.7 is equivalent to:

(i) If (y,z,t) e T and (x, y, |yzt|) € T then |xy|yzt|| = |xzt|.

Indeed, if xByB,A; is not empty then yB;A; # ¥, so (y,z,t) € T. We have already noticed that
yA|yzt|Bt is not empty, provided that yB,A; is so. Since xBy and ,A|y;| are not empty it follows
that yBy A|yz has the same property, that is (x, y, |yzt|) € T. Therefore, if xByB;A; is not empty then
(y,z,t) €T and (x,y,|yzt|) € T. It is easy to see that the reversed implication is also true. Thus it
remains to prove that Eq. (13) holds in the case when xB,B;A; is not empty. But this is obvious,

as xR o xbY A, and (XA‘xywthb'tym) ) XRlyyth o xByR} have the same source xByB,A; and the same
target xAjxzt| Bt = xAjxyjxyz|| Bt- Both sets are singletons, so the above two morphisms must be equal.
Proceeding in a similar way, we can prove that the other three conditions from Corollary 2.7 are

respectively equivalent to:

(ii) If (x,¥,2) € T and (|xyz|,z,t) € T then ||xyz|zt| = |xyt|.
(iii) If (x,x, y) € T then |xxy|=y.
(iv) If (x, y,y) €T then |xyy| =x.
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The last condition in the definition of simple twisting systems is equivalent to:
(v) If (x,y,2) € T then xAjxyz B, is not empty.

Hence for a twisting system R the function |---| satisfies the above five conditions. Conversely,
let |---]:S3 — S denote a function such that the above five conditions hold. Let xR} be the empty
function, if (x, y, z) is not in T. Otherwise we define xRY by the formula (47). In view of the foregoing
remarks it is not difficult to see that R := {ng}x,y,zes is a simple twisting system.

Clearly two functions |---| and |---|" induce the same twisting system if and only if their restric-
tion to T are equal. Summarizing, we have just proved the theorem below.

Theorem 4.9. Let A and B be thin categories. Let T denote the set of all triples (x, y, z) € S> such that xByA;z
is not empty. If R is a twisting system between B and A then there exists a function | ---| : S> — S such that
the conditions (i)-(v) from the previous subsection hold, and conversely. Two functions | ---| and | - - - |" induce
the same twisting system R if and only if their restriction to T are equal.

4.10. The twisted tensor product of thin categories. Let R be a twisting system between two thin
categories B and A. By the preceding theorem, R is simple and there are T and |---|: S> — S such
that the conditions (i)-(v) hold. In particular, the twisted tensor product of these categories exists. By
definition, we have x(A ®g B), = Hyes(xAu % uBz). We can identify this set with

xSy :={ueS| xAuBy #0}.

For u € xSy and v € ,S; we have (u, y,v) € T. Thus uR?,’(ufy, y&v) = (u&uyvls |uyv|fv), so the com-
position in A ®g B is given by

(x&us» ufy) o (ygw vfz) =(x&u o u8luyv|s \uyvlfv oyf)= (xg|uyv|s \uyvlfz)-

Let C(S,T,|---]) be the category whose objects are the elements of S. By definition, the hom-set
xC(S,T,|---])y is xSy, the identity map of x € S is x itself and the composition is given by

0: xSy X yS;— xSz, uov=|uyv.
Therefore, we have just proved that A ®g B and C(S, T, |---|) are isomorphic.

Remark 4.11. Let C be a small category. Let S denote the set of objects in C. The category C factorizes
through two thin categories if and only if there are T € S and |---|:S3 — S as in the previous
subsection such that C is isomorphic to C(S, T, |---|).

4.12. Twisting systems between posets. Any poset is a thin category, so we can apply Theorem 4.9 to
characterize a twisting system R between two posets B := (S, <) and A := (S, <). In this setting the
corresponding set T contains all (x, y, z) € S such that x< y and y < z. For simplicity, we shall write
this condition as x < ¥ < z. A similar notation will be used for arbitrarily long sequences of elements
in S. For instance, x < y <z<t<u means that x<y, y<z z<t and t < u. The function |---| must
satisfies the following conditions:

(i) fx<xy<zthenx<|xyz|<z

(ii) If x <y x z <t then |xy|yzt|| = |xzt].
(iii) If x < y <z <t then ||xyz|zt| = |xyt|.
(iv) If x < y then |xxy| =y.

(v) If x < y then |xyy| =x.
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In the case when the posets < and < are identical, an example of function |---|: §> — S that
satisfies the above conditions is given by |xyz| =z, if y # z, and |xyz| = x, otherwise.

4.13. Example of twisting map between two groupoids. Let A be a groupoid with two objects, S =
{1, 2}. The hom-sets of A are the following:

1A2={u}, 2A1={u"'}, 1Ai={di}, 2Ar={ldy}.

Note that A is thin. We set B := A and we take R to be a twisting system between B and A. By
Theorem 4.9 there are T and |---| : S> — S that satisfies the conditions (i)-(v) in §4.8. Since all sets
xByA; = xBy x yA; are nonempty it follows that T = S. Thus |xxy| =y and |xyy|=x, for all x, y € S.
There are two triples (x, y, z) € $3 such that x #y and y # z, namely (1,2,1) and (2, 1, 2). Hence we
have to compute |121| and |212|. If we assume that |121| =1, then

1=1221|=21]121]| = 211| =2,

so we get a contradiction. Thus [121| = 2, and proceeding in a similar way one proves that |212| =1.
It is easy to check that |---| satisfies the required conditions, so there is only one twisting map R
between A and itself. Since A is a groupoid, the corresponding bicrossed product C := A X A is
a groupoid as well, see Subsection 4.3. By definition,

16 =[] 1Acx xAr={0d,1dy), (u,u™")}.
xe{1,2}

Analogously one shows that
16 ={(dy, w), (u, 1)}, 2C1 ={(Idz,u™ "), (" 1dy)} and Gy = {(Ida, Idy), (u™ ", u)}.

By construction of the twisting map R we get 1R%(u, uHe 1Aj121] X j1211A1 = {(u, u~1}. The other
maps xR can be determined analogously. The complete structure of this groupoid is given in the
picture below, where we used the notation f := (u,u~') and g:= (Id;, u).

Id1/90f\ld2

R —
g ! U

Lf)\f_log_l/gOfogl

Note that f2=1Id; and g~! = (Idy, u~!). Now we can say easily which arrow corresponds to a given
morphism in C, as in each home-set we have identified at least one element.
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