REGULAR PAIRINGS OF FUNCTORS AND WEAK (CO)MONADS

ROBERT WISBAUER

ABSTRACT. For functors L : A — B and R : B — A between any categories A and B, a
pairing is defined by maps, natural in A € A and B € B,

Morg(L(A), B) # Mory (A, R(B)) .

(L, R) is an adjoint pair provided « (or 8) is a bijection. In this case the composition
RL defines a monad on the category A, LR defines a comonad on the category B, and
there is a well-known correspondence between monads (or comonads) and adjoint pairs
of functors.

For various applications it was observed that the conditions for a unit of a monad was
too restrictive and weakening it still allowed for a useful generalised notion of a monad.
This led to the introduction of weak monads and weak comonads and the definitions
needed were made without referring to this kind of adjunction. The motivation for the
present paper is to show that these notions can be naturally derived from pairings of
functors (L, R, a, 8) with a = a-B-a and 8 = B-a-. Following closely the constructions
known for monads (and unital modules) and comonads (and counital comodules), we
show that any weak (co)monad on A gives rise to a regular pairing between A and the
category of compatible (co)modules.
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Similar to the unit of an algebra, the existence of a unit of a monad is essential for
(most of) the interesting properties of the related structures. Yet, there are numerous
applications for which the request for a unit of a monad is too restrictive. Dropping the
unit completely makes the theory fairly poor and the question was how to weaken the
conditions on a unit such that still an effective theory can be developped. The interest in
these questions was revived, for example, by the study of weak Hopf algebras by G. B6hm
et al. in [6] and weak entwining structures by S. Caenepeel et al. in [9] (see also [1], [8]).
To handle this situation the theory of weak monads and comonads was developped and we

refer to [3] for a recent account on this theory.

On any category, monads are induced by a pair of adjoint functors and, on the other
hand, any monad (F, i, ) induces an adjoint pair of functors, the free functor ¢ : A — Ap
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and the forgetful functor Ur : Ap — A, where Ap denotes the catgeory of unital F-
modules. This is all shown in Eilenberg-Moore [10].

In this correspondence the unitality of the monad is substantial and the purpose of the
present paper is to exhibit a similar relationship between weak (co)monads and generalised
forms of adjunctions. To this end, for functors L : A — B and R : B — A between categories
A and B, we consider maps

Mors (L(A), B) % Mory (4, R(B)) ,

required to be natural in A € A and B € B. We call this a pairing of functors, or a full
pairing if we want to stress that we have maps in both directions. Such a pairing is said
to be regular provided o and ( are regular maps, more precisely,

a=«a-f-a and p=pF -a-p.

In Section 2, regular pairings of functors are defined and some of their general properties
are described.

Motivated by substructures showing up in pairings of funcoter, in Section 3.1, g-unital
monads (F, u,n) on A are defined as endofunctors F' : A — A with natural transformations
w: FF — F and n: Iy — F (quasi-unit) and the sole condition that p is associative.
(Non-unital) F-modules are defined by morphisms g : F'(A) — A satisfying pou = po Fo,
and the category of all F-modules is denoted by ﬁ . For these data the free and forgetful
functors,

¢FA_>&F and UFZ&F%A.

give rise to a full pairing. From this we define regularity of n and compatibility for the
F-modules. The g-unital monad (F,p,n) is said to be r-unital (short for regular-unital)
provided 7 is regular and p is compatible as an F-module. Now the free functor ¢p : A —
A with the forgetful functor Up : A — A form a regular pairing, where A denotes the
(sub)category of compatible F-modules.

The dual notions for (non-counital) comonads are outlined in Section 4 and at the end
of the section the comparison functors for a regular pairing (L, R, «, 8) are considered (see
4.10).

In Section 5 we study the lifting of functors between categories to the corresponding
categories of compatible modules or compatible comodules, respectively. This is described
by generalising Beck’s distributive laws (see [2]), also called entwinings, and it turns out
that most of the diagrams are the same as for the lifting to unital modules (e.g. [22])
but to compensate the missing unitality extra conditions are imposed on the entwining
natural transformation (e.g. Proposition 5.2). In this context we obtain a generalisation
of Applegate’s lifting theorem for (co)monads to weak (co)monads (Theorem 5.4, 5.8).

Lifting an endofunctor T of A to an endofunctor T of Ay leads to the question when
T is a weak monad (TF allows for the structure of a weak monad) and in Section 6 we
provide conditions to make this happen.

The final Section 7 is concerned with weak monads (F, i, n) and weak comonads (G, 4, €)
on any category A and the interplay between the respective lifting properties. Hereby
properties of the lifting G to A, and the lifting F to A% are investigated (see Theorems
7.9 and 7.10) which generalise observations known for weak bi-algebras (and weak Hopf
algebras).

In our setting, notions like pre-units, pre-monads, weak monads, demi-monads, pre-A-
corings, weak corings, weak Hopf algebras from the literature (e.g. [1], [3], [7], [4], [21]) find
their natural environment.

In the framework of 2-categories weak structures are investigated by Béhm et al. in [3],
[4] and an extensive list of examples of weak structures is given there.
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2. PAIRINGS OF FUNCTORS

Throughout A and B will denote arbitrary categories. By Ia, A or just by I, we
denote the identity morphism of an object A € A, Ir or F stands for the identity natural
transformation on the functor F', and I, means the identity functor of a category A. We
write F_ _ for the natural transformation of bifunctors determined by the maps F4 4/ :
Mora (A, A’) — Morg(F(A), F(A")) for A, A" € A.

Before considering regularity for natural transformations we recall basic properties of

2.1. Regular morphisms. Let A, A’ be any objects in a category A. Then a morphism
f A — A is called reqular provided there is a morphism ¢g : A’ — A with fgf = f.
Clearly, in this case gf : A — A and fg: A’ — A’ are idempotent endomorphisms.

Such a morphism g is not necessarily unique. In particular, for gfg we also have
flafg)f = fgf = f, and the identity (g9fg)f(9fg) = gfg shows that gfg is again a
regular morphism.

If idempotents split in A, then every idempotent morphism e : A — A determines a
subobject of A, we denote it by eA.

If f is regular with fgf = f, then the restriction of fg is the identity morphism on fgA’
and gf is the identity on gfA.

Examples for regular morphisms are retractions, coretractions, and isomorphisms. For
modules M, N over any ring, a morphism f : M — N is regular if and only if the image
and the kernel of f are direct summands in N and M, respectively.

This notion of regularity is derived from von Neumann regularity of rings. For modules
(and in preadditive categories) it was considered by Nicholson, Kasch, Mader and others
(see [14]). We use the terminology also for natural transformations and functors with
obvious interpretations.

2.2. Pairing of functors. (e.g. [19, 2.1]) Let L : A — B and R : B — A be covariant
functors. Assume there are morphisms, natural in A € A and B € B,

a : Morg(L(A), B) — Mory (A, R(B)),

B : Mory (A, R(B)) — Morg(L(A), B).
These maps correspond to natural transformations between functors A°? x B — Set. The

quadruple (L, R, «, ) is called a (full) pairing (of functors).
Given such a pairing, the morphisms, for A € A, B € B,

na = aA’L(A)(I) :A— RL(A) and ep:= ﬁR(B)’B(I) :LR(B) —» B
correspond to natural transformations
n:Iy — RL, €:LR— Ig,

which we call quasi-unit and quasi-counit of (L, R, o, B), respectively.
From these the transformations o and S are obtained by

asp: LA LB s A" Rr(a) ™Y gp,
Bap: AL RB) — LA) "I LRB) 5 B.
Thus the pairing (L, R, o, 8) is also described by the quadruple (L, R, 7, ¢€).

Naturality of € and 7 induces an associative product and a quasi-unit for the endofunctor
RL:A— A,
ReL : RLRL — RL, n:1y— RL,

and a coassociative coproduct and a quasi-counit for the endofunctor LR : B — B,
LnR: LR — LRLR, ¢:LR — Ip.

By the Yoneda Lemma we can describe compositions of @ and 8 by the images of the
identity transformations of the respective functors.
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2.3. Composing a and . Let (L, R, o, ) be a pairing with quasi-unit  and quasi-counit
€. The descriptions of a and § in 2.2 yield, for the identity transformations I, : L — L,
rR:R— R,

oll) = IALRL,
B-a(ly) = L% LRL51,
a-B-a(ly) = IAHRLMRLRLRLQRL
B(Ir) = LRI,
a-B(Ir) = R RLRE5 R,
B-a-BR) = LR%LRLR%LRHIR

The following morphisms will play a special role in what follows.

2.4. Natural endomorphisms. With the notions from 2.2, we define the natural trans-
formations

REL

¥:=R(Ba(l)): RL B prrr TR RL,
0:=aB(R(IL): RL-ZE- RLRL =% RL,
v:i=L(aB(Ip)): LR~ LRLR-LES LR,
v:i=Ba(LIr): LR LRLR 2 LR,
which have the properties
RelL-RLY =19 -Rel, ReL-9RL =19 -ReL, ¥-9 =199,
LRy-LnR=ILnR-~v, yLR-InR=1InR-vy, v-v=7"7-

2.5. Definitions. Let (L, R, «, ) be a pairing (see 2.2). We call
a reqgular if a-f-a=aq
a symmetric if ¢ =49.
B reqular if [-a-B=70;
B symmetric if v =1;
(L,R,«,B) reqular if a=a-f-aand f=0-a-p.
The following properties are easy to verify:
(i) If « is regular, then - a(Iy), ¢ and ¢ are idempotent and 9 -n=n=19-n;
furthermore, for 8’ := 8-« - B, (L, R, a, ') is a regular pairing.
(ii) If B is regular, then - B(Ig), v and 7 are idempotent and € -y =€ =¢ - 7;
furthermore, for o ;== a- 8- «, (L, R,a/, ) is a regular pairing.

Any pairing (L, R,«,8) with 8-a =1 or a- 8 = I is regular. The second condition
defines the semiadjoint functors in Medvedev [16].

With manipulations known from ring theory one can show how pairings with regular
components can be related with adjunctions provided idempotents split.
2.6. Related adjunctions. Let (L, R, «, 3) be a pairing (with quasi-unit 7, quasi-counit
¢) and assume « to be regular.

If the idempotent h := 8- «a(IL) : L I LRL S5 L splits, that is, there are a functor
L : A — B and natural transformations

p:L—=L, i:L—L with di-p=h and p-i=1Ip,
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then the natural transformations
n: Iy —1>RL—2~RL, e: LR~ Ry,
as quasi-unit and quasi-counit, define a pairing (L, R, a, ) with 8-a = I.
If - 8 =1, then (E, R,a, () is an adjunction.
In case the natural transformation § is regular, similar constructions apply if we assume
that the idempotent « - B(Ig) : R 2 RLR P& R splits.

The properties of the (RL, ReRn) and (LR, LnR, ) mentioned in 2.2 motivate the defi-
nitions in the next section.

3. MONADS AND MODULES

3.1. g-unital monads and their modules. We call (F,u) a functor with product (or
non-unital monad) provided F : A — A is an endofunctor on a category A and pu: FF — F
is a natural transformation satisfying the associativity condition p- Fu= p- pF.

For (F,u), a (non-unital) F-module is defined as an object A € A with a morphism
0: F(A) — Ain A satisfying o- Fo= 0" pa.

Morphisms between F-modules (A, o), (A’,¢') are morphisms f : A — A’ in A with
o - F(f)= [0 The set of all these is denoted by Morp(A, A’). With these morphisms,
(non-unital) F-modules form a category which we denote by A F.

By the associativity condition on p, for every A € A, (F(A),4) is an F-module and
this leads to the free functor and the forgetful functor,

or:A— Ap, A (F(A), pa), Ur: Ar— A, (40— A

A triple (F, u,n) is said to be a g-unital monad on A provided (F, ) is a functor with
product and 7 : Iy — F is any natural transformation, called a quasi-unit (no additional
properties are required). One always can define natural transformations

T N oy AN ST AN o) AN o)

Note that for any A € A, ¥4 is in Ar and ¥4 is not necessarily so.
Given g-unital monads (F, u,n), (F’,1/',n’") on A, a natural transformation h : F — F’
is called a morphism of q-unital monads if

w-hh="h-p and 0 =h-n.

The existence of a quasi-unit allows the following generalisation of the Eilenberg-Moore
construction for (unital) monads.

3.2. g-unital monads and pairings. For a g-unital monad (F, i, 7) we obtain a pairing
(¢F,Ur,ap, Br) with the maps, for A € A, (B, p) € &}«w

ap : Morp(¢pp(A), B) = Mors (A, Ur(B)), f+ f-na,
Br : Mory (A, Ur(B)) = Morp(¢r(A),B), g+ o-F(g).
The quasi-unit 7 is called regular if ap is regular, that is,
LS r=1,%5r ™ " F
and we say 7 is symmetric if ap is so, that is, ¥ = 9.
An F-module ¢ : F(A) — A in &F is said to be compatible if Bpar(p) = o, that is
F(A) -% A= F(A) 28 FF(A) 4 F(A) -2 A
In particular, the natural transformation p : FF — F is compatible if

FFp—rr™ ppp S pp M p
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It is easy to see that this implies
FF2S5 FF 2 F=FF ' F.

Let Ay denote the full subcategory of & 7 made up by the compatible F-modules. If p is
compatible, the image of the free functor ¢ lies in A and (by restriction or corestriction)
we get the functor pair (keeping the notation for the functors)

oA —=Ap, Up:Ap — A,
and a pairing (¢p,Up, ap, Br) between A and Ap.
Since for (A4, p) in &F, Br(Iy.(a)) = o, the compatibility condition on ¢ implies that
B-a-p(e) = plo), ie., B is regular in (¢, Ur, ap, Br) when restricted to Ap.
3.3. Definition. A g-unital monad (F,n, u) is called
r-unital if n is regular and p is compatible;
weak monad if (F,n,u) is r-unital and 7 is symmetric.

Summarising the observations from 3.2 we have:

3.4. Proposition. Let (F,u,n) be a g-unital monad.
(1) The following are equivalent:
(a) (F,pu,n) is an r-unital monad;
() (¢p,Ur,ar, Br) is a reqular pairing of functors between A and Ap.
(2) The following are equivalent:
(a) (F,u,n) is weak monad;
(b) (¢F,Ur,ar,Br) is a regular pairing between A and Ap with ap symmetric.

A quasi-unit 7 that is regular and symmetric is named pre-unit in the literature (e.g.
[11, Definition 2.3]); for the notion of a weak monad (also called demimonad) see e.g. [3],
[4]. In case i is a unit, g-unital monads, r-unital monads and weak monads all are (unital)
monads. In (non-unital) algebras over commutative rings, r-unital monads are obtained
from idempotents while weak monads correspond to central idempotents (see 3.7).

3.5. Properties of weak monads. Let (F,pu,n) be a weak monad.

(i) 9: F — F is a morphism of q-unital monads;

(i) for any (A,¢) € Ap,
F(A) 25 A=FA) S A FA) -5 A
and A% F(A) 5 A s an idempotent F-morphism.

In a g-unital monad (F, u,n), if n is regular, a compatible multiplication for F' can be
found. More precisely one can easily show:
3.6. Proposition. Let (F,u,n) be a g-unital monad.

(1) Ifn is reqular, then, for = p-Fu-uFnF : FF — F, (F,,n) is an r-unital monad.

(2) If u is compatible, then, fory:=p-Fn-n:1x — F, (F,u,1n) is an r-unital monad.

(3) If (F,p,m) is an r-unital monad, then for

TR QRN of of o AR o o LN o NG o)
(F,[,n) is a weak monad.

As a special case, we consider g-unital monads on the category kM of modules over a
commutative ring R with unit. In the terminology used here this comes out as follows.
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3.7. Non-unital algebras. A g-unital R-algebra (A, m,u) is a non-unital R-algebra
(A, m) with some R-linear map u : R — A. Put e := u(1g) € A. Then:

(1) w is regular if and only if e is an idempotent in A.

(2) wis regular and symmetric if and only if e is a central idempotent (then Ae is a unital
R-subalgebra of A).

(3) w is compatible if and only if ab = aeb for all a,b € A.

(4) If u is regular, then m(a®0b) := aeb, for a,b € A, defines an r-unital algebra (A, m, u)
(m and u are regular).

(5) If w is regular, then m(a ® b) := eaebe, for a,b € A, defines an r-unital algebra
(A, m,u) with v symmetric.

Clearly, the g-unital algebras (A, m,u) over R correspond to the g-unital monads given
by (A®r —,m® —,u® —) on gM.

For an A-module p: A® M — M, writing as usual g(a ® m) = am, the compatibiliy
condition comes out as am = aem for alla € A, m € M.

3.8. Monads acting on functors. Let 7' : A — B be a functor and (G, p’, ') a ¢g-unital
monad on B. We call T a left G-module if there exists a natural transformation ¢ : GT — T
such that

car 4 or S r—car L or T,

and we call it a compatible G-module if in addition
ar -1 =61 %% 6ar S 6T 4 T,
3.9. Proposition. Let T : A — B be a functor and (G, ', n') a weak monad on B. Then

the following are equivalent:
(a) there is a functor T : A — By with T = UgT;
(b) T is a compatible G-module.
Proof. (b)=(a) Given T as a compatible G-module with ¢ : GT — T, a functor with
the required properties is
T:A—Bg, A (T(A),04:GT(A) — T(A)).

(a)=(b) For any A € A, there are morphisms p4 : GT(A) — T(A) and we claim that
these define a natural transformation p : GT — T'. For this we have to show that, for any
morphism f: A — A, the middle rectangle is commutative in the diagram

pr(A)

GGT(A) GT(A)
Gn'Ta
GT(A) 22> T(4)
GT(f) lT(f) GT(f)
GT(A) —— T(A)

Gn'T;

~ Ho(A) ~

GGT(A) GT(A).

The top and bottom diagrams are commutative by compatibility of the G-modules, the
right trapezium is commutative since T'(f) is a G-morphism, and the outer paths commute
by symmetry of 7. Thus the inner diagram is commutative showing naturality of p. ad



8 ROBERT WISBAUER

4. COMONADS AND COMODULES
In this section we sketch the transfer of the constructions for monads to comonads.

4.1. g-counital comonads and their comodules. A functor with coproduct (or non-
counital comonad) is a pair (G, d) where G : A — A is an endofunctor and § : G — GG is
a natural transformation subject to the coassociativity condition Gd - 6 = dG - 6.

For (G,9), a (non-counital) G-comodule is defined as an object A € A with a morphism
v:A— G(A) in A such that Gu-v =d4 - v.

Morphisms between G-comodules (A, v), (A’,v') are morphisms g : A — A’ in A satis-
fying v' - ¢ = G(g) - v, and the set of all these is denoted by Mor®(A, A’). With these
morphisms, (non-counital) G-comodules form a category which we denote by &G. For this
there are the obvious free and forgetful functors

¢ A= A, UY: A% oA

A triple (G, d,¢) is said to be a g-counital comonad provided (G, ) is a functor with
coproduct and € : G — I is any natural transformation, called a quasi-counit. One can
always define natural transformations

v:ieLeeSa v0-5e6Sa

Morphisms of g-counital comonads are defined in an obvious way (dual to 3.1).

4.2. g-counital comonads and pairings. For (G,4,¢), the functors ¢ and U% allow
for a pairing (U9, ¢%,a%, %) where, for A € A and (B,v) € &G,
a : Mory (US(B), A) = Mor®(B,¢°(A)), f = G(f)-v,
BE - Mor% (B, ¢%(A)) — Morg(U%(B),A), g — €a-g.
The quasi-counit ¢ is called regular if 3 is regular, that is,
G-51,=G-256659 651,
and we say 7 is symmetric provided ¢ is so, that is v = -
A (non-counital) G-comodule (B,v) is said to be compatible provided a®3%(v) = v,
that is
B -% G(B) = B -% G(B) 22 GG(B) 28 G(B).
In particular, § is compatible if

G- 66 =06-% a6 25 aaa %S qa.

This obviously implies
¢S aa=-c-% a0 5 aa.
By A% we denote the full subcategory of &G whose objects are compatible G-comodules.

If § is compatible, the image of the free functor ¢ lies in A% and (by restriction and
corestriction) we obtain the functor pairing (keeping the notation for the functors)

o A — A% US:AC - A,
leading to a pairing (U, ¢%, a%, %) between A and AC.
Since for (B,v) in &G, aG(IUc(B)) = v, the compatibility condition on v implies that
a% . B89 a%w) = a%(v), i.e., a is regular in (UY, ¢%, a%, BY) when restricted to AC.
4.3. Definition. A g-counital comonad (G, J,¢) is called

r-counital if ¢ is regular and § is compatible;
weak comonad if it is r-counital and e is symmetric.

From the constructions above we obtain:
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4.4. Proposition. Let (G, d,¢) be a g-counital comonad.
(1) The following are equivalent:
(a) (G,0,¢) is an r-counital comonad;
(b) (U%,¢%,a%, B%) is a regular pairing of functors between A and A%,
(2) The following are equivalent:
(a) (G,4d,¢) is weak comonad;
(b) (U%,¢%, a%, BY) is a regular pairing of functors between A and A% with B¢

symmetric.

Similar to the situation for modules, for any (counital) comonad (G, 6, ), all non-counital
G-comodules are compatible (i.e., gG = AG).

4.5. Properties of weak comonads. Let (G,0,¢) be a weak comonad.
(i) v: G — G is an idempotent morphism of q-counital comonads;
(ii) for any (B,v) € A%,
B % G(B) =B -% G(B) =% B % G(B)
and B - G(B) = B is an idempotent G-morphism.
Properties of pairings can improved in the following sense.

4.6. Proposition. Let (G,0d,¢) be a q-counital comonad.

(1) If e is regular, then, for 0 : G RNYelel i elelelst GG, (G,,¢) is an r-counital
comonad.

(2) If 6 is compatible, then, for &€ : G BNV Te R e RN Ix, (G,6,8) is an r-counital
comonad.

(3) If (G,6,¢) is a regular quasi-comonad, then, for

PN eleB-iNIelelel-ii Welelele R el

(G,g, g) is a weak comonad.

As a special case, consider non-counital comonads on the category kM of modules over
a commutative ring R with unit. In our terminology this comes out as follows.

4.7. Non-counital coalgebras. A g-counital coalgebra (C;A,€) is a non-counital R-
coalgebra (C, A) with some R-linear map ¢ : C' — R. Writing A(c) =) ¢1 ®cp for c € C,
we have:

(1) € is regular if and only if for any ¢ € C, e(c) = 3 e(c1)e(c2).

(2) € is symmetric if and only if > c1e(c2) = ) e(er)cs.

(3) A is compatible if and only if A(c) = > 1 ® cae(cs).

(4) If ¢ is regular, then A(c) := 3 c1 ® e(cg)cs defines an r-counital coalgebra (C, Ae).

(5) If (C,A,&) is an r-counital comonad, then A(c) := Y e(c1)ca ® cze(cy) defines an

r-counital coalgebra (C, A, ) with € symmetric.
Clearly, the g-counital coalgebras (C, A, €) over R correspond to the g-counital comonads

given by (C ®g —, A ® —,e ® —) on gM. From this the compatibility conditions for C-
comodules are derived (see 4.2).

4.8. Weak corings and pre-A-corings. Let A be a ring with unit 14 and C a non-unital
(A, A)-bimodule which is unital as right A-module. Assume there are (A, A)-bilinear maps

A:C—o>C®aC, e:C— A,



10 ROBERT WISBAUER

where A is coassociative.
(C,A,g) is called a right unital weak A-coring in [21], provided for all ¢ € C,
e®lIc)-Ale) =1a-c=(lc®g) - Alc),
which reads in (obvious) Sweedler notation as Y e(c1)ca =1a-c =) cie(ca).
From the equations
TIe®e®le) - (Ie®A)-Alc) = Y a®la-cg = Y a®c = Al),
Ie@e®le) - (A®Ic)-Alc) = Y la-aa®c = 1a-Ale),
it follows by coassociativity that 14 - A(c) = A(c). Summarising we see that, in this case,
(C,A,¢) induces a weak comonad on the category AM of left non-unital A-modules (=4M
since A has a unit).
(C,A,¢) is called an A-pre-coring in [7, Section 6], if
e®le)-Alc) =c, (Ie®g) Alc)=1a-c,
which reads (in Sweedler notation) as ¢ =Y g(c1)ca, la-c=> cie(ca).
Similar to the computation above we obtain that 1 4-A(c) = A(c). Now (C, A, €) induces
an r-counital comonad on 4M but ¢ is not symmetric.
Notice that in both cases considered above, restriction and corestriction of A and ¢ yield
an A-coring (AC, A, €) (e.g. [21, Proposition 1.3]).

4.9. Comonads acting on functors. Let T : A — B be a functor and (G, d,¢) a
weak comonad on B. We call T a left (non-counital) G-comodule if there exists a natural
transformation v : 7' — GT such that

T % GT Y% 6oT =17 5 6T -5 GGT,
and we call it a compatible G-comodule if, in addition,
T-% GT =T -5 GT - GGT <5 GT.
Dual to Proposition 3.9, given a weak comonad (G, d,e) on B, a functor T: A — B is a

compatible G-comodule if and only if there is a functor T : A — BY with T'= UCT.

The motivation for considering generalised monads and comonads came from structures
observed while handling full pairings of functors (see end of Section 2). Now we want to
reconsider the pairings in view of these constructions.

For any pairing (L, R, «, 8) between the categories A and B, (RL, ReL,n) is a g-unital
monad and (LR, LnR,¢) is a g-counital comonad. It is easy to see that

(i) if B is regular, then for any B € B, Re : RLR(B) — R(B) is a compatible RL-module.

(ii) if a is regular, then for any A € A, L(A),Ln : L(A) — LRL(A) is a compatible
LR-comodules.

4.10. Comparison functors. For a regular pairing (L, R, o, 3) between A and B,
(RL, ReL,n) is an r-unital monad on A with a (comparison) functor

R:B—Ap;, Bw (R(B),Re: RLR(B) — R(B)),
(LR, LnR,¢) is an r-counital comonad on B with a (comparison) functor
L:A— B, A (L(A),Ln: L(A) — LRL(A)),

inducing commutativity of the diagrams

A—2sp—E o B—2sA—2 B
Apr ’ LR :
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It follows from 3.2 that for the r-unital monad (RL,ReL,n), (¢rL, UrL, @rL, BrL) is
a regular pairing between A and Ap;. Similarly, by 4.2, for the R-countial comonad
(LR, LR, ¢), (UFR ¢LB LR BLRY s a regular pairing between B and BX7.
4.11. Relating (L, R) with (¢rr,Ugr) and (ULE ¢EE). With the above notions we
form the diagram

Morg (L(A), B) ——% > Mora(A, R(B)) ——~ > Morg(L(A), B)

ar B
Mor g (¢re(A), R(B)) == Mory (A, Up, R(B)) —* Mor gL (¢rL(A), R(B)).
This diagram is commutative if and only if « is symmetric (see Definitions 2.5).
Similar constructions apply for (L, R), (UXR, ¢“R) and L___. and § is symmetric if and
onlyif K_ _-a-B=atf.pLR. [ _
4.12. Corollary. Consider a pairing (L, R, «, 3) (see 2.2).
(1) The following are equivalent:
(a) (L, R, «, B) is a regular pairing;
(b) (RL,ReL,n) is an r-unital monad on A and
(LR, LnR,¢) is an r-counital comonad on B.

(2) The following are equivalent:
(a) (L, R, ,B) is a regular pairing with « and B symmetric;

(b) (RL,ReL,n) is a weak monad on A and
(LR, LnR,¢) is a weak comonad on B.

5. ENTWINING MONADS AND COMONADS

5.1. Lifting of functors to module categories. Let (F,u,n) and (L,u',n") be r-
unital monads on the categories A and B, respectively, and Ap, B; the categories of the
corresponding compatible modules (see 3.2). Given functors 7 : A — B and T: A, — B,,
we say that T is a lifting of T provided the diagram

(5.1) Ap 5B,
UF\L lUL
A— >

is commutative, where the U’s denote the forgetful functors.

5.2. Proposition. With the data given in 5.1, consider the functors TF, LT : A — B
and a natural transformation X : LT — TF. The non-unital F-module (F,u) induces an
L-action on TF,

v:LTF X rpp 25 TR
(1) If (TF,x) is a (non-unital) L-module, then we get the commutative diagram

LX LTV AF

(5.2) LLT LTF LTF TFF
u'Tl iT/A
LT A TF —2 > TF.

(2) If (TF,x) is a compatible L-module, then (with 9" = pu' - Fn')

(5.3) r 2 2o = 727 - TR
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(3) If n is symmetric in (F,pu,n) and (A, p) is a compatible F'-module, then
(5.4) To-Aa=Tp-Ag-LTp-LTna.

Proof. The proof follows essentially as in the monad case replacing the identity on F’
at some places by ¥ = p - F'n (see 3.1).
To show (3), Proposition 3.5 is needed. O

5.3. Proposition. Let (F,u,n) and (L, ', n') be r-unital monads on A and B, respectively,
and T : A = B any functor. Then a natural transformation A : LT — TF induces a lifting
to the compatible modules,

T:Ap =B, (A¢)— (T(A),Te-Aa: LT(A) = T(A)),
if and only if the diagram (5.2) is commutative and equation (5.3) holds.

Proof. One direction follows from Proposition 5.2, the other one by a slight modifica-
tion of the proof in the monad case. a

To show that the lifting property implies the existence of a natural transformation
A: LT — TF we need the symmetry of the units, that is, we require the r-unital monads
to be weak monads. Then we can extend Applegate’s lifting theorem for monads (and
unital modules) (e.g. [13, Lemma 1], [22, 3.3]) to weak monads (and compatible modules).

5.4. Theorem. Let (F,u,n) and (L, p',n’) be weak monads on A and B, respectively. For
any functor T : A — B, there are bijective correspondences between

(i) liftings of T to T : Ap — B ;
(ii) compatible L-module structures ¢ on TUp : Ap — B;

(i) natural transformations X : LT — T'F with commuting diagrams

(5.5) LLT 2> 17F 25> TRF r 2517
AT N
LT 2 TF, TF —>TF.

TY

Proof. (i)<(ii) follows by Proposition 3.9.
(ii)=(iii) Given the compatible L-module structure map g, put

Ni=oF - LTy: LT 24 1T7F 25 TR,
Notice that for A\ we can take T - A from Proposition 5.2.
(iii)=-(i) Given A\ with the commutative diagram in (iii), it follows by Propositions 5.3
that 4 := T - A4 induces a lifting. a

5.5. Lifting of functors to comodules. Let (G, d,¢) and (H, ¢, ') be r-unital comonads
on the categories A and B, respectively, and A%, B the corresponding categories of the
compatible comodules (see 4.2). Given a functor T : A — B, a functor T : A® = B is
said to be is a lifting of T if the diagram

Ucl ) lUH

A——B

is commutative where the U’s denote the forgetful functors.
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5.6. Proposition. With the data given in 5.5, consider the functors TG, HT : A — B and
a natural transformation ¢ : TG — HT. The (non-counital) G-comodule (G, ) induces
an H-coaction on TG,

.16 2% rac S HTC.
(1) If (TG, () is a (non-counital) H-comodule, we get the commutative diagram

T P

(5.7) TG TG HT
Téi \Lé’T
PG HT~y Hv
TGG—— HTG HTG HHT.

(2) If H (TG,() is a compatible H-module, then

T 'T T
(5.8) TG TG —2> HT > HT = TG —=TG —'~ HT.

(3) If € is symmetric and (A,v) is a compatible G-comodule, then
Y-Tv=HTe-HTv -y -Tv.
Proof. The situation is dual to that of Proposition 5.2. ad

5.7. Proposition. Let (G,d,¢) and (H,d',&’) be r-counital comonads on the categories A
and B, respectively, and T : A — B any functor. A natural transformation ¢ : TG — HT
induces a lifting

T:A° 5B, (A4,0)— (T(A),¢-Tv:T(A) — HT(A)),
if and only if the diagram (5.7) is commutative and equation (5.8) holds.
Proof. The proof is dual to that of Proposition 5.3. a

Dualising Theorem 5.4, we obtain an extension of Applegate’s lifting theorem for comon-
ads (and comodules) (e.g. [22, 3.5]) to weak comonads (and compatible comodules).

5.8. Theorem. Let (G,6,¢) and (H,d',€") be weak comonads on A and B, respectively.
For any functor T : A — B, there are bijective correspondences between

(i) liftings of T to T:A% BY;

(ii) compatible H-comodule structures v : TUY — HTU®;

(iii) natural transformations ¢ : TG — HT with commutative diagrams

P T
TG HT TG — TG
Tél J{é’T wi X iw
rac % gre Y mHT, HT —> HT.

Proof. In view of 5.6 and 5.7, the proof is dual to that of Theorem 5.4. Here we take
1 as the composition ¢ - Ty (with ¢ from 5.6). a

6. LIFTING OF ENDOFUNCTORS TO MODULES AND COMODULES

Given a weak monad (F, u,n), or a weak comonad (G 6, ¢), and any endofunctor 7' on
the category A, we have learned in the preceding sections when T can be lifted to an
endofunctor of the compatible modules or comodules, respectively. Now, one may also ask
if the lifting is again a weak monad or a weak comonad, respectively.

6.1. Entwining r-unital monads. For weak monads (F,p,n) and (T, [,7) on A and a
natural transformation A : FT — TF, the following are equivalent:
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(a) defining product and quasi-unit on TF by

n:TFTF 25 rrrr 8 rrr 5 1F, 7.1, 5 F 2N T 2 TF

yields a weak monad (TF,11,7) on A;

(b) X induces commutativity of the diagrams

(6.1) FFT 2> prp 25 TRF TS pr
FT A TF, TF —>TF,
(6.2) FTT I 17T 2> TTF T pr
FT A TF, TF ——TF;

IF

(¢) X induces commutativity of the diagrams in (6.1) and the square in (6.2), and there
are natural transformations

LF :TTF —-TF and X -Fn:F—TF
where G F is a left and right F-module morphism and A-F1 is an F-module morphism.

If these conditions hold, we obtain morphisms of q-unital monads,
ANFn:F—TF and XN-nT:T—TF.

Proof. The assertions follow from the general results in Section 5 and some routine
computations. a

6.2. Weak crossed products. Given (F,u,n) and T : A — A, the composition TF
may have a weak monad structure without requiring such a structure on 7. For example,
replacing the natural transformations fiF and A- F'7) in 6.1(c) by some natural transforma-

tions
v:TTF —-TF, ¢:F —TF,
similar to 6.1(a), a multiplication and a quasi-unit can be defined on TF. To make this a
weak monad on A, special conditions are to be imposed on v and ¢ which can be obtained
by routine computations.
Having v and &, one also has natural transformations

TT v _
v Y TF, 7 I, — > F— > TF,

and it is easy to see that v leads to the same product on TF as v does. Thus ¥ and 7 may
be used to define a weak monad structure on TF' and the conditions required come out as
cocycle and twisted conditions. For more details we refer, e.g., to [1], [11, Section 3].

For a weak comonad (G, d,¢) and an endofunctor T': A — A, we now consider liftings
to the category of compatible G-comodules, T : A® — A®. The case when T has a weak
comonad structure is dual to 6.1:

6.3. Entwining weak comonads. For weak comonads (F,8,¢€), (T,0,£), and a natural
transformation ¢ : TG — GT, the following are equivalent:
(a) defining a coproduct and quasi-counit on TG by

5:7¢ %% rra ™S rrac ™S rara, .16 Y ar G565 1L,

yields a weak comonad (TG’,S7 ) on A;
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(b) ¥ induces commutativity of the diagrams, where v =Te-§, ¥ =T¢ -9,

(6.3) TG ’ GT TG —> TG
Tél léT wi X J/w
166 - 616" GGT, G — G,
(6.4) TG v GT ¢ 10
] o N
TG —> 76T > GTT, GT?GTa

(¢) ¥ induces commutativity of the diagrams (6.3) and the square in (6.4) and we have
natural transformations

0G:TG - TTG, Gé-v:TG — G,

where 6G is a left and right G-comodule morphism and G¢ -1 is a left G-comodule
morphism.

If these conditions hold, we obtain morphisms of q-unital comonads,
Ge-v:TG—G and eT-¢:TG—T.

6.4. Weak crossed coproducts. In the situation of 6.3, the coproduct on T'G can
also be expressed by replacing the natural transformations dG and G¢ - ¢ by any natural
transformations

v:TG —-TTG and (: TG — G,

subject to certain conditions to obtain a weak comonad structure on T'G.
Given v and ( as above, one may form
~ v TTe ~ < e
v: TG——TTG——=TT, (¢(:TG——=G——=1,,

and it is easy to see that these induce a weak comonad structure on T'G. This leads to the
weak crossed coproduct as considered (for coalgebras) in [11] and [12], for example.

7. MIXED ENTWININGS AND LIFTINGS

Throughout this section let (F, u,n) denote a weak monad and (G, ¢, ¢) a weak comonad
on any category A. In this section we investigate the lifting properties to compatible
F-modules and compatible G-comodules, respectively.

7.1. Liftings of monads and comonads. Consider the diagrams

Ar Ap  AC—TF ¢
Upi J/UF Ucl iUG
A4G>A, A;‘A.

In both cases the lifting properties are related to a natural transformation

w: FG — GF.
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The lifting in the left hand case requires commutativity of the diagrams (Proposition 5.3)

(7.1) FFG L% pGF 5~ GFF PG —2>GF
ual lcu ﬁGl X lcﬁ
FG = GF, FG —“> GF,

whereas the lifting to A% needs commutativity of the diagrams (Proposition 5.7)

w

(7.2) FG GF FG—=GF

Fl v ] N |

FGG -S> ara —S“~ GGF,  FG—“>GF.

To make G a non-counital comonad with coproduct 6, the latter has to be an F-module
morphism, in particular, F : GF — GGF has to be an F-morphism and this follows by
commutativity of the rectangle in (7.2) provided the square in (7.1) is commutative.

To make the lifting F a non-unital monad with multiplication p, the latter has to be a
G-comodule morphism, in particular, uG : FFG — FG has to be a G-module morphism
and this follows by commutativity of the rectangle in (7.1) provided the square in (7.2) is
commutative.

7.2. Natural transformations. The data given in 7.1 allow for natural transformations

G w 5
¢ a5 Fq GF L>F,
—~ nGF wF Gu
k: GF FGF GFF —GF ,
7. FG - rac 24 gra <ES Fa,

with the properties
Gu-krF=%-Gu, 7G-Fo6=F¢-7,
uw-EF=¢eF -k, £G-6=7-1G.
(i) If the rectangle in (7.1) is commutative, then K is idempotent.

(ii) If the rectangle in (7.2) is commutative, then T is idempotent.

To make the liftings weak comonads or weak monads, respectively, we have to find
pre-units or pre-counits, respectively. In what follows we consider these questions.

7.3. Lemma. (Pre-counits for G) Assume the diagrams in (7.1) to be commutative. Then
the following are equivalent:

(a) for any (A,¢) € Ap, €4 : G(A) = A is an F-module morphism;
(b) eF : GF — F is an F-morphism;
(¢) ¥ = p- Fn induces commutativity of the diagram

(7.3) FG-sF

|l
GF "> F
If these conditions are satisfied, then (with v = Ge - 9)
uG-F7=7-uG and T =1.

Proof. This is shown by straightforward verification. a
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7.4. Proposition. Assume the diagrams in (7.1), (7.2) and (7.3) to be commutative. Then
(G, d,¢) is a weak comonad on Ap.
Proof. This follows from the preceding observations. a

Dual to Lemma 7.3 and 7.4 we obtain for the quasi-units for P

7.5. Lemma. (Pre-units for ﬁ) Assume the diagrams in (7.2) to be commutative. Then
the following are equivalent:

(a) for any (A,v) € A%, na: A — F(A) is a G-comodule morphism;
(b) nG : G — FG is G-colinear;

(¢) v = Ge- ¢ induces commutativity of the diagram

(7.4) ¢ "% ra

If these conditions are satisfied, then
GR-0F =6F -k and RK=~.
Summing up the above observations yields the

7.6. Proposition. Assume the diagrams in (7.1), (7.2) and (7.4) to be commutative. Then
(F, u,n) is a weak monad on AC.

One may consider alternative choices for a pre-counit for G or a pre-unit for .

7.7. Lemma. Assume the diagrams in (7.1) to be commutative. With the notations from
7.2, the following are equivalent:

_tay F(A)—2—> A is an F-module morphism;

(a) for any (A, @) € Ap, E4: G(A)

(b) eF: GFiFFLF (= GFLGFLF) is an F-morphism;

(¢) commutativity of the diagram

(7.5) FFG > par =5 pr
FUGT il‘
FG—2—>GFr —L>F

If these conditions are satisfied, then
T=upG- - FT - FnG.
Proof. The proof can be obtained by some diagram constructions. a
Notice that commutativity of (7.3) implies commutativity of (7.5).

7.8. Lemma. Assume the diagrams in (7.2) to be commutative. Then the following are
equivalent:

€a

(a) for any (A,v) € A%, j: A—"> G(A) —2> F(A) is a G-comodule morphism;

(b) 1G: G — FG—>FG (= G —2> GG —5> FG ) is G-colinear;
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(¢) commutativity of the diagram

(7.6) ¢—L% pG—2>GF
5i TGEF
GnG Gw
a6 % Gra -4~ GarF.

If these conditions are satisfied, then

K =GeF -Gk -0F.
Proof. The situation is dual to Lemma 7.7. a
Notice that commutativity of (7.4) implies commutativity of (7.6).

7.9. Proposition. With the data given in 7.1, assume the diagrams in (7.1), (7.2) and
(7.5) to be commutative.
(1) If (7.6) is commutative, then  from 7.7 is regular for 6, and for 0 : G — GG with

5F: ar I qor —S%- GGF,

(G,0,%) is an r-counital comonad on Ap.
(2) If (7.4) is commutative, then 6F = §F - & and (G, 6,€) is a weak comonad on Ap.

Proof. This can be shown by suitable diagram constructions. ad

7.10. Proposition. With the data given in 7.1, assume the diagrams in (7.1), (7.2), and
(7.6) to be commutative.

(1) If (7.5) is commutative, then 1) in 7.8 is reqular for u, and for i : FF — F with
7 G
iG: FFG —"> FFG — FG,

(F,1i,7) is an r-unital monad on AC.
(2) If (7.3) is commutative, then iG =7 - uG and (F,7i,7) is a weak monad on AC.

Proof. This is dual to Proposition 7.9. a
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