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ABSTRACT. The purpose of this paper is to develop a theory of bimonads and Hopf monads
on arbitrary categories thus providing the possibility to transfer the essentials of the theory
of Hopf algebras in vector spaces to more general settings. There are several extensions
of this theory to monoidal categories which in a certain sense follow the classical trace.
Here we do not pose any conditions on our base category but we do refer to the monoidal
structure of the category of endofunctors on any category A and by this we retain some
of the combinatorial complexity which makes the theory so interesting. As a basic tool
we use distributive laws between monads and comonads (entwinings) on A: we define a
bimonad on A as an endofunctor B which is a monad and a comonad with an entwining
A : BB — BB satisfying certain conditions. This ) is also employed to define the category
AZ of (mixed) B-bimodules. In the classical situation, an entwining \ is derived from the
twist map for vector spaces. Here this need not be the case but there may exist special
distributive laws 7 : BB — BB satisfying the Yang-Baxter equation (local prebraidings)
which induce an entwining A and lead to an extension of the theory of braided Hopf algebras.

An antipode is defined as a natural transformation S : B — B with special properties.
For categories A with limits or colimits and bimonads B preserving them, the existence of
an antipode is equivalent to B inducing an equivalence between A and the category AB of
B-bimodules. This is a general form of the Fundamental Theorem of Hopf algebras.

Finally we observe a nice symmetry: If B is an endofunctor with a right adjoint R,
then B is a (Hopf) bimonad if and only if R is a (Hopf) bimonad. Thus a k-vector space
H is a Hopf algebra if and only if Homy(H, —) is a Hopf bimonad. This provides a rich
source for Hopf monads not defined by tensor products and generalises the well-known
fact that a finite dimensional k-vector space H is a Hopf algebra if and only if its dual
H* = Homy(H, k) is a Hopf algebra. Moreover, we obtain that any set G is a group if and
only if the functor Map(G, —) is a Hopf monad on the category of sets.
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1. INTRODUCTION

The theory of algebras (monads) as well as of coalgebras (comonads) is well understood

in various fields of mathematics as algebra (e.g. [8]), universal algebra (e.g. [12]), logic or
1
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operational semantics (e.g. [27]), theoretical computer science (e.g. [22]). The relationship
between monads and comonads is controlled by distributive laws introduced in the seventies
by Beck (see [2]). In algebra one of the fundamental notions emerging in this context are
the Hopf algebras. The definition is making heavy use of the tensor product and thus
generalisations of this theory were mainly considered for monoidal categories. They allow
readily to transfer formalisms from the category of vector spaces to the more general settings
(e.g. Bespalov and Brabant [3] and [20]).

A Hopf algebra is an algebra as well as a coalgebra. Thus one way of generalisation is to
consider distinct algebras and coalgebras and some relationship between them. This leads
to the theory of entwining structures and corings over associative rings (e.g. [8]) and one
may ask how to formulate this in more general categories. The definition of bimonads on a
monoidal category as monads whose functor part is comonoidal by Bruguieres and Virelizier
in [7, 2.3] may be seen as going in this direction. Such functors are called Hopf monads
in Moerdijk [21] and opmonoidal monads in McCrudden [17, Example 2.5]. In 2.2 we give
more details of this notion.

Another extension of the theory of corings are the generalised bialgebras in Loday in
[15]. These are Schur functors (on vector spaces) with a monad structure (operads) and a
specified coalgebra structure satisfying certain compatibility conditions [15, 2.2.1]. While in
[15] use is made of the canonical twist map, it is stressed in [7] that the theory is built up
without reference to any braiding. More comments on these constructions are given in 2.3.

The notions of monads and comonads were formulated in the setting of 2-catgeories in
Lack and Street [14]. Based on this point of view, elements of a Hopf theory were developed
(e.g. [9]) and eventually a formal Hopf algebra theory in (monoidal) Gray categories was
presented in Lépez Franco [16]. Similar to Loday’s approach, the central notions are built
up on the tensor product in the base category. This allows for a rich structure theory and
a deep study of Hopf algebras and comprises (co)quasi-Hopf algebras over base fields.

The purpose of the present paper is somewhat different. Our intention is to formulate
the essentials of the classical theory of Hopf algebras for any (not necessarily monoidal)
category, thus making it accessible to a wide field of applications. We employ the fact that
the category of endofunctors (with the Godement product as composition) always has a
tensor product given by composition of natural transformations but no tensor product is
required for the base category.

Compatibility between monads and comonads are formulated as distributive laws whose
properties are recalled in Section 2. In Section 3, general categorical notions are presented
and Galois functors are defined and investigated.

As suggested in [29, 5.13], we define a bimonad H = (H,m,e,d,¢) on any category A as
an endofunctor H with a monad and a comonad structure satisfying certain compatibility
conditions (see 4.1). The latter do not refer to any braiding but in special cases they can be
derived from a local prebraiding 7 : HH — HH (see 6.3). In this case the bimonad shows
the characteristics of braided bialgebras (Section 6).

Related to a bimonad H there is the (Eilenberg-Moore) category Ag of bimodules with
a comparison functor Kz : A — Ag. An antipode is defined as a natural transformation
S : H — H satisfying m-SH -0 =e-e =m-HS-§. It exists if and only if the natural
transformation v := Hm -0H : HH — HH is an isomorphism. If the category A admits
limits or colimits and H preserves them, the existence of an antipode is equivalent to the
comparison functor being an equivalence (see 5.6). This is a general form of the Fundamental
Theorem for Hopf algebras. Corresponding theorems are provided in Bruguieres-Virelizier
[7] and Loday [15] as well as in Lépez Franco [16].

Of course, bialgebras and Hopf algebras over commutative rings R provide the prototypes
for this theory: on R-Mod, the category of R-modules, one considers the endofunctor B ® g
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— : R-Mod— R-Mod where B is an R-module with algebra and coalgebra structures, and
an entwining derived from the twist map (braiding) M @ g N — N ®g M (e.g. [5, Section
8]).

More generally, for a comonad H, the entwining A : HH — HH may be derived from
a local prebraiding T : HH — HH (see 6.7) and then results similar to those known for
braided Hopf algebras are obtained. In particular, the composition H H is again a bimonad
(see 6.8) and, if 72 = 1, an opposite bimonad can be defined (see 6.10).

In case a bimonad H on A has a right (or left) adjoint endofunctor R, then R is again
a bimonad and has an antipode (or local prebraiding) if and only if so does H (see 7.5).
In particular, for R-modules B, the functor Hompg(B, —) is right adjoint to B ® g — and
hence B is a Hopf algebra if and only if Hompg(B, —) is a Hopf monad. This provides a
rich source for examples of Hopf monads not defined by a tensor product and extends a
symmetry principle known for finite dimensional Hopf algebras (see 7.8). We close with
the observation that a set G is a group if and only if the endofunctor Map(G, —) is a Hopf
monad on the category of sets (see 7.9).

Note that the pattern of our definition of bimonads resembles the definition of Frobenius
monads on any category by Street in [24]. Those are monads T = (7T, 4, n) with natural
transformations € : T' — I and p : T — TT, subject to suitable conditions, which induce
a comonad structure 6 = T - pT" : T — T7T and product and coproduct on 7' satisfy the
compatibility condition Ty - 6T = 6§ - p = pT - T9.

2. DISTRIBUTIVE LAWS

Distributive laws between endofunctors were studied by Beck [2], Barr [1] and others in
the seventies of the last century. They are a fundamental tool for us and we recall some
facts needed in the sequel. For more details and references we refer to [29].

2.1. Entwining from monad to comonad. Let T = (7,m,e) be a monad and G =
(G,d,¢) a comonad on a category A. A natural transformation A : TG — GT is called
a mized distributive law or entwining from the monad T to the comonad G if it induces
commutativity of the diagrams

G TG GT
eG Ge
Te eT
TG - GT, T :
76 - 1766 2% 6TC 76 -2 7ot 2L g1
A i i G\ mG \L i Gm
GT — GGT, TG - GT.

It is shown in [30] that for an arbitrary mixed distributive law A : TG — GT from a
monad T to a comonad G, the triple G = (G, J,£), is a comonad on the category At of
T-modules (also called T-algebras), where for any object (a, h,) of A,

© G(a.ha) = (G().G(ha) M)y & D)aps) = 0a: ¢ E)a) = o

G is called the lifting of G corresponding to the mixed distributive law A.
Furthermore, the triple T = (T,7m,¢€) is a monad on the category AS of G-comodules,
where for any object (a,,) of the category AG,

o T(a,0) = (T(a), Ao - T(6a)), @ ()00, = Mas  ® @(a) = Ca-
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This monad is called the lifting of T corresponding to the mixed distributive law A. One
has an isomorphism of categories

(A%)7 = (A7),

and we write A%()\) for this category. An object of A%()\) is a triple (a, hg,0,), where
(a,hq) € Ar and (a,0,) € A® with commuting diagram

fﬁ

(2.1) T(a) —~a %~ G(a)
Twa)l TG(ha)
TG(a) v GT(a).

We consider two examples of entwinings which may (also) be considered as generalisations
of Hopf algebras. They are different from our approach and we will not refer to them later
on.

2.2. Opmonoidal functors. Let (V,®,1I) be a strict monoidal category. Following Mc-
Crudden [17, Example 2.5], one may call a monad (T, u,n) on V opmonoidal if there exist
morphisms

:TI) —1 and xxy :T(X®Y)-=TX)T(Y),
the latter natural in X, Y € V, which are compatible with the tensor structure of V and the
monad structure of 7'

Such functors can also be characterised by the condition that the tensor product of V can
be lifted to the category of T-modules (e.g. [29, 3.4]). They were introduced and named
Hopf monads by Moerdijk in [21, Definition 1.1] and called bimonads by Bruguieres and
Virelizier in [7, 2.3]. It is mentioned in [7, Example 2.8] that Szlachdnyi’s bialgebroids in
[25] may be interpreted in terms of such ”bimonads”. It is preferable to use the terminology
from [17] since these functors are neither bimonads nor Hopf monads in a strict sense but
rather an entwining (as in 2.1) between the monad 7" and the comonad T'(I) ® — on V:

Indeed, the compatibility conditions required in the definitions induce a coproduct xy :
T(I) — T(I) ® T'(I) with counit 6 : T'(I) — 1. Moreover, the relation between x and p (e.g.
(15) in [7, 2.3]) lead to the commutative diagram (using X @ I = X)

i X1,X

TT(X)
T(XH,X)\L TT(H)@MX
T(T(I) ® T(X)) TT(I) ® TT(X) T(I) ® TT(X)
This shows that T'(X) is a mixed (7', T(I) ® —)-bimodule for the entwining map
A= (u@T(=))oxrm,-: T(TM)®—-)=TA)&T(-).

The antipode of a classical Hopf algebra H is defined as a special endomorphism of H. Since
opmonoidal monads T relate two distinct functors it is not surprising that the notion of an
antipode can not be transferred easily to this situation and the attempt to do so leads to an
”apparently complicated definition” in [7, 3.3 and Remark 3.5]. Hereby the base category
C is required to be autonomous.

T(X) Tl eT(X)

XT(1),T(X) meTT(X)

2.3. Generalized bialgebras and Hopf operads. The generalised bialgebras over fields
as defined in Loday [15, Section 2.1] are similar to the mixed bimodules (see 2.1): they are
vector spaces which are modules over some operad A (Schur functors with multiplication
and unit) and comodules over some coalgebras C¢, which are linear duals of some operad C.



BIMONADS AND HOPF MONADS ON CATEGORIES 5

Similar to the opmonoidal monads, the coalgebraic structure is based on the tensor product
(of vector spaces). The Hypothesis (HO) in [15] resembles the role of the entwining A in
2.1. The Hypothesis (H1) requires that the free A-algebra is a (C¢,.A)-bialgebra: this is
similar to the condition on an A-coring C, A an associative algebra, to have a C-comodule
structure (equivalently the existence of a group-like element, e.g. [8, 28.2]). The condition
(H2iso) plays the role of the canonical isomorphism defining Galois corings and the Galois
Coring Structure Theorem [8, 28.19] may be compared with the Rigidity Theorem [15, 2.3.7].
The latter can be considered as a generalisation of the Hopf-Borel Theorem (see [15, 4.1.8])
and of the Cartier-Milnor-Moore Theorem (see [15, 4.1.3]). In [15, 3.2], Hopf operads are
defined in the sense of Moerdijk [21] and thus the coalgebraic part is dependent on the
tensor product. This is only a sketch of the similarities between Loday’s setting and our
approach here. It will be interesting to work out the relationship in more detail.

Similar to 2.1 we will also need the notion of mixed distributive laws from a comonad to
a monad.

2.4. Entwining from comonad to monad. A natural transformation A : GT — TG is a
mized distributive law from a comonad G to a monad T, also called an entwining of G and
T, if the diagrams

N

GT TG, T ’

A

o1T 2L 1o - 116 GeT -2- o6 2%~ Taa

on) o o] B

GT TG, GT TG

are commutive.

For convenience we recall the distributive laws between two monads and between two
comonads (e.g. [2], [1], [29, 4.4 and 4.9]).

2.5. Monad distributive. Let F = (F,m,e) and T = (T, m/, ') be monads on the category
A. A natural transformation A : FT' — TF is said to be monad distributive if it induces
commutativity of the diagrams

T F
N N
A A

FT TF, FT TF.
FFT mr FT FTT ' FT
A - i»

m/
FTF s ppp T TR, TFT -2 77F —2> TF.

In this case A : F'T' — TF induces a canonical monad structure on TF'.

2.6. Comonad distributive. Let G = (G, d,¢) and T = (T,¢',¢’) be comonads on the
category A. A natural transformation ¢ : TG — GT is said to be comonad distributive if it
induces the commutative diagrams
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TG 4 GT TG 4 GT
T ) G )
5/
76 L% raa % ara TG —% 716 — 2> TGT
@\L l Ge ® \L l ©er
GT or GGT, GT Go' GTT.

In this case ¢:T'G — GT induces a canonical comonad structure on T'G.

3. ACTIONS ON FUNCTORS AND (GALOIS FUNCTORS

The language of modules over rings can also be used to describe actions of monads on
functors. Doing this we define Galois functors and to characterise those we investigate the
relationships between categories of relative injective objects.

3.1. T-actions on functors. Let A and B be categories. Given a monad T = (T, m,e) on
A and any functor L : A — B, we say that L is a (right) T-module if there exists a natural
transformation ay, : LT — L such that the diagrams

(3.1) L7 LTT 22 17
\ laL O{LT\L iaL
L LT ———1L

commute. It is easy to see that (T, m) and (TT,Tm) both are T-modules.
Similarly, given a comonad G = (G, d,¢) on A, a functor K : B — A is a left G-comodule
if there exists a natural transformation S : K — GK for which the diagrams

K 25 gk K5 K
\ lsK ﬂKi i&K
K, GKTW)GGK

commute.
Given two T-modules (L,«p), (L', /), a natural transformation g : L — L' is called
T-linear if the diagram

T
(3.2) LT =T
aL\L iaL/
L= 1
commutes.

3.2. Lemma. Let (L,ar) be a T-module. If f, " : TT — L are T-linear morphisms from
the T-module (TT,Tm) to the T-module (L, ) such that f-Te = f'-Te, then f = f'.
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Proof. Since f-Te = f'-Te, we have ay - fT -TeT = ay - f'T - TeT. Moreover, since f
and f’ are both T-linear, we have the commutative diagrams

T T
TI'T — LT TTT — LT
Tml l% Tml laL
f !
TT L, Tl —— L.
Thus ar, - fT = f-Tm and af, - f'T = f'-Tm, and we have f-Tm -TeT = f'-Tm - TeT.
It follows - since Tm - TeT = 1 - that f = f'. O

3.3. Left G-comodule functors. Let G be a comonad on a category A, let U® : A¢ — A
be the forgetful functor and write ¢@ : A — AC for the cofree G-comodule functor. Fix a
functor F' : B — A, and consider a functor F : B — A® making the diagram

(3.3) B—L

AG

RN

A

commutative. Then F(b) = (F(b),apgy)) for some apy) @ F(b) — GF(b). Consider the
natural transformation

(3.4) ap: F — GF,

whose b-component is ap ). It should be pointed out that ap makes F' a left G-comodule,

and it is easy to see that there is a one to one correspondence between functors F : B — A®
making the diagram (3.3) commute and natural transformations ap : F' — GF making F' a
left G-comodule.

The following is an immediate consequence of (the dual of) [10, Propositions II,1.1 and
I1,1.4]:

3.4. Theorem. Suppose that F has a right adjoint R : A — B with unitn: 1 — RF and
counit € : FR — 1. Then the composite

t=: FR ™ opp % . ¢
is a morphism from the comonad G' = (FR, FnR,¢) generated by the adjunction n,e : F -
R:A — B to the comonad G. Moreover, the assignment
F — tf

yields a one to one correspondence between functors F : B — AC making the diagram (3.3)
commutative and morphisms of comonads tz: G' — G.

3.5. Definition. We say that a left G-comodule F' : B — A with a right adjoint R : B — A is
G-Glalois if the corresponding morphism ¢4 : 'R — G of comonads on A is an isomorphism.

As an example, consider an A-coring C, A an associative ring, and any right C-comodule
P with S = End®(P). Then there is a natural transformation
i :Homy(P,—)®s P — —®4C

and P is called a Galois comodule provided [ix is an isomorphism for any right A-module
X, that is, the functor — ®g P : Mg — MC is a — ® C-Galois comodule (see [28, Definiton
4.1]).
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3.6. Right adjoint functor of F. When the category B has equalisers, the functor F has
a right adjoint, which can be described as follows: Writing Sr for the composite

R Rit+=
R—>RFR—> RG,
it is not hard to see that the equaliser (R, €) of the following diagram
RU%ng
RUS RGUS = RUC$CUC,
BrUC

where ng : 1 — ¢CUC is the unit of the adjunction UY 4 ¢, is right adjoint to F.

3.7. Adjoints and monads. For categories A, B, let L : A — B be a functor with right
adjoint R : B — A. Let T = (T, m,e) be a monad on A and suppose there exists a functor
R : B — Ap yielding the commutative diagram

Then R(b) = (R(b),3p) for some (3, : TR(b) — R(b) and the collection {3, b € B} con-
stitutes a natural transformation gz : TR — R. It is proved in [10] that the natural
transformation

B

Ar

T 8L
tg: T—>TRL RL

is a morphism of monads. By the dual of [20, Theorem 4.4], we obtain:

The functor R is an equivalence of categories if and only if the functor R is monadic and
tz is an isomorphism of monads.

4. BIMONADS

The following definition was suggested in [29, 5.13]. For monoidal categories similar
conditions were considered by Takeuchi [26, Definition 5.1] and in [20]. Notice that the
term bimonad is used with a different meaning by Bruguieres and Virelizier (see 2.2).

4.1. Definition. A bimonad H on a category A is an endofunctor H : A — A which has a
monad structure H = (H,m,e) and a comonad structure H = (H, ¢, <) such that

(i) e: H — 1 is a morphism from the monad H to the identity monad,;

(ii) e:1 — H is a morphism from the identity comonad to the comonad H;

(iii) there is a mixed distributive law A : HH — HH from the monad H to the comonad
H yielding the commutative diagram

(4.1) HH —">H - HgH
H&i THm
HHH HHH.

Note that the conditions (i), (ii) just mean commutativity of the diagrams
(4.2) HH X~ 1——>H , 1—=H

f N

£

H—1, H?HH 1.
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4.2. Hopf modules. Given a bimonad H = (H, H,\) on A, the objects of AZ(A) are

called mized H-bimodules or H-Hopf modules. By 2.1, they are triples (a,hq,0,), where
(a,hq) € Ay and (a,6,) € AP with commuting diagram

ha Oa

(4.3) H(a) a H(a)
H(9a)l TH(ha)
HH(a) HH{(a).

a

The morphisms in Ag()\) are morphisms in A which are H-monad as well as H-comonad
morphisms.

4.3. Comparison functors. Given a bimonad H = (H = (H,m,e), H = (H,J,£),\) on a
category A, the mixed distributive law A induces functors

=)

Kg:A— (A

)
)

where H is the lifting of the comonad H and E is the lifting of the monad H corresponding
to the mixed distributive law A. Moreover, there are commutative diagrams

, a— ((H(a),mq),da),
, a— ((H(a),da), ma),

T [
a3

Ku ~ Ko
(4.4) A Apf A — (A
= UA
Ay, Aﬁ

(i) The functor ¢g. The forgetful functor Uy : Ay — A is right adjoint to the free
functor ¢g and the unit ng : 1 — Ug¢pg of this adjunction is the natural transformation
e:1— H. Since ¢ : H — 1 is a morphism from the monad H to the identity monad,
€-e =1, thus e is a split monomorphism.

The adjunction ¢y - Ug generates the comonad ¢gUp on Ag. Recall that for any

(a,ha) € A, ¢uUp(a, hy) = (H(a),my) and H(a, hy) = (H(a), H(hg) - Aa)-
As pointed out in [20], for any object b of A, Ky (b) = (H(b), ap ) for some o : H(b) —
HH(b), thus inducing a natural transformation

QKH : ¢£ - F(bﬂv
whose component at b € A is apy), we may choose it to be just dp, and we have a morphism
of comonads

Hen -

H,

ok b Un

tKi : (bﬂUﬂ ﬁ(f)ﬂUE

where ey is the counit of the adjunction ¢y 4 Up, and since (ep)(qh,) = ha, We see that
for all (a,ha) € Ap, (tky)(a,h,) s the composite

H(ha)

(4.5) H(a) -2~ HH(a) H(a).
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_(ii) The functor gi)ﬁ. The cofree H—comoduleﬁfugctor qbﬁ has the forgetful functor
Ut . A7 A as a left adjoint. The unit n:1 — HUH and counit o : UH¢pH — 1 of the
adjunction U - ¢ are given by the formulas:

Ma,00) = ba : (,00) — $7 UM (a,00) = (H(a). 8,)
and _
0o =¢q: H(a) =U"¢M(a) — a.

Since ¢ is a split epimorphism, it follows from [19, Corollary 3.17] that, when A is Cauchy
complete, the functor ¥ is monadic.

Since K5 (a) = ((H(a),da), mq), it is easy to see that the a-component of

QK EKF — K¢

is just the morphism m, : HH(a) — H(a), and we have a monad morphism

ﬁ OéKiUi

HouH"

try o H HTUH.

It follows that for any (a, 6,) € AH (tr;)(a, 0,) 18 the composite

Mgq

) ™ H(a).

(4.6) H(a) HH(a)

Commutativity of the diagram (4.1) induces a functor

Ki:A— AR, a (H(a),ma,8.).

We know that the categories (Aﬁ)ﬁ, (Af)5 and Ag()\) are isomorphic. This allows us
to identify, module these isomorphisms, the functors Kz, Ky and Kp. As noticed in [30,
5.13], the comparison functor Ky (and hence also Ky and K*) is full and faithful by the
isomorphism
Morﬁ(ﬂ(a},ﬁ(b)) — Morp(a,b), frepo foe,.
4.4. The comparison functor as reflection and coreflection. Let H= (H,m,e,d,e,\)
be a bimonad on an arbitrary category A with comparison functor
K A— AE().
(1) If A admits coequalisers, Ky makes A (isomorphic to) a reflective subcategory of
Aﬁ()\).
(2) If A admits equalisers, Ky makes A (isomorphic to) a corefiective subcategory of
Aﬁ()\).

Proof. (1) Since the functor Ky is full and faithful, it suffices to show that it has a
left adjoint. By assumption the category A admits coequalisers. Since the functor Uy :
(Aﬁ) g AH s (pre)monadic and the functor qﬁﬁ has a left adjoint, one can apply the
Adjoint Triangle Theorem of Dubuc (see, for example, [10]) to the second commutative
diagram of (4.4) to conclude that the functor Kz : A — (A)5 (and hence also Kp) has
a left adjoint, proving that A is (isomorphic to) a reflective subcategory of the category
AFT(N).

(2) Similar to the above arguments, apply the dual of Dubuc’s Adjoint Triangle Theorem
to the first commutative diagram of (4.4). O
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Recall that a morphism ¢ : @ — a in a category A is an idempotent when qq = ¢, and an
idempotent ¢ is said to split if ¢ has a factorization ¢ = i-q with §-¢ = 1. This happens if and
only if the equaliser i = Eq(1,, ¢) exists or - equivalently - the coequaliser ¢ = Coeq(1g, q)
exists (e.g. [6, Proposition 1]). The category A is called Cauchy complete provided every
idempotent in A splits.

4.5. The comparison functor as an equivalence. Let A be a Cauchy complete category.

For a bimonad H = (H = (H,m,e), H = (H,6,¢), ), the following are equivalent:

(a) Ky :A— Ag()\), a— (H(a),dq,mq), is an equivalence of categories;

(b) tky : éuUn — H is an isomorphism of comonads;

(
(

)
)
c) for any (a,hy) € A, the composite H(hg) - 8q is an isomorphism;
d) UKo ﬁ — gZ)FUﬁ is an isomorphism of monads;

)

(e) for any (a, 8,) € Aﬁ, the composite my, - H(0,) is an isomorphism.

Proof. We still identify the functors Ky, K77 and Kp.

(a)<(b) Since A is Cauchy complete and since the unit g : 1 — Ug¢y of the adjunction
¢m 1 Ug is a split monomorphism, the functor ¢ is comonadic by the dual of [18, Theorem
6]. Now, by [20, Theorem 4.4.], Ky is an equivalence if and only if ¢, is an isomorphism.

(b)&(c) and (d)<(e). By 4.3, the morphisms in (b) come out as the morphisms in (c),
and the morphisms in (d) are just those in (e).

(a)«(d) Since € is a split epimorphism, it follows from [19, Corollary 3.17] that (since A
is Cauchy complete) the functor ¢/ is monadic and hence K is an equivalence by 3.7. O

5. ANTIPODE
We consider a bimonad H = (H,m, e, d,e, ) on any category A.

5.1. Canonical maps. Define the composites

0H Hm
: — —— HH
(5.1) v: HH HHH )

v HH g ™ gH.
In the diagram

gaH ML g ™ gpg

HH "~ gy "~ HH,
the left square commutes by naturality of §, while the right square commutes by associativity
of m. From this we see that v is left H-linear as a morphism from (HH, Hm) to itself. A
similar diagram shows that 7/ is right H-linear as a morphism from (HH, mH) to itself.

Moreover, in the diagram
He o0H

H HH HHH
5l HHe iHm
HH HH,

the top triangle commutes by functoriality of composition, while the bottom triangle com-
mutes because m - He = 1. Drawing a similar diagram for Hd and mH, we obtain

(5.2) v-He=20, ~ -eH=3,.
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5.2. Definition. A natural transformation S : H — H is said to be
e a left antipode if m - (SH) -0 =e-¢;
e a right antipode if m - (HS)-d =e-¢;
e an antipode if it is a left and a right antipode.
A bimonad H is said to be a Hopf monad provided it has an antipode.
Following the pattern of the proof of [8, 15.2] we obtain:
5.3. Proposition. We refer to the notation in 5.1.
(1) If v has an H-linear left inverse, then H has a left antipode.
(2) If ¥ has an H-linear left inverse, then H has a right antipode.

Proof. (1) Suppose there exists an H-linear morphism §: HH — HH with -~ = 1.
Consider the composite

s gy e gy <oy

We claim that S is a left antipode of H. Indeed, in the diagram

H
H—e gy —HH" gy " HHH — gp
\ i 1) l @) l
Hm Hm m
HH ; HH —— H,

the triangle commutes since e is the unit for the monad H, rectangle (1) commutes by
H-linearity of 3, and rectangle (2) commutes by naturality of €. Thus

m-SH-§=m-eHH-GH-HeH -6 =cH - (-,
and using (5.2), we have
eH-p-0=ecH-B-v-He=¢c¢H -He=¢-c.

Therefore S is a left antipode of H.

(2) Denoting the left inverse of 7/ by [, it is shown along the same lines that S’ =
He - [’ - eH is a right antipode. O

5.4. Lemma. Suppose that v is an epimorphism. If f,g: H — H are two natural transfor-
mations such that

m-fH-0=m-gH-0 or m-Hf-6=m-Hg-9,
then f = g.
Proof. Assume m-fH -0 =m-gH -¢. Since v- He = § by (5.2), we have
m-fH-v-He=m-gH -~-He,
and, since 7 is also H-linear, it follows by Lemma 3.2 that
m-fH-v=m-gH -~.
But ~ is an epimorphism by our assumption, thus

m-fH=m- gH.
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By naturality of e : 1 — H, we have the commutative diagrams

gt o g% g

Hel iHe Hel/ lHe
H

o HE, j20: gy

Thus, since m - He =1,
f=m-He-f=m-fH-He=m-gH -He=m-He-g=g.
Ifm-Hf-0=m-Hg-J similar arguments apply. a

5.5. Characterising Hopf monads. Let H = (H,m,e,d,&,\) be a bimonad. The following
are equivalent:

(a) y=Hm-0H : HH — HH is an isomorphism;

(b) v =mH-H): HH — HH is an isomorphism;

(¢c) H has an antipode.

Proof. (c)=-(a) The proof for [20, Proposition 6.10] applies almost literally.

(a)=(c) Write : HH — HH for the inverse of . Since 7 is H-linear, it follows that

0 also is H-linear. Then, by Proposition 5.3, S = e¢H - 3 - He is a left antipode of H. We
show that S is also a right antipode of H. In the diagram

0 0H HSH mH

0 HH HHH HHH HH
3

) m A @) P m

HH He H He HH m H,

e (1) commutes by coassociativity of 9,
e (2) commutes because S is a left antipode of H,
e (3) commutes by associativity of m.
Since m-He=1=m-eH and He-d =1 =¢H - §, it follows that
m-(m-HS-6)H-§ = m-mH-HSH-0H-§ = m-He-He-0
=m-eH-eH-§ = m-((e-e)H) .
~ being an epimorphism, Lemma 5.4 implies m- HS -§ = e - €, proving that .S is also a right

antipode of H.
(b)<(c) can be shown in a similar way. O

Combining 5.5 and 4.5, we get:

5.6. Antipode and equivalence - 1. Let H = (H, m,e,d,e,\) be a bimonad on a category
A and assume that A admits colimits or limits and H preserves them. Then the following
are equivalent:

(a) H has an antipode;

(b) y=Hm-0H : HH — HH is an isomorphism;

(¢) ¥Y=mH-Hé: HH — HH is an isomorphism;

(d) Kg:A— Ag()\), a — (H(a),dq, mq), is an equivalence.
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Proof. (a)&(b)<(c) (in any category) is shown in 5.5.

If A admits colimits and H preserves them, then we claim that (b) and (d) are equivalent.
Indeed, since H preserves colimits, the category Ag admits colimits and the functor Ug :
Apg — A creates them (see, for example, [23]). Thus

e the functor ¢ yUp preserves colimits;

e any functor L : B — Ag preserves colimits if and only if the composite Ug L does; so, in
particular, the functor H preserves colimits, since Uy H = HUp and since the functor
HUp, being the composite of two colimit-preserving functors, is colimit-preserving.

The full subcategory of Ay given by the free H-modules is dense and since the functors
¢orUp and H both preserve colimits, it follows from [23, Theorem 17.2.7] that the natural
transformation (see 4.5)

tky t ouUn — H
is an isomorphism if and only if its restriction to the free H-modules is so; i.e. if (tx; )¢ (a)
is an isomorphism for all a € A. But since ¢y (a) = (H(a),mq), tiy, is an isomorphism if
and only if the composite

dH(a) H(ma)

HH(a) —= HHH (a) HH(a)

is an isomorphism for all @ € A, that is, the isomorphism

v HH -2 g ™ g .

Now, if instead A admits limits and H preserves them, then (c) and (d) are equivalent.
Indeed, since the functor H preserves limits, the category AT admits and the functor vH
creates limits. Since ¢!, being right adjoint, preserves limits, the functor ¢ UH also pre-
serves limits. Moreover, since the monad Hisa lifting of the monad H along the functor
vt uH E = HU" Himplying that the functor ﬁ also preserves limits. Now, since the full
subcategory of A spanned by cofree H-comodules is codense, it follows from the dual of [23,
Theorem 17.2.7] that the natural transformation ¢ (see 4.5) is an isomorphism if and only

if its restriction to free H-comodules is so. But for any a € A, (tryy) (H(a),60) = Mr(a) H (0a)-
Thus {k; is an isomorphism if and only if the composite ~" is an isomorphism. a

6. LOCAL PREBRAIDINGS FOR HOPF MONADS

For any category A we now fix a system H = (H,m, e, ,¢) consisting of an endofunctor
H : A — A and natural transformations m : HH — H,e: 1 — H, 6 : H — HH and
e : H — 1 such that the triple H = (H,m,e) is a monad and the triple H = (H, §,¢) is a
comonad on A.

6.1. Double entwinings. A natural transformation 7 : HH — HH is called a double
entwining if
(i) 7 is a mixed distributive law from the monad H to the comonad H;
(ii) 7 is a mixed distributive law from the comonad H to the monad H.
These conditions are obviously equivalent to
(iii) 7 is a monad distributive law for the monad H;

(iv) 7 is a comonad distributive law for the comonad H.
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Explicitely (i) encodes the identities

(6.1) He=r71-eH

(6.2) He=¢H -1

(6.3) OH-t=Ht-7H-H6
(6.4) T-mH=Hm-7H - HT,
and (ii) is equivalent to the identities

(6.5) eH =71-He

(6.6) eH =He- T

(6.7) Ho-t=7H-Ht-0H
(6.8) T-Hm=mH - -Hr-TH.

6.2. 7-bimonad. Let 7 : HH — HH be a double entwining. Then H is called a 7-bimonad
provided the diagram

(6.9) HH—">H—">HH
66l Tmm
HHHH —— > HHHH

is commutative, that is
6-m=mm-HrH-60=Hm -mHH - -HtH -HH}-0H,

and also the following diagrams commute

(6.10) HH X pH 1—“>H 1—>H
ml ls el J{& \:\ le
H——=1, H——> HH, 1.

eH

6.3. Proposition. Let H be a 7-bimonad. Then the composite

s 2 g - ppg M- gH

is a mized distributive law from the monad H to the comonad H. Thus H is a bimonad (as
in 4.1) with mized distributive law T.

Proof. We have to show that 7 satisfies

(6.11) He=7-eH
(6.12) He=¢H- T
(6.13) SH -#=H7 7H - H§

(6.14) 7.-mH = Hm-7H - HF
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Consider the diagram

H e HH T HH
eH eHH eH

W @) \
HH———~ HHH A7 gg—"% - HH

which is commutative since square (1) commutes by (6.10), square (2) commutes by functo-

riality of composition, the triangle commutes since e is the identity of the monad H. Thus

7-eH=mH-H71-0H -eH =71-eH, and (6.1) implies 7 - eH = He, showing (6.11).
Consider now the diagram

HH4>HHH HHH4>HH
iHsH M \LeH
HHe
eHH HH€—H>H
(2)
He
HH

in which square (1) commutes because € is a morphism of monads and thus € - m = ¢ - He,
the triangle commutes because of (6.2), diagram (2) commutes because of functoriality of
composition.

Thus eH -7 =¢H  -mH-Ht-6H = He-cHH - §H = He, showing (6.12).

Constructing suitable commutative diagram we can show

7-mH = mH-Ht-0H -mH
= mH-HHm-HmHH  -HHTH -HTHH - HHHT - §0H,
Hm-7H-HT = Hm-mHH - -HTH -0HH -HmH -HH7- -HH
= mH-HHm-HmHH -HHTH -HTHH - HHHT - )0H.

Comparing these two identities we get the condition (6.14).
To show that (6.13) also holds, consider the diagram

HH HHHH > gpgg —"™™ . gpn
3
HSHH HHOH ( ) HOH
)
HHHH HHHHHWHHHH
Hé
SHHH (4)
HHTH HHHT HHT
HTHH
mHHH
HH———~ HHHH HHHHH HHHHH —"™M" . oo
HmH
mmH
HHH,

in which the triangles and diagrams (1) and (3) commute by functoriality of composition;
diagram (2) commutes by (6.7); diagram (4) commutes by naturality of m.
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Finally we construct the diagram

HH o HHH far HHH mH HH
1
00 M H6H H
HHS
HHHH HHHH — 2"  gHHH HHH
HTtH (2)
3) @)
SHHH JHH SHHH mmH
HHHHH — > HHHHH _HHAT  ppaHE —2Y L pHHHH
\ (5) /
HTHH HHHT
HHHHH

in which diagram (1) commutes by (6.3), diagram (2) commutes by (6.9) because 0HHH -
HOH = 60H, the triangle and diagrams (3), (4) and (5) commute by functoriality of com-
position.
It now follows from the commutativity of these diagrams that
0H-7 = 6H-mH-Ht-6H
= mmH-HHHT-HTHH  -HHTH -0HHH - 66
= (HmH-HHr - H6H) - (mHH - HrH - SHH) - H6

= H7-TH - H).
Therefore 7 satisfies the conditions (6.11)-(6.14) and hence is a mixed distributive law from
the monad H to the comonad H. O

6.4. Corollary. In the situation of the previous proposition, if (a,0,) € Aﬁ, then (H(a),0p ) €
AH where O11(a) is the composite

H(b, O (a Ta MH(a
H(a) 2 HE(0) 2L HEH (@) 2™ HHH(0) 72 HH(a) .

Proof. Write E for the monad on the category AH that is the lifting of H corresponding
to the mixed distributive law 7. Since 04 = 7o - H(04), it follows that (H(a), 0 q)) =

H(a, 0a), and thus (H(a), 0 (q)) is an object of the category A, O

6.5. 7-Bimodules. Given the conditions of Proposition 6.3, we have the commutative
diagram (see (4.1))

m §

HH H HH

] i

HHH — HHH,

and thus H is a bimonad by the entwining 7 and the mixed bimodules are objects a in A
with a module structure h, : H(a) — a and a comodule structure 6, : a — H(A) with a
commutative diagram

H(a) LR — H(a)

TH(ha)
HH(a).
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By definition of 7, commutativity of this diagram is equivalent to the commtativity of

ha Oa

(6.15) H(a) a H(a)
H(6a) H(ha)
HH(a) HH(a)
m "TH (a)

HHH(a)

HHH(a)

Ta

A morphism f : (a, hg,0,) — (a,her,6,) is a morphism f : a — o’ such that f € AH and
f c Aﬂ' -
We denote the category Aﬁ(%) by AL

6.6. Antipode of a 7-bimonad. Let H = (H, m,e,d,¢) be a T-bimonad with an antipode
S where 7: HH — HH is a double entwining. Then

(6.16) S -m=m-SS-7 and §-S=71-55-9.

Ifr-HS=SH -t and7-SH =HS -7, then S: H — H is a monad as well as a comonad
morphism.

Proof. Since (HH,HTH - §,e¢) is a comonad and (H,m,e) is a monad, the collection
Nat(HH, H) of all natural transformations from HH to H forms a semigroup with unit
e - ee and with product

frg:HH Y~ ppon "™ gpog 2> gp "5 .
Consider now the diagram
HH % HHHH —™ ~ HHHH
P
m mHH
H H @) HHH
(1) Y
m
SHH
5 %
) : HH HHH
(3) SH Hm
I _ H - HH

in which the diagrams (1),(2) and (3) commute because H is a bimonad, while diagram (4)
commutes by naturality. It follows that

m-Hm-SHH -mHH -HT7H -6 =e-c-He =¢cc-e.

Thus S-m =m~! in Nat(HH, H). Furthermore, by (a somewhat tedious) computation we
can show

m-Hm-HHS-HSH -Ht-mHH -HTH -00 =e-c-He=¢e-ce.
This shows that m - SS -7 =m™! in Nat(HH, H). Thus m-SS-7=5-m.
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To prove the formula for the coproduct consider Nat(H, HH) as a monoid with unit ee-e
and the convolution product for f,g € Nat(H, HH) given by

H HH
frgH2 o mr " grr ™ ygpg ™ gy

By computation we get
(6-S)xd = eH-e-e=cee-e¢,
0% (r-SS-0) = He-e-c=ee-c.
Thus (§-S)*d=1and 0% (7-55-0) =1, and hence 6 - S =7-55-0.
Now assume 7- HS = SH -7 and 7- SH = HS - 7. Then we have
SS-tr=SH-HS-7=SH-7-SH=7-HS-SH =71-585, thus
S -m=m-SS-7=m-7-8S=m'-S8S.
Moreover, since m - He = 1, we have

S-e=m-He-S-e™m -SH-He~e<6iO)m-SH-é-eangp'e-a-e(6;0)6.

Hence S is a monad morphism from (H,m,e) to (H,m - T,e).

For the coproduct, S5 -7 =755 implies
§-8=7-85-§=88-7-§=85-¢.

Furthermore,
€'SZE'S'H€'5r§tE-H€-SH-5(Gé)a m-SH-§ "2 ¢ .6.5(620)6
This shows that S is a comonad morphism from (H,d,¢) to (H,T - 0,¢). 0

It is readily checked that for a bimonad H, the composite H H is again a comonad as well
as a monad. However, the compatibility between these two structures needs an additional
property of the double entwining 7. This will also help to construct a bimonad ”opposite”
to H.

6.7. Local prebraiding. Let 7 : HH — HH be a natural transformation. 7 is said to
satisfy the Yang-Bazxter equation (YB) if it induces commutativity of the diagram

HHH -2 grg 2 HuH

HHH —HHH — HHH.
TH Ht

7 is called a local prebraiding provided it is a double entwining (see 6.1) and satisfies the
Yang-Baxter equation.

6.8. Doubling a bimonad. Let H = (H,m,e,d,¢) be a T-bimonad where 7 : HH — HH
is a local prebraiding. Then HH = (HH m,e,0,&) is a T-bimonad with € = ee, & = €¢,

m: HHHH % HHHH—>HH

5: HH-2>guHg ™ punn
and double entwining

T HHHH HHHH HHHH HHHH HHHH
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Proof. We already know that (H H,m, €) is a monad and that (HH, §,&) is a comonad.
First we have to show that 7 is a mixed distributive law from the monad (H H,m, €) to the
comonad(HH, §,¢€), that is

HHe=7 -¢HH, HHe=cHH-7,
HHm 7HH-HH7 = 7 -mHH,
HH7-7HH - HHS = 6HH - 7.

The first two equalities can be verified by placing the composites in suitable commutative
diagrams. The second two identities are obtained by lengthy standard computations (as
known for classical Hopf algebras).

It remains to show that (HH,m,€,0,) satisfies the conditions of Definition 4.1 with
respect to 7. Again

M)

-m = e¢-He-HHee = ¢-HHE, and
§-é¢ = HHee-He-e= HHee
are shown by standard computations and

éé:5~5H‘eH~e(4iZ)5~e:1.

To show that (HH,m,é€,0,z, 7) satisfies (4.1), consider the diagram

2
H4 HTH H4 mH H3 Hm H2 OH H3
= (3)
H&H? @) 0HH H?*m
H25H H° H4 H?5
H?rH 3 HmH?
/ (4\ / ngé
HrH? 9) HrH
HS H5 S H5 2 H5 H5 H4 - H4
TH HorH ® \
H3m HsmT
2 2 11
HE‘Z) H*S HS wog| HH (10) o H5 o H5
R ——
(6) (7 HrH?
. H?mH?
% (12) T
6 6 6 6 6 6 6
H HrH? H TH* H H?rH? H H3rH H H?rH? H HrH? H
(14) ‘
H3rH(13) | H3rH H3rH (16)
(15) H3rH H3rH
6 6 6 6 6
H HrH3 H rH* H H2rH? H HrH3 H,

in which diagram (1) commutes because 7 is a mixed distributive law and thus
Hr-tH-H)=0H -,

the diagrams (2) and (9) commute by (4.1), the diagrams (3)-(8), (10), (11), (13), (14) and
(16) commute by naturality, diagram (12) commutes because 7 is a mixed distributive law
(hence Hm - 7H - HT = 7 - mH), diagram (15) commutes by 6.7. By commutativity of the
whole diagram,

o-m = HrH-H?*-6H -Hm -mH?- HTH
= H?m - H?*mH? -H3rH-HTH? - H>rH? . tH* - HrH? - H37H - H*$ - H>0H
= HHS-7HH - HHm,
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and hence HH = (HH,m, €,0,£) is a 7-bimonad. O

6.9. Opposite monad and comonad. Let 7 : HH — HH be a natural transformation
satisfying the Yang-Baxter equation.

(1) If (H,m,e) is a monad and 7 is monad distributive, then (H,m-T,e) is also a monad
and T is monad distributive for it.

(2) If (H,0,¢) is a comonad and T is comonad distributive, then (H,T - d,¢) is also a
comonad and T is comonad distributive for it.

Proof. (1) To show that m - 7 is associative construct the diagram

HHH il HHH ™ > pgn
Hrt

Hr W g @ |-
TH

HHH - g 2 ggg ™ gn
3) (4)

Hm mH m

HH T HH —">H,

where the rectangle (1) is commutative by the YB-condition, (2) and (3) are commutative
by the monad distributivity of 7, and the square (4) is commutative by associativity of m.
Now commutativity of the outer diagram shows associativity of m - 7.

From 2.5 we know that 7-eH = He and 7- He = eH and this implies that e is also the
unit for (H,m - 7,e).

The two pentagons for monad distributivity of 7 for (H,m - m,e) can be read from the
above diagram by combining the two top rectangles as well as the two left hand rectangles.

(2) The proof is dual to the proof of (1). O

6.10. Opposite bimonad. Let 7 : HH — HH be a local prebraiding with 7> = I and let
H = (H,m,e,d,¢) be a T-bimonad on A. Then:
(1) H = (H,m-1,e,7-0,¢) is also a T-bimonad.
(2) If H has an antipode S with 7- HS = SH -7 and 7- SH = HS -7, then S is a
T-bimonad morphism between the T-bimonads H and H'.
In this case S is an antipode for H'.

Proof. (1) By (1), (2) in 6.9, 7 is a (co)monad distributive law from the (co)monad H
to the (co)monad H’', and &’ - ¢/ =¢-e =1 by (6.10). Moreover,

(6.10) 2.4
edm'=e-m-7 ="¢c-He-1=c-eH=¢c-He=¢-He, and

(5’-6’:T~(5-e(6i0)T~eH-62ilHe-e:eH-e:e’H-e’.

To prove compatibility for H we have to show the commutativity of the diagram

(6.17) HH " >H—" > HH
5’6’i Tm’m’
HHHH HHHH

HTH

For this standard computations (from Hopf algebras) apply.
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(2) By 6.6, S is a 7-bimonad morphism from the 7-bimonad H to the 7-bimonad H’. To
show that S is an antipode for H we need the equalities

m' -SH -8 =¢ -¢'=e-¢ and m'-HS-§=¢€ - =e€-c.

Since 7- SH = HS - 7, we have

m’-SH-é’:m-T~SH-7'-5:m-HS-T-T-6T2::1m-HS~(5:e-€.

Since 7- HS = SH - 7, we have

m’-HS’-(S':m-T~HS-T-5:m~SH-T-T-5T2::1m-SH~(5:e-s.
O

As we have seen in Theorem 5.6, the existence of an antipode for an bimonad H on a
category A is equivalent to the comparison functor being an equivalence provided A admits
limits or colimits and H preserves them. It is shown in [3, Theorem 3.5.2] (see also [4,
Lemma 4.2]) that in a braided monoidal category the existence of an antipode implies that
the comparison functor is an equivalence provided idempotents split in this category. As
conjectured in [29, Remarks 5.18], we are able to generalize this to Hopf monads on arbitrary
Cauchy complete categories whose entwining map is derived from a local prebraiding.

6.11. Antipode and equivalence - 2. Let 7 : HH — HH be a local prebraiding and let
H = (H,m,e,d,¢) be a T-bimonad on a Cauchy complete category A. Consider the category
of bimodules

Af = AJ(7),

where 7 =mH - HT - 0H (see 6.3, 6.5). Then the comparison functor Ky : A — Al is an
equivalence of categories if and only if H has an antipode.

Proof. Since (H(a),mq,8,) € AE(F) for all @ € A, one direction is clear from 4.5.
For the converse, it suffices — since the comparison functor Ky is full and faithful (see
4.3)— to show that the functor Ky is surjective on objects. So consider an arbitrary object
(a,hq,0,) € Ag and write g, for the composition

a—"% H(a) 2~ H(a) >~ a,

where S : H — H is an antipode of the bimonad H. We are going to prove that
(6.18) €a*qa = 0o qa-

Considering the diagram

H(a) —>* = H(a) — " =4
€H(a) l €H(a) l l@a
HH(a)m H(a)mﬂ(a)

in which both squares commute by naturality of e : 1 — H, one sees that

€ahaSa+ba=H(hg)  H(Sa) " epa) - ba-



BIMONADS AND HOPF MONADS ON CATEGORIES

Next, considering the diagram

. H(a)—2~ H(a)

ha
a
\ 04
fa () H(fa) (2) H(0a) (3)
( Sa )5 Ta

e diagram (1) commutes since (a,6,) € AZ,
e diagram (2) commutes because of naturality of S : H — H,
e diagram (3) commutes since (a, hq,0,) € AL

in which

we get
O haSa0a=H(ha) Ta Sh(a) 0a " ba-

Now, the diagram

S a a Ta
H(a) — >~ HH(a) 2 HH(a) RO HHH(a) 2" HHH(a)

da 0F (a TH(a
o | @ " ®)
HH @) 2 1 S ()2 HHH(a)
MH(a)
H(eq) @ H(mg) ) H(ma)
H(a) fte) HH(a) " HH(a)
x(ﬁ) H(ea) (7)
H(a) " HH/(a)

is commutative since

e diagram (1) commutes since the triple (H,J,¢) is a comonad,
e diagram (2) commutes by 6.6,

e diagram (3) commutes since H is a 7-bimonad,

e diagram (4) commutes since S is an antipode,

e diagram (5) commutes by naturality of composition,

e diagram (6) commutes by naturality of S: H — H,

e diagram (7) commutes since 7 is an entwining.

23

Since ep(q) - Sa = H(S4) - €p(q) by naturality of e : 1 — H and since H(e,) d, = 1, it follows

from the commutativity of the diagram that

Ou haSa 00 = H(ha) 7o Stige) - 0a - Oa
= H(ha) -mp@) H(Ta) 1) SH(a) " da * ba
= H(ha) H(Sa) " €H(a) 04

Thus e, - g = 04 - go- Dually, one can prove that q, - €, = qq - hq. Moreover, it follows — since

Sq - eq = €4 (see the proof of theorem 6.6) and h, - e, = 1 — that

Qo qa =ha Sa-0a-qa="ha-Sa € qa="ha € qa=qa-
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Thus q, - . = qa, and since idempotents split in A, there exist an object @ and morphisms
ig:a@— aand G, : a — a with ¢, = i4 - G,. Then (a,i,) is an equaliser of the pair (e4, 6,)
and (@,q,) is a coequaliser of the pair (4, hq)-

For any (a, hg,0,) € Ag, write «, for the composite h, - H(i,) : H(a) — a. We claim that

@ is a morphism in AY from Ky (a) = (H(a), ma,ds) to (a, ha,0,). Indeed, we have
g Mg = hg - H(ig) -mg
naturality = ha Mg - H2 (ia)

(aha) €y = hg- H(hg) - H*(iq) = hg - H(H(hg) - i) = he - H(w),

and this just means that o, is a morphism in Ay from (H(a), mg) to (a, hy).
Next - using (6.15) and (6.18) - we compute

0o - g = H(ay) - 5.
Thus, aq is a morphism in A¥ from (H(a),d3) to (a,d,), and hence oy is a morphism in
Al from Ky (a) = (H(a), ma,da) to (a,hq,0s).
_Similarly it is proved that the composite 3, = H(qa) - 0o : @ — H(a) is a morphism in
A from (a, hg,d4) to (H (@), ma,ds) and a further calculation yields
g B =1q and B, - g = 1H((i)'
Hence we have proved that for any (a, he,0,) € A%, is an isomorphism in A#. Thus

the functor Ky is surjective on objects. This completes the proof. O

For an example, let V = (V, ®, I, o) be a braided monoidal category and H = (H, m, e, J, €)
a bialgebra in V. Then

H®-m®—e®@—08—eQ—,T=0gg® —)
is a bimonad on V, and it is easy to see that the category Vg of Hopf modules is just the

category Vgg: (7) = Vgg:.

6.12. Theorem. LetV = (V,®,1,0) be a braided monoidal category such that idempotents
split in V. Then for any bialgebra H = (H,m,e,d,¢) in V, the following are equivalent:
(a) H has an antipode;

(b) the comparison functor
Ky:V—Vi, Ve (HVmeV,ieV), f—He/f,

s an equivalence of categories.

7. ADJOINTS OF BIMONADS

This section deals with the transfer of properties of monads and comonads to adjoint
(endo-)functors. The relevance of this interplay was already observed by Eilenberg and
Moore in [11]. An effective formalism to handle this was developed for adjunctions in 2-
categories and is nicely presented in Kelly and Street [13]. For our purpose we only need
this for the 2-category of categories. For convenience we recall basic facts of this situation
here.

7.1. Adjunctions. Let L : A — B, R : B — A be an adjoint pair of functors with unit
and counit n,e, and L' : A’ — B, R’ : B’ — A’ be an adjoint pair of functors with unit and
counit 7/, /. Given any functors F : A — A’ and G : B — B/, there is a bijection between
natural transformations

a:L'F—-GL and a:FR— RG
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where @ is obtained as the composite

R'aR R'Ge

FR™E prr P RaLr % R G,
and « is given as the composite
P prRL Y v RGL Y L.

In this situation, o and @ are called mates under the given adjunction and this is denoted
by a 4 @. It is nicely displayed in the diagram
R

A—B——=A

| e A
/ !/ !/
A —>B —> A
Given further ~ ~ 3 )
(i) adjunctions L : C - A, R: A - Cand L' : C' — A", R : A’ — C' and a functor
H:C—C,or
(i) an adjunction L” : A” — B"”, R” : B” — A” and functors F’' : A’ — A” and
G': B — B”, we get the diagram

C—= A ——B A —=C'

R’ L R’ R
Fl% iG% lF
A// > B/l > A//

LII R/l
yielding the mates
(M1) L"F'FﬂG'L' Foor - Frc 2 pre %G rrea,
w2y rirg Y5 pri b el 4 HRR G Rre P RRG.

7.2. Properties of mates. Let L,L' : A — B be functors with right adjoints R, R/,
respectively, and o : L' — L a natural transformation.

(i) If L" : A — B is a functor with right adjoint R” and 3 : L" — L' a natural transfor-
mation, then

a-B 45 -a
(ii) If L:C — A is a functor with right adjoint R, then
(aps: 'L — LL) -+ (Ra: RR — RR).
(iii) If L° : B — C is a functor with right adjoint R°, then
(L°a: L°L' — L°L) 4 (aR°: RR° — R'R°).

Proof. (i) is a special case of 7.1(M1).
(ii) follows from 7.1(M2) by putting A’ = A, B’ =B, ' =C and H' = H.
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(iii) is derived by applying 7.1 to the diagram
At-p-c gt
JNANANA
A—>B—>C =B A

As observed by Eilenberg and Moore in [11, Section 3], for a left adjoint endofunctor which
is a monad, the right adjoint (if it exists) is a comonad (and vice versa). The techniques
outlined above provide a convenient and effective way to describe this transition and to
prove related properties. Recall that for any endofunctor L : A — A with right adjoint R,
for a positive integer n, the powers L™ have the right adjoints R".

O

7.3. Adjoints of monads and comonads. Let L : A — A be an endofunctor with right
adjoint R.
(1) If L = (L,mp,er) is a monad, then R = (R,dg,cR) is a comonad, where my - dg
and ey, 1 eR.
(2) If L = (L,61,e1) is a comonad, then R = (R,mpg,eg) is a monad where §;, < mpg,
€L = ER.
Proof. (1) Since e, 4egr and my, - g, it follows from 7.2 (ii) and (iii) that
LeL—|ERR, eLL4RER, mLL—|R5R, LmL—|5RR.
Applying 7.2 (i) now yields
my, - LeL = ERR-(SR, my, - eLL = RER . (5R,
my-mpL 4 ROg-0r, mp-Lmp -0grR - dg.
Since L is a monad we have my -ef L =my - Le;, = I and mp - mpL = my, - Lmp, implying
ERR'5R:RER-5R=I and RCSR'(SR:(SRR'CSR'
This shows that R = (R, dg,er) is a comonad.
The proof of (2) is similar. O
The methods under consideration also apply to the natural transformations LL — LL

which were basic for the definition and investigation of bimonads in previous sections. The
following results were obtained in cooperation with Gabriella Bohm and Tomasz Brzezinski.

7.4. Adjointness and distributive laws. Let L : A — A be an endofunctor with right
adjoint R and a natural transformation Ap, : LL — LL. Then the mate Agr : RR — RR has
the following properties:

(1) LA 4 AgrR and AL 4 RAR.

(2) Ap satisfies the Yang-Baxter equation if and only if \g does.

(3) A2 =1 if and only if \% = 1.

(4) If L = (L,mp,er) is a monad and A\j, is monad distributive, then Ar is comonad
distributive for the comonad R = (R,0R,€R).
(5) If L = (L,6p,e1) s a comonad and Ay is comonad distributive, then \r is monad

distributive for the comonad R = (R, mpg, eR).

Proof. (1) follows from 7.2, (ii) and (iii). The remaining assertions follow by (1) and
the identities in the proof of 7.3. a

Recall from Definition 4.1 that a bimonad H is a monad and a comonad with compatibility
conditions involving an entwining \gy : HH — HH.
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7.5. Adjoints of bimonads. Let H be a monad H = (H,mpg,en) and a comonad
H = (H,dmg,em) on the category A. Then a right adjoint R of H induces a monad
R = (R,mg,eg) and a comonad R = (R,0g,er) (see 7.3) and
(1) H= (H, H) is a bimonad with entwining Ay : HH — HH if and only if R = (R, R)
s a bimonad with entwining A\p : RR — RR.
(2) H=(H,H) is a bimonad with enttiiningLA}I : HH — HH if and only if R = (R, R)
s a bimonad with entwining )‘IR :RR — RR.
(3) If H = (H,H,\p) is a bimonad with antipode, then R = (R, R, \g) is a bimonad
with antipode (Hopf monad).

Proof. (1) With arguments similar to those in the proof of 7.4 we get that Ag is an
entwining from R to R. It remains to show the properties required in Definition 4.1. From
7.2(i) we know that

€H'H€H—|6RR-€R, 5H'mH_|6R’€Ra
(5H'€H—|€R-mR, eHH-eH—ieR-RER, 5]-1'6[—["83'63.

Thus the equalities

eg-Heg =eg-my, Odyg-eg=cgH-eyg, eg-eg=1
hold if and only if

erR-eg =90r-er, cr-mp=cr-Rer, cr-er=1.

The transfer of the compatibility between product and coproduct 4.1 is seen from the
corresponding diagrams

mpy 3 Or mpg

HH H HH RR R RR
HéHl THmH mRRT iéRR
HHH ol HHH, RRR o RRR.

The proof of (2) is similar.
(3) By 5.5, the existence of an antipode is equivalent to the bijectivity of the morphism

Since gy H 4 Rmpg and Hmyg 4 égrR, vy is an isomorphism if and only if yg = Rmpg - dgrR
is an isomorphism. a

Functors with right (resp. left) adjoints preserve colimits (resp. limits) and thus 5.6 and
7.5 imply:

7.6. Hopf monads with adjoints. Assume the category A to admit limits or colimits.
Let H = (H,mpg,en,dm, e, i) be a bimonad on A with a right adjoint bimonad R =
(R,mRp,eRr,0r,€R, A\R). Then the following are equivalent:

(a) the comparison functor Kg : A — AE(AH) is an equivalence;
(b) the comparison functor K : A — AE(AR) is an equivalence;

)
(¢c) H has an antipode;
(d) R has an antipode.

Finally we observe that local prebraidings are also tranferred to the adjoint functor.
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7.7. Adjointness of 7-bimonads. Let H be a monad H = (H,mp,eqn) and a comonad
H = (H,0y,ey) on the category A with a right adjoint R.

IfH = (H,H) is a bimonad with double entwining 7y : HH — HH, then R = (R, R) is
a bimonad with double entwining Tp : RR — RR.

Moreover, Ty satisfies the Yang-Baxter equation if and only if so does Tg.

Proof. Most of the assertions follow immediately from 7.4 and 7.5.
It remains to verify the compatibility condition 6.9. For this observe that from 7.2(i) we
get
Ogdg Ampgmyg, HrtgH 4 RtrR, mpgmyg 1 0rog,
and hence
mygmpyg - THH - dgdg 1 mrmp - RTpR - 0rdr and dg -mps 1 0p - mp.

It follows that H satisfies 6.9 if and only if so does R. a

7.8. Dual Hopf algebras. Let B be a module over a commutative ring R. B is a Hopf
algebra if and only if the endofunctor B ® g — on the category of R-modules is a Hopf
monad. By 7.5, B®p — is a bimonad (with antipode) if and only if its right adjoint functor
Homp (B, —) is a bimonad (with antipode). This situation is considered in more detail in
[5].

If B is finitely generated and projective as an R-module and B* = Hompg(B, R), then
Hompg(B,—) ~ B* ® — and we obtain the familiar result that B is a Hopf algebra if and
only if B* is.

7.9. Characterisations of groups. For any set GG, the endofunctor G x — : Set — Set
is a Hopf bimonad on the category of sets if and only if G has a group structure (e.g. [29,
5.20]). Since the functor Map(G, —) is right adjoint to G x —, it follows from 7.6 that a set
G is a group if and only if the functor Map(G, —) : Set — Set is a Hopf monad.
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