Categorical aspects of Hopf algebras

Robert Wisbauer

ABSTRACT. Hopf algebras allow for useful applications, for example in physics.
Yet they also are mathematical objects of considerable theoretical interest and
it is this aspect which we want to focus on in this survey. Our intention is to
present techniques and results from module and category theory which lead
to a deeper understanding of these structures. We begin with recalling parts
from module theory which do serve our purpose but which may also find other
applications. Eventually the notion of Hopf algebras (in module categories)
will be extended to Hopf monads on arbitrary categories.
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1. Introduction

The author’s interest in coalgebraic structures and Hopf algebras arose from the
observation that the categories considered in those situations are similar to those in
module theory over associative (and nonassociative) rings. At the beginning in the
1960’s, the study of coalgebras was to a far extent motivated by the classical theory
of algebras over fields; in particular, the finiteness theorem for comodules brought
the investigations close to the theory of finite dimensional algebras. Moreover,
comodules for coalgebras C over fields can be essentially handled as modules over
the dual algebra C*.

Bringing in knowledge from module theory, coalgebras over commutative rings
could be handled and from this it was a short step to extend the theory to corings
over non-commutative rings (e.g. [BrWi]). This allows, for example, to consider
for bialgebras B over a commuatative ring R, the tensorproduct B ® B as co-
ring over B and the Hopf bimodules over B as B ® g B-comodules. Clearly this
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was a conceptual simplification of the related theory and the basic idea could be
transferred to other situations. Some of these aspects are outlined in this talk.

Since Lawvere’s categorification of general algebra, algebras and coalgebras are
used as basic notions in universal algebra, logic, and theoretical computer science,
for example (e.g. [AdPo], [Gu], [TuPl]).

The categories of interest there are far from being additive. The transfer of Hopf
algebras in module categories to Hopf monads in arbitrary categories provides the
chance to understand and study this notion in this wider context.

Generalisations of Hopf theory to monoidal categories were also suggested in
papers by Moerdijk [Moer|, Loday [Lod] and others. Handling these notions in
arbitrary categories may also help to a better understanding of their concepts.

Not surprisingly, there is some overlap with the survey talks [Wi.H| and
[Wi.G]. Here a broader point of view is taken and more recent progress is recorded.

2. Algebras

Let R be an associative and commutative ring with unit. Denote by Mpg the
category of (right) R-modules.

2.1. Algebras. An R-algebra (A, m,e) is an R-module A with R-linear maps,
product and unit,
m: AQrA— A, e:R— A,
satisfying associativity and unitality conditions expressed by commutativity of the
diagrams

A®RA®RAL®I>A®RA A&A@@RAﬂA

NS
AQr A ——> A, A.
2.2. Tensorproduct of algebras. Given two R-algebras (A,ma,e4) and

(B,mp,ep), the tensor product A ® B can be made an algebra with product

IQTRI m m
MA®B : A®RB®RA®RBﬂA@RA(@RB@RB&BA@RB,

and unit e4 ® eg : R — A ®p B, for some R-linear map
T:B@RAHA(@RB.

inducing commutative diagrams

B®rB®r A medl BorA A% BopA
I®Tl J/T \ i‘r
IRep
TRI I®mp
BRrARrB——= AQrB® B—— A®g B, AQRr B,

and similar diagrams derived from the product m 4 and unit e4 of A.
It is easy to see that the canonical twist map
tw: A®Qr B — BQgr, A, a®b—bR®a,

satisfies the conditions on 7 and this is widely used to define a product on A ®g B.
However, there are many other such maps of interest.
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These kind of conditions can be readily transferred to functors on arbitrary cat-
geories and in this context they are known as distributive laws (e.g. [Be], [Wi.A]).

3. Category of A-modules
Let A be an associative R-algebra with unit.

3.1. A-modules. A left A-module M is an R-module with an R-linear map
puc A®r M — M with commutative diagrams

AR AR M2 Ao M M- A0, M

N

Aog M —" > A, M.
The category 4M of (unital) left A-modules is a Grothendieck category with A
a finitely generated projective generator.

Properties of (the ring, module) A are reflected by properties of the category
M. These interdependencies were studied under the title homological classification
of rings.

To use such techniques for the investigation of the structure of a right A-
module M, one may consider the smallest Grothendieck (full) subcategory of 4M
which contains M. For this purpose recall that an A-module N is called

M -generated if there is an epimorphism M) — N, A an index set, and

M -subgenerated if N is a submodule of an M-generated module.

3.2. The category o[M]. For any A-module M, denote by o[M] the full
subcategory of 4M whose objects are all M-subgenerated modules. This is the
smallest Grothendieck category containing M. Thus it shares many properties
with oAM, however it need not contain neither a projective nor a finitely generated
generator. For example, one may think of the category of abelian torsion groups
which is just the subcategory o[Q/Z] of zM (without non-zero projective objects).

In general, M need not be a generator in o[M]. A module N € o[M] with
o[N] = o[M] is said to be a subgenerator in o[M]. Of course, M is a subgenerator
in o[M] (by definition). The notion of a subgenerator also plays a prominent role
in the categories considered for coalgebraic structures (e.g. 4.2, 5.3).

An A-module N is a subgenerator in 4M if and only if A embeds in a finite
direct sum of copies of N, i.e. A — N, for some k € N. Such modules are also
called cofaithful.

The notion of singularity in 4M can be transferred to o[M]: A module N €
o[M] is called singular in o[ M) or M -singularif N ~ L/K for L € o[A] and K C L
an essential submodule.

3.3. Trace functor. The inclusion functor o[P] — aM has a right adjoint
TM : )M — o[M], sending X € sM to

TM(X):=> {f(N)|N € o[M], f € Homa(N, X)}.

3.4. Functors determined by P € 4M. Given any A-module P with S =
End4(P), there is an adjoint pair of functors

P®sg—:sM— 4M, HOHIA(P,—) :aAM — M,
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with (co)restriction
P®s—:sM— o[P], Homa(P,—):o[P] — sM.
and functorial isomorphism
Homy (P ®¢ X,Y) — Homg (X, Homa (P, Y)),
unit nx : X — Homu(P,P®s X), x+— [p—pRxl;
counit ey : P®gsHomyu(PY)—Y, pofr— f(p).
These functors determine an equivalence of categories if and only if n and € are

natural isomorphisms.

In any category A, an object G € A is said to be a generator provided the func-
tor Mors (G, —) : A — Ens is faithful. It is a property of Grothendieck categories
that these functors are even fully faithful ([Nast, III, Teorema 9.1]).

Let P € 4M, S = Enda(P). Then P is a right S-module and there is a
canonical ring morphism

¢:A— B=Ends(M), ar— [m— am)].
P is called balanced provided ¢ is an isomorphism.

3.5. P as generator in 4M. The following are equivalent:
(a) P is a generator in AM;
(b) Homu (P, —) : aAM — sM s (fully) faithful;
(¢) e : P®sHomu(P,N) — N is surjective (bijective), N € sM;
(d) P is balanced and Pg is finitely generated and projective.
Note that the equivalence of (a) and (d) goes back to Morita [Mor]. It need
not hold in more general situations. In [Wi.G, 2.6] it is shown:
3.6. P as generator in o[P]. The following are equivalent:
(a) P is a generator in o[P);
(b) HomA( =) :o[P] — sM s (fully) faithful;
(c) ey : P®g Homa(P,N) — N is sur-(bi-)jective, N € o[P];
)

(d (b A — B is dense, Ps is flat and
ey is an isomorphism for all injectives V € o[P].

The elementary notions sketched above lead to interesting characterisations of
Azumaya R-algebras (R a commutative ring) when applied to A considered as an
(A, A)-bimodule, or - equivalently - as a module over A @ A°.

In this situation we have for any A ® g A°-module M,

Homaga0(A, M) =Z(M) ={m € M|am = ma for all a € A},
and Endag,, 40 (A) >~ Z(A), the center of A.

3.7. Azumaya algebras. Let A be a central R-algebra, that is Z(A) = R.
Then the following are equivalent:
(a) A is a (projective) generator in Ag,aoM;
(b) A®pr A° ~ Endgr(A) and Ag is finitely generated and projective;
(¢) Homagpae(A4, =) : agpaeM — My is (fully) faithful;
(d) A®p —:Mpgr — ag,a-M is an equivalence;
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(e) p: A®gr A° — A splits in agpaeM (A is R-separable).

The preceding result can also be formulated for not necessarily associative
algebras by referring to the

3.8. Multiplication algebra. Let A be a (non-associative) R-algebra with
unit. Then any a € A induces R-linear maps

Ly:A— A x—ax; Ry:A— A x+— za.
The multiplication algebra of A is the (associative) subalgebra
M(A) C Endg(A) generated by {Ly, R, |a € A}.
Then A is a left module over M (A) generated by 14 (in general not projective) and
Endjz(a)(A) is isomorphic to the center of A. By o[ys(a)A4], or o[A] for short, we

denote the full subcategory of 5;(4)M subgenerated by A. (For algebras A without
unit these notions are slightly modified, e.g. [Wi.B]).

This setting allows to define Azumaya also for non-associative algebras (e.g.
[Wi.B, 24.8)).

3.9. Azumaya algebras. Let A be a central R-algebra with unit. Then the
following are equivalent:

(a) A is a (projective) generator in ppayM;

(b) M(A) ~ Endg(A) and Ag is finitely generated and projective;
(¢) Hompzea)(A, =) : pyayM — Mg is (fully) faithful;

(d) A®r —: Mg — aa)M is an equivalence.

The fact that the generator property of A as A ® g A°-module implies projec-
tivity is a consequence of the commutativity of the corresponding endomorphism
ring (=Z(A)).

Restricting to the subcategory o[A] we obtain

3.10. Azumaya rings. Let A be a central R-algebra with unit. Then the
following are equivalent:

(a) A is a (projective) generator in o[nra)Al;

(b) M(A) is dense in Endr(A) and Ag is faithfully flat;
(c) Homps(a)(A, =) : olarayAl — Mg is (fully) faithful;
(d) A®r —: Mg — o[ama)A] is an equivalence.

For any algebra A, central localisation is possible with respect to the maximal
(or prime) ideals of the center Z(A) and also with respect to central idempotents
of A.

3.11. Pierce stalks. Let A be a (non-associative) algebra and denote by B(A)
the set of central idempotents of A which form a Boolean ring. Denote by X the set
of all maximal ideals of B(A). For any z € X, the set B(A) \ x is a multiplicatively
closed subset of (the center) of A and we can form the ring of fractions A, = AS™!
These are called the Pierce stalks of A (e.g. [Wi.B, Section 18]). They may be
applied for local-global characterisations of algebraic structures, for example (see
[Wi.B, 26.8], [Wi.M]):

3.12. Pierce stalks of Azumaya rings. Let A be a central (non-associative)
R-algebra with unit. Then the following are equivalent:
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(a) A is an Azumaya algebra;
(b) A is finitely presented in o[A] and
for every x € X, A, is an Azumaya ring;
(c) for every x € X, A, is an Azumaya ring with center R,.

Considering the (A, A)-bimodules for an associative ring A may be regarded
as an extension of the module theory over commutative rings to non-commutative
rings. Using the multiplication algebra M(A) we can even handle non-associative
algebras A. In particular, we can describe a kind of central localisation of semiprime
algebras A. This may help to handle notions in non-commutative geometry.

One problem in transferring localisation techniques from semiprime commu-
tative rings to semiprime non-commutative rings is that the latter need not be
non-singular as one-sided modules. To guarentee this, additional assumptions on
the ring are required (e.g. Goldie’s theorem). This is not the case if we consider A
in the category o[A].

A module N € o[4] is called A-singularif N ~ L/K for L € o[A] and K C L
an essential M (A)-submodule (see 3.2). The following is shown in [Wi.B, Section
32].

3.13. Central closure of semiprime algebras. Let A be a semiprime R-
algebra and A the injective hull of A in olp(ayA]. Then

(i) A is non-singular in olpr(a)A].

(ii) EndM(A)(g) is a reqular, selfinjective, commutative ring, called the extended
centroid.

(iii) A= AHomysa)(A, E) = AEndM(A)(g) and allows for a ring structure (for
a,be A, a,B € EndM(A)(A\)),

(acx) - (bB) := abap.
This is the (Martindale) central closure of A.

(iv) A is a simple ring if and only if A is strongly prime (as an M(A)-module).

Not surprisingly - the above results applied to A = Z yield the rationals Q as
the (self-)injective hull of the integers Z.

A semiprime ring A is said to be strongly prime (as M(A)-module) if its central
closure is a simple ring, and an ideal I C A is called strongly prime provided the
factor ring A/I is strongly prime.

Using this notion, an associative ring A is defined to be a Hilbert ring if any
strongly prime ideal of A is the intersection of maximal ideals. This is the case if
and only if for all n € N, every maximal ideal J C A[X3,...,X,] contracts to a
maximal ideal of A or - equivalently - A[X1,...,X,]/J is finitely generated as an
A/J N A-module (liberal extension). This yields a natural noncommutative version
of Hilbert’s Nullstellensatz (see [KaWi]).

The techniques considered in 3.13 were extended in Lomp [Lomp] to study the
action of Hopf algebras on algebras.

4. Coalgebras and comodules

The module theory sketched in the preceding section provides useful techniques
for the investigation of coalgebras and comodules. In this section R will denote a
commutative ring.
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4.1. Coalgebras. An R-coalgebra is a triple (C, A, &) where C' is an R-module

with R-linear maps
A:C—-C®grC, e:C— R,

satisfying coassociativity and counitality conditions.

The tensor product C @ D of two R-coalgebras C' and D can be made to
a coalgebra with a similar procedure as for algebras. For this a suitable linear
map 7 : C ®r D — D ®g C is needed leading to the corresponding commutative
diagrams (compare 2.2).

The dual R-module C* = Hompg(C, R) has an associative ring structure given
by the convolution product

fxg=(g® f)oA for f,g € C*,

with unit €.

Replacing ¢ ® f by f ® g (as done in the literature) yields a multiplication
opposite to the one given before. This does not do any harm but has some effect
on the formalism considered later on.

4.2. Comodules. A left comodule over a coalgebra C' is a pair (M, o™) where
M is an R-module with an R-linear map (coaction)

oMM —CorM
satisfying compatibility and counitality conditions.

A morphism between C-comodules M, N is an R-linear map f : M — N
with oV o f = (I ® f) o ™. The set (group) of these morphisms is denoted by
Hom® (M, N).

The category “M of left C-comodules is additive, with coproduct and cokernels
- but not necessarily with kernels.

The functor C ®p — : Mg — M is right adjoint to the forgetful functor
“M — Mg, that is, there is an isomorphism

Hom®(M,C ®r X) — Homg(M,X), f— (e®@1I)of
and from this it follows that
End?(C) ~ Homz(C, R) = C*,

which is a ring morphism - or antimorphism depending on the choice for the con-
volution product (see 4.1).
C is a subgenerator in “M], since any C-comodule leads to a diagram

RW) C @p RM =— o)
ih i]@h
QJM
0 M C®rM,

where h is an epimorphism for some index set A.

Monomorphisms in “M need not be injective maps and - as a consequence -
generators G in “M need not be flat modules over their endomorphism rings and
the functor Hom“ (G, —) : “M — Ab need not be full.

All monomorphisms in “M are injective maps if and only if C is flat as an
R-module. In this case “M has kernels.

There is a close relationship between comodules and modules.
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4.3. C-comodules and C*-modules. Any C-comodule o™ : M — C @ M
is a C*-module by the action

~ I®eM ev®T
M.t M2t wCeo M .

For any M,N € “M, Hom®(M,N) c Home-(M,N) and hence there is a
faithful functor
®: M — oM, (M, ™M) — (M, ™)

To make ® a full functor, the morphism (natural in ¥ € Mp)
ay : C®rY — Homg(C*Y), c®@yw—[f+— flc)y],
has to be injective for all Y € M (a-condition, see [BrWi, 4.3]):

4.4. M a full module subcategory. The following are equivalent:
(a) ®:“M — oM is a full functor;

(b) ®:“M — o[c-C] (C M) is an equivalence;

(¢) ay is injective for allY € Mp;

P
P

(d) Cg is locally projective.

This observation shows that under the given conditions the investigation of the
category of comodule reduces to the study of C*-modules, more precisely, the study
of the category o[c=C] (see [BrWi], [Wi.F]).

As a special case we have (see [BrWi, 4.7]):

4.5. “M a full module category. The following are equivalent:
(a) ®:“M — ¢«M is an equivalence;
(b) « is an isomorphism;

(¢) Cg is finitely generated and projective.

4.6. Natural morphism. Applying Homp (X, —) to the morphism «ay leads
to the morphism, natural in X,Y € Mg,

O~zX7y : HOIHR(X,C@R Y) — HOHIR(X, HOH]R(C*,Y)) = HOI’IIR(CM< QR X,Y)

If oy is a monomorphism, then ax y is a monomorphism,
if ary is an isomorphism, then ax y is an isomorphism, X,Y € Mg.

The latter means that the monad C* ® g — and the comonad C ® g — form an
adjoint pair of endofunctors on Mg, while the former condition means a weakened
form of adjunction.

It is known (from category theory) that, for the monad C* ®p —, the right
adjoint Homp(C*,—) is a comonad and the category ¢+M is equivalent to the
category MHomr(C™=) of Homp(C*, —)-comodules (e.g. [BOBrWi, 3.5]).

Thus « : C ® — — Hompg(C*, —) may be considered as a comonad morphism
yielding a functor

(i):CM_)MHomR(C*,—),
M —C®rM — M — C®r M > Hompg(C*, M).

As noticed in 4.4 and 4.5, this functor is fully faithful if and only if « is injective;
it is an equivalence provided « is a natural isomorphism.
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5. Bialgebras and Hopf algebras

Combining algebras and coalgebras leads to the notion of

5.1. Bialgebras. An R-bialgebra is an R-module B carrying an algebra struc-
ture (B,m,e) and a coalgebra structure (B,A,e) with compatibility conditions
which can be expressed in two (equivalent) ways

(a) m: B®r B — B and e: R — B are coalgebra morphisms;
(b) A: B— B®pg B and € : B — R are algebra morphisms.

To formulate this, an algebra and a coalgebra structure is needed on the tensor-
product B®pg B as defined in 2.2 and 4.1 (with the twist tw map taken for 7). The
twist map (or a braiding) can be avoided at this stage by referring to an entwining
map

w:B@RB—)B(X)RB,

which allows to express compatibility between algebra and coalgebra structure by
commutativity of the diagram (e.g. [B6BrWi, 8.1])

B®rB “ > B 2 B®rB

A@IB\L Tm@]lg
Ig®y

B®rB®rB———>B®rB®rB.

In the standard situation this entwining is derived from the twist map as
Yp=meIo(IQtw)o(d®I): Br B — BQrB, a®br a1 @ bas.
This is a special case of 6.12 (see also [B6BrWwi, 8.1]).

5.2. Hopf modules. Hopf modules for a bialgebra B are R-modules M with
a B-module and a B-comodule structure

pu:B®r M — M, pM:M — B®gM,
satisfying the compatibility condition
pM(bm) = A(b) - pM(m), forbe B, m e M.

Here we use that - due to the algebra map A - the tensor product N ® g M of
two B-modules can be considered as a left B-module via the diagonal action

b-(m®n)=Ab)(men)= Zbln(@bzm.

This makes the category pM monoidal.

If the compatibility between m and A is expressed by an entwining map
Y : Br B — B ®gr B (see 5.1), then the Hopf modules are characterised by
commutativity of the diagram

B@RM PM M P B®RM

IopM l TI®PJVI
PRI

BRrB®rM ———————BRrB®g M.
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5.3. Category of Hopf modules. Morphisms between two B-Hopf modules
M and N are R-linear maps f : M — N which are B-module as well as B-comodule
morphisms. With these morphisms, the Hopf modules form an additive category,
we denote it by BM. Certainly B is an object in BM, but in general it is neither a
generator nor a subgenerator.

As mentioned above, B ® g B has a (further) left B-module structure induced
by A, we denote the resulting module by B ®° B. It is not difficult to see that
B ®" B is an object in BM and is a subgenerator in this category (e.g. [BrWi,
14.5)).

Similarly, one may keep the trivial B-module structure on B& r B but introduce
a new comodule structure on it. This is again a Hopf module, denoted by B Q¢ B,
and is also a subgenerator in M (e.g. [BrWi, 14.5]).

As for comodules, monomorphisms in M need not be injective maps unless B
is flat as an R-module.

If B is locally projective as an R-module, the comodule structure of the Hopf
modules may be considered as B*-module structure and their module and comodule
structures yield a structure as module over the smash product B# B*. In this case,
BM is isomorphic to o[p4p-B ®° BJ, the full subcategory of B B+M subgenerated
by B ®" B (or B ®° B) (e.g. [BrWi, 14.15]).

5.4. Comparison functor. For any R-bialgebra B, there is a comparison
functor

5 rRM — EM, X — (BerX,m®Ix,A® Ix),
which is full and faithful since, by module and comodule properties, for any X,Y €
MR7
HomB(B®r X,B®rY) ~ Homp (X, B®pY) ~ Homg(X,Y),

with the trivial B-comodule structure on X. In particular, Endp(B) ~ R.

5.5. The bimonad Hompg (B, —). As mentioned in 4.6, for a monad (comonad)
B®pr—, the right adjoint functor Hompg (B, —), we denote it by [B, —], is a comonad
(monad).

An entwining ¢ : BQr B — B ®g B may be seen as an entwining between the
monad B ®r — and the comonad B Qg —,

V:BRrB®r— — BOr B®Qg —
and this induces an entwining between the Hom-functors (see [B6BrWi, 8.2])

12)\: [B7[B’ 7]] - [B7[B’ 7]]

[B,—]

This allows to define [B, —]-Hopf modules (similar to 5.2), the category I\\/[[[B ] and

a comparison functor (with obvious notation)

B,— B,— * *
olp ) M =ML X o (B, X], A, mk),

5.6. Antipode. For any bialgebra B, a convolution product can be defined on
the R-module Endg(B) by putting, for f,g € Endg(B), (compare 4.1)

frg=mo(f@g)oA.
This makes (Endr(B), *) an R-algebra with identity e oe.
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An antipode is an S € Endg(B) which is inverse to the identity map Ig of B
with respect to %, that is Sx Ig =eoe = Ig xS or - explicitely -

mo(S®Ig)oA=eocec=mo(Ip®S)oA.
If B has an antipode it is called a Hopf algebra.
The existence of an antipode is equivalent to the canonical map

~v: Bop B> Bor B2 Bog B

being an isomorphism (e.g. [BrWi, 15.2]).

The importance of the antipode is clear by the (see [B6BrWwi, 8.11])

5.7. Fundamental Theorem. For any R-bialgebra B, the following are equiv-
alent:

(a) B is a Hopf algebra (i.e. has an antipode);

(b) ¢B : gM — BM is an equivalence;

(c) (b{gj : gM — M{gj s an equivalence;

(d) Hom%5 (B, —) : BM — gM is full and faithful.
If Bg is flat then (a)-(d) are equivalent to:

(e) B is a generator in BM.

Recall that for Bp locally projective, BM is equivalent to o[pxp-B @ B] and
thus we have:

5.8. Corollary. Let B be an R-bialgebra with Br locally projective. Then the
following are equivalent:

(a) B is a Hopf algebra;
(b) B is a subgenerator in BM and B#B* is dense in Endg(B);
(c) B is a generator in BM.

These characterisations are very similar to those of Azumaya rings (see 3.10).
This indicates, for example, that Pierce stalks may also be applied to characterise
(properties of) Hopf algebras.

The notion of bialgebras addresses one functor with algebra and coalgebra struc-

tures. More general, one may consider relationships between distinct algebras and
coalgebras:

5.9. Entwined algebras and coalgebras. Given an R-algebra (A, m,e) and
an R-coalgebra (C,A,¢), an entwining (between monad A ® — and comonad
C ®pg —) is an R-linear map

P:ARrC — CRRr A,

inducing certain commutative diagrams. This notion was introduced in Brzezinski
and Majid [BrMa] and is a special case of a mixed distributive law (see 6.5).
Entwined modules are defined as R-modules M which are modules (M, gar) and
comodules (M, o™), inducing commutativity of the diagram (e.g. [BrWi, 32.4])

om oM

A M M CoM

IA®(_)M\L T1®2M
PRI
A C M CRA® M.
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With morphisms which are A-module as well as C-comodule maps, the entwined
modules form a category denoted by iM.

C ®p A is naturally a right A-module and 1 can be applied to define a left
A-module structure on it,

a-(c®b)=1v(a,c)b, for a,be A, ceC.

Moreover, a coproduct can be defined on C ®r A, making C ® g A an A-coring, a
notion which extends the notion of R-coalgebras to non-commutative base rings A.
The category M of entwining modules can be considered as “®4M, the category
of left comodules over the coring C ®p A (e.g. [BrWi, 32.6]).

To get a comparison functor as in 5.4, we have to require that A is an object
in EM; this is equivalent to the existence of a grouplike element in the A-coring
C®r A (e.g. [BrWi, 28.1 and 23.16]).

5.10. Galois corings. Let (A4,C) be an entwined pair of an algebra A and a
coalgebra C. Assume that A is an entwined module by ¢ : A — C ®4 A. Then
there is a comparison functor

¢i:MRHEJM:XH(A®RX,m®I,QA®I),

which is left adjoint to the (coinvariant) functor Hom§ (A, =) : §M — M.
Moreover, B = Hom$ (A, A) is a subring of A, Hom$(A,C ®r A) ~ A, and
evaluation yields a (canonical) map

v:AQp A — C Qg A.

Now C ®g A is said to be a Galois A-coring provided ~ is an isomorphism (e.g.
[Brwi, 28.18]). This describes coalgebra-Galois extensions or non-commutative
principal bundles. If - in this case - Ap is a faithfully flat module, then the functor

Mp —GM:Y — (AepY,meI,0*a1)

is an equivalence of categories.

This extends the fundamental theorem for Hopf algebras to entwined structures:
If A= C = H is a Hopf algebra, then (H, H) is an entwining, B = R, and the
resulting « is an isomorphsism if and only if H has an antipode (see 5.6).

6. General categories

As seen in the preceding sections, the notions of algebras, coalgebras, and Hopf
algebras are all buit up on the tensor product. Hence a first step to generalisation is
to consider monoidal categories (V, ®,1). For example, entwining structures in such
categories are considered in Mesablishvili [Me]. Furthermore, opmonoidal monads
T on V were considered by Bruguiéres and Virelizier (in [BruVir, 2.3]) which may
be considered as an entwining of the monad T with the comonad — ® T'(I). The
generalised bialgebras in Loday [Lod], defined as Schur functors (on vector spaces)
with a monad structure (operads) and a specified coalgebra structure, may also be
seen as a generalisation of entwining structures [Lod, 2.2.1].

However, algebras and coalgebras also show up in more general categories
as considered in universal algebra, theoretical computer science, logic, etc. (e.g.
Gumm [Gu], Turi and Plotkin [TuPl], Addmek and Porst [AdPo]). It is of some
interest to understand how the notion of Hopf algebras can be transferred to these
settings. In what follows we consider an arbitrary category A.
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6.1. Monads on A. A monad on A is a triple (F,m, e) with a functor F' : A —
A and natural transformations

m:FF —F, e:Iy—F,
inducing commutativity of certain diagrams (as for algebras, see 2.1).
F-modules are defined as X € Obj(A) with morphisms gx : F(X) — X and
certain commutative diagrams (as for the usual modules, see 3.1).
The catgegory of F-modules is denoted by Ap. The free functor
¢F A — AF, X — (F(X),mx)

is left adjoint to the forgetful functor Ur : Ap — A by the isomorphism, for X € A,
Y € AF,
Mory . (F(X),Y) — Mora (X, Up(Y)), fr foex.
6.2. Comonads on A. A comonad on A is a triple (G, d, ) with a functor
G : A — A and natural transformations
§:G—= GG, ¢e:G— Iy,
satisfying certain commuting diagrams (reversed to the module case).
G-comodules are objects X € Obj(A) with morphisms ¢ : X — G(X) in A
and certain commutative diagrams.
The category of G-comodules is denoted by A®. The free functor
¢ A — AY X — (G(X),dx)
is right adjoint to the forgetful functor UY : A® — A by the isomorphism, for
X € A% Y € A,
MOYAG(X7G(Y)) HMOI‘A(UG(X)7Y)7 f|—><€y0f.

Monads and comonads are closely related with

6.3. Adjoint functors. A pair of functors L : A — B, R : B — A is said to be
adjoint if there is an isomorphism, natural in X € A, Y € B,
Morg(L(X),Y) — Mora (X, R(Y)),
also described by natural transformations 7 : Iy — RL, € : LR — Ig. This implies
a monad (RL, Rey,n) on A, a comonad (LR, Lng,c) on B.

L is full and faithful if and only if € : GF — I, is an isomorphism.
L is an equivalence (with inverse R) if and only if € and # are natural isomor-
phisms.

6.4. Lifting properties. Compatibility between endofunctors F,G : A — A
can be described by lifting properties. For this, let F' : A — A be a monad and
G : A — A any functor on A and consider the diagram

A Ap
UFL lUF
A—S> A

If a G exists making the diagram commutative it is called a lifting of G. The
questions arising are:

(i) does a lifting G exist ?
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(ii) if G is a monad - is G again a monad (monad lifting)?
(iii) if G is a comonad - is G also a comonad (comonad lifting)?

For R-algebras A and B, (i) together with (ii) may be compared with the
definition of an algebra structure on A ®g B and leads to diagrams similar to those
in 2.1.

For an R-algebras A and an R-coalgebra C, (i) together with (iii) corresponds
to the entwinings considered in 5.9.

We formulate this in the general case (e.g. [Wi.A, 5.3]).

6.5. Mixed distributive law (entwining). Let (F,m,e) be a monad and
(G,d,e) a comonad. Then a comonad lifting G : Ap — Ap exists if and only if
there is a natural transformations

AN FG— GF
inducing commutativity of the diagrams
FFG me FG  FG—2-FGG—%>GFG
in lx /\l ic»\
AR Gm oF
FGF GFF GF, GF GGF,

G—-Frq FG-sF

oA

GF, GF.

Entwining is also used to express compatibility for an endofunctor which is a
monad as well as a comonad. Notice that the diagrams in 6.5 either contain the
product m or the coproduct §, the unit e or the counit e. Additional conditions
are needed for adequate compatibility.

6.6. (Mixed) bimonad. An endofunctor B : A — A is said to be a (mized)
bimonad if it is

(i) a monad (B, m,e) with e : I — B a comonad morphism,

(ii) a comonad (B,d,¢e) with € : B — I a monad morphism,
(iii) with an entwining functorial morphism ¢ : BB — BB,
(iv) with a commutative diagram

BB-">pB—"-BB

Bﬁl TBm
Y

BBB— > BBB.
6.7. (Mixed) B-bimodules. For a bimonad B on A, (mized) bimodules are
defined as B-modules and B-comodules X satisfying the pentagonal law

ox QX

B(X) X B(X)

B(gx)i TB(QX)

BB(X) X BB(X).
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B-bimodule morphisms are B-module as well as B-comodule morphisms. We denote
the category of B-bimodules by AB.
There is a comparison functor (compare 5.4)

6B A AB A [BB(A)™ B(A) ¥ BB(A)],
which is full and faithful by the isomorphisms, functorial in X, X’ € A,
Mors(B(X), B(X')) ~ Morg(B(X), X') ~ Mora (X, X').
In particular, this implies End5(B(X)) ~ Ends(X), for any X € A.
Following the pattern in 5.6 we define an

6.8. Antipode. Let B be a bimonad. An antipode of B is a natural transfor-
mation S : B — B leading to commutativity of the diagram

B;>146>B

| L,

BB—/—————< BB
BS

We call B a Hopf bimonad provided it has an antipode.
As for Hopf algebras (see 5.6) we observe that the canonical natural transfor-
mation

[ m
v: BB—2~ BBB 2™~ BB

is an isomorphism if and only if B has an antipode (e.g. [BrWi, 15.1]).

The Fundamental Theorem for Hopf algebras states that the existence of an
antipode is equivalent to the comparison functor being an equivalence (see 5.7). To
get a corresponding result in our general setting we have to impose slight conditions
on the base category and on the functor (see [MeWi, 5.6]):

6.9. Fundamental Theorem for bimonads. Let B be a bimonad on the
category A and assume that A admits colimits or limits and B preserves them.
Then the following are equivalent:

(a) B is a Hopf bimonad (see 6.8);

(b) y=DBm 6B : BB — BB is a natural isomorphism;
(¢) ¥ =mB-BéB: BB — BB is a natural isomorphism;
(d

) the comparison functor ¢B : A — BA is an equivalence.

Recall that for an R-module B, the tensor functor B ® g — has a right adjoint
and we have observed in 5.5 that a bialgebra structure on B can be transferred to
the adjoint Hompg (B, —).

As shown in [MeW], 7.5], this applies for general bimonads provided they have
a right adjoint:

6.10. Adjoints of bimonads. Let B be an endofunctor of A with right adjoint
R:A — A. Then B is a bimonad (with antipode) if and only if R is a bimonad
(with antipode).
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As a special case we have that for any R-Hopf algebra H, the functor Hompg(H, —)
is a Hopf monad on M. This is not a tensor functor unless Hp is finitely generated
and projective.

As pointed out in 5.1, no twist map (or braiding) is needed on the base category
to formulate the compatibility conditions for bialgebras (and bimonads). There may
exist a kind of braiding relations for bimonads based on distributive laws.

6.11. Double entwinings. Let B be an endofunctor on the category A with
a monad structure B = (B, m,e) and a comonad structure B = (B, 6, €).

A natural transformation 7 : BB — BB is said to be a double entwining
provided

(i) 7 is a mixed distributive law from the monad B to the comonad B;
(ii) 7 is a mixed distributive law from the comonad B to the monad B.

6.12. Induced bimonad. Let 7 : BB — BB be a double entwining with
commutative diagrams

BB ——= B 1—~—=B 1——=B
mi ie el ) \ ls
B & o 1, B ? BB, 1,
BB—">B—" BB
65\L Tmm
BBBB —————> BBBB.
Then the composite
7. BB 2~ BBB 2"~ BBB "2~ BB

is a mized distributive law from the monad B to the comonad B making (B, m, e, §,&,7)
a bimonad (see 6.6).

It is obvious that for any bimonad B, the product BB is again a monad as well
as a comonad.

BB is also a bimonad provided 7 satisfies the Yang-Baxter equation, that is,
commutativity of the diagram

BBB 2~ BB 2"~ BBB

o |-s

BBB —;> BBB —;> BBB.
If this holds, then BB is a bimonad with

product m: BBBB —% BBBB "> BB,

coproduct 3 : BB —>> BBBB % BBBB,

entwining 7: BBBB —> BBBB — > BBBB —-% BBBB.

Finally, if 7 is a double entwining satisfying the Yang-Baxter equation and
72 =1, then an opposite bimonad B°P can be defined for B with



CATEGORICAL ASPECTS OF HOPF ALGEBRAS 17

product m-7: BB — BB % B,

coproduct 7-0: B . BB BB.
If B has an antipode S, then S : B°® — B is a bimonad morphism provided
that

7-BS=SBand 7-BS=S5B.

In the classical theory of Hopf algebras, the category Mg of R-modules over a
commutative ring R (or vector spaces) is taken as category A and tensor functors
B ®p — are considered (which have right adjoints Hompg (B, —)). Here the Fun-
damental theorem for bimonads 6.9 implies that for Hopf algebras 5.7. The twist
map provides a braiding on My and this induces a double entwining on the tensor
functor B ®p —.

We conclude with a non-additive example of our notions.

6.13. Endofunctors on Set. On the category Set of sets, any set G induces
an endofunctor

G x —:Set —Set, X+—GxX,
which has a right adjoint

Map(G, —) : Set — Set, X — Map(G, X).
Recall (e.g. from [Wi.A, 5.19]) that

(1) G x — is a monad if and only if G is a monoid;
(2) G x — is comonad with coproduct § : G — G x G, g — (g,9);

(3) there is an entwining morphism
Yv:GEGxG—GxG, (g,h)— (gh,g).
Thus for any monoid G, G x — is a bimonad and

Hopf monads on Set. For a bimonad G X —, the following are equivalent:
(a) G x — is a Hopf monad;
(b) Mor(G, —) is a Hopf monad;
(¢) G is a group.

Here we also have a double entwining given by the twist map
T:GXGEX—-—GxGx—, (a,b,—)— (ba,—).

6.14. Remarks. After reporting about bialgebras and the compatibilty of their
algebra and coalgebra part, we considered the entwining of distinct algebras and
coalgebras (see 5.9). Similarly, one may try to extend results for bimonads to the
entwining of a monad F' and a distinct comonad G on a category A and to head for
a kind of Fundamental Theorem, that is, an equivalence between the category Ag
and, say, a module category over some coinvariants. For this one has to extend the
notion of (co)modules over rings to (co)actions of (co)monads on functors and to
introduce the notion of Galois functors. Comparing with 5.10, a crucial question is
when F' allows for a G-coaction. For this a grouplike natural transformation I — G
is needed. In cooperation with B. Mesablishvili the work on these problems is still
in progress.
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