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ON HOPF MONOIDS IN DUOIDAL CATEGORIES

GABRIELLA BOHM, YUANYUAN CHEN, AND LIANGYUN ZHANG

ABSTRACT. Aguiar and Mahajan’s bimonoids A in a duoidal category M are studied. Under
certain assumptions on M, the Fundamental Theorem of Hopf Modules is shown to hold for A
if and only if the unit of A determines an A-Galois extension. Our findings are applied to the

particular examples of small groupoids and of Hopf algebroids over a commutative base algebra.

INTRODUCTION

There are several equivalent conditions on a bialgebra A (say, over a commutative ring k) under
which we say that it is a Hopf algebra (see e.g. the textbooks [16] 23] [9]):

(i) The identity map A — A has an inverse — called the antipode — in the convolution
algebra End(A).
(ii) A induces a right Hopf monad (—) ® A on the category My, of k-modules; in the sense of
[8]. That is, the closed structure of My, is lifted to the category of right A-modules.
(iii) A is an A-Galois extension of k. That is, a canonical comonad morphism is an isomorphism.
(iv) The Fundamental Theorem of Hopf Modules [12] holds. That is, the category of A-Hopf

modules is equivalent to the category of k-modules.

In their monograph [2], Marcelo Aguiar and Swapneel Mahajan generalized bialgebras to bi-
monoids in so-called duoidal categories (termed “2-monoidal” in their work). These are categories
equipped with two different monoidal structures. They are required to be compatible in the sense
that the functors and natural transformations defining the first monoidal structure, are opmonoidal
with respect to the second monoidal structure. Equivalently, the functors and natural transfor-
mations defining the second monoidal structure, are monoidal with respect to the first monoidal
structure. More details will be recalled in Section A bimonoid is a monoid with respect to
the first monoidal structure and a comonoid with respect to the second monoidal structure. The
compatibility axioms are formulated in terms of the coherence morphisms between the monoidal
structures.

A natural question arises how to define a Hopf monoid in a duoidal category. There are at least

four possibilities listed above.
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The first possibility (i) does not seem applicable. Since the monoid and comonoid structures
are defined in different monoidal categories, the notion of convolution monoid is not available. The
second possibility (ii) was taken in [5] and it was investigated in relation with the lifting of closed
structures. The aim of this paper is to study the remaining possibilities (iii) and (iv). Under
certain assumptions on the duoidal category we work in, we prove their equivalence; and that they
hold whenever (ii) does.

Let us re-visit for a moment the classical case of a bialgebra A over a commutative ring k.
Since a bialgebra carries both an algebra and a coalgebra structure, it induces both a monad and
a comonad on the category My, of k-modules (with respective Eilenberg-Moore categories M 4,
the category of A-modules; and M, the category of A-comodules). These are in turn related by
a mixed distributive law in the sense of [4]. The category of its mixed modules M4 is known as

the category of A-Hopf modules. Moreover, there is an associated triangle of functors

M4

in which UAK = F (and U# and U, denote forgetful functors).

The Dubuc-Beck theory [4] [10, [I8] [B] (shortly recalled in Section [[1]) tells us the sufficient and
necessary conditions under which K is an equivalence — that is, the Fundamental Theorem of Hopf
Modules holds. The first step is to see that K possesses a right adjoint N. By Dubuc’s Adjoint
Lifting Theorem [10] (see the dual form of [I8, Theorem 2.1]), N is given by certain equalizers

which exist by the completeness of Mj. Then there is a canonical comonad morphism

Bi= ( FalUa = UAKNFA 0 gapay,
where € denotes the counit of the adjunction K 4 N. With its help, K is an equivalence if and
only if 5 is a natural isomorphism, and F4 preserves the equalizers defining the right adjoint of K
and it reflects isomorphisms (see e.g. [111 [13]).

By the above reasoning it is immediate that if K is an equivalence — i.e. above condition (iv)
defining a Hopf algebra holds — then f is a natural isomorphism. That is, above condition (iii)
defining a Hopf algebra A holds. Conversely, assume that 3 is a natural isomorphism — i.e. above
condition (iii) defining a Hopf algebra holds. Then in this particular situation associated to a k-
bialgebra, the equalizers defining the right adjoint of K turn out to be contractible, hence absolute
equalizers (with contracting maps constructed in terms of 3~1). Such equalizers are preserved by
any functor, in particular by F4. This allows to prove also that F'4 reflects isomorphisms, hence K
is an equivalence. That is, above condition (iv) defining a Hopf algebra A holds. (Note that since
A is a generator in M 4, Sy = M ® 4 f4 is an isomorphism for all right A-modules M if and only
if B4 is an isomorphism. The equivalence of this form of condition (iii) and condition (iv) above,
can be found e.g. in [9, Section 15.5 (b)<(g)].)
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In this paper we apply a similar strategy in the case of a bimonoid A in a duoidal category
M. In Section [Tl we recall the Dubuc-Beck theory in a nutshell (but with precise references) and
some basic facts about duoidal categories and their bimonoids. In Section 2lwe study the analogue
of the above adjoint triangle and the corresponding comonad morphism S in a somewhat more
general setting: We take an A-comodule monoid B and we consider the category of (A, B)-relative
Hopf modules. The isomorphism property of the corresponding comonad morphism S defines the
notion of A-Galois extension C' — B. In Section Bl we restrict to (non-relative) A-Hopf modules.
We assume that idempotent morphisms in M split and that a canonical functor H — between the
category M! of comodules over one monoidal unit I, and the category M ; of modules over the
other monoidal unit J in M — is fully faithful. (In the case when M is a braided monoidal category,
H is a trivial isomorphism.) Under these assumptions we prove the Fundamental Theorem of Hopf
Modules which takes now the following form: The canonical comparison functor from M/ to the
category of A-Hopf modules is an equivalence if and only if the canonical comonad morphism 3
is a natural isomorphism, and if and only if I — A is an A-Galois extension. The assumptions
made on a duoidal category in our Fundamental Theorem of Hopf Modules, respectively, their dual
counterparts, are shown to hold in two duoidal categories described in [2]: In the category of spans
(over a fixed base set) and in the category of bimodules (over a fixed commutative, associative and
unital algebra). So as an application of the theorem, we obtain that a small category A is a Galois
extension of its object set X if and only if the category of A-Hopf modules is equivalent to the
slice category set/X; and if and only if A is a groupoid. Similarly, if A is a bialgebroid (called a
“x p-bialgebra” in [24]) — over a commutative algebra R and such that the unit R® R — A takes
its values in the center of A —, then the category of A-Hopf modules is equivalent to the category
of R-modules if and only if A is a Hopf algebroid (in the sense of [7] and references therein; for the

commutative case see also [20]).

1. PRELIMINARIES

1.1. The Dubuc-Beck theory. For later application, in this section we consider the following
situation. Let 7" and S be comonads on respective categories A and B. Denote their Eilenberg-
Moore categories of comodules (also called coalgebras, see e.g. the dual of the notion in [3, page
88]) by AT and B?, respectively, with forgetful functors UT : AT — A and U® : BS — B. (These
functors possess right adjoints, to be denoted by FT and F*, respectively; such that 7' = U7 FT
and S = USF?®). Assume that there is an adjunction L 4 R : B — A (with unit v : A — RL
and counit € : LR — B). In what follows, we re-collect from the literature some results concerning

sufficient and necessary conditions for the existence of an equivalence K : AT — BS rendering

commutative
(1.1) AT £, s
UTl lus
A — B.

Whenever the diagram (1) commutes for some functor K, K is said to be a lifting of L. By
[19, Corollary 5.11] (or by [11, Proposition 1.1 and Theorem 1.2]), the liftings K of L are in a
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bijective correspondence with the so-called comonad morphisms of the form (L, ) (this result is
usually attributed to D. Applegate’s thesis from 1965). The comonad morphisms [22] from T to
S are pairs consisting of a functor L : A — B and a natural transformation A : LT — SL which is
compatible with the comonad structures (67 : T — T2,e7 : T — A) and (6 : S — S2%,¢%: S — B)

in the sense of the commutative diagrams

LT A SL LT 2SI
L(sTl LSSL LaTl lssL
LT? SLT S21 L L.

AT S\

Let us assume that there exists such a comonad morphism A : LT — SL hence a lifting K

of L. Then there is also an induced comonad morphism from the comonad LTR (with comul-

T v T €
tiplication LTR ~258 L12R ™™™ 8 LTRLTR and comit LTR 25 LR S B) to S, see [I0,

Theorem II.1.1] (and also [I1, Theorem 1.2]). It is given by the identity functor B and the natural

transformation

(1.2) B=(LTR 2L SLR 54 5).

Alternatively, using the correspondence between A and K, it can be re-written as

SLeTR

USvSKF'R g .9718 1 T Se
— U°F?U°KF'R=SLTR —— SLR —— S ),

(1.3) B=(LTR=USKFTR
where v% : BS — FSUS is the unit of the adjunction U 4 FS.

Since at the end we want K in ([ILI]) to be an equivalence, it should possess in particular a right
adjoint. For the existence of this right adjoint, we obtain sufficient and necessary conditions from
Dubuc’s Adjoint Lifting Theorem. We apply it in the form which is dual to [I8 Theorem 2.1].
Re-draw (1)) in the form

(1.4) B

/ lUS
AT — A —— B.
u” L
In the triangular diagram (L4, both the functor in the bottom row and that in the right vertical
are left adjoints. Moreover, U® is comonadic so in particular of the co-descent type. Hence by the
dual form of [I8, Theorem 2.1] (see also [10, Theorem A.1] and [11] Proposition 1.3]), K possesses
a right adjoint N if and only if for every S-comodule (B, p: B — SB), there exists the equalizer

TRp
N(B,p) — TRB t TRSB in AT,
TRSeB.TRARB.TvTRB.5T RB

providing the object map of N. By the uniqueness of the adjoint up-to natural isomorphism,
whenever the right adjoint N of K exists it obeys NF® = FTR, and the counit é : KN — B of
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the adjunction K - N renders commutative

T
ITR—= ", R B

|

USKNFS — 8§ — 5 B.
USeFrs e’

Using this identity together with (I3) (and with one of the triangle identities on the adjunction
US4 F%), we can re-write (L2)) in the alternative form

o Sé S
(1.5) B=(LTR —— USKNFS =, gy

whenever the right adjoint IV of K exists.
Finally, for any lifting K of L in ([ILT), the following assertions are equivalent (see e.g. [IT}
Theorem 1.7] or [13, Theorem 4.4]).

e The functor K is an equivalence.
. . . . ut L . .
e The natural transformation (L2)) is an isomorphism and A?7 — A — B is comonadic.

Recall that by the dual form of Beck’s monadicity theorem (see e.g. [3] page 100, Theorem 3.14)),
a left adjoint functor L is comonadic (or co-tripleable) if and only if it reflects isomorphisms and

creates the equalizers of L-contractible equalizer pairs.

1.2. Duoidal category. In this section we recall from [2] some information about so-called duoidal
(also known as 2-monoidal) categories. These are categories equipped with two related monoidal

structures. Bimonoids in duoidal categories and their induced bimonads are also recalled.

Definition 1.1. [2| Definition 6.1] A duoidal category is a category M equipped with two monoidal

products o and e with respective units I and J, along with morphisms

T

-2 sTel, JoJ—Z2uy, I—"%1J,
and, for all objects A, B,C, D in M, a morphism
Cacp:(AeB)o(CeD)— (AoC)e(BoD),
called the interchange law, which is natural in all of the four occurring objects. These morphisms

are required to obey the axioms below.

Compatibility of the units. The monoidal units I and J are compatible in the sense that

(J,@,7) is a monoid in (M, o,I) and (1,4, 7) is a comonoid in (M,e,.J).
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Associativity. For all objects A, B,C, D, E, F in M, the following diagrams commute.

o

(1.6) (AeB)o(CeD))o(EeF)—— (AeB)o((CeD)o(EeF))
(oidl Jidog
(AoC)e(BoD)o(EeF)  (AsB)o((CoB)e(DoF)

| |

(Ao C)oE)e((BoD)oF) — (Ao (CoE))e(Bo(DoF))

IR

[»

(AeB)eC)o((DeE)s F) —— (As(BeC))o(De(EsF))

| |

(AsB)o(DeE)e(CoF)  (AoD)e((BsC)o(EsF))

<.idl Jid.g

(AoD)e(BoE))s(CoF) — (AoD)s((BoE)e(CoF))

IR

Unitality. For all objects A, B in M, the following diagrams commute.

doid idod

(1.7) ITo(AeB)——— (Iel)o(AeDB) (AeB)ol ——— (AeB)o(lel)
I
AOBT(IOA)O(IOB) AOBT(AOI)O(BOI)

(JoJ)o(AoB)Lid>Jo(AoB) (AoB)e(JolJ) e (AoB)eJ
4 l: 4 l:
(JoA)o(JoB)T)AoB (AoJ)o(BoJ)T)AoB

The arrows labelled by 22 in the diagrams above, refer to the associativity and the unit constraints
in either monoidal category. The same notation is used in all diagrams throughout the paper. In

the formulae, however, we denote the associatior by a (the unitors do not happen to occur).

By one of the unitality axioms in (7)) and unitality of the monoid J, also

(1.8) (Ao[)o(BoJ);)(AoB)o([oJ)

=| 1=

(Ael)oB (AoB)eJ

(AOT)OB\L lg

(AOJ)OB%AOB

and some of its symmetrical variants commute, for any objects A and B of M, see |2, Proposition
6.8].
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The simplest examples of duoidal categories are braided monoidal categories. In this case, both
monoidal products coincide and the interchange law is induced by the braiding, see [2, Section 6.3].
Generalizing bimonoids in braided monoidal categories, bimonoids can be defined also in duoidal
categories — as monoids in the category of comonoids in (M, e, J), equivalently, as comonoids in

the category of monoids in (M, o, I). Explicitly, this means the following.

Definition 1.2. [2| Definition 6.25] A bimonoid in a duoidal category M is an object A equipped
with a monoid structure (Ao A % AT % A) in (M,0,I), and a comonoid structure (A 3
AeA A5 J)in (M,e,J), subject to the compatibility axioms

(A.A)O(A.A);)(AOA)O(AOA) AocAZ JoJ -1

T o N l\

n T
Ao A A Ae A A——J Tel — Ae A — J.
% A € nen &

Note that in particular the monoidal units I and J are bimonoids in any duoidal category.

By modules over a bimonoid A in a duoidal category M, modules over the constituent monoid
A in (M,o,I) are meant. It was observed in [2, Section 6.6] that the category of A-modules is
monoidal with respect to the monoidal product e and monoidal unit J. This fact can be given the

following equivalent formulation.

Proposition 1.3. [5, Theorem 18] Any bimonoid A in a duoidal category M induces a bimonad
(termed a “Hopf monad” in [I5]) (=) o A on (M, e, J).

Proof. For later reference, we recall the forms of the structure morphisms of the bimonad in the
claim. The multiplication and unit of the monad are induced by the multiplication and the unit

of the monoid A, respectively. The binary part of the opmonoidal structure is given by

, (MeM’)oA , ¢ ,
(MeM)ocA———— (MoeM)o(AeA) —— (Mo A)e (M oA,

for all objects M, M’ in M. The nullary part is provided by Jo A E) JoJ =5 . O

Following the terminology of [8], a bimonad 7' — on a monoidal category M with monoidal

product ® — is called a right Hopf monad whenever

T2 uMTM'
T(TM © M) —= T2M @ TM' ————" TM & TM’

is a natural isomorphism, equivalently, by [8, Theorem 2.15],

(1.9) Boar = (TQo M) s 1@ ™™ Qo)

is a natural isomorphism (where p is the multiplication of the monad T, T3 is the binary part of
the opmonoidal structure, M, M’ are objects in M and (Q,~) is an object in the Eilenberg-Moore
category MT).
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For a bimonoid A in a duoidal category M, consider the induced bimonad (—)o A in Proposition

[C3 The corresponding canonical morphism (9] takes the explicit form

(1.10)

QoM)od L8 (Qenryo(dea) S5 (Qoa)e (Mo a) 2N g (aro ),

2. RELATIVE HOPF MODULES

The aim of this section is to develop the notion of Galois extension by a bimonoid in a duoidal
category. This requires several steps. As in the case of bialgebras — over a field or, more generally,
in a braided monoidal category — we start with defining a comodule monoid over a bimonoid A;
this is a monoid B in the monoidal category of A-comodules. Relative Hopf modules are then
B-modules in the category of A-comodules. A comodule monoid is shown to induce a functor to
the category of relative Hopf modules. Whenever this functor possesses a right adjoint, we can
regard this right adjoint as the functor taking the ‘coinvariant part’ of relative Hopf modules.
In particular, we can consider the coinvariant part B¢ of B itself. It turns out that it admits
a monoid structure and a monoid morphism to B. This defines the notion of an A-extension
B¢ — B. Finally, assuming that certain coequalizers exist and are preserved, we associate to any
A-extension an adjoint triangle. Whenever the corresponding comonad morphism is iso, we say

that the A-extension in question is a Galois extension.

2.1. Comodule monoids and relative Hopf modules. For a bimonoid A in a duoidal category
M, we denote by M# the category of A-comodules; that is, the category of comodules over the
constituent comonoid A in (M, e, J). Recall from [2, Section 6.6], that M“ is a monoidal category
via the monoidal product o and the monoidal unit I. That is to say, the forgetful functor M4 — M

is strict monoidal.

Definition 2.1. A right comodule monoid over bimonoid A in a duoidal category M, is a monoid
B in MA. Explicitly, this means that there is a coassociative and counital coaction p: B — Be A
and an associative multiplication g : Bo B — B with unit  : I — B such that the following

diagrams commute.

(2.1) BoB B BeA I— " B
pOPl Tuou él J/P
(BoA)o(BoA)f)(BoB)o(AoA) IOIT)BOA

Any bimonoid A is a comodule monoid over itself, via the coaction provided by the comultipli-
cation. The multiplication and the unit of A are A-comodule morphisms by the first and by the
third axiom in Definition [[2] respectively.

Since a right comodule monoid B over a bimonoid A in a duoidal category M is defined as
a monoid in (M?,0,1), it induces a monad (—) o B on M* (lifted from the monad (—) o B on

M). Equivalently, the comonad (—) ¢ A on M lifts to a comonad on the category Mp of right
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B-modules. These liftings correspond to the mixed distributive law (in the sense of [4])

(MeA)op ¢ (MoB)ep
(MeA)oB——— (MeA)o(BeA) — (MoB)e(AoA) ——— (M oB)e A,
for any object M of M. (For more on the connection between distributive laws and liftings, we
refer to [19].)

Definition 2.2. Consider a bimonoid A in a duoidal category M and a right A-comodule monoid
B. By (right-right) (A, B)-relative Hopf modules we mean modules for the monad (—) o B on
MA; equivalently, comodules over the comonad (—) e A on Mp. Explicitly, this means a triple
(X,7: XoB— X,p: X — XeA), where v is an associative and unital action, p is a coassociative

and counital coaction such that the following compatibility condition holds.

v p

(2.2) XoB X XeA
(XoA)o(BoA)f)(XoB)o(AoA)

Morphisms of (A, B)-relative Hopf modules are morphisms of both A-comodules and B-modules.
The category of right-right (A, B)-relative Hopf modules is denoted by M.

Clearly, an A-comodule monoid B is itself an (A, B)-relative Hopf module via the action provided
by the multiplication. The compatibility between this action and the A-coaction on B holds by
the requirement that the multiplication in B is a morphism of A-comodules.

In the case when B is equal to A, the resulting category /\/lﬁ is called the category of A-Hopf

modules.

2.2. Coinvariants. If A is a bialgebra over a field — or more generally, a bimonoid in a braided
monoidal category M — and B is a right A-comodule monoid, then there is a lifting of the functor
(-)®B: M — Mg to M — M4, Whenever appropriate equalizers in M exist, the lifted functor
possesses a right adjoint known as the ‘A-coinvariants’ functor. In what follows, we look for the
analogue of this adjunction in the duoidal setting.

As the first crucial difference from the classical case, the functor (=)o B : M — Mp will be
lifted now to M! — M4 (which means a lifting to M — M4, up-to isomorphism, if M is a

braided monoidal category).

Proposition 2.3. Consider a bimonoid A in a duoidal category M and a right A-comodule monoid
B. Then the evident functor (=)o B : M — Mp has a lifting to MT — M3,

Proof. The relevant comonad morphism (in the sense of [22], cf. [19, Corollary 5.11], [IT, Propo-
sition 1.1 and Theorem 1.2] or Section [[I]in the current paper) is given by

(2.3) Ay, : (MOI)OB(M.—)I)OP(MOI)O(BOA);)(MOB)O(IOA)—)(MOB)OA,

IR

for any object M of M. It is evidently natural in M. It follows by the first identity in ([2.1), by

one of the associativity axioms in (L) and by naturality of { and of the associativity and unit
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constraints that A, is a morphism of B-modules. Comultiplicativity and counitality of \°; that

is, commutativity of the diagrams

(Mel)oB M (MoB)eA (M.I)oBﬁ(MoB).A
| (Me6)0B (MoB)eA || L7908 G ropyee |
(Me(Iel))oB (MoB)e(AeA) (MelJ)oB (MoB)elJ
1= ~] 1= =]

((Mo])o])oBW ((MoI)OB)OA)\O—>A((MOB)0A)0A MoB=———=MoB

follows by coassociativity and counitality of p, unitality of the monoid (J, w, 7), naturality of ¢ and
of the unit constraints, one of the associativity axioms, see (LL0), and two of the unitality axioms

in a duoidal category, see (IL7)). O

For any right I-comodule Z, the A-coaction on Z o B induced by the comonad morphism (23]
is
poB Y
ZoB—— (Zel)oB—— (ZoB)eA.
Next we apply the Adjoint Lifting Theorem (in the form which is dual to [18, Theorem 2.1]) to
construct the right adjoint of the lifted functor in Proposition In the diagram

—)oB
(2.4) M2 M4

| [

M——— Mp
(—)oB

U! and U4 are forgetful functors of comonads and the functor in the bottom row is a left adjoint of a
forgetful functor of a monad. Hence all of them possess right adjoints, so the natural transformation
A% in ([23)) has a mate

XQ:(Q‘Ii)(Q.I)Ofﬂ(QOI)OBg(QOB)OALA)QOA),

for any object (Q,v) of Mp. In fact, A\g = Q e 7 as the following computation shows.

(Qel)on

0[4) (Qel) (QeI)oB
(Q-I)oél Foire L(@enop
(@D (D eT)o (BeA)
1¢
(Iol) Qn)( " —————— (QoB)e(IoA)
Lg
(QoB)e A
\I/'yoA
oo Qe A

The top right square commutes since n : I — B is a morphism of A-comodules. The region below

it commutes by the naturality of . The region at the bottom right commutes by unitality of the
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A-action on B. Finally, the region on the left commutes by one of the unitality axioms of a duoidal
category, cf.(I1).

Applying the Adjoint Lifting Theorem (see the dual form of [I8, Theorem 2.1] and Section [I]),
we conclude that the functor (=)o B : M! — M4 in Proposition B3] possesses a right adjoint
()¢ : M4 — MT if and only if the equalizer

pVi=pel
(2.5) X —— Xel t (XeoA)ol
phi=((Xen)el).a ' (Xed)

exists in M for any object (X, p) in M4. We call X¢ the A-coinvariant part of X.

2.3. The submonoid of coinvariants. If the equalizers (2.5]) exist in M! then, in particular,

for any right comodule monoid B over a bimonoid A, there is an equalizer

pV:=pel
(2.6) B¢ —— Bel t (BeA)el
pl:=((Ben)eIl).a"'.(Bed)

in M.

Proposition 2.4. For any right comodule monoid B over a bimonoid A in a duoidal category M,

the coinvariant part B¢ — whenever it exists — is a monoid in M.

Proof. First we claim that B e I is a monoid in M. Since B is a monoid in M# by definition,
and the forgetful functor M“ — M is strict monoidal, it follows that B is a monoid in M. Since
I is a bimonoid in M, also the forgetful functor M! — M is strict monoidal so in particular
opmonoidal. Since the right adjoint of an opmonoidal functor is monoidal, (—) e I : M — M is
monoidal. Thus it takes the monoid B in M to the monoid B e I in M.

Both morphisms

Lot

(BCOBC—)(BOI)O(BOI)L)BOI):

(BCOBC&(Bo])o(BoI)i)(BoB)o(IoI)i)(BoB)oI#—.iBoI)

o]
and (I s Be I) = (I —5> Tel 5 Be I) equalize the parallel morphisms ¢° and ¢! in the
equalizer (2.0). Hence we obtain the multiplication and unit of B¢ by universality. O

Proposition 2.5. Let B be a right comodule monoid over a bimonoid A whose coinvariant part
B¢ exists. Then

Bert B

w=(B*—— Bel BeJ ——B)

is a morphism of monoids.
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Proof. The monomorphism ¢ : B¢ — B e [ is a morphism of monoids by construction. The fact

that also Bel B—”) BeJ— B is a morphism of monoids, follows from the commutativity of

Bet)o(Bet o
(Bel)o(Bel) (Bem)otBer) (BeJ)o(BeJ)——— BoB
‘] ‘|
BoB)e(toT
(BoB)e(Iol) (Bof)arer) (BoB)e(JolJ) N
%l (BoB)ow\L P H
(BoB)er
(BoB)el (BoB)elJ
#.Il ,uo.]i
Bel = BelJ — B

— where the middle square on the left commutes by unitality of the monoid (J,w,7) and the

region at the top right commutes by one of the unitality axioms in (7)) — and

Bel] —— BeJ —— B

Bert =

— where the top left triangle commutes by the counitality of the comonoid (7,4, 7). O

The morphism w in Proposition 2.5 induces a left B¢-action 7y := ( B oB% BoB - B )

If the coequalizer

yoB T
(2.7) (PoB%)oB s PoB——"3 Pop: B
(Poy).c

in M exists — for any right B®-module (P,y) — and any power of (=) o B : M — M preserves
the coequalizers ([27)), then there is an adjunction

wyx=(—)opecB

/\/\
MBC N MB,

\_/

w*

see [I7]. The functor w* takes a right B-module (Q,~) to the B®-module (@,~.(Q o w)), and it
acts on the morphisms as the identity map. For any right B°-module P, the B-action on Pog. B

is constructed using the universality of the coequalizer

(voB)oB mp,BoB
(2.8) (PoB%oB)oB 2 (PoB)oB —— (Pope B)oB
((Pov).a)oB &\L :
Po(BoB) N

Poul .
-

PoB——— 3 Pop. B
TP,B



ON HOPF MONOIDS IN DUOIDAL CATEGORIES 13

Thus 7p g is a morphism of B-modules by construction.
By Proposition 24, B¢ is a monoid in M whenever it exists. We denote by ML, the category
of B®-modules in M.

Proposition 2.6. For a right comodule monoid B over a bimonoid A in a duoidal category M,
assume that the equalizer (2.8) and the coequalizers (2.7) exist and that any power of (—) o B :
M — M preserves the coequalizers (2.7). Then the functor (=) oge B : Mpe — Mp lifts to
ML, — M4.

Proof. In light of [19, Corollary 5.11] or [11l Proposition 1.1 and Theorem 1.2] (see also Section
[L1), we need to construct a morphism Ap : (P eI)opgec B — (P opc B) ¢ A in Mp, for any right
Bf-module P; and show that A is in fact a comonad morphism. The morphism Ap is constructed

by using the universality of the coequalizer in M in the top row:

yoB TPer,
(2.9) ((P.I)OBC)OBﬁ;(P.I)OBL)(POI)OBCB
el)oy).« :
/\[},l SAp
Tp,BeA ~

(PoB)e A———— (Popc B)e A,

where A\ is the comonad morphism (Z3)). In order to see that Ap is well defined, we need to check
that (mpp @ A).\% coequalizes the parallel morphisms in the top row. The B¢-action on P e [ is

given by

(Pel)o ¢ ~ ol
(Pel)oDB° — (Pel)o(B°el) — (PoB) e(lol) — (POBC)OIV—>POI.
With this expression at hand, it follows by the naturality of ( and of the unit constraints, since
¢ is a morphism of I-comodules, by the coequalizer property of mp p, and since § : I — I o [ is

counital; that (mp p  A).A%.(y o B) is equal to the image of

(Pel)oB =% (Pel)o(Bel) —— (PoB)e(Iol) ——s (PoB)el

under the functor (—) o B, composed with

0

Apon . mp,peA
((POB).I)OB—>((POB)OB).AW—A>(POB).A—>(POBCB).A.

On the other hand, (mp 5 ® A).A%.((P e I)o~).a is equal to the same morphism. This follows
by the explicit form of the B¢ action on B induced by the morphism w in Proposition 25 by
the naturality of ¢ and of the unit constraints, by the first compatibility condition in (ZII), by
the equalizer property of ¢ : B¢ — B e I, by counitality of the comonoid (I,d,7), by one of the
associativity axioms in (L6, and by unitality of the monoid (A, u,n). So by universality, the
morphism A\p exists.

A is natural since A and 7 are so. It was proven in Proposition 23] that A% is a morphism of
B-modules. Then so is (mp, 5 ® A).\% hence also Ap. The compatibilities of A with the comultipli-
cations and the counits of the comonads (—) e I on Mp. and (—) @ A on M g follow by naturality

of 7 in its first argument and the compatibilities of A° in Proposition 23 O
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Whenever the assumptions in Proposition hold, it follows by Proposition that for any
object N in ML., N oge B is a right A-comodule via the coaction in the bottom row of the
following diagram. What is more, 7y p is also a morphism of A-comodules by commutativity of

the diagram.

(Nel)o(BeA) (NoB)e(IoA)
popT poB A9 lg
NoB—— 3 (Nel)oB———3(NoB)eA

ﬂ'N,Bl lﬂ'N.I,B lﬂN’B.A

NOBCB4> (N.I)OBCB _— (NOBC B).A
pope B AN

Commutativity of the region at the top follows immediately from the form of A, see (Z3).

We have seen that the functor (—)¢ : M4 — M — whenever it exists — is right adjoint of the
functor (=)o B : M — M%. Our next aim is to show that it factorizes through the right adjoint
of (=) oge B: ML. — M4, via the forgetful functor ML, — M.

Proposition 2.7. For a right comodule monoid B over a bimonoid A in a duoidal category M,
assume that the equalizers (Z7) and the coequalizers (2.7) exist and that any power of (—) o B :
M — M preserves the coequalizers (2.7). Then there is a lifting of (—)¢: Ma — M! to M3 —
ML, which provides the right adjoint of the functor (=) ope B in Proposition [Z.0.

Proof. We are to prove that there is an adjoint triangle

(2.10)

in which UAK = w,U’. By the Adjoint Lifting Theorem (cf. the dual form of [I8, Theorem 2.1],
see Section [[T]), the functor N exists, and it is a right adjoint of K, provided that the equalizer

(2.11) Xe—— Xel—=2(XeA)e]

exists in M5, for any (A, B)-relative Hopf module X. The upper one of the parallel arrows is
@Y =pel asin ([Z5). The lower one is
(2.12)

Xol (Xol)el X (X 1) B)el 2 (X o I) o B)eA)el (eogeBledrel

((XBSCB)OA)OI%(XOA)OI.
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Here v! is the unit, and €’ is the counit of the adjunction U’ 4 F!, and v is the unit and € is
the counit of the adjunction w, 4 w*. (Recall that for any right B-module Q, eg.7g, B is equal
to the B-action on @.) The symbol p denotes the A-coaction on (X e I) o B from Proposition
A computation — using that mxer p and the unit 7 : I — B are morphisms of A-comodules,
naturality of 7 in the first argument, the relation between the counit ex and the B-action on X,
counitality of the comonoid I and unitality of the B-action on X, and one of the unitality axioms
in (L7) — yields that [I2) is equal to ¢! = ((X en) e [).a™'.(X ¢4§) as in ([ZH).
The B¢-action on X e [ is equal to

(Xel)op ) ¢ o~ (Xow)el
(Xel)oB—— (Xel)o(B°e]) = (XoB)e(lol) > (XoB)e] —

o]
(XoB)eI L Xer.

Using the explicit form of w in Proposition 23] the fact that « : B¢ — B e I is a morphism of

I-comodules and counitality of the comonoid I, this B®-action is shown to be equal to

(XOI)OBC(X.—I)O;(XOI)O(BOI);(XOB)O(IOI)—>(XoB)oIl>XoI.

IR

The B¢-action on X e A is equal to

(XeA)ow (XeA)op ¢ Yo
(XeA)oB* —— (XeA)oB—— (XoeA)o(BeA) — (XoB)e(AoA) — Xe A

Using the equalizer property of + : B¢ — B e I, counitality of the comonoid I and unitality of the
monoid A, this B¢action turns out to be equal to

XeA)or o oA
(XOA)OBCQ(XoA)o(BoI)é(XoB)o(Ao[)%(XOB)OA'L)XOA.

With these B¢-actions at hand, X en: X ¢ ] — X e A is a morphism of B°-modules by naturality
of ¢ and functoriality of both monoidal structures. So since ¢ = pe I and (X en) e I are in the
range of the functor (—)e I : Mpe — M pe, they are morphisms of B-modules. Since a~!.(X o)
is the comultiplication of the comonad (—) eI : Mp. — Mp. evaluated at X, it is a morphism of
B¢modules too. Thus both ¢ and ¢! are morphisms of B®-modules. Since the forgetful functor
ML, — M! creates equalizers, and (ZI1) is an equalizer in M! by assumption, we conclude that

it is an equalizer in MJ. as needed. O

2.4. Galois extensions. For a right comodule monoid B over a bimonoid A in a duoidal category
M, assume that the equalizers (2.5]) and the coequalizers (2.7) exist and that any power of (—)o B :
M — M preserves the coequalizers ([27). Then by Proposition 21 there is an adjoint triangle
(2I0). Hence as in (I3)), there is a corresponding morphism of comonads £:

FAu,elw*

U4 UARA
w UL Py UAFAL, UL Ly UAFAw,w* —— 5 UAFRA,
Il Il

Aqe gl UNVAKF O g o d g s
UKF'w* ——— s U F U KF'w
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where v4 is the unit of the adjunction U4 - F4, and €/ and ¢ are the counits of the adjunctions

Ul 4 F! and w, 4 w*, respectively. Explicitly, for any right B-module Q, ¢ is the morphism

(2.13) (Qel) o B~ ((Qel) s B)eA {(@enon=Fies, (QeJ) g B)eA =

(QgB)eA L Qe

Proposition 2.8. For a right comodule monoid B over a bimonoid A in a duoidal category M,
assume that the equalizers (Z7) and the coequalizers (2.7) exist and that any power of (=)o B :
M — M preserves the coequalizers (2.7). For any right B-module (Q,~), consider the natural
transformation

(2.14)

ﬂ% 2:((QOI)OBM(QOI)O(BOA)i}(QOB)O(IOA)i(QOB)OAV:;‘QOA).

Then fBq in (Z13) can be characterized as the unique morphism for which 5 = Bq.Tqer,B-
Proof. By naturality of 7 and by eg.mg g being equal to the B-action on @, Bg is the unique
morphism for which the diagram

(Qe1) o B P Qe A

7"QuI,BW\

@eD)oB = (QeDeB) e rmil(@e o Ble A= @oB)e A 3 QoA

commutes. (The A-coaction p on (Q @ I) o B appearing on the left in the bottom row, is induced
from the I-coaction on @ e I by the comonad morphism A\° in (Z3).) The morphism in the bottom
row is equal to (ZI4) by the explicit form of the A-coaction on (Q e I) o B, by the counitality of

the comonoid (7,4, 7) and by naturality of ¢ and of the unit constrains. O

Definition 2.9. Consider a duoidal category M. A monoid morphism w: C — B in (M, o, ) is

called a Galois extension by a bimonoid A in M if the following conditions hold.

e B is a right comodule monoid over A.
e The A-coinvariant part of any (A, B)-relative Hopf module (i.e. the equalizer (Z3))) exists.

e (' fits the equalizer diagram
. Yo
C——> Bel —=(BeA)el
$1

cf. (286) (so that C is the coinvariant part of B), and w : C — B is the corresponding
morphism of monoids in Proposition
e The coequalizers [27)) exist and any power of (—) o B : M — M preserves them.

The natural transformation £ in (213)) is an isomorphism.

If M is a braided monoidal category, this reduces to the usual definition of a Galois extension
by a bimonoid (see e.g. [21] Definition 3.1]).
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3. THE FUNDAMENTAL THEOREM OF HOPF MODULES

In this section we analyze further the particular extension I — A by a bimonoid A in a duoidal
category M. Making some assumptions on M, we relate its Galois property to the Fundamental
Theorem of Hopf Modules holding true — that is, to an equivalence between the category of A-
Hopf modules and the category M! of comodules over the o-monoidal unit 7. (Clearly, if M is a

braided monoidal category, M! is isomorphic to M.)

3.1. Properties of the Galois morphism. Let A be a bimonoid in a duoidal category M and
regard A as a right A-comodule monoid (via the coaction provided by the comultiplication). The
resulting category of A-modules in the category M# of A-comodules is denoted by M4 and it is
called the category of A-Hopf modules.

Lemma 3.1. Let A be a bimonoid in a duoidal category M. Then the coinvariant part of A as
a Hopf module exists and it is isomorphic to the o-monoidal unit I. In fact, the following is a

contractible equalizer in M

pO=Ael
(3.1) I Tel Ael (Ao A)el.
pl=((Aen)el).a~1.(Aes)

Proof. The diagram in (B3] is a fork by the the coassociativity of § and the third axiom in
Definition The contracting morphisms are

coA)el o co ~
(AoA)oI%(JoA).I%A.I and Ael =L eI =1

This is seen applying the fourth bimonoid axiom in Definition [[L2] counitality of the comonoids I

and A, functoriality of both monoidal products and coherence. O

The most important consequence of Lemma 3] is that the relative product o4 reduces to the
monoidal product o; = o in M. In particular, the corresponding coequalizer (27)) is trivial. Hence
it exists and it is preserved by any functor.

Lemma [3.1] also implies that in the case of the A-comodule monoid A, the difference between
Bo and 6% in Proposition 2.8 disappears, they become equal. Moreover, substituting M’ = I in
(TI0), and B = A in (ZI4), the resulting morphisms Sg ; and Bg differ by an isomorphism (a
unit constraint in M). This means that
(3.2)

BQ:((Qo])oAM)(QOI)o(AOA)i}(QoA)o([oA)i}(QoA)oAEQoA)

is an isomorphism for any right A-module (Q,~); that is, 8 is a natural isomorphism, whenever
(=) o A is a right Hopf monad on M. (However, the converse implication needs not be true.) In

the rest of this section we study its properties.
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Lemma 3.2. Let A be a bimonoid in a duoidal category M. Then the natural transformation
in (32) obeys the following compatibility with the counit, for any right A-module (Q,7).

QoD oA X (Qesyod—=100A

o J

QoA—)Q.E QOJ—>g Q

Proof. The claim is verified using the counitality of the comonoid A and (L.g). O

Lemma 3.3. Let A be a bimonoid in a duoidal category M. Then the natural transformation
in (32) obeys the following compatibility with the unit, for any right A-module (Q,7).

QQI;(QOI)OIM(QQI)OA

Qen lﬁQ

Qe A

Proof. This claim follows by the third axiom of a bimonoid in Definition [[L2, unitality of the
A-action on @ and one of the unitality axioms in (7). O

Lemma 3.4. Let A be a bimonoid in a duoidal category M. Then the natural transformation
B in ([32) obeys the following compatibility with the unit and the comultiplication, for any right
A-module (Q,7).

(Qed)oA = ((Qen)el)oA
(Qel)oA—— (Qe(Iel))oA—— (Qel)el)oA——— ((QeA)el)o A

o [ 70

QeA 9on Qe(AeA)

1R

Proof. Coassociativity of the comonoid A, one of the associativity axioms in (L6]) and one of the

unitality axioms in (7)) imply the claim. O

Lemma 3.5. Let A be a bimonoid in a duoidal category M. Then the natural transformation
in (32) obeys the following compatibility with the unit and the comultiplication, for any object M
in M.

(MOI)OA;)((MOI)OI)OAM)((MOA)OI)OA

(Mo])oAl lﬁMoA

(MOI)O(AOA)T)(MOA)O(IOA)%(MOA)OA

Proof. The claim is obtained from the unitality of the monoid A and from coherence and naturality

of ¢ and of the associativity and unit constraints. O
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3.2. The existence of coinvariants. The aim of this section is to prove — under certain assump-
tions on a duoidal category M — that the coinvariant part of any Hopf module over a bimonoid

A in M exists whenever ([8.2)) is a natural isomorphism.

Proposition 3.6. Let A be bimonoid in a duoidal category M such that (32) is a natural iso-
morphism. Then for any A-Hopf module (X,7: X oA — X,p: X — X o A), the parallel pair of

morphisms

@'=pel
Xel t (XeA)e]
pl=((Xen)el).a"t.(Xed)

, , p Ul (=)ed
is contractible by the functor H := ( M= M = M )

Proof. Introduce the following morphism to be called 6:
(Bx'eI)oJ ((XeI)os)eT)o] =~
(Xed)el) ol — "% (X eDoA)el)os 0 (X alyod)ed)od =
(XeI)ow
(Xello(JoJ) ————— (X el)o

It is natural in X by the naturality of £, it is a morphism of J-modules by the associativity of
the multiplication @ : J o J — J, and it obeys 0.(p! o J) = (X e I) o J by Lemma 3.3 the
fourth bimonoid axiom in Definition [[.2] and the counitality of the comonoid I and unitality of
the monoid J. In order to prove the equality (o' o J).0.(¢" o J) = (¢° 0 J).0.(¢° 0 J), note that in
the diagram

ploJ=(pel)oJ

(Xel)oJ (XeA)el)o]
(Xor)o.]l (XeA)er)os
(XoJ)oJ (XeA)eT)o]
:l -
XoJ ref (X oA)o]
BxloJ
(% oA)oT

(X eA)el)od)o] " ((Xel)oA)os

o o

(Xed)eD)o(dol) (X oT)o(Ao)

((XeA)eI)o(co) (XeI)o(e0J)
(XeA)el)o(JolJ) (Xel)o(JolJ)
((XeA)el)ow (Xel)ow
(XeA)el)oJ (Xel)ol,

©OloJ



20 GABRIELLA BOHM, YUANYUAN CHEN, AND LIANGYUN ZHANG

both regions commute by naturality, for either choice ©° or ¢! as ©%!. So it suffices to check that

p B! @oA
(3.3) X XeA (Xel)o A t (XeA)el)o A
ploA

is a fork. This follows by Lemma [3.4] by coassociativity of the A-coaction on X, and naturality of
[ together with the fact that the A-coaction on X is a morphism of A-modules. O

Corollary 3.7. Let M be a duoidal category in which idempotent morphisms split and equalizers

T (=)oJ
of H := ( M AN M — My )-contmctible equalizer pairs exist. Then for any bimonoid A

in M such that (I3) is a natural isomorphism, there exists the equalizer
o°

(3.4) Xe— s Xel————(XeoA)el.
o

It provides a right adjoint (—)° of (=)o A : M — M4.

Proof. By Proposition 3.8, (Hy", Hp') is a contractible pair in M ;. Since idempotent morphisms
are assumed to split in M — hence also in M ; —, their (contractible) equalizer exists. That is to
say, (¢, ') is an H-contractible equalizer pair, so their equalizer X¢ exists by assumption. The
final claim follows by the considerations in Section 2.2 see the text around (Z.3]). O

3.3. Fully faithfulness. Let M be a duoidal category in which idempotent morphisms split and

r (=)oJ
equalizers of H := ( Mm! AN M — M, )—contractible equalizer pairs exist. Then combining

the results in Section Pland Section B.2] for any bimonoid A in M such that the canonical comonad

morphism ([B.2) is an isomorphism, we obtain an adjoint triangle

(3.5) M

UA | 4] FA=(—)eA

N=(-)°

Fa=(—)oA
METTT T M T Ma,
Fl=(-)eI Ua

The aim of this section is to find sufficient conditions for K to be fully faithful.

Lemma 3.8. Let A be a bimonoid in a duoidal category M such that (3.3) is a natural isomor-
phism. Then for any right I-comodule Z,
0

(ZoA)e D)o s ZH(ZoA) s A) e D)o

po ~ (Zon)eI)oJ
ZoJ—(Zel)oJ — ((Zol)el)oJ ——

is a contractible equalizer in M ;.
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Proof. We know from Proposition[B.@that for the Hopf module Zo A, 6 : (((ZoA)eA)el)oJ — ((Zo
A)eI)oJ obeys the equalities 6.(¢'oJ) = ((ZoA)eI)oJ and (p'oJ).0.(¢%0J) = (¢Y0J).0.(p 0 J).
It follows by the fourth bimonoid axiom in Definition [[L2] by the counitality of the I-coaction on
Z and unitality of the monoid J, that

((Zoe)eT)oJ

7= (((ZoA)el)olJ (ZoJ)eJ)od — Zo(JoJ) 2225 Z o )

is a retraction of

((Zom)eI)oJ

vi=(Zod L (Zelyos — (ZoI)el)o (ZoA)eI)olJ).

Finally, v.m = 0.(¢"0J) by Lemmal[3.5 and naturality of the associativity and unit constraints. [

Theorem 3.9. Let M be a duoidal category in which idempotent morphisms split and H =

I —VoJ
( ML U—> M L) M ) is comonadic. Let A be a bimonoid in M. If (33) is a natural

isomorphism, then the functor K in (314) is fully faithful.
Proof. In the diagram

(ZOA)COJLJ>((ZOA)OI)OJ%(((ZoA)oA)o])oJ

@ oJ
VZOJT H ‘
@UOJ

ZoJ%((ZoA)oI)oJ:;(((ZoA)oA)oI)oJ

ploJ

in M, the bottom row is an equalizer for any I-comodule Z by Lemma [3.81 By Corollary 3.7
the top row is obtained by applying H to the equalizer of an H-contractible equalizer pair. Since
H is comonadic, it preserves such equalizers. Thus the top row is an equalizer too. Recalling from
the proof of the Adjoint Lifting Theorem [I8] the construction of the unit v of the adjunction
K - N, the square on the left of the diagram is seen to commute. Thus the diagram is serially
commutative. This proves that H(vz) = vzoJ is an isomorphism. Since H is comonadic, it reflects
isomorphisms. This proves that the unit v of the adjunction K 4 N is a natural isomorphism.

Hence K is fully faithful, see e.g. the dual form of [6, vol. 1 page 114, Proposition 3.4.1]. (]

3.4. The Fundamental Theorem of Hopf modules. Our final task is to find conditions under
which the functor K in (33]) is an equivalence.

Lemma 3.10. For any bimonoid A in a duoidal category M, and for any I-comodule Z,

oA = =]
ﬂZ::(ZOAP—>(ZoI)oA—)(ZoI)o(JoA)i)(ZoJ)o(IoA)—)(ZoJ)oA)
is equal to Bzoy.(vz o A). Here v denotes the unit of the adjunction

; Ut (=)oJ Uy (=)ol
H=(M —M—"—7M;)4G:=(M; — M — M),
B is the natural transformation [32) and the A-action on Z o J is induced by the counit (a monoid
morphism) € : A — J. In particular, if H is fully faithful and (33) is a natural isomorphism, then

¥ is a natural isomorphism.
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Proof. The claim follows by counitality of the comultiplication A : A — A e A and unitality of the
multiplication @ : J o J — J. O

Theorem 3.11. Let M be a duoidal category in which idempotent morphisms split and H =

1 —YoJ
( M AN M L My ) is fully faithful. Then for any bimonoid A in M, the following as-

sertions are equivalent.

(i) I — A is an A-Galois extension.
(ii) The natural transformation B in (32) is an isomorphism.
(iil) The functor K in (33) is an equivalence.

Proof. (i) = (ii). This assertion is trivial.

(#5) = (i). A is an A-comodule monoid by the first and the third axioms of a bimonoid
in Definition The A-coinvariant part of any A-Hopf module exists by Corollary Bl The
coinvariant part of A is I, and the corresponding monoid morphism in Proposition is the unit
n: I — A of the monoid A, by Lemma[3Il Then the coequalizers ([Z7) are trivial hence they exist
and are preserved by any functor — in particular by any power of (=)o A : M — M. So if (ii)
holds then 7 : I — A is an A-Galois extension.

(#4¢) = (i1). If K in (B3] is an equivalence then in particular the counit € of the adjunction
K 4 N is a natural isomorphism. Thus £ in ([B.2]) arises as a composite of natural isomorphisms

QoD oA (QeAroAd 8 QeA, cf ().

(ii) = (i74). Since idempotent morphisms in M split, they also split in MZ. Since H is a left
adjoint functor and fully faithful (hence separable, in particular) by assumption, it is comonadic
by [13, Proposition 3.16]. Thus it follows from Theorem that K is fully faithful. So we only

need to show that also the counit

(XeT)oA

eX:(XCoAi>(XoI)oA (XoJ)oAiXoAéX)

of the adjunction K - N is a natural isomorphism, for any A-Hopf module X.
Since H is comonadic, it follows by Corollary B. 7 that the image of (3.4]) under H is a contractible

(thus absolute) equalizer in M ; — hence also in M. Thus the bottom row in

o ¢loA
XoAd—" L (Xel)oA t (XeA)el)oA
ploA
ﬁxC,Jl ﬁX.IJ/ ﬁ(X-A)-IJ/
(toJ)e A (p°0J)eA
(XoJ)eA—— (Xel)oJ)e A————=2 (((XeA)el)oJ)e A
(¢ptod)eA

is an equalizer in M too. The diagram serially commutes by the naturality of ¢ and the vertical

arrows are isomorphisms by Lemma [3.10] Then the top row is an equalizer too.
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The inverse of ex is constructed using universality of the equalizer

X
—1 lp
X__ XeA
lﬁ;l o
Y poA
X0A—— (Xel)oA—————=((XeA)el)o A
ploA

The vertical arrow was shown to equalize the parallel morphisms in the bottom row after (3.3).
Hence there is a unique morphism 6;(1 : X = X0 A in M such that (v o A).e}l = ﬁ;(l.p. The

. —1 .
morphism ex.ey is equal to

-1

P Bx (XeoT)oA o~ v
X XeA (Xel)oA— > (XeJ)oA—— XoA— X.

This is equal to the identity morphism X by Lemma and the counitality of the A-coaction on

X. Since ¢ o A is monic, e !

if (1o A).e"l.e =10 A. That is, if and only if for any Hopf module X,

.€ is equal to the identity natural transformation (—)¢o A if and only

10A (XeT)oA ™ y o
(XCOA—>(XOI)OA—>(XoJ)oA—>XoA X X.A):

Lo B
(X0 A SLLEN (XoI)oA;)XoA).
This holds by the compatibility condition between the action and the coaction on a Hopf module,
the equalizer property of ¢ o A, counitality of the comonoid I and unitality of the monoid A, as
well as the explicit form of Sx in ([B.2). O

Remark 3.12. The equivalent conditions in Theorem B.I1] provide an alternative way to define a
Hopf monoid A in a duoidal category M. Although we are not aware of any separating example,
the resulting notion does not seem to be equivalent to any of the definition of a Hopf bimonoid in
[5] and the property that (—) o A is a right Hopf monad on (M, e) (cf. Section [[Z). In fact, it
seems to be between these notions: (—)o A is a right Hopf monad provided that Sg a in (II0) is
an isomorphism, for any right A-module @ and any object M’ of M. The conditions in Theorem
[B11] assert less: they only say that 8o is an isomorphism for any right A-module @ and the
o-monoidal unit I. The definition of a Hopf bimonoid in [B, Definition 9] requires even less: only

Ba,r to be an isomorphism.

In a braided monoidal category M, there is only one monoidal unit I = J. Both of its category
of modules and comodules are isomorphic to M. Thus in this case the functor H in Theorem
[B.I1]is an isomorphism. In this sense, Theorem B.17] extends the Fundamental Theorem of Hopf
Modules in a braided monoidal category with split idempotents.

More generally, if in a duoidal category M, the (co)unit 7 : I — J is an isomorphism (of
monoids and comonoids) then all categories M!, M and M are isomorphic so that the functor
H in Theorem [3.17] is an isomorphism. Thus in this case, if idempotent morphisms in M split,
then all assumptions in Theorem B.11] hold.



24 GABRIELLA BOHM, YUANYUAN CHEN, AND LIANGYUN ZHANG

3.5. The dual situation. Recall from [2| Section 6.1.2], that also the opposite of a duoidal
category is duoidal via the roles of the monoidal structures interchanged. So we can dualize the

results in the previous sections without repeating the proofs. It leads to the following.

Theorem 3.13. Let M be a duoidal category in which idempotent morphisms split and G =

(M, —> M l) M?!) is monadic. Let A be a bimonoid in M. If
(3.6)

poA = ¢ Qof)ou
Q:QoA—— (QeA)oA—— (QeA)o(JeA) —— (QoJ)e(AcA) ——= (QoJ)e A

is an isomorphism for any A-comodule (Q, p), then the comparison functor (—) e A : Mj — M4
is fully faithful.

Theorem 3.14. Let ./\/l be a duoidal category in which idempotent morphisms split and G :=
( My —> ./\/l ./\/lI ) is fully faithful. Then for any bimonoid A in M, the following as-

sertions are equivalent.

(i) The natural transformation < in [B4) is an isomorphism.

ii) The comparison functor (—) e A: My — M4 is an equivalence.
p A q

4. APPLICATIONS AND EXAMPLES

In this section we apply Theorem [3ITland Theorem B4 to the duoidal categories in [2, Example
6.17] and in [2] Example 6.18], respectively. In particular, we prove that the assumptions of these

theorems hold in the respective examples.

4.1. The occurrence of idempotent monads. In the examples in the forthcoming sections, we
will work with duoidal categories in which the o-monoidal unit I induces an idempotent comonad
(—)e I, or the e-monoidal unit J induces an idempotent monad (—)o.J. Therefore in this section we
collect some facts about idempotent (co)monads for later application. As a more general reference,

we recommend [6, vol. 2 page 196].

Proposition 4.1. For a duoidal category M in which the comultiplication 6 : I — I o I on the

o-monoidal unit I is an isomorphism, the following assertions are equivalent.

I —)oJ
(i) The functor H := ( M! M L) M) is fully faithful.
(ii) For any object M of M such that M et is an isomorphism, also (MoT)eI is an isomorphism
(where T is the (co)unit I — J).

Proof. Since § is an isomorphism, (—)el : M — M is an idempotent comonad. So M7 is identified

with the full subcategory of M whose objects are those objects M for which the counit

Mel M MeJ—13 M

is an isomorphism, equivalently, M e 7 is an isomorphism.
By the dual form of [6], vol. 1 page 114, Proposition 3.4.1], the functor H is fully faithful if and
only if the unit

=~ (M'r)1 I~ (MoT)el
v =(M— MeJ—— s Mol —(Mol)el ——— (MolJ)el)
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U (=)ol
of the adjunction H - ( M M= M! ) is an isomorphism, for any object M in M7;

that is, for any object M in M such that M e 7 is an isomorphism. This morphism v,; is an

isomorphism if and only if (M o 7) e I is an isomorphism. O

4.2. The category of spans. In this section we analyze in some detail the duoidal category
span(X) of spans over a given set X. This duoidal category was introduced in [2, Example 6.17],
where it was called the “category of directed graphs with vertex set X ”.

The objects of span(X) are triples (M, t,s), where M is a set and s and ¢ are maps M — X
called the source and target maps, respectively. The morphisms in span(X) are maps f : M — M’
such that s'.f = s and t'.f = .

For any spans M and N over X, one monoidal structure is given by the pullback

MoN={(m,n)eMxN |s(m)=tn)} and I=X

and the other monoidal structure is
MeN ={(m,n) e M x N | s(m)=s(n),t(m) =t(n)} and J=XxX.
The interchange law takes the form
C:(MeN)o(M'eN')— (MoM')e(NoN'), (m,n,m’,n") = (m,m’',n,n").
The o-monoidal unit I is a comonoid with respect to e via the comultiplication
0l —-Tel={(z,y) e XxX|z=y}=1, z (z,7) 2.
The e-monoidal unit J is a monoid with respect to o via the multiplication
w:JoJ={(z,y,2,y) |y=2"} = J,  (v,y=2"y)~ (z,9).
The counit of the comonoid I and the unit of the monoid J are both given by
T:I—J, x = (x,2).

The monad (—) o J and the comonad (—) e I on span(X) have the respective object maps

MoJ2MxX and Mel={me M |s(m)=t(m)}.

Let us turn to showing that span(X) satisfies all assumptions made on a duoidal category in
Theorem B.111
Since (—) e I is an idempotent comonad on span(X), its category of comodules is isomorphic

to the full subcategory of span(X) whose objects are those spans (Z,s,t) for which the counit

Zel 2% 7eJ =3 7 isan isomorphism. An equivalent description of span(X)? is the following.

Lemma 4.2. The category span(X)! of I-comodules is isomorphic to the slice category set/X

regarded as the full subcategory of span(X) whose objects are those spans (Z,s,t) for which s = t.

Proof. For any span Z over X, the map

IR

(z€ 7] s(2) =t(2)} Zel 2 ze] =1 7
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is just the inclusion map, what proves that Z e 7 is an isomorphism if and only if the source and

target maps on Z are equal. O

Proposition 4.3. For any span Z over X with equal source and target maps, (Z o7) eI is an

isomorphism.

Proof. For any span Z over X, the map

I~ (Zot)el
(€7 |s()=t)} = Zel —— (ZoD) o I 2% (ZoJ)el=7
is again the inclusion map. Hence it is an isomorphism whenever the source and target maps of Z

are equal. O
Proposition 4.4. Idempotent morphisms in span(X ) split.

Proof. For any idempotent morphism e : M — M in span(X), also Im(e) := {e(m) | m € M} is
a span over X via the restrictions of the source and target maps of M. Hence the epimorphism
M — Im(e), m — e(m) and the monomorphism Im(e) — M, e(m) — e(m) provide a splitting of e
in span(X). This proves that idempotent morphisms split in span(X) hence they also split in the
full subcategory span(X)! = set/ X, cf. Lemma 2 O

From Proposition and Proposition [ we conclude that the functor H in Theorem B.I1]
is fully faithful. So taking into account also Proposition 4, we see that Theorem B.I1] holds in
the duoidal category span(X). Our next task is to identify its bimonoids for which the canonical
comonad morphism ([B:2)) is a natural isomorphism.

Recall from [2] Example 6.43] that a monoid in (span(X), o, I) is precisely a small category with
object set X. So is a bimonoid in span(X) since the monoidal product e is the categorical product.
On any elements a and b of a (bi)monoid such that s(a) = t(b), we denote the multiplication by
u(a,b) =: a.b.

A right module over a bimonoid A in span(X) is a span @ over X equipped with a map of spans
QoA ={(qa)| slqg =tla)} = Q, (¢q,a) — g.a which is associative and unital in the evident

sense. The natural transformation ([8.2) takes the explicit form
Bo:(Qel)oA={(ga)|s(qg) =tlg) =t(a)} — QeA={(g,a)]s(q)=s(a)t(q) =)},
(4.1) (g,a) +— (q.a,a).

Proposition 4.5. Let A be a bimonoid in the duoidal category span(X); that is a small category
with object set X. The corresponding canonical comonad morphism ([{-1)) is an isomorphism if and

only if every element in the monoid A is invertible; that is, A is a groupoid.
Proof. If every element in A is invertible, then we construct the inverse of [@1]) as
QeA— (Qel)o A, (q,a) — (g.a™ ', a).

Conversely, assume that (€.T]) is a natural isomorphism. Then it is an isomorphism, in particular,

for @ = A. Taking into account the explicit form of ([Il), the inverse of 84 can be written as
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B3t (b,a) := (b, a), in terms of some function b® of a and b (such that s(a) = s(b) and t(a) = ¢(b)),

satisfying the conditions

(4.2) b%.a = b, for a,b € A such that s(a) = s(b), t(a) = t(b),

(b.a)* =, for a,b € A such that t(b) = s(b) = t(a)

Introducing the notation M, , = {m € M| s(m) = z,t(m) = y}, for any span M over X, B4

induces bijections
(Ba)z,y : (AeI)oA)yy — (AeA)yy, (b,a) = (b.a,a).
Any element ¢ € A such that s(c) = t(¢) = y, induces two maps

wc:((Ael)oA),, — ((Ael)oA),,, (b,a) — (c.b,a)
Ye:(AoA)y,, — (Ao A),,, (b,a) — (c.b,a)

rendering commutative the diagram

BA)z,y
(AeI)o A),, B (Ao A),,
@cl J/'l/)c
(AeI)oA)sy o (AeA)sy
Alz,y
Equivalently, inverting the horizontal arrows,
(4.3) c.b® = (c.b)?, for a,b,c € A such that s(a) = s(b), t(a) = t(b) = s(c) = t(c).

For any x € X, denote by 1, the unit morphism at z; i.e. the image of x under the unit
n:1=X — A. For any ¢ € A such that s(c) = t(c) = z, it follows by the first condition in (2]
that (1;)¢.c = 1. By by (@3] and the second condition in (€2, also ¢.(1)° = ¢® =1,. So cis
invertible with the inverse (1,)¢.

Next we show any morphism from z to y — i.e. any a € A such that s(a) = x and t(a) = y
— is invertible whenever the set A, , is non-empty; i.e. there is at least one arrow from y to z.
Indeed, take a € A, and b € Ay . Then a.b € A, , and b.a € A, , are invertible by the previous
paragraph; i.e. (b.a)'.b.a = 1, and a.b.(a.b)~" = 1,. This implies that a is invertible with the
inverse (b.a)~1.b = b.(a.b) L.

Thus the proof is completed if we show that whenever A, , is a non-empty set then also A, ,
must be non-empty. Equivalently, if we show that whenever A, , is an empty set then also A, .
must be empty. Assuming that A, , = () for some x # y € X, below we construct an appropriate
A-module @ such that the corresponding map B¢ in (@I has a non-trivial kernel unless A, , = 0.

Fix z,y € X such that A, , = 0. Take @ to be the span consisting of two arrows from u to x if

Az, is non-empty and one arrow from u to z if A, , is empty. That is,
Q={u ™z ulsz|ucX Apu#0U{u"52|ucX, Ay, =0}

Note that if A, s,) is non-empty for some a € A, then also A, ;) is non-empty (an element

is obtained by composing with a). An associative and unital A-action on @ is defined by the
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prescriptions

Qt(a)-0 = Gs(a) A Pya)-a =Ppya)  if Ay ga) # D and Ay ) # 0
Qt(a)-@ = Ts(a) and  Dya)-0 = T(q) if Az sa) =0 and A, yq) # 0
Tt(a).a = Ts(a) if Am,s(a) = @ and Az,t(a) = @
The set A, , is non-empty since it contains at least the unit arrow 1,. Hence there are two different

elements p, and ¢, in Q. If there is at least one element b in A, ., then it obeys

BQ(pzab) = (pz-ba b) = (Tyab) = (QZ-ba b) = ﬁQ(qmab)-

Thus Bg has a non-trivial kernel whenever A, , is non-empty; which contradicts the assumption

that B¢ is an isomorphism. So we proved that A, , is an empty set whenever A, , is empty. 0O

Owing to the fact that the monoidal product e is the categorical product, a comodule for a
comonoid A in span(X) can be described as a span P over X equipped with a map of spans
¢: P — A. The corresponding coaction sends p € P to (p,c(p)). A morphism of A-comodules is a
map of spans f : P — P’ such that ¢’.f = c.

A Hopf module over a bimonoid A in span(X) — that is, over a small category A with object
set X — is an A-module @ equipped with a morphism of A-modules ¢ : Q — A. A morphism of
A-Hopf modules is a map of A-modules f : Q — @’ such that ¢’.f = c.

From Theorem BTl and Proposition [£5] we obtain the following.

Corollary 4.6. For a small category A with object set X, the following assertions are equivalent.
(i) A is a groupoid.
(i) The natural transformation in {{-1]) is an isomorphism.
(iii) The canonical comparison functor — from the slice category set/X to the category of A-

Hopf modules — is an equivalence.

4.3. The category of bimodules. Let k be a commutative, associative and unital ring. Through-
out the section, the unadorned symbol ® denotes the k-module tensor product. Let R be a com-
mutative, associative and unital k-algebra. Its multiplication will be denoted by juxtaposition on
the elements. Denote by bim(R) the category of R-bimodules. In [2, Example 6.18], it was shown
to carry a duoidal structure as follows. For any R-bimodules M and N, one of the monoidal

structures is provided by the usual R-bimodule tensor product
MeN:=M@N/{m-r@n—m®®@r-n|reR} and J=R.
The other monoidal structure is given by an R ® R-bimodule tensor product
MoN:=M@N/{r-m-"@n-m@r-n-r"|r,r’ € R} and I=RQ®R.
The interchange law has the form
(:(MeN)o(M eN')— (MoM')e(NoN'), (men)o(m' en')— (mom')e(non’).
The o-monoidal unit I is a comonoid with respect to e via the comultiplication

§:I—Tel, zRy— (r@1g)e (1gQy).
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The e-monoidal unit J is a monoid with respect to o via the multiplication
w:Jod—=J, aob— ab.
The counit of the comonoid I, and the unit of the monoid J are both given by
T:1—J, a®b— ab.
The comonad (—) e I and the monad (—) o J on bim(R) have the respective object maps
MelI=2M®R and MoJ=M/[M,R).
The isomorphism
MoJ2MQR/{x- m-y@r—meary |z,y € R} =2 M/[M,R|=M/{m-r—r-m |r € R}

is established by the mutually inverse maps

MoJ— M/[M,R], mor=m-rolg=r-molgr— [r-m]=[m-r] and

M/[M,R] = M o J, [m] = molg.

In particular, Jo J & R/[R, R] & R = J, via the isomorphism provided by the multiplication w

and its inverse !

:r+—rolp=1gor. Thus the monad (—) o J on bim(R) is idempotent. So
the category bim(R); of its modules is isomorphic to the full subcategory of bim(R) whose objects
are those R-bimodules M for which the unit

(4.4) M- Mol X% pog

is an isomorphism. Another equivalent description of J-modules can be given as follows.

Lemma 4.7. The category bim(R); of J-modules is isomorphic to the category mod(R) of R-
modules — regarded as the full subcategory of bim(R) on whose objects the left and right R-actions

coincide.

Proof. For any R-bimodule M, the map M — M o J = M/[M,R] in (4] is the canonical
projection. It is an isomorphism if and only if [M, R] = 0; that is, the left and right R-actions on
M coincide. O

In what follows, we check that the assumptions of Theorem .14 hold in bim(R).

Proposition 4.8. If M o7 is an isomorphism for some R-bimodule M, then (M e 7)o J is an

tsomorphism too.

Proof. For any R-bimodule M, the map (M e 7) o J is an isomorphism if and only if

IR

o (MeT)oJ o =~

M — M®R/[M®R,R] — (MQI)OJ—)> (MeJ)oJ — MoJ — M/[M,R)

is an isomorphism. The first isomorphism is established by the mutually inverse maps M —
M®R/IM@R,R], m— [m®1g] and M @ R/[M @ R,R] — M, [m®r]| — r-m. The displayed
map is the canonical projection. So it is an isomorphism if and only if [M, R] = 0. Equivalently,

by Lemma 7 if and only if M o 7 is an isomorphism. O
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Idempotent morphisms in any module category split (through the image). We conclude by
Proposition and the dual form of Proposition 1] that the functor G in Theorem [3.14] is fully
faithful. So we can apply Theorem B.I4] to the duoidal category bim(R). Our next task is to
identify those bimonoids A in bim(R) for which the canonical monad morphism ¢ in (B.6) is a
natural isomorphism.

Recall from [2 Example 6.44] that a monoid A in bim(R) can be described equivalently as a
k-algebra A equipped with algebra homomorphisms s and ¢ from R to the center of A. (The
algebra homomorphisms s and ¢ are related to the unit n: I = R® R — A by s =n(— ® 1g) and
t =n(lp ® —).) The left and right R-actions on A come out as

(4.5) r-a=s(rja=as(r) and a-r=t(r)a=at(r).

A comonoid in bim(R) is the usual notion of R-coring; that is, an R-bimodule A equipped
with a coassociative comultiplication A : A — A e A with counit € : A — R, such that both the
comultiplication and the counit are R-bimodule maps. For the comultiplication A — A e A we use
a Sweedler type index notation a — a1 ® as, where implicit summation is understood.

Finally, a bimonoid A in bim(R) is precisely an R-bialgebroid — called a “x r-bialgebra” in [24]
— whose unit maps s and ¢ land in the center of A. Explicitly, it obeys the following axioms (see
[20, Appendix A1] for the case when also A is a commutative algebra).

e Ais a k-algebra equipped with algebra homomorphisms s and t from R to the center of A,
o the R-bimodule (@) carries an R-coring structure,
e the comultiplication A : A — Ae A and the counit € : A — R are algebra homomorphisms.

A right comodule over a bimonoid A in bim(R) is an R-bimodule @) equipped with a coassociative
and counital coaction @@ — Qe A which is a morphism of R-bimodules. For the coaction Q — Qe A
we use a Sweedler type index notation g — ¢o @ ¢1, where implicit summation is understood. For

any right A-comodule @, the natural transformation ¢ in (3.6]) takes the following explicit form.

(4.6) $@: QoA (Qo))eA=Q/[Q.Rle A, qoar [p]eqa.

Recall from [7] (and the references therein, in particular [20] in the commutative case) that an
R-bialgebroid A as above is said to be a Hopf algebroid — with left bialgebroid structure as above
and right bialgebroid structure obtained by interchanging the roles of s and ¢t — if in addition there
exists a k-module map S : A — A — called the antipode — such that, for all a € A and r € R,

S(as(r)) =t(r)S(a), S(t(r)a) = S(a)s(r),
a15(az) = s(e(a)), S(ar)as = t(e(a)).
Proposition 4.9. For a bimonoid A in bim(R) — that is, for an R-bialgebroid A such that the

(4.7)

images of the unital maps s and t are central in A — the natural transformation [f.6) is an

isomorphism if and only if A is a Hopf algebroid.
Proof. If A is a Hopf algebroid, then the inverse of (L) is given by

o Q/Q RleA—=QoA,  [gear— qooS(q)a

In order to see that it is well defined, note that — since the A-coaction on @ is morphism of
R-bimodules, by (&3] and the first line in @), — (r-¢)oo S((r-q)1)a=(¢-r)ooS((q-7)1)a =
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@ oS(q)(r-a), foralla e A, g € Q and r € R. Also — by (43]) and the first line in ([@7), —
g-roS(b)a=qoS(r-b)a, forall a,be A, g€ Q and r € R. It is indeed the inverse of ([LL) since

g s@(goa) =qooS(q)ga=qoot(e(qr))a=qgooa-e(q) =qo-elq)oa=qoa,

Qs (la)ea) = [qo]®q1S(gz)a = [qo]es(e(a1))a = [qo]ec(a1)-a = [g0]-€(q1)®a = [q0-c(q1)]ea = [g]ea.
Conversely, assume that (£6]) is an isomorphism, for any right A-comodule @. Then it is an
isomorphism in particular for Q = I ¢ A 2 R ® A with right R-action (r ® a)r’ = r ® at(r') and
A-coaction r ® a — (r ® a1) @ az. So we obtain an isomorphism
(4.8)
SIeA

AxA=A@A/{a-r@b—a®b-r|reR} — (TeA)o A5 (TeA)oJ)eA—s Ae A,
to be denoted by <. The first isomorphism in ([£8) is established by the mutually inverse maps

AxA— (TeA)oA, axb— (lp®1g)ea)ob, and
(IeA)oA— Ax A, (r@r')ea)obr—71"-ax*r-b.

The last isomorphism in (48] is established by the mutually inverse maps

(IeA)oJ=TeA/[Ie A R]— A, [(r@r)ea]l—1r"-a-r and
A—(TeA)oJ=TeA/[le A R], a— [(1rg ® 1g) e a).

With these isomorphisms at hand, the explicit form of (L)) is <(a *b) = a1 ® asd, for a,b € A. Set
atxa=:=C(aely); then S 1(aeb) =at xa~b, for all a,b € A, since < and thus also its inverse
are right A-module maps. Put S(a) := t(e(a™’))a™, for all a € A. It is well-defined since ¢ is a
right R-module map, since ¢ is multiplicative and by (&3&]). We claim that S is an antipode of A.

Since ¢ is a morphism of right A-modules, so is its inverse. Hence
(t(r)a)T % (t(r)a)” =< Ht(r)aela) =S Haes(r) =at xa"s(r), Yae A, r € R.

Since the comultiplication on A is a morphism of left R-modules, so is ¢. Hence also its inverse is

a morphism of left R-modules in the sense that
(as(r)t x (as(r))” =ats(r)xa”, Va € A, r € R.
With these identities at hand,
S(t(r)a) = t(e((t(r)a)"))(t(r)a)” =t(e(a™))a"s(r) = S(a)s(r)  and
S(as(r)) = t(e((as(r))"))(as(r))” =t(e(aTs(r)))a” =t(r)t(e(a"))a” = t(r)S(a),

for any a € A,r € R. The penultimate equality in the second line holds since € is a morphism of
left R-modules and ¢ is multiplicative.
From ¢71.5= A x A, it follows that

(4.9) ar T xa1 as =ax*1a, Va € A.

Since < is a left A-comodule map; i.e. (Ao A).C= (Ae3).(AxA), also <! is a left A-comodule
map. That is,

(4.10) atieaToxa” =ajeay xas”, Ya € A.
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Composing both sides of the equality pu = ( AxA i) Ae A EL? JeA i A ) by ¢!, we obtain
(4.11) ata™ = s(e(a)), Va € A.
Then by (@9) it follows that
S(ay)as = t(e(ar1)ay "az = t(e(a))la = t(e(a)),
and by ([@I0) and @EIT),
a1S(az) = art(e(asM)as™ = at1t(e(a™2)a™ = ata™ = s(e(a)),
for any a € A. This proves that A is a Hopf algebroid. d

A right module over a bimonoid A in bim(R) is, equivalently, a right module over the constituent
k-algebra. It is an R-bimodule via the actions induced by s and ¢. A morphism of A-modules in
bim(R) is a morphism of modules over the constituent k-algebras; it is automatically a morphism
of R-bimodules.

A right comodule of a bimonoid A in bim(R) is an R-bimodule @ equipped with a coassociative
and counital coaction @@ — Qe A which is a morphism of R-bimodules. A morphism of A-comodules
in bim(R) is an R-bimodule map which is compatible with the coactions in the evident sense.

A Hopf module M over a bimonoid A in bim(R) is a right A-module which is also an A-comodule
via the left and right R-actions induced by s and t, respectively; such that the compatibility
condition (m -a)g e (m-a); = mg - a; ® mias holds, for all m € M and a € A. A morphism of A-
Hopf modules is a morphism of modules over the constituent k-algebras — hence also a morphism
of R-bimodules — which is compatible with the coactions in the evident sense.

From Theorem [B.14] and Proposition [£.9] we obtain the following.

Corollary 4.10. Let R be a commutative algebra over a commutative ring k. Let A be an R-
bialgebroid whose unit R ® R — A takes its values in the center of A — equivalently, let A be a

bimonoid in the duoidal category bim(R). Then the following assertions are equivalent.

(i) A is a Hopf algebroid (via the given left bialgebroid structure and the right bialgebroid
structure obtained by interchanging the roles of the unital maps s and t).
(ii) The natural transformation {{-0]) is an isomorphism.
(iii) The canonical comparison functor — from the category of R-modules to the category of

A-Hopf modules — is an equivalence.

Note added. Soon after we had submitted the first version of this paper (on the 5th of December
in 2012), two closely related papers [1] and [14] appeared in the arXiv (although [I] was submitted
for publication much earlier). Their relation to our work is analyzed in [I4], here we shortly recall
that on the request of the referee.

In [I], Aguiar and Chase study the following situation. They consider a bimonad T on a
monoidal category C (which can be taken to be e.g. the bimonad (—) o A induced on (M, e) by a
bimonoid A in a duoidal category M); a T-comodule monad S (which can be chosen to be (—)o A
as well); and an arbitrary comonoid ¢ in C (which can be taken to be e.g. the o-monoidal unit

I in the duoidal category M). Associated to these data, there is a category of generalized Hopf
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modules (with our choices it comes out as the category M4 of Hopf modules in Definition 2.2));
and a comparison functor K from the category of c-comodules to this category of generalized Hopf
modules (it reduces to the same functor K in (&3] in our case). In [I, Theorem 5.8], under certain
assumptions on S and ¢, it is proven that K is an equivalence if and only if a canonical ‘Galois
morphism’ (reducing to [B.2]) with our choices) is an isomorphism.

Comparing the assumptions in [I, Theorem 5.8] with the dual forms of the Beck criteria (see [3]
page 100, Theorem 3.14], cf. Section [[T]), they imply in turn that the composite of the forgetful
functor U, corresponding to the category of c-comodules, and of the left adjoint Fs of the forgetful
functor corresponding to the Eilenberg-Moore category of S-modules, is comonadic (whence the
conclusion follows by [II, Theorem 1.7] or [13| Theorem 4.4], see Section [[LT]). Indeed, FsU, is a
composite of two left adjoint functors hence it is left adjoint. Since S is assumed to be conservative,
so is Fg and thus also the composite functor FsU,. Taking an FgU_.-contractible equalizer pair
(f,g), it is taken by U. to an Fg-contractible equalizer pair (U.f,U.g). By assumption, their
equalizer is created by Fs. Moreover, by the assumption that (=) ® ¢ and (=) ® ¢ ® ¢ preserve the
equalizer of (U.f,U.g), it follows that U. creates the equalizer of (f, g).

Applying [Il Theorem 5.8] to the comparison functor K in (3.3]), this means that assumptions
are made on A, which imply the comonadicity of the functor in the bottom row of (BH). As a
conceptual difference, in Section B of this paper we make no assumption on A. We prove the
comonadicity of the functor in the bottom row of (B3] from assumptions on the duoidal category
M alone.

In Mesablishvili and Wisbauer’s paper [14], a slight generalization and an alternative proof of
our Theorem B.11]is presented. In their generalized version, the functor in the bottom row of the
diagram below is only required to be separable (not necessarily fully faithful). In their proof, they
avoid the explicit construction of the inverse of the comparison functor K in (33]). Instead, they

observe that there is a commutative diagram

I (—=)oA —
M m S My

J(—)OAJ

M — M — My
Ut (=)o

where M 4 stands for the Kleisli category of the monad (—) o A (i.e. the category of free right A-
modules). Since the left adjoint functor in the bottom row is separable, and idempotent morphisms
in M (and thus in M) split by assumption, it follows by [14, Proposition 1.13] that the functor
Ul(—) o A in the top row reflects isomorphisms and any U’(—) o A-contractible pair possesses a
contractible equalizer in M’. These properties imply that composing the functor in the top row
with the fully faithful embedding M A — M4, we obtain a comonadic functor: that in the bottom
row of (BA). In light of [II, Theorem 1.7] or [13} Theorem 4.4] (see Section [[1]), this provides
an alternative proof of Theorem BTl (although not yielding the explicit form of the inverse of the
comparison functor K in (B3)).
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