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Abstract

We define Hopf monads on an arbitrary monoidal category, extending the definition given in Bruguieres
and Virelizier (2007) [5] for monoidal categories with duals. A Hopf monad is a bimonad (or opmonoidal
monad) whose fusion operators are invertible. This definition can be formulated in terms of Hopf ad-
junctions, which are comonoidal adjunctions with an invertibility condition. On a monoidal category with
internal Homs, a Hopf monad is a bimonad admitting a left and a right antipode.

Hopf monads generalize Hopf algebras to the non-braided setting. They also generalize Hopf algebroids
(which are linear Hopf monads on a category of bimodules admitting a right adjoint). We show that any
finite tensor category is the category of finite-dimensional modules over a Hopf algebroid.

Any Hopf algebra in the center of a monoidal category C gives rise to a Hopf monad on C. The Hopf
monads so obtained are exactly the augmented Hopf monads. More generally if a Hopf monad 7 is a retract
of a Hopf monad P, then P is a cross product of 7" by a Hopf algebra of the center of the category of
T-modules (generalizing the Radford—Majid bosonization of Hopf algebras).

We show that the comonoidal comonad of a Hopf adjunction is canonically represented by a cocommu-
tative central coalgebra. As a corollary, we obtain an extension of Sweedler’s Hopf module decomposition
theorem to Hopf monads (in fact to the weaker notion of pre-Hopf monad).
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0. Introduction

Hopf monads on autonomous categories (that is, monoidal categories with duals) were in-
troduced in [5] as a tool for understanding and comparing quantum invariants of 3 manifolds,
namely the Reshetikhin—Turaev invariant associated with a modular category and the Turaev—
Viro invariant associated with a spherical category (as revisited by Barrett—Westbury).

In this paper we extend the notion of Hopf monad to any monoidal category. Hopf monads
generalize classical Hopf algebras, as well as Hopf algebras in a braided category. Hopf algebras
are bialgebras with an extra condition: the existence of an invertible antipode. Similarly, one
expects Hopf monads to be bimonads satisfying some extra condition.

The concept of bimonad (also called opmonoidal monad) was introduced by Moerdijk
in [18].! Recall that if 7 is a monad on a category C, then one defines a category C! of T-
modules in C (often called T-algebras). A bimonad on a monoidal category C is a monad
on C such that CT is monoidal and the forgetful functor U7 :CT — C is strict monoidal. This
means that 7" is a comonoidal monad: it comes with a coassociative natural transformation
L(X,Y): T(X®Y)—>TX®TY and a counit Tp:T1 — 1. For example, a bialgebra A in
a braided category B gives rise to bimonads A ® ? and ? ® A on B. More generally, bialgebroids
in the sense of Takeuchi are also examples of bimonads. More generally still, any comonoidal
adjunction defines a bimonad, so that bimonads exist in many settings.

The ‘extra condition’ a bimonad should satisfy in order to deserve the title of Hopf monad
is not obvious, as there is no straightforward generalization of the notion of antipode to the
monoidal setting. When C is autonomous, according to Tannaka theory, one expects that a bi-
monad T be Hopf if and only if C” is autonomous. This turns out to be equivalent to the existence
of a left antipode and a right antipode, which are natural transformations sé( TT(X)) - VX
and s : T(T(X )Y) — XV. That was precisely the definition of a Hopf monad given in [5]. While
it is satisfactory for applications to quantum topology, as the categories involved are autonomous,
this definition has some drawbacks for other applications: for instance, it doesn’t encompass
infinite-dimensional Hopf algebras since the category of vector spaces of arbitrary dimension is
not autonomous. Therefore one is prompted to ask several questions:

' Bimonads were introduced in [18] under the name ‘Hopf monads’, which we prefer to reserve for bimonads with
antipodes by analogy with Hopf algebras.



A. Bruguieres et al. / Advances in Mathematics 227 (2011) 745-800 747

What are Hopf monads on arbitrary monoidal categories?

What are Hopf monads on closed monoidal categories (with internal Homs)?

Is it possible to characterize Hopf monads obtained from Hopf algebras?

Can one extend classical results of the theory of Hopf algebras to Hopf monads on monoidal
categories?

e When does a bialgebroid define a Hopf monad?

The aim of this paper is to answer these questions.

In Section 2, we define Hopf monads on an arbitrary monoidal category. Our definition is
inspired by the fact that a bialgebra A is a Hopf algebra if and only if its fusion morphisms
H H :AQA—> A® A, definedby HH(x ® y) =xV @ xPyand HH (x ® y) =xPy @ xD,
are invertible. If T is a bimonad, we introduce the fusion operators H' and H”, which are natural
transformations

Hyy=(TX@unTX,TY): T(XQTY) > TXQTY,
Hyy=ux @TVTH(TX,Y): T(TX®Y)>TXQTY,

and decree that T is a Hopf monad if H' and H" are invertible. We also introduce the related
notion of Hopf adjunction. The monad of a Hopf adjunction is a Hopf monad, and a bimonad
is a Hopf monad if and only if its adjunction is a Hopf adjunction. It turns out that certain clas-
sical results on Hopf algebras extend naturally to Hopf monads (or more generally to pre-Hopf
monads), such as Maschke’s semisimplicity criterion and Sweedler’s theorem on the structure of
Hopf modules (see Section 6).

In Section 3, we study Hopf monads on closed monoidal categories. Hopf monads on such
categories can be characterized, as in the autonomous case, in categorical terms and also in
terms of antipodes. More precisely, let 7 be a bimonad on a closed monoidal category C, that
is, a monoidal category with internal Homs. We show that 7" is a Hopf monad if and only if its
category of modules C7 is closed and the forgetful functor Ur preserves internal Homs. Also
T is a Hopf monad if and only if it admits a left antipode and right antipode, that is, natural
transformations in two variables:

sy TITX, YI' > [X,TY] and sk, :T[TX, Y] —>[X,TY]

where [—, —]' and [—, —]" denote the left and right internal Homs, each of them satisfying two
axioms as expected. The proof of these results relies on a classification of adjunction liftings. In
the special case where C is autonomous, we show that the definition of a Hopf monad given in
this paper specializes to the one given in [5]. In the special case where C is *-autonomous (and
so monoidal closed), a Hopf monad in the sense of [8] is a Hopf monad in our sense (but the
converse is not true).

In Section 5, we study the relations between Hopf algebras and Hopf monads. Given a lax cen-
tral bialgebra of a monoidal category C, that is, a bialgebra A in the lax center Z¥(C) of C, with
lax? half braidingo : A® ? — ?7® A, the endofunctor A ® ? of C is a bimonad, denoted by A ® ?
on C. This bimonad is augmented, that is, endowed with a bimonad morphism A ®, ? — 1¢. It

2 Here lax means that o need not be invertible.
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is a Hopf monad if and only if A is a Hopf algebra in the center Z(C) of C. The main result of
the section is that this construction defines an equivalence of categories between central Hopf
algebras of C (that is, Hopf algebras in the center Z(C)) and augmented Hopf monads on C.
More generally, given a Hopf monad 7 on C and a central Hopf algebra (A, o) of the category of
T -modules, we construct a Hopf monad A x, T on C of which T is a retract. Conversely, under
suitable exactness conditions (involving reflexive coequalizers), any Hopf monad P of which T
is a retract is of the form A X, T. The proof of this result is based on two general constructions
involving Hopf monads: the cross product and the cross quotient, which are studied in Section 4.

In Section 6, we show that the comonoidal comonad of a pre-Hopf adjunction is canoni-
cally represented by a cocommutative central coalgebra. Combining this with a descent result for
monads, we obtain a generalization of Sweedler’s Hopf module decomposition theorem to Hopf
monads (in fact to pre-Hopf monads). We study the close relationships between Hopf adjunc-
tions, Hopf monads, and cocommutative central coalgebras.

Finally, in Section 7, we study bialgebroids which, according to Szlachanyi [21], are linear
bimonads on categories of bimodules admitting a right adjoint. A bialgebroid corresponds with
a Hopf monad if and only if it is a Hopf algebroid in the sense of Schauenburg [20]. We also use
Hopf monads to prove that any finite tensor category is naturally equivalent (as a tensor category)
to the category of finite-dimensional modules over some finite-dimensional Hopf algebroid.

1. Preliminaries and notations

Unless otherwise specified, categories are small, and monoidal categories are strict. We denote
by Cat the category of small categories (which is not small).

If C is a category, we denote by Ob(C) the set of objects of C and by Hom¢ (X, Y) the set of
morphisms in C from an object X to an object Y. The identity functor of C is denoted by 1.

If C is a category and ¢ an object of C, the category of objects of C over c is the category C/c
whose objects are pairs (a, ¢), with a € Ob(C) and ¢ € Hom¢ (a, ¢). Morphisms from (a, ¢) to
(b, ¥) in C/c are morphism f:a — b in C satisfying the condition ¥ f = ¢. They are called
morphisms over c.

Similarly the category of objects of C under c is the category ¢\C whose objects are pairs
(a, ¢), with a € Ob(C) and ¢ € Hom¢ (c, a).

A pair of parallel morphisms

f
X:g;Y

is reflexive (resp. coreflexive) if f and g have a common section (resp. a common retraction),
that is, if there exists a morphism 4 :Y — X such that fh = gh =1dy (resp. hf = hg = idy).
A reflexive coequalizer is a coequalizer of a reflexive pair. Similarly a coreflexive equalizer is an
equalizer of a coreflexive pair.

1.1. Monoidal categories and functors
Given an object X of a monoidal category C, we denote by X ® ? the endofunctor of C defined

on objects by ¥ = X ® Y and on morphisms by f — X ® f =idx ® f. Similarly one defines
the endofunctor ? ® X of C.
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Let (C,®, 1) and (D, ®, 1) be two monoidal categories. A monoidal functor from C to D is a
triple (F, F», Fy), where F :C — D is a functor, F,: F ® F — F® is a natural transformation,
and Fp:1 — F(1) is a morphism in D, such that:

RX.Y®Z)(drx) ® (Y, 2)) = (X ®Y, Z)(F2(X,Y) ® idp(2));
F(X,1)(drx) @ Fo) =1dpx) = F2(1, X)(Fo ® idF(x));

for all objects X, Y, Z of C.

A monoidal functor (F, F;, Fp) is said to be strong (resp. strict) if F» and F{y are isomorphisms
(resp. identities).

A natural transformation ¢ : F — G between monoidal functors is monoidal if it satisfies

xey F2(X,Y)=G2(X,Y)(px Q@y) and Go=¢1Fp.

We denote by MonCat the category of small monoidal categories, morphisms being strong
monoidal functors.

1.2. Comonoidal functors

Let (C,®, 1) and (D, ®, 1) be two monoidal categories. A comonoidal functor (also called
opmonoidal functor) from C to D is a triple (F, F2, Fy), where F:C — D is a functor,
F,:FQ — F ® F is a natural transformation, and Fy: F (1) — 1 is a morphism in D, such
that:

(ildrxy @ Fa(Y, 2))Fa(X, Y ® Z) = (F2(X, Y) Qidp(z)) (X Q Y, Z);
(drx) @ Fo)F2(X, 1) =idpx) = (Fo @ 1dp(x)) F2 (1, X);

for all objects X, Y, Z of C.
A comonoidal functor (F, F;, Fp) is said to be strong (resp. strict) if F> and Fj are isomor-
phisms (resp. identities). In that case, (F, F, l, Fy 1) is a strong (resp. strict) monoidal functor.
A natural transformation ¢ : F — G between monoidal functors is comonoidal if it satisfies

G2(X,Y)oxey = (px Q@y)F2(X,Y) and Gopr = Fo.

Note that the notions of comonoidal functor and comonoidal natural transformation are dual
to the notions of monoidal functor and monoidal natural transformation.

2. Hopf monads

In this section, we define Hopf monads on an arbitrary monoidal category: they are the bi-
monads whose fusion operators are invertible. We also introduce the related notion of Hopf
adjunction: the monad of a Hopf adjunction is a Hopf monad, and a bimonad is a Hopf monad if
and only if its adjunction is a Hopf adjunction.
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2.1. Monads

Let C be a category. Recall that the category End(C) of endofunctors of C is strict monoidal
with composition for monoidal product and identity functor 1¢ for unit object. A monad on C is
an algebra in End(C), that is, a triple (7', u, n), where T :C — C is a functor, u: T? — T and
n:1c — T are natural transformations, such that:

uxT(ux) =puxpurx and wpuxnrx =idrx =uxT (nx)

for any object X of C.

Monads on C form a category Mon(C), a morphism from a monad (7, u,7n) to a monad
(T', ', n") being a natural transformation f:7 — T’ such that fn=n"and fu=uwW'T(f)fr.
The identity functor 1¢ is a monad (with the identity for product and unit) and it is an initial
object in Mon(C).

2.2. Modules over a monad

Let (T, u, n) be a monad on a category C. An action of T on an object M of C is a morphism
r:T(M)— M in C such that:

rT(r)=ruy and rny =idy.

The pair (M, r) is then called a T -module in C, or just a T -module.’

Given two T-modules (M, r) and (N, s) in C, a morphism of T -modules from (M, r) to (N, r)
is a morphism f € Homg (M, N) which is T-linear, that is, such that fr = sT (f). This gives
rise to the category of T-modules (in C), with composition inherited from C. We denote this
category by C” (the notation 7-C is used in [5]).

The forgetful functor Uy :CT — C of T is defined by Uz (M, r) = M for any T-module (M, r)
and U7 (f) = f for any T-linear morphism f. It has a left adjoint F7:C — CT, called the free
module functor, defined by Fr(X) = (T X, ux) for any object X of C and Fr(f) =T f for any
morphism f of C.

2.3. Monads, adjunctions, and monadicity

Let (F:C— D, U :D— C) be an adjunction, with unit n: 1 — U F and counite: FU — 1p.
Then T = U F is a monad with product © = U (er) and unit n. There exists a unique functor
K :D — CT such that Ur K = U and K F = Fr. This functor K, called the comparison functor
of the adjunction (F, U), is defined by K (d) = (Ud, Uegy).

An adjunction (F, U) is monadic if its comparison functor K is an equivalence of categories.
For example, if T is a monad on C, the adjunction (F7, Ur) has monad T and comparison functor
K = 1,7, and so is monadic.

A functor U is monadic if it admits a left adjoint F' and the adjunction (F, U) is monadic. If
such is the case, the monad T = U F of the adjunction (F, U) is called the monad of U . It is well
defined up to unique isomorphism of monads (as the left adjoint F' is unique up to unique natural
isomorphism).

3 Pairs (M, r) are usually called T -algebras in the literature (see [14]).
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Theorem 2.1 (Beck). An adjunction (F :C — D, U : D — C) is monadic if and only if the func-
tor U satisfies the following conditions:

(a) The functor U is conservative, that is, U reflects isomorphisms;
(b) Any reflexive pair of morphisms in D whose image by U has a split coequalizer has a co-
equalizer, which is preserved by U.

Moreover, if (F, U) is monadic, the comparison functor K is an isomorphism if and only if the
functor U satisfies the transport of structure condition:

(c) For any lsomorphlsm f:U(d) — cin C, where c € Ob(C) and d € Ob(D) there exist
a unique ¢ € Ob(D) and a unique isomorphism f d — ¢ in D such that U ( f )= f.

2.4. Bimonads

A bimonad on a monoidal category C is a monad (7, x,n) on C such that the functor
T:C — C is comonoidal and the natural transformations p:72 — T and n:1¢c — T are
comonoidal. In other words, T is endowed with a natural transformation 7> : T® — T ® T and
a morphism 7p: 7 (1) — 1 in C such that:

(TXQNY,2)h(X.YQRZ)=(1(X.Y)RTZ)TH(XQY, Z),
TXRTp)Th(X,1) =idrx =(Th @ TX)T>(1, X),
(X, Vuxey = (ux @ uy) H(TX, TY)T (T2 (X, Y)),

Topa = ToT (To), I (X,Y)nxegy =nx @ ny, Tona =1dg.

Remark 2.2. A bimonad 7 on a monoidal category C = (C, ®, 1) may be viewed as a bimonad
T°°P on the monoidal category C®°P = (C, ®°P, 1), with comonoidal structure T2C PX,Y) =
T»(Y, X) and T(;: °P — T,. The bimonad T°P is called the coopposite of the bimonad T. We have:
(R = (cTy®w,

Remark 2.3. The dual notion of a bimonad is that of a bicomonad, that is, a monoidal comonad.
An endofunctor T of a monoidal category C = (C, ®, 1) is a bicomonad if and only if the opposite
endofunctor 7°P is a bimonad on C°? = (C?, ®, 1).

Bimonads on C form a category BiMon(C), morphisms of bimonads being comonoidal mor-
phisms of monads. The identity functor 1¢ is a bimonad on C, which is an initial object of
BiMon(C).

2.5. Bimonads and comonoidal adjunctions

A comonoidal adjunction is an adjunction (F:C — D,U:D — C), where C and D are
monoidal categories, F and U are comonoidal functors, and the adjunction unit n:1¢ - UF
and counit ¢ : FU — 1p are comonoidal natural transformations.
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If (F,U) is a comonoidal adjunction, then U is in fact a strong comonoidal functor, which
we may view as a strong monoidal functor. Conversely, if a strong monoidal functor U : D — C
admits a left adjoint F, then F is comonoidal, with comonoidal structure given by

Fr(X,Y) =epxery FU2(FX, FY)F(nx ® ny) and Fy=¢1F(Up),
and (F, U) is a comonoidal adjunction (viewing U as a strong comonoidal functor), see [17].
A comonoidal adjunction is an instance of a doctrinal adjunction in the sense of [11].

The monad 7 = U F of a comonoidal adjunction (U, F) is a bimonad, and the comparison
functor K : D — CT is strong monoidal and satisfies U7 K = U as monoidal functors and K F =
Fr as comonoidal functors (see for instance [5, Theorem 2.6]).

The comonad 7 = FU of a comonoidal adjunction (U, F) is a comonoidal comonad, that
is, a comonad whose underlying endofunctor is endowed with a comonoidal structure so that its

coproduct and counit are comonoidal.

Example 2.4. The adjunction (Fy, Ur) of a bimonad T is a comonoidal adjunction (because Ur
is strong monoidal).

Remark 2.5. Comonoidal adjunctions are somewhat misleadingly called monoidal adjunctions
in [5].

2.6. Fusion operators

Let T be a bimonad on a monoidal category C. The left fusion operator of T is the natural
transformation H' : T(1¢c ® T) — T ® T defined by

Hy y=(TX@uy)HL(X,TY): T(XQTY) > TXQTY.

The right fusion operator of T is the natural transformation H" : T(T ® 1¢) - T ® T defined
by

Hy y=(ux @TYL(TX,Y):T(TX®Y) > TXQ®TY.
From the axioms of a bimonad, we easily deduce

Proposition 2.6. The left fusion operator H' of a bimonad T satisfies:
Hy yT(X ® py) =(TX ® uy)Hy 7y
Hy yT(X ®@ny) =Ta(X.Y), HY ynxery =nx ®TY,
(X, V)®TZ)Hygy , = (TX ® Hy ;) T2(X,Y ® TZ),
(T®TX)Hy y=nx, (TX®T)Hy,=T(X®T),

and the left pentagon equation:

(TX® Hll/,Z)Hgf,Y@)TZ = (Hgf,Y ® TZ)H§(®TY,ZT(X ® Hll/,Z)'
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Similarly the right fusion operator H" of T satisfies:

Hy yT(nx ®Y) = (ux @ TY)Hry y,
Hy yT(nx ®Y)=T2(X.Y),  Hyynrxer =TX ®ny,
(TXQ®Tr(Y,2))Hy yo, = (Hy y TZ)(TX Q® Y, Z),
(TX ® To)Hy 1 = j1x, (To®@ TX)Hy x =T (To ® X),

and the right pentagon equation:
!
(Hyy ® TZ)Hrygy,z = (TX ® Hy 7)Hy 7y, T (Hy y ® Z).

Remark 2.7. A bimonad can be recovered from its left (or right) fusion operator. More pre-
cisely, let T be an endofunctor of a monoidal category C endowed with a natural transformation
Hxy: T(X®TY)— TX ®TY satistfying the left pentagon equation:

(TX®Hyz)Hx yorz =(Hxy®TZ)Hxgry,zT (X ® Hy,7),

and with a morphism 7: 71 — 1 and a natural transformation ny : X — T X satisfying:

Hx ynxery =nx ®TY, Tong =1dq,
(TXQ®Ty)Hx1=T(X Q Tp), (To®TX)H1,xT (nx) =idrx.

Then 7 admits a unique bimonad structure (7', i, n, 7>, Tp) having left fusion operator H.
The product © and comonoidal structural morphism 7> are given by

ux =To®TX)Hy,x and To(X,Y)=HxyT (X Qny).
2.7. Hopf monads and pre-Hopf monads

Let C be a monoidal category. A left (resp. a right) Hopf monad on C is a bimonad on C whose
left fusion operator H' (resp. right fusion operator H”) is an isomorphism.

A Hopf monad on C is a bimonad on C such that both left and right fusion operators are iso-
morphisms. Hopf monads on C form a full subcategory HopfMon(C) of the category BiMon(C)
of bimonads. The identity functor 1 is a Hopf monad on C, which is an initial object of
HopfMon(C).

It is convenient to consider a weaker notion: a left (resp. right) pre-Hopf monad on C is a
bimonad on C such that, for any object X of C, the morphism H]ll, x (resp. Hy ;) is invertible.

A pre-Hopf monad is a bimonad which is a left and a right pre-Hopf monad. Clearly any Hopf
monad is a pre-Hopf monad, but the converse is false:

Example 2.8. We provide an example of a pre-Hopf monad on a monoidal (even autonomous)
category which is not a Hopf monad. Let Z-vecty be the autonomous category of finite-
dimensional Z-graded vector spaces on a field k, and let N-vecty be its full subcategory of graded
vector spaces with support in N. The inclusion functor ¢ : N-vecty — Z-vecty has a left adjoint 7,
which sends a Z-graded vector space to its non-negative part. The adjunction (s, ¢) is monoidal.
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The bimonad T = twr on Z-vecty of this adjunction (see Section 2.5) is a pre-Hopf monad but
not a Hopf monad.

Remark 2.9. Certain general results on Hopf algebras extend naturally to pre-Hopf monads,
such as Sweedler’s theorem on the structure of Hopf modules (see Section 6). Also, Maschke’s
semisimplicity theorem for Hopf monads on autonomous categories given in [5, Theorem 6.5]
holds word for word for pre-Hopf monads in arbitrary monoidal categories. Indeed the proof
given in [5], which relied on the properties of a certain natural transformation I'y : X ® 71 —

T2X, extends in a straightforward way, observing that I'y = H )r(_]]l(n x ®T1).

Example 2.10. Given a Hopf algebra A in a braided category, we depict its product m, unit u,
coproduct A, counit €, and invertible antipode S as follows:

A N A A A A
S PSS A
A A A A A A

Let B be a braided category with braiding 7, and A a bialgebra in B. As shown in [5], the endo-
functor A ® ? of B is a bimonad on B, with structure maps:

AX AY

A X A X
“A | med] aenan- (X aam=.

A A A XY A
Its fusion operators are
AX AY

AX A Y
[ \ r \
HX’Y: \ and HX7Y: \ \

AX AY AAXY

If A is a Hopf algebra with invertible antipode S, then A ® ? is a Hopf monad, the inverses of the
fusion operators being:

AAXY
11 o
HX’Y_ and HX,Y_
e,
AXAY AX AY

Similarly, if A is a Hopf algebra in B with invertible antipode, then ? ® A is a Hopf monad on B.
Thus Hopf monads generalize Hopf algebras in braided categories. In particular, a Hopf algebra
over a commutative ring k defines a Hopf monad on the category of k-modules. See Section 5
for a detailed discussion of Hopf monads associated with Hopf algebras.

Remark 2.11. Let 7 be a bimonad on a monoidal category C. Then T is a right (pre-)Hopf
monad if and only if its opposite bimonad TP on C®°P (see Remark 2.2) is a left (pre-)Hopf
monad.
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2.8. Hopf monads and Hopf adjunctions

In view of the relation between bimonads and comonoidal adjunctions recalled in Section 2.5,
it is natural to look for a characterization of Hopf monads in terms of adjunctions. This leads to
the notion of a Hopf adjunction.

Let (F:C — D,U :D — C) be a comonoidal adjunction between monoidal categories (see
Section 2.5). The left Hopf operator and the right Hopf operator of (F, U) are the natural trans-
formations

H:Fl;®@U)—> F®1lp and H:FU®Ile)—> 1p®F

defined by

lch,d =(Fc®¢ey)F(c,Ud):F(cQUd)— Fc®d,
H=(ea® FO)F>(Ud,¢): FUd ®¢) — d ® Fc,

for ¢ € Ob(C) and d € Ob(D).

Remark 2.12. Hopf adjunctions were initially introduced by Lawvere in the context of cartesian
categories under the name of Frobenius adjunctions [12].

Remark 2.13. Let T = U F be the bimonad of the comonoidal adjunction (F, U). The fusion
operators H' and H" of T are related to the Hopf operators H' and H" of (F, U) as follows:

H§(7Y =U,(FX, FY)U([I—IZX’FY) and Hy y=Uy(FX, FY)U(Hpy y)
forall X,Y € Ob(C).

A left (resp. right) Hopf adjunction is a comonoidal adjunction (F, U) such that H' (resp. H")
is invertible. A Hopf adjunction is a comonoidal adjunction such that both H* and H" are invert-
ible.

. . . . . . . l
A left (resp. right) pre-Hopf adjunction is a comonoidal adjunction (F, U) such that H; _

(resp. H” ;) is invertible. A pre-Hopf adjunction is a comonoidal adjunction such that both D—Iél’_
and H™ g are invertible.
From Remark 2.13, we easily deduce

Proposition 2.14.

(a) The monad of a left (resp. right) Hopf adjunction is a left (resp. right) Hopf monad. In
particular the monad of a Hopf adjunction is a Hopf monad.

(b) The monad of a left (resp. right) pre-Hopf adjunction is a left (resp. right) pre-Hopf monad.
In particular the monad of pre-Hopf adjunction is a pre-Hopf monad.

On the other hand, a bimonad is a Hopf monad if and only if its associated comonoidal ad-
junction is a Hopf adjunction:
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Theorem 2.15. Let T be a bimonad on a monoidal category C.

(a) T is a left (resp. right) Hopf monad if and only if the comonoidal adjunction (Fr,UT) is a
left (resp. right) Hopf adjunction. In particular T is a Hopf monad if and only if (Fr,UT) is
a Hopf adjunction.

(b) T is a left (resp. right) pre-Hopf monad if and only if the comonoidal adjunction (Fr, UT)
is a left (resp. right) pre-Hopf adjunction. In particular T is a pre-Hopf monad if and only if
(Fr, Ur) is a pre-Hopf adjunction.

We prove Theorem 2.15 in Section 2.9.
Hopf adjunctions are stable under composition:

Proposition 2.16. The composite of two left (resp. right) Hopf adjunctions is a left (resp. right)
Hopf adjunction. In particular the composite of two Hopf adjunctions is a Hopf adjunction.

Proposition 2.16 is a direct consequence of the following lemma:

Lemma 2.17. Let (F:C — D,U:D — C) and (G:D — £,V :E — D) be two comonoidal
adjunctions. Denote by H (resp. H'!, resp. H'Y) and W' (resp. H'", resp. H'") the left and right
Hopf operators of (F,U) (resp. (G, V), resp. (GF,UV)). Then

[H/c/,le = lH/béc,eG([ch,Ve) and [HZ,’; = IH/e’:FcG([H’{/e,c)
for all c € Ob(C) and e € Ob(E).
2.9. Proof of Theorem 2.15

The ‘if” part of each assertion results immediately from Proposition 2.14, since T is the bi-
monad of its comonoidal adjunction. The ‘only if’ part, less straightforward, results from the
following lemma:

Lemma 2.18. Let T be a bimonad on a monoidal category C. Denote by H', H" its fusion
operators and by H', W' the Hopf operators of the adjunction (Fy,Ur) of T. Let X be an
object C. Then H )1(7_ is invertible if and only if [HIX,_ is invertible, and in that case their inverses
are related by

-1 ~1 ~1 . -1
Hyy =Wy py and Wy o, =T(idy ® r)Hy 4 Gdrx ® ny).
Similarly H”  is invertible if and only if H"_ y is invertible, and in that case:

—1 -1 -1 . -1 .

Proof. By Remark 2.13, the forgetful functor U7 being strict monoidal, we have H§(’Y =

[HZX: Frv) and Hy , = [H;,T (x).y- Hence the ‘if” parts and the expressions given for inverses of
fusion operators.
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Let us prove the ‘only if” part of the left-handed case (the right-handed case can be done sim-
ilarly). Assume H)l(’_ isinvertible. Set A=T(X®7?7),B=TX®?,and o = UT[HZX,_ AU —
BUr.Wehaveap, = H §( _ and so o, is invertible. Therefore « is invertible by Lemma 2.19 be-

low. Thus H’ is invertible (Ut being conservative) and IHZX_, 1( M) = T(Gdx ®r)H g(_;v] (drx @ nm)
for any 7-module (M,r). 0O

Lemma 2.19. Let a : AU — BUT be a natural transformation, where T is a monad on a cate-
gory C and A, B:C — D are two functors. If aF, is invertible, so is o, and

Ay =AM B(a)
for any T-module.

Proof. Let (M, r) be a T-module. The fork

KM
M _ __TM ——>M
Tr
C . n n . .
in C is splitby 72Mm ™ ™ " M . As aresult, in the diagram:
Apm Ar
AT?M —= ATM —— AM
ATr
O(FTTM\L \LOKFTM \L“(M,r)
Bum r
BT*M —= BTM —— BM
BTr

the two rows are split coequalizers and the first two columns are invertible by assumption.
Therefore the third column is also invertible. Since r: FrM — (M, r) is T-linear, we obtain:

O = B = Ay B, O
3. Hopf monads on closed monoidal categories

In this section we define binary left and right antipodes for a bimonad 7 on a closed
monoidal category C and show that 7" is a Hopf monad if and only if 7 admits binary left
and right antipodes, or equivalently, if the category of 7-modules is closed monoidal and
the forgetful functor Ur preserves internal Homs. When C is autonomous, Hopf monads as
defined in the present paper coincide with Hopf monads defined in [5] in terms of unary an-
tipodes.

The general results on Hopf monads on closed monoidal categories are stated in Section 3.3
and the autonomous case is studied in Section 3.4. The rest of the section is devoted to the proofs
which are based on a classification of adjunction liftings (see Section 3.5).
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3.1. Closed monoidal categories

See [9] for a general reference. Let C be a monoidal category. Let X, Y be two objects of C.
A left internal Hom from X to Y is an object [X, Y 1/ endowed with a morphism ev{f X, Y] ®
X — Y such that, for each object Z of C, the mapping

Home(Z,[X,Y]') — Home(Z ® X, Y)
[ evy (f ®idy)

is a bijection. If a left internal Hom from X to Y exists, it is unique up to unique isomorphism.

A monoidal category C is left closed if left internal Homs exist in C. This is equivalent to
saying that, for every object X of C, the endofunctor ? ® X admits a right adjoint [X, ?]', with
adjunction unit and counit:

evi/(:[X, Y]Z®X—> Y and coev§:Y—> [X,Y®X]l,

called respectively the left evaluation and the left coevaluation.
Let C be a left closed monoidal category. The left internal Homs of C give rise to a functor:

[—, —1]:CPxC—C

where CP is the category opposite to C. Moreover, from the associativity and unitarity of the
monoidal product of C, we deduce isomorphisms

X®Y,ZI' ~[X,1v,Z]'] and [1,X]~X
which we will abstain from writing down in formulae. The composition
cxy,z: 1Y, ZI @ X, Y] - [X, Z)f

of internal Homs is the natural transformation defined by

eV)Z((CX,yvz R X)= evg([Y, Z]l ® evif).

Remark 3.1. If X is an object of a monoidal category C admitting a left dual (¥ X, evy, coevy)
then, for every object Y of C, [X,Y ]l =Y ® VX is a left internal Hom from X to Y, with
evaluation morphism ev{f =Y ® evy. Therefore any left autonomous category is left closed
monoidal.

Remark 3.2. A left closed monoidal category C is left autonomous if and only if cx 1 x : [1, X ]l ®
[X,1] — [X, X] is an isomorphism for all object X of C. In that case, ¥ X = [X, 11" is a left
dual of X, with evaluation evy = evj)f and coevaluation coevy = (evj)f ® idv X)C)_(}]L Xcoevj)f .

One defines similarly right internal Homs and right closed monoidal categories. A monoidal
category is right closed if and only if, for every object X of C, the endofunctor X ® ? has a right
adjoint [ X, ?]", with adjunction unit and counit:
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& XQ®[X,Y]" Y and coevi:Y - [X,X®Y],

called respectively the right evaluation and the right coevaluation. The right internal Homs of a
monoidal left right closed category C give rise to a functor:

[—, =] :C®P xC—C.

Remark 3.3. A right internal Hom in a monoidal category C is a left internal Hom in C®°P, and
C is right closed if and only if C®°P is left closed.

A closed monoidal category is a monoidal category which is both left and right closed.
3.2. Functors preserving internal Homs

Let X, Y be objects of a monoidal category D which have a left internal Hom [X, Y], with
evaluation morphism evi,( ‘[X,Y] ® X — Y. A monoidal functor U : D — C is said to preserve
the left internal Hom from X to Y if U[X, Y ]l, endowed with the evaluation

U(evi)Ua(1X, Y1, X): UIX,YI'®@ UX — UY,

is a left internal Hom from UX to UY .

A monoidal functor U : D — C between left closed monoidal categories is left closed if it
preserves all left internal Homs.

Let U : D — C be a monoidal functor between left closed monoidal categories. The natural
transformation U (evif YOo(IX, YT, X):U[X, Y ® UX — UY induces by universal property of
internal Homs a natural transformation:

Uy y:UIX, YT - [UX, UYT.

The monoidal functor U is left closed if and only if U! is an isomorphism.
Similarly one defines monoidal functors preserving right internal Homs and right closed
monoidal functors.

Lemma 3.4. Let U :D — C be a strong monoidal functor between left closed monoidal cate-
gories. If U is conservative, left closed, and C is left autonomous, then D is left autonomous.

Proof. According to Remark 3.2, it is enough to show that, for any object X of D, the com-
position morphism cyx 1 x :[1, X' ®[X,1] — [X, X' is an isomorphism. Since U is strong
monoidal, U, and Uy are isomorphisms. Consider the following commutative diagram:
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!
Ulex,a,x) Ux x

UL X1 [X,11) Ulx, xy : [UX,UX]
TUz([Jl,X]I,[X,Jl]I) CUX.1.UX T
UlL, X' U[X, 11 1, UX] ® [UX, 1]
Uj x®Ux 1 [Uo.UXI'®IUX. Uy 'Y
_—

(UL, UX]'®[UX,U1]

Since U' is an isomorphism (U being left closed) and cyx 1,vx is invertible (by Remark 3.2),
we obtain that U(cx 1 x) is invertible. Now U is conservative. Hence cy 1 x 1S an isomor-
phism. O

Proposition 3.5. Let (F :C — D, U : D — C) be a comonoidal adjunction between monoidal left
(resp. right) closed categories. Then (F,U) is a left (resp. right) Hopf adjunction if and only if
U is left (resp. right) closed.

Proof. We prove the left-handed version (the right one can be done similarly). Let (F :C — D,
U :D — C) be a comonoidal adjunction between left closed monoidal categories. For any ¢ €
Ob(C) and d, e € Ob(D), set

. {Homp(F(c)®d,e)—>H0mD(F(c®Ud),e)

cd -

l
al—)alHC,d

where H! is the left Hopf operator of (F, U). Note that hi 4 1s natural in ¢, d, e and one verifies
easily that it is the composition:

Homp(Fc®d,e) — Homp(Fe,[d, e]l) = Homg (¢, Uld, e]l)
d

e o Homg (c, [Ud, Ue]l) S Home(c ®@ Ud, Ue)
= Homp (F(c ® Ud), e),

where u‘ci’e = Homg¢(c, U fl’e) and all other maps are adjunction bijections.
Assume that U is left closed. Let ¢ € Ob(C) and d € Ob(D). Since U clz,— is an isomorphism,
u?’_ is an isomorphism, and so is h; 4- Therefore IHZC’ d is invertible by the Yoneda lemma. Hence

(F, U) is a left Hopf adjunction.
Conversely, suppose that (F, U) is a left Hopf adjunction Let d, e € Ob(D). Since H. g 1san

isomorphism, /¢ d is an isomorphism, and so 1S u_ ¢ Therefore U' 4. 18 invertible by the Yoneda
lemma. Hence U is left closed. O

3.3. Hopf monads and antipodes in the closed monoidal setting
Let T be a bimonad on a monoidal category C.

If C is left closed, a binary left antipode for T, or simply left antipode for T, is a natural
transformation
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st ={sky : TITX YT > X, TYT )y conoy

satisfying the following two axioms:
T (evy (Inx, Y1 ® X)) =eviy (spx y Tlux, YI @ TX) T (ITX, YT, X), (1a)
l
[X,TY ® nx)'coevyy =X, (TY @ ux)To(Y. TX)]'sk yorx T (coevi™), (1b)

for all objects X, Y of C.
Similarly if C is right closed, a binary right antipode for T, or simply right antipode for T, is
a natural transformation

s"={sky:TITX, Y] - [X, TY]}

X,YeOb(C)
satisfying:
T(EF (X ®nx. Y1) =15 (TX Q@ shy yTlux, Y1) T2(X, [TX, YT), (2a)
[X,nx @ TYV coevyy = [X, (ux @ TY)To(T X, V)| sk 7xey T (c0eVE¥), (2b)

for all objects X, Y of C.
With this definition of (binary) antipodes, we have

Theorem 3.6. Let T be a bimonad on a left (resp. right) closed monoidal category C. The fol-
lowing assertions are equivalent:

(1) The bimonad T is a left (resp. right) Hopf monad on C,
(ii) The monoidal category CT is left (resp. right) closed and the forgetful functor Ut is left
(resp. right) closed,
(i11) The bimonad T admits a left (resp. right) binary antipode.

This theorem is proved in Section 3.6.

Remark 3.7. If the equivalent conditions of Theorem 3.6 are satisfied, internal Homs in CT may
be constructed in terms of the antipodes of T as follows. If T is a left Hopf monad and C is left
closed monoidal, then a left internal Hom for any two T-modules (M, r) and (N, t) is given by

!
[(M.,r), (N, O] = (M, N, [M,1]'sh, yTIr. NY),
eVE?V/[:tr)) =evy, and coevg%’tr)) = coevh!.

Similarly, if 7 is a right Hopf monad and C is right closed monoidal, then a right internal Hom
for any two T-modules (M, r) and (N, t) is given by

(M, r),(N,0)]" = (IM,NY,[M,t) sy yTIr.NT),

(Mvr) ~. M

~(M7r) _ ~ M - _
N and coev ' =coevy.

eV(Nvt) =¢cv
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In addition to characterizing Hopf monads on closed monoidal categories, the left and right
antipodes, when they exist, are unique and well behaved with respect to the bimonad structure:

Proposition 3.8. Let T be a bimonad on a monoidal category C.

(a) If C is left (resp. right) closed and T admits a left (resp. right) antipode, then this antipode
is unique.
(b) Assume C is left closed and T is a left Hopf monad. Then the left antipode s* for T satisfies:
skytrx.ry =Xy l'sy py T (sxy) T lux, YT,
Sé(,Yn[TX,Y]l = [nx, nyl,
l ! 1l
SX®Y,ZT[T2(X’ Y), Z] = [X’ SY,Z] Sx.[T ).z
sty x[To, X1 =idry,

for all objects X, Y, Z of C.
(¢c) Assume C is right closed and T is a right Hopf monad. Then the right antipode s" for T
satisfies:
sy mirx. vy =X wy sk ry T (57 y) T2 lex, YT
sy ymrx.yy =[x, nyl’,
r r
SxorzT[T2X. V), Z]' =X, 57 2] sk (r(v).2r»
s;‘(]]_)’X[TOs X]V = ldTX’
for all objects X, Y, Z of C.
The proposition is proved in Section 3.6.

Lastly, the antipodes and the inverses of the fusion operators of a Hopf monad can be ex-
pressed in terms of one another, as follows:

Proposition 3.9. If T is a left Hopf monad on a left closed monoidal category C, then the inverse
of the left fusion operator H' and the left antipode s' are related as follows:

1! TY ! T2Y\ o -
Hyy=T(X® /LY)CVT(X@sz) (STY,X®T2YT(COGVX ) ® 1dTy),
I TX7! 11 l TX
Sx.y = [X, Tevy ] [nx, HX,[TX,Y]l] COBV iy v+

Similarly if T is a right Hopf monad on a right closed monoidal category C, then the inverse of
the right fusion operator H" and the right antipode s' are related as follows:

—1 ~ . ~ T2
Hyy=T(ux ® Y)CV;?TZX(@Y) (idrx ® S;X,T2X®YT(CoeV; ).

roo_ ~TX7" rl r ~TX
SX,Y = [X, TCVY ] [nX, HX,[TX,Y]r] COCVT[TX,Y]r'

The proposition is proved in Section 3.6.
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3.4. Hopf monads on autonomous categories

The notion of Hopf monad introduced in this paper is a generalization of the notion of Hopf
monad on an autonomous category introduced in [5].

If T is a bimonad on a left autonomous category C, a unary left antipode for T, or simply left
antipode for T, is a natural transformation

sl = {5IX T('TX) — VX}XeOb(C)

satisfying:

ToT (ev)T (Ynx ® X) =evrx (s T(Y1ex) @ TX) T2 (VT X, X);

(nx ® ¥ X)coevy Ty = (ux ® sy ) 12(T X, VT X)T (coevrx);

for every object X of C.
Similarly if T is a bimonad on a right autonomous category C, a unary right antipode for T,
or simply left antipode for T, is a natural transformation

s ={s%: T((TX)") > X"}y cone)

satisfying:

ToT (&vx)T(X ®@ny) =&rx(TX @spxT (1y))T2(X, (TX)Y);
(X¥ @ nx)coevx Ty = (s ® ux)T2((TX)", TX)T (coevrx).
In [5], a left (resp. right) Hopf monad 7 on a left (resp. right) autonomous category C is
defined as a bimonad on C which admits a left (resp. right) unary antipode or, equivalently by [5,

Theorem 3.8], whose category of modules C” is left (resp. right) autonomous. This definition,
which makes sense only in the autonomous setting, agrees with that given in Section 2.7:

Theorem 3.10. Let C be a left (resp. right) autonomous category and T be a bimonad on C. Then
the following assertions are equivalent:

(1) The bimonad T has a left (resp. right) unary antipode;
(1)) The bimonad T has a left (resp. right) binary antipode;
(i11) The bimonad T is a left (resp. right) Hopf monad.

The theorem is proved in Section 3.6.

Remark 3.11. The binary left antipode sé( y and unary left antipode le of a left Hopf monad T
on a left autonomous category are related as follows:

shy=(TX®sy)12(X,VTY) and sy =(To® "VX)sk ;.
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Similarly the binary right antipode s g( y and unary right antipode le of a right Hopf monad 7" on
a right autonomous category are related as follows:

Sxy=(y @TX)R(YTY,X) and sy = ("X ® To)sk 1.
3.5. Lifting adjunctions

In this subsection, (7', i, n) is a monad on a category C and (7', 1/, n’) is a monad on a
category C'.

Alift of a functor G :C — C' along (T, T') is a functor G : CT — ¢'"" such that Ur'G = GU7.
It is a well-known fact that such lifts G are in bijective correspondence with natural transforma-
tions ¢ : T'G — GT satisfying:

tng=GwerT'(¢) and ¢ng=G().

Such a natural transformation ¢ is called a lifting datum for G along (T, 1.
The lift G¢ corresponding with a lifting datum ¢ is defined by

G (M,r) = (G(M), G(r)um).

Conversely, the lifting datum associated with a lift G is
c=Up (s’aFT)T’G(n),

where ¢’ denotes the counit of the adjunction (Fr/, Ug).
Consider two functors G, G’ :C — C’, a lifting datum ¢ for G, and a lifting datum ¢’ for G’.
Then a natural transformation « : G — G’ lifts to a natural transformation

a:G" — 5/C/
(in the sense that U7/ (&) = s, ) if and only if it satisfies ¢'T'(«) = ar¢.

Example 3.12. Let 7 be a bimonad on a monoidal category C and (M, r) be a T-module. Then
the endofunctors ? ® M and M ® ? of C lift to endofunctors ? @ (M, r) and (M,r) ® ? of CT .
The lifting data corresponding with these lifts are the Hopf operators H' (M.r) and [Hf M.r).— of
the comonoidal adjunction (F7, UT).

Now let (G:C — C',V:C' — C) be an adjunction, with unit 2:1c — VG and counit
e:GV — 1.

A lift of the adjunction (G, V) along (T, T')is an adjunction (G, V), where G :CT — ¢'T"is
a lift of G along (T, T'), v-cT' S el isalift of V along (T’, T), and the unit % and counit &
of (5, ‘7) are lifts of & and e respectively.

Lifts of the adjunction (G, V) are in bijective correspondence with pairs (¢, &), where
(:T'G— GT and &£ : TV — VT’ are natural transformations satisfying the following axioms:
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tig =GwierT'(¢), (3a)
¢ng =G, (3b)
Epny =V (W)erT(§), (3c)
gnv =V(n'), (3d)
T'(e) =er' G(§)¢v, (3e)

hr =V (§)écT (h). (3f)

Such a pair (¢, &) is called a lifting datum for the adjunction (G, V) along (T, T’).
By adjunction, we have a bijection

. ! HoM(T'V,VT’) - HoM(GT, T'G)
§> @) =ergG(Ec)GT (h)

whose inverse is given by @ "' («) = VT'(e)V (ay)hry.

Theorem 3.13. Let ¢ : T'G — GT' be a lifting datum for G along (T, T’). Then the following
assertions are equivalent:

(i) There exists a natural transformation & : TV — VT’ such that (¢, &) is a lifting datum for
the adjunction (G, V) along (T, T').
(i1) ¢ is invertible.

If such is the case, & is unique and € = ® ' (¢ 7).

The theorem, which may be interpreted in terms of doctrinal adjunctions, results immediately
from the following lemma:

Lemma 3.14. Let £ : T'G — GT and &€ : TV — VT’ be natural transformations.

(a) Axiom (3e) is equivalent to ®(§)¢ = idy g, and (3f) to (D (§) =idgT.
(b) If 3e) and (3f) hold, then (3a) is equivalent to (3c), and (3b) to (3d).

Proof. The adjunction bijection HOM(T'GV,T’) = HoM(T'G,T'G), defined by B
BcT'G(h), sends T'(e) to idy/g, and e G (§)Cy to e G (Eg)CvgT'G(h) = @ (§)¢. Similarly
the adjunction bijection HOM(7T', VGT) = HOM(GT,GT) sends ht toidgr and V (¢)égT (h)
to ¢ P (&). Hence part (a).

Now assume that axioms (3e) and (3f) hold. In other words, ¢ is invertible and ¢ ~! = @ ().
Then axiom (3a) and axiom (3b) can be re-written as @ (§)G(n) = ugT'(®(£))®(&)r and
@ (£)G(n) = ng, which translate respectively to axiom (3c) and axiom (3d) via the adjunction
bijections HOM(GTZ, T’G) — HoM(T2V, VT') and HoM(G, T'G) = Hom(V, VT’). Hence
part (b). O
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3.6. Bimonads and lifting adjunctions

Here, by applying the results of Section 3.5 to bimonads in closed monoidal categories, we
prove Theorems 3.6 and 3.10 and Propositions 3.8 and 3.9. We deal with the left closed case, from
which the right closed case results using the coopposite bimonad (see Remarks 2.11 and 3.3).

Let C be a monoidal category and 7 be a bimonad on C. Note that 7 x 1.7 is a bimonad on
C x CT. The monoidal tensor product ® :CT x CT — CT of CT is a lift of the functor @(l¢ x
Ur):C x CT — C along (T x ler, T):

&®
CT X CT - - @@ o CT
UTxlcT\L Ur
T
CxC  exun

The corresponding lifting datum ¢ : 7 (1¢ ® Ur) — T ® Ur is given by

é_)((M,r) =(XQNTh(X,M):T(XM) > T(X)® M.

Note that ¢ = Uz (H'), where H' denotes the left Hopf operator of the comonoidal adjunction
(Fr,Ur), and so, Ut being conservative, ¢ is invertible if and only if 7 is a left Hopf monad.

Assume now that C is left closed, that is, we have an adjunction (? ® X, [X, ?]l) foreach X €
Ob(C). In particular (? ® M) s yecr is a family of endofunctors of C admitting right adjoints
indexed by C”.

Lemma 3.15. The following assertions are equivalent:

(i) The category CT is left closed monoidal and Uy is left closed;
(i1) For eac@v T-module (M,r), the adjunction (7 @ M, [M, 2715 lifts to an adjunction (7 ®
(M’ r)9 V(MJ’))

Proof. Let us prove that (i) implies (ii). Recall that since Ur is left closed, we have a natural
isomorphism UZT -Ur[, ]' = [Ur, Ur]', see Section 3.2. Thus, by transport of structure, we may
choose left internal Homs in C7 so that Ur[(M,r), (N, r)]l is equal to [M, N]l, UlT being the
identity. Then the adjunction (?® (M, r), [(M, 1), 21" is a lift of the adjunction (?Q M, [M, 1.

Conversely (i1) implies (i) since the existence of an adjunction (? ® (M, r), V( M) lifting the
adjunction (? ® M, [M, ?]l ) means firstly that CT is left closed monoidal, with [(M,r), ?]l =
V(M,r), and secondly that UlT is the identity (and so U7 is left closed). O

Let us prove Theorem 3.6, Propositions 3.8 and 3.9, and Theorem 3.10.

Proof of Theorem 3.6. According to Theorem 3.13, given a T-module (M, r), the adjunction
(2@ M, [M, 71) lifts to an adjunction (?® (M, r), V™-")) if and only if the lifting datum ¢ ")
is invertible. Therefore, by Lemma 3.15, C T s left closed monoidal and Uy is left closed if and
only if ¢ is invertible, and so if and only if 7 is a left Hopf monad. Hence the equivalence of
assertions (i) and (ii).
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Assume (i) holds, so that ¢ is invertible. By Theorem 3.13, for any 7T-module (M, r), there
exists a unique natural transformation

s TM, 0 — (M, TY

such that (¢M-1) gM.r)y ig g lifting datum for the adjunction (? ® M, [M, ) along (T, T),
which is given by

(M,r)~ 14l

M
(M. XT ] coev

r l
S(M : =[M, T(eVX)] [M.¢ TIM,X]"

Note that & is natural in (M, r). Axioms (3e) and (3f) for this lifting datum are

T(evi) = evily (68" @ M) 5[%’)2)]1 : (4a)
coevily = [M, ¢ M r)] 5)(%;,[)T(coevg). (4b)

They translate to axioms (1a) and (1b) of a left antipode under the adjunction bijection:

HoMm(T[Ur, 1c), [Ur, T1) — HOM(T[T, 1), [1¢, T1)
FrX
£ sl ={sy y =Inx. TYI'E, " }x.yeon©)-

Hence assertion (iii).
Conversely assume (iii) holds. Denote by st the left antipode of 7. Set & = w—1(sh), that

is, g(M ) — val,YT[”’ Y].. Under ¥ !, axioms (1a) and (1b) for s’ translate to (4a) and (4b).
In particular, for any 7-module (M, r), £ M.7) gatisfies (3e) and (3f). Furthermore, axioms (3a)
and (3b) hold for {(M ") as it is a lifting datum for ? ® M. Thus, by Lemma 3.14, axioms (3c)
and (3d) hold for € ™-")  that is:

X Wi xy = M, ux VeI T (6007), (5a)

M g xp = M, nx1'. (5b)

Therefore (¢ £M.1)) g a lifting datum for the adjunction (? @ M, [M, ?]") along (T, T).
Hence (ii) by Lemma 3.15. This concludes the proof of Theorem 3.6. O

Proof of Proposition 3.8. Part (a) results from the fact that if a natural transformation & satisfy-
ing (4a) and (4b) exists, it is unique by Theorem 3.13.

Let us prove part (b). Assume that 7 admits a left antipode s’. When translated in terms
of s!, axioms (4a) and (4b) yield the compatibility of s/ with x and 7. Given two T-modules
(M, r) and (N, 1), the T-action of the left internal Hom [(M, r), (N, t)]' obtained by lifting
(M, N ]l s [M, t]l S, NI, N ]l. Given a third 7-module (P, p), the T -linearity of the canonical
isomorphism

(M, )& (N0, (P, p)] ~[(M,r),[(N,0), (P, p)]'],
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translated in terms of s, yields the compatibility of s’ to 7». Similarly the 7 -linearity of the
canonical isomorphism

!
(@, To). (M. )] = (M, r)
yields the compatibility of s’ to T. Hence Proposition 3.8. O

Proof of Proposition 3.9. Denote by s’ the left antipode of 7' and set £ = ¥ ~!(s!). Recall that
g =5, Tl YY and sh , = [nx. TY1']"*. By Theorem 3.13,

M,r) _ M\ M,r)~ 1l M
& " =[M.T(evy)][M, v xy ] COVrim, X1

(M)~ M (M,r) M

{x =evygum (Exgy ® M)T (coevy ),

_ -1

where {)((M’r) = [I—IZX’(MJ). By Lemma 2.18, we have: H)l(; = {;;TY and
M, )~ . -1 .
e = T(dyx ® P H 4 Gdrx ® ).

. . -1
Hence the expression of s’ in terms of H! ", and conversely. O

Proof of Theorem 3.10. We prove the left-handed version. Assertions (ii) and (iii) are equivalent
by Theorem 3.6. Assertion (iii) is equivalent to CT and Ur being left closed, and so to C being
left autonomous (using Lemma 3.4 and the fact that a strong monoidal functor preserves left
duals). Hence (ii) is equivalent to (i) by [5, Theorem 3.8]. O

4. Cross products and related constructions

In this section we study the cross product of Hopf monads (previously introduced in [6] for
Hopf monads on autonomous categories). In particular we introduce the inverse operation, called
the cross quotient.

4.1. Functoriality of categories of modules

Let C be a category. If T is a monad on C, then (CT, Ur) is a category over C, that is, an object
of Cat/C. Any morphism f:7T — P of monads on C induces a functor

f*_{CP—>CT
(M, r)— (M,rfu)

over C, that is, Ur f* = Up. Moreover, any functor F :CP — CT over C is of this form. This
construction defines a fully faithful functor

Mon(C)°? — Cat/C
{ T — (CT, UT).
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If f:T — P is a morphism of bimonads on a monoidal category C, then f*:Cf — CT is
a strict monoidal functor over C, and any strong monoidal functor F :C P — T over C (that is,
such that U7 F = Up as monoidal functors) is of this form (see [5, Lemma 2.9]). Hence a fully
faithful functor

BiMon(C)°® — MonCat/C.
4.2. Exactness properties of monads

A Hopf monad T on a monoidal category C admits a right adjoint if C is autonomous (see [5,
Corollary 3.12]), but not in general. In many cases, the existence of a right adjoint can be replaced
by the weaker condition of preservation of reflexive coequalizers (defined in Section 1).

Lemma 4.1. (See [13].) Let C be a category and T be a monad on C preserving reflexive co-
equalizers. Then:

(@) A reflexive pair of morphisms of CT whose image by Uy has a coequalizer, has a coequalizer,
and this coequalizer is preserved by Ur;
(b) If reflexive coequalizers exist in C, they exist also in CT and U preserves them.

Lemma 4.2. Let C be a monoidal category admitting reflexive coequalizers, which are preserved
by monoidal product on the left (resp. right). If T is a bimonad on C preserving reflexive co-
equalizers, then CT has reflexive coequalizers which are preserved by monoidal product on the
left (resp. right).

Proof. Let us prove the right-handed version. According to Lemma 4.1, CT has reflexive co-
equalizers and Uy preserves them. Let / be a coequalizer of a reflexive pair (f, g) in C’, and d
be an object of CT . Denoting k be a coequalizer of the reflexive pair ( f ® d, g ®d), the morphism
h ® d factorizes uniquely as ¢k. Both Ur(h ® d) and Utk are coequalizers of (Ut f, Ur g) (be-
cause Ur and Ur ® Urd preserve reflexive coequalizers) so Ur¢ is an isomorphism. Hence ¢
is an isomorphism, since U7 is conservative. Thus & ® d is a coequalizer of (f ®d, g ®d). O

4.3. Cross products

Let T be a monad on a category C. If Q is a monad on the category C’ of T-modules, the
monad of the composite adjunction

Ug Ur
() R -
Fo Fr

is called the cross product of T by Q and is denoted by Q x T (see [6, Section 3.7]). As an
endofunctor of C, Q x T = U7 Q Fr. The product p and unit e of Q x T are

P=qr; Q(egr,) and e=vpn,



770 A. Bruguieres et al. / Advances in Mathematics 227 (2011) 745-800

where g and v are the product and the unit of Q, and n and ¢ are the unit and counit of the
adjunction (Fr, Ur).
Note that the composition of two monadic functors is not monadic in general. However:

Proposition 4.3. (See [1].) If T is a monad on a category C and Q is a monad on CT which
preserves reflexive coequalizers, then the forgetful functor Ur U g is monadic with monad Q X T.
Moreover the comparison functor

K: (CT)Q — T
is an isomorphism of categories.

If T is a bimonad on a monoidal category C and Q is abimonad on C”, then Q x T = Ur QFr
is a bimonad on C (since a composition of comonoidal adjunctions is a comonoidal adjunction),
with comonoidal structure given by

(Q % T)(X,Y)= 02(Fr(X), Fr(Y))Q((Fr)2(X,Y)),
(Q x T)o = QoQ((Fr)o).

In that case the comparison functor K : (C O 5 c9XT g strict monoidal.

The cross product is functorial in Q: the assignment Q +— Q % T defines a functor ? X
T : BiMon(CT) — BiMon(C).

From Proposition 2.16 and Proposition 2.14, we deduce

Proposition 4.4. The cross product of two left (resp. right) Hopf monads is a left (resp. right)
Hopf monad. In particular, the cross product of two Hopf monads is a Hopf monad.

Example 4.5. Let H be a bialgebra over a field k and A be an H-module algebra, that is, an alge-
bra in the monoidal category yMod of left H-modules. In this situation, we may form the cross
product A x H, which is a k-algebra (see [16]). Recall that H ® ? is a monad on Vecty and A ® ?
1s a monad on yMod. Then:

AQNXHRN=(AXH)R"?

as monads. Moreover, if H is a quasitriangular Hopf algebra and A is an H-module Hopf algebra,
that is, a Hopf algebra in the braided category yMod, then A x H is a Hopf algebra over k, and
(AR X(H®? =(Ax H)®?as Hopf monads.

Example 4.6. Let T be a Hopf monad on an autonomous category C. Assume T is centralizable,
that is, for all object X of C, the coend

YeC

Zr(X) = / TY)RXQ®Y

exists (see [6]). In that case, the assignment X — Z7(X) is a Hopf monad on C, called the cen-
tralizer of 7' and denoted by Z7. The centralizer Z7 of T lifts canonically to a Hopf monad Z7r
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on CT', which is the centralizer of 1er. Then, by [6, Theorem 6.5], D7 = ZVT x T 1is a quasitri-
angular Hopf monad, called the double of T, and satisfies Z(CT) = CP7 as braided categories,
where Z denotes the categorical center.

Distributive laws, introduced by Beck [2] to encode composition and lifting of monads, have
been adapted to Hopf monads on autonomous categories in [6]. The next corollary deals with the
case of Hopf monads on arbitrary monoidal categories.

Corollary 4.7. Let P and T be Hopf monads on a monoidal category C and §2:T P — PT be a
comonoidal distributive law of T over P.

(a) If P is a Hopf monad, then the lift P2 of P is a Hopf monad on CT .
(b) If P and T are Hopf monads, then the composition P og T is a Hopf monad on C and
P% x T = P og T as Hopf monads.

Proof. Recall from [6, Theorem 4.7] that §2 defines a bimonad P2?onC T which is a lift of the
bimonad P, and a bimonad P o T on C, with underlying functor PT. Moreover P o T =
P2 x T as bimonads on C. The forgetful functor U7 maps the fusion operators of P2 to those
of P. Therefore if P is a Hopf monad, so is pe (as U7 1s conservative). If both P and T are
Hopf monads, then P2 xTisa Hopf monad by Proposition 4.4, and sois Poo T. O

Lemma 4.8. Let T be a bimonad on a monoidal category C and Q be a bimonad on CT . Assume
that the monoidal products of CT and (CT)2 preserve reflexive coequalizers in the left (resp.
right) variable. If the adjunction (Fo Fr,UrUg) is a left (resp. right) Hopf adjunction and T is
a left (resp. right) Hopf monad, then Q is a left (resp. right) Hopf monad.

Proof. Let us prove the left-handed version. Denote by H, H'?, and H”! the left Hopf oper-
ators of the adjunctions (Fr, Ur), (Fo,Up), and (FgFr,UrUg) respectively. Assume that
(FoFr,UrUyp) is a left Hopf adjunction, that is H” !'is invertible. Assume also that T is a left
Hopf monad. By Theorem 2.15, H’ is invertible and it is enough to show that H'/ is also invertible.
Let e be an arbitrary object of (C TyQ  The natural transformation H’/ e Fo(?®@Uge) > FpQ®e
is invertible on the image of F7, since [H’I,fT’e = HZ{EFQ(HZ—,UQ(g))_l by Lemma 2.17. Now let
(M, r) be a T-module. The coequalizer

Mm
FrT(M) —= Fr(M) ——= (M, r)
Fr(r)

is reflexive because F7(r)Fr(nym) = 1dp(my = om Fr (np). This reflexive coequalizer is pre-
served by the functors Fp(? ® Ug(e)) and Fp ® e, because Fy is a left adjoint and ? ® Ug(e)
and ? ® e preserve reflexive coequalizers (by hypothesis). Hence [H/(é\/l,r),e is invertible. O
4.4. Cross quotients

Let f: T — P be a morphism of monads on a category C. We say that f is cross quotientable
if the functor f*:C? — C” is monadic. In that case, the monad of f* (on CT) is called the cross
quotient of f and is denoted by P ¢ T or simply P -4 T'. Note that the comparison functor
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CP # (CT)P—Z| T

f*\\ //UP#T
CT

is then an isomorphism of categories (by the last assertion of Theorem 2.1).

Lemma 4.9. (See [13].) Let f : T — P be a morphism of monads on a category C. The following
assertions are equivalent:

(1) The morphism f is cross quotientable;
(i1) The functor f* admits a left adjoint;
(ii1) For any T-module (M, r), the reflexive pair

P(r)
FpTM —<= FpM
pm P (fm)

admits a coequalizer FpM — G(M, r) in C¥, where p is the product of P.
If these conditions hold, a left adjoint f, of f* is given by fi(M,r)=G(M,r).

Proof. It results from Beck’s theorem (see Theorem 2.1) that if U and V are composable func-
tors such that both UV and U are monadic, then V is monadic if and only if it admits a left
adjoint. Thus (i) is equivalent to (ii).

Now let (M, r) be a T-module and (N, p) be a P-module. The pair of assertion (iii) is reflex-
ive (since Fp(ny) is a common retraction). Via the adjunction bijection

Homer (FpM, (N, p)) ~Home (M, Up(N, p)) =Home (M, N),

morphisms FpM — (N, p) which coequalize that pair correspond with 7 -linear morphisms
(M,r) — f*(N, p). Therefore (ii) is equivalent to (iii). We conclude using the last assertion of
Theorem 2.1. O

Remark 4.10. A morphism f:7 — P of monads on C is cross quotientable whenever C admits
coequalizers of reflexive pairs and P preserves them.

A cross quotient of bimonads is a bimonad: let f : T — P be a cross quotientable morphism
of bimonads on a monoidal category C. Since f* is strong monoidal, P ¢ T is a bimonad on
CT and the comparison functor K :C” — (CT)? /T is an isomorphism of monoidal categories.

The cross quotient is inverse to the cross product in the following sense:

Proposition 4.11. Let T be a (bi)monad on a (monoidal) category C.
(a) If T — P is a cross quotientable morphism of (biymonads on C, then
(PAT)xT~P

as (bi)monads.
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(b) Let Q be a (biymonad on CT such that Uy U o is monadic. Then the unit of Q defines a cross
quotientable morphism of (bi)ymonads T — Q x T and

OxT)yHT~=0Q
as (bi)ymonads.

Proof. Let us prove part (a). Since C¥ ~ (CT)? AT, the functor Up -, 7 U is monadic. Hence an
isomorphism C? ~ C(P A XT of (monoidal) categories over C, which induces an isomorphism
(P4T)xT >~ P of (biymonads on C.

Let us prove part (b). Set f =u x T:T — Q x T, where u is the unit of Q. We have a
commutative diagram of (monoidal) functors:

(CT)Q L CQX]T

Ugi / luw

r — >
C U C

where K is the comparison functor of the adjunction (Fg Fr, UrUg). Since K is an equivalence,
the functor f* is monadic, with (bi)monad (Q x T) -+ T. Hence K induces an isomorphism of
(bi)monads (O X T)=+T~Q. O

Remark 4.12. Let T be a bimonad on a monoidal category C. Let BiMon(C”),, be the full
subcategory of BiMon(C”) whose objects are monads Q on C’ such that U7 U o 1s monadic.
Let T\BiMon(C), be the full subcategory of 7'\BiMon(C) whose objects are quotientable mor-
phisms of bimonads from 7'. Then the functor

{BiMon(CT) — T\BiMon(C)
O~ (O, T—-0xT)

induces an equivalence of categories BiMon(C”),, ~ T\ BiMon(C),, with quasi-inverse given
by (T — P)+—> (PAT).

Under suitable exactness assumptions, if P and 7" are Hopf monads, sois P+ T':

Proposition 4.13. Let C be a monoidal category admitting reflexive coequalizers, and whose
monoidal product preserves reflexive coequalizers in the left (resp. right) variable. Let T and
P be two left (resp. right) Hopf monads on C which preserve reflexive coequalizers. Then any
morphism of bimonads T — P is cross quotientable and P -+ T is a left (resp. right) Hopf
monad.

Proof. Let us prove the left-handed version. The morphism f is cross quotientable by Re-
mark 4.10, and so P >~ (P ¢ T) x T as bimonads. The monoidal products of CT and CP
preserve reflexive coequalizers in the left variable by Lemma 4.2. Applying Lemma 4.8 to the
bimonads 7" and P + T, we get that P -+ T is a left Hopf monad. O
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Example 4.14. Let f : L — H be a morphism of Hopf algebras over a field k, so that H becomes
an L-bimodule by setting £ - h - ¢’ = f(£)hf (¢"). The morphism f induces a morphism of Hopf
monads on Vecty:

fRk?:LQk?—> HQ?

which is cross quotientable, and (H ® ?) H(L ® ?) is a k-linear Hopf monad on the monoidal
category 1 Mod given by N — H ® N. This construction defines an equivalence of categories

L\ HopfAlg, — HopfMony (; Mod),

where L\ HopfAlg, is the category of Hopf k-algebras under L and HopfMony (; Mod) is the
category of k-linear Hopf monads on ; Mod.

5. Hopf monads associated with Hopf algebras and bosonization

Examples of Hopf monads may be obtained from Hopf algebras. For instance, any Hopf alge-
bra A in a braided category B gives rise to Hopf monads A ® ? and ?® A on B, see Example 2.10.
More generally, any Hopf algebra (A, o) in the center Z(C) of a monoidal C gives rise to a Hopf
monad A ®, ? on C (see Section 5.3, or [6] for the autonomous case). Hopf monads of this form
are called representable. The main result of this section asserts that a Hopf monad on a monoidal
category is representable if and only if it is augmented, that is, endowed with a Hopf monad
morphism from itself to the identity (see Theorem 5.17).

More generally, given a Hopf monad 7" on C and a Hopf algebra (A, o) in the center Z(C Ty
of the category of 7-modules, we construct a Hopf monad A x, T on C of which T is a re-
tract. Conversely, under suitable exactness conditions (involving reflexive coequalizers), any
Hopf monad P of which T is a retract is of the form A %, T for some Hopf algebra (A, o)
in Z(CT).

5.1. Lax braidings, lax half braidings and lax center
A lax braiding of a monoidal category C is a natural transformation
T={tx,y: X®Y > Y ® X}x yeon(C)
satisfying:
Tx yez = (dy ® tx,7)(tx,y ®idy),

Txwy.z = (Tx.z ®idy)(idx ® ty.2),

TX,]l = idx =T1,X-

A lax braided category 1s a monoidal category endowed with a lax braiding. A braiding is an
invertible lax braiding, and a braided category is a monoidal category endowed with a braiding.

Let C be a monoidal category and M an object of C. A lax half braiding for M is a natural
transformation o : M ® 1¢ — 1¢ ® M such that

oygz = (idy ® 0z)(oy ®idz) and o7 =idy.

The pair (M, o) is then called a lax half braiding of C.
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The lax center of C (see [20,7]) is the lax braided category Z%¥(C) defined as follows. Objects
of Z%(C) are left half braidings of C. A morphism in Z'*(C) from (M, o) to (M',c') is a
morphism f: M — M’ in C such that: (id;, ® f)o =o'(f ® id;.). The monoidal product and
lax braiding t are

(M,0)®(N,y)=(M®N, (c ®idy)(idy ® y)) and t(m,0),(N,y) = ON.

A half braiding is a lax half braiding (M, o) such that o is invertible. The center of C is the
full monoidal subcategory Z(C) C Z'*(C) whose objects are half braidings of C. It is a braided
category, with braiding induced by .

Note that if C is autonomous, lax half braidings are in fact half braiding, so that the lax center
Z1ax(() coincides with the center Z(C).

5.2. Hopf algebras in lax braided categories

Let B be a lax braided category, with lax braiding t. A bialgebra in B is an object A of B
endowed with an algebra structure (m, 1) and a coalgebra structure (A, ¢) in B satisfying:

Am=m@m)(ids @ 14,4 ®1da)(A ® A), Au=uQ@u,
em=cQ e, cu =1idy.

Bialgebras in B, together with morphisms of bialgebras (defined in the obvious way), form a
category BiAlg(B).
Let A be a bialgebra in B. An antipode of A is a morphism S: A — A in B such that:

m(S ®idg)A =ue=m@lds ® S)A.
If it exists, an antipode for A is unique, it satisfies
Sm=mt44(S®S), Su=u, AS=(S®S)ta. 4, eS=e,

and wehave: TA s =(m@m)(SQ@ Am Q S)(A R A).
If T4 4 is invertible, an opantipode of A is a morphism S": A — A in B such that:

mt (S ®ida)A =us=mt, " (ids ® S')A.

If it exists, an opantipode for A is unique.

If 74 4 is invertible, the bialgebra A admits an antipode and an opantipode if and only if it
admits an invertible antipode, or equivalently, an invertible opantipode. When such is the case,
the opantipode is the inverse of the antipode.

Let A be a bialgebra on a lax braided category 3, with lax half braiding t. The fusion operator
of A is the morphism

A A

H=(A@m)(ARQA)= M:A@)A—)A@A.

A A
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The opfusion operator of A is the morphism
A A
H =@ (U@ )A0A) =([m] 404> A8 4.
A A

Lemma 5.1.

(a) The bialgebra A admits an antipode S if and only if its fusion operator H is invertible. If
such is the case,

S=(E®AH T (A®u),
H!'=(A@m(AQS®A)(ARA).

(b) If ta. 4 is invertible, the bialgebra A admits an opantipode S’ if and only if its opfusion
operator H' is invertible. If such is the case,

S'=EAH U A)),
H ! =1, m@A)(S®A®A) (1, ® A) (A0 A).

A Hopf algebra in a lax braided category B, with lax braiding 7, is a bialgebra A in B ad-
mitting an invertible antipode and such that 74 4 is invertible. Hopf algebras in B form a full
subcategory of BiAlg(B3) denoted by HopfAlg(B).

Remark 5.2. If B is a braided category, the mirror B of B is the braided category obtained when
the braiding t of B is replaced by its mirror T (defined by Tx y = ‘E)Z;(). If (A,m,u,A,¢)
is a bialgebra in a braided category B, one defines a bialgebra A°P in B by setting A% =
(A, m°P u, A,¢e), with m°P = mtA_,lA. We have (A°P)°P = A. An opantipode for A is an an-
tipode for A°P. The bimonads A ® ? and ? ® A°P are isomorphic via 74 —. See [6, Section 1.11
and Example 2.3] for details.

5.3. Hopf monads represented by central Hopf algebras

Let C be a monoidal category. A (lax) central algebra (resp. coalgebra, resp. bialgebra, resp.
Hopf algebra) of C is an algebra (resp. coalgebra, resp. bialgebra, resp. Hopf algebra) in the (l1ax)
center of C.

Any lax central coalgebra (A, o) of C gives rise to a comonoidal endofunctor of C, denoted
by A ®, ?, defined by A ® ? as a functor and endowed with the comonoidal structure:

A X A Y
(A®s M(X,Y)=(AR0x)(ARX)®Y = : <A®a?>o=e=T,
A

A X Y

where A and ¢ denote the coproduct and counit of (A, o).
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For any lax central bialgebra (A, o) of C, the comonoidal endofunctor A ®, ? is a bimonad
on C with monad structure given by

A X A X
MX:m@X:H\ | and nX:u®X:J)|,
A AX X

where m and u are the product and unit of A. Denote by sMod, the monoidal category
CA®? that is, the category of left A-module (in C) with monoidal product (M,r) ® (N,s) =
(M ® N, w), where

and monoidal unit (1, &).
The bimonads of the form A ®, ? can be characterized as follows:

Lemma 5.3. Let A be an object of C and consider the endofunctor T = A ® ? of C. Let A: A —

A®Aande: A — 1 be morphismsinCand o :AQ?— ?7Q A be a natural transformation such
that o =1d4. Set

H(X,Y)=(AQox QYN ARXK®Y) and Ty=cs.
Then the following conditions are equivalent:
(1) (T, Tz, Tp) is a comonoidal endofunctor of C;
(i) o is a lax half braiding for A and (A, o) is a coalgebra in Z¥(C) with coproduct A and

counit €.

Assume these equivalent conditions hold. Then T = A ®, ? as comonoidal functors. Further-
more, letm:AQ A — A and u:1 — A be morphisms in C and set

M=m®?:T2—>T and n=u®?:1¢c—>T.
Then the following conditions are equivalent:

(iii) T is a bimonad with product ., unit n, and comonoidal structure (T3, Tp);
(iv) (A, o) is a lax central bialgebra of C with product m, unit u, coproduct A, and counit .

If these equivalent conditions hold, T = A Q®, ? as bimonads.

Proof. The verification, lengthy but straightforward, is left to the reader. O
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Let (A, o) be a lax central bialgebra of C, that is, a bialgebra in Zlax (C). The left and right
fusion operators of the monad A ®, ? are

A X A Y

Hyy=(A9X@mARox®A)(ARX®A) QY = |

A X A Y
A X A Y

H§,y=(m®X®A)(A®0A®x)(A®A®X)®Y=
A A X Y

Proposition 5.4. Let (A, o) be a lax central bialgebra in C, and let A @, ? be the corresponding
bimonad on C. Then:

(a) The following conditions are equivalent:
(1) A ®s ?is aleft Hopf monad,
(1) A ®4 ?is a left pre-Hopf monad,
(ii1)) A admits an antipode.
(b) The following conditions are equivalent:
(i) A®y ?is a right Hopf monad,
(ii") A ®, ? is a right pre-Hopf monad,
(iii") o is invertible and A admits an opantipode.

In particular, the bimonad A ®4 ? is a Hopf monad if and only if A @, ? is a pre-Hopf monad, if
and only if (A, o) is a central Hopf algebra of C, that is, a Hopf algebra in the center Z(C).

Remark 5.5. Let (A,0) be a central Hopf algebra of C and 4Mod, be the monoidal cat-
egory of left A-modules (with monoidal product induced by o). Then the full subcategory
amod, C 4Mod, of left A-modules (M, r) whose underling object M has a left and a right
dual is autonomous.

Remark 5.6. If 3 is a braided category, then its braiding t defines a fully faithful braided functor

B— Z(B)
{ X=X, tx,—)

which is a monoidal section of the forgetful functor Z(B) — B. In particular if A is a bialgebra
in B, then (A, T4, —) is a central bialgebra of B and we have

AR?T=A®, 7
as bimonads on B, where A ® ? is the bimonad constructed in Example 2.10. Also, if A is

a bialgebra in 3, then AP is a bialgebra in the mirror B of B (see Remark 5.2), (AP, T A—)isa
central bialgebra of B, where 7 is the mirror braiding of t, and
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?®A2A0p®f&7 ?

as bimonads on B. Moreover A is a Hopf algebra in B if and only if (A, 74 —) is a central Hopf
algebra of B, if and only if A ® ? is a Hopf monad on B, if and only if ? ® A is a Hopf monad
on B.

Proof of Proposition 5.4. Let H' be the left fusion operator of T = A ®, ? and H be the fusion
operator of A. We have: H)l( y = H)l( 1 ®Y and Hjll,]l = [H. Thus the bimonad T is a left Hopf

monad if and only if A" 1 18 an isomorphism, and 7 is a left pre-Hopf monad if and only if H
is an isomorphism. Hence (i1) is equivalent to (iii) since, by Lemma 5.1, H is invertible if and
only if A admits an antipode. Assuming (iii) and denoting by S the antipode of A, one verifies
easily that ( A@ X @m)(A®ox ® A)(A® SHA ® X ® A) is inverse to H)l(’]l. Therefore (iii)
implies (1). Hence part (a) of the proposition, since (i) implies (ii) is trivial.

Let us prove part (b). Denote by H" the right fusion operator of 7 and [H’ the opfusion operator
of A. Since H )r( y = H)’ml ® Y, the bimonad T is a right Hopf monad if and only if it is a right
pre-Hopf monad. Hence (i') is equivalent to (ii"). Moreover, we have: H )’(,1 =(AQox)(H ®X).
If (iii") holds, then o and H’ are invertible by Lemma 5.1, and so H" 1 is an isomorphism. Hence
(iii") implies (ii’). Conversely, if H” ; is an isomorphism, then in particular H" = H" (1, 1) is
invertible, and A ® o is invertible. Since 1 is a retract of A, this implies that o is invertible.
Hence (ii’) implies (iii"). This completes the proof of part (b).

In particular 7" is a Hopf monad if and only if o is invertible and (A, o) admits an antipode
and an opantipode, in other words, (A, o) is a Hopf algebrain Z(C). O

5.4. Characterization of representable Hopf monads

Let C be a monoidal category. A bimonad 7 on C is augmented if it is endowed with an
augmentation, that is, a bimonad morphisme: 7 — 1¢.

Augmented bimonads on C form a category BiMon(C)/1¢, whose objects are augmented
bimonads on C, and morphisms between two augmented bimonads (7', ¢) and (7, ¢’) are mor-
phisms of bimonads f:7 — T’ such that ¢’ f = e.

If (A, o) is a lax central bialgebra of C, the bimonad A ®, ? (see Section 5.3) is augmented,
with augmentation e = ¢ ® 7: A ®, ? — 1¢, where ¢ is the counit of (A, o). Hence a functor
BiAlg(Z'®(C)) — BiMon(C)/1¢ which, according to Proposition 5.4, induces by restriction a
functor

_ { HopfAlg(Z(C)) — HopfMon(C)/1¢
A,0)~ (AR:2,e®?)

where HopfMon(C)/1¢ denotes the category of augmented Hopf monads on C.
Theorem 5.7. The functor *R is an equivalence of categories.

In other words, Hopf monads representable by central Hopf algebras are nothing but aug-
mented Hopf monads. Theorem 5.7 is proved in Section 5.6.

Remark 5.8. Hopf monads are not representable in general. A counterexample is given in [6] in
terms of centralizers. Let T be a centralizable Hopf monad on an autonomous category C (see
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Example 4.6). In general the centralizer Z7 of T is not representable by a Hopf algebra. For
example, let C = G-vect be the category of finite-dimensional G-graded vector spaces over a
field k for some finite group G. The identity 1¢ of C is centralizable and its centralizer Z, is
representable if and only if G is abelian (see [6, Remark 9.2]).

Hopf monads on a braided category I3 which are representable by Hopf algebras in 3 can also
be characterized as follows:

Corollary 5.9. Let T be a Hopf monad on a braided category B. Then T is isomorphic to the
Hopfmonad A®? for some Hopf algebra A in B if and only if it is endowed with an augmentation
e:T — 1¢ compatible with the braiding T of B in the following sense:

(ex @TDH T2 (X, 1) = (ex @ TD)tr1,7x T2(1, X)
for all object X of B.
The corollary is proved in Section 5.6.

Remark 5.10. Let 7 be a centralizable Hopf monad on a braided autonomous B (see Re-

mark 5.8). Then the centralizer Z7 of T is representable by a Hopf algebra Cr = [ veb YT(Y)®
Y in B (see [6, Theorem 8.4]). This representability result may be recovered from Corollary 5.9,
observing that

YeC
ex = /(evY®X)(Vny®r;§():zT(X)—>X

defines an augmentation of Z7 which is compatible with the braiding t of 5.
5.5. Bosonization

Let C be a monoidal category. Given a Hopf monad (7', i, n) on C and a central Hopf algebra
(A, o) of CT (that is, a Hopf algebra in the center Z(CT) of CT), set

AXgT=(ARs ) XT.
As a cross product of Hopf monads, A X, T is a Hopf monad on C (see Proposition 4.4). Set A =

(A,a), where A = U7 (A) and a is the T-action on A. As an endofunctor of C,Ax, T =AQT.
The product p and unit v of A X, T are

and UX:(L nx|.

A T(A®TX)

The comonoidal structure of A x, T is given by
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and (A xy,T)y= .
A T(1)

Denoting by u and ¢ the unit and counit of (A, o), the morphisms

A TX A TY

(Ao T)(X,Y)=

A T(X®Y)

t=uQ@T:T—>AXxs,T and m=eQRT:Ax,T—>T

are Hopf monads morphisms such that 7¢ =id7. Hence T is a retract of A X, T in the category
HopfMon(C) of Hopf monads on C.

Example 5.11. Let T be a centralizable Hopf monad on an autonomous category C and Dr be
the double of T (see Example 4.6). If T is quasitriangular (see [5]), then C T is braided and T is
aretract of Dr. In that case, the braided category C” admits a coend C, which is a Hopf algebra,
and Dy = C X _ T where 7 is the braiding of cT.

Conversely, under exactness assumptions, a Hopf monad which admits 7 as a retract is of the
form A x, T for some central Hopf algebra (A, o) of CT. This results from the fact that aug-
mented Hopf monads are representable, using the notion of cross quotient studied in Section 4.4:

Corollary 5.12. Let P and T be Hopf monads on a monoidal category C such that T is a retract
of P. Assume that reflexive coequalizers exist in C and are preserved by P and the monoidal
product of C. Then there exists a central Hopf algebra (A, o) of CT and an isomorphism of Hopf
monads P >~ A X, T such that we have a commutative diagram of Hopf monads:

~

P%ANGT

N/

Ir —T

Proof. Denote by f:T — P and g: P — T the morphisms of Hopf monads making T a re-
tract of P, that is, gf = idr. By assumption P preserves reflexive coequalizers and so, since
T is a retract of P, the Hopf monad T preserves reflexive coequalizers too. By Lemma 4.2,
reflexive coequalizers exist in C* and C” and are preserved by the monoidal product. By Propo-
sition 4.13, the crossed quotient P -+ 7 (relative to f:7 — P) exists and is a Hopf monad
on CT. On the other hand, by functoriality of the cross quotient (see Remark 4.12), g: P — T in-
duces a morphism of bimonads g H7:P-HT — T -4 T = 1cr. In other words the Hopf monad
P = T is augmented. By Theorem 5.7, there exists a Hopf algebra (A, o) in Z(CT) such that
PHAT =A®s ?. By Proposition 4.11, P=(P +-T) X T =(AQ®; ) X T =AQ; T as Hopf
monads. The commutativity of the diagram is straightforward. 0O

Remark 5.13. Let H be a Hopf algebra over a field k, and A a Hopf algebra in the braided
category of Yetter—Drinfeld modules ZJJD In that situation, Radford constructed a Hopf alge-
bra A # H, known as Radford’s biproduct, or Radford—Majid’s bosonization. Radford [19] (see
also [15]) showed that if K is a Hopf algebra on a field k and p is a projection of K, that is,
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an idempotent endomorphism of the Hopf algebra K, then K may be described as a biproduct
as follows. Denote by H the image of p, which is a Hopf subalgebra of K. Then there exists a
Hopf algebra A in ZyD such that K = A # H. Corollary 5.12 generalizes Radford’s theorem.
Indeed, in the situation of the theorem, the Hopf monad H ® ? is a retract of the Hopf monad
K ® ? on Vecty. Hence, by Corollary 5.12, there exists a Hopf algebra (A, o) in Z(zMod) such
that K® = A X, (H ® 7). Identifying the center of zFMod with the category of Yetter—Drinfeld
modules, we view (A, o) as a Hopf algebra A in Z:))D. Then K ®?7=AX, (HR?)=A#HR"?
as Hopf monad, andso K = A# H.

5.6. Regular augmentations

In this subsection we prove Theorem 5.7 and Corollary 5.9 using the notion of regular aug-
mentation.

Let 7' be a comonoidal endofunctor of a monoidal category C and e : T — 1 be a comonoidal
natural transformation. Define natural transformations u®:7 — T1® ?and v*: T — ?® T'1 by

uy=T1®ex)Tr(1,X) and v§=(ex @ T1)T>(X,1).
We say that e is left regular if u® is invertible.

Lemma 5.14. Assume e is left regular and set

o =ve(ue)_1:T]l®?—> 70 T1.

Then the natural transformation o is a lax half braiding in C and (T1,0) is a lax central
coalgebra of C with coproduct T>(1, 1) and counit Ty. Furthermore the natural transformation
u®:T — T1 Q4 ? is a comonoidal isomorphism.

Proof. By transport of structure, the endofunctor P = 71 ® ? of C admits a unique comonoidal
structure such that the natural isomorphism u¢: T — P is comonoidal, that is,

Pous =Ty and Py(X,YV)ulgy = (u§ @ uf)Ta(X, Y).

We have eq = T (since e is comonoidal) and so u§ = idrq and v{ = idrq. Hence Py =
Pouj =Tp and o1 = v} (u‘i)_1 = idy1. Moreover,
Pay(X, VuSgy = (u§ @ usy)Ta(X, Y)

=T1lQexQ@T1®ey)T4(1,X,1,Y)
=(T1®v5QY)T1®TX Qey)T3(L, X, Y)
= (T1®v5us ' @ Y)(TL®ug ®ey)T3(1, X, Y)
—(T1QoxRY)T1RT1Qex Qey)Tu(1,1,X,Y)
=(T1Qox ®@Y)(T2(1,1) ® (ex ®ey)Tr(X, Y))Tr(1, X QY)
=(T1Qox®Y)(T2(1,1) ® X ® Y)u§gy (since e is comonoidal).
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Therefore Po(X,Y)=(T1®ox ® Y)(T>(1,1) ® X ® Y) because u¢ is invertible. We conclude
using Lemma 5.3. O

Recall that an augmentation of a bimonad 7 on C is a morphism of bimonads from 7 to 1.
It is called left regular if it is left regular as a comonoidal natural transformation.

Lemma 5.15. Let (T, u, n) be an augmented bimonad on C. Assume its augmentatione: T — 1¢
is left regular. Then o = v )™ is a lax half braiding for T1 and (T1,0) is a lax central
bialgebra of C, with product m = ,uﬂ(uem)_l, unit u = nq, coproduct T,(1, 1), and counit Ty.
Moreover u®: T — T1 Q, ? is an isomorphism of bimonads.

Proof. By transport of structure, the endofunctor P = 71 ® ? of C admits a unique bimonad
structure such that the natural transformation u,:7 — P is an isomorphism of bimonads. In
view of Lemmas 5.3 and 5.14, it is enough to verify that the product u" and unit " of P are
given by /' = Mﬂ(uem)_l ® ?and n' = ng ® ?. Since u® is a morphism of monads, we have

Ny =usnx =T1Qex)h(1, X)nx =n1 Qexnx =11 ® X.
Also, setting m = ,u]l(uem)_l, we have
WuTrox T (Us) =uSux = (T1®ex)Ta(L, X)pux

= (n1 ® expx)TE(L, X)

= (mu$y ® exT (ex))Tr(T1, TX)T (T2(L, X))
=mX)((T1Qern) (1, T1) ® ex)Tr(T1, X)T (u%)
=(mX)(T1® er1ex)T2(1, T1 ® X)T (u%)

=(m Q@ X)ufrexT (4%).

and so 'y =m ® X since u€ is invertible. [

Lemma 5.16. Let T be an augmented left pre-Hopf monad on C. Then its augmentation
e: T — ¢ is left regular and (u®)~' = T(e)H]ll’_i(T]l ®n).

Proof. Let X be an object of C and set 0% = T(eX)H]lL_;((T]l ® nx). We have

U405 = (T1® ex)To(1, X)T (ex) HY y (T1® nx)
= (T1® exT(ex)) Ta(L. TX)HY x(T1® 11x)
— (T1®expx) T (1, TX)H] ¢ (T1® 1x)
— (T1® ex)HL y Hy x(T1®ny)
= (T1Q®exnyx) =idrigx

and
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05 = T(ex)HL x(T1® nxex)Ta(1, X)
— T(ex)HL x (T1® T(ex)nrx) Ta(L, X)
= T(ex) T ex)HL 15 (T1 @ nrx)T>(1, X)
— T(ex)T (ux)H px(T1® nrx) Ta(L, X)
— T(ex)H) x(T1® pxnrx)T2(1, X) by Proposition 2.6
= T(ex)H] x (T1® uxT (nx)) T2(L, X)
— T(ex)H) yHL T (nx) = T(exnx) = idrx.
Hence u° is invertible with inverse 6¢. O

Theorem 5.17. Let C be a monoidal category. The functor

oRlax { BiAlg(Z"X(C)) — BiMon(C)/1¢
A,0) > (AR, 2,6 ®7?)

induces an equivalence of categories from BiAlg(Z'™(C)) to the full subcategory of
BiMon(C)/1¢ of augmented bimonads (T, e) such that e is left regular.

Proof. If (A, o) is a bialgebra in Z'(C), then e = ¢ ® 7: A ®, ? — l¢ is a left regular bi-
monad morphism (since u¢ = idsg9). Therefore SR* takes values in the full subcategory A C
BiMon(C)/1¢ of augmented bimonads (7, e) such that e is left regular. Conversely, let (T, ¢) be
an object of A. By Lemma 5.15, T'1 is endowed with a half braiding o and (T'1, o) is a bialgebra
in Z(C). This construction is functorial, that is, gives rise to a functor J: 4 — BiAlg(Z'*(C))
defined on objects by J(T,e) = (T1,0 = v°u¢"') and on morphisms by J(f) = f1. More-
over J is quasi-inverse to R2x  Indeed, for (T, e) in A, u® is an isomorphism from (7', e) to
RIXT (T, ) and, for (A, o) in BiAlg(Z'#(C)), we have JR'™ (A, ) = (A, o). Hence the theo-
rem. [

Corollary 5.18. Let C be a monoidal category. The functor R induces equivalences of cate-
gories between:

(a) Lax central left Hopf algebras of C and augmented left Hopf monads on C.
(b) Central Hopf algebras of C and augmented Hopf monads on C.

Moreover an augmented left (resp. right) pre-Hopf monad on C is in fact a left (resp. right) Hopf
monad.

Proof. Let (7, ¢) be an augmented bimonad such that T is a left pre-Hopf monad. Then e is left
regular by Lemma 5.16. By Theorem 5.17, T is of the form A ®, ? for some bialgebra (A, o)
in Z'%(C). By Proposition 5.4, A admits an antipode, and T is in fact a left Hopf monad. Hence
the first equivalence of categories. Moreover, by Proposition 5.4, T is a Hopf monad if and only
if (A, o) is a Hopf algebra in Z(C). Hence the second equivalence of categories. [
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Proof of Theorem 5.7. The theorem is just assertion (b) of Corollary 5.18. O

Proof of Corollary 5.9. By Theorem 5.7, the augmentation e: T — 15 defines a Hopf algebra
(A=T1,0) in Z(B) such that T >~ A ®, ?. In view of Remark 5.6, the question is whether
0 =714 —. Recall 0 = v¢ ()", Therefore oy = TA,x if and only if v§ = 74 xu$, that is,
(ex T X, 1) =(ex @TDtr1,7x12(1,X). O

6. Induced coalgebras and Hopf modules

A cocommutative coalgebra of the center of a monoidal category D gives rise to a comonoidal
comonad on D and, under certain exactness assumptions, to a Hopf adjunction. On the other
hand, we show that the comonoidal comonad of a pre-Hopf adjunction (F:C — D, U :D — C)
is represented by its induced coalgebra, which is a cocommutative coalgebra of the categorical
center of D.

As an application, we obtain a structure theorem for Hopf modules over pre-Hopf monads on
monoidal categories. It generalizes Sweedler’s theorem on the structure of Hopf modules over a
Hopf algebra, and is an enhanced version of [5, Theorem 4.6] which concerns Hopf monads on
autonomous categories.

6.1. From cocommutative central coalgebras to Hopf adjunctions

Let D be a monoidal category and (C, A, ¢) be a coalgebra in D. Denote by ¢Comod the
category of left C-comodules in D. The forgetful functor V : cComod — D has a right adjoint,
the cofree comodule functor

.{D—>CC0mod
X (C®X,A®X).

The comonad (on D) of the adjunction (V, R) is T= (C®?7,A®? e®?7). This adjunction
is comonadic, since 7-comodules are just left C-comodules.

On the other hand, the monad 7= RV (on ¢Comod) of the adjunction (V, R) is defined by
T(M,8)=(CQ®M, A® M) for any C-comodule (M, §), with product (y.sy = C @ e ® M and
unit 1(y,s) = 6. In general the adjunction (V, R) is not monadic.

Remark 6.1. The adjunction (V, R) is monadic if, for instance, D admits reflexive coequalizers
and C ® ? is conservative and preserves reflexive coequalizers.

Now let (C, o) be a lax central coalgebra of D, that is, a coalgebra in Z13X(C). Then the
endofunctor C ® ? of D has both a comonad structure (because C is a coalgebra in D) and a
comonoidal structure denoted by C ®, ? (see Lemma 5.3).

A lax central coalgebra (C, o) is cocommutative if its coproduct A satisfies oc A = A. We
have

Lemma 6.2. Let (C, o) be a lax central coalgebra of D. Then C Q@ ? is a comonoidal comonad
if and only if (C, o) is cocommutative.
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Proof. One checks that the coproduct A ® ? of the comonad C ® ? is comonoidal if and only if
ocA = A, and that its counit ¢ ® ? is always comonoidal. O

We say that a cocommutative lax central coalgebra (C, o) of D is cotensorable if for each
pair (M, §), (N, 8') of left C-comodules, the coreflexive pair

oSN

M®N M®CQ®N

M@

admits an equalizer, denoted by M ® - N — M ® N, and the endofunctor C ® ? preserves these
equalizers.

Let (C, o) be a cotensorable cocommutative lax central coalgebra of D. Given two left C-
comodules (M, §) and (N, §'), there exists a unique left coaction ” of C on M ®F. N such that
the morphism M ® N — M ® N is a comodule morphism (M @ N,8") - (M @ N,5 ® N).
The assignment (M, §) x (N, 8") = (M ®7 N, ") defines a functor:

Q¢ : ¢Comod x ¢Comod — ¢Comod.

Then the category ¢Comod of left C-comodules (in C) is monoidal, with monoidal product ®¢.
and unit object (C, A). We denote this monoidal category by ¢Comod’. The cofree comod-
ule functor R: D — ¢Comod’ is strong monoidal, so that the comonadic adjunction (V, R) is
comonoidal, with comonoidal comonad C ®, ?.

Lemma 6.3. Let D be a monoidal category admitting coreflexive equalizers which are preserved
by the monoidal product. Let (C, o) be a cocommutative central coalgebra of D. Then (C, o)
is cotensorable and the monoidal category ¢Comod® admits coreflexive equalizers which are
preserved by the monoidal product ®¢. and the forgetful functor V : cComod® — D.

Proof. By standard diagram chase left to the reader. O

Theorem 6.4. Let D be a monoidal category and (C, o) be a cotensorable cocommutative lax
central coalgebra of D. Then the comonoidal adjunction

(V:cComod” — D, R:D — ¢Comod”)

is a left Hopf adjunction, and its induced lax central coalgebra is (C,o0). Moreover, if o is
invertible, (V, R) is a Hopf adjunction.

Proof. Let d be an object of D and (M, §) be a left C-comodule. Then the morphism o6 ®
d:M®d— M ® C ®d is an equalizer of the pair

oy dRC®d
MRCQd MRCRCRA.
MARd
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Hence an isomorphism M Q7 R(d) = M ®d which is the left fusion operator of the comonoidal
adjunction (V, R). Similarly if o is invertible, the morphism (o, oM d®6):d Q@M —
C ®d ® M is an equalizer of the pair

(0cgd@M)(AQRIOM)

CRIeM CRIJCRM.
CRA®S

Hence an isomorphism R(d) ®7 M = d ® M which is the right fusion operator of the
comonoidal adjunction (V, R). O

6.2. Induced coalgebra and comonad of a comonoidal adjunction

Let C, D be monoidal categories and (F :C — D, U :D — C) be a comonoidal adjunction,
with adjunction unit n: 1¢ — U F and counite: FU — 1p.

Being comonoidal, F' sends the trivial coalgebra 1 in C to a coalgebra C = F(1) in D, with
coproduct A = F,(1,1) and counit € = Fy, called the induced coalgebra of the comonoidal
adjunction.

The endofunctor 7 = FU of D is a comonoidal comonad, with coproduct F(ny): T — T2
and counit ¢ (see Section 2.5).

In this situation we have three comonads on the category D, namely:

° ?A® C (with coproduct ? ® A and counit ? ® €);
e C ® ? (with coproduct A ® ‘3 and counit € ® ?);
e the (comonoidal) comonad T = FU of the adjunction (F, U).

How are they related?
Lemma 6.5. The Hopf operators H' and W' define morphisms of comonads:
[Hél’_:f—>é®? and [Hr_’]l:f"—>?®é.

Proof. The commutativity of the following diagrams:

Fnua
FUd FUFUd
| F2(LUFUd) FUd
P00 F1Q FUFUd LU &4
F,A,Ud) \LF]]-@SFUd ’
F1® FUd F1® FUd d
\LFJl@Fz(Jl,Ud)

FRA,1DHQFUd

F1®e, /
F1 F1® FUd Fo®d

F1® FUd
F]l®ad\l/ ¢F1®F1®ed F1®d
F1®d FIQF1®d

(1,1)®d
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which results from the fact that the adjunction (F, U) is comonoidal, means that [Hgl _ is a mor-
phism of comonads. The proof for H”_ ; is similar. O

6.3. From Hopf adjunctions to cocommutative central coalgebras
In the case of a left pre-Hopf adjunction, the induced coalgebra is endowed with a canonical

lax half braiding, making it a cocommutative lax central coalgebra which represents the induced
comonoidal comonad:

Theqrem 6.6. Let (F:C — D,U :D — C) be a left pre-Hopf adjunction, with induced coalge-
bra C. Then:

(a) The natural transformation 6 = U—ir_’]ll]-iéljl_ C®7—> 79 Cisalax half braiding of D such
that, for any object c of C, the diagram:

F(1,c) Fe F>(c,1)
LN

~ OFc ~
C® Fc Fe®C

Is commutative.
(b) (C,0) is a cocommutative lax central coalgebra of D and [Hgl _:T — C®g; ?is an isomor-
phism of comonoidal comonads.

Proof. Let (F, U) be a left pre-Hopf adjunction, so that H'y _ is invertible. Since U is strong
monoidal, we identify C=F@)and T(1) = FU(1) as coalgebras in D. We apply Lemma 5.14
to the comonoidal endofunctor 7' of D and the comonoidal morphism & : FU — 1¢. The natural
transformations u®: FU — FU(1) ® ? and v*: FU — ? ® FU (1) of the lemma are nothing
but [Hél’_ and H" 1 respectively. Therefore u® = [Hél’_ being invertible, we conclude that 6 =
v¢(u¢)~! is a lax braiding on D and (é‘, &) is a coalgebra in Z(D) such that u° is a comonoidal
isomorphism. Now, for any object ¢ of C, we have

Hy p F(1) = F(1.¢) and My 3 F(ne) = Fa(c, 1),

from which the equality 6. F»(1, ¢) = F>(c, 1) follows directly. Hence part (a).

Applying this equality to d = 1 gives the cocommutativity of the coalgebra (C‘ ,0), so that
C ®s ? 1s a comonoidal comonad by Lemma 6.2. Thus [HlIL _ = u® is an isomorphism of
comonoidal comonads, hence part (b). O ’

As a consequence, the comonoidal comonad of a pre-Hopf adjunction is canonically repre-
sented by a cocommutative central coalgebra of the upper category. More precisely:

Corollary 6.7. Let (F :C — D, U : D — C) be a pre-Hopf adjunction, with induced coalgebra C.

Then o =H" ’IL[Hgl_’l_ is a half braiding for C. Moreover (é ,0) is a cocommutative central coal-
gebra in D called the induced central coalgebra of the pre-Hopf adjunction (F, U).
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Proof. Since (F, U) is a pre-Hopf adjunction, the pre-Hopf operators H”_ ; and IHél,_ are invert-
ible. Thus & is invertible and the corollary follows then directly from Theorem 6.6. O

Example 6.8. Let C be a monoidal category and (A, o) be a Hopf algebra in Z(C), with
product m, coproduct A, and counit ¢. Consider the Hopf monad 7= A ®, ? on C (see Propo-
sition 5.4). Recall 4Mod,, denotes the monoidal category CA®>” of left A-modules (in C), with
monoidal product induced by o (see Section 5.3). The induced coalgebra C of A ®, ?is the left
A-module € = (A, m), with coproduct A and counit €. Its associated half braiding is given by

A M

for any left A-module (M,r). Then (é,&) is a cocommutative coalgebra in the center
Z(4Mod,) of 4Mod,, .

Proposition 6.9. Let (F :C — D, U :D — C) be a comonadic pre-Hopf adjunction, with induced
central coalgebra (C, 6). Assume that for all X, Y objects of C, the morphism F>(X,Y): F(X ®
Y)— F(X)® F(Y) is an equalizer of the coreflexive pair

(X, 1)QFY

FXQ®FY FXQF1QFY,

FX®F(1,Y)

and these equalizers are preserved by the endofunctor F (1) ® 7. Then the cocommutative central
coalgebra (C, &) is cotensorable and the comparison functor

K:C— éComod&
is a strong monoidal equivalence. In particular (F, U) is a Hopf adjunction.

Proof. The cotensorability assumption means that for each pair (M, 3§), (N,8) of left C-
comodules, the coreflexive pair

oMSQN

M®N M®CQN

M@

admits an equalizer, and the endofunctor C®? preserves these equalizers. Now recall that the
comparison functor K is defined by K (X) = (F X, F>(1, X)) for X in C. If X is an object of C
then by Theorem 6.6, part (a), we have 6px F2(1, X) = F»(X, 1). Since K is an equivalence, we
conclude that (é’ , 0) is cotensorable. Moreover, we have K(X ® Y) = K(X) ®‘2 K (Y) so that

K is a strong monoidal equivalence. By Theorem 6.4, (F, U) is a Hopf adjunction. [
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6.4. Descent

Let (T, u,n) be a monad on a category C. Its adjunction (Fr,Ur) has unit n:1o —
Ur Fr =T and has counit denoted by ¢: FrUr — 1eor. Let T be the comonad of the adjunc-
tion (Fr, Ur), that is, T = FrUr on CT, with coproduct § = Fr(ny,) and counit . Denote by
‘H(T) the category (C T)f of T-comodules in the category of T-modules in C. Objects of H(T')
are triples (B, r, p), where B is an object of C, r:TB — B, and p: B — T B are morphisms
in C, such that (B, r) is a T-module, that is,

rT(r)y=rup and rnp=1idpg,

and (B, p)isa T -comodule whose coaction is T -linear, that is,

T(p)p=4épp, rp=1idg, and pr=pugT(p).

Morphisms in H(7T') from (AM, r,p) to (N, s, o) are morphisms f: M — N in C which are mor-
phisms of 7-modules and 7' -comodules:

fr=sT(f) and T(f)p=of.

The comparison functor of the comonad T is the functor

. {C — H(T)
"\ X (TX, ux, Tnx).

The question whether y is an equivalence is a descent problem.
The coinvariant part of an object B = (B, r, p) of H(T) is the equalizer of the coreflexive
pair

nB

B —= TB.
0

If the coinvariant part of B exists, it is denoted by ig : By — B. We say that T admits coinvariant
parts if any object of H(7') admits a coinvariant part. We say that T preserves coinvariant parts
if, for any object B of H(7") which admits a coinvariant part ig: By — B, the morphism 7 (ig)
is an equalizer of the pair (Tng, Tp).

The following characterization of monads 7 for which y is an equivalence is a reformulation
of [10, Theorem 1].

Theorem 6.10. Let T be a monad on a category C. The following assertions are equivalent:

(1) The functor x :C — H(T) is an equivalence of categories;
(i1) T is conservative, admits coinvariant parts, and preserves coinvariant parts.

If such is the case, the functor ‘coinvariant part’ B +— B is quasi-inverse to x.
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6.5. Hopf modules for pre-Hopf monads

Let T be a bimonad on a monoidal category C. The induced coalgebra of T, denoted by C,is
the induced coalgebra of the comonoidal adjunction (Fr, Ur). Explicitly C= (T(1), iq), with
coproduct 73(1, 1) and counit 7j. Note that Uy (é‘) =T (1) is a coalgebra in C.

A left Hopf T -module (as defined in [5]) is a left C-comodule in C T thatis, a triple (M, r, p)
such that (M, r) is a T-module, (M, p) is a left T (1)-comodule, and

pr = (u1 & r)T(T1, M)T (p).

A morphism of Hopf T -modules between two left Hopf 7'-modules (M, r, p) and (N, s,0) is a
morphism of C-comodules in C T thatis, a morphism f: M — N in C such that

fr=sT(f) and (idra) ® f)p=of.

We denote by H'(T') the category of left Hopf T-modules.
The coinvariant part of a left Hopf module 1 = (M, r, p) is the equalizer of the coreflexive
pair

n1@M

M T(1)®M.

0

If it exists, it is denoted by M7. We say that T preserves coinvariant parts of left Hopf modules if,
whenever a left Hopf module M = (M, r, p) admits a coinvariant part i : M7 — M, then T (i1)
is an equalizer of (T'(ny ® M), Tp).

Theorem 6.11. Let T be a left pre-Hopf monad on a monoidal category C. The following asser-
tions are equivalent:

(1) The functor

h"!C% H(T)
| X (TX, ux, 12(1, X))

is an equivalence of categories;
(1) T is conservative, left Hopf T-modules admit coinvariant parts, and T preserves them.

If these hold, the functor ‘coinvariant part’ Y+ Mr is quasi-inverse to b'.

Remark 6.12. Similarly, we define the category ‘H" (T') of right Hopf T -modules. Since H" (T') =
H!(T°°P), Theorem 6.11 holds also for right pre-Hopf monads and right Hopf modules (see
Remark 2.11).

Example 6.13. Let (A, o) be a central Hopf algebra in a monoidal category C, that is, a Hopf
algebra in the center Z(C) of C. Consider the left Hopf monad 7 = A ®, ? on C, see Proposi-
tion 5.4. A left Hopf module over A is left Hopf T-module, that is, a triple (M, r :AQ M — M,
p:M — A ® M) such that (M,r) is a left A-module, (M, p) is a left A-comodule, and
pr=m®r)(idg ® o4 Qidy)(A ® p), where m is the product of A and A is coproduct of A.
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Assume now that C splits idempotents. Then the morphism (S ® idys)p (where S denotes the
antipode of A) is an idempotent of A ® M and its image is the coinvariant part of M. One ver-
ifies that T is conservative and preserves coinvariant parts. Applying Theorem 6.11, we obtain
the fundamental theorem of Hopf modules for central Hopf algebras. In view of Remark 5.6, we
recover the fundamental decomposition theorem of Hopf modules for Hopf algebras in a braided
category (see [3]) which, for the category of vector spaces over a field, is just Sweedler’s clas-
sical theorem. For a detailed treatment of the case of Hopf algebras over a field, we refer to [4,
Examples 6.2 and 6.3].

Proof of Theorem 6.11. Let 7 be the comonad of the adjunction (FAT’ Ur) and C be the induced
coalgebra of T. Since T is a left pre-Hopf monad, [HZIL,_ :T — C ® ? is an isomorphism of
comonads by Lemma 6.5. It induces an isomorphism of categories

K H(T) = (CT) 4 = (CT) pgy = H'(T)

such that /clT x = b!. We conclude using Theorem 6.10. O
6.6. Summary

In this subsection we summarize the relationships between Hopf monads, Hopf adjunctions,
and cocommutative central coalgebras.
We have constructed several correspondences between these objects:

e A Hopf adjunction (F:C — D, U :D — C) gives rise to a Hopf monad m(F,U) =UF
on C by Proposition 2.14, and to a cocommutative central coalgebra ¢(F,U) = (é’ ,0)inD
by Corollary 6.7;

e A Hopf monad T on a monoidal category C defines a Hopf adjunction

«T) = (Fr:C—C",Ur:C" = C)

by Theorem 2.15;
e A cotensorable cocommutative central coalgebra (C, o) on a monoidal category D yields a
Hopf adjunction

0(C,0) = (U :cComod®° — D, R:D — CComod”)

by Theorem 6.4.

Hence the following triangle:

Hopf adjunctions
A
a AN ¢
N
m o~
mo o

cocommutative
central coalgebras

Hopf monads
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We have:

ma(T)=T,;

am(F,U) ~ (F, U) if and only if the adjunction (F, U) is monadic;

co(C,o0)=(C,0);

assuming c¢(F, U) is cotensorable, we have oc(F, U) >~ (F, U) if the comonoidal adjunction
(F, U) satisfies the conditions of Proposition 6.9.

With suitable exactness assumption, we have in fact equivalences:

Theorem 6.14. The following data are equivalent via the assignments a and c:

(A) A Hopf monad T on a monoidal category C such that:
e C admits reflexive coequalizers and coreflexive equalizers, and its monoidal product pre-
serves coreflexive equalizers;
e T is conservative and preserves reflexive coequalizers and coreflexive equalizers.
(B) A Hopf adjunction (F :C — D, U :D — C) such that:
e C and D admit reflexive coequalizers and coreflexive equalizers, and their monoidal prod-
ucts preserve coreflexive equalizers;
e F and U are conservative, U preserves reflexive coequalizers and F preserves coreflexive
equalizers.
(C) A cocommutative central coalgebra (C, o) in a monoidal category D such that:
e D admits reflexive coequalizers and coreflexive equalizers, and its monoidal product pre-
serves coreflexive equalizers (in particular the central coalgebra (C, o) is cotensorable);
e the endofunctor C @ ? of D is conservative and preserves reflexive coequalizers.

Moreover, a Hopf adjunction satisfying the conditions of (B) is a monadic and comonadic Hopf
adjunction.

Proof. Firstly, we show the equivalence of (A) and (B). Let T be a Hopf monad on a monoidal
category C satisfying the conditions of (A). Then U7, being the forgetful functor of a monad,
preserves and creates limits and in particular equalizers. As a result, the monoidal category C”
admits coreflexive equalizers and Ur preserves them. From this one deduces that, since the
monoidal product of C preserves coreflexive equalizers, so does that of CT. Moreover, since
T preserves reflexive coequalizers, Ur creates and preserves them. Consequently: C7 admits
reflexive coequalizers, and Fr preserves reflexive coequalizers. The forgetful functor Ut is con-
servative, and since by assumption 7" = Ut Fr is conservative, so is Fr. Thus a(T) = (Fr,UT)
is a Hopf adjunction satisfying the conditions of (B), and we have ma(7") = T'. Conversely, let
(F, U) be a Hopf adjunction satisfying the conditions of (B). By adjunction F preserves colimits
and U preserves limits. The Hopf monad 7= m(F, U) = U F is conservative and preserves re-
flexive coequalizers and coreflexive equalizers, so that it satisfies the conditions of (A). Moreover
by Beck’s monadicity theorem, the adjunction (F, U) is monadic, so am(F, U) >~ (F, U), hence
the equivalence of (A) and (B).

Secondly, we show the equivalence of (B) and (C). Let (C, o) be a cocommutative central
comonad in a monoidal category D satisfying the conditions of (C). Then (C, o) is cotensorable,
and the adjunction
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0o(C,0) = (V :cComod’° — D, R:D — CComod")

is a Hopf adjunction. It is comonadic, with comonoidal comonad T = C ®, ?. It is also
monadic, see Remark 6.1. Moreover the cotensor product ®7. preserves coreflexive equalizer
by Lemma 6.3. Thus the adjunction (V, R) satisfies the conditions of (B). We have co(C,0) =
(C,0).

Let us prove conversely that if (F,U) is a Hopf adjunction satisfying the conditions
of (B), then its induced central coalgebra (é‘ ,0) = ¢(F, U) satisfies the conditions of (C) and
oc(F,U) ~ (F, U) as Hopf adjunctions. We will need the following lemmas.

Lemma 6.15. Let C be a category admitting coreflexive equalizers and let T be a conservative
monad on C preserving coreflexive equalizers. Then for each object X of C, nx is an equalizer

of the pair (T (nx), nTx).

Proof. Let X be an object of C. Observe that T(nx) is an equalizer of the coreflexive pair
(T%(nx), T (nx)). Since T is conservative and C admits coreflexive equalizers preserved by T,
nx is an equalizer of the coreflexive pair (T'(nx), nrx). O

Lemma 6.16. Let C be a monoidal category whose monoidal product preserves coreflexive equal-
izers in the left variable. Let T be a left Hopf monad on C which preserves coreflexive equalizers.
Assume furthermore that for each object X of C, nx is an equalizer of the pair (T (nx), N"Tx)-
Then for all objects X,Y of C, To(X,Y): T(X®Y) > TX ® TY is an equalizer of the coreflex-
ive pair

DX, 1TY)

rX)®T(Y) T(X)TM)®T(Y).

T(X)®Tr(1,Y)

Proof. The following diagram:

T(X®ny) T(X®nry)
T(XQY) T(XQTY) T(XQT?Y)
T(X®T (1y))
- \L H)Z(’Y \L \L (TX®HJZL,Y)H§(,TY
(X, 1)RTY
T(X®Y) TXQTY TXQTLI®TY
Tr(X,Y) TXRT>(1,Y)

is commutative (in the sense that the left square and the two right squares obtained by taking
respectively the top and bottom arrow of each pair, are commutative); this results easily from
Proposition 2.6. The top row is an equalizer because the endofunctor 7 (X ® ?) preserves core-
flexive equalizers. Since H I'is invertible, we conclude that the bottom row is exact, hence the
lemma. O

Now let T = U F be the Hopf monad of (F, U). Then T satisfies the hypotheses of Lem-
mas 6.15 and 6.16, so that for all objects X, Y of C, To(X,Y): T(X®Y) - T(X)® T(Y) is an
equalizer of the pair



A. Bruguieres et al. / Advances in Mathematics 227 (2011) 745-800 795

DX, 1RT(Y)

T(X)T(Y) IrX)@T(M)@T(Y).

T(X)®T»(1,Y)

Moreover, the adjunction (F, U) is monadic. In particular the functor U creates and preserves
equalizers; thus F2(X ® Y) is an equalizer of the pair

BX,1DHFY)

F(X)® F(Y) FX)®@ F(1) ® F(Y).

F(X)®F2(1,Y)

We may therefore apply Proposition 6.9 to the adjunction (F,U), and we conclude that the
comparison functor C — ~Comod?” is a strong monoidal equivalence and ¢(F, U) satisfies the
conditions of (C), hence oc(F, U) =~ (F, U) as Hopf adjunctions. O

7. Hopf algebroids and finite abelian tensor categories

In this section, we study bialgebroids which, according to Szlachédnyi [21], are linear bimonads
on categories of bimodules admitting a right adjoint. A bialgebroid corresponds with a Hopf
monad if and only if it is a Hopf algebroid in the sense of Schauenburg [20]. We also use Hopf
monads to prove that any finite tensor category is naturally equivalent (as a tensor category) to
the category of finite-dimensional modules over some finite-dimensional Hopf algebroid.

7.1. Bialgebroids and bimonads

Let k be a commutative ring and R be a k-algebra. Denote by gModpg the category of R-
bimodules. It is a monoidal category, with monoidal product ® g and unit object R. We identify
grModpg with the category geMod of left R-modules, where R = R ® R°P. Hence a monoidal
product X on geMod (corresponding to ® g on gModg), with unit R (whose R¢-action is
rer) -x=rxr).

If f:B — A is k-algebra morphism, we denote by rA the left B-module A with left action
b-a= f(b)a, and by A s the right B-module A with right action a - b = af (b).

A left bialgebroid with base R (also called Takeuchi x g-bialgebra) consists of data
(A,s,t, A, ) where:

e Aisak-algebra;
e s:R— Aandr:R°® — A are k-algebra morphisms whose images in A commute. Hence a
k-algebra morphism

{Re — A
e:
rr — s,

which gives rise to an R°-bimodule ,A,;
e (,A, A, ¢e)isacoalgebra in the monoidal category (geMod, X, R).

In this situation the Takeuchi product A xg A C ,A X A, defined by

AxpA=|Y a@be ARA|VreR, Y at()@b=y a@bisr)},
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is a k-algebra, with product defined by (a ® b)(a’ ® b') = aa’ ® bb’, and one requires:

o A(A) CAXRA;

e A:A— A xp Ais ak-algebra morphism;
o c(as(e(a’))) =¢e(aa’) =e(at(e(a)));

o c(ly)=1g.

The notion of left bialgebroid has a nice interpretation in terms of bimonads. A bialgebroid A
with base R gives rise to an endofunctor of geMod >~ gModg:

T { reMod — geMod
A-
Mi—>Ts(M)=,A, Qre M.

The axioms of a left bialgebroid are such that T4 is a k-linear bimonad admitting a right adjoint.
These properties characterize left bialgebroids:

Theorem 7.1. (See [21].) Let k be a ring and R a k-algebra. Via the correspondence A +— Ty,
the following data are equivalent:

(A) A left bialgebroid A with base R;
(B) A k-linear bimonad T on the monoidal category RModg =~ geMod admitting a right adjoint.

7.2. Hopf algebroids

We define a left, resp. right, (pre-)Hopf algebroid to be a bialgebroid A whose associated
bimonad T4 is a left, resp. right, (pre-)Hopf monad. A (pre-)Hopf algebroid is a left and right
(pre-)Hopf algebroid.

Let A be a bialgebroid and T4 be its associated bimonad on gModr >~ greMod. The fusion
operators H! and H" of T, are

l .{eAe QRe (Mg(eAe QRe N))_> (eAe QRe M)&(eAe QRe N)
MN la@m@b@naq @m®anb®n

and

HT . eAe QRe ((eAe QRe M) &N) - (eAe QRe M)& (eAe QRe N)
M.N - a®@b@mn>anb@map) n.

Using the fact that R and R are respectively a projective generator and the unit object of geMod,
we obtain the following characterization of Hopf bialgebroids and pre-Hopf algebroids.

Proposition 7.2. Let A be a bialgebroid with base R. Then:
(a) The bialgebroid A is a left Hopf algebroid if and only if the R¢-linear map

Al .{eA, Qprop A —> AN, A
Re,Re .

a®@br+— any ® a(z)b

is bijective.
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(b) The bialgebroid A is a right Hopf algebroid if and only if the R¢-linear map

eAs Qr A — AN A

Hpe pe:
R, R a®b|—>a(1)b®a(2)

is bijective.
(¢c) The bialgebroid A is a left pre-Hopf algebroid if and only if the R¢-linear map

oAy, Qpe A — , AN A

HL e
R.R a®a — an) ® a(z)a/

is bijective, where

eA=,A,®@re R=A/|as(r)=at(r) |a € A, r € R}.

(d) The bialgebroid A is a right pre-Hopf algebroid if and only if the R¢-linear map and

H. - eAe Qe eA%eAgeZ
Re.R a®a — a(l)a’ XK aw)

is bijective.

Remark 7.3. The notion of x g-Hopf algebra introduced by Schauenburg in [20] coincides with
our notion of left Hopf algebroid.

Remark 7.4. The category geMod is monoidal closed with internal Homs:

[M,N]" =Homgop (geM, geN) and  [M, N]" =Homg(geM, geN).

By Theorem 3.6, a left bialgebroid A with base R is a Hopf algebroid if and only if it admits a
left antipode

55‘471\] :eAe & HOITIROP(eAe ®Re Ma N) — HOmROP (M7 eAe ®Re N)
and a right antipode

S;W,N TeAe E,HOInR(eAe Qpre M, N) — HOHIR(M, cAs QRe N)

Remark 7.5. Let A be a pre-Hopf algebroid with base R. Since geMod is abelian, the bimonad
T4 admits coinvariant parts. If A, is a faithfully flat right R°-module, then T4 is conservative and
preserves coinvariant parts. Thus, the Hopf module decomposition theorem (see Theorem 6.11)
applies to (pre-)Hopf algebroids which are faithfully flat on the right over the base ring.
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7.3. Existence of fibre functors for finite tensor categories

A tensor category over Kk is an autonomous category endowed with a structure of k-linear
abelian category such that the monoidal product ® is bilinear and End(1) = k.

We say that a k-linear abelian category .A is finite if it is k-linearly equivalent to the category
grmod of finite-dimensional left modules over some finite-dimensional k-algebra R. Note that if
A is a finite, then so is A°P, since the functor

I (rkmod)°? — gopmod

N — Hom(N, k)

is a k-linear equivalence.

Theorem 7.6. Let C be a finite tensor category over a field k. Then C is equivalent, as a tensor
category, to the category of modules over a finite-dimensional left Hopf algebroid over k.

We first state and prove an analogue of this theorem in terms of Hopf monads in a somewhat
more general setting. Let C be a monoidal category. Recall that the category END(C) of endo-
functors of C is strict monoidal with composition for monoidal product and 1 for monoidal unit.
The functor

Q.{C—> END(C)
1X—X®?

is strong monoidal.

Theorem 7.7. Let £ be a full monoidal subcategory of END(C) containing §2(C). Denote by
w:C — & the corestriction of $2 to £. Then

(a) If w has a left adjoint F, the adjunction (F, ®) is monadic, its monad T = wF is a bimonad
on &, and the comparison functor C — ET is a monoidal equivalence.
(b) If C is right autonomous, then w has a left adjoint if and only if the coend

XeC

Fle) = f e(X)® XY

exists for all e € Ob(E). In that case, the assignment e — F (e) defines a functor which is a
left adjoint of w, and the bimonad T = wJF is a right Hopf monad.
(c) If C is autonomous and w has a left adjoint F, then the bimonad T = wF is a Hopf monad.

Proof. Assume w has a left adjoint . Then the adjunction (F, w) is a comonoidal adjunction,
so that the comparison functor K :C — £ is strong monoidal. Besides,  has a left quasi-inverse
e — e(1), and so satisfies conditions (a) and (b) of Beck’s monadicity Theorem 2.1, so that the
adjunction (F, w) is monadic and K is a monoidal equivalence. Hence part (a).

Assume C is right autonomous. For ¢ € Ob(€) and X € Ob(C), we have a natural bi-
jection between natural transformations e — X ® ? and dinatural transformations {e(Y) ®
YY — X}yeonc)- Therefore w has a right adjoint if and only if the coends F(e) exist for any
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object e of £. Assume that such is the case. Then the assignment e — F(e) gives a left adjoint
of w. For X € Ob(C) and e € Ob(£), we have

YeC YeC
f(w(X)oe)z/X@e(Y)@YV:X®/e(Y)®YV=X®fe

because X ® ? has a right adjoint X ® ? and so preserves colimits. One checks that this isomor-
phism is the right Hopf operator [H; x F@(X)oe) > X ® Fe of the adjunction (F, w). Thus
T is a right Hopf monad by Theorem 2.15. Hence part (b).

Finally assume that C is also left autonomous. Let X € Ob(C) and e € Ob(£). Since the functor
Y X ® ? is left adjoint to X ® ? and the functor ? ® X preserves colimits (because it has a right
adjoint ? ® ¥ X), we have

YeC YeC
Fleow(X)) = ] e(X®Y)®YY ~ f e ®("Xer)’

YeC
~ / eV)RQY'@X~Fe® X.

One checks that the composition of these isomorphisms is the left Hopf operator [HZX i F(eo
w (X)) - Fe ® X of the adjunction (F, w). Therefore T is also a left Hopf monad by Theo-
rem 2.15. Hence part (¢c). O

Proof of Theorem 7.6. We apply Theorem 7.7 to a finite tensor category C over a field k. If A is
a k-linear abelian category, we denote by END,?(A) the full monoidal subcategory of END(A)
of k-linear endofunctors which admit a right adJ01nt

Set £ = END?(C). For X € Ob(C), the endofunctor X ® ? is k-linear and has a right adjoint,
namely XV ® ?, so we have £2(C) C £. Denoting by w:C — &£ the corestriction of £2 to £, we
have a commutative triangle of strong monoidal k-linear functors:

# END(C)

\ %uswn

By assumption, there exists a finite-dimensional k-algebra R and a k-linear equivalence
T :C — grmod, with quasi-inverse 7* of 7", hence a k-linear strong monoidal equivalence:

{5 END*(C) — END}* (gmod)
Er7YToEoT*

Composing this with the well-known strong monoidal k-linear equivalence

{END (rmod) — gpmodpg
e — e(RR)R
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we obtain a k-linear strong monoidal equivalence
® : £ — gmodg >~ gemod.

In particular £ is a finite k-linear abelian category. The category END(C) is abelian as a category
of functors to an abelian category, §2 is exact (the tensor product of C being exact in each vari-
able), and the inclusion £ < End(C) is fully faithful, so w is exact. It is a well-known fact that
a right (resp. left) exact k-linear functor between finite k-linear abelian categories admits a left
(resp. right) adjoint. Thus w has a left adjoint F, as well as a right adjoint R. By Theorem 7.7,
we conclude that the comonoidal adjunction (F, w) 1s monadic and its monad 7" = wF is a Hopf
monad. Moreover T is k-linear and has a right adjoint w’R.

Now we transport 7" along the k-linear monoidal equivalence ® : £ — gmodg. Pick a quasi-
inverse ®* of @. The adjunction (FO*, @w) is a monadic Hopf adjunction. Its monad 7’ is a
k-linear Hopf monad on gmodg with a right adjoint ® wR®*. By Theorem 7.1, T is of the form
Ty for some bialgebroid A with base R, which is by definition a Hopf algebroid. Monadicity
ensures that the comparison functor C — (gmod R)T = 4mod is a k-linear monoidal equivalence
of categories. This concludes the proof of Theorem 7.6. O
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