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ABSTRACT. Let A be a k-algebra over a commutative ring k. By the renowned Tannaka-
Krein reconstruction, liftings of the monoidal structure from ;M to 4 M correspond to
bialgebra structures on A and liftings of the closed monoidal structure correspond to Hopf
algebra structures on A. In this paper, we determine conditions on A that correspond to
liftings of the closed structure alone, i.e. without considering the monoidal one, which
lead to the notion of what we call a gabi-algebra. First, we tackle the question from the
general perspective of monads, then we focus on the set-theoretic and the linear setting.
Our main and most surprising result is that a normal gabi-algebra, that is an algebra A
whose category of modules is (associative and unital normal) closed with closed forgetful
functor to , M, is automatically a Hopf algebra (thus justifying our title).
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1. INTRODUCTION

The starting point of the present paper is the Tannaka-Krein reconstruction theory for
Hopf algebras (or quantum groups), where one aims at reconstructing algebraic structures
and properties of (co)algebras from categorical structures and properties of their categories
of (co)modules. Such reconstruction theorems have been widely studied at different levels
of generality: see e.g. [Scl, U] for the case of Hopf algebras, [Mj, Sal] for the case of
coquasi-bialgebras (with preantipode), [Sc2, Sc3] for bialgebroids and Hopf algebroids,
[BEVV] for oplax Hopf algebras, [BLV] for Hopf monads and [V] for an overview.

More precisely, it is well-known that there is a bijective correspondence between bialgebra
structures on an algebra A over a commutative ring k£ and monoidal structures on its
category of left modules 4 M which are lifted along the forgetful functor w: 4 M — M,
that is to say, monoidal structures on 4, M for which w is a strict monoidal functor (see [P]).
Moreover, the category of modules over a bialgebra A is always a right closed monoidal
category, in the sense that for every left A-module N, the endofunctor —-@N: ,M — ;M
has a right adjoint given by ,M(.A® .N,—), where .A® .N is an A-bimodule with respect
tox-(y®@n) -z =x1yz@z9-n forall z,y,z € Aand n € N (see e.g. [Sc3]). In fact,
it is also left closed monoidal, meaning that the endofunctor N ® — has a right adjoint
given by ,M(.N ® .A,—). Hence, ,M is always a closed monoidal category. Remark,
however, that the right closed structure (i.e. the “right internal homs”) in , M differs
in general from that in ;M. In fact, the forgetful functor w lifts not only the monoidal,
but the full right closed monoidal structure if and only if also ( M (N, —) (endowed with
some A-module structure) provides a right adjoint to — ® N: 4, M — 4 M. If this is the
case, then the two right adjoints are related via the canonical isomorphism induced by
ARXN —- AR .N, x®@n +— 11 ® x9 - n. For N = A, this map is exactly the so-called
Glalois or fusion map of the bialgebra A, whose bijectivity corresponds to the existence of
an antipode for A. This makes it clear why lifting the right closed monoidal structure is
equivalent to having a Hopf algebra structure on A. Furthermore, a similar argument tells
that the left closed structure is lifted along w if and only if the bialgebra has an opantipode.
Thus, A is a Hopf algebra with bijective antipode if and only if both left and right closure
lift along w.

It is noteworthy that any one of the earlier mentioned cases of reconstruction theorems
follows the above structure, where first a bialgebra-type structure is obtained from lifting
the monoidal structure and then additional Hopf-like structures arise from closeness or
rigidity of this monoidal structure. However, in this paper, we change perspective and
we focus on closed structures as starting point. Indeed, closed structures on a category
can be defined independently of monoidal ones: see for instance [EK, St2, UVZ]. In a
nutshell, a closed category is a category C together with a distinguished object 1 and a
bifunctor [—, —]: C°? x C — C, which can be understood as the prototype of internal homs,
satisfying suitable compatibilities. From this perspective, we may equally look at .M as a
closed category for which the endofunctor (M (V,—): ;M — ;M has a left adjoint for
every object V. Therefore, it is natural to wonder what we can say about an algebra A for
which the category 4 M of left A-modules is closed (without necessarily being monoidal)
in such a way that the forgetful functor w: ,M — M is a closed functor, and only after
analyse the case in which also the monoidal structure is lifted.
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Despite being a perfectly natural and relevant question, the closed side of reconstruction
theory seems to have been mostly neglected in the literature so far. This paper is aimed at
filling this apparent gap by studying algebras A over the commutative ring k for which
the forgetful functor w lifts the closed structure but not necessarily the monoidal one. We
will mainly consider two different levels of strictness: skew- and (unital and associative)
normal-closed structures. In case the endofunctors [X, —] on a closed category C have
left adjoint, which we then suggestively denote as — ® X, then the closed structure is
skew-closed if and only if the associated monoidal product ® is skew-monoidal (see [Sz,
§2]). Unital and associative normality of the closed structure then correspond respectively
to (strong) unitality and associativity of the monoidal product. An important difference
between monoidal and closed structures is that the normality conditions can no longer be
expressed as internal properties in the category C, but they need to be expressed externally
in the category of sets (or in any category over which C is enriched, if one considers other
than Set-enriched categories). This is a first aspect that makes the theory of lifting closed
structures different from the usual Tannaka theory. Indeed, when lifting a monoidal product
together with the associativity and unitality constraints along a faithful functor w, then
the lifted structure is strong monoidal whenever the initial monoidal structure was. In the
closed case, where normality is an external property, the normality of the lifted structure
is an additional requirement.

It turns out that, for a given k-algebra A, lifting the skew-closed structure from , M to
1M corresponds to the existence of algebra maps 6: A — A® A°? and ¢: A — k satistying
appropriate conditions. Namely,

Theorem (Theorem 3.12). Let A be an algebra over a commutative ring k. Then the
closed structure of , M lifts to a skew-closed structure on 4 M if and only if:

(1) there ezists an algebra map €: A — k and
(2) there exists an algebra map §: A — A® A, 6(a) = ay ® a_ (summation understood),

such that for all a € A

are(a_) =a

ara_ =¢e(a)ly
[ X a_y X a__ay_ = a4 Ra_ R 1
In this case, A acts on  M(M,V) as (a.f)(m) = as f(a_m). ]

We call an algebra satisfying the equivalent conditions of the above Theorem a gabi-
algebra'” and we show how a quite unexpected source of examples is provided by certain
one-sided Hopf algebras in the sense of [GNT], i.e. bialgebras with a morphism which is
just a one-sided convolution inverse of the identity. In particular, modules over a one-sided
Hopf algebra are skew-closed and monoidal in such a way that the forgetful functor is
closed and monoidal, but they do not form a closed monoidal category. Furthermore,
inspired by the existing structure on the module category of a gabi-algebra and by the

() We prefer to keep the origin of the name gabi-algebra somewhat mysterious. Being an algebra with
the same additional structure maps as a bialgebra, although satisfying other compatibility conditions
(in particular, a different coassocativity condition), one could think of it as a “generalized associative
bialgebra”. Another hint, however, might be [B61], where the above axioms were given for the first time.
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prevailing examples, we also wonder when a gabi-algebra is a (one-sided) Hopf algebra
and we provide necessary and sufficient conditions in § 5. Our most striking result in this
direction is the following, which justifies the title of the paper in view of [Be].

Theorem (Theorem 5.12). Let A be an algebra. Then there is a bijective correspondence
between normal gabi-algebra structures on A and Hopf algebra structures on A. [

Concretely, our paper is organized as follows. In § 2 we recall the basics of (skew-)closed
and (skew-)monoidal categories and the duality between them. § 3 is devoted to paving the
way towards gabi-algebras. In § 3.1 and § 3.2 we address the question of lifting a skew-closed
structure in the monadic setting, from a skew-closed category C to the Eilenberg-Moore
category CT of algebras for a monad T on C; they also contain our first main results,
Theorem 3.4 and Proposition 3.7, providing necessary and sufficient conditions for the
lifting. In § 3.3 we take advantage of the generality offered by the monadic perspective to
fully answer the question in the set-theoretic setting and in § 3.4 we apply our machinery
to tackle the linear setting, which is leading to the definition of gabi-algebras. With § 4,
we finally introduce gabi-algebras, we study some elementary properties of them and we
provide a few concrete examples. Finally, in § 5 we address the question of determining
which additional conditions make a gabi-algebra into a Hopf algebra. There is also an
appendix, Appendix A, where we prove a lifting theorem for internal homs fairly more
general than the corresponding part in Theorem 3.4 and that represents, in fact, the core
of the proof of the lifting property in Theorem 3.4.

As a matter of notation, k denotes a fixed commutative ring (unless stated otherwise). If
A is a k-algebra, we denote by 14 (or simply 1) both its unit and the k-linear map k — A
giving the k-algebra structure. The multiplication of A might be denoted by m, - or simple
juxtaposition. For a generic category C, the external hom-set between two objects X, Y is
denoted by C(X,Y), and the identity morphism of an object X may be denoted by idx or
X. The square brackets [—, —] always denote an internal hom of a given closed structure
and 1 a distinguished object (either the closed or the monoidal unit).

2. CLOSED AND MONOIDAL CATEGORIES

In this section we review various flavours of closed categories and monoidal categories of
different laxities.

2.1. Left skew-closed categories. First we turn to a suitably lax version of closed
categories, following [St2, UVZ], which has the unquestionable advantage of involving only
conditions internal to C.

Definition 2.1. A (left) skew-closed category is a tuple (C,[—, —],1,T,4,7), where
(a) 1 € C is an object

(b) [—,—]: C°® x C — C is a functor

(c) i:[1,—] = — is a natural transformation

(d) j: 1 = [—,—] is a dinatural transformation (see, e.g., [Mc, Chapter IX, §4])

(¢) T is a family of morphisms I'§ ,: [Y, Z] — [[X,Y],[X, Z]] for X,Y, Z objects in C,
which is natural in the lower indices and dinatural in the upper index.
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These data are subject to the following axioms:

X
FX

1 LN [1,1] [X,Y] — [X, X], [X, Y]]
\ [ | [N
1 [XvY] ﬁ [17[X7YH
1— VY] [X,Y] RESN [[1, X],[1, Y]]
Jix, v \F}Y(Y ! [m l[[LX]viY]
[X, Y], [X, Y]] 1, X], Y]
W, X] e 0, W, (U, X
F%g%,w,m
Il [[U, V], [U,W]}, [[U, V], [U, XT]]]
lw&wﬂavuaxm
[V, W], [V, X]] W [V, W], [[U, V], [U, X]]

A skew-closed category is said to be
(N1) left normal if and only if

jX,Y C(X,Y) —>C(1,[X,Y]>, f|—> [f,Y]ij

is a natural bijection;
(N2) right normal if and only if ¢ is a natural isomorphism;
(N3) associative normal if the canonical morphism

. vec
Puxvz: [ CWUIV.Z]) x C(X, [V, V]) = C(U,[X, [V, Z])),
defined component-wise as

- ! e l9.1v:2)]

Fuxyz(f.g): U V. 2] —=~[[Y. V], [Y, 2] ==
for all f € C(U,[V, Z]), g € C(X,[Y,V]), is a bijection.

A skew-closed category satisfying left and right normality conditions will be called unital

normal. A skew-closed category satisfying all three normality conditions will be called

normal-closed.

(X, [, Z]]

Remark 2.2. (1) The adjective left in front of the term skew-closed category in Defini-
tion 2.1 shall be interpreted as the adjective left in left skew-monoidal category (we
recall this notion in Definition 2.8, for the convenience of the unaccustomed reader).
In fact, as we will recall in Theorem 2.12, left skew-closed structures are adjoints to left
skew-monoidal ones and vice-versa. Moreover, under this correspondence, normality
for the skew-closed structure corresponds to normality for the skew-monoidal one.
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Analogously, one could speak about right skew-closed structures and these would be
adjoints to right skew-monoidal ones. The interested reader may refer to [UVZ, §4]
for additional details. Henceforth, and as far as we are concerned, the left-hand side
case would be enough and so we will often omit to specify it.

(2) The term closed category is used in different ways in the literature, for a skew-closed
category satisfying none, some or all of the normality conditions. Following [UVZ], we
agree that the term closed category should be reserved for a skew-closed category that
satisfies all three normality conditions, in light of the duality Theorem 2.12. However,
in order to avoid confusion, we will call such a category “normal-closed” in this paper,
and avoid to speak about “closed category” without any prefix.

(3) In contrast to coherences of monoidal categories, left and associative normality for
skew-closed categories are conditions external to C, in the sense that they involve
the fact that certain functions in the category of sets are bijections. They cannot be
expressed by only using morphisms of C. This fact is the strongest feature of closed
categories and it plays a crucial role in § 5. Already at this stage it can be seen that a
functor that preserves the closed structure, even in a strict way, will not necessarily
preserve the normality conditions, because they are external. v

Our main examples of skew-closed categories are the following ones.

Example 2.3. The category Set of sets and functions is skew-closed. The inner hom functor
is given by [A, B] = Set(A, B). The unit object is the unit object of the monoidal structure,
i.e. a fixed one-element set . The natural transformation i,: Set(x, A) — A is the
isomorphism given by i4(f) = f(x), and the dinatural transformation j4: * — Set(A, A)
picks out the identity, i.e. ja(%) = id4. Finally, the transformation ngc is given by
post-composition, meaning

Fgc: Set(B,C') — Set(Set(A, B),Set(A,C)), fr— (g fog). A

Example 2.4. Let k be a commutative ring with unit 1. Its category of, say, left modules
M is skew-closed. The inner hom is given by [M, N] = , M (M, N), on which k acts as
(k.f)(m) = kf(m). The unit object is k. The natural transformation ip;: M (k, M) — M
is the isomorphism given by iy/(f) = f(1). The dinatural transformation j,; is again
‘picking out the identity’, i.e. it is the unique k-module map with jy/ (1) = idy,. Lastly, the
transformation F% p 18 again given by post-composition, F% p(f)=fo-—. A

The categories in Example 2.3 and Example 2.4 are both normal-closed, in fact. The
interested reader may check this directly, but it follows more easily from the fact that they
are closed monoidal (a notion that we will recall shortly in § 2.2), in conjunction with the
forthcoming Theorem 2.12. An example of a non normal-closed category is the following.

Example 2.5. Let k£ be a commutative ring and R be a (not necessarily commutative)
k-algebra. Consider the category M of left R-modules. For any M, N € M, define
[M,N| =, M(M,N) with the following R-action.

(r.f)(m) =r- f(m)
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for all f € L M(M,N), r € R and m € M. The unit object is given by the regular module
R. The structure maps are given by

e kM(R,M)%M, fo(lR),

Jjm: R— MM, M), r— {mw—r-m}
and I' is again given by post-composition. This is an associative normal but not unital

normal closed structure. Again, the interested reader may check this directly, but it would
be easier to observe that the following chain of bijections

MM, M(N,.P)) = MM, fhM(R.®N,.P)) = fM(((R.® N) ®g .M, .P)
=  M(M®N,.P)
makes it clear that the given skew-closed structure [—, —] corresponds, by adjunction, to
the skew-monoidal structure ® with regular left R-action on the left-hand side tensor

factor, which is an associative normal skew-monoidal structure, but not unital normal (see
the forthcoming Example 2.10). A

Functors between skew-closed categories can be required to preserve the skew-closed
structure in a coherent way. This leads to the following definition.

Definition 2.6. A functor F': C — D between skew-closed categories is closed if there is a
morphism Fj: 1p — F1¢ and a natural transformation F5(X,Y): F[X,Y]|c — [FX,FY]p
satisfying

Fo

1p Flc
jFXi iFjX
[FXv FX]D (X, X) F[XvX]C
FX <X [1p, FX],
Fix T T [Fo,FX]p
Flle. X]e — o~ [Fle. FX]p
FIY, F(1Z.X],[2.Y])
F[X7Y]C = FHZ7X]C7[Z7Y]C]C [F[ZHX]C?F[Z’Y]C]D
Fy(X,Y) l l [id,F2(2,Y)]
[FX7 FY]D F?;Z(,Fy [[an FX]Da [FZ, FY]’D]’D m [F[ZaX]Ca [FZ7 FY]’D]’D

If all of these are isomorphisms (identities), then F' is called strong (strict) closed.

Example 2.7. The identity functor on a skew-closed category is strict closed. The
composition of closed functors is closed: if F, G are composable closed functors, then F'G
is closed with (FG)O = FGO o FO and (FG)Q(X, Y) = FQ(GX, GY) o FGQ(X, Y) A
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2.2. Skew-monoidal categories. The notion of a skew-monoidal category is dual to that
of a skew-closed category, in a sense to be made precise in Theorem 2.12.

Definition 2.8. Following [Sz], a (left) skew-monoidal category is a tuple (C,®,1,a, A, p)
where C is a category, 1 is an object of C, ®: C x C — C is a functor, and

axy,z: (X@Y)@Z%X@(Y@Z)
Axi1®X—>X, pPxX: X—>X®1

are natural transformations subject to the following axioms:

W (XeY))

/ \
(WeX)eY)® (X®Y)®2)
al J{W@a

WeX)®(Y®Z) = WeXe(YeZ)

(2.1)

XYy - XeoY)o1l 19X)®Y 210 (X®Y)

Xep i“ Wl /

X®((Y®1) X®Y

XeYv (X®1)QY

TN

X®Y X©1eY) 191—~1

A skew-monoidal category is

(1) left normal if and only if A is an isomorphism,
(2) right normal if and only if p is an isomorphism,
(3) associative normal if and only if « is an isomorphism.

A monoidal category is a skew-monoidal category satisfying all three normality conditions.
Remark 2.9. A right skew-monoidal category would be defined similarly, but with all

structure morphisms (2.1) reversed. Since we will be interested mainly in left skew-monoidal
categories, we will often omit to specify it. v

Example 2.10. Let k£ be a commutative ring with unit and let R be a k-algebra. The
category pM of left R-modules is an associative normal skew-monoidal category with
respect to the tensor product ® over k. The left R-module structure on the tensor product
M ® N of two left R-modules is given by the left regular action on the left tensorand:
r-(m®n)=(r-m)®nforall re€ R,mé& M,n¢c N. The natural transformations are

aynp: (MON)@P S Me@(N®P), (men)p-me(nop),
Av: ROM — M, r®m—r-m, (2.2)
mM: M — M® R, m—m lg. A
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2.3. Skew-closed skew-monoidal categories. Let now C be a skew-closed category,
with the usual notation, and assume that for each X in C there is an adjunction Ly - [X, —].
Denote by coev® and ev® the unit and counit of each adjunction. Since [—, —] is a bifunctor,
there is a unique way to assign to each arrow f: X — Y and each object Z of C an arrow
Ly: LxZ — LyZ of C so that (X,Y) — LxY becomes a bifunctor for which the bijection
C(LxY,Z)=C(Y,[X, Z]) is natural in all three variables (cf. the symmetric version of [Mc,
Theorem IV.7.3]). The action of L on morphisms f: X — Y in the lower index is given by

L x coev

Y Lx[fLy 7] Viyz
LfZI LXZ E— Lx[Y, LyZ] E— Lx[X, LyZ] e LyZ .

For later use we record the following property of the adjunctions above (see [Mc, §1X.4,
page 216]).

X X

Lemma 2.11. The evaluations and coevaluations ev™ and coev”™ are dinatural in X.

Proof. We show it for the evaluation, the coevaluation being completely analogous. One
computes for f: X - Y

evy oLs[Y, Z] = evyoevy 1y z oLx|f, Ly[Y, Z]] o Lx coevyy 4

& evy oLx[f, Z] o Lx[Y.evy] o Lx coevyy

(;) eV§ OLX[f7 Z]
using (*) naturality of evX, and (x) one of the triangles of the adjunction Ly = [X,—]. O

Transporting the closed structure through the adjunction imparts on C the structure of
a skew-monoidal category [St2, Proposition 18]. Let us describe here how the structure is
obtained. We have the natural transformation

pxyz: [Ly X, Z Y, Ly X],[Y, Z]]

From this, one constructs the natural transformation
C(Lr,yX,V) 5 C(X,[LyY,V]) 2255 (XY, [Z,V]]) S C(LzLy X, V) . (2.4)

Such natural transformations are in bijection with C(LzLy X, Ly,yX) by the Yoneda
lemma, and this gives a skew associator axyz: LyLyX — L,y X as the morphism
corresponding to (2.4).

The two skew unitors are obtained from the adjunction as follows. Firstly, Ax: Lx1 — X
corresponds simply to jx: 1 — [X, X]. For the other, consider the natural transformation

C(L1X,Y) S C(X,[1,Y]) 225 C(X,Y) (2.5)

which by the Yoneda lemma gives px: X — L1 X.
Defining ® by setting — ® X := Ly concludes the construction of the skew-monoidal
structure (C,®, 1, a, A, p), and we repeat here the following theorem.

Theorem 2.12 ([UVZ, Theorems 2.10 and 3.8]). Let C be a category with a distinguished
object 1, and functors —® —: C x C — C and [—,—]: C? x C — C. Assume that there are
adjunctions —® X 1 [X, =], natural in X € C. Then left skew-monoidal structures (a, A, p)
on (C,®,1) are in bijection with left skew-closed structures (T, j,i) on (C,[—,—],1).

ry coevY [Y,Z
] LYX7Z [[ [ X [ ”

(X, Y, Z]] . (2.3)
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Moreover, the left skew-monoidal structure is left/right/associative normal if and only
if the left skew-closed structure is left/right/associative normal. The left skew-monoidal
structure is associative normal if and only if p from (2.3) is a natural isomorphism.

Remark 2.13. (1) Remark that p from (2.3) being a natural isomorphism can be under-
stood as Lx being a left inverse for [X, —|, as functors between C-enriched categories.

(2) For the sake of clearness, let us provide explicit formulae for the monoidal constraints
obtained from the closed ones under the correspondence of Theorem 2.12. The
associativity constraint axyz n C((X®Y)® Z, X ® (Y ® Z)) is given by

axyz = Viawez © (Vi xawan ®Z) o ((oevl,[2, X ® (Y @ 2)| @ V) ® Z)
° ((FEZ/®Z,X®(Y®Z) ®Y)® Z) ° ((CO@V?@Z ®Y)® Z)
and it is the unique morphism such that

Y, [Z, ax.y.z]] o [Y, coevi 4y ] o coevy

(2.6)
= [coevg, Z,X@ (Y ®Z)]o FXZ/®Z,X®(Y®Z) © C08V§®Z§

the left-unit constraint Ay € C(1 ® X, X) is given by Ax = evy o(jix ® X) and it is
the unique morphism such that

[X, Ax] o coevy = jx;
the right-unit constraint px € C(X, X ® 1) is given by px = ixg1 © coevy. v

Definition 2.14. A (left) skew-closed and (left) skew-monoidal category is called (left)
skew-closed skew-monoidal if and only if the skew-closed and the skew-monoidal structure
are dual to one another in the sense of Theorem 2.12. If either, and hence both, structure
satisfies all three normality conditions, this situation is termed a right closed monoidal
category in literature (remark however that the adjective right here has a different meaning
than the left before: it indicates that the left adjoint to [X, —] is given by tensoring on the
right). A monoidal category is closed if all functors X ® — and — ® X have right adjoints
(leading to two, a priori distinct, closed structures).

Example 2.15. The category Set is closed monoidal, the monoidal product being given
by the categorical product. The closed structure (both left and right) is the one in
Example 2.3. A

Example 2.16. Let R be a ring, and consider the category My of R-bimodules. This is
a monoidal category under ®g, and it is in fact closed monoidal. Indeed, recall that for
bimodules over rings R, S, T, we have the tensor-hom adjunctions

SMT(N’ RM(M> P)) = RMT(M ®s N, P) = RMS(M7 MT(N’ P)) ) (27)

where the bimodule structures on the hom spaces are of course (sft)(m) = f(ms)t and
(rfs)(n) =rf(sn). Specializing to S = T = R, we obtain the left and right closed monoidal
structures associated to the adjunctions

M@gp—AgM(M,—) and —@gM -+ Mgz(M,—)
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of endofunctors on M. Note that the two internal homs are in general not isomorphic.
For later use, let us record that the evaluations and coevaluations for the left closed
monoidal structure are

evi i M ®@p pM(M,N) = N, m®g f+ f(m), and
coevi i N = pM(M, M @ N), n~ (mrmegn) .

The corresponding right versions are completely analogous.

If R =k is commutative, then the category of e.g. left modules ;M is closed monoidal
as well. This is facilitated by first embedding ;M into M, (as usual, a right action on
M € M is defined by mr = rm), then performing the relevant operations there, and
finally forgetting back to ;M. Note that in this case, M ® N = N ® M canonically,
and hence the left internal hom and the right internal hom agree. We obtain the closed
structure from Example 2.4. The same can be done for right k-modules. A

3. TOWARDS GABI-ALGEBRAS

In this section, C is at least a skew-closed category. Let T € End(C) be a monad on C.

3.1. Lifting to Eilenberg-Moore categories. We wish to lift the skew-closed structure
of C to the Eilenberg-Moore category CT. Thus we need to find a functor [—, —]7: (CT)°P x
CT — C7, and natural transformations i’ , j7,I'T, forming a skew-closed structure on C”
and such that the forgetful functor Up: CT — C is strictly closed. Then, it =i, j7 = j,
I'" = T'. Thus, right normality of C is immediately transferred to C*, while this does not
necessarily have to be the case for the other two normality conditions.

We invoke the theorem for mixed liftings, Theorem A.2, to obtain the following.

Lemma 3.1 (Corollary A.4). Let C be a category, [—,—]: C® x C — C a functor, and
(T,m,u) be a monad on C. The liftings of [—, —| to CT are in bijective correspondence with
natural transformations sxy: T|TX,Y ] — [X,TY] satisfying

Sx,y O Urx,y] = [Ux,Uy],

SX,Y o TI’L[TX7y] = [X, my] o SX,TY (@) TSTX,Y O Tz[mx, Y] (32)

forall X,Y € C.

We call the conditions (3.1) and (3.2) on s unitality and multiplicativity, respectively.
Let us make explicit the bijection alluded to in Lemma 3.1. Let first [—, —]7 be a lifting
of [—, —]. For all (M, ua), (N, uxn) € CT, we then in particular have that the object [M, N]
is equipped with a some action of T that we denote by gy * uy: T[M, N| — [M, N]. We
can thus define a natural transformation as above via
TITX uy]

Trx,y] XX pipx py) 2o ipx ry] 2 x py

where X,Y € C. Conversely, given a natural transformation sxy: T[TX,Y] — [X,TY],
we can define an action pux o via

TIM, N 2N iy, Ny 22 (g, TN 2R (g N
where now of course (M, ), (N, pun) € CT.
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Example 3.2. Let T' be a Hopf monad on the left closed monoidal category C (in the
sense of [BLV, §3.1]). Then T admits a left antipode, which is a natural transformation
sxy: T[TX,Y] — [X,TY] satisfying some conditions only valid in the closed monoidal
setting [BLV, §3.3]. However, by [BLV, Proposition 3.8], the antipode is an example of a
natural transformation as in Lemma 3.1, which therefore may be seen as a generalization
of the antipode to the closed but non-monoidal setting. A

Remark 3.3. The interested reader may check that there is a bijective correspondence
between natural transformations sxy: T[TX,Y]| — [X,TY] for X,Y in C and natural
transformations v/ : T[M,Y] — [M,TY] for Y in C and (M, pups) in CT. Indeed, given s
we can consider

()M (M, Y] Tl prpag v S v Ty
In the opposite direction, given v we can consider

'Y}q;X [ux,TY]
sVxy:TTX,)Y] — [TX,TY] —— [X,TY].
These two constructions are well-defined and each others inverses. Furthermore, s satisfies
(3.1) if and only if v satisfies

W oupry) = [M, uy] (3.3)
and s satisfies (3.2) if and only if v satisfies

[M,my] o vy o T(w') = %' ©mpsy]- (3.4)
The T-algebra structure on [M, N] by means of + is given by

M

T[M, N] 22 [(a, TN 2229 1 )

for all (M, par), (N, py) in CT.

The fact that for any (M, pyr) there exists 4/ natural in Y and satisfying (3.3) and
(3.4) is equivalent to require that there exists a functor [(M, upr), —|7: CT — CT such
that w[(M, puar), —]7 = [M,w(=)]. Naturality of v in M is equivalent to the fact that
the assignment (C1)°P — Funct(CT,CT), (M, uar) — [(M, pas), —]7, is functorial. See [LS2,
§2.1], or [B62, Theorems 2.27 and 2.30] for a more elementary approach. v

In order to obtain a lifting of the entire skew-closed structure, one now simply needs to
require two things: the existence of some T-algebra structure 71 — 1 on 1 and that the
structural morphisms ¢, j,[" of C are intertwiners of the T-algebra structures granted by
the lifting [—, —]7 of the bifunctor [—, —]. The following theorem collects necessary and
sufficient conditions for the skew-closed structure to lift.

Theorem 3.4. Let T be a monad on the left skew-closed category C. Then CT is left
skew-closed such that the forgetful functor to C is strictly closed if and only if:

(1) there is a morphism py: T1 — 1 such that (1, ) € CT,
(2) T lifts [—, —| via a natural transformation s: T|T—, ~] = [—,T~]| as in Lemma 3.1,
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and they satisfy
Tix =irxosixoT[u,X], VX €C, (3.5)
jar 0 p = [M, pag o may] © sapras © Tjrar, ¥ (M, pag) € CT,
and for all X,Y € C and (P, up) € CT
IX 7y ©sxy = [[up, X],spy] o sppxyreyy o Tlspx, (e, Y] o TT xy - (3.7)

Proof. Let us prove the necessity part. Suppose that i), is a morphism of T-algebras for
any (M, pas) in CT. Then, given any X in C, in the following diagram

T[/Jl »X] Tix

T[T1, X] (1, X] TX
T(T1ux] (@  Thuy] (@) Tux
T[T1,TX] = T[1,TX] —— T°X |idrx
T[[l,]_,TX} ‘ T7'TX
$1,TX (¢) M1, Tx] (d) HT X
1,72X] 1,7X] TX
(1.p7x] iTx
(a) commutes by bifunctoriality of [—, —|, (b) commutes by naturality of ¢, (¢) commutes by

definition of ju1 a7 and (d) commutes by hypothesis. The right-most relation follows from
the fact that prx = mxy. Since, moreover, s is natural in both entries, s; 7x o T[T1,ux| =
[1,Tux] o s1.x, whence

Tix =irx o1, prx o Tux] o sy x o T, X| =irx 0 s1,x o T[p1, X]

Now, suppose that jj, is a morphism of T-algebras for every (M, pas) in CT. This entails
that the following diagram commutes for every (M, ppr) in C*

T[TM,TM] ST (M, T2M
;ﬁy// \\{@21 o)
Tjm M, M] [M,Tpn]
B @ J B, M) SM M
11— (M, M] MTM

IM [M,pp1]

since (a) commutes by dinaturality of j, (b) commutes by naturality of s, (¢) commutes by
hypothesis and (d) commutes by definition of jias,a. That is,

gm0 pn = [M, par o Tpag] © sarne © T = [M, pear © mag) © sy © T
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Finally, suppose that T'}; y is a morphism of T-algebras for all (M, par), (N, pun), (P, pip)

in CT. This entails that the following diagram commutes for all (M, uyr), (N, un), (P, pp)
in CT

TrE s
(M, N —2 7P, M), [P, N P e, i, [P V)
- T ‘ T[T[TP,M],[up,N]]
[uz\‘/I,N] (a) T[[P,pn],[P,N]] (b) T[Tpp,M],[P,N]]
T & PN
TIM, N — 2 (P, ), [P, NY| 2 (e, (P, ) T[T(TP, M), [TP, N
SM,N KM, N] (e) e, J\I\L (d) S[P.,M\L,[P,N] (9) S[TP,M\L[TP,N]
M, N) ([P, M], [P, N] ([P, M), T[P, N (TP, M), T[TP,N]|
VN T [[P,M],u1p,n] ‘
[Mer] (e) [[PvM]v‘[PvﬂN]] (.f) [[PaM]aT[HPvN]] [[MP M] T[TP N]]

[M,TN| ————[[P, M], [P, TN]]

F]M TN

[P, M|, T|TP, N
[[P,M],sp,N] H ’ ]a [ 5 ]]

since (a) and (e) commute by naturality of I', the left-most bended diagram, (b), (d) and
(f) commute by definition of pr,ny, (¢) commutes by hypothesis, and (g) commutes by
naturality of s. As a consequence,

FfmTY o sary © Tlpn, Y]

= [[P, M], [P, pry o Tuy]] o Fﬂ’TY osay o Tpar, Y]

*

= [[P, M], [P, pry]] o Ty 12y © sary © Tlpas, TY] o T[M, uy]

*

= HP M] [P7 NTYH © H#P7 M], SP,TY] O Sirp,M),[TPTY] © T[SP,M> [HP, TY]] ©
© TFTMTY o Tlur, TY] o T[M, uy]

—
=

~

o [P, M], [P, pry o Tuyl] o [[tp, M], spy] o sirparey) © Tlspars e, Y]] ©
© TFTM,Y o Tlun, Y]
= HMP, M], SP,Y] O S[rp,M),[TPY] © T[SP,M, [MP, Y]] o TF§M,Y o T[MM> Y]

where (x) follow from the naturality of I and s and (x) is the commutativity of the diagram
above with N =TY. Therefore

P
FX,TY °SXYy

- F§'TY osxy o Tlpurx o Tuy,Y]

—

*

= [[Pux], [P, TY]] o PIT)X,TY osrxy o1 |urx,Y]

—

*

= [[Pux],[P,TY]| o [[up, TX], spy] o Sirprx]rPy] ©
o Tlsprx,[pp, Y]] o TP;QX,Y o Tlurx,Y]

~

—

*

N

[lp, X1, spy] o s xymrryy © Tlspx. (e, Y] o TT x v o Tlurx o Tux, Y]
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= [[up, X1, spy] o sirpx)rpy) © Tlspx, (e, Y]] 0 TF$X,Y

for all X,Y in C, by the naturality of the maps involved (to be used in (x)), by the equality
above (to be used in (x)) and because purx = my.

To conclude, a close inspection of the diagrams above shall convince the reader that the
three conditions are also sufficient. 0

Remark 3.5. Continuing Remark 3.3, a technical but otherwise straightforward check
reveals that s satisfies (3.5), (3.6) and (3.7) if and only if v satisfies

dar o pa = [M, puag) o vap o T,

and
PTX
F?X,TY o ’YgX =[P, TX],%I;] © ’Y[[P,Y} Vo TF;X,Ya (3.10)

respectively, for all (M, py), (P, pp) in CT and all X,Y in C.

It is worth noticing that in [W] (see also the recent [St3]) the author studies a related
question to the one studied in this section. More precisely, in [W] a closed comonad G
on a closed category C is considered, and sufficient and necessary conditions are given
for G such that the Eilenberg-Moore category C% is closed and the forgetful functor is
strict closed. The difference with our approach is twofold. Firstly, even if a monad on a
category C encodes the same data as a comonad on C?, a closed structure on a category
C does not necessarily induce a closed structure on C?. Therefore, one cannot directly
derive results in the setting of monads on closed categories from results in the setting of
comonads on closed categories, or vice versa. Nevertheless, it should be possible to use
a similar approach as the one from [W] (or the one from this paper) in a dual setting,
in order to be able to compare both. A more fundamental difference however is that, in
contrast to [W], we do not assume the monad to be closed. The main ingredient in the
characterization of [W], called the Wood fusion morphism in [St3], is a morphism that
exactly looks as an inverse to the transformation 4™ from Remark 3.3. One could wonder
if the compatibility conditions that are required on our v as listed in this remark are
related to, or even can be deduced from, those for a Wood fusion morphism associated to
a closed monad (dualizing the results from [W]). v

3.2. The skew-closed skew-monoidal setting. Let now C be, in addition, left skew-
closed skew-monoidal. To help spell out the intertwining condition in the examples, we
employ the skew-closed skew-monoidal structure and we denote by Ly the left adjoint of
[X, —]. The adjunction establishes a bijection between natural transformations T[T X, —| =
[X,T—] and natural transformations LxT— = TLrx—. Explicitly, the latter sends a
natural transformation sxy: T[TX,Y] — [X,TY] to ty.x: LxTY — TLyxY given by

T

X
LxT coevy, VLY

Lx[X, TLTXY] E— TLTXY .
(3.11)

This yields a natural transformation L_(T'(~)) = T(Ly_(~)) between bifunctors, which we

shall call the mate of s. For the sake of completeness, if we are given ty x: LxTY — T LpxY

] Lxsx,Lpxy
X,

X
LxTY LxT|TX, LrxY
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then the natural transformation sxy: T[T X,Y]| — [X,TY] is given by

coev

TITX,Y]

[ 7

Q)E[TX,Y] ” [(X,trx,y],x] [ ;T evy
Rl LN

[X, LxT[TX,Y X, TLrx|TX, Y]] [X,TY].
Remark 3.6. For every object X in C,

c—L.¢c r

C C

t_x: LTXi 174 le is indeed the mate of sx _: [TX7—]T Y T[X,—]
C——C C C

in the categorical sense; one would just need to adapt the definition of a mate as in [L,

§6.1, page 186] to fit the setting of [Mc, Chapter IV, §7, page 98]. Thus, our “parametrized”
version of the terminology is justified. v

Notice that txy € C (LYTX ,T(Lry X )) is the unique morphism such that

[Y,txy] 0 coeviy = Sy.Lpyx O T(coev?/ ) (3.12)

Now, recall from Remark 2.13(2) the definitions of «, A, p in terms of 7,5, . The
properties of s translate to the mate in the following way.

Proposition 3.7. Let sxy: T[TX,Y] — [X,TY] be natural, and let t be its mate. Then
(1) s is unital, i.e. satisfies (3.1), if and only if t satisfies
tX’y @) LyuX = ULpyX © Lqu (313)

forall X,Y inC;
(2) s is multiplicative, i.e. satisfies (3.2), if and only if t satisfies

tX7y e} Lme = T(LmYX) e} mLT2YX ¢) TtX,Ty @) tTX,Y (314)

forall X,Y inC;
(3) s satisfies (3.5) if and only if t satisfies

TL/HX o) tX,1 O prx = TpX (315)
forall X in C;
(4) s satisfies (3.6) if and only if t satisfies
)‘MOLM,UI :,uMomMoT()\TM)otLM (316)
for all (M, ) in CT;
(5) s satisfies (3.7) if and only if t satisfies

IX, LY © ATXY,M = T(L )X> oT (Lty,TMX) oT (ax,rv,rm) © trpy x,m © Lt xy

T(L @Y

s
(3.17)

for all X,Y in C and all (M, pps) in CT, where ug\? denotes iy o mar = puar © Ty
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Proof. The proof is a technical but otherwise straightforward exercise. The dinaturality
(see Lemma 2.11) of coevX and ev¥ is to be used.

Nevertheless, since Claim (5) is not elementary, let us sketch the underlying argument
for the benefit of the reader. First of all, in view of the bijection

C(LpLipx)(TITX,Y]),TY) = C(T[TX, Y], [P, X],[P,TY]))
there exists a unique morphism F' on the left such that
[[P.X], [P, F]) o [[P. X],coevp, . rpry y)) © coeviiit vy = T% ry 0 sxv
and we claim that
F =T(evi™) o T( Loty [TX, Y1) 0 tirx v) 1p(p.xX] © Orzx,v) (X, P-
We check this by direct computation:
([P, X, [P, T(evy™ )] o [P, X], [P, T Loy [TX, YD © ([P, X], [Pyt vy, 1ppx)]] ©

P.X
o [[P,X],[P, aT[TX,Y},[P,X],PH o [[P, X], Coevf[RX]T[TX,Y]] o CoeV[T[T)](,y} =
(2.6)

[\

[P, X], [P, T(evy )] o [P, X, [P, T (L ey [TX, Y]] © [P, X1, [Pyt vy 2p e x]] ©

Lo([P.X
o [coevip x), [P, Ly px)TITX, Y]] o Ffp([P,X]),LLP( o TITX,Y] © COGVTEF(E( Y}])

—

*

= [coev(p x)s [P, TY) o T7 ipxpy ry © [Lp([P, X]), T(evi)] o
o [Lo([P, X]), T(Lyeuy[TX, Y1) 0 [Lp[P, X], tizx.y),Lp(p.x]) © COPVEIRY 5

~

3.12
= [CoeV[PX} [P, TY]] o FL ([PX]),TY © [Lp([P,X]), T(evy™)] o

L P,X
o [Lp([P. X)) T(Leery [TX. Y]] 0 $Lo(Px]) Lo oy x0T (coeviignd ™)

—
*
~

= [coevip ), [P,TY) o TL pxp.ry © Spepx)y © T[T (Lp([P, X])),evi™ | o
o TIT(Lp([P. X)), Lieer[TX. Y]] o T (coevi xh47D)

—
*
N

T(Lp[P,X
[coevfp ). [P.TY] o T pxp v © sep(pixy © LT (Lp([P X)), evy 0] o

o T[T(Lp([P, X)), Lrrppx)[T(evk), Y]] oT (COGVE‘;()L(P}%[PX} ))

—~
*
~

T(Lp|P,X
= [COGV‘[FE’X}’[P,TYH OFE ([PX]) TY OsLP([P,X])7Y OT[T(LP([P,X])),GVY( P[ ])} o

T(Lp([P,X
oT (COGV[T((L};([[P,X}})),)YO o T[T(evk),Y]

= [coevﬁ;jx], [P, TY]|o Ffp([PX}) TY © SLp([PX]),Y © T[T(eVﬁ)a Y]

—

*

= [coevipx), [P, TY] o [[Pevk], [P,TY]] o TX 1y 0 sxy =¥ py 0 sxy

=

where (x) follow by naturality of the morphisms involved and (*) by dinaturality of ev.
Similarly, one can check that the unique morphism G such that

P,X
[P, X, [P, G]] o [[P, X],coev] | rirxy)) © coeviffity,

= [[up, X], spy] 0 S[TP,X],[TPY] © Tlspx,[up, Y]] o TF?X,Y
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is

_ TX
G =T(evi™) o T(Lpeeey[TX,Y]) 0 T(LT <LH<2> ) TX, Y]) o T (Lt 0 [TX,Y]) 0
P
oT (CY[TX,Y],T[P,X],TP) O lLypTx,y],P O Lp (t[TX,Y],[P,X]) -
Therefore, since s satisfies (3.7), we have F' = G. That is,
T(eV1T/X) o T(LT(evg) [TX, Y]) o t[TX,Y],LP[P,X] O &T[TX,Y],[P,X],P
_ TX
= T(evi™) o T'(Lyeyr)[TX, Y]) 0 T(LT (L#(2) ) TX, Y]) o T (L) o [TX, Y1) 0
P
oT (a[TX,Y},T[P,X],TP> O tLyp (X, Y],P O Lp (t[TX,Y],[P,X])
(3.18)
for every X,Y in C, (P, up) in CT. Now,
tx,LyY ©QTX,Y,M
TLyY

Lrry,vX

(*) TLyY
= Tle OUTLyY,Lp,,yX],LaY © OT[TLy Y Ly, v X].Y,M © Ly LyT coevy

(*) TLyY
= T <eVLT£/[]WyX> OT(LT(evg/fMy)[TLMK LTLMYX]) OUTLy Y Lrp vy X1 Lar[M,LasY) ©

O OTTLyY,Lrp v XML ¥ © Lot Loeut TIT(LarY ), Ly v X] © Lar Ly T coevy ™

Lrry,vX

(3.18) TLyY )
=T (ev oT(LT<Cv£4My)[TLMY, Lrry,vX]) o

o

oT (a[TLMYaLTLMYXLT[M,LMY]aTM) ° tLT[J\l,LMY][TLJVIY7LTLNIYX]«M ©

o L (t[TLMy,LTLMYX],[M,LMY]) 0 Lt Loy TIT(LasY), Lrrpy v X] 0 L Ly T coevi“ ™Y

—~
*
N

T (ev}figf;ﬂ) o T(LT(L ) TLarY, LTLMYX]> o T (Lty.pof [TLarY, Lz py v X)) o
@)
oT (a[TLILlvaTLMYX]vTYaT]M) °© tLTY[TLMYaLTLMYX]aM o Lm (t[TLIVIYaLTLMYXLY) ° LJ‘4LYTC06V§LA4Y

*

= T<LT<L o Y)X> o T (Liy 7 X) o T (ax,rv,rar) © tLgy x,01 © Lt (Ex,v)
Har

—~
Z

where (x) follow by naturality and the triangles of the adjunction Lx - [X, —] (i.e., the
snake identities for ev and coev). We leave to the interested reader to check that also the
other implication holds. O

Remark 3.8. Let us take advantage of the convention X ® Y := Ly (X) as we did in § 2.3.
Then txy: TX ®Y — T(X @ TY). With this notation, (3.13) becomes

txy o (ux ®Y) = uxgry o (X ® uy) (3.19)
and (3.14) becomes

tX,Y e} (mX X Y) == T(X X my) O Mxgr2y © TtX7Ty 9 tTX,Y- (320)



EVERYBODY KNOWS WHAT A NORMAL GABI-ALGEBRA IS 19

Analogously, (3.15), (3.16) and (3.17) become
T(X ®py)otxsoprx = Tpx, (3.21)

A 0 (1 @ M) = ppr o mpr o T(Agar) ot (3.22

txyeoMm O QrxymM = T<X RT(Y ® MS?)) oT (X ®@tyrm)oT (axryvrm)

(3.23)
o txgrym o (txy @ M)

respectively, for all X, Y in C and (M, puys) in CT and where MS\? denotes iy o my =
o © T'ping- v

Let us now write the action of 7" on [—, —] in terms of ¢, for later use. To this end, recall
that given T-algebras (M, uys) and (N, uy), the object [M, N] becomes a T-algebra with
action ppy * iy = [M, un] o Sprnv © Tpar, N]. In terms of ¢, one finds that the T-algebra
structure is the composition

coevM ) [Mﬂg N1, ]
TIM, N] —"0 (M, Ly T[M, N]| ——C (M, T Ly [ M, N]|
I, N i [M,TLy.,, [M,N]] (3.24)
v
M, N M, TN M, TLy\M,N|| .
[ ) ] (M, jn] [ ) ] (M.Tev [ ) M[ > H

Remark 3.9. Continuing Remark 3.5, the mate 7 of v (and in this case 7 is exactly

the mate of ¥ in the sense of [L, §6.1, page 186], for every M in CT) is the natural
transformation 78 : Ly, T(X) — T Ly(X) given by

M M
LMWLM<X) VTL (X

COeVIVI
LasT(X) 25 Ly TIM, Las(X)] Lag[M, Ty (X)) b TLy(X).

The natural transformation v satisfies (3.3) and (3.4) if and only if 7 satisfies
o (ux ® M) = uxem and ™ o (mx @ M) = mxen 0 TT o T%,

respectively. In terms of 7, the T-algebra structure on [M, N| looks like

COeV]W
T(M, N] —2 (M, T[M, N] @ M|
\L [M,T[%LN]}
HiM,N] [M,T([M, N] ® M)]
H \L [M,T(ev%)]
[M, N] [M,TN]

[M7MN]

(by replacing 7 with its definition, we find the action via ). It follows that - satisfies (3.8)
and (3.9) if and only if 7 satisfies

T,OX = 7')1( °prx,

Aag o (pn @ M) = ppy o TAyg 073,



20 JOHANNES BERGER, PAOLO SARACCO, AND JOOST VERCRUYSSE
respectively. Furthermore, v satisfies (3.10) if and only if 7 satisfies

T)T((Y®M) o (TX ® r{%) o arxTY.M = T(X ® T{/V[) o T(aX7Ty7M) o T;‘(J®TY o (T};Y ® M)
for all X,Y in C and (M, uy,) in CT. v

Example 3.10. Let T be a left Hopf monad on the closed monoidal category C, with left
fusion operator HYy p: T(A® TB) - TA® TB. Choose Lx = —® X. Then the natural
transformation defined as the composition
TAQup (HZ)X}B
tap: LyTA=TA® B X" TA@ TB —2% T(A® TB) = TLrpA
satisfies unitality (3.13) and multiplicativity (3.14) as in Proposition 3.7. This can be seen

from the formulas in [BLV, Propositions 3.8 and 3.9]. We can re-express (H');'5 in terms
of t as the composition

TA®TB 2% T(A® 7°B) 22", 7(Ag TB) .

This observation implicitly appeared in [BLV, Proposition 3.9]. A

3.3. Set-theoretic solutions. We continue Example 2.3, the cartesian closed category
Set. As we are used to, take Lx = — x X. Let M be an algebra in Set, i.e. a monoid, and
consider the monad T'= M x —. We write multiplication in M by juxtaposition, the unit
is 1. The action of M on an M-set U will be denoted by M x U — U, (m,u) — m.u.
Since an element in a set S is the same thing as function * — S from the point, a natural
transformation tyy: (M x X) XY — M x (X x (M xY)) as in (3.11) is completely
determined by its value ¢, .. Thus, such a natural transformation is completely determined
by a function §: M — M x M, m+— (my,m_), via txy(m,z,y) = (my,x,m_.,y).
Unitality of ¢ means that

3.19
(1+7-’E, L,y) = (tX,Y o (UX X Y))(yc,y)( = : (UXXMXY ° (X X uﬂ)(a:,y) = (17% 173/) )

while multiplicativity means

((mn>+> Z, (mn)*7y) = (tX,Y © (mX X Y)) (m7 n,x, y)

3.20

e (M x X xmy)omxxaxmxy © (M X txaxy) o tarsx,y)(m,n, z,y)
= (m+n+’$7n—m—,y)

for all sets X, Y, all z € X, y € Y and m,n € M. Thus we get a lift of the inner hom
functor of Set if and only if 6: M — M x M°P is a monoid map. Here M°P is the opposite
monoid, i.e. the set M with multiplication m - n = nm and unit element 1.

Given two M-sets U and V, from (3.24) one computes the action of M on [U, V] =
Set(U, V) to be

(m-f)(u) = my.f(m_.u)

for all m € M, uw € U, f € Set(U,V). The unique function £: M — % to the terminal
object serves as an augmentation: it is automatically an algebra map.
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To lift the full skew-closed structure of Set to ,,Set = Set™*~, we need the transforma-
tions 4, j, I' specified in Example 2.3 to be M-module morphisms. To this aim, ¢ satisfies
(3.21) (up to identifying X x * with X) if and only if

(my,x) = ((M X X xe)otx.o pMXx)(m,:c)
= (M X pX)(m7 I) = (m,x)

for every set X, all z € X and all m € M, which is equivalent to 6(m) = (m,m_).
Furthermore, ¢ satisfies (3.22) (up to identifying * x X with X) if and only if

u= ()\U o (g x U))(m,u) = (,uU omy o (M X Ayxu) ot*,U)(m,u) =m,m_.u

for each M-set U and for every u € U. This yields the necessary and sufficient condition
mym_ =1 for all m € M.

Before discussing I', we note that this already forces M to be a group, possibly subject
to extra conditions imposed by I'. Indeed, mm_ = m ym_ = 1 says that every element
m € M has a right inverse. In particular, for a given m, we have that m_ has m__ as
right inverse. Since M is associative, the simple computation

m=m(m_m__)=(mm_)ym__=m__
shows that m is a two-sided inverse of m_, and so every element of M is invertible.
For I', we have that ¢ satisfies (3.23) if and only if
(m+7 xr,m_,y, U) = <tX,Y><U ° aMXX,Y,U> (m7 x,Y, U)

(3.23) <(M XX XxMxY x M(UQ)) o (M x X xtyyxv)o (M X axryry)

o txsmxyy © (txy X U))(m7x7y7u>
= (m++7 r,m—y,Y, m,,m+,.u)

for all sets X,Y", all M-sets (U, uy), and for every x € X, y € Y, u € U and m € M. This
leads to (myy,m_,m__m,_)=(my,m_,1) for all m € M.
Finally, this last condition is also satisfied for groups, i.e. if (my,m_) = (m,m™1).

Indeed,
<m++7 m_4, m,,er,) = (m7 milv <m71)71m71> = (TTL, m717 1) = (m+7 m_, 1) :

Similar considerations can be done for the monad — x M and we summarize this example
in the following Theorem.

Theorem 3.11. Let M € Set be a monoid. The following are equivalent:

(1) M is a group.
(2) The category ,,Set (Setys) of left (right) M -sets is left skew-closed such that the forgetful
functor to Set is strictly closed.
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3.4. The linear case. We now look at solutions in ;M for a commutative ring £, following
up on Example 2.4. Here Ly; = — ® M.

For a k-algebra A, the functor 7= A ® — is a monad on ;M in a natural way. We
need to exhibit a natural k-module map tyyy: (A M) N - A® (M ® (A® N)) with
certain properties. Note that such a map is determined by ¢ ;: we have

tun(a®@men) = (tyyo (A cu(m) @ex(n))(a®1®1)
= ((A® cu(m) @ A® ex(n)) otrs)(a@ 1@ 1)

by naturality, where cp(m): k — M is the unique k-linear map such that cp(m)(1g) = m
for all m € M. We define, in a Sweedler-like notation,

0: A= AR A, a—ar ®a_,

(summation understood) to be the obvious map such that ¢, x(a) =a; @1 ®a_ ® 1.

From here on, one carries out, mutatis mutandis, the computations from § 3.3. That is,
one declines the formulas from Remark 3.8 in this specific situation. We leave the details
to the reader, and instead just state:

Theorem 3.12. Let A be an algebra over a commutative ring k. Then the closed structure
of .M lifts to a left skew-closed structure on 4 M if and only if:

(1) (A,e) is an augmented k-algebra,
(2) there exists an algebra map §: A — A® A, 0(a) = ay ® a_ (summation understood),

and they satisfy

aiela_) =a (GA1)
ara_ =¢e(a)ly (GA2)
a1 ®a_r®a__ar_=a,®a_®1 (GA3)

In this case, A acts on  M(M,V) as (a.f)(m) = as f(a_m).

Remark 3.13. (1) The above Theorem details the case of left modules, i.e. we looked at
algebras over the monad A ® —. This choice was arbitrary: we could have chosen the
monad — ® A, whose algebras are exactly the right A-modules. One then finds that
lifting the skew-closed structure of , M to M, is equivalent to A being augmented
via ¢, and equipped with an algebra map ¢': A - A? ® A, a — a_ ® a,, satisfying
similar properties as above. In detail, we have

e(a_)ay = a, (GAY)
a_ay = ¢e(a)ly, (GA2)
ay_a__Qa_yQary=1Ra_Ray (GA3)

for all a € A. In this case, A acts on [ M(M,V) as (f.a)(m) = f(ma_)a,.

(2) Theorem 3.12 is the result of a fruitful discussion [Bol] between Gabriella Bohm
and Paolo Saracco during the CIMPA school “Quantum Symmetries” in Bogota in
2019. \
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4. GABI-ALGEBRAS: BASIC PROPERTIES AND EXAMPLES

For the rest of the paper, we will be concerned with the situation of Theorem 3.12.

4.1.

Definition and examples. Let us now define the main character of the paper.

Definition 4.1. An algebra A over k satisfying the equivalent conditions of Theorem 3.12
is called a left gabi-algebra. If A satisfies the conditions from Remark 3.13(1), then we call
it a right gabi-algebra. If A is a gabi-algebra such that the lifted skew-closed structure on
4M is normal, then we call A a normal gabi-algebra.

Remark 4.2. (1) Given the lifted skew-closed structure on , M, we can obtain the gabi-

algebra structure on A explicitly in the following way. The fact that k is the unit of the
closed structure makes that k£ must be endowed with a left A-module structure. The
augmentation map ¢ is then given by e(a) = a - 1;. Now consider the left A-modules
A®Aand A® .A, where the dot indicates how A acts regularly on the first and
second tensorand, respectively. Since the closed structure is lifted from , M, we
have that [A® . A, A® A] = M(A®.A,.A® A), which contains the identity map
id: A A — A® A. Then the comultiplication map ¢ is given by

d(a) = (a.id) (14 ® 14).

Of course, one can work with coalgebras and formally dualise (GA1), (GA2) and
(GA3) from Theorem 3.12 to obtain what we would call a left gabi-coalgebra, or
(GAT"), (GA2") and (GA3’) from (1) above to obtain a right gabi-coalgebra.

As for algebras, a gabi-coalgebra structure on a given coalgebra leads to additional
structure on its category of comodules. For example, let C' be a right gabi-coalgebra,
that is a coalgebra C' endowed with two coalgebra maps, a unit 1o: £ — C and a
multiplication V: C ® C°? — C, ¢ ® d — c.d, satisfying

cle =c, (GCT)
cy-ce) = £(0)le, (GC2)
e(e)e.d = (c.e(g)).(d.e(1)>. (GC3)

Consider two right comodules N and P. Then the k-linear hom space between them
can be endowed with the following structure map

WM (N, P) WYM(N, P& C)

o— (n % o(no). w(no)l.nl)

If N is moreover finite-dimensional, then we have a natural k-linear isomorphism
TMN,PRC)= M(N,P)®C

and the above map, combined with this isomorphism, endows , M (N, P) with a right C-
comodule structure. In particular, this will endow the category of all finite-dimensional
right C-comodules with a skew closed structure in such a way that the forgetful functor
to finite-dimensional vector spaces strictly preserves the closed structure.
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By using classical Tannaka duality, the above reasoning can be reversed. First,
recall that for any finite-dimensional right comodule N over an arbitrary coalgebra C,
N* is a left C-comodule with respect to

N*—>C®N*, fl%Zf(eio)eil@)ei,
where 3, e; @ €' is a dual basis of N, and so it is a right C*°P-comodule with respect to
N* — N*® C°P, fr—>Zei®f(ei0)ei1.

This shows that the contravariant auto-equivalence on the category of finite-dimensional
vector spaces given by taking the linear dual lifts to a contravariant equivalence
between the category of finite-dimensional right C'-comodules and the category of
finite-dimensional right C°°P-comodules. Suppose now that the category M$] of finite-
dimensional right C-comodules is skew closed in such a way that the forgetful functor
to finite-dimensional vector spaces strictly preserves the closed structure. Then, by
applying the above equivalence, the internal hom functor

[= =]+ (ME)™ x Mg — MG
can be rewritten as
[—, =] MG x M§ — MG
which translates by Tannaka duality to a coalgebra morphism

V:CeC—C

which will endow C' with a right gabi-coalgebra structure. v

Henceforth, we focus on the left-hand side case and we call left gabi-algebras simply
gabi-algebras.

Example 4.3 (Hopf algebras). Let H be a Hopf algebra over k. Then §(h) = h1) ® S(h(2))
turns H into a gabi-algebra. Indeed, H is augmented; h(1)e(S(h(2))) = h holds since S is
an anti-coalgebra map and A is (right) counital; h)S(h(2)) = £(h)1 holds since S is a
(right) convolution inverse of the identity; and finally

han®@S(h@y) ) @ S(S(he)@)S(haz) = hay @ S(he) o @ S(hazS(hae)e)
= ha1) ® S(he2) @ S(hagS(he))) = ha) @ S(ha) @ S(he)S(ha))
= ha) @ S(h@e) @1 .

If the antipode of H is invertible, then also the map h — k) ® S~ (h(1)) turns H into
a gabi-algebra. The choice of using the antipode or the inverse antipode corresponds to
lifting either the (entire) right or left closed monoidal structure to the category of left
modules. Evidently, h — S(h(1)) ® o) yields a right gabi-algebra structure. A

Example 4.4 (one-sided Hopf algebras). In Example 4.3 we did not use the fact the
antipode S is a left convolution inverse of the identity. This suggests another class of
examples, namely one-sided Hopf algebras.

A right (vesp., left) Hopf algebra is a bialgebra B in which the identity has a right (resp.,
left) convolution inverse. A right Hopf algebra whose right antipode is anti-multiplicative
and anti-comultiplicative carries the structure of a left gabi-algebra with respect to ¢ and
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d(b) == bay ® S(b()) for all b € B, i.e., it lifts the closed structure of ;M to its category
of left modules (symmetrically for the left Hopf algebra case). It is easy to see that a
one-sided convolution inverse of the identity is always unital and counital (see, e.g., [Sa2,
Remark 3.8]), so an anti-multiplicative and anti-comultiplicative one-sided antipode is
automatically an anti-bialgebra morphism.

Examples of one-sided but not two-sided Hopf algebras exist in the literature: see
[GNT, LT, NT, RT]. Namely, [GNT, Example 21] exhibits an example of a genuine left
Hopf algebra whose left antipode is an anti-bialgebra morphism, constructed as the free
left Hopf algebra over a coalgebra. In [NT, §3], a similar construction is used to exhibit an
example of a left Hopf algebra in which no left antipode can be an anti-bialgebra morphism.
In [RT, §3], a new example of a left Hopf algebra is provided by modifying the construction
of SL,(2); here as well the left antipode is neither an anti-algebra nor an anti-coalgebra
morphism. The latter example is extended in [LT] to provide a whole family of left Hopf
algebras SL,(n) for all n > 2. A

Inspired by Example 4.3 and Example 4.4, let us introduce the following definition.

Definition 4.5. The antipode of a gabi-algebra A is the map o: A — A defined by
o(a) =e(ay)a_ for all a € A.

The antipode ¢ is a composition of algebra morphisms,
o= A5 Ag A 5 g0

and hence itself an algebra morphism. Furthermore, it is a morphism of augmented algebras
since for all a € A,

(€0 0)(a) = e(ar)e(a-) = e(a).

Remark 4.6. One can now give trivial examples of an algebra H such that the forgetful
functor w: yM — M is both strictly closed and strictly monoidal, but not closed
monoidal. We simply need a bialgebra structure implementing a monoidal structure, and
an unrelated Hopf algebra structure implementing the closed structure as in Example 4.3.
For example, H = k[z|, with the bialgebra structure

Alx)=z®z, c(z)=1,
and the Hopf algebra structure
Alx)=1z+z®1, ex)=0, S(z)=-—u.

A more significant class of examples is offered by one-sided Hopf algebras as in Example 4.4.
We will treat the latter case in more detail in § 4.5. v

In view of what we mentioned at the beginning of § 3.1, for a gabi-algebra A the lifted
skew-closed structure on 4 M is automatically right normal. The interested reader may
now wonder what happens with left and associative normality. Since it will be easier to
answer after discussing tricocycloids and tensor-hom adjunctions in § 4.2 and § 4.3, we
postpone answering them until Proposition 5.10 and Proposition 5.11.
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4.2. Gabi-algebras and tricocycloids. Let us now show that a gabi-algebra A canon-
ically admits the structure of a so-called lax tricocycloid in M. This allows us also to
discuss a few conditions under which a gabi-algebra structure on an algebra A is coming
from a Hopf algebra structure (see Theorem 5.3).

Definition 4.7 ([St1, §3]). Let (C,®,1) be a braided monoidal category with braiding
c. A lax tricocycloid in C is an object A together with a morphism v: AR A - A® A
satisfying

(V@A) o(A®can)o (V@A) =(A®v)o(v®@A)o(ARW) . (4.1)
The morphism ¢’y ov is a fusion operator (see [St1, Proposition 1.1]). When v is invertible,

we drop the adjective ‘lax’. A (lax) tricocycloid (A, v) is augmented if there are morphism
n:1— Aande: A— 1such that

(Ae)ovo(A®n)=A, (@A) ov=ARe, vo(nR®A)=A®n, con=1. (4.2)

The notion of tricocycloid encompasses both bialgebras and Hopf algebras in C. In
fact, augmented lax tricocycloid structures (v,7,e) on an object A are in one-to-one
correspondence with bialgebra structures (m, A,n,e) on A with the inverse braiding, and
this bialgebra is a Hopf algebra if and only if v is invertible [L.S1, Proposition 2.3]. The
tricocycloid equation (4.1) encodes associativity, coassociativity, and the fact that A is a
multiplicative map with respect to the inverse braiding.

Example 4.8. Let H be a Hopf algebra over k. Then v(a ® b) = a@)b ® a@y and
V'(a®b) = by ®S(b))a define lax tricocycloid structures. In fact, v = v™!, and (4,v,1,¢)
is an augmented tricocycloid. A

But we do not need a Hopf algebra or a bialgebra structure in order to get a tricocycloid.

Proposition 4.9. Let A € .M be a gabi-algebra and set v(a @ b) == by ® b_a for all
a,b € A. Then (A,v) is a laz tricocycloid.

Proof. We compute

(v@A) o (A@twaa)o (V@ A))(a@b®c) = (V@A) o(ARtwaa))(by ®b_a® c)
= (v@A)(by ®c®b_a)
= ¢4, ®c_by®b_a,

where tw is the usual twist, and on the other hand,
(Aov)o(v@A)o (ARv))(a®@b®c) = (ARv)o(v® A))(a®cy ®c_b)
= (A®v)(ciy ®ci_a®c_b)
= ¢4+ @ (cb)y @ (c_b)_cy_a
Ciy ®c_yby®b_c__ci_a

(G249 cy ®c_by®b_a .

The expressions agree, and hence the claim follows. O
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4.3. Tensor-hom adjunction. As it turns out, gabi-algebras allow for a ‘tensor-hom’-like
adjunction on their categories of modules.

Let A be a gabi-algebra and M be a left A-module. Consider the k-module A ® M,
which we turn into an A-bimodule via

a.(b®@m).c =abcy @ c_m .
We denote this bimodule by A ® M.

Theorem 4.10. For any M € 4 M, there is an adjunction

(AOM)®4—

/\
M L M

pM(M,—)
The unit and counit of the adjunction are
coevht i N = M(M,(A®M)®,4N), nr (m— (140m)4n)
and
evy : (AO M) @4 M(M,N) = N, (a®@m)®@a f > af(m).

It is routine to check the unit-counit adjunction. Instead of giving the proof, we will
briefly explain where the adjunction comes from. First of all, the free-forgetful adjunction
for ,M gives an isomorphism (M (M,N) = ,M(A ® M,N) of k-modules, for any k-
module M and A-module N. Transporting the left A-module structure on (M (M, N)
through this isomorphism, one arrives at the right module structure on A ® M. Finally,
one uses the standard tensor-hom adjunction for bimodules over rings, see (2.7). The chain
of isomorphisms is thus

AM(N, M(M,P)) = ,M(N, MAGM,P))=  M((AGM)®sN,P).

Remark 4.11. Theorem 4.10 actually holds more generally: this adjunction exists whenever
A is an algebra admitting an algebra map 0: A — A ® A°P. v

4.4. Skew-monoidal structure. Any skew-closed category in which the inner hom functor
admits a left adjoint possesses a skew-monoidal structure (see § 2.2). Here we give the
skew-monoidal structure of the category of modules over a gabi-algebra, associated to the
tensor-hom adjunction from Theorem 4.10.

Consider the bifunctor

M:CxC—C, MEN=(AON)®4M .

Proposition 4.12. Let A be a gabi-algebra. The X tensor product defined above provides
a left skew-monoidal structure on 4 M with unit k, unitors

Av: kXN - N, (a®n)®a 1 — an, (4.3)
pv: M S MRE me— (1401;) ®4m,
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and associator
apun: (LEM)XN - LK (MXN),

(a@n) @4 ((bOm)@al) — (ab+ © ((1a®b_n) ®4 m)) ®al . (4.4)

Moreover, this is a monoidal structure (i.e., the unitors and associator are isomorphisms)

if and only if A is a normal gabi-algebra.

Proof. The adjunction from Theorem 4.10 is given in terms of hom-sets as
AMEXEY,V) S M MOV, fo (FFram (g f(1oy) @an))
with inverse
AMX MY V) S MXRY, V) g (¢ (a@y) @43 ag(@)(y))

where the action of a is in V. We leave to the interested reader to make explicit each time
to which adjunction (—)# and (—)” refer.
From the paragraph above (2.5), we can now immediately describe the left unitor as

Mx kKX =(A0X)®4k = X, )\X<(a®x) R4 1k> :jg(((an) R4 1k) = ax,
while unpacking (2.5) entails that the right unitor has to be
px: X > XKEk=(A0k)®4 X, r— (140 1) ®4 .
Notice that (2.5) is an isomorphism, since , M (k, X) = X as left A-modules, and px =
idf@k. Furthermore, px is invertible, as expected, with inverse
P XXE — X, p}l((aQ 1) ®4 ac) = id’ ((a@ 1) ®4 :U) = ax

(the invertibility of px follows from Theorem 2.12 and the fact that ,M is right normal).
Now, we compute the associator. First of all, the natural transformation from (2.3)
is given by (pxyz(h)) (2)(y) = h(1 ©® y @4 z), for any linear map h: X ® Y — Z. The
natural transformation (2.4) between hom functors can be described as f +— (p o f#), for
an A-linear morphism f: X X (Y X Z) — V. Explicitly, and by omitting a few X,
(po f#)"(a®2®4 (bOY ®a)) = (Pxyxrz © 1) (@© 204 0Oy @4 7))

= a(px,yx(vz) © f#)b(b Oy®ax)(2)
Zalbpxyxez o @) ()

= aby (pxv.xvz) © [7)(@)(y)(b-2)
=ab, fA(2) 1O b_2®ay)

=ab f(1O(1Obz®4ay) ®ax)

= flaby © (1O b_2®4Yy) ®a ),

where in the step marked (x) care has to be taken: the action of b takes place in [ M(Z, V).
By using the Yoneda lemma, we finally find axy,z = (pxy,x(vz)© id}‘f(yz))bb and it is clear
that this coincides with the associator in the statement.



EVERYBODY KNOWS WHAT A NORMAL GABI-ALGEBRA IS 29

The last statement is a direct consequence of Theorem 2.12 and the definition of a normal
gabi-algebra. U

Note also that
ERX =(A0X) Ak (A0X)@4 A/JAT 2 (A X)/(AG X)AT,

where AT = ker(e) is the augmentation ideal of A.

4.5. A family of non-trivial examples: one-sided Hopf algebras. We already saw
in Example 4.4 that right Hopf algebras with anti-multiplicative and anti-comultiplicative
one-sided antipode are examples of gabi-algebras, whence their categories of modules
are left skew-closed. It is interesting to remark explicitly that these provide an example
of left skew-closed categories which are neither left normal nor associative normal. Let
(B, A, ¢) be a k-bialgebra admitting an anti-multiplicative and anti-comultiplicative right
antipode S which is not a left antipode. Then B is a left gabi-algebra with respect to
e and 0(b) = bu) ® S(b)) for all b € B, whence the category zpM is a left skew-closed

category with respect to [M, N| = . M (M, N) with action (b- f)(m) = b(l)f(S(b(Q))m)
forallbe B,me M, f € (M(M,N) and for all M, N in z3M. Now, consider the k-linear
map

f: B B— B® B, a®b— aqy ® S(a@)b, (4.5)

and endow the domain with the diagonal B-module structure a - (b ® ¢) = a(1)b ® a()c
and the codomain with the left regular B-module structure a - (b ® ¢) == ab ® c for all
a,b,c € B. It is clear that 3 is not B-linear, otherwise the relation

aqy ® S(ag))ag =Pa-(1®1)=a-fl®]1)=a®1

would entail that S is also a left antipode, contradicting our choice. Nevertheless,
any - B (S (a(2)> (b® C)) =aq) - B (S (a(g)) b® S (a(g)) C)
= aq) - <S (2@) ) by ® S (S( a) ) b ) S (aw) )

=am)S (a(4)) bay® S (a(z)S (a(3)) ) c=¢(a)B(b®c)
)

implies that the assignment 1, — (3 is an element in zZM (k, [B ® B, B ® B]) which does
not come from an element in ;M (B ® B, B ® B) via the morphlsm in (N1). Therefore,
the skew-closed structure is not left normal. It is not associative normal either, or
Proposition 5.10 would imply that 3 is invertible, which is not the case.

As a final observation remember that, since B./\/l is not left normal as a skew-closed cate-
gory, Theorem 2.12 entails that the unitor Ay, from (2.2) cannot be a natural isomorphism.
It is interesting to see explicitly why this is the case in our concrete example. To this aim,
notice that even if g from (4.5) is not B-linear, it induces a left B-linear map

5. _BoO(Be.B)  BO(B®B)
"(Bo(B®.B)B*  (B®(B®B)B+’

because for all x € BT we have

az ) @ (S(z@)mba) @ S(S(xm)ebe))S(@@)e) = arq) @ (S(ze)ba) © Se))

®b®c)—a® (b(l) & S(b(g))C),
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=e(x)a ® (bay ® S(b))c) = 0.
If, in this framework,
B® (.B® .B)
B® (.B®.B))B*
is invertible, with inverse necessarily given by

B®(.B®.B)
(Bo (B® .B))B*t’

A Bg.B" ( —.B® .B, a® (b®c) = anyb® apec,

ANponp: -B®.B—

a®@br— a1y @ (1 X S(a(g))b),

then we have the equality

a®(1®1)=a1® (10 S(ap)as)

in Bo(.B®.B)/(BG(.B®.B))BT. By applying /3, the latter is an equality in B® (.B®
B)/(B® (.B® B))B™ as well, but now we may apply ¢ ® ¢ ® id to it (it is well-defined)
to conclude that €(a) = S(a(1))ac). A contradiction.

Modules over one-sided Hopf algebras also offer an example of a monoidal and left
skew-closed category whose structures are not compatible, that is, which does not form
a left skew-closed skew-monoidal category in the sense of Definition 2.14. Indeed, if B
is as above, then (zM,®,k) is a monoidal category and (zM, M(—,—), k) is a left
skew-closed category, but the functor — ® M is not left adjoint to the functor (M (M, —):
while the unit

coevi: N — , M(M,N @ M), n— (m—n®m)
is left B-linear, the unit
ev i JM(M,N)® M — N, f@m— f(m)

is not, unless S is a two-sided antipode.

5. WHEN ARE GABI-ALGEBRAS HOPF ALGEBRAS?

We saw (cf. Example 4.3) that Hopf algebras are examples of gabi-algebras, but also
that not any gabi-algebra is Hopf (see Example 4.4). This section is devoted to answer the
question when the gabi and Hopf notions coincide.

5.1. Finite-dimensional double gabi-algebras are Hopf. We first establish an easy
criterion for tricocycloids to give Hopf algebras.

Lemma 5.1. Let (A,v) be a laz tricocycloid in a symmetric monoidal category.

(1) If v is invertible, then (A,v™') is a lax tricocycloid as well.
(2) Assume that there are morphisms n: 1 — A and e: A — 1 such that

e@A=(A®Re)ov, N®A=vo(A®n), econ=1.

If v is invertible and (A ®e) ov™t o (A®n) = A holds, then (A,v™t n,€) is an
augmented tricocycloid, and thus equips A with the structure of a Hopf algebra.
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Proof. (1) follows directly from a simple computation, using that the braiding is its own
inverse. (2) is easy as well: if v is invertible and satisfies the given equations, then v~}
satisfies

(e@A)ov'=ARe, v'o(nA) =A4A17.

Together with € o7 = 1 and the assumption (A® &) ov~to (A ®n) = A, these are exactly
the defining equations (4.2) making the tricocycloid (A4,v™') augmented. O

Example 5.2. Continuing Example 4.8, (A, ', 1, ¢) satisfies the assumptions of the second
point of Lemma 5.1. A

Define now for a gabi-algebra A the canonical map
B: AR A— AR A, a®b—ar®ab. (5.1)

If 3 is invertible, we set A(a) = 87'(a ® 1). We can now show that gabi-algebras with
invertible canonical map are quite close to Hopf algebras. This will also be helpful in
proving Proposition 5.11.

Theorem 5.3. Let A be a gabi-algebra. If B is invertible and A is left counital, i.e.
(e®A)o A=A, then (A, A ¢e) is a coalgebra. In fact, A is a Hopf algebra whose antipode
is the antipode o of A.

Proof. Let tw be the flip map in , M, i.e. the canonical symmetric braiding. By Proposi-
tion 4.9, (A,v = S otw) is a lax tricocycloid. Clearly, v is invertible if and only if 3 is. We
also have € o = 1, and one computes

Al

(A®e)ov)(a®b) = bie(ba) B (@ A)ab),
and
(wo(A@n))(a)=1,®1_a=1®1la=(n® A)(a) .
Finally, we have
(A@e)ovo(A®n) =A < (@A) of o(Adn) =4,

and thus all the assumptions for the second point of Lemma 5.1 are satisfied. This shows
that we indeed get a Hopf algebra. By the general theory of augmented lax tricocycloids
with invertible structure map, the antipode is given by

S(a)=((e®@A)ovo(n®A))(a) =((e®A)ofo(A®n))(a)
=((e®@A)of)a®l) =(e®A)(ar ®a-1) =¢e(as)a- =0o(a)
as claimed. ]

The previous result allows us to reduce a first class of gabi-algebras to Hopf algebras.

Corollary 5.4. Let k be a field and A be a finite-dimensional gabi-algebra over k with
invertible antipode o. Define Ala) = ay ® o~ (a_). Then (A,m,1,A ¢,0) is a Hopf
algebra.
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Proof. In A, we have the identity

GA3
a1 =" ary ®e(a—y)a——ar— =ary ®o(a)as ,

which upon applying 1 ® o~! becomes a ® 1 = a,, ® 0~ (ay_)a_. Thus the composition

a®@b ay @a_brs ay, @0 Hag_)a_b

is the identity, i.e. the canonical map [ has a left inverse. By finite-dimensionality of A,
/3 is invertible. As in the paragraph preceding Theorem 5.3, we set A(a) = 871 (a ® 1),
i.e. A(a) =ay ® o~ (a_). If A is left counital, then by Theorem 5.3 we are done. So we
compute

(e®A)oA)(a) =¢e(ar)o™(a) =07 (o(a) = a,
exactly as needed. 0
Our next aim is to state a sufficient condition for the antipode of a gabi-algebra to be

invertible. First, note that for any closed monoidal category C with left and right internal
homs [—, —]! and [—, —]", respectively, one has natural isomorphisms

C(X,[Y,Z]"=2C(X®Y,Z)=C(Y,[X, 7] .

One can now generalize this to the closed (non-monoidal) setting by simply demanding two
closed structures with the same unit on the category such that an isomorphism between
the two outer hom-sets hold. Let us apply this to the gabi-algebra setting.

Lemma 5.5. Let (A, ¢) be an augmented algebra endowed with two gabi-algebra structures
denoted by 6(a) = a, ® a_ and §'(a) = apr ® a_r. Denote the associated closed structures
on oM by [—,—| and [—, -] respectively. Then, the following are equivalent:
(1) The k-linear isomorphism
¢: W MX, MY, Z)) = MY M(X, Z)), o(f))(x) = f(x)(y)
whose inverse is given by
restricts and corestricts to an isomorphism
AM(XJ [Yv Z]) = AM<Y7 [X, Z],)

forall X,Y, Z in 4M.
(2) ayay ®a_=1®a and aya_ @ a__r =1® a hold for all a € A.
If one of these equivalent conditions holds, then we call A a double gabi-algebra.
Proof. We will first show that for all f in ,M(X,[Y,Z]), ¢(f) is A-linear if and only if

aya_y ®a_r_ =1®a for all a € A. Now, observe that the left A-linearity of ¢(f) means
that

(a-0(H) W) (2) = ard(£)W)(arx) = ay flam)(y) = ap(arf(x))(y)

= aya_ry f(z)(a—r—y)

equals

o(f)(ay)(z) = f(x)(ay)
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forallz € X, yeY,ae A. Clearly, if aya_, ®a_— =1® a holds for all a € A, then
this is the case. Conversely, assume that (1) holds. Let X =Y = jAand Z = 4A® A and
consider f € 4 M(A,[A, A® A]) uniquely determined by f(1)(a) == 1® a for all a € A.
Then we have

1@ a=f(1)(a) = ¢(f)(a)(1) = (a.6(£)(1)) (1) = apd(£)(1)(a—r) = as f(a_r)(1)
= ay(a_ f(1))(1) = apar f(1) () = apa . ®a_r_

for all @ € A, as desired. A straightforward adaptation of this argument shows that ¢!
applied on , M (Y, [X, Z]') takes values in 4 M (X, [Y, Z]) ifand only if aya_ ®a__ = 1®a
hold for all a € A. O

Lemma 5.6. Let A be a double gabi-algebra, then the antipode o is invertible.
Proof. In this case, one has
o(o'(a)) =clapary)ar_=a and o'(o(a)) =clara_y)a__r=a,
so that the antipode is invertible. O
Combining Lemma 5.6 with Corollary 5.4 we immediately obtain the following.
Corollary 5.7. A finite-dimensional double gabi-algebra is a Hopf algebra.

5.2. Commutative gabi-algebras are Hopf algebras. Throughout this section, A
shall always be a gabi-algebra over the commutative ring k.

Proposition 5.8. If the gabi-algebra A is commutative, then it is a Hopf algebra with
comultiplication A(a) == aq) ® a@) = ay @ o(a_) and antipode o.

Proof. Since A is commutative, on the one hand we have that

GA3
ary ®ar_o(a_) =ary ®e(a—y)as—a__ =aiie(a_y) @a——a;— L og 1,
and on the other the computation

(GA2) (GA3)
o?(a) =¢e(ay)o(a-) =" apyar-cla—y)a =apselay)a—ay ="a

entails that also
ary @o(ay_)a_ =a44 ® a(a(a,)aJr,) =a®1

for all @ € A, whence the canonical map /3 from (5.1) is invertible with inverse 7! (a®b) =
a; ®o(a_)b. If we set A(a) = ay @ o(a_), then it is left counital because

(e ® A)(A(a)) = e(ay)o(a ) = 0*(a) = a
and so the statement follows from Theorem 5.3. O

Corollary 5.9. A commutative algebra lifts the closed structure of M if and only if it
lifts the closed monoidal structure.
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5.3. Gabi-algebras and normality. We are now in the position of establishing which
additional properties on A correspond to associative and left normality of the skew-closed
structure, as promised in § 4.1.

Proposition 5.10. Let A be a gabi-algebra over k. Then the skew-closed structure on 4 M
is associative normal if and only if the canonical map 5 from (5.1) is invertible.

Proof. Recall from Theorem 2.12 that the closed structure on 4, M is associative normal if
and only if every component of the associative constraint from (4.4), that is

apan: (LEM)EN - LK (MEN),
(a@n)@a((bom)®al) > (aby © ((1a©bn)@am))@al,

is an isomorphism. Therefore, we are going to show that ay, sy is an isomorphism for every
L,M,N in 4M if and only if 3 admits an inverse, that we write 57! (a®b) = a1y ® a(2)b for
all a,b € A by a slight abuse of notation that will be soon justified (see Proposition 5.11).
In such a case,

Ay, @ aq)_a@) =a®l=ayq) @agma- 52)
and ar @ a1y ® a(g) = A4 @A @ Ay '

for all a € A (the latter follows by applying id ® 3 to both sides and comparing the results).
Observe that since f(a ® 1) = §(a) = a4 ® a_ is unital and multiplicative, we have that

Blamba) ® a@)be)) = (a@ba))+ @ (a@)ba))-a@be) = aq) ba), @ bay_aq)_awe)be)
= ab(1)+ (09 b(l)_b(g) =ab®1 = Bﬁ_l(ab X 1),

whence A =+ A® A,a+— 7'(a® 1) is a morphism of algebras.
To begin with, let us slightly simplify (4.4). Note that

(LRM)RN = (AON)@4 (LRM) = (A0 N)@4 (AOM)@4L) = ((AON)OM) @4 L

via (a®n) @4 ((b Om) ®a l) — ((ab+ ©b.n)o m) ®4 [ in one direction, for all a,b € A,

meM,ne N,leL,and via ((a@n)@m) Ral— (a®n) Ry ((1A®m) ®Al) in the
other. Up to the latter isomorphism,

apun: (AON)OM)@aL— (A0 (AON)®4 M)) @4 L,
((@aen)@m)@al— (ao (1la@n)®am)) @al,
Suppose now that 3 is invertible and consider
(Ao (AoN)@aM))@sL— (AON)© M) @4 L,
(a@ ((b@n) R4 m)) Qal = ((a@b(g)n) @b(l)m) ®al,

which is well-defined because of (5.2). By a direct check, it turns out to be a two-sided
inverse of ay i, so one implication is proved.
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For the other implication, suppose that « is a natural isomorphism and consider the
isomorphism

(A0A)OA= (A0A)©A) @AY (A0 (A0 A) @4 A)) @4 A= AG (A A),
(@@b)®c—a®(cp ®cb),

where A ® A is a left A-module with regular left A-action on the left-most tensorand. If
we look at it as a k-linear morphism

(AR A)RA - AR (AR A), (a®b)®@c—a® (cy ®c_b),
its inverse is uniquely determined by
(@ed)@r" =d (1o @a1l))
for all z € A. The latter satisfies
1®$®1ISE’®LI}/H+®ZI}///,SL’” and 1®1®y:y+/®y+//yi®y+///
for all z,y € A. In particular,
T ® 1 — .CLJH_;’_ ® :E///_g(x/)a://

entails that a ® b — a"” ® £(a’)a”b is a section of 3, while

y1l=y"® €(y+’)y+”y-
entails that it is a retraction of 3 as well, hence it is its inverse. O

Proposition 5.11. Let A be a gabi-algebra whose canonical morphism [ is invertible.
Then the closed structure on 4M is left normal, too, if and only if A is a Hopf algebra
with comultiplication 3~ (a ® 1), counit € and antipode o(a) = e(ay)a_ for all a € A.

Proof. Clearly, if the gabi-algebra structure on A comes from a Hopf algebra structure,
then the claim in the statement holds. Thus, let us focus on the other implication. Recall
from Theorem 2.12 that the closed structure on 4 M is left normal if and only if every
component

A (AOM)/(A® M)AT = M, a®mw— am,

of the left unit constraint from (4.3) is an isomorphism. Since, by hypothesis, 3 is invertible
with inverse 57! (a ® b) = an)y ® agp)b for all a,b € A, we know that

a®©m=an), O _azm=1a0ela))agm

for all a € A, m € M. In particular, if A4 is invertible, then

la©ab=a®b=14®c(an))aeb
and so ab = €(a(1))a)b for all a,b € A. The conclusion now follows from Theorem 5.3. [

We are now ready to formulate the main theorem of this paper, the proof of which now
follows directly from the result above.
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Theorem 5.12. Let A be an algebra. Then there is a bijective correspondence between
normal gabi-algebra structures on A and Hopf algebra structures on A.

In other words, 4M is a normal closed category with strictly closed forgetful functor
M — M if and only if ;M is closed monoidal and the forgetful functor ;M — M is
strictly closed monoidal.

Remark 5.13. One could wonder under which conditions Theorem 5.12 can be extended
to the more general setting of algebras in a general closed monoidal category (possibly
different from ,M). To this end, let us make the following observation, which allows us
to recover the above result in such a more general setting. Consider two closed monoidal
categories C and D, and let F' : C — D be an (essentially) surjective-on-objects, strict
closed functor. Then we have the following natural isomorphisms:

[FIX®Y),FZ]=FIX®Y,Z] = F[X,[Y, Z]
= [FX,F[Y,Z]| = |[FX,[FY,FZ]| 2 [FX ® FY, FZ),

where the equalities follow from the fact that the functor F' is strict closed, and the
isomorphisms follow from the closed monoidal structures of C and D. Since F' is surjective
on objects and by invoking enriched Yoneda (see, e.g., [K, §1.9]), we obtain a natural
isomorphism F(X ® Y) = FX ® FY, so F is also strong monoidal.

Then, consider a normal gabi-algebra A in a closed braided monoidal category D, let C
be the category of A-modules and F': , M — D the forgetful functor. We showed that
modules are skew closed monoidal and normality of A means that ,M is closed monoidal
(see Proposition 4.12). Moreover F is strict closed by construction and essentially surjective
on objects since thanks to the augmentation map ¢, we can endow any object of D with a
trivial A-module structure. Then by the above F' is also strong monoidal and therefore
usual Tannaka-Krein duality implies that A is a Hopf algebra in D. v
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APPENDIX A. MIXED LIFTINGS

Consider categories D, £, and C. On them, consider a comonad (V, A, ) and monads
(W, m" u") and (T, m?,u"), respectively. Now let F': D x & — C be a functor. The
question is: when does this lift to a functor DV x EW — CT?

To answer it, let us introduce the following notion.

Definition A.1. A natural transformation of the form vyy: TF(VX,Y) — F(X,WY)
is said to satisfy the lifting property of F' with respect to (V, W, T) if the the following hold:

e mized (co)unitality:

F(VX Y)

FVX,Y) V1RV X,Y)
F(Exyugyx lVX,Y
F(X,WY)
and
e mized (co)multiplicativity:
mT
T?F(VX,Y) ey TF(VX,Y)
TQF(AX,Y)l JVX,Y
TF(VEXY) s TRVXWY) s FOXWY) s F(XVY)

Similar to the usual lifting theorem for monads, we can use these to classify liftings in
our current situation.

Theorem A.2. Let C,D,E,V,W, T, and I be as above. The liftings of F' are in one-to-
one correspondence with natural transformations satisfying the lifting property of F w.r.t.
(V,W,T).

More precisely, if v satisfies the lifting property, and (X, z),(Y,y)) € DV x EW | then
F(X,Y) is equipped with the T-action

TF(z,Y)

v =TF(X,Y) 22 rpvx, v) 225 pix, wy) 252

F(Xy

F(X,Y) .

The action on morphisms is determined by F'. Conversely, if the functor lifts, i.e. every
pair of (co)actions x,y lifts to an action >, ,: TF(X,Y) — F(X,Y), then the natural
transformation Vv - satisfying the lifting property is obtained as the composition

TFVXu¥)

PaymW F(ex,WY)
TF(VX)Y) ———TFVX WY) —— F(VX,WY) ———= F

(X, WY) .
Before proving Theorem A.2, let us record the following useful lemma.

Lemma A.3. Let everything be as in Theorem A.2, and assume that F lifts. Also, let
(X,x) and (Y,y) be a V-coalgebra and a W -algebra, respectively. Then

(1) Flex,Y) € CT((F(VX,Y),payy), (F(X,Y),bry))
(2) F(X,ulf) € CT((F(X,Y),bny), (F(X,WY), my))
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(3) The natural transformation built from the lifting satisfies
Viy = Flex,uy ) obayy = F(X,uy)ob,, o TF(eX)Y) = Dy mlV © TF(ex,uy)

Proof. (1) follows immediately, since F’ lifts by assumption and ex: (VX,Ayx) — (X, x) as
V-comodules. (2) is completely analogous. Finally, (3) follows from appropriate applications
of (1) and (2). O

Proof of Theorem A.2. We first establish the bijection. Let v be given. Then
Viy = Flex, WY)ory L woTF(VX,uy)

=Fex,WY) o F(VX,my) ovyxwy o TF(Ax, WY) o TF(VX,uy)
=Flex,WY)o F(VX,my) ovyxwy o TF(V?X,uy ) o TF(Ax,Y)
=Fex,WY)o F(VX,my) o TF(VX,Wuy)ovyxy o TF(Ax,Y)
=Fex,WY)ovyxy oTF(Ax,Y)
=vxy ol F(Vex,Y)oTF(Ax,Y)
=Vxy,

where we have used nothing but functoriality and the (co)unitality axioms.
On the other hand, given >, we have

Y = F(X,y) oty o TF(2,Y)
= F(X,y) o Flex,WY)obp, w o TF(VX,uy) o TF(z,Y)

(
O F(X,y) 0 Flex, WY) o F(VX,ul¥) oba,, 0 TF(z,Y)
=F(ex,Y)opa, o TF(z,Y)

@y, , o TF(ex,Y) o TF(x,Y)

Day -

Both (i) and (4i) use Lemma A.3. The other steps are again naturality and the (co)unitality
axioms.

Thus the bijection is established, and we are left with showing that everything is
well-defined. Let first v be given. We check unitality of >":

> . O uIT;(Xy) =F(X,y)ovxyoTF(z,Y)o ufﬂ(x’y)
= F(X, ?J>OVXYOU1T~“(VXY)OF($aY)
® F(X,y)o F(ex,uy)o F(z,Y)
=F(X)Y),

where the only non-trivial step () uses the mixed (co)unitality of v. To see the associativity
of AY, we compute

>y, o Mpxyy = F(X,y) ovxy o TF(x,Y) o mpx y
= F(X,y)ovxy o mzig(VX,Y) o T?F(z,Y)
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D P(X,y) 0 F(X,mY) o vxwy o Toyxy o T*F(Ax,Y) 0 T F(,Y)
D p(X,y) 0 F(X,Wy) o vxwy o Tvyxy o T2 F(Va,Y) o T*F(,Y)
WX, y) o F(X,Wy) o vxwy o TF(z, WY) 0 Tuxy o TF(z,Y)
WE(X,y)ovxy o TF(VX,y) o TF(x,WY) o Tuxy o T2F(z,Y)

= F(X,y) ovxy o TF(z,Y) o T(F(X,y) ovxy o TF(z,Y))

=y, 01>,

as desired. Here, (i) uses mixed (co)associativity, (i) uses (co)associativity of (co)monad
(co)actions, and (7i¢) and (iv) use naturality of v.
Finally we need to check that for (f,g): ((X,z),(Y,y)) — (X',2"),(Y",y')), the mor-
phism F'(f, g) indeed intertwines the T-actions. We have
F(va) ODZ,y = F(fag) OF<X7y) Olxy OTF(J:,Y)
= F(X',y)o F(f,Wg)ovxy o TF(z,Y)
= F(X/,y/) OVxryr© TF(Xf, g) o TF(ZL’, Y)
=F(X",y)ovx y o TF(2,Y")oTF(f,g)
= Dg/g’ e} ,‘Z_'Fw(f7 g) y
exactly as needed.

So now assume that F' lifts. In particular, the actions > are given. We check the mixed
(co)unitality of v”:

Viy 0 Upwxy) = Flex, WY) obp w o TF(VX, u3) 0 ufyx v
= F(ex,WY)o DA x,mW © u?(VX,WY) o F(VX, U}VY)
= Flex,uy ),

using unitality of T-actions. For the mixed (co)multiplicativity, we compute

F(X, my) o l/;WY o TV{',XY oT*F(Ayx,Y)

Y RX,mY) o F(X,ulfly) 05,y 0 TF(ex, WY) 0 Tty y 0 T*F(Ax,Y)

—

D 0 TF(ex, WY) o TE(VX, ull) 0 Toay , oT*F(eyx,Y) o T*F(Ax, Y)
=, 0 TF(ex, WY) o TF(VX,ull) 0 Toa

* w
- F(5X>UY ) OPAxy© TDAXJJ

—
N

_ W T
= F(ex,uy ) oPayy© Mpwxy)

(%) > T
=Vxy °Mpyxy) -

Here, Lemma A.3 was used in all steps marked (x).
Finally, we show that v” is natural. Let (f,g): (X,Y) — (X',Y’) in D x €. Then

Viryr ©TE(V f,9) = Flexi, WY") obp w0 TF(VX', uy,) o TE(V f,g)
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= Flex,WY") orp, i, o TF(V f,Wg) o TF(VX, uy)

(
Flex, WY") o F(Vf,Wg) obp, mw o TF(VX, uy)
= F(f,Wg) o F(ex,WY) 0ba w0 TF(VX, ull)
:F(faw.g)oVX,Ya

where in (x) we used that (V f,Wg) is a morphism in DV x €W of (co)free (co)algebras,
and thus F(V f,Wg) is a morphism in C”, intertwining the actions >, | myy and Da  w
This finishes the proof. O

Since a monad on a category is the same as a comonad on the opposite category, we
immediately get the following.

Corollary A.4. Let (T, m,u) be a monad on a category C. Then a functor F: C°® xC — C
lifts to a functor F#: (CT)°P x CT — CT if and only if there is a natural transformation
vxy: TF(TX,Y)— F(X,TY) satisfying

VXy OUp(TX)Y) = F(UX, UY)
and

Vxy © mF(TX’y) = F(X, my) OVx Ty © TVTX,Y o) T2F(mx, Y)

DEPARTEMENT DE MATHEMATIQUE, UNIVERSITE LIBRE DE BRUXELLES, BOULEVARD DU TRIOMPHE,
B-1050 BRUSSELS, BELGIUM.

Email address: paolo.saracco@ulb.be

URL: https://sites.google.com/view/paolo-saracco

URL: https://paoclo.saracco.web.ulb.be

DEPARTEMENT DE MATHEMATIQUE, UNIVERSITE LIBRE DE BRUXELLES, BOULEVARD DU TRIOMPHE,
B-1050 BRUSSELS, BELGIUM.

Email address: joost.vercruysseQulb.be

URL: http://joost.vercruysse.web.ulb.be


https://sites.google.com/view/paolo-saracco
https://paolo.saracco.web.ulb.be
http://joost.vercruysse.web.ulb.be

	1. Introduction
	2. Closed and monoidal categories
	2.1. Left skew-closed categories
	2.2. Skew-monoidal categories
	2.3. Skew-closed skew-monoidal categories

	3. Towards Gabi-algebras
	3.1. Lifting to Eilenberg-Moore categories
	3.2. The skew-closed skew-monoidal setting
	3.3. Set-theoretic solutions
	3.4. The linear case

	4. Gabi-algebras: basic properties and examples
	4.1. Definition and examples
	4.2. Gabi-algebras and tricocycloids
	4.3. Tensor-hom adjunction
	4.4. Skew-monoidal structure
	4.5. A family of non-trivial examples: one-sided Hopf algebras

	5. When are gabi-algebras Hopf algebras?
	5.1. Finite-dimensional double gabi-algebras are Hopf
	5.2. Commutative gabi-algebras are Hopf algebras
	5.3. Gabi-algebras and normality

	Acknowledgements
	References
	Appendix A. Mixed liftings

