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Abstract

We introduce the notion of an oplax Hopf monoid in any braided monoidal bicategory, generaliz-
ing that of a Hopf monoid in a braided monoidal category in an appropriate way. We show that
Hopf V-categories introduced in [4] are a particular type of oplax Hopf monoids in the monoidal
bicategory Span|V described in [5]. Finally, we introduce Frobenius V-categories as the Frobenius
objects in the same monoidal bicategory.
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1. Introduction

Over the last decades, a growing number of variations on the notion of Hopf algebra have surfaced,
and this has led to increasing investigations on the intriguing question of how these various
notions are related and can be unified in a single (categorical) framework.

Weak Hopf algebras |9] were introduced to describe extensions of Von Neumann algebras as
crossed products (by an action of a weak Hopf C*-algebra). A weak Hopf algebra is an algebra
that also has a coalgebra structure, but their compatibility as well as the antipode properties
are weakened compared to those of usual Hopf algebras. Weak Hopf algebras were one of the
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inspiring examples to define Hopf algebroids [10], which in turn led to Hopf monads [13]. Just as
Hopf monads live in the monoidal 2-category of categories, functors and natural transformations,
Hopf-type objects can be defined in any monoidal bicategory, and they have been studied in this
way, see eg. [20, 18, 39, 7]. In the latter, all previous mentioned Hopf-type objects (as well as
a few more) are interpreted as particular opmonoidal monads in suitable monoidal bicategories,
and different classical characterizations of Hopf algebras are recovered at an extremely high level
of generality.

In a different direction, multiplier Hopf algebras [42] provide a generalization of Hopf algebras
to the non-unital setting. Recently, the theory of weak and multiplier Hopf algebras have been
merged [43, 6] and brought to the categorical setting [8].

An intermediate notion, called Hopf category, was introduced recently in [4], as a linearized
version of groupoids. Just as a category can be viewed as a ‘monoid with many objects’, Hopf
V-categories are a many-object generalization (or a categorification) of Hopf algebras. They are
defined as categories enriched over comonoids (in a braided monoidal category V), that admit a
suitable notion of antipode. Moreover, a Hopf category can be ‘packed’ by taking the coproduct
of its hom-objects, leading to examples of weak (multiplier) Hopf algebras. In [5], Bohm showed
that Hopf V-categories fit in the framework of [7], namely they can be viewed as a particular
type of opmonoidal monad in a suitably constructed monoidal bicategory denoted Span|V, where
a braided monoidal category V is viewed as a 1-object monoidal bicategory.

For H either a classical Hopf algebra, a weak Hopf algebra, a Hopf algebroid or a Hopf
category, there are two fundamental points for its bicategorical interpretation as described above:
H is always a 1-cell in the considered bicategory, and moreover its underlying monoid and
comonoid structures make use of different monoidal products (that together fit into a duoidal
category structure).

In this work, we aim to provide a next step in this process of settling the notion of Hopf-type
objects in higher categories, moving from monoidal bicategories i.e. a tricategory with a single
0-cell, to braided monoidal bicategories [23] i.e. a tetracategory with a single O-cell and a single
1-cell, see [41, 27]. Within such a setting, we introduce the notion of an oplaz bimonoid which
consists of a 0-cell endowed with the structure of a pseudomonoid and pseudocomonoid, along
with oplax compatibility constraints between them. In the spirit of Tannaka-Krein duality, we
study the relation between monoidal structures on the category of lax pseudomodules over a
pseudomonoid and oplax bimonoid structures on this pseudomonoid.

Particular attention should be paid to the correct notion of an antipode for an oplax Hopf
algebra, which is more elaborate than what one might expect at first sight. It is no longer
a convolution inverse of the identity, but an oplaz inverse, a notion inspired by firm Morita
contexts. However, we still retain the uniqueness of the antipode if it exists, and we discuss the
relation between the existence of an antipode and the bijectivity of fusion morphism for an oplax
bimonoid.

A first motivating example for our new notion are groupoids which we show are oplax Hopf
monoids in the bicategory of spans. More generally, Hopf categories are a well-described class
of oplax Hopf monoids in a variation of Béhm monoidal bicategory Span|V, where now the
monoidal category V is considered as a monoidal 2-category with trivial 2-cells. We show that
this monoidal bicategory has some interesting features, in particular under some mild conditions
the forgetful functor to Span is a 2-opfibration.

The conceptual advantage of our approach is that the underlying monoid and comonoid
structure of an oplax bimonoid or Hopf monoid live over the same monoidal product, which
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places our concept closer to the self-dual notions of classical Hopf algebras and weak Hopf
algebras, restoring this feature for Hopf categories which was lost in their interpretation as Hopf
monads in [5]. In fact, the latter description and the current one are related via a dimension
shift in the following sense: a Hopf category in [5] is a 1-cell in a certain monoidal bicategory,
whereas in our setting it is a O-cell in a (different) symmetric monoidal bicategory.

We finish the paper by describing the notion of a Frobenius pseudomonoid in Span|V, leading
to the notion of Frobenius V-category. Although both Hopf and Frobenius categories are viewed
as pseudomonoids and pseudocomonoids in the same monoidal bicategory (albeit with different
compatibility conditions), by taking a closer look it becomes evident that the algebra and co-
algebra structures for a Hopf category are of different ‘type’, whereas for a Frobenius category
both algebra and coalgebra structure are of the same ‘type’. In the subsequent [15] we show that
a Hopf V-category that is locally rigid admits the structure of a Frobenius V-category, providing
a generalization of the well-known Larson Sweedler theorem.

Our paper is structured as follows. In Section 2, we recall some known results and fix
notation, especially for monoidal bicategories and pseudo(co)monoids. In Section 3 we introduce
oplax bimonoids and oplax Hopf monoids, and prove some first results for them. Section 4
consists of some elementary observations about the set X2 and more generally groupoids viewed
as objects in Span, where they give examples of oplax Hopf monoids and Frobenius monoids.
In Section 5, we extensively describe the symmetric monoidal bicategory Span|V and show that
the forgetful functor to Span is a 2-opfibration. In Section 6 we show that Hopf categories are
oplax Hopf monoids in Span|V, as well as intermediate structures like enriched (op)categories
and morphisms between them can all be realized in that setting. Finally, in Section 7 we study
the Frobenius monoids in Span|V, which we term Frobenius V-categories. In the appendix we
list the various coherence conditions for the objects and morphisms we introduced.

2. Preliminaries

In this section, we provide some background material and fix notation and terminology for what
follows.

2.1 Bimonoids, Hopf monoids and Frobenius monoids. We assume familiarity with the
theory of (braided) monoidal categories (V, ®, I, a, A, 0); see e.g. [33] or [29]. Since any monoidal
category is monoidally equivalent to a strict monoidal category, we will assume from now on
without loss of generality that the associativity constraint o and the unitality constraint A\ are
indentities. Recall that a monoid (algebra) in V is a triple (A,m: A® A — A,j: I — A)
satisfying the usual associativity and unitality constraints. Dually, a comonoid (coalgebra) in
V will be denoted as (C,d,€). We denote the categories of monoids and comonoids respectively
by Mon(V) and Comon(V) (= Mon(V°P)°P). When V is braided, both these categories inherit a
monoidal structure from V.

A bimonoid (bialgebra) in a braided monoidal category is an object M with a monoid struc-

ture (M, m,j) and a comonoid structure (M, d,e) that are compatible, in the sense that a bi-
monoid is equivalently both a comonoid in Mon(V) and a monoid in Comon(V). Diagrammatically
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this is expressed by

MeM ——— M

5@ I—7 M MoM "M [ 2 M
MeMeMaM s o AT x -
1@o@1], MoM I®] I

M®M®M®MﬂwﬂM®M

Bimonoids form a category Bimon()) whose morphisms are simultaneously monoid and comonoid
morphisms.

Moreover, a Hopf monoid (Hopf algebra) is a bimonoid (H,m, j,d,€) equipped with an an-
tipode s: H — H satisfying mo(s®1gy)od = joe = mo(ly®s)od. Since H has both a monoid
and comonoid structure, we can define the convolution product f ® g of any two endomorphisms
f,9 € V(H, H) as the composite mo(f®g)od; this is an associative binary operation on V(H, H)
with I® := j o € as its unit. Using this terminology, the defining property of an antipode is that
it is inverse to 1z under the convolution product. Hence, the antipode is unique when it exists,
and bimonoid morphisms between Hopf monoids can be seen to automatically commute with the
antipode. Therefore Hopf monoids form a full subcategory Hopf()) of Bimon(V). Equivalently
to the existence of an antipode on a bimonoid H, a Hopf monoid can be characterised via the
invertibility of the canonical maps (1 ®@m)o(d®1p) or (m®1y)o(1ly ®d); these are sometimes
referred to as fusion morphisms, see e.g. |36].

Finally, a Frobenius monoid A also has both a monoid and comonoid structure, but in this
case they are compatible via the Frobenius laws (14 ®@m)o(d®14) =dom = (m®14)0(14®d).
Morphisms between Frobenius monoids are simultaneously monoid and comonoid morphisms.
We denote this category by Frob(V). For more details about Frobenius algebras, see e.g. [38].

2.2 Enriched categories and opcategories. Recall that for a monoidal category V, a V-
graph A consists of a set of objects X together with a family of hom-objects {4y y}zyex in V;
we will use the notation A, , rather than the more common A(z,y). Morphisms of V-graphs are
functions f between the sets of objects, together with a family of arrows Fpy: Ay y — By ry in
V. Together these form a category V-Grph.

A V-category is a V-graph {Azy}eyex together with composition (or multiplication) laws
My Azy @ Ay . — Az . and identities j,: I — A, that satisfy the usual associativity and
unity conditions. A V-functor is a V-graph morphism that respects composition and units,
and together these form a category V-Cat. If V is braided monoidal, every V-category A has an
opposite V-category A°P with the same objects and hom-objects A3, = A, ,, where composition
arises from the one in A composed with the braiding. More on the subject of enriched categories
can be found in |30].

A V-opcategory C is a category enriched in V°P |20, §9]. Explicitly, there exist cocomposition
and coidentity families of arrows in V

Apyz: Cpo = Cry @Cy o, €3 Cpyp — 1 (2)

satisfying coassociativity and counity axioms. A V-opfunctor is a V°P-functor, so there is a
category V-opCat = V°P-Cat.

2.3 Monoidal bicategories and pseudo(co)monoids. Recall that a monoidal bicategory
K is a one-object tricategory [22, Def. 2.6], namely a bicategory equipped with a pseudofunctor
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®: K x K — K and a unit object I: 1 — K which are associative and unital up to coherent
equivalence; for the explicit description see [17, 35]. A monoidal 2-category is one whose under-
lying bicategory is really a 2-category. Notice that this is different from a 2-monoidal 2-category
whose tensor product is a strict 2-functor, namely where (f ® g) o (h® k) = (foh) ® (g o k)
rather than being coherently isomorphic as in the pseudo case. A weak monoidal pseudofunctor
F: K — L between monoidal bicategories preserves the monoidal structure via pseudonatural
maps F(A)®F(B) - F(A® B) and F(14) — 1r4 along with associativity and unity invertible
modifications subject to coherence axioms, see [20].

It is well-known that any monoidal bicategory is monoidally biequivalent to a monoidal 2-
category, and more precisely a Gray monoid: this is the one-object case of the coherence theorem
for tricategories |24, 22]. A Gray monoid [3, 20|, also called a semistrict monoidal 2-category, is
a monoidal 2-category with a tensor product which is strictly associative and unital on objects,
but still a pseudofunctor and not a strict 2-functor. In particular, for given 1-cells f: A — B
and g: C' — D there exists a suitable invertible 2-cell ¢s4: (f®1)o(1®g) = (1®g)o(f®1),
natural in f and g and satisfying certain coherence conditions. By convention, we denote the
l-cell (f®1)o(1®g) by f® g. In what follows, whenever we consider a monoidal bicategory
or monoidal 2-category, we will always suppose that it is a Gray monoid, where we suppress the
morphisms ¢y, and their inverses or (vertical and horizontal) compositions.

A monoidal 2-category is braided when it comes equipped with a pseudonatural equivalence
with components 04 5: A® B = B® A, and two invertible modifications relating the tensors of
three objects, subject to axioms that are detailed in references such as |3, Def. 6], |20, Def. 12] and
finalised in [19, Def. 2.2|; it is sylleptic when there exists an invertible modification v: 0 0o 00 =
1 and symmetric when o4 p o va B = vB A © 0B A, subject to appropriate axioms. On the
other hand, its weakened version of a braided monoidal bicategory as described in [23, § 2.4] is
computationally more challenging; due to a coherence theorem though, every braided monoidal
bicategory is braided monoidally biequivalent to a braided monoidal 2-category, as shown in
[23, Thm 27]. In more detail, there is an induced braided structure on the biequivalent Gray
monoid, which is then adjusted in order to constitute an actual braided monoidal 2-categorical
structure as defined in [19, Def. 2.2]. Furthermore, the respective coherence result for symmetric
monoidal bicategories can be found in [25]. Therefore in what follows, we often work without
loss of generality in the simpler context of a braided or symmetric monoidal 2-category (Gray

monoid) K.

A pseudomonoid |20, §3] (or monoidale) (A, m,j,a,f,r) in K is an object A with multipli-
cationm: A® A — A, unit j : A — I, and invertible 2-cells

A0 AR A L2 4w A 29 A0 A d2 g

W NS lm/

AQA —— 5 A

HZ%
—
w
~—

IR=

satisfying appropriate coherence conditions found in Section A.1. For example, a pseudomonoid
in the cartesian monoidal 2-category (Cat, x,1) is a monoidal category. Dually, we have the
notions of a pseudocomonoid in a monoidal 2-category, denoted by (C, 4, ¢, 3, s,t).

An oplax (or opmonoidal) morphism between pseudomonoids is a 1-cell f: A — B equipped
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with 2-cells

A A —" 5 A I— A

f®fl (s f 4 ¢o ¥ (4)
J

B®B —— B B

such that compatibility conditions for units and multiplications hold, see Section A.1. A lax
morphism of pseudomonoids is defined similarly, with the 2-cells ¢, ¢g pointing in the opposite
direction and the conditions adjusted accordingly. For example, (op)lax morphisms between
pseudomonoids in Cat are precisely (op)lax monoidal functors. If K is a monoidal 2-category, then
pseudomonoids together with (op)lax morphisms form categories PsMongp(KC) and PsMon,, (KC).
Dually, we can talk of oplax morphisms between pseudocomonoids; if P is the monoidal 2-
category with reversed 1-cells, it is the case that PsMongp (IC°P) =2 PsComongp (K)°P.

In fact, for any monoidal bicategory K, PsMongg(K) is also a bicategory: if (f, ¢, o) and
(g9,%,1p) are two oplax morphisms between pseudomonoids A and B, a 2-cell between them
is some «: f = ¢ which is compatible with the oplax structure 2-cells, see Section A.1. The
similarly defined bicategory PsMonj (k) was denoted by Mon(K) in [18].

Furthermore, when K is a braided monoidal bicategory with braiding o, the bicategory
PsMongp (K) obtains a monoidal structure itself: the multiplication and unit on the tensor prod-
uct of two pseudomonoids A and B is

A9B®A®B 224 A9 A B® B ™2™ A® B (5)
I=1el ™ A9 B
and the coherence data can be readily constructed also. This can be seen as a result of the fact
that the braided structure of a monoidal bicategory endows the pseudofunctor ® with a monoidal
structure, as discussed in [20, 117], hence it preserves pseudomonoids by [20, Prop. 5].
Finally, a Frobenius pseudomonoid inside a monoidal bicategory is an object with a pseu-

domonoid and pseudocomonoid structure (A, m, j,d, €) together with isomorphisms

A A — % Ao AxA

~ ¢
10d Sa T 19m (6)

) ~

3

A®A®AT®1>A®A

satisfying certain coherence conditions, see Section A.5. For a detailed study of such objects
and equivalent formulations see [38, 31, 32]. If f: A — B is a l-cell between Frobenius pseu-
domonoids, we may choose any of the four combinations of lax or oplax structures between the
pseudo(co)monoids for forming a bicategory. For example, we can denote by Frobepi opi(K) the
category of Frobenius pseudomonoids with oplax pseudomonoid, oplax pseudocomonoid mor-
phisms between them.

3. Oplax bimonoids and Hopf monoids

In this section, we define oplax variations of bimonoids and Hopf monoids in a braided monoidal
bicategory and examine some of their basic properties. These serve as basic concepts and tools
for the following sections.
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3.1 Oplax bimonoids. Previously we described the monoidal bicategory PsMong(C) of
pseudomonoids with oplax morphisms and 2-cells for a braided monoidal bicategory K; one may
consider pseudocomonoids therein and establish a notion of ‘oplax bimonoid’, namely an object
with a pseudomonoid and pseudocomonoid structure and an oplax interaction between them.

Definition 3.1.1. In a braided monoidal bicategory (K, ®, I, o), an oplax bimonoid is an object
M in K endowed with a pseudomonoid structure (M, m,j) and a pseudocomonoid structure
(M, 6,¢) along with 2-cells

Mo M m M
5®5l
MMe@MeM 6 5 (7)
1®U®1\L
M®M®M®MW>M®M
I—1 M MeM - M I M
Nl 400 ld s®€l Ux lﬁf 1l Uxo0 lg (8)
I®IwM®M I —— 1 Iﬁ]

expressing that comultiplication and counit are oplax pseudomonoid maps as in (4). These data
satisfy certain axioms which are explicitly written in Section A.2.

The above notion indeed generalizes ordinary bimonoids by essentially inserting 2-cells inside
the commutative diagrams (1), subject to coherent conditions. For example, any bimonoid in a
braided monoidal category V viewed as a (2-)monoidal 2-category with trivial 2-cells is an oplax
bimonoid, strict in that the (co)associativity and (co)unit constraints are identities. Moreover, an
oplax bimonoid in that strict sense in the cartesian 2-category K = (Cat, x, 1) is a strict monoidal
category, since any object has a unique strict comonoid structure. A general oplax bimonoid in
Cat is up to isomorphism a monoidal category: due to 1 being terminal, a pseudocomonoid is up
to isomorphism still the trivial one namely the comultiplication is isomorphic to the diagonal,
and o, x = id whereas 6, 6y are uniquely determined isomorphisms. Non-trivial examples will
be provided in the subsequent sections.

Morphisms between oplax bimonoids are oplax maps between the corresponding pseudo-
comonoids in PsMongp(KC). More explicitly, we have the following definition.

Definition 3.1.2. An oplax bimonoid morphism between oplax bimonoids M and N with
structure 2-cells (6,6, x, x0) and (&, &o,w,wp) in a braided monoidal bicategory K is a 1-cell
f: M — N that is both an oplax pseudomonoid morphism and an oplax pseudocomonoid mor-
phism with structure 2-cells

MeM—" M 11— sypm M—sMeoM M

f®f‘/ Uo f 4 ¢ lf f Yy lf@f f‘ b v (9)

J

NoN —— N N N——N&N N-——1I

satisfying four axioms expressing that ¢ and g are 2-cells between oplax pseudomonoid maps;
axioms are explicitly recorded in Section A.3.
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Oplax bimonoids form a bicategory OplBimon(KC) = PsComongp (PsMongpi(K)) . Notice that
the axioms oplax bimonoids satisfy are very similar to those of duoidal categories [2|, which
can be explained by observing that duoidal categories are pseudomonoids in PsMone(K) or
equivalently in PsMony,,(KC), for L = Cat. Hence these notions are ‘half-dual’ to one other.

As mentioned above, a weak monoidal pseudofunctor between monoidal bicategories preserves
pseudomonoids and analogously a (strong) monoidal one preserves pseudocomonoids as well.
Below we establish that a braided monoidal pseudofunctor as in [20, Def. 14| preserves oplax
bimonoids between braided monoidal bicategories.

Proposition 3.1.3. Let F: K — L be a braided monoidal pseudofunctor of bicategories. If M
s an oplax bimonoid in K, then FM is an oplax bimonoid in L.

Proof. Suppose (M,m, j,d,¢,0,6p,x,xo0) is an oplax bimonoid as in Definition 3.1.1. Then the
pseudomonoid and pseudocomonoid structure on FM are given by

FM@FM — F(Me M) 2% FM, - FI25FM
FMZS FMoM) - FMeFM, FMISFr—1
where the unnamed arrows are the structure maps of the strong monoidal pseudofunctor F,

namely two equivalences and its pseudoinverses. We can then equip FM with an oplax bimonoid
structure (7) and (8) as follows: the 2-cell 6/ is formed as the composite

FM @ FM s F(M @ M) Fm FM
FooFs| S F(629)| UF |7
FM@M)®@ F(M& M) —— F(IM® Mo M M) F(M® M)
l ]-'(1®0®1)l __ F(mem) -
FM@FM@FM@FM © FMeMeMe M) o

1®a®1l l

FM@FM®FM @ FM — F(M® M) @ F(M® M) — FM & FM

where the two unnamed invertible 2-cells are due to pseudonaturality of the monoidal structure
maps of F, whereas (%) comes from F being (strong) monoidal and braided. Similarly the rest
three 2-cells are constructed as composites of Fy, Fx, Fxo with coherent isomorphisms, and
the conditions of Section A.2 are satisfied. O

In the spirit of [2], one could define a notion of ‘bilax’ monoidal pseudofunctor between braided
monoidal bicategories which would be precisely such that it preserves oplax bimonoids: essentially
a weak and an opweak monoidal pseudofunctor which comes with coherent isomorphisms of the
form (). For our purposes though, the above setting suffices for our example at hand — the strict
monoidal forgetful functor of bicategories of Section 5.2.

3.2 Oplax modules for oplax bimonoids. One of the fundamental properties of a bimonoid
in an ordinary monoidal category is that there exists a monoidal structure on its category of
modules, with a strict monoidal forgetful functor. In order to generalize this for oplax bimonoids
in monoidal bicategories, we introduce the notion of an oplax module.



Oplax Hopf algebras 79

Definition 3.2.1. Let (M, m, j) be a pseudomonoid in a monoidal bicategory KC. A (right) oplax
M -module is an object X € K equipped with a 1-cell p: X ® M — X and 2-cells

XoMoM "y xoM X "% .xoM

p®1‘/ Ve ‘/p I & ‘/p (10)
id

XM ———— X X

satisfying appropriate compatibility axioms listed in Section A.4. When £ and &; are invertible,
we say that X is a pseudo M-module.

A (right) oplaz M -module morphism (f,¢) : (X, px,&, &) — (Y, py,(, (o) consists of a 1-cell
f:X =Y in K and a 2-cell

XoM -2, X

f@ll Uo lf (11)
YOM ——Y

satisfying coherence conditions (70) and (71). If ¢ is invertible, we say that (f,¢) is an oplax
M-module pseudomorphism. Finally, a transformation between oplax M-module morphisms
(f,0),(g,%) is a 2-cell a: f = g which is compatible with the structure morphisms, see (72).

Oplax M-modules together with their oplax morphisms and transformations form a bicate-
gory OpIModoPl7 which comes with an evident forgetful strict functor to . Similarly, we have
the bicategory OpIMod]p\f[ of oplax M-modules with pseudomorphisms and transformations.

Remark 3.2.2. Clearly, one could also consider (op)lax (co)modules over a pseudo(co)monoid.
In fact, the notion of pseudomodule as defined above is closely related to the notion of algebra
for the pseudomonad (— ® M) on K as considered in [34]. However, it is important to remark
that some (but not all) structure 2-cells in our context have the opposite direction of those e.g.
in [34, p.96].

Since the appearance of the first pre-print version of this work, oplax modules over a skew
monoidale also have been studied under the name of oplaz actions in [1]. Therein, oplax modules
are required to satisfy an additional axiom, which however follows from the other axioms in our
setting (see [34]).

Proposition 3.2.3. For any oplax bimonoid M, the bicategories OpIModﬁZ and OpII\/IodE’\f[I have
a monoidal structure, such that the forgetful functors OpIMod]p\j — Oleod?\ffI — K are strict
monoidal.

Proof. Suppose (K, ®,I,0) is a braided monoidal bicategory. Take an oplax bimonoid (M, m, j,d, €)
with structure 2-cells (6, 6y, x, xo0) as in Definition 3.1.1, and two oplax M-modules (X, px, &, &o)
and (Y, py, (, o) as in Definition 3.2.1. We can endow X ® Y with an oplax M-module structure
as follows: the M-action is the composite

pxey: XY oM 2% XeoyvyeoMeoM 29 XoMeY o M 222 XY  (12)
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and the structure 2-cells are given by

XQY QMM Lm s XQY QM

1161 1186 {110 116

V-

XY @MMoM —— XaY@MoMoMeM ol YeyoMoMoMoM Y™ XoY oMo M

1011 lo111 1ol 1ol
XQMRY MM XOMYoMeoMeoM 2% XoMoMeY oMM ™% XoMeY @M
ppl ppll plpl & pp

115
X®Y XQY oM
xljj % 116
1j1j XQY QMo M
1ol (13)
U €0¢o

XOMY oM

PXPY

XY

where the empty squares should be filled by the coherence isomorphisms of the braided monoidal
bicategory K (or its equivalent Gray monoid), and we have suppressed the ®-symbol for mor-
phisms. Combining the axioms (68) and (69) for X and Y with the oplax bimonoid axioms for
M as found in Section A.2, we can verify that this constitutes an oplax module structure on
X®Y.

Moreover, the monoidal unit I of I can also be endowed with the structure of an oplax
M-module, with action and structure 2-cells

pril@M=MST (14)

IQSMM2MIM — 5 M I —

I M

E®1l \E@E UX lg X0 JVE
1

I

Given morphisms of oplax modules (f,¢) : X — Y and (g,v) : Z — U, define (f, ) ® (g,%)
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as (f ® g,7), where f ® g is the tensor product in K and 7 is given by

X®ZoM 1999l yeoUueM
1®1®4 1®1®6
XoZeoMeoM L2 youe Mo M
190®1 18001 (15)
XoMozaoM 2299 v o MoU oM
Px®pz U ¢ov PY ®pU
X®7Z Iy YU

Clearly, if the morphisms (f,¢) and (g, ) are pseudo, namely if ¢ and 1) above are invertible,
then f ® g is a pseudo morphism as well, since (15) is a composite of invertible 2-cells. The
tensor product of oplax module transformations is given by the tensor product of 2-cells in K;
there is no extra structure.

With the above descriptions, it can be verified that the category of oplax modules over an
oplax bimonoid is a monoidal bicategory, and it directly follows that the forgetful functor to K
strictly preserves the monoidal structure. O

Remark 3.2.4. Notice that if X and Y are pseudo M-modules, X ® Y is naturally still only an
oplax module even in the stricter 2-monoidal 2-category case, due to the non-invertible 2-cells 6
and 6y of the oplax bimonoid used for the coherence 2-cells (13) of X ® Y in the above proof.
Hence the bicategory of pseudomodules over an oplax bimonoid is in general not a monoidal
bicategory.

For a monoid M in an ordinary monoidal category C (under some conditions, see e.g. [46]), it is
known that there is a bijective correspondence between bimonoid structures on M and monoidal
structures on the category of M-modules such that the forgetful functor to C is strict monoidal.
Since the previous proposition lifts one part of this correspondence to oplax bimonoids, we now
consider part of the converse direction by showing that the monoidal structure on the bicategory
of oplax modules over an oplax bimonoid completely determines its pseudocomonoid structure.

Let us assume that for a pseudomonoid (M, m,j), the bicategory OleodﬁZ is monoidal in
such a way that the forgetful functor to K is strict monoidal. Since M is a pseudomonoid, it is
a pseudo M-module (M, m) and so M ® M is an oplax M-module: denote its action by parear
and structure 2-cells (€M®M ¢MEM) aq iy (10). Then we can define a comultiplication 1-cell as
the composite

5 M Z225 A @ M@ MMM M@ M. (16)

Moreover, the monoidal unit I is also an oplax M-module with action denoted p; and 2-cells
(€1, &l); therefore a counit can be defined as

e M~TeMT. (17)

Using notation as in Definition 3.1.1, the required 2-cells (6,80, x, xo) for an oplax bimonoid
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structure on M can be constructed as follows: 6 is built from ¢M®M as the composite

MeM m M 2k MeMoM
jjljjll \jjll —~ e llm/
MOIMIMIMOIMOM + 111551 — MMM QM

puam 111 pvml PM M

| ! I grone
PMMPMM \MOMRIMOMIM +— 11551 —— MM QM

| T~

HPMM PMM
\L \ ~
MOMOMOM —————— MOIMOMOM ——m—— MM
Moreover, 6y can be built using 5(])\/[ ®M a5 the composite

I s oM 2 s Mo Mo M

\ U gé”@’M lﬂM@M
1

M & M

Jj®j

In a similar way, y and yo can be obtained from ¢/ and 56 as follows

MM —™ v M I s wm
o, b e
e®e M € €
\ 1
13
Il — 47T I

(18)

(19)

(20)

The following result shows that when we consider the monoidal structure on OplModY; as
described in Proposition 3.2.3, by the above construction we recover the initial pseudocomonoid
structure of the oplax bimonoid M, which is a so-called Tannakian recontruction theorem for

oplax bimonoids.

Proposition 3.2.5. Suppose that M is an oplax bimonoid. Then the 1-cells (16) and (17) and
the 2-cells (18) to (20) constructed using the monoidal structure of Oleod}j\gI as described in
Proposition 3.2.3 endow the underlying pseudomonoid M with an oplax bimonoid structure which

1s isomorphic to the initial one.

Proof. The following diagram can be filled with invertible 2-cells, showing that the the recon-

structed comultiplication (16) using (12) is isomorphic to the initial comultiplication d.

meme1 1®1®d

MoMoM—2% _yeoMeoMeM
dl il@a@l
M® M jeliel MoMeMeM

\ Jon

M & M

M
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Furthermore, by definition it is obvious that the reconstructed counit coincides with the initial
one since py itself is defined as isomorphic to the counit (14). In the same way, one observes
that the reconstructed 2-cells 6, 0y, x, xo coincide with the initial ones and hence we obtain by
reconstruction an isomorphic oplax bimonoid structure on M. O

Remark 3.2.6. A next step would be a recognition theorem for oplax bimonoids, in the follow-
ing sense. Given a pseudomonoid M in K such that the category OpIMod%; is monoidal and
the forgetful functor to K is strict monoidal, when do the constructions described above Propo-
sition 3.2.5 provide an oplax bimonoid structure on M, such that the monoidal structure of
OpII\/Iod']’Vs[ coincides with the one given in Proposition 3.2.37 In view of the 1-categorical case
(see e.g. [46]), in order to obtain such a theorem one would need a suitable generator condition on
the monoidal unit of the bicategory K. Such a result, which would lead to a bijective correspon-
dence between oplax bimonoid structures on a given pseudo monoid M and monoidal structures
on its category of oplax modules with a strict monoidal forgetful functor to K, is beyond the
scope of the present paper and left open for future work.

3.3 Oplax inverses. Having established the notion of an oplax bimonoid in Definition 3.1.1,
we now investigate the appropriate notion of an antipode in this generalized setting. For that
purpose, we introduce the notion of an oplax inverse in a monoidal category as a special case
Morita context. We begin with some motivating definitions; in what follows, o denotes vertical
composition of 2-cells, * denotes horizontal composition of 2-cells and we suppress horizontal
composition of 1-cells.

Definition 3.3.1. [21] A (wide) Morita context (A, B,p,q, 1, T) in a bicategory K consists of
two objects A and B, two l-cells p: A — B and ¢: B — A and two 2-cells u: gp = 14 and
7:pq = 1p such that 1, x p = 7 * 1,: pgp = p explicitly as in

po(gop)

A

e

and similarly 1, % 7 = px 14: qpq = q.

1R

A wide Morita context is called strict if the 2-cells p and 7 are invertible.

We will henceforth call a wide Morita context firm if the above composite 2-cells 1, * u, 7 *
1p, 14%7, px1, are in fact invertible. The motivation for this terminology comes from the following
example. Notice that a strict wide Morita context is always firm, but the inverse is not true;
firmness serves as an intermediate notion.

There exists a straightforward notion of (iso)morphism of wide Morita contexts. From now
on, we will suppress the word ‘wide’ for Morita contexts.

Examples 3.3.2. In the bicategory BMod of algebras, bimodules and bilinear maps, wide Morita
contexts as in Definition 3.3.1 coincide with the classical notion of a Morita context. In that
case, it is well-known that a Morita context (A, B,p,q, u, 7) is strict if and only if p is finitely
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generated and projective both as a left A-module and a right B-module and there are isomor-
phisms B~ End(p), A~Endg(p)°?, ¢=4Hom(p, A) ZHomp(p, B), if and only if the bimodules
p and ¢ induce an equivalence between the categories of A-modules and B-modules. Similarly,
such a classical Morita context is firm if and only if the rings R = p®p g and S = q®4 p are
firm and p is R-firmly projective as left A-module and S-firmly projective as right B-module; in
this case, there is an equivalence between the categories of firm R-modules and firm S-modules,
see [11, 45].

In BMod, it is therefore clear that any strict Morita context is firm, but not vice versa: not
every firmly projective module is necessarily finitely generated and projective.

Similarly to the essential uniqueness of adjoints in a bicategory, for a given 1-cell p: A — B it
is known that there can exist only one (up to isomorphism) strict Morita context (A, B, p, q, , 7).
The subsequent theorem generalizes this result for firm Morita contexts in bicategories, and is
fundamental for what follows; before that, a lemma establishes some required identities.

Lemma 3.3.3. Let (A, B,p,q, 11, 7) and (A, B,p, ¢, 1/, 7") be two firm Morita contexts. If o, f3,
o and ' are the respective inverse 2-cells of 1, %, 1g% 7, 1% ' and 1y = 7', the following hold:

(i) lgxa=F*1, (iii) (o x1gp) o v = (1py * @) 0 &
(1) axl,=1,%f

as well as appropriate identities including o/ and (3.

Proof. @ . By the defining axioms of a Morita context, all arrows (2-cells in ) from left to right
in the next diagram are equal, and therefore have equal inverses. By definition, the inverse of
the upper arrows is 1, * & and the inverse of the lower arrows is 5 * 1,,.

1g*xa

1g#(Lp*p)
apqp —— = 4qp
e

1q*7' *1p

qrap ———= g

Bxlp

Clause (ii) is proven in a similar way.
(iii). This 2-dimensional equality can be depicted as

A B A B
\U 1qp/ l o }D - pl Vo Tp\l 1pq/
q
B A B A

— —

Similarly to the proof of (i), we will show that both 2-cells have the same inverse. Consider the
following diagram, where the parallel arrows are the same due to Morita context axioms, and
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the inner rectangle commutes due to the interchange law.

*.
lpq/ o

a/
pq pgp pap p
T*lpq/*lp T/*lp
, T'x1pgp 71y
pq pgp pgp p
Tp*p/*1gp \\\lp*,u/
o' *1gp o

O

Theorem 3.3.4. If (A, B,p,q,u,7) and (A, B,p,q', 1/, 7") are two firm Morita contexts, there
is an isomorphism q = ¢’ that makes the above Morita contexts isomorphic.

Proof. Denote by o and 3 the inverses of respectively 1, * p and 1, % 7, and similarly o’ and '
for the corresponding 2-cells of the alternate firm Morita context, as in Lemma 3.3.3. We will
show that the following 2-cells between ¢ and ¢’

. B 1g*a’*1q , pklrxT ,

®:q qpq apg'pg ———>¢q
B’ 1 rxaxl s wxlgxr!

Vg q'pqd qpapd —————¢q

are mutual inverses, therefore providing the required isomorphism. Indeed, consider the following
identities, where the first one is due to the interchange law, and the unnamed ones are due to

firmness of the Morita context:

hod = (uxpxlgxr xT)0 (Lgpg * ok lgpg) o (Igp* B Ipg) 0 (g 0+ 1g) 0 B
= (e xlgx 7 7)o (Lpg * @k 1gpg) © (Lgpg % 0" % 1g) 0 (Ig ¥ @ % 1g) 0 8
=" (e p s 1gxm w7) 0 (Ig % o % Lgpgipg) © (Lgpg * % 1g) 0 (1g# o % 1g) 0 B
=" (uxp s 1gx 7w 7) 0 (Lg* 0" * Lgpgpg) o (1g % o x 1gpg) © (Ig ¥ s 1g) 0 B
= (uxp xlgx7)o(lgxa x1gpg)o(lgxax*xly)of
= (uxlgx1)o(lgxaxly)of
= (uxlgxT1)o(Bx*1g)of
= (Igx7)op

1

q

In a very analogous way, ¢ o 1) = 1, and hence ¢ and ¢’ are isomorphic. O

We now consider the particular case of an one-object bicategory, i.e. a monoidal category. A
firm Morita context (x,*, X,Y,t1,t2) in a bicategory K with one object x and V = K(x, %) gives
rise to the following definition.

Definition 3.3.5. An oplax inverse for an object X in a monoidal category V is an object Y,
together with morphisms 71: X ® Y = I and 79: Y ® X — [ such that 1y ® 71 = 79 ® 1y and
71 ® 1x = 1x ® 7o, and these are invertible morphisms in V.
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As a result of Theorem 3.3.4, such a notion is unique up to isomorphism. Moreover, as a
special case of the fact that pseudofunctors between bicategories preserve Morita contexts [21,
Prop. 1.10], we obtain that a strong monoidal functor between monoidal categories preserve
oplax inverses.

In many immediate examples, oplax inverses are trivial. Indeed, in the monoidal category
V = Vecty, of vector spaces over a field, a simple dimension argument shows that an object has
an oplax inverse if and only if it is isomorphic to the monoidal unit k. Nevertheless, as will be
evident in the next sections, oplax inverses provide the required structure to capture the proper
notion of antipodes for oplax bialgebras.

3.4 Oplax Hopf monoids. Let us first recall the convolution monoidal structure [20, Prop.4]
on a hom-category between a pseudomonoid and pseudocomonoid in a monoidal bicategory, that
naturally generalizes the classical convolution for (co)monoids in monoidal categories.

Lemma 3.4.1. Let (M, m, j) be a pseudomonoid and (C,6,¢) a pseudocomonoid in K. The hom-
category K(C, M) is a monoidal category, with tensor product © defined on 1-cells f,g: C — M

by

f®g m

fog:==20C CRC—MeM M

and on two-cells a: f = f', B:g=¢ by

f®g

6 . m
a@pf=C—0xC Ja®pB M@ M-— M .
\_/
I'eg

The monoidal unit is given by I© = joe: C — 1 — M.

If M is an oplax bimonoid in K as in Definition 3.1.1, the above lemma assures that (M, M)
has a monoidal structure given by convolution. This is clearly different to the standard monoidal
structure of every endo-hom category (K(M,M),o,1,) via horizontal composition, for an ar-
bitrary (not necessarily monoidal) bicategory K; for a meaningful relation between these two
monoidal structures, see Lemma 3.4.5. Another relation, albeit not relevant to our current de-
velopment, is that if M is a map monoidale these form a duoidal structure on (M, M), see e.g.
[7, Section 3.3].

Since in the classical case, the antipode of a Hopf algebra is a convolution inverse to the
identity, the following definition sets the respective oplax version in an analogous setting.

Definition 3.4.2. An oplaz antipode for an oplax bimonoid M in a braided monoidal bicategory
K is an oplax inverse of 1, in the convolution monoidal category (M, M).

To unpack the above definition, consider an oplax bimonoid (M,m,j,d,¢) in K. Defini-
tion 3.3.5 implies that an oplax antipode is a 1-cell s: M — M along with 2-cells 71 : 13;®s = I©
and 7o: s® 1 = I© as in

MoM —2 s MaM
/ Y x‘
M = I J y M (21)
X Lk %
M®MT> M@ M
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such that 1, ®© 71 = 2 ® 15 and 7 © 11,, = 11,, ® T2, namely

MMM % MMM MMM % MMM

15 1m 1606 51 o molm
M — MM U 1507 MM ™ M~ M= MM U no1s MM % M
~ A ~ A
~ 1e 17 = = 51\ /Jl E

M—— M ! ! M—— M !

V) MMM 25 MMM . MMM 25 MMM
M 2% MM I e, MM ™5 M~ M -2 MM U 11,07 MM 2 M
E\ el 1 ZE ’E\ le 15 )E
N ~

1 1 M ——— M

(22)
and all 2-cells 1, ©® 7, 72 © 15, 1 © 11,, and 17,, ® T are invertible.
The above says that s © 13y © s =2 s and 1)y ©® s ® 137 = 1,4 via specific 2-isomorphisms.

Definition 3.4.3. An oplax Hopf monoid in a monoidal bicategory K is an oplax bimonoid with
an oplax antipode. A morphism of oplax Hopf monoids is an oplax bimonoid morphism which
preserves the antipode.

Notice that from Theorem 3.3.4 it follows that the antipode is essentially unique when it
exists; hence ‘being Hopf’ is a property on oplax bimonoids and not structure. We obtain a
(bi)category OplHopf(K) of oplax Hopf monoids and morphisms between them, with a faithful
forgetful functor to OplBimon(KC) of oplax bimonoids. Moreover, Proposition 3.1.3 extends to
the case of oplax Hopf monoids as follows.

Proposition 3.4.4. If F: K — L is a braided monoidal pseudofunctor and M is an oplax Hopf
monotd in K with antipode s, then FM is an oplax Hopf monoid in L with antipode Fs.

Proof. Suppose the monoidal pseudofunctor F has structure maps the pseudonatural equiva-
lences ¢xy: FXQFY - F(X®Y) and Yxy: F(X®Y) - FX ® FY with ¢ = ¢¢ = id,
and similarly for ¢g, 9. The 1-cell Fs: FM — FM along with the composite 2-cells formed

from Fr as in

FMeFM —22° L FMoFM

Qva ld)J\lM = b, M\L Wj
FM L5 F(M e M) —15 F(M @ M) — P — F(M®M) -1+ F(M & M) 2% FM
\ (mo(1®s)05)

JFn

//— F(joc)
f_ FM
\ — 7 \\ /

FI

e > I ™ » FI

and similarly the one formed from Fro constitute an oplax antipode for the oplax bimonoid
FM. This can be also deduced from the fact that Fas pr: K(M, M) — K(FM,FM) is a strong
®-monoidal functor with structure maps essentially those on the top and the bottom of the
diagram, therefore preserves oplax inverses. O
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Finally, we can also express the definition of an oplax Hopf monoid in terms of fusion
morphisms, similarly to the classical case recalled in Section 2.1. For an oplax bimonoid
(M,m, j,0,¢), consider M ® M as a (strict) left M-module and (strict) right M-comodule with
actions given by

m1

p=MeMeM 22 A\ro M

x=MaM ™M veoMeM

If we denote by p/KCM(M ® M, M ® M) the monoidal subcategory of the endo-hom category
(K(M @ M,M ® M),o,1penm) that consists of strict M-module and M-comodule morphisms,
we have the following result.

Lemma 3.4.5. For M an oplaz bimonoid in a monoidal bicategory K, there exists an isomor-
phism of monoidal categories

(MICM(M®M7M®M)7O7 1M®M) = (K:(MuM)u®7I®)

Proof. Define F: K(M, M) =y KM(M @ M, M ® M) mapping any f: M — M to

F(f)=Mo M 2% \ro Mo M 2MEEM v o nr e M8y e M.

One easily verifies that this is left M-linear and right M-colinear. Conversely, given any left
M-module and right M-comodule map g: M @ M — M ® M, define

Glg)=M 2225 Mo M % Mo M M v

The bijection is established using the strict (co)unity conditions for M, and furthermore it can
be checked that F(f ® f') = F(f) o F(f’), hence this is a monoidal isomorphism. O

Under the above isomorphism, the identity 1y, € K(M, M) corresponds to the so-called
fusion 1-cell
Mo M 2% Mo Mo M 220 A\ e M (23)

and the following can be easily deduced from Definition 3.4.2.

Proposition 3.4.6. An oplax bimonoid is an oplax Hopf monoid if and only if the fusion 1-cell
(m®1pr) o (1y ®6) has an oplax inverse in KM (M @ M, M @ M).

4. The object X? in Span

In this section, we describe various algebraic properties of X2 as an object in the symmetric
monoidal bicategory Span; these results will be necessary to capture the structure of Hopf and
Frobenius V-categories in Sections 6 and 7, where X serves as their set of objects. Although the
results of this section are valid for arbitrary groupoids as discussed in Remark 4.5.2, we provide
explicit proofs only for X?2.
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4.1 Spans. Recall that in any category C, a span X — Y is a diagram of the form
X «f—S5—9—=Y. A morphism between spans is a map u : S — T making both left and right
triangles commute:

~
Nes-Wn
<

If C has pullbacks, the composite X Y —+ Zis X «— S Xy R—— Z in the usual way. Since
pullbacks are unique only up to isomorphism, the above data forms a bicategory. As explained in
Section 2.3, using coherence we can work with Span as if it was a strict 2-category; on the other
hand, taking isomorphism classes of spans we can work with a 1-category also denoted Span, and
it should be clear from the context which one we mean. From this point on, we restrict ourselves
to Span for C = Set, where spans can also be expressed as (f,g): S — X x Y as is the case in
any category with products.

Remark 4.1.1. An evident observation, which will nevertheless be very useful in checking various
axioms in the following sections, is that there is at most one span morphism with target a span
with a monic leg. Explicitly, if there were two maps of spans u,u’: S — T as in (24) and for
example the leg h: T — X is monic, then u = v/ since hou = f = how'. More generally, a
similar argument shows that there is at most one span morphism with target a span with jointly
monic legs. As a result, in later axioms that involve equalities of pasted composites of 2-cells in
Span, whenever the target span has that property, the axiom verification is straightforward since
there can only be one such 2-cell.

The bicategory (Span, x,1 = {x}) is symmetric monoidal, with o: X x Y - Y x X given
by the span X X Y «id— X XY -sw»Y x X where sw is the switch map (x,y) — (y,z) in Set.
If we view Set as a 2-category with trivial 2-cells, there is a faithful (strict) monoidal (strict)
functor

Set — Span (25)

which acts as the identity on objects, and maps a function f: X — Y tothespan X «id— X —f=Y .
Indeed go f: X — Y — Z is mapped to the span X «id— X -gofs Z by choosing pullbacks along
the identity to be identity in Set. In a similar way there is an embedding from Set°® to Span.

4.2 Trivial monoid and comonoid structures. Since every set X has a canonical comonoid
structure in Set given by the diagonal map A: X — X x X and unique map !: X — 1, the
monoidal embedding Set — Span as in (25) yields a comonoid structure on X in Span with
(id, A): X = X x X as the comultiplication and (id,!): X —+ 1 as the counit; we refer to this
as the trivial comonoid structure on X in Span. Similarly, the contravariant embedding yields a
monoid structure on X which is the reverse of the comonoid structure and is called the trivial
monoid structure on X. Notice that these structures are strict rather than pseudo in the monoidal
bicategory of spans, namely the (co)associator and (co)unitors are identities and the axioms (51)
are trivially satisfied (since for example ¢y, ,, in this case is the identity).

In particular, on an object of the form X? in Span, we will denote the trivial comonoid
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structure as (X?2,¢,v) where

X2
id Ax2 id | (26)
2 u | N ; o \

Remark 4.2.1. Notice that while Comon(Set) = Set as is the case in any cartesian monoidal

category, here Comon(Span) 2 Span since the latter is no longer cartesian: the categorical
product in this category is given by the disjoint union. Hence our so-called ‘trivial’ comonoid
structure above is not so in that usual way.

4.3 Groupoid pseudomonoid and pseudocomonoid structures. For any set X, one can
form the codiscrete category whose objects are elements of X and where there is a single arrow
(x,y) € X? between any pair of objects 2,y € X. The identity arrows are the pairs (x,z) and
composition is ((z,y), (y,z)) — (x, z). This category is in fact a groupoid: inverses are computed
by (x,y) + (y, ). This groupoid gives rise to a pseudomonoid structure on X?2 in Span with the
following multiplication and unit

X
“Ay y{'“—”“ / \i (27)
1 i X?
n

40—>X2

We call this the groupoid pseudomonoid structure on X?. The reverse structure
u=(m3, IxAx1): X3 = X2xX*  ov=(A1): X = X?x1

is called the groupoid pseudocomonoid structure on X2,

Explicitly, the coassociator 5: (1 X u) ou = (u X 1) o u and counitors ¢: (v X 1) ou = 1,
s: (1 x v) ou =1 are formed between

- ) N
X3 7 X2 x X3
V \1A1 llwy 111A1
2wy g _ Lxu 2 2 2 28
X L X fo:u:Xl:; X2x X2x X (28)
m /Al 71311 1A111
X3 X3 x X?
Q
A_ B.
N VRN
X3 X2x X X3 X?2x X

/ \AI 11/ \1! / \AI Al/ \Tl

X2 % x2xx? Y, x? X2 % x2xx? L, x?
1 A 1 1 A 1

X? X?
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where P and () are isomorphic to X4, and A, B are isomorphic to X?2. The precise span
isomorphisms can be computed in a clear but tedious way: for example, taking the usual choice
of pullbacks in Set, we can compute that

X3xX?x X3 D P = {((21, %2, 73), (24, 25), (w6, 27, 28)) | (T1, 29, T2, ¥3)=(24, T5, T6, T5) }

I

X3*xX3%x X2 2 Q = {((y1,y2,93), (Ya, 5, ¥6) (y7,y8)) | (W1, v2, v, y3)=(a, Ve, y7, ys)
{ y1>y57y27y3)}

I

(

{(z1, 22, 27, 33)}
(
(

and the precise isomorphism that commutes with the legs can be written according to the above
representation, namely x1 — y1, T2 — y5, 7 — y2 and x3 — y3.

Notice that by Remark 4.1.1, the above structure span isomorphisms are unique: the counitors
involve the identity, and the coassociator has monic legs on the right side. For the same reasons,
the pseudocomonoid axioms — dual to (51) — hold: both span 2-isomorphisms involve a span with

a monic leg, therefore they must be equal.

4.4 Oplax bimonoid and oplax Hopf monoid structures. The following result estab-
lishes the oplax bimonoid structure of X2 in the symmetric monoidal bicategory Span.

Proposition 4.4.1.
(i) For any set X, the groupoid pseudomonoid (u,n) (27) and trivial comonoid (¢,v) (26)
structures on X2 make it an oplax bimonoid in Span.
(ii) For any set X, the trivial monoid and groupoid pseudocomonoid structures on X2 make it

an oplaz bimonoid in Span.

Proof. Since Span is a symmetric monoidal bicategory and X? is a strict comonoid with the trivial
comonoid structure, X2 x X? is a pseudocomonoid with comultiplication and counit similarly to

()

X2 x X2 O X2 X2 X2 x2 T v X2 x X2 2,

The data for the oplax bimonoid structure (Definition 3.1.1) are span morphisms 6,6y, x, X0
defined below.

X3
.
Ad ‘-.}%

X2 X

X3 .,
1 1/ }lg QZE%Ed/ \ id/ \f 2
e = . e X\fXQ“*f/X N

x4 X8 o X8 X4 4 (29)
|d\ /Af, \id\ 1_51/sw%11 1E1]\A1 71}34%6
: 6

X4 X X !
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N e
1A/ \1”3 'd/ \ / \A "i/ \

(30)

where X% x X% D P = X3 and 0 is the (unique) span isomorphism that fits therein, like above.
The conditions listed in Section A.2 can all be verified again by Remark 4.1.1 since all have a
span with monic leg as target, therefore (X2, u,n, ¢, v,id, A, 1xAx1,!) is an oplax bimonoid in
the symmetric monoidal bicategory Span.

Since Span is isomorphic to Span®P, the two statements are equivalent. O

Remark 4.4.2. In general, asking for a pseudomonoid and pseudocomonoid to be an oplax bi-
monoid amounts to specifying structure, not a property; it requires the existence of four 2-cells
subject to axioms. However, there are cases like above where that structure is unique when it
exists, according to Remark 4.1.1: in all cases (29) and (30), the target span has at least one
monic leg.

Finally, X2 is an oplax Hopf monoid in Span as in Definition 3.4.3.

Proposition 4.4.3. For any set X, the oplax bimonoid structure (X2, u,n, (,v) uniquely extends
to an oplax Hopf monoid structure on X?2.

Proof. The oplax antipode is given by the span s: X2 «id— X2 -sw» X2 | along with two 2-cells
71,72 (21) in Span, computed to be the upper and lower span morphisms

X2

IR

X2 X3 X2 (31)

12 Aomsg
\ TT2/
id X2 Aomsy

with 71: (a,b) — (a,b,a) and m2: (a,b) — (a,b,b). These are monomorphisms, and moreover

according to Remark 4.4.2 they are unique. One can now verify that s and 1x2 by means of the
2-cells 71 and 75 are oplax inverses in the convolution category Span(X?2, X?). 0

Remark 4.4.4. We could alternatively consider the fusion 1-cell (23) for (X2, u,n,¢,v)

2><< ;J,Xl 2
c: X4 Ix » X6 RSN 'S

which is computed to be a span X4 < X3 — X* defined by (a,b,b,c) <= (a,b,¢) + (a,c,b,c).
As expected from Proposition 3.4.6, this is not invertible in Span, but it allows an oplax inverse
in XzSpanX2 (X%, X*) namely the following composite

1y2%(¢ ly2XoX1y0 ux1yo
— X X X X
¢: X4 ; y X6 ; » X0 ; y X4

Once we recognize that both legs of the span ¢ are monomorphisms, it is immediate that ¢ and
¢ are oplax inverses. Notice that ¢ given by (a,b,c,b) <= (a,b,c) — (a,c,c,b) is the reverse span
of ¢ up to a switch between b and c.
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4.5 Frobenius monoid structure. The following proposition exhibits how different combi-
nations of the earlier monoid and comonoid structures give rise to Frobenius (pseudo)monoids
in the symmetric monoidal bicategory Span.

Proposition 4.5.1.
(i) For any set X, the trivial monoid ((A,id), (!,id)) and its reverse trivial comonoid structures
make X into a Frobenius (strict) monoid in Span; clearly also X? with (26) and its reverse.
(ii) For any set X, the groupoid monoid (1, m) (27) and its reverse groupoid comonoid structure
(u,v) on X2 make it a Frobenius pseudomonoid in Span.

Proof. The first statement can be easily verified. For the second one, we need to provide the
structure isomorphisms of (6) and verify the conditions of Section A.5. The middle composite is

pPx~Xx4

T124 /,’ \\\ 134

1><A><1/ \71’13 7r13/ \1j<A><1

X2xXx2 B . ox2 9 L X2xX?

which explicitly acts as (a,b,b,d) <= (a,b,c,d) — (a,c,c,d). The downside composite on the
other hand is

1xAx1? - - 12xAx1

X2 x X3 X3 x X2

12><7r13 ~ - 7'(13><12
/ 13xAx1 1xAx13 \
> L

1x6 x1
X2 x X? X s X2 x X2 x X2 it X2 x X?

So the span isomorphism is between P C X3 x X3 and Q C X2 x X3 x X3 x X3, and the other
isomorphism is formed similarly. Even though the spans involved do not have monic legs in this
case as earlier, they are jointly monic; again by Remark 4.1.1, this fact renders the structure
span isomorphisms unique. Finally, all conditions (73) to (76) hold for the same reasons. O]

Remark 4.5.2. The above structures arise not just on the set X2, but for an arbitrary groupoid
G = ( G1 —i= Gy ) with set of objects Gy, set of morphisms Gy, and s,t the source and target
maps. Any G gives rise to a pseudomonoid (and a pseudocomonoid) in Span with multiplication

and counit as follows

G2 GO

o \ N (3)

G1 x Gy } Gy ]l ——m—— G4

where Gy = G15xG1 are the composable morphisms of G and e : Gy — G gives the identity; this
determines the ‘groupoid’ structures of Section 4.3. Moreover, the trivial monoid and groupoid
pseudocomonoid structures on G; make it an oplax bimonoid in Span that uniquely extends
to an oplax Hopf monoid, analogously to Propositions 4.4.1 and 4.4.3. Finally, the groupoid
pseudomonoid and pseudocomonoid structures on G; make it a Frobenius pseudomonoid in Span
as in Proposition 4.5.1.
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The results of this section can be summarised in the following table. The combinations of
structures in the columns give oplax Hopf monoid structures on X2 in Span, and in the rows

give Frobenius monoid structures.

Table 1: Summary

Hopf Hopf

Frob | Trivial monoid Trivial comonoid

Frob | Groupoid comonoid Groupoid monoid

A similar observation was made by Street in [37], where the possible Frobenius and Hopf algebra
structures for a group algebra kG were described.

5. The symmetric monoidal bicategory Span|V

In [5], starting from a bicategory K a new bicategory Span|K is constructed, with the property
that when K is monoidal so is Span|K. The two special cases that are addressed (due to the Hopf
objects of interest) are Span|Cat and Span|V, for V a braided monoidal category considered as a
one-object monoidal bicategory.

In our context, we take V to be any monoidal category, this time viewed as a monoidal 2-
category with trivial 2-cells; this induces some sort of ‘level-shift’ compared to Bohm’s primary
examples. We give an explicit description of the monoidal bicategory Span|V [5, §2.1] in our
particular case of interest, and in the following Sections 6 and 7 we show how it serves as a
common framework for Hopf and Frobenius V-categories: they are expressed as oplax Hopf
monoids and Frobenius pseudomonoids in Span|V respectively.

5.1 Monoidal bicategory structure. The O-cells in Span|V are pairs (X, M) where X is
a set and M: X — V is a functor, given by a family of objects {M,},cx in V; we use the
shorthand notation Mx for the pair (X, M). A 1-cell from Mx to Ny in Span|V consists of a
span X «f— S —9-Y of sets, along with a natural transformation

f X M
S/lla\v
P

whose components are arrows ag: Mys — Ngs in V. We use the shorthand fa9: Mx — Ny and
specify S separately when needed. A 2-cell in Span|V denoted by ¢, : fad = "gF: My — Ny is
a map of spans u: S — T, i.e. hu = f and ku = g, such that a factorizes through S in the sense
that a = 8 * 1y:

(33)

ﬁ f/X
\\ \Y

Componentwise, this means that oy = Bys : My, — Nys in V. Notice that a 2-cell is invertible if

Y (34)

2\/:
\ A

and only if the underlying map of spans is invertible. Vertical composition is performed by the
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usual composition of maps of spans, and horizontal composition My — Ny 2 Oy of 1-cells is
obtained via the pasted composite of natural transformations

given by V-arrows (yoa) (s q): My, 2oy Nys — Ning ﬁ—q> Opgq for any (s,q) € Sxy Q. The identity
1ar: Mx — Mx is given by the identity span and natural transformation. Finally, horizontal
composition of 2-cells in Span|V follows from horizontal composition of 2-cells in Span: in detail,

o v
T T
pxp= Mxy Yo Ny v Oy
~_ " \E/
B
is given by the map of spans w below,
/f/—ﬂ X
S U —>
//,/7 \
g w— ® >>)Y7N*>V (36)

npéz

/

where m is the pullback of g and m and e is the pullback of r and k, and the factorization of
~ o « through 6 o 3 is

Vg © Os = (’7 © a)(s,q) = (5 © B)w(s,q) = (6 © ﬁ)(us,vq) = 51%1 o Bus

for any (s, ¢) in the square pullback, since oy = Bys and v, = dyq by ¢ and .
With the above data, Span|V becomes a bicategory. Notice that Span|(V°P) = (Span|V)°P.

Remark 5.1.1. By definition of a 2-cell in Span|V, namely a map of spans which satisfies a
factorization property (34), it follows that two 2-cells are equal if and only if their underlying
maps of spans in Span are equal; the accompanying factorizations are conditions that already
hold. This fact is very useful when verifying axioms including 2-cells in subsequent sections.

Since V is a monoidal 2-category (with trivial 2-cells), the bicategory Span|V has an induced
monoidal structure as follows. On objects, the tensor product Mx @ Ny = (M ® N)x xy is given
by (M @ N)gy = M, ® Ny in V, namely the composite

X xy XNy gy X8y,

For 1-cells, fa9 @ #8! is of the form

/—> X xZ ®Q
ua@ﬁ\ y (37)

x T
Wl\YXW/N:@P

S
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given by morphisms My, ® Qg % Nys@ Ry in V. For 2-cells, it is given by the product of the
factorizing functions (maps of spans) in (34), and the monoidal unit is Iyy: 1 — V that picks out
the unit in V. Finally, if (V, ®, I, o) is braided, then so is Span|V viagyn: Mx®@Ny — Ny@Mx
given by

id/>X><Y\J\i®N

XxY Yomn %

SW\YXX/N:@M

o X .
with components M, ® N, ey, Ny ® M, in V.

5.2 The underlying span functor. There is an evident strict functor of bicategories U : Span|V —
Span that forgets the data associated with V. In more detail, U maps a 0-cell Ax to the set X,

a 1-cell fa9 to the span X «/— S —9-Y and a 2-cell ¢, to the map of spans u; it is clear that

the composition is preserved on the nose. This functor is strict monoidal, since

U(Ax) ®Span U(By) =X xY = U(AX ®Span|V By), U(Il) =1 (38)

and similarly for morphisms. Since U is a (symmetric) strict monoidal strict functor of bicat-
egories, Proposition 3.1.3 ensures that any pseudomonoid or pseudocomonoid object in Span|V
has an underlying pseudo(co)monoid in Span which by the definitions is part of the structure;
e.g. if Ay is a pseudomonoid in Span|V; X must be a pseudomonoid in Span.

In fact, this strict functor of bicategories is a kind of 2-opfibration, see [14]. Briefly, therein
the usual Grothendieck construction (see [12, §8]) extends to give a correspondence between
2-functors F': X°P — 2-Cat and 2-fibrations f F — X, and a similar correspondence between
trihomomorphisms from a bicategory into Bicat and fibrations of bicategories. The covariant
case is not explicitly described therein, but is easily obtained by modifying the contravariant
construction. In the case of a covariant F', the resulting functor is a 2-opfibration and the 2-
category [ F has objects (X, A€FX), morphisms pairs (f: X—Y € X,a: Ff(A)—»B € FY)
and 2-cells (f, ) = (g,0)

vy Ff()
X \U_(b/\, Y in X such that (FQ)A‘L ~ a in F'Y. (39)
g Fg(A) —— B

B

The work of Buckley also omits any version of this construction where F' is not as strict as it
can be (a 2-functor from a 2-category into 2-Cat) or as weak as it can be (a trihomomorphism
from a bicategory into Bicat), but those intermediate versions can be generated by adapting the
construction accordingly. In our case, we need the covariant version where X is a bicategory and
F is a pseudofunctor into 2-Cat, when | F' becomes a bicategory and [ F' — X a strict functor.

Theorem 5.2.1. If V has colimits, U: Span|V — Span is a 2-opfibration.

Proof. We build a pseudofunctor Span — Cat — 2-Cat and apply a modified Grothendieck
construction from [14]; the resulting 2-opfibration is isomorphic to U.

Briefly recall that the left Kan extension of a functor K: A — C along some F': A — B is
a functor Lanp K : B — C equipped with a natural transformation ngx: K = (LanpK) o F' such
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that Lang 4 F, = - o F' with unit n. When C has colimits, the left Kan extension always exists
and can be computed as the coend [30, (4.25)]

acA
Lanp K (b) == / B(Fa,b) - Ka

where - denotes the set-theoretic copower.

Define a pseudofunctor Span — Cat which maps X to [X,V], a span X «f—S —9-Y to
Lang(—o f): [X,V] — [Y, V] and a map of spans u: (f,g) = (h,k) (24) to a natural transforma-
tion u whose components are

@4 Lang(Af) = Lang(Ahu) = Lany(Lan, (Ahu)) Lang(ean), Lany(Ah) (40)
for all A € [X,V)], where the isomorphism is a standard property for Kan extensions of compos-
ites [30, (4.48)]. This action on 1- and 2-cells defines a functor for all X,Y in Span. For pseudo-
functoriality, we need natural isomorphisms Lan;q(— oid) = idx ) and Lang(Lang(—o f)oh) =
Lang,, (— o fm) for every pullback of spans

Q
™ , N
XS
ngth
s N YN
X — Y : A

The identity is straightforward, while the second isomorphism arises as the composite

Lang .
X, V] - ER D 8
e 9=
(fm1)« (ﬁl){ Lann, ih*

(@, V] ( L [T, V]
— I
Lankﬂ.2 _ lLank
[Z, V]

where the middle isomorphism is realised via the following coends computation, for any B €

[S, V]:

seS

ses =
LangB(ht) = / Y (gs,ht) - Bs = /gs_ht Bs = Z Bs (Y, S are sets)
gs=ht
(s,t)EQ (S’t/)gQ
Lan, (B )t / T(ma(s,t'), 1) - (Brer) (s, ) = / = Bs= Y Bs.

gs=ht

The axioms for pseudofunctoriality can be shown to hold using the universal properties of

these coends. If we compose this functor with the usual 2-functor Cat — 2-Cat and apply

the Grothendieck construction, we obtain the bicategory whose objects are (X, A € [X,V]),
1-cells are pairs

Lang(Af) S B in[Y,V

{ o(Af) Y.V (4

X+f—S—9-Y in Span
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and 2-cells are, for u as in (24) and u as in (40),

Lang(Af)
(f,g) = (h,k) in Span such that g, | a in [Y, V). (42)

Lany (Ah) —5 B

This bicategory has exactly the same objects as Span|V, and there is an isomorphism between
their hom-categories: the necessary bijections between (41) and (33), (42) and (34) are exactly
the universal property of left Kan extension. This isomorphism commutes with the projections
to Span and thus makes U: Span|V — Span a 2-opfibration. O

The above theorem shows that the definition of the bicategory Span|V in fact arises from a
series of quite natural constructions.

6. Hopf V-categories as oplax Hopf monoids

In this section, we recall the notion of Hopf V-category |4] for a braided monoidal category V, and
we realize them as oplax Hopf monoids in the monoidal bicategory Span|V, described respectively
in Sections 3 and 5. This allows us to understand exactly how such a concept can be described
as a ‘Hopf object’ internal to some monoidal structure, generalizing the classical setting via this
relaxed notion of a Hopf monoid in higher dimensions.

Our notation in what follows uses Latin letters to denote ‘global’ operations that relate
hom-objects of different indices (like category composition), and Greek letters to denote ‘local’
operations that relate hom-objects of fixed indices (like monoid multiplication).

6.1 Hopf V-categories. Intuitively, a category can be thought of as a many-object gener-
alization of a monoid. Since a Hopf monoid — internal to any braided monoidal category —
has both a monoid and a comonoid structure, it is reasonable to ask what its many-object
generalization should be. A natural answer to this question is as follows.

Definition 6.1.1. [4, §2] If (V,®,1,0) is braided, a semi-Hopf V-category H is a Comon(V)-
enriched category. Explicitly, it consists of a collection of objects Hy and for every z,y € Hy an
object H; , of V, together with families of morphisms in V

Myyz: Hyy @ Hy ., — Hpy Je:d — Hyy
Oab: Ha,b — Ha,b & Ha,b €ab: Ha,b — I
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which make H a V-category, each H, , a comonoid in V), and satisfy

Hyy ® Hyo —2 H, , @ Hy @ H, . @ H, .
l1®0®1
Moy Hyy®Hy,,®H;y®H,,
H,. - H,.®H,, )
[— = I®I Hpy® Hy. 10l [—9 g
o e N
Hyg ——> Hug © Hap H, . — Hyo—> 1.

Semi-Hopf V-categories together with Comon(V)-functors and Comon(V)-natural transformations
form the 2-category Comon(V)-Cat, denoted by sHopf-V-Cat.

Examples 6.1.2.

1. Every bimonoid in a braided monoidal category V can be viewed as a 1-object semi-Hopf
V-category, therefore semi-Hopf categories are indeed many-object generalizations of bial-
gebras.

2. For any cartesian monoidal category V, where by default Comon(V) = V), any V-enriched
category is automatically a semi-Hopf V-category.

3. In [28], it is established that when V is a locally presentable braided monoidal closed
category, the category of monoids Mon()) is enriched in Comon(V) via the existence of
universal measuring comonoids, first introduced by Sweedler in [40]. Therefore Mon(V) is
a semi-Hopf V-category. The assumptions on V are satisfied by a wide class of examples,
like vector spaces, modules over a commutative ring, chain complexes over a commutative

ring, Grothendieck toposes etc.

Definition 6.1.3. [4, Def. 2.3] A Hopf V-category is a semi-Hopf V-category equipped with a
family of maps szy: Hyy — Hy , in V satisfying

Hz oy ®5ay
5xy Myyx
Exy Jx
H, »Y I Har,x
(44)
szy®HT Yy
H%Z/ ® H Y Hl/@ ® H»T Y
Oy Myzy
Eay Jy
Hﬂ”vy I Hy,y

Such an identity-on-objects V-graph map s: H — H°P is called the antipode of H.

If H and K are Hopf V-categories, a Comon(V)-functor F': H — K is called a Hopf V-functor
if 8 p(2) f(y) 0 Py = Fyz08zy for all z,y € X. In fact, any Comon(V)-functor automatically satisfies
that condition [4, 2.10]; hence we have a full 2-subcategory Hopf-V-Cat of sHopf-V-Cat.
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Examples 6.1.4.

1. Every Hopf algebra H in a braided monoidal V is a 1-object Hopf V-category; in particular,
each ‘diagonal” hom-object H , of a Hopf V-category H is a Hopf monoid in V.

2. A Hopf Set-category is precisely a groupoid; in general, for a cartesian monoidal V', a Hopf
V-category is a V-groupoid, namely a V-category whose hom-objects are equipped with
inversion maps.

3. If we replace V with V°P, we obtain the notion of a (semi-)Hopf V-opcategory, called
dual Hopf category in [4]. Since Comon(V°P) = Mon(V)°P, a semi-Hopf V-opcategory
(C,d, €, u,m) is precisely a Mon(V)-opcategory, i.e. is equipped with ‘global’ cocomposition
and coidentity morphisms dg,., €, as in (2), together with ‘local’ multiplication and unit
morphisms fizy: Cpy @ Cpy — Crys Nay: I — Cyy making each hom-object a monoid in
V), subject to compatibility conditions. Moreover, a Hopf V-opcategory comes with arrows
Say: Cy o — Oy y satisfying dual axioms to (44).

Remark 6.1.5. Hopf V-categories can be realized as Hopf monads inside two different monoidal
bicategories as follows. In [5, §4.8], Hopf V-categories are captured as certain Hopf monads in
Span|V (those with indiscrete underlying category), for a one-object monoidal bicategory V. On
the other hand, Hopf V-categories are in bijection to Hopf monads in V-Mat, the bicategory of
V-matrices; the relevant structure is sketched in [44, Remark 4.8].

6.2 Oplax Hopf monoid structure. In the following theorem, we summarize the main
results of this section regarding oplax bimonoid and Hopf monoid structures on an object in
Span|V. Recall that by Propositions 3.1.3 and 3.4.4, the strict monoidal structure (38) of the
forgetful functor U: Span|V — Span ensures that the underlying set of an oplax Hopf monoid
in Span|V is an oplax Hopf monoid in Span; the relevant structures on X? were described in
Section 4.

Theorem 6.2.1. Let V be a braided monoidal category, and X any set.

1. A pseudomonoid (resp. pseudocomonoid) in Span|V over the groupoid pseudomonoid (resp.
pseudocomonoid) X? in Span is exactly a V-category (resp. V-opcategory) with objects X .

2. A monoid (resp. comonoid) in Span|V over the trivial monoid (resp. comonoid) X? in Span
is exactly a Mon(V)-graph (resp. Comon(V)-graph) with objects X .

3. An oplaz bimonoid in Span|V over the (groupoid pseudomonoid, trivial comonoid) oplax
bimonoid X? in Span is exactly a semi-Hopf V-category.

4. An oplax bimonoid in Span|V over the (trivial monoid, groupoid pseudocomonoid) oplax
bimonoid X? in Span is evactly a semi-Hopf V-opcategory.

5. An oplax Hopf bimonoid in Span|V over the (groupoid pseudomonoid, trivial comonoid)
oplax Hopf bimonoid X? in Span is exactly a Hopf V-category.

6. An oplaxz Hopf bimonoid in Span|V over the (trivial monoid, groupoid pseudocomonoid)
oplax Hopf bimonoid X? in Span is exactly a Hopf V-opcategory.

Similar results are obtained for the morphisms between such objects, leading to isomorphisms
of the corresponding categories. We provide proofs of some parts of the theorem below, and the
rest follow analogously.

Proposition 6.2.2. A pseudocomonoid in Span|V over the set X? with the groupoid pseudo-
comonoid structure in Span is precisely a V-opcategory with set of objects X. Dually, a pseu-
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domonoid in Span|V over the set X? with the groupoid pseudomonoid structure in Span is a
V-category.

Proof. Consider a pseudocomonoid C'y2 in Span|V, with underlying pseudocomonoid X? in Span
equipped with the reversed (27). It consists of an object C': X? — V), i.e. a family of objects
{Cey}toyex inV, along with d: C®C — C and €: I — C in Span|V, i.e. natural transformations

Hd Vv, ﬂe y With components

1><A\><1\) X4 C@C \ 1

Apyz: Cpz — Cry @ Cy and €p: Cpp — 1.

The coassociativity isomorphism 3 dual to (3), using the composition formula (35), amounts to

2 2
13 X T~ o 13 X T o
x? [l \ X3 % \
T4 ¥ 7"134///?
- an cec é - lAl\A cec

P~ x4 N X4 === L,y

12m13 w1312
T — 1141 —
2 3 1c®d 3 2 d®1
X x X c® X3 x X ®lc
CRCRC CRCRC

which is the invertible map of spans (28), satisfying the factorization (34) expressed by

1®d,
— Coy ®Cy . ®Ca

®1
&) C’l‘,’y ® Cyaz ® CZ,’LU

da: w
(lg@d) od) .., : Cow — Cry @ Cya
(d®1c) 0 d)yyy : Comw = Coe @ g

which is precisely the first V-opcategory axiom, see Section 2.2. Analogously, from the counity
isomorphisms we obtain the coidentity axioms for enriched opcategories. O

On the level of morphisms between such structures, the following indicates the relation of
V-functors and oplax morphisms between pseudomonoids in Span|V.

Proposition 6.2.3. Suppose we have two pseudomonoids Ax= and By=2 in Span|V with the
groupoid pseudomonoid structure on their underlying sets, i.e. two V-categories. An oplax pseu-
domonoid morphism in Span|V of the form

/XZ\A

« Y (45)

fxf\ Y2/B

1s precisely a V-functor. Dually, an oplax pseudocomonoid morphism of the same form is a
V-opfunctor between two V-opcategories.



102 Buckley, Fieremans, Vasilakopoulou and Vercruysse, Higher Structures 5(1):71-120, 2021.

Proof. The map 9a/*/ has components Qgy: Azy — Bye ry and comes equipped with two 2-cells
¢ and ¢p as in (4). The first 2-cell has to be of the form

4

X
1A1 ARA RA
XS / Hm ﬂa(@a

7 1A
71'13 | H f2'f SA 3 /

B

ﬂm
7r13\,1 B

Y2

where we compute S = {(z,y,2z,w) € X* | fy = fz} € X* On the left and on the right,

respectively, we have components

(a o m)xyz: Awyy &® Ay7z ﬂ> Axvz ai> Bf%fz (47)

Azy Q0 zw

(m o (a & a))xyzw: Aac,y ® Az,w fo,fy & sz,fw 7_n_> Bfa:,fz (fy = fz in S)

To define such a 2-cell ¢ in Span|V, we need a map of spans between the induced outer
Y2¢— X3 — X* and Y?2+—S5—— X* above, that gives a factorization as in (34). The
function 1 x A x 1: X3 — S is indeed a map of spans, and the factorization of (oo m)

requires the equality of the two composites (47), but the second only applied to quadruples
(z,y,y, z); this is precisely the first axiom for a V-functor. The second 2-cell is

X:: S |Ad/ H] (48)
N / \Y
fg\

between natural transformations with components I ELN Az Lezy B fo,fz and T Jv, B, , respec-
tively. Hence define ¢y by the map of spans f: X — Y with a factorization

./71 I
f/' s \
X =y [E
A
\<f,f> \Y2/Bl

—_

y =aoj

which gives oy 0 j» = jr., precisely the second axiom for a V-functor.
In order to verify that ¢, ¢9 endow @ with the structure of an oplax pseudomonoid morphism,
we compute the appropriate pasting diagrams (52) using composition formulas like (35) and (36).
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Their verifications are greatly simplified by Remark 5.1.1 since they reduce to ones for 2-cells in
Span.

Notice that both ¢ and ¢g are uniquely defined as above, since at each case there is only
one span morphism possible, see Remark 4.1.1. Therefore V-functors are in bijection with oplax
monoid morphisms “4a/*/.

Dually, taking into account that V-opfunctors are V°P-functors hence live inside

PsMongpi(Span|(VP)) =~ PsMoneg ((Span|V)°P) ~ PsComongp(Span|V)°P

we deduce that an oplax comonoid map of the form “af*/ is a V-opfunctor between the corre-
sponding V-opcategories. O

As aresult, we can realize V-Cat as a subcategory of PsMongp(Span|V), the bicategory of pseu-
domonoids and oplax morphisms between them, and V-opCat as a subcategory of PsComong(Span|V)°P
The strict associativity and unitality of composition of 1-cells (45) is due to the fact that they
actually come from functions, i.e. are in the image of (25).

We now turn to the expression of semi-Hopf categories as oplax bimonoids (Definition 3.1.1)
in Span|V, using the oplax bimonoid structure on X2 € Span (Proposition 4.4.1); we first consider
(pseudo)comonoids over the trivial comonoid structure of X? as discussed in Section 4.2.

Proposition 6.2.4. A comonoid in Span|V over X2 with the trivial comonoid structure is pre-
cisely a Comon(V)-graph, i.e. an X?-indexed family of comonoids in V.

Proof. Such an object consists of M: X? — V together with natural transformations
/ \M g X
y and X2 U’f

\X2><X2/M®M \1

which are given by components

A

Opy: Myy — Myy @ My and epy: My, — 1.

Using the same machinery as for earlier proofs, we deduce that these maps satisfy coassociativity
and counity conditions which render each M, , € V a strict comonoid; as discussed in Section 4.2,
this comultiplication and counit only form a pseudocomonoid structure with identity structure
2-cells. O

Proposition 6.2.5. An oplax bimonoid in Span|V over the oplax bimonoid X2 in Span is pre-
cisely a semi-Hopf V-category.

Proof. By Propositions 6.2.2 and 6.2.4, we already know that an object A in Span|V with the
structure of a pseudomonoid and (pseudo)comonoid over the {groupoid pseudomonoid, trivial
comonoid} X? is a V-category which is Comon(V)-enriched as a graph. We will now show that
requiring (A, m, j, d,€) to be an oplax bimonoid in Span|V in fact endows its enriched composition
law and identities with a comonoid morphism structure, as in Definition 6.1.1.

Following Definition 3.1.1, A comes equipped with four 2-cells 6, 6, x, xo in Span|V, satisfying
certain coherence conditions. We address each one of them in detail below.
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X4

1A1 X4
X4 / H§®5 A4 1A1 A®A
e \ /
///’ Ai(Q X8 X3 m
g id ~ id >
- ST AvAwaea i3 w% A
P=X3 X8 leo@l =V - X X? —=—V
. N id
T3 s /
X2 4
ARA
Ao . ®

z,2 Q Az z

The left hand side pasted composite, using (37) for the tensor of 1-cells, is given by
s

0,y @0y, 2
Ay ® Ay, =205 AZL @ AZ2 280 Ay @ Ay, ® Ay ® Ay,
whereas the right hand side is given by A, ,® A, . MEZEN A LEEN Ay . ®Ag .. The required 2-cell
6 is given by the (unique) span isomorphism P = X3 from (29) with the condition (§ 0 m)y,. =
which is precisely the first commutative diagram in (43).

xYyz?

(0®d)o(l®o®1)o(m®m))

AX2\\ x4 A®A

j 61} T .
The left hand side composite is given by arrows I ELN Ap gy — Ay e ® Az, and the right hand
Az e ® Ayy in V. The 2-cell 6y is given by the morphism of spans X END'

. o ®J
side by I ELAlN

from (30) and the factorization

l— > 1x1 IQI
/ /!/\7 \
X2 s XxX [lies y =004
T AXA
\A2 \}X2><X2/A®|A
_

ie. (007)r = (j ®J)Azr = Jz ® j which gives the second commutative diagram of (43).
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X4
IxAx1 ARA
/
, X3 [Jm s XEx X2 o,
o /> \
x3 X2 4 Ly X2 x X2 [Jee= %

m\a\‘i . / \1X1/

Similarly to above, we have components A, , ® A, . — Moy — Ay 2z T and Ary ® A, w

I®I =1, and the 2-cell x is the a map of spans X3 XA ¥4 a5 in (30) with the factorization

ExyREzw

—_—
1A1 = X?%x X? ADA
_id \
x3 141 y2 . x2 ﬂa@a

\!

ie. (€0m)gy, = (€ ® €)ayy> = Ezy ® €y» Which is the third commutative diagram of (43).

,'“ HJ\;Q/’\

X — A Ly

A\\J / \ /

with components I ELN Ao St Tand T4 [in respectively. The 2-cell x is given by the

1%

map of spans X 5 1of (29) and the factorization

!/71 I
X—!/>1/ld ﬂh\]}zf@j

\!\\bl/l

ie. (¢®7j)z = (11)z which coincides with the fourth diagram of (43).
Due to Remark 5.1.1, the proof of Proposition 4.4.1 guarantees that the above 2-cells satisfy
axioms (54) to (63) of an oplax bimonoid, hence the proof is complete. O

Notice that the 2-cells rendering X2 an oplax bimonoid in Span in Proposition 4.4.1 are all
unique, based on Remark 4.4.2. Hence the above proposition establishes a bijection between
semi-Hopf V-categories and oplax bimonoids over X? in Span|V.

Moving on to the morphisms between semi-Hopf categories, we initially address the comonoid
part of our structures.
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Proposition 6.2.6. Suppose we have two comonoids Cxz2, Dy2 in Span|V with the trivial
comonoid structure on their underlying sets, i.e. two Comon(V)-graphs. A (strict) comonoid
map of the form Yal>*/ is precisely a Comon(V)-graph morphism.

Proof. The 1-cell « is of the form (45), but now the comonoid structures are the trivial and not
the groupoid ones; if we denote by § and ¢ the comultiplication and counit, the coassociativity
isomorphism can again only be the identity, namely (o« ® «) 0 § = § o o which is

. ﬂ6 ﬂ

x2 D .y (49)

o ﬂam # / ﬂé
A\ Y4 D®D

For the V-components, this requires the commutativity of

bz
Cx7y . Cx7y ® Cf’y

awyl iaxy ®axy

Dyay 5,7 Dsapy @ Dia.py
and similarly for counity; these precisely translate in all a,, being comonoid morphisms. O

Due to Propositions 6.2.4 and 6.2.6, we conclude that the category Comon(V)-Grph is a
subcategory of Comon(Span|V) of those objects over X? with the trivial comonoid structure and
of strict morphisms ¥af*f,

Using Definition 3.1.2, we can express Comon(V)-functors in Span|V as well.

id

Proposition 6.2.7. An oplaz bimonoid morphism of the form Yaf*f between two oplax bi-

monoids Axz2 and By2 in Span|V as in Proposition 6.2.5 is a semi-Hopf V-functor.

Proof. The 2-cells ¢, g, 1, g like (9) are respectively given by (46), (48) and identities (49). Propo-
sitions 6.2.3 and 6.2.6 ensure that these make 4a/*/ into an oplax morphism of pseudomonoids
and a morphism of comonoids, producing the four diagrams of a Comon(V)-functor through fac-
torizations as usual. The conditions of Definition 3.1.2 can be verified in a straightforward way,
by comparing the appropriate maps of spans due to Remark 5.1.1. O

Consequently, sHopf-V-Cat is a subcategory of OplBimon(Span|V) of oplax bimonoids and
morphisms between them, spanned by objects over X? as in Proposition 4.4.1 and maps of the

idof*f. " As mentioned earlier, even though OplBimon(Span|V) is in general a bicategory,

form

these structures form a category due to the form of morphisms coming from sheer functions.
Finally, we turn on to the subcategory of Hopf V-categories, Definition 6.1.3. The oplax Hopf

monoid (X2, u,n,¢,v) in Span, Proposition 4.4.3, underlies our oplax Hopf monoids in Span|V,

as was the case in all the above propositions.

Proposition 6.2.8. An oplaz Hopf monoid in Span|V over the oplax Hopf monoid X? in Span
18 precisely a Hopf V-category.
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Proof. Following Definition 3.4.3, we wish to endow the oplax bimonoid (A, m, j,d, ¢, 6, 6o, X, X0)
from Proposition 6.2.5 with an antipode s: A — A in Span|V over the span X? tid— X2 -sws X2

X2

R
s 1%
\’X2/A

given by families s;y: Ay y — Ay 2, along with two 2-cells 71, 7o in Span|V (34) where for example,
the first one is

. -7 AXQ X4 X2 B
7 i T2 A
e 'd/ NI \A®A ; 7
X2 X4 1®s T~y X3 1 Y S
N ~U/ / N
>~ ARA .
o Isw X4 _— 7r3 ﬂ
AN 1A1
\,\1 3 /
X [Jm
A
13
XZ

The left hand side and right hand side components are, respectively,

51 1®z TYT
(Mo (1®8)008)y: Apy —25 Apy @ Apy —2 Apy @ Ays —25 Ay

Ex j 2
(Jo€)ayz: Azy RN JEEN A,

and the 2-cell 71 is given by the map of spans p; = (1 x sw)(A x 1): X2 — X3 just like the
upper (31), such that

— X?

1 \A’i
™12

x2 P 3 ﬂjos y =mo(l®s)od

= Aomsg /
3 X2 A

AO7T1 S

This factorization can be written as the upper commutative diagram of the Hopf V-category
axiom (44), and similarly for 7o. O

This establishes a bijection between Hopf V-categories and oplax Hopf monoids in Span|V
over X2, and a Hopf V-functor is merely an oplax bimonoid morphism in Span|V like before.

7. Frobenius V-categories

Hopf algebras are closely related to Frobenius algebras in the classical context, and more generally
to Frobenius monoids in an arbitrary monoidal category V. As a result, we may also ask what a
many-object generalization of a Frobenius object could be. In this section, we initially provide an
ad-hoc definition of a Frobenius V-category, which is then realized as a Frobenius pseudomonoid
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in the same monoidal bicategory Span|V where Hopf V-categories live as oplax Hopf monoids,
see Sections 5 and 6. In subsequent work [15], we study in detail the relation between Frobenius
and Hopf categories, providing a generalized version of the standard Larson-Sweedler theorem.
For the time being, we restrict to the solid introduction of this notion and its expression as a

Frobenius pseudomonoid.

7.1 Frobenius categories. Naturally, the Frobenius counterpart of Hopf V-categories will
still have a notion of multiplication and comultiplication. However, the ‘local comonoid’ part
previously captured via the enrichment in comonoids is now replaced by a global operation,
expressed as follows.

Definition 7.1.1. A Frobenius V-category A is a V-category that is also a V-opcategory and
satisfies ‘indexed’ Frobenius conditions. Explicitly, it consists of a set of objects Ag and for every
z,y € Ap an object A, of V together with maps

mmyz: Aw,y ® Ay,z — A:p,z ]x I— Aw,m
dabe: Aa,c = Aap ® Apc ey: Ayy — 1

which satisfy the V-category and V-opcategory axioms, as well as the commutativity of

d ®1
Ay @ Ay — » A @ Awy @ Ay
~
Mayz
~
1®dywz Ax7z 1®mwyz (50)
~
d(L"LUZ
A:L',y ® Ay,w & Aw,z Mayw®] Aw,w X Aw’z

Definition 7.1.2. A Frobenius V-functor between two Frobenius categories A and B is a V-
graph morphism simultaneously in V-Cat and V-opCat®. This amounts to a function f: Ay — By
between the sets of objects, along with families of arrows Fy,: A, — Bys ry in V subject to the

following axioms:

Ay ® Ay, — 0 5 A, I — 5 A,
Fry®Fy., Fy. Jpa Fro
Biaty @ Bryp: =i Brate By, fa

Ay — 20 A @A, Apg —— o ]
Fi. Fuy®Fy: Frn €fo
Biafe —5——— Broy @ Byy r2 Bia, fa

dfafyfz

Remark 7.1.3. The above introduced notions should not be confused with (related but different)
ones existing in literature. The name Frobenius category is also used for an exact category which
has enough injectives and enough projectives and where the class of projectives coincides with
the class of injectives, see [26]. The name Frobenius functor is also used for a functor that has
an identical left and right adjoint, see [16].
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Frobenius V-categories and Frobenius V-functors form a category Frob-V-Cat.

Examples 7.1.4.

1. Every Frobenius monoid in a monoidal category V can be viewed a one-object Frobenius
V-category; as a result, this definition indeed serves as many-object generalization of Frobe-
nius algebras. In particular, each ‘diagonal’ hom-object A, , of a Frobenius V-category is
a Frobenius monoid in V.

2. For a commutative ring k, let Mat be the category whose objects are the natural numbers
and whose hom-sets Mat,, ,, are the sets of m x n matrices with entries in k. This is a
Modj-category if we take the usual composition of matrices and identity matrices. The
comultiplication and counit are defined by

p

. . n7m n?p p?m

dp p,m: Maty, ,, — Mat, , ® Maty, ,, : e E e; ®ep;
t=1

€n,m: Maty, ;m — k: eZ’jm 0

forall 1 <i<mn,1<j < m, where eZ’jm denote the elementary matrices of Mat,, ,, with
a single 1 in the i-th row and j-th column and zeroes elsewhere. This makes Mat into
a Frobenius k-linear category, generalizing the classical example of each Mat, , being a
Frobenius algebra.

7.2 Frobenius pseudomonoid structure. The following results extend Theorem 6.2.1 to
the case of Frobenius monoids; they are also relevant to Table 1. Again, the fact that U: Span|V —
Span is strict monoidal via (38) implies that the underlying set of a Frobenius pseudomonoid in
Span|V is also a Frobenius pseudomonoid Span similarly to Proposition 3.1.3, and the set X?2
will once more play this role, with structures described in Section 4.5.

Proposition 7.2.1. A Frobenius pseudomonoid in Span|V over the Frobenius X? with groupoid
pseudomonoid and groupoid pseudocomonoid structure in Span is a Frobenius V-category.

Proof. Having established by Proposition 6.2.2 that a pseudomonoid and pseudocomonoid (A, m, j, d, €)
in Span|V over X? of Proposition 4.5.1 is a V-category and V-opcategory, we only need to check

they form a Frobenius pseudomonoid structure, namely there exist isomorphisms as in (6) satis-
fying the axioms of Section A.5. The lower isomorphism is

4 4
1A1 X ARA Pry_y X ARA
/{ 2y / &
X3 ﬂm X2 % X3 ﬂl@d
1 _
4 - Ww\‘ 9 A }ﬁ 4 7 13A1\/‘ 6 ARARA
xtT, UUxr Ay = X y o DAL x6 _A0Asd
~ 13/, S~o
~ A
S
X3 |Ja X3 x X2 ﬂm@l
1A1\‘ X4 A®A Tr1312\) X4 A4

which uses the isomorphism from Proposition 4.5.1. The existence of such a 2-isomorphism in
Span|V comes with an equality (34) of composite arrows in V

1®d1 wz
Axy & Ayz —_J—_> A:r:y ® Ayw ® sz ACE’LU ® sz

Mryz da:wz
Azy & Ayz - Aa:z Amw & sz

Mayw @1
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which is precisely the one of the two conditions for a Frobenius V-category (50). The second
condition can be checked similarly, and the axioms hold since those in Span hold by Remark 5.1.1
as in earlier proofs. O

Hence we have a bijective correspondence between Frobenius monoids in Span|V over X? and
Frobenius V-categories, for any monoidal category V. Regarding Frobenius V-functors of Defi-
nition 7.1.2, by Proposition 6.2.3 we can express them as morphisms between Frobenius pseu-
domonoids.

Corollary 7.2.2. An oplax pseudomonoid and oplax pseudocomonoid morphism of the form
dof<f in Span|V is a Frobenius V-functor.

We can thus realize Frob-V-Cat as the subcategory of Frobgp| opi(Span|V) of Frobenius pseu-
domonoids in Span|V over X? with the groupoid pseudo(co)monoid structures, and morphisms
of the form a/*7.

For purposes of completeness, we conclude with the following result.

Proposition 7.2.3. A Frobenius (strict) monoid in Span|V over X2 with the trivial monoid and
comonoid structure is a Frob(V)-graph, whereas a oplax monoid and comonoid morphism idofxf
is a Frob(V)-graph morphism.

Proof. This can be deduced in a straightforward way from Proposition 6.2.4 and its dual by
checking the Frobenius conditions. For morphisms, Proposition 6.2.6 and its dual suffice. O

Based on the above, the braided monoidal bicategory Span|V serves indeed as the common
framework for Hopf V-categories and Frobenius V-categories, which are respectively expressed as
oplax Hopf monoids and Frobenius pseudomonoids therein. The fact that subsequent work [15]
extends the Larson-Sweedler theorem between such many-object generalized structures may in
particular indicate a correspondence between these relaxed notions of oplax bimonoids and their
Frobenius counterparts in higher structures, yet to be investigated.

Appendix A:

A.1 Pseudomonoid, oplax maps and 2-cells axioms. A pseudomonoid A with con-
straints «, £, as in (3) satisfy the following two axioms

AAAA Lim AAA  AAAA 1im AAA
mlll i ©° llm mlll emym w1 J/lm
ozl\/l = N K o
AAA  E AAA —1m AA AAA —1m—» AA &  AA
ml ml - L m ml ~ ™~ m m
AlA < — 1% AlA __ £

AA AA
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A 1-cell f: A — B between pseudomonoids comes with 2-cells (¢, ¢g) as in (4) that satisfy

AA —™ 5 A AA —T™ 5 A
/ / \ N TANY
AAA ML, = AAA Uie BB -™5 B (52)
f1f Wl"\ / m By = %
BBB —— BB BBB —— BB

id 4

ida

> AA TS A

Z
%oﬂ\llfb\ = A lilf - %fﬂ\lw\

f f

A 2-cell B: f = g between two oplax 1-cells of pseudomonoids A and B satisfies

/ \ /\ux

A—J = A4 el 5— B (53)

aa™
>g\+ BB/ ”\BB/M

e e T N
\_O/ I%\'Q/B.

A.2 Oplax bimonoid axioms. An oplax bimonoid (M,m,j,d,¢,0,600,x,Xxo0) in a braided
monoidal bicategory K as in Definition 3.1.1, namely an object in PsComon(PsMon,,(K)), sat-
isfies a number of axioms listed below.

Explicitly, (M,m,j) comes with invertible associativity and unit 2-cells (a, ¢, r) satisfying
(51) and (M,d,e) come with invertible coassociativity and unit 2-cells (8, s,t) satisfying dual
axioms. Moreover, (54) and (55) express that 6: M — M ® M equipped with 6, 6, is an oplax
morphism between pseudomonoids as in (52); conditions (56) and (57) express that e: M — I
equipped with x, xo is an oplax morphism between pseudomonoids; conditions (58) and (59)
express that the coassociativity isomorphism [ is a monoidal 2-cell namely satisfies (53); and
conditions (60) to (63) do the same for the left and right counit isomorphisms s, t.

All empty faces are filled appropriately (co)associativity and (co)unit isomorphisms, or by
coherence isomorphisms coming from the braided monoidal structure on the bicategory (Gray
monoid) K.
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M35_1iM41£5>5M6

11101
ml tm| 1tm| 116pM6
11mm
2 2 41 3 116 4 .
M M M M =
lol
N om0 M
mm
M M?

M=% M2 L a2

jvl jlll Oollfr |jj1
M2 E>M3 ﬂ;M4
1 lol 1 = idg
m e Wi
mm
M2
5

M3 eel M

1im
%nll x11 1
M? M2 Lo g

) M
e 2N
M e i I = id.

M3 EﬁM‘L&S—EMG

10\3/11 11101

ml|  mi1| etip M6 MO

mm1ll \\llmm
M? E) M3 5_1; M4 M4
1ol 1ol
m 01 MY M
m%m
M M?

M=% M2 L 2

l‘j lljl 11601 | 119X
M2 5L g 1 g
= 1 lol 1
m ey M*
mm
M

M2
d
M3 lee M
1mi Ixf 1
— M2 le M
mi xf J(E
1 M
le 5
IXOTT/ \
_ L 2
= M—M XM I

(54)

(56)
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M2 1) M4 6161 M6 M2
m1l.1o1 1111m.c.06 96 0151
JYE LN V¢ M2 80 A 1818 0 a6
m (’ﬂ loll mill.lol 1111m.0.08
ml 91” WE = MA 198 a5 (58)
mml m gﬂ 1101
M —2% 5 M2 0L g3 1m 19H M5
M? M — M? % M3
I — > I — > I 11
b N
il e IM —=— IIM I~ T —~ Il
Jyl ﬂwo Jjjl = l;l lﬂll (59)
M — M? 5 M3 il MI —=— MII
x % llj floo1 lljj
M? M — M? = M3
M? 20 M4 S5 MIMI M? —~ s MIMI
J{mll lol lmll.lo’l lmll lol
m| O M3 = T = m MII (60)
b -
M—2 s M2 —1 5 MT M ———— MI
\_/
I N/;\l 11 [ —~ 5 IT
lﬂ le l]l
il % M —r— MI = MI (61)
llj ﬂlxo Jl Ld
M M2 1= 5 MT M ——— MI
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M2 20y ppA =Sl TN
Jﬁllmllcﬂ lllm.lal

m o M3 —=L M
o 1|

M L IM

I~ I LT
I B
i| % IM —Y s IM
le ﬂxol k
M M2 L M

A.3 Oplax bimonoid morphism axioms
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M? —= 5 IMIM

lllm.lal

= MII (62)
M— s MI
I —= 5 II
[
= IM (63)

|

M—— 5 IM

. Below we give the axioms for Definition 3.1.2,

of an oplax bimonoid morphism (f, ¢, ¢g, ¥, 1%9): M — N, namely a morphism in
PsComongpi (PsMongpi (X)), which includes the oplax pseudomonoid and pseudocomonoid mor-
phism axioms (52), and the condition that v, 1y are monoidal 2-cells (53), i.e

ﬂ

mm

M
|

-
N2 zw\ £
N NN N
)

\
/

M4

4 M*>MM
y -
ll¢0¢o NN I

]J

ﬁ N
I woso \ /

NN —— 11

/M*)MMA(S\HI
BN

N — N

m %3
y mm
NN — N* Sk N*
(64)
M2 MM
j £f
/ll ¢0\U»¢ \ (65)
: N —— NN
W
Jj
/ \N
N =571 (66)

\NN/%;/
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1 xo I 7 4o N I

More precisely, for example recall that the 2-cell ¥: (f @ f)od = do f from (9) has as
codomain the pseudomonoid morphism whose structure maps arise as composites from the ones
for 6 and f, for example

MM m M
ffl Jé lf
NN m

N
&sl U l&

NNNN —— NNNN —— NN

and similarly for its domain, where the monoidal product of pseudomonoid maps using the
braiding is needed, giving

MM m M
5% 16 l&
MMMM 22 MMMM -2 MM
ffffl lf‘* beeb lff
NNNN ———+ NNNN ——— NN

which are both used in axiom (64).

A.4 Oplax module, morphism and transformation axioms. We detail the conditions
satisfied by the structure maps of a right oplax module (X, p, £, &) for a pseudomonoid (M, m, j, o, r, £)
as defined in Definition 3.2.1.

XMMM Hm XMM XMMM Him XMM
plll \1m1 1§ lm plll Cpgvm / lm
XMM Uﬁl XMM ™ XM = XMM -5 XM |¢ XM (68)
pll / be o o llax l?
X XM } X

TR N

XM N x v Ay xor

W} le/ Ue \Lp = id, (69)
XM —— X

An oplax module morphism f: X — Y comes with a 2-cell ¢: fop = po f® 1 asin (11)
satisfying
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XMM XM XMM
ful \ Ve ip fnl C,»Vm / lp
YMM ¢t XM —2 X = YMM " vYM o X (70)
pll % Uo lf pll ¢ \ lf
YM ) Y YM Y
X Y > x —Y o xm

An oplax module transformation «: (f, ) = (g,1)) satisfies

XM —2 5 X

X
h Vel s (72)
Y

T

S
J/ng\
=

\&

b.<
<

— YM—)Y

A.5 Frobenius pseudomonoid axioms. In [31, Prop. 25|, a definition for a pseudomonoid
A in a Gray monoid to be Frobenius is given, in terms of the existence of a counit and a map
I - A® A along with two 2-isomorphisms satisfying axioms. We will here use an alternative
definition that naturally generalizes the monoid-comonoid definition in the ordinary monoidal
setting, using a subset of axioms of [31, Lem. 32].

An object which is a pseudomonoid (A4, m, j, o, £,r) and a pseudocomonoid (A, d, €, 3, s,t) is
Frobenius when it comes equipped with 2-isomorphisms v, ¢ as in (6) subject to axioms that
express that d: A — A® A is aleft A, right A pseudomodule morphism and also m: ARQA — Ais
aleft A, right A pseudocomodule morphism. Explicitly, we have the following eight axioms where
axioms (73) express that d is a right A-pseudomodule pseudomap between (A,m: A®@ A — A)
and (A®A,1@m: AQA®A — A® A) similarly to (70) and (71), axioms (74) express that d is
a left A-pseudomodule pseudomap, axioms (75) express that m is a left A-pseudocomodule map
between (A,d: A > A®A)and (AR A,d®1: A®A— A® A® A), and axioms (76) express
that m is a right A-pseudocomodule map.

AAAA 2 AA ™ A = AAAA BT AA

A
Y T
1ml d1 L |d 1ml ® m |d
p

A A
VRN

< N RN

AAA —— 5 A4 AAA —— 5 AA a AA AA
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AAA — ™ AQ AAA —— ™ A4

N . s
1d|  1m & |m 11d e d |m
Y v

AAAA ———— AAA AAAA —— AAA
11m 11m

AAAA ——— AAA  AAAA ———— AAA
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