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Abstract

I describe a generalization of the notion of operadic category due to Batanin and Markl. For each
such operadic category I describe a skew monoidal category of collections, such that a monoid in
this skew monoidal category is precisely an operad over the operadic category. In fact I describe
two skew monoidal categories with this property. The first has the feature that the operadic
category can be recovered from the skew monoidal category of collections; the second has the
feature that the right unit constraint is invertible. In the case of the operadic category S of finite
sets and functions, for which an operad is just a symmetric operad in the usual sense, the first
skew monoidal category has underlying category [N, Set], and the second is the usual monoidal
category of collections [P, Set] with the substitution monoidal structure.
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1. Introduction

In the beginning [5, 13|, an operad was a formalism for describing certain sorts of internal
structures in a symmetric monoidal category. For each natural number n one specified the n-
ary operations which could be defined in the structure as well as various equations which hold
between these operations. There would typically be an action of the symmetric group S,, which
allowed the input variables to be permuted, but there was also a “non-symmetric” or “plain”
flavour of operad which did not involve these actions.

The renaissance of operads [12]| which was celebrated in the mid-1990s saw not just a renewed
interest in operads but an explosion of new flavours of operad. These included “coloured” ver-
sions (also known as multicategories, symmetric or otherwise), higher globular operads [3], and
modular operads [6]. There were various approaches to incorporate many of these into a single
framework |7, 11]
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This expansion in the scope of operads has continued, and several new frameworks have
appeared recently. One of these is the operator categories of Barwick [2]; another, more general,
is the operadic categories of the title, introduced by Batanin and Markl in [4]. For each such
operadic category, there is a corresponding notion of operad. Thus there is an operadic category
for symmetric operads, another for plain operads, another for coloured versions of these (for a
given set of colours), and still others for other notions of operad. These operadic categories were
put to spectacular use in proving a duoidal version of the Deligne conjecture.

In the original (symmetric) operads, the category IP of finite cardinals and bijections (equiva-
lently, the disjoint union of the symmetric groups) plays a key role. For a symmetric monoidal cat-
egory V with colimits preserved by tensoring, the functor category [P, V] has a (non-symmetric)
monoidal structure, and a monoid with respect to this monoidal structure is precisely a symmet-
ric operad in V [8]. An object of [P, V] is sometimes called a collection in V, and consists of an
object T}, of V for each n € N, equipped with an action of the symmetric group. The monoidal
category of such collections is sometimes written as Coll(V).

In the case of plain operads there are no actions of the symmetric groups, and so rather than
P one uses the discrete category N consisting of just the finite cardinals and identity morphisms;
there is once again a monoidal structure on [N,V] with respect to which the monoids are the
plain operads in V.

In this paper, I shall introduce a mild generalization of the operadic categories of [4], and
for each such “generalized operadic category” C I shall define a skew monoidal category |14, 9]
of collections Coll¢ (V). Skew monoidal categories are similar to monoidal categories except that
the unit and associativity maps are not required to be invertible. The most important case of
this construction is where V is just the category Set of sets and functions, equipped with the
usual cartesian monoidal structure. The skew monoidal category Collg(Set) is equipped with an
opmonoidal functor into [N, Set]. I shall write Coll¢ for Collg(Set).

I shall show that the generalized operadic category C can be recovered from Colle along with
its opmonoidal functor into [N, Set], and I characterize which skew monoidal categories over
[N, Set| arise in this way, and further characterize those corresponding to the genuine operadic
categories of [4]. This provides a new, but equivalent, definition of operadic category, as well as
a rather different point of view. I regard this as the main contribution of the paper. (The mild
generalization in the definition seems far less important, although it does allow a cleaner way for
presheaves to be seen as operads.)

If we start with the operadic category S for symmetric operads, the resulting skew monoidal
category Colls is not just Coll(Set) = [P, Set]; in fact as a category it is [N, Set], but with
a different skew monoidal structure to that mentioned above. Nonetheless, there is a way to
recover Coll(Set) from Colls. For a large class of skew monoidal categories (€, x,U), there is a
way [10] to associate a new skew monoidal category £V for which the right unit map X — X @U
is invertible, and such that the two skew monoidal categories have the same category of monoids.
(A skew monoidal category for which the right unit maps are invertible is said to be right normal.)
When this construction is applied to Colls the resulting skew monoidal category Collg is in fact
monoidal, and is monoidally equivalent to Coll(Set). This is the second main contribution of
the paper.

When the construction is applied to Collg for a general operadic category C, the resulting
skew monoidal category COHCU may not be a monoidal category, but I give sufficient conditions
under which it is so.

The structure of the paper is as follows. I begin, in Section 2, with the generalized notion of
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operadic category, its relationship to the operadic categories of [4], and a few key examples. In
fact I use “operadic category” for the new more general notion, and speak of “genuine operadic
categories” when I wish to refer to the original notion of [4]. In Section 3, I define the skew
monoidal category Colle associated to an operadic category. Section 4 is about C-operads for
an operadic category C; that is, about monoids in Coll¢. I describe in Section 5 the dependence
of the Collg construction on C, and in Section 6 the modifications needed when collections are
taken in a monoidal category V other than Set. Then in Section 7 the characterization of those
skew monoidal categories over Collg arising from an operadic category is given. In Sections 8
and 9 I show how to replace Collg with a right normal skew monoidal category CollcU with the
same category of monoids (that is, operads), as well as giving a sufficient condition for Collg
to be monoidal. Finally in Section 10 I describe various examples of operadic categories, and
determine in each case whether the sufficient condition holds.

2. Operadic categories

For an object d of a category C, the “slice category” C/d has morphisms with codomain d as
objects, and commutative triangles as morphisms. It is equipped with a functor dom: C/d — C
sending an object of C/d to the domain of the corresponding morphism.

C/d dom C
— b—2 o ¢

h— % .
w\* d#/w
For any functor F': X — C and any object z € X there is an induced functor F/x: X /x — C/Fx
sending ¥: y — x to Fi: Fy — Fzx. In particular, for the functor dom: C/d — C and any
Y: ¢ — d, the induced dom/: (C/d)/(¢: ¢ = d) — C/c is an isomorphism of categories.
For a set I, there are two possible ways to define the category of I-indexed sets: as Set! or

as Set/I. Of course these two are equivalent, via the functor Set/I — Set! sending a set over
I to its fibres.

Notation 2.1. Throughout this paper S will denote (any skeleton of) the category of finite sets.

If I is a finite set (in S) then the equivalence Set /I ~ Set! clearly restricts to an equivalence
R;: S/I — S!. This is determined only up to isomorphism; we shall suppose a fixed choice to
have been made.

If we move from categories of sets to some other category C, these two approaches to families
are no longer equivalent, or even directly comparable. There is still the category C! of I-indexed
families in C: this is an “external” notion of family. But there is also the “internal” version of
indexed family, where the indexation is done using an object X € C rather than a set I, and now
C/X can be thought of as the category of “X-indexed families of objects in C”. Both of these
are important: among other things, the first is fundamental to the theory of enriched categories
and the second is fundamental to the theory of internal categories. In an operadic category the
equivalence between the internal and external notions is partially restored.

I shall now introduce the promised generalization of the operadic categories of [4]. For the
precise relationship between the two definitions, see Proposition 2.4 below.

Definition 2.2. An operadic category is a category C equipped with the following structure:
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1. a functor | |: C — S, which we call the cardinality functor;
2. for each object d € C a functor Ry: C/d — Cld making the diagram

c/e L1 cld

1

S/|d| — Sl
Rjal
commute;
subject to some conditions to which we shall soon turn. First, however, we introduce some
notation and terminology. For a morphism : ¢ — d in C, the functor Ry gives a |d|-indexed
family of objects of C. The ith of these, for some i € |d|, will be written as ¢ ~1i; these ¢~ 1i will
be called the fibres of ¥. For morphisms ¢: b — ¢ and ¥: ¢ — d, seen as defining a morphism
@: (1) — 1 in C/d, we sometimes write ¥ : R(p) — R(1) for its image under Ry.

An object u € C is said to be trivial if |u| = 1 and R,, = dom. The commutativity of the
square implies that [~ 1i| = |p|~ti. In particular, if u = 171 is a fibre of an identity morphism,
then |u| = 1. We shall often omit the subscript and simply write R for Ry.

We now turn to the conditions.

3. Any fibre 1;11' of an identity morphism is trivial;

4. For any morphism v : ¢ — d, the diagram

(C/d)/(6: ¢ = d) ~L% Ml JRy —— TT C/ij
JEld|
dom/%) lHjR
C/c Cldl —— T ¢l 'l
J€ld]

commutes (the “double slice condition”). Here the “equality” on the lower line is defined
using the equality |[1)~1j| = |1)|~'j and the canonical isomorphism |c| = Zj || 715, The
object part of this double slice condition then says that for a composable pair ¢: b — ¢,
Y: c—d, and i € ||, the equation ((pmu)*li = ¢~ i holds.
The last condition says roughly that the fibres of ¢ can be recovered by amalgamating the “local
fibres” over d.
We often write U for the set of all trivial objects.

Proposition 2.3. In an operadic category, an object u is trivial if and only if it is a fibre of 1.

Proof. Any fibre of an identity morphism is trivial. Conversely, if u is trivial, then |u| = 1 and
the (unique) fibre of any morphism ¢ — w is ¢; in particular, the fibre of 1, is u. O

We record the relationship with the operadic categories of Batanin-Markl as the following
proposition. In fact the only notion defined in [4] is called a strict operadic category; we shall
call it a genuine operadic category when we wish to distinguish it from the “generalized” operadic
categories considered here. (We never deal with the “non-strict” notion in which the commutative
diagrams in conditions (2) and (4) of the definition are replaced by isomorphisms, satisfying as
yet unspecified coherence conditions.)
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Proposition 2.4. A strict operadic category in the sense of [4] is precisely an operadic category,
in the sense of Definition 2.2, in which each connected component has a chosen terminal object,
these objects are trivial, and they are the only trivial objects.

A strict operadic functor between operadic categories C and D will be a functor F': C — D
which strictly commutes with both the functors into S and the functors R, in the sense that the

diagrams
F F/c
C D C/lc——=TD/Fc
\ / Rci iRFC
S Clel —__ plFe|
Flel
commute; the second makes sense because |F'¢| = |c| by commutativity of the first. We write

OpCat for the category of operadic categories and strict operadic functors.

Proposition 2.5. A strict operadic functor sends trivial objects to trivial objects.

Proof. If F': C — D is a strict operadic functor and w is trivial in C, then |Fu| = |u| = 1; while
u is a fibre of 1,, and so Fu is a fibre of F'1,, = 1p,; thus Fu is also trivial. O

Remark 2.6. The strict operadic functors of [4] are required to strictly preserve the chosen
terminal objects, but this just amounts to preserving the trivial objects.

Example 2.7. The category S itself is operadic, with | | given by the identity functor. In fact S
is the terminal operadic category, in the sense that for any operadic category C, there is a unique
strict operadic functor C — S, given by the cardinality functor | |.

Example 2.8. The category P of finite ordinals and order-preserving functors is operadic; the
cardinality functor forgets the order, and the R are constructed using the fibres with their induced
ordering. (The category P has been given various names over the years. It contains the simplex
category A as the full subcategory of all non-empty finite ordinals. When P is made into a
monoidal category via ordinal sum, it is sometimes called the “algebraists’ A”, but this monoidal
structure will not be used here. The letter P has been chosen to suggest plain operads, as
opposed to the symmetric operads corresponding to S.

Example 2.9. As observed in [4], a category of operators in the sense of Barwick [2] is an operadic
category C with finite hom-sets and a terminal object 1, in which the cardinality functor is the
S-valued representable functor C(1, —), and the fibres are the actual fibres defined using pullback.

Our first example which does not satisfy the extra condition in [4] is:

Example 2.10. Any category A becomes an operadic category when we define the cardinality
la| of any object a to be 0. Then there are no fibres and no trivial objects.

Batanin and Markl also describe how to make any category A into an operadic category in
their sense: one freely adds a terminal object and makes this object trivial, while all objects from
the original category have cardinality 0. I shall write Ay for this operadic category, and I shall
have more to say about the difference between A and A; below. The next example is closely
related to [1, Chapter 3.

Example 2.11. Any category A becomes an operadic category when we define the cardinality
la| of any object to be 1, and define each R, to be the domain functor.
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There are many further examples of operadic category given in [4]; some of these are discussed
in Section 10 below.

3. The skew monoidal category of collections

A skew monoidal category [14, 9] is a category &€ equipped with a functor £ x & — &, whose
effect on (X,Y) is written X %Y, an object U, and natural transformations

(X*Y)*Z#X*(Y*Z)
Ux X A X

X P XxU

subject to five axioms which are recalled below. These natural transformations are not required
to be invertible, but it is useful to be able to discuss the case when some or all of them are so.
The skew monoidal category is said to be left normal if A is invertible and right normal if p is
invertible. It is said to be Hopf if « is invertible; of course if all three are invertible then it is
just a monoidal category.

In this section we shall show how to construct a skew monoidal category Collz(Set), or Colle
for short, from any operadic category C.

Let C be an operadic category, and write C for the set of objects of C. The underlying
category of Colle will be the slice category Set/C. An object of Set/C consists of a set X
equipped with a function 9: X — C, but we normally regard 9 as understood and simply call
the object X. Given such an object X and an element ¢ € C' we write X, for the (actual!) fibre
071(c). For x € X we write |z| for the set |0(x)].

The tensor product X Y of X and Y is given by the formula

(X#Y)e= > Xax [] Yo

p:c—d 1€ld]

Thus an element of X * Y consists of a morphism ¢: ¢ — d in C, an element x € X4, and a
|d|-indexed family y = (yi)ic|q With y; € Y,,-1;. The function 9: X *Y — C sends such an
element (z, ¢,y) to the domain of ¢. This clearly extends to a functor Set/C x Set/C' — Set/C
sending (X,Y) to X Y.

The unit is the set U of trivial objects of C, with 0 given by the inclusion U — C.

The remaining structure in a skew monoidal category consists of the natural transformations
A, p, and «a, to which we now turn. An element of (U %X ). has the form (u, ¢, ), where p: ¢ - u
and u € U; since |u| = 1 and the unique fibre of ¢ is ¢, x just consists of a single element of X..
We may now define the left unit constraint for our skew monoidal structure to be

U*XL>X
(U,QD,IL‘)}—>SU

which is clearly natural in X.

Remark 3.1. The left unit map A is invertible if and only if every object ¢ has a unique map
to some trivial object w. If this is the case, we may write !.: ¢ — u(c) for this map. For any
morphism ¢: ¢ — d, the composite

¢~ d U u(d)
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is a morphism to a trivial object, so by uniqueness u(d) = u(c) and this composite is the unique
map. Thus it follows that each connected component of C has a chosen terminal object, and
this terminal object is trivial. It further follows that these chosen terminal objects are the only
trivial objects. Thus A will be invertible if and only if our “generalized” operadic category is a
genuine operadic category in the sense of [4].

We shall say that a morphism ¢ is fibrewise trivial if all of its fibres are trivial. Part of the
definition of operadic category is that identity morphisms are fibrewise trivial. In the operadic
categories P and S a morphism is fibrewise trivial if and only if it is bijective.

An element of (X *U), has the form (z, ¢, u), where ¢: ¢ — 9(x) must be fibrewise trivial in
order to define u. Thus we may define the right unit constraint for our skew monoidal structure
to be

X P XxU
T ($, 18($)? Rla(z))

which once again is clearly natural in X.

Remark 3.2. The right unit map p will be invertible if and only if the only fibrewise trivial
morphisms are the identities. This is true in P but not in S (or most other examples).

Next we turn to the associativity map «. First we describe (X *Y) « Z and X x (Y x 2).
An element of ((X *Y) % Z). involves a morphism ¢: ¢ — d, an element of (X % Y)y, and a
|d|-indexed family z with 2z; € Z,-1;; and an element of (X * Y)y will consist of a morphism
Y:d — e, an element © € X, and a |el-indexed family y with y; € Y;,-1;. We denote such an
object with (x,v,y, ¢, 2).

An element of (X * (Y * Z)). consists of a morphism 6: ¢ — e, an element x € X,, and an
le|-indexed family (y, 7, z) with (y, 7, 2); € (Y*Z)g-1;. Here 75: 67'j — v; and y; € Y,,;, while z;
is a |vj|-indexed family with (z;); € ZT]_—li. We may collect all the v; into an object v € Cl¢l, and
all the 7; into a single morphism 7: R(f) — v in C lel. We now define the associativity constraint
for the skew monoidal structure to be

(X*Y)*Z —2>Xx(Yx2)
(9077!)7ya%2)*—>(55a¢80a Y, S0¢7Z)

which is once again clearly natural. (Recall that ¢¥: R(1¢) — R(%) is the image under
Ry: C/d — Cl¥ of the morphism ¢: (¢p: b— d) = (¢: ¢ — d) in C/d.)

Remark 3.3. When is a invertible? In particular this would imply that a: (CxC)*C — Cx(CxC)
is invertible. Given 6: ¢ — e and 7: R(f) — d, in the form 7;: 671§ — d; for j € |e|, there needs
to be a unique ¢: ¢ = d and Y: d — e with ¢ = 6 and gp}ﬁ = 75; that is, a unique ¢: 0 —
in C/e with Ri) = d and R(¢) = 7. This in turn says that each R: C/e — Cl¢ is a discrete
opfibration. Conversely, it is not hard to check that, not just a: (C*C)*C — C % (C x C), but
all the components of o are then invertible.

In the example of S, the R functors are equivalences, but are not discrete opfibrations, so «
is not invertible. In the case of P, however, the R are in fact isomorphisms, so « is invertible.

Now we turn to the axioms [14, 9] for skew monoidal categories. For monoidal categories
(where «, A, and p are all invertible) two axioms suffice, but for skew monoidal categories five
are needed.
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The (), p)-compatibility condition. This says that the composite
U—L>UxU-25U

is the identity. Since each U, has at most one element, this is obviously true.

The (a, \)-compatibility condition. This says that the diagram

UsxX)*Y —“>=Ux(Xx*Y)

commutes. Now

Aa(u, 1, z,0,y))) = Mu, v, 2, 0%, y)
= (z,¢%,y)
(A1) (u,p, 2, 0,y) = (z,0,y)

so the condition says that ¢¥ = ¢ whenever 1) has trivial codomain; in other words:

e R, acts on morphisms as the domain functor when u is trivial.

The (a, p)-compatibility condition This says that the diagram

XY L (XxY)xU
la
1xp
X * (Y 1)
commutes. Now
Oé(p(.’I), ®, y)) = CE(LL', ©®5Y, 107Rlc)

= (z,¢le,y,12,y, R1,)
(1*p)(z,0,y) = (x,0,y,17, R1.)

and so the condition says that:
e the left identity law ¢lgom, = ¢ holds for morphisms ¢ in C
e the functors Ry preserve identity morphisms

The (A, a, p)-compatibility condition This says that the composite

X+V P (X xU)xY 2o X« (1Y) 2N X5y

is the identity. Now
(I Na(p* 1) (2, 0,y) = (1 x Na(z, 1, Rlg, 0, y)
= (1% \)(z, Lyp, R14, p'0@ )
= (.1‘, 1d()07 y)

and so the condition says that

e the right identity law 1.0q,% = ¢ holds for morphisms ¢ in C.
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The pentagon. This says that the diagram
(W (X*Y)*xZ "W (X*Y)*2)

T 1xa
ax]l

(W% X)) « (X
\ /

(W X)x (Y x2)
commutes. For (w,0,x,1%,y,p,2) € (W X)xY)x Z, we have
(1x a)a(ax 1) (w,0,2,9,y,¢,2) = (1x a)a(w, 8¢, 2,9%,y, ¢, 2)
= (Lxa)(w, (09)p, 2,9y, o™, 2)
= (w, ()e,2, 0™y, (4™, 2)
aa(w,8,z,,y, ¢, 2) = a(w, 0, z,Pe,y, o%, 2)
= (w,0(4), z, (¥0)’,y, 0%, 2)

and so the pentagon is equivalent to the conditions

x (Y x2))

o (0Y)p = 0(vhy) (associativity of composition)

o 0% = (Yip)? (functoriality of R)

° (gpgw)we = ¥ (double slice condition).

Later on we shall use this analysis in our characterization of operadic categories; in the
meantime we record:

Theorem 3.4. If C is an operadic category and C' is its set of objects, there is a skew monoidal
category Collg(Set) with underlying category Set/C, with tensor x given by
(X*Y)e= > Xgx [] Ypu
fic—d i€ld]

with unit U consisting of the trivial objects, and with structure maps

a(z, 9,y ¢, 2) = (z,¥0,y,¢%, 2)
AMu, p,z) =
p(r) = (7, 19, Rlaw))

Example 3.5. In the case of P, the object-set is N, and so we obtain a skew monoidal structure
on Set/N (or equivalently on Set" = [N, Set]). By Remarks 3.1, 3.2, and 3.3, the maps a, A,
and p are all invertible, and so we actually have a monoidal structure. This turns out to be use
usual substitution monoidal structure on [N, Set], with respect to which the monoids are the
plain operads.

Example 3.6. In the case of S, the object-set is once again N, so we obtain another skew
monoidal structure on [N, Set]. This time A is invertible, but p and « are not, so it is definitely
not the same as in the previous example.

Example 3.7. If A is just a category with object-set A, seen as an operadic category with all
la| = 0 as in Example 2.10, then the corresponding skew monoidal structure on Set/A has unit
0 and tensor X x Y given by (X *Y), = {(z,¢) | ¢: a = b,x € X;}. Equivalently, this is the
restriction of the left Kan extension of X: A — Set along the inclusion A — A°P. (This is
independent of Y.)
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4. Operads

For any skew monoidal category we can define the category of monoids. In particular we can do
so for Collg(Set) for any operadic category C. We now unravel what this means.

First we should give an object T' of Collz(Set). This amount to giving a set 7, for every
object ¢ € C.

The unit has the form of a morphism n: U — T in Set/C. This amounts to giving, for each
trivial object u € C, an element n,, € T},.

The multiplication has the form of a morphism p: T« T — T. This amounts to giving, for
each morphism ¢: ¢ — d, each x € T; and |d|-indexed family y with y; € T,,-1;, an element of
T.. In other words, for each ¢: ¢ — d, we should give a function

()
Td X H16|d| Tgo_li —_— TC'

These should satisfy associativity and two unit axioms, which we now explicate.
Associativity says that the diagram

pxl

(T+«T)*T Tx*T

al ’

T*(T*T)I*T>T*T T

m

commutes. An element of (7 T') x T involves a pair (¢: ¢ — d,¥: d — e); associativity then
says that for any such pair, the diagram

p(p)x1
Te x Tljere Torg % Hiea T Ta % Mg Tt
Te x Hj€|e| (Tw’lj X Hiew—lj\ Tgo*%’) ()
1><Hj M(QD;P)
Te x HJG\el T(W’)’lj w(be) T

diagrams.
The unit condition say that the diagrams

UsT " rer X rou< T

b

T

commute.
The left unit condition says that for any ¢: ¢ — u with trivial codomain, the diagram

1x T, T, x T,

o lu(s@)
T:
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commutes, and the right condition says that for any object ¢ the diagram

IxIT;m o
T, x Hi€|c| Ty, =T X Hz’e\c\ l—Tc

commutes.

This agrees with the definition in [4], giving:

Theorem 4.1. IfC is a genuine operadic category then the category OpC(Set) of operads defined
in [4] is the category of monoids in Colle(Set).

The specific structure involved in a C-operad for many examples of C is spelled out explicitly
in [4]; in particular, a P-operad is a plain operad and an S-operad is a symmetric operad.

Example 4.2. For a category A, seen as an operadic category as in Example 2.10, an A-operad
is precisely a presheaf on A. To see this, recall that a collection consists of an A-indexed family
X = (X4)aca of sets. The unit of Colly is the empty set (over A), and so any such family X
has a unique map U — X. The tensor product X x X consists of pairs (¢: ¢ — d,z € Xy), and
in this case d(¢,x) = ¢. Thus to give a map pu: X * X — X is to give, for each p: ¢ — d and
each x € Xy, an element xp € X.. Associativity of u says that (zv¢)p = x(¢p), the right unit
condition says that 14 = x, and the left unit condition is trivial.

This gives a cleaner way to regard presheaves as operads than in [4, Example 1.16], which
used A; rather than A. An A;-operad is a presheaf on A, together with an action of a monoid
M in Set.

5. Functoriality of the sColl construction

If€=(&,*U)and F = (F,*, V) are skew monoidal categories, an opmonoidal functor from & to
Fis a functor F': £ — F equipped with a natural transformation F?: F(X*Y) — FX xFY and
a morphism F°: FU — V satisfying three coherence conditions: one expressing coassociativity of
F? (compatibility with the associativity maps «/) and two counit conditions for F° (compatibility
with the left unit maps A and the right unit maps p). Write SkewMonCat for the category of
skew monoidal categories and opmonoidal functors.

The goal of this section is to prove the following theorem.

Theorem 5.1. There is a functor Coll: OpCat — SkewMonCat sending an operadic category
C to the skew monoidal category Colle(Set). The operadic category C is a genuine operadic
category in the sense of [4] if and only if the left unit constraint A of Colle(Set) is invertible.

Proof. Let C and D be generalized operadic categories. Write D for the set of objects of D, and
V for the trivial ones, seen as a set over D. Let F': C — D be a strict operadic functor.

In particular, F' determines a function f: C' — D between the sets of objects, and composition
with this function induces a functor fi: Set/C' — Set/D which has a right adjoint f* given by
pullback. For X € Set/C, the object fi(X) of Set/D is just X as a set, but now with structure
map f0.

Since f maps U to V, there is a (unique) map FY: fiU — V in Set/D.
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Let X,Y € Set/C. There is a map F?: fi(X xY) — fi(X) * fi(Y) sending (x,¢,y) to
(x, Fp,y). This is clearly natural in X and Y.

We now check the coherence conditions on F? and F°. Compatibility with A says that the
composite

AU+ X) 2 f(0) 5 1(X) Z2L V4 (X)) 2> fi(X)

is equal to fi(\). An element of fi(U % X), has the form (u, ¢, z), where ¢: ¢ — u is a morphism
in C with trivial codomain, z € X,, and fc = a. Such an element (u,p,z) is sent by F? to
(u, Fo,x), then by FO %1 to (Fu, Fp, ), then by A to z; the composite of these is indeed equal
to fi(\).

Compatibility with p says that the composite

OO T (X 0) 2 (X % (0) S (X <Y
is equal to p. Now fi(p) sends x to (z,1g(), Rlg(y)), then F? sends this to (x, Fly@y, Rlym)),
and 1% F° sends this to (, Fly(,y, FR1p(,)). Thus compatibility with p amounts to the fact
that
e [ preserves identities.
(The fact that F'R1y(,) = R1pg(,) then follows.)
Finally, compatibility with « says that the diagram

AKX #Y) % 2) =L G V) 5 f(2) L2 ((X)  A(V)) * £(2)

f!(a)i la

X (Vo 2)) — i(X) # iV Z) = Ji(X) # (A(Y) = £i(2))

commutes. An element of fi((X *xY) * Z) can be written as (z,v,y, ¢, z), say with ¢: ¢ — d,
Y:d— e,z € X, and y and z are families indexed by |e| and |d|, and y; € Yy,-1; and 2; € Z,-1;.
Passing along the upper path, this gets sent to (z,,y, Fp, z), then to (z, Fi,y, Fp, z), then to
(z, F()F(¢),y, F()F®), 2). The lower path goes to (z,v¢,y, ¢, 2), to (z, F(1bp),y, ¢¥, 2),
and to (x, F(¢p),y, F(¢¥),z). Thus compatibility with a is equivalent to the following two
conditions:

e F preserves composition;

e I’ commutes with the R functors. O

Remark 5.2. Observe also that the natural transformation F? is cartesian, in the sense that the
naturality squares are pullback.

6. Collections in other symmetric monoidal categories

In this section we briefly sketch what happens when collections are defined not in Set but in some
other symmetric monoidal category V. We suppose that V is cocomplete, and that tensoring
with a fixed object preserves colimits; this preservation condition certainly holds if V is closed.

In the case V = Set it was possible to use Set/C' as the underlying category of collections; for
a general V, we use V° instead. Apart from this change, everything goes through in essentially
the same way. The tensor product is given by the formula

(X*Y)e= > X0 Q) Y,

p:c—d i€|d|
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where the sum is over all morphism ¢: ¢ — d in C. The unit U is given by

I if ¢ is trivial
U. =
0 otherwise.

The c-component of the left unit map A\: U * X — X has the form
> U@ Q) Xp1; = X
p:c—d 1€|d|

and is defined via the universal property of the coproduct. If ¢: ¢ — d has trivial codomain then
the p-summand is I ® X, and we just use the left unit map I ® X, — X, in V. If ¢: ¢ = d has
non-trivial codomain then the ¢-summand is 0 ® ), Xo-1; =0, and so we use the unique map.
The c-component of the right unit map p: X — X % U has the form is given by the composite

X4>X®®I X®®U114>2Xd®®U
i€|c| i€lc| p:c—=d i€|d|

constructed using right unit maps in V' and the injection of the 1.-summand. The associativity
map a: (X *Y)*Z — X % (Y % Z) is more complicated.

(XY Z)e= > (X5Y)a® Q) Zo;

p:c—>d i€ld|
SD 3l (o .- O P P
p:c—=d \¢Y: d—e j€lel i€|d|
=~ N X @@ V1,0 R) Zi (6.1)
@w: c—d je‘€| Ze‘d‘
w d—e
:(‘—>d je‘e| ’LE|'L/J| 1
'LZ)
(Xx(Y2Z)e= Y, Xe@ QY * Z)g;
0: c—e j€Ele|
Sxe®( ¥ we®z.) w2
0: c—e J€lel \wj: 0~ 1j—v; i€|vj] ’

Now a sends the (¢, )-component of (6.1) to the 1 p-component of (6.2) using the injections

Yw - X ® Z p-li T Z ij® ® wall-

i€lp—1j] wj: 071 j—v; i€ vy J

of the go}b—component for each j.

Verification of the five axioms is an exercise in internalizing the arguments already given for
the case V = Set. This gives a skew monoidal category Collg (V).

Similarly, if F': C — D is a strict operadic functor, there is an induced opmonoidal functor
Fi: Collg(V) — Collp(V), sending the collection (X¢)eec to (3 p.—g Xe)gep- Unless coproducts
in ¥V happen to be strictly associative, the construction is now only pseudofunctorial, so that
G1F) = (GF)y, but this does not present any great problem.

Once again, a C-operad in V is a monoid in Coll¢ (V).
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7. Another characterization of operadic categories

We observed above that for any functor F': X — C and any object x € X, there is an induced
functor F/x: X/x — C/Fux; if X has a terminal object 1, then X' /1 = X, and we shall allow
ourselves to write F'/1 for the corresponding functor X — C/F'1. In particular, we could apply
this to the functor Coll: OpCat — SkewMonCat, using the fact that S is terminal in OpCat.

Theorem 7.1. The functor Coll /1: OpCat — SkewMonCat/ Colls is fully faithful. An
opmonoidal functor P: £ — Collg is in the image of Coll /1 if and only if:

(a) the underlying category of € is a slice category Set/C,

(b) the underlying functor of P is p;: Set/C — Set/N for some p: C — N in Set, and

(c) the opmonoidal structure map P? is cartesian.

Proof. Let C and D be operadic categories, and P: C — § and Q: D — S the unique strict
operadic functors, and p: C' — N and ¢q: D — N their effect on objects. The underlying categories
of Collg and Collp are Set/C' and Set/D, and the underlying functors of P and @ are given by
pr: Set/C — Set/N and ¢: Set/D — Set/N. Any functor Set/C — Set/D commuting with
pr and ¢ has the form f for a unique function f: C' — D.

We are to show that to extend the assignment on objects f: C — D to a strict operadic
functor C — D is equivalent to giving the functor fi: Set/C' — Set/D opmonoidal structure
which is compatible with those on p; and ¢i. The nullary part of the opmonoidal structure
amounts to a morphism fY: fi(U) — V in Set/D. Such a map is unique if it exists, and will
exist if and only if f maps trivial objects to trivial objects; furthermore, when it does exist the
compatibility condition is automatic.

The binary part involves natural maps F2: fi( X *Y) — fi(X) * fi(Y), and the compatibility
condition says that the diagram

2

QX Y) 2 (A0 % AY)) ~Tm @ fi(X) 5 (V) (7.1)

n(X *Y) = p(X) *pi(Y)

should commute.

We may regard C' as an object of Set/C via the identity morphism 1¢: C' — C. An element
of C' % C lying over ¢ has the form (d, ¢, Rp), where ¢: ¢ — d is a morphism in C and Ry is the
|d|-indexed family consisting of the fibres of ¢. The elements of fi(C * C') are just the same, but
now (d, ¢, Rp) is regarded as lying over fc. The elements of g fi(C x C) = pi(C * C) are still the
same, with (d, ¢, Rp) regarded as lying over |fc| = |c|. Finally P%: p)(C % C) — p(C) * py(C)
sends (d, ¢, Rp) to (d, |¢|, Re). Thus a map F?: fi(C x C) — fi(C) x fi(C) making the relevant
instance of the diagram (7.1) commute must be of the form (d, v, Ry) — (d, Fp, Ry), for some
assignment of a morphism Fo: fc — fd for every ¢: ¢ — d, with |Fp| = |¢|.

Now let X and Y be arbitrary objects of Set/C. An element of X %Y lying over ¢ has the
form (z,p,y), where ¢: ¢ — d is a morphism in C, z € Xy, and y is a |d|-indexed family with
Yi € Y,-1;. An element of fi(X xY) still has the same form, but now (x, ¢, y) is seen as lying over
fe; and when we pass to ¢ fi( X *Y) = p)(X*Y") the elements are still unchanged, but now (z, ¢, y)
lies over pc = |c|. Finally P?: p/(X *Y) — pi(X) *p1(Y) sends (z, ¢, y) to (z, |¢|,y). Thus maps
F?2: (X *Y) = fi(X) % fi(Y), natural in X and Y and making the diagram (7.1) commute,
must have the form (z,p,y) — (x, F,y) for some assignment (¢: ¢ = d) — (F¢: Fc — Fd).
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Thus any opmonoidal functor Colle — Collp commuting with the induced opmonoidal func-
tors into Colls must arise from some assignment ¢ — Fc and (¢: ¢ = d) — (Fy: Fe — Fd)
commuting with the functors P: C — S and Q: D — S. Just as in the proof of Theorem 5.1,
this will define a strict operadic functor F' if and only if F? and F° satisfy the compatibility
conditions for an opmonoidal functor.

This completes the proof that Coll /1 is fully faithful. It remains to characterize its image.
If P: £ — Colls is in the image then conditions (a) and (b) hold by definition, while (c) holds
since, by Remark 5.2, P? is cartesian. Suppose conversely that conditions (a), (b), and (c) all
hold. We are given a set C' and a function | |: C — N, and we need to try to construct an
operadic category C with object set C.

Define a morphism of C to be an element ¢ of C' % C. This will sit over some element ¢ € C
which we define to be its domain. The map P?: p/(C * C) — pi(C) * p;(C) sends ¢ to some
element (d, |¢|, Rp) € pi(C) * pr(C), where d € C and |p|: |c| — |d| is a function, while Ry is a
|d|-indexed family with |(Ry);| = |¢|~ti. Of course we write ¢! for the i-component of Re.
We define d to be the codomain of ¢. Thus we have a directed graph C, with a graph morphism
into (the underlying directed graph of) S sending ¢ to |c| and ¢ to |¢].

Now we use the the fact that P2 is cartesian. For objects X,Y € Set/C there are unique
maps X — C and Y — C, and now we have a pullback

p(X *Y) ——p(X) xp(Y)

| !

p(C* C) ——=pI(C) xp(C)

in Set/N. An element of p)(C x C) is still just a morphism ¢: ¢ — d, but now it is seen as living
over |c| rather than c. Its image under P2 is (d, |¢|, Rp); thus to give an element of p;(X)*p(Y)
living over this is to give 2 € Xg and a |d|-indexed family y with y; € Y,,-1;. This gives the
expected description of X Y. To be consistent with the description of X Y| we write (d, ¢, Rp)
for the element of C' x C identified with .

An element of (C'xC)*C over ¢ has the form (e, 1, Ry, ¢, Rp), where p: ¢ — dand ¢: d — e.
Applying P? twice sends this to (e, [1], R, ||, Rp). An element of C * (C' * C) over ¢ has the
form (e, 0,v, 7, RT), where §: ¢ — e is a morphism in C and 7: Rf — v is a morphism in Clel.
Applying P? twice sends this to (e, ||, v, |7|, RT). Thus to give a: (C* C)* C — C x (C x O)
making the diagram

P((C % C) % C) — py(C % C) % py(C) L22L (O 5 p1C) 5 p1C

ol :

p(C* (Cx(C)) 7])1(0) x*p1(CxC) ﬁp;C x (p1C * pC)

commute is equivalent to giving, for each composable pair (¢: ¢ — d,v:d — e) in C, the
following data:
e a morphism ¥p: ¢ — e in C, with || = |¢]|o];
e a morphism ¢¥: R(1p) — R(¢) in Cl¢! with |¢?¥| = |p|I¥! and R(p?) = R(y).
By naturality, the map a: (X *Y)* Z — X * (Y * Z) sends (z,9,y, @, 2) to (z,vp,y, o, 2).
Write Ug for the unit of Colls, consisting of the inclusion {1} — N. The unit of Set/C will
be a set U equipped with a morphism 0: U — C. There can be at most one map pU — Usgs,
and there will exist one if and only if |0(u)| =1 for all uw € U.
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An element of U * X has the form (u, ¢, z), where u € U, ¢: ¢ — 9(u), and = € X.. So to
give a natural map \: U * X — X whose image under p, is

p(U 5 X) Lo py(U) 5 pr(X) 225V s po(X) —2 o (X)

necessarily has the form (u, p,x) — =.
We now seek a natural map p: X — X % U for which the composite
pX Pl py(X 2 U)o py(X) 5y (U) 2255 i (X) # Uss (7.2)
is the p for §. To give the component at X = C is to give, for each element ¢ € C, a triple
(cod 1, 1c,u(c)), where 1.: ¢ = cod 1. and u(c) is a |cod 1.|-indexed family of elements of U.
This will satisfy the condition (7.2) when cod 1. = ¢. More generally, if p: X — X % U is to be
natural and satisfy the condition then it must send x € X to (z, 1g(z), u(9(z))).
Thus we now have all the data for an operadic category, and we have checked that this induces
the skew monoidal structure in the desired way. What remains to be checked are:
(i) 0: U — C is injective
(ii) associativity laws for C
(iii) identity laws for C

(V) Ry =domifueU

)
)
(iv) functoriality of R
)
i) the double slice condition for R.

(v

All but the first of these follow as in Section 3, where we checked the axioms for the skew
monoidal category Colle, since in each case we proved the equivalence of the axiom with some
subset of the conditions above. As for (i), we may use the (A, p)-compatibility condition which

says that the composite

is the identity. But for v € U we have p(v) = (9(v), 1), u(9(v))), and A sends this to u(9(v)).
Now u(0(v)) depends only on d(v); thus if it is to be equal to v, then 0 must indeed be injective,
giving (i). O

Remark 7.2. Let C be an operadic category for which |¢| = 1 for all ¢ € C. Then the operadic
structure consists of a functor R: C/c — C for each ¢ € C. The functor Set/C x Set/C — Set/C
preserves connected limits, and so corresponds to a span m from C' x C' to C' (with vertex C'xC').
Similarly the unit U — C' can be seen as a span ¢ from 1 to C'. Furthermore, the structure maps

a, A, and p can be seen as morphisms of spans

mx1 ix1

Cx(OCx(C—CxC 1xC—CxC C’><C<—C><1

SEE TR

CxC C

1xC Cx1

and the axioms say that these define a skew monoidale (internal skew monoidal structure) in
the monoidal bicategory Span. These observations allow us to recover from Theorem 7.1 the
characterization of skew monoidales in Span given in [1, Chapter 3].

It is also possible to characterize Collg in terms of Span for a general operadic category C;
this involves using S to define a skew monoidal bicategory structure on Span", then considering
skew monoidales in this skew monoidal bicategory.



Operadic categories 17

8. Fibrewise trivial morphisms

Let C be a generalized operadic category. Recall that ¢: ¢ — d is said to be fibrewise trivial
when all fibres of ¢ are in U. By assumption, every identity morphism is fibrewise trivial; we
shall see in Lemma 8.2 that the fibrewise trivial morphisms are closed under composition, and
so there is a category C consisting of all objects of C and fibrewise morphisms between them.
By extension, we define a morphism 7 in C/e to be fibrewise trivial if dom(7) is fibrewise trivial
in C; and we define a morphism 7 in Cl¢l to be fibrewise trivial if 7; is fibrewise trivial in C for
all i € |e|.
Since |7~ 1i| = |x|~1i, if 7 is fibrewise trivial then so is |r|.

Lemma 8.1. R: C/e — clel preserves fibrewise triviality.

Proof. Let ¢: (Yp: ¢ —e) = (: d — e) be fibrewise trivial in C/e, so that ¢: ¢ — d is fibrewise

trivial in C. We are to show that 90;?’: (Yp)~tj — 715 is fibrewise trivial for each j € |e|. But

1

each fibre (gp}ﬁ)_li of go}p is just a fibre ¢~ "i of ¢, thus trivial. O

Lemma 8.2. If m: d — e is fibrewise trivial, then a morphism ¢: ¢ — d is fibrewise trivial if
and only if mp is so.

Proof. For each j € |e| we have a morphism

. P5 1.
(mp)~lj ——>771j

and (go;r)_li =L for all i € |77 1j].

Since 7 is fibrewise trivial, there is a unique i € |[7~!j|, and since the codomain 7~ !5 of ©7
is trivial, the fibres of o7 are trivial.

Combining these two facts, we see that (mp)~!(|n|i) = ¢~ for all i € |d|, and so that m¢p

has trivial fibres if and only if ¢ does so. O

In particular, the fibrewise trivial morphisms form a subcategory of C, which I’ll call C. Fur-
thermore, the inclusion reflects isomorphisms: any isomorphism in C which is fibrewise trivial also
has fibrewise trivial inverse. On the other hand, the inclusion need not be full on isomorphisms:
there can be isomorphisms in C which are not fibrewise trivial.

Example 8.3. If C is the operadic category P for plain operads, then the only fibrewise trivial
morphisms are the identities and so the category C is still just the discrete category N.

Example 8.4. If C is the operadic category S for symmetric operads, then the fibrewise trivial
morphisms are the bijections, and so C is the category P of finite sets and bijections.

Example 8.5. If C is a category A, seen as an operadic category with |a| = 0 for all a, then all
morphisms are fibrewise trivial, and so C is just A once again.

9. Normalization

If &€ = (€,%U) is a skew monoidal category which has coequalizers of reflexive pairs, and
tensoring on the right with any object preserves these coequalizers, then there is a way [10] to
associate a right-normal skew monoidal category £V with the same category of monoids as &,
which we now recall.
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The unit object U of a skew monoidal category has a monoid structure with multiplication
A UxU — U and unit 1: U — U. We may define a right U-module to be an object X € £
equipped with a map rx: X «U — X, or just 7, called the action and making the diagrams

(X +U)+U—2> X« (U U) 22> X U X —2 XU

- RN

X*xU X X

T

commute. A homomorphism of U-modules is a morphism between the underlying objects which
commutes in the obvious sense with the actions. These U-modules and their homomorphisms
form the category CY.

In fact every object X of C has a canonical left action A\: U * X — X, preserved by any
morphism, and “compatible” with any right action, so that CY can also be thought of as the
category of bimodules over U. This suggests that there should be a tensor product on CY defined
as for bimodules using a coequalizer, and this is indeed the case. Explicitly, the tensor product
of U-modules (X, rx) and (Y, ry) is given by the coequalizer

rx*1

(X «U)xY X+Y 2> XAY

Xl/M?

X *(UxY)

in C, and this becomes a U-module via a map r: (X AY)« U — X AY which is uniquely

determined by commutativity of

X (Y*U) X xY.

1*T‘y

The forgetful functor CY — C becomes opmonoidal via the maps p: X *Y — X AY. See [10]
for further details.

We shall apply this in the case £ = Colle for an operadic category C. As a category Colle is
just Set/C which is of course cocomplete; and tensoring on the right with an object is cocontin-
uous, so we can form Collg )

Proposition 9.1. The category COHCU is equivalent to the category of presheaves on C.

Proof. We use the fact that Set/C ~ [C, Set], and show that a U-action on X — C' turns the
corresponding X : C' — Set: ¢ — X, into a presheaf.

Let X be an object of Set/C. An element of (X * U), is a triple (z, p,u), where ¢: ¢ — d
is a morphism in C, v € Xy, and u is a |d|-indexed family with u; € U,-1;. But there is at most

one element in U, and there will be one if and only if ¢ ~!j is trivial. Thus in fact an element

1,
of (X *U), amoﬁnt; to a fibrewise trivial morphism ¢: ¢ — d and an element x € Xj.

Thus for any X in Set/C, to give a morphism X « U — X is to give, for each 7: ¢ — d in C
and each z € X4, an element zm € X.. The associativity and unit conditions for a U-module say
that (zm)o = z(no) and x1y = x. Thus a U-module is precisely a presheaf on C; furthermore,

the condition for a map X — Y to preserve the action is precisely naturality. O



Operadic categories 19

Proposition 9.2. U has a unique U-module structure, and this is the unit for Collg. The
tensor product X NY of U-modules X and Y 1is the quotient of X xY by the equivalence relation
generated by

(x,mo,y) ~ (7,0, Yr)

where p: ¢ — d' is in C and w: d' — d is in C, where v € Xq and y = (yi € Y(rp)-1i)icla), and
where yr is the |d'|-indexed family with (yz)y = ypy. If 0: ¢ — ¢ is in C, then

[z, ¢, ylo = [2, o, yo

where p: ¢ — d, v € Xq, and y = (yi € Y,-1,)ielq); and where yo is the |d|-indexed family with
(yo)i = yioy .

Proof. This is essentially all true by construction. We just point out that [z, ¢, y] denotes the
equivalence class of (z,p,y), and that in the last part, 0’20 is fibrewise trivial because o is so,
thus the presheaf structure of ¥ allows us to form y;o7 . O

Example 9.3. If C is the operadic category P for plain operads, then C = C' = N; in this case
Collp is the usual monoidal category [N, Set| of plain collections, and in particular is already
right normal; thus Collg = Collp.

Example 9.4. If C is the operadic category S for symmetric operads, then C is the category
P of finite sets and bijections. Furthermore Collg is the usual monoidal category of collections
[P, Set].

Example 9.5. If C is a category A, seen as an operadic category with |a| = 0 for all a, then all
morphisms are fibrewise trivial, and so C is just A once again. An element of X %Y consists of
a@:c— din A, and an element z € Xg; we write such an element as (z,¢). An element of
X AY (for any Y) is an equivalence class [z, @] of the equivalence relation on X %Y generated
by (z,%¢) ~ (z1, ). Clearly (x,¢) ~ (2/,¢') if and only if xp = 2'¢’, thus each X AY is
canonically isomorphic to X itself.

The general theory guarantees that Collg is right normal; we now investigate when it is
left normal and when it is Hopf. For the first of these there is an easy necessary and sufficient
condition. Recall that a functor F': A — B and an object B € B, there is a category B/F whose
objects are objects A € A equipped with a morphism ¢: B — F'A in B, and whose morphisms
(A, p) — (A, ¢') are morphisms ¢: A — A" in A for which Fy.o = ¢/. Then F is said to be
final if B/F is connected for all B € B.

Proposition 9.6. For an operadic category C, the skew monoidal category COHCU is left normal
if and only if the inclusion C — C is final. This will always be the case if C is a genuine operadic
category in the sense of [4].

Proof. 1t is true in general that if £ is a left normal skew monoidal category satisfying the
conditions for £V to exist, then £V will also be left normal [10]. This implies the second sentence,
but we shall also see this on our way to proving the first.

An element of (U * X). consists of a morphism ¢: ¢ — u in C with u trivial, and an element
z € X.. Then X\ maps the pair (¢, z) to x. Of course this is invertible (for all X) if and only
if, for each ¢ € C there is a unique map to some trivial object (in other words C is a genuine
operadic category).

On the other hand U A X — X will be invertible for all X when
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e for each ¢ € C there exists a morphism ¢ — u with u trivial
e for each ¢ € C, any two morphisms to a trivial object are equivalent under the equivalence
relation ¢ ~ mp, where 7 is a morphism in C between trivial objects.

But this says precisely that the comma category is connected. O

Next we turn to the Hopf condition (invertibility of «). In this case we give a sufficient
condition only. This condition is a bit more complicated to state, and so to motivate it we
start with the following definition of weak right adjoint. The word “weak” refers to a universal
property which has been weakened to involve only existence rather than uniqueness. There is
more than one notion which might reasonably be given this name, but this is the one which is
most useful in this paper.

Definition 9.7. Let R: A — B be a functor. A weak right adjoint to R consists of the following;:
(i) for each object B € B an object SB € A and a morphism op: RSB — B in B
(ii) for each object A € A and each 7: RA — B in B, a morphism 7: A — SB for which the
composite

RA-I™ Rsp-?5. B

is equal to .
The op will be called the (components of the) counit. In particular, for every A € A there is a
morphism 74: A — SRA making the diagram

RSRA

commute. This might be called “the unit”, although it is not uniquely determined by the remain-
ing data.

We have seen that a functor F': A — B induces a functor F'/a: A/a — B/Fa for any object
a € A. Similarly it induces a functor a/F': a/A — Fa/B.

Proposition 9.8. Let C be an operadic category for which 0/R has a weak right adjoint Sy
for each 0: ¢ — e, and for which the components of the counits of these weak right adjoints
are fibrewise trivial. Then the induced skew monoidal structure on [C°P,Set| is Hopf (it has an
invertible associativity map).

Proof. An element of (X *Y') % Z has the form (x,v,y, ¢, z) where p: c — d, p: d — e, x € X,
y = (yj € Yy-1;)jele]s # = (2i € Zy-1;)ic|a- This has an action of C where for 7: ¢’ — ¢

(1‘, Uy, e, 2)77 = ($a .y, P, z(ﬂ-(p))'

We obtain (X AY) A Z from (X *Y') % Z by factoring out by the equivalence relation generated
by
(@, 00, y, 70, 2) ~ (20,9, Yo (1¥), @, 2r)

where

cwd’wdwe'ae

with 7 and o in C; where © € Xe, y = (yj € Y(54)-1j)jele|, and where z = (2; € Z(r)-15)icd|-
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An element of X x (Y * Z) has the form (z,6, (y,w, 2)), where 0: ¢ — f and « € Xy; where
y=(y; € Y971j)j€|f‘ and w = (wj: 01 — vj)j€|e|, and where z = (z;; € ij—li)j€|e"i€‘vj|. We
obtain X A (Y A Z) by factoring out by the equivalence relation generated by

(x,00,(y,Tw, 2)) ~ (20,0, (YoTo, Wo, Zo,r,))

where
ci>f’i>f (9_1ji>vg-i>vj
with o and the 7; in C; where z € Xy, y = (y; € Y(50)-1)je|y), and where z = (2;; €
Z(rywp)-ri)jelfliclv; |- Here (Yo)jr = Yioljr, (To)jr = To)jr» and (Zo,r, )it it = Zlaljt jr, 010
Of course « sends the equivalence class [z, 1, y, ¢, 2] to [z, [y, ¢¥, 2]].
Let 0: ¢ — e in C and w: R() — v in Cl¢l be given. By assumption, 8/R: 6/C/e — RO/CI|
has a weak right adjoint Sp. Applying this to w gives a factorization

©
c——=d——e

of 8. The counit gives a factorization

o
RO —— Ry
g
w
Y
v
or, in terms of components,
o

for each j, with these o; lying in C.
The (weak) universal property guarantees that for any other factorization 6 = ¢'¢’, equipped
with a morphism 7 as in

(s@’& RTI)
R(0) .

e

there is a morphism 7 for which the diagrams

b
W

o R()
T 0/
s R(y)

commute.
In fact we only need m to exist in the case where the components of 7 are fibrewise-trivial.
We do need, however, that in that case the components of 7 will also be fibrewise-trivial.
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To see that that is true, observe that since o is fibrewise-trivial, we know by Lemma 8.2 that
7 is fibrewise-trivial if and only if 7% is so. But (7%)~'i = 771i, and so ¥ is fibrewise-trivial if
and only if 7 is so. In other words, the adjointness respects fibrewise-triviality.

Now consider (x,6, (y,w,z)) € X x (Y * Z), with : ¢ — e and w: R — v. For each j we
have y; € v;, and so a y;o; € Yy-1;. Writing yo for the family (y;0;);¢|f, we get an object
(z,¢,y0) € X xY.

For each j € |f| and each i € |v;| we have a z; € Zw]_—li. If now i € [1p~1j|, we have
ol = (<p¢)j_1i = wj_l(|aj|i), and so we obtain a |d|-indexed family z, with (20)i = 20,4
where j = |¢|i. Thus in fact we have (z,v,y0, ¢, 2,) € (X *Y') %« Z. This defines a function

Xx(Yx2Z) of (X«xY)xZ
(x7‘97 (vavz)) S (m,w,ya, @, ZG’)'

Now

a(d(x,0, (y,w, 2)) = a(z,h,yo, ¢, 2,)
= (z, v, (yo, 0", %))
~ (z, %, (y,00", 2))
= (7,9, (y,w, 2))

and so a: (X AY)ANZ — X AN (Y A Z) is surjective.

We know that « passes to the quotient in full generality, but we need to see what happens to
o’. Suppose then that we have two elements (z, 0, (y, Tw, 2)) and (z, 6, (y7,w, z1,+) of X % (Y % Z)
which are related by 7. Applying the right adjoint to

gives

and now we have



Operadic categories 23

Now

o (2,0, (y, 7w, 2)) = (2,9, y0, ¢, 25)

= (z,9,y0,7¢, z5)
(.CC, 1/}”7 yaﬂ—w7 Qola Zo7r¢)
=z, W, yTo',z QO/, ZTJ’)

=d(x,0, (y7,w, 2(1,m)))

2

as desired. Next we compare o/(z, 70, (y,w, 2)) and o' (27,0, (Y7, wr, 21.7)).
Applying the right adjoint for 76 to w: R(70) — v gives a factorization (¢, 1), while applying
the right adjoint for 6 to w,: R(0) = R(70); — v, gives a factorization (¢’,v’), as in

d — f
and now the counits give
()Y Ry' y Ry
RO / o R(76) o
A Ur N v

The first of these can equally be seen as having the form

)(m’) R(ﬂ/’/)T

(¢’
/

and so determines a unique

where 0/ = ¢/, and now by the “universal property of (¢, )" there is a fibrewise-trivial 7 making
the diagrams
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commute, and now

o (2,70, (y,w, 2)) = (,9,y0,¢, 20)

= (2,9, yo, w Zo)

~ (2,9, yom? @ 2o )
= (z, 7, yo" ¢, 2o

~ (27,9 yro' ¢ 2on)

= Oé,(J?’T ‘9 (yvaTv <1 7'))

and so o is indeed well-defined as a map X A (Y AZ) = (X AY)AZ.

Finally, it remains to show that at the level of the quotients, o/« is the identity. Given
@:c— dand 9: d— e, we may form ¥p: ¢ — e and ¢¥: R()p) — R(¢), and now the right
adjoint gives another factorization (¢’,1’) and the counit has the form

R(y")

("))

R(yp) o

and the unit 7 has the form

d/

and one of the triangle equations says that the composite

R(®) = R(/m) = R(s) —7> R(v)

is the identity. Now

o (alm, 0, y,0,2)) = o (2,99, (v, ¢”, 2))
= (z,9",y0,¢', 25)
= (2,7, y0, 70, 25)
~ (@' yor 0,2, )
= (z,9,y,¢,2)

as required. O

As observed in the proof of the proposition, we do not actually need the full strength of
the universal property of a weak right adjoint. We record this observation as the following
proposition.

Proposition 9.9. Let C be an operadic category. The induced skew monoidal structure on
[C°P, Set] will be Hopf provided that the following conditions are satisfied:
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e for each 0: c — e and each fibrewise trivial w: R(0) — v there is a factorization
c—2sd—se

of 8, and a factorization
Ww o
RO —— Ry ——wv
of w, with o fibrewise trivial;
o if

/ /
® P
c d e

INCS)
R(0) LS Ry T

are also factorizations of 6 and w, then there is a morphism w: d' — d making the diagrams

commute.

10. Examples

We have already discussed the basic examples S (for symmetric operads) and P (for plain
operads). In the case of P, the skew monoidal category Collp is already monoidal, and in fact
the R functors are isomorphisms, thus so too are the §/R. In the case of S, the R functors are
surjective equivalences, thus so too are the /R, and so Collg is monoidal; indeed it is equivalent
to the monoidal category Coll(Set) = [P, Set].

In the case of a category A regarded as an operadic category with |a| = 0 for all a € A, the
R-functors have the form A/a — 1. These have right adjoints with identity counit, thus the
same is true of the /R, and so COHE{\ does have invertible associativity map as well as right unit
map. But the left unit map A is not invertible unless A is empty (in which case Coll% is just the
terminal category with its unique monoidal structure.

If, as in [4], we adjoin a terminal object to A and make this trivial, the resulting operadic
category A; will have R,: A/a — Al?l exactly as for A if a € A, while R; is the identity. Thus
Colli{‘1 is in fact monoidal. In particular, if A is empty, then A; is the terminal category with
its unique operadic structure, and Coll% , 1s Set, with the cartesian monoidal structure.

We now turn to some other examples of operadic categories considered in [4].

Example 10.1. Let A be a skeletal abelian category. Choose a representative for each each
quotient. For convenience, suppose that identity morphisms are chosen quotients. Let Epi(A)
be the category whose objects are those of A, and whose morphisms are chosen quotient maps.
Composition is as in A, but corrected if necessary to give a chosen quotient. Define Epi(A4) — S
to be constant at 1 € S. Define R: Epi(A)/c — Epi(A) to pick out the kernel (as an object).
Thus R(r: a — ¢) = ker(r), and while if gp = r with p, q,r all chosen quotients, the induced
R(r: p — q) is the restriction p?: ker(r) — ker(q) of p. This defines a genuine operadic category
[4, Example 1.22].
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A morphism is fibrewise trivial if and only if it is invertible. In this case the functors
R: Epi(A)/c — Epi(A) are opfibrations. They are not discrete, but they do reflect isomor-
phisms by the short five lemma. Thus the functors /R are equivalences, and Collgpi( A) is
monoidal.

Example 10.2. The genuine operadic category Bq; of I-bouquets was introduced in [4] to deal
with coloured operads. Here [ is a fixed set. An object of Bq; is called a bouquet, and consists
of an object m € S, an m-indexed family ¢ = (¢;)iem of elements of I, and another element
d € I. We write (m, ¢, ) for such a bouquet. A morphism (m,¢,c) — (n,d,d") can exist only
if ¢ = d’, in which case it consists of a morphism f: m — n in S. Thus there is an evident
forgetful functor Bq; — & which defines the cardinality functor.

For a morphism f: (m,¢, ) — (n,d,d’) and an element j € n, the corresponding fibre is
(f~15, c|f-1,d;), where c|f-1; is the f~1j-indexed family with (cp1,)i = i

A bouquet (m, ¢, ) is trivial if and only if m = 1 and the unique element of ¢ is ¢’ itself. A
morphism f: (m,c, ) = (n,d, ) is fibrewise trivial if and only if f is bijective and dy; = ¢; for
all # € m. Thus the fibrewise trivial morphisms are strictly contained within the isomorphisms.

Since Bq; is a genuine operadic category Collng will be monoidal if and only if the associa-
tivity map « is invertible. We shall see that this is the case using Proposition 9.8.

Let (p,e,e’) € Bq;. An object of the slice category Bq; /(p,e,e’) consists of an object
f:m — pof §/p equipped with an element ¢ € I, while a morphism from (m, f,c) to (n,g,d)
is a just a morphism (m, f) — (n,g) in §/p. There is a commutative square

Bq[ /(p7 €, 6/) 4>S/p

Ri lR
17—
where the horizontal arrows are induced by the cardinality functor, and the upper horizontal is

a surjective equivalence. Given an object (m, f,c¢) € Bq; /(p,e,€’), there is induced a further
commutative square

(m7 f7 C)/(Bql /(p) €, 6/)) - (m7 f)/(S/p)
(m,fﬂc)/Rl l(mJ)/R
Rf/Bdj Rf/SP

where both horizontal arrows are surjective equivalences and the right vertical is an equivalence.
Thus the left vertical is also an equivalence, and a straightforward calculation shows that the
counit can be chosen to be fibrewise trivial.

Thus Collgql is a monoidal category; in fact it is the usual category of collections for sym-
metric coloured operads (symmetric multicategories).

Example 10.3. Another example given in [4] is the operadic category s of 2-trees.

An object of Qg is an order-preserving morphism 9: ps — p; between finite ordinals (in
other words, a morphism in P); we denote such an object by p. A morphism ¢: m — pis a
commutative square

P2
mg ——> P2

ai la

mi—5 = P1
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where 1 is an order-preserving function, and s is a function which is order-preserving on the
fibres of 9; in other words, if i, j € mo with i < j and 9i = 07, then @i < poj.

The cardinality functor sends p to |pz| (the underlying set of the ordinal py, and sends ¢ to
¢2. Then R: Qo/p — Q4% sends o: m — p to the family (m) — m}) where mb = o5 ' and
mi = oy '0i.

A morphism ¢: m — p is fibrewise trivial if and only if po: me — po is bijective and the
square defining ¢ is a pullback in Set.

We shall see that the sufficient condition of Proposition 9.9 is not satisfied. To do this, we
identify n with {1,...,n}, and denote a morphism n — m by its values. Thus “1 1 4” denotes
the function f: 3 — 4 with f(1) = f(2) =1 and f(3) = 4.

Let 6 be the morphism

31229
|
2—!>1
and let w; and wy be
1——1 2——1
o]
2—52 2——1
Suppose that 0 factorized as
® v

—_—m —

[l

_

1

—_

3
|
2

then clearly i = mpl = mp2 and j = mp3. If also the ws factorized as

_

]

{1} —>yp12>1 {23} ">y 2 21

R

—n 2 2 — n
1] ol tJ

with the os fibrewise trivial; then in particular os is bijective so that ¢2 = 3 and ¢ = j. But
now

l=o0ji=01j=2
gives a contradiction. Thus the sufficient condition does not hold in this example. It would be

interesting to know whether or not Collg2 is monoidal.

Example 10.4. A similar calculation shows that the operadic category Ords of 2-ordinals,
defined in [4, Example 1.24|, does not satisfy the sufficient condition either.

The next, final, example does not come from [4]; rather, it makes a connection with a result
of Andrianopoulos [1].

Example 10.5. Let B be an arbitrary category with object-set B, and define a cardinality
functor B — S by |b| = 1 for all b. To give an operadic category structure to B is to give a
functor Ry: B/b — B for each b € B, satisfying the various conditions. Now a category B and
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these Ry is precisely the dual of the structure considered in [1, Section 3.3], characterizing what
is needed to make B into a skew monoidale (internal skew monoidal structure) in the monoidal
bicategory Span.
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