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INTERNAL ALGEBRA CLASSIFIERS AS CODESCENT OBJECTS
OF CROSSED INTERNAL CATEGORIES

MARK WEBER

ABSTRACT. Inspired by recent work of Batanin and Berger on the homotopy theory of
operads, a general monad-theoretic context for speaking about structures within struc-
tures is presented, and the problem of constructing the universal ambient structure
containing the prescribed internal structure is studied. Following the work of Lack,
these universal objects must be constructed from simplicial objects arising from our
monad-theoretic framework, as certain 2-categorical colimits called codescent objects.
We isolate the extra structure present on these simplicial objects which enable their
codescent objects to be computed. These are the crossed internal categories of the title,
and generalise the crossed simplicial groups of Loday and Fiedorowicz. The most gen-
eral results of this article are concerned with how to compute such codescent objects in
2-categories of internal categories, and on isolating conditions on the monad-theoretic
situation which enable these results to apply. Combined with earlier work of the author
in which operads are seen as polynomial 2-monads, our results are then applied to the
theory of non-symmetric, symmetric and braided operads. In particular, the well-known
construction of a PROP from an operad is recovered, as an illustration of our techniques.

1. Introduction

A major theme of category theory is that of studying structures within an ambient struc-
ture. Then for a given ambient structure, and a given internal structure expressible
therein, one is interested in understanding the universal ambient structure containing the
prescribed internal structure. This theme manifests itself throughout mathematics, from
basic category theory, to topos theory, to the study of Topological Quantum Field The-
ories (TQFT’s), and most recently, thanks to the work of Batanin and Berger [5], to the
homotopy theory of operads. The formalism that we pursue here, traces its roots to the
seminal work of Batanin [2, 3, 4] in which the ambient-internal theme is expressed in an
operadic context, and brought to bear on the problem of recognising n-fold loop spaces.

Our setting can be applied to clarify certain basic issues coming out of Costello’s
work on Topological Conformal Field Theories (TCFT’s). In [10] Costello sketched a
characterisation of TCFT’s via a derived analogue of the characterisation of 2-dimensional
TQFT’s as commutative Frobenius algebras [1, 24]. Various algebraic, homotopical and
geometric issues from [10] remain to be clarified, and the compelling vision it presents has,
at least partially, motivated a number of works to that end [8, 16, 21]. On the algebraic
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side one interested in the interplay between two types of operadic structures — cyclic
operads and modular operads, and in particular, in the modular envelope construction, in
which a modular operad is freely generated from a cyclic operad.

Preliminary to understanding these algebraic issues, is the question of how one defines
modular (resp. cyclic) operads within symmetric monoidal categories in the first place.
Modular operads were originally defined by Getzler-Kapranov in [17]. Intuitively, if the
basic operations of a classical operad are described graphically in terms of corollas, and
iterated operations as trees, then modular operads are a more elaborate notion in which
more general graphs may appear as iterated operations. In [17] this intuition was for-
malised directly. On the other hand in [10], Costello directly defined a symmetric strict
monoidal category here denoted as M, which is to be regarded as the universal symmetric
monoidal category containing a modular operad. Modular operads within a general sym-
metric monoidal category V are then defined to be symmetric strong monoidal functors
M — V. Costello does the same for cyclic operads defining directly the universal ambient
C, there is an inclusion ¢ : C —+ M, and the modular envelope construction is then given
by left Kan extension along 7.

Though to some extent it is intuitively clear that the definitions of modular operad
of [10] and [17] “more or less” agree, there is no proof of this given in [10]. The direct
definition of the morphisms of M, which are graphs of a certain kind, is a little combina-
torially involved. Modifying the definition of “graph” used, one can define subtly different
variants of the category M, and so it is desirable to have a framework within which these
basic issues are clarified.

There are many operadic notions in contemporary mathematics [29, 30, 32]. In this
work, as in its predecessor [39], we use the unadorned name operad to refer to coloured
symmetric operads, which are also known as symmetric multicategories. An important
discovery of [5] is that many contemporary operadic notions, such as modular and cyclic
operads, are themselves algebras of operads, which are in fact Y-free. This fact is estab-
lished by exhibiting directly, in each case, the finitary polynomial monad defined over Set
whose algebras are the contemporary operadic notion in question. One then appeals to
the correspondence [25, 37] between finitary polynomial monads and Y-free operads. In
particular if MdOp is the operad whose algebras are modular operads, then Costello’s M
should be the corresponding (coloured) PROP.

In [38] a general 2-categorical framework is presented, which in particular explains
why the modular envelope is correctly described via left Kan extension along i : C — M.
For the sake of these subsequent developments, it is desirable that M be described as an
internal algebra classifier, in the sense of Section 5.5 of [5], involving MdOp. Since the
ambient structure in this case is that of “symmetric monoidal category”, and the 2-monad
S on Cat for symmetric monoidal categories is outside the scope of [5], this is not possible
within the framework of [5] as it currently stands.

There is, however, a different way to regard operads as polynomial monads, and this
was described in [39]. In this viewpoint one uses polynomial monads defined over Cat,
and all operads, not just X-free ones can be viewed in this way. In particular the terminal
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operad Com is identified with the polynomial monad S. Moreover, as we will see in
Examples 3.2.1, the unique operad morphism MdOp — Com gives rise to the appropriate
monad theoretic data enabling one to recover the notion of a “modular operad within a
symmetric monoidal category” from the formalism.

In Section 3, we generalise the developments of Section 7 of [3], and provide a monad-
theoretic context for the general situation, called an adjunction of 2-monads F : (L,S) —
(K, T). This consists of a 2-monad S on a 2-category £ meant to parametrise the type
of internal structure, a 2-monad T on a 2-category K meant to parametrise the type of
ambient structure, an adjunction Fy 4 F* : £L — K between the 2-categories on which
these 2-monads act, and data exhibiting F; and F™* as the appropriate types of morphism
of 2-monads in the sense of [34]. Given such a context it is then meaningful to consider
S-algebras internal to a T-algebra as we do in Definition 3.1.4. Having established this
framework we define the universal strict T-algebra containing an internal S-algebra, here
called the internal S-algebra classifier, in Definition 4.1.2. This is exactly the universal
ambient structure containing the prescribed internal structure, in our setting.

The most basic example of a universal ambient structure, computable from monad-
theoretic data, is the algebraists’ simplicial category, here denoted A, . It was exhibited
as the free strict monoidal category containing a monoid in [31]. As is well-known, one can
recover A, from the monad M on Set whose algebras are monoids, since the simplicial
set

123750 M1
o MB1 —Mpi—= )21 <—Mm— M1
M2() M)

(1)
in which 7 is the unit and g is the multiplication of the monad M, turns out to be the
nerve of A, .

This situation is clarified by 2-dimensional monad theory. It is almost a tautology that
a monoid in a monoidal category V is the same thing as a lax monoidal functor 1 — V. One
has the 2-monad M on Cat whose strict algebras are strict monoidal categories, strict
morphisms are strict monoidal functors and lax morphisms are lax monoidal functors.
Denoting the inclusion of the strict algebras and strict maps, amongst the strict algebras

and lax maps by
I M-Alg, — M-Alg,

the universal property of A, recalled above says exactly that it is the value at 1 of a left
adjoint to Jy;. Moreover, there is a general monad-theoretic explanation for why A, also
enjoys a universal property with respect to all monoidal categories, not just strict ones.
This universal property says that the category of monoids in a monoidal category V is
equivalent to the category of strong monoidal functors Ay — V.

Such considerations lead to the desire to understand how to compute the left adjoint
(—)k to the analogous inclusion

Jp : T-Alg, — T-Alg;
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for a general 2-monad T on a 2-category K. In [26] Lack understood that (=)} is computed
as a certain weighted colimit, called a codescent object, of the corresponding simplicial
object in T-Alg, obtained by repeatedly applying 7. The computation of A, = (1)}, as
a codescent object is straight forward for two reasons. The first, is that M preserves all
codescent objects, and so codescent objects in M-Alg, are computed as in Cat. Secondly,
in this case the simplicial object in question is the componentwise discrete category object
(1), and every category is the codescent object of its nerve.

The codescent objects arising from similar contexts in applications [3, 5] are of compo-
nentwise discrete category objects, and thus are easy to compute. More generally, Bourke
[9] understood the computation of codescent objects of cateads in 2-categories of the form
Cat(&). For &£ a category with pullbacks, Cat(£) is the 2-category of categories internal
to £. A catead in a 2-category is a category object of a certain special form. However
in the case where T is the 2-monad S on Cat for symmetric monoidal categories, while
(—)T is computed by taking codescent objects of category objects in Cat, these category
objects are not cateads.

In this article we identify extra structure present on the category objects in such
examples, which enable us to compute their codescent objects. This is the structure of a
crossed internal category so named because they generalise the crossed simplicial groups
of Loday-Fiedorowicz [14]. Given a crossed internal category X in Cat(£) where £ is
locally cartesian closed, the computation of its codescent object then proceeds in two
steps. The first is to compute an associated 2-category Cnr(X) internal to &£, and then
one takes connected components of the hom categories of this internal 2-category. The
general results expressing this method are given as Theorem 5.4.4 and Corollary 5.4.5.

Thus for a larger class of 2-monads 7', one has a complete understanding of how
to compute (1)}, which analogously to the case T' = M, is the free strict T-algebra
containing an internal T-algebra. We illustrate this when 7" is the 2-monad S on Cat
for symmetric monoidal categories, in which case (1)} is a skeleton of the category of
finite sets, in Section 6.1. In Section 6.3 we perform similar calculations for the braided
monoidal category 2-monad B, to exhibit the category of vines, in the sense of Lavers
[28], as the free braided strict monoidal category containing a commutative monoid.

By contrast with these examples, in the general situation of an adjunction of 2-monads,
the type of internal structure and the type of ambient structure are not necessarily the
same. Thus from the data of an adjunction of 2-monads F : (£, S) — (K, T), we give an
associated simplicial T-algebra in Construction 4.3.1, whose codescent object is the inter-
nal S-algebra classifier by Proposition 4.3.3, generalising [3] Theorem 7.3. The abstract
conditions on an adjunction of 2-monads which enable our methods of codescent calcu-
lation to apply to the corresponding internal algebra classifiers are given in Proposition
5.2.1. To summarise, our understanding of how to compute internal algebra classifiers is
embodied by the three general results: Proposition 5.2.1, Theorem 5.4.4 and Corollary
5.4.5.

Morphisms of operads provide a basic source of examples of adjunctions of 2-monads
to which our results can be applied. As explained in [39] and recalled here in Section
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2, operads can be regarded as polynomial 2-monads over the polynomial 2-monad S for
symmetric monoidal categories. Moreover given a morphism of operads, one obtains an
adjunction between the corresponding 2-monads, and this is described explicitly in Section
3.3. We apply our general results in this situation to give, for a morphism F : S — T
of operads, an explicit description of the free strict T-algebra containing an internal
S-algebra, in Theorem 6.4.6. Taking F' to be the unique morphism 7" — Com into
the terminal operad, the corresponding internal algebra classifier describes the effect on
objects of the left adjoint of the fundamental biadjunction between symmetric monoidal
categories and operads. This is described in Corollary 6.4.7. Other internal algebra
classifiers arising naturally from an operad morphism are discussed in Section 6.6. The
relationship between these various alternatives is understood in Theorem 6.6.4, and this
is then used in Examples 6.6.7 to reconcile the general method of Theorem 6.4.6 with the
calculations of Batanin and Berger in [5].

Such applications are readily generalised in our framework. As explained in Section
2.3, non-symmetric operads can be regarded as polynomial 2-monads over the 2-monad
M for monoidal categories, and braided operads can be regarded as polynomial 2-monads
over the polynomial 2-monads B for braided monoidal categories. Thus one obtains
non-symmetric and braided analogues of our results, and these are indicated in Section
6.5. However there are many other situations to which our methods could be applied to
calculate internal algebra classifiers. These include from adjunctions of 2-monads arising
from morphisms of non-symmetric, symmetric or braided Cat-operads, following Remark
3.5 of [39].

Simplicial notation. We use two alternative notations for finite ordinals. For each
n € N one has the ordered set [n] = {0 < ... < n}. The category whose objects are these
ordered sets and order-preserving functions between them is the topologists’ simplicial
category A. Alternatively, for each n € N one has the ordered set n = {1 < ... <n}. The
category whose objects are natural numbers, and morphisms m — n are order preserving
functions m — n, is the algebraists’ simplicial category A,.

We use the standard notation for the usual generating morphisms of A; with the
standard coface map §; : [n] — [n + 1] being the injection whose image doesn’t include 4,
and the standard codegeneracy map o; : [n+1] — [n] being the surjection which identifies
1 and i+ 1. A simplicial object in a category & is a functor X : A — & whose effect on
objects and generating maps we denote as

di:n]=n+1 — d;: Xp1 — X,
Ul[n—i—l]—)[n] — SiZXn—)XTH_l

in the usual way, the d; being the face maps and the s; the degeneracy maps of X. Similarly
for a cosimplicial object X : A — & one has coface 9; : X,, — X, 11 and codegeneracy
maps 0; : X,+1 — Xpn. The standard cosimplicial object regards each ordinal [n] as a
category, and each order preserving map as a functor, and is denoted as 0 : A — Cat.
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2. Operads and polynomial 2-monads

This section is devoted to background. In Section 2.1 we describe 2-dimensional monad
theory. In Section 2.2 we recall the notion of operad and describe our conventions and
notations regarding them. In Section 2.3 we recall the basics on polynomial 2-monads
and how operads can be regarded as such.

2.1. MoNAD THEORY. We adopt the standard practise of referring to a monad in a
bicategory B as a pair (A,t), where A is the underlying object in B, t : A — A is the
underlying endoarrow, and the unit 7' : 14 — ¢ and multiplication u' : t> — t are left
implicit. In particular we use this convention in the 2-category of 2-categories and speak
of a 2-monad (K, T).

The underlying object and arrow of the Eilenberg-Moore object of (A,t), when it
exists, is denoted as u' : A" — A. In the case K = Cat this is the forgetful functor out of
the category of algebras of ¢, and in general u! is a right adjoint. The underlying object
and arrow of the Kleisli object of (A,t), when it exists, is denoted as f; : Ay — A, and is
in general a left adjoint. In the case of a 2-monad (K, T), u' and f; are denoted as

UT:T-Alg, — K Fr: K — KI(T)

respectively.

In this article the monad functors and opfunctors of [34] are called laz morphisms
and colax morphisms of monads respectively. So for us a lax morphism f : (A, t) —
(B,s) in B consists of an arrow f : A — B in B, and a coherence 2-cell f!: sf — ft
which satisfies f'(n°f) = fn' and fY(u’f) = (fu')(f't)(sf'). For a colax morphism
f:(A,t) = (B, s) one has the coherence f¢: ft — sf, which satisfies f°(fn') = n°f and
felfut) = (e H(sfolfee).

A 2-monad (/C,T') has various notions of algebra and algebra morphism. Recall that
for A € IC, a pseudo T-algebra structure on A consists of an arrow a : TA — A, invertible
coherence 2-cells @y : 14 — ang and ay : aT'(a) — apa, satisfying the following axioms:

aoa aT?( aT(a
a4 ———— anaa T(a)T a) — a,uATZ(a) aT(a)T(na) @),
3 B lG«QnTA aT(GQ l = lEZHTA EzT(UA)l B id
a )T (p1a) = o MHakTA a

We denote a pseudo T-algebra as a pair (A, a) leaving the data @y and @, implicit. When
these coherence isomorphisms are identities, (A, a) is said to be a strict T-algebra.
Recall that a laz morphism (A, a) — (B, b) between pseudo T-algebras is a pair (f, f),
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Table 1: 2-categories of algebras of a 2-monad T
’ Name \ Objects \ Arrows ‘

Ps-T-Alg, | pseudo T-algebras | lax morphisms
Ps-T-Alg | pseudo T-algebras | pseudomorphisms
Ps-T-Alg, | pseudo T-algebras | strict morphisms

T-Alg, strict T-algebras | lax morphisms
T-Alg strict T-algebras | pseudomorphisms
T-Alg, strict T-algebras | strict morphisms

where f: A — B and f: bT(f) — fa, satisfying the following axioms:

baT(f)

bT(b)lTQ(f ) busT?(f)
of bT(?) ?.U'A
b/ \\ bvT(fa) B fal,uA
vT'(f) 77Af—nA>fa77A 7\ /

T(a) faz

T(a)

When f is an isomorphism, f is said to be a pseudomorphism, and when f is an identity,
f is said to be a strict morphism of algebras. Given lax T-algebra morphisms f and
g : (Aa) — (B,b), a T-algebra 2-cell f — g is a 2-cell ¢ : f — g in K such that
G(bT(¢)) = (¢a)f. The various notions of algebra and algebra morphism form the various
2-categories of algebras of T', the standard notation for which is recalled in the table. In
each case, the 2-cells are just the T-algebra 2-cells between the appropriate T-algebra
morphisms. We denote by Jp : T-Alg, — T-Alg, the inclusion.

2.2. OPERADS. At various stages in this article we shall be manipulating sequences of
elements, and so as in [42] we use the following notation. Most generally given a sequence
of sets (X1, ..., X,,), a typical element of its cartesian product will be denoted as either
(x1,...,x,), or by the abbreviated notation (zy)i<k<, or even (zy), when no confusion
would result. Given a subset s C n, the corresponding subsequence is denoted (z)ges-
In the situations when s itself is identified by some logical condition, this condition may
replace k € s in this notation. For instance given a function h : n — m and [ € m, one
may write (z3)pe—; in the case where s = h~'{l/}. By an abuse of notation, a singleton
sequence (z) is often written as an element x.

One place where this notation is useful is in defining and then discussing operads.
In this article as in [39], we use the term operad for what is commonly called either a
symmetric multicategory, or a coloured (symmetric) operad. Our operadic notation and
terminology is consistent with that of [39].

As such, an operad T has an underlying collection which consists of a set I of colours
or objects, and sets T((ix)i1<k<n,?) of operations or arrows, defined for all sequences
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(ik)1<k<n and elements i from I. A typical element of T'((ix)1<k<n,?) may be denoted
as « : (ig)1<k<n — % Denoting the n-th symmetric group as %,, given p € ¥, and
« : (ix)1<k<n — ¢ in T', one has another operation ap : (i,)r — ¢ in which the source se-
quence has been permuted by p. The assignations («, p) — ap are functorial with respect
to the composition of permutations.

In addition to this underlying collection, one also has identity arrows 1; : ¢ — i,
and an operation of composition or substitution, which takes the data of an arrow « :
(ix)1<k<m — @ and a sequence (By : (iri)1<i<m, — ix)x of arrows from T, and returns
their composite a(S% )k : (ix)g — 4, in which the source sequence is written less tersely as
(411, ey Tlmy s <oy Bk, -5 tkmy, ). The unit, associativity and composition-equivariance axioms
of an operad can be written as

Lio(a) =a=ao(l); ao (Bjo (vir)e); = (a0 (B5);) o (Vjk)jk
(o (87);)(p(ps);) = (ap) o (Bjpj);-

See section 3 of [39] for more details.

While this notation is efficient and precise, it is not intuitive, and so it is also worth
remembering the standard way of depicting operations of an operad T as trees. For
example an operation « : (i, 4s,143,74) — ¢ is denoted as on the left in

i1 12 13 14 4 11 i3 19 7
"4~ @G @ Gy By
@p
(@)

and acting on it by the permutation p = (142) is drawn as above by crossing the “input
wires” according to p as shown. The identity on ¢ is depicted second on the right, and
the right-most diagram in the previous display is the result of forming the composite
a(B1, B2, B3, Ba).

We denote by Br,, the n-th braid group. A braided operad is defined as above, except
that one acts on arrows « : (ig)1<k<n, — @ by braids p € Br, (instead of permutations) to
form ap. In terms of tree diagrams, the result of acting on an operation « : (iy, iz, i3, 4) —
¢ by the braid p € Bry as depicted on the left is denoted as on the right in
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2.3. POLYNOMIAL 2-MONADS. Our main examples of 2-monads arise by regarding oper-
ads as polynomial 2-monads as in [39]. Recall that a polynomial from I to J in Cat [43]
consists of categories and functors as on the left

[<E-2-B—t~]  Cat/I % Cat/E2Cat/B=Cat/J

in which p is an exponentiable functor, and the polynomial 2-functor it determines is
the composite functor on the right, in which ¥, is the process of composition with ¢, A
is the process of pulling back along s, and 1I, is right adjoint to pulling back along p.
Such polynomials form a 2-bicategory' Poly,, in which the objects are categories and
a morphism / — J is a polynomial as above. The assignment of a polynomial to its
associated polynomial 2-functor is the effect on arrows of a homomorphism

Pcat : Poly,, — 2-CAT.

In particular Pga sends a monad in Poly,, on a category I, to a 2-monad on Cat/I.

There are three examples of polynomial 2-monads on Cat which for us are fun-
damental. The first of these is the 2-monad M for strict monoidal categories. For
A € Cat, M(A) is the category whose objects are finite sequences of objects of A
and morphisms are levelwise maps. In other words a morphism of M(A) is of the form
(fe)1<k<m : (ax)x — (bx)r where for each k, fi : ar, — by is a morphism of A. The unit and
multiplication of M are given by the inclusion of singleton sequences and by concatenation
of sequences respectively. Strict and pseudo M-algebras are strict monoidal categories and
monoidal categories respectively. Strict, pseudo, lax and colax morphisms of M-algebras
are strict monoidal, strong monoidal, lax and colax monoidal functors respectively.

The polynomial underlying M is the componentwise-discrete

p

1 N, N 1

in which N is the set of natural numbers (including 0), and p is the function whose fibre
over n has cardinality n. We regard the elements of N, as pairs (i,n) where n € N and
1 < i < mn, and p(i,n) = n. This polynomial is really a polynomial in Set, and this
polynomial monad was first considered by Bénabou in [6] at the generality where Set is
replaced by an elementary topos with a natural numbers object.

Our second fundamental example is the 2-monad S whose strict algebras are sym-
metric strict monoidal categories. General symmetric monoidal categories are the pseudo
algebras of S, and as with M, the various types of symmetric monoidal functor match up
as expected with the various types of S-algebra morphism. The polynomial underlying S
is

1 P, P 1

'Recall from [43] that a 2-bicategory is a Cat-enriched bicategory, so that homs of a 2-bicategory form
2-categories. For example strict 3-categories such as 2-CAT are examples. Ignoring the 2-cells in the
homs of a 2-bicategory leaves one with an ordinary bicategory.
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in which P is the permutation category, whose objects are natural numbers, and mor-
phisms are permutations p : n — n (there are no morphisms n — m for n # m), so
that the endomorphism monoid P(n,n) is the n-th symmetric group ¥,. The objects
of P, are the elements of N,, and a morphism (i,n) — (j,n) is a permutation p € 3,
such that pi = j (i.e the morphisms are “base-point preserving permutations”). An ex-
plicit description of S is the same as for M except that S(A) has more morphisms, a
morphism (a)i<k<n — (br)1<k<n being a pair (p, (fi)r), where for all k, fi : ar — byy.
More intuitively, such a morphism is a permutation labelled by the arrows of A as in the
diagram

a1 a2 as Qg
fl f4
f2 f3
by by b3 by.

Replacing permutations by braids in the previous paragraph brings us to our third
example, the 2-monad B on Cat whose strict algebras are braided strict monoidal cate-
gories. Its underlying polynomial is

1 B. B 1

where B is the braid category, with natural numbers as objects, all morphisms are en-
domorphisms, and the endomorphism monoid B(n,n) is the n-th braid group Br,. A
morphism of B(A) is a braid labelled by the arrows of A as in

]

That the 2-monad for braided strict monoidal categories really is described in this way
was established in [20], where it was denoted as B¢ (—).

Monads in Poly,, are the objects of a category PolyMnd,,, in which the data of
a morphism (I,s,p,t) — (J,s,p',t') is a commutative diagram

J<—>—fp—L sp—t -7
fl f2 l pb Jfl l f
J<~——F ——>B ——>]
s P t

compatible in the appropriate sense with the monad structures on (s,p,t) and (s',p',t).
As was explained in [39], an operad 7" with set of colours I can be identified as a morphism

I E B I

L

1 P, P 1
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of polynomial monads in which b is a discrete fibration, and the objects of B are the
operations of 7. Moreover, one can recover Cat-operads as such polynomial monad
morphisms in which b has the structure of a split fibration.

The corresponding polynomial 2-monad on Cat/I is also denoted by T. Given a
category X — [ over I, which we also regard as an [-indexed family (X;);c; of categories,
(T'X); is the following category by Lemma 3.10 of [39]. Its objects are pairs (o, (x;),),
where « : (i;); — i is an arrow of T, and x; € X, and this data can be pictured more
intuitively as a labelled operation

A morphism («, (x;);) = (8, (y;);) is a pair (p, (7;);) where p is a permutation such that
a = fBp, and v, : £; = y,; is a morphism of X ,; for each j.

There are variations on this theme for non-symmetric and for braided operads. For
non-symmetric operads one repeats the development of [39] but omits any mention of
permutations, to exhibit non-symmetric operads as morphisms of polynomial monads

I E B I
N
1 N. N 1

in which b is a discrete fibration. A general such polynomial monad morphism, that is
under no conditions on b, is a non-symmetric Cat-operad, since by the discreteness of N,
b is automatically a split fibration. In the braided case one imitates the development of
[39] again, but this time replacing permutations by braids, to exhibit braided operads as
morphisms of polynomial monads

I E B I
S N
1 B, B 1

in which b is a discrete fibration and braided Cat-operads as such morphisms together
with a cleavage on b making it a split fibration.

3. Internal algebras

The general context of an adjunction of 2-monads, for discussing structures within struc-
tures, is defined and discussed in Section 3.1. Then in Section 3.2 we explain how a
morphism of operads gives rise to an adjunction of 2-monads. In Section 3.3 we give a
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more explicit description of this in elementary terms. This last part is somewhat more
technical, uses the theory of polynomial functors [15, 43] heavily, and plays a role in the
proof of Theorem 6.4.6 below.

3.1. ADJUNCTIONS OF 2-MONADS. The idea of considering structures within structures is
a fundamental theme in category theory. In [3] certain Cat-operads universally possessing
certain internal structure, were found to provide some insight into the combinatorics of
iterated loop spaces.

The context giving rise to the internal algebras of [3] was monad theoretic. Given
a 2-monad on a 2-category K with a terminal object 1, and a pseudo algebra A of T,
a T-algebra internal to A is by definition a lax morphism of T-algebras 1 — A. When
T = M, A is a monoidal category, and an M-algebra therein is a lax monoidal functor
1 — A, which is the same thing as a monoid in A. When 7" = S (resp. B), A is a
symmetric (resp. braided) monoidal category, and an internal algebra is a commutative
monoid in A.

With just a single 2-monad 7" one is restricted to considering structures within struc-
tures of the “same type”. However as is clear from mathematical practise, one would like
a viewpoint to encompass a wider variety of internal structure with respect to a given am-
bient structure. For example, there are many types of structures that may be considered
internal to a symmetric monoidal category V. Indeed for any operad, one can consider
the algebras of it in V.

To encompass these situations, the correct monad theoretic context is a general type
of morphism S — T of 2-monads, in which T parametrises the type of ambient structure,
and S parametrises the type of internal structure. In fact, the analogous situation for
monads in an arbitrary bicategory B will be of use, and so we make

3.1.1. DEFINITION. Let B be a bicategory and (L, s) and (K, t) be monads therein. An
adjunction of monads f : (L,s) — (K, t) consists of

1. an arrow f,: L — K,
2. a 2-cell f¢: fis — tf, providing the coherence of a colax monad morphism, and
3. aright adjoint f*: K — L of f,.
An adjunction of monads F : (£,5) — (K,T) in 2-CAT is called an adjunction of

2-monads.

Given the adjunction f, - f*, 2-cells f¢ : fis — tf, are in bijection with 2-cells
flosf* — f*t, and f¢ satisfies the axioms making (fi, f¢) a colax monad morphism iff f!
satisfies the axioms making (f*, f') a lax monad morphism. A key feature of Definition
3.1.1 is that the monads s and t can act on (possibly) different objects L and K of B5.
However an important special case is given by
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3.1.2. EXAMPLES. For an adjunction of monads f : (L,s) — (K,t) in which L = K
and f; - f* is the identity adjunction, f¢ = f': s — ¢, and the colax monad morphism
axioms for f¢ say that this common 2-cell s — t underlies a morphism of monoids in the
monoidal category B(K, K) of endomorphisms of K.

In order to exhibit an adjunction of 2-monads F' : (£,S) — (K, T) as the context
within which it makes sense to discuss “S-algebras internal to a T-algebra”, we require
the preliminary

3.1.3. REMARK. Let I : (£,S) — (K,T) be an adjunction of 2-monads. As we saw
above, the colax coherence data F°: F1,S — TF} and the lax coherence data F': SF* —
F*T determine each other uniquely. By the formal theory of monads [34] F¢ and F! are
in turn in bijection with extensions F' of I} as on the left

KI(S) -~ KI(T) T-Alg, '~ S-Alg,
FST = Fr UTl = lUS
L—F—K K——>L

and also with liftings F of F'* as on the right. Given a strict T-algebra (A, a), the S-algebra
action SF*A — F*A for F(A,a) is given in explicit terms by the composite F*(a)FY.
With the effect of F on arrows and 2-cells similarly easy to describe, one may verify
directly that the lifting F' extends to any of the other 2-categories of algebras compatibly
with the inclusions amongst them.

3.1.4. DEFINITION. Let F': (£, S) — (K,T) be an adjunction of 2-monads, suppose that
L has a terminal object 1, and let A be a pseudo T-algebra. An S-algebra internal to
A (relative to F) is a lax morphism 1 — F'A of S-algebras. The category of S-algebras
internal to A is defined to be Ps-S-Alg(1, FA).

3.1.5. EXAMPLES. In the case where F' is the identity morphism on M, B or S, Definition
3.1.4 gives the category of monoids in a monoidal category, or of commutative monoids
in a braided or symmetric monoidal category respectively. There is an evident morphism
M — B (resp. M — S) of 2-monads, and with respect to this Definition 3.1.4 gives
the category of monoids in a braided (resp. symmetric) monoidal category. There is also
a morphism B — S arising from the process of taking the underlying permutation of a
braid, and thus a category of B-algebras internal to a symmetric monoidal category V.
However since the induced forgetful functors between 2-categories of S and B-algebras
are 2-fully-faithful, the category of B-algebras internal to V is the same as the category
of S-algebras internal to V, and thus is the category of commutative monoids in V.

There are many important examples in which £ and K are different. See for instance
Examples 3.2.1 and 3.2.4 below.
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3.2. MORPHISMS OF OPERADS. More interesting examples of Definitions 3.1.1 and 3.1.4
arise from operad morphisms. We describe these examples in this section, after recalling
some further required background from the theory of polynomial functors [15, 43, 39].

Let € be a category with pullbacks. The bicategory Poly. has objects those of &,
and an arrow I — J in Poly, is a polynomial in € from I to J, which by definition is a
diagram as on the left

%
s p t

E B J 1_ = £

T

Ey

B,

.

fi = J

i

E,

B,

in £ in which the middle map p is exponentiable. A 2-cell f : (s1,p1,t1) — (82, pa,t2) in
Poly is a diagram as on the right in the previous display. In elementary terms the process
of forming the horizontal composite (s, ps,ts) = (2, p2,t2) © (s1,p1,t1) of polynomials is
encapsulated by the commutative diagram

p3

// %:i N

E1—>B1—>J E2—>B2—>K

The regions labelled “pb” are pullbacks, and those labelled “dpb” are distributivity pull-
backs in the sense of [43]. The universal properties enjoyed by pullbacks and distributivity
pullbacks are used in exhibiting aspects of Poly.’s bicategory structure, as well as an ex-
plicit description of the homomorphism

P::Poly, — CAT [ —&/I

of bicategories with object map as indicated. The effect of P¢ on arrows is to send the
polynomial (s, p,t) to the composite functor X, IL,A, : E/1 — E/J.

In particular a span is a polynomial whose middle map is an identity, and the compo-
sition of such polynomials coincides with the usual pullback-composition of the bicategory
Span; of spans in €. For f: [ — J in &, the spans f*® and f, are the polynomials

17 17 f f 17 17

I 1 I J J I I I

and one has f* - f,. The category PolyMnd, had monads in Poly. as objects, and
morphisms are adjunctions of monads in Poly, in the sense of Definition 3.1.1, in which
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the underlying adjunction is of the form f® - f,. In elementary terms, such a morphism
(I,s,p,t) = (J,s,p/,t') amounts to a commutative diagram

I E B I
fl f2l pb Jfl lf
J —F — B’ —J
s P t

compatible in the appropriate sense with the monad structures on (s,p,t) and (s',p',t").
Strictly speaking the data of this last diagram is that of a 2-cell

¢ : f. © (557p57t5) © f' — (STapT7tT)7

in Polyg, and the colax and lax coherence data of the corresponding adjunction of monads
are mates of ¢ via f* - f,. Applying P¢ to such an adjunction of monads in Polyyg,
produces an adjunction of monads in CAT whose underlying adjunction is ¥ 4 Ay.

As explained in [43] section 4, the theory of polynomial functors admits an evident
2-categorical analogue. Given a 2-category K with pullbacks, polynomials in K are the
1-cells of the 2-bicategory Poly,. A 2-bicategory is a degenerate sort of tricategory,
which is just like a bicategory except that the homs are 2-categories instead of categories.
Any notion, such as that of a monad, that makes sense internal to a bicategory also
does so internal to a 2-bicategory M, since M has an underlying bicategory obtained by
forgetting the 3-cells. Taking the associated polynomial 2-functor of a polynomial in C is
the effect on 1-cells of a homomorphism Pk : Polyy — 2-CAT. All of our examples in
this work take place in the 2-category K = Cat.

3.2.1. EXAMPLES. As recalled in Section 2.3, given an operad T with set of objects I
one has an associated polynomial monad

s t
I T ET pr BT T ]

and the effect of Py on this is a 2-monad on Cat/I which is also denoted as T'. This
polynomial monad comes with an adjunction of monads

I Er Br I
B
1 P, P 1

(in which by is a discrete fibration) and the effect of Pcag on this is an adjunction of

2-monads
Ir:(Cat/I,T) — (Cat,S).

The 2-functor Z;. : Cat — Cat/I sends X to the constant /-indexed family on X which
we denote as X,. Similarly for a symmetric monoidal category (= pseudo-S-algebra) V,
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consistently with [39] Example 4.6, we denote by V, the pseudo-T-algebra Z(V). By
Corollary 4.18 of [39] the category of algebras of T internal to V in the sense of Definition
3.1.4, is isomorphic to the category of algebras of the operad 7" in the symmetric monoidal
category V in the usual sense.

3.2.2. ExaMPLES. The monad morphisms of [5] Section 5.5 are adjunctions of monads
in CAT in which the monads are finitary and the categories on which they act are
cocomplete. The examples all arise by applying Pget to adjunctions of monads

[~——fp—L sp—t 7
fl = f2l pb lfl = lf
J - E — B’ - J
s P t

in Polyg.;. One obtains finitary monads on Set// and Set/.J in such examples because
the middle maps p and p’ have finite fibres. These adjunctions of monads are then regarded
as adjunctions of 2-monads via the 2-functorial process £ — Cat(€) which sends a category
& with pullbacks to the 2-category of categories internal to £.

3.2.3. REMARK. In Example 3.2.2 one applied Pget and then £ — Cat(€) to a morphism
of polynomial monads in Set. However, another way to see this two stage process is as
the application of

Polyg,, — = Polygy, ~2%% 2.CAT

in which the first arrow denotes the inclusion of polynomials in Set as componentwise-
discrete polynomials in Cat. However to consider algebras of the examples of [5] in a
symmetric monoidal category, one must use a different process. Namely, by [25, 37] a
polynomial monad in Set whose middle map has finite fibres can be identified as a -free
operad, which is then interpreted as a categorical polynomial monad as in Example 3.2.1.
For the relation between these two viewpoints, see [39] section 6.

3.2.4. EXAMPLES. Let S be an operad with object set I, T be an operad with object set
J,and F': S — T be a morphism of operads with underlying object function f: I — J.
Applying the functor N of [39] Proposition 3.2 gives a morphism of polynomial monads

I ss ES ps BS ts I
f l = fe l pb l i = l f
S~ Lr PT Br tr J.

and thus an adjunction

(Cat/I,S) — (Cat/J, T)

of 2-monads with underlying adjunction ¥ 4 Ay. Thus for any morphism F': § — T of
operads, Definition 3.1.4 gives a notion of S-algebra internal to 7. Example 3.2.1 is the
special case where T is the terminal operad Com.
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3.2.5. REMARK. Examples 3.2.1 and 3.2.4 have evident non-symmetric and braided ana-
logues by working instead over the polynomial monads

1 N, N 1 1 B. B 1

as at the end of Section 2.3.

3.3. EXPLICIT DESCRIPTION OF THE ADJUNCTION OF 2-MONADS FROM AN OPERAD
MORPHISM. As recalled in Section 2.3, for an operad T with set of colours J, following
notation 3.7 of [39], we also denote by T the induced 2-monad on Cat/.J. For a morphism
F S — T of operads with object map f : I — J as in Example 3.2.4, we shall use the
analogous

3.3.1. NOTATION. Given a morphism F': S — T of operads with object map f: 1 — J,
we also denote the associated adjunction of 2-monads described in Examples 3.2.4 as

F:(Cat/I,S) —s (Cat/J,T).

Thus in particular, Fi = Xy and F™* = Ay.

A complete explicit description of the 2-monad associated to an operad was given at
the end of Section 3 of [39]. We shall now extend these calculations to give an explicit
description of the adjunction of 2-monads F' of Notation 3.3.1. This task is to describe
the colax F° : ¥;S — T%; and lax F' : SA; — A;T monad morphism coherence 2-
natural transformations, in terms of the data of the operad morphism F' : S — T. These
calculations will be used in Section 6.

The outcome of these calculations, described below in Lemmas 3.3.2 and 3.3.3, are as
one would predict given the explicit descriptions obtained in [39] Section 3. We present
these results first, and then embark on their proofs in a fairly technical discussion in
which the material and notations of [43] and Section 2 of [39] are treated as assumed
knowledge. This more technical discussion, which is here for the sake of rigour, can be
omitted without affecting the understandability of the rest of the paper.

Given X € Cat/l and j € J, (¥;SX); = [[;,_;(SX);. Thus an object of (¥;5X);
consists of (a, (zx)r) where a : (i)1<k<n — 4 isin S, fi = j and z; € X;,. A morphism
(v, (wx)r) — (o, (),)x) consists of (p,vx) where p € X, 4y, = i, for all k, and v : 2 —
)y is in Xj . An object of (T'¥;X); consists of (8, (ik, Tr)1<k<n) Where 8 : (jr)x — j is
in T, iy € I such that fiy = jg, and x5, € X;,. A morphism (5, (i, zx)x) — (B, (i}, 2} )k)

consists of (p, (7)) where p € ¥, such that 5 = 'p and i), = i and v 1y — 1, € Xy

3.3.2. LEMMA. For X € Cat/I and j € J, Fy; is given explicitly as

F (o, (2r)e) = (Fa, (i, 21)k) F5 (0, (ve)k) = (0, (Ve)r)

where o @ (ig)1<p<n — 1 15 in S, z € X, p € Xy, and v, : T — x;k is in X;, for
1<k <n.
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In terms of labelled trees, an object of (3;5X); is as depicted on the left

where fi = j, an object of (I'£;X); is as depicted in the middle, and the effect of F*° on
objects is as depicted on the right. In this display, z; € X;, throughout.

Given Y € Cat/J and i € I, an object of (SAfY'); consists of (a, (yx)r) where
a: (ig)1<k<n — @ isin S and yi € Yy, A morphism (o, (yx)x) — (¢, (y,)x) consists of
(p, (1)) where p € X, and 6y, : yr — Yy € Yy, Since (AsTY); = (TY )i, an object of
(AfTY); consists of (5, (yk)r) where 8 : (jx)r — fiisin T and y; € Yj,. A morphism
(B, (yx)r) — (B', (y;.)x) consists of (p, (0x)x), where p € %, is such that § = §'p, and
Ok 1 Yk — Yy, is in Yy, for all k.

3.3.3. LEMMA. ForY € Cat/J and i € I, F{M is given explicitly as

Fy (o, (y)e) = (Fa, (g ) Ei(p, (0k)k) = (p, (0)r)

where o : (ig)1<k<n — 1 150 S, yp €Yi, p € X, and O : yp, — y’pk €y,.
In terms of labelled trees, an object of (SAY'); is as depicted on the left

where y;, € Yy, , an object of (I'£;X); is as depicted in the middle where y; € Yj,, and
the effect of F! on objects is as depicted on the right.

We turn now to our more technical discussion. Let £ be a category with pullbacks.
Given polynomial endomorphisms P = (s,p,t) and Q@ = (s',p',t') on I and J, recall
[15, 39] that a morphism between them in the category PolyEndg, is a pair (f, ¢) where
f:I—=Jisin€and ¢: f*oPo fo — @ is in Poly,, and that in more elementary terms
this amounts to a commutative diagram

J<——fp—" sp—"t 7
fl le pb lfl lf
J S/ E, p/ B/ t/ J (2)

We denote by
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the 2-cells which correspond to ¢ via the adjunction f® - f,. The problem of verifying
Lemmas 3.3.2 and 3.3.3 comes down have an explicit description of

Pe(¢°) : BiPe(P) — Pe(Q)%y Pe(¢!) : Pe(P)Ay = AfPe(Q)

in the cases of interest for us. We shall obtain such an explicit description at this generality
in Lemma 3.3.6, in terms of morphisms in £ induced by pullbacks and distributivity
pullbacks.

Some preliminary remarks regarding distributivity pullbacks are required. Given a
pullback square in £ as on the left

J E/PELE/B g/plLie/B
p| b |g zpl o~ lzg A,,T =~ TAg
A—C E/A<-E/C E/A=E/C

one has the left and right Beck-Chevalley isomorphisms X,A, = A;¥  and II,A, = AII;.
In elementary terms X,A, = A}, witnesses the fact that if one pastes a square on top of
the original pullback, then this square is a pullback iff the composite of this square with
the original pullback is a pullback. In other words the left Beck-Chevalley isomorphisms
are a reformulation of the elementary composability of pullbacks in a category £ which
admits all pullbacks. Similarly

3.3.4. LEMMA. In a category with pullbacks, given the solid parts of the diagram on the
left

X
X< Xo— X
p-1-B

Y
P
A—=C v X l
M o N T:’/ 4 g
P —_—
1\ P f B
X2—>X3

one can factor the morphism X¢ — P through g as shown in such a way as to make the
pullback on the right into a distributivity pullback around (f,g).

is an elementary formulation of the right Beck-Chevalley isomorphisms. We leave the
task of giving a direct proof of this lemma using the universal properties of pullbacks and
distributivity pullbacks as an instructive exercise for the reader. Another elementary fact
which we shall use below is
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3.3.5. LEMMA. If in a category with pullbacks one has

X1 —>X2—>X3$'X4—g>X5
b
k\\\p /
dpb Xo dpb !
g
Xs X7 Xg

in which the left distributivity pullback is around (h, k) and the right distributivity pullback
is around (f,g), then the composite diagram is a distributivity pullback around (f, gj).

whose proof is also a straight forward exercise. This is the elementary counterpart of the
fact, described in Proposition 2.2.3 of [43], that for a distributivity pullback

pL-w-Lx
ql dpb lf
Q - Y

the canonical natural transformation »,1I,A, — 11>, is an isomorphism. Other elemen-
tary facts concerning distributivity pullbacks were given in section 2.2 of [43].
To get an elementary description of ¢¢, form the diagram on the left

s p t
) f=F=B=1 jepipty
/ | ! Fy,—~ Fy g 4
[—F o\ I forl | Ga Gy|f (3)
s [\ R i
J<E =B —J dpb
s’ P t fl/ pb \L J~ E =B —]
J@E/?B'—?J s’ P t/

and it is easily verified that @ o f* is the polynomial (s”,p”,t"), and that the morphisms
F, — E" and F5 — B’ are the components of () o ¢y, where ¢ is the counit of f* 4 f,,

and is given explicitly by
/ I
o |
Vk J

Since the equation ¢ = (Q o cy)(¢° o f,) determines ¢° uniquely, the components of ¢*
are induced as in the diagram in the middle of (3). Similarly the components of ¢’ are

17
— L .7 ;
pb lf\ J.
L
1y
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induced in the diagram on the right of (3), in which the squares with vertices (G1, I, J, B)
and (Go,G1, B', E') are pullback squares.
Given x : X — I and the data (2) one can form the commutative diagram on the left

Xgé'le }%én
X <— Xy b | P Y, \ dpb
I s B 35 p B t I }/1 I s E p 5.- B t I
T T T T T T A (4)

J<—E-—B-—=J] Y ¥ J<—-F—B—=J Y

b i 7 [ b ’//

X <— XY apb
Xy — X Y —Y;5

%

in which one induces Xy — X/, using the bottom pullback, and X3 — X§ and Xy — X}
are induced by the bottom distributivity pullback. As such, X; — X is a morphism
YiPe(P)(z) = Pe(Q)Xs(z) in £/J. Similarly given y : Y — J one can form the
commutative diagram on the right in which the dotted arrows are induced in the evident
manner, and then Y; — Y/ is a morphism Pg(P)As(y) — APe(Q)(y) in E/1.

3.3.6. LEMMA. Given a morphism in PolyEndg as in (2), v : X — I andy:Y — J,
then

1. The morphism X4 — X} in (4) is Pe(¢°),.
2. The morphism Yy — Y] in (4) is Pe(d'),.

PRrROOF. By the explicit description of ¢¢ and that of the 2-cell map of P¢ given above,
Pe¢(¢°), is the induced arrow X4 — X7 in

X3 X4
X2 / dpb l
/ pb \ E - B
XSt oo
pb =~ F
N ey (5)
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noting that X/ really is the result of pulling back = along F; — I because of the diagram
on the left in

X! s l/ X!~ X!
2 X Xé dpb 3 4
l b lx N
F1—>I Xépr2—>F3 Xé dpb
[ = b i |
F dpb
E—J | E'— D'
FE B’

and X} and X really are the result of taking a distributivity pullback around X} — E' —
B’, because by Lemma 3.3.5, one can identify the diagrams in the middle and right in the
previous display. One can then check that the composite Xo — X; — X in (5) coincides
with the morphism Xy — X of (4), by verifying that these coincide after composing with
the pullback projections X <— X}, — E’. From this one can then reconcile the morphisms
X3 — X} and X4 — X in (4) and (5) using the universal property of the distributivity
pullback on the right in the previous display, thus establishing our explicit description of
Pe(9°)s.

By the explicit description of ¢' and that of the 2-cell map of Pg, Pg(¢'), is the
induced arrow

Ys Y,
s pb\)b E— B
Y : pb J < B l pb l
\Y, % == Gq < G (6)
dpb

has

and so it remains to reconcile the morphisms Yy — Y/ in (4) and (6). To this end we
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collect everything into one diagram

in which « is the arrow induced in (6), 8 is the arrow induced in (4), and so our task
is to show that a = . By definition « is induced by the distributivity pullback with
vertices (Y7, Ga, G1,Y],Y{), and § is induced by the pullback (Y},Y/,J,I). Using the
above diagram, one checks a = 8 by showing that they are identified by composing with
the pullback projections I < Y, — Y5. [

PROOF. (of Lemma 3.3.2). By Lemma 3.3.6 F§ is the morphism SX — T3 ;X over J
induced in

S X Y3

X<—X Xr ES dpb
T pb \1/ :
I ES :

7} Ry wb
J ET :

f’”T pb 3 T
XX X7 Er ap
Yo TV /
LYX — T X
4

Let us define ¢ : SX — T> ;X as what we seek F to be, namely as

¢1(e, (wx)x) = (Fa, (ig, Tr)x) o100 (k) = (py (Ve )r)-

By construction and the explicit descriptions of SX (and T'X) established above, one
may identify the objects of S, X as comprising the data of an object of SX together with
a chosen input for the underlying operation of S. That is, one may an object of S,.X as
(o, (zx)k, ) where o @ (ig)1<k<n — ¢ isin S, 2 € X, and 1 <1 < n. Similarly, a mor-
phism (o, (z)k, 1) = (5, (Y )k, m) of S¢X consists of a morphism (p, (7)x) : («, (zg)x) —
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(B, (yx)x) of SX such that pl = m. Now define ¢ : Se X — T,X X to be

Ga(a, (p)r, 1) = (Fa, (ig, Tx)x, 1) G2(ps (v)k) = (py (Ve )k)-

By the universal property of the bottom distributivity pullback, and the bottom pullback
in the above diagram, it suffices to verify that

U1 = fh1 Y3d1 = Yage  friede = x5 Ygda = fotbr

where 17 and 1)g are the composites Se X — X x; Es — Eg and 1,3 X — X x; Ep —
E7r respectively, which is entirely straight forward since all the functors in our present
situation now have such explicit descriptions. [

PROOF. (of Lemma 3.5.3). By Lemma 3.3.6 F. is the morphism SA;Y — A;TY over [
induced in

SWAY - SAY
. Y x, B Sodeb &
/ ;-”'pb % ;_;
Y X J I __:‘: I ET ; BT I We
¢8¢ pb' if 2 pb Vi fi \ By
Y J Eg :___ Bg J pb A fTY
% PP % :
Y x 7 Er dpb Lo s
g \{ b3
P10 T.Y — =TV

Let us define ¢ : SA;Y — A,TY as what we seek FI- to be, namely as

o1(; (i) = (Fa, (yYi)r) P1(p; (01)k) = (p, (k)k)-
We define ¢, : SA;Y — TY by the same equations

Ga(c, (y)r) = (Fa, (yr)k) G2(ps (0k)k) = (ps (Ok)k)

the difference with ¢, being that ¢, now lives over J. As with the proof of Lemma 3.3.2,
we define ¢z : SeAY — 1Y by

Ga(c, (Y, 1) = (Fa, (yr)k, 1) ¢3(p; (0k)x) = (5 (0k)k)

in view of the explicit descriptions of SeA;Y and 7,Y. In order to identify ¢; with the
above induced map, it suffices by the universal properties of the bottom distributivity
pullback and those of the pullbacks defining Y x ; Er and A;TY, to verify that

G112 = Uy Y301 = ¢ V52 = f1iy
Yro1203 = fatboths  Yr1hr003 = Ysribs.

As in the proof of Lemma 3.3.2, this is straight forward because the functors participating
in these equations now have completely explicit descriptions. [
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4. Internal algebra classifiers and codescent objects

Internal algebra classifiers are defined formally in Section 4.1 and their flexibility is estab-
lished. We review codescent objects and cateads in Section 4.2, and present the example
of a simplicial object of which we wish to take codescent, but which is not a catead. Then
in Section 4.3 we describe internal algebra classifiers as codescent objects. In Section 4.4
we explain why in the examples of interest for us, the simplicial objects of which we take
codescent are category objects.

4.1. INTERNAL ALGEBRA CLASSIFIERS. With the notion of S-algebra internal to a T-
algebra provided by Definition 3.1.4, it is natural to wonder about the “free T-algebra
generated by an internal S-algebra”. In various of our examples there is a well-established
understanding of what this object should be. For instance as explained in MacLane [31],
the algebraists’ simplicial category A, is the free strict monoidal category containing a
monoid. Similarly as is well known, the category S of finite ordinals and all functions
between them is the free symmetric strict monoidal category containing a commutative
monoid?.

In this section we give a general definition of such universal objects, called internal
algebra classifiers at the generality of Definition 3.1.4. Under mild conditions internal
algebra classifiers also enjoy a universal property of a bicategorical nature with respect to
pseudo algebras. Applied to A, (resp. S) this bicategorical universal property gives an
equivalence of categories between the category of monoids (resp. commutative monoids) in
a monoidal (resp. symmetric monoidal) category V, and the category of strong monoidal
functors A, — V (resp. symmetric strong monoidal functors S — V) and monoidal
natural transformations between them.

4.1.1. REMARK. Given an adjunction F': (£,S) — (K, T) of 2-monads, one has commu-
tative squares
K~ T Alg, - T -Alg— Ps-T-Alg,

| |7 |7 |7

L S-Alg, 5 S-Alg, —— Ps-S-Alg;

US
in which the unlabelled arrows are the inclusions (see Remark 3.1.3). We denote by
Jp: T-Alg, — S-Alg;
the diagonal of the middle square in the above display, and by (—)} the left adjoint to
Jr, when it exists.

4.1.2. DEFINITION. Let F' : (£,S) — (K,T) be an adjunction of 2-monads, suppose
that £ has a terminal object 1, and let A be a strict T-algebra. An internal S-algebra

2We give a proof of this result in Theorem 6.1.1 below as an illustration of the general methods of
this article.
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s : 1 — FA exhibits A as the internal S-algebra classifier (relative to F') when for all
strict T-algebras B, the functor

T-Alg (A, B) — S-Alg (1, FB)

given by precomposition with s is an isomorphism of categories.

4.1.3. REMARK. The defining universal property of a internal S-algebra classifier s : 1 —
F A is exactly that of the component of the unit of the adjunction (—)} - Jp at 1. When
a choice of left adjoint (—)} to Jr is given, we denote by

gy 1 — FT?

the unit component at 1, which exhibits 7° as an internal S-algebra classifier.

The universal property that T enjoys with respect to pseudo algebras is due in part
to the flexibility of T as a T-algebra, and also to general coherence theorems that are
available in the situations of interest. We now recall the required 2-dimensional monad
theory.

A functor or 2-functor is said to have rank when it preserves M-filtered colimits for
some regular cardinal A\, and finitary when A can be taken to be the cardinality of N. The
study of coherence issues for 2-monads, and of internal algebras, begins with the fact that
for a 2-monad 7" with rank on a complete and cocomplete 2-category K, the inclusions

J :T-Alg, — T-Alg Jp : T-Alg, — Ps-T-Alg

have left adjoints, which we shall denote as @ and (—)" respectively. The importance
of such adjunctions was first recognised in [7]. In [26] the left adjoints were constructed
explicitly using certain 2-categorical colimits called codescent objects leading to even more
general conditions on their existence, namely just that these colimits exist in 7-Alg,. We
shall discuss codescent objects further in Section 4.2.

The adjunction ) 4 J allows us to understand coherence for pseudo morphisms at
this general level. It is not true in general that the inclusion

Jap: T-Alg (A, B) — T-Alg(A, B)

of the strict T-algebra morphisms amongst the pseudo morphisms is an equivalence for
all strict algebras A and B, but this is true when A is flexible as we now recall.
Following [7] section 4, the components of the unit and counit of () 4 J are denoted
as pa : A = QA and ¢4 : QA — A respectively. In general one has, by Theorem 4.2
of [7], that ps - ¢4 in T-Alg with unit an identity and counit invertible. Thus p,4 is a
section and a pseudo inverse to g4, but note that p, is a pseudo morphism. The strict
T-algebra A is said to be flexible when it has a section in T-Alg,. By [7] Theorem 4.2
any such section is also a pseudo inverse in T-Alg,, and moreover this condition is also
equivalent to A being a retract of QC for some C. The result that for flexible A, J4 p



INTERNAL ALGEBRA CLASSIFIERS AS CODESCENT OBJECTS 1739

is an equivalence is contained in Theorem 4.7 of [7]. In other words for flexible A, every
pseudo morphism A — B is isomorphic in Ps-T-Alg to a strict one.

To understand when one has a coherence Theorem for pseudo algebras one considers
the adjunction (—)" 4 J,. For a given pseudo T-algebra A, the unit of this adjunction is
pseudo morphism s, : A — A’, where A’ is by definition a strict T-algebra, and one may
then ask when s, is an equivalence. The 2-monads of interest in this article are all 2-
monads 7" with rank on 2-categories Cat (&) of categories internal to a locally presentable
category €. For such £, Cat(€) is complete and cocomplete, and if moreover T preserves
internal functors whose object maps are invertible, then the general coherence result of
Power [33], as formulated still more generally by Lack in [26] Theorem 4.10, gives a natural
situation in which all the components s are equivalences. Thus for such 2-monads every
pseudo algebra is equivalent to a strict one in a canonical way. This applies in particular
to the case where £ is Set, and T is M, S or B, to give the coherence Theorems for
monoidal, symmetric monoidal and braided monoidal categories respectively.

4.1.4. PROPOSITION. Let F': (L,S) — (K, T) be an adjunction of 2-monads, S and T
have rank, and K and L have all limits and colimits. Then T exists and is flexible. If
moreover K is of the form Cat(E) for some category € with pullbacks, and T preserves
internal functors whose object maps are invertible, then one has equivalences

Ps-T-Alg(T°, A) ~ Ps-S-Alg(1, FA)

pseudo naturally in A € Ps-T-Alg.

PROOF. Under the given hypotheses Jg has a left adjoint [7], and by a standard application
of the Dubuc adjoint triangle Theorem [13], so does F : T-Alg, — S-Alg,. Thus (—)
and hence T exist.

To establish the flexibility of T we apply Theorem 5.1 of [7] which says the following.
Given a 2-monad T" with rank on a complete and cocomplete 2-category I, a 2-functor
G :T-Alg - M, and a left adjoint H to GJ with unit s : 1 — GJH; then

1. For all M € M, HM is flexible.
2. For all M € M and A € T-Alg,

G(=)osy : T-Alg(JHM,A) — M(M,GA)
is a surjective equivalence.

For our application of this result we take M = S-Alg; and note that Jr may be factored
as

T-Alg, %~ T-Alg 2> T-Alg, = S-Alg,

in which J and J' are the inclusions, we take G = F.J' and so H is the left adjoint (—)%,
whose existence we established above. Thus by (1) with M = 1, 77 is indeed flexible.
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We now assume K is of the form Cat(&) for some category £ with pullbacks and that
T preserves internal functors whose object maps are invertible. As recalled above for any
pseudo T-algebra A one has a strict T-algebra A" and pseudomorphism s4 : A — A’ which
is an equivalence in Ps-T-Alg. Then for any strict S-algebra B we have
Ps-T-Alg(Bl., A) T-Alg(Bl., A)
S-Alg,(B, FA")
Ps-S-Alg,(B, FA)

e 12

12

in which the isomorphism is from the definition of B}, the first equivalence is given by
composing with the equivalence s 4, and the other equivalence is given by composing with
the equivalence F(s,4). All this is clearly pseudo natural in A, and putting B = 1 gives
the result. [

4.2. REVIEW OF CODESCENT OBJECTS. There are various 2-categorical colimits that are
called codescent objects in the literature [36, 26, 9]. In this article we shall just consider
the variant which arises by considering how to compute the left adjoint (—)} to Jp in the
context of Remark 4.1.1. Recall the standard cosimplicial object § : A — Cat recalled
in the introduction, and the notions of weighted limit and colimit from enriched category
theory [23].

4.2.1. DEFINITION. [36] Let K be a 2-category, X € [A° K] and Y € [A,K].
1. A descent object of Y is a limit of Y weighted by ¢.
2. A codescent object of X is a colimit of X weighted by 4.

As such the descent object of Y consists of an object Desc(Y) of K together with
isomorphisms as on the left

K(Z,Desc(Y)) = [A, Cat] (5, K(Z,Y—)) Desc(Y) 2 [A, Cat](4,Y)

2-natural in Z. When I = Cat the descent object of Y exists in general and is computed
as on the right in the previous display. In this case one has the following simple description
of the category Desc(Y) since the data of a natural transformation f : 6 — Y is determined
by its components fig and fp:

e An object consists of an object yg € Yy, together with a morphism v : 6150 — doo
in Y7, such that ooy, = 1,, and §1y1 = (doy1)(02y1).

e A morphism (yo,y1) — (z0,21) consists of f : yo — 2o in Yj such that (dof)y; =
21(51f)-
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The codescent object of X consists of an object CoDesc(X) of K together with iso-
morphisms

K(CoDesc(X), Z) = Desc(K(X—, Z)) (7)

of categories 2-natural in Z. An object of the category on the right is called a cocone for
X with vertex Z € K, which in explicit terms is a pair (fy, f1), where fo : Xo — Z and
f1 . fod1 — fodg are in ’C, and S&tiSfy f180 = 1f0 and (f1d0)<f1d2) = fldl- A HlOI‘phiSl’Il
of cocones ¢ : (fo, f1) = (g0,91) is a 2-cell ¢ : fo — go such that (¢do)fi = g1(ody).
We denote by (qo,q1) the cocone corresponding under (7) to lcodese(x), Whose universal
property can be used to give a more hands-on definition of the notion of codescent object,
as we now recall.

To give a codescent object for X € [A°P K] is to give an object CoDesc(X) of K
together with a cocone (qo,q1) with for X vertex CoDesc(X) satisfying the following
universal properties.

1. (1-dimensional universal property): For any cocone (fo, fi1) with vertex Z, there is
a unique f’: CoDesc(X) — Y such that f'qo = fy and f'q1 = fi.

2. (2-dimensional universal property): For any morphism of cocones ¢ : (fo, fi) —
(go, g1) for X with vertex Z, there is a unique ¢’ : f* — ¢’ such that ¢'qq = ¢.

Recall that when K admits cotensors with [1], the 1-dimensional universal property implies
the 2-dimensional one.

4.2.2. EXAMPLE. Let X be a category and regard it as a simplicial set by taking its nerve

dg dl
XQ dq Xl S0 XU
do do

and then as a simplicial object in Cat be regarding the X,, as discrete categories. Taking
qo : Xo — X to be the inclusion of objects, and ¢ : qodi — qody to be the natural
transformation with components given by (¢1); = f, exhibits X as the codescent object
of its nerve.

4.2.3. EXAMPLE. Recall that given a category £ with pullbacks, a category object in &
is a simplicial object X € [A°, &] such that for all n € N the square

dn+2
Xn+2 — Xn+1

W

Xn+1 ﬁXn (8)

is a pullback. One has a 2-category Cat(€) in which the objects are internal categories
and whose arrows f : X — Y are just morphisms in [A° E] and are called internal
functors. A 2-cell ¢ : f — ¢ has underlying data an arrow ¢g : Xo — Y7 in & such that
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di¢g = fo and dopg = go, given such ¢g one induces ¢, ¢o : X7 — Y5 in £ unique such
that

dor = podi  dop1r =91 depa = f1  dopa = ¢odo

and then one demands that di¢; = di¢s. As explained in [9], Example 4.2.2 generalises
to internal categories. Thus given a simplicial object X in Cat(£), if it is componentwise
discrete and a category object, then to “calculate” its codescent object is just to interpret
the simplicial diagram X as an internal category, that is to say, as an object of Cat(&).

In [9] 2-categories of the form Cat(E), for £ a category with pullbacks, were charac-
terised in terms of the existence and well-behavedness of codescent objects of cateads. A
catead in a 2-category K is a category object X : A% — K such that the span

dy do
Xo=—X1 —Xo

is a 2-sided discrete fibration in the sense of [35]. In particular for any category £ with
pullbacks, the 2-category Cat(€) of categories internal to £ admits codescent objects of
all cateads, and these are preserved by 2-functors of the form Cat(F') : Cat(E) — Cat(F),
where F': £ — F is a pullback preserving functor.

For £ a category with pullbacks, (the underlying category of) Cat(€) is a category
with pullbacks, and the functor obg : Cat(£) — £ which sends an internal category to its
object of objects is pullback preserving, so that one has a 2-functor

Cat(obg) : Cat(Cat(&)) — Cat(E).

The straight forward computation of codescent objects of cateads in Cat(€) is described
by

4.2.4. PROPOSITION. [9] Let € be a category with pullbacks and X be a catead in Cat(E).
Then
CoDesc(X) = Cat(obg)(X).

In particular when X is componentwise discrete it is a catead, and so Proposition 4.2.4
generalises Example 4.2.3. However the most interesting examples for us are not cateads,
such as

4.2.5. EXAMPLE. An instance of the bar construction (see Section 4.3 below) in the case
of the 2-monad S gives rise to the simplicial object

Hs(1) M1
S3(1) S(u1) S%(1) m S(1)
S(ts(1)) S(ts(1))

which, as we shall see now, is not a catead. If it were a catead then d; = pq, as the left leg of
a 2-sided discrete fibration, would be a fibration by [41] Theorem 2.11(3). In explicit terms
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S(1) is the permutation category P, the effect of 11y on objects is (my)1<p<n — m1+...+my,
and on arrows sends the morphism (p, (px)x) : (mg)x — (m},)r of S(P) to the result

Pl = Y me — Y m,
k=1 k=1

of substituting the permutations p; into the permutation p. If y; is a fibration, then for
any (mjy,)i1<k<n from S(P), and any permutation ¢ : m — >, mj, one can find p and (p )
such that ¥ = p(pg)g. Let us call any subset s C m an interval if given i; and i5 € s, and
i3 € m such that i; < i3 < ig, then i3 € s. The condition that 1 is of the form p(py)y
implies that for any &, ¢'"'m} C m is an interval, where m}, is regarded in the evident way
as a subinterval of m. For a counter example take n = 2, m{ = m/, = 2 and ¢ = (124).
Thus as a subinterval of 4, m} is {1,2}, and so ¢"'m) = {1,4} which is not an interval.

4.3. INTERNAL ALGEBRA CLASSIFIERS AS CODESCENT OBJECTS. The construction of
the left adjoint (—); to Jr : T-Alg, — T-Alg, in terms of codescent objects was discussed
in [9, 26]. In this section we generalise this from the setting of a single 2-monad T to that
of an adjunction F': (£, S) — (K, T') of 2-monads. Instances of this general construction
play a central role in [3, 5].

Let (K,T) be a 2-monad and denote by Cr : AP — [T-Alg,, T-Alg,] the strict
monoidal functor corresponding to the comonad generated by the Eilenberg-Moore ad-
junction FT 4 UT. We define the 2-functor Ry as on the left in

Ry : T-Alg, — [A°, T-Alg,] A 5 AP 5 [T-Alg,, T-Alg,]

as the adjoint transpose of the composite given on the right in the previous display. In
more explicit terms Ry X is given on objects by

(RpX), =T X

and has face and degeneracy maps given by the formulae

S

1 Ty 1<i<nt1 i TiX:

where x : T'X — X denotes the T-algebra structure. Thus the part of R X which affects
the value of its codescent object is

T T
Hrx Hx
_ —_—
T3X —Tue—=T2X <Tnkx—TX.
—_— —
T2z Tx

For instance Rgl is the simplicial object considered in Example 4.2.5. The simplicial
object Ry X is well known and is usually called the bar construction. We now give a
generalisation of this construction for adjunctions of 2-monads.
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4.3.1. CONSTRUCTION. Given an adjunction of 2-monads F' : (£,S) — (K,T) we now

construct a 2-functor
Rp : S-Alg, — [AP, T-Alg,]

which in the case ' = 17y is Ry. For X € S-Alg,, Y € T-Alg, and n € N, one has
isomorphisms

S-Alg,(S" X, FY) = L(S"X, F*Y) 2 K(RS"X,Y) = T-Alg (TRS"X,Y)

2-natural in X and Y. By the Yoneda lemma, we define RpX € [A%, T-Alg/] as unique
such that (RpX), = THS"X, and

S'Algs (RSXa FY) = T_Algs (RFXa Y) (9)
2-naturally in Y. The effect of Rr on arrows and 2-cells is determined uniquely when we

ask that the isomorphisms (9) be 2-natural in X.

Below we shall be computing codescent objects of simplicial objects of the form RpX.
Thus it will be helpful to have a more explicit handle on their face and degeneracy maps,
and this is provided by

4.3.2. LEMMA. Given an adjunction F : (L,S) — (IKC,T) of 2-monads and a strict S-
algebra (X, x), the face and degeneracy maps of RpX are given by the formulae

TEKS"z 1 =0
d?+1 = TF!STL_Z'Mgz'le 1<i<n 3?+1 = TF!SniingiX'
phsnxT(Fonx) i=n+1

Thus the part of RpX which affects the value of its codescent object is

rhsxT(Fsx) i xT(FS)
—_—_— —_—_—
TRS?X —rrps—THSX <—TFRn—— THX.
TF Sz TF«x

PROOF. We use the naturality of (9) and the explicit formulae for the face and degeneracy
maps of RgX to read off the formulae for the face and degeneracy maps of RpX. Let
(Y,y) be a strict T-algebra. The underlying object of FY is by definition F*Y and its
S-algebra structure is the composite F*(y) L. We denote by

Oxyn : S-Alg (ST X, FY) — T-Alg (TFS"X,Y)

the components of (9). Recall that this isomorphism was a composite of various adjunction
isomorphisms, and expressing these in terms of the units and counits of the participating
adjunctions, one obtains for f : S""1X — FY the explicit formula

exya(f) = yT (V) TR(f)TF(n§.x)-
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Doing the same for ‘P;(,ly,n gives for g : TF)S™" X — Y, the explicit formula

exynl9) = F*(y) Fy-SF*(9)SF*(1f5nx)S (Nnx)-
The naturality of ¢ x rpsnx ensures that

(=)ody !

T-Alg (TRS"X, TFS"X) ——>T-Alg (TRS™'X, TR,S"X)

.y fo

S-Alg (S"' X, FTRS"X) S-Alg (S"2X, FTRS"X)

(—)od;

commutes, and the face map d}'"' € T-Alg (TFRS" X, THS"X) is the effect of the
common composite on the identity 1rpgnx. Thus applying the composite around the
bottom to 1rpsnx gives a description of the face maps of Ry X in terms of those of RgX.
Similarly, one expresses the degeneracy maps of RpX in terms of those of RgX, and
then the explicit formulae follow from straight forward calculations which are left to the
reader. ]

Having defined RrX and given an explicit description of it, we now establish that its
codescent object is the value on objects of the left adjoint (—)IP to Jp.

4.3.3. PROPOSITION. Let F': (L, S) — (K, T') be an adjunction of 2-monads and suppose
that T-Alg, has all codescent objects. Then the left adjoint <_)} to Jp exists and is given
on objects by the formula

X, = CoDesc(RpX). (10)
PROOF. Given any 2-monad (K,T'), strict T-algebras (X,z) and (Y,y), and a lax T-
morphism f : X — Y with coherence datum f : yT'(f) — fx, determines the object

(yT'(f),yT(f)) of the category Desc(T-Alg(RrX,Y)). Conversely, given an object
fo:TX =Y fie ok — foT'(2)
of Desc(T-Alg,(RrX,Y)), the data
foT(nx) : X =Y fingx 1 yT(fonk) = fonxe

is that of a lax T-morphism X — Y. As observed by Street in [36] the processes just
described are the effect on objects of an isomorphism of categories

T-Alg(X,Y) = Desc(T-Alg,(RrX,Y)). (11)

In the present situation, given a strict S-algebra X and a strict T-algebra Y, we thus
have natural isomorphisms

S-Alg (X, FY) Desc(S-Alg,(RsX, FY))
Desc(T-Alg (RrX,Y)) (12)

T-Alg,(CoDesc(RrpX),Y)

the first of which is from (11), the second is from the definition of Rp, and the third is
from the definition of codescent objects. ]

121111
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It will also be useful to have an explicit description of the component
g% X — FX},

at a strict T-algebra (X, z), of the unit of the adjunction (=)} = F.J; in terms of a given
universal codescent cocone for RpX. As a lax T-morphism, its underlying 1-cell and
coherence data will be of the form

g8 X —» X1, Ei F*(q:})F)l(;T(gf() — gx7T

where x} :T X;( — X} denotes the T-algebra structure. So we suppose that a universal
codescent cocone for RpX

ko THX — XF Ok CrobixT(F%) = ak o TF(z)

is given, and then we have

4.3.4. LEMMA. Let T be a 2-monad on a 2-category KC such that T-Alg, admits codescent
objects. Suppose one has a universal codescent cocone for RpX as above defining the
effect on a strict T-algebra (X, x) of the left adjoint (—)} of Proposition(4.3.3). Then

g5 = F(q o) F*(nh ) 9% = F*(a%1) F* (MR sx)néx

then describes the data of the unit component g% : X — FX} in S-Alg,.

PROOF. The required unit is by definition the effect of the composite isomorphisms of
(12) on 1+ € T-Alg (X}, X)), and the third of these isomorphisms sends 1t to the
F F

given universal codescent cocone (qf(’o, qgl) for RpX. Applying the second isomorphism

of (12) to this, gives a codescent cocone for RgX with vertex FX; which we now describe
explicitly. Note that this isomorphism came from (9) above, which in turn can be written
explicitly in terms of the adjunctions F¥ 4 U®, F; 4 F* and FT - U”. Doing so
gives the 1-cell datum of the RgX-codescent cocone as the upper most composite in the
commutative diagram

Sn¥ SF*nT F*qf(,o

S
SF*RX SF*TRX SF*X},

Fll \LFZ \l/Fl
N F*1yT o F*TQ§,0 1
F*THX F*T*“FhX F*TX,

N el

F*TRX F*X},

SX

F*qf(,o

and so the 1-cell part of the required cocone is, more simply, F*(¢% ) Ff, xS(n%). Similarly,

the required 2-cell datum is F*(q} ;) Ff,xS(néx). Thus, the data (g%, g%) is the result of
applying the first isomorphism of (12) to this last cocone. The effect of this isomorphism
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was described explicitly in the first part of the proof of Proposition 4.3.3, and using those
details one obtains

Q)F( = F*(QQ,O)F#,XS(UQU?( 95{ = F*<Q§,1)F1lasx5(77§x)77§x'
Noting that for all X € £ one has

ny
X F*RX

F* nTl
ny l nf«“* FX l o
SX — S X —— "THX
Snx Frx
commutative, the result follows. [

4.3.5. REMARK. Given an adjunction F' : (K, S) — (£, T) of 2-monads such that 7-Alg,
admits all codescent objects and £ has a terminal object 1, Lemma 4.3.4 in the case X =1
is an explicit description of the universal S-algebra internal to a T-algebra g5 : 1 — FT.

The codescent object appearing in (10) is a particular 2-categorical colimit in 7-Alg,.
In the absence of further assumptions, an explicit computation of such a colimit in terms
of colimits in K is difficult. It will involve a codescent object in IC, as well as other colimits
in organised into a transfinite construction of the sort considered in [22]. Thankfully in
the examples of interest for us, the 2-monad T actually preserves the codescent objects
that we care about, and so at least those codescent objects in T-Alg, are computed as in
IC.

Let us write 75 now for the underlying object in K of 1%, and denote by a° : T(T°) —
T% its T-algebra structure. Denoting by o7 : TUT — UT the 2-cell datum of the
Eilenberg-Moore object of T', which in explicit terms is the 2-natural transformation with
components (07)x,s) = %, we obtain the following immediate corollary of Proposition
4.3.3.

4.3.6. COROLLARY. Let F': (L, S) — (IC,T) be an adjunction of 2-monads, T have rank,
K have all codescent objects, and L have a terminal object 1. If T and T? preserve the
codescent object of UTRy1, then

T% = CoDesc(UTR 1) a® = CoDesc(orRpl).

In other words, applying CoDesc : [A°P, K] — K to the morphism o7Rr1 of simplicial
objects in K whose codescent-relevant parts are depicted in

Tuf 51 T*(F§;) Tug, T*(Ff)
T?F5%1 T2 Fypf T2FS1 T2 P T’F1
‘ T?FS(ts1) ‘ T?F(ts1) l
“qu 521 K s1 Hy1
| s TFE) WA T(FD)
TFS?1 TRy TES1 TFnf TH1

TFS(ts1) TFi(ts1)
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where tg; : S1 — 1 is the unique map, gives the T-algebra structure map a”.

4.3.7. EXAMPLES. The middle maps of the polynomials underlying M, B and S are
discrete fibrations with finite fibres. Thus by [43] Theorem 4.5.1 these 2-monads preserve
sifted colimits, and thus in particular codescent objects by [26] Proposition 4.3. Moreover
since the property of being a discrete fibration with finite fibres is stable by pullback along
arbitrary functors, the 2-monad corresponding to any operad as in [39] also preserves
sifted colimits. Similarly for 2-monads arising from non-symmetric or braided operads
in the manner discussed in Section 2.3. Thus the adjunction of 2-monads arising from

any morphism of operads as in Examples 3.2.4 or its variants of Remark 3.2.5 conform to
Corollary 4.3.6.

4.4. CATEGORY OBJECTS FROM BAR CONSTRUCTIONS. All of the examples of simplicial
objects of which we take codescent are in fact category objects by

4.4.1. PROPOSITION. If F': (L,S) — (K, T) is an adjunction of 2-monads such that the
naturality squares of u* and F¢ are pullbacks, T preserves pullbacks, and (A, a) is a strict
S-algebra, then RrA is a category object.

PROOF. As we recalled in Example 4.2.3 a category object in K is a simplicial object
Y € [A°P, K] such that for all n € N the square

dn+2 T(F;’n,«l»lA) N£|Sn+1A
Yiio—=Yo1 TES"A——T*[S" A ——TFS" A
dol/ ldo TF‘[S”J'_ICL\L lTQFgS"a lTF!S"a
| Ap—ra TES™A—— > T2RS"A TFS"A
d"+1 T(FSTLA) 'L"F!S'"'A

on the left is a pullback. In the case of RrA these squares decompose horizontally as on
the right in the previous display. [

4.4.2. REMARK. Applying Proposition 4.4.1 when F' is an identity one recovers the well
known fact that for any cartesian 2-monad T and strict T-algebra A, RrA is a category
object.

4.4.3. EXAMPLES. Many examples, such as those of [3, 5], arise in the following way. One
begins with an adjunction of monads F : (D,S) — (£,T) in the 2-category CATy, of
categories with pullbacks, pullback preserving functors and cartesian natural transforma-
tions. Applying the 2-functor £ — Cat(—) to this gives an adjunction of 2-monads, which
for the sake of brevity we denote as F': (Cat(D),S) — (Cat(€),T). In this situation Rpl
is a componentwise discrete, a category object by Proposition 4.4.1, and so its codescent
object is obtained as in Example 4.2.3, and is clearly preserved by composites of T'. Thus
such situations also conform to Corollary 4.3.6, and the underlying object of T is

“}T«“!51T(F§1) /‘}T«le(Ff)
TFKS?1 —1FRuf—TFS1 TFn; TH1

TF Sts1 THhts1
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viewed as an object of Cat(&).
We recall the most basic instance of Example 4.4.3 in

4.4.4. EXAMPLE. For M the 2-monad for monoidal categories recalled in Section 2.3,
the strict monoidal structure M(M™) — MM is the functor which is sent by the nerve
functor to the morphism

My My
M*1 M2y M?31 M2, M?1
ulet MPian Lmvn M?tar p1
MM1 1258
M3 1 My M2 1 Mmny M1
M2t1\/11 Mty

of simplicial sets. Thus an object of MM is an element of M1, which is a natural number.
A morphism of MM is a sequence of natural numbers (myq,...,my,), the source of which
is m = my + ... + m,, and the target of which is n. Thus we identify (my,...,m,) with
the order preserving function m — n whose fibre over k € n has cardinality my. In these
terms Mmn; and My, correspond to the identities and composition of order preserving
functions, and so the bottom row exhibits the underlying object of M™ as identifiable
with A,. The effect of the action M(MM) — MM on objects is pq, and so corresponds
with ordinal sum, and similarly on morphisms. Thus one recovers A, as the monoid
classifier.

If K = Cat in the situation of Remark 4.4.2, then UY” Ry A is a category object in Cat.
A category object X in Cat is commonly known as a double category, and we now fix our
double categorical terminology and conventions. The structure of a double category X
includes categories and functors as in

d2 dl
X5 dy X 0 Xo
do do

and so in elementary terms, X consists of (1) objects — which are the objects of Xy, (2)
vertical arrows — which are the arrows of Xy, (3) horizontal arrows — which are the objects
of Xy, and (4) squares — which are the arrows of X;. A typical square o of X is drawn as

h1
T1 —= T2

T3 — T4
ha
and has vertical source and target arrows — in this case dia = v; and dypa = vo, and

horizontal source and target arrows — in this case h; and hy, which are the source and
target of o as an arrow of Xj.
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For each object z, the category structure of X, provides us with a vertical identity
arrow 1Y on z, and for any composable pair (f, g) of vertical arrows, a composite g oy f.
The horizontal arrow sox is denoted 1® and called the horizontal identity on z, and for any
object of X, which is a composable pair (f, g) of horizontal arrows, d;(f, g) is denoted
gon f. We shall write either of these composition operations as concatenation when no
confusion would result from doing so.

For any vertical arrow f, the identity square sqf on f is drawn as on the left

13 g
r—— r——1
fl idl} f 1;l id; ll;
y1_g>y .ilﬁ—g>y

and for any horizontal arrow ¢, the identity on ¢ in the category X is denoted as on the
right. We shall omit the (—)® and (—)¥ superscripts when no confusion would arise from
doing so.

A composable pair of arrows of X; is a configuration as in the first diagram of

h1
Tr1 — T2
h1 h1 ha hahi
v1 o | v2 1 — T2 1 —= Ty —=>T3 1 ——= T3
h
i ) U3U1l B o, a lvwz v1J «Q 7J¢2 15 lvs v1l B oy a lvs
v3 ﬁ V4 Ty — Tg Ty — Ts5 — Tg Ty —Tg
hs hs hg hahs
Ty —= T
5 ha 6

and its composite is as denoted in the second diagram. In diagrammatic contexts, we
shall speak of the composite embodied by the left-most diagram, leaving the notation
B o, a mostly for equations. Similarly, a morphism of X5 is a configuration as in the third
diagram of the previous display, and its composite, which is the effect of d; on this arrow
of X5, is as denoted on the right. The functoriality of d; : X — X; implies that the value
of the composite

h1 ho
1 —= T2 —= T3

vll Oé’vzl ’ﬁ lvs

Ty — T5 — Tg

h3
”U4l ")/ j’05 5 l't)ﬁ
X7 —= Ty —>T
7 I 8 he 9

is unambiguous, or in equational terms, that

(6 Oh 7) Ov (6 Oh Oé) = (5 Oy B) On (’Y Oy a)'
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An internal functor f : X — Y in Cat is commonly known as a double functor. In
explicit terms f sends objects, vertical arrows, horizontal arrows and squares in X to
objects, vertical arrows, horizontal arrows and squares in Y, in a manner compatible
with sources, targets, identities and compositions. Having recalled these preliminaries,
we come to the last example of this section.

4.4.5. EXAMPLE. The double category USRg1, whose codescent-relevant parts we write

as
wp H1

S*(P) S(u1) S(P) S(m) P
S2(tp) S(te)

is described as follows. At the level of objects we are in the situation of Example 4.4.4,
that is obUSRgl = UMRym1. Thus the category of objects and horizontal arrows of
USRs1 is A,. By definition the category of objects and vertical maps of USRg1 is P. To
give a square in USRg] is to give a morphism of S(P), which is to give n,my, ...,m, € N,
p € X, and p; € X, for 1 <k < n. We depict such a square as on the left

m el en) gy m ! n
woe| (o (o) | o= )
m n m n
(miy.ecymn) - g -

so as to make explicit its horizontal and vertical sources and targets. By the definition of
p(pr)x one has
po (mpb S mpn) = (mh "'7mn> © p(pk)k

in Set. Conversely given monotone functions f and g, and permutations p and p’ making
the square on the right commute, one obtains p, € -1y by restricting p’ to the fibre
f~Hk}, and then p' = p(pr)r. Thus a square of USRg1 is determined uniquely by its
boundary, and a square will exist with the boundary (f,p,g,p’) as on the right in the
previous display iff pf = gp’ in Set. Moreover one easily checks that horizontal and
vertical composition of squares in USRg1 corresponds to horizontal and vertical pasting
of such squares.

5. Codescent for crossed internal categories.

In this section we present our general method of calculation of codescent objects and
internal algebra classifiers. In Section 5.1 crossed internal categories are defined and
explained. Then in Section 5.2 abstract conditions on an adjunction of 2-monads are given,
that ensure that the simplicial object participating in the calculation of the corresponding
internal algebra classifier, is a crossed internal category. As it turns out later in the
section, the calculation of codescent objects of crossed internal categories is done in two
steps, the first of which produces an internal 2-category, called the 2-category of corners.
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This 2-category is described in Section 5.3, and in Section 5.4 the general results on the
calculation of codescent objects are given.

5.1. CROSSED INTERNAL CATEGORIES. Obtaining A, as in Example 4.4.4 from the 2-
monad M via the computation of codescent objects is well-known [3, 9]. If however
one attempts to tell the same story for the 2-monad S instead of M, one runs into the
problem identified in Example 4.2.5, that the resulting codescent object is not a catead.
Thus Proposition 4.2.4 does not apply. In this section we identify the structure of crossed
internal category, which is enjoyed by the simplicial object of Example 4.2.5, and which
enables its codescent object to be computed in Section 6.1.

The structure of a crossed internal category involves the notion of an opfibration
within a 2-category [35]. We now briefly recall this background, in a manner compati-
ble notationally and terminologically with the fuller recollection of this theory given in
section(4.2) of [43].

For a functor f : A — B, an arrow « : a; — ag in A is f-opcartesian when for all
v:apr — azand B fas — fagsuch that 3f(a) = f(7), there is a unique B : ay — as such
that 8 = B and Ba = ~. To give f the structure of an opfibration is to give, for each
a€ Aand B: fa — b, an f-opcartesian arrow 5 : a — o’ such that f3 = 8. The arrows
of A that arise as /3 for some (a, 3) are said to be chosen f-opcartesian. When the chosen
f-opcartesian arrows include all the identity arrows, and are closed under composition, f
said to be a split opfibration.

For an arrow f : A — B in arbitrary 2-category K, given arrows a; : X — A and

20 X — A, an f-opcartesian 2-cell o : a; — ay is one which is K(X, f)-opcartesian
as an arrow of IC(X, A), where (X, f) : K(X,A) — K(X, B) is the functor given by
composition with f. To give f the structure of a split opfibration is to give (X, f)
the structure of a split opfibration in the sense of the previous paragraph for all X €
IC, such that for all g : ¥ — X, the functor K£(g,A) : K(X,A) — K(Y,A) given by
precomposing with g preserves chosen opcartesian arrows. In this context we call the
chosen opcartesian arrows of (X, f) for some X, the chosen f-opcartesian 2-cells. By
definition, all identity 2-cells between arrows with codomain A are chosen f-opcartesian,
and chosen f-opcartesian 2-cells are closed under vertical composition.

At this generality split opfibrations can be composed, when K has pullbacks split
opfibrations can be pulled back along arbitrary maps in X, and when X has comma
objects one has an easy to describe 2-monad Uy on the 2-category KM of arrows of K,
whose strict algebras are exactly the split opfibrations in IC. A strict morphism f — ¢ of
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Uy-algebras is a pair (u,v) fitting into a commutative square

= a
IS
—Q
=
=

Q
—Q

Sy

-
Sy
=

@
S

as on the left, such that post-composition with u sends chosen f-opcartesian 2-cells to
chosen g-opcartesian 2-cells. A 2-cell (u1,v1) — (ug,vq9) of U-Alg, consists of a pair
(e, B) fitting into a commutative cylinder as on the right.

With these necessary notions recalled, we are now in a position to give the central
definition of this article.

5.1.1. DEFINITION. A crossed internal category in a 2-category K is a category object
X : A°® — K, together with the structure of a split opfibration on dy : X; — X, such
that

S0 dq
Xo—X1<=— X

N

Xo
are morphisms of split opfibrations over Xy. When K = Cat we shall say that X is a

crossed double category.

To make sense of the definition, as recalled above, given
A-L-p
h pb g

C — D
in IC, a split opfibration structure on f gives rise to a split opfibration structure on f’ such
that the above square becomes a morphism f* — f of split opfibrations. Moreover split
opfibrations compose. Thus for a category object X as in the definition, the structure of
split opfibration on dj : X; — X, gives split opfibration structures to the djj : X,, — Xj.

5.1.2. DEFINITION. Let X and Y be crossed internal categories in a 2-category IC. A

crossed internal functor f: X — Y is a simplicial morphism such that the square

X1ﬂ>Xo

W

Yi—=Y
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is a morphism from dy : X7 — Xy to dy : Y7 — Y of split opfibrations. When K = Cat
we shall say that f is a crossed double functor.

When I = Cat a crossed internal category is a double category with extra structure,
and now we unpack what this amounts to in elementary terms. A square a as on the left

f f
wW———2T wW———>2
: S
W——>1 g Kl o |9
kl o Lg | B oz = Y —h—>2
a b a——-sp

B i
in X is dp-opcartesian as an arrow of X, iff given (i, j, [, ) as above, there exists unique
(m, ) satisfying the equation on the right in the previous display. Henceforth we shall
say that such an « is an opcartesian square, meaning that it is dp-opcartesian as an arrow
of X;.

To provide the chosen opcartesian arrows making dy : X; — X, an opfibration, is to
give a choice of opcartesian square

g

f
— s
Afa!] K:fvg Lg
ﬁy

Pf.g

NN <—m

for each pair (f,g) as shown. This is a split opfibration when the x, are compatible
with vertical composition in X, that is when ks, = 1y and k,, | g, Ov Kpgy = Kfgogr- TO
say that sg : Xg — X7 and d; : X9 — X; underlie morphisms of split opfibrations as in
Definition 5.1.1, is to say that the x4 are compatible with horizontal composition in X.
That is, k1,y = 15 and Kp, g on Ky 2y, , = Kfafrg- Lhus the extra structure on a double
category which makes it into a crossed internal category in Cat is a choice of opcartesian
square i, for each pair (f, g) as above, which is compatible with vertical and horizontal
composition in X. A crossed double functor is a double functor which preserves these
chosen opcartesian squares. The names chosen in Definitions 5.1.1 and 5.1.2 come from

5.1.3. EXAMPLE. Crossed simplicial groups of (1.1) of [14] may be identified, essen-
tially by Proposition 2.8 of [14], with crossed double categories X such that the X,
are groupoids, the category of objects and horizontal arrows is A, and the functor
dy : X1 — X is a discrete opfibration. The condition on a double category that it
be a crossed double category such that dy is a discrete opfibration was called the “star
condition” (2.3) of [14]. The discreteness of the opfibration dy amounts to the uniqueness
of the squares rf,. In the motivating example of [14] relevant for cyclic homology, the
category of objects and vertical arrows is the (categorical) coproduct of the cyclic groups.
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5.1.4. REMARK. A componentwise discrete category object X in a 2-category K is a
crossed internal category. Moreover, for any catead X, the morphism dy : X; — X has
a canonical structure of split opfibration by [40] Theorem 3.5. In fact, with respect to
this structure, d; : Xo — X; is a morphism of split opfibrations. To see this in the case
K = Cat, use Remark 2.86 of [9] and the above explicit description of the structure of
crossed double categories in elementary terms, and then the general statement follows
by a representable argument. However, sy : Xqg — X; will not be a morphism of split
opfibrations unless X is componentwise discrete. So for example, the higher kernel (see
[9]) of a functor f: A — B such that A is not discrete, is a catead which is not a crossed
internal category. Thus in view of Example 4.2.5, crossed internal categories and cateads
are different generalisations of componentwise discrete category objects.

5.2. CROSSED INTERNAL CATEGORIES FROM ADJUNCTIONS OF 2-MONADS. We now
identify monad theoretic situations which give examples of crossed internal categories. To
this end we recall the notions of opfamilial 2-functor and opfamilial 2-natural transfor-
mation from [40, 43].

For a 2-functor T': L — £ and an object X € K, we denote by Tx : K/X — L/TX
the 2-functor given on objects by applying 7' to morphisms into X. A local right adjoint
K — Lisa2-functor T : K — L equipped with a left adjoint to Ty for all X € K. When K
has a terminal object 1, to exhibit T" as a local right adjoint, it suffices to give a left adjoint
to T1. When K and £ have comma objects and K has a terminal object, an opfamilial
2-functor T : K — L is a local right adjoint equipped with T : K — Wp-Alg, such
that UYTT, = T, where Wy is the 2-monad on L/T1 whose algebras are opfibrations
in £ into T'1. As expressed by Proposition 4.3.3 of [43], opfamilial 2-functors are those 2-
functors which are compatible with the theory of opfibrations. In particular, they preserve
split opfibrations.

A 2-natural transformation ¢ : S — T between opfamilial 2-functors is opfamilial when
its naturality squares are pullbacks, and when for all X € I, a’s naturality square with
respect to the unique map tx : X — 1 is a morphism of split fibrations (ax,aq) : Stx —
Ttx. By Lemma 4.3.5 of [43] this implies that the naturality squares of ¢ with respect
to any split opfibration are morphisms of split opfibrations. An opfamilial 2-monad is a
2-monad whose underlying endo-2-functor, and unit and multiplication are opfamilial.

5.2.1. PROPOSITION. Let F' : (L,5) — (K,T) be an adjunction of 2-monads, T have
rank, K have all codescent objects, L have a terminal object 1, and T and T? preserve the
codescent object of UT'Rpl. If the 2-monad T and the 2-functor F\ are opfamilial, and
the naturality squares of F¢ are pullbacks, then the morphism of simplicial objects

orRpl : TUTRp1 — UTRE1

in IC of Corollary 4.3.6 is a crossed internal functor between crossed internal categories.

PROOF. By Proposition 4.4.1 Ry1 is an internal category, and since T and U7 preserve
pullbacks, so are TUTR 1 and U'R 1, and so 7R 1 is an internal functor. In a unique
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way the diagram on the left

5 5 TFus TFnS
g1 g1 <2 TRS1 2TRST TR

| |
tsk\tilﬂ TE?fs2\1ATF‘i’tS1;/Tﬂ 1
1 TF1

depicts morphisms of split opfibrations over 1. Since T'F) is opfamilial it preserves split
opfibrations and morphisms thereof, and so the diagram on the right is a diagram of
split opfibrations over T'Fi1, and so UTRr1 is a crossed internal category in K. Since
T preserves split opfibrations and morphisms thereof, TUTR 1 is also a crossed internal
category. Since T’s multiplication u? is opfamilial, its naturality square at the split
opfibration Fitg; is a morphism (uk e, k) of split opfibrations T?F(ts;) — TFi(ts1),
and so 7R 1 is a crossed internal functor. m

Thus in the context of Proposition 5.2.1 the underlying object of the corresponding
internal algebra classifier 7 is obtained as the codescent object of a crossed internal
category in K, and its T-algebra structure a® : T(T°) — T* is similarly obtained from a
crossed internal functor.

5.2.2. EXAMPLES. For adjunctions of 2-monads arising as in Examples 4.4.3, by applying
Cat(—) to an adjunction of monads in CATy, satisfy the conditions of Proposition
5.2.1, by [40] and [43] Remark 4.3.7. However, in this case the conclusion of Proposition
5.2.1 follows easily and directly, since TUTRr1 and UTRr1 are componentwise discrete
category objects, and any simplicial morphism between componentwise discrete category
objects is a crossed internal functor.

5.2.3. EXAMPLES. In the situation of Examples 3.2.4 of an adjunction of 2-monads F' :
(Cat/I,S) — (Cat/J,T) arising from an operad morphism F : S — T, F¢, [{ and T
are opfamilial by [43] Theorem 4.4.5, and T preserves all codescent objects as explained
in Example 4.3.7. Similarly for adjunctions of 2-monads coming from morphisms of non-
symmetric or braided operads as in Remark 3.2.5.

5.2.4. EXAMPLE. Applying Examples 5.2.3 to the case of the identity on S exhibits
USRs1 of Examples 4.2.5 and 4.4.5 as a crossed double category, and ogRg1 as a crossed
double functor. A chosen opcartesian square of USRgl is by definition a chosen op-
cartesian arrow of S(P) with respect to the split opfibration S(fp). For any category
A, the identity arrows of A are the chosen opcartesian arrows which exhibit the functor
ta: A — 1 as asplit opfibration. Recall that an arrow of S(A) is of the form

(0, (i )1<k<n) © (r)1<k<n — (br)1<k<n

where p € 3, and oy, 1 ap — b, is in A for 1 < k < n. By the way that S preserves split
opfibrations as explained in Lemma 6.3 of [40], (p, (ax)x) is a chosen opcartesian arrow of
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S(t,) iff the oy are all identities. Applying this in the case A = P and using the explicit
description of the squares of USRg1 found in Example 4.4.5, a square

JSon
_ lp
— N

g

/

p

S<—1I3

in USRgl is chosen opcartesian iff p’ is order preserving on the fibres of ¢g. Since in this
case a square is uniquely determined by its boundary, for any f and p as above there exist
unique g and p’ such that pf = gp’ and p’ is order preserving on the fibres of g.

5.2.5. REMARK. We denote by S the category whose objects are natural numbers and
morphisms m — n are functions m — n, and regard A, and P as subcategories of S. As
explained in the proof of Proposition 3.1 of [3], every h : m — n in S factors uniquely as
h = gp, where p € P, g € A, and p is order preserving on the fibres of g. We shall refer to
this as the bijective-monotone factorisation of h. Thus in the context of Example 5.2.4 the
chosen opcartesian square k¢ , is obtained by taking the bijective-monotone factorisation

of pf.

5.3. THE 2-CATEGORY OF CORNERS. The first step in our general computation of code-
scent objects of crossed internal categories is to produce an internal 2-category, called the
internal 2-category of corners, from a crossed internal category. For the purposes of our
first definition, recall that an object D of a 2-category K is discrete when for all X € K,
the hom category K(X, D) is discrete. In other words, any 2-cell between arrows into D
must be an identity.

5.3.1. DEFINITION. Let I be a 2-category. Then a 2-category in K is a category object
in IC whose object of objects is discrete.

5.3.2. REMARK. For any 2-category K and discrete object D therein, every morphism
X — D has a canonical structure of a split (op)fibration. This extends to morphisms
and 2-cells of split opfibrations over D, and so any 2-category in K has the structure of a
crossed internal category.

When K = Cat a 2-category in K is just a (small) 2-category, viewed as a double
category whose vertical arrows are all identities. Recall that for a 2-category K with pull-
backs, a category object in K can also be regarded as a monad in Span,.. An advantage of
this viewpoint is that one can use the basic notions of monad theory, such as distributive
laws, when talking about category objects.

Let IC be a 2-category with pullbacks and comma objects. Since cotensoring with a
fixed object A € K is a pullback preserving functor Cat®® — K, its restriction to A°P
gives a category object whose underlying span is

A& Al A
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When £ = Cat(€) for some category £ with pullbacks, writing 74 : A9 — A for the
inclusion of objects, the composite span 44, o Al 0% underlies another monad in Span,.
whose corresponding simplicial object is the just the category object A in &£ viewed as a
componentwise-discrete category object in K as in Example 4.2.3.

5.3.3. CONSTRUCTION. Let X be a crossed internal category in a 2-category K with
comma objects and pullbacks. The underlying endospans

Xo 4 x, 2 x, Xo Zx X2 X,

underlie monads in Spany, and we shall now construct the underlying 2-cell datum
(SX . X(gl] OX1 — X1 OX(gl]

of a distributive law between them. The composite spans Xom o X; and X o X(gl] are
explicitly

dy i 1Xo 1X0 i dy

/N ¥

X; b Xom and Xom pb Xy
AN /N /N
Xo Xo Xo Xo Xo Xo
respectively. We write

doJ/lXOLXO 1X0\Ld1&'X1
p1l % llxo P2l )\é ld&
X, TO> Xo Xy 1—X0> Xo

for the defining comma squares for dy | 1x, and 1x, | di. Since dy is a split opfibration
there is an arrow r : dy | 1x, — X; and A3 : p; — r unique such that )3 is chosen
do-opcartesian and dgAs = A;. Using the universal property of Ay, we define dx : do |
1x, = 1x, 4 di as the unique arrow in K such that

P20, = p1dy @ox =71 Aody = di A3
from which it follows easily that the arrow dx in K underlies a morphism of spans as
required.
In the case where K = Cat we unpack an explicit description of dx in double categor-

ical terms. An object of dy | 1x, consists of (f,g) in X as on the left in

f b a—f>b c
T
c a —>b /

I ¢

~
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and a morphism (f,g) — (f',¢") in do | 1x, consists of (u,v,w,x) as on the right in the
previous display such that zg = ¢g’v. On the other hand an object of the category 1y, | d;
consists of (f,g) in X as in

<
S>=<—-22
S —
IS
S
-
&
-
g

and a morphism (f,g) — (f’,¢') consists of (u,v,w,x) as on the right in the previous
display such that vf = f'u. Recall that given an object (f,g) of dy | 1x,, the crossed
internal structure of X gives us a chosen opcartesian square as on the left in

a—f>b a—f>b
(I—f>b )\fygl /if,g lg ul w ly

!
Afgl Kt.g lg d—p7¢ = a’i>b’
dwc 5l € l‘” ’\f’,g’l Kfg lg’
dlwcl d/md

The effect on objects of dx is (f,g) = (Mg, pf4), and dx sends a morphism (u,v,w, ) :
(frg) = (f',g) of dy | 1x, to (u,d,x,e) where (4,¢) are unique satisfying the equation
on the right in the previous display.

5.3.4. PROPOSITION. Let K be a 2-category with comma objects and pullbacks and X be
a crossed internal category in K. Then the morphism of spans dx of Construction 5.53.3
satisfies the axioms of a distributive law in Spany.

PROOF. Since everything is defined in terms of limits in /C, the result for general K follows
from the case K = Cat by a representable argument. There are 4 axioms to check, two
which involve the monad units, and two which involve the monad multiplications. One of
the unit axioms is encoded by the commutativity of the triangle on the left

& b—m h——
(1] X ‘080 [1] 1 d d
Xo Xy oXy b—=1b g| idy |g o) ido e
sooXk ldx gl idg lg CT-C = b/L. /
0 X [1] 2| id . i ,
1 OXO CT>C 1d, g i o g

Q\
|
Q\
Q\
|
Q



1760 MARK WEBER

For any vertical arrow g, k1, 4 is the identity square indicated in the middle of the previous
display, and from this follows the commutativity of the left triangle on objects. Given a
morphism (v, x) : g — ¢’ in X([)l], the equation on the right in the previous display ensures
that dx (v, v,id,,z) = (v, z,,id,), and so the left triangle commutes on arrows. For all
horizontal arrows f, k¢, = ids. Using this fact and the universal property of opcartesian
cells, one similarly verifies the other unit law.

One of the axioms involving the monad multiplications is encoded by the commuta-
tivity of

X Uos
X o x, X

0
Xglo)k /Xlqu

f

a——-p a b
lg l Kfag jg
c e ——=¢
lh l{pf,gvhjh
A
(G2 . > d

and the effect of (X, oXSl)((SXoX(gl])(X([)”oéx) on (f, g, h) is obtained by vertically compos-
ing the two chosen opcartesian squares depicted on the right in the previous display, and
taking the dotted pair of arrows as indicated. This is the same as first vertically compos-
ing h and g, and then taking the lower boundary of the corresponding chosen opcartesian
square, since chosen opcartesian squares vertically compose, and so (13) commutes at the
level of objects.

A morphism (f,g,h) — (f',¢',h') in X(gz] o X7 consists of (u,v,w,z,y) in X as in

a—>f b c d
b
a —=b J d

Pf.g Pf.g

61*0 €1 ——=~c¢C

BT > SRy
J

a b €9 —— - €3 ——
51L T l 9/ 52j 9 ly ijfl’ghhllhl
€3 d €3 d ey — (' ey — ('
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and then (d2, 5) as on the right, the effect of (Xlngl)(5XoX([)”)(X([)1]o§X) on (u,v,w,x,y)

is (u,v,x,e9). This coincides with the effect of dx (X3 o X1) on (u,v,w,z,y) by

a—-=0 Kt.g Kt.g w a—-=p

Llﬁﬂh l €1 ——2=C €1 ——=C a/—>b/ l w l

€ ——=d = |Foreh €1 Ky g a —=U

L ) l €5 — €3 — ¢/ €3 — ¢/ l/‘ff/,h’g/l

ey — (' €9 Fppr grh! o grh! ey — '
ey — ey — ' ey — '

and the uniqueness part of the universal property of ;.. Using the fact that chosen
opcartesian squares horizontally compose, one similarly verifies the remaining distributive
law axiom. -

Thanks to the above result, the composite span X3 oX(g” has the structure of a monad.
In the case where K = Cat(€) for some category £ with pullbacks, we have the inclusion
of objects ix, : Xoo — Xo of Xy, and in Span, the adjunction (ix,)® - (ix,)s. Thus the
composite span
(ixy)e 0 X1 0 XM o (ix,)*

is the underlying endomorphism of a monad in Span, on Xy. Since Xy is discrete, we
have thus exhibited an internal 2-category from the crossed internal category X.

5.3.5. DEFINITION. Let X be a crossed internal category in a 2-category K of the form
Cat(€) for £ a category with pullbacks. Then the internal 2-category just described is
called the internal 2-category of corners of X, and is denoted as Cnr(X).

5.3.6. REMARK. By Remark 5.3.2 an internal 2-category X is a crossed internal category.
In this case the monad X(-[)” in Spany and iy, are identities, and so Cnr(X) = X.

In the case where K = Cat one can unpack the following explicit description of Cnr(X)
in terms of the double category X. Its objects are the objects of X, and an arrow x — y
is a pair (f, g) where f is a vertical arrow and g is a horizontal arrow as on the left in

T

T fl

jf a—Lsy 21—

L9y )\g,hl Kg,h lh ocl B Lly
¢ Pg,h b k < #2 k y

and is called a corner from z to y. Such an (f,g) is an identity in Cnr(X) when f and g
are identities. The composite of (f,g) : z — y and (h,k) : y — z in Cnr(X) is defined to



1762 MARK WEBER

be (Agnf,kpgn) as in the middle of the previous display. Given (f,g) and (h,k) : x — y,
a 2-cell (f,g) — (h,k) in Cnr(X) is a pair («, 5) where « is a vertical arrow and (3 is a
square as on the right in the previous display, such that af = h. Vertical composition of
2-cells in Cnr(X) is given in the evident manner by vertical composition in X.

5.3.7. ExaMPLE. Continuing the discussion of Examples 4.4.5 and 5.2.4, the 2-category
Cnr(USRg1) has the following explicit description. It has natural numbers as objects,
and an arrow m — n is a pair (p, f) where p € ¥,,, and f : m — n is an order preserving
function. The composite of

(p1,f1) (p2,f2)
l m

is given by (psp1, f2f3), where pofi = fsps is the bijective-monotone factorisation (see
Remark 5.2.5) of pof1. Given (p1, f1) and (po, fo) : m — n, a 2-cell (p1, f1) — (p2, f2) is
unique if it exists, and exists iff fapop;! = f1, that is iff fopy = fip1.

As we saw in Remark 5.3.6 one has Cnr(X) = X for X an internal 2-category. Another
special case in which Cnr(X') assumes a simple form is given by the following result, which
covers the Example 5.1.3 of crossed simplicial groups.

5.3.8. LEMMA. Let X be a crossed internal category in a 2-category KC of the form Cat(E)
for € a category with pullbacks, and suppose that dy : X1 — X is a discrete opfibration.
Then Cnr(X) is componentwise discrete.

PROOF. The general statement follows from the case K = Cat by a representable argu-
ment. In that case observe that the o and /3 of a 2-cell (f,g) — (h, k) must necessarily
coincide with

Zl—g>y

1le 1, l1y

21 e Y
and thus be identities, whence Cnr(X); is discrete. Since Cnr(X)y is discrete by definition
and Cnr(X) is a category object, the result follows. n

5.3.9. REMARK. The observation of Remark 5.3.2 extends to morphisms so that one has
a full inclusion 2-Cat(K) — CrIntCat(K) between the category of 2-categories in K to
that of crossed internal categories and crossed internal functors in K. In general we have
a functor

Cnrg : CrIntCat(K) — 2-Cat(K)

which is a retraction of the inclusion. Since Cnry is described in terms of limits, it is
a limit preserving functor in general. In the case K = Cat, since at the set-wise level
the limits used in Cnrcag’s explicit description are finite and connected, it follows that
Cnrcag also preserves filtered colimits and coproducts, since these commute in Set with
finite connected limits.
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5.4. COMPUTATION OF CODESCENT OBJECTS. In this section we prove results involving
the computation of codescent objects of crossed internal categories within 2-categories
KC of the form Cat(€). The first, Theorem 5.4.3, explains how to compute codescent
objects of internal 2-categories. Then in Theorem 5.4.4, we see that the codescent object
of a crossed internal category X is that of Cnr(X), its associated internal 2-category of
corners. Thus we can compute codescent for an arbitrary crossed internal category within
a 2-category IC of the form Cat(£) where £ is a category with pullbacks and pullback-
stable reflexive coequalisers. This is recorded below in Corollary 5.4.5. On the other
hand we can compute codescent for crossed internal categories satisfying the hypotheses
of Lemma 5.3.8 in complete generality. This is recorded below in Corollary 5.4.7.

In an earlier version of this article Lemma 5.4.2, Theorem 5.4.3 and Corollary 5.4.5
were stated less generally, for a locally cartesian closed category & with coequalisers. I
am indebted to John Bourke for pointing out that the proofs of these results go through
in the greater generality now presented here.

Given a category £ with pullbacks and reflexive coequalisers, the inclusion d of discrete
objects of Cat(€) has a left adjoint my, which on objects is given by taking the coequaliser
of the source and target maps. Regarding d as an inclusion, we denote the unit of this
adjunction as nx : X — meX. Since d preserves coequalisers, we regard the defining
coequaliser of mpX as living in Cat(&).

Recall from Example 4.2.3 that for f : X — Y in Cat(€), a 2-cell ¢ : f — g has
underlying data an arrow ¢ : Xy — Y7 in & such that di¢y = fo and dogpy = go. Given
such ¢y one induces ¢1, @5 : X7 — Y5 in £ unique such that

da¢1 = ody dop1 = g1 dapo = f1 dopa = ¢ody

and then the “naturality condition” for ¢ demands that dy¢; = d1¢o. Recall also that a
morphism h : A — B in a 2-category K is cofully faithful when for all Z € K, the functor
K(h,Z): K(B,Z) — K(A, Z) given by precomposition with A, is fully faithful.

5.4.1. LEMMA. Let £ be a category with pullbacks and reflexive coequalisers, and let
K = Cat(E). Then for all X € K, nx : X — moX is cofully faithful.

PROOF. Let us suppose that Y, f and g : mpX — Y, and ¢ : fnx — gnx in K are given.
We must exhibit a unique ¢ : f — ¢ such that ¥nx = ¢. To this end we consider the
following diagram in £

X X1 Xo
Wx,zl ¢2"3. »,.._-*lnx,l d6 lnx,o
7T()X —— 7TOX - 7TOX

f2 l lﬁzl/(ﬁl f1 l lgl fo l lgo
£

Ys Y3 Yo
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in which the arrows of the middle row are all identities. By definition ¢; is the unique
morphism such that dy¢; = ¢od; and dod1 = spgonx,1. Note that

dos1¢od1 = sodoPod1 = Sogonx,0d1 = Sogonx 1
and d251¢0d1 = ¢0d1, and so (251 = 81¢0d1. Slmllarly ¢2 = 80¢0d0. Thus

dody = dy151¢0dy = d1¢1 = d1g2 = d1509Pody = Pody

and so there is a unique v : mp X — Y7 such that Yynx o = ¢o. Since divonxo = fonx.o,
dovonx,o = gonx,o and nx is epi, we have d11)y = fo and dop)y = go, and the naturality
condition for 1) is automatically satisfied since myX is a discrete category object. The
required uniqueness follows from the uniqueness aspect of 7x o’s universal property as a
coequaliser. [

The next lemma ensures, that for nice enough &, my preserves enough pullbacks so
that when it is applied componentwise to an internal 2-category, the result will still be a
category object. Recall that a category £ as in Lemma 5.4.1 has pullback stable reflexive
coequalisers when for all f: A — B € £, the functor Ay : £/B — £/A preserves reflexive
coequalisers. For D € & the functor ¥p : £/D — £, which sends an arrow into D to its
domain, creates pullbacks and colimits, and so any slice of £ will have pullback stable
reflexive coequalisers whenever £ does. In particular for such £ and A € &, the functor
(—) x A: & — & preserves reflexive coequalisers.

5.4.2. LEMMA. Let £ be a category with pullbacks and pullback-stable reflexive coequalis-
ers, and let I = Cat(E). Then my preserves pullbacks

P—A

| ]

B—=D
in IC such that D is discrete.

PRrOOF. Under the given assumptions on &£, my preserves products by a standard appli-
cation of the (3 x 3)-lemma ([19] Lemma 0.17), since the coequalisers in question are
all reflexive coequalisers. We can apply this in the case K = Cat(£/D) = Cat(€)/D to
obtain the result. n

In the context of this last result, given a 2-category X internal to IC, we denote by
Tos«X the componentwise discrete simplicial object

AP X e d

A mild reformulation of the condition recalled in Example 4.2.3 for X to be a category
object is that

dn+2
Xn+2 — Xn+1

dg”l ldgn

Xl T)XO
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is a pullback for all n € N, and so since X is discrete, X is also a category object
by Lemma 5.4.2. Since 7. X is a componentwise-discrete category object, its codescent
object exists, and is just m,X regarded as an object of K. In the case = Cat, X is a
2-category and 7y, X is the category whose objects are those of X and hom sets are the
sets of connected components of the corresponding hom categories of X.

5.4.3. THEOREM. Let £ be a category with pullbacks and pullback-stable reflexive co-

equalisers, IC = Cat(E) and let X be an internal 2-category. Then the codescent object of
X ezists and CoDesc(X) = mo.X.

PrROOF. We continue to regard d as an inclusion. In

X X, X A S Y
nxgl lnxl lnxo
ToxX2 o+ X1 T0+X0 = C

Nx, = lx, since Xy is discrete, and we have q; : qomo(d1) — qomo(dp) such that (qo, q1)
exhibit C' as the codescent object of 7. X. It suffices to show that (qo, ¢17x,) exhibits C
as the codescent object of X. The calculations

q11x, 50 = 170(50)1x, = id
<Q177X1d0)(quld2) - (Q17r0(d0)77X2)(Q170<d2)77X2) = Q17T0(d1)77)(2 = Q177X1d1

ensure that (qo, q17x,) is a cocone. Since K admits cotensors with [1], it suffices to verify
the 1-dimensional universal property of (qo, ¢17x,). So we suppose Y, 1o and ry : dyrg —
doro are given making (rg,r;) the data of a cocone for X with vertex Y. Since ny, is an
identity we regard r, as a morphism 7y : mp.Xo — Y. Since nx; is cofully faithful by
Lemma 5.4.1, there is a unique 7} : romo(dy) — romo(do) such that rnx, = r1. To see that
(ro,r]) is a cocone for 7y, X with vertex Y, note that

r170(S0) = T170(S0)1x, = T17x,50 = 1150 = id
and that
(rimo(do))(rimo(da))nx, = (rinx,do)(rinx,ds) = (r1do)(r1ds) = ridy

= 1nx,d1 = rimo(di)nx,,

and so since 7y, is cofully faithful, (rimo(do))(rimo(d2)) = rimo(dy). Since (go,q1) is a
codescent cocone, there is a unique s : C' — Y such that sqy = ¢ and sq; = 7. Since nx,
is cofully faithful this last equation is equivalent to sq1nx, = 71. [

In the case & = Set, this last result says that the codescent object of a 2-category
X, regarded as a double category whose vertical arrows are all identities, is the category
whose objects are those of X and hom sets are the sets of connected components of the
corresponding hom-categories of X.
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5.4.4. THEOREM. Let &€ be a category with pullbacks, K = Cat(E), and let X be a crossed
internal category in K. Then the codescent object of X exists iff the codescent object of
Cnr(X) does, in which case CoDesc(X) = CoDesc(Cnr(X)).

PROOF. For Y € K, we shall exhibit a bijection between cocones for Cnr(X) with vertex
Y, and cocones for X with vertex Y, naturally in Y. Since K admits cotensors with [1],
the result follows from this. The construction of Cnr(X) from X was done using limits
in K, so one has K(Z, Cnr(X)) = Cnr(K(Z, X)) naturally in Z. Thus by a representable
argument it suffices to exhibit the required bijections in the case K = Cat.

Let qo : Xoo — Y and q; : god1 — qodo be the data of a cocone for Cnr(X) with vertex
Y. We define a cocone (g, ¢;) for X with vertex Y as follows. For an object a € Xy, we
define ¢ja = goa. For an arrow f : a — b in Xy, which recall is a vertical arrow of the
double category X, we define qyf = (¢1)(s,1,).- From

Gola = (1) (1a10) = (@150)a = 1gpa

where a € Xy, and

Qf)(g)%(f) = (QI)(g,lc)(QI)(f,lb) = ((Q1d0)(611d2))(g,1c),(f,1b)
= (d)g1or1y = (@)ri = w(9f)

where f:a — band g:b— carein Xy, ¢ is a functor. For a horizontal arrow h : a — b
of the double category X, which recall is an object of X; such that dih = a and dyh = b,
we define (¢1)n = (q1)@..n)-

We now verify the naturality of ¢{ with respect to an arbitrary morphism (u,v,w) :
h — k which recall is a square in the double category X as depicted on the left in

a—h>b

a h b dod (Q1)(1ah) b )\l l
ul w lv (q1)(u,1c)l l(Ql)(v,ld) e —pr—(
— C— 1

C . d 4o @aon 0 l Yy Jd
C_>k d

and the corresponding naturality square in Y, which we must exhibit as commutative, is
given in the middle of this display. We factor the original square w as on the right, where
k is chosen opcartesian. Now

(21) (1e.6) (1) (u10) = ((@1do)(@1d2)) (10.0),(w10)) = (@11) (10 (wi1e)) = (G1) (k)

and, from the explicit description of composition in Cnr(X), one also has

(91) 0100 (@1) 10y = ((@1d0)(q12)) ((0,10),(1a,1)) = (Q101) ((0,1),(1a10)) = (@1) (2 0)-
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Note that the data (z,y) above is that of a 2-cell (A, p) — (u, k) in the 2-category Cnr(X),
which is the same thing as an arrow in the category Cnr(X);. The naturality of ¢; with
respect to this arrow says exactly that (g1)wr) = (1)), Whence the commutativity of
the given naturality square for ¢j. The calculations

(@150)a = (€)1, = (41)(1a,10) = (@150)a = 1goa

and
(¢1do)(d1d2) @y = ((@1do)(q1d2))((1y.8),(10,m)) = (@11) ((1,,8),(1a,1))
= (q)kn = (C]id1)(l~c,h)

exhibit (g}, q)) as a cocone for X with vertex Y. It is straight forward to verify that the
assignation (qo, q1) — (g0, ¢}) just spelled out is natural in Y.

Conversely given rg : Xg — Y and rq : rody — rody forming a cocone for X with vertex
Y we define a cocone (r(,7]) for Cnr(X) as follows. First we take r(, = r¢ix, so that r{ is
just the effect of 7y on objects. Given (f,g) : @ — b in the 2-category Cnr(X) we must
define the component (1)(sq) : Toa — 7ob in Y, and this we take to be the composite
(r1)g70(f). For a 2-cell (u,v) : (f,g) = (h,k) of Cnr(X), which is a square in X as on
the left in
rof (r1)g

g
TrT——} ToQ 0T rob
ul v llb 17‘0al lrou l/lrob
Y——=»> o oY rob
k roh (r1)k 0

such that uf = h, the corresponding naturality for 7} is the commutativity of the outside
of the diagram on the right, in which the left inner square commutes by the functoriality
of 1o and the right inner square commutes by the naturality of r; with respect to (u, 1, v).
The calculation

(r150)a = (") (10,12) = (r150)aT0(1a) = Lrga

witnesses the cocone unit axiom for (r(,7]). Given a composable pair of arrows ((h, k),
(f,9)) in Cnr(X) as indicated on the left in

]l roa rof Fol (r1)g rob
f

TOA roh
9 ro(Af) l . l“
x b ’I"()Z (l)p T()y
Aj " lh (N l(ﬁ)k

1)k

FepY e " e

in which « is a chosen opcartesian square. The commutativity of the outside of the diagram
on the right, in which the square commutes by the naturality of ri, the upper triangle
commutes by the functoriality of 7y and the lower triangle commutes since (r1dp)(r1ds) =
ridy, witnesses the equation (r)do)(ridy) = rid; for the component ((h, k), (f,g)).
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It remains to show that the two processes just described are mutually inverse. Sup-
posing (ro,71) = (g4, q}), 74 is clearly qo, and for any morphism (f, g) of Cnr(X)

(")) = (@) ag (@) = (@) 1.9

this last equality since (¢1do)(q1d2) = q1dy, and so ] = ¢;. Conversely supposing (qo, ¢1) =
(ry, 1), the functors ¢ and 7o clearly agree on objects, and

a@f = (r)gy =rof (@)r = (r)an = (r)n

establishes that ¢, = o and ¢} = . n

This result as two important corollaries. First, putting it together with Theorem 5.4.3
gives the following calculation of codescent for general crossed internal categories, though
with some assumptions on &.

5.4.5. COROLLARY. Let £ be a category with pullbacks and pullback-stable reflexive co-

equalisers, KK = Cat(E), and let X be a crossed internal category in K. Then the codescent
object of X exists and CoDesc(X) = mo,(Cnr(X)).

5.4.6. REMARK. In the case where K = Cat so that X is a crossed double category, trac-
ing through the constructions of Theorems 5.4.3 and 5.4.4, one has an explicit codescent

cocone (qo, q1)

dg dl
X2 dq X1 50 XU o WO*(CDI(X))
do do

in which ¢qq is the identity on objects and sends a vertical arrow f : x — y of X to the
connected component of the corner (f,1,). The component of ¢; at a horizontal arrow
g : x — y of X, is the connected component of the corner (1,,¢g). Since for a general
morphism A of the codescent object, there exists a corner (f, g) of X such that ¢o(f,g) = h
and (1,¢9) o (f,1) = (f,g) in Cnr(X), every such arrow h factors as h = hyhy where hy is
in the image of gy and h; is a component of the natural transformation g¢;.

On the other hand, given a condition on the crossed internal category under consid-
eration one obtains a codescent calculation valid for any £ with pullbacks. Recall from
Lemma 5.3.8 that if a crossed internal category satisfies the condition that dy : X; — X
is a discrete opfibration, then Cnr(X) is componentwise discrete, and so its codescent
object exists and is just Cnr(X) viewed as an object of K = Cat(&).

5.4.7. COROLLARY. Let € be a category with pullbacks, K = Cat(€), and let X be a
crossed internal category in K such that dy : X1 — Xq is a discrete opfibration. Then the
codescent object of X exists and CoDesc(X) = Cnr(X).
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5.4.8. EXAMPLES. Corollary 5.4.7 applies in particular to the crossed simplicial groups
of Loday-Fiedorowicz [14]. In such cases the arrows of CoDesc(X) are literally formal
composites of arrows of two special types, these coming from the vertical and horizontal
arrows of the double category X. In the most famous example, X is the double category
whose category of objects and horizontal arrows is A, the vertical arrows are given by
cyclic permutations and CoDesc(X) is Connes’ cyclic category.

6. Examples

This final section is devoted to illustrative examples. In Section 6.1 we exhibit S as
the free symmetric strict monoidal category containing a commutative monoid. Then in
Section 6.2 we explain how the categories XA and BA of [12] fit into our framework. The
free braided strict monoidal category containing a commutative monoid is explained in
Section 6.3 using the work of Lavers [28]. In Section 6.4 we calculate internal algebra
classifiers for adjunctions of 2-monads arising from operad morphisms, and in Section 6.5
we look at the non-symmetric and braided analogues of this. For an operad morphism
F : S — T there is in fact more than one naturally associated adjunction of 2-monads,
and thus more than one internal algebra classifier one could consider. In Section 6.6 we
understand how these are related, and in Examples 6.6.7, reconcile the internal algebra
classifier calculations of [5] with those of Section 6.4.

6.1. FINITE SETS AND FUNCTIONS. As in Remark 5.2.5 we regard Ay and S(1) = P
as subcategories of the category S, which itself is a skeleton of the category of finite
sets. Ordinal sum is the tensor product for a symmetric strict monoidal structure on S,
and since 1 is terminal in S, it underlies a unique commutative monoid. We denote by
u: 1 — S the corresponding symmetric lax monoidal functor.

6.1.1. THEOREM. [11] The commutative monoid u : 1 — S exhibits S as the internal
S-algebra classifier.

PROOF. The underlying category of an internal S-algebra classifier is the codescent ob-
ject of USRg1 by Proposition 4.3.3, Corollary 4.3.6 and Examples 4.3.7. By Corollary
5.4.5 this codescent object is computed as 7, Cnr(USRg1). An explicit description of
Cnr(USRg1) was given in Example 5.3.7. From that explicit description, a pair of arrows
(p1, f1) and (pg, f2) : m — n are in the same connected component of the hom category
Cnr(USRs1)(m,n) iff fip1 = faps. So an object of the codescent object may be identified
as a natural number, and the morphism corresponding to the equivalence class contain-
ing the arrow (p, f) of Cnr(USRg1), can be identified with the composite function fp.
Conversely for any function h : m — n, take its bijective-monotone factorisation h = fp,
and then the connected component of (p, f) is identified with h. Thus one has

CoDesc(USRg1) = S.

In view of Remark 5.4.6 the codescent cocone is (i,4), where i : P — S is the inclusion,
and the component of ¢ at an order preserving function f : m — n is just f viewed as an
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arrow of S. To see that the given codescent cocone lives in S-Alg, it suffices by Corollary
4.3.6 to show that

S(P) —2 . g(s)
ml l+
P S

commutes, and this is straight forward. Since in; is the functor which picks out 1, it is
equal to u as a functor, and so the result follows by Remark 4.3.5. m

6.1.2. REMARK. In terms of the notation of Remark 4.1.3, Theorem 6.1.1 says that
SS = S. Observe that the homs of the 2-category Cnr(USRg1) are equivalent to discrete
categories, and that this is witnessed by the fact that the 2-functor

Cnr(USRgl) — S

which sends any corner to its connected component (viewed as a function), is a biequiva-
lence.

6.1.3. REMARK. We denote by 7 : B — S the morphism of 2-monads which comes
from the process of taking the underlying permutation of a braid (m is literally this).
By Examples 3.1.5 a B-algebra internal to a symmetric monoidal category V is also just
a commutative monoid in V. Thus one also has S® = S. One can see this directly in
terms of codescent objects via a mild variation of the proof of Theorem 6.1.1, in which
the double category USRg] is replaced by

15 S () (7S (1)
S(B(B)) S(uP)—— S(B) S(nB) P.
S(B(tg)) S(tp)

As a result the corresponding 2-category of corners has more 2-cells, and so is no longer
biequivalent to a category. However, these extra 2-cells are then quotiented away by the
process of computing the codescent object.

6.2. XA AND BA. Section 4 of [12] an description of YA, the free symmetric strict
monoidal category containing a monoid, and of BA, the free braided strict monoidal
category containing a monoid, was given. We recover A by applying our machinery to
the monad morphism ¢ : M — S mentioned in Examples 3.1.5. We denote by S the
double category

1SS (i) HSM(11)
S(M(N)) —s(uM)— S(N) S(nM) P.
S(M(tx)) S(t)

underlying the computation of SM. In an evident way one can regard S as the sub-double
category of USRg1 consisting of all the objects, vertical arrows and horizontal arrows,
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and just the chosen opcartesian squares. From this explicit description, Cnr(S) is the
underlying category of Cnr(USRgl).

As a functor between discrete categories ty is a discrete opfibration. Since S is an
opfamilial 2-functor by Theorem 4.3.12 and Remark 4.3.13 of [39], it preserves discrete
opfibrations by Theorem 6.2 of [40]. Formally, the fact that Cnr(S) turns out to be
a category comes from the fact that S(fy) is a discrete opfibration and Lemma 5.3.8.
By the explicit description of Cnr(USRgl), Cnr(8S) is exactly XA as described in [12].
The “distributive law for A over P” participating in [12]’s description of ¥A comes from
Proposition 5.3.4 applied to this case. To summarise, one has XA = SM = Cnr(S).

Similarly, taking instead the monad morphism ¢ : M — B, the double category B
underlying the computation of BM is

g B(efy) pPM(eh)
B(M(N)) —sBuM)— B(N) B(nM) B.
B(M(ty)) B(ty)

As with case of ¢, B(ty) is a discrete opfibration, making Cnr(B) a category. This category
is exactly BA, and so we have BA = BM = Cnr(B).

6.3. VINES. We turn now to a discussion of the free braided strict monoidal category
containing a commutative monoid. A computation of this within our setting proceeds as
with Theorem 6.1.1, except with B replacing S throughout. Thus BP is a category with
natural numbers as objects, and a morphism is some braided analogue of a function. Such
morphisms have been studied in detail by Lavers [28] and are called vines.

Vines generalise braids in that the strings are allowed to merge.

Formally, given natural numbers m and n one fixes m distinct points in R? along the line
lr ={(z,y,2) : y=0, z= 1} and n distinct points along lp = {(z,y,2) : y=0, 2 =0}.
The m distinguished points on [; are linearly ordered according to their x-coordinate, and
similarly for the n distinguished points of lo. Writing m - I for the coproduct of m copies
of the unit interval I, a vine m — n is an equivalence class of piecewise linear continuous
functions (vq, ..., v,) : m - T — R? such that

1. For all 4, v;(0) is the i-th distinguished point on [;.

2. For all 4, v;(1) is one of distinguished points on [o.
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3. The paths v; descend from height z = 1 to height z = 0 at constant speed.
4. For i < j, v;(t) = v;(t) implies v;(s) = v;(s) for all s > t.

The equivalence relation is generated by the appropriate notion of homotopy, that is,
deforming the path v; to v; by a homotopy whose image is disjoint from those of the v,
for j # i, exhibits (vq, ..., v;, ..., v,) and (v1, ..., v}, ....,v,) as equivalent vines. The precise
definition in the case m = n is given as Definition 1 of [28], and it is trivial to adapt this
to give a definition of a vine m — n in general. We follow the aesthetic choice made in
[28] and draw our vines as though they are smooth, which is justified by the fact that any
smooth path can be approximated arbitrarily well by piecewise-linear ones.

Vines can be composed vertically giving a category V whose objects are natural num-
bers and morphisms are vines. Every vine v : m — n has an underlying function sending
i € m to the distinguished point v;(1) of lp, this prescription being independent of the
piecewise-linear continuous function (vy, ..., v,,) : m - T — R3 chosen to represent v. Vines
whose underlying functions are bijective are exactly braids, and thus the maximal sub-
groupoid of V is exactly B. Ordinal sum and horizontal disjoint union of vines is the
tensor product for a braided strict monoidal structure on V, the unit of which is 0.

Given (v1,...,0,) : m -1 — R3 which represents a vine v : m — n, we call the
constituent paths v; strings, and say for ¢ < j that the strings v; and v; merge at time t
when ¢ € I is the least such that v;(¢) = v,(t). The equivalence relation which participates
in the definition of vines enables one to move the ¢ at which two strings merge, to be as
early or as late as possible, without changing the vine. If for instance consecutive strings
V4, Vit1, ..., Uj cross over each other before all merging, then by merging as early as possible
these crossings can be ignored to produce a simpler representative of the same vine. For

[ ] —
(

=

represent the same vine. Thus in particular, 1 is a terminal object in V, and so underlies
a commutative monoid. We denote by u : 1 — V the corresponding braided lax monoidal
functor.

An order preserving function can be regarded as a vine whose underlying function
is order preserving, and which has no crossings. In this way A, is a subcategory of V.
Given a representative (vy, ..., v,) of an arbitrary vine v : m — n, one can leave merging
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as late as possible

4 ° ° ° °

-

==

e
=2

.\./. .

K

[ ] \./

Tl

and then decompose v as v = fp where f is an order preserving function and p is a braid.
This factorisation is unique with the extra condition that the restriction of the braid p
to each fibre of f is trivial. Lavers made this heuristic argument precise in the proof of
Proposition 8 of [28], and so we have

6.3.1. LEMMA. [28] Every vine v : m — n factors uniquely asv = fp where f : m — n is

an order preserving function, p € Br,,, and p’s restriction to each fibre of f is an identity
braid.

This result is the analogue of the bijective-monotone factorisation of Remark 5.2.5,
for the category V. We are thus in a position to give the main result of this section, that
the category V is the free braided strict monoidal category containing a commutative
monoid. While this result is known to experts, see [11] for instance, I know of no place
in the literature where a proof is given.

6.3.2. THEOREM. The commutative monoid u : 1 — V ezhibits V = BB,

ProoOF. We adapt the proof of Theorem 6.1.1 replacing permutations by braids through-
out. The double category UBRg1 has the following explicit description. The category of
objects and horizontal maps is A, and that of objects and vertical maps is B. A square
is determined uniquely by its boundary, and will exist with boundary

m n
|
m n
iff o' = p(p},)1<k<n, where p) is the restriction of the braid p’ to the fibre g~ '{k}, that is,
p}, is the braid obtained from p' by ignoring all but the strings which finish in g~'{k}.
Equivalently, a square of the above form exists in UBRg1 iff pf = gp’ in V. It will chosen
opcartesian iff the p}, are all identity braids. From this explicit description of UBRg1, a

2-cell (py1, f1) — (pa, f2) of Cnr(UBRg1) is invertible and unique if it exists, and will exist
iff fip1 = fapz in V. Thus a morphism m — n of CoDesc(UBRg1) can be identified with

f
e

—_—
g
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the vine fp obtained from any element ( f, p) of the corresponding connected component in
Cnr(UBRg1). By Lemma 6.3.1 every vine m — n arises in this way, giving the equation

CoDesc(UPRgl) =V (14)

of categories. To reconcile the braided strict monoidal category structures and the internal
commutative monoids, one proceeds as in the proof of Theorem 6.1.1. [

6.3.3. REMARK. Restricting to endomorphism monoids the equation (14) is exactly The-
orem 2 of [28].

6.3.4. REMARK. As in the situation of Theorem 6.1.1, the identity on objects 2-functor
Cnr(UBRg) — V given on morphisms by (p, f) — fp is a biequivalence.

6.4. PROP’S FROM OPERADS. Recall that in Section 3.3 we described how a morphism
F .S — T of operads with underlying object function f : I — J, gives rise to an
adjunction of 2-monads, which we denote as F': (Cat/I,S) — (Cat/J,T), in which the
adjunction F; 4 F* is Xy 4 Ay. We now give an explicit description of the associated
internal algebra classifier T relative to F.

In the general context of a morphism of operads F' : S — T with underlying object
function f : I — J, we begin by describing explicitly the strict T-algebra F' | (—) and
lax S-morphism uy : 1 — F(F } (—)) in Definitions 6.4.1, 6.4.3 and 6.4.5 below. This
uses the explicit description of the algebras and algebra morphisms of the polynomial 2-
monads arising from operads given in [39] section 4. In Theorem 6.4.6 we then prove that
up exhibits F' | (=) = T° by computing the codescent object of R using our techniques.
This computation generalises that of Theorem 6.1.1, which is the case where F'is 1com.

6.4.1. DEFINITION. Given a morphism of operads F' : S — T with underlying object
function f : I — J and 5 € J, we shall now describe the category F' | j. An object of
F | jis a pair ((ig)1<k<n, ), where iy € I for 1 <k <nand o : (fig)y — jisin 7. A
general morphism of F' | j is of the form

(B (Bra)ka) + ((n ey )1<hy<ng> @1) — ((G2ks)1<ka<ng» @2)

where h : n; — n, is a function, and for 1 < ko < na, Br, : (1.4 )nky—ks — T, i in S. We
call h the indexing function and the By, the decorating operations of the given morphism.
This data is required to satisfy the commutativity condition that as(F Bk, )k,pn = o,
where h = ¢pp,, is the bijective-monotone factorisation of h. When h and the [y, are all
identities, (h, (B, )x,) is an identity in F' | j. The composite of

. (h1,(B1,kg)ks) . (h2,(B2,k3)ks) , . .
(i1 ) 1<k <nn s Q1) =22 (i ks ) 1<hp <z s Q2) — 2 (3,5 ) 1<y < O3)

in F | jis (hahi, (Bo,ks (B1,ks ) hoka=hs ks )-

The well-definedness of composition and its unit and associative laws are easily verified.
To begin to obtain an intuition for the morphisms of F' | j, consider first the extreme
cases listed in
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6.4.2. EXAMPLES.

1. When S and T are categories so that F is just a functor, F' | j is the usual
comma category, hence the notation “F' | j7. In this case the data of an arrow
(11, a2) — (9, 2) the indexing function A is uniquely determined, and so such an
arrow is just an arrow [ :i; — 15 of S. The commutativity condition says that the
triangle

Fp

N\ o

Ji Jiz

commutes.

2. When S =T = Com so that F' and j are uniquely determined, F' | j = S. In this
case the o’s and (’s participating in the definition of an arrow of F' | j in Definition
6.4.1 are uniquely determined, and the commutativity condition is vacuous.

Using trees to denote operadic operations, an illustration of the data of a more general
sort of arrow of F' | j is given in

111 112 113 114 115 116

Gy VB Gy
fi11 firz fiis fiia fiis fite

121 122 123 124

fiz21 fizz fioz fioa

J J

in which the underlying function A : 6 — 4 is given by 1,4 +— 2, 2 +— 3 and 3,5,6 — 4;
and the constituent morphisms of S are 51 : () — d21, B2 : (111,914) —> 22, P3 : G12 — o3
and By : (i13, 915, 916) — 924. In this way a morphism of F' | j is a function between finite
sets labelled by the operations of S. The commutativity condition in our example says
that

fi1n fito firs fira firs fire 0 fhiz  fiz o fiw fis o fiie

. S

in 7.

Recall from [39] that when regarding 7" as a 2-monad on Cat/.J, a strict T-algebra is
a strict morphism of operads 7" — Cat in the sense of [39] Definitions 4.1 and 4.2. We
will now exhibit the extra structure which exhibits j +— F' | j as a strict T-algebra.
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6.4.3. DEFINITION. The strict morphism of operads F' | (—) : T — Cat is given on
objects by j +— F | j. For v : (jk)1<k<p — j in T the associated product F' | v has object
map as on the right

Fly: 0. Flj,—Flj (k) 1<i<nges ) = (k) r ¥ (@)
where for each k, oy : (fiy); — Jjr is in T'. Given morphisms
(Pey (Bri)i) = (e ) 1<t <nns Q1) — ((Gr2,02) 1<t <np 2> Qk,2)
of F'| jy for 1 < k <p, F | ~ sends these to
(P14 oo 4 Py (Brgo)kta) = (e ity Y(@w1) k) — (k2,00 kta V(2 k)

Given v as above and a permutation p € ¥, we must describe the corresponding symmetry

Op

Z:l F jpk z:1 Fl jk

j

and so we define the component at Up_l((z'kl)l, )k = ((pk1)kis Qo) DY

(P(Ln ks (L )rt) = (Cipr)is o) — (k)1 )i

6.4.4. REMARK. To see that F' | v is well-defined note first that the bijective-monotone
factorisation is compatible with ordinal sum in the sense that ¢n, 4. 1n, = @n, + ... + @p,
and pp,4..4h, = Py + .-+ Ph,, and so the commutativity condition of (F' | v)(hx, (Br,iz)is )k
is witnessed by the calculation

(V(, 1)k (F Bry ) to (Phy tov) = V(1 (FBrpy)1a Py )k = V(21

The functoriality of F' | 7y is easily verified. To see that the symmetry &, , is well-defined,
we note that the commutativity condition of (p(1,, )k, (1;,,)r) is witnessed by the equation

(vo)(apr )k = (Y(aw)k) (P(Lny k)

The naturality of &, , is easily verified. Since the F' | v are given by postcomposing with
7, the unit and substitution data for F' | (—) are identities by the unit and associativity
laws for composition in 7', and the axiom for the symmetries follows from the equivariance
of composition in 7T'.

Since the 2-functor F : T-Alg, — S-Alg, is the process of precomposing with F,
we denote the strict S-algebra F(F | (=)) as F' | F(—). From [39] Theorem 4.13, to
give a lax morphism of S-algebras is to give a lax-natural transformation between the
corresponding operad morphisms S — Cat in the sense of [39] Definition 4.10.
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6.4.5. DEFINITION. The lax morphism of S-algebras
up:1— F | F(-)

has components up; : 1 — F | fi which pick out (¢,15;). Given « : (ig)1<k<n — ¢ in
S, the unique component of Up, is (t,, ) @ ((ig)k, Fao) = (4,1y;) where t,, is the unique
function n — 1.

6.4.6. THEOREM. Let F': S — T be a morphism of operads. Then the lax S-morphism
up exhibits F' | (=) as the internal S-algebra classifier relative to F.

PRroOF. This proof is an elaborate version of the proof of Theorem 6.1.1. As such, we
shall proceed via the following steps.

1. For each j € J, describe the crossed double category (UTRp1); explicitly.
2. For each j € J, give an explicit description of Cnr((UTRp1);).

3. Identify mo.Cnr((UTRr1);) with the category F' | j of Definition 6.4.1. Thus by
Corollary 5.4.5 CoDesc(UTRp1) in Cat/J underlies F | (—).

4. Describe the codescent cocone for (3) explicitly using Remark 5.4.6.

5. Since T preserves all sifted colimits by Examples 4.3.7, we reconcile the strict T-
algebra structure on F' | (—) induced from (4) and Corollary 4.3.6, with that of
Definition 6.4.3. In other words, this step exhibits the codescent cocone of (4) as
living in T-Alg,.

6. Identify up of Definition 6.4.5 with the lax S-morphism obtained by applying Lemma
4.3.4 to the codescent cocone in T-Alg, established in (5).

The result then follows by Proposition 4.3.3.

Step 1: An object of (UTRp1); is an object of (T'Fi1);. By Lemma 3.10 of [39] and
since Fil is just f : I — J regarded as an object of Cat/J, such an object is a pair
((ik)1<k<n, @) where i, € I and a : (fix)r — j is in T. Thus an object of (UTRr1); is an
object of F' | j. A vertical morphism of (UT"Rp1); is a morphism of (T'Fi1);. Since I is
discrete vertical morphisms are thus of the form p : ((i,%)k, ap) — ((ix)x, o) where (ix)y
and « are as above, and p € X,,. Thus one can identify the vertical arrows of (UTRz1);
as morphisms of F' | j whose indexing functions are bijective and decorating operations
are identities. Composition of vertical arrows is as in F' | j.

The horizontal morphisms of (U7 Rr1); are the objects of (TF1S1);. As a functor into
J, F1S1 is the composite ftg, and so an object of (T'F1S1); is a pair («a, (Bk)1<k<n), Where
for each k, By : (iki)1<i<m, — % is an arrow of S, and « : (fig)r — j is an arrow of T
One computes the sources and targets as

pia T(FE) (o, (Br)i<k<n) = (k) ke, a(FBr)i)
TFHtsi(a, (Br)ick<n) = ((i)r, ).
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Putting ny = my + ... + mg, no = n, oy = a(FB)r and s = «a, a typical horizontal
morphism of (U TRFl) can be written as

(9, (Bra)1<hacns) © (i1 ) 1<ty <ng s 1) — (G20 )1<ky<nas 2)

where ¢ : ny — ny isin Ay, and By, ¢ (91,6 ) gk ks — Tk, 15 In S for 1 < ky < ny; such that
a; = ag(F Py, )k, In other words, a horizontal arrow of (U TRpl) ; can be identified as a
morphism of F' | 7 whose indexing function is order preserving. It is straight forward to
verify that the composition of horizontal arrows is as in F' | j.

The squares of (UTRr1); are the morphisms of (T'FS1);, and so by definition are of
the form

(0, (ow)i) = (ap, (Borpr)r) — (v, (Br)k)

— fiisin T, Bk : (ik)i<i<m, — i isin S for 1 <k <n, p € 3,, and
<

where « @ (i),
or n. The sources and targets of such a square are as in

Pr € Empk fo

(Gipgepet)it: (@9) (FBoipr)) L2 (i g ap)

P(Pk)kl lﬂ

()i, A FBi)re) — 555 ((@)w: @)

where ¢ : m — n is the monotone map whose fibres have cardinalities (my, ..., m,) and
Y : m — n is the monotone map whose fibres have cardinalities (m, ..., m,,). Thus any
such square is determined uniquely by its boundary, and renotating as above, the vertical
and horizontal arrows as in

. (61,(B1,k9)ky)
((1,pykn ) 1<hy < Q1 P1) — 222 (i oy ) 1<y > A2 2)

(Plv(lilyplkl)kl)l/ l(p27(1i27p2k2)k2)

(71,01 ) 1<k <0y » 1) (2,82 ) 1<ka<ny > O12) (15)

(#2,(B2,k5) k)

bound a square of (UTRg1); iff the square commutes in F | j. It is straight forward
to verify that the horizontal and vertical composition of squares is just horizontal and
vertical pasting of commutative squares in F' | j.

By the way that T preserves split opfibrations as explained in Lemma 6.3 of [40],
(p, (pr)x) is chosen T Fitgi-opcartesian iff the p; are identities, and so a square (15) of
(UTRE1); is chosen opcartesian iff p; is order preserving on the fibres of ¢o. Given
(&, (Bry)1y) and p in (UTRp1); as in the solid parts of

. (6,(Bry ) ksy) .
(i) 1201 <m0 1) =2 (2,2 ) 1k2 2+ O2P)
(p27( i1 Jkq k1 ) l/(pv(liZ pkz)kQ)

)
-1
((i 21 p_1k1)1<k1<n17 109 >(¢2(:8p71k2)k2)<<22 k2>1<k2<n27 as)
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the corresponding chosen opcartesian square has boundary as indicated, in which p¢ =
¢op2 is the bijective-monotone factorisation of pe.

Step 2: The 2-category Cnr(U?Rr1); has objects those of F' | j, and an arrow a — b
in Cnr(UTRE1); is a composable pair

a g, C LI b

of arrows of F' | j, in which the indexing function of ¢ is bijective, the decorating opera-
tions of ¢ are identities, and the indexing function of h is order preserving. Given (gi, h;)
and (ga, he) : @ — b in Cnr(UTRE1);, a 2-cell between them will be unique and invertible
if it exists, and will exist iff hygy = hogo in F' | j.

Step 3: Thus (g1, k1) and (g2, ha) : @ — b will be in the same connected component of
Cnr(UTRE1)(a,b) iff hygy = hago in F | j. Thus an arrow of 7.Cnr(UTRp1); may be
identified with a morphism of F' | j. To see that an arbitrary morphism

(0, (Bra)1<ka<ng) + (i1 k ) 1<k <ngs 1) = ((P2,0y)1<ka<ng > O2)

of F' | 7 may be so regarded, take the bijective-monotone factorisation ¢ = ¢op, and then
(¢, (Bry)r,) factors as

. (p(Liy o Jky) (92,(Bry)iy)
((Zl,k1)1§k1§m y Q1 s ((21,p71k1)1§k1§n1 ) 0410_1) el ((22,k2)1§k2§n27 ).

Step 4: The 1-cell part qo; : (T'F151); — F' | j of the codescent cocone underlying
step 3, is the inclusion of all the objects, and those morphisms whose indexing functions
are bijective and decorating operations are identities. The component of the 2-cell part
q1; of this codescent cocone at a horizontal arrow is that arrow regarded as an arrow of
Flj.

Step 5: Denoting by ar : T(F | (=)) — F | (—) the action coming from Definition
6.4.3, in order to reconcile this action with that induced by step 4 and Corollary 4.3.6,
we must show that

(Tq0);
(T?R1); —=T(F | (-));
l‘gsul laF,j

(TR1); —5—F 1 j (16)

commutes for all j € J. An object of (T?F1); is a triple (a, (), (ix)) where « :
(jre)x — 7 and oy, @ (Ju)i — Jr are in T, and iy € f~'{ji}. Since on objects the algebra
structure of F' | (—) is given by substitution in 7, one has

QO,jH:}C,sLj(Oé, () (tk)it) = ((i)w, a(ar)i) = ar;(T'qo); (v, (k) ks (Tk1) k)
and so (16) commutes on objects. A morphism of (T?F1); is of the form

(05 (Pr )y (Vi ))<= (0, (ki iy (it it Jit) — (s (k) ies (i k). (17)
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Applying qoyj,u}T;! s1; to (17) gives the unique morphism of F' | j whose codomain is
(k1) g1, (g )x), indexing function is p(px)x and decorating operations are identities. Ap-
plying (T'qo); to (17) gives

(s (i )x) = (cp, ((pkpp)1)k) — (v, ((ia)1, ok )r)

in which hj, has indexing function p; and decorating operations identities. To apply ar;
to this, is to apply the arrow map of the appropriate product functor given in Definition
6.4.3. This produces the unique morphism of F' | j whose codomain is ((ix)g, @(ax)r),
indexing function is p(px ), and decorating operations are identities, and so (16) commutes
on arrows.

Step 6: Our task is to verify

up = F*(qo) F*(ngy )0t Up = F*(q1) F* (0f51)051 (18)

The first equation of (18) says that for all ¢ € I, the composite

T
MR, fi q0,Fi

1= (Fl)p = f{fi} (TEl)j ——=F | fi

picks out (7,1p;), and this is clear. Recall that an object of S1 over ¢ is an operation
(ix)r — ¢ in S. The second equation of (18) says that the component at « of the natural
transformation

(TEST);  n  F | fi

~

T
(n&y)i NF s1,fi

(S1); (F1S1) i

is (tn, ) @ ((4)k, Fa) — (i,1y;), which is clear because of the explicit descriptions of
TFS1 and ¢ given in steps 1 and 4 respectively. [

We consider now the case where T' is an operad with set of colours I, and F' is the
unique operad morphism 7" — Com. In that case the symmetric strict monoidal category
Com” has the following explicit description from Definitions 6.4.1 and 6.4.3, and Theorem
6.4.6. An object is a finite sequence (iy,...,%,) of elements of /. A morphism is of the
form

(f, (ak)lgkgn) : (il, ,Zm) — (jh ---;jn)

in which f : m — n is the indexing function, and for each k, ay : (%)= — Ji is the
corresponding decorating operation from 7. Composition comes from operadic substi-
tution for 7" and the composition of functions. The tensor product on objects is given
by concatenation of sequences. When T has a single colour, Com” is exactly the PROP
associated to the operad T

By Definition 6.4.5 and Theorem 6.4.6 the universal T-algebra in Com” has underlying
I-indexed family of objects (O; : i € I) given by O; = i. For each operation « :
(1, ...,1,) — 1 of T, the corresponding operad structure map
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is given by the morphism (t,, ) : (i, ...,4i,) — i of Com”.

A symmetric monoidal category V can be regarded as an operad UV, with colours the
objects of V, and operations (Ay, ..., A,) — B given by morphisms 4; ®...® A,, — B. The
endomorphism operad of X € V) is then just the full suboperad of UV on the single object
X, and an algebra of T in V is by definition an operad morphism 7" — UV . Restricting
attention to strict monoidal categories V, V +— UV is the effect on objects of a 2-functor
as on the left

Us : S-Alg, — Opd Ups : Ps-S-Alg — Opd

and the general assignment V — UV is the effect on objects of a 2-functor as on the right
in the previous display.

6.4.7. COROLLARY. The assignment T — Com’ is the effect on objects of a left 2-adjoint
to Us, and a left biadjoint to Uys.

PROOF. The strict universal property Com” has by Definition 4.1.2, says that 7'+ Com”
is the effect on objects of a left 2-adjoint to Us. The bicategorical universal property Com”
enjoys by virtue of Proposition 4.1.4, says exactly that 7+ Com? is the effect on objects
of a left biadjoint to Ups. [

6.5. NON-SYMMETRIC AND BRAIDED VARIANTS. As explained in Section 2.3 there is a
non-symmetric and a braided variant of the viewpoint of operads as polynomial 2-monads
over S. The developments of the previous section also have non-symmetric and braided
variants.

In the non-symmetric version, one views a morphism F' : S — T of non-symmetric
operads as a morphism of polynomial 2-monads over M. This can then be regarded as
an adjunction

F:(Cat/I,S) — (Cat/J,T)

of 2-monads, where I and J are the sets of colours of S and T respectively, and the
adjunction Fy 4 F*is Xy 4 A, where f is the object function of F'. An explicit description
of this adjunctions of 2-monads is along the lines of that given in Section 3.3 in the
symmetric case, except that one omits mention of any permutations.

The non-symmetric analogue of the definition of F' | (—) is the same as that given
in Section 6.4, except that in the morphisms of F' | j described in Definition 6.4.1, the
indexing functions are only allowed to be order preserving. With no permutations to
worry about, composition in F' | j is more easily described, and there is no need to use
the bijective-monotone factorisation of indexing functions as one does in Definition 6.4.1.
One then has the analogue of Theorem 6.4.6 that F' | (—) is the free strict T-algebra
containing an internal S-algebra. The proof of this result is simpler than that of Theorem
6.4.6 because the codescent objects involved are componentwise discrete category objects.

For a non-symmetric operad 1" with set of colours I, applying the foregoing to the
unique morphism 7" — Ass into the terminal non-symmetric operad, one has an explicit
description of the strict monoidal category Ass’. This is as with Com” at the end of the
previous section, but again with order preserving indexing functions instead of general
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ones. When V is a monoidal category, not necessarily symmetric, 4V is a non-symmetric
operad, and V — UV is the effect on objects of

UM : M-Alg, — Non-X-Opd U : Ps-M-Alg — Non-3-Opd.

The non-symmetric analogue of Corollary 6.4.7 is

6.5.1. COROLLARY. The assignment T +— Ass’ is the effect on objects of a left 2-adjoint
to UM, and a left biadjoint to Z/{Il)\é[.

s

The adjunction Ass™) 4 UM was studied in detail by Hermida in [18].

The braided variant of Section 6.4 works in much the same way. A morphism F' :
S — T of braided operads with underlying object function f : I — J, is regarded as
an adjunction F' : (Cat/I,S) — (Cat/J,T) of 2-monads, whose explicit description is
as in Section 3.3, but with braids instead of permutations. To define the analogue of
F | (—), the indexing functions of Definition 6.4.1 are replaced by indexing vines, and
the analogue of the bijective-monotone factorisation described in Lemma 6.3.1, is used
to give composition in F' | j. The analogue of Theorem 6.4.6 follows by the same proof,
modulo the replacement of braids with permutations, indexing functions with indexing
vines and the bijective-monotone factorisation by its vine analogue.

The algebras of the terminal braided operad BCom are also commutative monoids. For
a braided operad T with set of colours I, the braided analogue of Theorem 6.4.6 applied
to T — BCom gives an explicit description of BCom?, the free braided strict monoidal
category containing a T-algebra. This is as for Com” in Section 6.4 except with indexing
vines instead of indexing functions. For a braided monoidal category V, UV is a braided
operad, and so V — UV provides the object maps of the 2-functors

UB : B-Alg, — BrOpd U : Ps-B-Alg — BrOpd.

The braided analogue of Corollary 6.4.7 is then

6.5.2. COROLLARY. The assignment T + BCom? is the effect on objects of a left 2-
adjoint to UB, and a left biadjoint to U}]?s.

6.6. X-FREE OPERADS. An operad T with set of objects J has two associated 2-monads
on Cat/J. There is the polynomial 2-monad which we also denote as T' because of how
operads are identified as polynomial monads in [39]; and there is the 2-monad which we
denote as T'/¥, whose strict T-algebras are the Cat-valued algebras of the operad T in
the conventional sense. In Examples 3.2.4 we saw that a morphism of operads F': S — T
with object function f : I — J, gives rise to an adjunction of 2-monads

F:(Cat/I,S) — (Cat/J, T)  F/S:(Cat/I,S/T) — (Cat/J,T/5)

as on the left, and in this section we shall establish another adjunction of 2-monads as
on the right in the previous display. This gives a few different internal algebra classifers
which play the role of a “universal S-algebra internal to a T-algebra”. In this section
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we understand how they are related. In particular this enables us to reconcile our 7 as
computed in Section 6.4, with the internal algebra classifiers computed by Batanin and
Berger in [5], when S and T are X-free.

The polynomial 2-monad associated to an operad T alluded to above was recalled
in Examples 3.2.1. In Section 5 of [39], the different types of algebras (lax, pseudo or
strict) were characterised as certain types of weak operad morphisms 7" — Cat, where
Cat is the operad whose objects are small categories. Even the strict algebras of T
are weaker than honest operad morphisms 7' — Cat, because of the presence certain
coherence isomorphisms called symmetries. When the symmetries of an algebra of 1" are
identities, then the algebra is said to be commutative. So in particular the commutative
strict T-algebras correspond exactly to the Cat-valued algebras of the operad T in the
conventional sense.

Also in [39], the 2-monad T'/¥ on Cat/J whose strict T-algebras are commutative
T-algebras were constructed from 7" as a reflexive coidentifier of 2-monads as on the right

Byl —— B}

o A
dr
de ‘;ET dpp gT o qr

J T Jor T

CEp CEp —
T
sT tr

T pTEBT

J

of ap, which itself is the result of applying Pcat to the 2-cell in Poly e, (I, ) on the
left, in which the 2-cell data comes from taking the cotensor of Er and By with the
category [1]. The induced 2-functor g, : T/3-Alg, — T-Alg, is exactly the inclusion of
the commutative T-algebras amongst the general ones. Its left adjoint is denoted as Cf,
and by Proposition 7.6 of [39], the component of the unit of Cr 4 G, at X € T-Alg, is
given by the reflexive coidentifier

xdr, x

TlX  rorx X —2—CrX.

T, X

(19)

In Theorem 7.7 of [39], when T is X-free, Cp - G was exhibited as a Quillen equivalence
with respect to the Lack model structures [27] on T-Alg, and T'/3-Alg,.

6.6.1. CONSTRUCTION. Given a morphism of operads F' : S — T with object function
f I — J, we now construct the adjunction of 2-monads

F/Y : (Cat/I,S/%) — (Cat/J, T/S)

whose underlying adjunction is, as with F, ¥ 4 Ay,
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By Lemma 5.3 of [39] the 2-functor (—) preserves enough distributivity pullbacks so

that applying it componentwise sends the morphism of polynomial monads in Cat as on
the left

ss Ps ts Sg] 1] Pg] 1] t[sl]
I Eg Bg I I Eg By I
A e e A e e
1 1
J ST ET pT BT tr J J st EFEF] (1] B'A[T] e J
T T T

to a morphism of polynomial monads as on the right. Applying Pca¢ to this gives an
adjunction of 2-monads

FI . (Cat/1, S¥) — (Cat/J, T

whose underlying adjunction is ¥y 4 Ay. The diagrams

)

EY ——~ Bl P B Bl I
54 LQESL LQBSL e fl = fzgl]l b L o lf
= = 1] i)
I s3 ES ps BS ts I J ET p[Tl] BT J
fl - le pb lfl - lf Xjaigl laiT l /
J <7 L pr Br tr J Eg}] o Bg}]

are equal when regarded as morphisms of Polyc,.(/,J), by the naturality of the data
exhibiting cotensors with [1] in Cat. Applying Pcag to this equation gives F(FlagF™*) =
apFI™ in the diagram on the left

FSU pe Jrasr RSF-SL [(5/5)F* SU s ™ gk g 21 (S/5) Fr
Fm,ml . lpm = L(F/E)m F[l]»ll Fl l(F/E)l
T
s Jor T——T/% F*1y e FT —— FX(T/)
cr

in which F™ is the mate of the lax and the colax monad morphism coherence 2-cells
F' and F¢, and FIU™ is defined similarly. Sifted colimits in the appropriate functor
categories are preserved by precomposition with any 2-functor, and by post composition
with any of the participating 2-functors Fy, F*, S, T, S/% and T/, since these are all
sifted colimit preserving. Thus the rows in the above diagrams are reflexive coidentifiers,
and the diagrams are mates via [y - F’*. Thus one induces (F/X)™ and (F/X)! uniquely
as shown. The axioms exhibiting (F//¥)! as a lax monad morphism coherence datum,
follows from those for F', the monad morphism axioms for ¢s and ¢, and since gg is
an epimorphism which is preserved by pre and post composition by all the participating
2-functors.
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6.6.2. REMARK. From Construction 6.6.1 one has a commuting square of adjunctions of
2-monads as on the left

D]

(Cat/I,S) (Cat/J,T) T/%-Alg, S/¥-Alg,
QSl/ l/‘IT qr a3
(Cat/I,S/¥) —— (Cat/J, T/%) T—ilgs S—ilgs

and thus at the level of strict algebras, a commutative square of 2-functors as on the right.
Since gg and g are the inclusions of commutative S and T-algebras respectively, F'/3 is
simply the restriction of F' to the commutative algebras.

6.6.3. PROPOSITION. If in the context of Construction 6.6.1, S and T are X-free, then

[T B TPS BT g
f 7o f2 o f1 f
J molr ToBr ————J

TOST TopPT motT

is a morphism in PolyMnd,,, which Pcay sends to F/%.
PRrROOF. In the diagram

\\ \fo

molls moBg
PT— |ﬁ- J (20)
7r0f2 W0f1
N
o 7T0ET moBr

TopPT

the back face is as in Examples 3.2.4, and the front face is the result of applying my to
the back face. Since S and T are >-free the categories Fg, Bg, Er and Br are equivalent
to discrete categories, and the top and bottom squares of the inner cube are pullbacks,
by [39] Proposition 6.4. Since applying 7y to the composite pullback square with vertices
(Es, moEr, moBr, Bs) is the front square, that front square, which is the middle square of
the diagram in the statement, is also a pullback by Lemma 5.4.2.

Thus one may interpret (20) as a commutative square S in Polyc,(/,J). By the
definitions of g, ¢Bs, qr, and ¢p,, and Lemma 6.5 of [39], S is sent by Pcat to the
commutative square

RSP0 B(S/S)F?
le [y
T—z T/%
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of 2-natural transformations from Construction 6.6.1. Since P ¢y is a locally faithful ho-
momorphism of 2-bicategories by Proposition 3.2.9 and Theorem 4.1.4 of [43], (7o fa, mo f1)
satisfy the axioms of a morphism of PolyMnd,, since (F'/¥)™ satisfies the axioms mak-
ing (F/X) an adjunction of 2-monads in Construction 6.6.1. =

Let I/ : S — T be a morphism of operads. The morphisms ¢s and ¢y provide us
with the full inclusions (S/X)-Alg, C S-Alg,, (S/X)-Alg, C S-Alg,, (T'/¥)-Alg, C T-Alg,
and (T/%)-Alg, C T-Alg; of various of the 2-categories of commutative strict algebras
amongst the corresponding 2-categories of strict algebras. Associated to the adjunctions
of 2-monads F, (F/X) and qrF, one has the associated internal algebra classifiers T,
(T/%)% and (T /%)) respectively, which are all strict T-algebras. The following result
explains how they are related.

6.6.4. THEOREM. Let F': S — T be a morphism of operads.
1. (T/%)% = (T/2)S/%) = Cp(T?).
2. If T is X-free, then rps : TS — (T/X)/*) is an equivalence in T-Alg.

PROOF. (1): As above we regard (S/X)-algebras (resp. (7'/%)-algebras) as commutative
S-algebras (resp. T-algebras). The universal properties of (T/%)° and (T/%)/®) say
that for all commutative strict T-algebras Y, one has

T'Algs((T/Z)S7 Y) = S_Algl(]vfy) T_Algs((T/E)(S/E)a Y) = S_Algl(]wfy)

naturally in Y. Thus (7/%)% = (T/%)%/*) by the Yoneda Lemma. The defining universal
property of T says that for all strict T-algebras Y,

T-Alg (T®,Y) = S-Algy(1, FY)

naturally in Y, and this applies in particular for ¥ commutative. Thus the other equation
follows by the Yoneda Lemma and the adjunction Cp - G

(2): By Proposition 4.1.4 T is flexible, and so by Theorem 7.7 of [39], s is a weak
equivalence in T-Alg, for the Lack model structure, and thus an equivalence in T-Alg by
Proposition 4.10 of [27]. "

6.6.5. REMARK. By the equation (T/%)% = (T/%)/*) of Theorem 6.6.4(1), an S-algebra
internal to a T'/¥-algebra is the same thing as an S/¥-algebra internal to a T'/¥-algebra.
This formalises the idea that the ambient structure of a 7T'/¥-algebra is too restrictive
to notice the difference between internal S and internal S/¥-algebra structures. We will
encounter a similar phenomenon in Example 6.6.9 below.

6.6.6. EXxAMPLE. Consider the case where ' = 1ps. As a symmetric operad Ass has one
object, an n-ary operation for each permutation p € ¥, and its Set-valued algebras are
exactly monoids. Recall from Example 4.9 of [39] that a strict algebra structure of the
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2-monad Ass on V € Cat, consists of an n-ary tensor product functor X) , V" =V for
each permutation p € ¥, and for pq, po € ¥, an isomorphism

yn—y

\ig@
Qp1ps Ry,

V

in which c¢,, permutes the factors according to py. This data must satisfy the axioms
®11 =1y, ®p<®pj)j = ®P(,0j)j’ 501,1 = 1d? 5a,p1p2 = 604,/11 (504,01,,020/)1)7 and fp(gpj)j = ép(pj)j'
When the ¢’s are identities, all the n-ary tensor products coincide giving a strict monoidal
structure on V. Thus Ass/~ = M and so (Ass/3)As/®) = A

On the other hand applying Theorem 6.4.6, one obtains the following explicit descrip-
tion of Ass"*. The underlying category is obtained by applying Definition 6.4.1 in this
case. An object is a pair (n, p) where n € N and p € 3,,. An arrow (ny, p1) — (ng, p2) is
a pair (h, (Bk)i1<k<n,) in which h : n; — n, is a function, 8 € Xj,-1(y for each k. The
commutativity condition says that po(Sk)rpn = p1 where h = ¢ppp, is the bijective mono-

tone factorisation of h. By step (3) of the proof of Theorem 6.4.6, any such morphism
factors as

n

(ons(11)k) 1

(&n,(Br)k)
(n1,pl)—>(n1,plph )#’

(712, /02)

one in which the indexing function is a permutation, followed by one in which the indexing
function is order preserving. A morphism (h, (Bx)r) : (n1,p1) — (ng, p2) in which A is
order preserving, is determined uniquely by h, and exists iff poh = hp;. The ;. are then
recovered by restricting p; to the fibres of A. On the other hand a morphism (ny, p;) —
(ng, po) with bijective indexing function exists iff ny = my and is then forced to have
indexing function pip;'. Thus for each n, the full subcategory of Ass™* determined by
objects of the form (n, p) is the indiscrete category whose objects are the elements of 3,,.

The underlying functor of 7, as : Ass™* — A is the universal functor sending the
morphisms with bijective indexing function to identities, by its definition as a reflexive
coidentifier which is preserved by U”*. Its object map is (n,p) — n, and by Theorem
6.6.4(2) it is an equivalence. In other words Ass™* is an equivalent fattened version of
A, in which for each n € N, one has n! copies of n € A,.

6.6.7. EXAMPLES. The examples of Batanin and Berger [5] come from morphisms of
polynomial monads in Set in which the middle maps of the participating polynomials
have finite fibres. By [25, 37] such polynomial monads can be identified with Y-free
operads. In the context of Proposition 6.6.3, Batanin and Berger computed (7/%)/*),
and by Theorem 6.6.4(2) one has T ~ (T'/%)%/*) in T-Alg. Note that (T/%)/*) is easier
to compute, as one is then in the situation of Examples 4.4.3. The previous example gives
a flavour of the sort of redundant information present in 7 in such cases.

Before our last example, some preliminary remarks are in order. The internal algebra
classifier Com™* relative to the adjunction of 2-monads corresponding to the unique operad
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morphism Ass — Com, is the free symmetric strict monoidal category containing a monoid,
and so coincides with SM = YA discussed in Section 6.2. Thus it has natural numbers as
objects, a morphism m — n is a pair (p, f) where p € ¥,, and f: m — nisin A, and
the composite

(p1,f1) (p2,f2)
l m

is (psp1, fof3), where pofi = f3ps is the bijective-monotone factorisation of psfi in S.
The invertible arrows of YA are exactly those of the form (p,1), and so the maximal
subgroupoid of XA may be identified with P. The tensor product is given on objects by
addition of natural numbers, and the underlying object of the universal monoid in XA
is the terminal object 1. Note moreover that 0 is a strict initial object in XA. For the
purposes of our Example 6.6.9, we need

6.6.8. LEMMA. If h : XA — X is a functor which sends all isomorphisms to identities,
then it identifies all parallel pairs of morphisms.

PROOF. Since (p, f) : m — n in XA is the composite (1, f) o (p,1) and h(p,1) is an
identity, h(p, f) does not depend on p, and so it suffices to show that h(p, f) does not
depend on f. We will use the following morphisms of A

Kmn @ T — N G:nm—n+n c:n—n+n di:n+n—n

where K, ,, sends every element of m to the top element n € n, ¢, is the inclusion of the
bottom n elements, ¢; is the inclusion of the top n elements, and d; is unique such that
dicy = 1, and di¢c; = Ky, Moreover we denote by o € ¥, the permutation 7(1,,1,)
where 1 # 7 € Xy, so that o switches the top and bottom n elements of n + n. Since
h(o,1) =1 and dicpf = f, h identifies (p, f) with the composite

,C G’,l Ldt
m(p bf)n+n( )n—i—n (L,de) n

Since ocpf = ¢, f in S, and dyer f = Ky in A4, this composite is (1, Ky, ). n

We shall call the algebras of the 2-monad Com/Y commutative monoidal categories,
these being exactly the symmetric monoidal categories whose symmetry coherences are
identities. In particular a commutative strict monoidal category is exactly a commutative
monoid in Cat. We denote by C the following commutative strict monoidal category. Its
objects are natural numbers, its homsets are given by

[0 m#A0,n=0
C(m,n) = { 1 otherwise

and the tensor product is given on objects by addition. The object 1 € C has a unique
commutative monoid structure in C, and we denote by v : 1 — C the corresponding
symmetric lax monoidal functor. The category [1] = {0 < 1} is a commutative strict
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monoidal category in which the tensor product is given by supremum, and 1 € [1] has a
unique commutative monoid structure in [1]. The functor C — [1], whose object map is
given by n — 0 iff n = 0, is a symmetric monoidal equivalence, sending the monoid 1 € C
to the monoid 1 € [1].

6.6.9. ExaMPLE. We will now show that u : 1 — C exhibits C = (Com/X)***. Before
doing so we consider some of the consequences of this.

Since the multiplication on the monoid 1 € C is invertible, this shows that any
monoid in a commutative monoidal category is idempotent. Thus the existence of a non-
idempotent monoid in a symmetric monoidal category V), is an obstruction to exhibiting V
as symmetric monoidally equivalent to a commutative monoidal category. Sinceu : 1 — C
is a commutative monoid, it also exhibits C = (Com/X)°™. By the equivalence C ~ [1],
for any commutative monoidal category V, one has an equivalence

Mon(V) ~ Ps-S-Alg([1],V)

between (commutative) monoids in V and symmetric strong monoidal functors [1] — V.
Let us now establish C = (Com/X)A%. Since Com™* = LA, (Com/X)"* is defined as
a coidentifier

Comll(zA) I8 ©A—"22 (Com/B)As

by Theorem 6.6.4(1), which is (19) in the case 7" = Com and X = XA. An object of
Com[zu(EA) is a morphism of S(XA) of the form

(p7 ((1npi7 1npz))l) : (nph ceey npk) — (nh ceey nk)
by [39] Lemma 5.7, and the corresponding component of 3 is the isomorphism
(p(Ln,)is 1)t mpr 4 oo A Mg — M1+ oy,

of XA. Just considering the cases where the n;’s are all 1, all isomorphisms of YA arise as
components of 5. Thus rga could equally well be described as the universal functor out
of XA which sends isomorphisms to identities. By Lemma 6.6.8, its underlying category
agrees with that of C, and the underlying object of its universal monoid is 1. The condition
that rga be a symmetric strict monoidal functor, forces (Com/¥)**5’s and C’s commutative
monoidal structures to agree also.
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