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DUALITY FOR SIMPLE w-CATEGORIES AND DISKS

MIHALY MAKKAI AND MAREK ZAWADOWSKI

A young schizophrenic named Struther
When told of the death of his mother,
Said, ’Yes, it’s too bad,
But I can’t feel too sad.
After all, I still have each other.” The Pan Book of Limericks

ABSTRACT. A. Joyal [J] has introduced the category D of the so-called finite disks, and
used it to define the concept of #-category, a notion of weak w-category. We introduce
the notion of an w-graph being composable (meaning roughly that ’it has a unique
composite’), and call an w-category simple if it is freely generated by a composable w-
graph. The category S of simple w-categories is a full subcategory of the category, with
strict w-functors as morphisms, of all w-categories. The category S is a key ingredient in
another concept of weak w-category, called protocategory [MM1], [MZ]. We prove that
D and S are contravariantly equivalent, by a duality induced by a suitable schizophrenic
object living in both categories. In [MZ], this result is one of the tools used to show
that the concept of #-category and that of protocategory are equivalent in a suitable
sense. We also prove that composable w-graphs coincide with the w-graphs of the form
T* considered by M.Batanin [B], which were characterized by R. Street (as announced
in [S]) and called ‘globular cardinals’. Batanin’s construction, using globular cardinals,
of the free w-category on a globular set plays an important role in our paper. We give
a self-contained presentation of Batanin’s construction that suits our purposes.
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1. Introduction

This paper is a contribution to recent studies aimed at clarifying the concept of weak
higher dimensional category.

In each of certain recent proposals of a precise notion of weak n-category, for n <
w, a specific small category of ’shapes of cells’ (briefly, a shape-category) is introduced,
and a weak n-category is defined as a presheaf on the shape-category having certain
additional properties (let us emphasize: not as a presheaf with additional structure).
Thus, in particular, a weak n-category W of the given kind has cells of various shapes:
for an object A of the shape-category, the elements of the set W(A) are the cells of shape
A. The various arrows of the shape category are interpreted in W as face and degeneracy
operators, by extending the terminology used for simplicial sets.

In [BD], the opetopic weak n-categories (for finite n) are in fact defined without first
describing the shape-category, but the latter is implicit: it is the category of opetopes. In
[HMP], the shape-category is made explicit: it is the category of multitopes. In [MM2],
where the definition of multitopic w-category is completed, and, also, the ambient struc-
ture comprising all multitopic w-categories is clarified, the shape-category (the category
of multitopes) plays an active role.

In Joyal’s concept of #-category [J], the shape-category is the opposite of a certain
category D, called the category of finite disks. Joyal denotes D? by ©, and calls it the
category of Batanin cells. Cellular sets are set-valued functors on D; a 6-category is
a cellular set satisfying certain conditions that are analogs of Daniel Kan’s horn-filling
conditions (see [K], and many later sources). In fact, the opposite of the ('non-augmented’)
simplicial category: the category A™ of non-empty finite linear orders is equivalent to a
full subcategory of D, and thus, every cellular set has, as a part, an underlying simplicial
set 'in it’. The underlying simplicial set of an w-category satisfies the so-called restricted
Kan-condition [BV]. We may regard the passage from simplicial sets to cellular sets as
the result of extending the range of ’shapes of cells’ under consideration.

The concept of protocategory was arrived at, by the first author of this paper, inde-
pendently of Joyal’s work on #-categories; however, the two concepts are closely related.
In the talk [MM1], the first author described only a certain part, the subcategory £, of
the shape-category for protocategories; the whole shape-category will be spelled out in
[MZ]. The description of £ will bring us to one of the two main concepts treated in this
paper: simple categories.

By an w-graph, we mean the same as, for instance, [B] means by a globular set.
Consider S, the following category-sketch (graph with composition relations; category-
presentation could be another name):
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subject to dod =docand cod = coc, (of course, the various d’s and ¢’s have suitable
subscripts distinguishing them; and the ’globular’ identities are understood as all the
meaningful ones of the forms given). A model of S, (a graph-map, that is, diagram on
S.gr, Obeying the identities) is an w-graph.

The category of small w-graphs, with morphism all the natural transformations (of
diagrams), is denoted by wGr.

It is well-known how to present the notion of w-category equationally over wGr.
Writing wCat for the category, with ordinary w-functors as morphisms, of all small w-
categories, we have the forgetful functor wCat — wGr, and its left adjoint [—] : wGr —
wCat; for an w-graph G, [G] is freely generated by G.

It is easy to see that if m : G — H is a monomorphism of w-graphs, then the induced
arrow [m] : [G] — [H] is also a monomorphism.

Let G be an w-graph. Let us call an element (cell) a of [G] mazimal if it is proper, that
is, not an identity cell, and if the only monomorphisms m : H — G for which a belongs
to the image of [m| are isomorphisms. Intuitively, an element is maximal if it is proper,
and the whole graph G is needed to generate it. We call G composable if [G] has a unique
maximal element; in that case, the maximal element may be called the composite of the
graph.

(Some remarks. It is easy to see that the proper arrows in any w-category of the form
[G] form a sub-w-graph of [G]: in other words, the domain and the codomain of a proper
cell is proper. Moreover, the generating w-graph G is uniquely recoverable from [G] as
consisting of those proper cells that are indecomposable in the sense that they are not
composites of two proper cells.)

The graphs

| \/

e — 0

are not composable; for the first as G, [G] has no maximal element, for the second, [G] has
infinitely many. (As we will see, this is the general situation: there are either 0, or exactly
1, or else infinitely many maximal elements.) The examples that the reader would think
are composable, in an intuitive sense, are indeed such, as experimentation shows. Indeed,
the definition is a rigorous formulation of the idea of having a well-defined composite, the
latter being the unique maximal element. Note that the definition immediately implies
that a composable w-graph is finite.

An w-category is simple if it is of the form [G] for a composable w-graph. The category
S is defined as the full subcategory of wCat on the simple w-categories as objects.

The category L, mentioned above as part of the shape-category for protocategories,
is the skeleton of the subcategory of & with the same objects as S, but with only the
monomorphisms as arrows. £ has the distinguishing property of being one-way: the
endo-monoids of all the objects are trivial. This still holds for the full shape-category for



Theory and Applications of Categories, Vol. 8, No. 7 117

protocategories, and indeed, this is a basic fact about it, making the specification of the
concept of protocategory to be one in FOLDS (First Order Logic with Dependent Sorts);
see [MM3], [MZ]. We are not going to have to do anything with FOLDS here; however,
let us remark that the 'one-way’ condition on the shape-category amounts to the fact
that, speaking in reference to the second paragraph of this Introduction, the cells of a
protocategory do not have degeneracy operators on them, only face operators. Note that
S is not a one-way category, and the concept of 6-category is not specified within FOLDS.

As a part of our work, we give an explicit combinatorial description of the composable
w-graphs. More precisely, we introduce the combinatorial concept of ‘simple’ w-graph,
and prove that ‘composable’ coincides with ‘simple’. The concept of ‘simple’ w-graph is
due to R. Street [S]|, where he called the concept ‘globular cardinal’. Our description of
the notion differs only inessentially from his.

Let G be an w-graph. We call two cells a and b in G parallel if either they are both of
dimension 0, or d(a) = d(b) and c(a) = ¢(b). By hom(a,b), we mean the set of all cells e
for which d(e) = a and c(e) = b. Let us fix the parallel cells a and b, and define the binary
relation F' = F,;, on the set hom(a,b) by saying that eF'f (‘f follows e’) holds iff there
is g (of dimension exactly 1 higher than e and f) such that d(g) = e and c(e) = f. The
w-graph G is called simple if for any parallel pair (a, b) the transitive closure of F' = F; is
an irreflexive total order R on hom(a,b), and eF f iff f is the immediate successor of e in
R: eRf and there is no h such that eRhRf. We will prove that an w-graph is composable
iff it is simple. Let us remark here that the interesting direction of this equivalence is that
‘composable’ implies ‘simple’; the other direction is easy.

Here is an example of a simple w-graph:

== !
[ ] U(5>U [ ]
|3
|3

Note that the 1-dimensional simple (composable) w-graphs are the chains of arrows.
A disk, according to [J], is a sequence

p

Dn anl e Dl DO

of sets and functions, with D° being a singleton, together with, for any n € w and x € D"
a specified interval structure, that is, a (nonempty) linear order with a bottom and a top
element, on the set p~!(x), subject to the following condition: for any n € w, and for the
functions
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tn tnfl
Dn+1 D" anl
bn bnfl

assigning to x the top and bottom elements in p~!(z), for z in D"~! or D", we have that
the set

Equ(t",b") = {x € D" : t"(x) = b"(x)}

equals the set Im(¢"1) UTm (0" ') (here, D! is understood to be the empty set).

Thus, in a disk, in dimension 0, we have exactly one element. In each positive di-
mension n = 1,2, ..., we have a bundle of intervals over the previous level, i.e., a disjoint
union of intervals, each interval being mapped by the projection to a single element on
the previous level. An element x in dimension n > 0 is singular, that is, an endpoint
of an interval in the bundle, if and only if the fiber p~1(x), an interval in the bundle in
dimension n + 1, is a singleton.

The inner nodes of a disk are the non-singular nodes. Note that the unique node in
DY is inner. The planar tree ¢(D) of the inner nodes of a disk D completely determines

the disk: any isomorphism ¢(D) — ¢(D’) can be uniquely extended to an isomorphism

D = D'. (In «(D) the nodes over a given node have a specified linear order on them:
hence the adjective ”planar”.)

A disk is finite if it has finitely many inner nodes.

A morphism f : D — E maps D,, into F,, so that f is compatible with the projections,
and for any x the induced map f : p~'(x) — p~'(f(z)) preserves the interval structure:
it is order- (that is, <-) preserving, and maps end-points to end-points. D, the category
of finite disks, is thereby defined.

Here is an example of the first 3 bundles or 4 levels of a disk:

O\ O\O\(|D C|)/O/O /O /O /O
\ o\\o// 0//0/
\\.//

showing inner nodes in black (e), singular ones in white (o).

The main theorem of the paper is that S°? and D are equivalent categories.

The category Z of finite strict intervals (non-empty finite linear orders with a first and
a last element, which are distinguished in the structure and preserved by the morphisms)
and the category A of finite non-empty linear orders are dual to one another. The Stone-
type adjunction based on a schizophrenic object establishing this duality is described in
detail in section 2.7 (except that we deal with A™ instead of A and the corresponding
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part of 7 instead of 7). This is the duality Joyal describes in section 1.1 of [J]. Also,
the same duality appears in [SGL], p. 455. Our treatment of this duality serves a purely
expository purpose. We display the ingredients of the schizophrenic object in detail to
make the generalization to the w-dimensional case easier to follow.

In the remaining parts of the paper we show that the higher-dimensional analogs of
these notions are related to each other in a similar manner. On the way to this result
we study the structure of D, the category of finite disks, and that of S, the category
of simple w-categories. Among other things, we define an internal disk D in S and an
internal w-category C in D. In a sense, D is a transposition of C and this structure
is a schizophrenic object for those categories, defining via hom functors a Stone-type
adjunction which establishes an equivalence of the categories S and D, in a way similar
to the duality presented in section 2.7 for Z and A. Although the full proof of this fact
is long, the correspondence between a particular simple w-graph G' and the internal tree
t(D) of the disk D dual to the simple w-category generated by G is easy to understand
in particular cases. For example, the simple w-graph and the (planar) tree drawn below
correspond in this sense to each other.

An w-graph:

L33y 4 U
[ ] [ ] [ ] \U( E>‘U’ [ ]
US
Uj

and the corresponding tree:
1 2
NS
° 3
~ / N
° 4
|
\ | /

In the w-graph above, we numbered those cells that are neither domains nor codomains
of other cells. The nodes of the tree correspond to those cells in the w-graph that are not
codomains of any other cell. The leaves correspond the cells which are neither domains nor
codomains of any other cell in the w-graph. To indicate the correspondence, we marked
the leaves and corresponding cells with the same numbers.

The correspondence indicated above between planar trees and simple w-graphs is due
to M. Batanin [B]. The correspondence described here is the same as his mapping from
T to T*, for T a planar tree, and T* the corresponding specific globular set given in [B].
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We use extensively the technical notion of a ud-vector, (‘up-and-down-vector’) a vector
7 = Ng, N1, ..., N9 of natural numbers in which elements with odd subscripts are smaller
than the neighboring elements with even ones. The ud-vectors completely characterize
both finite disks and simple w-categories up to isomorphism, constituting a simple and
useful invariant for objects of both categories. Therefore, we are able to define and prove
many things concerning these categories by induction on ud-vectors. A finite disk with a
given invariant corresponds via duality to a simple w-category with the same invariant.

We note that there are other ways, cosidered in the literature, to use finite sequences
of natural numbers to describe the same combinatorial objects, cf. [L], [Ma].

To form an idea how the ud-vector associated with a tree is formed, consider the
example of a tree given above. Now, the ud-vector is 3,2,3,1,2,0,1,0,2,1,3,1,2. This
is a sequence of (non-negative) integers; we start numbering the positions with 0. In the
seven even positions, we find the heights of the seven leaves, in the order from left to
right. In each odd position, we find the height where the leaves corresponding to the
neighboring even positions ‘meet’.

Let us comment on the connections of our work to other people’s work.

It goes without saying that one of the starting points for the present paper is A.Joyal’s
preprint [J], produced in September 1997. In addition, Joyal conjectured the exact state-
ment of our main result, the equivalence of S and D, with the small difference that in
his version of S, the ingredient ‘composable w-graph’ is replaced by ‘globular cardinal’
(which, as we said, we proved to be equivalent concepts). We learned about this fact from
an e-mail message by Joyal on June 23, 1999, when our work had been completed, and a
version of the present paper had been written, and was ready for electronic dissemination.
Upon receiving a description of our result, in the e-mail message mentioned above, Joyal
wrote, among others: ‘I am happy you have proved this duality. I had suspected it shortly
after writing my notes ‘disk, ...” [which are [J]], but had no proof. I like your description
of composable w-graph’.

Recently we realized that the paper [BS] (that appeared in the year 2000, but which
had been put on the internet already in November 1997) contains, in essence, a statement
of Joyal’s conjecture. As we had been unaware of [BS], this source did not influence our
work. As we indicated at the beginning of this Introduction, the idea of the category &
came to the first author in the Spring of 1998 independently of considerations involving
disks.

As we mentioned above, A. Joyal called his category © the category of Batanin cells,
indicating connections of his work to Michael Batanin’s work. In [B], Batanin introduced
, and used extensively, the planar trees mentioned above. His construction of the w-graph
T™ out of the tree T is the same as what we described above as the correspondence between
simple w-graphs and trees; in particular, simple w-graphs are the same as the ones of the
form 7™, for T a planar tree. In Proposition 4.2 in [B], Batanin gives a construction of the
free w-category generated by an arbitrary w-graph, one that uses trees and, ultimately,
simple w-graphs; we will reprove his result in this paper (in sections 4.1 and 6.4).

At the end of the paper [BS], we find a statement concerning ©, Joyal’s category men-
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tioned above, the formal dual of the category of finite disks. When one compares Joyal’s
paper [J] with the description of © given in [BS], the coincidence of the two descriptions
turns out to be nothing but the main theorem of our paper! We have recently learned
from a private communication by Professors Street and Batanin that the description of
© given in [BS] resulted from conversations of theirs and Andre Joyal’s in which Joyal
described his conjecture, ”identifying” the original description of © and the one in [BS],
which is essentially the same as that of S.

In [BS], there is no proof of our theorem, neither is Joyal’s original description of ©
presented. Therefore the reader who does not know Joyal’s paper gets the misleading
impression that the description of [BS] is merely a reformulation of Joyal’s definition.
Joyal’s purely combinatorial definition of © (already given above in this introduction) is
very different from that of the category of simple w-categories; the equivalence of the two
categories is far from obvious as Joyal’s statement ‘[I] had no proof’ quoted above also
indicates. Let us point out that we got the idea of the duality theorem of this paper in
August 1998, and its proof shortly thereafter.

Since A. Joyal’s preprint [J] is unpublished, we find it appropriate to point out that,
despite the appearence of the word ‘duality’ in the title, the paper does not contain an
indication of the possibility of the statement of our duality theorem. In fact, [J] makes
no reference to (strict) w-categories at all.

A theorem related to our main result is Theorem 1.13 of [Be]. Note, however, that the
expression O(S,T") used in the statement of the theorem is defined in a way that is not
directly related to hom-sets in Joyal’s category ©.

Our paper is organized as follows. In chapter 2 we introduce the notions and some
notation concerning the main notions used in the paper: disks, simple w-categories, and
ud-vectors. In the last section, 2.7, we present the well known duality for finite linear
orders and finite intervals in a way that can be generalized to the case of simple w-
categories and of finite disks. This presentation is more involved than it could be, but we
think that doing this exercise will help the reader to understand the main result of the
paper.

In chapter 3 we investigate the category of finite disks. In section 3.1, we introduce
some notation and state some basic facts concerning disks. In section 3.11, we study
certain special pullbacks of disks, and for this purpose we use some simple results discussed
in section 3.6, concerning similar limits in some related categories of posets. We obtain a
presentation of any finite disk as a multi-pullback of very simple disks, and we associate
with every disk a ud-vector which describes it up to isomorphism. In section 3.21, we
define three special kinds of morphisms in D and we show that every morphism can
be, essentially uniquely, presented as a composition of such morphisms. In section 3.25,
we define the internal w-category C in D and we show that homming into it defines a
contravariant functor from D to S.

In chapter 4 the simple w-graphs and simple w-categories are investigated. In section
4.1, some notation concerning simple w-graphs is introduced and the construction of a free
w-category on an w-graph is presented. The construction is based on simple w-graphs.
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We verify that the construction is correct by relating it to a more general one presented
in Appendix 6.8. In section 4.7, we prove that simple w-graphs are exactly those that are
composable. In section 4.9 , we introduce some notation for simple w-categories, prove
some of their properties, define an internal disk D in §. We show that homming into it
defines a contravariant functor from S to D.

In chapter 5 we state and prove the main result of the paper. We show that the
contravariant functors mentioned above form a Stone adjunction between S and D, which
is an equivalence of categories. In section at the end of the section 5.5, we indicate the
correspondence of objects and some morphisms in categories D and S via the established
duality.

The final section of this chapter contains some applications of our work. Among other
things we define a nerve functor for w-categories, i.e. a full and faithful functor

N, : wCat — Set?

In this way, we identify w-categories as special pullbacks preserving cellular sets, i.e. a
special kind of #-categories.

The chapter 6 contains four appendices. We spell out the full (elementary) definitions
of an internal disk and an internal w-category. In Appendix 6.3 we prove some facts
concerning internal w-categories. Among other things we prove some general form of
the associativity law for w-categories. In Appendix 6.8 we give a construction of a free
internal w-category over an internal w-graph and we prove that the free w-category functor
preserves pullbacks. This construction in based on ud-vectors.

For the convenience of the reader, all the notation introduced in the paper is collected
in chapter 7.

In the whole paper, w denotes the set of (von Neuman) natural numbers, i.e. if n € w

then n = {0,...,n — 1}, and w™ the set of positive natural numbers. Set is the category
of (small) sets.
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2. Preliminaries

2.1. The category D of finite disks. The category of finite disks D was introduced by A.
Joyal in [J]. In this section, we repeat this definition using the original terminology.

In order to introduce the category of finite disks we need to introduce the category of
finite trees.
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A bundle of linear orders over the set B is a linear order in Set/B, i.e. a map p :
E — B with each fiber linearly ordered. A (planar) tree T is a sequence of bundles of
linear orders

s 0

s+1
p

p p

Ts+1 Ts e Tl

7O~ 1

We often omit the superscript s of projection p°, when it does not lead to confusion.

A morphism of trees f : T — T" is a set of functions {f* : T° — T"*}4¢,, preserving
projections and order in fibers. A tree is finite if all T,,’s are finite and almost all are
empty. Let Tree and 7 denotes the categories of trees and finite trees, respectively.

If n > s, by p® : T" — T° we denote the composition of n — s projections. By
convention, if n = s, then p®(z) = z.

We introduce notation for some finite trees. For n € w, 6, is a tree such that, for

s EwW
0 _ {s} ifs<n
10 if s>n

and the projections are the obvious ones. Thus, for example, #3 can be drawn as

O~ N —w

A leaf x of a tree T is a node of T, such that p~'(z) = (. Clearly, any tree morphism
f: T — T' in uniquely determined by the function f restricted to the leaves of T

A bundle of intervals over set B is an interval in Set/B, i.e. a diagram of sets and
functions

with each fiber p~!(x), for x € B being an interval, i.e. a linear order with endpoints b(z)
and t(z). The equalizer of b and ¢, a subset of B, is the singular set of the bundle. A disk
D is a sequence of bundles of intervals

s+1 s 0
Ds+1 p Ds e Dl

DY x~1
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such that the singular set eq(b,t) of p : D" — D™ is equal to b(D"~')Ut(D"'). (Here,
by convention, D~! = (), and the functions b, : D~! — D? are thereby defined.) We
call this property the disk condition.

As a consequence of the definition, we have bb = tb and bt = tt. We define the boundary
A(D™) to be b(D" 1)U t(D™ 1) and the interior 1(D") to be D™\ 9(D™). By the previous
convention 9(D°) = (). The nodes in 2(D™) are called inner and the nodes in 9(D") are
called outer. Because of the 'disk condition’, the projections p send inner nodes to inner
nodes and hence, restricting the projections to the interiors, we obtain the internal tree

(D) of the disk D

P oy —Lypsy - DY) L y(p0) =1

We say that the disk D is finite if ¢(D) is.

A morphism of disks f : D — E is a set of functions { f* : D®* — E*®}.,, preserving
projections, order and endpoints in fibers. Let Dk and D denotes the categories of disks
and finite disks, respectively. From now on, by a disk we mean a finite disk, unless
explicitly stated otherwise.

Similarly as for trees, if n > s, by p®) : D — D* we denote the composition of n — s
projections.

There is an obvious forgetful functor | — | from disks to trees, forgetting the endpoints,
which has a left adjoint (—):

For a tree T, T is the unique disk D, such that «(D) is isomorphic to T. In fact, Dk
is both Kleisli and Eilenberg-Moore category for the monad induced by this adjunction.
The above adjunction restricts to finite disks and finite trees:

It follows that, in order to define a disk morphism f : D — F, it is enough to define
a tree morphism f’ : (D) — E. In the Appendix 6.1, we give an internal version of
the notion of a disk in an arbitrary category, so that, disks (not necessarily finite) defined
above become internal disks in Set.
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2.2. The category S of simple w-categories . An w-graph G in a category C' has for each
n € w an object G, of n-cells in C' and operations

of domain and codomain. We usually omit the subscripts of the morphisms d,, and c,.
Furthermore, in the diagram

Gn+1 Gn Gn—l T

we have dod = docand cod = coc. A morphism between w-graphs G and G’ is a
family of arrows {p, : G, — G/, }neo in C commuting with operations of domain and
codomain. By wGr we denote the category of w-graphs in Set.

A simple w-graph is an w-graph G in Set, such that

1. G is non-empty and finite, i.e. each G,, in finite Gy # 0 and almost all are empty;
the height of G is ht(G) = max{n : G, # 0};

2. for n € w, G, is partially ordered; for any x,y € G,, the subset of G,,11
Gnii(z,y) ={u € Gpy1 : dlu) =2 and c(u) =y}

is linearly ordered by >; as well as Gp; let > denote the immediate predecessor
relation: w > v means that u,v € Gg and v is an immediate predecessor of u or
u,v € Gpi1(z,y) for some z,y € G, such that z >y, and moreover v is a predecessor
of u in that order;

3. forn € w, if z,y € G,, then
x>y ff Gua(z,y)#0

Let swGr denote the full subcategory of wGr, whose objects are simple w-graphs.

The full definition of an w-category in a category C is given in the Appendix 6.2.
Below, we briefly sketch the definition.

An w-category A is an w-graph together with operations of identity, for n,l € w, n </,

A A
L(n,l) = L(l) . An e Al
and compositions
A .
Mg nams Ano,nhnz 7 Amax(no,ng)

where for a 3-tuple (ng, ni, no) such that ny < ng, ng, the diagram
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1
ANO,m ,102 Anz
0 dA
Ang - An,

is a pullback. This data is subject to conditions concerning domains and codomains of
identities and compositions, neutrality of identities, associativity of compositions, and
middle exchange law. The morphisms of w-categories are defined as the morphisms of the
underlying graphs preserving additionally compositions and identities. wCat denotes the
category of w-categories in Set.
The forgetful functor
U : wCat — wGr

has a left adjoint,
[—] : wGr — wCat

associating to a graph G, the free w-category [G] generated by G. A specific construction
of this functor using simple w-graphs is given in section 4.1.

If G’ is a sub-w-graph of G, then [G'] is a sub-w-category of [G]. Moreover the w-
category |G| determines uniquely (up to an isomorphism) the w-graph G, as the w-graph
of those cells in [G] that are not compositions of two other non-identity cells in [G]. We
have that if an w-functor ¢ : [G] — [G'] is an isomorphism then there is a unique
isomorphism of w-graphs ¢ : G — G’ such that [¢] is p. All this can be easily deduced
from the description of the functor [—] : wGr — wCat given in the section 4.1.

Let G be an w-graph. A cell e in [G], is said to be mazimal if it is not an identity cell
and it is not contained in [G'], for any proper sub-w-graph G’ of G. An w-category S is
simple iff for some graph G, it is isomorphic to the category [G] containing exactly one
maximal cell. The unique maximal cell in [G] and S, if exists, will be denoted by macg
and macg, respectively. An w-graph is composable if [G] is a simple category. The name
composable comes from the intuition that if a graph G is composable then it has well
define composition in [G] which is the maximal cell macg.

Note, that a 1-category (i.e. w-category without non-identity cells of dimension bigger
then 1) is simple iff it is generated by a composable string of arrows, e.g. the category
[G1], generated by the graph Gi:

e —— O

k

has no maximal arrow, and in the category [G5], generated by the graph GJ:
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f

\/

all non-identity arrows are maximal.

Later (Theorem 4.8) we shall prove that simple w-categories are exactly those which
are free w-categories generated by a simple w-graphs, i.e. that a w-graph is composable
iff it is simple.

We shall define a functor

Tr:swGr — T

Let G be a simple w-graph. Let max(G,,) be the set of maximal elements in G, and
max(G,, r,y) the maximal element in G, (z,y), provided =,y € G,,_; and = >y. We put

Tr(G)" = max(Gy)

Thus Tr(G)° contains only max(Gjp), the maximal element of Gy and for n > 0 and
z € G, we have that = € Tr(G)" iff x = max(G,, d(z), c(z)).

The projection p,, : Tr(G)"™ — Tr(G)" is defined as follows. For x € Gy, p'(z) =
max(Gy). For n > 1 and = € G,,,

P"(z) = max(Gn_1,dn—2)(x), cn-2(x))

The order in the fibers of Tr(G) is given as follows. If u,v € Tr(G)* then u > v iff
d(u) > d(v) in Gg, and if u,v € Tr(G)" for n > 1, then u > v iff d(u) > d(v) in
Gn1(dn-2)(2), c(n—2)(7)).

Let f : G — G’ be a morphism of simple w-graphs. Then for z = max(Gy) € Tr(G)°
we put Tr(f)°(z) = max(G}) and for z € Tr(G)" for n > 0, we put Tr(f)"(x) =
max (G, d(f(2)), c(ful2))).

The functor T'r is neither full nor faithful, but it is conservative (i.e. reflects isomor-
phisms) and essentially surjective. We shall sketch why the last property holds. Let T be
a tree. We shall define a simple w-graph G such that Tr(G) is isomorphic to 7". To this
end, we define a predecessor function

preT:UT8—>UTS

s=1 s=0
such that, for x € T",
rep(z) = next element in the fiber if exists
Prer B pn_l(x) otherwise

for n > 1. We put
Gn _ Tn+Tn+1



Theory and Applications of Categories, Vol. 8, No. 7 128
forxeT" — G,
d,(z) = prep(z) € G,
p(z)=2€T" — G,
forz € T"! — @G,
dn () = prer(p"(x)) € Gn
cn(z) =p"(x) € T" — Gpy
Now, one can check that Tr(G) is isomorphic to 7.

Putting together the functors that we have mentioned so far, we get the following
diagram of categories and functors

D S wCat

=) |- (-] (=1 |u

T Tr swGr wGr

where horizontal arrow going right are inclusions.

2.3. The ud-vectors. In this section we introduce ud-vectors, some vectors of natural
numbers. They characterize up to an isomorphism both disks and simple w-categories,
being much simpler then either of them.

The reason, the notion of a ud-vector is rather technical as opposed the other two
is that there is no reasonable easy notion of a morphism of ud-vectors. However, it is
very convenient to describe domains and codomains of disk morphisms and w-functors
between simple w-categories using ud-vectors. Some (important) pullbacks in D can be
described in terms of operation of amalgamation of ud-vectors. For [ € w, we introduce
an [-size of ud-vectors. This will allow us to show easily many properties of disks and
simple categories, by induction on [-size.

By an up-and-down vector, ud-vector for short, u, we mean a sequence of natural
numbers @ = (ug,...,us) With k& € w, such that ug; 11 < ug;, Ugiss, for i € k. By the
length 1h(@) of a ud-vector u, we mean the number of even-numbered elements in it. (To
help the intuition of the reader, let us note that, with 7" the tree corresponding to u in the
sense indicated in the Introduction, we have that 1h(#) is the number of the leaves in T
This, and the similar parenthetical remarks that follow, are not needed for the technical
development.) Thus, in the above case, lh(«) = k + 1. The height ht(u) of a ud-vector ,
we mean the maximum number in @, i.e. max(@). (ht(@) is the maximal dimension of a
cell occuring in G, the simple graph corresponding to «.) If we write @ = w', 2,4 then
we mean that the ud-vector @ is a concatenation of ud-vector ' followed by a single term
z, followed by ud-vector u'
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Let [,k € w, 4 a ud-vector of length k+ 1 . We say that « is l-primitive iff min(«) > [
and maX( i) > 1. The [-size of a ud-vector 77 we define as follows
sizey () = 1 if 4 is I- -primitive
sizeq) (u u') + sizeq)(u u") if @ =l z, 0", 2 = min(@) < I
We shall prove many statements involving ud-vectors by induction on [-size. (With G as
above size)(w) is the number of equivalence classes of the relation ‘a parallel to b’ for
l-cells a, b, where the [-cells a, b are said to be parallel if either [ = 0, or d(a) = d(b) and
c(a) = c(b).)
The ud-vector trq)(u), the [-truncation of u is defined, by induction on l-size of , as
follows
Ug Hfu=uyg <l
troy () = [ if 4 is I- primitive
try (u), 2, troy (W) if @ = W,z 0" and z = min(@) <

(With G as above, tr)(u) is the ud-vector associated with the ‘I-truncation’ G’ of
G, where G’ is obtained from G by deleting every cell of dimension greater then [, and
replacing each parallelism class of [-cells by just one [-cell.)

For | € w and ud-vectors w, ¥, such that trg) (@) = tr(v) = o, i.e. @ and ¢ are
[-compatible, we define recursively a ud-vector [i, [, 9], an l-amalgam of ud-vectors i and
v, by induction on [-size of w, as follows

'LT lf 17: Vo S l,
u, l, v if both and U are - primitive

l\.

"LV 2 [ L v if @ =, 20", 0="1, 21"

—

tr( )( ) = tr(l) (U’),

tr (') = trg) ()
and z = min(«) < {

=

\.N

=4
I

If we write [u, [, U], we always presuppose that @ and ¢ are [-compatible. (The l-amalgam
[@,1, 7] can be related to simple graphs as folows. Let G, H and I be the simple graphs
corresponding to @, v and @ = trg) (@) = trq)(v), respectively. Consider the map c :
I — G, d: I — H defined as follows. On cells of dimensions less that [, ¢ and d are
‘inclusions’. For a in I of dimension [, c(a) is the last element in the parallelism class of
elements of G' corresponding to a, d(a) is the last element of the corresponding class in
H. Finally, let J be the pushout (in the category of w-graphs) of the maps ¢ and d. J is
the simple graph corresponding to [, [, 7].)

The (nq1,n3)-amalgam [, ny, U, n3, W] of three ud-vectors @, ¥, w, such that @ and ¢
are ni-compatible and ¢ and W are ns-compatible is defined as follows:

[[67 n1a6]7n37w] it ny Z ns

[u,nl,v,ng,w] = { [ﬁ, nl,w,”&wi] if ny < ng

We list the following easy relations between the notions introduced above.
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2.4. LEMMA. Letl,ni,n3 € w, 4, U, W ud-vectors, such that @ and v are ny-complatible
and U and W are ny-complatible. Then

~

~
S

11.

12.

15.

© »® NS v e

if ht(w) <1 then trg)(u) = u;

if L < my then trg(tr,) (@) = tre)(@);

ht(tr, (@) = min(L, he(@);

sizeq) (@) = size (trgy (@) = h(trg(d));

ht([Z, [, 7)) = max(ht (@), ht(7));

if L < my then try (@) = try([i, n1, 0]) = tr(0);

if na < then trg([t, ny,v]) = [tre) (@), n, troy (V)];

if ny = ng then [[t, nq, V], n3, W] = [u, ny, [V, ng, W]];

if n1 < ng then [@,ny, U, ng, w| = [[U, ny, V), n3, [t1(ny) (1), n1, W]];

if n1 > ng then

[, ny, U, ng, W] = [[U, ng, tr(m,) (W)], 01, (U, ng, W]];

[tr(nl) (@), n, 1] = @ = [t n, tr(n1)<d)];

if ny < then

tray ([@, n1, ) = trq) ([tro) (@), n1, 0]) = troy ([@, na, troy (V)));

if ny < then

[Qz?nl’ﬁ] = [[ﬁ7n1’tr(l)( )]’ ,[tI‘ l)( )
[[trqy (@), 1, 0, 1, (U, iy, trey (U ]]

PROOF. Exercise.
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The free w-category on the terminal w-graph can be conveniently described in terms
of ud-vectors and the operations introduced above. We denote this w-category by UD.

Intuitively, UD is constructed by formally composing ud-vectors of length 1 (the gen-
erating cells of UD) in all possible ways. The cells in UD are diagrams of (generating)
cells with some prescribed compatibility (the domains of some cells match the codomains
of some other cells, in such a way that they 'compose’ altogether to a single cell). In
ud-vector u the i-th generating cell ug; matches 7+ 1-st generating cell uq;, o at level ug; 1.

The set of n-cells UD,, consists of the ud-vectors of height at most n. The domain and
the codomain operations:

d(l) = d%), C(l) = Cg;D : UDn — UDl
for [ < m, are given by the [-truncation, i.e. for a « € UD,,, we have
dqy (@) = cq) (@) = trg) (@)

The operations are well defined by Lemma 2.4 3.
The identity operations:

Un) = L : UD; — UD,,

are inclusions, for [ < n.
The compositions in UD are given by the operations of amalgamation. The set

UDyyyny.ms 18 the set of my-compatible pairs of ud-vectors (i, ), such that ht(@) < ng
and ht(?¥) < ny. The composition

Mngming UDno,nlmz UDmaX(nan)
is given, for the pair of ud-vectors (@, ¥) € UDy 1y m, by
mno,nl,nz (U, U) = [U’a ny, ﬂ

The composition is well defined by Lemma 2.4 5.
2.5. PROPOSITION. UD defined above is the free w-category over the terminal w-graph 1.

Proor. First we shall verify that UD is an w-category and then we shall show that it is
free over 1. To prove this we are going to use Lemma 2.4.
By Lemma 2.4 2, we have,

dod=doc=cod=coc

so UD is an w-graph. We shall indicate, why conditions (vi)-(xi) in 6.2 of the definition
of an w-category are satisfied.
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(vi) .1: let (4, 0) € UDpgnymgs ! < . Then, using Lemma 2.4 6, we get

(vi) .2: use Lemma 2.4 6.

(vi) .3 and (vi).4 are similar.

(vii) : use Lemma 2.4 1.

(viii) : use Lemma 2.4 1, 8, 9, 10.

(ix) : says that the compositions, of inclusions is an inclusion.
(x) : use Lemma 2.4 11.

(

xi) : use Lemma 2.4 12, 13.

This shows that UD is indeed an w-category.
Now we shall show that UD free on 1. We define

n:1— UD

so that n,(x) =n € UD,, for n € w. Let F': 1 — A be an w-graph morphism into an
w-category A. We define an w-graph functor F : UD — A, as follows:

(@) ifd

Ug
=/, [,u", and = min(d) =1 < mm(d”)

It is easy to see that, more generaly, the equality which results by droping the condition
| < min(«/) is also true.

The verification that F'on = F is trivial. Since every cell in UD is obtained by
applaying the « and the m operations repeatedly starting with ud-vectors of length 1,
if follows that F must be unique, if it exists. It remains to show that F is indeed an
w-functor. F preserves domains. Let | < n and @ € UD,. We need to show that
day (Fin (@) = Fi((dg (@)

The argument is by induction on [-size of .

If sizeq) (@) = 1, we argue by induction on lenght of «. If Ih(@) = 1, i.e. @ = ug, we
have for l < ug:

Fi(day(@)) = Fi(dgy(uo)) = Fi()) =

= Fi(d@ (%) = day(Fi(*)) = day 0 1) (Fuo (+)) =

= d(l)(F(UO)) = d(l)(ﬁ(ﬁ))
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and for [ > uyg:

= 1) (Fuo (%)) = dqpy 0 tm) (Fiu (%)) =

— dy(Fuluo)) = dy (F()

If Ih(@) > 1 then @ = o/, k,u”, where n. > k = min(@) > [. Using the inductive
hypothesis, we get

Fi(dgy(@)) = Fi(l) = Fi(dgy(x)) = dgy(Fu (%) =

= doy(F(u") = dgy (o (F ('), F(u)) = dy (F(@))

Now assume that sizeq)(u) > 1, 4 = kv, and k = min(#) < [. Then, using the
inductive assumption and the axioms of w-categories, we have:

Fildq(i@)) = Filtrgy(id)) =

— — —
/

= Fl(tr(l)(u ), ]{3, tl"(l) (u7’)) = ml,k,l(Fl(tr(l)< /)), Fl (tl“(l) (u_;’))) =

= my ot (Fi(dgy ('), Fy(day (u”))) = myg(day (Fu(@)), day(Fa(u))) =

Ay (M e (Fo (@), dity (Fr(u”))) = digy (Fo (i)

For the codomains, the argument is the same.
F preserves identities. Let n < [ and @ € UD,,. We need to show that ¢q)(F, (7)) =

Fi((ey (1))
The argument is by induction on lenght of «. If @ = ug then

Ly (F(0)) = 1) (tn) (Fuo (%)) =

= 1) (Fuy (%)) = Fi(x) = Fi(1)())

If @ =, k,u" where k = min(u), we have

vy (Fo(i@)) = 1y (mu g (Fr(u!), Fr(u))) =
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— — —
/

= ot (1 (Fn (@), 1) (Fr (@) = muga(Fu(ey (W), Fi(ey (u))) =

= mu(Fi(), Fi(u")) = Fi(@) = Fi(e)(@))
F preserves compositions. Let (@, 7) € UDyyyny.ny, = max(ng,nz). We need to show
that mno,m,nQ(Fno (6)7 Fr, (U)) = FN(mno,m,nQ (4, 17))
The argument is by induction on n;-size of W = tr,, (u).
If 4@ = ug < ny then @ = tr3,,)(0) = t(ng)(d(ny) (V), n = ny, and we have

M,y (Fno (ﬁ)v Fnz (17)) = My, (Fno (L(no) (d(m) (6))7 Fnz (6)) =

= mm(L(no)(d(m)(Fnz (V) F'ny (V) = Fn(ﬁ) =

Fo([tr(ny) (0), 7)) = Fo(ma, (4, ))

The case ¥ = vg < ny is similar.
If both @ and v are ni-primitive then

Now, let @ = o/, 1, u", ¥ = v/,1,v", | = min(@) = min(7) < ny, tr,, (@) = tr,, ('), and
tr,, (u”) = tr,, (v”). Then, using inductive hypothesis, axioms (vi), (viii), and (xi) of the
definiton of w-category, and the fact that

) (Fna(v) = ) Fng (@), ) (Fng (0)) = dig) (Fny (v)) (1)

we have (we drop indices in F)

(assumption on 4 and ¥)
= F([[W, 1, u"],ny, [V, 1,0"]]) =
(definition of n;-amalgam)

= F([U_’;7 ny, 1;;]7 lu [u_;/7 ny, U_;,]]) =
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(definition of F')
= ml(F([ul? ni, UI])? L F([u”7 n1, UH])) =

(inductive hypothesis)

(axiom viii.4)

(axiom viii.2)

(axiom vi.1)

(equations (1))
= i (i, (g (F (), gy (F (7)), 110 () (B (

My (ma (F(07), day (F(07))), 110 (F(

(axiom xi, middle exchange law)
= 1, (mu(F (), F (")), my(F (o), F(7))) =

(definition of F)
= mn, (F(@0), F (7))

This ends the proof of the proposition. [
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2.6. Some notation concerning w-graphs and w-categories. In this section we introduce
some notation concerning w-graphs and w-categories. For any w-graph G and ud-vector
@, we define the pullbacks G of 1h(@)-tuples of compatible cells and between such objects
we define the 'multi’-versions of the operations of domain dg,;, codomain ¢§;, and some
projections. If additionally, G is an w-category we define the 'multi’-versions of the
operations of composition mgz. These 'multi’-operations satisfy some generalizations of
the laws defining w-categories. The explicit statements and proofs of these laws are in
Appendix 6.3.

Since we will use these definitions not only when the ambient category is Set but also
in the category D which is not even finitely complete, we assume that we have a fixed
w-graph G and w-category A in a category C with all (finite) limits that are explicitely
taken.

We assume that in C, for any ud-vector u, we can form the following limit

u2k 2 u2k
\ /z \ /z
u2k 1
If 0 <i < j<lh(u) we denote by
T‘-'LG] : Gﬁ B Gu2i7...,u2j

the obvious projection.
Let | € w and @ be a ud-vector, lh(@) = k + 1. The morphisms of multi-domain and
multi-codomain in an w-graph G

d G —)Gtr

w;l ul

are defined recursively, as follows

1Gu0 1f6:u0 < l;
oo d(Gl) o if 4 is l;primi;cive;
wl dg,l X dG,,l if &=, w,u" and w = min(w) < I.
min(u/) > 1.
and
e, if 4 =wug <lI;
c(Gl) o Ty if 4/ is [-primitive;
Car = G x cG,,l if @ =, w,u" and w = min(@) < .
min(u) > 1.
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It is convenient to define morphisms d(Gl), C(Cf) : Gy, — Ghuin(,n) for any I, n € w, by putting
For @, v € UDy n, n, the projection morphisms in C
7T§~ Gl — Ga 7r§~ Gl g — Gy

U

are defined as follows

G oo .
dﬁ;uo if U= ug < ny;
T if @ is ny-primitive, and lh(@) = k + 1;
G -
’ G G YAy A e
Mo X T it =u 21", v="1" 210"
" AY 1
tT(n,) (u) tT () 1]) nl)(u )_tr(m)(v )7
and z = min(%) < n
and G
g if ¥ =wvg <mnyq;
T if ' is ny-primitive, lh(@) =
&, = and lh(u nl,v) =kK+1;

¢ x 7@ if @ =, 20", 0="10, 21"

tr(m)(u) = tr(nl)(&) tr(m)(u”) = tr(nl)(v”),
and z = min(@) < n;.

In Lemma 6.5 we show that, with the above definitions, the square

G
[ﬂ7nlzﬁ] v
G G
TrO; 74 dv ni
Ga . G
Cﬂ';nl

is a pullback.
Let @ a ud-vector, lh(@) = k+ 1 > 2. We put

u=max{ug1:1 €k} and j=min{i € k: ugy; = u}

and then @ = o/, ugj_1, Ugj, u, Ugji2, Uzj13, u”, for some ud-vectors v/ and w”. The mor-

hisms
P 14. x mA

A o U U U 42 A
u

u' ugj_1,max(ug;,ujt2),u2;4+3,u’” (2)
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is the one-step (u-compatible) composition morphism, and the morphisms

ma

Ay - Aty

(3)

which is a composition of one-step composition morphisms is the canonical composition
morphism. By convention, if @ = ug then m% = id Aug -

2.7. The small duality for §; and D!'. For n € w*, by S, we denote the category of
simple n-categories i.e. the simple w-categories truncated to the first n levels, and by
D" we denote the category of finite n-disks, i.e. disks truncated to the first n levels. In
this section we sketch the well know duality between S; and D! in the way we will prove
duality between S and D. In fact, for any positive n, the duality between S,, and D"
holds and it is a restriction of the duality between & and D.

S1 is equivalent to the category of finite non-empty linear orders and monotone maps
and D! is equivalent to the category of finite linear orders with (necessarily different)
endpoints and monotone functions preserving endpoints. Thus, it is well know that they
are dually equivalent. An easy explanation of this fact can be found in [SGL]. Below, we
will exhibit a more involved but, as we believe, more instructive explanation of this fact,
that can be generalized to the higher dimensional categories, of which it is a special case.

Before we prove the duality theorem we need to develop some notation. Both elements
on level 1 in a disk in D! and objects in categories in S; comes with an order. However it
is convenient to draw these orders in reverse directions, in disk as increasing orders, and
in categories as decreasing orders. At the end of this section we will return to this point.

The 1-disks. An object of D!, i.e. a 1-disk in Set, is a finite linear order with different
endpoints, i.e. it is isomorphic to one of the form

Ty b
{(k,):0<k<1<n) (k:0<k<nt—2{x}
M Tt

for some n € wt, where b(x) = 0 and ¢(x) = n. Such a 1-disk will be denoted by |n].
We introduce a notation for maps into |1] in D!. For [ € n we have disk maps

GI+1:|n) — 1]

defined by

LI+1() =

0 if i<
1 otherwise

We write [; or ;[ + 1 for ;1 + 1, as well. These are all the maps from |n| to [1].
A map g: |[n'| — |n] induces a dual map by composition

DY(g, [1]) : DX(In), [1])) — D[], [1])
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D'(g, [1))(5;) = Loy
for [ € n.

The category D! does not have pullbacks of arbitrary pairs of morphisms with common
codomain. But it has some pullbacks. In fact, the morphisms f : |n] — |l] and
[ |n'| — [I] have a pullback in D' iff for any x € |I] either f~!(z) or f~!(z) has
at most one element. If this is the case, the pullback is computed as in the category of
posets. Let d,c: [2] — [1] be morphism in D!, such that d = 0;1 and ¢ = 1;2. Then
d and c satisfy the above condition and we have a pullback

3] 2 |2

) d

2] —— [1]
Similarly, we have a pullback
4] 2~ 3]

12 ™1

13 —— 121
Let
m: 3] — [2]  ¢:|1] — [2]

be morphisms in D! such that m(1) = m(2) = 1. In this way, we have defined an internal
category C; in D! given by the diagram

d m 12
1xm
1] —+— 2] —— [3] =—— [4]
c - mx 1
2 DI OV
23

The simple 1-categories. The objects of S; are free categories generated by finite (possibly
empty) strings of arrows. Let for n € w, [n]| denote the free category generated by the
string

n—m-1)—...—1—70

Any object in S is isomorphic to [n] for some n € w.

Similarly, we introduce a notation for functors into [1] in S;. Since in &; the func-
tors are uniquely determined by their values on objects, we will define only their object
functions. We define functors

0}, (k+1lk), In :[n] — [1]
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with k € n, so that for i € {0,...,n}

O0h@E) = 1
(In)(@) = 0
T P

We abbreviate (k + 1]k) to either k+ 1] or |k.
A functor ¢ : [n'| — [n] induces a dual map by composition

Si(p, [21) : Su([nl, 12]) — Si([n],[2])

Si(e, [2])(h) = hoy
In §; we have an internal 1-disk, denoted by D,

P b
[2] 1] —2— 0]
p t

with pt = 2|1, p> =1]0, b= |n, and t = 0].

140

The schizophrenic object. The category C; in D! and the disk D! in S; form together a

schizophrenic object. By this, we mean, that we can form the following diagram in Set
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b 10

. P X p X Y
T z
C‘L ‘d C‘Ll d
_b, X P X f Y
* L f DI af g
t Y Pt A
o oo
y o (XX) . (X, X) (X.f) (£Y) (V.Y)
. P (X)) DI (X,9f) (f,9) (Y,9)
" (Y) e (9f,2) (9,7)
(Y,Y) (2.2
m X 1 1xm m X 1 1xm
(X, X, X) (X, X, X) (X, X,f) (X, 1Y) (fY)Y) (VYY)
b (XX ) 000 (X, X,9f) (X,f.9) (f,Y.9) (Y.Y.9)
*: (X,f,Y) 1 (ng> ) <f7g7Z) (ng )
(Y,Y,Y) (ZZZ)

In this diagram the rows are disks isomorphic to the internal category C; in D, and the
columns are categories isomorphic to the internal disk D! in S. Before we will see this
we shall describe the data in the above diagram, in details.

The sets in this diagram are given by lists or arrays of its elements, so that the
projections were easy to understand, e.g. in the second row of the right column array

X f Y
af g
Z

represents the the set {idx, f,idy,gf,g,idz}.

As we said, the columns are diagrams of free categories on simple 1-graphs, on one
object, on one arrow X Ty and, on a string of arrows X Ty 4z , respectively.
Thus they are equivalent to [0], [1], and [2]. In the first row there are objects, in the
second there are morphisms, in the third there are composable pairs of morphism, and
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in the fourth there are composable triples of morphism. The object X, Y, Z in 2nd, 3rd
and 4th rows stand for identities on them, i.e. for 1x, 1y, 1z, respectively.

The rows are disks isomorphic to |1], |2] ,|3], and |4], respectively. In the first
column there are one-element sets, i.e. level 0 parts of the disks, in the second column
there are universes of disks, and in the third row there are linear orders on these universes.

The morphism p* and p", for i = 0,1 are 1st and 2nd projections, e.g. p°(X) =
PY) =X, p"(Y) = pN2) =Y, p°(9) = p°(af) = f, p'(9) = p'(Z) =Y, etc. The
morphisms p” and p™, for ¢ = 0,1, denote p' X p* and p* X p' x p’, respectively. The
morphisms p are uniquely determined, b and ¢ picks the least and the largest elements in
the order, respectively, e.g. in the forth row b(x) = (X, X, X). The way the morphism
in the columns are defined is easy to guess: d, ¢, ¢, and m are morphisms of domain,
codomain, identity and composition, respectively.

Note that respective morphisms in rows and columns commute, e.g.

mo p =pom dop'=plod

and so on. This is equivalent to saying, that if we pick the corresponding morphisms in
three columns, then they form a disk morphism between disks in the rows, e.g. m’s form
a disk morphism m form the disk in third row to the disk in the second row. The same
thing remains true if we exchange the role of the rows and columns. This is the essence
of being a schizophrenic object.

The duality. We claim

2.8. THEOREM. The contravariant functors of homming into C, and into D' give rise
to a Stone adjunction

,Dl(_a Cl)
D! Sy
Sl<_7 Dl)

which is an equivalence of categories. Thus the categories S; and D' are dually equivalent.

ProOF. To fix the notation, in the following we consider the category C; in D! as being
formed of the rows in the diagram describing the schizophrenic object, e.g. the disk
universe of object of objects |1] will be {X, Y} rather than {0,1}. Similarly, we consider
the disk D! in S; as being formed from columns in the same diagram, e.g. |2] in D!
stands for the second row. This give us certain convenient identifications, e.g. the universe
of the disk |2] is equal to the set of maps of the category [1].

For n € w™, the objects of D'(|n], Cy) form the set

D'(|n], 1)) ={0;1,1;2,...,n — L;n}

and the category D'(|n|, C;) isomorphic to [n — 1].



Theory and Applications of Categories, Vol. 8, No. 7 143

For n € w, the universe of the disk S;([n], D) is the set

Si([n], [1]) ={In,nin—1,...,1]0,0]}

and with the increasing order so that S;([n],D') is isomorphic to [n + 1]. Thus the
functors have the appropriate codomains.

The statement of the theorem says that we have two natural isomorphisms 7 and ¢,
satisfying the triangular equalities.

We shall define these natural transformations. The component of  at [n] in D! is a
disk map

Ny © 0] — Si(DY(|n], C1), DY)
such that on universes it is a function
Ny {0, . n} — Si(DY([n], Cy), [17)
so that, for i € {0,...,n},
Ny (1) : DY (n), C1) — [1]
is a functor with the object function
My (0)o : D (0], [1]) — {X, YV}

given by
h +—— h(i)

Identifying D*(|n], Cy) with [n — 1] we have, for i € {0,...,n}

L e

S0 1)) is iso.
The component of € at [n] in & is a functor

e * [n] — D'(Si([n], DY), Cy)
with object function
gm0 : {0,...,n} — DY(S([n],DY), [1])
such that, for i € {0,...,n},
erno(i) : Si([n], DY) — [1]
is a disk map, given by the function on universes

em1o(i) - Su(nl, [1]) — {X, Y}
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by
h +—— h(i)

Identifying S;([n], D) with |n + 1| we have, for i € {0,...,n}, that

Emio(l) =41+ 1: [n+1] — [1]

S0 €[y is iso.
We leave to the reader the verification that e, and 7, are well defined, n and ¢ are
natural, and that the following triangles

S (DS ([n], DY),
n&(V \ﬂ?
1([n], DY) ~Si([n], D)
DYS (D (|n],C
Ept / \fj’
(|n], Cy)
commute. This is end the proof. [

We will make a comment on the orders in 1-disks and simple 1-categories or rather
finite intervals (strict with endpoints) and finite non-empty linear orders. In [J] there is
a very suggestive picture explaining this duality:

[ [ ]|

showing that the interval

is the set of Dedekind cuts of the order

X ok ok ok
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The trick is that the orders on *’s and |’s are going in the different directions i.e. to have
increasing order on cuts

we need to have decreasing order on stars

* >k 2> % > %

3. Disks

3.1. Some notation concerning disks. We introduce some notation concerning disks. Let
x,y be nodes in a disk D. We call = a left endpoint (right endpoint, bi-endpoint) iff it is
the least (largest, both) element in the linear order of the fiber over p(x). A node x is a
leaf iff the fiber p~!(x) contain exactly two elements. Note that, x is a leaf iff it is the
image of a leaf of the tree +(D) under the unit morphism 7 : (D) — D. Since our disks
are finite, over every inner node there is a leaf. We write <1 y to mean that both z and y
are nodes in the same fiber and y is the immediate successor of x. Since p®(z) = p® (y)
we can define the number

P, = max{l : p¥(x) = p (y)}

We usually omit the superscript D. Note that, if x € D', y € D¥ and p,, < min{l, k}
then the node p(=w)(z) = p=v)(y) must be inner (there are at least two elements in
the fiber over it), moreover the nodes p=w+1) (), pltew*1)(y) are comparable. This last
observation allows us to introduce a natural linear order on the whole set D! extending
the existing orders on fibers of p : D' — D'=!'. Namely, if z,y € D' are different nodes
then we put

z<y iff  plert(z) < pleet(y)

But this order is not preserved by the disk morphisms, in general.

If z,y are different leaves of D then we always have p,, < min{l,k}. Thus we can
also introduce a linear order on leaves by the above formula. We denote this order by <
and by < we denote the immediate successor relation given by this order.

If x, y are elements of a poset, we write x | y if x and y are comparable and = [ y if
they are not.

The category BL is a full subcategory of Poset containing finite sums of finite linear
orders, i.e. a poset X is in BL iff L is an equivalence relation on X (i.e. L is transitive
on X). BZ is a subcategory of BL containing the same objects, and morphisms in BZ
preserve additionally minimal and maximal elements.

Thus the category BL is equivalent to the category of finite bundles of finite linear
orders and the category BZ is equivalent to the category of finite bundles of finite intervals.

Note that the inclusion functor BZ — BL has a right adjoint (—) : BL — BZ which
adds to a non-empty object X of BL new minimal and maximal elements at the ends of
each maximal linear order in X; (()) is the one-element (non-strict) interval.

The following easy lemma provides an equivalent elementary description of disks.
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3.2. LEMMA. The sequence of functions

b b b
p Ds+1 p D3 C D1 p DO ~ 1
t t t

between objects of BI is a disk iff for s € w,
1. for x € D?, bp(x) <z < tp(z),
2. p maps D*** onto D?, so that, for x,y € D™, p(x) = p(y) iff v L y;
3. forx € D*, b(x) = t(x) iff v = bp(x) or x = tp(x).

PROOF. The conditions 1. and 2. say that p : D**! — D* is a bundle of intervals and
the condition 3. expresses the disk condition. [

For n € w, we give a description of the disk 7, which is the image of 6, under the
functor (—). The universe of , is given by

. [2+1 ifo<i<n
T = Yon+42 ifn<l

the projections p : v+ — 4! are defined as follows: for 0 <[ < n

7 Hfo<iqi<li
p(i) = 1—1 ifi=1[01+1
1—2 l+1<i<2
forl=mn
(i) = ) fo<i<n
PRO= Vo1 ifn<i<2n+1
and for [ > n

p(i) =i
The orders in fibers of 7y, are defined as follows: if i, j € 4%, then
[<nand[—-1<i<j3<I[l+1
1< g iff or
Il=n+landi=nand j=n-+1

In order to make this simple but tedious definition easier to grasp we present below the
first six levels of v3. The inner nodes are marked bold.
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R A
0 1 2 3 4 5 6 7
\0 \1 \2 \3/ 4/ 5/ 6/
INAG
CINE P
0\|1/2
0

Thus in 73 at level [ = 0,1, 2,3 there is exactly one inner node [, and | — 1 <[ < [+ 1,
and there are no inner nodes at higher levels. Moreover, at level 4 we have 3 < 4.

3.3. LEMMA. Letl,ni,ny € w, ny < ng,l. Then

l—mi1—1

1. 77112 = ’yle +7n27n171
2. min{z € v}, : p™(z) =m} = m

l—ni1—1

8. max{z € p"™(x) =ni} = m+ 1+, =4 —ni—1
Proor. Exercise. n

We introduce some notions and notation concerning disks 7,. Let [,n € w and z € 7..
We say that x is in the left side of ~, iff either | <n and z <l orn </ and x <n. We
say that x is in the right side of v, iff either | <n and x > [ or n <[ and x > n. We say
that x is in the far left side of ~, iff x is in the left side of 7, and it is a right endpoint.
We say that x is in the far right side of ~, iff x is in the right side of 7, and it is a left
endpoint. By Is(7,), fls(n), 78(Vn), frs(7a), we denote left, far left, right, far right sides
of v, respectively. Note that a node in the left (right) side is left (right) endpoints and
a node is far left or far right side iff it is a bi-endpoint.

For later reference, we list below the numeric conditions for a node of to be in the
above parts of the disk ~,.

3.4. LEMMA. Letl,n € w and x € vy,. Then
1.xels(y) iff (1<nandz <l )or(l>nandz<n)
2. x€ fls(v) iff (1<n+landx<l—1)or(l>n+1andz<n)
3. xers(y) iff (I<nandx>1)or(l>nandz>n)

4. x € frs(v) iff (1<nmandx>1+1)or(l=n+1landx>n+1)or(n+1<lI
andx >n+1). =
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Before defining some specific morphisms in D, we shall make some general observations
concerning them.

3.5. LEMMA.

1. Any disk morphism f : D — FE is uniquely determined by its values on leaves of
D.

2. Letn € w and D be a disk. Then the disk morphism f : v, — D is uniquely
determined by the value f™(n) € D™. Moreover, for any x € D™ there is a unique
morphism [ : 7, — D, such that f*(n) = x. Thus, we have a bijection

D(’WH D) — D"
which s natural in D.

3. Let n € w and D be a disk. Then the disk morphism f : D — 7y, is uniquely
determined by the value {f'}1<pi1-

PROOF.

Ad 1 We already noted that any disk morphisms f : D — FE is uniquely determined by
its values on inner nodes of D. But since over each inner node there is a leaf and disk
morphisms preserves projections, once we fix values of a morphisms on leaves the other
values on inner nodes are uniquely determined.

Ad 2 The node n € 77" is the unique leaf of v,,. Thus the value f"(n) € D™ indeed uniquely
determines the morphism f. On the other hand, for any x € D™ we can define a tree
morphism f’ : 6, — D by the formula f"(I) = pW(z) for 0 < I < n and f’ extends
uniquely to a disk morphism f : v, — D, such that f™(n) = z.

Ad 3 This follows from the fact that at levels [ greater than n+ 1 all the intervals contains
one element. So, for x € D!, we have f!'(z) = f"(p™+Y(z)).

Let ng,n1,n9 € w and ny; < ng,ny. We define the codomain morphism
Ciny) = C 1 Yng — Ty
by the condition ¢"°(ng) = n, and the domain morphism
Ay =d 9y — T

by the condition d™(ny) = n; + 1. Since these morphisms play very important role in
this paper we shall give their full descriptions. For = € ’y,lm we have

x if (0<1<my)or(x<n)
cl(:c) _ ny ifn1<landn1§m<7fm—n1—1
ny+1 ifn1<landx:77lm—n1—1

x—Ah, +2m+2 ifng <landr), —ni—1<az<ql,
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and for y € 722 we have

Y if (0<1<my)or(n <landy<n)
dl() B n ifny <land y=mny
vy = ny+1 ifn1<landn1<y§”yfm—n1—1

y—7£2—|—2n1+2 ifn1<land’yfm—n1—1<y<’yil2

3.6. The limits in BZ. We want to study the limits in D. In particular, we want to show
that all the disk are the multi-pullbacks constructed using objects 7, and morphisms c
and d. Before we do this, we shall characterize, in this section, the multi-pullbacks in BZ.

For k € w, by a zigzag of morphisms of length k + 1 in a category we mean a diagram

C&k—Q

Co Cy Cy Cox
fx /fz x /f4 f%\ /fzk (4)
Ch Cs

C&k—l

The limit of such a zigzag, if exists, is called multi-pullback.

Given a zigzag (4) in Poset. By a compatible tuple for this zigzag, we mean, a k+1-tuple
(xq,...,zE) such, that z; € C; for i € k+ 1 and fo;11(2;) = forso(xiy) for i € k.

Thus, the limit of (4) in Poset is the set of compatible tuples of the zigzag (4) with
pointwise order.

The limits in the category of linear orders, it they exists, are computed in the category
of partial orders Poset. This is mainly due to the fact that, one- and two-element linear
orders are objects of this category. The same is true for the category of (non-strict)
intervals Z, since if all the maps in a diagram of linear orders preserves endpoints, then
so do all the projections. Thus in Z the limit of a diagram exists if its limit in Poset is a
linear order. For similar reasons the limits in both BL and BZ, if exists, are computed in
Poset.

We say that a zigzag (4) in Z is thin iff for any compatible tuples &, ¢ if there is
0 <4y < k such, that Tig < Yig and f2i0+1($i0) = f2i0+1(yi0) than z; = Yi, for all
10 <1< k.

We have

3.7. LEMMA. The limit of a zigzag of morphisms (4) in T exists in T iff (4) is thin. =

We say that the zigzag (4) in Poset is thin iff for any compatible tuples Z, ¢ such that,
x; Loy, fori € k+1, xy < yiy and foio1(xiy) = faigr1(yi,) for some ig € k, we have
x; =y, for all ¢ > 75. We state some equivalent conditions for a zigzag in BZ to be thin.

3.8. LEMMA. Let (/) be a zigzag of morphisms in Poset. Then, the following are equiv-
alent

1. the zigzag (4) is thin;
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2. for any compatible tuples T, y such that, x; L y;, fori € k+1, z;, < y;, and
Jaio (Tiy) = faio (Yig)» for some 0 < iy < k, we have x; = y;, for all i < ig;

3. there are no compatible tuples ¥, i such that, x; L y,;, fori € k+1, x;, < y;, and
i, > Yiy, for some ig, i € k+ 1.

Proor. We shall prove that 1. is equivalent to 3. The condition 2. is 'symmetric’ to 1.
and its equivalence with 3. can be proved similarly.

Suppose 3. does not hold. Let &, ¢ be compatible tuples for (4) such, that x; L y; for
all i € K+ 1, and x;, < yi,, i, > Vi, for some ip, 41 € £+ 1. Without loss of generality,
we can assume that ig < ;. Let

ip = max{i <iy:x; <y}
Then @i, < Yiy, Tis41 > Yiot1s f2io41(Tiy) < faig+1(vi,) and

Joine1(Tiy) = foisr2(Tint1) = frinr2oWive1) = Sfoins1(¥in)

SO, we have f2i2+1 ([EZQ) = f2i2+1(yi2>a 11 > 19 and T4y 7é Yiy s i.e. the zigzag (4) is not thin.

To prove the converse, suppose that 1. does not hold. Let Z, i be compatible tuples
for (4) such, that z; L y; for all i € k+ 1, and for some 0 < iy < i1 < k, z;y < Vi,
foior1(Tiy) = faig11(Wiy), Tiy # Yiy- If 2, > v, then this contradicts 3. immediately. If
x;, < y;, then the tuples

—

o 7
xr = <x07"'7Ii07yi0+17"‘7yk> Yy _<y07"‘7yi07xi0+17"'7'rk>

are compatible and contradicts 3. [

3.9. LEMMA. Let (4) be a zigzag of morphisms in Poset, &, § compatible tuples such that,
x; Ly, fori € k+ 1. Then the tuple Z = (2;)icr11, where z; = min{w;, y;} is compatible
and Z < I, 1.

Proor. We shall prove, for ¢ € k, that

foir1(zi) = foira(2it1) (5)

Fix ¢ € k. If z; and z;;,1 comes from the same tuple Z or ¥, then (5) holds, since both
tuples are compatible.
Suppose that z; = z; < y; and z;,1 = y;11 < x;11. The other case is similar. We have

foiri(xi) = faira(@iv1) > faira(Yitr)

and
fairi(zi) < foira(yi) = foir2(Yir)
i.e. (5) holds. n
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We have

3.10. PROPOSITION. The zigzag (4) in BZ has a limit iff it is thin. Moreover, if this is
the case the limit 1s computed in Poset.

— —

PROOF. Assume that (4) is thin. Let &, ¢, Z be compatible tuples, such that ¥ L ¢ L 2.
We shall show that ¥ L Z.

Since the relation _L is transitive in Cy; we have z; L z;, for 1 € k+ 1. If ¥ = Z then
clearly @ 1 2. So, assume that @ # 2. Let

ip = min{i:xz; # 2z}
With out loss of generality, we can assume that x;, < z;,. Let
ip = max{i:z; <z}

If iy < k then we have x;, < z;, and x;, 11 > 2;,+1 and the zigzag (4) is not thin, by
Lemma 3.8. Thus i1 = k and ¥ < Z, so ¥ L Z, as required.

Thus, we have shown that the limit of (4) in Poset is in BZ. Hence this zigzag has a
limit in BZ.

To prove the converse, assume that the zigzag (4) is not thin and let (L,7) be a
limiting cone of (4) in Poset. Then, by Lemma 3.8, we have compatible tuples Z, ¢ such
that x; L y;, fori € k+1, z;, <y, and x;, > y;,, for some ip,%; € k+ 1. So, in particular
Z [ §. By Lemma 5 the tuple Z = (2;);exy1, where z; = min{xz;,y;}, for i € k+ 1 is
compatible and Z' < Z,y. So L is not transitive on L, L is not in BZ, and hence the zigzag
(4) does not have a limit in BZ. n

3.11. The limits in D. In this section we study the limits in the category D. We show

that each disk has a canonical presentation as a multi-pullback of disks of form ~,. Such

a presentation describes the correspondence between the disks and the ud-vectors, the

numerical invariants for disks, i.e. ud-vectors determine the disks up to isomorphisms.
Note that, for [ € w, we have functors

(-):D— BT

sending disk D to its I-th level D! (not forgetting the order).

3.12. PROPOSITION. The limits in D, if exists, are computed pointwise in Poset, i.e. for
a cone in D to be a limiting cone it is necessary and sufficient that, for each | € w, its
image under every functor (=)' be a limiting cone in Poset.

Proor. Fix !l e w.

Recall from Lemma 3.5 that, for any disk D, we have a bijective correspondence
between nodes x € D' and disk morphisms f, : 7y — D, such that f.(I) = z. Let v =60
be a disk, such that 6 is a tree with one node at levels smaller than [, two nodes | < [+1,
at level [, and no other nodes. It easy to see that, we have a bijective correspondence
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between pairs of nodes z,y € D', such that * < y and morphisms f,, : v — D, such
that fL (1) =z and f. (I+1) =y.

Let (D, 7), be a limit in D of the functor F' : J — D. Then, for | € w, we have a
bijective correspondences

x € D!
Jeinm— D
o fy:y — F
T o folay {1y — I

and
r,ye D', <y
foy:iy—D
TO foy v —F
7o ol {{<1+1} — F
7o alc,y({l}: {I} — F' < Ofgl;,y({l+1}3 {iI+1} — F'

where the second bijection, in both cases, follows from the fact that (D, ) is a limit of
F. These correspondences show that, the universe of D' is in bijective correspondence,
via 7!, with with cones from one-element set to F' and moreover the order of elements in
D' corresponds to the pointwise order of cones from one-element set to ', i.e. (D!, 7!) is
a limit of F' in Poset.

To finish the proof, note that, the morphisms p, b, t in disk D are morphisms into
limits (D!, 7') from cones induced by morphisms p, b, t in disks F'(j), for j € Ob(.J). Thus
they are unique. n

We call a zigzag of morphisms in D thin iff its image under every functor (—)!, for
| € w, is thin in BZ. We have

3.13. LEMMA. The limit of a zigzag of morphisms in D

Dyy—s

Dy D, Dy Doy,
f& /f2 R ﬁ4 fzk\ /ka (6)
D, D5

D2k71

exists iff the zigzag (6) is thin.

Proor. By Propositions 3.12, 3.10, the condition is clearly necessary.

Assume that, the zigzag (6) is thin. We shall construct a limit (D, 7) of (6) in D.

Since (6) is thin, for | € w, we have a limit (D', 7!) in BZ of the zigzag (6)!, the image
of (6) under the functor (—=)!. Thus z = (x;)icrs1 € D' iff foiy1(z5) = foiro(wiyy), for
1 € k.

Let p : D! — D! be the unique morphism from the cone (D! p o 7!*1) into the
limiting cone (D!, 7!), so that por'tt = wlop. Similarly, b, ¢ : D' — D! are the unique



Theory and Applications of Categories, Vol. 8, No. 7 153
morphisms, into the limiting cone (D', 71 such that
borl =7*lob and borl=x"*ob

This ends the construction of (D, ).

Note that 7 preserves order, and commutes with p, b, ¢t by construction. Now, by
Lemma 3.12; to show that (D, ) is a limit of (6) in D, it is enough to prove that D is a
disk. To this end, we shall verify that it satisfy the conditions from Lemma 3.2.

Fix [ € w. Clearly, D' is an object of BZ.

If z € D!, then

b(p(x)) < x < tip(x)) iff b(p(x;)) < x; < t(p(x;)) foriek+1

and the latter condition holds, since Do; is a disk, for i € k + 1.
Let o,y € DL If p(x) = p(y) then b(p(z)) < z,y, and since D'*! is in BZ, we have
x L y. On the other hand, if x L y, then x; L y;, for « € k4 1, and then

p(r) = (p(zi))ickrr = PWi))ier1 = p(y)

Thus, it remains to show that, for x € D!

bz) = t@) iff z = b(p(x)) or = = H(p(x)) (7)

If x = b(p(x)), then x; = b(p(x;)), and hence b(x;) = t(x;), for i € k+ 1. Thus
b(x) = t(x).

If = t(p(x)) the argument is similar. This proves one side of (7).

For the converse, we assume that b(x) = t(x). Then y = b(p(z)) < z < t(p(z)) = =.
We need to show, that one of those inequalities is, in fact, an equality.

Assume contrary, that y < = < z. Note that, for i € k + 1, since b(x;) = t(z;), the
node x; is outer and then either x; = y; or x; = z;. There are 41,12 € k + 1, such that

Ty = Y, < %z, and Yy, < 2, = T,

Suppose that 1; < 75. The case i3 < i1 can be treated similarly. Let

iop = max{i <iy:m; = y; < 2}
Then ig < 79 and
Tip = Yip < Zip and  Yigr1 < Zigy1 = Tigy
Thus, we have
foiot1(Yi) = Srior1(@ig) = foigr2(Tig1) = faigr2(2ig+1) = faig+1(2i)

g > 1o, Ziy 7 Yi, and y; L z;, for © € k 4+ 1. But this contradicts the fact, that 6' is thin.
Thus = = b(p(z)) or z = t(p(x)), and (7) holds. =
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Let ng,ni,n9, ¢, d be as above, | € w, z € vfm and y € 7@2. If c!(z) = d!(y), we say
that x and y are connected, and more specifically, x is connected to the right to y and y is
connected to the left to x. In order to study limits of some diagrams involving ¢ and d, we
need to analyze properties of connected nodes. When two elements are connected they
may be from different sides of the disks and if one of the elements is inner the other may
be not. However, the connected elements inherit some properties one from another. Since
the following lemma contains many conditions we add some slogans to help understand
and remember them.

3.14. LEMMA. Let l,ng,ni,ng € w, ny < Ng,Na, T € VLO and y € 7@2, and c'(z) = d'(y).
Then

1. if x is in the (far) left side of vn, then if y is in the (far) left side of v, and y is
the unique node of ~%, with the property c'(z) = d'(y)
(the slogan: elements from the (far) left side are connected to the right to elements
on the (far) left side and they are connected in a unique way);

2. if y is in the (far) right side of ~,, then if x is in the (far) right side of v, and x
is the unique node of +% with the property c'(x) = d'(y)

(the slogan: elements from the (far) right side are connected to the left to elements
on the (far) right side and they are connected in a unique way);

3. if y is in the left side of y,, and x is in the right side of v, then either x is in the
far right side of ,, or vy is in the far left side of 7y,

(the slogan: if an element in the left side is connected to the left to an element on
an element on the right side one of the elements must be in the far side);

4. 1 < ny then x is inner iff y is inner;
5. if x is inner and ny <l then y = nq, i.e. y is in the left side;

6. if y is inner and ny <l then x = %lzo —ny — 1, ©.e. x is in the right side;

(the slogan the last three conditions: the inner nodes are connected to unique ele-
ments; moreover they are connected either to inner nodes or to the left to elements
in the right side or to the right to elements in the left side).

ProOF. Recall the numeric conditions from Lemma 3.4 for elements to be in special
parts of the disk v,. For the whole proof we assume that [, ng,ni,ny € w, ny < ng, no,
and © € 7.y € 4L, and c!(x) = d'(y).

Note that, if [ < ny then, if one of the nodes z, y is in either side or far side or is inner
then so is the other node. Thus for [ < ny, all the statements of the lemma are obvious.
Therefore, we assume further that [ > n;.

Ad 1. Let z € fls(vn,). If x < ny then

y =z < n < min{l—1,ny—1}
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and hence y € fls(yn,). If © > ny then [ > ny + 1 and then
min{l,ny} > ny = cl(z) = d'(y) =y

and y € fls(vn,), as well.
Now assume that, x € (Is(Vn,) \ f1$(7n,)).- Then l < ng+ 1, z =1 — 1, and we have
again
min{l,ny} > ny = c(z) = d'(y) =y

i.e. y € ls(7n,). Note that in all the above cases the node y connected to z is unique.
Ad 2. Let y € frs(yn,). If y > 4L, —ny +1 then d'(y) > ny + 1. Tt follows that,
d(x) >ny + 1, and we get

r = c(z)+9,, —2m —2 > 95, —ny —1>min{l,ne}

This means that © € frs(v,,). If y <AL, —ng—1thenl >ny+1, n; +1=d'(y) = c(z)
and
— Al ;
T = Yy, —n1—1>min{l,ng + 1}

Hence = € frs(7y,)

Now assume that, y € (rs(yny) \ f7S$(7n,)). Then, either | < ng and y =1+ 1 or
I =ny+ 1 and y = ny + 2. In either case, ¢/(z) =d'(y) =ny + 1. Sox =~} —ny — 1. If
[ > ny + 1, then we already know from the above argument that € frs(v,,) C 7s(Vn,)-
Ifl=ny+1then z =n;+2and z € frs(y,,). As before, it is easy to see that in all the
cases the node z connected to y is unique.

Ad 3. Let z € frs(vy,,) and y € fl1s(vn,). Then, either c!(x) = ny or c/(z) = ny + 1.

In the former case, y = n; and it is a bi-endpoint, unless [ = n; + 1. But then
x € {ny,ny + 1} ie. © € rs(vn,).

In the latter case, x = ’yflo —ny1 — 1 and it is a bi-endpoint, unless [ = nq + 1. But then
ye{ni+1,n +2} ie. y &€ I1s(Yny)-

The remaining cases are left for the reader as an exercise. [

3.15. LEMMA. Let @ be a ud-vector of length k + 1. Then the zigzag

7“2]@—2 /Yqu

Yuo Yz Y
AN N I NP
Yar Yus

7”2]671

18 thin.

PROOF. Fix [ € w, and let Z, i be compatible tuples in the zigzag (8)!, the image of (8)
under the functor (—)!, such that for some iy € k + 1, z;, < y;, and ¢(z;,) = c(y;,). By
Lemma 3.14, | > ug;,4+1 and the node z;,+1 = y;y+1 = U2i,+1 must be in the left side of
Vusiy 12> and then for all i > io we have z; = y;. Hence (8)! is thin. n
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Thus, by Proposition 3.12 and Lemmas 3.13, 3.15, for any ud-vector u, the zigzag of
form (8) has a limit in D. We shall describe a specific limit (v, 7) of the diagram (8).
We have a limiting cone in D

Vi

7“2k72 7U2k (9)

Yuo Vs
(\‘ /;1 . c\ /1
Yuq

7“21@—1

where for [ € w, 7% is a set of compatible tuples for the zigzag (8)!, i.e. z; € 7521,, for
i € k+1, and c!(z;) = d'(z;11), for i € k. The order on ~% is defined pointwise, as well,
as the operations p, b, t on vz, e.g. p(Z) = (p(x;))ick+1. The projections me; : Vg — Vug:
for i € k+ 1, are the usual projections, i.e. wh,(Z) = x;, for T € ~L.

The following lemma gives more informations about ;.

3.16. LEMMA. All the unexplained notation refers to (9). Letl € w, T € 4. Then
1ok = (=)L
2. there are 0 < ig <11 < k+ 1, such that
x; € rs(Yau;) for 1 <1y
x; € 18(vau,) for >4
x; s inner (x; =1)  for dg <i <iy;
3. X is inner iff x;, € ’yimo is inner, for some ig € k+ 1;

4. there are k + 1 leaves: I°, ..., 7% in ~vg, such that ¥ € ~;*, for j € k+1 and
T <L for g €k

5. & is a j-th leaf iff x; = ug;, moreover &} € 7y, is the only inner node in i7;
6. for j €k, pgi ziv1 = Ugjy1-

Proor. 1. is left as an exercise.

2. follows from Lemma 3.14, since elements in the right sides are connected to the
left to elements in the right side, elements in the left sides are connected to the right to
elements in the left side, and inner nodes are either connected to inner nodes or to the
left to elements in the right side, and to the right to elements in the left side.

Fix | € w and 7 € AL, If, for some ig € k + 1, x;, € 7521_0 is inner then b(z;,) # t(z4,)
and hence b(Z) # t(Z). So, & is inner, as well. If z; is outer then b(zx;) = t(x;). So, if all
x;’s are outer then Z is outer, as well. This shows 3.
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If z;, € %lmo is a leaf, then z;; = [ = ug;, and z;,—1 € 75(Voug—2), Tig+1 € 1S(Y2ug+2)-
Hence, by Lemma 3.14, for i # iy, x; is an outer node. It follows, that b(Z) and t(Z) are
the only compatible tuples over Z, i.e. T is a leaf.

On the other hand, if & € 4L is a leaf, then b(¥) # ¢(¥) are the only compatible tuples
over ¥. Then, there is ig € k + 1, such that b(x;,) < t(z;,).

In case x;, is not a leaf, then we have an inner node y € mlg%, such that b(z;)) <y <
t(4,)-

In case, either z;,_; or x;,41 is inner, by Lemma 3.14, | < ug;,4+1 < ug;, and we have,
as in previous case, an inner node y € v,/ , such that b(w;,) <y < t(z;,).

Having y as in either case, we show that & is not inner. As, y is inner, there is a
unique tuple ¢ € L, such that y;, = y. Clearly, b(Z) # ¢ # t(Z). Since y, is inner, T is
the unique compatible tuple in 7% with z;, on io-th place and p(%) has x;, = p(y) on i-th
place, as well. Therefore p(y) = Z, i.e. there are at least three elements over 7 and 7 is
not a leaf.

Thus, we have shown that ¥ € 4L is a leaf iff there is a unique iy, such that x;, is an
inner node and moreover this z;, is a leaf in fyfmo. Then, we must have x;, = = uy;,.

For j € k+ 1, we define compatible tuples

= (2] iens1 €757

by the condition xj = Uy;. Since ng; € Yu,: is the unique leaf of ,,,, #’s are well defined
by the above condition. Then, by the above considerations, they are all and only leaves
of vz.

Since xﬁ} is inner, for [ < wugj, ugji2, we have

PO =pO@E) i PO () = PO

We can easily check, that .

Tip1 = Uzt € Vil
and, for I > ug; 41
(l)<x;+1) = p(l) (ugjr1) = Uit

p" (xﬁii) = p(l)(uzj+2) =1

p

Thus, we have
U, j U2 j+1
pt) (a],y) = plat) (23]))
p(“27’+1+1)(x§+1) = Ugjy1 < Ugjy1 + 1= p(“”*ﬁl)(x?i})

This shows, that gz z+1 = ugj41 and that @@ < @+ for j € k. So, we also have
¥ <« T for j € k. n
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Using the above Lemma we can prove the following Proposition.

3.17. PROPOSITION. Letu, ¥ be ud-vectors, such that the disks vz and vz are isomorphic.
Then i = v.

PROOF. Let u, v be ud-vectors, and let f : vz — 7z be a disk isomorphism. The leaves,
as well, as order on leaves are defined in terms of operations p, b, ¢, and order in disks.
Thus, any disk isomorphism must send leaves to leaves bijectively. Hence, vz and ~z have
the same number of leaves, say k + 1, i.e. the ud-vectors @ and ¢ have equal length. Let
2, ..., 7" be the leaves of 7z and °,...,7* be the leaves of -z, listed in order. Then

f(@) =4, for j € k+ 1. Thus ug; = vy, for j € k+ 1. For | < uy;, usji2, we also have
pO@) =pO@)  pOF) =" ()
Thus
U2j+1 = Mgi gi+1 = Mgi gi+1 = U541
ie. u=1. ]
We have shown that the inner nodes of the disk vz, form a tree 0z, which have lh(«)

leaves. The j-th leaf is at the level uy; and it 'meets’ j + 1-st leaf at the level uy;41. This
describes 0z and hence ~; uniquely. For example the tree 032312010413 looks like that:

s L9y

\/ \

NSNS
\\/

We shall show, that any disk is isomorphic to a disk 7z, for some ud-vector @. To this
end we introduces some 'projection” morphisms from any disk into disks of form ~,, and
gives some connections between them.

3.18. PROPOSITION. Let D be a disk, ng,ni,no,n € w. Then

1. Let x = x,, € D" be a leaf, and x; = pW(x,) for 0 <1 < n. Then, there is a unique
disk morphism
T:D— 7y,

such that, for 0 <1l <n andy € D', we have

)=l ff y=ux (10)
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2. Letx € D™, y € D" be leaves, such that x < y, and ny = pi,,. Then the diagram

7

Yno (11)

S

3. Let x € D™, y € D™ and ny = py,, such that p" ™ (x) < p" T (y). Then there is
a unique morphism

commutes.

W:D—>’Yn1
such that, for 0 <1 <ny and z € D!

Ty(z) =1 iff 2=pY) (=pY(y)) (12)

and
Ty (z)=n; and TP (y)=n;+1 (13)

PROOF. Ad 1. Let D, n, x, x; be as in the statement. We put for [ < n and y € D!

Ha,y if p(ux’y+1)(y) < xﬂz,yJFl
20 — My if p(uz,y+1) (y) > L y+1

and for y € D"t

Haz.y if p(“x’y+1)(y) < Ly y+1
—n+1 _ n if y = b(x)
™) = n+1 if y = t(x)

2n+1— pigy if pPevtO(y) >z,

Since any node y € D! is either equal to a; or p=v*+1(y) is comparable but different than
pHest(z), it follows, that for I < n, the above formulas defines functions 7' : D! — ~%.
Aszisaleaf, ify € D' and p(y) = x then y € {b(z), t(x)}. Moreover, if y € D" and p(y) #
z then z,, 41 and p=v+(y) are comparable but different. Hence :L‘”“ Dl — Al
is a well defined function, as well.

We need to verify that the functions {Z'};c, 42 preserves projections, order in fibers,
and endpoints. Then, by Lemma 3.5, we will get a unique morphism =7 : D — ~,

extending the above set of functions.
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First, we shall show that the orders are preserved.

Note that, if | <n, y,z € 7}, and y < z, then p(y) = p(z) and either p, , = p, ., <1—1
or p(y) = 7;_; € D1, In the former case, we simply have that T'(y) = Z'(2), by first or
third close of the definition of Z!. In the latter case, y,z € p~(z;-1). If u € p~Y(x;_1)
then v = x;_; or yu,, =1 — 1. Hence

[—1 ifu<a
T(y) = l if u=ux
[+1 ifu>a

Since, y < z, and [ — 1 <[ <[+ 1 in order of 7/, we have Z'(y) < 7!(2).
If y,z € D" and y < z, then either y = b(z) and z = () and hence

f”“(y) = n < Tn—i—l(z)

Or figy = Hz. < n and then "' (y) = 7" (z). Thus, for [ < n+ 1, the functions z"**
preserves the orders.

To see, that projections are preserved, note that, if I < n + 1 and y € D', then either
yept(l—1)or pyy <l—1. In both cases, we have that

po(y) = T (p(y))

i.e. projections are preserved.

For the preservation of endpoints, note that, if | <n+1 and y & p~*(z;_1), then Z!(y)
is the unique element in the fiber over p o T'(y), i.e. it is a bi-endpoint. If y € p~1(z;_1),
then

[—1 ifl<nandy<u
_ n if y = b(x1-1)
T(Y) = n+1 ify=t(x_1)

[+1 ifl<nandy>ux

Since all the elements are endpoints of th appropriate kind, the endpoints in p~!(z) are
also preserved by 7, for [ < n + 1.

It remains to show that, the morphism 7 is a unique disk morphism satisfying (10).
Suppose contrary, that = : D — =, is a different morphism satisfying (10). Let

| =min{l': 7' (y) # T, (y) for some y € D"}

and fix y € D!, such that 7'(y) # 7'(y).
Since [ is minimal we have

por'(y) = @ '(p(y) = 7 '(p(y)) = poz'(y)

Thus p(y) =1 —1, as [ — 1 is the only node in 7, having more than one element in the
fiber over it. So, Z'(y), 7' (y) € {l — 1,1,1 + 1}. Then one of the following

T <y Yy=x y <z
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holds. If x; < y, then by (10) for T we have
T'(y) # T(r) =1 and 7'(x) < T'(y)

Thus Z'(y) = [ + 1. Since (10) holds for 7, as well, we also have, that Z'(y) = | + 1,
contrary to the choice of y.

The case y < x; is similar.

If y = x;, then by (10) for both T and 7, we have

m(y) = 7'(z) = T(n) = T(y)
again contrary to the choice of y. This contradiction shows, that T satisfying (10) is
unique. Ad 2. Let xy € D™, x5 € D™ be leaves, such that v < y, and n; = fiyy4,. By
Lemma 3.5, it is enough to verify that, for [ < n; 4+ 1 and y € D!

coxg'(y) = d o (y) (14)

If | < ny, then fiz,, = flayy. Moreover, p)(zg) = p®(zy). Thus Zg'(y) = T2'(y).
Since, for [ < ny, ¢! = d', as well, (14) holds for I < n;.

Ifl =mn +1andy ¢ {pm+(zg), p™m*V(23)}, then p,,, = fiz,, and, since
p™MH Y (1) < p™M+ (), we have

y < p(n1+1)<x0) iff y < p(N1+1)<x2)

Thus o™ (y) = 72" (y) # ny + 1. But, for ny +1 # x € 41T = 41%1 we have

¢t (z) = d™ T (z), i.e. (14) holds for y & {p(’““)(mo),p(’““)(xg)}.
Since p™+ (z0) <1 p™+Y(25), we have

oM (p" ) (2g)) = 41 " T (P (@2)) = ny 42

x—2n1+1(p(n1+1)(x0)) = m @"1“(17(”1“)(952)) = n+1
"M +1) = my c"Pn+2) = np+1
dn1+1(n1) = dn1+1<n1+1) — n1+1

i.e. (14) holds for y € {p™*V(z4),p™m*V(25)}. Thus (14) holds for I = n; + 1, as well.
This proves that the diagram (11) commutes.

Ad 3. Let x € D™, y € D™ and ny = p,, such that 2/ = p"*(z) 4 pmti(y) = v
We shall give the definition of Z7y and leave to the reader the verification that, they
satisfy the conditions (12) and (13).

By 2” and y” we denote the largest leaf over 2’ and the least leaf over 3/, respectively,
if they exists, i.e. if 2’ and y' are inner, respectively. We put

Cnyy o’ if 2’ is inner
Tg:D—ry, = diyoy” ify'is inner
pHaw () otherwise
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For further reference we give an explicit formula for z79' : D! — ~!, where z,y €
D™ and x < y. For z € D! we have

n if I > n and p(”H)(z) =
n+1 if | >n and p™*Y(2) =y
l if | <n and p®(z) = 2
L5 yl(z) = P 2 if Uz 2 < min(l,n + 1) (15)
and p(,u'a: z“l‘l)(Z) < p Mac z+1) (x)
7@ — fy — 1 if py . <min(l,n +1)
and p (ta,z+1) <x> < p(uz z+1)( )

3.19. THEOREM. Let D be a disk, and let {x;};crr1 be the set of leaves of D such that
€ D" foriek+1, x; < xip1 and ugiy1 = fla; o, for i € k. Then the diagram

N\

’Yuzk_z 7u2k

Yuo VYuz
(\‘ /1 . (\ /1
Yur

7“21@—1

(16)

s a limiting cone in D.

PROOF. By Lemma 3.12, we need to verify that for [ € w, the image (16)" of cone (16)
under the functor (—)! is a limiting cone in Poset, i.e. we need to verify, that (16) is a
limit in Set and that for [ € w and y, z € D!, we have

y<z iff T(y) <7i'(z) for ick+1

First, we shall show that the diagram (16)' is a limit in Set. We have Cratm 1. If
y,z € D' and y < z, then there is ig € k + 1 such that 7;,'(y) < 73,'(2).
If y is inner, then for some iy € kK + 1 there is a leaf x;, over y, and we have

T (y) =1 <1+ 1=73(2).
If 2 is inner, then for some iy € k + 1 there is a leaf x;, over z, and we have
T'(y) =1 —1<1=m'(2).
If both y and z are outer, then p(y) is a leaf, i.e. for some iy € k+ 1, p(y) = 4, Then
T, (y) =1 -1 <1=<7,'(2).

This ends the proof of Claim 1.
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Now, let y, z € D! be arbitrary different nodes, I = p,, . + 1, ' = p)(y), 2/ = p)(2).
Then the nodes v/, 2" € D' are comparable and different, say v/ < 2. Thus, we have
a node y’ € DV, such that 4/ < 3’ <1 /. By Claim 1, there is i € k + 1, such that
7' (y") < Tp'(#'), and then

Ty (y) = W' () < W) < @) < T (2)
Hence T3, (y) < Ti'(2).
We shall show by induction on [ € w
CrLAIM 2 For each compatible tuple {y;}ick1 at level I, there is y € D! such that

Ti(y) =y for i€k+1

For [ = 0, Claim 2 is obvious, since at level 0 all disks have exactly one element.

Now, suppose that Claim 2 holds for [ — 1. Let {y;};cr+1 be a compatible tuple at level
l, igp and 4y as in Lemma 3.16.2 for that tuple. Since ¢ and d commutes with projection
the tuple {z;}icxt1 at level [ — 1, such that

zi = ply;) € vfl;l for 1ek+1
is compatible at the level | — 1. By induction hypothesis there is z € D'~!, such that
TN 2) = 2 for ick+1

We shall consider four cases

1 20:]{7—|—1,
2. i) = 0:
3. 19 < 11

Case 1. If ig = k+1 then all y;’s are right endpoints. Then, since Z;'’s preserves endpoints,
the node y = t(z) satisfy the Claim 2. Case 2. If i; = 0 then all y;’s are left endpoints,
and similarly as before, y = b(z) satisfy the Claim 2. Case 3. If iy < i; then y;, = [ is an
inner node in 7y;,. We put y = p®¥(z;,). Then
x_iol(y> =1l= Yig

By Lemma 3.14, {y;}icrr1 is a unique compatible tuple {u;};cri1 at level [, such that
Uiy = Yio- But, {T7'(y) }icxs1 is a compatible tuple with the same property, i.e. y is as in
the Claim 2. Case 4. If 0 < ig = i3 < k then y;, is in the right side of v9;, and is connected
to the right to y;, which is in the left side of 5;,. Thus by Lemma 3.14 either y;, or y;,
is in the far side.
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If y;, is in far side then, again by Lemma 3.14, all y; for 7 < ¢ are in the far right side.
Thus y; is a left endpoint for all i € k4 1. Thus as in Case 2, y = b(z) satisfy the Claim
2.

If y;, is in far side then, for similar reasons as previously, all y; for ¢ < ¢y are in the far
left side. Thus y; is a right endpoint for all ¢ € £+ 1. Thus as in Case 1, y = ¢(z) satisfy
the Claim 2.

This shows that for [ € w, (16)! is a limiting cone in Set.

In order to show that (16)! is a limiting cone in Poset we need to verify, that if y, z € D!
and

Ti'(y) < T'(2) in v, for i€ k+1 then y <z D' (17)

Since, for 1 € k + 1
T (p(y) = poTly) = pow(z) = T (p(2)

it follows, form previous considerations, that p(y) = p(z). Therefore y and z are compa-
rable. If y > 2 then, again from previous considerations, there is ig € k + 1, such that
Til(y) # Tt (2). But T, (y) < T5,'(2), so Tyt (y) < Ti'(z), and we get a contradiction
with the fact that z;,! preserves order. Thus, we have y < z, i.e. (17) holds, and (16)" is
a limiting cone in Poset, as was to be shown. [

Thus we have

3.20. COROLLARY. For every disk D, there is a unique ud-vector u such that D is iso-
morphic to vg.

PrOOF. By Lemmas 3.13, 3.15, for any ud-vector @, we have a disk 7z. By Theorem
3.19, for any disk D, there is a ud-vector « such, that D is isomorphic to 7z, and by
Proposition 3.17 such a ud-vector  is unique. [

3.21. Factorizations in D. In this section we shall study morphisms of disks.

It is easy to see that the epi in D are onto and mono are one-to-one and that these
classes of morphisms form a factorization system in D. However in D there is another
factorization system.

Let f: D — FE be a disk morphism. We say that f is inner iff f sends inner nodes
to inner nodes, i.e. f(«(D)) C «(E). We say that f is outer iff f is epi and for any inner
nodes z,y in D, if f(z) = f(y) then f(z) is an outer node.

The inner morphisms are exactly those that are induced by the maps of underlying
trees. In fact, the category of finite disks with the inner maps as morphisms is equivalent
to the category of finite trees.

If there is an inner morphism from 7z to =, then it is unique, and it is the case iff

ht(@) < I. We denote by
Mg Vg — Tht(a) Ly * Tn — M

the unique inner morphisms between these disks, where n < [. Note that this notaton
agree with the one in section 2.6 i.e. if we define for n; < ng, no the morphisms

Myg,n1,me = Tnomi,ne > Ymax(no,n2)
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as the unique inner morphisms, then since the composition of inner morphisms is inner,
my is indeed the canonical internal composition morphism. This will be important in the
next section.

We have

3.22. LEMMA.
1. Outer morphisms are split epimorphisms with a unique splitting;

2. Let u be a ud-vector. Then, a disk morphism f: D — ~z is outer iff w;o [ is outer
for i € 1h(w);

3. For any ud-vector @ the projection ; : Yz — Yu,, 1S outer, for i € Ih();
4. The following are equivalent

(a) A disk morphism f: D — =, is outer;
(b) there are x,y € D", such that v <t y and f = T7y;
(c) for 1 <mn there is a unique z € 1(D)! such that f'(z) =1 € ..

Proor. Ad 1. If f: D — FE is an outer morphism of disks, then the inverse image
of each inner node of E contains one element. Thus f~'[4(E) : «(F) — D is a tree
morphisms. Therefore, it extends to a disk morphism f: E — D. Since f o (f~1[«(E)
is identity on inner nodes f o f = idg. Since there are no choices involved in construction
of f it is clear that f with the above property is unique.

Ad 2. Let @ be a ud-vector and f : D — vz a disk morphism. For any ¢ € lh(4),
T 1 Ya — Yuyi 18 outer. Hence if f is outer so is 7; o f for i € Ih(w).

Suppose now, that 7; o f for ¢ € lh(@). Let z,y be inner nodes in D such that
f(z) = f(y) and f(z) is inner. Then, by Proposition 3.16.3, for some iy € 1h(), 7,0 f(x)
is inner. Since 7;, o f is outer, we have that z = y.

Ad 3. Follows from 2.

Ad 4. (b) = (a). From the description in Proposition 3.18 easily follows, that 777 is
outer.

(a) = (¢). If f: D — ~, is outer then, it is epi and there is a a node z € D" such
that f"(z) =n € 4. Since n € 7 is inner z must be inner. And since f is outer z must
be unique.

(¢) = (b). Having such z as above, in the fiber p~1(2) = {z1,..., 2} € D" there
are nodes z; and z;.1 such that f(b(z)) = f(z;) and f(b(2)) = f(zi41). Putting x = z;
and y = z;.1, we have f = Z77. n

3.23. PROPOSITION. Quter and inner morphisms of disks form a factorization system.
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Proor. For a disk morphism f : D — E we define an equivalence relation ~ on D so
that for x,y € D,

rz~yiff x Lyand f(x) = f(y) and f(x) is outer

On D/. we have an obvious disk structure inherited from D and the obvious morphisms

D ! E

D/.

form the outer-inner factorization of f. If in the commuting diagram in D
f
fi l l g1

_

g2

f1 is outer and g, is inner then h = f, o f; is the unique lifting. It exists, by Lemma 3.22,
since f; is outer, and the commutations of the triangles easily follows given the fact that
g1 is inner. [

From the proposition we get

3.24. COROLLARY. For any n € w and any disk morphism f : D — =, there is a
ud-vector i, ht(u@) = u, such that f factorizes as follows

D / Tn

o

f L(n)

Ya Yu

mg
with f outer part of f, and the morphisms v(,), my defined above.
PROOF. In order to get this factorization of a disk morphism f we need to take the
factorization (f, f) from Proposition 3.23 and furthermore take epi-mono factorization of

its inner part f. [
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We call the factorization of a disk morphism f described in the above Corollary the
canonical factorization of f.

3.25. An internal w-category C in D. In this section we define an internal w-category C
in D, and we show that by homming into C we get a functor into the category of simple
w-categories S.

For n € w, 7, is the object of n-cells of C, for n > [

duy,cqy v —
are the domain and codomain morphisms in C, for n <
Ly * I =N
is the identity morphism, and for any ud-vector 7 of length 2
My Vi — ht(i)
is the composition morphism in C.
We have

3.26. PROPOSITION. C defined above is an internal w-category in D.

PROOF. We need to check, that the data specified above verify the conditions (vi)-(xi) of
the definition of an w-category given in Appendix 6.2. Thus, we need to check that many
diagrams commutes. We shall only verify some chosen ones, and comment on the other
leaving to the reader to calculate the rest.

Note that by Lemma 3.5 it is enough to verify the equality of morphisms at leaves
only. Let for a ud-vector @, Ay € v4% be the i-th leaf of , for i € 1h(w@). Usually we drop
subscript @ in AL.

The condition (vi).1 holds, i.e. for [ < ny < ng, ny the square

Tno,ni,no “Ymax(no,n2)
o dg)
Yno M

d

commutes, as the following calculations shovy)
d(l) o m()\o) = d(l)(no) =l+1= d(l) (n(]) = d(l) o 7T0(>\0)
d(l) o m()\l) = dm(ﬂg) =l+1= d(l)( — 1Ny — 1) = d(l) o 7T0()\0)
The condition (vii) since, for [ > n, we have

dgy o eay(A°) = cay(n) = n = dpmy 0 1) (X°)

n2
rymax(ng n2)

The conditions (vii)-(x) holds, since all the morphisms involved are inner and inner
the morphism into a disk of form ~, from a given disk is unique, if exists.
The condition (xi) holds as well, i.e. for ny < < ng, ng, the diagram
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<ml,m,n2 (d(l) X 1)7mn0,n17l(1 X C(l))>

Tno,n1,n2 Tna,l,ng

<mn07n1,l<1 X d(l)),mlvmm(c(l) X 1)> mnz,l,ng

VTno,lna Ymax(ng,n2)
My 0,mo

commutes. The morphism (my,,, »,(dg) X 1),my,,, (1 X cy)) glue the two branches
up to the level [ and switch the remaining parts, whereas the morphism (m,, ,, (1 X
dg)), my;, n, (coyx 1)) just glue together the branches up to level [ without switching them.
Thus both morphisms are inner and composed with my,,, ; ,, and m,, ; »,, respectively must
be equal one to another. [

From the proposition we get immediately
3.27. COROLLARY. For any disk D, D(D,C) is an w-category in Set.

By an [-D-cut (or [-cut, D-cut) we mean an outer morphism D — =;.

Since both d and c are outer morphisms, on D-cuts we can define operations of domain
and codomain simply by composing them with d and c, respectively.

Let Cut(D),, be the set of n-D-cuts. We have a sequence of sets and functions, denoted

by Cut(D)

~d, ~d, s
Cut(D), Cut(D), Cut(D)y
C C C

Note that if f : D — -, is outer then there is a unique inner node z € D", such
that f"(z) = n € 4". Thus b(z) # ¢(z) and there is a unique pair z,y € p~'(z) C D"
such that x <1y, f"™(z) = b(z) and f*""'(y) = t(z). By Proposition 3.18 and Lemma 3.5,
we have f = T7y. Clearly, for any pair x,y € D", such that x <1 y, 7% is an n-D-cut.
Moreover, both first and the second component determines the pair uniquely. We write
7; (77) for the outer morphisms D — =, determined by the pair whose first (second)
component is x. In this notation, we have

doz;y = ;p(x) coZ;y = p(z);

We define an order on n-D-cuts by putting for f = ;2" and g = y; 3/’ such that dof = dog
and co f =cog (i.e. p(xr) =p(y)) that

f>g if z<yin D"



Theory and Applications of Categories, Vol. 8, No. 7 169

3.28. PROPOSITION. Cut(D) is a simple w-graph and the inclusion
np : Cut(D) — D(D, C)

18 an w-graph morphism.

PROOF. Sincedod =doc and cod = coc, Cut(D) is indeed an w-graph. Moreover,
the domain and codomain operations in D(D, C) are defined by composition with d and
c, as well. Thus np is an inclusion of w-graphs. It remains to show that Cut(D) is simple.

Clearly, for n € w, Cut(D),, is finite.

Since fibers of p are linearly ordered, the above condition defines a linear order on
those n-D-cuts whose domains and codomains coincide. Moreover, for f, g as above, we
have

frg iff 2=y

But, then y must be an inner node, and b(y) # t(y). So b(y); : D — ~p41 is an
n + 1-D-cut for which

dob(y);=f and cob(y);=g
We have as well that

do f=;p(x) >p(r);=cof
Thus Cut(D) is a simple w-graph. n
From the proof we get a Corollary.

3.29. COROLLARY. Ifn € w and f,qg are n-D-cuts then f > g iff there is x € D" such
that f =77 and g = T;. [

3.30. PROPOSITION. For any disk D, the inclusion
np : Cut(D) — D(D, C)

is the universal morphism from graph Cut(D) to the forgetful functor wCat — wGr.

PROOF. Let D be a disk, A an w-category, and F' : Cut(D) — A. We need to show
that there is a unique w-functor G : D(D, C) — A such that the triangle

Cut(D) —2— D(D, C)
F G (18)

A

commutes. First we extend F' to all outer morphisms. For any ud-vector @, we shall
define a function
F: Douter<D7'7ﬁ) - A'E
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by the formula

—

Fe) = <F<7TzAO€)>ielh(ﬁ) € A

Since F' preserves domains and codomains, F is well defined. Let f: D — v, be adisk
morphism, i.e. n-cell in D(D,C). By Corollary 3.24, we have a factorization

y (19)

with ]O” outer. We put
G(f) = tfy omi(F(f)) € Ay

First note that (19) shows that any n-cell is D(D, C) is a result of application of compo-

sition and identity operations to a compatible tuple of D-cuts. Thus G with the required
properties, if exists is, unique. Secondly, for a D-cut f: D — =, we have

G(p(f)) = G(f) = t{ny omy(F(f)) = F(f)

i.e. (18) commutes. It remains to show that G defined above preserve domains, codomains,
identities and compositions.

Before we show that G preserves compositions we shall prove Claim. For any | € w,
ud-vector ¥ and outer morphism e : D — vz we have

dj} o F(e) = F(daoe) (20)

cihoF(e) = Flegoe). (21)

We prove the Claim by induction on [-size of .

If @ = ug < [ then e is an ug-cut, F(e) = F(e), d® = L, and dé) = ida,,. Hence
(20) holds in this case.

If 4 is [-primitive, then we have

(F(e) = djy o m3 (F(e)) = d{j(F(mo 0 ¢)) =

—

=F(dgomoe)=F(dgoe) = ﬁ(du’;l oe)
If @ =, zu" 1h(7) = k+1, h(u/) = k¥ + 1, and z = min(@) < [, then using the
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inductive assumption on ud-vectors u' and u” of smaller I-size we have
A (l) n A 0 A A 7
(Fe)) = d5, om0 (Fe)) x df, 0 Mgy 0 (F(e))

= df*/;l(ﬁ(ﬁo..kf oe)) x df - l(ﬁ(ﬂk'+1..k oe))

= ﬁ(dq;,;l O o,k O €) X F(du7,;l O Mhi41.k O €)
= ﬁ(<da;l O M.k O €, diﬂ;z O 41,k ©€))

= F((dg, xdg)oe)
— F(dgoe)
where = follows from the fact that z = min(#%) and hence
Czyodyy omowoe=deod oMy roe

The proof of (21) is similar. This ends the proof of the Claim. n

We can show now, that G preserves domains and codomains. Let [,n € w, and
f:D — v, be a disk map. By Lemma 6.4 we have the following commutative diagram

rYtr(D(ﬁ) W» min(l,u) )

with f outer. Then using the Claim we obtain
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Thus G preserves domains. The preservation of codomains can be proved similarly.
To see that G preserves identities, let [,n € w, [ > n, and f : D — =, be a disk map.
Then, we can form a commuting diagram

with ]C; outer. Thus, we have
Gle@ o f) = Gleqy omgo f) = ¢{py omy(G(f))

= Lé) o Lﬁz) o mg(G(J%)) = Lé)(G(f))

i.e. GG preserves identities.

It remains to show that G preserves compositions. Let u/,v',l € w, | < u/,v" and
f:D — vy, f: D — ~, be disk morphisms, such that cq)o f = dg)og. We have the
following commutative diagrams displaying the canonical factorizations of f and c( o f,

C
p_J vy 20,
7 L) L)
Ya m; Yu cq “Ymin(u,l)
CQ%\ /n((tr(w(ﬁ)
/ytr(w(ﬁ)

and the canonical factorizations of g and dg) o g

Yo = Yo ’Ymin(v,l)

)
dU;l /n((tr(w(ﬁ)

f)/tr(l) ()
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Since c(yo f = d(;) 0 g and the canonical factorizations are unique, we have that trg () =

tr(v), min(v,l) = min(u,l), and cgo f= dgo 9. Thus we can form a commuting

diagram

D
o e
/
P)/[u,l,v]
T0;a

Ya mg X my Yo

Ciu;l /

dyy
\ Vi
mg Mz my
V[U,w,’u
% T
1
Yu Liw) X L) Yo
|
C(w) d(w)
L(w) L(v)
Yu,lv L
®
/ \
1

Tu Yo

e 40

"

in which the three horizontal squares are pullbacks, and e is the induced map into a
pullback. Moreover, by Lemma 6.7, for z = min(u,v) and 2’ = min(«/,v") we have a
commuting diagram
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V(@17

mg; X my

Vuw

Thus we have

and

= mf’,l,v’(G(f)7 G(g))
i.e. the compositions are preserved as well. [

We get

3.31. COROLLARY. The essential image of the hom-functor D(—, C) into wCat is con-
tained in the category of simple w-categories S, and hence we have a contravariant hom-
functor

D(-,C): D" — 8

PROOF. By Proposition 4.8 an w-category is simple iff it is a free w-category on a simple w-
graph. By Proposition 3.28 Cut(D) is a simple w-graph and by Proposition 3.30 D(D, C)
is a free w-category on Cut(D), for any disk D. Thus D(D, C) is a simple w-category. m



Theory and Applications of Categories, Vol. 8, No. 7 175
4. Simple w-categories

4.1. Simple w-graphs and free w-categories. This section begins the investigation of simple
w-categories. We shall introduce some notation and prove some basic facts concerning
simple w-graphs. In Appendix 6.8, we give an internal construction of a free w-category
over an w-graph, in an ambient category satisfying some mild exactness properties. The
construction uses essentially ud-vectors. When the ambient category is Set the same
construction can be described more conveniently, using simple w-graphs. We shall present
the construction at the end of the section.
We shall define some specific w-graphs o, for any ud-vector @. For @ = n, we put

0 ifl>n
af = {2n} ifl=n
{20+1,20} if0<li<n

d,c:of — o) 4
dx) =2l -1 clx) =20—-2

forz € o, and 1 <[ < n.
For example o can be pictured as follows:

~
/m

|—l>—<w >—<O1 >—<\1
S N Kk —O

For any two cells e, ¢’ in a simple w-graph G we define a number

ve, = max{l : dg(e) L dg(e)}

e,e’

Since Gy is linearly ordered uge, is well defined. We have

4.2. LEMMA. Let f: G — H be a morphisms of simple w-graphs. Then f is one-to-one
and the image of f is a sub-w-graph of H. In particular, if m € w and e, €', e" € G such
that e > €' > €" and e, e’ are in the image of f, so is €.
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PRroOF. First note that if a function between finite linear orders preserves the successor
relation then it reflects the order and is one-to-one.

Let f : G — H be an w-graph morphism between simple w-graphs. f maps Gq to
Hy and, for n € w, z,y € G, f maps Gpi1(x,y) to Hy1(f(x), f(y)). In particular, if
Gna1(z,y) is not empty, so is H,1(f(z), f(y)). Since G and H are simple f preserves
>>. Thus, by the remark above, it also reflects it and is one-to-one when restricted to
these sets. But if ,y € G, and © [ y then | = v,, < n. Hence dy(x) # dg(y)
and dgy(x) L dgy(y). Thus by the above dg)(f(x)) # du)(f(y)), and then f(z) # f(y).

Therefore f is one-to-one. [

For | < n we define, the bottom and the top w-graph morphisms
bn:b,tn:t:al—>a”

by the conditions b,,(2]) = 2/ and t,(2() = 20 + 1.

Let @ be a ud-vector. The set of nodes in the simple w-graph o is the set of pairs (i, r)
such that ¢ € 1h(«) and 0 < x < 2uy; divided by the equivalence relation ~ generated by
the relation ~q such that

i=1 and v = 2
or
(i,x) ~o (', 2"y f { i+ 1=14and x =2’ and z < 2ug; 1
or
i+1=1 and z = 2ug; 1 and &’ = 2ug;11 + 1

We write [i, ] for the equivalence class of the pair (i, ). We put, for [ € w,
of = {[i,x] € a®: |x/2] =1}

and domain and codomain functions

ot o . 0 u
d* , ¢ o —

are given by

d" (i, a]) = [i, d()] " ([i,z)) = [i, c()]
for [i,z] € of ;.
The embedding morphisms

Ko™ — ¥

are defined by the condition k‘(2us;) = [i, 2uy;], for i € 1h(w).
We have
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4.3. PROPOSITION. The diagram

//\N

Ql2k—2 a2k (22)

BA e A

u2k 1

in swGr is a colimiting cone in wGr.

PROOF. a¥ described above is clearly a colimit of (22) in wGr. The verification that ¥
is a simple w-graph is left for the reader. [
For | € w, and ud-vector u the multi-bottom and the multi-top w-graph morphisms

—

bﬁ;l7tﬁ';l . Ogtr@(ﬁ) ol

are defined as follows

la,, if @ =y <1I;
b — lh(u Lo p®o) if 7 is [-primitive;
bvil 4 pu'il if @ = o', w, v and w = min(@) < .
Lo, if @ =up <1

A — kO oto) if 7 is (- primitive
t5 ¢ if @ = o/, w, v and w = min(@) < [.
For | € w and ud-vectors « and o such that trq) (@) = trq)(v) = @ the embedding
morphisms in swGr

K[O;ﬂ' . Oéﬁ N Oé[ﬁ,l,ﬁ] K/I;U . OZU _ a[ﬁ,l,ﬁ']
are as follows.
o if 4 = uyg < ny;
KO-F if @ is ny-primitive, and lh(@) = k + 1;
KO = KO 4+ g0V i =l 2 U, T =0, 2,0,
b0y (U') = 020, (V') 02 (0) = tr gy (07),
and z = min(@) < ny.
and ~
pto if @ =wug < nq;
e if ¥ is ny-primitive, h(7) = k + 1,
R ) and lh(@, ny,v) = k' + 1,
kY 4 g5 g =, 2, T =0, 2,0,
tr(m)(u’) = tr(m)(v’), tr(m)(u”) = tr(m)(v”),
and z = min(@) < ny.

We have
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4.4. PROPOSITION. Forl € w and ud-vectors U and v such that trgy(d) = try (V) = @
the diagram in swGr

a[’[":l”ﬁfj

1s a pushout in wGr.

—

PRrOOF. Let u, v, and [ be as in the proposition. We prove the Proposition by induction
on [-size of tr(, (ﬁ)
If @ = wug <1 then (23) is

so it is a pushout.
The case ¥ = vy <[ is similar.
If @, U are [-primitive and then [u, [, v] = 4,1, v and (23) is

I
a’h a
F.',O"k tﬁ;l
o bﬁl o
where k& = 1h(%0) and k" = In(d, [, ¥) + 1. So by Proposition 4.4 it is again pushout.
Finally, if z = min(&) @ = u’,z,u’, 7=,z troy(u u') = tr) (v V) = w , troy(u u') =

trgy(v") = w” then [@,1, 8] = o/, 1,V], z, [/ ”,f,v”] and (23) is the following square
1; ! 1; 11
a[if’,l,v7}7w7[u7’,l,v7’] i ol a&,w,zﬁ’

/Il

) il 7.
K]O,u + K.’O,u tvs A + tvs

-
/

wu! — — au !

bu’;l + bu”;l
which arises as a pushout over o of two squares, Wthh are pushouts by inductive assump-
tion for vectors w’ and w” with smaller [-size then «’, z, w”. Thus it is again a pushout.m
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4.5. PROPOSITION.

1. For any simple w-graph G, there is a ud-vector @ such that G is isomorphic to a.

2. Let ud-vectors @, U be ud-vectors. If f : o — oV is an isomorphism then @ = v
and f =1,a.

Proor. 2. follows easily from 1. For 1. we give only a sketch of the proof.

Let GG be a simple w-graph. By T we denote the set of cells in G which are neither
domains nor codomains of other cells in G. We define a linear order on T, so that for
a,be T

a<b iff dg,,(a) > dg,,O)

Let T = {ao, .. .,ar} such that a; < a;41 for 0 < i < k. Let ug; be such a number that
a; € Gy,,, for 0 <i < K, and ugiy1 = V4,4, for 0 <7 < k — 1. Then, we can prove, by
induction on the cardinality of Ty that G is isomorphic to o¥, where @ = ug, ..., Us,. =

Let G be an arbitrary w-graph. In Appendix 6.8 the construction of the free internal
w-category [G] over an internal w-graph G is given, when the ambient category has finite
limits and disjoint and universal coproducts. In Set, this construction can be described
more conveniently using simple w-graphs.

To distinguish (temporarily) between these two constructions by [[G]] we will denote
the w-category defined in terms of simple w-graphs.

The set of n-cells is

[Gl]n = {f : " — G : ht(@) < n}
The set of ni-compatible pairs of ng- and ng-cells is
[[G]]n07n17n2 = {<f7 g) : f : aﬂ - G7 g : aﬁ - G7
ht(@) < ng, ht(7) < ng, and fob®™ = got¥m}
For [ < n, the domain and the codomain operations
e lIIte:
ai, e (61, — (G
for f:a% — G € [|G]],, are defined by composition
dl[[GH<f) =fo t@l - ot @ G,
cl“G”(f) = fob®: 0@ _ @G
For n <[, the identity operations
a
0 ([Gll — [
are inclusions. For ny < ng, ng, the compositions
ma[ﬂf,]r]zl,ng : [[G]]no,nhnz - [[G]]maX(no,m)

are defined, via pushouts in swGr. By Proposition 4.4, for any pair (f,9) € [[G]]ngni.ns
there is a unique morphism [f, g] : a/®™¥) — G making the diagram
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G
\[L g] 1 =
;0
qlin 7] — Kk ot
K.,O;ﬂ‘ bT_f;nl
s i}
«Q tﬁ;nl «Q

commutes, where 1 = tr(,,) (@) (= tr@,,) (). We put

Mg s ((£,9)) = [f. 9]

We define
ne : G — [[G]]

such that, for z € G, ng(x) : & — G so that ng(z)(2n) = .
Thus by Theorem 6.9 we obtain

4.6. THEOREM. For any w-graph G, [[G]] as described above is an w-category. Moreover,
the association G — [[G]] is functorial in G and the functor

[[—]] : wGr — wCat

15 a left adjoint to the forgetful functor wCat — wGr, with n as the unit of adjunction,
i.e. [[G]] is the free w-category on the w-graph G.

Remark. This is essentially a special case of Proposition 4.2 in [B].

PROOF. We shall show that [[G]] defined above is isomorphic to [G] defined in Appendix
6.8.
To this end, we define a functor

€9 swGr? — Set
such that, for a ud-vector u, we put
£%(a") = wGr(a®, G).

On morphisms £¢ acts by composition. Since colimits in wGr are computed pointwise,
€% sends pointwise colimits in swQr to limits in Set. In particular £ sends the diagrams
(22) and (23) in sG to the limiting diagrams in Set.

For n € w, we have a bijection

on 1 E5(a") — Gy,

such that ¢, (f) = f(2n), for f € £€9(a™). Moreover, it is easy to see that the diagram
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¢G(am) P G,
5%)\ ¢%(b) d%l lc?»
gG(al) ) Gl

commutes serially, i.e. £ sends’ a” to G,,, t to d, and b to c©. It follows, that for any ud-
vector i, the colimit o with the coprojections k7 : a2 — o is sent by £ to G with the
projections m; : G% — G"2i. We denote by ¢z : £€9(a¥) — Gy the induced morphisms
commuting with the projections. Thus we have z(f : ¥ — G) = (f o K(2u2;))icm)-
Then, for any pair of vectors @, 7 € UDyn,.n,, £¢ sends the pushout a7 with the
coprojections k%%, k%% to the pullback Gllin,,5 With the projections oz, m1.5.

For [ € w, and a ud-vector « the definition of dfj’:l is dual to the definition of t%, one
is using d%’s, projections, and pullbacks and the other one is using t’s, coprojections, and
pushouts. Therefore ¢¢ is sending t%' to d¥,, and for the similar reason £¢ is sending b%

u;l
G . .
to ¢z, i.e. the diagram

£9(a™) = G
24
fc(ttr(w(ﬁ)) \ \5G(btr<w(ﬂ)) dgl \ \ Cg;l ( )
¢4 (ot @) D - Gry (@)
commutes serially. o
Since, for n € w, )

Gl = TI €%(a") (25)

#€UD,,

we have a bijection
o, = [ va: (Gl — Gl
@eUDy,
It remain to show that ® commutes with the w-category operations.
The preservations of the domains and the codomains follows from (25) and the dia-
gram 24. Preservation of identities is trivial. Finally, to show that the compositions are
preserved consider the following diagram

Plid,n1,7]

éG(a[ﬁ,m,ﬂ) G[ﬂ,m,z‘)‘]

- ’fﬁ,ﬁ/
D, X Dy,

[Glno.mr.ms [Glno.nr.na

H[ﬁvnl )17}
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where n = max(ng,n2), (4,V) € UDy p, ny, Cz is the coprojection morphism, i.e. the
morphism of composing with coprojections k%% and %7, and the unnamed morphism is
an inclusion. The commutation of the left triangle follows from the universal property of
the pushout, the right triangle commutes by definition of mgo,n \.ny» and the outer square

commutes by definition of ®,. The upper square commutes, since for (f : a® — G, g :
¥ — G) € [[G)]nginy.ny, We have

(I)no X (I)n2<f> g) = 90[177711717'](”7 g])

Hence the inner square commutes as well, i.e. ® preserves compositions and it is an
isomorphism of w-categories [[G]] and [G], as required. "

In the following, we shall write [G], rather then [[G]].

4.7. Composable w-graphs. In this section we make the connection between simple w-
graphs and simple w-categories. The latter are defined as free w-categories with a unique
maximal cell, i.e. free on composable w-graphs. We have

4.8. PROPOSITION. An w-graph is composable iff it is simple.

PROOF. Let G be an w-graph. A cell a : o — G in [G], is a non-identity cell iff
ht(@) = n. We have

Claim.

a is a maximal in [G] iff @ is surjective.

Consider the surjective-injective factorization of a in wGr

ot 4 G
G/

Then a is in the image of [i] : [G'] — [G]. If a is maximal, then, by definition, ¢ an
iso and a is a surjection. On the other hand, if a is a surjection then so is ¢, and since it
is an injection it mast be an iso. Hence a is maximal. This proves the Claim.

Thus if G is a simple w-graph then there is a unique surjection a : a% — G in wGr,
for some ud-vector @, which is in fact an iso, as any morphism of simple w-graphs is
one-to-one. Hence [G] is a simple w-category, with the unique maximal cell a € Gye(q).

Now assume that [G] is a simple w-category. We need to show that G is a simple w-
graph. Let m € [G], be the unique maximal arrow in [G]. By the Claim m is surjective.
To finish the proof it is enough to show that m is injective, as well. Suppose not, let k
be the minimal such that my, : ¥ — G} is not one-to-one, and let =,y € a¥, such that
my(z) = mi(y). By minimality of k, we have d(z) = d(y) = 2’ and c¢(z) = c(y) = y'. We
can divide the set of those cells o in a” for which d_1)(0) = 2’ and ¢(;_1)(0) = 2’ into
three classes which we can picture schematically as follows
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+ RED
Y

GREEN

y DY
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where the BLUE class contains those cells o in o for which ¢(k)(0) > z, the RED class
contains those cells o for which > d(k)(o) and c¢k)(0) > y, and the GREEN class
contains those cells o for which y > d(k)(0). Clearly x and y are in the RED class. We
shall construct another simple w-graph H by dubbling the RED class in a®. The relevant

part of the w-graph H we can draw schematically as follows

BLUE
x

RED
Yy==2

PINK
Yy

GREEN

where the PINK class is the second copy of the RED class. A cell in the PINK class
corresponding to a cell in the RED class we distinguish by putting a bar over it, i.e. Z is
the PINK version of the RED cell z. The cell y is identified with . The domains and
codomains in H remains as they were in a” except that for those cells o in the GREEN
class for which we had d(0) = y now we put d(;)(0) = ¢ and for the cell 6 in the PINK

class we put for domains

dgy(0) = {

and similarly for codomains

We have a w-graph morphism

Q\

Q\

m:H— G

if I > k and dg)(0) =
o' if I <k and dgy(o) =

if I > k and cq)(0) =
o' if I <k and cgy(o) = o

/

o
o

/
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by m/(0) = m(o) for o which are not in PINK and m/(0) = m(o) for o in RED class.
Since m(z) = m(y) the morphism m' is well defined. By Proposition 4.5, we can assume
that H = o for some ud-vector ¥. Since H in not equal to o, m # m’. But m’ is
surjective (since m was), so by the Claim, it is a maximal cell in [G] as well, i.e. G is not
composable contrary to the supposition. [

4.9. An internal disk D in §. We introduce below some notation for simple w-categories
and prove some basic facts about them.

For any ud-vector 5, 6° is, by definition, the free w-category on o°. However, for
some simple w-categories we need a more precise description. Below, we give a specific
presentation for the simple categories 6° and 65715t for s € w.

It is maybe much simpler to look at the picture of 6% given below to understand what
0° is, however before giving the picture we put the general definition of §°.

The n-cells of §° are
5 — 2n+2 ifn<s
noo 2s+1 ifn>s

and the domain, codomain, and identity functions

. S S . S S
dnyCp 10y — 0y lpy1 10, — 0y 4

are, forn < s—1

z ifx<n

dn(z) = {x—Q ifx>n
on(z) = x ifx<n
" o x—2 ifx>n
(z) x ifx<n
bt (¥ xr+2 ifz>n

forn=s5-1

T ifz<s

ds-1(7) = {x—l ifr>s
( z ifz<s
Cs=1(7) r—1 ifz>s

() B T ifz<s
L) = Y a4l ifr>s

and for n > s
d, = ¢, = t, =1d

We don’t give an explicit formula for compositions my,, », », Since any compositions are
compositions with identities.
The first six levels of 6* can be pictured as follows:
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8 |7 6 |5 4 f|'3 2 |1 0
8 7 6 5 4 3 2 1 0
VAN AAS S
Ot
Bk
N
1 0

For s € wt, the n-cells of §** 1 are

n+2 ifn<s—1
6555 = {2541 ifn=s-1
2s+4 ifn>s

and the definitions of domain, codomain, identity and compositions in §**~1* are left for
the reader. For example §*3* can be pictured as follows (no-identity arrows are marked

bold):

S (R A A S R S
11 10 9 &8 7 6 5 4 3 2 1 0
Y At
\@\4\V&V//////
SNkt
N
1 O

For s < &', and ud-vector § and i € 1h(§) the w-functors
b,t 1 0° — (55l bg;l’tg;l . 6tr(l)(§‘) N 55‘
K,i 0 S — §§

and for [ € w and ud-vectors  and ¥ such that trg) (@) = tr)(v) = @ the w-functors and

nO;u Y 5[u,l,v] Rl;v 57 5[u,l,17}

are defined to be the images of the w-graph morphisms with the same name in swGr under
the free w-category functor [—]. Thus, as an immediate corollary from Propositions 4.3
and 4.4 we obtain
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4.10. COROLLARY.

1. For any ud-vector S, the diagram

%V 5§ N

)52k—2 )52k (26)

)50 )52
N b D
51 J52k—1
s a colimiting cone in S.
2. Forl € w and ud-vectors u and v such that trq) (@) = trq) (V) = W the diagram

K./l;v .

5[E7l,ﬂ — 57

FLO;U bz_)';l (27)

s a pushout in S. n

Let G be a simple w-graph and s € w. We shall introduce some notation for the
morphisms

G] — & and  [G] — §oHlesH

There is a unique w-functor [G] — ¢°, which we denote by |. For s € w, e, ¢’ € G, such
that, e > ¢ we define an w-functor

ele’ : [G] — 551!

so that its composition with the w-graph morphisms ng : G — [G], is given for n > 0
and z € G,, by

s+1 if n > s and dy(e) =
(ele' ong)n(z) = < 1 if n >l and cp(e) > dgy(x)
o5t —1—1 ifn>1and cy(x) > dye)

The w-functor e|e’ sends e and €’ to the only two non-identity s-cells and the remaining
cells in [G] to the only cell in 6*™ with the suitable domain and codomain. It is the only
w-functor from [G] to 6! distinguishing e and ¢’. If z € G, then we can define

I =max{l': I' <s,n and dy)(e) L dyy(x)}
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Then, either
l=s and dg(z) =e and cp(z) =€

or
cay(€') > dgy(x) and dgy(€') = dgy(z) forl’ <1

or
coy(x) > dpy(e) and cury(e) = cwy(z) forl’ <1

Thus the formula for e | €’ ong defines the only graph morphism such that e| e’ ong(e) = s+1
and e|e’ o ng(e’) = s. We subsume the properties of e|e’ in the following lemma.

4.11. LEMMA. Let s € w and G be a simple w-graph.

1. Lete,e € Gy, such that e >¢'. Then ele' : [G] — 6°T is a well defined w-functor
and it is the unique w-functor from [G] to 6°™ such that

(ele)s(e) =s+1 (ele)s(e) = s

2. The w-functor f : [G] — §°T! is onto iff there is e € Gy such that f = (d(e)|c(e)).

Proor. For 1. we argued before the statement of the lemma.
The w-functor f : [G] — & is onto iff there is an s + 1-cell e € G4, such that
fsr1(e) = s+ 1. But then f = (d(e)|c(e)). Thus 2. holds as well. "

If ¢ is minimal in G,(d(e), c(e)) then, we define

el =bo(d(e)le(e)) : [G] — 5°F
and if e is maximal in G4(d(e), c(e)) then, we define

le =to(d(e)le(e)) : [G] — &°F

Since in the morphism (ele’) we have e > €', both e and ¢’ determine the morphism
(ele’) uniquely. Hence we can write e| = ele’ = €/, for short. Note that in this way,
for any s-cell e the morphisms |e and e] are defined, no matter e has successor and
predecessor or not.

Using this notation we can define the some w-functors. Let s € w. We have

ps . 5s+1 58

such that p® = (s]s — 1), i.e. p* 'glue together the only non-identity s-cells s + 1 and s.

Moreover, we define

0;5+1 1;54+1 . 5s+1,s,s+1 5s+le

P p
such that p%**! = (s +2]s+1) and p'**! = (s +1]s) with s + 2,5+ 1,5 € 67"+, and

ps+1 . 5s+1 5s+1,s,s+1



Theory and Applications of Categories, Vol. 8, No. 7 188

such that ptl(s 4 1) = s + 3, where s + 3 € 6577°°"" is the maximal cell in §*+1s5+1,

We shall prove that any s € w, the diagram

o°

5s+175,s+1 55—1—1 41:), o (28)
p' ¢

is an internal bundle of intervals in §. To this end, we introduce below and in the following
lemma more notation and state some properties of the w-functors that we have defined
so far.

For w-functors zp, 21 : [G] — 6!, we write zg < z; iff there is an w-functors f :
|G] — 6*T1*5 such that p'o f =2z — 4, for i = 0, 1.

4.12. LEMMA. Let s € w and [G] be a simple w-category, e, e’ € Gs. Then

1. We have
(le)s(e) = s (el)s(e) =s+1
Moreover, if e is mazimal (minimal) in Gd(e),c(e)) then the equality les(e) = s
(els(e) = s+ 1) determines the w-functor |e (el ) uniquely.

2. If s =0 then
po(le)=polel)=1;
3. If s > 0 then
po(le)=po(el)=(d(e)lc(e));
4. If e > € then
bo(ele') = (min(Gs(e, €e')]) to(ele) = (Jmax(Gs(e,€));
5. ptop=rid fori=0,1;
6. If e > €' then there is a unique morphism
le.€'] : [G] — §5TLostt
such that for e" € Gy
le.dl(€)=s4+1 iff e>e" >¢
If e = €' we write |e] for |e..e|;
7. If e > €' then
plole.e| =le plole.e|=¢|

8. if z0,21 1 |G] — 8*T! are two different w-functors and zy < 2, then there are
€g,e1 € G such that eg > e; and zo = leg and z1 = eq|;

9. Let z : [G] — 6°T! be an w-functor. If z4(e) = s (z5(e) = s+ 1) then there is
ep € Gs (e1 € Gg) such that eg > e (e > e1) and z = |ey (z =e1]);
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PROOF. Exercise. n
Now we can prove
4.13. LEMMA. For any s € w the diagram (28) is a bundle of intervals S.

PrOOF. We shall verify the conditions 1. - 4. in Appendix 6.1.
To see 1. we calculate

Ps© bs(s) = ps(s + 1) =S5= ps(s) =Ps© ts(s>

Hence we have pob =15 =pot.

2. is easy .

Ad 3. let 29, 21, 20 : [G] — §°*! be w-functors with G simple.

Then (a) holds since, by Lemma 4.12 p‘ o p o 2y = z, for i = 0, 1.

To show (b), we suppose contrary, that zp < 23 and z; < zg but 2y # 2z;. Then by
Lemma 4.12 there are cells e, e1, €, €] € G such that eg > ey, e > €] and zp = |eg = ¢,
21 = e1] = |ej. Thus we get

66 >eqg > e l>e/1 Ze{)

which is a contradiction.

Ad (c). Suppose that zyp < z; and 23 < 25. We shall show that zy < z. We assume
that zg # z1, 21 # 2z since otherwise the thesis is obvious. Thus, by Lemma 4.12, there
are e, e, €], €2, such that eg > ey, €] > es and

PO o leg..e1l = 29 Pl oleg..e1l = 21

plolel.esl =2 plolel.e] =2
Hence, in particular e; > €. But then eg > €5 and

ploleg.eal =z  p'oleg.ea] =2

i.e. 29 < 29, as required.

To show (d), we assume that zg # z;. If po zg = p o z; then there is e € G such that
either zp(e) = s and 2z1(e) = s+ 1 or 2p(e) = s+ 1 and 2,(e) = s. We suppose that the
former condition holds. The latter can be treated similarly. There are s-cells ey, e; € G
such that eg > e >e; and z — 0 = |ey and z; = e1]. So, we have

PO o leg..e1] = 2o Pl oleg..e1]l =2

i.e. zg < 21, as required. On the other hand, if zy5 < z; then, there are ey, e; € G, such
that eg > e1, 290 = Jeg and 21 = e1]. But then

P o 2 = Poleo = d(eg)lc(eg) = d(er)lc(er) =poer =poz

as required.
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Ad 4. Note that for morphisms &°, k! : 6571 — 55155 we have kK = |s], k! =
s+ 1]. Therefore, we have

plor’=s|=bop plor’'=|s=1
and
0. .1 _ _ 1,0 _ _
pok =s+1l=top pork =s+1]=1
ie. bop <1 < top, as required. [
Thus for any m € w and simple w-category [G] there is a partial order < on the set
S([G], 65T1). Moreover, since (28) is a bundle of intervals each element has at most one

immediate successor. We denote by < the immediate successor relation induced by this
partial order. We have

4.14. LEMMA. For any s € w and w-functors zg,z; : [G] — 671 we have zy < 21 iff
there is e € G4 such that zo = |e and z; = e].

PrROOF. We can assume that zy # z;. By Lemma 4.12, zy < z; iff there are eg,e; € G,
such that ey > €1, 20 = |eg = p® o leg..e1], and 2y = e;| = p' o eg..e;]. Thus 25 < 2 iff
ep = e, as required. [
4.15. LEMMA. Let s > 0 and [G] be a simple w-category. Then any w-functor f : [G] —

0% is either onto and there are e, e’ € Gs_1 such that, e > €' and f = (el€e') or f admits
one of the following factorizations

NG N (20)
50 50

or there are 0 < s’ < s and e, e’ € Gy_1 such that, e I>€¢’ and f admits one of the following
factorizations
f 55 f 63

AN Nt (30)
5% 5

PROOF. Let G be a simple w-graph and f : [G] — 0® be an w-graph morphism. If f is
onto then the thesis follows from Lemma 4.11. Suppose that f is not onto and let s’ be
the the maximal number so that the w-functor

fG) L e 2

G] G]
ele ele

is onto. If s = 0 then f' = | and if s > 0 then, by Lemma 4.11 there is e € G/,
such that f" = d(e)]c(e). Thus in either case there is e € G such that fl,(e) = s'. Since
p(s’) = {s'+1, 5"}, we have that either fy(e) = s'+1 or fy(e) = s'. Then from definitions
of p, b, and t follows that in the former case f = t o d(e)lc(e) and in the latter case
f=bod(e)lc(e), as required. =
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Thus, we have defined all the objects and morphisms of the following diagram D

5s+1,s,s+1 55,571,5 5371,372,371 61,0,1
p0;5+1 pl;s+1 pO;s pl;s pO;sfl pl;sfl pO;l pl;l
bs+1 bs bl
-1 1
p’ p’ p
5s+1 53 5371 e 51 50 >~
ts—l—l t tl

in S.

Now, we are ready to define a contravariant functor from S to D. We have
4.16. PROPOSITION. The diagram D defined above is an internal disk in S.

PrROOF. We need to verify that the elementary axioms of an internal disk given in Ap-
pendix 6.1 are satisfied. The first for axioms holds by Lemma 4.13. Thus, it remains to
verify the ’disk condition’. As we remarked earlier 0° is a terminal object in S. From
the proof of Theorem 4.6 follows that, for s € w, both b* and t* equalizes b**! and t**!.
Moreover, if an w-functor f : [G] — §**1, equalizes b*™! and t**! then f is not onto.
Therefore by Lemma 4.15, there is f' : [G] — 6°T!, such that either f = bo f’ or
f=tof ie. disk condition’ holds. m

From the proposition we get

4.17. COROLLARY. The internal disk D in S induces a contravariant hom-functor
S(—,D): 8% — D.

PROOF. Proposition 4.16, is essentially saying that hom functors send the diagram D in
S into a disk in Set. To see that it is finite, it is enough to notice that, there is finitely
many morphism from any w-category S into 6%, for s € w. Moreover, by Lemma 4.15, for
any S the numbers of such morphisms is bound by 2 times the cardinality of the simple
w-graph G, such that [G] ~ S. n

5. The duality

5.1. Stone adjunction. In this section we show that the the contravariant hom-functors
D(_v C)
D )
S(_v D)
give rise to a Stone adjunction based on a schizophrenic object. Then, in the next section
we shall show that it is in fact a duality.

First we make some easy observation, showing the connections between ~’s and §’s,
and between internal operations and and external morphisms on those. This explains, in
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what sense, the collections of ¢°, for s € w and the collection of ~,, for n € w, are equal.
In fact, it is the essence of being the schizophrenic object for the adjunctions between D

and S.

5.2. LEMMA.

1. For any n,s € w we have

Yo = O

2. for any s € w and n € wt, the diagrams in Set

and

are equal;

s
510 dn—l
s
n,n—1,n s Ln S
P)/n Tn—1
s
,n Cn—l
s S
T(O,TL dn—l
s
n,n—1,n 55 . Ln 63
n = 1
s B
7Tl,n Cn—1

3. for anyn € w and s € wt, the diagrams in Set

and

s
bn
s—1
Pn

5 §s=1
t,
by,
s—1
s Pn S—
v et
. -

are equal, where < is the order on vy, in the disk ~y,.
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This observation allow to define the following morphisms.
Let s € w, D be a disk and x € D?. Then we can define an evaluation w-functor

ev, : D(D,C) — ¢°

such that, for n € w,
eVen : D(D,vy,) — 0

is a function
fiD =y, — fi(zx) €7, =0,

Let n € w, S be a simple w-category and e € S,,. Then we can similarly define an

evaluation disk map
eve : S(S,D) — v,

such that, for m € w,
ev: : 8(S,6%) — 7,

is a function
g:S—8 —gule)ed, =

Having these evaluation maps we can define the following two natural transformations:
n:lp — S(D(-,C),D)
such that, for a disk D,
np: D — S(D(D,C),D)
is a disk map such that, for s € w and x € D™,

np(r) = ev,

e:1ls — D(S(—,D),C)
such that, for a simple w-category .S,

es: S — D(S(S,D),C)
is an w-functor such that, for n € w and e € S,,,

esnl(e) = eve

We have

5.3. LEMMA. n and € are well defined natural transformations.
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PrROOF. We need to verify that

1. evaluation disk maps are indeed disk maps;

2. evaluation w-functors are indeed w-functors;

3. for any disk D, np is disk map;

4. for any simple w-category S, g is w-functor;

5. m is a natural transformation;

6. € is a natural transformation.

In the following, we shall use Lemma 5.2 many times.
Ad 1. Let D be a disk, s € w, x € D*. We shall show that

ev, : D(D,C) — §°

is an w-functor. Let n € w, f: D — ~,. We have

eVen-1(do f) =d; o f(x) =d; (f*(2)) = &1 (eVan(f))

i.e. ev, preserves domains. Preservation of codomains can be shown similarly. Moreover,
we have

Ventr(t o f) = b5 0d(x) = 15,11 (F*(2)) = 1741 (evan(f))

i.e. ev, preserves identities. To show that ev, preserves compositions, let f,g: D — ~,
be disk maps, such that co f =d o g. Then, we have

evx,n(mn,n—l,n o <f7 g>) = mf’b,n—l,n(fs(x)7 gs(x)) =

= My 1,0 (f7(2), 6°(2)) = 105, o1 (Ve (F), €Van(9))

i.e. ev, preserves compositions as well and it is an w-functor.
Ad 2. Let S be a simple w-category, n € w, and e € S,,. We shall show that

eve : S(S,D) — v,
is a disk map. Let s € w', ¢ : S — ¢° be an w-functor. Then

s—1

evs (pS’1

s—1

o) = (P op)nle) =P Hpnle) = P (evi(y))

i.e. ev, preserves projections. Moreover, for s € w, and ¢ as above, we have

eve (b o) = (b™ o p)u(e) = b (wule)) = b, (evi(p))
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i.e. ev, preserves left end-points. For right end-points the calculations are similar. To
see that ev, preserves the order let s € wt and ¢°, ¢! : § — §° be w-functors, such that
W <l ie. thereis p: S — 5715 and ¢ = p’o ¢, for i = 0,1. Then, we have

eve(¢”) = @) (e) = py o pu(e) = py o pue)
and
eve(p') = ph(e) = p o pn(e) = p, 0 @ule)

i.e. eve(?) <eve(p!) in 42 and ev, preserves the order, as well.
Ad 3. Let D be a disk. We shall show that

np: D — S(D(D,C),D)
is a disk map. For s € w™
Ny, : D — S(D(D,C), %)

Then, for and x € D*, n € w and f: D — 7, we have

M (P(@)n(f) = eVpwn(f) = [ (p(2) = p (f*(2)) =

= pi_l(er,n(f)) = pfz_l oevyn(f) = pfm_l o np(T)n(f)

i.e. n5 ' (p(x)) = pS~t onp(z) and np preserves the projections. To see that 1p preserves
the endpoints, we take s € w and n and f as above. We have

5 (b(@)n(f) = eV n(f) = 77 (0(@)) = b (f*(2) =

= bi“(evx,n(f)) = bi“ oeven(f) = prH onp(T)n(f)

i.e. n5(b(z)) = bt ons (x) and np preserves the left endpoints. For the right endpoints
the argument is similar. Finally, let z¢, 21 € D*, xg < 2y, and f: D — 7,. Then

np(o)n(f) = [ (@0) = f*(z1) = np(21)n(f)

i.e. 05 (zo) < ni(x1), and np preserves the orders, so it is a disk map.
Ad 4. Let S be a simple w-category. We shall show that

es S — D(S(S,D),C)
is an w-functor. For n € w,

esn : S — D(S(S,D), )
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Fix sewt, e€ S, and p : S — 6. Then, we have

esn-1(d(€))’ () = pn-1(d(e)) = d;_1(ps(e)) =

=d;,_1(¢n(e)) = d; 1 (e5n-1(€)°)(9)) = (dn-1(esn-1(€))*(9))

i.e. g preserves the domains. The argument for preservation of codomains is similar. To
show that g preserves the identities we take n € w and s, e, ¢ as above. We have

esn+1((€))* () = ni1(e(e)) = 511 (ule)) =

= 151 (e50(0))°(9)) = (511 0 £5.0(€))(9))

i.e. egny1 0L =1t 05y and g preserves identities. For preservation of compositions,
let e, e’ € S, such that ¢(e) = d(¢’). Then

esn(mle, €)) () = n(mle, €)) = my, 1, (@nle), pnle) =

=1, (en(e), () =ms L (E5n(€)° (), €5n(€))(0)) =

= (m;,, 1, 0 (€sn(€)°(9),€5n(€))) (1)
ie. egn(mle,e)) =m; 0 (esn(e)’(®) esn(e’)) and the compositions are preserved
as well. Hence g is an w-functor indeed, as required.

Ad 5. Let f: D — FE be a disk map. We need to show that the square

S I S(P(D,C),D)
f S(D(f,C),D)
E = S(D(E,C),D)

commutes. Let n,s € w, v € D® and g : E — 7, a disk map. Then, we have
(S(D(f,C), D) onp)(x)alg) = (S(D(f, C), D) (np(x)))nlg) =
(np(z) o D(f, C))ulg) = eve,no D(f,C)u(g) = evonlgo f) = (g0 f)*(z) =
= (9°(f* (%)) = eVy()n(9) = ne(f(@)n(9) = (e © £)(x))a(9)

i.e. the above square commutes.
Ad 6. Let ¢ : E — T be an w-functor. We need to show that the square
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S =S D(5(5,D),C)
@ D(S(p, D), C)
T — D(S(T, D), C)

commutes. Let n,s € w, e € S, and ¢ : T'— §® an w-functor. Then, we have
(D(S(p. D), C) 0 e5)n(€))*(¥) = (D(S(p, D), C)n(esanle))’(¥) =

=ev, 0 S(p,D)*(¥) = evi(Y o) =Y, 0 py,(e) =
= evy, (o(¥) = ernlpn(e))’ (V) = (e1 0 p)n(e)* (V)

i.e. the above square commutes.
This ends the proof of the Lemma. ]

5.4. PROPOSITION. The natural transformations n and € are the unit and counit of the
Stone adjunction

D(_v C)
D S
S(_7D)

PrOOF. We need to verify that the following triangles

D(S(D(—,D),C),D)
6@(/ y, C) (31)
<_>C) 1D(7 ) D(_>C)

D
and
S(D(5(-,D),C),D)
773(/ \@ D) (32)
§(=D) —— = S(-.D)
commute.

For commutation of (31), let D be a disk, n,s € w, f: D — =, a disk map, and
x € D?®. Then
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((D(np, C) o epp,cy)nl(f))*(x) =

= (D(np, Cnlevy))*(x) = (evy onp)*(z) =

= evjc(evx) = (evy)n(f) = f(x)

i.e. the triangle (31) commutes.
For commutation of (32), let S be a simple w-category, n,s € w, ¢ : S — §° an
w-functor, and e € S,,. Then

((S(es, D) onsispy)*(¢))nle) =
= (S(es, D)*(evy))nle) = evyn0epnle) =

evan(eve) = (eve)*(¢) = ¢(e)
i.e. the triangle (32) commutes. n

5.5. The duality theorem. This section is devoted to the proof of the main theorem.
We show that the Stone adjunction that we established in the previous section is an
equivalence of categories. At the end, we list some specific corresponding objects and
morphisms in both categories.

5.6. LEMMA. Let s € w, D be a disk and z € D*. Then the w functors ev, and 7z|Z;,
from D(D, C) to §°, are equal.

Proor. Fix s € w and z € D?. Then, we have disk morphisms 7z, z; : D — v,_1, such
that 72z > Z; and an w-functors

7zlZ;, ev, : D(D,C) — §°

We have
Z%(z) =s 7 (z) =s+1
Then
ZE L (7) = s+ 1= 72°(2) = (ev.)s1(32)
and

7_le—)sfl(z—7) =8= 2—73(2) = (evz)s—l('z—;)

Hence, by Lemma4.11 we get that 7Z|Z; = ev,, as required. [
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We have
5.7. PROPOSITION. For every disk D, the disk map

np: D — S(D(D,C),D)

s an isomorphism.

Proor. Let D be a disk. First we shall show that np is mono. Fix n € w and x,y € D"
such that z # y. Then [ = p,, < n and the nodes p*(z) and p*+Y(y) are comparable
but different. Suppose p*)(x) < p*V(y). Thus, with the disk morphism 775 : D — 7,
in D(D, ), we have

np(@)i(T7Y) = eve (T7Y) = Ty, () =1 # 1+ 1=

=7;9,(y) = evy (T7Y) = np(y)1(T77)

so, np(z) # nh(y), i.e. np mono, as required.

It remains to show that 7np is epi. Let s € w, and f : D(D,C) — §° be an w-functor.

If s=0then f =] and 7%(0) = | = f.

If s > 0 and there are e,¢’ € Cut(D)s_; such that e > ¢’ and f = ele’. By, Corollary
3.29, there is z € D™ such that e = 7z and ¢ = Z;. Thus e|e’ = 7Z|Z;. So, by Lemma
5.6,

np(z) =ev, =7zlz;=ele = f

Now, if f: D(D, C) — §° is an arbitrary w-functor, by Lemma 4.15, it can be factorized
as b or t followed by an w-functor considered above, i.e. in the image of np. But np is
a disk morphism so it preserves endpoints i.e. operations b and t. Hence, any morphism
f:D(D,C) — ¢° is in the image of np, so np is epi, as required. ]

5.8. LEMMA. Letn € w, G a simple w-graph, and e € G,,.

1. Then the disk map
eve : S([G], D) — 7,

18 outer;
2. the disk maps ev, and |e;e| are equal.

PrRoOF. Ad 1. This is an immediate corollary from Lemmas 3.22.4(c) and 4.11.
Ad 2. First note that by 1. and Lemma 3.22 both morphisms ev, and |e;e] are outer.
Moreover, we have

(Le;el)™(le) = n = (le)u(e) = (eve)" ' (le)
and
(Le;el)" Hel) =n+ 1= (el)n(e) = (eve)"(el)

By, Proposition 3.18.3, |e; e is the unique morphism with this property so ev, = |e;el,
as required. [
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5.9. PROPOSITION. For every simple w-category S the w-functor
es: S — D(S(5,D),C)

18 an equivalence of w-categories.

PROOF. By Proposition 4.8, we can assume that S = [G] for some simple w-graph G.
Thus we will show that for any n € w the function

eigln * [Gln — D(S([G], D), 1)

is a bijection.

First we shall show that eig is mono. Let m € w, 0,0" € [G],, and o # o’. Then,
there is ' < s and e € Gy such that either e C 0 and e [Z 0’ or e IZ 0 and e C ¢’. We can
assume that s’ is minimal such that e C ¢ and e £ ¢’. By minimality of s’, we have that
d(e), c(e) E ¢'. Then, there is ¢ € G4 such that d(e) = d(¢’) and c(e) = c(e’). Then,
either e > ¢’ or ¢/ > e. Since both cases are similar, we consider the case e > ¢. We have

s+1 if there is €’ € Gy 41
(el)s(o) = such that d*(¢”) = e and ¢/ C o
651 — ' — 1 otherwise

Thus (e|)s(0) > s'. By Lemma 4.2, if ¢” € Gy, ¢’ C ¢’ and ¢” L e then e > ¢”. Therefore
(el)s(o') = &' and

(evo) " (el) = (el)s(0) > &' = (el)s(0") = (evor) ! (el)
i.e. (evy) # (evy) and €i¢ is mono, as required.

Next, we show that e is onto. Let f : S(|[G],D) — 7, be a disk map. In the
following diagram

R o) —

Ty f (2%

the square is the canonical factorization of f. Thus f is obtained by the operation

of composition mz and identity ¢, from the compatible tuple f of D-cuts, mo f, for

i € 1h(w). Since g(¢) is an w-functor it preserves compositions and identities it is enough
to show that the tuple f is in the image of €¢. But €(g is mono so it both preserves and
reflects domains and codomains operations. Thus it is enough to show that for i € 1h(),

;0 ]%: S([G], D) — 74, is in the image of g(g.
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Fix ¢ € 1h(@). Since both f and m; are outer so is the composition. Hence there are

w-functors .,y : [G] — §“**! such that z <« y and Ty = 7,0 f. By Lemma 4.14 there
is e € GG,, such that x = |e and y = e|. Thus, by Proposition 5.8.2, we have

mio f= lesel = eve = €(g)us (€)

i.e. mo f is in the image of /g, and hence €|g is epi, as required. [

5.10. THEOREM. The Stone adjunction

D(_’ C)
D S
S(_7 D)
1 an equivalence of categories.
ProOOF. The theorem follows from Propositions 5.4, 5.7, 5.9. [

In the table below we show how objects and some morphisms in & and D correspond
one another via the above duality. We need two notions concerning simple w-categories.
We say, that an w-fumctor g : S — T between simple w-categories is an immersion iff
it sends indecomposable! cells to indecomposable cells. Let ht(S) = u > v = ht(T). We
say that g is essential iff g(macg) = () (macy).

The morphisms &!, k%%, kK57 b, t, b% t% are typical immersions. The morphism p
is an essential epi. By @ : 6% — 6%, where u = ht(i), we denote the unique essential
epimorphism sending the maximal cell macs« = u € §* to the maximal cell macgz of 0.
Thus, for n € w, @g"Tintl = pntl

In the following, we denote by (—)* both dualising functors D(—, C) and S(—, D).

In the table k,I,n € w and , ¥ are ud-vectors, u = ht(«), and if necessary trq)(u) =

tr(l) (ﬁ)

'Recall that a cell a is indecomposable if it is not an identity of some other cell and if a = a’ o a’, then
either a’ of @’ is an identity.
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in D inS
Tn 0"
Ya 0"

T D Ya — Yuy Kot — 5
Toa  Vaks —— Va KU 51— lE]
T : Vald) —— Vo R e

d:ym — % t:0F — o
C: Y — Yk b:dF —
day Y8 — Y@ tl gl —, 5
Cayl Vi — VYoryy (@) b7 gl — gt
LY — Vn p:6" — 6F
My, 10041 Yatlnntl — Yntl o: 5"? — 5"“’?’"“

My 9s — i
f: D — FE is outer f*: E* — D* is an immersion
f:D — Eis inner f*: E* — D* is essential

We shall make some comments about the above table. It is easy to see that

0 ifk>n
Cut(vn)r = L, ifk=n

i.e. Cut(7y,) is isomorphic to a,, by isomorphism sending 1., to 2n. But the w-categories
D(vn, C) and ™ are free over the w-graphs Cut(v,) and «,, respectively. Thus they are
isomorphic via the unique isomorphisms sending 1., to n. Hence (,)* = ™.

The morphism t : ” — ™" is determined by the condition b,(2n) = 2n + 1 so
it corresponds via the above isomorphism of the w-graphs to the morphism Cut(~,) —
Cut(yn+1) sending 1., to d : v,41 — 7¥». Thus the square

D(v,,C) o"
..od t
D(Vn41,C) ot

commute, i.e. d* = t. Similarly we can prove that ¢* = b. The object 7z is a limit of
a diagram in which the morphism are of form ¢ and d and 67 is a colimit of the dual of
that diagram, see pages 156 and 186. Thus (vz)* = 6% Since the projections from the
limit correspond to coprojections into the colimit, we also have (7r;)* = K;.

The morphism D(¢, C) : D(Y541,C) — D(y, C) sends both ¢, d : 7,41 — 7, to
1,, =cot=dour So the diagram
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D(Vn+1,C) = ot
D(¢,C) p

D(Vm C) o"

I

commutes, i.e. t* = p.
The morphism mg : vz — 7, is the maximal arrow in D(vz, C), so the square

ID(%M C) o

,D<mﬁ> C) Qﬁ

commutes as both morphism D(mg, C) and g% sends the maximal arrow to the maximal
arrows. Thus (mg)* = pt.

Let D be a disk. Then, an n-cell a : D — =, in D* is indecomposable iff a is an
outer disk morphism. The maximal cell D* is the unique inner disk morphism
macp« : D — (D).

Let f: D — FE be a disk morphism, and ht(D) = v < u = ht(£). Recall that the
inner morphism from D to , is unique. Moreover, if g o f is an inner morphism so is f.
Consider the following diagram

D E
macp- macpg- (33)
Vo g
We have:
f:D — E is inner
iff
the square (33) is commutes
iff
[ (macg+) = i, (macp-)
iff

f*: E* — D" is essential

Since outer morphisms do compose, f* is an immersion whenever f is an outer mor-
phism.

Finally, assume that g : § — T is an immersion of simple w-categories, n > 0, and
x,y : T — §" are two nodes of the disk 7™, such that x o g = y o g is an inner node of
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S*. Then x o g has a splitting z : 0" — S, such that zogoz = idsn = yogo z, and
moreover z,(n) is an indecomposable cell. Hence

zog=d(z.(n))lc(za(n)) =yog.

Since f preserves indecomposable cells, we have

z = g(d(2.(n)))lg(c(za(n))) = y.
Thus ¢* is an outer morphism.

5.11. Closing remarks. In this final section, we shall show that the notion of a disk plays
a similar role for w-categories to the role the notion of an interval plays for categories. In
picture

D A

w-categories  categories

The syntactic category for w-categories

Since the theory of w-categories is a finite limit theory it has an obvious syntactic
category, the opposite of the category of the finitely presented w-categories. However,
there is a smaller category which is much easier to describe and contains all the necessary
syntactic data. We shall describe below what we mean by that.

Let S, be the sketch for the notion of w-category, which is the extension of the one
defined in Appendix 6.2 by objects Oz and cones stating that they are multipullbacks
of O,,’s. Clearly, it is still true that, for any category C with finite limits, the category
of internal w-categories in C, wCat(C) is (equivalent to) the category of models of S, in
C, Mod¢(S,). Such an extension is natural in the sense that any 'reasonable’ morphism
definable in the theory of w-categories has Oz as its domain, for some ud-vector u. For
example, O, x Oy is not a 'reasonable’ type since any definable function from O, x Oy
to O; must be a projection followed by a definable function, i.e. there is no operation
involving two (or more) cells without a specification on what level the codomain of the
first cell match the domain of the second cell. Oy is a type of tuples of cells with a
prescribed matching condition.

We can set a formal system to derive terms in contexts of form

T : Og F { . Og (34)
and to derive equations of terms in contexts of form
i 0 t=7: Oy (35)

Intuitively (34) means that # is a sequence of variable, the variable z; has type O,,,, the
variables x; and x;11 match in the sense that c(uy,,,)(%:) = d(uy,y)(Tis1). Moreover, # is
a sequence of matching terms #; of type Oy, (Ciugi,1)(ti) = d(vysy ) (tiv1)) over Sy, ie. it
is build from variables in Z and the operations of domains, codomains, composition, and
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identity. (35) means that the theory of w-categories proves that the terms ¢ and 7 are
equal.

Using this, we can define a syntactic category T, with objects Oz for any ud-vector @
and whose morphism from Oz to Oy are terms in context (34) divided by equations (35).
The identity on Oy is

T : Oﬁ F 7o Og

and the composition is defined by substitution in the obvious way.
Each term (34) corresponds to a morphism in S

|2+t : 6% — &7 (36)
The definition of || — || can be given along with term forming rules. If ¥ = vy then
12 F to| - 60 — o7

sends the only non-identity vo-cell uo in 4,0 to the value of the term ty in 0%, where the
variables in # are interpreted as the obvious cells generating 6%. For vectors ¢ of larger
length we can use the fact that 67 is a colimit of §¥’s.

Using the fact that all the w-categories 6% are free, we obtain

5.12. PROPOSITION. For any pair of tuples of terms t, 7, we have
F:0g Ft=7: 0z iff ||ZFt]| = |7+ 7
The above proposition allow us to define a functor
=1 T, — &7 (37)

sending equivalence class of (34) to a morphism (36). It can be shown that the functor
| — || is an equivalence of categories. Since the diagram

Vi

Vuag—o Vaizs (38)

Yuo VYuz
(\‘ /1 . <\ /1
Yur

7“216—1

is a limiting cone in D (we call it a special pullback), the corresponding diagram in T,

//\\W’f

u2k 2 u2k

a:ol—cmo\ /xll—dml)] \ /xkl—d:pk

u2k 1

(39)
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is a limiting cone, as well. We have an obvious sketch morphism
|_’:Sw—>Tw (40)
which is identity on objects and sends

Mnyming Ono,nhnz OmaX(n(),m)

to
[an zy b Ming,nyno (x(b 231)] : Ono,nl,m - OmaX(nmm)

etc. Composing (37) with (40) and the equivalence S(—, D), we get a sketch morphism,
also denoted by [—]

=1l S(=,D)

Sov D (41)

-] : S, T,
Recall that if S is a sketch and A is a category then a model of S in A is an associa-
tion of objects and morphisms of S to objects and morphisms of A preserving domains,
codomains, sending of identity specifications and commutative diagram specifications in
S to identities and commutative diagrams, respectively, moreover sending the specified
(co)cones to (co)limiting (co)cones. A realized sketch S is a sketch based on a category
so that identity on S is a model of S in S.

Let Dspb be the finite limit realized sketch based on the category D, with cones being
the special pullbacks (38) in D. We have

5.13. PROPOSITION.

1. The morphism [—] : S, — D is a model of S, in D. Moreover, for any realized
finite limit sketch S and a sketch morphism 1 there is a unique sketch morphism ¢
such that the diagram

Se D

spb
(0 '

S

commutes, i.e. Dspb 15 the realized sketch generated by S,,.

2. For any category C with finite limits, the functor of composing with |—|: S, — D

MOdC (Dspb) — MOdC (Sw)

15 equivalence of categories, i.e. the category of functors from D to C preserving
special pullbacks is equivalent to the category of internal w-categories in C.
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The nerve of w-categories and geometric realization

The above result is to be compared with the well known fact that the category Cat(C)
of internal categories in a category with finite limits C, is equivalent to the category of
functor from the category of intervals Z to C, preserving analogous special pullbacks. The
essential inverse functor is the nerve functor

N : Cat(C) — CAT(Z,C)

associating to any small category its nerve. A is full, faithful and its essential image
consists of special pullbacks preserving functors.
A similar w-nerve functor can be defined for w-categories

N, : wCat(C) — CAT(D,C)

with similar properties, i.e. A, is full, faithful and its essential image consists of special
pullbacks preserving functors. For C being the category of sets Set, it can be defined by
the formula

N, (A) = wCat((—,C), A) : D — Set

for any small w-category A.
The w-nerve functor composed with the geometric realization functor

R : Set? — Top
defined in [J] give rise to a geometric realization functor for arbitrary w-categories
R : wCat — Top

The image of NV, can be identified in a different way, using the notion of a homogenous
theories, cf. [Be]. In our terminology this can be explained as follows. The canonical
topology J on the category of simple w-graphs swGr, consists of the jointly surjective
families of morphisms. Moreover, we have two faithful, essentially surjective functors:

[—]: swGr — S
the free w-category functor restricted to the simple w-graphs, and
D(-1.C): T —8

associating to a given tree T the simple w-category dual to the disk whose internal tree is
T. The morphisms in the image of [—] are immersions, and the morphisms in the image
of D(|—|, C) are essential (homogenous in the terminology of [Be]). Since the immersions
and the essential w-functors form a factorization system on §, § together with the above
embedding functors [—], D(| — |, C), and the topology J form a homogenous theory. The
models of this homogenous theory, i.e. the contravariant functors on &, which are J-
sheaves when restricted to swGr via [—], constitute the essential image of the w-nerve
functor
N - wCat — Set®”
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given by
N (A) = wCat(—, A) : 8P — Set.

This is due to the fact, that for any presheaf X : S°? — Set, the functor

D(—,C
p PO g X gy
preserves the special pullbacks iff the functor
sG - S X Set

is a .J-sheaf.
w-categories as f-categories

N, is also an embedding of strict w-categories into f-categories, i.e. the strict w-
categories are those f#-categories which preserves special pullbacks. To be more precise,
recall from [J] that a face of disk 7z is any disk epimorphism with domain ~z. The
dimension of disk vz is Zgg%l(—l)i u;. A O-category is a cellular set X (i.e. an object in
Set”) such that any compatible filling of all but one inner face of 7z in X can be extended
to a compatible filling of all faces of vz in X, for any ud-vector #. Note that this condition
can be rephrased as saying that X is a 6-category iff it sends limits of inner horns in D
to weak limits. The strict w-categories satisty the following much stronger ’horn-filling’
condition: for any ud-vector @ if outer faces of the shape m; : vz — 7u,, are filled in X
in a compatible way then all other faces of vz, including vz itself have a unique filling in
X extending the given one. However it is not the case that the nerves of w-categories are
necesserily flat functors. For example, they don’t preserve the following equaliser:

_d |
Tn+1 Tn
C

Tn

in general.
The disk classifier

In [SGL] it is shown that the topos Set? classifies intervals. Using essentially the same
method, adopted for the disk case it can be shown that the topos Set” classifies disks, cf.
Theorem 1 of [J].

6. Appendices

6.1. The notion of an internal disk. In this Appendix, we present the concept of disk.
Note that this concept is not (generalized) algebraic; we need a category with rich-enough
internal logic in which existential quantifier and disjunction can be interpreted. We take a
category C', and the only assumption we make on C'is that it has a terminal object. Our
concept of an internal disk ’in C” will have all its data located in the category C'; however,
the conditions imposed on the data will be evaluated in Set®”, a topos, into which C'
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is embedded be the Yoneda functor. e also give a reformulation of the resulting notion
that is purely elementary, without reference to Set®”. We do not distinguish between an
object in C' and its image under Yoneda. A diagram

r9 b
R x—P>2 .p
r! Tt

in C'is a bundle of intervals over B if it is a linear order with (not necessarily different)
endpoints b and ¢ in the topos Set®” /B, cf. [SGL] p. 455.
A disk D in a category C' is a diagram

Rn+1 R™ Rn—l Rl
740;71-1—1 7al;n-l—l 7,,0;71 7,,n;l 7aO;n—l 7al;n—l 740;1 7.1;1
bn+1 pn bl
~ n—+1 D n 1
p p p
Dn+1 Dn Dn—l e Dl DO ~1
tn+1 tn tl

in C', such that for n > 0 the diagram

TO;n bZ
Rn D p Dn—l
Tl;n tn

is a bundle of intervals over D"~ ! and moreover, in Set®” | the boundary of D", i.e. the
subobject d(D") = im(b") U im(t™) of D", is the singular set for the bundle p"*!, i.e.
the equalizer of "' and t"*! for n = 1,2,.... By convention, we put 9(D") = 0. A
morphism of disks in C' is a family of morphisms {f, : D" — D/ },c. preserving all the
additional structure, i.e. projections, order in fibers and endpoints in the obvious internal
sense.

The notion of a disk can be expressed in elementary terms as follows:

1. b™ and t" are splittings of p™, i.e. p" o b™ =p" ot = 1pn-1;
2. 7% L are jointly mono;

3. R" is a linear order in fibers of p". Explicitely, for zg,2; : Z — D", we write
20 <pn 1, whenever there is z : Z — R", such that r%" oz = z;, for i = 0,1. Then
for any zg, 21,20 : Z — D™ we have

(&) 20 SRn 20
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(b) if zg <gn 21 and z; <gn 2 then zy = 21;
(c) if 29 <gn 21 and 21 <gn 23 then zg <gn 29;

(d) if p™ o zg = p" o z iff either zy <gn 21 Or 21 <gn 20;
4. b and t are bottom and top endpoints in the fibers, i.e. 0" op™ <gn 1pn <gn t" 0 p™;

5. disk condition: for z : Z — D™ we have b" oz = t"tloz iff thereis 2/ : 7 — D!
such that either z =b" 02 or z =t" o 2.

6.2. The notion of an internal w-category. It is well known that the concept of w-category
is equational over the category of w-graphs. In this section, give the details of a definition
of w-category that exhibits its equational character over w-graphs, and which works inter-
nally in any category. Although of course the idea of an internal equational description
is common place, the details here are crucial for our purposes.

Our procedure here is slightly different from Appendix 6.1. We do not assume that the
category C' has all finite limits, but our definition implicitly assumes that certain finite
limits exists in C'. This will be seen e.g. in condition (ii) where the definition requires
that we have certain pullbacks in C' as part of the data for the internal w-category. In
the application, when the category C will be the category D of finite disks, we will have
one particular internal w-category for which all the required pullbacks do indeed exist in
D, despite the fact that D is not a finitely complete category.

Since the notion of w-category is generalized algebraic, we do not need to refer to the
topos Set®”".

An w-category A in C consists of data (i)-(v) subject to the conditions (vi)-(xi).

Data
(i) an w-graph (or w-globular object): i.e. the following diagram

A, Ay o Ay Ay Ao

such that the globularity conditions hold
dod=doc cod=coc

Notation: If | < n, dgy = dpy) + Ay — A; we denote a compositions of d’s with the
codomain A;, and similarly by cq)y = ¢y : Ay — A; we denote a compositions of ¢’s
with the codomain A;. By convention, if [ > n, d(; and ¢y denotes the identity on A,.
When both domain and codomain of d(;) and ¢ is clear from the context we also write
d and c for d(;) and ¢, respectively.

(ii) for a 3-tuple (ng,ny,ng) such that ny < ng, ne a pullback
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3!
Ano,m,m An2
o d
Ano G An,

(iii) for a 5-tuple (ng,ni,ns,ns,ny) such that n; < ng,ne, nz < ng,ny a (triple)

pullback

o 72
Ano Ano ,N1,M2,M3,N4 An4

c T d

A, Ap,

A, y
(iv) composition morphisms

Mpgnyng = Mpy =T Ano,nl,nz — Amax(no,nz)
(v) identity morphisms, for n <1
Ly = Linyl) - An — Al

Conditions
(vi) Domains and codomains of compositions
We have the following commutative squares:

1. forl <my
ATLOJM,”Q m Amax(no,ng)
o d(l)
A, A
0 d(l) 1
2. for ny <1 < max(ng, n2)
Anoml,nz Amax(no,ng)
day x dq) dg)
min(no,l),n1,min(n2,l) — > Al

and similarly for codomains,
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3. for I < my
Ano,m,ng Amax(ng,ng)
T C(l)
An, 0 A
4. for n; <l < max(ng, ns)
Ano,m,nz m A”O

Cy X € )

Amin(no D)namin(ne,l) — Al

(vii) Domains and codomains of identities

forn </
1. )
A, — O Ly
1 Cn)
A,
2, )
A, — D g
1 din)
A,

(viil) Associativity of compositions

1. form:ng
m X 1

Ano,m,mms,m Amax(no,nz),m,n4

1 xm m

no,n1,max(nz,na) g 4imax(no,n2,n4)
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2. for ny < nz < ng

(m(mo, ™), 1m(C(ag) Mo, 72)

Ano7n1,n27n3,n4 AmaX(no,m),m,M

1xm m

Ano,nl,max(ng,n4) m > Amax(no,ng,n4)
3. for ng < ns

<m(7T07 7T1)7 m(’”Oa 7TQ)>

Ano,nl,nz,ns,m Anz,ng,m;
1xm m
Ano ,n1,max(na,ng) m Amax(ng ,n4)

4. for ng < np < ny

Anmm,nz,ns,m mx1 AmaX(no,N2),N37n4
<m(7T07 d(nl)ﬂ-z)7 m(ﬂ-lv 7T2)> m
no,n1,max(ne,na) ~ gy > 4imax(no,n2,na)
5. for ny < mny
Am,m,mms,m mx 1 AmaX(no,nz),ns,m
(m(mo, ma), m(my, m2)) m
nQ,Nn1,Nn2 T’ Amax(no,ng,ml)

(ix) Associativity of identities
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for ng < ny < na

L(ny) L(ny)
An,
(x) Compositions with identities
On the left:
1. for [ > nyg
Ly X 1
Ano,nl,ng Al,nl,nz
m m
no —L’ max(l,n2)
2. L(ng) © d(ny), 1
a,, o 04, )
1} m
Amax(no,ng)
On the right:
3. for Il > ny
1x L
Ano,n1,n2 ) Ano,nl,l
m m
An2 Amax(no,l)

214
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4, Ano <17 L(ng) © C(n1)>

An07n17n2

Y

Amax(no n2)

(xi) Middle Exchange Law
for nqy <1 < ng,ns

(m(dgy x 1),m(1 x cy))

Ano,nhng Ang,l,no
(m(1 x dg)), m(cqy x 1)) m
Ano,l,ng m Amax(no,ng)

6.3. Some properties of w-categories. In this Appendix we shall prove that the analogs
of the axioms of w-categories, expressed for the 'multi’-version of the operations of w-
categories (dg,, ca1, Ma, etc.) defined in section 2.6, holds. For example, Lemma 6.7.1,
gives some general form of the associativity law for w-categories. We also prove, a more
general form of the Middle Exchange Law. The definition of an w-category is in Appendix
6.2.

In the whole section A denotes is an internal w-category in a category C. We assume
that for any ud-vector @ the 'multi’-pullback A; exists.

We have

6.4. LEMMA. Let A be an w-category in a category C, | € w, U a ud-vector, | < u = ht().
Then the following squares

diy
Aﬁ : Atr(l) (ﬁ)
A (42)
mé mtr(z)(ﬁ)
Ay
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and
Ag i Aty (@)
mg M (@) o
Ay i A
commaute. “w

PROOF. We shall prove, by induction on [-size of @ that the square (42) commutes. The
commutation of the square (43) is similar and is left for the reader.
If 4@ = wup <1 then all morphisms in (42) are identities on A,,.

If @ is l-primitive then trg) (@) = [, di,; = dfjy o mo, and mé(l)(ﬁ) = ida,. Thus the
commutativity of (42) reduces to the commutation of the following triangle
d2,
Ap —2 A,
ma d(f}) (44)
Ay

and the commutation of (44), we can show by induction on the length of the [-primitive
vector .

If Ih(@) = 1 then (44) clearly commutes. Assume that (44) commutes for vectors of
length smaller then 1h(@) > 1. Let z = min(@) > I, @ = o/, z,u”, k' = lh(u'), v’ = ht(u/),
and «” = ht(u”). Then the triangles

m- m s, mu/ 2l
Aﬁ - Au’,z,u” Au
A A A
gy © ok dipy ©mj diy
Ay

commute. The left one by inductive assumption on «’ and the right one by the axioms
(vi).1 of the definition of an w-category. Moreover, since

A A A A A A A
dJ’;l oMok = dy O Ty O Ty = dpy 0Ty = dgy

and
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the outer triangle is (44). Thus (44) commutes for any ud-vector .
Finally, let size;(#) > 1 and (42) commutes for ud-vectors of I-size smaller than size; ()
Let @ = o/, z,u", where z = min(@) < I, u = ht(@), v’ = ht(«), v’ = ht(u"),
I"=min(l,u), and {” = min(l,«”). Then in the following diagram

A A A
me Xm s, ma
Aqf’,z,qf” “ L Au’,z,u“ uLEu Au
A A A " .,
Atr(l>(77)ﬂz:tr<1>(“7’) A < mA Ay a1 A
mtr(l)(’l;/) mtr(l)(u7/) ml/7z,l//

the left square commutes by inductive assumption on ud-vectors o and o , and and
the right one commutes by condition (vi).2 of the definition of an w-category. Thus 42
commutes. The commutation of 43 is similar. [

We have

6.5. LEMMA. For any w-graph A and | € w and ud-vectors i, U such that trg (@) =

tr (V) = W the square WAa
(®) 1 A b Ay
Wéa df?‘;z (45)
Ag Ag
cdy

18 a pullback.

PROOF. We show that (45) is a pullback by induction on [-size().
If o = vy <1 then (45) is the following commutative square

A
ch
)
Ag “ Ay,
id Az Z‘dAUO
Aq . Ay,
Cﬁ;l

The case 4 = ug < [ is similar.
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If both « and ¥ are [-primitive then (45) is

—

771? k1+k
14+1.k1+ka+1
Agyp otlbishatl g

A A
T0. k1 da;z

Ag . A

&)

u;

where ky = lh(@) — 1, and ky = 1h(?) — 1. Since ¢, = cé) omp and df, = dé) oy, it is a
pullback, as well.

Assume now that [-size(d) > 1. Let w = min(d) < [, @ = v, w,u”", ¥ = v/, w,v",
trgy (W) = trgy)(v') = w’, and trgy(u”) = trg)(v”) = w”. Then (45) is

Tl x il

A~ - L 1507 1" A- R

[, L], w,[u’ 0" v’ w v’
A A A A
- X - S ooxX dl

71-O;u’ 7TO;u” dv’;l du”;l
Avj’ ,w,u7’ A A Au?’,w,u?”
cﬂj’;l u7’;l

and it is a pullback, since by inductive hypothesis on o and W it is a pullback of two
pullback squares. This ends the proof. [

In Lemma 6.7 we shall prove among other things a kind of general associativity law.
But for this, we shall need the following form of the Middle Exchange Law.

6.6. LEMMA. Let o/, u" v, 0" 1,z € w, z <, u", v, 0" . Moreover
min(v’, 1) = min(v',1) =1';,  min(v”,l) = min(v", 1) = 1"

u=max(u',u"), v=max(v' V"),
n’ = max(u',v"), n" =max(u’,v"), n=max(u,v).

Then the square

A[u’,l,v’],z,[u”,l,v”]

> A[u,l,v]
My 10 X My 10" My,l,0]
An’,z,n” An

my, ,z,n!!

commutes.
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PrOOF. We need to show that the outer square in the following the diagram

Al 10,2 1]

[ ] [ ] [ ] [ ]
N]\ ’ /”/
An
commutes. Below we explain what are the unexplained shapes in this diagram and why
they commutes. The square [1] is

An’,z,n”

At (46)

< m(mo, d(1)7T2), m(my, d(Z)Wz),

m(c(l)m, 7T2), m(c(l)m, ’/Tg) >

A 1,072, [ L] Al 10 1w 107

mXxXm mXm

An’,z,n”

An’,l,n”
(m(mo, daymy), m(cqymo, m1)) [ :

and it commutes by the axioms for domain and codomain of compositions (vi) and asso-
clativity (viii).3 and (viii).5.
The square [2] is

< m(mo, d(l)7T2), m(d(l)Wh ),

m(my, cqyms), m(cqym, m3), >

Al 1012, 10" Al 1w 1o 1]

< m(mo, dgyms), m(my, dgyms), I1xmx1

m(c(l)m, 7'('2), m(c(l)m, 7T3) >

Al 10,0, w10 > Al 1 max(v u") 10"

1xmx1

and it commutes by middle exchange law (xi).



Theory and Applications of Categories, Vol. 8, No. 7 220

The triangle [3] is

A[ul’lﬂ)l] ’27[,“//7[71}//]

< m(mo, dgyma), m(dgym, m2), (m(mg, ma), m(my, m3))
m(7r1, C(l)ﬂ'g), m(c(l)m, 7T3) >

Al 1[0 10 T At

and, again, it commutes by middle exchange law (xi).

The triangle [4] is
An/ z,n'!

(m(mo, dym1), m(cqymo, 1)) m

A[n’,l,n”] An

m

and, again, it commutes by middle exchange law (xi).
The square [5] is

I1xmx1
Al L] 1w 1,07 = Al 1 max (v’ ) L]
mxm m
A[n’,l,n”] m An
and it commutes by associativity axiom (viii).1.
Finally, the square [6] is
Afp L] Lo 10" =T Afu 0]
I1xmx1 m
A[u’,l,max(v’,u”),l,fu”] m An

and, again, it commutes by associativity axiom (viii).1.
Thus all the shapes including the outer square in the diagram (46) commute. ]
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6.7. LEMMA. For any w-category A.

1. forl € w and ud-vectors @, U such that tr)(d) = tr (V) = @ the triangle

A
mis, =
[@,l,7]
A[ﬁ,l»fﬂ Amax(u,v)
mg x my My 1) (47)
Afu o]

commutes;
2. for any u,v,u/ v, 2,2 1 € w such that u < u/', v <V, | <u',v, 2 = max(u,v) and

2 = max(u',v'"), the square

m u,l,v
A[u,l,v] [ : Az
A A
') L

Ay

mu/ ,l 7v/
commutes.

Proor. Ad 1. We argue by induction on the [-size of .
If ¥ = wp, then (47) is

so it commutes. The case @ = ug is similar.
If @ and ¥ are [-primitive then (47) is the following triangle

A
177

A Mis | 4
TARTS max(u,v)
A A A
mﬁ X ﬂ& %,l,v
Au,l,v

commutes, by definition of mz; 4, since I = min([«, [, 7).
Finally, we assume that size;(@) > 1. Let
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w = ht(ad), v =ht(), v =ht(u"),
v =ht(7), v =ht(v)), v" = ht(v"),
Ujl = tr(l)( _7) = tl"(l)< _;), ) = tl"(l) (u7’) = tr(l) (’U”),

' =min(l,«) = min(l,v"), 1"

To= T © To;[w',lw'], T1= T1 O To;[u! l,v']»
To= T O T1;[w" I, T3= T1 O T1;u l,0"]-

Then, the following diagram

[ 10,2, [ L]

A (mg X ms) x (mg, x mg) Aj
qu’;l X Cu7’;l
Ay X djy
A H’,Z,wﬂ”
my X mg my X M5 mg X m.g
At 0,2, w 107
<7f0, 7T2> \ . )
Az (m(mo, m2), m(m1, 3)) Ay 2
C X C 1
( ) ( ) (l’) X d(l”)
\ Al',z,l“
m m
A
[u’l7v] \ m
o
US|
Ay A,
0]
dy
A



Theory and Applications of Categories, Vol. 8, No. 7 223

commutes, in which, the three horizontal squares are pullbacks by Lemma 6.5, the four
back squares commute formally, and four front squares commutes by Lemma 6.4. More-
over, by definition of mZ, the composition of vertical morphisms on the left is equal to
m4 and the composition of vertical morphisms on the right is equal to m#. This shows
that the following triangle

A

A

A
mz= X Mz
LT Ape)

[ 1,07),2,[u” 10"
"W bl ] "

le, X mvé, X mf,, X mqf%, (mA (o, m2), mA (7, 73)) (49)

A[u’,l,v’],z,[u”,l,v”]

commutes. Then the triangle (47) commutes by Lemma 6.6.
Ad 2. To proof that (48) commutes we consider four cases according to whether the

conditions
u < v <]

hold true.
If u <l and v <[, then the square (48) is

14,

A, A,
(b, b)) L)
Y
If v </, it can be decomposed as a diagram
A,
L) L)
Ay T Ay
{1, ¢ cay) m
Ayt

in which the square commutes by associativity of identity (ix) and the triangle commutes
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by axiom (x).4, and if v’ > v/, it can be decomposed as a diagram

A1y,
L) L)
Ay —g— A
{(tenday, 1) m
A 1

in which the square commutes by associativity of identity (ix) and the triangle commutes
by axiom (x).2.
If u> 1 and v <, then the square (48) is the outer square in the diagram

A, — e,

(1, twyc) La,
Y B —'

Ly X 1 L(u')
R p—'

1T X 1 L(z")
At A,

in which the top square commutes by (x).4, the middle square commutes by (x).1, and
the bottom square commutes by (x).3.

The case u < [ and v > [ is similar to the previous one.

If uw> 1 and v > [, then the square (48) is the outer square in the diagram

m
Au,l,v Az

bu) X 1 L(max(u’,v)
Au’,l,v - Amax(u/,v)

m

1 x L(v") L(z")

Au’,l,v’ Az’
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in which the top square commutes by (x).3 and bottom square commutes by (x).1.
This ends the proof of 2. [

6.8. Free internal w-categories. Let us fix for the whole section a category C with pullbacks
and stable disjoint countable coproducts, wGr(C) is the category of w-graphs in C and
wCat(C) is the category of w-categories in C. Then we have a forgetful functor

| — | : wCat(C) — wGr(C).
In this section, we shall construct a left adjoint to | — |:
[—] : wGr(C) — wCat(C)

Let G be an w-graph in C. We shall construct an w-category [G], and w-graph mor-
phisms 7g : G — [G], which is universal from G to | —|.

Since C has pullbacks, for any ud-vector u, we can define, as in section 2.6, the multi-
pullback Gy, for 0 < i < j < 1h(«), the projections

7TfLG : Gﬁ B— Gu2i7 7TZGJ . Gﬁ B— Gugi,...,’ugj7
for | € w, the morphisms of multi-domain and the multi-codomain in an w-graph G

ds, <

;o “i;l

: Gﬁ — Gtr(l)(ﬁ)
and for (@, v) € UD,, n,.n, the projection morphisms
Wgﬂ :Gling — Ga 7T1Cf~ : Gl g — G
Then, the object of n-cells of [G] is the following coproduct

Gln= 11 Ga

u€UDy,

with the embedding morphisms g : Gz — [lzcup, Ga, for any ud-vector @ € UD,,.
For n > [, the domain and the codomain morphisms

4 ) [Gln — [Gl

are so defined that, for any « € UD,,, the squares
[G] [G]
dqy
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commute. For n <[, the identity morphisms
a
iy < 1Gly — (Gl

are so defined that, for any « € UD,,, the triangle
‘o
Gl Gl

commutes.
In Lemma 6.5 we have shown that the square

G
G R
[ﬁ)nl7v] cl
G G
WO,“ dﬁ‘;nl
Gy —— G
C'E;nl

is a pullback. Since the countable coproducts are disjoint and universal in C they com-
mutes with pullbacks and hence [G],, 1, n, in the pullback

(]I e
o d
Gl c [Gl..,
is given by the coproduct
(Glngmms = I Gpama

< _'717> GUDnO REELD)

with the embedding morphisms kg s @ Glan,,g) — [Glngmime, for any (@, ¥) € UDyg pny ny-
The projections

To - [G]no,m,nz - [G]no Tyt [G]no,m,nz - [G]m
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are so defined that, the squares

Uy m
[ ]no,nlmz —— [G]no [ ]no,n1,n2 — [G]nQ
K5 Ki K, K
Glan v oy Gy Glan, v o Gy

commute. Similarly, for a ud-vector ng, ni, ng, n3, nyg, the object of compatible triples of
cells in [G] is the coproduct

[G]no,m,nz,n&m = H G[ﬁ,nlﬁ,naﬁ]

(i8,5,8)€UDng my mg mgma

—

with the embedding morphisms kg g5 : Glan,,o,ns,5 — [Glnoninanama, for any (i, v, w) €
UD g nimamsng- We have a limiting diagram in C

[G]no o [G]no,nl,ng,ng,n4 T2 [G]n4
C 1 d
Gl [l ———— [Gluy

The composition morphisms

mLGO},nhnz : [G]no7n1,n2 - [G]max(no,ng)

are so defined that, for any (@, 0) € UD,, s, n,, the triangle
[G]

no,ni,n2
[G] n0,n1,n2 [G] max(ng,n2)

Rio K[i,n,d]

G[ﬁznl 76‘}

commutes. This ends the construction of [G]. We have

6.9. THEOREM. The functor | — | : wCat(C) — wGr(C) has a left adjoint

[—] : wGr(C) — wCat(C).
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PROOF. We verify that [G] is indeed an w-category and that
ne: G — [G]
is given, for n € w, by
Negn = Kn - Gn — [G]n

is a universal morphism from G to | — |.

Note that since [G],, [Glngnins> A0d [Glngnyno.nsng are defined as coproducts the com-
mutations of diagrams involving such objects reduces to commutations involving objects
G, G{;;g, and Gg;{;;i;, where u € UD,,, <l_[, 17> S UDnO’nl’nQ, and <l_[, U, U7> S UDnO’m’nz,n?”mU
respectively. After such reductions the commutations of the resulting diagrams follows
from some equalities concerning ud-vectors and additionally, if these diagrams involve
domains and codomains, some facts concerning muti-domains and multi-codomains of
w-graphs (from the previous section) are needed.

First we verify that [G] is and w-category in C. To show that d o d = d o ¢, note that,
for n € w and ¥ € UD, in the diagram

d d
Glove —— [Glan (Gl
C
Kig Kotr) (@) Fotr(ny (@)
dﬁ;nJrl
@ T (1) (8) d - tT () (%)
Cin+1 tr (1) (@)im

the right square commutes and the left square commutes serially, by definition of d and
c. Thus the equality d o d = d o ¢ reduces to

dtr(l)(a’);n 0 dﬁ;n—i—l = dtr(l)(ﬁ);n O Cign+1 (50)

for any n € w and @ € UD. We prove (50) by induction on length .
If Ih(@) = 1 then (50) reduces to d,, o dp4+1 = dy, © ¢, 1 Which holds in any w-graph.
Assume that 1h(@) > 1, z = min(a@) and that @ = o/, z,u”. If z > n, using inductive
hypothesis and Lemma 6.5, we have

© TrO;J’ =

dtr(

@);n © dﬂ';n—i-l =dyod

n+1) ( tr(n+1)(1;’);n

d, o

Tt = d,od

tr(ng1) (W)in O Ml =

= @)
Ctr(n+1)(“')§n

dn © Ctr(n+1)(u7/);n © 7T1;u7’ = dtr(z)(ﬁ);n © Cign+1

If z = n, using inductive hypothesis, we have

vy 1) (@in © digzn+1 = dn © g © (dJ/;nH X du7’;n+1) =
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d,, o mod- Oﬂo;qj,:dnoﬂ'ooCﬁ

u'in+1 u'sn+1 © 7-‘-O;uﬂ/ =

dp 0 g © (CJ’;n—i—l X cu7’;n+1) = dtr(n+1)(ﬁ);n O Ciin+1

If z < n, using inductive hypothesis, we have

ir . (i © ditnts =

X d

(o iym X ar, oy ipn) © (Diin i X i)

(Ctr(n+1)(1;/)§” X Ctr(n+1)(u7/);n) © <cif’;n+1 X Cu7’;n+1) -

dtr(m_l) (@);n © Cian+1

(ci e

So (50) holds.
The equality ¢! o d o ¢l can be proved similarly.

Ad (vi).1. Let ny(ng,ne and < «, ¥) € UD, n,n,. Then in the diagram

Gl o) Gy,
Rig Kli,n1,7]
[G]no,m,nz S [G]n
T o d(ny) Az 7m0
Gy~ (G
Kg ’itr(l) (’17:)
Gi_/: dﬂ Gtr(nl)(ﬂ)
u;n1

the four side squares commute. Thus the commutation of the inner square reduces to the
commutation of the outer square for any pair (@, 7) € UD, ny n,- The commutation of
the outer square can be proved by induction on n-size of 4. From this (vi).1 follows.

To show (vi).2, let (@,¥) € UDpynynys | < max(ng,na) = n, ny = min(l,ng), nj =
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min(l,n), and consider the diagram

Gliny, i 1 Gliny,a
Nﬁﬁ Kl n1,7]
[G]n07n17n2 L [G]n
dag X dgg | dgy X dg day i@y,
(Gl m1ny, —77—~ [Gi
Rt ) (@)5tr(2) (9) “tra)(ﬁ)%trmN
Gl (0.7 i Glergy ()17

As the four side squares commute, then again the commutation of the inner square reduces
to the commutation of the outer square for any pair (@, ¥) € UD,,, n,.n,- This is left as an
exercise.

The commutation of (vi).3 and (vi).4 can be proved similarly. The fact that [G]
satisfies (vii), (viii), (ix), and (x), essentially follows from the equalities on ud-vectors
proved in Lemma 2.4.

We end the verification that [G] is an w-category in C by showing that it satisfies
Middle Exchange Law (xi). We need to show that for, I < n; < ng,ns, n = max(ng, ns),
the diagram

(m(d(l) X 1),m(1 X d(l))>

[G]noﬂn,nz [G]nz,lmo
(51)
m
(Gl
commutes. Let (@,0) € UDyynn,- By Lemma 2.4.13, we have [U,n;,¢] =
[[@, n, tray ()], 1, [try (@), na, ¥]]. Moreover the square
1 x Cyil
Glini o) Gl tr ) ()]
da‘;l x 1 dﬂ’;l x 1

[tr(p) (@),m1,7] T Gty (1) st (0)

is a pullback. Thus by Lemma 6.5

dy X id = Toyftry (@)m1,8 * ity (@)n0,80 @m0y @) — ity (@)1 (52)
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id X Co1 = T fana ey @) © Gl @nadL@ntrg @) — Glan i) @) (53)

Thus to show that (51) commutes , it is enough to show that the following three
squares

1
Gl Gty (@)1, 8,4, [@ma by ()]
Ko Kltr gy (@) 1,53 [@n1,br ) ()] (54)
GTL ni,n Gn n,

T mldy < Dm(Txdg)y
Ko
G[’IIJ’LLU] [G]n07n1,n2
1 mno,nl,ng
G[u [G]n

. o >
;N1 ,U] K[ﬁ)vnlﬂﬂ

Kltr ) (@),n1,0; [d@,m1,tr gy ()]
(G0 Gitrpy (@),m1, 8,4, [@m1 b0y ()]

m 1

Gl Gl o)

Ri,o
commute. The second and the third squares commute by definition of 1, ,, n, and
My 1ng, Tespectively. Thus it remains to show that (54) commutes, as well. As [G]ng 11 ns
is a pullback, we shall show that the square (54) commutes, when composed with the
projections

To - [G]m,l,no - [G]nz Tt [G]nz,l,m) - [G]no
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Composing (54) with 7y, we get the diagram

Gl 1

Glitrp (@),m1, 8.4, [@m1, by (7]

(m(d(l) X 1),m(1 X d(l))>

T‘-O; [tr(l) (7’_’:)7"‘1 )17}

Gltrqy (@),m1,7)

where the unmarked morphisms are the obvious embeddings into coproducts. The outer
triangle commutes as it is (52). The left and right squares commute, by definition of

dqy and o, respectively. The triangle at the bottom commutes, by definition of 1, ..
Hence (54) followed by my commutes.

Composing (54) with 7, we get the diagram

Glan v 1

G[[tr(l) (@),m1,9),0,[E,n1 BT (1) (@)]]

(m(d(l) X 1),m(1 X d(l))>

T1;[t,n1 br(gy (D))

Glltrqy (@),m1,7]

which by similar reasons as before shows that (54) followed by m; commutes. Therefore
(54) commutes as well, and [G] satisfy (xi). In this way we have proved that [G] is an
w-category in C.

Now we show that n : G — [G] is a universal morphism. So assume that F :

[G] — A is an w-graph morphism into an w-category A. We construct an w-functor
F :[G] — A, extending F.
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Since F'is an w-graph morphism, it preserves both domains and codomains, and hence
it induces a morphism between pullbacks

Fg : G{[ — A{[
for any ud-vector @w. Then, for m € w, we define the morphism

so that, for any ud-vector @ € UDy, its composition with the embedding kz : Gz — [G]x
is the following morphism:

A
F; mé Lk
~ Ane(a) ® A

- A

To see that F so defined preserves domains, it is enough to note that, for any I < n,
u € UD,, the following three squares

Gﬂ Aq‘[ m Au An
dgy di dwy d

T [ A T u A /

tr (g (%) Ftr<l)(17) try (@) —7p l W Ay

commute, where u = ht(«) and " = min(/, u). The commutations of these squares can be
easily shown by induction on [-size of u.

The fact that F' preserves codomains and identities is left for the reader.

To prove that F preserves compositions, we need to show that for n; < ng,ng, the
diagram

F, xF,
[G]n07nlyn2 ° : A"O,n17n2
m m
(G — Ay

n

commutes. But this reduces to the commutation of the following diagram

FgXF@‘ mg X My L(ng) X L(n

Glain 1 Al Ay () = 7ne) Ano,ni g
1 1 m m

Glan, @) Alitny, 9 Ay - A,

F[ﬂ’,nl,ﬁ] M ,0) L(n)



Theory and Applications of Categories, Vol. 8, No. 7 234

for any (@, v) € UDy ny n,, where u = ht(u), u = ht(?), k = max(u,v), n = max(ng, na).
The commutation of the left square is trivial, the commutation of the middle square
follows from Lemma , and the commutation of the right square follows from axioms (x).1
and (x).3. of the definition of the w-category. Thus F is an w-functor.

The uniqueness of F' can be proved by a similar easy inductive argument. [

Having the explicit description of the free internal w-categories we can easily show the
following corollary.

6.10. COROLLARY. The functor
[—] : wGr(C) — wCat(C)

preserves pullbacks.
Remark. This result appears in [S]; see the Proposition in Section 5 in [S].

PROOF. Suppose that

p—F g
h g
G K
f
is a pullback in wGr(C). Thus for n € w, the square
Pt g,
Iy, In
G’n Kn
fn

is a pullback in C. Since limits commutes with limits and k, h, f, g preserves domains and
codomains, for any ud-vector u, the square

LS
hg 9a
Gg Ky

Ja
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is a pullback in C, as well. Then, since coproducts are commutes with pullbacks in C, the
coproduct of pullbacks

[lzeup, ka
- = HﬁeUDn H s

4€UDp Py
ieup, N [geup, 9a (55)
Haevn, Ga To—— Haeup, Ka
is again a pullback in C. But the above square is just
[K]n
[Pln [H],
[h]n [9]n
[Gln [K]n
[fn
and hence [—| preserves pullbacks.endproof

7. Notation

The numbers in square brackets indicate the page or pages where the notation is first
introduced.
Conventions:

1. The ud-vectors are invariants for finite trees, finite disks, simple w-graphs, and
simple w-categories. For a given ud-vector u we define a specific finite tree 0z
(123, 158], a specific finite disk 75 [146, 156] (ud-vector in subscript), a specific
simple w-graph a¥ [175, 176], and a specific simple w-category §% [184] (ud-vector
in superscript). All the above structures are 'graded’ structures. The levels of trees
and of disks are marked in superscripts, and the levels of w-graphs, and of simple
w-categories are marked in subscripts. Thus, for example, D" is the n-th level of
the disk D, whereas A, is the set of n-cells of the w-category A. Adopting this
convention, we have for any n,s > 0 that

Vo = Op
i.e. the s-th level of v, is equal to the n-th level of §°.

2. The operations in (specific) structures are not in bold-face, whereas the operations
on (specific) structures are in bold-face. Thus, for example, for s > s’ and any
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natural n, the projection inside a disk 7, from level s to level s’ is marked p : 75 —
fy;i/, and the projection morphism between the simple categories §° to 6° is marked
p : 0° — 6*. Then the some specific instances of bold and not bold morphisms

coincide, e.g.

s . s+1 s s . ¢s+1

— 05
7.1. ud-vectors.

1. @ a ud-vector [128];

2. Some functions defined on ud-vectors:

(a) 1t(@): the length of a ud-vector @ [128];
(b) ht(w): the height of a ud-vector @ [128];
(c) sizeq)(u): the l-size of u [129];

3. Some sets of ud-vectors:

(a) UD,,: the set of ud-vectors of height less or equal n € w [131];

(b) UDjg.n1.mp: the set of pairs of nj-compatible ud-vectors of height less or equal
no and ng, respectively [131];

4. Some operations defined on ud-vectors:
(a) trgy(u): the [-truncation of @ [129];
(b) [u,l,V]: the [-amalgam of I-compatible pair ud-vectors «@ and o' [129].
7.2. Trees, bundles, and disks.
1. A tree T' [123]:

s+1

Tt T T 7021

2. Some special trees:

(a) Oz: the tree corresponding to a ud-vector u [123, 158];
(b) The tree 63 can be drawn as [123]:

S k= N —W
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7777777777

S I
NN

3. A bundle of intervals over B [123]:

70 . b
R x—r .p
rl t
4. A (finite) disk D [123]:
bs+1 b3 bO
s+1 s 0
p Ds+1 p Ds Ce Dl p DO o~ 1
terl ts tO

match [145].
5. Some special disks:

(a) ~g: the disk corresponding to a ud-vector # [156];
(b) The first six levels of 3 (the inner nodes are marked bold) [146]:
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0
\

4/5/6
3/4
2

0
(¢) A bundle in a disk 7, over 73, s > 0,n > 0 [192]:

s+1
pO;s—i—l bn
n ‘7298
s+1 s+1 n s
<n Tn Tn
> -
1;5+1 ts+1
Pr n

6. Some special disk morphisms:
(a) d =d) = dps), €= Cs) = Clngs) : Yo — 7s: the domain and the codomain
morphisms [148];
(b) mg : 7§ — Ym(@): the compositions [164];
(€) L =1tq) = t(sy) : ¥s — Y= the identity morphisms, for [ > s [164];
(d) in the diagram: [ < n

(€) 7; 1 Yz — Yuy,: the projections, for ¢ € lh(w@) [156]:

Vi

7“2]@—2 /yu2k

fYUO 7U2
c\ /1 c\ /1
Vs

Vu?kfl
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(f) n-cuts of disks (outer morphisms into ~,) [168]:
T:D — v, ifx € D"is aleaf in D [158];
TY: D — Yo i w#y, = gy, p () < pm T (y) [158);

(g) the canonical factorization of a morphism f in D [166]:

D / Tn

o]

f L(n)

Ya Yu

my

with f outer part of f, ¢(,) inner mono, mg inner epi;
(h) Cut(D): the w-graph of cuts of D [168];
(i) A (fragment of) an internal w-category C in D at level s, s > 0, n > 0 [167]:

7T(S) n+1 d;
n+1nn+l l’fﬁ-l s
’yn+1 nn+l — n+1 Tn
T nt1 c,
7.3. w-graphs and w-categories.
1. A general w-graph G [125, 210):
dn
Gn+1 Gn
Cn
(a) d5,. ¢ + Gz — Giry(@: the multi-domain and the multi-codomain mor-
phisms [136]

(b) Gpi1(z,y): hom-set of n + 1-cells with domain = and codomain y in G [125];

c) x > y: predecessor relation [125];

(

(d x(G,): the set of maximal elements in G,, [127];
(e
(f
(s

x
ma
ma ( nt1,T,y): the maximal element of G, 11 (z,y) [127];
zl

: x is comparable with y [145];

)
)
)
)
)
) v,

o = max{l day(e) L dgy(e’)}: the level on which domains (and codomains)
of cells e and ¢ are comparable [175].

2. Some special simple w-graphs:
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(a) a% the w-graph corresponding to a ud-vector @ [176];
(b) «* can be pictured as follows [175]:

\
/m

n—l>—<oo >—<U( >—<\1
O N R O

3. Some special morphisms of simple w-graphs:

(a) b, t: ™ — a™: the bottom and the top morphisms [176];

(b) bt o"0@ — ¥ the multi-bottom and the multi-top morphisms
[177];

(c) K':a®i — a¥ the coprojections into o [176]:

//\N

u2k 2 U2k
2k

u2k 1

(d) &% : ¥ — @7 gl o7 — ol®T: the coprojections into al®4? [177].
4. A general w-category A [125, 210]:
(a) dA = di.,, cé = ci, © A, — A, the domain and the codomain morphisms
210

(b) diy,cay © Ag — Auy@: the multi-domain and the multi-codomain mor-
phlSHlS [136];

Lé”) = L(‘}) A A, — Ap: the identities [211];

A A AL ) " )
M myme = My, = M 2 Apg iy — Amax(nomy): the compositions [211];

)
)
e) mu‘i‘ : Ay — Ane(ay: the canonical composition morphism [138];
) mit o Ag — Aug,,.ous,t the projection i < j [136];

)

o A — Aa, ﬂﬁg : A — Ayt the projections [137].
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5. The free w-categories:

[G]: the free w-category on a w-graph G [179, 225];
|G]n, = Igeup, Ga: the set/object of n-cells in [G] [225];
Kg = : Gz — [G],: the coprojections [225];

(a)
(b)
()
(d) [G]no nine = L(@5)eUbngy nyny

no- and ny-cells in [G] T226];

= Kagmomims * Glipn,d] — [Glnomine: the coprojections [226]; ;

Glian, 5 the set/object of ni-compatible pairs of

(¢)
(f) 6
(g) A fragment of a simple w-category 0° in S, s > 0, n > 0 [184]:

@)
=N
sl
<L

El

= [a%]: the simple w-category corresponding to a ud-vector o [184];

S s
7r0,n+1 dn
m? L3
n+1l,nn+1lcg n+1 s
5n+1 X(SS 5n+1 n+1 571
—> _—
S
7Tl,n—&—l Cn
(h) I <n
s
0]
I
(n) s

the composite morphisms;

(i) macg and macg: the maximal cells in [G] and S, respectively (if exist) [126].
6. Some special morphisms of simple w-categories:

(a) b, t:0° — §: the bottom and the top morphisms [185];
(b) b, t5: 570 — §%: the multi-bottom and the multi-top morphisms [185];

(c) KT 57 — §lEbY] k57 5% — %07 the embeddings into the coproduct
[185];
(d) I <s
t(s)
O]
oy — P
b(®)

the composite morphisms;

(e) |:[G] — &° ele :[G] — &6°TL: the morphisms into 6", e 1> ¢/, e, € Gy
[186];
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(f) p*:0°t — 6% the projection [187];

(g) pO;s—l—l’pl;s—&—l : 5s+1,s,s+1 53—4—1’ ps+1 . 5s+1 6s+1,s,s+1: the order on

551 [187);

(h) The (a fragment of) the internal disk D in S at level n, s > 0, n > 0 [187]; :

pO;s—i-l b,sl
n
n_, s
s+1,s,5+1 s+1 P s
1;5+1 s
Pr t”

(i) %: 6% — §% the unique essential morphism from §* to 6% [201].
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