UNIVERSITY OF CALIFORNIA
RIVERSIDE

Open Systems: A Double Categorical Perspective

A Dissertation submitted in partial satisfaction
of the requirements for the degree of

Doctor of Philosophy
in
Mathematics
by
Kenny Allen Courser

March 2020

Dissertation Committee:

Professor John Baez, Chairperson
Professor Jacob Greenstein
Professor David Weisbart



Copyright by
Kenny Allen Courser
2020



The Dissertation of Kenny Courser is approved:

0 N/L_D

University of California, Riverside



Acknowledgments

First, I would like to thank my advisor John Baez for taking me on to be his student. With-
out his patience and humor, this thesis would not exist. I would like to thank Mike Shulman,
Christina Vasilakopoulou, Daniel Cicala, Blake Pollard and David Weisbart for their help
and guidance over the past several years. I would like to thank the other members of our
category theory research group during my time here at University of California, Riverside—
Brandon Coya, Jason Erbele, Joe Moeller, Jade Master and Christian Williams—for helpful
discussions and feedback. I would like to thank my grandparents Valerie and Lupé for their
love and support and for allowing me to focus on school. I would like to thank my little
brother, Christian, my little sister, Catherine, my older sister, Emily, my older brother,
Andrew, and my dad, Frank, for all the memories created while growing up, and of course,
Buster. I would like to thank my cohort—Adam and Bryansito ><, Eddie, Josh, Kevin,
Mikahl, Ryan, Tim and James—for their companionship while traversing the gauntlet of
grad school. I would also like to thank my hometown friends—Jimmy, Richie, Tj, Dombot,
Kurt, Daniel and Austin—for all the memories in middle school, high school and early col-
lege. I would like to thank the community over at the nLab; whenever I needed to look up
a particular concept or idea, the nLab was one of the first places that I would look. And
lastly, I would like to thank my mom, Jodi, for her love and support and for bringing me

into this world.

v



To my mother, Jodi.



ABSTRACT OF THE DISSERTATION

Open Systems: A Double Categorical Perspective
by
Kenny Allen Courser

Doctor of Philosophy, Graduate Program in Mathematics
University of California, Riverside, March 2020
Professor John Baez, Chairperson

Fong developed ‘decorated cospans’ to model various kinds of open systems: that is, sys-
tems with inputs and outputs. In this framework, open systems are seen as the morphisms
of a category and can be composed as such, allowing larger open systems to be built up from
smaller ones. Much work has already been done in this direction, but there is a problem: the
notion of isomorphism between decorated cospans is often too restrictive. Here we introduce
and compare two ways around this problem: structured cospans, and a new version of deco-
rated cospans. Structured cospans are very simple: given a functor L: A — X, a ‘structured
cospan’ is a diagram in X of the form L(a) — x < L(b). If A and X have finite colimits and
L is a left adjoint, there is a symmetric monoidal category whose objects are those of A and
whose morphisms are isomorphism classes of structured cospans. However, this category
arises from a more fundamental structure: a symmetric monoidal double category. Under
certain conditions this symmetric monoidal double category is equivalent to one built using
our new version of decorated cospans. We apply these ideas to symmetric monoidal double

categories of open electrical circuits, open Markov processes and open Petri nets.
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Chapter 1

Introduction

This is a thesis about compositional frameworks for describing ‘open networks’, which
are networks with prescribed ‘inputs’ and ‘outputs’. One well-known type of network is a
‘Petri net’. Petri nets are important in computer science, chemistry and other subjects. For
example, the chemical reaction that takes two atoms of hydrogen and one atom of oxygen

and produces a molecule of water can be represented by this very simple Petri net:

a

@/

Here we have a set of ‘places’ (or in chemistry, ‘species’) drawn in yellow and a set of
‘transitions’ (or ‘reactions’) drawn in blue. The disjoint union of these two sets then forms
the vertex set of a directed bipartite graph, which is one description of a Petri net.
Networks can often be seen as pieces of larger networks. This naturally leads to the idea
of an open Petri net, meaning that the set of places is equipped with inputs and outputs.

We can do this by prescribing two functions into the set of places that pick out these inputs



and outputs. For example:
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The inputs and outputs let us compose open Petri nets. For example, suppose we have

another open Petri net that represents the chemical reaction of two molecules of water

turning into hydronium and hydroxide:

b c
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Since the outputs of the first open Petri net coincide with the inputs of the second, we can

compose them by identifying the outputs of the first with the inputs of the second:

a [
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Similarly we can ‘tensor’ two open Petri nets by placing them side by side:
a+b b+c

lets

|
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The compositional nature of these open Petri nets, and of open networks in general, is sug-
gestive of an underlying categorical structure. Moreover, the ability to tensor these open
networks naturally leads to a symmetric monoidal structure on these categories. In this
thesis we study two frameworks for constructing and working with symmetric monoidal
categories whose morphisms are open networks. The first, ‘decorated cospans’, was in-
troduced by Brendan Fong [7]. The second, ‘structured cospans’, is new. Here we study
both frameworks using symmetric monoidal double categories, which have 2-morphisms that
describe maps between open networks.

The outline of the thesis is as follows. In Chapter 2, we present Fong’s decorated cospans
and give some examples in which they have been applied: graphs, electrical circuits, Markov
processes and Petri nets. In Chapter 3, we introduce the framework of structured cospans.
In Chapter 4, we revisit decorated cospans but at the level of double categories. In Chapter
5, we explore some of the similarities between double categories and bicategories, and in
Chapter 6, we give an application of double categories to Markov processes and ‘coarse-
grainings’ and show that coarse-graining is compatible with black-boxing. This last ap-

plication is constructed using neither structured cospans nor decorated cospans due to the



complexity of its 2-morphisms, but is nevertheless a great example of how the rich structure
of double categories and their appropriate maps can be used to model complicated open
dynamical systems.

The first piece of work that this thesis is built upon, A bicategory of decorated cospans
[18], was an initial attempt at categorifying Fong’s theory of ‘decorated cospans’, which we
introduce in Chapter 2. Following a suggestion of Mike Shulman [37], this attempt made
extensive use of double categories, and it was here that the current author’s journey into
double categories began. Over the course of this journey, John Baez noticed a flaw with the
decorated cospans framework, which we explain in Section 2.2.1 and also at the beginning
of Chapter 3. Thus, Baez conceived another framework which simultaneously corrected
this flaw and was more convenient to use: ‘structured cospans’. This is the main content
of Chapter 3. This new framework also employs double categories, and several applications
which were previously illustrated using decorated cospans were explored using structured
cospans in a recent paper with Baez, Structured cospans [3]. Then, following along on
this double categorical campaign, a more direct fix to decorated cospans was introduced
by Baez, Vasilakopoulou and the author in Structured versus decorated cospans [4]. This
material constitutes Chapter 4: the main result is that the new improved decorated cospans
are equivalent to structured cospans under certain mild conditions. Tangential to all of this,
Baez and the current author wrote Coarse-graining open Markov processes [2]. While this
work also makes use of double categories, it uses neither decorated nor structured cospans,
due to some more sophisticated structure that is necessary. This material makes up Chapter

6.



Chapter 2

Decorated cospan categories

This chapter is devoted to Fong’s theory of decorated cospans and a few of its applica-
tions. Fong’s theory of decorated cospans is well-suited to describing open networks: that
is, networks with prescribed inputs and outputs. We can build larger networks from smaller
ones by attaching the inputs of one to the outputs of another. This suggests that we should
treat open networks as morphisms in a category. In addition to composing open networks,
we can also put them side by side in parallel, giving a monoidal category. Fong’s Theorem
on decorated cospans provides a framework that captures all of this structure and more.
Fong’s decorated cospan categories can then serve as syntax categories for functors that
describe the behavior of open networks, such as the ‘black-box’ functors studied by Baez,
Fong, Master and Pollard [2, 7, 8, 9, 10].

In Section 2.1, we present Fong’s Theorem. For definitions of the terms used in this
theorem, see Appendix A. In Section 2.2, we present some previously studied applications of

decorated cospans which will later be revisited in subsequent chapters from the perspective



of other compositional frameworks. These examples include open graphs, open electrical

circuits, open Markov processes and open Petri nets.

2.1 Fong’s Theorem

Definition 2.1.1. A cospan in any category C is a diagram of the form

/ \
ai a2

In other words, a cospan is an ordered pair of morphisms ¢ and o in C whose target coincide.

A result of Fong [23] which has been fundamental in the inspiration of a large portion

of this thesis is the following.

Theorem 2.1.2 (Fong). Let C be a category with finite colimts and F: (C,+,0) —
(Set, x,1) a symmetric lax monoidal functor. Then there exists a symmetric monoidal

category F'Cospan which has:
(1) objects as those of C and

(2) morphisms as isomorphism classes of F-decorated cospans in C, which are pairs:



Two F-decorated cospans are in the same isomorphism class if the following diagrams

b F(b)
a4
a1 fl~ az 1 F(f)
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for some isomorphism f. The composite of two composable F'-decorated cospans

b 4
a1 az az as

commute:

d € F(b) d e F(b)
s given by
b+ta, b
//7 r\\
b+ b
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where 1 is the natural map into a coproduct, j is the natural map from a coproduct into
a pushout, and ¢pp: F(b) x F(b') = F(b+ V') is the natural transformation coming

from the structure of the symmetric lax monoidal functor F: (C,+,0) — (Set, x,1).

The tensor product of two objects ay and as is given by their binary coproduct a1 + ao

in C.



The tensor product of two F-decorated cospans is given pointwise:

b b’ b+b
N e N e e
ax az al a’ a1 + ay as + ab
d e F(b) & e F(b) d+d € F(b+V)
—1 / by 3
d+d =1251x1 2% Fib) x F() 225 Fb+ V)

We will also need a variant of Fong’s Theorem that gives a merely monoidal category:

Theorem 2.1.3. Let C be a category with finite colimts and F: (C,+,0) — (Set, x,1) a
lax monoidal functor. Then there exists a monoidal category FCospan where the relevant

structure is given as in Theorem 2.1.2.

The necessity of this weaker result was pointed out by an anonymous referee of Moeller
and Vasilakopoulou [35], which we explain in the introduction of Chapter 3 on ‘structured

cospans’.

2.2 Applications

In this section we present some examples of applications of decorated cospans which
have been studied in previous works [7, 8, 10, 12, 23].
2.2.1 Graphs

Our first example is the category of ‘open graphs’. This makes clear some difficulties

in Fong’s approach to decorated cospans—problems that will be solved using our double



category approach. Let (FinSet, +,0) denote the category of finite sets and functions made
symmetric monoidal using coproducts. To apply Fong’s Theorem, we seek a symmetric lax
monoidal functor F': (FinSet,+,0) — (Set, x, 1) that assigns to a finite set N the set of all
graphs whose underlying set of vertices is N. So, we define a graph structure on N to be

a diagram in FinSet of the following form.

Here F is the set of edges of the graph while s,t: £ — N are the source and target
functions, respectively.

If we naively try to take F/(N) to be the set of graph structures on N, we immediately
notice a problem: this is not a set, but rather a proper class. Fong [23] gets around this
by replacing FinSet with an equivalent small category, which by abuse of notation we shall
call FinSet. Using this small version of FinSet in the definition of graph structure, we see
that there is an actual set F'(IV) of graph structures on any N € FinSet. Given a function
f: N — N’ we define F(f): F(N) — F(N') as follows. Given a graph structure on N,
the function f induces a graph structure on N’ if we demand that the following diagrams

commute:

This results in a graph structure on N’ given by s',¢': E — N’ where s’ = fs and t’ = ft.

In other words, we are pushing forward the set E of edges along the function f in such



a way that sources and targets of edges are preserved. It is clear that this procedure is
associative and preserves identities, and thus defines a functor F': FinSet — Set.

The next question is whether F' is lax monoidal. For this, note that given a graph
structure d; on a finite set N1 and a graph structure dy on another finite set Ns, there is a
graph structure d; + ds on N1 + No, given by taking pointwise coproducts of the respective

graph structures on Ny and Na:
s1 + s2
Fi+ Es N1+ N

t1 +to

One can check that there is a natural transformation

BNy Ny 2 F(N1) X F(Na) — F(N1 + Na)

mapping (dq,ds) to dy + dz2, as one would expect if F were lax monoidal and p were its
laxator. Note the non-invertibility of the maps pn, n,. For example, the figure below
shows two graphs d; € F(Ni) and do € F(N32) in black; taking them together we get
dy + dy € F(N1 + N3). If we also include the red edge we obtain a graph that is not in the

image of the laxator uy, n,, but is a perfectly fine element of F(Ny + Na).

I EF(Nl) FQGF(NQ)

€1

!
T e

U1 V2 W ————> W2

U3 w3 w4

10



We also have a morphism p: 1 — F(()) which is, in fact, an isomorphism as the empty graph
with no edges is the only possible graph structure on (). However, as pointed out by the
anonymous referee of Moeller and Vasilakopoulou’s paper [35], u does not obey the hexagon
law required of a lax monoidal functor! We explain why at the start of Chapter 3. To fix
this, we can use Mac Lane’s Theorem to choose a small strict monoidal category equiva-
lent to (FinSet, 4+, 0)—that is, one for which the associator and unitors are identities. (See
Theorem 3.0.1 below.) Henceforth we use (FinSet, +,0) to denote this small strict monoidal
category. Then we obtain the desired lax monoidal functor F': (FinSet, +,0) — (Set, x, 1),
so we can apply Theorem 2.1.3 and get a monoidal category of decorated cospans. Unfor-
tunately, we cannot use Fong’s Theorem (Theorem 2.1.2) to make this category symmetric
monoidal, as there is no symmetric monoidal category equivalent to (FinSet, +,0) for which

the symmetries are identities. By Theorem 2.1.3, we have the following:

Corollary 2.2.1. Let F': (FinSet,+,0) — (Set, x,1) be the lax monoidal functor described
above which assigns to N € FinSet set of all graph structures whose underlying set of vertices

1s N. Then there exists a monoidal category F'Cospan which has:
(1) objects as those of (FinSet,+,0) and

(2) morphisms as isomorphism classes of open graphs, where an open graph is given by

a pair of diagrams:

N
S
/3
/ \ E N
~_ 7
t
X Y

11



Two open graphs are in the same isomorphism class if the following diagrams com-

mute:

for some isomorphism f. Composition and tensoring of objects and morphisms are

given as in Theorem 2.1.2.

Again we emphasize that in the above theorem we are using (FinSet, +,0) to mean some
small strict monoidal category equivalent to the usual category of this name. For any object
N in this category, F'(IV) is the set of all graph structures on IV defined using this equivalent

category. Thus, given graph structures on objects N1, Ny and N3:

S1 52 53
/> /) /)
E1 N1 E2 N2 E3 NS
~_7 ~_ ~_7
t1 to t3

the following two graph structures are equal:

s1+ (s2 + s3) (s1+s2) + s3
Ei+ (E2 + E3) N1+ (N2 + N3) (F1+ E2)+ Es N1 + (N2 + N3)
t1 + (t2 +t3) (t1 +t2) + t3

12



This strictification in the graph structures is necessary in order for the functor F' of the
previous corollary to be lax monoidal. We will also employ this strictification of structures

in the following two applications.

2.2.2 Electrical circuits

The remaining two applications, while taking on more of an applied flavor, are struc-

turally very similar.

Definition 2.2.2. Given a field k, a field with positive elements is a pair (k, k") where
kT C k is a subset such that 72 € kT for every nonzero r € k and such that k1 is closed

under addition, multiplication and division.

Definition 2.2.3. Let k be a field with positive elements. A k-graph is given by a diagram:

s

r o
kt <—— F N
~—_~7
t

where r(e) € kT is the resistance along the edge e € F.

Following the same ideas as in the previous example and using a small strict monoidally
equivalent copy of FinSet, we see there is a lax monoidal functor that assigns to any NV €

FinSet the set of all k-graph structures on N. Thus, by Theorem 2.1.3, we have the following.

Theorem 2.2.4. Let F': (FinSet,+,0) — (Set, x,1) be the lax monoidal functor which
assigns to any N € FinSet the set of all k-graph structures on N. Then there exists a

monoidal category FCospan which has:

(1) objects as those of (FinSet, +,0) and

13



(2) morphisms as isomorphism classes of open k-graphs, where an open k-graph is given

by a pair of diagrams:
N
S
T )
/ \ EH¢—E N
~_
X Y

t

Two open graphs are in the same isomorphism class if the following diagrams com-

mute:
N
X fl~ Y
Nl
N N
H\’\_/E E f E f
r’ }/\ *’\
N’ N’

for some isomorphism f. Composition and tensoring of objects and morphisms are

given as in Theorem 2.1.2.

An electrical circuit made of resistors can then be seen as a k-graph in which we take
the field k to be R and take k™ to consist of the positive real numbers. Baez and Fong
also consider more general circuits containing resistors, inductors and capacitors, using a
larger field with positive elements [7]. They study the behavior of these circuits using a

‘black-boxing’ functor from F'Cospan to a category of linear relations.

14



2.2.3 Petri nets

Our final example involves Petri nets, which have been studied extensively by Baez and

Master in a recent work [9].
Definition 2.2.5. A Petri net is given by the following diagram in Set.

T N[S]

/SS
\ta
We call S the set of species and T the set of transitions; N[S] stands for the free com-

mutative monoid on S.

In this example, we wish to use Fong’s Theorem with a functor F' that assigns to each
set S the set F'(S) of all Petri nets having S as their set of species. Unfortunately, if we
do this, F(S) is not a set: it is a proper class. To avoid this problem, we invoke the axiom
of universes and choose a Grothendieck universe U. We call sets in U small and arbitrary
sets large.

We let (Set,+,0) be a strict monoidal category that is monoidally equivalent to the
category of small sets with coproduct as its monoidal structure. The category (Set,+,0) is
a large category: more precisely, it is a category with a large set of objects and a large set
of morphisms. For any S € (Set, +,0), there is a large set F'(S) of Petri nets having S as its
set of species and some T' € (Set, +,0) as its set of transitions. We write (SET, x, 1) for the
category of large sets with product as its monoidal structure. We can make F': (Set, +,0) —

(SET, x, 1) into a lax monoidal functor where the natural transformation

HSq,82 F(Sl) X F(SQ) — F(Sl + 52)

15



is obtained in the same way as the previous natural transformations in the last three exam-
ples, namely by considering two individual Petri nets in parallel as a single Petri net. By

Fong’s Theorem 2.1.3, we have the following.

Theorem 2.2.6. Let F': (Set,+,0) — (SET, x, 1) be the lax monoidal functor that assigns
to a set S the large set F(S) of all Petri nets whose set of species is given by the set S.

Then there exists a monoidal category FCospan which has:
(1) objects as those of (Set,+,0) and

(2) morphisms as isomorphism classes of open Petri nets which are given by pairs of

S S
/ '\ TAN(S)
S~
X Y ¢

Two open Petri nets are in the same isomorphism class if the following diagrams

diagrams:

commute:

N[S]

for some isomorphism f. Composition and tensoring of objects and morphisms is

given as in Theorem 2.1.2.

16



Following ideas similar to those in the last two examples, Baez and Master study the
reachability relation of states of open Petri nets via black-boxing [9]. They in fact go further
and construct a ‘double category’ of open Petri nets and a corresponding black box double
functor which shows a certain compatibility relation between ‘maps of open Petri nets’ and
their black-boxings. Double categories are at the heart of this thesis and we will begin using

them in the next chapter.

17



Chapter 3

Structured cospan double

categories

The present chapter is about a particular kind of double categories, namely ‘foot-replaced
double categories’. The first main result of this chapter is the construction of foot-replaced
double categories in Theorem 3.1.1 and the corresponding symmetric monoidal versions of
these in Theorem 3.1.2. The most important kind of foot-replaced double categories are the
‘structured cospan double categories’, which are the content of Theorem 3.2.3. In Section
3.3 we revisit the applications of Section 2.2, but from the perspective of structured cospans.
In Section 3.4 we define maps of foot-replaced double categories, of which maps between
structured cospan double categories are a special case. But first, let us explain the need for
some of these concepts. At this point it would be fruitful for readers unfamiliar with double

categories to read Appendix A.2.

18



Recall the first example of Fong’s theory of decorated cospans introduced in the previous
chapter. Let F': FinSet — Set be the symmetric lax monoidal functor that assigns to a finite
set b the (large) set of all possible graph structures on the finite set b, where a graph structure

on b is given by a diagram in Set of the form:

Let b = {v1,v2} be a two element set. Then one element of the (large) set F'(b), which is
the collection of all graph structures on the finite set b, is given by a single edge e whose

source and target are v; and vg, respectively.
® @
Denote this element of F'(b) asd: 1 — F(b). Let a1 = {1} and a2 = {2} and define functions

i: a1 — band o: ag — b by i(1) = v1 and 0(2) = v9. Then we have an F-decorated cospan:

; d
a1 ——> p ¢—— as 1 —=> F(b)

which is given by this open graph:

There are some subtleties to this framework; consider two decorated cospans with the
same inputs and outputs.

i/

N /
a ——> p 22— a» a ——> > a»

d d’
1 —=> F(b) 1 -5 F)

19



For these two F-decorated cospans to be in the same isomorphism class, the following

triangle is to commute:

This commutative triangle in Set in the context of the symmetric lax monoidal functor
F': FinSet — Set says the following: given a decoration d € F'(b), which is a graph structure
with underlying set of vertices b, the function F'(f) pushes forward the graph structure
d to the graph structure d’ € F(b') with underlying set of vertices b/, and precisely this
graph structure. The graph structure is given by the set of edges of d. For example, take

b = {v1,v2} as before and let d € F(b) be given by:

Let b = {wj,wy} and define a bijection f: b — b by f(v;) = w; for i = 1,2. Then the

requirement F(f)(d) = d’ says that d' € F (V') must be given by:

The important point is that the single edge of d’ must also be e. If we were to label it say,

€/, there is no bijection f: b — b’ such that the triangle above commutes, and hence no

20



isomorphism between these two F-decorated cospans.

7 -7 S~_0 F(b)
-7 R 1
- ~ I
17 AF(f) 4 2 1 LAR(S)
el Pl % v
A T F(b')

Thus, these two F-decorated cospans constitute distinct isomorphism classes! This nui-
sance is amplified when viewed from a higher categorical perspective, as seen in the first
attempt at building a bicategory of decorated cospans [18]. In the first proposed bicategory
FCospan(C), there is no 2-morphism from the former single-edged graph to the latter,
when clearly there ought to be. The theory of foot-replaced double categories serves to
remedy this situation. Again, for an introduction to double categories, see Appendix A.2.
Another obstacle with decorated cospans was pointed out by an anonymous referee of
Moeller and Vasilakopoulou [35]. For the original incarnation of decorated cospans, we
start with a symmetric lax monoidal functor F': (C,+,0) — (Set, x, 1) where C is a finitely
cocomplete category made symmetric monoidal with chosen binary coproducts and an initial
object. The anonymous referee has pointed out that even in the simplest of examples,
namely the example of open graphs in Section 2.2.1, the ‘laxator hexagon’ required to
commute in the definition of symmetric lax monoidal functor (Definition A.1.8) may do so

only up to isomorphism. This can be seen explicitly with the following example.
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Let F': (FinSet,+,0) — (Set, x,1) be the functor of Section 2.2.1. In order for F' to

actually be a lax monoidal functor, the following laxator hexagon must commute:

al

(F(a) ® F(b)) @ F(c) F(a) ® (F(b) ® F(c))
Hab @ 1F(c)l J/lF(a) ® Hb,c
Fla®b)® F(c) Fla)@ F(b®c)
Ha®b,c\l/ F(a) \I/H‘a,b@c
F((a®b) ®c) Fla® (b®c))

Let a = {a1,a2}, b = {b1,b2} and ¢ = {c1, 2} all be two-element sets, and let d, € F(a),

dy € F(b) and d. € F(c) be given by the following graph structures:
€a €y €c
o—0 060 06 °

Then the graph (d, X dp) x d. € (F(a)®F (b)) ® F(c) = (F(a) x F(b)) x F(c) is an object of
the category given by the top left corner of the above hexagon. Starting from this top left
corner and traversing the object (d, x dp) X d. through the hexagon right and then down
to Fla® (b®c)) = F(a+ (b+ ¢)) results in a graph with vertex set a 4+ (b + ¢) and edge
set {eq} + ({ep} + {ec}), whereas traversing the hexagon down and then right results in a
graph with the same vertex set a + (b + ¢) but now edge set ({e,} + {ep}) + {ec}. These
two graphs would visually appear to be the same and indeed have the same sets of vertices,
but their edge sets would only be (naturally) isomorphic, causing the above hexagon to not
commute on-the-nose as required by the definition of lax monoidal functor.

One remedy to this as suggested by John Baez is to replace the finitely cocomplete
category (FinSet, +,0) containing our graph structures with an equivalent strictified version

courtesy of a theorem of Mac Lane:
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Theorem 3.0.1 (Mac Lane [34]). Given a (braided, symmetric) monoidal category C, there
exists a strict (braided, symmetric) monoidal category C' and a (braided) monoidal equiva-

lence F': C — (.

A monoidal equivalence F' is a functor that is simultaneously a monoidal functor and an
equivalence, and a strict (braided, symmetric) monoidal category is a (braided, symmetric)
monoidal category in which the associator and left and right unitors are identity morphisms.
By taking our graph structures from the strict monoidal category (FinSet,+,0), the two
graphs each with vertex sets a + (b + ¢) and edge sets {e,} + ({ep} + {e.}) and ({e.} +
{ev}) + {e.} are now identified and thus the laxator hexagon commutes. A similar problem
arises with two unitality squares which is also resolved by this strictification, and thus we
obtain the lax monoidal functor F': (FinSet, +,0) — (Set, x, 1) of Section 2.2.1 and are able
to utilize Theorem 2.1.3. Unfortunately, we are unable to obtain the desired symmetric
monoidal category of Fong’s original Theorem 2.1.2. Structured cospans will also serve as

a remedy to this problem.

3.1 Foot-replaced double categories

The main content of this chapter are foot-replaced double categories as introduced in a
work with Baez [3]. A special case of foot-replaced double categories are given by structured

cospan double categories. A cospan in any category is diagram of the form:

VAR

ai a2
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We call b the apex of the cospan, ¢ and o the legs of the cospan, and a; and ay the feet
of the cospan. In the framework of structured cospan double categories, given a functor
L: A — X a structured cospan is a cospan in X of the form:

L(a1) L(a2)
Formally, this is a cospan in X whose feet are objects of X, but from the perspective of
structured cospans, the feet of this cospan are the objects a; and a9 in A. Here we are

replacing the feet of the cospan in X with objects from another category A, hence the name

‘foot-replaced double category’.

Theorem 3.1.1. Given a double category X and a functor L: A — Xy, there is a unique

double category X for which:

an object is an object of A,

a vertical 1-morphism is a morphism of A,

a horizontal 1-cell from a to o' is a horizontal 1-cell L(a) M, L(d) of X,

a 2-morphism is a 2-morphism in X of the form:

La) L5 L)
L(f) Ja lL(g)
L(@) S5 L),

e composition of vertical 1-morphisms is composition in A,

e composition of horizontal 1-morphisms are defined as in X,
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e vertical and horizontal composition of 2-morphisms is defined as in X,

e the associator and unitors are defined as in X.

The proof is a straightforward verification using the definition of a double category, which
is Definition A.2.5. Throughout this thesis we use ‘double category’ to mean ‘pseudo double
category’: composition of horizontal 1-cells need not be strictly associative. However, if the
double category X is strict, so is the foot-replaced double category pX.

There is also a version of Theorem 3.1.1 for symmetric monoidal double categories.

Theorem 3.1.2. If X is a symmetric monoidal double category, A is a symmetric monoidal
category and L: A — Xq is a (strong) symmetric monoidal functor, then the double category

X becomes symmetric monoidal in a canonical way.

Proof. As noted in Definition A.2.5, every double category DD has not only a category of
objects Dy, but also a category of arrows D1 with horizontal 1-cells of DD as objects and
2-morphisms of D as morphisms. The definition of a symmetric monoidal double category,
which is Definition A.2.13, can be expressed in terms of structure involving these categories.

For the double category X, the category of objects ;Xg is just A. The category of

arrows 1, X7 has horizontal 1-cells in X of this form:

L(a) % L(b)

as objects and diagrams in X of this form:



as morphisms, which are composed vertically.

As explained in Definition A.2.12, to make ;X into a monoidal double category we need
to do the following;:

(1) We must choose a monoidal structure for ;Xo = A and for X;. The category A is
monoidal by hypothesis; we give 1 X; a monoidal structure using the fact that X; and the
functor L are strong monoidal, as follows. Given two objects of X;:

L) & L(as) L) 2 Lby)
their tensor product is
o M@N Pag,b

by
L(a; ® by) —2% L(ay) @ L(by) 25 L(as) ® L(bs) —2%25 L(ag ® by),

defined using the laxator ¢,5: L(a) ® L(b) — L(a ® b) for L. Note that ¢ is invertible

because L is strong monoidal. Given two morphisms of ;X;:

L) 25 L(as) L) 25 Libw)
L(fl)J/ Ja lL(fQ) L(gi)| U8 lL(gz)
L(at) 5 L(ah) L)) 5 L)
their tensor product is defined to be
Bazpr (M @ NG,
L(ax ®b1) L(az@bz)
L(f1 ®91)l ba®p \lL(h ® g2)
bayv, (M ® Nyl
L(d} @ by) L(ay ® by).
The monoidal unit for ;X; is
o) LED (3.1)
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where I is the monoidal unit for A and U: Xy — X; is the identity-assigning functor for
X. The associator and unitors for ;X are built from those in X;. Explicitly, given three

horizontal 1-cells M, N and P in ;Xj:

the associator apy v p: (M @ N)® P = M ® (N ® P) in X is given by:

¢a’®b’,c’(¢a’,b’ & 1L(c’))((M ® N) & P)(¢;j, & 1L(c))¢;éb,c

L{(a®b)®c) L((d' ®b) &)
L(aa,b,c)J/ | o NP J/L(o‘a’,b’,c’)
¢a’,b’®c’(1L(a’) ® ¢b’,c’)(M & (N & P))(lL(a,) ® (b(:i) ;,i@e
La® (b®0e) L@ ® (¥ &)

(2) Any double category D has an identity-assigning functor U: Dy — Dj, and for D
to be monoidal we need U to preserve the monoidal unit. This is true for ;X because
U: A — X1 maps any object a € A to

U(L(a))

L(a) L(a),

so U maps the monoidal unit I € A to the monoidal unit for ;X;, given in Equation (3.1).
(3) In a monoidal double category D the source and target functors S,T: D; — Dy must
be strict monoidal. For ;X this is easy to check, given the monoidal structures defined in

item (1), because the source and target of an object
L(a) — L(b)

of 1 X1 are a € 1 Xy and b € Xy, respectively, and the source and target of a morphism

L) L5 1)
L(f) | a lL(g)
N
) N

L(a’ (®)
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in ;X; are the morphisms f: a — a’ and g: b — b in Xy, respectively. We can choose the
images of the source and target functors to ensure that they are strict symmetric monoidal,

meaning that for two horizontal 1-cells M and N,

SIM@N)=a®d =S(M)® S(N)

and likewise for the target morphism 7. The unit for the tensor product in ;X; is given in
Equation (3.1), and applying S or T" we obtain I € 1 X.

(4) A globular 2-morphism in a double category D is a morphism « in Dy such that
Sa and T« are identity morphisms in Dg. In a monoidal double category ID we must have

invertible globular 2-morphisms

x: (M1 ® N1) ® (My @ No) = (My ® M) ® (N7 ® Na)

and

p: Usgp — (Ua @ Up)

expressing the compatiblity of the composition functor ©®: Dy xp, Dy — D and identity-
assigning functor U: Dy — D with the tensor product. These must make three diagrams
commute, as detailed in Definition A.2.12. In the case of ;X this follows from the com-
mutativity of the corresponding diagrams in X together with the natural isomorphisms
given by the invertible laxators of the strong monoidal functor L: A — X. Explicitly, given

composable horizontal 1-cells M7, My, N7 and Ny in ;X1:

My N1

L(al) — L(az) L(b1) — L(bz)
Mo N2

L(a2) — L(as) L(b2) —> L(bs)
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the globular 2-morphism y for ;X is given by:

-1

¢a1, 1 ba ’
L(a1 ®by) —2"% L(a1) ® L(b1) L(as) ® L(bs) —225 L(as @ bs)

1l 1l I x ll ll
o, (M1 ® Ma) ® (N1 @ N2) ¢

ai,by

L(a1 ®by) —2" L(a1) ® L(b1) L(as) ® L(bs) —225 L(as @ bs)

(M1 ® N1) © (M2 ® N2)

where the middle x in the above diagram in the corresponding globular 2-morphism for the
symmetric monoidal double category X and ¢q, p, : L(a;) ® L(b;) — L(a; ® b;) is the natural
isomorphism of the strong monoidal functor L: A — Xy. Similarly, the other globular
2-morphism p for ;X is given by:

Lo U(L(a ® b)) Loy

1l Ny ll
bab(U(L(a)) @ U(L(D)))o, ;
L(a®b) L(a®b)

(5) In a monoidal double category, the associator and left and right unitors must be
transformations of double categories. This means that six diagrams must commute, as
detailed in Definition A.2.12. In the case of ;X this follows from the commuting of the
corresponding diagrams in X together with the natural isomorphisms given by the invertible
laxators of the strong monoidal functor L: A — X. For instance, one of the diagrams

required to commute is given by:

10p
(MQ@N)OUsgp — (M QN) O (Us @ Us)

L

MON +————— (MoU,)®(NOU)

29



For the symmetric monoidal double category ;X, this diagram may be seen as:

$ar b (M @ N,

L(a®b) La @) M®N

1 tp 1 4

bar v (M ® N, U(L(a @)

L(a®Vb) L(a ®V) (M ®N) O Uiz

1 T1owu 1 10u

bar v (M ® Ny ba b (U(L(a)) ® UL(D)))o,

L(a®Db) L@ ®t) (M®N)o (U, @ U,)

1 Jx 1 X

bar (M ©U(L(a)) ® (N ©U(LD)))b,

L(a®0b) L@ ®b) (MoU,)® (N OU)

1 lp®p 1 PP

$ar b (M & N)p

L(a®b) L(a" ®b") M®N

Here we have ‘unrolled’ the diagram to make it fit on the page; the reader should identify
the objects at the top of the diagram with those at the bottom.

Similarly, a braided monoidal double category is a monoidal double category with the
following additional structure.

(6) Dy and Dy are braided monoidal categories.

(7) The functors S and T are strict braided monoidal (i.e. they preserve the braidings).

(8) The following diagrams commute, expressing that the braiding is a transformation

of double categories.

(M1 ® M3) ®@ (N1 © Na) —— (N1 ® Na) ® (M1 © Mo)

q |

(M; ® N1) ® (M3 ® No) o (N1 ® M1) ® (N2 @ Ms)

UA®UBL>UA®B.

UB®UAT>UB®A
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These follow from the fact that Xy and X; are braided monoidal categories and that the
corresponding functors S and T of X are strict braided monoidal and we can choose the

source and target functors of ;X to agree with the braidings of ; Xy and ; X7, meaning that

B(SMeN)=3(SM)®S(N))=pF(a®d)=d ®@a=S(N®M)=S(B(MxN))

and likewise for the target morphism 7. The above diagrams commute in ;X as the cor-
responding diagrams commute in X and the laxators of the strong monoidal functor L are
invertible.

(9) Dy and Dy are symmetric monoidal categories.

This follows from the fact that A, Xg and X; are symmetric monoidal categories. Ex-
plicitly, the triangle identity for X; is given by:

bar b (M@ N,

L(a®b) L(a'®V) M®N
L(r' ®1p) Treln L(r' ® 1) r®1ln
bar@1p,0' ((Par,1, (M @ 1LX1)¢;,11A) ® N)‘z’;élA,b
L((a®1a)®0D) L((a’ @ 1a) @) M®1)®@N
L(aa,lA,b) l} O””’lel’N L(aa’,lA,b’) 0fM,lel,N
bar 1500 (M @ (d1, 5 (1%, ® N)¢;A{b))¢;,llA®b
La® (1a®0D)) L(d @ (1a®1b")) M®@((1®N)
Lla®¢) V1 @/ L1y ®1) Iy ®L
oty (M ® Ny,
L(a®b) L(ad' ®@b") M®N

Here we have again ‘unrolled’ the diagram to make it fit on the page; the objects at the top
of the diagram should be identified with those at the bottom.

Now for notation, let M, N, P and () be horizontal 1-cells in ;X given by:

M N

L(a) — L(a') L(b) —> L(¥")
P Q
L(c) — L() L(d) —> L(d')
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As horizontal 1-cells of the symmetric monoidal double category X together with the asso-

ciator & of X, the following pentagon commutes:

Mo (NeP)®Q

&y N, P®L AM,N®P,Q

(MeN)®P)2Q Me(N®P)eQ)

&M®N,P,Q M®&N,P,Q

&M,N,PRQ

MeoN)@(FPRQ) —— Me (Ne(PRQ))

Unrolling the pentagon identity for X, we obtain the following diagram:

Par @ (! 8d)) ML(al) B2 o/ ga) L0 @A Lp) O g NMENS(PERD) (L () 8L 1) ®¢, L) 8% 154, be (o)
L(a®((b®(c®d))) L(a’'®@®' ®@(c’®d")))
L(aa,b,c0d) I am,N,PeQ L(aar bt ' 0dr)
(Parg o @a ) @ar b ®Fcr g (MEN)B(POQ)) (67,87 ) (@ 0y o)
L((a®@b)®@(c®d)) L((a’@b)®(c'®d"))
L(cagb,c,d)  amMeN,P.Q L(aargbr o dr)
(¢(a’®b’)®c’,d’)(d)a’@b’,c’®1L(d’))((¢a’,b’®1L(c’))®1L(d’))(((‘M®N)®P)®Q)((¢;};®1L(C))®1L(d))®(¢;éb,c®1L(d))(‘b(i,,l(g)b)@c,d)
L(((a®b)®c)®d) L(((a'®b" )@ )®d)
L(aa,b,c ® 1d) ~u QM,N,P ® ].Q L(Oéa/yblycl ® 1d’)
%/@(b/@d),w>(¢a/,b/®u®1L(d/>>(<1L<aq®%/,c/>®1L(d/)><<“’f®<~°\"®P>>®Q>((1L<a>®d>;,i>®1L<d>)<¢;§®C®1L<d>><¢;1(b®c)_d>
L((a®(b®c))®d) L((a’®@('®@c))ed")
L(ag pee,d) I am,NvePrQ Liag prget,dr)
(Par v/ @ey@d) M L(al) BP0 et ,ar) L (at) ® (91 o O1L a1y ME(NEPIORQ)(UL (a) 86y L®1L @)L () ®%ha. )P (b e)@d)
L(a®((b®c)®d)) L(a’@((b'®@c)®d"))
L(la ® ap c,a) I 1w ® an,po L1y ® ot o qr)
<¢a/,b/®<c/®d/>><1L(a/)®¢b/,c/®d/><1L(a/)®<1L<b/>®¢c/®d/>><M®<N®<f’®@>>><1ua)®(1L<b>®¢;3)><1ua)®¢;i®d>(¢;},®(c®d)>
L(a®(b®(c®d))) L(a’ @b @ (' ®d")))

in which the top and the bottom tensor products of horizontal 1-cells coincide. The red is
to highlight that the pentagon identity of X; is nested within the pentagon identity of ;Xj,
and likewise for the triangle identity on the previous page, although that one we have not

colored. ]
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3.2 Structured cospan double categories

The most important example of a double category in this thesis is given by Csp(X) for

some category X with pushouts. This double category has:
(1) objects as those of X,
(2) vertical 1-morphisms as morphisms of X,
(3) horizontal 1-cells as cospans in X, and

(4) 2-morphisms as maps of cospans in X given by commutative diagrams of the form:

% o

x 4 Yy
o y'
¥ @)

That Csp(X) is indeed a double category when X is a category with pushouts was shown
by Niefield [32]; see also [18]. This also follows from Theorem 4.1.1 when the decorations

are taken to be trivial—see Corollary 4.1.2.

Theorem 3.2.1. Let L: A — X be a functor where X is a category with pushouts. Then

there exists a double category Csp(X) for which:

e an object is an object of A,
e q vertical 1-morphism is a morphism of A,

e a horizontal 1-cell from a to b is an L-structured cospan, meaning a cospan in X

of the form:

L(a) —— = <% L)
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e a 2-morphism is a map of L-structured cospans, meaning a commutative diagram

in X of this form:

L(a) —— = <% L)

L(a) f l lL(B)

L(a') H’ z’ % L(b/)

K3 o

e composition of vertical 1-morphisms is morphism composition in A,

e composition of horizontal 1-cells is done using chosen pushouts in X:

TN

Jz Jy
a
L(a) L(b) L(c)

where j, and j, are the canonical morphisms from x and y into the pushout,

e the horizontal composite of two 2-morphisms:

La) s & <2 L) L) —2 sy <2 L)
L(a) fl L(B) L(/J’)l gl lL(V)
Lla) —55 o < L) L) —25 y <2 L)

is given by
Jat1 Jy02

L(a) BN +Le) Y “— L(e)

/

L(a) f+re gl L(v)

L(a') H z’ +L(b’) Yy % L(C/)
Jar By Ty’ 0%
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e The vertical composite of two 2-morphisms:

L(a) —— y <> L)

L(@) f l lL(ﬁ)

L(a) —> y «— L)
i o

-/ !
L(a") SN Y & L(b)

wol | e

L(a//) ; y// é L(bl/)
7:// O//

is given by

L(a) ——s y <> L)

L(o/oz)J/ f’fJ/ lL(ﬁlﬂ)

L(al/) E yl/ E L(b//)
,L'/l o//

e The associator and unitors are defined using the universal property of pushouts.

Proof. We apply Theorem 3.1.1 to the double category Csp(X). O

If the category X has not only pushouts but also finite colimits, meaning pushouts and
an initial object which will serve as the unit object for tensoring, then the aforementioned

double category Csp(X) is in fact symmetric monoidal.

Corollary 3.2.2. Given a category X with finite colimits, the double category Csp(X) is

symmetric monoidal with the monoidal structure given by chosen coproducts in X. Thus:

e the tensor product of two objects x1 and xo is x1 + o,

e the tensor product of two vertical 1-morphisms is given by

z x' x+a
fl ® f’l = f+f'l
Y Y y+y

35



e the tensor product of two horizontal 1-cells is given by

y y' y+y
/V/ \V\ ® yﬂ wa :i+7ﬂ RV+d
T z x’ z x+ z+ 72,
e the tensor product of two 2-morphisms is given by
i1 01 i , o}
T —> Y1 ¢—— 21 By — >y —— 2
1 e )
Ty ——> Y2 &—— 22 Ty ——> Yy —— 2
%2 2 i )

, i1+i/1 , Ol-i-O/1 ,
1+ — >ty S 21+

= f+fﬁ/ g+¢l lh+w

.’172—'—.’17/2 E— y2+yé %22"‘257
i2+i/2 02+O/2

o The unit for the tensor product is a chosen initial object of X,

o The symmetry for any two objects x and y is defined using the canonical isomorphism

r+y=y+x.

Proof. This is just a special case of Theorem 4.1.3 where, as in Corollary 4.1.2, each F-

decorated cospan is once again equipped with the trivial decoration. ]

We then have the following symmetric monoidal double category of structured cospans,

the primary result of the aforementioned work [3].

Theorem 3.2.3. Let L: A — X be a functor preserving finite coproducts, where A has
finite coproducts and X has finite colimits. Then the double category Csp(X) is symmetric

monoidal with the monoidal structure given by chosen coproducts in A and X. Thus:
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(1) the tensor product of two objects a; and ay is aj + ag,

(2) the tensor product of two vertical 1-morphisms is given by

ai az a1 @ az
fll ® f2l =h +f2l
by b2 b1 ® b2

(3) the tensor product of two horizontal 1-cells is given by

x4+

SN o TN ey N
L(a) L(b)  L(d) L(Y)

(
L(a+a') Lb+VY)
where the feet use the tensor product of A and the legs and apices use the tensor
product of X and invertible lazators of L, and likewise

(4) the tensor product of two 2-morphisms is given by:

/ /

Liar) -5 1 <2 L(by) L(d)) —5 o) < L)
L(f)l al lL(g) ® L(f’)l a’l lL(g’)
L(az) —> T2 T L(bz) L(alg) E—d l'/g — L(blz)

12 o i oh
(i1 + 7)o (o1 +0h)o

L(a1 +ay) —> z1 + 3} ¢— L(b1 + b7)

=L(f+f/)l oa+o/l lL(g+9’)

L(az + 0/2) — > 2+ x5 ¢—— L(ba + blg)
(iz +15)¢ (02 +05)¢

The unit for the tensor product is the initial object of X which is isomorphic to the image
of the unit object of A under the functor L, and the symmetry for any two objects a and b

is defined using the canonical isomorphism a +b = b+ a.
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Theorem 3.2.3 is one of the main results on structured cospans in a joint work with Baez
[3]. The method of proof used there however is different from the more direct approach taken
here in this thesis. The word ‘rex’ is a standard abbreviation of ‘right exact’, which means
finitely cocontinuous, i.e., preserving finite colimits. Denoting by Rex the 2-category of
finitely cocomplete categories, finitely cocontinuous functors and natural transformations,
it is shown that if A € Rex, then Csp(A) is a ‘pseudocategory object’ in Rex—see Definition
A.2.2. A morphism L: A — X then yields the above symmetric monoidal double category
1Csp(X) being realized as a pseudocategory object in Rex. Denoting by SymMonCat
the 2-category of symmetric monoidal categories, (strong) symmetric monoidal functors and
monoidal natural transformations, there exists a 2-functor ®: Rex — SymMonCat which
turns a finitely cocomplete category into a symmetric monoidal category by prescription of
chosen binary coproducts for every pair of objects to serve as their tensor product and a
chosen initial object to serve as the monoidal unit. The rest of the symmetric monoidal
structure is then induced by these choices. This 2-functor ® preserves the necessary pull-
backs and applying this 2-functor ® to ;Csp(X) then results in ®(;Csp(X)) as a pseudo-
category object in SymMonCat. A pseudocategory object in the 2-category Cat is the
same as a double category. A pseudocategory object in SymMonCat is almost the same
as a symmetric monoidal double category, but not quite, because the source and target
functors S and T are not required to be strict symmetric monoidal functors. Luckily, an
easy verification shows that that this is indeed the case for ®(;,Csp(X)), so it is a symmetric

monoidal double category.
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Analogous comments also apply for maps between structured cospan double categories,

which are given by weakly commuting squares in Rex:

L
A—>X

FQJ/ o A J/Fl

A/ L/ 9 X/

Assuming L: A — X is a morphism in Rex is stronger than the hypothesis used in
Theorem 3.2.3, but this simplifies many proofs and also produces stronger results: not
only can we tensor and compose structured cospans as we can in an ordinary symmetric
monoidal double category of structured cospans, but we can even take finite colimits of
structured cospans, themselves. This is not the case for the symmetric monoidal double
category 1, Csp(X) of Theorem 3.2.3 due to A only being required to have finite coproducts
and only requiring finite coproducts be preserved by L.

A well-known result regarding adjoints is the following.

Proposition 3.2.4. FEvery left adjoint L: A — X preserves all colimits and every right

adjoint R: X — A preserves all limits.
The following is a particularly useful result on structured cospan double categories.

Corollary 3.2.5. Let L: A — X be a left adjoint between two categories A and X with finite
colimits. Then the double category Csp(X) is symmetric monoidal with the monoidal

structure given as in Theorem 3.2.3.

The examples we present of structured cospan double categories, which are to be seen as

improvements of the corresponding examples of decorated cospans of the previous chapter,
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will be applications of the above corollary. Another application may be found in the work of

Cicala [15] who uses structured cospan double categories to study rewrite rules in a topos.

3.3 Applications

3.3.1 Graphs

Definition 3.3.1. Let FinGraph be the category whose objects are finite graphs, which are

diagrams in FinSet of the form:

and whose morphisms are given by pairs of functions (f,g) such that the following two

squares commute:

t
E—>N E— >N
E'ﬁN’ E'TN’
S

Define a functor L: FinSet — FinGraph where given a set N, L(N) is the discrete graph
on N (with no edges) and given a function f: N — N’, L(f): L(N) — L(N’) is the graph
morphism that takes vertices of L(IN) to L(N') as prescribed by the function f. This functor
L preserves finite coproducts as it is left adjoint to the forgetful functor R: FinGraph —
FinSet that takes a graph (FE,N,s,t) where N and E are finite to its underlying set of
vertices N. The categories FinSet and FinGraph both have finite colimits. By Corollary

3.2.5, we have the following.
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Theorem 3.3.2. Let L: FinSet — FinGraph be the left adjoint defined above. Then there

exists a symmetric monoidal double category 1 Csp(FinGraph) which has:

(1) finite sets as objects,
(2) functions as vertical 1-morphisms,

(3) open graphs which are cospans of graphs of the form

L(a) —> = «— L(b)

as horizontal 1-cells, and

(4) maps of open graphs which are maps of cospans of graphs as 2-morphisms, as in

the following commutative diagram:

L(a) —> © «—— L(b)

L(f)l hl lL(g)

)
L(a) —> ¥ «— L(b)

3.3.2 Electrical circuits

Recall from Section 2.2.2 that given a field k, a field with positive elements is a pair
(k, k™) where k™ C k is a subset such that r? € k™ for every nonzero r € k and such that
k™ is closed under addition, multiplication and division. A recent work of Baez and Fong
[7] studies k-graphs where a k-graph I' is given by a diagram in Set of the form:

s

r )
kKt <—— E N
~—_ 7
t

where F and N are finite sets. Here k is a field with positive elements and the finite sets F

and N denote the sets of edges and nodes, respectively, of the k-graph I'. An open k-graph
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is then given by a cospan of finite sets:

where the apex N is decorated with a k-graph as above. Fong and Baez use the decorated
cospan machinery of Fong to construct a monoidal category F'Cospan from a lax monoidal

functor F': FinSet — Set. This functor F' is defined on objects by:
S

r /3
N = {kt «—— E N}
\2

and on morphisms by

f = k+&_/E E f E f
N r! %N/ %N/

To fit the above construction into the framework of structured cospans, first we define a

category FinGraph; whose objects are given by finite k-graphs:

s

r )
kKt <—— FE N
~—_ 7
t

and a morphism from this k-graph to another:

s/

r’ 3
k¢ F N’
~—7
t/

consists of a pair of functions f: N — N’ and g: E — E’ such that the following diagrams

commute:
t
= E E—>N E—>N
ET r\gl gl lf 9l lf
r! od B / NING E / NG
S t
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Next, we define a left adjoint L: FinSet — FinGraph,, which is defined on sets by:

S

~
N — k*é@ N
~—_

t

and on morphisms by:

Lemma 3.3.3. The functor L: FinSet — FinGraph;, defined above is left adjoint to the

forgetful functor R: FinGraph;, — FinSet.

Proof. The functor L: FinSet — FinGraph,, has a right adjoint given by the forgetful functor

R: FinGraph;, — FinSet which maps a finite k-graph

s

r )
Kkt ¢«——E N
~_
t

o~

to its underlying vertex set N. We then have a natural isomorphism homgingraph, (L(c), d)

homFinSet(Ca R(d)) : O
Lemma 3.3.4. The category FinGraph, has finite colimits.

Proof. The category FinGraph,, has an initial object given by the empty k-graph as well as
pushouts given by taking the pushout of the underlying span of finite graphs which is done

pointwise. 0

Theorem 3.3.5. Let L: FinSet — FinGraph,, be the left adjoint as described above. Then

there exists a symmetric monoidal double category [ Csp(FinGraphy) which has:
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(1) finite sets as objects,

(2) functions as vertical 1-morphisms,

(3) open k-graphs: that is, cospans of finite sets where the apez is equipped with a

k-graph

as horizontal 1-cells, and

(4) maps of cospans of finite sets equipped with a map of k-graphs

/ E E— N E— N
: \ﬁ RN
T El El N/ E/ Nl

as 2-morphisms.

Proof. As FinGraph;,, has finite colimits, we get a symmetric monoidal double category
Csp(FinGraph;) and hence a symmetric monoidal structured cospan double category
Csp(FinGraphy,). O

3.3.3 Petri nets

For the last example, Baez and Pollard have constructed a black-boxing functor

B: Dynam — SemiAlgRel [10]. Here, Dynam is a symmetric monoidal category of ‘open
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dynamical systems’ and SemiAlgRel is a symmetric monoidal category of ‘semialgebraic re-
lations’. A particular kind of dynamical system is given by a Petri net with rates. Petri
nets have also been studied extensively by Baez and Master [9] in the context of double
categories and double functors.

Recall that a Petri net consists of a set S of species, a set T of transitions and functions
s,t: S xT — N. For a species 0 € S and a transition 7 € T, s(o, 7) is the number of times
the species o appears as an input for the transition 7 and ¢(o, 7) is the number of times the

species o appears as an output for the transition 7.

Definition 3.3.6. A Petri net with rates is a Petri net with finite sets of species and
transitions together with a function r: T'— [0, 00) where r(7) is the rate of the transition

T.
We can also say that a Petri net with rates is a diagram of the form:

[0,00) ¢— T N[S]

S
/_$
\t_a
where S and T are finite sets and N[S] is the free commutative monoid on S. An open Petri
net with rates is then given by a cospan of finite sets whose apex is equipped with a Petri

net with rates.

X — >85>y 0,00) «— T
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A map of Petri nets with rates is given by a pair of functions f: S — S and g: T — T’

which make the following diagrams commute:

. T T — N[9] T — N[s]
/
[0, 00) 9l gl lN[f] gl lN[f}
v TﬁN[S} TITN[S]

Two Petri nets with rates are then in the same isomorphism class if the following diagrams

commute:
S
X fl~ Y
S/
) o N[S] = N[S]
[0, 0) T T lN[f] T lN[f}
/ S S

for some isomorphism f. Define a functor L: FinSet — Petriyates Where for a finite set S,
L(S) is the discrete Petri net with rates with S as its set of species and no transitions. In
other words,

s - [0, 00) «—— ¢

Lemma 3.3.7. The functor L: FinSet — Petriyates defined above is left adjoint to the for-

getful functor R: Petripates — FinSet.

Proof. This is similar as to why the functors used in the previous two applications are also

left adjoints. O
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Lemma 3.3.8. The category Petripates has finite colimits.

Proof. This is similar to the proof of Lemma 3.3.4 — the category Petriyates has pushouts

and an initial object. O

Theorem 3.3.9. Let L: FinSet — Petriyates be the left adjoint described above. Then there

exists a symmetric monoidal double category [ Csp(Petrirates) which has:

(1) finite sets as objects,

(2) functions as vertical 1-morphisms,

(3) cospans of sets whose apices are equipped with the stuff of a Petri net with rates as

horizontal 1-cells, and

(4) maps of cospans as above as 2-morphisms, as in the following commutative diagrams.

. T T —> N[S] T —— N[9]
o
[0, 00) g g lN[f] g lN[f}
S~ ,
Ay T—>N[S] T —> NS
Proof. This follows from Corollary 3.2.5, Theorem 3.3.7 and Lemma 3.3.8. O
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3.4 Maps of foot-replaced double categories

In this section we define maps between foot-replaced double categories. In Theorem

3.1.1 we showed how to construct a foot-replaced double category ;X starting from a pair
(X, L: A — Xp)

where X is a double category and L: A — Xy is a functor that maps the category A,
which contains the objects and morphisms of the foot-replaced double category X, into
the category of objects Xg of the double category X. Suppose that we have two foot-replaced
double categories: ;X obtained from a pair (X, L: A — Xj) and /X’ obtained from a pair
(X', L": A — X{)). Then we can construct a map from X to ;X' given a functor F: A — A’
together with a double functor F: X — X’ such that the following diagram commutes up to

a specified isomorphism 6:

L
A—— Xp

Fl w0 lFo
L/
A ——Xp
In the case where ;X and /X’ are symmetric monoidal and we wish to construct a symmetric
monoidal double functor between them, we will then require that both the functor F' and
double functor F be symmetric monoidal, and that # be monoidal as well. (For the definition

of ‘symmetric monoidal double functor’, see Definition A.2.14, and for the definition of

‘monoidal transformation’, see Definition A.1.11.)

Theorem 3.4.1. Let ;X and /X' be two foot-replaced double categories. Given a functor

F: A — A and a double functor F: X — X' such that the following diagram commutes up
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to isomorphism:

L
A—— Xp

Fl v 0 l}Fo
Ll

A —— X

the triple (F,F,0) results in a double functor pF: X — ,X'. This double functor pF maps

objects, vertical 1-morphisms, horizontal 1-cells and 2-morphisms as follows:

(1) Objects:

a— F(a)
(2) Vertical 1-morphisms:
a F(a)
fl = F(f)
a,/ F(a’)
(8) Horizontal 1-cells:
M

L'(F(a)) = Fo(L(a)) Fo(L(b)) = L'(F (b))
(4) 2-morphisms:
M 0" F1 (M) 0
L(a) —— > L(b) L'(F(a)) —> Fo(L(a)) — Fo(L(b)) ——> L' (F (b))
L(f) ba L(g) = L'(F(f)) Fo(L(f)) | U Fi(a) |Fo(L(g)) L'(F(9))
N b F1(N) O
L(a') —— > L) L'(F(a')) —> Fo(L(a’)) —> Fo(L(V')) —> L' (F (V')
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Proof. We will show that from the triple (F,F, 8) we can produce a double functor pF: ;X —

1»X’. This means that we must have
F]FO =F: LXO — L/X6
and
FIFll LXl — L’X{l

such that the following diagrams commute:

rlFy FlFy

X1 — L’Xll X —> L’X/l
SJ/ J/S/ TJ/ J/T/

F ! F !
LXo —> 1 Xp LXo —> 1 Xp

where S, T and S’,T" are the source and target functors of the double categories ;X and

X/, respectively, together with natural transformations
rFo: pF(M) © pF(N) — pF(M ® N)
for every pair of composable horizontal 1-cells M and N of ;X and a natural transformation
FFy: U'pa) = rF(Ua)

for every object a € ;X that satisfy the standard coherence axioms of a monoidal category
given by the laxator hexagon and unitality squares.

The functors pFy = F and gl are defined as in the statement of the theorem. To
see that the above squares commute, if we focus on the left one, starting at the upper left

corner, for an object of ;X; which is given by a horizontal 1-cell, we have going right that:

La) — 2 5 1)
H
0, F1 (M)67*
L'(F(a)) = Fo(L(a)) Fo(L(b)) = L'(F (b))
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and then going down yields source F'(a). If we go down and then right, we get that the
source of the top horizontal 1-cell is the object a which then maps to F'(a) under the double

functor gF. A morphism in ;X; is given by a 2-morphism of the form

L(a) L(b

M
—>
o lL(g
M/
ﬁ

L(a") L(b

so, again focusing on the left square, going right gives

) OpF1(M)05 "

L'(F(a)) L'(F(b))
L'(F(f)) § 64F1 ()05 " L'(F(g))
Oy F1(N)O !

L'(F(a")) L'(F(V))

and then going down yields source F'(f). On the other hand, going down we get that the

source of the original 2-morphism is f which then maps to F(f) under the double functor

rF, and so the left square commutes. The right square is analogous

That gF is functorial on vertical 1-morphisms is clear, as the pair gF acts as the func-
tor F: A — A’ on objects and vertical 1-morphisms

Given two vertically composable
2-morphisms in ;X:
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we wish to show that pIF; is functorial. If we first compose the above two 2-morphisms in

X, we get:

L(f’f)l I Ba lL 9'9)

M//

La) X5 L)
(
L@y X L

and then the image of this 2-morphism under g is given by:

0,F1 (M)67 1
L'(F(a)) L'(F(b))

L'(F(f'1)) U 0, F1 (Ba)07 L'(F(g'g))

O FL (M™)0
L'(F(a")) L'(F(@"))

On the other hand, if we first map over the two 2-morphisms, we get

, OpF 1 (M)0 " ,
L'(F(a)) L'(F(b))

L'(F(f)) U 0F1 ()0, L'(F(g))

Oy F1 (M0}

Oy F1 (M0}
L'(F(a")) LI(F(b))

L'(F(f")) Y0, F1 (B0} L'(F(g")

O F1 (M),
L'(F(a")) L'(F(@0"))

and then composing these in /X’ yields

0,F1 (M)67 1
L'(F(a)) L'(F(b))

L'(F(f'1)) U 0y F1 (Ba)O7 L'(F(g'g))

Oy F1 (M")07,)
L'(F(a")) L'(F(@"))
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by the functoriality of Fg = F,[F; and L'.
Now let M and N be two composable horizontal 1-cells in ;X given by:

Lia) — 5 L) L) —Y 5 (o)

We then have a natural transformation
FFy N : FF(M) © pF(N) = pF(M © N)

given by:

0pF1 (M) 0cF1(N)O, !
L'(F(a)) —————> L'(F(b)) ————> L'(F(0))

1 ‘uFFM,N ZIFM,NOQX’ 1

, 0.F1 (M © N)oz 1! ,
L'(F(a)) L'(F(c))

and for any object a, a natural transformation

F]Fa: U;‘F(a) — F]F(Ua)

given by:
! 1 ! U;:‘(a) ! 1 !
L'(F(a)) ——> L'(F(a)) L'(F(a)) ——> L'(F(a))
1 0,1t I F, It 1
01! F1(Ua) O
L'(F(a)) ———> Fo(L(a)) Fo(L(a)) ———> L'(F(a))

The double functor rF is pseudo, lax or oplax depending on whether the double functor F

is pseudo, lax or oplax, respectively. ]

If both F: A — A’ and F: X — X’ are (strong) symmetric monoidal and 6: FoL: L'F
a monoidal natural isomorphism, then pF: ;X — /X' is a (strong) symmetric monoidal

double functor.
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Theorem 3.4.2. Let ;X and X' be symmetric monoidal foot-replaced double categories
obtained from pairs (X, L: A — Xo) and (X', L': A" = X{)), respectively, via Theorem 3.1.2.
If pF: 1 X — /X is a foot-replaced double functor obtained from a square

L
A— X

Fl 744 llFo
L/

A — X

as in Theorem 3.4.1 with 6 monoidal and F and F (strong) symmetric monoidal, then pF

is a (strong) symmetric monoidal double functor of foot-replaced double categories.

Proof. Since the functor F': A — A’ is symmetric monoidal, for every pair of objects a and

b of A, we have a natural transformation
pap: Fla) ® F(b) — F(a®b)
together with a morphism
€: 1L’X/ — F(le)

where the unit object of /X’ is given by 1 ,x = 1o = F(1a) and the unit object of X is
given by 1,x = 1a. These together make the following diagrams commute for every triple
of objects a, b, ¢ of 1 X, which are just objects of A. Note that the object component of the

double functor gF is just pFy = F.

(F(a) ® F(b)) ® F(¢) —“— F(a) ® (F(b) ® F(c))

Ha,b®1 1®up,c
Fla®b)® F(c) Fla)@ F(b®c)
%@b,{ Jua,b@m
Flla®b)®c)—L2 S Fla® (b®c))
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TF(a) Cp(a)

Fla)®1, 5 —— F(a) 1, x ®F(a) ——— F(a)
1®6l TF(TLZ) 6®1l TF(%)
Ma,le ,ule,a
Fla) @ F(1,x) — Fla®1.x) F(lx)® F(a) — F(1,x®a)

Moreover, the following diagram commutes where by an abuse of notation, we denote the

braidings in both categories A and A’ as 3.

BF(a),F(b)

F(a) ® F(b) —— F(b) ® F(a)

ﬂa,bJ/ J/ﬂb,a
F(Ba,b)

Fla®b) — > F(b® a)

The double functor F: X — X' is also symmetric monoidal, which means that for every pair

of horizontal 1-cells M and N, we have a natural transformation
Fyn: F(M)®@F(N) = F(M ® N)
and a morphism
6: Uy, — F(Ui,)

which satisfy the usual axioms. From these, we can construct the corresponding transfor-
mations for pIF. Given horizontal 1-cells M and M’ in [ X:

L(a) —2— L(v) L) —L s L)
their images pF(M) and pF(M’) are given by:

’ OplF1 (M)Q;l / ’ ’ eb/]Fl (M')Q;,l ’ ’
L'(F(a)) —————— L'(F(b)) L(F(d)) ————— L(F(¢))
and their tensor product pF(M) ® pF(M’) is given by:

O'F(b%F(b/)(eb]Fl (M)Q;l ® 0y Fy1 (M/)H(:,l)O';(la)‘F(aq
L'(F(a) ® F(a')) L'(F(b) ® F(V))
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where 0p(q) Fa): L'(F(a)) @ L'(F(a')) — L'(F(a) ® F(a’)) is the natural isomorphism
coming from the (strong) symmetric monoidal functor L': A" — X', o/, ,,: L(a) ® L(a') —
L(a®a') is the natural isomorphism coming from the (strong) symmetric monoidal functor
L: A — Xo, and pf, ,: Fo(z) @ Fo(y) — Fo(z ® y) is the natural isomorphism coming from
the (strong) symmetric monoidal functor Fy: Xo — X{. On the other hand, M @ M’ is
given by:

By (M ® M')M;é,a,
La®a’) LO®V)

and the image pF(M ® M’) is given by:

Opgp' Fo(togy )F1(M @ M')FO(M;éa/)e;gl,a/

L'(Fla®a')) L'(Fbab))

We then have a natural transformation
Vﬁ\/f,M’: rF(M) ® FF(MI) — pF(M ® M/)

given by the 2-isomorphism:

UF(b),F(b’)(ebF1 (M)H;l ® Oy Fyp (M/)e;l)o—;(la),F(a’)

L'(F(a) ® F(a')) L'(F(b) ® F(V))
L,(Ta,a’)J/ Y e J/L/(Tb,b’)
Opgp' Fo(togy )F1(M @ M')FO(M;};“/)G;;Q/

L'(F(a®a')) L'(Fbeb))

which we can rewrite as:

(cr®),Fp) (0b ® 0y))(F1L(M) @ F1(M"))(0p(a),F(ar) (0o ® 047)) 71

L'(F(a) ® F(a')) L'(F(b) ® F(V))
L/(Ta,a’)J/ I FF s m J/Ll(Tb,b’)
(Bve6/Fo(tpes ))F1(M & M") (000 Folttaga)) ™"

L'(Fla®d)) L'(Fbeb))

For the unit constraint, the horizontal 1-cell unit of ;X is given by Upy,):

UL
L(lA) : L(lA)
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and the image rF(Up(1,)) is given by:

01, F1(Up(10))07,
L'(F(1a)) L'(F(1a))

On the other hand, the horizontal 1-cell unit of /X’ is given by Up(1,):

UL/(l ’)
L'(1n) A L'(1n)

and we then get a natural transformation ¢': Ui,y = FF(UL(1,)) given by:

, UL/(IA/) ,

L (lA/) L (lA/)
L/(T)J/ I rFy L'(r)
01, F1(Up(10))07,

L'(F(1a)) L'(F(1a))

where 7: 1po — F(1a) comes from the (strong) symmetric monoidal functor F': A — A’.
These transformations v/ and ¢’ together make the following diagrams commute for every

triple of horizontal 1-cells M, N, P of ;X.

(FF(M) ® pF(N)) ® pF(P) =25 pF(M) ® (7F(N) @ pF(P))

Vfw,N®1J J'1®V5V,P

rF(M ® N) ® pF(P) FF(M) ® pF(N ® P)

VM@N,PJ J'VM,N«@P
F(a
FF(M @ N)oP)—" Y F(M & (NaP))

T pF(M) Lpr(an)
FFM) UL, l FF(M) Ui . @ rF(M) i FF(M)
1® 5’l , TFF(TM) 8 ® 1l ) TFIF(EM)
V]\/I,UlLX VUlLX,M
FF(M) ® pF(Ur, ;) ——— rF(M @ Uy ) FF(U1, ) ® PF(M) ———— rF(Ur,, ® M)
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By another abuse of notation, the following diagram commutes where we denote the braiding
in both 1 X; and /X'y by 3.

BrF(M), pF(N)

rF(M) ® rF(N) rF(N) ® pF(M)
V;W,NJ/ l’/fv,M
FF(Bar,N)
rF(M ® N) rF(N ® M)

Lastly, we have transformations ®y; n: ® o(¢F, pF) = pF o ® and ®p: IL,X/ = pFol,x
satisfying the axioms of a symmetric monoidal functor with respect to ® which come from
the corresponding transformations ¥y n: ® o(F,F) = Fo ®, Yy: Ixy = F o Ix of the
symmetric monoidal double functor I, the natural isomorphisms (i, and p of the symmetric
(strong) monoidal functor F': A — A’ and the monoidal natural isomorphism 6: FoL =

L'F. O

3.5 Transformations of foot-replaced double categories

We can also consider double transformations between these foot-replaced double functors
and symmetric monoidal versions of such. By the previous section, we can produce a map
between two foot-replaced double categories ;X = (X, L: A = Xp) and /X' = (X', L/: A’ —

X§) from a triple (F,TF,0) as in the following diagram.
L
A—>Xp

Fl w0 lFo
L/

A — Xp

This leads to a double functor pF: ;X — /X’ by Theorem 3.4.1. Given another double

functor ¢G: X — /X’ coming from a triple (G, G, ), we can construct a foot-replaced
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double transformation from pF to G from a pair (¢, ®) where ¢: F = G is a natural

transformation and ®: F = G is a double transformation such that the following diagram
commutes
A

\
Xo

A
G| ¢« |F

Go| ®9« |Fo
vy

\
U

Al

Xo
meaning that the following composites are equal.
L L
A—>Xp A——>Xp
Glo<= |F w0 Fo = G 7 Go |®g <« | Fo
/ /
AN —>X) N———— X}

We will denote the double transformation that results from the pair (¢, ®) as 4®: pF =¢ G.

Theorem 3.5.1. Let pF: 1 X — /X and ¢G: 1 X — X be double functors obtained from
triples (F,F,0) and (G, G, ) via Theorem 3.4.1, respectively. Given a double transforma-
tion ®: F = G and a transformation ¢: F = G such that the diagrams above commute,
then from the pair (¢, ®) we can construct a double transformation E = 4®: pF = oG (see

Definition A.2.9). The object component Zq is given by the composite

Eq = w;lL/(%)@ai FF(G) - GG(a)
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and the arrow component =1 is given by ®1, the arrow component of the double transfor-

mation ®.

Proof. Because ®: F = G is a double transformation and the diagram on the previous page

commutes, we have that the following equations hold.

PF(a) rF(M) (D) FF(N) F(©) FF(a) rF(M) CF(D) rF(N) F(0)
1l U rFg ll :al U 1 Ebl U iy lEc
= FF(M © N) I N AT Ry
Za I P1yon la 1l I aGg l1
«Gla) ¢G(M O N) G(e) «Gla) ¢G(M ®N) Glo)
#F(a) Gl FF(a) rF(a) el #F(a)
1l | rFy l1 Eal U U=, laa
Fla) rF(Ua) PF(a) _ +Cla) Ust(a) «Gla)
e | &1y, Za 1l I Gy l1
oG(a) o) oG(a) oG(a) o) oG(a)

~

Here we use the isomorphisms 0,: Fo(L(a)) = L'(F(a)) and v,: Go(L(a)) = L'(G(a))
together with the natural transformation ¢: F' = G to cook up the object component
of the double natural transformation 4®: pIF = ¢G. In detail, every object of ;X is
of the form L(a) for some a in A. We thus have for every object L(a) in ;X a map
0.: Fo(L(a)) = L'(F(a)). The natural transformation ¢: F = G evaluated at a then
gives a map ¢, : F(a) — G(a) and applying the functor L’ to the map ¢, then gives a map
L'(¢,): L'(F(a)) — L'(G(a)). Then, we use the other natural isomorphism ¢, : Go(L(a)) —

L'(G(a)) to obtain a map ¥, ': L'(G(a)) = Go(L(a)), and thus

Ea =, 'L (¢a)0a: pF(a) = ¢Gl(a).
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Moreover, the map Z, for each object a will make the above equations hold for 4®: rF = oG

as
Eo = w;lLl((ba)ea = ¢;1waq)0L(a) = CPOL(a)

and the corresponding equations utilizing the component ®or4) hold as ¢: X = X' is a
double transformation.

Finally, because ®: F = G is a double transformation and by the commutativity of the
diagram on the previous page, for a horizontal 1-cell M in ;X we have that S(®1,,) == S(M)

and T(¢1M) = ET(M) ]

The double transformation 4@ is a double natural isomorphism if and only if ¢ is a
natural isomorphism and ® is a double natural isomorphism.

As with functors of foot-replaced double categories, if both the transformation ¢: F = G
and the double transformation ®: F = G are symmetric monoidal, then ,®: pF = oG is
a symmetric monoidal double transformation of symmetric monoidal foot-replaced double

functors.

Theorem 3.5.2. Let 4®: pF = G be a foot-replaced double transformation between two
symmetric monoidal foot-replaced double functors pF: [ X — /X' and ¢G: [ X — X/,
where [ X = (X,L: A = Xo) and X' = (X', L': A = X[). If ¢: F = G is a monoidal
transformation and ®: F = G is a monoidal double transformation, then ,®: pF = oG is

a monoidal double transformation (see Definition A.2.15) of foot-replaced double functors.
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Proof. The double transformation 4@ acts as Z (defined above) on objects and vertical

1-morphisms. This means that the following diagrams commute.

e ®EZ

FF(a) @ pF(b) ———— ¢G(a) @ cG(b)

Ma,bJ/ l%’b

Sa®b
rF(a®b) cG(a®b)

L — 5460

\ﬁ

Similarly, the double transformation 4® acts as ® on horizontal 1-cells and 2-morphisms,

which means that the following diagrams commute.

P ® P
rF(M) ® rF(N) N cG(M) ® ¢G(N)
“M’NJ/ J/:U'/M,N
P1meN
rF(M ® N) aG(M ® N)

o — e,

N A

FIF( Ui, x

Hence both the object and arrow components are monoidal natural transformations and

thus 4®: pF = ¢G is a symmetric monoidal double transformation. ]
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Chapter 4

Decorated cospan double

categories

In this chapter we present an improved version of Fong’s theory of decorated cospan
categories [23] from the perspective of double categories. The main difference here is that,
given a category A with finite colimits, we instead start with a pseudofunctor F': A — Cat
rather than functor F': A — Set. The additional structure of Cat viewed as a 2-category
then allows us more flexibility in defining what the isomorphism class of an F-decorated
cospan consists of. This ultimately results in a second solution to the problems with the
original incarnation of decorated cospans, structured cospans being the first.

Given a finitely cocomplete category A and a lax monoidal pseudofunctor F': A — Cat,
the first result is the existence of a double category F'Csp in which F-decorated cospans
appear as horizontal 1-cells, except now we can exploit the 2-categorical structure of Cat

to define 2-morphisms. This is Theorem 4.1.1. In Theorem 4.1.3 we show that when this
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lax monoidal pseudofunctor F' is symmetric, then the resulting double category FCsp is in
fact symmetric monoidal. We then define maps between decorated cospan double categories
in Section 4.2. Finally, as both structured cospan double categories and decorated cospan
double categories are solutions to the problems with Fong’s original decorated cospans,
in Section 4.3 we show that under certain conditions these approaches lead to equivalent

symmetric monoidal double categories, the main result being Theorem 4.3.15.

4.1 A double category of decorated cospans

Theorem 4.1.1. Let A be a category with finite colimits and F': (A,+,0) — (Cat, x,1) a

lax monoidal pseudofunctor. Then there exists a double category FCsp for which:
(1) an object is an object of A,
(2) a vertical 1-morphism is a morphism of A,

(8) a horizontal 1-cell is an F-decorated cospan in A, which is a pair:

a m b xz € F(m)

(4) a 2-morphism is a map of F-decorated cospans in A, which is a pair consisting

of a commutative diagram:

and a morphism v: F(h)(x) — 2’ in F(m/),
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(5) composition of vertical 1-morphisms is composition in A,

(6) the composite of two horizontal 1-cells:

is done using chosen pushouts in A:

where the decoration x ®y on the apex is given by:

1275 151 2% F(m) x F(n) 2% Fim +n) 2% F(m 44 n)

(7) the vertical composite of two 2-morphisms:

f/J/ h, J/ J/g/
1! 0//

7 ¢ " 1/ " "
o —> m —— ' 2" eFm)

tor: F(R) (') — 2"
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is given by:

a——meZ—yp z € F(m)

f/fJ/ h,hJ/ J/glg
,L‘// O//

a// N m// ¢ b// .'E” c F(m")

tare: F(R'R)(z) = x"

where the morphism Lo, comes from the pasting of the two diagrams representing the

morphisms o, and Ly :

F(m) F(m)
o lF(h)
1 2 lara | F(WR) = 125 Fm)
o o 7 La/lF(h’)
F(m//) F(m//)

(8) the horizontal composite of two 2-morphisms:

i1 01 12 02

b x € F(m) b n c y € F(n)

also uses chosen pushouts in A and is given by:

J¥mil P02
G ———> mtpn & C m@yEF(m+bn)

fl hi 44 h2l lkz
JTZ)m’le j"z}n’olg

d ——>m +yn ———¢ 20y e€Fim +yn)

tap: F(hi +4ho)(x ©y) = 2’ Oy

66



where the morphism of decorations vacp is given by the diagram:

d)m,n F(]m,n)
zxy F(m) X F(n) ——> F(m+n) —— F(m+sn)
1 A1t 1x1 Lo X LB ¢ J/F(h1)><F(h2) J/F(h1+h2) J/F(hq +g h2)
’ 7 d)m’,n’ F(jm’,n’)
' Xy

F(m') x F(n') —— F(m/ +n') —> F(m' +y n')

Proof. We begin by defining the functors

U: FCspy, — FCsp;

S,T: FCsp; — FCsp,

and

©: FCsp; xpcsp, F'Cspy — FCspy

necessary to obtain a double category. The functor U: FCsp, — FCsp; is defined on

objects as:

a = a a a la € F(a)

where !, € F(a) is the trivial decoration on a given by the composite of the unique map
F(!): F(0) — F(a) and the morphism ¢: 1 — F(0) which comes from the structure of the

lax monoidal pseudofunctor F': A — Cat. For morphisms, the functor U is defined as:

a t— sact a la € F(a)
fl > fl fl lf
1 1
a o ——>d «——d lo€F()

together with the morphism vy = F(f)F(!)¢: 1 — F(a’). We also have source and target
functors S,T: FCsp; — FCsp, where the source of the horizontal 1-cell

a—" s me? z € F(m)
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is the object a in A and the source of the 2-morphism

b z € F(m)

is the source of the underlying map of cospans in A, namely the morphism f in A; the target

functor is defined similarly. These functors satisfy the equations

SU(a) =a=TU(a)

for all objects and morphisms of A.

Given two composable horizontal 1-cells M and N:

with the corresponding decoration of the apex x ® y € F(m +, n) being the element deter-

mined by:

-1
12751 %1 2% Fim) x F(n) 2% Fm+n) 2% Fim 1y n)
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where ¥: m +n — m +, n is the natural map from the coproduct to the pushout and
dmm: F(m) x F(n) = F(m + n) is the natural transformation coming from the structure
of the lax monoidal pseudofunctor F': A — Cat. The source and target functors satisfy the
equations S(N ® M) = S(M) and T(N © M) =T(N).

Given three composable horizontal 1-cells M7, My and Ms:

we get a natural isomorphism aps, v, i (M1 © Ma) © Mz — My ® (Ma ® M3) which is the

globular 2-morphism given by a map of cospans (1,0, 1):

a —> (m1 +pms) +ems «— d (z ®y) ® 2z € F((m1 +p m2) +cm3)
1l al ll
a —> my 4 (m2 +cm3) ¢— d O (y© z) € F(m1 +p (M2 +cms))

with the decorations on the cospan’s apices given by:

) bmy+yma,ms F(jm1+bm2,m3)
e

(20y)©z == 1% F(my+ymy)x F(ms F((m1+yma)+ms3) F((mi+yma)+cms)

¢1=(1x 2)071F(]'m1,m2>¢m1,m2(x X y))‘il
and

mq,m cm F(jm ,m cm
¢ 1,m2+cm3 F( )) (J 1,ma+ 3) F(

xO(yoz) =1 £2—> F(my)xF(ma+cm3) mi+(ma+cms mi+p(ma+cms))

G = (z % 1))‘71F(]‘m2,m3)¢m2,m3(y X 2)/771

together with the isomorphism tr: F(0)((z ©®y) ® 2) = 2 ® (y ® 2z). The map o: (m1 +y

ma) +.mg — my +p (M2 +. m3) is the universal map between two colimits of the same
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diagram. We can also define left and right unitors as follows. Given a horizontal 1-cell M:

a m b z € F(m)

if we, say, compose with the identity horizontal 1-cell of b on the right:

where I, = F(1)¢p: 1 — F(b) is the trivial decoration on b, the result is:
aMm+bb&b z@lp € F(m +4 b)
where ¥,: m — m + b is the natural map into the coproduct and likewise for 1, and

j:m—+b— m+pbis the natural map from the coproduct to the pushout. The decoration

x@lp: 1 — F(m 43 b) is given by:

)\_1 Z‘X!b

12705 151 25 pim) x F(b) 220

F(jm,b)
—_—

F(m+0) F(m 4+ b).

We then have that the right unitor R: M ® 1;, = M is given by the globular 2-morphism
(1,7,1) from the above composite to M:

Jbmi Iy
——— m+tpb —

b
TJ/ J/l
7 o
m b

where the isomorphism r: m +4 b — m is a universal map together with the isomorphism

ol € F(m “+bp b)

—
QRE——

x € F(m)

tr: F(r)(x®!y) — x. The left unitor is similar. The source and target functor applied to the
left and right unitors and associators yield identities, and the left and right unitors together

with the associator satisfy the standard pentagon and triangle identities of a monoidal
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category or bicategory. Finally, for the interchange law, given four 2-morphisms «, 3, o/
and 3':

i1 01 i2 02

a m b z € F(m) b n c y € F(n)

B v i Yo

o ——> m —— ' € F(m') Y —— pn —— ¢ y € F(n')

ta: F(ha)(z) — o' g F(h2)(y) = ¢/

-/ / -/ /

i) o} o )
o ——>m —— z' € F(m') b ——n ¢ y € F(n')
fl hll g’ g/ hl2 K
i o i oY
1 1 2 2
o —— m/ —— b’ = F(m//) b —— ) —— y// c F(n//)

Lo s F(RY)(2") — 2" s F(hy)(y') — "

if we first compose horizontally we obtain:

JYmiy Jno2
a———>mtpné—c¢ Oy € F(m+pn)

fJ/ hl +g hZJ/ J/k‘

]wm’zll jwn’O,Q , , , ,
J ——— m 4yn ——— ¢ Oy €Flm +yn)
taos: F(h1 +g h2)(x ©Oy) = 2’ ©y

Jd)m”bll jd}n/OIQ , , , ,
a —> m +yn ——— ¢ oy e F(m +pn')

f/J/ hll +g/ ]’L/QJ/ J/k/
j’ll)m// illl jwn// 0/2,

o’ S m! Ny n' ¢ ! 2" @y// c F(m” Ny n//)

taropr: F(h1 g h2) (@' ©y') = 2" ©y".

To obtain the morphism of decorations for a horizontal composite, we have as initial data:

. F(m) y F(n)
1 /Lazx lF(hl) 1 /L,Bz? lF(hz)
% F(m') % F(n')
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These two 2-morphisms ¢, and (g are two 2-morphisms in the monoidal 2-category

(Cat, x, 1) and so we can tensor them which results in:

¢m,n F(]m,n)
Xy F(m)x F(n) —> F(m+n) —— F(m +yn)
1 A1 1x1 Lo X Lp w7 J/F(hl) X F(hg) J/F(hl + hg) J/F(hl +g h2)
z X y/ (z)m/,n/ F(jm/,n’)

F(m')x F(n') —— F(m' +n') — F(m' +v n')

where the middle square commutes since F' is a lax monoidal pseudofunctor and the right
square commutes because we have taken a commutative square and applied the pseud-
ofunctor F' to it. The decorations z ® y and 2’ ® vy’ are given respectively by top and
bottom composite of arrows and the morphism of decorations t4¢p is given by composing
Lo X tg with the two commuting squares, which can equivalently be viewed as a morphism
in F(m' 4y n').

Returning to the interchange law, composing the two horizontal compositions above

vertically then results in:

J¥mil J¥no2
m+pn c Oy € F(m+pn)
f/fl (hf +g7 hy)(h1 +g h2)l lk'k
j’l[),, //illl ]’LL} //0’2/
o " m" Jonr n" " & 2 o y// c F(m// T n//)

Lar o) (op): F((h1 44 ha)(hi +¢ h2))(z O y) = 2" O y".

The vertical composite of two morphisms of decorations is straightforward. On the other

hand, if we first compose vertically we obtain:

7 o ) o
a— s metp  zeF(m) b——e—sne——©c  yeF(n)

f'f hiha gg g9 hiho K'k
i o i ol

a" % m” % b// 33” c F(mll) b// % 7,L// % C” y// c F(n//)

tara: F(Riha)(z) — 2" vprp: F(hoha)(y) — y”
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and then composing horizontally results in:

j"wbmil j¢’n02
@ ———m  Sm4pné&———— ¢ Oy € F(m+usn)

f’fl (hih1) +¢4 (hghg)l lk’k
" jwm//il{ " 1" jwn”OIQI i " 1 " 1"
o — > m g — " 2" o0y’ e F(m" 44 n”)

tarayo(ap): F((h1hi) +gg (hoh2))(z ©y) — 2" ©y".

As usual for the interchange law in double categories of this nature, only the ‘interior’ of the
two composites appears different, but the two morphisms (k] +4 h5)(h1 +4 h2): m +yn —
m"” 4y n” and (R h1) +44 (R5ha): m4yn — m” 440" are the same universal map realized
in two different ways. The two morphisms of decorations t(4/¢ /) (a0g) and L(aa)o(s/s) are
obtained as two different compositions of four 2-morphisms in Cat, namely horizontally
then vertically and vertically then horizontally. As Cat is a 2-category, the interchange law

for these 2-morphisms already holds, and as a result, the decoration morphisms
Ya'op)(aop): F (M +¢ Bo) (M +g ha))(x ©y) = 2" @y
and
Yarayo(ers): F((h1h1) +¢4 (hoha))(z © y) = 2" © 3"
are also the same. Thus the interchange law for 2-morphisms holds and F'Csp is a double
category. O
Corollary 4.1.2. Given a category A with pushouts, Csp(A) is a double category with the

relevant structure given as in Theorem 4.1.1.

Proof. This is a special case of Theorem 4.1.1 where each F-decorated cospan is equipped

with the trivial decoration. Namely, given a cospan in A:

7 o
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the trivial decoration on the apex m is given by the composite

L = F()é: 1 — F(m)

where ¢: 1 — F(0) is the morphism between monoidal units coming from the structure of
a lax monoidal pseudofunctor and !: 0 — m is the unique morphism from the initial object
0 of A to the object m. By equipping each F-decorated cospan with the trivial decoration,
all of the diagrams involving decorations commute trivially, and the proof of Theorem 4.1.1

reduces to a proof that Csp(A) is a double category. O

If the lax monoidal pseudofunctor F': (A, +,0) — (Cat, x, 1) is symmetric lax monoidal,

then the above double category FCsp is also symmetric monoidal.

Theorem 4.1.3. Let A be a category with finite colimits and F': (A,+,0) — (Cat, x,1) a
symmetric lax monoidal pseudofunctor. Then the double category FCsp of Theorem 4.1.1

18 symmetric monoidal where:

(1) the tensor product of two objects a; and ag is a chosen coproduct ay + az,

(2) the tensor product of two vertical 1-morphisms is given by:

a1 as a1 + az
f1l ® le = h +f2l
by b b1 + b

(3) the tensor product of two horizontal 1-cells:

71 01 12 02
a1 ——> m1 —— by Az ——> M2 —— by
€T € F(ml) To € F(mQ)
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is given by:
11 + 12 01 + 02

a1 +as —— mi+me &——— by +by 1+ 22 € F(my +ma2)

where the decoration on the apex is given by:

-1 mq,m:
214w =125 1 x 1259 Plmy) x Fme) 25572 F(my + my)

where Gmy my: F(m1) x F(mg) — F(my + mg) is the lazator of the laz monoidal

pseudofunctor F,

(4) the tensor product of two 2-morphisms:

71 01 12 09
o — s m b w € Fmi)  ar —sma €2 by @y € F(ma)
flJ/ h1J/ J/gl fQJ/ th/ J/QQ
7 o} i oh
/ 1 / 1 / / ’ ! 2 !/ 2 / / /
aq — mq — bl xy € F(ml) ao — meo — b2 Ty € F(mg)

tar: F(h1)(z1) — 2} Lagt F(h2)(x2) — @

is given by:

11 + 2 01 + 02
a1 4ay ———— Syt me ———— b+ by 21 + 22 € F(mi +ma2)

f1+f2l h1+h2J/ J/gl + g2
ih +ih o + oh
Aty ——— Sl mh Wby zh+ah € F(mh +mb)

Lor+as : F(ha + h2)(m1 + x2) — o) + 25

wWhere Lo, +a, S given by the diagram:

d)ml ,M2

F(m1) X F(mz) E— F(m1 +m2)

mrTs
1&)1 x 1 Loy X lay ¥ J/F(hl)XF(hg) J/F(hl+h2)
/ 7 Dt ,m/
TLXT T B(mh) x F(mb) — F(m} +mb)

The unit for the tensor product is a chosen initial object of A and the symmetry for any

two objects a and b is defined using the canonical isomorphism a + b = b+ a.
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Proof. First we note that the category of objects FCspy, = A is symmetric monoidal under
binary coproducts and the left and right unitors, associators and braidings are given as
natural maps. The category of arrows FCsp; has:

(1) objects as F-decorated cospans which are pairs:

a m b z € F(m)

and

(2) morphisms as maps of cospans in A

together with a morphism ¢: F(h)(x) — 2’

Given two objects M and My of FCsp;:

i1 o1 i2 02
a1 ——> m1 —— by Ay ——> M2 —— by
xz1 € F(mq) 2 € F(m2)

their tensor product M; ® M, is given by taking the coproducts of the cospans of A

i1 + 12 01 + 02
a1 +az —>mi+me ¢— b1 +by  z1+x2 € F(M1+m2)

and where the decoration on the apex is obtained using the natural transformation of the

symmetric lax monoidal pseudofunctor F :

-1 mq,m
Ty @y =1 Ay 1 x 1 B F(my) x F(mg) ¢1—2> F(mi + ma).

76



The monoidal unit 0 is given by:

0—>0¢——0 lo € F(0)

where 0 is the monoidal unit of A and !p: 1 — F(0) is the morphism which is part of the
structure of the symmetric lax monoidal pseudofunctor F': A — Cat. Tensoring an object

with the monoidal unit, say, on the left:

results in:

'+ '+o
O+a—>0+m<—0+b lo+xz € F(0+m)

where lg +z € F(0+ m) is given by
!0 Xx ¢0,m

1275 1 %1 2X% 0) x F(m) 27 F(0+m).

The left unitor is then an isomorphism in F'Csp, given by:

O+a—>0+m<—0+b lo+ze€FO0+m)

a m b z € F(m)

where ¢ is the left unitor of (A, +,0), together with the isomorphism ¢y: F(£)(lop + z) — =.

The right unitor is similar.

Given three objects M;, My and M3 in F'Csp;:

i1 o1 12 02 i3 03
a1 ——> M1 —— by A2 ——> M2 —— by a3 ——> M3 é—— b3
T € F(ml) T2 € F(?TLQ) xTr3 € F(m'g,)
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tensoring the first two and then the third results in (M; ® Ms) @ Ms:

(i1 +42) + i3 (01 + 02) + 03
(a1 + a2) + a3 ——> (m1 + ma) + mg ¢—— (b1 + b2) + b3

(x1 + x2) + x3 € F((m1 + ma) + ma3)

where (z1 + x2) + x3: 1 — F((m1 + mga) + ms3) is given by:

(:E1><932)><:E3 ¢m1,m2><1
_—

1 (F(ml)xF(mg))xF(mg) F(m1+m2)xF(m3) m) F((m1+m2)+m3)

whereas tensoring the last two and then the first results in M; ® (Ma ® M3):

i1 + (i2 +143) o1 + (02 + 03)
1

a1 + (a2 + ag) —> m1 + (ma +m3) ¢—— b1 + (b2 + b3)

z1 + (22 4+ x3) € F(m1 + (m2 + ms3))

where 1 + (2 + x3): 1 — F(m1 + (ma + m3)) is given by:

1 X (xz ><1‘3)

1 ¢m ,m ¢m ,m me
1 F(m1) % (F(ma) x F(ms)) —2"3y F(my)x F(ma+ms) —2"2" F(my +(ma+ms)).

If we let a denote the associator of (A,+,0), the associator of FCsp; is then a map of

cospans in A from (M; ® Ma) ® M3 to My ® (My ® Ms) given by:

(i1 +42) + i3 (o1 + 02) + 03

(a1 + a2) + a3 —> (m1 +ma) + m3 ¢—— (b1 + b2) + b3 (z1 + x2) + x3 € F((m1 + ma2) + m3)
i1 + (i2 +13) o1 + (02 + 03)

a1+ (a2 + az) —> m1 + (m2 + m3) ¢—— b1 + (b2 + b3) z1 + (22 + x3) € F(m1 + (m2 +ms3))

together with the isomorphism ¢, : F(a)((z1 +x2)+2x3) — 1+ (2 +23). These associators
and left and right unitors together satisfy the pentagon and triangle identities of a monoidal

category. If we denote the above associator simply as a and the left and right unitors as A
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and p, respectively, then given four objects in FCsp, say My, Mo, M3 and Mjy:

i1 o1 i2 02

a1 —> m1 —— by Ay ——> M2 —— by
xz1 € F(mq) 22 € F(m2)
i3 03 B4 04

a3 ———> M3 <—— by Ay ——> My —— by
xr3 € F(m3) S F(m4)

the following pentagon of underlying cospans and maps of cospans commutes:

(M1 ® M2) ® (M3 @ Ma)

/\

(M1 ®@ M2) ® M3) @ My M @ (M2 ® (Ms ® My))

(M ® (Ma @ M3)) @ My ——> My ® (M @ Ms) @ My)

as well as the following pentagon of corresponding decorations in the category F'(mj+(ma+

(m3 + m4))):
((x1 4+ z2) + (3 + x4))
y/ \
F(aa)(((z1 + z2) + x3) + z4) x1 + (22 + (z3 + 24))
F((1®a)a)(ba®l)l Tblt@a
F(1®a)(ta)

F((1® a)a) (21 + (w2 + 7)) + 72) F(1® a)(@1 + (w2 + 3) + 24))

since

Flaa)(((x1 + x2) + 23) + 24) = F((1 @ a)ala © 1)) (((21 + 22) + 23) + 24)

as the corresponding pentagon of cospan apices in the symmetric monoidal category (A, +,0)
commutes, and then appliying the pseudofunctor F' to this commutative pentagon yields a

commutative pentagon in Cat.
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Similarly, if we denote the left and right unitors as A and p, respectively, then the

following triangle of cospans and underlying maps of cospans commutes:

My @ Mo

T T

(M1 ®0)® M, M ® (0® M2)

as well as the following triangle of corresponding decorations in the category F(mj + mg):

T+ X2
M N
1 A)(
Fp®1)((z1+0) + z2) F1®A)(z1+ (04 z2))

Flp@1)((x140) +z2) = F((1 @ Ma)((x1 4 0) + z2)

as the corresponding triangle of cospan apices in the symmetric monoidal category (A, +,0)
commutes and applying the pseudofunctor F' to this commutative triangle results in a
commutative triangle in Cat.

For a tensor product of objects M} ® My in FCsp,, the source and target functors

S,T: FCsp; — FCsp, satisfy the following equations:

S(M; @ My) = S(My) ® S(M?)

T(Ml & MQ) = T(Ml) & T(Mz).

For two objects My and My in FCspy, we have a braiding Bur, a, 1 M1 @ My — My ® M

given by:
i1 + 2
a1+a2%m1+mz%bl+b2 1+ z2 € F(mi + m2)
/Bal,aQJ/ ﬁml,mQJ/ IBbl,bQJ/
i + i1 02 + 01
a2+a1%m2+m1%bg+b1 I2+I1€F(m2+m1)
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LBary my F(ﬁmhmz)(:ﬂl + z2) = xp + a1

where the vertical 1-morphisms are given by braidings in (A, +,0). This braiding makes the

following triangle of underlying cospans commute:

My @ Mo

/ \%
By, Mo

M ® M My ® M

as well as the following diagram of corresponding decorations in the category F(mj + ma):

T1 + X2
/ (wl
F(Bma,mi )(LﬁMl Mgy )
T1 + X2 F(5m2,m1)(x2+$1)

since F(Bma,mi Bmime) (X1 + 22) = 21 + x2. Thus FCsp, is also symmetric monoidal.
Next we derive the globular isomorphisms required in the definition of a symmetric
monoidal double category relating horizontal composition and the tensor product. Given

four horizontal 1-cells M7, Ms, N1 and N> respectively by:

i1 01 12 02

a mi b b m2 c
z1 € F(m1) x2 € F(m2)
i o} ih ol

a/ > nl 6 b/ b/ > n2 < Cl
y1 € F(n1) y2 € F(n2)

we have that (M; ® N1) ® (M2 ® N3) is given by:

J(in + 1)) Jb(o2 + o))
a+a ———> (m1+n1) fppp (M2 +n2) 66— c+ ¢

(1 4+ y1) © (2 + y2) € F((m1 + n1) +pap (M2 + n2))
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where the decoration (z1 4+ y1) ©® (z2 + y2) € F((m1 + n1) +p4p (M2 + n2)) is given by:

A7l x AT

(1x1) % (1x1)

(z1 X y1) X (z2 X y2)
(F(m1) x F(n1)) x (F(m2) X F(n2))
Pmi1,n1 X Pmy,ng
F(ma + n1) x F(ma + nz)
Pmy+n1,matna
F((m1 +n1) + (m2 + n2))

F(]ml +n1,ma+ng )

F((m1 4 n1) +pqp (m2 + n2))

and (M; ® M) ® (N1 ® Na) is given by:
(Jbix) + (Jibit) (Joz) + (jipoh)

a+ad ——> (mi+ema) + (N1 +p n2) 6——— c+ ¢

(z1 @ z2) + (11 @ y2) € F((m1 +» m2) + (n1 +p n2))
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where the decoration (z1 ® 2) + (y1 © y2) € F((m1 4+ m2) + (n1 4+ n2)) is given by:

Al x At
(1x1)x(1x1)

(w1 X @2) X (Y1 X y2)
(F(m1) x F(m2)) x (F(n1) x F(n2))
Bmy,may X Pnyny
F(m1 +ma2) x F(n +na)
F(jmy,ma) X F(jny,nz)
F(mi +»ma2) x F(n1 +y n2)

¢m1+bm2,n1+b/n2

F((m1 4b m2) + (n1 +u n2))

and where ¢ and j are the natural maps into a coproduct and from a coproduct into a

pushout, respectively. We then get a globular 2-morphism

X: (M1 ®Ni)® (My® No) — (My © M) ® (N1 © Na)

given by:
(z1 4+ y1) © (2 + y2) € F((m1 + n1) +ppp (M2 + n2))
J(in +14}) Jb(o2 + 0f)
a+a ——— (m1+n1) fogr (M2 +n2) 6———c+¢
1l Xl l1
(Jvir) + (Joih) (3o2) + (jrpoy)

a+ad —————> (mi+ema) + (N1 +p n2) 66— c+ ¢

(21 @ z2) + (11 @ y2) € F((m1 +» m2) + (n1 +p n2))

bt F(O (21 4+ 11) © (w2 + 12)) = (21 © 22) + (11 © y2)

83



where x is the universal map between two colimits of the same diagram. For two objects

a,be A, Uyyyp is given by:
1a+b 1a+b
a+b—>a+b<c—a+bd

!a+b c F(a+ b)

where

loss: 19 F(0) 28 g 4 b).

Similarly, we have U, and Uj, given respectively by:

la 1o 1p 1p
a a a b b b

l. € F(a) l, € F(b)

and then U, 4 Uy is given by:

1a+1b 1a+1b
a+b—>a+b<——a+b

lat!s € F(a+b)

where

F(la)xF ()

X F(0) x F(0) —~—"% F(a) x F(b) &) F(a+Db).

-1
Ll 1 25 1x1

We then have the second globular isomorphism
Pap: Uatrp = Ua + Up

given by the identity 2-morphism:

1a+b 1a+b
a+b——>a+bé&—a+bd lags € F(a+b)

{ l ll
1a+1b 1a+1b

atb—— " Satbe—" 44b  luth € Fla+b)
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lab: !a+b —>!a+!b

where 1,44 and !,+!, are both initial objects in F'(a + b), hence isomorphic.

There are many coherence laws to be checked, most of which are similar in flavor and
make use of the two above globular isomorphisms. We check a few to give a sense of what
these are like. For example, given horizontal 1-cells M;, N;, P; for i = 1,2, the following
commutative diagram expresses the associativity isomorphism as a transformation of double

categories.

a®a

(M1 ®@N1)Q@P1) O ((M2® N2) Q@ Po) —— (M1 ® (N1 @ P1)) © (M2 ® (N2 ® P2))

x|, I

(M1 ® N1) © (M2 ® N2)) ® (P1 © P2) (M1 0 M) ® (N1 ® P1) ® (N2 ® P2))

X®1l l1®x

(My ® M) ® (N1 @ N2)) @ (P1 @ Py) —— (M1 ® M2) ® (N1 © N2) ® (P, © Py))

Here, a is the associator of FCsp; and yx is the first globular isomorphism above. To see
that this diagram does indeed commute, we first consider this diagram with respect to only

the underlying cospans of each horizontal 1-cell. For notation:

M= a—mi1<«—}p Ni= g —ni<«y Pr= ' —p1<«yp
x1 € F(my) y1 € F(n1) z1 € F(p1)

My = b—> M2 <— ¢ Ny = by — n2 «— P, = by —> D2 «—
x2 € F(m2) y2 € F(n2) z2 € F(p2)
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The above diagram when written out as cospans then becomes:

0+ (@ +a") —> (m1 +5ma) + (1 +1 n2) + (1 430 P2)) —— c+ (¢ + )
1®XTL3
a+(a +a") — (m1+pma) + ((n1+p1) +@ 1) (R2 +p2)) 6—— c+ (' +7)
X Tz
a+t (@ +a”) — (m1+ (1 +p1) Forwawry (Mo + (M2 +p2)) — e+ (¢ + ")
a@aTLl
+a” —> ((m1+n1) + p1) + e+ (M2 +n2) +p2) 6— (c+¢
x| e
+a”" — ((m1+n1) +@re) (M2 +n2)) + (p1 +or p2) 6 (c+¢
X ® 1\LL5
+a" —— ((m1 +pm2) + (N1 +v n2)) + (P1 o p2) —— (c+¢
a\l/%‘
/

a+(a' +a") —— (m1 4+ m2) + ((n1 4 n2) + (p1 +p p2)) —— c+ (¢ + ")

—
—

—
—

7 1!

(a+a

~
Q
~—

+c

&«
&«

/\
IS
+
Q\
=
o
=
+
Q\

&«
&«

(a+ad

S}
—

+ Cll

~

&«
&«

which does indeed commute. Here, all of the vertical 1-morphisms on the left and right
are associators or identities, the middle vertical 1-morphisms labeled on the left are the 2-
morphisms from the previous commutative diagram, and the cospan legs are natural maps
into each colimit, all of which are naturally isomorphic to each other as all the middle
objects are colimits of the same diagram, namely the previous collection of cospans, taken
in various ways. By identifying the top and bottom edges of the above diagram, it can be
visualized as a hexagonal prism. Every face of this prism commutes. As for the morphisms
of decorations, which are labeled on the right of the interior vertical 1-morphisms, each
isomorphism ¢, goes from the domain under the image of the functor F applied to the

natural isomorphism adjacent to it to the codomain as written, meaning that, for example:

u: Fla©a)(((z1+y1) +21) © (w2 +y2) + 22)) = (21 + (11 + 21)) O (22 + (Y2 + 22)).

86



The following diagram commutes in the category F((mj +pm2)+ ((n1 +y n2) + (p1 -+ p2))):

F((1®x)x)(t1)
— > F

Flalx @ 1)x)(((z1 + 1) +21) © (22 + 32) + 22)) (@ x))((21 + (1 4+ 21)) © (22 + (2 + 22)))

Fla(x @ 1))(L4)l lF(l@x)(u)
Flalx®1))(((z1 +91) © (22 + y2)) + (21 © 22)) FA@x)((x1 ©22) + (11 +21) © (42 + 22)))
o | |«
Fa)((z1 © 22) + (11 © y2)) + (21 © 22)) “ (z1 © x2) + (11 © y2) + (21 © 22))

since

Fla(x@1)x)((z1+y1)+21)O((z2+y2)+22)) = F((1@x)x(a®a))(((z1+y1)+21) O((z2+y2) +22))

as the hexagon formed by the morphisms between the cospan apices of the above underlying
diagram of maps of cospans commutes and then applying the pseudofunctor F' to this
hexagon yields a commutative hexagon in Cat.

Another requirement for a double category to be symmetric monoidal is that the braiding
B(~,—y: FCsp; x FCsp; — FCsp; x FCsp,

be a transformation of double categories, and one of the diagrams that is required to com-

mute is the following:
B
(My ©® M3) ® (N1 © N2) ——> (N1 © N2) @ (M1 © Ms)

x| |x

©
(M1 ® N1) © (M2 ® N2) ——> (N1 ® M1) © (N2 ® Ma)
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Using the same notation as the previous coherence diagram, the diagram for the underlying

maps of cospans becomes:

a+a————>mi+mi1)+upqp (N2 +me) 6—— 4 ¢

T xTe T

a +a ————> (n1 4 n2) + (M1 +p m2) d+ec
T 8Tu T
a+a ———> (m1 +p m2) + (n1 +4 n2) c+c

i xli l

a+ad ———> (M1 +n1) gy (M2 +n2) 6——— ¢ ¢

J, 5@51}4 J/

a +a——— (M1 +m1) Fpqp (N2 +m2) e—— ¢ 4 ¢

All the comments about the previous underlying coherence diagram of maps of cospans
apply to this one. As for the decorations, the following diagram commutes in the category
F((n1+m1) +p) (n2 +ma2)):

F(x)(u1)
F(xB)(z1 © z2) + (11 ©y2)) ————— FOO) (11 © 92) + (21 © 22))

F(5®5)(L3)l J/LQ

Lg

FBOB)((z1+y1)® (22 +y2)) ————— (y1 +21) © (32 + x2)

since

F(xB)((z1 ©z2) + (11 © y2)) = F((B© B)x)((z1 © 22) + (y1 © y2))

as the square formed by the morphisms between the cospan apices of the above underlying
diagram of maps of cospans commutes and then applying the pseudofunctor F' to this
square yields a commutative square in Cat. The other diagrams are shown to commute

similarly. 0
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4.2 Maps of decorated cospan double categories

Given another symmetric lax monoidal pseudofunctor F’': A’ — Cat, we can obtain
another symmetric monoidal double category F'Csp. A map from FCsp to F'Csp will
then be a double functor H: FCsp — F'Csp whose object component is given by a finite
colimit preserving functor Hg = H: A — A’ and whose arrow component is given by a

functor H; defined on horizontal 1-cells by:

i o H(5) H(o)
a c b — H(a) — H(c) «— H(b
de F(c) 0.E(d)p € F'(H(c))

fl hl lg e H(f)l H(h)l lH(g)
d 4  dEeF(C) H(d) — H() <= H(V)  0.E(d)¢ € F'(H())

v F(h)(d) — d' E(1): F'(H(h))(0-E(d)¢) — (6 E(d)¢)

where F: Cat — Cat is a symmetric lax monoidal pseudofunctor such that the following

diagram commutes up to a monoidal natural isomorphism 0: EF = F'H:

F
A —— Cat

Hl A lE
F/

A’ ——> Cat

We summarize this in the following theorem:

Theorem 4.2.1. Given two finitely cocomplete categories A and A, two symmetric lax
monotdal pseudofunctors F': A — Cat and F': A’ — Cat, a finite colimit preserving functor

H: A — A, a symmetric lax monoidal pseudofunctor E: Cat — Cat and a monoidal
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natural isomorphism 0: EF = F'H as in the following diagram, the triple (H, E,0) induces

a symmetric monoidal double functor H: FCsp — F'Csp as defined above.

F
A ——> Cat

Hl w0 lE
F/
A’ —> Cat

Proof. Recall that we can think of the object d € F(c¢) as a morphism d: 1 — F'(¢) and the

morphism ¢: F(h)(d) — d' of F(c') as a natural transformation in Cat:

Then because the above square commutes up to the isomorphism 6: EF = F'H, we get:

) . BF(e) — s F/(H(c))

1% B(1) 2.0 lE(F((h)) lF’(H(h))
H

e ()

0,
E(F(c)) — F'(

which results in a 2-morphism E(¢): F'(H(h))(0.E(d)¢) — (0 E(d")¢) in F'(H(c)). To

check that the above recipe is functorial, suppose we are given two vertically composable
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2-morphisms in FCsp:

a c b de F(c)
fl hl lg
a’ c b d e F(cd)
v F(h)(d) = d

a ¢ b d € F(cd)

i c’ b d" e F(d")
S () (d) — d”
If we first compose these, the result is:
a c b de F(e)
f'f l h’hl lg’g

! c’ b’ d’ e F(c")

v F(W'Rh)(d) — d”

and then the image of this 2-morphism under the double functor H is given by:

H(a) H(c) H(b) 0.E(d)p € F'(H(c))
H(f'f) l H(h'h) l lH(g’g)
H(a") —> H(¢') «—— H(®") 0 E(d")p € F'(H("))

E(v): F'(H(Wh))(0-E(d)¢) — (0 E(d")¢).
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On the other hand, applying the double functor H first gives:

H(a) H(c) H(b) 0.E(d)¢ € F'(H(c))
H(f)l H(h)l lH(g)
H(a') H(c) H)  0.B(d)é € FI(H())
EQ): F'(H(h)(0:E(d)9) — (6o B(d')6)
H(a') H(c') HY)  0.B(d)é € FI(H())
H(f") l H(h/)l lH(g’)
H(a") H(c") HO')  0.B(d") € F/(H("))

E(W): F/(H(W))(6.E(d)$) — (6o E(d")9)

and then composing these gives:

H(a) H(e) H(b) 0.E(d)p € F'(H(c))
H(f'f) l H(h'h l lH(g’g)
H(a") — H(c") «— H(b") 0.E(d")¢ € F'(H("))

E(/v): F'(H(Wh)(0.E(d)p) — (0. E(d")p).

Thus H is functorial on 2-morphisms, and it is evident that H satisfies the equations
SH=HS and TH = HT.

Given two composable horizontal 1-cells M and N in F'Csp:

i1 o1 i2 02
a —— 1 e—— b b—— 2 ¢—— a2
dv € F(Cl) dn € F(Cz)

composing first gives M ® N:

ij17:1 ijQOQ
ap ————> €1 +p 2 &—— G2

duon € F(er +p c2)

where

d: 127051 %1 95, by s Flen) 252 Fler + e2) 29 Fler 44 e0).
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The image of this horizontal 1-cell is then given by H(M © N):

H(d’jcﬁ'l) H("l’jCzO?)
H(a,) ——> H(c1 +b c2) ¢«— H(a2)

dua(mon) = ey +yes E(dvon) € F'(H(cr 4o c2))

where

E(dymen
(dmon)

GC C
du(von) = ety E(dpon)g: 1 % B(1) E(F(c1 4+ c2)) —25 F'(H (et +pea))-

On the other hand, the image of each horizontal 1-cell under the double functor H is given

respectively by H(M) and H(N):

H(i1) H(o1) H{(iz2) H(o02)
H(a1) — H(c1) «<— H(b) H(b) — H(c2) < H(a2)

Oc, E(drr)¢ € F'(H(c1)) Oc, E(dn)¢ € F'(H(c2))

Composing these then gives H(M) ® H(N):

Vipr(ey)H (1) ik (cq)H(02)
H(a1) ———> H(c1) +m@p) H(c2) ¢——— H(a2)

du(anenn) € F'(H(c1) +u@p) H(c2))

where

(0cy X0co ) (E(dpr) X E(dy))é PH(cq),H(eo) F'(J)
da(anyon(n): 1——— F/(H(e1))x F' (H(c2)) —————F'(H(c1)+ H(c2))— > F' (H(c1)+ s 4y H(c2)).

We then have a comparison constraint:
given by the globular 2-isomorphism:

Wit (e,)H (1) Wit (cy)H(02)
H(a1) 3 H(c1) +uw) H(c) P — H(az) duanyer(yy € F'(H(c1) +ry) H(c2))

1l nll ll
H(jeyi1) H(jecy02)

H(a1) ————— > H(c1 +pc2) ¢«——— H(a2) dumon) € F'(H(c1 +b c2))

te—1: F' (7)) (duonenny)) = da(uon)-
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where k is the natural isomorphism
ki H(cr +pc2) = H(cr) +ue) H(c)

which comes from the finite colimit preserving functor H: A — A’. The above diagram
commutes by a similar argument to the one used in Theorem 4.3.15. Similarly, for every

object ¢ € A, we have a unit comparison constraint
Hy : UH(c) — H(UC)

given by the globular 2-isomorphism:

where the morphism of decorations is the morphism ¢: !y — (0.E(!c)$) in F'(H(c)).
These comparison constrains satisfy the coherence axioms of a monoidal category, namely

that these diagrams commute:

(H(M) © H(N)) ® H(P) —— H(M) ® (H(N) © H(P))

HM,N@IJ/ J/l(DHN,P

H(M ©& N) @ H(P) H(M)®H(N © P)
HM@N,PJ/ J/HM,N(DP
H(a')
H(MO®N)®P) ———— H(M & (N © P))
U]Hl(a) ® H(M) _— H(Ua) ® H(M) H(M) ©® U]I-}I(b) _ H(M) ® H(Ub)
/\l lHUQ,M Pl J/H]V[,Ub
H(A) H(p")
H(M) ¢———-—— H(U, © M) H(M) ¢——-"—— H(M 0 Up)

The diagrams involving the morphisms of decorations are similar to those in Theorem 4.1.3.

This shows that H = (H, E, ) is a double functor. Next we show that this double functor
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is symmetric monoidal. First, that the object component Hy = H is symmetric monoidal
is clear as H: A — A’ preserves finite colimits. As for the arrow component Hy, given two

horizontal 1-cells M; and Ms in FCsp:

i1 01 12 09
a —> 1 ——— by a2 ——> C2 &— by
du, € F(c) dnr, € F(c2)

their tensor product M; ® Ms> in F'Csp is given by:

11 + 12 01 + 02
a1 +az —— c1+c2 &——— b1+ b2

dar, oM, € F(e1 + c2)

dy xd Peqc
dynoM,: 1 & F(Cl) X F(CQ) —2 F(01 + 02)

and the image of this horizontal 1-cell under the double functor H is H(M; ® M) given by:

H(il +’L'2) H(01 +02)
H(a1 +a2) E— H(Cl +(22) — H(b1 —l—bg)

du(any @Mz) = ey o E(dan@ns, )¢ € F(H(c1 + 2)).

On the other hand, the image of M; and My is given by H(M;) and H(Ms):

H(i1) H(o1) H(i2) H(02)
H(a1) —— H(c1) ¢——— H(h) H(az) ——> H(c2) «——— H(b2)
du(ary) = Ocy E(dny )¢ € F'(H(c1)) du(nry) = O, E(dar,)d € F'(H(c2))

and their tensor product H(M;) ® H(Ms) is given by:

H(i1) + H(i2) H(o1) + H(02)
H(al) —|—H(a2) _— H(C1) —I—H(Cz)  —— H(b1) +H(b2)

dy(ny)wm(My) € F/(H(c1) + H(c2))

(pxo)A"1xa™h (0cy X0cg)(E(dpyy )X Eldpry)) PH(cy),H(cg)
du(vyygH(My) 1= E(1)xE(1) F'(H(c1))xF'(H(cg))——————F/(H(c1)+H(c2))-
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We then have a natural 2-isomorphism gz, ar, @ H(M;p) ® H(M;) — H(M; ® M) in F'Csp
given by:

di(nry)wm(my) € F/(H(cr) + H(c2))

H(i1)+H(i2) H(01)+H(02)
H(al) +H(a2) _ H(C1) +H(Cz) & H(bl) + H(b2)

J/ H(’il+i2) J/ H(Ol +02) J/

H(a1 +a2) ———— > H(ci +¢c2) ¢———— H(b1 + b2)

du(an o) € F'(H(c1 + c2))

ve: FI(6)(dmoan)eman)) = daon o)
where k denotes the natural isomorphism arising from H preserving finite colimits. This

natural 2-isomorphism together with the associators of FCsp and F'Csp, respectively a

and o', make the following diagram commute:

/

(H(M:) © H(Ms)) @ H(Ms) ——— H(M,) ® (H(M2) @ H(Ms))
P % ll & nansonry
H(M; ® M) @ H(Ms) H(M;) @ H(Ms ® Ms)
W@Mz,%l luMl,MmMs
H((M; ® Ms) @ Ms) 1 H(M: ® (M ® Ms))

with the corresponding diagram of decorations in F'(H (c1 + (ca + ¢3))):

, F/(s(1+ 1) (tar)
F'(ak(k + 1)) (d@amermn)erns)) ——> F'(k(1+ &) (drvn) o@)em(Ms)))

F(ar)(ts + 1)l lF’(n)(l + tr)
F'(ar)(du(an o) em(is)) F'(8)(du(an)em(ma00s3))
F'(a)(bn)l lbn
F' () (du((my 0 M5)@M3)) @ B (M ©(M2®Ms3))

where

F'(ar(k + D) (dmanemvn) i) = F (5 + 1)) (dmn) ern))emis))
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as the corresponding hexagon for the finite colimit preserving functor H: A — A’ commutes.
The map s, v, is also compatible with the braidings 8 and ' of FCsp; and F'Cspy,
respectively, and make the necessary square commute as a consequence of the corresponding
commutative square involving braidings from the finite colimit preserving functor H: A —
A,

The monoidal unit of FCsp, is given by:

1 1
In —— 1a —— 14

1, € F(1a)

where 1p is the monoidal unit of the finitely cocomplete category A. The image of this
horizontal 1-cell under H is given by:

H(1p) =5 H(1a) & H(1a)

01, E(11,)¢ € F'(H(1a))

as H preserves finite colimits. We then have a 2-isomorphism in F'Csp given by:

e 1F’(Csp1 — H(lFCspl)

1ar ! 1ar ! 1ar !1A, S F/(lA/)
H(la) — s H(1a) e« H(1a) 64, E(0)é € F'(H(1A)

together with the morphism ¢, : F'(k)(!1,,) — (01,£('1,)¢) in F'(H(1a)). The following
square then commutes for any horizontal 1-cell M of FCsp:

pe1
1o @ H(M) ——— H(1a) @ H(M)

él J/HlA,J\/I
H(¢')

H(M) ¢— H(1a® M)
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where we have abbreviated the monoidal units of FCsp; and F'Csp; as 1a and 1/, respec-

tively. The diagram of corresponding decorations is given by:

F'(H)kK) (v
F'(0)(dyy,, ® du(ar)) M FI(H()k)(duy,,, © ducar))

ul lF/(H(ﬁ'))(m)
discary e F/(H()) (dspm)

where

F'(0)(dy,,, ® dary) = F'(H({)r(p @ 1)(dy , @ dg(ar))

since the corresponding square involving left unitors for the finite colimit preserving functor
H: A — A’ commutes. The other square involving the right unitors r and 7’ is similar.
The comparison and unit constraints Hjy; xy and Hy are monoidal transformations and this
suffices for a functor of symmetric monoidal double categories which are isofibrant, which
FCsp and F'Csp are by Lemma 5.2.1. Note that because the comparison constraints g

and p(_ _y are both isomorphisms, the symmetric monoidal double functor H is strong. [

4.3 Structured cospans versus decorated cospans

In this section we compare the double categories obtained via structured cospans and dec-
orated cospans. Under conditions discovered by Christina Vasilakopoulou, the two frame-
works will be shown to be equivalent as double categories. This is Theorem 4.3.15 and the
main content of this section. But first, we make precise what it meant by an ‘equivalence

of double categories’.
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We define an equivalence of double categories following Shulman [38]. Given a double

category A, we write A (M, N) for the set of 2-morphisms in A of the form:

AN B

| s

¢—=D
We call M and N the horizontal source and target of the 2-morphism a, respectively, and
likewise we call f and g the vertical source and target of the 2-morphism a, respectively.

Thus ;Ay(M, N) denotes the set of 2-morphisms in A with horizontal source and target M

and IV and vertical source and target f and g.

Definition 4.3.1. A (possibly lax or oplax) double functor F: A — X is full (respectively,

faithful) if Fo: Ay — X is full (respectively, faithful) and each map
is surjective (respectively, injective).

Definition 4.3.2. A (possibly lax or oplax) double functor F: A — X is essentially

surjective if we can simultaneously make the following choices:

(1) For each object z € X, we can find an object a € A together with a vertical 1-

isomorphism a: F(a) — z, and

(2) For each horizontal 1-cell N: 1 — x9 of X, we can find a horizontal 1-cell M : a1 — as

of A and a 2-isomorphism ay of X as in the following diagram:
F(M
F(a1) <13 F(ay)

Oz J lan J'QIQ

T1 —— T2
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Definition 4.3.3. A double functor F: A — X is strong if the comparison and unit
constraints are globular isomorphisms, meaning that for each composable pair of horizontal

1-cells M and N we have a natural isomorphism
Fyn:F(M)©F(N) = F(M ®N)

and for each object @ € A a natural isomorphism

A

Fo: Up(g) — F(Ua).

Shulman [38, Theorem 7.8] proved that a strong double functor is part of a ‘double
equivalence’ if and only if it is full, faithful and essentially surjective in the sense of a
double functor as given above. We will take this theorem and use it as the definition of a

double equivalence.

Definition 4.3.4. Given a strong double functor F: A — X F is part of a double equiv-
alence if and only if F is full, faithful and essentially surjective. We say that F: A — X is

a double equivalence and that A and X are equivalent as double categories.

Definition 4.3.5. Given a double equivalence F: A — X, if F, A and X are all symmetric
monoidal, then F is a symmetric monoidal double equivalence, and A and X are

equivalent as symmetric monoidal double categories.

Given a symmetric lax monoidal pseudofunctor F': (A,+,0) — (Cat, x, 1), one can
obtain a functor R: [ F — A by the Grothendieck construction, as explained in Definition
4.3.9. Moreover, if the pseudofunctor F': A — Cat factors through Rex — Cat as an
ordinary pseudofunctor, the category f F will have finite colimits and this functor R will

preserve finite colimits and be right adjoint to a fully faithful left adjoint L: A — [F
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between two categories with finite colimits which then allows for the construction of a
structured cospan double category. The bridge which allows us to obtain a left adjoint
L: (A,+,0) — ([ F,+,0) from a lax monoidal pseudofunctor F': (A,+,0) — (Cat, x,1)
is established in Lemma 4.3.11, Corollary 4.3.12 and Proposition 4.3.13. In this case, the
resulting decorated cospan double category FCsp and structured cospan double category
1Csp( [ F) are equivalent as symmetric monoidal double categories.

First we find conditions under which an opfibration has a left adjoint. This bridge
between the notions of opfibration and left adjoint is due to Christina Vasilakopoulou, who
together with Baez and the author have investigated this situation and its consequences in
more detail [4].

The definitions of 2-category and pseudofunctor are given in Definitions A.3.2 and A.3.4,

respectively, of the Appendix.

Definition 4.3.6. Let Rex denote the 2-category of categories with finite colimits and

finite colimit preserving functors.

Definition 4.3.7. A functor R: X — A is a Grothendieck opfibration if for any object
a € A and every object x € X such that R(z) = a, for any morphism f: a — b there exists
a cocartesian lifting of f. This means that there exists a morphism £ in X whose domain
is « which satisfies the following universal property: for any morphism g: b — o' in A and

morphism «v:  — 3 in X such that R(y) = go f, there exists a unique morphism d0: y —
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such that v =0 o 5 and R($) = g.

T 4>6 Yy~ o in X

{'. ;.//

a=————b g in A
f=R(B)

We call X the total category and A the base category of the opfibration R: X — A.

For any object a € A, the fiber category X, consists of all objects x € X such that
R(z) = a and all morphisms ~v: z — 2’ such that R(f) = 1,. The axiom of choice allows

us to select a cocartesian lifting for any f: a — b which we denote by

Cocart(f,z): z — fi(z).

This choice also induces reindexing functors

fii Xeg = Xp

between any two fiber categories X, and X,. Note that by the universal property of a
cocartesian lifting, we have natural isomorphisms (1,); & 1x, and for any composable
morphisms f and g in A, (f o g)1 = fi o ¢1. If these natural isomorphisms are equalities, we

say that R is a split opfibration.

Definition 4.3.8. Let OpFib(A) be the 2-subcategory of the slice 2-category of Cat/A
of opfibrations over A, cocartesian lifting preserving functors and natural transformations

with vertical components.

There is a 2-equivalence between opfibrations and pseudofunctors which is given by the

well known ‘Grothendieck construction’.
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Definition 4.3.9. Given a pseudofunctor F': A — Cat where A is a category with trivial

2-morphisms, the Grothendieck category [ F has:
(1) objects as pairs (a,z € F(a)) and

(2) a morphism from a pair (a,x € F(a)) to another pair (b,y € F(b)) is given by a pair
(f:a—= by F(f)(z) = y) in A x F(b). Note that a morphism can be viewed as a

morphism together with a 2-morphism:

f Ly | F(f

a F(a)
| <

F(b)

There is an opfibration R: [ F — A where the fiber categories are given by ([ F), = F(a)
and the associated reindexing functors are given by fi = F/(f). We call the entirety of this

the Grothendieck construction of the pseudofunctor F'.
The Grothendieck construction provides one direction of a well known equivalence.

Theorem 4.3.10. (1) Every opfibration R: X — A gives rise to a pseudofunctor

FR: A — Cat.

(2) Every pseudofunctor F: A — Cat gives rise to an opfibration Rp: [ F — A.

(8) The above two correspondences give rise to an equivalence of 2-categories
[A, Cat],s ~ OpFib(A)

such that Fr, = F and R, = R.
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Moeller and Vasilakopoulou [35] have generalized the Grothendieck construction to the
monoidal situation, meaning that lax monoidal pseudofunctors F': A — Cat correspond
bijectively to monoidal structures on the total category [ F such that the corresponding
opfibration Rp: [ F — Ais a strict monoidal functor and the tensor product ® [ F breserves

cocartesian liftings. If A is cocartesian monoidal, there is a further correspondence given

by:

lax monoidal pseudofunctors F': (A, +,0) — (Cat, x, 1)

monoidal opfibrations R: (X,®,I) — (A,+,0) (4.1)

pseudofunctors F': A — MonCat

The second equivalence is due to Shulman [38]. In detail, given a lax monoidal structure

(¢, ¢o) on a pseudofunctor F', each fiber category inherits a monoidal structure via:

®0: F(a) x F(a) 2% Fla + a) 2% F(a) (4.2)

L:1%% F0) 2% Fa).

These correspondences further restrict when the Grothendieck category [ F is cocarte-
sian monoidal itself. In this case, the monoidal opfibration clauses for R: (X,+,0) —
(A, +,0) results in a functor (strictly) preserving coproducts and the initial object, and

these bijectively correspond to pseudofunctors F': A — cocartCat where cocartCat is the

104



2-category of cocartesian categories, coproduct preserving functors and natural transforma-
tions. The following statement, which relates the existence of any class of colimits in the
total category of an opfibration to their existence in the fibers, then brings pushouts into
the picture by addressing when opfibrations preserve all finite colimits. For more details,

see the work of Hermida [29].

Lemma 4.3.11. Let J be a small category and R: X — A an opfibration. If the base

category A has J-colimits, then the following are equivalent:

(1) All the fiber categories have J-colimits and all reindexing functors preserve them.

(2) The total category X has J-colimits and R preserves them.

The first part regards the existence of colimits locally in each fiber which can equivalently
be expressed as the image of the associated pseudofunctor F': A — Cat landing in the sub-
2-category Rex of finitely cocomplete categories and finite colimit preserving functors. The
second part regards the existence of colimits globally in the total category [ F. These two

combine to result in:

Corollary 4.3.12. Let A be a category with finite colimts and F': (A,+,0) — (Cat, x,1) a
lax monoidal pseudofunctor. If the pseudofunctor A — MonCat via the correspondence in
Equation 4.1 factors through Rex, meaning that each F(a) is finitely cocomplete and that
the associated reindexing functors are finitely cocontinuous, then the Grothendieck category

[ F has all finite colimits and the corresponding opfibration Rp: [ F — A preserves them.

For applications to structured cospans, we want a left adjoint L to the induced monoidal
opfibration Rp: [ F — A of the Grothendieck construction of F. Gray found sufficient

conditions for the existence of such a left adjoint.
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Proposition 4.3.13 ([27, Prop. 4.4]). Let R: X — A be an opfibration. Then R is a right
adjoint left inverse, meaning that the unit n: 1a — RL is an identity, if and only if its

fibers have initial objects which are preserved by the reindexing functors.

Proof. The left adjoint L: A — X maps an object a to the initial object in its fiber which
we denote by L, or !, in other sections of this thesis. By construction, we have that

R(L(a)) = R(L,) = a. For a morphism f: a — o/, L(f) is given by:

Cocart(f,Laq)
EE——

J—a f!(J—a) — J—a’

where the second arrow is the unique isomorphism between initial objects in the fiber above

a’ as fy preserves them. For more details, see Gray [27, Proposition 4.4]. O

Notice that under Lemma 4.3.11, if A has an initial object Oa, then the above conditions
are equivalent to X having an initial object Ox above 0a. Then 1, is the cocartesian lifting

of the unique map !;: 0o — a in the base category A:

Cocart(lq, .
Oy —2r a1y 0y) = L, in X

~ !

Oa 2 a in A

Furthermore, if R = Rp for a pseudofunctor F': A — Cat as in Theorem 4.3.10, the rein-
dexing functors (!,) of the opfibration are given by F'(!,) and therefore L, = (a, F'(!5)(0x)).
Lastly, if the pseudofunctor (F, ¢, ¢p): (A, +,0) — (Cat, x, 1) is lax monoidal to begin with,
the Grothendieck construction in the cocartesian case expresses |, as the image of the com-
posite

(Ya)

12 P0a) 28 F(a).
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Regarding the opposite direction, which is not needed in the proof of the main result of
this chapter below, we have the following result. For a discussion on the ‘strict cocontinuity’

condition, we refer to the work of Cicala and Vasilakopoulou [16].

Proposition 4.3.14. Suppose that R: X — A is a right adjoint and left inverse. If X and
A both have chosen pushouts and initial objects and R strictly preserves them, then R is an

opfibration.

Before presenting the main proof, we outline a sketch. Given a lax monoidal pseud-
ofunctor F': (A,4,0a) — (Cat, x,1), the double category of decorated cospans FCsp
has A as its category of objects, horizontal 1-cells as F'-decorated cospans given by pairs
(@ = m < b,z € F(m)) and 2-morphisms as maps of cospans k: m — m/’ together with a
morphism F(k)(xz) — 2’ as in Theorem 4.1.3.

When the pseudofunctor F' factors through Rex, by Corollary 4.3.12, the Grothendieck
construction yields a finitely cocomplete Grothendieck category [ F' such that the corre-
sponding opfibration Rp: ([ F,+,0) — (A,+,0) preserves all finite colimits. In particular,
the initial object is preserved and so Lemma 4.3.11 and Corollary 4.3.13 apply to obtain a
left adjoint Lp: A — [ F which is right inverse to Rp. This left adjoint is explicitly defined
on objects by L(a) = (a, L,) where L, is initial in the finitely cocomplete category F'(a).
We can also express 1, as 1, = F(!;)¢9. Diagrammatically, this process can be expressed

as:

IF o
F:A— Cat ~ RFl = AL
A fir
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From this left adjoint Lp: A — [ F which goes between finitely cocomplete cate-
gories and preserves finite colimits, we can obtain a double category of structured cospans
£-Csp([ F). This double category will also have A as its category of objects, but now
horizontal 1-cells are given by cospans of the form Lr(a) — x < L (b) in the Grothendieck

category [ F. Explicitly, horizontal 1-cells are given by:

ita—m in A 0:b—m in A

1: F(i)(Ly) = = in F(m) 1: F(o)(lp) = in F(m)
(a, Lq) > (m, z) (b, Lp) (4.3)

where x € F(m), as in Definition 4.3.9. A 2-morphism is given explicitly by:

i a—m in A o: b—m in A
1: F(i)(La)—=z  in F(m) 1: F(o)(Lp)—x in F(m)
(a,La) (m, x) (b, Le)
fra—a in A k: m—m/ in A g: b—=b in A
Xa: F(f)(La)=L, in F(a') v: F(k)(z)—z’  in F(m') xb: F(g)(Ly)=L, in F(b)
’ ’oo /
(@', Lar) > (m,z") o', Lp)
i’ a’—m/ in A o' b —m/ in A
1 F(i')(Ly)—a’  in F(m') 1: F(o')(Ly)—a’  in F(m/)

where the three vertical 1-morphisms in the middle come from Lg applied to vertical 1-

morphisms in FCsp, which are just morphisms of A. Each of the above squares commutes
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which says that ki = 4'f and ko = o'g in A. Then in the Grothendieck category, we have:

LLION Fk(z) & 2 = (4.4)

s

Flkoi)(Ls) = FE(Fi(Ly))

Fi(Ff(La)) 220y pir(1 ) 4 of

1w

F(i' o f)(La)

in F(m'). Note that all the maps in the above equality are unique and originate from initial
objects, which are preserved by reindexing functors. Thus no extra conditions are imposed
on these morphisms, and likewise for the square involving o and o'.

We define a double functor E: 1, Csp([ F) — FCsp whose object component is the
identity on the category A. Given a horizontal 1-cell:

ita—m in A 0:b—m in A

1: F(i)(Ly) = = in F(m) 1: F(o)(Lp) = x in F(m)
(CL, J-a) (ma $) (b7 J—b) (45)

the image is given by
atmb together with the decoration x € F(m).

Note that this is actually a bijective correspondence as the unique maps from the initial
objects in the fibers provides no extra information. Given a 2-morphism of Lpg-structured

cospans as in Equation (4.3), the image is given by the following map of cospans in A:

a > m b
fl k ig
a 7 m’ 4 " b

together with the morphism ¢: F(k)(x) — 2’ as in Equation (4.3). This is again a bijective

correspondence and commutativity of Equation (4.4) holds by initiality of the domain.
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The double functor E = (Eg,E;) is in fact strong. We have natural isomorphisms:
E(M)®E(N) = E(M ® N)
Uk(m) — E(Un)
for any composable horizontal 1-cells:
M = (a, Lo) % (m,z) < (b, Ly)

and

s/ /

N = (b7 J—b) = (nvy) & (Cv J—C)
and any object m € 1,Csp([ F). The horizontal composite E(M) @ E(N) is given as in

Theorem 4.1.1 via a pushout and decoration:

T Xy ¢m,n
m+4sn 1 =——— F(m)x F(n) —— F(m+n)
"T/ w |F)
a -’ F(m+syn)

where jp,,: m — m 44 n and j,: n — m +, n are the canonical maps into a pushout. If
we first compose M and N in the structured cospan double category 1, Csp([ F') by using

fiberwise pushouts constructed using Lemma 4.3.11, we obtain:

(m+sn, F(jm)x +1

(a, La) (b, L) (¢, Le)

and the image of this composite is given by the cospan a — m —+; n < ¢ together with the

same decoration as the following diagram commutes:

F(m) x F(n) ¢ y F(m +n)

Fi) <Fin) | |r)
¢ F(V)
Fm+4sn) X F(m+sn) — F((m+sn)+ (m+sn)) —> F(m+pn)
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as the pushout is over an initial object and hence really a coproduct. The fiberwise coprod-
uct in F(m 44 n) is given as in Equation (4.2).

Lastly, for the identity morphisms, we have that U,, is given by:
(m, L) = (M, L) < (m, L)

with 1,, as the A-component of the cospan legs together with isomorphisms between initial
objects in the fibers. Hence E(U,,) is the identity cospan on m in A together with the
‘initial decoration’ or ‘trivial decoration’ 1, € F(m). On the other hand, Ug(y) is the
same cospan and decoration. This concludes the outline that E is a strong double functor.

Finally, here is the main result relating structured and decorated cospans [4].

Theorem 4.3.15. Let A be a category with finite colimits and F: A — Cat a symmetric
lax monoidal pseudofunctor such that F factors through Rex as above. Then the symmet-
ric monoidal double category Csp([ F') built using structured cospans and the symmetric
monoidal double category FCsp built using decorated cospans are equivalent as symmetric

monotidal double categories.

We will sometimes denote a decoration z € F(m) as dg) € F(R(z)) where M is a

horizontal 1-cell of
LC5p(X) =1, Csp( [ F).

and given an object a € Csp(X), the initial decoration or trivial decoration will be denoted
as 1, € F(a) or !, € F(a). Note, that as mentioned above, L, is determined by the unique
map !: 0o — a. The object dg () is not to be mistaken for an object of A which we will

denote by a,b and ¢, or m and n with various primes and subscripts.
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Proof of Theorem 4.3.15. As each F': A — Cat factors through Rex, there exists a fully
faithful left adjoint L: A — [ F of the Grothendieck construction R: [F — Aof F, [ F
is finitely cocomplete and R preserves finite colimits.

Next we define a double functor E, prove it is a double equivalence, and show it is
symmetric monoidal. For notation, let [ F' = X. We define a double functor E: ;Csp(X) —
FCsp as follows: the object component of the double functor E is given by Eg = 14 as both
double categories ;Csp(X) and FCsp have objects and morphisms of A as objects and
vertical 1-morphisms, respectively. The functor Ej is trivially an equivalence of categories.

Given a horizontal 1-cell M of ;Csp(X), which is a cospan in X of the form:

L(e) —— = <2 L(d)

the image E; (M) is given by the pair:

where R: X — A is the right adjoint to the functor L: A — X and n: 1o — RL is the unit
of the adjunction L 4 R which is an isomorphism since L is fully faithful. Similarly, the
image of a 2-morphism a: M — N in Csp(X):

L(c1) % P L(c2)
L(f)l O‘l lL(g)

L(c}) — &/ <— L(ch)

is given by the 2-morphism E;(«a): E;(M) — E;(N) in FCsp given by:
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together with a morphism ¢: F(R(a))(z) — 2’ in F(R(2’)) which comes from the
Grothendieck construction of the pseudofunctor F: A — Cat. That Eq is a functor is

clear. For Eq, given two vertically composable 2-morphisms M and M’ in ;Csp(X),

L(c1) % P L(c2)

L(f)l O‘l lL(Q)

L()) — & ¢ L(ch)

L()) — o ¢<>— L(ch)

their vertical composite M'M is given by:

Liet) —— 2 <% L(cs)

L(f’f)l a’al lL(g’g)

L(c}) = 2" <— L(e))

and the image of this 2-morphism E; (M’M) is given by:

o R(i)ne, R(x R(0)nes Ca T € F(R(fﬂ))

f’fl R(o/ a)l l ‘g
R(@i")n, v R(o")n, y

d —— R(z") —— & "¢ F(R(z"))
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together with a morphism ¢y : F(R(¢/a))(x) — 2’ in F(R(2")). On the other hand, the

individual images E; (M) and E;(M’) are given by:

R(7)nc, R(0)necy
oo Oy S e (R
fl R(a)J/ J/g
R(i)n, R(0")ney
ch R(z") chy ' € F(R(z"))
R(i")n, R(0")ngy
ch R(z) ¢y o' € F(R(z"))
f’l R(a,)l lg’
R )ney R(0")ney
o R(z") ¢y 1" € F(R(z"))

together with morphisms tpr: F(R(«))(z) — 2’ in F(R(2')) and tpp: F(R(d/)(2') — 2" in
F(R(z")), respectively. The vertical composite E;(M')E; (M) of the above two 2-morphisms
is given by E1(M'M) as R is a functor and ¢pprps = eppreps. The functors Eg and E; satisfy
the equations EyS = SE; and E¢T = TE;.

To show that E is part of a double equivalence, we need to show it is essentially surjective,

full, faithful and strong. To show it is essentially surjective, given a horizontal 1-cell in

FCsp:

o —s et e z € F(c)

we can find a 2-isomorphism in FCsp whose codomain is the above horizontal 1-cell and

whose domain is the image of the following horizontal 1-cell in ;Csp(X):

-/ /
L(c1) —> @ <2— L(ca)
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with the 2-isomorphism in FCsp given by:

c1 R(z) 2 z€ F(R(x))

1l (R(e)nc)ll
‘ C

C1

v F((R(e)ne) ") (@) — @

where e: L(c) — x is given by the unique map from the trivial decoration on ¢ to x € F(c).
The object and arrow components Eqg and E; satisfy the equations SE; = EpS and TE; =
EoT.

To show that the double functor E is full and faithful, we need to show that the map
E1: s.Csp(X), (M, N) = g(5) FCspgy (E(M), E(N))

is bijective for arbitrary vertical 1-morphisms f and g and horizontal 1-cells M and N of
Csp(X). Consider a 2-morphism in ;Csp(X) with horizontal source and target M and N,

respectively and vertical source and target f and g, respectively:

Thus the set

rrCsp(X), (M, N)

consists of triples

(f, e, 9)
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rendering the above diagram commutative where f and g are morphisms of A and « is
a morphism of X. The image of the above 2-morphism under the double functor E has
horizontal source and target given by E(M) and E(N), respectively, and vertical source and

target given by E(f) and E(g), respectively:

together with a morphism ¢: F(R(a))(xz) — 2’ of F(R(z')). Thus the set
E(f)F'Cspg(g) (E(M),E(N))
consists of 4-tuples
(f, R(a), g, 1)
rendering the above diagram commutative and where f, g and R(«) are morphisms of A and
¢ is a morphism in F(R(z")). The morphisms R(«): R(x) — R(z') and ¢: F(R(a))(x) — '
together determine the morphism «a: z — 2’ in X and conversely: given two objects z =

(c,z € F(c)) and 2/ = (/,2' € F()) of X = [ F, a morphism from «: 2 — ' is a pair
(h:c—c,u: F(h)(z) — a')

where h: ¢ — ¢ is given by R(«a): R(x) — R(z"). This shows that E is fully faithful.

Next we show that the double functor E is strong by exhibiting a natural isomorphism

EM,N3 E(M)@E(N) %E(M@N)
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for every pair of composable horizontal 1-cells M and N of ;Csp(X) and for every object

¢ € Csp(X) a natural isomorphism

A

E.: UIEI(C) = ]E(Uc)

where U and U are the unit functors of Csp(X) and FCsp, respectively. For any object
¢, the horizontal 1-cell U]E(C) is given by U, which is given by the pair:

1 1
c c c le € F(c)

The horizontal 1-cell U, is given by

L(e) =55 Lie) <— L(0)

and so E(U,) is given by the pair:

¢ % R(L(e) - ¢ 1. e F(R(L(e)))

We can then obtain the natural isomorphism E.: UE(C) = E(U,) as the 2-morphism

1 1
c e € F(c)
.

(& C
{ | ll
Ne Ne
C

¢ —> R(L(c)) ¢— 'r(L(e)) € F(R(L(c)))

|
t: F(ne)(le) _>!R(L(C))

in FCsp.

Next, given composable horizontal 1-cells M and N in ;Csp(X):

. -/ /
L(c)) — # <2~ L(cs)  L(ca) —> 2/ <— L(cs)
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their images E(M) and E(N) are given by:

R(i)nc, R(0)7c, R(il)nw , R(OI)UCS
c1 —> R(z) «— ¢ 2 —> R(z') ¢«—¢3
x € F(R(x)) x' € F(R(z"))

and so E(M) ® E(NV) is given by:

JYR(i)nc, , JPYR(0 ) eg
e N R(2) ey R(a') s

de(anee) € F(R(x) 4¢, R(z"))

A1 oxa! . PR(2).R(z') . FUR@),RG")) ,
dg(anyeE(N): 1——=1x1——=F(R(z))xF(R(2")) —————— F(R(z)+R(z')) ————————— F(R(z)+c, R(z"))

where 1 denotes each natural map into the coproduct and j denotes the natural map from

the coproduct to the pushout. On the other hand, M ® N is given by

JCi I
L(c1) — @ +1(ep) @' ¢— L(cs)

where ( is a natural map into a coproduct and .J is the natural map from the coproduct to

the pushout. Then E(M ® N) is given by

R(JCi)ne, . R(JCO")ne;
61 ———— R(x +pey) @) ¢— ¢

de(MoON) = T +L(er) T € F(R(T +L(cy) 2))

and so Ey n: E(M) ®@ E(N) = E(M ® N) is given by the 2-morphism:

JYR(i)ne JYR(0 e )
1 5 R(x) +¢, R(a') &—" c3 de(anorv) € F(R(x) +c; R(z'))
| | |

R(JCi)ney o R(ICO e ,
cl ——> R(l‘ +L(02) x ) & C3 d]E(]\l@N) S F(R(m +L(02) x ))

First, the right adjoint R also preserves finite colimits and so we have a natural isomorphism

K R(T) +R(L(c)) R(2') — R(x FL(ca) ')
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Also, since the left adjoint L: A — X is fully faithful, the unit of the adjunction L 4 R at
the object ¢z gives a natural isomorphism 7, : c2 — R(L(c2)) which results in a natural
isomorphism

Jney © R() 4¢, R(2") = R(x) +R1(cey)) R(2).
Composing these two results in a natural isomorphism
O = Kjp, R(x) +¢, R(x') = R(x +L(ea) ).

Next, to see that the above diagram commutes, it suffices to show that for the object ¢; € A,

R(J)R(OR(i)nes (e1) = R(JCiYney (c1) = 0jR(iNmey (1) = e, WR()ney (c1).

This follows as R(i)ne, : c1 = R(z) and the following diagram commutes:

R(z) — 5 R(z) + Ra') —> R(z) +o, R(')

|

R(C) R(2) +Rr(1(er)) R(@) |0
R(J l
R(z 4 ') v R(z +1(ey) ©')

Lastly, this map of cospans comes with an isomorphism ¢: F(o)(dganery)) — demon)
in F(R( 41, 2')). This shows that E is strong, and so E: ;Csp(X) — FCsp is part of
a double equivalence by a Theorem of Shulman [38, Theorem 7.8].

Next we will show that this equivalence of double categories E: Csp(X) — FCsp is sym-
metric monoidal. First, note that we have a natural isomorphism €: 1pcsp — E(1 L(Csp(X))
and natural isomorphisms fic, ¢, E(c1) ® E(c2) — E(c1 ® ¢2) for every pair of objects

1, c2 € Csp(X) both of which are given by identities since both double categories [ Csp(X)
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and F'Csp have A as their category of objects and Eg = 1a. The diagrams utilizing these
maps that are required to commute do so trivially.
For the arrow component E;, we have a natural isomorphism 6: Uy, — E(Uy

LCsp(X) )

where the horizontal 1-cell Uy, is given by:

1 1
In —— 1p ¢— 1 !1A S F(lA)

where 1, = ¢: 1 — F(1a) is the trivial decoration which comes from the structure of the

1a

symmetric lax monoidal pseudofunctor F': A — Cat. The horizontal 1-cell UlLCsp(X) is given

by:

L(1a) =5 L(1a) <= L(14)

where here we make use of the fact that the left adjoint L: (A, 4, 1a) — (X, +, 1x) preserves
all colimits and thus L(1a) = 1x. The horizontal 1-cell ]E(UlLCsp(X)) is then given by the

pair:

m m
1n —> R(L(1a)) ¢—— 1a 'rR(z@1a)) € F(R(L(1a)))

The natural isomorphism ¢ is then given by the 2-morphism:

1 1
Ian —> 1p ¢«— 1A !1A (S F(lA)

IJ/ nlAJ/ J/l
1a ﬂ R(L(14)) 7& 1a 'r(z(a)) € F(R(L(1a)))

by - F(UIA)(!IA) _>!R(L(1A))

of FCsp. This is just the natural isomorphism E;, from earlier.

Given two horizontal 1-cells M and N of ;Csp(X):

. -/ /
Lie) — 2 <2 L(ca)  L(¢)) —> o ¢<— L(ch)
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their images E(M) and E(N) are given by:

R(i)ne,  R(0)ne, R B,
c1 —> R(z) «— 2 ¢y —> R(z') «—"¢
z € F(R(z)) «’ € F(R(z"))

and so E(M) ® E(N) is given by:

R(i)ne, + R(i")ne; R(0)11c + R(0)ney,
c1+ch R(z) + R(z')

d]E(M)@IE(N) (S F(R(ZIZ’) + R(I/))

where

/
c2 + o

- rxax! PRz x!
dg(p)eEW): 1 A1 w1 2 P(R(2)) x F(R() 222D p(R(2) + R(2')).

On the other hand, M ® N is given by

(i+i)p ! (o+0)p~?

/ /
c1,cq €2,Ch

Lian+cd) ——> a+a’ ¢— L(cz + )

and E(M ® N) is given by:

R((i + )6, ey 1 R((0+ 0. 1 Vley e,

1+ R(x + ")

/
2+ Cy

demen) =« + 2’ € F(R(z + z')).

We then have a natural 2-isomorphism py n: E(M)® E(N) = E(M ® N) in FCsp given

by:

R(i)ne, + R(i")nes R(0)ney + R(0")ney
c+dch R(z) + R(z') ca+ch

l R +1)9. o ey 4l R((0+ 00, 1 Vley v,
a+d R(z + ') co + Ch

Lyt F(K)(d]};(M)@]E(N)) — d]E(M@N)
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where & is the isomorphism which comes from R: X — A preserving finite colimits.
The natural isomorphisms ¢ and p satisfy the left and right unitality squares, associa-
tivity hexagon and braiding square. To see this, let M7, My and Mgz be horizontal 1-cells in

Csp(X) given by:

i1 o1 i2 02 i3 03
L(c1) —> o1 «— L(c}) L(c2) —> w2 ¢«— L(ch) L(cs) —> w3 «— L(cs)

The left unitality square:

i®1
1F(Csp ® E(Ml) _— ]E(lL(CSp(X)) ® E(Ml)

)\’l J/P«I,Ml
E())

E(M) ¢ E(l copix) @ M1)

has an underlying diagram of maps of cospans given by:

R(i1)ne R(o1)n./
c1 - R(x1) - ¢ E(M;)
)\AT L+ R(i1)ne, T 1+ R(o1)ne Tra AT
la+a 1a + R(z1) 1a + ¢ 1rcsp @ E(M7)
1
1‘1’ Mma + R(i1)nc, mat 1] Mip + R(01)ne 2 se1]
la+ a1 R(L(lA)) +R(‘T1) 1A+C/1 E(ILCSp(X))®E(M1)
1J’ (Hr(1p),d1)(Ma + R(il)ncllfL<1A)’zl ‘LLB (BL(1p),d0) (Mma + R(01)77€/1) J,l H1, My J,
1a+ ¢} R(L(1a) 4+ z1) a4+ ¢} E(1, cspx) ® M)
AA\L R(i1)7e¢, R()\X)J/M R(Ol)"]c/l \L)\A E(A)\L
“ R(z1) & E(M;)

with the corresponding maps of decorations amounting to the following commutative dia-
gram in F(R(x1)):

F(ROX) (L (1p),01))(e2)

F(Aa)(l1p +21) F(R(Ax)(Lap) .z ) (Rezaa)) + 21)
L1J/ lF(R(kx))(m)
@1 - FROW))(2141)
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where x4 is the decoration z; on the object R(L(1a) + 1) € A. The above square

commutes because

F(Aa)(liy +21) = F(ROAX) (Br(10),21) (M4 + 1)) (11 + 21)

as the corresponding left unitality square for the finite colimit preserving functor
R: (X,1x,+) — (A,1a,+) commutes. The right unitality square is similar. The associ-

ator hexagon:

MMy My @1 MMy ®Mao, Ms
(E(M1) ® E(Mz)) @ E(Ms) —2 5 E(M; @ M>) @ E(Ms) ——— 2" 5 B((My ® Ma) @ Ms)

a’l J/]E(a)
1® pnty, My WMy, Ma®Ms

E(M:) ® (E(M2) @ E(M3)) ————— E(M1) @ E(Ma @ M) ————> E(M; ® (M2 ® Ms))
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has underlying maps of cospans given by:

E(M: ® (M2 ® M3))
E(a)]
E((M:1 ® M) ® Ms)
MM1®M2,M3T
E(M: ® M) ® E(M3)
KMy My @ 1T
(E(My) @ E(Mz)) @ E(Ms)
o',
E(My) ® (E(M2) @ E(Ms))
1® pnry, My \L
E(M:) @ E(M2 @ Ms)
MMl,M2®M3\L
E(M; ® (M2 ® Ms))

R(i1 + (2 +3))c; +(cotca) R(o1 + (02 + 03))1et 4 (cf 4
c1+ (c2 +c¢3) S R(z1 + (z2 + z3)) S ¢t + (cz + )
aAT R((41 + i2) + i3)77(51+62>+c3 R(aX)TL3 R((o1 4+ 02) + 03)77(c’1+c’2)+c/3 TaA
(c14c2) +es R((z1 + z2) + x3) (i +c2) +c
1T R(’il —+ i2)77c1+02 + R(i3)’l7¢3 HTW R(Ol + 02)776/1+c'2 + R(03)77c/3 Tl
(c1 4 c2) +cs R(z1 + x2) + R(x3) (ch +ca) +cj
17 (R(i1)7e; + R(i2)ne,) + R(i3)7e rt1Tu (R(o1)ner + R(o2)ncy) + R(03)n., T
(c1+c2)+cs ER(fﬂl) + R(22)) + R(xs) & +ca)+e
o] R(i1)ne, + (R(i2)nes + R(i3)es) an | ua R(o1)n.;, + (R(02)ney + R(03)n.;) Jaa
a1+ (c2 + c3) R(z1) + (R(72) + R(x3)) 1+ (ca +c3)
1
1 R(i1)ne, + Riz +i3)7cs+cs Hrlts Rlo1)ne; + B0z + 03)ney 1. I
c1+ (ca +c¢3) R(z1) + R(x2 + x3) ¢t + (c3 +ch)
1\1/ R(i1 + (2 + 93))0c; +(cotes) N\LLG R(o1 + (02 + 03))nc'l+(c’2+cé) \1,1
c1 + (c2 +¢3) R(z1 + (z2 + x3)) ¢t + (ch + ¢5)

Here, due to limited space, we have omitted the natural isomorphisms ¢, ¢, : L(c;)+L(cj) —
L(c; + ¢j) on the inward pointing morphisms which make up the legs of each cospan.

The corresponding maps of decorations amount to the following commutative diagram in

124



F(R(z1 + (2 + 23))):

F((R(ax))(k))(e1)

F((5)(1+ 1) (an)) (w1 + 22) + 3) F((R(ax))(r))((21 + x2) + z3)
F((r)(1 +n))(b4)l lF(R (ax))(e2)
F((5)(1+ 1)) (21 + w2) + w5) F(R(ax))((z1 + x2) + 23)
F(H)(L5)l l
F(r)(@1 + (22 + 3)) - o1+ (22 + 73)

The above hexagon commutes because

F((r)(1+ &) (an))((z1 + 22) + 23) = F((R(ax)) (k) (k + 1))((z1 + 22) + 23)

as the corresponding associator hexagon for the finite colimit preserving functor

R: (X,1x,4) — (A, 1a,+) commutes. Lastly, the braiding square:

/

E(M:) ® E(Ms) % E(M2) ® E(Mh)

“MLMQJ/ J/“Mli
E(8)

E(Mi ® M) ————— > E(M2 ® M)

has underlying map of cospans given by:

R(i2 + i1)eyte R(o2 + 01)ncs 4o
c2+a G R(za + z1) SMRL ch+ch E(M2> ® M)
1T R(i2)Ney + R(31)ne, < R(02)ney + R(o1)ne Ti s ]
2+ R(x2) + R(z1) ch+ci E(M:)®@E(M)
ﬂAT R(i1)ne; + R(i2)7Ney oo R(o1)ne; + R(02)ney, Téa e
1+ c2 R(z1) + R(z2) ci+ch E(M)®E(Ms)
1\1/ R(i1 + 12)Teq s H\LLS R(o1 + 02)10e1 41 \Ll HMy M2 xl/
c1+c2 R(z1 + z2) ¢y + ch E(M, ® M>)
5A\L R(iQ + il)ncz +c1 R(/BX)\LM R(02 + ol)nc/2+c/1 \LBA E(/B)\L
2t R(z2 4+ x1) ch+c E(M: ® M)

Again, we have omitted the natural isomorphisms ¢, ., on the inward pointing morphisms

on each cospan leg due to space restrictions. The corresponding maps of decorations amount
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to the following commutative diagram in F'(R(z2 + x1)):

F(r)(e1)

F((x)(Ba))(z1 + z2) F(k)(z2 + 1)
F(R(Bx))(bs)l J/LQ
F(R(Bx))(x1 + 22) = 2 + 21

The above square commutes because

F((£)(Ba)) (1 + 22) = F((R(Bx))(K)) (21 + 22)

as the corresponding braiding square for the finite colimit preserving functor
R: (X,1x,+) — (A,1a,+) commutes. The comparison and unit constraints Ej;y and
E. are monoidal natural transformations, and as both ;Csp(X) and FCsp are isofibrant by
Lemmas 5.1.2 and 5.2.1, respectively, the double functor E: ;Csp(X) — FCsp is symmetric

monoidal. n

4.4 Applications

In this section we present the three examples that were illustrated with the original
decorated cospans as well as structured cospans. The first example regarding graphs was
mentioned in the introduction and is the easiest example to keep in mind. The next two
examples, taking on more of an applied flavor, consist of electrical circuits and Petri nets.
Each of these has been studied extensively in work on ‘black-boxing’ [5, 7, 8, 9, 10]. Black-
boxing is a way of describing the behavior of an open system, that is, a system with
prescribed inputs and outputs such as the terminals of an electrical circuit, by observing
the activity at the inputs and the outputs, typically while the system is in a ‘steady state’.

The relation between the activity at inputs and outputs can be seen as a morphism in some
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category of relations. A black-boxing functor sending open electrical circuits to Lagrangian
linear relations was first constructed using Fong’s theory of decorated cospans [7], and
later via the theory of props [5]. A black-boxing double functor sending open Petri nets
to relations was constructed using structured cospans [9]. A black-boxing functor for a
special class of Markov processes was constructed using decorated cospans [8]; later it was

generalized and enhanced to a double functor [2], as explained in Chapter 6.

4.4.1 Graphs

As a first example, let L: FinSet — FinGraph be the functor that assigns to a set N the
discrete graph L(N) which is the edgeless graph with N as its set of vertices. Both FinSet
and FinGraph have finite colimits and the functor L: FinSet — FinGraph is left adjoint to
the forgetful functor R: FinGraph — FinSet which assigns to a finite graph G its underlying
finite set of vertices, R(G). Using structured cospans and appealing to Theorem 3.2.3, we

get a symmetric monoidal double category ;Csp(FinGraph) which has:
(1) finite sets as objects,
(2) functions as vertical 1-morphisms,

(3) open graphs, or cospans of graphs of the form

LV —5 ¢ <2 L)

as horizontal 1-cells, where L(N) and L(M) are discrete graphs on the sets N and

M, respectively, G is a graph and I and O are graph morphisms, and
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(4) maps of cospans of graphs of the form

Il 01
L(N1) — G1 «— L(M)

L(f)l al lL(g)
I O

L(N2) —> G2 ¢«— L(M->)

as 2-morphisms, where L(f) and L(g) are maps of discrete graphs induced by the

underlying functions f and g, respectively, and a: G; — G2 is a graph morphism.

This is precisely Theorem 3.3.2. We can obtain a similar symmetric monoidal double
category using decorated cospans. Let F': FinSet — Cat be the symmetric lax monoidal
pseudofunctor that assigns to a finite set N the category of all graph structures whose

underlying set of vertices is N. Thus, F(NN) is the category where:
(1) objects are given by graphs each having N as their set of vertices

E N
~_

t

and

(2) morphisms are given by maps of edges f: E — E’ making the following two triangles

commute:

The laxator

BNy Ny 2 F(N1) X F(Ng) — F(N1 + Na)

for this symmetric lax monoidal pseudofunctor F' is analogous to the laxator for the

monoidal functor F' of Section 2.2.1. By Theorem 4.1.3, we have the following:
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Theorem 4.4.1. Let F': FinSet — Cat be the symmetric lax monoidal pseudofunctor which
assigns to a finite set N the category of all graph structures whose underlying set of vertices

is N. Then there exists a symmetric monoidal double category FCsp which has:
(1) finite sets as objects,
(2) functions as vertical 1-morphisms,

(8) horizontal 1-cells as pairs:

N—spc? M G ¢ F(P)

which can also be thought of as open graphs, and

(4) 2-morphisms as maps of cospans of finite sets

i1 01
N, ——> PL¢— M, Gi€FP)

1,k

K3 o

No ——> P, ¢—— My Gz € F(P)

together with a graph morphism v: F(h)(G1) — G2 in F(P2).
Proof. This follows immediately from Theorem 4.1.3. O

We thus have two symmetric monoidal double categories: Csp(FinGraph) obtained
from structured cospans and FCsp obtained from decorated cospans. Both of these double
categories have FinSet as their categories of objects, open graphs as horizontal 1-cells and
maps of open graphs as 2-morphisms, and by Theorem 4.3.15, we have an equivalence of

symmetric monoidal double categories ;Csp(FinGraph) ~ FCsp.
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Corollary 4.4.2. The symmetric monoidal double category Csp(FinGraph) of Theorem

3.3.2 and the symmetric monoidal double category FCsp of Theorem 4.4.1 are equivalent.

Proof. This follows immediately from Theorem 4.3.15. 0

4.4.2 Electrical circuits

In a previous work [10], Baez and Fong attempted to use decorated cospans to construct
a symmetric monoidal category of open k-graphs. Now we can fix the problems in this
construction. Recall from Definition 2.2.3 that given a field k& with positive elements, a

k-graph is given by a diagram in Set of the form:

pt —— B v

Here the finite sets £ and V are the sets of edges and vertices, respectively, and if we take
the field k = R, the function r: F — RT assigns to each edge e € E a positive real number
r(e) € RT which can be interpreted as the resistance at the edge e. We restrict to finite
sets to avoid convergence issues with certain summations. An open k-graph is then given
by a cospan of finite sets
X —svel-y

where the apex V is equipped with the structure of a k-graph. See the original paper for
more details [10].

Let FinGraph;, be the category whose objects are given by k-graphs and morphisms
by morphisms of k-graphs, where a morphism of k-graphs is given by a pair of functions

f:E — E' and g: V — V'’ between the edge sets and vertex sets, respectively, of two
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k-graphs that respect the source and target functions of each, and such that the resistances
of each edge are preserved. In the original work introducing structured cospans, it is shown
that the category FinGraph, has finite colimits [3]. We can then obtain a double category
of open k-graphs by defining a left adjoint L: FinSet — FinGraph;, that assigns to a finite
set V the discrete k-graph L(V') given by the k-graph with V' as its set of vertices and no

edges. The resulting symmetric monoidal double category ;Csp(FinGraph;,) has:
(1) finite sets as objects,
(2) functions as vertical 1-morphisms,
(3) open k-graphs as horizontal 1-cells

X — > Ve2y pt—— E v

and

(4) maps of cospans as 2-morphisms together with a map of k-graphs between the apices.

71 01
Xi — Vié—"

| oLl

Xo —> Vo ¢—— Y

s t
"'/1 F, FEy % Vi Er % Vi
o \fJ/ fJ/ J/g fJ/ J/g
"2 E> FEs 7 Va FEs T Va
2

We can also obtain a similar double category using decorated cospans: define a pseudofunc-

tor F': FinSet — Cat that assigns to a finite set V the category of all k-graph structures
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on the set V and to a function f: V' — V' the corresponding functor F(f): F(V) — F(V')
between decoration categories. Both categories FinSet and Cat are symmetric monoidal
and the pseudofunctor F': FinSet — Cat is symmetric lax monoidal, as given a k-graph
structure on a finite set V; denoted by an element K; € F(V;) and a k-graph structure
on a finite set V2 denoted by an element Ko € F(V3), there is a natural k-graph structure

VL Vs (K7, K3) on Vi + V5. Thus we get a natural transformation
dvive: F(Vi) x F(Va) — F(Vi + V2)

as well as a morphism ¢: 1 — F(()) which together satisfy the coherence conditions of a

monoidal functor. The braiding is also clear as the following diagram commutes:

/

’BV17V2
F(V1) x F(Va) — F(V2) x F(\1)

¢V1,V2J/ l¢>v2,vl
F(BVl,VQ)
FWVi+ Vo) —— F(Va+ W)

Thus the pseudofunctor F' is symmetric lax monoidal and so by Theorem 4.1.3 we have the

following;:

Theorem 4.4.3. Let F': FinSet — Cat be the symmetric lax monoidal pseudofunctor which
assigns to a finite set N the category of all k-graph structures whose underlying set of vertices

is N. Then there exists a symmetric monoidal double category FCsp which has:
(1) objects as finite sets,

(2) wertical 1-morphisms as functions,
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(8) horizontal 1-cells as cospans of sets together with the structure of a k-graph given by

an element of the image of the apex under the pseudofunctor F':

U——>Ver—w KeF(V)

which are open k-graphs, and

(4) 2-morphisms as maps of cospans of finite sets

) o
Uy — > Vi «— Wy Ky € F(V)

IR

Uy — Vo <— W, KQGF(VQ)

together with a morphism of k-graphs v: F(h)(Ky) — Ko in F(V3).

Corollary 4.4.4. The symmetric monoidal double category 1 Csp(FinGraphy) of Theorem

3.3.5 and the symmetric monoidal double category FCsp of Theorem 4.4.3 are equivalent.

Proof. This follows immediately from Theorem 4.3.15. 0

4.4.3 Petri nets

In a previous work, Baez and Master used the framework of structured cospans to obtain
a symmetric monoidal double category of ‘open Petri nets’ [9]. Recall from Definition 2.2.5

that a Petri net is given by a diagram in Set of the form:

T N[S].

Jaa
e

Here, T is the finite set of transitions and S is the finite set of species, and N[S] is the free

commutative monoid on the set S. Each transition then has a formal linear combination of
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species given by an element of N[S] as its source and target as prescribed by the functions

s and t, respectively. An example of a Petri net is given by:

This Petri net has a single transition o with 2H 4 O as its source and H2O as its target.
See the original paper for more details on Petri nets [9].

Each set of species S gives rise to a discrete Petri net L(S) with S as its set of species and
no transitions. Baez and Master note the existence of a left adjoint L: Set — Petri where
Petri is the category whose objects are Petri nets and whose morphisms are ‘morphisms
of Petri nets’. They also show that Petri has finite colimits and thus using Theorem 3.2.3

obtain a symmetric monoidal double category Open(Petri) of open Petri nets which has:
(1) objects given by sets,
(2) vertical 1-morphisms given by functions,

(3) horizontal 1-cells as open Petri nets which are given by cospans in Petri of the form:

LX) s p 2 L)

and

(4) 2-morphisms as maps of cospans in Petri of the form:

I 01
L(X1) — P «—— L(11)
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We can also obtain a similar double category using decorated cospans: define a pseudo-
functor F': Set — Cat where given a set s, F'(s) is the category of all Petri net structures
with s as its set of species. This pseudofunctor F' is symmetric lax monoidal as both
(Set,+,0) and (Cat, x,1) are symmetric monoidal and given Petri nets P € F(s) and
P’ € F(s'), we can place them side by side and consider them together as a single Petri
net P+ P’ € F(s+s') with set of species s + s, and thus we have natural transformations
¢ss: F(s) x F(s') = F(s+ s') for any two sets s and s’. The other structure morphism
between monoidal units ¢: 1 — F({)) is defined by the unique morphism from the terminal
category to the empty Petri net with the empty set for its set of species, which is the only
possible Petri net on the empty set. All of the diagrams that are required to commute are

straightforward. Appealing to Theorem 4.1.3, we have the following;:

Theorem 4.4.5. Let I': Set — Cat be the symmetric lax monoidal pseudofunctor which
assigns to a set S the category of all Petri nets whose set of species is S. Then there exists

a symmetric monoidal double category FCsp which has:
(1) objects given by sets,
(2) wertical 1-morphisms given by functions,
(3) horizontal 1-cells given by open Petri nets presented as pairs:

X —>sz¢2 -y PeF2Z)

and
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(4) 2-morphisms as maps of cospans in Set:

i1 01
X1 — Z1—Y; P1€F(Z1)

R

Xo —> Zy ¢«—— Yy Po€F(Z)

together with a morphism of Petri nets v: F(h)(P1) — P2 in F(Z3).

Thus we have a symmetric monoidal double category Open(Petri) of open Petri nets
obtained from structured cospans and a symmetric monoidal double category FCsp of
open Petri nets obtain from decorated cospans, and these two symmetric monoidal double

categories are equivalent.

Corollary 4.4.6. The symmetric monoidal double category Open(Petri) constructed by
Baez and Master [9] utilizing structures cospans and the symmetric monoidal double category

FCsp of Theorem 4.4.5 are equivalent.
Proof. This follows immediately from Theorem 4.3.15. O

We may also construct a symmetric monoidal double category of open Petri nets with
rates using decorated cospans, and this is equivalent to the symmetric monoidal double

category 1 Csp(Petri ates) of Theorem 3.3.9.
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Chapter 5

A brief digression to bicategories

If one prefers bicategories to double categories, one will be happy to learn that all of
the main results in this thesis on double categories have bicategorical analogues thanks to a
result of Mike Shulman [37]. Bicategories are defined in Section A.3 of the Appendix. First
we discuss the relationship between 2-categories and double categories. As we are mainly
interested in symmetric monoidal double categories, we are similarly primarily interested in
‘symmetric monoidal bicategories’. We will not define monoidal, braided monoidal, ‘syllep-
tic’ monoidal or symmetric monoidal bicategories here. These definitions can be found in a
work of Mike Stay [39].

The first thing we point out is that 2-categories are just a special case of strict double
categories and that every strict double category has at least two canonical underlying 2-

categories. Given a strict double category C, there exists:
(1) a 2-category H(C) called the horizontal 2-category of C which has:

(a) objects as objects of C,
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(b) morphisms as horizontal 1-cells of C, and

(¢) 2-morphisms as 2-morphisms of C with identity vertical 1-morphisms, also known

as globular 2-morphisms of C.

(2) a 2-category V(C) called the vertical 2-category of C which has:

(a) objects as objects of C,
(b) morphisms as vertical 1-morphisms of C, and

(¢) 2-morphisms as 2-morphisms of C with identity horizontal 1-cells, where now
composition of 2-morphisms is given by horizontal composition of 2-morphisms

in C.

Every pseudo double category C has an underlying bicategory H(C) given by as above.
Using our conventions, there is no underlying vertical bicategory V(C) as restricting the
horizontal source and target of 2-morphisms, namely the horizontal 1-cells, to be identities
does not force the horizontal source and target of the composite 2-morphisms in C to also
be identities, due to the composition of horizontal 1-cells in a pseudo double category being
neither strictly unital nor associative.

Sometimes when the pseudo double category C is symmetric monoidal, the symmetric
monoidal structure can be lifted to the horizontal bicategory H(C). This is due to the
following result of Shulman [37]. The definitions of ‘isofibrant’ and ‘symmetric monoidal

double category’ are given in Definitions A.2.7 and A.2.12, respectively.

Theorem 5.0.1 ([37, Thm. 1.2]). Let X be an isofibrant symmetric monoidal pseudo double

category. Then the horizontal bicategory H(X) of X is a symmetric monoidal bicategory

which has:
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(1) objects as those of X,
(2) morphisms as horizontal 1-cells of X, and
(8) 2-morphisms as globular 2-morphisms of X.

The property of being isofibrant, meaning fibrant on vertical 1-isomorphisms, is precisely
what allows the horizontal bicategory H(X) to inherit the portion of the symmetric monoidal
structure that resides in the category of objects of X, namely, the associators, left and right
unitors and braidings.

In the previous chapters we constructed various symmetric monoidal double categories

which are in fact isofibrant, and thus have underlying symmetric monoidal bicategories.

5.1 Foot-replaced bicategories

Every foot-replaced double category ;X has an underlying foot-replaced bicategory

H(;X) given by taking the 2-morphisms of H(;X) to be globular 2-morphisms of 1 X.

Lemma 5.1.1. Given a double category X, a category A and a functor L: A — Xy, there

is a bicategory H(rX) for which:
e objects are objects of A,
e morphisms from a € A to o’ € A are horizontal 1-cells M : L(a) — L(d) of X,
e 2-morphisms are globular 2-morphisms of 1 X,

e composition of morphisms is horizontal composition of horizontal 1-cells in X,
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e vertical and horizontal composition of 2-morphisms is vertical and horizontal compo-

sition of 2-cells in X.

If the double category X is isofibrant symmetric monoidal and we have a strong sym-
metric monoidal functor L: A — Xg, then Shulman’s Theorem 5.0.1 allows us to lift the
monoidal structure of the foot-replaced double category ;X to obtain a symmetric monoidal

foot-replaced bicategory H(X).

Lemma 5.1.2. If X is an isofibrant symmetric monoidal double category, A is a symmetric
monoidal category and L: A — Xo is a (strong) symmetric monoidal functor, then the

bicategory H(1X) becomes symmetric monoidal in a canonical way.

Lemma 5.1.3. If X is a category with finite colimits, then the symmetric monoidal double

category Csp(X) is isofibrant.

Proof. A vertical 1-isomorphism in Csp(X) is a isomorphism f: z — y in X. We take its
companion f to be the cospan
f
rT—>Y ; Y.
The unit horizontal 1-cells U, and U, are given respectively by

1 1 1 1
T T x and Y Y Y

and the accompanying 2-morphisms are given by

! 1 1 1
T Y Y x x T
f l 1\[ ll and 1l f l lf
Y Yy Y x Y Y
1 1 f 1
respectively. An easy calculation verifies Equation (A.1). O
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Theorem 5.1.4. Let L: A — X be a functor where X is a category with pushouts. Then

there is a bicategory H(;Csp(X)) for which:
(1) an object is an object of A,

(2) a morphism from a to b is given by a cospan in X of the form:

L(a) —> = «— L(b)

with composition the same as composition of horizontal 1-cells in Theorem 3.2.1 and

(3) 2-morphisms are given by maps of cospans which are commutative diagrams of the

form:

L( b)

a) /aI(\L(
YT

x/

with horizontal and vertical composition of 2-morphisms given by horizontal and ver-

tical composition of globular 2-morphisms in Theorem 3.2.1.

Theorem 5.1.5. Let L: A — X be a functor preserving finite coproducts, where A has finite
coproducts and X has finite colimits. Then the bicategory of Theorem 5.1.4 is symmetric

monoidal with the monoidal structure given by:
(1) the tensor product of two objects a; and ay is aj + ag,

(2) the tensor product of two morphisms is given by the tensor product of two horizontal

1-cells in Theorem 3.2.3 and
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(3) the tensor product of two 2-morphisms is given by:

1 T2 1+ a2
L(a1) o L(a}) ® L(az) o2 L(ay) = L(a1+a2) oa1+a2 L(al + a%)
N, | % BN, | % (0, +i4)5” oo

1 h Ty + h

where ¢ is the natural isomorphism ¢, qo: L(a1) ® L(az) — L(a1 + ag) of the strong sym-
metric monoidal functor L. The unit for the tensor product is the initial object of A,
and the symmetry for any two objects a and b is defined using the canonical isomorphism
a+b=b+a.

5.1.1 Graphs

In Section 3.3.2, we constructed a symmetric monoidal double category ;Csp(FinGraph)
of open graphs. This double category is isofibrant by Lemma 5.1.3, and so we may extract

from it a symmetric monoidal bicategory in which open graphs appear as morphisms.

Theorem 5.1.6. There exists a symmetric monoidal bicategory OpenFinGraph =

H(;Csp(FinGraph)) which has:

(1) finite sets as objects,

(2) open graphs: that is, cospans of graphs of the form

L(a) —> z «— L(b)

as morphisms, and
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(8) maps of cospans of graphs as 2-morphisms, as in the following commutative diagram:
z
w0
Y

ST

L(b)

We can then decategorify this symmetric monoidal bicategory OpenFinGraph to ob-

tain a symmetric monoidal category D(OpenFinGraph) which has:

(1) finite sets as objects, and

(2) isomorphism classes of open graphs

L(a) —> x «—— L(b)

as morphisms, where two open graphs are isomorphic if the following diagram com-

mutes:

Here, the graph isomorphism h: z — ¥ is really a pair of bijections f: N — N’ and
g: E — E' between the vertex and edge sets of the graphs x and y that make the following

diagram commute:

t
x E—>N E—>N
y E/ ﬁ Nl El ﬁ Nl
S t
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5.1.2 Electrical circuits

In Section 3.3, we constructed a symmetric monoidal double category of open k-graphs.
This symmetric monoidal double category is in fact isofibrant by Lemma 5.1.3, so we can

apply Theorem 5.0.1 to obtain a symmetric monoidal bicategory:

Theorem 5.1.7. There exists a symmetric monoidal bicategory OpenFinGraph, =

H(;Csp(FinGraph,,)) where:

(1) objects are finite sets,

(2) morphisms are open k-graphs:

L(a) —— N <2 L)

which are open graphs where the apex of the cospan representing the open graph is

equipped with the structure of a k-graph, and

(8) 2-morphisms are maps of open k-graphs, which are maps of cospans such that the

following diagrams commute

N
L(a) f L(b)
N/
/E E——>N E—s N
SRR EN
' E/ E/ ; N/ E/ t, N/
S
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for some morphisms f and g.

Proof. We obtain OpenFinGraph;, = H(;Csp(FinGraph;)) by applying Theorems 5.1.4

and 5.1.5 to the functor L: FinSet — FinGraph;, of Theorem 3.3.5. O

We can then decategorify this symmetric monoidal bicategory OpenFinGraph; to

obtain a symmetric monoidal category D(OpenFinGraph,,) where:

(1) objects are finite sets, and

(2) morphisms are isomorphism classes of open k-graphs, where two open k-graphs are in

the same isomorphism class if the following diagrams commute:

N/
t
% E E—>N E—>N
Et r\gl gl lf gl lf
Tl E/ E/ - > NI E/ t, > N/
S

for some isomorphisms f and g.

To make contact with Baez and Fong’s original work on black-boxing electrical circuits [7],
recall that we have a monoidal category F'Cospan obtained from the original incarnation
of decorated cospans. The monoidal category D(OpenFinGraph,,) constructed in this
section is not only symmetric, but also contains more isomorphisms. For example, consider
the following two open k-graphs:

A o 7 o

a N b a N b
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where E # E’ but there exists a bijection g: E = E’ such that s = s’ og and t = t/ o g;
this just says that the two networks look the same but have different edge labels. Then
these two open k-graphs give different morphisms in F'Cospan, but the same morphism in
D(OpenFinGraph,,).

We can define a functor G: FCospan — D(OpenFinGraph,) that is the identity on
objects and that identifies open graphs that are isomorphic in the sense of (2) above. Then

we can consider the following diagram:

]
FCospan ——— > LagRel,

7
-
-
-
G -
-
-
-
-
-

D(OpenFinGraph, )

Here the top functor B: F'Cospan — LagRely, is the original black-boxing functor constructed
by Baez and Fong [7]. While we shall not prove it here, one can extend this functor
to a new one, also called B, defined on D(OpenFinGraph;). This also promotes the
original black-box functor from a mere monoidal functor to a symmetric monoidal functor

B: D(OpenFinGraph;) — LagRel,.

5.1.3 Petri nets

In Section 3.3.3, we constructed a symmetric monoidal double category of open Petri
nets with rates. This symmetric monoidal double category is also isofibrant by Lemma

5.1.3, so we can apply Theorem 5.0.1 to obtain a symmetric monoidal bicategory:
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Theorem 5.1.8. There exists a symmetric monoidal bicategory Petrijaes =

H(; Csp(Petrizates)) where:
(1) objects are finite sets,
(2) morphisms are open Petri nets with rates:

L(a) —— § <> L)

[0,00) ¢«— T N[S]

which are cospans of Petri nets whose apices are equipped with a function r: T —

[0,00) assigning a rate r(t) to every transition t € T, and

(3) 2-morphisms are maps of open Petri nets with rates, which are maps of open

Petri nets such that the following diagrams commute:

S
L(b)

L(a) f
s
y T T — N[5 7 — NS
/
[0, 00) gl gl N[f] gl lN[f}
SN
v T N[S] T N[S]

for some morphisms f and g.

Proof. We obtain Petrijates = H(7Csp(Petrirates)) by applying Theorems 5.1.4 and 5.1.5

to the functor L: FinSet — Petriyates of Theorem 3.3.9. O
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Once again, we can then decategorify this bicategory Petrijates to obtain a symmetric

monoidal category D(Petriyates) where:

(1) objects are finite sets, and

(2) morphisms are isomorphism classes of open Petri nets with rates, where two open

Petri nets with rates are in the same isomorphism class if the following diagrams

commute:
S
L(a) f L(b)
S/
. T T —25 N[S] 7 — N[S]
]
[0, 00) g g lN[f] gl lN[f]
rr\’ T T — N[S] T T NIS]

for some isomorphisms f and g.

We can define a functor G: Petriyates — D(Petrizates) that is the identity on objects and
identifies morphisms in Petri ,es, if they are in the same isomorphism class in the sense of

(2) above. We can then consider the following diagram:

]
Petrirates ———> SemiAlgRel

D(Petriyates)

Here the top functor B: Petripates — SemiAlgRel was constructed by Baez and Pollard [10].
While we shall not prove it here, one can extend this functor to a new one, also called H,

defined on D(Petri;ates)-
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5.1.4 Maps of foot-replaced bicategories

A result of Hansen and Shulman [28] not only allows us to lift symmetric monoidal
double categories to their underlying symmetric monoidal horizontal-edge bicategories, but

also maps between such.

Corollary 5.1.9. Given two symmetric monoidal foot-replaced double categories 1 X and
X' and a symmetric monoidal double functor pF: [ X — 1, X' between the two, the sym-
metric monoidal double functor g induces a functor of symmetric monoidal bicategories
between the underlying horizontal-edge bicategories of the foot-replaced double categories [ X
and 1, X'.

H(FF): H(LX) — H(L/X/)

Proof. This follows immediately from the work of Hansen and Shulman [28]. O

5.2 Decorated cospan bicategories

Lemma 5.2.1. The double category FCsp constructed in Theorem 4.1.1 is fibrant.

Proof. Let f: ¢ — ¢ be a vertical 1-morphism in FCsp. We can lift f to the companion

horizontal 1-cell f :
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and then obtain the following two 2-morphisms:

/ 'l eF(lE) e

o
Q,
Q,

t, =1, v F(f)(le) =l

which satisfy the equations:

le € F(c c c c
l fl lf c—t sl ¢ LeF()
lo € F C ¢ c = f f f
1 1
fl l d—>d «—— ¢ o € F(c)
lo € F c % c % c Lf: F(f)('c) — o
v F(f)(le) —=ler
Let = ]-!C/
!c € F(C) !C/ c F(C’) !C/ e F(C/)
1 1 f 1 f 1

H
oo
[y
~
OL&————o
=
[y
oL &———o
=
—
O &— O,
—_
AL &—— O
—
12
—_
oo
~
—_
Ol ¢— oL
=
O &— O,
—_

lo € F(C/) lo € F(C/) lo € F(Cl)

v F(f)(le) =ler te =11, L =11,

The right hand sides of the above two equations are given respectively by the 2-morphisms
Uy and 1 j The conjoint of f is given by the F-decorated cospan f which is just the opposite

of the companion above:

c/ c/ C !c’ S F(C’)
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Corollary 5.2.2. Let (C,+,0) be a category with finite colimts and F: C — Cat a sym-
metric lax monoidal pseudofunctor. Then there exists a symmetric monoidal bicategory

FCsp: = H(FCsp) which has:

(1) objects as those of A,

(2) morphisms as F-decorated cospans:

a c b d e F(c)

and

(8) 2-morphisms as maps of cospans in A of the form:

i ¢ d e F(c)
2
i\c’% d e F(d)

together with a morphism v: F(h)(d) — d" in F(c).

Proof. This follows immediately from Shulman’s Theorem 5.0.1 above applied to the fibrant

symmetric monoidal double category FCsp. O

This symmetric monoidal bicategory F'Csp is a superior version of the symmetric
monoidal bicategory F'Cospan(A) constructed earlier in a previous work [18], in that there
is greater flexibility in what 2-morphisms are allowed.

5.2.1 Maps of decorated cospan bicategories

Just as a result of Hansen and Shulman [28] allows us to lift maps of symmetric monoidal

foot-replace double categories to maps between their underlying horizontal-edge bicate-
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gories, we can also lift maps between symmetric monoidal decorated cospan double cate-

gories to maps between their underlying horizontal-edge bicategories.

Corollary 5.2.3. Given two symmetric monoidal decorated cospan double categories FCsp
and F'Csp and a symmetric monoidal double functor H: FCsp — F'Csp between the two,
the symmetric monoidal double functor H induces a functor of symmetric monoidal bicat-
egories between the underlying horizontal-edge bicategories of the decorated cospan double

categories FCsp and F'Csp.
H(H): H(FCsp) — H(F'Csp)

Proof. This follows immediately from the work of Hansen and Shulman [28]. O

5.2.2 Decorated cospans revisited

We can then decategorify the symmetric monoidal bicategory F'Csp to obtain a sym-
metric monoidal category similar to the monoidal one obtained using Fong’s result, but

symmetric and with larger isomorphism classes of morphisms:

Corollary 5.2.4. Given a symmetric lax monoidal pseudofunctor F': A — Cat where A is
a category with finite colimits whose monoidal structure is given by binary coproducts, there

exists a symmetric monoidal category FCsp: = D(FCsp) where:
(1) objects are those of A and

(2) morphisms are isomorphism classes of F-decorated cospans of A, where an F'-decorated

cospan is given by a pair:

a c b d € F(c)
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and given another F-decorated cospan:

a J b d € F()

these two F'-decorated cospans are in the same isomorphism class if there exists an
1somorphism f: c — ¢ such that following diagram commutes:
N
<

b

and there exists an isomorphism v: F(f)(d) — d' in F().

In this symmetric monoidal category, isomorphism classes are as they should morally be,
and the instance of two graphs having different but isomorphic edge sets does not prevent

them from being in the same isomorphism class.

5.3 A biequivalence of compositional frameworks

In Chapter 4, it is mentioned that given a symmetric monoidal pseudofunctor
F: (A,+,0) — (Cat, x, 1) such that F' factors as an ordinary pseudofunctor F' — Rex —»
Cat, where Rex is the 2-category of finitely cocomplete categories, finite coproduct pre-
serving functors and natural transformations, we can obtain a fully faithful left adjoint
L: (A,+,0) — (X,4,0) where (X,+,0) := ([ F,+,0). Furthermore, the right adjoint
R: X — A preserves finite colimits. From the pseudofunctor F': A — Cat, we can ob-
tain a symmetric monoidal double category of decorated cospans by Theorem 4.1.3. From
the left adjoint L: A — X, we can obtain a symmetric monoidal double category of struc-

tured cospans by Theorem 3.2.3. By Theorem 4.3.15, we have an equivalence of symmetric
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monoidal double categories FCsp ~ ;Csp(X). In the previous sections of the present chap-
ter, we proved that each of these symmetric monoidal double categories are fibrant and give
rise to underlying symmetric monoidal bicategories FCsp and H(;Csp(X)), respectively,
by Theorem 5.0.1 due to Shulman. We can use another result due to Shulman [38] to lift

the double equivalence of double categories to a biequivalence of bicategories.

Proposition 5.3.1 ([38, Prop. B.3]). An equivalence of fibrant double categories induces a

biequivalence of horizontal bicategories.

Corollary 5.3.2. The bicategories FCsp and H(;Csp(X)) are biequivalent.

Both the double equivalence and biequivalence are in fact isomorphisms. See [4] for more

details.
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Chapter 6

Coarse-graining open Markov

processes

6.1 Introduction

A ‘Markov process’ is a stochastic model describing a sequence of transitions between
states in which the probability of a transition depends only on the current state. The only
Markov processes we consider here are continuous-time Markov chains with a finite set of

states. Such a Markov process can be drawn as a labeled graph:

In this example the set of states is X = {a, b, ¢,d}. The numbers labeling edges are transition

rates, so the probability 7;(¢) of being in state i € X at time ¢t € R evolves according to a
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linear differential equation
d
o mit) = > Hijmj(t)
jeX
called the ‘master equation’, where the matrix H can be read off from the diagram:

~1/2 0 0 0

If there is an edge from a state j to a distinct state 7, the matrix entry H;; is the number
labeling that edge, while if there is no such edge, H;; = 0. The diagonal entries H;; are
determined by the requirement that the sum of each column is zero. This requirement says
that the rate at which probability leaves a state equals the rate at which it goes to other
states. As a consequence, the total probability is conserved:
% ;{ mi(t) =0

and is typically set equal to 1.

However, while this sum over all states is conserved, the same need not be true for
the sum of 7;(t) over ¢ in a subset Y C X. This poses a challenge to studying a Markov
process as built from smaller parts: the parts are not themselves Markov processes. The

solution is to describe them as ‘open’ Markov processes. These are a generalization in which
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probability can enter or leave from certain states designated as inputs and outputs:

/ 1/2
4
inputs \_/@ <«— outputs
\ 2

In an open Markov process, probabilities change with time according to the ‘open master

equation’, a generalization of the master equation that includes inflows and outflows. In

the above example, the open master equation is

7q (1) -1/2 0 0 © Ta(t) I,(t) 0
g | ™ (t) 0 -2 1 0 m(t) I(t) 0
di - * -

elt) 172 2 -5 2 || m@® 0 0

ma(t) 0 0 4 -2 ma(t) 0 Oq4(t)

To the master equation we have added a term describing inflows at the states a and b and
subtracted a term describing outflows at the state d. The functions I, I, and Oy are not
part of the data of the open Markov process. Rather, they are arbitrary smooth real-valued
functions of time. We think of these as provided from outside—for example, though not
necessarily, from the rest of a larger Markov process of which the given open Markov process
is part.

Open Markov processes can be seen as morphisms in a category, since we can compose
two open Markov processes by identifying the outputs of the first with the inputs of the
second. Composition lets us build a Markov process from smaller open parts—or conversely,

analyze the behavior of a Markov process in terms of its parts. Categories of this sort have
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been studied in a number of papers [7, 8, 24, 36], but here we go further and construct a
double category to describe coarse-graining.

‘Coarse-graining’ is a widely used method of simplifying a Markov process by mapping its
set of states X onto some smaller set X’ in a manner that respects, or at least approximately
respects, the dynamics [1, 14]. Here we introduce coarse-graining for open Markov processes.
We show how to extend this notion to the case of maps p: X — X’ that are not surjective,
obtaining a general concept of morphism between open Markov processes.

Since open Markov processes are already morphisms in a category, it is natural to treat
morphisms between them as 2-morphisms. To this end, we construct a double category

Mark with:
(1) finite sets as objects,
(2) functions as vertical 1-morphisms,
(3) open Markov processes as horizontal 1-cells,
(4) morphisms between open Markov processes as 2-morphisms.

Composition of open Markov processes is only weakly associative, so this double category
is not strict. In fact, Mark is symmetric monoidal: this captures the fact that we can not
only compose open Markov processes but also ‘tensor’ them by setting them side by side.

For example, if we compose this open Markov process:
12
inputs ——> <«— outputs
2
1 1
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with the one shown before:

inputs 9 < =) <«— outputs
2
\ /V

we obtain this open Markov process:

RN :

inputs «— outputs
2 2
1 1

2
\ 1
but if we tensor them, we obtain this:

1/2

N = 7

If we fix constant probabilities at the inputs and outputs, there typically exist solutions

of the open master equation with these boundary conditions that are constant as a function

of time. These are called ‘steady states’. Often these are nonequilibrium steady states,

meaning that there is a nonzero net flow of probabilities at the inputs and outputs. For

example, probability can flow through an open Markov process at a constant rate in a

nonequilibrium steady state.
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In previous work, Baez, Fong and Pollard studied the relation between probabilities and
flows at the inputs and outputs that holds in steady state [8, 10]. They called the process
of extracting this relation from an open Markov process ‘black-boxing’, since it gives a
way to forget the internal workings of an open system and remember only its externally
observable behavior. They proved that black-boxing is compatible with composition and
tensoring. This result can be summarized by saying that black-boxing is a symmetric
monoidal functor.

For the main result [2], we show that black-boxing is compatible with morphisms between
open Markov processes. To make this idea precise, we prove that black-boxing gives a map

from the double category Mark to another double category, called LinRel, which has:

(1) finite-dimensional real vector spaces U, V, W, ... as objects,

(2) linear maps f: V — W as vertical 1-morphisms from V to W,

(3) linear relations R C V @& W as horizontal 1-cells from V' to W,

(4) squares

RCVI® Vs
Vi————————— W

SC W1 W,
W, —— > W

obeying (f @ g)R C S as 2-morphisms.

Here a ‘linear relation’ from a vector space V to a vector space W is a linear subspace

R C V& W. Linear relations can be composed in the same way as relations [6]. The double
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category LinRel becomes symmetric monoidal using direct sum as the tensor product, but
unlike Mark it is strict: that is, composition of linear relations is associative.

The main result, Theorem 6.6.3, says that black-boxing gives a symmetric monoidal
double functor

B : Mark — LinRel.

The hardest part is to show that black-boxing preserves composition of horizontal 1-cells:
that is, black-boxing a composite of open Markov processes gives the composite of their
black-boxings. Luckily, for this we can adapt a previous argument [10] due to Baez and
Pollard. Thus, the new content of this result concerns the vertical 1-morphisms and espe-
cially the 2-morphisms, which describe coarse-grainings.

An alternative approach to studying morphisms between open Markov processes would
use bicategories rather than double categories. The symmetric monoidal double categories
Mark and Linrel can be converted into symmetric monoidal bicategories using Shulman’s
technique [37]. In [2], Baez and the author conjectured that the black-boxing double functor
would determine a functor between these symmetric monoidal bicategories, and Hansen and
Shulman [28] consequently proved this conjecture: see Theorem 6.6.4. However, double
categories seem to be a simpler framework for coarse-graining open Markov processes.

It is worth comparing some related work. Baez, Fong and Pollard constructed a sym-
metric monoidal category where the morphisms are open Markov processes [8, 10]. As in
this chapter, they only consider Markov processes where time is continuous and the set of
states is finite. However, they formalized such Markov processes in a slightly different way
than is done here: they defined a Markov process to be a directed multigraph where each

edge is assigned a positive number called its ‘rate constant’. In other words, they defined
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it to be a diagram

(O,oo)(LE:j;X

where X is a finite set of vertices or ‘states’, E is a finite set of edges or ‘transitions’ between
states, the functions s,t: F — X give the source and target of each edge, and r: E — (0, 00)
gives the rate constant of each edge. They explained how from this data one can extract a
matrix of real numbers (H;;); jex called the ‘Hamiltonian’ of the Markov process, with two

familiar properties:
(1) Hi; > 0if i # 7,
(2) ZiEX Hij = 0 for all j € X.

A matrix with these properties is called ‘infinitesimal stochastic’, since these conditions are
equivalent to exp(tH) being stochastic for all ¢t > 0.

Here we skip the directed multigraphs and work directly with the Hamiltonians. Thus,
we define a Markov process to be a finite set X together with an infinitesimal stochastic
matrix (H;j)ijex. This allows us to work more directly with the Hamiltonian and the

all-important master equation

%ﬂ'(t) — Hr(t)
which describes the evolution of a time-dependent probability distribution 7(¢t): X — R.
Clerc, Humphrey and Panangaden have constructed a bicategory [17] with finite sets
as objects, ‘open discrete labeled Markov processes’ as morphisms, and ‘simulations’ as
2-morphisms. In their framework, ‘open’ has a similar meaning as it does in the works

listed above. These open discrete labeled Markov processes are also equipped with a set

of ‘actions’ which represent interactions between the Markov process and the environment,
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such as an outside entity acting on a stochastic system. A ‘simulation’ is then a function
between the state spaces that map the inputs, outputs and set of actions of one open discrete
labeled Markov process to the inputs, outputs and set of actions of another.

Another compositional framework for Markov processes is given by de Francesco Al-
basini, Sabadini and Walters [25] in which they construct an algebra of ‘Markov automata’.
A Markov automaton is a family of matrices with nonnegative real coefficients that is in-
dexed by elements of a binary product of sets, where one set represents a set of ‘signals
on the left interface’ of the Markov automata and the other set analogously for the right

interface.

6.2 Open Markov processes

Before explaining open Markov processes we should recall a bit about Markov processes.
As mentioned in the Introduction, we use ‘Markov process’ as a short term for ‘continuous-
time Markov chain with a finite set of states’, and we identify any such Markov process with
the infinitesimal stochastic matrix appearing in its master equation. We make this precise
with a bit of terminology that is useful throughout the chapter.

Given a finite set X, we call a function v: X — R a ‘vector’ and call its values at points
xr € X its ‘components’ v,. We define a ‘probability distribution’ on X to be a vector
7: X — R whose components are nonnegative and sum to 1. As usual, we use RX to
denote the vector space of functions v: X — R. Given a linear operator 7: RX — RY we

have (Tw); = Y.y Tijvj for some ‘matrix’ T': ¥ x X — R with entries Tj;.

JEX
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Definition 6.2.1. Given a finite set X, a linear operator H: RX — R¥ is infinitesimal

stochastic if
(1) Hy >0 for i # j and
(2) > ijex Hij =0 for each j € X.

The reason for being interested in such operators is that when exponentiated they give

stochastic operators.

Definition 6.2.2. Given finite sets X and Y, a linear operator T: RX — RY is stochastic

if for any probability distribution 7 on X, T'7 is a probability distribution on Y.
Equivalently, T is stochastic if and only if

(1) T;; >0foralli €Y, j € X and
(2) > ey Tij = 1 for each j € X.

If we think of T;; as the probability for j € X to be mapped to i € Y, these conditions make
intuitive sense. Since stochastic operators are those that preserve probability distributions,
the composite of stochastic operators is stochastic.

In Lemma 6.3.7 we recall that a linear operator H: RX — R¥ is infinitesimal stochastic

if and only if its exponential

exp(tH) = Z (tf')n
n=0

is stochastic for all £ > 0. Thus, given an infinitesimal stochastic operator H, for any time
t > 0 we can apply the operator exp(tH): R* — R¥ to any probability distribution 7 € RX

and get a probability distribution

m(t) = exp(tH).
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These probability distributions 7(¢) obey the master equation

d
ﬁw(t) = Hr(t).

Moreover, any solution of the master equation arises this way.

All the material so far is standard [33, Sec. 2.1]. We now turn to open Markov processes.

Definition 6.2.3. We define a Markov process to be a pair (X, H) where X is a finite
set and H: R¥X — RX is an infinitesimal stochastic operator. We also call H a Markov

process on X.

Definition 6.2.4. We define an open Markov process to consist of finite sets X, S and

T and injections
X
N
S T

together with a Markov process (X, H). We call S the set of inputs and T the set of

outputs.

Thus, an open Markov process is a cospan in FinSet with injections as legs and a Markov
process on its apex. We do not require that the injections have disjoint images. We often

abbreviate an open Markov process as

(X, H)

sf XT

or simply S s (X,H) o
Given an open Markov process we can write down an ‘open’ version of the master
equation, where probability can also flow in or out of the inputs and outputs. To work with

the open master equation we need two well-known concepts:
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Definition 6.2.5. Let f: A — B be a map between finite sets. The linear map f*: RE —

R4 sends any vector v € RE to its pullback along f, given by
F)=vo .

The linear map f,: R* — RP sends any vector v € R4 to its pushforward along f, given
by

(f«(v))(b) = v(a).
{a: f(a)=b}

If we write f* and f, as matrices with respect to the standard bases of R* and RZ, they
are simply transposes of one another.

Now, suppose we are given an open Markov process
(X, H)
VAR
S T

together with inflows I: R — R® and outflows O: R — R’ arbitrary smooth functions
of time. We write the value of the inflow at s € S at time ¢ as I4(t), and similarly for the
outflows and other functions of time. We say that a function v: R — R¥ obeys the open

master equation if

do(t)
dt

= Ho(t) + i(I(t)) — 0.(O(1)).

This says that for any state j € X the time derivative of v;(t) takes into account not only
the usual term from the master equation, but also those of the inflows and outflows.
If the inflows and outflows are constant in time, a solution v of the open master equation

that is also constant in time is called a steady state. More formally:
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Definition 6.2.6. Given an open Markov process S — (X, H) < T together with I € RS

and O € RT, a steady state with inflows I and outflows O is an element v € R¥ such that
Hv+i.(I) —04(0) =0.

Given v € R¥, we call i*(v) € R® and o*(v) € RT the input probabilities and output

probabilities, respectively.

Definition 6.2.7. Given an open Markov process S - (X, H) < T, we define its black-

boxing to be the set
(S — (X,H) <T) CRSaRoRT @ RT

consisting of all 4-tuples (i*(v), I, 0*(v), O) where v € R¥ is some steady state with inflows

I € RS and outflows O € RT.

Thus, black-boxing records the relation between input probabilities, inflows, output prob-
abilities and outflows that holds in steady state. This is the ‘externally observable steady
state behavior’ of the open Markov process. It has already been shown [8, 10] that black-
boxing can be seen as a functor between categories. Here we go further and describe it as
a double functor between double categories, in order to study the effect of black-boxing on

morphisms between open Markov processes.

6.3 Morphisms of open Markov processes

There are various ways to approximate a Markov process by another Markov process
on a smaller set, all of which can be considered forms of coarse-graining [14]. A common

approach is to take a Markov process H on a finite set X and a surjection p: X — X’ and
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create a Markov process on X’. In general this requires a choice of ‘stochastic section’ for

p, defined as follows:

Definition 6.3.1. Given a function p: X — X’ between finite sets, a stochastic section

for p is a stochastic operator s: RX" — RX such that p,s = 1.

It is easy to check that a stochastic section for p exists if and only if p is a surjection. In
Lemma 6.3.9 we show that given a Markov process H on X and a surjection p: X — X',

. . / .
any stochastic section s: RX — R¥ gives a Markov process on X', namely

H =p,Hs.

Experts call the matrix corresponding to p. the collector matrix, and they call s the
distributor matrix [14]. The names help clarify what is going on. The collector matrix,
coming from the surjection p: X — X', typically maps many states of X to each state of
X'. The distributor matrix, the stochastic section s: RX — RX, typically maps each state
in X’ to a linear combination of many states in X. Thus, H' = p,Hs distributes each state
of X', applies H, and then collects the results.

In general H' depends on the choice of s, but sometimes it does not:

Definition 6.3.2. We say a Markov process H on X is lumpable with respect to a
surjection p: X — X' if the operator p,H s is independent of the choice of stochastic section

s: RY — RX,

This concept is not new [14]. In Theorem 6.3.10 we show that it is equivalent to another
traditional formulation, and also to an even simpler one: H is lumpable with respect to p if

and only if p,H = H'p,. This equation has the advantage of making sense even when p is
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not a surjection. Thus, we can use it to define a more general concept of morphism between

Markov processes:

Definition 6.3.3. Given Markov processes (X, H) and (X', H'), a morphism of Markov

processes p: (X,H) — (X', H') is a map p: X — X’ such that p,H = H'p,.

There is a category Mark with Markov processes as objects and the morphisms as defined
above, where composition is the usual composition of functions. But what is the meaning of
such a morphism? Using Lemma 6.3.7 one can check that for any Markov processes (X, H)

and (X', H'), and any map p: X — X', we have
p«H = H'p, <= p.exp(tH) = exp(tH )p. for all t > 0.

Thus, p is a morphism of Markov processes if evolving a probability distribution on X via
exp(tH) and then pushing it forward along p is the same as pushing it forward and then
evolving it via exp(tH').

We can also define morphisms between open Markov processes:

Definition 6.3.4. A morphism of open Markov processes from the open Markov
process S (X, H) < T to the open Markov process S’ ~ (X', H') Z T is a triple of
functions f: S — S, p: X — X', g: T — T’ such that the squares in this diagram are

pullbacks:

and p,H = H'p,.
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We need the squares to be pullbacks so that in Lemma 6.6.1 we can black-box morphisms
of open Markov processes. In Lemma 6.4.2 we show that horizontally composing these
morphisms preserves this pullback property. But to do this, we need the horizontal arrows
in these squares to be injections. This explains the conditions in Definitions 6.2.4 and 6.3.4.

As an example, consider the following diagram:

s —()—
inputs ——> 4 @ <«—— outputs
"

This is a way of drawing an open Markov process S - (X,H) < T where X = {a,b1,bs,c},
S and T are one-element sets, ¢ maps the one element of S to a, and o maps the one element
of T to ¢. We can read off the infinitesimal stochastic operator H: RX — R¥ from this
diagram and obtain

—-15 0 00

8§ =10 0 O
H =

7 4 -6 0

0 6 6 0
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The resulting open master equation is

v (1) —-15 0 00 va(1) I(t) 0
g | on® 8 10 0 0| | v, () 0 0
di - * -

Vb, () T4 6 0| | w0 0 0

ve(t) 0 6 6 0 ve(t) 0 O(t)

Here I is an arbitrary smooth function of time describing the inflow at the one point of S,
and O is a similar function describing the outflow at the one point of 7.
Suppose we want to simplify this open Markov process by identifying the states b; and

by. To do this we take X' = {a, b, c} and define p: X — X’ by

pla) =a, p(b1) =p(b2) =b, plc)=c.

To construct the infinitesimal stochastic operator H': RX" — RX' for the simplified open

Markov process we need to choose a stochastic section s: RX " 5 RX for p, for example

1 0 0

0 1/3 0
S =

0 2/3 0

0 01

This says that if our simplified Markov process is in the state b, we assume the original

Markov process has a 1/3 chance of being in state b; and a 2/3 chance of being in state bs.
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The operator H' = p,Hs is then

~15 0 0

!
H=1 15 —6 0
0 6 0

It may be difficult to justify the assumptions behind our choice of stochastic section, but
the example at hand has a nice feature: H’ is actually independent of this choice. In other
words, H is lumpable with respect to p. The reason is explained in Theorem 6.3.10. Suppose
we partition X into blocks, each the inverse image of some point of X’. Then H is lumpable
with respect to p if and only if when we sum the rows in each block of H, all the columns

within any given block of the resulting matrix are identical. This matrix is p,H:

~150 0 000 - O

””””” ~15 0 0 0
gi-10 oio| 7T

H= § § = pH=| 151 _6 60
704 —6io| | oo

”””” 0i 6 6:0
0/ 6 60 - o

While coarse-graining is of practical importance even in the absence of lumpability, the
lumpable case is better behaved, so we focus on this case.

So far we have described a morphism of Markov processes p: (X, H) — (X', H'), but
together with identity functions on the inputs S and outputs 7" this defines a morphism of

open Markov processes, going from the above open Markov process to this one:

15 6
inputs —> @/\@/—\‘@ <«—— outputs
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The open master equation for this new coarse-grained open Markov process is

va(t) -15 0 0 vq(t) I(t) 0
d
gl wt | T 15 —6 0 ut) | T 0 - 0
ve(t) 0 6 0| v 0 o(t)

In Section 6.4 we construct a double category Mark with open Markov processes as
horizontal 1-cells and morphisms between these as 2-morphisms. This double category is
our main object of study. First, however, we should prove the results mentioned above. For

this it is helpful to recall a few standard concepts:

Definition 6.3.5. A 1-parameter semigroup of operators is a collection of linear

operators U(t): V — V on a vector space V, one for each ¢ € [0, 00), such that
(1) U(0) =1 and

(2) U(s+t) =U(s)U(t) for all s,t € [0,00). If V is finite-dimensional we say the collection

U(t) is continuous if ¢t — U(t)v is continuous for each v € V.

Definition 6.3.6. Let X be a finite set. A Markov semigroup is a continuous 1-

parameter semigroup U(t): R* — R¥ such that U(t) is stochastic for each t € [0, 00).

Lemma 6.3.7. Let X be a finite set and U(t): RX — RX a Markov semigroup. Then
U(t) = exp(tH) for a unique infinitesimal stochastic operator H: RX — RX, which is given
by

d

Ho= 2u(t
T w ()Utzo

for all v € RX. Conversely, given an infinitesimal stochastic operator H, then exp(tH) =

U(t) is a Markov semigroup.
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Proof. This is well known. For a proof that every continuous one-parameter semigroup of
operators U(t) on a finite-dimensional vector space V is in fact differentiable and of the
form exp(tH) where Hv = %U(t)v}tzo, see Engel and Nagel [22, Sec. 1.2]. For a proof that
U(t) is then a Markov semigroup if and only if H is infinitesimal stochastic, see Norris [33,

Theorem 2.1.2]. O

Lemma 6.3.8. Let U(t): RY — RX be a differentiable family of stochastic operators defined

fort € [0,00) and having U(0) = 1. Then %U(t)‘tzo is infinitesimal stochastic.

Proof. Let H = %U(t)‘tzo = lim; ,o+(U(¢t) — 1)/t. As U(t) is stochastic, its entries are
nonnegative and the column sum of any particular column is 1. Then the column sum of
any particular column of U(t) — 1 will be 0 with the off-diagonal entries being nonnegative.
Thus U (t) — 1 is infinitesimal stochastic for all ¢ > 0, as is (U(t) —1)/t, from which it follows

that lim,_,o+ (U(t) — U(0))/t = H is infinitesimal stochastic. O

Lemma 6.3.9. Let p: X — X' be a function between finite sets with a stochastic section
s: RX — RX, and let H: RX — RX be an infinitesimal stochastic operator. Then H' =

p«Hs: RX" 5 RX' is also infinitesimal stochastic.

Proof. Lemma 6.3.7 implies that exp(¢H) is stochastic for all ¢ > 0. For any map p: X — X’
the operator p, : RX — R’ is easily seen to be stochastic, and s is stochastic by assumption.

Thus, U(t) = p«exp(tH)s is stochastic for all ¢ > 0. Differentiating, we conclude that

d d
—U(t) = —p.exp(tH)s = puexp(tH)Hs|,_y = pHs
dt =0 At t=0
is infinitesimal stochastic by Lemma 6.3.8. 0
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We can now give some conditions equivalent to lumpability. The third is widely found in
the literature [14] and the easiest to check in examples. It makes use of the standard basis
vectors e; € R¥ associated to the elements j of any finite set X. The surjection p: X — X’
defines a partition on X where two states 7,7’ € X lie in the same block of the partition if
and only if p(j) = p(j’). The elements of X’ correspond to these blocks. The third condition
for lumpability says that p,H has the same effect on two basis vectors e; and ej when j
and j' are in the same block. As mentioned in the example above, this condition says that
if we sum the rows in each block of H, all the columns in any given block of the resulting

matrix p,H are identical.

Theorem 6.3.10. Let p: X — X' be a surjection of finite sets and let H be a Markov

process on X. Then the following conditions are equivalent:
(1) H is lumpable with respect to p.
(2) There exists a linear operator H': R — RX'" such that p,H = H'p,.
(3) p«Hej = p.Hej for all j,j" € X such that p(j) = p(j’).

When these conditions hold there is a unique operator H': RX" — RX' such that peH =
H'p,, it is given by H = p,Hs for any stochastic section s of p, and it is infinitesimal

stochastic.

Proof. (1) = (uit). Suppose that H is lumpable with respect to p. Thus, p.Hs: RX —
RYX" is independent of the choice of stochastic section s: RX" — RX. Such a stochastic
section is simply an arbitrary linear operator that maps each basis vector e; € RX' to a

probability distribution on X supported on the set {j € X : p(j) = i}. Thus, for any
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4,7 € X with p(j) = p(j') = i, we can find stochastic sections s, s': RX" — RX such that

s(e;) = ej and s'(e;) = e;r. Since p,Hs = p,Hs', we have
peHe; = p.Hs(ei) = poHS (e5) = puHey.
(i4i) = (ii). Define H': RX" — RX' on basis vectors e; € RX' by setting
H'e; = p.He,

for any j with p(j) = i. Note that H’ is well-defined: since p is a surjection such j exists,
and since H is lumpable, H' is independent of the choice of such j. Next, note that for any
j € X, if we let p(j) = ¢ we have p,He; = H'e; = H'p,ej. Since the vectors e; form a basis
for RX, it follows that p,H = H'p,.

(i1) = (i). Suppose there exists an operator H': RX" — R’ such that p.H = H'p,.

Choose such an operator; then for any stochastic section s for p we have
psHs = H'p,s = H'.

It follows that p, H s is independent of the stochastic section s, so H is lumpable with respect
to p.

Suppose that any, hence all, of conditions (i), (i), (#4) hold. Suppose that H': RX —
RYX" is an operator with p,H = H'p,. Then the argument in the previous paragraph shows
that H' = p,Hs for any stochastic section s of p. Thus H' is unique, and by Lemma 6.3.9

it is infinitesimal stochastic. O
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6.4 A double category of open Markov processes

One of the main results of a joint work with Baez [2] is the construction of a double
category Mark of open Markov processes, The pieces of the double category Mark work as

follows:
(1) An object is a finite set.
(2) A vertical 1-morphism f: S — S’ is a function.

(3) A horizontal 1-cell is an open Markov process

S > (X, H) <2< T,

In other words, it is a pair of injections S — X &T together with a Markov process

H on X.

(4) A 2-morphism is a morphism of open Markov processes

7 o
S%(X,H)QT

In other words, it is a triple of maps f, p, g such that these squares are pullbacks:

i1 01

S X T

and H'p, = p.H.
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Composition of vertical 1-morphisms in Mark is straightforward. So is vertical com-
position of 2-morphisms, since we can paste two pullback squares and get a new pullback

square. Composition of horizontal 1-cells is a bit more subtle. Given open Markov processes

i1 01 12 02
S>— (X,H) «—< T, T>— (Y,G) «—<U (6.1)

we first compose their underlying cospans using a pushout:

X —+7 Y
X Y
N TN
S T U
Since monomorphisms are stable under pushout in a topos, the legs of this new cospan are
again injections, as required. We then define the composite open Markov process to be

jil koo
S>> (X+rY,HOG) ¢ U
where
HoG=j5,Hj" + k.GE". (6.2)

Here we use both pullbacks and pushforwards along the maps j and k, as defined in Defi-
nition 6.2.5. To check that H ® G is a Markov process on X +7 Y we need to check that

j«H7* and k,Gk*, and thus their sum, are infinitesimal stochastic:

Lemma 6.4.1. Suppose that f: X — Y is any map between finite sets. If H: RX — RX

is infinitesimal stochastic, then f.Hf*: RY — RY is infinitesimal stochastic.
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Proof. Using Definition 6.2.5, we see that the matrix elements of f* and f, are given by

L f(j)=i
(f)ji = (fu)ij =

0 otherwise

forall: €Y, j € X. Thus, f,H f* has matrix entries

(foH f*)iir = > Hjj.
(537 FG)=i,F(")=i"}

To show that f.H f* is infinitesimal stochastic we need to show that its off-diagonal entries
are nonnegative and its columns sum to zero. By the above formula, these follow from the

same facts for H. O

Another formula for horizontal composition is also useful. Given the composable open
Markov processes in Equation (6.1) we can take the copairing of the maps j: X — X +pY

and k: Y > X +rY andgetamap £: X +Y — X +7Y. Then
HoG=(,(H®G)" (6.3)

where H @ G: RXTY — RX*Y ig the direct sum of the operators H and G. This is easy to
check from the definitions.

Horizontal composition of 2-morphisms is even subtler:

Lemma 6.4.2. Suppose that we have horizontally composable 2-morphisms as follows:

i1 01 12 09
S>——> (X,H) «—— T T (Y, G) U
f P g g q h
i) o} ih o’
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Then there is a 2-morphism
i3 03
S>——" S (X+47Y,HOG) ¢«——— < U
f Ptgq h

i ol

g > —> X'+ Y H OG) ¢——— U’

whose underlying diagram of finite sets is

i1 J k 02
S X X+rY Y U

! P+gq h
i i’ / ol
S — X' X' 4+ Y <Yy «—— U,
where j, k, 7', k' are the canonical maps from X,Y, X", Y', respectively, to the pushouts X +

Y and X'+ Y.

Proof. To show that we have defined a 2-morphism, we first check that the squares in
the above diagram of finite sets are pullbacks. Then we show that (p +4 ¢)«(H © G) =
(H' ©G')(p+g q)s-

For the first part, it suffices by the symmetry of the situation to consider the left square.
We can write it as a pasting of two smaller squares:

i1 J

S X X+7rY

! p P+gq

/ -/

S X' > X+ Y

By assumption the left-hand smaller square is a pullback, so it suffices to prove this for

the right-hand one. For this we use that fact that FinSet is a topos and thus an adhesive
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category [30, 31], and consider this commutative cube:
X\ J
‘ X4+rY

7:2 %
Y

g pP+gq

N

X’ 7 Y’

By assumption the top and bottom faces are pushouts, the two left-hand vertical faces are
pullbacks, and the arrows o} and 4 are monic. In an adhesive category, this implies that the
two right-hand vertical faces are pullbacks as well. One of these is the square in question.

To show that (p +4 ¢)«(H © G) = (H' © G')(p +4 ¢)«, we again use the above cube.

Because its two right-hand vertical faces commute, we have
(p+g @)uje = Jibs  and  (p+g q)uke = kigs
so using the definition of H ® G we obtain
Py D«(HOG) = (p+ga)«(Hj" + kGET)
= (p+g@udnHi" + (p+g @)k GE*

= Jp<Hj* + K.q.GE*.
By assumption we have

poH = H'p, and ¢.G=G'q,

so we can go a step further, obtaining

(p +g Q)*(H © G) = jiH’p*j* + k;G/(I*k*-
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Because the two right-hand vertical faces of the cube are pullbacks, Lemma 6.4.3 below
implies that

peg =" (0 +g @) and gk =K (p g q)s
Using these, we obtain
P+g0«(HOG) = jiH'j"(p+ga)« + K.G'E*(p+g)x
= (H'" + EG'E")(p+g q)«

= (H' 0G)(p+y 9~

completing the proof. O
The following lemma is reminiscent of the Beck—Chevalley condition for adjoint functors:

Lemma 6.4.3. Given a pullback square in FinSet:

f
—

LS
Qé—n
O W

>

—
k

the following square of linear operators commutes:

*

f
R4 <— R?

R® <~ R”
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Proof. Choose v € RE and ¢ € C. Then

(@S Q) = 3 w(f(@),

(k*hi(v))(c) = > ),
{b:h(b)=k(c)}

so to show g, f* = k*h, it suffices to show that f restricts to a bijection
f:{la€A:gla)=c} = {be B:h(b) =k(c)}.

On the one hand, if a € A has g(a) = ¢ then b = f(a) has h(b) = h(f(a)) = k(g(a)) = k(c),
so the above map is well-defined. On the other hand, if b € B has h(b) = k(c), then by the
definition of pullback there exists a unique a € A such that f(a) = b and g(a) = ¢, so the

above map is a bijection. O
Theorem 6.4.4. There exists a double category Mark as defined above.

Proof. Let Marky, the category of objects, consist of finite sets and functions. Let Mark;,

the category of arrows, consist of open Markov processes and morphisms between these:

i1 o1
S>—> (X,H) «—T

To make Mark into a double category we need to specify the identity-assigning functor

u: Marky — Markq,
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the source and target functors
s,t: Mark; — Marky,
and the composition functor
©: Mark; Xpark, Mark; — Mark;.

These are given as follows.

For a finite set S, u(S) is given by

where Og is the zero operator from R® to R®. For a map f: S — S’ between finite sets,

u(f) is given by
S >——>(5,05) «——< 8§

S > (9,05/) «——< &

The source and target functors s and ¢t map a Markov process S s (X, H) T to S and

T, respectively, and they map a morphism of open Markov processes

21 o1

S>> (X,H) «—T

to f: S — S and g: T — T, respectively. The composition functor ® maps the pair of

open Markov processes

i1 01 i2 02

S>> (X,H) «—T T (Y, G) U
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to their composite

Ji ko2
S>> X +rYHOG) «——U
defined as in Equation (6.2), and it maps the pair of morphisms of open Markov processes

11 01 29 02

S>— (X,H) «—T T (Y,G) U

to their horizontal composite as defined as in Lemma 6.4.2.
It is easy to check that u,s and ¢ are functors. To prove that ® is a functor, the main

thing we need to check is the interchange law. Suppose we have four morphisms of open
Markov processes as follows:

S>> (X,H) «— T T Y, G) U

S >— (X' H)Y¢—T1T T >—> Y ,G)—U

S>> (X H) 1 T > Y, G)«—U
I 14 g g q %

S’ — (X" H") «— 1" T »>— YY" G") «—=U"
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Composing horizontally gives

S>3 (X 47 VHOG) ¢——< U

f pP+tgq h

§r—> X'+ Y H OG) ¢ U’

S>> X'+ Y H OG) ¢—— U’

f P g d %

S — (X" 4 Y' H' ©G") ¢«———= U",

and then composing vertically gives

S >—">X+rYHOG) ¢——XU

flof (P +g d)o(p+ga) B oh

S 3 (X// T Y”7H” @GH) 3 U

Composing vertically gives

S (X, H) T T —— (Y,G) «—— U
flof pop g'og g'og q oq h'oh
S >——> (X" H") «—= 71" T — (Y'" G") «—U"

and then composing horizontally gives

S >—">X+rYHOG) ¢——XU

flof (P’ o p) +(g70g) (4" ©9) hoh

S/, N (X// - Y”,H” @GH) « < U“.
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The only apparent difference between the two results is the map in the middle: one has
(0" +¢ ¢') o (p+4 q) while the other has (p' 0 p) +(g0g) (¢' ©¢). But these are in fact the same
map, so the interchange law holds.

The functors u, s,t and o obey the necessary relations
su=1=tu

and the relations saying that the source and target of a composite behave as they should.
Lastly, we have three natural isomorphisms: the associator, left unitor, and right unitor,
which arise from the corresponding natural isomorphisms for the double category of finite
sets, functions, cospans of finite sets, and maps of cospans. The triangle and pentagon

equations hold in Mark because they do in this simpler double category [18]. O

Next we give Mark a symmetric monoidal structure. We call the tensor product ‘addi-
tion’. Given objects S, S’ € Marky we define their sum S + S’ using a chosen coproduct
in FinSet. The unit for this tensor product in Markg is the empty set. We can similarly
define the sum of morphisms in Markg, since given maps f: S — T and f': S’ — T’ there

is a natural map f + f': S+ 5" — T + T'. Given two objects in Mark;:

i1 01 i2 02
S1>— (X1, H1) «—< Ty So > (X2, H2) «—< 1%

we define their sum to be

i1+ i2 o1 + 02
S14+ S >——> (X1 + X, HHO Hy) «—< T1 +T»

where H; @ Hy: R¥1+X2 5 RX1+X2 ig the direct sum of the operators H; and Hs. The

unit for this tensor product in Mark; is § — (0,0p) < @ where 0y: R — R? is the zero
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operator. Finally, given two morphisms in Mark;:

i1 01 2
S >—— (X1, H1) «— Ty Sy >—>
f p1 g1 f2
i o A
St >—— (X1, H)) «—— T} SH >—>

we define their sum to be

i1 + 12
Sp+ S —> (X1 + X2, Hi ® Ho)

fi+fe p1 + P2

-/ -/
17+ iy

O
(Xa, H) €24 Ty

p2 g2

Ol

(X3, Hy) «——< Ty

01 + 02
T+ 1

91+ g2

/ /
07 + 05

Sy 4+ S, >— T (X{ + X5, H @ H)) ¢————< T, + T

We complete the description of Mark as a symmetric monoidal double category in the proof

of this theorem:

Theorem 6.4.5. The double category Mark can be given a symmetric monoidal structure

with the above properties.

Proof. First we complete the description of Marky and Mark; as symmetric monoidal
categories. The symmetric monoidal category Mark is just the category of finite sets with
a chosen coproduct of each pair of finite sets providing the symmetric monoidal structure.
We have described the tensor product in Mark;, which we call ‘addition’, so now we need

to introduce the associator, unitors, and braiding, and check that they make Mark; into a

symmetric monoidal category.

Given three objects in Mark;

S — (Xl,Hl) — 1T Sy —> (XQ,HQ) —— T
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tensoring the first two and then the third results in

(S14+52)+ 53 >—— (X1 +X2)+ X3, (Hi® H2) D H3) «—— (Th +T2) + T3

whereas tensoring the last two and then the first results in

S1 4 (S2+83) >—— (X1 + (X2 + X3), Hi @ (H2 ® Hs)) «—— T1 + (T2 + T3).

The associator for Mark; is then given as follows:

(S14+82)+ 53 >— (X1 +X2)+ X, HHO H2) @ Hs) «—< (Th +T2) + T

S+ (S2+S3) >——— (X1 + (Xo+X3),HH @ (H2@ H3)) «—< T1 + (T2 + T3)

where a is the associator in (FinSet,+). If we abbreviate an object S — (X, H) «—~ T of
Mark; as (X, H), and denote the associator for Mark; as «, the pentagon identity says

that this diagram commutes:

(X1, H1) @ (X2, H2)) © (X3, H3) © (X4, Ha))

T

(X1, H1) @ (X2, H2)) @ (X3, H3)) © (X4, Ha) (X1, H1) © (X2, H2) © (X5, H3) © (X4, Hs)))
04@1(X4,H4)J/ Tl(xl,Hl)EBa
(X1, H1) @ (X2, H2) ® (X3, H3))) ® (Xa, Ha) —————— (X1, H1) ® (X2, H2) @ (X3, H3)) ® (X4, Ha))

which is clearly true. Recall that the monoidal unit for Mark; is given by 0 — (0,0y) < 0.
The left and right unitors for Mark;, denoted A and p, are given respectively by the following

2-morphisms:

D+S>——> D+ X,00 D H) ¢«——<0+T S+P>——> (X+0,HDO) ¢«——<T+0

S S (X,H) ¢— (T S — S (X,H) — (T
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where ¢ and r are the left and right unitors in FinSet. The left and right unitors and

associator for Mark; satisfy the triangle identity:

(X,H)EB(Y,G)
y N
) @ (Y,G) =

A
(X, H) & ((0,00) & (Y, G)).

(X, H) & (0,0

The braiding in Mark; is given as follows:

S1+ S >——— (X1, H1) ® (X2, Ho) ¢———< T1 + T
bsy,Ss bxy, x5 b1y, 1y

Sy + 51 >—m (X2,H2)@(X1,H1) —<Tr+T

where b is the braiding in (FinSet,+). It is easy to check that the braiding in Mark; is
its own inverse and obeys the hexagon identity, making Mark; into a symmetric monoidal
category.

The source and target functors s,t: Mark; — Marky are strict symmetric monoidal
functors, as required. To make Mark into a symmetric monoidal double category we must
also give it two other pieces of structure. One, called x, says how the composition of
horizontal 1-cells interacts with the tensor product in the category of arrows. The other,
called i, says how the identity-assigning functor u relates the tensor product in the cate-
gory of objects to the tensor product in the category of arrows. We now define these two
isomorphisms.

Given horizontal 1-cells
S >— (X1, Hy) «—— T Ty >—— (Y1,G1) ¢«—— s

So >——> (Xo, Hy) ¢—— T Ty ——— (Y2,G2) ¢——< Uy
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the horizontal composites of the top two and the bottom two are given, respectively, by

S1>— (X141 Y1,H1 ©G1) «—— U S2 >— (X2 +m, Yo, Ha © G2) «—— Us.

‘Adding’ the left two and right two, respectively, we obtain

S14+ S > (X1 +Xo, HHO He) «—<T1 +T> T +Te > (Y1 +Y2,G1 & G2) «— U + Us.

Thus the sum of the horizontal composites is

S14+ S >——> (X141 Y1)+ (Xo+1, Y2), ([HL ©G1) ® (H2© G2)) «———— Uy + U,

while the horizontal composite of the sums is

S1 4+ S —— (X1 + X2) +my+1, Y1+ Y2),(H1 ® H2) © (G1 @ Ga)) «——< Uy + Us.

The required globular 2-isomorphism y between these is

S1+ S — (X1, H1) © (Y1,G1)) @ (X2, H2) © (Ya2,G2)) «—— Uy + Uz

v, 4,

<>

Isi+s,

S1+ 85 — ((Xl,Hl) &) (XQ,HQ)) ® ((Y&,G1) ©® (Y2,G2)) — U1 +U;

where y is the bijection
X: (X147 Y1)+ (Xo 41 Vo) = (X1 + Xo) +141 (Y1 +Y2)

obtained from taking the colimit of the diagram

S /XI\T/Y\U S /X\T/Y\U
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in two different ways. We call x ‘globular’ because its source and target 1-morphisms are
identities. We need to check that x indeed defines a 2-isomorphism in Mark.

To do this, we need to show that
((Hl @ H2) © (Gl S¥ GQ)) X = Xx ((Hl © Gl) D (H2 O) Gz)). (6.4)

To simplify notation, let K = (X147, Y1)+ (Xao+1,Y2) and K/ = (X1 + Xo)+7, 41, (Y1 +Y2)

so that x: K = K'. Let
X1+ X0+ Y1+ Y9 =K, ¢ X1 +X0+ V1 +Ys = K
be the canonical maps coming from the definitions of K and K’ as colimits, and note that
d =Xxq

by the universal property of the colimit. A calculation using Equation (6.3) implies that

(H1©G1) @ (H2 © G2) = ¢« (H1 ® H) @ (G1 ® G2)) ¢
and similarly

(H1 © Ha) © (G1 ® G2) = ¢, ((H1 @ Ha) ® (G1 ® G2))q"™.
Together these facts give

(Hi & H) © (G1®G2) = Xs0: (H1 & H2) & (G1® Ga)) "X

= X« (H1 ©G1) @ (Hy ® Ga) X*.
and since X is a bijection, \* is the inverse of x., so Equation (6.4) follows.
For the other globular 2-isomorphism, if S and 7" are finite sets, then u(S + T') is given

by

lsyr lsqr
S+T>———> (S+T,0s47) «———< S+T
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while u(S) & u(T) is given by
1s+1 ls+1
S+T > 5 (S+T,0s®0r) < S+ T
so there is a globular 2-isomorphism p between these, namely the identity 2-morphism. All

the commutative diagrams in the definition of symmetric monoidal double category [37] can

be checked in a straightforward way. O

6.4.1 A bicategory of open Markov processes

If one prefers to work with bicategories as opposed to double categories, then one can lift
the above symmetric monoidal double category Mark to a symmetric monoidal bicategory

Mark using a result of Shulman. This bicategory Mark will have:
(1) finite sets as objects,
(2) open Markov processes as morphisms,
(3) morphisms of open Markov processes as 2-morphisms.

To do this, we need to check that the symmetric monoidal double category Mark is
isofibrant—meaning fibrant on vertical 1-morphisms which happen to be isomorphisms.

See the Appendix for details.

Definition 6.4.6. Let D be a double category. Then the horizontal bicategory of D,

which we denote as H(ID), is the bicategory with
(1) objects of D as objects,

(2) horizontal 1-cells of D as 1-morphisms,
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(3) globular 2-morphisms of D (i.e., 2-morphisms with identities as their source and target)

as 2-morphisms,

and vertical and horizontal composition, identities, associators and unitors arising from

those in D.
Lemma 6.4.7. The symmetric monoidal double category Mark is isofibrant.

Proof. In what follows, all unlabeled arrows are identities. To show that Mark is isofibrant,
we need to show that every vertical 1-isomorphism has both a companion and a conjoint
[37]. Given a vertical 1-isomorphism f: S — S’, meaning a bijection between finite sets,

then a companion of f is given by the horizontal 1-cell:

f
S > —— (§,05) «——< &’

together with two 2-morphisms

f
S >—— (5,05) «——< &’

S — (8,0g/) «——< &’

such that vertical composition gives

S>— (5,05) «—— S

S >— (5,05) «——< &’ = f ! f

S >—— (8", 0g) «——= &
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and horizontal composition gives

(5705) S (51705') — S/

S S

l f f : l
f

S S

> (§,05) «——=< 8§ >—> (§',05) «——=< &’

A conjoint of f: S — S’ is given by the horizontal 1-cell

!
S >—— (9,05/) «——< §

together with two 2-morphisms

f
S — (8',05/) «——< S S >— (5,05) «——< S
f f f l
/ ! f
S —— (5§,05) «——=< 5 S —> (58',0g5/) «——< 8§
that satisfy equations analogous to the two above. O

Theorem 6.4.8. The bicategory Mark is a symmetric monotidal bicategory.

Proof. This follows immediately from Theorem 5.0.1 of Shulman: Mark is an isofibrant
symmetric monoidal double category, so we obtain the symmetric monoidal bicategory

Mark as the horizontal bicategory of Mark. O

6.5 A double category of linear relations

The general idea of ‘black-boxing’, as mentioned in Chapter 2, is to take a system and

forget everything except the relation between its inputs and outputs, as if we had placed
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it in a black box and were unable to see its inner workings. Previous work of Baez and
Pollard [10] constructed a black-boxing functor B: Dynam — SemiAlgRel where Dynam is a
category of finite sets and ‘open dynamical systems’ and SemiAlgRel is a category of finite-
dimensional real vector spaces and relations defined by polynomials and inequalities. When
we black-box such an open dynamical system, we obtain the relation between inputs and
outputs that holds in steady state.

A special case of an open dynamical system is an open Markov process as defined in
this chapter. Thus, we could restrict the black-boxing functor BM: Dynam — SemiAlgRel
to a category Mark with finite sets as objects and open Markov processes as morphisms.
Since the steady state behavior of a Markov process is linear, we would get a functor
B: Mark — LinRel where LinRel is the category of finite-dimensional real vector spaces
and linear relations [6]. However, we will go further and define black-boxing on the double
category Mark. This will exhibit the relation between black-boxing and morphisms between
open Markov processes.

The symmetric monoidal double category LinRel of linear relations introduced in this
section will serve as the codomain of a symmetric monoidal black-box double functor in

Section 6.6. This double category LinRel will have:

(1) finite-dimensional real vector spaces U, V, W, ... as objects,

(2) linear maps f: V — W as vertical 1-morphisms from V to W,

(3) linear relations R C V @& W as horizontal 1-cells from V' to W,
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(4) squares

RCVi@ Vs
Vi—/— W»

SCW, e Wy
W, — > Wh

obeying (f @ g)R C S as 2-morphisms.

The last item deserves some explanation. A preorder is a category such that for any pair
of objects x,y there exists at most one morphism a: x — y. When such a morphism exists
we usually write x < y. Similarly there is a kind of double category for which given any

‘frame’

~

Qé—n»

O
<

there exists at most one 2-morphism

~

Q——n»
=

O
<

filling this frame. For lack of a better term let us call this a degenerate double category.
Item (4) implies that LinRel will be degenerate in this sense.

In LinRel, composition of vertical 1-morphisms is the usual composition of linear maps,
while composition of horizontal 1-cells is the usual composition of linear relations. Since
composition of linear relations obeys the associative and unit laws strictly, LinRel will be

a strict double category. Since LinRel is degenerate, there is at most one way to define
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the vertical composite of 2-morphisms

RCU @ U;
U, —— Us
RCUL @ Us
U, ——— > U,
! | o g
SCVie Ve
1 2 = f'f | Ba g'g
f! 8 g TC W@ W,
W1%W2
TC Wy & W

W —— > W

so we need merely check that a 2-morphism Sa filling the frame at right exists. This

amounts to noting that

(fegRCS, (fed)SCT = (fad)(fegRCT.

Similarly, there is at most one way to define the horizontal composite of 2-morphisms

RCVI@ Ve R CVa® Vs RRCVI®V3
1% Vs Vs Vi— > V5
f J a 9 o h = f laoa h
SCWieWe VS CWydWs S'SCWi e Ws
W1 Wa Ws Wi ————> W3

so we need merely check that a filler o/ o o exists, which amounts to noting that

(f®g)RCS, (yoh)R CS = (f®h)(RR)CSS.

Theorem 6.5.1. There exists a strict double category LinRel with the above properties.

Proof. The category of objects LinRelj has finite-dimensional real vector spaces as objects

and linear maps as morphisms. The category of arrows LinRel; has linear relations as

198



objects and squares

RCVi@ Ve
Vi————— W

SC W1 W,
Wy —m Ws

with (f@®g)R C S as morphisms. The source and target functors s, ¢: LinRel; — LinRely
are clear. The identity-assigning functor u: LinRely — LinRel; sends a finite-dimensional

real vector space V' to the identity map 1y and a linear map f: V — W to the unique

V |4
f‘ lf
w w.

The composition functor ®: LinRel; Xpinrel, LinRel; — LinRel; acts on objects by the

2-morphism

1y
_—

1w
 —

usual composition of linear relations, and it acts on 2-morphisms by horizontal composition
as described above. These functors can be shown to obey all the axioms of a double
category. In particular, because LinRel is degenerate, all the required equations between

2-morphisms, such as the interchange law, hold automatically. O

Next we make LinRel into a symmetric monoidal double category. To do this, we
first give LinRely the structure of a symmetric monoidal category. We do this using a
specific choice of direct sum for each pair of finite-dimensional real vector spaces as the
tensor product, and a specific 0-dimensional vector space as the unit object. Then we give

LinRel; a symmetric monoidal structure as follows. Given linear relations R C Vi & Wy
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and Ry C Vo @ Wy, we define their direct sum by

Ry ® Ry = {(v1,v2,w1,wa) : (vi,w1) € Ry, (v2,w2) € Ro} C VI ® Vo Wy @ Wa.

Given two 2-morphisms in LinRel;:

RCVioW RcVieV,

Vi——— SV, Vi ——————— > V)
! o g 7! ey g
SCWoWs ST C W] e W,

Wy — Ws W —— > W}

there is at most one way to define their direct sum

ReR CViaVieVeadVy
VieV) Va® Vs

fof Jadd gdg

SeS' CWieW| oW2d W)
W1 e Wi Wa & W,

because LinRel is degenerate. To show that o @ o exists, we need merely note that

(fogRCS, (fod)RCS = (fofaogad)RoOR)CSaS.

Theorem 6.5.2. The double category LinRel can be given the structure of a symmetric

monoidal double category with the above properties.

Proof. We have described LinRely and LinRel; as symmetric monoidal categories. The
source and target functors s,t: LinRel; — LinRelj are strict symmetric monoidal functors.
The required globular 2-isomorphisms x and p are defined as follows. Given four horizontal
1-cells

RiICU @V, Ry CVydWh,
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S1CU @ Vo, S2CVo® W,

the globular 2-isomorphism y: (R2 & S2)(R1 & S1) = (R2R1) @ (S251) is the identity 2-

morphism

(R2 & S2)(R1 & S1)
Ui ® Uz Wi & Wo

(R2R1) ® (S251)
Ui ® Uz W1 @ Wa.

The globular 2-isomorphism p: w(V @ W) = u(V) @ u(W) is the identity 2-morphism

lyow
VeW —VaeWw

1y & 1w
VeW ——>VaW.

All the commutative diagrams in the definition of symmetric monoidal double category
[37] can be checked straightforwardly. In particular, all diagrams of 2-morphisms commute
automatically because LinRel is degenerate. O

6.5.1 A bicategory of linear relations

We can also promote the symmetric monoidal double category LinRel of linear relations
from the previous section to a symmetric monoidal bicategory LinRel of linear relations

due to Shulman’s Theorem 5.0.1 by showing LinRel is isofibrant.
Lemma 6.5.3. The symmetric monoidal double category LinRel is isofibrant.

Proof. Let f: X — Y be alinear isomorphism between finite-dimensional real vector spaces.

Define f to be the linear relation given by the linear isomorphism f and define 2-morphisms
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in LinRel

f 1
X ——>Y X — X
fl af ll ll rad lf
1 f
Yy ——Y X —>Y

where oy and yo, the unique fillers of their frames, are identities. These two 2-morphisms
and f satisfy the required equations, and the conjoint of f is given by reversing the direction

of f , which is just f~': Y — X. It follows that LinRel is isofibrant. O
Theorem 6.5.4. There exists a symmetric monoidal bicategory LinRel with

(1) finite-dimensional real vector spaces as objects,

(2) linear relations R CV & W as morphisms from V to W,

(3) inclusions R C S between linear relations R,S CV & W as 2-morphisms.

Proof. Apply Shulman’s result, Theorem 5.0.1, to the isofibrant symmetric monoidal double
category LinRel to obtain the symmetric monoidal bicategory LinRel as the horizontal

edge bicategory of LinRel. O

6.6 Black-boxing for open Markov processes

In this section we present the main result of the chapter which is a symmetric monoidal

double functor B: Mark — LinRel. We proceed as follows:

(1) On objects: for a finite set S, we define B(S) to be the vector space RS @ RS,

202



(2) On horizontal 1-cells: for an open Markov process S - (X, H) Zor , we define its

black-boxing as in Definition 6.2.7:
B(S - (X, H) T =
{(i*(v), I,0*(v),0) : veR¥, T eR% 0 eRT and H(v)+ i.(I) — 0,(0) = 0}.

(3) On vertical 1-morphisms: for a map f: S — S', we define B(f): RS@RS — RY ¢RY

to be the linear map f, @ f..

What remains to be done is define how B acts on 2-morphisms of Mark. This describes
the relation between steady state input and output concentrations and flows of a coarse-

grained open Markov process in terms of the corresponding relation for the original process:

Lemma 6.6.1. Given a 2-morphism

in Mark, there exists a (unique) 2-morphism

m(s L (X, H) & T)

in LinRel.
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Proof. Since LinRel is degenerate, if there exists a 2-morphism of the claimed kind it is

automatically unique. To prove that such a 2-morphism exists, it suffices to prove
(i*(U), I> O*(U)7 O) € V = (f*Z*(U)’ f*(I),g*O*(U), g*(O)) € W

where

V=S5 (X, H) & T) =

{(i*(v), I,0"(v),0) : veRX, TeR% 0 eR? and H(v) +i,(I) — 0,(0) = 0}
and
w—ms L x, By L) =
(@), I',d*(@),0) : v e RY ' e RY,0' e R and H'(V') +i.(I') — 0.(O") = 0}.
To do this, assume (i*(v), I, 0"(v),O) € V, which implies that
H(v) +i.(I) —04(0) = 0. (6.5)

Since the commuting squares in « are pullbacks, Lemma 6.4.3 implies that

fui® =i"py, gx0" = 0" p,.

Thus
(fi" (v), £ (1), 940" (v), 9+(0)) = (i"ps(v), fi(I), 0" ps(v), 9:(O))

and this is an element of W as desired if
H'p.(v) + i fu(I) = 0lg.+(0) = 0. (6.6)
To prove Equation (6.6), note that
H'p.(v) + i, fu(I) = 0lg(0) = p.H(v) + puin(I) — ps04(O)

= p(H(v) + (1) — 04(0))
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where in the first step we use the fact that the squares in o commute, together with the

fact that H'p, = p.H. Thus, Equation (6.5) implies Equation (6.6). O

The following result is a special case of a result by Pollard and Baez on black-boxing
open dynamical systems [10]. To make this chapter self-contained we adapt the proof to

the case at hand:

Lemma 6.6.2. The black-boxing of a composite of two open Markov processes equals the

composite of their black-boxings.

Proof. Consider composable open Markov processes

il o

S-S (X,H) <& T, T-5(,G) &

To compose these, we first form the pushout

Then their composite is

S (X+rv,HoG) & U

where

HoG = j Hj* + k.Gk*.

To prove that B preserves composition, we first show that

N(Y,G)M(X,H)CR(X +7Y,HoG).
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Thus, given
(i*(v),I,0"(v),0) e M(X, H), (@ (), I',d"(v),0") € MY, Q)

with

we need to prove that
(i*(v), 1,0 (v"),0) e M(X +7 Y, H © G).
To do this, it suffices to find w € RX*7Y such that
(*(v), 1,0" (v), 0') = ((ji)"(w), I, (ko')" (w), ')

and w is a steady state of (X +7 Y, H ® G) with inflows I and outflows O'.

Since o*(v) = i"*(v'), this diagram commutes:

so by the universal property of the pushout there is a unique map w: X +7 Y — R such

R
w/[
v v’
X+7rY

N
/

that this commutes:

/\

(6.7)
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This simply says that because the functions v and v’ agree on the ‘overlap’ of our two open
Markov processes, we can find a function w that restricts to v on X and v’ on Y.

We now prove that w is a steady state of the composite open Markov process with inflows
I and outflows O":

(H © G)(w) + (ji)«(I) = (ko').(0") = 0. (6.8)

To do this we use the fact that v is a steady state of S — (X, H) & T with inflows I and
outflows O:

H(v)+is(I) —04(0) =0 (6.9)
and v’ is a steady state of T L (Y,G) 24 U with inflows I’ and outflows O':
GW') +i (I') - o (0") =0. (6.10)

We push Equation (6.9) forward along j, push Equation (6.10) forward along k, and sum

them:
Jo(H®)) + (§i)«(I) = (j0)+(O0) + ku(G(v")) + (ki) (I') = (k). (O") = 0.
Since O = I' and jo = ki, two terms cancel, leaving us with
Je(H(©)) + (i)+(I) + k(G (v)) = (k) (O') = 0.

Next we combine the terms involving the infinitesimal stochastic operators H and G, with

the help of Equation (6.7) and the definition of H ® G:

J(H(©) + k(G() = (GHj" + kGE")(w)
(6.11)

= (HoG)(w).
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This leaves us with

(H©G)(w) + (ji)«(I) = (kd).(0") =0

which is Equation (6.8), precisely what we needed to show.

To finish showing that M is a functor, we need to show that
BX+7YHOG) CR(Y,G) (X, H).
So, suppose we have
((ji)*(w), I, (k)" (w),0") e M(X +7 Y, H® G).
We need to show
((51)" (w), I, (ko) (w), O") = (i*(v), 1, 0™ (v"), 0") (6.12)

where

(i*(v),I,0"(v),0) € B(X,H), (i ('), I', 0" (v'),0") € MY, G)

and

To do this, we begin by choosing

This ensures that Equation (6.12) holds, and since jo = k#', it also ensures that

0" (v) = (jo)"(w) = (k)" (w) = i" (V).

To finish the job, we need to find an element O = I’ € R” such that v is a steady state of

(X, H) with inflows I and outflows O and v’ is a steady state of (Y, G) with inflows I’ and
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outflows O’. Of course, we are given the fact that w is a steady state of (X +7Y, H ® G)
with inflows I and outflows O'.

In short, we are given Equation (6.8), and we seek O = I’ such that Equations (6.9)
and (6.10) hold. Thanks to our choices of v and v, we can use Equation (6.11) and rewrite
Equation (6.8) as

Jo(H ) +ix(I)) + k(G() = 0l(0)) = 0. (6.13)

Equations (6.9) and (6.10) say that

Hw)+i.(I)—0,(0) = 0
(6.14)

G +il(I') — d.(0') = o.

Now we use the fact that

is a pushout. Applying the ‘free vector space on a finite set’ functor, which preserves

colimits, this implies that

is a pushout in the category of vector spaces. Since a pushout is formed by taking first a

coproduct and then a coequalizer, this implies that

RT % RX o RY —>[j*’k*} RXATY
(0,i%)

209



is a coequalizer. Thus, the kernel of [j, k«] is the image of (o4, 0) — (0,4,). Equation (6.13)
says precisely that

(H(v) +ix(I), G(v') = 0.(0")) € ker([jx, kx])-

Thus, it is in the image of (04,0) — (0,4.). In other words, there exists some element

O =I' € R such that
(H(v) +ix(1), G(V') = 0,(0)) = (0+(0), =i, (I")).
This says that Equations (6.9) and (6.10) hold, as desired. O
This is the main result of the paper on coarse-graining open Markov processes [2]:

Theorem 6.6.3. There exists a symmetric monoidal double functor B: Mark — LinRel

with the following behavior:

1) Objects: M sends any finite set S to the vector space RS @ RS,
( ] y

(2) Vertical 1-morphisms: B sends any map f: S — S’ to the linear map

[ @ REBRS 5 RY o RY.

(8) Horizontal 1-cells: B sends any open Markov process S — (X, H) T to the linear

relation given in Definition 6.2.7:
WS> (X, H)&T) =

{(i*(v), I,0*(v),0) : H(v) +is(I) — 0,(0) = 0 for some I € R®, v € RY,0 e RT}.
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(4) 2-Morphisms: B sends any morphism of open Markov processes

§>— S (X, H) e«—2—<T

to the 2-morphism in LinRel given in Lemma 6.6.1:

m(s o (X, H) & T)

Proof. First we must define functors My: Marky, — LinRely and B, : Mark; — LinRel;.

The functor My is defined on finite sets and maps between these as described in (i) and (ii)

of the theorem statement, while Bl is defined on open Markov processes and morphisms

between these as described in (iii) and (iv). Lemma 6.6.1 shows that B is well-defined on

morphisms between open Markov processes; given this is it easy to check that B is a functor.

One can verify that By and B; combine to define a double functor B: Mark — LinRel: the

hard part is checking that horizontal composition of open Markov processes is preserved, but

this was shown in Lemma 6.6.2. Horizontal composition of 2-morphisms is automatically

preserved because LinRel is degenerate.

To make B into a symmetric monoidal double functor we need to make My and By into

symmetric monoidal functors, which we do using these extra structures:

e an isomorphism in LinRely between {0} and W(0),
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e a natural isomorphism between B(S) @ B(S’) and B(S + S’) for any two objects

S, S’ € Markg,

e an isomorphism in LinRel; between the unique linear relation {0} — {0} and B(() —

(®7 O(Z)) — Q))v and
e a natural isomorphism between
B(S— (X,H)—T) ® WS — (X' H)—~T

and

BS+S5 - (X+X HoH)—~T+T)
for any two objects S — (X,H) — T, S" — (X', H') <~ T' of Mark;.

There is an evident choice for each of these extra structures, and it is straightforward
to check that they not only make My and B; into symmetric monoidal functors but also
meet the extra requirements for a symmetric monoidal double functor listed in Hansen
and Shulman’s paper [28], which may also be found in Definition A.2.14. In particular, all

diagrams of 2-morphisms commute automatically because LinRel is degenerate. O

6.6.1 A corresponding functor of bicategories

We have symmetric monoidal bicategories Mark and LinRel, both of which come from
discarding the vertical 1-morphisms of the symmetric monoidal double categories Mark and
LinRel, respectively. Morally, we should be able to do something similar to the symmetric
monoidal double functor B: Mark — LinRel to obtain a symmetric monoidal functor of
bicategories l: Mark — LinRel, and indeed we can by a result of Hansen and Shulman

[28].
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Theorem 6.6.4 ([28, Thm. 6.17]). There exists a symmetric monoidal functor B: Mark —

LinRel that maps:
(1) any finite set S to the finite-dimensional real vector space B(S) = RS @ RS,

(2) any open Markov process S - (X, H) T to the linear relation from B(S) to M(T)

given by the linear subspace
m(S 5 (X, H) & T) =
{(*(v), 1,0"(v),0) : H(v) +i(I) —0.(0) =0} CR @R @ R" @ R,

(3) any morphism of open Markov processes

01

i
Sty (X,H) < T
lsl V4 llT
i Yo
S>— (X' ,H) «—T

to the inclusion

m(X,H)C WX H).

Proof. This was proved by Hansen and Shulman [28, Theorem 6.17], by applying a
more general result [28, Theorem 5.11] to the strong symmetric monoidal double functor

Bl : Mark — LinRel of Theorem 6.6.3. O
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Chapter 7

Possible future work

In this final chapter before the Appendix, I will touch on a few possible avenues in which
the work in this thesis can be improved. The three main results are the contents of Chapter
3, Chapter 4 and Chapter 6.

Chapter 3 presents the results regarding the foot-replaced double categories formalism.
We showed how to build a symmetric monoidal double category ;Csp(X) from an adjoint
functor L : A — X between categories with finite colimits. One possible generalization
would be to let L be a ‘2-adjoint’ between two 2-categories A and X with finite ‘2-colimits’.
In the conjectured symmetric monoidal double category ;Csp(X) obtained from this 2-
adjoint L, composing two horizontal 1-cells—two cospans in X—would involve taking ‘2-
pushouts’, which involve the typical pushout square commuting not on the nose but only
up to isomorphism.

We can also generalize foot-replaced double categories. The idea of replacing the category
of objects of a double category X with some other category A is easily transferable to even

higher level categorifications. For example, if X is a ‘triple category’, which would involve
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a category Xy of objects, a category X; of arrows and a category Xg of ‘faces’, we could
replace the category of objects Xg with some other category A, or even both the category
of objects Xy and category of arrows X; with some double category A in the event that the
pair (Xp,X;) form a double category. One version of a triple category due to Grandis and
Pare [26] is an ’intercategory’ which is, roughly speaking, a pair of double categories sharing
a common ‘side category’.

Chapter 4 explores improvements to Fong’s original conception of decorated cospans
[23]. Here, the main insight was to not consider a set of decorations but a category of
decorations. Even further generalizations could be made here by replacing the finitely
cocartesian category A with a finitely 2-cocartesian 2-category A and viewing Cat as a
3-category and defining an appropriate functor F': A — Cat. In this framework, we could
then decorate objects with ‘higher level stuff’ [11], such as a decoration that makes a 2-
category C into a monoidal 2-category (C,®,1).

Above are only some possible improvements to the frameworks themselves, but each
framework is suitable to applications not mentioned in this thesis. Biological sciences,
economics and even social sciences are bound to have situations which can be modeled by
either of the above frameworks. Anytime a concept or an idea can be thought of as a set
equipped with some extra structure, decorated cospans are lurking in the background, and
very often a trivial form of this structure is captured by a left adjoint.

Chapter 6 applies double categories to coarse-graining open Markov processes. Here, the
Markov processes we consider are really finite state Markov chains, but more general Markov
processes can be considered. Moreover, more general forms of coarse-graining outside of

lumpability can also be considered, but would require a different definition of 2-morphism
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in the resulting double category. In a ‘triple category’ of coarse-grainings, 3-morphisms
would then represent maps between two different ways of applying a coarse-graining to a
Markov process. This idea would not be well suited for the double category of coarse-
grainings presented here, as the category of arrows Mark; is locally posetal, meaning that
there is at most one coarse-graining as we have defined it [2] between two open Markov

processes.
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Appendix A

Definitions

A.1 Everyday categories

This is a thesis largely about applications of double categories in network theory. The

most obvious place to start is with the following question: What is a category?

Definition A.1.1. A category C consists of a collection of objects denoted Ob(C) and a

collection of morphisms denoted Mor(C) such that:

(1) every morphism f € Mor(C) has a source object s(f) € Ob(C) and a target object
t(f) € Ob(C). A morphism f with source = and target y we denote as f: z — y, and
we denote the collection of all morphisms with source = and target y by hom(z,y) or

homc(z,y).

(2) Given a morphism f: z — y and a morphism g: y — z, there exists a composite

morphism ¢gf: x — z. In other words, for any triple of objects z,y,z € Ob(C), there
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3)

(4)

is a well-defined map

o: hom(z,y) x hom(y, z) — hom(z, z)

called composition.

Composition of morphisms is associative, meaning that given three composable mor-

phisms f, g,h € Mor(C) we have h(gf) = (hg)f.

Every object z € Ob(C) has an identity morphism 1,: z — 2 such that for any

morphism f: z — y, we have

fle=[=1,[.

If both Ob(C) and Mor(C) are sets, we say that C is a small category. If for every pair

of objects z,y € Ob(C) we have that hom(z,y) is a set, we say that C is a locally small

category. Here are some examples:

The primordial example of a category is Set of sets and functions.

The category Grp of groups and group homomorphisms.

The category Top of topological spaces and continuous maps.

The category Mat(k) of natural numbers and n x m matrices with entries in a field

(or more generally, a ring or rig) k with composition given by matrix multiplication.

Every monoid is a locally small category with a single object whose morphisms are

given by the elements of the monoid.

The category Cat of categories and functors.
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(7) The category Vect of vector spaces and linear maps.

(8) The category Diff of smooth manifolds and smooth maps.

(9) The category Rel of sets and relations.

(10) The category PreOrd of preordered sets and monotone functions.

(11) The category Graph of (directed) graphs and graph morphisms, which are pairs of

functions preserving the source and target of each edge.

(12) Any set S gives rise to a category S whose objects are the elements of the set S

containing only identity morphisms.

(13) There is a category 1 with only one object x and only an identity morphism 1.

Even though a category is usually named after its objects, it is the morphisms of a
category that are the real stars of the show. In fact, we can ‘do away’ with all the objects
as the collection of all identity morphisms tell us precisely what the objects of a category
are.

Any sort of mathematical gizmo is boring and pointless to study unless that mathemat-
ical gizmo can ‘talk’ to other similar mathematical gizmos via maps between the two. So,

how do categories talk to each other?

Definition A.1.2. Given categories C and D, a functor F': C — D consists of a map
Ob(F): Ob(C) — Ob(D) and a map Mor(F'): Mor(C) — Mor(D) respecting source and
target, meaning that s(F(f)) = F(s(f)) and t(F(f)) = F(t(f)), such that:

(1) For any two composable morphisms f: z — y and g: y — z in C, we have F(f)F(g) =

F(fg), and
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(2)

For any object = € C, we have F(1;) = 1p(y).

We usually denote the maps Ob(F') and Mor(F') simply as F.

Here are some examples:

(1)

For any category C, there is an identity functor 1c: C — C that maps every object

and morphism of C to itself.

There is a forgetful functor R: Grp — Set, which we call R as it is a right adjoint,
that maps any group G to its underlying set U(G) and any group homomorphism

f: G — G’ to its underlying function U(f): U(G) — U(G’).

For any category C, there is a functor !: C — 1 which maps every object of C to the

one object *x of 1 and any morphism in C to the only morphism 1, of 1.

There is a functor F': Set — Cat which maps any set S to the discrete category on
S whose objects are given by elements of S and whose only morphisms are identity

morphisms.

Given categories C and D and an object d € D, there is a functor Fz: C — D called
the constant functor at d which maps every object C to the object d in D and every

morphism of C to the morphism 1.

Functors may look a little similar to functions in that they are maps between objects

that we are interested in. However, in the same way that the morphisms are the real stars

of the show in a category, one could make the same argument that it is functors that are

the real stars of category theory: after all, a category C is ultimately determined by the

identity functor 1¢ on that category. But we will not go down that road. The real fun of
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category theory starts when we start to consider maps between maps. Our first examples of
a map between maps, which are also one of the main reasons that Eilenberg and Mac Lane

invented category theory in the 1940’s, are natural transformations.

Definition A.1.3. Let F': C — D and G: C — D be functors. Then a natural trans-
formation a: F' = G consists of a family of morphisms a,: F(z) — G(x) indexed by the
objects of C such that for any morphism f: x — y in C, the following naturality square

commutes.

F(x) & F(y)

Qg Qy

G
G(z) L G(y)

We call o, the component of o at z. If each map «; is an isomorphism, then we say that

«a: F'= G is a natural isomorphism.

Here are some examples of natural transformations:

(1) For any functor F': C — D, there is an identity natural transformation 1: F' = F
in which the component at each object = is the identity 1p(,). This is a natural

isomorphism.

(2) Given a functor Fy: C — D which is constant at some object d € D and another
functor G: C — D, a natural transformation «: F; = G is a cone over D, which

consists of a family of morphisms «,: d — G(z) which make a cone-like commutative
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3)

diagram in which all the top triangular faces commute.

Let Grp denote the category of groups and group homomorphisms, AbGrp the cate-
gory of abelian groups and group homomorphisms and Ab: Grp — AbGrp the functor
sending each group to its abelianization, namely Ab(G) := G/[G, G] where [G,G] is
the commutator subgroup of G. Then there is a natural transformation m: 1, = Ab
where the component at each group is given by mg: G — Ab(G). For any group

homomorphism f: G — H, the following square commutes.
_

f
G H
ﬂ-G‘/ ‘/TrH
Ab(f)
Ab(G) ———> Ab(H)

This is not a natural isomorphism.

Given a field k£ and a finite dimensional vector space V over k, there is a canonical
isomorphism ay : V — V** from the vector space V to its double dual. This gives a
natural transformation o: 1finvect, = ** where **: FinVect;, — FinVecty, is the functor
sending each finite dimensional vector space V' to its double dual V**. The following

square then commutes for every linear map L: V — W of finite dimensional k-vector
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spaces.

L
Vv——™mWw

L**

This is a natural isomorphism if all the vector spaces are finite dimensional. If we
allow for infinite dimensional vector spaces, we still have a natural transformation,

but each map ay: V — V** is no longer an isomorphism.

(5) Given commutative rings R and S and a ring homomorphism f: R — S, the ring
homomorphism f: R — S restricts to a group homomorphism f*: R* — S* where
R* denotes the group of units of the commutative ring R. This defines a functor
*: CommRing — AbGrp. There are also well-known groups of linear transforma-
tions GL,(R) and GL,(S), and every ring homomorphism f: R — S induces a map
GL,(f): GL,(R) — GL,(S) given by application of f to every entry of H € GL,(R).
This defines another functor GL,: CommRing — AbGrp. There is then a natural
transformation det: GL,, = * where given H € GL,(R), detg(H) is the determinant

of H. The following square commutes for every ring homomorphism f: R — S.

GLn(f)
GL,(R) —= GL,(9)

detp detg

X

R* ———— 5"
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Definition A.1.4. Given a two categories A and X and two functors going in opposite

directions between the two:

we say that L and R are adjoint, with L the left adjoint and R the right adjoint, if for

every a € A and x € X there is a natural isomorphism

homx (L(a),x) = homa(a, R(z)).

A.1.1 Monoidal categories and monoidal functors

Next we introduce ‘monoidal’ categories, which are largely the kinds of categories that
this thesis is about. Roughly speaking, a monoidal category is a category with a binary
operation in which we can multiply or ‘tensor’ two objects in the category much like we can

multiply two objects in a monoid.

Definition A.1.5. A monoidal category is a category C equipped with the extra struc-

ture of:
(1) a functor ®: C x C — C called the tensor product of C,
(2) an object I € C called the (monoidal) unit of C,
(3) for any three objects a,b, ¢ € C, a natural isomorphism called the associator
a: (F)e =) (-) = (e (-)e ()
whose components are of the form

Qape: (A®b) ®c = a® (bR c)
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(4) for any object ¢, a natural isomorphism called the left unitor
AT @(=) = ()
whose components are of the form
M I®cS e
(5) for any object ¢, a natural isomorphism called the right unitor
pr((=)eI) = (-)
whose components are of the form

peic@I e

such that the following two diagrams commute, giving equations called the pentagon

identity:
(c®d)
/ \
(a®@b)®c) R bR (c®d))
w\ M
Qg bRc,d
a ® b ® C d——>a
and the triangle identity:
a®b
Pa ® lb 10, ® )\b
Aqg,1c,b
(a®@I)®b a® (I®b)
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Sometimes we abbreviate a monoidal category C with tensor product ® and monoidal
unit 1¢c as (C,®, 1¢). Some examples of monoidal categories which are relevant in this thesis

are the following:

(1) The category Set together with the tensor product given by cartesian product and

monoidal unit given by a singleton {x}.

(2) If C is a category with finite colimits, then C is monoidal with the tensor product

given by binary coproducts and monoidal unit given by an initial object 0.

(3) The large category Cat together with the tensor product given by the product of two

categories and monoidal unit given by a terminal category 1.

Sometimes there is a relationship between the two tensor products a ® b and b ® a for

two objects a and b in a monoidal category (C,®,I).

Definition A.1.6. A braided monoidal category is a monoidal category (C,®,1)

equipped with a natural isomorphism

ﬁmb:a@bl)b@a

called the braiding such that the following hexagons commute.

Qg b,c
(a®@b)®c a® (b®c)
ﬂa,b ® 10\1/ J/ﬂa,b@c
ba)®c b®c)®a
Qp.a,c Qp,c,a
J/ 1b ® 6a,c J/
b® (a®c) b® (c®a)
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a® (b®c) (a®b)®c
1la ® Bb’cl lﬁa@b,c
a® (c®b) c® (a®b)
a;,i,b\l/ B ®1, \I/O‘;;,b
(a®c)®0b - (c®a)®Db

All of the above examples of monoidal categories are in fact braided monoidal categories.

Sometimes the braiding § is its own inverse, which finally brings us to:

Definition A.1.7. A symmetric monoidal category is a braided monoidal category
(C,®,1I) such that for any two objects a and b of C, the braiding £ is its own inverse,
meaning that
Bv,aBap = Llagb-
All of the above examples are in fact symmetric monoidal categories. What about maps

between various such categories?

Definition A.1.8. Let (C,®, I¢) and (D, ®, Ip) be monoidal categories. A (lax) monoidal

functor is a functor F': C — D such that:
(1) there exists an morphism u: Ip — F(Ic) and
(2) for every pair of objects a and b of C, there exists a natural transformation

tap: F(a)® F(b) - F(a®b)

which make the following diagrams commute:

a/

(F(a) ® F(b)) ® F(c) F(a)® (F(b) ® F(c))
Ha,b @ 1F(c)l J/lF(a) ® Wb,e
F(a®b)® F(c) Fla)@ F(b®c)
Na@b,cl F(a) J/Na,b@c
F((a®b)®c) Fla® (b®c))
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Pra) Nr(a)
F(a) @ Ip ———> F(a) Ip ® F(a) ——> F(a)
Lpa) ®u F(pa) — 1®lp) F(X\a)
)u‘a,IC iulcya
F(a)® F(Ic) — F(a® Ic) F(Ic)® F(a) —— F(Ic®a)

The monoidal functor F' is called strong if the morphism g and natural transformation
fi— — are an isomorphism and natural isomorphism, respectively, and the monoidal functor

F is called oplax or colax if F': C°P — D°P is a lax monoidal functor.

Definition A.1.9. A (possibly lax or oplax) monoidal functor F': C — D is a braided
monoidal functor if C and D are braided monoidal categories and the following diagram

commutes.

F(a)® F(b) — F(b) ® F(a)

Ha,b Hb,a

F(8
Fla®b) ———— F(b®a)

Definition A.1.10. A (possibly lax or oplax) symmetric monoidal functor is a braided

monoidal functor F': C — D between symmetric monoidal categories.

Definition A.1.11. Given monoidal functors F: (C,®,1¢) — (D,®,1p) and

G: (C,®,1¢c) — (D,®,1p), a monoidal natural transformation «: F' = G is a trans-
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formation a: F' = G such that the following diagrams commute.

az @ ay

F)@Fly) ———— > G(=

ARy

Flz®y) ) — G

A monoidal transformation « is braided momnoidal or symmetric monoidal if the func-

tors F' and G are braided monoidal or symmetric monoidal, respectively.

A.1.2 Colimits

Definition A.1.12. Given an arbitrary category C, a diagram in the category C is given

by a functor F': D — C.

Here, the category D serves as the ‘shape’ of the diagram in the category C.

Definition A.1.13. Given a diagram F': D — C in C, a limit of the diagram F', denoted
lim F', is given by an object which we also denote by lim F', together with with a family
of morphisms ¢;: lim F' — F\(d;) for every i € D such that for any morphism f: d; — d;
in D, we have that F'(f)¢; = ¢;. Moreover, the object lim F' together with the family of
morphisms {¢;: ¢ € D} are universal among such, meaning that given another object ¢
together with a family of morphisms ;: ¢ — F(d;) such that F(f)y; = 1;, there exists
a unique morphism #: ¢ — lim F' such that v¢; = ¢;0 for every i € D. A limit is finite if
the category D is finite. Then, a colimit is just a limit in the opposite category, meaning
that given a functor F': D — C, a colimit of F', denoted by colimF’, is given by a limit of

FoP: DOP — COP,
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Limits and colimits are only unique up to a unique isomorphism, hence the usage of the
indefinite articles ‘a’ and ‘an’ rather than the definite article ‘the’.
We largely work with finite colimits in this thesis, and so the examples presented next

will be of such. The most famous examples of finite colimits are easily the following:

(1) initial objects

(2) binary coproducts

(3) coequalizers

(4) pushouts

In fact, a category C has finite colimits iff C has an initial object and pushouts iff C has
binary coproducts and coequalizers. We discuss pushouts in the next section, but let us

briefly introduce the other three famous finite colimits.

Definition A.1.14. An initial object 0 is a colimit of the empty functor F': () — C.

Unraveling what this means, it means that an initial object is an object 0 in C together
with an empty family of morphisms satisfying no properties such that for any other object ¢
together with an empty family of morphisms satisfying no properties, there exists a unique
morphism !.: 0 — ¢ which satisfies no properties. In other words, it is just an object 0 of C
with a unique morphism to any other object of C. If C = Set, then 0 = (), and surely there

is a unique function !g: ) — S for any set S.

Definition A.1.15. A binary coproduct is a colimit of a functor F': {x x} — C where

{x *} denotes the category with two objects and only identity morphisms.
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Unraveling what this means, given two objects ¢; and ¢z in C, a binary coproduct of ¢;
and cp is an object which we denote as c; +c2 together with two morphisms ¢, : ¢ — ¢1+c2
and ¢, : ca — ¢1 + co such that for any other object ¢ also with morphisms 7 : ¢; — ¢ and

o cog — ¢, there exists a unique morphism 6: ¢; + co — ¢ such that ¢; = 0¢; for i = 1, 2.

C1 C2
K %
1 e s
316 :

N
C

In other words, such an object ¢; + ¢o and morphisms (¢1, ¢2) are initial among such. A
typical example of a binary coproduct is the disjoint union of two sets together with the
natural injection maps of each set into the disjoint union, or the direct sum of two vector

spaces V7 and V; together with the maps ((1y;,0), (0, 1y;)) into the direct sum.

Definition A.1.16. A coequalizer is a colimit of a functor F': {x = x} — C where
{* = *} denotes the category with two objects, two morphisms from one object to the

other, and two identity morphisms.

Unraveling what this means, given two morphisms f,g: ¢ — ¢ in C, a coequalizer of
f and g is an object coeq(f,g) together with a morphism ¢: ¢ — coeq(f,g) such that
of = ¢g. Such an object and morphism are universal among such, meaning that given

another object ¢ and morphism : ¢ — ¢ such that ¢f = g, there exists a unique
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morphism 60: coeq(f,g) — ¢ such that ¢ = 1.

f

/\,\

c c % coeq(f,g)

TN LA

In other words, such an object coeq(f,g) and morphism 6 are initial among such. An
example of a coequalizer is in the category Grp: given any group homomorphism f: G — H,
there is always a unique group homomorphism 0: G — H which sends every element of G

to the identity element of H, in which case coeq(f,0) = ker(f).

Definition A.1.17. A span in any category C is a diagram of the form:

al az
A pushout is a colimit of a span, or equivalently, a colimit of a functor F': {x - x — x} — C

where {x - x — %} denotes the category with three objects and two non-identity morphisms

with a common source and distinct targets.

Unraveling what this means, a pushout of the above span is an object a; 4+ as together
with a pair of maps j: a1 — a1 +p a2 and k: ag — a1 +p a2 making the induced square
commute, meaning that j¢ = ko. Such an object and pair of maps are universal among

such, meaning that given another object ¢ and maps 7': a1 — ¢q and k’: as — ¢ such that
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71 = Ko, there exists a unique v : aj +y as — ¢ such that j' = ¢j and k' = ¥k.

VAN
\/

a1 +b a2

lw,

|
\Z
q

In other words, a pushout is initial among such triples (', k', q).

We compose cospans by taking pushouts. In other words, given two composable cospans
b v’
VAN AN
al a2 a2z as

we take the pushout of the span formed by the morphisms o and 7’

btay b
2
Y o
/’ \\
s . ~
A J k AN
Jt, \kO/
/ \
/ b v \
/ \
S o il o N\
1 \
! \
1 \
ai a2 as

and then the resulting cospan is given by taking the composite of the outer morphisms

leading up to the apex.
btay b

ai a3
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A.2 Double categories

Definition A.2.1. Given a category A with finite limits, a category internal to A consists

of:
(1) an object of objects ag € A
(2) an object of morphisms a; € A
(3) source and target assigning morphisms s,t: a; — ag
(4) an identity assigning morphism i: ag — a;
(5) a composition assigning morphism c: a; X5, a1 — a;

such that the following square is a pullback

D2
a1 Xag a1 —> a1

and that the following diagrams commute:

i
ap —> a1

which specifies the source and target of an identity morphism,

c c

a1 Xzp a1 — a1 a1 Xgp a1 — a1

Pll ls pzl lt
s t

ag ———> ao ap —> Ao
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which say that the source and target of a composite of morphisms are the source and target

of the first and second morphisms, respectively,

1Xc
A1 Xag A1 Xag a1 —————> A1 X3 A1

a1 Xap a1 al

which says that composition of morphisms is strictly associative, and

1 Xap 1 1 Xag 1
A0 Xag @1 ————> A1 X3 A1 &— A1 X3, A0

ai

which says how the left and right unit laws are compatible with composition.

In the previous and following definitions, we do not really need all finite limits; it is

enough for the stated pullbacks to exist.

Definition A.2.2. Any 2-category (see Definition A.3.2) has an underlying category with
the same objects and morphisms, and we say that a 2-category has finite limits if its
underlying category does. Given a 2-category A with finite limits, a pseudocategory
object in A consists of the same data as a category object internal to the underlying
category of A, except that the following diagrams commute up to isomorphism.

1xc
a1 Xag A1 Xag a1 ————> A1 X3 A1

CXIJ/ o J J/c

C
a1 Xag a1 ai

1 Xaqg 1 1 X551
a0 Xag @1 —————> a1 Xy a1 —— a1 Xag A0

Ay J2\Y
C
D2 D1

ai
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The isomorphisms «, A and p satisfy the pentagon and triangle identities of a monoidal

category.

Definition A.2.3. A strict double category is a category object internal to Cat (which

is a category with finite limits).

Definition A.2.4. A (pseudo) double category is a pseudocategory object internal to

Cat (which is a 2-category with finite limits).

In a nutshell, a strict double category is a category internal to the category Cat of
categories and functors, similar to how an ordinary small category is a category internal to
the category Set of sets and functions. What this means is that instead of having a set of
objects and a set of morphisms, we will instead have a category of objects and a category
or morphisms. There are various kinds of double categories one can consider depending
on how strict we are with the internalizations; whereas Set is a mere category, Cat is a 2-
category which allows us to consider a triple composite of morphisms up to a 2-morphism.
Internalizing a category object in the ordinary category Cat leads to what are typically
known as strict double categories, whereas internalizing a category object in Cat viewed
as a 2-category, also known as a pseudocategory object, leads to pseudo double categories,
where the left and right unitors and associators no longer hold on-the-nose but only up
to isomorphism. These latter pseudo double categories are the ones that we are primarily

interested in.

236



It is helpful to have the following picture in mind. A double category has 2-morphisms

shaped like this:

M
—
f Ja g
N
_—

Q¢
O

We call A, B,C and D objects or 0-cells, f and g vertical 1-morphisms, M and N
horizontal 1-cells and a a 2-morphism. Note that a vertical 1-morphism is a morphism
between 0-cells and a 2-morphism is a morphism between horizontal 1-cells. We denote both
vertical 1-morphisms and horizontal 1-cells using single arrows, namely ‘—’. We follow the

notation of Shulman [37] with the following definitions.

Definition A.2.5. A pseudo double category D, or double category for short, consists

of a category of objects Dy and a category of arrows D with the following functors

UZDO—>]D)1
S, T: Dy = Dy

©®: Dy xp, D; — Dy (where the pullback is taken over Dy L Dy <ﬁ D)

such that

S(Ua) =A=T(Ua)
S(M © N) = SN

T(M®N)=TM
equipped with natural isomorphisms

a:(MGN)OP = Mo (NGP)
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ANUg®M = M

p: MoUs = M

such that S(«a),S(N),S(p),T(a), T(N) and T'(p) are all identities and that the coherence
axioms of a monoidal category are satisfied. Following the notation of Shulman, objects of
Dy are called 0-cells or objects and morphisms of Dy are called vertical 1-morphisms.
Objects of D are called horizontal 1-cells and morphisms of ID; are called 2-morphisms.
The morphisms of Dy, which are vertical 1-morphisms, will be denoted f: A — C and we
denote a horizontal 1-cell M with S(M) = A, T(M) = B by M: A — B. Then a 2-

morphism a: M — N of D; with S(a) = f,T(a) = g would look like:

f g

M
e
Ja
N
 —

Q¢
O W

The horizontal and vertical composition of 2-morphisms together obey a ‘middle-four’ in-
terchange law, or simply, interchange law, expressing the compatibility of horizontal and

vertical composition with each other. Specifically, given four 2-morphisms as such:

A B B—2 &

fl l gl " lh
P

c D D F

-]

!

<1

=
QE—Q
U

Q\

s}
L

F
(s lh’
1

lm
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the following equality holds, where ® denotes horizontal composition and juxtaposition

denotes vertical composition.

(d V) (a®b) = (d'a)® (bb)

The key difference between a strict double category and a pseudo double category is
that in a pseudo double category, horizontal composition is associative and unital only up
to natural isomorphism. The natural isomorphisms «, A and p are identities in a strict
double category. Let us look at a few examples.

If C is any category, there exists a strict double category Sq(C), where ‘Sq’ denotes

‘square’, which has:

(1) objects given by those of C,

(2) vertical 1-morphisms given by morphisms of C,

(3) horizontal 1-cells also given by morphisms of C, and

(4) 2-morphisms as commutative squares in C.

Composition of horizontal 1-cells coincides with composition of morphisms in C and both
the horizontal and vertical composite of 2-morphisms is given by composing the edges of
the commutative squares.

If C is a category with pushouts, then an example of a pseudo double category, and
probably the most important example of a double category in this thesis, is given by Csp(C),

where “Csp” denotes “cospan”, which has:

(1) objects as those of C,
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(2) vertical 1-morphisms as morphisms of C,

(3) horizontal 1-cells as cospans in C, and

(4) 2-morphisms as maps of cospans in C which are given by commutative diagrams of

the form:
i1 01
ai b a2
fl lg lh
12 09
al v ah

Composition of vertical 1-morphisms and the vertical composite of 2-morphisms is given
by composition of morphisms in C, and composition of horizontal 1-cells and the horizontal

composite of 2-morphisms is given by pushouts in C

i1 01 i3 03 Jiq Jpos
ay b as az c as a1 ——> b +q, ¢ &— a3
e T e T
i2 09 14 04 Jpia , , Jpos

aj b as as c a’ af —> b +ad ——df

where 1) is the natural map into a coproduct and J is the natural map from a coproduct
to a pushout, for example, ¥: b — b+ cand J: b+ ¢ — b+,4, c. More about this double
category and others similar to it may be found in the work of Niefield [32].

The pseudo double categories that we are interested in all share a certain ‘lifting’ property

between the vertical 1-morphisms and horizontal 1-cells.

Definition A.2.6. Let D be a double category and f: A — B a vertical 1-morphism. A

companion of f is a horizontal 1-cell f : A — B together with 2-morphisms

] Ua
A— B A—A
flow [voand o alw [y
B— B A—B

U i
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such that the following equations hold.

Uag Ua f
A—54 . A—>A4—>B v
i+ s A5 4 0 A A B A-B5A->B
A-f>B = flUWUs[f and A—f>B-Us>B = 1| 4, |1 (A.1)
rLov a B> B 1] By I A——> B
B> B . AﬁB !

A conjoint of f, denoted f: B — A, is a companion of f in the double category D"°P

obtained by reversing the horizontal 1-cells, but not the vertical 1-morphisms, of D.

Definition A.2.7. We say that a double category is fibrant if every vertical 1-morphism
has both a companion and a conjoint and isofibrant if every vertical 1-isomorphism has

both a companion and a conjoint.

The property of isofibrancy in a double category is key as we are primarily interested
in symmetric monoidal double categories and bicategories, and it is precisely the property
of isofibrancy that allows us to lift the portion of the monoidal structure of a symmetric
monoidal double category that resides in the category of objects, such as the unitors, asso-
ciators and braidings, to obtain a symmetric monoidal bicategory using a result of Shulman
[37].

Next, we define the kinds of maps between double categories.

Definition A.2.8. Let A and B be pseudo double categories. A lax double functor is a
functor F: A — B that takes items of A to items of B of the corresponding type, respecting
vertical composition in the strict sense and the horizontal composition up to an assigned
comparison ¢. This means that we have functors Fo: Ag — By and Fq: Ay — By such that

the following equations are satisfied:

SOFleOOS
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TOFlz]FQOT

Sometimes for brevity, we will omit the subscripts and simply say F; as to whether we
mean Fy or F; will be clear from context. Furthermore, every object a is equipped with
a special globular 2-morphism ¢,: 1g,) — F(1,) (the identity comparison), and every
composable pair of horizontal 1-cells N1 ® Ns is equipped with a special globular 2-morphism
d(N1, Na): F(N1) © F(N2) — F(N; ® N3) (the composition comparison), in a coherent

way. This means that the following diagrams commute.

(1) For a horizontal composite, 8 ® «,

FA) w3 " R () FA) R B R0 . (A.2)
l F(a) l F(8) j @ (N1, N2) P
/ / ! F(N1ON2)
F(A) F(B) 2F(C) = F(4) o) L w(C)
F(Na) F(N3)
Q $(N3,Na) jl J F(Boo) J
/ I ! !
F(A") IF(]\,3|®4>]\,4) F(C”) F(A") IF(]\,3|®4>N4) F(C’)

(2) For a horizontal 1-cell N: A — B, the following diagrams are commutative (under

horizontal composition).

PF(N) AF(N)
F(N) © 1r(a) ———— F(N) Irg) ©F(N) —— F(N)
10 ¢a Fp o ©1 F
#(N,14) (1B, N)
F(N) ® F(14) — 35 F(N ® 1) F(1p) ® F(N) — 5 F(15 ® N)

(3) For consecutive horizontal 1-cells Ny, Ny and N3, the following diagram is commuta-

tive.
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(F(N1) © F(N)) © F(Ng) —“= F(N1) © (F(N) © F(N3))

¢(N17N2)®1J' J'1®¢(N27N3)
]F(Nl @Nz) @F(Ng) ]F(Nl) @]F(NQ @Ng)
¢(N1®N27N3)J' J'¢(N1,N2®N3)
T

F((N1 ® N2) ® N3) ———— F(N; ® (N2 ® N3))
We say the double functor I is strict if the comparison constraints ¢, and ¢y, n, are
identities, strong if the comparison constrains are globular isomorphisms, pseudo if the
comparison constraints are isomorphisms, and oplax if the comparison constraints go in

the opposite direction.

We can also consider maps between maps of double functors, also known as double

transformations. These are only used in Section 3.4 of this thesis.

Definition A.2.9. A double transformation o: F = G between two double functors
F: A — B and G: A — B consists of two natural transformations ag: Fg = Gg and
a1: Fy = Gy such that for all horizontal 1-cells M we have that S(a1y) = aogr) and

T'(a1p) = aor(ary and for composable horizontal 1-cells M and N, we have that

F(M) F(N) F(M) F(N)

F(a) F(b) F(c) F(a) F(b) F(c)
ll U Far, v ll l I ainp O‘ObJ/ Jaiy lo‘Oc
F(M © N) G(M) G(N)
F(a) F(c) = G(a) G(b) G(c)
Qg J arpen Qe 1 U Gur,n 1
G(M O N) G(M ® N)
G(a) G(c) G(a) G(c)
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Ur(a) Ur(a)

F(a) F(a) F(a) F(a)
1l U Fu ll aoal I Uag, laoa
F(Ua) Ug(a)
F(a) F(a) = G(a) G(a)
Qogq { a1y, QQg 1 I Gu 1
G(Ua) G(Ua)
G(a) G(a) G(a) G(a)

We call o the object component and «; the arrow component of the double transfor-

mation .

A.2.1 Monoidal double categories

Let Dbl denote the 2-category of double categories, double functors and double trans-
formations. One can check that Dbl has finite products, and in any 2-category with finite
products we can define a ‘pseudomonoid’ or a ‘weak’ monoid, which is a categorified ana-
logue of a monoid in which the left and right unitors and associators are not identities
but natural isomorphisms. It is the 2-categorical structure of Dbl or more generally, any
2-category with finite limits, that enables us to do this. For example, a pseudomonoid in
Cat is a monoidal category. We are primarily concerned with the (weak) monoidal double

categories in which the associators and left and right unitors are natural isomorphisms.

Definition A.2.10. Let (C,®,I) be a monoidal category. A monoid internal to C

consists of an object M € C together with a morphism m: M ® M — M for multiplication
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and a morphism ¢: I — M for the multiplicative identity satisfying the associative law:

/ \
\ /

M®(MeM)

(M®M)®

3

and left and right unit laws:

/ \
m

1®1

M M®

A pseudomonoid internal to a monoidal 2-category (C,®,I) consists of an object M

together with a morphism m : M ® M — M and a morphism ¢ : I — M such that the

above diagrams commute up to specified 2-isomorphisms:

/ \
\ /

A \
1®1

Furthermore, the 2-isomorphisms A, L and R are required to satisfy two equations which

M® (M e M)

Mo M)®

3

I®M

can be found in the work of Day and Street [19].
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Definition A.2.11. A braided pseudomonoid is a pseudomonoid M equipped with the

extra structure of a braiding isomorphism §: ® = ® ot where t is the ‘twist’ isomorphism

t MM —-MxM

that together with the associators make the usual hexagons of a braided monoidal category
commute. A symmetric pseudomonoid is a braided pseudomonoid such that the braiding

isomorphism f: ® = ® ot is self-inverse.

Definition A.2.12. A monoidal double category is a pseudomonoid in the monoidal
2-category Dbl.

Explicitly, a monoidal double category is a double category equipped with double func-
tors ®: D x D — D and I: * — I where * is the terminal double category, along with

invertible double transformations called the associator:

A ®o(lpx®)=® o (®x 1p),

left unitor:

L: ®O(1]D)><I):>1]D),

and right unitor:

R: ®O(IX1D):>1D

satisfying the pentagon axiom and triangle axioms of a monoidal category.

This is a very nice and compact definition which encapsulates the structure of a monoidal

double category. Unraveling this a bit, this means that:

(1) D and Dy are both monoidal categories.
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(2) If I is the monoidal unit of Dy, then U is (coherently isomorphic to) the monoidal

unit of Dy.

The functors S and T are strict monoidal, meaning that

S(M®N)=SM® SN

and

T(M@N)=TM TN
and S and T also preserve the associativity and unit constraints.

We have globular isomorphisms

X: (My ® Ny) ® (Ma ® No) = (M1 ® M) ® (N1 ® Na)

and

w: UagB = (Us®Up)

which arise from weakly-commuting squares:

& Xpy @ ®
(D1 xpy D1) x (D1 Xp, D1) D1 xp, D1 Do x Dg ——— > Dy
OxX0O Z X ©) UxU v U
® ®
Dy x Dy Dy Dy XDy ———— > Dy

expressing the weak commutativity of ® with the functors U and ©.

These globular isomorphisms y and g make the following diagrams commute:
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(5) The following diagrams commute expressing that ®: D x D — D is a pseudo double
functor.

(My @ N) ® (M ® Na)) ® (Ms @ Ny) =t (M © Ma) & (Ny ® Na)) © (Ms @ Na)

l lx

(M1 ® N1) © ((M2 ® N2) ® (M3 ® N3)) (M1 © M2) ® M3) ® ((N1 ® N2) ® Ns)

1@)(\[ la@a

(M1 ® N1) © (M2 ® M3) ® (N2 ® N3)) L) (M1 ® (M2 ® M3)) ® (N1 © (N2 ® N3))

1op no1
(M®N)OUcgp — (M ®N)© (Uc ® Up) Uagp ©(M @ N) — (Us®@Ugp) ® (M ® N)

AP | | e b

M@N +——— (MOUc)® (N ®Up) M®N +—— (Ua0OM)® (U ®N)

(6) The following diagrams commute expressing the associativity isomorphism for ® is a

transformation of double categories.

(Mi® N1 @ P) 0 (Ma® No) @ Po) —22% (M@ (N1 ® 1)) © (Mz @ (N2 @ P))

(M1 ® N1) © (M2 ® N2)) @ (P1 © P») (M1 © M2) @ (N1 ®@ P1) © (N2 @ P»))

X®1l ll@x

(M1 ©® M2) @ (N1 ©® N2)) ® (P1 © P») SN (M1 ©® M) @ (N1 ©®© N2) @ (P1 @ P»))

U

Uaep)oc ——————— Ug(Bec)
ul lu
Uags ® Uc Ua ®Usgc

u®1l l1®u

(Ua®Up)®Uc — Ua® (Up®Uc)
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(7) The following diagrams commute expressing that the unit isomorphisms for ® are

transformations of double categories.

X
MeU)e(NeU)) — (Mo N)® (U eUr) wUa®Ur
e
ror 1®p Uagr r
MON¢+———  (MON)®U; }%‘UA
X
Ur@M)o(Ur®N) — (UroUr)® (M O N) ,uU1®UA
I
(o A®1 Uroa ¢
MON+——  Ure(M®N) }UA

Thus we define a monoidal double category to be a pseudomonoid object weakly internal
to the 2-category Dbl of double categories, double functors and double transformations. In
other words, a monoidal double category is a pseudomonoid internal to categories weakly
internal to Cat. But beware: this is not the same as a category weakly internal to the 2-
category MonCat of monoidal categories, strong monoidal functors and monoidal natural
transformations. In a monoidal double category, the functors S and T are strict monoidal.

In a category weakly internal to MonCat, they would only need to be strong monoidal.

Definition A.2.13. A braided monoidal double category is a braided pseudomonoid

internal to Dbl.

This means that a braided monoidal double category is a monoidal double category

category equipped with an invertible double transformation

b:®=R®oT

called the braiding, where 7: D x D — D x D is the twist double functor sending pairs

in the object and arrow categories to the same pairs in the opposite order. The braiding
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is required to satisfy the usual two hexagon identities [34, Sec. XI.1]. If the braiding is
self-inverse we say that D is a symmetric pseudomonoid internal to Dbl and that D is a
symmetric monoidal double category.

Unraveling this a bit, we get that a braided monoidal double category is a monoidal

double category such that:

(8) Dy and Dy are braided monoidal categories.
(9) The functors S and T are strict braided monoidal functors.

(10) The following diagrams commute expressing that the braiding is a transformation of
double categories.

B I
(M1 ® M2) ® (N1 © No) ———— (N1 © N2) ® (M1 © M2) Ua®Up +— UagB

o P O R

B I
(M1 ® N1) © (M2 @ No) ——— (N1 ® M1) © (N2 ® M>) U ®@Uas +— Upga

Finally, a symmetric monoidal double category is a braided monoidal double category D

such that:

(11) Dy and Dy are symmetric monoidal categories.

A.2.2 Monoidal double functors and transformations

We also have maps between symmetric monoidal double categories, which, just as maps
between ordinary symmetric monoidal categories, can come in three flavors according to

direction of the comparison maps ¢ _).

Definition A.2.14. A (strong) monoidal lax double functor F: C — D between

monoidal double categories C and D is a lax double functor F: C — DD such that
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e [y and [F; are (strong) monoidal functors, meaning that there exists

(1) an isomorphism e: 1p — F(1¢)

(2) a natural isomorphism 04 p: F(A) ® F(B) — F(A ® B) for all objects A and B
of C

(3) an isomorphism §: Uy, — F(Uy,.)

(4) anatural isomorphism vy y: F(M)QF(N) — F(M ®N) for all horizontal 1-cells

N and M of C

such that the following diagrams commute: for objects A, B and C of C,

(F(A) @ F(B)) @ F(C) 2> F(A) ® (F(B) ® F(C))

GA,B®1JV J71®GB,C

F(A® B) ® F(C) F(A) @ F(B ® C)

0A®B,CJV JVGA,B@)C

F(AR B)® C) — 2 S F(A® (B®C))

TF(A) Lr(a)
F(A) ® 1p —— > F(A) 1p @ F(A) ——— 5 F(A)
1®e F(ra) e®1 F(£a)
GA,lc elch
F(A) ® F(lc) ——> F(A® 1) F(lc) ® F(A) ——— F(le ® A)

and for horizontal 1-cells N1, Ny and N3 of C,

(F(N1) ® F(Na)) © F(Ng) —— F(N1) @ (F(N) ® F(N3))

VNl,N2®1J' J'1®VN2,N3
F(N; ® Ny) @ F(N3) F(N1) @ F(Ny ® N3)
VN1®N2,N3J' J'VNl,N2®N3

Fa

F((N1 ® N2) ® N3) ————— F(N; ® (N2 ® N3))
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TR(N1) fr(Ny)

F(N1) ® U, F(N1) Ur, @ F(N1) F(N1)
1®6 F(rn,) §®1 F(ln,)
VN1,Ui¢ YUy, N1
F(N1) @ F(Ure) ———— > F(N1 ® Ue) F(Ui.) @ F(N1) —————— F(Ui. ® N1)

o STy =FyS and T, = FyT are equations between monoidal functors, and

e the composition and unit comparisons ¢(Ny, No): F1(N1) @ F1(N2) — F1(Ny © Na)

and ¢4 : Ug,(a)y — F1(Ua) are monoidal natural transformations.

e The following diagrams commute expressing that 6 and v together constitute a trans-

formation of double categories:

VM, Mz © VNy, Ny

(F(M:1) @ F(N1)) © (F(M2) @ F(N2)) ——— F(M; ® N1) © F(M2 ® N2)

X'l l@wl@m M2®Na

(F(M1) © F(M2)) ® (F(N1) © F(N2)) F((M1 ® N1) © (M2 ® Na2))

llF(X
VM1 ®M2,N1ON2

F(M; ® M2) @ F(N1 ©® Na) > F((M1 ®© M2) ® (N1 ® Na))

Oy My @ PNy Ny l

UGA B
Urayer(p) ———— > Urasn)

Ur(a) ® Ur(p) F(Uagn)

PA® ¢Bl l#
VF(A),F(B)

F(UA) @ F(Up) ————— > F(Ua ® UBg)

The monoidal lax double functor is braided if Fy and F; are braided monoidal func-
tors and symmetric if they are symmetric monoidal functors, and lax monoidal or

oplax monoidal if instead of the isomorphisms and families of natural isomorphisms in
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items (1)-(4), we merely have morphisms and natural transformations going in the appro-
priate directions. If the double functor F: C — D is a double functor between isofibrant
symmetric monoidal double categories, also known as ‘symmetric monoidal framed bicate-
gories’ [38], instead of § and v together constituting a transformation of double categories,
it suffices that the comparison and unit constraints IFy; xy and F. be monoidal natural trans-

formations.

Definition A.2.15. Given monoidal double functors (F, ¢), (G,v): C — D, a monoidal
double transformation «: F = G is a double transformation « such that both the
object component ag: Fyg = Gg and arrow component «a;: F; = Gq are monoidal natural

transformations. This means that the following equations hold:

F(M) ® F(N) F(M) ® F(N)
F(a) @ F(c) F(b) @ F(d) F(a) @ F(c) F(b) @ F(d)
¢a,cJ/ U én,n J/¢b,d ao0q ®aocl Jlaiy ®orn J/a0b®a0d
F(M ® N) G(M) ® G(N)
Fla® c) F(b® d) = G(a) @ G(c) —————— > G(b) ® G(d)
OéOa@cJ/ »U« AL MRN J/QOb@d Tpa,cJ/ ‘U' wZ\/I,N J/wb,d
G(M ® N) G(M ® N)
G(a®c) G(b®d) Gla®c) G(b®d)
Uy
1]1) ]-]D>
Uy,
¢ol U ¢ l(bo 1p 1p
]F(Ulcc)
F(1c) F(1c) = ’tbol I 1 llbo
| l -
ao1c Yoo, ao1e G(1c) G(1c)
G(Ulc)
G(1c) G(1c)

A.3 Bicategories and 2-categories

Definition A.3.1. A bicategory C is a double category (see Definition A.2.5) C =

(Co, C1) such that the category of objects Cy is discrete, meaning that Cy contains only
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identity morphisms. In a bicategory, we refer to the objects of C;, which are horizontal

1-cells, as morphisms.

Unraveling this a bit, a bicategory C consists of:

(1)

(2)

a collection of objects a, b, ¢, d, .. .,

for every pair of objects a and b, a category homeg(a, b), called the hom category of
a and b, where objects are called morphisms from a to b and whose morphisms are

called 2-morphisms,

for every object a, a functor 1,: 1 — homgc(a,a) which picks out the identity
morphism for the object a and for every triple of objects a,b and ¢, a functor

o: homg(a,b) x homc(b, ¢c) — homc(a, ¢) for composition,

for every pair of objects a and b and morphism f € homc(a, b), a natural isomorphism

NLyf=f

called the left unitor and a natural isomorphism

p: fla=f

called the right unitor,

for every quadruple of objects a, b, c and d, a natural isomorphism

a: o(lxo)=o(ox1)

where

o(1 x 0),0(0 x 1): homg(a,b) x homc (b, ¢) x homc(c,d) — home(a, d)
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such that the left and right unitors satisfy the triangle identity and the associator satisfies

the pentagon identity.

Definition A.3.2. A 2-category C is a bicategory C in which the left and right unitors

and associators are identity 2-morphisms.

Equivalently, a 2-category is a strict double category in which the category of objects is
discrete.

The primordial example of a 2-category is Cat, the 2-category of categories, functors
and natural transformations: natural transformations make up the morphisms in each hom
category homc(a,b). A 2-category is sometimes called a ‘strict’ 2-category and a bicategory
a ‘weak’ 2-category. Strict 2-categories along with double categories were first discovered

by Ehresmann [20, 21], and bicategories are due to Bénabou [13].

Definition A.3.3. Given a 2-morphism a: f = ¢g: ¢ — d and a morphism h: b — cin a

2-category C:

f
g

the left whiskering of a by h, denoted by 1; ® «, is given by the horizontal composite

of the 2-morphism « with the identity 2-morphism of h:

Right whiskering is defined analogously.
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A.3.1 Pseudofunctors and pseudonatural transformations

Definition A.3.4. Given bicategories C and D, a pseudofunctor F': C — D consists of:
(1) for each object ¢ € C, an object F(c) € D,
(2) for each category C(c,c), a functor F: C(c,d) — D(F(c), F(c)),
(3) for each object ¢ € C, a 2-isomorphism Fe: 1p() = F(1.)

(4) for every triple of objects a, b, c € C and pair of composable morphisms f: a — b and

g: b — cin C, a 2-isomorphism Fy4: F(f)F(g) = F(fg) natural in f and g

such that the following diagrams commute:

(F(f)F(g)F(h) F(f)(F(g)F(h))
Fyqg© 1F<h)l llF(ﬁ O Fy,n
F(fg)F(h) F(f)F(gh)
ng*hl F(a) lFf,gh
F((fg)h) F(f(gh))
7’%(f) e%(f)
F(f)lp@ —> F(f) lpwyF(f) —— > F(f)
1r(s) © Fa F(ry)  FoOlrgp F(ey)
Fra, Fi,. 5
F(f)F(la) ——— F(f1a) F(1y)F(f) ——— F(Lf)

Here, all of the arrows in the diagrams are given by 2-morphisms in D, a, ¢, denote the
associator, left and right unitors for morphism composition in C, similarly a’, ¢, r" denote
the associator, left and right unitors for morphism composition in D, juxtaposition is used
to denote morphism composition in both C and D and ® denotes whiskering in D (see

Definition A.3.3).
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Definition A.3.5. Given two pseudofunctors F,G: A — B, a pseudonatural transfor-

mation o consists of:

(1) for each object a € A, a morphism o,: F(a) — G(a) in B and

~

(2) for each morphism f: a — bin A, an invertible natural 2-morphism o¢: G(f)o, —

opF(f) in B which is compatible with composition and identities.

Let [A, Cat],s denote the 2-category of pseudofunctors, pseudonatural transformations
and ‘modifications’ from an ordinary category A viewed as a 2-category with trivial 2-
morphisms. We call [A, Cat|,s the 2-category of opindexed categories, as an indexed
category is a contravariant pseudofunctor into Cat. A lax monoidal pseudofunctor
F: A — B between monoidal bicategories [39] is then a pseudofunctor equipped with

pseudonatural transformations with components
fap: Fa) ® F(b) = F(a®b)
and
Mo : 15 — F (1 A)

together with coherent invertible modifications for associativity and unitality. This is also
known as a weak monoidal pseudofunctor. A symmetric lax monoidal pseudofunctor
is then a lax monoidal pseudofunctor between symmetric monoidal bicategories together

with invertible modifications F'(5)pqp = t.al
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