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SPANS OF COSPANS IN A TOPOS

DANIEL CICALA AND KENNY COURSER

ABSTRACT. For a topos T, there is a bicategory MonicSp(Csp(T)) whose objects
are those of T, morphisms are cospans in T, and 2-morphisms are isomorphism
classes of monic spans of cospans in T. Using a result of Shulman, we prove that
MonicSp(Csp(T)) is symmetric monoidal, and moreover, that it is compact closed
in the sense of Stay. We provide an application which illustrates how to encode dou-
ble pushout rewrite rules as 2-morphisms inside a compact closed sub-bicategory of
MonicSp(Csp(Graph)).

1. Introduction

There has been extensive work done on bicategories involving spans or cospans in some
way. Given a finitely complete category D, Bénabou [5]| was the first to construct the
bicategory Sp(D) consisting of objects of D, spans in D, and maps of spans in D, and
this was in fact one of the first bicategories ever constructed. Later, Stay showed that
Sp(D) is a compact closed symmetric monoidal bicategory [20]. Various other authors
have considered bicategories and higher categories with maps of spans or spans of spans
as 2-morphisms |13, 14, 16, 18, 20|, as well as categories and bicategories in which the
morphisms are cospans ‘decorated” with extra structure [1, 2, 3, 4, 8, 10]. Here, however,
we pursue a different line of thought and study spans of cospans.
A span of cospans is a commuting diagram with shape
[ J
Lo,

N

These were found to satisfy a lax interchange law by Grandis and Paré in their paper on
‘intercategories’ [11]. Later on, the first listed author of the present work constructed a
bicategory with isomorphism classes of spans of cospans as 2-morphisms [6]. However, for
the interchange law to be invertible, the 2-morphisms were restricted to spans of cospans
inside a topos T such that the span legs were monomorphisms.

We denote the bicategory of monic spans of cospans inside of a topos T by
MonicSp(Csp(T)). It has the objects of T for objects, cospans in T for morphisms,
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and isomorphism classes of monic spans of cospans in T for 2-morphisms. Horizontal
composition is given by pushouts and vertical composition is given by pullbacks. Thus
we require that certain limits and colimits exist and, moreover, that pushouts preserve
monomorphisms. This occurs in every topos.

Our first result is that the bicategory MonicSp(Csp(T)) is symmetric monoidal. The
definition of symmetric monoidal bicategory is long [20], so checking every condition by
hand is time consuming. Shulman [19] provides a less tedious process. The idea is to
construct an ‘isofibrant pseudo double category’ that restricts, in a suitable sense, to the
bicategory that we are interested in. If this double category is symmetric monoidal, then
the ‘restricted’ bicategory is symmetric monoidal as well. The advantage of this method
is its relative efficiency; it is much easier to check that a double category is symmetric
monoidal than it is to check that a bicategory is symmetric monoidal.

Our second result is that MonicSp(Csp(T)) is compact closed. Stay |20] has defined
a compact closed bicategory to be a symmetric monoidal bicategory in which every object
has a dual. The details seem more involved than in the ordinary category case due to the
coherence laws. However, Pstragowski [17] has found a way to avoid checking the worst
of these laws: the ‘swallowtail equations’.

The primary motivation for constructing MonicSp(Csp(T)) is the case when T is
the topos Graph of directed graphs. We are also interested in certain labeled graphs
obtained from various slice categories of Graph. This is a useful framework to study
open graphs; that is, graphs with a subset of nodes serving as ‘inputs’ and ‘outputs’ and
‘rewrite rules’ of such [6]. Graphical calculi fit nicely into this picture as well [7].

Let us illustrate how this works with open graphs. We begin with a compact closed sub-
bicategory of MonicSp(Csp(Graph)) which we shall call Rewrite. The sub-bicategory
Rewrite is 1-full and 2-full on edgeless graphs and the 1-morphisms model open graphs
by specifying the inputs and outputs with the legs of the cospans. For example, consider
the following cospan of graphs.

®® (€

The node labels indicate the graph morphism behaviors. Here, the nodes a and b are
inputs and c is an output. The use of the terms inputs and outputs is justified by the
composition, which can be thought of as connecting the inputs of one graph to compatible
outputs of another graph. This is made precise with pushouts. For instance, we can

compose
e -©- <@
\@/ \/ | — | S — | —
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to obtain

2 B0
A 2-morphism in Rewrite is the rewriting of one graph into another in a way that
preserves inputs and outputs. For instance,

Seie
00488
JE Y (1)
(OO O]
1l
(O—)

N J

The bicategory Rewrite is not of interest for its own sake. It serves as an ambient context
in which to freely generate a compact closed bicategory from some collection of morphisms
and 2-morphisms. Of course, the choice of collection depends on one’s interests.

The structure of the paper is as follows. In Section 2, we introduce the bicategory
MonicSp(Csp(T)). In Section 3, we review how symmetric monoidal double categories
can be used to show that certain bicategories have a symmetric monoidal structure, and
moreover, when a symmetric monoidal bicategory is compact closed. Nothing in this
section is new, but we use these results in Section 4 to show that MonicSp(Csp(T))
is compact closed. Finally, in Section 5, we discuss an application that illustrates the
consequences of the bicategory MonicSp(Csp(Graph)) being compact closed in regard
to rewriting open graphs.

2. The bicategory MonicSp(Csp(T))

In this section, we recall the bicategory MonicSp(Csp(T)) and some important related
concepts. Throughout this paper, T is a topos.

Spans of cospans were considered by Kissinger in his thesis [15] in the context of
rewriting, and also by Grandis and Paré [11] who found a lax interchange law. Later, the
first listed author of the present work showed that the interchange law is invertible when
restricting attention to a topos T and monic spans [6], meaning that each morphism
is a monomorphism. This gives a bicategory MonicSp(Csp(T)) with T-objects for
objects, cospans for morphisms, and isomorphism classes of monic spans of cospans for
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2-morphisms. A monic span of cospans is a commuting diagram of the form
Yy
r—y —z

NS

y//

where the —’ arrows denotes a monomorphism, and two of these are isomorphic if there
is an isomorphism 6 such that the following diagram commutes:

\
y

As usual, composition of morphisms is by pushout. Given vertically composable 2-
morphisms

14
xég’zz d xi
NS N

<

\I/

S <SS

their vertical composite is given by

r—1 xyy — z

i

The legs of the inner span are monic because pullbacks preserve monomorphisms. Given
two horizontally composable 2-morphisms

g

Y
SING S
T — Y <=2 an z —>
NS N

yl/

& <8 >
NS
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their horizontal composite is given by

where the legs of the inner span are monic by a previous result of the first author |6,
Lem. 2.2]. The monoidal structure is given by coproducts, and this again preserves the
legs of the inner spans being monic.

Yy w y+w
I /TN P N
Ty e—z2+voye—u= x+v—y+uw—z4+u
N Y S Ny o~ Y
y// w" y//+w//

This bicategory is explored further in Section 5.1 where we take T to be the topos of
directed graphs.

3. Double categories and duality

Bicategories are nice, but symmetric monoidal bicategories are much nicer. Unfortunately,
checking the coherence conditions for a symmetric monoidal bicategory is daunting due
to the sheer number of them. However, using a result of Shulman [19], we can circumvent
checking these conditions by promoting our bicategories to double categories and showing
that the double categories are symmetric monoidal. This involves proving that a pair of
categories are symmetric monoidal, which is a much more manageable task. Even better
than symmetric monoidal bicategories are those that are compact closed. The notion
of compact closedness we consider is given by Stay [20]. After summarizing Shulman’s
and Stay’s work, we use their machinery to show that MonicSp(Csp(T)) is not only
symmetric monoidal, but also compact closed.

3.1. MONOIDAL BICATEGORIES FROM MONOIDAL DOUBLE CATEGORIES. Double cate-
gories, or pseudo double categories to be precise, have been studied by Fiore [9] and Paré
and Grandis [12] among others. Before giving a formal definition, it is helpful to have the
following picture in mind. A double category has 2-morphisms that look like this:

AX B
flva |9 (2)
OﬁD
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We call A, B, C and D objects or O-cells, f and g vertical 1-morphisms, M and N
horizontal 1-morphisms, and a a 2-morphism. Note that vertical 1-morphisms go
between objects and 2-morphisms go between horizontal 1-morphisms. In our definitions,
we denote a double category with a bold font ‘DD’ either as a stand-alone letter or as the
first letter in a longer name.

3.2. DEFINITION. A pseudo double category D, or simply double category, consists
of a category of objects Dy and a category of arrows Dy together with the following functors

U: DQ —>]D)1,
S,Ti ]Dl = ]D(), and
®: Dl XDy Dl —>ID)1

where the pullback Dy xp, Dy is taken over S and T. These functors satisfy the equations

S(Ua) = A=T(Ua)
S(M & N) = SN
T(M ® N) =TM.

This also comes equipped with natural isomorphisms

a:(MOGN)OGP—-M&(NOP)
)\UB@M—)M
p:MoOUy - M

such that S(«), S(A), S(p), T(«), T(N), and T'(p) are each identities and that the coher-
ence axioms of a monoidal category are satisfied.

To match this definition with the more intuitive terms used, we say vertical 1-
morphisms for the Dy-morphisms, horizontal 1-morphisms' for the D;-objects, and
2-morphisms for the Di-morphisms. As for notation, we write vertical and horizontal
morphisms with the arrows — and =+, respectively, and 2-morphisms we draw as in (2).

An equivalent perspective to this definition is that a pseudo double category is a
category ‘weakly internal’ to Cat, whereas a category internal to Cat is an ordinary
double category, meaning that the natural isomorphisms above are identities.

To bypass checking that a bicategory is monoidal, we instead need to check that a
certain double category is monoidal. To define a monoidal double category, however, we
need the notion of a globular 2-morphism. This is a 2-morphism whose source and
target vertical 1-morphisms are identities.

!Sometimes the term horizontal 1-cell is used for these [19], and for good reason. A (n x 1)-category
consists of categories D; for 0 < ¢ < n where the objects of D; are i-cells and the morphisms of D; are
vertical ¢ + 1-morphisms. A double category is then just a (1 x 1)-category. From this perspective, ‘cells’
are always objects with morphisms going between them.
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3.3. DEFINITION. A monoidal double category is a double category D such that:
(a) Dy and Dy are both monoidal categories.
(b) If I is the monoidal unit of Dy, then U is the monoidal unit of D .
(¢c) The functors S and T are strict monoidal and preserve the associativity and unit
constraints.

(d) There are globular 2-isomorphisms

(M ® Np) © (My ® Na) = (My © My) @ (N7 © Na)
and
u: Usgp — (Ua @ Up)
such that the following diagrams commute:

(e) The following diagrams commute expressing the constraint data for the double func-
tor ®.

((My ® N1) © (M2 ® Na)) © (M3 ® N3) i (M1 © M3) ® (N1 © N3)) © (M3 ® N3)

o E

(M; ® N1) © ((Ma ® N2) ® (M3 ® N3)) (M1 ® M) ® M3) @ ((N1 ® Na) ® N3)

1®IJ la@a
13

(M; @ N1) © (M2 © M3) @ (N2 © N3)) (M1 © (M2 ® M3)) ® (N1 © (N2 © N3))

10u o1
M@N)OUcgp — (M®N)©® (Uc®Up) Usgp ® (M & N) AN (Ua®Up)® (M ®N)

. | JU k

M®N (MoUs)® (NoUp) M®N ————— (Us0M)® (U ©N)

(f) The following diagrams commute expressing the associativity isomorphism for & is
a transformation of double categories.

(M1 ® N1) @ P1) © (M2 ® Na) @ Py) a4®a> (M ® (N1 ® P1)) © (Ms ® (N2 ® P))

‘| E

(My ® N1) © (M ® N2)) @ (P1 © Py) (M; © M) ®@ (N1 ® P1) © (N2 @ P))

I®1J l1®x
a

(M1 © M) ® (Ny ©N2)) @ (P © Py) (My © M) @ (N1 © N2) @ (P1 © P))

UiaeB)ec Uag(BoC)
UA®B ® Uc Ua® UB®C

u®lJ Jl@u

(Ua®Up) @ Ue ——— Ua @ (Up @ Ug)
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(g) The following diagrams commute expressing that the unit isomorphisms for ® are
transformations of double categories.

r
MeU)o(NeUr) — (MoN)® (U oUr) JaeUs
A
r@rJ J1®P UA®I JT
r \,4
MON —— (MeoN)®U; Ur Uy
13
(U]@]\/[)@(U]@N)H(U[@U])@(M@N) uUI®UA
e
e@eJ JA@I Urga Jz
>~
Mo®N Ur®(M®N) U Uy

A braided monoidal double category is a monoidal double category such that:
(h) Dy and Dy are braided monoidal categories.
(i) The functors S and T are strict braided monoidal functors.
(j) The following diagrams commute expressing that the braiding is a transformation of
double categories.

(M1 ® M) ® (N, O No) —— (N1 @ No) @ (My O M) Ua®@Ug — Ungp

| R

sOS
(My ® N1) © (Ma @ Na) —— (N @ M1) © (Na @ Ms)  Up @ Ua —— Upga

Finally, a symmetric monoidal double category is a braided monoidal double category
D such that
(k) Dy and Dy are symmetric monoidal.

3.4. DEFINITION. Let D be a double category and f: A — B a vertical I-morphism. A
companion of [ is a horizontal 1-morphism f: A - B together with 2-morphisms

7 U
A-» B A+ A
rlow s oand Al v |g
A+ B
BB 7
such that the following equations hold:
U
A5 A Ua Ua T 7
Al v f A+ A A+ A+ B A+ B
A-7>B = flVUs|r and Al vr] ¥ |B = a|lids|B (3)
flLv B B+ B A+ B— B A+ B
Up 7 Up 7

B?]:B

A conjoint of f, denoted f: B - A, is a companion of f in the double category D"oP
obtained by reversing the horizontal 1-morphisms, but not the vertical 1-morphisms.
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3.5. DEFINITION. We say that a double category is fibrant if every vertical 1-morphism
has both a companion and a conjoint. If every invertible vertical 1-morphism has both a
companion and a conjoint, then we say the double category is i1sofibrant.

The final piece we need to present the main theorem of this section is the following.
Given a double category D, the horizontal edge bicategory H (D) of D is the bicat-
egory whose objects are those of D, morphisms are horizontal 1-morphisms of I, and
2-morphisms are the globular 2-morphisms.

3.6. THEOREM. [Shulman [19, Theorem 5.1|| Let D be an isofibrant symmetric monoidal
double category. Then H(D) is a symmetric monoidal bicategory.

Thanks to Theorem 3.6, we can show that MonicSp(Csp(T)) is symmetric monoidal
much more efficiently than if we were to drudge through all of the axioms. But before we
do this, we recall the notion of compactness in a bicategory.

3.7. DUALITY IN BICATEGORIES. In this section, we introduce various notions of duality
in order to define ‘compact closed bicategories’ as conceived by Stay [20]. We write LR
for the tensor product of objects L and R and fg for the tensor product of morphisms
f and g. This lets us reserve the symbol ‘®’ for the horizontal composition functor of a
bicategory.

3.8. DEFINITION. A dual pair in a monoidal category is a tuple (L, R, e, c) with objects
L and R, called the left and right duals, and morphisms

e: LR — 1T c: I — RL,

called the counit and unat, respectively, such that the following diagrams commute.

L % RQ
L LRL R] RLR
L% R “Re

3.9. DEFINITION. Inside a monoidal bicategory, a dual pair is a tuple (L, R, e, c,a,3)
with objects L and R, morphisms

e: LR — 1T c: I — RL,

and invertible 2-morphisms

L —t 7 rR—2 R
! T ! T
LI Ja IL RI B RI
LC\L TeL CR\L TRe

L(RL) — (LR)L (RL)R — R(LR)
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R RN

(IL)R ~ (LR)(LR) ~ L(RI)

N nn / N e

L (LR)L)R = L(R(LR)) L

2

~aR aR&/ lL(rl LB ~
(L(RL))R > L((RL)R)
(Le*l)R\L o~ \LL(C*IR)

(LI)R —— L(IR)

pfllx‘ =~ ﬁ)\_l

(IR)L

~ (RL)(RL) =~ R(LI)

(cR)L a \Z R(Ly

RL (RL)R)L =~ R(L(RL)) RL
~aR aL&/ fR‘fl LB~
(R(LR))L > R((LR)L)

(Re)L\L \LR(&L)

(RI)L —— R(IL)

p’lL\ = /%/\*1
RL

R

Figure 1: The swallowtail diagrams for the (co)unit.
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called cusp tsomorphisms. If this data satisfies the swallowtail equations in the sense
that the diagrams in Figure 1 are identities, then we call the dual pair coherent.

Recall that a symmetric monoidal category is called compact closed if every object is
part of a dual pair. We can generalize this idea to bicategories by introducing 2-morphisms
and some coherence axioms. The following definition is due to Stay [20].

3.10. DEFINITION. A compact closed bicategory is a symmetric monoidal bicategory for
which every object R s part of a coherent dual pair.

The difference between showing compact closedness in categories versus bicategories
might seem quite large because of the swallowtail equations. Looking at Figure 1, it is
no surprise that these can be incredibly tedious to work with. Fortunately, Pstragowski
[17] proved a wonderful strictification theorem that effectively circumvents the need to
consider the swallowtail equations.

3.11. THEOREM. [17, p. 22| Given a dual pair (L, R,e,c,,3), we can find a cusp iso-
morphism 3 such that (L, R,e,c,a, f') is a coherent dual pair.

With the requisite background covered, we can move on to our main results.

4. Main results

4.1. DEFINITION. Let T be a topos. We will define a double category MonicSp(Csp(T))
whose objects are the objects of T, vertical 1-morphisms are isomorphism classes of spans
with invertible legs in T, horizontal 1-morphisms are cospans in T, and 2-morphisms
are isomorphism classes of spans of cospans in T with monic legs. In other words, a
2-morphism is a commuting diagram in T of the form:

o — 06— 0

-1 1 1

o — 06— O

ERIRE

o — 06— O

4.2. LEMMA. MonicSp(Csp(T)) is a double category.

PROOF. Denote MonicSp(Csp(T)) by M. The object category My is given by objects
of T and isomorphism classes of spans in T such that each leg is an isomorphism. The
arrow category M; has as objects the cospans in T and as morphisms the isomorphism
classes of spans of cospans with monic legs as in the diagram above. We denote a span
T y—zasy: T —> zand acospan £ — Y < 2 as y: T —» z.

The functor U : My — M, introduced in 3.2, acts on objects by mapping x to the iden-
tity cospan on x and on morphisms by mapping y: x Py 2, whose legs are isomorphisms,
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to the square

l

N R — R
l

N QX— R
T 1

N R— R

—> 2 —

The functor S: M; — M, also introduced in 3.2, acts on objects by sending y: x =B 2 to
x and on morphisms by sending a square to the span occupying the square’s left vertical
side. The other functor T is defined similarly.

The horizontal composition functor ©: M Xy, My — M acts on objects by composing
cospans with pushouts in the usual way. It acts on morphisms by

a—phe—cCc—de a—b+.d«—e
1711 4 1 T T
a =V —>de¢ = a =V +od—¢
oLl J J J
a//%b//ecﬂﬁd//ee// a//»b// +C” d//ee//

This respects identities. We prove that © preserves composition in Lemma 4.3 below. It
is straightforward to check that the required equations are satisfied. The associator and
unitors are given by natural isomorphisms that arise from universal properties. [

4.3. LEMMA. The assignment ® from Lemma 4.2 preserves composition. In particular,
® s a functor.

PROOF. Let «, o, B, and ' be composable 2-morphisms given by

a— ph<—c c—> d<—e
=T 1 = =T 1 I=
a= g >V — ¢ o = —d — ¢
1 l= =] 1 s
{—m<«n n—p<—(g
{—>m<<—n n—p<«—(q
=1 1 E =1 1 (E
B=v—=w <o B=a -y«
=] 1 | =] 1 |
V— W< T T — Yz

Our goal is to show that

(@©d)e (B ) =(aop)o (oo f). (4)

The left hand side of (4) corresponds to performing horizontal composition before vertical
composition. The right hand side of (4) reverses that order.
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First, we compute the left hand side of (4). Composing horizontally, « ® o/ and S ©® [’
are, respectively,

a——b+.de——e (—— M +pp g
S S
a ——V+od ——¢ VW Y —
= Y o f:vl \ J/f:v
(——>M4ppe——(q V—>W, Y ¢—— 2

The preservation of monics under this operation follows from [6, Lem. 2.1]. Next,
vertically composing o ® o/ and § ® [/, we get that (¢ ©® ') o (6 ® ') is equal to

a b-+gd e
all 2 s
a xpv' — (U +o d) Xngnp) (W +oy) € x4 2 (5)
> | N &
v W+ Y Z

Solving for the right hand side of (4), we first obtain that o 8 and o o 5 are,
respectively,

a b c c d e
N T e
a xpv = b X, w < x,x dxpa' —d X,y —¢€ x,2
S R
v w T T Yy z

Composing these horizontally, we get that (o ) ® (o’ o 5') equals

a b+.d e
= o\ =
a xp v — (b’ X 1m w') + (¢ xna) (d’ Xp y’) — ¢ Xy 2 (6)
= J =
v W +4 Y z

Now, we need to show that (5) is equal to (6) as 2-morphisms. Note that the diagrams
only differ in the middle. Thus, to complete the interchange law, it suffices to establish
an isomorphism

(b/ “+¢ d/) X(ernp) (’LU/ “+ y/) — (b/ Xm w’) —{—(C/an/) (d/ Xp y/)

But because the left and right vertical spans have isomorphisms for legs, the isomorphism
we seek follows from [6, Lem. 2.5]|. "
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4.4. LEMMA. MonicSp(Csp(T)) is a symmetric monoidal double category.

PROOF. Let us first show that the category of objects My and the category of arrows M
are symmetric monoidal categories. Note that M is the largest groupoid contained in
Sp(T). We obtain the monoidal structure on M by lifting the cocartesian structure on
T to the objects and by defining

b:aBDe)+W:d D)=0b+V:a+d D c+ )

on morphisms. Universal properties provide the associator and unitors as well as the
coherence axioms. This monoidal structure is clearly symmetric.

Next, we have that M is the category whose objects are the cospans in T and mor-
phisms are the isomorphism classes of monic spans of cospans in T. We obtain a symmetric
monoidal structure on the objects via

(b:ia Do)+ W:d B =0b+V:a+d D c+()
and on the morphisms by

o+ % >0+ %k — @+ %

T 1 T

o+ % > 0+ k «— @+ %

l ! l

o+ % > @0+ k<« @+ %

o — 00— 0

11

o — 00— O +

L7

o — 00— O

l

¥ — % —> %

* <X D> %

*— % —> %
|

1

—> k —

Again, universal properties provide the associator, unitors, and coherence axioms. Hence
both M and M; are symmetric monoidal categories.

It remains to find globular isomorphisms ¢ and u such that the required diagrams
commute. To find r, fix horizontal 1-morphisms

csp csp

b:a — c, w: v —x,
csp csp

d: c — e, y:x — 2.

The globular isomorphism ¢ is an invertible 2-morphism with domain
(a+0) = (b w0) ety (d+) & (e +2)
and codomain
(a+v) = (b+cd)+ (w+zy) < (e+ 2).

This comes down to finding an isomorphism in T between the apices of the above cospans.
Such an isomorphism exists, and is unique, because both apices are colimits of the non-
connected diagram

b o ads AW AVl
a C e v e z
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Moreover, the resulting globular isomorphism is a monic span of cospans as the universal
maps are isomorphisms. The globular isomorphism u is similar.

Finally, we check that the coherence axioms, namely (a)-(k) of Definition 3.3, hold.
These are straightforward, though tedious, to verify. For instance, if we have

M, — a/b\c M, — C/d&e M, — e/ff\g

Ny= % Ny= Yl Ng= 7=
t v v e e z

then following diagram ((e)) around the top right gives the sequence of cospans

(M ® Ny) © (M3 ® Na)) © (M3 ® N3) =

2 (04 w) e (d+w)) +ere (f +Y) ~
a+t g+ z

(My ® M) ®@ (N1 ® No)) © (M3 ® N3) =

7 ((b+cd)+ (u to w)) Fete (f +U) ~
a-+t g+z

(My ® M3) © M3) @ ((N1 © N2) © N3) =

— ((0+ed) +e f)+ (v 4y w) +2 y) —
a+t g+=z

(M, ® (My ® M3)) ® (N; ® (N2 ® N3)) =

(bt (d+e ) + (uty (W4 y)) —
a+t gtz

Following the diagram ((e)) around the bottom left gives another sequence of cospans

(M; ® N1) © (My ® Ny)) ® (M3 ® N3) =

2 (0 +w) +eqo (d+ W) +era (f + 1) ~
a—+t qg+z

(M; @ N1) © ((My ® Noy) ® (M3 ® N3)) =

el (b + w) Fetv ((d + w) Teta (f + y)) ~
a+t g+ =z



16 DANIEL CICALA AND KENNY COURSER
(M ® N1) © ((My © M3) ® (N2 © N3)) =

(b u) oo ((de f) + (w2 ) ~
a-+t g+z

(M © (My ® M3)) @ (N1 © (N ® N3)) =

o (b+c(dte ) + (u+y (042 y)) —
a—+t g+z

Putting these together gives the following commutative diagram.

a4+t ——-—(bde(dte )+ Uty (WA y)) e——g+2

at+t——-—(b+cd)+c f)+ ((utyw) +,y) «——g+=

a+t%((b+cd)+(u+vw))+e+w (f—l—y)%g_l_z

a—{_t%((b_l_w)_kc-i-v (d—{_w))_l'e-i-x(f"i'y)%g"i_z

a+t——(b+w) +epo (d+ W) Fepe (f +y) ——9g+2

a+t——=(bFu) tero (d+e f) + (W y)) —— g+ 2

a4+t ———bde(dte )+ Uty (WA y)) e——g+2

The vertical 1-morphisms on the left and right are the respective identity spans on a + ¢
and g+ z. The vertical 1-morphisms in the center are isomorphism classes of monic spans
where each leg is given by a universal map between two colimits of the same diagram. The
horizontal 1-morphisms are given by universal maps into coproducts and pushouts. The
top cospan is the same as the bottom cospan, making a bracelet-like figure in which all
faces commute. The other diagrams witnessing coherence are given in a similar fashion.m

4.5. LEMMA. The symmetric monoidal double category MonicSp(Csp(T)) is isofibrant.
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csp

PROOF. The companion of a vertical 1-morphism f = (b: a = ¢) is given by f: (b:a —
c) whose legs are the inverses of the legs of f. The required 2-morphisms are given by

a— h<——c a— a<—a
r1r 1 P T 1
b—sce—c and q_5qc
1l Ll
c—Cc—¢C a—bhe—c
The conjoint of f is given by f = f‘)p. [

The benefit of laying down this groundwork is that the following theorem now follows
from applying Theorem 3.6 to MonicSp(Csp(T)).

4.6. THEOREM. MonicSp(Csp(T)) is a symmetric monoidal bicategory.

PROOF. We have shown that MonicSp(Csp(T)) is an isofibrant symmetric monoidal
pseudo double category and so we obtain MonicSp(Csp(T)) as the horizontal edge
bicategory of MonicSp(Csp(T)) by Shulman’s result. n

It remains to show that this bicategory is compact closed. We start with the following
lemma.

4.7. LEMMA. The diagram

X+V
X+X+X—X+X
V+X], v

X+X ——5 X

1S a pushout square.

PROOF. Suppose that we have maps f,g: X + X — Y forming a cocone over the span
inside the above diagram. Let ¢: X — X + X + X include X into the middle copy.
Observe that ¢ == (V 4+ X) ot and r := (X + V) o are, respectively, the left and right
inclusions X — X + X. Then fol = goris a map X — Y, which we claim is the
unique map making the required diagram commute. Indeed, given h: X — Y such that
f=hoV=g,thengor=fol=hoVol=h. [

4.8. THEOREM. The symmetric monoidal bicategory MonicSp(Csp(T)) is compact
closed.

PROOF. First we show that each object is its own dual. For an object X, define the counit
csp

e: X +X 22 0 and unit ¢: 0 22 X 4+ X to be the following cospans:

e=(X+X5X+0), c=0—X<X+X)
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Next we define the cusp isomorphisms, a and 5. Note that « is a 2-morphism whose
domain is the composite

XL X4+ XEY X+ x+Xx N x4 X & X
and whose codomain is the identity cospan on X. From Lemma 4.7 we have the equations
V4+X =/¢oV and X +V = r oV from which it follows that the domain of « is the
identity cospan on X, and the codomain of 3 is also the identity cospan on X obtained
as the composite

XL X+ X x4+ x+x 2N x4 x & x
Take o and (8 each to be the isomorphism class determined by the identity 2-morphism
on X, which in particular is a monic span of cospans. Thus we have a dual pair
(X, X,e,c,a,5). By Theorem 3.11, there exists a cusp isomorphism ' such that
(X, X,e,c,a,3') is a coherent dual pair, and thus MonicSp(Csp(T)) is compact closed. m

5. An application

The primary motivation for constructing MonicSp(Csp(T)) is to provide a formalism
in which to study networks that have inputs and outputs. Because of the symmetric
monoidal and compact structure, we know that networks can be placed side by side
by ‘tensoring’ and we can formally swap the inputs and outputs by compactness. For
instance, the first author applied this formalism to the zx-calculus |7], which is a graphical
language used for expressing operations on a pair of qubits.

In fact, this construction is a natural fit for other graphical calculi, too. The following
example shows how to use our construction to rewrite a network. In particular, we replace
a node with a more complex network and see how compactness affects this situation.

5.1. REPLACING A NODE IN A NETWORK. The following example was inspired by a com-
ment of Michael Shulman [19] on the n-Cafe. The example involves replacing a particular
node in some given network with another network, possibly more complex, whose inputs
and outputs coincide with those of the node. For simplicity, we work with open graphs.
First, we should place ourselves in the context of the compact closed sub-bicategory
Rewrite of MonicSp(Csp(Graph)) where Rewrite is the sub-bicategory that is 1-full
and 2-full on the edgeless graphs as objects. The idea is that a 1-morphism is an open
graph. That is, a graph with mput and output nodes chosen by the legs of the cospan.
The 2-morphisms contain all possible ways for an open graph to be rewritten into another
open graph while preserving the inputs and outputs.

However, Rewrite is really only interesting as an ambient bicategory. We are particu-
larly interested in sub-bicategories freely generated by various collections of 1-morphisms
and 2-morphisms. The collection considered depends on our interests. The generators of
the sub-bicategory Rewrite are chosen to provide a syntax for whatever types of networks
we wish to study.
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Suppose that we are working within a network where whenever we see

O/ 020.0/LO

we want to replace it with the following:

ae%a oMo

This corresponds to having the 2-morphism

e N

: T )
O/ O, OlhdlO
: ¢ )

e N

D000

(. J

where the rewritten network is obtained by taking a double pushout [6]. By compactness,
once we have this 2-morphism, we can swap the roles of the inputs and outputs to obtain
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the following 2-morphism:

(D
T
O<|®@ Ol |©
v

Hence there is no substantial difference between inputs and outputs. Also, we can flip
this diagram vertically to obtain the following 2-morphism:

. D .

OL0880LC

" e J
1

4 N\

OO Ol @

. J

-

(.

J

(.

Thus the rewrite rules are also symmetric.

6. Conclusion

We have taken a closer look at spans of cospans, extending the results of the first au-
thor |6] by finding a symmetric monoidal and compact closed structure on the bicate-
gory MonicSp(Csp(T)). This structure is relevant when using MonicSp(Csp(T)) as
a framework in which to study various networks. Generally speaking, the symmetric
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monoidal structure allows us to consider disjoint networks as a single network by taking
a coproduct of the two networks, and the compact closed structure allows us to turn
open networks around, indicating that there is no substantial difference between inputs
and outputs other than a shift in perspective. The primary advantage of having this
structure to study networks is that in cases where we are able to find a sub-bicategory of
MonicSp(Csp(T)) which gives the networks that are being considered a sense of inputs
and outputs, we can freely generate compact closed bicategories with various families of
1-morphisms and 2-morphisms. This was illustrated in Section 5 by the compact closed
sub-bicategory Rewrite of MonicSp(Csp(Graph)) which provided inputs and outputs
to graphs.

7. Acknowledgments

The authors would like to thank John Baez for his numerous careful readings and sug-
gestions. Without his guidance and wisdom, this paper would not have been possible.
Also for his patience and humor, which don’t get the credit that they deserve. Lastly,
the authors would like to thank Susan Niefield for serving as transmitting editor and an
anonymous referee for helpful comments.

References

[1] J. Baez, B. Coya, and F. Rebro, Props in network theory. Available as
arXiv:1707.08321.

[2] J. Baez and B. Fong, A compositional framework for passive linear networks. Avail-
able as arXiv:1504.05625.

[3] J. Baez, B. Fong, and B. Pollard, A compositional framework for Markov processes.
J. Math. Phys. 57, No. 3 (2016), 033301. Available as arXiv:1508.06448.

[4] J. Baez and B. Pollard, A compositional framework for reaction networks. Rev.
Math. Phys. 29, 1750028. Available as arXiv:1704.02051.

[5] J. Bénabou, Introduction to bicategories. Reports of the Midwest Category Seminar,
Lecture Notes in Mathematics, vol. 47, Springer, Berlin, 1967, pp. 1-77.

[6] D. Cicala, Spans of cospans. Available as arXiv:1611.07886.
[7] D. Cicala, Categorifying the zx-calculus. Available as arXiv:1704.07034.

|8] K. Courser, A bicategory of decorated cospans. Theory Appl. Categ. 32 (2017),
995-1027. Available as arXiv:1605.08100.

[9] T. Fiore, Pseudo algebras and pseudo double categories. .J. Homotopy Relat. Struct.
2 (2007), 119-170. Available as arXiv:0608760.


https://arxiv.org/abs/1707.08321
https://arxiv.org/abs/1504.05625
https://arxiv.org/abs/1508.06448
https://arxiv.org/abs/1704.02051
https://arxiv.org/abs/1611.07886
https://arxiv.org/abs/1704.07034
https://arxiv.org/pdf/1605.08100v2.pdf
http://arxiv.org/abs/math/0608760

22 DANIEL CICALA AND KENNY COURSER

[10] B. Fong, Decorated cospans. Theory Appl. Categ. 30 (2015), 1096-1120. Available
as arXiv:1502.00872.

[11] M. Grandis and R. Paré, Intercategories. Theory Appl. Categ. 30 2015, 1215-1255.
Available as arXiv:1412.0144.

[12] M. Grandis and R. Paré, Limits in double categories. Cah. Topol. Géom. Differ.
Catég. 40 (1999), 162-220.

[13] R. Haugseng, Iterated spans and “classical" topological field theories. Available as
arXiv:1409.0837.

[14] A. Hoffnung, Spans in 2-categories: A monoidal tricategory. Available as
arXiv:1112.0560.

[15] A. Kissinger, Pictures of processes: Automated graph rewriting for monoidal cate-
gories and applications to quantum computing. Ph.D. thesis, University of Oxford,
2011. Available as arXiv:1203.0202.

[16] S. Niefield, Span, cospan, and other double categories. Theory Appl. Categ. 26
(2012), 729-742. Available as arXiv:1201.3789.

[17] P. Pstragowski, On dualizable objects in monoidal bicategories, framed surfaces and
the Cobordism Hypothesis. Available as arXiv:1411.6691.

[18] F. Rebro, Constructing the bicategory Spany(C). Available as arXiv:1501.00792.

[19] M. Shulman, Constructing symmetric monoidal bicategories. Available as
arXiv:1004.0993.

[20] M. Stay, Compact closed bicategories. Theory Appl. Categ. 31 (2016), 755-798.
Available as arXiv:1301.1053.

Department of Mathematics, University of California
Riverside, CA 92521, USA

Email: cicala®@math.ucr.edu
courser@math.ucr.edu

This article may be accessed at http://www.tac.mta.ca/tac/


http://arxiv.org/abs/1502.00872
https://arxiv.org/abs/1412.0144
https://arxiv.org/abs/1409.0837
https://arxiv.org/abs/1112.0560
https://arxiv.org/abs/1203.0202
https://arxiv.org/abs/1201.3789
https://arxiv.org/abs/1411.6691
https://arxiv.org/abs/1501.00792
http://arxiv.org/abs/1004.0993
http://arxiv.org/abs/1301.1053

THEORY AND APPLICATIONS OF CATEGORIES (ISSN 1201-561X) will disseminate articles that
significantly advance the study of categorical algebra or methods, or that make significant new contribu-
tions to mathematical science using categorical methods. The scope of the journal includes: all areas of
pure category theory, including higher dimensional categories; applications of category theory to algebra,
geometry and topology and other areas of mathematics; applications of category theory to computer
science, physics and other mathematical sciences; contributions to scientific knowledge that make use of
categorical methods.

Articles appearing in the journal have been carefully and critically refereed under the responsibility of
members of the Editorial Board. Only papers judged to be both significant and excellent are accepted
for publication.

Full text of the journal is freely available from the journal’s server at http://www.tac.mta.ca/tac/. It
is archived electronically and in printed paper format.

SUBSCRIPTION INFORMATION Individual subscribers receive abstracts of articles by e-mail as they
are published. To subscribe, send e-mail to tac@mta. ca including a full name and postal address. For in-
stitutional subscription, send enquiries to the Managing Editor, Robert Rosebrugh, rrosebrugh@mta.ca.

INFORMATION FOR AUTHORS The typesetting language of the journal is TEX, and ITEX2e is
required. Articles in PDF format may be submitted by e-mail directly to a Transmitting Editor. Please
obtain detailed information on submission format and style files at http://www.tac.mta.ca/tac/.

MANAGING EDITOR. Robert Rosebrugh, Mount Allison University: rrosebrugh@mta.ca
TEXNICAL EDITOR. Michael Barr, McGill University: barr@math.mcgill.ca

ASSISTANT TEX EDITOR. Gavin Seal, Ecole Polytechnique Fédérale de Lausanne:
gavin_seal@fastmail.fm

TRANSMITTING EDITORS.

Clemens Berger, Université de Nice-Sophia Antipolis: cberger@math.unice.fr
Richard Blute, Université d’ Ottawa: rblute@uottawa.ca

Lawrence Breen, Université de Paris 13: breen@math.univ-parisi3.fr

Ronald Brown, University of North Wales: ronnie.profbrown(at)btinternet.com
Valeria de Paiva: Nuance Communications Inc: valeria.depaiva®gmail.com
Ezra Getzler, Northwestern University: getzler (at)northwestern(dot)edu
Kathryn Hess, Ecole Polytechnique Fédérale de Lausanne: kathryn.hess@epfl.ch
Martin Hyland, University of Cambridge: M.Hyland@dpmms.cam.ac.uk

Anders Kock, University of Aarhus: kock@imf .au.dk

Stephen Lack, Macquarie University: steve.lack@mq.edu.au

F. William Lawvere, State University of New York at Buffalo: wlawvere@buffalo.edu
Tom Leinster, University of Edinburgh: Tom.Leinster@ed.ac.uk

Ieke Moerdijk, Utrecht University: i.moerdijk@uu.nl

Susan Niefield, Union College: niefiels@union.edu

Robert Paré, Dalhousie University: pare@mathstat.dal.ca

Jiri Rosicky, Masaryk University: rosicky@math.muni.cz

Giuseppe Rosolini, Universita di Genova: rosolini@disi.unige.it

Alex Simpson, University of Ljubljana: Alex.Simpson@fmf.uni-1j.si

James Stasheff, University of North Carolina: jds@math.upenn.edu

Ross Street, Macquarie University: ross.street@mq.edu.au

Walter Tholen, York University: tholen@mathstat.yorku.ca

R. J. Wood, Dalhousie University: rjwood@mathstat.dal.ca



	Introduction
	The bicategory 
	Double categories and duality
	Main results
	An application
	Conclusion
	Acknowledgments

