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A UNIVERSAL PROPERTY OF THE MONOIDAL 2-CATEGORY OF
COSPANS OF ORDINALS AND SURJECTIONS

M. MENNI AND N. SABADINI AND R. F. C. WALTERS

ABSTRACT. We prove that the monoidal 2-category of cospans of ordinals and sur-
jections is the universal monoidal category with an object X with a semigroup and a
cosemigroup structures, where the two structures satisfy a certain 2-dimensional sepa-
rable algebra condition.

1. Introduction

Universal properties of cospan-like categories have been studied in geometry and computer
science. For example, the category of 2-cobordisms has been shown to be the universal
symmetric monoidal category with a symmetric Frobenius algebra (see [3] for an exposition
and references). Further, Lack showed in [4] that the category of cospans of finite sets is the
universal symmetric monoidal category with a symmetric separable algebra. Rosebrugh,
Sabadini and Walters showed in [6] a similar property of the category of cospans of finite
graphs.

The aim of this paper is to make a first step in extending these results to the 2-
dimensional structure of cospans. To concentrate attention we avoid symmetries and find
that a very natural extension of Lack’s work characterizes the 2-category of cospans of
monotone surjections between totally ordered sets, in the world of not-necessarily sym-
metric monoidal 2-categories.

Part of the work involves describing universal properties of bicategories of cospans.
Work along these lines has been already done in [2] and [1] and it is possible that some
of the results in this paper can be obtained as a byproduct of the work done in the
papers just mentioned. On the other hand, our present concern allows us to make some
simplifying assumptions and we have decided to prove the universal properties we need
without appealing to more general work. We hope that the more concrete proofs presented
here will make our work more accessible and, at the same time, allow one to see more
clearly into the combinatorics of the structures involved.

Another relevant work is 7], which is however concerned with categories rather than
2-categories.
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2. The universal semigroup

Denote by Ord the category whose objects are ordinals n = {0 < ... <n — 1} withnin N
and whose morphisms are monotone functions between these. (Recall that contravariant
functors from Ord are sometimes called augmented simplicial objects [5].) Ordinal addi-
tion is a functor 4+ : Ord x Ord — Ord which together with the initial object 0 induces
a strict monoidal category (Ord,+,0). This monoidal category is presented in detail
in Section VIL5 of [5] where, in particular, it is proved that (1,V:1+1—1,1:0—1)
is the universal monoid in the sense that for any strict monoidal category (C,®, 1) to-
gether with a monoid (C,m:C®C — C,u:I — C) in C there exists a unique strict
monoidal functor (Ord,+,0) — (C,®,I) which maps the monoid (1,V,!) to (C,m,u).
(See Proposition 1 loc. cit.)

Now let sOrd be the subcategory of Ord determined by the surjective maps. The
monoidal structure on Ord restricts to sOrd and exercise 3(b) of Section VIL5 of [5]
states that (sOrd, +,0) has the following universal property. A semigroup in (C,®, 1) is
defined to be a pair (C,m : C ® C' — (') such that C is an object of C and m is associative.
Then (1, V) is the universal semigroup.

The main results of this paper will also use the following results concerning pushouts
in sOrd and their interaction with the tensor +. First let us say that a category has
strict pushouts if every diagram y «— x — z in the category can be completed to a unique
pushout square.

2.1. LEMMA. sOrd has strict pushouts.

PROOF. It is straightforward to see that the pushout (in the category of finite ordinals and
all functions) of two surjections p «<— m — n yields a pushout p — ¢ < n in the category
of ordinals and surjective functions. Among these pushouts, there is a unique one making
the function m — ¢ order preserving. ]

The following simple fact will also be essential.
2.2. LEMMA. The functor 4+ : sOrd x sOrd — sOrd preserves pushouts.

That is, whenever the left and middle squares below are pushouts

/

r—2 s r—2 x®x’L®g>z®z’
fl lpl f’l J{p’l f®f’l lm@p’l
- . . pt I /
Y—m P Y- P ¥y s PO P

then so is the one on the right.

3. Cospans

In this section let C be a category with strict pushouts. Then cospan(C) has the structure
of a 2-category and there are obvious y : C — cospan(C) and z : C”” — cospan(C) such



THE MONOIDAL 2-CATEGORY OF COSPANS OF ORDINALS AND SURJECTIONS 633

that for every C' in C, yC = zC. For every arrow f:C — C’ in C, yf is the cospan
(f:C— C"«—(C":id) and zf is the cospan (id: C' — C" — C': f).

Now let D be a 2-category. Each 2-functor cospan(C) — D induces by composition
functors C — D and C°? — D which coincide at objects. In this section we describe what
else is needed go the other way around.

3.1. DEFINITION. A pair of functors Fy : C — D and Fy : C°? — D is called compatible if
1. they coincide at the level of objects (and so we write Fo X = FX = F1X)

2. for every pushout square as on the left below,

x—-p Fx 2% pp
ai p1 FIQT TFIPI
A—>P FA——=FP

the square on the right above commutes.

We write composition in ‘Pascal’ notation. So, for example, the commutative square
above translates to the equation (Fi«); (Fo3) = (Fopo); (Fip1).

3.2. LEMMA. The functors y and z are compatible.
ProOOF. Straightforward. [

Another simple but important fact is the following.

3.3. LEMMA. Let Fyy : C — D and F; : C°? — D be compatible functors and let G : D — &£
be a functor. Then Fy; G and Fi; G are also compatible.

Notice that in Definition 3.1 we are not requiring D to be a 2-category. For the
next result let cospan,(C) denote the underlying ordinary category of the 2-category
cospan(C).

3.4. LEMMA. Let D be a category and let Fy : C — D and Fy : C°? — D be functors. Then
there exists a unique F : cospan,(C) — D such thaty; F = Fy and z; F = F if and only
if Fo and Fy are compatible.

PROOF. One direction is trivial by Lemmas 3.2 and 3.3. On the other hand, assume
that Fy and F)} are compatible. The conditions y; F' = Fy and z; F' = F} determine the
definition of F' on objects. In order to define F' on 1-cells notice that every cospan
p=(po: A— P« B:p) is the result of the composition (ypo);(zp1). So, as F' must
preserve composition, we have Fp = (Fopo); (Fip1) : FA — FB. So the definition of F’
is forced, but it remains to check that F' is a functor. Identities are preserved because
Fy and F preserve them. Concerning composition, let f = (fp: X - A<~ Y : f;) and
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g=1(90:Y — B+« Z: g1) be a pair of composable cospans. If we let the following square
be the pushout of f; and g

g0 B

Y
fll P1
A== P
then f; g is the cospan (fo;po) : X — P «— Z : (g1;p1). Now calculate using compatibility
(and recall that F} is contravariant):

F(f;9) = Fo(fo;po); Fi(gi; 1) = (Fofo); (Fopo); (Fip1); (Fig1) =
= (Fofo); (F1f1); (Fogo); (Fig1) = (Ff); (Fg)

so the result is proved. [

An analogous, more general result is dealt with in Example 5.3 of [4]. We prefer to be
somewhat more specific as it will allow us to see more clearly how to extend the results
one dimension up.

4. The extension to 2-cells

When considering 2-categories, ¢y denotes the operation providing identities for hori-
zontal and vertical composition. That is, 2-cells of the form ¢y act as units for vertical
composition and those of the form ¢4, act as units for horizontal composition. Also,
vertical composition of 2-cells is denoted by - and the horizontal one by *. In all cases we
write composition in ‘Pascal’ order.

4.1. DEFINITION. Let D be a 2-category and Fy:C — D and Fy : C? — D be functors.
A compatible selection of 2-cells is a function 7y that assigns to each map f : X —Y in
C a two cell T4 2 idpx = (Fof); (F1f) in D such that:
1. Tidxy = L(ide)
2. Tap = Ta - (Foor) x 7 % (Frav))
Graphically, this can be stated as follows: if o : X —Y and B :Y — Z then the two
2-cells idpx = (Fo(a; 3)); (Fi(a; 3)) below

id id

FX FX FX FX
Foal ﬂTa?ﬁ TFla Foal HTQ F1QT
FY ——FZ = FY FY FY
Fop3 H%
FZ

are the same.
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3. for every pushout in C as below

X—1B
1%
A== P
the following identities hold:
To * (Fo3) = (Fo3) * 7, (Fia) * 73 = T, * (Fra).

The idea is, of course, that a compatible selection of 2-cells is exactly what is needed
to extend Lemma 3.4 to two dimensions. But before we prove the result let us prove a
couple of technical lemmas.

First notice that each a : A — B in C induces a 2-cell @ : ids = (ya); (za).

4.2. LEMMA. The assignment o +— a is compatible with y and z.
ProoOF. Straightforward. ]
Now we need a result analogous to Lemma 3.3.

4.3. LEMMA. Let C be a category and let D and £ be 2-categories. Also, let Fy:C — D
and Fy : C? — D be compatible functors and let G : D — & be a 2-functor. If 1) is a

selection of 2-cells compatible with Fy and Fy then Gy is compatible with Fy; G and
FO; G

PRrROOF. Easy. ]

4.4. LEMMA. Let pg and p; be the pushout of a and 3 as in Definition 4.1 and let
v =a;py = B;p1. Then 7, * 73 = 7.

Proor. Calculate:
Tapo = Ta * ((Foa) * Ty x (Fra0)) = 74 - ((Foar) * (Fra) * 75) =

= (T x 1x) - ([(Foa) * va* (Fr)] % 75) = (7o - [(Foe) * Taa, * (F10)]) * (1x - 75) =

= T(esida) * T8 = Ta ¥ 73
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We can now prove the following.

4.5. PROPOSITION. Let D be a 2-category, let Fy:C — D and Fy : C? — D be functors
and let 7y be a function assigning a 2-cell of D to each map in C. Then the following
are equivalent:

1. there erists a unique 2-functor F : cospan(C) — D such thaty; F = Fy, z; F = I}

and 7y = F(_) hold; (here and for the rest of the paper F'(_) is denoting the operation

that to each 1-cell f in C assigns the 2-cell F(f))

2. Fy and Fy are compatible and 7y is a selection of 2-cells that is compatible with
them.

PROOF. Assume that the first item holds. Lemma 3.4 shows that y; F' = Fy and z; F = F}
are compatible. Lemmas 4.2 and 4.3 show that 7 is a selection of 2-cells that is com-
patible with them.

To prove the converse notice that we can apply Lemma 3.4 again to conclude that there
exists a unique ordinary functor F': cospan,(C) — D such that y; F' = F, and z; F' = F}.
So we are left to show that this F' extends uniquely to a 2-functor in such a way that

7y = F(_) holds.
First assume that the functor I’ does extend to a 2-functor and consider an arbitrary
2-cell o as below.

A
Z2hS
X @ Y

AN

B

Consider cospans f = (fo: X = A<~ Y : fi)and g=(go: X - A« Y :¢g;). Then it is
not difficult to see that, for a considered as a 2-cell f = g, a = (yfo) *xa@* (zf1). So
F(a: f=g)=F(yfy) « Fax F(zf1) and hence the definition of F' at the level of 2-cells
is completely determined by F(a : f = g) = (Fofo) * Ta * (F1f1).

Finally, we prove that if we define F\(a: f = g) to be the 2-cell (Fyfo) * 7o * (F1f1)
as above then we do obtain a 2-functor.

1. FLf = LlFf
Fup = (Fofo) * Tia, * (F1f1) = (Fofo) * tia, * (F1f1) =

= (Fofo) * (F1f1) = tmofo)i(mrf) = UES)

2. Consider maps a: A — B and (: B — C inducing 2-cells in unique possible way
(starting from f). Then calculate

Fa-B) = (Fofo) * T(ap) * (F1f1) =
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= (Fofo) * (Ta - (Foo) * 75 * (F1))) * (F1f1) =
= (UFofo) * Uk o)) * (Ta - ((Foo) * Tg x (Fiar))) * (F1f1) =
= [(ropo) * Ta) - (t(Fofo) * ((Foa) * 75 % (Frar)))] = (F1f1) =
= [(Fofo) * 7a) - (Fofo) * (Foa) * 7 (Fia))]  (v(pip) - Lm)) =
= [(Fofo) * Ta * (F1f1)] - [(Fofo) * (Foar) * 75 * (Fiar)) = (F1f1)] = (Fa) - (FB)

3. Preservation of horizontal composition. Suppose we have 2-cells a: f = f’ and
G :g = ¢ asin the diagram below.

A B
N AR
X o Y Y Jé; A4
1 f 90 91
A’ B

In order to calculate « * 3 calculate the following pushout and resulting map (every
small square is a push out).

y-2.p-2op
I
AWPLR
o axB | p}
|l e
A’T>Q4>P/
Po

Now use Lemma 4.4 to calculate:
F(Oé * ﬁ) = Fo(fospo) * Taxp * F1(913p1) =

= (Fofo) * (Fopo) * Tar * Tgr * (Fip1) * (Fig1) =
= (Fofo) * Ta * (Fopo) * (Fip1) * 15 % (Fig1) =
= (Fofo) * Ta * (F1Lf1) * (Fogo) * 78 * (Fig1) = (Fa) * (F3)
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5. Adding the monoidal structure

In this section let (C,®,0) be a strict monoidal category with strict pushouts. We have
already seen that cospan(C) is a 2-category. We want to ‘extend’ the tensor & on C to
one on cospan(C).

5.1. LEMMA. There ezists a 2-iso cospan(C) x cospan(C) — cospan(C x C) such that
the following diagram commutes.

CxC y—X};cospan(C) x cospan(C) <=2 Co x (P
\ \LE i:
cospan(C x C) =—=—— (C x C)”

PROOF. The obvious one. ]

So we need only build a 2-functor & : cospan(C x C) — cospan(C) with the right
properties.

5.2. LEMMA. The functors

C x C —> ¢ —Y> cospan(C) (€ xC)” 25 oor 2 cospan(C)

are compatible if and only if & preserves pushouts. Moreover, in this case («, ) — a @ 3
1s a compatible selection of 2-cells.

PRroOOF. The functors coincide at the level of objects. Now, a pushout in C x C is a pair
of pushouts a; py = §;p1 and o/;py, = F';p| in C. The compatibility condition reduces, in
this case, to (a @ a'); (po ® pl) = (B® F'); (p1 @ p}) being a pushout. So the first part of
the result follows.

For the second part denote let 0,3 = a ® a @ [ and recall that (_) is a compatible selec-
tion of 2-cells (Lemma 4.2). It is easy to show that 0 (g, idy) = Lidxey- 1D order to check
the second condition calculate:

O a0 (B.8) = O((as8),(ars0)) = (a3 B) @ (o5 8') = (a @ '); (BD F) =

=(@@d) (yla@a)«(B®f)*z(a®d)) =00  (yl@®a)xogs «z(a®d))
In order to check the final condition assume that we have a pushout in C x C as on
the left below

(8,8") ses

(Oua’)i l(pl,p’l) a@a/l ipl op)
e —_—
(po,p1) Podp1

then the square on the right above is a pushout because & preserves them. Then calculate:

Ol *Y(BOF)=add xy(Baf)=yBeB)*m e, =yBS5)* 04
The equation z(a @ ') x 0(g,5) = O(pypy)Z( © ') is dealt with similarly. "
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5.3. PROPOSITION. Let (C,®,0) be a strict monoidal category with strict pushouts then
the following are equivalent:

1. there exists a unique 2-functor
@ : cospan(C) x cospan(C) — cospan(C)

such that the following diagrams commute

CxC C

= ¥

cospan(C) x cospan(C) —— cospan(C)

CoP x CoP S cor

cospan(C) x cospan(C) — > cospan(C)

and such thata ® [ = a & S.
2. The functor & : C x C — C preserves pushouts.

In this case, the structure (cospan(C),®,0) is a monoidal 2-category and the functors
y and z extend to strict monoidal (C,®,0) — cospan(C) and (C?,®,0) — cospan(C)
respectively.

PrROOF. Lemma 5.2 together with Proposition 4.5 show that if & : C x C — C preserves
pushouts then there exists a 2-functor & : cospan(C x C) — cospan(C) satisfying a num-
ber of properties which, after precomposing with the isomorphism of Lemma 5.1, turn
out to be exactly the ones in the statement of the present result. The rest is trivial by
strictness. [

In particular:
5.4. COROLLARY. (cospan(sOrd), +,0) is a strict monoidal 2-category.

5.5. MONOIDAL 2-FUNCTORS FROM cospan(C). In this section let (C,®,0) be a strict
monoidal category such that C has strict pushouts and & preserves these. By Proposi-
tion 5.3 we have the strict monoidal 2-category (cospan(C), ®,0).

5.6. LEMMA. Let (D,®,1) be a strict monoidal 2-category, consider compatible functors
Fo:C—D and Fy : C? — D and let 7y be a compatible selection of 2-cells. Then the
induced 2-functor F : cospan(C) — D is strict monoidal (cospan(C),®,0) — (D, ®, 1)
if and only if Fy and Fy are strict monotidal and Taep = To @ T5.
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PROOF. Assume that F' is a strict monoidal 2-functor. Then clearly Fy = y; F' is a strict
monoidal functor and similarly for Fj. To check the condition on the selection of 2-cells
just calculate:

Tasp=Fla®3)=F@®f)=Fa® F3=1,013

Conversely, assume that the conditions stated for Fp, Fy and 7y hold. Clearly
F(X®Y)=FX®FY because F and Fj coincide at the level of objects. Now let
f=fo: X—=A<Y:fi)and f' = (f}: X' = A" —Y': f]) be 1-cells. Then calculate

Ffef)=Ffiofh: XeX -AcA <YaY' fiof)=

= Fo(fo @ fo); Fa(fr @ f1) = (Fofo) ® (Fofp)); (FLfi) @ (Fufy)) =
= ((Fofo); (F1f1) @ (Fof); (F1f))) = (Ff) @ (Ff)

Finally, consider a 2-cells a from f and ( from f’ and calculate using that ® is a
2-functor:

Fla® B) = Fo(fo® fo) * Tass * FL([1© f) =
= ((Fofo) @ (Fofy)) * (Ta @ 75) * ((FLf1) ® (F1f7)) =
= ((Fofo) * 7o * (F1Lf1)) @ (Fofy) * 7 % (F1Lf1)) = (Fa) ® (F3)

6. Separable pre-algebras

In this section we introduce the fundamental 1-dimensional structure to be studied in the
paper.

6.1. DEFINITION. Let (D, ®,1) be a strict monoidal category. A bi-semigroup (X, V,A)
is an object X in D together with morphisms V : X ® X — X and A : X — X ® X such
that (X, V) is a semigroup and (X, A) is a ‘co-semigroup’ in the sense that A is coasso-
cilative.

It is useful to have a graphical notation for expressions involving V and A. A couple
of examples will suffice to introduce it. Consider a bi-semigroup (X, V,A). The identity
on X will be denoted by a straight line. On the other hand, idx ® idx will be denoted by
two parallel horizontal lines. More importantly, V will be denoted as in the left diagram
below



THE MONOIDAL 2-CATEGORY OF COSPANS OF ORDINALS AND SURJECTIONS 641

and A will be denoted as on the right above.

So that, for example, the diagram

represents the expression (id @ V); V; A.

6.2. DEFINITION. Let (D, ®, 1) be a strict monoidal category. A separable pre-algebra is
a bi-semigroup (D, V,A) in D such that:

1. (Separable) A;V =id: D — D

D

AX

2. (Frobenius) (A ®@idp); (idp @ V) = V; A = (idp @ A); (V @ idp)

DoD—Y =D D®D—Y—>D
A®idl iA id®Ai \LA

Graphically, separability can be expressed as saying that the following two diagrams

are equal. The authors have found it useful to think of separability as allowing to pop the
‘bubble’ on the left.
On the other hand, Frobenius says that the two diagrams below
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which represent (A ® idp); (idp ® V) and (idp ® A); (V ® idp) respectively, are equal to

which represents V; A.

6.3. REMARK. Notice that the notion of separable pre-algebra can be described as that
of commutative separable algebra (in the sense of Definition 2.7 in [6]) but where the
underlying (co)monoid is not required to have (co)unit.

6.4. LEMMA. If we denote the cospan (id:1—1—1+1:V) by A:1—1+1 then
(1, V,A) is a separable pre-algebra in cospan,(sOrd).

ProoOF. This is a simple exercise left for the reader. But it is important to mention now
that this separable pre-algebra plays an important role in everything that follows. [

7. A universal property of (1,V,A)

The universal property we discuss in this section was independently observed by Lack on
the one hand [4] and by Rosebrugh, Sabadini and Walters on the other [6].

It is important to recall (see Lemma in Chapter VIL5 of [5]) the fact that every
surjection in sOrd can be factored in a unique way as a composition (satisfying certain
conditions) of maps (id+V+id). (The conditions ensuring uniqueness will not be relevant
for us here.)

Let Fy : C — D and F; : C? — D be functors agreeing on objects. We say that Fj and
Fy indulge a commutative square

B

—_—
_—
Po

if, as in Definition 3.1, (Fi«a); (FoB) = (Fopo); (Fip1). (Notice that there is a handedness
in this notion. The fact that the functors indulge the square above does not seem to imply
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that it indulges the square obtained by flipping the same square along its diagonal. That
is (Fia); (FoB8) = (Fopo); (Fip1) does not seem to imply (F13); (Foar) = (Fopa); (Fipo).)
7.1. LEMMA. If Fy and Fy indulge the two squares below separately

B B’

then they indulge the rectangle.
ProoF. Trivial. -

There is also a ‘vertical’ version which we shall use when necessary.

7.2. LEMMA. [See [4]] Let Fy:sOrd — D and F; : sOrd” — D be monoidal functors
agreeing on objects. Then they are compatible if and only if they indulge the following
pushout squares

v 1+V V+1

1+41——1 1+414+1——=1+1 1+414+1——=1+1
Vl id V—HJ/ J{V 1+Vi lv
1T>1 1+1 v 1 l‘l—l v 1

PROOF. One direction is trivial. Consider a pushout of the form below

k
fl
m ——

po

g
E—

S

p1

<

If f or g are identities then the square is trivially indulged. So we can assume that f
and g are non-trivial compositions of the type recalled above. Say, f = (lo +V +11); [’
and g = (I, + V +1});¢". The idea of the proof is to split the pushout into four smaller
pushouts as below.

1 +V 4 g
> - lh+1+10 —n

k
lo+V+l1l l

lo+1+14

/| .

m

The inductive hypothesis can deal with the two bottom squares and the top right one.
If we can prove that the top left one is indulged then Lemma 7.1 implies that the big
pushout is indulged.

So, concerning the top left pushout, the following things can happen:
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1. lp+2 <[, that is, f’s first V is strictly to the left of g’s,

2. lp+ 1 =1, that is, f’s first V “touches” ¢’s but f and g do not start in the same
way,

3. lop =1, that is, f and ¢ start in the same way,
4. ly = I}, + 1, analogous to the first item but to the right,
5. lp > i + 2, analogous to the second item.

Consider the first case. We let k =ko+2+ ki +2+ ke, f=(ko+V+k]); f and
g=(kj + V + ka); ¢’ where k{j = ko + 2+ k; and k} = k; + 2 + ko. Then the pushout is
calculated as below:

E(+V+k2
ko+2+k +2+ ko ko+24+k +1+k

ko+V+k’1l lko+v+k1+l+k2

ko + 1+ ki + 2+ ko ko+ 2+ ki + 1+ ko

ko+1+k1+V+ko

and it is indulged because it is the sum of trivial pushouts (that are indulged) and moreover
Fy and F are monoidal so the tensor of indulged squares is indulged.

Consider now the second case. Let k =ko+1+14+1+k, f=(ko+V+1+k); f
and g = (ko + 1+ V + k1); ¢ In this case the pushout in question is calculated as follows

ko+14+V+k1
_—

ko+14+14+14+k ko+1+14+k
k0+v+1+kli \Lko-‘rV-‘rkl
ko+1+1+k ko + 1+ Kk

ko+V+k1

Again, the pushout is a sum of two squares that are trivially indulged and one that is
indulged by assumption.

In order to deal with the third case let k =ko+ 1+ 1+ ki, f = (ko + V + k1); f/ and
g = (ko +V +k1);¢. In this case the pushout in question is calculated as follows

o+ 14+1+k — Y 41+ &
k:o—s—V—&—k:ll lid
ko + 14 ky ko + 14 ky

id

Again, the pushout is a sum of two squares that are trivially indulged and one that is
indulged by assumption. The remaining two cases are analogous. [
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7.3. COROLLARY. [See [4] and [6]] Let (D,®,1) be a strict monoidal category with a
separable pre-algebra (D,V,A). Then there ezists a unique strict monoidal functor

(cospan(sOrd), +,0) — (D, ®, )
mapping (1 4+ 1,V,A) to (D,V,A).

PROOF. The semigroup (D, A) is essentially the same thing as a strict monoidal functor
Fy : sOrd — D (mapping V to V) while the co-semigroup (D, A) is essentially the same
thing as a strict monoidal Fj : sOrd” — D (mapping V to A). As Fj and F are strict
monoidal and coincide on 1, they agree on objects. So we are left to prove that Fy and
Fy are compatible. By Lemma 7.2 it is enough to check that Fy and Fj indulge three
pushout squares. But notice that indulgence of these squares is equivalent to Separability
and Frobenius. ]

7.4. AN ALTERNATIVE PROOF OF COROLLARY 7.3. Corollary 7.3 can be interpreted as
saying that the free monoidal category with a separable pre-algebra is cospan,(sOrd).
In this short section we sketch a ‘graphical’ proof which makes a lot more evident the
relation between the result and the calculation of colimits.

What is the free monoidal category generated by V and A subject to the equations
in Definition 6.27 First, given only V we can build diagrams of the form

The associative law says that the order of applying Vs does not matter so with only
Vs we can can build exactly surjective monotone functions. Similarly, using only A we
can produce exactly the reverses of monotone surjections. So using both we can produce
cospans of monotone surjections. But perhaps we can produce more? The answer is no.
If in an expression of Vs and As a A occurs to the left of a V then only 4 cases can occur.
The first one is when the A and the V do not interact:
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The second case is given by the bubble as drawn after Definition 6.2. The third and
fourth cases are given by the two diagrams representing the expressions in the Frobenius
condition and drawn below the bubble after Definition 6.2. In all four cases, the As can
be moved to the right of the Vs. In the first case trivially, in the second by popping the
bubble (separability) and in the third and fourth cases by Frobenius. So the free monoidal
category with a separable pre-algebra is cospan,(sOrd).

7.5. REMARK. It is important to notice that the process of moving As to the right of Vs
is really calculating the pushout involved in the composition of cospans.

In Section 8.10 we add 2-dimensional data so that the free monoidal 2-category on this
data is cospan(sOrd). But first let us extract some more information from Lemma 7.2.

7.6. MONOIDAL 2-FUNCTORS FROM cospan(sOrd). Here we characterize when two
functors from sOrd to a 2-category are compatible. Let us say that a selection of 2-cells

7(_) indulges a square a; pg = (3; p1 if the two equations in Definition 4.1 relating the square
and 7(_) hold.

7.7. LEMMA. Let Fy : sOrd — D and F : sOrd”” — D be compatible monoidal functors.
Let 7y be a selection of 2-cells satisfying the first two conditions of Definition 4.1. Then

7(_) is a compatible selection of 2-cells if and only if it indulges the squares in the statement
of Lemma 7.2.

PROOF. Analogous to that of Lemma 7.2. n

8. Adjoint bi-semigroups

In this section we introduce what we believe are the right liftings to 2-dimensions of the
Frobenius and separability conditions.

8.1. DEFINITION. Let (D, ®,1) be a strict monoidal 2-category. An adjoint bi-semigroup
(X,V,A n,e€) is a bi-semigroup (X,V,A) in Dy together with 2-cells n : idxgx = V; A
and € : A;V = idx witnessing that V 4 A.

We now lift the conditions of separability and Frobenius to the level of adjoint bi-
semigroups. We first deal with Frobenius.

8.2. FROBENIUS ADJOINT BI-SEMIGROUPS. In order to justify the definition consider first
the following result.
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8.3. LEMMA. Let X = (X, V,A,n,€) be an adjoint bi-semigroup. If the (1-dimensional)
structure (X, V, A) satisfies Frobenius as a bi-semigroup then the following two items are
equivalent:

1. the mates of the associative laws

XXX N xeXx XoXoX X xex
V®X\L lv X®V\L \LV
X©X———=X X®X———=X

are identity 2-cells
2 MX)x(XeV)=(XV)sxnpand (X@n)*«x(VRX)=(V® X)x*xn.
Proor. Consider the mate of one of the associative laws

XX L xeoxox N xex

— id
id —

X®X v X A

X®X

where inside the triangles we have the 2-cells given by e®@ X : (A ® X);(V® X) = id
and 71 :1d = V; A. Notice that the outside of this diagram is one of the Frobenius laws.
Now assume that (n ® D) % (D ® V) = (D ® V) % n and calculate:

(A X)* (X@V)*xn] - [(e®X)*V*xA] =

=A@ X)«x(n@X)x (X V)] [ X)+x (A X)*x (X @ V)] =
=[((Axn)@X)*x(XV)] - [((exA)@X)*x (X ®V)]| =
S (A ©X) ((xA) @ X)]* (X8 V) =
(M) (% A) @ X]* (X B V) = (A X)# (X & V)

which shows that the mate is the identity 2-cell. Similarly if one assumes that the other
equation holds then the corresponding mate is the identity.

Conversely, assume that the mates of associativity are identity 2-cells and contemplate
the following diagram:

XXX
X®Vi &
XX -2 ¥oXoX X xaX
= | [ o
> X®V \v4
id «—
X®X X X®X

v A
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where the triangles are filled with the 2-cells X ® n, X ® ¢ and 7. Pasting 2-cells one
obtains that (X @ n) * (V® X) = (V® X) *n. Indeed, one can calculate:

(X@n)* (Ve X)=

— (X @)+ (Ve X) (X V)*(X©A)«(VeX)rn] (X6 V)+(X®dVa =
=[(VoX)«n - (XN« (VRX)«VxA]- [(X@V)* (X ®e)xVxA] =
(Ve X) s [(X@n)+(X© V)« VAl [(X® (Vre)*VrA] =
=[(VoX)«n- (X @0+ V)« VAl [(X @ (Vie) VAl =
=[(VeX)xn - [[(X®nxV)) (X (Vxe)]*(VxA)] =
= (Ve X)xn

The proof of the other equation is analogous. [

Because of this, we find it natural to introduce the following definition.

8.4. DEFINITION. Let X = (X,V,A,n,€) be an adjoint bi-semigroup such that the 1-
dimensional structure (X,V,A) satisfies Frobenius as a bi-semigroup. We say that X
satisfies V-Frobenius if the equivalent conditions of Lemma 8.3 hold.

It is interesting and useful to notice that the equalities in the second item of Lemma 8.3
can be thought of as rewrite rules. Indeed, notice that in the notation we have used for
expressions with As and Vs, the left 2-cell of the first equation of item 2 has domain the
left hand diagram below

and codomain the right hand diagram below. In other words, the 2-cell pinches the first
two strings. The reader is invited to draw the other 2-cells and exercise in applying the
pinching and popping rules.

Back to the lifting of the Frobenius condition, it must be mentioned that one can
prove the following in a way analogous to Lemma 8.3.
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8.5. LEMMA. Let X = (X, V,A,n,€) be an adjoint bi-semigroup. If the (1-dimensional)
structure (X, V, A) satisfies Frobenius as a bi-semigroup then the following two items are
equivalent:

1. the mates of

X—5—=Xox X—2 XX
Ai J{A@X Ai iX@A

are 1dentity 2-cells
2. (A@D)x(Den)=n*x(A®D) and (DRA)*(n®@ D) =n*(D®A).

So, just as in Definition 8.4 we say that X satisfies A-Frobenius if the equivalent
conditions of Lemma 8.5 hold.

8.6. DEFINITION. Let X = (X, V, A n,€) be an adjoint bi-semigroup such that (X, V,A)
satisfies Frobenius as a bi-semigroup. We say that X satisfies Frobenius if it satisfies both
V-Frobenius and A-Frobenius.

8.7. SEPARABLE ADJOINT BI-SEMIGROUPS. In this section we introduce the notion of sep-
arable adjoint bi-semigroup and show that for, these semigroups, 1-dimensional Frobenius
implies 2-dimensional Frobenius.

8.8. DEFINITION. We say that an adjoint bi-semigroup (X,V,A,n,€) is separable if
(X, V,A) is separable as a bi-semigroup and moreover € = 4, .

Notice that in a separable bi-semigroup, n* V = 1y and A * 1 = ¢a.

8.9. LEMMA. Let X = (X,V,A,n,€) be an adjoint bi-semigroup. If the 1-dimensional
structure (X, V,A) satisfies Frobenius and X is separable then X satisfies Frobenius.

PROOF. Because of separability, the triangular identities witnessing that V 4 A become
n*V =1y and A *x1n=1a. To prove V-Frobenius we need to show that the mates of
associativity are identity 2-cells. In particular, we need to show that

(ARX)*x (X @V)xn]-[(e®X)*xV xA]
is ty,a. Under separability, we need only prove that
(A®X)* (X @ V)« tva = (A8 X) * (X8 V)7

is the identity 2-cell ty.a. As (X, V, A) satisfies Frobenius and A %7 = ta, we can calcu-
late:
(ARX)*(X®V)xn=VxAxn=VxA
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so, indeed, the mate of associativity is the identity. The other condition is dealt with in
an analogous way so X satisfies V-Frobenius. To prove A-Frobenius one uses the same
idea. For example, one of the conditions is proved as follows:

M*x(X@A)*(VRX)] [VxAx(e@X)]=n*xVxA=VxA

so, altogether, X satisfies Frobenius. [

Since the counit is the identity, separable adjoint bi-semigroups will usually be denoted
by (X, V,A,n).

8.10. A UNIVERSAL PROPERTY OF cospan(sOrd). In this section we prove a universal
property of cospan(sOrd) as a monoidal 2-category. For brevity let us introduce the
following definition.

8.11. DEFINITION. Let (D, ®,1) be a strict monoidal 2-category. A Como-algebra is a
separable adjoint bi-semigroup (D,V,A,n) such that (D,V,A) satisfies Frobenius.

Alternatively, one can say that a Como-algebra is a structure (D, V,A,n) such that
(D,V,A) is a separable pre-algebra in Dy and 7 : idpgp = V; A is a 2-cell satisfying

n*V =1y and A xn=a

(essentially saying V 4 A with trivial counit).
By Lemma 8.9 every Como-algebra satisfies Frobenius. Notice also that 1+ 1 has an
obvious Como-algebra structure: just take n = V.

8.12. PROPOSITION. Let (D, ®,1) be a strict monoidal 2-category with a Como-algebra
(D,V,A,n). Then there exists a unique strict monoidal 2-functor

(cospan(sOrd), +,0) — (D, ®, )

mapping (1+1,V,A,n) to (D,V,A,n).

PRrROOF. By Corollary 7.3 be have a strict monoidal functor cospan,(sOrd) — D mapping
the universal separable pre-algebra to the one in D. In order to extend this functor
to a strict monoidal 2-functor we need a compatible selection of 2-cells satisfying the
conditions of Lemma 5.6. That is, a compatible selection 7 satisfying 7., = 7 ® 7.
Now, Definition 4.1 forces 7(_) on identities and composition. As every map in sOrd
is built from V and using tensor and composition, a selection of 2-cells as the one we
need is determined by its value 7v : idpgp = V;A. Let us call this selection 7. When
does the selection of such a 2-cell induces a compatible selection? The answer is given
by Lemma 7.7. But indulgence of the three distinguished pushouts is equivalent to the
validity of the following equations:

1. nxV =1y and A*xn =1

2. MeD)x(DeV)=(DeV)xnand (AR D)*x(D®n)=n*(A® D)
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3. (Den)*x(VeaD)=(VeD)xnand (DRA)x(n®@ D) =n*(D®A)

The first item is exactly separability while the other two items are exactly Frobenius
(Definition 8.6). But a Como-algebra is separable by definition and it always satisfies
Frobenius by Lemma 8.9. So the result follows. [

9. Como-units

Let iOrd be the full subcategory of Ord determined by injective monotone functions.
The monoidal structure (Ord, +,0) restricts to iOrd and the inclusion iOrd — Ord is
strict monoidal. By results in [5], all maps in iOrd are built out of | : 0 — 1.

9.1. DEFINITION. A unit in a monoidal category (D, ®, 1) is an object X in D equipped
with a map u : [ — X.

The object 1 in iOrd together with ! : 0 — 1 is the universal object with unit.
9.2. LEMMA. The category iOrd has strict pullbacks and + preserves them.

9.3. LEMMA. Fvery pullback in iOrd is a pasting of trivial pullbacks and pullbacks of the
form

PROOF. Similar to the proof of Lemma 7.2. [

9.4. DEFINITION. Let (D,®,I) be a monoidal category. A split-unit is a structure
(X,s:1— X,r: X —1I) such that (X,s: 1 — X) is a unit and r : X — I is such that
s;r =1idy.

The object 1 has a unique split-unit structure (1,!:0 — 1,7 : 1 — 0) in the monoidal
category (cospan,(iOrd”), +,0).

9.5. COROLLARY. If (D, ®, 1) is a strict monoidal category and (X, s : [ — X,r: X — I)
is a split-unit in it then there exists a unique strict monoidal cospany(iOrd”) — D
mapping (1,1:0—1,7:1—0) to (X,s,7).

PROOF. The map r: X — [ induces a strict monoidal functor Fj : iOrd®”” — D while
the map s : I — X induces a strict monoidal F} : iOrd — D. The functors clearly agree
on objects. By Lemma 9.3, the functors are compatible if and only if they indulge the

pushout
0
iidw
0

in iOrd®. This means exactly that s;r = id. [

op

O<—rF
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9.6. DEFINITION. Let (D,®,1) be a monoidal 2-category. A Como-unit is a split-unit
(X,s: I — X,l: X — 1) together with a 2-cell n:1x = l;s such that | 4 s with unit n
and counit v;q, .

The split-unit (1,!:0— 1,7 :1 — 0) is a Como-unit when considered as an object in
(cospan(iOrd®), +,0). We denote the unit of the adjunction 7 ! by 7.
In a way analogous to Proposition 8.12 we obtain the following corollary.

9.7. COROLLARY. For every strict monoidal 2-category (D, ®,I) and Como-unit object
(X, s,l,m) in it, there exists a unique strict monoidal 2-functor

(cospan(iOrd®),+,0) — (D, ®, 1)

mapping (1,!:0—1,7:1—0,n) to (X,s,l,n).

Proor. By Corollary 9.5 we have a unique strict monoidal functor
(cospan,(i0Ord™), +,0) — (Do, ®, 1)

mapping the split-unit (1,!: 0 — 1,7 : 1 — 0) to (X, s,1). In order to extend this functor
to a strict monoidal 2-functor we need a selection 7(_y of 2-cells satisfying 77, = 74 @ 7.
Such a selection of 2-cells is determined by its value 7er.10) : tx = [;5. Naturally, we
define 7(or.1_0) = 1. Is the resulting selection compatible? We need to check that 7
indulges all pushout squares in iOrd””. By Lemma 9.3 we need only check that it indulges
the square in the statement of that lemma. But this says exactly that n*[ =1 and
s * 1 = s. Which means that [ 4 s with unit n and counit ¢;. ]
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