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PATHS IN DOUBLE CATEGORIES

R. J. MACG. DAWSON, R. PARE, AND D. A. PRONK

ABSTRACT. Two constructions of paths in double categories are studied, providing
algebraic versions of the homotopy groupoid of a space. Universal properties of these
constructions are presented. The first is seen as the codomain of the universal oplax
morphism of double categories and the second, which is a quotient of the first, gives
the universal normal oplax morphism. Normality forces an equivalence relation on cells,
a special case of which was seen before in the free adjoint construction. These con-
structions are the object part of 2-comonads which are shown to be oplax idempotent.
The coalgebras for these comonads turn out to be Leinster’s fc-multicategories, with
representable identities in the second case.

Introduction

In [DPP1] and [DPP2] we studied the 2-category IIs A obtained by freely adjoining right
adjoints to each arrow of a category A considered as a locally discrete 2-category. The
2-category Il A was conceived as a more informative 2-dimensional version of II; A, which
is obtained from A by freely inverting all arrows, and indeed, II; A can be obtained by
applying Il locally in IIsA. Morphisms of I, A are zig-zag paths of arrows of A which
may be thought of as paths of spans in A. The cells of II;A are a bit more complicated,
being equivalence classes of certain diagrams, which we call fences and which formally
look like directed homotopies between the paths.

In [DPP3] we studied several universal properties of the Span construction applied to
categories with pullbacks, each expressing the sense in which Span (A) is the result of
adjoining right adjoints for the arrows of A.

It should be instructive to break the construction of I, A into two steps, first applying
the span construction and then taking paths. Each construction is interesting in its own
right. In the sequel to this paper [DPP4] we generalise the span construction to apply to
categories without pullbacks and even 2-categories. We give there its universal properties
and relate it to the Il; construction. In that paper we will also see the advantages of using
double categories and even Leinster’s fc-multicategories rather than bicategories.

This paper is concerned with the “pathology” of double categories. After a prologue in
which we review two path constructions for mere categories we begin our study of paths
in double categories. The first, simpler, construction gives the universal oplax morphism
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of double categories. (The universal oplax morphism for 2-categories will be derived from
this in [DPP4].) The resulting comonad in double categories is in fact an oplax idempotent
comonad (also known as KZ-comonad). The Kleisli morphisms are the oplax morphisms
of double categories, which is not surprising. What is perhaps more surprising is that the
Eilenberg-Moore coalgebras turn out to be exactly Leinster’s fc-multicategories, so that
these are precisely the structures corresponding to oplax morphisms and we call them
oplax double categories.

Working with oplax morphisms, we rapidly find ourselves wanting more structure,
and in order to get any significant results we need the morphisms to be at least normal.
Accordingly, our second path construction gives the universal oplax normal morphism of
double categories. Here is where the equivalence relation on fences in the II, construction
comes in. The Kleisli morphisms for this second path construction are, not surprisingly,
the oplax normal morphisms of double categories. We identify an interesting class of
fc-multicategories that constitute the Eilenberg-Moore coalgebras for this comonad.

Both of these constructions are like the fundamental groupoid of a topological space.
Further study of this analogy should prove fruitful.

0. Prologue

Let Cat be the category of small categories and Gph the category of directed multi-
graphs. The forgetful functor U: Cat — Gph has a left adjoint F' which takes a graph
to the category whose objects are nodes and whose morphisms are compatible paths of
edges
RN

for n > 0. Composition is given by concatenation and identities are paths of length zero.
Thus we get a monad ( )* on Gph whose Eilenberg-Moore algebras are small categories;
i.e., U is monadic. This of course is well known. What is perhaps less well known is that,
in the spirit of Barr’s paper [Bal], F' is comonadic. Thus, a graph may be considered as a
category equipped with a costructure.

It will be instructive for us to work out in detail how this works. The triple (F'U, e, FnU)
is a comonad on Cat which we shall denote by (Path, E, D). Thus, for a category A,
Path (A) is the category with the same objects as A but whose morphisms are paths

Ay LA, Lo g

of composable morphisms of A, denoted by (f;)icq1,...n}. Both £ and D are the identity
on objects. The counit E: Path (A) — A is given by E((f;)) = fn0 fu_10---0 f1, which
we will also denote by []', fi;. The comultiplication D: Path (A) — Path Path (A) takes

-----

each inside path has length one.
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A coalgebra, then, is a category A with a comultiplication (coaction) G: A — Path (A).
The counit law

A —%>Path (A)

NG

A

says that GG is the identity on objects and factorises every morphism into a string of
compatible morphisms. While this may appear to require rather arbitrary choices, in fact
the coassociativity law removes the arbitrariness.

The coassociativity law of a coalgebra requires the following diagram to commute:

A < Path(A)
a l lPath @)
Path (A) Path Path(A).

D

In detail, this says that for every f: A — B, factored by G into (f;), the path of paths

<<fi]'>]'€{1v--~vmi}>ie{1,...,n}

obtained by applying G to each of the f; is equal to <<fi>>ie{1,...,n}' Thus, each path
(fij)jeq,...m;y has length one and f;; = f;; and G applied to f; returns f; itself. Now,
these f; cannot be identity arrows because, as a functor, G takes an identity arrow to a
path of length zero. Moreover, the f; cannot be factored non-trivially into two arrows,
since if f; = gh with both ¢ and h non-identity arrows then G(f;) = G(g)G(h) would
have length greater than one. We will call an arrow f # 1 prime if it cannot be factored
in a non-trivial way, ¢.e., f = gh implies ¢ = 1 or h = 1. The factorisation G is thus
a prime factorisation, and it is unique because Gg = (g) for any prime g. Indeed, if
f=foofa10-0fi =GmOgm-10---0g where all the f; and g; are prime, then

(fidiet..ny = (fa)o{fam1) o -0 (f1)
= G(fu) o G(fu-1) 0 0 G(f1)
= G(gn) o G(gm-1) 0 0 G(q1)
= (gm) © (gm-1) 00 (g1)
= <gj>j€{1,.‘.,m}a

som=mn and f; = g; for all i € {1,...,n}. It follows that A is the free category on the
graph whose nodes are the objects of A and whose edges are the prime arrows of A.
Given two coalgebras (A, G) and (B, H), for any homomorphism

o: (A,G) — (B, H)
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the following square commutes

A B
/| p
Path (A) Path @) Path (B).

So, for any f: A — B, with G-factorisation f = f, o f,_1 0---0 f;, the H-factorisation
of ®(f) is given by ®(f,) o ®(f,_1) 0 --- o ®(f1). As primes are those arrows whose
factorisation has length one, ® preserves primes and so restricts to the prime graphs.
That is to say, every coalgebra morphism comes from a morphism of graphs. We have
thus established an equivalence of categories

Gph ~ Catp,yy,. (1)
0.1. REMARKS.

1. Although Path is a natural comonad on Cat, it does not preserve natural transfor-
mations, so it is not a 2-functor. Given a natural transformation t: & — @', one
might be tempted to define Path (¢): Path (&) — Path (®') at A to be the path of
length one, (t(A)): PA — ®’A, but the naturality squares won’t commute, except
in the most trivial cases, because in Path (A) nothing commutes non-trivially.

2. For any category A there is at most one coalgebra structure on it, a rather strong
property usually associated with idempotent (co)monads. We will be able to explain
better why this is the case once we have introduced the double category version Path
of this construction.

3. The Kleisli category of Path has small categories as its objects but its morphisms are

‘functors” which preserve neither composition nor identities, pretty poor morphisms
indeed.

4. We could have used the comonadicity theorem to get the above equivalence (1).
Indeed, Gph has all equalisers and F' reflects isomorphisms and preserves equalisers,
as is easily checked.

We wish to examine a similar construction over the category Rgph of reflexive graphs.
A reflexive graph is a graph as above with the specification of a distinguished loop 14: A —

A for each vertex A. It is thus determined by a diagram of the form EF <=— 1V in Set
t

with si = ti = 1y. Again there is a forgetful functor U: Cat — Rgph which has a left
adjoint F'. For a reflexive graph G, F(G) is the category whose objects are the nodes of G
and whose morphisms are equivalence classes of directed paths of edges, two paths being
equivalent if one can be obtained from the other by inserting and/or deleting identity
loops. Each equivalence class has a canonical representative, namely the path without
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any identities. Equivalently, F'(G) could have been defined as having morphisms which
are paths without identities. This result is useful for some computations, but should be
treated with some caution as it does not generalise for graphs in an arbitrary topos.

Once again, it is well-known that Cat is monadic over Rgph. Indeed, an algebra
structure U F'G — G on a reflexive graph G equips it with a family of n-fold composition
operations defined on compatible paths of non-identity arrows. As this is a morphism of
reflexive graphs, the empty path at A is sent to 14. Moreover, the unit law says that
paths of length one compose to themselves, and the associative law says that for a path
of paths, we have

(ftn © frw—10---0fr,) 0 0(fr, 0 -0 fa0fi) = fr, 00 faofi.

Clearly, such a family of composition operations is determined by an associative binary
composition operation, and we know how to compose with identities.

However, it is the comonad induced on Cat we are interested in. We denote it by
(Path,, E,, D,) with counit E, and comultiplication D,. For a category A, Path,(A) has
the same objects as A and has as morphisms compatible paths of non-identity morphisms.
For a functor ®: A — B, Path,(®) is the same as ¢ on objects; on paths ® is applied
to each component and identities are deleted, so that the length of ®((f;)) might be less
than the length of (f;), even zero. Just as for Path, E, takes a path to its composite in
A, and D, takes a path to the path of paths whose components are paths of length one
(for example, D.((f1, f2, f3)) = ((f1), (f2), {f3)))-

As before, a coalgebra structure G: A — Path,(A) is the identity on objects and gives
a factorisation of each morphism into n non-identity morphisms, each of which G does
not factor further. We now construct the reflexive graph Prime,(A) consisting of those
arrows of A such that length (G(f)) < 1. Note that any functor ®: A — B restricts to a
reflexive graph morphism

Prime, (®): Prime,(A) — Prime,(B).
Thus we get a functor
Prime, : Catp,,, — Rgph.

Of course, the free functor F': Rgph — Cat factors through Catp,,, which gives a weak
inverse for Prime,, thus demonstrating the equivalence

Rgph ~ Catp,,, . (2)

0.2. REMARKS. Here, Kleisli morphisms are ‘functors’ which don’t preserve composition
but do preserve identities; Path, is still not a 2-functor; and coalgebra structures relative
to UF' are again unique.

1. Path

1.1. THE CONSTRUCTION. We now wish to examine similar constructions for double
categories. Rather than starting from graphs and studying the monad generated by the
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free category construction, we instead concentrate on the comonad of paths and then de-
termine what the corresponding notion of ‘graph’ is by considering the Eilenberg-Moore
coalgebras. There are several possible definitions for the notion of 2-cells of paths. Some
are not very interesting, whereas others are dual forms of the notion we will introduce in
this section. We have been guided in our definition by our desire for a deeper understand-
ing of the I, construction and its relationship to spans. The main results of this section,
Theorems 1.17 and 1.21 below, justify our choices.

Let A be a double category (see, for example, [E] or [DP1]). We construct a new
double category Path A with the same objects and vertical arrows as in A. A horizontal
arrow in Path A is a path

AgImoay Loay— o4, I, (3)
of horizontal arrows in A, with m > 0. Let

BO B B —---—B, 2B,
be another path. For i < j, define g%: B; — B; by

gi =4 9191 9in it i<y
i = 1g, it i=.

Then a double cell from (f;) to (g;) is a triple (¢, (v;), (¢y)) where
v:{0,1,...,m} — {0,1,...,n}

is an order preserving function with ¢(0) = 0 and ¢(m) = n, the v;: A; —e— By are
vertical arrows, and

A -1 L> A
ifl\L i ¢/ [
By —75 Beti)
940
are cells of A. A typical cell might look like
AO fi Al f2 A, f3 A3 (4)
o o/ ai v1 l as \01]3
BO BQ B3 B4.

g1 g3

Horizontal composition of both arrows and cells is by concatenation. Vertical composition
of arrows is as in A. To define vertical composition of cells, extend the notation as follows,
for i < 7,
Oéi~ _ { Q01 Olgq if i< j

J 1y, if i=75
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SO

Bty — 7 Beti)-
»(7)

If (¢, (w;), (B;)) is a cell (g;) — (hx), then the vertical composition is defined by

(W, (wy), (B3)) - (0, (vi), (@u)) = (g, (weqey - wi), (B - )

An example will make this transparent. The composition of

BO g1 Bl 92 B2 g3 Bg 94 B4
w\0°\ B1 /°w/1 B2 \°<i B3 \OQ Ba /Ow/4
Cy h1 4 " Cy " Cs

with the cell in (4) is

Ay fi A, f2 A, f3 As

Y o
woﬂ)()l Uil‘”l o/ / lw4-v3

73
| !
hi ho h3
where 73 is, e.g., the pasting of
A, 4
P N

e N
Bl 92 Bz 93 Bg 94 B4
w1 l B2 \o B3 \o & lw4
¢ wN N
Co Cy Cs

Cy

h1 ha h3

It is straightforward to check that Path A is a (strict) double category.

1.2. EXAMPLE. Let 1 be the terminal double category. Then Path 1 has just one object
* and one vertical arrow, 1,. Horizontal arrows are in bijective correspondence with
non-empty ordinals, [m] = {0,1,...,m} and cells
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with order preserving functions ¢: [m] — [n] such that ¢(0) = 0 and ¢(m) = n. Horizon-
tal composition is given by [m'] ® [m] = [m'+m], the ordinal sum with merged endpoints;
this extends to functions in the obvious way:

/ . "(d ife<m

(' @e)(i) = { :f%’(q)t (i) otherwise.
1.3. REMARK. Path 1 is really a 2-category, since all vertical arrows are identities. It is
even a strict monoidal category since there is only one object. As such it is equivalent to
A°P where A is the category of finite ordinals including zero, with ordinal sum as ®. The
equivalence A°® — Path Lis as follows: the ordinal m = {0,1,2,...,m — 1} is mapped to
[m]. An order preserving function f: m — n can be extended to [f]: [m] — [n] by defining
[f](m) = n. The function [f] preserves the top element and therefore has a left adjoint
f* which of course preserves 0. But the left adjoint of a morphism g: [m| — [n] preserves
the top element if and only if g(i) = n precisely when ¢ = m. So f* also preserves the
top. The equivalence A°® — Path Lis given by sending f to f*.

1.4. DEFINITION.
1. A 2-cell (@, (v;), (a;)) is called neat if ¢ is an identity, for example
Ay f1 A, f2 A, f3 As

Uol a1 U1l a9 lvg a3 lUS

By By

g1 g2

2. A 2-cell (p,(v;), (a;)) is called cartesian if the v; and «; are all vertical identities,
for example

fof

A0—>A2—>A2
lel id2 1 \ZdAQl
PN

AOT)AQT)A2

3. A factorisation (ip, (v;), {a;)) = (p?,
if (%, (vi), (7)) is neat and (¢?, (v;
)

(2
(a Z}) is cartesian.

:

v2), (a2)) (!, (v}, (a})) is called neat-cartesian
)
1.5. PROPOSITION. Every 2-cell (o, (v;), (a;)) has a unique neat-cartesian factorisation.

PROOF. One can easily check that

(907 <idBi>7 <idgf+l>)(1[m]7 <Ui>’ <a1>)

is a neat-cartesian factorisation. To prove uniqueness, let

(0, (v}, (i) = (v, (wi), (Bi)) (¥, (ua), %),
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where (1, (u;), (7;)) is neat and (v, (w;), ;) is cartesian. Since (v, (w;), ;) is cartesian, the
w; are identity arrows and the (3; are identity cells, so in order to compose to (¢, (v;), {(a;)),
we must have u; = v; and 7; = o for all 4. Since (¢, (u;), (7;)) is neat, it follows that the
horizontal arrows in its codomain must be of the form ¢! ;. Since ¢ = id, it follows that

V= ¢a and (V7 <wz>7ﬁz) = (907 <1dBl>7 <1dgz+1>) and (¢7 <u7,>7/yl) = (1[m]7 <vi>’ <a1>) u
1.6. EXAMPLE. The 2-cell (¢, (v;), (o;)) depicted in (4) above factors as

A, fi A, f2 A, f3 As
voi aq vll a9 vgl s vgl
1
BO g1 Bl By Bl 949392 B4

S L N

g1 g3 By 94

By

B,

We recall that a double category A can be viewed as a category object

o
A2 —Comp> Al - AO
01

in Cat, the category of categories. In this notation, we will assume that A is the category
of objects and vertical arrows, A; is the category with horizontal arrows as objects and
double cells as morphisms, and Ay is the category with composable pairs of horizontal
arrows as objects and composable pairs of double cells as morphisms. The functors dy and
0, give the horizontal domain and codomain of a double cell. So the vertical composition
of double cells is defined by the composition in A; whereas the horizontal composition is
defined by the functor Comp: Ay — A;.

1.7. DEFINITION. A double functor P: B — A is a vertical fibration if both functors
Py: By — Ay and P;: By — A; are fibrations in the usual sense and the functors
0o, 01: By — By, Id: By — By, Comp: By — By, are cartesian over the correspond-
ing functors for A. In elementary terms this means:

(VF1) For every object B in B and vertical arrow v: A—e= PB there is a vertical
arrow ¥: v*B —e> B such that P(0) = v and for any w: B' —e—= B and factorisation
P(w) =wv -0 there is a unique w' such that P(w') =v" and w =0 -w'. In a diagram,
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(VF2) For every horizontal arrow b: B' — B in B and cell

A ——A
v/l [e% lv
v v
PB' —>PB

m A, there exists a cell
VB - B

@'i & lf}
v v
B’ B

b

in B, such that P(&) = «, and for any  and factorisation P3 = « - o there exists a
unique 8" such that P3' = o' and & - ' = 3, as depicted in

N ~\, ﬁ/ \\ \. \. Oél \\.
a*b = \A, a N

v* B’ \ v

1NE N A
NN NN

B PB' ———>PB

(VE3) For any object B and vertical arrow v: A—e— PB , the cell

v v
B s B
18 cartesian over
pp——
vl 1y l'u
v v

pe., 1, = 1;.
(VF4) For any path of horizontal arrows B” B Y B with a path of cells

A s A
B
V v v

PB" > PB —> B,
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the composite
a/*b/ a/*b
U//*B// S UI*B/ > U*B/

f;”l &' lf/ & lqj
Y Y v

B x B’ ; B

is cartesian over ad/, i.e., (ad/)*(bb') = (a*b)(a*V).
1.8. PROPOSITION. The projection double functor Path A — Path 1 is a vertical fibration.
PROOF. The zero dimensional condition (VF1) is trivial as Path Lonly has identity vertical

AIToOwsS.
Civen a path By 2> B, 25 ... 2% B, and a function 0: [p] — [n], 6*(g;) is the path

0(j-1)
<90(j) >
6(0) 6(1) 6(p—1)

g g g
By :BO(O) s B@(l) 0@ o 20 Bg(p) = B,

and the cartesian cell is (6, (idp, ), (id o;-1)),
0(3)

0(i—1)
96(5)

By(j-1) Byj)
/ id \
Bo(j-1) — Bo(j-1)+1 — Bo(j)-
Given another cell
i (y(vi)sas)) i
B B,,
0 gy
and a factorisation
©
[m] [n]
N
[p]
there is a unique cell
l (4,(0:),(Bi)) l
v v
By o) : By(n)
wiy

such that (1p, <@z>7 </62>)(9, <id39(j)>, <ldgz((3)—1)>) = (QO, <Ui>, <Oéi>>, namely Vg = U; and Bz = ;.
Conditions (VF3) and (VF4) follow from the definition of 6*. n
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1.9. OPLAX MORPHISMS. In order to express the universal property of Path A we need
the notion of oplax morphism of double categories. Recall [GP] that F': A — B is an
oplax morphism if it assigns to objects, vertical and horizontal arrows, and cells of A
corresponding elements of B, preserving domains and codomains

A1L>A2 FAILﬁFAQ
’Ull « 11)2 vll o lfUQ
’ A T
AS?Agl FA3E>FA4,

and also preserving vertical identities and vertical composition of arrows and cells. The
oplax structure of F' describes its effect on the horizontal structure of A. For every object
A of A there is given a cell

rA2A gy
| o |

FA——FA,
1ra

and for every composable pair of horizontal arrows A oA L A7 g cell

AP
| e
FA—= FA — = FA".

These are required to satisfy:
(OL1; vertical naturality) For every vertical arrow v: A —e— B

FAZA pA AT A

FU$ F1, iFv H YA H

FBF—L;FB = FAﬁFA
H ¥B ‘ Fvi 1y %F’U

FB—>FB  FB——>FB;
FB FB

(OL2; horizontal naturality) For every pair of composable cells

f f!

A > Al > AI/
R R
Y } v
B - B/ - B//’

g g/
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F(f' F(f'
rA (f'f) A P (') A
Fvi F(da) i'Fu” H Prf H
1" — / "
By F - FA e
g’ .9 Fov Fa Fv' Fo' Fv”
| / | I T SR
7 FB 7 FB"  FB—>FB — > FB",
(OL3; unit laws) For every f: A — A’ we require
F F
f —pa L Fa
| o] | o]
_ Ff _
T~ FA = FA—>FA = FA— FA’EW FA
H \ o | e | e | e |
/ !/ / /
7 FA FA—>Ff FA FA r FA 4 = FA.

(OL4; associativity) For every composable triple A AN N

A" we require

that
) o FUp) o
| H H |
FA= g P 77 FA™ = e FA e FA”
| o ! | H H S
v PA 7 FA" o FA” - FA' o FA" o FA™.

For Ay 1 4y L2 4, L

LN A,,, we define the n-fold comparison morphism

P frsfr—tyenfi F(fnfn—l te fl) - F(fTL)F(fn—l) e F(fl)
recursively by
2 = PA (TL - 0)
©r = idpy (n=1)
Crusiifursti = (AFfui @ huifurrs) = Phostifuhr
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as in the following diagram

FAO F(fn+1fn“'f1) FAn+1
’ gafn-&-lafnfn—l"'fl ‘
Fd F(fnf1) FAn 7= F Ania
‘ Phn,frn1:-f1 H 1den+1 ‘
FA() Ffi FAlFfQ —Ff:FAn Finr FAn—i—l
1.10. PROPOSITION.
1. For any path of cells
fn
Ao _> Al .............. — A, (n > 0)
’Uol a1 Ull a2 Qn, lvn
v v v
By——> DBy ——> ——>DB,
we have general naturality in the sense that
F”Uoi F(am"'al) iF'Un H Phnseees f1 ‘
FB, F(gn-g1) FB, = FA, Ffi FAlFf2 an
’ Pon-91 ‘ Fvoi’ F£U1$ Foy Fan imn
FB, - FBng2 anFBn FB, o FBng2 ......... . anFBn.

2. For any path of paths (fi;), we have general associativity in the sense that

F(Hz"j flj) Hz]flj)

FAOO FAmn FAOO FAmn
’ P fiz) H

FAOQ FA10 """" FAmn = P(fiz)
’ PUop) H Pt H

FAOOF_fEIFA()lF_fEQ > FAlO e e — e > FAmn FAOOF_fZI. . FﬁnFAmn

PRrOOF. Straightforward induction. [



474 R. J. MACG. DAWSON, R. PARE, AND D. A. PRONK

1.11. REMARK. Conditions (OL2) - (OL4) are the same as the coherence conditions for
oplax morphisms of bicategories [Bé]. In the case of bicategories, condition (OL1) is
vacuous as all vertical arrows are identities and 1idA = id;,. However, when specifying
the cells ¢ 4 for bicategories one might wonder whether further naturality conditions might
be needed. It would not make sense to require commutativity of the diagram

F(1a)
FAea FA
1ra
Ff Ff
F(1y)

FA Veu FA

1par

since F'f F'14 # Flg Ff. One might precede these cells by @1, and ¢,,, ; and get
an equality, but this is just the condition (OL3). It turns out that the double category
formulation of oplaxity very nicely expresses the naturality of @4 in A.

General naturality for n = 0 is exactly (OL1) as the proof shows. Similarly, general
associativity has as a special case the unit conditions when the path of paths is made up
of two paths where one is of length one and the other one is of length two.

1.12. EXAMPLE. Let A be any double category and Path A its double category of paths.
Define =: A — Path A as follows. = is the identity on objects and vertical arrows; also,
= takes a cell, or a horizontal arrow, to the corresponding singleton path. For an object

Ain A, let £4 be the cell
A i
\i 0, /

A

and for a path A a7 of horizontal arrows, let £y r be the cell

A 'f A7
/ id g \
A 7 A’ 7 A"

All conditions for = hold trivially, because all cells are identities. (Note however that
although &4 and &5 ; are given by identities, neither is invertible as the indexing functions
are not. They are only cartesian morphisms.) So Z (equipped with the cells ) is an oplax
morphism of double categories. We shall show that it is in fact the universal one. In
order to express properly what this means, we need the notion of vertical transformation
of oplax morphisms.
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1.13. DEFINITION. Let F',G: A — B be oplax morphisms of double categories. A vertical
transformation t: F' — G assigns to each object A in A a vertical arrow tA: FA-—GA

and to each horizontal arrow f: A—— A’ a cell

FA- pa

tA\lL tf itA’
GA Tf> GA )

satisfying the following four conditions.
(VT1) For every vertical arrow v: A—e—C in A, the square

FA-LSFC
im iw
GA—3>GC
commutes.
(VT2) For every cell
A1 g
vl « lv/
v v
C T> C’
m A,
FA-pa  PA-pa

tA\% tf itfl/ Fv$ Fa iF/@’
GA Tf> GA = FA Th> FC
le Ga lG’Ul tCl th ltC”

v v v v
GC—>GC' GC—GC".

(VT3) For every A in A,

FAZAFA  FAZAFA

S I

GA E) GA = FA ﬁ FA
H YA H tA$ lia itA

GA P GA GA EPYe GA.
GA GA
(VT4) For every pair of composable horizontal arrows

AL LDoa
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F('f) F('f)

FA FA" FA FA”
e L e e
FA—p FA — FA" = GA——(-—GA
tAi' tf tA/}, tf }ItA” ‘ Vet ‘
GA—57 GA' 7 GA"  GA—7GA' — 7 GA".

1.14. REMARK. While condition (VT1) is, strictly speaking, implicit in condition (VT2),
it is stated separately for greater clarity. These conditions describe what we will call
vertical naturality. Conditions (VT3) and (VT4) describe horizontal functoriality.

1.15. PROPOSITION. (General Horizontal Functoriality) For every path

AoLA1£A2—>£> ns
we have
‘ Phnyeerf1 ‘ tA0$ t(fn-f1) itAn
FAOHFA14>FA2% ‘>FAn = GAO GAn
tAg \{ tfl $ tfg $ tfg tfn itAn H Yinyeeos f1 H
GA() ?ﬁ> GAl ?ﬁ> GAQGfT) ?CHGA” GAO ?ﬁ. GAleT> ‘G>fnC¥An
Proor. Easy induction. n

1.16. REMARKS.

1. The special case when n = 0 is part of (VT3). The case n = 1 is vacuous.

2. Double categories, oplax morphisms and vertical transformations form a 2-category.
In fact, as shown in [GP], they are part of a strict double category Doub whose
horizontal arrows are oplax morphisms and whose vertical arrows are lax morphisms.
This is remarkable, and another instance where the double category point of view is
illuminating. Indeed, it is well-known that we cannot form a 2-category consisting
of bicategories, oplax morphisms and any of the obvious choices of 2-cells (lax,
oplax, or pseudo). (See for example [Lac].) Indeed, although oplax morphisms do
compose in a strictly associative way (so we would obtain a 2-category rather than a
bicategory if anything) whiskering does not work for any of these choices. Suppose
that we have a transformation ¢: F' — G for oplax morphisms F,G: A — B with
components

FA-2-GA
o 4
FB——=GB

tB
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where ¢f must be a cell, an isomorphism or an equality. If H: B — C is an oplax
morphism then applying H to tf gives us

HtA

HFA HGA
=
HFf Hef ‘HGf
=
HFB HGB

HtB

so this would not compose.

The correct 2-cells are the specialisations of those we introduced above, the ver-
tical cells. In the case of bicategories, these look overly special, since their one-
dimensional components are all identities (so there are only 2-cells between mor-
phisms which agree on objects). However, they are not that special, and indeed

occur throughout bicategory theory (see for example [CR]).

Let Doub(A,B) denote the category of double functors from A to B with vertical
natural transformations, and Doubgp (A, B) the category of oplax morphisms from A to
B with vertical transformations.

1.17. THEOREM. For any double category A, =: A — Path A is the universal oplax
morphism in the sense that composition with =,

=*: Doub(Path A, B) — Doubgp (A, B)

1 an isomorphism of categories.

PROOF. Given an oplax morphism F': A — B, define ®(F"): Path A — B to be the same

as F' on objects and vertical arrows. For a path Ag A, Ay ELIOR

O(F)((fi)) to be the composite

Ffi

FAy E0 pa, B2 By

FA,

(the empty path goes to 14, of course). For a cell of the form

we assign the cell

A—T1
’U./ [0 \.U,
e AN
BO g1 Bl g2 gn B”
FA it FA
Fvl Fa l v’
y V"
FBy Flgn-g1) FBy
T
FBO Fo FBng - mFBn,

LN A, define
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and extend ®(F) to cells with vertical domains of arbitrary length, by horizontal compo-
sition.

Now ®(F') is functorial on vertical arrows because F' is, and on horizontal arrows
because Path A is free on these. Path A is also free for horizontal composition of cells, so
®(F) is also functorial on these. We must verify that ®(F') preserves vertical composition
of cells (and vertical identities). A typical example will make this clear. Consider the
vertical composite

A—T
/O/ [e% \O\
BO g1 Bl g2 B2 93 Bg

The composite of the images in Path A is the pasting of

Ff
FiA Ffl’
] o J

FBOM)FBS

/ $93,92,91 \
Fg1 ng

FB, FB, FB, FB3
i Fpq i F32 \% Fs3 i
F(1
PO, — M po, TUe) | pe, Pl pe
e
/ . // Chyhg by \
FCy g FC, = > FCy > FCy o FC,
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Now apply general naturality to the two middle rows to get

Ff

FA FA
} o |
F\go F(g3g291) F¢Bd
l F(B362/31) $

\L F(h4h3h2h1)
_—

FCy FC,
Phyhshg,hy \
FCO 101 F(h4h3h2 FC4
// \
Lph4,hg,h2
FCO FCs FCy.

Fhy

The top two squares compose to F'(33320; - ), and the bottom row composes to ©n, hs.hy
by general associativity, so the whole diagram pastes to ®(F')(fs020; - ) as required.
(Notwithstanding what we tell our students, sometimes an example is better than a proof.)
Now suppose that we start with a double functor G: PathA — B and consider
=*(G) = ®(G o =). On objects, vertical arrows, and horizontal paths of length one,
®(G o Z) agrees with G, and by freeness, they agree on paths of arbitrary length as well.
Also by freeness, we only have to check that they agree on cells of the form

A—Ls
./ (03 \.
/ \
BO g1 Bl g2 T B”
which ®(G o E) takes to
aA— s qa
e
GB, S ap,
/ Yom-91 \
G B, o GB, G o GB,,

where 7 is the generalised “codiagonal” expressing oplaxity of Go=. The codiagonal for a
composite is the composite of the codiagonals in the only sense possible, (G,v)o (F,p) =
(GF,Gy - 7), which in this case gives 7, = G(idy,..q;), so that ®(G o Z)(a) =
G(id)G(a) = g(a). So ¢=*(G) = G.

.....
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Starting with F': A — B an oplax morphism, we have that Z*®(F) = ®(F) o =.
Moreover, since ®(F') agrees with F' on objects, vertical arrows, vertical composition,
horizontal arrows of length one, and cells whose codomain has length one, we only need
to check that =*®(F) and F have the same oplaxity cells. For a path (f;) in A, the
generalised oplaxity cell of ®(F) o = is ®(F)(&y,.....5, ), which by definition of ®(F) is

FAy 2 ) pg

F Ay

FA,,

i.e., f, .p- 30 O(F)oZE = F. This establishes that =* is bijective on objects with
inverse ®.

To finish the proof we will show that =* is full and faithful. Choose double functors
G,K: Path(A) — B, and a vertical transformation ¢: Go=—e—= K o=. Then t is
specified on objects and horizontal morphisms of A, 7.e., paths of length one. We wish to
show that it extends uniquely to paths of arbitrary length. For any path (f;), an extension
of t would have to satisfy general functoriality, i.e.,

GA, G({f:) GA, GA, G(fi)
tA0$ t(fi) itAn ‘ Vs H
KA() K{f:) KAn = GAO GAl
H Y(fi) H tAo$ tf1 i tfz tfn ltAn
KAOK—fTKAleT) _K>anA KAO_)KAl}(f ......... _K>fn](A

As G and K are double functors on Path (A), the cells s, and r, are actually vertical
identities, so this completely determines ¢(f;). It is straightforward to check that, thus
extended, t is a vertical transformation G —e—= K , thus completing the proof. [

1.18. THE COMONAD. Not surprisingly, Path is the functor part of a comonad on the
category of double categories. The one-dimensional version, Path, studied in the prologue
arose from the underlying graph - free category adjoint pair. Here we work in the reverse
direction. First we get the comonad structure and then determine, in Section 3, what the
two-dimensional analog of ‘graph’ is.

The universality of Path in the previous section expresses an adjointness which is the
two dimensional version of the Kleisli category construction of the prologue. The Kleisli
morphisms were “pretty poor morphisms”, i.e., ‘functors’ that don’t preserve composition
nor identities. In the current context these correspond to oplax morphisms, a much richer
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notion of morphism which occurs frequently in practice. Once again we see that the
two-dimensional structure adds so much more.

Let A be a 2-category and G = (G, E, D) a 2-comonad on A. The Kleisli 2-category
AG of G has the same objects as A and hom categories defined by

AC®(A, B) = A(GA, B).
Vertical composition of cells is as in A and horizontal composition of arrows and cells is
the usual Kleisli composition: go f = g(Gf)D. There is an adjoint pair of 2-functors

RG
—

A_ "~ A®
UG
U® 4 R®
inducing the comonad G; among those A€ is characterised up to isomorphism by the mere
fact that the right adjoint is bijective on objects.
Theorem 1.17 has as an immediate corollary the following result.

1.19. PROPOSITION. The inclusion, Doub — Doubgy of the 2-category of double cat-
egories, double functors, and vertical transformations into the 2-category of double cate-
gories, oplax morphisms, and vertical transformations, has a 2-left adjoint Path with unit
=. Doubgy, s the Kleisli 2-category for the 2-comonad Path induced on Doub.

1.20. REMARK. The fact that Path is a 2-functor is a double category phenomenon. Of
course the Path construction would work for 2-categories because 2-categories are special
double categories, but vertical transformations look overly special in that setting. In
any case, it is the vertical transformations that make things work, so even if we start
with 2-categories we must consider them as double categories to get the two dimensional
structure of Doub and Path. In fact, Path is even better than a 2-comonad, it is one
in which the structure morphisms are left adjoint to the counits, of the sort studied by
Kock [K] and Zoberlein [Z]. Following Kelly and Lack [KL| we call them oplax idempotent
comonads. (See also [M].)

Let us recall the definition. A 2-comonad G = (G, E, D) on a 2-category A is oplax
idempotent if for every object A, there are 2-cells a: DA-GEA — 1g24 and (B 1geq —
DA - EGA which together with the triangle identities 144 = GEA- DA and EGA-DA =
1ga give an adjoint triple

GFEAADAA EGA.

Wood [W] has shown that if e: UR — 15 and n: 14 — RU are the adjunctions for an
U

adjoint pair A B of 2-functors, then there is a transformation ¢: nR - Re — 1gygr
R

which together with the triangle identity Re - nR = 1 makes Re 4 nR, if and only if
there is a transformation ¢ : Un-eU — 1ygy which makes Un 4 U with 1y — U -Un as
unit, and in this case the comonad (UR, e, UnR) is an oplax idempotent. This is a useful
criterion as it avoids having to deal with G? which can be quite complicated.
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1.21. THEOREM. The comonad Path on Doub is an oplax idempotent.

PROOF. The comonad structure on Path is obtained from the adjoint pair of 2-functors,
Path: Doubg, — Doub, left adjoint to the inclusion Doub — Doubgy,. The unit
is =: A — Path A and the counit is I': Path A — A is composition. So it is sufficient
to show that I' is left adjoint to = in Doubgp,. The composite I'= is the identity on
A, so our unit 7n: 14 —e—=T= will be the identity vertical transformation. The counit

g: EI —e—=>lpath 4 is the identity on objects, and for every 1-cell in Path A, i.e., a path
(f:), e({f:)) is the cell

AO fn".fl An
id Aoi idfp,.fy iid An
Ao - A, - A e A,

Note that for paths of length 1, this is actually an identity so that €= is the identity. This
is one of the triangle equalities. Also notice that I'e is the identity, and this is the other
triangle equality. n

We saw in the prologue that the comonad Path on Cat has as its coalgebras free
categories on graphs (the category of coalgebras is equivalent to the category of graphs),
and that a category has at most one coalgebra structure, despite the fact that Path is not
an idempotent comonad. This surprising phenomenon can now be understood as follows.
If a category A is considered as a vertically discrete double category, then a coalgebra
structure F': A — Path A is the same as a coalgebra structure A — PathA, because
Path A and Path A are the same at the level of horizontal arrows. As Path is an oplax
idempotent, there can be at most one of these, a (vertical) left adjoint to E: Path A — A.

1.22. REMARK. Path A has a nontrivial double structure even when A is just a category.
Indeed, this is already seen for Path 1. The vertical arrows are identities (so it is a 2-

category), but a cell from a path A LN Ay LN LN A, to a path By 2> B, 2

- 2, B,, is an endpoint and order preserving function ¢: [n] — [m] such that for every

i=1,...,n, fi = gi((f)_l) (so in particular, B, = A;). Although the composites that A
has are forgotten in Path (A), they are remembered in Path (A) and, in fact, applying Il

locally to Path (A) gives us back A itself.

As the coalgebras for Path are graphs, and graphs are the building blocks for cate-
gories, it will be instructive to determine the Eilenberg-Moore coalgebras for the oplax
idempotent comonad Path on Doub. They should be to oplax morphisms what graphs
are to functors, i.e., the true objects on which oplax morphisms are defined. After all, if
morphisms are meant to be structure preserving, what can we make of oplax morphisms,
which don’t preserve horizontal composition? We shall see in Section 3 that the coalgebras
are precisely Leinster’s fc-multicategories, whose theory we review in the next section.
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2. Oplax Double Categories

Oplax morphisms don’t preserve composition in spite of the fact that morphisms should
be structure preserving functions. In a situation such as this, it is often the case that what
we do not sufficiently understand is the structure. If composition is not preserved, then it
shouldn’t be part of the structure. But we do need enough structure to yield oplaxness.

Our main example is the double category Span (A) which will be explored in detail in
the sequel [DPP4] to the present work. Span (A) has the same objects as A, its vertical
arrows are the morphisms of A, its horizontal arrows are spans in A, and a typical cell
looks like

/

P p ,

A<=—S5——A
T
- — s R
B<—T—B.

If A has pullbacks, then Span(A) is a (weak) double category. If A fails to have pullbacks,
we don’t have horizontal composition; however, we have not only all the rest of the double
category structure (vertical composition of arrows and cells), but also the extra structure
that would determine the horizontal composition if it existed. Since composition of spans
is performed using pullbacks we know what a morphism into it should be; in fact we know
this not just for composites of two spans, but for n-fold composites as well. Indeed, if T
is the composite of the spans

/ / !
q1 q q2 5 q3 q q
B=By«— 1T, — B, «— Ty —= By +—— -+« T, — B, = B,

then cells as above are in bijective correspondence with diagrams

/

A<t—s L u

/Sl szl n r

By T, By T, . S

and it is clear from representability theory that a knowledge of such ‘generalised cells’” will
determine the composite up to isomorphism, if it exists. We have vertical identities and
a generalised composition: given n other generalised cells with domains 7, they can be
vertically composed with the above one, and this composition is associative. This is the
kind of structure we want. It is simply the vertical dual of Leinster’s fc-multicategories
[L1, L2, L3], whose theory we now review. They are the double category version of what
Hermida [H1] calls ‘multicategories with several objects’ and what Hermida, Makkai, and
Power [HMP] call ‘multitopic categories’. We propose to call them lax double categories
for reasons hinted at above and which should become clear shortly. (Actually, we shall
study the dual oplax double categories, because of the applications we have in mind.)
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2.1. MULTICATEGORIES. All of these concepts are an outgrowth of the notion of multi-
category [Lam] which was inspired by the relationship between tensor products and mul-
tilinear maps. A (small) multicategory consists of a set of objects and set of multiarrows
with domains finite strings of objects and codomains single objects. Given multiarrows
f:(By,...,Bn) — C and ¢;: (Ay,...,An,) — By, i = 1,...,n, there is a composite
f(g1s---,9n): (A;) — C. This composition is associative and there are identities satisfy-
ing ]-Cf - f - f(lBU ) ]-Bn)

We can reformulate this in terms of the free monoid monad (7,7, ). A multicategory
consists of two sets A, A1 (objects and arrows) with functions dy: Ay — T'Ag, 01: A3 —
Ap, t: Ag — Ay, and v: Ay — Ay (domain, codomain, identity, and composition). Ay is
defined by the pullback

A2 —— TA1

| » |

A1 TO> TAO

The associativity and unit laws can easily be expressed diagrammatically. In fact, all of
this can be carried out in any category with pullbacks and for any cartesian monad T,
i.e., a monad T = (T, n, u) for which T" preserves pullbacks and the naturality squares

nA HA

A TA T?A TA
f Tf and T?%f Tf
B B TB T’B B TB

are all pullbacks. This gives Burroni’s notion of T-multicategory [Bu].

In keeping with the theme of spans, let us introduce the double category T-Span(A)
for any cartesian monad T = (7,7, ) on a category A with pullbacks. The objects of
T-Span(A) are those of A. A horizontal arrow A —+= B is a span

N
TA B.

A vertical arrow is just an arrow of A, and a cell is a commutative diagram

TA<—S—B

.| CRT

TA<=— S —PB.
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Horizontal composition is given by pullback and composition with p:

R®S

TS / Pb \ R
LA T?A TB C

o

TA

and identities are
oA
TA A.

Horizontal composition of cells is given by the universal property of pullbacks. Proving
the unit laws and associativity of horizontal composition is an easy exercise using the
cartesianness of T. Now, a T-multicategory is exactly a horizontal monad in T-Span(A)
and a T-multifunctor is a vertical morphism of monads in T-Span(A).

Note that multifunctors are defined using vertical arrows, and so their construction
uses the double structure of T-Span(A). When category objects are defined as monads in
the bicategory Span(A) none of the various notions of morphism give functors. At best
we get profunctors and at worst we get things never before observed in nature. Of course
we want functors as our morphisms and the usual way of dealing with this is to define
morphisms to be maps in Span(A) with left and right actions. While this does work in
the present context, it is certainly ad hoc. There doesn’t seem to be any overriding idea
for doing this, except that it gives what we want. Strictly speaking, it doesn’t even do
that, the representability of maps being intimately related to Cauchy completeness.

2.2. LAX DOUBLE CATEGORIES. The following discussion can be found in Chapter 5 of
Leinster’s book [L2]. We include it here so as not to interrupt the logical flow of ideas.
Consider the category of graphs, Gph, and on it the free category monad, T = (T, 7, u),
introduced in the Prologue.

2.3. PROPOSITION. T is a cartesian monad.

PROOF. Let
G T G,

le |

G2—>G0

I3
be a pullback of graphs and consider

e G,

TP l lTFl

TG2 T—Fz) TGO .
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T is the identity on vertices, so there is no problem there. An edge in T'G is a path of
edges in G and an edge in G is a pair of edges (A; i B, A P, By) in G x Gy such
that Fy fi = Fafs. A path of these is a pair of paths of the same length ({f1;), (f2)) such
that Fifi1; = Fyfs; for all . Since T'F} and TF, preserve length and two paths in TGy
are equal if and only if they are identical, such a pair of paths is exactly an edge in the
pullback of T'F; and T'F,. So T preserves pullbacks.

Let F': G — G’ be a morphism of graphs and consider the naturality square

nG
G—TG

r| |1r

G’ e TG

An edge of the pullback corresponds to an edge g of G’ together with a path (f;) in G
such that (F'f;) is g, i.e., the path (f;) has length one, and F'f; = ¢g. Thus, an element
of the pullback is completely determined by an edge of G, i.e., the above square is a
pullback.

Also consider the square

e S0

-

T*G’ e TG

An edge of the pullback of TG’ and T'G is a path of paths (m, (n;, (g;;))) in G’ and a
path (p, (fx)) in G such that (3_,c,, 7y, (9i)) = (p, (F'fx)) which is entirely determined by
a partition of p into m pieces, and the edges fi, .e., a path of paths in G or an element
of T?G. Thus the p-naturality square is a pullback. [

2.4. DEFINITION. A lax double category is a T-multicategory in Gph.

In elementary terms, a lax double category has objects, horizontal and vertical arrows,
and multicells. The vertical arrows form a category whereas the horizontal arrows don’t.
A multicell has domains and codomains as illustrated

BO 91 Bl 92 B2 .............. 9 Bn
vl o lv,
! v
A - A

Such an « can be composed with n cells

hi2 Rim,

Cio C; - Cimz
} 5 }
v v

Bi_, B;
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to give a cell

Cio Cn Cllp —— G
l ao(f3;) l
! v
/
4 f A
There are identity multicells
A I A
|
Y
A 7 A

and the composition is associative in the only sense it can be.

A lax double category in which all vertical arrows are identities is what Hermida [H1]
calls a multicategory with several objects. A lax double category with a single object is
the same as a multicategory as defined in [Lam] (see also [L.2]).

2.5. DEFINITION. A morphism of lax double categories F': A — B takes arrows to arrows
of the same type and cells to cells respecting domains and codomains, and preserving
identities and vertical composition of arrows and cells.

A double category A gives a lax double category Lax A if we take multicells

BO g1 B1 g2 an Bn
l (o7 l’U/
v v
/

A 7 A

to be double cells

B, (gngn—1)-92)91 B,

vl « lv’

v v

!

A 7 A

That we actually get a lax double category follows from the coherence theorem for (weak)
double categories which is a minor variation on the coherence theorem for bicategories
[DP2], and in fact is equivalent to it. This is one of Hermida’s main points in [H1].

The following theorem is implicitly in [H1] (see 9.4 and 9.5 there).

2.6. THEOREM. Let A and B be double categories. A morphism of lax double categories
Lax A — LaxB is the same as a lax morphism of double categories A — B.
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PROOF. For Ay 25 A, <2 A, in A, we have the multicell
Ay L Ay L Ay

|

Ay A

Jaf1

and applying F' we get

FA, S pay B2 pa,

FA, FA,

F(f2f1)

which we take as ¢, f, 0 (Ff2)(Ffi1) = F(fif2). For wa: 1pa — F(14) we take the image
under F of

A

/dlA\A.

1

A

The coherence properties that ¢ must satisfy all follow from the fact that F' is a
morphism of lax double categories. For example, associativity of ¢ follows from the
identity:

Ay f1 A, f2 A, f3 A, Ay f1 A, f2 A, f3 A,
Ay

H idyy, 1y idy, ’ ‘ idy, H idfy, o H
AO faf1 f3 A3 _ AO f1 Al fafz A3
H dyg, o1 ‘ ‘ id s po.51 H
Ao fafofi 43 Ao fafafr As

(since both are equal to

fi A, fo A,

H idf3wf21f1 H

fafef1
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Naturality follows by applying F' to both sides of the identity

A0—>A1—>A2 A0—>A1—>A2
oo | H ; H
R !

Ay

BO—>B1—>B2 = AO

T
By By Bs.

By

489

In order to extend the bijection in the previous theorem to an isomorphism of cat-
egories we must define what transformations of morphisms of lax double categories are.
Let F,G: A — B be morphisms of lax double categories. A wertical transformation

t: F—e—= (G consists of the following data:
1. For each object A of A, a vertical arrow tA: FA—e—=GA;
2. For each horizontal arrow f: A — A’ in A, a cell

FA- by
tAl tf ltA/

P
GA—gGA,

satisfying the following naturality conditions:

1. For each vertical arrow u: A —e— "4 in A,

FA-SaA
Fv%_ %fv
FA = GA
commutes;
2. For each multicell
AO f A, f2 A, fn A,
’Ul (0] lw
v v

Sy
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we have
FAOF—ﬁ>FA1F—f2>FA2—>~-- ,,,,,,, F—f">FAn
’L)l Fa iFw
v v
FB g FB’
GB Go GB’
FAOF—ﬁ>FA1F—h>FA2—> ............ MFATL_IQ;FA”
tA l tf tAll tf tAQl tAn,_ l tfn ltAn
R g/ !
= Gle ?ﬁ> GAl @) GA2 — — GAn_l CW GlAn
Gv Ga Gw
v v
GB Go GB'.

For double categories A and B and morphisms F, G: Lax A — Lax B, vertical transforma-
tions t: F —e— (G correspond to vertical transformations of oplax morphisms of double
categories.

We have now defined the correct structure so that the natural morphisms are lax
morphisms. In the process we have taken care of coherence as well.

In the notion of lax double category we have enough structure to recover horizontal
composition if it is there. Indeed,

idf2’f1

Ay A

Jaf1

is a universal cell in the sense that vertical composition with it gives a natural bijection

between cells of the form
Ay LI 4,
|
v v
By — B

and cells of the form

Aoi)thAz

} o }
! !
B B
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This universal property determines fsf; uniquely up to isomorphism. However, as Her-
mida makes clear, this condition is not enough in general. If we wish to show that
composition defined this way is associative (up to coherent isomorphism) we need what
he calls strong representability. Our definition follows the lines in Hermida [H1].

2.7. DEFINITION. Let A be a lax double category and

In

Ay P —L

a path of arrows of A. We say that the composite of the path is strongly representable if
there is an arrow f: Ay — A, and a multicell

I N R
H T ‘
AO ! An

such that for any paths (x1,...,%m), and (Yp, ..., 1), and cell a as below

(2

<o—

(63 l’ll]
{

Sy
Q

there 1s a unique cell &

Tm x1 f Y1 Y2
Xm‘> ‘>X1‘>AO‘>A,“%—YVI‘> ‘>Yp

o} . b
v {

B 7 C
such that
X,, Tm m_gim_—1> e X x1 Ay f1 A, f2 fn A, Y1 Y, Y2 Yp Y;?
H y H y ‘ Mttt ’ y H \
x Tm—1 f

Xm — Xm—lm

ol
! !
B y C

Ql
-~
g

18 equal to a.

We say that the composite of the path (f,,..., fi) is representable if we require the
above condition only in the case where m = p = 0, i.e., when there are no x’s or y’s.
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We will usually choose one representing f and call it f,f,_1---fi. When n =1, the
composite is represented by f;. When n = 0, a case we will be particularly interested in,
we say that the identity 14, is (strongly) representable. Aside from the case n = 0, we
will be mostly interested in the case n = 2. The following proposition is essentially due
to Hermida ([H1], 11.4).

2.8. PROPOSITION. A lax double category is of the form LLax A if and only if all composites
are strongly representable.

2.9. REPRESENTABILITY OF COMPOSITION. It may appear from the literature so far that
strong representability is the only useful condition, and in fact it is the only one we will
use in this paper. However, plain representability is also interesting. In fact there is
something mysterious about strong representability; after all, representability on its own
does determine the composites up to isomorphism. Without strong representability we do
not get associativity of composition up to isomorphism. We do get, however, comparison
cells fgh — (fg)h and fgh — f(gh). More generally, given a path of paths of morphisms
fire- fin - fmi .- fn, We have comparison morphisms

Fnm = J11 = (Fonn =+ fma) = (frmg o f11) (5)

satisfying the obvious associativity conditions. Thus we obtain the double category version
of (the dual of) Leinster’s lax bicategories (see [L2], p. 121). Let us call these slack
double categories so as to avoid possible confusion with what we call lax double categories
and he calls fc-multicategories. The relationship between these two concepts is this.
Given a slack double category A we can construct a lax one, Lax A, as in the paragraph
following Definition 2.5. The composition of multicells there only requires the comparison
morphisms (5). Then Proposition 2.8 can be modified to say that a lax double category is
of the form Lax A for a slack double category A if and only if all composites are (weakly)
representable.

There are also Grandis’ related notions of lax bicategories which have comparison
cells between certain pairs of associations of composites in a preferred direction (which
is chosen to model problems in concurrency theory) [G]|. These form a special case of
Leinster’s lax bicategories where some of the comparison cells are identities.

We believe that our notion of lax double category is the most basic one from which
the others can best be understood and so we suggest using this name rather than that of
fc-multicategory, since the latter does not reflect the central role of this concept.

2.10. OPLAX DOUBLE CATEGORIES. The example that motivated this section is that of
Span A where A is a category which does not necessarily have pullbacks and this yields
an oplax double category rather than a lax one. This is simply the vertical dual of the
notion of lax double category in which multicells look like

f
A—— A
v./ o \}/\
BO A/Bl BQ . Dn
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The Span construction has been central to our work and has guided us in our choice of
orientation for the construction of II,A ([DPP1]) and consequently Path A. Thus we now
switch to oplax double categories.

Given a double category A we now have an oplax double category Oplax A associated
to it where a multicell a as above is a cell

0 T%> n
in A. Morphisms of oplax double categories are the obvious ones (dual to the lax case) as
are vertical transformations. It is easy to see that Oplax extends to double functors and
vertical transformations of such.

We introduced the 2-categories Doub and Doubgp in Section 1. We also have the
larger 2-category Oplax of oplax double categories, whose objects are oplax double cat-
egories, arrows are morphisms of such, and 2-cells are vertical transformations.

2.11. PropoOSITION. Oplax is a locally full and faithful 2-functor Doub — Oplax.

PROOF. The only thing that is not completely obvious is the locally full and faithful part,
and that is an easy calculation. [

Proposition 1.19 of Section 1 showed that Path is left adjoint to the inclusion Doub —
Doubgp;. We now show that Path extends to Oplax and is 2-left adjoint to Oplax. This is
the natural setting for Path. An oplax double category has all the ingredients for a double
category except for the horizontal composition. Generating the free double category from
one would necessarily involve paths, ordinary paths of 1-cells and paths of double cells,
and perhaps some bookkeeping complications for double cells. Our Path construction is
exactly the right thing. In fact, it doesn’t use horizontal composition of arrows or cells.

Explicitly, let A be our oplax double category. We construct a (strict) double category
Path A with the same objects and vertical arrows as A. A horizontal arrow is a path of
horizontal arrows in A and a double cell is a horizontal path of multicells in A. The vertical
domain and codomain of such a path are the path of domains and the concatenation of
the paths of the codomains (respectively). For example, a typical cell might look like

Ay fi A, P A, f3 As
e NG e e N
e NG N
By By Bs Bs By Bs.

91 g2 g3 94 95

The domains and codomains are clear. Vertical composition of cells uses the multicell
composition of A, in the obvious way. Both horizontal structures are free categories;
vertical composition of arrows also forms a category because it is the same as in A. It
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is easy to show that vertical composition of cells also forms a category and to check the
middle four interchange law.

A loftier point of view will make this all transparent. For a cartesian monad T in a
category A, we have not only the double category T-Span (A) but also the the double
category Span(AT) of spans in the Eilenberg-Moore category AT of A, and a double
functor 7': T-Span (A) — Span(AT). T is defined by T(A) = (T A, pA) and T(f) T(f)
for an object A and a vertical arrow f of T-Span. For a T-Span, TA «*— S -4 B, T is
defined as

(TA, pA) &2 (T2 A, T A) <2 (TS, uS) ~% (T B, uB)

and for a cell

A TA<t—s—>p

| N R

A TA <—S —=D,
p q

T(f,z,9) = (Tf, Tz, Tg).
For the identity span T'A A2 A we get

T14

TA<—T2A<—TA—>TA
which is the identity in Span (AT). A composite

TS pb 9

S ]

LA T?A TB C
/
TA
is transformed into
e
T%p TQS T2q Pb Tp' s Tq'
TuA T3A T°B e
/
T?A
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whereas the composite T(S")T(S) is given by

=
15 T?%S 24 PP 1y TS’ ¢
jod L - NG
o TS 4, P 5 T°B TC
/ /
y T2A TB
TA

where the two squares are pullbacks because T is cartesian. Finally, the left legs are equal
because

T2 TuA
728 — 34 52y

#sl ra lM

TSTTQATTA

commutes.

So T': T-Span (A) — Span(AT") is indeed a double functor and as such preserves
monads and their morphisms. If A is the category of graphs and T is the free category
monad on it, then T-Span (A) is the double category of lax double categories, AT is the
category of categories so a monad in Span(AT) is a double category. This is the higher
reason why we can apply the Path construction to a lax double category, and by duality,
to an oplax double category to get a genuine double category, Path A.

2.12. THEOREM. Path is the object part of a 2-functor Oplax — Doub which is a 2-left
adjoint to the inclusion Oplax: Doub — Oplax.

PRroOF. That Path is a 2-functor with the obvious extension to morphisms of oplax double
categories and vertical transformations is a straightforward calculation.

Let A be an arbitrary oplax double category. Define =: A — OplaxPath A to be the
identity on objects and vertical arrows and to take horizontal arrows and cells to singleton
paths of the same. This is clearly a morphism of oplax double categories.

Given a double category B we will show that

Z: Doub (Path A, B) — Oplax (A, Oplax B)

defined by Z(F) = Oplax(F) - Z is an isomorphism of categories. "

The referee has pointed out that the above adjunction can also be seen as part of our
previously described “loftier point of view”. Indeed, one can extend the usual forgetful
functor AT — A to a lax double functor U, which is right adjoint to T in an appropriate
double categorical sense. Then taking monads it will induce the inclusion of categories,
and yield the adjunction of Theorem 2.12. See [L2], Section 6.6 for further details.
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2.13. THEOREM. Path : Oplax — Doub is 2-comonadic.

PRrROOF. The 2-comonad on Doub induced by the adjunction
Path 4 Oplax

is what we called Path in Section 1.18 where we showed that it was oplax idempotent.
A coalgebra for the Path comonad is a double category A with a double functor
F: A — Path A satisfying the counit law

A —E>Path A

N

and coassociativity

A—L>Path A

Fl lIP’ath F

Path A —> Path® A.

The first condition forces F' to be the identity on objects and vertical arrows. It also
says that F' gives a functorial factorisation of horizontal arrows and double cells into n-fold
composites. In particular, this assigns a grading to horizontal arrows and double cells.
As in the proof of the one-dimensional case from the prologue, this makes the horizontal
arrows into a free category on the graph of degree 1 arrows, and similarly for the cells

under horizontal composition.

In fact, the grading is given by A £, Path AMPathl . It will be recalled from

Section 1 that a cell of degree 1 in Path 1 has the form

1

* —> %

* — %
n

which tells us that a cell of degree 1 in A has boundary

A ! A
v./ o \.1}/
< N
BO T Bl g T Bn

where f and each g; has itself degree 1. It follows that the degree 1 cells form an oplax
double category A(1) and that A = Path A(1). n



PATHS IN DOUBLE CATEGORIES 497

2.14. REMARK. We interpret this theorem as validating our claim that oplax double cate-
gories are precisely the right structure on which to define oplax morphisms. In particular,
Oplax is as cocomplete as Doub which has all 2-colimits, i.e., Oplax is 2-cocomplete. It
is also 2-complete because Doub is and the comonad Path preserves pullbacks as is easily
seen. Note that Doubgyp is neither complete nor cocomplete, a problem that surfaces
immediately when working with oplax morphisms. However, we know from monad theory
that every coalgebra is an equaliser of two cofree coalgebras, in fact that equaliser is a
pullback, even an intersection, so that Oplax is a completion of Doubgp under binary
intersections. Simply adding intersections makes it complete and cocomplete.

It should also be remarked that since the comonad Path is oplax idempotent, it is a
property of a double category to be Path of an oplax one, not extra structure.

3. Path,

The pointed case is more complicated but also more interesting and is at the heart of our
I15 construction. Now we are dealing with the case where identities are preserved. Thus we
are in the situation analogous to free categories generated by reflexive graphs, the Path,
construction from the Prologue. Already, in the one dimensional case, there were some
complications involving the equivalence relation on paths, but the situation was quite
simple and equivalence classes had canonical representatives. In the two dimensional case
we do not have to worry about equivalent paths of arrows, but the equivalence relation
on cells is much more complicated.

3.1. DEFINITION. An oplax morphism of double categories F': A — B s called normal if
for every A the given cell
FA%FA
| ]

FA1—>FA
FA

1s vertically invertible.

The problem which we shall address is the construction of the universal oplax normal
morphism

A —>Path, A

for any double category A.

Normality is important. Without it we can do almost nothing; and we note in partic-
ular that our motivating example, A — SpanA is normal. This is more or less equivalent
to preservation of adjoints. More precisely, a morphism is normal if and only if it preserves
adjoints and companions [GP], as will be shown in [DPP4].
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3.2. THE NECESSITY OF THE EQUIVALENCE RELATION. It is clear that the universal
oplax nmormal morphism, =,: A — Path, A exists as it is described by operations and
equations. Our problem is to get a concrete workable description of it. We have already
constructed the universal oplax morphism, =: A — Path A and this will be our starting
point. Universality of = gives a unique morphism of double categories, ®, such that

_ PathA
= L@
i

~ Path, A

A

commutes. So Path, A will require some inverses that are not present in Path A, and these
in turn will require certain elements to be identified. Specifically, we must add an inverse
for each canonical morphism

1

A
\LA/

A
in Path A, and then all double categorical consequences of this. Thus the objects and
vertical arrows on Path, A are those of A, and the horizontal arrows are paths of arrows
of A, just like the arrows of Path A. However, the double cells are equivalence classes
of words in the cells of Path A and the ¢!, constructed using horizontal and vertical
composition. This, of course, is potentially very complicated. The following proposition
hints that the problem may be tractable after all.

There are two simple kinds of words, those that come from single cells in Path A, i.e.,
fences (¢, (vi), (ai)): (fi) — (g;), which we call words of type 1, and those of the form

A

] A [ ]
4 N
Bo g Big= 0~ B
where )\ is a double cell

A i>14
vl A ivf

v v

BO —1> Bm

9

in A, which we call words of type 2.



PATHS IN DOUBLE CATEGORIES 499

3.3. PROPOSITION. Each cell of Path, A with vertical domain of length greater than 0 has
a representative of type 1; a cell with vertical domain of length 0 has a representative of
type 2.

PROOF. It is clear that the cells of Path, A are generated by equivalence classes of words
of type 1 and 2, so it will be sufficient to show that they are closed under horizontal and
vertical composition.

Both horizontal and vertical composition of two words of type 1 yield words of type
1 as they come from Path A. Also, a word of type 2 composed vertically with a word of
type 1 (where the word of type 2 is above the word of type 1) gives another word of type
2. For a word of type 1 composed vertically with a word of type 2, consider the diagram

AgLsa, o L
w. \.agv aﬁ/
vo\\; /vn

/N

A " A

'U./ A \.,U/

s, N
BO g1 Bl g e Bm

If we write o, = ¢4 - @, for

An—l fL) An

Un—1 i an l’un
y !

A——A4,

1a

the above composition can be rewritten as

Aoi)AlfL)_...._. A, I A,
vvol a1./az / P lv Un,
P ¢
By Bj —— B,,.




500 R. J. MACG. DAWSON, R. PARE, AND D. A. PRONK

In a similar way, composing two type 2 words vertically

X
/LX \
X——X
N, e S
v \A/ w’
/LA \
A—r—4
v / A\ \.v’
v N
BO m B1 I ? Bm
gives
X
/[,X \
X—X
'u-w./ NE \.v/-w/
Ve N
By—=By > ——~ B,

Next, consider the horizontal composite of a word of type 1 with a word of type 2 as
above. First note that for any f: A — A’ the vertical composites

A A A

A/LZ \A f A/\A’ and A/ ldAf \A’
NN T

! f

U f
id

are both equal to id; and the bottom cell is invertible, so

A—— L

T A
/m\ idy \ is equal to / “id g7 \
A " A 7 A A ”

A 7 A

Thus, the horizontal composition of a word of type 2 as above with a word of type 1,
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(o, (v3), (a;)), can be written as

A L A L) vvvvvvvvvvvvvvvvvv % A,
/LAl\idfl\ id \
A | ~ A,
1a 1 f2 fn
v/ A e (s v () N\
s/ N N
By > By 5> > B 5= Brst —— —=B,

so that the ;' gets absorbed into the idy, and the whole composition is a word of type
1. Dually, a word of type 1 followed by a word of type 2 is another word of type 1.
Finally, the horizontal composite of two type 2 words is another type 2 word. Indeed,

the two vertical composites
A

AN
N/ -/ / Y
i/ ="/

both equal ¢, and as (id;,)(z4) is invertible, we see that

A /L\
A TN

It is now easy to see that the horizontal composite of two type 2 words is again one. m

Now that we have an idea of what the equivalence classes are, our next step is to
understand the equivalence relation as such. The next result is crucial in this endeavour.

3.4. PROPOSITION. Let (¢, (v;), () and (¥, (w;), (5;)) be two fences (i.e., words of type
1) with common boundary

Mg Faa ey
ol L,
I {

By—> By > - —> B,
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such that:
1o <y
2. for each i =0,1,... n, there are cells \;, as in
Ay =—7——==A,;
vi./ A \.wi
e N
Bty — Bpiy+1 — — By
such that
fz fz
Az 1> A Az Ai—l Az 1— Az (6)

Uifll 67 lvi i lvi = 'Ui—ll i—1 lwiflﬂ’ lwt
\L \l/ AZ \11 ¢ )\Z ¢ t ¢
B

o) —=5 Boti) — 7 But Bioti) —=5 Beti) — By

9o(4) Gy (i) 9o (4) 9y (i)

3 =1y, =1y, and N\, =1,, =1,,.
Then (@, (vi), {(a;)) and (1, (w;), (B;)) represent the same cell in Path, A.

3.5. REMARK. The intertwining of «, 3 and A in (6) is nicely expressed in the double
index notation, viz. Ny = B} \;.

PRrooOF. Consider «, 3, and \ as illustrated in

PARWLNERN

A//

| o l l |
! P ’ |
By—>++—>By >+ =By—> =B,

First composing the four cells on the left and the two on the right and then composing
the two on the left and the four on the right, we see that the fences

AT g ATt

$ pYeY $ B $ and % a l BA l
B . B

. R -

|
;
|
|
;
'
.
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represent the same cell in Path, A. Thus we get the following:

(O, 1y y0q) = (A, Q1,0 0q)
(BaAn_1,Qn_1,...,01)

= (B An1@n1, - -5 Q1)
(
<

ﬁ Bn lAn 27‘-'7a1>

ﬂnaﬁn 17 n—200n 27---7()51)

= <ﬂmﬁn 17.",)\1041>
= <ﬁn7 ﬁnfla s 7ﬁ1)\0>
= <5n7ﬁn—17---,51>

3.6. REMARK. For fences whose vertical domain has length 1, there are no non-trivial
such systems of A-cells. Moreover, since type 2 representatives are vertically isomorphic
to type 1 representatives with vertical domains of length 1, there are none for that case
either. This implies that the equivalence relation for double cells introduced in the next
Proposition is trivial for all representatives of type 2, and for those of type 1 with vertical
domains of length 1.

3.7. PROPOSITION. Let ~ be the equivalence relation on fences generated by

(907 <vi>7 <Oéz>) ~ (¢7 <wi>7 <ﬁl>>

if there exist (\;) satisfying the conditions of the previous proposition. Then ~ is a
congruence of double categories on Path A.

PRrROOF. It is clear that horizontal composition of fences respects ~: simply concatenate
the As.
To show that vertical composition respects ~ it will be sufficient to show that if there

are (\;) directly relating (¢, (v;), (a;)) to (¥, (w;), (B;)), then

(907 <Ui>7 <az>) ’ (07 <u@>, <%>) is related to (1/}7 <wi>v <ﬁz>) ’ (67 <ul>7 <%>)

and
(€, (xa), (1)) - (. (i), (o)) s related to (€, (zx), (06)) - (&, (wi), (B:)).
Now
(. (v, ) - (0, {us), (30)) = (0, (vags) - ;). (o - 73))
and

(@, wi), (8) - (0, (us), (7)) = (0, (wagy) - us), (Bpeh V= 3).
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We have

Uj—1e Vi \%Uq uj oUj Uj—10 1uj,1 oUj Y o Uj
AoG-1) o7 o Agy G = Ay === o Agj)
FoG) 0(5)

Vo(j—1) e 9(] 1)119(]) Ao(5) eWp(j)  Vg(j—1)e Ao(i—1) V() @ /338)—1) e Wy (j)
Boo(i-1) 55 BW( ) o Buot) Boo(i-1) —571,Busi-1) 55 Buedi)
©0(5) Iu0(5) Iypo(j—1) Iypo(j)

so if we take A = o) + Lu; we get our relation.

For the equivalence involving (&, (xx), (0x)) take \; = 5132(1:) - Ai. Then

(@)

Ay —L sty ——— 4, Ay ——— A, — T 4
Vi—1e [0 %] ev; i ow; Vi—1e i1 ow;—1 [3; ow;
Boi-1) —= Bet) — 5~ 0 —~ Beiy = Beti-1) —;= Buti- e By
g«p@ Gy (i) Gy (i-1) 0]
9%(1'71)0 6552;1)90¢(¢) i 658 “xw(z‘) To(i—1) 7 (ﬁgz 3 i 6112)8) ! “3%(1‘)
Ty (i1)
Xep(i-1) —= Xep@) — Xey(i) Xep(i—1) —= Xey(i-1) — Xeg(i)
shows that (£, (zx), (o)) - (@, (vi), (as)) ~ (& (xr), () - (¥, (ws), (Bi))- =

3.8. THE CONSTRUCTION OF Path,. Let A be a double category. We construct a new
double category Path, A which has the same objects and vertical arrows as A. A horizontal
arrow of Path, A is a path of horizontal arrows of A. For n > 1, a cell with boundary

PR R T Y
O\L \l/n
By —> By > o —> By,

is an equivalence class of fences (¢, (v;), (o)) where the equivalence relation is the ~ of
Proposition 3.7. Such an equivalence class will be denoted [p, (v;), ()] or [, a1, ..., aq].
(A more suggestive notation might be a, @, 1 ®- - @y Or A, Ry, Oy 1 Ry, o+ + * Ry 1)
The number n is called the degree of the cell. The degree zero cells or scalars are cells of
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type 2,

/\

/ A \o
Y N

which we will denote simply by A. They are in bijection with cells of degree 1 with vertical
domain an identity, but it is important to distinguish between the two. The first notation
does: it gives us [A] as opposed to A, even though the equivalence relation is trivial in
degree 1. The ® notation does not make the distinction and with this notation we will
rely on alphabetical distinction, writing «, § as opposed to A, i etc. When confusion is
possible, we will revert to the first notation.

We are now ready to define horizontal and vertical composition of cells. First the
horizontal:

[6m,...,ﬁ1][04n,...,041] = [/6m,...,/61,@n,...,&1]
AMag,...,oq] = [Aag, ..., aq]
[5m7 ce 751]# = [6m7 61:“]
A = Au.

The vertical structure comes from that of Path A in degree > 1.

[, (w5, (B, (v, (i) = [ep, (wpgey - i), (85 - )]
[

Aap, o 1] = A, Ly a1, 1, -]
Bons - B i = B Bu) =By - o
A = XN p.

Also, define Z,: A — Path, A to be the identity on objects and vertical arrows and
inclusion as paths of length 1 on arrows, and &, («) = [a] on cells.

3.9. PROPOSITION.
1. Path, A is a (strict) double category.
2. =, A — Path, A is an oplax morphism.
3. Ey is vertically full and faithful.
PROOF.

1. That composition of horizontal or vertical arrows is associative and unitary is obvi-
ous.
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There are eight instances of horizontal associativity for cells that must be checked
but only one is not entirely obvious:

([577“--.,51]A)[Oln,-..,(l/1] = [ﬁmv"'vﬁlAvana"wal]
I:ﬁm7‘"7ﬁ1:|<)\|:a{n7"'7a1:|) = [ﬁm?"'?ﬁl?AQRJ"'7a1]
which are equal as a consequence of the equivalence relation. The horizontal identity

on v is given by the scalar 1,.

There are also eight instances of vertical associativity depending on the type of
factors. All of these can be proved by fairly straightforward calculations. We do a
representative example, the case of the multiplication of a type 1 cell with a scalar
on each side. We have that A - ([, ..., 1] - ) =X (@2 - ) = X-a? - u, whereas

N Jan, .y aq]) - p
= Nap,l-a,q,....,1-q] -
= (A-an)(d-apq)---(1-a1)) - p

which is represented by

Ag A -2 g~ AL
Do | ow I .l
[ S i !
v ]
¢4// !
Co c, e c, .

By general associativity [DP1], this is the same as A - a? - p.

The vertical identity on A S Ay LA n A, is [idy,,...,idys,] and the vertical
identity on the empty path A is the scalar id; , = 1,q,. The four cases to be checked
to verify that these actually work are trivial.

Finally, the middle four interchange law involves checking sixteen cases, which all
work either for trivial reasons or because of the equivalence relation.

Z«: A — Path, A clearly preserves vertical composition of arrows and cells as well as
vertical identities. The cells expressing oplaxity come from those for =: A — Path A,
so they satisfy the required coherence conditions. Finally, the cell (£,)4: E.(14) —
1=, 4 comparing units is

1

2

A
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which has the scalar
A

/N,

A

as its inverse. Indeed, id;, - [idy ] = [idy, - id; ] = [idy ] which is the identity on 14
in ]P’ath* A, and [ldlA] . idlA = idlA . idlA = idlA-

3. =, is the identity on vertical arrows and as the equivalence relation is trivial on cells
of degree 1, there is a bijection between cells of the form

AT
Lo |
v v
BB

g

in Path, A and similar ones in A.

We can now state the main result of this section:

3.10. THEOREM. For any double category A, =,: A — Path, A is the universal oplax
normal morphism, i.e., for any (strict) double category B composing with =, induces an
isomorphism of categories

Doub(Path,A, B) — Douboyix (A, B).

PrROOF. Given an oplax normal morphism F' as in the diagram below, we wish to show
that it extends uniquely to a double functor G

A—"~Path, A

¥e
v

F
As Z, is the identity on objects and vertical arrows, G is uniquely determined on these,
and as Path, A is free on horizontal arrows G is also uniquely determined on these. Since
F is oplax it extends uniquely to a double functor on Path A, so there is only one possible
choice for G on cells of type 1. It is easily checked that G respects the instances of ~
described in Proposition 3.4, so GG is well-defined on equivalence classes. Finally, any cell
of type 2 (scalar) A can be written as [A] - 14 and G(14) has to be

FA

N\

FA FA

Flu .
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This shows that there is a unique well-defined G extending F' and we only need to show
that it preserves horizontal and vertical composition. On cells of type 1 there is no problem
as the compositions are already preserved at the Path A stage.

To check the other cases we need explicit formulas for Gla,, ..., o] and G(A). They
are

Gloam, ..., o]
_ FA, Ffi FA, Ffo Ffn FA,
$ Fa(lo) £ Fa(21) Fay $
F(g2ny) F(g75))
FB) e FB,) PO FB
‘ Pop() 91 \ \
FB, FB, v F By s — = FB,
= (Spg’mv""gcp(n—l)+l ' FO‘n)(ng¢(n_1)"'g¢(n—2)+1 ’ Fanfl) T (90%(1)"-91 ' Fal)v
and
FA
/ “’“‘\
A 9 A
GO = b
FBy T FB,,
/ Pgmye--s g1 \
FBO Fg> FBl F*>92 HFngBm
We need to check that
G\ [an,...,a1]) = GA) - G(la, - . ., aq]), (7)
Gl ] - X) = Gllam, .., n]) - GN), (8)
and
GA-p) =GA) - Gw). (9)
To prove (7), note that in order for A to be composable with [a,,...,a;], the vertical

codomains of all the «; are identity arrows, so

G- Jop, ..., oq]) = G(A-an,1-ap_1,...,1-aq])
= (@gmigi - FX-ap))Fap_1--- Fay
= (Pgmgr - F(A) - Flom)) F(om—) - - Fon)
= (Pgnngn - FN)) - (Fon) Flan-1) - - F(a))
= G\ - G([an, ..., a1]).
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To prove (8),

G([an, ..., 1] - A)
Pgmsengr * F(ag - A)
= Pomengr F(ay) - F(X)
= (((Pgm,"wggo(nﬂ)ﬂ ) Fan) T (909¢<1)"'91 ’ Fal)) ’ (@fm'",fl ’ F()‘))
= G([an,...,a1]) - G(N).

Finally, (9) is straightforward, and left as an exercise for the reader.

This shows that composing with =, is bijective on objects. To show that it is also
bijective on morphisms, replace B with B*, as defined in the next paragraph, and then
invoke Proposition 3.11 below. m

Let ¢ represent the double category with two objects and only one non-identity arrow,
a vertical arrow. So for any double category D, there is a bijection between double functors
¢ — D and vertical arrows of D. Now Doub, being categories in Cat, is cartesian closed
and we have the vertical arrow double category B* of B, for which double functors

A — B?

are in bijective correspondence with vertical transformations

its vertical arrows are commutative squares

By —e= By
| I
v v

Bl —e—> B3 )
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and its cells are commutative cubes

By

By
./ \ ./ \.
e Ve
B, B}
N
\ ./ \ %
e e

Bg Bé )

or in plane language,
BQ EE—— Bé BO I 36
w l B1 lw’l w2l B2 iw’z

v v v v
B1—>Bi — BQ—>B§

mi B1 iw’l W& B2 lﬁ’z
B; — Bj B; — Bj

3.11. PROPOSITION. There are double functors Dy, Di: B* — B and a vertical trans-
formation v: Dy —s— Dy which establish a bijection between oplax morphisms A — B*
and pairs of oplax morphisms A — B with a vertical transformation between them. This
bijection respects normality.

PROOF. Straightforward calculation. [

3.12. THE COMONAD Path,. The isomorphism of categories given in Theorem 3.10 shows
that Path, is a left 2-adjoint to the inclusion Doub — Doubgx so in fact Path, is a
2-comonad in Doub. The following proposition is obvious, but nevertheless illuminates
the nature of oplax normal morphisms.

3.13. PROPOSITION. Doubgy is the Kleisli 2-category for the comonad Path, on Doub.

We have the following analog of Theorem 1.21 for the normal case.
3.14. THEOREM. The comonad Path, on Doub s oplax idempotent.

PROOF. The proof is the same as that of Theorem 1.21 except for the addition of a few
xs as subscripts. [
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In view of this theorem we should figure out what the 2-category of Eilenberg-Moore
coalgebras is. These will be the oplax normal double categories, i.e., the natural ob-
jects on which oplax normal morphisms are defined. Because Path, is oplax idempotent,
each double category will have at most one such structure, so being an Eilenberg-Moore
coalgebra is again a property rather than extra structure: A is a coalgebra if and only
if Z,: A — Path, A has a left adjoint, which should probably be composition in some
form. This description, although accurate, is somewhat misleading. The example of Path
suggests identifying A with an oplax double category of some sort, and this does indeed
work.

The vertical dual of Definition 2.7 gives us the notion of an n-fold composite being
strongly representable in an oplax double category. For n = 0 we talk about an identity
being strongly representable.

3.15. DEFINITION. Let A be an oplax double category and A an object of A. The identity
on A is strongly representable if there is an arrow 14,: A — A and a cell

A—1 g
ideA/idA
A

with the following universal property. For any cell

a . o\

BO%Blﬁ ......... Bm A%Cl ........ '_>Cp
\id\ id \ /zd/ id/
By—> B — B —A—>C] —> o —C,

15 equal to a. We say that A is oplax normal if all identities are strongly representable.
A morphism of oplax normal double categories is a morphism of oplax double categories
which preserves the universal cells

4
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Actually, as with all definitions involving representability, the arrows of the form 14
are only determined up to vertical isomorphism. If A is oplax normal we pick a universal

cell
A—" s A
A
for each object A in A. Then preservation of universal cells says that the unique cell Fry
such that

Fla

H f—;z FA—
SN/

is a vertical isomorphism. (This is analogous to the preservation of limits in ordinary
category theory.)

Let OplaxIN be the locally full and faithful sub-2-category of Oplax, determined
by the oplax normal double categories and morphisms of such (with arbitrary vertical
transformations as 2-cells).

Recall from Section 2.10 the construction Oplax which takes a double category A and
considers it as an oplax double category with the same objects, vertical and horizontal
arrows, with multicells

A A’
./ (6% \.
Y N
By g1 By g2 “gm B

given by double cells

A—Tsu
oo
v v
Bo —> B

in A.

3.16. PROPOSITION. Let A and B be double categories, then Oplax A and OplaxB are
normal and a morphism of oplax normal double categories Oplax A — OplaxB is the
same as a normal oplax morphism A — B. In fact, Oplax is a fully faithful and locally
fully faithful 2-functor Doubgpn — OplaxIN.

We denote by Oplax,: Doub — OplaxN the 2-functor Oplax whose codomain has
been restricted to OplaxIN. We shall show that Path, gives a left 2-adjoint to this inclu-
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sion. That is, Path,A is the free double category generated by an oplax normal A. We
first must extend Path, to OplaxIN.

3.17. THE EXTENSION OF Path,. The construction follows closely that of Path, for actual
double categories. First we need some definitions. Let A be an arbitrary oplax normal
double category.

3.18. DEFINITION. Given a path AOLAl LI l>An m A and 0 <1< 5 <
n, we let fZ denote the path A; Ly i+1fii> l>Aj (if i = j this is of course

the empty path). We also extend this notation to cells: given a fence in Path A,

Ag——= A —— e —— A,
Uoi aq \.Ul [07°% i’l}n
Bo - Bl - - Bm>

043- denotes the formal composite ajoj_q -+ - Qiyy.

If A is an actual double category, then the deﬁnitions of fi and ai are inconsistent in
the sense that id;; is not the same thing as (id;)]. However, there Wlll be no confusion if
we keep the distinction between Oplax A and A clear.

The definition of Path, uses composition of general cells with scalars (cells whose
vertical domain is an identity), both in the definition of the equivalence relation on fences
and that of horizontal composition.

3.19. DEFINITION. Consider cells

At p Ly g
'/ A o/ a \o n \.
/ \ .
XooXim o =By B~ BurVigr o 2 Y
in A. The cells aX and pa are defined to be the composites
A—T
/ Hf \
At eq—T oy
'/ A l a \o
v AN
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and
A—t
/ idf \
At o
o/ o] l 1% \o
v AN
By— By —> —> B, =Y, —= —~Y,

respectively. (Note that the cells Elf are different in these two composites, but this will
cause no problem.)

These horizontal composites obey all the associativity and unitary laws that make
sense. They are best understood in the following more general context which will be of
use later. (Recall the definition of strong representability for composable paths of arrows
from Definition 2.7.)

f g

3.20. PROPOSITION. Let A B C h

D be arrows of A.

1. If gf is strongly representable, then h(gf) is strongly representable if and only if
hgf is. Moreover, in this case there is a canonical isomorphism h(gf) = hgf.

2. If 14 1is strongly representable, then so is fl4 and fly = f.
3. If 15 1is strongly representable then so is 1gf and 1gf = f.
PROOF. Straightforward. n

3.21. COROLLARY. If gf and hg are strongly representable, then h(gf) is strongly repre-
sentable if and only if (hg)f is. Moreover, in this case we have h(gf) = (hg)f.

Once the composite of certain horizontal arrows is strongly representable, the horizon-
tal composite of cells with these as vertical domains is automatically defined and indeed
satisfies all reasonable associativity and unitary properties.

3.22. DEFINITION. Suppose gf is strongly representable and consider cells




PATHS IN DOUBLE CATEGORIES 515

The horizontal composite Ba is defined to be (5, ) - 1y ¢

A—Y o
J w0\
A B——F5—C
A N
4 v N\
Xg—> — X, — — X,

3.23. PROPOSITION. Let «, 3,7 be cells with vertical domains f,qg,h, respectively and
assume that gf, hg, h(gf) and (hg)f are strongly representable. Then v(fa) = (v5)a
(by which we mean that (v5)a composed with the canonical isomorphism h(gf) = (hg)f

is (Ba).)
Proor. This follows immediately from the definition of horizontal composition and the
canonical isomorphism. [

3.24. COROLLARY. Let o be an arbitrary cell and X\ and p scalars with the appropriate
tdentities as vertical domains. Then:

1. The three possible meanings of pA agree;
2. (pa)X = plad);
3. (ap)A = a(u);
4. p(Aa) = (pA)ov.

PRrROOF. The only thing to check is part 1. The other results follow from the previous
proposition. The three meanings referred to are the following. The universal property of
14 gives cells p and o such that

1a 1a

A A A A

A/lA :1 1A\A and A/lA :1 1A\A
NLmd NN

A A

are both equal to id;,, and representability of the composite gives

A4y
/ L1g,14 \
A A A
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So uA could alternately be defined as (u, A) - p, (@, A) -0 or (u, A) - t1,1,. In fact, showing
that 1414 is representable requires us to construct ¢, ;, and depending on whether we
invoke property 2 or 3 of Proposition 3.20, it is taken to be (1, A)-p or (u, A)-o respectively.
So we must show that these last two cells are the same and indeed they are. In fact, the
composite

/TN
N/ 7'
\2/

is equal, by associativity and the unit law, to

At A—" sy
A
which is by the same token equal to
1a

\%\/
\/

We can cancel ¢ off the bottom and thus see that p satisfies the same property as ¢. =

With these technicalities out of the way, we can now define the equivalence relation ~
on the fences of the oplax normal double category A as in Proposition 3.7 and note that it
is still a congruence of double categories on Path A. The construction of Path,A is exactly
the same as in Section 3.8 and it again forms a strict double category (Proposition 3.9).
=, is defined as before which is now understood as a morphism of oplax normal double

categories
=« A — Oplax, Path,A.
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It is still vertically full and faithful in the obvious sense for oplax double categories. We
now have the extension (to its natural domain) of Theorem 3.10.

3.25. THEOREM. Let A be an oplax normal double category. Then
Z.: A — Oplax, Path,A

is the universal oplax normal morphism, i.e., for any strict double category B, composition
with =, induces an isomorphism of categories

Doub(Path, A, B) —> OplaxN(A, Oplax,B).

PRrROOF. The proof of Theorem 3.10 was written in such a way as to go through, mutatis
mutandis. [

This theorem shows that Path, is a left 2-adjoint to the ‘inclusion’
Oplax, : Doub — OplaxN

and consequently extends in a unique way to a 2-functor. The 2-comonad Path, induced
on Doub is of course the same Path, introduced at the beginning of Section 3.12.

3.26. EILENBERG-MOORE ALGEBRAS FOR Path,. We are now in the position to describe
the Eilenberg-Moore algebras for the comonad Path, on Doub.

3.27. THEOREM. Path,: OplaxN — Doub is comonadic.

PROOF. Path, has a right 2-adjoint Oplax, and the induced comonad is what we simply
called Path, in Section 3.8.
Let A be a double category and F': A — Path,A a coalgebra structure. The unit law

A —2 > Path, A

G

A

tells us that F' is the identity on objects and vertical arrows and that it assigns to each
horizontal arrow f a factorisation of it, f = f,f._1---fi1. As in the case of Path (and
Path) this makes the horizontal arrows of A into a free category generated by the arrows
of degree 1 (i.e., whose assigned factorisation has only one factor). F' also assigns to each
cell a a factorisation of it, @ = «,, -- -y, although this time not a unique one, but in
fact an equivalence class of factorisations. Also, the length of this factorisation is not
uniquely determined, because it may contain scalars (i.e., cells whose vertical domain has
degree 0). However, the equivalence relation is such that scalars can be absorbed into
any adjacent nonscalar, so each equivalence class contains a representative factorisation
containing no scalars, though not a canonical one (provided of course that the cell itself
is not a pure scalar). Call a factorisation of « reduced if it is either scalar or contains no
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scalars. Then F' provides a reduced factorisation o = o, - - - 1 for each « and the length
n is uniquely determined, namely the length of the factorisation of its vertical domain.

We construct an oplax normal double category Aq as follows. It is the suboplax double
category of Oplax,A with the same objects and vertical arrows and whose horizontal
arrows and cells are those of degree < 1. It is clear that A, is a suboplax double category,
since the degree of the cells is the degree of the top cell. It is also clearly normal, since
the degree of the canonical cell 14 has degree 1 and the cells whose existence is required
for the universal property of ¢4 are the same as the test cells.

The inclusion Ay C Oplax,A corresponds to a double functor Path,Ay — A which is
nothing but horizontal composition of arrows and cells. We claim that it is an isomorphism
of double categories. We have already argued that it is one-to-one and onto on objects
and both kinds of arrows, and that it is onto on cells. Suppose that we have two reduced
paths of cells (a,,...,a1) and (B,,..., 1) whose composites are equal in A, a,, -y =
Bn-- 1. Then Fa, - o) = F(ay) - Flay) = [an,...,a1] as F is a double functor
and F(«o;) = [oy]. Similarly, F(B, - 1) = [Bn,- .-, (1], S0 [, ..., 1] =[G, ..., 0] and
we see that Path,Ay — A is one-to-one on cells. This shows that every coalgebra is of the
form Path,A, for a unique oplax normal double category A,.

If G: B — Path,B is another coalgebra structure, a morphism of coalgebras is a double
functor H such that

A —> Path, A

H l l[@ath* H

B = Path,A

commutes. As such it preserves the degree of horizontal arrows and cells so it restricts to
a morphism of oplax double categories, Hy: Ay — By, which is normal as H preserves all
identities.

Finally, vertical transformations between coalgebra homomorphisms

H——=K
are exactly the same as vertical transformations
Hy—— K, .
This shows that the 2-category Doubp,,, of coalgebras on the comonad Path, is

equivalent to the 2-category OplaxN, thus concluding the proof. [

The preceding theorem shows that oplax normal double categories are the correct
objects for studying oplax normal double functors. In the sequel to this paper [DPP4] we
will introduce a more restricted class of oplax double categories, the paranormal ones and
make an argument for their study.
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of this manuscript.
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