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ON POINTWISE KAN EXTENSIONS IN DOUBLE CATEGORIES

SEERP ROALD KOUDENBURG

ABSTRACT. In this paper we consider a notion of pointwise Kan extension in double
categories that naturally generalises Dubuc’s notion of pointwise Kan extension along
enriched functors. We show that, when considered in equipments that admit opcartesian
tabulations, it generalises Street’s notion of pointwise Kan extension in 2-categories.

Introduction

A useful construction in classical category theory is that of right Kan extension along
functors and, dually, that of left Kan extension along functors. Many important notions,
including that of limit and right adjoint functor, can be regarded as right Kan extensions.
On the other hand right Kan extensions can often be constructed out of limits; such Kan
extensions are called pointwise. It is this notion of Kan extension that was extended
to more general settings, firstly by Dubuc in [Dub70], to a notion of pointwise Kan
extension along V-functors, between categories enriched in some suitable category V), and
later by Street in [Str74], to a notion of pointwise Kan extension along morphisms in any
2-category.

It is unfortunate that Street’s notion, when considered in the 2-category V-Cat of
V-enriched categories, does not agree with Dubuc’s notion of pointwise Kan extension,
but is stronger in general. In this paper we show that by moving from 2-categories to
double categories it is possible to unify Dubuc’s and Street’s notion of pointwise Kan
extension.

In §1 we recall the notion of double category, which generalises that of 2-category
by considering, instead of a single type, two types of morphism. For example one can
consider both ring homomorphisms and bimodules between rings. One type of morphism
is drawn vertically and the other horizontally so that cells in a double category, which have
both a horizontal and vertical morphism as source and as target, are shaped like squares.
Every double category K contains a 2-category V (KC) consisting of the objects and vertical
morphisms of IC, as well as cells whose horizontal source and target are identities.
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In §2 we recall the notion of equipment. An equipment is a double category in which
horizontal morphisms can both be restricted and extended along vertical morphisms. Cells
defining extensions will be especially useful in regard to Kan extensions; such cells are
called opcartesian.

In §3 several notions of Kan extension in a double category are recalled. Among those
is that of pointwise Kan extension in ‘closed” equipments which, in the closed equipment
of enriched V-categories, generalises Dubuc’s notion. This notion we extend to arbitrary
double categories.

In §4 we consider cells in double categories under whose precomposition the class of
cells defining pointwise Kan extensions is closed. Because such cells generalise the notion
of an exact square of functors, we call them exact cells.

In §5 we recall Street’s definition of pointwise Kan extension in a 2-category, which uses
comma objects to define such Kan extensions in terms of ordinary Kan extensions. The
notion of comma object in 2-categories generalises to that of tabulation in equipments,
and our main result shows that in an equipment that has all opcartesian tabulations,
pointwise Kan extensions can be defined in terms of ordinary Kan extensions, analogous
to Street’s definition. From this it follows that, for such an equipment IC, the pointwise
Kan extensions in its vertical 2-category V(K), in the sense of Street, can be regarded
as pointwise Kan extensions in I, in our sense. We close this paper by showing that the
equipment of categories internal to some suitable category £ has all opcartesian tabula-
tions, strengthening a result of Betti given in [Bet96].

In the forthcoming |[Koul4| we consider conditions ensuring that algebraic Kan exten-
sions can be lifted along the forgetful double functors Alg,, (7') — K. Here T' denotes a
double monad on a double category KC, and Alg,, (T") is the double category of T-algebras,
weak vertical T-morphisms and horizontal T-morphisms, where ‘weak’ means either ‘lax’,
‘colax’ or ‘pseudo’.

1. Double categories

We start by recalling the notion of double category. References for double categories
include |[GP99| and [Shu0§].

For many mathematical objects there is not one but two natural notions of morphism:
besides functions of sets X — Y one can also consider relations R C X x Y as morphisms
X -+ Y, besides ring homomorphisms A — B one can also consider (A, B)-bimodules
as morphisms A -+ B, and besides functors of categories C — D also ‘profunctors’
C°? x D — Set can be considered as morphisms C + D. In each case the second type of
morphism can be composed: relations are composed as usual, bimodules are composed
using tensor products and profunctors by using ‘coends’. It is worth noticing that in the
latter two cases a choice of tensor product or coend has to be made for each composite,
so that composition of bimodules and that of profunctors are not strictly associative.

In each of the previous examples the interaction between the two types of morphism
can be described by 2-dimensional cells that are shaped like squares, as drawn below.
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For example if f and g are ring homomorphisms, J is an (A, B)-bimodule and K is
a (C, D)-bimodule, then the square ¢ below depicts an (f,g)-bilinear map J — K—
that is a homomorphism ¢: J — K of abelian groups such that fa - ¢z = ¢(a - ) and

¢z - gb = ¢(z - b).

A1 B
fl Je lg
CTD

The notion of double category describes situations as above: generalising the notion
of a 2-category, its data contains not one but two types of morphism while its cells are
square like. Formally a double category is defined as a weakly internal category in the
2-category Cat of categories, functors and natural transformations, as follows; we shall
give an elementary description afterwards.

1.1. DEFINITION. A double category K is given as follows.
. Ky px, K1 —— K4
K4y RXLKli”Cl%KO WQl lR

f Ky Ky

L

It consists of a diagram of functors as on the left above, where Ky zx; K; is the pullback
on the right, such that

Lo® = Lom, Ro® = Rom,, and Lol=id=Rol,
together with natural isomorphisms
a:(JOHOK=ZJo(HOK), L1y,o6M=M and t©: Mol =M,
where (J, H,K) € Ky px; Ky gx; Ky and M € Ky with LM = A and RM = B. The

isomorphisms a, [ and v are required to satisfy the usual coherence axioms for a monoidal
category or bicategory (see e.g. Section VIL.1 of [ML98|), while their images under both
R and L must be identities.

The objects of ICy are called objects of K while the morphisms f: A — C of Ky are
called wvertical morphisms of IC. An object J of K such that LJ = A and RJ = B is
denoted by a barred arrow

J: A+ B

and called a horizontal morphism. A morphism ¢: J — K in Ky, with Lo = f: A - C
and Rp = g: B — D, is depicted

A-L. B
fl I lg
CTD
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and called a cell. We will call J and K the horizontal source and target of ¢, while we
call f and g its vertical source and target. A cell whose vertical source and target are
identities is called horizontal.

The composition of K; allows us to vertically compose two cells ¢ and 1, that share a
common horizontal edge as on the left below, to form a new cell ¥ o ¢ whose sources and
targets can be read off from the drawing of ¢ on top of ¥, as shown.

A-L B I
fl le lg A- B L E l UM i}xl
C——D i|ole o Ix | — = (1)
JRPRL C—o D F | 4o ] de ]
ETF s

Two composable horizontal morphisms A 4 B A E can be composed using the functor
®, giving the horizontal composite J ® H: A -» E. Likewise a pair of cells ¢ and Y,
sharing a common vertical edge as in the middle above, can be horizontally composed,
resulting in a cell ¢ ® x whose sources and targets can be read off from the drawing
of ¢ and y side-by-side as shown. The functoriality of ® implies that, for a square of
composable cells as on the right above, we have (o ¢) ® (o)) = (Y ® &) o (¢ ® x); this
identity is called the interchange law.

Finally I is equipped with a horizontal unit 14: A -+ A for each object A, as well
as a horizontal unit cell 1;, as on the left below, for each vertical morphism f: A — C.
Unlike vertical composition of vertical morphisms and cells, which is strictly associative
and unital, horizontal composition of horizontal morphisms and cells is only associative

up to the invertible horizontal cells a below, where A Lhoh D, and unital up
to the invertible horizontal cells [ and v below, where M : A -+ B. The cells a are called
associators, while the cells [ and v are called unitors. A double category with identities
as associators and unitors is called strict.

AiA A(J@H)@KD Al:@_}MB Mj_l)s
fl \U/lflf idAJ Ua Jidp idAJ U[ JidB idAJ Ur JidB
CT?C AJ@(H@K) AW_)B Y

Cells whose horizontal source and target are units are called vertical. To make our
drawings of cells more readable we will depict both vertical and horizontal identities
simply as A=A . For example vertical and horizontal cells will be drawn as

A A—L. B

A
fl U¢> Jg and H U¢> H
C C A?B
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respectively; also vertical cells will be often denoted as ¢: f = ¢ instead of the less
informative ¢: 14 = 1¢.

We will often describe compositions of cells by drawing ‘grids’ like that on the right
of above, in varying degrees of detail. In particular we shall often not denote identity
cells in such grids but simply leave them empty. In horizontal compositions of more than
two horizontal morphisms or cells we will leave out bracketings and assume a right to left
bracketing, for example we will simply write J; ®---® J,, for J1 ® ( O (1O Jy) - )
Moreover, when writing down compositions or drawing grids containing horizontal com-
posites of more than two cells, we will leave out the (inverses of) associators and unitors
of IC. This is possible because their coherence implies that any two ways of filling in the
left out (inverses of) associators and unitors result in the same composite. In fact Grandis
and Paré show in their Theorem 7.5 of [GP99| that every double category is equivalent
to a strict double category, whose associators and unitors are identity cells.

1.2. EXAMPLES. In the remainder of this section we describe in detail the three double
categories that we will use throughout: the archetypical double category Prof of categories,
functors, profunctors and natural transformations, as well as two generalisations V-Prof
and Prof (&), the first obtained by enriching over a suitable symmetric monoidal category
Y and the second by internalising in a suitable category £ with pullbacks. Other examples
can be found in Section 3 of [GP99] and Section 2 of [Shu08].

1.3. ExAMPLE. The double category Prof of profunctors is given as follows. Its objects
and vertical morphisms, forming the category Profy, are small categories and functors.
Its horizontal morphisms J: A -+ B are profunctors, that is functors J: A°® x B — Set.
We think of the elements of J(a,b) as morphisms, and denote them j: a — b. Likewise
we think of the actions of A and B on J as compositions; hence, for morphisms u: a’ — a
and v: b — U, we write vo jou = J(u,v)(j). A cell

A-L B
fl ﬂqﬁ lg
CTD

is a natural transformation ¢: J = K(f,g), where K(f,g) = Ko (f® xg): A -+ B.
Such transformations clearly vertically compose so that they form a category Prof;, with
profunctors as objects.

The horizontal composition J ® H of a pair of composable profunctors J: A + B and
H: B -+ F is defined on objects by the coends (J ® H)(a,e) = fB J(a,—) x H(—,e). A
coend is a type of colimit, see Section IX.6 of [MLI8|; in fact (J ® H)(a, e) coincides with
the coequaliser of

[T J(a.b1) x B(bi,b2) x H(by,e) = [ J(a,b) x H(b,e), (2)

b1,b2€B beB
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where the maps let B(by, b2) act on J(a, by) and H (be, €) respectively. This can be thought
of as a multi-object (and cartesian) variant of the tensor product of bimodules. In detail,
(J ® H)(a,e) forms the set of equivalence classes of pairs (j: a — b,h: b — ¢), where

j € J and h € H, under the equivalence relation generated by (a EIN b1 = bo, by LR e) ~

(@ bk S by o), forall f/ € J,ve Band B € H.

The definition of J ® H on objects is extended to a functor A°® x E — Set by using
the universal property of coends: the image of (u,w): (a,e) — (d’,€’) is taken to be the
unique factorisation of

11 J(u,id)x H(id,w

[ 7(.b) x H(b,e) LT T(asb) x Hb,e') = (J © H)(a, ')

beB beB

through the universal map defining (J ® H)(d', ).

Similarly the horizontal composite ¢ ® x of the two cells above is given by the unique
factorisation of the maps

H J(a,b) x H(b,e) ELCULAICON HK(fa,gb) x L(gb, he)
beB beB
— [[ K(fa,d) x L(d, he) — (K ® L)(fa, he)

deD

through the universal maps defining (J © H)(a, e).

The associators a: (J © H) © K = J ©® (H ® K) are obtained by using the fact that
the cartesian product of Set preserves colimits in both variables, together with ‘Fubini’s
theorem for coends’: for any functor S: A°® x A x B°? x B — Set there exist canonical
isomorphisms [© [45 = [P g o [4 [P 5. see Section IX.8 of [ML9S| for the dual
result for ends. Finally the unit profunctor 1z on a category B is given by its hom-
objects 15(b1,by) = B(by,by): one checks that the map [[, J(a,b) x B(b, V) — J(a,b)
given by the action of B on J defines J(a,b') as the coequaliser of (2)), in case H = 15,
which induces the unitor v: J ® 1g = J; the other unitor [: 14 ® J = J is obtained
likewise. The horizontal unit 15: 14 = 1¢ of a functor f: A — C is simply given by the
actions A(ay, as) — C(fay, fas) of f on the hom-sets.

1.4. EXAMPLE. For any closed symmetric monoidal category V that is cocomplete there
exists a V-enriched variant of the double category Prof, which is denoted V-Prof. It
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consists of small V-categories, V-functors and V-profunctors J: A -+ B, that is V-functors
J: A ® B — V), while a cell

A-LB
fl Uqﬁ lg
CTD

is a V-natural transformation ¢: J = K(f,g), where K(f,g) = K o (f® ® g). The
structure of a double category on V-Prof is given completely analogously to that on Prof,
by replacing in the definition of Prof every instance of Set by V., and every cartesian
product of sets by a tensor product of V-objects. In particular the horizontal composite
J® H is given by the coends (J© H)(a,e) = fB J(a,~)® H (-, e), which form coequalisers
of the V-maps

[T 7(a.b1) @ B(bi,b2) @ H(by,e) = [] J(a,b) @ H(b,e), (3)

b1,b2€B beB

that are induced by letting B(by,bs) act on J(a,by) and H(bs, €) respectively.

Next we describe the double category of spans in a category £ with pullbacks, which
will be used in describing the double category Prof(€) of categories, functors and profunc-
tors internal in £.

1.5. EXAMPLE. For a category &£ that has pullbacks, the double category Span(&) of
spans in & is defined as follows. The objects and vertical morphisms of Span(&) are those

of £, while a horizontal morphism J: A - B is a span A L T8 BinE. A cell ¢ as on
the left below is a map ¢: J — K in &€ such that the diagram in the middle commutes.

J do/t]\:il JXBH
A—2B A J¢ B VRN
Ll TP E VAN
C——D

K R A " p ™ g

Given spans J: A -+ B and H: B - E, their composition J ® H is given by the usual
composition of spans: after choosing a pullback J x g H of d; and dy as on the right above,
it is taken to consist of the two sides in this diagram. That this composition is associative

and unital up to coherent isomorphisms, with spans of the form A A9 A as units
14, follows from the universality of pullbacks; horizontal composition of cells is also given
using this universality.

Having recalled the notion of span in €& we can now describe Prof(&).
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1.6. EXAMPLE. Let £ be a category that has pullbacks and coequalisers, such that the
coequalisers are preserved by pullback. The double category Prof(€) of categories, functors
and profunctors internal in & is given as follows. An internal category A in £ consists of
a triple A = (A, m,e) where A = [AO ooy AO} is a span in &, while m: A A= A
and e: 1,4, = A are horizontal cells in Span(€), the multiplication and unit of A, which
satisfy evident associativity and unit laws; see Section XII.1 of [ML98|. For example, a
category internal in the category Cat of categories and functors is a strict double category;
compare Definition [1.1]

An internal functor f: A — C in & consists of a cell f in Span(€) as on the left below,
that is compatible with the multiplication and unit of A and B. An internal profunctor
J: A+ Bin isaspan J = [Ao ooy oy Bo] equipped with actions of A and B, given
by horizontal cells I: A® J = J and r: J ® B = J in Span(£), that are compatible
with the multiplication and unit of A and B, and satisfy a mixed associativity law; see
Section 3 of [Bet96].

Ay —5 4, A-1.nB A, - B,
fol ﬂf Jfo fl ﬂ(b lg fol ﬂ(b Jgo
CQ?CD C?D COTDO

Finally an internal transformation ¢ of internal profunctors, as in the middle above, is
given by a cell ¢ in Span(€) as on the right, that is compatible with the actions in the
sense that the following diagrams commute in £.

I Xf @ @ Xgo g

AxyyJ —— Cxey K J Xp, B—— K Xp, D
| | | | @
J K J K
¢ ¢

Given internal profunctors J: A -+ B and H: B + FE, their horizontal composite
J ® H is defined to be the coequaliser

JXBOBXBOHzgijOHﬁ(]@H

of the &-maps given by the actions of B on J and H. The internal profunctor structures on
J and H make J® H into an internal profunctor A + FE, by using the universal property
of coequalisers and the fact that the coequalisers are preserved by pullback. The same
universal property allows us to define horizontal composites of internal transformations,
and it is not hard to prove that the horizontal composition of internal profunctors above
is associative up to invertible associators. Moreover, notice that any internal category
A can be regarded as an internal profunctor 14: A -+ A, with both actions given by
the multiplication of A; these form the units for horizontal composition, up to invertible
unitors.
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Having described several examples, we now consider some simple constructions on
double categories. The first constructions are duals: like 2-categories, double categories
have both a vertical and horizontal dual as follows.

1.7. DEFINITION. Given a double category K we denote by K the double category that
has the same objects and horizontal morphisms of I, while it has a vertical morphism
foP: C' — A for each vertical morphism f: A — C' in I, and a cell ¢°?: K = J, as on
the left below, for each cell ¢ in K as in the middle. The structure making K°P into a
double category is induced by that of K.

c-5D A-—L.B 2
fﬂ MOPJgOP fl le lg gl ﬂqswlf
ATB O?D D?;O

Likewise we denote by K the double category whose objects and vertical morphisms
are those of IC, that has a horizontal morphism J: B - A for each J: A -+ B in K and
a cell p«°: J° = K, as on the right above, for each cell ¢ in I as in the middle. The
structure on K is induced by that of IC. We call KC° the vertical dual of K, and K the
horizontal dual.

Secondly each double category contains a ‘vertical 2-category’ and a ‘horizontal bicat-
egory’ as follows.

1.8. DEFINITION. Let K be a double category. We denote by V(K) the 2-category that
consists of the objects, vertical morphisms and vertical cells of K. The vertical composite
Yo of p: f = gandp: g = hin V(K) is given by the horizontal composite ¢ ® @@ in IC,
while the horizontal composite x o¢ in V(K), of composable cells ¢: f = g and x: k = 1,
is given by the vertical composite y o ¢ in K.

Likewise the objects, horizontal morphisms and horizontal cells of K combine into a
bicategory H(K) whose compositions, units and coherence cells are those of K.

In the case of V(K) we have to check that its vertical composition is strictly associative:
this follows from the coherence axioms for K.

1.9. EXAMPLE. It is easy to construct an isomorphism V(Prof) = Cat. Indeed, given
functors f and g: A — C, a vertical cell ¢: f = g in Prof, that is given by natural maps
Blar,a0): Alar, az) = C(fay, gaz) where ay,ay € A, corresponds under this isomorphism
to the natural transformation f = g in Cat that has components ¢(,q(ids): fa — ga.
In the same way V(V-Prof) = V-Cat, the 2-category of small V-categories, V-functors
and V-natural transformations. The bicategory H (V-Prof) is that of small V-categories,
V-profunctors and V-natural transformations.

1 As usual we suppress the unitors here. If f, g and h are vertical morphisms A — C then ¢ ® v is

-1
short for the composite 14 [2 1014 g lc ® 1¢ :[> 1c.
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1.10. ExAMPLE. Let £ be a category with pullbacks. Given internal functors f and
g: A — C, an internal transformation ¢: f = g is given by a cell ¢ in Span(£), as on
the left below, that makes the diagram of £-maps on the right commute; see Section 1 of
[Str74].

(f,¢odi)
AO | AO A C XCO C
fol lﬂ) Jgo (¢)od0,g)‘[ lmc
C() ? O() C X o C e C

Categories, functors and transformations internal in £ form a 2-category Cat(€). If £ has
coequalisers preserved by pullback, so that the double category Prof(£) of profunctors
internal in £ exists, then it is not hard to show that V' (Prof(£)) = Cat(€) by using the
following lemma.

1.11. LEMMA. Let f: A — C and g: A — D be internal functors in a category & with
pullbacks, and let K: C' -+ D be an internal profunctor.

(f, ¢o 0d1)

A—— A Ay =— A A C xec, K
fl U(ﬁ lg fOJ Uqﬁo lgo (¢00d07g)J ll
¢ D Co == Dy K xp, D K

Transformations of internal profunctors ¢, of the form as on the left above and natural
in the sense of , correspond bijectively to cells ¢pg of spans in &, as in the middle, that
make the diagram on the right commute. This correspondence is given by the assignment

b [Ag A AL K]
PRrROOF. First we show that for an internal transformation ¢ as on the left above, given

by an &-map ¢: A — K, the composite ¢y = ¢ o e4 makes the naturality diagram on the
right commute. To see this we compute its top leg:

(A L2, o K L K] = (A Bt g A B0 oo K K]
= [a Bt g, A AL K] =, (5)

where the second identity is the naturality of ¢, see , while the third is the unit axiom
for A. A similar argument shows that the bottom leg also equals ¢ so that commutativity
follows.

Secondly, for the reverse assignment we take ¢ +— lo (f, ¢god;), which is the diagonal
A — K of the commuting square above. To see that this forms a transformation of
profunctors we have to show that the naturality diagrams commute. That the first
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commutes is shown by

[A gy A 2854 L2020, 0 K5 K]
= [A xy, A Lm0, o K K]

,ppod me Xi
= [A x gy A ZREN, o Oy KT O ) KD K]
lo(f,p00d
:[AXAOAMCXCOKAKL

where the second identity follows from the functoriality of f, and the third from the
associativity of [. The second naturality diagram of commutes likewise. That the
assignments thus given are mutually inverse follows easily from above, and from the
unit laws for f and {: C x¢, K — K. n

2. Equipments

Two important ways in which horizontal morphisms can be related to vertical morphisms
are as ‘companions’ and ‘conjoints’. Informally we think of the companion of f: A — C
as being a horizontal morphism A —+ C' that is ‘isomorphic’ to f, while its conjoint is a
horizontal morphism C' + A that is ‘adjoint’ to f.

2.1. DEFINITION. Let f: A — C be a vertical morphism in a double category IC. A
companion of f is a horizontal morphism f,: A + C equipped with cells je and 7 as on
the left below, such that je o yn =17 and n © e = idf*ﬂ.

A ot A A

A=l A— — A
1|l | 4] | e 7|
C—cC A—C C—cC C—m A

Dually a conjoint of f is a horizontal morphism f*: C' =+ A equipped with cells €; and
1 as on the right above, such that efony = 15 and e ©® ny = idy-.

We call the cells e and fn above companion cells, and the identities that they satisty
companion identities; likewise the cells €4 and 7y are called conjoint cells, and their
identities conjoint identities. Notice that the notions of companion and conjoint are
swapped when moving from I to K.

2.2. EXAMPLE. In the double category V-Prof of V-profunctors the companion of a
V-functor f: A — C can be given by f. = 1¢(f,id), that is f.(a,c) = C(fa,c). Taking
e = idi(pia) and yn = 15: 14 = 1e(f, f), given by the actions A(ay,az) = C(fas, fas)

2Again the unitors [: 14 ® f, & f. and v: f. ® 1¢ = f. are suppressed.
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of f on hom-objects, we clearly have je o yn = 1y. On the other hand n © ;e is the
factorisation of

[T Aa) o ctra,e) 2% T C(fa, fa) © C(fa'.e) = C(fa,e),

a’€A a’eA

through the map [[, A(a,d') ® C(fd',c) = C(fa,c) inducing the unitor [: 14 © f, = f..
Since this factorisation is obtained by precomposing the above with the map C(fa,c) —
[I, A(a,a)® C(fd,c), that is induced by the identity id,: 1 — A(a, a), we see that the
second companion identity yn ® re = idy, holds as well.

The conjoint f*: C'+ A of f is defined dually.

The notions of companion and conjoint are closely related to that of ‘cartesian cell’
and ‘opcartesian cell” which we shall now recall, using largely the same notation as used
in Section 4 of [Shu0§].

2.3. DEFINITION. A cell ¢ on the left below is called cartesian if any cell 1, as in the
middle, factors uniquely through ¢ as shown. Dually ¢ is called opcartesian if any cell y
as on the right factors uniquely through ¢ as shown.

x -y x -y A-L.B A-L.B
A- B hJ Jk hl Ud/lk fJ lg fl e Jg
|l |s A lvB = A—B C |xD = C—0D
-] N U] B T T R L R
C?D C?D XTY XTY

If a cartesian cell ¢ exists then we call J a restriction of K along f and g, and
write K(f,g) = J; if K = 1¢ then we write C(f,g9) = 1lc(f,g9). By their universal
property, any two cartesian cells defining the same restriction factor through each other
as invertible horizontal cells. Moreover, since the vertical composite of two cartesian cells
is again cartesian, and since vertical units id; are cartesian, it follows that restrictions
are pseudofunctorial, in the sense that K(f, g)(h,k) = K(foh,gok) and K(id,id) = K.
Dually, if an opcartesian cell ¢ exists then we call K an extension of J along f and g; like
restrictions, extensions are unique up to isomorphism and pseudofunctorial. In fact the
notions of restriction and extension are vertically dual, that is they reverse when moving
from K to K°P. We shall usually not name cartesian and opcartesian cells, but simply
depict them as below.

A-L. B A-L. B

fl cart lg flopcartlg
C — D C — D
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2.4. EXAMPLE. For morphisms f: A — C, K: C - D and g: B — D in V-Prof
we have, in Example , already used the notation K(f,g) to denote the composite
Ko (f*"®g): A+ B. It is readily seen that the cell e: K(f,g) = K given by the iden-
tity transformation on K o (f°° ® g) is indeed cartesian, so that K o (f°? ® g) is the
restriction of K along f and g.

The following lemmas record some standard properties of cartesian and opcartesian
cells. The proof of the first is easy and omitted.

2.5. LEMMA. [Pasting lemma| In a double category consider the following vertical com-
posite.

A—LB
fJ ﬂqb Jg
C?D
e s
ETF

The following hold:
(a) if U is cartesian then 1 o ¢ is cartesian if and only if ¢ is;
(b) if ¢ is opcartesian then ¢ o ¢ is opcartesian if and only if 1 is.

2.6. LEMMA. Any cartesian cell has a vertical inverse if and only if its vertical source
and target are invertible. The same holds for opcartesian cells.

PROOF (SKETCH). The ‘if’ part, for a cartesian cell ¢ with invertible vertical boundaries
and horizontal target K: C' -+ D, is proved by factorising the vertical unit cell idg
through ¢. n

The following three results, which are Theorem 4.1 of [Shu08|, show how companions,
conjoints, restrictions and extensions are related.

2.7. LEMMA. [Shulman| In a double category consider cells of the form below.

A-L ¢ A=A Ny C=—2C
1| e | s | bl o] de
C=7C A—C D=0D D C

The following hold:

(a) ¢ is cartesian if and only if there exists a cell ¥ such that (¢,v) defines J as the
companion of f;
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(b) ¥ is opcartesian if and only if there exists a cell ¢ such that (¢,v) defines J as the
companion of f.

Horizontally dual analogues hold for the pair of cells on the right above, obtained by
replacing ‘¢’ by x’, Y’ by €, and ‘J as companion of f’ by ‘K as the conjoint of g’.

PROOF (SKETCH). For the ‘if” part of (a): the unique factorisation of a cell p through ¢,
as in Definition [2.3] is obtained by composing p on the left with . For the ‘only if” part:
1 is obtained by factorising 1 through ¢. The other assertions are duals of (a). m

2.8. LEMMA. [Shulman] In a double category suppose that the pairs of cells (s, n) and
(€4,My), as in the composites below, define the companion of f: A — C and the conjoint
ofg: B— D.

fx K g*

A C——D B B—B-1.-A— 4
/| | 4o |e /| | ]
C=—=C— - D=—=0D D g%* B y A f* C

For any horizontal morphism K: C - D the composite on the left above is cartesian,
while for any J: B - A the composite on the right is opcartesian.

PROOF (SKETCH). The unique factorisation of any cell ¢ through the composite on the
left above, as in Definition [2.3] is obtained by composing 1 on the left with ; and on
the right with 7,. Likewise unique factorisations through the composite on the right are
obtained by composition on the left with ¢, and on the right with fe. [

Together the pair of lemmas above implies the following.

2.9. THEOREM. [Shulman| The following conditions on a double category K are equiva-
lent:

(a) K has all companions and conjoints;
(b) K has all restrictions;

(¢) K has all extensions.

Next is the definition of equipment.

2.10. DEFINITION. An equipment is a double category together with, for each vertical
morphism f: A — C, two specified pairs of cells (7, re) and (17, ey) that define the
companion f,: A -+ C and the conjoint f*: C' - A respectively, as in Definition [2.1]

By Lemma above, a specification of companions and conjoints induces a spec-
ification of restrictions and extensions, by taking the restriction of K: C -+ D along
f:A— Cand g: B — D tobe K(f,g) = f ® K ® g*, and likewise by taking the
extension of J: A + B along f and g to be f* ® J ® g.. Unless specified otherwise we
will always mean these particular restrictions and extensions, along with their defining
cells as given by Lemma [2.8, when working in an equipment.
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2.11. EXAMPLE. The double category V-Prof of V-enriched profunctors is an equipment
with companions and conjoints as given in Example

2.12. ExXAMPLE. The double category Prof(€) can be made into an equipment as well.
Briefly, the companion f,: A -+ C of an internal functor f: A — C can be taken to be
the span

f* = [Ao(ﬂAo fonOC i C C()]

where Ag o X do C denotes the pullback of Ay ﬁ> Cy Jo C, with projections m; and ms.
If £ = Set then f, is the set consisting of morphisms u: fa — ¢ in C'. The actions
that make f, into an internal profunctor are induced by the multiplication of C, and it
is straightforward to show that the projection my: f, — C defines a cartesian internal
transformation fe: f. = 1¢. A conjoint f*: €'+ A for f can be given similarly.

Consider a cell ¢ in a double category as in the middle below, and assume that the
companions of f and g exist. Then the opcartesian and cartesian cell in the composite
on the left below exist by Lemma and we write ¢, for the horizontal cell that is
obtained by factorising ¢ as in the identity on the left below. Dually, if the conjoints of
f and g exist then we write ¢* for the factorisation of ¢ as on the right. Especially the
factorisations ¢, will be important later on.

A—I1 B A—IL1 B
H opcart J 9 f l opcart H
A——B—-—D A-LB C—- A —= B
| © e = ol ] H ©)
A 7—> C——D C ? C - D —— B
fl cart H H cart lg
C D D

2.13. LEMMA. In a double category the correspondence ¢ <+ ¢* given above is functorial
in the sense that, for horizontally composable cells as on the left below such that the
congoints of f, g and h exist, the identity on the right holds.

clal.p L E
a-—-p-tp | e | | cloatBAE
TN S T
Cowopr | | | Cgppprges
C—~D—F ——E

By horizontal duality the correspondence ¢ <> ¢, is similarly functorial.
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PROOF. The opcartesian and cartesian cell in the composite on the right of @ are defined
by the horizontal composites 7y ©id; and idx ©¢, respectively, so that the factorisation of
¢ is given by the composite ¢* = ¢ © ¢ ® n,; compare the proof of Lemma Likewise
the factorisations of y and ¢®x are given by x* = ¢,0x®On, and (pOX)* = ;O PO X O,
so that the identity follows from the conjoint identity ¢, o n, = 1. m

We end this section with a useful consequence of Lemma [2.8

2.14. LEMMA. In an equipment consider the following horizontal composites.

A-L.p g A-LB 1 E
fl Js Jg Ix H H Jv lg e Jh
C?DTE A?DTF

The following hold for the composite on the left.
(a) If ¢ is cartesian and x is opcartesian then ¢ ® x is cartesian.
(b) If ¢ is opcartesian and x is cartesian then ¢ ® x is opcartesian.

For the composite on the right horizontally dual analogues hold, obtained by replacing ‘¢’
by ‘¢ and ‘x’ by ‘Y.

PROOF. Proving (b) for the composite on the left suffices, since proving (a) is vertically
dual while proving (a) and (b) for the composite on the right is horizontally dual to
proving them for the composite on the left. So we assume ¢ to be opcartesian and y
to be cartesian. By Lemma the horizontal composite ny © idy ©,n forms, like ¢, an
opcartesian cell n: J = f*© J © g, that defines the extension of J along f and g, which
thus factors through ¢ as an invertible horizontal cell ': K = f*® J ® g,. Likewise
€ =,4,0idy: g. ® L = L forms a cartesian cell that factors through x as ¢’: g, © L = H.
Composing ¢ ® y with the isomorphisms n’ and &’ gives

(M o¢)®(xoe) =nOid;Om© g ©idy =ny ©idy ©idy, ®idy,

where the second identity follows from the companion identity jn ©® 4,6 = id,,. By
Lemma the composite on the right-hand side is opcartesian, so that ¢ ® x is too. m

3. Kan extensions in double categories

We are now ready to describe various notions of Kan extension in double categories. In
particular we shall extend a variation of Wood’s notion of ‘indexed (co-)limit’ in ‘bicat-
egories equipped with abstract proarrows’, that was given in [Woo82|, to a notion of
pointwise Kan extension in double categories.

Let I be an equipment and consider the 2-category V(K) consisting of its objects,
vertical morphisms and vertical cells. Recall that a vertical cell € as on the left below
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defines 7 as the right Kan extension of d along j in V(K) if every cell ¢ as on the right
factors uniquely through ¢ as shown. See for example Section X.3 of [ML9§|, where
right Kan extensions are defined in the 2-category Cat of categories, functors and natural
transformations.

A=A

y[ JT i

Bﬂad B
l s
M —

— A=—7=A

B
| b |-
M— M — M —

Factorising through the opcartesian cell 7; defining the conjoint j*: B + A, we see that
the unique factorisations above correspond exactly to unique factorisations

B4 B—— B
O R
M=——M  M—

in I, where £’ is the unique factorisation of € through 7;. This observation leads us to
the following definition, which was given by Grandis and Paré in |[GPO0S].

3.1. DEFINITION. [Grandis and Paré] Let d: B — M and J: A - B be morphisms in a
double category. The cell £ in the right-hand side below is said to define r as the right
Kan extension of d along J if every cell ¢ below factors uniquely through e as shown.

As usual any two cells defining the same right Kan extension factor uniquely through
each other as invertible vertical cells. We remark that the definition of Grandis and Paré
is in fact more general, as it allows cells ¢ whose horizontal target is arbitrary where we
assume it to be a horizontal unit.

As is shown by the discussion above, the preceding definition generalises the notion of
right Kan extension in 2-categories as follows.
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3.2. PROPOSITION. In a double category IC consider a vertical cell €, as on the left below,
and assume that the conjoint j*: B + A of j exists.

A= A=——A
JJ jlopcart‘
B ﬂs d = BTA
| | s
M — M==M

The vertical cell & defines r as the right Kan extension of d along j in V(K) precisely if
its factorisation &', as shown, defines r as the right Kan extension of d along j* in K.

3.3. POINTWISE KAN EXTENSIONS ALONG ENRICHED FUNCTORS. Having recalled the
notion of ordinary right Kan extension, our aim is now to give a notion of pointwise Kan
extension in double categories that extends the notion of pointwise Kan extension for
enriched functors. In this section we recall the latter notion, which is extended to double
categories in the next section.

To begin we recall a notion of pointwise Kan extension for unenriched functors. Given
functors j: A — B, d: A — M and r: B — M between small categories, a natural
transformation €: r o j = d defines r as the pointwise right Kan extension of d along j if
the maps

M(m,rb) — [A, Set](B(b,j -), M (m,d-)), (7)
which assign to u: m — rb the natural transformation with components
B(b, ja) = M(rb,rja) 2 M(m, da), (8)

are bijections. That this coincides with the usual notion follows easily from the fact that

the target of is the set of cones from m to the functor b/j — A 4, M, where b/j
denotes the comma category. For details see Section X.5 of [ML9S].

Given a closed symmetric monoidal category V = (V,®,I,s,[-,—|) that is complete
and cocomplete, we now assume that the functors j, d and r are V-functors, and that
€: roj = dis a V-natural transformation. Then we can consider enriched variants of ,

which are V-maps
M(m,rb) — [A,V] (B(b,j—), M(m, d—)), (9)

as we shall explain, and ¢ defines the V-functor r as the pointwise right Kan extension
of d along j if these are isomorphisms; see the last condition of Theorem 4.6 of [Kel82],
which lists equivalent conditions on ¢ for it to define r as the pointwise right Kan exten-
sion. Pointwise Kan extensions along enriched functors were first introduced by Dubuc
in Section 1.4 of [Dub70].

To describe (9) we first have to recall the definition of their targets, which form the
‘V-objects of V-natural transformations’ B(b, j—) = M(m,d—). We shall not do this
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directly, but instead recall the definition of the ‘right hom’ K> H: A -+ B for any pair of
V-profunctors H: B - E and K: A - FE; the targets of @D are then given by the right
hom d* > j*: M -+ B of the conjoints j*: B + A and d*: M -+ A.

On objects we define K > H by the ends (K > H)(a,b) = [,[H(b,~), K(a,~)], where
[-,—] is the inner hom of V. Dually to (3), these ends can be taken to be the equalisers of
the V-maps

[TiH®.e), K(a,e)) = ] [Hb.er) @ Eer, e2), K(a, e3)]

eck e1,ea€ll

that are induced by letting E(ej,es) act on H(b,e;) and K(a,e;) respectively. The
universal properties of these ends ensure that they combine to form a V-profunctor
K>rH: A+ B.

Using the fact that ends are dual to coends, as well as the tensor-hom adjunction
-®X - [X,-] of V, it is straightforward to obtain a correspondence of V-natural trans-
formations

¢o: JOH=K > v:J=Kp>H,

for any J: A + B. To be precise we obtain, for all H: B + FE, an adjunction
—~©H: H(V-Prof)(A, B) ZI— H(V-Prof)(A, E): —>H, (10)
where H(V-Prof) denotes the horizontal bicategory contained in the double category

V-Prof, that is the bicategory of V-categories, V-profunctors and their transformations.
We now return to describing the V-maps @ First recall that

[A7V](B(b=]7)7M(m7d7)) = /A[B<bvj)7M(m7dﬂ - (d*Dj*)(m, b):

see Section 2.2 of [Kel82]. Next consider the V-natural transformation e: ro j = d as a
vertical cell in V-Prof, as on the left below.

A— A

i| M- B2 A M- B

B e |4 I | e (11)
j M———— A M B
M=— M

It factors uniquely, through the opcartesian cell defining r* ® j* as the conjoint of r o j
and the cartesian cell defining d* as the conjoint of d, as a horizontal cell ¢* as in the
middle; compare the definition of ¢* in @ Remembering from the proof of Lemma
that this factorisation is obtained by composing € on the left with the cartesian cells ¢;
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and ¢, defining 5* and r*, and on the right with the opcartesian cell ny defining d*, we
find that * is induced by the V-maps

H M(m,rb) @ B(b, ja) Hider, H M(m,rb) @ M(rb,rja)
beB beB

2 M(m,rja) —>M(id’6a)

M(m,da);
compare this with the components (8) that are used in the unenriched case. The cell £*
in turn uniquely corresponds to a horizontal cell (*)” as on the right of , under the
adjunction , and the components of (¢*)” form the V-maps @D; see the last condition
of Theorem 4.6 of [Kel82].

The following definition summarises this section.

3.4. DEFINITION. Let V be a closed symmetric monoidal category that is complete and
cocomplete. A V-natural transformation ¢: r o 5 = d of V-functors, as on the left of
, defines the V-functor r as the pointwise right Kan extension of d along j if the
corresponding V-natural transformation of V-profunctors (£*)°: r* = d* > j*, as on the

right of , is invertible.

3.5. POINTWISE KAN EXTENSIONS IN DOUBLE CATEGORIES. In this section we, by mim-
icking the ideas of the previous section, obtain a notion of pointwise right Kan extension
in ‘right closed’ equipments, which we extend to general double categories afterwards.
The first notion is closely related to Wood’s definition of ‘indexed limit’ in bicategories
that are, in his sense, ‘equipped with abstract proarrows’, as introduced in [Woo82].

More precisely, by restricting Wood’s notion of bicategories equipped with abstract
proarrows to 2-categories, one obtains a notion that is equivalent to that of equipments
in our sense which, additionally, are both right closed (see below) and ‘left closed’; for
details see Appendix C of [Shu08§|. In such ‘2-categories equipped with abstract proarrows’
Wood’s notion of indexed limit coincides with Definition [3.7] given below.

3.6. DEFINITION. A double category K is called right closed if, for each horizontal mor-
phism H: B - E, the functor

~-0OH: HK)(A,B) —» HK)(A,E)

has a right adjoint —>H.

As in , in a right closed equipment K every cell € on the left below corresponds to
the horizontal cell €* in the middle, which in turn corresponds to a horizontal cell (£*)
on the right, under the adjunction - ©J 4 —-J.

A-Ll.B Ma-L.p M A
|l | I | by
M— M M B M —— A

d* d > J
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Mimicking Definition [3.4] we make the following definition. It is closely related to
Wood’s definition of indexed limit, as previously discussed.

3.7. DEFINITION. Let d: B — M and J: A -+ B be morphisms in a right closed equip-
ment. The cell € on the left above is said to define r as the pointwise right Kan extension
of d along J if the corresponding horizontal cell (¢*)” on the right is invertible.

3.8. EXAMPLE. As we have seen, in the case that = V-Prof and J = j*, for a
V-functor j: B — A, the V-natural transformation € above defines r as the pointwise
right Kan extension of J along d precisely if the corresponding V-natural transforma-
tion eomn;: r = doj defines r as the pointwise right Kan extension of d along j in
V-Cat = V(V-Prof).

Similarly V-weighted limits can be defined in V-Prof, as follows. Given a V-weight
J: B — V. notice that it can be regarded as a V-profunctor J: 1 ++ B, where 1 denotes
the ‘unit’ V-category, consisting of one object * and 1(x,%) = I, the unit of V. As with
enriched Kan extensions, one can show that the j-weighted limit of a V-functor d: B — M
exists if and only if the pointwise right Kan extension of d along J exists in V-Prof.

In order to extend Definition to general double categories we restate its condition
‘(¢*)" is invertible’ in terms that do not use conjoints or the right adjoint —.J, as follows.
It is easy to see that (¢*)” is invertible if and only if £* forms a ‘universal arrow — ©.J = d*’,
in the sense of Section III.1 of |[ML98]. This means that every cell ¢ as on the left below
factors uniquely through £* as shown.

M2 a4l B
K J

wEats | ] |
| b | =g
v ||

M B

d*

But the unique factorisations above correspond precisely to the unique factorisations
on the left below, under the correspondence 1 <> ¥* given in @ Here we use the
functoriality of the latter, see Lemma [2.13]

M a-1.B M- 4-1.B ct.a-1.B
| be o= ] v | g o “lopcart| |
Me——— M M=—M—M

M——A— B
K J

Furthermore, the unique factorisation of the cells £ through ¢, on the left above, is
equivalent to the unique factorisation of the more general cells ¢ through ¢, as shown
below. Indeed, the one below reduces to the one above by taking H = K and s = idy,.
On the other hand, unique factorisations of the form below correspond precisely to ones
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of the form on the left above, under the unique factorisation through the composite on
the right, where K is any choice of extension of H along s; this composite is opcartesian
by Lemma [2.14]

c.a-Ll.p c-2.4-1.8B
sl e ld = sl Je Jr {e ld (12)
Me— M—M—M

We conclude that, in the case that K is a right closed equipment, the definition below
coincides with Definition B.7

3.9. DEFINITION. Let d: B — M and J: A -+ B be morphisms in a double category.
The cell € in the right-hand side above is said to define r as the pointwise right Kan
extension of d along J if every cell ¢ above factors uniquely through e as shown.

Like ordinary Kan extensions, two cells defining the same pointwise Kan extension
factor uniquely through each other as invertible vertical cells. We remark that Grandis
and Paré introduced in [GPO§| a notion similar to the above, that of ‘absolute’ right Kan
extension, which is stronger in that it allows the cells ¢ and ¢’ in to have any, not
necessarily unital, horizontal target.

Pointwise left Kan extensions in K are simply pointwise right Kan extensions in
as follows, where K is the horizontal dual of K; see Definition [1.7]

3.10. DEFINITION. Let d: A — M and J: A - B be morphisms in a double category.
The cell n in the right-hand side below defines [ as the pointwise left Kan extension of d
along J if every cell ¢ below factors uniquely through 7 as shown.

A-L. L ¢ A-L.p L. ¢
dl Jo lk = dl U Jl o Jk
Me———M  M—M—M

The following two lemmas record some simple properties of pointwise Kan extensions.
The second one, on iterated pointwise Kan extensions, generalises the analogous result
for pointwise Kan extensions along enriched functors; see Theorem 4.47 of [Kel82]. Its
proof is straightforward and omitted.

3.11. LEMMA. The cell € below defines r as a right Kan extension whenever it defines
r as a pointunse right Kan extension. The converse holds once the pointwise right Kan
extension of d along J is known to exist.

A—B
g |
M—M
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PROOF. For the converse remember that any two cells defining the same right Kan exten-
sion factor through each other as invertible vertical cells, so that if one of them defines a
pointwise right Kan extension then so does the other. [

3.12. LEMMA. [Pasting lemma| Consider horizontally composable cells
A—— B ——(C
M=—=M=—7<=M

i a double category, and suppose that ¢ defines r as the pointwise right Kan extension of
d along H. Then v defines s as the (pointwise) right Kan extension of r along J precisely
if v ® € defines s as the (pointwise) right Kan extension of d along J ©® H.

We close this section with a lemma showing that ‘precomposition is a form of pointwise
right Kan extension’, which will be very useful in the next section.

3.13. LEMMA. Consider a composable pair f: A — C and r: C' — M in a double cate-
gory, and assume that the companion f,.: A -+ C of f exists. The composite below defines
ro [ as the pointwise right Kan extension of r along f.

PROOF. We have to show that every cell ¢ as on the left-hand side below factors uniquely
through the composite above. That such a factorisation exists is shown by the following
identity, which is obtained by using one of the companion identities for f,.

D4 q o

DA I C H Hopcart Jf cart H
b r=DA—c—cC
v W

M M M

To show that this factorisation is unique assume that there exists another cell ¢/, as on
the left below, such that ¢ = ¢’ ® (1, ocart). Then the following equation, which uses the
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other companion identity for f,, shows that ¢’ coincides with the factorisation that was
obtained above.

D A— 4y

DA H Hopcartlf o Jc iy p—|
Jf DHH—>AH*—>C H Hopcartlf
s| o C = fl cart H = DLATO
S Ry N T
M=—M r r M M
M=—7—M=—7=M
This completes the proof. [

4. Exact cells

In this section we introduce the notion of ‘exact cell’ in double categories. In the double
category Prof of unenriched profunctors exact cells generalise the ‘carrés exacts’ that were
studied by Guitart in [Gui80|, as we shall see in Example

4.1. DEFINITION. In a double category consider a cell ¢ as on the left below. We call ¢
(pointwise) right exact if for any cell €, as on the right, that defines r as the (pointwise)
right Kan extension of d along K, the composite ¢ o ¢ defines ro f as the (pointwise) right
Kan extension of d o g along J. If the converse holds as well then we call ¢ (pointwise)
initial.

A-L.B c-%.p
fl Je lg rl [E Jd
C—D M— M

Notice that both the class of (pointwise) right exact cells, as well as that of (pointwise)
initial cells, are closed under vertical composition.
The remainder of this section describes right exact cells and initial cells.

4.2. PROPOSITION. In a double category consider a morphism g: B — D. If the com-
panion g,: B - D of g exists then any opcartesian cell of the form below is both initial
and pointwise initial.

A—B
Hopcartlg
A - D
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PROOF. First notice that by Lemma [2.8] we may, without loss of generality, assume that
the opcartesian cell above is given by the horizontal composite of id; and the opcartesian
cell defining g,; in particular we thus have K = J © g,.

For any cell € as on the left below consider the following identity, which follows from
one of the companion identities for g.. We have to show that ¢ defines r as a (pointwise)
right Kan extension if and only if the composite of the first two columns on the right-hand
side does so.

A-L.p . p H Hopcarth cart H

| le Ja= A—-B——D=—D

M—M TJ Je Jd ld
M M M

The last column of the right-hand side above defines d o g as a pointwise right Kan
extension by Lemma [3.13] so that the proof follows from the pasting lemma. n

The following example shows that the notion of initial cell extends the classical notion
of ‘initial functor’.

4.3. EXAMPLE. Recall that a functor g: B — D is called nitial if, for each z € D,
the comma category g/x is connected; see for example Section 2.5 of [KS06|, where such
functors are called ‘co-cofinal’. Writing !: D — 1 for the unique functor into the terminal
category 1, we claim that g: B — D is initial precisely if the obvious cartesian cell

1B
Hcartlg

is opcartesian in Prof. To see this, notice that the latter is equivalent to the horizontal
cell cart,: " ® g. =!*, that is the factorisation of the cell above defined by @, being
invertible. Remembering the coequalisers that define horizontal composition in Prof,
the latter is readily seen to be equivalent to the comma categories g/x being connected
for each x.

Initial functors are useful because diagrams d: D — M can be restricted along g
without changing their limits: formally, if either lim d or lim(d o g) exists then so does the
other, and in that case the canonical morphism

limd — lim(d o g)

is an isomorphism. This result can be recovered by applying the previous proposition to
the cartesian cell above, by using Proposition |3.2] and the well-known fact that the limits
of d and do g coincide with the right Kan extensions of d and d o g along terminal functors
(see Theorem X.7.1 of [ML9§| for the dual result on colimits).
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4.4. PROPOSITION. In a double category consider a morphism f: A — C. If the com-
panion f.: A - C of f exists then any cartesian cell of the form below is pointwise right
exact.
A-1B
! l cart H
C — B
K

PRrOOF. By Lemma [2.8 we may, without loss of generality, assume that the cartesian cell
above is given by the horizontal composite of the cartesian cell defining f, and the identity
idg; in particular we thus have J = f, ® K.

Consider a cell € as in the composite below and assume that it defines r as the pointwise
right Kan extension of d along K; we have to prove that the full composite defines r o f
as a pointwise left Kan extension.

That it does follows from the fact that the first column defines r o f as a pointwise right
Kan extension by Lemma [3.13, together with the pasting lemma. [

The following corollary combines Propositions and [4.4]

4.5. COROLLARY. In a double category consider a cell ¢ below, and assume that the
companions f.: A+ C and g.: B+ D of f and g exist.

A-LB
fJ U¢> Jg
CTD

The cell ¢ is pointwise right exact as soon as the horizontal cell ¢.: J ® g. = f. © K,
that is defined by @, 15 wnwvertible.

PRrROOF. If ¢, is invertible then the left identity of @ factors ¢ into an opcartesian cell,
which defines the extension of J along g, followed by a cartesian cell which defines the
restriction of K along f. The first is pointwise right exact by Proposition and the
second by Proposition [4.4] so that their vertical composite ¢ is pointwise right exact too.m
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4.6. EXAMPLE. In the double category Prof of unenriched profunctors consider a trans-
formation ¢ of functors as on the left below, as well as its factorisation ¢, as shown.

B=—0B
B=—10B jlopcart”
» s A—B

Tt

D
Jk 07D
C

J

|
A o
f

H cart |k

S

Using f, ® k* = C(f, k), the hypothesis of the previous corollary for the factorisation ¢’
means that the maps ¢.: [*“” A(a, jb) x D(gb,d) — C(fa, kd), that are induced by the
assignments

(@2 jb,gb 2 d) — (fa 2% Fib 2 kgb £ ka),

are bijections. In Section 1 of [Gui80] a natural transformation ¢ as on the left above, such
that ¢/ is invertible, is called a ‘carré exact’; this explains our terminology of ‘right exact
cell’. The condition of ¢, being an isomorphism is known as the right Beck-Chevalley
condition; in Prof this condition is in fact equivalent to ¢’ being a right exact cell in the
sense of Definition as follows from Theorem 1.10 of [Gui80].

5. Pointwise Kan extensions in terms of Kan extensions

In this section we show that if an equipment K has all ‘opcartesian tabulations’ then
pointwise Kan extensions in K (Definition can be defined in terms of Kan extensions
(Definition [3.1]). This is analogous to Street’s definition of pointwise Kan extension in
2-categories, that was introduced in [Str74], which we recall first.

5.1. POINTWISE KAN EXTENSIONS IN 2-CATEGORIES. Street’s definition of pointwise
Kan extension in 2-categories uses the notion of ‘comma object’ in a 2-category, which
is recalled below. It generalises the well-known notion of a ‘comma category’ f/g of two
functors f: A — C and g: B — C, in the 2-category Cat of categories, functors and
transformations; see Section I1.6 of [ML9S].

5.2. DEFINITION. Given two morphisms f: A — C and ¢g: B — C in a 2-category C, the
comma object f/g of f and g consists of an object f/g equipped with projections w4 and
g, as in the diagram on the left below, as well as a cell 7: fomy = gompg, that satisfies
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the following 1-dimensional and 2-dimensional universal properties.

$a
flg = A X X Jer A XA
w\AJ _ ¢ \9B
Tal a5l
B——C B——C B——C B——C

Given any other cell ¢ in C as in the middle above, the 1-dimensional property states that
there exists a unique morphism ¢': X — f/g such that 74 0 ¢’ = ¢4, g0 ¢ = ¢p and
mo ¢ = .

The 2-dimensional property is the following. Suppose we are given another cell ¢ as
in the identity on the right above, which factors through 7 as ¢/: X — f/g, like ¢ factors
as ¢'. Then for any pair of cells £4: ¢4 = ¥4 and {g: ¢ = g, such that the identity
above holds, there exists a unique cell £': ¢’ = ¢’ such that 140& = &4 and Tgo &’ = £p.

We can now give Street’s definition of pointwise left Kan extension, that was intro-
duced in Section 4 of [Str74].

5.3. DEFINITION. [Street] Let d: A — M and j: A — B be morphisms in a 2-category
that has all comma objects. The cell €: 7o 7 = d in the diagram below is said to define r
as the pointwise right Kan extension of d along j if, for each f: C' — B, the composition
of cells below defines r o f as the right Kan extension of d o m4 along 7¢.

fli—=c

5.4. REMARK. We remark that Street’s notion of pointwise right Kan extension is in
general stronger than Dubuc’s notion of pointwise right Kan extension along enriched
functors, that was recalled in Definition |3.4 For instance, an example of an enriched
left Kan extension of 2-functors that is not pointwise in the 2-category of 2-categories,
2-functors and 2-transformations, in the above sense, is given in Example 2.24 of [Koul3].
Thus pointwise right Kan extensions in V-Prof, as defined in Definition 3.7, will in general
not be pointwise in the 2-category V-Cat = V(V-Prof), in the above sense. In the next
subsection we will consider a condition on equipments K ensuring that pointwise right
Kan extensions in &, as in Definition 3.9} do correspond to pointwise right Kan extensions
in V(K), as in the definition above; see Corollary [5.13]
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5.5. POINTWISE KAN EXTENSIONS IN TERMS OF KAN EXTENSIONS. Having recalled
how Street’s definition of pointwise Kan extension in a 2-category is given in terms of
ordinary Kan extensions, we now wonder whether pointwise Kan extensions in equipments
IC can be defined in terms of ordinary ones too. It turns out that we can as soon as K has
‘opcartesian tabulations’. We start by recalling the definition of tabulation from Section 5
of [GP99], where it is called ‘tabulator’. Tabulations generalise comma objects, as we will
see in Proposition [5.9]

5.6. DEFINITION. Given a horizontal morphism J: A -+ B in a double category K, the
tabulation (J) of J consists of an object (J) equipped with a cell w as on the left below,
satisfying the following 1-dimensional and 2-dimensional universal properties.

(/) = (J) X=X
WAJ MJT lﬂ'B ¢Al ﬂd’ Jd)B
AHJ—>B AHJHB

Given any other cell ¢ in K as on the right above, the 1-dimensional property states that
there exists a unique vertical morphism ¢': X — (.J) such that 7o 1y = ¢.

The 2-dimensional property is the following. Suppose we are given another cell v as
in the identity below, which factors through 7 as ¢': Y — (J), like ¢ factors as ¢'. Then
for any pair of cells £4 and &g as below, so that the identity holds, there exists a unique
cell ¢ as on the right below such that 1,, o =&, and 1,, 0o &' = p.

x-Ly—vy X=—x-"vy x Ly
¢Al UfAng\ﬂw JwB = ¢AJ Js J¢B ﬂgBlﬁw ¢’l Je lw'
A:ATB ATB:B (J) = (J)

A tabulation is called opcartesian whenever its defining cell 7 is opcartesian.

As with cartesian and opcartesian cells, we often will not name tabulations but simply
depict them as

)= (

a

)

™

( J
| b |

B.

=

B

D ——
o+

|

5.7. EXAMPLE. The tabulation (J) of a profunctor J: A°®® x B — Set is the category
that has triples (a, j, b) as objects, where (a,b) € A x B and j: a — b in J, while a map
(a,7,b) — (d’,5,0) is a pair (u,v): (a,b) = (a’,b') in A x B making the diagram

J
a——>

uJ lv (13)
a'Tb’
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commute in J. The functors 74 and wp are projections and the natural transformation
7: 1y = J maps the pair (u,v) to the diagonal j' ou = v o j. It is easy to check that 7
satlsﬁes both the 1-dimensional and 2-dimensional universal property above, and that it
is opcartesian.

5.8. EXAMPLE. Generalising the previous example, we will show in Proposition that
all internal profunctors of the double category Prof(€) admit opcartesian tabulations.

Comma objects and tabulations are related as follows.

5.9. PROPOSITION. Let f: A — C and g: B — C' be vertical morphisms in a double

category KC. If both the cartesian cell and the tabulation below exist then their composite
defines the object (C(f,g)) as the comma object of f and g in V(K).

(C(f,9)) = (C(f9)
tab Jﬂ'B

TA

|

A a) B
/ l cart J g
C ——=C

Proor. This follows immediately from the fact that the unique factorisations defining
the comma object of f and g in V(K), as in Definition , correspond precisely to unique
factorisations through the tabulation above in K, as in Definition [5.6, by factorising them
through the cartesian cell. [

If an equipment has opcartesian tabulations then any (pointwise) right Kan extension
can be regarded as a (pointwise) right Kan extension along a conjoint, as follows.

5.10. PROPOSITION. In a double category consider a tabulation as on the left below and
assume that the conjoint 7%: A + (J) of ma and the companion wp,: (J) + B of g
exist. Consider the factorisation of the tabulation through the opcartesian cell defining
T, as shown.

() = (J) A

(J) = (J) mlopcart” H tab’ le
WAJ tab JWB = — (J) A-L.B
A—B H tabf | | |
AHJ—>B M=—M

If the tabulation is opcartesian then a cell €, as in the composite on the right, defines r
as the (pointwise) right Kan extension of d along J if and only if the composite € o tab’
defines 1 as the (pointwise) right Kan extension of d o g along 7.
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PROOF. Since tab and opcart are both opcartesian, the factorisation tab’ is opcartesian
by the pasting lemma, and the result follows from Proposition n

In an equipment with opcartesian tabulations, pointwise Kan extensions can be defined
in terms of Kan extensions as follows.

5.11. THEOREM. In an equipment KC consider the cell € on the left below.

J(f,id
o g

—_—

A—— B J cart H

S l A——B

M= M | ll |

M=M

For the following conditions the implications (a) < (b) = (c) hold, while (c) = (a) holds
as soon as KC has opcartesian tabulations.

(a) The cell e defines r as the pointwise right Kan extension of d along J;

(b) for all f: C — A the composite on the right above defines r o f as the pointwise
right Kan extension of d along J(f,id);

(c) for all f: C — A the composite on the right above defines r o f as the right Kan
extension of d along J(f,id).

PROOF. (a) = (b) follows from Proposition [4.4]

(b) = (a). By taking f =idy4 in (b) the cartesian cell defining J(f,id) is invertible by
Lemma [2.6] so in that case ocart defines r as the pointwise right Kan extension precisely
if ¢ does, and the implication follows.

(b) = (c) follows from Lemma [3.11]

(¢) = (a). To prove (a) we have to show that every cell ¢ as in the composite on the
left below factors uniquely through e.

(Hy — (" gy — e gy — () B
wcl tab lmcart H wcl ml cart H ﬂcl tab |macart H
C ; A y B = C ﬂ¢’Aﬁ]—>B = (C p” A y B
R T P [ [ O PR [ P A A

M M M M M M M M

We write £ for the horizontal composite of the tabulation of H and the cartesian cell
defining J(74,1d), that forms the top row in the composite on the left above. Assuming
(c), po& factors uniquely through eocart as a vertical cell ¢’ as in the first identity above.
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The cell ¢' in turn factors through the tabulation, which is opcartesian, as a unique cell
¢", as in the second identity above. The composite £ of the opcartesian tabulation and the
cartesian cell is opcartesian by Lemma|2.14}, so that the equality above implies ¢ = ¢" ®¢,
since factorisations through opcartesian cells are unique.

To show uniqueness of ¢” consider a second cell ©): H = 1,; such that ¢ = ¢ © ¢.
Composing with £ we obtain ¢pof = (¢ otab)® (cocart), so that ¢y otab = ¢’ by uniqueness
of ¢'. Hence v = ¢” by uniqueness of factorisations through opcartesian cells, concluding
the proof. [

Using the previous theorem we can show that, for any equipment K that has op-
cartesian tabulations, pointwise right Kan extensions along conjoints in K coincide with
pointwise right Kan extensions in the 2-category V(K), as follows.

5.12. PROPOSITION. In an equipment IC that has opcartesian tabulations consider a ver-
tical cell €, on the left below, as well as its factorisation € through the opcartesian cell
defining the conjoint of j, as shown.

A——= A=—=A
JJ jlopcart‘
B ﬂa d = Bj*—u‘l
| | Yo |
M — M=—=M

The vertical cell € defines r as the pointwise right Kan extension of d along j in V(K), in
the sense of Definition precisely if its factorisation €' defines v as the pointwise right
Kan extension of d along j* in IC, in the sense of Definition [3.9

PRrROOF. Given any vertical morphism f: C' = B we consider the composite on the left
side of the equation below, where the first identity follows from the factorisation of ¢
above. The second identity is obtained by composing the top row in the middle composite,
consisting of a cartesian and opcartesian cell, which results in the cartesian cell in the
composite on the right, by Lemma [2.14]

B(f,j B(f,j B(f,j
(fJ)A A c (fJ)A A C (fJ)A
cart Jj fl cartalopcart‘ fl cart H

|
-

B B

Since K has opcartesian tabulations we have (a) < (c) in the previous theorem, which
means that ¢’ defines r as the pointwise right Kan extension of d along j* if and only if
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for each f: C' — B the composite on the right above, and thus each composite above,
defines 7 o f as the right Kan extension of d along B(f, j).

Now consider the composite on the left above precomposed with the tabulation of
B(f,7), as on the left below, as well as with the factorisation of this tabulation through
the opcartesian cell defining 7, as on the right. Since the two top cells of the first
column in the composite on the left define the comma object of f and j in V(K), by
Proposition , we have denoted the object of the tabulation by f/j.

fli="fli=="F/j C—= f/j=1/j
mc| tab |7a TA H tab’ | ma TA
—— A=—=A C—— A——=A
B(f,3) B(f,3)
f cart J fJ cart J
M M M M M M

The proof is completed as follows: we have seen that ¢’ defines r as the pointwise right
Kan extension of d along 7 in K if and only if the composite of the two bottom rows
on the right above defines r o f as the right Kan extension of d along B(f,7), for each
f: C — A. By Proposition |5.10| the latter is equivalent to the full composite on the right
defining r o f as the right Kan extension of d o w4 along 7., for each f: C'— A. This in
turn is equivalent to, for each f: C' — A, the composite on the left defining r o f as the
right Kan extension of d o w4 along 7¢ in the 2-category V(K), by Proposition . As
a condition on the vertical cell € in V(K), the latter is precisely the condition given by

Definition (.3 n

Combining the previous result with Proposition [5.10, we see that in an equipment K
with opcartesian tabulations all pointwise Kan extensions can be regarded as pointwise
Kan extensions in V(KC), as follows.

5.13. COROLLARY. Consider a cell ¢, as in the composite below, in an equipment K that
has opcartesian tabulations. It defines r as the pointwise right Kan extension of d along
J in IC precisely if the full composite defines r as the pointwise right Kan extension of
domg along ma in V(K).

) =(J)

—

JB
Je |a

:M

{

=

™

-+

a

(L}

— e

=
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5.14. OPCARTESIAN TABULATIONS FOR INTERNAL PROFUNCTORS. We close this paper
by showing that internal profunctors admit opcartesian tabulations. A weaker version
of this result is given by Betti in [Bet96], whose notion of tabulation is a variant of
the 1-dimensional property of Definition [5.6] which is weakened by only requiring that
7o 1y = ¢ holds up to invertible vertical cells ¢4 = 74 0 ¢’ and ¢p = w5 0 ¢'. The proof
given below shows that the tabulations in Prof (&) can be chosen such that both universal
properties of Definition hold, in the strict sense.

5.15. PROPOSITION. [Betti] Let €& be a category with pullbacks, and coequalisers that
are preserved by pullbacks. The equipment Prof(E) of profunctors internal in € admits
opcartesian tabulations.

PRrOOF. Consider an internal profunctor J = (J,1,7): A + B between internal categories
A= (A,ma,es) and B = (B,mp,ep). We will define a cell 7, as on the left below, and
show that it satisfies the universal properties and that it is opcartesian.

) =) () — T, B
WAJ ﬂw JWB J JT (14)
ATB A X 4, JT J

Definition of m. We first define the internal category (J). As its underlying E-span we
take (J)o = J and let (J) be the pullback of the actions of B and A on J, as on the
right above, while the source and target maps are given by the projections below. Notice
that these are the internal versions of the sets of objects and morphisms that underlie the
tabulation of an ordinary profunctor, as described in Example [5.7]

do = [(J) = J xp, B— J] di = [(J) = Axa, J = J]

To give the multiplication m: (J) x ; (J) — (J), notice that its source W = (J) x ; (J)
forms the wide pullback of the diagram

(1) (2) (3) (4)
J xp, B A xg,J J xp, B A X g, J,

NN SN A a5

where the first factor of W is the pullback of the objects labelled (1) and (2), the second
factor is the pullback of those labelled (3) and (4), and where the unlabelled maps are
projections. In the case of &€ = Set, W consists of quadruples of pairs of maps, one in
each of the sets on the top row above, such that the pairs in (1) and (2), as well as those
in (3) and (4), form commutative squares (13, and such that the bottom map of the first
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square coincides with the top map of the second. Let m be induced by the compositions

id Xmp

—
W-)JXBOBXBOB JXBDB
4)
@ /_meid
and W—)AXAOAXAOJA—>AXAOJ,

where the unlabelled maps are induced by projections from W onto (factors of) the
pullbacks in the top row of , as indicated by the labels. When £ = Set, this simply
composes the two pairs of maps making up the sides of two adjacent commutative squares
. That the maps above indeed induce a map into the pullback (J) follows from

(1)
3) .
(W =T X, Bxpgy B2 ] xg B J]
= [W%AXAOJXBOBmeBOBQJ]

(3)
@ N idxr !
= [W = A xa,J xp, B—" Axy,J = J]
N maxid !
= [W—}AXAOAXAOJ—>AXAOJ—>J].

Here the first equality follows from the fact that we can replace id xmpg by r x id (by
associativity of the action of B on J) and that precomposing r with the projection onto (1)
coincides with precomposing [ with the projection onto (2), by definition of . Likewise
the projection from W onto the factor J of (2) equals the projection onto the same factor
of (3) and, together with the fact that r and | commute, the second equality follows. The
third equality is symmetric to the first.

That the multiplication m: (J) x; (J) — (J) thus defined is compatible with the
source and target maps is clear; that it is associative follows from the associativity of m 4
and mp. Moreover one readily verifies that the unit e.;: J — (J) can be taken to be
induced by the £-maps

(id,egodq (eaodp,id

J N Jxp B and  J b A g J,

which completes the definition of the structure that makes (.J) into a category internal in
E. Next let the projection m4: (J) — A be defined by the maps

(mado=do: J = Ay and  ma=[(J) = Axu, J = Al

the projection mp onto B is given analogously. One readily checks that these maps are
compatible with the structures on (J), A and B. Finally we define the cell 7, which is
given by a map (J) — J in &, to be the diagonal of the square defining (.J), on the right
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of . That it is natural follows from the associativity of the actions of A and B on J.
This completes the definition of the internal transformation .

Universal properties of m. To see that m satisfies the 1-dimensional property of Defi-
nition [5.6| we consider an internal transformation ¢ as on the left below; we have to show
that it factors uniquely through 7 as an internal functor ¢': X — (J).

X=X
ml Je ng
AHJ—>B

Such an internal functor ¢’ is given by E-maps ¢f: Xo — J and ¢': X — (J). We take
o = [XO Xox 4 J} and let ¢’ be induced by

(¢p0do,9B) (pa,000d1)

X J xp, B and X A Xy J; (16)

the naturality of ¢ implies that both these maps, when composed with r and [ respectively,
equal ¢, so that they induce a map ¢': X — (J) satisfying m o ¢/ = ¢. It is clear that
¢, and ¢ are compatible with the source and target maps; that they are compatible with
the multiplication and units of A and B follows from the fact that ¢4 and ¢p are.

We have already seen that 7o ¢/ = ¢, and it is easily checked that 74 0 ¢’ = ¢4 and
mpo ¢ = ¢p as well, so that ¢ factors through 7 as ¢’. To see that ¢’ is unique notice
that

poex =mo@ oex =moey ody= @
where the first follows from the factorisation ¢ = 7 o ¢/, the second from the unit axiom
for ¢’ and the last from the definition of e sy and w. This shows that ¢ is uniquely
determined; that ¢’ must be determined by the maps as well follows from w409’ = ¢4,
o ¢ = ¢p, and the compatibility of ¢’ and ¢ with the source and target maps. This
concludes the proof of the 1-dimensional universal property of .

For the 2-dimensional property of Definition [5.6| consider the identity of internal trans-
formations as on the left below.

x-2Ly—y X=—x-"Lv x 2y
ml Uaﬁwﬂw Jwg :¢>AJ o ¢BUsBJw3 ﬂ Je lw'
A:ATB ATB:B (J) =—=(J)

We have to construct an internal transformation £ as on the right above, given by an
E-map &1 H — (J), such that m40& = &4 and mp o0&’ = £p. Together with the fact that
& must be compatible with source and target maps, these identities completely determine
¢ as being induced by the maps

(¢podoEB) (€a,ppody

H Jxg B and H b A xa, T
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that these maps coincide after composition with r and [ respectively follows from the
identity on the left above. Naturality of £ follows from that of £4 and . This completes
the proof of the universal properties of .

The cell 7 is opcartesian. To show that 7 is opcartesian we have to show that every
internal transformation x as on the left below factors uniquely as shown.

(J) = () (J) = (J)
™ | [ ma| U |
A |x B = A%J—>B
TR
C P C P

The internal transformation y’ is given by an &-map x': J — K, and precomposing
the identity above with the unit eg;: J — (J), for which 7 o e;y = id; holds, gives
x ©eryy = X'. Thus the identity above determines X' as x’ = x o e(jy = xo, Where xj is as
in Lemma [1.11} That x’ = x¢ is natural with respect to the action of A is shown by the
following equation.

Ascay J 250 0o K5 K]
((L,epody),id)

<J> (foma,xood1) C X co K i) K}
((L,epodi),id)

<J> (X00d07goﬂ-5) K XDO D L> Ki|
K xp, D= K]

The first and third identities here are straightforward to check, while the second and fourth
follow from the naturality of yo (see Lemma [1.11)) and the unit axiom for r respectively.
That x’ is natural with respect to the action of B is shown similarly. This concludes the
proof. [
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