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YONEDA LEMMA AND REPRESENTATION THEOREM FOR
DOUBLE CATEGORIES

BENEDIKT FROHLICH, LYNE MOSER

ABSTRACT. We study (vertically) normal lax double functors valued in the weak double
category Cat of small categories, functors, profunctors and natural transformations,
which we refer to as lax double presheaves. We show that for the theory of double
categories they play a similar role as 2-functors valued in Cat for 2-categories. We first
introduce representable lax double presheaves and establish a Yoneda lemma. Then
we build a Grothendieck construction which gives a 2-equivalence between lax double
presheaves and discrete double fibrations over a fixed double category. Finally, we prove
a representation theorem showing that a lax double presheaf is represented by an object
if and only if its Grothendieck construction has a double terminal object.
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1. Introduction

THE CLASSICAL STORY. Universal constructions are the core of the study of category
theory. Such constructions are determined by universal properties which are obtained by
requiring that a certain presheaf is representable. A presheaf on a category C is a functor
X : C°? — Set into the category of sets and maps, and it is said to be represented by an
object & in C if it is isomorphic to the representable functor C(—,Z): C°® — Set taking
as values the hom sets of C with target z. Presheaves therefore play an important role in
category theory and, for this reason, they have been extensively studied.

One of the most fundamental results in ordinary category theory is the Yoneda lemma.
It says that, given a presheaf X : C°? — Set, natural transformations C(—,z) = X are
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completely determined by a single element of the set Xz, for every object Z in C. More
explicitly, this says that we have an isomorphism of sets

[Cop’ Set] (C(_a i)a X) = X:i'a

see e.g. [Riel7, Theorem 2.2.4]. As a consequence, we get a Yoneda embedding C < Set®”,
allowing us to infer universal constructions in C from an analogous setting in presheaves,
where a very explicit computation of such constructions is possible.

Another approach to presheaves is given by studying them from a fibrational perspec-
tive through the Grothendieck construction. This construction encodes the structure of
a presheaf X : C°? — Set in a different way by compressing all of its data into a single
category |, o X coming with a canonical projection onto C. This projection fc X — Cis the
prototypical example of a discrete fibration. A discrete fibration is a functor P: £ — C
such that every morphism in C of the form f: x — Pe admits a unique lift ¢ — e in £.
In fact, the Grothendieck construction induces an equivalence

Jo: Set®” = Fib(C) C Cat/C,

where Fib(C) denotes the full subcategory of the slice Cat/C of categories over C spanned
by the discrete fibrations; see e.g. [LR20, Theorem 2.1.2].

A powerful consequence of this equivalence is that one can derive another criterion
to detect representability of a presheaf by testing whether its Grothendieck construction
has a terminal object; see e.g. [Riel7, Proposition 2.4.8]. We refer to this result as the
representation theorem.

A DRAMA IN 2-CATEGORIES. The categories that one considers in practice often have
more structure. Typically, the category Cat of categories and functors further comes with
a notion of natural transformations between its morphisms. This is an example of a 2-
category, which, in addition to objects and morphisms, also have 2-morphisms between
their morphisms. In this context, morphisms between two objects in a 2-category C now
form a category rather than a set, and so the representable presheaves of a 2-category
take values in the 2-category Cat. We refer to 2-functors C°® — Cat as 2-presheaves. This
allows for a refined version of universal properties by requiring that certain 2-presheaves
X: C% — Cat are represented by an object  in C in this higher sense, i.e., there is
an isomorphism between X and the representable 2-presheaf C(—,z): C°® — Cat. This
gives a better-behaved definition of universal constructions in the 2-categorical context,
as these are now compatible with the higher structure of the 2-categories involved.

One can then formulate a 2-categorical version of the Yoneda lemma by upgrading
isomorphisms of sets into isomorphisms of categories. It says that, given a 2-presheaf
X: C°? — Cat and an object Z in C, there is an isomorphism of categories

[Cop7 Cat] (C(_> j:)a X) = Xii',

see e.g. [JY21, Lemma 8.3.16]. Again, this yields a Yoneda embedding C < [C°P, Cat],
which shows how the role of Set has been replaced by Cat in the 2-categorical world.
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On the other hand, a first 2-categorical version of the Grothendieck construction was
introduced by Buckley. As shown in [Bucl4, Theorem 2.2.11], this Grothendieck con-
struction induces a 2-equivalence of 2-categories

o1 [CoP, Cat] = 2Fib(C) C 2Cat/C,

where 2Fib(C) denotes the 2-subcategory of the slice 2Cat/C of 2-categories onto C
spanned by certain 2-fibrations; see [Bucl4, Definition 2.1.10]. While this gives a fi-
brational perspective on 2-presheaves, there is a priori no obvious generalization of the
representation theorem in this setting. Indeed, as clingman and the second author show
in [cM22a], it is not true that a 2-presheaf X is represented by an object if and only if
its Grothendieck construction fc X admits a 2-terminal object. Instead, one would need
to generalize results by Gagna—Harpaz—Lanari [GHL22] to obtain a more appropriate
characterization.

THE SAVIOR: DOUBLE CATEGORIES. However, passing to a double categorical context
allows for such a characterization. Double categories are another type of 2-dimensional
categorical structure, namely, the internal categories to Cat, which have objects, two
different kinds of morphisms between objects—the horizontal and vertical morphisms—,
and 2-dimensional morphisms called squares. In particular, every 2-category can be seen
as a double category with only trivial vertical morphisms. Then, Grandis—Paré introduce
in [GP19, §1.2] a double categorical Grothendieck construction which takes a 2-presheaf
X : C° — Cat to a double category ﬂc X coming with a canonical projection onto C (seen
as a double category). Analogously to ordinary categories, this projection lfCX — C
is a discrete double fibration, i.e., the induced functors on the categories of objects and
horizontal morphisms, and on the categories of vertical morphisms and squares are discrete
fibrations of categories. Then, in [MSV23, Theorem 5.1], the second author with Sarazola—
Verdugo show that this double Grothendieck construction also induces a 2-equivalence of
2-categories
Jlo: [C°P, Cat] = DFib(C) C DblCat,/C,

where DFib(C) denotes the 2-full 2-subcategory of DblCat, /C spanned by the discrete
double fibrations. Here, DblCat, denotes the 2-category of double categories, double
functors, and vertical transformations; see Notation 2.17.

Using this double Grothendieck construction, a representation theorem can now be
formulated by saying that a 2-presheaf is represented by an object if and only if its double
Grothendieck construction admits a double terminal object; see [cM22b, Theorem 6.8]
and [MSV23, Theorem 6.12]. Since these results already require the language of double
categories, one might wonder whether the whole situation extends to double categories
and a suitable notion of double presheaves.

THE STORY CONTINUES FOR DOUBLE CATEGORIES. In the double categorical world,
Paré [Parll] and Fiore-Gambino-Kock [FGK12] prove a Yoneda lemma for “set-valued”
double presheaves. In this context, the target of the double presheaves is given by the
(weak) double category Set of sets, maps, spans, and maps of spans. Given a double
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category C, the representable presheaf at an object z in C is then given by associating to
each object z in C the set of horizontal morphisms z — 2 in C. Moreover, to each vertical
morphism u: xr—e>2’ in C, one can associate a span of sets whose middle object is the set
of all squares in C of the form

(1.1)

u

<— =

I
«
—

R —e= =

H\

I
However, such an assignment fails to be functorial in vertical morphisms, and therefore
this forces the correct notion of double presheaves to be lax in the vertical direction. Hence
a lax double presheaf is a lax double functor C°® — Set. Using this notion, the Yoneda
lemma proven as [Parll, Theorem 2.3] and [FGK12, Proposition 3.10], respectively, shows
that, for every object 2 in C, there is an isomorphism of sets

[C°P, Set)™(C(—,2), X) = Xi.

However, since those presheaves only detect sets of morphisms, when taking C = C to be
a 2-category, there is no obvious way on how to retrieve the 2-categorical Yoneda lemma
from this statement.

In this paper, we want to enhance the structure of those double presheaves by con-
sidering “category-valued” double presheaves instead. For this, we consider the (weak)
double category Cat of categories, functors, profunctors, and natural transformations, in
place of Set. Then, the representable presheaf at an object  in C will now associate
to each object x in C the category C(x,z) of horizontal morphisms x — Z and globular
squares in C of the form

2 —e— &>

I
(6%
—

S —e= 8

7
Then, similarly to before, to each vertical morphism u: x—e>2" in C, one can associate
a profunctor which assigns to any two horizontal morphisms f: x — & and f': 2’ — Z,
the set of squares of the form (1.1). While this assignment is still not compatible with
vertical composition (see Remark 3.44), by adding the extra structure of a category to
the values of the representable presheaf, it now becomes normal, i.e., it preserves vertical
identities strictly. Therefore, we define lax double presheaves as normal lax double functors
C°? — Cat.

We then obtain the following Yoneda lemma, which appears as Theorem 4.2. Here
we denote by [CP, Cat|™®* the 2-category of (normal) lax double presheaves, horizontal
transformations, and globular modifications; see Notation 3.30.

1.1. THEOREM. Given a double category C, an object & in C, and a lax double presheaf
X: C°® — Cat, there is an isomorphism of categories

[CP, Cat]™™(C(—, %), X) = X7,
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which is 2-natural in T and X.

This gives a 2-categorical enhancement of the Yoneda lemma for double categories
shown by Paré and Fiore-Gambino-Kock. Moreover, by taking C = C to be a 2-category,
we retrieve as a straightforward consequence the Yoneda lemma for 2-categories mentioned
above, as shown in Corollary 4.10.

Continuing the story, Paré introduces in [Parll, §3.7] a Grothendieck construction for
“set-valued” lax double presheaves X : C°? — Set in the form of double categories ij X
with a canonical projection onto C. Lambert then shows in [Lam21, Lemma 2.10] that
this projection ﬂ@ X — C is a discrete double fibration, and in [Lam21, Theorem 2.27]
that the Grothendieck construction induces an equivalence of categories

Jo: [€°P, Set]'™* = DFib(C) C DblCat/C, (1.2)

where DFib(C) denotes the full (1-)subcategory of DblCat/C spanned by the discrete
double fibrations.

In this paper, we extend Paré’s Grothendieck construction to our “category-valued”
lax double presheaves. Given a lax double presheaf X : C°® — Cat, we also build in
Construction 6.1 a double category ﬂc X coming with a canonical projection onto C.
Surprisingly, despite the fact that X is a (normal) lax double functor rather than a strict
one, its Grothendieck construction ﬂ@ X is an actual strict double category; note that this
already happens for Paré’s Grothendieck construction (see [Parll, Theorem 3.8]). Even
though we now consider presheaves valued in categories rather than in sets, the projection
ﬂ@ X — C is still a discrete double fibration.

Furthermore, by extending the Grothendieck construction to a 2-functor, we can then
show the following equivalence with discrete double fibrations, which appears as Theorem
6.13.

1.2. THEOREM. Given a double category C, the Grothendieck construction induces a 2-
equivalence of 2-categories

Jo: [€°P, Cat]"'™ = DFib(C) C DblCat,/C,

which 1s pseudo-natural in C.

Again, by taking C = C to be a 2-category, we retrieve as a straightforward consequence
the 2-equivalence between 2-presheaves and discrete double fibrations from [MSV23], as
shown in Corollary 6.30.

There is now an intriguing relation between Lambert’s equivalence from (1.2) and our
2-equivalence from Theorem 1.2. At its heart is the fact that the fibers of a discrete double
fibration are categories—seen as double categories with trivial horizontal morphisms and
squares—; see Proposition 5.11. Therefore, to obtain an equivalence with a certain type of
double presheaves, one needs to encode both the objects and the morphisms of those fibers
into the presheaf. While the inverse of the equivalence (1.2) only detects the underlying
sets of objects of the fibers as the values of the presheaf, the morphisms are encoded in the
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lax unitality condition. On the other hand, the inverse of the equivalence from Theorem
1.2 directly chooses the values of the presheaf to be the categories given by the fibers,
and the lax unitality condition now becomes strict. In fact, the relation between the 2-
categories [C°P, Cat]™®* and [C°P, Set]'®™* can be understood from the universal property of
the adjunction developed by Cruttwell-Shulman in [CS10, Proposition 5.14], using that
Mod(Set) = Cat.

The idea of enhancing “set-valued” lax double presheaves to “category-valued” ones is
already studied in a paper by Cruttwell-Lambert—Pronk—Szyld, where they consider lax
double pseudo functors C°® — Span(Cat) into the (weak) double category Span(Cat) of
categories, functors, spans of categories, and morphisms of spans. For such presheaves,
they show in [CLPS22, Theorem 3.45] that there is an equivalence of categories

[C°P, Span(Cat)]'™ = DblFib(C) C DblCat/C,

where DblIFib(C) denotes the subcategory of DblCat/C spanned by the double fibrations;
see [CLPS22, Definition 3.38]. These double fibrations generalize discrete double fibra-
tions in the same vein that Grothendieck fibrations generalize discrete fibrations for or-
dinary categories, meaning that their fibers are double categories instead of categories.
By restricting the above equivalence to discrete double fibrations, they retrieve Lambert’s
equivalence (1.2). Hence, this suggests that the approach taken in this paper is different
from theirs.

Finally, we use the Grothendieck equivalence from Theorem 1.2 to prove a representa-
tion theorem for double categories. Namely, we want to find a criterion for a lax double
presheaf X : C°® — Cat to be represented by an object & of C, i.e., isomorphic to the
representable lax double presheaf C(—,z): C°® — Cat. As for the case of 2-categories,
these will be determined by double terminal objects in the Grothendieck construction.
The following result appears as Theorem 7.9.

1.3. THEOREM. A lax double presheaf X : C°? — Cat is represented by an object if and
only if its Grothendieck construction lfC X has a double terminal object.

Again, by choosing C = C to be a 2-category, we retrieve the representation theorem
for 2-categories from [cM22b, MSV23], as shown in Corollary 7.11.

NoOTATIONS. Throughout the paper, we will assume basic knowledge about 2-category
theory. We refer the reader to [JY21] for a complete account of the theory of 2-categories.
We use the following notations:

e we write Set for the category of sets and maps,

e we write Cat for the (2-)category of categories, functors, (and natural transforma-
tions),

e we write 2Cat for the 2-category of 2-categories, 2-functors, and 2-natural transfor-
mations.
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2. Background on double categories

In this section, we give a concise introduction of the main notions of double category
theory needed in this paper. We refer the reader to [Gral9] for more details.

As our lax double presheaves will be lax double functors taking value in the weak
double category Cat, we start by introducing in Sections 2.1 to 2.6 the notions of weak
double categories and (vertically) lax double functors between them. We further introduce
horizontal and vertical transformations between such functors, as well as modifications.

By imposing strictness conditions, we retrieve in Sections 2.7 to 2.19 the notions of
double categories, double functors, horizontal and vertical transformations between double
functors, and modifications.

WEAK DOUBLE CATEGORIES. We start by introducing (vertically) weak double categories.

2.1. DEFINITION. A weak double category C consists of
e objects x,y, 2,1y, ...,

e horizontal morphisms f: x — y, with a horizontal identity 1, at each object z, and
an associative and unital composition ¢gf for all composable horizontal morphisms

I, 9,

e vertical morphisms u: r—e>2’, with a vertical identity e, at each object z, and a
composition u’ e u for all composable vertical morphisms wu, v/,

x Y

e squares « as depicted below, written inline as «: [u ji/ v} : [x/ y,} or simply as

. !
a: [u f,v],
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with a horizontal identity square 1, at each vertical morphism u, and an associative
and unital horizontal composition o« along vertical morphisms for all horizontally
composable squares o, 3, as well as a vertical identity square e; at each horizontal
morphism f, and a vertical composition o’ e a along horizontal morphisms for all
vertically composable squares «, /.

If the vertical boundaries of a square are identities, i.e., z = 2/, y = ¢/, u = e, and
v = e, we call such a square globular.

n

. . u o u” . . .
for all composable vertical morphisms z—e->x'—e> 12" —e+> 2" a horizontally invertible

associator square

au,u/,u” : |:(u// b ul) U iz/// U/// d (U// hd u)] ?
x

for every vertical morphism u: x—e—+2’, horizontally invertible left and right unitor
squares

. 1 . 1
Ayt [uoez 12,u] and p,: [ezroulilu],

satisfying the following conditions:

horizontal and vertical compositions of squares satisfy the interchange law,

for all composable horizontal morphisms f, g, we have e; o ey = ¢4, and for every
object x, we have ey, = 1.,

for all composable vertical morphisms u, u’, we have 1, @ 1, = 1,/q4,

the associator square o, . . is natural in (u,u',u”), and satisfies the pentagon
axiom,

the unitor squares )\, and p, are natural in u, compatible with associator squares,
and for an object , one has A\., = p.,.

If the unitor squares are horizontal identities, we call C a unitary weak double category.
For a more detailed description of the coherence conditions, we refer the reader to
[Gral9, Definition 3.3.1].

Next, we introduce a suitable notion of functors between weak double categories,
namely the notion of a lax double functor. As horizontal composition in a weak double
category is strictly associative and unital while the vertical one is not, it is not surprising

that

lax double functors only preserve strictly horizontal compositions and identities while,

in the vertical direction, we get comparison squares.
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2.2. DEFINITION. Given weak double categories C, D, a lax double functor X: C — D
consists of

e assignments on objects, horizontal morphisms, vertical morphisms, and squares,
which are compatible with sources and targets,

. . w oo "y .
e for all composable vertical morphisms x—e—+2'—e> 2" in C, a composition comparison
square in D

IU’U/M,: |:XU’/ L XU iiz//X(ul o U’)i| : [ﬁi” §i//i| I
e for every object x in C, an identity comparison square in D

€pt [eXm iﬁi Xex] : [Xz X‘”] ,

Xz Xz

satisfying the following conditions:
(1) it preserves horizontal identities and horizontal compositions strictly,

(2) composition comparison squares i, s are natural with respect to (u,u’), and com-
patible with associator squares,

(3) identity comparison squares ¢, are natural with respect to x, and compatible with
composition comparison squares and unitor squares.

If all identity comparison squares are horizontal identities, i.e., if X preserves strictly
vertical identities, we call X a normal lax double functor. Consequently, the comparison
squares fiye , and f, , agree with the identity.

For a more detailed description of the coherence conditions, we refer the reader to
[Gral9, Definition 3.5.1].

Lax double functors between two weak double categories assemble into a weak dou-
ble category, and we introduce here its horizontal morphisms, vertical morphisms, and
squares.

2.3. DEFINITION. Given lax double functors X,Y: C — D, a horizontal transformation
F: X =Y consists of

e for every object x in C, a horizontal morphism Fz: Xx — Yz in D,
e for every vertical morphism u: xr—e>2’ in C, a square Fy,: [X u l;”, Yu} in D,

such that the components F, are natural in x, and the components F, are natural in u
and compatible with composition and identity comparison squares.

For a more detailed description of the coherence conditions, we refer the reader to
[Gral9, §3.5.4].
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2.4. DEFINITION. Given lax double functors X, X': C — D, a colax vertical transforma-
tion U: X=e> X' consists of

e for every object x in C, a vertical morphism U, : Xz—e> X'z in D,
e for every horizontal morphism f: x — y in C, a square Uy: [Ux ))g,ff Uy] in D,

e for every vertical morphism u: xr—e>2" in C, a naturality comparison square in D
. lx /
Us: |Uy o Xu X2 X'ue Ux} ,

satisfying the following conditions:

(1) the components U; are compatible with composition of horizontal morphisms and
horizontal identities,

(2) the components U, are natural in u and compatible with composition and identity
comparison squares.

If the naturality comparison squares are invertible, we call U a pseudo vertical transfor-
mation.

Moreover, if a pseudo vertical transformation is strictly natural in the vertical di-
rection, i.e., if the natural comparison squares U, are horizontal identities, we call U a
vertical transformation.

For a more detailed description of the coherence conditions, we refer the reader to the
transposed version of [Fem23, Definition 2.2]. See also [Gral9, Definition 3.8.2].

2.5. DEFINITION. Given lax double functors X, X", Y,Y’: C — D, horizontal transfor-
mations F: X = Y, F': X’ = Y’ and colax vertical transformations U: X=e> X',
V: Y=Y’ then a modification A: [U £ V] consists of, for every object z in C, a square
inD
A o i v B Y

satisfying the following conditions:

(1) (horizontal compatibility) for every horizontal morphism f: x — y in C, one has

AyOUf:VfOAx,
(2) (vertical compatibility) for every vertical morphism u: z—e+2z’ in C, one has

(F e A,)oU,=V,0(A.eF,).

If the vertical boundaries of a modification are identities, i.e., X = X', Y = Y’,
U =ex and V = ey, we call such a modification globular.

As claimed above, lax double functors assemble into a weak double category. As we
will not make use of the vertical structure of this double category throughout the paper, we
state the result as it appears in [Gral9, Theorem 3.8.4], where the vertical morphisms are
given by the pseudo vertical transformation. A version with colax vertical transformations
also exists, as proven in [Fem23, §2].
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2.6. PROPOSITION. Given two weak double categories C and D, there is a weak double cat-
egory [C, D]*** of lax double functors C — D, horizontal transformations, pseudo vertical
transformations and modifications.

We denote by H[[C, D]'** its underlying 2-category of lax double functors, horizontal
transformations, and globular modifications.

(STRICT) DOUBLE CATEGORIES. To simplify computations, except for the weak double
category Cat, all of our double categories will be strict. Therefore, we further present here
the strict version of double categories. We refer the reader to [Gral9, §3.2] for a more
detailed introduction to strict double categories.

2.7. DEFINITION. A double category is a weak double category, where the composition
of vertical morphisms and the vertical composition of squares are strictly associative and
unital. In other words, the associator and unitor squares in Definition 2.1 are horizontal
identities.

2.8. DEFINITION. A double functor is a lax double functor between double categories
which preserves vertical compositions and identities strictly. In other words, the compo-
sition and identity comparison squares in Definition 2.2 are horizontal identities.

2.9. NotATION. We denote by DblCat the category of double categories and double
functors.

Due to the strictness of vertical compositions, we can now define two different under-
lying categories of a double category.

2.10. DEFINITION. Given a double category C, we define

e its underlying vertical category VeryC to be the category of objects and vertical
morphisms in C,

e its underlying horizontal category Hor C to be the category of objects and horizontal
morphisms in C.

These constructions extend to functors
Verg, Horg: DblCat — Cat.
2.11. REMARK. The functors Very, Horg: DblCat — Cat admit left adjoints

V,H: Cat — DblCat,

respectively. We call a category in the image of V (resp. H) a wvertical (resp. horizontal)
double category.



YONEDA LEMMA AND REPRESENTATION THEOREM FOR DOUBLE CATEGORIES1709

2.12. REMARK. Given a double category C, we can further define a category Ver; C of
horizontal morphisms and squares, with composition given by the vertical composition of
squares in C. We can then see C as an internal category to Cat

s
Verg C —i— Ver; C «+—— Ver; C Xy, ¢ Ver; C.
t

We can, in fact, upgrade the underlying horizontal category to a 2-category as follows.

2.13. DEFINITION. Given a double category C, we define its underlying horizontal 2-
category HC to be the 2-category of objects, horizontal morphisms, and globular squares
in C. This construction extends to a functor

H: DblCat — 2Cat.
2.14. REMARK. The functor H: DblCat — 2Cat admits a left adjoint

H: 2Cat — DblCat,

which sees a 2-category as a double category with only trivial vertical morphisms.

The following result can be deduced from [Joh02, Lemma B2.3.15(ii)], using that
double categories are internal categories in Cat.

2.15. PROPOSITION. The category DblCat is cartesian closed.

2.16. NOTATION. Given double categories C and D, we denote by [C, D] the internal hom
in DblCat. It is the double category whose

e objects are double functors C — D,

e horizontal morphisms are horizontal transformations between (strict) double func-
tors as defined in Definition 2.3,

e vertical morphisms are vertical transformations between double functors as defined
in Definition 2.4,

e squares are modifications as defined in Definition 2.5.

We refer the reader to [Gral9, §3.2.7] for more details.

Using these structures, we can define two different 2-categories of double categories,
by picking the 2-morphisms to be either the horizontal or vertical transformations. Each
of them will play an important role in this paper: the one with horizontal transformations
will be giving the naturality of the constructions, while the one with the vertical trans-
formations will be used to define the 2-category of double categorical discrete fibrations.
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2.17. NOTATION. The category DblCat can be upgraded into a 2-category in two different
ways:

e we write DblCat,, for the 2-category of double categories, double functors, and hor-
izontal transformations,

e we write DblCat, for the 2-category of double categories, double functors, and ver-
tical transformations.

2.18. REMARK. By [FPP08, Proposition 2.5], the adjunctions V 4 Ver, from Remark
2.11 and H 4 H from Remark 2.14 extend to 2-adjunctions

V: Cat & DblCat,: Verg and H: 2Cat = DblCaty,: H.

We will also make use of the horizontal opposite of a double category, which we now
recall.

2.19. DEeFINITION. We define a 2-functor (—)°: DblCat;> — DblCat;, where DblCat;’
is the 2-category obtained from DblCat,, by reversing the 2-morphisms, sending

e a double category C to its horizontal opposite double category C°P which consists of
the same objects and vertical morphisms as C, but where the direction of horizontal
morphisms and squares is horizontally reversed,

e a double functor G: C — D to the double functor G°P: C°? — D°P, which acts as G
on objects, horizontal morphisms, vertical morphisms, and squares,

e a horizontal transformation B: G = G': C — D to the horizontal transformation
B°P: G'°P = G°P: C°? — DP,
whose components are the same as those of B.

It is straightforward to check that this construction is 2-functorial.

3. Lax double presheaves

In this section, we introduce our lax double presheaves as lax double functors C°? — Cat
with C a (strict) double category and Cat the weak double category of categories. To
introduce the weak double category Cat, we need two notions of morphisms between
categories. The horizontal ones will simply be the functors, and the vertical ones will be
the profunctors. For this, we first recall in Sections 3.1 to 3.23 the notion of profunctors
and their relations to two-sided discrete fibrations. Then, in Sections 3.24 to 3.28, we
review the construction of the weak double category Cat.

In Sections 3.29 to 3.36, we introduce the notion of lax double presheaves, and finally,
in Sections 3.37 to 3.45, we study a first class of examples of lax double presheaves, the
representable lax double presheaves.
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PROFUNCTORS AND TWO-SIDED DISCRETE FIBRATIONS. We start by recalling profunc-
tors, as well as their weakly associative and unital composition.

3.1. DEFINITION. A profunctor U: C—e~C' between categories C and C’ is a functor
U:C% x C — Set.

3.2. NOTATION. We denote by Prof(C,C’) the category of profunctors C°? x C' — Set

and natural transformations between them.

Composition of profunctors is defined via coends; see e.g. [Riel4, §1.2] for a definition.
As the category Set is cocomplete, coends in Set always exist and are given very explicitly
by the following formula, as mentioned in [Riel4, (1.2.4)].

3.3. PROPOSITION. Given a functor U: C°® x C — Set, a coend of U exists and can be
computed as the coequalizer

[*U(x,z) = coeq L] U@,2) —= || U(z,z) |,
f zeC
z—rx'eC
where the two parallel maps are induced by U(f,x) and U(2', f), respectively.

3.4. REMARK. As universal constructions, coends are unique up to a unique isomorphism.
In what follows, we choose a specific coend for each functor U: C°? x C — Set, and speak

of the coend of U.

We can now use the notion of coends to define composition of profunctors.

3.5. CONSTRUCTION. Given profunctors U: C—e>C’" and U’: C'—e+(C", their composition
is the profunctor U’ e U: C°? x C"” — Set sending

e an object (z,2”) in C x C” to the set fwlec/U’(x’,x”) x U(x,x") given by the coend
of the functor U'(—,2") x U(x,—): C'? x C" — Set,

e a morphism (f, f"): (z,2") = (y,y") in C x C" to the unique induced map between
coends

JYECU @y < Uf, ) [TCU ) x Uly,at) — [70 (@) x U, a!).
This construction extends to a functor
e: Prof(C,C") x Prof(C’,C") — Prof(C,C").

3.6. REMARK. Composition of profunctors is not strictly associative as the order in which
we take coequalizers matters. However, as coends are unique up to a unique isomorphism,
composition of profunctors is associative up to a unique invertible comparison cell.

Moreover, this composition of profunctors admits as identities the following.
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3.7. DEFINITION. The identity profunctor ec: C—e~C at a category C is given by the hom
functor C(—, —): C°? x C — Set.

It will be convenient if composition of profunctors is strictly unital. The following
result implies that we can pick U e ¢¢ := U and ec @ U = U, for every profunctor
U:C® x C"— Set.

3.8. LEMMA. Given a profunctor U: C°®? x C' — Set and objects x in C, x” in C’, there
are canonical natural bijections

U(z,2") = fx/ch(x’,:c”) X C(x,2') and U(x,z") = fQCIECC’(a:’,x”) x Uz, 2').
In particular, this implies that there are canonical natural isomorphisms of profunctors
UZUee: and U ZecolU.

PROOF. The first bijection can be shown by proving that the set U(z,z”) together with

the maps
Lo U, 2") x C(x,2") = Uz, 2”),  (u, f) = U(f,2")(w),

for objects 2’ in C, satisfies the universal property of the coend of
U(—,2") x C(x,—): C® x C — Set.

The second bijection can be shown analogously. [

In the remainder of this section, we study the connection between profunctors and
two-sided discrete fibrations, which will be useful later. For this, let us first recall the
definition of a two-sided discrete fibration.

3.9. DEFINITION. Given a functor P: £ — C, we say that a morphism g: e — ¢’ in &
e is a P-lift of a morphism f: ¢ — ¢ in C if Pg=f,
e [ies in the fiber of P at an object c in C if it is a P-lift of the identity 1..

3.10. DEFINITION. A functor (P,Q): € — C x C' is a two-sided discrete fibration over
C x (', if the following conditions hold:

(1) for every object e in £ and every morphism f: x — Pe in C, there is a unique P-lift
of f with target e lying in the fiber of ) at Qe, i.e, there is a unique morphism
P*f: f*e = e in &€ such that P(P*f) = f and Q(P*f) = 1g.,

(2) for every object e in £ and every morphism f': Qe — 2" in C’, there is a unique @Q-lift
of f" with source e lying in the fiber of P at Pe, i.e., there is a unique morphism

Quf': e — fie in € such that Q(Q.f") = ' and P(Quf’) = 1p.,

(3) for every morphism g: e — ¢’ in &, the source of the unique P-lift of Pg agrees
with the target of the unique Q-lift of Qg and their composite is g, i.e., one has

(Pg)*e’ = (Qg)e and P*(Pg) o Q(Qg) = g.
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3.11. NotaTIiON. We denote by TSFib(C,C’) the full subcategory of the slice category
Cat/cxe spanned by the two-sided discrete fibrations over C x C'.

There is an equivalence of categories between profunctors and two-sided discrete fi-
brations, that we now recall.

3.12. CONSTRUCTION. We construct a functor
fib: TSFib(C,C") — Prof(C,C").
It sends a two-sided discrete fibration (P, Q): & — C x C’ to the profunctor
fib(P,Q): C% x C' — Set
sending
e an object (z,2') in C x C’ to the fiber (P,Q) ' (x,2") of (P,Q) at (x,z'),
e a morphism (f, f'): (x,2') = (y,¥y') in C°? x C’ to the map
(P,Q)" (z,2") = (P,Q)" (y,%/)
given by sending e to f/f*e = f* fle,

and a morphism of two-sided discrete fibrations

£ r y &
(Pm /P',Q’)

Cx(C

to the natural transformation fib(F): fib(P, Q) = fib(P’,Q’) whose component at an
object (z,2') in C x €’ is the unique induced map between fibers

fib(F) e = Frar: (P7Q)_1(xvx/) — (PlaQ,)_l<xax,)'

A proof of the following result can be found in [LR20, Theorem 2.3.2].

3.13. THEOREM. The functor fib induces an equivalence of categories
TSFib(C,C") —2 Prof(C,C").

In particular, this equivalence is compatible with precomposition and pullback, as
follows.
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3.14. PROPOSITION. Given functors G: C — D and G': C' — D', the following diagram
of functors commutes up to natural isomorphism

TSFib(D, D) —=— Prof(D, D’)

(GXG’)*l l(GOPXG’)*

TSFib(C,C") —=— Prof(C,C’)
where the left-hand functor is induced by taking pullbacks along G X G': C x C' — D x D’
and the right-hand functor is induced by precomposing along G°®? x G': C°? xC' — D°P xD'.

As a consequence, we get the following result.

3.15. COROLLARY. Let (P,Q): € = CxC" and (R,S): F — D x D' be two-sided discrete

fibrations. Then a commutative square of functors of the form

E—=>r S F

(RQ)l l(R,S)

CXCIWDXD,

corresponds to a natural transformation
F: fib(P,Q) = fib(R, S)(G® x G'): C? x C" — Set,

whose component at an object (x,x") in C°? xC' is given by the unique induced map between
fibers
Frw: (P,Q)"(,2") = (R, ) (G, Gx').

PROOF. By the universal property of pullback, such a square of functors corresponds to
a functor F': £ — (G x G')*F over C x C' as depicted in the following diagram:

(Gx @)y F —— F

R

CXC,W}DXD/

Using Proposition 3.14, the functor F over Cx (' corresponds to a natural transformation
fib(P, Q) = fib((G x G)*(R, S)) = (G°® x G')*(fib(R, S)) = fib(R, S)(G® x G").

Note that the description of the components of this natural transformation follows directly
from the definition of the functor fib. [
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Finally, similarly to profunctors one can also define a composition for two-sided discrete
fibrations as follows.

3.16. CONSTRUCTION. Let (P,Q): £ - C x C" and (P',Q’): & — C' x C" be two-sided
discrete fibrations, and let A be the wide subcategory of the pullback £ x¢ & with
morphisms given by

{(679*61) (Qg,P™g) (g;e, 6,) | Qe i> Ple C/}

We define the composition (P, Q") e (P,Q): & X¢ E;N — C x C" to be the unique functor
obtained by the universal property of the pushout & x¢ E;N defined by the following
commutative diagram in Cat.

A— Exe &

l " l (Pm1,Q'm2)

7T0.A — & Xcr S;N

~
~
~
~

(P.Q)e(PQ) >y
C xcC"

Here m;, for ¢ = 1,2 denote the canonical projections from the pullback £ x¢/ &', and m.A
is the set of path components of the category A and A — m.A is the canonical projection.
Note that the composite

A= & xp & 9T, 0y o
factors through A — my.A since, for every morphism g: Qe — P’¢’ in C’, we have

Pri(Qg, P"g) = P(Qig) =idp. and Q'my(Qug, P"g) = Q'(P"g) = idgrer,

and so we get an outer commutative diagram, as desired.
Using Lemma 3.18 below, this construction extends to a functor

o: TSFib(C,C') x TSFib(C’,C") — TSFib(C,C").

3.17. REMARK. Unpacking the universal property of the pushout, we observe that the
category £ X¢ S;N is obtained from the pullback £ x¢ £ by making all morphisms of A
into identities. In particular, for every morphism g: Qe — P’¢’ in C’, the objects (e, g*¢’)
and (gie, €') in € x¢ & are identified in € X S;

~"

3.18. LEMMA. Let (P,Q): € - C xC" and (P',Q"): & — C" x C" be two-sided discrete
fibrations. Then their composition

(P',Q) e (P,Q): € xe €. —CxC"

s a two-sided discrete fibration.
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PROOF. By definition, the functor (P, Q") e (P,Q): € x¢/ &), = CxC" actsas P: £ = C
and Q": & — C” on each component, and so we write (P, Q') o (P,Q) = (Pm,Q'm2),
where 7;, for i = 1,2, denote the canonical projections from the pullback £ x¢ &'.

We show that (P, Q'm): € X €], — C x C' satisfies the conditions of a two-sided
discrete fibration from Definition 3.10. To prove (1), let [é, €] be an object in £ x¢/ 8;
and f: x — Pé be a morphism in C. Then a Pm-lift of f with target [é,€'] that lies in
the fiber of Q'my at ()'¢’ is given by the morphism in £ x;, 5’ I

[P*fv 1é] [f*A Al] [6vé/]'

Note that this is well-defined as Q(P*f) = 1ge = 1pe = P'(1l¢) in C'. Now let

lg,d]: [e, €] — [é, €],
be another Pmy-lift of f that lies in the fiber of Q'my at Q'€ i.e., a morphism [g, ¢'] in
E Xer E;N such that Pg = f and Q'¢’ = 1g&. By definition of the pullback & x¢ &', we
further have Qg = P’¢’ in C’'. Using condition (3) of Definition 3.10 for the two-sided
discrete fibrations (P, Q) and (P’,Q’), we have factorizations

g=P"(Pg)oQi(Qg) =P"fol(Qg)
and
g =P"(Pg)oQiQd) =P"(Qg) o Qi(lge) = P*(Qg) o 1o = P*(Qg),

where we use that Q](1ge) = 1o by unicity of lifts. Since the morphism [Qi(Qg), P™*(Qg)]
is, by definition, an identity in & X¢ 8}N, we have that

l9,9') = [P"f o Qi(Qg), P"(Qg)] = [P"f, 1] o [Qi(Qg), P"(Qg)] = [P"f, 1].
This shows that [P* f, 1»] is the unique such lift. Condition (2) can be shown analogously.
To show (3), let [g,¢']: [e, €] — [€,€] be a morphism in & x¢ &) . Then the unique
lifts of Pg and ()¢’ provided by conditions (1) and (2) are the morphisms in € X¢ &)

[P*(Pg),1e]: [(Pg)é,é] — [e,€] and [l Q(Q'9)]: [e,€] = [e, (Q'g)e].

Recall that, by definition of the pullback £ x¢ &', we have Qg = P'¢’ in C'. Using property
(3) for the two-sided discrete fibrations (P, Q) and (P, Q’), we observe that

(Pg)é = (Qg)e and (Q'¢)e = (P'g)e =(Qg)"€,
and so the source of the first lift agrees with the target of the second lift by Remark 3.17.
Therefore we can form their composite and we get

[P*(Pg), 1] 0 [1e, Q(Q'g")]
= [P"(Pg),1e] 0 [Qi(Q9). P"(Qg)] o [Le, QU(Q'9)]  [@:(Qg), P*(Q9)] ~ Li@g)e.e
= [P*(Pg),oQ(Qg), P"(Qg) o Qi(Q'g")] Composition in £ x¢r &/,
=lg,4']. (3) for (P, Q) and (P, Q")

This shows the desired result. n
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3.19. REMARK. As for profunctors, composition of two-sided discrete fibrations is not
strictly associative. However, as pullbacks and pushouts are unique up to unique isomor-
phism, composition of two-sided discrete fibrations is associative up to a unique invertible
comparison cell.

Composition of two-sided discrete fibrations is defined in such a way that it corresponds
to composition of profunctors through the equivalence fib.

3.20. PROPOSITION. Given categories C,C',C", the following diagram of functors com-
mutes up to natural isomorphism

fibxfib

TSFib(C,C’) x TSFib(C',C") —<— Prof(C,C’) x Prof(C’,C")

TSFib(C,C") o s Prof(C,C").

PROOF. Given two-sided discrete fibrations (P, Q): € — CxC" and (P, Q"): & — C'xC",
we want to show that there is an isomorphism in Prof(C,C")

fib((P',Q") e (P,Q)) = fib(P', Q) e fib(P, Q) (3.1)

which is natural in (P, Q) and (P’,Q’). When evaluated at an object (z,z”) in C x C”,
this amounts to showing that there is an isomorphism in Set

fib((P',Q") e (P,Q))(x,2") = fib(P', Q") e fib(P, Q)(x, z") (3.2)
which is natural in (x,2”). By definition, we have that the set fib(P’, Q") e fib(P, Q)(z, z")

is the coequalizer of the diagram

U (P @, 2") x (P,Q)  (x,2) = I (PLQ) (&, 2") x (P,Q) (x,2)

WEN e

where the two parallel maps are induced by g* X 1(pg)-1(z,ey and 1(prgn-1(z0m X g,
respectively. Hence, to obtain the isomorphism (3.2), it suffices to show that the set
fib((P',Q")e(P,Q))(x,z") is also a coequalizer of the above diagram. However, by Remark
3.17, we see that the fiber fib((P’, Q") @ (P,Q))(z,z") consists of the quotient of the set

|—| (P,, Q,)_l(l’/,x”) « (P,Q)_l(x,x/)

x'el’

by the relation (e, g*¢’) ~ (gie, €’), for all morphisms g: Qe — P’¢’ in C’'. But these are
precisely the relations enforced by the coequalizer. Hence we have a canonical isomor-
phism (3.2). Moreover, it is natural in (z,z”) since, for both profunctors, the actions of
morphisms in C and C” are determined by taking unique lifts along P and @', therefore
yielding the natural isomorphism (3.1).

Finally, the naturality of the isomorphism (3.1) in (P, @) and (P, Q’) follows directly
from the universal property of the coequalizers. [
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Moreover, this composition of two-sided discrete fibration admits as identities the
following.

3.21. DEFINITION. The identity two-sided discrete fibration at a category C is the two-
sided discrete fibration (s,t): CIl — C x C, where [1] denotes the category associated
with the poset {0 < 1}, often called the walking morphism—so Cl' is the category of
morphisms and commutative squares of morphisms in C—and the functor (s, t) is induced
by taking source and target.

3.22. REMARK. Note that, given a category C, the image of the identity two-sided discrete
fibration (s,¢): C" — C x C under the equivalence fib: TSFib(C,C) — Prof(C,C) is the
identity profunctor ec = C(—, —): C°® x C — Set.

As a consequence, we get the following.

3.23. LEMMA. Given a two-sided discrete fibration (P,Q): € — CxC', there are canonical
isomorphisms in TSFib(C,C")

£ = > Cl xe &) £ = > & xer CM
\ and \
(P.Q) A).(s,t) P.Q) %,t).(p,@
Cx(C Cx(C

PROOF. We show the first isomorphism, and the second can be shown analogously.
Let (s,t): Cl — C x C denote the identity two-sided discrete fibration. We have the
following natural isomorphisms

fib((P, Q) e (s,t)) = fib(P, Q) e fib(s, t) Proposition 3.20
= fib(P,Q) e ec Remark 3.22
= fib(P, Q) Lemma 3.8

Since fib is an equivalence, it reflects isomorphisms and so we get an isomorphism
CMxe& =€

over C x (', as desired. n

THE WEAK DOUBLE CATEGORY Cat. With the notion of profunctors at hand, we are now
ready to introduce the weak double category Cat.

3.24. DEFINITION. We define Cat to be the unitary weak double category whose
e objects are (small) categories C,C", D, D, ...,

e horizontal morphisms C — D are functors F': C — D, with their ordinary identity
and composition,
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vertical morphisms C—e+C’ are profunctors U: C°? x C' — Set, with identity at C
given by the hom functor ec := C(—, —): C°? x C — Set and composition defined as
in Construction 3.5; using Lemma 3.8, we impose ec ¢ U := U and U e e¢: = U, for
every profunctor U: C—e>(’,

squares

c D

A o o

Cl - D/

F
are natural transformations
Co x (' FOXE ., pov x D
«
e

Set

with horizontal composition of two horizontally composable squares «: [U £ V}
and f3: [Vg W} given by the natural transformation

(F? x FYBoa: U= Wo ((GF)® x (G'F")),
and vertical composition of two vertically composable squares a: [U L V} and

o [U ! g:, Vv’ ] given by the natural transformation
dea:U eU= (V' eV)o (FPxF")

whose component at an object (x,z”) of C x C" is the unique map between coends

fz/ec/a‘fv,’m,, X Qg gt leeC/U’(a:’,x”) x U(z,x") — fyleD/V’(y/,F”x”) x V(Fx,y).
induced by o, .»: U'(2',2") — V'(F'2', F"2") and a2 Ulx,2') — V(Fx, F'z'),
for composable profunctors U, U’, U”, the associator square

v [(U” «U)eU ¢, U"e(U'e U)}

is the natural isomorphism

agp g (U eU')eU) = (U" e (U' 0 U))

whose component at an object (x,2"”) in C x C" is the unique isomorphism between
coends

(@070 o (U" @ U') 0 U)(a,a™) 5 (U" 0 (U o 1)) (22",

The following result is mentioned in [Gral9, §3.4.3], and can be deduced from [Bén73,
§2].
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3.25. LEMMA. The construction Cat is a unitary weak double category.

Finally, we give a more convenient description of the globular squares in Cat.

3.26. LEMMA. A globular square o: [ec L ep] in Cat is equivalently a natural transfor-
mation a: F = F': C = D.

PRrROOF. By definition, a globular square «: [ec e 6@} in Cat is a natural transformation
a:C(—,—)=D(F(-),F'(-)): C°® x C — Set,
corresponding uniquely to a family of natural transformations
{a_o: C(— 2) = D(F(=), F'z)aec

natural in z. By the usual Yoneda lemma, such a family corresponds then uniquely to
a family {a, € D(Fz, F'z)},ec natural in . But such a family defines precisely the
components of a natural transformation a: F = F”. [

3.27. REMARK. Under the bijection of Lemma 3.26, the identity natural transformation
idp at a functor F': C — D corresponds to the globular square idg: [ec e ep} in Cat
given by the natural transformation idp: C(—,—) = D(F(—),F(—)): C® x C — Set
whose component at objects x, 2" in C is the map of sets

C(z,2") —» D(Fx, Fx')
sending a morphism ¢: x — 2’ in C to the morphism Fg: Fx — Fz' in D.

3.28. REMARK. As a consequence of Lemma 3.26, we see that the underlying horizontal
2-category HCat is simply the 2-category Cat itself.

THE 2-CATEGORY OF LAX DOUBLE PRESHEAVES. Having constructed the weak double
category Cat, we can now introduce our notion of lax double presheaves.

3.29. DEFINITION. Given a (strict) double category C, a lax double presheaf over C is a
normal lax double functor X : C°? — Cat.

3.30. NOTATION. We denote by Pe = H[CP, Cat]™®* the 2-category of lax double
presheaves over C, horizontal transformations, and globular modifications. Here we have
that [C°P,Cat]™® is the full double subcategory of the double category [C°P,Cat]'®
from Proposition 2.6 spanned by the normal lax double functors and, consequently,
H[C°P, Cat]™a* is the corresponding 2-subcategory of the 2-category H[C°P, Cat]'®* from
Proposition 2.6.

In the case where C = HC with C a 2-category, we can provide another description

of P[HC-

3.31. NOTATION. Given a 2-category C, we denote by [C°P, Cat] the 2-category of 2-
presheaves, i.e., 2-functors C°® — Cat, 2-natural transformations, and modifications; see
e.g. [RV22, §B.2].
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3.32. LEMMA. Given a 2-category C, there is an isomorphism of 2-categories
Prc = [CP, Cat],
which s natural in C.
Proor. By Remark 2.18, we have a 2-adjunction
H: 2Cat = DblCaty,: H.
Hence this gives an isomorphism of categories
Hor,[HC?, Cat] = 2Cat(C°?, HCat)

which can be promoted to an isomorphism of 2-categories

H[HC?, Cat] = [C°P, HCat].

Then, noticing that normal lax double functors out of HCP are simply (strict) double
functors and using Remark 3.28, we get an isomorphism of 2-categories

Pre = H[HCP, Cat]™™ = H[HC, Cat] = [C°P, HCat] = [C°P, Cat],
as desired. -
To simplify computations later, we unpack here the data of the 2-category Pe.
3.33. REMARK. A lax double presheaf X : C°? — Cat consists of
e for every object x in C, a category X,

e for every horizontal morphism f: x — y in C, a functor X f: Xy — Xz,

e for every vertical morphism u: xr—e>2’ in C, a profunctor Xu: Xz x Xa’ — Set,

for every square a: [u }c, v} in C, a natural transformation

Xa: Xv= Xu(X[fPx X[,

. . woopou - .
for all composable vertical morphisms x—e>x'—e> 2" in C, a composition comparison
natural transformation

P s Xu' @ Xu = X(u eu): Xz x Xz" — Set.

such that the following conditions are satisfied:

(1) it preserves horizontal identities and horizontal compositions strictly,

(2) composition comparison natural transformations f,,  are natural with respect to
u,u') and compatible wi e associator natural transformations in Cat,
! d tible with th iat tural t f ti in Cat

(3) it preserves vertical identities strictly; and, for every vertical morphism u: z—e+x’
in C, the natural transformations ji,., and pe, . agree with the identity natural
transformation at Xu.
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3.34. REMARK. Given lax double presheaves X, Y : C°? — Cat, then a horizontal trans-
formation F': X = Y consists of

e for every object z in C, a functor F,: Xx — Y,

e for every vertical morphism u: x—e+z’ in C, a natural transformation

Fu: Xu=Yuo (F* X Fy): X2 x Xa' — Set,

such that the following conditions are satisfied:

(1) the functors F, are natural in z: for every horizontal morphism f: x — y in C, the
following diagram of functors commutes

XyX—f>Xx

|

Yy—>Yx

(2) the natural transformations F;, are natural in u: for every square «: [u ﬁ, v] ;[ g,}

in C, the following diagram in Prof(Xy, Xy') commutes,

Xv il Xu(X frx Xf)

VO(EP X Fy) s Yu((Yf 0 F) X (Y f 0 Fy)

where we use that Y fo Fy = F, o X f and Y f' o F, = F,y o X f' by (1),

(3) the natural transformations F;, are compatible with composition comparisons: for
all composable vertical morphisms z—e+2'—e32” in C, the following diagram in
Prof(Xz, X2”) commutes,

Hoy !

Xu' o Xu ’ X(u' ou)

Fu/OFuﬂ/ \H/Fu/ou

(Yu' @ Yu)(FP x Fpy) ——= Y (u o u)(F® x F,»)
u’u,u/(F;)pXFz”)

(4) the natural transformations F, are compatible with vertical identities: for every
object x in C, the natural transformation F,, is the identity at Fx.
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3.35. REMARK. Given horizontal transformations F, F': X = Y: C°® — Cat, then a
globular modification A: [e x & ey} consists of, for every object x in C, a natural trans-
formation

Ay Fy = F.: Xo— Yo,
such that the following conditions are satisfied:

(1) the natural transformations A, are compatible with horizontal morphisms: for every
horizontal morphism f: x — y in C, the following pasting diagram of functors and
natural transformations commutes,

XyX—f>Xx

Ay A:c

Yy ——— Y

(2) the natural transformations A, are compatible with vertical morphisms: for every
vertical morphism u: z—e+z’ in C, the following diagram in Prof(Xxz, Xz') com-

mutes.
Fy

Xu Yu(FP x F,)

F&ﬂ HYU(FEPXAZ/)

/0P // op //
Yu(F' x ') ST Yu(F® x ')

Finally, we extend the construction P into a 2-functor.

3.36. CONSTRUCTION. We define a 2-functor
P: DblCat; " — 2Cat,

where DblCat;**” is the 2-category obtained from DblCat; by reversing the morphisms
and the 2-morphisms, which sends

e a double category C to the weak double category P¢ of lax double presheaves over
C, horizontal transformations, and globular modifications,

e a double functor G: C — D to the 2-functor
Pe = (GP)*: Pp — Pe,

induced by precomposition with G°P,
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e a horizontal transformation B: G = G': C — D to the 2-natural transformation
P = (BOp)*i ng = PG

whose component at a lax double presheaf X : D°° — Cat is the horizontal transfor-
mation

(Pg)x =X o0B?: Per(X) =X oGP — Pg(X) =X oGP
of lax double presheaves C°? — Cat.

It is straightforward to check that this construction is 2-functorial.

REPRESENTABLE LAX DOUBLE PRESHEAVES. We now want to introduce our first class
of examples. They will be induced by the following construction.

3.37. CONSTRUCTION. Given a double category C, we define a normal lax double functor
C(—,—): C®? x C — Cat
by the following data:
e it sends a pair (z, ) of objects in C to the category C(z,Z) whose

— objects are horizontal morphisms ¢g: z — & in C,
— morphisms g — ¢’ are globular squares 7: [em Z, ej} in C,

— composition is given by the vertical composition of squares in C

e it sends a pair (z EN Y, T i) ) of horizontal morphisms in C to the functor
C(f.f): C(y. ) = C(z.7)
sending
— a horizontal morphism ¢g: y — 2 to the composite fo gof:x—y,

fogof ]
9

— a square 7: [ey Z’ eiﬂ} to the square epomnoey: [ex Fogrof €U

e it sends a pair (x—qoi—> A S ) of vertical morphisms in C to the profunctor
Cu,0): C(z, ) x C(a', ") — Set
sending

— an object (x L 2,2 L #) of C(x, &) x C(2/,4') to the set of squares

{luga): [3]}
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— a pair of squares (a: lex 1 ez],a: |:6$/ il, %,D to the map
C(u,a)(h,g') — C(u,@)(g, )

sending a square 7: [u ,u] to the vertical composite of squares

g N
r ——
b o«
r ——
4o g
g/
N
1 ot
[ — 4
h/

e it sends a pair (a: [U }c, u} O [ﬂ j; f)} ) of squares in C to the natural transformation

Cla, &) : C(u, @) = C(v, 0)(C(f, /)P x C(f', f)): Cly, #)°® x C(y, ') — Set
whose component at an object (y % 2,3/’ ER ') of C(y,z) x C(y/, &) is the map
Cla, &) gyt Clu,@)(g,9) = Cv,9)(fogo f, [ og of),

sending a square 7): [u Z, ﬁ} to the horizontal composite of squares

f 9 . F .
T >y > T >
Yoo b
x s 3 s 4
f/ y g/ f., y

(wi) (i)

e its composition comparison square at a pair (z,z)—e> (z’,2') —e>"(z”, 2") of compos-
able vertical morphisms in C is the natural transformation

Poiu,a), iy C(u',0") @ Clu, @) = C(u' e u,u' @ ): C(z, %) x C(a”,2") — Set,
whose component at an object (z % &, 2" 7, z") of C(z,z) x C(z",2") is the map
C,4') e Clu,u)(g,g") — C(u/ o u, @ eu')(g,g"),
induced by the universal property of the coend from the family of maps, given at

an object 2/ L5 & of C(2’, '), by the map
C(u', @) (g, g") x Clu,i)(g,9') — C(u' e u, i e i)(g,9"),
sending an element (o/: [u g ﬂ] o [ud A}) of C(u', 1) (¢, g") x C(u,1)(g,g") to

the vertical composite o’ @ o in C(u' @ u,u’ @ 1)(g, g").
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3.38. LEMMA. The construction
C(—,—): C®? x C — Cat
15 a normal lax double functor.

PROOF. It is straightforward to see that C(—,—): C°® x C — Cat preserves horizontal
compositions and identities. The fact that, given vertical morphisms u, @ in C, the com-
position comparison natural transformations p, . are natural in (u,u’) follows from the
interchange law that the compositions of squares in C satisfy, and the fact that the natural
transformations f, ., are compatible with associator natural transformations follows from
the associativity of vertical composition of squares in C. Finally, to see that C(—, —) is
normal, observe that, given objects z,Z in C, then C(e,,e;) is the identity profunctor
€¢(x,z), and similarly, given horizontal morphisms f, f in C, then C(e f»€f) is the identity

natural transformation at C(f, f ). ]

3.39. REMARK. We note that C(—, —) is in general not a pseudo double functor. If this
was the case, the composition comparison natural transformations

Poiua), iy : C(u',0") @ Clu, @) = C(u' @ u,u' @ ) : C(z, %) x C(a”,2") — Set,
would be invertible. This would imply that every square [u’ ou g//fb’ ° "&} in C could be

g
gl
However, such a factorization does not exist in general, as we show in Example 3.40
below.

factorized into a vertical composite of two squares of the form [u zl] and [u’ g:, ﬂ’]

3.40. ExAMPLE. We consider the double category C generated by the following data

Then, note that we have
Cx',#")=o, C(x,z)={g9} and C(z",32")={4"}.
Hence we get that
C(u, i) o Cu, 0)(9,9") = [*< €W, @)(g.9") x Clu,@)(9.9) = 2.

while
Cu eu,i eu)(g,g") = {a}.
Hence (ft(u,a),(w 7)) g,g7 18 DOt a bijection, and therefore ji(, 4),w ay is not invertible.

By fixing components, we get the following.
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3.41. CONSTRUCTION. Given a double category C and an object z in C, the representable
lax double presheaf at T is the composite of normal lax double functors

C(—,&): C%P = €% x [0] 225 ¢or x € 257 cat.

This construction can be extended on horizontal morphisms and globular squares as
follows.

3.42. CONSTRUCTION. Given a double category C and a horizontal morphism f: T =y
in C, the representable horizontal transformation at f

~

C(—,f): C(—,z2) = C(—,y): C® — Cat
is the horizontal transformation whose
e component at an object x in C is the functor C(z, f) = C(1,, f) C(z,z) — C(x,9),

e component at a vertical morphism u: r—e+2’ in C is the natural transformation of
functors C(z, )P x C(2’, ) — Set

C(u, f) = C(Ly, ;) C(u, ez) = C(u, e;5)(Clz, £) x C(a, f)).

The fact that C(—, f) is a horizontal transformation follows from the coherences of
C(—,—).
3.43. CONSTRUCTION. Given a double category C and a globular square &: [ei j; €£/j|

in C, the representable globular modification at &

N c(—.f
C(— &) |eca) o p) 6@(—@/)]

is the globular modification whose component at an object x in C is the natural transfor-
mation

C(x,d) = C(e,,a): C(x, f) = C(x, f).
The fact that C(—, &) is a globular modification follows from the coherences of C(—, —).

However, this construction fails to extend to vertical morphisms.

3.44. REMARK. Given a double category C and a vertical morphism @: z—e>1' in C, we
could consider the “vertical transformation” whose

e component at an object x in C is the profunctor

C(z,u) = C(ey, 4): C(x, £)? x C(x,2") — Set,

e component at a horizontal morphism f: x — y in C is the natural transformation

C(f, @) = Cleg, 1a): Cly, &) = C(x,a)(C(f, 2)* x C(f,2")).
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One might expect to get a colax vertical transformation C(—,u): C(—,2)=e>C(—,2').
However, there are in general no naturality comparison squares. Indeed, given a verti-
cal morphism u: r—e»2z’ in C, such a naturality comparison square would be a natural
transformation of the form

C(2',0) @ C(u, &) = C(u,z’)  C(z,u): C(x,z)°® x C(z',7") — Set.
Thus, when evaluated at an object (z % Z, 2/ g, ') in C(z,z) x C(2',2'), we would get
a map

fsec(x’,:f:)@(x/, ﬁ)(S, g/) % C(’LL, .f)') (g, S) . ftEC(x,i")G:(u’ i‘/)(t, gl) X C(l‘, ﬁ)(Q? t) (33)

But in general, such a map does not exist, as we show in Example 3.45 below.

The core issue here is that elements in the left-hand set of (3.3) are represented by
pairs (o, o) of squares as depicted below left for some horizontal morphism s: 2’ — Z in
C, while elements of the right-hand set of (3.3) are represented by pairs (5, 5') of squares
as depicted below right for some horizontal morphism ¢: z — 7’

r —2— i r—2 5 7
o
¥ —2= T —t 4
boo b 4 4

But there is no natural assignment between such pairs.

Can we evade this problem by introducing a new notion of vertical transformation?
Note that the vertical composites o/ @ & and 3’ @ 3 of the above squares share the same
boundaries, so the composition comparison transformations of C(—, —) fit into the follow-
ing picture

( ) M«:( :e')
C(x x) o C(z, x)

where the diagonal vertical morphism is given by C(u, @), which might be a good candidate
for replacing the naturality comparison squares. This fixes our issue regarding naturality
comparison squares, but introduces yet another problem: such vertical transformations do
not compose! Indeed, the fact that the 2-morphisms in the above diagram face opposite
directions prevents the composition of two such transformations.

These issues are the core of our decision to work in the 2-category P¢ of lax double
presheaves, in which vertical transformations are not considered, rather than in the double
category [CP, Cat]™a*.
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3.45. EXAMPLE. We consider the double category C generated by the following data

Lo 8
0— N —— =

—— &
Q\

&\
>

Then, note the we have
Clx, 2"y =2, C(x,2)={g}, C(,2)={h} and C(/,2")={J}.
Hence we get that
JEEITC @) (s,g) x Clu.)(9,9) = {(of, @)}

while &
S (@) (o) % Cla i) (g, ) = @

This implies that a map as in (3.3) cannot exist.

4. Yoneda lemma

In this section, we show a 2-categorical version of the Yoneda lemma for double categories
using the weak double category Cat. More precisely, given a double category C and a
double lax presheaf X over C, we prove that there is a 2-natural isomorphism between
the category of morphisms from a representable lax double presheaf C(—, z) to X and the
category Xz.

In Sections 4.1 to 4.4, we construct the Yoneda comparison map and show that it
is 2-natural. In Sections 4.5 to 4.10, we construct its inverse henceforth proving the
desired Yoneda lemma. Finally, in Sections 4.11 and 4.12, we deduce that there is a
Yoneda embedding from the underlying horizontal 2-category of C into its 2-category of
lax double presheaves Pg.

STATEMENT OF YONEDA LEMMA. We start by constructing the components of the
Yoneda isomorphism.

4.1. CONSTRUCTION. Given a double category C, a lax double presheaf X : C°? — Cat,
and an object € C, we construct a functor

\If@)(i /P@(C(—,QAZ),X) — Xz
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It sends a horizontal transformation ¢: C(—, ) = X to the object ¢;(1z) of Xz, i.e., the
image of the identity 1; under the functor ¢;: C(Z,2) — XZ. It sends a modification

C(—z2) =—= X
oo
C(—2) —= X
to the morphism (vz);, gpw(li) — ¢h(1z) in Xz, i.e., the component of the natural
transformation v;: ¢; = ¢ : C(2,2) — X7 at 1;.
We now state the Yoneda lemma.

4.2. THEOREM. Given a double category C, a lax double presheaf X : C°? — Cat, and an
object T in C, the functor

U x: Pe(C(—,2),X) - Xz
1s an isomorphism, which is 2-natural in & 1 HC and in X in Pc.
We show that it is 2-natural in z and X, separately.
4.3. PROPOSITION. The functors
U, x: Pe(C(—,2),X) = Xz
are 2-natural in & in HC.

PRrROOF. To prove 2-naturality in z, we first have to show that, given a horizontal morphism
f: 2 — gy in C, the following diagram of functors commutes.

R Vg, x .
Pe(C(—,9),X) —— Xy

C(_nf.)*l le

To do so, we evaluate both composites at a horizontal transformation ¢: C(—,y) = X:

Wi x(C(—, )" () = Lax(p o C(~ f)) Definition of €(—, f)*
= (o C(—, ))a(1s) Definition of ¥ x
= 0:(C(2, f)(13)) Composition of transformations
= 0:(f) Definition of C(z, f)
= 0:(C(f,9)(15)) Definition of C(f,7)
= Xf ©0s(1g)) Naturality of ¢

(
= JE(‘I’Q,X(@)), Definition of ¥, x
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as well as at a globular modification v: [60(—,17) Y e X}:

@

Vs x (C(—, ) =¥ x(voC(—, ) Definition of C(—, f)*
= (v o C(-, f))x)lz Definition of U; x
= (Vi)@(@f)(li) Whiskering
= (V2) jor, Definition of C(z, f)
= (Va)y,0f fola=f=10f
= (Vﬁ>0(f,g})(1g) Definition of C(]E, g))
= Xf ((wg)1,) Horizontal compatibility of v
= Xf(‘I’yX(V)) Definition of ¥, x

This shows that the two composites agree on objects and morphisms, as desired.
Next, we have to show that, given a globular square &: [e,,g j; eg] in C, the following

pasting diagram of functors and natural transformations commutes.
N Uy, x N
Pe(C(=,9),X) ———— Xy

o [C=®)T X [ __Xxa X
C(=.h)" 7. Xf Xf

Pe(C(—, ), X) — % x4

To do so, we evaluate both whiskerings at a horizontal transformation ¢: C(—,9) = X:

(Vi x 0C(—,4)")y = ¥; x(polC(—,a)) Definition of C(—, &)*
=((poC(—,a))z)1, Definition of ¥; x
= pz(C(z,a)1,) Whiskering
= pz(Goey,) Definition of C(z, &)
= pz(e1, 0 &) Goey, =@ =e,00
= :(C(a, 9)1,) Definition of C(&,7)
= (X&)p,1,) 2-Naturality of ¢
= (X&)w, x(p) Definition of ¥  x
= (XaoW, x),. Whiskering
This shows that the components of the two whiskerings agree, as desired. [

4.4. PROPOSITION. The functors
\Ijﬁxi ,P@(G:(—,i’),X) — Xz

are 2-natural in X in Pc.
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ProOOF. To prove 2-naturality in X, we first have to show that, given a horizontal trans-
formation F': X = Y of lax double presheaves over C, the following diagram of functors
commutes.

v |r

To do so, we evaluate both composites at a horizontal transformation ¢: C(—, ) = X:

Uiy (Fu(p)) = Vi y(F o) Definition of F,
= (Fop)i(ls) Definition of ¥, y

= F;(vz(12)) Composition of horizontal transformations

= F3(Vs,x(9)) Definition of U x

as well as at a globular modification v: [e@(,@) ZZ, e X]:

Wiy (Fi(v) = Yy (Fov) Definition of F,
((F oV)s)1, Definition of ¥, x

Fi((ve,) Whiskering

= Fz(‘lfzx(l/)) Definition of ¥, x

This shows that the two composites agree on objects and morphisms, as desired.

Next, we have to show that, given a globular modification A: [e x & Gy} of lax double
presheaves over C, the following pasting diagram of functors and natural transformations
commutes.

Pe(C(—,2),X) L SN ¢

Pc(C(—,7),Y) — —YE

To do so, we evaluate both whiskerings at a horizontal transformation ¢: C(—,2) = X:

(ViyoA),=Vsy(Aoyp) Definition of A,
=((Ao 90) ) Definition of Wy

= (Az)pa( Whiskering

= (Az)w, Definition of ¥; x

=(Azo \I/I X) Whiskering

This shows that the components of the two whiskerings agree, as desired. [
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PROOF OF YONEDA LEMMA. To prove the Yoneda lemma, namely Theorem 4.2, let us
fix a double category C, a lax double presheaf X : C°? — Cat and an object £ € C. We
construct an inverse ®; x: X& — Pe(C(—, ), X) of the functor ¥; x from Construction
4.1. We start with its assignment on objects.

4.5. CONSTRUCTION. Given an object x_ in X, we construct a horizontal transforma-
tion
Q; x(x_): C(—,2) = X: C® — Cat

such that

e its component at an object z in C is given by the functor
O, x(v-),: Clz,2) —» X

sending an object z % % in C(z,Z) to the object Xg(z_) in Xz, i.e., the image
of the object x_ under the functor X¢g: X2 — Xz, and a square 7: [er Z, 650] to
the morphism (X7), : Xg(z_) — X¢'(z_) in Xz, i.e., the component at z_ of the
natural transformation Xn: Xg = X¢': X7 — Xz,

e its component at a vertical morphism u: z—e+z’ in C is given by the natural trans-
formation

P x(2-)u: Clu, &) = Xu(Psx(2-)P X Op x(x_)w): Cz,2) x C(2',Z) — Set

whose component at an object (z % &, 2’ ER z) of C(z,z) x C(2/,2) is the map
Clu, 2)(g,9") — Xu(Xg(z-), Xg'(x-))

sending a square 7): [u :Z, ei,] to the element (Xn), ., (1, ), ie., the image of the
identity 1, under the component (Xn), . : X&(z_,z_) - Xu(Xg(z_), Xg' (z_))
of the natural transformation Xn: Xe; = ex; = Xu(Xg® x X¢') at o_.

4.6. LEMMA. The construction

s a horizontal transformation.

PRrROOF. We first show naturality of the components ®; x(z_), in «. For this, let f: y — x
be a horizontal morphism in C. We want to show that the following diagram of functors
commutes.

=5 Cly.4)

’I%z,x(m—)zl l‘i’:@,x(ﬂﬂ—)y
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To do so, we evaluate both composites at an object = 2 & of C(z,2):

Q; x(v_)y o C(f,2)(9) = Pz x(z_)y(go f) Definition of C(f, z)
= X(go f)(z_) Definition of ®; y(x_)
=XfoXg(z_) Functorality of X
=Xfo®;x(r-).(9) Definition of ®; y(x_)
as well as at a morphism 7: [e, v ez] of C(z,2):
Qs x(x_)y o C(f,2)(n) = Pz x(x_),(noey) Definition of C(f, )
=X(noes)y » (1) Definition of ®; x(z_)
=XeroXn, » (1) Functorality of X
=XfoXn, » (1, ) Normality of X
=Xfo®; x(z_).(n) Definition of ®; x(z_)

This shows that the two composites agree on objects and morphisms, as desired.
Next, we show naturality of the components ®; x(z_), in u. For this, consider

a square o: [U jf, u} : [g, i,} in C. We want to show that the following diagram in

Prof(C(x,z),C(2', )) commutes.

Cle,z)

C(v,2)(C(f,2)? x C(f',2))
CI’J”;,X("E—)uH ﬂ‘bf,x(fﬂ—)v(C(f@)opXC(f':@)

XU(@jvx(QT_)gp X (I)fc,X(x—)x’) 1 X’U((Xf o (D£7x(l‘_)x)0p X (Xf/ o q)@x(x_)x/))
Xa(Ps, x (x-)a" X Pg, x () 1)

where we recall that, by the first part, we have the relations X fo®; x(z_), = ®; x(z_),0
C(f,z) and Xf' o @z x(v_)w = Pzx(x_), o C(f',&). When evaluated at an object
(x L a2 ER z) of C(x,2) x C(2', ), this amounts to showing that the following diagram
in Set commutes.

) (C(@d)), A .

(u,x) 9.9 » Cu, 2)(9f,9'f)
)g,g’ l l((bva(x*)“)gf,g’f’
g e Xu(X(e) ), X (¢ ))

To do so, we evaluate both composites at an element 7: [u g, ef] in C(u,z)(g,4'):

(Pax (2 )v)gsgr(Cle, 7)(n))

= X(C(a,2)(N)z_ 2 (12.) Definition of ®; x(x_),
=Xnoa)y (19; ) Definition of C(a, Z)
= (Xa)xg_),xg () (XN a_ o (15_)) Functorality of X
= (X)) xg(z_),xg'(x_) (P x(x-)u(n)) Definition of ®; x(x_),
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This shows that the two composites agree, as desired.

Next, we show compatibility of ®; x(x_), with composition comparison squares. For
this, let u: xr—e>2" and u': 2’—e> 2" be composable vertical morphisms in C. We want to
show that the following diagram in Prof(C(z, z),C(z”,2)) commutes.

/’Lu,u’

C(u',z) e C(u,z) C(u' e u, 1)
(b:i,X(l'f)u/.@j,X(Z'f)u\“/ H/q>iyx($*)u/cu
(Xt @ Xu)(Ps x ()P X s x (1)) =————= X (v @ u)(Ps x(x_)P X Py x(x_)um)

F ! (P, x (2-)3P X Pg x (2—) 1)

When evaluated at an object (z % 2, 2" £ &) of C(x,%) x C(z",#), this amounts to
showing that the following diagram in Set commutes.

(,u‘u,u/)g,g”

(C(u', %) @ C(u, 2))(9,9") » C(u' e u,2)(g,9")
((I’i,X(I*)u’.q)i,X(:C*)u)g,g”l l(q)i,X(:C*)u’-u)g,g”
(X' o Xu)(Xg(z_), Xg(z )  X(ul o w)(Xg(r ), Xg'"(z.)

(l/*u,u’)Xg(z,),Xg"(z—)

By the universal properties of the coequalizers, it is enough to show that, given an object

2’ L5 & of C(2/, %), the following diagram in Set commutes.

C,z)(d,q") x C(u,z)(g,9") ° > C(u' e u,z)(g,4")
l(quw_)u/)g/,gnx(<1>i-,x<x_>u>g,g/ l(%-,xu—)u/.u)g,gu
Xu'(Xg'(w_), Xg"(x_)) x Xu(Xg(z_),Xg'(x_)) —— X(v eu)(Xg(x_),Xg"(x_))

Hyu' )X g(e_),Xg"(x_)

!

To do so, we evaluate both composites at an element (7': [u' o ei] n: [u o ez]) of the
set C(u/,2)(¢',g") x C(u,z)(g,q"):

(Huwr) xg(@-) g7 (@) (Pax (T )ur X i x(z-)u) (0, 7))
= (fuw) xga_) Xg" @) (XN )e_ 2 (1e2), (X022 (12)) Definition of ®; x(z_)
=X ®n)e_ o (12) Naturality of ./
= O x(z_)(n on) Definition of ®; x (7 )ueu

This shows that both composites agree, as desired.
Finally, we show compatibility of ®; x(x_), with vertical identities. Given an object
of C, we want to show that the natural transformation of functors C(x, z)°* x C(x, z) — Set

(13567)((33_)@12 C(ex,:fc) = Xex(@fyx(m_)gp X (I)ggyx(.f_)x)
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is the identity at ®; x (v_),. When evaluated at an object (z % &, % #) of the category
C(x, )P x C(z, ), this is given by the map of sets

(Po.x(2-)e,)gg: Clx,2)(g, ") = Xa(Xg(z-), Xg'(z-)

)
sending an element 7: [e, o ez] in C(z,2)(9,9') to (Xn)e_ o (1o_) = Pz x(z_)2(n). So,
by Remark 3.27, we see that ®; x(z_)., is the identity at ®z x(x_),. n

We now turn to the assignment of ¥; x on morphisms.

4.7. CONSTRUCTION. Given a morphism u_: x_ — 2/ in Xz, we construct a globular
modification in Pg

such that its component at an object x € C is given by the natural transformation
Qi x(u)y: Pix(x_), = Ppx(2'),: Cla,2) > Xa
whose component at an object x % & of C(z, ) is given by the morphism
Xg(u-): Xg(z_) = 5 x(2-)2(9) — Xg(al) = s x(21)a(9),
i.e., the image of the morphism u_ under the functor X¢g: Xt — Xu.
4.8. LEMMA. The construction ®; x(u_) is a modification.

PRrROOF. We start by showing horizontal compatibility of ®; x(u_). Given a horizontal
morphism f: x — y in C, we have to show that the following pasting diagram of functors
and natural transformations commutes.

Cy, &) G s C(x, 1)

Op x(z_)y | Pax(U)y | Pz x (2 )y Pz x(2-)s | Pax(U)e |5 x (2" )a

Xy X7 > X

To do so, we evaluate both whiskerings at an object y % & of Cly, z):

(Xfo®sx(us)y)y=XFf((Psx(u_)y)g) Whiskering
= Xf(Xg(u-)) Definition of ®; x(u_),
= X(gf)(u_) Functorality of X
= (s x(u_)s)gf Definition of ®; x(u_),
= (Ps,x (u_)2)e(£,2)(9) Definition of C(f, z)
= (®z x(u_)z o C(f, 7)), Whiskering
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This shows that the components of the two whiskerings agree, as desired.
Now, we show vertical compatibility of ®; x(u_). Given a vertical morphism u: z—e->2’
in C, we have to show that the following diagram commutes in [C(x, )P x C(2', &), Set]:

(I)i',X (x—)u

Xu(q)@x(x_)gp X @j7x<x_)x/)

éi’z(z/*)”ﬂ ﬂXU(‘I’i,X(fﬁf)gpX‘b@,x(u—)z/)
XU((I)&X(CE/_)gp X @j’X(x/_)x/) i Xu(q>£7x(x_)gp X (I)Cg7x<l’l_)x/)

Xu(Pz x (u—)¥ x Pz x (z),/)

When evaluated at an object (z % &,2/ £ &) of C(z,2) x C(a', ), this amounts to
showing that the following diagram in Set commutes.

A~ / (¢§:,X (m—)u)g,g/ /
C(u,2)(g,9) > Xu(Xg(r_), Xg'(v-))

(%,X(z’,)u)g,gl lng(u,)*
Xu(Xg(al), Xg'(a1)) — o XulXg(z-), Xg'(a1))

To do so, we evaluate both composites at an element 7: [u g, ef] in C(u,z)(g,4'):

Xg'(u) (s x (2 )u)gg (M) = Xg'(u-)u((X)2_2 (1))  Definition of &z x(x_)u
= (XN)z_ 2 ((u_)e(1,)) Naturality of Xn
= (Xn)p_ 2 (u_) Definition of (u_),
= (X0 (0) (1a0) Definition of (u_)"
= Xg(u ) (Xn)ar e (1) Naturality of X7
= Xg(u_)"((Ps,x(2")u)ge(n)) Definition of ®; x(x' ),
This shows that the two composites agree, as desired. [

Putting everything together, we get the following.

4.9. CONSTRUCTION. Given a double category C, a lax double presheaf X : C°? — Cat,
and an object € C, we construct a functor

(I)&XZ Xz — P@(C(-,.@),X)
which sends

e an object z_ in X7 to the horizontal transformation ®; y(z_): C(—,2) = X as in
Construction 4.5,

e amorphism u_: x_ — 2’ in X2 to the modification ®; x(u_): |ec(—z)
as in Construction 4.7.

We are now ready to prove the Yoneda lemma.
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PROOF OF THEOREM 4.2. We show that the functors
U x: Pe(C(—,2),X) > Xz and @z x: X& — Pe(C(—,2),X)

from Constructions 4.1 and 4.9 are inverses to each other.
We first consider the composite

Xi 2% pe(C(—, 1), X) 2% X,

It sends an object z_ in X to the object

Ui x(Pzx(2-)) = Pz x(2-)2(15) Definition of ¥; x
= X1z(x) Definition of ®; x
=lxs(z_) =a_ Functorality of X

and a morphism u_: z_ — 2’ in X to the morphism

\IJ@X((I)iX(u,)) = (@j}x(u,)iﬂ)li Definition of lI]f:,X
= X1z(u-) Definition of ®; y(u_)
=1xs(u_) =u_. Functorality of X

This shows that the composite U; x o ®; x is the identity.
We then consider the composite

Pe(C(—,#), X) =25 Xi =25 Po(C(—, ), X)

It sends a horizontal transformation ¢: C(—, %) = X to the horizontal transformation
s x (Vi x(p)) = Pox(ps(lz)): C(—,2) = X

whose

e component at an object x in C is given by the functor
P; x(ps(12))e: C(x,2) — Xu

defined as follows. It sends an object x < # in C(x, &) to the object

s x(02(12))2(9) = Xg(pz(1z)) Definition of ®; x
= 0:(C(g,7)(1z)) Naturality of ¢
= ¢.(12 0 9) = ¢(9) Definition of C(g, &)

and a morphism 7: [e, o ez] in C(x, &) to the morphism

i x(0:(12))2(n) = (XN)pa(10) Definition of ®; x
= ¢(C(n, 2)1,) Naturality of ¢
= (). Definition of C(n, Z)

This shows that (I):i,X(\Ij:i,X<SD>>m = @@’X(@i(la})) = Pz
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e component at a vertical morphism u: z—e>2’ in C is given by the natural transfor-
mation

Ds x (02 (12))u: Clu, ) = Xu (s x(p2(12))5 X Pax(ps(1s))er) = Xu(ps? X ¢,,)

defined as follows. Its component at an object (z 2 &, 2" £ 1) of C(x, &) x C(a, 2)
is the map

(Pz,x (02 (12))u) gy s Cu, 2)(g,9") = Xulpe(9), v,(9"))

which sends an element 7: [u Z, 655] of C(u,Z)(g,d’) to the element

(Ps.x(02(12))u)g.g (M) = (X1 gs(12) 0 (10) (Lips (12)) Definition of ®; x
= (XN) s (12),05(15) (€1,) Functorality of ¢;

= 0u(C(n,2)1,1,(e1,)) Naturality of ¢

= @uler, on) = @u(n). Definition of C(n, &)

This shows that (I)i,X(\Iji“,X(SO))u = @@7x(()033(1@))u = Pu-

Putting these two together, we deduce that ®; x(V; x(¢)) = ¢.
The composite ®; x o ¥; x sends a globular modification v: [e@(,,@) i, eX] to the
globular modification

D x(p2(1z))=¢

C(=, ) X
b fuvo W) = axl)) P
C(—, ) X

P, x (05 (1z))=¢
defined as follows. Its component at an object x in C is given by the natural transformation
Qs x (Ve)1,)z: e = @i Cla,2) = Xa.

whose component at an object x % & of C(z, 1) is

(P2 x((Vi)1,)a)g = Xg((vi)1,) Definition of ®; x
= (Va)c(g,2)(15) Horizontal compatibility of v
= (V)1309 = (Va)g- Definition of C(g, %)

This shows that ®; x(®; x(v)) = v. Hence this proves that the composite ®; y o U; x is
the identity, and concludes the proof. [
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As a consequence of Lemma 3.32 and Theorem 4.2, when taking C = HC with C
a 2-category, we retrieve the usual Yoneda lemma for 2-categories; see [JY21, Lemma
8.3.16].

4.10. COROLLARY. Given a 2-category C, a 2-presheaf X : C°® — Cat, and an object &

in C, the functor
U, x: [CP, Cat](C(—,2),X) = XZ

is an isomorphism, which is 2-natural in & in C and in X in [C°P, Cat].

YONEDA EMBEDDING. Using the Yoneda lemma, we can construct a Yoneda embedding
from the underlying horizontal 2-category of a double category C to its 2-category of lax
double presheaves.

4.11. CONSTRUCTION. Given a double category C, there is a Yoneda 2-functor
y@l HC — 7)@

sending
e an object T of C to the representable lax double presheaf C(—, z): C°? — Cat,

e a horizontal morphism f : & — gy of C to the representable horizontal transformation

N

C<_7f): C(_7j) = G:(_vg)’

f

e a globular square &: [e@ # e@} to the representable globular modification

A Cc(—.f
C(_7 O_/)Z [GC(*@") CE*JQ) 6@(773)) .

It is straightforward to check that this construction is 2-functorial.

4.12. THEOREM. Given a double category C, the Yoneda 2-functor
y@Z HC — 7)@

1s an embedding of 2-categories.

PROOF. Let Z and g be objects in C. Then by Theorem 4.2, we have a canonical isomor-
phism of categories

This shows that V¢ : HC — Pg is 2-fully-faithful, as desired. m
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5. Discrete double fibrations

We now want lax double presheaves from a fibrational point of view. For this, we recall
in this section the notion of discrete double fibrations. In Sections 5.1 to 5.9, we rec-
ollect the definition and main properties of discrete double fibrations. In particular, we
construct a 2-category of discrete double fibrations over a double category C and show
that it is 2-functorial in C. In Sections 5.10 to 5.20, we study the fibers of a discrete
double fibration at both an object and a vertical morphism, which will be useful in the
next section to construct a lax double presheaf from a discrete double fibration. Finally,
in Sections 5.21 to 5.23, we present a first class of examples of discrete double fibrations,
which are given by canonical projections from slice double categories. As these will cor-
respond to representable lax double presheaves, we refer to them as representable discrete
double fibrations.

THE 2-CATEGORY OF DISCRETE DOUBLE FIBRATIONS. We start by introducing the 2-
category of discrete double fibrations.

5.1. DEFINITION. A double functor P: E — Cis a discrete double fibration if the following
commutative square in Cat is a pullback

Ver; E —X— Verg E

Very Pl - lVero P

Ver; C —— Ver, C

5.2. NOTATION. We denote by DFib(C) the 2-full 2-subcategory of the slice 2-category
DblCat, /C spanned by the discrete double fibrations over C. In other words,

e an object in DFib(C) is a discrete double fibration P: E — C over C,

e given discrete double fibrations P: E — C and @: F — C, a morphism from P to
@ in DFib(C) is a double functor F': E — F such that Q o F = P,

e given discrete double fibrations P: E — C, Q: F — C as well as double functors
F:E—F, F':E— F such that Qo FF = P = Q o F’, a 2-morphism from F to
F’ in DFib(C) is a vertical transformation A: F'=e>F’ such that Qo A = P, i.e,
Q(A;) = ep, for all objects = in E and Q(Ay) = ep; for all horizontal morphisms f
in [E.

5.3. REMARK. Unpacking the pullback condition, a double functor P: E — C is a discrete
double fibration if and only if the following conditions hold:

(1) for every object y_ in E and every horizontal morphism f: z — Py_ in C, there
is a unique horizontal morphism f_ : x_ — y_ in E such that Pf_ = f. We write
ffy_=xz_and P*f = f_.
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(2) for every vertical morphism v_: z_—e>2’ in E and every square «: [u jﬁ, Pv_} in

C, there is a unique square «o_: [u_ }c,’ v_] in £ such that Pa_ = a. We write

a*v_ =wu_ and P*'a = o_.

5.4. REMARK. Note that, by unicity of the lifts, if f: © — y and g: y — z are two
composable horizontal morphisms in C and z_ is an object of E such that Pz_ = z, then

(gof)z—=fgz.

Similarly, if a: [u }c, v] and [3: [U g, w} are two horizontally composable squares in C and

w_ is a vertical morphism in E such that Pw_ = w, then
(Boa)w_ =a"Bw_.

The construction DFib(C) extends to a pseudo-functor DblCat;”*” — 2Cat. To define
its action on morphisms, we use the following pullback stability of discrete double fibra-
tions. This result follows from [MSV23, Proposition 4.11] by taking ¥ = Cat and the fact
that pullbacks in 2Cat are 2-categorical pullbacks.

5.5. LEMMA. Discrete double fibrations are stable under pullback. In particular, by uni-
versality of pullbacks, a double functor G: C — D induces a 2-functor

G*: DFib(D) — DFib(C)

by taking pullbacks along G.

We now describe its action on 2-morphisms.

5.6. CONSTRUCTION. Given a horizontal transformation B: G = G': C — D, we define
a 2-natural transformation

B*: G"* = G*: DFib(D) — DFib(C),

whose component at a discrete double fibration P: E — D is given by the morphism of
discrete double fibrations over C

G*E

Bt > G*E
Gm %P
C

which sends

e an object (z,z_) in G”E, i.e., a pair of objects x in C and z_ in E such that
Px_ = G'z, to the object (z,(B,)*z_) in G*E, where (B,)*z_ denotes the source
of the unique lift of the horizontal morphism B, : Gx — G’z in D with target =_,
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e a horizontal morphism (f, f-): (z,2_) — (y,y-) in G"L, i.e., a pair of horizontal
morphisms f: x — y in C and f_: x_ — y_ in E such that Pf_ = G'f, to the
horizontal morphism in G*E

(f, P*Gf): (z,(By)'z-) = (v, (By)"y-),
where P*Gf: (B;)*x_— — (By)*y— denotes the unique lift of Gf,

e a vertical morphism (u,u_): (z,z_)—e>(2’,2" ) in G™*E, i.e., a pair of vertical mor-
phisms u: r—e>2" in C and u_: x_—e>2’ in E such that Pu_ = G'u, to the vertical
morphism in G*E

(u7 (Bu)*u—) : (ZE, (Bf)*x—)_H (Ilv (Bx/)*QTL),
where (B,)*u_ denotes the source of the unique lift of the square B,: [Gu 5 G u]

in D with target u_,

e asquare (o, a_): [(u, u_) g’,f;,j) (v, v_)] : [gz}xi)) Ez;y;,i))} in G, i.e., a pair of squa-

res o [u ;, v} in C and a_: [u_ ;,‘ v_] in E such that Pa_ = G'a, to the square

in G*'E
" (f,P*f) %
(2, (Bp)*w-) ———— (y,(B,)"y-)
(u,(Bu)*u,)i (o, P*Gav) i(v,(Bu)*v—)
/ * .0 / *, ]
(x 9 (BI/) x—) (flyp*f/) (y 9 (By/) y—)

where P*Ga: [(Bu)*u_ i:}c, (Bv)*v_] denotes the unique lift of Ga.

5.7. LEMMA. The construction B*: G* = G*: DFib(D) — DFib(C) is a 2-natural

transformation.

PROOF. First note that the components B},: G"*E — G*E are well-defined double functors
over C. The fact that it preserves compositions and identities is a consequence of the
unicity of lifts.

Similarly, the 2-naturality of B} in P follows from the unicity of lifts. [

Putting everything together, we get the following.

5.8. CONSTRUCTION. We define a pseudo-functor
DFib: DblCat,”” — 2Cat,

which sends

e a double category C to the 2-category DFib(C) of discrete double fibrations, double
functors over C, and vertical transformations over C,
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e a double functor G: C — D to the 2-functor
DFib(G) = G*: DFib(D) — DFib(C)
induced by taking pullback along G,
e a horizontal transformation B: G = G’: C — D to the 2-natural transformation
DFib(B): DFib(G") = G" = DFib(G) = G*: DFib(D) — DFib(C)
from Construction 5.6.

It is straightforward to check that this construction is pseudo-functorial.

Finally, we state the following result, which will be useful later on. A proof can be
found in [MSV23, Proposition 4.12] by taking V = Cat.

5.9. LEMMA. A morphism F: E — | between discrete double fibrations P: E — C and
Q:F — C is an isomorphism of double categories if and only if the induced functor
Verg F': VergE — Verg b is an isomorphism of categories.

FIBERS OF DISCRETE DOUBLE FIBRATIONS. We now want to study the fibers of a discrete
double fibration at both an object and a vertical morphism, which will be useful to
construct a lax double presheaf out of a discrete double fibration. Let us first define
these.

5.10. CONSTRUCTION. Given a discrete double fibration P: E — C, an object x in C,
and a vertical morphisms u: xr—e+2’ in C, we define the following pullbacks in DblCat,

Ply — 5 F P~y —— [V[1],E]
U5 1 e
0] —— C 0] —— [V[1],C]

where V[1] denotes the double category free on a vertical morphism. Note that there is a
canonical induced map P,: P~'u — P~lx x P71z’ obtained using the universal property
of pullback as follows:

P~lu [V[1], E]
(s.0)
NPy N
Ptz x P1laf > ExE
] l[Ml],P]]
0 . » [VI1], €] per
0] » CxC

(z,2")



YONEDA LEMMA AND REPRESENTATION THEOREM FOR DOUBLE CATEGORIES1745

We start by showing that the fiber P~z at an object is a category, seen as an object
in DblCat through the vertical embedding V: Cat — DblCat. Explicitly, this means that
its horizontal morphisms and squares are all trivial.

5.11. PROPOSITION. Given a discrete double fibration P: & — C and an object x in
C, the double category P~z is a vertical double category. We also denote by P~z the
corresponding category.

PRrooF. Consider the following diagram in Cat

Ver; P~'z — Ver; E -5 Verg E Ver; P~z - Verg P~z — Very E
l - Very Pl - lVerg P = l l - lVero P
[O] — Ver1 C _t> VGI'()G: [0] _ [0] — Vero(D

Here, the leftmost and rightmost squares are pullbacks by definition of P~z and the
fact that the functor Ver; preserves pullbacks for ¢+ = 0,1, and the middle left square is
a pullback by definition of P being a discrete double fibration. Hence, by cancellation
of pullbacks, the middle right square is also a pullback and so Ver; P~'z = Very P!z,
showing that P~z is a vertical double category. [

Unpacking definition, we have the following explicit description of the fiber P~'x.

5.12. REMARK. Given an object z in C, the category P~ 'x is the category whose
e objects are objects x_ in E such that Px_ = x,
e morphisms are vertical morphisms s_: z_—e+>2z_ in E such that Ps_ = e,.

Moreover, every horizontal morphism in C acts on fibers by taking unique lifts as
follows.

5.13. CONSTRUCTION. Given a horizontal morphism f: x — y in C, there is an induced
functor

ffoP Yy Pz
given by sending

e an object y_ in P!y to the object f*y_ in P~'x, i.e., the source of the unique lift
of the horizontal morphism f with target y_,

e a morphism s_: y_—e39_ in P~y to the morphism ers_: fry_—e>fry_ in P lx,
i.e., the source of the unique lift of the identity square ef with target s_.

Next, we show that the fiber P~!u at a vertical morphism is also a category, embedded
vertically in DblCat.
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5.14. LEMMA. Given a double category C and i = 0,1, there is an isomorphism of cate-
gories
Ver, [V[1], E] 2 (Ver; E)!!

natural in C.
Proor. By Remark 2.18, we have a 2-adjunction
V: Cat = DblCat, : Verg.

In particular, for the Cat-enriched homs Very[—, —] of DblCat, and (—)(~) of Cat, this
means that we have an isomorphism of categories

Vero[V[1], E] & (Ver, E)1.

This shows the case ¢+ = 0. For the case ¢ = 1, observe that, for every double category
C, we have Ver; C = Verg[H[1],C]], where H[1] denotes the double category free on a
horizontal morphism. Then we have natural isomorphisms of categories

Ver, [V[1], E] = Vero[H[1], [V[1], E]] Observation
= Vero[H[1] x V[1], E] (=) x V[1] 4 [H[1], -]
= Vero[V[1], [H[1], E]] H[A] < (=) 4 [H[1, -]
> (Vero[H[1], E]) Case i =0
>~ (Ver; E)IY, Observation
where the product-internal homs adjunctions hold by Proposition 2.15. n

5.15. LEMMA. Given a discrete double fibration P: E — C, the induced double functor
Vi), P]: [V[1), E] — [V[1],€]
is also a discrete double fibration.

ProoOF. We have to show that the following square is a pullback in Cat
Ver; ([V[1], E]) —— Vero([V[1], E])
Vera(VILPD) | |Vero(tvinlPp
Very([V[1], C]) —— Vero([V[1], E])

By the natural isomorphism in Lemma 5.14, this is equivalent to showing that the following
square is a pullback in Cat

(Ver; E)I! SEEN (Vero E)IM
(Very P)[l]l l(\/ero P)m
(Ver1 C)[l] T (Ver() C)[l],

But this follows directly from the facts that P is a discrete double fibration and that (—)M
preserves pullbacks, as a right adjoint. [
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5.16. PROPOSITION. Given a discrete double fibration P: E — C and a vertical morphism
u: x—e>2' in C, the double cateqory P~ u is a vertical double category. We also denote
by P~'u the corresponding category.

Proor. This follows from applying Proposition 5.11 to the discrete double fibration
[V[1], P]| from Lemma 5.15. n

Unpacking definition, we have the following explicit description of the fiber P~1u.

5.17. REMARK. Given a vertical morphism u: z—e+2’ in C, the category P~'u is the
category whose

e objects are vertical morphisms u_: z_—e>2’ in E such that Pu_ = u,

e morphisms u_ — 4_ are pairs (s_,s" ) of vertical morphisms s_ and s’ in E such

that Ps_ = e, and Ps’_ = e,/, and making the following diagram in E commutes.
T —e— i
u_i U_ (51)
x —e— 1

Moreover, every square in C acts on fibers by taking unique lifts as follows.

5.18. CONSTRUCTION. Given a square «: [u }c, U} in C, there is an induced functor

af: Py —» Pl
given by sending

e an object v_: y_—e37y in P~!v to the object a*v_: f*y_—e f*y in P~lu, i.e., the
source of the unique lift of o with target v_,

e amorphism (s_,s" ): v_ — v’ in P~'v to the morphism (e}s_, },s" ): a*v_ — a*v’.
in P~'u, where e}s— and e},SL are the sources of the unique lifts of the identity
squares ey and ep with targets s_ and s’ , respectively.

Note that the assignment on morphisms is well-defined as
@' eeis. =a (v es ) =a(s ev_ ) =chs ea’v_

by unicity of lifts and by definition of the morphism (s_,s" ) in P~to.

Next, we study the double functor P,, which now amounts simply to an ordinary
functor. We show that this is a two-sided discrete fibration. Hence, using the equivalence
from Theorem 3.13, this will yield a profunctor associated with each vertical morphism
u.
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5.19. PROPOSITION. Given a discrete double fibration P: & — C and a vertical morphism
u: xr—e>x' in C, the functor

P,: P ly— P lax P iy
s a two-sided discrete fibration.
PROOF. First note that the functor P,: P~'u — P~'x x P~!a’ is given by sending
e an object u_: x_—e>z’ in P~'u to the object (z_,2’" ) of P™lx x P~'a/,
e a morphism (s_,s" ): u_ — 4_ in P~'u to the morphism (s_, s’ ) of P~z x P12’

We write P, = (P!, P?) for its components.

We show that (P!, P?) satisfies the conditions of a two-sided discrete fibration from
Definition 3.10. To prove (1), let 4_: #_ — &’ be an object in P~'u and s_: r_—e+3_
be a morphism in P~'x. Then the unique P!-lift of s_ with target @_ that lies in the
fiber of P? at 7’ is given by the following commutative square.

s— N
r_ —e— IT_

ﬁ,os,i U—
T —e— 1/

Condition (2) can be shown analogously.
To see (3), let (s_,s" ): u_ — 4_ be a morphism in P~'w as in (5.1). Then the unique
lifts of s_ and s’ provided by conditions (1) and (2) are the commutative squares

€x

T_ —e— I_

S—

T —e— T_
ﬁ,os,$ iﬁ, and ufi is/_ou,
P —es & v —es i
_ o _ h

respectively. Then, by definition of the morphism (s_,s" ) in P~!u, we have that i_es_ =
s’ eu_ and, moreover, the two squares compose to the commutative square (5.1) defining
(s_,s" ). This proves that P, is a two-sided discrete fibration. n

In particular, as lax double presheaves are normal, we want to be able to associate
the identity profunctor, i.e., the hom functor, to a vertical identity. The following result
allows us to do so.

5.20. LEMMA. Given a discrete double fibration P: E — C and an object x in C, the
two-sided discrete fibration

P, :Ple, - Plax Pz
18 canonically isomorphic to the identity two-sided discrete fibration

(s,t): (P o) = P~le x P~ 'z
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PROOF. By definition of P,, (see Construction 5.10), to get the desired isomorphism it
suffices to show that the following commutative square in DblCat is a pullback.

[V[1, P~'a] = (P~'2)M) —— [V[1], E]

l - l[[\/[lLP]]

[0] > [V[1], €]

Cx

However, this follows directly from the definition of the fiber P!z and the fact that
[V[1], —] preserves pullbacks, as a right adjoint. =

REPRESENTABLE DISCRETE DOUBLE FIBRATIONS. We now introduce our first examples
of discrete double fibrations.

5.21. DEFINITION. Given a double category C and an object z in C, we define the slice
double category over & to be the following pullback in DblCat.

C/z —— [H[1],C]

o o

5.22. REMARK. Explicitly, given a double category C and an object &, we have that C/z
is the double category whose

e objects are pairs (x, g) of an object z in C and a horizontal morphism g: z — & in
C,

e horizontal morphisms (z, g) — (y, h) are horizontal morphisms f: x — y in C such
that g =ho f,

e vertical morphisms (x, g)—e (2, ¢') are pairs (u,n) of a vertical morphism u: x—e>2’
in C and a square n: [u g, ei,} in C,
e squares «: [(u, n) }c, (v, 9)] are squares o: [u }c, v] in C such that n =00 a.

Moreover, the canonical projection double functor C/Z — C is given by projecting onto
the first component.

As claimed before, the canonical projection is a discrete double fibration. A proof can
be found in [MSV23, Proposition 4.17] by taking V = Cat.

5.23. PROPOSITION. Given a double category C and an object & in C, the canonical
projection from the slice double category over &

C/z —C

is a discrete double fibration.
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6. Grothendieck construction for lax double presheaves

In this section, we study the link between lax double presheaves and discrete double fibra-
tions. More precisely, given a double category C, we prove that there is a pseudo-natural
2-equivalence—induced by the Grothendieck construction—between the 2-category of lax
double presheaves over C and the 2-category of discrete double fibrations over C.

In Sections 6.1 to 6.12, we define the Grothendieck construction of a lax double presheaf
over a double category C. We show, using the coherence conditions for normal lax double
functors, that this actually defines a discrete double fibration over C, where the base is an
actual strict double category. This may sound surprising at first since only the base double
category of a lax double presheaf is strict, but not the presheaf itself. We further show
that this construction is pseudo-natural in C. In Sections 6.13 to 6.30, we construct the
weak inverse of the Grothendieck construction induced by taking fibers of discrete double
fibrations. We show that there are 2-natural isomorphisms relating the Grothendieck
construction and its weak inverse, henceforth giving the desired 2-equivalence.

GROTHENDIECK CONSTRUCTION. We start by defining the Grothendieck construction of
a lax double presheaf.

6.1. CONSTRUCTION. Given a lax double presheaf X : C°? — Cat, its Grothendieck con-
struction is the double category ﬂc X whose

e objects are pairs (z,z_) of objects x in C and z_ in Xz,

e horizontal morphisms (z,2_) — (y,y_) are horizontal morphisms f: x — y in C
satisfying z_ = X f(y_), where we recall that X f is a functor X f: Xy — Xz,

e vertical morphisms (x,z_)—e> (2/,2" ) are given by pairs (u,u_) of a vertical mor-
phism u: z—e>2" in C and an element u_ in Xu(x_, 2" ), where we recall that Xu
is a profunctor Xu: Xx°? x X2’ — Set,

e squares
f
(xax*) - (yay*)
(H’L& o i(v,v,)
(37,71',—) T> (ylay,—)
are squares o: [u }c, v} in C satisfying u_ = (Xa), , (v_), where we recall that Xo

is a natural transformation Xa: Xv = Xuo (X fP x X f'): Xy°P x Xy — Set.

Compositions and identities for horizontal morphisms and squares are defined as in C. The

U (u'u’)
vertical composite of two composable vertical morphisms (z, x,)(ﬂ»)(:c’ o) —e (2" 2")

is given by the pair (v’ e u,u’ e u_) of the composite u' @ u in C and the element

u_ eu_ = (Nu,U’>x—,xﬁ ([ul—v u*])v



YONEDA LEMMA AND REPRESENTATION THEOREM FOR DOUBLE CATEGORIES1751

where [u/_,u_] is the element in (Xu' @ Xu)(z_,2") = fﬁl_eX,m/ Xu/' (2", 2" ) x Xu(x_,2")
represented by the element (v’ ,u_) of Xu/' (2, 2") x Xu(z,2"), and pu,, is the composition
comparison natural transformation

P s Xu' @ Xu = X(u eu): Xx°® x Xz" — Set.

The vertical identity at an object (z,x_) is given by the pair (e,, 1,_), where we recall
that Xe, = ex, is the hom functor Xx(—,—): Xz x Xz — Set, as X is normal.

It comes with a canonical projection double functor mx : [, ¢ X — Cgiven by projecting
onto the first component.

6.2. LEMMA. The Grothendieck construction ﬂc X 15 a strict double category.

ProoOF. We first show that composition of horizontal morphisms and squares is well-
defined. To see this, given composable horizontal morphisms f: (z,2_) — (y,y_) and
9: (y,y-) = (2z,2-) in [ X, then the composite gof: (z,z_) — (2, 2_) is also a horizontal
morphism in ij X since

X(go f)(z-) = XF(Xg(=2)) = Xf(y) = .

Then, given horizontally composable squares in ij X

(2,2.) — (g9 ) —2— (2,2)

(u,u,)i (0% i(v,vf) ﬂ i(w,w,)
(JZ/,JZL) Iz (ylay/—> T> (Z/7ZL)

their horizontal composite § o «r is also a square in ﬂc X since

X(Boa), . (w-)=(Xa)xge)xge)(XB): » (w-)) Functorality of X
= (Xa), » (XB). . (w)) Horizontal morphisms in [[. X
= (Xa), 4 (v2)=u_ Squares in [[. X

Finally, given vertically composable squares in ﬂC X

(@,2-) —= (y,y.)

(u,uf)i o i(wf)

(2/,2) —— (v',yL)

(u',u’_)i o i(v’,v/_)

(@) —5 (0"0")
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their vertical composite o/ @ «v is also a square in lfc X since

X oa), (v ev_)
=X ea), ,» ((,uw Jy_ .y ([, 0_])) Definition of e
= (pu )z (X' @ Xa)y W ([0, 0])) Naturality of u
(Xa)y (D), (Xa)y 4 (v-)])  Comp. of profunctors

= (Muﬂ/)x z ([
= () 2 (U ]) Squares in [[. X
=u eu_. Definition of e

Now, it remains to show that composition of vertical morphisms in ﬂ@ X is strictly

associative and unital. We start by showing associativity. Given three composable vertical

. (uyu_) (u'ul) (u’u’)
morphisms (z,z_) —e=+"(2', ") —e+ (2", 2”) —e+ (2", 2”) in [[. X, we have that

(u” ou" ) ou_ = (yurew)s o ([u” ou” u_]) Definition of e
(ot Yot ([(phar oo ([ 0’ ]), u]) Definition of e

= (pwreuu)e_ o ([ (o) o (U, u]]) Associativity of p

= Mu’ou,u”)x_,x’_”qu/i, u_ eu_]) Definition of e

=u" o(u_ eu_) Definition of e

Finally, we show unitality. Given a vertical morphism (u,u_): (z,z_)—e>(2’,2" ) in
Jlo X, we have that

u_el, = (Nwem)x—,x/_([u—v 1,_]) = (1XU>I—,I’_ (u-) = 1Xu(x—,x/_)<u—) =u-

using that ji,., is the identity at Xwu. Similarly, we have 1,» e u_ = u_. This concludes
the proof that ij X is a strict double category. [

As a first example, we compute the Grothendieck construction of a representable lax
double presheaf.

6.3. PROPOSITION. Given a double category C and an object & in C, we have

J.C(—, 1) =C/z.
ProOF. Explicitly, the double category ﬂ@ C(—, ) is such that

e an object (z,x_) in ﬂ@ —, &) is the data of an object x in C and an object x_
C(z,z), ie., a horlzontal morphism z_: x — & in C,

e a horizontal morphism f: (z,z_) —= (y,y—) in [[o C(—, %) is the data of a horizontal
morphism f: z — y in C satisfying z_ = C(f,2)(y_) = y_ o f,
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e a vertical morphism (u,u_): (z,z_)—e>(2',2") in [[. C(—,&) is the data of a verti-
cal morphism u: xr—e+2' in C and an element u_ in C(u,z)(z_,2" ), i.e., a square
u_: [u o egg} in C,

v,v_)] in [[. C(—,2) is the data of a square a: [u }c, v} in

e a square «: [(u,u_) ;,(
a,T)y 4 (v-) =v_oa.

C satisfying u_ = C(
By comparing with the data of the double category C/z as described in Definition 5.22,

we get the desired result. n

By Proposition 5.23, we know that the canonical projection [[. C(—,%) = C/2 — C
is a discrete double fibration. The following shows that the Grothendieck construction of
any lax double presheaf is also a discrete double fibration.

6.4. PROPOSITION. The canonical projection mx : ﬂCX — C is a discrete double fibra-
tion.

Proor. We check the conditions of a discrete double fibration from Remark 5.3.

1) Given an object (y,y_) in X as well as a horizontal morphism f: z — y in
J Yy c Y
C, the unique lift of f with target (y,y_) is given by the horizontal morphism

fr(@ Xf(y-)) = (y.y-) in flo X.
(2) Given a vertical morphism (v,v_): (y,y-)—e=+(y,y") in [[. X as well as a square
a: [u ;, v] : [i, z,} in C, the unique lift of a with target (v,v_) is the square
f
(vaf(y—)) E— (yvy—)
(u,(Xa), (v_»i o i(v,v_)

(=", Xf'(yL) ——

7 (v, y.).

This shows that 7 : ﬂc X — C is a discrete double fibration. =

We can extend the Grothendieck construction to a 2-functor [[.: Pe — DFib(C). We
first describe its assignment on morphisms.

6.5. CONSTRUCTION. Given a horizontal transformation F': X = Y: C® — Cat, we
define a double functor over C

JoF: Jo X = [y
sending

e an object (z,z_) in [[. X to the object (x, Fz_) in [[. Y, where F,x_ is the image
of z_ under the functor F,: Xz — Yz,
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e a horizontal morphism f: (z,z_) = (y,y-) in [[. X to the horizontal morphism in

Iy

folw, Fows) = (y, Fyy-),
where Y f(F,y_) = F,(X f(y—)) = Fyz_ by naturality of F,,

e a vertical morphism (u,u_): (z,7_)—e+(z’,2") in [[. X to the vertical morphism

in [[.Y
(u, (Fy)p_ o u_): (z, Fyo_)—e> (2!, Fpal),

where (F,), . u_ is the image of u_ under the component
(Fo_w : Xu(z_,2" ) = Yu(Fyx_, Fux')

of the natural transformation F,: Xu = Yu(F® x F,/): X2 x Xz’ — Set.

e a square : [(u,u,) }c, (v,v,)} : [Ei;ﬁ—lj) Ez;ng—L))] in [[o X to the square in [ Y
f
(LE, F:Bx*) — (y7 Fyyf)
(w(Fu)y u_& o i(v,(my,,yg vo)

(@, Faal) —5 (0 Fyt)
where (Ya)Fyy_,Fy/y’_ (Fo)y_y v-) = (Fu)a_ o (Xa)y_y v-) = (Fu)s_ o u— by nat-
urality of F,.

Note that, by construction, the double functor ﬂ@ F clearly lies over C.
6.6. LEMMA. The construction ﬂ@ F: ﬂCX — ﬂCY is a strict double functor.

PROOF. By construction, the double functor ﬂCF clearly preserves compositions and
identities of horizontal morphisms and squares. It remains to show that it preserves
compositions and identities of vertical morphisms.

U,U— (u'ul) .
Given composable vertical morphisms (x,x,)(—0—>)(x’,a:’_) —o> (2”,2”) in [[. X, we

have:

Je F((u',ul) @ (u, u))

= (v o u, (Fyen)s o (u_ou_)) Definition of [, F
= (0, (Bt (oo () Composition in . X
= (W o u, (fyu)e_ o (B © Fu)y o ([, u_])) Compatibility of F' and
= (u' ®u, (pyw)e o ([(Fur)e art’, (Fy)e o u_])) Comp. of profunctors
=, (Fu)w o) o (u, (Fu)e o u_) Composition in [ Y
= [ F(W/ u_) e [[o F(u,u_). Definition of [ F
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This shows that ﬂ@ F preserves vertical composition. Now, given an object (z,z_) of
ﬂ@ X, we have:

Je Fleway) = Jlo Flea, 1o_) Vertical identity in [ X
= (€x,(Fe,)z z 1z ) Definition of ﬂ@ F
= €@, Fr) Vertical identity in [[. Y
= €[ Flax ) Definition of ﬂ@ F

This shows that ij I preserves vertical identities and concludes the proof that ij Fisa
strict double functor. [

Now, we describe the assignment of ﬂ@ on 2-morphisms.

6.7. CONSTRUCTION. Given a globular modification A: [ex f;, ey] : [§ ;] of lax double
presheaves C°P? — Cat, we define a vertical transformation over C

JoA: JoF=s [ F': o X = [ Y
whose
e component at an object (z,z_) in ﬂc X is given by the vertical morphism in ij Y
(€z, (A2)e_): (x, Fpx_)—e>(z, Flz_),

where (A;),_ denotes the component at the object x_ of Xz of the natural trans-
formation A,: F, = F.: Xz — Yz,

e component at a horizontal morphism f: (z,2_) — (y,y—) in [l X is given by the
square in ﬂc Y
/
(JZ, Fa:x—) — (y’ Fyy—)
(e (42024 es $6es ()
(iIZ’, Fglgilj',) T> (y> F;yf)

where (Yef)Fyy—,F;y—((Ay>y—) =Y f((Ay)y )= (Ax)Xf(yf) = (Az)._ by normality of
Y and horizontal compatibility of A,.

Note that, by construction, the vertical transformation ﬂc A clearly lies over C.

6.8. LEMMA. The construction ﬂ@ A: ﬂ@ F=e> ﬂ@ F': ﬂCX — lfc Y is a vertical trans-
formation.
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PrOOF. We first show that the components ([J. A)(,0_) are natural in objects (z,z_).
Given a vertical morphism (u,u_): (z,z_)—e+(2’,2") in [[. X, we have to show that the
following diagram in ﬂc Y commutes.

Je Flz,z) M Je Fl(z,22)

T F(u,uf)i iﬂc F'(uu_)

JoF(@ a") ——eo—— [[.F'(2/,2")
(CA)(Z'QZ')

This we can do by a short computation:
Je F'(uus) o (flc A)
(F')g; . (u ) ® (e, (Ar)z_) Definition of ﬂ@ A, ﬂnc F’
uwe ey, (teyu)s o ([(F)e o (us), (Ag)s_]) Composition in [[. Y

(

= .

= (e ® U, (fhu, ex/)x - ([(A ) o s (Fu)z_ o (u_)]) Vertical compatibility of A
= (ear, (Axr)ar ) @ (U, (Fu)o_ o (u_)) Composition in [ Y
= (

Je Ay o o Flu,u) Definition of [[. A, [. F

The naturality of the components ( ij A)y in horizontal morphisms f is then straightfor-
ward from the fact that these components are given by the vertical identity squares e;. m

Putting everything together, we get the following.

6.9. CONSTRUCTION. Given a double category C, we define a 2-functor
Je: Pc = DFib(C),

sending

e a double presheaf X : C°? — Cat to the discrete double fibration 7y : ij X =>C
from Construction 6.1,

e a horizontal transformation F: X = Y to the double functor ﬂ@ F: ﬂc X — ﬂ@ Y
over C from Construction 6.5,

e a globular modification A: [e X 5/ e X/] to the vertical transformation over C

ﬂ@A: ﬂﬂ@F:‘?ﬂcF/

from Construction 6.7.

It is straightforward to check that this construction is 2-functorial.

Next, we want to show that the construction ﬂ@ is pseudo-natural in C. For this, we
start by constructing the pseudo-naturality comparison cells.
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6.10. CONSTRUCTION. Given a double functor G: C — D, we construct a 2-natural
isomorphism

whose component at a lax double presheaf X : D°? — Cat is the invertible double functor
over C

(Jo)x: Jo(GP)X = [ XGP — G [ X =Cxp [p X
given by sending

e an object (z,2_) in [[. XGP, i.e., a pair of objects x in C and z_ in XG(z), to the
object (z, (Gz,z_)) in C xp [[, X,

e a horizontal morphism f: (z,z_) — (y,y—) in [[. XG°P, i.e., a horizontal morphism
f: 2 —yin C such that XGf(y_) = x_, to the horizontal morphism in C xp [[, X

(f,Gf): (,(Gr,2-)) = (v, (Gy,y-)),

e a vertical morphism (u,u_): (z,z_)—e>(2',2") in [[. XGP, i.e., a pair of a verti-
cal morphism u: x—e>2" in C and an element u_ in XGu(z_, 2" ), to the vertical
morphism in C xp ﬂn) X

(u, (Gu,u_)): (z,(Gr,x_))—e> (2, (G, ")),

e asquare a: [(u,u_) }c, (v,v_)} : [E;;fxf/_)) E:Ly/;%;_))] in [, XG, i.e., asquare «: [u i, v]

in C such that (XGa),_, (v_) = u_, to the square in C xp [ X

(f£,GF)

(56', (Gl’, l',)) E— (y7 (Gy7 y*))
(u,(Gu,uf))i (Oé, GO{) i(v,(GU,v,))
(.fC,(G;U,.CL’?)) W (y7<Gy7y7>>

Note that it admits an obvious inverse given by projecting onto the first and last compo-
nents, so that the components ( [,)x are invertible.

6.11. LEMMA. The construction [[: [[o o(GP)* = G*o [[, is a 2-natural isomorphism.
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PROOF. It remains to prove that the components ([[,,)x are 2-natural in X. Given a
horizontal transformation F': X = Y: D°°® — Cat, we have to show that the following
diagram of double functors over C commutes.

Joxaw e gep x —oxp X

JetGy F= pocer | |es Pr=cxod,
JoYGer —> G LY =Cxp [[,Y
G
We check that the above diagram commutes on objects, and the proof is similar for

horizontal morphisms, vertical morphisms, and squares. To do so, we evaluate both
composites at an object (:U,x, ) in ﬂ XGP:

(Jo)vo e FoG®(z,2_) = ([[o)v(x, (FoGP),z_) Definition of [[. F'o G
= (Jo)y (@, Fopr_) Whiskering
= (z, (Gx, FGxx ) Definition of (f,,)y
= (C xp [J, F)(z, (Gz,z_)) Definition of C xp [, F
= (Cxp [[, F) ﬂG x(z,z2). Definition of (,)x

This shows that the desired diagram commutes.
Next, given a globular modification A: [ex L ey]: [¥ V] in Pp, we have to check
that the following diagram of double functors and vertical transformations commutes

J xXGer Uolx Go . x
Jle FoGep JeAo6 JeFloGo»  G* [ F éﬂ”ﬁé @ Jp F
Y GP > G* LY
ﬂ@ (ﬂc)Y ﬂ.ID

To do so, we first evaluate both whiskerings at an object (x,z_) of [[. XG°:

(ﬂG lfC AoGP)s)) ﬂG (ez, (Ao GP),),_)  Definition of ﬂ@ Ao G
= ﬂG)y(ex, (Agz)z_) Whiskering
e, (Geg, (Ag)z_)) Definition of (,,)y
ex, (eGu, (Ac:g:)x )) Functorality of G
G* ﬂD (G Definition of G* ﬂ[D A
G* [l A) ﬂg)x(m,xf)- Definition of ( [[,,)x
This shows that the components at objects of ﬂc X G of the two whiskerings agree. The

fact that their components at horizontal morphisms agree is then straightforward from
the fact that they are both given by the vertical identity square (ef, eqr) in G* ﬂD Y. =

e e e N N
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Putting the components [[. and [, together, we get the following.

6.12. PROPOSITION. The Grothendieck construction defines a pseudo-natural transfor-
mation of pseudo-functors

[[: P = DFib: DblCat; ** — 2Cat,

where P is the 2-functor from Construction 3.36 and DFib is the pseudo-functor from
Construction 5.8.

PrROOF. We first show that the components ﬂG are functorial in G. Given composable
double functors G: C — D and H: D — [k, we have to show that the following composite
coincides with the 2-natural transformation [ He

Jo(EG)) = f(Gory ey 2L g (mory S8 Gope f, = (HG)Y ],

When evaluated at a lax double presheaf X : E°? — Cat, this amounts to showing that
the following composite coincides with the double functor ( [[};)x

G* (ﬂH)X

ﬂCXHOpGOp MG*JDXHOP G*H* ﬂEX ot (HG)* ﬂEX

But this is straightforward from the definitions of [[,,, [}, and [[,,,. Moreover, given a
double category C, a similar computation shows that ﬂ; de = id Je-

Finally, we show that the components [ o are natural in G. Given a horizontal trans-
formation B: G = G’: C — D, we have to show that the following diagram of 2-natural
transformations commutes,

10p\* Jor 1%
ﬂc(G P) == G ﬂD

Jetee:| |-

ﬂ‘C(Gop)* T G* ﬂ[D‘

where we recall that the left-hand (B°P)* is as in Construction 3.36 and the right-hand
B* is as in Construction 5.6. When evaluated at a lax double presheaf X : D — Cat,
this amounts to showing that the following diagram of double functors commutes.

o xaree Yelx g g x

foxos| [0

op *
ﬂ@XG —W G* [, X.
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We check that the above diagram commutes on objects, and the proof is similar for
horizontal morphisms, vertical morphisms, and squares. To do so, we evaluate both
composites at an object (x,z_) in ﬂ@ XG'p:

<) x Bj]‘ (@, (G'z,z)) Definition of [,
= (2, (B,)"(G'z,2)) Definition of B*
= (z,(Gr ( ) _)) Unique lifts in f[, X
= (Jo)x ( ) Definition of ([,)x
(ﬂg) (z, X °© BOp) ) Whiskering
= (

J)x(Jo(X 0 B®)(z,2_)  Definition of [[. X o B

This shows that the desired diagram commutes. n

GROTHENDIECK 2-EQUIVALENCE. We now show that the Grothendieck construction
establishes a 2-equivalence between the 2-categories Pc of lax double presheaves and
DFib(C) of discrete double fibrations over a fixed double category C.

6.13. THEOREM. Given a double category C, the Grothendieck construction
Jo: Pc — DFib(C)

1s a 2-equivalence of 2-categories, which is pseudo-natural in C.

In order to show this, we construct a weak inverse 2-functor @¢: DFib(C) — P¢ of
the 2-functor ﬂ@ from Construction 6.9. We start with its assignment on objects.

6.14. CONSTRUCTION. Given a discrete double fibration P: E — C, we construct a lax

double presheaf
@Dc(P): C — Cat

which sends
e an object z in C to the category P~z given by the fiber of P at z,
e a horizontal morphism f: x — y in C to the functor
@Dc(P)f = f*: @c(P)y =P 'y = @c(P)xr = P 'z,

from Construction 5.13,

e a vertical morphism u: z—e>z’ in C to the profunctor

@c(P)u: @e(P)r™® x @e(P)r’ = P12 x P72’ — Set

given by the image under the equivalence from Theorem 3.13

fib: TSFib(P~ 'z, P~'2') = Prof(P 'z, P~1a)



YONEDA LEMMA AND REPRESENTATION THEOREM FOR DOUBLE CATEGORIES1761

of the two-sided discrete fibration from Proposition 5.19
Py — P la x P7ta;
using Lemma 5.20, we impose @¢(P)e, = ep-1,, for every object x in C,

e a square «: [u }C, v] : [i, z,} in C to the natural transformation

@De(P)a: De(P)v = @e(P)uo (Dc(P)fP x @c(P)f")

which is induced as in Corollary 3.15 by the following commutative square

Pl @ sy P~y

J J

P_lyX P_l’y, W P_lilfx P_lx'

where o is the functor from Construction 5.18; note that the above diagram indeed

*

commutes by construction of f*, f™* a*,

. . w o ou . .
e for composable vertical morphisms x—e+2'—e+2" in C, the composition comparison
square is given by the natural transformation

P s Do (P)u' @ De(P)u = @e(P)(u' o u)
given by the image under the equivalence from Theorem 3.13
fib: TSFib(P~ 'z, P~'2") = Prof(P~ 'z, P~ a")
of the morphism of two-sided discrete fibrations

— — —o— —
Pty xpy PR/ > P71 (v e u)

~

induced by vertical composition in [E.

6.15. LEMMA. The construction @¢(P): C® — Cat is a lax double presheaf.

PROOF. First note that @¢(P) preserves horizontal compositions and identities for hori-
zontal morphisms and squares by unicity of lifts.



1762 BENEDIKT FROHLICH, LYNE MOSER

We first show that the composition comparison natural transformations s, ., are nat-
ural in (u,u'). Given squares a: [u ;, v] and o: [u’ ;:, v’} in C, we have to show that

the following diagram in Prof(P~'z, P~'z"”) commutes.

Dc(P)o' o@D (P)a
_>

@c(P)v' @ @c(P)v (@Dc(P)u o @ (P)u)(f*P x f)

uﬂ ﬂuu,“wf*wxf”*)

@D (P)(v" e v) @De(P)(u" @ u)(f*F < f)

@c(P) (o)

Under the natural equivalence fib from Theorem 3.13 and Proposition 3.14 and using
Proposition 3.20, this amounts to showing that the following diagram of functors com-
mutes.

_ _ Q*Xa/* _ _

_._l l_._

P71 (v o) > P71 (v e u)

(a/.a)*

But this follows directly from the unicity of lifts.
Next, we show that the composition comparison natural transformations i, ,s are com-
patible with vertical composition. To see this, given three composable vertical morphisms

z—e>2'—e> 1" —e>2"” in C, we have to show that the following diagram in the category

TSFib(P~ 'z, P~'2") commutes.

Hoy? a1t o@dc (P)u

De(P)u” @ De(P)u’ @ De(P)u De(P)(u" o u') @ e (P)u
@@(mu”-uu,u/ﬂ ﬂu
@De(P)u" o @c(P)(u' e u) De(P)(u" o u' e u)(fF x f)

! o, ul!

Under the equivalence fib from Theorem 3.13, this amounts to showing that the following
diagram in TSFib(P~ 'z, P~'z") commutes.

1 ,1u><(—.—)
Py X p—1gt P~ X p—1gn P‘lu//’N L L Py X p—1lg P_I(U// ° U,)/N

(*'*)leflu//l l_._

Pfl(u/ ° u) X p1gn Py N P—l(u// o e u)

/~ s

But this follows directly from the fact that vertical composition in E is strictly associative.

Next, we show that @¢(P) preserves vertical identities. By construction, it preserves
the vertical identity at an object. Given a horizontal morphism f: x — y in C, we have
to show that the natural transformation @c(P)ey is the identity at @c(P)f = f*. By
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definition, we have that @¢(P)ey is the natural transformation induced as in Corollary
3.15 by the below left commutative square.

*

e *)[1]
Pte, — L 4 ple, (Ply)t L (poig
Peyl lPeZ (s,t)l l(s,t)
P lyx P ly W Plz x P~z P lyx P ly W Py x P~z

Since the above left commutative square is canonically isomorphic to the above right
commutative square by Lemma 5.20, we see that the desired natural transformation is
the identity at f*.

Finally, we show that the composition comparison natural transformations fi, ., and
[y, agree with the identity natural transformation at @c(P)u. To see this, given a verti-
cal morphism u: xr—e+2’ in C, by Lemmas 3.23 and 5.20, we have canonical isomorphisms
over P~tx x P~ta/

P le, xp-1, P_lu/N &~ (P_lx)m X poiy P_lu/N ~ ply

and

Py X poiy Pflexl/N =~ Py X poiy (Pflx’)[l]/N ~ Py,
Note that these isomorphisms are induced by vertical composition, therefore we have
Hegu = l@e(Pyu = Hu,e,,» concluding the proof. n

We now turn to the assignment of @z on morphisms.

6.16. CONSTRUCTION. Given a morphism of discrete double fibrations

E r s |
N e
C

we construct a horizontal transformation

@De(F): @Dc(P) = @c(Q)
whose

e component at an object x is given by the unique induced functor between fibers

De(F)y =F,: @c(P)z =P 'z — @c(Q)x =Q 'z

e component at a vertical morphism u: x—e> 2’ is given by the natural transformation

@@(F)ui @@(P)u = @@(Q)u(@@(F)gp X @@(F)m/)
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which is induced as in Corollary 3.15 by the following commutative square

Fy=[V[1],F]u

P~y > Q1w

l !

P‘lx X P_lx/ FW Q_lilf X Q_1$,

where [V[1], F],, denotes the unique induced functor between fibers.

6.17. LEMMA. The construction @c(F): @c(P) = @c(Q) is a horizontal transformation.

PrOOF. We first show that the components @¢(F), are natural in z. Given a horizon-
tal morphism f: x — y in C, we have to show that the following diagram of functors
commutes.

But this follows directly from the fact that every morphism of discrete double fibrations
over C preserves unique lifts.
Next, we show that the components @¢(F'), are natural in w. Consider a square

a: [u }c, v} : [ﬁ, Z,} in C. We have to show that the following diagram in Prof (P~ 1y, P~1y/)
commutes.

De(F)v

@@(P)’U @C(Q)U(Fyop X Fy/)
@dp)aﬂ ﬂ@c(cz)aw;pxm
@ (P)u(f*P x f*) =—=—= @c(Q)u((Fof*)® x Fyf)

@e(F)u(f*Px f)

Under the natural equivalence fib from Theorem 3.13 and Proposition 3.14, this amounts
to showing that the following diagram of functors commutes.

ply v Qv

P lu — Q 'u

But this follows directly from the fact that every morphism of discrete double fibrations
over [V[1],C] preserves unique lifts.
We now show that the components @¢(F'), are compatible with composition compar-

. . . . . u oou
ison natural transformations. Given composable vertical morphisms r—e>2'—e>2" in C,
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we have to show that the following diagram in Prof(P~'x, P~12”) commutes.

@ (P)u’ o @e(P)u (@e(Q)u' & D (Q)u)(FP X Fyr)

Mu,u’ﬂ ﬂ“u,u’(F;C)pXFw”)

@De(P)(u' o u) De(Q)(u" o u)(F7P X Fyr)

D (F), 10D (F)u
>

@ (F)

u'eu

Under the equivalence fib from Theorem 3.13, this amounts to showing that the following
diagram of functors commutes.

FyuxF,, _ _
Pl X po1y Pilu'/w ——5 Q'u xg-1p Q lu’/N

_._l l_._

P~ u' eu) F/ > Q71 (u e u)

But this follows directly from the fact that F' preserves vertical composition.

Finally, we show that the components @ (F'), are compatible with vertical identities.
Given an object x in C, we have to show that the natural transformation @¢(F)e., is the
identity at @c(F'), = F,. By definition, we have that @¢(F)., is the natural transforma-
tion induced as in Corollary 3.15 by the below left commutative square.

prie, M= oo, (Pt — s (@
Pez ex S, S,
| bl o
P lz x P lg i Q 'z xQ 'z P lz x Pz i Q 'z xQ 'x

Since the above left commutative square is canonically isomorphic to the above right
commutative square by Lemma 5.20, we see that the desired natural transformation is
the identity at F),, concluding the proof. n

Finally, we turn to the assignment of @¢ on 2-morphisms.

6.18. CONSTRUCTION. Given a vertical transformation of discrete double fibrations
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defined as follows. Its component at an object x in C is given by the natural transformation
@@(A)xi @C(F)x =F, = @C(F/)x = Fé P_ll' — Q_ll'
whose component at an object 2_ of P!z is given by the morphism in Q= 'z

A, : Fr_—esF'z_.

6.19. LEMMA. The construction @c(A): |eaq(p) gcg;) e@C(Q)] 15 a globular modification.
PROOF. We first show horizontal compatibility of @c(A),. Given a horizontal morphism
f:x — yin C, we have to show that the following pasting diagram of functors and natural
transformations commutes.

ply—L  piy

F, &?)@(A) F) <@C A)>F’

Qly —F—— Q7

To see this, we first note the following. Since A: F=eF’ is a vertical transformation
over C, given an object y_ in P~'y, the component of A at the horizontal morphism

Pf: ffy_ — y_ is a square Ap-;: [Af*% ?f:*ffAyf} such that QAp«; = e;. Hence it
has to be the unique lift of e; along () with target A, . When evaluating both whiskerings

at an object y_ in P~'y, we therefore have:

et (@c(A)y)y. = ;A Definition of @c(4),
= Apey Unicity of lifts
= (Dc(A)y) ey Definition of @¢(A),

This shows that the components of the two whiskerings agree, as desired.
Next, we show vertical compatibility of @¢(A),. Given a vertical morphism u: x—e—+ 2’
in C, we have to show that the following diagram in Prof(P~!, P71z’) commutes.

Dc(F)u

@De(P)u e (Q)u(FyP x Fy)
@cw’)uﬂ ﬂa@o(@)u(wmm

@, FI" x F!)) —— @ u(FSP x F,
CQUUEL™ X F) o @E(Qu(E? )

Under the natural equivalence fib from Theorem 3.13 and Proposition 3.14, this amounts
to showing that the following diagram of functors and natural transformations commutes.
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P~y y P~y x P~ 1o/
Fy (@C(A)w,f@c(z‘l;z/) F! FyxF, @(A)zx@c(fls FyxF!, (6.1)
Q 'u sy Q7 ez x Q71!

Here, the left-hand transformation is defined as follows: using the description of the
morphisms in Q@ 'u from Remark 5.17, there is a natural transformation

<@C(A)x>@0(‘4)x’): Fu = F{L

whose component at an object u_: z_—e+2’ in P~1u is given by the commutative diagram
in
Az _
Fr_ —e— Fla_

Fu_ i im,

Fr' —e— F'2' .

Note that this gives a well-defined morphism of Q~'u since the above diagram of vertical
morphisms commutes by naturality of A, in x_, and QA, = e, and QA = ey by
definition of the vertical transformation A living over C. The fact that the diagram (6.1)
commutes is then straightforward from the fact that the horizontal arrows are picking
source and target as described in Proposition 5.19. [

Putting everything together, we get the following.

6.20. CONSTRUCTION. Given a double category C, we define a 2-functor
which sends

e a discrete double fibration P: E — C to the lax double presheaf @¢(P): C? — Cat
from Construction 6.14,

e a double functor F': E — F over C to the horizontal transformation
@ec(F): @e(P) = @c(Q)
from Construction 6.16,

e a vertical transformation A: F=e=> F” over C to the globular modification

Dc (F
Dec(A): [B@C(P) @EEF% G@C(Q)]

from Construction 6.18.
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It is straightforward to check that this construction is 2-functorial.

We are now ready to show that @ is a weak inverse of ﬂa:' We start by constructing
a 2-natural isomorphism e: @¢ [ = idp,. For this, we first describe the composite @¢ [,
on objects, morphisms, and 2-morphisms explicitly.

6.21. LEMMA. Giwen a lax double presheaf X : C°? — Cat, the lax double presheaf
@e(mx): CP — Cat

associated with the Grothendieck construction mx : ﬂCX — C admits the following de-
scription.

1

e Given an object x in C, the category @c(mx)xr = my x is given by {z} x Xuz.

e Given a horizontal morphism f: x — y in C, the functor @c(nx)f: T’y — Ty @
s given by
ly— ] x Xf: {y} x Xy — {z} x Xz
e Given a vertical morphism u: xr—e>x' in C, the profunctor
Do (mx)u: 7'z x m'a’ — Set
s given by

{u} x Xu: {z} x Xa°® x {2/} x Xa' =2 Xz°® x Xz’ — Set.

e (Given a square c: [u §, v] : [ﬁ, Z,] in C, the natural transformation

De(mx)a: De(mx)v = @p(mx)u(@e(myx) [P X De(mx)f)
15 given by
v u] x Xa: {v} x Xv={u} x Xu(X[fP x X[f).
o (Given composable vertical morphisms T x’—a/—> 2" in C, the compositor comparison
natural transformation @e(mx)u' ® De(mx)u = De(mx) (v @ u) is given by
[(u, ') = v’ @ u] X iy ({ul x Xu)e ({u'} x Xu') = {v eu} x X(u' ou)

where (i, denotes the composition comparison natural transformation of X and we
use the isomorphism ({u} x Xu) e ({u'} x Xu') = {(u,v)} x (Xu e Xu').



YONEDA LEMMA AND REPRESENTATION THEOREM FOR DOUBLE CATEGORIES1769

PROOF. By unpacking Constructions 6.1 and 6.14, we observe the following.
Given an object z in C, then 7y'x is the category whose

e objects are pairs (z,x_) with x_ an object in Xz,

e morphisms (z,z_) — (x,2" ) are pairs (e,, s_) with s_ an element of Xe,(x_, 2" ) =
Xz(x_,x" ), ie., amorphism s_: z_ — 2’ in Xuz.

Hence, we have that 7'z = {2} x Xz, as desired.

Next, given a horizontal morphism f: 2z — y in C, the functor @c(mx)f is given
by assigning the source of the unique lift of f or e; along the discrete double fibration
Tx: ﬂ@ X — C. Hence, by the proof of Proposition 6.4, we get the desired description,
namely @¢(mx)f = [y — x] x Xf.

Now, given a vertical morphism u: x—e>z’ in C, the profunctor @ (7x)u is the image
under the equivalence fib from Theorem 3.13 of the two-sided discrete fibrations

-1 -1 —1./
Ty U—> Ty T X Ty .

Here 7y u is the category whose

e objects are pairs (u, u_) with u_ an element of Xu(x_, 2’ ), for some object (x_, 2" )
in Xz x Xa/,

e morphisms (u,u_) — (u,4_) with u_ € Xu(x_,2" ) and 4_ € Xu(Z_,2") are
tuples (u,s_,s" ) with (z_ i al = 2’_) a morphism in Xz x X2’ making the
following square in ﬂ@ X commutes.

A

(x,x_) feag), (x, &)

(uvsf)i i(uvﬁ—)

(2,2 ) —e— (2, 2).

(eyr,s")

Hence, by applying the functor fib from Construction 3.12, we see that the profunctor
@c(mx)u assigns to an object (v_, 2" ) in my'e x w2’ the set {u} x Xu(z_,2"). Tt
remains to show that the action on morphisms of @¢(mx)u and {u} x Xu agree.

By the proof of Proposition 5.19, the action of a morphism (z_ SN Ny ) in
Tx'x x mx'a’ on fibers is given by taking an element (u,u_) in {u} x Xu(Z_,2" ) to the

composite (e,,s) ® (u,u_) ® (ey,5_) = (u,s’ eu_es_) of [[. X. However, we have:

s eu_os_ = (fue, )iz ([s_,u_®s_]) Definition of e
= (fue, o ([S, (Hegu ) o (um,s2])]) Definition of e

(:Uue o ,z’,([sl , Xu(s—, 2 )(u)]) Pepu = Lxu

= Xu(z_,s" ) (Xu(s_,z" )(u_)) e, = Lxu

)
= Xu(s_,s" )(u_). Functorality of Xu
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Hence, this shows that @c(mx)u = {u} x Xu, as desired.
.ol Y

[z’ Yy
induced as in Corollary 3.15 by the following commutative square

Next, given a square «: |u ﬁ, v /} in C, the natural transformation @¢(mx)a is

-1 a* -1
Ty V0 ——————— Tx U

| |

Ty X Ty 7>7TX90><7T La!
where o* is given by assigning the source of the unique lift of a along the discrete double
fibration 7 : ﬂcX — C. Hence, by the proof of Proposition 6.4, we get the desired
description, namely @¢(mx)a = [u — v] x Xa.

Finally, given composable vertical morphisms z—e+2'—e+2” in C, the composition
comparison natural transformation of @ (7x) is the image under the equivalence fib from
Theorem 3.13 of the morphism of two-sided discrete fibrations

-1 1,
TX U X =ty Ty U (v ®u)

\ /

Ty r X e

induced by vertical composition in ﬂ@ X. However, by definition, the composite of two
vertical morphisms (u,u_) and (v/,u" ) with u_ € Xu(z_,2" ) and v € Xu(z’_,2”) in
JJe X is given by the pair (v eu, v’ eu) with u’ eu = (p1yu )z o» ([u_,u_]). Hence, we get
the desired description, namely the composition comparison is given by the assignment
[(w, u') = ' @ u] X fy 4. "

6.22. LEMMA. Given a horizontal transformation F: X =Y of lax double presheaves
X, Y : C°? — Cat, the horizontal transformation

@@ ﬂ‘CFi @@(Wx) = @@(Wy)
admits the following description.
e Given an object x in C, the functor (@ ﬂ@ F)p: @c(mx)x — De(my)z is given by

{z} x F: {z} x Xz — {z} x Y.

e Given a vertical morphisms u: x—e>x' in C, the natural transformation

(@@ ﬂ@ F)ui @@(Wx)u = @@(ﬂy)u((@@ ﬂ:@ F)gp X (@@ ﬂ@ F

18 given by
{u} x Fy: {u} x Xu={u} x Yu(E® x Fy).
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Proor. Using Lemma 6.21 and unpacking Constructions 6.5 and 6.16, we observe the
following.
Given an object z in C, the functor (@¢ [ F), is the unique induced functor between
fibers
(Jo F)o =A{z} x Fy: 7' (z) = {z} x Xz = my'e = {z} x Va.

Hence, we get the desired description, namely (@e [[o F)o = {2} X F.
Given a vertical morphism u: x—e>2' in C, the natural transformation (@¢ ﬂc F), is
induced as in Corollary 3.15 by the following commutative square

1 JcF)

Ty U >

(5X7tX)l l(SY ty)

WXZEXWXITTFYmXTFY s

where ( [[o F), is the unique induced functor between fibers
V[, o Flu = {u} x F, =: ay'u = {u} x Xu — 7y'u = {u} x Yu.
Hence, we get the desired description, namely (@ [[o F), = {u} x F,. ]
6.23. LEMMA. Given a globular modification A: [ex e ey] between lax double presheaves
C? — Cat, the globular modification
@e I A: |ewein) weler
e Je A |Cacinx) ag L p Cdcmy)

admits the following description. Given an object x in C, the natural transformation

(@ lr@ At (De ﬂ@ F)e = (@ ﬂ:@ F

15 given by
{z} x Ap: {z} x Fx = {x} x F'z.

Proor. Using Lemma 6.22 and unpacking Constructions 6.7 and 6.18, we observe the
following.
Given an object z in C, the natural transformation

(@e flc Aot (@ o F)e = {z} x Fo = (@ o F') = {z} x F}
is given at an object (z,7_) in 'z = {2} x Xz by the vertical morphism in J.Y

ﬂ@ (xx—) = €I>(Ax)x_): (%inUf)—'%(x,F;x,).

Hence, we get the desired description, namely (@ [[o A). = {z} x A,. n
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Using the explicit description of the composite @¢ ﬂ o> We can now construct the desired
2-natural isomorphism.

6.24. PROPOSITION. There is a 2-natural isomorphism €: @c¢ [ = idp..
PROOF. Given a lax double presheaf X : C°? — Cat, we define the component of the 2-
natural isomorphism ¢: @¢ ﬂ@ = idp, at X to be the invertible horizontal transformation

€XZ@@ﬂCX:>X

whose components at an object x in C and at a vertical morphism u: r—e>2x" in C are
given by the canonical isomorphisms

{z} x Xz =2 Xz and {u} x XuZ= Xu.

Using the description from Lemma 6.21, it is straightforward to check that this gives a
well-defined horizontal transformation.

Moreover, it follows easily from the descriptions in Lemmas 6.22 and 6.23 that the
components €x are 2-natural in X. [

Next, we want to construct a 2-natural isomorphism 7: idpFpc) = ﬂc @¢. As before,
we first describe the composite ﬂ;: @¢ on objects, morphisms, and 2-morphisms.

6.25. LEMMA. Given a discrete double fibration P: & — C, the discrete double fibration

T@de(P) ﬂ@ @@(P) — C
admits the following description. We have that ﬂ@ @ (P) is the double category whose
e objects are pairs (x,z_) of objects x in C and x_ in E such that Px_ =z,

e horizontal morphisms (z,x_) — (y,y—) are horizontal morphisms f: x — y in C
such that f*y_ = x_, i.e., x_ is the source of the unique lift P*f: x_ — y_ in E

of f,

e vertical morphisms (xz,x_)—e> (2’2" ) are given by pairs (u,u_) of vertical mor-
phisms u: r—e+x' in C and u_: x_—e> 2" in E such that Pu_ = u,

e squares [(u,u,) ;, (v,v,)] are squares «: [u ;, v} in C such that o*v_ = u_, i.e.,

u_ 1s the source of the unique lift P*«: [u_ }CZ v_} i E of a,

and that Tae(p): ﬂc @c(P) — C is given by projecting onto the first variable.
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PROOF. By unpacking Constructions 6.1 and 6.14, we observe the following.
We have that [[. @c(P) is the double category whose

e objects are pairs (z,x_) of objects z in C and z_ in @¢(P)r = P~ 'z, i.e., z_ is an
object in E such that Pr_ = x,

e horizontal morphisms (z,x_) — (y,y_) are horizontal morphisms f: z — y in C

such that x_ = @c(P) f(y-) = fry_,

e vertical morphisms (z,z_)—e>(2', 2’ ) are given by pairs (u,u_) of a vertical mor-
phism u: z—e>2’ in C and an element u_ in @¢(P)u(z_,z"), i.e., u_ is an element
in the fiber of the two-sided discrete fibration P~'u — P71z x P~la at (z_,2"),
namely a vertical morphism u_: z_—e+2’ in E such that Pu_ = u,

e squares [(u,u_) §, (v,v_)] : [g}i—,)) ng/y_/))} are squares a: [u }c, v} 5 ;’,} in C such
that u_ = @c(P)ay,_, (v-) = a*v_.

Moreover, the double functor mg.(py: [Jo @c(P) — C is given by projecting onto the first
variable. This gives the desired description. [

6.26. LEMMA. Given a double functor F': E — F of discrete double fibration P: E — C
and Q: F — C, the double functor

ﬂ@ @C(F) ﬂ@ @C<P) — ﬂ@ @C<Q)
admits the following description. It sends
o an object (x,x_) in [[o @c(P) to the object (x, Fx_) in [[. @c(Q),

e a horizontal morphism f: (z,2_) = (y,y-) in [[o @c(P) to the horizontal morphism
mn ﬂ@ @C (Q)
file, Freo) = (y, Fy-),

e a vertical morphism (u,u_): (x,x_)—e+(z',2") in [[o @c(P) to the vertical mor-

phism in [ @e(Q)
(u, Fu_): (z, Fx_)—e> (2', Fa'),

® a square a: [(u,u_) ;, (v,v_)] n [Jo @c(P) to the square in [ @c(Q)
a: [(u,Fu,) }c, (U,Fv,)] :

ProoF. This is straightforward from unpacking Constructions 6.5 and 6.16. [
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6.27. LEMMA. Given a vertical transformation A: F=e>F': E — F between morphisms
of discrete double fibrations P: E — C and QQ: F — C, the vertical transformation

Je @c(A): [ Dc(F)=e> [[o Dc(F)
admits the following description.
e Its component at an object (x,x_) in [ @c(P) is the vertical morphism in [[, @c(Q)
(x, Ay ): (x, Fx_)—e> (z, F'x_),

e Its component at a horizontal morphism f: (x,x_) = (y,y-) in [[o @c(P) is the
square ep: | (g, Ay ) ; (ey,Ayf)} n fJo @c(Q).
PRrROOF. This is straightforward from unpacking Constructions 6.7 and 6.18. [
We are now ready to construct the desired 2-natural isomorphism.

6.28. CONSTRUCTION. We construct a 2-natural transformation 7: idprinc) = ﬂa: @
whose component at a discrete double fibration P: E — C is given by the functor over C

np: E— [l @e(P)
sending, using the description of ﬂ@ @c(P) from Lemma 6.25,
e an object z_ in E to the object (Pz_,z_) in [[. @c(P),
e a horizontal morphism f_: x_ — y_ in E to the horizontal morphism in Ifc Dc(P)
Pf_:(Pz_,x_) = (Py-,y-),
where (Pf_)*(y_) = x_ by unicity of the lift f_ of Pf_ with target y_,
e a vertical morphism u_: x_—e+2’ in E to the vertical morphism in [[, @c(P)

(Pu_,u_): (Px_,x_) — (Px’"_,2"),
e a square a_: [u_ }cz v_} in E to the square in [[. @c(P)

Pa_: [(Pu_,u_) I;jjz (PU—,U—)] )

where (Pa_)*(v_) = u_ by unicity of the lift «_ of Pa_ with target v_.
6.29. PROPOSITION. The construction n: idpryp = ﬂ@ o@c is a 2-natural isomorphism.

PROOF. First note that the double functor np: E — [[. @c(P) admits as an inverse
the double functor [[. @c(P) — E given by projecting onto the second component on
objects and vertical morphisms, and by picking the unique lift of horizontal morphisms
and squares.

Moreover, it follows easily from the descriptions in Lemmas 6.26 and 6.27 that the
components np are 2-natural in P. [
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PROOF OF THEOREM 6.13. The data ([, @c,n,e) from Constructions 6.9 and 6.20 and
Propositions 6.24 and 6.29 provides the desired 2-equivalence. [

As a consequence of Lemma 3.32 and Theorem 6.13, when taking C = HC with C a
2-category, we retrieve the Grothendieck 2-equivalence from [MSV23, Theorem 5.1] in the
case of V = Cat.

6.30. COROLLARY. Given a 2-category C, the Grothendieck construction
ﬂHC: [C°P  Cat] — DFib(HC)

s a 2-equivalence of 2-categories, which is pseudo-natural in C.

7. Representation theorem for lax double presheaves

In this last section, we turn to a representation theorem for double categories. While
in the presheaf world a lax double functor is said to be represented by an object if it is
isomorphic to a representable lax double functor at the same object, in the fibrational
world we can reformulate this representation condition in terms of double terminal objects.
In Sections 7.1 to 7.7, we first introduce double terminal objects and show that a discrete
double fibration is represented, i.e., it is isomorphic to a double slice, if and only if it has a
double terminal object. Then, in Sections 7.8 to 7.11, we use this result to show that a lax
double presheaf is represented by an object if and only if its Grothendieck construction
has a double terminal object. This gives a nice criterion to test representability of a given
lax double presheaf, and formulate universal properties for double categories.

DOUBLE TERMINAL OBJECTS. Let us fix a double category C. We start by recalling the
definition of a double terminal object.

7.1. DEFINITION. An object & in C is double terminal if the canonical projection C/& — C
is an isomorphism of double categories.

7.2. REMARK. Unpacking the double isomorphism, an object & in C is double terminal
if and only if the following conditions hold:

(1) for every object = in C, there is a unique horizontal morphism t,: x — Z in C,

(2) for every vertical morphism u: z—e+2’ in C, there is a unique square 7, [u b e@]
in C.

7.3. NoOTATION. In what follows, for an object Z in C and a double functor X : C°? — Cat,
we abuse notation and denote the discrete double fibrations C/# — C and nx: [[. X = C
simply by their sources C/% and ﬂc X.

We can translate the Yoneda lemma in the fibrational setting as follows.
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7.4. THEOREM. Given a discrete double fibration P: E — C and an object T in C, there
s an isomorphism of categories

U: DFib(C)(C/z, P) = P~ '

which is 2-natural in & in HC and in P in DFib(C).

PRrROOF. We have the following 2-natural isomorphisms

DFib(C)(C/z, P) = DFib(C)( [[. C(—, %), Proposition 6.3
~ Py (C(—, 8), e (P >> Jio A @
>~ Pc(P)i = P ', Theorem 4.2
as desired. -

In particular, we are interested in the inverse of ¥
®: P~'4 = DFib(C)(C/%, P).
We describe its action on objects explicitly.

7.5. LEMMA. Given a discrete double fibration P: E — C, an object & in C and an object
i_ in P12, then the double functor over C

d(z_):C/t —E
can be described as follows. It sends

e an object (x,q) in C/T to the object g*T_ in [, i.e., the source of the unique lift of
the horizontal morphism g: x — & with target @ _,

e a horizontal morphism f: (x,g) — (y,h) in C/Z to the horizontal morphism in E
Pf:gz_ = f"h"'z_ > h't_,
1.€., the unique lift of the horizontal morphism f: x — y with target h*x_,
e a vertical morphism (u,n): (z,g)—e> (2',¢") in C/Z to the vertical morphism in E
n'es : g*i_—es g*i_,
i.e., the source of the unique lift of the square n: [u g, ei} with target e;_,

e « square a: [(u,n) }c/ (0,9)} in C/Z to the square in E

Pra: [77*6,,3, =a"e;_ i:? 0 e }

i.€., the unique lift of the square o: [u }c, v] with target 0% e;_.
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PROOF. By construction, the functor ® is given by the composite

®, .

P1g 2% p (&), @(P)) 15 DFINC)(C/2, [, @e(P) S DFib(C)(C/4, P).
and therefore ®(2_) = 53" ([[.(®zmc(p)(2-))). By Construction 4.5, the horizontal trans-
formation

Cs.ac(p)(2-): C(=,2) = @e(P)

is defined as follows.

e Its component at an object x in C is the functor C(x, %) — @¢(P)x = P~z which
sends

— a horizontal morphism ¢g: x — 2 in C to the object @c(P)g(z-) = ¢g*Z_ in
P12, i.e., the source of the unique lift of g with target &_,

— a globular square 7: [e, ! o ez] to the vertical morphism (@@( ). = nres_
in P!z, i.e., the source of the unique lift of n with target e;_

e Its component at a vertical morphism u: x—e+z’ in C is the natural transformation

(I)i“,@a:(P) (i—)u: C(uv :i‘) = @@(P)U © ((I)i,@c(P)(i'—)gp X (I)i”,@c(P) (i—)x’)v
whose component at an object (z % &, 2" % #) of C(x, &) x C(2, &) is given by the
map

C(u.2)(g,9") = @e(P)ulg'i_, g*i_) = {g"i_~e>g"i_ | Pu_ = u},

sending a square n: [u g, ej} in C to the vertical morphism (@e(P)n)z_ 4+ (15 ) =
n*ez_, i.e., the source of the unique lift of n with target e;_.

Next, using the description from Construction 6.5, the double functor
ﬂ@ a:@c(P ﬂ@ - T G:/.T — ﬂ@ @C
is given by sending
e an object (x,g) of C/Z to the object (z,g*%_) in [ @c(P)

e a horizontal morphism f in C/Z to the corresponding horizontal morphism f in

Je @e(P

e a vertical morphism (u,7n): (z,g)—e>(2',¢') in C/Z to the vertical morphism in
Je @e(P
(u,nes_): (z, g%z )—e> (2!, g"i),
e asquare o in C/& to the corresponding square o in [[ @c(P).

Finally, applying the inverse 75" : Jlc @c(P) — E of the unit as described in Proposition
6.29, we can observe that the double functor ®(i_) = np' ([ Psacr)(2-)): C/2 — Eis
as described in the statement. ]
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Finally, we can prove that double terminal objects detect representability. For this,
we first prove the following result.

A

7.6. LEMMA. Given a discrete double fibration P: E — C and an object z_ in E with
T = P(z_), then the induced double functor between slices

Py E/a_—C/z
1s an isomorphism of double categories.

PROOF. By definition, the double functor P;_ fits into a commutative square in DblCat

. P .
E/z. —— C/z

L

E———C

P

where the vertical canonical projections are discrete double fibrations by Proposition 6.4.
Hence P);_is a morphism of the discrete double fibrations over C. Therefore, to show
that it is an isomorphism, by Lemma 5.9, it suffices to show that the induced functor

Verg(Py;_): Verg(E/2_) — Very(C/2)
is an isomorphism of categories.

We construct an inverse of Very(P;_)

L: Very(C/z) — Verg(E/z_)
as follows. It is the functor sending

e an object (z,g) of C/Z to the object (¢*z_, P*g) of E/%_, where P*g: ¢g*1_ — &_
denotes the unique lift of the horizontal morphism g:  — & in C,

e a vertical morphism (u,n): (z,g)—e+(2/,¢') in C/Z to the vertical morphism in E/Z_
(n"ea_, P™n): (9", Pg)—+(g" i, P"yg'),

where P*n: [n*e;_ P:g/ e;_ | denotes the unique lift of the square n: [u Z, e@].

Clearly, the functor L defines an inverse of Very(P;_) by unicity of lifts.
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7.7. THEOREM. Given a discrete double fibration P: E — C and an object z_ in E with

A

T = P(Z_), then the object &_ is double terminal in E if and only if the double functor
¢(z_): C/z —E

s an isomorphism of double categories.

ProOF. We first show that the following triangle of double functors commutes.

E/i. —— E

Pe- | %>
C/i

Unpacking the description of ®(Z_) from Lemma 7.5 and using unicity of lifts, we note
that the composition ®(Z_) o P/;_ sends

e an object (z_,z_ < #_) in E/Z_ to the object in E

(&) (P (v, 9-)) = (@ )(Pr_, Pg-) = (Pg- )2 =x,

e a horizontal morphism f_: (z_,¢9-) — (y—_,h_) in E/Z_ to the horizontal morphism
in E
(2-)(Pja_(f-)) = (2-)(Pf-) = P*(Pf-) = J-,

e a vertical morphism (u_,n_): (z_,g_)—e> (2’ ,¢" ) in E/Z_ to the vertical morphism
in £
(2 )(Fpa_(u-,n-)) = ®(&_)(Pu_, Pn-) = (Pn-)"es_ = u_,

e asquare a_: |(u_,n_) ;7 (v, «9,)] to the square in E

(&-)(Pps_(a-)) = B(#-)(Pa_) = P*(Pa_) = a_.

Hence the composite ®(2_) o P/;  coincides with the canonical projection E/2 — E, as
desired.

Now, by Lemma 7.6, the double functor P/;_ is an isomorphism of double categories.
Therefore, by 2-out-of-3 for isomorphisms, the double functor ®(z_): C/z — E is an iso-
morphism if and only if the canonical projection E/2_ — [E is an isomorphism. However,
by definition, this means that the object _ is double terminal in E. n
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REPRESENTATION THEOREM. Finally, we state our representation theorem. For this, we
first introduce the notion of a represented lax double presheaf.

7.8. DEFINITION. A lax double presheaf X : C°? — Cat is represented by an object T in
C if there is an object £_ in X2 such that the induced horizontal transformation

@jﬂx(i‘_): C(—, li‘) = X
from Construction 4.5 is invertible. In this case, we also say that X is represented by
(T,2_).

7.9. THEOREM. Given a lax double presheaf X : C°? — Cat and objects  in C and & _
in X2, then X is represented by (&,2_) if and only if the object (&,%_) is double terminal
in the Grothendieck construction ﬂu: X

PROOF. By definition, the lax double presheaf X is represented by (z,z_) if and only if
the induced horizontal transformation

@557)(({%_)2 C(—,Zi‘) = X

is invertible. By applying the 2-equivalence lf@: Pec — DFib(C) from Theorem 6.13, this
is the case if and only if the induced morphism of discrete double fibrations over C

Je ®ax(@-): o C(—2)=C/z — [ X

is an isomorphism. Noticing that ®(z,z_ ij #x(Z_) using Lemma 7.5, it follows
from Theorem 7.7 that this is equivalent to the object (Z,Z_) being double terminal in
Jo X, as desired. =

As a consequence, we get that the double slice always has a double terminal object
given by the identity.

7.10. COROLLARY. The object (Z,1;) is double terminal in C/z.

PROOF. As ®; ¢(_ (1) is the identity horizontal transformation C(—, %) = C(—,2) by
functorality of ®;¢(— s, the lax double presheaf C(—, &) is represented by (Z,1;). Then,
by Theorem 7.9, the object (&,1;) is double terminal in the double category [ C(—,Z) =
C/z, where the last equality holds by Proposition 6.3. [

Finally, as a consequence of Lemma 3.32 and Theorem 7.9, when taking C = HC with
C a 2-category, we retrieve the representation theorem for 2-presheaves from [MSV23,
Theorem 6.12] in the case of V = Cat. This is a stricter version of [cM22b, Theorem 6.8].

7.11. COROLLARY. Given a 2-presheaf X : C°? — Cat and objects & in C and z_ in Xz,
then X is represented by (Z,2_) if and only if the object (,2_) is double terminal in the
Grothendieck construction ﬂwc X
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