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DOUBLE ADJUNCTIONS

THOMAS M. FIORE, NICOLA GAMBINO, AND JOACHIM KOCK

ABSTRACT. We characterize double adjunctions in terms of presheaves and
universal squares, and then apply these characterizations to free monads and
Eilenberg-Moore objects in double categories. We improve upon an earlier
result of Fiore-Gambino-Kock in [7] to conclude: if a double category with
cofolding admits the construction of free monads in its horizontal 2-category,
then it also admits the construction of free monads as a double category hori-
zontally and vertically, and also in its vertical 2-category. We also prove that a
double category admits Eilenberg—Moore objects if and only if a certain param-
eterized presheaf is representable. Along the way, we develop parameterized
presheaves on double categories and prove a double Yoneda Lemma.
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Although 2-categories and double categories were conceived at about the same
time and the same place (Bénabou [1] in 1967 and Ehresmann [5] in 1963,
respectively), the theory of 2-categories has had a huge advantage in develop-
ment, whereas the theory of double categories has been slower to really take
off. One reason is that 2-categories behave and feel much more like 1-categories,
whereas double categories exhibit many new and strange phenomena. However,
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the past decade has seen a certain renaissance of double categories, and double-
categorical structures are finding application more and more frequently in many
different areas.

We became interested in double categories through work in conformal field
theory, topological quantum field theory, operad theory, and type theory. In
all these cases, the double-categorical structures come about in situations where
there are two natural kinds of morphisms, typically some complicated morphisms
(like spans of sets or bimodules) and some more elementary ones (like functions
between sets or ring homomorphisms), and the double-categorical aspects concern
the interplay between such different kinds of morphisms. While it often provides
great conceptual insight to have everything encompassed in a double category, one
is often confronted with the lack of machinery for dealing with double categories,
and a need is being felt for a more systematic theory of double categories.

This paper can be seen as a small step in that direction: although our work
is motivated by some concrete questions about monads, we try to develop rather
systematically the basics of adjunctions between double categories: we introduce
parametrized presheaves, prove a double Yoneda Lemma, characterize adjunc-
tions in several ways, and go on to study double categories with further structure
— foldings or cofoldings — for which we study the question of existence of free
monads and Eilenberg-Moore objects. This was our original motivation, and in
that sense the present paper is a sequel to our previous paper [7] about monads
in double categories, although logically the present paper is rather a precursor:
with the theory we develop here, some of the results from our previous paper can
be strengthened and simplified at the same time.

In some regards, double adjunctions express universality in the ways one ex-
pects based on experience with 1-categories, as we prove in Theorem 5.2. A
double adjunction may be given by double functors F' and GG with horizontal nat-
ural transformations 1 and ¢ satisfying the two triangle identities, or by double
functors F' and G with a universal horizontal natural transformation (7 or ¢), or
by a single double functor F' or G equipped with appropriate universal squares
compatible with vertical composition, or by a bijection between sets of squares
compatible with vertical composition.

However, the characterizations of adjointness in 1-category theory in terms of
representability do not carry over to double category theory in a straightforward
way, and instead require a new notion of presheaf on a double category. Namely,
to prove that an ordinary 1-functor F': A — X admits a right adjoint, it is
sufficient to show that the presheaf A(F—, A) is representable for each object
A separately. But to establish that a double functor F' admits a right double
adjoint, two new requirements arise: 1) we must consider how the analogous
presheaves vertically combine, and 2) we must consider the representability of all
the analogous presheaves simultaneously rather than separately. The first require-
ment (that we must consider how the analogous presheaves vertically combine)
forces presheaves on double categories to be vertically lax and to take values in
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the double category Span® of vertical spans, as opposed to the 1-category Set.
We prove a Yoneda Lemma for such Span’-valued presheaves in Proposition 3.10.
The second requirement (that we must consider all the analogous presheaves
simultaneously) forces us to consider parameterized presheaves on double cate-
gories. With these notions we establish the double-categorical analogue of the
representability characterisation of adjunctions in Theorem 5.3, namely a double
functor admits a right horizonal adjoint if and only if a certain parameterized
Span‘-valued presheaf is representable. Parameterized presheaves also play a role
in the proof of Theorem 5.2.

Many double categories that arise in practice have convenient additional struc-
ture: vertical morphisms often map to horizontal morphisms, and squares can
often be folded (or cofolded) into horizontal 2-cells. Foldings and cofoldings are
recalled in Definitions 6.2 and 6.8. One utility of these extra structures is that
questions about a double category with folding or cofolding can sometimes be
reduced to questions about its horizontal 2-category. Pseudo double categories
which admit both a folding and a cofolding are essentially the same as the framed
bicategories of Shulman [10]. In this article we work with foldings and cofoldings
separately because some examples, including our motivating examples, admit one
or the other but not both.

As an example of the principle of reduction to the horizontal 2-category in the
presence of a folding or cofolding, our Proposition 6.10 states that two double
functors F' and G compatible with foldings (or cofoldings) are horizontal dou-
ble adjoints if and only if their underlying horizontal 2-functors are 2-adjoints.
If vertical morphisms are further assumed to map fully faithfully to horizontal
morphisms, then a double functor F' compatible with the foldings (or cofoldings)
admits a horizontal right double adjoint if and only if F' admits a right adjoint
in every other reasonable sense, see Corollary 6.13, and its cofolding counterpart
Corollary 6.16.

A further instance of reduction to the horizontal 2-category concerns monads
in double categories, and is one the main applications of the present paper. In
our earlier paper [7] we showed how to associate to a double category D a double
category End(D) of endomorphisms in D and a double category Mnd(ID) of mon-
ads in . The double categories End(D) and Mnd(ID) are extensions of Street’s
2-categories of endomorphisms and monads in [12] in the sense that if K is a
2-category and H(K) is K viewed as a vertically trivial double category, then the
horizontal 2-categories of End(H(K)) and Mnd(H(K)) are Street’s 2-categories
End(K) and Mnd(K). In [7, Theorem 3.7] we established a fairly technical cri-
terion which allows one to conclude the existence of free monads in a double-
categorical sense from the existence of free monads in the underlying horizontal
2-category. The basic assumptions are that the double category is a framed bi-
category and the appropriate substructures admit 1-categorical equalizers and
coproducts. In the present paper we clarify and generalize this substantially,
using the theory of double adjunctions and cofoldings.



4 T. M. FIORE, N. GAMBINO, AND J. KOCK

A double category D is said to admit the construction of free monads if the for-
getful functor Mind(D) — End(D) admits a vertical left double adjoint such that
the underlying vertical morphism of each unit component is the identity. This
is somewhat more stringent than our earlier definition in [7], where we required
only a vertical left double adjoint. Our main application, Theorem 9.5, states
that a double category with cofolding admits the construction of free monads if
its horizontal 2-category admits the construction of free monads. This improves
[7, Theorem 3.7], since it removes nearly all the hypotheses and also strengthens
the conclusion. A main step is our Proposition 7.5, which states that a cofold-
ing on a double category D induces cofoldings on End(D) and Mnd(ID). (The
corresponding statement for foldings is false.)

An example is the free—forgetful adjunction between End(Span) and
Mnd(Span), where Span is the double category of horizontal spans. Endomor-
phisms in Span are directed graphs and monads in Span are categories. This
example is worked out in detail in Section 8.

Returning to general double categories without cofolding, we now describe our
second main application. Theorem 10.3 states that a double category D admits
Eilenberg-Moore objects if and only if the parameterized presheaf is representable
which assigns to a monad (X, S) and an object I in D the set S-Alg; of S-algebra
structures on I. The proof is quite short, since most of the work was done in the
earlier sections.

An overview of the paper is as follows. In Section 3 we introduce parameterized
presheaves on double categories and their representability, and prove the Double
Yoneda Lemma. In Sections 4, 5, and 6 we introduce universal squares, prove the
various characterizations of double adjunctions, and consider the special case of
double adjunctions compatible with foldings and cofoldings. In Section 7 we prove
that End(ID) and Mnd(D) admit cofoldings when D does. Section 8 works out
the double adjunction between End(Span) and Mnd(Span) explicitly. Sections 9
and 10 are applications of the results on double adjunctions to the construction
of free monads in double categories with cofolding and to a characterization of
the existence of Eilenberg—Moore objects in a general double category.

2. NOTATIONAL CONVENTIONS

We begin by fixing some notation concerning double categories.

A double category is a categorical structure consisting of objects, horizontal
morphisms, vertical morphisms, squares, the relevant source and target functions,
compositions, and units. Succinctly, a double category is an internal category in
Cat. The theory of double categories was pioneered by A. Ehresmann and C.
Ehresmann, beginning with [5]. We indicate double categories with blackboard
letters, such as C, D, and E.

If D is a double category, then Hor D, Ver D, and Sq D, signify the collections
of horizontal morphisms, vertical morphisms, and squares in ID. To specify the set
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of horizontal respectively vertical morphisms from an object D; to an object Do,
we write Hor D(Dy, Do) and Ver D(Dy, D5). Similarly, the notation Hor D(f, g)
indicates the function Hor D(Dy, D) — Hor D(D}, D)) obtained by pre- and
postcomposition with the horizontal morphisms f and g. The function Ver D(j, k)
is defined analogously. To indicate the collection of squares with fixed left vertical
boundary j and fixed right vertical boundary k, we write

(1) D(j,k) = ¢ @« € Sq D | a has the form jl a lk

For example, for the vertical identities 17, and 1%, , the set D(1%, ,1%,) consists
of the 2-cells between morphisms Dy — D, in the horizontal 2-category of . In
general, the squares in D(j, k) may not compose vertically. Also in analogy to the
hom-notation, the notation D(a, 3) means horizontal pre- and postcomposition
by squares o and /3. For any double category D, the horizontal opposite D'P is
formed by switching horizontal source and target for both horizontal morphisms
and squares in ID. More precisely, the horizontal 1-category of D"'™P is equal to
the opposite of the horizontal 1-category of D, the vertical 1-category of Dhorop
is the same as that of D, and the category (Ver D"rP Sq Dh™P) is equal to the
opposite category of (Ver D, Sq D).

We may associate various substructures to a double category. We indicate the
horizontal and vertical 2-categories of a double category D by HD and VD.
The double category VD has vertical 1-category the vertical 1-category of D and
everything else trivial, that is, there are no non-trivial squares and no non-trivial
horizontal morphisms in V.

A 2-category gives rise to various double categories. If C is a 2-category, the
double category HC has C as its horizontal 2-category and only trivial vertical
morphisms. Similarly, the double category VC has C as its vertical 2-category
and only trivial horizontal morphisms.

The pseudo double category Span will play a special role in this paper. It is
the pseudo double category in which objects are sets, the horizontal morphisms
are spans of sets, the vertical morphisms are functions, and the squares are the
morphisms of spans. The pseudo double category Span’ is its transpose, which
means the horizontal and vertical data are exchanged (including boundaries of
squares). Note that Span is horizontally weak while Span® is vertically weak.

3. PARAMETERIZED PRESHEAVES ON DOUBLE CATEGORIES,
REPRESENTABILITY, AND THE DOUBLE YONEDA LEMMA

In this section we develop the basic theory of parametrized presheaves on a
double category and prove a Yoneda Lemma for double categories. The Double
Yoneda Lemma and the characterization of left double adjoints in Theorem 5.3
require parameterized Span’-valued presheaves, as explained in the Introduction.
The covariant Double Yoneda Lemma for presheaves on a double category D says
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that morphisms from the represented presheaf D(R, —) to a presheaf K on Dborop
are in bijective correspondence with the set K (R).

A presheaf on a double category assigns to objects sets, to horizontal mor-
phisms functions, to vertical morphisms spans of sets, and to squares morphisms
of spans. Moreover, these target spans are equipped with a kind of composition
provided by the vertical laxness of the presheatf.

Definition 3.1. Let D and E be double categories. A presheaf on D parameter-
ized by I is a vertically lax double functor D" x E — Span’. We synonymously
use the term presheaf on D indexed by E. A presheaf on a double category D is a
presheaf on D parameterized by the terminal double category, that is, a presheaf
on D is a vertically lax double functor DP*"P — Span’.

Example 3.2. The first example is delivered by the hom-sets of a double category
D. Namely, a presheaf on I indexed by D is defined on objects and horizontal
morphisms by

D(—, —): DhoroP x D —— Span®
(Dh D2> P HOI' D(Dl, DQ)

(f,9) ——=Hor D(f,g) .

On vertical morphisms (j, k), it is the vertical span

Hor D(s"j, s"k)

D(j, k)
|
Hor D(t"], tk),
which we often denote simply by D(j, k). On squares («, [3), the vertically lax
double functor D(—, —) is the morphism of vertical spans induced by D(a, 3)(7) =
[ v [] as well as Hor D(s%a, s*3) and Hor D(t°a, tV3).

For the vertically lax double functor D(—, —), the composition coherence square

in Span’
D ‘7 k j k
{]D((g, m))} D[] [)

is simply composition in . More precisely, on elements we have

jEik
J e ]

(] [&]

(]
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The unit coherence square in Span’ of the vertically lax double functor D(—, —)
is simply the vertical identity square embedding

1B(D1,D2) HZ ]D)(l,lb17 ]‘UDQ)

D1 E—— DQ
p— |
D, 4f> Dy
The presheaf D(—, —) may also be considered as a presheaf on D"™P indexed by

DhoroP This completes the example D(—, —).

Example 3.3. As a special case of Example 3.2, we may fix the first variable to
be an object R in D and we obtain a presheaf on D"™P namely

D(R,—): D —— Span’.

This presheaf is represented by the object R. We shall discuss a notion of repre-
sentability for parameterized presheaves in Definition 3.7, as they will be a key
ingredient in our characterizations of double adjunctions in Theorem 5.2 (vi) and
Theorem 5.3.

We write out the features of Example 3.2 for this special case, since we will
need these represented presheaves in the Double Yoneda Lemma. Like any double
functor, this presheaf consists of an object functor and a morphism functor

D(R, —)°%: (Obj Dy, Obj D;) — (Sets, Functions)

D(R, —)M°r: (Mor Dy, Mor D;) — (Spans, Morphisms of Spans) .

The object functor is the usual represented presheaf on the horizontal 1-category,
namely

D(R, D)°™ .= {f: R — D | f horizontal morphism in D} = Hor D(R, D)
D(R, 9)™™(f) =1[f g].

The morphism functor, on the other hand, takes a vertical morphism j: D — D’
in D to the (vertical) span D(R, j)M°" defined as

D(R, D)O

D(1%, 5)

ltu

D(R, D")O%,
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and on a square 3 we have the morphism of spans D(R, )M

D(R, 3)""(e) = [ f].

The composition coherence square in Span’

Dt D] = DO

induced by

of the vertically lax double functor D(R, —) is simply composition in D). More
precisely, on elements we have

R—— R——>
R—>  +— ] ][]
&2 Lk

R— R

The unit coherence square in Span’ of the vertically lax double functor D(R, —)
is simply the identity embedding

Lp(a,pyors — = D(R, 13)Mer

rR—1-pD

||
R?D

Example 3.4. If C is a 1-category, then a classical presheaf on C may be con-
sidered a presheaf on HC in the following way. A classical presheaf on C is the
same thing as a strictly unital double functor F': HC"™P — Span’ which has
composition coherence morphism for F(1) o F(1g) — F(1g) given by the pro-
jection of the diagonal of FC' x FC to FC. Any presheaf on HC restricts to a
classical presheaf on C by forgetting F'(1¢) for each C' and the composition and
identity coherences.

Example 3.5. A presheaf on the (opposite of the) terminal double category 1 is
the same as a category, since a vertically lax double functor from 1 into Span? is
the same as a (horizontal) monad in Span, which is the same as a category.

Example 3.6. Let C be a 1-category. Then C(—, —) is a presheaf on C indexed
by Obj C. This is a way to consider all the presheaves C(—, C') simultaneously.
Similarly, by parametrizing via the vertical 1-category of D, the indexed presheaf
D(—,—): DhoroP x VD — Span’ is a way of considering all presheaves D(—, R)
simultaneously and how they combine vertically (recall the notation Vi from
Section 2). This point of view will become important for our characterization of
double adjunctions in Theorems 5.2 and 5.3.
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Definition 3.7. A parameterized presheaf F': DP™P x E — Span’ in the sense
of Definition 3.1 is representable if there exists a double functor G: E — D
such that F' is horizontally naturally isomorphic to the parameterized presheaf
D(—,G—): DrroP x E — Span’. “Horizontal naturally isomorphic” means hori-
zontal naturally isomorphic as vertically lax double functors.

Example 3.8. The presheaf D(—, R): D" — Span’ is represented by the
double functor * — I that is constant R. The indexed presheaf D(—, —):

Dherop x VD — Span? is represented by the inclusion of the vertical 1-category
of D into D.

Definition 3.9. A morphism of presheaves is a horizontal natural transformation
of vertically lax double functors D"™P — Span’.

We next prove the Double Yoneda Lemma. For simplicity, we do the covariant
version rather than the contravariant version.

Proposition 3.10 (Double Yoneda Lemma). Let D be a small double category,
R an object of D, and K: D — Span' a vertically laz double functor. Then the
map

Or k: HorNat(D(R,—),K) —— KR

ol ar(1h)

1s a bijection. Further, this bijection is a horizontal natural isomorphism of double
functors HN and E

HN,E: D x DblCatyer 0z (D, Span’) — Span’

HN(R,K) := HorNat(D(R, —), K)

E(R,K) := K(R).

Proof: ~ This is an extension of the proof of [2, Theorem 1.3.3]. We define
Or.r(a) = a(1h) € K(R) and for a € K(R) we define a horizontal natural trans-
formation 7(a): D(R,—) = K. To each object D € D we have the horizontal
morphism in Span’

7(a)p: D(R, D) KD

fr——=K(f)(a).
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and to each vertical morphism j in D we have the square 7(a); in Span’

K(=)(a)

D(R, D)°P K(D) D(R, D)°P K(D)

T T ! T

2) D@y, j) —r@i—=K(G) = D%, ) ——KE6F @) — K(j)
l l | i

D(R, D) —o D(R, D)oY K(-)(a) K(D).

R——D
These squares commute, because for ly € D(1%, 5) the squares
D

R——

(3) K(R) K(R) K(D)
K(R) Ok K(1%) K(©) K IJ)

i
K(R) K(R) "G K(D')

commute. For example, the top square in (2) evaluated on ¢ is the same as the

top half of (3) evaluated on a.

The naturality of 7(a), 7, and 6 is proved as in [2, Theorem 1.3.3]. Alterna-

tively, the proposition follows from the internal Yoneda Lemma.

Corollary 3.11. For objects R, S € D, each horizontal natural transformation
D(R,—) = D(S,—) has the form D(h,—) for a unique horizontal arrow h:

S — R.
Remark 3.12. If k£ is a vertical morphism in D, then
D(k,—): (Ver D,Sq D) — (Sets, functions)

is an ordinary presheaf on (Ver D, Sq D)°P.

4. UNIVERSAL SQUARES IN A DOUBLE CATEGORY

The components of the unit or counit of any 1-adjunction are universal ar-
rows. Conversely, a 1-adjunction can be described in terms of such universal
arrows. In this section we introduce universal squares in a double category, with
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a view towards the analogous characterizations of horizontal double adjunctions
in Theorem 5.2.

Definition 4.1. If S: D — C is a double functor, then a (horizontally) universal
square from the vertical morphism j to S is a square y in C of the form

C, —~ SR,

| s

02 TQ> SR2
such that the map

B[ S

is a bijection for all vertical morphisms ¢. There is of course a dual notion of
(horizontally) universal square from a double functor S to a vertical morphism j.

Proposition 4.2. Suppose S: D — C is a 2-functor and u: C — SR is a
morphism in C. Then p = 1, is unwersal from 1¢, to HS if and only if the
functor

D(R7 D) S(—)ou

C(C,SD)

f'—[u St
s an 1somorphism of categories. In other words, the square i\, in HC is universal
if and only if the morphism u of C is 2-universal.

Proof:  In this situation the assignment ' — [ HSF'] is a functor, namely
whiskering with u. Then the claim follows from the observation that the mor-
phism part of a functor is bijective if and only if the functor is an isomorphism
of categories. O

Proposition 4.3. The bijection in (4) is a natural transformation of functors
(5) D(k, =) = C(j,5-) -

Conversely, given k and j, any natural bijection of functors as in (5) arises in
this way from a unique square p € C(j, Sk) which is universal from j to S.

Proof: ~ The proof is very similar to that of [9, Proposition 1, page 59]. The
bijection is natural because

[ S8 A =1lu [S6 SY].
For the converse, let ¢: D(k,—) = C(j, S—) be a natural bijection, and define
= ¢p(il). The naturality diagram for ¢ and 3’ yields [ SB'] = ¢¢(3'), which
in turn implies that (4) is a bijection, since ¢, is a bijection. O
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For later use, we record the dual to Proposition 4.3 using the inverse bijection.

Proposition 4.4. Universal squares in C(Sk,j) from S: D — C to j are in
bijective correspondence with natural bijections

C(S—,j) =—=D(—,k) .

5. DOUBLE ADJUNCTIONS

In any 2-category K, there is a notion of adjunction. Namely, two 1-morphisms
f: A— Band g: B — Ain K are adjoint if there exist 2-cells n: 14 = gf
and €: fg = 1p satisfying the triangle identities. In particular, if we consider
adjunctions in the 2-category DblCaty, of small double categories, double func-
tors, and horizontal natural transformations, we arrive at the notion of horizontal
double adjunction in Definition 5.1. The 2-category DblCaty, is the same as the
2-category Cat(Cat) of internal categories in Cat, internal functors, and internal
natural transformations, so we may expect various characterizations of horizon-
tal double adjunctions in terms of universal arrows and bijections of hom-sets,
along the lines of Theorem 2 on page 83 of Mac Lane’s book [9]. The character-
izations of horizontal double adjunctions in Theorems 5.2 and 5.3 are the main
results of this section. In Section 8 we present a completely worked example of a
vertical double adjunction: the free and forgetful double functors between endo-
morphisms and monads in Span. This is an extension of the classical adjunction
between small directed graphs and small categories.

Definition 5.1. Let A and X be double categories. A horizontal double adjunc-
tion from X to A consists of double functors

(6) X A
G

and horizontal natural transformations
n: lx—=>GF
e: FG— 1A
such that the composites
G =L gra =<2 g
F=—=" pGF = F

are the respective identity horizontal natural transformations. In this case we
say F' and G are horizontal double adjoints and we write F' 4 G.



DOUBLE ADJUNCTIONS 13

A horizontal double adjunction from X to A is precisely an adjunction in the
2-category DblCat);, = Cat(Cat) from X to A. A wvertical double adjunction is an
adjunction in the 2-category DblCat,, which has objects small double categories,
morphisms double functors, and 2-cells vertical natural transformations. Our
convention is that a double adjunction is assumed to be horizontal when neither
“horizontal” nor “vertical” is written.

Theorem 5.2. A double adjunction F 4 G is completely determined by the items
i any one of the following lists.

(i) Double functors F', G as in (6) and a horizontal natural transformation
n: 1x = GF such that for each vertical morphism j in X, the square n;
is universal from j to G.

(ii) A double functor G as in (6) and functors

Fy: (Obj X, Ver X) —— (Obj A, Ver A)
n: (Obj X, Ver X) — (Hor X, Sq X)

such that for each vertical morphism j in X the square n; is of the form

X 25> GRX

]l 75 lGF()]

Y ? GFOY

and is universal from j to G. Then the double functor F is defined on
vertical arrows by Fy and on squares x by universality via the equation

[ns GEX] = [X -

(iii) Double functors F', G as in (6) and a horizontal natural transformation
e: F'G = 1, such that for each vertical morphism k in A, the square &
is universal from F to k.

(iv) A double functor F' as in (6) and functors

Go: (Obj A, Ver A) — (Obj X, Ver X)
e: (Obj A, Ver A) — (Hor A,Sq A)

such that for each vertical morphism k in A the square €y is of the form

FGoA —2> A

FGOk\L €k lk

FGOB?B

and is universal from F to k. Then the double functor G is defined
on vertical morphisms by Go and on squares o by universality via the
equation [FGa e14] = [esa @]
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(v) Double functors F', G as in (6) and a bijection
Soj,k : A<Fj7 k)HX(]v Gk)
natural in the vertical morphisms j and k and compatible with vertical
composition. Naturality here means natural isomorphism of functors
(Ver X, Sq X)°P x (Ver A,Sq A) — Set ,

and compatibility with vertical composition means

o([5)) =126

(vi) Double functors F, G as in (6) and a horizontal natural isomorphism
between the vertically lax double functors (parameterized presheaves)

A(F—,—): Xborop 5 A——Span’
X(—,G—): Xboror 5 A——Span’.
Proof: ~ We first prove Definition 5.1 is equivalent to (v), then we use this
equivalence to prove the other equivalences. In each equivalence, we omit the
proof that the two procedures are inverse to one another.

Definition 5.1 = (v). Suppose (F,G,n,¢) is a double adjunction. Then for any
square 7y of the form
jl . if

we have [; GFv| = [y n] by the horizontal naturality of . We define ¢;; and
@7k by
@ik(e) = [n; Ga
wiu(B) = [FB el
Then we have
pp B =p[FB &
=[n; GFB Ggy
= [0 ngr Gex] (by horizontal naturality)
= [ (by triangle identity)
and similarly ¢~ 'p(a) = a. Clearly ¢, is natural in j and k and compatible
with vertical composition, and we now have (F, G, ¢) as in (v).

(v) = Definition 5.1. From (F,G,¢) as in (v), we define horizontal natural
transformations by

nj = @(i}ﬁj)
en =0 (it,)-
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They are natural and satisfy the triangle identities by the same arguments as in
Mac Lane’s book [9, pages 81-82], and we obtain (F,G,n,¢) as in Definition 5.1.

(i) = (v). Suppose we have (F,G,n) as in (i). The universality of n; says that
(7) A(Fj, k) — X(4, Gk)
a———[n; Gaj

is a bijection. Clearly this bijection is natural in j and k, and compatible with
vertical composition, so we obtain (F, G, ¢) as in description (v).

(v) = (i). From the first part, we know that Definition 5.1 is equivalent to (v)
and that ¢;,(a) = [; Gal. This gives us F, G, and 1. The universality of 7;
then follows, because the map in (7) is equal to ¢, and is therefore bijective.

(i) = (ii). The data in (ii) are just a restriction of the data in (i).

(ii) = (i). The universality of 7; guarantees that for each square x in X there is
a unique square F'x such that [ns,, GFx| = [x 7/ This defines F' on squares
x in X, and we take F' to be F{ on the vertical morphisms of X. Then F' is a
double functor by the universality and the hypothesis that Fj and 7 are functors.
Finally, 7 is natural because of the defining equation [n,, GFx]| =[x 7l-

5.1 & (iii). The proof of the equivalence Definition 5.1 < (iii) is dual to the
proof the equivalence Definition 5.1 < (i).

(iii) < (iv). The proof of the equivalence (iii) < (iv) is dual to the proof of the
equivalence (i) < (ii).

(v) < (vi). This is just the definitions.

This completes the proof of the equivalence of Definition 5.1 with each of (i),
(i), (iii), (iv), (v), and (vi). O

See Section 8 for a completely worked example of a double adjunction in terms
of Theorem 5.2 (v). For a characterization of adjunctions between pseudo double
categories in terms of certain kinds of graphs, see Garner [8, Appendix A]. For a
discussion of framed adjunctions between framed bicategories, see Shulman [10,
Section 8§].

In ordinary 1-category theory, a functor F': A — X admits a right adjoint if
and only if each presheaf A(F—, A) is representable for each A. But for double
categories and double functors F': A — X, we must consider the representability
of the parameterized Span’-valued presheaf A(F—, —).

Theorem 5.3 (Characterization of horizontal left double adjoints in terms of
parameterized representability). Let F': X — A be a double functor. Then F
admits a horizontal right double adjoint if and only if the parameterized presheaf
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on X
A(F—,—): Xborop » ¥V, A — Span®
is represented by a double functor Go: V1A — X (see Definitions 3.1 and 3.7 as

well as Section 2). That is, the double functor F' admits a horizontal right double
adjoint if and only if for every vertical morphism k in A, the classical presheaf

A(F—k): (Ver X,Sq X)?——Set
15 representable in a way compatible with vertical composition.

Proof: ~ Suppose that a horizontal right double adjoint G exists. Then by
Theorem 5.2 (vi) the parameterized presheaves A(F—, —) and X(—, G—) are hor-
izontally naturally isomorphic as vertically lax functors on X"™P x A, so their
restrictions to X"™P x V; A are also horizontally naturally isomorphic. The dou-
ble functor Gy is simply the restriction of G. We have represented A(F'—, —) by
Gp.

In the other direction, suppose that the parameterized presheaf on X
A(F—,—): Xborop » ¥V, A — Span’
is representable by a double functor Gy: V;A — X, and let
p: A(F—, =) == X(=,Go—)

be a horizontally natural isomorphism between vertically lax functors. For verti-
cal morphisms (j, k), we then have an isomorphism of spans in Set.

©(s75,5"5)

A(Fs"j,s"7) X(s"j,Gos"j)

A(Fj,j) X(j; Goj)

ﬁi iﬁ

A(FtYj5,1°7) X(tg, Got"7) .

w(4,k)

(t°3,0°5)

Since V1A has no nontrivial horizontal morphisms or squares, the condition of
horizontal naturality in k is satisfied vacuously. So, essentially we have horizon-
tally natural bijections ¢(—, k): A(F—,k) = X(—,Gok), and these correspond
to universal squares from F' to k of the form

FGoA = 4

FGOk\L e(k) lk
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by Proposition 4.4. The assignments of €(A) and (k) to A and k form a functor
e: (Obj A, Ver A) —— (Hor X, Sq X)

because of the compatibility of ¢ with the vertical laxness of the parameterized
presheaves. Finally, the characterization in Theorem 5.2 (iv) tells us that Gy
extends to a right adjoint GG, defined on squares a using universality and the
equation [FGa e(t"a)] = [e(s"a) o]. O

6. COMPATIBILITY WITH FOLDINGS OR COFOLDINGS

Many double categories that arise in practice are equipped with additional
structures which make them easier to work with. In some instances, this extra
structure allows one to reduce questions about the double category to questions
about the horizontal 2-category. In this section we investigate to what extent
adjunctions in the 2-category of double categories with folding/cofolding can be
reduced to the horizontal 2-adjunction.

Extra structures on double categories have various equivalent formulations,
each with its own motivating point of view. Perhaps the earliest extra structure
on a double category is a connection pairin the sense of Brown—Spencer [4], which
was shown to be equivalent to thin structures by Brown—Mosa in [3]. The foldings
of Fiore in [6] are another structure on double categories, and these are equivalent
to connection pairs without assuming the horizontal and vertical 1-categories are
the same. Similarly, cofoldings are equivalent to coconnection pairs. Foldings and
cofoldings translate squares of a double category into 2-cells in the horizontal
2-category, in the same way that the quintet squares of Examples 6.1 and 6.7 are
2-cells in the horizontal 2-category.

Foldings and cofoldings are recalled in Definitions 6.2 and 6.8. They can also be
adapted to pseudo double categories, as was sketched in [6] for foldings. Pseudo
double categories with both folding and cofolding are essentially the same as
the framed bicategories of [10]. However, in this article we work with foldings
and cofoldings individually, rather than assuming a framing, because several im-
portant examples admit either a folding or a cofolding, but not both. This is
the case for the double categories of endomorphisms and monads, End(D) and
Mnd(D), in Section 7: if D admits a cofolding, then so do End(D) and Mnd (D)
in Proposition 7.5, but the analogous statement for foldings is not true.

Our results concerning double adjunctions between double categories with ex-
tra structure are summarized as follows. If F' and G are double functors between
double categories with foldings, and F' and G preserve the foldings, then F' and
G are horizontally double adjoint if and only if the horizontal 2-functors HF' and
HG are 2-adjoint, as we prove in Proposition 6.10. If we make an additional
assumption on the foldings, namely that their holonomies are fully faithful, then
a double functor F' preserving foldings admits a horizontal right double adjoint
if and only if F' admits a right adjoint in any other sense. That is, F' admits a
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horizontal right double adjoint if and only if the horizontal 2-functor HF' admits
a right 2-adjoint if and only if the vertical 2-functor V F' admits a right 2-adjoint
if and only if the double functor F' admits a vertical right double adjoint, as we
prove in Corollary 6.13. We have analogous statements for double categories with
cofoldings: Proposition 6.10 also holds for double categories with cofolding, and
Corollary 6.13 has its analogue in Corollary 6.16 for fully faithful coholonomies.

The holonomy is the part of a folding which translates vertical morphisms to
horizontal morphisms in a functorial way preserving source and target. Fully
faithfulness of the holonomy is a very strong assumption, as it implies that
the double category is isomorphic to the quintets QC for some 2-category C.
Most double categories are obviously not of the form QC. However, the idea for
Corollary 6.16 surprisingly also works for the forgetful double functor U':
Mnd(D) — End(D), even though the coholonomy is not fully faithful. We prove
in Theorem 9.5 that a double category D with cofolding admits the construction of
free monads horizontally if and only if its horizontal 2-category HD admits the
construction of free monads if and only if its vertical 2-category VID admits
the construction of free monads if and only if the double category D admits the
construction of free monads vertically.

We begin the detailed discussion of foldings with the example of quintets.

Example 6.1 (Quintets). A special double category associated to a 2-category C
is Ehresmann’s double category QC of quintets of C. Its objects are the objects
of C, horizontal and vertical morphisms are the morphisms of C, and the squares

A-1-p
il e |k
CT>D

are the 2-cells a: ko f = gojin C. The horizontal 2-category of QC is C. The
vertical 2-category of QC is C with the 2-cells reversed.

The double category QC is entirely determined by its horizontal 2-category.
Similarly, any double category with folding is determined by its vertical 1-category
and horizontal 2-category. Brown—Mosa’s notion of folding in [3] was extended
in [6] to non edge-symmmetric double categories.

Definition 6.2 (Definition 3.16 of [6]). A folding on a double category D consists
of the following.

(i) A 2-functor (—): (VD), — HD which is the identity on objects. In
other words, to each vertical morphism j: A — C, there is associated a
horizontal morphism j: A — C with the same domain and range in
a functorial way. We call this 2-functor j ~ j the holonomy, following the
terminology of Brown-Spencer in [4], who first distinguished the notion.
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(i) Bijections Ai’; from squares in D with boundary

f

(8) A B
J k
C D
to squares in D with boundary

f K
(9) A% p
A— D.

[7 4]

These bijections are required to satisfy the following axioms.

(i) A is the identity if j and k are vertical identity morphisms.
(ii) A preserves horizontal composition of squares, that is,

A (f1 f2 4 r

A I B f2 C [}, AB)]

Al a k B ¢ = A-lhke>F
D 7 g pe F [Ala) ig,
[ g1 g2

(iii) A preserves vertical composition of squares, that is,

f [f k1 ko

A B —
jl o4 k1 [A(O‘) 2%2]
A C —9—=D = A, gk)>F
jo B ks [z A
F A—— F.
E h ’ (1 Jo hl
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(iv) A preserves identity squares, that is,

A A A B
1 O N PR i
B B A———B

The notion of folding on a double category can be packaged succinctly as a
double functor A: D — QHD which is the identity on the horizontal 2-category
HD of D and is fully faithful on squares.

Example 6.3. The double category Span admits a folding. The holonomy is
. 1/1 .
(45c) — (A<—AAL>C)

and the folding is

1 kf1
A<l y g ATy " . p
e ] [
C 90 Z a1 D A pry AxpZ g10pTs D

Remark 6.4. If a double category D is equipped with a folding, then 2-cell com-
position in the vertical 2-category VI corresponds to 2-cell composition in the
horizontal 2-category HID. More precisely, if f1, f2, g1, g2 are identities in Defini-
tion 6.2 (ii), then [ @ (] is the vertical composition 8 ® « in the 2-category VD,
and compatibility with horizontal composition says A(f®a) = A(a) ©A(F). Con-
cerning vertical composition in the 2-category VD, if f, g, h in Definition 6.2 (iii),
then [g] is the horizontal composition G« in the 2-category VI, and A(f*xa) =

A(B) * Al«).

Definition 6.5. Let C and D be double categories with folding. A double functor
F: C — Dis compatible with the foldings if

F()=F(@) and  F(A%(a)) = A°(F(a))
for all vertical morphisms j and squares a in C.

Definition 6.6. Let I',G: C — D be morphisms of double categories with fold-
ing. A horizontal natural transformation 6: F = G is compatible with the foldings
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if for all vertical morphisms j in C the following equation holds.

9A [0A Gj]

FA GA FA GC

(10) A Fj 67 Gj = ia c7)
FC——GC FA————GC

(GF 6C]

A vertical natural transformation o: F = G is compatible with the foldings if for
all vertical morphisms j the following equation holds.

Fj [Fj oC]
FA FC FA GC

(11) Al oa oj e = "r5 ac)
GA — GC FA———GC

Gj [cA Gj]

Some double categories admit a cofolding rather than a folding, as the following
variant of Example 6.1 illustrates. In double adjunctions between double cate-
gories of monads and double categories of endomorphisms, cofoldings are more
relevant than foldings, because cofoldings produce a map from vertical monad
maps to horizontal monad maps.

Example 6.7. If C is a 2-category, let QC be the double category in which the
objects are the objects of C, the horizontal 1-category is the underlying 1-category
of C, the vertical 1-category is the opposite of the underlying 1-category of C,

A—1-B A—1-B
and the squares jopl o l ke are 2-cells of the form jT X Tk in C.
C T> D C T> D

The double category QC admits a cofolding in the following sense.

Definition 6.8. A cofolding on a double category D consists of the following.

(i) A 2-functor (—)*: (VD)y®? — HD which is the identity on objects. In
other words, to each vertical morphism j: A — C, there is associated
a horizontal morphism j*: ¢ — A in a functorial way. We call the
2-functor j — j* the coholonomy.



22 T. M. FIORE, N. GAMBINO, AND J. KOCK

(i) Bijections Aj-i ’; from squares in I with boundary

(12) A—1.p
J k
C—5—=D

to squares in D with boundary

.
(13) o2 p

C ———B.

lg k]
These bijections are required to satisfy the following axioms.

(i) A is the identity if j and k are vertical identity morphisms.
(ii) A preserves horizontal composition of squares, that is,

D U™ f1 f2] c
A—Dr gt ¢ AG@) ]

Al o k B ‘ = D-n ¥ fol=C
D— g > F 5, A@)]
l91 g2 £7]

(iii) A preserves vertical composition of squares, that is,

Ji

J2

A

I .B
«a k1
9—=D
B8 k2
h F,

s it
it A

E Ui 9 k1> B
(@) i3]

[ k3 k1] B
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(iv) A preserves identity squares, that is,

A=————A B A
A j i J = i
B B B A.

Example 6.9. The double category Span admits a cofolding. The coholonomy
is

. . h
(45c) — (cﬂ_AiA)
The cofolding is similar to the folding described in Example 6.3.

If two given double functors F' and G are compatible with the foldings (re-
spectively cofoldings), then one can reduce the question of horizontal double
adjointness to the question of 2-adjointness for the underlying 2-functors HF'
and HG.

Proposition 6.10. Let A and X be double categories with folding (respectively
cofolding) and consider double functors F and G compatible with the foldings
(respectively cofoldings).

(14) X A
\_/
G
Then F and G are horizontal double adjoints if and only if their horizontal

2-functors HE' and HG are 2-adjoints.

Proof:  If F and G are double adjoints, then HF' and HG are 2-adjoints, since
the 2-functor H: DblCat; — 2-Cat preserves adjoints, as does any 2-functor.

For the converse, suppose that F' and G are compatible with the foldings and
vxa: HA(FX,A) — HX(X,GA) is a natural isomorphism of categories. For
vertical morphisms j and k£ in X and A respectively, we define a bijection

ik A(Fy, k)—X(j, Gk)

tar) &
eirl) = (M) oo (AFE (@)
Here f' and ¢! are the transposes of the horizontal morphisms f and ¢ with
respect to the underlying 1-adjunction. The naturality of px 4 guarantees that
the boundaries are correct.
The bijection ¢, is compatible with vertical composition for the following
reasons:
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(i) px.a is compatible with the vertical composition of 2-cells in HX and
HA
(ii) the isomorphism ¢y 4 is natural in X and A, and
(iii) the foldings are compatible with vertical composition as in Definition
6.2 (iii).
The naturality of ¢, in j and k similarly follows from (i) and (ii) above, and
the compatibility of the foldings with horizontal composition in Definition 6.2 (ii).
These natural bijections ¢;; compatible with vertical composition are equiva-
lent to a unit 7 and counit € in a double adjunction by Theorem 5.2 (v), so we
are finished.
The analogous proof works for the cofolding claim. O

Remark 6.11. In Proposition 6.10, note that the horizontal natural transfor-
mations 77 and ¢ which make F' and G into horizontal double adjoints are not
required to be compatible with the foldings, though if  and ¢ exist, they can
be replaced by horizontal natural transformations compatible with the foldings.

Note also that the holonomy (respectively coholonomy) is not required to be fully
faithful.

Proposition 6.10 allows us to draw conclusions about double adjointness when
both double functors F' and G are already given, and are compatible with the
foldings. It would be more desirable to have a statement reducing the existence
of a horizontal right double adjoint for a given double functor F' (compatible with
foldings) to the existence of a right 2-adjoint for HF', without referencing G at
the outset. For such a statement, we need the strengthened hypothesis that the
holonomy is fully faithful. The result is Corollary 6.13, which says that F' admits
a horizontal right double adjoint if and only if HF' admits a right 2-adjoint, and
this occurs if and only if the analogous vertical statements hold. To prove this,
we use the 2-fully faithfulness of H and V in Proposition 6.12.

Let DblCatFoldHol,, denote the 2-category of small double categories with
folding and fully faithful holonomy, double functors compatible with foldings, and
horizontal natural transformations compatible with folding (see Definitions 6.2,
6.5, and 6.6). Let DblCatFoldHol, denote the 2-category of small double cate-
gories with folding and fully faithful holonomy, double functors compatible with
foldings, and vertical natural transformations compatible with folding (see Defi-
nitions 6.2, 6.5, and 6.6).

Proposition 6.12. The forgetful 2-functors
(15) H: DblCatFoldHol,, — 2Cat

(16) V: DblCatFoldHol, — 2Cat
are 2-fully faithful.
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Proof: ~ Suppose F,G: C — D are double functors compatible with foldings,
and in particular compatible with the fully faithful holonomy, and suppose HF' =
HG. Then the double functors F' and G agree on the horizontal 2-categories. If j
is a vertical morphism in C, then F(j) = F(5) = G(j) = G(j), and F(j) = G(j).
The double functors F' and G similarly agree on squares because of the folding
bijections. Conversely, if a 2-functor is defined on horizontal 2-categories, then
it can be extended to the double categories using the bijective holonomy and
then the foldings. Thus H in (15) and V in (16) are bijective on the objects of
hom-categories.

Similar arguments hold for injectivity on horizontal respectively vertical natu-
ral transformations.

For surjectivity of (15) on 2-natural transformations, suppose §: HF = HG is
a 2-natural transformation. We extend 6 to a horizontal natural transformation:
for a vertical morphism j in C, define 67 by equation (10). Then A(0k) = 27[’

0B Gk |
and A(0j) = ZT 04 7] and the equation
(a7) iy A(OF) iny, AGa)
A(Fa)  ige A7) g,

holds by 2-naturality. The double naturality [ Fa 0k | = [6j Ga | requirement
for 6 then follows from an application of A~ to (17).

For surjectivity of (16) on 2-natural transformations, suppose o: VF = VG
is a 2-natural transformation. We extend o to a vertical natural transformation:
for any horizontal morphism j in C, define oj by equation (11). Recall that the
holonomy is fully faithful, so any horizontal morphism is of the form 5 for a unique
vertical morphism j. Another consequence of the fully faithful holonomy, and
compatibility with horizontal composition of 2-cells in the vertical 2-category in
Remark 6.4, is that the holonomy and folding transform 2-natural transformations
VI = V(G into 2-natural transformations HF' = HG. With this fact, the proof
for surjectivity of (16) on 2-natural transformations proceeds like that of (15). O

Corollary 6.13. Let A and X be double categories with folding and fully faithful
holonomies. Let F': X — A be a double functor compatible with the foldings.
Then the following are equivalent.

(i) The double functor F admits a horizontal right double adjoint (not nec-
essarily compatible with the foldings).
(i) The 2-functor HF: HX — HA admits a right 2-adjoint.
(iii) The double functor F admits a vertical right double adjoint (not neces-
sarily compatible with the foldings).
(iv) The 2-functor VF: VX — VA admits a right 2-adjoint.

Proof: By Proposition 6.12, the 2-functor H in (15) is 2-fully faithful, so F’
admits a horizontal right double adjoint compatible with the foldings if and only
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if HF admits a right 2-adjoint. But if F' admits a horizontal right double adjoint
G not necessarily compatible with the foldings, then HG is still a right 2-adjoint
to HF', and Proposition 6.12 applies to extend the 2-adjunction HF 4 HG to a
horizontal double adjunction with left horizontal double adjoint F'. Thus (i)<(ii)
and similarly (iii)<(iv).

To complete the proof, we observe (ii) < (iv), because the fully faithful ho-
lonomy and folding provide a 1-1 correspondence between 2-natural transforma-
tions VF} = V F; and 2-natural transformations HF; = HF5, see Remark 6.4. [

Example 6.14. The double category of quintets QC in Example 6.1 admits a
fully faithful holonomy. Let F': C — D be a 2-functor. Then the double functor
QF: QC — QD admits a horizontal right double adjoint if only if ' admits a
right 2-adjoint if and only if QF" admits a vertical right double adjoint if and only
if VQF = F admits a right 2-adjoint.

We also state the analogues of Proposition 6.12 and Corollary 6.13 for double
categories with cofoldings and fully faithful coholonomies. The coholonomy is
contravariant, so the horizontal and vertical double adjunctions go in the opposite
directions in Corollary 6.16.

Let DblCatCoFoldCoHol,, denote the 2-category of small double categories
with cofolding and fully faithful coholonomy, double functors compatible with
cofoldings, and horizontal natural transformations compatible with cofolding (see
Definition 6.8 and consider the cofolding analogues of Definitions 6.5 and 6.6).
Let DblCatCoFoldCoHol, denote the 2-category of small double categories
with cofolding and fully faithful coholonomy, double functors compatible with
cofoldings, and vertical natural transformations compatible with cofolding (see
Definition 6.8 and consider the cofolding analogues of Definitions 6.5 and 6.6).

Proposition 6.15. The forgetful 2-functors
(18) H: DblCatCoFoldCoHol, — 2Cat

(19) V: DblCatCoFoldCoHol,*” — 2Cat
are 2-fully faithful.

Corollary 6.16. Let A and X be double categories with cofolding and fully faithful
coholonomies. Let F': X — A be a double functor compatible with the cofoldings.
Then the following are equivalent.

(i) The double functor F' admits a horizontal right double adjoint (not nec-
essarily compatible with the cofoldings).
(i) The 2-functor HF: HX — HA admits a right 2-adjoint.
(iii) The double functor F' admits a vertical left double adjoint (not necessarily
compatible with the cofoldings).
(iv) The 2-functor VF: VX — VA admits a left 2-adjoint.
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Example 6.17. The quintet variant QC in Example 6.7 admits a fully faith-
ful coholonomy. Let F': C — D be a 2-functor. Then the double functor
QF: QC — QD admits a horizontal right double adjoint if and only if F admits
a right 2-adjoint if and only if QF admits a vertical left double adjoint if and
only if VQF = F° admits a left 2-adjoint.

7. ENDOMORPHISMS AND MONADS IN A DOUBLE CATEGORY

One of the goals of this paper is to simultaneously remove several hypotheses
from the main theorem of [7] and strengthen its conclusion to obtain Theorem 9.5
of this paper, which says that if a double category D with cofolding admits the
construction of free monads in its horizontal 2-category, then D admits the con-
struction of free monads in every other sense. Towards that goal, we prove in
this section a cofolding on D induces a cofolding on the double categories End(D)
and Mnd(D) of endomorphisms and monads in D, see [7, Definitions 2.3 and 2.4].
We also give examples of End(ID) and Mnd(DD) in the case that D is the double
category of quintets. Another goal of this paper is Theorem 10.3, the characteri-
zation of the existence of Eilenberg—Moore objects in a double category in terms
of representability of certain parameterized presheaves. For that we also need an
understanding of the double category Mnd(ID).

Example 7.1 (Endomorphisms in Quintets). To a 2-category C, we may as-
sociate two possible 2-categories of endomorphisms, depending on the choice
of 2-cell direction in the notion of endomorphism map. The double category
End(QC) contains both of these 2-categories in the following way (recall the
double category of quintets QC from Example 6.1). The objects of End(QC) are
the endomorphisms in C, while a horizontal morphism (F,¢): (X, P) — (Y, Q)
is a traditional endomorphism map in C, that is, a morphism F': X — Y in C
equipped with a 2-cell ¢: QF = FP. A vertical endomorphism map, on the
other hand, is a morphism in C equipped with a 2-cell in the opposite direction
as ¢. Squares with vertically trivial boundaries or horizontally trivial boundaries
are the 2-cells in the two possible 2-categories of endomorphisms in C.

Example 7.2. On the other hand, for the quintet variant QC in Example 6.7,
the objects of End(QC) are the endomorphisms in C, and the horizontal mor-
phisms in End(QC) are the traditional endomorphism maps in C. The vertical
1-category of End(QC) is the opposite of the category of endomorphisms in C
and traditional endomorphism maps.

Example 7.3 (Monads in Quintets). To a 2-category C, we may associate two
possible 2-categories of monads, depending on the choice of 2-cell direction in
the notion of monad map. The double category Mnd(QC) contains both of
these 2-categories in the following way (recall the double category of quintets
QC from Example 6.1). The objects of Mind(QC) are the monads in C, while a
horizontal morphism (F,¢): (X, P) — (Y,Q) is a traditional monad map in C,
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that is, a morphism F': X — Y equipped with a 2-cell ¢: QF = F P compatible
with the monad structure maps. A vertical endomorphism map, on the other
hand, is a morphism equipped with a 2-cell in the opposite direction as ¢ and
also compatible with the monad structure maps. Squares with vertically trivial
boundaries or horizontally trivial boundaries are the 2-cells in the two possible
2-categories of monads in C.

Example 7.4. On the other hand, for the quintet variant QC in Example 6.7, the
objects of Mind(QC) are the monads in C, the horizontal morphisms in Mnd(QC)
are the traditional monad maps in C. The vertical 1-category of Mnd(QC) is
the opposite of the category of the monads and traditional monad maps in C.

We now turn to the main point of this section: a cofolding on ID induces a
cofolding on Mnd(D) and End(D).

Proposition 7.5. If (D, A?) is a double category with cofolding (Definition 6.8),
then the double categories Mnd(D) and End(D) inherit cofoldings from D and
the forgetful double functor U: Mnd(D) — End(D) preserves them. The co-
holonomies and cofoldings are defined as in (i).

(i) (a) If (u,u): (X, P) — (X', P') is a vertical endomorphism map, then
the corresponding horizontal endomorphism map (u,u)* under the
coholonomy s

(u*, A®()): (X', P) — (X, P).

(b) If o is an endomorphism square, then the corresponding endomor-
phism 2-cell is the D-cofolding of o, namely AP(«).
(ii) The assignments in (i) are compatible with vertical monad maps and
monad squares:
(a) If (X, P) and (X', P") are monads, and (u,u) is vertical monad map,
then (u,u)* = (u*, AP(@)) is a horizontal monad map.
(b) If  is a monad square, then A®(«) is a monad 2-cell.
(iii) Moreover, if u: X — X' is a fized vertical morphism in D, then

(u, @) = (u", Aw))

is a bijection between vertical endomorphism maps (X, P) — (X', P’)
with underlying vertical morphism u and horizontal endomorphism maps
(X', P") — (X, P) with underlying horizontal morphism u*. If (X, P)
and (X', P") are monads, we have a similar one-to-one correspondence
between vertical monad maps with underlying morphism u and horizontal
monad maps with underlying morphism u*.

(iv) If the coholonomy on D is fully faithful, then the coholonomies on Mnd(DD)
and End(D) are also fully faithful.

Compare with [7, Lemma 3.4].
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Proof:  Statement (i) defines a coholonomy and cofolding by the functoriality
of the coholonomy on D and the compatibility of A® with horizontal and vertical
composition of squares. Compatibility with monad structure maps in (ii)(a) also
follows from the compatibility of A® with horizontal and vertical composition of
squares. The bijection in (iii) for a fixed vertical morphism u (and hence also
fixed u*) follows from the bijectivity of the cofolding. Statement (iv) clearly
follows from the definitions in (i) using the assumed fully faithfulness of the
coholonomy on ID and the bijectivity of the cofolding AP. O

It is worth pointing out that Statement (iii) does not say the coholonomies
in End(D) and Mnd(D) are fully faithful. Rather, Statement (iii) says if w is
a fized vertical morphism in D, then we have the indicated bijections. Though
Statement (iii) is weaker than fully faithfulness of the coholonomies, it does allow
us to make strong conclusions. For example, Statement (iii) will be used many
times in the proof of Theorem 9.5.

8. EXAMPLE: ENDOMORPHISMS AND MONADS IN Span

Our next topic is a detailed example which illustrates the local description of
double adjunctions in Theorem 5.2 (v), makes concrete the double categories
of endomorphisms and monads in Section 7, and motivates Theorem 9.5 on free
monads. We consider the double category Span in which objects are small sets,
horizontal morphisms are spans, vertical morphisms are functions, and squares
are span morphisms, and we consider the forgetful-free vertical double adjunction

(20) End(Span) L Mnd(Span).

Though the double categories End(Span) and Mnd(Span) are horizontally weak
(horizontally they are bicategories), the double functors F' and G strictly preserve
all compositions and units. The 1-adjunction

Free

. T
DirGraph 1 Cat
-
Forget

is the vertical 1-category part of (20).

Remark 8.1. Since the double adjunction (20) is vertical rather than horizontal,
we use the transpose of the characterizations in Theorem 5.2. We cannot simply
transpose the double categories and double functors in (20) in order to apply the
non-transposed Theorem 5.2, because our notions of monads in a double category
and their various morphisms prefer the horizontal direction as distinguished.
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We begin by spelling out the double categories End(Span) and Mnd(Span)
recalled in Section 7. Objects and vertical morphisms of End(Span) are directed
graphs Gy < G; — Gy and morphisms of directed graphs. A horizontal mor-
phism (U, ¢): G, — G’ in End(Span) is a span U: Gy «— U; — G} equipped
with a chosen (not necessarily bijective) function ¢: Uy X¢g Gy — G1 Xg, U,
namely a square in Span as below.

(21) Go~——Uj —= Gy ~—— G a

Go<~—G1—= Go~——U; —= G,

Horizontal composition of horizontal morphisms is by pullback. The associated
¢-part of the composite is the vertical composition of the following squares.

(22) Gy Uy e Vi Go GY Go
Gy Uy 0 G G Vi Gy
Go Gl GO U1 6 ‘/1 Gg .

A square in End(Span)

(23) G, Y-

is a square in Span

Hy~—V, — H}

such that the cube with ¢ on top and ¢ on bottom commutes. Horizontal and
vertical composition of squares in End(Span) are the horizontal and vertical com-
positions of the underlying squares in Span, for example, horizontal composition
is defined via pullback.

The other double category in the adjunction (20), namely Mnd(Span), is the
double category of monads in the double category of spans. Objects and vertical
morphisms are categories and functors. The horizontal morphisms of Mnd(Span)
are the same as Street’s morphisms of monads in a 2-category [12]. Namely, a
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horizontal monad morphism U: C, — D, is a span Cy « U; — Dy and a square
in Span

C’0 Ul DO D1 DO
¢>
Co 01 C() Ul DO

such that [ 5 ]
1UU n :| C qu
[ ¢ [ U ]
and
1Y v
1v ’ o . {[1[] /LD]}
C — .
,U’C 1v ¢
In other words, we have a function ¢: U; xp, D1 — C} X¢, Uy such that
(24> ¢(U, ]-tu> = (]-suu U)
for all v € U; and
(25) ¢° (0" (u, d),d') 0 ¢ (u,d) = ¢ (u,d o d)
(26) ¢" (9" (u,d),d') = ¢" (u,d' o d).

Note that if D and K have just one object, then equation (26) and the unit
equation (24) essentially say ¢V defines a left monoid action of D; on U;. Hor-
izontal composition of horizontal morphisms in Mnd(Span) is by pullback, and
the ¢-parts compose as in equation (22).

Remark 8.2. One way to think of ¢ is as an assignment that converts a path

clU; €Dy
_—

—_—

to a path
eCy elUy

in a way compatible with unit and composition.
Returning to the description of Mind(Span), a square

(27) A Y% g,

(JLJO)l o J/(Kl,K())

[

V)

* *

in Mnd(Span) is a square « in Span such that

{[ Jfboz]] - {[ale q’
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in other words

(J1(6" (u,0)), a(¢” (u, b)) = (¥ (a(u), K(b)), ¥ (a(u), K (D).

Now that we understand the double categories in (20), we next turn to the
double functors F' and G. On objects and vertical morphisms (that is, on directed
graphs and their morphisms), F' is the free category functor. On a horizontal
morphism (U, ¢): G, — G, in End(Span) as in (21), we have F(U); := U;.
The function ¢ extends to F(¢) by Remark 8.2 and the fact that morphisms
in the free category on a (non-reflexive) graph are paths of edges. On F(U); x ¢y
G, the function F'(¢) is simply ¢. On F(U); X, F(G))1, the function F(¢) is
defined by moving the element of U; across the path, one edge at a time using ¢.

For example,
U g h

#C (u,g) oY (u,g) h

Gu7 GUU7 ,h UUu7 ,h
(28) #“ (u,9) #C (9" (u,9),h) 7 (9" (u,9),h)

which is the same as below.

u hog

qu(u,hog) Y (u,hog)

(29)

The equality of (28) and (29) shows that F(¢) satisfies the composition rules in
(25) and (26) by definition. Similarly, (24) holds by definition and the fact that
our directed graphs are non-reflexive. Concerning the definition of F' on squares,
the double functor F' takes a square « in End(Span) as in (23) to the square
Foa in Mind(Span) as in (27) which has the same middle function U; — V; as
a, but the left and right vertical morphisms are the unique functors on the free
categories that extend the directed graph morphisms on the left and right of «.
For this reason, F' clearly preserves vertical composition of vertical morphisms
and squares. It also preserves horizontal composition because the horizontal
composition in both double categories is defined via pullback. Also the ¢ part of
F(VoU) is the appropriate composite of the ¢-parts of U and V' by an inductive
verification using the “switching” point of view on ¢ as just discussed. Thus F
is a strict double functor.

The double functor G is easy to describe: it is simply the forgetful double
functor, and is therefore clearly a strict double functor.

We use the transposition of the local description of double adjunctions in The-
orem 5.2 (v) to prove that I 4 G as a vertical double adjunction. To simplify
our work with the transposed characterization, we introduce the notations

Mnd(Span) (FVU) and  End(Span) (GUV)



DOUBLE ADJUNCTIONS 33

to mean the set of squares in Mnd(Span) with vertical source FU and vertical
target V', and the set of squares in End(Span) with vertical source U and vertical
target GV. This notation is the transpose of the notation in equation (1). We
define a bijection

(30) ¢%: Mnd(Span) (FVU) —— [End(Span) (GUV>
Fa, %9 pp, A, B,
J a K F—>  Js Orres Kres

that is compatible with horizontal composition. The index res means restriction:
the maps J,s and K, are the restrictions of the functors J and K to the directed
graphs A, and B,, while o, has the same exact middle function U; — V; as «
does. The square o, is restricted only in the sense that its horizontal source and
target are restricted. Since the middle function of « is the same as that of ag,

the function ¥ is manifestly injective. If o’ is a square in End(Span) GUV>’
then we use the bijection J < J, to find the horizontal source and target of
(©¥)7 ('), and define the middle function of (©¥)~(a’) to be that of /. This
proves the surjectivity of .

To see that ([« B]) = [ w(a) ¢(B) ], one only needs to observe that (a X g,
Bres 18 the same as ayeg X (Kres)o Dres because the diagrams, from which we are

res

forming the pullbacks, are exactly the same. Namely,

(FA)o<—F(U)y — (FB.)o =— F(W)1 — (FH.)

RN

CO VYI DO Xl DO

is exactly the same as

Ao U By Wi H,

(Jres)()l aresl/ l(Kres)O lﬁres l(Lres)O

(GC)o <— (GV)1 — (GD,)o <— (GX)1 — (GD.)o.

It only remains to check the naturality of ¢¥ in U and V, but that is similar
to the naturality of the ordinary free category functor-forgetful functor adjunc-
tion, the only difference is that here we use vertical pre- and post-composition of
squares.
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In summary, the bijection ¢{ in (30) is compatible with horizontal composition
and natural in the horizontal morphisms U and V', so F' 4 G in (20) is a vertical
double adjunction by Theorem 5.2 (v).

Another important example is the horizontal double adjunction between the
“underlying” and the inclusion double functor

Und
/’"’—“—‘\

Mnd(D) 1+ D.
s\._.,/
Incp
The inclusion double functor Incp always admits Und as a horizontal left double
adjoint, but Incp may or may not admit a right double adjoint. When Incp admits
a horizontal right double adjoint, we say that D admits Filenberg—Moore objects.
We will return to this topic in Section 10. Next we consider double adjoints to

the forgetful double functor from monads in D to endomorphisms in D.

9. FREE MONADS IN DOUBLE CATEGORIES WITH COFOLDING

In this section we remove several hypotheses from the main theorem of [7]
and strengthen its conclusion to obtain Theorem 9.5, which says that if a double
category D with cofolding admits the construction of free monads in its horizontal
2-category, then D admits the construction of free monads in every other sense.
We first recall free monads on endomorphisms in a 2-category.

Definition 9.1. Let K be a 2-category. We say K admits the construction of free
monads if either of the two following equivalent conditions hold.

(i) For every endomorphism (Y, Q) there exists a monad (Y, Q") and a
2-cell ¢: @ — Q™ in K such that the endomorphism map (ly,:q):
(Y, Q%) — (Y, Q) is universal in the sense that for every monad (X, P),
post-composition with (1y,tp) induces an isomorphism of categories

freeyy (1Y @)oU(=)
MndlC((Xv P)a(KQ ))4>EndlC(U(X7 P),(Y,Q)),
where U: Mnd(K) — End(K) is the forgetful 2-functor.

(ii) The forgetful functor U: Mnd(K) — End(K) admits a right 2-adjoint
R: End(K) — Mnd(K) with a counit ¢ such that the underlying mor-
phism in K of each counit component ey,qy: UR(Y,Q) — (Y, Q) is 1y.

Remark 9.2. Definition 9.1 is due to Staton [11, Theorem 6.1.5] in the case
K = Cat, and is treated in general in our first paper [7, Theorem 1.1]. The
reason Definition 9.1 requires a right adjoint to the forgetful functor (as opposed
to an expected left adjoint) is the choice of the direction of 2-cell in the definition
of endomorphism map and monad map, as we now explain. This right adjoint
restricts to a left adjoint when we consider monads and endomorphisms on a fixed
object Y.
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Consider a fixed object Y of the 2-category K. The category of endomorphisms
on Y, denoted End(Y’), has objects endomorphisms on Y. The morphisms in
End(Y) are endomorphism maps with underlying morphism the identity on Y,
that is, endomorphism maps of the form (1y,¢): (Y,@Q1) — (Y, Q2). We follow
the convention of Street [12] for the 2-cell ¢, namely ¢: Q21y — 1y Q. There
are no compatibility requirements on ¢. The category of monads on Y, denoted
Mnd(Y'), has objects monads on Y. The morphisms in Mnd(Y") are monad maps
with underlying morphism the identity on Y, that is, morphisms are monad maps
of the form (1y,): (Y, M;) — (Y, M3). Again, we follow Street’s convention in
[12] for the 2-cell ¥, namely ¢ : Myly — 1y M;. The 2-cell 9 is required to be
compatible with the unit and multiplication of the monads M; and M.

The variance in Definition 9.1 restricts to the expected one for monads on the
fixed object Y, that is, the 2-category IC is said to admit the construction of
free monads on Y if the forgetful functor Uy : Mnd(Y) — End(Y) admits a left
adjoint. If IC admits the construction of free monads in the sense of Definition 9.1,
then K admits the construction of free monads on each object Y.

Remark 9.3. In Definition 9.1 (i), the isomorphism of categories commutes with
the evident forgetful functors

R

Mnd(K)((X, P), (Y, Q%)) End(K)(U (X, P),(Y,Q))

\/

K(X,Y),

since the underlying morphisms and 2-cells in K are composed with (whiskered
Wlth) 1y.

We refine [7, Definition 2.8] to the more stringent Definition 9.4. In Theo-
rem 9.5 we then prove that if a double category D with cofolding admits the
construction of free monads in its horizontal 2-category, then the horizontal
2-adjunction extends to a horizontal double adjunction as well as a vertical double
adjunction, and D admits the construction of free monads as a double category.

Definition 9.4. A double category D is said to admit the construction of free
monads if the forgetful double functor U: Mnd(D) — End(D) admits a vertical
left double adjoint R with a unit 7 such that the underlying vertical morphism
in D of each unit component ny,gy: (Y,Q) — UR(Y,Q) is 1}

Theorem 9.5 (Reduction of construction of free monads to horizontal 2-cate-
gory). Let D be a double category with cofolding A. If the horizontal 2-category
of D admits the construction of free monads in the sense of Definition 9.1, then
the double category D admits the construction of free monads in the sense of
Definition 9.4.

More precisely, suppose that the horizontal 2-category of D admits the con-
struction of free monads in the sense of Definition 9.1, that is, the forgetful
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2-functor HU admits a right 2-adjoint R such that the counit components of the
2-adjunction are of the form e.q) = (1%,10). Then the following hold.

(i) The 2-adjunction

HU
—_— T

HMnd(D) 1+  HEnd(D)

R

i Definition 9.1 extends to a horizontal double adjunction. In particular,
R extends to a double functor, also called R. The double functor R is a
horizontal right double adjoint to U.

(ii) The double functor R is a vertical left double adjoint to U, and the com-
ponents of the unit are ny,g) = (1v, tq)-

(iii) We have a 2-adjunction

VR
—

VEnd(D) 1+ VMnd(D).
Tvo

Proof: ~ The coholonomies and cofoldings on End(D) and Mnd(ID) inherited
from D in Proposition 7.5 will be used throughout. Suppose that the horizontal
2-category of D admits the construction of free monads in the sense of Defini-
tion 9.1.

(i) To extend R to a double functor, we use the cofoldings on End(D) and Mnd (D)
and the crucial fact that the underlying morphism of the counit is the iden-
tity morphism. The 2-functor R is defined on (horizontal) endomorphism maps
(F,¢): (X,P)— (Y,Q) and endomorphism 2-cells a: (Fy, ¢1) = (Fz, ¢2) by the
equations

(31) [UR(F,¢) (1y, Q)] = [ (1x,tp) (F,9)]

(32) URQ iy, 0] = [ifigam @]

If (u,u) is a vertical endomorphism map, then R(u*, A(w)) =: (Ru*, RA(1)) is
defined by (31). We see from (31) that the underlying horizontal morphism of Ru*
is u*, so by Proposition 7.5 (iii) we may apply A~! to RA(u) to obtain R(u,u) :=
(u, A"'RA(w)) with underlying vertical morphism u. A similar argument using
equation (32) defines R on squares of End(ID).

By construction, the double functors R and U are compatible with the cofold-
ings, so the 2-adjunction HU 4 HR extends to a horizontal double adjunction
by Proposition 6.10.

(ii) We prove that R is a vertical left double adjoint to U: Mnd(D) — End(D)
using the vertical version of Theorem 5.2 (ii), which requires functors

Ry: (Obj End(D), Hor End(D)) — (Obj Mnd(D), Hor Mnd(DD))
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n: (Obj End(D), Hor End(D)) — (Ver End(D), Sq End(DD))

such that for each horizontal morphism (F,¢) in End(DD) the square 1) is of
the form
(F,9)

(X, P) Y. Q)
N(x,P) l N(F,¢) ln(Y,Q)
URy(X, P) em UR(Y, Q)

and is universal from (F, ¢) to U.

We define Ry as the horizontal 1-adjoint already present, namely Ro(X, P) :=
(X, Py and Ro(F,¢): (X, P™) — (Y, Q") is the unique (horizontal) monad
morphism such that (1y,tg) c URy(F, ¢) = (F,¢) o (1x,tp).

The functor n on objects is 1x.p) = (1%, (AD)_1 (tp)) = (1%, tp). Here AP is
the cofolding on D, and we are using Proposition 7.5 (i) and (iii), and the fact
that (1%)* = 1%. For a horizontal endomorphism map (F, @), we define np4) to

be (A]End(m’))_1 of the vertical identity square

1h N ,
ULo(X, P) —<" _ (x,p) — 9 (v,
ULo(X, P) WULO(Y’ Q) (hro) (Y, Q)

in End(D).
For the universality of 7y,g) concerning vertical morphisms, we must prove for
each endomorphism (Y, @) and each monad (X, P) that

U(=)o(1y @)

VerMnd(D) (Y, eree), (X, P)) VerEnd(D) ((Y, Q), U(X, P))

is a bijection. For injectivity, if U(u,@)o (1Y, tq) = U(v,7) o (1}, 1), then u = v,
and the coholonomy on End(DD) gives us

(1%, Q) o U(uw', A(@)) = (1%, 1q) o U(v", A(0)),

so A(u) = A(v) by horizontal universality of (1%, 1g). Finally, u = v by Proposi-
tion 7.5 (iii). For surjectivity, if (w,w): (Y, Q) — U(X, P) is a vertical endomor-
phism map, the horizontal universality of (1%, 1o) guarantees a horizontal monad
map (F,¢): (X, P) — (Y, Q") such that (1%,1g) o U(F, ¢) = (w*, A(w)). Then
F = w*, and we may take (u,u) = (w,A" ([ ¢ 1o ]) so that U(u,@) o (1%, 19) =
(w,w), again by Proposition 7.5 (iii).

We next prove that the square 7r4) is vertically universal, that is, the map

(33) Mnd(D) (]?%(F gf))) — - End(D) <U((];¢35>>
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6 P |:77;]F’5):|

is a bijection (recall Definition 4.1.). The notation Mnd(D) (T%,Féf))) indi-

cates the set of monad squares with top horizontal arrow Ry(F,¢) and bottom

horizontal arrow (F’,¢'). The notation End(D) (U((Z;’¢<)é’)) indicates the set of

endomorphism squares with top horizontal arrow (F,¢) and bottom horizontal
arrow U(F", ¢').

Since we have already checked the universality of 7(y,g) with respect to vertical
morphisms, and since squares with distinct vertical arrows are distinct, it suffices
to prove a bijection for monad squares which additionally have the left and right
vertical arrows fixed, so we consider monad squares of the form

Ro(F,$)
(X, P) ===y, Qfree)

(uﬂ_") \L B i (U,ﬁ)
X P)—— (Y, Q).
( ? ) (Fl7¢/) ( ? Q )
We factor the map in (33) (for fixed (u, u) and (v, v)), into a sequence of bijections.

B ARIO) ()
o [UNOE) it ]

z’(’u’ﬂ)* 1’
N {7 AMnd(D) (B) @

(1Y 7LQ)
T(F,9)
H[Uﬁy

The last bijection is (A"d(®))~1 and relies on the fact that U is compatible with
the cofoldings AM"(P) and AEnd®),

(iii) The 2-adjunction VR - VU follows from the vertical double adjunction in
(ii). O

10. EXISTENCE OF EILENBERG-MOORE OBJECTS

In Street’s article [12], a 2-category C is said to admit the construction of al-
gebras if the inclusion 2-functor Incc: C — Mnd(C) admits a right 2-adjoint
Alge: Mnd(C) — C. Synonymously, we say C admits Eilenberg—Moore objects.
For a monad (X,S) in C, the object Algs(X,S) is denoted X?.
A right 2-adjoint Alge exists if and only if for each monad (X, .S), the presheaf
Mndc (Incg—, (X, .9)) is representable. The representing object is then X*.



DOUBLE ADJUNCTIONS 39

The situation for monads in a double category 1D is more subtle, as repre-
sentability of the individual presheaves Mndp (Incp(—), (X, .S)) does not suffice,
and we must consider parameterized presheaves.

Definition 10.1. Let D be a double category and let Incp: D — Mnd(D),
I — (1,id;) be the inclusion double functor. We say that the double category D
admits Eilenberg—Moore objects if Incp admits a horizontal right double adjoint.

Remark 10.2. To an object I and a monad (X,.S) in D, we may associate the
set S-Alg; of S-algebra structures on I, which is the set of horizontal monad
morphisms from (7,id;) to (X, S). This assignment extends to a parameterized
presheaf on D in the sense of Definition 3.1, namely

(34) Mnd(D)(Incp—, —): DhoroP x V;Mnd (D) — Span® .

Recall that ViMnd(D) is the double category which has the same vertical
1-category as Mind(DD), but everything else is trivial, as in Section 2.

Next we can turn to our main application of double adjunctions to the char-
acterization of existence of Eilenberg-Moore objects.

Theorem 10.3 (Characterization of existence of Eilenberg-Moore objects). The
inclusion double functor

Incp: D — Mnd(D)

I+——(1,id)
admits a horizontal right double adjoint if and only if the parameterized presheaf
-Alg_: D" x V,Mnd(D) — Span’

is (horizontally) representable in the sense of Definition 3.7. See Section 2 for
the definition of V.

Proof: ~ By Theorem 5.3, the double functor Incp admits a horizontal right
double adjoint if and only if the parameterized presheaf (34) is representable, but
-Alg_ is (34) by definition. O

Example 10.4. Suppose C is a 2-category which admits Eilenberg-Moore ob-
jects in the sense of 2-category theory, that is, the 2-functor Incc: C — Mnd(C)
admits a right 2-adjoint. Then the double category QC admits Eilenberg-Moore
objects since QC and Mnd(QC) both have cofoldings with fully faithful co-
holonomies, Incge preserves them, and HIncge = Ince admits a right 2-adjoint.
See Example 6.7, Proposition 7.5, and Corollary 6.16. The representing func-
tor G: V,Mnd(QC) — Span’ for -Alg_ is the transposed opposite of the right
adjoint to Incc.
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In a future paper we will present Eilenberg—Moore objects in a double category
as weighted double limits and treat the free Eilenberg—Moore completion of a
double category.
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