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Abstract

We define strict and lax orthogonal factorization systems on double categories.
These consist of an orthogonal factorization system on arrows and one on dou-
ble cells that are compatible with each other. Our definitions are motivated by
several explicit examples, including factorization systems on double categories of
spans, relations and bimodules. We then prove monadicity results for orthogo-
nal factorization systems on double categories in order to justify our definitions.
For fibrant double categories we discuss the structure of the double orthogonal
factorization systems that have a given orthogonal factorization system on the
arrows in common. Finally, we study the interaction of orthogonal factorization
systems on double categories with double fibrations.
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1 Introduction

Orthogonal factorization systems (OFS) for ordinary categories were introduced by
Isbell [? ], Freyd and Kelly [? ] and Bousfield [? |. An orthogonal factorization system
provides a category with a notion of images along its arrows, generalizing the usual
image factorization on categories such as Set. For instance, various factorization sys-
tems on the category of categories give rise to the following images for functors: the
replete images, the essential image and the full image. This concept of image is inte-
gral to the foundational concepts of homological algebra. One of the most well-known
applications of factorization systems (both of orthogonal ones and of weak algebraic
ones) is in homotopy theory, as part of Quillen model structures. More generally,
orthogonal factorization systems reveal important properties of the structure of a cat-
egory, and may assist in defining a functor on a category. The orthogonal factorization
system can be viewed as a type of distributive law for the interaction between the
two classes of arrows: if one can compose the arrows in each class and has a way of
re-factorizing a composition of an arrow in the left class after an arrow in the right
class, one has now a composition law for the whole category.

A related aspect of orthogonal factorization systems is their interaction with fibra-
tions between categories. Fach fibration gives rise to what has been called a Cartesian
factorization system on its domain: the left class consists of the vertical arrows in the
fibration (and satisfies the 3-for-2 property) and the right class consists of the Carte-
sian arrows. This result can be generalized to show that fibrations have the property
that one can lift any factorization system in the base to a factorization system in the
total category in a canonical way.

In this paper we will introduce a notion of orthogonal factorization system for
double categories that generalizes that for ordinary categories. We will call these
double orthogonal factorization systems (DOFS). We will show how a number of well-
known orthogonal factorization systems generalizes to double orthogonal factorization
systems.

With the recent introduction of the notion of a fibration between double categories,
we believe it is time to develop an analogous notion of orthogonal factorization system
for double categories that interacts well with the double fibrations.

Motivated by examples of factorization systems on the double categories of quartets
and spans in an arbitrary category C namely Sq(C) and Span(C) respectively, as well
as the double category Rel(C) of relations in a regular category C, we see how the
orthogonal factorization systems on C can be lifted to factorization systems on the
arrows and on the double cells of the double categories, in a way that makes the two
factorization systems suitably compatible.

This leads us to our internal definition of a double orthogonal factorization system
(DOFS): a pseudo category object in a suitable category of categories equipped with
an orthogonal factorization system and a choice of factorizations. We require that the



source, target and unit functors of such category objects preserve the factorizations,
but the composition functor in the category diagram can be more ‘loose’. If the com-
position functor preserves both classes, we call this a DOFS (our default is ‘pseudo’),
if it preserves the factorizations we will call it a strict DOFS, if it preserves only the
right class we call it a lax DOFS, and if it preserves only the left class we call it a
colax DOFS.

Note the similarity with the notion of double fibration [? ]. For double fibrations
one takes internal pseudo categories in the category of fibrations with a chosen cleavage
but whose arrows only preserve cartesian arrows; however, one requires that the source,
target and unit functors in a double fibration diagram preserve the chosen cleavages.
The reason for this restriction is the same as it is for us: we require the existence of
the pullback of the source along the target as an object in our category.

Classically, a good way to capture and understand orthogonal factorization systems
and morphisms between them is in terms of Eilenberg-Moore algebras for a particular
2-monad. The first result in this direction was published by Coppey [? | showing
that strict factorization systems can be viewed as strict algebras for the squaring 2-
monad. The full result characterizing orthogonal factorization systems with a chosen
factorization as the pseudo-algebras for this 2-monad was established by Korostenski
and Tholen in [? ]. This result leads us to four natural notions of morphism between
categories with an OFS: the strict algebra maps preserve the chosen factorizations, the
pseudo maps preserve both classes of morphisms, the lax maps preserve the right class
and the oplax maps preserve the left class. This provides us with four 2-categories in
which to take internal pseudo-categories in order to define a corresponding notion of
DOFS. We illustrate this with several examples in each category of algebras.

However, there is a different way to approach the generalization from OFSs to
DOFSs. In Theorem 4.2 we establish a monadicity result that intuitively say that
suitable 2-monads on a 2-category give rise to a 2-monad on the 2-category of internal
pseudo-categories with internal (pseudo or oplax) functors as arrows, and levelwise
(also called, internal) transformations as 2-cells, with the property that the 2-category
of algebras for the 2-monad on the internal categories is isomorphic to the 2-category
of internal categories in the algebras of the original 2-monad. To be precise,

Theorem 1.1 (Theorem 4.2) Let X be a 2-category and let (T: X — XK,n: Id =
T, p: T2 = T) be a 2-monad whose underlying 2-functor preserves pullbacks. Then T induces
2-monads B

Top1: PsCatop(K) — PsCatopi(K)

Tps: PsCatps(K) — PsCatps(K)
such that -
Topl‘fPS/qQ]laX = fPSCLItOpls(T—TSﬂ[glaX)
Tps-PsAlgps =2 PsCatps” (T-PsAlgps)

where PsCat op)* (T-PsAlY1ax) (respectively, PsCatps®(T-PsAlgps)) is the full sub-2-category of
PsCatop) (T-PsAlg1ax) (respectively, PsCatps(T-PsAlgps)) on those pseudo-categories whose
source, target and identity assignment are strict morphisms between normal pseudo-algebras.



The intuitive idea behind this theorem is that, interestingly, objects, arrows and
2-cells on the two sides of the isomorphisms are presented by the same data, grouped
with each other in two different ways. When applied to the 2-category of categories, this
general monadicity theorem allows us to view our various flavours of double categories
with a DOFS as pseudo algebras for 2-monads defined by sending a double category
D to its cotensor with a single arrow double category, D—".

This lets us establish the correct notions of arrows between double categories with
a DOFS. The natural notion of 2-cell coming from the algebra perspective is that of an
internal, or levelwise, transformation. These are the transformations with components
that are arrows in the strict direction of the double category. We simply take all such
transformations between the appropriate (lax, colax or pseudo) morphisms. However,
we can also add transformations in the proarrow direction: these correspond to suitable
functors from the object category of the domain to the arrow category of the codomain,
in a manner compatible with the OFS structures on the underlying categories.

We end the paper with a large variety of examples. We show how extensions and
restrictions in fibrant double categories allow us to lift each orthogonal factorizatiom
system on its category of arrows to two double ortogonal factorization systems. We also
show that these are initial and terminal among all possible liftings, and illustrate this
in the double categories of spans, relations and profunctors. We discuss the relationship
between double orthogonal factorization systems and double fibrations and show how
a double factorization system on the base can be lifted to one on the total double
category. In particular for the double category of spans we have four distinct double
orthogonal factorization systems extending the epi-mon factorization system on sets.

Outline of the paper

Section 2 recalls the definition of orthogonal factorization systems for ordinary cat-
egories, as well as their monadicity result. We then apply such monadicity result to
discuss strict, pseudo, lax and oplax arrows and 2-cells between categories equipped
with an orthogonal factorization systems. This provides us with various 2-categories
of categories with an OFS. We also establish a useful result on pullbacks of categories
with an OFS.

In Section 3, after presenting our motivating examples (the double categories of
quartets, relations and spans), we give the internal definition of a double orthogonal
factorization system (as a suitable internal category in one of the 2-categories of cate-
gories with an OFS). We then present an equivalent characterization in terms of cells,
and conclude the section with examples related to the double category of quintets.

Section 4 establishes the monadicity of double categories equipped with a double
orthogonal factorization systems as algebras for an F-monad. This sheds light on
the various flavours (strict, pseudo, lax and oplax) of double orthogonal factorization
systems, naturally forming various 2-categories of DOFS. However, note that in the
larger world of double categories there are more arrows and 2-cells available, placing
all of these 2-categories inside a larger double category.

In Section 5 we first prove some general results about DOFS on fibrant double
categories. We then explore a list of examples (modules, profunctors, quantale-valued



relations, and spans) of fibrant double categories with multiple DOFS lifting a common
OFS on the arrows.

Section 6 discusses the lifting of double orthogonal factorization systems along
double fibrations. We show many examples, including explicit descriptions of (pseudo-
vertical, cartesian) factorization systems and the way they interact with the double
factorization systems introduced in previous sections.

Notation

Given a 2-category X, we will write PsCatns(XK) (respectively, PsCatiax(XK),
PsCatop1 (X)) for the 2-category of normal (i.e, unitary) pseudo-categories internal to
XK, with normal (i.e, unitary) internal pseudo (respectively, normal lax, normal oplax)
functors and internal, also called levelwise, natural transformations; we will review
these concepts in detail in Definition 3.9.

Given a monad T': C — C on a category C, we will write T-Alg for the category of
Eilenberg-Moore T-algebras and algebra morphisms.

Given a 2-monad T: X — X on a 2-category K, we will denote by T-PsAly
(respectively, T-PsAly s, T-PsAlgax) the 2-category of normal pseudo-algebras with
strict (respectively, pseudo, lax) morphisms and 2-cells (i.e, T-transformations).

2 Categories of factorization systems

In this section, we first recall ordinary orthogonal factorization systems and their
monadicity over the 2-category Cat of categories. We then extract from this monadicity
result three flavours of morphisms between categories with an orthogonal factorization
system. Finally, we study the corresponding 2-categories of categories equipped with
an orthogonal factorization system.

Definition 2.1 Let C be a category. An orthogonal factorization system on C consists of
two classes of morphisms £ and R such that:

® The classes L and R are closed under composition, and contain all isomorphisms.
® Every morphism f: A — B in C can be written as f = ry o £y where ry € R and
Ly € L, giving commutativity of the following diagram:
A ! B

Im(f)

® For any commutative square
o — e
B
u s v
J,/ E!GJ/
* g

where u € L,v € R, there exists a unique e such that g =voe and f =eou.



The target object of £ (equivalently, the source of r¢) is often called the image of
f, with respect to (£,R). Note that the image is unique up to unique isomorphism.
When we choose a specific factorization for each arrow, the object Im(f) is uniquely
determined.

Definition 2.2 A functorial factorization system on C is an assignment, to each morphism
f € Mor(C), of a pair of morphisms £, 7 such that f = ry o £y, that extends to a functor
Q: C~ — C (where C™ is the arrow category of C), mapping every f to its image Q(f).

f

m

o ——Q(f) —— e
u H!EQ(u,v) v
~

‘T)Q(Q)T)'

7
Note that every OFS with a choice of a factorization for each arrow is a functorial
factorization system.

Remark 2.3 In this paper, when we say that a category has an OFS, we will always mean
that it is also equipped with a choice of factorizations f = r; o £y for every arrow f in the
category. (Note that this is analogous to choosing a cleavage for a fibration.) We will require
that for each identity arrow id4 we have f;q, =id4 = 7iq,-

In [? ], Korostenski and Tholen proved a 2-monadicity result for categories with
an orthogonal factorization system. The 2-monad they considered is the squaring 2-
monad (=)™ on (Cat, sending any category to its arrow category (also known as its
category of commutative squares). More precisely, they proved the following.

Theorem 2.4 ([?]) Orthogonal factorization systems, with a choice of factorizations for the
arrows as in Remark 2.3, are the normal pseudo (Eilenberg-Moore) algebras for the squaring
2-monad (=) : Cat — Cat.

Remark 2.5 Explicitly, the normal pseudo-algebra structure map associated to an orthog-
onal factorization system (£, R) on a category C is the functor Q: C — C that sends every

Ly T
(A ER B) € C™ to the middle object of its chosen factorization A —» Q(f) SER B, and sends
every commutative square as on the left below to the unique morphism Q(u,v) on the right
below induced by the functoriality of the orthogonal factorization system:

A—2 s C

A"t C o) Lt
f g Q) 2 Q)
B——D gl Irs

v



Interestingly, the functor @) contains all the data of the orthogonal factorization system
(£,R). The normality condition precisely imposes that @ is a (strict) retraction of the
diagonal C — C™7, which sends A toid and f: A — Bto (f, f). Considering the factorization

A—>B A—A—>B
| -1k
A*>B AT>B

in C’, one then finds that
Qda, f) = £y, Q(f,idp) =ry, f=Q(f, f)=ryroly

provided that the choice of factorization for the identity arrows is fiq, = idg = riq,. We
will always assume that in this paper. The morphisms in £ are precisely those f for which
Q(f,id) is an isomorphism, and the morphisms in R are precisely those f for which Q(id, f)
is an isomorphism.

As was noted in [? ], C is the free category with an orthogonal factorization system on
a given category C. Its factorization system is given as follows: the left class consists of the
morphisms of the form (i, u) with ¢ iso and u any morphism in C, and the right class consists
of the morphisms of the form (v, j) with v any morphism in C and j iso. A general morphism
(u,v) then factorizes as (u,id)o(id, v). This is indeed the free algebra on C with respect to the
squaring 2-monad (—) . One can in fact check that the multiplication pc: (C7)~ — C™ of
the monad precisely translates to the left and right classes described above.

Remark 2.6 Orthogonal factorization systems are in particular algebraic weak factorization
systems, which were introduced in [? ] with the name “natural weak factorization systems”.
As a consequence, we obtain the further monadicity results shown in Proposition 2.7.

We can extract from Q: C~ — C two other functors L, R: C~ — C™7, sending

AU o A—* ¢ A" C Q) L Q)
A b b el L
B—— D Q) Gy Q) B —— D B———D

Proposition 2.7 ([? ]) Let (L, R) be an orthogonal factorization system on a category C.
Its associated functors L, R: C7 — C™ of Remark 2.6 extend respectively to an idempotent
comonad and to an idempotent monad. The left class L, viewed as a full subcategory of C,
is precisely the category of FEilenberg-Moore coalgebras for L; as a consequence, it has all
colimits, created by the projection to C— . The right class R, viewed as a full subcategory of
C™7, is precisely the category of Eilenberg-Moore algebras for R; as a consequence, it has all
limits, created by the projection to C™.

We can now extract from Theorem 2.4 four flavours of morphisms between cate-
gories with an orthogonal factorization system (see also Remark 2.3), corresponding
to pseudo, lax, colax, and strict morphisms between normal pseudo-algebras. Each
flavour of factorization yields a 2-category of categories equipped with an OFS, whose
l-arrows are given by morphisms of the corresponding type, and 2-cells are natural
transformations.



Definition 2.8 A morphism of categories with an orthogonal factorization system from
(C,(Le,Re)) to (D, (Lp,Rp)) is a functor F: C — D that preserves both the left and the
right classes; i.e, that sends morphisms in £ to morphisms in £p and morphisms in R¢ to
morphisms in Rp.

A laz morphism of categories with an orthogonal factorization system from (C, (L¢, R¢))
to (D, (Lp,Rp)) is a functor F': C — D that preserves the right class: F(R¢) C Rp.

A colax morphism of categories with an orthogonal factorization system from
(C,(Le,Re)) to (D, (Lp,Rp)) is a functor F': C — D that preserves the left class: F(L¢) C
Lp.

A strict morphism of categories with an orthogonal factorization system (with a choice
of factorizations) from (C, (L¢, Re)) to (D, (Lp,Rp)) is a functor F': C — D that preserves
the chosen factorizations on the nose: {p(y) = F'({f) and rpy)y = F(ry) for all f in C;.

Notation 2.9 We obtain the following 2-categories of categories equipped with an OFS,
from the flavours of morphisms above:

® TFact, whose l-arrows are morphisms of categories with an orthogonal factorization
system;

® Tact,y, whose l-arrows are lax morphisms;
® Fact.,.x, whose l-arrows are colax morphisms;
® Tacty,., whose l-arrows are strict morphisms.

In all of them we use all natural transformations as 2-cells.

Remark 2.10 Let F: (C,(L¢,Re)) — (D, (Lp,Rp)) be a lax morphism of categories with
an orthogonal factorization system. Call Q¢ and Qp the normal pseudo-algebra maps cor-
responding to (L¢,Re¢) and (Lp, Rp) and their chosen factorizations respectively. Then F
preserves the factorizations of morphisms in C in a lax way. More precisely, given a morphism
f: A — B in C and considering its factorization

A !
P
Qc(f

with £; € £ and 7y € R, there exists a unique morphism py: Qp(F(f)) = F(Qc(f)) which
makes the following diagram commute:

B
7
)

F(A) 9% Qp(F() <52 F(B)

F(l?f)\) \Lpf %(Tf)

F(Qce(f))

Indeed F(ry) € Rp, as F preserves the right class, and we obtain the unique lifting p
by definition of orthogonal factorization system. By uniqueness the morphisms ps form the
components of a natural transformation p: QpF " = FQc.

Analogously, a colax morphism F': (C, (L¢,R¢)) — (D, (Lp, Rp)) of categories with with
an orthogonal factorization system gives rise to a natural transformation A: FQ¢ = QpF .

If F' is a morphism of categories with an orthogonal factorization system, then for every
f+ A — B in C the morphism p; is an isomorphism. So in this case F' preserves the
factorizations up to isomorphism.



Notice then that a strict morphism F' of categories with an orthogonal factorization
system preserves in particular both the left and the right classes. Indeed, a morphism is in the
left class if and only if the right part of its factorization is an isomorphism, and F' preserves
the factorizations.

Proposition 2.11 Let (C,(Lc, Re)) and (D, (Lp, Rp)) be categories with an orthogonal fac-

torization system and corresponding normal pseudo-algebra maps Q¢ and Qp. For a functor

F: C — D, the following are equivalent:

(3) F is a lax morphism (respectively, morphism, strict morphism) of categories with an

orthogonal factorization system;

(i1) F extends to a lax morphism (respectively, pseudo morphism, strict morphism) between
normal pseudo-algebras for the squaring 2-monad (=)~ on Cat; i.e, there exists a
natural transformation (respectively, a natural isomorphism, an identity)

c~ 2, pm

ch A lQD (1)

such that for every A € C we have piq, = idp(ay and, for every commutative square in
C as on the left below, the pentagon on the right below commutes:

A, o Qp(F(gou)) b F(Qc(gow))
1% IR

1 as@tr, rop) F(Qe(Qc(u,v)))

B—D Qo2 Qp(F(Qe(u,v)) e

where the isomorphisms are given by the normal pseudo-algebra structures;

(#3) (based on [T, Section 1.6.2]) there exists a natural transformation (respectively, a natural
isomorphism, an identity) p as in (1) such that (1,p): Lp o F — F o L¢ is a lax
morphism of comonads and (p,1): Rp o F — F o R¢ is a lax morphism of monads,
where Le, Re, Lp, Rp are the functors of Proposition 2.7, for C and D respectively; i.e,
for every f: A — B in C the following three diagrams commute:

F(a) 28 FQe(r)

PF(f)l / lF(Tf)

Qp(F(f)) S5 F(B)

TF(f)
Qp(F(f)) ——— F(Qe(f)  Qp(F(f) ———— F(Qc(f))
Sr(nd LF@p)  BROT TF(pg)
Qp(r(f)) F(Qc(ty))  Qp(rpes) F(Qc(ry))
S . A .
@0 g (e Wi g ()
where 0y, and pyp, are given by
A= Quen) Q(h) —— Q(n)
Zhl H!é/h'//’( jrih eri H!M/h//){ \[Th
Qh) —— Q(») Q) s B



Moreover, the 2-cells between (lax) morphisms of normal pseudo-algebras for (=)~
precisely the natural transformations between the underlying functors.

are

Proof We prove (i) = (ii). Given f: A — B in C, we can produce the component p; of
pon f as in Remark 2.10. Then p is natural by the uniqueness of the liftings required by
definition of orthogonal factorization system. And clearly p;q = id, because the choice of
factorization for the identity is always by identities. It is straightforward to show that the
pentagon commutes, using again the uniqueness of the liftings.

We now prove (i:) = (4i7). We can take the needed p to be the natural transformation p
given by (i7). By Remark 2.5, naturality of p and pijq = id, we obtain that the two triangles
in the first diagram in (i44) commute. Indeed, considering the morphism in C™ on the left
below, naturality of p gives the square on the right below

Pid 4

A=A Qp(F(ida)) F(Qc(ida))
H lf [F(f)l lF(ff)
A B Qo) 5 FQe()

and considering the morphism (f,id) we obtain the other triangle. Evaluating the pentagon of
(i7) for the morphism (id, f) (respectively, (f,id)) in C™, we obtain the pentagon on the left
(respectively, on the right) of (ii%). It is indeed straightforward to show that the isomorphisms
of the pentagon of (i) become the appropriate morphisms § and f.

Finally, we prove (#ii) = (). The lax morphism of monads (p,1) induces a functor
Rc-ﬂég — Rp-ﬂ(g. So by Proposition 2.7, F' preserves the right class. If p is a natural
isomorphism, the two triangles in the first diagram in (4i¢) show that F' preserves both the
left and the right classes. If p is the identity, the same triangles show that F' preserves the
factorizations.

It is then straightforward to show that the 2-cells between (lax) morphisms of normal
pseudo-algebras for (—) ™ are just the natural transformations, by uniqueness of liftings. [0

Corollary 2.12 Fact and Fact),, are precisely the 2-categories (=) -PsAlgps (respec-
tively, (=) 7 -PsAlg1ax) of normal pseudo-algebras for (=)~ on Cat and pseudo morphisms
(respectively, lax morphisms) between them.

Proof This follows immediately from Proposition 2.11. O

The following result will be needed to define double orthogonal factorization
systems.

Proposition 2.13 The 2-categories Fact, Fact|,y, and Facteprax have all pullbacks of strict
morphisms.

Proof Let A4, B, C be categories equipped with orthogonal factorization systems, and strict
morphisms F': 4 — C and G : B — C. We show that the pullback category A x ~B admits an
orthogonal factorization system, and that the associated projections and the unique arrows

10



determined by its universal property are factorization-preserving. Additionally, when working
in Facty,x or Factys, we show that the induced pullback maps are respectively strict or lax.
Denote the factorization systems on A4 and B by (L1, R;) and (L, Ra) respectively. We form
a factorization system on 4 x - B whose classes are given by:

(LY R") = (L1 X Lo, Ry x R2)
For a morphism (f,g): (A, B) — (A’, B’) in 4 x B we choose the factorization:

(A, B) (f.9) (A/,B/)

(fm /(Tf;g)

(Im(f), Im(g))

where f =ryofy and g = rgofy are the factorizations of f, g in 4, and B respectively. Note
that this is well-defined because F' and G are strict morphisms between categories with an
OFS. Because £; and Ly are closed under composition, so is L*. Likewise, by the fact that
L1 and L5 contain all isomorphisms, £L* does as well. An identical argument holds for R *,
therefore, (L*, R*) is a factorization system. We now show orthogonality. Given a diagram
in 4 x B of the form:

(.5 LL ()

(wa)]| [

(C,D) — (C',D")
(9,9")

with (u,u') € L* and (v,v") € R*, consider the following square in A4:

AT

C—=
We have u € £1,v € Ry, so by orthogonality there exists a unique morphism e: C' — A’

making the following commute:

AT,

A
ui 7 lv
// €
Applying an identical argument to the square likewise constructed in B yields ¢’: D — B’

satisfying a similar condition. Furthermore, F(e) and G(e’) are both the unique diagonal
arrow in the following diagram in C,

FA 21, pa aB L, B
P 7
FuJ/ /’/ lFU = Gu'J/ /’/ lGU/
FC —— FC' GD —— GD’
Fg Gg

Hence, F(e) = G(¢’) and (e,e’) is a well-defined arrow in the pullback category. Now,
(e, e/) is the unique arrow making the following diagram commute:

11



(A, B) (f.f") (A", B))
(e,e) -
wu)| LT
(07 D) — (C/vD,)
(9:9")

This yields orthogonality of the factorization system (L*, R*) on 4 x -~ B. With this estab-
lished, we now show that the induced pullback maps satisfy the relevant properties for
Fact, Fact)ay, Factcolax-

Consider the projection map Py : Ax B — A. For ({;,4y) € L*, we have Py({y,4y) = Ly,
hence P; preserves the left class, and likewise for the right class. Therefore, P; is a mor-
phism of categories equipped with a factorization system, as in Definition 2.8. An analogous
argument applies to Px.

Suppose that F': D — 4, and G': D — B are lax morphisms such that Fo F' = GoG’.
By the universal property of pullbacks, there exists a unique I: D — A X, B such that
F' =Py ol and G' = Py o I. Explicitly, I maps an object D € D to (F'(D),G' (D)), and a
morphism g: D — D’ to (F'(f),G'(f)).

If F and G’ both preserve right classes, and u € R, we have F'(u) € Ry, G (u) € Ro,
hence (F’'(u), G’ (u)) € R*. Thus, I is a lax morphism of categories with an OFS. If F’ and
G’ both preserve the left class as well, an identical argument shows that I preserves the left
class, so I is a morphism of categories with an OFS. Hence, the pullback morphisms will be
strict, lax, or colax as required.

When F’ and G’ are strict, let u be any morphism u in D, with chosen factorization
u = 7y 0 £y. Since P; and P, are strict morphisms of categories with an OFS, I(u) in
A x o B factors as (F'(u), G’ (w)) = (F'(ru), G'(ru)) o (F'(€u), G’ (£w)); therefore, I preserves
factorizations strictly.

Because Cat admits 2-pullbacks, and 2-cells in Fact and Fact),, are ordinary natural
transformations, the relevant 2-dimensional universal properties are satisfied.

We have shown that A x B admits an orthogonal factorization system. Furthermore,
all morphisms induced by the pullback are appropriately strict, lax, or colax. Therefore,
pullbacks of strict morphisms exist in Fact, Fact|,y, and Fact olax- O

3 Double factorization systems

In this section, we propose our notion of double orthogonal factorization system. We
first present some motivating examples that led us to this notion. We observe that
some examples are more lax than others, and then focus primarily on two cases of
double orthogonal factorization systems: the lax and the pseudo case. As an extension
to what has been discussed in the previous section, one may also develop strict and
colax versions of our theory.

We define double orthogonal factorization systems with an approach of internal
category theory. We then explicitly describe them in terms of compatible orthogonal
factorization systems on the arrows and the double cells of a double category. In
Section 4, we will prove monadicity results for double orthogonal factorization systems,
justifying our notions.
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3.1 Motivating Examples

Example 3.1 (The quartet double category on C, Sq(C)) For any category C, the double
category Sq(C), introduced by Ehresmann in his original work on double categories [? |, has
the same objects as C, both the arrows and the proarrows of Sq(C) are the arrows of C, and
the double cells are the commutative squares in C. When C is a category with an OFS (£, R),
we can lift the factorization structure on the arrows of Sq(C), here drawn horizontally, to a
factorization structure on the double cells of Sq(C) as follows.

Given any cell a of Sq(C) (which is completely determined by its boundary arrows), we
factor the (horizontal) arrows in its boundary as f =7y oy and g = r4 o £y according to the
factorization system on C. By the functoriality of the factorization system there is a unique
arrow ¢ as in the following diagram.

A-1.B A-Y () s B
u v = ul iq Jq; (2)
+

This shows that « factors into a horizontal (arrow-direction) composition of a cell I, with
(horizontal) arrows in £, followed by a cell ro with (horizontal) arrows from R. Hence, Sq(C)
has a factorization system (£’,R’) on its double cells where the left class £ consists of cells
with morphisms from £ as arrows and the right class R’ consists of cells with morphisms from
R as arrows. Both classes of cells are closed under horizontal composition. It is not hard to
show that the factorization system on the double cells is orthogonal as factorization system
on the category with vertical arrows as objects and double cells as arrows (using horizontal
composition).

Thus, we have an OFS (£, R) on the category of arrows Sq(C)o and an OFS (£, R’) on
the category of double cells Sq(C)1. We will now investigate how these factorization systems
interact with the structure of the double category. First note that the source, target and unit
morphisms preserve the factorizations, so they are strict morphisms of categories with an
OFS.

The vertical composition of two cells factors as follows:

A—— B A — Im(f) —— B
(JJLZ\) = (V\;’ £5@a T8®a £
o] |
E——F E —» Im(g) —— F

where the center arrow exists by functoriality of the OFS on C. On the other hand, the
composition of the factorizations of both cells is given by:

f

A—— B A —> Im(f) —— B
-1 w1~
¢ —D = C—>»Im(g) —— D
o] Lw | |
ET>F E —» Im(h) —— F



The equalities lggn = lg ® e and rgga = rg @ 7o hold by uniqueness of the middle
arrow, which is a consequence of functoriality of the OFS. It follows that the composition of
the codomains of Ig and ln is equal to the the codomain of the composition of Igg -

Hence, the double category Sq(C) has a factorization system (£, R') on its double cells,
such that £’ and R’ are closed under vertical composition and furthermore, with the chosen
factorization for cells indicated in diagram (2), all structure arrows are strict morphisms
between categories with an OFS.

Remark 3.2 In our first example, all structure maps preserve the factorization sys-
tems strictly. The next example presents a factorization system on Span(C) where vertical
composition only preserves the right class. However, source, target and unit arrows are strict.

Example 3.3 (The span double category on C, Span(C)) Let C be a category with all
pullbacks and an OFS (£, R) with chosen factorizations,

A48 = 4 my) s B)

The double category Span(C) has morphisms in C as arrows and spans of C as proarrows
(proarrow composition is through chosen pullbacks); further, a double cell is defined by an
arrow from the apex of its domain span to the apex of its codomain making both squares
commute as in the following diagram.

B—2% 4D

Since C has an OFS, any cell in Span(C) can be factorized in the following manner.

o //7
N SN

X *» Im(a
B
giving rise to the factorization system on Span(C); where cells are in the left class £’ when all
three horizontal arrows f, g, and « are in £, and cells are in the right class R’ if all three of
these arrows are in R. It is clear that both classes of this system are closed under horizontal
composition. It is also clear that the source, target and units functors preserve the chosen
factorizations.

We now show that the right class R’ is closed under vertical composition. Let 6 and 1 be
vertically composable double cells in the right class. Composing them yields the following.
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X Yy
y \ / P1
___________ q------- B
XxpgX' 5 By B P
N / /
’ X/ P y! P2
C ‘T> Cl

We need to show that the center arrow ¢: X xg X' — Y xp/ Y’ induced by pullback
is also in R. To this end, we will show that it satisfies the left lifting property with respect
to any morphism in £. Suppose we have any morphism e: R — S in £ which is part of a
commutative square on the left, as in the following diagram:

R— 5 XxpX — 5 X'

\ \
. asr// q e B
G
0
S —— Y xp Y Yy’ g
\ \

Y —M— B

We wish to show that there exists a unique 7: S — X x g X’ giving us two commutative
triangles to make up the square. By lifting e against 6, g, and ¢ (with squares formed by
composing upper segments of the diagram appropriately), we obtain unique morphisms f1, fa,
and f3 as in the following diagram,

R—— X' R—— B R— X
P P A

el fll// \[w el ff// ‘[g ei fi',’/ 0

Sy [o— -7 S vy

Uniqueness of each lifting, along with the pullback’s universal property, guarantees a unique
r filling the left square as desired.

Thus, q is right-orthogonal to any map in the left class £, so ¢ is in the right class R.

15



We show in Example 3.5 that vertical composition does not preserve the left class of cells,
£’ in this case.

Example 3.4 [The double category Rel(C) of relations on any regular category C]

Let C be a regular category. Then the canonical factorization system on C has regular
epimorphisms as its left class and monomorphisms as its right class. We assume again that
a factorization f = 7y o £; has been chosen for each arrow f in C. The double category of
relations on C has morphisms of C as arrows and relations in C as proarrows. This means
that a proarrow R from X to Y is given by a monic arrow R <— X x Y in C. A double cell

X €0 X/
_
R 0 R’

Y ——— Y’
in Rel(C) is given by an arrow §: R — R’ in C such that the following diagram commutes in C:

R—— X xY

(% egXey

R —— X' xY’
We introduce a factorization system for cells in Rel(C) as follows:

® the left class consists of cells with regular epimorphisms as arrow domain and codomain
and a regular epimorphism for the arrow 6 between the relations.

X —2 5 X R X xY
R 0 R’ corresponds to 6 eoXer
Y —— Y’ R — 5 X' xY’

® the right class consists of cells with monomorphisms as arrow domain and codomain
and a monomorphisms for the arrow 6 between the relations.

X ™o x/ R— s XxY
R 0 R’ corresponds to 6 mo Xm1
Y e Y’ R —— X'xY'

We now verify that the right class of this factorization system is closed under vertical
composition. Given cells 6 and « in Rel(C), recall that their vertical composition corresponds

16



to an arrow 6 ® a in C:

x L x
P x Ly x R®S— XxZ
Y — Y’ = R®ST 60« R’g corresponds t09®a fxh
st a 1S zZ——2 RS «—— X'xZ
Z —— A

A morphism t: R xy S — X X Z is obtained by the universal property of X x Z
via the diagram:

R— XxY — X
R xy S N~ .2 s X x Z

S—YXZ ——7Z7
The image of ¢ (from the canonical OFS on () gives a subobject R® S of X x Z:

RxyS Y3 RoS s XxZ

\_/V

t

Furthermore, by the universal property of the rightmost pullback, we have a
morphism u: R xy S — R’ xy/ §”:

We now examine factorizations of cells in Rel(C). We can write any double cell «
as a morphism of spans:

17



R XxY X —1 S x
a fxg ~» R— 2 4 g
S X' xY’ Y ———— V'

Applying the results from 3.3, we obtain a factorization

X My Im(f) < X

R — Im(a) —— S

l(X N
\ 3 \\\j

g

where f, g exist by functoriality of the OFS on C. This yields double cells:

R v XxY Im(a) = Im(f) x Im(g)

la llf xlg ra\[ \[rfxrg
S

Im(a) —— Im(f) x Im(g) —— X' xY’

Hence, we can write any double cell in Rel(C) as a cell whose arrows are in the
right class of C, followed by a cell whose arrows are in the left class. Vertical closure
of the right class follows the same argument as in 3.3. The left class, however, is not
vertically closed, as we shall demonstrate later.

Next, we examine orthogonality. Specifically, we show that there exists v = 0 ®
a: R® S — R ® S’ which makes the following commute:

Consider the diagram:

e

Rxy S 25 R %y S8 Y3 R®S

Etl /;U—/"// jrt/

R®S G X x 2~ X' x 2

18



By orthogonality of the factorization system on C, there exists a unique v commut-
ing with the upper and lower triangles as required. Furthermore, v is a monomorphism
because it is postcomposed with a monomorphism. Thus, the right class of cells we
have described in Rel(C) is closed under vertical composition.

It is not always the case that the vertical composition preserves the left class, as
per the next example.

Example 3.5 Consider the following diagram of double cells in Span(C).

{so} —————— {*} {so} ———— {«}

dl I

{(s0,t0)} ———— {*}

= |

{to,t1} ——— {x} g —— {(x%)}

gl I

{(t1,81)} ——— {*}

= |

{s1} ————— {x} {s1} ———— {*}

On the left side we have two vertically composable cells that are both in the left class
L'. However, their vertical composition, given on the right is clearly not in £': the arrow
@ — {(x,*)} is clearly not surjective.

Example 3.6 (The cospan double category on C, Cospan(C)). Let C be a category with
pushouts and an orthogonal factorization system (L£,R). Consider the double category
Cospan(C), whose cells are given by commutative diagrams of the form:

Bf)D

_ Using the underlying OFS on C, we can factorize any cell in the following manner, with
f, g existing by functoriality of the OFS on C:

A—1 e A ) <o
/ / / I /
J
X—20% Ly = X % Im(g) — 2~ v

r\\
\ '\ L

B Im(g) D

Tg

lg
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Using a dual argument to the case of spans, it can be shown that the left class of double
cells (whose arrows are in R) is closed under vertical composition. However, the right class
need not be closed, as the following example in Cospan(Set) shall demonstrate. Recall that

the pushout of A <i X % Bin Set is given by AU B/ ~, where U is disjoint union, and
Ve € X, (f(x),A) ~ (9(z), B)
Consider the vertical composition of cells 8, ¢ (where P and @Q are pushouts):

Xe—— X

A={z,y} —d 3 {z,y}

/ / f’wzw\
F=F()=y

P={zsa~zp,ya ~yB,2B} > {z, v} ——— {z,y, 2} < A{za~zp~ya~yp,2t=0Q

g’ (2)=g"(y)=x
g’ (z)=y

B =A{z,y,2} —77 {z,v,2}

/

Z e 7

There exists a morphism from P to @ induced by the pushout’s universal property. However,
this morphism cannot be injective, as P is larger than Q). Therefore, the vertical composition
of ¢ and 0 does not have a monomorphism as its center arrow, and is not in the right class.

Example 3.7 [The double category of paths in C] For a category C, we define the double
category PathC, following the construction and notation in [? |, such that the objects are
the objects of C, horizontal arrows are morphisms of C, vertical arrows are paths in C, i.e.,
composable sequences of arrows,

AOL>A1£>A24>'~'4>Am71ﬁ>Am

We denote such a path by (f;)1<i<m. To define the double cells in this double category, we
will use the following notation for arrows in a path: For any 4,5 € {1,---,m}, such that
1 < j, we denote the composition of the arrows in the path between A; and A; by

i fifi—1 o fiqr ifi<j
! ida; ifi=j

®3)

We will also write [m + 1] for the set {0,1,...,m}.
A double cell with boundary

Ay —E By
(fidici<m (gi)1<ji<n

AmT>Bn

is then given by a pair (¢, (hi)o<i<m) Where

o fm 1] = [+ 1]
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is an order preserving function with ¢(0) = 0 and p(m) = n, and the h;: A; — B, ;) are
morphisms of C such that hg = k, hym = £ and for every i € [m + 1], the diagram

hi
Ai_1 — = By_1)

. — (i—1)
! l - lgiu) '
A —— Betp)
commutes. These double cells are called fences in [? ]. An example of a double cell of PathC
is given by,

Ay 0 B,

f1l z lgl

It
A1L>Bl

le ///h2 lgz
As Bo
fsl Z lgg
As Bs
’13\) l94

By

Vertical composition of these cells is defined by concatenation. Horizontal composition
is defined by following the threads of the cross arrows and composing: (1, k;)(p,h;) =
(Yo, k(p(i)hi). It is straightforward to check that the double category PathC is strict.

Suppose that the category C has an OFS (£,R) and (g, (hs)1<i<m) is a fence; ie., a
double cell in PathC. We may than choose to take the chosen factorization in (£, R) for each
of the cross arrows h;, h; = ry, o £,. We can extend this to a factorization of the fence by
observing that for all ¢ € {1,---,m}, the commuting squares making up the fence can be
factored as indicated (see example 3.1):

hi—1 lhi_y Thi_1
A1 —— Bép(ifl) Ajg ——» Im(h;_1) —— Btp(ifl)
A; T> B A; T» Im(h;) ‘T B,

The morphisms wu; exist and are unique because the factorisation (£,R) is orthogonal.
Hence, every double cell (¢, (h;)o<i<m) factors as the composition of a (left) double cell
(g1 = id[m+1]7<lhi>1§i§m) from <fi>1§i§m to <ui>1§igm and a (right) double cell (¢r =
©, (Th; Jo<i<m) from (u;)1<i<m to (gi)1<i<n. For example, the double cell 4 factorises as
follows.
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v
Ay —— Im(ha) B9
Iny ‘
fzi usl lg?,
A3 Er— Im(h3) Bs
Thg lg4
By

Note that double cells where the indexing map ¢ is the identity are called neat fences in [? |.

This leads us to introduce the factorization system (£’,R’) on the double cells of PathC
where £’ is the class of neat fences (id[m41]s (Un; Jo<i<m) with cross arrows h; € £ and R is
the class of fences (¢, (I, )o<i<m) Where all h; are in R. In short, £’ consists of neat £-fences
and R’ consists of arbitrary_R_—fences. It is clear that both £’ and R’ contain all horizontally
invertible double cells, so in order to prove that (£',R’) is an OFS, it is sufficient to check
the unique lifting property. So consider a horizontal commutative square of fences,

(¢,{hi)o<i<m)
MEALLAEE

(fi)i<i<m (9i)1<i<n

(id[m,-f—l]ﬁ(ei)OSiSm)l __.-D” l(d%(ﬁ)ogign) (5)

(Ffdi<icm (gi1<i<n’

-
(‘F’7<h;>0§iSm)
where the arrows ¢; in the left fence are in £ and the arrows r; in the right fence are in R. We
want to show that there is a unique fence D providing the diagonal lifting. First note that by
the commutativity of the square, we have that for each ¢ € [m + 1], there is a commutative
square in C,

hi

P
oL 7l ©

A = B

Since ¢; € £ and 7,(;) € R, there is a unique arrow d; € C making this diagram commute.
Now these arrows together define a fence D = (¢, (d;)g<;<m) Which forms a diagonal lifting
for diagram (5). To show its uniqueness, let D’ = (0, (Eg)_ogigm) be another lifting for this
diagram. This implies that 6 = ¢, because the top triangle commutes. So each arrow d;- is of
the form d}: A} — B, (;y and the way composition of fences is defined this implies that d} is
a lifting for (6). Hence, d; = d} and hence D' = D: (5) has a unique diagonal lifting and we
conclude that (£',R’) is an OFS for the double cells of PathC.

Since vertical composition is defined by concatenation, it is clear that it preserves both the
left and the right class of cells in this case. Furthermore, it preserves the chosen factorizations,
so it is a strict map of orthogonal factorization systems.
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Remark 3.8 We have presented examples of cell-wise factorization systems, suitably com-
patible with a factorization system on the arrows, on three common families of double
categories.

1. Note that in all cases the source, target and unit functors are strict morphisms of
categories with an OFS. In light of Proposition 2.13 we will see that this is essential
in both the internal category and the monadic approach toward double factorization
systems.

2. Vertical composition can be allowed to be a strict, lax, colax or pseudo morphism of
categories with an OFS. We have seen here an example of two double categories with a
strict vertical composition morphisms (quartets and paths), two with a lax vertical com-
position (the examples of relations and spans) and one with a colax vertical composition
(the example of copans).

3. These examples also lead us to ask whether there may be more than one factorization
system on the double cells of a double category that ‘fits’ with a given OFS on the
arrows. We will discuss this in Proposition 5.3 and Theorem 5.4. In particular we will
see that Rel(C) has another DOFS with the same OFS on the arrows, and Span(C) has
at least three other factorization systems and we will discuss the ways the factorization
systems are related to each other.

3.2 Internal definition

We will define the notion of a double orthogonal factorization system (DOFS) (respec-
tively a lax DOFS) as a normal pseudo-category internal to Fact (respectively
Facty,y ), with strict source, target and identity assignment. (Note that one can define
a colax DOFS in a similar way, but we will leave this to the reader.) Recall from
Section 2 the definition of these 2-categories of categories with an orthogonal factor-
ization system, and the result (Proposition 2.13) that they have the pullbacks we need
below.

We first recall the definition of pseudo-category internal to a 2-category from [? ].

Definition 3.9 Let X be a 2-category where all pullbacks depicted below exist. A pseudo-
category C internal to K consists of objects Cp and C; of XK (called the object of objects and
the object of arrows, respectively) together with morphisms src, tgt, i and ® (source, target,
identity and composition, respectively) as below

stc
Cl XCo Cl *> Cl i;t Co

and invertible 2-cells «;, A, and p:
IX®
Ch X Co Ch X Co Cq L> C XCo C

®><1l % J{@

1 Xy C1 T Cq

o Y o ke, 01 5 oy

NN
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The above cells are further required to satisfy the usual coherence conditions, along with
the usual equalities for arrow composition (with several weakened by isomorphisms satisfying
further coherence conditions). These requirements are fully listed in [? ]. When the 2-cells
a, A, and p are identities, we say that the pseudo-category internal to X is strict, or a category
internal to K. We will assume pseudo-categories to be normal; i.e, with A and p identities.

In this paper we will work with a 2-category of pseudo-categories internal to a 2-
category K. The morphisms will be the internal lax functors as described in the next
definition.

Definition 3.10 Suppose that C,ID are normal pseudo-categories internal to a 2-category
XK. An internal lax functor F': C — D consists of the following:

® Morphisms Fy: Cog — Dg and Fy: C; — D1 in K
® 2-Cells ¢,0 in K as follows:

Cq X Co C1 & C1 C() *Z> Ch
FIXFOFI\L —_—L—_> J/Fl FOJ/ % J/Fl
DIXDODITDI DOﬁDl

satisfying several coherence conditions (see [? ]).

When 6 is an identity, F' is said to be unitary or normal. When ¢ and 6 are
isomorphisms, F' is said to be a pseudofunctor. Oplax notions of internal functors are
obtained by dualizing appropriately.

Definition 3.11 Given lax internal functors F,G: C — D, an internal, or levelwise, natural
transformation n: F' = G consists of 2-cells ng: Fy = Go,n1: F1 = G satisfying the
coherence conditions in Section 3.2 of [? ].

Notation 3.12 Given a 2-category X, we denote by PsCatps(XK) (respectively, PsCati,x(XK),
PsCatop1 (X)) the 2-category of normal (i.e, unitary) pseudo-categories internal to X, nor-
mal internal pseudo (respectively, normal lax, normal oplax) functors and internal natural
transformations. It is straightforward to show that these are indeed 2-categories.

Definition 3.13 A strict (resp. lax, resp. colax) double orthogonal factorization system
(DOFS) is a pseudo-category internal to the 2-category Fact (resp. Fact|,y; resp. Factcolax)s
such that src, tgt and ¢ are strict morphisms of categories with an orthogonal factorization
system.

Remark 3.14 Thus, a (lax) DOFS (L,R) on a double category C amounts to an OFS
(Lo, Ro) for horizontal arrows (with chosen factorizations), along with left and right classes
of double cells which form an OFS (£1,R1) with respect to horizontal composition of cells
(viewed as arrows of C1 in 3.13) and chosen factorizations of the cells. These factorization
systems are compatible, in the sense that source and target functors preserve the chosen
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factorizations. The identity cell on a horizontal arrow of the left class (respectively, right
class) is in the left class (respectively, right class) and the chosen factorizations on identity
cells for horizontal arrows consist of the identity cells for the chosen factorization of the
horizontal arrow. In a strict DOF'S, vertical composition preserves the chosen factorizations
of the cells; for a pseudo DOFS, both classes of cells are closed under vertical composition; in
the lax case, only the right class is vertically closed, and in the colax case only the left class
is closed. To make this more explicit, we offer a cell-wise definition of a DOFS, and show
that it is equivalent to the internal one.

Proposition 3.15 A DOFS is equivalent to a double category D with a pair of classes of
cells (L, R) satisfying:

1. L and R are closed under horizontal composition, and contain all the horizontally
invertible cells;

2. L and R are closed under vertical composition;

8. for any cell in either class, the source and target unit cells are also contained in the
respective class; e.g., if a € L, then i(src(a)) € L.

4. For every cell ¢ there are chosen cells £, € L and ry, € R such that

(a)

1

(b) If two cells share the same source (respectively, target), then the corresponding
chosen cells have the same source (respectively, target); e.g., if src(a) = sre(B) then
src(lo) = src(fg).

(¢) The chosen cells of a unit cell are again unit cells.

5. (the lifting property) for any equation

e ——e — @ e —— e — @
tetet =444
e — e —— 0 e — e —— o
with £ € L and r € R, there is a unique cell 0 that satisfies the two equations
o —> o e ——e — 0 o« — o e —— e — @
fvi=4cfed e {of=1eqr]
e — e e — e —— e e — e e — e —— e

In the particular case that the cells £, p,v,r are unit cells, then 0 is also a unit cell.

A lax DOFS is equivalent to a double category D with a pair of classes (L, R) satisfying
the above conditions, but replacing (2) by:

2’ R is closed under vertical composition.

A colax DOFS is equivalent to a double category D with a pair of classes (L, R) satisfying
the above conditions, but replacing (2) by:

2”7 1L is closed under vertical composition.
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Proof We first show that a double category D with a DOFS (L, R) satisfies the conditions of
this Proposition, by taking L. := £; and R :=R;.

Condition (1): Both of L and R are closed under horizontal composition and contain the
horizontally invertible cells by assumption.

Condition (2): This follows from the fact that the vertical composition is required to be
a morphism of categories with orthogonal factorization systems.

Condition (3): This is a consequence of src, tgt, and ¢ being morphisms of categories with
orthogonal factorization systems.

Condition (4): Here we use the chosen factorization of the cells as a cells in R after a cell
in L. This is expressed in (4)(a). Condition (4)(b) follows from the fact that src and tgt are
strict morphisms of categories with orthogonal factorization systems. Condition (4)(c) follows
from thet fact that ¢ is a strict morphism of categories with orthogonal factorization systems.

Condition (5): This follows from the lifting property on both orthogonal factorization
systems (£1,R1) and (Lo, Ro).

Now, a double category D with a pair of classes of cells (L, R) satisfying the conditions of
the proposition gives rise to: the classes £y and Ry of morphisms in Dy that consist of the
horizontal morphisms whose associated unit cells lie in . and R, respectively; and the classes
L1 :=Land Ry :=R, of D;.

The pair (£1,R1) is a factorization system for D; because L and R are both closed under
horizontal composition, both have all horizontally invertible cells, condition (4)(a) gives the
chosen factorizations and condition (5) gives the lifting property.

We now show that the pair (Lo, Ro) is an orthogonal factorization system in Dg. Indeed,
from the fact that horizontal composition of unit cells is again a unit, and . and R are closed
under horizontal composition, it follows that Lo and R are closed under composition. They
contain all isomorphisms in Dy because L and R contain all horizontally invertible cells. Every
morphism f in Dy factors as a morphism in Lg followed by morphism in Rg by conditions
(4)(a) and (4)(c), and we take these factorizations as the chosen ones. The lifting property
in (Lo, Ro) follows from the last part of condition (5).

The functors src and tgt are strict morphisms of categories with orthogonal factoriza-
tion systems by condition (3) and condition (4)(b). The unit functor ¢ is a strict morphism
of categories with orthogonal factorization systems by definition of the pairs (L9, Ro) and
(£1,R1) and conditions (4)(b) and (4)(c) and our choice of factorizations. The vertical com-
position is a morphism of categories with orthogonal factorization systems by condition (2).
The proof of the equivalence for the lax (respectively, colax) DOFS is exactly the same, but
noticing that axiom (2’) (respectively, axiom (2”)) implies the vertical composition is a lax
(respectively, colax) morphism of categories with orthogonal factorization system. O

We now present a result giving an equivalent formulation of Condition (5). This
result will serve as a supporting tool in examples in Subsection 3.3.

Proposition 3.16 Condition (5) in Proposition 3.15 is equivalent to the following state-
ments:

5’ For any equation

ERENESENER
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with £,¢ € L and 7, v’ € R, there is a unique horizontally invertible cell 6 that satisfies
the following two equations

EREN S EN R TR ER R

When £,r,0 7" are unit cells, 0 is also a unit cell.

Proof The equivalence follows from the analogous versions on orthogonal factorization
systems in one-dimensional categories. O

The following observation shows that the cell # in Proposition 3.16 is a globular
cell if the horizontal sources and targets coincide in two different factorizations.

Observation 3.17 In Proposition 3.16, consider the particular case

.L>.L>. 0L>oi>o

fedri=4e010d

e ——e —— 0 e —— e —— 0
e m e m

where £ and ¢ have the same source and target, and r and r’ have the same source and target.
Now consider the equations src(f) o e = e and m o src(f) = m. The orthogonal property in
the orthogonal factorization system in Dy implies that src(f) = id. Analogously tgt(0) = id.
This asserts that the unique cell arising from two different factorizations of the same cell,
with the same sources and targets, is horizontally globular.

3.3 Examples of DOFS on double categories constructed from
2-categories

In this subsection, we present an example of a DOFS in the double category of quintets
on (Cat, together with an example in the double category of paths over the double
category of quintets on a 2-category B.

Example 3.18 (The quintet double category on the 2-category Cat, Q(Cat)). Our aim is
that the class L that consists of cells with final functors in their horizontal arrows and the
class R that consists of cells that are natural isomorphism with discrete fibrations in their
horizontal arrows is a DOFS in Cat. First of all, final functors and discrete fibrations form
an OFS in the category of categories [? ]. Thanks to that fact, it is clear that both L and R
are closed under horizontal composition. Also, by definition, the classes . and R, contain all
the horizontally invertible cells. Now, we want to show that the axioms (1), (2), (3), (4) in
Definition 3.15 and axiom (5’) in Proposition 3.16 hold for L and R. It is clear that axioms
(1), (3), and (4) hold. We will focus on axiom (2) and axiom (5’).

Axiom (2). We wish to factor an arbitrary cell a into two cells

|
Ul o« v = Ul A ° JV
C—=D D——Xg——D
G 12 T2
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where A € L and p € R. Step 1, we chose £1,r1, 2,2 using the comprehensive factorization
system as in [? ] or on page 74 of [? |. Step 2, we define the functor T as follows: For an
object (b,[h: Fa — b)) in Xp , T(b,[h]) := (Vb,[Vh o a4]) in X, and for a morphism
tin Xp, T(t) := V(t). Step 3, we define A\ and p. Observe that for an object a € A,
LU (a) = (GUa, [id]), and T (a) = T'(Fa, [id]) = (V Fa,[aq]). We define Aq by the morphism
aq 1 (GUA, [id]) = (VFa, [aa]). The natural isomorphisms p, [,]) are defined by the identity
idy: 72T'(b, [h]) = Vb — Vri(b,[h]) = Vb. It is clear that A €L, p € R, and v = A x p.
Axiom (5’). Assume there are two different ways to factor a cell

Z/ ’
PR X o B A x' B
! /
by rop
l A 7
C*>Y*>T, D C ——Y ——D
£2 2 2 T
We wish to define a horizontally invertible cell
X q1 X/
Wl 9/7 lw’
Y —= V'

such that 8 + A = ) and p’ * 6 = p. By the orthogonal property of an OFS, there exist
isomorphisms g1: X — X' and go: Y — Y’ that make the following diagrams commute

A-b,x ", *> Y 25D
\ i q1/ R \ i q2/
Finally, we wish to find a natural isomorphisms 6: q2W — W'qq. First, observe that

7—1
rhaW =roW —25 Ve = Virlgn 2— ryW'q

From the fact that r} is a discrete fibration, there is a unique cartesian lifting 6: g2 W —
W'q1 of p/ -1 p. It is a natural isomorphism because p’ and p are natural isomorphisms and
rh is a discrete fibration. Now, by definition, r5(6) = p’'~!p, which implies that p'r5(0) = p
i.e. p) %0 = p. Finally, we wish to prove that 6 + A = X, i.e. g2(\) = X. We know that
pra(A) = px A = p « X = p/rh(N). Then, r5(0)ro(N) = p'~Lpra(A) = r5(X'). Again, since
% is a discrete fibration, there exists a unique morphism s such that r5(s) = r5(\). We
also have that pp/_lré(s) = r4()\’), and by the cartesian property s = \’. Observe that
rhqa(X) = r2(N), by definition of go; then, by uniqueness of s, s = g2()), which concludes the
example.

Example 3.19 (The double category of paths in Q(B)) In Example 3.7 we describe a DOFS
in the double category of paths in a category C; we refer the reader to that example for a
clearer understanding of the notation. Here, we extend the DOFS to a more general setting.
For a 2-category B, the double category of paths PathQB in the double category of quintets
QB has the following structure: its objects are those of B; its horizontal arrows are the
1-morphisms in B; its vertical arrows are paths of 1-morphisms in B; and the cells

Ao L By
(fi>0§i§ml<ai>0§7ﬁ§ml<gj>0§j§n

AmT>Bn
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are pairs (¢, (@;)o<i<m,), where ¢ : [m + 1] — [n 4 1] is an order preserving function with
©(0) = 0 and ¢(m) = n; and for every ¢ € [m + 1], a; is a 2-morphism in QB of the form

hi—
A1 — Bcp(z 1)

Rl ot
A —W By
The cells «; are called fences. Vertical composition of cells is defined by concatenation, while
horizontal composition is induced by composition of 2-morphisms, following the threads of
the cross arrows.
Suppose that the 2-category B has a 20FS (L, R) with a choice, and consider a cell
(@, (a3)o<i<m)- Then, the fences a; factor as

hi—1 Chi_yq Thi_1,
AiIHBil AilﬁlmhilﬁBil
<P(L 1) L; t % vz(ifl)
/ 20! 3 9o (i)
A; —> B; A; 7 mh
hy

where r; and ¢; are in the chosen 2-morphisms. This provides a factorization for the cell
(¢, {@i)o<i<m)- Now, we can introduce a double orthogonal factorization system (L,R) in
PathQB. The class L consists of the cells (id[,, 1), {¢i)o<i<m), where the horizontal mor-
phisms in the fences ¢; are in the class L. Similarly, the class R consists of the cells
(¢, (ri)o<i<m), where the horizontal morphisms in the fences 7; are in the class R. Observe
that the fences in . and the fences in R are cells in QB, and recall that a 20FS with a choice
in B corresponds to a DOFS in QB. Moreover, every cell in PathQB can be expressed as a
vertical composition of fences. These observations allow it to be derived that the pair (L, R)
satisfies the axioms in Proposition 3.15, and therefore constitutes a DOFS in the double
category PathQB.

Remark 3.20 It may be tempting to compare the DOFS on a double category of quintets
with the 2-dimensional OFS introduced by Stefan Milius [? , Definition 7.3]. However, the
goals of these two types of systems are different: our systems provide a notion of factorization
and hence an image for double cells, whereas the goal of Milius’ work is to provide a weakened
version of orthogonal factorization systems for 2-categories. It is not obvious how to construct
a left and right class of 2-cells from Milius’ concept. Also, the diagonal arrow goes in the
wrong direction to form the image of a 2-cell.

4 Monadicity of double factorization systems

In this section, we prove a monadicity result for double orthogonal factorization sys-
tems and for lax or colax double orthogonal factorization systems, achieving double
categorical generalizations of the fundamental monadicity result of Theorem 2.4. To
reach this, we first prove a conceptually important general monadicity result for cat-
egories internal to algebras, Theorem 4.2. This theorem is particularly helpful in our
double categorical context, but is more widely applicable.

We then merge the two flavours of DOFS together via F-category theory, also
known as enhanced 2-category theory (see [? ]). The right F-categorical monad to
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consider to achieve our monadicity theorem is a generalization of the squaring 2-monad
on (Cat to the double categorical setting.

The results of this section can be thought of as giving a monadic definition of (lax
or colax) double orthogonal factorization systems and showing that this definition is
equivalent to the internal one we presented in Section 3.

Aiming at the general monadicity theorem, we prove the following lemma. This is
a generalization of Proposition 2.13.

Lemma 4.1 Let X be a 2-category and let (T: X — K,n: ld = T, pu: T2 = T)
be a 2-monad whose underlying 2-functor preserves pullbacks. The 2-category T-fl’sﬂ@lax
(respectively, T-PsAlgps) of normal pseudo-algebras and lax morphisms (respectively, pseudo
morphisms) between them has all pullbacks of strict morphisms along strict morphisms that
exist in K (and these pullback morphisms are again strict).

PT‘OOf Let (CQ,Q(): T(C()) — Co,oz#y()), (Cl,Qli T(Cl) — C’l,a#,l) and (CQ, QQI T(CQ) —
C3,ay,2) be normal pseudo-algebras for T'. Furthermore, let f: C1 — Cp and g: Co — Co
be strict morphisms of normal pseudo-algebras, and assume that the pullback C1 x ¢, C2 of
f and g exists in X,

Cl XCo Cz L Cl

.
T2 f
CQ T} CO

We prove that (Cl X Ca, Q1 X Qo Q2: T(Cl X Cp 02) — C1 Xy Cg,aﬂ,l Xay, o 04,u,2) is the
pullback of f and g in T-PsAly),y.

Since T' preserves pullbacks, we can choose T(C1) X7(c,) T(C2) to be T(C1 x¢, C2).
Then the pullback square of C7 X ¢, C2 with its image under T', connected by Qq, Q1,Q2
induce a morphism Q1 xg, Q2: T(C1 x¢, C2) = C1 X, C2, by the universal property of
the pullback. Analogously, by the 2-dimensional universal property of the pullback, we can
induce an invertible 2-cell

T
T?(Ch x ¢, C2) (QlX—QOQf)T(CH Xy C2)

HC1x g, C2 Q1XqQyQ2
0 A1 Xay, 0%, 0

T(Cy x¢, C2) Orvoi0s’ C1 g, Ca
again using that f and g are strict morphisms of normal pseudo-algebras. It is straightforward
to show that (Cy X o Ca, Q1 X Qo Q2: T(Cq X o Co) —» 1 XCo CQ,OLHJ X a0 QM’Q) is a
normal pseudo-algebra for 1. We then notice that 71 and 7o are strict morphisms of normal
pseudo-algebras.

Consider now (C3,Q3: T(C3) — C3,0a4,3) a normal pseudo-algebras for T' together
with lax morphisms (h,goh): (C3,Q3,0,,3) = (C1,Q1,04,1) and (k,gok): (C3,Q3,0y,3) —
(C2,Q2, oy 2) between normal pseudo-algebras such that (f,id) o (h, ") = (g,id) o (k, ").
Then by the universal property of the pullback, these data induce both a morphism
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(h,k): C3 = C1 x¢, C2 and a 2-cell

T((h,k
T(C3) « )T(C1 X Cp Co)

Q: Q1 %0yQ
{ %,w’w J e

Cg W Cl XCo CQ

Notice that the morphism on top is indeed T'({h, k)) by the uniqueness part of the universal
property of the pullback. It is straightforward to check that ((h, k), (nph, gok)) is a lax mor-
phism of normal pseudo-algebras, and that it is the unique lax morphism that fulfills the
1-dimensional universal property of the pullback in T-PsAlg),y. Notice that if both aph and
ka are iso then also (Lph, gok> is iso. So pseudo morphisms between normal pseudo-algebras
induce a pseudo morphism.

Taking then 2-cells o: h = h' and 7: k = k' between lax morphisms of algebras such
that f * 0 = g * 7, we can analogously induce a 2-cell {o,7): (h,k) = (h', k') between lax
morphisms of algebras, which is straightforwardly shown to be the unique 2-cell that fulfills
the 2-dimensional universal property of the pullback in T-PsAlg),y. O

We now prove a general monadicity theorem which provides a way to extend a
2-monad on a 2-category K to canonical 2-monads on the 2-categories of categories
internal to /IC with either lax, oplax or pseudo functors, and shows how the 2-categories
of algebras for the latter are isomorphic to the corresponding 2-categories of internal
categories in algebras for the former. This will be particularly useful for us in the
context of double categories.

Theorem 4.2 Let K be a 2-category and let (T: KX — K,n: Id = T, u: T? = T) be a
2-monad whose underlying 2-functor preserves pullbacks. Then T induces 2-monads

Top1: PsCatop(K) — PsCatop (K)

Tps: PsCatps(K) — PsCatps(K)
such that B
Topl-PsAG 10y = PsCat op® (T-PsAlf ax.)
Tps-PsAlgps =2 PsCatps” (T-PsAlgps)
where fPsCatOpls(T-fPsﬂéqlaX) (respectively, PsCatps® (T-PsAlgps)) is the full sub-2-category of

PsCatop) (T-PsAlg1ax) (respectively, PsCatps(T-PsAlgps)) on those pseudo-categories whose
source, target and identity assignment are strict morphisms between normal pseudo-algebras.

Proof Given C a pseudo-category

Src
® —
Cl XCo 01 E— 01 i;: Co

in X, we define Topl(C) to be the pseudo-category

7(0) o

T(Cl X o Cl) —_— T(Cl) <T(2)- T(C())

T(tgt
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choosing T'(C1) x7(c,) T(C1) to be T(Cy x¢, C1) (and similarly with iterated pullbacks),
thanks to the fact that T' preserves pullbacks. Its associator is just T'(®), where ® is the
associator of C. It is straightforward to show that this gives indeed a pseudo-category.

Given then a normal internal oplax functor (Fp: Cy — Do, F1: C1 — D1, ¢), we send it to
the normal internal oplax functor (T'(Fp),T(F1),T(¢)): Topi(C) — Topi(D). The required
axioms are all images under T of the corresponding axioms for (Fp, F1,¢). And given an
internal natural transformation (o, ;1) between normal internal oplax functors, we send it
to the internal natural transformation (7'(ag),T(a1)). Again, all the required axioms are
images under T of the corresponding axioms for (ag, a1). It is straightforward to check that

Top1 is a 2-functor.

We then define a unit 77: Id = Topl and a multiplication : Tipl — Topl for Topl
as follows. Given C' € PsCatyp1(X), we define i to be the normal internal strict functor
(1cy T2(Cy) — T(Co), pc, : T*(C1) — T(C1),id), thanks to the naturality of u. Notice
that 1oy Xpue, pe, coincides with poy X0y Ci by the universal property of the pullback, and
we can thus choose id as structure 2-cell

T3(®
T2(01 XCo 01) g TQ(Cl)

MC'1><COC1\L Jﬂcl

T(Cq1 x¢, C1) W T(C1)
by naturality of p, making 7o into an internal strict functor between internal pseudo-
categories (the required axioms hold thanks to the 2-naturality of u). 2-naturality of u then
also guarantees that 1 is 2-natural.
Given C' € PsCat,p(XK), we then analogously define 7 to be the normal internal strict
functor (n¢,: Co — T(Co),ncy : C1 — T(Ch),id). 2-Naturality of n guarantees that 77 is well
defined and 2-natural.

It is straightforward to check that (Top;,7, %) satisfies the axioms for a 2-monad on
PsCatop(X), thanks to the corresponding ones for (T',n, 1) and the fact that both 7 and [
have internal strict functors as components, with structure 2-cells given by identities.

Notice then that the 2-monad Top on PsCatep(X) restricts to a 2-monad Tps on
PsCatps(XK). Indeed if (Fo: Co — Do, Fy: C1 — D1, ) is a normal internal pseudofunctor,
which means that ¢ is invertible, then also T'(¢p) is invertible and

(T(FO)a T(F1)7 T(SO)) : Topl(c) — Topl(D)

is a normal internal pseudofunctor. Moreover, both 77 and & have as components internal
strict functors.
‘We now prove that

T op1-PsAlg1ax = PsCatop” (T-PsAlg 1)
So consider (C,Q: Topl(C) — C, (oy,0,ap,1)) a normal pseudo-algebra for Topl- Here, C =
(Co, Cy,src, tgt, i, ®), with & the associator, and (o0, au,1): @ OToplQ = Q o uc is the

internal (levelwise) natural transformation which gives the structure 2-cell of a normal pseudo-
algebra. We write Q = (Qo,Ql,apQ), with gaQ the structure 2-cell for the internal oplax
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functor Q. The following diagrams help visualizing the situation:

— T'(src) —
T(C1) Xp(cy) T(C1) —T(®)— T(C1) +—T(i)— T(Cop)
‘ ‘ — T(tgt) — ‘
Q1XQyQ1 >~ @ CT Qf
»L src ——
1 XCo 1 ® C1 i Co
tgt —
TopC —HC T, ,C 204 L T0
\TQl =t \Qj
_ A 3
TopQ Q = TC, le &
T opiC c T2C, m“ <o TC
oplC ——(5 0 m 0 o
0
TQO\,A o0 =
TCy = a) Co
0

It is straightforward to show that:

® The 2-cells ay0: Qoo TQo = Qoo pc, and oy1: Q10 TQ1 = Q1 0 pe, give
(Co,Qo: T(Cy) = Co,au,) and (C1,Q1: T(C1) — C1,ay,1) respectively the structure
of normal pseudo-algebras for T

® The commutative diagram

T (src)
T(Cl) —T(i) — T(Co)
T(tgt)
Q1 Qo
Cp +—i Co
tgt

can be viewed as establishing that src,tgt: C7 — Cp and i: Cyg — C7 are strict
morphisms of T-algebras.

By Lemma 4.1, src and tgt have a pullback in T—Tsﬂéglax, given by
(C1 x¢gy C1,Q1 Xy Q1: T(C1 Xy C1) = C1 Xy C1y0,1 X0 Q1)

And analogously, src and tgt have all iterated pullbacks. We can then use the vertical composi-
tion ® of C and ch to produce a vertical composition for (Qg, @1). It is indeed straightforward
to show that the 2-cell

T
T(Cy X C1h) &) T(Ch)

Q1><QUQ1J % JQI
%)

C1 XCo Cl —>® Cl
is a lax morphism of normal pseudo-algebras for 7', and then that

(Qo, Q1, (src, id), (tgt, id), (4, id), (@, ), )
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is a pseudo-category internal to T—fl’sﬂ[glax,

If we now start from a pseudo-category internal to T-PsAly,, with source, target and
identity being strict morphisms between normal pseudo-algebras, we can produce a normal
pseudo-algebra for Topl' Indeed we can first produce a pseudo-category C internal to X.
Then the structure 2-cell <p® of the vertical composition ® extends Qg and Q1 to an inter-
nal oplax functor Q: Topl(C) — (', also thanks to the associator ® being a 2-cell between
algebras. Finally, o0 and oy,1 form an internal natural transformation thanks to the fact
that src,tgt, s are strict morphisms of normal pseudo-algebras. So we produce a normal
pseudo-algebra for Topl. It is straightforward to see that the two constructions we have
given are inverses of each other, giving a bijection on objects between Topl-fl’sﬂéqlax and
PsCatop)® (T-PsAlG1ax)-

Consider now a lax morphism

(C,Q: TOPI(C) — C, (ap,0,0,1)) = (D, R: T0p1(D) = D, (Bu,0, Bu,1))
between normal pseudo-algebras for Topl- This consist of an oplax functor (Fp, F1,): C — D
internal to X equipped with a structure internal natural transformation (£p,&1) where

r(c) 25 7Dy

of A P

for ¢ = 1,2. This gives us a lax morphism of normal pseudo-algebras
(Fo,€0): (Co,Qo: T(Co) = Co,p,0) = (Do, Ro: T(Dg) — Do, Bu,0)
and analogously (F1,£1): Q1 — R1. We can thus associate to ((Fo, F1, A), (€0,£1)) the oplax
functor internal to T-PsAlg.y given by
((Fo,80): Qo — Ro, (F1,£1): Q1 — R1, A).
Indeed, it is straightforward to show that

F1><F0F1
C1 XCo Ci, —— Dy X Do Dq

®J / J@
C 1 —>F1 D 1

is a 2-cell between lax morphisms of normal pseudo-algebras and that the structure defined
above is an oplax functor internal to T-Ps4lg),,. Notice that, for the latter, the required
axioms are equalities of 2-cells between normal pseudo-algebras, which can then be checked
in X using the underlying 2-cells. The following diagram helps visualizing the situation:

-
T(C1) X1(cg) T(C1) T(A)/ T(Cr) T(Co)
T(D1) xr(pg) T(D1) T(D1) (Do)
— | |~ ~
e Cl\ l = Cl\ CO\
D1 xpy Ds Dy Do
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Starting now from an oplax functor ((Fp,&0): Qo — Ro,(F1,&1): @1 — Ri, ) inter-
nal to T-PsAlg),, between pseudo-categories with source, target and identity being strict
morphisms between normal pseudo-algebras, we produce a lax morphism between normal
pseudo-algebras for Topl' It is straightforward to show that (Fp, F1, ) is an oplax functor
internal to X, thanks to the fact that ((Fo, &), (F1,£1), ) is an oplax functor and A is a 2-
cell between normal pseudo-algebras. Then (§p, £1) is an internal natural transformation that
makes ((Fp, F1, ), (€0,&1)) into a lax morphism between normal pseudo-algebras for Topl-
It is straightforward to show that the two assignments we have described are functorial and
inverses of each other, giving the 1-dimensional part of

Top1-PsAlg1ax = PsCatop” (T-PsAlg 1)

We show that the 2-dimensional part holds as well. So consider a 2-cell between normal
pseudo-algebras for Topl- This is an internal natural transformation (yo: Fo = Go,v1: F1 =
GG1) that satisfies some axioms. It is straightforward to see that 7g is a 2-cell from the lax
morphism (Fy, £o) of normal pseudo-algebras to the corresponding (G, &), and analogously
for 71. One can then see that sending (y9,7v1) to (70,7v1) and vice versa gives an isomorphic
2-functor, exhibiting thus the isomorphism of 2-categories

Topl‘fp‘gﬂ[ﬂlax = TSCatopls(T—TSﬂ[ﬂlax).
Finally, it is straightforward to see that this isomorphism of 2-categories restricts to

Tps-PsAlgps =2 PsCatps® (T-PsAlgps).

Indeed the structure 2-cell <pQ of the internal oplax functor Q and the structure 2-cell ¢® of
the lax morphism of normal pseudo-algebras which gives the vertical composition for (Qq, Q1)
correspond to each other, and if one is invertible then the other one is invertible. Analogously,
for &9, &1 and A in the correspondence between morphisms.

So we have established the required isomorphisms of 2-categories. O

Remark 4.3 The intuitive idea behind the proof of Theorem 4.2 is that, interestingly,
objects, morphisms, and 2-cells of the 2-categories

Top1-PsAlg1ax  and  PsCatop” (T-PsAlgax)
and -
Tps-PsAlgps  and  PsCatps® (T-PsAlgps)

respectively, are all presented by the same underlying data, grouped with each other in two
different ways.

We can now apply this general monadicity theorem to generalize the fundamental
monadicity result of 2.4 to the double categorical setting.

Construction 4.4 We construct the needed generalization of the squaring 2-monad on Cat
to the double categorical setting. We use the recipe given by Theorem 4.2.

The underlying 2-functor of the squaring 2-monad (—) ™ : Cat — Cat preserves pullbacks.
Indeed taking exponentials by — in Cat gives a right adjoint, that then preserves limits. By
Theorem 4.2, then (=) : Cat — Cat induces a 2-monad

(=X : PsCatopi(Cat) — PsCatop(Cat).

(Note that in the notation of Theorem 4.2 this would be called (7):;)1, but for reasons that
will become clear in Remark 4.5 we choose this new notation.) But notice that PsCatp (Cat)
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precisely gives the 2-category @B[Catopl of pseudo double categories, normal (i.e. unitary)
oplax double functors and horizontal natural transformations (i.e. with arrow components).
So we get a 2-monad

(—)Y: Q)B[Catopl — @E[Catopl

which restricts to a 2-monad (—)7 on the 2-category DblCatps of pseudo double categories,

normal pseudo double functors and horizontal natural transformations. By Theorem 4.2, the
2-monad (—)3” sends a pseudo double category D to the pseudo double category D™ given by

®~ s’y
Dy’ xpyz D7 —— Dy’ € g Dy’
tgt

with associators induced from D. Equivalently, D™ is given by the exponential (also called
cotensor) of D to the walking horizontal arrow — (i.e, the double category which has a single
non-trivial horizontal arrow and only has vertical identities both as proarrows and double
cells). See [? , Section 7] for the explicit construction of the exponential as the pseudo dou-
ble category of (normal lax) double functors, horizontal transformations as arrows, (strong)
vertical transformations as proarrows and (strong) modifications as double cells. Explicitly,
D™ has the following description:

an object is a (horizontal) arrow f: A — B in Dj

an arrow f — g is a pair (u,v) of arrows in D forming a commutative square in Dy
A A
s
B —— B

a proarrow f — h is a double cell in D

- e ]

f N g

a double cell a\iL = }Lﬁ is a pair 2 = (0,7) making the following cube commute (as a

h— k
(y,2)
square in Dj)
/ g
u A —2 B
~ s -3
A——— B
m/I /B n/
m o « n T
y O —|— D
7 /z

ie, (a|r) = (0]B).

identities and composition are induced from .



The functor (—)Y then acts on morphisms and 2-cells in the following way:

(=) ¢ DblCato, — DblCat,p

D D~
) e
E E™”

Remark 4.5 We can merge the two 2-monads (—)y : DblCat,, — DblCat,, and
(=)7": DblCatps — DblCatps into an F-categorical monad.

Recall from [? | that F-category theory coincides with category theory enriched over F,
which is the cartesian closed full subcategory of Cat™ determined by the functors which are
injective on objects and fully faithful (i.e, full embeddings). An F-category § is given by a
collection of objects, a hom-category § (X, Y")_ of tight morphisms and a second hom-category
§(X,Y), of loose morphisms that give 2-category structures (respectively) §- and §y to &,
together with an identity on objects, faithful and locally fully faithful 2-functor Jg: §; — §;
this is equivalent to a 2-category §) with a selected subclass of morphisms called tight forming
a sub-2-category (with all 2-cells). An F-functor F': § — 7 is a 2-functor F: §x — 7T that
restricts to a 2-functor Fr: § — I (forming a commutative square); this is equivalent to
F preserving tightness. And an F-natural transformation is a 2-natural transformation ay
between the loose parts that restricts to one between the tight parts; this is equivalent to a
having tight components.

JF-categories, F-functors and F-natural transformations then form a 2-category F-(Cat.
An F-monad is a pseudomonoid in F-Cat, which is equivalent to a 2-monad on the loose
part whose underlying 2-functor preserves tightness and such that the multiplication and the
unit have tight components.

Notice that an F-monad T on § always induces two 2-monads 7> and T on §- and §y
respectively, together with a 2-monad morphism (§+,77) — (§x,7)). As a consequence, it
also induces a 2-functor (of inclusion) Tr-PsAlgps — Ty-PsAlgps (and an analogous one with
lax morphisms of pseudo-algebras), by [? , Lemma 3.1].

Proposition 4.6 The two squaring 2-monads of Construction 4.4 form an F-monad (=)~
on the F-category Q)E[Catps/opl of pseudo double categories, normal pseudo double functors
as tight morphisms, normal oplax double functors as loose morphisms and horizontal natural
transformations as 2-cells.

Proof By the proof of Theorem 4.2, the 2-monad (—)" on the loose part DblCat,p of
@E[Catps/opl restricts to the 2-functor (—)7 . Moreover the multiplication and the unit of

(—)x" have tight components. Indeed, their components are actually internal strict functors.
d

We can now deduce the main theorem of this section, which is a monadicity result
for both DOFS and lax DOFS, generalizing the fundamental result of Theorem 2.4 to
the double categorical setting. This theorem further justifies the internal definition of
(lax) double orthogonal factorization system we presented in Section 3.
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Theorem 4.7 Normal pseudo-algebras for the 2-monad (—)7 on DblCatps are precisely the

double orthogonal factorization systems.
Normal pseudo-algebras for the 2-monad (—)y on @ﬁ[Catopl are precisely the laxz double
orthogonal factorization systems.

Proof By Theorem 4.2 and Construction 4.4, the 2-monad (=)}’ : DblCat,p — DblCat,p is
such that
(_)r'?&q[ﬂlax = TSCatopls((_)_)'{PS’qglax)'
But by Theorem 2.4 and Notation 2.9 (thanks to Proposition 2.11), (=) 7-PsAlg,, pre-
cisely coincides with Factj,. And then, by Definition 3.13, PsCatop®((—) 7 -PsAlax) is
precisely the 2-category of lax double orthogonal factorization systems. We have thus proved
that normal pseudo-algebras for the 2-monad (—)}” give precisely lax DOFS. The restricted
isomorphism of 2-categories
(=)7 - RsAlgps = PsCatps® (=) -y ps)

then shows that normal pseudo-algebras for the 2-monad (—); give precisely DOFS. O

Remark 4.8 By Theorem 4.7, we can rewrite the axioms of a lax DOFS as the axioms
of a normal pseudo-algebra for the 2-monad (—))" on DblCat,p,. The latter is given by a
double category D equipped with an algebra structure @: D~ — D. @ has components
Qo: Dy” — Dy and Q1: D" — D1, expressing the orthogonal factorization systems on Dy
and Dj (i.e, on horizontal arrows and double cells viewed in the horizontal direction), by
Theorem 2.4 and Remark 2.5. Interestingly, the axioms of compatibility between the two
orthogonal factorization systems on Dy and Dj precisely translate into making () a normal
oplax functor. For example, the axiom of the oplax functor @ respecting sources

]D)T) Src ]D)(?

o e

]D)l T]D)O

captures the axiom of src being a strict morphism of orthogonal factorization systems.

Moreover, by essentially the same line of reasoning as in Theorem 4.7, we can
describe a lax morphism between lax DOFS’s as a lax morphism between normal
pseudo-algebras for the 2-monad (—)y" on DblCat,y. The latter, for a morphism
between normal pseudo-algebras QP: Dy — D and Q%: EyY — E, is given by an
oplax double functor F': D — E equipped with a transformation f as in the following
diagram:

D~ £ E-

Z
le )ér/ l@ﬂ

D—%—E
that commutes appropriately with the data of QP and QF. In particular, by
Proposition 2.11, the underlying natural transformations

Fi:QfoF = FioQY
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for i = 0,1, equivalently witness that F; preserves the right class of morphisms in the
factorization system on D; given by Q]?. Furthermore, 2-cells between such morphisms
can be given by arrow-direction 2-cells that give rise to commuting cylinders,

F*}
PN
D~ F E~ D~ i E—
G‘}
QD\L = fF — lQJE = QD\L =7 == lQE
Dp—*f LR D——E
G
W

G

i.e., pairs of compatible 2-cells between lax morphisms of categories with orthogonal
factorization systems. So we can conclude:

Proposition 4.9 A lax morphism between lax DOFS’s is an oplaz double functor that pre-
serves the right class — both of horizontal morphisms, and of double cells. Similarly, a (pseudo)
morphism between DOFS’s is a (pseudo) double functor that preserves both left and right
classes of horizontal arrows and double cells. 2-Cells between these morphisms correspond to
arrow direction (horizontal) transformations between the double functors that are compatible
with the algebra structure on both the arrows and the double cells.

Remark 4.10 The inclusion of algebras (—)7 -PsAlfax — (—)% -PsAlg1ax described in
Remark 4.5, guaranteed from having an F-monad (=)~ on @5[Catps/op1, is the inclusion of
DOFS’s into lax DOFS’s.

Remark 4.11 The whole theory of this section can be dualized for colax DOFS’s. This way
we obtain normal pseudo-algebras for the 2-monad (—);;, on DblCat,,, are precisely the
colax double orthogonal factorization systems. A lax morphism between colax DOFS’s is a
lax double functor that preserves the left class — both of horizontal morphisms, and of double
cells.

Remark 4.12 We see here that the treatment of double orthogonal factorization systems as
algebras for a monad gets us various 2-categories of double orthogonal factorization systems
on double categories (one for each flavour: oplax, lax, pseudo, strict, where obviously the
last two are sub-2-categories of the former). However, keeping the algebra functors within
the larger context of all double categories with various flavours of double functors gives us
further options for morphisms and 2-cells between them. In [? ] there is a double category
with lax functors in one direction and oplax functors in the other direction. The cells for this
double category would give rise to a notion of morphism between double categories with a lax
orthogonal factorization systems that preserves the left class (where the vertical composition
preserves the right class). In this paper we will not explore this further.

Another type of morphism that is afforded us by this approach is to go from a double
category with a lax DOFS to one with an oplax DOFS (or vice versa). In this case the
morphism F' needs to be a pseudofunctor. We will have use for these morphisms in Section 5
when we want to compare different DOFS with a common OFS on the arrows of the double
category.
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Remark 4.13 Double categories also give us the option to turn the 2-category of double
categories with a lax DOFS into a category enriched in double categories. We do this by
adding vertical transformations to the mix; i.e., transformations in the proarrow direction.
Let D and E be double categories with a lax DOFS and F, G: D — E be oplax double functors
which also preserve the right classes. A vertical transformation : F &> G would correspond
to a functor : Dy — &1 satisfying the usual properties. In this case, we only need to add the
requirement that 6 be a lax morphism of algebras; i.e., that it preserves the right class. We
can now get the double category structure on the homs by taking the full sub double category
on these horizontal and vertical transformations: simply, take all modifications that fit.

There is even more possible: we can combine all the algebras for the arrow monad, the
lax, the colax, the pseudo and the strict, into a single 2-category with the use of 2-cells and
arrows as indicated in [? ]. We will not need this result in full. We will only use it in the next
section for DOF'S extending a common OFS on the arrows of a double category.

5 Extending an arrow OFS to a DOFS

In this section we present some results around the question when a given OFS on the
arrows of a double category can be extended to a DOFS and how these extensions are
related to each other. We will illustrate this by extending our examples from Section
3 and adding some new ones.

5.1 Theoretical results

We present further examples of double orthogonal factorization systems. Every double
orthogonal factorization system (L,R) on D has an underlying factorization system
(Lo, Rp) on its category of arrows Dy. In this section we will consider the extensions of
various well-known orthogonal factorization systems to double factorization systems
and we will explore the relationships between these extensions.

For our first general result we want to address the requirement that the source,
target and identity structure arrows, src, tgt and 4, of D need to be strict morphisms of
categories with an orthogonal factorization system. We give a condition under which a
pair of orthogonal factorization systems for which these structure arrows only preserve
the left and the right classes can be adjusted to a pair for which these maps are strict;
i.e, preserve the chosen factorizations.

Proposition 5.1 Let D be a double category such that both Dy and Dy are categories with
an OFS and chosen factorizations such that the source, target and unit functors preserve the
left and right classes, but not necessarily the chosen factorizations. Then the factorizations
of the cells in D can be adjusted to obtain a DOFS for D if for every diagram of invertible
arrows and a proarrow on the left there is a horizontally invertible cell 6 as on the right:

e —  — e e — — e
ui u\lL /] f;
e —————— o o ————— o

o
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Proof Given a choice of factorizations for the arrows, f = ry oy where £y € £ and ry € R,
we will show how to adjust the factorization for the double cells so that all of src, tgt and 4
preserve the chosen factorizations.

We make the units functor strict by choosing the corresponding factorizations for the
unit cells: 4;, = ig, and r;, = ir;.

To adjust the factorizations of the other cells so that source and target become strict, let

src(ly)

A f A A, src(ra) C

C
U o f) = 1{ Lo i»lm(oz)m f)
D

/
B 9 b B tgt(éa) tgt('r‘a)

be the chosen factorization for a cell a. By orthogonality of the factorization system on Dy,
there are unique isomorphisms d; and do making the following diagrams commute:

sre(re) tgt(/
\ l / g\,y l %

Now choose a horizontally invertible cell 8 according to the condition of the proposition:

A/
} tgt(ra)

Bl

A — T ()

Im(a% 0 fm(a)’

2

Now let £, = 0o ly and 7, = rq o 0_1, where 07! is the horizontal inverse of 6. Since 0 is
horizontally invertible, £, is in the left class on Dy and r), is in the right class on Dy and
with this new choice of factorizations, the source and target functors have become strict. [J

In the following theorem we discuss properties on a double category that assure us
that there is at least one double orthogonal factorization system that extends a given
factorization system on its arrows. We will make use of the notions of extension (or,
cartesian cell) and restriction (or, opcartesian cell) in a double category [? |].

Definition 5.2 1. A double category has an extension, or opcartesian cell, for the diagram
on the left below if there is a cell Vﬁ, as on the right,

A—> B A%B
Mi Mi Voot i te o (M)
A —— B —>B’

S

with the following universal property: for each double cell
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A—*sB-N",¢C

S

M
A/ ﬁ B/ T C/
s L

there is a unique cell 8’ such that

A—S43B-l,cC A—*5B h C
Mi 0 i»]v = M\lL 'Yéw,s’ iextsysl(ﬂfﬁl i’N
A —— B —— ' A —— B - c’

s h s h

2. The definition of restriction, or cartesian cell, is dual to that of extension.

3. A double category has all extensions along arrows in a class S if it has all extensions
for diagrams where the arrows are in S.

4. Dually, a double category has all restrictions along arrows in a class S if it has all
restrictions for diagrams where the arrows are in S.

Proposition 5.3 Let D be a double category with an orthogonal factorization system (L, R)
on Dy.

1. If D has all extensions along the arrows in L, it has a lax DOFS (L,R) = (£, R)extn
with (Lo, Ro) = (L, R), L1 consists of all extension cells with horizontal boundaries in
L, and R1 consists of all double cells with horizontal boundaries in R;

2. If D has all restrictions along arrows in R, it has a colax DOFS (L,R) = (£, R)restr
with (Lo, Ro) = (L, R), L1 has all double cells with horizontal boundaries in L, and Ry
has all restriction cells with horizontal boundaries in R;

Proof 1. It is clear that both the class of extension cells with £-boundaries and the class

of cells with R-boundaries are closed under composition and contain all horizontally
invertible cells.
To factor an arbitrary double cell, factor its horizontal boundary arrows in (£, R), and
take the extension of its vertical source arrow M along the arrows in £. Then the
right side of the factorization is the cell &’ that exists by the universal property of the
extension cell.

4 r
[ ) L‘ ] [ ] / [ ] f [ ]
Mi 0 iN = Mi Vs e iext%,zs % i
e — o [ ) [ ) ]
9 Ly Tg

Finally, to prove the lifting property, we will denote a double cell 8 as in the previous

(4
diagram by M M)

of the form,

N. With this notation, we are considering a commutative square
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0,0’
M (5’ ) N

)| |

E—— P
(k,7.k")

where v is an extension cell, £, € £ and r,v' € R. This gives us the following two
diagrams in the arrow category Do,

h h’
e —> o o ——> o
A A
"
e — o e —— @
k k'

which have unique diagonals d and d’ because (£, R) is an OFS. Hence, h = d o £ and
h/ = d o ¢'. The universal property of v as extension cell gives rise to a unique double
cell ¢ as in the following diagram,

4 d 4 d

e —H> e —— @ e —H> e —> e
Mi 4 iN = M\lL Y iEe’ \lLN
e —— e — @ e ——> 0 —— @
4 d’ V4 d’

This gives the commutativity of the upper triangle in the following diagram,

M (h,G,h')/,N
)| oy |mer
—
P
(k,‘r,k')

For the lower triangle, note that
((r,6,7") 0 (d,6',d)) o (0,7, 0) = (r,6,7") 0 ((d,6,d) o (£,7,())
= (r,6,7") o (ho, h')
= (k7 K)o (6,7,£)
The uniqueness in the universal property of v now gives us that (r,8,r") o (d,0’,d") =
(k,7,k"). So (d,6',d’) is the required lifting. Its uniqueness follows again from the
universal property of .

Finally, a choice of an extension cell for each diagram,

oi>o

uy
e —— e
é/
gives rise to a choice of factorizations of the double cells such that their sources and
targets are the chosen factorizations on the arrows. So we have a DOFS.

2. This follows from the first part by duality.
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Recall that each DOFS on D gives rise to a suitable (i.e., normal oplax, lax or
pseudo, depending on the type of factorization system) double functor from D~ to D.
Now a morphism between two double orthogonal factorization systems on the same
double category with the same factorization system on the arrow category corresponds
to a diagram

D~ F~ D~

D / J/ D/
Q
Q l P (@)
D——7— D
where F' is the identity on D™. Hence, F is the identity on ID. So a morphism between
such double orthogonal factorization systems is a horizontal identity on objects trans-
formation between the double functors representing the two factorization systems.

Note that [? ] gives a detailed description of horizontal transformations, where the
domain and the codomain may be double functors with distinct types of laxity.

Theorem 5.4 1. Let D be a double category with an OFS (Lo, Ro) on its category of
arrows and all extensions along the left class Lo. Then for any lax (L,R) on D with
(Lo, Ro) as the arrow part, there is a unique morphism (L,R) — (Lo, Ro)extn of DOFS
on D.

2. Let D be a double category with an OFS (Lo, Ro) on its category of arrows and all

restrictions along the right class Ro. Then for any (L,R) on D with (Lo, Ro) as the
arrow part, there is a unique morphism (Lo, Ro)restr — (L, R) of DOFS on D.

Proof 1. Let (L,R) be a DOFS on D, with corresponding oplax double functor @: D™ —
D. For a double cell 6 in D we obtain two factorizations with the same factorizations of
the boundary horizontal cells:

e « Q) — e
M% 0 fN = Mi» ey e iexté‘;,zg % fzv
« Q) — e
g
° L> ° ° b Q(f) A °
Mi‘ 6 iN = Mi» Lo %LQ(Q) o N
o ——e . 0 Q(g) = .
By the universal property of the extension cell 'yé\;i ¢ there is a unique globular double

cell

Q) —229, ()
exti o f 2 i@(e))
Q(9) Q(9)

idg(g)
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Let Qextn: D" — D be the double functor representing the extension DOFS. Then we
define the components of a horizontal transformation

p~ -4, p~
e e

D———D
id

by (f = idg(y) for all objects f of D™ (i.e., arrows of D) and (g = 6/9 for each proarrow
6 of D7. Using the universal property of the extension cells it is easy to check that this
family does indeed define a horizontal transformation, and hence a morphism of DOFS
on D, (L,R) — (Lo, Ro)extn. For each component of such a morphism there is only one
cell that could fulfill the role, so this morphism is unique.

2. This follows from the first part by duality.
O

Recall that a fibrant category [? ], also called a framed bicategory [? |, is a double
category with all extensions and restrictions.

Corollary 5.5 For any fibrant double category D with an OFS (L,R) on its category of
arrows, the DOFS (L, R)restr is initial and (L, R)extn s terminal among the DOFS on D
with (L, R) as arrow part.

5.2 Examples

We will now present examples of double categories with multiple DOFS that share the
same OFS on the arrows of the double category.

Example 5.6 (The double category Mod.) In the category Ring of associative unital rings,
the class £ of surjective morphisms together with the class R of injective morphisms form
an orthogonal factorization system. This follows from the fact that surjective and injective
functions form an orthogonal factorization system in the category of sets, and the image of
a ring morphism is itself a ring. Moreover, the bijection between two distinct factorizations
into a surjective and an injective morphism is itself a ring isomorphism. The OFS (£, R)
of Ring appears as the factorization system for the horizontal arrows in a colax DOFS on
the double category Mod of associative unital rings, bimodules, and equivariant morphisms.
The left class £ of the factorization system on the cells consists of surjective cells whose
horizontal morphisms are surjective, while the right class R consists of injective cells whose
horizontal morphisms are injective. Every cell ¢ in Mod admits a factorization of the form:

f

A——C A—— Imf —— C

M\lt ® £N=M\lL ? In‘up i iN
~

B —— D B — Img —— C

where @ denotes the restriction of ¢ to its image, and ¢ is the inclusion cell. Furthermore,
L1 is closed under vertical composition, since the tensor product of surjective morphisms is
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again surjective. However, the right class R1 is not closed under vertical composition. For
instance, the vertical composition of the cell

with itself does not belong to the right class R. This is because i ®g 1 # 1 ®p ¢, while over C
one has i ®@c 1 = 1 ®c i. Here, the left vertices labeled R in the cell id, as well as the subscript
in the tensor operator, refer to the field of real numbers.

This is not the only DOFS on Mod, because the double category Mod is fibrant [? ]. The
restriction and extension cells are of the form

A1 c A1 c
i iN Mi 1®id®1 lC®AM®BD
B—g2D 7 B—2D

respectively. Here the left proarrow N in the restriction is the A-B-bimodule induced by f
and g, and the right proarrow C ® 4 M ® g D in the extension is the C-D-bimodule obtained
by tensoring the C-A-bimodule C, the A-B-bimodule M, and the B-D-bimodule D. The
morphism 1 ® id ® 1 maps an element m € M to 1 @ m ® 1.

By Proposition 5.3, there exist a DOFS (£, R)restr and a DOFS (£, R)extn in Mod,
induced by restrictions and extensions cells. Then, every cell ¢ admits two factorizations of
the form:

A—1sc A—sImf —— C
M ® \lL Mi ® I‘V id iN
~+
B —— D B ——Img——D
and
A—1,c A——Imf ——— C
M\lL \lL = M\lL 1Rid®1 mf®AM®BImg -~ iN

B —— D B—sImg—— D

where the cell _p_ sends an element f(a) ® 4 m ®p g(b) to f(a)p(m)g(b).

The DOFS (L, R)restr and (£, R)extn differ from the DOFS (L,R). By Theorem 5.4,
there exist a morphism of DOFS (L,R) — (£, R)restr and (£, R)extn — (L, R). Explicitly,
the globular double cells that define these morphisms are

Imf =—— Imf Imf =—— Imf
Imgai» % i»N Imf®a M®BImgi» “p- i»lmcp
Img === Img Img === Img

respectively, where the cell _ maps an element f(a) ® 4 m @p g(b) to f(a)@(m)g(b).

Our next example will be the double category Prof of categories, profunctors and
functors. This is double category is also known to be fibrant, so any orthogonal fac-
torization system on (Cat will give rise to one or more DOFS on Prof. Here we want
to consider the factorization systems by strong epimorphisms and functors that are
faithful and injective on objects. We first remind the reader of the definitions.
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Definition 5.7 A functor is compositionally surjective if its codomain coincides with the
subcategory generated by its pointwise image.

Observation 5.8 Observe that the class £ of compositionally surjective functors and the
class R of faithful functors which are injective on objects form an orthogonal factorization
system in Cat. For a functor F': A — B we write Zm(F') for the subcategory of B on the
objects of the form F(A) with A in A and arrows generated under composition in B by the
arrows of the form F(f) with f in A. We then factor F as
A—T s omE) —2 4B

where F is the restriction of F' and Jp is the inclusion of the subcategory into B. Note that
this makes the compositionally surjective functors the strong epimorphisms in Cat. We will
use this factorization system in the next example.

Example 5.9 The OFS in Cat given in the above observation and the surjective-injective
OFS in Set induce the following DOFS in the double category of profunctors Prof. The left
class £1 of double cells consists of surjective natural transformations with compositionally
surjective functors as horizontal arrows. The right class R consists of injective natural trans-
formations in which horizontal functors are faithful functors that are injective on objects.
It is clear that both £; and R; are closed under horizontal composition and contain all
horizontally invertible cells. Before showing that any cell

F

has an (L, R)-factorization, it is necessary to define the profunctor Zm(yp): Im(G)Op X
Im(F) — Set. For any objects x € Im(F), y € Im(G), with a € A and b € B that satisfy
F(a) = x and G(b) = y, consider the surjective-injective factorization for the function ¢y 4:

P(b,a) ——"—— Q(y,)
\ /
Im‘/’b,a

Taking the coproduct over every pair of elements in the fibers of x and y, we get the
commutative diagram for each pair (b, a) in the fiber over (y, z):

ba —)Qy,

/ T‘Jy z

I_lF(a) T Im #b,a

Im@ba G(b)=

The functor Zm(y) is defined on objects as

Im(e)(y,2) = | | Tmep,
F(a)=z
G(b)=y
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On morphisms it is defined as follows: if (s,t) is a morphism in Im(G)Op x Im(F), then

there are morphisms s1,...,sm in B°? and t1,...,tn in A such that s = G(sm)---G(s1)
and t = F(tn)--- F(t1). Without loss of generality, n = m (otherwise add identity arrows as
needed). For every i = 1,...,n there is a unique arrow Im ¢(G's;, F't;) given by the functorial
property applied to the diagram:
Pb;,a;
P(bi,a;) Q(Gb;, Fa;)
Im Pbi,a;
P(siyti) Um (G, Ft;) Q(Gsi, F'ty)

> Im ¥biy1,ait1 i “
= \Hlv it

P(bit1,ai+1) — 55 oy Q(Gbiy1, Faitr)

The composition Im ¢(Gsn, F'tn)---Imp(Gsy, Ft1) does not depend on the selection of
the s; and the ¢; for i = 1,...,n because jy, | 4,,, is injective (it is left cancelable) and for
each choice it holds that

Im @(Gsn, Fin) - - Imp(Gs1, Ft1) = Q(Gsn, Fin) --- Q(Gs1, Ft1)jb, a,
= Q(87 t)jbl,al .

The functor Zmep is defined on a morphism (s,t) as

Im(p)(s,t) = I_lIm @(Gsn, Ftn)---Imp(Gs1, Fty1).

If f: a — cis a morphism in A and h: d — b is a morphism in B, set a = Im p(Gh, Ff).
This verifies that the next diagram commutes:

Jbrt1,an41

P(b,a) —— Q(y, )

i

Im g 0 ng((zg : Im gy, o

P(h.f) o |ua Q(Gh.Ff)

k |_|F(c):w Im Pd,c
mede == ==

E‘xlq

P(d,c) — Q(z,w)

Thus, kp and ¢ are natural transformations and therefore the next equation holds:

A-TL,¢ A—Es mmp) <7 ¢

i i@ = Pi kp Zrn‘(ga) q i@

B——D B —— Im(G) —— D
G Ja

The left class £ is closed under vertical composition because the tensor product of surjective
morphisms of profunctors is surjective. The counterexample in Example 5.6 shows that the
right class R is not closed under vertical composition.
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Now, let us explicitly describe the vertical composition. Given two profunctors P’ : £°P x
B — Set and P: B x A — Set, their vertical composition P’ @ P is given by the coend

beB
P’ ®BP::/ P'(e,b) x P(b,a).

The double category of profunctors is fibrant. The restriction and extension cells are of the
form

AL ¢ A—F ¢

Qo(GxF)i» id i@ Piid(;@idp@idp \lLHomD(,,G)@;EP@AHomC(F,,)

respectively, where for each pair (b,a) the natural transformation idg ® idp ® idp is the
function P(b,a) - Homp(Gb, G)®p P® 4Hom(F, Fa) sending x € P(b,a) to idg, ®z®idp,.
Then, using the OFS in Cat described in Observation 5.8, Proposition 5.3 yields two DOFS
on the double category Prof, namely (£, R)restr and (£, R)extn. In these, each cell ¢ factors

A-F.¢ A—F qmp " ¢
Pi ¢ iQ = Pi ¢ QO(iéxiF) id iQ
B—»D B InG——D
and
AL ¢ A E ImF ' C
Pf @ f@ = pi» idg®idp@ids 1Imc(,,G)®Bé®AHOmImF(P Q) fQ
B —— D B = ImG ig D

respectively. Here, the function
(Q(ﬂ *)@)(Gb,Fa) : Hom(Gb, G) ®P® HOH}(F, Fa) - Q(va Fa)
is defined on an element g ® x ® f by

Q@) (Gb,Fa) (9@ 2 ® g) = Q(g, ) (0(2)).

The DOFS (L, R)restr and (£, R)extn differ from the DOFS (L, R). By Theorem 5.4 there
exist a morphism of DOFS (L,R) — (£, R)restr and (£, R)extn — (L, R). Explicitly, the
globular double cells that define these morphisms are

ImF —— ImF
I} 0 fQetioxin)
ImG —— ImG
and
ImF ———TImF
Homzna («G)®sPEAHomnr(F)] QUK {Zm(p)
ImG ——— ImG

respectively. Here, natural trasnformation Q(_, )k is defined analogously to Q(_, ).
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Example 5.10 (Quantale-valued relations, @-Rel) Let @ be a unital quantale. A Q-valued
relation between sets X,Y is a function R: X X Y — Q. Such relations may be composed;
given R: X +— Y, S5: Y —— Z, there exists a -valued relation R ® S: X —— Z, given by

(R®S)(z,2) = \/ R(z,y) ® S(y,2)
yey
where ® denotes multiplication in Q. There is a double category Q-Rel whose objects are
sets, arrows are functions, and proarrows are Q-relations, with vertical composition given as
above. A cell

x L x

Ri < iR’
exists when R(z,y) < R'(f(z),g(y)) for all z € X,y € Y. If the inequality is in fact an
equality for all z € X and y € Y, we indicate it by writing an equality symbol inside the
cell. The unit proarrow associated to a set X is the function 1: X x X — @ that sends the
diagonal to the top element 1 € @) and all other pairs to the bottom element 0 € Q). The unit
cell associated to an arrow f : X — X' is the cell

x I, x

do-
X — X’
This double category Q-Rel is fibrant. The restriction and extension cells are of the form

x I x x . x

I

YT>Y’ YT>Y'

respectively. Here, R’ := R’ o (f x g) and R(z',y') := Vi(@)=a B(2,Y).

’

Consider the surjective-injective orthogonal factorizagt(ion system in the category of sets.
Let £ denote the class of surjective functions and R the class of injective functions. By
Proposition 5.3, there exist two DOFS in Q-Rel, namely (£, R)restr and (£, R)extn - These
two DOF'S provide distinct ways to factor a cell:

x o x X — s Imf —— X'

RﬁﬁiR’:I%Sﬁ: iR'
~

YT>Y/ Y — Img —— Y’

and

x 4 x X — s Imf —— X'

Rfﬁi}%’z%gég fR’
~

YT>Y’ Y — Img —— Y’

respectively. We verify how these two factorization systems are related. For a € Imf and
b € Img, we calculate:

R(ab) = \/ Ry
f(z)=a
9(y)=b
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IN

\/ R(f(),9()
f(z)=a
g(y)=b

R'(a,b)

= R/(a,b).
So we obtain a morphism of DOFS extending the epi-mono factorization system (£, R) on
Set, (‘CaR)restr — (£7R)extn-

In the particular case @ = {0,1} we recover the double category Rel(Set) from Example
3.4, and the DOFS (£, R)extn coincides with the DOFS given in that example.

Example 5.11 (The double category Span(C)) Let C be a category with an OFS (£, R). In
this example we want to expand on the work in Example 3.3. Let @: C — C be the functor
that represents the OFS (£,R). And write f = r; o £y for the chosen factorizations of the
arrows in C. Then the factorization of a double cell in the DOFS of Example 3.3 is given by:

.T> = .T.T}.

Ul v’ Ul lQ(U»U,) v’

.T>. .T>.T>.
g

T

e —— o

Ul lgv

¢~

Hence, the factorization of cells in (£, R)extn is given by:

f Ly ry
e — o e ——— e —— @
u u' uT Liu u’
.T>. = .T}.T}.
vl lv’ vl Lgv lv’
e —— o e —H> e —— @
9 Ly Tg

If C has pullbacks, Span(C) also has restrictions, defined as follows:
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e — e o > o
| AN
u'g u’ u
o "5 oo where o " °
,7\L ’ Eﬂl/
v’ f v ? % v
e —— o o > °

. Ly . .
u’
2 Ty B
e —— e — @ u myg __----» @ u'
R 7
u u'ry u’ e Ty
,
o — e ——e where o . >e > T o
m n \om N
vl v v N Tf /
~__ M Tg
e — e — e v Mg "=---% e v’
Ly g g
v’
° ° °
Ly Tg

where the dashed and dotted arrows are induced by the universal properties of the pullbacks.
In the following diagram, we see how our original DOFS sits in between the extension
and the restriction systems:

. id id .

u 7QT TQ(U u’) Pf“

.{*.

v'ﬁl lQ(v v’) ll v

.(7 (7.

where 77, is the unique arrow into the pullback induced by 7 (analogous to how m’ was
defined in the previous diagram).

We will continue this example in Example 6.12 of the next section where we will add one
more factorization system on Span(C).

6 Double factorization systems and double fibrations

We study the interaction between double fibrations, introduced in [? ], and our double
orthogonal factorization systems. We generalize some results that are well-known in
the ordinary case to the double categorical context and we present some examples.
In particular, we show that both DOFS and lax DOFS can be lifted along double
fibrations.

92



We start recalling the following folklore result for which we could not find an
appropriate reference. The construction in the proof will be used in proving the results
for DOFS and double fibrations that follow.

Proposition 6.1 Let P: £ — B be an (ordinary) cloven Grothendieck fibration and let (L, R)
be an orthogonal factorization system on B. Then (L, R) lifts to an orthogonal factorization
system (ﬁP,RP) on &, taking LY to be the collection of morphisms over morphisms in L
and RY to be the collection of cartesian morphisms over morphisms in R.

Proof Let f: x — y be a morphism in € and let P(f) = Tp(f) © £p(s) be the chosen factor-
ization in B. Then f = cart(rp(s,y) o g, where cart(rp(y),y) is the chosen cartesian lifting
of r P(f) with codomain y and g is the unique morphism induced by the cartesian property
of this lifting as in the following diagram; i.e., P(g) = £py).

/\
I 7777371;]77» (TP(f))*ycart(rp(f),y)y
P(2) > QP i P(0)

So f can be factorized as a composite of a morphism over a morphism in £ followed by a
morphism that is cartesian over a morphism in R.

Moreover, using the fact that the morphisms in RP are cartesian, it is straightforward
to prove that the required lifting properties hold and hence (,CP ,RY ) is an orthogonal
factorization system on &. O

Remark 6.2 Note that in the proof we provided a lifting of the factorization system that
makes the fibration P a strict morphism between categories with an OFS.

We want to generalize the previous result of lifting of OFS along fibrations to the
double categorical context. Double fibrations have been introduced and studied in [? ].

We recall that a double fibration P: E — B between pseudo double categories is a
pseudo-category in the category Fib of fibrations. This amounts to a double functor
P: E — B between pseudo double categories:

SE
® ?
Eq XEo Eq — Ei «—vwv— Eg

t
E
P11 X py P Py Py (7)
s
Bl X By El &} Bl <— Yp — BO
tp

such that Py and P, are cloven fibrations, sg and tg are cleavage preserving, and yg
and ®g preserve cartesian morphisms.
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Theorem 6.3 Let P: E — B be a double fibration and let ((Lo, Ro), (L1,R1)) be a double
orthogonal factorization system (resp., a lax one) on B. Then ( E(),RO)Z> El,Rl lifts to a
double orthogonal factorization system (resp., a laz one) ((LE,RE), on E, taking
Ll RE) = (£, RP0) and (8, RY) := (£, RTY) (in the notatwn of Proposztwn 6.1).

Proof Assume that ((Lo,Rg), (£1,R1)) is a lax double orthogonal factorization system. We
need to prove that ((Eo, (EPO,RPO)), (Eq, ([,P1 , RPI))) is a pseudo-category in Fact),, with
strict source, target and identity arrows. We see immediately that Proposition 6.1 and Remark
6.2 imply that (£, RF0) and (£F1, RF') are orthogonal factorization systems on Eg and E;
respectively such that Py and P; are strict morphisms between categories with orthogonal
factorization systems. We will also show below that the factorization systems on E combine
into a lax double orthogonal factorization system in the sense that sg, tg and yg are strict
morphisms between categories with factorization systems with the chosen factorizations from
the proof of Proposition 6.1. It follows then, thanks to Proposition 2.13, that the required
pullbacks in Cat lift automatically to pullbacks in Facty,.
We now check that sg and ty preserve the chosen factorizations. Let a be a cell in E,

se(a)

sg(u) se(v)
ui « i’l}
tg(u) T tg(v)
The factorization of P («) is
Lp, (a a
spP1(u) B g ) spP1v
P@l e f LTSI X0 (8)
P, P
ta 1 (v) telp, (a) ¢ tBTP) () taF1(v)

So the factorization of « is

se(8) sE(Cart(rpl(a),v))
o SEV

sg(u)
ui 8 \JL cart(rp, (a),v) i’”
tr(u) t=(8) t.E(CELrt(Tpl(a)’U)tSEv

where cart(rpl(a) ,v) is the cartesian lifting of TP () and B is the unique arrow over £p, (4 S0
that the composition gives a. We want to show that sg(cart(rp, (o), v)) o sg(8) is the chosen
factorization in Eq of sg(«) and similarly for ¢g(c).

Since sg and tp are strict, (8) is equal to the diagram

4 P ) Tsp P )
sIBPl (U) sp Py (o ° sg P (o S]BPlU
Pl(u)i @pl(a) i» TPy () iPl(v)
tgP1(u . tgP1 (v
BP1(u) T o BP1(0)

Since Ppsg(a) = sgPi(a) and Pytg(a) = tgPi(a) and the sg is cleavage preserving as
map between fibrations, we have that

Tsp(a) = CaI‘t(’f’pos[E(a),S]E(U))
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= Ca‘rt(rsBPl () sE(v))

= sgcart(rp, (o), )
By uniqueness of factorizations through cartesian arrows and the fact that sg(8) fits we find
that

ésm(a) = sg(B)
We conclude that sg is a strict map between categories with a DOF. The proofs for tg and
yg go similarly, using that ¢t and y are cleavage preserving and that tg and ypg are strict maps
of categories with a DOF.

We observe that sg, tg and yg preserve both the left and the right class of arrows. Indeed,
they preserve cartesian morphisms by definition of double fibration and the fact that the
images of morphisms in the left and right class of the total category are over morphisms in
the left and right class in the base category is guaranteed by the fact that sg,tg and yg
preserve morphisms in the left and right class and by the commutativity of diagram (7). For
example, given a double cell o € L1 we have Py(sg(a)) = sp(P1()) and sg(P; (@) € Lo
since P;(a) € £1 and sp preserves the left class.

Furthermore, since ®p preserves the right class, and ®p preserves cartesian arrows it
follows that ®p preserves the right class. This concludes the proof that ((£F, RE), (£F, RT))
is a lax double orthogonal factorization system.

Let now ((Lo,Ro),(L£1,R1)) be a strict double orthogonal factorization system. Every-
thing we proved in the lax case still holds in the same way. Moreover, since ®p also preserves
the left class, we obtain that ®g preserves the left class as because of uniqueness of the factor-
izations through a cartesian arrow. Hence, (L8, RE), (£F, RT)) is a strict double orthogonal
factorization system. O

Corollary 6.4 Let P: E — B be a double fibration. Then E has a double orthogonal fac-
torization system ((pseudo-vertical, cartesian), (pseudo-vertical, cartesian)), where an arrow is
pseudo-vertical if P sends it to an isomorphism.

Proof By Proposition 6.3 we can lift the trivial double orthogonal factorization system
((isomorphisms, all morphisms), (isomorphisms, all morphisms)) on B to a double orthogo-
nal factorization system on E. By construction, the double orthogonal factorization system
obtained this way has left classes given by pseudo-vertical morphisms and right classes given
by cartesian morphisms. O

We can now easily prove the analogous results for opfibrations.

Proposition 6.5 Let P: £ — B be an (ordinary) cloven Grothendieck opfibration and let
(L, R) be an orthogonal factorization system on B. Then (L, R) lifts to an orthogonal factor-
ization system (EP,’RP; on &, taking LF to be the collection of cocartesian morphisms over
morphisms in L and R* to be the collection of morphisms over morphisms in R.

Proof Analogous to the proof of Proposition 6.1. We now induce the right part of the fac-
torization of a given morphism in £ using the cocartesian property of the chosen cocartesian
lifting of the left part of the image of the given morphism under P. Moreover, the required
lifting properties can be proved using the cocartesian property of the morphisms in I
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Theorem 6.6 Let P : E — B be a double opfibration and let ((Lo,Ro), (L1,R1))
be a double orthogonal factorization system (respectively, a lax one) on B. Then
((Lo,Ro), (L1, Rq)) lifts to a double orthogonal factorization system (respectively, a lax one)
(LF0,RY0), (L 1,RF 1)) on E, taking (L&, RE) = (£, RF) and (£F ,RY) =
(£ RPYY (in the notation of Proposition 6.5).

Proof Analogous to the one of Theorem 6.3. O

Corollary 6.7 Let P: E — B be a double opfibration. Then E has a double orthogonal
factorization system ((cocartesian, pseudovertical), (cocartesian, pseudovertical)).

Proof By Proposition 6.6 we can lift the trivial double orthogonal factorization system
((isomorphisms, all morphisms), (isomorphisms, all morphisms)) on B to a double orthogonal
factorization system on E. By construction, the obtained double orthogonal factorization sys-
tem has left classes given by cocartesian morphisms and right classes given by pseudovertical
morphisms. O

We now present some applications of the results in this section.

Example 6.8 (Double Elements Construction) Following [? |, we can associate to any lax
double pseudofunctor F': D°? — Span(Cat) (with D a pseudo double category) its double
elements construction II: EI(F') — D. Recall that Il is the (ordinary) elements construction
of Fy: ]D)gp — Cat, while II; is the elements construction of the composite

F
D}? — Span(Cat)q 2P%, Cat,

where apx is the apex functor that sends any span to its middle object. Explicitly, by Theorem
3.46 of [? ], the pseudo double category EI(F) is given as follows:

- objects: pairs (C, X) with C € Dg and X € F(C);
- arrows: pairs (f, f): (C,X) — (D,Y) with f: C = DinD and f: X — f*Y in F(C);

- proarrows: pairs (m,m): (C,X) —— (D,Y) with m: C — D in D and m € F(m),
such that D, () = X and Un (M) = Y where the span

0, F®)
F(m)
2o pay
is the image of the proarrow m under F’;
- double cells: pairs (6, 0) displayed
(f.F)

4, x) 5D (o
<mm£ 9,9) fmm



with
ALC’
oo b
B—>D

a double cell in D and 6: @ — 0*7W an arrow of F(m) such that D (0) = f and
Um(0) = 3.

Corollary 6.4 yields a ((pseudo-vertical,cartesian),(pseudo-vertical,cartesian)) DOFS on
EI(F), by lifting the trivial DOFS on D along II. In terms of the explicit description of
the double elements construction, we obtain the following factorizations. By the proof of
Proposition 6.1, an arrow (f, f): (C, X) — (D,Y) in EI(F) factorizes as the composite

. x) 8D, o pryvy P, pyy,

since (f,id) is the chosen cartesian lifting of f to Y along the fibration Ip: EI(F)o — Do
and the arrow (id, f) is the vertical arrow induced by cartesianity of (f,id). A double cell

4 x) 9D, ¢ 7

mmf (,8) fwm

(B.Y) %7 (9,9) (D, W)

then factorizes as the composite

(A4, x) Y 4 przy LU (o z)

(m,m% (id,0) fm @) f”’m
(B7Y) m (B7g*W) m (D,W)

where the double cell (0,id) is the chosen cartesian lifting of ¢ along IT; : EI(F); — D and
the vertical double cell (id, #) is the one induced by cartesian property of (6, id).

Example 6.9 (Domain Double Fibration) Consider the domain double fibration
dom: D7 —» D
that sends:

® an arrow A i>Bt0 A;

A A
® a commutative square fl J/g to A % A
B —— B
A L B
® a double cell mi o i to im
c — D
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Given a double orthogonal factorization system ((Lo,Ro), (£1,R1)) on D, Theorem 6.3
lets us lift it to a double orthogonal factorization system ((£4°™, RAoM), (gom Riomyy,
In particular, since a square

At A

| ls (9)

B—— B

is cartesian if and only if v is an isomorphism, we obtain that Rgom is the collection of

commutative squares with top morphism in Ry and bottom morphism an isomorphism while
L£3°™ is the collection of commutative squares with top morphism in £g. Moreover, the square
in diagram (9) factorizes as the composite

A £y Q(u) Tu A/

Iru

f Al g
1o
B——B —— B

Analogously, a cube

C — D

is cartesian if and only if the cell 7 is horizontally invertible and thus R{°™ is the collection of
cubes with left face in Ry and right face horizontally invertible, while £‘1i°m is the collection
of cubes with left face in £;. Moreover, a factorization of the cube of diagram (10) is given
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by the composite:

/
;T’u%B n’

/f( Jf%

— kory = D/

Furthermore, we notice that if ((Lo,Ro),(L1,R1)) is the trivial double orthogonal fac-
torization system, the obtained factorizations coincide with the factorization system of the
free algebra for the squaring monad (see Construction 4.4).

Example 6.10 (Codomain Double Opfibration) Dual to Example 6.9, we can lift a double
orthogonal factorization system ((Lo,Ro), (£1,R1)) on D along the double opfibration

cod: D7 =D
defined dually to dom: D™ — . A square is cocartesian exactly when its top morphism
is an isomorphism. So, by Theorem 6.6, LCOd is the collection of commutative squares with
bottom morphism in £y and top morphism an isomorphic while RCOd is the collection of
commutative squares with bottom morphism in Ry. And analogously for double cells. The

obtained factorizations of squares and cubes in D™ are dual to the ones described in Example
6.9.

Example 6.11 (Codomain Double Fibration) Let D be a pseudo-category in the 2-category
of finitely-complete categories, limit-preserving functors and natural transformations. Assume
also that source and target (strictly) preserve finite limits and identity and composition
preserve finite limits up to isomorphism.

Under these hypotheses, the codomain double functor cod: D™ — D has a structure of
double fibration as well, with cartesian liftings given by pullbacks (see Proposition 2.29 of [?
]). Cartesian squares are exactly pullback squares and cartesian cubes as pullback squares of
double cells in D;.

Given a double orthogonal factorization system ((Lo, Ro), (£1,R1)) on D, its lifting along
the double fibration cod produces a double orthogonal factorization system on D™ as follows.
The left class of squares consists of the squares with bottom morphism in Lo, while the right
class is the collection of pullback squares with bottom morphism in Rg. And analogously for
cubes, considering pullbacks in ;. The square

A A

1

B —— B
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factorizes as the composite

B ——» Q(v) —,— B,

where a is the unique morphism induced by the universal property of the pullback A’ x g Q(v)
starting from the pair (u, ¢y o f). Factorizations of cubes are given analogously.

Example 6.12 (Image Double Fibration) Consider the image double functor Im: Span —

Rel such that Img: Set — Set is the identity and Imy: Span; — Rel; sends a span A &

S % B to the image Im(u,v) of S (u—v)> A x B (seen as a relation) and a morphism of spans

ety —y
IS

bk

O—3——Q

(11)

<

4

to the morphism of relations

Im(u, v) —2— Im(v/, ")

[ [

AxB —— CxD
fxg

where 7: Im(u,v) — Im(u’,v") is the function defined by,

(u(s),v(s)) = (u'(m(s)), v (m(s))).
The double functor Im is a double fibration (Example 2.25, [? ]). A morphism of spans
(f,m,g) as in (11) is cartesian precisely when the square

S —" > R

(“’”)l ’ 2%

Im(u,v) — Im(u',v")

is a pullback. We can now consider two distinct double orthogonal factorization systems on
Rel: the one defined by extensions and the one defined by restrictions. The one defined by
extensions was also described in detail in Example 3.4. Lifting this DOFS along the image
double fibration, we obtain the following DOFS on Span. The left and right classes of arrows
are given by surjective and injective functions as expected. The left class of double cells L:Ilm
is given by morphisms of spans (f,m, g) such that f and g are surjective and T is surjective,
while the right class Rllm is given by those morphisms of spans (f, m, g) such that f and g are
injective, T is injective and (f, m, g) is cartesian. We can now compare this DOFS on Span
with the one described in Example 3.3. Since the surjectivity of m implies the surjectivity of
m (but the two are not equivalent) we have that Ellm strictly contains the left class of double
cells of Example 3.3. On the other hand, as expected, since the injectivity of 7 implies the
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injectivity of m, we have that Rllm is strictly contained in the right class of double cells
described in Example 3.3. To obtain the morphisms between this DOFS on Span and the
system described in Example 3.3 as double factorization systems over a common factorization
system on the arrows, we spell out the chosen factorizations of the cells in Span with this
system. We will denote this factorization by

AL u A () s A
u /’\u’ u/’\ T‘h Tu/
§-—m 4R = S 2my Im(S) L5 R

B—— B B Im(g) B’

Tg
To determine the central object of this diagram and the arrows in and out of it, let

Im(u,v) Ly x Tm, Im(u’,v") be the epi-mono factorization of 7. Then define Zm(S) as
the pullback in the following diagram,

X 'm Im

!/ !/

Note that the arrow Zm(S) — X is of the form (q1,g2) for unique arrows q1: Zm(S) —
Im(f) and g2: Zm(S) — Im(g) because X < Im(f) x Im(g). To compare the factorization
m = rm o £y (the chosen epi-mono factorization) with m = pm o Am, there is an epi-mono
factorization of A\, of the form A\, = )\/m 0 {m. Then there is a morphism from this lifted
system to the system from Example 3.3 given by the cells

Im(f) «%— Im(f)

a| , Tt

TIm(S) <7 Tm(m)

| Jat

Im(g) S Im(g)
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