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Abstract

The main focus of this thesis are factorisation systems and their applications to categories of partial
maps. The original contribution of this work is the introduction of a new type of factorisation systems
developed in the context of categories enriched over the category of partial orders and a presentation
of various instances and constructions of such structures in the context of categories of partial maps.

The first part of the thesis constitutes a survey on the traditional literature about different types of
factorisation systems. These structures are presented starting from their definition together with their
main properties and some of the most known results on the subject.

The second is an introduction to categories of partial maps which is intended to be an helpful
source of tools for the reader that approaches the results in the following chapters.

Then we proceed to present the original contribution introducing the notion of lax weak orthogo-
nality, which involves the existence of diagonal morphisms for lax squares. Inspired by the traditional
theory of factorisation systems from the second chapter, we proceed to introduce the definitions of lax
weak factorisation systems, lax functorial factorisation systems and lax algebraic weak factorisation
systems. We focus on the study of their main features and properties, in particular we investigate the
links between these concepts. We conclude by observing that the arguments developed have a dual
formulation that concerns oplax squares.

The last part is dedicated to the application of the newly defined structures in the context of partial
maps. We consider categories of partial maps enriched over the category of partial orders. Then we
show that any category of partial maps comes equipped with a lax algebraic weak factorisation system,
which isolates the domain component from the total datum of a partial map.

Furthermore, we explore the close link between oplax weak factorisation systems on a category
of partial maps and the oplax weak factorisation systems on the base category which carry some
conditions of stability under pullbacks. In fact, we will succeed in establishing a bijection between
the two classes. Moreover, we will show that functoriality and monad structures are transferred from
orthogonal factorisation systems on the base category to those induced among partial maps when
considering the simplest notion of Ord-enrichment.

We conclude presenting some remarks on cofibrant generation of lax and oplax weak factorisation
systems for certain pointed categories.






Resumo

O foco principal desta tese sdo os sistemas de fatoriza¢do e as suas aplicagdes as categorias de
fungdes parciais. A contribui¢io original deste trabalho € a introdug@o de um novo tipo de sistemas de
factorizacdo desenvolvidos no contexto de categorias enriquecidas na categoria dos espagos ordenados
e uma apresentacao de varias instincias e construgdes de tais estruturas no contexto das categorias de
fungdes parciais.

A primeira parte da tese consiste numa apresentacdo dos resultados cldssicos sobre diferentes
tipos de sistemas de fatorizacdo. Essas estruturas sdo apresentadas a partir das proprias definicdes
juntamente com as principais propriedades e alguns dos resultados mais conhecidos sobre o assunto.

A segunda é uma introdugio as categorias de funcdes parciais que se destina a ser uma fonte util
de ferramentas para o leitor na abordagem dos resultados nos capitulos seguintes.

Seguindo, passamos a apresentar a contribui¢ao original introduzindo a nova nog¢ao de ortogonali-
dade fraca lassa, que envolve a existéncia de morfismos diagonais para quadrados lassos. Inspirado
pela teoria tradicional dos sistemas de fatorizacdo do primeiro capitulo, apresentamos a definicdo de
sistemas de fatorizacdo fracos lassos, sistemas de fatorizagao functorial lassos e sistemas de fatorizagao
fracos algébricos lassos. Concentramo-nos no estudo das principais caracteristicas e propriedades, em
particular investigamos as ligacdes entre esses conceitos. Concluimos observando que os argumentos
desenvolvidos tém uma formulagdo dual ao considerar os quadrados oplassos que produz um conjunto
igualmente poderoso de resultados.

A tltima parte é dedicada a aplicac@o das novas estruturas definidas no contexto de fungdes parci-
ais. Consideramos categorias de fungdes parciais enriquecidas na categoria dos espagos ordenados.
Seguindo, mostramos que qualquer categoria de fungdes parciais vem equipada com um sistema
algébrico de fatorizacdo lasso, que isola o componente do dominio do datum total de uma funcao
parcial.

Em seguida, exploramos a estreita liga¢ao entre os sistemas de fatorizagdo fracos oplassos de uma
categoria de fung¢des parciais e os sistemas de fatorizagdo fracos oplasso na categoria de base, que
apresentam algumas condi¢des de estabilidade sob produtos fibrados. Na verdade, conseguiremos
estabelecer uma bijecdo entre as duas classes de fatorizagdes. Além disso, mostraremos que a
functorialidade e as estruturas da monada sdo transferidas dos sistemas de fatorizag¢do ortogonais na
categoria de base para aqueles induzidos entre as fun¢des parciais ao considerar a no¢do mais simples
de enriquecimento em Ord.

Concluimos apresentando algumas observacdes sobre a geracdo cofibrante de sistemas de fatoriza-
¢do lassos e oplassos para certas categorias pontuadas.
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Chapter 1

Introduction

Factorisation systems are a categorical concept that have been around for quite some time among
the categorical structures. They have proved to be a handy tool to analyse the structure of a category,
entering with good reasons in the categorical benchmark of many category theorists.

The first introduction of factorisation systems was in [FK72] and these particular factorisations
were later called orthogonal factorisation systems, to distinguish them from the many other structures
that in time joined the rich folder of factorisations of morphisms in a category.

This is the topic from which this investigation started and in particular from the study of fac-
torisation systems that had an interplay with the higher structures of a category introduced in
[CLF16, LF19, CLF20]. In this research our objective has been to capture and describe the properties
of a new orthogonality relation that gives rise to lifting properties for a wider class of laxly commu-
tative squares and that was endowed with the structure of Ord-enrichment. This new orthogonality
relation, that we called lax weak orthogonality, allowed us to expand the theory of factorisation
systems in this sense introducing newer structures that mirror the classical theory for factorisation
systems. In particular we discuss a functorial approach to lax weak orthogonal factorisations and
explored its features and properties, then we present how these can be equipped with lax monad and
comonad structures as already happens for the classical algebraic weak factorisation systems.

Then our attention turned to categories of partial maps. These categories are an interesting
environment for Ord-categorical studies and, moreover, have a vast field of applications as witnessed
by the large number of studies that make use of this mathematical tool, ranging from analysis and

topology to semigroup theory and computer science.

During our study, categories of partial maps have proved to be quite a fruitful context to develop
lax and oplax factorisation systems and, as we will see, some of them are actually quite hardly encoded
in the structure of such categories.

We provide now a quick plan of the work. In Chapter 2 we discuss an overview on the literature
regarding factorisation systems. The structures are presented in order of generality and accompanied
by their properties and features. We go through the constructions that had a bigger correlation with the
original content of the thesis. We conclude the chapter discussing some other studies that, similarly to
our endeavour, investigated the interplay between factorisations and higher categorical structures.



2 Introduction

In Chapter 3 we focus on the categorical approach to partial maps, providing a brief survey on
categories of partial maps, their study and application. Then we move on to discuss their formalisation
and some results that will come in handy for the purposes of our work.

In the next two chapters we present the original contribute of this thesis, which regards lax
factorisation systems and their applications; this material was developed in [Lar21].

In Chapter 4 we present lax weak orthogonality discussing its features and then we proceed to
introduce lax weak factorisation systems, lax functorial factorisation systems and lax algebraic weak
factorisation systems. In doing so, we discuss a small object argument for cofibrant generation of lax
weak factorisation systems and we study the correlation between lax weak factorisation systems and
lax functorial factorisation systems.

Finally, Chapter 5 is dedicated to the development of examples of lax factorisation systems in
the context of categories of partial maps. First we prove the existence, for each category of partial
maps, of a lax algebraic weak factorisation system that separates the domain component and the
total datum of a partial morphism. Then we discuss how oplax weak factorisation systems on the
base category, under some pullback stability conditions, give rise to oplax weak factorisations among
partial maps and vice versa. Moreover, we show that this gives rise to a bijection between the two
classes of factorisation systems. Furthermore, we prove that for particular Ord-enrichments the
functorial properties of an orthogonal factorisation system are transferred from the base category to
the category of partial maps. We conclude presenting some remarks on cofibrant constructions of lax
and oplax weak factorisation systems for certain pointed Ord-categories along to some applications
to categories of partial maps.



Chapter 2

Factorisation systems

The following chapter is intended as an overview on factorisation systems, providing the context and
framework of our study. The concepts, definitions and results presented along this chapter are already
part of an established scientific literature and we will provide references along the discussion.

It is worth to mention that historically the first notion of factorisation system was introduced by
Freyd and Kelly in [FK72]. We organized this chapter not by historical order of appearance, but in
order of generality, starting from the weaker notions, going on to refine them and describing stronger
structures through the discussion. For this reason the first structures mentioned will be the relatively
newer weak factorisation systems and orthogonal factorisation systems will be the penultimate.

We will present in the conclusion of the chapter the definition of lax orthogonal factorisation
systems, and enriched factorisation systems, which are other kinds of factorisation systems linked to
enrichments, as the ones that are the scope of this study.

2.1 Weak Factorisation Systems

This section is dedicated to present the most general notion of factorisation systems. We can trace

back the introduction of these factorisation systems to Quillen’s work in [Qui67]. Weak factorisation

systems are an important element in the theory of Quillen model categories, in fact each model

structure in Quillen’s definitions entails two weak factorisation systems, as denoted in Definition 2.13.

The results discussed in this section are known and they can be found in [AHRT02, RT02, Riel1].
We will denote commutative squares of morphisms in a given category % as

a

u
_

b

~

—_—

—
o]

S¥
)

by [u,v]: f — g. This notation portrays commutative squares as morphisms in the arrow category
€.

Definition 2.1. A morphism [ is left weakly orthogonal to a morphism r, denoted by l@r (sometimes in
literature also denoted by 1 |, r), if for every commutative square [u,v] :1 —> r there exists a morphism

3



4 Factorisation systems

0 as in the diagram

C———D,

such that the two triangles commute. The morphism 0 is said to be a diagonal morphism or diagonal
lifting of | against r for the square [u,v].

Given a class H of morphisms in 4", we can define the weak orthogonal complements of H as
follows

“H ={f|fahforevery he H} and H” = {f|h@ f for every he H}.

Proposition 2.2. The pair? (=) and (-)? forms a Galois connection among the classes of morphisms
in € partially ordered by the inclusion.

Proof. Let A and B be two classes of morphisms in %’. We prove first that ? (=) and (-)® are antitone
with respect to inclusion. Let A € B. If f € “B, then f @b for every b € BB, then in particular f @ a for
every a € A, then f € “ A. Therefore ?.A 2%3. Similarly one proves that A% 2 B%.

Moreover, A € “B if and only if for every a € A and for every b € B, amb, which is equivalent to
B c?A. Analogously A c B? is equivalent to B ¢ A%, O

Applying the previous results on inclusions of weak orthogonal complements we deduce the
following corollary.

Corollary 2.3. Let H be a class of morphisms in €. Then H € ? (H?) and H < (°H)". Moreover,
H? = (2 (H?))? and °H =2 ((?H)?).

We prove the following lemma.
Lemma 2.4. Let f be a morphism in €. Then the following are equivalent:
1. frg for every morphism g in €,
2. g f for every morphism g in €,
3. faf;
4. f is an isomorphism.

Proof. 1.v2.=3. Straightforward.
3.=4. If f is weakly orthogonal to itself, then we have diagonal lifting for the square
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therefore the commutativity of the two triangles yields that f is an isomorphism.

3.=1. We consider a commutative square [u,v]: f —> g. Then it is trivial to check that u- f i
a diagonal lifting for the square [u,v].

3.=2. Is analogous to the proof of the last implication.

4.=3. It holds trivially, since one can build diagonal liftings through f~'. U

Proposition 2.5. Let H be a class of morphisms of €. Then the following assertions hold.
1. H? and “H contain all the isomorphisms of € ;
2. H” and “H are closed under composition.

Proof. 1. This is a consequence of Lemma 2.4.
2. We show this by building subsequent diagonal liftings. Let f, g € H® be two composable arrows.
Then for every commutative square [u,v]:h — g- f, with h € H, we can build the following diagram

u
e ——— e

where &,.7 is a diagonal lifting for the square [u,d,|. Then we have
g.f. ng = giég =V

since the lower triangle is commutative by construction. We conclude that J,.r is a diagonal lifting for
[u,v]. Then g- f € H?. The proof for ?H is similar. O

We recall the definition of binary products in the category %2.

Definition 2.6. Let € be a category with binary products. Let f,g be two objects of €. Then f x g is
the universal arrow related to the product B x B' with respect to the span (f - Ta;g- Tar ), as depicted
in the following diagram

AxA’

%%‘
A Al

1o b

B B

BxB'.
Proposition 2.7. Let H be a class of morphisms of a category € with products and pullbacks. The

class H? is closed under pullbacks and products in €*. Moreover, if e is a retraction and f-e € H?,

then f € HP.
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Proof. Let us consider f € H? and g* (f) its pullback along any morphism g. For every commutative
square [u,v]:h—> g* (f), with h € 1, we have the following diagram

u (8
° ° —
b s !
o g if)
[ ) [ ) [ )
v g ’

where § is the diagonal morphism lifting 4 against f. Then there exists a universal morphism &’ for
the diagram

e () e
J

\ | l 2.1)
g (f f
| |

¢ 8

We have the following equalities

[(8)-8"h=38-h=f"(g)-u
8 (f)-8" - h=v-h=g"(f)-u,

and since pullback morphisms are jointly monomorphic, then 6’4 =u. By (2.i) we have that
g*(f)-8" =v. This yields that ' is a diagonal morphism lifting & against g* (f) and therefore

g (f) e H.

Then we prove that H? is closed under products in €. Let us consider a family of morphisms
(fi:Ai— Bi);ginH?and f =[] f;: [[Ai — ][ Bi- We aim to prove that f € H?. Let [u,v]:h—>
i€l iel i€l
f be a commutative square. For every i € I there exists §; lifting / against f; as in the diagram

H——"5 [Ty A ——— A

»
@, )
of " (2.
A
s

i

Then there exists the universal arrow (8;) for the product [ [A;. Since (;),, and (7/),,, are jointly

iel
monomorphic, we have that
U= é% -h= T - <é%> -h u= <é%> -h
=
mv=fir &= fimi (&) = f(6) v=rf-(&).

This concludes that f € HZ.
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Now let us consider f-e € H?, with e-m =id. If [u,v] : h — f is any commutative square with
h € H, then there exists a diagonal morphism in the following commutative diagram

We consider 6 = e-d. We deduce that 0 is a diagonal lifting, since

u=em-u=e-d-h=686-h
v=f-ed=f-0.

We remark that the previous proposition induces the following dual result.

Proposition 2.8. Let H be a class of morphisms of a category € with coproducts and pushouts.
The class ®H is closed under pushouts and coproducts in €°. Moreover, if m is a coretraction and

m- f €9H, then f € “H.

Definition 2.9. A weak prefactorisation system is a pair of classes of morphisms (L, R) such that
LZ =R and “R = L. If every morphism f admits an (L, R)-factorisation

then (L,R) is called weak factorisation system (WFS).

There exists an equivalent definition of WFS. In the following proposition we will state it and
prove its equivalence to the previous definition.

Proposition 2.10. The pair (L,R) is a WES if and only if the following conditions hold:
1. LAR,i.e. foreveryle LandreR, thenlar,
2. every morphism f admits an (L, R)-factorisation;
3. if id=e-m, then

(a) ifm-fel, then feL;
(b) ifg-ecR, then geR.

Proof. =. It is straightforward that if (£,R) is a WFS, then /. and 2. are true and 3. is a consequence
of Propositions 2.7 and 2.8.
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<. We aim to prove that £ and R are weak orthogonal complements with respect to each other.
Condition /. implies that £ c“R and R ¢ L. Let f € ®R. By condition 2. we have the factorisation
f=ry-1y. Hence the existence of a diagonal lifting in the following diagram

Then 6 is a coretract by commutativity of the lower triangle and 0 - f = I € L. Therefore f € £ by
3.(a). Hence L = “R. The proof that R = £” is analogous. O

Example 2.11. We provide a first example for Set, which is a sort of guiding example for WFSs. Let
us consider the class of epimorphisms Epi and the class of monomorphisms Mono. Then the pair
(Mono, Epi) is a WES. Recalling Proposition 2.10, we notice that condition 3. is trivially satisfied
by the two classes. We consider a square [u,v]:m —> e, where m € Mono and e € Epi. Then we can

always build a diagonal morphism as

u(m™' (x if xeIm(m
6()(): ( _1( )) f I ( )
yee  (v(x))+@ otherwise.

Thereafter we have that each morphism f:A — B can be factorised as

ide £
A (IA,f)AXB 7B

B ifA+Q

0] B—% ,p otherwise.

Moreover, it admits also another distinct (Mono, Epi)-factorisation

A AuB B.
Hence (Mono, Epi) is a WES.

Example 2.12. As cited in [Riel4], we actually have that on Set there exist only the following WFSs:

e (All,Iso) e (Epi,Mono) e (AINN,IsouN)
e (Iso,All) e(Mono,Epi) e (Mono\N,EpiuN),

where N' = {f:@ — B|B+ @}.
In conclusion we report the definition of model structures, which highlights the link with WFSs.
Definition 2.13. A model structure on a category € is constituted by three classes of morphisms

 Cof the class of cofibrations;
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* Fib the class of fibrations;
* W the class of weak equivalences.
These classes must satisfy the following:
1. W contains all isomorphism;

2. considering f, g, g- f, then if two of them belong to W, the third one belongs to W as well
(referred to as the two out of three condition);

3. (Cof,FibnW) and (Cof nW,Fib) are both WFSs.

2.2 Small object argument

In this section we will describe a well known result that is usually referred to as Small Object Argument.
This result consists of a transfinite construction to build factorisations of morphisms starting from a
set of maps under some (co)completeness and smallness conditions. This result has been introduced
by Quillen in [Qui67], then extended by Bousfield in [Bou77] and then refined by Garner in [Gar(9].
We also refer to the reader the work of Hirschhorn in [Hir03], which presents the subject thoroughly.

We start this section with the following proposition, which is actually a corollary of Proposition
2.2.

Proposition 2.14. Let H be a class of morphism in €. Then (°H,(?H)?) and (? (H?),H?) are
weak prefactorisation systems.

Although this proposition enables us to build weak prefactorisations systems from any class
of morphisms, one must keep in mind that this construction might lead to trivial prefactorisation
systems such as (Iso,All) and (All,lso). One further improvement is finding conditions under which
Proposition 2.14 allows us to build actual WFSs. In order to do that one needs a construction for
factorisations and this is the aim of the Small Object Argument.

We recall the definition of transfinite composition.

Definition 2.15. Let % be a category. By transfinite composition of a diagram

(eg : Xo —>Xa)

a<i

we mean the morphism e?L of the colimit cocone (X,l,eg Xqg — X/l)a< 1 of such diagram, whenever

such colimit exists.
Then we have the following result.

Proposition 2.16. Let € be a category that has transfinite compositions and H a class of morphisms

in €. Then “H is closed under transfinite compositions.

Proof. We consider the following diagram

(e(ox : Xo —>Xa)

a<i
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where eg € “H for each o < A. We consider the transfinite composition of such sequence eg and a
commutative square [u,v]: eg — f, with f € H. We can write the following diagram

Xo ———4

VA
Xy = 5 B.

The morphisms (dy )., are the diagonal liftings of e?x against f that arise since every morphism

¢% in the diagram belongs to ?H and they satisfy the following identities u = d, - ¢%. In particular

. . 0 . . .
(da) g« constitutes a cocone for the diagram (ea)a< 5> hence there exists the universal morphism

d:X; — A such that d - e = dy. In particular we have that d -eg{ =u and
v-eg =f-da=f-d-eg,

which yields that v= f-d, since (ei‘) ,, are jointly epic. We conclude that d is the diagonal lifting

o<

sought and that ¢ € ®H. O

Definition 2.17. Let A be an ordinal. An H-cell A-complex is a diagram of the form

o,
(eﬁ Ea —>Eﬁ)a§B<l
such that e% = eg -eg forany a < <A and each e?x is a transfinite compositions of morphisms obtained
from elements in H via pushouts, colimits and coproducts (in the dual sense of Definition 2.6). We
will refer to an H-cell A-complex (eg tEq — Eﬁ) that extends to A as H-cell A-complex.
a<f<A

Definition 2.18. Let € be a category that admits transfinite compositions of H-cell A-complexes. An
object W is small relative to H if there exists an ordinal K such that for every A > x and for every

H-cell A-complex

(467 Ea— s s

and any morphism u: W — E, there exists an ordinal y< A and a morphism u' € € (W7 Ey) such that

_orHl oy
u=¢e; ey+1

u'.
Theorem 2.19 (Small Object Argument). Let € be a cocomplete category. Let H be a set of
morphisms in € such that every domain of a morphism in ‘H is small relative to H. Then every

morphism f in € factors as f = p-e, where p is in H? and e is in @ (H?).

Proof. Since H is a set, there exists an ordinal A such that every domain of a morphism in # is small
relative to H with respect to some K < A.
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Consider f:A — B. We construct an H-cell A-complex (eg By — EB) Bl and a cocone
a<p<
0

(p*:Eq — B) ., for the diagram (ea i.e. such that

)a<l’

0
e

forany ot < A.

We start by setting p® = f. Let us consider an ordinal 7. We build the y+ 1 step as follows. We
consider the commutative squares of the form

h,-‘ ‘py (2.ii)

such that z; € H and we index these squares by j € /. We consider the coproduct h= ]_I hi: ]_IA,- — H B,
iel iel iel

defined by the dual of Definition 2.6. Then we can build the following pushout diagram

HieIAi [ui]iE[ ?

(2.1v)

The morphisms [u;],, and [v;],, are the universal morphisms induced by the two coproducts in

¢'. The morphism e;:H : Ey — Ey41 is a pushout of a coproduct of elements of H, hence 677: 4118
in ?(H?), since H € ?(H?) by Corollary 2.3 and weak orthogonal complements are closed under

v
y+1

| -eg belongs to ? (H?), since it is closed under composition. We remark that

coproducts and pushout by Proposition 2.8. We define e;’,‘+ | =e ejo,‘ for any o < . This yields that

0o _ Y
ey+l"ey+

0 _ 0_ v+l 7Y 0_ y+1 0
p _py y_py .ey+1.ey_py .ey+17

o _,)y . o0_)%Y a 0 __ o 0
eJ,Jrl—eerl e},—eyﬂ €y €q =€y 1" €q

2.v)

by inductive hypothesis.
Hence (eg :Eq — Eﬁ)a<ﬁ<y+1 is an H-cell (y+1)-complex and (p*: Eq — B) gy, 18 2 cO-

. 0
cone for the diagram (eot)a<y+1'
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Now for each limit ordinal k < A we have a H-cell k-complex (eg tEq — EB) » and a
o<p<K

cocone (p*: Eq — B) ., such that p° = p%- €% by inductive hypothesis. Hence we may write the
following diagram

E0—>Ea

S

where (e¥ ), is a colimit cocone for the diagram (eg)a“ and py is the universal morphism for the
cocone (p%) .- In particular we have for any o < K

pe=p*-eg

e =e. Y.
Moreover, the morphism e!. : Ey —> Ej is the transfinite composition of morphisms in ? (#?) and
therefore it belongs to ? (H?) by Proposition 2.16. Thus we have that (eg :Eq —E ﬁ) is an

o<B<k
0

H-cell K-complex and (p*: Eq — B),,., is a cocone for the diagram (ea)a<K.

Then we have the factorisation

with e,L belonging to @ (H?). We prove that p* : E; — B is in H?. We consider a square [u,v] :
h—> p* with h: H — H' in H. By our smallness hypothesis, we know that there exists a morphism

u'e? (H,Ey) such that u = e}{“ -e%l -u’, for some y < A. Thus we can write

m
H u’_) E’)/ 4 .o
B (2.vii)
H'~— B

We remark that [u,v]: h — p” is commutative, since p?*! = p*- ey+ by (2.vi) and that p? = p¥*!.¢! vl
by construction in (2.iv). Therefore there exists j € I such that [u’ ,v] h — pY is a square of the form
described in diagram (2.iii) and it is part of the construction of h in the Y+ 1 step. This amounts to

having that the following diagram is commutative
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ul

H I—IieIAi EY
. P’
h h KZH
o, qy r prt!
e Bi Eyni B.
~

[Vf]iel

Hence gy 0}, is a possible dotted morphism in diagram (2.vii), therefore e}{“ -qy- 0y is the diagonal

lifting sought for the square [u,v]. We conclude that p* is in 2. O

Corollary 2.20. Let % be a cocomplete category. Let H be a set of morphisms in € such that every
domain of a morphism in H is small relative to H. Then (° (H?),H?) is a WFS.

Example 2.21. We present now an application of this last constructive tool to build WFSs. Such
example is well-known and presented for instance in [Gar09, Riel4] among others.

Let us consider the category Set and the WFS (Mono, Epi) mentioned in Example 2.11. Such WFS
is generated through this process. Let us consider the set of maps O = {!: @ — *}, and a morphism
f:A—> Bsuchthat \@a f. Then every b € B defines a morphism vy, : x — b, which makes the following
diagram commute

where d exists by weak orthogonality. Then, d (+) € f~' (B), which yields that f is epimorphic. Hence
by uniqueness of weak orthogonal complements the WES generated is (Mono, Epi). Therefore, the
small object construction induces the coproduct factorisation in Example 2.11.

2.3 Functorial Factorisation Systems

Even if WFSs have proven to be quite rich and nuanced structures, one can wonder how to define
a more complex notion of factorisation systems and whether it may induce some categorical way
(read here functorial) to choose factorisations and diagonal liftings. The most general answer to such
a question is provided by functorial factorisation systems. Such factorisation systems will in fact
provide the components of factorisations functorially, which are still not unique. Since historically
the notion of WFS drew interest later than the stronger and more established notion of orthogonal
factorisation systems (for whose discussion we redirect the reader to the following Section 2.5), the
first definition of functorial factorisation systems, which were modeled to grasp facets of the latter
structure as for instance [KT93, JT99], were indeed stronger definitions than the one we present in
this chapter. The definition that we will present in this section is introduced in [RT02], and is present
in [Riell] or [CLF16, CLF20].
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We begin this section recalling some useful notation. Let € be any category. Then €2 x4 €2 is
the category of pairs of composable morphisms, i.e. an object is a pair (f,g) such that domg = codf.
Morphisms in € x4 €7 are triples of arrows [u,v,w] : (f,g) — (f’,&’) such that the following
diagram commutes

A—2L A

11

B——PB
gJ Jg'
C —w> C’.

Then we have the following functors

— T —

2 2 2 —dom—

& & )= € 7
Xe _( 712—>) —cod— ~ °

The two morphisms 7,7, are projections on the first and second components and (—--) is the
composition functor. Moreover, dom and cod are the functors that assign to each morphism its domain
and its codomain, respectively. They are all trivially well-defined as functors.

Definition 2.22. A functorial factorisation system (FFS) for a category € is a functor F : €> —
€2 x4 €?, which is a coretraction of (—-—), i.e. (—-—)oF =Idy».

Any FFS F gives rise to the following components
L=moF R=moF K=codoL=domoR.

These functors assign to each morphism in %’ its left component, its right component and its middle
object respectively. If we consider a commutative square [u,v]: f —> g, then we have that the
following diagram commutes by functoriality

A—L C

Lf Lg
K(u,v)
Kf——Kg (2.viii)
Rf Rg
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Moreover, F gives rise to two transformations 1 : Id,2 == R and € : L == Id». For any morphism
f :A — B these transformations are defined as follows

A— Lk A9 4
Ao ‘Rf |y |y

idp ’ Rf

Through the factorisation in (2.viii), for any commutative square [u,v]: f —> g one has the following
commutative diagram

\ K(u,v)
N
f € —ts———Kg
2.
Kf (2.1x)
B——|—idz—~ B Rg

Nl

Di—>D.
D

This diagram, considered from different perspectives, yields that 17 and € are natural transformations.

A functorial factorisation system can be described as well by a triple (K,A,p), where
« K:%* — % is functor;

* A :dom = K and p : K = cod are natural transformations such that for every f e €2,

pr-dr=1f.
Another equivalent definition of a functorial factorisation system may be given by a pair of
functors L,R : €> — € such that

dom-L = dom cod-R =cod cod-L=dom-R

and for every f € €%, Rf-Lf = f.
In general there is no embedding between the class of functorial factorisation systems and the
class of weak factorisation systems on a given category. We provide the following definition that links

the two concepts.

Definition 2.23. Let (£, R) be a WFS, and (L,R) a FFS on a category €. Then, if for every f € €2,
Lf e L and Rf € R, we say that (L,R) is a functorial realisation of (L,R). Moreover, any WFS that
admits a functorial realisation is called a functorial weak factorisation system.

We recall the following definition introduced in [Kel80] that we will use in the next result.

Definition 2.24. A pointed endofunctor on a category € is a pair (T,n), with T an endofunctor of
€ and 1 :1dy == T a natural transformation. A T-algebra for such a pointed endofunctor is a pair
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(A,a: TA — A) such that the following diagram commutes

A—" L TA

o
idg ‘

A.

We will denote the class of all T-algebras by T-Alg to distinguish it from the class T-Alg of
algebras for a monad T in the sense of Eilenberg-Moore.

The dual notion of copointed endofunctor (S,¢€: S == Idy ), gives rise to a class of L—coalgebras,
that we will denote by L-Coalg.

Theorem 2.25. Let (L, R) be a WFS with functorial realisation (L,R). Then L = L-Coalg and
R = R-Alg.

Proof. First, we notice that, if f € £ and g € R, we have the following diagonal morphisms for the
squares 17 and &,

A Y, Kf C e C
f /Pf/ ‘Rf Lg /ag/ . 2.X)

These diagonal morphisms yield respectively

ide
A A A c 4 Kgli C
B——r—Kf D

— Kf —Rf— B, D

\idg

Therefore ( f, [idA, p f]) is an L-coalgebra for the copointed endofunctor (L, €) and (g,[A,,idp]) is
an R-algebra for the pointed endofunctor (R,n). Hence £ € L-Coalg and R ¢ R-Alg.
Now we consider an R-algebra (g,[ &, 0 ]). Then, considering the following diagram

ide
Pl th c

S

g Jlg g (2.x1)
D _ D —_—— D’

~—

D

we have that @ is an identity. This yields that o is a diagonal morphism for . Let [u,v]:] —ga
square with / € £. As seen in the first part of the proof there exists a diagonal morphism p; for the
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square 1);. We can write the following diagram

X—
‘ «
K K(u,)

Y —

ot
s

Then 6 = a- K (u,v) - p; is a diagonal morphism for [u,v]; in fact
0-l=0p-K(u,v)-pi-l=0p-K(u,v)-Ll=0p-Lg-u=u
g-6=g-00-K(u,v)-py=Rg-K(u,v)-py=v-Rl-p;=v.

Thus /@ g and therefore g € R. This proves that R = R-Alg. Similarly one proves that L-Coalg € L.
This concludes the proof. 0

This theorem induces the following further result.

Theorem 2.26. Let (L,R) be a FFS. If for every morphism f, Lf € L-Coalg and Rf € R-Alg, then
(L-Coalg,R-Alg) is a WES.

Proof. We consider (L-Coalg, R-Alg) and g € R-Alg. For every commutative square [u,v]: f — g,
with f e L-Coalg, we have the commutative diagram

We notice that § = A, - K (u,v) - py is a diagonal morphism for the square. Hence R-Alg ¢ (L-Coalg)®.
On the other hand, if g @ L-Coalg, then &, admits a diagonal lifting A, as in (2.x). This yields that
(g,[pg,id]) is an R-algebra. Therefore R-Alg 2 (L-Coalg)”. This, together with the dual statement,
yields that R-Alg = (L-Coalg)” and L-Coalg = ? (R-Alg). O

2.4 Algebraic Weak Factorisation Systems

In the previous section we have analysed the strengthening that functoriality brings to the table in the

matter of factorisations. But along with the functorial description of factorisations, we also have that
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FFS do not always induce an underlying WFS. Moreover, functoriality does not extend to the liftings
p- and A_, which play an important role in the previous results.

To reinforce the definition along these two directions algebraizations of FFS were introduced. The
first introduced were natural weak factorisation systems, in [GT06]. Then the definition was refined
by Garner in [Gar09] and later studied in depth in [BG16a, BG16b], who named them algebraic weak
factorisation systems. We will focus in particular on this last formulation.

Definition 2.27. An algebraic weak factorisation system (AWFS) is a FFS (L,R) such that
* (R,n) extends to a monad R = (R,n,T);
* (L,€) extends to a comonad L. = (L,€,0).

Moreover, A= (cod(c),dom(m)) : LR —> RL is a natural transformation that constitutes a distributive

law of the comonad over the monad. This distributivity amounts to the commutativity of the following

diagram
LRR —* ,RLR —®* L RRL
Lm L
IR A RL (2.xii)
ORr Ro
LIR—™ L IRL % L RIL.

From here on we will denote an AWFS by (IL,R).

We remark that natural weak factorisation systems, as introduced by Grandis and Tholen, already
entailed the idea of extending the (co)pointed endofunctor to (co)monads and the contribution of
Garner was the addition of the distributivity law in the definition.

Remark 2.28. Looking at the previous definition, we may write explicitly the natural transformation
A as follows

Kp )

Wl \ ‘f

KRf e Kf.

Commutativity of the two triangles is induced by the monad and the comonad axioms.

The first interesting property of AWFS is that by the monad and comonad axioms, for every
morphism f, Lf € L-Coalg and Rf € R-Alg. Since IL.-Coalg ¢ L-Coalg and R-Alg ¢ R-Alg, then the
hypotheses of Theorem 2.26 are satisfied and it induces that (L-Coalg, R-Alg) is a WFS.

We may regard the two subcategories U : L.-Coalg — %2 and V : R-Alg — % as the left and
the right classes associated with the AWFS (L, R).

Analogously to what depicted in (2.xi), given any R-algebra (f, ), then coda = idg and dually
for any IL-coalgebra (g,3) we have that domf =id. Thus R-algebra and LL-coalgebra structures
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are uniquely determined by morphisms r = & : Kf — domf and s = ; : codg —> Kg respectively.
Moreover, given a commutative square [h,k]:Uf —> Vg, we can write again the following diagram

A—1 ¢

)
<i ‘

B—>D

(2.xiii)

and s, (h,k) =r-K (h,k)-s is a diagonal lifting. Furthermore, such diagonal lifting is a canonical
choice, in the sense that it is compatible with morphisms of the categories .-Coalg and R-Alg. In fact,
given p € L-Coalg (', f) and v e R-Alg (g, g’), then considering the diagram

domUp h domV
Al A c =

fo B' !
codUu k codVv

the two dotted diagonal lifting, obtained as in (2.xiii), satisfy
¢ o (dom(VV)-h-dom(Up),cod(Vv)-k-cod(Upn)) =dom(VVv)-@s, (h,k)-cod(Upn).

Hence ¢ is a lifting operator, whose formal definition is the following.

Definition 2.29. Let U : of — €2 and V : B —> €* be a pair of functors. Then a lifting operator of
U against V is a natural transformation

@:€*(Us,Vm) = % (codUe,domVm).

In particular the two classes L.-Coalg and R-Alg are weakly orthogonal and each morphism of
% admits an (IL-Coalg, R-Alg)-factorisation. Thus (IL-Coalg, R-Alg) satisfies the first two axioms of
Proposition 2.10. We can consider the retract closure of the two classes and we obtain that the pair
(L—Coalg,M) is the WES underlying the AWFs (L, R).

We remark that the two retract-closed classes do not admit anymore a lifting operator in general.

2.5 Orthogonal Factorisation Systems

In this section we analyse and present the last and strongest definition of factorisation systems.
Orthogonal Factorisation Systems were historically the first factorisation systems to appear and their
introduction is due to [FK72]. Since then, the topic generated an entire branch of studies that created

various sophisticated definitions and results and their theory entered with good reason the categorist’s
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toolkit, as one can see in [AHS90]. Even if, at first glance, their definition differs very little from WFS,
the bare addition of uniqueness makes them encompass and moreover surpass in strength all of the
definitions that we have given so far. In this section we will present the orthogonality relation among
maps, define orthogonal factorisation systems and describe some of their properties.

Definition 2.30. A morphism e is orthogonal to a morphism m, denoted by e L m, if for every
commutative square [u,v]: e —> m there exists a unique morphism &

such that the two triangles in the diagram commute. The morphism 8 is said to be the unique diagonal
lifting of e against m for the square [u,v].

As we have discussed in 2.1, given a class of morphisms H in ¢, one can build orthogonal com-
plements H* and *H. Uniqueness of diagonal liftings may be included in the proofs of Propositions
2.2,2.5 and Lemma 2.4, yielding the following results.

Proposition 2.31. The pair* (=) and (=)* forms a Galois connection among the classes of morphisms
in € partially ordered by the inclusion.

Lemma 2.32. Let f be a morphism in €. Then the following conditions are equivalent:
1. f 1 g for every morphism g in €
2. g L f for every morphism g in 6;
3. fLf
4. fis an isomorphism.
Proposition 2.33. Let H be a class of morphisms of €. Then the following assertions hold
1. H* and *H contain all the isomorphisms of € ;
2. H* is closed under composition;
3. YH is closed under transfinite composition.
Then an orthogonal factorisation system is defined as follows.

Definition 2.34. An orthogonal prefactorisation system is a pair of classes of morphisms (€, M)
such that £+ = M and * M = &. If every morphism f admits an (€, M)-factorisation

f

A——— B

N

El4
K

o

meM

unique up to isomorphism, then (£, M) is called orthogonal factorisation system (OFS).
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We notice that as for WFSs the intersection of the two classes is given exactly by the isomorphisms
of ¥.

Again uniqueness of diagonal morphisms may be plugged in the proofs of Propositions 2.10 and
2.14, yielding the following results.

Proposition 2.35. The pair (£, M) is an OFS if and only if the following conditions hold:
1. £1 M, ie. foreveryeec& and me M, then e L m;
2. every morphism f admits a unique (€, M)-factorisation;
3. ifid=r-s, then

(a) ifs-fe&, then fe&;

(b) ifg-re M, then g e M.
Proof. We just prove that if (£, M) is an OFS, then 3.(a) is true. The proof of 3.(b) is carried out in a
similar fashion and the rest of the arguments can be easily adapted from the proof of Proposition 2.10.
We consider s- f € £ and r,s such that idg = r-5. In fact, since existence of diagonal morphisms is

already shown in Proposition 2.10, it remains to show that they are unique. Let d,d’ be two diagonal
liftings for a square [u,v]: f —> g, with g € M. Then we can write

A “ C
fl d
dl
B g
r< jvs
X — — D.

It induces that d - r and d’ - r are two diagonal liftings of s- f against g, therefore d-r=d’-r and, since
r is a split epimorphism, d = d’. O

Proposition 2.36. Let H be a class of morphisms in €. Then (*H,(*H)") and (* (H*),H*) are
orthogonal prefactorisation systems.

Proposition 2.37. Let (£, M) be a OFS. Then it admits a functorial realisation which extends to an
AWFS.

Proof. We first prove that (£, M) admits a lifting operator. Given e € £ and m € M, for each
[u,v]: e —> m, there exists a unique choice for the map

[u,v] — Qe (u,v).
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Furthermore, we consider the diagram

A—4 A—* sc—L ¢
ef e m ml
B~ B———D D'
a 2

where ¢’ € £ and m’ e M. Then

Qe (b-u-a,b’-v-a’) :b'(Pe,m(uvv)'a,

by uniqueness of diagonal morphisms lifting ¢’ against m’. Now let [u,v]: f — g and [u/,V'] : g —> h.

Then we can write the diagram

er

mf

then k" = k" - k by uniqueness of diagonal morphisms lifting e against m;,. This allows us to conclude
that (£, M) has a functorial realisation that we denote (E,M). We aim to prove that (M, n) extends
to a monad M. We are seeking a natural transformation u : MM == M. For any morphism f,

Ur:MMf— M f is a commutative square, which is trivially an identity on codomains. We consider

the following commutative diagram

A—-Ky

EfEMf

Ef

Emf
o

KMf

— B
MMf

Mf
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where the two diagonal morphisms both exist since opposite sides of the diagram are orthogonal.
Considering the following diagrams

Ef-EM E

A LR Ky A ! K/

% evf EJEMf }/

NS NS
EfEMS Ky mmf Ef Ky mf
ul 7 \VI f E 1‘{ >M S
f

/ N / N

Koty — 7 B, K/ o B,

we get that ,u} -EMf =idk, and EM f - u} =1dk,,, by uniqueness of diagonal liftings. Hence the natural
transformation u : MM == M is a natural isomorphism, what we have proved yields trivially that
the unit monad axioms hold for Ml = (M, n, i), the associativity axiom is trivially proved by a direct
calculation. Likewise one can prove that E = (E,€,0) is a comonad and ¢ : E = EF is a natural
isomorphism. Hence, since t and o are natural isomorphisms, then the distributivity law axiom in
(2.xii) is satisfied. L]

We have proved that OFSs on a given category are a subclass of its AWFSs. Moreover, we can
characterise OFSs among AWFSs by the structure of the (co)monads that constitute them. Before
stating this characterisation, which is due to [GT06], we recall the definition of idempotent monads.

Definition 2.38. A monad T = (T,n, 1) is idempotent, if one of the following equivalent conditions
holds:

1. Tn=nr;
2. W:TT =T is a natural isomorphism;
3. all components of L are monomorphic;
4. T-Alg < €72 is full and faithful.
Theorem 2.39. Let (E,M) be an AWFS on a category €. Then the following conditions are equivalent:
1. the underlying WFs (£, M) is an OFS;
2. liftings of E-coalgebras against M-algebras are unique;
3. M is an idempotent monad;
4. E is an idempotent comonad.

Proof. 1.= 2. This is trivially true since E-Coalg ¢ £ and M-Alg € M.
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2. = 3. We consider an [E-coalgebra f. Then we can write for 1), the following factorisation

Ef
A—L Sk,
Ef
A——Ky Ef EMf
EMf
f nr Mf — Ky s Ky
K(Ef,idg)
B

B———B
ldB
Uniqueness of liftings of E f against M f, which is an M-algebra, induces that M (E f,idg) = EMf.
Hence
Mny=(K(Ef,idg),idp) = (EMf,idp) = Ny

Therefore M is idempotent.

2. = 4. This implication is proved similarly to the previous one.

4. = 2. Idempotency of E yields in particular that V : E-Coalg — €7 is fully faithful, thus,
for every (f:A - B, f3) € E-Coalg, the square [ f,idg]: f —> idp is an E-coalgebra morphism. Let
[u,v] : f — g a commutative square with g coming from an M-algebra, then, for any diagonal

morphism j for [u,v], we have

u
_

b

a
BN
>
Paa
a

~
(—
(—
o
I
‘\N
(—
BN
—~
‘.g [
<. o
~ %
B
&
o B
o
S
<
N—
(—
oy

™
T
o
¥
S

v

and by naturality, we have that j = @ia, ¢ (J,V) = Q1o (1, V).
3. = 2. The proof is analogous to the previous.

2. = 1. By the previous arguments, we have that our hypothesis 2. yields that E and M are both
idempotent, which means that E-Coalg C— %2 and M-Alg C— %? are fully faithful. Therefore
retracts of E-coalgebras are [E-coalgebras and retracts of M-algebras are M-algebras. Then condition

2. yields that E-Coalg 1 M-Alg, by Proposition 2.35, whose conditions are satisfied, we conclude that
(E-Coalg,M-Alg) is an OFs. O

Example 2.40. We remark that, besides the trivial examples (All,lso) and (Iso,All), also (Epi, Mono)
in Example 2.12 is an OFS. In fact, it is easy to notice that any pair of diagonal morphisms in

a

A—"—y

. d
Epise meMono
d’

—

>

B v
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must actually coincide. Such OFS yields for any morphism the factorisation

A f B
N A

Imf

which is unique up to isomorphism. This is a particular case of the most general known fact that in
any regular category the pair (RegEpi,Mono) is an OFs.

2.6 Lax Orthogonal Factorisation Systems

In this section we consider a more recent structure introduced in [CLF16, CLF20]. The reason to
take some time to mention this work is twofold. The first reason is that this study, which is close to
the author’s working environment, has been the first and main inspiration that ignited the study and
research on the various topics contained in this work, original and known. The second reason is that
this work provides another significant interplay between higher structures, such as Ord-enrichments
or 2-categories, and factorisation systems, which is the perk of this present investigation as well. Our
goal in this section is to give an overview on the definition of a lax orthogonal factorisation system
and briefly describe the example that inspired their introduction.

We begin by recalling some definitions on 2-categories and enriched categories.
Definition 2.41. A 2-category is given by the following elements

* a class of objects, also called O-cells;

* a class of morphisms between objects, also called 1-cells;

* a class of 2-morphisms, or 2-cells, between I-cells;

and such that O-cells and 1-cells constitute a category and 2-cells have two associative and unital

composition laws

* a vertical composition that operates as follows

f

% —
h

* a horizontal composition that operates as follows

f f! ff
'\\l_l/a/'\\”/_ﬁ/' = '\&ﬁm/'

8 g 88
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Moreover, horizontal composition must preserve unit 2-cells and satisfies, together with the vertical
composition, the following interchange law

(8oy)*(Boa)=(8%p)o(y*a)

for any diagram

f I

STl T N

h n

Definition 2.42. A 2-functor is a map between two 2-categories F : € —> 2 such that F is a functor
on O-cells and 1-cells and it is also compatible with horizontal and vertical compositions of 2-cells.

Definition 2.43. A 2-natural transformation o, : F —> G, between the 2-functors F,G: 6 — 9,
is given by a natural family of morphisms (Qx € .@(FX,GX))XGOb(%) such that for each I-cell
f:A— Bin € there exists the identity 2-cell oy as in the diagram

Ff
FA—FB

o
(07} fi\ oB

Moreover, the association f —— O must preserve compositions and identity.
Then we can define a 2-monad as follows.

Definition 2.44. A 2-monad is given by a monad T = (T,n, 1) on a 2-category € such that T is a
2-functor, N, W are 2-natural transformations and the monad axioms are satisfied by the existence of
identity 2-cells.

We remark that the previous definitions are given in the sense of strict 2-categories, as they are
called in opposition to weak 2-categories that entail only 2-isomorphisms whereas we evoked the
existence of identity 2-cells in the definitions.

We can now provide the definition of lax idempotent monads for a 2-category, known also as
Koch-Zoberlein monads or doctrines recalling their introduction in [Z6b76, Koc95].

Definition 2.45. A 2-monad T = (T,n, 1) is lax idempotent if any of the following conditions hold.
e TN — U with identity unit;
* U — Mg with identity counit;

* each a:TA — A is a T-algebra structure if and only if a 4 Na with identity counit;

the forgetful functor U,y : T-Alg,, —> € is fully faithful;
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* for any pair of T-algebras A, B, every morphism f:UA — UB admits a unique structure of a

lax morphism of T-algebras.

The equivalence of such conditions may be found in [KL97]. Then we can provide the main
definition introduced in [CLF16].

Definition 2.46. A lax orthogonal factorisation system (LOFS) on a 2-category is an AWFS (L,R)

such that L is a lax idempotent 2-comonad and R a lax idempotent 2-monad.

The previous definitions may be presented in a sort of "skeletal" version. In fact, if a 2-category
may be seen as a category enriched over the cartesian monoidal category Cat, we can consider
categories enriched over the category of partial orders Ord (as we will from here on denote it). An
Ord-enriched category, or Ord-category, is a category % such that for every A,B € Ob (%), then
¢ (A,B) is an object on Ord. In particular Ord-functors are monotone functors, i.e. F: 4 — Z a
functor such that if f < g, then Ff < Fg.

Then we may rewrite Definition 2.45 for Ord-categories.

Definition 2.47. A monad T = (T,n, ) on an Ord-category € is lax idempotent if it satisfies any of

the following equivalent conditions.
e Tn-u<ld;
s Id<nr-u;
* In<nr;
* for any T-algebra a:TA — A, then idrs < Na-a;
* for any T-algebras (A,a) and (B,b), and any morphism f € € (A,B), thenb-Tf < f-a.

We cite this application on the Ord-enriched context for two reasons. The first is the relevance
with the setting of our study. The second is that the example that led to the introduction of LOFSs
rose in the Ord-enriched context in [CCM12]. The subject of the paper is the category Top, of
TO0-topological spaces and filter monads. Such spaces are considered equipped with the dual of the
specialisation order, a partial order defined for any space by x <y if and only if y € m Then the
study proves that filter monads and their slicings are lax idempotent and concludes that they determine
a factorisation system.

The notable feature of LOFSs is that they are equipped with a particular type of lifting operators.

Definition 2.48. Let U : o —> €2 and V : B — € be locally monotone functors. A KZ-lifting
operator is a lifting operator such that for any @, , (h,k), if there exists another diagonal lifting d for
the square [h,k]:Ua — VD, then @, (h,k) <d.

Therefore KZ-liftitng operators provide a natural choice of diagonal morphisms which are minimal
with respect to all other diagonal morphisms for any given square.
The importance of KZ-lifting operators is then illustrated by [CLF20, Theorem 8.3].

Theorem 2.49. Given an AWFS (IL,R) for an Ord-category €, the following are equivalent
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1. (L,R) is a LOFS;

2. the lifting operator from the forgetful functor U :1L-Coalg — €7 to V : R-Alg — €2 is a
KZ-lifting operator.

In particular we can conclude that in the enriched context OFSs are lax orthogonal, by uniqueness
of diagonal liftings.

2.7 Enriched factorisation systems

In conclusion of this chapter we would like to mention another type of factorisation systems that are
interlinked with higher structures on a category. This factorisation systems were introduced by Riehl
in [Riel4] as a generalisation of [Day74, LW14].

The setting here is given by a complete and cocomplete ¥ -enriched category .#°, where ¥ is
a complete and cocomplete symmetric monoidal closed category. Riehl introduces the following
definition.

Definition 2.50. Let f: A — B and g : C —> D be two morphisms of a ¥ -category . The two
morphisms are said to satisfy the ¥ -enriched lifting property, denoted fg, if the canonical map @

admits a section &
_.f

H (B,C) T
\w\a\ .
\\ .

G (fg) —— H(A0) (2.xiv)

o
H (B.D) ——— A (A,D).

This last definition is by all means an orthogonality-like property between morphisms. Again we
can build complements similarly to what was presented before and recall the following definition.

Definition 2.51. An enriched weak factorisation system is a pair of classes of morphisms (S, D)
such that S =2D, D = 82 and every morphism in # admits an (S, D)-factorisation.

These definitions are therefore a generalisation of the following definition due to Day and
Lucyshyn-Wright.

Definition 2.52. Let f: A — B and g : C —> D be two morphisms of a 'V -category ¥ . The two
morphisms are said to satisfy the ¥ -enriched unique lifting property, denoted f g, if the canonical
map @ in (2.Xiv) is an isomorphism.

An enriched orthogonal factorisation system is a pair of classes of morphisms (S, D) such that
S =1D, D = 8% and every morphism in 2 admits an (S, D)-factorisation, which is unique up to
isomorphism.



Chapter 3

Theory of partial maps

For the purposes of our work we will be interested in particular in categories of partial maps considered
as Ord-categories.

Along the chapter and later on we will also refer to discrete Ord-enrichments; by this we mean
those categories where the partial order relation among morphisms coincides with the identity. In
particular we observe that any category may be equipped with a discrete Ord-enrichment.

3.1 Interest in categories of partial maps

Partial maps are a very common object of study in mathematics and this is evident from the first steps
in undergraduate mathematics. In fact, we come across partial maps in many branches of mathematics
noticing that they provide a natural environment and a good behaved tool to develop mathematical
knowledge.

This emerges when one considers calculus, where the use of partial morphisms is ubiquitous and
has called many to a formalisation of partial maps as in [Men55]. However, partial maps are also
quite present in the study of topology, a field that has made a great use of the categorical benchmark
and this three-fold interest started to emerge already in [BB78].

This attention for partial morphisms is not limited to studies that deal with the most evidently
geometrical facets of mathematics, but it spreads to more combinatorical investigations as shown by the
quite prolific literature on partial functions and restrictions that was produced by semigroup theorists
in the years, see for instance [SS67, Man06]. In particular, as remarked in [CMO09], categorists and
semigroup theorists have studied restriction semigroups, regrettably on parallel tracks for much of the
earlier stages, unknowing of the shared interest on the algebraic and categorical axiomatisation of
partiality.

Computer science is another field of investigation that has in time absorbed quite a good deal of
categorical formalisation and this community looks with great interest at partiality. Indeed, this is
witnessed by a remarkable number of publications on the subject [P1o85, Mog86, AL88, FP94, Fio04].
Computer science has fueled quite some discussion on a categorical approach to partial morphisms
and domain theory. The interest of computer scientists in partial maps stems from some very structural
topics of investigation, such as recursion theory. Partial maps provide again a suitable instrument to
give a more abstract and general interpretation of programs and the problems of termination.

29
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In this context it is worth to cite the work of Robinson and Rosolini [RR88], which provides a
rich survey on the rising interest in categorical study of partial morphisms. We remark in particular
their keen eye on both computer science community and the enriched categorical perspective.

Furthermore, we remark that an Ord-enrichment, as well as a 2-categorical approach, has always
accompanied the development of categories of partial maps, as we can see in [AL88, Car87, Fio95].
This points out to the fact that partial orders, besides being naturally built-in in the concept of domain
theory and partial morphisms, also provide a complementary and relevant perspective on the study
and use of categories of partial maps.

We shall not fail to report that the interest in partiality and partial maps among the categorical
community was not extinguished within these works, but has lived on and it is still active. To this
purpose we cite the work of Cockett and Lack, who introduced restriction categories in [CLO2, CLO3].
Restriction categories constitute a more general formulation of categories endowed with partiality,
which releases the definition from the use of pullbacks. Such structure substitute the use of spans and
pullbacks with the introduction of a restriction operator, satisfying a suitable set of axioms.

We conclude remarking that in the current work we will present and use the classical formulation
of categories of partial morphisms, in accordance with [Fi095, Fio04].

3.2 Definitions and properties

First we recall in this section the definitions and properties of categories of partial maps. Some of the
features that we present may be found in [RR88, Fi095, Fio04].

The categorical definition of partial maps is motivated by the well established theory of partial
functions, in particular between sets. A partial map between sets is generally given by a partial domain,
where the function is defined, and the function itself. For this reason the first step is to define a good
notion of subobjects. We consider a category %, then a subobject of an object A is an equivalence
class of monomorphisms m : S — A; two monomorphisms m : S — A and m’ : S’ — A are equivalent
if there exists an isomorphism i such that m = m’-i. In particular, to enable us to compose partial maps,
we require that subobjects are closed under composition, that pullbacks along subobjects exist and
that subobjects are preserved by pullbacks.

We consider € a category and S a good class of subobjects, i.e. closed under composition,
pullback stable, and that contains all sections. We require that pullbacks along morphisms in S exist
in . We will refer to the class S as the class of admissible subobjects. Then a partial map is an
equivalence class of spans

Dy
Oy

A—}—>B

with o7 a subobject in S and @y a generic morphism in 4. Two spans (Gf,q)f) and (Gj’c,q)}) are
equivalent if there exists an isomorphism i such that Gj’c =0y-iand (p} = @y -i. We will often use from
here on the notation D_, 6. and ¢. to refer to the partial domain and the partial components of a partial
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map respectively. Let f:A — B and g: B — C be two partial morphisms. Then their composition is

Dg-f
o (o
0} (o) &l
Dy D, (3.1)
of g ng
A f B 3 C,

where the square is a pullback. Moreover, this composition law is trivially associative and for every
object A in € there exists an identity represented by the span (ids,ids ). Hence we have that objects
of ¢ and the partial maps that we have just described form a category that we will denote by Ps (%)
or P (%), where it cannot generate any ambiguity.

Furthermore, given a category of partial maps Pgs (%) there exists an embedding

E:% — Ps(¥)
A— A

f—(ida, f)

which is an identity on objects and faithful. The morphisms in the image of E, i.e. those partial
morphism of the form (id,, f), are called total maps and form the class Tot.

Proposition 3.1. Let P (€) be a category of partial maps. For any pair of composable morphisms f
and g, if g- f is total, then f is total.

Proof. We consider diagram (3.1). Since S is stable under pullbacks, we have that (p} (o, ) belongs to
S. Hence Dy.r is a subobject of Dy, therefore if Dg.r = A then Dy = A. O

Example 3.2. The first example that we can consider is Set. In fact Set is a complete category, thus
it has pullbacks, and monomorphisms are trivially stable under pullbacks. Hence, if we consider

S = Mono, then Pyono (Set) is the category of sets and partial maps as usually intended.

Every category of partial maps comes equipped with a partial order between morphisms induced
by the partial order among subobjects. We write f < g in P (%) if f is a domain restriction of g;
namely if there exists an admissible subobject s making the following diagram commute:

Dy
S
) (]
o| Dy ! (3.ii)
Oyg \‘Pg
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Furthermore, if € is an Ord-category, then the partial order among its morphisms, that we denote by
E, gives rise to a partial order among partial maps. We will write f < g if there exists an admissible
subobject morphism s, which allows us to write the following diagram

Dy

X P
ol Dy 3\” (3.iii)

It is clear that if we consider ¢ with a discrete Ord-enrichment, namely all the 2-cells are equalities,
then the two partial orders coincide.

Now we are interested in analysing whether these partial orders among partial maps constitute
an Ord-enrichment. To do so we need to check that composition is monotone with respect to those
partial order relations. This proves to be true for the discrete Ord-enrichment, while, in the general
case, it requires some further assumptions on the admissible subobjects.

First we observe that in general the partial orders that we defined above respect compositions on
the right without any further assumption. We prove it in the following proposition for the partial order
<, and this applies in particular to <.

Proposition 3.3. Let € be an Ord-category and P (€) a category of partial maps. If f:A —+ B
and g'<g:B—C ,theng - f<g-f.

Proof. We write explicitly the diagram that depicts the composition

Dg’f
c,/(9r)
S/
(P;(Ug') Dg,f Dgl
S:(0)
o* (o
or(a)| T s G.iv)
O
D D, %
of \(Pf \‘;[g \(Pg
A

The properties of pullbacks imply that

0} (o) = 07 (0p-5) = 95 (0p) -5,
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where s’ the pullback of s along o, ((pf). Moreover, the 2-cell @,/ E @, -5 yields

9y -0y (@r) € 9p-5:05 (0r) = 9507 (7).
We conclude that g’- f < g- f. O

Before we proceed to discuss monotonicity of composition on the left we need to provide the

following definitions.
Definition 3.4. Let € be an Ord-category. A morphism m:A — B is
o full if for every u,v:X — A such that m-ucm-v, then uc v;

* upper-closed if for every pair of morphisms u:X — A and v:X — B forming the 2-cell

X
/ @\ 3.v)
A—— B

then there exists z: X — A such thatv=m-z.
A map, which is both full and upper-closed, can be characterised as follows.

Lemma 3.5. A morphism m: A — B is full and upper-closed if and only if it is monomorphic and,
for every pair of morphisms u:X — A and v: X — B such that we have the 2-cell m-uc v, then

there exists a unique morphism z7: X — A in the diagram

Proof. = . Itis trivial to notice that if m is full, then it is monomorphic. Moreover, for every pair of
morphisms u# and v such that m-u C v, then there exists z such that v = m-z, since m is upper-closed.
From the 2-cell m-u v =m-z follows that u € z, since m is full. Given another morphism z’ such that
v=m-7 and uc 7/, we have that m-z =v =m-z' implies that z = 7/, since m is monomorphic as proved
above.

<= . First we remark that the hypotheses trivially yield that m is upper-closed. Let us consider the

2-cell m-ucm-u', that compose the diagram
X

A
N

AT)B.
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Then there exists a unique morphism z: X — A such that m-z=m-u’ and u © z. Since m is monomor-
phic, then z = 4" and u c u’'. Hence m is full. O

Now we can state the following result.

Theorem 3.6. Let € be an Ord- category and S a class of admissible subobjects. If every morphism
in S is full and upper-closed and s',s"-s € S implies that s € S, then the partial order < yields an
Ord-enrichment on Ps (€).

Proof. In general < defines a partial order relation among partial morphisms with the same domain
and codomain. Such partial order relation respects composition on the right by Proposition 3.3. We
need to check that composition on the left is monotone as well. Let us consider f' < f:Q —+ B and

g:B —— C . We can write the following diagram

D

/ “’w o
X N\
ZRN /

In particular, the 2-cell @7 € @y -1 yields

P

)
c

~—+%

0, (¢r) = @rr - 9jr (0¢) £ @r 19} (0). (3.vi)

Since oy is full and upper-closed, then (3.vi) yields that there exists the morphism z such that
Og-2=Q-t- (pjf, (o,) and G;' ((pfr) E z, thus it gives rise to the universal morphism " as in the diagram

o; (o)

(3.vii)

Since @} (6,) 1" =t- @}, (0,) belongs to S, then ¢’ belongs to S as well. This allows us to conclude

Of @7 (0g)t' =071-9 (0g) = Op - @ (Og)
(Y (‘Pf JEQe 2= ;-0 ((Pf)
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which yields that f'-g< f-g. O

Remark 3.7. The previous theorem may be applied in particular to the partial order < yielded by the
discrete Ord-enrichment on €. This is true since all admissible subobjects are monomorphic and

2-cells as (3.v) are equalities satisfying the equivalent condition of Lemma 3.5.

Notation 3.8. We have proved that composition to the left and to the right is monotone and thus <
gives rise to an Ord-enrichment on P (€. Hence, given ' < fand g’ < g, then g'- f' < g- f. This is
true and can be observed by steps as

g f<g - f<gf.

The admissible subobject morphism that witnesses the existence of the 2-cell g'- f' < g- f is defined
applying subsequently the constructions shown in the proofs of Proposition 3.3 and Theorem 3.6.
Hinting to the notation of Definition 2.41, we will denote such morphism by t xs: Dgr.;1 — Dy,
where t : Dy —> Dy and s: Dy —> Dy are the morphisms that define f' < f and g' < g. We will also
denote s' as in (3.iv) by s x f and t' as in (3.vii) by g *t.

Proposition 3.9. Let ¢ be an Ord-category. Let P (€) be a category of partial maps equipped with
the Ord-enrichment induced by the one on €. If f is total and f < g, then g is total. Moreover, if the
partial order is induced by the discrete one, then f = g. Hence total maps are maximal elements in
their own Hom-Sets.

Proof. If f < gis a2-cell, then diagram (3.iii) shows that Dy < D, as subobject, by the existence of
the subobject morphism s: Dy — D,. Therefore, if Dy = A, then Dy = A as well. Furthermore, this
yields that s is an isomorphism, hence if the Ord-enrichment on % is discrete, then the two spans are
equivalent and f = g. [

3.2.1 Adjunctions between partial maps

Since adjoint morphisms play an important role for lax factorisations, as we will see in the next chapter,
we focus now on describing adjoint morphisms for categories of partial maps. We will provide a result
that completely characterises adjoint pairs of morphisms for any Ord-enrichment on P (%’). Then we
discuss the link between adjunction in P (%) and adjunction in %'

We briefly state some terminology that we will use along the thesis. In an Ord-enriched category,
given an adjunction f - g, we will refer to idy < g- f as the unit 2-cell and to f-g <idp as the counit
2-cell.

Proposition 3.10. Let P (€’) be a category of partial maps with € an Ord-enriched category. A pair
of morphisms in P (€') constitute an adjunction f 4 g if and only if f is total and @y = C, -y, fora y
such that Yy~ @, in 6.
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Proof. First we consider the adjunction f < g in P (%). By Proposition 3.9, the 2-cell id4 < g- f yields
that g- f is total and therefore f is total by Proposition 3.1. We write explicitly the 2-cells

N

Y.

i A D, . (3.viii)
\(Pf ‘L\(Pg d
NN

: A.
8

@5

0N

t 7

A N
B

!

The subobject morphism of the left diagram is id4 due to the stated totality of f and g- f. We notice
immediately that ¢ = 0, - ¥, where 7 is the pullback of ¢ along 6,. We prove that y is the morphism
sought. We have the 2-cells id4 E @, -y and G, - Y- @, = @f - @, E . Since by assumption o, € S is full,
we deduce that y- @, € idp. This yields the existence of the adjunction ¥+ @, in €.

The other direction is proved simply by calculation. In fact, since ¢ = o, - 7, then the pullback
of @ along o, is . This allows us to write the left diagram in (3.viii), where the 2-cell idj E @, -y
is the unit 2-cell of the adjunction y + @,. If we compose the counit 2-cell y- @, = idp, with og, we
obtain @y = O, - Y- Qg E Og, Which allows us to write the right diagram. In conclusion this yields the
adjunction f - gin P (). O

From here on, whenever we use this characterization, we denote the morphism 7 in the statement
by ¢r.
If we consider an ordinary category %, we can state the following corollary.

Corollary 3.11. Let P (%) be a category of partial morphisms equipped with the Ord-enrichment
induced by the ordinary category €. A pair of morphisms in P (€) constitute an adjunction f - g if
and only if f = (id,0) and g = (0,id), for some o € S.

This is due to the fact that pairs of adjoint morphisms in a discrete category are pairs of inverse
morphisms.

We conclude this paragraph providing an overview on how the previous results link adjoint
morphisms between ¢ and P (%). Let € be an Ord-category and P (%) equipped with the Ord-
enrichment inherited by %’. We denote by Adj (%) the class of adjoint pairs of morphisms in ¢ and
by Adj (P (%)) the class of those in P (%). Then Adj (P (%)) is equipped with a partial order. We
have that (f 4 g) < (f’' 4 ¢") if and only if there exists s € S such that ¢y = s- @4 and 6, = 5- G,r. We
consider the following map

1:Adj(€) — Adj(P(?))
(f +g) — ((ida, f) - (idp,g)) -
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If Adj (%) is equipped with the discrete partial order, then [ is an injective monotone map. Furthermore,
Proposition 3.10 allows us to build the following map

J:Adj (P (%)) — Adj (%)
((idas @r) = (04, 9)) — (@1 @)

If (f4g)<(f'—g’), then there exists s € S such that (f - g) = ((idA,s-Gg/ . @) = (s-Gg/,(pg)), hence
J(f-4g)= (@ ~ (pg) =J(f" —g"), hence J is monotone. Then it is straightforward that

J( @7 = 9c) = ((ida, 9r) - (ids, @) ) = (07 = 9c)

therefore JI = Idpgj(#)-
Moreover, we consider 1J (f -1 g) = ((ida, @y) = (ids, @g)), then o, yields

((ida, @) = (05, @) ) < ((ida, @r)  (ids, 95)) -

In conclusion we have
Wdagi(p()) <17
JI = IdAdj((g)

This yields an adjunction between the partially ordered sets Adj (P (%)) and Adj(%).






Chapter 4

Lax factorisation systems

In this chapter we present the theoretical contribution of this work which was introduced in [Lar21]. We
introduce a new notion of orthogonality for Ord-enriched categories and investigate the factorisation
systems that arise as a consequence. We will propose definitions and properties on the blueprint of
traditional factorisation systems that we recalled in Chapter 2. In particular we will introduce and
analyse a lax version of WFS, FFS and AWFS.

The main setting of this chapter will be Ord-enriched categories. Before getting into the discussion
of lax factorisation systems, we recall some useful definitions and fix some notation that we will use

through this chapter.

Given an Ord-category %, we denote by %lﬁx the category whose objects are morphisms in 4" and

morphisms are squares (u,v) : f —> g of the type

A—2 C
f‘ = ‘g (4.1)
B———D.

We will refer to these squares as lax squares.

We would like to recall also the definition of comma objects.

Definition 4.1. Given a cospan (f,g) in an Ord-category €, a comma object, or lax pullback, is the
span (g‘_ ), f (g))forming the lax square

b
fle (&) A

J
g (f) = f (4.11)

C—g)B’

39
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such that for every other span (p,q) forming the 2-cell f-q < g- p, there exists a universal morphism
O(p.q) as in the diagram

Y

flg—re—A
J

a l(f) v !

C‘—g‘rB7

where the two triangles are commutative. Moreover, for any pair of spans (p,q) and (p’,q") such
that f-q<g-p, f-q' <g-p"and such that p < p" and g < q', then @, ) < O 4)-

Cocomma objects are defined dually for spans and we denote them by
A
f‘
B

We stress that, unlike regular pullbacks and pushouts, (co)comma objects are directioned, thus

8
—C
e

-

< (4.iii)

fi(g) fre

flgand g/ f are not isomorphic in general. For this reason we signal that, whenever we refer to
stability under (co)comma object of a class of morphisms 7, we mean it in the horizontal sense,
i.e. considering diagram (4.ii) or diagram (4.iii) if f belongs to H, then g“ (f) e Hor g (f) e H
respectively.

We also recall the definition of 2-dimensional coproducts.

Definition 4.2. Let € be an Ord-category. The coproduct of two objects (AuB,ia,ig) is a 2-
dimensional coproduct if iy and ig are jointly full.

Moreover, if the 2-dimensional coproducts AuA’ and Bu B’ exist, we can define 2-dimensional

coproducts of morphisms f and g as in the following diagram

AuA’

A Al

1o~ )

B B
\m)v i

BubB’',

B

where f1g is the universal morphism [ig- f,ip - g| related to the 2-dimensional coproduct AuA'.
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4.1 Lax weak factorisation systems

In this section we introduce a new notion of orthogonality which is the key ingredient of the following
sections. Such orthogonality relation gives rise to lax diagonal morphisms for lax squares. Then we
will analyse some of its properties and thereafter we will use this new definition to introduce a lax
version of WFS.

Definition 4.3. Let € be an Ord-enriched category. Two morphisms in € are said to be laxly weakly
orthogonal, denoted by f A g, if, for every lax square (u,v) : f —> g, there exists a morphism d such
that

u

C
" / ‘g usd-f (4.iv)
L 2

|

Al

N

|

v

We refer to d as lax diagonal morphism or lax diagonal lifting.

We first observe that this constitutes a generalisation of weak orthogonality, as described in Section
2.1. Indeed, whenever the partial order in ¥ is discrete, the two definitions coincide trivially.

Then, the first natural step is to identify those morphisms which are laxly weak orthogonal with
respect to any other morphism in the category. Before doing so, we recall that two morphisms f:A - B
and g: B — A in an Ord-category constitute an adjunction f —+ g if we have id4 < g-f and f-g <idp.

2

Proposition 4.4. Given a morphism f €6,

the following properties are equivalent:

L fAf;

2. f is a left adjoint morphism to some f*;

3. fAGE,

lax’
4. G M.

Proof. 1.=2. Given a morphism f that is laxly weakly orthogonal to itself, we may consider the
identity lax square (ids,idp: f — f) (which is actually commutative). Then there exists the lax
diagonal lifting & in the following diagram

It follows that the diagonal morphism & is the right adjoint and the two 2-cells in the two triangles
define the adjunction sought.
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2.=3. Let (u,v) : f —> g be a lax square. We consider 6 = u- f*. Then the adjunction yields

usu-f*-f=6-f

4.v)
g0=guf <v-f-fr<w

Thus 4 is a lax diagonal morphism for the lax square (u,v).

2.=4. Analogously, given any lax square (u,v) : g —> f, we have that § = f*-v is a lax diagonal
filler.

3.=1. and 4.=1. are straightforward. O

For any class of morphisms H we can define its lax weak orthogonal complements as follows
M={f!f¢hforeveryheﬂ} and ’H¢:{f|h4\ff0reveryhe’}-[}.

Then we have that lax orthogonal complements carry the following properties.

Proposition 4.5. Let ¢ be an Ord-category. The pair A (=) and (—)4\ forms a Galois connection
among the classes of morphisms in € partially ordered by the inclusion.

Proof. Let A and B be two classes of morphisms in 4. We prove first that ¢(—) and (—)¢ are

antitone with respect to inclusion. Let Ac B. If f € ¢B, then f A b for every b € BB, and in particular
fAaforeveryace A, thus fe M A. Therefore N A 2 AB. Similarly one proves that Ah o Bh.

Moreover, A < M’j’ if and only if for every a € A and for every b € BB, a A b, which is equivalent to
B¢ ’#.A. Analogously A ¢ B s equivalent to 5 € A¢. O

In particular this proposition yields the following corollary.

Corollary 4.6. Let H be a class of morphisms in €. Then H ¢ A (7—%) and H ¢ (¢7—l)¢ Moreover,
wh = (A (aeh) ana ae=A (o)),

We report that the proofs of the last two results are a direct translation of the proof of Proposi-
tion 2.2 and Corollary 2.3.

Proposition 4.7. Let H be a class of morphisms in an Ord-category €. Then the following assertions
hold.

1. ’H¢ and 4\7-[ contain all the left adjoint morphisms of € ;
2. 7-[4\ and ’M—L are closed under composition.

Proof. 1. This is a consequence of Proposition 4.4.
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2. We show this by building subsequent diagonal liftings. Let f, g€ ’H* be two composable
arrows. Then for every lax square (u,v) : h —> g- f, with h € H, we can build the following diagram

H—Y A

B

Al

H ' T’ C;
where J,. is a lax diagonal lifting for the square (u,d,). Then we have
8 [ 0pf <80, <.

We conclude that J,. is a diagonal lifting for (u,v). Thus g- f € ’H’f\ The proof for 4‘7—[ is similar. [

Proposition 4.8. Let H be a class of morphisms in an Ord-category €. Then 7—[4\ is closed under
comma objects.

Proof. We consider f € 7-[4‘ and the comma object

b
fleg () A

J
g (f) =2 f (4.vi)

Let (u,v) :h— g“ (f) be a lax square with 4 € H. Then, there exists a lax diagonal morphism &
lifting / against f, as shown in the following diagram

y
h A C f (4.vii)
A E )
H' = C B.

v 8
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Hence we have the 2-cell f- 8 < g-v, and therefore, by the properties of comma objects, there exists
the universal morphism &' in the following diagram

N

flg—re—A
J

& f

|

In particular, we obtain g (f) -6’ = v. Furthermore, we can write the following diagram

fHg)u
S
5-h

—f A
e (Fu figaf (8)—

g () f

|

C—g>B’

where the 2-cell u < 6" - h exists by the properties of comma objects. Thus, we have checked that
u<d’-hand g« (f)-6"=v. Hence &' is a lax diagonal morphism for the lax square (u,v) and therefore

g () enh. 0
The last result yields the following dual proposition.

Proposition 4.9. Let ‘H be a class of morphisms in an Ord-category €. Then /NH is closed under

cocomma objects.

Proposition 4.10. Let H be a class of morphisms of a category € with 2-dimensional coproducts.

The class /1\7-[ is closed under 2-dimensional coproducts.

Proof. We consider h= e hi: LI — HB,-, such that &; € ¢H for every i € I. For each lax square
iel iel

(u,v) :h — g, with g € H we have

A; — %, HAi — X
iel

hi ‘fz T 8
!

o
B———][[B———B.
iel
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Since h; € MY for each i I, then we get a family (9;:B; — X),.; of lax diagonal morphisms
lifting h; against g. By the definition of 2-dimensional coproduct, there exists the universal arrow
8 =[6;];;: | [Bi — X and since (0;),,; and (07),,, are jointly full, it implies that § is a lax diagonal
iel
morphism lifting h against g. Therefore he NH 0
Again we may state the following dual result.

Proposition 4.11. Let H be a class of morphisms of a category € with 2-dimensional products. The

class 7—% is closed under 2-dimensional products.
We can now introduce the definition of lax weak factorisation system.

Definition 4.12. A lax weak prefactorisation system is a pair of classes of morphisms (L, R) such
that R = E¢ and L = MQ Moreover, if any morphism f € ‘Kéx has an (L, R)-factorisation

A ! B
\ / (4.viii)
[,‘,BZf rfe’R
Wy

then (L,R) is said to be a lax weak factorisation system (WFES, ).

We remark that, given a (WFSax) (£, R), for any lax square (u,v) : f — g there exists a morphism
0 as in the diagram

Ly v lg
Wy— = 5 W, (4.ix)
rf L rg

The morphism J is obtained by the lax weak orthogonality relation [ A r,.

Furthermore, as a consequence of Proposition 4.4, we have that left adjoint morphisms belong to
any lax weak orthogonal complement and they constitute the intersection between the two classes of
morphisms of any lax weak prefactorisation system.

We also point out that uniqueness of such lax diagonal liftings is not granted in general. In fact,
given a morphism f satisfying the conditions of Proposition 4.4, we have that in any lax square
(u,v): f — fbothd, =u-f* and d, = f*-v are suitable lax diagonal morphisms.

As a consequence of Proposition 4.5 and Corollary 4.6, we have the following result which enables
us to build lax weak prefactorisation systems from any class of morphisms.

Proposition 4.13. Given a class of morphisms H € €2, then (’t\ (7—%) ,7'[4\) and (/NH, (4\?{)/#) are
lax prefactorisation systems.
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Remark 4.14. Before proceeding with the discussion of lax factorisation systems, we would like to
compare the definitions given in this section and the enriched factorisation systems that we have

mentioned in Section 2.7. Let us consider diagram (2.xiv) in Definition 2.50. Then one notices that
§:¢*(f,g) — A (B,C)

maps each commutative square to a diagonal morphism, but does not take into consideration lax
squares. Another difference is that, as stated in [Riel4], & constitutes a functorial association between
commutative squares and diagonal morphism. Instead, WFSsyx admit a functorial realisation under

some conditions that we will explore in Section 4.3.

4.2 Small object argument for lax weak factorisation systems

In this section we aim to prove an analogous version for the lax context of the Small object argument
that we have presented in Subsection 2.2. This result is particularly useful since it gives a way to
build factorisation systems starting from a set of maps under some cocompleteness and smallness
conditions through a transfinite construction.

Before describing this result for WFSsjx, we need to adapt the definitions we use to state our
smallness conditions.

Definition 4.15. Ler ¢ be an Ord-category and A be an ordinal. By lax colimit cocone of a diagram

(eg : Xo —>Xa)

a<i

we mean a jointly full family of morphisms (e% Xg — X,l) such that eg < ef{ . egc and for every

o<’
family of morphisms (¢% : Xo. —> Q) o<, Such that P <q* -e%for every 0L < A, there exists a morphism

q as in the diagram

XO —>Xa

NP

such that g% = q-ef for each o < A. Moreover, we will refer to the morphism e?L as the transfinite lax

composition of (e(ox ) a<l

We proceed proving the following proposition.

Proposition 4.16. Let € be an Ord-category and H a class of morphism in €. Then NH is closed
under transfinite lax compositions.

Proof. We consider a diagram (egc X — Xa) and the lax colimit cocone (eﬁ‘ Xg — X,l)

o< o<
for such diagram. We aim to prove that eg belongs to 1. We consider any lax square (u,v): e?L — f,
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with f € H. We can write the following diagram

Xo———A
A
Ny oA o
e, Ao .
0 Y e
el < Xa f
o
\(elﬁ.‘. d A
X), =B

We know that f-u < v-e())L < (v-ei‘) . eg and every morphism eg belongs to M—[ for any o < A. Hence
we obtain the morphisms dy, as lax diagonal liftings of €%, against f. This gives rise to the family of
morphisms (dy : Xg —> A) o<y Such that u=dy <dgy 'eg. This yields the universal morphism in the
diagram

Xo —)Xa

NP

This yields d-¢) = dy = u. Moreover, we have that f-d-e% = f-dy < v-e% and since (e are jointly
A A A AJa<A

full, this allows us to conclude that f-d < v and therefore eg € M—L O

Definition 4.17. Let A be an ordinal. A lax H-cell A-complex is a diagram (eg tEq —> Eﬁ) e
o <
0

such that eB < ,B ea for any a < B <A and each morphism ey, is a transfinite composition of 2-
dimensional coproducts of morphisms in A (7—%) and morphisms obtained from elements of H via

cocomma objects. We will refer to a lax H-cell A-complex (eg Ey — Eﬁ) <Beh that extends to A
asp<

as lax H-cell A-complex.

Definition 4.18. Let € be an Ord-category, H a set of morphisms and € has transfinite lax composi-
tions of lax H-cell I—complexes. An object W is laxly small relative to H if there exists an ordinal
K such that for every A > x, any lax H-cell A-complex (eg Ey — Eﬁ) and any morphism

a<f<A

u:W — E, there exists a 'y < A and a morphism u' :W — Ey such that u = e’fl 'e$+1 .

We can provide now the main result of this section.

Theorem 4.19. Let € be an Ord-category and H a set of maps. Moreover, let € admit transfinite lax
compositions of lax H-cell {-complexes for every ordinal {, cocomma objects along morphisms in
A (?—%) and 2-dimensional coproducts of elements in H. If the domains of morphisms in H are all
laxly small relative to ‘H, then every morphism admits an (4\ (7—%) ;7-[4‘ )-factorisation.

Proof. Since H is a set and domains of morphisms in ‘H are laxly small relative to H, we have that
there exists A such that each domain H is laxly small relative to  with respect to some Kk < A.
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We consider f: A —> B. We construct a lax H-cell A-complex (eg By — Eﬁ) and a

a<Pf<r
cocone (p*: Eq —> B),,, for such diagram, i.e. such that

0
e
Ey —— Eg

for any o < A.
This lax H-cell A-complex is inductively defined as follows. We set Eg = A and p° = f.

Let y be an ordinal. We consider the lax squares of the form

hj‘ v ‘pY (4.x)

such that 4; € H and we index these lax squares by je€l. We build through the 2-dimensional
coproducts the morphism

h=1]h:]]JAi — []B: (4.xi)

iel iel iel
as in Definition 4.2. We remark that / € A (7—[*) by Proposition 4.10, since h; € H A (7—[4‘) for every
i € 1. Then we can build the following cocomma object

[ui]iel
[JA———E
iel J
h K4 ey+1
(4.xi1)
()
]_IBi 7 Eyi

iel

[Vi]iel

In particular e)’; .1 18 @ morphism obtained from he A (HM via a cocomma object, therefore e;; €

A (HM by Proposition 4.9. Then we define e/, = ‘33:+1 -ely, which yields that e?,H = 9%1 -e?, is still a

Y

morphism in 4‘ (’H* ), since it is closed under composition. Moreover, we have that p¥ = perl ey

hence we conclude that
o__ v.,0_ y+1 )Y _,0_ _y+1 0 .
p _p y_p ey+] ey—p eYJrl’

Y o_,y .,a 0 __ 0 0
=€y €y = ey €y

(4.xiii)

0 = .
ey+l - ey+1 eV
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Hence (eg :Eq — Eﬁ)

for the diagram (eg

is a lax H-cell (y+1)-complex and (p* : E, —> B) | is a cocone

a<f<y+1 a<y+

)oc<y+1'

Now for each limit ordinal k¥ < A we have a lax H-cell k-complex (eg tEy — E ﬁ) " and a
oa<p<K

cocone (p%*: Eq — B) ., such that p° = p%- €% by inductive hypothesis. Hence we may write the

following diagram

E0—>Ea

where () . is a lax colimit cocone for the diagram (egc)a« and py is the universal morphism for
the cocone (p%) ., In particular we have for any o < K

p*=p~

O aO
KeK'OC

Furthermore, €2 is in A (7—%) since it is a transfinite lax composition and ¢, belongs to A (7—%) for

each a < k.
Therefore, we have that (eg tEq — Eﬁ) e is a lax H-cell K-complex and (p*: Eq — B) 4o,
aA<pPp<K -
is a cocone for the diagram (eg)aq.

Then we take the factorisation

We remark that e,L is a transfinite lax composition of morphisms in A (’H’t\) hence it belongs to
A (H/f)
We need to prove that p’L € H’#. Let us consider a lax square (u,v) :h — pl, with i € H. Thus

y+l v
A €yl

by our smallness hypothesis, we have that u = e -u’ for some u' : H — Ey and for some y< A.

We write explicitly the diagram

(4.xv)
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We remark that p?*! = p? -e%“ as shown in (4.xiv) and p? = p¥*! 'erl by construction, as presented
in (4.xii). Then we obtain the following 2-cell

Y+, Y

A v+l
r+1° ’

u'=p e el

pru'=p"ttee Vou' =ptusveh.
In particular this yields that there exists a j € I such that (u,v) : h — p” is one of the lax squares
described in (4.x) and it is part of the construction of hin (4.xi) used to build p**'. Thus, recalling the

diagram in (4.xii), we have the following diagram

H HieIAi EY
Y
h h T Gy
GP: ay e py+1
H' ;e Bi Eyii B
~

Hence one possible dotted morphism in diagram (4.xv) is given by ¢y - o;. Then we prove that

p~ g eXJrl
/ h v
H —— [1;y Bi Eyi

Ey

is a diagonal lifting for (u,v). In fact we have that

A v+l 7 _ 1 ’_ ’_
p*e; qy 0, =p" gy 0y =[viliy 0p=v
_oy+l oy r_ v+l oy ) 7+1 /
u=e; ey U =e; ey (Uil on<e; gy 0y-h
HencepkeH4‘. O

This yields the following corollary

Corollary 4.20. Let € be an Ord-category and H a set of maps. Moreover, let € admit transfinite
lax compositions of lax H-cell A-complexes for any ordinal A, cocomma objects along morphisms in
A (?—M) and 2-dimensional coproducts of elements in H. If the domains of morphisms in H are all
laxly small relative to ‘H, then (4\ (7—”\) ;7—%) iS @ WFS|ax.

Example 4.21. We consider the category Ord and the set O = {1, : @ — 1}. We consider a lax
square (u,v) :1; — f,
— X

|

—Y;

Al
131 A

A
Al
v

——Q
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the diagonal d exists if and only if for each 'y € Y there exists x € X such that f (x) <y. This is evident
remarking that the upper triangle is always commutative. Thus we can define

OM = {f:X —Y|VyeY (BxeX (f () <1))}.
We remark that the following map

fi{aby —{0<1}
a—0

b—1

belongs to (’)4‘ and it is not a left adjoint morphism, therefore we conclude that LA ¢ (’)¢ g All. Hence
M\ (O¢) , (94\) is a non-trivial lax weak prefactorisation system. Furthermore, since the domain @ of
11 is trivially laxly small relative to 'H, by the previous corollary (¢ ((ﬂ\) ,(9¢) is @ WFS|x.

4.3 Lax functorial factorisations

A natural step forward is to study factorisation systems for lax arrow categories that are functorial. To
do so, we consider the composition functor applied to lax arrow categories
2 2 o2 :
Clax X% Crax —(5)72 G- (4.xvi)
We point out that objects in ‘ﬁix X %lix are pairs of composable morphisms and the arrows are

triples of morphisms as

A—2L A

c——cC.
Then the following definition becomes a natural translation from the ordinary factorisation systems.

2
lax

Definition 4.22. A lax functorial factorisation system is an Ord-functor F : €72, —> xq 62

such that (---)F = Idg .

A lax functorial factorisation system is then determined by a section of the composition functor

applied to €2, . We can determine its components through the following compositions

L=m F: 6% — %62 R=m-F:62 — %2 K=cod-m-F=dom-m F:62% — €.
(4.xvii)

A lax functorial factorisation system induces also the natural transformations 17 : 1d = R and € : L = 1d.

Unlike ordinary factorisation systems, these transformations are not strict in general, but only oplax.
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In fact, considering 1, for any lax square (u,v): f —> g we have that

L L K (u,
A—" 0" ke A gy K
f v 8 Mg ‘Rg < f ny Rf Rg
B 5 D - D B - B D
1dD idp v ’

since Lg-u < K (u,v)-Lf by definition of lax functorial factorisation. This amounts to having that 1, -
(u,v) <R (u,v)-ny. By analogous arguments, one can observe that € is an oplax natural transformation

as well.

4.3.1 Lax functorial weak factorisation systems

Our goal now is to interlink the two concepts as we have already seen in 2.3. We say that an ordinary
weak factorisation system (L£,R) underlies a lax functorial factorisation system (F,L,R,K) if for
every morphism f, Rf-Lf is also an (£, R )-factorisation; then (F,L,R,K) is said to be the functorial
realisation of (L, R).

We already know that, if an ordinary WFS (£, R) admits a functorial realisation (F,L,R,K), then
(L,R) = (L-Coalg,R-Alg). This means that £ contains those morphisms whose right component is a
split epimorphism and R those morphisms whose left component is a split monomorphism, as we
have presented in 2.25.

Following this idea we aim to investigate the conditions under which a lax functorial factorisation
system is the functorial realisation of a WFSyyx and to give a description of the latter.

We fix a lax functorial factorisation system with components (F,L,R,K). We consider the two
classes

Lr={/If AR} Re={fILf A f}- (4.xviii)

Similarly to ordinary functorial WFS, we consider a lax functorial factorisation system such that for
every f, Lf € Lr and Rf € Rrp. More precisely, we are considering lax factorisation systems such that
Lf ANRLf and LRf A Rf for every morphism f; we will call such lax functorial factorisation systems
predistributive. The reason for this name is that the assumption amounts to a certain distributivity of

the lax functorial factorisation system as depicted in (4.xxvi).

Proposition 4.23. Let (F,L,R,K) be a lax functorial factorisation system and f any morphism. If
Rf € RF, then f € Lr if and only if there exists a lax diagonal lifting py in the square ny. If Lf € LF,
then f € Rr if and only if there exists a lax diagonal lifting Ay in the square €. For any f, we will
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denote such lax liftings by

A— Lk A9 4
f : Pf/ ka Lf : /lf/ ! (4.xix)
/ Al / Al

o , Kf —= B.
Proof. We prove only the first statement, since the second one follows by duality.
One direction is trivial as the existence of such a py is a direct consequence of f A Rf.

For the non-trivial implication, we need to prove that f A Rf. We consider a lax square

A—" Kf
A——Kf Lf 7 LJ[f Ay
f v ‘Rf — KRf (4.xx)
B———B < I/ RRf
B —)B

where py is a diagonal morphism of 7, existing by assumption and Ay is a diagonal morphism of
€ry existing since LRf A Rf.

We consider 6 = Ags-K (u,v) - py. Bearing in mind the definitions of p; and Ag as lax diagonal
morphisms for 1 and €z as shown in (4.xix), we have that

u<Agf-LRf-u<Agp-K(u,v)-Lf <Agp-K(u,v)-pr-Rf-Lf=0-f (4.xx1)

and
Rf-8 =RRf-LRf-Ags-K(u,v)-pr <RRf-K(u,v)-ps<v-Rf-ps<v. (4.xxii)
This implies that 0 is the diagonal morphism sought and f A Rf. O

Corollary 4.24. Let (F,L,R,K) be a predistributive lax functorial factorisation system. Then

Lr ={f| ns has a lax diagonal morphism} i)

XXxiil

R = { f| €7 has a lax diagonal morphism}.

We observe that, given a morphism f that lies in £ NRF, then the composition Ay - py is a right
adjoint to f.

Remark 4.25. We would like to remark some interesting consequences of Corollary 4.24. Let us
consider a lax predistributive FFSy,x (F,L,R,K). Let f € Rp. Then there exists the lax diagonal
morphism Ay for the square €y, as depicted in diagram (4.xix). Thus we can write the following
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diagram
ida
3 Al 2
PR
f ny Rf‘ v ! (4.xxiv)
B B— B
ldB ldB
idp

This yields that id; < (As,idg) 1.

We consider the pair (R,M) and call it a lax pointed endofunctor, generalising Definition 2.24.
Then a lax R-algebra is a pair (f,®) such that

F—Y Ry

L/ ‘
o
idy
f.

The motivation for this 2-cell and its direction is that we are interested to approach the algebras for
lax monads, as we will see in Section 4.4. Then diagram (4.xxiv) yields that ( f, (kf,idB)) is a lax
R-algebra. Hence, if f € Rp, then f is a lax R-algebra, furthermore R € R-Alg,,.

On the other hand, let us consider a lax R-algebra (f,o). Then, we can write the following

diagram
idy
f Al
L o
A K A
/ f-ap<on-Rf
f Ny Rf ‘ z f - idg < (4.xxv)
B B B idg <op-Lf.
idB Vi (251 :
idp

If we attempt to analyse whether @ is a lax diagonal lifting for €, we only get

AW 4

-
Kf
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So we observe that in general not all lax R-algebras belong to Rr. Dual arguments can be carried
out to deduce that L ¢ L-Coalg,,,.

According to these remarks, the choice of the name predistributive points to the existence, for any
morphism f, of the following diagram

Kf—22 L KLf

LRfl G lRLf (4.xxvi)

KRf ——Kf
Arf
and it coincides with the assumption that for every morphism f, Rf € Rr and Lf € L.
This diagram resembles the distributivity transformation described in the next section, even if it
carries less structure. In fact, it is not in general a natural transformation and it does not satisfy any
distributivity law as we have described in Definition 2.27 and Remark 2.28.

Theorem 4.26. Let (F,L,R,K) be a predistributive FFSyyx. Then (Lp,RF) is a WESp.x. Moreover; if
a WESpx (L£,R) admits a lax functorial realisation (F,L,R,K), then (L,R) = (Lr,RF).

Proof. We start by proving that (Lp,Rr) is a WES|,x. First we show that Lg A Rp. Let f € Lr and
g € Rr. Thus, we have that f A Rf and Lg A g, by the existence of the two morphisms py and A,.
Given a lax square (u,v): f —> g, we can factorise it as follows

A——C Lf 7 Lg )2

. K(u,) ..
f‘ v ‘é’ — Kf Kg (4.xxvii)

B — D Pr( Rf - Rg

Then, we notice that the morphism & = Ag- K (u,v) - py constitutes a lax diagonal morphism for the lax
square taken into account. Therefore we have that Lr A Rp.

Moreover, for any f A Rp, it follows that f A Rf, since Rf € Rf by lax predistributivity, which
yields that f € Lr, namely R € Lr. By an analogous argument L € Rr holds.

We focus now on the second claim. Let (£,R) be a WES|,x admitting a lax functorial realisation
(F,L,R,K). We have have that

fel - rebr = FARf feLlp:
feR - fech - LEAS < feRp:

8

so we have that £ ¢ L and R € Rr. Furthermore, we know that orthogonal complements are antitone
with respect to inclusion by Proposition 4.5, hence these two inclusions yield Rr € R and Lr € L
respectively. In conclusion, we have that (£,R) = (Lr,RF). O]
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The last theorem gives us a description of those WFS,x that admit a lax functorial realisation.
Moreover, for any FFSjy it states that, if every L-component and every R-component bear particular
lax weak orthogonality relations, then they form the unique underlying WFS,x.

4.4 Lax Algebraic Factorisation Systems

In this section we present a class of functorial factorisation systems which are in general predistributive
and come equipped with a richer structure close to the one of a monad. This construction mirrors in
this lax context that of algebraic weak factorisation systems, which we encountered in Section 2.4.

We recall the definition of lax monad that we reprise from [Bun74]. We define here an Ord
version of this definition and, although this work refers to lax natural transformations, we remark that
it is actually the same type of transformation we call oplax according to what appears to be the most
used choice in literature. The only difference is that we will use a definition involving usual functors
and not lax functors, since it is the particularisation that best fits our purposes.

Definition 4.27. For an Ord-enriched category €, a lax monad is a triple (T,n, ) such that
e T:¥ — % is afunctor;
* n:1d =T is an oplax natural transformation;
* u:TT =T is an oplax natural transformation;

and such that the following lax monads laws are satisfied

T
M e M TTT —2 S TT
2 ‘ <
o ur L I (4.xxviil)
idr l idr

We now define the factorisation systems we are interested in.

Definition 4.28. A lax algebraic weak factorisation system (AWFS|,x) is a lax functorial factorisation
system (F,L,R,K) such that (R,n) is part of a lax monad (R,1,®), (L,€) is part of a lax comonad
(L,e,Q), and there is a natural transformation A = (cod(o),dom(7)) : LR = RL which constitues

a distributive law of the comonad over the monad in the sense that the following diagram commutes

LRR —2* ,RLR — % L RRL
LO® (C73

LR A RL (4.xxix)
Qp RQ

LIR—™ L IRL " L RIL.
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As said before, these factorisation systems constitute a subclass of lax functorial weak factorisation
systems as we prove in the following proposition.

Proposition 4.29. A AWFS,x (F,L,R,K) is the functorial realisation of a WES|,x.

Proof. We can prove the statement by showing that (F,L,R, K) is lax predistributive. Let f be any
morphism. We consider the lax square given by O,

7]
KRf ———Kf

RR f‘ 2 ‘R f

B T) B.
We remark that the lax monad axioms in (4.xxviii), in particular the left diagram, yield that the
codomain component of ® is an identity since the codomain component of 1) is an identity. Then, by
the lax monad law idg < ®- 1, we can deduce, restricting it to the domains, that idg s < 0¢-LRf. Thus
we have that 6y is a lax diagonal morphism for &gy, i.e.

idg s

Kf —Kf

or Rf

/ A

The same argument on the comonad yields that @y, the codomain morphism of the comultiplication
Q of the comonad, is the lax diagonal morphism for 1. Now we want to check that Lf A RLf and
LRf A Rf. We prove only the first one, since the arguments for the second are similar. We consider
any lax square (u,v): Lf — RLf and its factorisation

A——KLf

LLf 2 LRLf )6y

K(u,v)
KLf —" KRLf

oy Rl f 2 RRLf

|

Then 6K (u,v)- @y is a lax diagonal morphism. In fact, due to the rules of the monad, we have

u< GLf-LRLf-u < BLf'K(u,v) -LLf < GLf-K(u,v) -COf-RLf-LLf

(4.xxx)
RRLf-LRLf-O0pf-K (u,v)-@; <RRLf-K (u,v)-@;<v-RLf -0 <v.
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This implies that, for every f, we have that Lf A RLf, and similarly LRf A Rf. Therefore (F,L,R,K)
is lax predistributive and hence it is the functorial realisation of the WES)ox (Lr,RF). O]

We remark that in general a lax predistributive functorial factorisation system does not yield a
complete distributivity law, since it is not even true that the square (4.xxvi) is a natural transformation,
and moreover we do not have the existence of the 2-cells in the distributivity law (4.xxix).

4.5 Oplax morphism categories

The arguments developed in the previous sections of this chapter are presented in the context of ‘Kﬁx
We remark that this constitutes a choice on the directions of 2-cells within squares and that such a
choice is not unique. In fact, any Ord-category € gives rise to another category denoted by %Opl ax
whose objects are arrows in 4" and whose morphisms are oplax squares (u,v) : f — g of the type

a

u
_—

Sy
Na

O——
oo

4

can be expressed in a dual fashion for €2, and it

We observe that what we have described for %> oplax

lax

yields an equally powerful dual set of results that can be used for €2 oplax-

Notation 4.30. We provide the notation that we will use to refer to opcomma and opcocomma objects;

fT(g) MG Al g , !
g~ () I b gL
p
B —— .
B fIT(g,) ng

Since it will be useful in the following chapters, we will briefly go through some of the dual results
pointing out the most important differences. First of all we define the orthogonality relation that we

will use in this context.

Definition 4.31. Let € be an Ord-enriched category. Two morphisms in € are said to be oplaxly
weakly orthogonal, denoted by [V g, if, for every oplax square (u,v) : f — g, there exists a morphism
d such that

A—
d-f<u
S / s

v<g-d.
B

(4.xxx1)

e

—

@<—<‘3

We will refer to d as oplax diagonal morphism or oplax diagonal lifting.
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Then we have the following characterisation of self orthogonal morphisms.
Proposition 4.32. Given a morphism f € (fozplax, the following properties are equivalent:
Ly
2. fis a right adjoint morphism to some f,;
3.y Cgozplax"

4. Cgozplax \#/ f :

For any class of morphisms H we can define its oplax weak orthogonal complements as follows
vfHZ{f|f‘Wlf0reVeryhE?‘l} and ’Hvz{ﬂh#ffforeveryhe?-[}.

Then we have that oplax orthogonal complements bear the following properties.

Proposition 4.33. Let ¢ be an Ord-category. The pair Y (=) and ( —)\# forms a Galois connection

among the classes of morphisms in € partially ordered by the inclusion.

Corollary 4.34. Let H be a class of morphisms in €. Then H ¢ Y (’H\#) and H ¢ (\#’H)\y Moreover,
n¥ =¥ (M))Y and YH =Y ((*H)*).

Proposition 4.35. Let H be a class of morphisms in an Ord-category €. Then the following assertions
hold.

1. ’H#/ and \#’H contain all the right adjoint morphisms of € ;

2. ’H4/ and \h-[ are closed under composition,

3. ’H4/ is closed under opcomma objects and %'-[ is closed under opcocomma objects;
We introduce the definition of oplax weak factorisation system.

Definition 4.36. An oplax weak prefactorisation system is a pair of classes of morphisms (L, R)
such that R = [,\V and L = 4/73 Moreover, if any morphism f € ‘Kozplax has an (L, R)-factorisation

A / B

(4.xxxii)
Laly rreR

Wy
then (L,R) is said to be an oplax weak factorisation system (WFSpiax).

Proposition 4.37. Given a class of morphisms H € €2, then (\V (H\y) ,’H\#) and (\#”H, (*'H)\y) are

oplax prefactorisation systems.

Moreover, we have again the following method to generate oplax factorisations from a class of
morphisms.



60 Lax factorisation systems

Theorem 4.38. If € is an Ord-category with enough oplax colimits and H a set of maps whose
domains are all oplaxly relatively small with respect to H, then then every morphism admits a

(4/ (7—[\4/ ); in )-factorisation.

Then there exists also the composition functor in

C2 xg C?

oplax oplax __ _7,:2_ oplax> (4.xxxiil)

and hence we can provide the following definition.

Definition 4.39. An oplax functorial factorisation system is a functor F : %Ozplax — 02plax X %Ozplax
such that (---) F =1d»

? oplax
We can determine again the components of an FFSpax through the following compositions

L:nl-F:%Ozplax—> 2 R:Jrg-F:%zplax—> 2 K=cod-m-F=dom-my-F: €2, — E.

oplax 0 oplax oplax
(4.xxx1v)

We remark that an FFSyp1ax induces also the natural transformations 7 :1d = R and € : L = Id.
Unlike the lax case, these are not oplax transformations anymore, but lax natural transformations.

Now we consider an FFSgpjax With components (F,L,R,K). We have again the following two
classes

Lr={fIf YRS} Re={fILfY [} (4.xxxV)

We will consider again an oplax functorial factorisation system such that, for every f, Lf € Lp
and Rf € Rr. We will call such FFSqp1ax predistributive.

Lemma 4.40. Let (F,L,R,K) be a predistributive FFSopax. Then

Lr ={f| ns has an oplax diagonal morphism} )
(4.xxxV1)
Rr = { f| & has an oplax diagonal morphism}.

If we consider an oplax pointed endofunctor (R, ), whose definition is the dual of a lax pointed
endofunctor, namely we are assuming that 7] is a lax natural transformation. Then, an oplax R-algebra
is a pair (f, o) such that

F—2 RS

T
o
idy

f.

We notice that, again, all elements in Ry are oplax R-algebras and all elements in Lr are oplax
L-coalgebras. Hence we have Ry ¢ R-Alg, 1, and L € L-Coalg,,.
Then we have again the following theorem

Theorem 4.41. Let (F,L,R,K) be a predistributive FFSqpiax. Then (Lp,RF) is an WFSqpiax. Moreover,
if an WFSopiax (L£,R) admits oplax functorial realisation (F,L,R,K), then (L,R) = (Lr,RF).
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We recall that oplax monads are defined by the dual of Definition 4.27. Then we may provide the
following definition.

Definition 4.42. An oplax algebraic weak factorisation system (AWFSpax) is a functorial factori-
sation system (F,L,R,K) such that (R,n) is part of an oplax monad (R,n,®), (L,€) is part of an
oplax comonad (L,€,Q), and there exists a distributivity law A: LR == RL of the comonad over the
monad in the sense that the following diagram commutes

AR RA

LRR RLR RRL
LO® Qr
IR A RL (4.xxxvii)
Qg RQ
LIR—™ L IRL % L RIL.

We also have the following dual result.

Proposition 4.43. An AWFSqpiax (F,L,R,K) is an oplax functorial weak factorisation system.






Chapter 5

Lax Factorisation systems among partial
maps

In this chapter we present an application of the definitions and results provided in Chapter 4. The
contents of this chapter were introduced in [Lar21]. The arguments are set in the context of categories
of partial maps, that we have described in Chapter 3.

In the first section we discuss the existence of a AWFS,, for a general category of partial maps.
The idea of this factorisation is to separate the domain and the function components of any morphism.

Thereafter we show that any stable WFSp1ax on an Ord-category ¢ gives rise to an WFSqpjax On
P (%), whenever it can be constructed. Moreover, if P (%) is equipped with the Ord-enrichment
induced by the discrete one on ¢, then the WFSp1ax 0n P (€') inherits the properties of being functorial
or algebraically weak from the base factorisation system.

Then we discuss the restriction of WFSp1ax from a category of partial maps to its base category,
and we finally show a correspondence between the two classes of WFSp1ax for the two categories.

We conclude the chapter discussing some remarks on fibrant and cofibrant constructions of lax
factorisation systems for some pointed Ord-categories applying these remarks to categories of partial
maps.

Along the chapter we include examples of the constructions that we will present in particular for
the category of Set and P (Set).

5.1 Lax factorisations and total maps

We consider an Ord-category ¢ and a class of admissible subobjects S such that any morphism in S
is full and upper-closed and s’,s"-s € S implies that s € S. Then, by Theorem 3.6, we get that = induces
an Ord-enrichment on Pg (%).

63
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Given any partial map f in P (%), it can be factorised as

Dy Dy Dy
o r _ AN TRRR dT o .
1 = of @py 16Dg (5.1)
N
A—+——B A —— Dy — B,
f Lf Rf

as observed in [Fi095, Chapter 2].

Proposition 5.1. Let € be an Ord-category that allows the construction of P (€) for a class of
admissible subobjects S such that any morphism in S is full and upper-closed and s',s'-s € S implies

that s € S. Then the factorisation in (5.1) constitutes a FFS|,x
2 2 2
F:P (Cg)lax — P ((g)lax XP(%) P (Cg)lax :

Proof. Our goal now will be to prove that such factorisation is functorial in the sense of Definition
4.22. Therefore we aim to prove that Lf and Rf are indeed functors. We consider a lax square

(u,v): f — g and its factorisation

A—F—C Lf Lg
fJ[ v J[g — Dy _KGuw) + D, (5.i1)
B——D Rf Rg
B—"—D
In particular K (u,v) is defined as
Dy
|
D,y \* ™ (5.iii)
o' (0]

Df —0—>Dg,

where s is the morphism in S yielded by the 2-cell g-u <v- f. Moreover, s € S makes the following
diagram commute
Dyur————Dy

%*(Gg)l Ifl’f*(ffv)

D, D;
A.
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Consequently, we have that the compositions

Dy,

SI
ldDg-u

D, \
v 9. (0y) ¢ (90
w*(m)]
Dy Dy,

* ldDg
o; ide Dv-f 0" (Pu) Ou
I‘pf*(cg)
A 7 Dr KGo) Dy

are equal, thus the upper square | 1 | in the second diagram of (5.ii) is actually commutative. Moreover.

we have that the morphism s yields the 2-cell Rg-K (u,v) <v-Rf and this is shown by writing explicitly
the diagram

D A
gu
Dy D,

g

¢r*(0v)-s >g (Ki{)g idpy

Dy K(L:W) D, R:g C Dy

We conclude that |2 |is a lax square.

It remains to check that K is a functor. We consider two composable lax squares (u,v): f — g
and (u',v") : g —> h. We have to prove that K (u"-u,v'-v) =K (u/,v")-K (u,v). Recalling the definition
of K given in (5.iii) we have the following diagrams

E Dyt
\
$!"
Dg-u Dh4u Dv’~v~f
’ 61" (@) .
! \ $ ‘[ and ! (5.iv)
Dv-f Gg* ((pu) Dvl.g op* ((Pul) (l’f* (Gv’-v) Dv-f
or*(ov) I(pg*(ovf) or* (o)
Il Il D D )
Df K(I/It,v) Dg K(ul’,v’) Dh f K(M"M,V,-V) h

where s and s” are the admissible monomorphisms that yield the 2-cells in (u,v) and (u’,v") respec-
tively and s” is the admissible monomorphism that yields the 2-cell 2-u’-u <v'-v- f. First of all we
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observe that
Sn" (Quru) =0n" (Qur)-b,

where b is obtained by the following pullback

b Gh*(q)u’)
Dh~u’-u —_— Dh~u’ —_— Dh
_

_
0. () ‘Gh
Oy ((pu) P
Dy — D, A"
_ \
O,/
Du T) 14,7

where A’ is the codomain of g and A” is the codomain of 4. Furthermore, we remark that

Dh~u’>+) Dv'.g
W(oh)I }pg*(ov)

D D,
DN
AI

depict the same equivalence class of Dy, as subobjects of A’, and therefore pullbacks of ¢, along

these arrows are equal. More explicitly we have that
a= (Gg ’ q)g* (GV) -S,) ) ((pu) = (GM’ 'q)u’yr (Gh))’r ((Pu) =D.

Therefore we have 6;," (@) -a = 03" (Qu.) in (5.iv). Then writing explicitly the domain components

of (5.iv), we need to check commutativity of
(Pf* (o) (Pvf* (ov) "= (Pf* (0,)-s- (Pg~u* (ov)- (s, * ”) . (5.v)

We recall that s” is defined as

Dh.u'.u T Dvl.g.u )T) Dv’.v.f
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following the notation of §3.8. Hence, the equality in (5.v) is represented by the following diagram

D,.
(pg.u:y gu\
/ ¢r*(ov)

S XU
D —2 Dy gy Dy.f———"

j}k‘ 4*(6‘/)

A

We remark that the central thombus appears in the definition of v/ * s and corresponds to the square in
(3.vii), hence it is commutative. We conclude that K («’-u,v'-v) =K (u/,v")-K (u,v), and thus L and
R constitute a lax functorial factorisation system. O

Next we discuss lax predistributivity of (F,L,R,K). In order to do so we recall that Tot denotes
the class of total maps in P (%’). Moreover, we say that a partial morphism f is a partial left adjoint
if ¢y = 0@y sor some o € S and some morphism @ that is a left adjoint in €. We denote by PLA the
class of partial left adjoints of P (%).

Proposition 5.2. The FFS1x described in the previous proposition is predistributive and the underlying
WFESpax is (PLA, Tot).

Proof. We consider the two classes Lr and Rr defined in (4.xviii). Let us consider Lp. It is
immediate to notice that if f is a partial left adjoint, then Rf = (ide, /) is a left adjoint in P (%), by
Proposition 3.10. Hence, by Proposition 4.4 we get that Rf is laxly weakly orthogonal to any other
morphism in P (¢), and in particular this yields f A Rf, therefore PLA C L.

On the other hand, if we consider f € Lf, we have that f A Rf. In particular we have a lax diagonal

morphism 6 for the square 1¢

(5.vi)
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Looking at the left hand diagram we notice that 6y - @, (0s) -5 = 0y yields that ¢ (0s) and s
are isomorphisms and therefore ¢y = 05- 05" ((pf). We denote by @y the morphism o5* ((pf). In
particular we have in ¢ the following 2-cells

ide = (P5 ' (’le
(Ap’f Qs & idD5 .

The first 2-cell follows from the left diagram in (5.vi) remarking that s is an isomorphism. The second
2-cell is obtained from the 2-cell @f- @5 = O5- @5 @5 S 5" = O in the right hand diagram, recalling
that o5 belongs to S, and is thus full. This implies that f is a partial left adjoint and thus Lz = PLA.

As for Rr we remark that it contains all total maps. In fact, if f:A — B is total, then Lf =
(ida,id4) is an isomorphism, so Lf A f. On the other hand, given f € Rr, we have that there exists a
lax diagonal morphism &’ for &7

Aid—A>A

Al

In particular id4 < 6'-Lf yields that §"- Lf is total by Proposition 3.9 and thus Lf is total by Proposition
3.1 and 6 = id4. Therefore Rr = Tot.

Using the new characterizations of £r and Ry given above, to prove lax predistributivity it is
enough to notice that, for every partial morphism f, Lf = (Gf,ide) ePLAand Rf = (ide, (pf) € Tot.
We conclude that (PLA,Tot) is the lax weak factorisation system underlying the lax functorial
factorisation system above. O

Then we have that Corollary 3.11 allows us to state the following consequence of the previous
proposition.

Corollary 5.3. If the Ord-enrichment on € is discrete, then the WFES1,x underlying the FFS,x in (5.1)
is (S, Tot), where S = { f|ps € S}.

This is due to the fact that if € is a discrete category, then the only adjoint pairs are isomorphisms
and thus PLA contains those morphisms such that ¢ € S.

5.2 Oplax WFS among partial maps and S-stable WFS

This section is dedicated to describe the close interplay between factorisation systems on a category
% and oplax factorisation systems on the category of partial maps P (%). In the first subsection we
present a procedure that extends a stable WFSqpjax On 6 to an WFSgplax on P (%). Then we show
that, if the Ord-enrichment comes from a discrete partial order on %', functoriality is transferred to
the factorisation system among partial maps. Thereafter we proceed to analyse how WESsqpjax On
partial maps may be restricted to WFSs among total maps. We will conclude observing that these two
processes yield a bijective correspondence between oplax weak factorisation systems on P (%) and
stable WFSs on %
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5.2.1 Oplax WFSs from total maps to partial maps

Let € be an Ord-category and (£, M) an WFSplax such that £ is S-stable, namely it is stable under
pullbacks along morphisms in S. Considering P (%), each partial map f can be factorised as

e,
Dy —" My Dy My

or , \ idT . s ..
O'f‘ ‘m‘l’f = "{ ) My (5.vii)
A g,f My m‘, —— B.

A—}—»B

We consider the following classes of partial morphisms

E={flose&} M={flo;eM}. (5.viii)

Our goal is to prove that such factorisation constitutes an WFSypjax. We start by checking that EVY M.
We consider f € &, g € M and the oplax square (u,v) : f — g. Writing explicitly the oplax square,
one remarks that, since £ is stable under pullbacks along morphisms in S, then ¢,* ((pf) belongs
to £. Since (£, M) is an WFSqplax, then £ ¥ M. Thus there exists an oplax diagonal filler d for the
following oplax square in 62

oplax
s 05" (¢u)
D,y Dyg., 3
ul —~ - g
£36,%(or) _aa L PeeM (5.ix)
~ - -
-~
D, = D,

where s is the morphism in S that yields the 2-cell v- f < g-u. Then it is easy to check that
D,

Og-d
Oy \ (5.x)

B—(os—>C

is an oplax diagonal morphism for the oplax square

B
A

u
—
A
Ul

ul

k’%
(—
#

o

o¥
)

v
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In fact, the existence of the 2-cells in the upper diagram is deduced by

or Q" (0,)=0u- 0~ (Gg)'S;
Gg‘d'cv*((l’f) C 0y 0" (Qu) 5= Qu- 9" (0g)-s

On the other hand, the existence of the 2-cell in the lower triangle is clearly shown in the following

diagram

oy

Since the morphism that yields the 2-cell v < g-J is an isomorphism, we remark that if the Ord-
enrichment £ is discrete, then v = g- 8. This allows us to conclude that £ % M. Furthermore, let us
consider a morphism f : A — B belonging to *M In particular this implies that f V my, and thus
the (commutative) square (e f,idB) : f —> my admits an oplax diagonal morphism . We observe that,
by Proposition 3.9 and Proposition 3.1, idg < m - § yields that § is a total morphism. We consider the
oplax square in ¢ (e(p /.,idB) : @ —> mg, and we have the following 2-cells

6'f§€f (pg-(pre(pf
id, Smf-5, idBEm¢j.-(p5.

Hence @ is an oplax diagonal lifting for the oplax square

e
Dy — s My

A
ul
s 95 Mog
ul

B—B.
ldB
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Then we consider an oplax square (u,v) : ¢y —> g in ‘gozplax

those already discussed in the proof of Theorem 4.26, we adapt diagram (4.xxvii) and we obtain

with g e M. Hence, by dual arguments to

and, always by arguments analogous to those in such proof, we get that A,-K (u,v) - @5 is an oplax
diagonal morphism for the oplax square (u,v). This allows us to conclude that ¢ ¥ M, and therefore
fe .

In a similar fashion one can prove that if g € \#E, then the square (ids,m,) : ¢, — g admits an
oplax diagonal lifting 6’. Again, since mj is total, the 2-cell m, < g- 8’ yields that &' is total. Writing
explicitly such 2-cell we obtain the following diagram

In particular, we observe that @5 = 6, @5 and mg, E @, - @sr. Then 0’ e <idy yields o, - Qs - e, =
P51 - eq, E Oy, and thus @ - eq,, Eidp,, since morphisms in S are full. This yields that @5/ is an oplax
diagonal lifting for the square (idA_, mq,g) :ep, —> g. Hence, we conclude by similar arguments as
before that ¢, € Y = M, thus g e M.

The construction that we have presented in this section can be resumed in the following result.

Proposition 5.4. Let € be an Ord-category, S a class of admissible morphisms full and upper-closed
and (€, M) an S-stable W¥Sopiax. Then (€, M) is an WESopiax on P (€).

Example 5.5. Let us consider P (Set). We know that in Set the two classes Epi and Mono are stable
under pullbacks. Moreover, (Mono, Epi) is a stable WFS, as presented in Example 2.11. Then by the
arguments discussed above, we deduce that (m, E_pl) is an WFSplax for P (Set). Furthermore, we
have that (Epi,Mono) is a stable OFS. This yields that (E_pi,m) is an WFSgplax.

Remark 5.6. As for Set, we pointing out that (I\/lono,E_pi)—factorisations are not unique. In fact,
we know that every non-empty morphism in Set has multiple (Mono, Epi)-factorisations (actually
infinite), as already remarked in Example 2.11. Thus, we observe that from the construction (5.vii)

each of these factorisations gives rise to a different factorisation on a partial map.
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5.2.2 Functoriality from total factorisation systems to oplax WFSs

In this section we discuss how the structure on a WFS on % is transferred to the WESoplax On P (%)
yielded by the construction in the previous section.

We assume along this section that the Ord-enrichment S on % is discrete, which implies that
being an OFSqpax is €quivalent to being a WFS. Under this assumption we will show that, if the WFS
is orthogonal, then the induced WFSgpiax on P (6°) admits an oplax functorial realisation.

Proposition 5.7. Let € be an ordinary category and (€, M) a stable WES on € that admits the func-
torial realisation (F,L,R,K). Then the WFSplax admits an oplax functorial realisation (F,Z,R,F).

Proof. We observe that any morphism f:A —> B in P (%) admits the (€, M )-factorisation described
in diagram (5.vii). Our goal is to prove that such factorisation is functorial. We adopt the following

notation
Lf=(os,Loy) Rf = (idK(,,f,R(pf) Kf=Ko,

We consider two composable oplax squares

A—F—C—+—E
f 4 8 5 %1
B——D — G.

We aim to define K and to prove that K (¢ -u,v'-v) = K (u’,V') - K (u,v).
We consider the following oplax square

£ C Kg

A
L f" R,
Kf

Rf v

N\
=
o3

We apply to this diagram the construction in diagram (5.ix), which, in this case, is commutative, since
the Ord-enrichment on % is discrete. This yields the following diagram

Prow  —
Dy j—— Dy —= Kg
k .
Gvif*(%f) Roq (5.x1)
D Vﬁf (pv-ﬁf I

where we choose k, among the possible diagonal lifting of such square, as

k= K((erg.u -8, ‘Pv-ﬁf) =K (Lo, 0" (9u)5,0,-0," (Rey)). (5.xii)
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The morphism k constitute a diagonal lifting for (5.xi) since (£, M) is an OFS. In fact this yields
that for any f € £ and g € M, then Rf and Lg are isomorphism. Then K (u,v) = ((R(pf)* (o) ,k), as
defined in (5.x). Similarly we have K (u’,v") = ((R@,)" (0,/) ,k'), where

K = K(Prp s 0 g ) =K (Lon- 01" (9u) -5, 00" (Rpy)). (5.xiii)
Finally we define analogously K (u'-u,v'-v) = ( C,., Rf,k") We remark that

0,y = (Ror) " (0)-[ (07 (Rer)) (07 (00)) | = (Roy)" (0)-[ (90" (Rey)) " (0)].

which we deduce from the following diagram, recalling that Rf is total by definition,

o, (¢v)
Dv/.vj DVI.II D,
(PV* (O-V,) ‘{6”
D, D D
e (Rey) Y ®
R(pf* (O'V) Oy

Ko — B.
s Roy

Again we point out that k" is the diagonal morphism chosen through K for the commutative square

4 vl —
Dvl.v.f — Dh~u’~u Lh—> Kh

(o va)*(%f) e Ron (5.xiv)

D /-V-Ef (PV’.V.Ef F

We write explicitly the composition K (u/,v") - K (u,v)
P

Rog* v/ * k
k* (Rgg* (6,1)) (Rpe*(0,0))* (k)

D vff V/-Rg (5.xv)

Res*(ov) Roq (G')\

K(u v) K(u' v')
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From (5.xi) we know that Oorr =Py o (R(pf) = R@, -k. Hence we have the equality of the two
domains

R(Pfyr (Gv) k" (R(Pg’P (Gv’)) = R(Pf* (Gv) : [(R(Pg'k)* (Gv’)]
=Ro;" (0y)- [(‘PV'G\/* (R(Pf))* (GV’)]
=Ros" (00)- 9.5, (0v).
Thus we can write P =D, 7, since it is the domain of ¢’ ; (o).

Now we turn our attention to the function component of the partial maps. We consider the
following diagram

! % Oy (Pu) / Prput —
Dv’-v-f Viks Dv’-g-u g Dv’~g s Dh~u’ Lh Kh
(ov.r) (Loy) (R%*(qf)*(upg) Ro,
D 'y RE D ) D / F
vk (Rpe* (0,))* (k) VRS G, * (Rey) Y o

We highlight that the diagram and its subsquares are commutative due to the properties of pullbacks and
the definition of each morphism. In particular we notice that | 2 | is the square that yields the definition
of k" in (5.xiii). We also remark that (Gv'-v-ﬁf) ) (L(pf) and (RQ,* (0,7))" (L@,) are morphisms in &,
hence the factorisation of the square | 1 | yields that

K(Gv’-g* ((Pu) '(V, *3)7(R(pg* (GV’))* (k)) = (R(Pg* (GV'))* (k) :

We focus on the outer square and we claim that it is exactly the square in (5.xiv), which is used to
define k' as a diagonal filler obtained through the functor K. This claim is trivially satisfied by the

vertical edges. Recalling that @7, , = @7,/ O™ (@), We point out that the equality of the top

u'-u

edges is yielded by the composition of 2-cells in P (). Furthermore, looking at the bottom edges,
we point out that

@ 0v" (RP) - (R@g™ (01))" (k) = @y - 0y " (R@g k) = @y - 0" (q)v-ﬁf) = QR

where the first equality follows from the properties of pullbacks, the second by the definition of k&
given in (5.xii) and the last follows from the definition of composition of partial maps.

Thus, since k”’ is chosen through K, by functoriality we can conclude that

K'=k'- (R, (0,0)) " (K),

which is equal to the function component of K (u’,v')-K (u,v), as shown in (5.xv). This was the last
piece needed to conclude that (F,L,R,K) is an oplax functorial factorisation system. O

We remark that the properties that are transferred from (£, M) to (E,M) go beyond extending
its functorial realisation.
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Theorem 5.8. If (£, M) is an S-stable OFS, then (Z,I_?,E) extends to an AWFSqpiax on P (€').

Proof. By the previous proposition, we have that (Z,I_?,E) gives rise to the oplax copointed endofunc-
tor (Z, E) and the oplax pointed endofunctor (I_Q,ﬁ) on P (%’). Considering the comonad L = (L, &,Q)
and the monad R = (R,n,®), our goal is to extend the two natural transformations ® and Q.

We focus on L. We notice that (L, €) already has the structure of a lax copointed endofunctor, so
we aim to extend Q. Given a partial morphism f: A — B, we define ﬁf as

A—M 4

Lf Qy LLf

where @ is a partial morphism defined by the span (idK(Pf, Wp f) and @y, is the codomain component
of Qg,. We remark that Qy is trivially a commutative square. We aim to prove that, for any oplax
square (u,v): f—g

L(uy) —

Lf ———1g

LLf —IL
J T L8

in order to prove that Q is a lax natural transformation. We consider the following diagram

A - C
ld,a\
Lf A £ C
1
ILf Lf (5.xvi)
Koy —K(uv)» K@, LLg
6&’
@ \
KL KLop,.
O T Rk e

Trivially the top square is commutative. We focus on

K(u,v)
Kof ——— Ko,
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Since (£, M) is orthogonal, then @y, and @, are isomorphisms. Hence @y, and @y, are isomorphism
as well. Thus the square is trivially commutative.

Moreover, we have the following diagram

A ldA A ldA A
Lf Qs L%‘ €, Lf

K(pf —)KL(pf —>K(pf

and again, by the comonad axioms, RL@; - Wy, = idK(pf, thus Ez-ﬁ =1idz. On the other hand we observe

the following diagram

idA idA

A
D ‘ \D
L

Lf / Lif/ Lf/ S
Koy —>KL(pf —>K(pf,

and we remark that K&y, - 0, = idg,, which yields Lg-Q = id7.
Then we point out that Q-LQ = ﬁ-ﬁz follows easily since Q r s always a commutative square

and its components are total.

The same arguments may be carried out for R = (R,1,®) and a similar proof that R is an oplax
monad follows in a simpler fashion, since Rf is a total map by construction for every f. We just show

the definition of ®, which is
Oy,
KRo;, —— Koy

Il = |
— 0 —
KfR————Kf

RRf 0Oy Rf

B———B.
1dp
Finally, since the components of Q and @ are the same as the transformations for %, then it is
easy to check that A extends to a distributivity law on P (%) of L over R and all of the morphisms of
the distributivity axioms in (4.xxxvii) are total, then its commutativity follows from the commutativity
of the distributive law in €. O]

Remark 5.9. We remark that the previous proof actually uses the fact the the functor K is a functorial
lifting operator for an OFS. Therefore this proof can actually be extended to any functorial factorisation

that admits a lifting operator, as for instance LOFSs.
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In conclusion, under the hypothesis that £ is stable under pullbacks along morphisms in S, an
OFS (&£, M) on ¢ induces an AWFSpjax (E,@) on P (%). Furthermore, we remark from the proof
that the transformations ® and Q are indeed strict natural transformations.

Example 5.10. We consider again the stable OFS (Epi,Mono) for Set. In Example 5.5, we have
already remarked that it gives rise to the WFSplax (E_pi,m) on P (Set). Hence, the arguments
presented in this section allow us to conclude that (E_pi,M) admits a functorial realisation that
constitutes an AWFSgp]ax.

5.2.3 From oplax WFS on partial maps to WFS on total maps

In this section we go back to consider an Ord-enriched category ¢ and a category of partial maps
P(€). Let (L, R) be an WFSqpiax. We intend to analyse what type of structure it generates on the
category of total maps . We start this section by proving a useful result that will help us to describe
WESSoplax for categories of partial maps. Then we move on to study whether the orthogonality relations
are preserved when restricted to total maps. Namely, our goal is to prove that any two total maps that
are oplax weakly orthogonal (f ¥ g) in P (%), are oplax weakly orthogonal in €. In particular, if the
Ord-enrichment on % is discrete, this means that they are weakly orthogonal (f @ ¢) in the ordinary
sense.

Proposition 5.11. Let (£, R) be an WFSopiax on P(€). If l € L and r € R, then (id,¢;) € L and
(id,@,) € R.

Proof. Let f be any morphism in R. We consider an oplax square (u,v) : (id, ;) — f. Then the
factorisation in (5.i) yields that [ = (idp,, ¢;) - (0y,idp, ). Therefore we have that the outer rectangle in
the following diagram constitute an oplax square

(Gl sidp, ) u

B B Y.

idp v
The morphism 9 is the oplax diagonal lifting of / against f. This yields the following 2-cells

v<f-0
5-(idD[,q)l)~ (Gl,id[)l) <u- (G],ile).

(5.xvii)

We point out that (0y,idp, ) is trivially a faithful morphism in P (%), hence (5.xvii) yields that 6 is an
oplax diagonal morphism lifting of (idDh(p,) against f. Thus we have that (idD,,q),) eLl.
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Let g be any morphism in £ and (u,v) : g — (idp,, ¢,) an oplax square. We consider the following
diagram

(idDr v(pr)

v idp

where u’ = (idp,, 6,) -u. We recall that (o,,idp, ) - (idp,, 0, ) = idp, trivially. Therefore it is straightfor-
ward that the upper triangle and the right hand square are commutative. Then it is easy to conclude
from the diagram that d = (0,,idp, ) - 0 is an oplax diagonal morphism which lifts g against (idp,, ¢;).
Thus (idp,, @) € R. O

Lemma 5.12. Let (£, R) be an oplax weak factorisation system for a category of partial maps P (€).
Then (LN Tot) ¥ (RnTot) in €.

Proof. Let (u,v):1 —> r be an oplax square formed by total maps and such that / € £ and r € R. Then
there exists a partial map 6 that is an oplax diagonal morphism lifting / against r as in the following
diagram

A—L C
1‘ v 5/ ‘ (5.xviii)

In particular the 2-cell v < r-§ yields that r- 0 is total by Proposition 3.1 and thus, by Proposition 3.9,
0 is total as well. Therefore 0 is an oplax diagonal morphism in % lifting / against r. U

From here on we will denote £n Tot by L1, and R n Tot by Ryot.

Remark 5.13. In the previous lemma, if we consider the Ord-enrichment <, we have that v <r-0
is an equality, since v is a total map. Similarly the upper triangle must be commutative as well
and therefore the oplax weak orthogonality relation restricts to a weak orthogonality relation for
commutative squares among total maps.

Proposition 5.14. Let (L, R) be an oplax weak factorisation system for a category of partial maps
P (€). Then any total morphism admits an (L, R)-factorisation consisting of total morphisms.

Proof. Let us consider a partial map f and an (£, R)-factorisation r¢- Iy = f. Our goal is to construct
another (£, R)-factorisation with a total right component. In fact, if f is total, then its £-component
has to be total by the composition rules.
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If f is any partial map (not total), then we consider the following factorisation

S

o
~

o
~
RS
*
——

~

Q

—

YA
D><—<§
@—wp

B.

We first remark the following helpful fact. We consider the adjoint morphisms u = (idp,, c,) —
(0,,idp,) = v. We define [; = v-17 and 7y = ry- 1 and by the counit 2-cells we obtain that

I_”f-V:I”f'-/.L'VSrf.

By directly computing we get that vy = 7-v. Furthermore, we have that D; = D¢ if and only if
lr=u 'Zf- This is easy to prove by explicitly computing the composition (i -v-/; and remarking that

both conditions are equivalent to have that ¢;* (0,) is an isomorphism.

Then we obtain the following factorisation

(5.xix)

Let us consider now a total morphism f. We proceed to study whether Zf eLand 7y eR. Letus
consider 7y and an oplax square (u,v) :] — 7y, with [ € £. We can write the following diagram
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where the upper and right triangles are commutative and § is an oplax diagonal morphism lifting / € £
against 7y € R. We consider a diagonal v- 6. Then considering the outer square we have

v-6-1<v-U-u=u;
VS}’f-6 =I_’f-V-5.
Hence v -0 is an oplax diagonal morphism for / against 7, and in conclusion 7y € R.

Let us consider /. For any r € R and any oplax square (u,v) : [; —> r, then we have the following
diagram

u
A C
A
7/
ly Vi 8,
v/
- 7/
l s

f Mf
\% Vv
D,/

v

VI r
D,

and again the lower and the left triangles are commutative and &’ is an oplax diagonal morphism
lifting /; € £ against r € R. Now the diagonal morphism for the outer diagram is 6’ - u and the proof
proceeds analogously by recalling that if f is total, then D; = Dy. Indeed, we have the following
2-cells

8 wlp=8"1;<u

v=v-v-u<r-6'-u.

Therefore we have that Zf eLl. O

Remark 5.15. We point out that the process presented above is not successful in general for the
lax case. In fact, considering diagram (5.xviil), it yields u < 6 -1 and r- 8 < v, which do not imply in
general that 8 is total. Moreover, we cannot deduce the commutativity of any triangle in the diagram,
when the Ord-enrichment is <. Nonetheless one can reproduce the same process of extracting a total
factorisation from any lax factorisation of total maps. This process in the lax case is in fact successful,
under the necessary condition that D; = Dy, which is trivially satisfied by total maps.

We conclude this section by proving the following proposition.

Proposition 5.16. Let Ps(€') be a category of partial maps and (L, R) be an WFSoplax. Then
(LTots RTot) is an S-stable WFS opjax for €.

Proof. We have proved before that the oplax weak orthogonality relation restricts to an oplax weak
orthogonality relation among total maps, hence Lot V Rot, and any morphism f has a (Ltot, Rot )-
factorisation as shown in (5.xix). We denote such factorisation by f =r¢-l;. Let f be a map in & such
that f € v’R-rot. The commutative square (l f,idB) : f — ry admits an oplax diagonal morphism py,
which must be total as well, and it yields the following 2-cells

pf-fé lf;
idg <rp-py.
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We consider g € R and an oplax square (u,v) : f — g in Pg (‘f)gplax. Then we have the following
diagram
A—"—C
ly Vi 55
D f” vi 8
Pr y

where 9 is the oplax diagonal morphism that lifts [, against g for the oplax square (u, ver f). Then we
obtain

5-pf-f§8-lf£u;
v<v-rp-pr<g-0-py.
We conclude that f € L1.:. Hence \VRTot = L1ot. A dual argument yields that E.l\kot = Rot.

We conclude the proof by checking that (Lo, R1ot) is S-stable. We consider ¢y € L1o¢ and
0 €S. Then we recall that in Ps (%), (o,id) forms the adjunction (id, o) - (o,id). Moreover, L is
closed under composition with right adjoint morphisms. We remark that the pullback 6* (¢;) is the
function component of the composition (o,id) - (id, ¢;), which belongs to £. Hence 0™ (@) € Lot
by Proposition 5.11, which yields the thesis. O

5.2.4 The bijection

We conclude illustrating the existence of a bijection between these two classes of factorisation systems.
Let ¢ be an Ord-category and Pg (%) the category of partial maps for a class of admissible subobjects
S such that any morphism in S is full and upper-closed. We denote by S-WFS,j4x (¢) the class
of S-stable WFSsqplax 0n . Furthermore, we denote by WFSp1ax (P (%)) the class of WFSsqplax On
P (%). Then we introduce the following two maps

P
_— T
WEFSpiax (P (€)) S-WFSqpiax (%)

-_
¥

defined as follows

®(L,R)=(L,R);

(5.xx)
¥ (E,M) = (Exor, MTot) -

The first is obtained as defined in (5.viii) and the second as presented in Proposition 5.16. We proceed
to show that the two functions are inverse.
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Proposition 5.17. Let € be an Ord-category and Ps (%) the category of partial maps for a class of
admissible subobjects S such that any morphism in S is full and upper-closed. Then there exists an
isomorphism of partially ordered sets between WFSp10x (P (€)) and S-WFSplax ().

Proof. First we consider ¥ (®(E,M)) = (ETot,/VTot). By construction we have that e € £ if and
only if (id,e) € &, which is equivalent to have that e € E1or. Hence &€ = E14¢ and similarly M = Mot

Then we consider ® (¥ (L,R)) = (m,m) Let [ be a morphism in £. By Proposition 5.11,
we have that (id, ¢;) € £, hence @; € L1o; and therefore [ € L1o; by construction. On the other hand, if
I € L7ot, then @ € Lo and hence (id, ¢;) € £. We consider the partial map (o7,id), which is a right
adjoint morphism in Pgs (%’). Then we have trivially that [ = (id, ¢;) - (07,id) belongs to Loz, since it
is closed under composition with right adjoint morphisms. Hence £ = L1, and by similar arguments,
R = Rtot. This yields that ® and ¥ are inverse functions. It is trivial to observe that inclusions are
preserved by the @ and W. O

More explicitly this classifies every WFSqplax 0n Ps (%) as a factorisation system of the form
(Z, ﬁ) for some S-stable WFSopiax (£,R) in €.

5.3 Factorisations for pointed categories of partial maps

Our goal for the following section is to discuss a process that gives rise to lax and oplax weak
factorisation systems for certain pointed categories. The idea is to consider an Ord-enriched category
such that every Hom-set has a least element morphism and such morphisms are absorbent, in the
sense that whenever these morphisms are composed with any other morphism, the composition ends
up being a least element map for the appropriate Hom-set. Indeed, one example of such maps is the
class of zero-morphisms in a pointed category.

First we will discuss the general conditions for this construction, then we will apply this construc-
tion to categories of partial maps. We conclude the section showing that this construction is successful
and has a complete description for P (Set).

5.3.1 Pointed categories

The setting for this subsection are pointed Ord-categories, i.e. Ord-categories with a zero-object
which is both initial and final, and such that zero-maps are least elements with respect to their
Hom-sets.

We consider the following class
0= {OA,B |A,B € Ob(%)} .

We recall that maps in O are left absorbent and right absorbent, in the sense that for every morphism
f:A— Bin ¢ we have that f-Ox 4 € O and Ogy - f € O, for any X,Y € Ob(%’). Then we intend to
study the lax and oplax weak orthogonal complements of O.

First we consider (’)4‘. Let f: A — B be a morphism in (’)¢ and (u,v) :Ox y —> f. Then, by
minimality of zero-maps, we have that the 2-cell f-u <v-Oy y yields that f-u = Ox p. From lax weak
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orthogonality follows that there exists a lax diagonal morphism ¢ in the diagram

B

v

PR

7

From the 2-cell u < 6 -0y y = Ox 4, follows again that u = Ox 4. Hence f ¢ (’)4‘ implies that for any u
such that f-u = Ox p, then u = Ox 4, since the lax square (u,idp) : Ox p — f admits a lax diagonal
morphism.

On the other hand, if we consider f such that f-u = Oy p yields u = Ox 4 for any morphism u, then
we show that f ¢ (’)¢. Let us consider any lax square (u,v):0xy — f. The equality f-u=0xp
implies that u = Ox 4. We remark that Oy 4 trivially constitute a lax diagonal morphism for the lax
square.

We conclude that
OM={f|fu=0 = u=0}. (5.xxi)

We consider 4‘(’). Let f:A — B be a morphism in M’). Then, in particular, there exists a lax
diagonal f* for the lax square (ida,idg): f — 0.

AN
Al /
f / * 048
Al
B—B.
idp

We point out that the 2-cell 04 p- f* = 0p p < idp trivially exists by minimality of zero-maps. On the
other hand, the 2-cell id4 < f* - f does not exist in general. We remark that the existence of a morphism
f* such thatida < f*- f, is also a sufficient condition for f to be in ’#O. In fact, if we consider such a

morphism f and a lax square (u,v) : f — Ox y, then we have the following diagram

and u <u- f* - f follows from the assumption on f, and Ox y -u- f* = Opy <v follows from minimality
of zero-maps. In conclusion we have that

U=2O={f|idy < f*-f for some f}. (5.xxii)

Although we were not able to describe in general its complement we state a conjecture that points
to the best candidate.
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Conjecture 5.18. The complement U - {f|f-f* <idp for some f*}, the intersection U Mau being
exactly the left adjoint morphisms.

We briefly state the two counterparts for 42, that arise in a similar fashion.

oplax

1. Considering \#(9 one can prove that
v=0Y={f|idg< f-f. for some f.} (5.xxiii)

and again we state the following conjecture.

Conjecture 5.19. The complement V4/ ={f|f " f« <idy for some f.}, the intersection being exactly
the right adjoint morphisms.

2. Then the left oplax complement is

YO={f|vf=0uy = v=0sy}. (5.Xxiv)

Unfortunately, we were not able to describe in general the complements for these four instances
of prefactorisation systems, but we point out that the four classes described are in general not trivial,
therefore they generate a non-trivial lax or oplax weak prefactorisation system.

5.3.2 Factorisations for pointed categories of partial maps

In the following subsection, we apply the process described above on categories of partial maps.
Along this section we will consider an Ord-category % with an initial object / and we assume that
all initial morphisms ix are admissible subobject morphisms, implying in particular that they are full
and upper-closed. We notice that / is still an initial object in P (%) and that for any A, B the partial
morphism O4 g = (ia,ip) is a least element in ¢ (A,B). In fact for any partial map f, the arrow ip,
shows that 04 g < f. On the other hand if f <04 g, then there exists an admissible subobject s: Dy — 1,
which yields that f =04 g. We can consider now the class of minimal maps

0= {OA,B = (iA,iB) :A— B |A;B€Ob(%)}.

Remark 5.20. We observe that in P (%) the initial object I of € is a zero-object whenever I is either
a zero-object or a strict initial object. We recall that an initial object I is strict if every morphism

f A — 1 is an isomorphism.

This is true since the choice for the component ¢. becomes unique when the codomain is / under
the said assumptions. We recall that cartesian closed categories, such as Set, Cat, any topos, and
distributive categories, have strict initial objects.

Moreover, we remark that the property described in Remark 5.20 is not always needed. In fact,
we are interested in the property of least elements being left or right absorbent, in the sense described
above.

Lemma 5.21. For any P (€'), a minimal map f such that Dy =1 is right absorbent. Whenever I is
actually a zero-object, then it is both left and right absorbent.
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This is trivial considering that the partial domain of the composition is a subobject of the partial
domain of the first morphism and / admits only itself as a subobject. Therefore the hypothesis that / is
a zero-object in P (%) is relevant only while discussing the left complements ’#(9 and \V(’).

Hence the arguments of the previous paragraph can be adapted to P (%) under the assumptions
above. We proceed making some remarks on the structures that arise in this context.

We consider ¢(9. By (5.xxii), we have that f belongs to ¢(9 if and only if there exists a partial
map f* such that id4 < f*- f. We remark that if the Ord-enrichment on % is discrete, then this is
equivalent to have idg = f* - f. We first remark that this yields that f is a total map. We write explicitly
the equality

this shows that ¢ = o+ - @ is an admissible subobject morphism, since @ is a section and S contains
all sections and is closed under composition. By Corollary 3.11, we conclude that f is a left adjoint
morphism in P (%) and thus the lax prefactorisation system is the trivial (LA, All).

On the other hand, we look at O’f\ as defined in (5.xxi). We remark that it is composed of those
morphisms whose partial domain is maximal as a proper S-subobject. Inspired by the example of
partial maps, we chose to call such morphisms dense domain partial maps and we denote (9¢ by DD.
In general we have that DD 2 Tot. In fact, if f is total and f-u = Oy g, then D, = D¢, = I, by the rules
of composition. Therefore we have that u = Ox 4. However, we observe that the other inclusion is not
always true. In fact, we have the following counterexamples of partial morphisms which are not total,
but have a dense domain:

* in Ab maps such as
Y/ Y/
7———17 Q—+—1%
are not total, but it is easily proved that they have dense domains;

* for the category of topological spaces equipped with open maps, we have that a domain is dense
exactly when the domain is a topologically dense subobject of the domain, so any morphism f
such that 65 = j:[0,1[ — [0,1] is not total and yet it has a dense domain.

Since total maps have always a dense domain and since (3, Tot) is @ WFS|,, as shown in Section
5.1, we have that (E,Tot) < (’M)D,DD).
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Analogously, we introduce the notation DZ for the class vO, and we call such maps dense image
maps.

Finally we consider 4/(9 and the Ord-enrichment defined by the partial order <. If f:A — B'is
a morphism in (9\#, then there exists an oplax diagonal morphism & for the oplax square (id4,idp) :
04,8 — f. Thus we have the two 2-cells

5'0,4,3 SidA
idp<f-§6.

Since the identity is total, the second 2-cell is indeed an equality, therefore f is a split epimorphism.
Conversely, if f has a right inverse f”, then, in any oplax square (u,v) : Ox y — f, the morphism f”-v
yields

f"V'0X7y=0XA u

fflv=w

Therefore f-v is an oplax diagonal morphism. Hence (’)* is the class of left inverse morphisms LI.
We remark that, if f is a split epimorphism in the category of partial maps P (%), then ¢y is a

split epimorphism in %. This follows from the composition rules in P (%¢). Conversely, if f is such

that ¢y admits a right inverse (p}’- , then we easily see that the span (idB, oy (pf*) is a right inverse of f.

Hence we conclude that split epimorphisms in P (%) are
Li= {f | @5 is a split epimorphism in %} .

Even if it has been difficult to give a better description for such complements, we remark that in
general these classes appear to be non-trivial.

5.3.3 Set with partial maps

We apply now the arguments discussed above to the category P (Set) and we show that the structures
that arise from the previous construction have a complete description in this particular setting.

We recall that in this context the empty set @ is a zero-object, since it is a strict initial object in Set.
In fact, for every object A, we have the unique initial and terminal morphisms defined as 14 = (idg, is)
and 74 = (ia,idg), where i4 is the initial morphism associated to A in Set. Furthermore, zero-maps are

defined as
(0]

. iB
A

A——+—B.
D
We consider the class of morphisms

0= {@AB |A,B € Set} .

Then we study the complements of O.
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* We consider DD. We have shown that Tot € DD in the previous subsection. Conversely, in
P (Set) if f: A — B is not total, then there exists an element a € A such that a ¢ Dy. If we
consider the morphism

then f-u = @x p, but u is not a zero-map. Thus DD = Tot. Since lax weak orthogonal com-
plement are unique and we have shown that $Tot = S in Section 5.1. then we conclude that
(MDD, DD) = (3, Tot).

* Regarding U, since the Ord-enrichment considered on Set is discrete we have that (L{ U M =
(LA, All), as discussed in the previous subsection.

* We turn our attention to DZ. We remark that, if f is a surjective map in P (Set), then it is a
dense image map. Indeed, we point out that, for any v: B — Y, the partial domain D,.r is the
preimage ;' (D,). If v- f = @4y, then ¢;' (D,) = @, but since ¢y is surjective, this implies
that D, = @. On the other hand, given a map f which is not surjective, then we have that the

composition
Dy B~Im(F)
| N
A | B . B,
f

is the zero-map @4 g, but v is not a zero-map. We conclude that DT = Epi. However we
know by Example 5.5 that the oplax weak orthogonal complement of Epi is Mono, thus
(pz,D1Y) = (Epi, Mono).

* Finally we consider V, which is the class of split epimorphisms under this Ord-enrichment, as
proved in the previous subsection. In particular, since in Set split epimorphisms are exactly
surjective maps, we conclude that V = Epi. Again by Example 5.5, we conclude that (\h/, V) =
(Mono, Epi).
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