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Abstract

We introduce internal factorisation systems for internal categories. We recall the def-
initions and theory of internal categories and factorisation systems. We develop a
diagrammatic calculus of pullbacks for ease of internal calculation. To define an in-
ternal factorisation system we define and study the subobjects of isomorphisms, an
internalisation of the class of isomorphisms of a category. We provide an abstract ex-
ample of an internal factorisation system. We then internalise various properties of
factorisation systems, such as the two components determining each other, the can-
cellation properties and the essential uniqueness of factorisations, and show that an
internal factorisation system satisfies these internal conditions.
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1 Introduction

1.1 Introduction

An internal category is a generalisation of a (small) category, produced by considering a
small category as a diagram in Set. The first instances of this notion were given by Ehres-
mann in [1], and a comprehensive account of the structure may be found in [2]. Their study
provides categorical insight into the notion of a category itself. On the other hand, factori-
sation systems, introduced by Freyd and Kelly [3], appear frequently in categorical algebra
and have been studied in various general and concrete contexts (see [4], [5]). Borceaux
provides an overview of factorisation systems in [6].

In this work, we introduce the notion of an internal factorisation system. This is done
by considering the components of a definition of a factorisation system diagrammatically in
a general context, in such a way that an internal factorisation system on an internal category
in Set is precisely a usual factorisation system on the corresponding small category. We
note the presentation herein is self-contained and that material from the first chapters of
Mac Lane [7] are sufficient preliminaries for the reader.

We begin by setting up notation for using pullbacks in a way that is convenient for our
purposes, paying attention to the universal morphisms induced by pullbacks. One may
view this as a calculus of pullbacks, in a sense, and it is the primary means of calculation
throughout the work.

We next recall and motivate the definition of an internal category and make brief commen-
tary on the associativity condition of the definition. This is followed by the consideration of
subobjects of morphisms and their properties, an internal generalisation of a class of mor-
phisms of a category. We then define and study the subobjects of isomorphisms, a subobject
of morphisms containing all isomorphisms of a category, in an internal sense.

We then recall the definitions of orthogonality and factorisations towards the definition
of a factorisation system. We further recall well known properties of factorisation systems.
Next, we motivate and define internal notions of orthogonality and factorisations and pro-
vide the definition of an internal factorisation system. We then give a general example of
an internal factorisation system.

We finally define internal notions of the properties of factorisation systems expressed earlier.
These include the fact that factorisations are unique up to isomorphisms, the cancellation
properties and that each component of a factorisation system determines the other. We
show that an internal factorisation system satisfies these internal conditions.

In contemporary categorical algebra, the notion of a factorisation is approached via a pref-
actorisation system, which has proven to be a weaker, yet still powerful structure. However,
the generality of a prefactorisation system means that it requires a relatively strong internal
logic on the ambient category in order to be internalised. We therefore avoid this avenue and
define a factorisation system (and indeed an internal factorisation system) directly, without
reference to prefactorisation systems. This allows for the internal factorisation system to be
defined in the general context of a finitely complete category.



To provide ease of reading, we outline the notation we use in commutative diagrams by
way of example. Consider the diagram

Iso(C) —=— Pt(C)
" - [ (1S0)

Pt(C) —7 C1
This diagram appears in 2.3.3, and represents the definition of the object of isomorphisms.
It is thus labelled, on the right, with (ISO). When the commutativity of this square is
reference in a proceeding diagram, ISO will be written in the relevant cell of that diagram,
as below:

Iso(C) —— Pt(C) —2= Ccv< s (¢

PB 7
<7r2,m>l P 1SO -

We are liberal with our use of these labels. In particular, similar commutative diagrams
may have the same label when they are conveying similar results. Additionally, for diagrams
that are only to be referenced within a particular proof or remark, lower case letters are
used as labels, such as (a). Such labels, when referenced, will appear with brackets, as (a).

1.2 Calculus of pullbacks

We recall here some basic theory of pullbacks, as internal categories are defined in categories
with pullbacks, and we will make extensive use of them. In particular, we fix notation for
the morphisms induced by the universal property of pullbacks, and highlight convenient
properties of this notation.

Definition 1.2.1. In a category C, the pullback of two morphisms f : A - Candg: B — C
is the limit of the diagram

A%CWLB
written as

AxcB 25 B
J/_I
™1
f

A——C

g

Remark 1.2.2. In general, we will refer to the object A x¢o B as the pullback of f and g.
We also overlook the fact that the notation of the pullback omits the morphisms f and g.
We will usually write only 71 and 7y for the projections of a pullback, even when multiple
such morphism appear in the same diagram.

Definition 1.2.3. A category C has pullbacks if the limit of every diagram

A%CWLB

exists.



Definition 1.2.4. Let C be a category with pullbacks. Consider the commutative diagram

A—1L ¢

The morphism induced by the universal property of the pullback A X B is written as
(a,b) : X - A x¢ B.

Remark 1.2.5. This notation is clearly well defined, in the sense that if a = c and b = d
and (a, b) exists, then (a,b) = (c,d). We will often make use of this fact within commutative
diagrams. In such cases, the fact that a = ¢ and b = d will either be explicitly stated, or
clear from previous calculation.

Remark 1.2.6. We emphasise that the triangles of this diagram commute:

X

/ @\ (PB)

As7— AXeB —— B

Definition 1.2.7. Let C be a category with pullbacks. Consider the commutative diagram

X xzY ik Y
\\\\\\\ J/IB

- .
1 A Xc B 5 B

X—<o 41 ¢

where X Xz Y is some pullback. Then the morphism induced by the universal property of
A X ¢ B is written as a x = (am,fm) : X Xz Y — A x¢ B.

Remark 1.2.8. We, as before, emphasise the commutativity of the squares of this diagram
as
X+ XxzYV 25 Y
o] axp I (PB)
~N
A+ AxoB -2 B

Remark 1.2.9. The notation from the above definition is borrowed from the morphism
induced by the universal property of a product. In fact, in the case where X Xz Y is the
product X x Y, and 7 and ms are product projections instead of pullback projections, the
same notation will be used. This convention is also used in the analogous case of A x¢ B
being the product A x B.



Proposition 1.2.10. In a category C with pullbacks, for some pullback A xX¢ B such that
(a,by : X = A X¢ B exists, the following diagram commutes

x Y Ao B

(ac,bc)
Y

Proof. Observe the following commutative diagram:

l‘ﬂ'l lg
A—L ¢
This means that the composition {(a, b)c satisfies the conditions of the universal morphism
induced by the outside of the diagram. By the uniqueness of this universal morphism, we

have (a, bye = (ac, be). O

Proposition 1.2.11. In a category C with pullback, for two pullbacks X Xz Y and Ax¢c B
such that the morphisms (a,b) : W — X xzY and ax f: X xz Y — A xX¢ B exist, the
following diagram commutes

Xx, YV 2P Axo B
<a’b>T / (PB2)
(aa,Bb)
W

Proof. Noting that by definition, o x 8 = (amy, fm2), we observe that the following diagram
commutes.

W —"  xx, Y 2% Ax.B
B e
(o {a,b), B2 {a,b)) %
(ca,Bb) A Xc B

O

Proposition 1.2.12. In a category C with pullbacks, for some pullbacks U xw V, X Xz Y
and A X ¢ B such the morphisms yx 0 : U XxwV = X xzY andaxf: X xzY - Ax¢cB
exist, the following diagram commutes

Xxy, Y 22 Axe B

Wﬁ A 56 (PB3)

UXWV



Proof. Observe that the following diagram commutes

waviUxWVMAxCB
PB - PB

vxél (ym1,0m2) l(a“/m,ﬁéwz) H
& PB2

XXZYTXB)AXCB:AXCB

O

Proposition 1.2.13. In a category C with pullbacks, for all morphisms a : X — A x¢c B
for some pullback A xc B, we have that a = (m1a,m2a). (PB4)

Proof. We note that the following diagram trivially commutes

T2

so by the uniqueness of universal morphisms, we have that (mia,ma) = a. O

Remark 1.2.14. In the above proposition, we may set a; = mya and ay = maa. Thus, any
morphism a : X — A X¢ B may be written in the form a = (a1, as). In such a case, we will
implicitly have that fa; = gas. We will use this fact frequently, and reference it as (PB4).

We next recall the well known result on pullbacks, often referred to as the Pasting Law.

Proposition 1.2.15. Let C be a category with pullbacks. Consider the following diagram,
where the right hand square is a pullback.

X %3 AxcB 24 B

Then the left hand square is a pullback if and only if the outside rectangle is a pullback.

Remark 1.2.16. In the above, in such a case, we have that Y x4 (Ax¢c B) 2 X @Y x¢ B,
as pullbacks are unique up to isomorphism. We will often identify such objects, omitting
the isomorphism between them.

Definition 1.2.17. In a category with pullbacks, a triple pullback is a diagram

AxpBxpC 25 BxpC 25 C

o 2 e

AxpB LE B— g (TPB)
|
Tl'll gll
A—n . p

where all the small squares are pullbacks.



Remark 1.2.18. By the above definition, we have that A xp B xp C = (A xp B) xp
(Bxg(C). A direct consequence of the pasting law is that Axp BxpC = (AXpB)xpC =
A xp (B xg C). This fact is often referred to as the associativity of pullbacks, and we will
again identify these isomorphic objects. We highlight that the commutativity of the top left
square of the above diagram means m;me = 7o, in this context.

Now, consider a triple pullback A xp B xg C, an object X, and morphisms a : X — A,
b: X — B and c: X — C such that the following diagram commutes:

C

X

xpBxpC —25 Bxp(C —25C
|

a AxpB

m| gll
ﬁ%D

Firstly, we have induced universal arrows (a,b) : X = A xp B and (b,¢) : X — B xg C.
Then, the following diagram commutes

{b.c) B XE C

which induces the universal morphism ({a, b), (b,¢)) : X — A xp B xg C. In line with the
notation for a triple pullback, we will write this morphism as below:

Definition 1.2.19. In a category C with pullbacks, with the setup of the above, we write
(a,b,c) = ({a,b),(b,c)): X - Axp BxgC
for the universal morphism induced by the triple pullback A xp B xg C.

Remark 1.2.20. Note that a, b and ¢ need only satisfy the conditions fia = ¢g1b and
fab = gac to make the relevant diagram commute, inducing the morphism (a,b,c) : X —
A xp B xg C. While this notation has its advantages, it can be somewhat confusing when
composing this universal arrow with pullback projections. We thus, as before, emphasise
the commutativity of the following diagram.

A a X c C
_— ~
ﬁ <a D7 fabe) (b0 Tm
~ \
AxDB<—A pBxpC 2% BxpC (TPB)

\/

Proposition 1.2.21. In a category C with pullbacks, for all morphisms a : X — A Xp
B x g C, for some triple pullback A xp B x g C, we have that a = (w710, T T2a, ToT2a).



Proof. Observe that the following diagram commutes:

X <7T17TQCL,7T27T2a)
., PB4
~
AxpBxpC — BxgC
" 2
(mimia,mam1a) PB4 lﬂ'l TPB J/ﬂ‘l
AxpB—=2 B

Here, a is a universal morphism for the triple pullback A xp B x g C. Noting that momia =
mmea, we have by the uniqueness of the universal arrow, that a = (mma, T17ma, mamea). O

Remark 1.2.22. As observed in Remark 1.2.14, we may write any morphism a : X —
Axp B xgC asa={ay,as,as), where a; = my71a, ay = mmea and a3 = Tamaa.

Definition 1.2.23. Let C be a category with pullbacks. Consider the commutative diagram

XxpYxyZ —25YxyZ —2 57
. Y
’”l ’”l
XXUY—>Y AXDBXEC%BXEC e
- \%\l J
X AXDB

A%D

where X Xy Y Xy Z is some triple pullback. The morphism induced by the universal
property of the triple pullback A xp B xg C' is written

a X B xy={amm,frime,ymama) : X xuyY Xy Z - AXp BxgC

Proposition 1.2.24. In a category C with pullbacks, in the setup of the above, we have the
following equality of morphisms X Xy Y Xy Z = AXxp B xgC

axfBxy=(axp)x(Bx9)

Proof. Firstly note that all the following morphisms exist, and the diagrams commute

XxpYxyZ 25 XxyY XxUYxVZ——»YxV
PB1 — PB1
(047717r17ﬂ7r2771>l (amy,Bmz) iaxﬂ (/57"17721'77"2772)J/ 5”1(‘/”2) iﬁx’y
L PB
AxpB =——— AxpB BXEC:BXEC

Now, noting that mmy = memy, and by definition a X § X v = (mymi, myma 5, mamay), we
have that the equality of morphisms:

ax B xy=((amm, fram), (Brime, ymam2)) = ((a x B)m1, (B X ¥)m2) = (a x B) x (B x7)
O



Remark 1.2.25. We now critically consider an important case of universal morphisms
between pullbacks and triple pullbacks. Consider the following commutative diagram:

XxpYxyZ-—25YxyZ —2 57

ml - rﬁ X

XxpYy —2 v > A X o B 5B

\ Jjﬁ gl

At ¢
where X Xy Y Xy Z is some triple pullback and A X B is a pullback. The universal
property of A X B induces the morphism (o, fmams) : X Xy Y Xy Z — Ax ¢ B. Then, by
Definition 1.2.7, {(amy, Bmama) = a x Smy. We note here that this deviates from conventional
notation, for which this universal morphism is written as a x 3. However, for consistency of
calculation, we will go against convention and write o X Smo. Similarly, in the same set up,
for morphisms v: X — A and 0 : Y Xy Z — B, making the expected diagram commute,

the universal morphism induced by A x¢ B, is written ym X 6 : X Xy Y Xy Z - AxX¢c B
(instead of simply v x §).

We now note some further well known results on pullbacks.

Proposition 1.2.26. Let C be a category will pullbacks, and consider the following pullback
in C:
AxeB 23 B
-
[
A—L c
If f is a monomorphism, then mo is a monomorphism.

Proposition 1.2.27. Let C be a category with pullbacks, and consider the following com-
mutative diagram

XxzV —225Y

Trll ST \,3

X S A ch\—§ B
e
A —> C

where AXc B and X Xy Z are two pullbacks, and « x 8 is induced by the universal property
of A x¢ B. If a and B are monomorphisms, then o X 3 is a monomorphism.

Proposition 1.2.28. Let f : A — B be a morphism in a category C with pullbacks. Then
the following diagram is a pullback:

B

llg

i,
_
%B

A
|
A



2 Internal Category Theory

We consider internal categories as a means of generalising a (small) category and develop
the relevant theory on the structure.

2.1 Basic definitions

The definition of an internal category is motivated by the representation of a small category
as a diagram in Set, satisfying certain properties. Specifically, let C' be a small category,
which has Cy as its set of objects, C as its set of morphisms and C* < as its set of all pairs
of composable morphisms. Then C induces the diagram

L
Cy —— O +— CF (IC)
& ~
in Set, where the map d assigns a morphism to its domain object, ¢ assigns a morphism to
its codomain object, e assigns an object to its identity morphism, and m assigns a pair of
composable morphisms to their composition. As C' is a category, these functions are going
to satisfy certain conditions, namely:

1. The domain and codomain of identity morphisms are appropriate.

2. The domain and codomain of the composition of two morphisms are appropriate.
3. Identity morphisms acts as identity under composition.

4. Composition is associative.

These conditions can be expressed as commutative diagrams in Set, which are given in
the following definition. We then define an internal category, C, in some category C as a
diagram IC in C, satisfying the commutative diagrams of these conditions, such that an
internal category in Set is exactly a small category. As we use pullbacks to describe this
structure in Set, we require this of our category C in the general definition.

Definition 2.1.1. Let C be a category with pullbacks. An internal category,
C = (Cy,C1,C,d,e,c,m), in C is a diagram

Kd\
Co—5 Oy «m_ O (1C)
& ~

where C¥ ¢ is defined as the pullback

T
cre — O

al - | (CM)

Cl$>00

such that the following diagrams commute

Co — ¢4 O o 2 0
l \ ld l lm l‘i (IC1, IC2)
¢, —— Co Co +—— ¢ —2— ¢

11



4 <€C’1>> o<+ O X7 o
<1,6d)J{ \ J{m T XmJ{ J{m (103, 104)
C+ — o o —m 0

where C* ¢ is the triple pullback

O+ ™ <+

o2

< T2 Cl
Remark 2.1.2. In the case that C = Set, IC1, IC2, IC3 and IC4 each correspond to the

conditions 1, 2, 3 and 4 on a usual category. C will therefore form a small category in this
case, and we will freely refer to it as such.

We will usually use IC4 in a different form, which we give below.

Proposition 2.1.3. Let C be an internal category in a category C with pullbacks. Let X
be an object and (x,y,z) : X — C a morphism in C. Then the following diagram
commutes:

X (m(@,y),2) O

<w,m<y,z>>l J{m (ASC)

cte /"= Oy

Proof. We simply observe that the following diagram commutes:

X X
\ TPB PB
TPB <x7y7z>\<f%y>i(y7z>> (mz,y),m2(y.2)) (m(zy).z)
x (o) w2 C<—<—<—PB2 e s
T~ PB2
H (G, 2)) lmxm 104 lm
PB T~ m
X o+ o)
(@m(y,2))

O

Corollary 2.1.4. Let C be an internal category in a category C with pullbacks. Let ax 3x7y :
X xyY xyv Z — C% be some universal arrow induced by the triple pullbacks C <.
Then we have that the following diagram commutes:

X XU Y Xy 7 w c*
amy Xm(,BX’y)J/ J/m (ASC)
ce* = Ch

In fact, this result can be taken further, and we will find the following to be useful. One may
view this result as a internal strict coherence condition on the associativity of composition.

12



Corollary 2.1.5. Let C be an internal category in a category C with pullbacks. Let (w,x)
and (y, z) be morphisms X — C** such that the morphism

(m{w, ), m{y, ) : X = O+
exists. Then we have the following equality of morphisms X — Cy:

(w,m{m(z,y),z)
(w, m(z, m(y, 2))
(m{w, ), m(y, z)
(
(

Il
3

m(m{w, ),y
m{w, m(z,y)

|
3333

)
)
) (ASC)
)
)

2.2 Subobjects of morphisms

We will frequently need the internal concept of a class of morphisms of a category. In the
case of a small category, seen as an internal category C' in Set, this is a subset of Cy. Thus, if
C is an internal category instead in a general category C with pullbacks, we use a subobject
of Cl.

Definition 2.2.1. In a category C, given two monomorphism o : A — B and o/ : A’ — B,
we say that o’ < « if there exists a morphism ¢ such that the following diagram commutes

A—=> B

A~
@
| o

A/

Definition 2.2.2. In a category C, given two monomorphism «: A — B and o/ : A" — B,
we say that « and o’ are equivalent, and write a ~ o/, if there exists an isomorphism ¢ such
that the following diagram commutes

Proposition 2.2.3. In a category C, given two monomorphisma : A — B anda’ : A’ — B,
then a ~ o' if and only if a < o' and o’ < a.

Corollary 2.2.4. In a category C, for a fixed object B of C, ~ forms an equivalence relation
on the class of monomorphism with codomain B.

Definition 2.2.5. In a category C a subobject of some object B of C is an ~-equivalence
class of monomorphisms with codomain B.

Remark 2.2.6. We adopt the common practice of identifying a subobject with some repre-
sentative monomorphism of the equivalence class. That is, for a monomorphism o : A — B,
we will call « a subobject of B. Additionally, a subobject o : A — B in the category Set
specifies A as a subset of B. We will thus refer to « as the subset of B in such a context.

13



Definition 2.2.7. Let C be an internal category in a category C with pullbacks. A subobject
of morphisms of C is a subobject of C7, a: A — C;.

Of course, if C = Set this subobject of morphisms will be a subset of morphisms of the
small category C'. We now consider a couple of examples that we use frequently.

Example 2.2.8. Note that 1¢, : C4 — C is trivially a monomorphism, and thus a subob-
ject of morphisms. In the case of C = Set, this is the subset of C; containing all morphism.
Thus, in general, 1o, may be considered as the subobject of all morphisms of C.

Example 2.2.9. We have that e : Cy — C} is a split monomorphism by IC1, and thus
a subobject of morphisms. In the cases C = Set, this is the subset of C; containing all
identity morphism. We thus will often consider e as the subobject of identity morphisms of

C.

Definition 2.2.10. Let o : A — C; and 8 : B — (4 be two subobjects of morphisms of an
internal category C in a category C with pullbacks. Then we say that a contains 8 if 8 < «
as subobjects of Cy. That is, if there exists a morphism S, : B — A making the following

diagram commute
Ba ! / (€)
B

Remark 2.2.11. In such a case, 3, will be a monomorphism (and thus a subobject of A).
Note that by the commutativity of the following diagram, the subobject of all morphisms
contains every subobject of morphisms o : A — C4, with a1, = a.

1 =4 ¢
(ﬁ /
B

Definition 2.2.12. If a subobject of morphisms o : A — C7 of an internal category C
contains e, then we say that a contains all identities of C.

For two classes of morphisms A and B of a category C, we may speak of a class of pairs of
composable morphism f: X — Y and g : Y — Z in C such that f is in A and g is in B.
We internalise this notion, emphasising the notation used for the pullback.

Definition 2.2.13. Let C be an internal category in a category C with pullbacks, and let
a:A— Cyand B: B — Cp be two subobjects of morphism of C. Then the object of pairs
of composable morphisms of o and [ is the pullback

BCAY A
ml ml (CM)

BLC@

14



Remark 2.2.14. Note that the following diagram commutes

T2

BTAY ——— A

‘MJ, \\axﬂ N
~A

™

B C““—ZWCH
S

c, —L 5 ¢y

which induces o x 8 by the universal property of C* . Further note that o and S are
monomorphism, so by 1.2.27 « x 8 is a monomorphism, and thus a subobject of C* .

Remark 2.2.15. In the case were A = B and a = 3, we will write A = A AT, We
extend this notation to triple pullbacks of the form

DEBTAC — 2y BEAC 2404

| - -, |
Us 1 cxx
dp

D+ B T B Co
A
D ———— (o

for subobjects of morphisms «, § and 4. Similarly, a subobject § X 5 X a : D B A —
C* % is induced by the universal property of C* <. For D B~ A% we write: B A¢
ifo=3, DB ifg=a,and B ifa=8=9.

Example 2.2.16. Considering the subobject of all morphisms, we have that C* = C;~
and C<5C =CF ¢,

We will usually need a particular subobject of morphisms to be closed under composition,
in an internal sense. Specifically, this notion will be used in the definition of an internal
factorisation system.

Definition 2.2.17. Let a: A — C; be an subobject of morphisms of an internal category
C in a category C with pullbacks. Then « is closed under composition if there exists a
morphism m,, : A — A such that the following diagram commutes:

aml la (CL)

cee 4 G

Remark 2.2.18. To see that that this is a reasonable definition, we consider the case when
C = Set. Then, in this definition, C' is a small category and A is a subset of morphisms
in C, with inclusion a. Then A being closed under composition means that for a pair of
composable morphisms (a1, az2) in A, m(a x a)(a1,a2) = ama(ai,az). As o and «a X « are
inclusions, this means that ma (a1, a2) = m(a1,a2) = ajaz, making the my4 the restriction
of m to domain A< ¥, a subset of C* . The fact that m 4 has codomain A then means that
every composition of morphisms in A in again in A. This agrees with the usual definition
of closure under composition on a subset of morphisms of a small category.

15



In this case, m,, as restriction of composition m, will inherit the associativity of m. We
show that this is true in the general internal case.

Proposition 2.2.19. Let C' be an internal category in a category C with pullbacks, and
let a : A — Cy be a subobject of morphisms that is closed under composition. Then the
following diagram commutes:

At Ty g
- ml lma (ASC)

AT ——— A

Proof. We observe that the following diagram commutes:

A —— A(—(—(— TLXMe pt
PB3
Ma
BNES
AT+ A<—<—<—

~ CL anmy Xm(axa) \ J{
Mea X T2 M X Ty
PB3 ¥ ( 2

A o+

el H
A——F3F7— C) ——

This gives the equality of morphisms amq (71 X my) = amg(me X m) : A< — Cy. Then
a is a monomorphism, so M (T X My) = Me (Mg X m). O

We may therefore apply the various forms of ASC to any composition morphism m, for
some subobject of morphisms «. We now also note that composition within a subobject of
morphisms is closed with respect to being contained in another subobject of morphisms.

Proposition 2.2.20. Let C' be an internal category in a category C with pullbacks, and
leta: A — Cy and B : B — C; be two subobjects of morphisms of C, both closed under
composition, such that o contains 3. Then the following diagram commutes:

mg

B —— B

Ba xﬁal lﬂa (CL)

A+ m

Proof. The following diagram commutes

B+ Baxﬂg A M,y
PB3 |
aXo CL la

+
afia Xafo CES —mo Cl
C A
BxpB CL ﬁ/' «
- -~ C
<
B i B A

and « is a monomorphism, so My (8y X Ba) = Bama.
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2.3 The Subobjects of Isomorphisms

Isomorphisms play a fundamental role in the definition - and many of the properties - of a
factorisation system. As we are working internally, we cannot consider individual isomor-
phisms. Thus, we internalise the notion of the class of all isomorphisms of a category.

Due to their many characterising properties, one may define an isomorphism in many ways.
It is convenient, in this context, to view them as morphisms that are both split epimor-
phisms and split monomorphisms. As such, we first internalise the notion of the class of all
split epimorphisms with a specified section, which are called points of the category.

Definition 2.3.1. Let C be an internal category in a category C with pullbacks. The object
of points of C' is the pullback:
Pt(C) —2— O+
_
ﬂll WJ (PT)
CO — &

Remark 2.3.2. As e is a split monomorphism, we have that 7o is a monomorphism. In
particular, o is a subobject of C* .

To understand this definition, we consider the case C = Set. Then, Pt(C) is the subset
of pairs of composable morphisms of the small category C, such that their composition is
an identity morphism. As such, the images of the composite maps 71m : Pt(C) — C; and
mome : Pt(C) — Cy will contain all the split epimorphisms of C' and split monomorphisms
of C, respectively. We can thus regard these composites in general as such. Note that they
will not be injective maps, and thus in general not monomorphisms, as the section of a split
epimorphism (or, dually, the retraction of a split monomorphism) is not necessarily unique.

Nonetheless, as mentioned, to be both a split epimorphism and a split monomorphism
is to be an isomorphism, which motivates the following definition.

Definition 2.3.3. Let C' be an internal category in a category C with pullbacks. Then the
object of isomorphisms of C' is the pullback:

Iso(C) —== Pt(C)
" - [t (1S0)

PH(C) —— )

272

Now, unlike for split epimorphisms, the “section” of an isomorphism - that is, its inverse
- is unique. We phrase this as “there is a correspondence between isomorphisms and their
inverses” and show this property internally. We first, however, consider the following lemma,
for its usefulness in calculation.

Lemma 2.3.4. For an internal category C in a category C with pullbacks, the following
diagram commutes:

Iso(C) 2525 0+ & Ts0(C)
(7r17r2771,7r27r2771>l em@l ledﬂ'l J/(‘IT171'27T2,71'27F27T2> (ISl>
A Cl m A

m

17



Proof. We observe that the following diagrams commute:

Iso(C) —2— Pt(C) —2= O 25 ()

Pt(C ST oee T2 o c
(mimamy,mamam1) | pg m PT \m iCc2 ™~
S . \ g
™2 C CO
PT IC2 J{
(oA

U

Iso(C) —— Pt(C) —2= 0 s ()

T2 ISO W2J{

s ™ cM

Pt(C) — 2 0 T, d
(T1mame, Mo w2 T2) PB \m PT \m IC2 \C

~ e o
o CO Cl CO
PT W le
[AmE - 02

O

Remark 2.3.5. The meaning of the above lemma is seemingly opaque, but it internally
describes that the composition of inverse morphisms are identity morphisms. This will
become clearer shortly, and we will revisit this lemma once the necessary tools are developed.
In the next proposition, the square is the same as that of 2.3.3, with the pullback projections
interchanged.

Proposition 2.3.6. For an internal category C' in a category C with pullbacks, the following
diagram is a pullback:

Iso(C) — Pt(C)
ml - J““” (1SO)
Pt(C) —

22

Proof. Firstly, we consider the following commutative diagram, to show that this square
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comimutes:
T2

Iso(C) —== Pt(C) == 0 — 2 (¢

T PB1
(ecmomama, Mama o) (ec 1)
1S1 c*
(m(w17r27r1,7r27r271'1> 71'271'2772)
—

Iso(C) ASC
H (7717r27r1,m(7r27r271'1,7r271'27\'2>
I1SO /103
ISO(C) —— (mmemy,m(m1 w22, 71'271'271'2
H Is1 (mimomy,edmimamy) (1 ed)
PB1

Iso(C) == Pt(C) —=> CTF —— 01

Then, by the universal property of Iso(C'), we obtain a morphism (my, 1), as in the following
diagram
TIso(C)

But then, we have that (ma,71) is an automorphism by the commutativity of the diagram

Iso(C) ), Iso(C)

~ PB1
(m2(m2,m1),m1(72,71)) bm 1)

ISO(C) ﬁ) ISO(C)

O

That the inverse of an isomorphism is unique gives that the canonical morphism from Iso(C')
to C7 should be a monomorphism. The above proposition indicates that there are two such
canonical morphism, which we give next.

Proposition 2.3.7. For an internal category C in a category C with pullbacks, we have
that the following composites are monomorphisms

s

Iso(C) —= Pt(C) == 0 s Oy

s

Iso(C) —/—= Pt(C) == 0 25 Oy

Proof. Consider an object K and morphisms u and v as in the diagram

K 7 Iso(C) 21 ¢ (a)

v

19



such that momemiu = momemuv. By ISO, we also have that mimomou = mymemev. Then,
observe that the following diagrams commute:

K —% 5 Iso(C) 2% 0« s ()

\11 (a) wzl cM J{d
I
(m1mamev, M2 T2 V) PB1 ISO(C) T M2 o c Co (b)
(7"171':71'2771'271'2772) IS1 J{e
~
ce« (oA - Co

K —Y 5 Tso(C) 202 0 25 ¢y

~
“\ () ™ CcM ¢
(mimemiu, T TR U) PB1 IbO(C) UELELE o d CO (C)
(mimamy, T T2 L)
ISO e
(mimamy, M TaT2)
o<+ (oA — OO

K —— Iso(C’) NiLLLN oA 7T4> C’l

H (mimomiu,edmymomiw) (1 ed)

(b) \
wum 1TV, T T T2 V) CFH
H (m(mymamiu, 7r17727r2v),7r271'27r2v

— (m{mimamiu, 7r1ﬂ'27r2u),7r27r27r2v C+ 4) Cl

+~ IC3
H 607T27T27T2’L},T{'27T27\'2’U> (ec, 1>/
/ PB1 !

K T> ISO(C) — CT% T> Cl
ISO

272

T2

meaning that mimomu = mymemv. By 2.3.6, we also have that momomou = momamav. Now,
consider the following four equalities of composites K — Cf:

TQTT U = M7V TQTMoT1U = TToT1V

T1TTT2U = T TQTV TQTMoToU = TV

We note that the leading morphisms 7, and w5 are the projections for C* ¢, and thus are
jointly monomorphic. Thus we have the equalities of composites K — C*<¢:

TTM1U = TV TTU = TQT2V

The leading morphism 79 is a projection of Pt(C), which by the remark 2.3.2 is a monomor-
phism, so we have the equalities of morphisms K — Pt(C):

mTiU = TV ToUu = TV

Here the leading morphisms are the projections of Iso(C), and are jointly monomorphic.
We may thus conclude that u = v and so mamam; is a monomorphism. Recalling the
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automorphism (e, m) from 2.3.6, we observe that mimom is isomorphic to memam by the
following commutative diagram

Iso(C) — Pt(C) —2» O s O

PB 7
(ma,m1) /”2 1SO o

and thus mymem is also a monomorphism. O

We now have the necessary results to define the subobject of isomorphisms, and determine
its properties, allowing us to avoid complicated calculations as in the above. As suggested
by 2.3.7, we will speak of two (albeit equivalent) subobjects of isomorphisms.

Definition 2.3.8. Let C be an internal category in a category C with pullbacks. The
subobjects of isomorphisms of C' are the subobjects of morphisms:

0 = Tomam = W Tems : Iso(C) — C4 (ISO)
o' = mmam = mamamsy : Iso(C) — C4

Remark 2.3.9. We note that o and ¢’ are isomorphic as o = ¢’ {my, m) from the proof of
2.3.7 and are thus equivalent as subobjects of C;. We distinguish these two subobjects for
their interactions with each other, and in particular consider ¢ to be the primary subobject
of isomorphisms. For example, we define Iso(C)* ¢ as the pullback:

Iso(C)< - Tso(O)

m | - CGJ (CM)

Iso(C) —27— ¢,

We may now reconsider 2.3.4 under this new notation.

Proposition 2.3.10. Let C be an internal category in a category C with pullbacks. Then,
the following diagrams commute:

Iso(C) —2— Iso(C) <0
U/l cl G'J/ cl (ISO)
Cl # C() Cl A CO
Iso(C) —2— Oy —2— ¢ Iso(C) —Z— ¢ —2— ¢
| e, | e
c, oA e c, O+ e (ISI)
CJ/ \m CJ/ \m
N N
CO © Cl CO € Cl
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Proof. The commutativity of the first two diagrams follows from the commmutative dia-
grams

Iso(C) z 4 Iso(C) z 4
\77271'1 Iso o -~ \7‘,2,“.2 ISO 7o A
N pd ~ pd
o' 1SO ce c o 1SO ce c
e e
’/ T CM I/ T CM
Ch d Co Gy d Co

This asserts the existence of (o,0’) and (0’,0). Then the commutativity of the second two
diagrams is exactly the commutativity of the left and right square in lemma 2.3.4 under
definition 2.3.8, respectively. O

Remark 2.3.11. Given this proposition, it should be clear that ¢ and ¢’ point to inverse
isomorphisms in C internally, so that these commutative diagrams says that the composi-
tion of inverse isomorphisms is the identity morphism of the suitable domain or codomain
object. This, of course, is a characterising property of isomorphisms, which may be inter-
nally phrased by the following proposition. Note that we now require our category C to
have products as well as pullbacks, and thus assume it to be finitely complete.

Proposition 2.3.12. Let C' be an internal category in a finitely complete category C. Then
the following square is a pullback:

ISO(C) <<‘7 7‘7)7(‘770 >) C:

-
(d,c)ai J{me (ISO)

Co x Cy —xr C1 x Cy
where C= is defined as the following pullback

cs 2 o+
_
T l(ﬂ'Q,ﬂ'l) (BAF)
Jon ik o AN
Proof. Firstly note that the existence of ((¢/,0), (0,0”)) : Iso(C) — C= follows from the
definition of C=, and the fact that the square commutes follows from 2.3.10. Now, assume

that there exists an object () and morphisms ¢; and g2 such that the following diagram
commutes:
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We firstly observe that the following diagram commutes by PB

Q
X
q1
O+ 1 cs T2 O+
| i
Co "] Co m
\ ~ J{ \
exe
‘ s \) s
Ch : Cy x Oy = Cq

Which induces, by the universal property of Pt(C), the two morphisms

(miq1,m@q2) : @ — Pt(C)
(T2q1, T2q2) : Q — Pt(C)

Then the following diagram commutes,

0 (m2q1,7242) Pt(C)
R‘ PB 7T2J/
(m1q1,7142) c= *}ﬂv c*

PB
7r1J/ BAF 71'1J/

s

Pt(C) 2= 0 2 Oy

which induces the morphism

q = ({m1q1,T1q2), (T2q1, T2q2)) : Q@ — Iso(C)

(b)

by the universal property of Iso(C). We now show that ¢ is the universal arrow making the

desired square a pullback by observing the commutativity of the following diagrams:

T1q2 NA‘
)Iso SLLLENYs i py Iso(C SLELENYo i
o n ISO
292 \mm ISO lm 292 s \ p J{m
1SO \ 1507~
C" —— O C" —— O
Q a Iso(C)
T PB1
H ({(o'q,09),{0q,0"q)) l((al-ﬁ)»("v”,))

(T192,m2q2)

()
Q (<W1ﬂ1qz7ﬂ2ﬂ1q2>7<“1”2@ c=
C‘:

Q q2
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C’QXCOLCO

S| \

(c) cre C 1C1

N, m 2 (d)
e Cgo/

T
Cy y
o o
C OO

Q Q Q
q (dogq,coq) 1 22 lql

I50(C) ——5—— Co x Co

We therefore have that ¢ is a universal arrow for the diagram

Q
\ , q2
\ ’
Iso(C)<<U—>’U>’<J’ o=
q1 I |
(d,c)o mem

Co x Cy exe, Cy x Cy

To show that ¢ is unique, assume that there is a morphism ¢’ : @ — Iso(C) such that
(d,c)oq = q1 and ((¢’,0),{(0,0"))q' = g2. Then the following diagram commutes:

Q 1 Iso(C)
K (C)
q C’S o
) T
(o' ) (o)) PB\2
—
Iso(0) z Ch
o is a monomorphism, so ¢ = ¢'. O

Remark 2.3.13. We note properties of the pullbacks in 2.3.12 for ease of later calculation.
Firstly, for some two morphisms (a, b), (a’,b’) : X — C** the diagram

XN

C:’ T2 O+
(a.b) ) l - l(
™ T2,71)

cee ™) ooy
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commutes if and only if a = &’ and b = @/, in which case the universal property of C= induces
a morphism ({(a,b), (b,a)) : X — C=. Considering 1.2.14, we observe that any morphism
X — C= is of the form ((a,b), (b, a)). Next, consider two morphisms (a’,t’) : X — Cj x C
and ({a,b), (b,a)) : X — C=. Then the outside of the diagram

COXCOLclxcl

commutes if and only if m(a,b) = ea’ and m(b,a) = eb’, in which case & is induced by the
universal property of the pullback. Then the commutativity of
X b
~
({(a,b),(b,a))
\ —
K C=7 —mm2— (O

1
({o’,0) (a,0"))
7
Iso(C) 7

means that ok = b. In the case that b is a monomorphism - and thus a subobject of
morphisms of C' - we have have that b < o and k is a monomorphism.

Now that we have a developed notion of the subobject of isomorphisms, we make the fol-
lowing definition, which we will use in defining an internal factorisation system.

Definition 2.3.14. Let a: A — C be a subobject of morphisms of an internal category C
in a category C with pullbacks. If o contains o, then we say that « contains all isomorphisms
of C.

Remark 2.3.15. Note that as ¢ and ¢’ are equivalent subobjects of C7, a subobject of
morphisms « : A — C; contains all isomorphisms of C' if and only if it contains o”.

Of course, every identity morphism is an isomorphism. We show this internally.

Proposition 2.3.16. Let C be an internal category in a category C with pullbacks. Then
o contains all identities of C'.

Proof. Firstly note that by IC1, the universal property of C ¢ induces the morphism
{e,e) : Cy — C*. Then, the existence of {(e,e), (e,e)) : Co — C= follows from remark
2.3.13. Next, observe that the following diagrams commutes:

Co
H N (ee)
IC1

.
Oy L s (a)

PB1
el (1,ed) m
~  1C3
1 Cq
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CO <<€,€>,<6,6>> C:

PB2
H<mmmm> ym

This then induces the universal morphism e, : Cy — Iso(C) making the following diagram
commute:

({e,e),(ee))

cs
W%
Co x Cp ——=— C1 x C4
Lastly, we have that e < ¢ from remark 2.3.13. O

Corollary 2.3.17. Let o : A — C; be a subobject of morphisms of an internal category C
in a finitely complete category C. If a contains all isomorphisms of C then it contains all
identities of C'. In particular, eq = 0p€4.

The composition of isomorphisms is again an isomorphism. Thus, the class of isomorphisms
of a category is closed under composition.

Proposition 2.3.18. Let C be an internal category in a finitely complete category C. The
subobjects of isomorphisms of C are closed under composition.

Proof. Given that o and ¢’ are equivalent, we need only show that ¢ is closed under com-
position. Firstly, note the existence of o x o : Iso(C)** — C* . The commutativity of
the diagram

Iso(C)< < — Iso(C) 0

”Ql M 1S0
Iso(C) o c
7 J, IS0

Cl d CO

induces the morphism (o'my, 0’'m1) : Iso(C) — C* by the universal property of C*< <.
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Then the commutativity of the diagrams

Iso(C)re X4 0 —— ™ ()
(o'm2,0"m1) \’Tl\) PB\Wl IC2
c pB  Iso(C) —— Oy
o~ l"/ .
m ™ cy 1S0 c
IC2 \
C1 4 Co
Iso(O)« X% 0 —— ™ 5 Oy
O . e o 1C2
ce PpB  Iso(C) ——
\m L" 4
m S y IS0 d
IC2 \
Ch < Co

respectively induce the two morphisms
(m{o'ma,0'm1),m(o x 0)) : Iso(C)T — CT%

(m(o x 0),m{c’ma,0'm)) : Iso(C)TC — CC
by the universal property of C* . By remark 2.3.13, we have the morphism
((m{c'ma, 0'm ), m(o x 0)), (m(o x o), m{c"my, 0'm))) : Iso(C) = C=
Now, we observe the commutative diagrams:

(o' m1,0m1)

Iso(C)< ¢
\\ - PB1 <a’/ ,a)ﬂ
o Iso(C)

cM
/ m (a)
om.07ma) PB1 \ dUJ, 1S1

Iso(C) —“Z— Cp

- N

(o,0") IS1 e

(Oamm C,
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o' ma,0' 1), m(oxo))

Iso(C) ™ O+ m o
PB — o~
H (m{o’m2,0' m1),m(om1,0m2)) ASC /m
Iso(C) — (o'mem(m(o’m,om),oma)) — CF
H (a) (0'/71'27m<€CO'7T27(T7T2>>PB1 H 1s1 ed
-
ISO(C)HH (o' m2,m(ec,1)oms) [
H IC3 (o' ma,0m2) T<0”,0‘>
PB1
Iso(C)* 71'2 Iso(C) —— C4
Tso(C) MM T T o m e
/ /f
H (m{om,ome),m(c'ma,0" w1 )) ASC /m
ISO(C’)HH — (m{om,m{oms,0’ m2)),0’ w1) [Cams
/ ) IS1
H ﬂn(aﬂ'l,eda‘/ﬁ},a ) PB1 H ec
ISO(C)HF (m(l,ed)oﬂl,o"wl)? <
H IC3 (om1,0'71) T(U,a")
- PB1
Iso(C)< ¢ - Iso(C) —— C4

It then follows from remark 2.3.13 that we obtain a universal morphism m, : Iso(C)** —

Iso(C) making the diagram
Iso(C)*

((m{o' 72,0’ 1), m(ox0)),(m(ocxo),mi{c’ m2,0'71)))

C‘:

o o]

C()XCO exe — CGCl

(doma,comy)

commute. In particular, we have that om, = m(ox0o), so o is closed under composition. [J
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3 Internal Factorisation Systems

We begin by recalling the definition of a factorisation system and considering various prop-
erties of the structure. We then internalise two conditions of a factorisation system for
which we have not yet done so. Finally, we introduce the internal factorisation system and
provide a general example.

3.1 Factorisation Systems

To develop the notion of a factorisation system, one must start with the concept of orthog-
onality of morphisms.

Definition 3.1.1. Let C be a category, and let f : X — Y and g : X’ — Y’ be two
morphisms in C. f is orthogonal to g, written f | g, if for all morphisms u : X — X’ and
v:Y — Y’ in C with vf = gu, there exists a unique morphism z : ¥ — X’ such that u = z f
and v = gz, as in the following commutative diagram

x5y

ul e lv
>
X sy

Remark 3.1.2. Observe that, on the other hand, for morphisms f and g as in the above
definition, for any morphism 2’ : Y — X', we obtain the following commutative diagram by
composition

x5y
’ 1 / 1 ’
2 2! 192

v v
X -y

In particular, it is easily seen that 2’f and gz’ are the unique morphisms X — X’ and
Y — Y/, respectively, making the above diagram commute. It follows that to say f | g is
precisely to say that there is a correspondence between diagrams in C of the two forms

/ f

X —Y X —Y
X/(Y’ X/ 9 Y’

This is key in how orthogonality is defined in an internal setting, and may in fact be phrased
as a pullback of Hom-sets of C in the category Set, as observed by Kelly (see e.g. diagram
(6.3) of [8]).

Proposition 3.1.3. Let f: X — X' and g : Y — Y’ be two morphisms in a category C.
Then f | g if and only if the following diagram is a pullback in the category Set:

Homc(f,X')

Home (Y, X') Home (X, X')
|
HomC(Y,g)l lHomc(X,g)
1 /
Home(Y,Y”) 4>Homc(f,Y') Home(X,Y”)
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We make use of the expected definition of classes of morphisms being orthogonal.

Definition 3.1.4. Let £ and M be two classes of morphisms of a category C. Then & is
orthogonal to M, written £ | M, if for all morphisms e in £ and m in M, we have that
el m.

We briefly consider some examples to familiarise ourselves with this notion.

Example 3.1.5. The definition of orthogonality 3.1.1 may remind one of the definition of a
strong epimorphism. Indeed, it is true that if StrEpi(C) is the class of strong epimorphisms
and Mono(C) is the class of monomorphisms of some category C, then StrEpi(C) | Mono(C).
In the case that C is a regular category, regular epimorphism coincide with strong epi-
morphisms, so if RegEpi(C) is the class of regular epimorphisms of C, then RegEpi(C) |
Mono(C). We will revisit this latter example shortly.

The next consideration in defining a factorisation system is that of a category having a
particular type of factorisation.

Definition 3.1.6. Let £ and M be classes of morphisms of a category C. Then C has (€,
M )-factorisations if for all morphisms f : A — B in C, there exists morphisms e : A — T
in & and m : I — B in M such that f = me, as in the following commutative triangle

A—71 B
I
We call the composite me or the pair (m,e) a factorisation of f.

Example 3.1.7. The classical example of such a factorisation occurs in the category Set.
For every morphism, that is, map, f : A — B in Set, there is a canonical factorisation of f

where f(A) is the image of A under f, p is the canonical surjective map into this image, and
¢ is the inclusion of the image into the codomain B. In Set, surjective maps are precisely
epimorphisms and inclusions are monomorphism, so Set has (Epi, Mono)-factorisations,
where Epi and Mono are respectively the class of epimorphism and monomorphisms in Set.
It is worth noting that this archetypal example inspires the notation used for a factorisation
system.

Example 3.1.8. A regular category C may be defined as a finitely complete category with
pullback stable (RegEpi(C), Mono(C))-factorisations. The fact that the constituent classes
of morphisms are also orthogonal, correctly suggests that they form a factorisation system
on C.

Definition 3.1.9. Let C be a category and let £ and M be two classes of morphisms of C.
Then the pair (£, M) forms a factorisation system on C if the following four conditions are
met:

30



FS1. £ and M contain all the isomorphisms of C.
FS2. £ and M are closed under composition.
FS3. €] M.

FS4. C has (€, M)-factorisations.

Example 3.1.10. It is easily show that RegEpi(C) and Mono(C) both contain all isomor-
phisms and are closed under composition for some regular category C. This confirms that
(RegEpi(C), Mono(C)) forms a factorisation system on C.

Example 3.1.11. For any category C, the pair (Iso(C), Cy) of classes of isomorphisms
of C and all morphisms of C, respectively, forms the trivial factorisation system on C.
The generality of this example will allow us to provide an analogous notion on an internal
category later.

We now consider various well known properties of factorisation systems.
Proposition 3.1.12. Let (£, M) be a factorisation system on a category C. Then,
1. e in & if and only if for allm in M, e | m.
2. m in M if and only if for all e in &, e | m.
What this means on classes may be phrased as follows.

Corollary 3.1.13. Let (£, M) be a factorisation system on a category C. Then, for classes
of morphisms &' and M’ of C,

1. £} M if and only if M’ C M.
2. & | M if and only if &' CE.

In particular, this may be understood as the components of a factorisation system £ and
M determining each other, in the following sense.

Proposition 3.1.14. Let C be a category, and let (£, M) and (', M’) be two factorisation
systems on C. Then, € =&’ if and only if M = M.

By the definition of a factorisation system, £ and M both contain all isomorphisms of the
category. It is straight forward to show that this is precisely the subclass of morphism for
which they agree.

Proposition 3.1.15. Let (£, M) be a factorisation system on a category C. Then ENM =
Iso(C), where Iso(C) is the class of all isomorphisms of C.

We now define what it means for a class of morphisms of a category to have the right- or
left cancellation property.

Definition 3.1.16. Let A be a class of morphisms of some category C. Then A satisfies
the right cancellation property if for all pairs of composable morphisms of C,

A%B%C

such that f is in A and their composition gf is in A, we have that g is in A.
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Definition 3.1.17. Let A be a class of morphisms of some category C. Then A satisfies
the left cancellation property if for all pairs of composable morphisms of C,

A-t.p_*2,¢
such that ¢ is in A and their composition gf is in A, we have that f is in A.

These properties are respectively satisfied by each of & and M of a factorisation system.

Proposition 3.1.18. Let (£, M) be a factorisation system on a category C. Then, £ has
the right cancellation property and M has the left cancellation property.

We now move on to a central property of a factorisation system, that their factorisations
are essentially unique. Note that in the next definition, we do not necessarily require the
pair (£, M) to be a factorisation system.

Definition 3.1.19. Let C be a category with (£, M)-factorisations. Then these factorisa-
tions are unique up to isomorphism if for all morphisms f : A — B in C, and every two

factorisations A = I = B and A = I’ ™5 B of f, there exists a unique isomorphism
¢ : I — I’ making the following diagram commute

A—L B
E, I m'

@

~

1

~

Proposition 3.1.20. Let (£, M) be a factorisation system on a category C. Then (£, M)-
factorisations are unique up to isomorphism.

This proposition directly follows from the fact that in definition 3.1.19, under the assumption
that (£, M) is a factorisation system, e | m’ and ¢’ | m. However, the strength of this
property is exhibited by the fact that under the assumptions of FS1, FS2 and FS4, it may
replace the orthogonality condition.

Proposition 3.1.21. Let £ and M be two classes of morphisms of a category C such that
the pair (€, M) satisfies FS1, FS2 and FS4. Then the following are equivalent:

1. (€, M) forms a factorisation system on C.

2. (£, M)-factorisations are unique up to isomorphism.

3.2 Internal Orthogonality and Factorisation

In considering the definition of a factorisation system 3.1.9, we already have internal notions
of FS1 and FS2. We now aim to internalise orthogonality and (£, M)-factorisation.

As we are working without elements, we utilise definition 3.1.4 on the orthogonality of classes
of morphisms. We make particular use of remark 3.1.2 and the correspondence mentioned
therein. We first give the definition of internal orthogonality, then provide motivation.
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Definition 3.2.1. Let C be an internal category in a category C with pullbacks. Let
e: E— Ciand u: M — C7 be two subobjects of morphisms of C. Then ¢ is orthogonal to
w, written € | u if the following diagram is a pullback

m(pux1)Xmo

M<CfEC CrE
_
g1 Xm(lxa)J{ m(lxs)J{ (OTH)
Moo — D

Before we motivate this definition, we consider the nature of the pullback above.
Remark 3.2.2. Firstly, observe that the square always commutes by the following diagram

m(puX1)Xms

M*~C{E- CrE*
T PB3
\ m(pux1l)xems llxa
w1 Xm(lXe) pmr Xxm(lxe) B o
\ ASC l
PB3 m
M“C’{* pux1 o Cl

Next, assume that € | u, and consider morphisms (a,b) : X — M*C{ and (¢/,V) : X —
C{ E* making the outside of the diagram below commute. This induces a universal arrow
(€1,€,&) : X — M C{ E* making the whole diagram commute

X . (a’,b')
<£1 3 Ez)

m(pux1)xmo

M“C“E“ CE“ (a)
|
J,ﬂl xm(1xe) m(lxe)l
Meof — Do
Then, we have that the following two diagrams commute:
&1
TPB
— > M C{ES — M
(5175 &2) ‘ T
H (a) w1 xm(lxe) PB H

~
T

X Y yeor My

PB

a
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&2

TPB
— > MYC{ES —— F
(€1,6, 52) \ 22
H (a) m(pux1)xma H

X4b>>CfE“4>E

PB
b/

This means that the induced universal arrow is of the form (a, &, b’). Then, observe that the
following two diagrams commute:

X X
-
(a,€)
. '
T MECOE
J/ﬂ’l(/l.)(l))(ﬂz uxll

eEe PB (oA

I =

PB2
(pa,&)

—
(&,0")
. K
M<C{ET —= M“Cf
PB2
J/mxm(lxe) 1><5J/

CfES  pB  CF%

(€,eb")

Therefore, the universal property of OTH induces a unique morphism ¢ : X — Cy which
makes the following diagram commute:

Ma{) O 55b> O+
\ lm \ lm (OT1)

On the other hand, any morphism ¢ : X — C} satisfy these triangles will produce a mor-
phism (a,&, V') : X — M<C{ EY which satisfies the universal property of OTH. We
may therefore conclude that the universal property of this pullback is that (a,b) and {(a’, ")
induce the unique morphism & : X — C; satisfying OT1.

Additionally, for use in later calculation, note that by remark 1.2.14, a morphism £ sat-
isfying the above diagrams, will also satisfy the following diagrams:
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X =0 =0

ual l jj l (0T2)

c, —4 5 ¢y C1 —— Co

With the details of the pullback OTH established, we now carefully consider the next
proposition to motivate the internal definition of orthogonality.

Proposition 3.2.3. Let C be an internal category in the category Set. Lete: E — Cy and
w: M — Cy be two subobjects of morphisms of C. Then € | u, as in the above definition, if
and only if E | M as subsets of morphisms of C, viewed as a small category, as in definition
3.1.4.

Proof. Let us firstly recall that C' will be a small category and F and M will be subsets
of morphisms of C, with respective inclusions ¢ and u. Then M C{ is the set of pairs

of composable morphisms of C, X = Y 1y 7 with f in M and the morphism m(p x 1)
maps such a pair to their composition X EANyS Similarly, C7~E¥ is the set of pairs of

composable morphisms X 2y 2% Z with g in E and the morphism m(e x 1) maps such a
pair to their composition X ~% Z.

Now, let us assume that F | M as subsets of morphisms of the small category C. Let
(a,b) : K - M*Cf and (¢/,V) : K — Cf E* be two morphisms in Set which make the
following diagram commute:

K (a’,b")
M(;C{;Ee m(puXx1)Xms o
(a.0) J/ﬂ'l xm(1xe) m(IXE)J
M(_CI_ m(pux1) o)

Then, for all x € K, the commutativity of the outside of this diagram means that the
following square commutes in C,

b’ (x)

where ¥’ (2) is a morphism in E and a(z) is a morphism in M. Then, E | M implies that
b'(z) | a(x) so there exists a unique morphism z, : ¥ — X’ such that z,b' () = b(x)
and a(zr)z, = a/(x) in C. We then define the function £ : K — 4 in Set which maps
each z to &(x) = z,. It follows from the definition of each z, that £ satisfies the equations
&(z)b' () = b(x) and a(x)é(x) = o/(x) in C. But this is precisely what it means for £
to satisfy the commutative triangles of OT1 in Set. The uniqueness of £ is given by the
uniqueness of each z, so by 3.2.2, £ is the desired universal morphism, which makes the
square OTH a pullback. Therefore, € | u.
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On the other hand, let us now assume that € | u, so OTH is a pullback. Let f: X — Y in
Eand g: X' — Y’ in M be two morphisms in C, and consider morphisms « : X — X’ and
v:Y — Y’ in C such the following diagram commutes in C:

x5y

o |»

X’T>Y’

Noting the singleton set 1 = {x}, this data may be considered as a pair of maps {(a,b) :
1 -5 M“C{ and (d/,V) : 1 — C{ EY in Set, defined by a(x) = g, b(x) = u, a'(x) = v
and V' (x) = f. Then, the commutativity of the above square means that the outside of the
following diagram in Set commutes, which induces a unique universal morphism ¢ : 1 — C}
making the whole diagram commute.

1 - (a’,b")
(a,&,b")

Y

M*<Ci EC

~

m(pux1)xmwo

CTET
|
lm xm(1lxe) m(1><g)i
MOy m(pux1) c,

By remark 3.2.2; this implies that the following two triangles of OT1 commute:

1 (pa.€) oA 1 (€07 O+
RN S
Gy G

Following these diagrams for the element * of 1, we get that a(*)€(x) = a'(x) and &(x)V/ (x) =
b(x), which is to say that g&(x) = v and &(x)f = u in C. Noting that £(x) is unique as & is
unique, we have that f | g in C' and therefore £ | M. O

We now move on to the notion of an internal category having factorisations. It is relatively
straight forward to internalise definition 3.1.6, with some careful considerations.

Consider a small category C' as an internal category in Set, and let £ and M be two
subsets of morphisms of C, with inclusions € : E — Cy and p : M — (4, respectively,
into the set of all morphism of C. Then, to say that C has (E, M)-factorisations is to say
that there exists a map 7 : C; — M E* which assigns each morphism f of C to a pair
of composable morphisms e in £ and m in M such that me is a factorisation of f. This
last statement means that f = me, which may be phrased in terms of 7 as the condition
m(u X €)7 = 1¢,, noting that the map m(u x €) : M ES — (C assigns the pair (m,e) to
their composition me. We thus arrive at the following definition:

Definition 3.2.4. Let C be an internal category of a category C with pullbacks. Let
e: E — Cyand p: M — C; be two subobjects of morphisms of C. Then C has (g, u)-
factorisations if there exists a morphism 7 : C; — M E* such that m(u x )7 = 1¢,.
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Remark 3.2.5. Firstly, note that the above definition is equivalent to requiring the mor-
phism m(u X €) to be a split epimorphism. Dropping this back into the context of C = Set,
we observe that the Axiom of Choice says that every epimorphism in Set is a split epimor-
phism. As we model internal categories, and indeed internal factorisation systems, from
this context, it is reasonable to consider defining a general internal category C' as having
(e, p)-factorisation if m(u X €) is an epimorphism. In fact, one may ask this morphism to
be any strength of epimorphism (regular, strong, extremal, etc.). However, as the strongest
requirement we impose on C is that it is finitely complete, it will not in general have a
notion of the Axiom of Choice. Furthermore, the explicit existence of 7 allows for us to
internally refer to factorisations of the morphisms of C. We thus conclude that definition
3.2.4 is suitable.

Remark 3.2.6. We will often use the following form of the fact that an internal category
has (e, pu)-factorisations in calculation:

(/LTI’lT7E7T2T> C<_<_
1
PB1 (umi,em) H
- PB

Cp —7—= MTES -uxey CTF (Fl)
X o

3.3 Internal Factorisation Systems

We are now ready to define an internal factorisation system on an internal category C.

Definition 3.3.1. Let C' be an internal category in a finitely complete category C. Let
e: E— Cyand p: M — Cy be two subobjects of morphisms of C. Then the pair (g, u)
forms an internal factorisation system on C' if the following four conditions are met:

IFS1. € and p contain all isomorphisms of C: There exist morphisms 0. and o, such the
following triangles commute

IFS2. € and p are closed under composition: There exist morphism m. and m, such that
the following squares commute:

E e T B LV Ay U
EXEJ/ sl uxul #l
cte 25 ¢y ces 50
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IFS3. € | p: The following square is a pullback:

m(puXx1)Xms

M*CFE* CC B
_
wlxm(lxs)l m(lxs)l
MeCf m(pux1) c

IFS4. C has (g, p)-factorisations: There exists a morphism 7 such that m(u x )7 = 1¢,

Remark 3.3.2. It is clear from our reasoning throughout, that an internal factorisation
system on an internal category in Set is precisely a factorisation system on the corresponding
small category.

We now proceed to consider an explicit example of an internal factorisation system. In
particular, we internalise the example 3.1.11 that (Iso(C),C;) is a factorisation system on
a general category C.

Proposition 3.3.3. Let C be an internal category of a finitely complete category C. Then
the pair (o,1¢,) forms an internal factorisation system on C.

Proof. Firstly note that o : Iso(C) — C; and 1l¢, : C; — Cp are the subobjects of iso-
morphism and all morphisms, respectively. We need to show that this pair of subobjects of
morphisms satisfies the conditions IFS1 - IFS4. ¢ trivially contains all isomorphisms of C
and 1¢, contains all isomorphisms of C' by 2.2.11. Next, o is closed under composition by
2.3.18 and 1¢, trivially is too.

We now show that o | 1¢,. Consider morphisms (a,b) : Q@ — C*% and (¢/,V) : Q —
C{ Iso(C)¢ such that the following diagram commutes:

Q (a',b')

CHCf Tso(C) XT3 O Tso(C) (a)
lﬂ'l xm(1xo) lm(lxa)

cte —2—— ()

(a,b)

Observe that the square in the above diagram, which we aim to show is a pullback, commutes
by remark 3.2.2. Next consider the commutative diagram

b/
I
Q Z so(C)
(')  PB w2
~ — ,
CiTso(C)* o ¢
<avb> 1>‘<0’ PB
i b
b @ CC —m—C 150 C) (b)
PB |
<+ IC2
ce +> Cl d ¢
™2 IC2 d
C1 d CVO
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This induces the morphism (b,o’d’) : Q@ — C* . We show, via remark 3.2.2, that the
morphism m(b,o’b’) : @ — C; satisfies the universal property of the square of (a). The
next diagrams commute:

(ob’,0'b")

Q e
., PBI / IS
(a/vb/>l PB \ (o,0") 1
o(PB CfIso(C)* —= Iso(C) —— C1 /. (c)
WlJ/ M C\L
Cl P C’0
(a m(b,a’b’)) O+

H (m{a,b),o’d) ASC m

Q —<m(1m)<a ,b'),@ c, =2 C
H PB2 o (at) o) ASC %

/

(a ;m{ob’ ,a'b)y — CT
~ IC3
| i e
PB1 ‘
/ G

This last diagram means that m{a, m(b,c’t’)) = o', which is the first condition of OT1.
We similarly have that the following two diagrams commute:

('t ,ob")
C‘_‘_ L N 011

Qﬂ [ =
Iso(

o(C) —— C e (d)
(a) dl
d CO

(m(b,0’b"),ob")

Cq

Q ~
(bym(c’b’,ob)) ASC lm
™~
(d) ceC e O
(b,edb) <1;d>y
PB1 |
Q—— O

The last of these diagrams is the second condition of OT1. We finally need to show that
m(b,c’b’) is the unique morphism @ — C; satisfying this condition. Let k : Q@ — C; be a
morphism such that the following diagrams commute:

O+ K <k>gb/; O+

O RLIN
X [ x [ (e)
Cy Cq
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Note that the existence of (k,ob’) implies that dk = cob’. It then follows that the following
diagram commutes

Q——
~ PB1 |
H (k,edk) (1,ed)\
(e) ™~ ¥ IC3
Q 7(1@600’6'}% C<_<_ T> C]
(d) s
H (k,m{cb’ ,0'b'y)y ASC mT
Q —— (m(k,ob'),0’b ) ce<

(b,o'b")

K
Q

We may thus conclude that k¥ = m(b,c’b’), so m(b,o’d’) is unique, and thus, by remark
3.2.2, the square of (a) is a pullback, so o | 1¢,.

We lastly need to show that C has (o, 1¢, )-factorisations. That is, that the morphism
m(1l x o) : CfIso(C) — Cy is a split epimorphism. Observe then, that the following
diagram commutes:

C1 —4 Cy —22 Tso(C)
\ N, ©

which implies the existence of the morphism (1,e,d) : C; — Cf{ Iso(C)*. Finally, the
following diagram commutes:

Cf —————(C
~~ C I

(1,ead>l (1,0esd) <1’ed>k
PB2 S v

C+Tso(C) Ce Cy

(1xo) m

So by setting 7 = (1, e,d), we have that m(1 x o) is a split epimorphism, so C has (o, 1¢, )-
factorisations. O
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4 Properties of Internal Factorisation Systems

We may now proceed to consider properties of internal factorisation systems. These prop-
erties present as internal forms of the various properties of factorisation systems detailed in
3.1.

4.1 enp=1Iso(C)

Recall that in the category Set, if A and B are subsets of some set X, with respective
inclusions « and 3, then the intersection of A and B may be given by the following pullback
in Set:

AnB -5 B
L
A—=— X
In general, for two subobjects a: A — X and 8 : B — X in some category C with pullbacks,

one then defines the intersection of these subobjects by the following similar pullback in C:

anp —4 B
|
WlJ{ ﬁi
A—>—+ X
In particular, note that as pullbacks preserve monomorphisms, m; and 7o will respectively

be subobjects of A and B, as one would expect. With this fact and 3.1.15 in mind, we have
the following proposition.

Proposition 4.1.1. Let C' be an internal category in a finitely complete category C. Let
e: E— Ci and p: M — Cy be two subobjects of morphisms of C which satisfy IFS1, IFS2
and IFS3. Then the following square is a pullback:

Iso(C) —“—= E
aul - J (IEM)

M—t
Proof. Firstly, note that by the following diagram, the above square commutes:

Iso(C) —Z“— E

IFS1
op \0' la
IFS1 M
M T> Cl

Next, assume that there exists an object () in C and two morphisms ¢; : @ — M and
g2 : Q@ — F such that the following diagram commutes:
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Iso(C) —~“= E (a)

"N %

M%Cl

We have that the following diagrams commute:

M- 0y — E—5 0y —
N
c, —4 ¢, Ci —— Cp

which induces the morphisms (1,edu) : M — M C{ and (ece,1) : E — C{ E* by the
universal properties of M C;~ and C{ E* respectively. Next, we observe that the following
diagram commutes:

(eceqz2,q2)
PB1
q (ece,1)
N ECCF
™~ PB2
(hl e (ecge) llxs
PB1

(q1,eduqr) | PBL M % Cy —(ee1)» O

|
a, edu) ueam (1 ed>y J
+ PB2

Mecl T) C<—<— 4) Cl

This induces, by the universal property of the pullback OTH and remark 3.2.2, a morphism
& : Q — C; which makes the following two diagrams commute:

0 (Mthyfz O+ 0 <§7EQ2; O+

BN N
Cq

Cq

Now, by assumption, we have that pg; = g2, so by remark 2.3.13 we have the morphism
((&,eq2), (g1, €)) : Q@ — C7. Then, again by remark 2.3.13 and the above commutative
triangles we have a universal morphism & : @Q — Iso(C) such that ok = ug; = £qo. By IFS1,
we obtain the following equalities of morphisms:

HOpk = pq1  E0eK = €42

Then, as p and € are monomorphisms, we obtain that o,x = ¢ and o.x = g2, so that
Kk : Q — Iso(C) is a suitable universal arrow for (a). We lastly show that x is the unique
such morphism. Let &’ : @ — Iso(C) be a morphism such that o,x" = ¢1 and o.x" = ¢o.
Then o,x" = o,k, and o0, is a monomorphism, so k = x’. O
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4.2 Factorisation Unique up to Isomorphism

As mentioned in 3.1.21, the strength of the fact that factorisations of a factorisation system
are unique up to isomorphisms is expressed in that it may be interchanged with the or-
thogonality condition in the definition of a factorisation system. We now aim to internalise
this property. One may observe that the internal definition of the essential uniqueness of
factorisations is similar to that of orthogonality. We use the following motivation to explain
this.

For a category C with an (€, M) factorisation system (for some classes of morphisms &
and M), for these factorisations to be unique up to isomorphisms is to say that for any four
morphismse: A I, ¢/ :A— A infandm:I — Bandm': I’ — B in M such that the
following square commutes:

there exists a unique isomorphism z : I — I’ making the whole diagram commute. Let us fix
the morphisms e and m’, and consider an isomorphism 2’ : I — I’. Then, by composition,
we obtain the following commutative diagram:

;1
z el

//
z
v’ ~
' — B
m

i
m z

A—L-T

~

Now, by the facts that, as an isomorphism, 2z’ is in £ and M and that both of these classes
are closed under composition, we have that z’e and m’z’ are in £ and M, respectively.
Furthermore, z’e and m’z’ are the unique morphisms A — I’ and I — B (in these classes)
making this diagram commute. We may therefore say that for (£, M)-factorisations to be
unique up to isomorphisms is, for a fixed e in £ and m’ in M, for there to be a correspondence
between the diagrams

A——1T A—L-1T
U g
e m 2!

e
I' — B I' — B

where ¢/ is in £, m is in M and 2’ is an isomorphism.

Definition 4.2.1. Let C' be an internal category in a finitely complete category C. Let
€:FE — Ci and u: M — C; be two subobjects of morphisms of C' which satisfy IFS1 and
IFS2. Then (g, u)-factorisations are unique up to isomorphism if the following square is a
pullback:

M*Tso(C) B M0 DXT e pe
|
Ty XM, (agxl)l JW(MXE) (FUI)
MeE- 5

m(pxe)
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Remark 4.2.2. As was done for OTH in 3.2.2, we first consider the nature of this pullback.
Firstly, note that in the setup of the above definition, the square will always commute:

1xo,

M+ Iso(C)* M= s M
~ PB3
H KX POy L‘XM CL Jﬂ (a)
c ~

MHISO(C)H W O(—(— T> Cl

Iso(C)~E— 22X pee M=, |

H \&‘UEXSB3 J,EXE CL J,E (b)
C ~~
Iso(C)* E* ce — (O
oxe
M*Iso(C)* E< (10, X M*<E*
\
pmy (1Xo,)xems PB3 nxe
\) —
(@) JeY
71 Xme(oz%X1) m(puXo)xXems
—
pmxEme (7 ) M*Tso(C)* E* m
PB3 —
pmXm(oXe) ASC
M EC o+ < o
uxe m

Now, assume that (e, u)-factorisations are unique up to isomorphism, and that there exists
an object @ in C and two morphisms (a,b) : Q@ — M E< and (a/,V') : Q — M E<*
making the outside of the next diagram commute. This will induce the universal morphism
(€1,€,&) : Q — M* Iso(C)* E* making the whole diagram commute:

(a’,b")

(€1,€,82)

T4
M Tso(C)+ B X0 XTe ype pe (c)
_|
J/ﬂ'l Xme(oeX1) lm(NXE)
M<E*® &

m(uxe)

Then, the following diagrams commute:

3!
TPB

Q= — M“Iso(C)"E" ——— 3 M

(€1,€.62) ‘ R
H (e) 71 Xme(oeXx1) PB H
Q (a,b) M:Ee 1 M
PB

a
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&2
TPB

S1s 2

!
H m“,(lxaﬂ)xm PB H

2

Q —> M <—E‘— —F F
PB
X
Thus, the universal morphism is of the form (a, £, ). Then, we have that the following two
diagrams commute:

Q Q
\\(a,é,b’) TPB “V
M*Iso(C)T B —— M*“Iso(C)*
o <a’,b/>\(c)) lmH(IXaH)XTrQ PB2 a0,
PB /M“E“ PB Ixa,,
— "
M - M
Q Q
\\(a,g,w TPB <5V
M*Iso(C) T E< —— Iso(C) " E*
b fab) b\ J{ﬂ-lxmg(aaxl) PB2 | oew)
M<E< PB oox1
M/
E ‘/ me E<+

Therefore, given the morphisms (a, b) and (a’, b’),the universal property of FUI induces the
unique morphism ¢ : @ — Iso(C) such that the following diagrams commute:

(a cr,lg Jsf b’y

M+ ) g
\ Jm,l \ Jms (FU1)

On the other hand, given such a morphism &, we may obtain a unique universal morphism
(a,&,b') for the diagram (c). We therefore conclude that the universal property of FUI is
that (a,b) and (a’,b’) induce a unique morphism & : @ — Iso(C') making the diagram FU1
commute.

Note also that a £ which satisfies the above diagrams will also satisfy the following two
diagrams:
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Q —5 Iso(C) 2 M Q v E

R [

a (&) Iso(C & (FU2)
M—t o —2 4, Oy

In definition 4.2.1, we do not require that ¢ and p satisfy IFS3 or IFS4. This means, that
in the context of C = Set where C is a small category, we do not require all factorisations
to exist (or, indeed, for E to be orthogonal to M). This definition thus means that all
factorisations that exist are unique up to isomorphism. To see that the internal definition
indeed corresponds to the usual definition, observe that given the correspondence detailed
at the start of this section, its similarity the correspondence of 3.1.2 and the similarities of
OTH and FUI, the proof will be similar to that of 3.2.3.

We now show that for an internal factorisation system, factorisations are unique up to
isomorphism.

Proposition 4.2.3. Let C' be an internal category in a finitely complete category C. Let
e: E— Cy and p: M — Cy be two subobjects of morphisms which satisfy IFS1, IFS2 and
IFS3. Then (e, p)-factorisations are unique up to isomorphism.

Proof. Let @ be an object and (a,b) : Q@ — M*E* and (d/,V') : Q@ - M E* be two
morphisms in C such that the following diagram commutes.

0 (a’,b")
M Tso(C)« B "X X% e pe (a)
(a,b) lm Xme(oex1) lm(uXE)
MTE® m(puxe) G
Then, the following diagrams commute:

(a,eb)
PB2

0 (@) e pe 1Xel pre o

a0 (a"b/) s PB3 luxl

PB2 M“E“ o+
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(a’ et

(a,b)

Q—

I
(ab}

PB2 M<—E<—

which, by remark 3.2.2 respectively mean that there exists a unique morphisms &; :

1><5
-

CrES —

l:m

(na,b)
PB2
M<E< 25 pecf
~\_PB3
uxe \ ll Xe
O+

|m

— " — (4

making the following two diagrams commute

Ma 1)

o<+

lm

O

na

and that there exists a unique morphism &,

commute

Q

<M>> i

Bk

O

(€1,et )

\l

: ) — C7 which makes the following diagrams

Q <§275b; CHH

I
Cq

We may then observe that the next two diagrams commute:

&2

&1

Q C1
\\ sl,ab %
€2,eb) b C"ﬁ‘h
o \ \ lm c
C<_<_ T> C]
/ \
1 CM
e
d Co
Q Cy
\\ 52,eb %
(€1,eb") &b’ C<_<_
PB \1 lm ¢
ce« —— C1
~ \
1 CM
e
d Co



which each, by the universal property of C* <, implies the unique existence of morphisms
(€2,&1) : @ = C% and (&1,&) : Q@ — CT%. Then, from remark 2.3.13, we have the

morphism ((2,&1), (61,€2)) : Q = C.
Now, consider the following diagram:

(pa,b)

Q

m(pux1)Xxmo

M*<CEEC CeE“

|
(a,eb) lﬂ'l xm(1xe) m(lxa)l
MHCf m(ux1) Cl

The outside easily commutes by the following diagram:

0 (pa,b) Ot E*

~
(a,sb}l (pa,eb) PB2 ll xe
PB2 ~

MeCf i cre s 0

which, by remark 3.2.2 induces a unique morphism x; : @ — C7 which makes the following
two triangle commute:

Q (pa,x1) O+ Q <H1,€bz O+
R [ x [ (@)
Ch Ch

We prove the equality of the morphisms eceb and m(&1,&) by showing that they both
satisfy this above condition on x;. Firstly, recalling 1.2.14 with regard to the morphism
(a,b) : @ — M* E*, we have that the following diagrams commute:

Q (pna,eceb)
H PB4
(Ma,edua)cke Q (eceb,eb) O+
PB1 x PB1
,ual (1,ed) lm abl (ec,1) lm
e IC3 e IC3
& & & Ch

Therefore, by the uniqueness of k1, we have that k1 = eceb. Then, the next two diagrams
commute:
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,Ufa m 51»52» C(;(f Q <m<£1’£2>75b> Cee

\wa £1),62) wym@z,sb))
ASC

(b) C<_‘_ m (0 CT% m
1
a 5 c m €1, X‘
(# 2) | ) /( 1,eb’)  (b)
Ch Q % Cy

So, by the uniqueness of k1, kK1 = m(&1,&2). Thus, ecsb = m(£1,&2). We now similarly
consider the followings diagram:

(pa’,b")

Q

m(pux1)Xmo

M*CHE* B
_
(a’,eb") J/Tl'l xm(1xe) m(lxs)l
MO m(pux1)
1

The outside of this diagram commutes by the following:

Q (pa’,b’) CrE*

~

PB2

(a',sb')i (pa’,eb) J{lxs
PB2 ~

MeCf cee /4= 0

pux1

which, by remark 3.2.2 induces a unique ko : Q — C7 which makes the following triangles
commute:

<f€2,8b

Q) e
RN Clj” \ l ©
1

We show that eceb’ and m(£s,&1) both satisfy this condition on kg, and are thus equal.
Again, recall remark 1.2.14 on {a’,b") to observe that the following two diagrams commute:

Q (pa’ ,ecebd’)
H PB4
paedpa’) (eceb' eb’) O(_(_
PB1  _x PB1 ~
pa | (ed) |mo | o) |m
~  1IC3 - 1IC3
1 Cl Cl 1

which implies that ko = eceb’, by the uniqueness of k3. Then, the next two diagrams
commute:
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(pa’;m{€2,61)) O+ 0 (m{g2,€1),eb") -+

Q
\m<uaﬁ£z>,£1> \@27m<§175b/>)
ASC ASC

@ Ot m ®) O m
a, € c
) (o) (o) (o
Q - Ch Q - Ch
na eb

So, ko = m{&s, &), and thus eceb’ = m(&s, &;).

Next, putting together the existence of ({£3,&1), (€1, &2)) and the facts that eceb = m(&q, &2)
and eceb’ = m(&, 1), in the context of remark 2.3.13, we obtain a morphism & : @ — Iso(C)
which satisfies the following commutative diagram:

Q LN Iso(C)
N 0
Cy

We then have that the following diagrams commute:

’

Q%Iso —)M E

\(f) \ c lu gl\ l

\—> C Iso(C) ¥ 51\/ oTz

o l l c\ ~ l

M-t 0o —4 5 — 4 Co

d

which, by the universal property of C*~ ", respectively induce the morphisms (a,0,§) : Q@ —
C % and (0.£,0) : @ — C*%. We then have that the commutativity of the following
diagrams

(oc€,b")
e

_ (a,0,8) M+ _ B
\ (pa,po &) PB2 / (ecc€,eb’) PB2 /
ua 05) C X L my af sb) C eXe Me
/ (£) /
Y ) C‘_* c. M 5 ) C‘_‘_ cL F
a,g1 1,€
J{a/ (b) \ m J{u J{b (b) \ m J{E
I N
M m Cy E = Cq

means that pum(u(a,o)pg) = pa’ and em (o€, b') = eb. p and € are monomorphisms, so
we may conclude that m(u{a,o)pé) = o’ and m.(o.£,b") = b and so & satisfies the universal
property of FUI, by remark 4.2.2. We finally show that £ is the unique such morphism.
Assume that there exists a morphism £ : @ — Iso(C) such that the following diagrams
commute:
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O’gf b’y

Q M+ E<—<—
\ lmu \ lms (g)
a
M
Then, the following diagrams commute:
Q Q Q Q

\\(a,}o,ﬁ% (g) lar Nﬁﬁb/) (&) Jb
c c

PB2 M s M PB2 -+ ey |

| |
(#mu%&'Nuiu CL lﬂ <eos£/,sb’\eis CL l&
4 4
@ ey € o G e © G

which means that o€’ satisfies the universal property of & in (b). The uniqueness of &
means that & = o&’. But by (f), & = o€, so 0& = of. Finally, we have that o is a

monomorphism, so £ = £, and thus £ is unique.
O

We now show, with reference to 3.1.21, that one may substitute the orthogonality in the
definition of an internal factorisation system with the essential uniqueness of factorisations.

Proposition 4.2.4. Let C' be an internal category in a finitely complete category C. Let
e: B — C1 and p: M — C1 be two subobjects of morphisms of C. TFAE:

1. (g, u) form an internal factorisation system on C.

2. (g,p) satisfy IFS1, IFS2, IFS4 and
IFS3*: (e, u)-factorisations are unique up to isomorphism.

Proof. By 4.2.3 above, 1 implies 2. Now, assume that 2 holds. We must show that ¢ | p.
Firstly, note that by 3.2.2, the square of OTH always commutes. Then, consider an object
Q@ and two morphisms (a,b) : Q — M C{ and (d/,V') : Q — C{ E* in C such that the
following diagram commutes:

Q (a' ')
MO B PUDXTES e e ()
(a.b) lm xm(1xe) lm(lxs)
M<Cf m(px1)

By remark 1.2.14, the existence of {(a,b) and {a’,b") means that the following two diagrams
commute:

Qs 0 QY. F
. . o] lce (b)
M L C() Cl # CVO
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Now, we observe that the following diagrams commute:

1

Q—>C’1*>M“E“

IFS4 LME
I
1 IC2

1

S}

c\ le

M m Gy p Co

QY50 T3 M E- L F
IFS4 ng

y j

IC2 1

~

E o ——

€

which induce, by the universal properties of M and E* ¢ respectively, the morphisms
(a,m7b) : Q@ = M and (ma7d’, V') : Q@ — E* . Then, the following diagrams commute:

(maTa’ b’y Eee me E

Q (a,m17b) M my M Q
~_PB2 | ~_PB2
bJ{ (pa,pmr7b) Miu CL 1 a/J{ (emaTa’ gb’) sie CL 5
> >
Cl c* . Cl C1 ce* s Cl
Ti PB Jﬂz TJ/ PB Jm (c)
IC2 I1C2
MEES —— (4 d MSES —— (1 ¢
122Nt \ ET2 \
7T2l CM d\ 7"1l CM C\
E € Cl c C'O M m 01 p C()

which respectively induce by the universal property of M " E* the morphisms (m,(a, 71 7b), 71 7b)
Q — M E“ and (m7a ,m.{(mrad b)) : Q — M* E<. Now, the following diagram com-

mutes:
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(mi7a’ ;me(maTa’ ,b’))

\

M<E*
(priTa’ ;eme (maTa’ b)) nXxe

(pmiTa’ ;m(emara’ €b>‘; ce«

\
H m{umiTa’ emara’),eb’) ASC
PB1
Q (m{umiT,emat)a eb’) c< m
7+
H F1 (a,et) N it \\
2
Q (a'b) CfrE® 4
| @ |
Q (a.b) M=Cy Ch
H F1 (na,b) PBZ 1 m
) X
~+ /
Q — (pa,m{pumiT,emaT)Ib) —> c* m
PB1
H ua m{pm17b,emaTh)) ASC
= (m{pa,um17b) ,em2Th) ce«
H pmu (a,m17b),emaTh) PB2 |uxe
M<E*

(m“ (a,m17b),m27h)

This induces, by 4.2.2; a unique morphism £ : @ — Iso(C) such that the following triangles
commute:

mu a,m17b),0,.&)

J/mu
™ Ta

Then, the next two diagram commute:

055 me moTa’, b

me
ToTh

£
PB
- —< 2 M ou I C’
Q (my (a,m17b),0,E) L~ N so(C)
Ta’ my, X PB u -
@ N ~ Ny l
MTEY —m—— M oL C°F —m— (4
™~ . \
puxe PB m m
\ 4 \ * I1C2
T2 Cl — T — Cl d
PB
”‘2 CM \d
N \
E € Cl 4 CO
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3

m
Mee T Iso(C)

-
Q<Usﬁﬁms<7f2"'a/7b/>> RN \ c
b me EXE o
(d) $ ~N \ l
M<E® m——> M CL C‘—‘— —m— Oy
\HXE\ PB \a m
1 cFs —m— C’1
PB
1 cM
v
E - (o

By the definition of the triple pullback C* | there exists a morphism (wrﬂb, o€, emyTa’)

Q — C . We now show that m(m x 1){umi7b,0€,emarad’) : Q — C is the desired
universal morphism for (a), with reference to remark 3.2.2. Firstly, the following diagrams

commute:

(oc&,m(emaTa’ b)) O+

(m(ua, umb> o€)
/ H ~

(c)
H (pmy(a 71'17'b),a§ H a§ eme(maTa’,b’)
/ \
C’l —> C“_‘_ C
(pmy {a,m17b) /Ao’ufs N (eoc&,eme(maTa’ b)) N
H uxp  CL T H exe CL T (e)
s M I —) Ec e
H (mu(a,m17b),0.8) o H (0c&me(mata b)) o
my, me
miTa o M moTh QY E

which makes the next two diagrams commute:

(pa,m(mx1)umith,o enara’)) oo

Q
PB2 _— m
H (pa,m{m(umitb,0€) emara’y ~ ASC

/
C e —m— Ol

m{pa,um17b),0€),emaTa’)
F1
(e) ( miTa emaTa
M7 2 (,urrl‘r ETT)

[l

(m(mx1)(umriTb,0€,emaTa’),cb’) O+

Q — )

PB2
H (m{m{umi7b,0€),emaTa’),eb’) ASC
/
O —ms O

= (um1Tb,m(cé,m{emaTa’ b))

F1
H (e) (u‘n—lTb,ETrz‘f'w (/,LT{'lT,Eﬂ'2T>T /

PB1
b Gy

This shows that m(m x 1){umi7b, 0, emaTa’y is a suitable universal morphism. We lastly
must show that this morphism is unique. Assume that there exists some &’ : Q — C7 making

the following diagrams commute:
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Q ) e o &=

x [ \ l (f)

C1
We have the following commute:
Q50 —T5 M EC - M Q i E
|
IFS4 .. pp u g,l
+ oT2
Cee —m— () 4 €
\
oT2 - -
¢ <+ 1oz l N
Cl c M<E< o — Cl Cl
nxe |
¢ ”{ PB T IC2 Ny lc
+ N
M " C, —2— Gy E 2 C d Co

These diagrams induce, by the respective universal properties of M and E< ¢, the
morphism {(a, 717E’) : Q@ = M and (w7, V') : Q — E< % . Then, the following diagrams
commute:

(a TrlT.E M(_(_ my M
¢ l m #XH :
C“H —m—
Tl PB 712 1C2 (2)
MCES —— M —— (4 d
ﬂ. d
"‘J, cM \
E < (& = Co

O — 0 —T s MYEC T M

Jfﬂ'z 13
(ma7gb") (mareeth) PB E CM &
PB2 lg (h)
ECT — 077 ——— (1 d
s><€
me CL lm \
e .

E

which, by the universal property of M~ E* respectively induce the morphisms (m,(a, 71 7¢’), mo7E’)
Q — M E* and (m7& ,mc(mar V) : Q = M E*. Then, the next diagrams commute:
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o) (my(a,m7€’),ma7E’)

M E<
T PB2
(pmy(a,m17E") emaTé’) HXe
(2)
Q T(ﬂ@(lxa,wlfﬁ'),mzfﬁ') o+
| tmemipmireemarer) Asc  |m
PB1
Q (ua,m(uwlr,:‘w@ O —m o
H Fl (pa,&’) / m
IFS4
Q // C, == M*“E* —— C**+
a nxe
(71'17'§ ;me{maTé b)) MEEC
PB2
H (;urlrf ,eme (maTe b)) UXe
(umiTE miemare’ b)) ce<
H (m(uﬂ'm’f emaTe’ ) eb’) ASC m

PB1

— (m(umiT, 5#27)9 CF s —m Cl
1 Ny m

Ch MTES ——— C%
b T HXE

which, by remark 4.2.2 respectively induce the universal morphisms &, : @ — Iso(C) and
&l 1 Q — TIso(C) which satisfy the following diagrams:

Q <7T17'ba0'/_a51> M(;(; Q <0'E£1ams(7r27'§l7b/>> Eee
k imu k lma
M E
(i)
o Smlamr€) o &) e o _(otmre)

<
klu Nla
M E

Recalling FU2 with respect to these morphisms, we have that the following diagram com-
mutes
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Q \ Iso(C)
\ S — FU2
TE' T M
\ (&)
¢ M<E“ 2 s B co
e (7727-5/)17/>
\, (h) ’”l oM dp
FE M ce
FU2 \ ce dp
Iso(O) i Co

which induces the morphism (£, &%) : @ — Iso(C)* by the universal property of Iso(C).
We now aim to show that m,(£],&5) : @ — Iso(C) satisfies the universal property of &,
as in (d). To this end, we must first show the existence of (m,(a,m7b), 0, mq(£],£5)) :
Q — M and (o.my(&],&), m.(meTa b)) : Q@ — E“* . This is true by the universal
properties of M and E*< ", respectively, due to the following commutative diagrams:

R Iso(C)™ 273 Iso(C) —“ M

PBZ\ \ c

<0'§/1’U§é> oXo CL o w

Q

my{a,m17b)

(£1,€2)

Iso(C)< < 2 Iso(C) —Z» M

Q

me(maTa’ ,b’) PB |

’
CEM2Ta

(e)
M Ch

g

Then, the following diagrams commute:
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Q (mya,m17b),0,m4 <§1,§é>> M+
CL
(my(a,m17b),m, (quou)@ivfé»
PB2
Q @,ﬂ'm’b),m“<U}LE’1,U,LE/2>> — M my
(mu(a,mu(mi7b),0,€1),0,E5) ASC
(i) \ M
_— ~
(my <a»7"1"'f,>7‘7;45;> (i) My ~
Q / miTa’ M
Q (oeme(€1,€5),me (m2Ta’ b)) M+
CL
(me(oexoe)(€],€5) ,me(maTa’ ,b"))
/ PB2
Q é<\ms<%f;,mg>,ma<mazb’>>ﬂ M .
w
<U€E’1,m5<m5<0'€§;,7r2‘ra/>,bl>> ASC
_— ~
<05511m5(7{27§l7b/>> (1) m“\
Q —_— woTh M

Therefore, by the uniqueness of the universal morphism £ : @ — Iso(C), we have that
& =my(&],&). Finally, we observe that the following diagram commutes:

(pmi7h,0€,emaTa’) C<_<_<_

H (pmiTh,omg (€],85),emaTa’) H

(um17h, m(a&l,o§2) emaTa }4} o=

H PB
— (m{umiTb,m(o€},08h)) emaTa)) ————y O
\
H /,Lﬂ'lTb o&1),m(ch,emara’)) ASC KL
< <M7"17'b N0u51>7m<505527@ I Ol
PB2
(m(uxp)(m17b,0,€1)m(exe)(o:£5,m2ma’)) H

Q _ (P‘mu <7717'b70u£1>-,5m€ <05£év7727'a/>> C(_<_

ek
H @) , ,
(pmi7E ematt’) (um1T,eT2T,
/ PB1 é
¢ !
This means that m(m x 1){um;7b, 0, emara’y is unique, which completes the proof. O
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4.3 The Cancellation Properties

We now consider the cancellation properties of 3.1.16 and 3.1.17 with the aim of providing
analogous internal definitions. To do this, we make the following straightforward observation
on these definitions.

Proposition 4.3.1. Let C be a category and let A be a class of morphisms of C which is
closed under composition. TFAE:

1. A satisfies the left cancellation property.
2. For all pairs of composable morphisms (f :Y — Z,g: X = Y) in C:
f€Aand fge A < fe€Aand ge A
Proof. Under the assumption of 1, the forward of direction of 2 is given by the left cancella-
tion property, and the backwards direction of 2 is given by A being closed under composition.

Under the assumption of 2, the left cancellation property is given by the forwards direction
of 2. O

We have a similar result for the right cancellation property.

Proposition 4.3.2. Let C be a category and let A be a class of morphisms of C which is
closed under composition. TFAE:

1. A satisfies the right cancellation property.
2. For all pairs of composable morphisms (f:Y — Z,g: X - Y) in C:
g€A and fge A < g€ A and f€ A

Proof. Dual of the above. O

These observations indicate that under the assumption that a class of morphisms is closed
under composition, the class satisfying a cancellation property may be phrased as a cor-
respondence between pairs of composable morphisms for which one morphism and their
composition is in the class, and pairs of composable morphisms of the class. The internal
definitions are given by this correspondence.

Definition 4.3.3. Let C' be an internal category in a category C with pullbacks, and let
a : A — Cp be a subobject of morphisms of C' that is closed under composition. Then «
satisfies the left cancellation property if the following diagram is a pullback:

A“: e, A
1><al la (LCP)
A(_C{_ m(ax1) o
Definition 4.3.4. Let C be an internal category in a category C with pullbacks, and let
a : A — Cp be a subobject of morphisms of C' that is closed under composition. Then «
satisfies the right cancellation property if the following diagram is a pullback:
A“: ey A
axll la (RCP)

C{_A<_ m(1xa) Cl
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Remark 4.3.5. Notice that the commutativity of the squares of LCP and RCP comes
directly from the definition of a subobject of morphisms being closed under composition, by
noting the commutativity of the following diagram:

1xa
4 (1
A Xy qe o

™~ PB3
axl aXo laxl
PB3 Y

C{_ Ae Xy Ixa (Oam
We may therefore consider the cancellation properties to be a strengthening of closure under
composition.

We may now show that for an internal factorisation system, (g, 1), € has the right cancella-
tion property, and p has the left cancellation property, an internalisation of 3.1.18.

Proposition 4.3.6. Let C' be an internal category in a finitely complete category C, and let
(e, 1) be an internal factorisation system on C. Then e has the right cancellation property.

Proof. Firstly, as (e, ) is an internal factorisation system, ¢ is closed under composition.
By the above remark, we have that the square RCP commutes. Then, assume that there
exists an object ) and two morphisms (a,b) : Q@ — C{ E¥ and o/ : Q — E in C such that
the following diagram commutes:

Q o

E-e ML E (a)
(a.b) axll ls

CfEF m(1><s) o

Recalling that both ¢ and @ contain all identity morphisms by IFS1, observe that the
following diagram commutes:

E:E
l 5
Co

M*>01*>C’1

This induces the morphism (e,ce,1) : E — M E* by the universal property of M E*.
The commutativity of the next diagram will be useful in later calculation:
E (epce,l) M EC

~ PB2
sl (pnepce,e) lpxg

PB1 ~
O — (ueue1y — C (b)

c /

H (ec,1) m
IC3

1
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We make use of (e,cea’,a’), obtained from the following commutative diagram:

Q—“ ., F

PB1
(epce,l)
(epcea’,a’

M<ES

Next, we observe that the following diagram commutes:

Q —tr—E—<20

al PB4 c
Co
l I(FSX ez
MEES O+ d
”{L PB S
. Nt
F &

which induces, by the universal property of E %, the morphism (me7a,b) : Q — E<*.
Then the following diagram commutes

Q <7T2Ta7b> E(;(f Mme E
P
ai PB T Eie CL 5
Ci E\PB C¢ —— 4
\
. - € m
l : N Y 1e2
M*<E< cM C ¢
ml \
M—t d Co

which induces the morphism (m;7a, m.(ma7a,b)) : @ — M E*, by the universal property
of M E*. Now, we have that the following diagram commutes
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(miTa,mc(m27a,b))

\

priTaeme (waTa,b)) PB2 nxe

| e
Q _ (uTrﬂ'a,m(EX&)(Trg‘ra@ [oamn
PB2 (

H pmiTa,miemeTa,cb))

/

M<ES

ASC m
H (m(;urlra emaTa),eb)
Q —— (m{umiTemaT)a,eb) cee "2 5
A
H F1 (a,eb) 1xe (a) € m

/PB2 ~ -
Q —> Cy E< E () CT%
a,b) ~
H / (epce,1) pwxe
/ PB1 ~

(epcea a’y ——onou—s M E

By remark 4.2.2, we have a unique morphism ¢ : @ — Iso(C) making the following diagrams
commute:

055 me(maTa, b

AN YO

R Jm \ J (c)
M

By the associativity of m., we have that the following commutes:

<0'E§7ma <7727'a7b >

Q E
(me (a'sﬁ,ﬂg‘ra),lﬁl ASC lms
o L

We will show that (m.(c.&, meTa),b) : Q — E<* is the desired universal morphism of (a).
To do this, we make the following interim calculations:

0 oué M
FU2
cea’ M L) Cl cH (d)
ey C d
e IC1 \
0 Co
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TiTa “w
M Ch

H <eucea/7w5> © m“T om \
IC3
<6;LC#U;L§ ‘7;1§>\} M— b Ci—<— m Cl
H (;Leucpcruf,ucr“&) (penc,1)| C (e)
Q LN Iso(C Ch
Q - G
\
| gmreemes TR
( IFS4
j(a{ 871'27'(1; s —m> Cl (f)
4\
H (Easf emaTa) exe CL TE
PB2 !

B¢ —— E

(oef ToTa)
Then the fact that (m.{(o.&,ma7a),b) is the desired universal arrow is given by the the
following commutative diagrams:

(ms (0:€,m27a),b)

E+
PB2
H ams (o€, ma7a),b) J,@d (g)

)
(a,p) —— CF E*

Q (me(oc&,maTa),b) Eee

(o0& me(maTa,b))
ASC

We finally show that this morphism is unique. Assume that there exists a morphism &’ :
@Q — E<* such that the following diagrams commute:

Q L pee 0~y pee
m [ \ [ (h)
Cf B E

Then, the following diagram commutes:

™~ (h)
<m5<0'55,772‘ra)7b)l (a,b) l€X1
(8) ™
E¥-C —— CY ET
exl
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Lastly, € and 1 are monomorphisms, so by 1.2.27, ¢ x 1 is a monomorphism. Therefore,
&' = (me(o&, maTa),b). O

The proof of the normally dual result below is similar to that of the of the above, and we
thus omit it.

Proposition 4.3.7. Let C be an internal category in a finitely complete category C, and let
(e, 1) be an internal factorisation system on C. Then u has the left cancellation property.

Remark 4.3.8. Given now that we have the cancellation properties for internal factorisation
systems, we may make the following observation. Let ¢ : E — C; and pu: M — C; be two
subobjects of morphisms of an internal category C' in a finitely complete category C which
satisfy IFS1, IFS2 and IFS3. Consider the diagram:

1xo,x1 My, X T2

M+ Tso(C)< E< M<M<E“ M*<E<
lxasxll IEM lxuxll LCP pxll

M<ECE< 1xex1 M<_C{_Ew_ m(ux1)xe C{_E(_
st X"lel RCP m; Xm(lxwl)l OTH m(lxa)l
M©ES Lxe Mooy Do

It is straightforward to show that each of the four squares of this diagram is a pullback by
the fact that IEM, LCP, RCP and OTH are pullbacks, respectively. Therefore, by the
pasting law, the whole square is a pullback. The whole square is precisely FUI. This result,
when considered with C = Set, corresponds to the following proof that factorisations are
unique up to isomorphism:

Let (€, M) be a factorisation system on a (small) category D. Let f : A — B be a morphism
in D such that f = me = m/e’ are two (£, M)-factorisations of f as in the following diagram:

A— T B
I

Il

Then the square of the following diagram commutes, and the fact that e | m’ means that
there exist a unique morphism z : I — I’ making the whole diagram commute.

A——1

.
-
e’l z J{m
.
&g

I' — B

Then &€ has the right cancellation property so z is in £ and M has the left cancellation
property so z is in M. Finally, if z is in £ and M, then z must be an isomorphism, so the
factorisations of f are unique up to isomorphism.
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It is important to note that for a usual factorisation system, it is possible to show that
each class satisfies the respective cancellation property without using the fact that factori-
sations are unique up to isomorphism, and thus the above is a valid proof. On the other
hand, for an internal factorisation system, we require the essential uniqueness of factorisa-
tions to prove the cancellation properties, and thus may not use this internal observation as
a proof.

4.4 The order on internal factorisation systems

In the usual sense, the factorisation systems on a category may be endowed with an order
which is induced by the inclusion of the class of the components of the factorisation systems,
in a particular way. Furthermore, a consequence of this is that each component of a specific
factorisation system determines the the other component. We now show that analogous
results hold for internal factorisation systems.

As expressed in 3.1.13, if (£, M) is a factorisation system, then £ is orthogonal to every
subclass of M. We show this internally.

Proposition 4.4.1. Let C' be an internal category in a category C with pullbacks. Let
e: FE — Cy and p: m — C1 be two subobjects of morphisms of C such that € | p. If
w M — Cq is a subobject of morphisms of C such that p contains p', then e | p'.

Proof. Firstly, if p contains p/, then there exists a monomorphism p;, : M" — M which
makes the following triangle commute:

14
—
/M

Now, consider the following commutative diagram:

M Ch

©w

M/

m(puXx1)Xms

M<~CyET Ciy ET
MLV 1x1
M,(_C{_E(_ m(p' x1) X7 CI_E<_ m(1xe)
w1 xXm(lxe) m(1xe)
71 xm(1lxe) M“C’f m(ux1) Cl
M/ecle m(p'x1) C,

The left and right hand squares are clearly pullbacks, while the back square is a pullback
by OTH as € | u. By the pasting law, we have that the front square is a pullback, which
means that ¢ | p/. O

While in the above proposition we only require € | p, and not that (e, u) is a factorisation
system, if it is in fact such, we have that the converse of this statement holds, as expressed
externally in 3.1.13.
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Proposition 4.4.2. Let C be an internal category in a finitely complete category C and let
e: E— Cy and p: M — Cy be two subobjects of morphisms such that (e, 1) is an internal
factorisation system on C. If i’ : M' — C1 is a subobject of morphisms of C then e | i’ if
and only if u contains u'.

Proof. By IFS3, ¢ | u, and by the previous proposition 4.4.1, if u contains p’ then e | p'. We
now show the forward direction. Assume that ¢ | ¢ and consider the following commutative
diagram:

’

M o s oy — Oy

| N

Cl CO

d

This induces the universal morphism (1,du') : M’ — M’ C{ . Then, the following com-
mutes:

pux1

M & C, ——— M<ET X2, 0f BT
>~ XPB3 l
HXe 1xe

PB1 IFS4 ™4

(1,edp”) (n edp’)

PB2 \ (1,ed) IC3

B 4
M"™=Cf T C - Cy

This, given that € | u/, with reference to 3.2.2, induces a universal morphism ¢ : M/ — C
which makes the following diagrams commute:

e (eemi) | e
m lm \ lm (a)

Next, we observe that the following commutes:

!
M L0 25 MCEC 24 F
|
H IFS4 HXe PB la
+

¢ C) < O % ) (b)
. 1

This induces the morphism (emarp’, &) : M’ — C* . We now aim to show that m{emorp/, &) =
edpmiTy'. To do this, observe that the following diagram commutes:

Cy

c
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MeCf

1xe px1
PB3

’
TH
M Ty M EC pxe cee Oy
PB3
pnx1 1xe
—
CsE

which by remark 3.2.2 and that € | ¢ means that there exists a unique morphism x : M —
C* % such that the following commute:

M p/n'lru K) (K,eTaTp )

lm lm
LL‘IT]TH 571'27—/1/

The following commutative diagrams show that edum 7y’ satisfies this universal property:
[z y

, ApwmiTpedpmiTp’) (edpmiTp emaTp’)
M —> o e
, PB1 /)r
HTLT (1,(>d m €CE7TQTM jemarp')y  (ec,1) m
/ PB1 - IC3
o —> Cy 1
emaTp’

So by the uniqueness of k, we have that kK = edum;7y’. On the other hand, the next
commutative diagrams show that m{emory/, €) satisfies this same universal property:

(umiTp’ ;m(emarp’,€))
M’ c— 5

I, >

m{pmiT emaTy') ) o () -
%
PB1 7 <o
;L7T17' emaTyp ,€) F1 (w )5>\

M/

’
m(emaTp ,£),eT2T
M’ <—>< = eme >C
H (emorp’ ,m(E, E7T2T[L> ASC

(a)
M’ — (emaTp’ edp, )y — C<_<_ —m - Cl

(b)
57727';1, edETrng, (1 ed /
PB1

emaTy

/

So by the uniqueness of k, we have that k = m(emarp’,€). Therefore, m{emary/, &) =
edumiTy' as desired. We may now consider the following commutative diagrams in the
context of 2.3.13:

67



67T2TM ".6) § emaTp')

\ lm \ lm

This induces a universal morphism & : M’ — Iso(C) such that the following diagram com-
mutes:

Iso(C) —2— 4

5//3\ / , (C)
| ET2TH

M/
We finally have that the following diagram commutes:

/

b c
/
H (pmiT’ E7T27'},L> PB1 (pmiT,eTaT)
(C)
Mlm tf€> (Chs F1
T4
H <mr1w',;wu£'> o oL z
M - PB2 ;¢ ¢ M C
(ri’ o€’} o w
Which means that p’ factors through p, and thus p contains p’. O

The proof for the following analogous result is similar and thus omitted.

Proposition 4.4.3. Let C be an internal category in a finitely complete category C and let
e:E— Cyand p: M — Cy be two subobjects of morphisms such that (¢, ) is an internal
factorisation system on C. If &' : E' — C1 is a subobject of morphisms of C then &' | u if
and only if € contains €.

We then have the following result, for two internal factorisation systems of a particular
category.

Proposition 4.4.4. Let C' be an internal category in a finitely complete category C such
that (e, 1) and (', 1) are two internal factorisation systems on C. Then e contains €' if
and only if i’ contains p.

Proof. ¢ contains ¢’ if and only if ¢’ | u if and only if p/ contains pu. O

In particular, this means that each component of an internal factorisation system determines
the other, as per 3.1.14.

Corollary 4.4.5. Let C be an internal category in a finitely complete category C, and let

(e,p) and (&', 1) be two internal factorisation systems on C. Then e ~ & if and only if
!

o~
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Proof. If ¢ ~ €', then e contains ¢’ and €’ contains €. By the above proposition, these
statements respectively imply that p/ contains p and p contains p’. So pu ~ p’. The reverse
direction is dual. O

It then makes sense to make the following definition.

Definition 4.4.6. Let C be an internal category in a finitely complete category C. The
order on internal factorisation systems of C' is defined by

(e,p) < (1)) = p<

where (e, ) and (¢’, ') are internal factorisation systems on C' and the order on the right
hand side is the order on subobjects of morphisms.

We now note that the internal factorisation system (o, 1¢,) is the top element of this order.

Proposition 4.4.7. Let C' be an internal category in a finitely complete category C. Then
(0,1¢,) is the top element of the order on internal factorisation systems.

Proof. Let (e, ) be an internal factorisation system on C. Then we have that 1¢, contains
u by 2.2.11. Thus, by definition, (g, 1) < (o, 1¢,). O
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