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Chapter 1

Introduction

1.1 Constructivism

There are several approaches to constructive mathematics. This thesis follows the ap-
proach set out by Errett Bishop, Bishop’s Constructive Mathematics, in his book Foun-
dation of Constructive Mathematics [10]. The distinguishing feature of his approach is
that it is consistent with classical mathematics as well as the other two main schools of
constructive mathematics, Brouwer’s intuitionism and Markov’s Constructive Recursive
Mathematics.

All three schools accept the principles of intuitionistic logic. However, Brouwer and
Markov accepted principles which are inconsistent with classical mathematics. Brouwer,
for example, accepted the continuity principle which states that all functions from N¥ to
N are continuous. The principle expresses a view that the value of such functions at each
sequence is completely determined by some initial segment of its argument. The continuity
principle, together with a certain form of axiom of choice, implies that all functions on
the real numbers are continuous, which clearly contradicts classical mathematics. On the
other hand, Markov’s view that all mathematical objects are algorithms led him to accept
Church’s Thesis which states that all functions on the natural numbers are recursive. He
also accepted Markov’s principle which states that for any (recursive) function a € NN

MP : =—3n(a(n) # 0) — In (a(n) # 0)

which expresses a view that if it is impossible that an algorithm does not halt then it must
halt. Church’s Thesis, together with Markov’s principle, also implies that all functions on
the real line are continuous. It is also known that Brouwer’s intuitionism and Markov’s
Constructive Recursive Mathematics contradict each other. Thus we can say that Bishop’s
Constructive Mathematics is the most general style of constructive mathematics.

Although Bishop did not make his foundational background explicit, it is generally
accepted that Bishop’s Constructive Mathematics is also predicative: it is not permissible
to define a set d in term of a collection in which d is to be an element. For example,
to define the transitive closure of a relation » C X x X by the intersection of all the
transitive relations which include r is not permissible.



Since the publication of Bishop’s book, two possible foundational approaches to Bishop’s
Constructive Mathematics had emerged. One of them is Constructive Set Theory by My-
hill [19] and the other is Intuitionistic Type Theory by Martin-Lof [17] (henceforth, simply
the type theory). Constructive Set Theory was introduced for formalization of Bishop’s
mathematics in a style that is close to that of classical set theories. On the other hand,
the type theory makes the intuitionistic reading of the logical connectives explicit, and
for this reason, it is regarded as the most fundamental framework for constructive math-
ematics. However, the presentation of mathematics in the type theory is very different
from widespread set theoretical presentations. Aczel, in [1, 2, 3|, introduced a version
of Constructive Set Theory, the constructive Zermelo-Frankel set theory (CZF). The dis-
tinguishing feature of CZF compared to that of Myhill’s is that it has an interpretation
in the type theory, which means the theorems in CZF are also valid in the type theory,
and hence they are given constructive justification. CZF uses intuitionistic logic and
some modifications of the axioms of the classical set theory ZF to avoid impredicativity.
Hence, CZF does not have Powerset axiom nor Full Separation scheme; separations are
restricted to bounded formulae. Instead, CZF introduced the axioms of Strong Collection
and Subset Collection. The full set of axioms of CZF are described in Section 2.1.

This thesis takes CZF as a foundational framework. We also accept two axioms of
CZF: Relativized Dependent Choice (RDC) and Regular Extension Aziom (REA). Section
2.1 describes these axioms as well as how to carry out some of the basic mathematical
constructions in CZF.

For the history of constructive mathematics and constructive mathematics in general,
see [27]. For the practice of Bishop’s Constructivism Mathematics, see, for example,
[10, 11, 12, 13, 18].

1.2 Basic Pairs and Concrete Spaces

The topic of basic pair and concrete space was initiated by Sambin in [24]. The notion
of basic pair and concrete space arose from the analysis of the usual notion of topological

space in the light of intuitionistic and predicative foundations, such as the type theory

and CZF.
The standard definition of a topological space (X, O(X)) where X is a set and O(X) is a
set of open subsets of X which satisfies the following axioms is unacceptable constructively.

01 0, X € O(X),
02 if U,V € O(X), then UNV € O(X),
03 for any family (U;)ier of O(X), U,e; Ui € O(X).

The problem is that the open sets of an inhabited space cannot form a set in CZF. This
can be seen by the following argument which is due to Fox [15, Chapter 2].

Proposition 1.2.1. If the open subsets of an inhabited space forms a set, then Powerset
axiom is derivable in CZF.



Proof. Suppose that (X, O(X)) is an inhabited topological space, i.e. there is an element
a € X. Note that U, = {x € X | 0 € p} is an open set for each p € Pow({0}):
we have (Vo € Uy)x € X C U, and X is an open set. Then the mapping p — U,
is a bijection between Pow({0}) and U = {U, | p € Pow({0})}. It is clearly surjective.
Moreover, suppose that U, = U, for p,q € Pow({0}). Let n € p. Then n =0, so a € U,
and hence a € U, i.e. 0 € gq. Therefore p C ¢. Similarly we have ¢ C p, and thus
p = q. So the mapping is injective. Now, suppose that O(X) forms a set. Then we have
U=V ={UecOX)|Ve,ye X)x €U +>y e U}. The inclusion U C V is clear. For
the other direction, let U € V, and put p = {n € {0} | (Vo € X)x € U}. Then, it is easy
to see U = U, and hence V C U. Therefore U is a set by Bounded Separation scheme, so
Pow({0}) is a set. Given any set A, Pow({0})* is a set by Exponentiation (cf. Definition
2.1.19). Then, we can show that Pow({0})* = Pow(A) (cf. [1, Proposition 2.3]). Thus
Pow(A) is a set for every set A. O

A constructively acceptable definition of a topological space is obtained by specifying
a certain set of subsets of X as a base for a topology, that is, a topological space is a pair
(X, B) of set X and set B of subsets of X such that

l.(xe X)(A,BeB)[re ANB = (3C e B)x € C C AN B],

2. X =Upep B

A subset U € Pow(X) is defined to be open if U = |J.. B for some subset C of B. This
is essentially the notion of neighbourhood space by Bishop [10].

We can generalize the above definition of topological space as follows: first, we consider
that the base for a topology is given by a family (exta),cs of subsets exta of X indexed
by some set S. Since the family (exta),es corresponds bijectively to a binary relation
IFC X x S such that exta = {x € X | z |k a}, we consider a topological space to be a
triple (X, I, S) where X and S are sets and I[FC X X S is a relation such that the family
(ext{a}),es satisfies the above two conditions for a base. Thus we have arrived at the
definition of concrete space: a concrete space is a triple (X, I, S) of sets X and S and a
relation IFC X x S such that

(Bl) extanextb=ext(alb),
(B2) X =extsS,

where a | b = {c € S| extc C exta Nextb}. The notion of basic pair is obtained by
dropping the conditions (B1) and (B2). Thus, a basic pair is just a pair of sets together
with a binary relation between them. However, this simple structure is enough to define
a notion of open and closed subsets of S as well as of X. Moreover, the notion of map
between basic pairs (X1, IF,.S1) and (X, Ik, S2) is defined to be a pair (r, s) of relations
rC Xy x Xoand s € 57 xSy, called a relation pair, which makes the square

IF1

X1—>S1

|

Xo——= 5

3



commute rather than a function between the sets X; and X5 as in the case of a continuous
function between topological spaces. The notion of map between concrete spaces is then
obtained by adding certain conditions to a relation pair so that it preserves the structure
of the open sets on a concrete space. The usual notion of continuous function becomes a
special case of that of relation pair. Thus, one can say that the notion of basic pair and
concrete space are generalizations of that of topological space.

Since the notion of basic pair and concrete space appear to be new, the literature
on these subjects is scarce [25, 26, 23, 15], although the publication of the forthcoming
monograph [21] may change the current situation. Hence, it is still to be seen whether
those notions are fruitful compared to the other existing notions of general topology in
constructive mathematics, in particular that of formal topology [22].

1.3 Contributions

The primary contribution of this thesis consists of the results in [16] where we showed
that the category of basic pairs (BP) and that of concrete spaces (CSpa) are both
complete and cocomplete, and moreover that CSpa is a coreflective subcategory of BP.
The categorical structure of BP and CSpa has been given less attention in the study of
basic pairs and concrete spaces, and the only known result is [14], where the existence of
binary products of BP is mentioned. Also no adjunctions between BP and CSpa has
been constructed so far. Our results fill in the missing pieces. Working in the extension of
CZF, we showed that both BP and CSpa have arbitrary (co)products and (co)equalisers.
The distinctive feature of our construction of (co)products and (co)equalisers is a uniform
application of the notion of a generalized geometric theory [6] to deal with predicativity
problems: the difficulties in showing that a certain collection of objects forms a set.
Our construction of (co)equalisers of BP and CSpa and products of CSpa are good
demonstrations of how the notion of generalized geometric theory is useful for dealing
with such kind problems.

1.4 Organization

Our original results consist of Section 4.6 and Chapter 5. The other chapters and sections
contain background materials and basic facts about basic pairs and concrete spaces which
are well described in [21].

In Chapter 2, we describe background materials: CZF, generalized geometric theory,
category theory, and some basic mathematical notions which are frequently used in the
later chapters. In Chapter 3, we introduce the notion of basic pair and relation pair
between them, and define the category of basic pairs BP. We show that BP is isomorphic
to its own dual BP°P  from which it follows that BP is complete if and only if it is
cocomplete. In Chapter 4, we describe concrete spaces and convergent relation pairs,
which are shown to form a coreflective subcategory CSpa of BP. We also define the
notion of convergent subset and ideal point of a basic pair. Then we introduce a weak



separation axiom Tj and sobriety of basic pairs, and consider relations between category
of Ty basic pairs and BP and between the category of sober concrete spaces and that
of the sober topological spaces. In Chapter 5, we describe the categorical constructions,
(co)products and (co)equalisers, of BP and CSpa and show that both categories are
complete and cocomplete.

1.5 Note to the reader

There is no prerequisite for reading this thesis. All the necessary backgrounds of CZF,
category theory, generalized geometric theory, basic pairs and concrete spaces are included
with proofs. The reader who has basic understanding of CZF and category theory can
start from Chapter 3. However, since the notion of generalized geometric theory plays
a crucial role in Chapter 5, she should at least look at Definition 2.2.2 and Theorem
2.2.13. The notion of four operators given in Section 2.4 are frequently used in Chapter 3
and Chapter 4, but not in Section 4.6 and Chapter 5, where all of our contributions are
presented. The reader who is only interested in our own results can jump to Section 4.6
and Chapter 5, consulting Section 2.2 and Chapter 3 and Chapter 4 for basic definitions
and notations.
We use "iff” for the phrase ”if and only if” throughout this thesis.



Chapter 2

Preliminary

2.1 Constructive Zermero-Frankel Set Theory

In this section, we describe the axiom system CZF, Constructive Zermelo-Frankel Set
Theory, and show how some of basic mathematical constructions, e.g. ordered pairs,
relations and functions, products and exponentiations, can be carried out in CZF. We
also describe two axioms for CZF, the Relativized Dependent Choice (RDC) and the
Regular Extension Axiom (REA). This chapter is a summary of Chapter 3, 4, 10 and 11
of [7]; see [7] for further details of CZF.

2.1.1 The axiom system CZF

CZF is a first order theory using intuitionistic predicate logic with equality with a binary
predicate symbol € as its only non-logical constant symbol. CZF is based on the following
axioms and axiom schemes:

Extensionality

VaVb [V (z € a <>z € b) — a = b
Paring

VaVbIyVulu € y <> u=aVu =1
Union

VadyVe [z € y < Ju € a(x € u)]

Bounded Separation
VadbVe [z € bz € a A p(x)]

for all bounded formulae p(z), where y is not free in p(z). A formula is bounded if
all quantifiers are bounded, i.e. occur only in one of the forms Vz € a or Jx € a.

Strong Collection
Va Vo € ady p(x,y) — Ib[Va € aTy € bp(z,y) AVy € bIx € ap(z,y)]]

for all formulae ¢(z,y).



Subset Collection

VavVb3cVulVe € Jy € bp(z,y,u) —
Ad € cVr € ady € dp(z,y,u) ANVy € dIz € ap(x,y,u)]]

for all formulae ¢(x,y, u).

Strong Infinity
Jda [Ind(a) ANYb Ind(b) — YV € a(z € b)]

where we use the following abbreviations.
e Empty(y) for (Vz € y)L,

o Succ(x,y) forVz[z €y z€xVz=u1a,
e [nd(a) for Jy € a Empty(y) A (Vx € a) (Jy € a) Suce(z,y).

Set induction
Va[Vx € ap(z) — ¢(a)] = Yap(a)

for all formula ¢(x).
Remark 2.1.1.

e The set y asserted to exist by Pairing is unique by Extensionality and is denoted
by {a,b}. We also write {a} = {a,a}. In the following, we shall not explicitly say
that a certain set is uniquely determined by Extensionality.

e The set y asserted to exist by Union is denoted by (Jb.

e The set b asserted to exist by Bounded Separation is denoted by {z € a | ¢(x)} .

Class notation

When working in CZF, we freely exploit the notion of class and notations for classes.

Definition 2.1.2. For any formula ¢(z), we call the collection of sets of the form

{z | p(x)} a class. A set x is an element of a class A = {z | p(x)}, denoted by x € A,

if p(x). A class A is a subclass of a class B, denoted by A C B, if Vz[x € A — y € BJ.

Classes A and B are equal if A C B and B C A. A set a is identified as a class {z | x € a}.
We introduce the following class notations:

o ) ={z| L}

e {ar,...,an} ={zx|x=a;V---Vz=a,}. When n =0, it is (),
e UA={z|(Fy e Az ey}

e AUB={z|xz€ AVz e B},



at =aU{a},

Pow(A) = {z |  C A},

(a,b) = {{a} . {a,b}},
AxB={z|(Fze A (ByeB)z=(z,y)},
{reAlo)}={z]zeANp()},

where A, B range over the classes and a, aq, ..., a,, b range over the sets. We also use the
following notation

{a]p} for {z]|(Fzy,...,z)2=0aAN¢}

where a denotes a set which depends on variables x4, ..., z,. For example, we often write
{{z,y) |r€e ANye B} for {z|(FreA)(JyeB) z= (xy)}.
Remark 2.1.3.

e () is a set, for we can write ) = {x € b | L} where b is an arbitrary set; take b to be
the set whose existence is guaranteed by Strong Infinity.

e {ay,...,a,} is a set by Pairing.

o |JA is a set when A is a set by Union. If A and B are sets, then AU B is a set by
Union and Pairing, and so is A x B; see Proposition 2.1.14.

e (a,b) is also denoted by (a,b).

2.1.2 Elementary mathematical construction in CZF

In this section, we show that some of the basic mathematical constructions can be per-
formed in CZF.

Definition 2.1.4. For any sets a and b, (a, b) is the ordered pair of a and b.
Proposition 2.1.5. (a,b) = (¢,d) iff a = ¢ and b = d.

Proof. The implication form right to left is trivial. Conversely, suppose that (a, b) = (¢, d).
Since {a} € (c,d), either {a} = {c} or {a} = {c,d}. In either case, we have a = c.
Similarly, we have {a,b} = {c} or {a,b} = {c,d}. In either case, we have b = c or b = d.
If b = ¢, then a = ¢ = b, and hence b = d. Therefore, in either case, we have a = ¢ and
b=d. O

For any natural number n, we define an ordered n tuple by induction () = 0, (a) = a,

<a/17 ceey Oy, an+1> = <<a17 s 7an>7 an+1>'
We introduce an auxiliary axiom which is a theorem of CZF.



Definition 2.1.6. Replacement is a statement
Vo € adly p(z,y) — IVy [y € b <> Tz € ap(x,y)]
for any formula ¢(z,y), where b is not free in p(z,y).
Proposition 2.1.7. Strong Collection implies Replacement.
Proof. Suppose that Vo € a3lyp(z,y). Then, there is a set b such that
Vo € ady € bp(x,y) ANVy € bz € ap(z,y)
by Strong Collection. Then, Yy [y € b +» Iz € ap(z,y)]. O
A relation is defined as usual.

Definition 2.1.8. A relation is a set R of ordered pairs. The domain and range of a
relation R are defined by

dom(R) = {x | Iy ((x,y) € R)},
ran(R) = {y | 3z ((x,y) € R)} .

Remark 2.1.9. dom(R) and cod(R) are both sets, for let A = J|J R, then we can write
dom(R)={x € A|(FyeA)(Fz€eR)z=(z,y)}

and similarly for ran(R).

A relation f is a function if
Vo € dom(f)3Jly € ran(f) (x,y) € f.

We write f : A — B to assert that f is a function with dom(f) = A and ran(f) C B.
For any x € dom(f), we write f(x) for the unique y € ran(f) such that (x,y) € f.

Lemma 2.1.10. [fVx € a3lyp(x,y), then there exists a unique function f with dom(f) =
a such that Vo € ap(z, f(x)).

Proof. Suppose that Vo € a3ly p(z,y). Let 6(z,2) be a formula such that 0(x,z) =
Jy (z = (x,y) AN p(z,y)). Then VY € a3z 0(x, z). Hence, there is a set f such that

Vz[z € f < Jx €ab(x,z)].

by Replacement. It is straightforward to verify that f is a function with domain a and
that Vo € a p(z, f(x)). The uniqueness of f is obvious. O

We introduce a few more class notations.



Definition 2.1.11. Let A be a class and 6(z, y) be a formula. A family of classes (B,)
over A is a collection

a€eA

B. = {y | 0(a,y)}
for each a € A. A family of classes over A is also called a family of classes indexed by A

or an A-indexed family of classes.
Let (B,),. 4 be a family of classes. We define classes:

UBi={yl GaecAyeB,

acA

(VBa={y|(Vac A)yyeB.}.

acA

acA

If R is a class of ordered pairs, then we write aRb for (a,b) € R. If A and B are classes,
then a class function from A to B, denoted by F': A — B, is a class ' C A x B such
that

Vo € AJly € BlzFy].

Lemma 2.1.12. For any class function F : A — B, if A is a set, then so is F.

Proof. Let F': A — B be a class function where A is a set. Then Vx € AJly(x,y) € F.
By Lemma 2.1.10, there exists a unique function f with dom(f) = A such that Vz €
Az, f(x)) € F. Clearly, f = F, so F'is a set. 0O

Lemma 2.1.13. Let A be a set and (B,),., be a family of sets over A. Then
1. U,ea Ba is a set,
2. if A is inhabited, i.e. Jag € A, then (1,4 Ba is a set.
Proof. 1. Since Va € A3lyy = B,, there exists a set
b={y|(Ea e A)y= B}

by Replacement. Then J,., B, = |Jb is a set by Union.
2 Let ag € A. Since Vx € Adlyy = B, there is a unique function with domain A such
that (Vo € A) f(x) = B,. Hence, we have

M Bo={y € flm) | (Vac Ay e f(a)},

acA
50 (),ea Ba is a set by Bounded Separation. O
Proposition 2.1.14. A x B is a set whenever A and B are sets.
Proof. Let a € A. Since Yy € B3z z = (a,y), we have a set
{a} x B={z](y € B)z = (a,9)}
by Replacement. Therefore, A x B =J,., {a} x B is a set by Lemma 2.1.13. O

10



Definition 2.1.15. Let I be a class and (A;),.; be a family over I. The sum of (4;)

is the class
d Ai={(i,a)|icTnacA}.

i€l

i€l

Proposition 2.1.16. Let (A;),.; be a family of sets over a set I. Then, >, ., A; is a sel.

Proof. Since ). ; A; = U;er {i} X As, Y, Ai is a set by Proposition 2.1.14 and Lemma
2.1.13 (1). O

Definition 2.1.17. Let A and R C A x A be classes. The class R is an equivalence
relation on A if for all a,b,c € A

1. aRb,
2. aRb = bRa,
3. aRb and bRc = aRec.

For each a € A, the class
la], = {z € A| zRa}

is called the equivalence class of a with respect to R.

Proposition 2.1.18. Let A be a set and R be an equivalence relation on A. If R is a
set, [a], is a set for each a € A, and moreover, the quotient of A with respect to R

A/R={la]r | a € A}
1S a set.

Proof. If R is a set, then [a]g is a set for each a € A by Bounded Separation. Then, A/R
is a set by Replacement. O

Definition 2.1.19. Let a and b be sets and let b* = {f | f : @ — b}. We also write a — b
for b*. Let mv(a,b) be the class of relations r C A x B such that Vu € aJv € burv. A
set ¢ is full in mv(a,b) if ¢ C mv(a,b) and

Vr € mv(a,b)3s € ¢[s C r].
Fullness is a statement

VaVb3c [c is full in mv(a, b)].
Ezxponentiation is a statement

VavVb3acVf [f € c < f € D].

Proposition 2.1.20. Fullness is derivable in CZF.

11



Proof. Let a, b be sets. Let ¢(z, z,u) be a formula such that
o(x,z,u) =3y € bl(r,y) =2 ANz €u.
By Subset Collection, there is a set d such that
VulVz € a3z € axbp(z,z,u) — Ir € d[Vx € a3z € rp(x, z,u) AVz € rix € ap(z, z,u)]].

Then
c={red|remv(a,b)}

is a set by Bounded Separation. Let r € mv(a,b). Then Vx € a3z € a x bp(z, z,7), and
thus there exists a set s € d such that

Ve € adz € sp(x,z,1) AVz € s3x € ap(x, z,71).
Then s C r and s € mv(a,b), and thus s € ¢. Therefore, ¢ is full in mv(a, b). O
Corollary 2.1.21. Fullness implies Fxponentiation.

Proof. Let a,b be sets. By Fullness, there is a set ¢ which is full in mv(a, b). Then
X={fec|fet}

is a set by Bounded Separation. Let f € b*. Since f € mv(a,b), there is g € ¢ such that
g C f. As f is a function, we must have g = f, and hence f € X. Therefore, X = b* so
b* is a set. O

Definition 2.1.22. Let I be a set and (A;),.; be a family of classes over I. The dependent

product (or Cartesian product) of (A4;),.; is the class

HAZ-:{f\f:[%UAiA(ViEI)f(i)eAi}.
iel iel
Proposition 2.1.23. Let (A;),.; be a family of sets over a set I. Then, [],.; A; is a set.

Proof. |J,c; Ai is a set by Lemma 2.1.13, and hence I — J
tion. Therefore ]

ser Ai 1s a set by Exponentia-

ser Ai 1s a set by Bounded Separation. O

2.1.3 The Natural Numbers

We show that the set which is asserted to exist by the Strong Infinity satisfies the usual
property of natural numbers including the well-know axiom of Dedekind and Peano. We
also introduce the notion of finitely enumerable set.

Lemma 2.1.24. Let Ind(a) and 6(a) be formulae

Indla)=0€aAN(Vzx€a)(Fyeca)y

0(a) = Ind(a) ANVy [Ind(y) — a C y]

where 0 = 0. If (a) and 6(b), then a =b.
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Proof. 1f §(a) and 0(b), then a C b and b C a, i.e. a =b. O
Definition 2.1.25. The unique set a such that (a) is denoted by w or N.
Theorem 2.1.26.
1. p(0) AVn € wlp(n) — o(n™)] — (Vn € w) (n) for every bounded formula o(n).
Vnewn=0V@3mew)n=m"].
Vn € w (0 #nt).
Vn € w (Ve € ne Cn).
Vnew(n ¢n).
Vn,m e wln€m—ntemvnt =m].
Vn,m € wnt™ =m*t = n=m.

Vn € w (0 € n™).

© ©® NS @ e

VnmewnemVn=mVméeEn)|.
10. VnomewmenVmé&n|AVn,m € wlm=nVm#n].

Proof. 1. Let ¢ be a bounded formula. Suppose that ¢(0) AVn € w[p(n) — ¢(nt)]. Let
a={necwlpn)} beaset by Bounded Separation. Clearly, Ind(a) so w C a, and thus
(Vn € w)p(n).

2. Let p(n) be a formula such that ¢(n) =n =0V (Im € w)n =m™. Then ¢(0), and
if p(n), then ¢(n™) for all n € w. Therefore, 2 follows from 1.

3. We have n ¢ 0, and n € n* for any n € w. Thus 0 # n™ by Extensionality.

4. Let ¢(n) = Vn € wm C n. Then ¢(0). Let n € w, and suppose that ¢(n). Let
m € n*. Either m =n or m € n. I m € n, since ¢(n), we have m C n. So in either case,
we have m C n C n™; the conclusion follows from 1.

5. Trivially 0 ¢ 0. Suppose that n ¢ n and nt € n*. Then either n™ =n or n* € n.
In either case, we have n™ C n by 4, and hence n € n, a contradiction.

6. Let o(m) =Vn € wn € m —n™ € mVnt =m]. Then ¢(0). Suppose that ¢(m),
and let n € m*. Eithern € morn =m. If n € m, then n* € morn™ =m, son™ € m*.
Hence, in either case, we have n™ € m*™ v nt =m™.

7. Suppose that nt = m™*. Then, either n = m or n € m. In either case, we have
n C m by 4. Similarly, we have m C n. Thus n = m.

8. Let ¢(n) =0 € n*. The conclusion follows from 1.

9. Let p(n) =Vm e wnpemVn=mVméen|. Since 0 =mV In € wn =m" for
all m € w by 2, we have ¢(0) by 8. Assume that ¢(n), and let m € w. Then, we have
nemVn=mVmen. Ifne&m,thennt € mVn™ =mby6. If n=m or m € n, then
m € n*. Hence ¢o(n').

10. The first part follows from 4, 5 and 9. The second part follows from 5 and 9. [
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Definition 2.1.27. The Dedekind-Peano azioms for the structure (N, 0, .5) is the follow-
ing list of axioms.

1. 0 e N.

2. S:N—N.

3. 0# S(n) for all n € N.

4. S(n) = S(m) — n=m for all n,m € N.

5. For each subset X C N, if 0 € X and S(n) € X for all n € X, then n € X for all
n € N.

Proposition 2.1.28. (w,0,S) satisfies the Dedekind-Peano axioms, where 0 = () and for
alln € w, S(n) =nt.

Proof. Since Ind(w), the first two and the last axioms are immediate. The others are 3
and 7 of Theorem 2.1.26. O

Structure (N, 0,.5) satisfying the Dedekind-Peano axioms can be shown to be unique
up to isomorphism (See [7, Chapter 6]).
To close this section, we given a notion of finiteness of a set.

Definition 2.1.29. A set A is finitely enumerable if there exist n € w and a surjective
function f : n — A. Note that n = {m € w | m € n}. Let Fin(S) denote the class of all
finitely enumerable subsets of a set S.

Lemma 2.1.30. Fin(S) is a set whenever S is a set.

Proof. Since S™ is a set for each n € w by Exponentiation, F,, = {ran(f) | f € S™} is a set
by Replacement. Therefore, Fin(S) = |J,,.,, F» is a set by Replacement and Union. [

2.1.4 Choice Principles in CZF

We introduced three constructive choice principles which are available in CZF, the last
one was shown to be valid in the interpretation in the type theory [2], from which the
others follow.

Definition 2.1.31.
The Aziom of Countable Choice (AC,) states that

For any function F' with domain w, if Vn € w3y € F(n), then there exists a
function f:w — U, ., F(n) such that (Vn € w) f(n) € F(n).

The Aziom of Dependent Choice (DC) states that

For any set a and formula ¢, if (Va € a) (Jy € a) ¢(x,y), then for any ay € a
there exists a function f : w — a such that f(0) = ap A (Vn € w) o(f(n), f(n+

1)).
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The Aziom of Relativized Dependent Choice (RDC) states that

For any formulae ¢ and v, if Vzp(z) — Jyle(y) A ¥(z,y)], then for any
set ag such that ¢(ag) there exists a function f with domain w such that

£(0) = ag A (Vn € w) @(F(n) A(F (), £+ 1)).
Proposition 2.1.32.
1. DC implies AC,,.
2. RDC implies DC.

Proof. 1. Let F be a function with domain w such that Vn € wiy € F(n). Let A =
Y onew F(n). Then V(i,x) € A3(j,y) € A[j =14+ 1]. Pick ap € F(0). Applying DC,
there is a function f : w — A with f : n — (in,2,) such that (ip,x¢) = (0,a0) and
(Vn € w)ipy1 = i, + 1. Then, i, = n for all n € w, and thus we have a function
g:w = U,e, F(n) defined by g(n) = x,, such that Vn € wg(n) € F(n).

2. Given a set a and a formula v such that (Vz € a) (Jy € a) ¥(z,y), put p(z) =z € a
and apply RDC. 0

2.1.5 The Regular Extension Axiom

The Regular Extension Axiom was introduced in CZF to accommodate inductive defini-
tions [3].

Definition 2.1.33. A set A is transitive if (Va € A)a C A, and it is regular if it is
transitive and for any a € A and R € mv(a, A), there exists b € A such that

(Ve €a)(Fyebd)(x,y) € RN (Vy €b)(Ix €a)(z,y) € R.
The axiom REA asserts that
REA Every set is a subset of a regular set.
A set A is union-closed if | Ja € A for each a € A. The axiom uREA asserts that

uREA Every set is a subset of a union-closed regular set.

A regular set A is RRSs-regular if for each A" € Pow(A), R € mv(A'x A’ A’) and q¢ € A’,
there exists Ag € A such that ag € Ag C A’ and

V(Zﬁ,y) S AO X A()ElZ S AO ((l‘,y),Z) € R.
The axiom RRS,-uREA asserts that

RRSs-uREA  Every set is a subset of a union-closed RRS;-regular set.

Lemma 2.1.34. Let A be a reqular set. Then, ran(f) € A for anya € A and f:a — A.
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Proof. Let f:a — A. Since f € mv(a, A) and A is regular, there exists a set b € A such
that
Ve € ady € bf(x) =y AVy € b3z € af(z) = y.

Then, obviously ran(f) = b € A. O
Lemma 2.1.35. Let A be a reqular set such that 2 = {0,1} € A. Then,

1. Vo,y € A{x,y} € A, and

2. feAforallae Aand f:a— A.

Proof. 1. Let z,y € A. Define a function g : 2 — A by ¢(0) = xz and ¢(1) = y. Then,
{z,y} by Lemma 2.1.34.

2. Let a € Aand f:a — A. Then, for each x € a, we have (z, f(x)) € A by 1. Hence,
we have a function = — (z, f(z)) from a to A, and thus f = {(z, f(z)) | z € a} € A by
Lemma 2.1.34. U

Lemma 2.1.36. Let A be a union-closed reqular set such that 2 € A. Then, for any
I € A and a family (a;),., of elements of A, > ._,a; € A.

i€l iel
Proof. Let I € A and let (a;),.; be a family of elements of A. For each i € I, we have a
function f; : a; — A defined by f;(z) = (i, z) by Lemma 2.1.35. Thus, we have a function
g : I — Adefined by ¢(i) = ran(f;) = {i} x a; by Lemma 2.1.34. Since A is union-closed

regular, we have (Jran(g) = ;. {i} x a; =>_,;a; € A by Lemma 2.1.34. O

Corollary 2.1.37. For a union-closed reqular set A such that2 € A, a x b € A for each
a,be A.

Lemma 2.1.38. Let A be a union-closed reqular set such that N € A. Then, Fin(a) € A
for each a € A.

Proof. Let a € A. Since Fin(a) = U,cn {ran(f) | f € a"}, A is union-closed regular and
N € A, it suffices to show that a™ € A for each n € N. If n = 0, then since N C A,
trivially a® = 1 € A. For the induction step, assume that a® € A. Let f € a™. Since
A is union-closed regular and N € A, we have fU{(n+1,z)} € A for each = € a, and
therefore G(f) = {fU{(n+ 1, 2)} | v € a} € A. Hence, a"*' = ;.. G(f) € A. O

Proposition 2.1.39. uREA and DC imply RRS;-uREA.

Proof. Assume uREA and DC. Let S be a set. Then, there exists a union-closed regular
set A such that {N} U S C A. We claim that A is RRSy-regular. Let A’ € Pow(A),
ap € A and Remv(A' x A, A"). Let Aw ={ac A|laC A’} and a € Ay. Then

V(z,y) €axadz € Al(z,y) RzN 2z € A'].
Since a x a € A by Corollary 2.1.37, there is a set b € A such that

V(z,y) €axadz €bl(z,y) RzNz € A]AVz € bI(z,y) €Eaxal(z,y) Rz=Nze A].

16



by regularity of A. Hence b C A’, and thus b € Ay. Since 2 € A and A is union-closed
regular, we have aUb € A, and so a Ub € A,. Thus, we have

Va € Apdb e Ay fa COA (VY (z,y) €axa)(3z€d)(z,y) Rz].

Since ag € A’, 1 € A and A is regular, we have {ag} € A’, and hence {ag} € Ayu.
Applying DC, there exists a function f: N — A4 such that f(0) = ay and

(Vn € N) f(n) € f(n+1) A (V(2,y) € f(n) x f(n))(Fz € fln+1))(z,y) Rz

Since N € A and A is union-closed regular, we have Ay = |Jran(f) € As by Lemma
2.1.34. Then, ay € Ay, and for any (z,y) € Ay x Ap then there exists n € N such
that z,y € f(n), so there exists z € f(n + 1) such that (z,y) Rz. Therefore, R €
mv(Ay X Ag, Ap). O
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2.2 Set-generated classes and generalized geometric
theories

We introduce the notion of set-generated class and generalized geometric theory by Ishi-
hara et al. [6]. In the practice of constructive mathematics, we often face difficulties in
showing that a certain collection forms a set. However, in the case where the object X
in question is a collection of subsets of a set S, we can often construct a subset G of X
which generates X in the following sense:

Definition 2.2.1. A class C of subsets of a set S is set-generated if there is a subset G
of C such that
(VU € C)(Vo e Fin(U))(AV € G)o CV C U,

We call G a generating subset (shortly, generating set) of C' and say that G generates C.

It often turns out that a generating subset G suffices for a particular purpose. Ishihara
et al. showed that the class of models of a generalized geometric theory over a give set
is set generated. In practice, if we want to show that a collection X of subsets of a set
S is set-generated, we formulate a generalized geometric theory over the set S in such a
way that a subset a of S is a model of the theory iff & € X. The notion of generalized
geometric theory plays a crucial role in Chapter 5 where we construct (co)equalisers and
products of the categories of basic pairs and concrete spaces.

2.2.1 Generalized geometric theories
First, we review the notion of generalized geometric theory [6].

Definition 2.2.2. A generalized geometric implication (shortly, implication) and a gen-
eralized geometric theory (shortly, theory) over a set S, and their ranks, are defined
simultaneously by

1. s is a generalized geometric implication of rank 0 for each s € S;

2. if ¢ is a finitely enumerable subset of S and I' is a set of generalized geometric
theories of rank n, then A\ o — \/, . AU is a generalized geometric implication of
rank n + 1;

3. aset T of generalized geometric implications of rank < n is a generalized geometric
theory of rank n.

Remark 2.2.3. More precisely, the classes Z,, and 7, of implications of rank < n and
theories of rank n, respectively, over a set S are defined by simultaneous induction as
follows:

IO == S,
o1 =Z,U{(n+1,(0,T)) | 0 € Fin(S) AT € Pow(T,)},
T, = Pow(Z,).
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A class C is predicative if it can be is presented by a bounded formula 7, i.e.
Ve(x eC + x € n(x)).

If a class C is predicative and presented by a formula 7, then Pow(C) is also predicative,
for we have Vy (y € Pow(C) <» Vo € ym(z)). Therefore, for an externally given natural
number n, the classes Z,, and 7,, are predicative.

We introduce the following abbreviations for geometric implications.

SE/\O’ ifO':{S},
0=/ \U if U = {6},

ANU=Vyer AU if ' = {U},
Voer AU= A0 = Ve AU

where o € Fin(S), and U and I' are a theory and a set of theories respectively. For an
implication ¢ = Ao — \/ycr V U of positive rank, we write o, = 0 and I', =T..

Definition 2.2.4. The relation = between a subset « of S, and implication s (of rank
0), ¢ (of positive rank) and a theory T over S is defined by

. aEsifs e a,
2. al=ypif o, C aimplies o = U for some U € I,
. aETifaEfforal deT.

A subset « of S is a model of a theory T if a |= T. The class of models of a theory T will
be denoted by (7).

Remark 2.2.5. More precisely, the class relations =z, and =7, between Pow(S) and Z,
and 7, are defined by simultaneous induction:

l.afr, s < s€&s,

2. a0 <= afFg, 0iflel,,

3. afr,,, (n+1,(0,1) < o0 C «aimplies a =7, U for some U €T,
4. a7, T < a1, 0 foreach 0 €T.

Note that, for an externally given n, the class relations =z, and |=7, are predicative.

An estension S’ of a set S is a set with an inclusion (i.e. an injection) ¢ : S — S’
Let S’ be an extension of a set S with an inclusion (. Then we can naturally extend
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the inclusion ¢ to an inclusion ¢ from the implications and the theories over S into the
implications and the theories over S’ of the same rank by

where s and ¢ are implications of rank 0 and of positive rank respectively, and T' is a
theory.

Remark 2.2.6. More precisely, we define the class functions iz, : Z, — Z, and i, : T, —
7., where Z, and 7, are the classes of implications of rank < n and theories of rank n
over S’ respectively, by simultaneous induction:

1. iz,(s) = u(s),

2. ig,,,(0)=i7,(0)if 0 € Z,,,

3. iz, (n+1,(0,1)) = (n+1,((0), {ir,(U) [ U €T})),

4. i7.(T)={iz,(0) |0 € T}.
Note that the image iz, (T) of a set T' is a set by Strong Collection.
Lemma 2.2.7. For an externally given n, iz, and i, are injective.

Proof. The proof is by induction on n. Trivially, iz, is injective, and so is i7,. Assume
that iz, and iy, are injective. Let 0,6 € Z,, and suppose that iz, (0) = iz, (¢).
Then i7,(0) = iz, (0), and so 8 = 0" because iz, is injective. Let 0,0’ € Fin(S) and
I''I' € Pow(7,), and suppose that iz, , (n + 1,(0,I')) = iz, (n + 1,(¢",1")). Then,
(t(0),{ir,(T)|U €T'}) = (e(o'),{i7,(T) | U €1"}), s0 0 = ¢’ and I' = I by injectivity
of v and i7,. Hence, (n+1,(0,1")) = (n+1, (¢/,1")). Finally, let T, 7" € 7,1 and suppose
that i7.,,(T') = iy, ,(T"). Then {iz,(0) |0 € T} = {iz, () | 0 € T'}. Since iz, is injective,
we have T'=T". O

Lemma 2.2.8. For an externally given n,
Vo € Z,Yo! € Pow(S") [ 7o) b=z, 0 <= o =1 i1,(0)],
and
VT € T,¥o! € Pow(S") [ (o) =7 T <= o =71 i7,(T)] .
Proof. The proof is by induction on n. Let s € Zy = S and a € Pow(S’). Then

) B s = seil(d) &= 1(s) €d = d |1, iz (s).
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Now, let T' € Ty € Pow(Pow(S)) and o’ € Pow(S’). Then

TN ER T <= (VseT)u () g, s
— (VseT)d g iz (s)
— o ):76 Z% (T)

Assume that the assertion holds for =7, and |=7,. Let o/ € Pow(S"). If § € Z,,, then we
have

Lil(O/) ):In-&-l 0 = o ):IL_H ZIn+1 (6>
by the definitions of =z, ,, and iz, ,. Let 0 € Fin(S) and I' € Pow(7,,). Then

) By (n+1,(0]) <= o C N ()= (AU ED)TN(d) ER U
= o) Cd = (W eD)d 7, ir,(U)
= o g, (n+1, (o), {ir,(U) |U €T}))
= d |z, i1, (n+1,(0])).

1

Finally, if T' € 7,41, then

L_I(O/) ):Tnﬂ T <= (V@ S T) L_I(O/) ):InJrl 0
— (ve S T) o ):In-&-l ZIn+1 (6>
= d ):7*/ Zzn+1 (T)

n+1

Hence, we have the following lemma.

Lemma 2.2.9. Let T be a theory over S, and let S” be an extension of S with inclusion
t. Then 1™ (') € M(T) if and only if o/ € M(i(T)) for each o/ € Pow(S").

Let S’ be an extension of a set S with an inclusion ¢. A theory 7" over S’ is an
extension of a theory T over S if 171 (a’) € M(T) for each o/ € M(T”), and the extension
is conservative if for each a € 9M(T), there exists o/ € M(T”) such that a = 1 7(a’). Note
that £(T) is a conservative extension of 7' by Lemma 2.2.9.

Proposition 2.2.10. FEach theory of rank n+1 (n > 1) has a conservative extension of
rank n.

Proof. Let T be a theory of rank n+ 1 (n > 1) over a set S. Divide T into the set P of
implications of rank < n and the set () of implications rank n + 1. Define an extension S’
of S by §' = S—l—ZweQZUEwU~7 and let tg: S — S and oy : U = 5" (U eTl,,pe)
be the canonical inclusions. Let @ be a theory over S’ of rank 1 defined by

Q= {A1s(0,) > Vier, Aw(U) | ¢ € Q]
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and, for an implication 6 € U (U € I'y,, ¢ € @), define an implication 6 of rank 1 or the
same rank by

b= w(0) — 1s(0) for 6 of rank 0,
A (es(o) U {ep(0)}) — Vver, Nis(V) for 6 of positive rank.

Finally, define a theory 7" over S’ of rank n by
T’zLﬁg(P)UQU{é”GGU,UEFw,ger}.

We show that T” is a conservative extension of 7. First, we show that 7" is an extension
of T. Let o/ € M(T'). We must show that 157! (a/) € M(T), ie. 15 (/) | P and
tsH(a’) E Q. Since o = 5(P) and P is a theory over S, t57!(a/) | P by Lemma 2.2.9.
Let ¢ € @, and suppose that o, C 1s7!(a’). Then t5(0,) C o. Since o = @, there exists
Uy € T, such that o =y, (Uy), so wy,(Up) C . Let 6 € Uy. If 6 is of rank 0, then, since
o =6 and {1y,(A)} C o/, we have o/ |= 15(6), and hence g~ (a’) |= 6. If 8 is of positive
rank, suppose that oy C 1~ (a’). Then 15(cg) U {1,(8)} C o, and since o’ |= 6, there
exists V € Ty such that o = ig(V). Hence, ts7'(a’) = V by Lemma 2.2.9, and therefore
ts (') | 0. Thus, 1571 (a)) | Uy, so s () E Q.

Next, we show that 7" is a conservative extension of T'. Let o € 9M(T'), and let o/ be a
subset of S’ such that

o =15(a) U J{w(U) [a U UeT,, p€Q}.

Note that o is a set since |= is a predicative class as mentioned in Remark 2.2.5. Clearly,
a = 1571 (a’). Tt remains to be shown that o |= T". First, since 157 (/) = a E P, we
have o |= (s(P) by Lemma 2.2.9. Next, let ¢ € (), and suppose that ts(0,) C o/. Then,
0, C s (a') = . Since a |= Q, there exists U € 'y, such that o = U. Then, 1y(U) C o
by the definition of o/, i.e. o |= 1y(U), and hence o/ = Q. Finally, let ¢ € Q,U € Ly,
and 0 € U. If 6 is of rank 0, and if () € , then § € U and 157 (/) = a | U.
Therefore o |= 1g(6) by Lemma 2.2.9. Thus o/ = 6. If 0 is of positive rank, suppose that
ts(og) U{w(0)} C o'. Since 1py(0) € o we have a |= 6, and since g5 C 1571 (a/) = «,
there exists V € 'y such that 1s7'(a/) = a E V, so o | ig(V) by Lemma 2.2.9, and

thus, o |= 0. Therefore, o/ = {é |0 e U UeTl,, pe Q} a

Proposition 2.2.11. Let T" be a conservative extension of a theory T'. If the class IM(T")
is set-generated, so is the class IM(T).

Proof. Let ¢« : S — S’ be an extension. Let T' be a theory over S and 7" be a theory
over S’, where T" is a conservative extension of T'. Suppose that 9(7") is set-generated,
and let G’ be a generating subset of 9M(T”). We show that G = {7 }(’) | o/ € G'} is
a generating subset of 9M(T"). To this end, let « € M(T) and ¢ C Fin(a). Since 17"
is a conservative extension of T, there exists 3 € 9(T”) such that .™'(8) = «, and so
t(c) C 8. Then, since G’ generates MM(T”), there exists o’ € G’ such that (o) C o/ C 3.
Therefore o C .=} (a/) C v71(B) = a. O
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In the following sections, we give two different proofs for the following theorem in an
extension of CZF.

Theorem 2.2.12. The class M(T) of models of a theory T of rank 1 is set-generated.
Combining this with the above two propositions, we have the following theorem.

Theorem 2.2.13. Assume RRSs-uREA or RDC. Then the class M(T) of models of a
theory T' of rank n is set-generated.

2.2.2 A regular extension axiom

In this section, we give proof of Theorem 2.2.12 in CZF extended with the axiom RRSs-
uREA [6, Theorem 5.2].

Theorem 2.2.14. Assume RRSy-uREA. Then the class (T of models of a theory T
of rank 1 is set-generated.

Proof. Let T be a theory over a set S of rank 1. Let P = ZoNT and Q = T — P.
Then P C S, and for each ¢ € @, we have I', C Pow(S). For each @ € Pow(S), let
Qo ={p € Q| 0, Ca}. Since g, € Fin(S) for each ¢ € Q, we have Qo = U, cpin(a) @
Let A be a union-closed RRSs-regular set containing {N,S, P} U {Q, |7 € Fin(5)} U
{T'y | ¢ € Q} and let

G={acA|laEMT)}.

Note that G is a set by Bounded Separation. We show that G is a generating subset of
IM(T). To this end, let v € M(T) and A, = {a€ A| P C o C~}. Let R be a relation
on A, such that

R={(a,) | (Vo € Qo) BU €Tp)U C fAex C B}

Let @ € A,. Then Fin(a) € A by Lemma 2.1.38. Since (V7 € Fin(a)) (Jy € A)y = Q-
and A is union-closed regular, we have @, = |J (@) @, € A. Since o, € @, and

v | Q, we have

T€Fin

Vo€ Qo) (U € A)U €T, AU C .

Hence, since A is regular, there exists D € A such that
(Vo € Qo) (BU E€D)[U €T, AU CAIA(NU € D)(3p € Q,)[U €T, AU C A,

and since A is union-closed, we have § = |JD € A,. Thus, since {§,o, P} C A and A
is union-closed regular, we have § = dUa U P € A. Hence, f € A, because P C .
Therefore, (o, ) € R, and thus R € mv(A,, A,). Define a relation R’ C (4, x A,) x A,
by

R ={((ev, ), m) | (U B) Rn}.

Then, since A is union-closed regular, « U 8 € A, for each «, 8 € A,. Thus, since R is
total, so is R'. Now, let 7 € Fin(y). Since N € A and A is regular, we have 7 € A and
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T Cv,and so 7' = PUT € A,. Since A is RRSy-regular, there exists a set Ay, € A such
that 7/ € Ay C A, and
(Va, 5 € Ag) (In € Ap) (U B) Rn.

Let o/ =|JAp. Then 7 C 7/ C o/ C ~. Also, since A is union-closed, o/ € A. It remains
to be shown that o =T, ie. o/ | P and o = Q. The former is trivial. For the latter,
let ¢ € @ and suppose that o, C o'. Since o, € Fin(a/), there exists § € Ay such that
o, C B. Since R’ is total, there exists n € Ay such that SRn, i.e.

(Vo€ Qp) (AU €Ty) [UCnABC

Since ¢ € @3, we have U € I'y, such that U C o/, i.e. o |= U. Therefore o/ |= @), and
thus o/ = 1T. O

2.2.3 The relativized dependent choice

In this section, we given a proof of Theorem 2.2.12 in CZF extended with the axiom RDC
[6, Theorem 4.1]. First we prove the following lemma for the main theorem.

Lemma 2.2.15. Let a,b and R be sets, and let

r € mvg(a,b) <= remv(a,b) A7 C R,
Fullg(a,b,c¢) <= ¢ Cmvg(a,b) A (Vr € mvg(a,b)) (s € c)s Cr.

Then, there ezists a set ¢ such that Fullg(a,b,c).

Proof. By Fullness, there exists a set d which is full in mv(a,b). Let ¢ = {r € d | r C R}
be a set by Bounded Separation. Then, ¢ C mvg(a,b). Let r € mvg(a,b). Since
r € mv(a,b), there exists s € d such that s Cr. Then s C R, and so s € c. O

Theorem 2.2.16. Assume RDC. Then the class M(T') of models of a theory T of rank
1 is set-generated.

The claim follows from the series of propositions. Let T be a theory over a set S of
rank 1. Let P =ZyNT and Q =T — P, and note that P C S and I', C Pow(S) for each
v € Q. For a € Pow(S), let Qo ={p € Q |0, C a}.

Let b= o'y and R= %" _,T',, and define a class V by

V ={(a,c) | @ € Pow(S) A Fullg(Qn,b,¢)} .
Proposition 2.2.17. There exists a set V C V such that
1. Y7 € Fin(S)3c ((r,¢) € V),
2. V(a,c) e VVr e c3(d/,d) € V(PUaUJran(r) = o).
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Proof. Let ¢ be a formula defined by
Y(X,Y)=V(a,c) € XVrecd(d,d)eY (P UaU Uran(r) = o/) :

We show that VX € Pow(V)3Y € Pow(V)y(X,Y). To this end, let X be a set such that
X C V. For each (a,c) € X and r € ¢, let ' = PUaU|Jran(r), and let ¢ be a set such
that Fullg(Qau, b, ¢) by Lemma 2.2.15. Then (o/, ) € V. Hence, we have

V((a,c)r) € 32 nex A, ) € V(PUaUJran(r) = o),
and therefore, there is a set Y C V such that
V((a,0),r) € 3 ngex A, ) €Y (PUaUJran(r) = o).

by Strong Collection. Thus ¥(X,Y). Since V7 € Fin(S)3cFullg(Q,,b,c) by Lemma
2.2.15, there exists a set Xy C V such that V7 € Fin(S)3e ((7,¢) € Xo) by Strong Collec-
tion. Applying RDC to VX € Pow(V)3Y € Pow(V)y(X,Y) and X, we have a function
f with domain N such that f(0) = X, and

Vn € N[f(n) SV AY(f(n), f(n+1))].
Let V =, en f(n). Then it is straightforward to see (1) and (2). O

Using Exponentiation, Bounded Separation and Strong Collection, define sets B and
G by

B = {((an,cn»neN ceVN|VneNIrec,(PUa,UJran(r) = ozn+1)} ,
G = {UnGN (079 | <(anycn)>n€N S B} .
Proposition 2.2.18. Fach o in G is a model of T

Proof. Let o € G. Then there exists (v, ¢y))nen € B such that o = J,,c - Note
that P C oy C a, so o = P. Now, let ¢ € @), and suppose that o0, C «. Then, since
o, € Fin(S) and a,, C 41 for each n € N, there exists m € N and r € ¢, such that
0, C oy, and PUay, UJran(r) = au,qq. Therefore, since r € mvg(Q,,,,b) and ¢ € Q,,,,
there exists U € b such that U € I', and ¢ r U, and hence U C |Jran(r) C a1 C .
Hence a = @, and thus a =T O

Proposition 2.2.19. Let v be a model of T, and let T € Fin(vy). Then there ezists f € G
such that 7 C 8 C 7.

Proof. Let V, = {(a,c) € V | @ C ~v}. We show that
V(a,c) e V,3(d/,d)eV,3sec (P UaU Uran(s) = o/) :
Let (o, ¢) € V,. Define a set

r={lpU) e RIUET, ANUCH},
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by Bounded Separation. Then, since ), € @), and 7 is a model of T', for each ¢ € @,
there exists U € I'y, such that U C 5. Therefore 1 € mvg(Q,,b), so there exists s € ¢
such that s C r. Note that | Jran(s) C |Jran(r) C 7. Then, there exists (¢/,¢’) € V such
that o/ = PUa U |Jran(s) C v by Proposition 2.2.17 (2). Thus (¢/, ) € V,.

By Proposition 2.2.17 (1), there exists ¢ such that (7,c) € V,. Applying DC, we have
a function h : N — V, with h(n) = (an, ¢,) such that (ag, o) = (7,¢) and ¥n € N3s €
cn (P Uan UJran(s) = apy1). Therefore, since h € B, we have 3 = |J,cn o € G and
TCHCH. O
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2.3 Category Theory

In this section, we introduce all the concepts of category theory that we use in this thesis.
The topics are largely drawn from the first chapter of [9]. They can be found in any
other introductory textbooks on category theory; see, e.g. [8]. The reader who is new
to category theory should be warned that some of the important concepts of category
theory, e.g. pullbacks, are deliberately omitted since they are not treated in this thesis.

2.3.1 Categories

Definition 2.3.1. A category C consists of a class Ob(C) of objects of C (called C-
objects), and a class Arr(C) of arrows of C (called C-arrows) such that

1. there are assignments dom,cod : Arr(C) — Ob(C) which assigns to each f €
Arr(C), objects dom(f) and cod(f), called the domain and the codomain of f
respectively. If X = dom(f) and Y = cod(f), we write

f:X—=>Yor X N Y
for the statement

f € Arr(C) Adom(f) = X Acod(f) =Y.

2. there is an assignment o : Arr(C) x Arr(C) — Arr(C) which assigns to each arrows
f: X —=Yand g:Y — Z with dom(g) = cod(f), an arrow go f : X — Z called
the composite (or composition) of f and g.

3. there is an assignment 1 : Ob(C) — Arr(C) which assigns to each X € Ob(C), an
arrow 1y : X — X called the identity arrow on X.

These data are required to satisfy the following axioms:

Associativity law: For any arrows f: X - Y, g:Y > Zand h: Z — W,
ho(gof)=(hog)of.
Identity law: For any Y € Ob(C), and for any f: X - Y andg:Y — Z
lyof =1/, goly =g.

Remark 2.3.2.
e Arrows are also called morphisms. We use arrow and morphism synonymously.
e The composite g o f is defined iff dom(g) = cod(f).

e By Associativity law, we can unambiguously write hogo f for ho(g o f) or (ho g)of.
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Notations. Throughout this section, we follow the following conventions.
e C D, E ... denote categories
e AB,C,... XY, Z ... denote objects.
e f g, h,... denote arrows.
Definition 2.3.3. Let C be a category. For each pair of C-objects X and Y, the class
Homc(X,Y)={f € Arr(C) | f: X - Y}

is called the hom-set of X and Y. We also write C(X,Y) for Homg(X,Y), or just
Hom(X,Y) if C is clear from the context.

Definition 2.3.4. A category C is small if Ob(C) and Arr(C) are sets, otherwise it is
large. Tt is locally small if Homg(X,Y) is a set for each X, Y € Ob(C).

Ezxamples 2.3.5.

1. Set is a category whose objects are the class of all sets and whose arrows are the class
of functions between sets. The composition is the usual composition of functions,
and the identity arrow on a set X is the identity function ¢dx. Set is a large category
but it is locally small.

2. Similarly, Top is a category whose objects are the class of topological spaces and
whose arrows are the class of continuous functions between topological spaces. The
composition and the identity are defined as in Set.

3. Rel is a category whose objects are the class of all sets and whose arrows are binary
relations between sets. The composition of relations r : X — Y and s : Y — Z,
namely r C X x Y and s CY x 7, is a relation sor C X x Z defined by

sor={(x,2) e XxZ|FyeY)zryAysz}.

The identity arrow on a set X is the diagonal relation on X, namely Ay =
{(z,z) | x € X}. Note that Rel is neither small nor locally small in CZF.

4. A preordered class is a class P with a relation < on P such that

e (reflexive) p < p,
o (transitive) p<gAqg<r—p<r.

If, moreover, < satisfies
e (anti-symmetry) p < gAqg<p—>p=gq,

then P is called a partially ordered class. Every preordered class determines a
category as follows:
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e Objects — The elements of P.
e Arrows — For any p,q € P, Hom(p,q) = {(p.a) | p < }.

e Compositions — For any arrows (p,q) and (g,r), their composite is (¢, ) o
(p,q) = (p.7).
e Identities — For any p € P, 1, = (p,p).
Note that Hom(p,q) has at most one arrow for any objects p,q € P. Also, the

composition and the identity are well-defined by transitivity and reflexivity of <.
We write C(P) for the category associated with a preordered class P.

5. The empty category, denoted by 0, has the empty set of objects and the empty set
of arrows. Similarly, the degenerate category, denoted by 1, has just one object and
one arrow, namely, the identity arrow on the object.

Since category theory makes heavy use of diagrams, we define an informal notion of
diagram in a category. Much more formal definition of a diagram in a category is given
in 2.3.54.

Definition 2.3.6. A diagram D in a category C consists of a set V' of objects of C and a
set of arrows of C whose domain and codomain are in V. A diagram can be depicted as

|

o ——0

A path in a diagram D is a finite sequence (fi,. .., f,) of arrows of D with dom(fi;,) =
cod(f;) for each i < n. A diagram D is said to commute if for any two paths (fi,..., fu)
and (g1,...,gm) With n > 2 or m > 2 and dom(f,) = dom(g,) and cod(f,) = cod(gn),
we have f,o- -0 fi =gn0---0g¢;.

Examples 2.3.7. Here are two diagrams.

N

The diagram (i) commutes iff g = h o f. The diagram (ii) commutes iff foe=goe.

(i) o—>0—"ze
[ ]

g

(i)

Definition 2.3.8. A category D is a subcategory of a category C if
e Ob(D) C Ob(C),
e For each X, Y € Ob(D), D(X,Y) C C(X,Y),

e The composition op of D is the restriction of the composition o of C to the arrows
of D.
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e For any X € Ob(D), the identity arrow on X in D is 1x € C(X, X) in C.
A subcategory D of C is full if for every X, Y € Ob(D), D(X,Y) = C(X,Y).

Remark 2.3.9. A full subcategory is completely determined by specifying its objects.
Ezxample 2.3.10.

e Set is a subcategory of Rel. It is not full.

e The category Finset of the category of finitely enumerable sets and functions be-
tween them is a full subcategory of Set.

Definition 2.3.11. For any category C, its opposite category C°P is a category defined
by

e Ob(C) = Ob(C),

For each X,Y € Ob(C), C?(X,Y) = C(Y, X),

For any C°P-arrows f: X — Y and ¢g:Y — Z, their composite go,, f : X — Z in
C°" is the composite fog: Z — X in C,

For each X € Ob(C®P), the identity 1x in C° is the identity arrow on X in C.

Note that (C?)® = C. Informally, C° is obtained from C by reversing all arrows, i.e.
interchanging the domain and the codomain of all arrows.

Formally a category can be defined as a two-sorted first order theory with equality with
variables XY, Z .... for objects and f,g,h,... for arrows and four function symbols
dom, cod, o and 1 with axioms

dom(ly) = X, cod(lx) = X,
foldom(f) :f7 1cod(f)of:f7
dom(g o f) = dom(f), cod(g o f) = cod(g),

ho(gof)=(hog)of.

More precisely, since g o f is defined only when dom(g) = cod(f), we must append this
condition to each equation containing o.

Definition 2.3.12. Let S be a statement of a category. The dual of S, denoted by S,
is a statement obtained from S by recursively substituting

e fogforgof,
e dom for cod,

e cod for dom.
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Then for any category C, S holds in C iff S holds in C°°. Thus we have the following
principle.

Proposition 2.3.13 (Duality principle). Let S be any statement of categories. If S holds
for all categories, then S°P holds for all categories.

Proof. Suppose that S holds for all categories. Let C be a category. Then S holds in
C°P, and thus S°° holds in C. O

Similarly, for any concept or construct W defined in terms of the language of categories,
its dual, denoted by W is a concept or construct of categories obtained by applying the
above substitution to its definition.

A construct or concept is self dual ifft W = WP,

2.3.2 Arrows

Unless otherwise noted, we fixed the base category C in the following arguments.

Definition 2.3.14. An arrow f : X — Y is an isomorphism if there is an arrow g : ¥ —
X such that go f = 1x and fog = 1y. Such arrow g is called an inverse of f. We often
write f: X 2Y for an isomorphism f: X — Y.

Proposition 2.3.15. Forany f : X - Y, g:Y - X andh:Y — X, ifgo f=1x and
foh=1y, then g = h.

Proof. Suppose that gof = 1x and foh = 1y. Then g = goly = gofoh =1xoh=h. O
Corollary 2.3.16. If g and h are inverses of an isomorphism f, then g = h.
Remark 2.3.17.

e By the corollary, an inverse of any isomorphism f is unique, and we write f~! for
the inverse of f.

e The statement “f is and isomorphism” is self dual.
The following are obvious.
Proposition 2.3.18.
1. If f is an isomorphism, so is f~1.
2.If f: X =Y and g: Y — Z are isomorphisms, so is go f.

Definition 2.3.19. Objects A and B are isomorphic, denoted by A= B, if there is an
isomorphism f : A — B between them.

Definition 2.3.20. An arrow f : X — Y is a monomorphism if for any ¢1,9. : 7 — X,
fog1=fogsimplies g1 = g,.
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The dual concept of a monomorphism is that of an epimorphism.

Definition 2.3.21. An arrow f : X — Y is an epimorphism if for any ¢g1,92 : Y — Z,
g10f =gso [ implies g1 = go.

Ezxamples 2.3.22. In Set, an arrow f: X — Y is
e an isomorphism iff f is bijective,
e a monomorphism iff f is injective,
e an epimorphism iff f is surjective.

We give a proof for the last fact since most textbooks on category theory give non-
constructive proofs. The proof is due to Hajime Ishihara.

Proposition 2.3.23. In Set, a function f : X — Y s an epimorphism iff [ is surjective.

Proof. First, suppose that f is surjective. Let ¢1,92 : Y — Z be functions such that
giof =geof. Let y € Y. Since f is surjective, there is x € X such that f(x) = y. Thus,

91(y) = g1(f(z)) = g2(f(z)) = g(y), and therefore g; = go. Conversely, suppose that f is
an epimorphism. Define a set Z and functions g1,9, : Y — Z by

Z={y}lyeYIu{ffy}lyeY},
ai(y) = [ Yy},
92(y) = {y}

for any y € Y. Then, we have g1(f(z)) = ff{f(x)} = {f(2)} = go(f(2)) for all x € X.
Since f is an epimorphism, we have g; = g, and hence {y} = ff Yy} for all y € Y.

Thus f is surjective. O

2.3.3 Construction in categories

Definition 2.3.24. An object A € Ob(C) is an initial object of C if for any B € Ob(C),
there is a unique arrow f : A — B.

Proposition 2.3.25. An initial object of a category is unique up to isomorphism, i.e. if
A and B are initial objects in C, then A= B.

Proof. Suppose that A, B € Ob(C) are initial objects. Then, there are arrows f : A — B
and g: B — A, so we have gof: A— Aand fog: B — B. Since 14 : A — A and
1p : B — B, we must have go f = 14 and f o g = 1 by initiality. Therefore f is an
isomorphism, and thus A= B. ]
Notation. An initial object in a category, if it exists, is usually denoted by 0.

The dual notion of initial object is that of terminal object.
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Definition 2.3.26. An object A € Ob(C) is a terminal object of C if for any B € Ob(C),
there is a unique arrow f : B — A.

By the duality principle, a terminal object, if it exists, is unique up to isomorphism.
Notation. A terminal object in a category, if it exists, is usually denoted by 1.
Examples 2.3.27.

e In Set, the empty set () is an initial object, and any one point set {*} is a terminal
object.

e In the category C(P) associated with a partially ordered class P, an initial object
is the least element and a terminal object is the largest element.

e In Rel, () is both an initial and terminal object.

Definition 2.3.28. A product of objects Ay, As is an object Ay X Ay together with arrows

A <2 Ay x Ay B A, | called projections, such that for any pair of arrows f; : T — A,
and fo : T'— Ag with a common domain, there is a unique arrow h : T'— A; X A such
that the following diagram commutes.

s

A1 — A1 X A2 = o AQ
Proposition 2.3.29. A product of two objects is unique up to isomorphism, i.e. if

A< p-"5 A, and Ay I Q L>AQ are products of Ay and As, then P=(Q).

Proof. Let A} < p—"2 A, and A, <—— Q —2~ A, be products of A; and As. Then
there are arrows f: P — ) and ¢ : ) — P such that the following diagram commutes.

P
1 fl ™
i iy Sy
ol
P

Thus, we have m o go f = 7 and m 0 g o f = 7o, but we also have 7 o 1p = m; and
my 0 1p = my. Therefore g o f = 1p by uniqueness of such arrow. Similarly, we have
fog=1¢g. Thus f: P=Q. O

Notation. We write Ay x Ag for the product of A; and A, and (fy, fo) for the unique arrow
h:T — A; x Ay which corresponds to arrows f; : T'— A; and fy : T — A,. Note that

(fi, f2) = (g1, 92) it fi = gi (i = 1,2); for (f1, fo) = (g1, 92) implies f = m o (f1, f2) =
71 0 (g1, g2) = ¢1 and similarly fo = g. The converse is trivial.
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The dual notion of product of two objects is that of coproduct of two objects.

Definition 2.3.30. A coproduct of objects Ay, As is an object A; + Ay together with

arrows A; — > Ay + Ay <2~ A, , called injections, such that for any pair of arrows f;
Ay = T and f5 : Ay — T with common codomain, there is a unique arrow h : A;+As — T
such that the following diagram commutes.

A1L>A1+A2<LA2

h
fi f2
T

By the duality principle, coproducts of two objects are unique up to isomorphism.

Definition 2.3.31. A category C has binary products (or coproducts) if the product
A x B (respectively coproduct A + B) exists for every pair of objects A and B of C.

Ezxamples 2.3.32.

e In Set, the product of sets A and B is the Cartesian product A x B together with
projection functions. Their coproduct is the disjoint union A + B = ({1} x A) U
({2} x B) together with injection functions o4 : a +— (1,a) and op : b+ (2,b).

e In Top, the product of topological spaces (X1, 71) and (Xz, 72), where 7; (i = 1,2)
are topologies of X; and X, is the topological product (X; x Xs, 7 X 75) together
with projection functions.

e In the category C(P) associated with partially ordered class P, the product of
p,q € P isthe meet (or infimum) pAq, and their coproduct is the join (or supremum)
pVag.

The notion of a (binary) product and coproduct can be extended to a product of an
arbitrary set-indexed family of objects.

Definition 2.3.33. A products of a set-indexed family (A;),.; of objects is an object,
denoted by [[..; As, together with a family of arrows (m JLics Ai — Ai)ie ; such that for
any family of arrows (f; : T — A;),.;, there is a unique arrow h : T — [],.; A; such that

the diagram commutes
L

Ai T H’LGI AZ

el

for each i € I. Note that the empty product, i.e. a product in which I = (), is a terminal
object, and the product of a singleton family {A} is A itself.

The dual concept of product of a family is that of coproduct of a family. Its definition
can be obtained by reversing all arrows in the definition of a product of a family. Note
that the empty coproduct is an initial object, and the coproduct of a singleton family {A}
is A itself.
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Ezamples 2.3.34. In Set, the product of a family of sets (A;),.; is the Cartesian product
[Tic; 4 of the family together with a family of projections (m; : [],c; A; — Ai)z‘ . defined
by mi(f) = f(i) for all f € [[,c; A and @ € I. The coproduct of a family (A;),.; is the
disjoint sum ), A; together with a family of injections (ai PA =D e Ai)ie ; defined
by o;(a) = (i,a) for all i € [ and a € A;.

In the category C(P) associated with a partially ordered class P, the product (coprod-
uct) of a family of elements (p;);cs is the meet \,.; p; (respectively join \/,., pi)-

Definition 2.3.35. A category C has (finite) products (coproducts) if a product (respec-
tively coproduct) of any family of objects indexed by any (finite) set exists in C.

Proposition 2.3.36. A category C has finite products if it has a terminal object and
binary products.

Proof. Suppose that C has a terminal object and binary products. It suffices to show
that C has a product of any finite sequence of objects. Let (A4;),_ be a family of objects
in C where n € N. The proof is by induction on n.

Basis: If n = 0, then the product of the family is a terminal object.

Induction step: Given a family of objects (A;),_,,,,, by induction hypothesis, we have
a product [[,_, A; of the family (A;),_, with projections (g; : [[;,.,, A — Ai)icn. Let

[L., A L p-—" 4, be the product of [L;.,, Ai and A,. We show that P together
with a family of projections (m; : P — A;) defined by

<n

i<n+1
gopr ifi<mn,
T = o -
D2 ifi=n

is a product of (A;), 1. Let (f; : T — A)icns1 be a family of arrows in C. Then, there
is a unique arrow h : T — [],_, A; such that f; = ¢; o h for all i < n, so there is a unique
arrow u : T' — P such that h = pyou and f,, = poou. Then we have f; = g;oh = q;op1ou
for each v < n, and hence the diagram

T

2

commutes for each i < n + 1. Suppose that «' : T" — P is an arrow which makes the
above diagram commute for each i < n + 1. Then, we have f; = m; ou’ = ¢; o py o ¢’ for
each 7 < n, so we must have p; o u' = h by the uniqueness of h. Therefore v’ = u by the
uniqueness of u. Thus P is a product of (A;)i<pi1- O

Corollary 2.3.37. A category C has finite coproducts if it has an initial object and binary

coproducts.

!
Definition 2.3.38. An equaliser for a parallel pair of arrows A —= B, i.e. two arrows
g

with common domain and codomain, is an object E together with an arrow e : £ — A
such that
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f
1. the diagram EF —= A—= B commutes,
g

f
2. for any arrow h : T" — A which makes the diagram T A:g; B commute,

there is a unique arrow u : T' — E such that h = e o u.

f
Dually, a coequaliser for a parallel pair of arrows A? B is an object () together

with an arrow ¢ : B — (@) such that

f
1. the diagram A —= B —2- @ commutes,
g

f
2. for any arrow h : B — T which makes the diagram A ? B—ltsT commute,

there is a unique arrow u :  — T such that h = uoq.

Definition 2.3.39. A category C has equalisers (coequalisers) if an equaliser (respectively
coequaliser) for any parallel pair of C-arrows exists in C.

Ezxample 2.3.40. In Set, an equaliser for functions f,g: A — B is an insertion i : £ — A
from the set E = {a € A| f(a) = g(a)}. A coequaliser for functions f,g : A — B is
the quotient B/ = of B with respect to the smallest equivalence relation = on B which
contains a set R = {(f(a),g(a)) | a € A}, i.e. = is the reflexive, symmetric and transitive
closure of R. The function ¢ : B — () is the natural projection which sends each b € B
to its equivalence class [b].

2.3.4 Functors and natural transformations

Definition 2.3.41. Let C and D be categories. A functor F' : C — D consists of
functions Fp : Ob(C) — Ob(D) and F; : Arr(C) — Arr(D) such that

1. for each f: A— Bin C, Fi(f) : Fo(A) — Fy(B) in D,

2. for each pair of arrows Xx-1oy—2ozm C, Fi(go f) = Fi(g) o F1(f),

3. for each A € Ob(C), Fi(14) = 1gy(a).

Notation. For a functor F', the subscripts of Fj and F; are usually omitted; we simply
write F'(A) and F(f) for Fy(A) and Fi(f), or even F'A and F'f.

Ezxamples 2.3.42.

e For any category C, there is an obvious identity functor 1¢ : C — C such that
1c(A) = A and 1c(f) = f for all A € Ob(C) and f € Arr(C).

e Similarly, for any subcategory D of a category C, there is an insertion functor
I:D—C.
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e A functor F : C(P) — C(Q) between categories associated with partially ordered
classes P and () is just an order preserving function.

e Let C be a locally small category. For each A € Ob(C), we have the hom-functor
Hy : C — Set defined by Hu(X) = C(A,X) for all X € Ob(C) and for each
f:X =Y € Arr(C), Ha(f) : C(A,X) — C(A4,Y) is the function such that
Hy(f)(g) = fogforall g € C(A, X). The functor H 4 is also denoted by Hom(A, —)
or hom(A, —) in other literature.

Definition 2.3.43. A functor ' : C°® — D whose domain is an opposite category is
called a contravariant functor from C to D.

Ezample 2.3.44. Let C be a locally small category. For each A € Ob(C), we have the
contravariant hom-functor H* : C°® — Set defined by H4(X) = C(X, A) for all X €
Ob(C) and for each f : Y — X € Arr(C), HA(f) : C(X,A) — C(Y, A) is the function
such that HA(f)(g) = go f for all g € C(X, A). The functor H# is also denoted by
Hom(—, A) or hom(—, A) in other literature.

Definition 2.3.45. Let I': C — D and G : D — E be functors. The composite of F
and G is a functor Go F' : C — E defined by Go F(A) = GFA and Go F(f) = GF'f for
all A € Ob(C) and f € Arr(C). We often write GF for Go F.

Definition 2.3.46. A functor F': C — D is called an isomorphism if there is a functor
G :D — Csuch that Go F' = 1¢ and F o G = 1p. The categories C and D are said to
be isomorphic, denoted by C= D, if that there is an isomorphism F': C — D.

Definition 2.3.47. A functor F': C — D is said to be
o full if for each A, B € Ob(C), its restriction
Fap:C(A B) — D(FA,FB)
is surjective.
e faithful if the above restriction is injective for each A, B € Ob(C).
e dense if for any B € Ob(D) there exists A € Ob(C) such that FAX B.
e embedding if it is faithful and injective on objects.
Example 2.3.48.

e Every insertion functor I : D — C from a subcategory is an embedding. It is full
iff D is a full subcategory of C.

e The forgetful functor U : Top — Set, which assigns to each topological space
(X, 7x) its underlying set X and to each continuous function f: X — Y its under-
lying function f, is faithful and dense, but not full.
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Definition 2.3.49. Let ;G : C — D be functors. A natural transformation n from F
to G is a family (4 : FA — GA) 4 o) of arrows of D such that for each f € C(A, B)
the following diagram in D commutes.

FA—5>GA

Ffl le

FB—2-GB

The functors F' and G are call the domain and codomain of 7 respectively, and we write
n:F — G. For each A € Ob(C), n4 : FA — GA is called a component of 7.

Example 2.3.50. For every functor F' : C — D, there is an obvious identity natural
transformation 1z : F' — F such that (1g)4 = 1pa for each A € Ob(C).

Definition 2.3.51. Let F,G,H : C — D be functors and let n: F - Gande: G — H
be natural transformations. The composite € o ) of n and ¢ is a natural transformation
eon: F — H whose component at A € Ob(C) iseqony: FA— HA.

Definition 2.3.52. A natural transformation n : F' — G is called a natural isomorphism
if there is a natural transformation € : G — F such that eon = 1 and noe = 14, and we
write 1 : F'= G for a natural isomorphism 7 : F' — G. Functors F, G : C — D are said to
be naturally isomorphic, denoted by F' = G, if there is a natural isomorphism n : F' — G
between them.

Proposition 2.3.53. A natural transformation n : F' — G is a natural isomorphism iff
each component ny : FA — GA is an isomorphism.

Proof. The implication from left to right is obvious. For the converse, suppose that 74 is
an isomorphism for all A € Ob(C). Define a family of D-arrows (e4 : GA = FA) 4o

by e4 = na~! for each A € Ob(C). It is easy to see that € is a natural transformation
from G to F', and by the definition of €, we have e o = 1p and noe = 1¢. O

2.3.5 Limits

Definition 2.3.54. Let C and J be categories with J small. A diagram of type J in C
is a functor D : J — C. A digram D : J — C is finite if Ob(J) and Arr(J) are finite sets.

Notations. For a diagram D : J — C, we follow the following conventions.

e The objects of J are denoted by the lowercase letters ¢, j,... and the arrows of J
are denoted by the lowercase Greek letters «, (3, .. ..

e The values of a diagram are denoted by D; and D, instead of D(i) and D(«).

o We write Jy and J; instead of Ob(J) and Arr(J) respectively.
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Definition 2.3.55. A cone to a diagram D : J — C is a family (0;: C'— Dj),5 of
C-arrows with domain C' € Ob(C) such that for each a: j — k in J, the diagram

C
N
Da

commutes. A morphism 7 : (6; : C —= D;)jey, = (v : C" = Dj)jes, between cones to D
is a C-arrow f : C' — C” such that for each j € J, the diagram

D;

Dy,

f

N
D;

C

C/

commutes. We have a category

Cone(D)

whose objects are all cones to D and whose morphism are all morphisms between such
cones with obvious compositions and identities.

Definition 2.3.56. A [limit for a diagram D : J — C is a terminal object in Cone(D),
namely a cone (p; : L — D;);ey, such that for any cone (6, : C' — D;),ej, to D, there is
unique C-arrow h : C' — L such that the diagram

h

N

D.

J

C L

commutes for all j € J,.
Examples 2.3.57.

e Let J be a category such that Ob(J) = {1,2} and Arr(J) = (). Then, a diagram
D :J — Cis a pair (Dy, Dy) of C-objects. A cone to D is a pair of C-arrows

D, SELE C LN D,
and the limit of D is just a product
Dl = Dl X D2 UL DQ

of Dl and DQ.

Similarly, a product of a set-indexed family of C-objects (A;);c; is the limit of a
diagram D : J — C such that Ob(J) = I, Arr(J) = 0 and D; = A; for each i € I.
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e The limit of the diagram D : 0 — C from the empty category is a terminal object

in C, and the limit of the diagram D : J — C, where J = o # e . is an equaliser

for D, and Dg.

Corollary 2.3.58. Terminal objects, products and equalisers are all unique up to isomor-
phisms.

The dual notion of cone and limit are those of cocone and colimit.

Definition 2.3.59. A cocone from a diagram D : J — C is a family (0, : D; = C), ;.
of C-arrows with codomain C' € Ob(C) such that for each o : j — k in J, the diagram

D, o
DN
C

commutes. A morphism of cocones f : (n; : Dj = C)jes, = (75 1 Dj = C')jeg, I8 a
C-arrow f : C — (" such that for each j € Jq the diagram

D;
v N
!

Cocone(D)

D;

C

C/

commutes. We have a category

defined similarly as Cone(D). Then, a colimit of D is an initial object of Cocone(D),
namely a cocone (g; : D; — L)jeg, from D such that for any cocone (n; : D; = C)jeg,
from D, there is a unique C-arrow h : L — C' such that the diagram

D;
v\
h

L

C
commutes for all j € J,.

The colimits of the digram given in Examples 2.3.57 are a (binary) coproduct, a co-
product of a family of objects, an initial object and a coequaliser respectively. By duality
principle, we have the following.

Corollary 2.3.60. Initial objects, coproducts and coequalisers are all unique up to iso-
morphisms.

Definition 2.3.61. A category C is (finitely) complete (or cocomplete) if the limit (re-
spectively colimit) of any (finite) diagram in C exists in C.
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Proposition 2.3.62. A category C is (finitely) complete iff it has (finite) products and
equalisers.

Proof. Since products and equalisers are limits, the implication from left to right is obvi-
ous.

Conversely, suppose that C has products and equalisers, and let D : J — C be a
diagram in C. Let HjeJo Dj and [],cy, Deod(a) be products of the families (Dj)jeJo and

(Dcod(a) ) ey with projections

<7Tj :HjEJo Dj—>Dj> s

Jj€Jo
(77—(/1 : HaEJl Dcod(a) — Dcod(a))

a€Jy

respectively. For the following families of arrows

<7Tc0d(a) : HjGJo Dj — Dcod(a)) )

a€Jy

<Da O Mdom(a) ' HjeJo Dj — Dcod(a)>

a€Jy

we have arrows ¢, : Hje_]o Dj = TTaey, Deod(a) such that

/
Mo © ¥ = Teod(a) s

’
Ty © ¢ =D,o0 Tdom(ar)

for each « € J;. Let e : F — HjeJO D; be an equaliser for ¢ and 1, and let p = (p; :
E — Dj)jes, where p; = 7; oe for each j € Jo. We claim that p is the limit of D.
First, we see that p is a cone to D. Since e is an equaliser for ¢ and ¢, we have

Dyopj=D,omjoe
=m otoe
=m opoe
=m,oe

= Dk
for all a: 7 — k € Jy, and thus p is a cone to D.

Now, given any cone (0; : T'— D;),_y to D, let h: T'— [[,c;, D; be the unique arrow
such that §; = m; o h for each j € Jo. Since (0;),eJ, is a cone to D, we have

Mo © 90 h = Meod(a) © I
= Ocod(a)
= D¢ 0 Odom(a)
= Da O Tdom(a) © h
=m,0toh
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for each o € Jy, and thus poh = ¥oh. Since e is an equaliser for ¢ and 1, there is a unique
arrow u : 1" — FE such that h = eou. Note that h = eocu iff §; = mj0h = mjoeocu = p;ou
for each j € Jo. So w: T — E is the unique arrow from cone (6;),ecy, to p. Thus p is the
limit of D. O

By the duality principle, we have the following.

Corollary 2.3.63. A category C is (finitely) cocomplete iff it has (finite) coproducts and
coequalisers.

2.3.6 Adjunctions

Definition 2.3.64. Let C and D be categories. An adjunction between C and D consists
of functors F': C — D and G : D — C and a family of bijections

vap:C(AGB)=D(FA,B)

indexed by A € Ob(C) and B € Ob(B) which is natural in both A and B. Here, ¢4 5 is
natural in A if for any C-arrow f: A’ — A and B € Ob(D) the diagram

PA,B

C(A, GB) —>D(FA, B)
lHGBf lHBFf

C(A,GB) 2L D(F A, B)
commutes, where H“Pf(h) = ho f and HPF f(k) = ko Ff for each h € C(A, GB) and
k € D(FA,B). This means that for each f € C(A’, A) and h € C(A, GB), the following
equation holds.

(2.3.6.1) pap(hof)=qap(h)oFf.

Similarly, ¢4 p is natural in B if for any D-arrow g : B — B’ and A € Ob(C), the
diagram
C(4,GB) 2% D(FA, B)
l/HAGg lHFAg
C(A,GB) 22 D(FA, B')
commutes, where HysGg(h) = Ggo h and Hpag(k) = g o k for each h € C(A, GB) and
k € D(FA, B). This means that for each g € D(B, B’) and h € C(A, GB), the following

equation holds.

(2.3.6.2) pap(Ggoh)=gopaph).

Fis called the left adjoint and G is called the right adjoint of the adjunction. We write
(F, G, p) for the adjunction which consists of the left adjoint F', the right adjoint G, and
a natural bijection ¢. We also write F'+4G to assert that F' and G are the left and right
adjoint of an adjunction.
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Proposition 2.3.65. Let (F, G, ) be an adjunction between C and D. Then

1. There is a natural transformation
n: 1l — GF

with the following universal property;

for any A € Ob(C) and B € Ob(D), and for any f € C(A, GB), there is a unique
arrow g € D(F'A, B) such that the diagram

A—2 GFA

X |es

GB

commutes.
2. There is a natural transformation
e FG — 1p

with the following universal property;

for any B € Ob(D) and A € Ob(C), and for any g € D(F A, B), there is a unique
arrow f € C(A,GB) such that the diagram

commutes.

Proof. 1. For each A € Ob(C), define

Na=oara  (1pa).

We claim that (n4 : A = GF A) acon(c) is a natural transformation with required universal
mapping property.

First, note that the universal property of 7 is equivalent to the assertion that there
is a bijection g — ¢ : D(F'A, B) — C(A,GB) such that § = Ggona. To see this, let
g € D(FA,B). Then we have

g==Ggona
=Ggowara (1pa)
=oan (goaralpara (1ra))) by (2.3.6.2)
=ap (g0 1lpa)
=oan (9)
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Thus, since @4 p is a bijection, so is g — g.
To see that 7 is a natural transformation from 1 to GF, let f € C(A, A’). Then we
have

wara(GFfona)=Ffopara(na) by (2.3.6.2)
=Ffolpa
=1lpao Ff
=pa pa(na)o Ff by (2.3.6.1)

= para(naof).

Since w4 pa is a bijection, we have GFf ona = na o f, i.e. the following diagram
commutes.

A—A GFA

1| |ors

A —2 GFA

Hence 1 : 1¢ — GF is a natural transformation.
2. For each B € Ob(D), define

ep = ve.(lan).

We claim that (ep : FGB — B) Beob(D) is a natural transformation with the required

universal mapping property. 3
First, as in the proof of 1, we show that the mapping f — f : C(A,GB) — D(F'A, B)
such that f =ep o Ff is a bijection. To see this, let f € C(A, GB). Then we have

f=epolf
= vap,B(lgp) o F'f
=vap(lgeo f) by (2.3.6.1)
= pa,s(f)

Thus, the mapping f — f is a bijection.
To see that € is a natural transformation, let g € D(B, B’). Then we have

goep=gopanr(lan)

= vepp(Ggolan) by (2.3.6.2)
= e,/ (lap 0 Gg)
= wapp(lap) o FGg by (2.3.6.1)
=&’ O FGg.
Therefore, € : FG — 1p is a natural transformation. O
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Definition 2.3.66. The natural transformations n: 1o -+ GF and ¢ : FG — 1p are call
the unit and the counit of an adjunction respectively. For each g € D(F A, B), the arrow
g = Ggona € C(A,GB) is called the (left) transpose of g across F'4G, and for each
f € C(A,GB), the arrow f = ego Ff € D(FA, B) is called the (right) transpose of f
across F'1G.

Proposition 2.3.67. Let F 4G be an adjunction between categories C and D with unit
n and counit €. Then for any h € C(A,GB) and k € D(F A, B), we have

(2.3.6.3) 14 = lpa, €5 = lgp,
(2.3.6.4) (W) = h, (i) = k,

(2.3.6.5) crao Fna=lpa, Gepongs = lag,
(2.3.6.6) (na o f) = FF, (9o¢c5) = Gy,

for all f € C(A,A") and g € D(B, B'), and

—~— —

(2.3.6.7) (howv) = ho Fu, (ko Fv)=kow,
(2.3.6.8) (ﬁ) = Guok, (Guoh)=wuoh,

for allv e C(C,A) and u € D(B — E).

Proof. The equations (2.3.6.3),(2.3.6.4) and (2.3.6.5) are obvious from the proof of Propo-
sition 2.3.65. For (2.3.6.6), we have

(nA/Of):éFA/OFnA/OFf

=1lpao Ff
=If,
and
(goep) =GgoGepongs
= Ggolpg
=Gy.

For (2.3.6.7), we have

—_——

(hov)=¢epgoFhoFv
= hoFu,
and

(k‘/OE})ZGk‘OGFUonC
=Gkonyow

=kow.
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For (2.3.6.8), we have

(u/o\k):G(uok)onA
=GuoGkony
:Guofﬂ,

and

(Guoh)=¢ego F(Guoh)
=cpoFGuoFh
=uoegoFh

—wuoh.
U

Definition 2.3.68. The equations (2.3.6.5) are called the triangular identities which
assert that the following diagrams commute.

GB—2GFGB FA
lge leB FﬂAl N
GB FGFA €F—A> FA

There are several equivalent characterizations of adjunctions.
Proposition 2.3.69. Let C and D be categories. Then the following are equivalent.
1. There is an adjunction (F,G, ).

2. There are functors F': C — D and G : D — C and a natural transformation n :
lc — GF such that for each f € C(A,GB) there is a unique arrow g € D(GA, B)
such that f = Ggona.

8. There ezists a functor G : D — C and a family of pairs ((A*,na)) sconcy where
A* € Ob(D) and na € C(A,GA*), such that for each f € C(A,GB) there is a
unique arrow g € D(A*, B) such that f = Ggona.

4. There are functors F' : C — D and G : D — C and a natural transformation ¢ :
FG — 1p such that for each g € D(F A, B) there is a unique arrow f € C(A, GB)
such that g =ego F'f.

5. There exists a functor F': C — D and a family of pairs (<B*,€B>)B€Ob(D), where
B* € Ob(C) and eg € D(FB*, B), such that for each g € D(FA, B) there is a
unique arrow f € C(A, B*) such that g =epo F'f.
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Proof. (1) — (2) and (1) — (4) follows from Proposition 2.3.65. (2) — (3) and (4) — (5)
are obvious.

(3) = (2): Suppose that we are given a family of pairs ((A*,74))acobc) With the
specified property. We define a functor F' : C — D as follows. On object, we define
F(A) = A* for each A € Ob(C). For each C-arrow f: A — A’ let f*: FA — FA’ be
the unique D-arrow such that the diagram

A—4 GFA

fl | le*

A—2 GraA

commutes. Define F/(f) = f*. Then for each A € Ob(C), F(14) is the unique arrow such
that the diagram

>~ GFA

A——
l lGF(lA)
A

—% GFA

commutes. By the uniqueness of such arrow, we must have F'(14) = 1g4. So F' preserves
the identity. It is easy to see that F' also preserves the composition of arrows by the similar
argument. Therefore F is a functor from C to D. By the definition of F, (14)acob(c) is
a natural transformation n: 1¢ — GF.

(2) — (1): Suppose that we are given functors F' : C — D and G : D — C and a
natural transformation 7 : 1c — GF with the specified properties. For each A € Ob(C)
and B € Ob(D), define a function v 5 : C(A,GB) — D(FA, B) by

wap(h) =unique k : GA — B such that h = Gk ona

for each h € C(A,GB). Clearly, ¢4 5 is a bijection between C(A, GB) and D(F'A, B).
It remains to show that 4 p satisfies (2.3.6.1) and (2.3.6.2). To see that (2.3.6.1) holds,
let fe A= Aand h € C(A,GB). Then we have

warp(ho f)=unique k : GA — B such that ho f = Gkona.
However, we have also

G(pap(h)o Ff)onay =G(oap(h)) o GF fona
= G(pap(h)onaof
=hof.

Thus, by the uniqueness, we must have @4 g(ho f) = @ap(h) o F'f. Therefore, pap
satisfies (2.3.6.1). Similarly, p4 p satisfies (2.3.6.2). So (F, G, ¢) is an adjunction between
C and D.

(5) — (4) and (4) — (1) can be shown similarly. O
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Proposition 2.3.70. A functor has at most one right adjoint up to natural isomorphism,
i.e. for any functors F': C — D and G,G' :D — C, if FH4G and F 4G, then G=G'.

Proof. Let F: C — D and G,G’ : D — C be functors such that £ 4G and F4G’, and
let ¢ and €’ be the counits of FF 4G and F' 4G’ respectively.

Then, for each B € Ob(D), there exist unique arrows g : GB — G'B and 6 : G'B —
G B such that the diagrams

FGB FG'B
Fop l °B Fo/, l Y*
FG'B2~=B FGB-2~B

commute. Hence we have

egpo F(0z00p) =cpo Fyo0Flp
:€IBOF6)B

= &B.

Thus, by the universal property of ¢, we have 6 o 5 = 15p. Similarly, 0p 0 0 = 15,
so fp is a bijection.

We show that 6p form the components of natural isomorphism 6 : G = G’. To this end,
let ¢ € D(B, B’). Then by the naturality of e and €5, we have

e o F(G'golp) =¢y o FG'go Fg
=goegoFlp
=9gc°en
=¢ep o FGyg
= ¢y 0 Flp o FGyg
= e o F(0p o Gy).

Therefore, by the universal property of ¢/, we have G'goflg = g oGg. Thus§ : G=G'. O

Proposition 2.3.71. A left adjoint preserves colimit. Dually, a right adjoint preserves
limits.

Proof. Let F 4G be an adjunction between C and D. We show that GG preserves limits.
The fact that F' preserves colimits can be shown similarly.

Let D : J — D be a diagram in D and let (6; : L — D;);eg, be the limit of D. We
must show that (GO; : GL — GD;)jey, is a limit of the diagram GD : J — C.

Let (f; : A— GD),eg, be a cone to GD. Then, for each o : j — k € Jy, the diagram

A
fi m
“Ds . GD,
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commutes. Then, by (2.3.6.8), the diagram

 FA
Y
Dj Do Dy,

commutes for each a: j — k € J;. So (f; : FA — D;)jeg, is a cone to D. Thus, there is
a unique arrow h : FFA — L such that the diagram

FA h

DA
D;

commutes for each j € Jy. Therefore, by (2.3.6.4) and (2.3.6.8), we have

L

fi=G6;0h

for each j € Jo. Thus, h : A — GL is a morphism of cones from (fj : A= GDj)jeg, to
(Gb; : GL — GD;)jey,. Given any C-arrow k : A — GL such that f; = GO, o k for each
7 € Jy, we have

fj =00 k
for each j € Jo by (2.3.6.8). Since 6 is a limit of D, we must have k = h. Therefore, k = iz,
so that & is the unique morphism from (f; : A — GD;)jeg, to (GO : GL — GD;)jes,-
Hence, (GY; : GL — GDj),ej, is a limit of GD. O

Definition 2.3.72. A functor F': C — D is an equivalence if there is a functor G : D —
C and natural isomorphisms 7 : 1¢c = GF and ¢ : FG=1p. In this case, G is called a
quasi-inverse of F.

The categories C and D are said to be equivalent, denoted by C =~ D, if there is an
equivalence F' : C — D.

Proposition 2.3.73. The following are equivalent for a functor F : C — D.
1. F is an equivalence.

2. F is full and faithful, and there is a family of pairs ((B*,€B>)B€Ob(D) where B* €
Ob(C) and ep : FB*= B.

First, we prove the following lemma.

Lemma 2.3.74. Let F': C — D be a full and faithful functor. For each A, A" € Ob(C)
and D-isomorphism g : FA= FA’, there is a unique C-isomorphism f : A= A" such that
Ff=g.
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Proof. Let A, A" € Ob(C) and let g : FA=FA’ be a D-isomorphism. Since F is full
and faithful there are unique arrows f: A — A" and f': A" — A such that F'f = g and
Ff' =g Then F(f'of)=Ff oFf=g'og=1ps = F1,. Since F is faithful, we
have f' o f = 14 and similarly, f o f' = 14. Therefore f is an isomorphism such that
Ff=g. O

Proof of Proposition 2.3.73. Let ' : C — D be an equivalence with the quasi-inverse
G : D — C and natural isomorphisms n: lc =GF and ¢ : FG = 1p.

Then ((GB,€5)) peonn) 18 @ family such that GB € Ob(C) and e : FGB= B. To see
that F is faithful, let f, f’ € C(A, A"), and suppose that F'f = F'f’. Since 7 is a natural
transformation, we have

naof=GFfons=GFf ona=mnaof

Since 74 is an isomorphism, we have f = f’. Therefore, F' is faithful. Similarly, G
is faithful. To see that F' is full, let A, A" € Ob(C) and g € D(FA,FA"). Put f =
natoGgony: A— A’ Since 7 is a natural isomorphism, we have

GFf=mnaofona =nwo(na~ oGgon,)ona " =Gy,

and since G is faithful, we have F'f = g. Therefore F'is full.

Conversely, suppose that F'is full and faithful, and let ({B*, ep)) peob) e a family
with B* € Ob(C) and g : FB*= B. Define a functor G : D — C as follows: On objects,
we define G(B) = B* for each B € Ob(D). To define an arrow part of G, let g : B — B'.
Since ep~togoep : FB* — FB"™ and F is full and faithful, there is a unique arrow
f : B* — B’ such that the diagram

FB*—2—=B
”l k
FB*2>p
commutes. We put Gg = f. Then, since the diagrams
FGB-"—+B FGB-"~B
F(Gg/oGg)l/ lg/og FGlBl llB
FGB" 2~ B FGB2~B

are commutative for any g : B — B and ¢’ : B’ — B”, we have G(¢' 0 g) = G¢' o Gg
and G1g = 1gp because F' is full and faithful. Therefore GG is a functor, and 5 form the
components of natural isomorphism ¢ : FG = 1p.

For each A € Ob(C), since F' is full and faithful and g4 is an isomorphism, there is a
unique isomorphism 74 : A — GFA such that F(ns~') = ep4 by the lemma. Then, for
any f: A— A’ the diagram

(na=h)

FGFA™ L g

FGF fl lF f
F ;1
FOFAM ) gy
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commutes. Since F' is faithful, it follows that GF fons = na o f. Thus 14 is a component
of a natural isomorphism 7 : 1c =GF. O

Definition 2.3.75. A subcategory D of a category C is reflective in C if the insertion
functor I : D — C has a left adjoint L : C — D. The adjunction LI is called a
reflection of C in D.

Dually, a subcategory D of a category C is coreflective in C if the insertion functor has
a right adjoint L : C — D. The adjunction [ - L is called a coreflection of C in D.

Remark 2.3.76. By Proposition 2.3.69 (3), a subcategory D is reflective in C iff there is
a family of pairs ((A*,74))acob(c), where A* € Ob(D) and na € C(A, A*), such that
for any B € Ob(D) and f € C(A, B), there is a unique arrow g € D(A*, B) such that
f = gomna. The similar remark applies to coreflections by Proposition 2.3.69 (5).

2.3.7 Galois Connections

Definition 2.3.77. An adjunction F'- G between categories C(P) and D(Q) associated
with partially ordered classes (P, <p) and (@, <g), is called a Galois connection between
P and @. In this case, F'4G iff for any p € P and q € )

(2.3.7.1) Fp<qgq < p<pGq.

Remark 2.3.78. Since a functor between partially ordered classes is just an order preserving
function (also called a monotone function), a Galois connection between partially ordered
classes P and () consists of a pair of order preserving functions F': P - Q and G : Q) — P
which satisfy (2.3.7.1).

Definition 2.3.79. Let (P, <) be a partially ordered class. A function ¢l : P — P is
called a closure operator on P if

(monotone) p<p =d(p) <dp),
(idempotent) c(cl(p)) < cl(p),
(expansive) p < cl(p).

Dually, a function int : P — P is called an interior operator on P if it is monotone and
idempotent, and satisfies the following condition.

(contractive) int(p) < p.

Proposition 2.3.80. Let F 4G be a Galois connection between partially ordered classes
P and ). Then

1. The composite GF' : P — P is a closure operator on P, i.e. for all p,p’ € P

p<yp = GFp < GFp, p < GFp, GFGFp < GFp.

o1



2. The composite FG : QQ — Q is an interior operator on Q, i.e. for all p,p’ € Q

q<q = FGq< FGyq, FGq <q, FGq < FGFGq.

Proof. These are direct consequences of (2.3.7.1) and the fact that ' and G' are monotone
operators. [

Proposition 2.3.81. Let F' G be an adjunction between categories C and D and let n
and ¢ be the unit and counit of FFH4G. Let C and D be full subcategories of C and D
respectively determined by

Ob(C) = {A € Ob(C) | n4: AZGFA},
Ob(D) = {B € Ob(D) | ep : FGBX~B}.

Then, the functor F restricts to an equivalence between C and D, and G restricts to
an equivalence between D and C.

Proof. Tt suffices to show that F' restricts to F : C — D and G restricts to G:D— C,
so that 7 and € restrict to natural isomorphisms 7 : 1 — GF and € : FG — 1

For any A € Ob(C), by (2.3.6.5) and since in general functors preserve 1somorphlsms
we have, epq = (Fn4)~'. Thus, FA € Ob(D) for all A € Ob(C). Therefore, F': C — D.
Dually, G restricts to G : D — C. U

Corollary 2.3.82. If F 4G is a Galois connection between partially ordered classes P
and Q, then F restricts to an order preserving isomorphism between subclasses

{peP|p=GFp} and {qeQ|FGq=q},

of P and (), namely the classes of fixed points of the closure operator GF' and the interior
operator F'G respectively.
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2.4 Basic mathematical tools

This section introduces basic mathematical concepts which are frequently used in Chapter
3 and Chapter 4.

First, we define some notions associated with sets and binary relations between sets.
For any set S, Pow(S) denotes the class of subsets of S. For any subsets U,V € Pow(5),
we define

UV <= Jae€SacU&kacV].

The diagonal relation idx on X, the inverse relation r~ C S x X of a relation r C X x S,
and the composition 1,01y C X X Z of relations 11 C X x Y and ro C Y x Z are defined
as usual:

idy = {(x,x) |z € X},
r~={(a,x) € Sx X |zra},
roor ={(1,2) € X x Z | (ByeY)ariy&yrs 2}

2.4.1 Four operators associated with a relation

For any relation 7 C X x.S between sets, we can define four operators between Pow(X) and
Pow(S). Those operators together with their notations are heavily used in the following
chapters. See [21, Section 1.3] for further details of this notion.

Definition 2.4.1. Let X and S be sets and » C X x S be a relation. Then, there are four
monotone operators r,r~* : Pow(X) — Pow(S) and r—,7* : Pow(S) — Pow(X) between
partially ordered classes (Pow(X), C) and (Pow(S), C) defined by

rD={a€S|(3xeD)xra},
r*D={aecS|VreX)xra—xzeD},
rU={zeX|(FacU)xra},
r*U={zeX|MaeS)zra—acU}

for all D € Pow(X) and U € Pow(S).

Remark 2.4.2. Since rD = J,.pr{z} and r~U = {J oy v~ {a} for all D € Pow(X) and
U € Pow(S), the operators r and r~ are completely determined by their restrictions to
singletons.

Notations.

o We often write r : X — S to assert that r is a relation r C X x S. Of course, there
is a danger of confusing the relation r with a function with domain X and codomain
S, but the context always makes clear whether r is a relation or a function.

e The composite of two operators associated with relations are denoted by juxtaposi-
tions, for example rr* denotes the composite of the operators r : Pow(X) — Pow(5)
and r* : Pow(S) — Pow(X) associated with a relation r C X x S. The composite
of two relations, e.g. r C X x Y and s CY x Z, are always denoted by sor.
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e We often write ra for r {z} when the argument is a singleton set. Similar conventions
also apply to the other operators.

Proposition 2.4.3. Let X and S be sets and r C X x S be a relation. Then

(2.4.1.1) rDOU <= D{(rV,
(2.4.1.2) DCr'U < rDCU,
(2.4.1.3) UCr™D < rUCD

for all D € Pow(X) and U € Pow(S).

Proof. Let D € Pow(X) and U € Pow(S). Then

rD)U <= (Ja€ S)acrD&acU
< (JaeS)(FreX)xe D&zxra) &aclU
— (IreX)zeD& ((FJac S)zra&kaecl)
— (reX)zeD&xer U
< D(r U

Thus (2.4.1.1) holds. Also we have

DCrU < (VeeX)xeD—zerU
— VzeX)zeD— (VaeS)zra—acl)
— VaeS)VreX)xeD— (zra—acl)
(
(

— MaeS)(FreX)zxeD&zra) >aclU

<— (MaeS)aerD —aclU

<~— rD CU.
Thus (2.4.1.2) holds. The proof of (2.4.1.3) is similar to that of (2.4.1.2). O
Corollary 2.4.4. For any relation r C X x S, the operators r and r~ are left adjoint to
r* and r—* respectively.

Proof. Since the operators r, 7~ ,r* and r—* are all monotone, (2.4.1.2) and (2.4.1.3) assert
that the pairs (r,7*) and (r—, 7~ ") are Galois connections between partially ordered classes
(Pow(X), C) and (Pow(S),C). Hence r47* and r— —r—*. O

Notation. We write r-|-r—, r=r* and r~ 47" to refer to (2.4.1.1), (2.4.1.2) and (2.4.1.3),
respectively.

Corollary 2.4.5. For any relation r C X x S,

*

1. rr* and r—r=* are interior operators on Pow(S).

2. r*r and r~*r~ are closure operators on Pow(X).
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3. The following equations hold.

r'rr*=r*, rr'r=r, rorr =r-, rrr*=r

4. T and r~ preserve unions, i.e.
rUier Di = UiervDis 177 UjeJ Uj = UjeJ r=Uj;
for any set-indexed families (D;)ier and (U;)jes of subsets of X and S respectively.
5. r* and r—* preserve intersections, i.e.
7 Mier Ui = Mier Ui, 77 Njey Dj = Njey 77 D;
for any set-indexed families (D;)ier and (U;)jes of subsets of X and S respectively.

Proof. (1) and (2) follow from Proposition 2.3.80. (3) is the triangular identities (2.3.6.5)
stated in terms of Galois connection between partially ordered classes.

(4) and (5) can be checked directly, but they also follow from the following observation:
Since the unions and intersections are joins and meets in (Pow(X), C) and (Pow(S), C),
and since r-r* and r~ -r~*, it follows from Proposition 2.3.71 that r and r~ preserve
unions and r* and r~* preserve intersections. O

Lemma 2.4.6. For any relationsr C X XY and s CY x Z,

(sor)” =r7s7, (sor) =r*s*, (sor)  =s"r

Proof. For any V € Pow(Z) and = € X, we have

r€(sor) V < (sor)z )V by sor:|-(sor)”
> srx )V
— rae()sV by s-|-s~
— {z}(r sV by r-|-r~

<~ rxer s V.

Thus, (sor)” =r"s~. Also, we have
r€(sor)'V < (sor)z CV by (sor)-(soz)*
<— sre CV
— rx Cs'V by s s*
— {z} Cr's*V by r—r*

— x er's'V.

* *

Thus, (sor)” =r*s*. The proof of (sor)”" = s *r~* is similar. O
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Proposition 2.4.7. For any relations v € X x S and s C X x S, the following are
equivalent.

1. r = s as relations between X and S.

2. r = s as operators from Pow(X) to Pow(S).

3. r~ = s~ as the inverse relations of r and s respectively.
4. 77 =5 as operators from Pow(S) to Pow(X).

5. r*=s*.
6. r " =s".

Proof. The equivalence between (1), (2), (3), and (4) are immediate from the definitions
of inverse relation and the operators r,s,r~ and s~. The equivalence (2) < (5) and
(4) < (6) follows from the fact that right and left adjoints are unique; see Proposition
2.3.70. U

Definition 2.4.8. Let r C X x S be a relation.
1. 7 is total if r € mv(X,95).
2. ris single-valued if (Vz € X) (Va,a’ € S)zra&zrad —a=d.
A function is a total and single-valued relation.
Lemma 2.4.9. Let X be a set. For any D € Pow(X), the following are equivalent.
1. D is a singleton.
2. (VEe€Pow(X)D()FE < DCE.

Proof. Suppose that D = {z} for some x € X. Then, for any F € Pow(X), we have
{z}  E < z € F <= {z} C E. Conversely, suppose that D ) E <= D C F for
all E € Pow(X). Put E = D. Then we have D () D, so there is x € D. Putting £ = {x},
we have D C {z}. Therefore, D = {x}. O

Proposition 2.4.10. A relation r C X x S is a function iff r* =r~.

Proof. By the above lemma, we have

ris a function <= (Vzx € X)(Ja€ S)zra& (Vbe S)xzrb—b=a
<— (Vz € X)(Fa€S)rax={a}

— (Vz e X)VE€Pow(S))re  E <> rae CFE
— (VzeX)(VEe€Pow(S)zer E<xzer'E
<~

— *

r o =r.
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2.4.2 Suplattices and complete lattices

In this section, we introduce the notion of suplattice, complete lattice and frame. In this
thesis, complete lattices arise as lattices of open and closed subsets of basic pairs and
frames arise as lattices of open subsets of concrete spaces. This section is largely based
on [21, Section 0.3].

Definition 2.4.11. A suplattice is a partially ordered class (S, <,\/) which has a join
Ve, @ for any set-indexed family (a;),., of elements of S.

Dually, an inflattice is a partially ordered class (S, <, /\) which has a meet A,_; a; for
any set-indexed family (a;),., of elements of S.

A complete lattice is a partially ordered class (S, <,\/, A) which has a meet and join
for every set-indexed family of elements of .S.

If S and S’ are suplattices (or inflattices), a function h : S — S” which preserves all
joints (respectively meets), i.e. h (V,c; ;) =\ h(a;) (vespectively h (A;c;ai) = A h(a;))
for every set-indexed family (a;);.,, is called a homomorphism of suplattice (respectively
inflattice). A homomorphism h : S — S’ is an isomorphism if there is a homomorphism
h':S" — S such that " oh =1g and ho h' = 1g.

A frame is a partially ordered class (S, <, T, A, \/) which has the top T, i.e. an element
T € S such that a < T for all @ € S, the meet a Ab for every a,b € S and the join \/,; a;
for every set-indexed family of elements of S, such that meets distribute over joins, i.e.
aAVepai = VepaAa; for any a € S and any set-indexed family (a;)ie; of elements of
S. A frame homomorphism f : S — S’ is a function which preserves top, and all binary
meets and set-indexed joins.

Remark 2.4.12. A suplattice is a partially ordered class which is cocomplete as a category.
Dually, an inflattice is a partially ordered class which is complete as a category. A frame
is a partially ordered class which is cocomplete and finitely complete as a category.

Definition 2.4.13. Let S be a partially ordered class and ¢ : S — S be an operator on
S. We say that an element a € S is c-fized if a = ¢(a). If ¢l and int are closure and
interior operators on S respectively, we write

Sat(cl) ={a € S| cl(a) =a},
Red(int) = {a € S | int(a) = a}

for the class of cl-fixed elements and int-fixed elements of S respectively.

Remark 2.4.14. Since closure and interior operators are idempotent, we can define Sat(cl)

and Red(int) by

Sat(cl) ={cl(a) |a € S},
Red(int) = {int(a) | a € S}.
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Proposition 2.4.15. Let (S, <,\/, \) be a complete lattice, and let cl and int be closure
and interior operators respectively. Then for any set-indexed family (a;);c; of elements of
S, we have

cl (\/iel Cl(gi)) = cl (\/iel ai) ’ cl (/\z’el Cl(@i)> = Nier clai),
int (/\iel mt(ai)) =it (/\iel ai) , int (\/iel int(ai)) = Vs int(a;).

Proof. We just give a proof for the closure operator. The proof for the interior operator
is dual.

For the first equation, since a; < \/,c;a; for all i € I, cl(a;) < ol (\;epai) for all
i € I by monotonicity of cl. Since this is equivalent to \/,; cl(a;) < cl (V,c; a;), we have
d (Vierel(a;)) < el (Vyepai) < el (V;epai) by monotonicity and idempotency of cl.
Since cl is expansive, we have ol (\/,c; cl (a;)) = cl (V,e; ).

For the second equation, since A, ;cl(a;) < cl(a;) for all i € I, cl (N\;o;cl(a;)) <
clcl(a;) < cl(a;) for all i+ € I by monotonicity and idempotency of cl. Therefore,
c (Nieycl(a;)) < Niercl(a;), and hence ol (N;o;cl(a;)) = Nieycla;) since cl is expan-

sive. ]

Proposition 2.4.16. Let (S, <,\/, \) be a complete lattice and c : S — S be a monotone
and idempotent operator on S. Then the class Fix(c) = {c(a)|a € S} of all c-fived
elements of S forms a complete lattice with a join \/° and a meet \° defined by

\/fez C(ai) =cC (\/ief C(ai)) ) /\EGI C(ai) =cC (/\z‘el C(ai)>

for any set-indezed family (a;);e; of elements of S.
If ¢ is a closure operator, then \° coincides with N\, and if ¢ is an interior operator,
then \/¢ coincides with \/.

Proof. Let (a;);e; be a set-indexed family of elements of S. To prove the first equation,
it suffices to show that

c(Viercla)) <clb) <= (Vi €1)c(a;) < c(b)

for all b € S. Since c(a;) < Ve c(a;) for all i € I, c(a;) = cc(a;) < ¢(V,epca;)) for
all i € I by monotonicity and idempotency of ¢. Therefore if ¢ (\/,.; c(a;)) < ¢(b), then
c(a;) < ¢(b) for all i € I. Conversely, if c(a;) < ¢(b) for all i € I, then \/,_; c(a;) < ¢(b),
and hence ¢ (V,; c¢(a;)) < cc(b) = ¢(b) by monotonicity and idempotency of c. The proof
for the meet A\° is dual.

The second part of the proposition follows from the previous proposition. O
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Chapter 3

Basic Pairs

A basic pair is a triple (X, I, S) where X and S are sets and IFC X x S is a relation. In
this chapter, we first see that this simple structure allows us to define the notion of open
and closed subsets both on X and S. Then we introduce the notion of map between basic
pairs, a relation pair, and define the notion of equality between these maps. Finally, we
introduce the category BP which consists of basic pairs and relation pairs between them.
This chapter is largely based on Chapter 2 of [21].

3.1 Basic Pairs

Definition 3.1.1. A basic pair is a triple (X, IF, S) where X and S are sets and IF C X xS
is a relation. If I is the relation associated with a basic pair (X, I, S), we define

S =1l O =" ext =IF", rest =I-,
int = ext O, A = Oext,
cl = rest O, J = Orest

for the operators IF, IF=*: Pow(X) — Pow(S) and I-—,IF*: Pow(S) — Pow(X).

Remark 3.1.2. By Corollary 2.4.5, int and J are interior operators on Pow(X) and Pow(S)
respectively, and cl and A are closure operators on Pow(X) and Pow(S) respectively. By
the triangular identities, we have the following equations.

OextO=.A40 =0Oint = 0O, ext Dext = int 0 = ext A = ext,
OrestO =J 0 =3¢l =0, rest O rest = ¢l & = rest J = rest.

Notations. In the following, letters X', ), ... denote basic pairs. If X denotes a basic pair,
then X, .S and I denote the underlying sets and the relation of X', i.e. unless otherwise
noted, we assume that X = (X, I, S). Any subscripts, primes etc. added to the name of
a basic pair matches those of underlying sets and the relation, and any other operators
defined in terms of the relation. For example, X denotes a basic pair (X7, IF,.S1), and <
denotes the operator determined by IF;. We shall omit subscripts of operators associated
with basic pairs, ext etc., whenever the context makes clear.
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Definition 3.1.3. Let (X, I, S) be a basic pair. A subset D € Pow(X) is
e concrete open iff int D = D,
e concrete closed iff cl D = D.
Dually, a subset U € Pow(5) is
e formal open iff AU = U,
e formal closed ifft 77U =U.

Notations. Since int and cl are an interior and closure operators on Pow(X) respectively,
and A and J are a closure and interior operators on Pow(S) respectively, we shall write

Red(int) = {int D € Pow(X) | D € Pow(X)}
Sat(cl) = {cI D € Pow(X) | D € Pow(X)}
Sat(A) = {AU € Pow(S) | U € Pow(95)}
Red(J) ={J U € Pow(S) | U € Pow(95)}

for the classes of concrete (formal) open (closed) subsets of Pow(X) and Pow(S) (See
Definition 2.4.13).

Proposition 3.1.4. Let (X,IF,S) be a basic pair. For any D € Pow(X) and U € Pow(S5)
1. D is concrete open iff (3V € Pow(S)) D = extV,
2. D is concrete closed iff (3V € Pow(S)) D = restV,
3. U is formal open iff (3D € Pow(X))U = 0D,
4. U is formal closed iff (3D € Pow(X))U = < D.

Proof. We prove only (1). The proofs for the others are similar.
Let D € Pow(X). If D is concrete open, then

D =intD =extOD.
Conversely, if D = extU for some U € Pow(S), then
intD =intextU =extU = D.
U

Proposition 3.1.5. Let (X,IF,S) be a basic pair. Then the operators ext : Pow(S) —
Pow(X) and O : Pow(X) — Pow(S) restrict to isomorphisms between complete lattices
Sat(A) and Red(int). Dually, the operators rest : Pow(S) — Pow(X) and & : Pow(X) —
Pow(S) restrict to isomorphisms between complete lattices Red(J) and Sat(cl).
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Proof. Since ext 40, by Corollary 2.3.82, ext and O restrict to bijections between Sat(.A)
and Red(int). Dually, since & - rest, & and rest restrict to bijections between Red(J) and
Sat(cl).

It remains to be shown that those operators preserve joins and meets. We just show
that ext preserves joins and meets of Sat(A). The proofs for the other operators are
similar. Recall that, by Proposition 2.4.16, joins and meets of Sat(A) and Red(int) are
given by

Vier AU = AU, Ui, Nier AUi = Nies AU,
\/jeJintDj:UjEJintDj, /\jeJintDj:intﬂjEJDj
for any set-indexed families (U;);e; and (D;);es of subsets of S and X respectively. To

see that ext preserves joins, let (U;);c;r be a set-indexed family of subsets of S. Then we
have

ext\/,c; AU; = ext AU, Ui
ext U, Us
= Uz‘el ext U;
= \/iel ext Ui
= Ve ext AU;.

For the meets in Sat(.A), we have
ext \,c; AU; = ext ()., Oext U
=extO (), extU;
=int ﬂie[ ext Uz
= NierextU;
= /\iGI extAUZ-.

3.2 Relation Pairs

In this section, we introduce the notion of a relation pair between basic pairs and define
the notion of equality on them.

Definition 3.2.1. Let X} and X, be basic pairs. A relation pair from X; to X is a pair
(r,s) of relations r C X; x X, and s C S; x Sy such that

IFo or = so Iy,

where o is the composition of relations. That is, (r, s) is a pair of relations which makes

the following diagram commute.
1

X1—>S1

||

Xo——= 5
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We write (r,s) : X1 — Ab to assert that the pair (r,s) is a relation pair between basic
pairs X7 and .

By Lemma 2.4.6 and Proposition 2.4.7, we have several equivalent characterizations for
relation pairs.

Proposition 3.2.2. For any basic pairs X1 and Xy, the following are equivalent:
1. (r,s) : X1 — Xs is a relation pair,
2. rx (Jextb <= Ox (s b forallxe Xy and b € Sy,
3. Orx=s<x forall x € X,
4. rextb=-exts™b for allb € S,,
5. r*restb = rest s*b for all U € Pow(Ss),
6. Or—*D = s7*0D for all D € Pow(X}).
Proof. (1 <> 2) In general, for any relations R : X — Y and S:Y — Z we have
z(SoR)z <= Rx (S z
for all z € X and z € Z. Thus, we have

(r,s) is a relation pair <= Iy or = so I
< z(lFyor)b<r x(solk)b forallxz € X; and b € Sy
— rx(extb< Oz (s b for all z € X; and b € 5.

The equivalence between (1), (3), (4), (5) and (6) follows from Lemma 2.4.6 and Propo-
sition 2.4.7. U

Remark 3.2.3.
By Proposition 3.1.4, it follows from (3), (4), (5) and (6) that

e s preserves formal closed subsets, i.e. s is formal closed.

e 1~ preserves concrete open subsets, i.e. r~ is concrete open.
e ¥ preserves concrete closed subsets, i.e. r* is concrete closed.
e s * preserves formal open subsets, i.e. s7* is formal open.

At this point, we introduce the notion of continuous relation between basic pairs, which
is a natural generalization of the notion of continuous function between topological spaces.
We will see that a continuous relation gives rise to a relation pairs, and conversely the
relation r of any relation pair (r,s) : X — ) is a continuous relation.
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Definition 3.2.4. Let X} and X, be basic pairs. A relation r C X, x X5 is continuous if
r~exth = int(r~ extb)
for all b € Ss.

Proposition 3.2.5. Let X} and Xy be basic pairs and let r C X; X Xy be a relation.
Then, the following are equivalent.

1. r is continuous.

2. There is a relation s C S x Sy such that
re(exth < Ox (s b

for allx € X1 and b € Sy, i.e. (r,s) is a relation pair from X; to Xj.

Proof. Assume 1. Define a relation s C 57 x Sy by
asb <= a € 0Or extb
for all @ € S; and b € Sy. Then

r is continuous <= (Vb € Sy) (Vo € X;)x € v~ exth <> x € intr ™ extbh
< (Vbe Sy) (Ve € Xy)ra (extb«+> O () Or™ exth
— (Vbe Sy) (Ve e Xy)re (exth<> Cx () s b

Conversely, if (r,s) : X1 — X, is a relation pair, then 7~ is concrete open by Remark
3.2.3, and hence it is continuous. O

Definition 3.2.6. Let A} and X, be basic pairs. Two relation pairs (rq, s1), (r2, $2) :
x| — X, are said to be equivalent (or equal), denoted (11, s1) ~ (rq, $2), if

“_2 or1 :“_2 ory.

Clearly, ~ is an equivalence relation on the relation pairs from X; to X;. We shall often
identify an equivalence class of relation pairs with its arbitrary representative.

There are many characterizations for equal relation pairs. We list some of them below.

Proposition 3.2.7. For any relation pairs (ry, s1), (re, S2) 1 X1 — Xa, the following are
equivalent.

1. (r1,81) ~ (12, S2), 2. All square commutes,

IF1

X1—>51

IFo

Xo——= 5
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3. Oory = 0oy, 7. Ogry " =0ary ™,
4. 5101 = 85907, 8. 510y = sy, 0Oy,
5. r{ extg =1, exty, 9. riresty = 1 resty,
0. ext; s; = exty sy, 10. rest; s] = rest; s3.

Proof. By the definitions of relation pairs, equal relation pairs, Lemma 2.4.6 and Propo-
sition 2.4.7. ]

By the triangular identities, we have still more characterizations of equal relation pairs.

Proposition 3.2.8. For any relation pairs (r1,s1), (re, $2) : X1 — Xa, the following are
equivalent.

1. (ry,51) ~ (12, 52), 6. Ays;U = Ai1s;U for all U €
POW(SQ),
2. cloryD = clyreD for all D €
P(2)W1(X1), 272D f 7. Ays;a= Ay sya foralla € S,

8. int27“1_* = int27“2_*,
3. clorix = clyrox for all x € Xy,

9. s7* AL = s," Ay,

s di =820 10. ¥ cly = 73 cly,
5. ryinty =1y inty, 11. J181 = J1 5.
Proof. By the previous proposition, the triangular identities and Remark 2.4.2. O

3.3 The category of basic pairs (BP)

Basic pairs and relation pairs between them naturally form a category.

Proposition 3.3.1. Basic pairs and the equivalence classes of relation pairs between them
form a category BP.

Proof. The composition of relation pairs (ry,s1) : X1 — Xz and (rq, s2) @ Ay — Aj is
defined by

(7°27 52) o (7°1, 51) = (7“2 O0Ty1,820 81)-

The identity morphism on a basic pair X is (idx,idg), where idx and idg are diagonal
relations on X and S.
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For any relation pairs (r1,s1) : X1 — X3 and (rg, $3) : Xy — A, the two squares in the
diagram below commute, and hence so does the outer rectangle.

IF1

X1—>51

IFo

X2—>52

IF3

X3 ——= 53

Therefore, the composite (ry0ry, s9057) is a relation pair from & to X3. The composition

respects the equivalence of relation pairs. In fact, if (ry,s1) and (7, s}) are equivalent

relation pairs from X to Xy, and if (19, s9) and (1}, s5) are equivalent relation pairs from
Xy to A5, then

/
IFg org 0oy = I3 or5 01y
= sho Iy ory
/ /
= 550 |9 or]

o / /
= k3 oryor].

Therefore (r; o 19,51 0 $3),~ (1] orh, s} osy). The composition is associative since the
composition of relations is associative. The identity law is obvious. O

The following expresses, in a categorical term, the symmetry of basic pairs.
Proposition 3.3.2. The category of basic pair is isomorphic to its own dual, i.e.
BP =ZBP.
Proof. The isomorphism (—)~ : BP — BP is defined by,
(X,IF,8)" = (S,IF, X)
for each basic pair (X, Ik, S), and
(r,s)” =(s",r7)
for each relation pair (r,s) : X1 — X5. Then (S,IF~, X) is a basic pair. If (r,s) : X1 — X»

is a relation pair, then Iy or = so Iy, which is equivalent to r~o IF; =IF] os™. Thus
(r,s)” is a relation pair from X, to A . Also, we have

(idy,ids)™ = (idg,idy) = (ids, idx)
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for the identity on X', and

((u,v) 0 (r,5))" =

for any relation pairs X ﬂXQ M).Xg . Therefore (=)~ is a contravariant functor

from BP to BP. Moreover, we have XY=~ = X for any basic pair X and (r,s)"~ = (r, s)
for any relation pair (r, s). Therefore, (=)~ is its own inverse, and hence BP 2 BP®. [

Finally, we give sufficient conditions for two basic pairs to be isomorphic in BP.
Proposition 3.3.3. For any basic pairs X1 and X4 if
1. X1 = X5 and int; = inty or
2.8, =25y and J, =T,
then X1 = X,.
Proof. 1. Suppose that X = X; = X, and int; = inty. Since
exty b = inty exty b = inty exty b

for all b € Sy, and similarly, ext; a = inty exty a for all a € Sy, idy is a continuous relation
from X7 to X5 and from X5 to X';. Hence, there exist relations s C S; xS and v C S x .57
such that (idy, s) and (idx,v) are relation pairs. Trivially, they are mutual inverse. Thus
X1 =2X.

2. Since we have BP = BP if §; = S5 and J; = Jo, then X7 =X, by 1. Therefore
X1 = X, by Proposition 3.3.2. I
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Chapter 4

Concrete Spaces

The notion of concrete space is obtained from that of basic pair by adding the conditions
that the set S of a basic pair X forms a base for a topology. Thus a concrete space
is just a topological space. However, a map between concrete spaces is a relation pair
which satisfies certain conditions which, in a sense, preserves the structure of a concrete
space. So the notion of concrete space differs from that of topological space. In this
chapter, we introduce the notion of concrete space, convergent subset and ideal point
of a basic pair and convergent relation pair between basic pairs. We see that concrete
spaces and convergent relation pairs form a coreflective subcategory CSpa of BP. We
also introduce the notions of weak separation axiom 7}, and sobriety of basic pairs, and
consider relations between BP and the subcategory of Tjy basic pairs and between the
category of sober concrete spaces and that of sober topological spaces. In particular, we
see that the notion of concrete space and topological space coincide when we restrict our
attention to sober concrete spaces and convergent relation pairs.

Except for Section 4.6, this chapter is largely based on Chapter 3 and Chapter 4 of [21].

4.1 Concrete spaces

Definition 4.1.1. A concrete space is a basic pair X = (X,IF, S) which satisfies the
following two conditions:

(Bl) extanextb=ext(a ] b),
(B2) X =extS

for all a,b € S where
alb={ce S| extcCextanextb}.

Note that in (B1) and (B2), the inclusions from right to left always hold.
The notion of a concrete space is exactly that of a small ct-space by Aczel [4].

Definition 4.1.2. For any basic pair X', define a preorder < on S by

a<b < exta Cextbh
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for all a,b € S. For any U,V € Pow(.5), define sets lU and U | V by
lU={aeS|(Bcel)a<c},
Ulv=|Un|W
We often write | a for |{a}. Note that a [ b= |an [band | a= Aa.
Lemma 4.1.3. For any basic pairs X,
1. l (Uie] Ui) = Uie] l Ui,
2. (Uie[ UZ’) IW =Uie, (Ui L W)
for any W € Pow(S) and set-indexed family (U;)icr of Pow(S).

Proof. Let W € Pow(S) and let (U;);cr be a set-indexed family of Pow(S).
1. For any a € S, we have

a€ | (Upgegli) < @eS)(Fiel)beU&ka<h
< (Jiel)ac | U;
<~ ac€lU | U

2. By 1 and the definition of |, we have
(Uiel Ui) W= l (Uiel Ui) A l w
- (Uiel l Ui) A l w

= Uie[ (l Ui N l W)
Uier (U L W).

We list some of the equivalents of the condition (B1).
Proposition 4.1.4. For any basic pair X, the following are equivalent.
1. extaNextb=ext(alb) for alla,b € S,

2. extUNextV =ext(U V) forall U,V € Pow(S),

co

exta Nextb is open for all a,b € S,

+~

extU NextV is open for all U,V € Pow(S),

“

intDNintE =int(DNE) for all D, E € Pow(X).
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Proof. (1 — 2) For any U,V € Pow(S), we have

extU NextV = J,cpextan |y, extb
= Uacvper (extaNextb)
= Uacvpev ext (a 1 D)

= extUepper (@ 0)
=ext(U|lV).

(2 — 1) 1 is just a restriction of (2) to the singletons of S.

(1 — 3) For any a,b € S, we have exta Nextb = ext(a ] b) = intext(a ] b). Thus
exta Nextb is open.

(3 — 4) For any U,V € Pow(S), we have

extUNextV =J,cpextanUyey exth=,cpy ey (extaNextd).

Since a union of opens is open, ext U Next V' is open.
(4 — 5) Since int = ext O, we have

intDNintE =int(intDNintE) =int(DNE)

for any D, E € Pow(X) by Proposition 2.4.15.
(5 — 1): Since O preserves N, we have

exta Nexthb=intextaNintexth
= int (exta Nextb)
= ext (Oexta N Oextb)
=ext(Aan Ab)
=ext(a|b)

for any a,b € S. O

By Proposition 4.1.4.5, (B1) is equivalent to saying that the class of open subsets,
namely Red(int), is closed under the finite intersections. Also, (B2) says that X is in
Red(int). Moreover, since intersections distribute over unions, meets distribute over all
joins in Red(int). Thus, in a concrete space the class of open sets Red(int) forms a frame.

4.2 Convergent subsets, ideal points

The notions of convergent subset and ideal point of a basic pair are obtained by abstracting
the notion of point of a space to that of subset of a space as follows: every point x € X
of a concrete space X must satisfy © € exta& x € extb — = € ext(a | b) and = € ext S,
that is {z} () exta& {z} () extb — {z} () ext(a | b) and {z} () extS. Moreover, this is
equivalent to a,b € Gz — Oz () (a ) b) and Gz § S. These observation motivates the
following definitions.
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Definition 4.2.1. Let X be a basic pair. A subset D € Pow(X) is called a convergent
subset of X if

(D1) D (exta& D (jextb — D {§ (a | b),
(D2) D () extS

for all a,b € S. The class of convergent subsets of X will be denoted by Conv(X).
A subset a € Pow(S) is called an ideal point of X if

(P1) a () S,
(P2) a,bea—a((alb),
(P3) a=Ja«

for all a,b € S. The class of ideal points of X will be denoted by Pt(X’). Note that, by
the condition (P3), every ideal point is formal closed.

Remark 4.2.2. Since cl D () exta <= D () exta, it follows that
D e Conv(X) <= cl D e Conv(X).

The following proposition summarizes the remark preceding the above definition.
Proposition 4.2.3. For any basic pair X, the following are equivalent.

1. X is a concrete space.

2. {z} € Conv(X) forallx € X.

3. Ox e Pt(X) forallz € X.

Proposition 4.2.4. For any basic pair X, the bijections & @ Sat(cl) — Red(J) and
rest : Red(J) — Sat(cl) restrict to bijections between the classes of closed convergent
subsets and Pt(X).

Proof. For any D € Conv(X), since D () exta <» a € OD forall a € S and ¢ D €
Red(J), we have & D € Pt(X). Conversely, for any o € Pt(X), since a () S <+ rest« ()
extS and a € a <> exta () resta by (P3), we have resta € Conv(X). The restrictions
of & and rest to the class of closed convergent subsets and Pt(X) are bijective: if D €
Conv(X) is closed, then rest & D = cl D = D, and conversely, Cresta = J o = « for any
a € Pt(X). O

A closed convergent subset (or equivalently an ideal point) of a concrete space X can
be characterized by a filter on Red(int) fixed by a closed subset D of the set X.

Definition 4.2.5. Let X = (X,IF, S) be a concrete space. A filter on Red(int) is a
subclass F of Red(int) such that
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(F1) 3D e F,

(F2) De F&D CE = E € F,

(F3) D,Ee F=DNEeF

for all D, E € Red(int). A filter F on Red(int) is fized by a subset D C X if

EeF << DJE

for all E € Red(int).

Note that if F is a filter on Red(int) fixed by a set D € Pow(X), then F can be written
as F ={extU | extU () D,U € Pow(95)}.

Lemma 4.2.6. If a filter F on Red(int) is fized by subsets Dy and Dy of X, then cl Dy =
cl DQ.

Proof. Let Dy and Dj be subsets of X fixing F. Then, since exta € Red(int) for alla € 5,
we have Dy () exta <= D, ( exta for all a € S, ie. a € O Dy <= a € < D, for all
a € S; hence & Dy =< Dy. Thus cl Dy = cl Ds. O

Proposition 4.2.7. In every concrete space X, there is bijective correspondence between
any two of the following:

1. a filter F on Red(int) fized by D € Sat(cl),
2. a closed convergent subset of X,
3. an ideal point of X .

Proof. By Proposition 4.2.4, it suffices to show the correspondence between (1) and (2).
First, it is straightforward to see that D € Sat(cl) is a closed subset of X fixing a
filter on Red(int) iff D satisfies the conditions (D1) and (D2) of convergent subset of
X. Moreover, the mapping D — {extU | extU () D,U € Pow(S)} which assigns to every
closed convergent subset D a filter on Red(int) fixed by D is injective by the above lemma,
and hence it is bijective. O

4.3 Convergent relation pairs

A convergent relation pair is a relation pair which satisfies certain conditions. Of particular
interest is a convergent relation pair between concrete spaces, since it can be characterized
by the preservation of the convergent subsets of its domain, or by the preservation of the
frame structure of the concrete open subsets of its codomain.

Definition 4.3.1. A relation pair (r,s) : X1 — X5 between basic pairs is convergent if

(Cl) rext(alb) =ext(sal s™b),
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(C2) 7~ ext Sy = ext Sy
for all a,b € .S,.

Remark 4.3.2. In (C2), the inclusion from left to right always holds, since
r~ ext Sy = ext s~ Sy C ext S;.

Moreover, assuming (B1), the inclusion from left to right in (C1) holds: for since ext(a |
b) C exta, we have r~ext(alb) C r exta = exts a, and similarly r~ext(a | b) C
ext s~b. Hence, we have

rext(alb) Cexts aNexts b=ext(s alsb)

by (B1). Since any relation pair (r,s) satisfies |-y or = so Ik, the conditions (C1) and
(C2) are equivalent to the following:

exts™ (a ] b) = ext (s_a i s_b) ,
ext s~ Sy = ext S;.

Moreover, (C1) and the first of the above are equivalent to their formulation with subsets;
for example (C1) is equivalent to

rext(UlV)=ext(sUls V),
for, assuming (C1), we have

rext(ULV)=r"extxU,cpper (@l d)
= Uacvper 7 ext(a ] b)
= Uaevpev ext (s7a | s7b)
= extUyepper (s7a L s70)
= ext (Uyey 54 Upey 570)
= ext (s’U 4 s’V)
by Lemma 4.1.3. The converse is trivial.

Proposition 4.3.3. For any convergent relation pair (r,s) : X1 — Xa, 7D € Conv(Xy)
for all D € Conv(X)).

Proof. Let (r,s) : X1 — X3 be a convergent relation pair and let D € Conv(X;). Then
we have
rD (exta&rD (extb <= D (r exta& D () r~ extb
< D(exts a&k D (exts b
< D{ext(s alsb) by (D1)
< D(r ext(alb) by (C1)
< rD (ext(alb)
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for any a,b € Sy, and hence rD satisfies (D1). Since D satisfies (D2) and we have

D {(extS; < D (r extS; by (C2)
< rD () ext Sy,

rD satisfies (D2). Thus rD € Conv(X,). O

Proposition 4.3.4. For any relation pair (r,s) : X1 — Xy between basic pairs, r
preserves convergent subsets iff s preserves ideal points, i.e. rD € Conv(Xy) for all
D € Conv(A) iff sa € Pt(Xy) for all a € Pt(X)).

Proof. Let (r,s) : X1 — X3 be a relation pair. Suppose that r preserves convergent
subsets, and let a € Pt(AX;). Then, by Proposition 4.2.4, we have sa = sJa =
sOrestav = Orresta € Pt(X,). Conversely, suppose that s preserves ideal points, and let
D € Conv(Xy). Then clrD =rest O rD =rests O D € Conv(X,). Thus, rD € Conv(X,)
by Remark 4.2.2. O

For a relation pair between concrete spaces, the converse of Proposition 4.3.3 holds as
we see below. Thus the preservation of convergent subsets (or ideal points) characterizes
convergent relation pairs. In the following, we list several equivalent characterizations for
convergent relation pairs between concrete spaces.

Proposition 4.3.5. For any relation pairs (r,s) : X1 — Xo between concrete spaces, the
following are equivalent.

1. (r,s) is convergent, i.e. it satisfies (C1) and (C2).
2. (r,s) satisfies

(C1°) ro (exta&rz () extb — ra () ext(a | b),
(C2°) rx () ext Sy

for all x € Xy and a,b € S,.
3. (r,s) satisfies

(E1) r~ (extUNextV)=r"extUNr-extV,
(E,?) r~Xo=X3

for all U,V € Pow(Ss).
4. D € Conv(Xy) implies rD € Conv(Ay).

5. a € Pt(AX)) implies sa € Pt(&Xy).
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Proof. (1) — (4) and (4) <> (5) follows from Proposition 4.3.3 and Proposition 4.3.4
respectively. Since all singletons are convergent in a concrete space, we have (4) — (2).
For (1) <> (2), since X'y and X'y are concrete spaces, we have

(Cl") <= r extanNr extb=r"ext(alb)
< exts aNexts b=exts (alb)
< ext(s"alsb) =exts (alb) by (B1)
< (C1)

for all a,b € Ss, and also

(CQ’) <— X| =1 ext SQ
— extS; =exts S by (B2)
— (C2).

Similarly, for (2 <> 3), we have

(Cl) <= rextUNr extV=r"ext(U]V)
< rextUNr extV =r" (extxUNextV) by (B1)
— (El)

for all U,V € Pow(S,), and also

(CQ’) <— X; =71 ext SQ
— Xi=r X, by (Bz)
— (E2).

O

Remark 4.3.6. (E1) and (E2) say that v~ preserves finite intersections and the top of the
frame Red(int). Also it is easy to see that r~ preserves arbitrary set-indexed joins of
Red(int). Hence, a relation pair (r,s) : X1 — X between concrete spaces is convergent
iff = is a frame homomorphism from Red(inty) to Red(int;). Note that any relation
pair (f,s) : X1 — X5 between concrete spaces where f is (the graph of) a function is
necessarily convergent as f~ always preserves finite intersections and the top of Red(ints).

4.4 The category of concrete space (CSpa)

Concrete spaces and convergent relations pairs naturally form a category.

Proposition 4.4.1. Concrete spaces and (the equivalence classes of ) convergent relation
pairs between them form a subcategory CSpa of category BP.
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Proof. We must show that every equivalence class of convergent relation pairs in CSpa
is an equivalence class of relation pairs in BP. To see this, it suffices to show that for
any equivalent relation pairs (r,s), (u,r) : X1 — Xy between concrete spaces, if (r,s) is
convergent, so is (u,v). But since (r,s) ~ (u,v) iff 7~ exty = u~ exty, the conclusion
follows from Proposition 4.3.5 (2).

It remains to be shown that the composition of convergent relation pairs is convergent
and identity morphisms are convergent. The latter is trivial. To see the former, let
(r,s): X1 = X9 and (u,v) : Xy — X3 be convergent relation pairs. Then we have

(uor) ext(alb)=r"u ext(alb)
=7r" ext (v_a 4 v_b)
= ext (s_v_a 4 s_v_b)
=ext((vos) al (vos)b)

for any a,b € S5, and

(uor)  extSs =r"u" extS;
=7~ ext Sy
= ext Sl.

Thus, the composite (v o r,v o s) is convergent. 0

The following suggests that in CSpa, an appropriate notion of point of a concrete space
X is not an element of X but an ideal point.

Proposition 4.4.2. In CSpa, there is a bijective correspondence
Pt(X) = CSpa(1,X)
for any concrete space X, where 1 is a concrete space such that 1 = ({*}, idysy, {*})

Proof. Let X be a concrete space and let (r,s) : 1 — X be a convergent relation pair.
Since r preserves convergent subsets and r is completely determined by r{x}, we can
define a mapping 0 : CSpa(1, X') — Pt(X) by 0(r) = &G r{x}. Obviously, € respects the
equality of relation pairs. It is also injective. Conversely, for any a € Pt(X), defined a
relation r, C {x} x X by r, = {*} X resta. Then r, is trivially continuous since any
subset of {*} is open in 1. Therefore, there is a relation s C {x} x S such that (r,s) is a
relation pair from 1 to X. Then (7, s) is convergent; since r is clearly a total relation, it
satisfies (C2). Moreover, we have

x €rextaNr, exth <= a,be Or,{*}
<~ a,bea
< a((albd)
< xecr ext(alb)

for any a,b € S, so (r,s) satisfies (Cl). Since « is formal closed, we have 0(r,) =
O rest a = . Therefore the mapping 6 is surjective, and hence it is bijective. O
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4.5 1, spaces and Sobriety

We introduce the notion of weak separation axiom 7j and sobriety of basic pairs and
concrete spaces, and consider a relation between BP and the subcategory of T basic
pairs and a relation between the category of sober concrete spaces and that of sober
topological spaces.

4.5.1 1j basic pairs
Definition 4.5.1. A basic pair X is Tj if

Cr=Cy=xr=y
for all z,y € X.
Let BP be a full subcategory BP whose objects are Tj basic pairs.
Proposition 4.5.2. BP and BP are equivalent.

Proof. For any basic pair X, define a relation =y, on X by
1= 1 &= Cr=30

for all z, 2" € X. Clearly, = is an equivalence relation on X. For any basic pair X', define
a basic pair X = (X, I, S) by

X:X/ =0,
[x]llta — acCux

for any [z] € X and a € S. Note that IF is well-defined by the definition of =y. Evidently,
X is T. Since we have

ac€ JU <= exta()restU
— (JFreX)acCxCU
<— (Tr€eX)ael[x] CU
< exta () restU
— acJU

for any @ € S and U € Pow(S), it follows that J = J. Thus, by Proposition 3.3.3,
there exists a relation r C X x X such that (r,idg) : X — X is an isomorphism. Write
nx = (r,idg). Then we have a family ((X,7nx))xcobmp) such that X € Ob(BPg) and

Ny : X =X. Moreover, since BP is full in BP, the insertion functor 7 : BPy, — BP
is full and faithful. Therefore, by Proposition 2.3.73 (in the dual formulation), I is an
equivalence between BP, and BP. O
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4.5.2 Sober concrete spaces

Definition 4.5.3. Concrete space X' is sober if for any D € Conv(X) there is a unique
x € X such that cl D = cl{z}.

Proposition 4.5.4. A concrete space X is sober iff for any o € Pt(X) there is a unique
x € X such that o = O{x}.

Proof. Note that cl D = cl{z} <= <D = &{z} in Definition 4.5.3; the equivalence
follows from Proposition 4.2.4. O

Note that a sober space characterized by the condition of the above proposition is called
a weakly sober space in [5].

Let CSpa, be the full subcategory of CSpa whose objects are sober concrete spaces.
Let Top be the category whose objects are concrete spaces and whose morphisms are
continuous functions between concrete spaces, where a function f : X; — X, between
concrete spaces X' and X5 is continuous if

(Ve e X) (Vb e Sy) f(y) eextb— (Ja € Sy) [z € extad exta C [~ extd]

i.e. if f is a continuous relation from X; to X5. Let Top, be a full subcategory of Top
whose objects are sober concrete spaces.

Proposition 4.5.5. Top, and CSpa, are isomorphic.
We first prove the following lemma.

Lemma 4.5.6. A concrete space X is sober if and only if for any concrete space Y =
(Y, IFy,T) and convergent relation pair (r,s) : Y — X, there is a unique function f 1Y —
X such that (f,s) ~ (r,s).

Proof. Let X be a concrete space, and suppose that X is sober. Let ) be a concrete space
and (r,s) : ) — X be a convergent relation pair. Note that since (r, s) is convergent, we
have s O{y} € Pt(X) for each y € Y. Since X is sober, there exists a unique = € X such
that O{x} = s O{y}. Define a function f:Y — X by

f(y) = unique x € X such that O{z} = s O{y}

for each y € Y. Then, we have

O fly) =sO{y) = Or{y}

for any y € Y. Therefore (f,s) ~ (r,s). Given any function g : ¥ — X such that
(g,5) ~ (r,s), then Cg(y) = sO{y} for all y € Y, and hence g(y) = f(y) forally € Y
by sobriety of X. Therefore f = g.

Conversely, let o € Pt(X). By Proposition 4.4.2, there is a unique convergent relation
pair (r,s) : 1 — X such that a = O r{x}. Thus there is a unique function f : {x} — X
such that & f(x) = Or{x}. Suppose that there is z € X such that &z = a. Then
g : x> xis a function g : {x} — X such that (g,s) ~ (r,s), so we must have x = g(x) =
f (). Therefore X is sober. O
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Proof of Proposition 4.5.5. Define a functor F': Top, — CSpa, by

F(X)=X

for each concrete space X, and

for each continuous function f : Xy — X5, where in (f,s), f is the graph of function f
and s C 57 x S, is a relation defined by

asb <= exta C f~ exth

for all @ € S; and b € Sy. Then (f,s) is a relation pair by Proposition 3.2.5, and it
is also convergent by Remark 4.3.6. Thus (f,s) : X1 — X5 is a morphism in CSpa,.
That F preserves the composition and the identity is obvious from the definition of the
composition and identity of CSpa.

Conversely, define a functor G : CSpa, — Top, by

GXx)=X
for each concrete space X' and

G(r,s) = unique g : X; — X5 such that (g,s) ~ (r,s)

for each convergent relation pair (r,s) : Xy — X. Note that such g exists by the above
lemma. Then G preserves compositions of morphisms. To see this, let (r,s) : X1 — X
and (u,v) : Xy — X3 be morphisms of CSpa,, and let f = G(r,s) and g = G(u,v). Since
the composition respects the equality of relation pairs, we have (go f,vos) = (uor,vos).
Then, have G((u,v) o (r,s)) = G(uor,vos) =go f = G(u,v) o G(r,s). Since diagonal
relations on a set are identity functions, G preserves identities. Now, the object part of F'
and G are trivially bijective. By the definition of F' and G, we have GF(f) = f for any
continuous function f. Also, we have F'G(r,s) ~ (r,s) for any convergent relation pair
(r,s), i.e. GF(r,s) = (r,s) as a morphism in CSpa,. Therefore, F' and G are mutual
inverses. Thus Top, = CSpa,. O

4.6 Relation between BP and CSpa

We show that CSpa is a coreflective subcategory of BP; see Definition 2.3.75 for the
notion of coreflection.

Theorem 4.6.1. CSpa s corefiective in BP.
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Proof. Given a basic pair X, define a basic pair X by
X = (Fin(X),IF, Fin(S)) ,
where
DIFA < (Va € A)D () exty{a}

for each D € Fin(X) and A € Fin(S). We show that X a concrete space. To this end, let
A, B € Fin(S) and D € Fin(X). Since AU B € {A}l{B} for all A, B € Fin(S), we have

D eext{A}Next{B} <= (Vae€ AUB)D () exty{a}
< D eext{AU B}

— Deaxt ({A}I{B}) .

So X satisfies (B1). Since D € ext{) for all D € Fin(X), X satisfies (B2).
Define a relation pair (p,q) : X — X by
Dpr < x €D,
Aga <= a€ A
for all D € Fin(X),z € X, A € Fin(S) and a € S. The pair (p,q) is indeed a relation
pair; for we have
D (lFxy op)a <= D () exty{a}
<= DIF{a}
<= (3A€Fin(9))DFA&ac A
<~ D (q o F) a
for any D € Fin(X) and a € S.
Now, given any relation pair (r,s) : Y — & where Y = (Y,IFy, T) is a concrete space,
define a convergent relation pair (k,h) : Y — X by
ykD < D Cr{y},
bhA <= exthC (o extys {a}
for all D € Fin(X),y € YA € Fin(S) and b € T. We show that (k,h) is indeed

a convergent relation pair, and moreover, it is a unique convergent relation pair which
makes the following diagram commute.

N
amt \j
x

%X

(»,9)
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First, since ) satisfies (B1), we have

Yy (hO H‘y) A
= Y € \yen ety s {a}
Y €[ ear extx{a}
— (Va € A)r{y} ) exty{a}
< (@D eFin(X))D Cr{y} & (Va€ A)D () exty{a}
<= (3D € Fin(X))yk D & DIFA
< y(Fok) A
for any y € Y and A € Fin(S), and hence (k, h) is a relation pair. Since we have
y € exty h™{A} Nexty h™{B}
=y e <ﬂa€A exty 5‘{@}) N <ﬂb€B exty 5‘{6})
=y € Ncasp ety s~ {a)
<y cextyh” {AU B}
— y Cextyh” (AIB)
for any y € Y and A, B € Fin(S), (k,h) satisfies (C1). Since () € Fin(X), we have

0 Cr{y} for any y € Y, ie. yk(. So k is total, and thus (k, h) satisfies (C2). Since we
have

y(Fx opok)a
<= (3D € Fin(X)) D Cr{y} & D () extx{a}
— r{y} § extx{a}
<~ y(Fyor)a

for any y € Y and a € S, the diagram commutes.
Given any convergent relation pair (k, h) : Y — X which makes the above diagram
commute, we have

y(holky) A <= y € (,caextys {a}
> Y€ Noeu b p extr{a}
> yek Neap extx{a}
< (AD € Fin(X))yk D& (VYa € A) D () ext{a}
<= (3D € Fin(X))yk D& DIFA
<« y(Fok)A

for any y € Y and A € Fin(S). Hence (k, k) ~ (k, h), and so (k, k) is a unique morphism
in CSpa which make the diagram commute. O
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Chapter 5

Categorical constructions in BP and
CSpa

In this section, we show that BP and CSpa are both complete and cocomplete by con-
structing (co)products and (co)equalisers in both categories. The constructions of co-
equalisers of BP and CSpa and products of CSpa is not straightforward. This has
already been observed in the construction of coequalisers for the category of set-presented
formal topologies [20]. The crucial point of the construction in both cases is in showing
that a certain class is set-generated in the sense of Definition 2.2.1. Instead of directly
constructing a generating subset, we exploit the notion of a generalized geometric theory
[6] (cf. Section 2.2) to show that the class has a generating subset.

5.1 Completeness and cocompleteness of BP

The main result of this section is the following.
Theorem 5.1.1. BP is cocomplete.

Note that by Proposition 3.3.2, we immediately obtain the following.
Corollary 5.1.2. BP is complete.

By Corollary 2.3.63, it suffices show that BP has arbitrary small coproducts and co-
equalisers. In the following two sections, we give construction of coproducts and coequalis-
ers in BP.

5.1.1 Coproducts

In this section, we show that BP has arbitrary small, i.e. set-sized, coproducts.

Proposition 5.1.3. BP has small coproducts.
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Proof. Given a set-indexed family (X;);e; of basic pairs, define a basic pair []
(Dier XilFs, 2oier Si) by
(i,z) IFx (j,a) <= i=j&zlHa

zEI

for all (i,z) € > .., X; and (j,a) € > ,.;Si. Also, define a family of relation pairs
((Tz‘vsz) X — HzEI Z) icl by
zri(j,2) <= i=j&z=2a,
as;(j,d) <= i=j&a=4d
forallic I,z € X;,(j,2") € X ,c; Xi,a € S;and (j,a) € Y-, ; 5;. We claim that [, ., &;
is a coproduct of (X;);c;. Since we have
z(siolk)(j,a) <= zla&ki=j
> (ks ory)(j, a)

for any x € X; and (j,a) € Y _,.; Si, (14, 5;) is a relation pair from A; to [[,.; &; for each

i € I. Given any family of relation pairs ((u;,v;) : X; = YV)ier where Y = (Y, T,
define a relation pair (k,h) : [],.; &; — Y by

(t,x)ky <= zwvy,

(i,a) hb <= av;b
for all (4,z) € [[,.; Xi,y €Y, (i,a) € [[;c; S and b € T'. Since we have

(i,2) (IFy ok)b < (FyeY)(,x)ky&yly b

(FyeY)zuy&ylkyb
x (IFy ou;) b
€T (UZ‘O ”_z) b
(Jae Szl a&auv b
(Ja € S;) (i,2) Ik (i,a) & (i,a) R b
(i,2) (holFs) b

1rreee

for any (i,x) € > ,.; X; and b € T, (k, h) is indeed a relation pair. Since we have
z(lFyokor;)b < (i,x) (IFy ok) b
— (eY)(lx)ky&ylyb
— (eY)ruy&ylryd
T (H‘y OUZ') b

forany 2 € I, z € X; and b € T, the following diagram commutes

(rs,84)
X —Lies Xi

(k,h)
(uisvi)

y
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for each 7 € I. Finally, given any relation pair (£, ') which makes the above diagram
commute, we have

(1, )(Il-yok)b < z(lFy ok’ or;)b

(|I—y oul)
x(lFy okor;)b
= ( , ) (IFy ok) b

for any (i,x) € > ,.;X; and b € T. Therefore (k',h') ~ (k,h), and hence (k,h) is a

unique morphism which makes the diagram commute. O
As a corollary, BP has an initial object and a terminal object. They are given by

0= (0,0,0), and by duality 1 = 0.

5.1.2 Coequalisers
Proposition 5.1.4. BP has coequalisers for any parallel pair of morphisms.

(r1,81)
Proof. Given any parallel pair of relation pairs A (:;) X, , define a class @ by
2,52

Q = {U € Pow(%) | ext; s;U = ext;s;U}.

Then, @) is the class of models of the following theory of rank 2 over the set Ss.

{a - /\acEext1sl_{a} vbesgo{x} b | ac SQ} U {a - /\xeextls;{a} \/beslo{x} b | a € SQ} .
Therefore, the class () has a generating subset G by Theorem 2.2.13. We show that

(’LdX2 €)

X24>g (XQ,“‘Q,G)
is a coequaliser for (71, s1) and (73, s2), where
x kg U <= x € exty U

for all x € X5 and U € G, and € is the standard set membership relation.
First, since we have

z (kg oidx,) U <= zlFg U
<— 1 € exta U
< (Jae€ Sy)zlsa&aclU
— z(lFa0€)U
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for any x € Xy and U € G, (idy,, €) is a relation pair. Next, since we have

z(€osolk)U <= x € extys] € {U}

& z € extis; U

< 7z € extis; U

< x(€osy0lk)U

. (ri,s1)  (idx,,€) .
for any x € X; and U € G, the diagram X} —= X, —— G commutes. Given any
(r2,52)
: : : : (r1s1) - (kh)

relation pair (k,h) : Xy — Y = (Y,IFy, T') which makes the diagram X} —= X, ——= Y

(r2,82)
commute, define a relation pair (k,h) : G — ) by
k=k,
Uhb < U C h {b}

for all U € G and b € T. Note that h={b} € Q for all b € T by the commutativity of the
diagram. Since G generates (), we have

z (Iby ok) b <= x(lIFy ok)b

x (holk9) b

(Jae Sy)xlkya& ahb

(Ja€ Sy)zlkya&aeh {b}

(Ja € S) (AU €G) xlkya& acU C h{b}
(U € G)x € extoU & U C h™{b}

U e@)xlrg U & Uhb

x(ﬁoll—g)b

rrereey

for any # € X, and b € T, and so (k, h) is a relation pair. Since k = k o idx, = k o idx,,
the diagram
(’idXQ,E)

Xy g
o) l(kz,h)
Y
commutes. Finally, since (idy,, €) is an epimorphism, (k,h) is a unique relation pair
which makes the above diagram commute. O

5.2 Completeness and cocompleteness of CSpa

In this section, we show completeness and cocompleteness of CSpa. For cocompleteness,
the same construction of coproducts and coequalisers for BP carries over to CSpa. For
completeness, we show that CSpa has equalisers and arbitrary products.
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5.2.1 Cocompleteness
In this section we show completeness of CSpa by observing the following fact.

Proposition 5.2.1. The insertion functor I : CSpa — BP creates colimits, i.e. the
colimits in CSpa are exactly the colimits in the underlying category BP.

To see this, it suffices to show that the coproduct, coequaliser and the unique morphisms
constructed in Propositions 5.1.3 and 5.1.4, respectively, satisty (B1), (B2), (C1) and (C2)
when the objects and morphisms involved in the construction satisfy them. We verify each
construction in the following two lemmas.

Lemma 5.2.2. For any set-indexed family (X;);cr of concrete spaces, the basic pair
[Lic; &i = (Ziel X IF 11 Y ier Si) and the family of relation pairs ((n, 5i)t Xy = [ X )Z.GI

constructed in Propositions 5.1.3 is a coproduct of (X;),.;.

Proof. First, we show that [, ; A; satisfies (B1) and (B2). To this end, let (i,z) €
Y icr Xi and (j,a), (k,b) € >_,.; Si. Since Xj satisfies (B1), we have
(i,x) € exti{(J, @)} Nexty{(k,0)} <= z € exti{a}Uext{b}&i=j=k
— veexta] b)&i=j=k

> (i,7) € exty] ((j, a) lu(k‘, b)) ,

and hence [ [, ; &; satisfies (B1). Now let (i,x) € >_,.; X;. Since A&; satisfies (B2), there
exists a € S; such that x I a, and hence (i,z) Ik (¢,a). Thus ], , A; satisfies (B2).
Next, we see that each injection (r;,s;) : X; — [[ A satisfies (C1) and (C2). To this end,
let (j,a),(k,b) € > ,c; S and x € X;. Since [[ &; satisfies (B1), we have

v er; extyp{(j,a)} Nr; exty{(k,b0)} <= (i,7) € extyp{(j,a)} Nexty{(k,b)}
— (i,7) € exty((j,a lLI (k,b))
< zer; exty((j,a lLI k,b))
and hence (r;, s;) : X; — [[ A satisfies (C1). Also, for any = € X;, we have zr;(i, z), and
thus (r;, s;) : X — [[ &; satisfies (C2).

Now, given any family of convergent relation pairs ((u;,v;) : Xi = V)ie; where Y =
(Y,IFy, T), let (k,h) : [1,c; & — Y be a relation pair constructed in Proposition 5.1.3.
We must show that (k, h) is convergent. To this end, let a,b € Y and (i,z) € > X;. Since
u; satisfies (C1), we have

(i,x) € k™ exty{a} Nk~ exty{b} <= =z €u; exty{a} Nu; exty{b}
< 1z €u; exty(a | b)
> (i,z) € k™ exty(a | b).
Hence (k,h) satisfies (C1). To see that (k,h) satisfies (C2), let (i,2) € > X;. Since

x € X; and (u;,v;) satisfies (C2), there exists y € Y such that zw;y, and thus (i,x) ky.
Therefore u; satisfies (C2). O

85



(r1,51)
Lemma 5.2.3. For any pair of convergent relation pairs X, %Xg between concrete
2,52

spaces, the basic pair and the morphism

(ZdXQ 76)

XQ —— g - (XQ, “_g, G)

constructed in Propositions 5.1.4 is a coequaliser for (ri,s1) and (rg, $2).

Proof. First, we show that G satisfies (B1) and (B2). Since (ry,s1) and (72, s9) satisfy
(C1), we have

ext; s7(U L V) =ext; s7U Nexty s; V
=ext; s, U Nextys; V
=ext; s, (U V)

for any U,V € @, and so (U | V) € @ for any U,V € Q. Hence, since X, satisfies (B1)
and G generates (), we have

x €extg{U} Nextg{V} <= z€extaUNexty, V
= reexty(U V)
< (Jae Sy)xlrya&kacUlV
— AW eq@)(BaeS)zlrakacWC (U|,V)
— GWeRreet, WEW C (U, V)

— AW ezl W& W € <{U} lg{V})
= 1 eextg ({U} lg{V}>

for any U,V € G and = € X,. Therefore G satisfies (B1). For any = € X,, there exists
a € Sy such that = € exty{a} by (B2) for X,. Since Sy € @ and G generates @), there
exists U € G such that a € U, and thus z IFg U, and so G satisfies (B2). Since the first
component of the relation pair (idx,, 3) is the diagonal relation, it satisfies (C1) and (C2).

Suppose that we are given a concrete space Y = (Y,IFy,T) and a convergent relation
pair (k,h) : Xy — ) which makes the diagram

(ris1) - (kh)
1 —— 2 > y
(r2,s2)

commute, let (k,h) : G — Y be a relation pair which is defined as in the proof of
Proposition 5.1.4. Then, since k = k and (k, h) satisfies (C1) and (C2), (k, h) satisfies
(C1) and (C2). 0

Thus we obtained the following result.

Theorem 5.2.4. CSpa is cocomplete.
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5.2.2 Completeness

The main result of this section is as follows:
Theorem 5.2.5. CSpa is complete.

We show the above theorem by showing that CSpa has equalisers and arbitrary prod-
ucts. The construction of equalisers and products are given in the following two sections.
By Proposition 2.3.62, the existence of these two suffices for completeness of CSpa. In
the construction, we exploit the notion of an ideal point (cf. Definition 4.2.1). The idea
is to lift the notion of a point of a space to that of an ideal point, i.e. we perform con-
struction of equalisers and products well-known in Top in terms of concrete spaces and
ideal points. However, since the class of ideal points of a concrete space is not known to
form a set, the resulting object is usually a class-size concrete space. We deal with this
difficulty by using the notion of a generalized geometric theory.

Equalisers
Proposition 5.2.6. BP has equalisers for any parallel pair of morphisms.

(r1,51)
Proof. Given any pair of convergent relation pairs X} —= X, , define a class E by
(r2,82)

E ={a e Pt(X) | s = spa}.

Then, F is the class of models of the following theory of rank 2 over the set Sj.

{& - /\b€s1a \/CESQbC ‘ a € Sl} U {a - /\bESQG \/ces;bc ’ a < Sl} U {\/(IESl &}
U{A {00} > Ve ¢ 1 a0 € 81} U {a = Vycora Ao ¢l a € 51}

Hence, the class E has a generating subset G by Theorem 2.2.13. Define a basic pair and
a relation pair as in

(€7idsl)

E=(G,lFg, 5)

29}
where IF-¢ and e are defined by

alle a < a€aq,
aer <— Oz Cqu

for all « € G, a € S; and x € X;. First, we show that £ is a concrete space. Since
G C Pt(A)), & satisfies (B2). To see that £ satisfies (B1), note that

(5.2.2.1) (a],b)C(a],b)
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holds: if ¢ € (a | b) and a € extg{c}, then ¢ € « = J a by (P3), and so extc () rest a.
Hence exta Uextd () resta, and so a,b € o, i.e. o € (a e b). Thus, we have

a € extg{a} Nexte{b} < a,b€
> af(albd)
= a{ (aleb)
<= &Eextg(algb)

for any o € G and a,b € S; by (P2) and (5.2.2.1). Therefore £ satisfies (B1). Next, we
show that (e,idg,) is a convergent relation pair. Since we have

a(lFioe) <= (FTre X))z ecexta& Oz Ca
— acJa
< a(idg,0 €)a
for any o € G and a € Sy, (e,idg,) is a relation pair, and it is straightforward to see that
(e,idg,) satisfies (C1) and (C2) by the definition of Pt(X;). We claim that (e, idgs,) : € —

AXj is an equaliser for (ry, s1) and (rg, s9). First, since the second component of (e, idg,) is

e,id (r1,s1)
idg,, the diagram 5(_5;) | _)(—>) X, trivially commutes. Given any convergent relation
72,52
. . ) (k,h) (r1,51)
pair (k,h) : Y — A} which makes the diagram Y —— X _>(—>) X, commute, define a
72,52

relation pair (k,h) : Y — & by

yka <= aCho{y},

h=nh
for all y € Y and o € G. Note that h O{y} € FE for all y € Y by Proposition 4.3.5 and
the commutativity of the diagram. Since G generates E, we have

y(Fg ok)a <= (Ja € G)a ChO{yt&aca

<~ a € ho{y}

<= y(holFy)a
for any y € Y and a € Sy, and so (k, h) is a relation pair. Convergence of (k, h) follows

from convergence of (k, h) and 5.2.2.1. Finally, since the right component of (e, idg, )o(k, h)
and (k, h) are equal, the diagram

Y
(k,h)l (k)

(€7idsl)

X

commutes. The uniqueness of (k, h) follows from the fact that (e, idg, ) is a monomorphism.
U
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Products

Proposition 5.2.7. CSpa has small products.

Proof. Let (X;);er be a family of concrete spaces indexed by a set I. Define a class P by

P={Y;00i) C>,;Si|acllPtX)}

Then, P is the class of models of the following theory of rank 1 over the set >, S;.

{Vies, (i-a) | i € I}
U {/\{(i,a), (i,b)} — \/Ce(al.b)(i,c) | a,b,€ S;,i € I}
U {(i,a) — \/xeextia/\ceoix(i,c) la€S;ie I} )

Hence, the class P has a generating subset G by Theorem 2.2.13. Define a basic pair
Hie] X; = (G, lrm, Sn) by

SH = Fll’l (ZiEI Sz)a
allFp A < ACu«

for all i € I,a € G and A € Sp. Also, define a family ((ri,si) L, Xo — Xi)z’el of
relation pairs by

apr <= <z € ali),
Agia < (i,a) € A

foralli e I,a € G,x € X;,A € Sy and a € S;. First, we see that [[,.; &; satisfies (B1)
and (B2). Since ) € Sy, we have « Ik () for any o € G, and so [[,.; &; satisfies (B2).
Also, since AU B € {A} |ip {B} for any A, B € Sp, we have

a € extp{A} Nextp{B} <— AUB Cu«
< acextg{AUB}

— a e exty ({4} | {B})

for any A, B € Sy and o € G, and hence [[,.; &; satisfies (B1). Next, we see that (p;, ¢;)
is a convergent relation pair for all ¢ € I. Since we have

a(lFop)a <= (Fr € X;) O,z Cali)&x €extya
= a€ J;a(i)
— alFg {(i,a)}
< (A€ Sn)albg A& (i,a) € A
<~ a(golFn)a
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for any o € G and a € 5;, (p;, ;) is a relation pair for each i € I. To see that (p;, ¢;) is
convergent, let a,b € S; and a € G. Then
a € p; exti{a} Np; exti{b} <= a,b, € (i)
= a(i)( (alb)
< afi) € p; ext;(al D).
Hence (p;, ¢;) satisfies (C1). The condition (C2) for (p;, ¢;) follows from (P1) and (P3) for
a(1) for each i € I.
Given any family ((u;,v;) : Y — &j),; of convergent relation pairs, where J = (Y, Iy
,T'), define a relation pair (k,h) : Y — [[,c; & by
yhka <= aCY ., v;O{y}
bhA < ext{b} C [, ecaextyv; {a}
forally € Y,a € G,b € T and A € Si. We show that (k, h) is a convergent relation pair.
To this end, let y € Y and A € Sp. Then, we have
y(holby) A <= (Fb e T)y € ext{b} & ext{b} C [\, ,ea Xty v; {a}
= Y € aeaextyv; {a}
<~ (V(i,a) € A)a € v; X{y}
= ACY ., ud{y}.
v; O{y} € P by Proposition 4.3.5 and A is finitely enumerable, we have
y(holby)A <= AC Y ., v {y}
— (JaeG)ACaC ), vl{y}
= (Fae@)allnA&kaky
< y(IFg ok) A.

Since

i€l

Thus (k, h) is a relation pair. Since we have
y € exty h” {A} Nexty h™ {B}
=y € (Npaea ety v {a}) 0 (Nypes exty vy {0})
= ¥ € Niapeaun &ty v; {a}
< ycextyh  {AUB}
=y €extyh” (A ln B)

for any A,B € Sy and y € Y, (k,h) satisfies (C1). Also, for any y € Y, since
Y icrviO{y} € P, there exists o € G such that a C Y ., v; O{y}. Therefore yka,
and hence (k, h) satisfies (C2). Since we have

el

y(lFiopiok)a < (o€ G)yka&a(lk; op;)a
— (Faeq)(i,a) ca ) vy}

= (i,a) € X0 O{yt
<~ y(volky)a
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for any y € Y and a € 5;, the diagram

y
(ui,vi) L(k;,h)
Xi<——1Iles X

Y (pisai)

commutes for each i € I. Finally, suppose that (k,h) : Y — [[;e; Ai is a convergent
relation pair which makes the above diagram commute. Since (k,h) satisfies (C1), we
have

y(holky)A <=y € (i ayea ety v; {a}
=y € Naea b pr exti{a}
= yeck” Niiwea P exti{al
< (Fae G ykak (V(i,a) € A)a € a(i)
— (Bae@)yka&k ACa
<y (IFn ok) A

for any y € Y and A € Sy, and hence (k,h) ~ (k,h). Therefore, (k,h) is a unique
morphism in CSpa which makes the above diagram commute. O

As a corollary, CSpa has a terminal object, which is given by 1 = ({*} yidgyy, {*}),
where {x} is any singleton.

91



Chapter 6

Concluding remarks

With completeness and cocompleteness of BP and CSpa, we can now undertake the
actual development of general topology, for example the construction of product and
quotient spaces, in the setting of basic pairs and concrete spaces that is analogous to
the classical general topology. Currently, very little work has been done on the actual
development of general topology using the notion of basic pair and concrete space; this
must be done to test the validity of these notions.

Other aspects of basic pairs and concrete spaces which must be developed further are
categorical relations between BP and CSpa, and their formal counterparts, basic topolo-
gies and formal topologies with binary positivity predicate (also called balanced formal
topologies) respectively; see [23] for the notions of basic topology and formal topology with
binary positivity predicate. It is well-known that there exist embeddings from BP and
CSpa to those of basic topologies and balanced formal topologies respectively, however, it
is not known whether there are functors from these formal counterparts to BP and CSpa
which form adjoints with those embeddings. We even hope to see that those adjunctions
restrict to equivalences between BP and CSpa and certain subcategories of basic topolo-
gies and balanced formal topologies respectively, as in the case of the categories of formal
topologies and constructive topological spaces [4].

As the final remark, we present one way of viewing the notion of concrete space.
Impredicatively, it can easily be seen that every concrete space X is isomorphic to a
sober space, namely the space of its ideal points (Pt(X),>,S). Thus one can think of a
concrete space as a predicative way to deal with such class-size sober concrete space
whose class of points has a generating subset, namely a set G C Pt(X) such that
(Va € Pt(X)) (Va € S)a € a - (30 € G)a € § C a. Indeed, one can easily see that
every concrete space X is isomorphic to a concrete space X = ({Oz |z € X},3,5) and
{Ox |z € X} is a generating subset of Pt(X), and that every convergent relation pair
(r,s) : X1 — X5 extends to a continuous class function f : Pt(X;) — Pt(X,) between
sober spaces (Pt(&X7),3,S5) and (Pt(&X:),>,5) given by f(a) = sa for a € Pt(&;). Con-
versely, with every class-size sober concrete space X = (X,IF,5) where X is a class,
S is a set and there is a generating subset G of Pt(X), one can associate a concrete
space (G,3,S) whose space of ideal points is impredicatively isomorphic to (X, I, S).
Moreover, by identifying each sober space (X, Ik, .S) with the space of its ideal points,
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every continuous function f : Pt(X;) — Pt(X,) between sober spaces (Pt(&X1),>,S5;) and
(Pt(X,), 3, 52) with generating subsets Gy C Pt(AX)) and Gy C Pt(X,) respectively gives
rise to a convergent relation pair (r,s) : (Gy,3,51) — (Ga, 3, S2) where

asb <= NVaeG)aca—be f(a),
arf <= [ C s«

for a € S1,b € S3,a € Gy and € Go. Thus, one can say that the theory of concrete
space is a predicative theory of set-generated sober topological spaces.
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