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Plan of lectures

. Background to CST

. The axiom system CZF

. The number systems in CZF
. Inductive definitions in CST

Introduction to Constructive Set Theory —p.2/46



1. Background to CST




Some brands of constructive mathematics

B1: Intuitionism  (Brouwer, Heyting, ..., Veldman)

B2: ‘Russian’ constructivism  (Markov,...)

B3: ‘American’ constructivism  (Bishop, Bridges,...)

B4: ‘European’ constructivism  (Martin-Lof, Sambin,...)

# B1,B2 contradict classical mathematics; e.qg.
B1: All functions R — R are continuous,

B2 : All functions N — N are recursive (i.e. CT).

# B3 is compatible with each of classical maths, B1,B2
and forms their common core.

# B4 is a more philosophical foundational approach to B3.
# All B1-B4 accept RDC and so DC and CC.
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Some liberal brands of mathematics using intuitionistic lgic

B5: Topos mathematics  (Lawvere, Johnstone,...)
B6: Liberal Intuitionism  (Mayberry,...)

# Bb5 does not use any choice principles.
B6 accepts Restricted EM.

°

B7: Core explicit Mathematics (CeM)
l.e. a minimalist, non-ideological approach. The aim is
to do as much mainstream constructive mathematics as
possible in a weak framework that is common to all
brands, and explore the variety of possible extensions.
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Some settings for constructive mathematics

type theoretical
category theoretical

set theoretical
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Some contrasts

classical logic versus intuitionistic logic
Impredicative versus predicative
some choice versus no choice
Intensional versus extensional

consistent with EM  versus inconsistent with EM
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Mathematical Taboos

A mathematical taboo is a statement that we may not

want to assume false, but we definately do not want to be
able to prove.

For example Brouwer’s weak counterexamples provide

taboos for most brands of constructive mathematics; e.g.
if

DPow(A) =4{b € Pow(A) | Vx € A)[(z € b)V (z € b)|}
then

(Vb € DPow(N))[ (In)[n € b] V =(3In)[n € b] |

IS the Limited Excluded Middle (LEM) taboo.
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Warning!

There are two meanings of the word theory In
mathematics that can be confused.

mathematical topic:  e€.g. (classical) set theory
formal system: e.g. ZF set theory

| will use constructive set theory (CST) as the name of a
mathematical topic and constructive ZF (CZF) as a

specific first order axiom system for CST.
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Introducing CST

# [t was initiated (using a formal system called CST) by
John Myhill in his 1975 JSL paper.

# In 1976 | introduced CZF and gave an interpretation of
CZF+RDC in Martin-L6f’s dependent type theory. In my
view the interpretation makes explicit a constructively
acceptable foundational understanding of a constructive
iterative notion of set.

# By not assuming any choice principles, CZF allows
reinterpretations in sheaf models so that mathematics
developed in CZF will apply to such models.

# CST allows the development of constructive
mathematics in a purely extensional way exploiting the
standard set theoretical representation of mathematical
objects.
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2. The axiom system CZF




The axiom systemsZ /' and [ Z F

¥

°

These axiom systems are formulated in predicate logic
with equality and the binary predicate symbol €.

7 F' uses classical logic and /7 F' uses Intuitionistic logic
for the logical operations A, V, —, L.V, .

L =1ZF + EM
7/ F' has a ——-translation into /Z F' (H. Friedman).
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The non-logical axioms and schemes df F' and / Z F

Extensionality

Pairing

Union

Separation

Infinity

Powerset

Collection (classically equivalent to Replacement)
Set Induction (classically equivalent to Foundation)

Collection (Vz € a)3yop(x,y) — Fb(Vx € a)(Jy € b)op(x,y)
Set Induction  Va|(Vx € a)f(x) — 0(a)] — Vab(a)
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The axiom system(C'Z I

This Is the axiom system that is like / Z I' except that
# the Separation scheme Is restricted,
# the Collection scheme is strengthened,

® and the Powerset axiom Is weakened to the Subset
Collection scheme.

e

CZF ClZFand CZF + EM = ZF.

#® (CZF has the same proof theoretic strength as
Kripke-Platek set theory (/ P) or the system /D, (i.e.
Peano Arithmetic with axioms for an inductive definition
of Kleene’s second number class O).
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The Restricted Separation Scheme

Restricted Quantifiers We write

(Vx € a)0(x) =Vz|xr € a — 0(x)]
(dr € a)0(z) = dz|x € a A O(x)]

A formula is restricted (bounded,A) If every quantifier in
It IS restricted.

The Scheme: JbVzjr €b < (re€aANb(z,...))
for each restricted formula 6(x, . . .).

e We write {z € a | 6(x,...)} for the set b.

Introduction to Constructive Set Theory — p.15/46



Collection Principles of CZ F', 1

» We write (V3 T7)0 for
(Vx €a)(Fyeb)d N (Vy €b)(Tzx € a)b.
# Strong Collection

(Vo € a)3yg(x,y) — 3b(V3 T5p)o(x,y).

yeb

® Subset Collection

AcVz|(Vz € a)(Jy € b)op(x,y, 2)

S (3 € 0)(V3 258 (., 7).




Collection Principles of C Z F', 2

# Strong Collection can be proved in IZF using Collection
and Separation.

o For if bis the set given by Collection then we get the set

{yeb|3v€ad(z,y)}

by Separation, which gives Strong Collection if used
iInstead of .

#® Replacement can be proved in CZF using Strong
Collection.

® ForifvVx € a dly ¢(x,y) and b Is a set such that

(V3 £5)0(z, ) then

b={y|3r €ad(x,y)}
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Classes

Class terms: {x | ¢(x,...)}
a€{x|ox,...)} & ox,...)

Identify each set a with the class {x | z € a}.
A=B|=Vzjr€e A < x€ B]

© o o o

Some Examples

V ={x|z=ux}
UA ={z|dyec Az ey}
A ={z|Vye Az ey}
Pow(A) ={x |z C A}
AxB ={x|(Ha€ A)(Jy € B)x =(a,b)}
where (a,b) = {{a},{a,b}}.
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Classes -more examples

{reA|lo(x,...)} ={x|reANnp(x,...)}
{...x...|zeA} ={y|IrecAy=...x...}

Class functions  For classes F, A, Blet F: A — Bif
F C A x B such that

(Vx € A)(3ly € B)|(x,y) € F].

Also, iIf a € A then let F'(a) be the unique b € B such that
(a,b) € F. By Replacement, if A Is a setthen so is

(F(z) |z € A,
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The Fullness axiom

® Forclasses A,B,CletC: A> BifC C A x Bsuch
that

(Vz € A)(Fy)[(z,y) € C].
® For sets q,b let

muv(a,b) = {r € Pow(a xb) | r:a > b}.
The Axiom
(dc € Pow(muw(a,b)))(Vr € mu(a,b))(Is € ¢)|s C r]

Theorem: Given the other axioms and schemes of CZF,
the Subset Collection scheme Is equivalent to the

Fullness axiom.
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Myhill's Exponentiation Axiom

® Ifaisasetand Bisaclasslet*B={f| f:a— B}.
® IfFF:a— Bthen{F(x)|x €a}isaset,andsois F, as
F={(z,F(x)) |z € a}.
So Fe’B.

The axiom:  %bIs a set for all sets a, b.

# This is an immediate consequence of the Fullness
axiom and so a theorem of CZF.

# Forif ¢ C mu(a,d) Is given by Fullness then
“b={fe€c]|f:a— b}isasetbyRestricted Separation.
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‘Truth Values’

e

Let0 =0, 1= {0} and 2 = Pow(1).

For each formula § we may associate the class
<0 >={xe€1]|0}, where zis not free in . Then

0 < <f>=1
and If 0 I1s a restricted formula then < 8 > I1s a set In ().
It IS natural to call < 8 > the truth value of 9.

the Powerset axiom is equivalent to
“The class () is a set”,

the full Separation scheme Is equivalent to
“Each subclass of 1 Is a set and so In 2.

With classical logic each subclass of 1 is either O or 1,
so that the powerset axiom and the full separation
scheme hold; i.e. we have ZF.
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Set Terms, 1

We can conservatively extend CZF to a theory CZF,; by
adding set terms, ¢, given by the syntax equation:

to=x |0 {t,t}y|Ut|tnt|{t|z et

where free occurrences of z In ¢; are bound In
{t: | x € to}, and adding the following axioms.

y € -

y € {t1,12} & ly=t1 Vy =t
y € Ut < (Iret)yex
y €t1Mio > [yEtl/\yEtQ]
ye{ti|r €ty < (Jxrety)y=1t;
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Set Terms, 2

Theorem: For each restricted formula 6(x) and set term «a
there Is a set term ¢ such that

CZFgHt={x€a]f(x)}.

Corollary: Given the other axioms and schemes of CZF,
the Restricted Separation Scheme is equivalent to the
conjunction of the axioms

Emptyset: the empty class () is a set,

Binary Intersection:  the Intersection class aNb of sets a, b IS
a set.
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The Infinity Axiom

Call a class A inductive if ) € Aand (Vz € A)[z™ € A,
where 21 = z U {z}.

# Infinity Axiom: There is an inductive set.

#® Strong Infinity Axiom: There is a smallest inductive
set, w = N{z | x Is an inductive set}.

o Full Infinity Scheme: There Is a smallest inductive set
that is a subset of each inductive class.

In CZF, by making essential use of the Set Induction
Scheme, each instance of the full infinity scheme can be

derived.
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3: The number systems In
CZF

N—Z+—Q—R




Peano structures,1

o Call (N,0,S5) a Peano structure If the Dedekind-Peano
axioms hold; i.e. Nisaset,0 € N, S : N — N Is injective
such that (Vn € N)[S(n) # 0] and, for all sets A C N

0e€ AJA(Vne A)S(n) € A] — (Vn e N)n € Al

It iIs a full Peano structure if this holds for all classes A.

® In CZF (w,0,s) is a Peano structure, where s : w — w IS
given by s(n) = n* for n € w.
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Peano structures,?

#® Theorem: In CZF any Peano structure (N, 0,5) is full
and functions can be defined on N by iteration and,
more generally by primitive recursion.

® lteration Scheme: Forclasses Aand F: A — A, If
ag € A thenthereis a unigue H : N — A such that
H(0) =ap and (Vn e N)[H(S(n)) = F(H(n))].

o Corollary 1: In CZF, given a Peano structure (N, 0, .5)
all the primitive recursive functions on N exist. So
Heyting Arithmetic can be interpreted in CZF.

# Corollary 2: In CZF, any two Peano structures are
Isomorphic. So the axioms for a Peano structure form a
categorical axiom system.
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Number setsZ and Q Iin CST, 1

# Starting with the Peano structure (N, 0, 5), the
successive construction of first the ordered ring (Z, . . .)
of integers and then the ordered field (Q, ...) of
rationals can be carried out in weak systems of CST
much as Iin classical set theory.

#® Both the constructions N — Z and Z — Q can be
obtained using a quotient (A x B)/R, where A, B are
suitably chosen sets and R Is a set equivalence relation
onthe set A x B.
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Number setsZ and Q in CST, 2

® Ax Bistheset X = U{U{(a,b) |a € A} | b€ B} and the
quotient X/R is the set {|z] | x € X} where
x] = {2’ € X | (x,2) € R}.

# Only the Union and Pairing axioms and the

Replacement and Restricted Separation schemes are
needed to get these sets.
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Archimedean pseudo-ordered rings

A relation < on a set R Is a pseudo-ordering If, for all
x,Y,z € R,

1. sz <y A y <z,
2. lr <yl = [zr<zV z<yl,

3. <y Vy<z| — |[z=y.
A pseudo-ordered ring Is a ring R with a pseudo-ordering
compatible with the ring structure; i.e. for all x,y, z € R,

1. [z <y] — [x+2<y+ 2],

2. lr<y N0<z] = |xz <yzl|
It iIs Archimedean if, for all a enR there iIs n € N such that

" —
a<l+---+1.
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More on pseudo-orderings

#® Let < be a pseudo-ordering of a set R. Define < on R:
r<y < -ly<uzl.

# Then < Is a partial ordering of R; i.e. it Is reflexive,
transitive and antisymmetric.
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Cauchy Completeness

#® Theorem (CZF+CC): (R, ...) Is the unique, up to
Isomorphism Archimedean pseudo-ordered field that is
Cauchy complete.

#® A pseudo-ordered ring, R, Is Cauchy complete If every
Cauchy seguence of elements of R converges to an
element of R.

#® f:N— RIsa Cauchy sequence If
(Ve > 0)(Fn)(Vm = n) [f(n) —e < f(m) < f(n) + €],
and convergestoa € R If

(Ve > 0)(In)(Vm >n) la—e < f(m) < a+ €.
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Dedekind Completeness

# An Archimedean pseudo-ordered field, R, is Dedekind
complete If every upper-located subset has a
supremum.

#® A subset X of R is upper-located If
(Ve > 0)(Fz € X)) (Vy € X))y < x + €.
and a € RIs a supremum of X If
Ve X)lx<a] A (Ve>0)(Tx € X)[a < z+ €.

# Note: If aIs asupremum of X then it is the lub of X;
.e.

Vre X))z <a] N (Vbe R)[(Vx e X)[z <V — |a<D.
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The continuum without choice

#® Proposition (CZF): Let R be an Archimedean
pseudo-ordered field. Then

1. If Ris Dedekind complete then it is Cauchy
complete.

2. Assuming CC, if R is Cauchy complete then R Is
Dedekind complete.

#® Theorem (CZF): There is a unique, up to isomorphism
Dedekind complete, Archimedean, pseudo-ordered
field.

#® An upper-located X C Q is a Dedekind cut if X = X<,
where X<~ ={y € Q| (Fr € X)[y < z]}.

#® Theorem (CZF): The class R, of all Dedekind cuts
forms a set that can be made into a Dedekind complete,
Archimedean, pseudo-ordered field.
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4: Inductive Definitions




Examples of inductive definitions

® w is the smallest class I such that ) € I and
(Ve e I)x™ €I, where 27 =z U {z}.
#® HF'isthe smallest class I such that, for all n € w,
(Vfe™)ran(f) € I.
® [1C'is the smallest class I such that, forall a € w™
(Vfel)ran(f) € 1.

# Foreachclass A, H(A) Is the smallest class I such
that, foralla € A, (Vf € “I) ran(f) € 1.

® w=H(2), HF = Hw), HC = H(w™)

Recall 0 = 0,1 =0"and 2 = 1". Note that w and H I, but
not (', can be proved to be sets in CZF.
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What is an inductive definition?

An inductive definition Is a class of pairs. A pair (X, a) In
an inductive definition will usually be written X /a

and called an (inference) step of the inductive definition,
with conclusion a« and set X of premisses.

® If & Is an inductive definition, a class I i1s ®-closed If
X C I'Implies a € I for each step X/a of ®.

Theorem: There is a smallest P-closed class:

l.e. aclass I such that (i) / is ®-closed and, for each class
B, () If B 1s ®-closed then I C B. class.
The smallest ®-closed class is unigue and is called the

class inductively defined by ® and is written ().
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More Examples

# The Set Induction Scheme expresses that V' is the
smallest class I suchthata C I = a € I.

# If Risasubclassof Ax Asuchthat R, = {z | (z,a) € R}
IS a set for each a € Athen Wf(A, R) Is the smallest
subclass I of AsuchthatvVae A |[R, C I = ac I|.

Note that Wf(A, R) = I(®), where ® is the class of
steps R,/a for a € A.

# If B, s asetforeachac Athen W,c4B, Is the smallest
class I suchthata c A& f: By, — 1 = (a,f) €.

Note that W, 1B, = I[(®), where & Is the class of steps
ran(f)/(a, f)fora e Aand f: B, — V.
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Proof of the theorem

# Given a class ¢ of steps X/a, for each class Y let 'Y
be the class of a such that there is a step X/a of & with
X CY.SoYis ®-closed iff TY CY.

® ['iIsmonotone;i.e. Y1 C Yy, = I'Y; CTY; and what Is
wanted Is a least pre-fixed point of T".

# The idea for the proof is to iterate the operator I into the
transfinite so that it ultimately closes up.

# Call aclass J of pairs an iteration class for @ If, for all
sets a, J* =T1'J<* where J* = {z | (a,x) € J} and
JEa — Uan yES

Lemma: Every inductive definition has an iteration
class.
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Proof of the lemma

A set GG of ordered pairs is defined to be good If
(%) G® C I'G*<® for all sets a.

Let J be the union of all good sets.
e We must show that J* = T"J<“.
o If y € J% then, for some good set G,

y € G* CTGE* C T J=“.
Thus J* C T'J<*.  For the converse let y € I'J<* so that
X/ais a step of ® for some X C J<¢.  So
vy € X 3G [Gis good and iy ¢ G<* .

By Strong Collection there is a set Z of good sets
such that
Vy' € X 3G € Z ' € G=°.
Let G = {(a,y)} UlJ Z. Then G is good so that y € G* C
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Definition of 1(d)

We show that J> = J .., J* is the smallest ®-closed
class.
e To show that J*° is ®-closed let X /y be a step of ¢ for
some set X C J°°. We must show that y € J*°.
—— AsVy € X dx ¢/ € J*, by Collection, there is a set a
suchthatVvy ¢ X dr € ay’ € J*; i.e. X C J&* Hence
y € I'JS% = Jo C J*®, Thus J*° is ®-closed.
e Let 1 be ®-closed, to show that J>° C I we show that
J% C I by set-induction ona. S0 we may assume the
iInduction hypothesis that J* C I for all € a. It follows that
JE€¢ C I sothat J* =T'JS* CI'I C I, the inclusions holding

because I" Is monotone and [ is ®-closed. Thus J>* C [
So we define I(®) = J*.

acV
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Local Inductive Definitions

An inductive definition ® Is defined to be local f 'Y IS a
set for each set Y.

Proposition: If ® is local then J* and J<¢ are sets for all a.

This has an easy proof by Set Induction.
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When is the class/(®) a set?

# Aclass B is a bound for @ if, whenever X /y is a step of
® then X = ran(f) for some f € |J,.5"X.

# & is bounded if ® has a set bound and, for each set X,
the class of conclusions y of steps X/y In ® Is a set.

® Note that If & I1s a set then it Is bounded.

® CZFT=CZF + REA, where REA is the
Regular Extension Axiom

Theorem (CZF™): If ® is bounded then it is local and
I(P)Isaset. Examples: For each set A,

® H(A)Is a set,
® WIf(A R)isaset if Ris a set,
® W. 4B, Isaset,If B, Is asetforeach z € A.
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Regular Extension Axiom (REA)

o Aset Aisreqgularif (A, € N(A x A) Is a transitive model
of the Strong Collection Scheme; i.e. it is an inhabited
setsuchthat A C Pow(A)andifac Aand R:a> A
then there is b € A such that

Vreadyeb(x,y) € RandVyebdxr €a (x,y) € R

# The axiom REA: Every set is a subset of a regular set.

# Classically, if o I1s a regular ordinal then V,, is a regular
set.
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Set Compactness

Theorem (CZF™): For each set S and each set
P C Pow(S) there Is a set B of subsets of P x S such that,
for each class ® C P x S,

a€l(®P) < acl(Pgy) forsome &y € B such that 5 C .
Definition: For each class X let
I(P, X)=1(PU ({0} x X)).

Theorem (CZF™): If @ is a subset of Pow(S) x S, where
S 1S a set, then there I1s a set B of subsets of S such that,
for each class X,

acl(®,X) <+ acl(d Xy forsome Xye B
such that X, C X.
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