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Preface

While intuitionistic (or constructive) se theory IST has received some attention
from mathematical logicians, so far as I am aware no book providing a
systematic introduction to the subject has yet been published. This may be the
case in part because, as a form of higher-order intuitionistic logic - the internal
logic of a topos - IST has been chiefly developed in a topos-theoretic context. In
particular, proofs of relative consistency with IST have been (implicitly)
formulated in topos- or sheaf-theoretic terms, rather than in the framework of
Heyting-algebra-valued models, the natural extension to IST of the well-known

Boolean-valued models for classical set theory.

In this book I offer a brief but systematic introduction to IST which devops the
subject up to and including the use of Heyting-algebra-valued models in relative
consistency proofs. I believe that IST, presented as it is in the familiar language
of set theory, will appeal to those logicians, mathematicians and philosophers

who are unacquainted with the methods of topos theory.

The title I originally had in mind for this book was Constructive Set Theory. Then
it occurred to me that the term “constructive” has come to connote not merely
the use of intuitionistic logic, but also the avoidance of impredicative
definitions. This is the case, for example, with Aczel’s Constructive set theory in
which the power set axiom (which permits impredicatve definitions of sets) is
not postulated. Since the power set axiom and impredicative definitions are very
much a part of IST, to avoid confusion I have (with some reluctance) given the

book its present title.

JLB January 2014. Typos and other errors corrected December 2018.
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Introduction

Challenging the Logical Presuppositions of Classical
Set Theory

In classical set theory free use is made of the logical principle known as the Law
of Excluded Middle (LEM): for any proposition p, either p holds or its negation
—p holds. As we see below, there are a number of intriguing mathematical
possibilities which are rendered inconsistent with classical set theory solely as a
result of the presence of LEM. This suggests the idea of dropping LEM in set-
theoretical arguments, or, more precisely, basing set theory on intuitionistic logic.
Accordingly, let us define Intuitionistic Set Theory (IST) to be any of the usual
axiomatic set theories (e.g. Zermelo-Fraenkel set theory ZF) based on
intuitionistic - rather than classical - logic.

Here are some examples of such mathematical possibilities.

THE NATURAL NUMBERS AND COUNTABILITY.

Call a set countable if it is empty or the range of a function defined on the set N
of natural numbers, subcountable if it is the range of a function defined on a
subset of N, and numerable if it is the domain of an injection into N. In classical
set theory all of these notions are equivalent, as the following argument shows.
Obviously (even in IST), every countable set is subcountable. If a set E is
subcountable, there is a subset U of N and a surjection £ U » E. Then the
function m: E — N defined by m(x) = least n € N for which f(n) = x is injective,
and it follows that E is numerable. Finally, suppose that E is numerable, and let
m: E >» N be an injection. Then (by LEM) either E = & or E # J; in the latter
case, fix e € E and define f N — E by setting, for n € range(m), f(n) = unique
x € E for which m(x) = n; and, for n ¢ range(m), f(n) = e. Then f is surjective, and
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so E is countable. It is clear that the validity of this argument rests on two
assumptions: LEM and the assertion that N is well-ordered (under its natural
ordering). Accordingly, if we base our reasoning on intuitionistic logic in which
LEM is not affirmed, then we can see that, while subcountability obviously
continues to be inferable from countability, the argument deriving countability
from numerability breaks down because of its dependence on LEM. One might
suppose that the validity of the argument deriving numerability from
subcountability survives the passage to intuitionistic logic, but actually it does
not, for it uses the assumption that N is well- ordered, and this can be shown to
imply LEM. For, given a proposition p, define U = {x eN x = 0 A p} U {1}.
Notice that 0 € U <> p. Then U is nonempty and so, if N is well-ordered, has a

least element 1. Since n € U, we have n =0v n =1. If n =0, then 0 € U, whence p;
if n =1, then 0 ¢ U, whence —p. Hence p v —p, and LEM follows.

Now, as we have said, it is obvious that any countable set is subcountable, and it
is easily shown in IST that any numerable set is subcountable. However, in
striking contrast with classical set theory, it is consistent with IST to assume the
existence of sets which are (a) subcountable, but uncountable; (b) numerable,
but uncountable; and (c) countable, but not numerable.

Perhaps Cantor’s most celebrated theorem is the uncountability of the set R of
real numbers. Cantor first published a proof of this theorem in 1874, but much
better known is his second proof, published in 1890, in which he introduces his
famous method of “diagonalization”. In essence, Cantor’s argument establishes
that the set N"' of all maps N — N is uncountable in the above sense. For given

amap@: N > N" , themap f N - N defined by

) fin) = o(m)(n) +1

clearly cannot belong to range(9), so that ¢ cannot be surjective. This argument
does not use LEM, and is in fact perfectly valid within IST.

Now Cantor would also have accepted the extension of this argument to show
that N" cannot be subcountable in the above sense. For given U < Nand a

surjection ¢: U » N" , if we define £ N — N by



() fin) = p(m)(m) +1if nel, fin)=0 ifne U,

then clearly f ¢ range(¢p) and so again ¢ fails to be surjective. But this argument
uses LEM and so is not valid within IST. In fact, it is consistent with IST for N N to

be subcountable, thus making, oddly, N N both subcountable and uncountable. .

The subcountability of N" has a number of striking consequences. To begin
with , it implies the negation of LEM. The simplest way to see this is to note that
given U< N and a surjection ¢: U » NV, the assertion

* Vxe Nlxe Uv —(xe U]

is refutable. For if (*) held, then we could extend ¢ to a surjection N — N" by
assigning the constant value 0 to all n ¢ U. This would make N" countable
which we have already shown to be an impossibility. Secondly, U cannot be
countable, for the composite of ¢ with any surjection N -» U would be a

surjection N » N", again making N", impossibly, countable. Thus U is both
uncountable, and as a subset of N, numerable, and it follows that it is consistent

with IST for N to have an uncountable subset. Finally, the subcountability of N"
implies that there is a function defined on a (proper) subset of N which cannot
be extended to the whole of N. To see this, take U and ¢ as above and define
f: U— Nby setting, forn € U,

fn) = on)(n)+1.
Suppose now that f could be extended to a function g: N — N. Then since ¢ is
surjective, there is 1, € U for which g = ¢(n,), leading to the contradiction
(p(no)(no) = g(no) = f(no) = (p(no)(no) + 1‘

It follows that it is consistent with IST there is a function defined on a (proper) subset
of N which cannot be extended to the whole of N.

Now Cantor would also, presumably, have accepted that N cannot be

numerable in the sense introduced above. For if N were numerable, then it
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would (using classical reasoning as before) also have to be countable,
contradicting its uncountability. But the argument from numerability to
countability does not hold up within IST and in fact it is consistent with IST for
N" to be numerable!.

Let us see what happens (within IST) when N" is replaced by the set Par(N,N)
of all partial functions from N to N. First, we observe that Par(N, N) cannot be
subcountable, for suppose U < N and ¢: U » Par(N,N) is a surjection. Let
r € Par(N,N) be the identity map on dom (r) = {x € U: x ¢ dom(¢(x))} . Then
since ¢ is surjective, r = @(n) for some n € U quickly leading to the contradiction
n € dom(r) <> n ¢ dom(r). 2

Nor can Par(N, N) be numerable. For suppose ¢: Par(N,N) > Nis injective,
and define u € Par(N, N) to be the identity map on

dom (u) = {x € N:3f e Par(N,N)[¢(f) =x A x ¢ dom(f)}.
Then, writing n = ¢(u), we have

nedom(u) < Ifoe(f)=n An ¢ dom(f)].
< Ifle(f) = o(u) An ¢ dom(f)]
<  3f[f= u an ¢ dom(f)]

< n ¢ dom(u),
a contradiction. So Par(N, N) is not numerable.

What if we replace Par(N,N) by the set Par*(N, N) of all partial maps on N
with countable domains? Suppose that Par*(N,N) is actually countable, and let
¢: N —» Par*(N,N) be a surjection. If r € Par(N,N) is the identity map on
dom(r) = {x € N : x ¢ dom(¢(x))}, then the argument above only leads to
contradiction when r e Par*(N,N), from which we conclude that

1 See the section Concluding Observations.
2 Clearly this argument continues to hold when N is replaced by an arbitrary set E.



r ¢ Par*(N,N), in other words, {x € N : x ¢ dom(¢(x))} is uncountable. In fact,
the countability of Par*(N, N) is consistent with IST3.

POWER SETS

Let us turn next to another celebrated theorem of Cantor, namely that, for any
set E, the cardinality of E is strictly smaller than that of its power set PE. One
way of construing this is the assertion that there can be no surjection E » PE.
Within IST this can be proved, as in classical set theory, by employing the
argument of Russell’s paradox: given ¢:E — PE one defines the “Russell set”

R={x e Ex ¢ ¢o(x)}

and then shows in the usual way that R ¢ range(p). For U < E, a similar
argument, replacing R above by R n U, shows that there can be no surjection
U » PE. Thus, in particular, within IST, PN is not subcountable (and so is
uncountable).

Equally, the (classically equivalent, but not automatically intuitionistically
equivalent) form of Cantor’s theorem that, for any set E there is no injection
PE — E can also be given a proof within IST using the idea of Russell’s

paradox. For suppose given an injection m: PE > E. Define

B={xeE:3XePE. x=m(X)Anx ¢ X}.

Writing m(B) = b, we have

beBoIX b=m(X)rbeX
< IX. mB)=m(X) Abe X
©3IX.B=X rbegX
< beB,

3 See Concluding Observations.



and we obtain our contradiction. In particular, within IST, PN cannot be
numerable.

What if we replace PN by the set P*N of all countable subsets of N? Suppose

that P*N s actually countable, and let ¢: N-» P*N be a surjection. Defining
R = {x € N: x ¢ ¢(x)} as before, the argument above only leads to a
contradiction when R € P*N, from which we conclude that R ¢ P*N, that is,
R is uncountable. In fact, it follows directly from the consistency of the
subcountability of N" with IST that the subcountability of P*N is also

consistent with IST4, since the map N" — P*N : f > range(f) is surjective.

In classical set theory, PE is naturally bijective with 2E, the set of all maps®
E — 2={0, 1}. InIST, this is no longer the case. Here, in general, PE = QF, where
Q is the object of truth values or propositions, that is, the set P1 of all subsets of
{}. Q is only identical with 2 when LEM is aassumed.® In fact, in IST, 2 is
isomorphic, not to PE, but to its Boolean sublattice CE consisting of all detachable
subsets of E (a subset U of E is said to be detachable if Vx € E(x € U v x ¢ U).
What happens when we replace PE by CE in the above arguments? Classically,
of course, this makes no difference, but do the “Russell’s paradox” arguments
survive the transition to IST? Well, if one takes the first argument, showing that

there can be no surjection ¢: E — PE, one finds that, when PE is replaced by CE,

the set R ¢ range(op) is actually detachable and the argument goes through,
proving in IST that there can be no surjection E » CE. But the second argument,
with PE replaced by CE (and then E replaced by a subset U of E) goes through in
IST only if U is detachable. And for the third argument to go through in IST
once PE is replaced by CE, it is necessary to show that the set B defined there is
detachable. In fact, as we shall see, these arguments can break down completely
in IST even when E is the set R of real numbers: it is in fact consistent with IST

that R has just the two detachable subsets &, R, so that CR (and so also oF )is

4 In fact the countability of P*N is consistent with IST, see Concluding Observations.
5 Here we write 0 for & and 1 for {0}.
6 On the other hand the natural bijection between QF and PE is given, as it is classically,

by fr £1(0).



isomorphic to 2. A fortiori CR is injectible into R, showing that the third
argument fails in IST.

THE CONTINUUM

It is characteristic of a continuum that it is “gapless” or “all of one piece”, in the
sense of not being actually separated into two (or more) disjoint nonempty parts.
On the other hand, it has been taken for granted from antiquity that continua are
limitlessly divisible, or separable into parts in the sense that any part of a
continuum can be “divided”, or “separated” into two or more proper parts.
Now there is a traditional conceptual difficulty in seeing just how the parts of a
continuum obtained by separation —assumed disjoint— “fit together” exactly so
as to reconstitute the original continuum. This difficulty is simply illustrated by
considering the case in which a straight line X is divided into two segments L, R
by cutting it at a point p. What happens to p when the cut is made? On the face
of it, there are four possibilities (not all mutually exclusive): (i) p is neither in L
nor in R; (if) p may be identified as the right-hand endpoint p; of L: (iii) p may be
identified as the left-hand endpoint pr of R; (iv) p may be identified as both the
right-hand endpoint of L and the left-hand endpoint of R. Considerations of
symmetry suggest that there is nothing to choose between (if) and (iii), so that if
either of the two holds, then so does the other.

Accordingly we are reduced to possibilities (i) and (iv). In case (i), L and R are
disjoint, but since neither contains p, they together fail to cover X; while in case
(iv), L and R together cover X, but since each contains p, they are not disjoint.
This strongly suggests that a (linear) continuum cannot be separated, or
decomposed, into two disjoint parts which together cover it. Herein lies the germ
of the idea of cohesiveness.

Of course, this analysis is quite at variance with the account of the (linear)
continuum provided by classical set theory. There the continuum is takes the
form of the discrete linearly ordered set R of real numbers. “Cutting” R (or
any interval thereof) at a point p amounts to partitioning it into the pairs of
subsets ({x: x <p}, {x: p <x}) or ({x: x < p}, {x: p < x}): the first and second of these
correspond, respectively, to cases (i) and (iii) above. Now in the discrete case,
one cannot appeal to symmetry as before: consider, for instance, the partitions of
the set of natural numbers into the pairs of subsets ({n: n <1}, {n: 1 < n}) and



(fn: n <1}, {m: 1 < n}). The first of these is ({0, 1}, {2, 3, ...}) and the second
({0}, {1, 2, ...}). Here it is manifest that the symmetry naturally arising in the
continuous case does not apply: in the first partition 1 is evidently a member of
its first component and in the second partition, of its second. In sum, when a
discrete linearly ordered set X is “cut”, no ambiguity arises as to which segment
of the resulting partition the cut point is to be assigned, so that the segments of
the partition can be considered disjoint while their union still constitutes the
whole of X.

Acknowledging the fact that the set-theoretic continuum, as a discrete entity, can
be separated into disjoint parts, classical set theory proceeds to capture the
characteristic “gaplessness” of a continuum by restricting the nature of the parts
into which it can be so separated. In set-theoretic topology this is done by
confining “parts” to open (or closed) subsets, leading to the standard topological
concept of connectedness. Thus a space S is defined to be connected if it cannot be
partitioned into two disjoint nonempty open (or closed) subsets—or
equivalently, given any partition of S into two open (or closed) subsets, one of
the members of the partition must be empty. It is a standard topological theorem
that the space R of real numbers and all of its intervals are connected in this
sense.

But now let us return to our original analysis. This led to the idea that a
continuum cannot be decomposed into disjoint parts. Let us take the bull by the
horns and attempt to turn this idea into a definition. We shall call a space S
cohesive or indecomposable, or a (genuine) continuum if , for any parts, or subsets U
and Vof S, whenever UU V=Sand UnN V =, then one of U, V must = &, or,
equivalently, one of U, V must = S. Clearly S is cohesive precisely when its only
detachable subsets are & and S itself.

Cohesiveness can be furnished with various “logical” formulations. Namely, S is
cohesive if and only if, for any property P defined on S, the following
implication holds:

*) Vx € S[P(x) v —P(x)] » [Vx € S P(x) v Vx € S—P(x)].

We observe that in classical set theory, the only cohesive spaces are the trivial
empty space and one-point spaces. But it turns out that the existence of



nontrivial cohesive spaces is consistent with IST. In fact it is consistent with IST
that R itself is cohesive. How does this come about? To get a clue, let us
reformulate our definitions in terms of maps, rather than parts. If we denote by
2 the two-element discrete space, then connectedness of a space S is equivalent
to the condition that any continuous map S — 2 is constant, and cohesiveness of
S to the condition that any map S — 2 whatsoever is constant. Supposing S to be
connected and to possess more than one point, then from LEM it follows that
there exist nonconstant—and hence discontinuous— maps S — 2. But the
situation would be decidedly otherwise if all maps defined on S were
continuous, for then, clearly, the connectedness of S would immediately yield its
cohesiveness. In fact it is consistent with IST that all maps R — R - and
hence all maps R — 2 - are continuous. It follows that it is consistent with IST
that R is cohesive.

The consistency with IST of all these possibilities can be established by
constructing models of IST in which they can be shown to hold. In this book we
shall establish both the consistency with IST of the subcountability of N and
the cohesiveness of R through the use of Heyting-algebra valued models, of
which the more familiar Boolean-valued models of classical set theory are
special cases.

*

Some years ago Paul Cohen published an article in the Scientific American
entitled Non- Cantorian Set Theory. There he described the set theories in which
Cantor’s continuum hypothesis is violated. In terming these set theories non-
Cantorian he was making an analogy with non-Euclidean geometries in which
the parallel postulate is violated. If, in Cohen’s analogy, non-Cantorian set
theories correspond to non-Euclidean geometries, then classical (Zermelo-
Fraenkel) set theory corresponds to neutral or absolute geometry in which no
form of the parallel postulate is laid down. Let us reformulate Cohen’s analogy
by replacing the continuum hypothesis with the Law of Excluded Middle; it is
then intuitionistic set theory that corresponds to neutral geometry. Intuitionistic set
theory can thus be seen as a “neutral” set theory, compatible with a number of
principles - such as the subcountability of N"and the cohesiveness of the real
line - which are incompatible with classical set theory.



Janos Bolyai, one of the inventors/discoverers of non-Euclidean geometry, was
moved to describe it as a “strange new universe” - and indeed it was , by the
canons of Euclidean geometry. Similarly, certain of the various extensions of
intuitionistic set theory described above may strike one as “strange new
universes” in comparison with the familiar universe of classical set theory. But,
just as geometers became familiar with non-Euclidean geometry, providing it
with models (such as the pseudosphere) which made it seem “natural”, so
seemingly curious properties compatible with intuitionistic set theory - such as
the subcountability of N" or the cohesiveness of the real line - become clear
when their meanings in the models realizing them are grasped.

In this book we shall formulate and develop versions of intuitionistic Zermelo-
and Zermelo-Fraenkel set theories - IZ and IZF, respectively, and construct the
Heyting-algebra valued models which will be used to establish the relative
consistency with IZF of some of the assertions we have discussed above.
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Chapter I

Intuitionistic Zermelo Set Theory

AXIOMS AND BASIC DEFINITIONS

Intuitionistic set theory is formulated as a system of axioms in the same first-
order language as its classical counterpart, only based on intuitionistic logic. The
language of set theory is a first-order language £ with equality, which includes a
binary symbol €. We write x # y for — (x = y) and x ¢ y for — (x €y). Individual
variables x, y , z, ..of £ will be understood as ranging over sets. The unique
existential quantifier 3! is introduced by writing, for any formula ¢(x), 3xp(x) as
an abbreviation of the formula 3x[@(x) A Vy(o(y) > x =y)].

£ will also allow the formation of terms of the form {x: ¢(x)}, for any formula ¢
containing the free variable x.. Such terms are called classes; we shall use upper

case letters A, B, ... for classes. For each class A = {x: ¢(x)} the formula

Vx[x € A < ¢(x)]

is called the defining axiom for the class A. Two classes A, B are defined to be
equal. and we write A = B if

Vx(x € A <> x € B).
A is a subclass of B, and we write A C B, if

Vx(x € A— x € B).
We also write Set(A) for the formula

JuvVx(xe Ao xeu).
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Set(A) asserts that the class A is a set. For any set u, it follows from the defining
axiom for the class {x: x € u} that Set({x: x € u }). We shall identify {x: x € u} with
u, so that sets may be considered as (special sorts of) classes and we may
introduce assertions suchas u C A, u = A, etc.

If A is aclass, we write dx e Ap(x) for Ix(xe AAp(x)) and Vxe Ap(x) for
Vx(x € A — o(x)).

We define the following classes:

o {u,.,ut={x:x=u Vv..vx=u,}
. UAz{x:EIy(yeA/\xey}

. ﬂAz{x:Vy(yeA—)xey}

e AUB={x:xeAvxeB}
e AnB={x:xeAvxeB}
e A-B={x:xeAAxgB}
o u =uu{u}

o PA={x:xc A}

o {xeA:p)}={x: x €A A op(x)}
o V={x:x=ux}

o J={xx=x}

The system IZ of intuitionistic Zermelo set theory is based on the following axioms:

Extensionality Vu Vo[Vx(x e u & x €v) > u =1]
Empty Set Set(0)

Pairing Yu Vv Set({u, v})

Union Vu Set(U u)

Powerset Vu Set(Pu)

12



Infinity da[TeanVxealx ea)]
Separation Yu,..Vu Va Set({xea:o(x,u,...,u,)}

Until further notice all propositions, theorems, etc. will be proved in IZ (using
the above axioms and intuitiuonistic logic?).

Let ¢(x) be a formula of £ and #(x) be a term of £ such that the sentence
Vx Set(t(x)) is provable in IZ. Then we write {t(x): ¢(x)} for the class

v 3.y = Hx)n p()-
We also write U t(x) for the class
o(x)
32y € H)A o)
and ﬂ t(x) for the class

o(x)

{y: Vx(o(x) >y € t(x))}.

Because we are using intuitionistic logic, we must distinguish carefully between
the assertions A # & (A is nonempty) and Ix. xe A (A is inhabited). While an
inhabited set is nonempty, the converse does not hold in general.

We write 0 for &, 1 for {0} and 2 for {0, 1}. 2 carries the natural ordering < given
by0 <0,0<11<1

The ordered pair of two sets u, v is defined as usual by

(u,v) = {{ug, {u, v}

Clearly we have

7 For an account of intuitionistic logic, seed the Appendix.
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Yuvov Set({u,v)).

Proposition 1. <u,v>=<a,b> s>u=arv=>ob.
Proof. This must be proved without using LEM. Suppose that <u, v>= <g, b>.

Since {u} is an element of<u, v>, it must also be an element of <a, b>, so that
either {u} = {a} or {u} = {a, b}. In both cases u = a.

Since {u, v} is an element of<u, v>, it must also be an element of <a, b>, so that
either {u, v} = {a} or {u, v} = {a, b}. In either case v = a or v = b. If v = a then
u=a=19,so that

Haly = {{u, {u, v}} = <u, v>=<a, b> = {{a}, {a, b}}.

It follows that {a} = {a, b} so that a = b, and so v= b. So in either case v = b, and the
proposition is proved. ®

We define the Cartesian product of two classes A and B by
AxB={<x,y>x€AnyeB}.

It is left to the reader as an exercise to show that, Set(A) and Set(B) implies
Set(A x B)

A (binary) relation between classes A, B is a subset R € Ax B. We sometimes
write aRb for <g, b> € R. The doman dom(R) and the range ran(R) of R are
defined by

dom(R) = {x: Iy xRy}  ran(R) = {y: Ix xRy}.

It is left as an exercise to the reader to show that, if Set(R), then Set(dom(R)) and
Set(ran(R)).

14



A relation F is a function, or map, written Fun(F), if for each a € dom(F) there is a
unique b for which aFb. This unique b is written F(a) or Fa. We write$ F: A — B
for the assertion that F s a function with dom(F) = A and ran(F) = B. In this case
we occasionally write a - F(a) for F.

The identity map 14 on A is the map A — A given by a » a. If X < A, the map
x = x: X = A is called the insertion map of X into A.

If FA— B and X < A, the restriction F| X of F to X s the map X — A given by
x = F(x). If Y € B, the inverse image of Y under F is the set

F1[Y] ={xeA: F(x) € Y}.

Given two functions F: A - B, G: B —» C, we define the composite function
GoF:4—C to be the function a » G(F@). If . A - A, we write

F? forFoF, F° for FoFoF efc.

A function F: A — B is said to be monic if for all x, y € A, F(x) = F(y) implies
x =y, epi if for any b € B there is a €A for which b = F(a), and bijective, or a
bijection, if it is both monic and epi. It is easily shown that F is bijective if and
only if F has an inverse, that is, a map G B — A such that
FoG=1, and GoF =1, Two sets X and Y are said to be equipollent, and we write

X =Y, if there is a bijection between them.

Suppose we are given two classes I, A and an epi map F: I - A. Then
A = {F(i): i € I} and so, if, for each i € I, we write a; for F(i), then A can be
presented in the form of an indexed class {a;: i € I}. If A is presented as an indexed
class of sets {Xi i € I}, then we write | JX,and ()X, for UA and NA,

iel iel

respectively.

The projection maps n, : AxB— A and m,: AxB — B are defined to be the

maps <a, b> - a and <a, b>+~ b respectively.

8 The bold arrow (—) here is not to be confused with the arrow (—) for implication.
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For sets A, B, the exponential BAis defined to be the set of all functions from A to
B. (Exercise: show that this is indeed a set.)

It follows easily from the axioms and definitions of IZ that, for any set A, PA,
under the partial ordering <, is a frame® with operations U, N and =, where

U=V={xxelU->xeV}
Its top and bottom elements are A and < respectively.
For any set a, we write {a | ¢} for {x: x = a A @}; notice that

a e {a| o} o.

From Extensionality we infer that {a |@} ={a |y} iff (¢ <> y); thus, in particular,
the elements of P1 (recall that 1 = {0}) correspond naturally to truth values, i.e.
propositions identified under equivalence. P1 is called the frame of truth values
and is denoted by Q. The top element 1 of Qis usually written true and the
bottom element & as false.

InIZ, Q plays the role of a subset classifier. That is, for each set A, subsets of A are
correlated bijectively with functions A — Q. To wit, each subset X c A is
correlated with its characteristic function y,: A — Q givenby y,(x)={0]x € X};

conversely each function f A — Q is correlated with the subset f -1(1) =
{xeA: flx) =1} of A.

LOGICAL PRINCIPLES IN 1Z

Properties of Q correspond to logical principles of the set theory. For instance,
consider the logical principles (where ¢, y are any formulas):

LEM (law of excluded middle) ¢ v —¢
WLEM (weakened law of excluded middle) —¢ v ——¢.
DML (De Morgan’s law) —(¢ Ay) — (=@ Vv —y)

9 Frames are defined in the Appendix.
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In intuitionistic logic WLEM and DML are equivalent.
LEM and WLEM correspond respectively to the properties
VoeQ. o= true v o = false VoeQ. o = false v o # false.

Given a formula ¢(x, y), the sentence VxVy(¢ v —¢) will be read as asserting that
¢ is decidable. For a class A, the sentence VxeA VyeA (x =y v x # y) will be read
as asserting that A is discrete. We then have

Proposition 2. In IZ, each of the following is equivalent to LEM:

(i) Membership is decidable, i.e. VxVy (x e y v x & v)

(ii) Vs discrete

(iif) Every set is discrete

(iv) Qs discrete

v Q=2

(vi) Vx (0 exvO0 ¢x)

(vii) (2, <) is well-ordered, i.e. every inhabited subset of 2 has a <-least element.

Proof. That LEM implies (i) is obvious.
(i) — (ii). Assuming (i), we have VxVy (x € {y} v x ¢ {y}), whence (ii).
(ii) — (iii) and (iii) — (iv) are both obvious.

(iv) > (v). Assuming (iv), for any ® € Q we have ® ={0} or ® # {0}.In the
latter case ® = &, and (v) follows.

(v) — (vi). Let ¢ be the formula 0 € x. Then, assuming (v), we have {0]|¢} = {0}
or {0|¢}=. In the first case we get ¢ and in the second —¢. Hence (vi).

(vi) > (vii). Let U be an inhabited subset of 2. Assuming (vi), we have 0 € U or
0 ¢ U. In the first case 0 is the least element of U. In the second case, since U is
inhabited we must have 1 € U, so that 1 is the least element of U. Thus in either
case U has a least element., and (vii) follows.
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(viii) > LEM. Assume (vii) and let ¢ be any formula. Let U be the subset
{09} U {1} of 2. Then 0 €U <> ¢; moreover U is inhabited and so has a least
element a , which must be either O or 1. If a = 0, then 0 € U, whence ¢; while if
a=1,then 0 ¢ U whence —¢. LEM follows. B

Observe that the negation operation — on formulas corresponds to the
complementation operation on Q; we use the same symbol — to denote the
latter. This operation satisfies (using o ,®" as variables ranging over Q)

0C -0 < 0N =fise.
Classically, — also satisfies the dual law, viz.

—0C O < 0oU o =true.

But in IZ, this is far from being the case. In fact we can prove

Proposition 3. In 1Z, LEM is equivalent to the assertion that there exists an
operation - Q — Q satisfying

*) —-0Cc o © 0oUo =true
Proof. If LEM holds, then the complementation operation — satisfies (*).
Conversely, suppose given an operation -: Q — Q for which (*) holds. Then
~true  false <> false U true = true,
so that -true c false, whence -true = false. Next,
Oe-on0em—>0e-0nwn=true—0 e -true = false.
Since 0 ¢ false, it follows that

De-0—>0¢g ®w—0 € o,
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and from this we infer that -© < —o. Since, obviously, ® U -® = true, it then
follows that, for any o, ® U —o = true, which is LEM. B

The weak law of excluded middle is also equivalent to a certain property of the
ordered set (2, <):

Proposition 4. In 1Z, the following are equivalent:

(i) WLEM
(ii) (2, ) is complete, i.e. every subset of 2 has a <-supremum.

Proof. (i) — (ii). Assume (i) and let U < 2. Clearly 1 ¢ U <> U < {0}. By (i), we
have 1 ¢ U or — (1 ¢ U). In the first case U < {0} and U then has supremum 0.
In the second case —(U < {0}), so that —Vx € U.x = 0, which is equivalent to

VxeUx<0)—>0=1.
Also, obviously,
VxeU(x<1l)—>1=1.
It follows that, for any u € 2,
VxeUx<u—-u=l,

so that U has supremum 1. Thus in either case U has a supremum, and (ii)
follows.

(ii) —> (i). Assume (ii), let ¢ be any formula and define U = {1: ¢}. Then U has a
supremum 4 and there are two cases: a = 0 or a = 1. In the first case 1 ¢ U, so that
—¢. In the second case, if —¢, then U = & and so a = 0, which is impossible.
Therefore ——¢, and (i) follows. ®
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THE AXIOM OF CHOICE

A choice function on a set A is a function f with domain A such that f(a) € a
whenever a is inhabited. The Axiom of Choice AC is the assertion that every set
has a choice function. While AC plays a major role in classical set theory, in an
intuitionistic setting it is far too strong, since even very weak versions of it can
be shown to imply LEM. In fact we have

Proposition 5. It is provable in 1Z that if each doubleton has a choice function, then
LEM holds (and, of course, conversely).

Proof. Let ¢ be any formula; define U = {xe2: x = 0 v ¢} and
V ={xe2: x =1 v ¢}. Suppose given a choice function f on {U, V}. Writing
a=f(U),b=f(V), wethenhave aclU beV,ie.

(@=0ve)a(b=1v9).

Hence
(@a=0Ab=1)ve,
whence
*) azbv .
But
o->U=V-o>a=p,
so that

ﬂ¢b—)—|(p.

This, together with (*), givesp v —¢. ®

As we have seen, in IZ the Law of Excluded Middle is derivable from AC. We
are now going to show that each of a number of classically correct, but
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intuitionistically invalid logical principles, including the Law of Excluded
Middle for sentences, is, in IZ, equivalent to a suitably weakened version of AC.
Thus each of these logical principles may be viewed as a choice principle.

We fix some more notation. For each set A we shall write QA for the set of
inhabited subsets of A, that is, of subsets X of A for which 3x (x € X). The class of
functions with domain A will be denoted by Fun(A).

We tabulate the following new logical schemes

e SLEM o Va0

e Lin (a=>B)vP—-o

e SWLEM -0V =0

o Ext0 Ax[Fxe(x) > ¢ (x)]

e Un Ix[ox) >Vxe(x)]

e Distt Vx[o v o(x)] & a v Vxe(x)

Here o and B are sentences, and ¢ (x) is a formula with free variable x. In
intuitionistic logic, Lin and SWLEM are consequences of SLEM; and Un implies
Dis. All of these schemes follow, of course, from LEM, the full Law of Excluded
Middle.

We formulate the following choice principles—here X is an arbitrary set and
0(x, y) an arbitrary formula with at most the free variables x, y:

o ACx VxeX 3y 0(x, y) > IfeFun(X) VxeX 0(x, fx)
« AC, IfeFun(X) [VxeX Ty 0(x, y) — VxeX 0(x, f)]
o DACx VfeFun(X) 3xeX 0(x, fx) - IxeX Vy 0(x, y)
« DAC, IfeFun(X) [FxeX 0(x, fr) - IreX Vy 0, y)]

10 Tn intuitionistic logic Exi s equivalent to the independence of premises rule:

o—=>3xe(x)
Ix (a— ¢o(x)

11 In intuitionistic logic Dis is equivalent to the higher dual distributive law
Vx[o(x) v B(x)] = Fxa(x) v VaB(x).
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The first two of these are forms of the Axiom of Choice for X; while classically
equivalent, in IZ AC*x implies ACx, but not conversely. The principles DACx

and DAC; are dual forms of the Axiom of Choice for X: classically they are both

equivalent to ACx and AC;, but in IZ DACZ implies DACx, and not

conversely.
We also formulate the weak extensional selection principle:

WESP  Ixe2 o(x) A Ixe2y (x) —
3xe23ye2fo(x) A yly) A [Vrelo() o w(x)] > x = yll.

Here ¢(x) , y(x) are formulas with the free variable x. This principle asserts that,
for any pair of instantiated properties of members of 2, instances may be
assigned to the properties in a manner that depends just on their extensions.
WESP is a straightforward consequence of ACq. For taking 6(u, y) tobe y € u in
ACq; yields the existence of a function f with domain Q2 such that fu € u for
every u € Q2. Given formulas ¢(x), y(x), and assuming the antecedent of WESP,
the sets U = {xe2: o(x)} and V = {xe2: y(x)} are members of Q2, so that
a=fUe U and b = fV € V, whence ¢(a) and y(b). Also, if Vxe2[p(x) <> y(x)],
then U = V, whence a = b; it follows then that the consequent of WESP holds.

We show that each of the logical principles tabulated above is equivalent (over
IZ) to a choice principle. Starting at the top of the list, we have first:

Proposition 6. WESP and SLEM are equivalent over I1Z.
Proof. Assume WESP. Let a be any sentence and define
o(x) =x=0v a yx) =x=1v o

With these instances of ¢ and y the antecedent of WESP is clearly satisfied, so
that there exist members a4, b of 2 for which (1) ¢(@ A wy(b) and
(2) Vx [[Vxe2[p(x) <> y(x)] — a = b. It follows from (1) that a v (1 =0A b =1),
whence (3) o v a# b. And since clearly o — Vxe2[p(x) <> y(x)] we deduce from
(2) that o = a = b, whence a # b — —o.. Putting this last together with (3) yields
o v —o, and SLEM follows.
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For the converse, we argue informally. Suppose that SLEM holds. Assuming the
antecedent of WESP, choose a € 2 for which ¢(a). Now (using SLEM) define an
element b € 2 as follows. If Vxe2[p(x) <> y(x)] holds, let b = g; if not, choose b so
that B(b). It is now easy to see that a and b satisfy (@) A wy(b) A
[Vxe2[p(x) & y(x)] > a = b]. WESP follows. B

Next, we observe that, while AC; is (trivially) provable in IZ, by contrast we
have

Proposition 7. AC;E and Ex are equivalent over 1Z.

Proof. Assuming ACT, take O(x, y) = ¢(y) in its antecedent. This yields an
f € Fun(1) for which Vyo(y) = ¢(/0), giving 3y[Iye(y) = o(y)], i.e., Ex.

Conversely, define ¢(y) = 6(0, y). Then, assuming Ex, there is b for which
Jye(y) — o(b), whence Vxel Jyb(x, y) — Vxel O(x, b). Defining f € Fun(l) by

f=1{(0, b)} gives Vxel Fyb(x, y) — Vxel 0(x, fx), and AC;E follows. B
Further, while DAC; is easily seen to be provable in IZ, we have

Proposition 8. DAC;E and Un are equivalent over 1Z.

Proof. Given ¢, Define 6(x, y) = ¢(y). Then, for f € Fun(1), 3xel 0(x,fx) <> ¢(f0)

and Ixe1Vy0b(x, v) <> Yyo(y). DAC;E then gives

FfeFun(D)[o(f0) - Vyo(y)l,

from which Un follows easily.

Conversely, given ¢, define ¢(y) = 6(0, y). Then from Un we infer that there
exists b for which ¢(b) - Vyo(y), i.e. 6(0, b) - Vy0(0, y). Defining f € Fun(1) by f
= {(0, b)} then gives 6(0, f0) — 3IxelVyb(x ,y), whence Fxel O(x, fx) —
Jxe1Vyb(x, y), and Un follows. B
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Next, while AC;is easily proved in IZ, by contrast we have

Proposition 9. DAGC; and Dis are equivalent over 1Z.

Proof. The antecedent of DAC; is equivalent to the assertion

VfeFun(2)[6(0, f0) v 6(1, f1)],

which, in view of the natural correlation between members of Fun (2) and
ordered pairs, is equivalent to the assertion

vyvy 1600, y) v (1, y)l.
The consequent of DAC; is equivalent to the assertion
vyeY0(0, y) v Vy'eYO(1, y')
So DAG:; itself is equivalent to
vyvy100y) v oLy )l - vyo0y) v vy'O(Ly).
But this is obviously equivalent to the scheme
YyvyTo) v vl = Vyely) v Vy'w(y),

where y does not occur free in y, nor ¥’ in ¢. And this last is easily seen to be

equivalent to Dis. u
*
Now consider DAC, . This is quickly seen to be equivalent to the assertion

3z3z'[6(0, z) v 6(1,z") — VyO(0, y) v Vy'06(1, y),
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i.e. to the assertion, for arbitrary @(x), y(x), that
3z32[0(2) v w(z') = Vyoy) v VyB)]-
This is in turn equivalent to the assertion, for any sentence a,

*) yloavyly) - av Yyy(y)].

Now (*) obviously entails Un. Conversely, given Un, there is b for which
y(b) >Vyy(y). Hence a v y(b) — o v Yyy(y), whence (*). So we have proved

*
Proposition 10. Over 1Z, DAC; is equivalent to Un, and hence also to DAC, .l
In order to provide choice schemes equivalent to Lin and Stone we introduce

ac: Ife2X [xeX ye2 6(x, y) - VxeX 0(x, fx)]

wac: Jfe2X [VxeX Jye2 0(x, y) > VxeX 0(x, fx)] provided the sentence
vx[0(x, 0) >—0(x, 1)] is provable in IZ.

Clearly ac: is equivalent to
Ife2X [VxeX[0(x, 0) v B(x, 1)] &> VxeX 0(x fx)]

and similarly for wac: Then we have

Proposition 11. Over 1Z, acr and wacr are equivalent, respectively, to Lin and
SWLEM.

Proof. Let a and B be sentences, and define

0, y)=x=0A [(y=0nra)v(y =1AP)]

Then a <> 6(0, 0) and B <> 6(0, 1), and so
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Vxel[0(x,0) v O(x, 1)] <> 6(0,0) v 6(0, 1) & a v B.
Therefore

3fe2! [Vxel[0(x, 0) v O(x, 1)] - Vxel 0(x, fx)] <> Ife2la v p — 6(0, )]
© [avB—>0600,0)]v[avp—6(01)]
& [avB—oa]lviavp—pB]
< [Bo>a v a—B]

This yields acr—> Lin. For the converse, define o = 6(0,0) and p = 6(0,1) and

reverse the argument.

To establish the second stated equivalence, notice that, when 6 (x,y) is defined as
*

above, but with B replaced by —a, it satisfies the provisions imposed in wac, .

As above, that principle gives (-0 = o) v (o — —a), whence —a v ——a. So

SWELM follows from wacr. Conversely, suppose that 6 meets the condition

imposed in wacr Then from 60, 0) — =60, 1) we deduce

——0(0, 0) > —6(0,1); now, assuming SWLEM, we have —0(0, 0) v ——6(0, 0),
whence —0(0, 0) v —6(0, 1). Since —0(0, 0) — [6(0, 0) —» 6(0, 1)] and
—0(0, 1) — [6(0, 1) - 6(0, 0)] we deduce [6(0, 0) — 6(0, 1)] v [6(0, 1) — 6(0, 0)].
From the argument above it now follows that 3fe2! [Vxel[o(x, 0) v o(x, 1)] -

Vxel ¢(x,fx)]. Accordingly wacr is a consequence of SWLEM. B
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Chapter II

Natural Numbers and Finite Sets

THE NATURAL NUMBERS
The natural numbers can be defined in IZ and their usual properties proved.

Let us call a set A inductive if
O ArVx(xe A— x' € A).

It follows from the axiom of infinity that there exists at least one inductive set A.

Define
N= ﬂX : X € AA X is inductive}.

Then N is inductive and is clearly the least inductive set, that is, N < K for
every inductive set K. The members of N are called natural numbers; thus 0, 1, 2
are natural numbers. We shall use letters m, 1, p, ... as variables ranging over N.
Proposition 1.

(i) me n—->mtCn.

(ii) nen

(iii) mt=nt— m=n.

Proof. (i) Let K = {m: Vm(m € n—> m* < n).To prove (i) it suffices to show
that K is inductive. Clearly 0 € K. Suppose now that n € K. Then

*) me n—>mt<n.
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If m € n*thenme n or m = n. In the first case m* < n by (*) and in the second
case m* = n* . Thus in both cases m* < n* and so n* € K. Hence K is inductive
and (i) is proved.

(ii) It suffices to show that the set L = {n: n ¢ n} is inductive. Clearly 0 € L. If
n € L and n* € n*, then n* € n or n* = n. In the first case, it follows from (i) that
n** C n, and since n € n**, that n € n. The second case also implies n € n.

Thus in both cases n ¢ L. So n € L and n* € n* together lead to a contradiction,
whencen € L —»n* ¢ n*.i.e.n e L - n* € L. So L is inductive and (ii) follows.

(iii) It follows from m* = n* that m € n*; thus m € n or m = n and so by (i)
m < n. Similarly n S m. B

We shall sometimes write m < n for m € n and m < n for m < n. It follows from
Proposition 1thatm* < n < m <n.

Proposition 2. For arbitrary m, n, exactly one of the following holds:
Me N, mM=mn,n e m.
Proof. Proposition 1 implies that any two of the above assertions are mutually
contradictory. To prove that, for every m, n, one of these assertions holds we
define
Kn)={m:menvm=nv nemj

We need to show that K(n) = N for every n, and for this it suffices to show that
K(n) is inductive.

The set K(0) is inductive, since K(0) = {0} u{m: 0 € m} and it is obvious that
Oem —» 0em

Now suppose that K(n) is inductive, i.e. N < K(n). We show that K (n*) is also
inductive.
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0 € K (n*). From the fact that K(0) is inductive, it follows that n* € N < K(0),

whence n* € 0 or n* =0 or 0 € n*. The first two disjuncts are false, so 0 € n* and
0 e K (n*).

me K (n*) > m* e K (n*). Suppose that me K (n*), that is, me n *or m = n* or

n* € m. In the second and third cases we obviously have n* € m* and hence
m* € K (n*). In the first case either m = n or me n . If m = n then m* = n* so that
m* € K (n*). If me n, then me K (n), and so, since K(n) has been assumed
inductive, m* € K (n). It follows that m* € n or m* = n or n € m*. The third
disjunct is false, since it implies (using Prop 1 (i)) that n € n, contradicting Prop.
1(ii). Accordingly we have only the two possibilities m* € n or m* = n, both of
which, since n € n*, yield m* € K (n*). The proof is complete. B

From Propositions 2 and 1(ii) we deduce immediately the

Corollary. N is discrete. B

MODELS OF PEANQ’S AXIOMS

A Peano structure is a triple A = (A, s, o) where Ais a set, s: A - A, and
o € A2 Ais called the domain of A and s the successor operation in A. A model of
Peano’s axioms is a Peano structure A such that the following axioms are
satisfied:

P1 VpeA.sp# o

P2  VpeAVqeA. sp=sq—p=q.
P3 VX cAlloe X AVp(pe X > spe X)]| > X =A]

(P3) is the Induction Principle for A: it is clearly equivalent to the scheme: for any
formula ¢(x),

[0O) A [Vp € A (9(p) = o(sp)]] > Vp € A ¢(p)

12 Here “0” (Greek omicron) is not to be confused with the set 0. It is just an arbitrary
member of A.
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A subset K of A satisfying oe K AVx(x e K — sx e K)is called an inductive

subset of A: the Induction Principle asserts that the only inductive subset of A is
A itself. Establishing that a subset K is inductive is called a proof by induction.

The following facts are easily established by induction:

In any model A of Peano’s axioms,

sp#p
Vpe Al[p=oviq. p=sq].

If we define s: N — Nby sn = n*, then it follows from the fact that Prop.1 (iii)
and the fact that N is the least inductive set that (N, s, 0) is a model of Peano’s
axioms.

DEFINITIONS BY RECURSION
Just as in classical set theory, in IZ any model of Peano’s axioms admits
functions defined by recursion. Let us say that a Peano structure A = (4, s, o)

satisfies the Simple Recursion Principle if:

Given any set X, any element a € X, and any function e: X — X, there exists a unique
function f: A — X such that

flo) =a  VpeA f(sp)=e(fp).

Proposition 3 Any model of Peano’s axioms satisfies the Simple Recursion Principle.

Proof. Let A= (A, s, 0) be amodel of Peano’s axioms. To simplify notation we
shall use letters p, g to denote variables ranging over A.

Define

U={uePAxX):{(o,a) cunVpVx(p,x)cu—(sp,e(x)) e u}.
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Let f =ﬂU We claim that f satisfies the conditions of the proposition; its

uniqueness is left as an exercise to the reader. To show that f satisfies the

conditions of the proposition it clearly suffices to show that f is a map from A to
X.

Clearly fcAxX.Let V={p:3x(p,x)e f}.Then V < A and o eV since

(0,a) € f. Moreover
peV -5 Ax(p,x)e f > Ix(sp,e(x))e f >spev
So Vis inductive, whence V = A, and fis defined on A.

It remains to show that f'is single-valued. To this end define

K ={p:VxVy(p,x) € f A{p,y) € f > x=Y)}.
We need to show that K is inductive.
First, we show that o € K. Define
f*={p,x)ef:p=0o—>x=aj}.
It is easily verified that f* € U, whence f = f*. Therefore
(0,x)e f »>(0,x)e f*>x=a,

so that
Vx({o,x) e f > x=a),

from which it follows immediately that o € K.

Finally we need to show that p € K — sp € K. To do this we first establish the
auxiliary result

@ (peKA{p,x)e fAr(sp,y)e f)>y=elx).
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Given p eK satisfying (p, x) € f A(sp,y) € f, define
Sor =¥y € f1q=sp—>y=ex)}.

We claim that f, eU. First, from P1 it follows that(0,a) € f, .Now, if
(q,Y) € f,e, then (q,y)e fand g = sp - y = e(x). We need to show that
(sq,ely)) € f,. and for this it suffices to show that

) (sg,ely) e f
and
®) sp =sq = e(y) = e(x).

Assertion (2) follows from the assumption that (g,y) € f. As for (3), if sp = sg,
then, by P2, p = g, so from (q,y) € f it follows that (p,y) € f . But we are
assuming that p € Kand (p, x) € f, so we conclude from the defining property

of K that x =y. Hence, certainly, e(x) = e(y), proving (2).

We conclude that f, € U. From this it follows that f < f, , so that

(peKA{p,x)e fAr(sp,y)e f)> fn €U
= f < foo
whence
(pe KA(p,x)e f A(sp,y) e f)—>(sp,Y) € [,
- y=e(x).

Thus (1) is proved.

Now, we know that V =A4, i.e. Vp3z.(p,x) € f.it follows from this and (1) that
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(pe K A(sp,y)e f r(sp,2) € [)
—3x{p,x)e fApeKa(sp,y)efr(sp,z)ef
- Ix(pe K n(p,x)e f r(sp,y) € f ~n(sp,2z) € f)
— Jx(y = e(x) A z = e(x))
> y=2z.

Therefore p € K — sp € K, and it follows that K is inductive, so that K = A and f
is single-valued. This completes the proof of Proposition 3. B

An isomorphism between two Peano structures A = (A, s, 0) and A"’ = (A", s’, o) is
a bijection f: A & A’ such that f(o) = o’ and for all p € A, f(s(p)) = s'(f(p)). Two
Peano structures are isomorphic if there is an isomorphism between them.

Corollary 1. Any two models of Peano’s axioms are isomorphic.

Proof. Given two Peano structures A = (A, s, 0) and A’ = (A’, s, o), by Prop. 3
they both satisfy the Simple Recursion Principle, so that there are maps £ A - A’
and g: A" — A such that

flo)=0"& forallp € A, fis(p)) =s'(f(p)).
g(0’) =0 & forall g € A’, g(s'(q)) = s(8(9))-

We claim that f is an isomorphism between A and A’. For this to be the case it
suffices to show that g is an inverse to f, i.e. go f =1,and fog=1, To prove
the first assertion it is enough to show that the set K - {peA: g(f(p)) =p |} is
inductive, and this is a straightforward consequence of the definitions of fand g.
The proof of the second assertion is similar. B

Corollary 2. The domain of any Peano structure is discrete.
Proof. By the Corollary to Prop. 3, N is discrete, and is the domain of a model
of Peano’s axioms. If A is the domain of a model of Peano’s axioms, it is, by

Corollary 1, bijective with N, and it follows easily from this and the discreteness
of N that A is discrete. B
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Let us say that a Peano structure A = (4, s, o) satisfies the Extended Recursion
Principle if:

given any set X, any element a € X, and any function e: X x A — X, there exists a
unique function f: A — X such that

flo) =a A VpeA. flsp)=e(<fp, p>)-

Proposition 4. Any Peano structure that satisfies the Simple Recursion Principle also
satisfies the Extended Recursion Principle.

Proof. Let A = (A, s, 0) be a Peano structure satisfying the Simple Recursion
Principle. We use p as a variable ranging over A. Given a set X, an element
a e X and a function e: X xA > X, let Y=XxA and let i: Y = Y be the
function given by

h=(x, p) = {e({x, p)), p)

Applying the Simple Recursion Principle to i, Y and (a,o) yields a unique
k: A — Y such that

k(o) =(a,0) A Vp. k(sp) = h(k(p)).
It is now easily checked that f =m, ck: A — Xis the unique map such that
flo) =a A VpeA. flsp)=e(<fp, p>)-
The Extended Recursion Principle follows. B

We use Proposition 4 to prove the converse of Proposition 3, namely

Proposition 5. Any Peano structure that satisfies the Simple Recursion Principle is a
model of Peano’s axioms.

Proof. Let A = (A, s, 0) be a Peano structure satisfying the Simple Recursion
Principle. Then by Prop. 4 A also satisfies the Extended Recursion Principle. We
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need to verify that A satisfies P1, P2 and P3. Again we use p, q as variables
ranging over A.

P1: Vp.sp # o. Recalling that 2 = {0, 1}, define g: 2 —» 2 by g = {<0,1>, <1,1>}.
Using the Simple Recursion Principle, there is f: P — 2 such that

f(0)=0AVp. f(sp)=g(/p)-
Then
sp=0—->0= f(o)= f(sp)=g(fp)=1;

since 0= 1, P1 follows.

P2: VpVq. sp=sq—p=gq. Consider rn, : Ax A — A.By the Extended Recursion
Principle there is a map f: A — A such that

flo)=onVp. f(p)=m,(fp, P)) = P-
Then
sp=sq —q = f(sq)= f(sp)=p
and P2 follows.

P3: the Induction Principle. Suppose K < A is inductive . Thenp » sp: K- K
and so the Simple Recursion Principle furnishes a map f: A — K such that

f(0)=o0nVp. f(sp) = s(/p)-
Writing j for the insertion map of K into A, we get
() (Jof)lo)=0nVp. (jo f)lsp)=slie f)(p)
But the identity map 1a: A — A also satisfies (*), so from the uniqueness

condition in the Simple Recursion Principle we infer that jo f =1,. It follows

easily from this that K = A, and the Induction Principle follows. B
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A set A is Dedekind infinite if there exists a monic map f: A - A and an element
a € A such that a ¢ ran(f). We next show that each Dedekind infinite set gives
rise to a model of Peano’s axioms.

Proposition 6. Each Dedekind infinite set contains the domain of a model of Peano’s
axioms.

Proof. Let A be Dedekind infinite, f A - A monic, and a4 € A such that
a ¢ ran(f). Define

U=(u:ucAdrnaeUAVxeuf(x)eu}.
It is then easily shown that (U], f, a) is a model of Peano’s axioms. B

Corollary. A set A is Dedekind infinite if and only if there exists an injection N— A.

FINITE SETS

There are a number of possible definitions of the concept of finite set in I1Z. To
introduce (some of) these, it will be convenient to fix a set E. By an E- family or E-
singleton we shall mean "set of subsets of E", or "singleton of E", respectively. For
a subset X of E we define

K(X) = X is in every E-family containing &, all E-singletons, and closed under
unions of pairs of its members. If K(X) holds, we shall say that X is a Kuratowski
finite subset of E.

L(X) = X is in every E-family containing & and closed under unions with E-
singletons. If L(X) holds, we shall say that X is a finite subset of E.

M(X) = X is in every E-family & containing & and closed under unions with
disjoint E-singletons, that is, if VXeZ VxeE-X(X U {x} € 9). If M(X) holds, we
shall say that X is a strictly finite subset of E.

We shall also write D(X) for “X is discrete”.
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Lemma 1. VXCE[M(X) — L(X)].
Proof. Obvious. &
Lemma 2. VXCE [K(X) <> L(X)].

Proof. Clearly L(X)— K(X). To prove the converse, it suffices to show that the
family #= {X<E: L(X)} is closed under unions of pairs. To this end let ®(U) be
the property VXeZ U u X €% It suffices to show VU[L(U) — ®(U)]. Clearly
® (D). Assuming ®(U) and Xe £we have U U X € Land so U U X U {x} € Zfor
arbitrary x, whence ®(U U{x}). Hence VU[L(U) — ®(U)] and the result follows.

Lemma 3. VX[M(X) —» D(X)].

Proof. Obviously D(&). If D(X) and x ¢ X, clearly D(X U {x}). The result follows.
|

Lemma 4. VXCE [M(X) - Va[D(Xu {a}) > (a € Xv a ¢ X)]].

Proof. Write ®(X) for the condition following the first implication. Clearly ®(&).
Suppose that ®(X) and x ¢ X. If D(XU{x}uia}), then D(X U {a}), so, since ®(X),
either a € Xva ¢ X. Since D(XU{x}{a}), it follows that a = x v a = x. Hence

(@eXna=x)v@aeXnra=x)v(@eXrazx)v(aeXra#x),

The first three disjuncts each imply 2 € X U {x}, and the last disjunct means
ag X ui{x}

Accordingly a € X U {x} va ¢ X U {x}. We conclude that ®(X U {x}) and the
result follows. B

Lemma 5. VXCE [L(X) A D(X) > M(X)].

Proof. We need to show VX|[L(X) — ®(X)], where ®(X) is D(X)— M(X). Clearly
(D). Assume ®(X) and D(X U {a}). Then D(X), so, since ®(X), it follows that
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M(X). Since D(X U {a}), Lemma 4 gives a € X v a ¢ X. In either case we deduce
that M(X U {a}). Hence ®(X U {a}), and the result follows. B

From these lemmas we immediately infer

Proposition 7. For any set E, the families of strictly finite, discrete finite, and discrete
Kuratowski finite subsets coincide. B

We can now define a set E to be strictly finite, finite, or Kuratowski finite if it is,
respectively, a strictly finite, finite, or Kuratowski finite subset of itself.

Proposition 8. A set is strictly finite if and only if it is bijective with a natural number.

Proof. Suppose that E is strictly finite, and for X < E let ®(X) be the property X
is bijective with a natural number. We need to show that ®(E), and for this it
suffices to show that, for all X € E, M(X) — ®(X). Clearly we have ®(Q). If ®(X)
and x € E- X, letf: n — X be a bijection between some natural number n and X.
It is easily checked that the set ¢ = f U {<n,x>} is a bijection between n* and
X U {x}. Hence ®(X U {x}) and the result follows.

Conversely, suppose that E is bijective with a natural number, i.e. ®(E). We
want to show that E is strictly finite, and for this it suffices to show that the

subset K of N given by

K={neN:VX ePE(X =n— X strictly finite}

is inductive. Clearly 0 € K. Now suppose ne K, and X = n*. Let f be a bijection
between n* and X, let a = f(n) and let X" = X - {a}. Then the restriction f|n is a
bijection between n and X’ and so, since ne K, it follows that X’ is strictly finite.
But then, since a2 ¢ X', it follows that X = X’ U {a} is also strictly finite. Hence
n* € K, so that K is inductive. This completes the proof. B

Finally, a set E is Dedekind finite if it is not Dedekind infinite, i.e. if there does not
exist a monic f. E — E and an element a € E such that a ¢ ran(f).
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Proposition 9. Every strictly finite set is Dedekind finite.

Proof. To prove this, it suffices to show that & is Dedekind finite and

*) X Dedekind finite & a ¢ X — X U {a} Dedekind finite.

It is obvious that & is Dedekind finite. To prove (*), suppose that a ¢ X and
X U {a} is Dedekind infinite. We show that X is Dedekind infinite. Since X U {a}
is Dedekind infinite, there is a monic £ X U {a} > X U {a} and b € X U {a} such
that b ¢ ran(f). There are two cases: b = a or b € X. In the first case,
f X u {af — X ; the restriction f|X : X — X is then monic and
fla) € X - ran(f| X), so that X is Dedekind infinite. The second case, b € X, splits
into two subcases: f{a) =a or f(a) € X. In the first subcase, f|X:X — X is monic
and b e X - ran(f| X), so that again X is Dedekind-infinite. In the second

subcase, fln) € X, there is a unique xo € X for which f(xo) = a4, so that
xo ¢ f'[X] and it is then easily shown that X = f'[X] U {x,}. Now define

g=rf1f X1 {x, fla)

It is then easily shown that g is a monic map from X to X and b ¢ ran(g). Thus X
is Dedekind infinite and the result is proved. B

We conclude this section with

Proposition 10. Q is Dedekind finite.

This is an immediate consequence of

Proposition 11. If f: Q — Q is monic, then f> = 1q, so that f is also epi..

Proof. In the proof we shall use the easily established fact that for o,0 € Q,
(1) o=ve(o=lev=1).

We first prove
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) flo) =1 P() = o.

Assume f(w) = 1. We show that (0) = 1 <> © =1, from which (2) then follows by
(D)-

First, we have

Conversely
Plo) =1- o) =1=flo)> o= flo) =1,
as required.
Finally we use (2) to prove
©) Fo) = flo),
from which we infer 2(®) = o, so that 2 = 1o.
To prove (3), by (1) it suffices to show that
@) P©) = 1o flo) = 1.
If flo) =1, it follows from (2) that (o) = ®, whence ff(®) = f(w) = 1. Conversely,

if f(w) = 1, then f(A(®)) = 1, so by (2) A(0) = A(P(0)) = (o). It follows that
1= f(w) = f(w). This proves (4), and the Proposition. ®

FREGE’S CONSTRUCTION OF THE NATURAL NUMBERS

By Frege's Theorem is meant the result, implicit in Frege's Grundlagen, that, for
any set E, if there exists a map v from PE to E satisfying the condition

VXVY[v(X) =v(Y) & X =Y,
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then E has a subset which is the domain of a model of Peano's axioms. We are
going to show that a strengthened version of this result can be proved in IZ.

Let us call a family of subsets of a set E strictly inductive if it contains & and is
closed under unions with disjoint E- singletons. We define a Frege structure to be
a pair (E, v) with v a map to E whose domain dom(v) is a strictly inductive
family of subsets of E such that

vXe dom(v)VY € dom(v) [v(X) =v(Y) & X~ Y].

A Frege structure (E, v) is strict if dom(v) is the family of strictly finite subsets of
E.

We now prove

Frege’s Theorem. Let (E, v) be a Frege structure. Then we can define a subset N of E
which is the domain of a model of Peano’s axioms.

Thus suppose given a Frege structure (E, v). The proof of Frege’s Theorem
breaks down into a sequence of lemmas.

For X € dom(v) write Xt for X U {v(X)}. Call a property @ defined on the
members of dom(v) v-inductive if ®(J) and, for any Xe dom(v), if ®(X) and
v(X) ¢ X, then ®( X1). Call a subfamily .« of dom(v) v-inductive if the property of
being a member of « is v-inductive. Then dom(v) is v-inductive, as is the
intersection .4 of the collection of all v-inductive families. From the fact that.#is
the least v -inductive family we infer immediately the

Principle of v- Induction for .4 For any property @ defined on the members of A, if ©
is v- inductive, then every member of N has ®.

Lemma 1. Forany X € A,

X=Cor X=YtforsomeY e Nsuch that v(Y) ¢ Y.
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Proof. Write ®(X) for this assertion. To establish the claim it is enough, by the
Principle of v- Induction, to show that @ is v-inductive. Clearly ®(J). If O(X)
and v(X) ¢ X, then evidently ®( Xt). So ® is v-inductive. B

Lemma 2. For any X e Aand any x € X,
thereis Y € N such that Y < Xand x = v(Y).

Proof. Writing ®(X) for this assertion, it suffices to show that @ is v-inductive.
Clearly ®(<). Now assume ®(X) and x € Xt. Then either x € X, in which case,
since ®(X) has been assumed, there is Y € & for which x = v(Y) and Y c X, a
fortiori Y < Xt. Or x = v(X), yielding the same conclusion with Y = X. So we
obtain ®(X*), ® is v- inductive, and the Lemma follows. B

Lemma3. If X, YC EExeE-X yeE-Y, and XU {x}= YUy}, then X = Y.

Proof. Assume the premises and let f be a bijection between X U {x} and
Y U {y}. We produce a bijection f between X and Y. Let y' be the unique
element of Y U {y} for which <x, y'> € f. Then either y' = y, in which case we take
f =fl X ory' €Y, in which case the unique element x' € X U {x} for which
<x',y> € f satisfies x' € X. (For if x' = x then <x, y> € f, in which case
y' =y ¢ Y.) So in this case we define

f=lf nXxN]uf<xly'>})

In either case it is easily checked that f' is a bijection between X and Y. This
proves the Lemma. ®

Lemmad4. Forall X, Y inA,

viX)=v(Y) > X=Y.

Proof. Write ®(X) for the assertion X € A and VY € Mv(X) = v(Y) > X =Y] It
suffices to show that ® is v-inductive. ®(<) holds because v(Z) = v(Y) > Y ~ &
— & =Y. Now assume that ®(X) and v(X) ¢ X; we derive ®(Xt). Suppose that
Y € N and v(Xt) = v(Y). Then X* ~ Y, and so in particular Y # &. By Lemma 1,
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there is Z € A for which v(Z) ¢ Z and Y = Zt, so that Xt~ Zt. We deduce, using

Lemma 3, that X = Z, so, since we have assumed ®(X), X = Z. Hence Xt = Zt =

Y, and ®(X*) follows. So @ is v-inductive and the Lemma proved. B

Lemma5. Forany X e A,

v(X) ¢ X.

Proof. It suffices to show that the property v(X) ¢ X is v-inductive. Obviously
& has this property. Supposing that X € 4, v(X) ¢ X but v(Xt) € Xt, we have
either (Xt) = v(X) or v(Xt) € X. In the former case X = Xt by Lemma 4, so that
v(X) € X, a contradiction. In the latter case, by Lemma 2, there is Y € .#such that
Y c X and v(Xt) = v(Y). Lemma 4 now applies to yield Xt = Y < X, so again
v(X)e X, a contradiction. Therefore v(X) ¢ X — v(X) ¢ Xt, and the Lemma
follows. B

Notice that it follows immediately from Lemma 5 that .#is closed under 1, that is,
Xe /o> Xte

Now define o = v(J), N = {v(X): X € A}, and s: N - N by s(v(X)) = v(X) for
X € A Then s is well defined and monic on N. (For if v(X) = v(Y), then, by
Lemma 4, X =Y, and so s(v(X)) = v(Xt) = v(Y1) = s(v(Y)). Conversely, if s(v(X)) =
s(v(Y)), then v(Xt) = v(Y?), so that, by Lemma 4, X* ~ Y*. Lemmas 3 and 5 now

imply X = Y, whence v(X) = v(Y).) Clearly, also, o # sx for any x € N. The fact

that the structure (N, s, 0) satisfies the Induction Principle follows immediately
from the Principle of v-induction for .4 Accordingly (N, s, o) is a model of
Peano's axioms, as required.

The proof of Frege’s Theorem is complete.
We next establish a converse to Frege’s Theorem, namely, that any set
containing the domain of a model of Peano's axioms determines a map which

turns the set into a strict Frege structure: And finally, we show that the
procedures leading from strict Frege structures to models of Peano's axioms and
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vice-versa are mutually inverse. It follows that the postulation of a (strict) Frege
structure is constructively equivalent to the postulation of a model of Peano's
axioms.

Let A =(A,s, o) be a model of Peano's axioms; we use letters p ,g, r as variables
ranging over A. Using the Simple Recursion Principle, define k: A — PA to
satisfy the equations

k(0) =< k(sp) =k(p) w {p}.

Lemma 6. (i) p €k(g) — k(p) < k(q).
(i) p k(p).

Proof. (i) Let K ={q: Vp[p €k(q) — k(p) < k(g)]. Obviously o € K. If g € K, then
p €k(q) = k(p) <k(q), so that

p € k(sq) =k(q) wigt > p €k(q)v p=9.— k(p) Sk(sq).
Thus K is inductive and (i) follows.

(ii). Let K = {p: p e¢k(p)}. Obviously o € K. Suppose that p € K. So if sp €k(sp),
then sp =p or sp €k(p). The first case is impossible and the second case, using (i),
yields k(p) U {p} = k(sp) < k(p) whence p € k(p), contradicting p € K. Hence
sp ¢ k(sp), i.e. sp € K. Hence K is inductive and (ii) follows. B

Lemma?7. Forallp, q, k(p) = k(g) <>p=4.

Proof. Write ®(p) for Vqlk(p) = k(g) <> p = gq]. Then clearly ®(o0). If ®(p) and
k(q) = k(sp) = k(p) © {p}, then g # o so that q = sr for some r. Hence

k(r) O {r} = k(sr) = k(q) = k(sp) = k(p) w {p}.

Since, by (i) of Lemma 7, r ¢ k(r) and p ¢ k(p), Lemma 3 implies that k(r) = k(p),

so, since ®(p), r = p and q = sr = sp. Hence ®(sp), and the result follows by
induction. ®
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Now suppose that E is a set such that A ¢ E. Define
v={<X,p> e PE x A: X = k(p)}.

Lemma 8. dom(v) is the family of strictly finite subsets of E.

Proof. We need to show that dom(v) is the least family of subsets of E which
contains & and is closed under unions with disjoint E-singletons: let us again
call such a family strictly inductive. First, dom(v) clearly contains & . If

X € dom(v), then X = k(p) for some p. If x ¢ X, then X uU {x} ~ k(p) U {p} = k(sp),

whence X U {x} € dom(v). So dom(v) is strictly inductive. And dom(v) is the
least strictly inductive family. For suppose that # is any strictly inductive

family. For each p let s#, = {X: X =~ k(p)}. We claim that ¢, c Z for all p. For
obviously # . = {J} < F. Now suppose that # , c Z If X = k(sp), then
X ~ k(p) U {p}, so for some x € X (which may be taken to be the image of p under

a bijection between k(p) U {p} and X), we have X - {x} ~ k(p). It follows that
X-{x} e Fandso X = (X-{xf)u{x} € Z The claim now follows by
induction; accordingly dom(v), as the union of all the 4, is included in #

Therefore dom(v) is the least inductive family and the Lemma is proved. B

Lemma 9. . v is a function and X ~ k(v(X)) for all X € dom(v).

Proof. Suppose that <X, p> € v and <X, 4> € v. Then X = k(p) and X ~ k(g)

whence k(p) ~ k(g) and so p = g by Lemma 7. The remaining claim is obvious. B

Lemma 10. Forall X, Y € dom(v), X~ Y <> v(X) =v(Y).

Proof. We have, using the previous Lemma, v(X) = v(Y) > k(v(X)) = k(v(Y)) <&
X=~Y. 1

Lemmas 8 and 10 establish
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Proposition 12. (E, v) isa strict Frege structure. B

(E,v) is called the strict Frege structure associated with E and the model A of
Peano’s axioms.

Finally, we show that the processes of deriving models of Peano's axioms from
strict Frege structures and vice-versa are mutually inverse.

Suppose that we are given a strict Frege structure (E, ). Recall that the
associated model (A ,s, 0) of Peano's axioms is obtained in the following way.
First, the family 4 is defined as the least subfamily of dom(u) containing & and
such that, if X € #and p(X) ¢ X, then X U {u(X)} € A it having been shown that
u(X) ¢ X for all X € A The associated model (A ,s, o) of Peano's axioms was then
defined by N = {u(X): X € A}, s(u(X)) = (X v n(X)}), and o = p(Q).

We observe that since (E, p) is strict, for any X € dom(u) there is a (unique)
X* e N for which X ~ X* and so u(X) = w(X*). To prove this, it suffices to show

that the set of X € dom(u) with this property contains & and is closed under
unions with disjoint singletons. The first claim is obvious. If X € dom(u), x ¢ X,

and X ~ X* with X* € ., then

XU fx} ~ X*0 {u(X9) e,

since, as observed above, n(X*) ¢ X* This establishes the second claim, and the
observation.

Now let (E, v ) be the strict Frege structure associated with the model (A ,s, o) of

Peano's axioms in turn associated with (E, p). We claim that p = v. To prove this
it suffices to show that

*) X ~k(u(X)) forall X e.4

where & is defined as above. For then, by Lemma 9, we will have
k(v(X)) = X ~ k(u(X)) and so u(X) = v(X) by Lemma 7. This last equality for all
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X e in turn yields p(Y) = v(Y) for all Y € dom(p) = dom(v). For, by our
observation above, p(Y) = p(Y*) =v(Y*) =v(Y).

So it only remains to prove (*). It is clearly satisfied by &. If X ~ k(u(X)) with
X e then, since u(X) ¢ X,

XA} = k(u(X)) © (X)) = k(su(X))-
(*) now follows from the definition of 4 So our claim that p = v is established.

Conversely, suppose we are given a set E and a model (A ,s, o) of Peano's axioms
with A c E. Let (E, v) be the associated strict Frege structure. We note first that,

for any p € A, we have v(k(p)) = p. For by Lemma 9, k(p) = k(v(k(p)), so that, by

Lemma 7, p = k(v(p)). Now let (A* ,s% 0*) be the model of Peano's axioms
associated with the Frege structure (E,v). We claim that (A ,s, o) and (A*,s% 0¥)
are identical.

First, A* = {v(X): X € A"}, where #* is the least subfamily of dom(v) containing &
and such that X € A4* and v(X) ¢ X implies X U {v(X)} € A4*. Using the fact that
v(k(p)) = p for all p € A, it is easily shown that 4 = {k(p): p € A}. Thus
A¥= {v(X): X e #*} = {v(kp)): p € A} = {p: p € A} = A. Finally o* = v(0) = v(g(0))
= o0 and

s¥(p) = s*(vik(p))) = v(k(p ) © {vk(p)}) = v(k(p) © {p}) = v(k(sp)) = sp,
so that s* = s by induction.

Thus we have established that the two processes are mutually inverse.
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Chapter III

The Real Numbers

We turn now to the construction of the real numbers in IZ. This is done in
essentially the classical manner: first, the (positive and negative) integers are
constructed, next, the rationals, and then the (ordered set of) reals obtained as
Dedekind cuts or Cauchy sequences. In the classical context it is well known
that these methods of constructing the reals lead to isomorphic results. This is
not necessarily the case in IZ. Nor is it necessarily the case that the reals are
(conditionally) order-complete, or even discrete.

The set Z of positive and negative integers is constructed within IZ in the
usual way'® . It is shown in the standard wat that Z may be turned into an
ordered ring (Z,+,-,<) .

The customary procedure for obtaining the rational field as the ordered field of
quotients of Z 1* now yields, in 1Z, the ordered field of rationals (Q,+,-,<). Note
that Q ,like N and 7, is discrete. We shall use letters p, g as variables ranging

over Q .

Now we can define the Dedekind real numbers as “cuts” in Q Thus a Dedekind
real number is a pair <L, R> of inhabited subsets L., R < Q satisfying

1) LNAR=0

(2) Vplpelk & 3gel.p<q]
3) VplpeR < 3dgeR.g < p]
(4) VpVglp<g—>pelvgeR]

We write R4 for the set of Dedekind real numbers.

13 See, e.g. Mac Lane and Birkhoff [1967], Chapter II, section 4.
14 Mac Lane and Birkhoff [1967], Chapter V section 2.
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We also define a weak real number to be a pair is a pair <L, R> of inhabited
subsets L, R < Q satisfying (1), (2), (3) and the pair of conditions (both weaker
than (4)):

VpVqlp<gAa pelL - qgeR]

4*
) VpVqlp<garqeR — pel]

We write Ry, for the set of weak real numbers. Clearly Ry — R,,. We shall use
letters r, s as vas variables ranging over Ry, and write r = <L, R,>.

Note that, for any weak real number r, R, is recoverable from L., in that
R, ={p:3g<plgeL,).

The ordering < on Rw (and its restriction to Ry) is defined by 15

r<s <> Lr < Ls .
The strong ordering < on Ry (and its restriction to Rq) is defined by
r<s<>3dp(pe R Ape Ly,

Clearly < is a (partial) ordering on R, (hence also on Ry), and it is
straightforward to show that < is irreflexive and transitive.

While classically it can be shown that r <s <> r <sv r=s, this does not hold
in IZ. What can be proved is

Lemmal. (i) In Ry, r<s<o —(s<r).

(ii))[nRg,r<s—> Velr<eve<s).1e

15 The asymmetry in this definition is only apparent since from the recoverability of R
from L, noted above, follows that L, c L; <> R; c R.
16 This condition does not necessarily hold in Ry,.
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Proof. (i) From r <s and s<r we deduce 3p(pe Rs aApe L), contradicting
(1), so r<s—>—(s<r). Converselyy, —(sS<r) is equivalent to
Vp-(p € Rs A p e L) So from g € L, it follows from (2) that
Ip(p > g~ p e L), whence Ip(p>gA p ¢ Rs) Thus by 4*) g€l . So

L.cL,andr<s.

(@ii). If r, s € Rq and r < s, we get rational p < g for which p € R,A g € Ls. If now
e € Ry, then pe L. vq € R.. It follows that

(peR, Apel,)vigel, ngeR,).
The first disjunct implies 7 < e and the second e <s. W
In the classical case one now proceeds to show that Rq is conditionally order-
complete, i.e. every inhabited subset with an upper bound has a least upper
bound. The argument for the conditional order-completeness of R4 requires an
application of LEM which is not available in IZ. On the other hand, we shall
prove in IZ that Ry, is conditionally order-complete. Moreover, we shall show in

IZ that, if De Morgan’s Law DML —(¢ A y) — (—¢ v —wy) holds, then Ry is
conditionally order-complete, and conversely.

Proposition 1. In IZ, Ry is conditionally order-complete.

Proof. Let X be a bounded inhabited subset of R,,. We want to construct a least
upper bound r, =<L, R> for X. Define R, L by

R={g:3p<gvVre X(peR,)}
L={p:3q(p<qrqeR)}.

It is easy to verify that r, satisfies conditions (1), (2), (3) and the second

condition in (4*) above. To verify the first condition in (4*), suppose that

pv=2p+A7 qv=p+2%
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Then p <p’ < g’ <q. From the definition of L. it follows that —p” € R. But since
R c R, for all 7 € X, it must be the case that RNL, =& for all r € X, whence

p'el, forall r e X. It follows that Vr € X(q'€R,), so that g € R.

Since L, c L for all r € X, ryis an upper bound for X. But if s is any upper

bound for X, then R; ¢ R for all r € X, and it follows easily from this that
R;c R . Hence s<r, and we are done. B

Proposition 2. The following are equivalent in 1Z:

() DML (or, equivalently, WLEM)
(11) Rd = Rw
(iii) R4 is conditionally order-complete.

Proof. (i) — (ii). Assume (i) and let r € R,,. To show that r € Rq, suppose given
rationals p, ¢ with p < g and let e = Y2(p + g). From the disjointness of L, and R,
together with DML, it follows that e ¢R, ve gL, . But since p < e the first

disjunct implies p €L, and the second similarly implies g €R,. It follows that

r € Rq, whence (ii).

(ii) — (iii) is an immediate consequence of Proposition 1.

(iii) — (i). Assume (iii) and let ¢ be any formula. Then the set
§=1geQ:q=0v[g=1r0]}

is inhabited and bounded in R4 Let r be the supremum of S. Then we have
¢—>r=1and -9 —>r=0, so that r<1— —¢ and 0<r — ——¢. By (ii) of

Lemmal, O<rvr<1,andwe deduce that =@ Vv —@. WLEM and hence
DML follows. B
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We next show how the operations of addition and multiplication may be
defined on R4 so as to turn it into a communicative ring!”. Here we shall only
provide a sketch.

Addition on R4 is defined by

<L,R,>+<L,R,>

:{p1+p2:p1€|-1/\p2 GLQ}’{pl+p2:pleRlAPQERQ}‘

The definition of multiplication is more involved, since without LEM we cannot,
as we can classically, divide into cases according to the signs of the multipliers.
In fact we first define the product of a real number and a rational, which can be
divided into cases since the usual ordering on the rationals satisfies the
trichotomy law. Thus we define:

{p-q:qel,},{p-g:qeR.}) ifp>0
pr = {p-qa:q€R },{p-q:qel.}) ifp<0
0 if p=0.

To define the product of 7,r, e R, we use the idea that if p, —r,and p, -1,
have the same sign then (1;—p,)-(r, —p,) should be positive. Thus we define
L o, 1O be
{peQ:3ppllp €L, Ap, el )v(p eR, Ap,eR,)
A (p + pl : p2 € LpQ-rI+p1-r2 )]}

and L o, 1O be

{peQ:3ppll(p,eR, Ap, el )vip el Ap,eR,))
A(p+ P, -D; & RPQ'H‘*‘Per)]}

17 In fact the procedure introduced here works equally well for Ry.

52



A tedious verification shows that these definitions of addition and
multiplication do indeed turn R4 into a commutative ring.

Finally, we discuss the Cauchy reals. These are obtained as equivalence classes of
Cauchy sequences of rationals and, in classical set theory, the resulting field can

be shown to be isomorphic to R4. As we shall see in Chapter IV this is not
necessarily the case in IZ.

A Cauchy sequence is a function f € Q" such that
VmeNVneNO<m<n | f(m)- f(n)|<1/m].

Let C be the set of Cauchy sequences. We define the relation E < CxC of
“converging to the same limit” by

E={<f,g>CxC:¥n>0[]| f(n)-gn)|<3/n}.

It can then be shown that E is an equivalence relation on C. To establish the
transitivity of E, from < f,g >€ E,< g,h > E and n > 0, one derives

| fin)- f6n)l<1/n, | f(6n)-g(6n)|<1/2n, |g(6n)-h(6n)|<1/2n,
| A(6n)—-h(n)|<1/n,

from which the desired inequality follows.

The set R. of Cauchy real numbers is defined to be the quotient of C by the
equivalence relation E, i.e. the set of E-equivalence classes of C.

The operations of addition and multiplication on R. are introduced by first
defining them on C:

(f +9)(n) = f(2n)+g(2n),

and
(f - 9)(n) = f(kn)+ g(kn),
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where k= f(1)|+]|g(1)| +3. It can then be checked that these operations are
compatible with E and so induce operations on R. which give the latter the
structure of a commutative ring.

We define a map i: C— Rq by
Uf)={p:3n[p< f(n)-1/n]},{p:3n[p> f(n)+1/n]).

(To verify that i(f) is indeed a Dedekind real, we note that for given p < gin Q@ we
can choose n with 3/n < q - p, and then we must have either p < f(n)-1/nor

g > f(n)+1/n.) Moreover, it is not hard to show that

vf,g € Clif)=ilg) =< f,g > E],
so that i induces a monic map j: Rc— Rq . This map is a ring homomorphism.

Now j is not necessarily an isomorphism’8. But it is one in the presence of the
countable axiom of choice AC(N )1 . For from AC(N) it can be deduced that every
Dedekind real is the limit of a Cauchy sequence of rationals, since for each
Dedekind real r and each n > 0 we can find a rational p with |r - p|<1/n. This
follows from the fact that, since L, and R; are inhabited, we can find rationals p,
g for which p < r <g; then the interval [p, g] can be divided into finitely many
subintervals of length <1/n.

18 See Ch. IV.
19 See Ch. IV.
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Chapter IV

Intuitionistic Zermelo-Fraenkel Set Theory and Frame-
Valued Models

INTUITIONISTIC ZERMELO-FRAENKEL SET THEORY IZF

Intuitionistic Zermelo-Fraenkel set theory IZF is obtained by adding to IZ the
axioms of collecction and e- induction

Collection Vu[Vx e udyo(x,y) — IvVvx € uldy € ve(x, y)].
e-Induction? Vx[Vy € xo(y) = ¢(x)] > Vxo(x).

It is to be expected that the many classically equivalent definitions of well-
ordering and ordinal become distinct within IZF. The definitions we give here
work reasonably well.

Definition. A set x is transitive if Vyex y < x; an ordinal is a transitive set of
transitive sets. The class of ordinals is denoted by ORD and we use letters
a, B, v,.. as variables ranging over it. A transitive subset of an ordinal is called a
subordinal. An ordinal o is simple if Veayea(p eyvp=yvyep).

Thus, for example, the ordinals 0, 1, 2, 3, ... as well as the first infinite ordinal to
be defined below, are all simple. Every subordinal (hence every element) of a
simple ordinal is simple. But, in contrast with classical set theory,

20 In classical set theory the e-induction scheme is equivalent to the axiom of regalarity, which asserts
that each nonempty set u has a member x which is e-minimal, that is, for which x N u = &. It is easy
to see that this implies LEM: an e-minimal element of the set {0| ¢} U {1} is either 0 or 1; if it is 0, ¢
must hold, and if it is 1, ¢ must fail; thus if foundation held we would get ¢ v —¢.
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intuitionistically not every ordinal can be simple, because the simplicity of the
ordinal {0, {0 | ¢}} implies ¢ v —@.

We next state the central properties of ORD.

Definition. The successor ot of an ordinal o is o U {a}; the supremum of a set A

of ordinals is UA. The usual order relations are introduced on ORD:

a<Bfeoacp a<Beoach.
It is now easily shown that successors and suprema of ordinals are again
ordinals and that

o<P oa'<p UASBo VachA a < B <y—> a<y.

But straightforward arguments show that any of the following assertions (for
arbitrary ordinals a, B, y) implies LEM:

(iJa<p va=p v B<a,
(ii) o <B v B< q,
(ifij)o< B Da<P v a=0,
(iva<p Da<B v a' =8,
(V)asB<y—> a<y.

Notice that as a special case of e-induction we have the Principle of Induction on
Ordinals, namely,

Vo[V < ag(B) = ¢(a)] = Yae(a).

Definition. An ordinal o is a successor if P o = P+, a weak limit if
VBeo 3 yea B €, and a strong limit if VBea P+ea.

Note that both the following assertions imply LEM: (i) every ordinal is zero, a
successor, or a weak limit, (ii) all weak limits are strong limits. For (i) this follows
from the observation that, for any formula ¢, if the specified disjunction applies
to the ordinal {0 | ¢}, then ¢ v —@. As for assertion (ii), define
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1o = {019}, 29 =1{0, 19}, p=1{0, 19, 2¢, 20+, 2¢++, ...}.
Then B is a weak limit, but a strong one only if ¢ v —¢.

As in classical set theory, in IZF a connection can be established between the
class of ordinals and certain natural notions of well-founded or well-ordered
structure. Thus a well-founded relation on a class A is a binary relation < on A
which is inductive, that is, for each a € A, the class {x € 4:x < a}is a set and, for

every class X such that X ¢ A we have
VxeA[Vy<x(yeX)>xeX]>X=A.

A well-founded relation has no infinite descending sequences and so is
irreflexive. Note that the e- induction axiom asserts that € is a well-founded
relation on V. Also, the relation < on ORD is well-founded.

The usual proof in classical ZF to justify definitions by recursion on a well-
founded relation does not use LEM, and so is valid in IZF. Thus, given a well-
founded relation < on a class A and a function F: AxV — V, it is provable in

IZF that there exists a unique function G: A — V such that, for any u € A we
have

Gu)=F({u,G|{xe Ad:x<u}).)

Recursion on the well- founded relation € will be called e-recursion, and
recursion on the well-founded relation < on ORD ordinal recursion.

We make the following

Definition. If < is a well-founded relation on a class A, the associated rank
function rk, : A — ORD is the (unique) function such that for each x € A,

rk.(x)=Jrk.(») .

y=x
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When < is € restricted to an ordinal, it is easy to see that the associated rank
function is the identity.

To obtain a characterization of the order-types represented by ordinals we make
the following

Definition. A binary relation < on a set A is transitive if

VxeAVy e AVze A[x < yAy<z—>x<z]

and extensional if
Vxe AVy e A[Vz(z<x <> z<y) > x=y.

A well-ordering is a transitive, extensional well-founded relation.

It is easily shown that the well-orderings are exactly those relations isomorphic
to e restricted to some ordinal. For it follows immediately from the axioms of
e—induction and extensionality that the e-relation well-orders every ordinal.
And conversely, it is easy to prove by induction that the associated rank
function on any well-ordering is an isomorphism.

Definition. The rank function p: V — ORD is defined by e-recursion through
the equation

p(x)=Jp(» .

yex

The cumulative hierarchy Ve for a € ORD is defined by ordinal recursion through

v,=U" -

B<a

the equation

Proposition 1.

(i) Vx p(x)e ORD
(i) xey— p(x) < py).
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(iii) a<B->V, cV,.
(iv) xcycV, >xeV,.
(v) Ya p(a) =a.

(vi) Vx x e Vp(xr'

Proof. The proofs are straightforward inductions. To illustrate, we prove (vi).

Suppose Vyex (y € V) Then x c }ngw V.- Hence xePV, =V . &

Notice that it follows from (vi) that Vx3Joa(x V).

FRAME-VALUED MODELS OF IZF DEVELOPED IN IZF
Throughout this section, we argue in IZF.

Let H be a frame?! with top element T and bottom element 1. An H-valued
structure is a triple & = (S, [+ = +], [+ € ¢]) where S is a class and[s = ],

[+ € ¢] are maps S x S — H satisfying the conditions

[u=ul=T1
[u=v]=[v=1u]
[u=vianv=w]<[u=w]
[u=vjanuew]<ve w]
[v=w]Auev]<[uew]

foru, v, w € S.
Let £ (S) be the language obtained from £ by adding a name for each element of
S. For convenience we identify each element of S with its name in £ (S) and use

the same symbol for both. The maps [+ = ], [+ € ¢] can be extended to a map

[o] defined on the class of all £(S)-sentences recursively by:

[catl=[c]Alr] [ovril=lolvit] [oc=r1]=[c]=1[1] [-c]=I[c]*

21 For the definition of frame, see the Appendix.
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[Bxp(x)] = \/S|[<P(u)]] [Vxo(x)] = /\S [o()]

For each sentence o, [o] is called the truth value of ¢ in &; o is true , or holds in
&, written &g, if [0] = T and it is false in & if [o] = L. We also write @k o
for [o] # T : this means that while © is not necessarily false in &, it nevertheless
fails to be true in @. In this event we say that o is not affirmed in @. It is not hard
to show that all the axioms of first-order intuitionistic logic with equality hold in
&, and all its rules of inference are, in the evident sense, valid in &. & is a (frame-
valued) model of a set T of &£ (S)-sentences if each member of T is true in & . If & is

amodel of T, and o is an intuitionistic consequence of T, then & k= o.

Given a frame H, we set about constructing, within IZF, an H-valued structure
BH) called the universe of H-sets or the H-extension of the universe of sets?2, which
can be proved, in IZF, to be itself a frame-valued model of IZF. It follows that

any sentence ¢ which is true in some B*) must be consistent with IZF.

The class V() of H- sets is defined as follows. First, we define by ordinal recursion
the sets Vu() for each ordinal o

V" = {x:Fun(x) Aran(x)c H A 3¢ < a[dom(x) ‘/i'H'} .
Then we define
VH) = {x: Ja[x € Vu®}.

It is easily seen that an H- set is precisely an H-valued function whose domain is
aset of H- sets. We write &£ ) for the language £ (V).

The basic principle for establishing facts about H- sets is the

Induction Principle for V) _For any formula ¢(x), if

22 When H is the frame ¢(X) of open sets in a topological space X,, 8¢ is called a spatial
extension.
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VxeVi[vyedom(x) ¢(y) - ¢(x)],
then

Vxe VH o(x).
This is easily proved by induction on rank.

We now proceed to turn V® into an H-valued structure. This is done by
defining [u =v]® and [u € v]#) by e-recursion as follows??:

[ue™ ="V v(y)Alu=yI"

yedom(v)

[u=vI""=" A [u@=[xev]”In A O)=[yeul™].

xedom(u) yedom(v)

It can now be shown by e-induction that 8F) = <VH)  [- =- |@ , [- € - J())>is an
H-valued structure. This structure is called the universe of H- sets: a structure of
the form B is called a frame-valued universe. We assume that [-]J® has been
extended to the class of all £() - sentences as above: we shall usually omit the
superscript (H).

In particular we have

[Bxe(x)]= V )] [Vxe(x)]= A [o@)] .

MEV““ MEV“”

Note that we can always find an ordinal o for which

*) [Bxe()l= V o) [Vxo()l= A lo@)]

ueVﬂ( ueVﬂ(

For let A = {{lp(u)] : u € ViH}. Then A ¢ H, and since H is a set, by Separation so
is A. We then have

23 For the details in the Boolean-valued case, which are the same as in the frame-valued
case, see Bell [2011].
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VxeAIBIue VB (x =[o(u)).
So, using Collection there, is a set U < ORD such that
VxeAIBeUTue VH)(x = [o(u)]).
If we let o = U, then
VxeAFPelueVm)(x = [o(u)]).
so that A= {{[p(w)] : u € Vu} and (*) follows.

An argument of this general sort will be called a Collection argument; we shall
tacitly employ a number of such arguments in the sequel.

Of use in calculating truth values in B*) are the rules:

[Bxeup(x)]= V [o(x)] [Vxeupx)]= A [o(x)]

xedom(u) xedom(u)

u(x) <[x e u] for x e dom(u)

Note that, given an H-set u, B*) =3x(x € u) does not necessarily imply that

there is an H-set v for which B® = v € u. An H-set u satisfying this latter

condition is called inhabited, and an H-set v satisfying ®® = v € u is called a

definite element of u.

There is a natural map e : V> Vi) defined by e-recursion as follows:
)Ac={<)A/,T>:yex}.

Thus dom (x)={y: yex} and x(y)=T for yEx.

It is then easily shown that, forx € V, u € V),
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[uex]=Vu=yl

yex

It follows that

aeb—)l[gzel;]]=T

And

[Fxea o]=VIe®)]  [Vxea o(x)]= Alo(x)]

xea xea

It follows immediately from these that the H-valued set %] represents the

natural number 0 (i.e. &) in WH. Moreover, the H-valued set N represents the

set of mnatural numbers in BE, For let Ind(u) be the formula
OcunVxeu(x" eu). Itis then easily checked that 8H = Ind(IQI ). Also, we

have, for eachn e N

*) [Indu)]<[n e ul.

This is proved by induction on n. It is clearly satisfied by 0, and obviously

o~

Indw) A neul<[n eul

Therefore

o~

[Ind(u)] < [n € u]— Und@w)] < [n" € ul.

and (*) follows by induction. Hence

[Indw)]< ANlneul=[Ncu] .

neN
So N is the least inductive set in B,

63



Note that it follows in particular that the Axiom of Infinity holds in B,
A useful fact is the

Unique Existence Principle for B¢ . [f Bt = Il xo(x), then BH = ¢(u) for

some v € VH),

Proof. This is proved by translating to B the proof in IZF that, if 3! x¢(x),
then the set u defined by u ={y:3x[e(x)Ay e x|}satisfies ¢(u). Thus,
assuming B = Il xp(x), we have T=[Ixp(x)]= V [¢o(x)]. Using a Collection

.’CEV“”

argument we obtain an ordinal o for which 1=V [@(x)]. If we now define

erﬂ(”'

u e VB by dom(u) = Vu®}, u(y) =[3Ix[e(x) Ay € x],, then [pu)]=T.H

As we have observed, it is not in general true that if BH = Jxe(x), then

BH) = @(u) for some u € VIH).  As we show below, certain conditions on H will
ensure that this holds.

Given subsets {a, :ie I} c H,{u, :ie I} c V", we define the mixture Y a, - u to

iel

be the H-set u defined by dom(u)=Udom(u[) and, for x e dom(u),

iel

u(x)=Va, Alxeu] IfI={0,1}, we write a, - u, +a, - u, for D.a -u .

iel iel

Two elements of a frame are disjoint if their meet is L. A subset of a frame
consisting of mutually disjoint elements is called an antichain. If an antichain is
presented as an indexed set {a: i € I}, we shall always assume that
a, na, = Lwheneveri#i’

Now we can prove the

Mixing Lemma. Let {u, :ie I} c V") and suppose that {a, : i € I} is an antichain in

H. Then, writing u for Y a, -u , we have a;< [u=u;] forallie L
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Proof. We have, for giveni eI, [u=u] =aAb ,where

a= A u(x)=[xeu] b= A u(x)=>[xeu]

xedom (u) xedom(u)
If x € dom(u), then, since {a, : i € I} is an antichain,

a, nu(x)=V(a, na; nxey])=a Alxeu]<[xeu]
Jjel
Hence ai< [u(x) = [x € w]] for all x € dom(u), so that a, <a. On the

other hand, if x € dom(u), then
ainui(x) < ai Ax e wi] <u(x)< [x eul,

so that a; < [ui(x) = [x € u]] , whence a; <b. Hence a, <a A b and the result

follows. &

An element a of a frame H is said to be complemented if a v a* =T. H is fotally
disconnected if every element of H s the join of a set of complemented. elements.
Equivalently, H is totally disconnected if, for any elements a, b, a < b iff, for all
complemented elements ¢, ¢ <a implies ¢ <b. Notice that every Boolean algebra
is totally disconnected, and, for a topological space X, the frame #(X) of open
sets in X is totally disconnected iff X s totally disconnected in the topological
sense of having a base of clopen sets.

We shall need the following fact later on:

Definite Element Lemma Suppose that H is totally disconnected, let u be an
inhabited H-valued set, and write U for the class of definite elements of u. Then, for any

formula ¢(x),

(@) [Vxeuop(x)]= A lo(w)]

welU
(ii) the following are equivalent:
(a) W) F Vx e up(x)

(b) WH E o(w) forallu e U.
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Proof. (i). We first prove the following:

(*) For any H-set v and any complemented a € H such that a <[v € u] there is a

definite element we U such that a <[[v = w].

Suppose that v and a satisfy the hypothesis. Choose a definite element z of u and
let w=a-v+a*z.Then a <[v=w] and a* <[z = w] follow from the Mixing

Lemma. Moreover, we have
[weu]lz[v=waveu]vijz=wAazecu]zava*=T,
and so w is a definite element of u. This proves (*)

To prove (i) it suffices to show that

A [ow)] < [Vx € ug(x)]

welU

ie.,

Alow) < A [lveul=[op)].

welU veVH)

Thus we must show that, for each VH)-set v,

A lo(w)] < [v € ul = [o©)]]

welU
that is,

A o) A [[v € ul <[o©)]].

welU

Since H s totally disconnected, to prove this it is enough to show that, for any
complemented elementa € H,

(**) as< Alow)Alveu]l—a<[o).

welU
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So assume the antecedent of (**). By (*), there is w € U such that a <[v =w].

Hence a <[v = w] Alp(w)] < [o(v)]. This proves (**), and (i) follows.

(ii). Obviously (a) implies (b). Conversely, if (b) holds, then A [p(w)] =T and it

welU

now follows from (i) that [Vx € up(u)] =1. ®

A core for an H- set u is a set C ¢ V® such that (i) each member of C is a definite
element of u; (i) for any definite element y of u there is x € C such
that[x =y]= T.

We show that each H- set u has a core. For each x e V() let
a, ={(z,u(z) Allz = x]) : x e dom(u)}.

By a Collection argument there is a set W< V) such that, for any xe V), there
is y € Wfor which a,=a,. Itis easily shown that the set C ={xec w:[x e u] =T}

is a core for u.

By abuse of notation, we shall write {x € V") :[x € u] =T} to denote a core for a

given H-set u

Now in IZF it can be shown that 8®) is an H-valued model of IZF. It was shown
above that the Axiom of Infinity holds in B(). We further verify the Axioms of
Separation, Collection and e-Induction in BH, with brief comments on the
verification of (some of) the remaining axioms.

To begin with, we note that, given H-sets u, v, the H-set {u, v} =
{< u,T>,<v,T>} is easily shown to validate the Pairing Axiom in 8 *),

In this connection {u}¢t) = {u, u} may be identified as the singleton of u in B®,
and <u, v>U) = {{u}@ , {u, v})}H) as the ordered pair of u, v in B,

We recall that the Axiom of Separation is the scheme
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YuoVx[x € v x € u A o(x)].

To see that each instance holds in B®), let u € V), define v € VI by dom(v) =

dom(u) and, for x € dom(v), v(x) = u(x) A [¢(x)] . Then we have
[Vx[x ev e xeunopx)]=[Vxev|xeunox)]]AlVx e ulp(x) > x ev]
Now

[Vxevixeunox)l= A ([0 A Lol = [x € u A To(e)1l] =T -

xedom(v
Similarly

[Vx € ulp(x) > x ev] =T
and so Separation holds in B¢,
As for Collection, we recall that this is

Yu[Vx € udye(x,y) - Ivvx € uldy € ve(x, y)].
To verify this in 8, observe that

[Vx e udyo(c,y)l= A [ulx)= Byelx,yl

xedom(u)

For eah «x € dom(u), there 1is an ordinal B for which
Byex,y)l= V [o(x,y)] . So by a Collection argument there is an ordinal o

yeu )

such that, for all x € dom(u), we have [Jyo(x,y)l< V [o(x,y)] . If we now

yEV“(H)

define v e Vi) by v =V" x {1}, then
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[Vx e udyo(x,y)l= A [ulx)=Byely)ll< A [ulx)= [Py cve(x,y)l]

xedom(u) xedom(u)

= [Vx € udy € vo(x, y)ll.
The truth of Collection in BH) follows.

The e- induction axiom is, we recall, Vx[Vy € x¢(y) — ¢(x)] = Vxo(x). To verify

the truth of this in®®), first put
a =[Vx[Vy € xo(y) - o(x)]].

It now sulffices to show that, for any x e V®, a <[¢(x)]. To do this we use the

induction principle for V& = Assume for y € dom(x) that a <[¢(y)]. Then

a< A el A )[x(y):>|[<p(y)]]]=[[Vyexcp(y)]]]-

yedom(x) yedom(x

But a <[Vy € xo(y)] = [¢(x)]], so that

a <[[Vy € xe)ll = [o(x)] A [Vy € xoy)] < [o(x)],
as required.

To establish the truth of the Axiom of Union in B®), given u € V®, define
v e V& by dom(v) = |J dom(y) and, for x € dom(v), v(x)=[Jy e u.x eyl It

yedom(u)

is then easily shown that in (), v is the union of u.

For the Power Set Axiom it can be verified that, in 8®), the power set of a set
u € V) is given by the set v e V) defined by dom(v) = Hdom® and, for

x € dom(v), v(x) =[x € u]l. When u is of the form a, v may be taken to be the

function on H*™ with constant value T. We write P#(1) for v.

Now it is readily shown that LEM holds in 8®) if and only if H is a Boolean
algebra. Since, as we have seen, in IZ the Axiom of Choice implies LEM, it
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holds in B®); in fact, it cannot hold in B¢) unless H is a Boolean algebra. This is
far from being the case for Zorn’s lemma, however, despite the fact that it is
classically equivalent to AC. Indeed, we will show that, in IZF, Zorn’s Lemma
implies its truth in any WH). We shall take Zorn’s lemma in the form: any inhabited
partially ordered set in which every chain has a supremum also has a maximal element.

Thus suppose X, <x € V# satisfy

B M) E < X, <x> is an inhabited partially ordered set in which every chain has a

supremum.

Let X' = {x e V" :[x € X] =T} be a core for X and define the relation <x on X
by x<, x'<[x<, x']=T. It is then easily verified that <X’, <x> is an
inhabited partially ordered set in which every chain has a supremum. So, by
Zorn’s lemma, X’ has a maximal element ¢. We claim that

) [c is a maximal element of X] = T.

To prove (1) we take any a € V™ and define Z € V) by dom(Z) = dom(X) and

Z(x)=[x=anxeXarc<xx]vx=.

for x € dom(X). It is then readily verified that V&) & Z is a chain in X; and so,

using the unique existence principle for V. there is v € X’ for which

(2) BH) = v is the supremum of Z.

Since [c € Z] = T it follows that [c <x v] =T, whence ¢ <x'v, so that v = ¢ by the
maximality of c. This and (2) now yield |2 € Z — a <x ¢] =T; and clearly

[a € V—>c<x x] =T. Therefore

3) [oeZ >a=c]=T.

70



It is easily verified that

4) [neXnc<xa]< [aeZ].

(3) and (4) yield [a € X A ¢ <x a] < [a = ¢]; since this holds for arbitrary a € V(#,
(1) follows.

From the fact that Zorn's lemma holds in every B¢ but AC does not we may
infer that, in IZF, the former does not imply the latter. In IZF Zorn's lemma is
thus very weak, indeed so weak as to be entirely compatible with intuitionistic
logic. For more on this see Bell [1997].

THE CONSISTENCY OF ZF AND ZFC RELATIVE TO IZF

We noted above that, when H is a (complete) Boolean algebra, LEM holds in
BH), so that B is a model of (classical) ZF. In IZF the simplest complete
Boolean algebra is not the two element Boolean algebra 2, since as we have
noted above it is complete if and only if WLEM holds. The simplest complete
Boolean algebra in IZF is in fact the Booleanization2* Q" of Q. Accordingly in
IZF ¥ is a model of ZF. It follows that, if 1ZF is consistent, so is ZF. Since the

consistency of ZF implies (as is well-known) the consistency of ZFC, we
conclude that, if IZF is consistent, so is ZFC.

We shall exploit this last fact in the following way. Suppose we want to show
that a certain sentence ¢ of our set-theoretic language is relatively consistent
with IZF. We produce a certain frame H and show in ZF(C) that o holds in B¢,
The latter is accordingly a model of IZF + o, from which it follows that the
consistency of ZF(C) implies that of IZF + o. Since the consistency of IZF
implies that of ZF(C), we conclude that o is relatively consistent with IZF.

This idea will be used in the following sections.

24 For the definition of the Booleanization of a frame see the Appendix.
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FRAME-VALUED MODELS OF I1ZF DEVELOPED IN ZFC
Henceforth we argue in ZFC.

The following additional basic facts concerning frame-valued models can be
proved in ZF25,

o achboBHE ach  a=boBHE a=b azb—la=b" =L
o if @(x1, ..., xn) is a restricted formula®s, then

o, ... 1) >BHE ¢q...,a,).

These facts have certain straightforward consequences which we shall employ
without explicit mention, for example:

o BOVE (a,b)=(a,b)
e FASBAacASBOE f:1A-BAT@)=fl@)

« WHE B B

We shall strengthen the concept of a core for an H-valued set in the following
way. A strong core for an H-valued set u is a set v < V) such that
(@) [xeu]l =T for all x € v; (ii) for any y eV® such that [y € u] =T, there is a
unique x € v such that[x = y]= 7. It is easy to show, assuming AC, that any H-
valued set u has a strong core. Starting with a core v for u , define the
equivalence relation ~onv by x ~y <> [x=y] =T, and let w be a set obtained
by selecting one member from each ~ -equivalence class. Then w is a strong core
for u. Clearly a strong core for an H-valued set is unique up to bijection in the
sense that there is a bijection between any pair of such strong cores.

25 For proofs (in the Boolean-valued case) we refer the reader to Bell [2011].

26 A formula is restricted if each of its quantifiers occurs in the form Vxey or 3xey or can
be proved equivalent in IZF to such a formula.

72



We shall henceforth write {x e V") :[x e u]=T}to denote a strong core for a

given H-valued set u.

A refinement of a subset A of H is a subset B of H such that, for any b € B, there
is a € A such that b < a.If B is an antichain, it is called a disjoint refinement of A.
H s called refinable if every subset of H has a disjoint refinement with the same
join.

We say that B satisfies the Existence Principle if for any formula ¢(x) there is
an H-set u for which [Ixoe(x)] = [o(u)].

We can now prove the

Refinable Existence Lemma. If H is refinable, (! satisfies the Existence Principle.

Proof. Suppose that H is refinable. Then for any formula ¢(x), by a Collection
argument there is a subset A of V(® for which

Bxox) = V lo)] = Viex)l

xevif) xeA

Since H is refinable, {[p(x)]: x € A} has a disjoint refinement {q, : i € I} with the
same join, ie. [Txgp(x)]. Using AC, select for each i eI an element x, € A for

which a; <[¢(x;)]l. Now define u to be the mixture )’ a,.x,.. Then for each x; we

xel

have a, <[u = x;] Alo(x;)] < [p(w)], so that

Brolx)) = Vet = V a <lo{u).

xeA

Since clearly

[p(w)] < [Fxo(x)],

we are done. W
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Remark. The converse to the Refinable Existence Lemma also holds. For
suppose B satisfies the Existence Principle. Given A  H define the H-set v by

dom(v) = {a ae A} and v(a) =a for a € A. Then there is an H-set u for

which [Ix(x € v)] =[u € v]. In that case

VA=[3x(x ev)]=[uev]= Va/\[[u=&]],

acA

so that {a A [u= a]] :a € A}is a disjoint refinement of A with the same join as the

latter.

We shall need the following propositions.
Proposition 1. The following assertions are equivalent:

(i) There is f € VI for which WH E fis a surjection from a subset of
AontoB.
(ii) There is a subset {u, :a<c A,be B} c H such that, for each a € A,

{uav: b € B} is an antichain, and foreachbe B, V U, = T

acA

Proof. (i) — (ii). Assuming (i) let f € V(¥ be such that

BH = f is a function A dom(f)c A A ran(f)=B.

Define us = [f(a) = b]. It is then easily verified that the u satisfy (ii).

(i) — (i). Suppose the uq satisfy the conditions of (ii). Define f € V@ by
dom(f) = {@ aeA,beB}and f((ETb)) = u,,. Then BH E dom(f) A , the
first condition of (ii) gives B = fis a function and the second condition

BHE E ran(f) = B. m
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Call a set Y a subquotient of a set X if there is a surjection from a subset of X onto

Y. Proposition 1 then has the immediate

Corollary. If H satisfies condition (ii) of Prop. 1, then
B EB isa subquotient of A. m

An element a of a frame H is connected if for any disjoint b, ¢ € H ,
a=bvc implies b=aor c=a. H issaid to be connected if its top element T is
connected. Equivalently, H is connected if whenever T is the join of an
antichain A, then T € A . H is said to be locally connected if each of its elements is
the join of connected elements; equivalently, if, for any elements a, b of H, a <b
iff, for all connected elements ¢, ¢ <a implies ¢ <b.

If X is a topological space, connectedness of an open subset U of X corresponds
precisely to connectedness of U as an element of the frame X), and
connectedness (resp. local connectedness) of X to connectedness (resp. local
connectedness) of A(X).

Proposition 2. The following are equivalent:

() H is connected;

(ii) for any set u, andv e VB, if BHE v e &, then there is x € v such

that BHE v = x.

Proof (i) — (ii). Assume (i) and suppose that BH [ veu. Then

T=[v e ZL]] =Vv= )Ac]]. But since {Jv= )Ac]] :xeu}is an antichain and H is

Xeu

connected it follows that [v = x] =T for some x € u, which gives (7).

(#7) — (i). Assume (ii) and let g, b be disjoint elements of H such that avb= 7.

Define the element v € V® by v = a.0+bl Then B® E v e Q, so that, by (ii),

either a =[v = 6]] =Torb=[v = i]] =T. (7) follows. &
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Given sets I, ], let us call the frame H 1-( ]) distributive if, for any subset
{a; :iel,jeJ} of Hsuch that, for each i € I, {a; : j € J} is an antichain, we

have

AV a; = V /\aif(i)'

iel jed fEJI iel

Proposition 3. The following are equivalent:

G B/wE J =J
(ii) His 1-(I, ]) distributive.

Proof. (i) — (ii). Assume (i), and let {a;:iel,jeJ} < H be such that
{a; :jedJ} is an antichain for each i € I. Define h € V# by dom(h) =

{(i,/J\'> tiel,jed}and h(</i,\j>) = q; .1t is then easily verified that
BH E h is a function A dom(h) cl A ran(h) c J.

Thus |[h(§) = _Ai]] =a; and so

AV a; =ldom(h)=T1=[heJ 1=TheJ'l= V [h=]I

iel jeJ fed!
= V AL = @)
fed! iel
=V Aay:
fed! iel

This is (ii).
(ii)— (i). Assume (ii). To obtain (i) it suffices to show that

() Bk J cJ .
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For i e Vi let h,=[(i,j)eh] and a; =h; A A[h; Ah; =1]. Note that

J#J

a. Ana; =1 forall iel,j#j e]. Then wehave

[[he:]\il]ﬁl[h is a function A dom(f)=} A ran(f)g:j]]
<A Alhynhy=1G=7TIAAV hy

iel j,j'ed iel jed

= ALV by A A Thy Ay =15 =]
iel jed J.j'ed

=AVa; =V Aag, < V Ahgy= VARG = £
iel jedJ fe.j[ iel fe.j[ iel fe.j[ iel

=VIh=Ffl=lheJ']

fed 4
This proves (*). ®
Let us say that H

o is completely L-distributive if it is 1-(I, ]) distributive for all I, J,
o is completely 1-2 - distributive if it is 1-([, 2) distributive for all I, |

e preserves exponentials if B = J' = J" forall L]

Then we have

Proposition 4. The following are equivalent:
(i) H preserves exponentials
(ii) H is completely 1-distributive
(iii)  H is completely 1-2 - distributive

(iv) H is locally connected.

Proof. The equivalence of (i) and (ii) follows immediately from Prop. 3. So it
suffices to prove the equivalence of (ii), (iii) and (iv).

(ii) — (iii). Obvious.
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(iii) — (iv). To begin with, for elements b < a of H, call b complemented in a if there
is c <a such that b aAc =1,bv c =a. Itis easy to check that, if such c exists, it is
unique; denote it by a - b. Now assume (iii), and let a € H. Write {a, : i € I} for
the set of elements of H which are complemented in a. For eachi € I let aio= a;,
ai = a - a;. Then we have, for each g € 2/,

*) a=A@a,va,)=V /\aif(i) = _/\Ia'g(i) vV /\aif(i)-
e

iel feal iel fe2l (g} iel

It follows that each Aaq,,is complemented in a (with complement
iel

V  Aay;). We claim that b = Aaq,is also connected. For suppose that
feal (g} iel iel

b=cvd with c Ad=1and c #T. Then c is complemented in b and it follows
easily that c¢ is complemented in a. Thus c¢=aq, for some i, €land so

1#c=a <a.

o <Q .- Hence g(i) = 0, so that b<a,

glio) — H,0 = G =C-
Accordingly b = c and it follows that b is connected. From (*) we conclude that

each a € H is the join of connected elements, so that H is locally connected.

(iv) = (ii). Suppose that H is locally connected. To show that H is completely L-
distributive, it suffices to show that, for any subset {a; : iel,jed} of Hsuch

that, for each i e I, the set{a; : j€J} is an antichain, and any connected
element ¢ € H, we have

*) cSi/E\I\E/Jaij—>c£ V A Q-

J fed! iel

So assume the antecedent of this implication. Then for eachi € [, ¢ < V a;, and,
Jjed
because ¢ is connected, it follows that c¢ < a; for some unique j € J. Define

g I —] to be the function which assigns this j to each i Then
Cgéa@”)gf\ﬁzé\laif(il' and (*) fOHOWS..
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A FRAME-VALUED MODEL OF IZF IN WHICH N'' IS SUBCOUNTABLE

We now set about constructing (in ZF) a frame-valued model of IZF in which

N"is subcountable.

Given two sets A and B, let P = P(A, B) be the set of finite partial functions from
A to B, partially ordered by >. We shall write p, g for elements of P. Let C be the
coverage?’ on P defined by

SeC(p)e>IbeB S={geP: pcqnberan(q).

The sieve S on the left-hand side of this equivalence is called the cover of p
determined by b. Note that every S € C(p) is nonempty.

Lemma 1. For S e C(p), q,,q, €S, there are q,,q,,95 €S such that
qd; = 4,,94, =4, and q; Y q, < gs.

Proof. Suppose S is determined by b € B. The without loss of generality we can
assume that b gran(p), for otherwise we can take g, =g, =g, =p. Let

a,,a, € Asatisty g(a,) = g(a,) =b and define

q; = pvi{a,b)}, q, = pui{a,,b)}.
If a, =a,, take ds =4; ZQ4-If a, ¢a2,take qs = pu{(al,b), a27b>}- u

Lemma 2. If {U,;:jeJ}is an antichain of C-closed sieves in P, then UUJ. is C-

jed
closed and is accordingly the join of {U; : j € J}in the frame Hc of C-closed sieves?® in
p.

Proof. Let S e C(p) and suppose that S< (JU,. We claim that S < U; for some

jed

(unique) j € J. Given g, €S, fixjso that g, e U;. For each g, € S, there are, by

27 For the definition of coverage see the Appendix.
28 For the relevant definitions see the Appendix.
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Lemma 1, g;,9,,95€S such that g¢g,cgq,,9,<qg, and g, uq, Cqs.
Sinceq, € S there is |’ for which g, eU ;5 since U, is a sieve, it follows that
g, €U;. Hence j = jand so g, €U,. Hence g5 €U;and from this, by an
argument similar to that establishing g, €U, it follows that g, eU; . We
conclude that g, eU;. Since g,was an arbitrary member of §, it follows that

S c U . Since Uj is C~closed and S € C(p), we infer thatp € U; and the Lemma is
proved. B

Remark. It follows from Lemma 2 that Hc is connected. For if the top element P
of Hcs is the join of an antichain {U;: i € I} of elements of Hc, then by Lemma 2,
UUl. = P. Hence there is i € I for which & € U;; but then U, = P.

iel

Proposition 5. Hc is completely L-distributive and so preserves exponentials.

Proof. Let {U; :iel,jeJ} c He be such that {U; :jeJ} is an antichain for

each i € I. By Lemma 2, it suffices to show that

*) NUU; € UNUy, -

iel jed fedl iel

If pe ﬂUUij , then for each i € I there is a unique j € ] such that pe U;. We

iel jeJ

define h e J'by taking h(i) to be this unique j. Then pe ﬂUih(i) ,whence

iel
DEe U ﬂUif(i) and (*) follows. &
fedl iel
Remark. It follows from Props 4 and 5 that Hcis locally connected.

Proposition 6 B £ B is a subquotient of A .

Proof. By the Corollary to Prop. 1, it suffices to show that there is a subset
{U,:aeAbeB}c H. suchthat U, "U,_,, =3for b=b"and \V U, = Tfor

acA
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b € B. Define U, ={p:{(a,b) € p}. Then Uy is C-closed. For suppose the cover
S of p determined by b’ € B is included in U . We need to show that p € Uy . If
b” e ran(p), thenp € Sc Uw. If b" ¢ ran(p), choose a'¢ dom(p)u {a}and define
p'=pu{{a',bh}. Thenp’ €S, so thatp’ € Uw, from which it easily follows that
p € Uw. Clearly U, nU,, = for b#"b"

To show finally that \/ U, = T, for b € B, it suffices to show that P s the only

acA

C-closed sieve containing U U, , and for this it suffices to show that for each

acA

p € P thereis S € C(p) for which S c U U,, . Givenp € P, let S be the cover of p

acA

determined by b. If g € S. then g(a) = b for some a € A, whence g € U U, It

acA

follows that S ¢ U u,.n

acA

Now in the preceding take A = N and B = N". Then by Propositions 5 and 6
B =N =N isa subquotient of N,
and so
B'"<) = N"is subcountable.

The relative consistency with IZF of the subcountability of N" follows.

Remark. Suppose that H is a frame containing a triply-indexed subset

{@mnp: m, n, p € N} satisfying the conditions:

1) Ay A Ay =L for p#q
(2) AAVGonp = T
m n p

(3) A VAGmnsin) = T

feN¥'m n

Then H cannot be 1-(N, N ) distributive.
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To see this, let n ~ n be any bijection of N with itself lacking fixed points

and define by, € H by byn= a__-. Then we have

mi

b aAb =1 forn#p

mn mn

And
men = \/ammﬁL = Vamnp =T,
n n p
so that
/\\/bmn = T.
On the other hand

\/ /\bmf(m) =1.

feN"'m

T, whence

mnf (m) —

To prove this, notice that it follows from (3) that \/a
{n\bmf(m) = {n\amm](\ﬁf \n{amnﬂm) A {n\amm](?i) < \n{(amnf(m) A amm'f(Tn')) = 1.
It follows that H is not 1-(N, N ) distributive.
This argument has an analogue in V" Define ¢ € V# by
dom() = {{m,n, p) :m,n, p e N}
and

o(m,n,p)) =a,,,
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Then conditions (1) and (2) abve imply that
BYEQ: NxN - N.

and [p(m,n) = pl=a

mnp *

Now, in 8", let w:ﬁ—)ﬁN be defined so that y(m)(n)=¢(m,n). It then
follows from (3) that

*) B ey is a surjection of NontoN" .
But the usual diagonal argument, carried out in B shows that

~ ~N
B Ethere is no surjection of NontoN ,

and hence, using (*),

B =N 2 Iglﬁ.

It now follows from Proposition 3 that H is not 1~(N, N ) distributive.

THE AXIOM OF CHOICE IN FRAME-VALUED EXTENSIONS
If I is a set, the Axiom of Choice for I is the assertion:
AC() for any formula ¢ and any set A
VieI3x e A ¢(i,x) > 3f € A'Vie I o(i, f(i)).
AC(N) is known as the Countable Axiom of Choice.

Proposition 7. If H is refinable, then 8" AC(} ) for every set 1. In particular,
B = AC(N), so that the Countable Axiom of Choice holds in®* .
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Proof. We have

[Vie BxeAghx)l=A V AW Ao, x)k
iel xedon(A)
Since H is refinable, we may use AC to select, for each i € I, a disjoint refinement
B, ={b;:jedJ;} of {A(x)/\l[(p(f,x)]]:xedom(A)} with the same join as the
latter. Again using AC, select for each i € I, j € J; an element x; € dom(A) for
which b, < A(x;) A [o(i, x;)l If we now define feV™by dom(f)=

<1, x; >Miel,jed} and f(< f,xij ") =b;, a tedious but straightforward

calculation shows that

AV AR ALeGX)I= AV by <[f 11> AnVieloli, i)l

iel xedon(A) iel jed;

B = AC(I) follows immediately. W

A frame H is countably generated if it has a countable subset S such that every
element of H is the join of elements of S. If this is the case, S is called a countable
set of generators for H.

Proposition 8. If H is countably generated and totally disconnected, it is refinable.

Proof. Let{a, :iecI}be an arbitrary subset of a countably generated, totally

disconnected frame. We first show that there is a countable subset I, c I such

that Va, =V aq,.

iel iel,

Let S be a countable set of generators for H, and for each i € I choose S, < S'so

that VS, =a,. Then T = USi is, as a subset of S, countable, and so can be
iel iel

presented as {t, : n e N}. Moreover V t, = \VT =V a,. For each n e N there is

neN iel

&4



in € I such that t, <a, . Then Ip = {i, :neN}is a countable subset of I and

Va, =V a,.

iel iely

Now since H is totally disconnected, each a; is the join of a set of complemented
elements, and by the argument above, this set may be taken to be countable. For
each i € [ let {b, :n € N} be a (countable) set of complemented elements such

that a, = V b,,. Then

neN

Va,=Va=V Vb,.

iel iel, iely neN

Let {c, :n € N} be an enumeration of the countable set {b,, :i € I,,n € N}. Then
{c, :n € N}is arefinement of {a, : i € I} with the same join as the latter.
Now define d, € H, for each n, recursively by

d, =c,, d

=c, Aldyv..vd,)*.

n+1

Then {d, :neN} is an antichain, d, <c, for eachn, and V d, =V, It

neN neN

follows that {d, : n € N}is a disjoint refinement of {a, : i € I} with the same join
as the latter. The refinability of H follows. B

REAL NUMBERS AND REAL FUNCTIONS IN SPATIAL EXTENSIONS

In B, the set of rational numbers may be identified with the H-set @ , where
Qs the usual set of rational numbers. Since B is a model of I1Z, we can carry
out within it the construction from the rationals of the set R, of (Dedekind) real
numbers as in Ch. 3. Let R;, be a strong core for the resulting H-valued set. The

members of are naturally thought of as H-valued real numbers. More generally,
given h € H, an H-valued real number of degree h. is an element r € V) for which
h<[reR,].
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Since each Dedekind real is a cut in the rationals, each H-valued real number r is
a pair <L ,R> € V) for which

[<L,R>is a cut in @]]=T.

This condition translates into conditions on the truth values [[le el], [[cA] eR]
viz.,

0. LURCcQ]=T
1. V [pellalgeR]=T

p,q€Q

2. [pelln[peR]=L
3. [pell=Vigell

q>p

4. [peRI=VIgeR]

g<p

5. |[]3€L]]\/[[(}€R]]=T forp <gq.

Similar conditions may be written down for H-valued real numbers of degree h:
these are left to the reader.

It is easy to check that, writing R for the “genuine” set of real numbers in V, we

have B*E RcR,. In particular, for each r ¢ R we have V¥E reR,.

Hence we may assume that r e R, .

R,, can be turned into an ordered ring by defining +, -, < as follows: for
r,se Ry,
r @ s= unique element u of R, such that [u=r+s]=T
r © s = unique element u of R, such that [u=r.s]=T

r<sor<s]=r

With these definitions R, is called the ordered ring of H-valued real numbers.

Now let X be a topological space. For brevity we shall write 8%, VR, for
VX)), V), R, respectively. Members of R, will be called simply real
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numbers over X. Thus a real number over X may be identified as an element
r = <L, R> of V) satisfying the following conditions:

0x. [LURcQ]=X
x. |J [pellnlgeRl=X

p,qeQ

2. [pellnlpeRI=Q
3x. [pell=JIge LI

q>p

4x [peRl=JIge R]

g<p
55. [pellulgeR]=X forp<g.
If U € AX) is an open subset of X, an ¢X) - valued real number of degree U
will be called a real number over U. Conditions analogous to Ox - 5x above can be
formulated for real numbers over U.

We now prove

Proposition 9. The ordered ring R, of real numbers over X is isomorphic to the

ordered ring C(X, R) of continuous real-valued functions on X.

Proof. To obtain this isomorphism, start with a real number r = <L, R> over X.

For each t € X define
L, ={peQ:te[pell} R,={pecQ:te[peR]

and 7, =(,,R,). Then r € R and the map r* t » r; is continuous and hence an

element of C(X, R).

To show that #; € R (i.e. r; is a Dedekind real), we check, for example, the

condition
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Vp(pel, < 3gel,.g> p).
Using condition 3x, we have for t € X

pel, ote[pello te U[[(}eL]](—)Hq>p.t€[[€[€L]]

q>p

<~ 3dg>p.qgel, < 3gel,g> p.
The other conditions are checked similarly.

To show that r* is continuous, it suffices to show that the inverse image under

r* of each open interval (p, —) in R is open in X. This follows from the

observation that, for t € X we have
r,=(L,R)e(p,>) o pel, o telpell

Accordingly the inverse image under r* of (p, —) is [pell , whichis openin X.
|

The function r* is said to be correlated with r.

Remark. For each “genuine” real number r € V, r* is the constant function on X
with value r. In general, if 8" F r e R, then r* is locally constant, that is, each
point of X gas a neighbourhood on which r* is constant. Note that, if X is

connected, then each locally constant function on X is constant.

Conversely, given f € C(X, R), define Ly Rf € VX by

dom(L ) =domR,)={p: peQ},
with

L. (p)=f((p.>), R, (P)=f"(«p).
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We claim that
B E<L, R > e R,.

We verify conditions 3x and 5x, leaving the rest to the reader. First note that
[pel,I=f"((p.~)-

Ad 3x:

[peLi=f"(p,~N=F"(J@=)=Uf(a->)=UlgeL,L

q>p q>p q>p

Ad 5x: For p < g, we have
[pel,lulgeR,l=f"(p,->)Uf (. q)=f"(R)=X.

We deﬁne?to be the unique element r of R, for which [r = (Lf,Rf M= X.

fis called the real number over X correlated with f.

If fis locally constant, it is easy to check that 8" F f ¢ R.

We next show that the maps r »r*and f+~ f are mutually inverse, i.e. r*=r

and (f)*=f .
For the first assertion, we note that, for f € X,

telpel.]ote() (p,—) o r*(t)e(p,—)

<—>rt>p<—>peLt<—>te|[1AoeL]].

It follows that [peL,.]=[p eL], whence [L,. =L] = X . Similarly [R. =R]= X,

whence [ﬁzr]]zX,sothatﬁzr.

&9



For the second assertion, note that (?) “)=<L;),R;), >.Soiff{t) = <L, R>
then

pel,), otelpellote f(p,>) o fl)> pe> pel.

Accordingly (L;), = L.Similarly R;), = R, whence (?)* ()= f(t). Since this
holds for arbitrary ¢ € X, it follows that (f)*=7.

We claim finally that the map r ~ r*is an isomorphism of R, with C(X, R). To

establish this it suffices to show that
*) r<seor<s* (ros)*=r*+s* ros)y*=r*s*

The first of these assertions is an immediate consequence of the fact that
[r<s]={t:r*(t)<s*(t)}. This latter is proved as follows: Let r = <L, R>,

s =<L’, R">. Then we have

tel[r<s]]<—>te|[EIp[peR/\peL‘]]<—>teU[[1Aoe RAapell]
p

o 3dpltelpeRIn[pelT< Ip[peR, A peR/]
1, <8, OrFt)<s*(¢).

The proofs of the remaining assertions in (*) are left to the reader. B

The upshot of Proposition 9 is that real numbers over X can be regarded as real
numbers varying continuously over X.

For the record, we also note:

l[? = 5]] =In{t: f(¢t)= g(t)}. %

This follows from:

29 Here In denotes the interior operation in a topological space.
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[f=gl=IL,=L,]n[R, =R,]
= InlpelL,lelpel, Ininipe R, 1< [peR,]
P

=In(\(f (o, >) = g ' (p,>) nIn[)(f (< p) = g '« p))
=In([(f (p,>) = g (B, 2NN (f (< p) < g7 (<, P

= In{t: Vp[(f(t)> p < g(t)> pP) A (f(t) < p <> g(t) < p)]
=Inf{t: f(t)=g(t)}. W
In a similar way, one shows that, for real numbers 7, s over X, we have
[r=s]=In{t:r*(t)=s*(t)}.
and
[r<sl=In{t:r*(t)<s*(t).

These arguments can easily be extended to establish, for any open set U in X, a
natural correspondence, with analogous properties, between real numbers over

U and continuous real-valued functions on U. Thus , writing C(U, R) for the set

of real-valued continuous functions on U, real numbers over U correspond to

elements of C(U, R). Under this correspondence locally constant functions on U

are associated with real numbers r over U for which U c Jr e I@]] .
A real function over X is an element ¢ € V(¥ such that

BX) E Fun(e) A dom(p) = R, Aran(p) c R,
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Since real numbers over X correspond to elements of C(X, R), real functions
over X should be correlated with certain operators on C(X, R), that is, maps

®: C(X, R) » C(X, R). We now set about identifying these operators.
An operator ® on C(X, R) is said to be

e near-local if, for any f, ¢ € C(X, R),
In{t: f(t) = g()} = {t: O(f)() = PE)(?) |,

or equivalently, if

Inft: f(t) = g()} < In {t: D(f)(¥) = DQ)() },
e localif, forany f, ¢ € C(X, R),
{E A1) = g} < (£ () = PE)(H) }-

Clearly any local operator is near-local. In general, the converse is false, but we
shall later show that, for metric spaces, every near-local operator is local.

We next show that real functions over X are correlated with near-local operators
on C(X, R).

Given a real function ¢ over X, define the operator ® on C(X, R) by
O(f) = (p(?) * for fe C(X, R). ® is the operator correlated with ¢.
We claim that @ is near-local. To establish this, note that

In{t: f(t)= g(t)} = [f = gl <[o(f) = ¢(g)] = In{t : 9(f) * (t) = o(g) * (1)}

= In{t: ©(f)(t) = ©(g)(t)}-

Now suppose given a local operator A on C(X, R). We define the function

D: X xR — R by the stipulation:
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D(t, a) = b iff for some f € C(X, R), f(t) = a and A(f)(t) = b.
D is called the function on X x R correlated with A. Clearly D satisfies
D(t, fit)) = A(N()

for arbitrary t €X, f € C(X, R).

Let us call a function F: X xR — R localizable if, for some local operator A on

C(X, R), we have F(t f(t)) = A(f)(t) for arbitrary t €X, f € C(X, R). Local

operators on C(X, R) are thus correlated with localizable functions on X x R.

PROPERTIES OF THE SET OF REAL NUMBERS OVER R

We now focus attention on the case in which the space X is the space R of real

numbers.

To begin with, let i, 2 be the real numbers over R correlated with the identity

function and the absolute value function, respectively, on R. Then we have

e Bp i<0vi=0vi>0. That is, the law of trichotomy for Rq is not
affirmed in B .

This follows from the observation that

[t<Ovi=0vi>0]=(«,0)ulIn{0}uU(0,—)=(«,0)u(0,—)
=R-{0}=R.

Similarly, one shows that
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e WHRi<OVO<i

e BYypi<aw(i<avi=a)

o WHpi=qgvi=a,sothat 8™ r Ryis discrete.

o While 8% F 120, 8" 1is invertible . Thus B ¢ R qis a field .
To see this, first observe that that [i = 0] =In{0} = & . Also

[i is invertible] =[3x(ix=1)1= |J J In{t:tf(t)=1}20

Ueo(R) feC(U,R)
Hence [i is invertible] # R .

o BYE s not the limit of a Cauchy sequence of rationals . It follows that

both R.= R4 and AC(N) are falsein B8'®.
We sketch a proof of this. It is required to show that
*) [Qu e @& [ u is a Cauchy sequence of rational numbers converging to i]] =&
Since R is locally connected, 8" F @A -Q", so (*) is equivalent to
forall seQ", [[g is a Cauchy sequence of rational numbers converging to i]] =&

Accordingly it will enough to show that, forany Ue /R ),se Q"

™) Uc [s isa Cauchy sequence of rational numbers converging tol]] »> U= J.

Again, because R is locally connected, it suffices to prove (**) for connected U.
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So suppose U connected and
U c [s isa Cauchy sequence of rational numbers converging toi].

Then for each n, U gl[g; e@]] and so 5; corresponds to a locally constant

rational-valued function in C(U, R). Since U is connected, this latter function is
constant on U; let p, be that constant (rational) value. The sequence
(p, :n € N)is then Cauchy; so it converges to some unique t, € R. We then

have

Uc [s isa Cauchy sequence of rational numbers converging toi]
=[Vq G@Eln e Nvm > n(| E,;—t l<ql
= InﬂUInﬂ {teU:|p,—tlkq}
q n

mzn

In{t: <p,> converges to t}
In{to}

N

Il
S

Accordingly U= & and (**) follows.

PROPERTIES OF THE SET OF REAL NUMBERS OVER BAIRE SPACE

If we endow N with the discrete topology, the set N¥endowed with the

product topology will be written N and called Baire space. N is totally
disconnected3® and has a countable base consisting of clopen sets. We proceed to

establish various properties of the spatial extension B/Y). Our principal task

will be to show that, in [ ), Brouwer’s Principle holds, that is, in [ ), every
function from reals to reals is continuous.

We first note that, since (ﬂ(ﬁ ) is countably generated and totally disconnected,
by Proposition 8 it is refinable, and hence, by Proposition 7, the Countable

30 N can be shown to be homeomorphic to the space of irrational numbers.
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Axiom of Choice holds in %(ﬁ) Thus, in %(ﬁ) ), every Dedekind real is the limit
of a Cauchy sequence of rationals, and it follows that, in [ ), the Cauchy reals
and the Dedekind reals coincide.

We now proceed to outline the strategy (due to Scott [1970]) for showing that, in

%(N) ), every function from reals to reals is continuous.

Step 1. Show that, when X is a metric space, every near-local operator on
C(X, R) is local.

Step 2. Show that every localizable function on N xR is continuous.

Step 3. Infer that real functions over N are correlated with continuous localizable

functions on N xR

Step 4. Show that each real function over N correlated with a continuous

localizable function on N xR is continuous in B

Step 5. Conclude that every real function over N is continuous in /YY),

The topological details for carrying out Steps 1 and 2 - which are somewhat
intricate and are omitted here - may be found in Scott [1970]. Step 3 then
follows accordingly.

Now for Step 4. First we note that since N is totally disconnected, the Definite

Elements Lemma applies to B"" This should be borne in mind in the course of
that argument that follows.

Now let ¢ be a real function over N , correlated with the continuous localizable

function F: N xR — R To show that ¢ is continuous in %(N),we need to
show that the sentence - which we shall denote by () -
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VpvVq > pVe>03d>0Vx e[p,qlVy e[p,qll|l x —y|<d =] o(x) - o(y) < €]

holds® in B/ (Here we have used p, g, ¢, d as rational number variables, and
[7, q] denotes the closed interval in R.) For this it suffices to show that, for any
rationals p, g with p < ¢ and any positive rational e,

*) N =[3d>0Vxe[p,q|Vye(p.qlll x-yl<d—|olx)-oy) < e]l

Using the Definite Element Lemma and the correlation between real numbers

over .4 and elements of C(ﬁ , R), proving (*) amounts to showing that N is
identical with the set

Umn () Init:[ft),90)] lp.qlrl ft)-g(t)| < d

d>0 £,9ec(N R)
—| F(t, f(¢) - F(t, g(t) < e}.
We write S for this set.

This is proved by introducing the function e: .4 x (0, ») - R defined by
E(t,d) = Sup{l F(t,X) - F(t’y) | XY € [p’q]:l X-y |< d}

The function | F(t, x)— F(t,y)|is continuous in the variables ¢, x, y and the
supremum is taken over a compact subset of Rx R . It follows that, for fixed d,
e(t, d) is a well-defined, continuous function of t. Now for fixed ¢ the real
function F(¢, x) is uniformly continuous for x € [p, q], and so e(t, d) > 0 as d — 0.
Accordingly, given e > 0 and ty € .4, we may choose d > 0 so that e(t, d) <e.

Since e is continuous there is a neighbourhood U of fy in N such that e(t, d<e
for all t e U. It is now easily seen that U is included in S, and so the latter
coincides with .

This completes Step 5 and we conclude that, in B, every function from reals
to reals is continuous.

31 In fact this sentence asserts that ¢ is uniformly continuous on closed intervals.
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Remark. Call a set A cohesive if, whenever A =U uV with UNV =& then
U = A or V = A. Ais cohesive iff every 2-valued function on A is constant, and

it is not hard to show that this is equivalent to the condition that every N -
valued function is constant.

It follows from the truth of Brouwer’s Principle in [ that, in [ ), Ris
cohesive. To prove this we show that from () above it follows (in IZ) that any
function ¢ : R — 2is constant. Thus let p, q be rational numbers with p < g, and

take e =1 in (). We get a rational 4 > 0 satisfying

(1) Vay e[p.qlll x -y l<d = f(x) - fly) k1= f(x) = fY)]-

Let d” be a rational such that 0 <d” < d. Let n be the least integer such that g -p
<nd’, letp,,...,p,be defined by p,=p, p,, =p +d and define

K, =[p;,p..]N[p,q]. Then

n-1
[p.ql=JK, .
i=0

A straightforward inductive argument, using (1), now shows that ¢ has constant
value ¢(p) on each K; and so also on [p, gq]. Since p and q were arbitrary with
p < g, ¢ is constant on the whole of R.

THE INDEPENDENCE OF THE FUNDAMENTAL THEOREM OF ALGEBRA FROM IZF

The Fundamental Theorem of Algebra (FTA) asserts that the field C of complex
numbers is algebraically closed, i.e. that every polynomial over C has a zero in
C. While FTA is provable in ZF, we shall establish its unprovability in IZF by
showing that it is false in the spatial extension B(C), where now C is the space
of complex numbers with the usual topology.

In the same way as for R, one shows the complex numbers over any open
subset U of a topological space X are correlated with continuous functions in
C(U, C). This holds in particular when X is C itself. Write 1 for the complex
number over C correlated with the identity functionon C.
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Now consider the polynomial p(x)= x> —1 in B! C.

For ueV'®and U €¢C), if UcueC], then u may be considered a
complex number over U and accordingly is correlated with a continuous
function f:U — C. Inthatcase [p(u)=0]=[u’ =1 =In{teU: f(t)* =t}.

If Oe[p(u)=0], then there is a neighbourhood V of 0 such that
Vcin{teU: f(t) =t}. Let g > 0 be a rational number such that the circles C,
C’ about the origin with radii g, g2 are both contained in V. Then since f(t)? = t in
V, the restriction of fto C’ is a section of the squaring function t+t*:C — C'.
Thus this restriction would have to be a homeomorphism of C’ to half of C. But
this is impossible since any circle, but no half-circle, remains connected when a
single (interior) point is removed .

Thus O¢[p(u)=0]. Since this holds for arbitrary u, it follows that
0 ¢ [3x(p(x) = 0)]. Similarly, for any a € C, a ¢[3x(p(x)+a =0)]. From this

we deduce that [C is algebraically closed] = @, i.e., in B(C), Cis not algebraically
closed.
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Appendix

Heyting Algebras, Frames and Intuitionistic Logic

LATTICES

A lattice is a (nonempty) partially ordered set L with partial ordering < in which

each two-element subset {x, y} has a supremum or join — denoted by x v y —and
an infimum or meet —denoted by x v y. A top (bottom) element of a lattice L is an
element, denoted by T (1) suchthat x <7 (L<x)forallx € L. A lattice with

top and bottom elements is called bounded. A lattice is trivial if it contains just
one element, or equivalently, if in it L = T. A sublattice of a bounded lattice L is a
subset of L containing T and L and closed under L’s meet and join operations.

It is easy to show that the following hold in any bounded lattice:

XVLI=x, XA T=X
XVX=X, XAX=X,
XVY=YVX, XAY=YAX,
xvyvz)=@xvy)vz xAyYrz)=@xAY)AZ
vy Ay=y Ery)vy=y

Conversely, suppose that (L, v, A, 1, T) is an algebraic structure, with v, A binary
operations, in which the above equations hold, and define the relation < on L by
x < yiff x vy =y. Itis then easily shown that (L, <) is a bounded lattice in

which v and A are, respectively, the join and meet operations, and 1 and 0 the
top and bottom elements. This is the equational characterization of lattices.

Examples. (i) Any linearly ordered set is a lattice; clearly in this case we have x A
y = min(x, y) and x v y = max(x, y).

(i) For any set A, the power set PA is a lattice under the partial ordering of set
inclusion. In this lattice X v Y= XU Yand X A Y = X N Y. A sublattice of a

power set lattice is called a lattice of sets.
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(iil) If X is a topological space, the families AX) and #(X) of open sets and closed
sets, respectively, in X each form a lattice under the partial ordering of set
inclusion. In these lattices v and A are the same as in example (ii).

A lattice is said to be distributive if the following identities are satisfied:

XAyvz)=@xAy)vxnaz), xvyarz)=xvyA(xvz).

In the sequel by the term “distributive lattice” we shall understand “bounded
distributive lattice.” An easy inductive argument shows that any nonempty
finite subset {x1, ..., x,} of a lattice has a supremum and an infimum: these are
denoted respectively by x1v ...v x5, X1A ...A Xy An arbitrary subset of a lattice
need not have an infimum or a supremum: for example, the set of even integers
in the totally ordered lattice of integers has neither. If a subset X of a given
lattice does possess an infimum, or meet, it is denoted by AX; if the subset
possesses a supremum, or join, it is denoted by YV X. When X is presented in the
form X = {t(x): ¢(x)}, AX and VX if they exist, are written respectively A #(x)

o(x)

and V #(x). When X is given in the form of an indexed set {x;: i € I}, its join and
o(x)

meet, if they exist, are written respectively V x, and A x,.

iel iel

A lattice is complete if every subset has an infimum and a supremum. The meet
and join of the empty subset of a complete lattice are, respectively, its top and
bottom elements. It is a curious fact that, for a lattice to be complete, it suffices
that every subset have a supremum, or every subset an infimum. For the
supremum (infimum), if it exists, of the set of lower (upper)?2 bounds of a given
subset X is easily seen to be the infimum (supremum) of X.

Examples. (i) The power set lattice PA of a set A is a complete lattice in which
joins and meets coincide with set-theoretic unions and intersections respectively.

32 Here by a lower (upper) bound of a subset X of a partially ordered set P we mean an element p € P

for whicha < x (x < a) forevery x € X.
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(ii) The lattices A/ X) and #(X) of open sets and closed sets of a topological space
are both complete. In ¢(X) the join and meet of a subfamily {U;: i € I} are given
by

VU =JU, AU =InU,.
iel icl iel icl

In #X) the join and meet of a subfamily {A;: i € I} are given by

VAi=m /\AizﬂAi'

iel iel iel iel

Here InA and A denote the interior and closure, respectively, of a subset A of a
topological space.

HEYTING AND BOOLEAN ALGEBRAS

A Heyting algebra is a bounded lattice (H, <) such that, for any pair of elements

x, y € H, the set of z € H satisfying z A x < y has a largest element. This element,

which is uniquely determined by x and y, is denoted by x = y: thus x = y is
characterized by the following condition: for all z € H,

z<x=yifandonlyif zAax < .

The binary operation on a Heyting algebra which sends each pair of elements x,
y to the element x = y is called implication; the operation which sends each
element x to the element x* = x = 1 is called pseudocomplementation. We also
define the operation < of equivalence by x < y = (x > y) A (y = x). These
operations are easily shown to satisfy:

X =>Y=>2)=xAy)=>z x=2y=Tx<yYy xSY=T O x=Y,
y<zo@=2>y)<(x=2), xA(x=>y) <y

y<x*reoeyax=L xSy, x<x, xF=x*, xvy)F=x*Ay*
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To establish the last of these, observe that

z <(xvy © za(xvy =1
& (ZAx)v(EzAy) =1
& zAx=1L & zAay=1

o z<x" & z<y*

© z<x Ay

Any Heyting algebra is a distributive lattice. To see this, calculate as follows for

arbitrary elements x, y, z, u:

xAayvz)<u & yvz<x=u
& YS@x=2>u&z< (x=>u)
< xAry<u & xnz<u

< (xvyyal(xvz) <u
Any linearly ordered set with top and bottom elements is a Heyting algebra in
which
x=>y=Tifx<y x=>y=y ify<x

A basic fact about complete Heyting algebras is that the following identity holds

in them:

(*) X/\Vyiz\/X/\yi

iel iel

And conversely, in any complete lattice satisfying (*), defining the operation =

by x =>y=V{zzA x <y} turns it into a Heyting algebra.
To prove this, we observe that in any complete Heyting algebra,
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xAVy <z & Vy<x=z

iel iel
& Yy <x=>zdli
© Yy rx<z ali
< VxAay £z
iel
Conversely, if (*) is satisfied and x= y is defined as above, then

x=>Ar x <V{zzAx <ybax =V{za xiza x <y} <y.

Soz <x=>y —> zax <(x=y) A x <y. The reverse inequality is an

immediate consequence of the definition.

In view of this result a complete Heyting algebra may also be defined to be a
complete lattice satisfying (*). Complete Heyting algebras are known as frames.

If X is a topological space, then the complete lattice #(X) of open sets in X is a
Heyting algebra. In ¢{X) meet and join are just set-theoretic intersection and
union, while the implication and pseudocomplementation operations are given
by U= V= In(X-U) v V)and U*= In(X -U).

Let L be a bounded lattice. A complement for an element a € Lis an element b € L
satisfying av b=Tand a A b= L1 In general, an element of a lattice may have
more than one complement, or none at all. However, in a distributive lattice an

element can have at most one complement. For if b, b’ are complements of an

element a of a distributive lattice, thenav b=av b =Tandaanb=aAnl = 1.

From this we deduce
b=bv L=bv@ab)y=@bvayabvbt)=Tv(bvb)=bvl.

Similarly &’ =bv V' so that b ="V'.

104



In a Heyting algebra H the pseudocomplement a* of an element a is not, in
general, a complement for a. (Consider the Heyting algebra of open sets of a
topological space.) But there is a simple necessary and sufficient condition on a
Heyting algebra for all pseudocomplements to be complements: this is stated in
the following

Proposition. The following conditions on a Heyting algebra H are equivalent:

(i) pseudocomplements are complements, i.e. x v x* =T for all x € H;
(ii) pseudocomplementation is of order 2, i.e. x** = x* forall x € H.

Proof. (i) — (ii). Assuming (i), we have
XF=FA T="A V) =@ AX)V (XA =" AX) VL= (X AX).
Therefore x** < x whence x** = x.

(ii)— (i). We have (x v x*)* = x* A x** = 1, so assuming (ii) gives x v x* = (x v x*)**
=1*=T71. 1

We now define a Boolean algebra to be a Heyting algebra satisfying either of the
equivalent conditions (i) or (ii). The following identities accordingly hold in any
Boolean algebra:

XVY=YVX, XAY=YAX
xvyvz)=xvy vz xAYAz)=EXAY)AZ
vy ry=y @Ay)vy=y
xAayvz)=@Ay)vxaz), xvyrz)=xvy Axvz).

XVvxX¥*=T, xAx*=L1
(xvyy=x*Ay", (@AyF=x*vy*
x*¥*=x

It is easy to show that in any Boolean algebra x = y = x* v y. In a complete
Boolean algebra we have the following identities:
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(Vx) = _/\xi * (_/\xi)* =Vx.* xA(Vy)* = Vixay)

iel iel iel iel iel iel

X/\éyi = /\(x\/yi)'

iel

Calling a lattice complemented if it is bounded and each of its elements has a
complement, we can characterize Boolean algebras alternatively as complemented
distributive lattices. For we have already shown that every Boolean algebra is
distributive and complemented. Conversely, given a complemented distributive
lattice L, write ac for the (unique) complement of an element g; it is then easily
shown that defining implication by x = y = x° v y turns L into a Heyting algebra
in which x* coincides with x¢, so that L is Boolean.

The meet, join, and complementation operations in a Boolean algebra are called
its Boolean operations. A subalgebra of a Boolean algebra B is a nonempty subset
closed under B’s Boolean operations. Clearly a subalgebra of a Boolean algebra B
is itself a Boolean algebra with the same top and bottom elements as those of B.

Examples of Boolean algebras.

(i) The linearly ordered set 2 = {0, 1} with 0 <1 is a complete Boolean algebra, the
2-element algebra.

(ii) The power set lattice PA of any set A is a complete Boolean algebra. A
subalgebra of a power set algebra is called a field of sets.

(iii) Let F(A) consist of all finite subsets and all complements of finite subsets of
a set A. With the partial ordering of inclusion, F(A) is a field of sets called the
finite-cofinite algebra of A.

(iv) Let X be a topological space, and let C(X) be the family of all
simultaneously closed and open (“clopen”) subsets of X. With the partial
ordering of inclusion, C(X) is a Boolean algebra called the clopen algebra of X.

An element a of a Heyting algebra H is said to be regular if a = a**. Clearly a
Heyting algebra is a Boolean algebra if and only if each of its elements is regular.
Let B be the set of regular elements of H; it can be shown that B, with the partial
ordering inherited from H, is a Boolean algebra in which the operations A and *

106



coincide with those of H, but?? v = (vp)**. If H is complete, so is B; the operation
A\ in B coincides with that in H while \/z = (Vr)**. B is written Hb and called the
Booleanization of H.

COVERAGES AND THEIR ASSOCIATED FRAMES

Let (P, <) be a fixed but arbitrary partially ordered set: we shall use letters p, g, r,
s, t to denote elements of p. A subset S of P is said to be a sharpening of, or to
sharpen, a subset T of P, writtenS < T, if VseS3teT(s<t). A sievein P is a

subset S such that p € Sand g <p implies g € S. Each subset S of P generates a
sieve §given by S={p:IseS(p<s).

A coverage on P is a map C assigning to each p € P a family C(p) of subsets of
pd = {g: g < p}, called (C-)covers of p, such that, if g < p, any cover of p can be

sharpened to a cover of g, i.e.,

(*) SeC(p)&qg< p— 3T eC(q)[Vte TIs e S(t < s)].

Now we associate a frame with each coverage C on P. First, we define P to be the

set of sieves in P partially ordered by inclusion: Pis then a frame—the

completion of P— in which joins and meets are just set-theoretic unions and

intersections, and in which the operations = and — are given by
I=J={p:InplcJ} —I={p:Inpl=0)}.

Given a coverage C on P, a sieve I in P is said to be C-closed if

ASeC(p)Scl)> pel

We write Hc for the set of all C-closed sieves in P, partially ordered by inclusion.

33 Here we write vg, vy for the join operations in Band H .
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Lemma. Ifl € Hc, ] € Hc, thenI = | € Hc.

Proof. Suppose that [ € P, ] € Hc and S ¢ I = ] with S € C(p). Define
U={qel:3seS.q<s}. ThenUc J.If g € I N pl, then there is T € C(g) for which
T <S. Then for any t € T, there is s € S for which t < s, whence t € U.
Accordingly T < U c ]. Since | is C-closed, it follows that g € ]. We conclude that
Inpd ], whencep e pl cI=]. Therefore I = ] is C-closed. ®

It follows from the lemma that Hc is a frame. For clearly an arbitrary intersection
of C-closed sieves is C-closed. So Hc is a complete lattice. In view of the lemma

the implication operation in Prestricts to one in, Hc making Hc a Heyting
algebra, and so a frame. Hc is called the frame associated with C.

CONNECTIONS WITH LOGIC.

Heyting and Boolean algebras have close connections with intuitionistic and
classical logic4, respectively.

Intuitionistic first-order logic has the following axioms and rules of inference.

Axioms
a—>B-oa
[a—> B —>7v) > [(a—>p) = (a—>7)]
a—>PB-oanh)
aAPB—oa anB-oPB
oa—> avp o> avp
[a=> (B —>7v) > [(a—>p) = (a—>7)]
(@—=>7y) =>[B—>7)—>(avp -7
(& = B) = [(a > —=p) > —a]
—a = (o — B)
o) > Ixa(x) Vxo(x) - o(y) (xfreein o and ffree for x in o)

X=x o) A x=y - a(y

34 For accounts of both systems of logic, see, e.g. Bell and Machover [1977].
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Rules of Inference
o, o—p

p—alx a(x) > B

[; d GXOLi)Ci HXOLi)Ci d I;

(x not free in B)

Classical first-order logic is obtained by adding to the intuitionistic system the rule
of inference

——0

In intuitionistic logic none of the classically valid logical schemes

LEM (law of excluded middle) o v —a
LDN (law of double negation) ——o — o
DML (de Morgan’s law) —(a A B) = —o v =8

are derivable. However LEM and LDN are intuitionistically equivalent and
DML is intuitionistically equivalent to the weakened law of excluded middle:

WLEM = vV /0.
Also the weakened form of LDN for negated statements,
WLDN ——0a — —a

is intuitionistically derivable. It follows that any formula intuitionistically
equivalent to a negated formula satisfies LDN.

Heyting algebras are associated with theories in intuitionistic logic in the
following way. Given a consistent theory T in an intuitionistic propositional or

first-order language % define the equivalence relation ~ on the set of formulas

of by ¢ = y if T+ ¢ <> y. For each formula ¢ write [¢] for its ~-equivalence
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class. Now define the relation < on the set H(T) of ~-equivalence classes by
[¢] < [v] if and only if T Fe—y. Then < is a partial ordering of H(T) and the
partially ordered set (H(T),<) is a Heyting algebra in which [¢] = [y] = [¢ — v],

with analogous equalities defining the meet and join operations, 0, and 1. H(T) is
called the Heyting algebra determined by T. It can be shown that Heyting
algebras of the form H(T) are typical in the sense that, for any Heyting algebra L,
there is a propositional intuitionistic theory T such that L is isomorphic to H(T).
Accordingly Heyting algebras may be identified as the algebras of intuitionistic
logic.

Similarly, starting with a consistent theory T in a classical propositional or first-
order language, the associated algebra B(T) is a Boolean algebra known as the
Lindenbaum algebra of T. Again, it can be shown that any Boolean algebra is
isomorphic to B(T) for a suitable classical theory T.

As regards semantics, Heyting algebras and Boolean algebras have
corresponding relationships with intuitionistic, and classical, propositional
logic, respectively. Thus, suppose given a propositional language; let #be its set
of propositional variables. Given a map f %> H to a Heyting algebra H, we

extend f to amap a — [o] of the set of formulas of Z to H by:

[onBl=[alAlBl  [avBl=[alviBl [a=Bl=[al=0B]  [-ol=[a]*

A formula a is said to be Heyting valid — written =a—if[a] = T for any such
map f. It can then be shown that o is Heyting valid iff o in the intuitionistic

propositional calculus, i.e., iff o is provable from the propositional axioms listed
above.

Similarly, if we define the notion of Boolean validity by restricting the definition
of Heyting validity to maps into Boolean algebras, then it can be shown that a
formula is Boolean valid iff it is provable in the classical propositional calculus.

Finally, again as regards semantics, complete Heyting and Boolean algebras are

related to intuitionistic, and classical first-order logic, respectively. To be precise,
let # be a first-order language whose sole extralogical symbol is a binary
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predicate symbol P. A Heyting-valued %structure is a quadruple M =
(M, eg, Q, H), where M is a nonempty set, H is a complete Heyting algebra and

eq and Q are maps M2 — M satisfying, forall m, n, m’, 0’ e M,

eq(m, m) =T, eq(m, n) =eq(n, m), eq(m, n) Aeq(n, n') <eq(m, n’),
Q(m, n) Aeq(m, m") < Q(m’, n), Q(m, n) Aeq(n, n') < Q(m, n").
For any formula o of #Zand any finite sequence x = <xj, ..., x,> of variables of &

containing all the free variables of o, we define for any Heyting-valued #
structure M a map

[a]Me: M — H

recursively as follows:

[xp=xqMxe = <my ..., mn> > eq(mp, Mmy),

[Pxpxg]Me = <my ..., mn> > Q(mp, my),

[ A BMe = [o]Mx A [B]Mx, and similar clauses for the other
connectives,

[y oaMe=<my ..., mn> b V [ (y/W)Mux(m,m; ..., Mn)

meM
[Vy a]¥e = <my ..., mn> > A [a (y/ WMu(m,m; ..., mn)

me

Call a M-valid if [a]M, is identically T, where x is the sequence of all free
variables of o. Then it can be shown that o is M-valid for all M iff o is provable in
intuitionistic first-order logic. This is the algebraic completeness theorem for
intuitionistic first-order logic.

Similarly, if we carry out the same procedure, replacing complete Heyting
algebras with complete Boolean algebras, one can prove the corresponding
algebraic completeness theorem for classical first-order logic, namely, a first-
order formula is valid in every Boolean-valued structure iff it is provable in
classical first-order logic.
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Concluding Observations

In this book we have used frame-valued universes in proving the consistency of
set-theoretic assertions with IST. In fact, what has become the standard
procedure for proving the consistency with IST of a given assertion p is to
construct a certain sort of category - a fopos® - in which p holds in a “natural”
sense.

For example, the subcountability of N N as well as many of the other assertions
concerning N mentioned in the Introduction, can be shown to hold in the so-
called effective topos Eff In Eff maps between objects constructed from the
natural numbers correspond to (partial) recursive functions between them. In
particular the countable subsets of N may be identified with the recursively
enumerable subsets, and the detachable subsets of N with the recursive
subsets. The object N may be considered as the set Rec of (total) recursive
functions on N36. That being the case, if we write ¢x for the partial recursive
function on N with index x, and U for the set of indices of total recursive
functions®, the map x » ¢, for x € U is, in Eff, a surjection from U to NY,
making N" subcountable in Eff. On the other hand N" is not numerable in Eff
because it can be shown that, in Eff, Brouwer’s Continuity Principle holds. This is
the assertion

VF e NY)Vf e N"In e Nvg e N'[Vm < n(f(m) = g(m)) - F(f) = F(g)] 3

35 Accounts of topos theory may be found in Bell [1988], Goldblatt [1979], Johnstone
[1977] and [2002], Lambek and Scott [1986], Mac Lane and Moerdijk [1992] and McLarty
[1992].

36 Hence, in Eff, Church’s thesis holds in the strong sense that every function N — N is
recursive.

37 Since  N"is uncountable, so must U be; this corresponds to the result from recursion
theory that the set of indices of total recursive functions is not recursively enumerable.

38 In Eff the set N’ of all maps N" — N may be identified with the set of effective
operations, that is, the set of functions F: Rec - N such that there is a partial recursive
function gwith the property that for every f € Rec and every index n for f we have

¢(n) = E(f). Brouwer’s continuity principle asserts the continuity of every map to N from
Baire space.t'.
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From this it would follow that, if F were an injection from N ¥ to N, then, for

each fe N" there would exist ann € N for which
vge N' vm<n(fim) = g(m))> f=g),,

which is clearly impossible. Thus N" is not numerable in Eff, and hence nofr is

Par*(N, N), since it contains N" .

In Eff, both Par*(N, N) and P* N are countable. That Par*(N, N) is countable in
Eff follows from the fact that it corresponds to the set of partial recursive functions
on N. The map x ~ ¢, assigning to each x € N the partial recursive function
with index x is, in Eff, a surjection from Nto Par*(N,N). (That being the case,
as we noted above, the set {x eN: x ¢ dom(¢.)} must be (in Eff) uncountable.
This corresponds to the fact that this set is not recursively enumerable.) A
similar argument - using the fact that P*N in Eff corresponds to the set of
recursively enumerable subsets of N - shows that P*N is also countable in Eff.

While NV fails to be numerable in Eff, Bauer [2011] has shown it to be
numerable in the related topos Eff! in which maps between objects constructed
from the natural numbers correspond to functions which are infinite time
computable, that is, computable by an infinite time Turing machine. This is a
Turing machine which is allowed to run infinitely long, with the computation
steps counted by ordinals. The power of these machines far exceeds that of
ordinary Turing machines: for example, both the halting problem and the
problem of deciding the equality of two total recursive functions are soluble
using infinite time machines. In Eff!, just as in Eff, N"is subcountable. But in
Eff! N" also satisfies the axiom of choice in the form: any total relation defined
on N" contains a function (this cannot be the casein Eff). Putting these two facts
together quickly yields an injection of N" into N- We conclude that the

numerability of N" is consistent with IST.

There are a number of topos models of Brouwer’s Principle (BP) that all real
functions are continuous. As we have essentially shown in Chapter IV, BP
holds in Shv(4)*. Mac Lame and Moerdijk [1992] present a different kind of

39 In fact BP can be shown to hold in many other spatial toposes: see Hyland [1979]
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topos model of BP. BP also holds in any of the so-called smooth toposes: see Bell
[2008], McLarty [1992] and Moerdijk and Reyes [1991]. A smooth topos may be
considered to be an enlargement of the category Man of manifolds (or spaces)
and smooth maps to a topos which contains no new maps between spaces, so
that all such maps there - in particular those from R to R are still smooth, and
so a fortiori continuous.
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Historical Notes

Chapter I. Friedman [1973i, 1973ii] and Myhill [1973] seem to have been the first
to investigate systems of intuitionistic set theory. Crayson [1978] undertakes a
systematic investigation of topology and ordinal arithmetic in an intuitionistic
setting. That LEM follows from the axiom of choice was first proved, in a
category-theoretic setting, by Diaconescu [1975]; the logical version was
formulated and proved by Goodman and Myhill [1978]. The investigation of the
connection between choice principles and logical principles is taken from Bell
[2006}; see also Bell [2009].

Chapter II. The characterization of N in terms of the simple recursion principle
(Proposition 5) is due to F. W. Lawvere in a category-theoretic setting.
Propostion 11 concerning monics on Q is due to Denis Higgs. Work on finite
sets in an intuitionistic setting (or their equivalents, finite objects in a topos), has
been extensive: for a complete bibliography see Johnstone [2002]. The section on
Frege’s theorem is taken from Bell [1999i] and [1991ii].

Chapter III. Much of the discussion of real numbers presented here is based on
Johnstone’s [2002] account of real numbers in a topos. Proposition 2 is due to
Johnstone [1979].

Chapter IV. Frame-valued models were first investigated by Grayson [1975]
and [1979], where it is also shown that Zorn’s lemma is consistent with IZF (see
also Bell [1997]). The consistency of ZF relative to IZF was first proved by
Friedman [1973] and Powell [1975]; the proof given here is due to Grayson
[1979]. A topos model in which N" is subcountable was first produced by A.
Joyal (see Fourman and Hyland [1979], Johnstone [2002]). The model of the
subcountability of N" given in the text is a frame-valued version of the topos

presented in Example D.4.1.9. of Johnstone [2002]. The representation of real
numbers (in a sheaf topos) is due to M. Tierney. The proof that Brouwer’s
Principle holds for the real numbers over Baire space is due to Scott [1970]. The
status of Brouwer’s Principle in spatial toposes has been investigated by Hyland
[1979]. The failure of FTA in the sheaf topos over the complex numbers was first
noted in Fourman and Hyland [1979].
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Concluding Observations. The effective topos was first introduced by Hyland
[1983]. The concept of a smooth topos is due to F. W. Lawvere.
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	Preface
	While intuitionistic (or constructive) se theory IST has received some attention from mathematical logicians, so far as I am aware no book providing a systematic introduction to the subject has yet been published. This may be the case in part because, as a form of higher-order intuitionistic logic – the internal logic of a topos – IST has been chiefly developed in a topos-theoretic context. In particular, proofs of relative consistency with IST have been (implicitly) formulated in topos- or sheaf-theoretic terms, rather than in the framework of Heyting-algebra-valued models, the natural extension to IST of the well-known Boolean-valued models for classical set theory.
	In this book I offer a brief but systematic introduction to IST which devops the subject up to and including the use of Heyting-algebra-valued models in relative consistency proofs. I believe that IST, presented as it is in the familiar language of set theory, will appeal to those logicians, mathematicians and philosophers who are unacquainted with the methods of topos theory.
	The title I originally had in mind for this book was Constructive Set Theory. Then it occurred to me that the term “constructive” has come to connote not merely the use of intuitionistic logic, but also the avoidance of impredicative definitions. This is the case, for example, with Aczel’s Constructive set theory in which the power set axiom (which permits impredicatve definitions of sets) is not postulated. Since the power set axiom and impredicative definitions are very much  a part of IST, to avoid confusion I have (with some reluctance) given the book its present title.
	JLB   January 2014. Typos and other errors corrected December 2018.
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	Introduction
	Challenging the Logical Presuppositions of Classical Set Theory
	In classical set theory free use is made of the logical principle known as the Law of Excluded Middle (LEM): for any proposition p, either p holds or its negation (p holds.  As we see below, there are a number of intriguing mathematical possibilities which are rendered inconsistent with classical set theory solely as a result of the presence of LEM.  This suggests the idea of dropping LEM in set-theoretical arguments, or, more precisely, basing set theory on intuitionistic logic. Accordingly, let us define Intuitionistic Set Theory (IST) to be any of the  usual axiomatic set theories (e.g. Zermelo-Fraenkel set theory ZF) based on intuitionistic – rather than classical -  logic.
	Here are some examples of such mathematical possibilities.
	the natural numbers and countability.
	Call a set countable if it is empty or the range of a function defined on the set �  of natural numbers,  subcountable if it is the range of a function defined on a subset of �, and numerable if it is the domain of an injection into  �.  In classical set theory all of these notions are equivalent, as the following argument shows. Obviously (even in IST), every countable set is subcountable.  If a set E is subcountable, there is a subset U of � and a surjection f: U ( E. Then the function m: E ( � defined by m(x) = least n ( � for which f(n) = x is injective, and it follows that E is numerable. Finally, suppose that E is numerable, and let m: E ( � be an injection. Then (by LEM) either E = ( or E ( (; in the latter case, fix e ( E and define f: � ( E by setting, for n (  range(m),  f(n) =   unique    x ( E for which   m(x) = n; and, for n ( range(m), f(n) = e. Then f is surjective, and so E is countable. It is clear that the validity of this argument rests on two assumptions: LEM and the assertion that � is w
	_Hlk533780238
	_Hlk533841577
	Now, as we have said, it is obvious that any countable set is subcountable, and it is easily shown in IST that any numerable set is subcountable. However, in striking contrast with classical set theory, it is consistent with IST to assume the existence of sets which are (a) subcountable, but uncountable; (b) numerable, but uncountable; and (c) countable, but not numerable.
	Perhaps Cantor’s most celebrated theorem is the uncountability of the set ( of real numbers. Cantor first published a proof of this theorem in 1874, but much better known is his second proof, published in 1890, in which he introduces his famous method of “diagonalization”. In essence, Cantor’s argument establishes that the set � of all maps � ( � is uncountable in the above sense. For given a map (:   � (  � , the map  f: � ( � defined by
	(*)                                                          f(n) = ((n)(n) + 1
	clearly cannot belong to range((), so that ( cannot be surjective. This argument  does not use LEM, and is in fact perfectly valid within IST.
	Now Cantor would also have accepted the extension of this argument to show that � cannot be subcountable in the above sense.  For given U ( �and a surjection (: U  ( � , if we define  f: � ( � by
	_Hlk533413567
	_Hlk533413586
	_Hlk533415137
	_Hlk533841832
	_Hlk533841853
	_Hlk533841903
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	(**)	                               f(n) = ((n)(n) + 1 if  n ( U,  f(n) = 0  if n ( U,
	then clearly f ( range(() and so again ( fails to be surjective.  But this argument uses LEM and so is not valid within IST. In fact, it is consistent with IST for � to be subcountable, thus making, oddly, � both subcountable and uncountable. .
	The subcountability of  �  has a number of striking consequences. To begin with , it implies the negation of LEM.  The simplest way to see this is to note that given U (  � and a surjection  (: U ( � ,  the assertion
	(*)                                                 (x (  ([x (  U  (  ((x (  U)]
	is refutable. For if (*) held, then we could extend ( to a surjection � ( � by assigning the constant value 0 to all n ( U. This would make � countable which we have already shown to be an impossibility.  Secondly, U cannot be countable, for the composite of ( with any surjection  � ( U would be a surjection  � (  �,  again making �, impossibly, countable.  Thus U is both uncountable, and as a subset of �, numerable, and it follows that it is consistent with IST for � to have an uncountable subset.  Finally, the subcountability of � implies that there is a function defined on a (proper) subset of � which cannot be extended to the whole of �. To see this, take U and ( as above and define       f: U ( �by setting, for n ( U,
	Suppose now that f could be extended to a function g:  �  (  �. Then since (  is surjective, there is �for which �, leading to the contradiction
	It follows that it is consistent with IST there is a function defined on a (proper) subset of � which cannot be extended to the whole of �.
	Now Cantor would also, presumably, have accepted that � cannot be numerable in the sense introduced above. For if � were numerable, then it would (using classical reasoning as before) also have to be countable, contradicting its uncountability. But the argument from numerability to countability does not hold up within IST and in fact it is consistent with IST for �to be numerable
	_Hlk533413961
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	.
	Let us see what happens (within IST) when �  is replaced by the set Par(�,�) of all partial functions from � to �.  First, we observe that Par(�,�) cannot be subcountable, for suppose  U ( � and  (: U ( Par(�,�) is a surjection.  Let           r ( Par(�,�)  be the identity map on dom (r) = {x ( U: x ( dom(((x))} . Then  since ( is surjective, r =  ((n) for some n ( U  quickly leading to the contradiction            n ( dom(r) ( n ( dom(r).
	Nor can Par(�, �) be numerable. For suppose (: Par(�,�) ( �is  injective, and define  u ( Par(�,�) to be the identity map on
	dom (u) = {x ( �: (f ( Par(�,�)[((f) = x  ( x ( dom(f)}.
	Then, writing n = ((u), we have
	n ( dom(u)    (    (f[((f) = n  ( n ( dom(f)].
	(     (f [((f) =  ((u)  ( n ( dom(f)]
	(     (f [f =  u  ( n ( dom(f)]
	(    n ( dom(u),
	a contradiction. So Par(�,�) is not numerable.
	What if we replace Par(�,�) by the set Par*(�,�) of all partial maps on � with countable domains? Suppose that Par*(�,�) is actually countable, and let                (: �  ( Par*(�,�) be a surjection. If  r ( Par(�,�)  is the identity map on         dom(r) =  {x ( � : x ( dom(((x))}, then the argument above only leads to contradiction when r  (  Par*(�,�), from which we conclude that                         r  ( Par*(�,�), in other words, {x ( � : x ( dom(((x))} is uncountable. In fact, the countability of Par*(�,�) is consistent with IST
	_Hlk533842577
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	.
	power sets
	Let us turn next to another celebrated theorem of Cantor, namely that, for any set E, the cardinality of E is strictly smaller than that of its power set PE. One way of construing this is the assertion that there can be no surjection E ( PE.  Within IST this can be proved, as in classical set theory, by employing the argument of Russell’s paradox:  given    ( : E  ( PE one defines the “Russell set”
	R = {x ( E: x ( ((x)}
	and then shows in the usual way that R  ( range((). For U ( E, a similar argument, replacing R above by R ( U, shows that there can be no surjection     U ( PE.  Thus, in particular, within IST,  P�  is not subcountable (and so is uncountable).
	Equally, the (classically equivalent, but not automatically intuitionistically equivalent) form of Cantor’s theorem that, for any set E there is no injection      PE ( E can also be given a  proof  within IST using the idea of Russell’s paradox. For suppose given an injection  m: PE ( E. Define
	B = {x ( E: (X ( PE. x = m(X) ( x ( X}.
	Writing m(B) = b, we have
	b ( B ( (X.  b = m(X) ( b ( X
	( (X. m(B) = m(X)  ( b ( X
	( (X. B = X  ( b ( X
	(  b ( B,
	and we obtain our contradiction.  In particular, within IST, P� cannot be numerable.
	What if we replace P� by the set P*� of all countable subsets of (? Suppose that P*� s actually countable, and let (: �( P*� be a surjection. Defining                     R  =  {x ( �: x ( ((x)} as before, the argument above only leads to a contradiction when   R (  P*�, from which we conclude that   R ( P*�, that is,  R is uncountable. In fact, it follows directly from the consistency of the subcountability of � with IST that the subcountability of P*� is also consistent with IST
	, since the map    �  (  P*� : � is surjective.
	In classical set theory, PE is naturally bijective with 2E, the set of all maps
	E ( 2 = {0, 1}. In IST, this is no longer the case.  Here, in general, PE ( (E, where ( is the object of truth values or propositions, that is, the set P1 of all subsets of {(}. ( is only identical with 2 when LEM is aassumed.
	In fact, in IST, 2E is isomorphic, not to PE, but to its Boolean sublattice CE consisting of all detachable subsets of E (a subset U of E is said to be detachable if (x ( E( x ( U ( x ( U). What happens when we replace PE by CE in the above arguments? Classically, of course, this makes no difference, but do the “Russell’s paradox” arguments survive the transition to IST?  Well, if one takes the first argument, showing that there can be no surjection   (: E ( PE, one finds that, when PE is replaced by CE, the set R ( range(() is actually detachable and the argument goes through, proving in IST that there can be no surjection E ( CE. But the second argument, with PE replaced by CE (and then E replaced by a subset U of E) goes through in IST only if U is detachable. And for the third argument to go through in IST once PE is replaced by CE, it is necessary to show that the set B defined there is detachable.  In fact, as we shall see, these arguments can break down completely in IST even when E is the set � of re
	_Hlk533842765
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	THE CONTINUUM
	It is characteristic of a continuum that it is “gapless” or “all of one piece”, in the sense of not being actually separated into two (or more) disjoint nonempty parts. On the other hand, it has been taken for granted from antiquity that continua are limitlessly divisible, or separable into parts in the sense that any part of a continuum can be “divided”, or “separated” into two or more proper parts.  Now there is a traditional conceptual difficulty in seeing just how the parts of a continuum obtained by separation—assumed disjoint—“fit together” exactly so as to reconstitute the original continuum. This difficulty is simply illustrated by considering the case in which a straight line X is divided into two segments L,  R by cutting it at a point p.   What happens to p when the cut is made?  On the face of it, there are four possibilities (not all mutually exclusive):   (i) p is neither in L nor in R; (ii) p may be identified as the right-hand endpoint pL of L: (iii) p may be identified as the left-hand endpo
	Accordingly we are reduced to possibilities (i) and (iv). In case (i), L and R are disjoint, but since neither contains p, they together fail to cover X; while in case (iv),  L and R together cover X, but since each contains p, they are not disjoint. This strongly suggests that a (linear) continuum cannot be separated, or decomposed, into two disjoint parts which together cover it. Herein lies the germ of the idea of cohesiveness.
	Of course, this analysis is quite at variance with the account of the (linear) continuum provided by classical set theory. There the continuum is takes the form of the discrete linearly ordered set � of real numbers. “Cutting” �  (or any interval thereof) at a point p amounts to partitioning it into the pairs of subsets ({x: x ( p}, {x: p < x}) or ({x: x < p}, {x: p ( x}): the first and second of these correspond, respectively, to cases (ii) and (iii) above. Now in the discrete case, one cannot appeal to symmetry as before: consider, for instance, the partitions of the set of natural numbers into the pairs of subsets ({n: n ( 1}, {n: 1 < n}) and    ({n: n < 1},  {n: 1 ( n}). The first of these is ({0, 1}, {2, 3, ...}) and the second         ({0}, {1, 2, ...}). Here it is manifest that the symmetry naturally arising in the continuous case does not apply: in the first partition 1 is evidently a member of its first component and in the second partition, of its second. In sum, when a discrete linearly ordered se
	Acknowledging the fact that the set-theoretic continuum, as a discrete entity, can be separated into disjoint parts, classical set theory proceeds to capture the characteristic “gaplessness” of a continuum by restricting the nature of the parts into which it can be so separated. In set-theoretic topology this is done by confining “parts” to open (or closed) subsets, leading to the standard topological concept of connectedness. Thus a space S is defined to be connected if it cannot be partitioned into two disjoint nonempty open (or closed) subsets—or equivalently, given any partition of S into two open (or closed) subsets, one of the members of the partition must be empty. It is a standard topological theorem that the space � of real numbers and all of its intervals are connected in this sense.
	But now let us return to our original analysis. This led to the idea that a continuum cannot be decomposed into disjoint parts. Let us take the bull by the horns and attempt to turn this idea into a definition. We shall call a space S cohesive or indecomposable, or a (genuine) continuum if , for any parts, or subsets U and V of S, whenever U ( V = S and  U ( V = (, then one of U, V must = (, or, equivalently, one of U, V must = S. Clearly S is cohesive precisely when its only detachable subsets are ( and S itself.
	Cohesiveness can be furnished with various “logical” formulations. Namely, S is cohesive if and only if, for any property P defined on S, the following implication holds:
	(*)       �
	We observe that in classical set theory, the only cohesive spaces are the trivial empty space and one-point spaces. But it turns out that the existence of nontrivial cohesive spaces is consistent with IST. In fact it is consistent with IST that � itself is cohesive. How does this come about? To get a clue, let us reformulate our definitions in terms of maps, rather than parts.  If we denote by 2 the two-element discrete space, then connectedness of a space S is equivalent to the condition that any continuous map S ( 2 is constant, and cohesiveness of S to the condition that any map S (  2 whatsoever is constant. Supposing S to be connected and to possess more than one point, then from LEM it follows that there exist nonconstant—and hence discontinuous— maps S ( 2. But the situation would be decidedly otherwise if all maps defined on S were continuous, for then, clearly, the connectedness of S would immediately yield its cohesiveness. In fact it is consistent with IST that all maps �   (  � - and hence all ma
	The consistency with IST of all these possibilities can be established by constructing models of IST in which they can be shown to hold.  In this book we shall establish both the consistency with IST of the subcountability of  �  and the cohesiveness of � through the use of Heyting-algebra valued models, of which the more familiar Boolean-valued models of classical set theory are special cases.
	*
	Some years ago Paul Cohen published an article in the Scientific American entitled Non- Cantorian Set Theory. There he described the set theories in which Cantor’s continuum hypothesis is violated. In terming these set theories non-Cantorian he was making an analogy with non-Euclidean geometries in which the parallel postulate is violated.  If, in Cohen’s analogy, non–Cantorian set theories correspond to non-Euclidean geometries, then classical (Zermelo-Fraenkel) set theory corresponds to neutral or absolute geometry in which no form of the parallel postulate is laid down. Let us reformulate Cohen’s analogy by replacing the continuum hypothesis with the Law of Excluded Middle;  it is then intuitionistic set theory that corresponds to neutral geometry.  Intuitionistic set theory can thus be seen as a “neutral” set theory, compatible with a number of principles – such as the subcountability of  �and the cohesiveness of the real line - which are incompatible with classical set theory.
	_Hlk533842886
	Janos Bolyai, one of the inventors/discoverers of non-Euclidean geometry, was moved to describe it as a “strange new universe”  - and indeed it was , by the canons of Euclidean geometry. Similarly, certain of the various extensions of intuitionistic set theory described above may strike one as “strange new universes” in comparison with the familiar universe of classical set theory. But, just as geometers became familiar with non-Euclidean geometry, providing it with models (such as the pseudosphere) which made it seem “natural”, so seemingly curious properties compatible with intuitionistic set theory - such as the subcountability of � or the cohesiveness of the real line - become clear  when their meanings in the models realizing  them are grasped.
	In this book we shall formulate and develop versions of intuitionistic Zermelo- and Zermelo-Fraenkel set theories – IZ and IZF, respectively, and construct the  Heyting-algebra valued models which  will be  used to establish the relative consistency  with  IZF of some of the assertions we have discussed above.
	Chapter I
	Intuitionistic Zermelo Set Theory
	axioms and basic definitions
	Intuitionistic set theory is formulated as a system of axioms in the same first-order language as its classical counterpart, only based on intuitionistic logic. The language of set theory is a first-order language ( with equality, which includes a binary symbol (. We write x ( y for ( (x = y) and x ( y for ( (x ( y).  Individual variables x, y , z, ...of ( will be understood as ranging over sets. The unique existential quantifier (! is introduced by writing, for any formula ((x), (!x((x) as an abbreviation of the formula (x[((x) ( (y(((y) ( x = y)].
	( will also allow the formation of terms of the form {x: ((x)}, for any formula ( containing the free variable x..  Such terms are called classes; we shall use upper case letters A, B , ... for classes.  For each class A = {x: ((x)} the formula
	is called the defining axiom for the class A. Two classes A, B are defined to be equal. and we write A = B if
	A is a subclass of B, and we write A ( B, if
	We also write Set(A) for the formula
	�.
	_Hlk533601632
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	Set(A) asserts that the class A is a set. For any set u, it follows from the defining axiom for the class {x: x ( u} that Set({x: x ( u }).  We shall identify {x: x ( u} with u, so that sets may be considered as (special sorts of) classes and we may introduce assertions such as  u ( A, u = A, etc.
	If A  is   a class, we  write  � for  �  and  �  for �.
	We define the following classes:
	 PA = {x: x ( A}
	 {x(A: ((x)} = { x:  x ( A ( ((x)}
	 V = {x: x = x}
	 ( = {x: x ( x}
	The system IZ of intuitionistic Zermelo set theory is based on the following axioms:
	Extensionality                      (u (v[(x(x ( u (  x ( v) ( u = v]
	Empty Set                                                 Set(()
	Pairing                                              (u (v Set({u, v})
	Union                                                  (u Set(�)
	Powerset                                                (u Set(Pu)
	_Hlk533426536
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	Infinity                                      �
	Separation                             �
	Until further notice all propositions, theorems,  etc. will be proved in IZ (using the above axioms and intuitiuonistic logic
	).
	Let  ((x) be a formula of ( and t(x) be a term of ( such that the sentence           (x Set(t(x)) is provable in IZ. Then we write {t(x): ((x)} for the class
	{y: (x. y = t(x)( ((x)}.
	We also write  �  for the class
	{y: (x. y ( t(x)( ((x)}
	and  �  for the class
	{y: (x( ((x) ( y ( t(x))}.
	Because we are using intuitionistic logic, we must distinguish carefully between the assertions A ( (  (A is nonempty) and (x. x( A (A is inhabited). While an inhabited set is nonempty, the converse does not hold in general.
	We write 0 for ( , 1 for {0} and 2 for {0, 1}. 2 carries the natural ordering ( given by 0  (  0, 0  (  1, 1 (  1.
	The ordered pair of two sets u, v is defined as usual by
	Clearly we have
	_Hlk533426847
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	(u(v Set(�).
	Proposition   1.                      <u, v> = <a, b>  ( u = a ( v = b.
	Proof.   This must be proved without using LEM.  Suppose that <u, v> = <a, b>.
	Since {u} is an element of<u, v>, it must also be an element of <a, b>, so that either {u} = {a} or {u} = {a, b}. In both cases u = a.
	Since {u, v} is an element of<u, v>, it must also be an element of <a, b>, so that either {u, v} = {a} or {u, v} = {a, b}. In either case v = a or v = b. If v = a then             u = a = v, so that
	{{a}} = {{u}, {u, v}} = <u, v> = <a, b> = {{a}, {a, b}}.
	It follows that {a} = {a, b} so that a = b, and so v= b. So in either case v = b, and the proposition is proved. (
	We define the Cartesian product of two classes A and B by
	It is left to the reader as an exercise to show that, Set(A) and Set(B) implies Set(A ( B)
	A (binary) relation between classes A, B is a subset R ( A( B.  We sometimes write aRb for <a, b> ( R.   The doman dom(R) and the range ran(R) of R are defined by
	dom(R) = {x: (y xRy}      ran(R) = {y: (x xRy}.
	It is left as an exercise to the reader to show that, if Set(R), then Set(dom(R)) and Set(ran(R)).
	A relation F is a function, or map, written Fun(F), if for each a ( dom(F) there is a unique b for which aFb. This unique b is written F(a) or Fa.  We write
	F: A ( B   for the assertion that F s a function with dom(F) = A and ran(F) = B.  In this case we occasionally write a ( F(a) for F.
	The identity map 1A on A is the map A ( A given by a ( a. If X ( A, the map         x ( x: X ( A is called the insertion map of X into A.
	If F: A ( B   and X ( A, the restriction F|X of F to X s the map X ( A given by   x ( F(x).  If Y ( B, the inverse image of Y under F is the set
	F-1[Y] = {x(A: F(x) ( Y}.
	Given two functions F: A ( B, G: B ( C, we define the composite function    � to be the function a ( G(F(a)). If F: A ( A, we write  �etc.
	A function F: A ( B is said to be monic if for all x, y ( A, F(x) = F(y) implies         x = y, epi if for any b ( B there is a (A for which b = F(a), and bijective, or a bijection, if it is both monic and epi. It is easily shown that F is bijective if and only if F has an inverse, that is, a map G: B ( A such that  � Two sets X and Y are said to be equipollent, and we write X ( Y, if there is a bijection between them.
	Suppose we are given two classes I, A and an epi map F: I ( A.  Then                   A = {F(i):  i ( I} and so, if, for each i ( I, we write ai for F(i), then A can be presented in the form of an indexed class {ai: i ( I}. If A is presented as an indexed class of sets {Xi: i ( I}, then we write �and � for (A and (A, respectively.
	The projection maps � and � are defined to be the maps  <a, b>  ( a  and <a, b> ( b  respectively.
	For sets A, B, the exponential BA is defined to be the set of all functions from A to B. (Exercise: show that this is indeed a set.)
	It follows easily from the axioms and definitions of IZ that, for any set A, PA, under the partial ordering  (, is a frame
	with operations ,  and , where
	U  V = {x: x  U  x  V},
	Its top and bottom elements are A and  respectively.
	For any set a, we write {a |(} for {x: x = a  (}; notice that
	a  (  {a| (} (  (.
	From Extensionality we infer that {a |(}  = {a |(}  iff ((  (); thus, in particular, the elements of P1 (recall that 1 = {0}) correspond naturally to truth values, i.e. propositions identified under equivalence. P1 is called the frame of truth values and is denoted by . The top element 1 of is usually written true and the bottom element ( as false.
	In IZ, ( plays the role of a subset classifier. That is, for each set A, subsets of A are correlated bijectively with functions A ( (.  To wit, each subset X ( A is correlated with its characteristic function �: A ( ( given by �= {0|x ( X}; conversely each function  f: A ( ( is correlated with the subset f –1(1)  =        {x(A:  f(x) = 1} of A.
	logical principles in iz
	Properties of  correspond to logical principles of the set theory. For instance, consider the logical principles (where (, (  are any formulas):
	LEM (law of excluded middle)   ( ( ((
	WLEM (weakened law of excluded middle)    (( ( (((.
	DML (De Morgan’s law)  ((( ( ()   (  ((( (  (()
	In intuitionistic logic WLEM and DML are equivalent.
	LEMand WLEM correspond respectively to the properties
	. true   = false         .  = false    false.
	Given a formula ((x, y), the sentence (x(y(( ( (() will be read as asserting that ( is decidable.  For a class A, the sentence xA yA (x = y  x  y) will be read as  asserting that A is discrete. We then have
	Proposition 2.  In IZ, each of the following is equivalent to LEM:
	(i)  Membership is decidable, i.e.  xy (x  y  x  y)
	(ii)  V is discrete
	(iii)  Every set is discrete
	(iv)  is discrete
	(v)   ( = 2
	(vi) x (0  x  0  x)
	(vii)  (2, ) is well-ordered, i.e. every inhabited subset of 2 has a  least element.
	Proof. That LEM implies (i) is obvious.
	(i)  ( (ii). Assuming (i), we have xy (x  {y}  x  {y}), whence (ii).
	(ii) ( (iii) and (iii) ( (iv) are both obvious.
	(iv) ( (v). Assuming (iv), for any  we have or (n the latter case (and (v) follows.
	(v ) ( (vi).  Let ( be the formula 0  ( x. Then , assuming (v), we have  {0|(} = {0} or   {0|(} = (In the first case we get ( and in the second ((. Hence (vi).
	(vi) (  (vii). Let U be an inhabited subset of 2. Assuming (vi), we have  0  U or 0  U. In the first case 0 is the least element of U. In the second case, since U is inhabited we must have 1 ( U, so that 1 is the least element of U. Thus in either case U has a least element., and (vii) follows.
	(viii) (  LEM.  Assume (vii) and let ( be any formula. Let U be the subset  {0|(} ( {1}of 2. Then 0 (U  (  (; moreover U is inhabited and so has a least element a , which must be either 0 or 1. If  a =  0, then (  U, whence (; while if  a =  1, then  0  ( U, whence  ((. LEM follows.  (
	Observe that the negation operation  on formulas corresponds to the complementation operation on ; we use the same symbol  to denote the latter. This operation satisfies (using ’ as variables ranging over 
	false.
	Classically,  also satisfies the dual law, viz.
	true.
	But in IZ, this is far from being the case. In fact we can prove
	Proposition 3.   In IZ, LEM is equivalent to the assertion that there exists an  operation  –:     satisfying
	(*)                                                   –true
	Proof.  If LEM holds, then the complementation operation ( satisfies (*).
	Conversely, suppose given an operation –:     for which (*) holds.  Then
	–true  false  false  true true,
	so that –true  false, whence –true = false. Next,
	0  – –   = true  0  –true = false.
	Since 0  false, it follows that
	0  –  0  0  ,
	and from this we infer that –  . Since, obviously, – = true, it then follows that, for any ,    = true, which is LEM. (
	The weak law of excluded middle is also equivalent to a certain property of the ordered set (2,  ):
	Proposition 4.   In IZ, the following are equivalent:
	(i) WLEM
	(ii) (2, )  is complete, i.e. every subset of 2 has a -supremum.
	Proof. (i) ( (ii). Assume (i) and let U ( 2.  Clearly 1 ( U  ( U  ( {0}. By (i), we have  1 ( U  or  ( (1 ( U). In the first case U  ( {0} and U then has supremum 0. In the second case  ((U ( {0}), so that  �, which is equivalent to
	�.
	Also, obviously,
	It follows that, for any u ( 2,
	so that U has supremum 1.  Thus in either case U has a supremum, and (ii) follows.
	(ii) ( (i). Assume (ii), let  ( be any formula and define U = {1: (}. Then U has a supremum a and there are two cases: a = 0 or a = 1. In the first case 1 ( U, so that ((.  In the second case, if  ((, then U = (  and so a = 0, which is impossible. Therefore (((, and (i) follows.  (
	the axiom of choice
	A choice function on a set A is a function f with domain A such that f(a)  a whenever a is inhabited.  The Axiom of Choice AC is the assertion that every set has a choice function. While AC plays a major role in classical set theory, in an intuitionistic setting it is far too strong, since even very weak versions of it can be shown to imply LEM.  In fact we have
	Proposition 5. It is provable in IZ that if each doubleton has a choice function, then LEM holds (and, of course, conversely).
	Proof.  Let ( be any formula; define U = {x2: x = 0  (}  and                                  V = {x2: x = 1  (}. Suppose given a choice function f on {U, V}. Writing             a = f(U), b = f(V), we then have   a U, b  V, i.e.
	(a = 0  ()  (b= 1  ().
	Hence
	(a = 0 b= 1)  (,
	whence
	(*)                                                         a  b  (.
	But
	(  U = V  a = b,
	so that
	a  b  (.
	This, together with (*), gives (  (.   (
	As we have seen, in IZ the Law of Excluded Middle is derivable from AC. We are now going to show that each of a number of classically correct, but intuitionistically invalid logical principles, including the Law of Excluded Middle for sentences, is, in IZ, equivalent to a suitably weakened version of AC.  Thus each of these logical principles may be viewed as a choice principle.
	We fix some more notation. For each set A we shall write QA for the set of inhabited subsets of A, that is, of subsets X of A for which  (x (x ( X). The class of functions with domain A will be denoted by Fun(A).
	We tabulate the following new logical schemes
	 SLEM	             (  ( ((
	 Lin	             (( ( () ( (( ( ()
	 SWLEM          (( ( (((
	 Ex
	                      (x[(x((x) (  ( (x)]
	 Un                      (x[((x)  ((x((x)]
	 Dis
	 	             (x[( ( ((x)] ( ( ( (x((x)
	Here ( and (  are sentences, and ( (x) is a formula with free variable x.   In intuitionistic logic, Lin and SWLEM are consequences of SLEM; and Un implies Dis. All of these schemes follow, of course, from LEM, the full Law of Excluded Middle.
	We formulate the following choice principles—here X is an arbitrary set and     ((x, y) an arbitrary formula with at most the free variables x, y:
	 ACX		(x(X (y ((x, y) ( (f(Fun(X) (x(X ((x, fx)
	 �		(f(Fun(X) [(x(X (y ((x, y) ( (x(X ((x, fx)]
	 DACX		(f(Fun(X) (x(X ((x, fx) ( (x(X  (y ((x, y)
	 �	                   (f(Fun(X) [(x(X ((x, fx) ( (x(X  (y ((x, y)]
	The first two of these are forms of the Axiom of Choice for X; while classically equivalent, in IZ AC*X implies AC��X, but not conversely. The principles DACX and  �are dual forms of the Axiom of Choice for X: classically they are both equivalent to ACX  and �, but in IZ � implies DAC��X, and not conversely.
	We also formulate the weak extensional selection principle:
	WESP      (x(2 ((x) ( (x(2 ( (x)  (
	(x(2(y(2[((x) ( ((y)  ( [(x(2[((x) ( ((x)] ( x = y]].
	Here ((x) , ((x)  are formulas with the free variable x. This principle asserts that, for any pair of instantiated properties of members of 2, instances may be assigned to the properties in a manner that depends just on their extensions. WESP is a straightforward consequence of ACQ2. For taking ((u, y) to be y ( u in ACQ2 yields the existence of a function f with domain Q2 such that fu ( u for every u ( Q2. Given formulas ((x), ((x), and assuming the antecedent of WESP, the sets U = {x(2: ((x)} and V = {x(2: ((x)} are members of Q2, so that                  a = fU ( U, and b = fV ( V, whence ((a) and ((b). Also, if (x(2[((x) ( ((x)], then U = V, whence a = b; it follows then that the consequent of WESP holds.
	We show that each of the logical principles tabulated above is equivalent (over IZ) to a choice principle. Starting at the top of the list, we have first:
	Proposition 6.  WESP and SLEM are equivalent over IZ.
	Proof.  Assume WESP. Let ( be any sentence and define
	((x)  (  x = 0  (   (          ( (x)  (  x = 1  (   (.
	With these instances of ( and ( the antecedent of WESP is clearly satisfied, so that there exist members a, b of 2 for which (1) ((a) ( ((b) and                              (2) (x [[(x(2[((x) ( ((x)] ( a = b. It follows from (1) that ( ( (a = 0 ( b = 1), whence (3) ( ( a ( b. And since clearly (  (  (x(2[((x) ( ((x)] we deduce from (2) that ( ( a = b, whence a ( b ( ((. Putting this last together with (3) yields   ( ( ((, and SLEM follows.
	For the converse, we argue informally. Suppose that SLEM holds. Assuming the antecedent of WESP, choose a ( 2 for which ((a). Now (using SLEM) define an element b ( 2 as follows. If (x(2[((x) ( ((x)] holds, let b = a; if not, choose b so that ((b). It is now easy to see that a and b satisfy ((a) ( ((b) (                 [(x(2[((x) ( ((x)] ( a = b]. WESP follows. (
	Next, we observe that, while AC1 is (trivially) provable in IZ, by contrast we have
	Proposition 7.  �and Ex are equivalent over IZ.
	Proof.  Assuming �, take ((x, y) ( ((y) in its antecedent. This yields an            f ( Fun(1) for which (y((y) ( ((f0), giving (y[(y((y) ( ((y)], i.e., Ex.
	Conversely, define ((y) ( ((0, y). Then, assuming Ex, there is b for which      (y((y) ( ((b), whence (x(1 (y((x, y) ( (x(1 ((x, b). Defining f ( Fun(1) by           f = {(0, b(} gives (x(1 (y((x, y) ( (x(1 ((x, fx), and �follows.  (
	Further, while DAC1 is easily seen to be provable in IZ, we have
	Proposition 8.  �and Un are equivalent over IZ.
	Proof.  Given (, Define ((x, y) ( ((y). Then, for f ( Fun(1),  (x(1 ((x,fx) ( ((f0) and (x(1(y((x, y) ( (y((y). �then gives
	(f(Fun(1)[((f0) ( (y((y)],
	from which Un follows easily.
	Conversely, given (, define ((y) ( ((0, y). Then from Un we infer that there exists b for which ((b) ( (y((y), i.e. ((0, b) ( (y((0, y). Defining f ( Fun(1) by f = {(0, b(} then gives ((0, f0) ( (x(1(y((x ,y), whence (x(1 ((x, fx) (  (x(1(y((x, y), and Un follows.  (
	Next, while AC2 is easily proved in IZ, by contrast we have
	Proposition 9.  DAC2 and Dis are equivalent over IZ.
	Proof.  The antecedent of DAC2 is equivalent to the assertion
	(f(Fun(2)[((0,  f0) ( ((1,  f1)],
	which, in view of the natural correlation between members of  Fun (2) and ordered pairs,  is equivalent to the assertion
	(y(y([((0,  y) ( ((1,  y()].
	The consequent of DAC2 is equivalent to the assertion
	(y(Y((0, y) ( (y((Y((1, y()
	So DAC2 itself is equivalent to
	(y(y([((0,y) ( ((1,y()]  (  (y((0,y) ( (y(((1,y().
	But this is obviously equivalent to the scheme
	(y(y([((y) ( ((y()]  (  (y((y) ( (y(((y(),
	where y does not occur free in (, nor y( in (. And this last is easily seen to be equivalent to Dis.         (
	Now consider �. This is quickly seen to be equivalent to the assertion
	(z(z([((0, z) (  ((1, z()  ( (y((0, y) (  (y(((1, y(),
	i.e. to the assertion, for arbitrary ((x), ((x), that
	(z(z([((z) ( ((z()  (  (y((y) (  (y(((y()].
	This is in turn equivalent to the assertion, for any sentence (,
	(*)                                 (y[( ( ((y)  (  ( (  (y((y)] .
	Now (*) obviously entails Un.  Conversely, given Un, there is b for which        ((b) ((y((y). Hence ( ( ((b) ( ( ( (y((y), whence (*). So we have proved
	Proposition 10. Over IZ, � is equivalent to Un, and hence also to �.(
	In order to provide choice schemes equivalent to Lin and Stone we introduce
	�	     (f(2X [x(X (y(2 ((x, y) ( (x(X ((x, fx)]
	�    (f(2X [(x(X (y(2 ((x, y) ( (x(X ((x, fx)]  provided  the sentence                             (x[((x, 0)  ((((x, 1)] is provable in IZ.
	Clearly � is equivalent to
	(f(2X [(x(X[((x, 0) ( ((x, 1)] ( (x(X ((x ,fx)]
	and similarly for � Then we have
	Proposition 11. Over IZ, �and �are equivalent, respectively, to Lin and SWLEM.
	Proof. Let ( and ( be sentences, and define
	((x, y) ( x = 0 (  [(y = 0 ( () ( (y  = 1 ( ()].
	Then ( (  ((0, 0) and ( ( ((0, 1), and so
	(x(1[((x ,0) ( ((x, 1)] ( ((0, 0) ( ((0, 1) ( ( ( (.
	Therefore
	(f(21 [(x(1[((x, 0) ( ((x, 1)] ( (x(1 ((x, fx)] (  (f(21[( ( ( ( ((0, f0)]
	( [( ( ( ( ((0, 0)] ( [( ( ( (((0, 1)]
	(   [( ( ( ( (] ( [( ( ( ( (]
	(   [( ( (  (  ( ( (].
	This yields �( Lin. For the converse, define ( ( ((0,0) and  ( ( ((0,1) and reverse the argument.
	To establish the second stated equivalence, notice that, when ( (x,y) is defined as above, but with ( replaced by ((, it satisfies the provisions imposed in �. As above, that principle gives ((( ( () ( (( ( ((), whence (( ( (((. So SWELM follows from �.  Conversely, suppose that ( meets the condition imposed in �  Then from ((0, 0) ( (((0, 1) we deduce                           ((((0, 0) ( (((0,1); now,  assuming SWLEM, we have (((0, 0) ( ((((0, 0), whence  (((0, 0) ( (((0, 1). Since (((0, 0) ( [((0, 0) ( ((0, 1)] and                 (((0, 1) ( [((0, 1) ( ((0, 0)] we deduce [((0, 0) ( ((0, 1)] ( [((0, 1) ( ((0, 0)]. From the argument above it now follows that (f(21 [(x(1[((x, 0) ( ((x, 1)] (  (x(1 ((x,fx)]. Accordingly �is a consequence of SWLEM. (
	Chapter II
	Natural Numbers and Finite Sets
	the natural numbers
	The natural numbers can be defined in IZ and their usual properties proved.
	Let us call a set A inductive if
	It follows from the axiom of infinity that there exists at least one inductive set A.
	Define
	Then  � is inductive and is clearly the least inductive set, that is, �  ( K  for every inductive set K. The members of � are called natural numbers; thus 0, 1, 2  are natural numbers. We shall use letters m, n, p, ... as variables ranging over �.
	Proposition 1.
	(i) m (  n ( m+  ( n.
	(ii) n  ( n
	(iii) m+  =  n+  (  m = n.
	Proof.  (i)    Let   K  =  {n:  (m(m (  n ( m+  ( n).To prove (i)  it suffices to show that K is inductive. Clearly 0 ( K. Suppose now that n ( K. Then
	(*)                                                       m (  n ( m+  ( n.
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	If m ( n+ then m( n  or  m = n.  In the first case m+  ( n by (*) and in the second case m+  = n+ . Thus in both cases m+  ( n+  and so n+ ( K. Hence K is inductive and (i) is proved.
	(ii)  It suffices to show that the set L = {n: n  ( n} is inductive. Clearly 0 ( L. If     n ( L and n+ ( n+, , then n+ ( n  or n+ = n. In the first case, it follows from (i)  that n++  ( n, and since n ( n++, that  n  (  n. The second case also implies n  (  n. Thus in both cases n ( L. So   n ( L and n+ ( n+, together lead to a contradiction , whence n ( L  (n+  ( n+. i.e. n ( L  ( n+  ( L. So L is inductive and (ii) follows.
	(iii)     It follows from m+  = n+   that m (  n+; thus m (  n or m = n and so by (i)    m  ( n. Similarly  n  ( m. (
	We shall sometimes write m < n for m ( n and m (  n for m ( n.  It follows from Proposition  1 that m+  (  n  ( m  < n.
	Proposition 2.  For arbitrary m, n, exactly one of the following holds:
	m( n, m = n, n ( m.
	Proof.  Proposition 1 implies that any two of the above assertions are mutually contradictory. To prove that, for every m, n, one of these assertions holds we define
	K(n) = {m: m( n ( m = n(  n ( m}.
	We need to show that K(n) = � for every n, and for this it suffices to show that K(n) is inductive.
	The set K(0) is inductive, since K(0) =  {0} ({m: 0 ( m} and it is obvious that         0 ( m  (   0 ( m+.
	Now suppose that K(n) is inductive, i.e. � ( K(n). We show that K (n+) is also inductive.
	0 ( K (n+). From the fact that K(0) is inductive, it follows that  n+  ( ( ( K(0), whence n+ ( 0 or n+ = 0  or  0 ( n+. The first two disjuncts are false, so 0 ( n+  and 0 ( K (n+).
	m( K (n+) (  m+  ( K (n+).  Suppose that m( K (n+), that is, m( n + or m =  n+ or   n+ ( m. In the second and third cases we obviously have n+ ( m+ and hence      m+ ( K (n+). In the first case either m = n or m( n . If m = n then m+ =  n+  so that m+  ( K (n+). If m( n, then m( K (n), and so, since K(n) has been assumed inductive, m+ ( K (n). It follows that m+ ( n or m+ = n or n ( m+. The third disjunct is false, since it implies (using Prop 1 (i)) that n ( n, contradicting Prop. 1(ii). Accordingly we have only the two possibilities m+ ( n or m+ = n, both of which, since n ( n+, yield m+  ( K (n+). The proof is complete.  (
	From Propositions 2 and 1(ii) we deduce immediately the
	Corollary.  �  is discrete. (
	models of peano’s axioms
	A Peano structure is a  triple  A = (A, s, () where A is a set, s: A ( A, and               (  ( A.
	A is called the domain of A and s the successor operation in A.  A model of Peano’s axioms is a Peano structure A such that the following axioms are satisfied:
	P1       (p(A . sp (  (
	P2       (p(A (q(A.  sp = sq ( p = q.
	P3       �
	(P3) is the Induction Principle for A: it is clearly equivalent to the scheme:  for any formula ((x),
	A subset K of A satisfying �is called an inductive subset of A:  the Induction Principle asserts that the only inductive subset of A is A itself. Establishing that a subset K is inductive is called a proof by induction.
	The following facts are easily established by induction:
	In any model A of Peano’s axioms,
	sp (  p
	If we define s: � (  �by sn = n+, then it follows from the fact that Prop.1 (iii) and the fact that � is the least inductive set that (�, s, 0) is a model of Peano’s axioms.
	definitions by recursion
	Just as in classical set theory, in IZ any model of Peano’s axioms admits functions defined by recursion. Let us say that a Peano structure A = (A, s, () satisfies the Simple Recursion Principle if:
	Given any set X, any element a ( X, and any function e: X ( X, there exists a unique function  f: A  ( X  such that
	f(()  = a      (p (A   f(sp) = e(fp).
	Proposition  3  Any model of Peano’s axioms satisfies the Simple Recursion Principle.
	Proof.   Let A = (A, s, ()  be a model of Peano’s axioms. To simplify notation we shall use letters p, q to denote variables ranging over A.
	Define
	Let � We claim that f satisfies the conditions of the proposition; its uniqueness is left as an exercise to the reader. To show that f satisfies the conditions of the proposition it clearly suffices to show that f is a map from A to X.
	Clearly �Let �Then V ( A and �since � Moreover
	So V is inductive, whence V = A, and f is defined on A.
	It remains to show that f is single-valued.  To this end define
	We need to show that K is inductive.
	First, we show that � Define
	It is easily verified that f* ( U, whence f = f*. Therefore
	so that
	from which it follows immediately that �
	Finally we need to show that p ( K ( sp ( K. To do this we first establish the auxiliary result
	(1)                             �.
	Given p (K satisfying � define
	We claim that � First, from P1 it follows that�Now, if �, then �and q = sp ( y = e(x). We need to show that � and for this it suffices to show that
	(2)                                                  �
	and
	(3)                                                sp =sq ( e(y) = e(x).
	Assertion (2) follows from the assumption that �.  As for (3), if sp = sq, then, by P2, p = q, so from �it follows that �. But we are assuming that p ( K and �, so we conclude from the defining property of K that x = y.  Hence, certainly, e(x) = e(y), proving (2).
	We conclude that � From this it follows that  �, so that
	whence
	Thus (1) is proved.
	Now, we know that V = A, i.e. �it follows from this and (1) that
	Therefore p ( K ( sp ( K, and it follows that K is inductive, so that K = A and f is single-valued. This completes the proof of Proposition 3.   (
	An isomorphism between two Peano structures A = (A, s, ()  and A’ = (A’, s’, (’) is a bijection f: A ( A’ such that f(() = (’ and for all p ( A, f(s(p)) = s’(f(p)).   Two Peano structures are isomorphic if there is an isomorphism between them.
	Corollary 1. Any two models of Peano’s axioms are isomorphic.
	Proof.  Given two Peano structures A = (A, s, ()  and A’ = (A’, s’, (’), by Prop. 3 they both satisfy the Simple Recursion Principle, so that there are maps f: A ( A’  and g: A’ ( A such that
	f(() = ( ‘ &  for all p ( A, f(s(p)) = s’(f(p)).
	g((’) = ( &  for all q ( A’, g(s’(q)) = s(g(q)).
	We claim that f is an isomorphism between A and A’. For this to be the case it suffices to show that g is an inverse to f, i.e. �and �  To prove the first assertion it is enough to show that the set K – {p(A: g(f(p)) = p } is inductive, and this is a straightforward consequence of the definitions of f and g. The proof of the second assertion is similar. (
	Corollary 2.  The domain of any Peano structure is discrete.
	Proof. By the Corollary to Prop.  3, � is discrete, and is the domain of a model of Peano’s axioms.  If A is the domain of a model of Peano’s axioms, it is, by Corollary 1, bijective with �, and it follows easily from this and the discreteness of � that A is discrete. (
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	Let us say that a Peano structure A = (A, s, () satisfies the Extended Recursion Principle if:
	given any set X, any element a ( X, and any function �, there exists a unique function f: A  ( X such that
	f(()  = a   (   (p (A.   f(sp) = e(<fp, p>).
	Proposition 4. Any Peano structure that satisfies the Simple Recursion Principle also satisfies the Extended Recursion Principle.
	Proof. Let A = (A, s, () be a Peano structure satisfying the Simple Recursion Principle.  We use p as a variable ranging over A. Given a set X, an  element        a ( X, and a function �, let � and let h: Y ( Y be the function given by
	Applying the Simple Recursion Principle to h, Y and �yields a unique         k: A ( Y such that
	It is now easily checked that �is the unique map such that
	f(()  = a   (   (p (A.   f(sp) = e(<fp, p>).
	The Extended Recursion Principle follows. (
	We use Proposition 4 to prove the converse of Proposition 3, namely
	Proposition 5. Any Peano structure that satisfies the Simple Recursion Principle is a model of Peano’s axioms.
	Proof. Let A = (A, s, () be a Peano structure satisfying the Simple Recursion Principle.  Then by Prop. 4 A also satisfies the Extended Recursion Principle. We need to verify that A satisfies P1, P2 and P3. Again we use p, q as variables ranging over A.
	P1:  (p . sp (  (. Recalling that 2 = {0, 1}, define g: 2 ( 2 by g = {<0,1>, <1,1>}. Using the Simple Recursion Principle, there is f: P ( 2 such that
	Then
	�;
	since 0 ( 1, P1 follows.
	P2:  (p(q.  sp = sq ( p = q.  Consider �By the Extended Recursion Principle there is a map f: A ( A such that
	Then
	and P2 follows.
	P3:  the Induction Principle. Suppose K ( A is inductive . Then p ( sp: K ( K and so the Simple Recursion Principle furnishes a map f: A ( K such that
	Writing j for the insertion map of K into A, we get
	(*)                           �
	But the identity map 1A: A ( A also satisfies (*), so from the uniqueness condition in the Simple Recursion Principle we infer that � It follows easily from this that K = A, and the Induction Principle follows. (
	A set A is Dedekind infinite if there exists a monic map f: A ( A and an element    a ( A such that a ( ran(f). We next show that each Dedekind infinite set gives rise to a model of Peano’s axioms.
	Proposition 6.  Each Dedekind infinite set contains the domain of a model of Peano’s axioms.
	Proof. Let A be Dedekind infinite,  f: A ( A  monic, and  a ( A such that              a ( ran(f). Define
	It is then easily shown that (U, f, a) is a model of Peano’s axioms. (
	Corollary. A set A is Dedekind infinite if and only if there exists an injection �(  A.
	finite sets
	There are a number of possible definitions of the concept of finite set in IZ. To introduce (some of) these, it will be convenient to fix a set E. By an E- family or E-singleton we shall mean "set of subsets of E", or "singleton of E", respectively. For a subset X of E we define
	K(X) ( X is in every E-family containing (, all E-singletons, and closed under unions of pairs of its members. If K(X) holds, we shall say that X is a Kuratowski finite subset of E.
	L(X) ( X is in every E-family containing ( and closed under unions with E-singletons. If L(X) holds, we shall say that X is a finite subset of E.
	M(X) ( X is in every E-family F  containing ( and closed under unions with disjoint E-singletons, that is, if (X(F (x(E–X(X ( {x} ( F). If M(X) holds, we shall say that X is a strictly finite subset of E.
	We shall also write D(X) for “X is discrete”.
	Lemma 1.  (X(E[M(X) ( L(X)].
	Proof. Obvious. (
	Lemma 2. (X(E [K(X) ( L(X)].
	Proof. Clearly L(X)( K(X). To prove the converse, it suffices to show that the family L = {X(E: L(X)} is closed under unions of pairs. To this end let ((U) be the property (X(L. U ( X (L. It suffices to show (U[L(U) ( ((U)]. Clearly (((). Assuming ((U) and X( L we have U  ( X ( L and so U ( X ( {x} ( L for arbitrary x, whence ((U ({x}). Hence (U[L(U) ( ((U)] and the result follows. (
	Lemma 3.  (X[M(X) ( D(X)].
	Proof. Obviously D((). If D(X) and x ( X, clearly D(X ( {x}). The result follows. (
	Lemma 4. (X(E [M(X) ( (a[D(X ( {a}) ( (a ( X (  a ( X)]].
	Proof. Write ((X) for the condition following the first implication. Clearly (((). Suppose that ((X) and x ( X. If D(X({x}({a}), then D(X ( {a}), so, since ((X), either   a  ( X ( a ( X. Since D(X({x}({a}), it follows that a = x ( a ( x. Hence
	(a ( X ( a = x) ( (a ( X ( a = x) ( (a ( X ( a ( x) ( ( a ( X ( a ( x),
	The first three disjuncts each imply a ( X ( {x}, and the last disjunct means         a ( X  ( {x}.
	Accordingly a ( X ( {x} ( a ( X ( {x}. We conclude that ((X ( {x}) and the result follows. (
	Lemma 5.  (X(E [L(X) (  D(X) ( M(X)].
	Proof. We need to show  (X[L(X) ( ((X)], where ((X) is D(X)( M(X). Clearly (((). Assume ((X) and D(X ( {a}).  Then D(X), so, since ((X), it follows that M(X). Since  D(X ( {a}), Lemma 4 gives  a ( X ( a ( X. In either case we deduce that M(X ( {a}). Hence   ((X ( {a}), and the result follows. (
	From these lemmas we immediately infer
	Proposition 7. For any set E, the families of strictly finite, discrete finite, and discrete Kuratowski finite subsets coincide. (
	We can now define a set E to be strictly finite, finite, or Kuratowski finite if it is, respectively, a strictly finite, finite, or Kuratowski finite subset of itself.
	Proposition 8. A set is strictly finite if and only if it is bijective with a natural number.
	Proof.  Suppose that E is strictly finite, and for X ( E let ((X) be the property X is bijective with a natural number. We need to show that ((E), and for this it suffices to show that, for all X ( E,  M(X) ( ((X). Clearly we have (((). If ((X) and x ( E – X, let f : n  ( X be a bijection between some natural number n and X. It is easily checked that the set g =  f  ( {<n,x>} is a bijection between n+  and       X ( {x}.  Hence ((X ( {x}) and the result follows.
	Conversely, suppose that E is bijective with a natural number, i.e. ((E). We want to show that E is strictly finite, and for this it suffices to show that the subset K of ( given by
	is inductive. Clearly 0 ( K. Now suppose n( K, and X ( n+. Let f be a bijection between n+ and X, let a = f(n) and let X’ = X – {a}.  Then the restriction f|n  is a bijection between n and X’ and so, since n( K, it follows that X’ is strictly finite. But then, since a ( X’, it follows that X = X’ ( {a} is also strictly finite.  Hence     n+  ( K, so that K is inductive. This completes the proof.  (
	Finally, a set E is Dedekind finite if it is not Dedekind infinite, i.e. if there does not exist a monic f: E ( E and an element a (  E such that a ( ran(f).
	Proposition 9. Every strictly finite set is Dedekind finite.
	Proof. To prove this, it suffices to show that ( is Dedekind finite and
	(*)                             X Dedekind finite & a ( X ( X ( {a} Dedekind finite.
	It is obvious that ( is Dedekind finite.  To prove (*), suppose that a ( X and       X ( {a} is Dedekind infinite. We show that X is Dedekind infinite. Since X ( {a} is Dedekind infinite, there is a monic f: X ( {a}  ( X ( {a} and b (  X ( {a} such that b ( ran(f). There are two cases: b = a or b  ( X.  In the first case,                       f: X ( {a}  ( X ; the restriction f|X : X ( X is then monic and                              f(a) ( X – ran(f|X), so that X is Dedekind infinite.  The second case, b ( X, splits into two subcases: f(a) = a or   f(a) ( X. In the first subcase,  f|X : X ( X  is monic and b  ( X – ran(f|X), so that again X is Dedekind-infinite. In the second subcase, f(a) ( X, there is a unique x0 ( X for which f(x0) = a,  so that                    x0 ( � and it is then easily shown that �Now define
	It is then easily shown that g is a monic map from X to X and b ( ran(g). Thus X is Dedekind infinite and the result is proved. (
	We conclude this section with
	Proposition 10.  ( is Dedekind finite.
	This is an immediate consequence of
	Proposition 11.  If  f: ( ( ( is monic, then f2 = 1(, so that f is also epi..
	Proof.  In the proof we shall use the easily established fact that �
	(1)                                    �.
	We first prove
	(2)                                                            f(() = 1 ( f2(() = (.
	Assume f(() = 1. We show that f2(() = 1 ( ( = 1, from which (2) then follows by (1).
	First, we have
	(  = 1 (  ( = f(()  ( f2(() = f(() =1 .
	Conversely
	f2(() = 1 ( f2(() = 1 = f(()( ( = f(() =1,
	as required.
	Finally we use (2) to prove
	(3)                                                 f3(() = f((),
	from which we infer f2(() = (, so that f2 = 1(.
	To prove (3), by (1) it suffices to show that
	(4)                                          f3(() =  1 ( f(() = 1.
	If f(() = 1, it follows from (2) that f2(() = (, whence f3(() = f(() = 1. Conversely, if f3(() =  1, then f(f2(())  =  1, so by (2) f4(() =  f2(f2(())  = f2((). It follows that     1= f3(() = f((). This proves (4), and the  Proposition.   (
	frege’s construction of the natural numbers
	By Frege's Theorem is meant the result, implicit in Frege's Grundlagen, that, for any set E, if there exists a map ( from PE to E satisfying the condition
	(X(Y[ ((X) = ((Y)  ( X ( Y],
	then E has a subset which is the domain of a model of Peano's axioms. We are going to show that a strengthened version of this result can be proved in IZ.
	Let us call a family of subsets of a set E strictly inductive if it contains ( and is closed under unions with disjoint E- singletons. We define a Frege structure to be  a pair (E, () with ( a map to E whose domain dom(() is a strictly inductive family of subsets of E such that
	(X( dom(()(Y ( dom(() [((X) = ((Y)  ( X ( Y].
	A Frege structure (E, () is strict if dom(() is the family of strictly finite subsets of E.
	We now prove
	Frege’s Theorem. Let (E, () be a Frege structure. Then we can define a subset N of E which is the domain of a model of Peano’s axioms.
	Thus suppose given a Frege structure (E, (). The proof of Frege’s Theorem breaks down into a sequence of lemmas.
	For X ( dom(() write X† for X  ( {((X)}. Call a property ( defined on the members of dom(() (-inductive if ((() and, for any X( dom((), if ((X) and   ((X) ( X, then (( X†). Call a subfamily A of dom(() (-inductive if the property of being a member of A  is (-inductive. Then dom(() is (-inductive, as is the intersection N of the collection of all (-inductive families. From the fact that N is the least ( -inductive family we infer immediately the
	Principle of (- Induction for N. For any property ( defined on the members of N, if ( is (- inductive, then every member of N has (.
	Lemma 1. For any X ( N,
	X = ( or X = Y† for some Y ( N such that ((Y) ( Y.
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	Proof. Write ((X) for this assertion. To establish the claim it is enough, by the Principle of (- Induction, to show that ( is (-inductive. Clearly (((). If ((X) and ((X) ( X, then evidently   (( X†). So ( is (-inductive. (
	Lemma 2. For any X ( N and any x ( X,
	there is Y ( N  such that Y  ( X and x = ((Y).
	Proof. Writing ((X) for this assertion, it suffices to show that ( is (-inductive. Clearly (((). Now assume ((X) and x ( X†. Then either x ( X, in which case, since ((X) has been assumed, there is Y ( N for which x = ((Y) and Y ( X, a fortiori Y ( X†. Or x = ((X), yielding the same conclusion with Y = X. So we obtain ((X+), ( is (- inductive, and the Lemma follows.  (
	Lemma 3.  If X, Y (  E, x ( E – X, y ( E– Y, and X ( {x} ( Y ({y}, then X ( Y.
	Proof. Assume the premises and let f be a bijection between X ( {x}  and             Y ( {y}.  We produce a bijection f' between X and Y. Let y' be the unique element of Y ( {y} for which <x, y'> ( f. Then either y' = y, in which case we take f' = f| X, or y' ( Y, in which case the unique element x'  ( X  ( {x} for which <x',y> ( f satisfies x' ( X. (For if x' = x then <x, y>  ( f, in which case                   y' = y ( Y.) So in this case we define
	f' = [f  ( (X ( Y)] ( {<x',y'>}.
	In either case it is easily checked that f' is a bijection between X and Y. This proves the Lemma.   (
	Lemma 4.  For all X, Y in N,
	((X) = ((Y) ( X = Y.
	Proof. Write ((X) for the assertion X ( N and (Y ( N[((X) = ((Y) ( X = Y]. It suffices to show that ( is (-inductive. ((() holds because ((() = ((Y) ( Y ( ( ( ( = Y. Now assume that ((X) and ((X) ( X; we derive ((X†). Suppose that   Y ( N and ((X†) = ((Y). Then X+ ( Y, and so in particular Y ( (.  By Lemma 1, there is Z ( N for which  ((Z) ( Z and Y = Z†, so that X†(  Z†. We deduce, using Lemma 3, that X ( Z, so, since we have assumed ((X), X = Z. Hence X† = Z† = Y, and ((X+) follows. So ( is (-inductive and the Lemma proved.  (
	Lemma 5.  For any X ( N,
	((X) ( X.
	Proof. It suffices to show that the property ((X) ( X is (-inductive. Obviously    ( has this property. Supposing that X ( N, ((X) ( X but ((X†) ( X†, we have either ((X†) = ((X) or ((X†) ( X. In the former case X = X† by Lemma 4, so that ((X) ( X, a contradiction. In the latter case, by Lemma 2, there is Y ( N such that Y ( X and ((X†) = ((Y). Lemma 4 now applies to yield X† = Y ( X, so again  ((X)( X, a contradiction. Therefore ((X) ( X ( ((X†) ( X†, and the Lemma follows.  (
	Notice that it follows immediately from Lemma 5 that N is closed under †, that is,  X (  N ( X† ( N.
	Now define ( = (((), N = {((X): X ( N}, and s: N ( N by s(((X)) = ((X†) for        X ( N. Then s is well defined and monic on N. (For if ((X) = ((Y), then, by Lemma 4,  X = Y, and so s(((X)) = ((X†) = ((Y†) = s(((Y)). Conversely, if s(((X)) = s(((Y)), then ((X†) = ((Y†), so that, by Lemma 4, X+ ( Y+. Lemmas 3 and 5 now imply   X ( Y, whence ((X) = ((Y).) Clearly, also, ( (  sx for any x ( N. The fact that the structure (N, s, 0) satisfies the Induction Principle follows immediately from the Principle of (-induction for N. Accordingly (N, s, () is a model of Peano's axioms,  as required.
	The proof of Frege’s Theorem is complete.
	We next establish a converse to Frege’s Theorem, namely, that any set containing the domain of a model of Peano's axioms determines a map which turns the set into a strict Frege structure: And finally, we show that the procedures leading from strict Frege structures to models of Peano's axioms and vice-versa are mutually inverse. It follows that the postulation of a (strict) Frege structure is constructively equivalent to the postulation of a model of Peano's axioms.
	Let  A = (A ,s, () be a model of Peano's axioms; we use letters p ,q, r as variables ranging over A. Using the Simple Recursion Principle, define k: A ( PA to satisfy the equations
	k(() = (       k(sp) = k(p) ( {p}.
	Lemma 6. (i)   p (k(q)  ( k(p) ( k(q).
	(ii)  p (k(p).
	Proof. (i)  Let  K = {q: (p[p (k(q)  ( k(p) ( k(q)]. Obviously ( ( K. If q ( K, then   p (k(q)  (  k(p) ( k(q), so that
	p ( k(sq) = k(q) ( {q} (  p  ( k(q) (  p = q.(  k(p) ( k(sq).
	Thus K is inductive and (i) follows.
	(ii). Let K = {p:  p (k(p)}. Obviously ( ( K. Suppose that p ( K. So if sp (k(sp), then sp = p  or sp (k(p). The first case is impossible and the second case, using (i), yields  k(p) ( {p} = k(sp)  ( k(p) whence p ( k(p), contradicting p ( K. Hence        sp ( k(sp), i.e. sp ( K. Hence K is inductive and (ii) follows. (
	Lemma 7. For all p, q, k(p)  (  k(q) ( p = q.
	Proof. Write ((p) for (q[k(p) ( k(q) ( p = q]. Then clearly (((). If ((p) and                                    k(q) ( k(sp) = k(p) ( {p}, then q ( (  so that q = sr for some r. Hence
	k(r) ( {r} = k(sr) = k(q) ( k(sp) = k(p) ( {p}.
	Since, by (i) of Lemma 7, r ( k(r) and p ( k(p), Lemma 3 implies that k(r) (  k(p), so, since ((p), r = p and q = sr = sp. Hence ((sp), and the result follows by induction.  (
	Now suppose that E is a set such that A ( E. Define
	( = {<X ,p> ( PE ( A: X ( k(p)}.
	Lemma 8.  dom(() is the family of strictly finite subsets of E.
	Proof.  We need to show that dom(() is the least family of subsets of E which contains ( and is closed under unions with disjoint E-singletons: let us again call such a family strictly inductive.  First, dom(() clearly contains ( . If                X ( dom((), then  X ( k(p) for some p. If x ( X, then   X ( {x} ( k(p) ( {p} = k(sp), whence X ( {x} ( dom((). So dom(() is strictly inductive. And dom(() is the least strictly inductive  family. For suppose that F is any strictly inductive family. For each p let H p = {X: X ( k(p)}. We claim that H p ( F for all p. For obviously H ( = {(} ( F. Now suppose that H p ( F. If X ( k(sp), then                    X ( k(p) ( {p}, so for some x ( X (which may be taken to be the image of p under a bijection between k(p) ( {p} and X), we have   X – {x} ( k(p). It follows that        X – {x} ( Hn ( F, and so X =  (X – {x}) ( {x} ( F. The claim now follows by induction; accordingly dom((), as the union of all the Hn, is included in F. Therefore dom(() is the least inductive 
	Lemma 9. . ( is a function and X ( k(((X)) for all X ( dom(().
	Proof. Suppose that <X, p> ( ( and <X, q> ( (. Then X ( k(p) and X ( k(q) whence  k(p) ( k(q) and so p = q by Lemma  7. The remaining claim is obvious. (
	Lemma 10.  For all X, Y ( dom((), X ( Y (  ((X) = ((Y).
	Proof. We have, using the previous Lemma, ((X) = ((Y) (  k(((X)) (  k(((Y)) ( X ( Y. (
	Lemmas 8 and 10 establish
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	Proposition  12. (E, () is a  strict Frege structure. (
	(E,() is called the strict Frege structure associated with E and the model A of Peano’s axioms.
	Finally, we show that the processes of deriving models of Peano's axioms from  strict Frege structures and vice-versa are mutually inverse.
	Suppose that we are given a strict Frege structure (E, (). Recall that the associated model (A ,s, ()  of Peano's axioms is obtained in the following way. First, the family N is defined as the least subfamily of dom(() containing ( and such that, if X ( N and ((X) ( X, then X ( {((X)} ( N: it having been  shown that ((X) ( X for all X ( N. The associated model (A ,s, () of Peano's axioms was then defined by N = {µ(X): X ( N,}, s(((X)) = ((X  ( ((X)}), and ( = µ(().
	We observe that since (E, µ) is strict, for any X ( dom(() there is a (unique)       X* ( N for which X ( X*, and so ((X) = ((X*). To prove this, it suffices to show that the set of X ( dom(() with this property contains ( and is closed under unions with disjoint singletons. The first claim is obvious. If X ( dom((), x ( X, and X ( X* with X* ( N, then
	X ( {x} ( X* ( {((X*)}  ( N,
	since, as observed above, ((X*) ( X*. This establishes the second claim, and the observation.
	Now let (E, ( ) be the strict Frege structure associated with the model (A ,s, ()  of Peano's axioms in turn associated with (E, (). We claim that ( = (. To prove this it suffices to show that
	(*)	                                     X  ( k(((X)) for all X  ( N,
	where N is defined as above. For then, by Lemma 9, we will have                 k(((X)) ( X ( k(((X)) and so ((X) = ((X) by Lemma 7. This last equality for all     X ( N in turn yields ((Y) = ((Y) for all Y ( dom(µ) = dom((). For, by our observation above,  ((Y) = ((Y*) = ((Y*) = ((Y).
	So it only remains to prove (*). It is clearly satisfied by (. If X  ( k(((X)) with
	X  ( N, then, since ((X) ( X,
	X ( {((X)} ( k(((X)) ( {((X)} = k(s((X)).
	(*) now follows from the definition of N.  So our claim that ( = ( is established.
	Conversely, suppose we are given a set E and a model (A ,s, () of Peano's axioms with  A ( E. Let (E, () be the associated strict Frege structure. We note first that, for any p (  A, we have ((k(p)) = p. For by Lemma 9, k(p) ( k(((k(p)), so that, by Lemma 7, p = k(((p)). Now let (A* ,s*, (*) be the model of Peano's axioms associated with the Frege structure (E,(). We claim that (A ,s, () and (A* ,s*, (*) are identical.
	First, A* = {((X): X ( N*}, where N* is the least subfamily of dom(() containing ( and such that X ( N* and ((X) ( X implies X ( {((X)} ( N*. Using the fact that ((k(p)) = p for all p ( A, it is easily shown that N* = {k(p): p ( A}. Thus                 A* =   {((X): X ( N*} =  {((kp)): p ( A} = {p: p ( A} = A. Finally (* = ((() = ((g(()) = ( and
	s*(p) = s*(((k(p))) = ((k(p ) ( {((k(p))}) = ((k(p) ( {p}) = ((k(sp)) = sp,
	so that s* = s by induction.
	Thus we have established that the two processes are mutually inverse.
	Chapter III
	The Real Numbers
	We turn now to the construction of the real numbers in IZ. This is done in essentially the classical manner: first, the (positive and negative) integers are constructed, next, the rationals, and then the (ordered set of) reals obtained as Dedekind cuts or Cauchy sequences. In the classical context it is well known that these methods of constructing the reals lead to isomorphic results. This is not necessarily the case in IZ. Nor is it necessarily the case that the reals are (conditionally) order-complete, or even discrete.
	The set  (  of  positive and negative integers  is constructed within IZ in the usual way
	.  It is shown in the standard wat that ( may be turned into an ordered ring  �.
	The customary procedure for obtaining the rational field as the ordered field of quotients of (
	now yields, in IZ, the ordered field of rationals �.  Note that � ,like  � and (, is discrete.    We shall use letters p, q as variables ranging over  � .
	Now we can define the Dedekind real numbers as “cuts” in � Thus a Dedekind real number is a pair <L, R>  of inhabited subsets L, R  (  �satisfying
	(1)                                                  �
	(2)                                    �
	(3)                                    �
	(4)                                    �
	We write (d for the set of Dedekind real numbers.
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	We also define a weak real number to be a pair is a pair <L, R>  of inhabited subsets L, R  ( �satisfying (1), (2), (3) and the pair of conditions (both weaker than (4)):
	(4*)                                           �
	We write (w for the set of weak real numbers. Clearly (d ( (w. We shall use letters r, s as vas variables ranging over (w, and write r = <Lr, Rr>.
	Note that, for any weak real number r,  Rr is recoverable from Lr in that
	Rr = �
	The  ordering ( on (w (and its restriction to (d) is defined by
	r ( s   (  Lr ( Ls .
	The strong ordering <  on (w (and its restriction to (d) is defined by
	r < s ( � Rr � Ls).;
	Clearly ( is a (partial) ordering on (w (hence also on (d), and it is straightforward to show that < is irreflexive and transitive.
	While classically it can be shown that   r ( s   ( r < s (  r = s, this does not hold in IZ. What can be proved is
	Lemma 1.  (i) In  (w ,   �
	(ii) In (d ,�
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	Proof. (i) From � we deduce � Rs � Ls), contradicting (1), so � Conversely, � is equivalent to                    (p((p (  Rs ( p ( Lr).  So from q ( Lr it follows from (2) that                               (p(p > q ( p ( Lr), whence  (p( p > q (  p ( Rs ). Thus by (4*) �. So �and �
	(ii).  If r, s ( (d and r < s, we get rational p < q for which � Rr � Ls . If now  e  ( (d, then � Le � Re . It follows that
	The first disjunct implies r < e and the second e < s.  (
	In the classical case one now proceeds to show that (d is conditionally order-complete, i.e. every inhabited subset with an upper bound has a least upper bound. The argument for the conditional order-completeness of (d requires an application of LEM which is not available in IZ. On the other hand, we shall prove in IZ that (w is conditionally order-complete. Moreover, we shall show in IZ that, if De Morgan’s Law DML ((( ( ()   (  ((( (  (() holds, then  (d is conditionally order-complete, and conversely.
	Proposition 1.  In IZ, (w is conditionally order-complete.
	Proof.  Let X be a bounded inhabited subset of (w. We want to construct a least
	upper bound    � = <L, R>  for X. Define R, L by
	R = �
	L = �
	It is easy to verify that �satisfies conditions (1), (2), (3) and the second condition in (4*) above. To verify the first condition in (4*), suppose that �Define
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	Then p < p’ < q’ < q. From the definition of L it follows that ((p’ ( R. But since R ( Rr for all r ( X, it must be the case that  � for all  r ( X,  whence � for all  r ( X. It follows that �, so that q ( R.
	Since Lr ( L for all r ( X, �is an upper bound for X. But if s is any upper bound for X,  then Rs ( Rr for all r ( X, and it follows easily from this that        Rs ( R . Hence �and we are done.  (
	Proposition 2.  The following are equivalent in IZ:
	(i) DML (or, equivalently, WLEM)
	(ii) (d = (w
	(iii) (d is conditionally order-complete.
	Proof. (i) ( (ii).  Assume (i) and let r ( (w. To show that r ( (d, suppose given rationals p, q with p < q and let e = ½(p + q).  From the disjointness of Lr and Rr together with DML, it follows that �. But since p < e the first disjunct implies � and the second similarly implies �. It follows that    r ( (d , whence (ii).
	(ii) ( (iii) is an immediate consequence of Proposition 1.
	(iii) ( (i). Assume (iii) and let ( be any formula. Then the set
	is inhabited and bounded in (d.  Let r be the supremum of S. Then we have �, so that �By (ii) of Lemma 1,  �, and we deduce that �.  WLEM and hence DML follows. (
	(d.  Let r be the supremum of S. Then we have �, so that �By (ii) of Lemma 1,  �, and we deduce that �.  WLEM and hence DML follows. (
	We next show how the operations of addition and multiplication may be defined on (d so as to turn it into a communicative ring
	.  �
	Here we shall only provide a sketch.
	Addition on (d is defined by
	(d is defined by
	The definition of multiplication is more involved, since without LEM we cannot, as we can classically, divide into cases according to the signs of the multipliers. In fact we first define the product of a real number and a rational, which can be divided into cases since the usual ordering on the rationals satisfies the trichotomy law. Thus we define:
	� if p > 0
	p�r    =            �  if p <  0
	0                                                     if  p = 0.
	To define the product of � we use the idea that if �and � have the same sign then � should be positive. Thus we define �to be
	and �to be
	A tedious verification shows that these definitions of addition and multiplication do indeed turn (d into a commutative ring.
	Finally, we discuss the Cauchy reals. These are obtained as equivalence classes of Cauchy sequences of rationals and, in classical set theory, the resulting field can be shown to be isomorphic to (d. As we shall see in Chapter IV this is not necessarily the case in IZ.
	A Cauchy sequence is a function � such that
	Let C be the set of Cauchy sequences. We define the relation �of “converging to the same limit” by
	It can then be shown that E is an equivalence relation on C. To establish the transitivity of E, from � and n > 0, one derives
	from which the desired inequality follows.
	The set (c of Cauchy real numbers is defined to be the quotient of C by the equivalence relation E, i.e. the set of E-equivalence classes of C.
	(c of Cauchy real numbers is defined to be the quotient of C by the equivalence relation E, i.e. the set of E-equivalence classes of C.
	The operations of addition and multiplication on (c are introduced by first defining them on C:
	and
	where � It can then be checked that these operations are compatible with E and so induce operations on (c which give the latter the structure of a commutative ring.
	(c which give the latter the structure of a commutative ring.
	We define a map i: C ( (d by
	�.
	(To verify that i(f) is indeed a Dedekind real, we note that for given p < q in �we can choose n with 3/n < q – p, and then we must have either �or � )  Moreover, it is not hard to show that
	so that i induces a monic map j: (c ( (d . This map is a ring homomorphism.
	Now j is not necessarily an isomorphism
	. But it is one in the presence of the countable axiom of choice AC(�)
	. For from AC(�) it can be deduced that every Dedekind real is the limit of a Cauchy sequence of rationals, since for each Dedekind real r  and each n > 0 we can find a rational  p with |r – p|<1/n. This follows from the fact that, since Lr and Rr are inhabited, we can find rationals p, q for which p < r <q; then the interval [p, q] can be divided into finitely many subintervals of length < 1/n.
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	Chapter IV
	Intuitionistic Zermelo-Fraenkel Set Theory and Frame-Valued Models
	intuitionistic zermelo-fraenkel set theory izf
	Intuitionistic Zermelo-Fraenkel set theory IZF is obtained by adding to IZ the axioms of collecction and (- induction
	Collection  �
	(-Induction
	It is to be expected that the many classically equivalent definitions of well-ordering and ordinal become distinct within IZF. The definitions we give here work reasonably well.
	Definition. A set x is transitive if yx y  x; an ordinal is a transitive set of transitive sets. The class of ordinals is denoted by ORD and we use letters as variables ranging over it. A transitive subset of an ordinal is called a subordinal. An ordinal is simple if (
	Thus, for example, the ordinals 0, 1, 2, 3, ... as well as the first infinite ordinal to be defined below, are all simple. Every subordinal (hence every element) of a simple ordinal is simple. But, in contrast with classical set theory, intuitionistically not every ordinal can be simple, because the simplicity of the ordinal {0, {0|(}} implies (  (
	We next state the central properties of ORD.
	Definition.  The successor + of an ordinal  is  the supremum of a set A of ordinals is (A. The usual order relations are introduced on ORD:
	It is now easily shown that successors and suprema of ordinals are again ordinals and that
	 <          (A   (A. ( <      
	But straightforward arguments show that any of the following assertions (for arbitrary ordinals (, (, () implies LEM:
	(i)  <           ,
	(ii)         ,
	(iii)              = 
	(iv)  <    +      = 
	(v)    <     < .
	Notice that as a special case of (-induction we have the Principle of Induction on Ordinals, namely,
	Definition. An ordinal  is a successor if   = +, a weak limit if                and a strong limit if .
	Note that both the following assertions imply LEM: (i) every ordinal is zero, a successor, or a weak limit, (ii) all weak limits are strong limits. For (i) this follows from the observation that, for any formula (, if the specified disjunction applies to the ordinal {0|(}, then (  (As for assertion (ii), define
	1( = {0|(}, 2((1(, 2(2(2(...}.
	Then  is a weak limit, but a strong one only if ((
	As in classical set theory, in IZF a connection can be established between the class of ordinals and certain natural notions of well-founded or well-ordered structure. Thus a well-founded relation on a class A is a binary relation   �  on A which is inductive, that is,  for each a ( A, the class �is a set and, for every class X such that X A we have
	A well-founded relation has no infinite descending sequences and so is irreflexive.  Note that the (- induction axiom asserts that ( is a well-founded relation on V. Also, the relation < on ORD is well-founded.
	The usual proof in classical ZF to justify definitions by recursion on a well-founded relation does not use LEM, and so is valid in IZF.  Thus, given a well-founded relation � on a class A and a function �, it is provable in IZF that there exists a unique function G: A ( V such that, for any u ( A we have
	Recursion on the well- founded relation ( will be called (-recursion, and recursion on the well-founded relation < on ORD ordinal recursion.
	We make the following
	Definition. If � is a well-founded relation on a class A, the associated rank function   � : A  ORD is the (unique) function such that for each x  A,
	�.
	When �  is  restricted to an ordinal, it is easy to see that the associated rank function is the identity.
	To obtain a characterization of the order-types represented by ordinals we make the following
	Definition. A binary relation � on a set A is transitive if
	and extensional if
	A well-ordering is a transitive, extensional well-founded relation.
	It is easily shown that the well-orderings are exactly those relations isomorphic to  restricted to some ordinal. For it follows immediately from the axioms of  induction and extensionality that the -relation well-orders every ordinal. And conversely, it is easy to prove by induction that the associated rank  function on any well-ordering is an isomorphism.
	Definition.  The rank function  (: V ( ORD  is defined by (-recursion through the equation
	�.
	The cumulative hierarchy V( for ( ( ORD is defined by ordinal recursion through the equation
	� .
	Proposition 1.
	(i)   �
	(ii)   x ( y ( ((x) <  ((y).
	(iii)  �
	(iv) �
	(v) �
	(vi) �
	Proof. The proofs are straightforward inductions. To illustrate, we prove (vi).
	Suppose �Then �. Hence �.(
	Notice that it follows from (vi) that  �
	frame-valued models of izf developed in izf
	Throughout this section, we argue in IZF.
	Let H be a frame
	with top element ( and bottom element (. An H-valued structure is a triple S = � where S is a class and�, � are maps S ( S ( H satisfying the conditions
	(u = u( = (
	(u = v( = (v = u(
	(u = v( ( (v = w( ( (u = w(
	(u = v( ( (u ( w( ( (v ( w(
	(v = w( ( (u ( v( ( (u ( w(
	for u, v, w ( S.
	Let ( (S) be the language obtained from ( by adding a name for each element of S. For convenience we identify each element of S with its name in ( (S) and use the same symbol for both. The maps �, �  can be extended to a map  (((  defined on the class of all ((S)-sentences recursively by:
	(( ( (( = ((( ( ( ((    ( ( ( (( = ((( ( ( ((     (( ( (( = ((( ( ( ((    (((( = (((*
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	For each sentence (,  (((   is called the truth value of ( in S; ( is true , or holds in S, written   S ( (, if ((( = ( and it is false in  S if ((( =  (.  We also write   S ( (  for ((( ( (  : this means that while �is not necessarily false in S, it nevertheless fails to be true in S. In this event we say that ( is not affirmed in S. It is not hard to show that all the axioms of first-order intuitionistic logic with equality hold in S, and all its rules of inference are, in the evident sense, valid in S. S is a (frame-valued) model of a set T of ( (S)-sentences if each member of T is true in S . If S is a model of T , and ( is an intuitionistic consequence of T, then S ( (.
	Given a frame H, we set about constructing, within IZF, an H-valued structure  V(H) called the universe of H-sets or the H-extension of the universe of sets
	, which can be proved, in IZF, to be itself a frame-valued model of IZF. It follows that any sentence ( which is true in some V(H) must be consistent with IZF.
	The class V(H) of H- sets is defined as follows. First, we define by ordinal recursion the sets V((H) for each ordinal (:
	�.
	Then we define
	V(H) = {x: (([x ( V((H)}.
	It is easily seen that an H- set is precisely an H-valued function whose domain is  a set  of H-  sets.  We write  ( (H) for the language  ( (V(H)).
	The basic principle for establishing facts about H- sets is the
	Induction Principle for V(H) .. For any formula ((x), if
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	(x(V(H)[(y(dom(x) ((y) ( ((x)],
	then
	(x(V(H) ((x).
	This is easily proved by induction on rank.
	We now proceed to turn V(H) into an H-valued structure. This is done by  defining  (u = v((H)  and  (u ( v((H)  by  (-recursion as follows
	:
	�.
	It can now be shown by (-induction that V(H) = <V(H) , (( = ( ((H) , (( ( ( ((H) )> is an H-valued structure.  This structure is called the universe of H- sets: a structure of the form V(H) is called a frame-valued universe. We assume that ((((H) has been extended to the class of all ((H) – sentences as above: we shall usually omit the superscript (H).
	In particular we have
	�                 � .
	Note that we can always find an ordinal ( for which
	(*)                    �                �
	For let A = {{(((u)( : u ( V(H)}. Then A ( H, and since H is a set, by Separation so is A. We then have
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	(x(A(((u(V((H))(x = (((u)).
	So, using Collection there, is a set U ( ORD such that
	(x(A(((U(u(V((H))(x = (((u)().
	If we let ( = (U, then
	(x(A(((U(u(V((H))(x = (((u)().
	so that A=  {{(((u)( : u ( V((H)} and (*) follows.
	An argument of this general sort will be called a Collection argument; we shall tacitly employ a number of such arguments in the sequel.
	Of use in calculating truth values in V(H) are the rules:
	u(x) ( (x ( u(   for x ( dom(u)
	Note that, given an H-set u, V(H) (� does not necessarily imply that  there is an H-set v for  which  V(H) ( v ( u. An H-set u satisfying this latter condition is called inhabited, and an H-set v satisfying V(H) ( v ( u is called a definite element of u.
	There is a natural map � : V ( V(H)  defined by (-recursion as follows:
	Thus dom� and � for y ( x.
	It is then easily shown that, for x ( V, u ( V(H),
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	It follows that
	And
	It follows immediately from these that the H-valued set � represents the natural number 0 (i.e. () in V(H).  Moreover, the H-valued set  �  represents the set of natural numbers in V(H).  For let Ind(u) be the formula � It is then easily checked that V(H)  ( Ind(�). Also, we have, for each n ( (
	(*)                                                   (Ind(u)( ( (� ( u(.
	This is proved by induction on n.  It is clearly satisfied by 0, and obviously
	(Ind(u) ( �( u ( ( (�( u(.
	Therefore
	(Ind(u)(  (  (� ( u ( ( (Ind(u)(  (  (�(  u(.
	and (*) follows by induction.  Hence
	� .
	So �  is the least inductive set in V(H).
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	Note that it follows in particular that the Axiom of Infinity holds in V(H).
	A useful fact is the
	Unique Existence Principle for V(H) . If V(H)  ( �, then V(H)  (  ((u) for some v ( V(H).
	Proof. This is proved by translating to V(H) the proof in IZF that, if  �, then the set u defined by �satisfies ((u).  Thus, assuming V(H)  ( �, we have �. Using a Collection  argument we obtain an ordinal ( for which � � If we now define u ( V(H)  by  dom(u) = V((H)},  u(y) = ((x[((x) ( y ( x(, , then   (((u)( = (. (
	As we have observed, it is not in general true that if V(H)  ( �, then        V(H)  (  ((u) for some u ( V(H).   As we show below, certain conditions on H will ensure that this holds.
	Given subsets � we define the mixture �to be the H-set u defined by � and, for x ( dom(u), � If I = {0, 1}, we write � for �.
	Two elements of a frame are disjoint if their meet is �. A subset of a frame consisting of mutually disjoint elements is called an antichain. If an antichain is   presented as an indexed set {ai: i ( I}, we shall always assume that �whenever i ( i(.
	Now we can prove the
	Mixing Lemma. Let  �and suppose that �is an antichain in H. Then, writing u for �, we have   ai  (   (u = ui(   for all i( I.
	_Hlk533613392
	Proof. We have, for given i ( I,   (u = ui(   = a ( b   , where
	If x ( dom(u), then, since �is an antichain,
	Hence  ai (   [u(x) ( (x ( ui(]  for all  x ( dom(u), so that � On the other hand, if  x ( dom(ui), then
	ai ( ui(x) (  ai  ( (x ( ui( ( u(x) (  (x ( u( ,
	so that   ai  ( [ui(x) ( (x ( u(]  , whence ai ( b.  Hence � and the result follows. (
	An element a of a frame H is said to be complemented if �. H is totally disconnected if every element of H s the join of a set of complemented. elements. Equivalently, H is totally disconnected if, for any elements a, b,  a ( b iff, for all complemented elements c,  c ( a implies c ( b. Notice that every Boolean algebra is totally disconnected, and, for a topological space X, the frame O(X) of  open sets in X is totally disconnected iff X s totally disconnected in the topological sense of having a base of clopen sets.
	We shall need the following fact later on:
	Definite Element Lemma Suppose that H is totally disconnected, let u be an inhabited H-valued set, and write U for the class of definite elements of u. Then, for any formula ((x),
	(i)  �
	(ii)  the following are equivalent:
	(a)   V(H)  ( �
	(b)   V(H)  ( � for all u ( U.
	Proof. (i).  We first prove the following:
	(*) For any H-set v and any complemented a ( H such that � there is a definite element w( U such that �
	Suppose that v and a satisfy the hypothesis. Choose a definite element z of u and let �. Then � and � follow from the Mixing Lemma. Moreover, we have
	�,
	and so w is a definite element of u. This proves (*)
	To prove (i) it suffices to show that
	i.e.,
	�.
	Thus we must show that, for each V(H)-set v,
	that is,
	�.
	Since H s totally disconnected, to prove this it is enough to show that, for any complemented element a ( H,
	(**)                                �.
	So assume the antecedent of (**). By (*), there is w (  U such that �  Hence � This proves (**), and (i) follows.
	(ii). Obviously (a) implies (b). Conversely, if (b) holds, then � and it now follows from (i) that � (
	A core for an H- set u is a set C ( V(H)  such that (i)  each member of C is a definite element of u;  (ii) for any definite element y of u there is x ( C such that�.
	We show that each H- set u has a core. For each x (V(H)  let
	By a Collection argument there is  a set W ( V(H)  such that, for any x(V(H), there is y ( W for which  ax = ay.  It is easily shown that the set  � is a core for  u.
	By abuse of notation, we shall write �to denote a core for a given H-set u
	Now in IZF it can be shown that V(H) is an H-valued model of IZF.  It was shown above that the Axiom of Infinity holds in V(H).  We further verify the Axioms of Separation, Collection and (-Induction in V(H), with brief comments on the verification of (some of) the remaining axioms.
	To begin with, we note that, given H-sets u, v, the H-set {u, v}(H) = �is easily shown to validate the Pairing Axiom in  V (H).
	In this connection {u}(H) = {u, u}(H may be identified as the singleton of u in V(H), and <u, v>(H) =  {{u}(H) , {u, v}(H)}(H) as the ordered pair of u, v in V(H).
	We recall that the Axiom of Separation is the scheme
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	(u(v(x[x ( v ( x ( u ( ((x)].
	To see that each instance holds in V(H), let u ( V(H), define v ( V(H) by dom(v) = dom(u)  and, for   x ( dom(v), v(x) = u(x) ( �. Then we have
	Now
	�.
	Similarly
	and so Separation holds in  V(H.
	As for Collection, we recall that this is
	To verify this in V(H),  observe that
	For each x ( dom(u), there is an ordinal ( for which �So by a Collection argument there is an ordinal (  such that, for all x ( dom(u), we have   �If we now define   v ( V(H) by �, then
	The truth of Collection in V(H) follows.
	The (- induction axiom is, we recall, �To verify the truth of this in V(H), first put
	��.
	It now suffices to show that, for any x (V(H) , � To do this we use  the induction principle for V(H) .  Assume for y ( dom(x) that �Then
	But �,  so that
	�,
	as required.
	To establish the truth of the Axiom of Union in V(H), given  u ( V(H),  define         v ( V(H) by dom(v) =�  and, for x ( dom(v), �.  It is then easily shown that in V(H), v is the union of u.
	For the Power Set Axiom it can be verified that, in V(H), the power set of a set      u ( V(H) is given by the set  v ( V(H) defined by dom(v) = Hdom(u) and, for                      x ( dom(v), �  When u is of the form �,  v may be taken to be the function on � with constant value (. We write P(H)(u) for v.
	Now it is readily shown that LEM holds in V(H) if and only if H is a Boolean algebra. Since, as we have seen, in IZ the Axiom of Choice implies LEM, it  holds in V(H); in fact, it cannot hold in V(H) unless H is a Boolean algebra.  This is far from being the case for Zorn’s lemma, however, despite the fact that it is classically equivalent to AC. Indeed, we will show that, in IZF, Zorn’s Lemma implies its truth in any V(H).  We shall take Zorn’s lemma in the form: any inhabited partially ordered set in which every chain has a supremum also has a maximal element.
	Thus suppose X, (X  ( V(H) satisfy
	V (H) ( < X, (X > is an inhabited partially ordered set in which every chain has a supremum.
	Let X’ = � be a core for X and define the relation (X’ on X by   � It is then easily verified that <X’, (X’>  is an inhabited partially ordered set in which every chain has a supremum. So, by Zorn’s lemma, X’ has a maximal element c. We claim that
	(1)                                    (c is a maximal element of X( = �
	To prove (1) we take any a ( V(H) and define Z ( V(H) by dom(Z) = dom(X) and
	Z(x) = (x = a ( x ( X ( c (X  x( ( (x = c(.
	for x ( dom(X). It is then readily verified that V(H) ( Z is a chain in X; and so, using the unique existence principle for V(H) , there is v ( X’ for which
	(2)                                       V(H) ( v is the supremum of Z.
	Since (c ( Z( = � it follows that (c (X  v( =�, whence c (X’ v, so that v = c by the maximality of c. This and (2) now yield  (a ( Z  ( a (X  c( =�; and clearly         (a ( V  ( c (X  x( =�. Therefore
	(3)                                       (a ( Z  ( a = c( =�.
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	It is easily verified that
	(4)                             (a ( X ( c (X  a( (  (a ( Z (.
	(3) and (4) yield (a ( X ( c (X  a( ( (a = c(; since this holds for arbitrary a ( V(H), (1) follows.
	From the fact that Zorn’s lemma holds in every V(H) but AC does not we may infer that, in IZF, the former does not imply the latter. In IZF Zorn’s lemma is thus very weak, indeed so weak as to be entirely compatible with intuitionistic logic. For more on this see Bell [1997].
	the consistency of zf and zfc relative to izf
	We noted above that, when H is a (complete) Boolean algebra, LEM holds in     V(H), so that V(H) is a model of (classical) ZF. In IZF the simplest complete Boolean algebra is not the two element Boolean algebra 2, since as we have noted above it is complete if and only if WLEM holds. The simplest complete Boolean algebra in IZF is in fact the Booleanization
	�of (. Accordingly in IZF  � is a model of ZF. It follows that, if IZF is consistent, so is ZF.  Since the consistency of ZF implies (as is well-known) the consistency of ZFC, we conclude that,  if IZF is consistent, so is ZFC.
	We shall exploit this last fact in the following way. Suppose we want to show that a certain sentence ( of our set-theoretic language is relatively consistent with IZF. We produce a certain frame H and show in ZF(C) that ( holds in V(H).  The latter is accordingly a model of  IZF   +   (, from which it follows that the  consistency of ZF(C)  implies that of IZF   +   (.  Since the consistency of IZF implies that of ZF(C), we conclude that ( is relatively consistent with IZF.
	This idea will be used in the following sections.
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	frame-valued models of izf developed in zfc
	Henceforth we argue in ZFC.
	The following additional basic facts concerning frame-valued models can be proved in ZF
	.
	 a ( b  ( V(H) (  �        a = b  ( V(H) (  �     �
	 if  ((x1, ..., xn) is a restricted formula
	 , then
	((a1, ..., an)  ( V(H) (  �
	These facts have certain straightforward consequences which we shall employ without explicit mention, for example:
	 V(H) (  �
	 f: A (B  (  a ( A ( V(H) (  �
	 V(H) (  �
	We shall strengthen the concept of a core for an H-valued set in the following way.  A strong core for an H-valued set u is a set v ( V(H)  such that                         (i) � for all x ( v; (ii) for any y  (V(H)   such that �, there is a  unique x ( v such that�. It is easy to show, assuming AC, that any H-valued set u has a strong core.  Starting with a core v for u , define the equivalence relation  �on v  by �, and let w be a set obtained by selecting one member from each �-equivalence class. Then w is a strong core for u.  Clearly a strong core for an H-valued set is unique up to bijection in the sense that there is a bijection between any pair of such strong cores.
	We shall henceforth write �to denote a strong core for a given H-valued set u.
	A refinement of a subset A of H is a subset B of H such that, for any b (  B, there is a ( A such that �If B is an antichain, it is called a disjoint refinement of A.  H s called refinable if every subset of H has a disjoint refinement with the same join.
	We say that V(H) satisfies the Existence Principle if for any formula ((x) there is an H-set u for which �
	We can now prove the
	Refinable Existence Lemma. If H is refinable, V(H) satisfies the Existence Principle.
	Proof.  Suppose that H is refinable. Then for any formula ((x), by a Collection argument there is a subset A of V(H) for which
	Since H is refinable, � has a disjoint refinement �with the same join, i.e. � Using AC, select for each � an element � for which �Now define u to be the mixture �. Then for each xi we have �, so that �
	Since clearly
	we are done.  (
	Remark. The converse to the Refinable Existence Lemma also holds. For suppose V(H) satisfies the Existence Principle. Given A ( H define the H-set v by dom(v) = � and � for �. Then there is an H-set u for which �. In that case
	�,
	so that �is a disjoint refinement of A with the same join as the latter.
	We shall need the following propositions.
	Proposition 1. The following assertions are equivalent:
	(i) There is f ( V(H)  for which  V(H) ( f is a surjection from a subset of �onto�.
	(ii) There is a subset �such that, for each  a ( A,  {uab: b ( B} is an antichain, and for each b ( B,  �
	Proof.  (i) ( (ii).  Assuming (i) let f ( V(H)  be such that
	V(H) ( �
	Define uab = � It is then easily verified that the uab satisfy (ii).
	(ii) ( (i). Suppose the uab satisfy the conditions of (ii). Define f ( V(H) by     dom(f) = �and �Then V(H) (  dom(f) ( �, the first condition of (ii) gives V(H) (  f is a function  and the second condition                     V(H) (  ran(f) = �.    (
	Call a set Y a subquotient of a set X if there is a surjection from a subset of X onto Y.  Proposition 1 then has the immediate �
	Corollary. If H satisfies condition (ii) of Prop. 1, then
	V(H) (� is a subquotient of �.     (
	An element a of a frame H is connected if for any disjoint b, c ( H , �implies  b = a or  c = a.  H is said to be connected if its top element �is connected. Equivalently, H is connected if whenever � is the join of an antichain  A, then �( A . H is said to be locally connected if each of its elements is the join of connected elements; equivalently, if, for any elements a, b of H, a ( b iff, for all connected elements c,  c ( a implies c ( b.
	If X is a topological space, connectedness of an open subset U of X corresponds precisely to connectedness of U as an element of the frame O(X), and connectedness (resp. local connectedness) of X to connectedness (resp. local connectedness) of O(X).
	Proposition 2. The following are equivalent:
	(i) H is connected;
	(ii) for any set u, and v  (  V(H), if  V(H) ( �, then there is x ( v such that V(H) ( �.
	Proof (i) ( (ii).  Assume (i) and suppose that V(H) ( �. Then �. But since �is an antichain and H is connected it follows that �for some x ( u, which gives (ii).
	(ii) ( (i). Assume (ii) and let a, b be disjoint elements of H such that �. Define the element v ( V(H) by v = � Then V(H) ( �, so that, by (ii), either �or�. (i) follows.  (
	Given sets  I, J, let us call the frame H  (-(I, J) distributive if, for any subset � of H such that, for each i ( I, � is  an antichain, we have
	Proposition 3. The following are equivalent:
	(i) V(H) (  �
	(ii) H is  (-(I, J) distributive.
	Proof.  (i) ( (ii). Assume (i), and let � ( H  be such that � is  an antichain for each i ( I. Define h ( V(H) by dom(h) = �and �It is then easily verified that
	V(H) ( �
	Thus � and so
	This is (ii).
	(ii)( (i).  Assume (ii). To obtain (i) it suffices to show that
	(*)                                       V(H) (  �.
	For h ( V(H) let � and � Note that � for all   i ( I, j ( j’ ( J .  Then we have
	This proves (*).   (
	Let us say that H
	 is completely (-distributive if it is (-(I, J) distributive for all I, J,
	 is completely (-2 – distributive if it is (-(I, 2) distributive for all I, J
	  preserves exponentials if V(H) (  �for all I, J.
	Then we have
	Proposition 4. The following are equivalent:
	(i) H preserves exponentials
	(ii) H is completely (-distributive
	(iii) H is completely (-2 – distributive
	(iv) H is locally connected.
	Proof.  The equivalence of (i) and (ii) follows immediately from Prop. 3. So it suffices to prove the equivalence of (ii), (iii) and (iv).
	(ii) ( (iii). Obvious.
	(iii) ( (iv). To begin with, for elements b ( a of H, call b complemented in a if there is c ( a such that � It is easy to check that, if such c exists, it is unique; denote it by a – b.  Now assume (iii), and let a ( H. Write � for the set of elements of H which are complemented in a. For each i ( I let    ai0 =  ai , ai1 = a – ai. Then we have, for each g ( 2I,
	(*)	��
	It follows that each �is complemented in a (with complement �). We claim that b = �is also connected. For suppose that � with �and � Then c is complemented in b and it follows easily that c is complemented in a. Thus �for some �and so �. Hence g(i0) = 0, so that � Accordingly    b = c and it follows that b is connected.  From (*) we conclude that each a ( H is the join of connected elements, so that H is locally connected.
	(iv) ( (ii).  Suppose that H is locally connected. To show that H is completely (-distributive, it suffices to show that, for any subset � of H such that, for each i ( I, the set� is an antichain,  and any connected element  c ( H, we have
	(*)                                          ��
	So assume the antecedent of this implication. Then for each i ( I, �, and, because c is connected, it follows that �for some unique j ( J. Define          g: I �J to be the function which assigns this j to each i. Then �, and (*) follows. (
	a frame-valued model of izf in which �is subcountable
	We now set about constructing (in ZF) a frame-valued model of IZF in which �is subcountable.
	Given two sets A and B, let P = P(A, B) be the set of finite partial functions from A to B, partially ordered by �. We shall write p, q for elements of P. Let C be the coverage
	on P defined by
	The sieve S on the left-hand side of this equivalence is called the cover of p determined by b.  Note that every S ( C(p) is nonempty.
	Lemma 1. For S ( C(p), �there are � such that �and �
	Proof.  Suppose S is determined by b ( B. The without loss of generality we can assume that �ran(p), for otherwise we can take � Let  �satisfy � and define
	If � take �If �take � (
	Lemma 2.  If �is an antichain of  C-closed sieves in P, then �is C-closed and is accordingly the join of �in the frame HC of C-closed sieves
	in P.
	Proof.  Let S ( C(p) and suppose that S ( �.  We claim that S ( Uj for some (unique)  j ( J.  Given �, fix j so that � For each �, there are, by Lemma 1, � such that � Since� there is j’ for which  �; since �is a sieve, it follows that �. Hence j = j’ and so  �. Hence  �and from this, by an argument similar to that establishing �, it follows that � . We conclude that �. Since �was an arbitrary member of S, it follows that      S ( Uj  . Since Uj is C-closed and S ( C(p), we infer that p  ( Uj  and the Lemma is proved. (
	Remark. It follows from Lemma 2 that HC is connected. For if the top element P   of HCs is the join of an antichain {Ui: i ( I} of elements of HC , then by Lemma 2 , � Hence there is i ( I for which �; but then �
	Proposition 5.  HC is completely (-distributive and so preserves exponentials.
	Proof. Let � be such that  � is an antichain for each  i ( I. By Lemma 2, it suffices to show that
	(*)                                          ��.
	If �, then for each i ( I there is a unique j ( J such that �. We define �by taking h(i) to be this unique j. Then ��,whence � and (*) follows. (
	Remark. It follows from Props 4 and 5 that HC is locally connected.
	Proposition 6  �) (� is a subquotient of �.
	Proof. By the Corollary to Prop. 1, it suffices to show that there is a subset � such that �for  b ( b’ and �for  b ( B. Define � Then Uab  is C-closed.  For suppose the cover  S of p determined by b’ ( B  is included in Uab  . We need to show that p ( Uab  . If   b’ ( ran(p), then p ( S ( Uab. If   b’ � ran(p), choose �and define � Then p’ ( S, so that p’ ( Uab, from which it easily follows that p ( Uab.  Clearly � for  b ( b’.
	To show finally that �, for b ( B, it suffices to show that P s the only C-closed sieve containing �, and for this it suffices to show that for each    p ( P there is S ( C(p) for which �. Given p ( P, let S be the cover of p determined by b. If q ( S. then q(a) = b for some   a ( A, whence �. It follows that �.  (
	Now in the preceding take A = � and B = �. Then by Propositions 5 and 6
	� (� is a subquotient of �,
	and so
	� ( �is subcountable.
	The relative consistency with IZF of the subcountability of �follows.
	Remark.  Suppose that H is a frame containing a triply-indexed subset           {amnp: m, n, p ( �} satisfying the conditions:	�
	Then H cannot be (-(�,� ) distributive.
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	To see this, let n ( �be any bijection of  �with itself lacking fixed points and define bnm ( H by bmn = �. Then we have
	And
	�,
	so that
	�.
	On the other hand
	�.
	To prove this, notice that it follows from (3) that �, whence
	It follows that H is not (-(�,� ) distributive.
	This argument has an analogue in � Define ( ( V(H)  by
	dom(() = �
	and
	Then conditions (1) and (2) abve imply that
	�(�
	and �
	Now, in �, let �be defined so that � It then follows from (3) that
	(*)                                     �(( is a surjection of �onto�.
	But the usual diagonal argument, carried out in �, shows that
	�(there is no surjection of �onto�,
	and hence, using (*),
	�(�( �.
	It now follows from Proposition 3 that H is not (-(�,� ) distributive.
	the axiom of choice in frame-valued extensions
	If I is a set, the Axiom of Choice for I is the assertion:
	AC(I) for any formula ( and any set A
	AC(�) is known as the Countable Axiom of Choice.
	Proposition 7. If  H is refinable, then �( AC(�) for every set  I.  In particular, �( AC(�), so that the Countable Axiom of Choice holds in�.
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	Proof. We have
	Since H is refinable, we may use AC to select, for each i ( I, a disjoint refinement � of � with the same join as the latter. Again using  AC, select for each � an element � for which � If we now define �by dom(f)= � and �, a tedious but straightforward calculation  shows that
	�( AC(�) follows immediately.  (
	A frame H is countably generated if it has a countable subset S such that every element of H is the join of elements of S. If this is the case, S is called a countable set of generators for H.
	Proposition 8. If H is countably generated and totally disconnected, it is refinable.
	Proof.  Let�be an arbitrary subset of a countably generated, totally disconnected frame.    We first show that there is a countable subset � such
	that �.
	Let S be a countable set of generators for H, and for each i ( I choose �so that �. Then T = �is, as a subset of S,  countable, and so can be presented as �. Moreover �. For each n (� there is   in ( I such that �. Then I0 = �is a countable subset of I and �.
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	Now since H is totally disconnected, each ai is the join of a set of complemented elements, and by the argument above, this set may be taken to be countable.  For each i ( I let �be a (countable) set of complemented elements such that �Then
	�.
	Let � be an enumeration of the countable set � Then �is a refinement of � with the same join as the latter.
	Now define �, for each n, recursively by
	Then  � is an antichain,  � for each n, and � It follows that �is a disjoint refinement of � with the same join as the latter. The refinability of H follows. (
	real numbers  and real functions in spatial extensions
	In �, the set of rational numbers may be identified with the H-set �, where �is the usual set of rational numbers. Since �is a model of IZ, we can carry out within it the construction from the rationals of the set �of (Dedekind) real numbers as in Ch. 3. Let � be a strong core for the resulting H-valued set. The members of are naturally thought of as H-valued real numbers. More generally, given h ( H, an H-valued real number of degree h. is an element r ( V(H)  for which  �
	Since each Dedekind real is a cut in the rationals, each H-valued real number r is a pair <L ,R>  ( V(H) for which
	�.
	This condition translates into conditions on the truth values � viz.,
	0.         �
	5.    �  for p < q.
	Similar conditions may be written down for H-valued real numbers of degree h: these are left to the reader.
	It is easy to check that, writing � for the “genuine” set of real numbers in V, we have  �( �. In particular, for each r ( �  we have �( �. Hence we may assume that �.
	� can be turned into an ordered ring by defining +, �, < as follows: for               r, s ( �,
	With these definitions �is called the ordered ring of H-valued real numbers.
	Now let X be a topological space. For brevity we shall write �, V(X) ,�for V(O(X)), V(O(X)),  �respectively. Members of �will be called simply real numbers over X. Thus a real number over X may be identified as an element          r = <L, R> of V(X) satisfying the following conditions:
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	0X.    �
	1X.��
	2X .  �
	3X .  �
	4X.  �
	5X .  �  for p < q.
	If U  ( O(X) is an open subset of X, an O(X) - valued real number of degree U will be called a real number over U. Conditions analogous to 0X – 5X above can be formulated for real numbers over U.
	We now prove
	Proposition 9. The ordered ring � of real numbers over X is isomorphic to the ordered ring C(X, () of continuous real-valued functions on X.
	Proof. To obtain this isomorphism, start with a real number r = <L, R>   over X. For each t ( X define
	and �. Then rt ( ( and the map r*: t ( rt is continuous and hence an element of  C(X, ().
	To show that rt ( ( (i.e. rt  is a Dedekind real), we check, for example, the condition
	�.
	Using condition 3X, we have for t ( X
	The other conditions are checked similarly.
	To show that r* is continuous, it suffices to show that the inverse image   under r* of each open interval (p,  () in ( is open in X. This follows from the observation that, for  t ( X, we have
	Accordingly the inverse image under r* of (p,  () is � , which is open in X. (
	The function r* is said to be correlated with r.
	Remark. For each “genuine” real number r ( V, �is the constant function on X with value r.  In general, if �( �, then r* is locally constant, that is, each point of X gas a neighbourhood on which r* is constant.  Note that, if X is connected, then each locally constant function on X is constant.
	Conversely, given f (  C(X, (), define Lf, Rf  ( V(X)  by
	with
	We claim that
	�( <Lf, Rf  > ( �.
	We verify conditions 3X and 5X, leaving the rest to the reader. First note that
	Ad 3X:
	Ad 5X:    For p < q, we have
	�.
	We define�to be the  unique element r of �for which � �is  called the real number over X correlated with f.
	If f is locally constant, it is easy to check that �( �.
	We next show that the maps r (r* and  f ( � are mutually inverse, i.e.  � and �.
	For the first assertion, we note that, for t ( X,
	It follows that �, whence �. Similarly �, whence �, so that �.
	For the second assertion, note that �. So if f(t) =   <L, R>, then
	Accordingly   �Similarly � whence �. Since this holds for arbitrary t  ( X, it follows that �.
	We  claim finally that the map r ( r* is an isomorphism of � with C(X, (). To establish this it suffices to show that
	(*)	�
	The first of these assertions is an immediate consequence of the fact that �. This latter is proved as follows: Let r = <L, R>,          s = <L(, R(>. Then we have
	The proofs of the remaining assertions in (*) are left to the reader. (
	The upshot of Proposition 9 is that real numbers over X can be regarded as real numbers varying continuously over X.
	For the record, we also note:
	This follows from:
	In a similar way, one shows that, for real numbers r, s  over X, we have
	and
	These arguments can easily be extended to establish, for any open set U in X, a natural correspondence, with analogous properties, between real numbers over U and continuous real-valued functions on U.  Thus , writing C(U, () for the set of real-valued continuous functions on U, real numbers over U correspond to elements of C(U, (). Under this correspondence locally constant functions on U are associated with real numbers r over U for which U ( �.
	A real function over X is an element  ( ( V(X) such that
	V(X) ( Fun(() ( dom(() =  � ( ran(() ( �
	Since real numbers over X correspond to elements of C(X, (), real functions over X should  be correlated with certain operators on C(X, (), that is, maps                (: C(X, () (  C(X, (). We now set about identifying these operators.
	An operator ( on C(X, () is said to be
	 near- local if, for any f, g  ( C(X, (),
	In{t: f(t) = g(t)} (  {t: ((f)(t) = ((g)(t) },
	or equivalently, if
	In{t: f(t) = g(t)} (  In {t: ((f)(t) = ((g)(t) },
	 local if, for any f, g  ( C(X, (),
	{t: f(t) = g(t)} (  {t: ((f)(t) = ((g)(t) }.
	Clearly any local operator is near-local. In general, the converse is false, but we shall later show that, for metric spaces, every near-local operator is local.
	We next show that real functions over X are correlated with near-local operators on C(X, ().
	Given a real function ( over X, define the operator ( on C(X, () by � for  f ( C(X, (). ( is the operator correlated with (.
	We claim that ( is near-local. To establish this, note that
	Now suppose given a local operator  ( on C(X, (). We define the function         D: �by the stipulation:
	D(t, a) = b iff for some f ( C(X, (), f(t) = a and ((f)(t) = b.
	D is called the function on�correlated with (. Clearly D satisfies
	D(t, f(t)) = ((f)(t)
	for arbitrary t (X, f ( C(X, ().
	Let us call a function F: � localizable if, for some local operator ( on C(X, (), we have  F(t, f(t)) = ((f)(t) for arbitrary t (X, f ( C(X, ().  Local operators on C(X, () are thus correlated with localizable functions on �.
	properties of the set of real numbers over (
	We now focus attention on the case in which the space X is the space ( of real numbers.
	To begin with, let i, a  be the real numbers over ( correlated with the identity function and the absolute value function, respectively, on (. Then we have
	 �( � That is, the law of trichotomy for (d is not affirmed in �.
	This follows from the observation that
	Similarly, one shows that
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	 �( �
	 �( �
	and
	 �( �, so that, �(  (d is discrete.
	 While �( ( ( 0, �( ( is invertible . Thus �( ( d is a field .
	To see this, first observe that that �. Also
	�( 0
	Hence �.
	 �( i is not the limit of a Cauchy sequence of rationals . It follows that  both   (c =  (d  and AC(�) are false in �.
	We sketch a proof of this.  It is required to show that
	(*)        �[ u is a Cauchy sequence of rational numbers converging to i]�
	Since �is locally connected, �(�, so (*) is equivalent to
	for all  �,  � is a Cauchy sequence of rational numbers converging to i]�
	Accordingly it will enough to show that, for any U (  O(�),�
	(**)     U ( � is a Cauchy sequence of rational numbers converging to (]� ( U = �.
	Again, because �is locally connected, it suffices to prove (**) for connected U.
	So suppose U connected and
	U ( � is a Cauchy sequence of rational numbers converging to i�.
	Then for each n, � and so � corresponds to a locally constant rational-valued function in C(U, �). Since U is connected, this latter function is constant on U; let pn be that constant (rational) value. The sequence �is then Cauchy; so it converges to some unique �. We then have
	U ( � is a Cauchy sequence of rational numbers converging to i�
	=�
	=�
	( In{t: <pn>  converges to t}
	=  In{t0}
	= �.
	Accordingly U = � and (**) follows.
	properties of the set of real numbers over baire space
	If we endow � with the discrete topology, the set �endowed with the product topology will be written � and called Baire space. � is totally disconnected
	and has a countable base consisting of clopen sets. We proceed to establish various properties of the spatial extension �).  Our principal task will be to show that, in �), Brouwer’s Principle holds, that is, in �), every  function from reals to reals is continuous.
	We first note that, since O(�) is countably generated and totally disconnected, by Proposition 8 it is refinable, and hence, by Proposition 7, the Countable Axiom of Choice holds in �Thus, in �), every Dedekind real is the limit of a Cauchy sequence of rationals,  and it follows that, in �), the Cauchy reals and the Dedekind reals coincide.
	_Hlk534194223
	_Hlk534194388
	We now proceed to outline the strategy (due to Scott [1970]) for showing that, in �) , every  function from reals to reals is continuous.
	Step  1. Show that, when X is a metric space, every near-local operator on     C(X, () is local.
	Step 2.  Show that every localizable function on �� is continuous.
	Step 3. Infer that real functions over � are correlated with continuous localizable functions on ��
	Step 4. Show that each real function over � correlated with a continuous localizable function on��  is continuous in �
	Step 5. Conclude that every real function over  �   is continuous in �) .
	The topological details for carrying out Steps 1 and 2 – which are somewhat intricate and are omitted here - may be found in Scott [1970].  Step 3 then follows accordingly.
	Now for Step 4.  First we note that since � is totally disconnected, the Definite Elements Lemma applies to  �This should be borne in mind in the course of that argument that follows.
	Now let ( be a real function over � , correlated with the continuous localizable function  F: �� �   To show that ( is continuous in �,we need to show that the sentence – which we shall denote by (¶)  -
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	holds
	in �. (Here we have used p, q, e, d as rational number variables, and     [p, q] denotes the closed interval in �.) For this it suffices to show that, for any rationals p, q with p < q and any positive rational e,
	(*)    �     =  �
	Using the Definite Element Lemma and the correlation between real numbers over N and elements of C(�, �), proving (*) amounts to showing that � is identical with the set
	We write S for this set.
	This is proved by introducing the function e:  N ( (0, ()  (� defined by
	The function �is continuous in the variables t, x, y and the supremum is taken over a compact subset of �. It follows that, for fixed d , e(t, d) is a well-defined, continuous function of t. Now for fixed t the real function F(t, x) is uniformly continuous for x ( [p, q],  and so e(t, d) ( 0 as d ( 0. Accordingly, given e > 0 and t0  ( N , we may choose d > 0 so that  e(t0,  d) < e. Since e is continuous there is a neighbourhood U of t0 in �  such that e(t,  d) < e for all  t ( U. It is now easily seen that U is included in S, and so the latter coincides with N.
	This completes Step 5 and we conclude that, in �, every function from reals to reals is continuous.
	Remark. Call a set A cohesive if, whenever �with � then � A is cohesive iff every 2-valued function on A is constant, and it is not hard to show that this is equivalent to the condition that every �-valued function is constant.
	It follows from the truth of Brouwer’s Principle in �that, in �),  �is cohesive.   To prove this we show that from (¶) above it follows (in IZ) that any function �is constant. Thus let p, q be rational numbers with p < q, and take e = 1 in (¶). We get a rational d > 0 satisfying
	(†)	�
	Let d’ be a rational  such that 0 < d’ < d. Let n be the least integer such that  q – p <nd’, let�be defined by � � and define �. Then
	�.
	A straightforward inductive argument, using (†), now shows that ( has constant value ((p) on each Ki and so also on [p, q]. Since p and q were arbitrary with        p < q, ( is constant on the whole of �.
	the independence of the fundamental theorem of algebra from izf
	The Fundamental Theorem of Algebra (FTA) asserts that the field � of complex numbers is algebraically closed, i.e. that every polynomial over � has a zero in �. While FTA is provable in ZF, we shall establish its unprovability in IZF by showing that it is false in the spatial extension V(�), where now � is the space of complex numbers with the usual topology.
	In the same way as for �, one shows the complex numbers over any open subset U of a topological space X are correlated with continuous functions in C(U, �). This holds in particular when X is � itself. Write ι for the complex number over � correlated with the identity function on  �.
	Now consider the polynomial � in V(�).
	For �and U (O(�), if �, then u may be considered a complex number over U and accordingly is correlated with a continuous function �. In that case �.
	If �, then there is a neighbourhood V of 0 such that �. Let q > 0 be a rational number such that the circles C, C’ about the origin with radii q, q2 are both contained in V. Then since f(t)2  = t in V, the restriction of f to C’ is a section of the squaring function  �. Thus this restriction would have to be a homeomorphism of C’ to half of C. But this	 is impossible since any circle, but no half-circle, remains connected when a single (interior) point is removed .
	Thus �. Since this holds for arbitrary u, it follows that �. Similarly, for any a ( �,  �. From this we deduce that � is algebraically closed� i.e., in V(�), �is not algebraically closed.
	Appendix
	Heyting Algebras, Frames and Intuitionistic Logic
	lattices
	A lattice is a (nonempty) partially ordered set L with partial ordering ( in which each two-element subset {x, y} has a supremum or join—denoted by x ( y—and an infimum or meet—denoted by x ( y. A top (bottom) element of a lattice L is an element, denoted by  ( (() such that     x ( (  (( ( x) for all x ( L.  A lattice with top and bottom elements is called bounded. A lattice is trivial if it contains just one element, or equivalently, if in it ( = (. A sublattice of a bounded lattice L is a subset of L containing  ( and ( and closed under L’s meet and join operations.
	It is easy to show that the following hold in any bounded lattice:
	x ( ( = x,    x (  ( = x,
	x ( x = x ,   x ( x = x ,
	x ( y = y ( x,    x ( y = y ( x,
	x ( (y ( z) = (x ( y) ( z,    x ( (y ( z) = (x ( y) ( z,
	(x ( y) ( y = y,   (x ( y) ( y = y
	Conversely, suppose that (L, (, (, (, () is an algebraic structure, with (, ( binary operations, in which the above equations hold, and define the relation ( on L by x ( y iff x ( y = y.  It is then easily shown that (L, () is a bounded lattice in which ( and ( are, respectively, the join and meet operations, and 1 and 0 the top and bottom elements. This is the equational characterization of lattices.
	Examples. (i) Any linearly ordered set is a lattice; clearly in this case we have x ( y =  min(x, y) and x ( y = max(x, y).
	(ii) For any set A, the power set PA is a lattice under the partial ordering of set inclusion. In this lattice X ( Y = X ( Y and X ( Y = X ( Y. A sublattice of a power set lattice is called a lattice of sets.
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	(iii) If X is a topological space, the families O(X) and C(X) of open sets and closed sets, respectively, in X each form a lattice under the partial ordering of set inclusion. In these lattices ( and ( are the same as in example (ii).
	A lattice is said to be distributive if the following identities are satisfied:
	x ( (y ( z) = (x ( y) ( (x ( z),    x ( (y ( z) = (x ( y) ( (x ( z).
	In the sequel by the term “distributive lattice” we shall understand “bounded distributive lattice.” An easy inductive argument shows that any nonempty finite subset {x1, …, xn} of a lattice has a supremum and an infimum: these are denoted respectively by x1 ( …( xn,   x1 ( …( xn.  An arbitrary subset of a lattice need not have an infimum or a supremum: for example, the set of even integers in the totally ordered lattice of integers has neither. If a subset X of a given lattice does possess an infimum, or meet, it is denoted by (X; if the subset possesses a supremum, or join, it is denoted by (X. When X is presented in the form X = {t(x): ((x)},  (X and (X, if they exist, are written respectively � and �. When X is given in the form of an indexed set {xi: i ( I}, its join and meet, if they exist, are written respectively �  and �.
	A lattice is complete if every subset has an infimum and a supremum. The meet and join of the empty subset of a complete lattice are, respectively, its top and bottom elements. It is a curious fact that, for a lattice to be complete, it suffices that every subset have a supremum, or every subset an infimum. For the supremum (infimum), if it exists, of the set of lower (upper)� bounds of a given subset X is easily seen to be the infimum (supremum) of X.
	bounds of a given subset X is easily seen to be the infimum (supremum) of X.
	Examples. (i) The power set lattice PA of a set A is a complete lattice in which joins and meets coincide with set-theoretic unions and intersections respectively.
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	(ii) The lattices O(X) and C(X) of open sets and closed sets of a topological space are both complete. In O(X) the join and meet of a subfamily {Ui: i ( I} are given by
	�      �.
	In C(X) the join and meet of a subfamily {Ai: i ( I} are given by
	�        �.
	Here InA and � denote the interior and closure, respectively, of a subset A of a topological space.
	heyting and boolean algebras
	A Heyting algebra is a bounded lattice (H, () such that, for any pair of elements   x, y ( H, the set of z ( H satisfying  z ( x ( y has a largest element. This element, which is uniquely determined by x and y, is denoted by x ( y: thus x ( y is characterized by the following condition: for all z ( H,
	z ( x ( y if and only if  z ( x  (  y.
	The binary operation on a Heyting algebra which sends each pair of elements x, y to the element x ( y is called implication; the operation which sends each element x to the element x* = x ( ( is called pseudocomplementation. We also define the operation ( of equivalence by x ( y = (x ( y) ( (y ( x).   These operations are easily shown to satisfy:
	x  ( (y ( z) = (x ( y) ( z,     x ( y = ( ( x ( y,     x ( y = (  (  x = y,
	y ( z ( (x ( y) ( (x ( z),   x ( (x ( y) ( y
	y ( x* ( y ( x = (  ( x ( y* ,    x ( x**  ,    x*** = x*  ,   (x ( y)* = x* ( y*.
	To establish the last of these, observe that
	z  ( (x ( y)*   (   z ( (x ( y) = (
	(   (z ( x) ( (z ( y) = (
	(   z ( x = (  &  z ( y = (
	(   z ( x*  &  z ( y*
	(   z ( x* ( y*.
	Any Heyting algebra is a distributive lattice. To see this, calculate as follows for arbitrary elements x, y, z, u:
	x ( (y ( z) ( u   (    y ( z ( x ( u
	(    y ( (x ( u) & z ( (x ( u)
	(    x ( y ( u  &  x ( z ( u
	(    (x ( y) ( (x ( z) ( u.
	Any linearly ordered set with top and bottom elements is a  Heyting algebra in which
	x ( y =  (  if x ( y           x ( y =  y    if y < x.
	A basic fact about complete Heyting algebras is that the following identity holds in them:
	(*)                                             �
	And conversely, in any complete lattice satisfying (*), defining the operation  (  by    x  ( y = ({z: z (  x  ( y} turns it into a Heyting algebra.
	To prove this, we observe that in any complete Heyting algebra,
	Conversely, if (*) is satisfied and x(  y is defined as above, then
	(x ( y) (   x   ( ({z: z  (  x  ( y} (  x    = ({z (   x: z(    x  ( y}   ( y .
	So z  ( x ( y   �  z( x  ( (x ( y) (   x  ( y. The reverse inequality is an immediate consequence of the definition.
	In view of this result a complete Heyting algebra may also be defined to be a complete lattice satisfying (*). Complete Heyting algebras are  known as frames.
	If X is a topological space, then the complete lattice O(X) of open sets in X is a Heyting algebra. In O(X) meet and join are just set-theoretic intersection and union, while the implication and pseudocomplementation operations are given by  U ( V =   In((X – U) ( V) and U* = �.
	Let L be a bounded lattice. A complement for an element a ( L is an element b ( L satisfying    a ( b = ( and a ( b = (. In general, an element of a lattice may have more than one complement, or none at all. However, in a distributive lattice an element can have at most one complement. For if b, b( are complements of an element a of a distributive lattice, then a ( b = a ( b( = ( and a ( b = a ( b( = (. From this we deduce
	b = b (  ( = b ( (a ( b() = (b ( a) ( (b ( b() = ( ( (b ( b() = b ( b(.
	Similarly b( = b ( b( so that b = b(.
	In a Heyting algebra H the pseudocomplement a* of an element a is not, in general, a complement for a. (Consider the Heyting algebra of open sets of a topological space.) But there is a simple necessary and sufficient condition on a Heyting algebra for all pseudocomplements to be complements: this is stated in the following
	Proposition. The following conditions on a Heyting algebra H are equivalent:
	(i) pseudocomplements are complements, i.e. x ( x* = ( for all x ( H;
	(ii) pseudocomplementation is of order 2, i.e. x** = x*  for all x ( H.
	Proof.  (i) ( (ii). Assuming (i), we have
	x** = x** (  ( = x** ( (x ( x*) = (x** ( x) ( (x** ( x*) = (x** ( x) ( ( = (x** ( x).
	Therefore x** ( x whence x** = x.
	(ii)( (i). We have (x ( x*)* = x* ( x** = (, so assuming (ii) gives x ( x* = (x ( x*)** = (* =  (.  (
	We now define a Boolean algebra to be a Heyting algebra satisfying either of the equivalent conditions (i) or (ii). The following identities accordingly hold in any Boolean algebra:
	x ( y = y ( x,    x ( y = y ( x
	x ( (y ( z) = (x ( y) ( z,    x ( (y ( z) = (x ( y) ( z
	(x ( y) ( y = y,   (x ( y) ( y = y
	x ( (y ( z) = (x ( y) ( (x ( z),    x ( (y ( z) = (x ( y) ( (x ( z).
	x ( x* =  (,    x ( x* = (.
	(x ( y)* = x* ( y*,    (x ( y)* = x* ( y*
	x** = x
	It is easy to show that in any Boolean algebra x ( y = x* ( y.  In a complete Boolean algebra we have the following identities:
	��      ��   ��   ��.
	Calling a lattice complemented if it is bounded and each of its elements has a complement, we can characterize Boolean algebras alternatively as complemented distributive lattices. For we have already shown that every Boolean algebra is distributive and complemented. Conversely, given a complemented distributive lattice L, write ac for the (unique) complement of an element a; it is then easily shown that defining implication by x ( y = xc ( y turns L into a Heyting algebra in which x* coincides with xc, so that L is Boolean.
	The meet, join, and complementation operations in a Boolean algebra are called its Boolean operations. A subalgebra of a Boolean algebra B is a nonempty subset closed under B’s Boolean operations. Clearly a subalgebra of a Boolean algebra B is itself a Boolean algebra with the same top and bottom elements as those of B.
	Examples of Boolean algebras.
	(i) The linearly ordered set 2 = {0, 1} with 0 < 1 is a complete Boolean algebra, the 2-element algebra.
	(ii) The power set lattice PA of any set A is a complete Boolean algebra. A subalgebra of a power set algebra is called a field of sets.
	(iii)  Let F(A) consist of all finite subsets and all complements of finite subsets of a set A. With the partial ordering of inclusion, F(A) is a field of sets called the finite-cofinite algebra of A.
	(iv)  Let X be a topological space, and let C(X) be the family of all simultaneously closed and open (“clopen”) subsets of X. With the partial ordering of inclusion, C(X) is a Boolean algebra called the clopen algebra of X.
	An element a of a Heyting algebra H is said to be regular if a = a**. Clearly a Heyting algebra is a Boolean algebra if and only if each of its elements is regular. Let B be the set of regular elements of H; it can be shown that B, with the partial ordering inherited from H, is a Boolean algebra in which the operations ( and * coincide with those of H, but� (B = ((H)**. If H is complete, so is B; the operation ( in B coincides with that in H while (B = ((H)**. B is written Hbool and called the Booleanization of H.
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	(B = ((H)**. If H is complete, so is B; the operation ( in B coincides with that in H while (B = ((H)**. B is written Hbool and called the Booleanization of H.
	coverages and their associated frames
	Let (P, () be a fixed but arbitrary partially ordered set: we shall use letters p, q, r, s, t to denote elements of p. A subset S of P is said to be a sharpening of, or to sharpen, a subset T of P, written�, if � A sieve in P is a subset S such that  p ( S and q ( p implies   q ( S. Each subset S of P generates a sieve �given by �
	A coverage on P is a map C assigning to each p ( P a family C(p) of subsets of    p( = {q: q ( p}, called (C-)covers of p, such that, if q ( p, any cover of p can be sharpened to a cover of q, i.e.,
	(*)                     �
	Now we associate a frame with each coverage C on P. First, we define �to be the set of sieves in P partially ordered by inclusion: �is then a frame—the completion of P— in which joins and meets are just set-theoretic unions and intersections, and in which the operations ( and ( are given by
	Given a coverage C on P, a sieve I in P is said to be C-closed if
	We write HC for the set of all C-closed sieves in P, partially ordered by inclusion.
	Lemma. If I (  HC, J ( HC, then I ( J ( HC.
	Proof. Suppose that I ( �, J ( HC and S ( I ( J with S ( C(p). Define                 U = {q ( I: (s(S. q ( s}. Then U ( J . If q ( I ( p(, then there is T ( C(q) for which �. Then for any t ( T, there is s ( S for which t ( s, whence t ( U. Accordingly T ( U ( J. Since J is C-closed, it follows that q ( J. We conclude that I ( p( ( J, whence p ( p( ( I ( J. Therefore I ( J is C-closed.  (
	It follows from the lemma that HC is a frame. For clearly an arbitrary intersection of C-closed sieves is C-closed. So HC is a complete lattice. In view of the lemma the implication operation in �restricts to one in, HC making HC a Heyting algebra, and so a frame. HC is called the frame associated with C.
	connections with logic.
	Heyting and Boolean algebras have close connections with intuitionistic and classical logic
	, respectively.
	Intuitionistic first-order logic has the following axioms and rules of inference.
	Axioms
	  (  )
	[ (  )  [(  )  (  )]
	  (    )
	[ (  )  [(  )  (  )]
	(  )  [(  )  (  )]
	(   [(  )  ]
	  (  )
	(t)  x(x)	x(x)  (y)   (x free in  and t free for x in ()
	x = x            (x)  x = y  (y)
	Rules of Inference
	  (x) 	                     (x)  
	  x(x)                     x(x)  
	(x  not free in )
	Classical first-order logic is obtained by adding to the intuitionistic system the rule of inference
	(((
	(
	In intuitionistic logic none of the classically valid logical schemes
	LEM (law of excluded middle)      ( ( ((
	LDN (law of double negation)   ((( ( (
	DML (de Morgan’s law)  ((( ( () ( (( ( ((
	are derivable. However LEM and LDN are intuitionistically equivalent and DML is intuitionistically equivalent to the weakened law of excluded middle:
	WLEM     (( ( (((.
	Also the weakened form of LDN for negated statements,
	WLDN  (((( ( ((
	is intuitionistically derivable. It follows that any formula intuitionistically equivalent to a negated formula satisfies  LDN.
	Heyting algebras are associated with theories in intuitionistic logic in the following way. Given a consistent theory T in an intuitionistic propositional or first-order language L, define the equivalence relation ( on the set of formulas of L  by  ( ( ( if T ((((. For each formula ( write [(] for its (-equivalence class. Now define the relation ( on the set H(T) of (-equivalence classes by     [(] ( [(]  if and only if T ((((. Then ( is a partial ordering of H(T) and the partially ordered set (H(T),() is a Heyting algebra in which [(] ( [(] = [( ( (], with analogous equalities defining the meet and join operations, 0, and 1. H(T) is called the Heyting algebra determined by T. It can be shown that Heyting algebras of the form H(T) are typical in the sense that, for any Heyting algebra L, there is a propositional intuitionistic theory T such that L is isomorphic to H(T). Accordingly Heyting algebras may be identified as the algebras of intuitionistic logic.
	Similarly, starting with a consistent theory T in a classical propositional or first-order language, the associated algebra B(T) is a Boolean algebra known as the Lindenbaum algebra of T. Again, it can be shown that any Boolean algebra is isomorphic to B(T) for a suitable classical theory T.
	As regards semantics, Heyting algebras and Boolean algebras have corresponding relationships with intuitionistic, and classical, propositional logic, respectively.  Thus, suppose given a propositional language; let P be its set of propositional variables. Given a map f:  P H to a Heyting algebra H, we extend f  to a map  ( ( ((( of the set of formulas of L  to H by:
	A formula ( is said to be Heyting valid—written ((—if� = ( for any such map f. It can then be shown that  ( is Heyting valid iff (( in the intuitionistic propositional calculus, i.e., iff ( is provable from the propositional axioms listed above.
	Similarly, if we define the notion of Boolean validity by restricting the definition of Heyting validity to maps into Boolean algebras, then it can be shown that a formula is Boolean valid iff it is provable in the classical propositional calculus.
	Finally, again as regards semantics, complete Heyting and Boolean algebras are related to intuitionistic, and classical first-order logic, respectively.  To be precise, let L be a first-order language whose sole extralogical symbol is a binary predicate symbol P. A Heyting–valued L-structure is a quadruple M =             (M, eq, Q, H), where M is a nonempty set, H  is a complete Heyting algebra and eq and Q are maps M2 � M satisfying, for all    m, n,  m(, n(  ( M,
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	eq(m, m) = (,  eq(m, n) = eq(n, m),  eq(m, n) ( eq(n, n( ) ( eq(m, n( ),
	Q(m, n) ( eq(m, m( ) ( Q(m(, n),   Q(m, n) ( eq(n, n( ) ( Q(m, n( ).
	For any formula ( of L and any finite sequence x = <x1, ..., xn> of variables of L containing all the free variables of (, we define for any Heyting-valued L-structure M a map
	(((Mx: Mn � H
	recursively as follows:
	(xp = xq(Mx  =  <m1 ..., mn> � eq(mp, mq),
	(Pxp xq(Mx  =  <m1 ..., mn> � Q(mp, mq),
	(( ( ((Mx  =  (((Mx  (((Mx, and similar clauses for the other connectives,
	((y ((Mx = <m1 ..., mn>  � �(( (y/u)(Mux(m,m1 ..., mn)
	((y ((Mx = <m1 ..., mn> ��(( (y/u)(Mux(m,m1 ..., mn)
	Call ( M-valid if (((Mx is identically (, where x is the sequence of all free variables of (. Then it can be shown that ( is M-valid for all M iff  ( is provable in intuitionistic first-order logic. This is the algebraic completeness theorem for intuitionistic first-order logic.
	Similarly, if we carry out the same procedure, replacing complete Heyting algebras with complete Boolean algebras, one can prove the corresponding algebraic completeness theorem for classical first-order logic, namely, a first-order formula is valid in every Boolean-valued structure iff it is provable in classical first-order logic.
	_Hlk533847626
	Concluding Observations
	In this book we have used frame-valued universes in proving the consistency of  set-theoretic assertions with IST.   In fact, what has become the standard procedure for proving the consistency with IST of a given assertion p is to construct a  certain sort of category - a topos
	- in which p holds in a “natural” sense.
	For example, the subcountability of �, as well as many of the other assertions concerning � mentioned in the Introduction, can be shown to hold in the so-called  effective topos Eff  In Eff maps between objects constructed from the natural numbers correspond to  (partial) recursive functions between them. In particular the countable subsets of �  may be identified with the recursively enumerable subsets, and the detachable subsets of �  with the recursive subsets. The object � may be considered as the set Rec of (total) recursive functions on �
	. That being the case, if we write (x for the partial recursive function on � with index x, and U for the set of indices of total recursive functions
	, the map  x (  (x for x ( U is, in Eff, a surjection from U to �, making  � subcountable in Eff. On the other hand � is not numerable in Eff because it can be shown that, in Eff, Brouwer’s Continuity Principle holds. This is the assertion
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	From this it would follow that, if F were an injection from �  to � , then, for each  f ( � there would exist an n ( �for which
	(g(�(m<n(f(m) = g(m))( f = g), ,
	which is clearly impossible. Thus � is not numerable in Eff, and hence nofr is Par*(�,�), since it contains �.
	In Eff, both Par*(�,�) and P*�are countable.  That Par*(�,�) is countable in Eff follows from the fact that it corresponds to the set of partial recursive functions on �.   The map x ( (x assigning to each x ( � the partial recursive function with index x is, in Eff, a surjection from �to Par*(�,�).  (That being the case, as we noted above, the set {x (�: x ( dom((x)}  must be (in Eff) uncountable. This corresponds to the fact that this set is not recursively enumerable.) A similar argument – using the fact that P*� in Eff corresponds to the set of recursively enumerable subsets of � - shows that P*� is also countable in Eff.
	While � fails to be numerable in Eff, Bauer [2011] has shown it to be numerable in the related topos Eff! in which maps between objects constructed from the natural numbers correspond to functions which are infinite time computable, that is, computable by an infinite time Turing machine. This is a Turing machine which is allowed to run infinitely long, with the computation steps counted by ordinals. The power of these machines far exceeds that of ordinary Turing machines: for example, both the halting problem and the problem of deciding the equality of two total recursive functions are soluble using infinite time machines.  In Eff!,  just as in Eff,  �is subcountable. But in Eff!  � also satisfies the axiom of choice in the form: any total relation defined on � contains a function (this cannot be the casein Eff). Putting these two facts together quickly yields an injection of  � into ��. We conclude that the numerability of  (( is consistent with IST.
	There are a number of topos models of Brouwer’s Principle (BP) that all real functions are continuous. As we have essentially shown in Chapter IV,  BP holds in Shv(N)
	. Mac Lame and Moerdijk [1992] present a different kind of topos model of BP.   BP also holds in any of the so-called smooth toposes: see Bell [2008], McLarty [1992] and Moerdijk and Reyes [1991].  A smooth topos may be considered to be an enlargement of the category Man of manifolds (or  spaces) and smooth maps to a topos  which contains  no new maps between spaces, so that all such maps there – in particular those from � to �are still smooth, and so a fortiori continuous.
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	Historical Notes
	Chapter I. Friedman [1973i, 1973ii] and Myhill [1973] seem to have been the first to investigate systems of intuitionistic set theory. Crayson [1978] undertakes a systematic investigation of topology and ordinal arithmetic in an intuitionistic setting. That LEM follows from the axiom of choice was first proved, in a category-theoretic setting, by Diaconescu [1975]; the logical version was formulated and proved by Goodman and Myhill [1978]. The investigation of the connection between choice principles and logical principles is taken from Bell [2006}; see also Bell [2009].
	Chapter II. The characterization of � in terms of the simple recursion principle (Proposition 5) is due to F. W. Lawvere in a category-theoretic setting.  Propostion 11 concerning  monics on  ( is due to Denis Higgs. Work on finite sets in an intuitionistic setting  (or their equivalents, finite objects in a topos), has been extensive: for a complete bibliography see Johnstone [2002].  The section on Frege’s theorem is taken from Bell [1999i] and [1991ii].
	Chapter III. Much of the discussion of real numbers presented here is based on Johnstone’s [2002] account of real numbers in a topos. Proposition 2 is due to Johnstone [1979].
	Chapter IV.  Frame-valued models were first investigated by Grayson [1975] and [1979], where it is also shown that Zorn’s lemma is consistent with IZF (see also Bell [1997]). The consistency of ZF relative to IZF was first proved by Friedman [1973] and Powell [1975]; the proof given here is due to Grayson [1979].  A topos model in which (( is subcountable was first produced by A. Joyal (see Fourman and Hyland [1979],  Johnstone [2002]).  The model of the subcountability of (( given in the text is a frame-valued version of the topos presented in Example D.4.1.9. of Johnstone [2002]. The representation of real numbers (in a sheaf topos) is due to M. Tierney. The proof that Brouwer’s Principle holds for the real numbers over Baire space is due to Scott [1970].  The status of Brouwer’s Principle in spatial toposes has been investigated by Hyland [1979]. The failure of FTA in the sheaf topos over the complex numbers was first noted in Fourman and Hyland [1979].
	Concluding Observations. The effective topos was first introduced by Hyland [1983]. The concept of a smooth topos is due to F. W. Lawvere.
	Bibliography
	Bauer, A. [2011]. An injection from � to � . http://math.andrej.com/wp-content/uploads/2011/06/injection.pdf
	Bell, J. L. [1988]. Toposes and Local Set Theories: An Introduction. Clarendon Press, Oxford, 1988.  Dover reprint 2007.
	-------- [199i]  Frege’s theorem in a constructive setting.  J. Symbolic Logic 64, no. 2, 486-488.
	-------- [199ii]. Finite sets and Frege structures J. Symbolic Logic, 64, no. 4, 152-156.
	---------[1997]. Zorn’s lemma and complete Boolean algebras in intuitionistic type theories. J. Symbolic Logic. 62, 1265-1279.
	---------[2006]. Choice principles in intuitionistic set theory. In A Logical Approach to Philosophy.  Springer. Heidelberg-London, New York.
	---------[2008]. A Primer of Infinitesimal Analysis, 2nd. edition. Cambridge University Press.
	--------- [2009]. The Axiom of Choice. College Publications, London.
	---------[2011]. Set Theory: Boolean-valued Models and Independence Proofs. 3rd edition. Clarendon Press, Oxford.
	Bell, J. L. and Machover, M. [1977]. A Course in Mathematical Logic. North-Holland, Amsterdam
	Diaconescu, R. [1975]. Axiom of choice and complementation. Proc. Amer. Math. Soc. 51, 176–8.
	Fourman, M.P. and Hyland, J.M.E. [1979]. Sheaf models for analysis. In Fourman, M. P., Mulvey, C. J., and Scott, D. S. (eds.) Applications of Sheaves. Proc. L.M.S. Durham Symposium 1977. Springer Lecture Notes in Mathematics 753, pp.  280 – 301.
	_Hlk533415355
	Fourman, M.P. and Scptt, D.S. [1979]. Sheaves and logic. In Fourman, M. P., Mulvey, C. J., and Scott, D. S. (eds.) Applications of Sheaves. Proc. L.M.S. Durham Symposium 1977. Springer Lecture Notes in Mathematics 753, pp.  302-401.
	Friedman, H. [1973i]. Some applications of Kleene's methods for intuitionistic systems. in A.R.D. Mathia, A. and Rogers, H. (eds.)
	Proceedings of the 1971 Cambridge Summer School in Mathematical Logic
	Springer Lecture Notes in Mathematics 337,  pp. 113–170.
	---------[1973ii]. The consistency of classical set theory relative to a set theory with intuitionistic logic.
	Journal of Symbolic Logic
	, 38: 315–319.
	Goldblatt, R. [1979]. Topoi: The Categorial Analysis of Logic. North-Holland, Amsterdam.
	Goodman, N. and Myhill, J. [1978]. Choice implies excluded middle. Z. Math Logik Grundlag. Math 24, no. 5, 461.
	Grayson, R.J. [1975]. A sheaf approach to models of set theory. M.Sc. thesis, Oxford University.
	---------[1978]. Intuitionistic Set Theory. D.Phil. Thesis, Oxford University.
	---------[1979.]. Heyting-valued models for intuitionistic set theory. In Fourman, M. P., Mulvey, C. J., and Scott, D. S. (eds.) Applications of Sheaves. Proc. L.M.S. Durham Symposium 1977. Springer Lecture Notes in Mathematics 753, pp. 402-414.
	Halmos, P. R. [1963]. Lectures on Boolean Algebras. Van Nostrand, New York.
	Higgs, D. [1973]. A category approach to Boolean-valued set theory. Lecture Notes, University of Waterloo.
	Hyland, J. M. E. [1979]. Continuity in spatial toposes. In Fourman, M. P., Mulvey, C. J., and Scott, D. S. (eds.) Applications of Sheaves. Proc. L.M.S. Durham Symposium 1977. Springer Lecture Notes in Mathematics 753, pp. 442-465.
	---------[1983]. The effective topos. In The L. E. J. Brouwer Centenary Symposium, Studies in Logic and the Foundations of Math., vol. 110, North Holland, Amsterdam , pp. 165-216.
	Johnstone, P. T. [1977]. Topos Theory.  Academic Press, London.
	---------[1979]. Conditions related to De Morgan’s law. In Fourman, M. P., Mulvey, C. J., and Scott, D. S. (eds.) Applications of Sheaves. Proc. L.M.S. Durham Symposium 1977. Springer Lecture Notes in Mathematics 753,  pp. 479-491.
	---------[2002]. Sketches of an Elephant: A Topos Theory Compendium, vols. I and II. Oxford Logic Guides vols. 43 and 44. Clarendon Press, Oxford.
	Lambek, J. and Scott, P. J.  [1986]. Introduction to Higher-Order Categorical Logic. Cambridge University Press.
	Mac Lane, S. and Birkhoff, G.  [1967].  Algebra.  Macmillan, New York.
	Mac Lane, S.  and Moerdijk, I. [1992]. Sheaves in Geometry and Logic: A First Introduction to Topos Theory. Springer-Verlag, Berlin.
	McLarty. C. [1992]. Elementary Categories, Elementary Toposes. Clarendon Press, Oxford.
	Moerdijk, I. and Reyes, G.E. [1991]. Models for Smooth Infinitesimal Analysis. Springer-Verlag, Berlin.
	Myhill, J. [1973]. Some properties of Intuitionistic Zermelo-Fraenkel set theory. In Mathias, A. and Rogers, H. (eds.)
	Proceedings of the 1971 Cambridge Summer School in Mathematical Logic
	Springer Lecture Notes in Mathematics 337, pp. 206–231.
	Powell, W. [1975]. Extending Gödel's negative interpretation to ZF.
	Journal of Symbolic Logic
	, 40: 221–229.
	Scott, D. S. [1970].  Extending the topological interpretation to intuitionistic analysis, II. . In  Myhill, J. Kino, A. and Vesley, R. E. , eds. , Intuitionism and Proof Theory, North-Holland,  Amsterdam, pp. 235-255.
	Index
	associated frame   108
	Axiom of Choice   20
	Axiom of Choice for I   83
	Axioms of IZ  12, 13
	Axioms of IZF   55
	Baire space  95
	Booleanization  107
	Brouwer’s Principlde  95
	Cantor’s Theorem  2, 5
	Cauchy real number  53
	Cauchy sequence  53
	cohesive  8, 97
	Collection argument  62
	complemented  65
	completely (, ((, 2) distributive  77
	conditionally order-complete  50
	connected  74
	continuum  7
	core  67
	correlated  88, 89, 92
	countable  1
	Countable Axiom of Choice  83
	countably generated  84
	cover  107
	coverage  107
	cumulative hierarchy  58
	Dedekind finite  38
	Dedekind infinite  36
	Dedekind real number  48
	definite element  62
	Definite Element Lemma  65
	degree  85
	detachable  17
	discrete  17
	disjoint refinement  72
	distributive, (-(I, J)  75
	DML   16
	Existence Principle  72
	Extended Recursion Principle  34
	extensional  58
	false  60
	finite  38
	frame  104
	frame of truth values  16
	frame-valued model  60
	frame-valued universe  61
	Frege structure/strict  41
	Frege’s Theorem  40
	H-extension  60
	H-valued model of IZF  67
	H-valued real number  85
	H-valued structure  59
	indecomposable  8
	Induction Principle for Peano structure  29
	Induction Principle for V(H)  60
	inductive   27
	inhabited  13, 62
	intuitioistic set theory IST  1
	Kuratowski finite  38
	LEM  1, 16
	local  91
	localizable  92
	locally connected  75
	Mixing Lemma  64
	natural numbers  27
	near-local  91
	numerable  1
	ordered pair  13, 67
	Peano structure  29
	Peano’s axioms  29
	preserves exponentials  77
	Principle of Induction on Ordinals  56
	pseudocomplement  102
	rank function  58
	real function over X  91
	real number over X, U  86, 87
	refinable  72
	Refinable Existence Lemma  73
	refinement  72
	regular element   106
	set of generators  84
	sieve  107
	Simple Recursion Principle  30
	spatial extension  60
	strictly finite  38
	strong core  72
	subcountable  1
	subquotient  74
	subset classifier  16
	totally disconnected  65
	transitive  58
	true  6
	truth value  60
	Unique Existence Principle for VH)   64
	Universe of H-sets  61
	weak real number  49
	well-founded  57
	well-ordering  58
	WLEM  16
	Zorn’s Lemma  69

