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Well then, let me you, stranger, precisely explain these matters
Od. a 214

1 Introduction
1.1 Topology and Foundations

We want to introduce the reader to the intuitionistic view of mathematics proposed,
developed and defended by the Dutch mathematician L.E.J. Brouwer (1881-1966).!

Brouwer obtained his fame as a mathematician by a number of very important
results in topology such as the Dimension Theorem:

For all positive integers m, n,
if there is a homeomorphism from [0, 1]” to [0, 1]7, then m = n,

and the closely related Brouwer Fixed-point Theorem:

For each positive integer n, for every continuous function f from [0, 1]" to
[0, 17", there exists p in [0, 1]" such that f(p) = p.

These results were obtained in 1911.

Brouwer had started thinking on the foundations of mathematics earlier than that.
In his dissertation from 1907, see [9], he wrestled already with the concept of the
continuum. In a famous paper from 1908, see [10], he attacked the principle of the
excluded third X v —X.

IThe title of the paper is taken from an exclamation by the philosopher L. Wittgenstein, see [64].
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1.2 Against the Formalists

In his inaugural lecture at the University of Amsterdam in 1912, entitled: ‘Intuition-
ism and Formalism’, see [11], Brouwer declares himself an opponent of the formal-
ists. The formalists, in Brouwer’s words, explain the exactness and precision of the
statements of mathematics by describing mathematics as a game with meaningless
strings of symbols according to very strict and precise rules. The game may turn out
to be useful for certain purposes, and then may give ‘a vague sensation of delight’,
but these other purposes are not the concern of the mathematician. In the formalist’s
‘game’, there is no place for fruth, only for correctness.

Brouwer most emphatically did not want to explain away the meaningfulness of
mathematical statements and the experience of truth. In his intuitionistic view, the
source of mathematical exactness is not to be found ‘on paper’ but ‘in the human
intellect’.

1.3 I. Kant

Brouwer was inspired by the philosopher I. Kant (1724-1804) who described the
simple theorem ‘7 45 = 12’ as the result of a construction in ‘pure intuition’.

Pure intuition has to be distinguished from observation by the senses. In Kant’s
terms, it is the ‘form’ of all observations by the senses, and, as such, independent of
all individual observations by the senses, i.e. a priori.

It is very important that one has to do something in order to come to the insight
of the truth of 7 4+ 5 =12": counting 1, 2, 3, ..., 7 and then, continuing, putting 1
below 8, 2 below 9, 3 below 10, 4 below 11, and, finally, 5 below 12. This is why
Kant holds the mathematical judgment ‘7 + 5 = 12’ is not analytic, i.e. a matter of
logic, but synthetic, see [37, §2c], i.e., going beyond logic, and, one might perhaps
say, a product of some activity by the judging subject.

1.4 Languageless Constructions

For the intuitionistic mathematician, every mathematical theorem is, like ‘7 + 5 =
12’, the result of a construction in pure intuition. The successful completion of this
construction, the proof of the theorem, gives joy and a sense of beauty, and one wants
to tell one’s friends.

A construction in pure intuition is languageless. Language comes in if I want to
preserve the memory of the construction for myself, or if I want to make an attempt
to explain to my fellow mathematician what I did, in the hope she will be able to do
something similar. Language is not trustworthy: it always may fail to do what one
expects it to do, as we all know from our experience as unsuccessful teachers and
forgetful researchers.

There is no such thing as an exact linguistic description of a mathematical con-
struction. The linguistic description only is the accompaniment of an act of under-
standing, either between me and one of my former selves, or between me and a fellow
mathematician.

Nevertheless, it is our task to study the language of mathematics carefully and to
find out where it perhaps may be improved. Although it is impossible we express
ourselves in a perfect way, we always have to try to do better than we did until now.
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1.5 Intuitionistic Mathematics Is Constructive Mathematics

Intuitionistic mathematics is not a new, alternative kind of mathematics. Mathematics
is intuitionistic mathematics. Brouwer’s revolution is a call for reflection. A sharp-
ened awareness of what it is we do when doing mathematics makes us more careful
and more precise and, thereby, hopefully, better mathematicians.

Intuitionistic mathematics is constructive mathematics. The reason is that mathe-
matics itself essentially is constructive although this fact has been obscured by our
mistaken trust in (classical) logic.

Thinking of Brouwer’s ability in topology one may reflect that a continuous func-
tion f from [0, 1] to [0, 1]" has the property that, for each p in [0, 1], one may
effectively find approximations of the function value f(p) from approximations of
the argument p. Continuous functions are constructive functions: there is a deep con-
nection between Brouwer’s foundational interests and his topological concerns.

1.6 The Contents of the Paper

The paper is divided into 21 Sections. Section 2 treats the basic intuition giving rise to
the nonnegative integers. Section 3 is a short reflection on theorems and their proofs.
In Sects. 4-6, we consider three famous results, that usually are taken to be negative
statements although they are not negative at all. In Sect. 4, we have a look at Euclid’s
theorem that there are infinitely many primes. In Sect. 5, we consider the theorem that
/2 is irrational. In Sect. 6, we introduce the reals and Cantor’s theorem that there are
uncountably many of them. In Sect. 7, we introduce reals oscillating around 0: if
x is such a number, one is unable to make out if x < 0, x =0 or x > 0. Section 8
explains the reasons for interpreting the logical constants constructively and rejecting
the principle of the excluded third X v —X. In Sect. 9 we study a basic result of real
analysis: the Intermediate Value Theorem. The theorem is an existential statement
that fails when taken at its constructive face value, but, if suitably reformulated and
adapted, leads to several true and useful results. Finding such reconstructions of a
constructively invalid result is part of the intuitionistic program.

Intuitionistic mathematicians hold that every real function is (pointwise) continu-
ous. In Sect. 10, we treat the preliminary observation that a real function can not have
a positive discontinuity. In Sect. 11, we go into the intuitionistic meaning of negation.
In Sect. 12, we introduce the Continuity Principle, an axiom used by Brouwer and
we show that this axiom leads to the positive result that real functions are (pointwise)
continuous.

In Sect. 13, we introduce the Fan Theorem, a theorem that perhaps, like the Con-
tinuity Principle, should be called an axiom: we discover Brouwer’s ‘proof’: most of
us would call it a philosophical argument. One should note, however, that, as long as
we do not organize our mathematical results in a formal way, it is difficult to distin-
guish axioms from theorems. As we shall see, the Fan Theorem implies that a real
function from [0, 1] to R is not only pointwise but even uniformly continuous. As
an aside, we prove that the Fan Theorem fails to be true in computable analysis. In
Sect. 14, we go into the role of the Fan Theorem in game theory.

In Sect. 15, we consider Brouwer’s Thesis on Bars in N' = »®, formulated as a
Principle of Bar Induction. The Thesis on Bars in A/ implies the Fan Theorem but is a
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far stronger statement. We show how the argument for the Fan Theorem extends to the
Thesis on Bars in /. As an application we prove, in Sect. 16, the Principle of Open
Induction in [0, 1]. In Sect. 17 we give a second formulation of Brouwer’s Thesis.
This second formulation uses stumps: inductively generated sets of finite sequences
of natural numbers, whose role may be compared to the r6le of countable ordinals in
classical, non-intuitionistic analysis. As an application we give, in Sect. 18, an intu-
itionistic formulation and proof of the Clopen Ramsey Theorem, itself an impressive
extension of Ramsey’s result from 1928. The proof of this intuitionistic theorem has
not been published before. In Sect. 19 we study Borel sets. Because of the failure
of De Morgan’s Law —Vn[—P (n)] — In[ P (n)], the subject of descriptive set theory
needs a complete reconstruction. In Sect. 20 we reflect on the notion of a finite sub-
set of the set N of the non-negative integers. This mathematical notion may be made
intuitionistically precise in uncountably many ways. It is a perfect illustration of the
subtlety and expressivity the language of mathematics has obtained from Brouwer’s
intervention.

In Sect. 21, we briefly describe how E. Bishop, who founded his own school of
constructive analysis in the 1960’s, treated Brouwer’s legacy, and how also P. Martin-
Lof’s view on constructive mathematics was influenced by Brouwer.

Many Sections may be read independently from other Sections.

2 The Basic Intuition
2.1 If You Don’t Become Like Little Children . . .2

Mathematics is a child’s game and each of us, from his tender days, is familiar with
the infinite sequence:

0,1,23,...

The sequence of these natural numbers or non-negative integers has no end.

No end? Can we always go on? Yes, yes, we can always go on!

We never die, or get tired of the game. Please, do not plague us with such silly
objections.

We courageously stick to the fascinating perspective of the never finished infinite.

2.2 Induction and Recursion

The function S produces, given any non-negative integer n, the next one, S(n):
S0)=1,8(1)=2,S2)=3,...

Let P be a property of non-negative integers such that one has a proof of P(0), and,

for each n, a proof of P(S(n)) from P(n), i.e. a proof of P(1) from P (0), a proof
of P(2) from P(1), a proof of P(3) from P(2), and so on. One then proves, step

2Matthew 18:3
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by step, first P(1), then P(2), then P(3), and so on, that is, one proves, for each n,
P (n). We see this happening although the process is never finished.
The principle of complete induction on the non-negative integers thus is obvious.
Suppose one defines: for each m, m 40 = m and for each n, m +S(n) = S(m +n).
One then calculates, first m + 1 =m + S(0), then m + 2 =m + S(1), then
m + 3 =m + S(2), and so on, and, in this way, one finds, for each n, the meaning of
m—+n.
This also is obvious.

2.3 The‘Logicist’ Attempt to ‘Prove’ Induction

In the nineteenth century, G. Frege and R. Dedekind tried to define the non-negative
integers, logically or set-theoretically, and then to prove the principle of complete
induction and the possibility of defining functions by recursion.

Brouwer considered such attempts futile and misleading.

2.4 Awakening Consciousness

Brouwer spent a lot of thought on finding the origin of the idea of the non-negative
integers, see for instance [14].

A first thing, then a next thing, then another thing, and again another thing ...

Mark the beginning: a first thing, then a next thing. Brouwer called it the basic in-
tuition of two-ity. He saw it happening in an awakening of slumbering consciousness,
a shift of attention, a moment’s reflection, or a move of time: here I am, and now |
see: ‘here I am’, and that is two things. Iterating this shift of attention, I obtain three
things, four things, and so on.

One is reminded of R. Dedekind’s proof of [23, Theorem 66]: There exist infinite
sets, for instance, the ‘world of my thoughts, meine Gedankenwelt’. Dedekind invokes
a function s — s’ that associates to every thought s of mine the thought s’: ‘I am
thinking of s’ and concludes, from the fact that this function should be one-to-one
and non-surjective, the latter because ‘I myself, mein eigenes Ich’ am a thought of
mine not of the form s’, that I have infinitely many thoughts.

As we mentioned already, Brouwer refers to Kant. Kant held that the concepts of
‘time’ and ‘space’, the ‘forms’ of ‘inner sense’ and ‘outer sense’, respectively, are
apriori concepts, that is, independent from every observation by the senses. These
apriori concepts are studied by mathematics, in its two divisions: ‘arithmetic’ and
‘geometry’. Brouwer wants to maintain Kant’s conviction about the apriori character
of ‘time’ but rejects the apriori character of ‘space’. This is partly because Kant be-
lieved space to be Euclidean, and, after Kant, one had the non-euclidean revolution.
Also, geometry may be ‘arithmetized’ and be robbed of its status as an independent
discipline.

2.5 The'Set’' N

We use N to denote the ser of the nonnegative integers. This ‘set’ is a well-
understood totality but an ongoing project, in no sense finished or complete. We use
m,n,...,s,t,...as variables over N.
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3 Theorems and Their Proofs
3.1 Mere Announcements

One does not understand a mathematical theorem immediately upon hearing its state-
ment. The statement of the theorem is only a preliminary announcement, a partial
communication, a promise. Its full meaning will unfold itself in the proof, and un-
derstanding this full meaning is reserved for someone who takes the trouble to go
through the proof and to reconstruct it for herself.

3.2 No to ‘Platonism’

The statement of a theorem tells us that some mental construction has been suc-
cessfully completed. It is not reporting a fact one might ‘observe’ in a mathematical
reality lying outside us.

The latter view has been strongly defended by Plato (427-347 B.C.). He believed that
the contemplation of the timeless mathematical reality, that one approaches with the
mind and not with the senses and that one should not touch with one’s ﬁngers,3 would
prepare us for the contemplation of what is the true interest of the philosopher: the
timeless reality of the ‘Ideas’.

The intuitionistic mathematician rejects this view. In the ancient debate between

Speusippus (405-338 B.C.) and Menaechmus (380-320 B.C.) as reported by Proclus
(410-485), she would definitely have sided with Menaechmus. Speusippus held that
every ‘problem’ essentially is a ‘theorem’, i.e. a truth to behold, whereas Menaech-
mus defended the view that every ‘theorem’ essentially is a ‘problem’, i.e. a con-
struction to find and carry out.* Proclus, in his wisdom, judged that both views con-
tain some truth,’ and, indeed, one might say, both views try to explain a part of our
mathematical experience.
In our days, many mathematicians still feel they are discovering hard facts not of
their own making. They prefer a so-called realistic view, reminiscent of Plato’s, while
admitting it is difficult to give a convincing account of the mathematical reality see
[35, p. 123].

As to Brouwer’s formalist adversaries, some of them develop their formalisms
with an eye to ‘reality’ while others, like Brouwer himself, keep far from it. A famous
defender of the realistic point of view is K. Godel (1906-1972). The formula CH
in the language of set theory that is taken to represent Cantor’s famous continuum
hypothesis® has been shown, by Godel himself in 1938, and by P. Cohen in 1963,
respectively, not to be refuted and not to be proven by the rules of first-order predicate
logic from the formulas accepted as representing ‘the’ axioms of set theory, provided

3See Plato, Politeia (the Republic) VII 527a.

4The 48 propositions of the First Book of Euclid’s Elements (300 B.C.) are divided into 34 ‘theorems’ and
14 ‘problems’.

5Both parties are right’, see [45, Prologue, Part Two, § 78]

6In an intuitionistic context, the classical continuum hypothesis has no immediate meaning. One may
however study meaningful statements that seem to come close to it, see [29] and [65, Sects. 7 and 8].
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the latter do not give a contradiction. Godel observed, even before Cohen proved his
result, that this fact does not solve the problem: we still have to find out if CH holds
in the mathematical universe, see [30].”

The intuitionistic mathematician discards the realistic view: he believes it is wrong
and harmful for the practice of mathematics.

3.3 Propositions (as Yet) Without Proof

From our intuitionistic perspective, it seems impossible to fully understand a propo-
sition that has (as yet) no proof. We like to say, however, that we also ‘understand’
the proposition ‘O = 1’, in the sense that we see this proposition never will have a
proof.

Besides, propositions that are only partially understood in the sense that we have
as yet no proof and also do not see that we never will have one, have an important
part to play in mathematics. Let us consider an example.

Studying Euclid’s proof that there are infinitely many primes,® one comes to un-
derstand the statement: ‘there are infinitely many primes’ and to enjoy its beauty and
depth. One now may ask: ‘Are there also infinitely many twin primes, i.e. prime num-
bers p such that also p + 2 is prime?’. By analogy, we have some understanding of
the latter proposition. We can imagine what a proof of this proposition might be and,
in this sense, catch its meaning, although, up to now, no proof or refutation has been
found.

By his exemplary proof, Euclid suggests us how to (partially) understand other
propositions of the form ‘there are infinitely many numbers n such that P(n)’.

8

3.4 Negative Theorems

There is a large supply of theorems whose statement is negative. Such theorems report
us that a construction of a kind we hoped for is impossible. We obtain such conclu-
sions imagining ourselves possessed of a construction of the required kind and seeing
that we then could prove 0 = 1. We hastily retreat, admitting we were imagining the
impossible.

Indeed, when constructing proofs, we often use our imagination. We make tem-
porary extra assumptions for the sake of the argument, that later perhaps will have to
be given up. G. Gentzen (1909-1945), the inventor of ‘Natural Deduction’, put great
emphasis on this fact. Gentzen was inspired by Brouwer, see [27, Section II, §3].

In a sense, propositions with a negative conclusion are second-rank. They tell us
about a lost hope, a failure. Fortunately, many mathematical theorems are unneces-
sarily negative. Their negative formulation is caused by laziness or lack of attention.
The intuitionistic mathematician likes to find the positive content of seemingly nega-
tive statements.

In Sects. 4, 5 and 6, trying to make this clear, we give some examples.

7«Of course it is happening inside your head, Harry, but why on earth should that mean that it is not real?”
Dumbledore in: J.K. Rowling, Harry Potter and the Deathly Hallows

8See Sect. 4.
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4 Infinitely Many Prime Numbers

The following theorem is due to Euclid, see [25, Book IX, Proposition 20]. It is
important and rewarding to study the proof in the original.

Theorem 1 The prime numbers are more than every quantity of prime numbers given
beforehand.

Proof Let the prime numbers given beforehand be A, B, C. I say that there are more
prime numbers than A, B, C. Let the least number measured by9 A, B, C be taken,
and letit be DE, and let the unit D F be added to it; we thus obtain EF. E F is prime
or EF is not prime.10 First, let it be prime. Then the prime numbers A, B,C, EF
are more than A, B, C. Next, let EF be not prime. Then there is a prime number
that measures E F. Let it be G. [ say G is not the same with any of A, B, C. For,
if possible, let it be so. Now A, B, C measure DE and thus also G measures DE.
But the number G also measures E F and thus the number G measures the remainder
DF which is a unit, and that is absurd. So G is not the same with any of A, B, C.
Thus prime numbers A, B, C, G are found which are more than the quantity of prime
numbers A, B, C given beforehand. O

We now paraphrase Euclid’s proof in contemporary terms. Euclid explains us,
how, given any finite list go, g1, ..., gs—1 of prime numbers, one produces a prime
number g that is not on the list: consider c¢ := the least common multiple of
q0, 91, ---,qn—1. If c is prime, take g := c. If ¢ is not prime, determine the least
number g > 1 that divides c. Then ¢ is prime, and, for every i < n, g # q;.

One may seriously wonder if this paraphrase is better than the original.

Note that Euclid only treats the case: n = 3. He of course expects the reader to
pick up the general idea from this exemplary case. The reader must be willing to
understand him. This is a conditio sine qua non for every written proof.

Also note that Euclid provides an algorithm: he demonstrates how, given any finite
list of prime numbers, one calculates a prime number that still is missing.

Most importantly, as we observed already in the previous Section, Euclid in a way
lays down the meaning of the word ‘infinite’. His proof suggests how to understand
a proposition of the form: ‘there are infinitely many numbers satisfying A’. One may
prove such a thing by doing something like he does in the case of the prime numbers.

Sometimes, a description of Euclid’s proof is given that does no justice to the
argument. According to this description, one is invited to assume: there is a finite list
containing all the primes. Euclid then reduces this assumption to absurdity and forces
one to admit that the initial assumption is false: there is no such finite list, which is to
say: there are not finitely many primes.

G.H. Hardy, a great mathematician and a convinced platonist, has this view, see
[35, Sect. 12]. In the context of Euclid’s theorem, he calls reductio ad absurdum ‘one

9the least common multiple of

10Byclid makes this case distinction as he did not consider a number to be a divisor of itself.
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of a mathematician’s finest weapons’, but adds a footnote stating: ‘The proof can be
arranged so as to avoid a reductio and logicians of some schools would prefer that it
should be.’

5 /2Is Irrational

The theorem that +/2 is irrational is also due to the Greeks and dates from 450 B.C..
In those days, mathematicians sometimes were called ‘those who know about the odd
and the even’. The theorem uses the following

Lemma 2 For all positive integers n, if n is odd, then n? is odd.

Proof Find p suchthatn =2p+ 1. Thenn>=Q2p+ 1)Q2p+1)=4p> +4p+1=
202p*+2p) + 1. O

Theorem 3 There are no positive integers m, n such that /2 = ..

Proof Suppose there are. Find such m, n and assume: at least one of m, n is odd. Then

V2 = %, 0 2n% = m?, so m? is even and, by Lemma 2, also m is even and 4 divides

m? = 2n2, so n? is even and, again by Lemma 2, n is even. We thus see: both m, n

are even. Contradiction. O

Already in ancient times, some people worried about this proof, in particular about
the sentence: ‘Suppose there are.”. How is it possible to suppose that /2 is rational?
‘Suppose’ must mean something like ‘Imagine’. How can one make a clear mental
picture of a fact that will turn out to be false? How to imagine the impossible?

In particular, Parmenides (fl. 475 B.C.) and Zeno (fl. 450 B.C.), leading mem-
bers of the Eleatic school of philosophy, felt this difficulty. The Dutch mathemati-
cian G.EC. Griss (1898-1953) shared their concern and suggested to Brouwer to
remove the proposition without proof, negation and the empty set from the discourse
of mathematics. He started a redevelopment of intuitionistic mathematics, see, for
instance, [33]. Brouwer did not want to go into his suggestion, and offered the some-
what surprising argument that, following it, one would impoverish the subject, see
[13]. Nevertheless, in intuitionistic, and, more generally, in constructive mathemat-
ics, one avoids negation as much as possible, also for the reason that negative results
lack constructive content.

The negatively formulated Theorem 3 may be replaced by a positive and affirma-
tive result, as follows.

Definition 1 A real number x is positively irrational if and only if, given any rational
_m . .. . m 1
number g = 7 one may effectively find a positive integer p such that [x — 7| > >

Theorem 4 /2 is positively irrational.

Proof Let m,n be given. Note 2n? #* m?, and therefore: |2n2 — m2| >1and |2 —
%ﬁznlz,thatis W2+ 2] V22> L If 2 >2, then 2 — /2 > § and, if

n

% <2, then |[v2+ 2| <4and |V2 - 2|> L. O

n2
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6 Uncountably Many Reals

We sketch how to treat integers and rationals and then define the notion of a real
number, essentially like G. Cantor (1845-1918) did it, and Brouwer after him.

6.1 Integers and Rationals

One first introduces, on the set N of the natural numbers, the operations +, -, exp
and the relations <, < by recursive definitions, as suggested in Sect. 2, and proves,
by induction, their well-known nice properties. One then defines a pairing function
from N x N to N, for instance the function (m,n) =2"(2n + 1) — 1, with inverse
functions K, L : N — N. We will write m’ = K (m) and m” = L(m), so, for each m,
m=(m',m").

Then an equivalence relation =7z on N is introduced by:
m=gn<m +n’" =m"+n'. Integers, for us, are just natural numbers and not,
as in the usual treatment, the equivalence classes of the relation =z. Functions and
relations on Z are functions and relations on N that respect the relation =7z. The
functions +7, -7, the relations <z, <z, and the special elements Oz, 17 are defined
in the way one would expect.

One then defines Q := {m | 0z <z m"}. An equivalence relation =g is introduced
on Q by: m =g n < m' -z n” =z m” -z n'. Rationals, for us, are just natural num-
bers, but, whenever we consider natural numbers as rationals, we respect =g. The
functions +q, -, the relations <, <q, and the special elements Og, 1 are defined
straightforwardly.

In general, we omit the subscripts ‘7’, ‘g’ unless we fear for confusion.

It is important to realize that all functions and relations mentioned so far are algo-
rithmic. We learned the algorithms at elementary school and know, for instance, how
to find out, given rationals p, g, if p =g g or not.

6.2 Real Numbers
We now are ready to introduce the reals.

Definition 2 A real number is an approximation process, an infinite sequence x =
x(0), x(1), ... of pairs x(n) = (x'(n), x”(n)) of rationals such that

(1) x is shrinking: foralln, x'(n) <x'n+1) <x"(n+1) <x”(n) and
(ii) x is dwindling: for all m, there exists n such that x”(n) — x'(n) < 2%"

R is the set of all real numbers. We use x, y, ... as variables over R.

Brouwer gave Cantor’s notion his own colouring.
Every real number x = x(0), x(1), ... is an infinite sequence of successive approx-
imations, and, like the infinite sequence 0, 1, 2, ... itself, never finished and always
under construction. Even if an algorithm has been given determining the successive
values of x, the finding of these successive values keeps us busy forever. The number
is the process of approximation itself: it makes no sense to ask for the limit point that
the successive approximations are striving for.
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For all reals x, for all rationals p, g, for all n, if p <@ x'(n) <g x"(n) <q ¢, we
say that (p, g) is an approximation of x of precision q —q p.

Definition 3 For all real numbers x, y, we define:
x <R y (x is smaller than y) if and only if In[x"(n) <g y'(n)], and:
x <R y (x is not greater than y) if and only if Va[x'(n) <g y”(n)], and:
x #R y (x is apart from y) if and only if either x <g y or y <R x, and:
x =R ¥ (x coincides with y) if and only if x < y and y <g x.

We suppress the subscript ‘* if we expect that, doing so, we will not confuse the
reader.

Traditionally, our ‘real numbers’ would be called ‘number generators’.
The name ‘real number’ would then be reserved for equivalence classes of the form
(x]={yeR|y=rx}.
Also Brouwer does so, using the terms ‘point’ and ‘point kernel’.

We will not make this distinction but will only consider operations and relations
on R that respect the equivalence relation =5.

The relations < and #5 are positive relations. From a constructive point of view,
they are more important than the relations <% and =g . The latter two relations are
negative, and, moreover, expressible in terms of the positive relations, as: x <R y <
—(y <Rr x) and: x =R y <> —(x #r y). Given real numbers x, y one may prove:
‘x =R ¥y’ by assuming: ‘x #r y’ and obtaining a contradiction.

It is important that the positive relations < and =g are co-transitive, i.e.
X<RY—> (X<pzVz<pyandx#rpy— (x#rz VvV 2#r y).

It suffices to prove this for the first relation.

Given x, y, z such that x <R y, find n such that z”(n) — z’'(n) <q y'(n) — x”(n) and
decide: either x”(n) <g z’(n) and x < z or: 2’ (n) <q y'(n) and z <R y.

6.3 Cantor’s Proof
In 1873, Cantor proves the following, see [19, §2]:

Theorem 5 For every infinite sequence xg, X1, ... of reals, there exists a real x apart
from every real in the sequence, that is: x #r xo, x #R X1, ...

Proof Let an infinite sequence xg, X1, X2, ... of reals be given.

Define x = x(0), x(1), ..., as follows, step by step.

First, define x(0) = (0, 1).

Now assume x (n) has been defined and x”(n) — x'(n) =g 3%

Find m( := the least m such that x)/ (m) — x,,(m) <q 3,,%

Note: either %x’(n) +0 %x”(n) <@ x,,(mo) or x; (mg) <@ %x’(n) +o %x”(n).

If 3x'(n) +q 3x"(n) <q x}(mo), define: x(n + 1) := (x'(n), 3x'(n) + 3x"(n))
and, if not, define x (n + 1) := (3x'(n) + 3x"(n), x" (n)).

By this choice of x(n + 1), we ensure x” (n + 1) —x’(n+ 1) =g 3,1% and x #7 x,.

O
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Our constructive argument differs but little from Cantor’s. Cantor makes it per-
fectly clear how, given any countable list xq, x1, ..., of reals, one produces a real
positively different from every real on the list.

We thus see that the statement “R is uncountable’, essentially, is a positive state-
ment.

Note that, by his exemplary proof, Cantor suggest to us how we should understand
and prove a proposition of the form ‘A C R is uncountable’.

One defines operations +x and -g on R by:
forall n, (x +r y)(n) := (x’(n) +q Y (n),x"(n) +q y”(n)) and
(x R ¥)(n) = (ming(x'(n) -q y' (n),x'(n) @ ¥ (), x" (n) @ ¥'(n), x" (n) -q ¥y (n)),
maxg(x’(n) g ¥’ (n),x'(n) - y"(n), x" (n) - y' (n), x"(n) -q y" (n))).
Also subtraction and an absolute value function x — |x| may be defined.
For every rational g, we define g in R such that, for all n,
ar(n) =(q —q 3.4 +Q 3)-
We omit subscripts ‘r’ where we think it does no harm to do so.

7 Fugitive Integers and Oscillating Reals

The following definition lies at the basis of many counterexamples in Brouwer’s style
to various mathematical results that do not stand a constructive reading.

We consider the decimal expansion of 7, evaluating it step by step, hunting for the
first block of 99 consecutive 9’s. We would like to define k99 as the least number n
such that at the places n,n + 1, ...n + 98 in the decimal expansion of = we find the
value 9, but we have to be careful as we do not know if such a number n exists.

Definition 4 (The fugitive ‘number’ kgg) Let d = d(0),d(1),... be the decimal ex-
pansion of 7, that is: d is the function from N to {0, 1, ..., 9} such that
=3+ 0dn)- 107"

For each n, we define:

koo <n if and only if 3j <nVi < 99[d(j +i) =9], and:

n < kog if and only if Vj <n3i <99[d(i + j) # 9], and:

n =kog if and only if kg9 <n and Vj < n[j < kgo].

Note that we do not define a natural number ko9 but only the meaning of an ex-
pression like ‘kgg < n’.

Also note that, for each n, one may find out, for each of the propositions ‘kgg <n’,
‘n < kog’, and ‘n = kog’, if they are true or not, by simply calculating the first n values
of the decimal expansion of 7.

The statement ‘P := In[n = kog]’ is a prime example of an undecided proposition,
i.e. we do not have a proof of P, but we also do not have a proof that we never will
find one, and we have no procedure to find either one of these proofs in finitely many
steps.

The problem of the 99 9’s in the decimal expansion of r is not important in itself.
It only is a pedagogical example, showing that we have no method to solve this kind
of problems. Should someone, by historical accident, find the 99 9°s, then one easily
formulates a similar proposition that is still undecided.



Intuitionism: An Inspiration? 233

Definition 5 (The ‘oscillating’ reals p, o1, 02) We define real numbers O, pg, o1 and
02, as follows.
Ox is the real number such that, for all n, O (n) = (— 2%, 2%,).

po = (%)"99 is the real number such that, for all n < kg9, pg(n) := (—2%,, zi,,), and,

for all n > kog, po(n) := (2%99’ zkﬁ)'

= —%)k‘” is the real number such that, for all n < kgg, p1(n) = (—2i,,, Zl,,),

and, for all n > koo, if koo is even, then p;(n) := (2/@» ﬂ%), and, if koo is odd, then
1 1

p1(n) = (_2"_99’ _W)'

Finally, o2 := po +R p1.

Now note the following:

(1) Og =R po <> Vn[n < kyg], and we have no proof of ‘Vn[n < kog]’.

Also: =(0r =R po) <> —Vn[n < kgg], and we have no proof of ‘=Vn[n < kog]’.

Finally: O <R po <> 3n[n = kgg], and we have no proof of ‘In[n = kgg]’.

We thus see that, in general, given real numbers x, y, we have no means of proving
one of the propositions ‘x =g y’, ‘=(x =R ¥)’, ‘X <r y’.

(2) Note: Og <R po, but, as we saw, we have no proof of ‘Og =r po’, nor of
‘OrR <R po’

We thus see that, in general, given real numbers x, y such that x <g y, we have
no means of proving either one of the propositions ‘x = y’ or ‘x <R y’.

(3) Note: O <R p1 < Vn[n = kg9 — Im[n = 2m]], and we have no proof of:
‘Ynln = kog — dm[n =2m]] .

Note: p; <r Or <> Vn[n = kg9 — Im[n = 2m + 1]], and we have no proof of:
‘Ynln =kgg — Am[n =2m + 1]].

We thus see that, in general, given real numbers x, y, we have no means of proving
either one of the propositions ‘x < y’, ‘y < x’.

(4) Note: pp =R 2+ po <> Vn[n = kgg — Im[n = 2m]] and
02 =R Or < Vn[n = kg9 — Im[n =2m + 1]]. We have no means of proving either
one of the propositions ‘py =R 2- po’, ‘P2 =R OR’.
We will use the number p; in Sect. 9.

00, P1, p2 are examples of real numbers oscillating around O .
po oscillates above O and p; oscillates up and down around 0 .
P2 = po + p1 oscillates between O and 2 - pg.

8 Rejecting P v =P
8.1 Mathematics and Logic
Brouwer describes mathematics as being developed by the mind having come to

awareness and playfully exploring its possibilities, see, for instance, [14]. Mathe-
matics is not dependent on any evidence from the senses. All other science is applied
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mathematics, as mathematics recognizes and enforces patterns on the data acquired
by observation.

Logic in particular is not a foundational science, prescribing the way one should
think, but an observational science. Mathematics is not reigned by logic. Mathemat-
ics is a languageless activity of the mind. As we observed already in Sect. 1, only
when we want to communicate about mathematics, language comes in. We commu-
nicate with other people, trying to induce them to make mathematical constructions
like the ones we ourselves are making, and we communicate with ourselves, under-
standing the weakness of our memory, and hoping to be able to remind ourselves
tomorrow of what we did today. Observing ourselves and others when we are busy
communicating about mathematics, we take notes of the sounds and signs that are
used. We discover patterns and regularities, and then promote such regularities to
laws of logic. There is no guarantee, however, that someone, even myself, who is
making sounds or giving other signs in accordance with these laws is actually suc-
ceeding in making successful mathematical constructions. In this sense, the ‘laws of
logic’ are unreliable.

Learning logic is part of learning the language of mathematics. Learning the mean-
ing of the connectives ‘...or...", “...and...’, *...if...’, and ‘not:...’, and the quan-
tifiers ‘Ix € V[...x...]’ and ‘Vx € V[...x...]’, is like learning the meaning of the
expressions ‘infinite’ or ‘uncountable’ in the case of Theorems 1 and 5.

A connective * is a general method to obtain a new proposition, P x Q, from any
two given propositions, P and Q. Understanding P and Q means having some idea
about what counts as a proof of P, Q, respectively. If we are able to point out in
general terms what we should consider as a proof of P * Q, given our understanding
of proofs of P, O, we will have explained the meaning of the connective .

8.2 Disjunction

Let us start with the case of disjunction, V.

If someone says to us: ‘I have a proof of P v Q, P or Q’, we expect, from our
experience with earlier situations in which the word ‘or’ occurred, that he will come
up with a proof of P or with a proof of Q. We therefore adopt the rule that a proof of
P v Q must consist either in a proof of P or in a proof of Q.

One might bring forward that disjunction is not always taken in this constructively
strong sense. There were other situations too! Some mathematicians might even say:
‘When 1 make a statement P v Q, I merely want to remind my reader that — P and
—Q are not both true’.

The intuitionistic mathematician then answers: ‘Sometimes one uses the stronger
interpretation and at other times one uses the weaker one. Let us end this confusion
and make the first and stronger interpretation the canonical one and always watch
what we want to say.’

Our decision implies that the statement:
dnlkog < n] Vv Vn[n < koo, i.e. Anlkgg < n] Vv —Inlkgy < n].

is not a true statement.
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Why?

Until now, we did not find a place in the decimal expansion of = where there is an
uninterrupted sequence of 99 digits 9: we have no proof of ‘In[kgg <n]’.

Until now, we also did not find a clever argument showing that such an un-
interrupted sequence of 99 digits 9 never will be found: we have no proof of
‘=3dnlkgg < n]’.

Until now, therefore, we have no proof of ‘In[kgg <n] Vv —Inlkyy <n]’.

Note that there is an asymmetry in the two horns of the dilemma. The (possible)
truth of Inlkgg < n] will become clear to anyone who just patiently calculates the
successive values of the decimal expansion of 7, but the discovery of the (possible)
truth of Vn[n < kgg] requires mathematical ingenuity.

The example shows that the principle
If Vn[P(n) v —=P(n)], then In[P(n)] v —3In[P (n)]

is unreliable.

How did we come to trust it?

We unthinkingly generalized our experience with handling finite sets and bounded
quantifiers. After all, the following holds, for any given m, even for m = 1010

If Vn <m[P(n) v =Pm)], then In <m[P(n)] v —In <m[P(n)],

because, at least in principle, we can check each of the numbers 0, 1, ..., m and find
out if one of them has the property P.

The case {0, 1, ..., m} does not extend to the case {0, 1,2,...}.
Checking each of the infinitely many numbers 0, 1, 2, ... is not feasible. If we think
we can do it we must imagine ourselves to be angels rather than human beings.

8.3 ‘Reckless’ or ‘Hardy’ Statements
When in a playful mood, we call the statement:
dnlkgg =n] Vv Vn[n < kgg]

a reckless or hardy statement. Actually, it is foul play. We call the mathematician
upholding the above statement as true ‘reckless’ because we take him to read the
statement constructively. Probably, he will protest.

For us, the terms ‘reckless’ and ‘hardy’ indicate that the statement called so has
no constructive proof, although the non-intuitionistic mathematician, using his own
reading, sees no objection.

Other examples of reckless statements are:

=Vn[n < kgg] V Vn[n < ko]
Ann = kgg] — In[n = koo]
V[2n # kool v Vn[2n + 1 % kool
dn[n = kgg] = (Yn[2n # kog] Vv Vn[2n + 1 # kgg])

‘n = kgg’ here stands for: ‘n is the least number m such that at the places m, m +
1,...,m + 87 in the decimal expansion of = we find the value §’.
Theorems implying a reckless statement themselves will be considered reckless.
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8.4 Brouwer’s Example and the Halting Problem

The above example of an undecided proposition, ‘In[n = kg9]’, is simple and very
important. A first such example was given by Brouwer in [10].

The example is related to the discovery, in 1936, of the ‘halting problem’ by
A.M. Turing (1912-1954). We briefly describe this problem using the approach de-
veloped by S.C. Kleene (1909-1994), see [40, Chapter XI].

Natural numbers are used for coding algorithms for (partial) functions from N to
N. There is a computable predicate on triples of natural numbers called 7. For all
e,n,z, T(e,n,z) if and only if z codes a successful computation according to the
algorithm coded by e at the argument n. The algorithm coded by e halts at n if and
only if 3z[T (e, n, z)]. There is a function U from N to N that extracts from every z
coding a computation the outcome U (z) of the computation. A function « from N to
N is computable if and only if there exists e such that
Vn3z[T (e,n,z) A U(z) =a(n)]. A number e with this property is called an index of
the function «.

Every number e determines a partial function ¢, from N to N:
for all n, ¢.(n) = U(z), where z is the least number w such that 7 (e, n, w).

@, is only defined at n if Jw[T (e, n, w)].

The (self-)halting problem is the question if there exists a computable function o
from N to N such that, for each e,

a(e) 0« Jz[T (e, e, 2)] <> @. is defined at e.

Such a computable function o would be called a solution to the halting problem.
Turing’s theorem is that there is no solution to the halting problem.

One may prove, without much difficulty, that there exists e such that
Inlkog < n] <> 3z[T (e, e, z)]: the example we considered is one of the problems in
the scope of the halting problem. Therefore, a solution to the halting problem would
also solve the problem: ‘In[kgg < n]’. This fact gives some apriori probability to
Turing’s result.

8.5 The Other Logical ‘Constants’

The so-called proof-theoretical interpretation of the disjunction we sketched in
Sect. 8.2 is extended to the other logical ‘constants’ as follows.

A proof of ‘P and Q’ is a proof of ‘P’ together with a proof of ‘Q’.
A proof of ‘if P, then Q’ is

a proof of ‘Q’ possibly using ‘P’ as an extra assumption.
A proof of ‘not P’ is a proof of ‘if P, then 0=1".

For explaining the quantifiers, we need the notion of a propositional function. Let
V be a set and let v — P (v) a function that associates to every v in V a proposi-
tion P(v). We then may introduce propositions 3x € V[P (x)] and Vx € V[P (x)] by
stipulating:
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A proof of ‘dx € V[P (x)] consists of an element v of V together with a proof of
the proposition ‘P (v)’.

A proof of Vx € V[P(x)] is a function v — p(v) associating to every v in V a
proof p(v) of the proposition ‘P (v)’.

These explanations are not to be considered as exact definitions. They only indi-
cate a provisional intention as to how we want to use our words.

9 A Test Case: The Intermediate Value Theorem
9.1 The Theorem

A function from X C R to R is an effective method f, that, given any input x from
X, will produce a well-defined outcome f(x) in R, of course respecting the funda-
mental relation of real coincidence, i.e.

forall x,yin X, if x =R y, then f(x) =r f ().
We take the notion of a function as a primitive notion, i.e. we do not explain what
a function is by using notions that have been introduced before.

Definition 6 Let f be a function from X C R to R and let x in X" be given.
f is continuous at x if and only if

VpImVy € Xy — x| < 57 = |f(3) = f()] < 55].
f is continuous if and only if f is continuous at every x in X.

The Intermediate Value Theorem states the following:

Let  be a continuous function from [0, 1] to R.
ThenVy e R[f(0) =y = f(1) — x € [0, 1][f (x) = y]].

The first version of this Theorem dates from 1817 and is due to B. Bolzano (1781-
1848), see [5].

Note that the intuitionistic mathematician reads the statement of the Theorem dif-
ferently from her non-intuitionistic colleague: she understands the logical constants
constructively, as sketched in Sect. 8.

9.2 The Proof as We Learnt It

One may use the fruitful method of successive bisection, as follows.

Let y be given such that f(0) <y < f(1).
Define x in [0, 1], step by step, as follows.
Define x(0) := (0, 1).

Now let n be given such that x(n) has been defined already.

Consider m := M, the midpoint of the rational interval (x’(n), x” (n)).
If f(m) <y, define x(n + 1) = (m, x" (n)).

If y < f(m), define x(n + 1) = (x'(n), m).
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This completes the definition of x.

x is a well-defined real number, and, as one verifies by induction,
for every n, x”(n) — x'(n) = % and f(x/(n)) <y< f(x”(n)).

We claim: f(x) =y, and we prove this claim as follows.

Assume y < f(x). Using the continuity of f at x, find r such that
Vze [0, 1[lx —z| < 5 = y <g f)].

Note: [x —x'(r +1)| < 21—, and, therefore, y < f(x/(r + 1))], but also

f(x’(r + 1)) <R Y.
Contradiction.

Conclude: —|(y <R f(x)), ie. f(x) <py.
By a similar argument, conclude: y <r f(x) and: f(x) =R y.

9.3 An Objection to the ‘Proof’

The construction of the point x, in the above argument, can not be carried out, as, in
general, we are unable to decide:

f(m) =g yory<g f(m).
9.4 Two Counterexamples to the Theorem

We give two examples showing that the statement of the theorem, if one reads it
constructively, sometimes fails to be true.

First example.
Let p1 = (— %)k‘” be the number oscillating up and down around O, introduced in
Definition 5. Define a function fjy from [0, 1] to R such that

(i) fo(0)=0and fo(1)=1and fo(}) = fo(3) =5 + p1,and
(ii) fo is linear on the interval [0, %], on the interval [%, %] and on the interval [%, 1].

Note: 0 < py <> Vx €[4, 1][ fo(x) > ] and
p1 <0< Vx 0, 1 folx) < 31,

Assume we find x such that fy(x) = %
Find p such that x”"(p) — x'(p) < % and note: either % <x'(p)orx"(p) < %

If% < x'(p), then % < x and —(0 < py), that is: p; <0, and,
if x"(p) <q %, then x < % and —(p; < 0), thatis: 0 < p;.

Conclude: either 0 < p; or p; <0.
This is a reckless or hardy conclusion.

Second example.
Let po = (%)k99 the number oscillating above O introduced in Definition 5 and

let pp = po+p1 = (%)k99 + (—%)"99 be the number oscillating between O and 2 - pg,
also introduced in Definition 5.
Define a function f; from [0, 1] to R such that
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() f1(0)=0and fi(3) = po and fi(1) = p2, and
(i1) fi is linear on the interval [0, %] and on the interval [%, 1].

Note: f1(0) < 5 - p2 < fi(D).
If Eln[2n =k99],
then 0 < pg A p2 =2 pg and Vx € [0, 1][f1(x)=%-p2—>x=%],and,
if In[2n 4+ 1 = kog],
then 0 < pg A p2 =0and Vx € [0, 1][f1(x)=%~,02—> x=0vx=1))]

Suppose we find x in [0, 1] such that fi(x) = % - 2.
Find p such that x”(p) — x'(p) < % and note:

either x"(p) < % or % <x'(p) or 0 <x'(p) and x”"(p) < 1.
It x"(p) < % or % < x'(p), then =3n[2n = kyo].
If 0 < x'(p) and x”(p) < 1, then =3An[2n + 1 = kyg].
We thus see: =3n[2n = kgg] or =3In[2n + 1 = kogg].
This is a reckless or hardy conclusion.

Note that the above counterexamples pose a serious problem to the mathematician.
If the Intermediate Value Theorem does not stand a straightforward constructive read-
ing, what then is its meaning? The defender of the theorem must mumble something
like: “Well, I did not mean that you really could find a point where f assumes the
intermediate value, but ...’

She thus is forced to look into her argument and to formulate its conclusion in a
more cautious way.

We should not, because of the counterexamples, put aside the Intermediate Value
Theorem as completely wrong, but, exercising care and patience, we must try and
find related statements that are constructively true and, hopefully, useful.

In the remaining Subsections we show some of the results this policy brings us.

9.5 An Approximate Version

It helps to weaken the conclusion of the Intermediate Value Theorem by requiring
only that, for every given accuracy 2#, , there exists a point where the function assumes
a value closer to the given intermediate value than %

Brouwer, who knew his own famous fixed-point theorem to be constructively false,
formulated and proved such an approximate fixed-point theorem, see [15].!'! Note
that the proof of the new theorem still is using the method of successive bisection.

Theorem 6 (The Approximate Intermediate Value Theorem) Let f be a continuous
function from [0, 1] to R.
Then¥pVy € RIf(0) <y < f(1) > Fx € [0, 1]y — 55 < f(x) <y + 3]

Proof Let p be given and let y be given such that f(0) <y < f(1).
Define x in [0, 1], step by step, as follows.

UThe 1-dimensional case of Brouwer’s fixed-point theorem is closely related to the Intermediate value
Theorem.
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Define x(0) := (0, 1) and note: f(x'(0)) — 2p+1 <y < f(x"(0)+

2p+l
Now let n be given such that x(n) has been defined already.
Consider m := M and z := f(m).
Find [:= the least k such that both z” (k) — 7/ (k) < W and

y'(k) = y'(k) < 5577 and define s := z(0).

1.Ifs” <y'() + ,,+1,deﬁnex(n+ 1): (m, x"(n)).
Then: f(m) <s” <y'(l) + 2p+1 <y+ 2p+1 and: f(m) — W <y.

2. Ifnots” < y'(I) + 2p+1 , define x(n + D =&'(n), m).
Then y//(l) < y (l) + 2[)+] S < S + 2,)+1 and y < f(m) + 2p+1 °

This completes the definition of x.

x is a well-defined real number, and,

for every n, x”(n) — x'(n) = zln and f(x'(n)) — 21,% <y<f(x"m)+ #
Using the fact that f is continuous at x, ﬁnd r such that

vz €0, 1][)6—2—, <Z<x+2r = fx) — 2p+l <f(Z)<f(x)+2p+1]

1. Note: x — 21, <x(r+1)<x and:

f(x)<f(x(r+1)) 2p+1<y+2p+1+2p+1—)’+2p

2.Note: x <x"(r+1) <x+ 7, and:
Yy < ("0 + D)+ g < f@) + 557 + 550 = S + 35

Conclude:y—§<f(x)<y+2ip. O
9.6 Locally Non-constant Functions

One may also try to restrict the class of functions to which the Intermediate Value
Theorem applies. Observe that the two functions mentioned as counterexamples in
Sect. 9.4 have the property that, over a whole interval, one does not know if they
change their value. Let us try to forbid such behavior. We require constructive evi-
dence that, for every y, for every interval (p, q), the function does not have, on the
interval (p, q), the constant value y.

Definition 7 A function f from [0, 1] to R is locally non-constant if and only if
VyeRVpeQVgeQ0<p<g<l—3xe[0,1]l[p<x<gqg A f(x)#r yll

The following Lemma says that, if, for a given intermediate value y, the function
f assumes, in any given interval, a value positively different from y, then there is a
point where f assumes the value y.

Lemma7 Let f be a continuous function from [0, 1] to R.
Let y be given such that f(0) <y < f(1) and
VpeQVgeQ0<p<g<l—3AIxe[0,1][p<x<qg A fx)#r y]].
Then 3x € [0, 1][ f(x) = y]
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Proof Let y be given such that f(0) <y < f(1).
Define x in [0, 1], as follows, step by step.
Define x(0) := (0, 1).

Now let n be given such that s := x(n) has been defined.
Using the continuity of f, find a rational number g such that
%s’ +0 %s” <qg< %s/ +0 %s” and f(q) #r y.
If f(g) <R y,definex(n+1):= (x’(n), q), and,
if y <g f(q), define x(n + 1) := (¢, x" (n)).
This completes the definition of x.

x is a well-defined real number, as, for each n,
X)) <x'n+D)<x"n+1D) <x"n)andx"(n+1)—x'(n+1) < %(x”(n) —x/(n)).
Moreover, for each n, f(x'(n)) <g y <g f(x"(n)).

Assume: f(x) <Rr y.

Find p such that 2% <y —R f(x), and find ¢ such that
Vze[0, 1[Iz — x| < 57 = | f(2) = )] <R 55]-
Then Vz € [0, 1][|z — x| < 2Lq — f(z) <R y. Find r such that (%)’ < %)‘7.
Conclude: f(x”(r)) <gr y. Contradiction.

We thus see: —(f(x) <r y), thatis: f(x) >R y.

For similar reasons: f(x) < y.Conclude: f(x) = y. O

Theorem 8 (The Intermediate Value Theorem for locally non-constant functions)
Let f be a continuous and locally non-constant function from [0, 1] to R. Then
Vy[f(0) <y =< f()—3x [0, 1][f(x) = y]l.

Proof Use Lemma 7. O

Many real functions may be proven to be locally non-constant and Theorem 8 is
widely applicable.'?

From a constructive point of view, the next result, Theorem 9 is not a nice re-
sult. The result nevertheless is instructive. The intuitionistic mathematician may say:
‘Yes, this explains the classical mathematician’s belief that the Intermediate Value
Theorem is true. He means no more than that it is impossible to have constructive
evidence, for every point x in the domain of the function, that the value assumed at x
is apart from the given intermediate value. Unfortunately, even if this impossible, it
may also be impossible to find a point where the intermediate value is assumed.’

Theorem 9 (The Negative Intermediate Value Theorem) Let f be a continuous func-
tion from [0, 1] to R. Then Vy[f(0) <y < f(1) > =Vx € [0, 1][ f (x) #r y]I.

Proof Use Lemma 7. O

12Theorems 6 and 8 may be found in [8, Theorem 2.5].
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9.7 At Most Countably Many Exceptions

One may also observe that the Intermediate Value Theorem goes through for ‘most’
intermediate values.

Theorem 10 (The Intermediate Value Theorem holds with at most countably many
exceptions'3) Let f be a continuous function from [0, 1] to R.
There exists an infinite sequence Yy, y1, . .. of elements of [0, 1] such that
VY[(f(0) <y < f(1) A Valy#R yal) = 3x € [0, 111 (x) = y]I.

Proof Let g, q1, q2 - - - be an enumeration of all rational numbers ¢ in [0, 1]. For each
n, define y, := f(qn)-

Let y in [0, 1] be given such that Vn[y #r y,].

Define x in [0, 1], step by step.

Define x(0) := (0, 1) and note: f(0) <rg y <r f(1).

Now let n be given such that x(n) is defined and f(x’(n)) <RY <R f(x”(n)).

Consider m := XWEW 1 £(n) <5 y, define: x(n + 1) := (m, x" (1)), and, if
y <gr f(m), define: x(n + 1) := (x'(n), m). Then
F+ 1) <gy <r F(x" (14 D).

This completes the definition of x.

Using the argument given in the last part of the proof of Lemma 7, one proves:
fx)=ry. O

9.8 Perhaps, Perhaps, Perhaps,. ..

Suppose we change the conclusion of the Intermediate Value Theorem into

(+) Ixo[f (x0) #r y — Ax1[f (x1) =R y1I,
Perhaps'*, f assumes the value y.

One may think of (x) as follows. You are offered xo where f should assume the
value y. If you discover xq clearly does not work, you may go back to the shop and
ask for a better number and will be offered x| and x; certainly will work.

One may reconsider the two counterexamples given in Sect. 9.4, the functions fj
and f71, in the light of this definition.

We have seen that the statement ° fo assumes the value %’ is reckless, but, if

fo(%) #R %, then p; # 0 and: either 0 < p; and fo(% . ﬁ) = %, or p1 <R 0

and fo(% — 13'5 lp] )= % We thus see: perhaps, fo assumes the value %

We also have seen that the statement * f| assumes the value % - p2’ is reckless, but,
if f1(0) #r % - p2, then pp # O and pg =R p; and fl(%) =R % - p2. We thus see:
perhaps, f1 assumes the value % - P2.

131n [4], one finds various theorems ‘with countably many exceptions’, for instance, Theorem 4.9: if
f310, 11 = R is uniformly continuous, then for all but countably many y > inf(f) the set {x € [0, 1] |
f(x) <y} is (constructively) compact.

14 A similar use of the expression ‘Perhaps’ is made in Sect. 20.
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The funny thing is that the operation Perhaps may be repeated. One may consider
the statement:

xolf (x0) #r y = Ixi[f (x)#R y = Ixa[f (x2) =R y11I,
Perhaps, perhaps, f Passumes the value y.

We give an example showing that this statement indeed may be weaker than the
previous one, with only one ‘perhaps’.

Another example.
Consider p; = (—%)]‘99 but also p3 := (—%)ksg.
Define a function f;, from [0, 1] to R such that

() £ =0and (1) =1and fo(}) = f(3) =+ p1, and
F(3) = f() =1+ p3 and, -
(ii) for each i <4, f> is linear on the interval [z, %],

Let us first observe: if fz(%) #R % and also fz(%) #R %, then p1 #z 0 and p3 #1 0
and Ix[f(x) =R %]. Conclude:

Perhaps, perhaps, f> assumes the value %

Now assume: Perhaps, f, assumes the value %
Find x such that, if f>(xo) #z 3. then 3x;[ f2(x1) =r 3]
Distinguish two cases.

Case (1). xo <R % Assume: p; <R O.
Define x; := sup(xg, %) and note f(x1) = f(%) + (x1 — %) -5(p3 — p1) = % + 01 +
(x1=3)-5(03 = p1) =R 3+ p1 + (G5 = 3)-5(03 = p1) = 3 + 301 + 303.
Conclude: f(xp) <r f(x1) <R % or0 < p3.

In both cases, one may conclude:
Ix € [0, 11[ f2(x) =g 3] and: 0 <z p3 V p3 <R 0.

We thus see: if p; <g 0,then 0 < p3 V p3 <R 0, i.e.
if In[2n + 1 = kyo], then Vn[2n + 1 # kgg] VvV Vn[2n # kggl,
a reckless or hardy conclusion.

Case (2). 17—5 <R Xo. By a similar argument, we obtain the result:
if 0 < p3,then 0 <r p1 V p1 <R 0, 1i.e.
if In[2n = kgg], then Vn[2n + 1 #£ kgg] VvV Vn[2n # kyg],
a reckless or hardy conclusion.

We thus see that the statement
. 1
Perhaps, f> assumes the value 5

has reckless consequences.

One now may define:

Perhapsy(f. y) if and only if Ix[f (x) = y]
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and, for each n,

Perhaps, 1 (f,y) if and only if Ix[ f (x) #r y — Perhaps,(f, y)]

and also

Perhaps,,(f, y) if and only if In[Perhaps,(f, y)],

and

Perhaps,, . (f,y) if and only if 3x[ f (x) #r y — Perhaps,,(f, y)].

and prove that in general, all these statements have different meanings. Following
this path, increasing the number of ‘perhapses’ further into the transfinite, one finds
uncountably many intuitionistically different versions of the notion:

Ax[f(x) =r yTI, see [56].

10 A Function from R to R Is Nowhere Positively Discontinuous

In the next three Sections we study the intuitionistic claim that every real function is
continuous. The first theorem, Theorem 11, is weak and negative.

10.1 No Positive Discontinuity

Definition 8 Let f be a function from X € R to R and let x in X" be given.
f is positively discontinuous at x if and only if
Ap¥mIy € X[y — x| < 3w A 1) — ()] = 551,

Theorem 11 Let f be a function from X C R to R. Assume there exists x in X
such that f is positively discontinuous at x. Then there exists z in R such that we can
not calculate f(z), so z can not belong to X .

Proof Let X, f, x satisfy the conditions of the theorem.
Without loss of generality, we may assume: x =0 = f(0).
Find p such that Vm3y € X[|y| < & A [ > 55 ].
Find an infinite sequence yy, v, ... of reals such that

Vmllyml < 37 A LfGm)| > 55]-

We give two arguments establishing the conclusion of the theorem.

First argument.

I start constructing a real number z in an infinite sequence of steps, defining suc-
cessively z(0), z(1), z(2), .. ..
I promise to take care that for each n, z/(n) <z’ (n +1) <7Z’(n + 1) < 7”(n) and

7"n) —7(n) = 2,1%1 I am free, within these bounds, to choose each z(n) as I like it.

I5Cf. [17, Theorem 1].
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I have in mind to perhaps ‘freeze’ the free development of z, at some step n, by
making a decision that determines all values from that step n on.

I define z(0) = (—1, 1) and do not freeze z at step 0. For each n > 0, if z has not
yet been frozen at one of the earlier steps, either I do not freeze z at this step and
define z(n) = (— 5, 5), or I freeze z by defining, for each i, z(n +i) = yu—1(q +1),
where g is the least k such that —2,,%1 <y (k) <y’ (k)< 2,,%1

z is a well-defined real number.

Note: if I never make use of my freedom to freeze z, then z =g 0 and f(z) = O.

Note: if I do use this freedom at some step n > 0, then z = y,—;1 and
|f@I =R |f Gn-DI >R 55

But I am free and do not know myself if I ever will make use of the possibility to
freeze z or not.

I thus am unable to find an approximation of f(z) smaller than 2,, .

We must conclude: f is not defined at the argument z and z does not belong to the
domain X of f.

Second argument.

Define z such that, for each n,
if n < koo, then z(n) = (— 21,, , 21,,) and if kg9 < n, then z(n) = ykgg (g +n),
where ¢ is the least k such that — 2k99 < yk99 k) < yk99 k) < 2k99

Note: if Vn[n < kg9, then f(z) =r f(Or) =r 0, and,
if In[n = koo, then | £ ()| =R | f (Ykoo| >R 27-
Assume we may calculate f(z). By finding an approximation of f(z) smaller than
we will be able to decide: f(z) #r Oor |f(2)| <R 21,
Case (a). f(2) #r 0, and, therefore: =Vn[n < koo].
Case (b). | f(2)| < 5, and, therefore: Vn[n < koo].
Conclude: —=Vn[n < kgg] V Vn[n < kgo].
This is a reckless conclusion.
We must admit that, at this point of time, f is not defined at z and z does not
belong to the domain X of f. O

2P

Clearly, a function from X C ‘R with a positive discontinuity can not be calculated
at every point of R. In Brouwer’s terminology: such a function is not a full function.

11 The Meaning of ‘Not’
11.1 A Weak and a Strong Interpretation

May we conclude, from Theorem 11:
A function f from R to R is not positively discontinuous at any point x in R?

We have to be careful. There is some ambiguity in the use of the word ‘not’. When
saying:
‘not: (An[n = kog] Vv Vn[n < kggl)’
we mean no more than:
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‘As yet, we have no proof of ‘In[n = kg9 V Vn[n < kgg]’.

Most of the time, however, we take a proposition ‘not P’°, ‘= P’, in the stronger
sense indicated in Sect. 8.5: ‘Assuming P, one is led to a contradiction’. This strong
interpretation of ‘not’ is the canonical one. It follows from reading ‘not-P’ as ‘P —
0 =1’ and interpreting the implication ‘P — Q’ as: ‘Assuming P, one may prove
Q.

Following this strong and canonical interpretation, one may prove, for any propo-
sition P,

——(P Vv =P),

as follows: Assume: —=(P Vv —P), i.e. P v —P leads to a contradiction. Then both P
and — P will lead to a contradiction. We thus see: —P and: — P leads to a contradic-
tion. We therefore have a contradiction.

Conclude: —(P Vv —P) leads to a contradiction, i.e. =—(P V = P).

In particular, we find:

—-—-(Eln[n = k99] vV Vn[n < kgg]).
11.2 Some Useful Remarks

Defining Q := 3dn[n = kgg] VvV —In[n = kog], we see that there are propositions Q
such that =—Q is true but Q itself is reckless or hardy. On the other hand, for every
proposition Q, if Q, then =—Q. If Q has a proof, then —Q, (the statement that Q
leads to a contradiction), leads indeed to a contradiction.

Later in this paper, we need the following law of contraposition:
if P— Q, then -Q — —P, and its consequence: if P — Q, then =——P — ——=(Q.

This law is easily seen to be valid for the proof-theoretical interpretation.

Using it, one sees that, as Q0 — ——( is always true, also =———Q — —(Q is always
true. (The scheme ———Q — —Q was discovered by Brouwer and may be called
Brouwer’s first law of logic).

Also note:
if (P v —=P)— —Q, then, as =—(P Vv —P), one has: =———Q, and, therefore: = Q.

This fact may be useful in practice: if it is our aim to prove a negative statement
—Q it does no harm to make an extra assumption P vV —=P.

One should keep in mind: —P means: P is reducible to absurdity. Therefore,
the constructive mathematician has nothing to criticize if someone proves —P by
reducing P to absurdity. If one does so, one does what one has to do.'® She feels
unhappy, however, if one proves P itself by reducing — P to absurdity. The conclusion
of the latter procedure is —— P only, a statement that, most of the time, is weaker than
P.

16Hardy’s finest weapon is not bad in itself but can only be used for proving negative statements. Con-
structively, negative statements are not so useful. There are better statements and finer weapons.
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11.3 More Fugitive Numbers
The following Definition extends Definition 4.

Definition 9 (The fugitive numbers k,) Let an infinite sequence
o =a(0), a(1),a(2), ... of natural numbers be given. For each n we define:!’
ky <nifandonly if 3j <n[a(j) # 0], and:
n < kg if and only if Vj < nl[a(j) = 0], and:
n=ky ifandonly if k, <n and Vj <n[j <kq],i.e.
n is the least j such that «(j) # 0.
LPO, the limited principle of omniscience,'® is the statement

Ya[Inlky, <n] VvV Vn[n < kq]l.
WLPO, the weak limited principle of omniscience is the statement

Ya[=Vn[n < ky] V Vu[n < kq]].

Using the second argument in the proof of Theorem 11 one may see:
If a real function from R to R has a positive discontinuity, then WLPO.

For an informal constructive mathematician like Brouwer, LPO, and also
WLPO, represent the absurd, the contradiction, a statement one feels sure never to
be able to prove. For her, the argument for Theorem 11 establishes, for every ‘full’
function f from R to R,

—(there exists x in R such that f is positively discontinuous at x).

In Sect. 12, we introduce Brouwer’s Continuity Principle, an axiomatic assump-
tion one perhaps finds plausible after having seen and accepted the first argument
in the proof of Theorem 11. Brouwer’s Continuity Principle proves: =WLPO, see
Theorem 12.

12 The Continuity Principle

Let f be a (‘full’) function from R to R. The statement that there is no point where
f is positively discontinuous is, constructively, a weak statement and not a very use-
ful one. The positive result that f is continuous at every point is obtained from an
axiomatic assumption first used by Brouwer.

12.1 Understanding Brouwer’s Continuity Principle
We first have to agree upon some notation.

In the following definition, we use k, ng, n1,...,s,t,u, ... as variables over the
set N.

7Note that we do not define a natural number kg bot only the meaning of an expression like ‘ky <n’.

18This statement got its name from the American analyst E. Bishop, who, fifty years after Brouwer,
founded his own school of constructive analysis, see [8, page 3]. The name comes from calling the Prin-
ciple of the Excluded Third P v —P the Principle of Omniscience, a perhaps infelicitous decision, as the
name suggests mathematics is a matter of ‘knowing facts’.
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Definition 10 (Coding finite sequences of natural numbers by natural numbers)
Let p : N — N be the function enumerating the primes: p(0) =2, p(1) =3, p(2) =
5,....

We define, for each k, for all ng, ny,...,nr_1,
(no,n1,....,ng—1):=plk =1 -4 p@O" - 1.

We also define: () :=0.

For all s, for each k, for all ng,ny,...,nx_1, if s = (ng,n1,...,nx_1), then
length(s) =k and, for all i < length(s), s(i) :=n;.

For all k, ok := {s | length(s) = k}.

For all k, [, for all s in o, for all ¢ in &', s * ¢ is the element of w**!
Vi <k[sxt(i)=s@)]andVj <I[s*xt(k+ j)=1(j)].

satisfying

Forall s,t,sCt < Ju[sxu=t]landsCt < (STt A sFT1).

Foralls,t,s Lt< —=(Et Vv tCys).

Definition 11 A := w® is the set of all infinite sequences a = a(0), (1), @(2), ...
of non-negative integers. We use «, 8, ... ¢, v, ... as variables over \V.
N is sometimes called Baire space.

For each «, for each m, am := («(0), x(1), ..., a(m — 1)).

Forall s,foralla, s Ca < dnfan=s]ands L o < —(s C «).

For each n, we let n be the infinite sequence with the constant value n, that is, for
alli, n(i) =n.

Axiom 1 (Brouwer’s Continuity Principle, BCP) For every R C N x N,
if Vo € NIn[aRn], then Yo € NImIAnVp e Nam C_ B — BRnl.

How may we convince each other that this axiom is ‘reasonable’ and that we
should accept it as a rule for our common mathematical game?

We should ask what we mean by the ‘set” N of all infinite sequences of natural
numbers. This ‘set’ is a kind of framework in which all kinds of infinite sequences
will grow, although only a very few of them have been realized up to now.

Cantor’s suggestion that a set is the result of taking together its (earlier con-
structed?) elements is a notion that does not make sense to us.

An infinite sequence « may be given by a finite description or an algorithm that
enables us to find, one by one, the successive values «(0), «(1), ... of «. Brouwer
calls such infinite sequences lawlike sequences.

As we saw in the first argument in the proof of Theorem 11, there are also infinite
sequences « that are not governed by a law. The successive values ¢ (0), (1), a(2), ...
of « then are freely chosen, step by step. At any given moment, only a finite initial
part (a(O), a(l),...,an — 1)) of o is known. One may ask for further values, but,
having received the answers, one still only knows a finite initial part of «, albeit a
longer one.

There are intermediate possibilities. Having begun with choosing freely, step by
step, a(0), «(1),...a(n — 1) one may decide, to ‘freeze’ « and to determine the
remaining values by means of some rule or algorithm.
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There is even a possibility I make o dependent on my future mathematical experi-
ence, by saying, for instance, «(n) = 0 if at the moments O, 1, ..., n, I did not find a
proof of the abc-conjecture, and o (n) = 1, if I did.

If we think of the set N as a framework making room for lawlike sequences as
well as for free-choice-sequences and sequences that are of some intermediate kind,
we are thinking of, what Brouwer calls, the full continuum.

Now assume R C N x N is given such that Yo3n[a Rn]. Every infinite sequence
o, also a lawlike sequence o/, may be thought of as being produced, step by step, by a
black box. At the moment we produce a number n such that o Rn, only finitely many
values of &, say «(0), a(1), ..., a(m — 1), will have become known. Clearly, for any
infinite sequence such that 8(0) = «(0), B(1) =«(l),...and B(m — 1) =a(m — 1),
one may conclude: SRn.

Adopting Axiom 1 as a starting point for our further mathematical discourse, we
lay down a canonical meaning for expressions of the form ‘Va3n[«a Rn]’. Earlier, we
did so for expressions of the form ‘infinite’, ‘uncountable’ and ‘or’.

Theorem 12 BCP = —WLPO.

Proof Assume WLPO i.e. Va[—Vn[n < ko] V Vn[n < kq]], i.e.
Ya[—-Vn[a(n) =0] v Vrnla(n) =0]].
Consider o = 0 and, applying BCP, find m such that
either VB[Om T B — —Vn[B(n) = 0]] or VB[Om T B — Vn[B(n) = 0]].
The first of these two statements is not true, consider: 8 = 0, and the second one also
fails, consider: B = Om 1.
We thus obtain a contradiction. O

12.2 The (Pointwise) Continuity of Functions from R to R

In the next Definition, we introduce a function & — u,, associating to every « in A/ a
real number u,.

Definition 12 We let (ry,r(), (r{,r{), (r5,r5), ... be a fixed enumeration of all
pairs of rationals.

We define a mapping associating to each s # 0 a pair (u;, u}) of rationals, as
follows.

For each n, if 0 <r) —r, <1, then (u/w, u/</n>) = (r],r))), and,
if not, then (u’<n>, u’</n>) =(0,1).

For each s # 0, for each n, if u), <r), <r) <uj and

1

0<r) —ry <5(uy—uy),then (u;*m),u;’*(n)) = (r],r])), and,
. 2 1o 1 2
if not, then (“;*(n)’ u;’*m)) = (Fug + guy, zuy + uy).

For each « in A/ we let u, be the infinite sequence of pairs of rationals such that,
forall n, ug(n) = (”%(n+1)’ ug(,1+1)).
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Theorem 13 19

(1) Forevery o, uy is a real number.
(ii) For every real number x, there exists o such that x =R ug.
(iii) BCP = Every function from R to R is continuous at every point x.

Proof The proof of (i) and (ii) is left to the reader.

(iii) Let f be a real function and let a real x be given. We shall prove that f is
continuous at x.

Let p be given. We have to find m such that, for every real y, if |y — x| < %, then
IF ) = f@) < 55

Note: Yo3n[r) < f(uq) < r; ] and find o such that x =g ug.

Applying BCP, find ¢, n such that VB[aqg T B — r, < f(ug) <r)].

Find i, j such that uy (n — 1) = (/, /") and uy (n) = (r}, r;./).

Note: r/ <g r;. <Q r}’ <qr!.

Find m such that Zi,,, < min@(r;. —orl,r! =g r;.’).

Note: for every real y, if |y — x| < 2%, then r/ < y < r/" and there exists B such
that @n C B and y =R ug and, therefore: r, < f(ug) <r) andr, < f(y) <r).

1

Conclude: forevery real y, if |y — x| < % then|f(y)— f(x)| <r) —r; < 55. O

13 The Fan Theorem
13.1 Proving the Fan Theorem

The intuitionistic mathematician holds not only that every function from [0, 1] to R,
like every function from R to R, see Theorem 13(iii) is continuous at every point, but
also that every function from [0, 1] to R is uniformly continuous on [0, 1]. In order
to obtain this result, she first proves the Fan Theorem.

We need some definitions in order to formulate the Fan Theorem.

Definition 13 Let ¥ C A and B € N.
B is a bar in X, notation: Bary (B), if and only if: Yo € X3s € B[s C «].

C:=2%:={a|Vnlan) <2]}.
C is sometimes called Cantor space.

Bin =2~ :={s | Vi <length(s)[s(i) <2]}.
For each n, Bin, :={s € Bin | length(s) =n}={s € " |Vj <n[s(j) < 2]}.

Definition 14 For each X C N, for each s, we define: X Ns :={a € X|s C a}.

The Fan Theorem is the statement that every bar in C has a finite subbar. Brouwer
actually proved the more general but equivalent statement that every bar in a so-called

195ee [48], [52, §2] and [65, §4].
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fan has a finite subbar. Here, B C N is called finite if and only if JuVs[s € B < 3Ji <
length(u)[s = u(@)]].

We avoid defining the notion of a fan. For understanding the name of the Theorem,
it suffices to know every fan is a subset of A/ and that C is the prime example of a
fan.

The proof of the Fan Theorem turns on a philosophical claim.

Theorem 14 (Brouwer’s Fan Theorem) For every B C N, if Barc(B), then there ex-
ists u such that Vi < length(u)[u(i) € B] and Va € C3i < length(u)[u(i) C «].

Proof *°Let B C N be given such that Barc(B).

Define, for every s in 2<¢, s is B-safe, or simply: safe, if and only if Barcns(B).

As Barc(B), () is safe.

We now ask the probably somewhat surprising question: ‘How is it possible we
know this?’ and, after some reflection, we come forward with the claim: there must
be a canonical proof of the fact: ‘() is safe.’

What do we mean by: ‘a canonical proof’?

The canonical proof is an arrangement of statements of the form: ‘s is safe’. The
conclusion of the canonical proof is the statement: ‘() is safe.’

The starting points of the canonical proof have the form:

s€2<?ands € B.
Therefore: s is safe.

There are only two kinds of reasoning steps: forward reasoning steps and back-
ward reasoning steps.

A forward reasoning step has the form:

s €2=® and s x (0) is safe, and s x (1) is safe.
Therefore: s is safe.

A backward reasoning step either has the form:

s €2<%® and s is safe.
Therefore: s x {0) is safe.

or it has the form

s € 2<% and s is safe.
Therefore: s x (1) is safe.

201 [12] and [16], the Fan Theorem is obtained as a corollary of the ‘Bar Theorem’, in this paper Theorem
19. We give an argument for the Fan Theorem inspired by Brouwer’s proof of the Bar Theorem, like A.
Heyting did in [36, §3.4.2].
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Clearly, the canonical proof may be visualized as a finite tree, with the statement
‘() is safe’ at its bottom node and statements ‘s € B’ at its top nodes. Each node that
is not a top node has either one or two upstairs neighbours.

One easily sees that all reasoning steps are sound and that a canonical proof of ‘()
is safe’ is indeed a proof of ‘() is safe’.

Our claim gives expression to the feeling that, if we know: ‘Barc(B)’, this knowl-
edge must be based upon an orderly organization of elementary pieces of information
of the form: ‘s € B’.

Now, trusting our claim, let us take a canonical proof of: ‘() is safe.” We are going
to use it in order to build another proof.

Define, for every s in 2<%, s is supersafe if and only if there exists u such that
Vi < length(u)[u(i) € Bland Yo e CNs3i < length(u)[u(@@) C «].

Note that the conclusion we are after is: ‘() is supersafe.’

Replace, in the canonical proof of ‘() is safe’, every statement ‘s is safe’ by the
statement ‘s is supersafe’.

The result will be another valid proof.

Why?

First, the new starting points are sound: if s € 2<“ and s € B, define: u := (s) and
note: u(0) € B and Vo € C Ns[u(0) C «].

Then, the new forward reasoning steps are sound.

For assume: s € 2<% and both s * (0) and s * (1) are supersafe.

Find ug, u1 such that: for each j < 2, Vi < length(u;)[u;(i) € B] and
Yo e CNs*(j)3i <length(u;)u;()C al.

Define u := ug * u; and note
Vi < length(u)[u(i) € B] and Yo € F Ns3i < length(u)[u(@) C o],
that is: s is supersafe.

Also, the new backward reasoning steps are sound.

For assume: s € 2= and s is supersafe.

Find u such that

Vi < length(u)[u(i) € B] and Yo € C N s3i < length(u)[u(@) C «].
Note: for both j <2,CNsx* (j) SCNs ands * (j) is supersafe.

Conclude: our new proof is sound and its conclusion is true, i.e. {) is supersafe.
d

Generalizing the proof of Theorem 14 we obtain the following conclusion:

Theorem 15 (Bar Induction in C) Let B € N be a bar in C.

(1) Assume B C C C 2<% and, for all s in 2<%,
seCifandonly ifVj <2[s % (j) € C]. Then () € C.
(ii) Assume B C C C 2<% and, for all s in 2%,
ifVj <2[sx(j)eC]l,thens e C.Then () eC.
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Proof (i) Define, for each s in 2<%, s is safe if and only if Barcng(B). In the canonical
proof of: ‘() is safe’, replace every statement ‘s is safe’ by ‘s € C’. The result will
be a proof of: ‘() € C’.

(ii) Define C* :={s € 2<“[Ir C s[t € C]}.

Note: for all s in 2<%, if s € C*, then Vj < 2[s % (j) € C*].

Now assume: s € 2<% and Vj < 2[s * (j) € C*]. We may distinguish two cases.
Case 1.Vj <2[s % (j) € C]. Thens € C C C*.

Case 2. At C s[t € C]. Then s € C*.

We thus see: for all s in 2<%, s € C* if and only if Vj < 2[o (s * (j) € C*].
Applying (i), we conclude: () € C*, and: () € C. O

Theorem 15(ii) shows that, in the canonical proof of Barc(B), introduced in the
proof of Theorem 14, the backward steps might have been left out. They may not be
left out in the canonical proof of the Bar Theorem, the infinitary analog of the Fan
Theorem, see Sect. 15.2.

13.2 Every Function from [0, 1] to R Is Uniformly Continuous

Brouwer’s Continuity Principle implies that every function from [0, 1] to R, like
every function from R to R, see Theorem 13(iii), is continuous at every point. Using
the Fan Theorem, we now prove that every function from [0, 1] to R is even uniformly
continuous on [0, 1]. This is historically the first application of the Fan Theorem, see
[12].

In the next Definition, we introduce a function o + ¢, associating to every « in C
a real number ¢, in [0, 1].

Definition 15 We define a mapping associating to every s in 2<% a pair (as, by) of
rationals such that (a(y, b¢y) = (0, 1) and for each s in 2<%,

(615*(()), bs*(())) = (as, %as + %bs) and (as*(l)s bs*(l)) = (%as + _%bm bs).

For each « in C we let ¢, be the real x such that, for each n, x(n) = (agn, ban)-

Theorem 16 (Uniform-Continuity Theorem) Every function f from [0,1] to R is
uniformly continuous on [0, 1], i.e.

Vp e NdIm e NVx € [0, 1]Vy € [0, 1][|x — y| < 2Lm = |fx)=fOl < ZLP]'

Proof Let f be a function from [0, 1] to R and let p be given. We want to find m
such that Vx € [0, 1]Vy € [0, 1][|x — y| < 2% - |f(x)— fO)| < QLP],

Let B be the set of all s in 2= such that, for all x, y in [ay, by],
1) = FO)I < 55

We first prove that B is a bar in C, i.e. Barc(B).

Let @ in C be given. As f is continuous at ¢y, see Theorem 13(iii), find m such that
Vy €10, 1llca — y| < 57 = |/ (¢ca) = f(¥)] < z557]. Find n such that bg, — agn <
zlm and note: an € B.
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We thus see that every « in C has an initial part in B.

Now let C be the set of all s in 2<% such that, for some m,
for all x, y in [as, bs], if [x — y| < . then | () = () < 5.

Note: BC C.

Let s in 2<% be given such that Vi < 2[s * (i) € C]. We are going to prove: s € C.

First find m such that, for all x, y in (@y(0), bsx(0) = (@5, 3as+3by), if [x — y| <
55 then | £ (x) — £ ()| < 5. Then find m such that, for all x, y in (as(1), bss(1)) =
(35 + 3bs, by), if [x = y| < gy, then | £(x) = F(D)] < 35

Now find n :=length(s).

Note: by — as = (3)", and, for all x, y in [ay, by], if |x — y| < $(3)", then either
x, y both are in [ay, %as + %bs] or x, y both are in [%as + %bs, bs].

Find m such that m > mqg and m > m and 2#,, < %(%)" and note: for all x, y in
las, by, if |x — y| < 55, then | f(x) — f(¥)| < 5. We thus see: s € C.

Clearly, for all s in Bin, if Vi <2[s % (i) € C], thens € C.

Using Theorem 15(ii), conclude: () € C, that is:
ImVx € [0, 11Vy € [0, 1[|x = y| < 57 = [f(x) = F)] < 5]- U

13.3 The Failure of the Fan Theorem in Computable Analysis
In the next Theorem, we use some notations introduced in Sect. 8.4.

Theorem 17 (Kleene’s Alternative?!) There exists B* C N such that

(i) Every computable « in C has an initial part in B, i.e. s € B*[s C «].
(ii) Every finite subset of B positively fails to be a bar in the set
{ad € C|ais computable},i.e.
forallu, p,iflength(u) = p > 0and Vi < plu(i) € B*],
then there exists a computable « in C such that Vi < plu(i) L «].
(iii) B* is an algorithmically decidable subset of N.

Proof First, let B be the set of all s in Bin such that, for some e, length(s) =e + 1
and Vi <e3z[T(e,i,z) A U(z) =s()].
() ¢ B and, for every e, there is at most one s in B such that length(s) =e + 1.
Let « be a computable element of C. Find e such that ¢ = ¢,.
Note: @(e + 1) =@, (e + 1) € B.

Let u, p be given such that length(u) = p > 0 and Vn < p[u(n) € B].
We may assume: 0 < length(u(0)) < length(u(1)) <--- <length(u(p — 1)) and,
therefore, Vn < p[length(u (n)) > n]. Define « such that, foreachn < p,a(n) =1—
(u(n))(n), and, for each n > p, a(n) = 0. Note: « is computable and Vn < plu(n) L
o].

Unfortunately, B is not an algorithmically decidable subset of N.

2IK]eene discovered this theorem in 1950, see [39] and [41, Lemma 9.8].
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We therefore introduce another subset of N.

Let B* be the set of all s in Bin such that, for some e < length(s),

Vi <edz < length(s)[T (e,i,z) N U(j)=s(i)], and, therefore, s(¢ + 1) € B.

Note that B* is an algorithmically decidable subset of N.

Let o be a computable element of C. Find e such that o = ¢,. Find n > e such that
Vi <edz <n[T(e,i,z) A U(z) =s(i)] and conclude: orn € B*.

We thus see that every computable « in C has an initial part in B*.

Let u, p be given such that length(u) = p > 0 and Vn < plu(n) € B*]. Find v
such that length(v) = p and Vn < p[v(n) T u(n) A v(n) € B]. Find a computable
« in C such that Vi < p[v(n) L «] and conclude Vn < plu(n) L «].

We thus see that every finite subset of B* positively fails to be a bar in
{x €C | ais computable}. O

The subject of computable analysis starts from the assumption that every « in
is given by an algorithm, i.e., if one uses Church’s Thesis, by a Turing-algorithm. One
may study this subject from an intuitionistic point of view. As appears from Theo-
rem 17, computable analysis is dramatically different from intuitionistic analysis. For
instance, there exists a real function from [0, 1] to R that is everywhere continuous
but positively unbounded. Many more such results may be found in [60].

14 The Determinacy Theorem as an Equivalent of the Fan Theorem

The Uniform-Continuity Theorem, Theorem 16, is the first application of the Fan
Theorem, and may be called the goal for which it was devised. In this Section we
want to introduce to the reader to a second and more recent application, an application
in the theory of games.

In the first two Subsections we consider two kinds of two-move-games for Players
I, 11 and define when such games are constructively determinate from the viewpoint
of Player I. Games from the first Subsection may fail to have this property but we
will see that the Fan Theorem proves that the games from the second Subsection
always have it. In the third Subsection we prove that, conversely, this result implies
an important case of the Fan Theorem. In the fourth Subsection we introduce the
intuitionistic Determinacy Theorem.

14.1 Gamesin2 x @

For every C C 2 X w, we introduce a game G, (C).
There are two players, Player / and Player /1. Every play goes a follows. Player
I chooses i in {0, 1}, thereafter Player /7 chooses n in @ and the play is finished.
Player I wins the play if and only if (i, n) € C. Player /1 tries to prevent that Player
I wins the play.
Clearly, Player I has a winning first move if and only if 3iVn[(i, n) € C]. A strategy
for Player 11, on the other hand, is a pair of numbers (pg, p1), and the strategy is
winning if Vi < 2[(i, p;) ¢ C].

The game G, (C) is called determinate if and only if either Player I has a win-
ning first move or Player 11 has a winning strategy. As one may conjecture, it may
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happen that this decision can not be taken in a constructive way. We will see this in a
moment.

We now define: the game Go ., (C) is determinate from the viewpoint of Player 1
if and only if:

If Player 11 does not have a winning strategy in the constructively strong sense:
YpoVYp1l(0, po) € C v (1, p1) € C], then Player I has a winning first move,
i.e. 3i <2Vn[(i,n) € C]

and ask ourselves the question: is the game G, x2(C) always determinate from the
viewpoint of Player /?

The following example shows that, sometimes, it is not.
Define C :={{i, n) | kogg <n — Fl[kgg =21 +i]}.
Let pg, p1 be given. If kg9 < pg, one may find i < 2 and [ such that ko9 = 2/ + i and
(i, pi) € C.If pg < koo, then (0, po) € C. We thus see Player I has an answer to any
given strategy of Player /1.
On the other hand, if Player 7 has a winning first move, then 3i < 2Vn[(i,n) € C] and
i < 2[3j[j = kool = In[2n + i = ky9]], i.e. =In[2n = kgg] VvV —3In[2n 4+ 1 = kyo],
a reckless or hardy statement.

Note that the statement: ‘the game G, (C) is determinate’ is also reckless, as,
for every C C 2 X w, if Gyx,(C) is determinate, then Gy, (C) is determinate from
the viewpoint of Player /1.

14.2 Gamesin @ x 222

For every C C w x 2, we introduce a game G,,x2(C).
There are again two players, Player / and Player /1. Every play goes a follows.
Player I chooses n in w, thereafter Player I1 chooses i in {0, 1} and the play is
finished. Player / wins the play if and only if (n,i) € C. Player /1 tries to prevent
that Player I wins the play. Clearly, Player I has a winning first move if and only if
AnVi < 2[(n,i) € C]. A strategy for Player 11 is an element t of C and the strategy
7 is winning if and only if Vn[(n, 7(n)) ¢ C].

The game G, x2(C) is called determinate if and only if either Player I has a win-
ning first move or Player /7 has a winning strategy.

Considering the example C := {(n,i) € w X2 | n = kgg], we see that it may happen
that the statement: ‘G,,«2(C) is determinate’ is a reckless one.

We now define: the game G,,«2(C) is determinate from the viewpoint of Player 1
if and only if

If Player 11 does not have a winning strategy in the strong sense: VT €
Can[(n, t(n)) € C), then Player I has a winning first move, i.e. AnVi <
2[(n,i) e C].

The Fan Theorem proves that, for every C C w X 2, the game G, x2(C) is deter-
minate from the viewpoint of Player 7.
For assume Vt € Can[(n, t(n)) € C].

225ee [49, §4].
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Define B :=J,,{t € Bin,, | 3n < m[(n,t(n)) € C]} and note: B is a bar in C. Ap-
plying the Fan Theorem, find u such that Vi < length(u)[u(i) € B] and Vt € C3i <
length(u)[u(i) C t]. Find m such that Vi < m[length(u(i)) < m] and conclude:
Vt € Binypdn <m((n, t(n)) € C].

We now prove, by backwards induction:

for each j <m, either V¢ € Bin;j3n < j[(n,t(n)) € C] or InVi < 2[{(n,i) € C].

This clearly holds if j = m.

Now assume j + 1 <m and Vt € Bin;113n < j + 1[(n,t(n)) € C]. For every ¢ in
Binj, one may consider ¢ * (0) and conclude: In < j[{n,1(n)) € C] or (j,0) € C.
Therefore: either (j,0) € C or V¢ € Bin;j3n < j[{n,t(n)) € C]. For similar rea-
sons, either (j, 1) € C or V¢ € Bin;3n < j[{n,t(n)) € C]. Conclude: either: Vi <
2[{j,i) € C] and InVi < 2[(n,i) € C] or: Vt € Bin;jdn < j[(n,t(n)) € C]. Repeat-
ing this step m times we find the conclusion: InVi < 2[(n, i) € C].

14.3 Recovering the Fan Theorem

Let us consider the result of the last subsection:

(#) For every C C w x 2,
if VT € Can[{n, t(n)) € C], then In[(n,0) € C A (n,1) € C].

We prove that this statement implies an important case of the Fan Theorem. The Fan
Theorem is the statement that every B C N that is a bar in C has a finite subset that is
a bar in C. We prove that # implies this statement for the case that B is a decidable
subset of N.

Assume (#) and let B € N be given such that Barc(B) and one may decide, for
eachn, n € B orn ¢ B. For all n, we define: B, :={s € B | s <n}.
We want to prove the statement Q ED := In[Bar¢ (B)1.2
We let C be the set of all pairs (s, i) such that either: QED or: Barcngy;)(Bn) and
not Barcngs(1—iy(By). Note that, for each s in Bin, if both s * (0) and s * (1) are in
C, then QE D. Also note that C, like B, is a decidable subset of N.
Let 7 in C be given. Find « in C such that Vi[« (i) = t(«i)]. Find n such that an € B
and define m :=an + 1. Note: Barcngn(Bm).-
Note that, for each i, if i + 1 < n and Barcrg(i+1)(Bn), then either: Barcrgi)(Bn)
or: = Barcrg(iy«(1-a()) (Bm) and (@i, a(i)) € C. Using backwards induction,
starting from the fact: Barcng, (Bim), we prove:
for each i <n, either Barcngi (Bm) or 3j <n[{aj,a(j)) € C].
Taking i = 0, we find: either Barc(By,) or j[{aj, a(j)) € C1, i.e. either QED or
Jdj[{(aj, T(aj)) € C]. In both cases, one may conclude: 3s[(s, t(s)) € C].

We thus see: VT € C3s[(s, t(s)) € C]. Using (#), we conclude:
ds[s % (0) € C A sx (1) € C], and, therefore: QE D, i.e. In[Barc(By)].

This shows that every decidable subset B of N that is a bar in C has a finite subset
that is a bar in C.

23We read QED not in its usual sense: ‘quod erat demonstrandum, what had to be proven’ but as: ‘quod
est demonstrandum, what has to be proven’.
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14.4 The Intuitionistic Determinacy Theorem
We now study games with infinitely many moves rather than two moves only.

Definition 16 (w x 2)® :={a | Vn[a(2n + 1) < 2]}.
For each o, for each o € (w x 2)®, @ €7 0 :=Vn[a(2n) = a(&(Zn))].

ForeachtinC, foreacha in (w x 2)®, @ €77 T :=Vn[a(2n+1) = r(&(2n+ 1))].

For every X C (w x 2)”, we introduce a game G, x2)» (X). There are two players,
Player I and Player 11. Every play takes infinitely many moves and goes as follows.
Player I chooses ng in w, thereafter Player 11 chooses ip in 2 = {0, 1}, then Player /
chooses n1 in w and, thereafter, Player /1 chooses i; in 2, and so on. Player / wins
the play if the infinite sequence no, ig, 11,11, ... is in X. Player I tries to prevent
that Player I wins the game.

Theorem 18 (Intuitionistic Determinacy Theorem) For all X C (w x 2)%,
ifVteClue(wx2)?laeirt AaeX], thendoVa € (wx2)?la €0 — a € X].

The Theorem is good news for Player /. Suppose X C (w x 2)® is such that Player
1 is able, once Player /1 has told her the strategy t she intends to follow, to find a
play following t that is in X'. She then may devise a strategy o, such that every play
following o is in X. Using o, Player I can do without information about the strategy
followed by Player I1.

We will not give the proof of Theorem 18.2* As in Sect. 14.2, the Fan Theorem
plays a key role in the argument. From Sect. 14.1, one may see it is crucial for The-
orem 18 that, in (@ x 2)®, Player /1] has, at each one of her moves, only 2 choices.
The theorem extends to the case that Player 71 has, at each one of her moves, finitely
many choices.

15 Brouwer’s Thesis

15.1 The Principle of Bar Induction

The key point in the proof of the next Theorem is a philosophical assumption> one
might call Brouwer’s Thesis (on bars in N ).20

Theorem 19 (Bar Induction) Let B C N be given such that Barp/(B).
Let C C N be given such that B C C and, forall s, s € C ifand only if Vn[s % (n) € C].
Then () e C.

24See [47, Chap. 16], [59] and [61, Sect. 9].
25The theorem better might be called an axiom.

26For a discussion, see [57].
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Proof Let B C N be given such that Baras(B).
Define, for every s, s is B-safe, or simply: safe, if and only if Barprng(B).
Note: () is safe.
There must exist a canonical proof of the fact:

() is safe.

The conclusion of the canonical proof is: ‘() is safe.’
The starting points of the canonical proof have the form:

s e€B.
Therefore: s is safe.
There are two kinds of reasoning steps, forward steps and backward steps.
A forward reasoning step has infinitely many premises and is of the following

form:

s x (0) is safe, s * (1) is safe, s * (2) is safe, ...
Therefore: s is safe.

A backward reasoning step has the form:

s is safe.
Therefore: s * (n) is safe.

The canonical proof is not a finite tree but an infinite one. The canonical proof can
not be written out explicitly as a finite text.

Let C € N be given such that B € C and, for all s,
s € C if and only if Vn[s * (n) € C].

Now replace in the canonical proof every statement ‘s is safe’ by the statement
‘s € C’. The result will be another valid proof.

Why?

As B C C, the new starting points are sound.

As, for every s, if Vn[s % (n) € C], thens € C 27 the new forward reasoning steps
are sound.

As, for every s, for every n, if s € C, then s * (n) € C ,28 the new backward rea-
soning steps are sound.

We must conclude: the new conclusion is true, thatis: () € C. O

27¢ C N with this property is called inductive.
28 C N with this property is called monotone.
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15.2 One Needs Backward Steps

Theorem 20 (Kleene’s example?®) There exist B € C C N such that Barn/(B) and,
foralls,if Vn[s*(n) € C], then s € C, while the statement ‘() € C " is a reckless one.

Proof Let B consist of all s such that
either: 3n < kgo[s = (n)] or: s = () and An[n = ko9 V Vn[n < kgg].

Let @ be given. Either «(0) < kg9 and &1 € B, or «(0) > kg9 and () = a0 € B.
We thus see: Barp/(B).

Let C coincide with B.

For all s, if, for all n, s * (n) € C, then s = () and Vr[n < kg9] and () € C.

The statement ‘() € C’ is equivalent to ‘In[n = kgg] V Vn[n < kgo]’, and is reck-
less. O

Consider the set B mentioned in the proof of Theorem 20. Note that every canon-
ical proof of ‘() is (B-)safe’ must use backward steps. The last step in a canonical
proof of *() is (B-)safe’ must be a forward step: () is safe because: (0) is safe, (1) is
safe, (2) is safe, .... For each n < kg9 the conclusion: (n) is safe follows by a basic
step from: (n) € B. For each n > kog the conclusion: (n) is safe follows by a back-
ward step from: () is safe and that follows in its turn by a basic step from: () € B (as
n > kog).

We thus see that, in this particular case, the backward steps can not be missed.
In the case of the Fan Theorem, Theorem 14, as we learned from Theorem 15, one
might have claimed there is a canonical proof using only forward reasoning steps.

16 Open Inductionin [0, 1]

Brouwer’s main application of the Principle of Bar Induction, Theorem 19, is the Fan
Theorem. We now give an example of a stronger consequence of the Principle.

Definition 17 We let (ry, 7)), (r{,r{), (r5.r5), ... be a fixed enumeration of all
pairs of rationals.

For each «, Go = {x € RIn[r,,, <x <1y}

Foreacha, G, :={xeR|3In < length(a)[r(;(n) <x< r;’(n)]}.

G C R is open if and only if, for some o, G = G, .
For all x, y in R such that x < y, we define [x,y) :={z€ R |x <r z <r y}.
G C R is progressive in [0, 1] if and only if Vx € [0, 1][[0,x) € G — x € G].

Theorem 21 (Principle of Open Induction in [0, 1]) For every open G C R, if G is
progressive in [0, 1], then [0,1] C G.

8ee [41, §7.14].
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Although the theorem may be new to the reader, E. Borel in fact introduced and
used it when he proved, in 1895, see [6], what is now called the Heine-Borel Theo-
rem:

for each o, if [0, 1] C Gy, then In[[0, 1] C Ggy]-

Borel’s argument may be described as follows. Let o be given such that [0, 1] C
Gq- Define H :={y € R | In[[0, y] € Gan]}. Note that H is open and progressive
in [0, 1]. Applying the principle of Open Induction on [0, 1], conclude: 1 € H and
Inl[0, 1] € Ganl.

How does the classical mathematician convince herself of the validity of the Prin-
ciple of Open Induction in [0, 1]?

Given an open G C R that is progressive in [0, 1], she starts defining an infinite
sequence xo, X1, ... of reals. She defines xo := 0 and notes xo € G. She then finds
x1 > xgo such that [0, x;) € G. If x; > 1, she is done and defines, for each n > 1,
x, = 1. If not, she observes: x; € G and finds x; > x; such that [0, x2) CG. If x, > 1
she is done and defines, for each n > 2, x,, = 1. If not, she observes: x, € G and
finds x3 > xp such that [0, x3) € G. And so on. She thus finds an infinite sequence
0 <xp <x1 <xp <...of reals such that, for each n, [0, x,) € G and: x,4| = x, if
and only if x, = 1. The infinite non-decreasing sequence xg, X1, ... is bounded by
1 and thus converges, to, say, X,+0 = Xp. Then: x, € G as [x,x,) € G. If x, > 1,
she is done and defines, for each n > 0, x4+, = 1. If not, she starts again and finds
suitable X441, Xp+2,--- such that, for each n, [0, xy1,) € G and xX4y1n < Xptn+1
and: Xy yn41 = Xe4n if and only if x4, > 1. She then considers x,.2 = X440 =
lim,, x,+,. She has inexhaustible energy and, if needed, finds x4.3 X4, - - - Xy - - -
She thus continues her infinite sequence through the countable ordinals.

She believes this procedure will come to an end, that is: there must exist a count-
able ordinal B such that xg = 1. She argues a follows. For each k > O there can be
only k countable ordinals « such that x, + % < Xg+1- Therefore, there are only count-
ably many countable ordinals such that x, < xy41. Find a countable ordinal 8 that
lies beyond every countable ordinal o such that x4 < xo41. Then xg = xg41 and:
xg =1

Borel argued in this way, proudly using the countable ordinals introduced by Can-
tor some 20 years earlier, see [34].

This argument, from a constructive point of view, is quite fantastic. We parted
company with the classical mathematician already at the point where she believed
to find x,,. It is not true, constructively, that every non-decreasing bounded infinite
sequence of reals has a limit: consider the sequence defined by: x;,, = 0 if n < kg9 and
xn =1 if kg <n. 3O

The classical mathematician may propose a second line of thought. She might use
a classical mathematician’s finest weapon,®! as follows. Assume G # [0, 1]. Consider
y :=inf([0, 1]\ G). As G is open, y ¢ G, but also [0, y) € G. Contradiction.

30 Assume ¢ := limy, x,, exists. If ¢ > 0, then In[n = kgg] and, if ¢ < 1, then Vn[n < kgg].
31See Sect. 4.
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Again, we can not partake in her joy. It is not clear that we may construct y. And,
of course, it is not clear that, having proved: —3x € [0, 1][x ¢ G], we might conclude:
Vx €[0, 1][x € G].

In order to make the problem more pictorial, let us define: Achilles’* arrives at x
if and only if [0, x) € G.

How might we, constructive mathematicians, convince ourselves that Achilles ar-
rives at 1?7 We should first prove that Achilles will arrive at %, but it does not seem

easier to prove that Achilles will arrive at % than to prove that he will arrive at 1.

Proof 3 Let G C R be open and progressive in [0, 1]. Find o such that G = G,. We
define a mapping s — (cy, dy) that associates to every s in N a pair of rationals. The
elements s of N are thought of as coding finite sequences of natural numbers, see
Sect. 12.1, Definition 10.

@) (cqy,d(y) ==, 1).

(ii) For each s, for each n, find out if Vx € [0, WL 3i < p[r .\ <x <7,
If so, define (CS*(H>7 ds*(n)) = (Cr;ds ,dy), and
if not, define (Cs*(n% ds*(n)) = (cs, #)

].34

Note: for each s, (cs(0), dsx(0)) = (Cs» %l
Also note: for each s, InVx € [0, ¢;)Ti < n[r(;(l.) <x< r(;/(i)].
One proves this by induction on the length of s.

For each B in \V, we let xg be the real number such that, for each n,
xp(n) = (cg,, dg,). Note: for each B, [0, xg) S G and thus xg €.

Let B be the set of all s such that 3nVx € [0, d;]3i < n[r(;(i) <x< r(;’(l.)].

Let B be given. Using the fact: xg € G, find ¢ such that r(;(q) <xg < r(;’(q).
) ) r;/(q)'
Find p such that Vx € [0, TMEIRS p[r‘;(i) <x< r(;’(l.)].
Define n := max(p, g + 1).
Conclude: Vx € [0, dg,,13i < p][r(;(l.) <x < r(;’([.)]] and: Bm € B.
We thus see: Barps(B), i.e.: Bis abarin N.

: ’
Find m such that Taq) < CBm < dEm <r

Note: B is monotone, i.e.: for all s, if s € B, then Vn[s * (n) € B].

We now prove that B is also inductive.
Let s be given such that Vn[s * (n) € B]. Then, in particular: s * (0) € B.
Note dgy(0) = CSerdS and find n such that Vx € [0, CSerdS 13i < n[ro’l(i) <x< rg(i)].

Conclude: (csx(n), dssin)) = (C‘erds ,dg). Using the fact: s x (n) € B, find m such that

Vx € [0, dysiny]3i < m[r(;(l.) <x< rl;’(l.)].

328ee [53, p. 338].

33The theorem was found and proven by Thierry Coquand, in 1997. We were discussing then the problem
if positive contrapositions of the minimal bad sequence arguments used in [43] might be intuitionistically
true, see [54, §11]. The theorem also occurs in [53, Stelling 9].

34Note that this a decidable proposition.
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Note: dgx(ny = ds and conclude: s € B.
We thus see: if Va[s x (n) € B], then s € B.

As Barps(B) and Vs[s € B <> Vn[s *x (n) € B]], we may conclude, using Theorem
19: () € B, thatis: InVx € [0, 1]3i < n[r(;(l.) <x< r(;/(l.)] and: [0,1] € G. O

The Principle of Open Induction in [0, 1] plays a large role in [62].

17 Brouwer’s Thesis, Again
17.1 Using Stumps

In intuitionistic analysis, stumps play the rdle fulfilled by countable ordinals in clas-
sical analysis.

Definition 18 Forevery s in N, forevery ACN, s« A:={sxt |t € A}.
Stp, a collection of subsets of N, called stumps, is defined as follows.

(1) @ e Stp, and
(ii) for every infinite sequence Sp, Si, ... of elements of Stp, the set

S:={()}U U (n) = S, is again an element of Stp, and
neN
(iii) nothing more: every element of Stp is obtained by starting from ¢ and applying

the operation mentioned in (ii) repeatedly.
Note that, for every stump S, either S=@ or () € S.

Definition 19 For every A C N, forevery n, A [ (n) :={s | (n) *s € A}.
For every non-empty stump S, for every n, S [ (n) is again a stump.
S | (n) is called the n-th immediate substump of S.

Axiom 2 (Principle of Induction on Stp) Let P C Stp be given. If

(i) ¥ e P, and,
(ii) for every non-empty stump S, if Vu[S | (n) € P],then S € P,

one may conclude: Stp = P.

Theorem 22 (Brouwer’s Thesis on bars in A/3°) For every B C N such that Barp/(B),
there exists a stump S such that Barn/ (SN B).

Proof Let B C N be given such that Baras(B).
Let C be the set of all s such that, for some stump S,
Vadn[an € S A It C s xan(t € B]].

Let s be given such that s € B. Define S := {()} and note:

35See [47, $13.0], [57, Theorem 1.1] and [58, Theorem 2].
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Ya[aO0e S A s xa0 € B].
We thus see: B C C.

We now prove that C is inductive.

Let s be given such that Vm[s x (m) € C].

Find an infinite sequence Sp, S1, ... of stumps such that
VYmVadnlan € S, A 3t T s x (m) xan[t € B]]. Define a non-empty stump S such
that, for each m, S | (m) = S, and conclude: Ya3n[an € S A It C s x an[t € B]
and: s € C.

We thus see: for each s, if Vm[s * (m) € C], then s € C.

Finally, we show that C is monotone.

Let s in C be given.

Find a stump S such that Va3n[an € S A 3t C s xan[t € B]].

Let m be given and distinguish two cases:

Case(1). S | (m) #£@. ThenYaTIn[an € S | (m) A It C s (m)*xan[t € B]], and:
s*(m)ecC.

Case (2). S | (m) = . Define T := {()} and note:
VYa[aOe T A It Cs*(m)*xa0[t € B]], and: s * (m) € C.

We thus see: for all s, for all m, if s € C, then s * (m) € C.

Using Theorem 19, we conclude: () € C, that is: there exists a stump S such that

Yadn[an € S A an € B], thatis: Barn (SN B). Il

In the next Section, we show that Theorem 22 is a useful conclusion from Theo-
rem 19.

18 Ramseyan Theorems

18.1 Dickson’s Lemma

Definition 20 For all «, 8 in NV, o o 8 is the element of A such that, for each n,
aoB(n)=a(B®n)).

[w]” :={¢ e N Vi[¢ (i) < ¢ + DI}
The following Lemma, a humble member of a family of results called Ramseyan

Theorems, plays a role in Computer Algebra. The Lemma lies at the basis of Buch-
berger’s algorithm.>® The Lemma is due to L.E. Dickson, see [24].

Theorem 23 (Dickson’s Lemma) For all p > 0, for all ag, 0y, ...0p_1 in N, there
existi, j suchthati < j and Vk < plax (@) < or(j)].

We first sketch a proof along traditional lines that fails to be constructive.

The proof is by induction to p.

36See [22, Theorem 5].
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First consider the case p = 1. Let g be given and consider «(0). Note: 3i <
ao(M[ao(i) = @i + 1)].

Now let p be given such that the case p of the Theorem has been established. We
want to prove the case p + 1.

Let ag, ay, ..., ap be given.

(b) Find ¢ in [@]® such that Vi[o, 0 £(i) <op o (@ + D].

Applying the induction hypothesis, determine i, j such that, for all k < p,
aol(i) <ao(j)andconclude: forallk < p+ 1,0 0l(@{) <ao(j).

This completes the proof of the induction step.

Unfortunately, there are difficulties with (b). It is, in general, not possible to find
¢ in [w]® such that Vi[a, 0 £(i) < ap o ¢ (i + 1)]. The following example makes this
clear.

Define « such that, for all n, if n < k9o, then a(n) = 1, and, if kg9 < n, then
a(n) =0. Suppose we find ¢ in [@]® such that Vi[a o {(i) <o (i +1)].

If ¢ 0 £(0) =0, then ko9 < £(0), and, if @ 0 £(0) = 1, then Vn[n < kogg].
The statement ‘3¢ € [w]“Vilaw 0 (i) <o o ¢ (i + 1)] thus is reckless or hardy.

We now give a constructive proof of Dickson’s Lemma.

Proof 37 The proof is by induction on p. The case p =1 is easy and is done as
in the sketch preceding this proof. Now let p given such that the case p has been
established. We prove the case p + 1.

Letap, aq, ..., a)p be given.
Define’® QED :=3i3j[i <j A Vk < plag(i) < ax(j)].
We first prove:

(*) for each m, Vnij > n[m <a,(j) v QED].

This again is done by induction. Note that the case m = 0 is trivial.

Now assume m is given and the case m has been established.

We prove the case m + 1.

Let n be given.

Using the induction hypothesis, find ¢ in [w]® such that Vi[ap 0 £ (i) >m v QED].
Find i, j suchthatn <i < j and Vk < plag o ¢ (i) <ax o ¢(j)].

Note: either: m +1 <ap 0 ¢(@@) or:m + 1 <ap o ¢(j) or:
apol(i)=apot(j)=mand QED.

We thus see: Vndj > n[m + 1 < «,(j) vV QED]. This completes the proof of (x).

Using (x) we find ¢ in [w]® such that Vn[a, 0 ¢(n) <apol(n+1) v QED].
Find i, j such thati < j and Vk < plog 0 (i) < og 0 ¢(j)].
Note: ap 0 ¢ (i) <apol(j) vV QED and conclude: QED.

This concludes the proof of the case p + 1.

The theorem thus is proven by induction. g

373ee [54, Theorem 1.1].

38 QE D (again) stands for: quod est demonstrandum, ‘what we (still) have to prove’.
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18.2 How to Formulate and Extend Ramsey’s Theorem?
The following Definition extends Definition 10 in Sect. 12.1.
Definition 21 For all «, for all n, for all s in ", o o 5 is the element of @” such that,

foreachi <n, o os(i) =a(s(i)).

For all m, for all s in ™, for all n, for all ¢ in " such that Vi < n[t(i) <m],sot
is the element of " such that for each i <n, s o 1(i) = s(t(i)).

[w]" :={se" |Vi[i+1<n—s@) <si+ 1)]}.
[w]=* =, [w]".

Definition 22 3°
A C Nis almost-full if and only if V¢ € [w]®3s € [w]=?[¢ o s € A].

Let k > 0 be given. The k-dimensional case of Ramsey’s Theorem is the following

statement:

IRT (k): Forall A, B C [o]F,
if A, B are almost-full, then A N B is almost-full.

As, for all A C [w]k, AN ([a)]k \ A) = @ is not almost-full, the classical mathe-
matician draws the following conclusion from IRT(k):

IRT (k) ciass: For all A C [0,
either A is not almost-full or [w]* \ A is not almost-full,

ie.
either 3¢ € [w]“Vs € [a)]k[§ os € Alor3t €lw]®Vs € [a)]k[{ os ¢ Al

This is the formulation of the theorem that will be familiar to the classical reader.
She also will be able to conclude (her reading of) IRT (k) from IRT (k)¢jass.*°

F.P. Ramsey proved: Yk > O[IRT (k) /4551, see [46].

There is an extension of Ramsey’s result into the transfinite that is called the
Clopen Ramsey Theorem.
We need the following definition.

Deﬁ_nition 23 For every stump U, we define U :={s | s ¢ U A V¢ C s[t € U]}. The
set U is called the border of the stump U.

Let a stump U be given. We introduce the following statement:

39This definition improves the definition as used in [54, Sect. 4.2]. The proof of [54, Theorem 4.4] is not
correct as was pointed out to me by M. Bickford. The argument may be saved if one restricts attention to
strictly increasing sequences as we do here.

40Constructive1y, already IRT(1) 455 is a reckless or hardy statement: consider A := {(n) | n < kgg}.
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IRT(U): Forall A, B C U,
if A, B are almost-full, then A N B is almost-full.

The Clopen Ramsey Tﬁeorem,‘” CRT, is the statement:
for every stump U, IRT(U).

The Infinite Ramsey Theorem,** IRT, is the statement: for all k, IRT (k).

IRT,4ss is the (constructively wrong) statement: for all k, IRT (k) 1455 -

18.3 The Proof of the Clopen Ramsey Theorem**

The following Definition extends Definition 21 in Sect. 18.2.

Definition 24 For each n, for each k, [n]* := {s € [w]* | Vi < k[s(i) < n]}.
For each n, for each k, [n]<% :=J; _,[n]'.

Let a stump S be given. For every A C N, § secures A if and only if
ImVe € [w]°[c(0) >m — Inds € [n]" T [cne S A Cnos e All

Corollary 24 For each A C N, if A is almost-full, then there exists a stump S securing
A.

Proof Let A C N be almost-full.
Define B :=J,{u € @" |u ¢ [0]" v Is € [n]""[uos € A}

We prove that B is a bar in V.
Let o be given. Define ¢ such that ¢(0) = «(0) and, for each n > 0,
ifa(n+1) € [w]"t!, then ¢ (n) = a(n), and, if not, then ¢ (n) = ¢(n — 1) + 1.
Note: ¢ € [w]®.
Find » such that 3s € [n]<"+1[En os € A], and, therefore, {n € B.
Note: if @n # ¢n, then &n ¢ [w]", and also: &n € B.
In any case, therefore, an € B.

We thus see: Baras(B).
Applying Theorem 22, find a stump S such that Bara/(S N B).
Note: S secures A. O

Definition 25 Let a stump U be given and assume A C U and uelUU U.
u U-secures A if and only if either: u € Aor:u e U andVt e UluCt — t € A].

Let also a stump S be given. § U-secures A if and only if
ImVe € [w]°[C(0) >m — Tn[Cne S A s € [n]" T [tnos U-secures A]].

Corollary 25 For all stumps U, for each A C U, if A is almost-full, then there exists
a stump S U-securing A.

41See [21] and [26].
428 [66, Theorem 7.3]
43The Theorem has been announced in [66, §10.2] and [58, §6] but, until now, no proof appeared in print.
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Proof Note: if S secures A, then S U-secures A and use Corollary 24. O

Theorem 26 (Intuitionistic Ramsey Theorem)

(1) CRT: For all stumps U, forall A, B C U,

if A, B are both almost-full, then A N B is almost-full.
(ii) IRT: For all k, forall A, B C [a)]k,

if A, B are both almost-full, then A N B is almost-full.

Proof (i) According to Corollaries 24 and 25, it suffices to prove:

for all stumps U, P(U),

where P (U) is the statement: for all stumps S, Q(U, S),

where Q (U, §) is the statement: for all stumps T, R(U, S, T),

where R(U, S, T) is the statement:

forall A, BC U, if S U-secures A, and T U-secures B, then A N B is almost-full.

We use Axiom 2 from Sect. 17.1, the principle of induction on the set Stp of
stumps. Our proof is a proof by triple induction.

1. Note: = {()}.
Forall A, B C {()},if A, B are almost-full, then A=B =ANB ={()}.
We thus see that P ({) is true.

2. Let a non-empty stump U be given such that, for all n, P(U | (n)).

We intend to prove P(U), that is: for all stumps S, Q(U, S).

We use again use Axiom 2.

2.1. Note that Q(U, ¥) holds a trivial reason: no subset of N is secured by .

2.2. Let a non-empty stump S be given such that, for all n, Q(U, S [ (n)).
We intend to prove: Q(U, S), that is, for all stumps T, R(U, S, T).
Again, we use Axiom 2.

2.2.1. Note that R(U, S, ¥) holds for a trivial reason: no subset of N is secured by

2.2.2. Let a non-empty stump 7 be given such that, for all n, R(U, S, T | (n)).
We intend to prove: R(U, S, T).

Let A, B C U be given such that S U-secures A and T U-secures B.
We have to prove that A N B is almost-full, i.e.

(x) V¢ € [w]?3s € [w]=?[¢ os € AN B].

It is useful, however, to first prove a slightly weaker statement:

(x*) V¢ € [w]¥3s € [w]"“[Cos€ANB V (s#0 A s(0)=0 A ose Al
Let ¢ in [w]® be given.

We distinguish two cases.

Case (a). S | (¢(0)) = @. Note: {()} U-secures A, and A=U and AN B = B is
almost-full. One may conclude: (*), and, in particular, 3s € [w]<?[{ o5 € AN B].
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Case (b). S | (¢(0)) # @. Then () € S | (¢(0)).

Define a statement**

QED; =35 €[w]<?\ {0}[s(0) =0 A ¢ o5 € A].

Define A; :={u e U |-3t[u=¢ot] VueAv QED;).
Note that, for all u in U U U, if =3¢[u = ¢ ot], then u U-secures A and also A;.

We now want to prove:

S 1(¢(0)) U-secures A;.

First, using the fact that S U-secures A, find m such that

vy € [w]®[n0) >m — In[Gn e S A Is € [n]<"[7jn o s U-secures A]]].
Define g := max(m, ;(0)).

Now let p in [w]® be given such that p(0) > q.

We want to prove: In[pn € S | (¢(0)) A 3t € [w]=“[pn ot U-secures A.]].
Consider 1 := (¢(0)) * p.

Find n, s such that jn € S and s € [n]<"*! and 7jn o s U-secures A.

If s = (), then () = po () U-secures A and also A;.

We thus may assume s # (). Note: p(n — 1) € S | (¢(0)).

There are two cases.

Case (ba). s(0) > 0. Find u such that length(u) = length(s) and
Vi <length(u)[u(i) =s@) — 1].
Note: p(n — 1) ou =nn os U-secures A and also A;.

Case (bb). s(0) = 0. Find u such that s = (0) * u. Note: s(0) = n(0) = £(0).
If =3t[pnou = ¢ ot], then also =3F¢t[p(n — 1) ou = ot] and p(n — 1) ou U-secures
A and also A;.
If It[p(n — 1) ou =¢ ot], find n in [w]® such that { os C n and Vidj[n(G) =¢(j)],
so 1 is a subsequence of ¢. Find n such that jn € U. As ¢ o s U-secures A, we may
conclude: nn € A. Taking ¢t :=7n, we see: [t 0 A t(0) =0 A Lot € A],ie.
QE D and we may conclude: p(n — 1) o () = () U-secures A,.

We thus see: for all p in [w]?, if p(0) > ¢, then
dnlpn € S [(£(0)) A 3t €[w]=“[pn ot U-secures A.]], that is:

S 1(¢(0))U-secures A;.
Also:
T U-secures B.

Using the assumption R(U, S [ (¢(0)), T), we conclude: A; N B is almost-full.
In particular, we may find s in [@]=“ such that { os € A N B, and therefore, either
foseANBor QED;.

44 QE D (again) stands for: quod est demonstrandum, ‘what we (still) have to prove’.
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We thus see:
V¢ €lw]?ds € [w]““[Cos€ANB V (s#Z0 A s(0)=0 A Cos e A

Now let ¢ in [w]® be given.
Define a statement

QED; :=3s c[w]"?[t os € ANB).
Also define
C={ueU|(€0)|-Ttelw]“Nu=Cot] v (¢0)*xuecA v QED>}.

We want to prove that C is almost-full.

First, note that, for each 7 in [w]®, if n(0) = ¢(0) and n is a subsequence of ¢,
ie.: Vidj[n@) =¢(j)], then
either Is € [w]=®[n os € AN B], and, therefore, Q E D>,
or ds € [w]=? \ {0}[s(0) =0 A nos e A], and, therefore,
Is € [@]7?[(£(0)) * (nos) € Al

We may even conclude: for every n in [w]® that is a subsequence of ¢, either
QED;, or 3s € [w]=“[(¢(0)) * (n o 5) € A], for, given n such that n(0) # ¢(0) we
may apply the previous result to the sequence n* := (£(0)) * .

We thus see that, for every 1 in [w]® that is a subsequence of ¢, there exists s in
[w]=® such that nos € C.

Now let 1 in [w]” be given. Define n; in [w]” as follows.
If 3i[5(0) = ¢ (i)], define n; (0) = 1(0), and, if not, define n; (0) = £(0).
For each n, if 3t € [w]"T2[f(n +2) = ¢ ot], then ne(m 4+ 1) =n(n + 1), and, if not,
then ny (n + 1) = ¢ (i + 1), where i satisfies n; (n) = ¢ ().
As n; is a subsequence of ¢, find s in [@]=“ such that n; os € C.
Either nos =n; os € C or nos # n; os. In the latter case, let ng be the least n
such that —=3i[n(n) = ¢(i)]. Define p in [w]® such that Vn[p(n) = ng + n] and find
m such that 7o p(m) € U | (¢(0)). Define s := pm and note: 7o p(m) =n o s and
—du € [w]~?[nos=Coulandnos eC.

We thus see that C is almost-full.

We obtained this result using the assumption: Q(U, S [ (¢(0))).

Now define

D:={uecU|{0)|-Fecl[w]u=¢o0t] vV {¢(0)*xuec B Vv QED;}.

Using the assumption: R(U, S, T | (£(0))), one may prove: D is almost-full, by
an argument similar to the one that established that C is almost-full.

Using the assumption P (U | (¢(0))), one then concludes: C N D is almost-full.

Find s in [w]<® such that { os e CN D or (¢(0)) x ¢ os € AN B, so, in any case,
QED;.

Using the assumptions: for all n, P(U | (n)) (2), and: for all n, Q(U, S | (n))
(2.2) and: for all n, R(U, S, T | (n)) (2.2.2), one thus proves: R(U, S, T), i.e.: for
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all A,BC U, if S, T U-secure A, B, respectively, then A N B is almost-full, i.e.:
V¢ € w®3s € [w]=?[¢ os € AN B].
Axiom 2 and Corollary 25 then guarantee the conclusion: CRT.

(i1) This immediately follows from (i), as, for all k, w<¥isa stump and
w<k =k H O

Corollary 27 Forall k > 0, for all r > 0, for all subsets Ag, Ay, ..., Ar—1 of [a)]k, if,
foreach j <r, Aj is almost-full, then ﬂj<r Aj is almost-full.

Proof Straightforward, by induction. g
18.4 The (Extended) Finite Ramsey Theorem and the ‘Compactness Argument’

The following Definition extends Definition 24 in Sect. 18.3. Note that, deviating
from the usual treatment of Ramsey theorems, we consider finite increasing se-
quences of nonnegative integers rather than finite sets of nonnegative integers.

Definition 26 For all r > 0, r<“ :={s | Vi < length(s)[s(i) < r]}.

For all positive integers ¢, m, k, r,
c:[mF—r, (c is an r-colouring of [m]k), if and only if
cer<?andVs e [ml[s < length(c)].

If ¢ : [m]* — r, one may consider ¢ as an r-colouring of the k-element subsets of
m={0,1,...,m—1}.

For all positive integers k,r,n, M, M — (n)],‘ if and only if,
for every ¢ : [M]¥ — r, there exists ¢ in [M]" such that
dj <rVu e (nI¥[lc(t ou) = jl,i.e. t is c-monochromatic.

IfM— (n)’f, then, for every r-colouring ¢ of the k-element subsets of M =
{0,1,..., M — 1} there exists an n-element subset A = {¢(0),7(1),...,t(n — 1)} of
M such that all k-element subsets of A obtain, from ¢, one and the same colour.

For all positive integers k,r,n, M, M — (n)’r‘ if and only if,
for every c: [M]k — r, there exist 7, p such that p > n and
t€[M]? and p =1(0) and 3 < rVu € [pl¥[c(t o u) = j].

The meaning of this statement is similar to that of the previous one but now the p-
element subset A = {#(0), (1), ...#(p — 1)} of M is required to satisfy the conditions
n < p and p = min(A) = ¢(0). A finite set A with the property #(A) > min(A) is
sometimes called relatively large, see [44].

FRT, the Finite Ramsey Theorem, is the statement:

VAYrYnaM[M — (n)*].

FRT py, the Extended Finite Ramsey Theorem, is the statement:

VAYrYnaM[M — . (n)¥].

4SIRT is proven in [66, Theorem 7.3] from what is, in this paper, Theorem 19, see also [65, §12]. IRT(2)
is obtained in [54, §4] and [59, Theorem 9] from what is, in this paper Theorem 22.
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Like IRT /455, FRT was proven in 1928 by F.P. Ramsey, see [46].

Ramsey thought proving IRT ;s was a useful training for someone who wanted
to prove FRT. FRT was given an independent proof.

Around 1950, it was seen that a so-called compactness argument proves FRT from
IRT 455, see [18] and [32, §1.7 and §6.3].

In 1976, the stronger statement FRT py was formulated by J. Paris and L. Har-
rington. Also FRT py may be proven (classically) from IRT ;s by a compactness
argument, see [44] but FRT py, although it may be formulated in the language of
Peano Arithmetic, can not be proven from the axioms of P A% Paris and Harrington
thus found a mathematical Incompleteness Theorem, thereby creating a stir in the
logic community.

The proof of the next Theorem is an intuitionistic version of the compactness
argument deriving FRT p g from IRT 5.

Definition 27 For each r > 0, r® :={x | Vi[x (i) <r]}.
Theorem 28 IRT — FRTpy.

Proof 7 Let n, k,r be given positive integers. Let x be an element of 7. We want
to prove:

QED;:=3Ap>ndrec(w|’[t(0)=p ATj <rVu e [p]k[)((t ou)=jll.

For each j <r, define: A;:={t e [l | x(t)# j v QEDs).

Let j <r and ¢ in [w]” be given. Find p := max(n, {(0)) and define ¢ := ¢ p.
Either: Yu € [pl¥[x(t ou) = j] and QE D3, or: Ju € [pI*[x (t o u) # j].

We thus see: for each j < r, A; is almost-full.

Using Corollary 27, conclude: (1), _, A; is k-almost-full.

In particular, () :_, A; is inhabited and, therefore, Q E Ds3.

j<r
We thus see:
Vx €r®3p>ndt € [w]?[(t(0)=p A Ij <rVu e [plFx(tou) = j]I.

Now let B be the set of all ¢ in r = such that
Ap>ndre[wl’[tO)=p A Tj <rVue [p]k[t ou < length(c) A c(tou)=jll.

Note: Baryo(B) and: r® is a fan. Using the Fan Theorem, Theorem 14, find z, m
such that length(z) =m and Vi < m[z(i) € Bl and Vx € r®3i <m[z(i) C x].

Define N :=max; ., length(z(i)).

Find M such that Vu < NVj <length(u)[u(j) < M].

Then: M — (n)’,‘. O

46There is also no such argument in Heyting Arithmetic H A, the intuitionistic analog of PA. Every
theorem of H A is also a theorem of PA.

47See [66, Corollary 9.5.2].
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19 Borel Sets
19.1 Some Preparations
We introduce the important notion of a spread.

Definition 28 Let S8 be given. 8 is a spread-law if and only if
Vs[B(s) =0 < In[B(s * (n)) = O]].

X C N is a spread if and only if there exists a spread-law 8 such that
X =Fpg :={a|Vn[B(an) =0]}.

Note that the spread-law B in a sense governs the set Fg. The law makes
clear which steps are allowed during the step-by-step construction of an element
a =a(0),a(l),... of Fg. In his early publications, Brouwer used the term ‘set,
Menge’ for what he later called spreads. This is because the notion expresses his
view in what sense a totality like for instance /R might be called a set.

Brouwer’s Continuity Principle, Axiom 1, extends to spreads:

Theorem 29 (The extended Continuity Principle)

Let B be a spread-law and let R be a subset of Fg x N.
IfVa € FganlaRn], then Ya € FgamInVp € Fglam C B — BRn].

Proof Let 8 be a spread-law such that S({)) = 0.

Define ¢ : N — N such that, for each «, for each n,

if B@(n + 1)) =0, then (p|a)(n) = a(n), and,

if not, then (¢|ar)(n) = the least p such that B((¢la)n * (p)) =0].
Note: Va[g|a € Fg] and Ya € Fglpla = a].

The function ¢ is called a retraction of N onto Fg.

Now assume: Vo € FgIn[a Rn]. Then Yadn[(¢|a) Rn]. Using Axiom 1 conclude:
YadmVBlam C B — (¢|B)Rn] and: Yo € FgImInVp € Fglam C  — BRn]. O

Definition 29 For each « in V, for each n, we define " in A/ by:
Vmla" (m) =a(2"2n+1) —1)].
a” is called the n-th subsequence of «.

For all «, for all n, j, we define: ™/ := (a™)/.

The next definition explains how continuous functions from A to N and continu-
ous functions from N to N are coded by elements of N

Definition 30 For each ¢, we define: ¢ : N — N if and only if Va3n[g(@n) # 0].

For each ¢ such that ¢ : ' — N, for each o, we let ¢(a) be the number p such
that In[p(an) = p + 1] A Vi <nle(ai) =0]].

For each ¢, we define: ¢ : N/ — N if and only if Vn[¢" : N’ — N].

For each ¢ such that ¢ : N'— N, for each «, we let g|a be the element 8 of N
such that Vn[B(n) = ¢"(a)].
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The following notion plays a key rdle in intuitionistic descriptive set theory, the
theory of Borel and projective sets.

Definition 31 (Reducibility*®)

Forall X, Y C N, forall ¢ : N' — N, we define: ¢ reduces X to Y, if and only if
Va[a € X < pla € V].

For all X, C N, we define: X <), X reduces to ), if and only if there exists
¢ : N — N reducing X to V.

If ¢ reduces X to ), then, for each «, the question
Does « belong to X'?
is reduced to the question:
Does ¢|a belong to V?

19.2 Borel Sets of Finite Rank
We first introduce open subsets and closed subsets of A = w®.

Definition 32 For each 8, we define gg, :={a | In[B(an) # 0]} and
Fg:=N\Gj={a|V¥n[p@n) =0]}.
We define & := {« | In[a(n) # 0]} and
A =N\ & ={a | Vnla(n) =0]} = {0}.
X C N is open, or: X9, if and only if IB[X = gé],
and closed, or: l'[(l), if and only if 3[X = }‘é].

Note that spreads, as introduced in Definition 28, are closed subsets of AV It is not
true that every closed subset of A/ is a spread. A closed subset F of A is a spread if
and only if it is located, i.e. ABVs[Ia € F[s C o] <> B(s) =0].

Note that, if G € N is open, then its complement A/ \ G is a closed subset of N.
It is not true that the complement of a closed subset of A/ always is an open subset

of NV.

We now introduce Borel sets of finite rank. Note that we avoid the operation of
taking the complement of a given Borel set.

Definition 33 For each n > 0, for each 8, we define, inductively,
Gyt =U,, Fpn- and Fy =, Fpu.
For each n > 0, we define, inductively,
Env1 :={a|Im[a™ € A,]} and A, 11 = {a | Vm[a™ € E,]}.
Foreachn >0, X C N is 22 if and only if 3B[X = Qg] and
X is MY if and only if IB[X = Fgl.

481n classical descriptive set theory, the reducibility notion introduced here is known as Wadge-reducibility,
see [38, Sect. 21.E]. One may compare this notion to the notion of many-one reducibility from recursion
theory.
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X C N belongs to 22 41 if and only if there exists an infinite sequence ), V1, . ..
of elements of HS such that X = J,, V.

X C N belongs to l'[g 41 if and only if there exists an infinite sequence )y, V1, ...
of elements of £ such that X = (), V-

19.3 The Fine Structure of the Borel Hierarchy

One may prove that the union of two opens sets is open again but it is not true that the
union of two closed sets is a closed sets itself. It is useful to introduce the following
operation.

Definition 34 For each n> 0, for each X C N/, we define
D*"(X) ={a|3Ji <nla' € X]}.

The next Theorem, Theorem 30, offers an example of a union of two closed subsets
of AV that is not an intersection of countably many open subsets of A/ and, therefore,
certainly not a closed subset of NV, see item (iii). Theorem 30(iv) makes it clear that
there are unions of three closed sets not coinciding with any union of two closed sets,
and unions of four closed sets not coinciding with any union of three closed sets, and
SO on.

Theorem30 (i) Forall X CN, X is H(l) if and only if X < Aj.

(ii) For all X C N, for all n > 0, X < D"(A)) if and only if there exists l'[(l) sets
Fo, Fis ..., Fut such that X =J,;_, Fi.

(i) D?(Ay) is not TI9.

(iv) Foralln>0,D""1(A)) AD"(A)).

Proof The proofs of (i) and (ii) are left to the reader.

(iii) Define 7 := {« | Vm‘v’n[(a(m) #0 A a(n) # 0) —m=nl}.

T is the set of all o that assume at most one time a value different from 0.
Note that 7 is a spread.

Assume D?(A;) is TI9. Find B such that D?(A;) = {& | Vm3n[B™ (@n) # 01}.

Let @ in T be given. Let m be given. Define «g, o1 such that, for all n, for both
i <2, (0;) = 0 and, for all s, if =3I p[s = (i, p)], then o; (n) = a(n).

Note: for both i <2, & € Dz(Al). Also note: Vn[an =ogn vV an =ain].
Find ng, ny such that, for both i <2, 8™ (a;n;) # 0. Note: either wgng C @ or ayny C
o, and, in both cases, In[B™ (an) # 0].

We thus see: Yo € T[a € D*(A;)]. Using Theorem 29, find m, i such that i <2
and Yo € T[0m T a — o' = 0]. This gives a contradiction as one may find o in T~
such that Om = o and o # 0.

We may conclude: D?(A;) is not l'[g.

(iv) Again, consider T := {« | VmVn[(a(m) #0 A a(n) # 0) —m=n]}.
Let n > 0 be given such that D"+ (A1) < D" (A)).
Find g such that D"+ (A}) = {« | 3i < nVj[B @)) =0]}.
For each i, define B; := {& | o' = 0}. Note that each ; is a spread.
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Also note: D" (A) = ;41 Bi.
Using Theorem 29, find, for eachi <n + 1, m; and k; < n such that
Vo € Bi[0m; T « — VYn[B (@n) = 0]].

Find ip,i; <n + 1 such that iy < iy and k;, = k;,. Define k :=k;,,.

Let « in 7 be given. Define «g, o1 such that, for all n, for both j < 2, (aj)if =0
and, for all s, if =3p[s = (i;, p)], then & (n) = a(n).
Note: for both j <2, € B,-J. and Qm,-j Ca;— Vn[ﬁk((x_jn) =0].

Define m := max(m;,, m;,) and distinguish two cases.

Case (a). Om L «. Then o € D" t1(A)).

Case (b). Om C . Then also V,j < 2[0m C «;] and Vj < 2Vn[g¥(@;n) = 0].

As Vn3j < 2[an =a;n], conclude: ¥a[p*(@n) = 0] and & € D"F1(A)).

We thus see: Vo € T[a € D"T1(A;)]. Using Theorem 29, find m, i such that i <
n+ 1 and Va[Om C o — o' = 0]. This gives a contradiction as one may find « in T~
such that Om = o and o’ # 0. g

Theorem 30 gives an inkling of the fine structure of the intuitionistic Borel hi-
erarchy. In fact, even within the class Eg, there are uncountably many degrees of
reducibility, see [59, Theorems 3.5 and 3.9].

19.4 The Borel Hierarchy Theorem

The next Theorem, Theorem 31, makes a start with establishing the Borel hierarchy
itself.

Theorem31 (i) Foralln >0, forall X C N, X is ):2 ifand only if X < &,, and
X is I if and only if X < A,.
(ii) For every ¢ : N'— N, there exists a such that,
forallm, o™ € & < (pla)™ € &1, and, therefore,
ac Ay < plae Ay and a € & < ¢la € &.
(iii) Forevery o : N — N,
if Vala € & — pla € Ap], then Jafa € Ay A ¢la € Ap].
(iv) Forevery o : N — N, ifVala € Ay — ¢la € &), then afa € & A ¢la € &].

Proof (i) The proof is left to the reader.

(ii) Let ¢ : NV — N be given. Define «, inductively, as follows.
Let p be given such that «(0), «(1), ..., 2(p — 1) have been defined already.
Find m, n such that such that p =2"(2m + 1) — 1.
Define a(p) = o™ (n) :=1if g < ple™ (xg) > 1 A Vi < g™ (xi) =0]],
and a(p) := 0 if not.

Note that, for all m, In[a™ (n) # 0] <> In[(p|a)™ (n) # 0], and, therefore,
a™ e & < (pla)™ € & and & € A; < (pla)™ € Aj.

(iii) Let ¢ : N/ — N be given such that Va[a € & — ¢la € A3].
Using (i), find @ such that Vim[a™ € & < (p|a)™ € &1].
Let m be given.
Define ag such that (ag)”™ = 0 and, for all n # m, ()" = a".
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Note: o € &3, and, therefore, p|ag € A and (¢|ag)™ € &1.

Find n such that (p|ag)™ (n) # 0.

Either (¢|a)™(n) # 0 and (p|a)™ € & and also ™ € &,

or (plag)™(n) =0 and ¢|a L ¢lag and o L ag and & 1 0 and o™ € &;.
We thus see: Vm[a™ € £1]. Therefore, both « and ¢|a are in Aj.

(iv) The following observation is easy but crucial:
Yo[doVm[a™ (a (m)) #0] > a € As].

For each «, for each o, we let ¢ X « be the element of A/ such that, for each m,
(o X a)™ (a (m)) = max(l, o™ (U (m))) and, for all n # o (m),
(o0 X a)™(n) =a™(n)]. o0 x o may be thought of as ‘a-corrected-by-o’.
Note: Va[do[a =0 X a] = o € Aj].

Now let ¢ : N'— N be given such that Va[a € Ay — ¢la € &].
Conclude: Yadn[((¢|(@® x a!))" =0].
Using Axiom 1, find m, n such that Voz[@m Coa— (((p|(a0 X al))" =0].
Define g in C such that ViVj[i(j)=1< (i <m A j=0)].
Let j be given. Find p such that ™/ (8 p) # 0 and Vi < p[¢™/ (Bi) = 0].
Find « such that Om C o and Bp C a® x al.
Conclude: (¢]8)"(j) = (¢l(e® @ a"))"(j) =0 and 9"/ (Bp) = 1.
We thus see: Vj[(¢]|8)"(j) =0] and (¢|B8)" =0 and ¢|B € &;.
We thus found 8 such that both 8 and ¢|8 are in &;. O

Note that the proofs of Theorem 31(ii) and (iii) are elementary in the sense that
they do not use intuitionistic axioms like the Continuity Principle or the Fan Theorem.
The constructive argument for Theorem 31(ii) extends to a constructive argument
establishing

For each n > 0, for each ¢ : N — N, there exists o such that
acl& o placé anda e A, < pla € A,.

Unfortunately, one can’t conclude from this, constructively, that .4,, does not reduce
to £,. Assuming that ¢ : N'— N reduces A, to &,, one finds, using Theorem 31(ii),
o such that w € A, < o € &,. If n > 1, one can’t derive a contradiction from this
statement.

The intervention of the Continuity Principle in the proof of Theorem 31(iv) is
crucial. One may extend this argument to a proof of:

For eachn > 0, for each ¢ : N — N,
ifVala € &, — ¢la € A,), then Jafa € A, A ¢la € A,], and,
ifVala € A, — ¢la € &,], then Jafa € E, N ¢pla € &,].

This shows that &, positively refuses to reduce to A, and A,, positively refuses to
reduce to &,.

The theorem extends into the transfinite and then may be called the Intuitionistic
Borel Hierarchy Theorem, see [58, Theorems 7.9 and 7.10].
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20 Notions of Finiteness
20.1 Some Examples

We study decidable subsets of the set N.
Such sets may be called ‘finite’ in various constructively different ways.

Definition 35 For every «, we define D, := {n | a(n) # 0}.
Dy, is called the subset of N decided by «.

Fin := {« | 3nVm > nla(m) = 0]}.
Dy, is finite if and only if « € Fin.

Note: o € Fin if and only if we can calculate the number of elements of Dy,.

Definition 36 For every X C N, we define:
XV i={a|InVm > nla(m) 0 — a € X]}.
Dy, is perhaps-finite*® if and only if @ € Fin™,
Dy, is perhaps-perhaps-finite if and only if « € Fin™* = (Fin™")*,

Some examples are useful.

1. Define « such that Vu[a(n) # 0 <> n = kgg]. Then {kog} = {n | n = kog} is
a decidable subset of N. The statement ‘a € Fin’ is equivalent to ‘In[n = kogg] or
Vn[n < kgg]” and thus is reckless or hardy. We do know D, has at most one element,
but we do not know if the number of elements of D, is O or 1.

On the other hand, « € Fin™. For assume we find m such that o(m) # 0, then
m = kog and D, = {m} is finite. Therefore: Vm[aw(m) # 0 — o« € Fin] and: « € Fin™.

2. Define « such that Vn[a(n) # 0 <> kg9 < n < 2 - kgg]. Again, the statement
‘a € Fin’ is reckless, and again, Dy, is perhaps-finite, although, unlike in the case of
example 1, we are unable to give an upper bound for the number of elements of D.

3. Let y, 6 be given and define o such that Vu[a(n) #0 < (n =k, VvV n=ks)l,
so Dy = {ky, ks}. The reader may find out herself that D, is perhaps-perhaps-finite
and that the statement: ‘D, is perhaps-finite’ may be reckless.

20.2 Extension into the Transfinite

The process of taking so-called ‘perhapsive extensions’ of the set Fin may be contin-
ued into the transfinite.

Definition 37 We define a collection £ of subsets of A/ by means of the following
inductive definition.

(i) Finef&.

(ii) Forevery X in &, also X+ € £.

49Cf. Sect. 9.8.
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(iii) For every infinite sequence Ap, X, ... of elements of £, such that, for each n,
(X)T S Xygr,also |, X € €.
(iv) Clauses (i), (ii), (iii) produce all elements of €.

Definition 38 Forevery X CN, X7 : =N\ X :={a|—(a € X)} and
X7 =A&T)".

Theorem32 (i) Forall X in £, FinC X C Fin .
(i) Forall X in &, forall a,Vsla € X <> sxa € X].
(i) Forall X in&, X C X™.

Proof *° (i) The proof is by induction, following the definition of the class €.
1. Obviously, Fin C Fin™ ", see Sect. 11.2.

2. Assume Fin C X CFin~". Assume ¢ € X' ™.

Find m such that Vi > m[a(n) # 0 — « € X and distinguish two cases:
Case (a). 3n > m[a(n) # 0]. Then o € X and, therefore: @ € Fin™ .
Case (b). =3n > m[a(n) # 0]. Then Vn > m[a(n) =0],so ¢ € Fin C Fin™".
We thus see: if 3n > m[a(n) #0] v —3n > m[a(n) # 0], then « € Fin™ .
We may conclude: o € Fin™ ™, see Sect. 11.2.
We thus see: Vo € X[« € Fin~ "], and conclude: Fin € X € X+ C Fin™".

3. Assume: for all n, Fin C &}, € Fin™ . Clearly, then Fin C Un X, CFin .

(i1) We again use induction on the definition of the class &.
1. Note: YaVs[a € Fin <> s * o € Fin].

2. Let X in &€ be given such that VaVs[o € X <> 5 * o € X']. Let s, « be given.
If s *x € X, find m such that Vn > m[s x a(n) # 0 — s *x a € X] and conclude:
for all n > m, if a(n) # 0 then length(s) +n >m and s x@ € X and o € &, i.e.
a € X+, Conversely, if « € XT, find m such that Vi > m[a(n) #0 — o € X] and
conclude: for all n > m + length(s), if s % a(n) # 0, then a(n — length(s)) # 0 and
n—length(s)>manda e X andsxa € X,ie. sxa e X™T.

3. Assume: for all n, VaVs[a € X, <> s xa € A}, ].
Clearly, then VaVs[a € |, Xy < s xa €, Xy.

(iii) We shall prove: for all X in £ there exists a spread F such that F € X' and
not F C X. The proof is by induction, following the definition of the class £.

1. Consider 7 = {or | VmV¥n[(a(m) #0 A a(n) #0) — m =n]}.
Note that 7 is a spread. Note that, for every « in T, for every n, if a(n) # 0, then
Vm > n[a(m) = 0] and « € Fin. We thus see: 7 C Fin™

Now assume 7 C Fin. Then Yo € T3anVm > nla(m) = 0]].
Using Theorem 29, find p, n such that Vo € T[gp Ca— Vm > nla(m) =0]].
Conclude: n + 1 > p and consider « := Q(n + 1) % (1) % 0.

50See [50], [51] and [55].
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Note: o € T, 0p C o and ar(n + 1) #0.
Clearly, we reached a contradiction.

2. Let X in £ be given and let F be a spread such that F C X * and not F C X.
Define F* := {a | VnVpVBla =0n* (p+ 1) x g — B € Fl}.
Note: F* is a spread and 0 € F*.
Note that, for every « in F*, for every n, if Qn C o and @ (n) # 0, then there exists 8
in F such that @ =a(n + 1) % 8, and by (ii), also« € F and o € X'.
We thus see: F* C AT,
Now assume F* C X'+,
Then Yo € F*InVm > n[a(m) # 0 — o € X]. Using Theorem 29,
find p, n such that Vo € F*[0p C o — Vm > n[a(m) #0 — a € X]].
We may assume n + 1 > p. Note that, for each g in F, On * (1) % B € F* and:
On % (1) % B € X, and by (ii), B € X.
We thus see: F C X and we know that this leads to a contradiction.
Conclude: not: F C X+,

3. Let Xp, X1, ... be an infinite sequence of elements of £ such that, for each n,
(X)T X,+1, and let Fo, Fi, ... be an infinite sequence of spreads such that, for
each n, F, € (X,)* € X,,1 and not F;, C X,,.

Define F* := {a | VnVpVBla =0n* (p+ 1)« — B € F,}.

Note: F* is a spread and 0 € F*.

Note that, for every « in F*, for every n, if Qn C o en a(n) # 0, then there exists 8
in 7, € Xj,41 such that « =@(n + 1) * 8, and by (ii), also « € X1 € |J; X

We thus see: F* C ((J; Xi) ™.

Now assume: F* C | J; &;. Using Theorem 29, find p, i such that
Vo € F*[0p C a — « € &;]. Define n := max(p, i) and note: for all B in F,, On *
(1) B e F*,50 On % (1) * B € X;, and, by (ii), also 8 € X;.

We thus see: F,, C &; C A),. Contradiction. O

Theorem 32 shows the expressive power of the language of intuitionistic mathe-
matics. In Theorem 32(i) the set Fin™ " might be replaced by the set

AlmostFin := {& | V¢ € [0]®Tn[a o £ (n) = 0]},

as one may prove: |_J £ € AlmostFin.

Using Theorem 22, one may prove: AlmostFin C | J€ C Fin™".
The set AlmostFin is an example of a ‘simple’ l'[% or co-analytic set that fails to

be positively Borel, see [55, §3].

21 Avoiding Brouwer’s ‘Axioms’
21.1 Bishop-Style Constructivism
E. Bishop (1928-1983) started his own school of constructive mathematics in the

1960s, see [3] and [4]. Although Bishop admired Brouwer for his criticism of the
non-constructive nature of much of mathematics, and for his heroic attempt to do
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something about it, he also had strong hesitations about Brouwer’s work. He did
not accept Brouwer’s adoption of the Continuity Principle and the Fan Theorem.
He thought the arguments in favour of these principles bizarre, metaphysical and
mystical and judged that Brouwer, by bringing them in, had spoiled his own good
cause. He declared Brouwer’s intuitionism to be dead and wanted a new beginning.

Nevertheless, developing his constructive mathematics, he felt the need for some
of the consequences of Brouwer’s principles.

Bishop’s course was the following. He declared the notion of ‘pointwise continu-
ity’ of real functions to be ‘irrelevant’. There is no need then for arguments as given
in Sect. 12. He defined a function from R to R to be continuous if and only if it is
uniformly continuous on every closed and bounded subinterval of R. He thus buys
for nothing what was for Brouwer the main consequence of the Fan Theorem, Theo-
rem 16. There is no need then for arguments ‘proving’ the Fan Theorem as given in
Sect. 1371

Bishop’s attitude might perhaps be called ‘pragmatic’ in view of Brouwer’s more
deeply going analysis of mathematical thinking. The principles proposed by Brouwer,
even if one does not want to subscribe to the way he defends them, deserve to be
discussed as possible starting points for our common mathematical discourse. Not
doing so, Bishop denied himself the possibility of a further going perspective.

Bishop calls his own attitude realistic, contrasting it with the attitude of the ‘clas-
sical’ mathematician who uses non-constructive arguments. Unlike Brouwer, he does
not fiercely attack the classical mathematician but calls him ‘idealistic’. In view of
Sect. 3.2, where the platonists were dubbed ‘realists’, this terminology is funny.

21.2 Martin-Lof’s ‘Constructive Mathematics’

P. Martin-L6f made a serious study of Brouwer’s work and came to the following
view in [42]. Every object in constructive mathematics should be given by a ‘a finite
configuration of signs’. Therefore, an infinite sequence « of natural numbers always
should be given by a (finitely given) algorithm. Creating o by choosing its values
«(0), a(1), ... one-by-one in an infinite process of free choices, as Brouwer wanted
to do, is out of the question. As we saw in Sect. 13.3, the Fan Theorem fails in such
a context. Nevertheless, Martin-L6f formulates and upholds a ‘Fan Theorem’. His
strategy is similar to Bishop’s as sketched in the previous Subsection. He redefines the
meaning of the statement ‘Vo € C3n[an € B]’. Presenting his definition somewhat
freely, one might say: he proposes to define ‘Yo € C3ds € B[s T «] as: ‘there exists
a canonical proof of ‘() is B-secure’ as we explained this in Sect. 13. Martin-Lof
extends this strategy to the Bar Theorem, see the proof of Theorem 19.

21.3 An Application

The Fan Theorem and Brouwer’s Continuity Principle are used for a reconstruction
of Cantor’s Uniqueness Theorem in [63].

51 Bishop’s definition is questionable. F. Waaldijk discovered that the statement that the composition f o g
of Bishop-continuous functions f, g always is Bishop-continuous itself is equivalent to the Fan Theorem,
see [60, Corollary 9.10].
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