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Ideal pierdut in noaptea unei lumi ce nu mai este,
Lume ce gandea in basme si vorbea in poezii,

O! te vad, te-aud, te cuget, tanara si dulce veste
Dintr-un cer cu alte stele, cu-alte raiuri, cu alti zei.

—NMihai Eminescu, “Venere gi Madona”

Oh, ideal lost in night-mists of a vanished universe:

People who would think in legends—all a world who spoke in verse;
I can see and think and hear you—youthful scout which gently nods
From a sky with different starlights, other Edens, other gods.

—Mihai Eminescu, “Venus and Madonna”
(translated by Andrei Bantag)
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“My homework does exist
but no one can find it”

This image is a courtesy of The Times of London. Printed in the February 3,
2004 issue.



Preface

ROSENCRANTZ: Shouldn’t we be doing something... constructive?
GUILDENSTERN: What did you have in mind?

—Tom Stoppard, Rosencratz and Guildenstern Are Dead

We have written this book in order to provide an introduction to constructive anal-
ysis, emphasising techniques and results that have been obtained in the last twenty
years. The intended readership comprises senior undergraduates, postgraduates,
and professional researchers in mathematics and theoretical computer science. We
hope that our work will help spread the message that doing mathematics construc-
tively is interesting (it can even be fun!) and challenging, and produces new, deep
computational information.

An appreciation of the distinction between constructive and nonconstructive has
become more widespread in this era of computers. Nevertheless, there are few books
devoted to the development of mathematics in a rigorously constructive/computable
fashion, although there are some, primarily concentrating on logic and foundations,
in which the odd chapter deals with constructive mathematics proper as distinct
from its underlying logic or set theory. It is now almost forty years since the publi-
cation of Errett Bishop’s seminal monograph Foundations of Constructive Analysis
[9], which in our view is one of the most remarkable intellectual documents of the
twentieth century, and more than twenty since the appearance of its outgrowth
[12]. In the intervening years there has been considerable activity in constructive
analysis, algebra, and topology; in related foundational areas such as type theory
[69]; and in the relation between constructive mathematics and computer science
(for example, program extraction from proofs [42, 70, 51]). Believing that a new
introduction to the mathematical, as distinct from the foundational, side of the
subject is overdue, we embarked upon this monograph.

Our book is intended not to replace, but to supplement, Bishop’s original classic
[9] and the later volume [12] based thereon. Both of those two monographs cover
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aspects of analysis, such as Haar measure and commutative Banach algebras, that
we do not mention. We cover some topics that are found in [9] and [12] (it would be
almost inconceivable to produce a book like ours, dealing with constructive mathe-
matics for nonexperts, without proving, for example, basic results about locatedness
and total boundedness); but we have tried to provide improved proofs whenever
possible. However, much of the material we present was simply not around at the
time of writing of [9] or [12].

Instead of systematically developing analysis, beginning with the real line and
continuing through metric, normed, and Hilbert spaces to its higher reaches, we
have chosen to write the chapters around certain themes or techniques (hence our
title). For example, Chapter 3 is devoted to the A-technique, which, since its first use
in the proof of Lemma 7 on page 177 of [9], has become a surprisingly powerful tool
with applications in many areas of constructive analysis. A major influence in the
application of the A-technique was Ishihara’s remarkable paper [60], which showed
that a subtle use of the technique could enable us to prove disjunctions whose proof,
although trivial with classical logic, appears at first sight to be constructively out
of the question. This paper opened up many new pathways in constructive analysis.

Chapter 1 introduces constructive mathematics and lays the foundations for
the later chapters. In Chapter 2 we first present a new construction of the real
numbers, motivated by ideas in [2]. After deriving standard properties such as the
completeness of R, we introduce metric spaces, with the major theme of locatedness,
and normed linear spaces. When we discuss metric, normed, and Hilbert spaces, we
assume some familiarity with the standard classical definitions of those concepts
and with those elementary classical properties that pass over unchanged to the
constructive setting.

Chapter 3 we have already referred to. The main theme of Chapter 4 is finite-
dimensionality, but the chapter concludes with an introduction to Hilbert spaces.

Chapter 5 deals with convexity in normed spaces. Starting with some elementary
convex geometry in R™, the chapter goes on to handle separation and Hahn-Banach
theorems, locally convex spaces, and duality. Following Bishop, we describe those
linear functionals that are weak*-uniformly continuous on the unit ball of the dual
space. We then give a new application of the technique used to prove that result,
thereby characterising certain continuous linear functionals on the space of bounded
operators on a Hilbert space.

In Chapter 6 we derive a range of results associated with the theme of located-
ness and with the A-technique introduced in Chapter 3. We pay particular attention
to necessary and sufficient conditions for convex subsets of a normed space to be
located, and to connections between properties of an operator on a Hilbert space
and those of its adjoint—when that adjoint exists: it may not always do so construc-
tively. The final section of the book deals with a relatively recent version of Baire’s
theorem and its applications, and culminates in constructive versions of three of
the big guns in functional analysis: the open mapping, inverse mapping, and closed
graph theorems.
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Which parts of the book deal with new material, compared with what appeared
n [12]? We have already mentioned the new construction of the real numbers, in
Chapter 2. Notable novelties in the later chapters include all but one result in
Chapter 3 on the A-technique; the section on convexity, Ishihara’s results on exact
Hahn—Banach extensions, and our characterisation theorem for certain continuous
linear functionals, all in Chapter 5; and virtually all of Chapter 6. Throughout the
book there are what we hope will be seen as improvements and simplifications of
proofs of many results that were given in [9] or [12].

What do we mean by “constructive analysis” in the title of this book? We do
not mean analysis carried out with the usual “classical” logic within a framework,
such as recursive function theory, designed to capture the concept of computability.
In our view, such a notion of constructive has at least two drawbacks. First, by
working within, say, the recursive setting, it can make the mathematics look less
like normal mathematics and much harder to read. Secondly, the recursive con-
straint removes the possibility of other interpretations of the mathematics, such as
Brouwer’s intuitionistic one [48]. Our approach, on the other hand, has neither of
these features: the mathematics looks and reads just like the mathematics one is
used to from undergraduate days, and all our proofs and results are valid in several
models. They are valid in the recursive model, in intuitionistic mathematics, and, we
believe, in any of the models for “computable mathematics” (including Weihrauch’s
Type Two Effectivity Theory [91], within which Andrej Bauer has recently found a
realisability interpretation of constructive mathematics within Weihrauch’s theory
[5]). They are also wvalid proofs in standard mathematics with classical logic. For
example, our proof of the Hahn—Banach theorem (Theorem 5.3.3) is, as it stands,
a valid algorithmic proof of the classical Hahn—Banach theorem. Moreover—and
this is one advantage of a constructive proof in general-—our proof embodies an
algorithm for the construction of the functional whose existence is stated in the
theorem. This algorithm can be extracted from the proof, and, as an undeserved
bonus, the proof itself demonstrates that the algorithm is correct or, in computer

science parlance, “meets its specifications”.

So how do we achieve all this? Simply by changing the logic with which we do
our mathematics! Instead of using classical logic, we systematically use intuition-
istic logic, which was abstracted by Heyting [52] from the practice of Brouwer’s
intuitionistic mathematics. The remarkable fact is that every proof carried out with
intuitionistic logic is fully constructive/algorithmic. (Is this the “secret on the point
of being blabbed” that appears in the epigraph to Bishop’s book?) Unfortunately,
too few mathematicians outside the mathematical logic community are aware of
this serendipity and dismiss both intuitionistic logic and constructive mathematics
as at best a marginal curiosity. This contrasts sharply with the theoretical com-
puter science community, in which there is considerable knowledge of, and interest
in, the computational power of intuitionistic logic.

"We do not carry out program-extraction from proofs in our book. For more on this
topic see [42, 51, 70].
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Reading constructive mathematics demands careful interpretation. A theorem
in this book might look like a familiar one from classical analysis, but with more
complicated hypotheses and proof. However, the statement of the theorem will be
phrased so that the explicit algorithmic interpretation is left to the reader; and the
additional hypotheses will be necessary for a constructive proof, which will contain
algorithmic information that is excluded from the classical proof by the latter’s
use of principles outside intuitionistic logic. Consider, for example, the following
statement:

(*) Let C be an open convex subset of a normed space X, let £ € C, and
let z € X be bounded away from C. Then the boundary of C intersects the
segment [&, z] joining £ and z.

This is trivial to prove classically; but to find/construct the (necessarily unique)
point in which the boundary of C' intersects [€, z] is a totally different matter. The
constructive theorem (Proposition 5.1.5 below) requires us to postulate that the
union of C' and its metric complement —C' (the set of points bounded away from
C') be dense in X, and that X itself be a complete normed space. The constructive
proof, though elementary, requires some careful geometrical estimation that would
be supererogatory in the natural classical proof by contradiction. The benefit of
that estimation and of the use of intuitionistic logic is that we could extract from
the constructive proof an implementable algorithm for finding the point where
the segment crosses the boundary. In turn, this would enable us to produce an
algorithm for constructing separating hyperplanes and Hahn-Banach extensions of
linear functionals, under appropriate hypotheses.

We could have made the algorithmic interpretation of the constructive version
of (*) explicit by stating the proposition in this way:

There is a “boundary crossing algorithm” that, applied to the data consisting
of (i) an open convex set C in a Banach space X such that CU—C' is dense
in X, (ii) a point & of C, and (iii) a point z of —C, constructs the point
where the boundary of C intersects the segment [, 2] .

Even this is not really explicit enough. A full description of the data to which the
boundary crossing algorithm applies would require explicit information about the
algorithms for such things as these: membership of C; the convergence of Cauchy
sequences in X; the computation, for given x in X and ¢ > 0, of a point y of CU—-C'
such that ||z — y|| < € (and even the decision between the cases “y € C” and “y €
—(C”); and so on. Such explicit description of algorithmic hypotheses would become
an ever greater burden on writer and reader alike as the book probed deeper and
deeper into abstract analysis. It is a matter of sound sense, even sanity, to unburden
ourselves from the outset, relying on the reader’s native wit in the interpretation
of the statements of our constructive lemmas, propositions, and theorems.

We should make it clear that we are not advocating the exclusive use of in-
tuitionistic logic in mathematics. That logic is, we believe, the natural and right
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one to use when dealing with the constructive content of mathematics. To abandon
classical logic in those fields (such as the higher reaches of set theory) where con-
structivity is of little or no significance makes no sense whatsoever. Nevertheless,
it is remarkable how much mathematics actually has what Bishop called “a deep
underpinning of constructive truth”.

Christchurch, New Zealand Douglas Bridges
January 2006 Luminita Simona Vita
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Introduction to Constructive Mathematics

My task which I am trying to achieve is, by the power of the written word, to
make you hear, to make you feel—it is, before all, to make you see. That, and no
more, and it is everything.

—Joseph Conrad, The Nigger of the ‘Narcissus’

In this chapter we first sketch the history and philosophy that motivated the early workers
in the field of constructive mathematics. We then describe informal intuitionistic logic
and discuss a number of elementary classical theorems that do not carry over to the
constructive setting. Finally, we introduce an informal constructive theory of sets and
functions. All this will prepare us for the presentation of the constructive theory of the
real line R in Chapter 2, and for the more abstract analysis that will be described in later
chapters.

1.1 What Is Constructive Mathematics?

Proposition 20 in Book IX of the thirteen volumes of Euclid’s Elements states that
Prime numbers are more than any assigned multitude of prime numbers

—in current terms, there are infinitely many primes. The modernised version of
Euclid’s proof is often presented as follows. Suppose that there are only finitely
many primes, say pi,...,Pn, and consider the integer

P=p1 Xp2 X - Xpy+ 1L

Being greater than 2, p has prime factors (it may even be prime itself). Since the
numbers pj are not divisors of p, each prime factor of p is distinct from each py.
This is absurd, since {p1,...,pn} is supposed to be the set of all primes. From this
contradiction we conclude that the set of primes is infinite.
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Although at one level there appears to be nothing untoward about this proof,
it can be criticised on two counts. First, it uses a totally unnecessary contradiction
argument. If you look carefully, you will see that the proof actually embodies an
algorithm that, applied to any finite set {p1,...,p,} of primes, enables you to
compute a prime that is distinct from each element of that set. In other words,
the use of a contradiction argument in the preceding paragraph has obscured the
computational content of Euclid’s proof.

The second criticism of the proof is a little more subtle, and deals with the
notion of “infinitely many”. The proof is based on the negative idea that a set is
infinite if and only if it is contradictory that it be finite. But an algorithmic re-
casting of Euclid’s proof, as suggested in the preceding paragraph, shows that the
set S of primes is infinite in a more positive, productive sense: namely, if we start
with a finite subset F' of S, then we can compute an element of S that is distinct
from each element of F.

From a traditional standpoint, the distinctions between the contradiction proof
of Euclid’s theorem and the algorithmic one, and between the negative and positive
notions of “infinite”, are obscured if not invisible. For example, the two notions of
“infinite” are equivalent if we use traditional logic—or classical logic, as it is nor-
mally called—so the distinction has to be perceived at an aesthetic level rather than
a mathematical one. The same applies, more generally, to a proof by contradiction
of the existence of an object x with the property P(x). In such a proof one sup-
poses that P(x) is false for all applicable objects z, deduces a contradiction, and
then concludes that P(z) must, after all, hold for some x, even though the proof
doesn’t tell us which z actually has the desired property. Classical logic draws no
distinction between the “idealistic existence” demonstrated by such a proof and the
“constructive existence” based on an algorithm that constructs z and shows that
P(z) holds. In order to reveal such distinctions at a mathematical, rather than an
aesthetic, level we shall adopt the radical expedient of changing our logic: through-
out this book, we shall work with intuitionistic logic, an abstraction of the informal
logic used in algorithmic thinking.

How much analysis, as normally presented, is really nonconstructive —that is,
essentially dependent on proofs by contradiction or other nonalgorithmic proce-
dures? Consider, for example, the classical intermediate value theorem:

If f:]a,b] — R is a continuous mapping such that f(a) <0 and f(b) > 0,
then there exists ¢ € (a,b) such that f(c) =0.

(Note that [a,b] and (a,b) respectively denote the closed and open intervals with
endpoints a and b. We shall use standard notations, like (a,b] for the half-open
interval, without further comment.)

It might be thought that the common elementary proofs of the intermediate
value theorem are constructive, enabling one to produce a zero ¢ of the function f.
For example, one proof uses interval-halving in the following way. Without loss of



1.1 What Is Constructive Mathematics? 3

generality, take a = 0 and b = 1. Consider f(1/2): if it is 0, then we take ¢ = 0
and stop the process; if f(1/2) > 0, then f satisfies the hypotheses of the theorem
with a =0 and b= 1/2; if f(1/2) < 0, then f satisfies the hypotheses with a = 1/2
and b = 1. In each of the last two cases, we proceed with the interval-halving. This
process either stops after a finite number of iterations and produces the required
zero of f, or else it goes on ad infinitum to produce a descending sequence of
compact intervals whose unique point of intersection is the required zero. Isn’t this
a fully algorithmic proof?

Suppose we try to implement the algorithm embodied in this proof on a com-
puter that works with 50-bit precision. What happens if we apply it to the cubic
function f defined on [0, 1] by

Here, .

FO) =~ 277 <0, 1) =527 >0,
so we are well set to carry out the first step of the interval-halving algorithm. Since
our computer’s floating-point representation of f(1/2) is 0 (we have the phenom-
enon of underflow, in which the computer sets the small but nonzero number —275!
equal to 0), the algorithm stops by outputting ¢ = 1/2 as the place where f has a
zero. But in this case the only zero of f in [0,1] lies between 3/4 and 1, more than
one quarter of the entire interval away from the output value 1/2.

Now, one could object that this example is misleading, in that the problem
arises from the level of precision in the computer rather than any intrinsic failing
in the algorithm itself. To deal with this point, for each positive integer n let G(n)
signify that 2n + 2 is a sum of two primes. Construct a binary sequence (an)n>1
such that for each n,

an = 0 if and only if either G(k) for all & < n or else there exists k < n
such that =G (k).

Define a = > a,27", and note that a = 0 if and only if the Goldbach conjecture,

n=1
Every even integer greater than 2 is a sum of two primes,

holds. Using classical logic, apply the classical interval-halving algorithm to the
cubic function f defined on [0, 1] by

- (o) (o 1)

As long as the status of the Goldbach conjecture remains undecided (which it has
done since the conjecture first appeared in 1742), no matter what finite precision
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our computer has, the algorithm will output 1/2 as a zero of f; but if the Goldbach
conjecture is false, then f(1/2) = —a < 0 and the first zero of f in [0, 1] occurs
between 3/4 and 1. In fact, the classical algorithm will give the correct output if
and only if the Goldbach conjecture is true. However, as the reader may verify, a
constructive approximate interval-halving argument, such as that expected in the
solution of Exercise 11, does not give the possibly false value 1/2 for a zero of f.
It produces a value that approximates the zero of f lying between 3/4 and 1, as
accurately as the precision of the computer permits.

In this example, the classically (but not constructively) defined function taking
the parameter a to the smallest root r(a) of f is discontinuous at ¢ = 0. The
classical algorithm correctly outputs r(a) = 1/2 in the case a = 0; but if a > 0,
then, by outputting the value 1/2, the algorithm has failed to spot that the value of
r(a) jumps from 1/2 to more than 3/4 as the parameter a increases from 0. There
is a general principle that constructive proofs will involve continuity in parameters.
Thus we cannot expect to prove constructively that for each a the above cubic
function f has a smallest zero.

The problem with the classical interval-halving algorithm is that the finite pre-
cision of the computer prevents it from making correct comparisons between two
very close, but distinct, real numbers. If we are to develop mathematics in a compu-
tational manner, we have to ensure that such comparisons are barred. This barring
can be done in at least two ways. One way is to use classical logic and to preclude
nonalgorithmic “decisions” (such as whether two given numbers are equal) by devel-
oping the mathematics using a standard programming language or a more abstract
algorithmic framework like that of recursive function theory. Another way is to
change from classical to intuitionistic logic. The advantages of this second way are,
first, that nonalgorithmic “decisions” are automatically barred by the logic, and,
second, that the resulting mathematics looks like the mathematics we are used to
from school and university, without any special logical notation such as is used in,
for example, recursive function theory.

In this book we explore mathematics with intuitionistic logic. We work through-
out with notions, like that of “infinitely many” discussed earlier, that have positive
computational meaning; and we present only algorithmic proofs—ones that show
how we can, at least in principle, construct the objects whose existence is asserted
in the statement of a theorem. We hope to convince the reader that, contrary to a
widely held belief, intuitionistic logic suffices for the development of deep, interest-
ing mathematics and often opens up new vistas that are hidden by classical logic.
In other words, we want to justify our belief in the power of positive (constructive)
thinking in mathematics.
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1.2 A Very Brief History

Although luminaries such as Leopold Kronecker had advocated a constructive ap-
proach to mathematics in the nineteenth century, the story of modern construc-
tivism really begins with the publication, in 1907, of the doctoral thesis “On
the Foundations of Mathematics” [41], in which the Dutch mathematician L.E.J.
Brouwer introduced his intuitionistic mathematics (INT) as an alternative to tra-
ditional classical mathematics (CLASS). According to Brouwer, mathematical ob-
jects are free creations of the human mind, independent of both logic and language,
and a mathematical object comes into existence precisely when it is constructed.
Such a belief naturally leads to a rejection of existence proofs by contradiction, and
a consequent scepticism about the meaning of many of the theorems of CLASS. Not
surprisingly, Brouwer’s views met with at best indifference, and at worst hostility,
from the large majority of his peers, for whom the elimination of nonconstructive
arguments, with all their apparent power and fruitfulness, was too great a price to
pay for a clarification of the meaning of mathematics.

If we adhere to the principle that “existence” should always be interpreted
constructively, then we are forced to dispense with the unrestricted use of the
logical law of excluded middle (or excluded third),

P or (not P),

which we shall abbreviate to LEM. Recognising this consequence of his philosophical
views, Brouwer went as far as to claim,

The belief in the universal validity of the principle of the excluded third in math-
ematics is considered by the intuitionists as a phenomenon of the history of civ-
ilization of the same kind as the former belief in the rationality of 7, or in the
rotation of the firmament about the earth [44].

Subsequently, he introduced into INT some principles that led to results ap-
parently contradicting aspects of classical mathematics. For example, Brouwer was
able to prove that any real-valued function on [0,1] is uniformly continuous. But
to regard Brouwer’s mathematics as inconsistent with its classical counterpart is a
serious oversimplification of the situation, since the two types of mathematics are
in many respects incomparable. Nevertheless, there was, and remains, a commonly
held belief that too much mathematics has to be given up in order to accommodate
Brouwer’s ideas. For example, Hilbert expressed his disagreement with Brouwer in
words both forceful and memorable:

Forbidding a mathematician to make use of the principle of excluded middle is
like forbidding an astronomer his telescope or a boxer the use of his fists [54].

Despite continuing opposition, intuitionism survived and new constructive ap-
proaches to mathematics arose. In 1948-1949 in the former Soviet Union, A.A.



6 1 Introduction to Constructive Mathematics

Markov initiated a programme of recursive constructive mathematics (RUSS)—
mathematics using intuitionistic logic and based on the Church-Markov—Turing
thesis that all computable partial functions from the set N of natural numbers to
itself are recursive. This approach led to a number of technical successes [66, 67].
RUSS does not use any of Brouwer’s nonlogical intuitionistic principles; indeed, it
could not, since it produces results that are false if interpreted directly within INT.
For example, in RUSS there exists a continuous real-valued map on [0, 1] that is not
uniformly continuous; more dramatically, there exists a uniformly continuous map
f from [0,1] onto (0,1] that has infimum equal to 0. Once again, one should not
overreact to the apparent conflict with classical mathematics: the last of these re-
sults should really be interpreted as saying that there exists a recursively uniformly
continuous recursive function f from the closed interval [0,1] of the recursive real
line onto the recursive interval (0,1] that has infimum equal to 0. Put this way,
the result does not conflict with CLASS; indeed, it is a result of CLASS, since
the proof within RUSS is actually a proof within CLASS that does not use such
nonconstructive logical principles as LEM.

By the mid-1960s, constructive mathematics was, when compared with its clas-
sical counterpart, virtually stagnant. The situation changed in 1967 with the pub-
lication of Errett Bishop’s monograph Foundations of Constructive Mathematics
[9]. This book and its offspring [12] represent the most far-reaching and systematic
presentation of constructive analysis to date. In [9], Bishop revealed, by thorough-
going constructive means but without resorting to either Brouwer’s principles or
the formalism of recursive function theory, a vast panorama of constructive mathe-
matics, covering elementary analysis, metric and normed spaces, abstract measure
and integration, the spectral theory of selfadjoint operators on a Hilbert space,
Haar measure, duality on locally compact groups, and Banach algebras. Bishop’s
constructive mathematics (BISH) was founded on a primitive, unspecified notion of
“algorithm”, or “finite routine”, and the Peano properties of natural numbers, and
kept strictly to the interpretation of “existence ” as “computability”. His refusal to
pin down the notion of algorithm led to criticism, particularly from philosophers of
mathematics and from those committed to the Church—-Markov—Turing thesis; but
this very imprecision enabled Bishop’s work to have a variety of interpretations: his
results are valid in CLASS, INT, RUSS, and all reasonable models of computable
mathematics, such as the more recent one propounded by Weihrauch [91]. Indeed,
from a purely formal viewpoint, each of INT, RUSS, and CLASS can be regarded
as BISH plus some additional principles: INT can be regarded as BISH supple-
mented by Brouwer’s continuity principle and fan theorem; RUSS as BISH plus
the Church—-Markov—Turing thesis; and CLASS as BISH plus the law of excluded
middle.

One consequence of this multiplicity of interpretations is that we can often
demonstrate that certain propositions P are independent of BISH; that is, neither
P nor (not P) can be proved within BISH. For example, since “every mapping
from [0, 1] into R is uniformly continuous” is a theorem of INT, and “there exists
a continuous map of [0, 1] into R that is not uniformly continuous” is a theorem of
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RUSS, and since both INT and RUSS are formally consistent with BISH, within
BISH we cannot expect either to prove that every continuous map of [0,1] into R
is uniformly continuous or to construct an example of a real-valued function that
is defined, but not uniformly continuous, on [0, 1].

Over the years since the publication of Bishop’s book, it became clear to a num-
ber of researchers that, in essence, BISH is simply mathematics with intuitionistic
logic together with some appropriate set-theoretic foundation. As we pointed out
at the end of the preceding section, working with intuitionistic logic automatically
bars noncomputational steps. As long as we keep strictly to intuitionistic logic,
having made sure that our set-theoretic principles do not inadvertently imply LEM
or some other nonconstructive proposition, the mathematics we develop turns out
to be predictive, in the sense that every proof implicitly shows that if we perform
certain calculations, we shall achieve certain results. Accordingly, when we speak
of “constructive mathematics” or “BISH” in future, we shall mean “mathematics
with intuitionistic logic”. It therefore behooves us to explain more clearly exactly
what intuitionistic logic is.

1.3 Intuitionistic Logic

The meaning doesn’t matter if it’s only idle chatter of a transcendental kind.

—W.S. Gilbert, Patience

Everywhere one seeks to produce meaning, to make the world signify, to render
it visible.

—Jean Baudrillard, Seduction, or the Superficial Abyss

For Brouwer, mathematics took precedence over logic. In order to describe the logic
used by the (intuitionist) mathematician, it was necessary first to analyse the math-
ematical processes of the mind, from which analysis the logic could be extracted.
In 1930, Brouwer’s most famous pupil, Arend Heyting (1898-1980), published a
set of formal axioms that so clearly characterise the logic used by the intuitionist
that they have become universally known as the azioms for intuitionistic logic [52].
These axioms capture the so-called BHK interpretation of the connectives

V (or), A (and), = (implies), — (not)

and quantifiers
3 (there exists), V (for all/each),

which we now outline.
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» PV Q: either we have a proof of P or else we have a proof of Q.
» P AQ : we have both a proof of P and a proof of Q.

» P — (@ : by means of an algorithm we can convert any proof of P into a proof

of Q.

» —P : assuming P, we can derive a contradiction (such as 0 = 1); equivalently,
we can prove (P = (0=1)).

» dx P(x) : we have (i) an algorithm that computes a certain object x, and (ii) an
algorithm that, using the information supplied by the application of algorithm
(i), demonstrates that P(z) holds.

» Vo € AP(x): we have an algorithm that, applied to an object z and a proof
that © € A, demonstrates that P(x) holds.

Note that in the interpretation of the statement Vx € A P(z), the proof of
P(z) will normally use both the data describing the object @ and the information
supplied by a proof that x belongs to the set A. This is an important point, since
upon it hinges a key argument against the use of the axiom of choice in constructive
mathematics. We shall return to this matter later.

A property P(x) is said to be decidable if for each x to which it might be
applicable we have
P(2)V ~P(a),

where the disjunction and negation are given their BHK interpretations. Even for
a decidable property P(n) of natural numbers n the property
VYn P(n) V =Vn P(n),

and hence a fortiori LEM, will not hold in general. As a result, many classical
results cannot be proved constructively, since they would imply LEM or perhaps
some other manifestly nonconstructive principle.

To illustrate this point, consider the following simple statement, the limited
principle of omniscience (LPO):

Vaec {0,1}N (a=0va#£0),

+
where a = (a1, as,...), NT = {1,2,...} is the set of positive integers, {0,1}" is
the set of all binary sequences, and

a=0<+= VYn(a, =0),
a#0< In(a,=1).

In words, LPO states that for each binary sequence (ay)n>1, either a, = 0 for all
n or else there exists n such that a,, = 1. Of course, this is a triviality from the
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viewpoint of classical logic. But its BHK interpretation is not so simple: it says
that there is an algorithm that, applied to any binary sequence a, either verifies
that all the terms of the sequence are 0 or else computes the index of a term equal
to 1. Anyone familiar with computers ought to be highly sceptical about such an
algorithm, since in the case a = 0 it would normally need to test each of the
infinitely many terms a,, in order to come up with the correct decision.

For such reasons we feel justified in not accepting LPO, or any classical propo-
sition that constructively implies LPO, as a valid principle of constructive mathe-
matics. But we have another reason for not doing so: it can be shown that there
are models of Heyting arithmetic—Peano arithmetic with intuitionistic logic—in
which LPO is false; so LPO cannot be derived in Heyting arithmetic (see [34, 48]).
Since LPO is a special case of the law of excluded middle, we are led, in turn, to
renounce the latter when working constructively. Similar informal analyses lead us
to exclude both the classical rule

-—P = P,

which forms the basis of proof by contradiction, and the following lesser limited
principle of omniscience (LLPO), which is easily seen to be a consequence of LPO:

For each binary sequence a with at most one term equal to 1 (in the sense
that aman, = 0 for all distinct m and n), either ag, = 0 for all n or else
aon+1 = 0 for all n.

The exclusion of such principles from constructive mathematics has serious con-
sequences for mathematical practice. For example, we cannot hope to prove con-
structively the simple statement

VreR (x=0Vz#£0), (1.1)

where R denotes the set of real numbers and = # 0 means that we can compute
a rational number strictly between 0 and x (which, as we shall see when we deal
with the real numbers more formally in Chapter 2, is not the same, constructively,
as proving that — (z = 0)). To prove this, consider any binary sequence a, and use
it to define the binary expansion of a real number

oo
T = E an2™".
n=1

If x =0, then a = 0. If z # 0, we can compute a positive integer N such that
o
z>2N= 3" 27
n=N+1

it is then clear that, by testing the terms aq,...,ay, we can find n < N such that
an = 1. Thus statement (1.1) about real numbers implies LPO and is therefore
essentially nonconstructive.
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If the binary sequence a has at most one term equal to 1, then we can use the

real number
o0

(-1)"a,2™"

n=1

to show that the statement
VeeR (x >20Va<0)

implies LLPO.

The following elementary classical statements also turn out to be nonconstruc-
tive.

> Each real number z is either rational or irrational (that is, x # r for each
rational number r). To see this, consider

oo

1- mn
I:Z n!a ’

n=1

where a is any increasing binary sequence (that is a binary sequence such that
ayn < ap4q for each n).

> Each real number = has a binary expansion. Note that the standard interval-
halving argument for “constructing” binary expansions does not work, since
we cannot necessarily decide, for a given number = between 0 and 1, whether
x 2 1/2 or x < 1/2. In fact, the existence of binary expansions is equivalent to
LLPO.

> The intermediate value theorem, which is equivalent to LLPO.

> For all z,y € R, if zy = 0, then either x = 0 or y = 0. The constructive failure
of this proposition clearly has implications for the theory of integral domains.

We emphasise here that classically valid statements like “each real number is either
rational or irrational” that imply omniscience principles are not false in constructive
mathematics; they cannot be, since BISH is consistent with CLASS.

One principle whose constructive status is controversial is Markov’s principle
(MP):
n
Vae {0,1}'" (~(a=0)= a#0);

in words, for any binary sequence a, if it is impossible for all the terms to equal
0, then there exists a term equal to 1. In order to accept this as a principle of
constructive mathematics, you have to be convinced that the information conveyed
by the antecedent — (a = 0) is sufficient to enable us to compute an index n with
an = 1. The argument in favour of MP says that we can carry out this computation
by searching systematically through the terms a,, since the hypothesis = (a = 0)
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guarantees that we shall eventually stumble across a term equal to 1. The counter-
argument is that the antecedent provides us with no prior bound for such a search—
it does not tell us how many terms we need to test before we arrive at one equal to
1—so the search might go on longer than the remaining life of the universe before
it produced the desired result. Moreover, Markov’s principle, like LPO, cannot be
proved within Heyting arithmetic. For these reasons, we shall follow the normal
practice of excluding MP from the working principles of constructive mathematics.
As a consequence we exclude the even stronger logical principle

(Vx € A(P(z) V-P(x)) A—Vo € A-P(x)) = Jx € AP(x), (1.2)

where A is a well-defined set (the exact meaning of “well-defined set” will become
clear in the next section). In fact, even if we were to accept Markov’s principle on
the grounds that an unbounded search through the natural numbers that cannot
fail to terminate must eventually do so, we would balk at accepting (1.2), since for
a general set A there will be no natural order allowing us to search systematically
in the way we can with N.

An example of the type dealt with earlier, in which a classically valid proposition
P is shown constructively to entail an essentially nonconstructive principle like
LEM, LPO, LLPO, or even MP, is called a Brouwerian counterezample to P (even
though it is not a counterexample in the true sense of the word; it is merely an
indication that P does not admit of constructive proof). There is another expression

o0
that we may use in this context. For example, we refer to the number x = > a,27"
n=1
that we constructed from a given binary sequence (an)n>1 and then used to show
that (1.1) implies LPO as a Brouwerian example of a real number x for which we

cannot decide whether x =0 or x # 0.

1.4 Informal Set Theory

Die ganzen Zahlen hat der liebe Gott gemacht, alles andere ist Menschenwerk.

—L. Kronecker [90]

The primary concern of mathematics is number, and this means the positive
integers. We feel about number the way Kant felt about space. The positive
integers and their arithmetic are presupposed by the very nature of our intelligence
and, we are tempted to believe, by the very nature of intelligence in general. The
development of the positive integers from the primitive concept of the unit, the
concept of adjoining a unit, and the process of mathematical induction carries
complete conviction. In the words of Kronecker, the positive integers were created
by God.

—Errett Bishop [9]

Building on the set of positive integers and using intuitionistic logic, we follow
Bishop’s approach to developing constructive mathematics at higher and higher
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levels of abstraction. To do this, we need to clarify notions such as “set” and “func-
tion”.

For us, a set X (other than our basic, primary set N of positive integers) is

given by two pieces of data:

> a property that enables members of X to be constructed using objects that have
already been constructed (note this last phrase, which rules out the possibility
of impredicative definitions and therefore of Russell-type paradoxes), and

> an equivalence relation =x of equality between members of X.
We write € A to signify that 2 is an element of the set A, and = ¢ A instead of
-(xeA).

The use of equivalence relations rather than intensional equality—that is, iden-
tity of description—is common, but often goes unnoticed, in classical mathematics.
For example, we call the rational numbers 1/2 and 3/6 equal, even though, strictly
speaking, they are equivalent and not intensionally identical.

A subset S of a set X consists of a collection of elements drawn from X, together
with the equality relation induced on S by the given equality on X; that is, for
elements z,y of S, we define

rT=gY<—T=XxY.

We write S C T to signify that S is a subset of T. If P(x) is a property applicable
to certain elements x of a set A, then we denote by

{r:z€ ANP(z)}

{reA: P(x)}

the subset of A consisting of those elements x of A with the property P(z).
The logical complement of a subset S of X is

S={reX:x¢S}.
A particular example of this is the empty subset of X, defined by
Ix = ~X.
We say that a subset S of X is inhabited if
dx(zel).

We then write S # @ x. Note that in order to show that S is inhabited, we cannot
just prove that it is impossible for S to be empty; we must actually construct an
element of S; see Exercise 2.
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Two sets X, Y are said to be equal sets if each is a subset of the other; in other
words, if the sets have the same elements and the same equality relation.

We need to be careful when constructing new sets from old. Since an equality is
part of the data for a set, it does not make sense to talk of the union S UT of two
sets unless we can put together not only the sets as collections of objects but also,
in some way, their given equality relations. In practice, this means that in order to
construct their union SUT), the sets S and T must be given as subsets of some set
X. We then define

SUT={xeX:xeSvzeT},

where the equality on S UT is that induced by X. Likewise, the intersection of S
and T is defined only when S and T are subsets of some set X, and is then the
subset

SNT={zxeX:ze€SAxeT}

of X.

The (Cartesian) product of two sets X,Y is the set X x Y consisting of all
ordered pairs (z,y) with € X and y € Y, together with the equality given by

(z,y) =xxy (@",¥)) = (x=x 2’ Ny=v ¥).

In many situations—even, as we shall see, on the real line—we frequently need
a set X to be equipped with an inequality relation #x describing what it means
for two elements of X to be unequal, or distinct. Such a relation must satisfy the
following two properties:

r#Exy= ~(r=x1v),
T#Ex Y= YyFxT

If, in addition,
“(r#Fxy) = T=xY,
we say that the inequality is tight. A set X with an inequality is discrete if, for any

two elements z and y of X, either x =x y or z #x y; we then also describe the
inequality itself as discrete.

One inequality relation, the denial inequality, is defined by setting = #x y if
and only if — (x =x y) . This inequality is normally too weak for practical purposes.
For example, in the absence of Markov’s principle, on the real line R the property
= (x =g 0) is weaker than |z| > 0 (Exercise 3); for that reason we define the standard
inequality on R to be not the denial inequality but the one given by

xH#rY <= |z —y| > 0.

From now on, when the meaning is clear from the context, we write

:7 ’®7 #""
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rather than
=x, TX, X5+ -

A subset S of a set X with an inequality has a complement, defined by
~S={reX:VseS(x#s)}.
Then ~S C —S; but unless the inequality on X is the denial inequality, the reverse

inclusion will not hold.
A subset S of a set X is said to be detachable (from, or in, X) if
Vee X(xeSvVvaghs).
Since statement (1.1) implies LPO, not even the singleton subset {0} is detachable
from R. However, {0} is detachable in the set Q of rational numbers.
When X comes with an inequality relation, we define the inequality on any

subset S of X to be the one induced by that on X:

TH#SY == T FEX Y-

If also Y has an inequality relation, we define the inequality on the Cartesian
product X x Y by

((z,9) #xxv (@) <= (z #x 2" Vy #v ¢).

It should be no surprise that we require functions to be given by algorithms and
to respect equality. Thus a function f from a set X to a set Y—also called a map
or mapping of X into Y, and written f : X — Y —is an algorithm that, applied
to any element z of X, produces an element f(x) of Y such that f is extensional:

Ve e XVi' € X (z=x 2’ = f(z) =y f(2')).

The element f(z) is called the wvalue of f at x or the image of x under f.If X
and Y have inequality relations, then we may require f to be strongly extensional:

Vo e XV2' € X (f(z) £y f(2') = v #x 2').
Note that the statement “all functions from R to R are strongly extensional” is
equivalent to Markov’s principle.

Let f, g be two real-valued functions on a set X with an inequality. We say that
an element o of X is the strongly unique element of X such that f(z) = g(z) if
f(zo) = g(xo) and f(z) # g(x) whenever € X and x # xo.

Strong uniqueness will resurface in Chapter 4 in connection with best approxima-
tions.

A partial function f: X — Y is a function from a subset of X into Y. The
subset
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{z € X : f(z) is defined}
is called the domain of f, denoted by dom (f); and the set

{yeY  :dx e X (y =y f(x))}

the range of f, denoted by ran (f). The image of a subset A of X under f is the
set

fA) ={f(z):z e A}.

The inverse image of a subset B of Y under f is the set

fYB) ={xr €dom(f): f(x) € B}.

A partial function f : X — Y is said to be a total partial function on X if
dom(f) = X.

When the expression describing f(z) is given explicitly and the domain of the
partial function f is clearly understood, we may denote the function by x ~ f(z).
For example, the partial function from R to itself whose value is defined, for each
real number z such that x #g 0, to be 1/x may be written  ~~ 1/z.

An important type of total partial function is defined as follows. Let X and I
be sets. A family of elements of X with index set I (or indexed by I) is a mapping
i ~ x; of I into X; we commonly denote this family by (z;),.; . In particular, if 1
is N*, the family is called a sequence in X and is usually written (l’n)n>1 . More
general sequences of the form (acn)712 n have the obvious analogous meaning when
N is an integer.

Let f and g be mappings from subsets of a set X into a set Y, where Y is
equipped with a binary operation ¢. We introduce the corresponding pointwise
operation < on f and g by setting

(fOg)(x) = f(x)Cg(x)
whenever f(z) and g(z) are both defined. Thus, taking ¥ = R, we see that the
(pointwise) sum of f and g is given by
(f +9)(x) = f(z) +g(x)

if f(z) and g(z) are both defined; and that the (pointwise) quotient of f and g is

given by
(f/9)(x) = f(x)/g(x)

if f(z) and g(z) are defined and g(x) # 0. If X = N*t, so that f = (2,)n,>1 and
9 = (Yn)n>1 are sequences, then we also speak of termwise operations; for example,
the termwise product of f and g is the sequence (X, Y )n>1-

Pointwise operations extend in the obvious ways to finitely many functions. In
the case of a sequence (fp)n>1 of functions with values in a normed space (see
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Chapter 2), once we have introduced the notion of a series in a normed space we

o0
shall interpret Y f, in the obvious pointwise way.
n=1

A partial function f: X — Y can be identified with its graph,

G(f) ={(z,y) e X xY :z edom(f),yeran(f),y=f(x)},

a subset of the Cartesian product X xY. We define two partial functions f : X — Y
and g : X — Y to be equal if their graphs are equal as sets. Thus f, g are equal
partial functions if and only if their domains are equal subsets of X and f(z) = g(x)
for each = € dom(f).

We say that a partial function f: X — Y is

> one-one if f(z) = f(2') entails = 2;

» injective if X and Y are equipped with inequality relations, and x # ' entails
f(x) # f(2).

If f is injective and the inequality on X is tight, then f is one-one: for in that case,

if f(z) = f(2'), then = (x # 2’) and so, by tightness, © = z’.

The composition, or composite, of partial functions f : A — Bandg: B — C
is the partial function go f : A — C (sometimes written gf) defined by go f(z) =
g(f(z)) wherever the right side exists.

A partial mapping f : X — Y maps its domain onto Y if
YyeYdre X (y=f(x)).

On the other hand, we say that f : X — Y is an epimorphism if there exists a
mapping g : Y — X such that

YyeY (f(gy) =y)-

A one-one partial function f: X — Y has a one-one inverse

£ s an (£) — dom (f)
defined by f~! (f(z)) = z. If f is injective, then its inverse is strongly extensional.
A bijection between X and Y is a one-one mapping from X onto Y.

The subtle distinction between mappings onto and epimorphisms is closely
linked to the constructive status of the axiom of choice, which we shall discuss
shortly. First, though, we introduce some notions of cardinality.

Let S be a subset of a set X with an inequality relation. We say that .S is

> finitely enumerable if there exist a natural number N and a mapping of the set



1.4 Informal Set Theory 17
{1,2,...,N}={neNT:n< N}
onto S;

> finite if there exist a natural number N and an injective map of {1,2,..., N}
onto S.

When we speak of finitely many objects, we mean that those objects constitute an
inhabited, finitely enumerable, but not necessarily finite, set.

Note that the case N = 0 of the definition of “finitely enumerable” shows
that the empty subset of X is finitely enumerable. Clearly, finite implies finitely
enumerable; the converse does not hold constructively.

We say that S is countable if there exist a detachable subset D of N and a
mapping ¢ of D onto S. Every finitely enumerable subset—in particular, the empty
subset—of X is countable. If D = Nt we call ¢ an enumeration of S, in which
case we may denote S by {¢(1), ¢(2),...}. If also ¢ is one-one, we say that S
is countably infinite. A set is countably infinite if and only if it is the range of a
one-one mapping whose domain is a countably infinite, detachable subset of NT.

We now consider the aziom of choice (AC):

If X)Y are inhabited sets, S is a subset of X x Y, and for each x € X
there exists y € Y such that (x,y) € S, then there exists a choice function
f: X —Y such that (z, f(x)) € S for each x € X.

Under the BHK interpretation, the hypothesis
VeeX JyeY ((z,y) €9)

of AC means that we have an algorithm that, applied to each element x of X
and the data showing that = belongs to X, constructs an element y of Y and
demonstrates that (z,y) € S. This much is clear. However, there is no guarantee
that the algorithm will respect the equality relation on X—in other words, that
if # =x 2/, and the algorithm constructs y,3’ in Y such that (z,y) € S and
(',y") € S, then y =y y'. Indeed, we should expect that the computation of y
might use data that are associated with properties intrinsic to x that do not apply
intrinsically to z’.

For example, anticipating our development of the real number set R, consider
the case in which X is R and Y is N*. A real number is (defined as) a certain set of
rational approximations. However, two equal real numbers x, 2’ can have different
defining sets of rational approximations. In that case, the algorithm that computes a
positive integer n such that (z,n) € S may, and in general will, compute a different
positive integer n' such that (z/,n’) € S. These considerations throw real doubt
over the possibility that there is a choice function implementing the algorithm.
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In fact, an argument of Diaconescu [46] and Goodman & Myhill [50], but prefig-
ured by Bishop (see Problem 2 on page 58 of [9]), shows that AC cannot be allowed
as a principle of constructive mathematics.

Theorem 1.4.1. The aziom of choice implies the law of excluded middle.

Proof. Let P be any constructively meaningful statement, and define the set X to
consist of the two elements 0 and 1, together with the equality relation such that

(0:)(1)<:>P.

Let Y be the set {0,1} with the standard equality, and let S be the subset
{(0,0),(1,1)} of the Cartesian product X x Y, taken with the standard equality.
Suppose there exists a function f: X — Y such that (z, f(x)) € S for all x € X.
There are three cases to consider: (i) f(0) = 1, (ii) f(1) = 0, and (iii) both f(0) =0
and f(1) = 1. In case (i) we have (0,1) = (0, f(0)) € S, so either (0,1) =xxy (0,0)
or (0,1) =xxy (1,1). If the first of these two alternatives holds, then, by defini-
tion of the equality on X X Y, we have 1 =y 0, which is absurd. Hence, in fact,
(0,1) =xxy (1,1). Thus, again by definition of the equality on X x Y, we have
0 =x 1 and therefore P holds. Case (ii) similarly leads to the conclusion that P
holds. Finally, in case (iii) we have = (f(0) =y f(1)); therefore, since f is a func-
tion, = (0 =x 1) and so =P holds. Thus we have derived PV =P from AC. O

The axiom of choice will hold constructively if the set X is one for which no
computation is necessary to demonstrate that an element belongs to it; Bishop calls
such sets basic sets. Following the practice of most constructive mathematicians,
we consider NT, the set

N=1{0,1,2,3,...}

of natural numbers, and the set
Z={0,£1,+2,...}

of all integers to be basic sets. This practice is reflected in our acceptance of the
principle of countable choice:

If Y is an inhabited set, S is a subset of NT x Y, and for each positive
integer n there exists y € Y such that (n,y) € S, then there is a function
f:NT — Y such that (n, f(n)) € S for each n € NT.

In fact, many constructive proofs use the stronger principle of dependent choice:

If X is a set, a € X, S is a subset of X x X, and for each x € X there
exists y € X such that (z,y) € S, then there exists a sequence (), n
X such that 1 = a and (v, Tp11) € S for each n € NT.
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Another contentious matter in constructive mathematics is the status and role
of the power set P (X) of a given set X: that is, the collection of all subsets of X,
with equality of subsets as defined earlier. The main objection to admitting P (X)
into the constructive fold is that we thereby allow impredicativity, since there is
then nothing to stop us constructing subsets of X whose defining characteristics are
self-referential. On the other hand, nobody has yet shown that adding the power
set axiom

VXIYVS(SCX <« SeY)

to constructive mathematics enables us to prove LEM or some other incontestably
nonconstructive principle.

There are ways of avoiding the power set. It often suffices to work with the
set YX of all mappings from X into a set Y. Since we have a clear idea of what
mappings from X into Y are (something we do not have for subsets of X), the set
Y X seems relatively innocent. Note that classically the set {0, 1}* can be identified
with the power set of X, since it comprises the characteristic functions of subsets of
X. This identification is not possible constructively, since characteristic functions
exist only for those subsets of X that are detachable.

Another way to avoid the full generality of the power set is to work with a well-
defined but smaller set of subsets of X. For example, the set of compact subsets of
a metric space X is well defined (it is actually a metric space itself), and is often
all we need for many parts of analysis.

Let S (X)) be a well-defined set of subsets of X, with two elements taken as equal
if and only if they are equal sets in the usual sense, and let I be some set. Then we
can speak sensibly about a family (5;),;.; of elements of S (X). We can also define
the union and intersection of such a family to be, respectively, the subsets

USi={zeX:3icl(zes)}
iel
and
(1Si={zreX:Vicl(zeS)}
iel
of X. If I is the set of positive integers, we denote the above union and intersection
by |J S, and [\ S,, respectively.
n>1 n>1
The Cartesian product [] S; is the subset of X! consisting of those functions f
iel
such that f(i) € S; for each i € I; if X comes with an inequality relation, then the
corresponding inequality on [] S; is defined by
i€l

f#g9=3iel(fi)#9@i).

If I is the set of positive integers, then (.5;);e; is a sequence of sets, and the elements

of J] S; are also sequences; in this case, the sets S; can be arbitrary and need not
i€l
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be subsets of a previously defined set X. If I = {1,2,...,n}, then we denote the

product [ S; by S1 X Sy x -+ x Sy, and refer to its elements (x1,zo,...,x,) as
iel

ordered n-tuples, or, in the case n = 2, ordered pairs (something we used informally

in our earlier definition of the Cartesian product of two sets).

Other set-theoretic notions will be introduced later as they arise. It is now time
to turn our attention away from foundational matters to analysis proper.

Exercises

Although we shall not formally define the real number line R until Chapter 2, in
these exercises we assume elementary properties of real numbers where necessary.

1. Justify informally Brouwer’s observation that ———P implies —P. Using this,
show that the proposition (-—P = P) is equivalent to the law of excluded
middle.

2. Prove that if the statement
—(S=9)=S5+£0
applies to all subsets S of {0}, then the law of excluded middle holds.

3. Prove that
VeeR(-(z=0)=2#0)

is equivalent to Markov’s principle.
4. Fill in the details of the proof that the statement
VreR (x >20Va<0)

implies LLPO.

5. Give a Brouwerian counterexample to the proposition that every real number
x is either rational or irrational (where “x is irrational” means that  # r for
each rational number 7).

6. Prove that every real number has a binary expansion if and only if LLPO holds.
7. Give a Brouwerian counterexample to the statement that if r1,r9, and r3 are

real roots of a quadratic polynomial 22 4 ax + b with a,b € R, then there exist
distinct ¢, 7 with r; = r;.



10.
11.

12.

13.

14.

15.

16.

17.

18.

19.
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Prove that the statement “for all real numbers z, y that have binary expansions,
the sum x + y has a binary expansion” is equivalent to LLPO.

Prove that the statement
Ve,yeR (zy=0= (x =0V y =0))
is equivalent to LLPO.

Prove that the intermediate value theorem is equivalent to LLPO.

Let f : [a,b] — R be sequentially continuous in the following sense: for each
sequence (zp),,, in [a,b] that converges to a limit x, the sequence (f(zn)),>,
converges to f(z). Suppose also that f(a)f(b) < 0, and that f is locally nonzero
in the sense that for each = € [a,b] and each r > 0 there exists y € [a,b)
with |z —y| < r and f(y) # 0. Prove that there exists ¢ € (a,b) such that
f(e) = 0. (This version of the intermediate value theorem suffices for virtually
all constructive purposes.)

Prove that the statement “all functions from R to R are strongly extensional”
is equivalent to Markov’s principle.

Discuss the statement “every mapping from a set X onto a set Y is an epimor-
phism”.

Give a Brouwerian counterexample to the statement “every subset of a finite
set is finitely enumerable”.

Prove that an inhabited set is countably infinite if and only if it is the range of
a function with domain N.

Prove that a subset S of N is countable if and only if there exists a sequence
(Sn)n>1 of finite subsets of N such that S; € So C S3 C --- .

Prove that the statement “every inhabited subset of N is countable” implies
the principle of finite possibility (PFP): to each binary sequence (an)n>1 there
corresponds a binary sequence (bn)n>1 such that a,, = 0 for each n if and only
if there exists N such that by = 1.

Prove that the intersection of two countable sets is countable.

Prove that the principle of dependent choice implies the principle of countable
choice. Prove also that the principle of dependent choice can be derived from
the following principle of internal choice: if X is an inhabited set, S is a subset
of X x X, and for each € X there exists y € X such that (z,y) € S, then
there exists a choice function f : X — X such that (z, f(z)) € S for each
z e X.
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20. By a filter on a set X we mean a set § of inhabited subsets of X with the
following properties:

e Xe3g.
e If S and T belong to §, then SNT € §.
o IfSeFand SCT C X, thenT € 5.

A filter 4 is called an wltrafilter if for all S C X, either S € U or =S € 4. The
classical ultrafilter principle states that every filter is contained in an ultrafil-
ter. Prove that this principle implies the weak limited principle of omniscience
(WLPO):

Va € 2V (Vn (a, = 0) V =Vn (a, = 0)).

Notes

The use of the Goldbach conjecture in the example in Section 1.1 is in no sense a
constraint on the argument; if the Goldbach conjecture were solved tomorrow, we
could easily replace it by any one of many open problems of number theory. Indeed,
until Wiles proved the Fermat conjecture in 1994, it was common to use that, rather
than the Goldbach conjecture, in such Brouwerian examples of nonconstructivity.

The reader interested in the history of foundations of mathematics should con-
sult [44] and [84] for more information on the “Grundlagenstreit” that eventuated
between Brouwer and Hilbert in the 1920s. For more on Hilbert’s programme for
the secure foundation of mathematics see [93].

The designation “BHK interpretation” comes from Brouwer, Heyting, and
Kolmogorov. The BHK interpretation of implication, while more natural than the
classical one of material implication, in which (P = Q) is equivalent to (=P V @),
has not completely satisfied all researchers using constructive logic. Shortly be-
fore he died, Bishop communicated to Bridges his dissatisfaction with the standard
constructive interpretation of implication. Unfortunately, he left nothing more than
very rudimentary sketches of his ideas for its improvement. (Note, however, Bishop’s
paper [10].) For a deeper analysis of the constructive interpretations of the connec-
tives and quantifiers, we refer the reader to [48].

The classical invalidity of the recursive interpretation of LPO is not a matter
of logic: it can be demonstrated, even with classical logic, that a recursive version
of LPO would lead to a proof of the decidability of the halting problem, which is
known to be impossible; see [34], pages 52-53.

Andrej Bauer has recently shown that proofs and results in BISH can be trans-
lated into Weihrauch’s Type-2 Effectivity framework by a realisability interpreta-
tion [5].
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The principle (——P = P) is equivalent to LEM even with intuitionistic logic;
see Exercise 1.

For the confirmed intuitionist there is at least one other reason for rejecting MP:
it contradicts Brouwer’s (admittedly controversial) theory of the creating subject,
an add-on to his intuitionistic mathematics. See [34] (pages 116-117) and, for a
rather different view, [73].

Bishop used “subfinite” instead of “finitely enumerable”. Note that a subset of
a finite set need not be finitely enumerable.

In the proof of Theorem 1.4.1 we could have defined X as a set of equivalence
classes under the equivalence relation ~ defined by

(0~1) < P,

but it is more in keeping with Bishop’s approach to proceed by considering a special,
if unusual, equality relation on X.

Some constructive mathematicians argue against even the principle of countable
choice; see, for example, [76, 82].

Myhill has shown that, under the Church—Markov—Turing thesis, the power set
of a singleton is uncountable: in other words, there is no recursive mapping of N
onto that power set [74] (page 364, Theorem 3). Within BISH we may not be able to
prove the uncountability of the power set of {0} , but we certainly have an unending
supply of subsets S of {0} for which we cannot decide that S = @ or S = {0}: given
any constructively meaningful statement P, we can define a corresponding set

S={z:z=0AP}

such that (S = {0} V.S = @) if and only if PV —P.

Myhill’s formal theory—based on primitive notions of “set”, “function”, and
“natural number”—is but one of several foundational theories advocated for con-
structive mathematics. Others include Aczel’s constructive set theory [3], Martin-
Lot’s type theory [69], and a largely unpublished constructive version of Morse’s
set theory [16] in which membership of the universe appears to correspond to being
constructively defined. For more on constructive foundational theories see [6] and
[88].
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Techniques of Elementary Analysis

My deplorable mania for analysis exhausts me.

—Gustave Flaubert, Letter (August 1846)

We begin by using a form of interval arithmetic as a foundation for the construction of
the real number line R. Having discussed the elementary algebraic and order-theoretic
properties of real numbers, we prove that R is complete in two senses: Dedekind (order)
complete and Cauchy (sequentially) complete. The next step is to generalise from the
reals to metric and normed spaces. A particularly important property for us is total
boundedness, which plays a big part in proving the existence of suprema and infima; for
that reason we need to prove that there are lots of totally bounded subsets in a totally
bounded space. We also highlight the important property of locatedness for subsets of a
metric space, a property that holds automatically in classical mathematics.

2.1 The Real Number Line

Constructive analysis proper, as distinct from arithmetic, begins with the real num-
bers, which we shall construct, choice-free, by interval arithmetic. First, though, we
observe that the purely algebraic constructions of the sets Z of integers and Q of
rational numbers from N are carried out as in classical algebra, and that the stan-
dard inequality on  —and hence a fortiori on Z regarded as a subset of Q—is the
(in this case discrete) denial inequality.

By a real number we mean a subset x of Q x Q such that

/

> for all (¢,¢') in x, ¢ < ¢;

> for all (¢,q¢") and (r,7') in x, the closed intervals [, ¢'] and [r,7'] in Q intersect
in points of Q;
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> for each positive rational e there exists (¢q,¢’) in x such that ¢ — ¢ < e.

The last of these properties ensures that x is inhabited. It also legitimises our use
of expressions like “pick an element of x”: to carry out such a selection, we simply
take € = 1 in the third of the defining properties of the real number x, to produce
a corresponding element (g, ¢’) of x.

The intuition underlying our definition of “real number” is that the elements
of x are the rational endpoints of closed intervals with one point—mnamely x —in
common. Any rational number ¢ gives rise to a canonical real number

a={(¢,9)}

with which the original rational ¢ is identified.

Two real numbers x and y are

e equal, written x =y, if for all (¢,¢') € x and all (r,7’) € y, the intervals [q, ¢]
and [r,7’] in Q have a rational point in common;

e unequal (or distinct), written x # y, if there exist (¢,¢') € x and (r,7’) € y
such that the intervals [gq,¢] and [r,7'] in Q are disjoint.

It is almost immediate that # satisfies the defining properties of an inequality
relation. Let us check that equality is an equivalence relation. It is trivial that it
is reflexive and symmetric, so only transitivity has to be handled. Let x = y and
y = 2z, and suppose that for some (¢q,¢') € x and (r,7’) € z there are no rational
points in [g, ¢'|N[r, '] . We may assume without loss of generality that ¢’ < r. Using
the third of the defining properties for a real number, choose (s, s’) € y such that
s’ —s <r—q. Now, the rational interval [s, s’] intersects [¢, ¢'] in a rational point
u, and [r,7’] in a rational point v, so

r—q¢d<v—u<s —s<r—¢g,

a contradiction. Hence
~(lg.d1 N[ =2).
Since we are working with intervals in QQ, with the aid of two simple lemmas we

can turn this around to construct a point of [¢,¢'] N [r, 7], and therefore complete
the proof that x = z, as follows.

Lemma 2.1.1. Let a,b,c,d be rational numbers with a < b and ¢ < d. Then there
exists a rational number in [a,b] N [c,d] if and only if a < d and ¢ < b.

Proof. If r is a rational number in the intersection of the intervals, then a <r < d
and ¢ < r < b, s0 a < dand c<b. If, conversely, these conditions hold, then either
¢ < a and therefore a € [a,b] N [c,d], or else a < ¢ and ¢ € [a,b] N [c,d]. O
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Lemma 2.1.2. Let I, J be closed, bounded intervals in Q such that —~ (I NJ = ).
Then there exists r € Q such that r € I N J.

Proof. Let I = [a,b] and J = [¢,d]. If b < ¢, then INJ = &, a contradiction. Hence
¢ < b. Likewise, a < d. It remains to apply Lemma 2.1.1. O

Taken with the equality and inequality we have defined above, the collection of
real numbers forms a set: the real line R.

Let x,y be real numbers. We say that x is greater than y, and that y is less than
x, if there exist (q,¢’) € x and (r,7’) € y such that ' < ¢; we then write x >y or,
equivalently, y < x. On the other hand, we say that x is greater than or equal to
v, and that y is less than or equal to x, if for all (¢,¢') € x and all (r,r') € y we
have ¢’ > r; we then write x > y or, equivalently, y < x. We write, for example,
x ¥ y to indicate that = (z > y), and = € y to indicate that — (z < y).

Clearly, x > x and x ¥ x. Moreover, by Lemma 2.1.1, x = y if and only if both
x 2>y and y > x; and x # y if and only if either x > y or else x < y.

Lemma 2.1.3. If x >y, then y % x.

Proof. Since x >y, there exist (¢,q') € x and (r,r’) € y such that v’ < ¢. If
also y > x, then there exist (s,s’) € x and (¢,t') € y such that s’ < t. By the
defining conditions on real numbers, there exist rational numbers a,b such that
a € g, ¢ |N[s,s']and b € [r,7'] N [t,¢']. But then

a<s <t<b<r <qg<a,

a contradiction. a
Lemma 2.1.4. x >y if and only if y # x.
Proof. By definition, x > y if and only if for all (¢,¢") € x and all (r,7’) € y we

have ¢’ > r, which occurs precisely when —(y > x). O

Lemma 2.1.5. If x >y, thenx > y.

Proof. By Lemma 2.1.3, y # x. The result follows from Lemma 2.1.4. O

Lemma 2.1.6. If x > 0, then there exists a positive integer n such that x > 1/n.
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Proof. First pick (¢,q") € x such that 0 < g. Then choose a positive integer n such
that ¢ > 1/n. The definition of “greater than” ensures that x > 1/n. a

From time to time we shall revisit some of our earlier Brouwerian examples in
the light of our formal definitions of real numbers and their properties.
Proposition 2.1.7. The statement

Vx,y ER(-(x2y)=y >x) (2.1)

implies Markov’s principle.

Proof. Assume (2.1). Let (an),~,; be an increasing binary sequence such that
=Vn (a, =0),

and define a real number by

S (R PPN Y SR DRI S+

Then — (0 > x): for if 0 > ¢ for all (¢, ¢’) € x, then a,, = 0 for all n, a contradiction.
It follows from (2.1) that x > 0 and hence that there exists (¢,q’) € x such that
q > 0. Then (g,¢') = (%, 1) for a (unique) n such that a, =1 — a,_1. O
Proposition 2.1.8. The relation > is cotransitive: If a < b, then for all x € R
either a < x or x < b.

Proof. There exist (q,q') € a and (r,7’) € b such that ¢’ < r. Given a real number
x, we can find (s,s’) € x such that ' —s <r —¢. If s’ <r, then x < b;if ' > r,
then ¢’ < s and so a < x. a

Lemma 2.1.9. [fx >y >z orx >y >z, then x >z and x > z.

Proof. Assume, for example, that x >y > z. By Proposition 2.1.8, either x > z or
z > y. Since the latter is ruled out by Lemma 2.1.4, we have x > z and therefore,
by Lemma 2.1.5, x > z. m]
Lemma 2.1.10. If (¢,¢') € x, then q < x < q'.

Proof. By Lemma 2.1.1, for each (r,7’) € x, since the rational intervals [r, '] and

[q,4'] intersect, ' > q and ¢’ > r. The desired conclusion now follows from the
definition of the relation <. O
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Lemma 2.1.11. For each real number x there exist rational numbers q,q’ such
that q < x < .

Proof. Let (r,r') be any element of x. By Lemma 2.1.10, 7 < x < 7’. Choosing
q,¢ in Q with ¢ < r <7’ < ¢, we see from the definition of the relation < that
q<x<d. O

The following two propositions show that the classical law of trichotomy does
not hold constructively, even in the weak form discussed in Proposition 2.1.13.

Proposition 2.1.12. The statement
VxeER (x20=x>0Vx=0)

implies LPO.

Proof. Given an increasing binary sequence (an)n>1 , define the real number x as
at (2.2). It is routine to check that x > 0; that if x = 0, then a,, = 0 for all n; and
that if x > 0, then there exists n such that a,, = 1. a
Proposition 2.1.13. The statement

VxeR (x>0Vvx<0)

implies LLPO.

Proof. Let (an)n>1 be a binary sequence with at most one term equal to 1, and
define a real number by

e (L) renodo{ (o L) o),

If x > 0, then it is impossible that a,, = 1 for an odd n, so a,, = 0 for all odd n.
Likewise, if x < 0, then a,, = 0 for all even n. o

Lemma 2.1.14. If x <y, then there exists s € Q such that x <s <Yy.

Proof. Since x <y, there exist (¢,¢') € x and (r,r’') € y such that ¢’ < r. Then

the rational number ) )
s={ (g +n5040)f

has the desired property. a
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The mazimum of two real numbers x and y is the set max {x,y} of all ratio-
nal pairs of the form (max{q,r},max{q¢’,r'}) where (¢,¢’) € x, (r,7’) € y, and,
for example, max{q,r} is the maximum in Q of the two rational numbers ¢,r.
The minimum of x and y is the set min {x,y} of all rational pairs of the form
(min{gq,r},min{¢’,7'}) where (¢,¢') € x, (r,7’) € y, and min {¢’, '} is the mini-
mum in Q of the two rational numbers ¢/, 7’. The maximum, max {xy,...,X,}, and
minimum, min {x1,...,X,}, of finitely many real numbers are defined analogously.
We define the negative of a real number x to be

x={(q.4)€QxQ: ("¢, q) ex},

where, for a rational number ¢, the expression ~¢ denotes the negative defined in
the usual way. The absolute value of the real number x is the set

x| = max { "x,x} .
It is not hard to verify such properties as the following:

e max{x,y}, min{x,y}, “x, and |x| are real numbers.
e max{x,y}<zifandonlyifx<zandy < z.

e max{x,y} >z if and only if either x >z or y > z.
e min{x,y} <z if and only if either x <z or y < z.
e x <y ifandonlyif "y <™ x.

e max{x,y} = ~min{ x,"y}.

o |x|<yifandonlyif "y <x<y.

In order to avoid tedious, detailed verifications of all the usual facts about real
numbers, we shall often take such properties for granted.

Lemma 2.1.15. For each real number x there exists a positive integer n such that
x| < n.

Proof. Let (q,¢") € x, and choose a positive integer n such that

max {|q|, [¢'[} < n.

Using rational arithmetic, we see that —n < ¢ < ¢’ < n; whence, by the definition
of the relation <, we have —n < x < n and therefore |x| < n. O

There are two common misconceptions about the constructive properties of the
real line R: that it is countable and that it is not complete. The following lemma
enables us to dispose of the first of these misconceptions.



2.1 The Real Number Line 31

Lemma 2.1.16. Let I = [0,1], and fori =1,2,3 let J; = [5*, £] . Then for each
x € R there exists i € {1,3} such that x £y for ally € J;.

Proof. This is immediate, since the relation < is transitive and, by Proposition
2.1.8, either x > 1/3 or x < 2/3. O

We refer to the interval J; in Lemma 2.1.16 as the leftmost third of I, and to
J3 as the rightmost third. The uncountability of R is a simple consequence of the
following version of Cantor’s theorem.

Theorem 2.1.17. If (an)n>1 s a sequence of real numbers, then there exists x €
[0,1] such that x # a,, for each n.

Proof. We construct inductively a sequence ((¢n,5,)),>; in Q x Q such that for all
n>l1,

e 0<q,—q.=3"",
* [qn: 4] C [an-1,4¢,_1] , and

e a, #yforeachy € [g,,q,].

For convenience we take qo = 0 and ¢ = 1. Suppose that we have already con-
structed the elements (gx,q},) (0 <k <n—1) of Q x Q such that the applicable
properties hold. By Lemma 2.1.16, either a,, # y for all y in the leftmost third of
the interval [qn,l, q;kl] , or else a,, # y for all y in the rightmost third. In either
case we take ¢, and ¢}, to be respectively the left and right endpoints of the third of
[¢n—1,4},_1] in question. It is clear that the pair (g, ¢,) satisfies the desired prop-
erties, and hence that our inductive construction is complete. It is equally clear
that

x = {(qn,q,) : n € N}

is a real number. Finally, for each positive integer n we have x € g, ¢},], by Lemma
2.1.10, and therefore x # a,. a

In this proof we used the principle of dependent choice for the first time and
in the informal manner typical of the analyst. So it may be a good idea just once
to show how this informal way of invoking dependent choice can be made more
rigorous and explicit. Accordingly, let

X={(nq,¢'):neN,geQ,¢d €Qq<q}.

Let P be the set of all pairs ((n,q,¢’),(m,r,7")) € X x X such that m =n + 1,
[r,7'] C [g,¢], ¥ —r = %(q'—q), and a, # y for each y € [r,r']. Applying
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the principle of dependent choice, construct a mapping f : N — X such that
f(0) =(1,0,1) and (f(n), f(n+ 1)) € P for each n. Writing

f(n - 1) = (TL, qn—1, q':L—l)
for each positive integer n, we see that

1
[@n, @) C [n-1,00_1], @ —tn = 3 (¢ — n—1)

and a, #y for each y € [qn,q,], as we required.

We now seek a constructive analogue of the classical least-upper-bound princi-
ple. Let S be a set of real numbers. We say that a real number b is an upper bound
of/for S if s < b for all s € S; and that b is the (perforce unique) least upper bound
of S if it is an upper bound and for each x < b there exists s € S such that x < s.
In the latter event we also call b the supremum of S and we denote it by sup S.

The classical least-upper-bound principle implies the law of excluded middle.
To see this, let P be a syntactically well-formed proposition, and consider

S={0tu{zeR:x=1AP},

which contains 0 and is bounded above by 1. If sup S exists, then it is either greater
than 0 or less than 1. In the first case, there exists x € S such that x > 0; whence
x =1 and P holds. In the other case we must have —P.

We define a set S of real numbers to be upper order located if for all rational
numbers a, b with a < b, either x < b for all x in S or else there exists x € S with
a < x. We can now state the constructive least-upper-bound principle, which is also
known as the Dedekind (order) completeness of R.

Theorem 2.1.18. Let S be an inhabited set of real numbers that is both bounded
above and upper order located. Then the least upper bound of S exists.

Proof. Let B be the set of upper bounds for S, and define
€={(¢,)eQxQ:3Is€STIbeB(g<s<b<{)}.

Taken with Lemmas 2.1.10 and 2.1.9, the hypotheses ensure that ¢ is inhabited.
If (¢,q") and (r,7’) belong to &, then there exist s1,s, € S and by, b, € B such
that ¢ < s1 < by < ¢ and r < sy < by < /. Then s1 < by, s0 ¢ < by < 7/
similarly, r < ¢’. By Lemma 2.1.1, there exists a rational number in [q,¢'] N [r,7'].
To complete the proof that £ is a real number, we show that for each rational ¢ > 0
there exists (¢,q") € & with ¢’ — ¢ < . To this end, fix (a,a’) in & If a = &/,
then there is nothing to prove; so we may assume that a < a’. Construct rational
numbers ag = a < a; < az < -+ < a, = a’ such that a; —a;—1 <e/2for 1 <i < n.
Since S is upper order located, either ay € B or else a; < s for some element s
of S. In the first case, (ag,a2) € € and az — ag < . In the second, either a3 € B
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and therefore (a1, a3) € € and az — a1 < €; or else az < s for some element s of X.
Carrying on in this way, since a,, € B we can be sure of finding £ < n — 1 such that
(ag, ar42) € & and ag1o — ax < £. Thus € is indeed a real number.

To show that & is an upper bound for S, consider any (¢, ¢’) in £ and any s in
S. There exists b € B such that ¢ < b < ¢'. For any (r,7’) in s we have r < s, by
Lemma 2.1.10, and therefore r < b; whence r < ¢'. It follows that s < €.

Finally, if x < &, then we can find (g,q’) € € and (r,7’) € x such that ¢ > r'. It
follows from Lemma 2.1.10 that x < 7’ < ¢. By definition of £, there exists s € S
with ¢ <'s; whence x < s, by Lemma 2.1.9. This completes the proof that £ is the
least upper bound for S. O

Let S be a set of real numbers. We say that a real number b is a lower bound
of/for S if b < s for all s € S; and that b is the (perforce unique) greatest lower
bound of S if it is a lower bound and for each x > b there exists s € S such that
x > s. In the latter event we also call b the infimum of S and we denote it by inf S.

Corollary 2.1.19. Let S be an inhabited set of real numbers that is bounded below
and is lower order located in the following sense: for all rational numbers a,b
with a < b, either a is a lower bound for S or else there exists s € S with s < b.
Then the greatest lower bound of S exists.

Proof. Apply Theorem 2.1.18 to the set
T={"s:seS},

which is inhabited, bounded above, and upper order located, to construct its supre-
mum b. Then ~b is the infimum of S. a

We now want to introduce the arithmetic operations on real numbers. Given
real numbers x and y, we need to find the appropriate ways of combining the
rational pairs (representing intervals) that constitute the real number x with those
that constitute y, in order to create the rational pairs that represent x oy, where
o stands for any of the operations +, —, x, +. We begin with the easy definitions of
+ and —, for the moment leaving aside the more complicated ones for x and +.

We define the sum x +y and difference x —y of the real numbers x,y to be,
respectively,
x+y={(s,5):3(q,¢)exI(rr)ey(s=q+rrns =¢ +71")},
x—y={(s,5):3(q,¢)exI(r,r)ey(s=q—rAns =q¢ —1")}.
Let us verify, for example, that x+y is a real number. Let (¢1,q]) € x and (r1,7]) €

y. Certainly, ¢1 +r1 < ¢} +7}. Moreover, given a positive rational number &, we can
arrange that ¢f —q1 < e/2and i —r1 <e/2,80 (1 +7])— (g1 + 1) < €. It remains
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to show that if also (g2,¢4) € x and (r2,r4) € y, then the intervals [g; + r;, ¢; + 7]
(1 =1,2) in Q intersect. This is easy: there exist rational numbers &, n such that
¢ <E< g and r; <n<rf (i =1,2); whence

gG+ri<E+n<qg+r; (i=1,2).
Thus x + y is a real number.
Note that if x <y, then x+z < y + z for all real z; and that x —y = x+ ("y).

In view of the latter, we adopt the normal convention of writing —x instead of ~x.

Lemma 2.1.20. For each real number x there exists a positive integer N such that
max{|q|,|q' |} < N whenever (¢,q') € x and ¢ — q < 1.

Proof. With n as in Lemma 2.1.15, set N =n+ 1. If (¢,¢') € x and ¢’ — ¢ < 1,
then, using Lemma 2.1.10, we obtain

g<x<|x|<n< N

and therefore
¢ <qg+l<n+1=N.

Since (—¢',—q) € —x and |—x| = |x|, we likewise have —¢’ < N and —¢ < N.
Hence |¢| < N and |¢’'| < N, so max{|ql,|¢'|} < N. 0

We next define the product x x y, also written x -y or xy, to be the set of all
rational pairs (s, s’) such that there exist (¢,¢') € x and (r,r’) € y with

s=min{qr,qr’,q¢'r,q'r'}, s = max{qr,qr’,¢'r,q'r'}.

Certainly, s < s’. Using Lemma 2.1.20, compute a positive integer N such that if
(¢,q¢') € x and ¢’ — ¢ < 1, then max{|q|,|¢’|} < N, and such that if (r,7’) € y and
" —r < 1, then max{|r|,|r'|} < N. Given a rational ¢ with 0 < & < 1, choose
(¢,¢") € x and (r,7’') € y such that ¢ — ¢ < ¢/2N and ' — r < ¢/2N. Routine
rational arithmetic calculations show that

s'—s< (¢ —qmax{|r|,|r'|} + (r' — r)max{|q|,|d|} < e.
For i =1,2 let (¢;,q}) € x, (r;,7}) € y, and
§; = min {Qirh(hr;vqgria %/'7"; ) 3; = max {¢;7;, Qﬂ“;, qz{ri,q;%

Pick € in [q1,q1] N [g2,¢5] and 7 in [r1,7]] N [re,75] ;5 it is easy to verify that &n €
[s1,87] N [s2, 5] . This completes the proof that xy is a real number.

When dealing with division, we consider two real numbers x,y with y # 0. In
the case y > 0 we construct a rational pair (s, s’) in the quotient x/y (also written
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;) as follows. We pick (¢q,¢') € x and (r,7’') € y such that r > 0. If ¢ > 0, we set
s=q/r',s =q'/r;if ¢ <0, weset s =¢q/r,s’ =¢/r'. In the case y < 0 we define
x/y to be —((—x)/y). We leave as an exercise the details that x/y is indeed a real
number, and that x(1/x) = 1.

As classically, we say that a sequence (Xn)n>1 of real numbers converges to a
real number X, called the limit of the sequence, if

Ve > 03N Vn 2 N (|Xeo —Xn| < ).

‘We then write
Xy — Xoo 885 I — 0O

or

Xoo = lim x,,.
n—oo

The uniqueness of the limit, and the basic algebraic properties of sequences of
real numbers, will be assumed without proof, since the proofs are virtually the
same as their classical counterparts. However, we should note that the monotone
convergence theorem for sequences,

Every increasing sequence in R that is bounded above (that is, whose terms
form a set that is bounded above) converges,

implies LPO.
By a Cauchy sequence of real numbers we mean a sequence (Xn)n>1 such that
Ve >03aNVm,n > N (|xm —x,| <€).

Every convergent sequence of real numbers is a Cauchy sequence. We now counter
the second major misconception about the constructive nature of R by establishing
its so-called (Cauchy) completeness.

Theorem 2.1.21. Every Cauchy sequence of real numbers converges to a real num-
ber.

Proof. Let (xn)n>1 be a Cauchy sequence of real numbers, and, using countable
choice, compute a function k ~» n; from N to N* such that

Vk VYm,n > ny (|xm — X, < 2_’“) .

Again using countable choice, construct a sequence ((qx, ¢.)) k>1 such that
VE ((ar, 1) € Xn, A G, — ar < 2*’“) }

Define rational numbers

=qe—2" r=q,+27"
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Then for all n > ny,
T < Xp, — 278 <xp < %, +27F < (2.3)
It follows that for all j7 > k,
Xn; € [rj,75] N [re, 7]

k42

Since ), —ry <27 — 0 as k — o0, we conclude that

Xoo = {(r,7}) 1 k> 1}
is a real number. From (2.3) we have x,, € [rg, 7] for all n > ny. It follows that

Vk Vn > ny (\xn — Xoo| <7 =Tk < 27k:+2) .

Noting Lemma 2.1.6, we see that x,, — X, as n — 0. O

We shall see in later chapters that completeness is often used in constructive
mathematics to prove propositions that are immediate consequences of omniscience
principles.

For the remainder of this book we shall drop the use of boldface type to denote
real numbers; it has served its purpose to signal a distinction between a rational
number and a real number (a set of special pairs of rational numbers). We shall also
assume, without further comment, basic properties of real numbers—for example,
22 > 0 for all real z—that can easily be deduced from the foregoing results.

The complex plane C consists of all complex numbers—ordered pairs (x,y) of
real numbers—with addition and multiplication defined by

(z,y)+ (' y)=(@+2",y+9),
!

(z,y) x (¢,y) = (22’ —yy',zy’ +2'y).
The equality and inequality on C are defined by

(,y) = (2"y) =z =a"Ny=y
(z,y) # (@"y) =z #a'Vy#y.

We embed R as a subset of C in the usual way by identifying the real number z with
the complex number (z,0). The pair i = (0,1) then has the special property that
i2 = —1; and every complex number z = (z,y) can be written in the form x + iy,
with real part Rez = x and imaginary part Imz = y. The complex conjugate of
z = x + iy is the number = — iy, denoted by z*. We shall assume basic definitions
and properties of C, such as its completeness, as they are needed. The same goes

for the Euclidean spaces R™ and C™, which are now defined in the standard ways.
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2.2 Metric Spaces

Since we are assuming some familiarity with the classical theory of metric spaces,
in the following we shall emphasise differences between the classical and the con-
structive theory, as well as those constructive properties, such as locatedness, that
play no role in classical analysis. We normally denote the metric on a set X by p.

The definitions of such notions as metric, (metric) subspace, ball, interior, and
cluster point are exactly as in classical analysis; see, for example, [47]. The interior
of a subset S of a metric space X is denoted by S° and is a subset of S; if § = .5°,
then S is said to be open. The set S of cluster points of S is called the closure of
S (in X), and contains S; if S = S, then S is said to be closed in X. If S = X,
then S is dense in in X. This happens if and only if for each z € X and each ¢ > 0
there exists s € S such that p(z,s) <e.

We denote the open and closed balls in X with centre a and radius r > 0 by
B(a,r) and B(a,r) respectively. The inequality on a metric space is defined by

r #y <= p(z,y) > 0.

If Xi,...,X, are metric spaces, with metrics py,..., p, respectively, then the
Cartesian product X = X; x --- x X, is a metric space relative to the product
metric

p=prt+- Tt ppe
We then call (X, p) the product of the metric spaces X1, ..., X,.

As in the classical theory, both X and @ are open, arbitrary unions of open
sets are open, and finite intersections of open sets are open; in other words, the
open sets form a topology on X. Likewise, both X and & are closed, and arbitrary
intersections of closed sets are closed. But we cannot prove that the union of two
closed sets is closed, even in the case X = R and the two closed sets are closed
intervals: both the intervals [—1,0] and [0,1] are closed in R, and their union is
dense in [—1,1]; but if that union is closed, then we have

VeeR (z<0Vzx>0),

a proposition equivalent to LLPO.

Proposition 2.2.1. The logical complement of an open subset S of X is closed in
X, and coincides with the complement of S.

Proof. Given a cluster point a of =S and any point x of S, choose, in turn, r > 0
such that B(z,r) C S, and y € —S such that p(a,y) < /2. If p(a,z) < r/2, then

p(x,y) < pla,z) + pla,y) <,

so y € S, which is absurd. Hence, by Proposition 2.1.8, p(a,x) > 0. Since x € S is
arbitrary, it follows that @ € ~S C —S. Thus =S is closed, and =S C ~S C .S,
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whence -5 = ~S. |

In contrast to the classical situation, we cannot prove constructively that the
complement of a closed subset of R is open (Exercise 9).

The classical definitions of convergent sequence, Cauchy sequence, and complete
metric space carry over unchanged into the constructive setting, as they did in the
special case of the metric space R. A complete subset of a metric space X is closed
in X; and a closed subset of a complete space is complete. Moreover, the product
of finitely many complete spaces is complete.

We now introduce the first of two major themes of metric space theory. Given
e > 0, by an e-approzimation to a subset S of a metric space X we mean an
inhabited subset T" of S such that for each s € S there exists t € T with p (s,t) < e.
If for each € > 0 there exists a finite e-approximation to S, then we say that S is
totally bounded.

The closure of a totally bounded subset of X is totally bounded. If a subset S
of X contains a dense totally bounded set, then S itself is totally bounded. The
product of finitely many totally bounded spaces is totally bounded.

There are at least two reasons why total boundedness is so important in con-
structive analysis. The first is that with its help we can compute suprema and
infima in many important situations. The second is that, coupled with complete-
ness, total boundedness gives the only one of three classically equivalent notions of
compactness that can be used in constructive analysis.

The next lemma enables us to replace “finite” by the weaker “finitely enumer-
able” in the definition of total boundedness.

Lemma 2.2.2. Let € be a positive number, and X a metric space with a finitely
enumerable e-approzimation. Then X has a finite n-approzimation for each n > ¢.

Proof. Let {x1,...,2,} be an e-approximation to X, and let 7 > £. We may assume
that n > 1. Either p(z;,2;) > 0 whenever i # j, or p(z;, ;) < n—¢ for some pair of
distinct indices 4, j. In the former case, {z1,...,x,} is a finite n-approximation. In
the latter case we can delete x; from {x1,...,z,}, to obtain a finitely enumerable
¢’-approximation with ¢’ = €+ p(x;, ;) < 1. Applying this argument at most n—1
times, we arrive at a finite n-approximation to X. |

Corollary 2.2.3. A metric space X is totally bounded if and only if for each e > 0
there exists a finitely enumerable e-approximation to X.

Proof. This is an immediate consequence of Lemma 2.2.2. O

A metric space X is separable if it has a countable dense subset S; an enumer-
ation (:cn)n>1 of S is then called a dense sequence in X. The real line is separable,
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since, by Lemma 2.1.10 and the definition of “real number”, it has QQ as a countable
dense subset.

Proposition 2.2.4. A totally bounded metric space is separable.

Proof. If, for each positive integer n, F,, is a finite 1/n-approximation to the metric

space X, then |J Fj, is a countable dense subset of X. a
n>=1

We now have what is among the most useful of all results about totally bounded
sets.

Proposition 2.2.5. If S is a totally bounded subset of R, then sup S and inf .S
exist.

Proof. We first consider the case where S = {x1,...,2,} is finitely enumerable.
Given real numbers a, b with a < b, we apply Proposition 2.1.8 repeatedly, to prove
that either x < b for each k or else there exists j such that z; > a. It follows from
the constructive least-upper-bound principle that sup S exists.

Now consider the general case. Again let a,b be real numbers with a < b, but
this time write ¢ = (b — a)/2 and construct a finite e-approximation {z1,...,z,}
to S. By the first part of the proof,

o = sup{,]jl,.. .7.Tn}

exists. By Proposition 2.1.8, either ¢ > a or ¢ < a + ¢. In the first case there
exists j such that x; > a. In the second, consider any x € S. Choosing j such that
|z — x| < e, we have

r<rj+lr -z <ot+e<a+2 =0

So in this case, b is an upper bound for S. It follows from Theorem 2.1.18 that sup S
exists. Similar arguments show that inf S exists. a

A mapping f: X — Y between metric spaces is

o sequentially continuous at x € X if for each sequence (sr:n)n>1 that converges in
X to z, the sequence (f(zy)),, converges in Y to f(z);

e sequentially continuous if it is sequentially continuous at each point of X;

e continuous at x € X if for each ¢ > 0 there exists § > 0 such that
p(f(z), f(z") < e for all 2’ € X with p(z,2") < d;

e continuous if it is continuous at each point of X.
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Although sequential continuity is classically equivalent to continuity, the most we
can say constructively is that the latter notion implies the former.

For constructive practice it is frequently necessary to assume the following
stronger continuity property. We say that f : X — Y is uniformly continuous (on
X) if for each € > 0 there exists § > 0 such that for all z,2’ € X, if p(z,2") < 4,
then p (f(z), f(2")) < e. Clearly, uniform continuity implies continuity. Although
in CLASS and in INT every continuous mapping from the bounded closed interval
[0,1] into R is uniformly continuous, since this is not the case in RUSS we cannot
expect to prove it in BISH; see Chapter 3 of [34].

Proposition 2.2.6. If X is a totally bounded space, and [ a uniformly continuous
mapping of X into a metric space, then f(X) is totally bounded.

Proof. Given ¢ > 0, compute § > 0 such that if z,y € X and p(z,y) < 9,
then p(f(z), f(y)) < e. There exists a finite d-approximation {z1,...,x,} to X.
For each z € X pick 4 such that p(z,z;) < . Then p(f(z), f(z;)) < e. Hence
{f(x;),..., f(zn)} is a finitely enumerable e-approximation to f(X). 0

Corollary 2.2.7. Let f be a uniformly continuous mapping of a totally bounded
space into R. Then ran(f) is bounded, and the supremum

sup f(z) =sup{y :y € ran(f)}
zeX

and infimum

inf f(z) = inf {y : y € ran(f)}

of [ ewist.

Proof. This is an immediate consequence of Propositions 2.2.6 and 2.2.5. a

Corollary 2.2.8. If X is a totally bounded metric space, then its diameter,
diam(X) = sup {p(z,y) : 2,y € X},

exists.

Proof. Since the mapping p on the totally bounded product space X x X is uni-
formly continuous, the desired conclusion follows from Corollary 2.2.7. a

We now introduce a second major theme in constructive metric space theory.
An inhabited subset S of a metric space X is located in X if for each x € X the
distance
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p(z,S) =1inf{p(z,s) : s € S}
exists.

We cannot prove the proposition “every inhabited subset of R is located” con-
structively, since it implies LEM. To see this, let P be any syntactically correct
proposition, and

S={0}U{zeR:(x=1)AP}.
1

If S is located, then either p(1,S) > 0 or p(1,S) < 1. In the first case we have —P.
In the second, choosing s € S such that p(1,s) < 1, we see that s ¢ {0},s0s=1
and P holds.

It is hard to overemphasise the importance of locatedness in constructive analy-
sis. To illustrate, we anticipate later sections and chapters by pointing out that
the norm of a bounded linear functional on a normed space exists if and only if
the kernel of the functional is located, and that locatedness plays a vital role in
the separation and Hahn—Banach extension theorems. It is only when we work con-
structively that the significance of locatedness (a property that holds automatically
under classical logic) for the proofs of many existence theorems is revealed.

A subset S of a metric space is located if and only if its closure is located; in
fact, for each x € X we have

p(z,S) = p(,S)

if either side of this equation exists. Note that even if a subset S of a metric space
X is located, we may not be able to prove that its metric complement

—S={zreX:p(z,S) >0}

is located (Exercise 11).
Proposition 2.2.9. A totally bounded subset of a metric space is located.

Proof. Let S be totally bounded in the metric space X. For each z € X the map-
ping s ~ p(z, s) is uniformly continuous on S. It follows from Corollary 2.2.7 that
inf {p(z,s) : s € S} exists. 0

The next two proofs use a technique that will reappear from time to time. We
have a finitely enumerable set {z1,...,2,} of a metric space X, a located subset
S of X, and positive numbers a,b with a < b. We write {1,...,n} as a union of
subsets P, Q) such that

i€ P= p(x;,S) <b,
i€ Q= p(x;,S) >a.

By concentrating on one of those sets, we are able to reach our desired conclusion.
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Proposition 2.2.10. A located subset of a totally bounded metric space is totally
bounded.

Proof. Let S be alocated subset of a totally bounded metric space X, and let £ > 0.
There exists a finite €/3-approximation {z1,...,x,} to X. Using Proposition 2.1.8,
write {1,...,n} as a union of two sets P and @, where p(z;,5) < 2¢/3 if i € P, and
p(x;,S) > ¢/3ifi € Q. For each i € P there exists s; € S such that p(z;, s;) < 2¢/3.
Given s € S, choose i such that p(s,z;) < €/3. Then p(z;,5) < €/3, s0 i ¢ Q;
whence ¢ € P and therefore

€ 2
p(s,8:) < p(s,xi) + p(xi, 8i) < 3T 3 =¢
Thus {s; : ¢ € P} is a finitely enumerable e-approximation to S. a

The next theorem will provide us with a rich supply of totally bounded, and
hence located, subsets of a totally bounded space.

Proposition 2.2.11. Let X be a totally bounded space, xo a point of X, and r a
positive number. Then there exists a closed, totally bounded subset K of X such
that B(xo,r) C K C B(xo,8").

Proof. With F; = {z¢}, we construct inductively a sequence (F},),>1 of finitely
enumerable subsets of X such that

(a) p(z, F,,) < 27"y for each x in B(xo,7),

(b) p(z, F,,) < 2737 for each = in Fy4q.

To this end, assume that Fi,..., F, have been constructed with the appropriate

properties, and let {z1,...,zx} be a 27 "r-approximation to X. Write {1,..., N}
as a union of subsets A and B such that

plxi, F) <273 if i€ A,
p(xi, Fy) > 27" 2 if i € B.
Then
Fopr={z;:i€ A}

clearly satisfies the appropriate instance of (b). Let « be any point of B(zg,r). By
the induction hypothesis, there exists y in F, with p(z,y) < 27"*1r. Choosing i in
{1,..., N} such that p(x,x;) < 27"r, we have

p(l'inn) < p(:cl,y) < p(x’xl) + p(x,y) < 27n+27,.
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Thus i ¢ B, so i € A and therefore x; € F,, 1. Since p(z,z;) < 2~ FD+1r the set
F,+1 therefore satisfies the appropriate instance of (a). This completes the inductive
construction.
Let K be the closure of |J F,, in X. We see from (a) that B(zo,r) C K. On
n>1
the other hand, given x € K and a positive integer n, we can find m and y € Fy,
such that p(x,y) < 27" 47 If m > n, then by (b), there exist points y,, = v,

Ym-1 € Frn_1,..., yn € F,, such that p(y;11,y:) < 273r for n <i < m — 1. Thus
m—1 0
P, F) < p(Wyn) < D p(yiss,ys) < Y273 = 27ty (24)

and therefore

ple, F) < pla,y) + ply, F) < 27" 42704 = p7ntoy,

n
It follows that |J Fj is a finitely enumerable 2" r-approximation to K. Since n
i=1
is arbitrary, we conclude that K is totally bounded.

Finally, taking n = 1 in (2.4), we see that p(y,zo) < 8r for each y in |J Fp;
n>1

whence K C B(xo, 87). O

Corollary 2.2.12. If X is a totally bounded space, then for each € > 0 there exist

totally bounded sets K1, ..., K,, each of diameter less than or equal to €, such that
n
X=UK;.
i=1
Proof. Given ¢ > 0, construct an /16-approximation {z1,...,z,} to X. By Propo-

sition 2.2.11, for each ¢ in {1,...,n} there exists a closed, totally bounded set K;
such that B (x;,e/16) C K; C B (z;,¢/2). Clearly, X = |J K;. Also, p(z,y) < ¢
i=1

=

for all z,y in K;, so diam (K;) < e. a

A property P, applicable to certain elements of a set .S, is said to hold for all
but countably many x in S if there exists a sequence ()5, in S such that P(z)
holds whenever = € S and x # x,, for each n. The sequence (xn)n>1 is then called
the excluded sequence, and the elements x such that x # x,, for each n are said to
be admissible, for the property P.

Theorem 2.2.13. Let f be a uniformly continuous mapping of a totally bounded
metric space X into R. Then for all but countably many r € R the set

X(fyr)y={zeX: f(zx)<r}

1s either totally bounded or empty.
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Proof. By Corollary 2.2.12, for each positive integer k there exist a positive integer
ny and totally bounded sets X ; (1 < j < ng), each of diameter less than 1/k,
whose union is X. Define the excluded sequence (rn)n>1 to be an enumeration of
the real numbers

ek =inf{f(z):x € Xp;} (k>1; 1<j<nyg).

(Note that the numbers ¢, ; exist in view of Corollary 2.2.7.) Let r # r,, for each n.
If ¢, ; > r for 1 < j < ny, then X (f,7) = @. So we may assume that there exists
v < ng such that ¢ ; <7 for 1 < j <v,and ¢, > r for v < j < ng. For each
j < v choose z ; € Xj ; such that f(xx ;) < r. For all such k,j and all z € X ;
we have

p(z,z ;) < diam (X ;) < (2.5)

T =

Consider any z € X(f,r) and any positive integer k. Choose j with 1 < j < ny
and z € X ;. Then ¢, ; < f(z) < r, 50 ¢ ; < r (since cg; # r) and therefore
j <v.By (2.5), p(x,z,;) < 1/k. Hence {z); : 1 < j < v} is a finitely enumerable
1/k-approximation to X (f,r). Since k is arbitrary, it follows that X (f,r) is totally
bounded. O

A complete, totally bounded metric space X is said to be compact. The bounded
closed intervals [a,b] in R, and the closed balls in C, are compact; the product of
finitely many compact spaces is compact. A compact subset of a metric space is
both closed and (by Proposition 2.2.9) located; and a closed, located subset of a
compact space is compact (see Proposition 2.2.10).

Corollary 2.2.14. Under the hypotheses of Theorem 2.2.13, if X is compact, then
X (f,r) is either compact or empty for all but countably many r € R.

Proof. In view of Theorem 2.2.13, it suffices to note that, by the uniform continuity
of f, the set X(f,r) is closed in X, and therefore complete, for each admissible 7.
O

We say that two subsets S, T of a metric space X are apart from each other, and
we write S > T, if there exists r > 0 such that p(s,t) > rforalls€ SandteT. A
mapping f : X — Y between metric spaces is said to be strongly continuous if for
all subsets S, T of X with f(S) > f(T') we have S > T. It is simple to show that
uniform continuity implies strong continuity. The following partial converse will be
used shortly.

Proposition 2.2.15. Let f be a strongly continuous mapping of a metric space X
onto a totally bounded metric space Y. Then f is uniformly continuous.
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Proof. Given e > 0, construct an ¢/8-approximation {f(z1),..., f(z,)} to Y, and
define
Yi=B(f(x:).5), Xi=[f"'(Y)
Write {(4,7) : 1 <4,j < n} as the union of subsets P and @ such that
. 3e
(1,7) € P = p(f(w:), f(z;)) < R
. €
If (i, ) € P, then, by the triangle inequality, p (f(x), f(z')) < € for all z,2" € X. So

we may assume that there exists (i,j) € Q. For such (¢, 7) and any element (y,y’)
of Y; x Yj, since p (f(x;),y) < e/8 and p (v, f(z;)) < €/8, we have

Py ') > p(Fl@), Fl@)) = p (Fl@i)y) = p (s Fla) > =

Hence Y; < Y;. The strong continuity of f now yields X; > X;; whence there exists
ri; > 0 such that p (z,2") > r; ; for all z € X; and 2’ € X. Let

d=min{r;; : (i,j) € Q} >0,

and consider points x, 2’ of X with p (z,2’) < §. Choose 4, j such that f(z) € Y; and
fly) € Y;. If (i,)) € Q, then p(x,2') > r; ; > 0, a contradiction. Hence (i,7) € P;
so p (f(z;), f(x;)) < 3e/4 and therefore p (f(x), f(z)) < e. 0

A mapping f : X — Y between metric spaces is said to be strongly injective,
or a strong injection, if it is one-one and the inverse mapping is strongly continuous;
in other words, if for all subsets S, T of X with S > T we have f(S) v f(T'). Every
strongly injective mapping is injective.

The following is a constructive substitute for the classical theorem that a contin-
uous one-one mapping of a compact metric space into a metric space has compact
range and a continuous inverse (a theorem that is false in RUSS).

Proposition 2.2.16. Let f be a uniformly continuous strong injection of a com-
pact metric space X into a metric space Y. Then f~! is uniformly continuous and
strongly injective on f(X), and f(X) is compact.

Proof. The mapping f~! : f(X) — X is strongly continuous, and X is totally
bounded. Hence, by Proposition 2.2.15, f~! is uniformly continuous on f(X). Since
f is uniformly continuous and hence strongly continuous, f~! is also strongly injec-
tive. By Proposition 2.2.6, f(X) is totally bounded; so it remains to prove that it
is complete. Accordingly, let (f(xn))n21 be a Cauchy sequence in f(X). Using the
uniform continuity of f~1, we see that (n),>, is a Cauchy sequence in X. Since
X is complete, (xn)n>1 converges to a limit 7 in X. Finally, since f is continuous,

(f (zn)),>, converges to f(z) in f(X). 0
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Let K(X) denote the set of all compact subsets of a compact metric space X.
For all A, B € K(X), since the map = ~ p (z, B) is defined (B being located) and
is uniformly continuous on A, the number

ma,p =1inf{p(z,B):x € A}

exists, by Corollary 2.2.7. Likewise, mp 4 exists. It is left as an exercise to show
that the mapping
(A, B) ~ max{ma p,mp a}

from K(X) x K(X) into the nonnegative real line

R0+:{x6R:x>O}
is a metric—we call it the Hausdorff metric—with respect to which the space K(X)
is compact.

An inhabited metric space X is said to be

» locally totally bounded if each bounded subset of X is contained in a totally
bounded subset;

» locally compact if it is both locally totally bounded and complete.

Every compact space is locally compact. The spaces R and C, and the product
spaces R™ and C", are locally compact. A metric space X is locally compact if and
only if every bounded subset of X is contained in a compact set.

The following lemma prepares the way for our next theorem, which deals with
certain fundamental properties of a locally totally bounded space.

Lemma 2.2.17. Let Y be a located subset of a metric space X, and T a totally
bounded subset of X that intersects Y. Then there exists a totally bounded set S
such that TNY C S CY.

Proof. Using Theorem 2.2.13, construct a sequence (au,),>1 such that for each
positive integer n, 0 < a,11 < @ < 1/n and

T,={zeT:px,Y)<a,}

is totally bounded. Let F,, be a finite 1/n-approximation to T, and construct a
mapping ¢,, : F,, — Y such that p(z, ¢,,(x)) < 1/n for each x € F,,; then set

Sp={¢,(z):x € F,}.

Let S be the closure of |J S, in Y. We show that Sy is a 3/N-approximation to
n>=1
U Sk- Let k > N and y € Si. Then y = ¢,(z) € Y for some = € Fj. Since
k>N
Fy, C T, C Ty, there exists z € Fyy such that p(z,z) < 1/N; whence
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1 1 1

Py, On(2) < p(di(2),2) + pla, 2) + pl2,0n(2)) < T+ 7 + 7 <

3
N N N
N
We now see that (J S is a 3/N-approximation to |J S,.So |J Sy, and therefore

k=1 n>1 n>=
S, is totally bounded.

—

If x € TNY, then for each n we have x € T},; so there exists z € F;, such that
p(z,z) < 1/n and therefore p(z, ¢,,(2)) < 2/n. Thus p(z, S) < 2/n for each positive
integer n. Since S is closed in Y, it follows that « belongs to S. a

Proposition 2.2.18. Let Y be an inhabited subset of a metric space X.

(a) If Y is locally totally bounded, then it is located.
(b) If X is locally totally bounded and 'Y is located, then'Y is locally totally bounded.

Proof. Assume first that Y is locally totally bounded. Let yp € Y and = € X. The
set

B={y €Y :p(y,yo) < 2p(z,y0) + 1},
being bounded in Y, is contained in a totally bounded subset K of Y. By Theorem
2.2.13, there exists r > 2p(x, yo) + 1 such that the set

I'={yeK:p(yy)<r}

is totally bounded and hence located. Then p(z,T) < p(x,yo) < p(x,y0) + 1, so for
each y in Y, either p(z,y) > p(x,T) or p(z,y) < p(x,yo) + 1. In the latter case,

p(y,y0) < plx,y) + p(r,0) < 2p(z,90) +1 <1,

so y € T and therefore p(x,y) > p(z,T). It follows that p(z,Y) exists and equals
p(x,T). Thus Y is located.

Now assume that X is locally totally bounded and that Y is located in X.
Let B be a bounded subset of Y. Then there exists a totally bounded subset T'
of X such that B C T. By Lemma 2.2.17, there exists a totally bounded subset S
of Y such that TNY C S and therefore B C S. Thus Y is locally totally bounded. O

2.3 Normed Linear Spaces

Let K stand for either R or C, and let X be a linear space over K. An inequality
relation # on X is said to be compatible with the linear structure on X if for all
x,y € X and all t € K|
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r#y<=x—y#0,
r4+y#0= #0Vy#0, and
tr #0 = t#A#0Ax #0.

It readily follows from the first of these properties that

rFxy=VzeX@x+z#y+2z).

The requirement of compatibility between the inequality and the linear structure
is a natural one and is automatically fulfilled by the denial inequality under classical
logic. Constructively, it is certainly true that the denial inequality fulfils the first of
the three requirements for compatibility; but unless we accept Markov’s principle
we cannot expect to prove that it satisfies the second or the third. In the case
X =K the standard inequality is compatible with the linear structure.

From now on, unless we state otherwise, when we refer to a linear space we
mean one that is equipped with a compatible inequality. Let X be such a space.
By a seminorm on X we mean a mapping || || :  ~ ||z|| of X into R°T such that
for all z,y in X and all ¢ in K,

o Jzll >0= 2 #0,
o [ta]l = [¢] 2] , and

o lz+yll <lzll+lyl-

We call the pair (X, || ||)—or, when no confusion is likely, just X itself—a semi-
normed (linear) space over K. We say that the seminormed space X is real or
complex, depending on whether K is R or C. If z € X and ||z|| > 0, then z is called
a nonzero vector; if ||z|| = 1, then z is called a unit vector. We call the seminormed
space X nontrivial if it contains a nonzero vector.

If the inequality on the seminormed space X satisfies
x#0<|z| >0, (2.6)

then we call || || a norm on X, ||z| the norm of the vector x, and (X, | ||)—or just
X—a normed (linear) space over K. Note that every seminorm || || on a linear space
X induces an inequality relation—mnamely, the one defined by (2.6)—with respect
to which || || becomes a norm.

Let X be a normed space. Then the mapping (z,y) ~ ||z — y|| of X x X into
R is a metric on X, and is said to be associated with the norm on X. When
we consider X as a metric space, it is understood that we are referring to the
metric, usually denoted by p, associated with the given norm on X. Note that the
inequality corresponding to the metric associated with the norm on X is just the
original inequality on X.

The unit ball of X is the closed ball with centre 0 and radius 1,
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Bx = Bx(0,1)=B(0,1) ={z € X : |z]| < 1},

relative to that metric. This ball, like any open or closed ball in a normed space, is
located.

It is a simple consequence of the triangle inequality that
izl =yl < llz =yl

for all vectors x,y in a normed space X. It follows from this that if a sequence
(Zn)n>1 converges to a limit 2 in X, then the sequence (||z,]),, 5, converges to ||z||
in R.

Perhaps the simplest examples of a norm are the following ones on K™:

(@1, xn) ~ max {|x1], ..., |zal},

(@1, 30) ~ A | -+ [zl

(T1,. .y Tpn) ~ 1|+ + |xn].

The second of these is called the Fuclidean norm on K™, which, when equipped
with that norm, is called Fuclidean n-space or simply FEuclidean space.

If S is a compact metric space, then for each uniformly continuous map f :
S — K the sup norm

[fII = sup{|f(z)] : = € S}

is well defined, by Corollary 2.2.7. It is easy to see that the mapping f ~ ||f|| is
a norm on the space C(S,K) of uniformly continuous functions from S to K, taken
with pointwise operations of addition and multiplication-by-scalars. We usually
denote C(S, C) by C(5). Convergence and Cauchyness with respect to the sup norm
on C(S,K), where S is a compact metric space, are called uniform convergence and
uniform Cauchyness respectively. The space C(S,K) is an example of a Banach
space: that is, a complete normed space. The standard proof of this in classical
analysis is constructive, and is left as an exercise. The Euclidean space K™ is also
a Banach space.

Let X3, X5 be normed spaces over K, and recall that the standard operations of
addition and multiplication-by-scalars on the product vector space X = X; x X5
are given by

(56171‘2) + (56,1793/2) = (931 +'rl17 T2 +x/2)7

t(l‘l,.’L‘g) = (tl‘l,tl‘g) s
where z; € X;, 2} € X;, and t € K. It is easy to verify that the mapping
(21, 22) ~ max {||z1]], [|z2 }

is a norm on X, and that the metric associated with this norm is the product metric
on X (considered as the product of the metric spaces X; and Xs). Taken with this
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norm, which we call the product norm, X is known as the product of the normed
spaces X1 and Xs5. The product norm and the product space for a finite number of
normed spaces are defined analogously.

The proof of the following is left as an exercise.
Proposition 2.3.1. Let X be a normed space over K. Then

(a) the mapping (x,y) ~ = + y is uniformly continuous on X x X;

(b) for each t € K the mapping x ~ tx is uniformly continuous on X;
(c) for each x € X the mapping t ~> tx is uniformly continuous on K;
(

d) the mapping (t,z) ~ tx is continuous on K x X.

If X is a normed space and S is a linear subset of X, then the restriction to
S of the norm on X is a norm on S; taken with this norm, S is called a normed
linear subspace, or simply a subspace, of X. It is left as an exercise to show, from
Proposition 2.3.1, that the closure of a subspace in X is also a subspace of X.

Recall that a mapping u between vector spaces X, Y is linear if
u(z +y) =u(r) +uly) and u(tz) = tu(z)
whenever z,y € X and ¢t € K. For example, the mapping z ~» Ax on K", where A
is an n-by-n matrix over K, is linear.

If X =Y, then we refer to a linear map u : X — Y as an operator on X. On
the other hand, if Y = K, then w is called a linear functional on X.

Continuous linear mappings between normed spaces are the backbone of func-
tional analysis. In order to characterise these maps, we need a simple lemma, whose
proof is left to the reader.

Lemma 2.3.2. For each element x of a normed space X,
x||_1nf{| tekK, t#0, ||tx||<1}.

Proposition 2.3.3. The following are equivalent conditions on a linear mapping
of a normed space X into a normed space Y :

(a) u is continuous at 0.
(b

u is continuous on X.

(¢) u is uniformly continuous on X.

)
)
)
)

(d) u(Bx) is a bounded subset of Y.
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(e) u maps bounded subsets of X to bounded subsets of Y.

(f) There exists a positive number ¢, called a bound for u, such that ||u(z)|| < c||z||
forall x € X.

Proof. Suppose that u is continuous at 0. Then there exists r > 0 such that
[u(x)|| = lu(z) —u(0)] <1

whenever ||z|| < r. For each nonzero ¢t € K with |[tz|| < 1 we have ||rtz| < r and

therefore 1

1
lu(@)ll = T Tutrta)ll < e

It follows from Lemma 2.3.2 that [[u(z)|| < & ||z for all # € X. Hence (a) implies
(£)-
It is clear that (f) = (e¢) = (d). Next, suppose that there exists ¢ > 0 such

that ||u(z)|| < ¢ whenever ||z|| < 1. Given z in X and € > 0, we have either z # 0
or ||z|| < e. In the first case,
(1°)
ul| —x
[l

lu(@)[| < ce < (]l +€).

[u(z)]] = [l=|

| <clal.

In the second, Hu (5’1x) || < ¢, so

Thus ||u(z)|| < c(||z|| + ¢) in each case. Letting € — 0, we obtain |lu(z)|| < c||z||.
Thus (f) holds. We now have

[u(z =yl <cllz =yl (z,y € X),

from which it follows that w is uniformly continuous on X. Thus (d) = (f) =
(c)-

Finally, it is immediate that (c) = (b) = (a). O

In view of property (e) of Proposition 2.3.3, we refer to a continuous linear
mapping between normed spaces X, Y as a bounded linear mapping. In the cases Y =
X and Y = K, we use the terms bounded operator and bounded linear functional,
respectively.

Bounded linear functionals are associated with linear subsets that, in the case
of a general normed space, correspond to planes in three-dimensional geometry.

A linear subset H of a normed space X is called a hyperplane if there exist an
associated vector xg € X and a positive number ¢ such that
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> |lx — zo|| = ¢ for each z € H, and

> each z € X is represented (perforce uniquely) in the form x = txg + y with
teKandye H.

Recall that the kernel of a linear mapping u between linear spaces X,Y is the

set
ker(u) = u~' (0).

We say that u is nonzero if there exists € X such that u(z) # 0. If u is a nonzero
bounded linear functional, then ker(u) is a hyperplane. To see this, choose xg € X
such that u(xzg) = 1, and then (by Proposition 2.3.3) ¢ > 0 such that ¢ |u(z)| < ||z||
for each z € X. If x € ker(u), then

|z = zoll = clu(z — z0)| = clu(x) — u(zo)| = c.
On the other hand, for each x € X we have
= u(x)vo + (r — u(x)x0) ,

where u(z) € K and = — u(x)zg € ker(u).

Proposition 2.3.4. Let X be a normed space, and H a hyperplane in X with
associated vector xg. Then there exists a unique bounded linear functional u on X
such that ker(u) = H and u(zo) = 1.

Proof. Compute ¢ > 0 such that ||z — x| > ¢ for each z € H. For each z € X

there exist unique u(z) € K and ¢(x) € H such that © = u(x)xg + ¢(z). By the
uniqueness, u(zo) = 1 and H = ker(u). Moreover, for each £ > 0 we have either

1
(@)l < —flzll +e (2.7)
or else u(z) # 0. In the latter case we have

2]l = Ju(z)]

) H > Ju@) e

from which we see that (2.7) holds. Since € > 0 is arbitrary, we conclude that 1/c
is a bound for u. O

Ifu: X — Y is a bounded linear mapping between normed spaces and
l[ull = sup {Jlu(z)] : z € X, [lz]| <1} (2.8)

exists, we call this number the norm of v and we say that u is normed or normable.
In that case,



2.3 Normed Linear Spaces 53

(@)l < llulllz] - (z € X),

and if X is nontrivial, then

[ull = sup {{lu()]| - 2 € X, [z =1} .

Although there is no general criterion for the existence of the norm of a bounded
linear mapping between normed spaces, such a criterion—and a very useful one at
that—exists for bounded linear functionals. Our proof depends on a preliminary
lemma.

Lemma 2.3.5. Let u be a bounded linear map of a normed space X into a normed
space Y. Then ker(u) is located if and only if
sy =inf{t:t >0, u(x) € tu(Bx)} (2.9)

exists for each x € X. Moreover, if u(x) # 0, then s, > 0.

Proof. For each x € X we have

{t>0:3y € ker(u)([lz —yll < 1)}
={t>0:32€ X (||| <1and u(x—tz) =0)}
={t>0:u(x) € tu(Bx)}.

The first part of the lemma now follows, since p (z,ker(u)), if it exists, equals the
infimum of the first set, whereas s,, if it exists, equals the infimum of the third.

Now let u(z) # 0, and choose r > 0 such that if y € X and ||y|| < 7, then
lu(y)| < |u(x)|. Supposing that s, < r, we can find a positive ¢ < r and an element
z of Bx such that u(z) = tu(z) = u(tz); but ||[tz]| < 7, so |u(tz)| < |u(z)|, a con-
tradiction. Hence s, > r. O

Proposition 2.3.6. A nonzero bounded linear functional on a mnormed space is
normed if and only if its kernel is located.

Proof. Let u be a nonzero bounded linear functional on the normed space X. Sup-
posing first that w is normed—in which case |Ju|| > 0—consider any a € X. For
each y € ker(u) we have

o ula—y)l  fua)]
lo=sll > =™ = Tl

On the other hand, if 0 < ¢ < |lul| and we choose a unit vector € X such that
u(z) > |lul| — &, then
u(a)

z=a— mm € ker(u)
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and

ju(a)| _ Juta)|
w(@)  lull —e
Hence p(a,ker(u)) exists and equals |u(a)| /||u| . Since a € X is arbitrary, ker(u)
is located.

la— 2| =

Conversely, if ker(u) is located, then by Lemma 2.3.5,
s=inf{t >0:1 € tu(Bx)}

exists and is positive. We show that ||u|| = 1/s. For each © € Bx we have either
u(z) < 1/s or u(x) # 0; in the latter case,

|u<x>xH o

= ()

so 1/ |u(z)] > s and therefore |u(z)| < 1/s. Thus 1/s is a bound for u. On the
other hand, given ¢ with 0 < e < 1/s, choose t < s/ (1 —es) and « € Bx such that
1 = tu(z). Then u(z) = 1/t > 1/s — . It now follows that ||u| exists and equals
1/s. O

and

We cannot expect the norm of a normed linear functional v to be attained at
some vector in the unit ball of the domain space. For a certain important class of
spaces, though, attainment of the norm does occur.

A normed space X is said to be uniformly convez if for each £ > 0 there exists
6 with 0 < § < 1 such that if z,y are unit vectors in X with H% (x+ y)H >1-9,
then ||z —y|| < e. Every linear subspace of a uniformly convex normed space is
itself uniformly convex.

Proposition 2.3.7. If u is a nonzero normed linear functional on a uniformly
convexr Banach space X, then there exists a unique unit vector x € X such that
w(z) = [|ull.

Proof. Construct a sequence (z,,),,, of unit vectors in X such that u (z,) — ||ull
as n — 00. Given ¢ > 0, choose § > 0 as in the definition of “uniformly convex”.
Since 1 — 4 < 1, there exists a positive integer N such that (1 —3) ||lu|| < u(z»)
for all n > N. For m,n > N we then have
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1 1
Jull |3 -+ > § fuCen +.20)
1
2 u(Tm) — 5 [w(zm — 24
1

> () — & (ol — ) — 5 (Jull -~ u(e)
> (1) ull = § bl =
— (1 0) Jul

Hence || 3 (#m + 2n)|| > 1—6 and therefore ||z, — 2| < €. Since € > 0 is arbitrary,
we conclude that (xn)n>1 is a Cauchy sequence. It therefore converges to a limit z

in the complete space X. By the continuity of the norm and of u, we have ||z|| =1
and u(z) = ||ull .
Now let y be any unit vector such that u(y) = |Ju|| = u(z). For each positive

integer n define z5,_1 = = and z5, = y. Then (zn)n>1 is a sequence of unit vectors
such that u(2,) — |[|ul|; so, by the first part of the proof, (2;),5, converges to a
unit vector, which clearly must equal both z and y. Hence = = y. O

We next present an important construction of new normed spaces from old.
Let Y be a located subspace of a normed space X, and define new equality and
inequality relations on X by

r=x;ya <= plx—2Y)=0,

r#x)y ' = plx—2,Y)>0.
Taken with this equality relation, X becomes the quotient space of X by Y, and is
usually redesignated X/Y. The identity (linear) mapping = ~» z from the original

normed space X into X/Y is then called the canonical injection ix/y of X onto
X/Y.IfY is also closed in X, then

Hx”)(/y =p(z,Y)

defines a norm—the quotient norm—on X/Y. Since ||z| y,y < [l — 0] = [[z], the
canonical injection ix,y is a bounded linear mapping.

Note that the locatedness of Y is essential for the definition of the equality,
inequality, and norm on X/Y.

Proposition 2.3.8. If Y is a closed, located subspace of a Banach space X, then
the quotient space X/Y is a Banach space.

Proof. Given a Cauchy sequence (z,,)n>1 in X/Y, choose a strictly increasing se-
quence (ng)r>1 of positive integers such that
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[ Znie = ﬂU"kHX/Y <27" (k>1).

Setting y; = 0, we construct inductively a sequence (yk)k>1 in Y such that for each
k

[ @ngeps = Y1) = (@n, —n)|| <275, (2.10)
Indeed, having constructed elements y1, ...,y of Y with the applicable properties,
we have

inf{”xnk“ — (Tn, —yr) — yH RS Y} = Hxnk+1 — Ty, HX/Y <27k,

so there exists yr+1 € Y such that (2.10) holds. We now see from (2.10) that
(Tny, — Yk) k>1 18 Cauchy sequence in the Banach space X; whence it converges to
a limit z in X. We then have

2, = 2llx/y = 12, =2 = 4kllx)y < N(@np —yx) = 2 — 0 as k — oo.

Thus the Cauchy sequence (xn)n>1 in X/Y has a subsequence that converges in
X/Y. It follows that the sequence (z,),,, itself converges in X/Y. O

Normed spaces form the natural abstract context for infinite series. Given a
sequence (xp)n>1 of elements of a normed space X, we define the corresponding

oo n
series Y. Ty to be the sequence (s, )n>1, where s, = > x, is the nth partial sum
n=1 k=1

o0
of the series. The series Y x,, is said to be
n=1

> convergent if the sequence (sy)n,>1 converges to a limit s in X, called the sum
of the series;

o0
D> absolutely convergent if the series > ||z, || is convergent in R.

n=1

o0
In the first case we write > z, = s.
n=1

If (an)T121 and (bn)n21 are sequences of real numbers such that 0 < a,, < b, for

o0 o0

each n, and if Y b, converges, then Y a, converges (the comparison test). For,
n=1 n=1

given € > 0, since the partial sums of a convergent series form a Cauchy sequence

we can find N such that i
0< Z b, < e
n=j

k
whenever k£ > j > N. For all such j, k we then have 0 < )" a; < . So the partial

n=j

o0
sums of Y a, form a Cauchy sequence, which converges by the completeness of R.
n=1
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A particular case of this occurs when b,, = r™ for some fixed r with |r| < 1: in that

r

o0 oo
case, »_ by, is a geometric series, and ) a, converges to a sum at most .

n=1 n=1

We shall resume consideration of normed spaces in Chapter 4.

Exercises

1. Prove that two real numbers x and y are equal if and only if x Uy is a real
number. (This is not a typographical error: remember, a real number is actually
a set.)

2. Prove the following for real numbers x, y, z:

r>y—zxc+z>y-+z,
(x>0Ay>0)= zy >0,
2y#£0= (x #£0Ay #0).

3. Prove that for all 2,y € R the sets max {z,y} and min {z, y} are real numbers;
that min {z,y} < ¢ < max {x,y}; that x = min {z, y} if and only if z < y; and
that * = max {x,y} if and only if z > y. Prove also that max {x,y} < ¢ if and
only if x < € and y < ¢; that max {z,y} < ¢ if and only if z < £ and y < ¢; and
that max {x,y} > z if and only if either z > z or y > z.

4. Prove that |z| = z if and only if > 0, and that |z| = —« if and only if z < 0.
Prove also that |z| < y if and only if —y < « < y, and that |z| < y if and only
if —y <z <y.

5. Prove Archimedes’ aziom in the following form: If z > 0 and y > 0, then there
exists an integer n such that nxz > y.

6. Let x,y be real numbers with y # 0. Prove that z/y is a real number and that
y/y=1.

7. Prove that the statement
VeeR(-(z=0)=—= Ty eR(zy=1))
implies Markov’s principle.

8. Prove that the mapping (z,y) ~» = + y is a function on R x R, and that
it is strongly extensional. Prove analogous results for the mappings = ~~
—Z, (%y) ~ 2y, (Z‘,y) ~ l‘/y (fOI‘ Y 7é 0)7 T ~ "/I:|7 (xay) ~ min{m7y}7
and (x,y) ~ max {z,y} .



58

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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Give Brouwerian examples to show that each of the following statements is
essentially nonconstructive:

(a) If S C R is closed, then ~S is open in R.
(b) If S C R and ~S is open, then S is closed in R.

Let X be a separable metric space. Prove that (i) dense subsets and (ii) located
subsets of X are separable.

Show that the statement “the metric complement of every located subset of R
is located” implies the weak law of excluded middle (WLEM), =P V ——P.

Prove that the closure of a totally bounded subset of a metric space X is totally
bounded, and that if a subset S of X contains a dense totally bounded set, then
S itself is totally bounded.

Prove Corollary 2.2.8 directly, without using Proposition 2.2.5, Proposition
2.2.6, or Corollary 2.2.7.

Let h be a mapping of a metric space into a totally bounded space X such that
f o h is uniformly continuous for each uniformly continuous map f: X — R.
Prove that h is uniformly continuous.

Let h be a mapping of a compact metric space X into a metric space Y such
that f o h is uniformly continuous on X for each uniformly continuous mapping
f Y — R. Prove that h is uniformly continuous if and only if its range is
totally bounded. Prove also that if Y is locally compact, then A is uniformly
continuous.

Let a < b, and let S, T be inhabited open subsets of R such that [a,b] C SUT.
Prove that S NT is inhabited.

Let f : [a,b] — R be sequentially continuous, with f(a) < f(b). Prove that
the range of f is dense in [f(a), f(b)].

Let I be a bounded interval, and f : I — R an increasing sequentially contin-
uous function. Prove that f is uniformly continuous on I.

Let S be a dense subset of a metric space X, and f a uniformly continuous
mapping of S into a complete metric space Y. Prove that f has a uniformly
continuous extension to a mapping of X into Y'; that is, a uniformly continuous
mapping F': X — Y such that F(z) = f(z) for all z € S.

Prove that the Hausdorff metric on the set (X)) of compact subsets of a com-
pact metric space X is indeed a metric, and that (X)) is complete with respect
to it. Why do we need the sets to be compact in order to be sure that p defines
a metric?
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22.

23.

24.

25.

26.

27.

28.
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Let X be a compact metric space, K(X) the compact metric space of all compact
subsets of X (see the preceding exercise), and & the set of all pairs (z, K) where
K € K(X) and z € K. Define a metric d on £ by

d((xvK) ) (.Z‘I,K/)) = p(wvxl) + p(K7 KI)7
where the second p on the right-hand side denotes the Hausdorff metric on

K(X). Prove that £ is compact with respect to this metric d.

Let X be a metric space, and (Kn)n>1 a decreasing sequence of compact subsets

of X whose diameters converge to 0. Prove that (] K, is compact. Does the
n>1
conclusion hold without the hypothesis that the diameters converge to 07

Under the hypotheses of Corollary 2.2.14, prove that if » € R is admissible and
€ > 0, then there exists ¢ > 0 such that for each admissible v’ with |r — /| < §,

p(X(f,r), X(f,1')) <e,
where p is the Hausdorff metric on K£(X).

Give a Brouwerian example to show that we cannot drop the condition “for all
but countably many” from the conclusion of Theorem 2.2.13.

Prove that the product of finitely many (locally) compact metric spaces is
(locally) compact.

Let f be a mapping from a metric space (X, p) into R with the following prop-
erties:

(a) the set X (f,r) is compact for certain arbitrarily large real numbers r;
(b) f is uniformly continuous on each of the sets X (f,r).

Define a new metric p, on X by
po (@) = p(z,2") +|f (@) = f ()] (,2" € X).

Prove that (X p,) is a locally compact metric space.

Let S be a located subset of a locally compact metric space (Y, p) such that
X = —S is inhabited. Let the mapping h : Y — R be uniformly continuous
on each bounded subset of Y, and such that the set Y (h,r) is bounded for
cach r € R. Prove that the mapping f : & ~ h(z) + p(z,S)"" on X satisfies
conditions (a) and (b) of the preceding exercise.

Let X be a uniformly convex Banach space, and u a normed linear functional
on X. Prove that for any two distinct unit vectors z,y in X either |u(z)| < ||ul|
or |u(y)| < ||u|l. (This is a strong form of the uniqueness result in Proposition
2.3.7.)
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29. Prove Proposition 2.3.1.

30. Prove Lemma 2.3.2.

Notes

In view of our earlier remarks on the status of the power set, it may seem strange, if
not perverse, to define a real number as a set. We do not believe that our definition
will give rise to any logical problems, since in practice a real number is likely to
be given explicitly by interval approximations, rather than by any appeal to the
existence of the full power set of Q x Q. In fact, many, if not most, real numbers
will actually arise as limits of sequences of rational approximations, from which it
is straightforward to construct a set of the type required by our definition of “real
number”.

Bishop defined a real number to be a sequence (zn)n>1 of rational numbers
that is regular in the sense that |x,, — x,| < 1/m + 1/n for all m and n, two such
sequences (zp), 5, and (yn),s; being called equal if |z, —y,| < 2/n for each n.
For an axiomatic development of R see [19].

For us, # normally has a stronger meaning than the denial of equality. Some au-
thors, notably the intuitionists, use # instead of # to denote an inequality relation,
and # to denote the denial inequality.

Bishop originally used the word “continuous” to describe mappings that are
uniformly continuous on compact sets. While this gets round the independence
of the uniform continuity theorem relative to BISH, it has the disadvantage that
we cannot prove that the composition of continuous functions is continuous, since
the image of a compact set, although totally bounded, cannot generally be proved
complete. (To be more precise, in RUSS there is a uniformly continuous mapping of
[0,1] onto (0, 1].) In a later, unpublished manuscript, The neat category of stratified
spaces, Bishop introduced the notion of a compact image: a subset of a metric
space that is the image of a compact metric space under a uniformly continuous
mapping. He then defined a mapping f : X — Y between metric spaces to be
continuous if it is uniformly continuous near each compact image, in the following
sense: for each compact image S C X and each € > 0 there exists § > 0 such
that p(f(z), f(z')) < e whenever z € X,z’ € S, and p(z,z") < §. Compositions of
functions that are continuous in this sense are continuous; but the interval (0, 1] is
a compact image in RUSS, so we cannot prove that the mapping « ~~ 1/x on (0, 1]
is uniformly continuous near compact images. It seems that without Brouwer’s fan
theorem (see Chapter 5 of [34]), it is impossible to come up with a definition of
“continuous” in BISH, other than the usual one of “pointwise continuous”, that
will satisfy all the conditions that one might wish for. For more on this, see [81]
and [89].
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In this connection, Bishop’s statement that “The concept of a pointwise contin-
uous function is not relevant” ([9], pages ix—x) no longer seems appropriate: there
are instances—for example, in the theory of operators between Banach spaces—
where sequential convergence is both useful and the best we can hope to prove
within BISH; see Chapter 6.

Some authors remove the word “inhabited” from the definitions of “located” and
“totally bounded”, thereby allowing the empty set to be both located and totally
bounded. For us, located sets and totally bounded sets are inhabited, by definition.

Why do we define “compact” as we have done? Classically, compactness is de-
fined in terms of the Heine-Borel-Lebesgue covering property: every open cover
contains a finite subcover. In Brouwer’s intuitionistic mathematics, as classically,
the interval [0, 1] has this open-cover compactness property; but Brouwer’s proof
depends on his fan theorem, the addition of which to intuitionistic logic would lose
us some of the flexibility of interpretation of our constructive mathematics. On the
other hand, if we add the Church—Markov—Turing thesis to intuitionistic logic, then
we can prove that [0, 1] does not have the Heine-Borel-Lebesgue covering property
([34], page 60, Theorem (4.1)). So that property holds for [0, 1] in one model of our
constructive mathematics but fails to hold in another. Therefore, without adding
some principle to BISH, we cannot prove or disprove that it holds for [0, 1].

A second classical compactness property, equivalent to the Heine-Borel-Lebesgue
one, is that of sequential compactness: every sequence in the space has a convergent
subsequence. This fails even for the pair set {0, 1} in the constructive setting. Thus,
in looking for a workable constructive notion of compactness for metric spaces, we
are reduced to that of completeness plus total boundedness, which is classically
equivalent to the other two considered above. Fortunately, completeness and total
boundedness together make a combination sufficiently powerful for most construc-
tive purposes.

Proposition 2.2.11 appears in Aspects of Constructivism, the unpublished notes
of colloquium lectures given by Bishop at New Mexico State University in December
1972. Tt provides a neat proof of Corollary 2.2.12. The proof of Lemma 2.2.17 is
new, although not unlike that of Lemma (4.10) on page 33 of [34].

Exercise 14 provides a constructive version of the classical theorem that the
unique uniform structure ¢ compatible with the given topology on a compact Haus-
dorff space X is induced by the U/-uniformly continuous mappings of X into R. Note,
however, that we require X to be only totally bounded, not compact.

The notion of strong continuity is best studied in the context of an apartness
space: that is, an inhabited set X with an inequality and a binary relation 1 of
apartness between sets that satisfies certain natural axioms. For more on apartness
spaces see [38, 40].

Exercise 16 describes one version of the connectedness of the interval [a, b]. For
other, constructively inequivalent, types of connectedness see [18].
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The result in Exercise 17 is perhaps the most general constructive intermediate
value theorem.

A linear map u : X — Y between normed spaces is said to be compact if u(Bx)
is a totally bounded subset of Y. Proposition 2.3.6 can be generalised as follows: A
bounded linear mapping of a normed linear space onto a finite-dimensional Banach
space is compact if and only if its kernel is located ([34], page 36, Theorem (5.4)).

Bishop required that a Banach space be separable. We prefer not to depend on
separability unless it is absolutely necessary.

We use the term “normed”, rather than the usual “normable”; for those linear
mappings for which the norm exists.
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The A-Technique

Here is more matter for a hot brain.

—Shakespeare, The Winter’s Tale, act 5, scene 2

In this chapter we discuss a peculiarly constructive technique that, normally under the
hypothesis that one or more of the metric spaces under consideration is complete, enables
us to prove results that otherwise would require some nonconstructive principle such as
LPO, LLPO, or Markov’s principle.

3.1 Introduction to the Technique

We begin with another elementary classical result that does not hold in constructive
mathematics:

For each complex number z there exists 0 € [0,2m) such that z = |z| €%, and
such that if @ # 0, then z # 0.

We show that this proposition entails LPO. To do so, we consider an increasing
binary sequence (A,)n,>1 with at most one term equal to 1. Define a sequence
(2n)n>1 of complex numbers such that

Ap=0=>z, =0,

1.
Ay =1—Ap_1 = 2, = —/2 for all k > n.
n

Then |z, — zn|< 1/n whenever m > n, 80 (zn)n>1 is a Cauchy sequence and
therefore converges to a limit z in the complete metric space C. Assume that z =
|z| €l for some 6 € [0,27), and that if § # 0, then z # 0. Either § < 7/2 or 6 > 0.
In the first case we have A, = 0 for all n: for if we suppose that there exists n such
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that A, = 1 — \,_1, then z = €™/2/n and therefore § = 7/2, a contradiction. In
the case 6 > 0 we have z # 0, so there exists N such that zy # 0; then A, = 1 for
some n < N.

The constructive problem occurs when z is near 0 but we cannot decide whether
z=0or z # 0. Indeed, if z = 0 or z # 0, then we can find § € [0,27) such that
z = |z]el.

Now, it might be thought that the failure of the modulus—argument decomposi-
tion of a general complex number would mean that there was no constructive proof
of the existence of square roots in C; for in order to find a square root of z, we nor-
mally would write z = |z| ¢! and then compute #+/]z[e!?/2. Although this method
of finding a square root certainly will not work unless we already can decide that
z = 0 or z # 0—which, in general, we cannot—there is a constructive proof of the
existence of square roots, one that uses the completeness of C.

To see this, consider any complex number z, and note that for each positive
integer n we have either |2| < 1/n? or |z| > 1/(n + 1)2. Thus we can successively
construct the terms of an increasing binary sequence (A, )n>1 such that

1
)\n:O:>|Z‘<72,
n

A =1= 2| > —.
(n+1)

We may assume that Ay = 0. If A, =0, set ¢,, = 0; if A, = 1 — A,,_1, choose
6 € [0,27) such that z = |z|el, and set ¢;, = /[z[e!/? for all k > n. Then ({,,)n>1
is a Cauchy sequence. To see this, let m > n. If A\,, =0 or A, =1, then ¢, = (,,
If \,, =1 and A\, = 0, then there exists a unique k such that n < &k < m and
Ak =1 — Ap_1; whence |z| < 1/ (k —1)* and

1 1
_ —_ 0l = < =
[ = Cal =16 =0l = Vel < = <
Thus, in all cases, |(,, — (,| < 1/n. Also, |C¢21 —z| < 1/n? for each n. Since C is
complete, ((,,)n>1 converges to a limit ¢ € C that clearly satisfies =z

This technique of “flagging” alternatives by the terms of a binary sequence
(An)n>1, constructing an appropriate Cauchy sequence, and using the limit of that
sequence to circumvent our inability to make the sort of decision embodied in
LPO, LLPO, or Markov’s principle, is quite common in constructive mathematics.
We present in this chapter a number of results whose proofs are based on this A-
technique. Our first such result is Bishop’s lemma, in whose original proof in [9]
(page 177, Lemma 7) the A-technique first appeared.

Proposition 3.1.1. Let S be a complete, located subset of a metric space X, and
let x € X. There exists s € S such that if x # s, then p(x,S) > 0.
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Proof. Let sg € S. If p(x,S) > 1/2, then we can take s = sy. Hence we may assume
that p(z,S) < 1. Now construct an increasing binary sequence (M), such that
A1 =0 and

1
)\n:O:>p(x,S)<ﬁ,
1

A =1= ,8) > ——.
Pz, S) n+1

If A\, =0, pick s, € S such that p(z,s,) < 1/n. If \,, =1, set s,, = sp,—1. Then
p (Sm,8n) < 2/n whenever m > n, so (s,),>; is a Cauchy sequence in S. Since S
is complete, this Cauchy sequence converges to a limit s € .S satisfying

2
pls.s) <= (n>1).
n

If  # s, then we can compute a positive integer N such that p(z,s) > 3/N. If
Ay =0, then p(x,sy) < 1/N and so

2
p(SaSN) = p($7s) _p(IMSN) > Na

a contradiction. Thus Ay = 1 and therefore p(zx, S) > 0. O

Bishop’s lemma is simple to prove using classical logic. For if € S, then by
taking s = x we render the hypothesis of the implication “if x # s, then p(z,S) > 0”
false; whereas if « ¢ S, then the conclusion of that implication holds since S is closed
in X, so we may take s = sg. This argument depends on the full law of excluded
middle, but in fact only LPO is needed to establish Bishop’s lemma classically even
when S is merely closed and not necessarily complete. To see this, first construct
the sequence (\,),>; as in our constructive proof of the lemma. If A, = 0 for all
n, then p(z,S) = 0, so € S and we can take s = z; whereas if Ay = 1, then
p(x,S) > 0 and we can take s = sq.

In order to obtain a constructive proof of Bishop’s lemma, we replace LPO by
the completeness of S. This is a typical situation, in which a result proved classically
using an omniscience principle is proved constructively under some completeness
condition using the A-technique.

Now, it follows immediately from Bishop’s lemma that if S'is a complete, located
subset of a metric space, then ~S = —S. The A-technique provides us with a related
result in a Banach space, in which locatedness is replaced by convexity.

A subset C of a linear space X is said to be

> conver if tx + (1 —t)y € C whenever z,y € C and 0 < ¢t < 1;

> absorbing if for each x € X there exists ¢t > 0 such that z € ¢tC.
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Proposition 3.1.2. If C' is a convex, absorbing subset of a Banach space X, then
~C' is dense in =C.

Proof. Let x € =C, let € > 0, and choose § > 0 such that é||z|| < e. Then
¥ =(1+0)z ¢ (1+0)C.

Given y € C, we show that 2’ # y. To that end, construct an increasing binary
sequence (), such that

1
A =0= [z’ —y| < ——,
(n+1)

Ao=1=2"#y.

We may assume that A\; = 0. Define a sequence (zy),,, in X as follows. If A, =0,
set z, = 0; if A, = 1 — A\y_1, set 2z = n(a’— y) for all k& > n. Since in the latter
case we have

1
120 = 2n-all = n 2" —yll < —,
n

it follows that ||z, — zn|| < 1/n whenever m > n. Hence (z,),, is a Cauchy
sequence and so converges to a limit z in the complete space X. Choose a positive
integer N such that z € NJC, and consider any integer n > N. If \,, =1 — \,,_1,
then z = n(2’ — y); whence

1 N6

a contradiction. Thus A\, = A,_1 for all n > N. It follows that if Ay = 0, then
An, = 0 for all n, and therefore 2’ = y € C C (1 + §)C. This contradiction ensures
that Ay = 1; whence x’ # y. Since y € C is arbitrary, it follows that =z’ € ~C.
Since also ||2' — x| = d|jz|| < &, and € =C and € > 0 are arbitrary, we conclude
that ~C' is dense in —C. a

Classically, as the reader is invited to prove, the completeness of the space X
can be removed from Proposition 3.1.2 since we are allowed to use LPO.

For an example of the use of the A-technique to avoid the application of Markov’s
principle, we turn to an elementary result in metric topology. We observed in Chap-
ter 2 that it cannot be proved constructively that the union of two closed subsets of
a metric space is closed. Nevertheless, it seems reasonable to expect that if A, B are
closed subsets of R, then the complement, in some appropriate sense, of AU B will
be the intersection of the complements of A and B. Since it is trivial that the first
of these complements is a subset of the intersection of the other two, it is enough
to prove the reverse inclusion. With the help of Markov’s principle, we can prove
that




3.1 Introduction to the Technique 67

(FAN-B)NAUB=0.

Indeed, supposing that x € (wAN-B) N AU B, choose a sequence (9cn)n21 of
elements of AU B converging to z. Define an increasing binary sequence (An),,>,
such that

A =0=Vk <n (z € 4,
Ap=1-X,1 =z, € B.

We may assume that A\; = 0. If A\, = 0 for all n, then 2 € A = A, a contradiction.
Hence, by Markov’s principle, there exists n > 1 such that A\,, =1 — \,_1, so there
exists nqy > 1 with z,, € B. Repeated application of this argument enables us
to construct a strictly increasing sequence (ny) k>1 Of positive integers such that
Zn, € A for all even k, and x,, € B for all odd k. Thus z € AN B, which is a final
contradiction.

Since such an argument, depending on Markov’s principle, is not good enough
for our constructive purposes, it is fortunate that if we work within a complete
metric space and use the A-technique (on more than one occasion), we can say
something interesting about the intersection of the complements of two closed sets.
This will require a preliminary result.

Lemma 3.1.3. Let X be a complete metric space, A a closed subset of X, and B
a subset of X. Let v € ~A, lety € AU B, and let (yn),,>, be a sequence in AU B
that converges to y. Then either x # y or there exists n such that y, € B.

Proof. We may assume that y; € A and, by passing to a subsequence if necessary,
that p (yn,y) < 1/n for each n. Construct an increasing binary sequence ()‘n)n>1
such that
A =0=Vk<n (yp € 4),
Ap=1—-Xy1 =y, €B.

If A, =0,set §, = yn; if Ay =1— A1, set § =, for all k > n. Then (€,),5,
is a Cauchy sequence in A; in fact,

P (Em€) < Pt +0(Ert) < = (m>m).

Since X is complete and A is closed, (fn)n>1 converges to a limit £ € A. Choose
a positive integer N such that p (z,&) > 2/N. If Ay = 1, then y,, € B for some
n < N.If Ay =0, then either z # y or, as we may suppose, p (z,y) < 1/N. If there
exists m > N such that \,,11 =1 — A, then

plx,y) = p(x,8) —p (& y)
2 1 _ 1

2
= i
>N P(ym,y)>N m> N’
a contradiction. Hence A,, = 0 for all n > N and therefore for all n; so y,, € A for
all n. Since A is closed, y € A and therefore = # y. a
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Proposition 3.1.4. If A, B are closed subsets of a complete metric space X, then

~AN~B=~AUB.

Proof. Tt is clear that ~AU B C ~A N ~B. To prove the reverse inclusion, given
r € ~AN~B and y € AU B, we must prove that x # y. To this end, choose
a sequence (yn)n>1 in AU B that converges to y. We may assume that y; € A
and that p (yn,y) < 1/n for each n. Set Ay = 0, n; = 1, and &; = y;. In view of
Lemma 3.1.3, we may also assume that there exists no > 1 such that y,, € B; set
A2 = 0 and 77y = yn,. Now apply the same lemma, but with the roles of A and B
interchanged. Either we have x # y, when for each k > 3 we set Ay = 1, ng = na,
&1 =&, and n,_, = ny; or else, as we may assume, there exists ng > ngy such that
Yns € A, in which case we set A3 = 0 and &, = y,,. Repeating such applications
of Lemma 3.1.3, we construct an increasing binary sequence (\,,) n>1> N increasing
sequence (nk)k>1 of positive integers, a sequence (£k)k>1 of elements of A, and a
sequence (1), of elements of B, such that for each k > 1,

o if Aop =0, then nap > nog—1 and 1y, = Yn,, € B;

o if )\2]€+1 = 0, then N2k41 > N2k and £k+1 = Ynogia S A;

o if Aoy =1—MXgp_1, then z # y and for each j > k, nojr1 = noj = ngj—1, fj =&,
and 7; = n;,_y;

o if )\2k+1 = 1—A2k, then x 7é Yy and for eachj 2 k, Nn2j42 = N2j+1 = N2k, 5]- = glm
and n; = 1y

Then (§);>, is a Cauchy sequence in A, and (), is a Cauchy sequence in B.
Indeed, for m > n we have

P (Enr&) <P () + 9 () < -

and similarly p (1,,,7,,) < 2/n. Since X is complete and the subsets A, B are closed
in X, the sequences (§,,),,>1 s (11,),,>1 converge to respective limits { € Aand n € B.
Choose an integer N > 4 such that p(z,£) > 3/N and p(x,n) > 3/N. If Ay =1,
then x # y; so we may assume that Ay = 0. Either = # y or, as we may further
assume, p(z,y) < 1/N. Suppose there exists m > N such that A\, =1 — Ap—1. In
the case where m is even, we have

plz,y) = p(z,m) —p(0,Yy)

3
> 5 — 0 (Ynm—2Y)
< 3 1
N m-—2
3 2
>N — (since m > 4)
o 1
N’
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a contradiction. If m is odd, a similar argument again leads us to a contradiction.
Hence A, =0 for all n > N and therefore for all n. It follows that y = & = n and
therefore p (z,y) > 3/N, a contradiction. Hence the case p(x,y) < 1/N is ruled
out, and so p(x,y) > 1/N. O

The A-technique turns out to be very useful for clarifying the connections be-
tween various continuity properties of functions between metric spaces.

It is trivial that a continuous mapping between metric spaces is strongly ex-
tensional. If the domain is complete, then we can weaken continuity to sequential
continuity.

Proposition 3.1.5. Let f be a sequentially continuous mapping of a complete met-
ric space X into a metric space Y. Then f is strongly extensional.

Proof. Given points x,y of X with f(x) # f(y), construct an increasing binary
sequence (A, )p>1 such that

1

ATL:O:>p(xay) < m:

M=1=zx#y.

Define a sequence (2, )n>1 in X as follows: if A,, = 0, set z,, = z;if A, = 1—X,_1, set
z, =y for all k > n. Then (2,,)n>1 is a Cauchy sequence and so converges to a limit
zin X. Since f is sequentially continuous, the sequence (f(zy))n>1 converges to the
limit f(2) in Y. Choose a positive integer N such that p(f(z,), f(2)) < p(f(z), f(y))
foralln > N. If \,11 =1— )\, for some n > N, then z =y and z, =z, so

p(f (@), f(y) = p(f(zn), f(2)) < p(f(), f(y)),

a contradiction. Hence A,11 = A, for all n > N. It follows that if Ay = 0, then
An, = 0 for all n; whence z = y, and so f(x) = f(y). This contradiction ensures
that Ay = 1. O

For a linear mapping on a Banach space we obtain strong extensionality without
even sequential continuity, as a corollary of the following application of the A-
technique.

Proposition 3.1.6. Let T be a linear mapping of a Banach space X into a normed
space Y. Let B be a subset of the graph of T that is closed and located in X XY,
and let (z,y) € X x Y be such that y # Tx. Then p((z,y), B) > 0.

Proof. Construct an increasing binary sequence ()‘n)n>1 such that
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1
(n+1)*
A =1= p((x,y),B) > 0.

We may assume that Ay = 0. If A, =0, set z, =0;if A\, =1—X\,_1, pick £ € X
such that

A =0=p((z,y),B) <

(6,7€) € Band o~ ]|+ ly ~ T < (31)

and set z; = n(x—&) for all ¢ > n. If j > k and ||z; — zx|| > 0, then A\ = 0 and
An =1 — A,_1 for a unique value of n with k < n < j; so there exists £ € X such
that (3.1) holds and

1 1

Iz = zxll = lIn(z = Ol < — <+

Hence [|z; — zx[| < 1/k whenever j > k. Therefore (z5),,5, is a Cauchy sequence in
X and so converges to a limit z € X. Now choose a positive integer N such that

L+ [T < Nly = Tx|

and consider any integer n > N. If A, =1 — A\,_1, then z = n(z — £) for some ¢
satisfying (3.1), so
1+ ||Tz| =1+ n||Tx — TE||
2 1+n|Tz—y| —nly—T¢|
1
> 14N Tz —y| -~
> N||Tz —yl,

a contradiction of our choice of N. Hence \,, = \,,_1 for all n > N. It follows that
if Ay =0, then A, = 0 for all n, and therefore p ((x,y),B) = 0. Since B is closed
in X XY, we now have y = Tz, which contradicts our original hypotheses. We
conclude that Ay = 1. a

Corollary 3.1.7. A linear mapping of a Banach space into a normed space is
strongly extensional.

Proof. Let T be a linear mapping of a Banach space X into a normed space Y, and
let € X satisfy Tz # 0. Given z € ker(T'), apply Proposition 3.1.6 with y = 0
and B = {(z,T%)}, to obtain (z,0) # (z,T%); whence either x # z or else Tz # 0.
Since the latter is absurd, we conclude that = # z. O

Markov’s principle is all that we need add to intuitionistic logic in order to prove
Proposition 3.1.6 without the hypothesis that X is complete: for the argument
towards the end of the proof of that proposition shows that it is impossible that
p((z,y),B) = 0, so, by Markov’s principle, p ((z,y),B) > 0. In fact (this is left
to the exercises at the end of the chapter), if Proposition 3.1.6 holds without the
completeness of X, then we can derive Markov’s principle.
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3.2 Ishihara’s Tricks

In [57], Ishihara introduced the following two lemmas, now called Ishihara’s tricks,
in which we use completeness to make a decision which at first sight would seem to
be impossible with purely constructive techniques.

Lemma 3.2.1. Let f be a strongly extensional mapping of a complete metric space
X into a metric space Y, and let (xn)n21 be a sequence in X converging to a limit
x. Then for all positive numbers a, § with o < f3, either p(f(xy), f(x)) > « for

some n or p(f(xn), f(x)) < B for all n.

Proof. Let (nk)k>1 be a strictly increasing sequence of integers such that p(z, z,) <
1/ (k+1) for all n > ny. For convenience, set ng = 1. For each k > 1 set

s = max{p(f(zy), f(x)) : np—1 < n < ng}.

Construct an increasing binary sequence (Ay);; such that

)\k:0:>Vj<k(Sj<ﬁ),
Me=1=3j<k(s;>a).

We may assume that \; = 0. Define a sequence (yx ), in X as follows. If Ay = 0, set
yr = x; if Ay =1 — A1, choose vy, with ni_1 < v < ny and p(f(z,,), f(z)) > «a,
and set y; = x,, forall j > k. Let ¢ > j. If \; = 0 or A\; = 1, then y; = y;. If
A; = 1 — Aj, then there exists k with j <k <diand Ay =1 — Ag_1; 80 y; = 2, and
Yi = Yg = T, for some vy such that nip_1 < v < ng and p(f(x,,), f(z)) > «;
whence

S

1 1

p(yi7yj) = p(xuk’x) < vr+ 1 < i
It follows that p(y;,y;) < 1/j whenever ¢ > j; so (yk)k>1 is a Cauchy sequence and
therefore converges to a limit y in X. Either p(f(x), f(y)) < a or p(f(x), f(y)) > 0.
In the first case, if A\, = 1 — Ag—_1, then y = z,, with p(f(z,,), f(x)) > «a, a contra-
diction; whence A\, = 0 for all k. Then p(f(x,), f(z)) < 8 for all n. In the second
case, since f is strongly extensional, x # y. Choose a positive integer x such that
x # yg. If Ay = 0, then = # y,, = x, a contradiction; whence A\, = 1 and there
exists n such that p(f(zy), f(x)) > a. O

Let P(n) be a property of positive integers n. We say that P(n) holds

o eventually, or for all sufficiently large n, if there exists N such that P(n) holds
for all n > N;

o infinitely often if for each n there exists m > n such that P(m) holds.
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The foregoing lemma leads to a technique allowing us to decide between alternatives
that happen eventually and those that happen infinitely often.

Lemma 3.2.2. (Ishihara’s second trick) Let f be a strongly extensional map-
ping of a complete metric space X into a metric space Y, and let (:vn)n21 be a
sequence in X converging to a limit x. Then for all positive numbers «, 3 with

a < B3, either p(f(xy,), f(z)) > a for infinitely many n or else p(f(xn), f(z)) < B
for all sufficiently large n.

Proof. Let (ng) k>1 De a strictly increasing sequence of positive integers such that
plx,z,) < 1/kfor all n > ny. Successively applying Lemma 3.2.1 to the subsequence
Tn , construct an increasing binary sequence (Ag);~, such that

n>ng k>1

k (p(f(zn), f(x)) > @),
K (p(f(zn), f(2)) < B).

We may assume that A\; = 0. Define a sequence (yk),@1 in X as follows. If A\, =0,
choose vy, > ny such that p(f(x,,), f(x)) > o, and set y, = x,, ; if Ay = 1—Ap_1, set
Yi = yx—1 for all i > k. Then (yy),, is a Cauchy sequence: in fact, p(y;,y;) < 2/j
whenever ¢ > j. Let y be the limit of (yk)k>1 in the complete space X. Either
0 < p(f(x), f(y)) or p(f(x), f(y)) < c. In the first case, since f is strongly exten-
sional, x # y, so there exists a positive integer k with p(x,y.) > 1/k. If A, = 0, then
Yx = X, for some v, > n,; whence p(x,y.) < 1/k, a contradiction. Thus A,, =1,
and therefore p (f(zy,), f(z)) < B eventually. In the case p(f(z), f(y)) < a, if there
exists k such that A1 =1 — A, then y =z, and p(f(x,,), f(x)) > a, a contra-
diction; whence A\, = 0 for all k, and therefore p(f(x,,), f(x)) > « infinitely often. O

A mapping f : X — Y between metric spaces is said to be sequentially nondis-
continuous if it has the following property: if (:cn)n>1 converges to z € X and
p(f (xn), f(x)) = 6 for all n, then § < 0. Clearly, a sequentially continuous map-
ping is sequentially nondiscontinuous. Ishihara’s first application of his tricks was
to the converse.

Proposition 3.2.3. Let f be a mapping of a complete metric space X into a metric
space Y. Then f is sequentially continuous if and only if it is strongly extensional
and sequentially nondiscontinuous.

Proof. Suppose that f is strongly extensional and sequentially nondiscontinuous.
Let (25,),5; be a sequence converging to z € X, and let ¢ > 0. By Lemma 3.2.2,
either there exists a subsequence (zy, ), of (¥n), s, such that p (f(zn,), f(2)) >
g/2 for all k, or else p (f(xy), f(x)) < e for all sufficiently large n. In the former
case, the sequential nondiscontinuity of f shows that ¢ < 0, which is absurd. We
conclude that the latter case obtains. Hence f is sequentially continuous.
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The converse is an immediate consequence of Proposition 3.1.5 and the obser-
vation made before this proposition. a

Corollary 3.2.4. For linear mappings of a Banach space into a normed space,
sequential continuity and sequential nondiscontinuity are equivalent.

Proof. This follows immediately from Corollary 3.1.7 and Proposition 3.2.3. o

We now lift Ishihara’s tricks into a general setting. This both clarifies the ideas
underlying those lemmas and raises the possibility that some other applications of
their proof techniques in constructive analysis are, in fact, corollaries of our general
results. We begin with a generalisation of Ishihara’s first trick (Lemma 3.2.1).

Proposition 3.2.5. Let X be a complete metric space, let P,Q be subsets of X
such that X = PUQ, and let x© be an element of X such that for each y € X, either
x#y ory¢ Q. Then for each sequence (), in X that converges to x, either
Tp € P for all n or else there exists N such that xn € Q.

Proof. Construct an increasing binary sequence (Ay),,, such that
An =0=VEk <n(z, € P),
An=1—Xp_1 = 2, €Q.

We may assume that Ay = 0. If A, =0, set y, = x;if A, = 1—A\,_1, set yp = z,, for
all £ > n. To see that (yn)n>1 is a Cauchy sequence in X, let £ > 0 and compute N
such that p(z,z,) <eforalln > N.Let m > n > N.If A\, =0, then y,,, = y,, = .
So we may assume that \,, = 1. If A, =0, then

PYms Yn) = p(Tm, ) < €.

If \,, =1, then

P(YmsYn) = p(Tm, Tn) < p(T,Tm) + p(2, 25) < 2e.
Thus in all cases, p(Ym, yn) < 2¢.

Since X is complete, the Cauchy sequence (yn)n21 converges to a limit y € X.
Either x # y or y ¢ Q. In the first case, choosing N such that  # yy, we see
that Ay = 1. In the second case, if there exists m such that \,, =1 — \,,_1, then
Yy =T, € Q, a contradiction; whence A\, = 0, and therefore x,, € P, for all n. O

To derive Lemma 3.2.1, assume the hypotheses of that lemma, define

P={yecX:p(f(y), f(x)) <B},
Q={yecX:p(f(y), f(x)) > a},

and apply Proposition 3.2.5, noting that for all y € Y,
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e either p(f(y), f(z)) > 0, in which case, by the strong extensionality of f, z # y;
o or else p(f(y), f(x)) < a and therefore y ¢ Q.

In order to tackle the generalisation of Ishihara’s second trick (Lemma 3.2.2),
we prove two lemmas, the first of which is a variant of Proposition 3.2.5.

Lemma 3.2.6. Let X be a complete metric space, let P,Q be subsets of X such
that X = PUQ, and let x be a point of X such that for each y € X, either x # y
ory ¢ P. Then for each sequence (%), in X that converges to x, either x, € P
for all n or else there exists N such that xn € Q.

Proof. Construct an increasing binary sequence ()\")n21 such that

An=0=VEk<n (zx €P),
)\n:1—>\n,1:>xn€Q.

We may assume that Ay = 0. If A, =0,set y, = x;if A\, =1 —X_1, set yp = Tp—1
for each k > n. Then (yn)n>1 is a Cauchy sequence in X and so converges to a
limit y € X. Either © # y or else y ¢ P. In the first case choose N such that
p(xn—1,y) > 3p(z,y) for all n > N, and suppose that Ay = 0. If Ay =1 — Ayg
for some m > N, then y = @y,,—1 and s0 0 = p(@m-1,y) > 3p(z,y), a contra-
diction. Hence A, = 0 for all n > N and therefore for all n; but this implies that
y = x, another contradiction. Thus, in fact, Ay = 1 and there exists n < N such
that z, € Q. On the other hand, in the case y ¢ P we must have A, = 0, and
therefore x,, € P, for all n. ]

Lemma 3.2.7. Let X be a complete metric space, let P, Q be subsets of X such that
X =PUQ, and let x be an element of X. Suppose that for any sequence (an)n>1
converging to x in X, either there exists N such that x # xn or else x,, ¢ Q for all
n. Then for each y € X, either x #y ory ¢ Q.

Proof. Applying the hypotheses to the sequence (z,z,...) in X, we see that z ¢ Q.
Given y in X, construct a (perforce increasing) binary sequence ()‘n)n>1 such that

1
AYL:O$/)($7Z~/) < 57
1
n+1
We may assume that \;y = 0. If \,, =0, set y, = z;if A, =1—X\,_1, set y,, = y and
yx = x for each k > n + 1. It is easily shown that the sequence (y,),,-, converges
to x; so either there exists N such that © # yy = y, or else y, ¢ @ for each n. In

the latter case, supposing that y € Q, we see that A\, = 0 for all n; whence y = x,
which is impossible, since we have already shown that x ¢ Q. We conclude that

yé¢Q. O




3.2 Ishihara’s Tricks 75

This brings us to the generalisation of Ishihara’s second trick (Lemma 3.2.2).

Proposition 3.2.8. Let X be a complete metric space, let P,Q) be subsets of X
such that X = PUQ, and let © be an element of X. Suppose that for any sequence
(Tn),>1 converging to x in X, either there exists N such that x # xy or else T, ¢ Q
for all n. Then for any such sequence, either x,, € P eventually or else x, € Q
infinitely often.

Proof. Consider the space X of all sequences that converge to x in X, taken with
the metric

p(&m) =supp(&,,1,),
n>1

where, for example, £ denotes the sequence (£;,&,,...) in X. An argument like the
standard one for proving the completeness of the classical sequence space Il (and
left as an exercise) shows that X is complete. Define

P={xeX:3n(z, €Q)},
Q={xeX:Vn(z, € P)}.

We see from our hypotheses and Lemma 3.2.7 that for each y € X, either = # y or
y ¢ Q. It follows from Proposition 3.2.5 that for any sequence x in X that converges
to x, either there exists n such that z,, € Q or else x,, € P for all n; whence either
x € Porxe Q. Let x*° = (z,2z,2,...), and for each n let X" = (2, Tpt1,-..)-
Then x” — x*° in X. Since our hypotheses also ensure that for each y € X, either
x® #yory ¢ P, we can apply Lemma 3.2.6 in the space X to show that either
x™ € P for each n or else there exists N such that x € Q. This, when unwrapped,
is precisely the conclusion we want. |

It is relatively simple to prove Lemma 3.2.2 using Proposition 3.2.8. Under the
hypotheses of that lemma, take

P={yeX:p(f(x),f(y) <B},
Q={yeX:p(f(x), fly) >a},

and, for convenience,

P'={yeX:p(f(x),fly) <a},
Q ={yeX:p(f(z),f(y)>a/2}.

Then X = PUQ and for each y € X either z # y or y ¢ Q. Similarly, X = P'UQ’
and for each y € X, either x # y or y ¢ Q'. It follows from the last statement
and Proposition 3.2.5 that if (yn)n>1 is any sequence converging to x in X, then
either y,, € P’ for all n or else there exists N such that yy € @Q'. Hence either
yn & @ for all n or else there exists N such that 2 # yx. Thus P and Q satisfy the
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hypotheses of Proposition 3.2.8, from which we immediately deduce the conclusion
of Ishihara’s second trick.

We have now given a number of illustrations of the merit of the A-technique as
a replacement for omniscience principles. The technique will reappear throughout
the book, where it will be used, for example, to construct best approximations from
finite-dimensional spaces, to locate certain convex sets in a normed space, and to
discuss the range of an operator with an adjoint on a Hilbert space.

Exercises

1. Using the A-technique, show that if Ra = {az : © € R} is closed, then a = 0 or
a # 0.

2. Let X be a complete metric space, and f : X — R a sequentially continuous
mapping such that inf f exists. Suppose that to each € > 0 there corresponds
d > 0 such that if z,y € X and max {f(x), f(y)} < 4, then p(z,y) < e. Prove
that there exists a € X such that if f(a) > 0, then inf f > 0.

3. A linear mapping 7' : X — Y between normed spaces is said to be well-behaved
if Tx # 0 whenever x € ~ker(T). Prove that the statement “every linear
mapping between normed spaces is well-behaved” is equivalent to Markov’s
principle. Prove also that every linear mapping from a Banach space into a
normed space is well-behaved.

4. Prove that if Corollary 3.1.7 (and hence a fortiori Proposition 3.1.6) holds with-
out the hypothesis that X is complete, then we can derive Markov’s principle.

5. Prove de Morgan’s rule for metric complements: If (Sn)n>1 is a sequence of

located subsets of a metric space X such that S = |J S, is complete and
n>1
located, then —S = (| —Sh.

n>1

6. A subset S of a metric space X is said to be uniformly almost located if there
exists a strictly decreasing sequence (0,,) n>1 of positive numbers converging to
0 such that the following holds: for each z € X there exists y € S such that for
each n, if p(x,y) > d,, then p(z,S) > d,41. Prove that if S is an inhabited,
uniformly almost located subset of a locally totally bounded space, then S is
located.

7. Let X be a complete metric space, and a a point of X such that
s =sup{p(a,x):x € X}

exists. Prove that for each r > 1 there exists b € X such that s < rp(a,b).



10.

11.

12.

13.

14.
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Let T be a sequentially continuous linear mapping of a Banach space X into a
normed space Y, and let B be the unit ball of the range of T. Suppose that for
each £ > 0, either there exists x € ~T~1(B) with ||z|| < € or else ~T~1(B) is
bounded away from 0 (that is, there exists 6 > 0 such that ||z|| > ¢ whenever
T(x) € B). Prove that T is a bounded linear mapping.

Let T : X — Y be a sequentially continuous linear map between normed
spaces such that ker(T) is located. Prove that if g € X and T'(z¢) # 0, then
p(xg,ker(T)) > 0.

Let X be a metric space, and let S, T be subsets of X such that for each s € S,
each ¢t € T, and each € > 0, either s # ¢t or there exists y € SNT with p(t,y) < .
Prove that if SNT is complete, then S and T intersect sharply in the following
sense: if x € ~(SNT), then for each s € S and each t € T, either z # s or

x #£t.

A sequence (z,,),,5; in a metric space is said to be weakly discriminating if for
all positive a, b with a < b, either p (z,,,21) < b for all n or else p(z,,z1) > a for
some n. Prove that every totally bounded sequence in a metric space is weakly
discriminating.

Let f : X — Y be a function between metric spaces that maps Cauchy
sequences to weakly discriminating sequences. Prove that f is strongly exten-
sional.

A sequence (gvn)n21 in a metric space is called an LEM-Cauchy sequence if
- ((xn)n>1 is a Cauchy sequence) .

Prove that the following are equivalent conditions on a mapping f between
metric spaces:

(a) f maps convergent sequences to weakly discriminating LEM-Cauchy se-
quences.

(b) f is sequentially continuous.

Let f be a mapping of a complete metric space X into a metric space Y. Suppose
that f is strongly extensional and that it is sequentially discontinuous at some
point z € X in the following sense: there exist ¢ > 0 and a sequence (zy,),,5,
converging to x such that p(f(z), f(z,)) > € for each n. Prove that LPO holds.

Let f be a strongly extensional mapping of a complete metric space X into a
compact metric space Y, and let (xn)n>1 be a sequence converging to x in X.
Prove that the sequence (f(zy)),,>, has a convergent subsequence. (Hint: First
prove that if LPO holds, then every sequence in a compact metric space has a
convergent subsequence. Then use Ishihara’s tricks and Exercise 13.)
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15. Let (Up)n>1 be a sequence of located open sets in a complete metric space X

such that the metric complement of U = (] U, is inhabited. Prove that there
n>1

exist a point z in —U and an increasing binary sequence (A, ),>1 such that

for each n, if A\, =0, then z, € U,, and if A\, = 1, then —Uy, is inhabited for

some k < n.

Use this result to prove that Markov’s principle is equivalent to the following
statement (which is classically equivalent to Baire’s theorem): If (Uy),; is
a sequence of located open subsets of a complete metric space X such that

— () U, is inhabited, then there exists n such that —U,, is inhabited.
n>1

Notes

A variation of the argument at the beginning of the chapter shows that if for each
z € C, there exists 6 € [0,27) such that z = |z|el?, then LLPO holds.

The classical proposition “sequential continuity implies pointwise continuity” is
equivalent to the essentially nonconstructive principle BD-N that we discuss later,
in Section 6.3.

When taken with the Church—-Markov—Turing thesis, Exercise 13 shows that it
is impossible that there exist a sequentially discontinuous function from R to R,
since LPO is false in RUSS. It is, however, a far cry from showing that the existence
of a sequentially discontinuous mapping on R implies LPO to proving that every
mapping f : R — R is pointwise continuous. The latter can be done with the aid
of either Brouwer’s continuity principle or else both the Church—Markov—Turing
thesis and Markov’s principle; see Chapters 3 and 5 of [34].

In connection with Exercise 1, Fred Richman has shown us the following choice-
free proof that if Ra is complete, then either a = 0 or a # 0. Assume that Ra is
complete. For each € > 0 we have either y/|a| < € or else |a| > 0; in the latter case,

a
=+—— € Ra.
vad 7ar € R

Since £ > 0 is arbitrary, y/|a| € Ra = Ra and there exists r such that /[a] = ra.
Pick a positive integer N > r. Either |a| > 0 or |a] < 1/N?. In the latter case, if
a # 0, then

lal

rlla] = |ra] = Vlal = == > Nal,

lal
so |r| > N, a contradiction; whence a = 0.

Exercise 3 and an extended version of Proposition 3.1.6 originated in [24].
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Exercise 6 deals with a weak converse of Bishop’s lemma. There seems to be
no obvious use for such converses, in spite of the extreme value of Bishop’s lemma
itself.

The notion of “weakly discriminating”, and Exercises 11 and 12, come from [37].

Exercise 14 produces a constructive substitute for the highly nonconstructive
Bolzano—Weierstrass theorem; it first appeared in [30]. For more constructive analy-
ses of the Bolzano—Weierstrass theorem see [27] and [22].

For more on Baire’s theorem, see [34] (Chapter 2) and Chapter 6 below.



4

Finite-Dimensional and Hilbert Spaces

A mind that is stretched by a new experience can never go back to its old dimen-
sions.
—Oliver Wendell Holmes, attrib.

We first examine finite-dimensional spaces, including an application of the A-technique to
the problem of finding best approximations by elements of a finite-dimensional subspace.
We then introduce Hilbert spaces, which are natural generalisations of finite-dimensional
Euclidean spaces.

4.1 Finite-Dimensional Spaces

Let X be a linear space equipped with a compatible inequality. Finitely many
n

vectors ey, ...,e, in X are said to be linearly independent if Y \e; # 0 for all
i=1

n

scalars A, ..., A, such that > |A\;] > 0. In that case, if the A; are scalars such that
i=1

n

> Aie; =0, then A; = 0 for each i. We say that the space X is finite-dimensional

i=1

if either X = {0} or else it contains finitely many linearly independent vectors

e1,...,en such that for each z € X there exist scalars Ay, ..., A, for which

=1

In the first case we say that X has dimension 0 or is 0-dimensional. In the second
case we say that X has dimension n or is n-dimensional, we call {e1,...,e,} a
basis of/for X, and we say that the space X is spanned by, or is the (linear) span
of, the set {e1,...,e,}. We denote the dimension of a finite-dimensional space X
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by dim(X). Since any two bases of X have the same number of vectors, dim(X) is
well defined.

If {e1,...,en} is a basis for X, then for each z € X, the coordinates A; in the

representation (4.1) are uniquely defined; so there are well-defined, clearly linear,
n

coordinate functionals u; : X — K such that x = 3 u;(z)e; for each z in X. We

i=1
shall prove that each of the coordinate functionals is a bounded linear map relative

to any norm on X.

Lemma 4.1.1. Let e be a nonzero vector in a normed space X. Then the subspace
Y = Ke is locally compact, and ~Y = —Y.

Proof. The mapping A ~ A ||e||_1 e is an isometric isomorphism of K onto Y, so Y
is locally compact and therefore located. Since locally compact spaces are complete,
it follows from Bishop’s lemma (Proposition 3.1.1) that ~Y = —Y. O

Lemma 4.1.2. If Y is a finite-dimensional subspace of a normed space X, then 'Y
1s located and ~Y = —Y.

Proof. The case dim(Y) = 0 is trivial, and the case dim(Y) = 1 is dealt with in
Lemma 4.1.1. Assume that all subspaces of dimension at most n > 1 in all normed
spaces are located, and that their complements and metric complements coincide.

Consider an (n + 1)-dimensional space Y with basis vectors ey, ..., e,+1. Let Z be

the n-dimensional space spanned by {es,...,e,}. First note that for all A1,..., A,
n

in K, since 1+ > |A;| > 0, the linear independence of the vectors ey, ..., ent1
i=1

n

gives e, 1 # >, Aje;. Hence e, 11 belongs to ~Z and therefore, by our induction
i=1

hypothesis, to —Z; whence

lentillx/z = p(ent1,2) > 0.
It follows that Ke,,41 is a 1-dimensional subspace of X/Z. Now, for each x € X
p(@,Y)=inf{||lz —tept1 — 2| :t €K, z€ Z}
=inf{p(z —tep11,7):t €K}
— inf {||x —tensallx g it € ]K} :

which exists, since, by Lemma 4.1.1, the 1-dimensional subspace Ke, 41 is located
in X/Z. Hence Y is located in X.

Now consider an element x of ~Y. For all t € K and z € Z we have x # tep+1+2
and therefore z —te, 11 # z. Thus x —te, 11 € ~Z, and therefore, by our induction
hypothesis,
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|z —tentillx,z = p(x — tenir, Z) > 0.

This shows that x #x /2 Aén+1; whence x is in the complement of Ke,, 1 relative
to the quotient norm on X/Z. Again applying our induction hypothesis, this time
to the 1-dimensional subspace Ke,,+1 of X/Z, and denoting by px,, the distance
corresponding to the quotient norm on X/Z, we see that

0< Px/z (z,Kent1) =p(2,Y),

sox € —Y. Hence ~Y C —Y and therefore ~Y = —Y. This completes the induction
step. d

Proposition 4.1.3. Let {e1,...,e,} be a basis for an n-dimensional normed space
X. Then the corresponding coordinate functionals are bounded linear functionals.

Proof. In the case n = 1, the sole coordinate functional is the linear mapping Ae; ~~
A, which, being an isometry (that is, distance preserving), is trivially continuous.
n

Now consider the case n > 2. For each x € X write x = Y, u;(x)e;. In order to prove
that the coordinate functional uy is bounded, we may z1"eiabel, if necessary, to take
k = n. Let Z be the (n — 1)-dimensional subspace of X with basis {e1,...,ep_1}.
Since, as in the proof of Lemma 4.1.2) e,, € ~Z, it follows from that lemma that
p(en,Z) > 0 and hence that Ke,, is a 1-dimensional subspace of X/Z. Moreover,
for each x € X we have

||93||X/z =pr <Z ui(x)ei,Z> = p (un(z)en, Z)

= lun(@)enll x/z = lun (@)l llenllx,z

and therefore
1 1

2l x/z < I ]|

|un(2)]

B ||€nHX/Z €n||X/Z

Thus 1/ [[ex]| 7 is a bound for the linear functional uy,. O

Corollary 4.1.4. FEvery linear mapping from a finite-dimensional normed space
into a normed space is bounded.

Proof. Let u be a linear mapping of a finite-dimensional normed space X into a
normed space Y. We may assume that dim(X) > 0. Let {eq, ..., e,} be a basis of X,
and, using Proposition 4.1.3, compute a common bound ¢ > 0 for the corresponding
coordinate functionals u; (1 < ¢ < n). For each € X we have
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(o)

[u(z)| =
< Z [[ui (2)ule:)|| = Z i (@)] [lu(es) ||
i=1
n
< (CZIU(@)II) ]| -
i=1
So w is a bounded linear map. |
Corollary 4.1.5. Let {e1,...,e,} be a basis for an n-dimensional normed space

X. Then the canonical mapping
()\17~-~»)\n) ~ Z)\iei (42)
i=1

s a bounded linear injection of the Fuclidean space K™ onto X, and its inverse is
a bounded linear injection.

Proof. 1t is routine to verify the linearity of this map and its inverse, and that
the maps are injective. The continuity of the mappings follows immediately from
Corollary 4.1.4. a

Proposition 4.1.6. A finite-dimensional normed space is locally compact.

Proof. The 0-dimensional case is trivial. Consider a finite-dimensional normed space
X with a basis {e1,...,e,}. Let u: K® — X be the bounded linear mapping de-
fined at (4.2). By Corollary 4.1.5, u~! is a bounded linear map. Hence for any
bounded subset B of X, u~1(B) is a bounded subset of the locally compact space
K" and is therefore contained in a compact subset K of K™. Since u is injective and
its inverse mapping is uniformly continuous, it is strongly injective. It follows from
Proposition 2.2.16 that u(K), which clearly contains B, is a compact subset of X. O

Corollary 4.1.7. The unit ball of a finite-dimensional normed space is compact.

Proof. Let X be a finite-dimensional normed space, and B its unit ball. By Propo-
sition 4.1.6, there exists a compact subset K of X that contains B. Now, for each
e X,

p(z, B) = max {0,1 — |z}

exists, so B is totally bounded (by Proposition 2.2.10). Being also closed in K, it
is complete and therefore compact. a
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Corollary 4.1.8. FEwvery linear mapping from a finite-dimensional normed space
into a normed space is normed.

Proof. Let u be a linear mapping from a finite-dimensional normed space X into
a normed space Y. We may assume that dim(X) > 1. By Corollary 4.1.4, u is a
bounded linear mapping and hence is uniformly continuous on X. In particular,
this implies that u maps the compact (by Corollary 4.1.7) unit ball of X onto a
totally bounded subset of Y; so

[ull = sup{[Ju(x)]| : z € X, |lzf| <1}

exists. 0

Two norms || ||, || || on a vector space X are said to be equivalent if both the
identity mapping from (X, || ||) onto (X, ]| ||') and its inverse are continuous; since
those mappings are linear, it follows from Proposition 2.3.3 that || || and || ||" are
equivalent norms on X if and only if there exist positive constants a,b such that
alz)| < ||z|" < bljz|| for all z € X.

Corollary 4.1.9. Any two norms on a finite-dimensional space are equivalent.

Proof. Tf || || and || || are two norms on a finite-dimensional space X, then, by
Corollary 4.1.4, both the identity mapping from (X, | ||) to (X, || ||/) and its in-
verse are bounded, and hence continuous, linear mappings. ]

We want to prove the converse of Corollary 4.1.7. This requires three lemmas,
the second of which will have several applications later in the book.

Lemma 4.1.10. Let X be a normed space, Y an n-dimensional subspace of X with
basis {e1,...,en}, and e a vector such that p(e,Y) > 0. Then the linear span of
Y U{e} is (n + 1)-dimensional, with basis {e1,...,en,e}.

Proof. We need only prove that the vectors ey, ..., e,, e are linearly independent.
n+1

To this end, consider elements \; (1 <4 < n+ 1) of K such that > |A;] > 0. Either
i=1

Ant1 Z 0or > |\ > 0. In the first case,
i=1

n
> Xiei + Ansrel| = [Anga| p(e,Y) > 0. (4.3)
i=1
n
In the second case, since ey, ..., e, are linearly independent, H > )\iei‘ > (. Hence
i=1

either ||A,+1€| > 0, so that A\,4+1 # 0 and we have (4.3); or else Antiell <

n
Ai€;
i—1

1=

and therefore
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n
E Ai€;
i=1

zn: Aie; + )\n+16

i=1

> —PAngre] > 0.

Thus in all cases we have Y A\e; + A\p1e # 0. O
i=1

Lemma 4.1.11. Let S be the span of a finitely enumerable set {x1,...,2,} in a
normed space X, and let € > 0. Then there exists a finite-dimensional subspace Y
of S such that p (z;,Y) < & for each i.

Proof. Setting Xo = {0}, suppose that for some k < n we have constructed finite-
dimensional subspaces Xo C X; C .-+ C X C S such that p(z;, Xi) < € for
1 < ¢ < k. Then either p (zg4+1, Xk) < €, in which case we set Xp41 = Xj, or else
p(zr11, Xk) > 0. In the latter case we take X1 to be the span of X U {zri1},
which is finite-dimensional by the preceding lemma. This completes the inductive
construction of the finite-dimensional subspace Xj1. It remains to take Y = X,,. O

Lemma 4.1.12. (Riesz’s lemma) LetY be a closed located subspace with an
inhabited metric complement in a normed space X, and let 0 < 6 < 1. Then there
exists a unit vector x € X such that ||z — y|| > 0 for each y €Y.

Proof. Fix g € =Y. Then
0<r=pxo,Y) <O 'r.
Choosing ¥y € Y such that
r < [lzo — yol < 07",

let
_ 1
lzo — yoll

Then ||z|| = 1. Also, for each y €Y,

Z (ro — yo)-

Yo+ |lro — wolly € Y.

Hence

lzo = woll llx = yll = llzo = (yo + lzo — woll )| = plwo,Y) =7

and therefore ,

|z -yl > ——— > 0.
lzo — yoll
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Proposition 4.1.13. A locally totally bounded normed space is finite-dimensional.

Proof. Let B be the unit ball of a locally totally bounded normed space X. Then
B is located in X. By Proposition 2.2.18, B is locally totally bounded; being
bounded, it is therefore totally bounded. Let {z1,...,z,} be a 1/4-approximation
to B, and, using Lemma 4.1.11, construct a finite-dimensional subspace Y of X
such that p(z;,Y) < 1/4 for each i. Let £ be any point of X, and suppose that
p(£,Y) > 0. Then, by Riesz’s lemma, there exists a unit vector x € X such that
le —y|| > 1/2 for all y € Y. But this is absurd: for since z € B, there exists i such
that ||z — z;|| < 1/4 and therefore p(x,Y) < 1/2. We conclude that p (£§,Y) = 0;
so ¢ is in the closure of Y. But Y, being finite-dimensional and therefore locally
compact (Proposition 4.1.6), is closed in X. Hence £ € Y. Since £ € X is arbitrary,
we see that X =Y. O

Corollary 4.1.14. A located subspace of a finite-dimensional normed space is
finite-dimensional.

Proof. Let Y be a located subspace of a finite-dimensional normed space X. Since,
by Proposition 4.1.6, X is locally compact, we see from Proposition 2.2.18 that Y
is locally totally bounded. Hence, by Proposition 4.1.13, Y is finite-dimensional. O

By a convex combmatzon of finitely many elements T1,...,T, of X we mean
a point of the form Z Aiz; where each \; > 0 and Z Ai = 1. The convex hull

=1
of a subset S of X is the closure of the set of all points of X that are convex
combinations of points of S. It is straightforward to show that the convex hull of S
is the intersection of all convex subsets of X that contain S.

According to Exercise 11 of Chapter 2, a located subset of R may not have its
metric complement located. However, things are different when the set is convex.

Proposition 4.1.15. If S is a located convex subset of the product normed space
R™ such that —S' is inhabited, then —S is located.

Proof. Consider any x in R", and for each r > 0 let By(x,r) be the closed ball
with centre x and radius r relative to the product metric p. Then Bi(x,r) is an
n-dimensional cube with centre x and sides of length 2r. Consider any two real
numbers «, 8 such that a < 3. Let v1,...,v2n be the vertices of By (z, 2(a + ).
It is left as an exercise to show that there exists § > 0 such that for all points
Wiy ..., ,Wan with

plvj,w)) <6 (1<i<2™),

the convex hull of {wy,...,wsn} contains By (z,a). Either p(v;,S) < § for all 4,
or p(v;,S) > 0 for some i. In the first case, for each ¢ in {1,...,2"} choose w; in
S such that p(v;,w;) < §; then S contains the convex hull of {w;,...,wen} and
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therefore contains B (z,«). Thus p(x,y) > « for all y in —S. On the other hand,
if for some i we have p(v;, S) > 0, then v; € —S and p(z,v;) < 2(a+ 3) < 3. Thus
p(x,S) exists, by the constructive least-upper-bound principle. a

Although we do not develop integration theory in this book, it is worth pointing
out here that for convex subsets of R™ there is a close link between locatedness and
Lebesgue measurability: a convex subset of R™ with inhabited interior is located
if and only if it is Lebesgue measurable [17]. Informally, this result shows that a
convex subset of R™ with inhabited interior can be located if and only if its size can
be calculated.

4.2 Best Approximation

Let V be an inhabited subspace of a metric space X, and let a, b be elements of
X,V respectively. We say that b is a best approximation, or closest point, to a in V
if p(a,b) < p(a,v) for each v € V. In that case, p(a,V) exists and equals p (a,b).
We call V' proximinal in X if each element of X has a best approximation in V, in
which case V is located.

The fundamental theorem of classical approximation theory says that a finite-
dimensional subspace of a normed space is proximinal. Constructively, this theorem
implies LLPO (see Exercise 1). However, by introducing the idea of at most one
object even without knowing in advance that there exists one, we can produce a
good constructive version of the fundamental theorem.

Let X,V, and a be as in the first paragraph of this section. We say that a has
at most one best approzimation in V if for all distinct points v,v’ in V| there exists
x € V such that

max {p(a, v), pla,v')} > pla, ).
We call V' quasiproximinal if each point of X with at most one best approxima-
tion in V actually has a (perforce strongly unique) best approximation in V. Our
destination in this section is the following constructive fundamental theorem of
approrimation theory.

Theorem 4.2.1. Every finite-dimensional subspace of a real normed space is qua-
siproximinal.

We defer the proof until we have prepared the pathway with some preliminary
results, one of which has a proof that uses the A-technique discussed in Chapter 3.

Lemma 4.2.2. Let {e1,...,e,} be a basis for an n-dimensional subspace V' of
a normed space X, let 1 < m < n, and let W be the subspace of X with basis
{e1,...,em}. Then the span of {emi1,...,en} is an (n — m)-dimensional subspace
of the quotient space X/W.
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Proof. The proof is relegated to Exercise 4. O

Lemma 4.2.3. Let x,e be elements of a real normed space X with e # 0, and for
each § > p (z,Re) write

Ss={teR:|x—te|| <}.
If Ss is compact, then it is a proper compact interval [m, M| in R. Moreover,

|lx — me|| =6 = ||lx — Me||. (4.4)

Proof. Suppose that Sy is compact, with infimum m and supremum M. By Corol-
lary 2.2.14, there exists 6’ such that p(z,Re) < & < & and Sy is compact. Let
m’ and M’ denote the infimum and supremum, respectively, of Ss/. The uniform
continuity of the map ¢ ~ ||z — te|| on R ensures that (4.4) and

lz —m'e|| = &' = ||z — M'e|

hold. Since Sy C S5 and &' < 8, it follows that m < m’ < M’ < M and therefore
m < M. Now consider any t € [m, M]. Writing

t—m
M—m

T = =0,

we have t = (1 — 7)m + 7M. Hence
le —te|| < (1=7)|Jx —me||+7||lx—Me|| =(1—=7)6+75=14

and so t € S5. Thus S5 = [m, M]. ]

Lemma 4.2.4. Let x,e be elements of a real normed space X with e # 0, and let
d > 0. Suppose that
max { ||z — te||, ||z — t'e||} > d

whenever t,t' are distinct Teal mumbers. Then there exists 7 € R such that
|z — 7el| > d entails p (z,Re) > d.

Proof. Without loss of generality, we may assume that p (z,Re) < d + 1. With S;s
as in Lemma 4.2.3, we construct an increasing binary sequence (A, )n>1, sequences
(@n)n>1, (bn)n>1 of real numbers, and a decreasing sequence (5n)n>1 of positive
numbers with the following properties:

> Ss, is the proper compact interval [a,, by];

> if A, =0, then p (z,Re) < §, <d+1/n, and if n > 2,

2
0<b, —an < g (bn—l — an_l) ; (45)
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> if A, =1, then p (z,Re) > d, ap, = an—1, by =bp_1, and 6, = 6p,_1.

To begin the construction, set A\; = 0 and, using Corollary 2.2.14, choose d; > 0
such that p (z,Re) < d; < d+1 and S, is compact. By Lemma 4.2.3, Ss, is a proper
compact interval [ay, b;]. Now suppose we have constructed A\, _1,an_1,b,—1, and
dn—1 with the applicable properties. If \,,_1 = 1, set

M=1 a,=an_1, by =bp_1, and §,, = 0p,_1. (4.6)
If \,_1 =0, write

r = ma T — 1a —l—gb e T — ga —|—1b e
- X 3 n—1 3 n—1 3 n—1 3 n—1 .

By our hypotheses, r > d; so either p (z,Re) > d or else p (x,Re) < min{r,d + 1/n}.
In the first case we define our numbers as at (4.6). In the second case we set A,, =0
and choose §,, such that

)

1
p(z,Re) <9, < min{(5n1,r,d+ }
n

and S5, is compact; then by Lemma 4.2.3, S5, is a proper compact interval [a,, b,
contained in Ss, _,. Since r > §,,, either

€ 3an—1 3 n—1 | €
T — 72(1 + flb e
3 n—1 3 n—1

Taking, for example, the first case, and using the convexity of Ss,, we see that
either

> 6y

or
> O,

1 2
S(Sn C l:an—lv gan—l + 3bn—1>

or

1 2
S5n - <3an1 + 3bn1abn1:| .

Hence (4.5) holds. This completes our inductive construction.

We see from (4.5) that for n > 2, if A,, =0, then

2 n—1
0<bn—an<<3) (bl—al)

and therefore

n—1
2
0<ant1 —an < <3) (b1 —ay). (4.7)
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Clearly, this last inequality also holds if A,, = 1. It follows that (an)n>1 is a Cauchy
sequence and therefore converges to a limit 7 in R. Supposing that |z — Te|| > d,
compute a positive integer N such that |z —aye| > d+ 1/N. If Ay =0, then

1
|z —anel| = dn <d+ N

a contradiction. We conclude that Ay = 1 and hence that p (z,Re) > d. O

We now have the proof of Theorem 4.2.1.

Proof. Let V be a finite-dimensional subspace of a normed space X over R, and let
a be a point of X with at most one best approximation in V. If V' has dimension
0, then there is nothing to prove. If dim(V) = 1, then V' = Re for some e # 0 in
V, and we can apply Lemma 4.2.4 with z = a and d = p(a, V) to construct 7 € R
such that ||a — Te|]| = p(a, V).

Now let n be a positive integer, and suppose we have proved the desired result
for all n-dimensional subspaces of real normed spaces. Consider the case where V
has a basis {e1,...,ent1}, and let Y = Re, 1. By Lemma 4.2.2, V/Y is an n-
dimensional subspace of X/Y with basis {ey,...,e,}; moreover, for each z € X we
have

p(z,V) :mf{nanx/ywev}. (4.8)
Next, note that

(*) for each v € V there ezists a € R such that if ||a — v — aept1]| > p(a,V), then

|a — U”x/y =pla—v,Repy1) > p(a, V).

For if ¢, are distinct real numbers, then
1(v +tent1) = (v+ tensr)| = [t = '] [lenta]] # 0
and therefore, by our hypotheses,
max {|la — v —te 11|, la — v —tens1l|} > p(a, V).

So we can apply Lemma 4.2.4 with z = a — v, e = ep41, and d = p(a,V) to
compute the desired a.

With v, a as above, now let v/ be a point of V distinct from v, and compute
o’ € R such that if ||a — v — &’epy1|| > p(a, V), then

la='llx,y = pla—1v/Reqsr) > pla, V).

We have
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(v + aens1) = (0" + denia) | = [[(v =) + (@ = &) ensa|
2 lv =l x/y >0,

so, by our hypotheses,
max {[la — v — aens1l,lla = v = o'entall} > p(a, V).

It follows from (4.8) and the defining properties of a, o’ that

max {la = vy lla = v'llxsy } > pla, V) =inf {Jla = vl y 5w e V.

We have now shown that a has at most one best approximation in the n-dimensional
subspace V/Y of X/Y. By our induction hypothesis and (4.8), there exists vg € V
such that

pla—vo,Renst) = lla—voll )y = inf {lla—vllyy sv eV} =plaV).
Applying (*) once more, we compute ¢y € R such that
la —vo —toent1|l = p(a,V).

Hence vy 4 tpe,+1 is the best approximation to a with respect to the original norm
on X, and our inductive proof is complete. a

Theorem 4.2.1 is classically equivalent to its classical counterpart. For if V' is a
finite-dimensional subspace of the real normed space X and we suppose that some
a € X has no best approximation in V, then a clearly has at most one best approx-
imation in X. Therefore, by Theorem 4.2.1, it has one, which is a contradiction.

For applications of Theorem 4.2.1, see [15].

4.3 Hilbert Spaces

As we did for metric and normed spaces, we assume that the reader is familiar with
the definitions and elementary properties of an inner product and an inner product
space. In particular, we are not going to prove that

]l = v/ (x, x)

defines the norm associated with a given inner product on a vector space X over
K, and that the Cauchy—Schwarz inequality

[z, w)] < [zl 1yl

and the parallelogram identity
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2 2 2 2
lz+yllI” + [z = ylI” = 2= + 2|y

then hold. The latter inequality enables us to prove that an inner product space X
is uniformly convex, as follows: If 0 < § < 1, and z,y are unit vectors in X with
sz +yl >1-46, then

2 2 2 2 2
e —yll” = 2l=[" + 2[lyI” = llz + yl” <4 -4 (1 -9)",

which can be made as small as we please, independently of  and y, by a suitable
initial choice of §.

The simplest example of an inner product space is, of course, the Euclidean
space K™ with the usual inner product given by

n
(@,y) = miy;,
=1

where z = (x1,...,2,) and y = (y1,...,Yn) . Another example is the space l5(K),
consisting of all sequences x = (mn)n>1 in K that are square summable in the sense

&)
2 . s . : :
that > |z,|” converges in R; in this case we work with termwise operations and
n=1

with the inner product defined by

L)
<X7 Y> = Z xny:'
n=1

It is left to the exercises to prove that this is indeed an inner product.

An inner product space that is complete with respect to its norm is called a
Hilbert space. Adding completeness to the inner product leads to a structure with
powerful geometrical properties such as the following.

Theorem 4.3.1. Let S be a closed, located subspace of a Hilbert space H. Then for
each x € H, there exists a strongly unique element Px of S such that |z — Pz|| =

p(x,S). Moreover, Pz is the strongly unique element y of S such that (x —y,s) =0
for all s € S.

Proof. Fixing « € H, let d = p(x,S) and choose a sequence (sn)n>1 in S such that
d =lim,_, ||z — s,||. Using the parallelogram identity and the convexity of S, we
have

2 2
[8m = snll” = (sm — 2) = (sn — @)

Sm + Sn

2

=25 — |® + 2|50 — z|* — 4

< 2||8m — x||2 +2|sn — :c||2 — 4d?
=2 (llsm — @l = @) +2 (Jlsn — o|* - ¢2)

— 0 asm,n — oo.
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Hence (sn)n21 is a Cauchy sequence. Since H is complete and S is closed, this
sequence converges to a limit Px € S. The continuity of the norm on H now gives
|l — Pz|| = d. Moreover, if y € S and y # Pz, then, again by the parallelogram
identity and convexity, we have

0<|Pz =yl = [(Pz — 2) - (y o)

= 2P~ af? + 2y - ol - 4 52 —xH
<2(IlPz—al® - &) +2 (lly - oI’ - &)
=2 (|ly — ol - &?).

so ||z — y|| > d. It follows that Pz is the strongly unique closest point to x in S.
Next note that for all y € S and X € K|

(x — Px+ \y,x — Pz + \y) > d* = (x — Px,x — Px)

and therefore
AP [lyll? + 2Re (A (z — P, y)) > 0. (4.9)

Suppose that Re (z — Px,y) # 0. By choosing a sufficiently small real number A
with ARe (x — Px,y) < 0, we can contradict (4.9). It follows that Re (z — Px,y) =
0. A similar argument shows that Im (x — Pz,y) = 0; whence (z — Pz,y) = 0.
Finally, if y € S and y # Pz, then since y — Px € S,

0< |y = Pz|* = (y - Pe,y - Pa)
= (v — Pz,y — Pz) — (v —y,y — Px) = — (v —y,y — Px),

so (x —y,y — Pz) # 0. It follows that Px is the strongly unique element y of S
such that (x —y,s) =0 for all s € S. O

The mapping P : H — S defined in Theorem 4.3.1 is called the projection of
H onto S, and for each z € H, the vector Px is the projection of the vector x onto

S.
The mapping P is linear: for if A\ € K and z, 2’ € H, then since for all y € S,

Az + 2’ — (A\Pz + Px'),y) = A{z — Px,y) + («' — Pz',y) =0,

it follows from the uniqueness of the projection of Az + 2’ onto S (Theorem 4.3.1)
that P (Axz + ') = APz + Px’. For each y € S, since (y — y,s) = 0 for all s € S, we
see from the uniqueness of the projection of y into S that Py = y; whence P maps
H onto S. Since Pz € S, we have P?x = P (Px) = Pz, so P is idempotent; that is,
P? = P. Also,



4.3 Hilbert Spaces 95

lz||” = (z,z) = (x — Px + Pr,x — Pz + Px)
= (x — Pz,x — Pz) + (x — Pz, Pz) + (Px, Px)
=l = Pz|* + || Pall”,
since (x — Pz, Pz) = 0 (by Theorem 4.3.1). Hence || Pz|| < ||z|| , and so 1 is a bound

for P. On the other hand, if S contains a nonzero vector z, then ||Pz| = ||z|; it
follows that in this case, P is normed and || P|| = 1.

Two subsets S, T of an inner product space are said to be orthogonal if (z,y) = 0
for all x € S and y € T; we then write S L T. The orthogonality relation is
symmetric,

S1T«—TLS,

and any family (7}),.; of subsets of X satisfies
SLUTi«=VieI(SLT).
iel

A wector x is orthogonal to the subset S if {x} L S, in which case we write x L S
two vectors x, y are said to be orthogonal vectors if x L {y}, in which case we write
x 1 y and we have the following generalisation of Pythagoras’s theorem:

2 2 2
[l +yll” = [z + lyl”-
We define the orthogonal complement of a subset S of X to be the set
St={reX:z 1S},

which is easily seen to be a closed linear subspace of X.

If 0 € S, then SN S+t = {0}. It readily follows that if S is a closed, located
subspace of a Hilbert space H, with P the corresponding projection, and if x € H,
then the decomposition

x = Pz + (x — Px)

is the unique expression of x as the sum of a vector in .S and a vector orthogonal
to S. Denoting by I the identity operator x ~» x on H, we prove that I — P is the
projection of H onto the subspace S+. For each y € S+, the vector z = x — Pz —y
belongs to S+, so

2 2 2 2 2 2
|z =yl = [Pz + z[|” = [[P=[]" + ||2]” > [| P[] = [z — (z — Pz)|]".
Since x — Pz € S+, we conclude from the uniqueness part of Theorem 4.3.1 that
x — Pz is the projection of z into S*.
We need at this point to clarify what we mean by saying that the series > Ae;

icl
converges to the sum x and by writing

r=>Y_ \ei, (4.10)

iel
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where the index set I on the right is not necessarily countable: we mean that for
each € > 0 there exists a finitely enumerable subset F' of I with the property that
if G is a finitely enumerable subset of I that contains F, then

T — Z/\iei

i€G

<e.

In the case I = N7, this condition is equivalent to the usual one for convergence of

o0
the series Y Ane, to .
n=1

A family (e;);.; of vectors in a Hilbert space H is said to be orthonormal if

> e; L e; whenever i # j, and

>> for each i, either |le;]| =1 or e; = 0.

Such a family is called an orthonormal basis if each vector x € H can be written
uniquely in the form (4.10) with (A;),.; a family of elements of K such that A; = 0
whenever e; = 0. The scalar \; is then called the ith coordinate of x relative to the
orthonormal basis.

If (e;),c; is a finitely enumerable orthonormal family in H, then it spans a finite-

dimensional subspace of H. To see this, we may assume that ||e;|| = 1 for each i.
Let (A;);c; be a family of scalars such that ) [A;| > 0, and let 2 = A;e;. Choose
i€l i€l

J € I such that A; # 0. Then

(we) =Y Nifeire;) = Xj(eje5) = A #0,

i€l

so & # 0. Thus the vectors e; (i € I) are linearly independent and therefore span a
finite-dimensional space.

Classically, using (an equivalent of) the axiom of choice, we can prove that every
Hilbert space has an orthonormal basis of unit vectors. Constructively we avoid
the axiom of choice by adding separability to the hypotheses on H, by relaxing
the requirements to allow basis vectors to be 0, and by using the Gram—-Schmidt
orthogonalisation process embodied in the proof of our next result.

Proposition 4.3.2. FEvery separable Hilbert space has a countable orthonormal

basis. If (en)n>1 is such a basis, relative to which x has coordinates oy, o, ... and
o0

y has coordinates 31, B4, .., then ay = (x,ey) for each n, {x,y) = > anf,,, and
n=1

2 il 2
[2]I” = > [anl™.
n=1

Proof. Let (an)n>1 be a dense sequence in H. The idea of the proof is to construct
inductively the orthonormal sequence (en)n>1 to ensure that at stage n there exists
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zp, in the subspace S,, of H spanned by {e1, ..., ey} such that ||a, — z,|| < 1/n. For
convenience, set eg = 0 and Sy = {0}. Assume that e,, has already been constructed.
Being finite-dimensional, S, is closed and located, so the projection P, of H onto
Sp, exists. Either ||an+1 — Phany1]] <1/ (n+1) or else apt1 # Ppant1. In the first
case, set e,+1 = 0. In the second, define a unit vector by

1

||an+1 — Phapsr ||

€n+1 = (an+1 - Pnan—i-l) .

Note that e, 11 is orthogonal to e, ..., e, since (by Theorem 4.3.1) a,+1 — Phant1
is orthogonal to S, and that

Ap+1 = Pnan+1 + Han+1 - Pnan-&-lH En+1

is in the subspace of H spanned by {ey,...,e,+1}. This completes the induction.

Now consider the vectors z,y € H. For each positive integer k we have unique

representations
k
Pyx = g Qi
n=1
and
k
Pky = E ﬁne’nﬂ
n=1

with a,, = §,, = 0 whenever e, = 0. For n < k,

k
oy = Zai (€5, 6n) = (Prx,en) = (X, en) — (x — Pz, en) = (z,ep) .
i=1

Likewise, §3,, = (y,e,) . Thus a,, and 3, do not depend on any k # n. Now,

k
n=1

Since the sequence (ay),,>; is dense in X and p(ax, Sk) < 1/k, we see that both
p (x,Sk) and p (y, Sk) approach 0 as k — oo; whence Pyax — x and Pyy — y as
k — oo. Thus

= lim (P, Py = > o, B
<-T,y> kLIlgo< kT, k:y> nZ::la ﬁn

o0
Finally, if we take y = 2, we obtain ||z]* = 3 |ow|?. 0
n=1

An elementary lemma will enable us to characterise dimensionality in terms of
orthonormal bases.
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Lemma 4.3.3. Let S be a finite-dimensional subspace of a separable Hilbert space
H, and let (en)n21 be an orthonormal basis of H. Then there exists a positive integer
N such that p (en,S) > 0 whenever n > N and ||e,|| = 1.

Proof. By Corollary 4.1.7, there exists a finite 1/2-approximation {z1,..., 2y} to
o0
the unit ball of H. Since, by the preceding proposition, the series > |(wk,en>\2

n=1
converges, |{(xg,en,)| — 0 as n — 00; so we can compute N such that

3
[(xk, en)| < 3 (I1<k<m;nx=N).
Let P be the projection of H on the finite-dimensional, hence closed and located,
subspace S. Consider any n > N such that |le,|| = 1. Choosing k (1 < k < m) such
that ||Pe, — x| < 1/2, we have

1
len — zxll* = 1+ lz&l|* = 2Re (@, e0) > 1 =2 |{@x, €n)| > 7

so
p(en,S) = llen = Pen| = llen — il = [Pen — k|| > 0,

as we required. a

Proposition 4.3.4. Let (e,),>, be an orthonormal basis of a separable Hilbert
space H. Then H is finite-dimensional if and only if e, = 0 for all sufficiently large
n.

Proof. If H is finite-dimensional, then taking S = H in Lemma 4.3.3, we obtain
N such that e, = 0 for all n > N. If, conversely, such N exists, then H is the
finite-dimensional space of all linear combinations of those vectors eq,...,en that
are nonzero. a

Let X be a linear space with an inequality compatible with its linear structure.
We say that X is infinite-dimensional if the complement of each finite-dimensional
subspace of X is inhabited. It follows from Bishop’s lemma (Proposition 3.1.1) that
a normed space X is infinite-dimensional if and only if for each finite-dimensional
subspace S of X there exists € X such that p (z,S) > 0.

Proposition 4.3.5. Let (en)n>1 be an orthonormal basis of a separable Hilbert
space H. Then H is infinite-dimensional if and only if e, # 0 for infinitely many
n.

Proof. Suppose that H is infinite-dimensional, and consider any positive integer V.
Let S be the finite-dimensional subspace of H consisting of all linear combinations
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of e1,...,en, and let P be the projection of H onto S. There exists x € H such
that p(x,S) > 0 and therefore, by Proposition 4.3.2,

oo

S lwen)l =l = Pall* = p(,9)* > 0.

n=N+1

Hence there exists n > N such that (z,e,) # 0 and therefore, by the Cauchy—
Schwarz inequality, e, # 0.

Conversely, if there exists a strictly increasing sequence (ng) k>1 Of positive inte-
gers such that e,, # 0 for each k, consider any finite-dimensional subspace S of H.
Choose N as in Lemma 4.3.3. Then choose k such that ny > N. Since |le,, || = 1,
we must have p (e, ,S) > 0. 0

We now introduce a construction of new Hilbert spaces from old. Let Hy, Hs be
Hilbert spaces, and for all x = (x1,x2) and y = (y1, y2) in the product vector space
H; x Hy define

(x,y) = (z1,y1) + (22, 92) -

This defines an inner product with respect to which Hy; x Hs is a Hilbert space,
called the direct sum of H; and Hs, and denoted by H; & H,. This construction
helps us to prove the most general case of our next theorem.

We say that a linear functional u on a Hilbert space H is represented by a vector
a € H if u(z) = (z,a) for all x € H. The following Riesz representation theorem
tells us that a functional is representable by a vector in this way if and only if it is
normed.

Theorem 4.3.6. A bounded linear functional u on a Hilbert space H is normed if
and only if there exists a € H such that

u(z) ={(zx,a) (ze€H). (4.11)
In that case, a is strongly unique: if y € H and y # a, then there exists x € H such

that u(z) # (x,y) . Moreover, ||u|| = |al| .

Proof. Suppose first that there exists a vector a with property (4.11). Then, by the
Cauchy—Schwarz inequality, |u(x)| < ||al| ||z|| for each z € H. On the other hand,
given € > 0, we have either ||a|| > 0 or ||a|| < e. In the first case,

1
u( e ) = llal > llaf| —e.
lall

In the second, u(0) = 0 > ||a|| — . Since € > 0 is arbitrary, it follows that ||u|| exists
and equals ||a| .
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Suppose, conversely, that  is normed. To begin with, take ||u|| > 0. Then ker(u)
is located, by Proposition 2.3.6. Let P be the projection of H on ker(u), choose
y € H with u (y) > 0, and define

Ty = (y — Py).

(y)

Then u(xzg) =1, so  — u(x)xg € ker(u). Since zy L ker(u), we have

0 = (z — u(w)zo, x0) = (z,20) — u(x) |z0]”,
from which it follows that u(x) = (z,a) with

1

2
o]l

It remains to remove the condition that ||u|| > 0. In doing so, we need to bear in
mind that we have not ruled out the possibility that H = {0}. To deal with this,
we consider the direct sum H @ K, on which we define a bounded linear functional
v by

v(@,¢) = u(@) + C.

We first observe that u is represented by the vector a if and only if v is represented
by the vector (a,1). Since |[v|| > 0, it follows from the first part of the proof that
it Will suffice to prove that v is normed. To this end, let 0 < a < ( and set
€=z (a + B). If |Ju|| > 0, then, by the first part of the proof, u is represented by a
umque vector a € H; whence v is represented by (a, 1) and is therefore normed. So
we may assume that ||u|| < e. Then either ||u|]| +1 > a+¢ or ||u]| +1 < §. In the
first case, v(0,1) =1 > « and ||(0,1)|| = 1. In the second case, for each (z,¢) with
Il(z,{)]| <1 we have

oz, Q)] < |u(@)] + I¢] < Jlull +1 < .

It now follows from the least-upper-bound principle that ||v|| exists. O

The second part of the foregoing proof contains an argument showing that the
sum of two normed linear functionals on a Hilbert space is normed. Note that in
general, the sum of two normed linear functionals on an arbitrary nontrivial normed
space need not be normed.

By an operator on a Hilbert space H we mean a linear mapping of H into itself.
The set of bounded operators on H is denoted by B(H).

Classically, the Riesz representation theorem enables us to prove, for a given
element T of B(H ), the existence of the adjoint 7, which has the defining property

(Tz,y) = (z, T*y) (x,y€ H). (4.12)
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Indeed, given y € H, we apply the Riesz representation theorem to the linear
functional  ~ (Tz,y) to obtain a unique vector T*y with the desired property.
The constructive problem with this argument is that in order to apply Theorem
4.3.6, we require that the functional  ~» (T'z,y) be normed, which is something we
cannot guarantee. In fact, as the following Brouwerian example shows, we cannot
prove that a general normed operator on H has an adjoint.

Let H be a complex Hilbert space with an orthonormal basis (en)n>1 of unit
vectors, and let (an)n>1 be a binary sequence with at most one term equal to 1.

o0
Observe that for each € H the series ) a, (z,e,) converges absolutely. For,
n=1

(o]
given ¢ > 0 and choosing N such that Y. [(z,e,)|> < €2, for each k > N we
n=N+1
have
k k
Z |an (2, €n)| = Z an [(z, en)| < fogfgkm’e")l <e.
n=N+1 n=N+1

&)

Hence the partial sums of > a, |[(z, e, )| form a Cauchy sequence, and so the series
n=1

o0

> ap {x, ey) converges in C. Thus
n=1

Ty = (Z an (x7en>> e1

defines a mapping—clearly an operator—from H to itself. It is left as an exercise
to show that T is normed. Suppose that T™* exists. Then either T*e; # 0 or else
|IT*e1]] < 1. In the first case we can find N such that (e, en) # 0. Suppose that
any = 0. If there exists n # N such that a, = 1, then for all z,y € H,

(Tx7y> = <<(E,€n> 61,y> = <IE, <y761>6n>

and therefore
Ty = (y,e1) en. (4.13)

Hence (T*ey, en) = 0, a contradiction. Thus a,, = 0 for all n # N and therefore for
all n; whence T = 0, which is impossible since T*e; # 0. We conclude that ay = 1.
In the case |T*e1|| < 1, suppose that a,, = 1. Then (4.13) holds, so T*e; = e, and
therefore ||[T*e1|| = 1, a contradiction. It follows that in this case we have a,, = 0
for all n.

In view of this Brouwerian example, for any Hilbert space H and any not nec-
essarily bounded operator T on H, we define the adjoint T™, if it exists, by the
equation (4.12); in which case we refer to T as jointed. It is then straightforward to
show that T is an operator; that the adjoint of 7™ is T'; and that any bound for T’
is one for T*, and vice versa. Moreover, if S, T are jointed operators, then for each
A €K, soare AS + T and ST, and
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(NS +T)" = \"S* +T*,
(ST)* =T*S".
For example, we have

(STz,y) = (Tx,S"y) = (x,T" (S™y)) = (, T"S™y) .

An operator T on H is called selfadjoint, or Hermitian, if T exists and equals 7T
The identity operator I is trivially selfadjoint. More generally, if P is the projection
of H onto a closed, located subspace, then for all z,y € H we have

(Pz,y) = (Px, Py) + (Px,y — Py) = (Pz, Py)
= (Px, Py) 4+ (x — Pz, Py) = (x, Py),

so P is selfadjoint.

Conversely, if P is any bounded, idempotent, selfadjoint operator on H, then P
is a projection. To see this, let

V={yeH:Py=y}.

It is clear that Vis a linear subspace of H. If 2 € H, then since P2z = Px, we have
Pz € V. On the other hand, for each y € V' we have

<Z‘—Pl‘,y> = <$,y> _<any> - (x,y) —<$,Py> =0,

since Py = y. Hence z — Pz is orthogonal to V, and therefore (since Pz — y is in
V)

2 2
lz—yll” = llz = Pz + Pz —y
= ||z = Pz|* +||Pz — y||* > ||« — Pa||”.
We now see that Px is a closest point to « in V. Hence V is located in H. Finally,

the continuity of the bounded operator P ensures that V is closed; so P is the
projection of H onto V.

We end the chapter with an application of the Riesz representation theorem
and a corollary, both due to Ishihara [58]. For this we need to know that a linear
mapping T between normed spaces X, Y is defined to be compact if T(Bx(0,1)) is
a totally bounded subset of Y'; in that case, the norm of T exists, by Corollary 2.2.7.
Every bounded linear mapping on a finite-dimensional normed space is compact.

Proposition 4.3.7. Let T be a bounded linear mapping of a Hilbert space H into
C™, and for 1 <1< nlet P;: C* — C be the ith projection mapping, defined by

PZ‘(ZI’ZQ, .. .,Zn) = Zj.

Then T is compact if and only if P; o T is normed for each i.
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Proof. If T is compact, then since the projection P; is uniformly continuous, the
set P; o T(B(0,1)) is totally bounded, so ||P; o T'|| exists. Suppose, conversely, that
P; o T is normed for each ¢. By the Riesz representation theorem, for each i there
exists a; € H such that

PoT(x)=(xz,a;) (xe€H).

Using Lemma 4.1.11, construct a finite-dimensional subspace X of H such that
pla;, X) < e/2n for each i. Let P be the projection of H onto X. Since the restriction
of T to X is a compact linear mapping, there exist x1, o, . .., Ty, in the unit ball Bx
of X such that {Txy,Txa,...,Txy} is an €/2-approximation to T'(Bx). Consider
any ¢ € H with ||z|| < 1. Working with the product norm on C", we have

M:

IT(x — Pz)|| = |P; o T(x — Px)]

1

.
Il

<.’E - anai>

I
NE

1

.
Il

(r,I—P)ai)

I
M=

1

.
Il

<

NE

[ fla: — Paz||<zf 5

1

.

Choosing j such that ||TPx — ij|| < /2, we now obtain

[Tz — Tajl| < |T(x — Pr)l| + |TPx — Taj|| < 5 + 5

Thus {Tx1,Txa,...,TTy} is an e-approximation to T(BH). Since ¢ > 0 is arbi-
trary, we conclude that T is a compact linear mapping on H. O

Corollary 4.3.8. The sum of two compact operators on a Hilbert space is compact.

Proof. Let S and T be compact operators on a Hilbert space H, and let £ > 0.
Since S(Bg) and T'(Bg) are totally bounded, it readily follows from Lemma 4.1.11
that there exists a finite-dimensional subspace X of H, with associated projection
P, such that

[(S+T)x — (PS+ PT)x||<e (z € Bpm). (4.14)

We may assume that X is nontrivial and so has a basis {ey,...,e,}. Writing

PSy = Zpi(x)ei, PTx = Zqi(x)ei,
i=1 i=1

we see from Proposition 4.3.7 that for each 4, the linear functionals p;, q; on H are
normed; whence p; + g; is normed (see the remark following the proof of the Riesz
representation theorem). Since
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n

(PS+ PT) () = Z (pi + @) (z)ei,

i=1

we see from Proposition 4.3.7 that PS + PT is compact. In view of (4.14), any
g-approximation to (PS + PT') (By) is a 2e-approximation to (S+T)(Bpy). Hence
S + T is compact. a

Exercises

10.

Let X be the space R? with norm ||(z,y)| = max {|z|,|y|}. Show that if the
1-dimensional subspace R (cos#,sin @) is proximinal in X for each 6 € R, then
LLPO holds.

Let V' be a nonzero linear subspace of a normed linear space X such that each
x € X has at most one closest point in V. Need V be located?

Prove that if every pair of nonzero vectors in R? generates a finite-dimensional
space, then LPO holds.

Prove Lemma 4.2.2.
Prove that a uniformly convex linear subspace of a normed space is proximinal.

A normed space X is said to be compactly generated if there exists a compact set
K C X such that each point of X is a linear combination of finitely many points
of K. Let X be a compactly generated Banach space, and Y a finite-dimensional
subspace of X. Prove that either X =Y or else the metric complement of Y is
inhabited. (Hint: Use the A-technique.)

Let Y be a locally compact subspace of a complete metric space X such that
each z € X has a unique best approximation Pz in Y. Prove that the mapping
P is sequentially continuous on X. (Hint: First use Ishihara’s tricks.)

Let T be a bounded linear mapping of a normed space X onto a finite-
dimensional Banach space Y. Prove that there exists » > 0 such that By (0,r) C

Let T be a bounded linear mapping of a normed space X onto a finite-
dimensional Banach space Y. Prove that T is a compact linear mapping if and
only if ker(T") is located in X.

Let X be an inner product space. Prove that ||z|| = \/(z,z) defines a norm
on X and that the Cauchy-Schwarz inequality |(z,y)| < ||z||||y| holds for all
z,y € X.



11.

12.

13.

14.

15.

16.

17.

18.

19.
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Let p > 1, and let I, be the set of all sequences x = (xn)n>1 in the field K

o0

that are p-summable, in the sense that > |x,[” converges. Equipping I, with
n=1

termwise operations of addition and multiplication-by-scalars, prove that

oo 1/p
Ixll, = (Z xn|p>
n=1

defines a norm on I, and that [, is complete with respect to this [,,-norm.
In the case p = 2, show that the [,-norm arises from an inner product, as in

Exercise 10.

Let S, T be orthogonal linear subspaces of a Hilbert space H such that
S+T={ax+y:z€8, yeT}
is dense in H. Prove that S and T are both located.

Let S be a linear subset of a Hilbert space H such that for each x € H there
exists y € S with « — y orthogonal to S. Prove that S is closed and located.

Construct a Brouwerian counterexample to the statement that every selfadjoint
operator on a Hilbert space H is normed. Does every normed operator on H
have an adjoint?

Construct a Brouwerian counterexample to the statement that every selfadjoint
operator on a Hilbert space that has located kernel also has located range.

Construct Brouwerian counterexamples to each of the following statements.
(a) Every bounded linear functional on s (see Exercise 11) is compact.

(b) If T is a bounded linear mapping of I; into C? such that P; o T' is normed
for i = 1,2, then T is compact (where P; is the ith projection of C? onto
0).

Construct a Brouwerian counterexample to the proposition that the sum of two
compact linear mappings between normed spaces is compact.

Use the A-technique as an alternative means of removing the restriction that
|lul > 0 in the proof of the Riesz representation theorem.

Let R be an algebra of normed, jointed operators on a complex Hilbert space H,
where the operation of multiplication on R is just the composition of operators.
For each T € R and each A € C define an operator 7" on the direct sum H & C
by

T'(z,¢) = (Tz + A\x, X() .

Show that T” is both selfadjoint and normed.
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Notes

Our definition of “linearly independent” is classically equivalent to the usual one:
n

namely, if > A\;e; = 0, then A\; = 0 for each i. Constructively, the two definitions
i=1

are equivalent if and only if MP holds. Bishop’s definition of “finite-dimensional”

requires that the space have a norm from the outset. Our definition is more in the

spirit of linear algebra.

Theorem 4.2.1 can be applied to the case of Chebyshev approximation: best
approximation of elements of C [0, 1], relative to the sup norm, by polynomials of
degree at most n. However, in this special case a deeper analysis enables one to prove
the existence of best approximations without the use of Theorem 4.2.1; moreover,
that analysis reveals that the best approximation process is, as one would expect
in a constructive context, continuous. See [15].

The induction step in the proof of Theorem 4.2.1 is a lot simpler if we are
permitted to use Brouwer’s fan theorem; for we can then show that any uniformly
continuous function from a compact metric space to the positive real numbers has
a positive infimum (see [34], Chapter 6).

As Section 4.3 shows, the elements of Hilbert space theory require very few
modifications to bring them into constructive line. However, we have to be careful
about the requirement that the linear functionals be normed before we can apply
the Riesz representation theorem, and about the possibility that a given bounded
operator may not have an adjoint.

For a different proof of the Riesz representation theorem see [35]. Working with
a direct sum, as was done in the proof of Theorem 4.3.6 in order to circumvent
our inability to decide whether a space is trivial, is a useful technique in other
applications; see [28].

In the proof that an idempotent, bounded, selfadjoint operator P on a Hilbert
space is a projection, we used boundedness only to prove that the set V =
{z € H : Pz =z} is closed. The Hellinger—Toeplitz theorem (see Chapter 6) shows
that every selfadjoint operator P on H is sequentially continuous, a property strong
enough to prove that the corresponding set S is closed. Thus, in fact, every idem-
potent selfadjoint operator on a Hilbert space is a (bounded linear) projection.
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Linearity and Convexity

Every separation is a link.
—Simone Weil, ‘Metazu’, Gravity and Grace

We begin the chapter by exploring some geometric aspects of convexity that are used
later in the construction of one of the cornerstones of functional analysis: the separation
theorem. In turn, this leads us to the Hahn—Banach extension theorem, which in its most
general form for separable normed spaces produces only approximately norm-preserving
extensions of normed linear functionals. We also give Ishihara’s version of the Hahn-
Banach theorem, which provides a unique norm-preserving extension of a given normed
linear functional in the case where the norm on the space is Gateaux differentiable. We then
use the separation and Hahn—Banach theorems to explore the interplay between a normed
space and its dual. In particular, we characterise certain linear functionals on spaces of
bounded linear mappings. For our discussion of duality we develop the fundamentals of
the theory of locally convex topological vector spaces.

5.1 Crossing Boundaries

Suppose we start at a point ¢ in the interior of a located subset C of a normed
space X and move linearly towards a point z in the metric complement of C. Are
we able to tell when we are crossing the boundary

oC=Ccn~C

of C'7 In general, as is discussed in more detail in problems at the end of this chapter,
the constructive answer is no. However, our geometric intuition suggests that when
C is convex, we might succeed in pinpointing boundary crossing points. Our first
few lemmas are designed to lead us to a proof of the existence of the boundary
crossing point, which depends continuously on the origin £ and the terminus z of
our path out of the convex set.
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Lemma 5.1.1. Let C' be a convex subset of a normed space X, let £ € C°, and let
r >0 be such that B(&,r) CC. Let z # &, 0<t <1, and 2/ =t + (1 —t) z. If the
ball B(z,tr) intersects C, then B(z',t*r) C C.

Proof. Suppose that there exists y in B(z,tr) N C. Let ¢’ € B(2',t?r) and

;o 1 1,
6—(1—t>y+t0

Then
1 1 1 1
el — 1- = (1.2 ot
o=l = (1= 5) 3= (1-5) o3
1 1
<(3-1)1e-ul+ 11 =<1
< (L) e le
t " t "
=r.
Hence ¢’ € C. Since ¢ = t&’ + (1 —t)y, it follows by convexity that ¢’ € C. O

In the context of a vector space X over K we define intervals as follows:

[T,y ={tze+(1—-t)y:0<t <1},
(,y)={tz+(1—-t)y:0<t <1},

where z,y € X.

Lemma 5.1.2. Let C' be an open convex subset of a normed space X such that
CU—-C isdensein X, let £ € C, and let z € —C. Then (CU—-C) N[, 2] is dense

in [, 2].
Proof. Fix ¢ > 0 and choose r such that

r
0 [ —
< le—l <e,

B(¢,r) € C,and B(z,r) C —C. Given y in [€, 2], we may assume that ||y — &|| > /2
and |ly — z|| > r/2,s0 y = af + (1 — a) z for some « € (0,1). Fix A such that

—& —Q
max{ —— 2 L\ <, 5.1
{5—zn1—a} (5-1)

and set
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b A
A=
=X+ (1-N)y.
Then 0 <t <1andy=t+ (1 —1t)y;. Also,
p=1-1-NA-a){+1-N(1-0a)z

where, by (5.1),
0<(1-MN(1-a)<l,

so y1 € [€,2]. Now pick ¢y’ € C'U—C such that
ly — ¢/|| < min {r? t*r}.

Take first the case y’ € C. By our choice of 7, the point £ + + (y — /) belongs to C.
Since C' is convex,

1 T 1
" o_ / Lo
Y 1+ry+1+r(§+r(y y)>

also belongs to C. Moreover,

1 r

1
=Tt Tl clesl,

and , ,
= — =y < —— ||E — 2| < &.
ly — " T 1€ =yl < T 1€ -z <e

We are left with the case 3y’ € —C to dispose of. But then B(y,t?r) intersects
—C, so, by the preceding lemma, B(y1,tr) N C = &; whence y; € —C. Since

ly —wll =M€ -yl <e

by (5.1), the proof is complete. |

Lemma 5.1.3. Let X be a normed space, let x1,xo be distinct points of X, and
let z3 = Axy + (1 — A) zg with A # 0,1. For all o, 3 > 0, if ||z — 1] < a/|A| and
ly — @ll < /B/I1 = Al, then [ Az + (1 A)y — asl| < a + 8.

Proof. For such z and y we have
Az + (L= A)y — zsll <Az — ]l + L = Allly — 22|,

from which the result follows almost immediately. a
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In the presence of convexity, the preceding, seemingly innocent, lemma turns
out to be a powerful tool. Here is a first example of its use.

Lemma 5.1.4. If C is an inhabited, open, convex subset of a normed space X, then
—C' is dense in ~C.

Proof. Fixing &€ € C, choose r > 0 such that B (£,r) C C. Consider any z € ~C
and € > 0. Setting

€
t=1+4——0
Iz =€l
and
=tz+(1-1)¢,
we see that ||z2 — z|| = € and that
—t 1
&= 1—tZ+ T %

It now suffices to show that x9 € —C. Taking 1 = z,23 =§, and A =1¢/(t — 1) in
Lemma 5.1.3, we see that if ||y — x2|| < r (¢ — 1), then

-t z+ 71 &l <

r
1—t t y

and therefore

—t 1
— C.
1= z+1_tye

1 1 —t 1
== 1— — C
ty+< >(1t +1ty)€ ’

a contradiction. Hence y ¢ C' whenever ||y —z2]] < r(¢t—1); in other words,
B(xa,r(t — 1)) C =C, from which it follows that zo € —C. O

If also y € C, then

A more significant example of the application of Lemma 5.1.3 is the following.

Proposition 5.1.5. Let C be an open convex subset of a Banach space X such
that C' U —C' is dense in X, and let £ € C. For each z € —C and each t € [0, 1]
write

2z =t&E+ (1—1t) 2.
Then the following hold:

(a)v(&,2) =inf {t € [0,1] : 2, € C} exzists, and 0 < (£, 2) <1
(b) 2y(¢,2) is the unique intersection of [§, z] with OC.
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() If y(&,2) <t < 1, then z € C.
() Ifo<t <~ z), then z € —C.

Moreover, the mapping (§,2) ~ 2y, of C x —C into OC is continuous at each
point of C' x —C.

Proof. Fixing z in —C, let
S:{te [0,1]12t60},

which contains 1. Note that since C' is convex, S is convex also, from which it follows
that

(*)if0<t' <landzy ¢ C, then z, ¢ C for all ¢t with 0 < ¢ < ¢'.

Let 0 < @ < 8 < 1. By Lemma 5.1.2, there exists ¢y € («, 3) such that the point
yo = to& + (1 — o) z belongs to C' U —C. Either tg € S or yp € —C N [&, 2]. In the
latter case, since £ € C' N [E, 2], we see from (*) that ¢y, and hence «, is a lower
bound for S. It follows from the least-upper-bound principle that

m=(§,z) =inf S

exists. Choosing r > 0 such that B (¢,7) C C and B (z,r) C —C, now observe that
if
-
R R
1€ = =l

then 0 <t < 1and || — (¢ + (1 —t) 2)|| = r; whence t£ + (1 —¢) z € C. Thus

r

m<l- —— < 1.
1€ — =]

On the other hand, since
lz— Q=) +tz]| =7

and therefore z; € —C, we see from (*) that

r
m 2z —— > 0.
g ==l

By the definition of m as an infimum, the point
h(z) =m&+(1—m)z

belongs to the closure of C. Again applying Lemma 5.1.2, we can find ¢’ € (0,m)
such that zy belongs to C' U —C' and is arbitrarily close to z,,. By the definition of
m, we have zp ¢ C, and so zp € —C. Thus z,, is in the closure of —C and hence
in C. The uniqueness part of (b) will follow immediately once we have proved (c)

and (d).
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Now observe that if m < t < 1, then by the definition of m as an infimum,
there exists ¢’ such that m < ¢’ < t and 2z € C; since z; is in [, zp], it is in the
convex set C. This proves (c). To dispose of (d), let 0 < ¢ < m and let n be the
midpoint of the segment [, z,,]. Then, by (¢), n € C, so there exists § > 0 such
that B (n,d) C C. Also, n = Azpy + (1 — A) z; for some A > 1. Consider any point
y with ||y — 2z¢|| < 6/(A — 1). Applying Lemma 5.1.3 with z1 = 2,,,72 = 2;, and
r3 =1, we see that

[Azm + (1 =A)y—nl <4

and therefore Az, + (1 — )y € C. If also y € C, then
Zm =

i()\zm+(1)\)y)+<1i>y60,

which is absurd since z,, € 0C and C' is open. Thus

0
B (Zt, A—l) c -C

and therefore z; € —C. This proves (d).

To prove the continuity of the boundary crossing map on C' x —C, fix £ € C,
z € —C, and € > 0. Using (c) and (d), choose a,b, s such that 0 < a <m < b < 1,
s> 0,
B (zq,8) C —CN B (2m,¢),

and
B (zp,s) C CN B (2m,€) .

Consider points 2/ € —C and ¢’ € C with

s . 11 1 1
max {[12/ — 2|, [|¢’ — ]|} < 2mm{a’b’1—a’1—b}'

For each t € [0, 1] set
2y =t +(1—1)7.

Taking x; = &, 29 = 2,2 = &, and y = 2/, and applying Lemma 5.1.3 with A = a, we
obtain ||z}, — z4|| < s and therefore 2z, € —CNB(z,, €). On the other hand, applying
Lemma 5.1.3 with A = b, we see that ||z, — z;|| < s and therefore z; € CNB(2p,€).
It follows that Zlv(lf’,ar) is in the segment (z),z;), which lies in B(zy,,¢); whence

||Z,IY(£/7Z/) - Z,Y(E$Z)|| < E. D

For fixed £ € C, we call the mapping z ~ 2, ) in the foregoing proposition
the boundary crossing map of C relative to &. We shall use the existence of exact
boundary crossings out of convex sets in the next section.
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5.2 Separation Theorems

Developing the theme of convexity, in this section we approach the fundamental
theorems on the separation of points and convex sets by hyperplanes. In turn, this
material will lead us in the next section to the Hahn—Banach theorem, one of the
cornerstones of functional analysis.

A subset C of a vector space X over K is called a cone if for all z,y € C' and
all t > 0, both z + y and tz belong to C. In that case, C is convex. The closure of
a cone is a cone, as is the intersection of two cones.

If K is a convex subset of X, then the set
o(K)={tx:2x € K,t >0}

is a cone. For clearly, if z € ¢(K), then tx € ¢(K) for all ¢ > 0; whereas if
x1,22 € ¢(K), then 1 = t1y; and 2o = toys for some y1,y2 € K and some
ti,to > 0,80 1 + 9 = (tl +t2)2 with

11 ta
= + e K.
Thanl T hrn”

We call ¢ (K) the cone generated by the convex set K. If X is a normed space and
K is open, then so is ¢(K).

Lemma 5.2.1. Let K be a bounded located subset of a mormed space X, a € X,
and let T > 0. Then the set

S={tr+(1-t)a:zeK,0<t <7}

is located.

Proof. Choose R > 0 such that ||z|| < R for all z € K. Fixing z¢ € X, note first
that for each t > 0,

ft)=p(xo,{tr+(1—-t)a:z e K})

1 t—1
tp<tz0+ a,K).

exists and equals

t
If also ¢’ > 0, then since

lzo —tz — (1 —t) al| < [[zo —t'w — (L =t') al| + ([la] + ||2|]) [t — /|
for all x € X, we see that
f@) < f@E) + (lall + R) [t =]

It follows that the mapping f is uniformly continuous on R™; whence p (zg, S) ex-
ists as the infimum of f on the totally bounded interval (0, 7). a
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Lemma 5.2.2. Let K be a bounded, located, conver subset of a normed space X
such that p(0,K) > 0, and let a € X be such that p(—a,c(K)) > 0. Then there
exists r > 0 such that |[tx + (1 —t) a|| = r for allz € K and t > 0.

Proof. Let
_ p(0, K)

3 (llall + p(0, K))
Given z in K and t > 0, we have either |1 —¢| > ¢ or |1 —¢| < 2. In the first case,

bz + (1=t af = [1 — ¢ Hltt”” 4 (—a)|| > 6p(—a, o(K)).

In the case |1 —t| < 24,

[tz + (1 —t)all > ]zl — [L —t|[a]
> (1-26)p(0,K) — 26 al
1
= -p(0,K).
300, K)
Setting
1
¢ = i {dp(-ac(K)), 30(0.5)} > 0,
we see that ||tz + (1 — t) al| > r in either case. O

Lemma 5.2.3. Let K be a bounded, located, convex subset of a normed space X
such that p(0, K) > 0. Then ¢ (K) is located.

Proof. Fix xg € X. For each t > 0 and each € K we have
o — tz|| = [t} [|z]| - [lzoll -

Hence
p (20, tK) > tp (0, K) — ||zo|| — o0 as t — oo.

Compute 7 > 1 such that
p(xo,tK) > p(xo, K) (t>7-1). (5.2)

Then
d=1inf{p(zo,tK):0<t < T}

exists, by the case a = 0 of Lemma 5.2.1. Since 7 > 1 and therefore d < p (xg, K),
it follows from (5.2) that p (xg,c (K)) exists and equals d. O
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Lemma 5.2.4. Let K and L be open cones in a normed space X such that K U L
is dense in X and K C ~L. Then

(a) K C =L and L C —K,
(b) KU—K and LU —L are dense in X, and

(c) K and L have a common boundary—namely, K N L.

If also L ={—x: 2z € K}, then OK is a subspace of X.

Proof. Since L C ~~L C ~K, we see that K U ~K is dense; whence, by Lemma
5.1.4, KU—K is dense. On the other hand, K C ~L and K is open, so K C —L and
therefore K C —L. But —L is open and K U L is dense, so —L C K and therefore,
by Lemma 5.1.4, ~L = —L C K. Hence

K=-L=~L.
L, we obtain L U —L dense and

Interchanging the roles of K and

‘We now have
OK=KN~K=KNL=~LNL=0L.

Since K, L, and therefore their closures are all cones, so is 0K.

Now suppose also that L = {—x : 2 € K}, and consider # € K = K N L. There
exist points y € K and z € L arbitrarily close to . Then —y € L, —z € K, and
these two points are arbitrarily close to —z; whence —z belongs to JK. It follows
that 0K is a subspace of X. |

Lemma 5.2.5. Let K be a located subset of a normed space X, and let r > 0. Then
the set
K.={zeX:px K)<r}

18 located, and for each xg € X,
p(xo, Ky) = max {0, p(xo, K) — 1} . (5.3)
Proof. If x € K, and € > 0, then there exists y € K such that ||z —y|| < r+¢; so
lzo — x|l = llzo — yll = llz = yll = p(xo, K) — 1 —e.
Since € > 0 is arbitrary, we have

lzo — z|| = p(x0, K) — 7 (z € K,). (5.4)
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On the other hand, choosing z € K such that ||zg — z|| < p (2o, K) + &, we have
either ||xg — z|| < 7, in which case (5.3) holds with each side equal to 0, or else
lzo — z|| > 0. In the latter case, writing

. r
C:mm{l,nxo_zn}(azo—z),

we have z 4 ¢ € K, and

lzo — (2 + )| = H(l min{1,m;}> (2o — 2)

=max {0, ||xg — z|| — r}
< max {0, p(zg, K) — 1} +e¢.

Since ¢ > 0 is arbitrary, it follows from this and (5.4) that (5.3) holds. ]

By a half-space of a normed space X we mean a convex subset K such that 0K
is a hyperplane and the set

{reX:ze KV—-zeK}

is dense in X.

We are now ready for the basic separation theorem. Our proof illustrates an
important observation about classical proofs using Zorn’s lemma (see [65]): for
separable spaces it is often possible to replace such a proof by a constructive one
that uses an induction argument.

Theorem 5.2.6. Let X be a separable normed space, Ky a bounded, located, open,
convex subset of X such that p(0, Ko) > 0, and xg a point of X such that —z¢ € Kjy.
Then there exists an open half-space K of X such that Ko C K, p(xo, K) > 0, and
the boundary of K is a located subspace of X that is a hyperplane with associated
vector xg.

Proof. Let (xn)n>1 be a dense sequence in X. The basic idea of the proof is this: we
carry out a succession of located convex enlargements of K such that for n > 1, the
cone generated by the nth enlargement K, is close to at least one of the points x,
and —x,,, and such that the union of the cones ¢(kK,,) is the desired open half-space.
The idea may seem simple, but the details are rather complicated.

To be more precise, we construct bounded, located, open, convex subsets Ko C
Ky C Ky C -+ of X such that the following properties obtain for n > 1:

(a) p(zo, c(Kyn)) > (1 =27") p(x0, c(Kn-1)),
(b) p(0,Ky) >0,



5.2 Separation Theorems 117
1
(¢) max {p (zn,c(Kyn)), p(—an, c(Kn))} < n

To that end, assume that Ky, ..., K,_1 have been constructed with the applicable
properties. Then ¢(K,_1) is located, by Lemma 5.2.3. Either

i (i, e(K1))s (s Kn o)} < 7

in which case we take K,, = K,,_1, or else both the numbers p(x,,c¢(K,—1)) and

p(—xp, c(K,—1)) are greater than 1/2n. In the latter case, writing
KF={tr+(1-t)x,:0<t<1, z€ K, 1},
K,={tz—(1-t)z,:0<t<1, x€K,_1},

we obtain two bounded, open, convex sets that, by Lemma 5.2.1, are located. We

show that at least one of the sets K", K, satisfies our requirements for K,,. Since

K, 1 is open, for each € K,_1 we can find A > 1 such that A\ — (A — 1)z, €
K, _1; so, by convexity,

B 1 1 .
x<1 A)anr)\()\x AN=1Dz,) €K, .

Hence K,,_1 C K,I; likewise, K,,—1 C K,, . Since, by our hypotheses, p(0, K,,—1) >

0 and p(—xn,c(Kn-1)) > 1/2n we see from Lemma 5.2.2 that p(0,K;) > 0;
similarly, p (0, K, ) > 0.

Next, given 2T € c(K+) and 2z~ € ¢(K,,), find tT, ¢t~ > 0and 27,2~ € c(K,—1)
such that 2t =tTz, + 2T and 2~ = —t =z, + 2z~ We have
- on - Z+H + ¢t on - Z_H
=t o (¢ + )| + £ o — (- + )|
> ||t +t7) @ — (T2t + T2

_ 2 o
= (tt+1t7) x0_<t++tx++t++tx >H
> (tT+t7) p(wo, c(Kp-1))
>t +t7) (1—=27""1) p(zo, e(Kn-1)).

Hence either
¢ ([Jwo — =" = (1 =27"71) p (w0, c(Kn-1))) > 0

Fllwo =271l = (L =271 p (o, e(Kna))) >0,

from which we obtain

max {[|zo — 2" [lzo — 27|} > (1= 27"7") p (20, c(Kn-))
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T,z run over ¢(K,),c(K, ) respectively, we obtain

Taking the infimum as z "

max {p(éEo, C(Krt))v p(iCo, C(Kr?))} > (1 - 2_n_1) P (1‘0, C(anl))
> (1 - 2_") p(zo, c(Kn-1)).

Thus either
p(.%'o, C(KTT)) > (1 - 2_n) P ('7307C(Kn*1)) )

in which case, noting that z,, € Kb and therefore p(xn,c(K,)) =0 < 1/n, we
take K,, = K,}; or else

p(xo, c(K,,)) > (1 — 2_") p(zo,c(Kn-1)),

when we take K,, = K, . This completes the inductive construction of K,,.

The set

is easily shown to be an open convex cone. Moreover, we see from (a) that
(p(z0,c(K7))), >, is a Cauchy sequence, which therefore converges in R. Since we
have ¢(K,,—1) C ¢(K,) for each n, the limit of the sequence is p(zg, K). Now, for

n>=1,
f1(12k)>1<1532k>:>1
2 4’
k=1 k=2
so, by (a),
. 1
pzo, K) = lim p(zo,c(Kn)) 2 20 (20,¢(Ko)).
But by the convexity of Ky,
p(xo,c(Kp)) =inf {||tx — a0l : t > 0, = € Ko}
t 1
= inf {(t +1) ‘

ittt )
= p(07K0)

:t>0, (EGK()}

Hence p(zg, K) > 0.

Let
L={zeX:—zecK}.

Then L is an open convex cone containing xg. By (¢), for each n, either p (x,, K) <
1/nor p(xn, L) < 1/n.So K UL is dense in X. On the other hand, K C ~L: for if
x € K and y € L, then there exists n such that z € ¢ (K,,) and —y € ¢ (K,,); so there
exist t > 0 and z € K,, such that  —y = ¢z and therefore ||z — y|| > tp (0, K,,) > 0.
It now follows from Lemma 5.2.4 that L U —L is dense in X, and the common
boundary of K and L is the set
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N=KnL,

which is a linear subspace of X.

To prove that IV is a hyperplane, let v denote the boundary crossing map of
L relative to its interior point xg. Note that, by Lemma 5.2.4, K C —L; so, by
Proposition 5.1.5, for each © € K there exists a unique ¢ € (0, 1) such that

v(x)=txo+ (1 —-t)z

and therefore
1
=17 (=2o) + E’Y(w)'

Similar considerations using the boundary crossing map of K relative to —zg com-
plete a proof that each x € K UL can be expressed in the form axg+ 8z with o € R
and z € N. In fact, such an expression obtains for all x € X. For since K U L is
dense, there exist a sequence (), in R and a sequence (2y,),,5, in N such that
anZo+ 2z, — x asn — 00. Given € > 0 and m > n, we have either |, — ay| < e
or |y, — | > 0; in the latter case, since 2, — 2, € N C K,

1

~ Tam —a] 5T

(amzo + 2m) — (anxo + 20)|| = |am — anl |20

> ‘am - an| p(an K)a
SO
1
p(o, K)

It follows that (), is a Cauchy sequence and therefore converges to a limit o
in R. Writing z = « — axg, we have

‘am —ay| < H(amxo + 2m) — (nzo + 2,)]| -

12 = 2nll < |z = (an@o + 20l + | — | [|l2o]|

— 0 asn — oo,

so z € N = N. Thus N is a hyperplane with associated vector zy, and therefore
(since also K U L is dense in X) K is a half-space.

Now, for each z € K we have v(z) € N C K and ||zo — v (z)|| < |lzo — =]
It follows that p (o, N) exists, equals p(xg, K), and is positive. For each z € X,
choosing o € R and z € N such that z = ax + z, we easily see that p (z, N) exists
and equals |a| p(zo, K). Hence N is located. O

Corollary 5.2.7. Under the hypotheses of Theorem 5.2.6, there exists a normed
linear functional u on X such that ||u|| =1 and Rew is positive on K.

Proof. First take the case K = R. Let K be as in the conclusion of Theorem 5.2.6,
let
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L={-z:z€ K},

recall that K C —L, and let N be the common boundary of K and L. Since N is
a located hyperplane, we see from Propositions 2.3.4 and 2.3.6 that there exists a
normed linear functional v on X such that ker(v) = N and v(xg) = 1. Defining
u = — |jv|| "' v, we obtain a normed linear functional on X with norm 1 such that
ker(u) = N and u(zg) < 0. Let y be the boundary crossing map of L relative to .
Given z € K, choose A € (0, 1) such that y(z) = Az + (1 — A) zg. Then u(y(x)) =0,
S0

u(x) = 1 ; )\u(xo) > 0.

Hence w is positive on K and therefore on K.

Now consider the case K = C. By the case just considered, there exists a real
linear functional v : X — R on the real linear space X such that v has norm 1
and is positive on K. The following lemma then shows that

u(z) = v(z) — iv(iz)

defines a linear functional u : X — C on the complex linear space X such that
|lu|| = 1 and Rew is positive on Kj. O

Lemma 5.2.8. If X is a normed linear space over C, then there is a one-one cor-
respondence between real linear functionals v on X and complex linear functionals
u on X, given by

u(z) = v(z) — iv(ix). (5.5)

Moreover, if either u or v is normed, then both are and their norms are equal.

Proof. If u is a complex linear functional, then u = v + iw for unique real linear
functionals v and w. But

iv(z) —w(z) =iu(x) = u(iz) = v(iz) + iw(iz),

so w(x) = —v(iz).

Conversely, if v is a real linear functional, then (5.5) defines a linear functional u
that respects multiplication by real numbers; it is easily checked that u(iz) = iu(z).
The final conclusion, about the norms of v and v, is a straightforward consequence
of the identity

fu()] = sup{[o(A2)] : || = 1}, (5.6)

which we now establish. If |A| = 1, then
lu()] = |hu(z)] = [u(Az)| = [Reu(Ar)| = |v(Az)|.

On the other hand, if € > 0, then either |u(x)| —e < |v(z)], or else u(z) # 0. In the
latter case, if we let A\ = |u(z)|/u(z), then
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u(Ax) = du(z) = |u(x)] € R,

so |u(z)] = Reu(Ax) = v(Az). Notice that in this case the supremum in (5.6) is
achieved. a

The following result is the full form of the separation theorem.

Theorem 5.2.9. Let A and B be bounded convex subsets of a separable normed
space X such that the algebraic difference

{y—z:2x€A, ye B}
is located and the mutual distance

d=1inf{|ly —z||:z € A, y<€ B}

is positive. Then for each € > 0 there exists a normed linear functional u on X,
with norm 1, such that

Reu(y) > Reu(z)+d—¢ (x€ A,y € B).
Proof. We may assume that € < d. Write

Koz{y—x—z:xeA ye B, ||z <d—§},
which is bounded, open, and convex. It follows from Lemma 5.2.5 that Kj is lo-
cated and p(0, Ky) = €/2. Hence, by Corollary 5.2.7, there exists a normed linear
functional u on X such that [|u|| = 1 and Rew is positive on Kj. Choose z € X
such that ||z|| < d — /2 and u(z) > d — ¢; this is possible since ||u|| = 1. For all
x € Aand y € B we have y —x — 2z € Ky and so Reu(y — z — z) > 0; whence

Reu(y) > Re (u(x) + u(z)) > Reu(z) +d — &,

as required. a

An inhabited subset K of a normed space X is said to be balanced if ax € K
whenever x € K and |a| < 1; in that case, 0 € K.

Corollary 5.2.10. Let xy be a vector in a separable normed space X, and K a
located subset of X that is bounded, convex, and balanced, such that p(xq, K) > 0.
Then for each € > 0 there exists a normed linear functional u on X with norm 1
such that

u(zo) > u(x)| + p(zo, K) — ¢

forallx € K.
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Proof. We may assume that 0 < ¢ < p(x¢, K). Applying Theorem 5.2.9 with A = K
and B = {z¢}, construct a normed linear functional v on X with norm 1 such that

Rev(zg) > Rev(z) + p(xog, K) —¢  (z € K).

Since 0 € K, we have v(zg) # 0. Thus

is a normed linear functional on X with norm 1 such that
u(zo) = |v(zo)| = Rev(zo) > Rev(x) + p(xo, K) —¢ (z € K).

For each = € K, either u(zg) > |u(x)| + p(xo, K) — €, or else u(x) # 0 and therefore
v(x) # 0. In the latter case, since K is balanced,

v ()]
() ze K,

and therefore

u(zg) > Rew ZEQ'x) +p(zo, K) — €
= [v(@)| + p(z0, K) — €
= |u(@)| + p(x0, K) — &,
as required. a

5.3 The Hahn—Banach Theorem

The Hahn—Banach theorem enables us to extend a normed linear functional, with an
arbitrarily small increase in norm, from a subspace of a normed space to the entire
space. This fundamental result has numerous applications throughout functional
analysis.

In the constructive context we deal only with the extension of linear functionals
on subspaces of a separable normed space. The standard classical proofs extend-
ing the theorem to nonseparable normed spaces depend on Zorn’s lemma and are
therefore nonconstructive.

We begin with two more consequences of the separation theorem.
Proposition 5.3.1. Let = be an element of a nontrivial separable normed space

X, and let € > 0. Then there exists a normed linear functional u on X such that
lu]l =1 and u(z) > ||z|| —&.
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Proof. If x # 0, then we may apply the separation theorem (Theorem 5.2.9) with
A = {0} and B = {z}. In the general case, choose a nonzero vector y such that
lz —y|| < /2, and then construct a normed linear functional v on X such that
lu]l =1 and u(y) > ||y|| — /2. We have

u(@) = uly) — |ulz) —uly)] > [lyll - g —llz =yl > [z —e,

as required. a

Corollary 5.3.2. Let V be a located subspace of a separable normed space X such
that the metric complement —V is inhabited. Then there exists a normed linear
functional w on X such that |Jul] =1 and w(V) = {0}.

Proof. Let e be a unit vector in —V. Applying Proposition 5.3.1 in the quotient
space X/V, construct a normed linear functional v on X/V such that |Ju|| = 1 and
u(v) # 0. Clearly, V' C ker(u). Since || [[x,, < || ||, we see that u, regarded as a
linear functional on the original normed space X, has bound 1. On the other hand,
given € > 0, we can find v € X with ||z]ly,,, < 1 and u(z) > 1 — &; choosing
y € V with ||z — y|] < 1, we then have u(z —y) = u(x) > 1 —e. Since € > 0 is
arbitrary, it follows that, as a linear functional on X, u is normed and has norm 1. O

Proposition 5.3.1 is crucial for our proof of the Hahn—Banach theorem.

Theorem 5.3.3. Let v be a nonzero bounded linear functional on a linear subset
Y of a separable normed linear space X such that ker(v) is located in X. Then for
each € > 0 there exists a normed linear functional v on X such that |Jul| < |jv]| +¢
and u(y) = v(y) for eachy €Y.

Proof. First note that, by Proposition 2.3.6, v is normed as a linear functional on

Y. Fix yp in Y with v(yo) = 1. Then for each z € ker(v),

1
I

1
1yo — || = 7—v(yo — x) =
[[o]] lv

from which it follows that
1

||yon/ker(v) = p (Yo, ker(v)) > m

For each normed linear functional u on X/ ker(v) denote the norm by [ul y/ yer(y) -
Using Proposition 5.3.1, construct a normed linear functional ug on X/ ker(v) such
that 4oLy, ey = 1 a0 wo(yo) > 1/([v] +2). Then

1

uo(Yo)

u = (')
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is a normed linear functional on X/ker(v) such that |[u]ly/ e < [Vl + ¢ and
u(yo) = 1. Since || || x/yer(vy < II'| on X, we see that u, regarded as a linear
functional on the original normed space X, has bound [u|y/ ey, - To see that
this is actually the norm of u on X, consider any 6 > 0 and choose x € X such
that |2/ yer(vy < 1 and w(z) > [Jullx/yer(p) — 0- Finding y € ker(v) such that
|z —y|| <1, we have

u(e = y) = u(@) > lull ) ) —

Since 6 > 0 is arbitrary, we conclude that u is normed on X, with
l[ull = llull X/ ker(wy < IVl + &

Finally, for each y € Y we have y — v(y)yo € ker(v), so

0=u(y —v(y)yo) = u(y) — v(y),

and therefore u(y) = v(y). O

The Hahn—Banach theorem and some of its associates have surprising applica-
tions. As surprising as any is the following, whose classical proof is almost trivial.

Proposition 5.3.4. Let x1,...,x, be elements of an infinite-dimensional normed
space X, and let € > 0. Then there exist linearly independent elements ey, ..., e, of
X such that ||z; — e;|| < e for each i.

Proof. Construct a finite-dimensional subspace V' of span{x1,...,2,} such that
for each ¢ there exists y; € V with ||a; —y;]] < €/2 (see Lemma 4.1.11). Since
X is infinite-dimensional and V is finite-dimensional, we can embed V in an n-
dimensional subspace W of X. We may assume that y; # 0. Setting e; = v,
suppose that for some k& < n, we have constructed linearly independent elements
e1,... e, of Wsuch that ||y; — e;]| < /2 for 1 <i < k. Let Vj be the k-dimensional
subspace of W with basis {ej,...,ex}. By Corollary 5.3.2, there exists a normed
linear functional u on W such that w (V) = {0} and ||u|| = 1. Construct a vec-
tor z € W such that ||z|| = ¢/2 and u(z) > ¢/3. Either u(yg+1) # 0 or else
|u (yr+1)| < /3. In the first case, p (yg+1, Vi) > 0 and we set ex11 = yxr1. In the
second case, u(yp+1 — 2) # 0, p (Yr+1 — 2, Vi) > 0, and we set €41 = yp41 — 2. In
each case, the vectors ey, ..., ex41 are linearly independent, by Lemma 4.1.10, and
lzk+1 — er+1]] < €. This completes the inductive construction. O

The classical Hahn—Banach theorem says that we can extend a bounded linear
functional v from Y to a functional u on the whole space X with exact preservation
of norm: that is, ||u]| = ||v||. In general, as Exercise 5 shows, we cannot do this
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constructively. But, as we shall see, if we impose extra conditions on the norm of
X, then we can make the extension norm-preserving.

A mapping u of a linear space X into R is said to be convex if
u(Az+(1=A)y) < du(z) + (1= A) u(y)

whenever z,y € X and 0 < A < 1.

Lemma 5.3.5. Let u be a convex mapping of a linear space X into R such that
u(z) = —u(—x) for each x € X. Then u is linear.

Proof. First note that w(0) = —u(—0) = —u(0), so u(0) = 0. For each z € X and
for 0 < A <1 we have

u(Az) = u(Az + (1 = A)0) < u(z) + (1 — AN u(0) = du(z).

Replacing x by —z, we obtain u(—Az) < Au(—=z); whence, by our hypotheses on wu,
—u(Az) < —Au(z) and therefore Au(z) < u(Az). Hence u(Ax) = Au(z) whenever
0< AL

Now consider any real A # 0. If A > 0, then by the foregoing,

A A 1
mu(i) =u <)\ n lx) =T 1u()\x)
and therefore Au(z) = u(Az). If A < 0, then
u(Ar) = u((=A)(—2)) = —du(=2) = AM—u(-2)) = du(z).

Now consider any A € R, and assume that u(Az) # Au(z). The foregoing shows
that
“(A>0VA<O0)

and therefore A = 0. But this is absurd, since u(0x) = 0 = Ou(z). We conclude that
u(Azr) = Au(z) for all X € R.

It remains to prove the additivity of u. By the convexity of u,

«(36+9) < Jule) + Jut)

Applying the first part of the proof yields u(x + y) < u(x) + u(y). We now replace
x,y by —x, —y respectively, to obtain

u(—(z+y)) = u(—z —y) <u(-z) + u(-y)

and therefore, by the hypotheses on u, u(z + y) > u(z) + u(y). Hence u(z + y) =
u(z) + u(y). O



126 5 Linearity and Convexity

The norm of a normed space X is said to be Gateaur differentiable at = € X
if for each y € X the limit

. T+ ty|| — ||z
w.(y) = lim [ l\ k4l

exists. For each ¢ > 0 we then have

+ ¢ty -
ea(y) =ty L2 Cf’t” LI

If the norm of X is Gateaux differentiable at each nonzero point of X, we say that
X has Gdteaux differentiable norm. In such a case we obtain a strengthening of
Proposition 5.3.1.

Proposition 5.3.6. Let © be a nonzero vector in a normed space X, and suppose
that the norm of X is Gateauz differentiable at x. Then the mapping u, is the
unique normed linear functional u on X with ||u]| =1 and u(z) = ||z||.

Proof. 1t is enough to take the case K = R. It is straightforward to show that u, is
convex, and that u,(y) = —u,(—y) for each y € X; whence, by Lemma 5.3.5, u,, is
linear. Moreover, |u,(y)| < ||y|| and uz(z) = ||z|. So |Juz|| = 1, and it only remains
to prove the uniqueness. To this end, let v be any normed linear functional on X
such that ||u|| =1 and u(z) = ||z|| . For each y € X and each t > 0 we have

[z = tyll = ll=ll _ wlz —ty) —u(z) _ u(=ty)

—t = —t =
. (o +19) — ulz) _ o +ty]) ~ ]
u(r +ty) — u(x T +ty|| — ||z
u(y) = 2 < £ :
t t
Keeping y fixed and letting ¢ — 0 in these two sets of displayed inequalities, we
obtain u,(y) < u(y) < uz(y); whence u(y) = uz(y). 0

Proposition 5.3.7. Let Y be a subspace of a uniformly conver Banach space X
with Gateaux differentiable norm, and let v be a nonzero normed linear functional on
Y. Then there exists a unique normed linear functional u on X such that ||u|| = ||v||
and u(y) = v(y) for each y € Y.

Proof. We may assume that ||v|| = 1. Using Exercise 19 of Chapter 2 if necessary,
we may further assume that Y is closed in X and is therefore a Banach space.
Since Y is uniformly convex, it follows from Proposition 2.3.7 that there exists a
unique @ € Y such that ||a]| = 1 = v(a). By Proposition 5.3.6, u, is a normed
linear functional on X such that ||us|| = 1 = u.(a). Applying the uniqueness part
of Proposition 5.3.6 in the space Y, we conclude that u,(y) = v(y) for all y € Y.
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Finally, if  is a normed linear functional on X such that |ju|| = ||v|| and u(y) = v(y)
for all y € Y, then

u(a) = v(a) =1 = [jv] = [lull,
S0, again by the uniqueness part of Proposition 5.3.6, u = u,. O

Not surprisingly, there is also a strong version of the separation theorem that
applies in a uniformly convex separable Banach space; see Exercises 9 and 10.

5.4 Locally Convex Spaces

Although Errett Bishop considered that

in most cases of interest it seems to be unnecessary to make use of any deep
facts from the general theory of locally convex spaces ([9], page 350),

the development of constructive analysis (in particular, aspects of the theory of
operators) in recent years has greatly benefited from such a general theory, which
we now present.

A locally convex space counsists of a linear space X over K, a family (p;)ics
of seminorms on X, and the equality and (compatible, tight) inequality relations
defined by

r=y<=Viel (p;(x—y)=0),
rty<sdiel (p(x—y)>0).

Following normal practice, we call X itself a locally convex space when it is clear
which family of seminorms is under consideration. The family (p;),c; and the as-
sociated equality and inequality together form the locally convex structure on X.
The corresponding locally convex topology on X is the family 7x of all subsets of
X that are unions of sets of the form

Ula,F,e) = {xeX:Zpi(x—a) <6}

i€F

where ¢ € X, F is an inhabited finitely enumerable subset of I, and € > 0. The
seminorms p; (i € I) are called the defining seminorms of 7x. The members of 7x
are called open subsets of X, and the sets U(a, F,€) basic neighbourhoods of a. On
the other hand, if S is a subset of X, then its closure S is the set of all elements «
of X such that SNU(z, F,¢e) is inhabited for all finitely enumerable F' C I and all
e > 0. We say that S is closed (in the locally convex topology 7x) if S = S, and
that S is dense in X if S = X. The unit ball of the locally convex space X is

{reX:Viel (pi(z) <1)},
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which is a closed subset of X.

We regard a normed space (X, || ||) as a locally convex space in which the family
of seminorms consists of the single norm || ||. In that case, the locally convex topol-
ogy is just the metric topology associated with the norm on X, and the various
notions of convergence, total boundedness, locatedness, and so on arising from the
locally convex structure on X are precisely those associated with the norm on X.

In the following, unless we state otherwise, (X, (pl-)iel) and (Y, (qi)jeJ) are

locally convex spaces over K. A mapping f of a subset S of X into Y is

> continuous at a € S if for each € > 0 and each finitely enumerable G C J,
there exist § > 0 and a finitely enumerable F' C I such that if x € S and

> pi(z —a) <4, then 3 ¢;(f(z) — f(a)) <&
iEF jeG

> continuous on S if it is continuous at each point of X;

> uniformly continuous on S if for each € > 0 and each finitely enumerable subset
G of J, there exist § > 0 and a finitely enumerable subset F' of I such that if

r,y € Sand ) pi(r —y) <J, then » q¢;(f(x) — f(y)) <e.
iEF JjEG

Notice that each of the defining seminorms p; on X is uniformly continuous on X.

Proposition 5.4.1. The following are equivalent conditions on a linear mapping u
between the locally conver spaces X and Y :

a) u is continuous at 0.
b) u is continuous on X.

(
(
(¢) u is uniformly continuous on X.
(d) There exist a positive real number C and a finitely enumerable subset F of 1
such that
|u(x)] < C'suppi(z)
ieF

for each xz € X.

Proof. 1t is routine to show that (d) = (¢) = (b) = (a). Suppose that u is
continuous at 0. There exist § > 0 and a finitely enumerable subset F' of I such

that if > p;(x) < 0, then |u(x)| < 1. It follows that for each z € X and each & > 0,
i€F

u 671. <1
> pi(z) +e

i€l
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and therefore

(o) < 3 (Zp,«m) +s> .

el

Since € > 0 is arbitrary, it follows that

(@) < 5 3 pila)

icF

Thus (a) = (d). O

Naturally, in view of the analogous situation in a normed space, we say that a
mapping u satisfying one, and hence all, of conditions (a)—(d) of Proposition 5.4.1
is a bounded linear mapping.

We say that a sequence (z,,),,-, in a locally convex space (X, (Pi)ics)

» converges to a limit x in X if for each basic neighbourhood U = U(z, F,¢) of =
in X there exists ng such that x,, € U whenever n > ng;

» is a Cauchy sequence if for each € > 0 and each finitely enumerable subset F' of

1, there exists ng such that > p;(z,, — z,) < € whenever m,n > ng.
i€F

We say that X is complete if every Cauchy sequence in X converges to a limit in
X. (Strictly speaking, this definition applies only when X is separable—that is, has
a countable dense subset. However, it will suffice for our purposes.)

Let S be a subset of X, F' a finitely enumerable subset of I, and £ > 0. By an
e-approzimation to S relative to F' we mean a subset T of S such that for each

x € X there exists y € T with > p; (x — y) < e. We say that S is
iE€F

> totally bounded relative to F if for each € > 0 there exists a finitely enumerable
e-approximation to S relative to F;

> totally bounded if it is totally bounded relative to each finitely enumerable subset
of I.

The proofs of the next five results are similar to those of their counterparts in
metric space theory (see Chapter 2, Section 2) and are left as exercises.

Proposition 5.4.2. If S is a totally bounded subset of a locally convexr space, and
[ is a uniformly continuous mapping of S into a locally convex space Y, then f(S)
is totally bounded.
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Proposition 5.4.3. If S is a totally bounded subset of a locally convexr space, and
f is a uniformly continuous mapping of S into R, then sup f(x) and ingf(m) exist.
zeS z€
A subset S of the locally convex space (X, (p;);c;) is said to be located (in X)

inf{Zpi(Jc—y) :yeS}

icF

if

exists for each x € X and each finitely enumerable subset F' of I. As it does in
metric spaces, locatedness plays an important role in locally convex spaces.

Proposition 5.4.4. A totally bounded subset of a locally convex space is located.

Proposition 5.4.5. A located subset of a totally bounded set in a locally convex
space is totally bounded.

Theorem 5.4.6. Let S be a totally bounded subset of a locally convex space X, and
let f be a uniformly continuous mapping of S into R. Then for all but countably
many t > ingf(ac), the set

fAS

{zrel: flx) >t}
1s totally bounded.

Now consider the set B(X,Y") of all bounded linear mappings between the locally
convex spaces X and Y. This set, which we often denote by I when it is clear which
spaces X and Y are under consideration, becomes a locally convex space when
taken with pointwise addition and multiplication-by-scalars and endowed with the
seminorms p, defined by

px(T) = |Tz|| (z€X, TeB(X,Y)).

We denote the unit ball of B(X,Y) by By (X,Y) or just B;. When X =Y, we
usually write B(X) and B;(X) rather than B(X,Y) and B;(X,Y).

In the special case where Y is the ground field K, we obtain the space of all
bounded linear functionals on X; this space is called the dual space of X, and is
denoted by X* or sometimes, for clarity, by (X, (p;);c;)" ; its unit ball is denoted
by X7. The topology associated with the family of seminorms (p;),y on X* is
called the weak* topology on X*. When we are dealing with, for example, total
boundedness relative to the locally convex structure on X*, we speak of weak™-
total boundedness.

In classical analysis, when X and Y are normed spaces, a big role is played by
the operator norm
IT|| = sup{[|Tz| : x € X, [lz]| <1}

of an element T" of B(X,Y"). Constructively the operator norm exists only for those
elements T that are normed; but Corollary 4.1.8 shows that it exists for all T' €
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B(X,Y) when X is finite-dimensional. In that case, X* is algebraically isomorphic
to X, every element of X* is normed, the weak® topology on X* coincides with
the topology associated with the operator norm, and X* is a Banach space relative
to the operator norm; these facts are easily verified using results from Section 1 of
Chapter 4.

We now examine the unit ball of the dual space.

Theorem 5.4.7. (Banach—Alaoglu theorem) If X is a separable normed space,
then X7 is complete and totally bounded relative to the locally convex structure on
X*.

Proof. To prove the weak*-completeness, let (vn)n21 be a Cauchy sequence in X7.
Given € > 0 and a finitely enumerable subset F' of X, we can find N such that

D wm —vn)(@)| <e  (m,n>N). (5.7)
zeF

It readily follows that for each z € X, (vn(2)),,5, is a Cauchy sequence in K. Since
K is complete, the limit v(z) of the sequence (v, (z)),,, exists in K for each z € X.
It is straightforward to show that the mapping v : X — K so defined is linear and
belongs to X7. Finally, keeping n > N fixed and taking the limit with respect to
m in (5.7), we obtain

Yo lw—w)(@l<e (n=N).

zeF
Since €, F' are arbitrary, the sequence (vn)n>1 converges to v in the weak* topology.

To prove the weak*-total boundedness of X7, let F' = {x1,...,2;,} be a finitely
enumerable subset of X, let

M >4+ max {||z;]| : 1 <i<m},

and let 0 < € < 1. By Lemma 4.1.11, there exists a finite-dimensional subspace X
of X such that for 1 < i < m, p(x;, Xo) < e¢/m and therefore there exists y; € X
with ||z; — y;|| < e/m. If Xo = {0}, then for each v € X7,

m m

D lo(zi) = 0(0)] < Z il <e,

i=1

so {0} is an e-approximation to X7 relative to F. We may therefore assume that X,
has positive dimension. Then every element of X (the dual of Xy) is normed, and
X{, taken with the operator norm, is a finite-dimensional Banach space. Hence its
unit ball is compact relative to the operator norm (Corollary 4.1.7). Moreover, by
Proposition 2.3.6, each nonzero element of X has its kernel located in Xo; since Xg
is locally compact, this kernel is locally compact and hence is located in the space
X (Proposition 2.2.18). It follows that the Hahn—Banach theorem can be applied
to extend nonzero bounded linear functionals from X to X.
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Let {u(l), cee ug} be an e/m-approximation to the unit ball of X} in the operator
norm such that 0 < ||u2 H < 1 for each k. By the Hahn—Banach theorem, there exist
normed linear functionals u1, . .., u, in X7 such that ug(z) = ul(z) for each z € X
and each k. Given u € X7, since the restriction of u to Xy is in the unit ball of
X§, we can find k such that |u(z) — ug(m)’ < g/m for all x € Xy with ||z|| < 1. For
each 7 (1 <i < m) we have

() = up(i)] < |(u = up) (23 = ya) + [ (u = up) (4:)]

=) (757

< 2w — will + (1 + [lwal)

2e €\ €
<Z4(1tlml+2) =
m m/ m
Me
< —.
m
Hence
m
Z |u(z;) — ug(x;)| < Me. (5.8)
i=1
We now see that {ug,...,u,} is an Me-approximation to X relative to F. a

Corollary 5.4.8. If X is a separable normed space, then the normed linear func-
tionals on X are weak*-dense in X*.

Proof. In the notation of the last paragraph of the foregoing proof, the function uy
satisfying (5.8) is normed. Since € > 0 and the finitely enumerable subset F of X
are arbitrary, the result follows. O

Let X be a normed space. It is easy to see that, for a fixed vector € X, the
linear functional u ~» u(z) on X* is weak*-uniformly continuous on X;. We shall
show that any element of X** (the dual of X*) that is uniformly continuous on
X7 can be approximated arbitrarily closely by functionals of this special form, and
that if X is complete, then this approximation can be made exact.

Lemma 5.4.9. Let'V be a locally convex space whose unit ball V7 is totally bounded,
and let ¢ be a nonzero linear functional on V' that is uniformly continuous on Vj.
Then the unit kernel, Vi Nker(¢), of ¢ is totally bounded.

Proof. Since ¢ is nonzero and uniformly continuous on the totally bounded set V7,

C =sup{|o(y)| : y € V1}

exists and is positive. Using the linearity of ¢, choose y € Vi with ¢(y) > C/2.
Then
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Yo = Ly
° T 2(y)
belongs to Vi, and ¢(yo) = C/2. Let € be a positive number, and

F={p1,....pm}

a finitely enumerable set of defining seminorms on V. Using Theorem 5.4.6, compute
a positive number
Ce

t <
C+4m

such that
Se={yeVi:[o(y) <t}

is totally bounded. Pick a t-approximation {si, ..., s,} of S; relative to F. Set

c 2
- (s - = <k<n).
Y= 0ot (Sk C¢(S’“)y°) (Isk<n)

Then y;, € ker(¢). If p; is any defining seminorm on V, then we have

) < gy (o) + Z0(o0) o))

C ot
< 142
C+2t( +c>

=1

So yi belongs to Vi Nker(¢).
Now consider any element y of V3 Nker(¢). Since y € Sy, there exists k such
that > p;(y — sk) < t and therefore
i=1

Z (v — yw) Z — Sk) Zpi(sk ~ Yk)
1=1 =1 =1

<t+ m Zpi(tsk + ¢(sK)v0)
Z (pi(sk) + pi(yo))

5

Thus {y1,...,Yn} is a finitely enumerable e-approximation to V; N ker(¢). O
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Lemma 5.4.10. Let X be a normed linear space, and ¢ a linear functional on X*
that is uniformly continuous on X{. Then for each € > 0 there exist § > 0 and a
finite-dimensional subspace Xo of X such that if u € X7 and |u(x)| < § for all x
in the unit ball of Xo, then |p(u)| < e.

Proof. There exist &;,...,&, in X with ||{,]| < 1/2 for each k, and a positive
number §, such that if v € X7 and |u(§,)| < 20 for each k, then |p(u)| < e.
By Lemma 4.1.11, there exist a finite-dimensional subspace Xy of X, and vectors
Z1,...,Ty, of Xg, such that

1
|mﬂm<mﬁf% Q<h<n).

Suppose that v € X7 and |u(z)| < § for all z in the unit ball of X,. Then for each
k,
(&)l < Jul€y — zp)] + [u(@r)] <[I€), — 2l +6 < 26.

Hence |¢(u)| < e. O

Lemma 5.4.11. Let X be a separable normed space, Xo a finite-dimensional sub-
space of X, and ¢ a monzero linear functional on X that is weak™-uniformly con-
tinuous on X;. Denote the unit kernel of ¢ by N1. Then the following hold:

(a) 6]l = sup {|6(w)] : w € X7} exists.
(b) |z]|y = sup {|u(x)| : w € N1} defines a seminorm on Xj.
(c) B =inf{||z|, : z € Xo, ||z| =1} is well defined.

Suppose that B > 0. Then
(d) (Xo, | llg) s a finite-dimensional Banach space, and
0
[[ul|” = sup {|(u(z)| : = € Xo, [lzfly <1}
defines the corresponding operator norm on the dual space X.

Finally, for each u € Ny let F(u) denote the restriction of u to X§. Then

(e) F is weak*-uniformly continuous, and ran(F) is || |°-dense in the unit ball S}

of (X5.1111°).

Proof. Since ¢ is weak*-uniformly continuous on X7 and, by Theorem 5.4.7, the
latter is weak*-totally bounded, we see that ||@|| exists. Also, N7 is weak*-totally
bounded, by Lemma 5.4.9, and the mapping u ~» u(z) is weak*-uniformly continu-
ous on X*, so |lz||, exists. Clearly, || ||, is a seminorm and || ||, <|| [|; whence || ||,
is uniformly continuous on (Xy, || ||). Since that space is finite-dimensional,
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{r e Xo:|z| =1}

is compact, and so 3 exists.

Now suppose that 8 > 0. Then || || < 87" || [l,, so || ||, is a norm on X,
equivalent to || ||, and (Xo, || ||,) is a finite-dimensional Banach space. The mapping
F Ny — (X5, | |I°) is weak*-uniformly continuous on the weak*-totally bounded
set N7, so its range is totally bounded, and hence located, in (Xg, | [|°). To show
that ran(F) is dense in the unit ball S; of (X, || |), fix ug in S3 and suppose that

O<c=inf{Hu0—F(u)||0:uENl}.

By Corollary 5.2.10, there exists a normed linear functional @ on (Xg, | ||°) such
that v
D(ug) > |P(F(u))| + 3 (ueNy).

Now X, being finite-dimensional, is equivalent to a Hilbert space. (Recall from
Corollary 4.1.9 that all norms on a finite-dimensional space are equivalent to each
other and hence to the Euclidean norm.) It follows from this and the Riesz repre-
sentation theorem that there exists ¢ € Xy such that &(v) = v(({) for each v € X{.
Therefore

uo(C) > sup {|F(u)(C)] : uw € Ny} = sup {|u(Q)] : w € N1} = [|C]],-

This is absurd, since ug € S;. Hence, in fact, ¢ = 0 and ran(F) is || ||°-dense in Sg. O

Lemma 5.4.12. With the hypotheses and notation of Lemma 5.4.11 and its proof,
suppose that ||¢|| > 1 and let «,d be positive numbers. Suppose also that |p(u)| <
a/2 whenever (a) u € X and (b) |u(z)| < § for all x in the unit ball of Xo. Then
0 < a.

Proof. Choose ug € X7 such that ¢(ug) = 1. Since

luo(Bx)[ = B luo(x)| < Bl < [zl ,

the linear functional

Uz~ up(fx)

belongs to S§. Now, either < « or § > 0. Assuming the latter inequality, we see
from Lemma 5.4.11 that there exists v € A such that

& — F(u)]” < 26.
So for all z in the unit ball of (Xo, || ||,),

luo(Bz) — u(x)] < 26
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and therefore .

EICTL

5 < 6.

But 8 < 1, and both wg and —u belong to the convex set X7, so % (Bug —u) € X7

whence )
o (5000 ) <

8= Bolus) ~ ou) =20 (5 (o~ ) ) <o

0] 2

Therefore

as we required. O

Proposition 5.4.13. Let X be a separable normed space, and ¢ a linear functional
on X* that is weak®-uniformly continuous on X3. Then for each € > 0 there exists
x € X such that ||z|| < 3||¢|| and

[p(u) —u(z)| <e  (ueX7).

Proof. If ||¢]] < €, then we can take z = 0; so we may assume that ||¢|| > 0. Scaling
if necessary, we may also assume that there exists uy € X7 with ¢(ug) = 1. Pick
a positive number «, which we shall specify further as the proof develops. Using
Lemma 5.4.10, construct a finite-dimensional subspace X of X, and a positive
number ¢, such that if « € X7 and |u(z)| < ¢ for all z in the unit ball of Xy, then
|p(u)] < a/2. Applying Lemma 5.4.12, we see that there exists z € X such that
Izl = 1 and |u(2)| < « for all u € Nj. For each v € X7, since

1
L+ loll

(u — d(u)ug) € M,

we therefore have

1
90 |(u = ¢(u)uo) (2)] < .

By Proposition 5.3.1, there exists u; € X7 such that ui(z) > 1/2. Thus

1

5 < I(ur = dur)uo) ()] + |¢(ur) luo(2)] < (L +[[6]]) & + [ ] luo(2)],

and therefore ) ) .
I | _—
1> 1o (5 - 0+ lola) > g

provided we choose a small enough. In that case, writing
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we see that ||z|| < 3||¢||. Also, for each u € X7,

1
u(z) — o(u)| = [(u = @(u)uo) (2)| < 3|8l (1 + [lo]]) e,
|uo(2)]
which can be made less than ¢ by a suitably small choice of a. a

Theorem 5.4.14. Let X be a separable Banach space, and ¢ a linear functional
on X* that is weak*-uniformly continuous on X7. Then there exists x € X such
that ¢(u) = u(x) for each u € X*.

Proof. We may assume that [|¢|| < 1. Recursively applying Proposition 5.4.13,
construct a sequence (xn)n>1 of vectors in X such that for each n,

‘¢<u>—2u<xk> <g weXp) (59)

k=1

o0
and ||z,|| < 3/2"~!. The series Y x, then converges to an element z of the com-

n=1
plete space X. Using the linearity and continuity of «, and letting n — oo in (5.9),
we obtain the desired conclusion. |

Let H be a nontrivial Hilbert space. One of the topologies on B(H) that is
important in operator-algebra theory is the weak-operator topology 7., : that is, the
locally convex topology defined by the seminorms of the form T~ |(Tz,y)| with
x,y in H. Classically—but not constructively (see Exercise 17)—the sets of the

type
TeBH): > [(Teie)| <6y,
i,j=1

with 6 > 0 and {ej,...,e,} a set of pairwise orthogonal unit vectors in H, form
a base of weak-operator neighbourhoods of 0 in B(H), so a linear functional ¢ on
B(H) is T4 -continuous if and only if it has the following special continuity property:

SC Thereexist 6 > 0andaset {e1,...,e,} of pairwise orthogonal unit vectors
in H suchthat foreachT € B(H), if Y, [(Te;, e;)| <6, then |¢(T)| < 1.
ij=1

We shall use the technique embodied in the proofs of Lemma 5.4.11, Lemma 5.4.12,
and Proposition 5.4.13 to produce a characterisation of those linear functionals ¢
on B(H) with the property SC.
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Before the next result, we mention that, in spite of what we wrote in the pre-
ceding paragraph, it is constructively provable that the sets of the form

n

TeBi(H): Y [(Teie;)| <0y,

i,j=1

with § > 0 and {ey,...,e,} a set of pairwise orthogonal unit vectors in H, form a
base of weak-operator neighbourhoods of 0 in the unit ball By(H). This is left as
part of Exercise 17.

Proposition 5.4.15. If H is a nontrivial Hilbert space, then By(H) is T,-totally
bounded.

Proof. Let {e1,...,e,} be a finite set of pairwise orthogonal unit vectors generating
a finite-dimensional subspace Hy of H. In view of the observation preceding this
proposition, it will suffice to prove that By (H) is totally bounded with respect to the

n
seminorm pji : T ~» > |(Tej, ex)|. Let P be the projection of H on Hy. Note that

jik=1
B(H,) is a finite-dimensional Banach space, and hence has a totally bounded unit
ball, relative to the operator norm. Let {T7,..., Ty} be an £/n*-approximation to

Bi(Hp), and consider any T' € Bi(H). The restriction (PT), of PT to Hy belongs
to Bi(Hy), so there exists i such that ||(PT), — T?|| < ¢/n*. Also, T?P € Byi(H).
Thus if 1 < j, k < n, then

(T =T0P) egoen)| = [{(T = T) e Peu)| = [(P (T T2) e5,61)
= (D)0 = T2) eyre)] < | (PTY—T7] < 5.

Hence i |((T = T?P)ej,er)| < e. We now see that {T{P,..., T2 P} is an e-
jok=1

approximation to B1(H) relative to the seminorm pj. a

Proposition 5.4.16. Let H be a nontrivial Hilbert space, and let ¢ be a linear
functional on B(H) with the property SC. Then for each € > 0 there exist a fi-
nite set {e1,...,en} of pairwise orthogonal unit vectors in H, and elements Cik
(1 <4,k <n) of K, such that

¢(T) — zn: Cik <T€j,€k> <e (TEBl(H))

Proof. With the proofs of Lemma 5.4.11, Lemma 5.4.12, and Proposition 5.4.13 at
hand, we omit some of the grisly details of this one. We first note that, in view of the
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observation immediately preceding Proposition 5.4.15, ¢ is 7,,-uniformly continuous
on By (H). It follows from this, Proposition 5.4.15, and Proposition 5.4.3 that

6]l = sup{[¢(T)| : T € B.(H)}

exists. Scaling if necessary, we may assume that there exists Ty € By (H) such that
¢(Tp) = 1. Choose a finite set {ey, ..., e, } of pairwise orthogonal unit vectors in H,
and a positive number §, such that if 7' € B(H) and 377, _, [(Tei, ;)| < 29, then
|¢(T)| < 1. Let Hy = span{ey,...,e,}, and for each x = (z1,...,x,) in the n-fold
product space H§, define the product norm

n
Il = > Nzl
k=1

Note that for each T' € By (H) and each x € Hy,

<T:17k, €k>
k=1

<D N Taen) <Y llall = Ix- (5.10)
k=1 k=

1

For such x, the mapping
n

Z <T:L‘k, €k>

k=1

T ~~

is 7y-uniformly continuous on By (H). Since (by Proposition 5.4.15 and Lemma
5.4.9) the unit kernel N of ¢ is T,-totally bounded, it follows from Proposition
5.4.3 that we can define a seminorm on H{ by

1%[lo = sup {

Then || ||, < || ||, by (5.10), so the mapping || ||, from (Hg, | ||) to R is uniformly
continuous. Since H{ is finite-dimensional, the set

n

Z <T£Ek,€k>

k=1

:TG./\G}.

{xe Hy :|x[| =1}
is || ||-compact. Hence
8 =inf{|x||,: x € H}, ||x|| =1}

is well defined. This time (cf. Lemma 5.4.12) we prove that S = 0. Suppose that
B > 0. Then (H{, || ||y) is a finite-dimensional Banach space, and

0 n
[ul” = sup{|u(x)| : x € Hg, [|x[ly <1}

defines the corresponding operator norm on the dual space (HZ')*. For each T € N
and each x € Hj let
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F(T)(x) = > (Tag,ex).

The mapping F : N; — ((H3)", | |I°) is 7e-uniformly continuous, so F(N})
is totally bounded, and therefore located, in ((Hg)*,|| ||°). Using the separation
theorem as in the proof of Lemma 5.4.12, we can show that F'(N7) is dense in the
unit ball S§ of (HJ)*, || [°). Since the linear functional

Wix Y (BTow, ex)
k=1

belongs to Sg, given ¢ > 0 we can find T' € N such that |& — F(T)|° < n~26t.
Write
{(,k) :1<jk<n}=PUQ,

where P and @ are disjoint sets,

(j, k) € P— <(BTO — T) 6j,€k> 75 07
(J, k) € Q= [{((BTo —T) ej,€k>| < n~26t.

If (4,k) € P, set
rik = ((BTo = T) e ex) " [{(BTo — T) €5, ex)] ,

and if (j,k) € Q, set rj; = 0. Now define £ € HJ by

n
:n_Qerkej (1<k<n),

to obtain .
€l <727 frjl <m 7t
=1
and hence .
I€lle < 1€l =D lIgll < 1
k=1
Thus
> BTy = T) &y ex)| < n~26t. (5.11)
k=1

Moreover,
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n? Y (BT = T) &prer)| = D> rin (BT — T) ej, ex)

k=1 k=1j=1

=| > (BT~ T)ej,ex)

(3,k)eP

= > BT —T)ejen)l,

(4,k)eP

SO

> KT =Dyejien)| < 3 (BT =Dejyen)l+ > (BT = T)ejsen)
k=1 (j.k)EP (Gk)EQ
<n? [ {(BTo = T) &gy ex) | +n* (n25t) < 26t
k=1

the last step following from (5.11). Hence

S EH(BTy ~T) ej,ex)| <26

Jik=1
and therefore |¢(6Ty — T')| < t. We now have
B =pe(To) — &(T) = (1o - T) < t.
Since t > 0 is arbitrary, it follows that g = 0.

Thus for each a > 0 there exists z € HJ such that ||z|]| = 1 and

n

Z (Tzk, €k>

k=1

<@2n)ta (T eMN).

We can arrange that each z; # 0, provided we replace (2n)~! by n~! in the last
inequality; we assume that this has been done. Therefore

n

ST — $(T)Th) 21, )

k=1

<n '+ lel)a (T €Bi(H)).

n

We now introduce an operator T; that will enable us to bound Y (Tozy,er) away
k=1

from 0. Setting

n
Tz =n"'Y |l (@ a)e (z€H),
k=1

we have
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n
— —1
Tl <ot )zl ™ Nzl llzll = ll]l
k=1

so Ty € By (H) Also,

n

n n
S (Tizyery =07 S el 7 e z) =S el =0t
k=1 k=1

k=1
Hence

n

Z (T — ¢(T1)To) 2k, ex)

k=1
n
E (Tozk, ex)
k=1

n_1< +|¢T1|

n
E (Tozk, ex)
k=1

<n (1 lgl) a+ 9]

and therefore

n
E (Tozk, ex)
k=1

provided « is small enough. Setting

X = <Z <Tozk,ek>> z,

k=1

> (nlel)~" (1 - (L +Ig])a) > o))~

for each T € B;(H) we now obtain

|¢(T) =Y (Tag,e)
k=1

n -1

= Z (Tozk, ex)

> (D) Tozrrex) — Y (T, ex)
=1 k=1
)

k=1 k
<2n||glln (1 +[l¢])a
= 2ol (1 + o) e
which can be made less than € by choosing « suitably small. It remains to take
cik = (Tk, €5) for 1 < j,k < n. a

Exercises

1. Let U,V be subsets of a Banach space X such that U UV is dense. Prove the
following:

(a) If u € U and v € V, then for each ¢ > 0 there exist t € [0,1] and z € UNV
such that ||z —tu — (1 —t)v|| < e.
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(b) For each z € X,
p(z,UNV) =min{p(z,U),p(z,V)},

in the sense that each side of this equation exists if and only if the other
does.

We say that a subset S of a normed space X has the boundary crossing property
if for each € € S, each z € ~S, and each € > 0 there exist t € [0,1] and x € 95
such that ||z —t& — (1 —t) z|| < e. Prove that if X is complete and S U ~S is
dense, then S has the boundary crossing property. Do we necessarily obtain
this conclusion if S U ~S is not known to be dense in X?

Let S be a subset of a Banach space such that SU~S is dense, and let zy € ~S.
Prove that p (zg,0S5) exists if and only if p (zg, S) exists, in which case these
two distances are equal.

Let {eq,...,e,} be the canonical orthonormal basis of the Euclidean space R™,
and X' the simplex whose vertices are e; (1 < j < n). Let £ belong to the
metric complement —X of X in R™. Prove that the segment [0,£] contains
points arbitrarily close to the union of the faces of X.

Show that if the Hahn-Banach theorem holds with exact preservation of the
norm of the functional, then LLPO holds.

Let Y be a finite-dimensional subspace of a normed space X, and zg € X.
Suppose that p(xg,Y) > 0 and that X is the span of Y U {z¢}. Let v be a
nonzero normed linear functional on Y, and € > 0. Without using the separation
theorem, the Hahn—Banach theorem, or any of their consequences, prove that
there exists a normed linear functional v on X such that ||u|| < ||v]| + ¢ and
u(y) = v(y) for each y € Y. Use this to give another proof of the Hahn—Banach
theorem.

Use the Hahn-Banach theorem to prove Proposition 5.3.1.

Let p be an integer > 2. Prove that the Banach space I, is uniformly convex
and has Gateaux differentiable norm. (See Exercise 11 of Chapter 4.)

Let X be a normed space with Gateaux differentiable norm. Let C' be a closed,
located, convex subset of X, let € —C, and let y € C. Prove that ||z — y|| =
p(z,C) if and only if Reu,_y (2 —y) <0 for all z € C.

Let X be a uniformly convex Banach space with Gateaux differentiable norm.
Let A and B be subsets of X whose algebraic difference is located and convex,
and whose mutual distance is positive. Prove that there exists a normed linear
functional v on X, with norm 1, such that Reu (y) > Reu (z) +d for all z € A
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and y € B. (The results embodied in Exercises 9 and 10 are due to Ishihara
[55].)

Prove that if, under the other hypotheses of Lemma 5.4.9, the conclusion holds
without the hypothesis that ¢ is either 0 or nonzero, then we can derive the
essentially nonconstructive proposition

VeeR (z=0V-(z=0)).

Let f be a uniformly continuous linear functional on X, and S a balanced,
totally bounded subset of X. Prove that the set

Si={ves:|f@) <t}
is totally bounded for each ¢t > 0.

Let (X,p) be a seminormed space, and S a balanced, totally bounded subset
of X. Let the mapping f : X — K be both uniformly continuous on S and
homogeneous—that is, f (Az) = Af(z) for all A € K and x € X. Prove that the
set

Si={reS:|f@) <t}
is totally bounded for each ¢t > 0.
Let X be a finite-dimensional locally convex space, and let S be the set of

convex combinations of points in an inhabited finitely enumerable subset of X.
Prove that S is totally bounded in X.

Fill in the missing details in the proof of Proposition 5.4.16.

Let (en)n>1 be an orthonormal basis of a separable Hilbert space H, and let
¢ be a linear functional on B(H) that is weak-operator uniformly continuous
on Bi(H). Prove that there exist complex numbers c;; (j,k > 1) such that

o(T)= > cjp(Tej, e for all T € B(H).
k=1

Prove the following for a nontrivial Hilbert space H:

(a) The sets of the form

T e Bl(H) : Z |<T6i,6j>| <dp,

ij=1

with § > 0 and {eq,...,e,} a set of pairwise orthogonal unit vectors in H,
form a base of weak-operator neighbourhoods of 0 in the unit ball By (H).
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(b) If By (H) can be replaced by B(H) in (a), then LPO holds.

18. Let C be a convex subset of C™ such that sup {f(z) : z € C} exists for each real
(bounded) linear functional f on C™. Prove that C' is totally bounded. (Hint:
Prove that C' is bounded; that

d(x) = sup {yirel(fJRef(m—y) 1 fe S*}

exists for each x € C", where S* is the unit ball of the dual of C™; and that
p(x, C) exists and equals d(x).)

19. Let X,Y be normed spaces. We say that ¢ is ultraweakly continuous if it is
uniformly continuous on B (X,Y) relative to the locally convex topology 7,
defined on B(X,Y) by the seminorms T ~ y*(Tx) with 2 € X and y* a normed
linear functional on Y. Prove that the following conditions are equivalent:

(a) By (X,Y) is 7-totally bounded.
(b) Every ultraweakly continuous linear functional on B(X,Y) is normed.

(c) Every ultraweakly continuous linear functional on B (X,Y) is compact.

Notes

A classical method of establishing the continuity of the boundary crossing map in
Proposition 5.1.5 is to use a contradiction argument to prove that the mapping is
sequentially continuous on —C; see [87] (pages 271-272). Our argument, based on
the simple Lemma 5.1.3, is much more transparent and shorter than either that
classical argument or its constructive counterpart (which is given in [32] and proves
only the sequential continuity, not the full continuity, of the boundary crossing
map). More information about boundary crossing can be found in [36], from which
Exercises 2-4 are taken.

The Hahn—Banach theorem can be proved without recourse to the separation
theorem (Exercise 6). Using the Church-Markov—Turing thesis, Metakides et al. [71]
have produced an explicit example in which the hypotheses of the Hahn-Banach
theorem hold but the linear functional cannot be extended with exact preservation
of its norm. This makes Theorem 5.3.7 (which, together with Exercises 9 and 10,
is due to Ishihara [55]) all the more significant, especially as it applies to many
important examples of normed spaces, such as the L, spaces for p > 1.

The locally convex topology on a finite-dimensional space X is unique and
equivalent to the topology induced by any norm on X. The proof of this depends
on some intricate geometric algorithms and is found in [39].
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Finding necessary and sufficient conditions for the existence of the norm of a
bounded linear mapping 7' : X — Y between normed spaces, other than the case
Y =K, is an important unsolved problem, even in the case where T is an operator
on a Hilbert space.

The Banach—Alaoglu theorem (Theorem 5.4.7) without the hypothesis of sepa-
rability is classically equivalent to the ultrafilter principle—every filter is contained
in an ultrafilter (see [80], page 766)—and is therefore unlikely to be provable con-
structively; see Exercise 1.4 of Chapter 1.

The introduction of the numbers r;; in the proof of Proposition 5.4.16 is occa-
sioned by the problem with the modulus—argument decomposition discussed at the
start of Chapter 2.

Proposition 5.4.16 is a step in the direction of a constructive proof of the classi-

cal characterisation of weak-operator continuous linear functionals as those of the
n

form T ~~» > (Tay,yr) with the vectors xy, yx in H. All attempts to generalise the
k=1

technique used to prove Proposition 5.4.13 in order to characterise ultraweakly con-

tinuous linear functionals—those linear functionals on B(H) that are weak-operator

uniformly continuous on By (H)—suffer from a curse of dimensionality, failing be-
n

cause the m appearing in expressions like > (Tay,yx) is usually more than 1.
Although Exercise 16 requires only the wegk—loperator uniform continuity of the
functional on the unit ball of B(H) and derives a stronger conclusion than that of
Proposition 5.4.16, the solution that we have in mind for that exercise works only
for a separable Hilbert space. In that case we can improve the conclusion to find
square-summable sequences (z5),,5; and (yn),,», in H such that for each T' € B(H)

we have ¢(T) = > (Tzn,yn); see [23].
n=1
If H is a Hilbert space, then B1(H) is classically weak-operator compact; how-

ever, the completeness of By (H) relative to the uniform structure associated with
the weak-operator topology is an essentially nonconstructive property; see [14].

The result in Exercise 18 first appeared in [56].
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Operators and Locatedness

Location! Location! Location!
—Unknown Estate Agent

We begin by introducing normed spaces on which the norm is differentiable in some
fashion. In Section 2, with substantial help from the A-technique, we provide criteria for the
locatedness of certain convex sets in a normed space. This work is applied in Section 3 to
proving that a bounded operator on a Hilbert space H has an adjoint if and only if it maps
the unit ball to a located set. In the next section we construct approximate eigenvectors of
a selfadjoint operator on H, and then show that a bounded positive operator has a unique
positive square root. This result is applied in Section 5, in which we make further good
use of the A-technique to show that, for a so-called weak-sequentially open operator T on
H, the range of T is located if and only if the range of its adjoint is located. The section
ends with a proof of the closed range theorem for operators with an adjoint. The final
section of the chapter presents a version of Baire’s theorem, which is then applied to the
proofs of three of the pillars of functional analysis: the open mapping, inverse mapping,
and closed graph theorems.

6.1 Smooth and Uniformly Smooth Normed Spaces

As the reader will have observed, locatedness, classically a nugatory concept, plays
an important role in many aspects of constructive analysis, such as the Hahn—
Banach theorem and the separation theorem discussed in the preceding chapter. It
is therefore fitting that criteria for locatedness should be a primary theme of this
final chapter. Our first aim is to find necessary and sufficient conditions for the
locatedness of convex sets in a normed space; this requires some preliminary results
associated with the differentiability of the norm. Later in the chapter we shall apply
our conditions to the locatedness of subsets associated with operators on a Hilbert
space.
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Throughout this section, unless we state otherwise, X will be a normed linear
space. We say that X is smooth if its norm is Gateaux differentiable at each nonzero
vector; this is the case if and only if the limit

R

-0 t (6.1)

U (y
exists for all unit vectors x,y € X. We say X has Fréchet differentiable norm if this
limit is uniform in the unit vector y: that is, if for each unit vector x € X and each
€ > 0 there exists § > 0 such that

[z +tyll = ll=ll _

" uz(y)| < e (6.2)

whenever y € X, |ly|| = 1, and 0 < || < 4. If, moreover,  can be chosen inde-
pendent of x, then we say that X has uniformly Fréchet differentiable norm and
is uniformly smooth. For this to be the case, for each £ > 0 there must exist § > 0
such that (6.2) holds whenever z,y € X, ||z| = |ly]| =1, and 0 < [¢| < 4.

With each vector x in a smooth normed space X we associate the mapping
Jr : X — R defined by

o [l + tyl| — [l=|
Jely) = Jim o 122
If © =0, then J,(y) = 0; if # # 0, then J,(y) = ||z| ux(y). In both these cases,
[Jz(»)] < || ||ly]l - In order to show that J,(y) is defined for an arbitrary element
x of X, construct an increasing binary sequence ()‘n)n>1 such that

1
A =0=|jz|| < —,
n

o= 1= [z > ——.
n+1
We may assume that A\; = 0. If A\, =0, set (,, = 0; if A\,, = 1, set (;, = ||z| ux(y) for
all £ > n. Then |(,, — (,,| < ||lyll /n whenever m > n > 1; so ({,,),; is a Cauchy
sequence and therefore converges to a limit ¢ € R. Note that |¢| < ||| ||y||. For
each € > 0, either ||z|| ||ly|| < &/2 or ||z|| |ly|l > 0. In the first case we have

o+ ty) — )
e

t <2l <e

for all ¢ # 0. In the second case, ¢ = J,(y) and

| llz +tyll = [l=ll

<

o 172 <

for all sufficiently small ¢ # 0. Since ¢ > 0 is arbitrary, we conclude that J,(y)
exists and equals (.
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Proposition 6.1.1. If X is smooth, then for each x in X, J, is a normed linear
functional on X, || J.|| = ||z, and J.(x) = ||z||>. Moreover, if ¢ > 0 and x € X,
then J.p = cJ.

Proof. If x # 0, then the first three conclusions follow from Proposition 5.3.6. On
the other hand, if also ¢ > 0, then

Jex = ||| tes = c||z|| ug = cJy.

The extension to the general case is left to the reader. a

Lemma 6.1.2. If X is smooth, then for all x,y € X,
2 2
lyll™ < )" = 2Jy (z —y) -

Proof. Using the linearity of J, and also Proposition 6.1.1, we compute

Ty (= y) = Jy(@) = lyl* < llyl ]| = llyll*-

2 2 2 2 2
™ = llyll™ = 2Jy (2 =) = [l2l” + [[ylI” = 2 [l«][ lyll = (=] = ly[)™ = 0.

Lemma 6.1.3. Let X be a smooth normed space, and x a unit vector in X. Let
8,¢ be positive numbers such that if |ly|| =1 and 0 < |t| < J, then

lz +tyll = [l=ll

. J(y)| < e.

Then for such t and each unit vector y,

|z + tyl| + ||z — ty|| < 2 + 2te.

Proof. We may assume that 0 < ¢ < 4. If ||y|| = 1, then
[z + tyll = ll=ll

" J(y) < e
and
— tyll —
lo =ty =lell
Hence
|+ ty|| < 1+ tJ.(y) + te
and

|z —ty|| <1—tJ.(y) +te,

from which the result follows. ]
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We store the following result for use in Section 2.

Proposition 6.1.4. Let X be a smooth, uniformly convex Banach space, and let f
be a normed linear functional on X. Then there exists a unique vector x € X such

that f = J,.

Proof. First assume that f is nonzero. By Proposition 2.3.7, there exists a unit
vector y € X such that f(y) = || f||. Applying Proposition 5.3.6 to ||f|r1 f, we see
that f = || f]| uy. Now let = ||f]|y. Then ||z|| = ||f|| and (since u., = u, for all
c¢>0)

F=flluy = lleluy sy = lollve = Jo.

It remains to deal with the uniqueness. Let f = J, for some z € X. Then, by
Proposition 6.1.1, ||z]| = ||J:]| = ||f]| > 0, so

Iflluy = f = Ifllue = 11 wyzy-rz

. -1 _. . .
and therefore w, -1, = u,. Since ||z|| "~ z is a unit vector, the uniqueness part of

Proposition 5.3.6 shows that ||z|| " z = y; whence

z=zlly=Iflly ==

This completes the proof in the case where f is nonzero; the general case is left as
an exercise. a

The next lemma simplifies the proof of the theorem following it.

Lemma 6.1.5. Let f be a mapping of R — {0} into R such that

(a) if 0 < ¥ <t, then f(—1) < f(—t') < [(F') < f(t), and
(b) for each € > 0 there exists t > 0 such that f(t) — f(—t) <e.

Then lim;_,q f(t) exists.

Proof. Construct a sequence (t,),,~, of positive numbers decreasing strictly to 0
such that f(t,) — f(—t,) < 1/n for each n. In view of (a), for m > n we have

0< Fltm) — F (bn) < Fltm) — F(—tm) < —.

m
Hence (f(tn)), >, is a Cauchy sequence in R and so converges to a limit [ € R such
that 0 < f(ty,) —1 < 1/m for each m. Given € > 0, choose ¢ > 0 as in (b) and
then N such that ty < t and 0 < f(tn) — ! < e. By (a), if 0 < [t| < tn, then
f(=tn) < f(t) < f(tn) and therefore |f(t) — | < f(ty) — 1l < e. 0
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We have already defined “uniformly convex” for normed spaces, in Chapter 2.
To introduce this notion for the dual of a normed space X, we concentrate on those
elements of X* that have a norm. We say that X* is uniformly convex if for each
e > 0 there exists § with 0 < § < 1 such that for all normed u,v € X* with
|ull = |lv|| = 1, if there exists a unit vector £ € X such that § (u+v) (£) > 1 -4,
then (u —v) () < & for all unit vectors x.

Proposition 6.1.6. A separable normed space is uniformly smooth if and only if
it has a uniformly conver dual.

Proof. Let X be a separable normed space, and suppose to begin with that X* is
uniformly convex. Given unit vectors x,y € X, for all nonzero ¢ € R define

T+ ty|| — ||z
s = e+t =l
Then f satisfies (a) of Lemma 6.1.5. It follows that in order to prove that X is
uniformly smooth, we need only show that for each ¢ > 0 there exists ¢ > 0,

independent of the unit vectors  and y, such that f(t) — f(—t) < . To this end,
let § > 0 be as in the definition of “uniformly convex” above, fix t > 0 such that

8t(2+1t) <4,

and consider any unit vectors x,y € X. Note that ||z + ty| > 1/2 and ||z — ty| >
1/2. Defining unit vectors &, n by

{=i—Fl@+ty), n=—77@—ty),
2+ tyll |z —tyl
we obtain
1
1€ —nll = [llz = tyll (= + ty) — ||z + ty[| (z — ty)||
2+ tyll [z — tyll
<Az —tyll = [z + tyl) = + t (|2 — tyl| + [[= + tyl]) y|l
<Allz —tyll = llz + tyll| + t (lz — tyll + llz + ty|)]
<4(2t+2t(1+1t)) =8t(2+1t) < 0.
Now let

. te )
=minq ——, =
K A1+0)2)"
and use Proposition 5.3.1 to construct normed linear functionals v and v such that

lull = floll = 1, u(€) > 1 -4, and v(y) > 1 — 7. Then

(14 0) (€) = u(E) +(n) + v (€ —m) > 22y~ €~ 22— 2] ~5 =22

and therefore £ (u+v)(£) > 1 — 4. It follows that (u—v)(z) < £/2 for all unit

vectors z € X, and in particular that (u — v) (y) < /2. Now,
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u (@ +ty) = [lz + tyl w(©) > [z + byl (1 =),

so
te
|z + ty|| < u(z+ty) + |+ tyl|v < wlx +ty) + (1 + )y < ulx + ty) + e
Likewise,
te
|l —ty|| < v(z —ty) + R
Thus

2+ tyll = llzll _ [lz = tyll — [l«]
t —t

Iz +tyll + [l — tyl - 2)

N

2

1
t
1 te

n (u(x+ty)+v(x—ty)+ —2>
1

= (u(x) o) +iu—0)p) + o —2)

<%+(u—v)(y)<5.

This completes the proof that X is uniformly smooth.

Now suppose, conversely, that X is uniformly smooth. Then for each £ > 0 there
exists § such that c
0< 5<min{1,1}

and such that for all unit vectors z,y € X and all ¢ with 0 < [¢| < 4d/e,

[+ tyll = ll=ll

" Jm(y)’ <

w1 o

Letting t = 2 /e, we see from Lemma 6.1.3 that for all unit vectors z,y € X,

te
lz +tyll + llz —tyl <2+ <
Now consider normed u,v € X* with |lul| = ||v|| = 1, and assume that §(u+v)(€) >

1 — 4 for some unit vector £ € X. Then for all unit vectors z € X we have

27%8:275<(u+v)(§)

=u(é +tx) +v(€ —tx) —t(u—v)(x)
< €+ taf + 1€ — ta] — t(u — v)(x)

<2+%€—t(u—v)(:z:)

and therefore (u — v)(x) < e. Thus X* is uniformly convex. 0
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If H is a Hilbert space, then, in view of the Riesz representation theorem, its
dual is, like H itself, uniformly convex. It follows from Proposition 6.1.6 that a
separable Hilbert space is uniformly smooth. In fact we can remove separability
and completeness here.

Proposition 6.1.7. An inner product space is uniformly smooth.

Proof. Given unit vectors x,y in the inner product space X, for real ¢ we have
lz = ty])* = l|l=|* = =2t Re (x,y) + ¢

and therefore
—2t Re (z,y) + t*

l —tyl| = ll=ll = :
=ty + ||z
It follows that if 0 < || < 1/2, then
[ — tyll — =] —2Re(z,y) +¢
— = +Re(z,y)| = |-————-— +Re(z,y)
t |z —tyl| + =]
1
=———|(Jlz —ty|| — 1) Re(x,y) + ¢
el ) Re (z.y) + 1
21t 41t
< 2 (Re @y + 1) < 211,
3 3
which tends to 0 with ¢, independently of  and y. O

6.2 Locatedness of Convex Sets

Our aim in this section is to give conditions ensuring the locatedness of a bounded
convex subset of a normed space under certain strong hypotheses that apply, in par-
ticular, to the norm on a Hilbert space or an L,-space! for 1 < p < co. Specifically,
we aim to prove the following two results and some of their consequences.

Theorem 6.2.1. Let X be a uniformly smooth normed space over R, and C an
inhabited, bounded, located convex subset of X. Then

sup{J.(y) :y € C}

exists for each x € X.

We refer the reader to [9, 12] for the theory of L, spaces.
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Theorem 6.2.2. Let C' be an inhabited, bounded, convex subset of a uniformly
smooth normed space X over R, such that

sup{J.(y) :y € C}

exists for each x € X. Then C' is located.

The path to Theorem 6.2.1 takes us through a tangle of technical lemmas, the
first of which is an expression of the continuity of J, as a function of x.

Lemma 6.2.3. Let X be a real normed space with a Fréchet differentiable norm.
For each unit vector x € X and each € > 0 there exists § > 0 such that if ||y < 9,
then |J3(2) — Joqy(2)| < € for all unit vectors z € X.

Proof. Given a unit vector z € X and € > 0, compute v € (0,1) such that if ||z|| = 1
and 0 < |t| < 7, then

t —
t 8
Let
. ve 1
0=min< —, =
3272
and consider a vector y € X with ||y|| < . Noting that ||z + y| > 1/2, set
= e ty).
T
Then since
1=z +ylll = lllzll = [l +ylll < [yl ,
we have
lz+yllE =zl =llz+y—llz+ylzl =1 =llz+yl)z+yll <2yl
Also, by Proposition 6.1.1, J¢(§) = €17 =1, so
0<1— Jew) = Je(e 7)< llg — ol < 2L < 4, (6.0
[l +yl

On the other hand, setting ¢t = /2 and applying Lemma 6.1.3, we see that for each
unit vector z € X,

te

T

Therefore, by (6.4), the choice of ¢ and ¢, and Proposition 6.1.1,

|l +tz]] + ||l — tz|| < 2+
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te
1——<1-46
4

< Je()

= Jyp(z) + Je(x) — 1

= Jo(z+t2) + Je(x —tz) = 1 — t(Jy — Je)(2)
<o +tz] + o —tzf] =1 = t(Ja — Je)(2)

< B ).

Hence (J; — J¢)(2) < €/2. Replacing z by —z, we obtain —(J, — J¢)(2) < €/2 and
therefore |(J, — J¢)(2)| < €/2. It follows from this and Proposition 6.1.1 that

((Je = Jesy) ()] = |z +yll (o = Je)(2) + (l2]] = |z + yl) Ju(2)]
<z +yl1(Je = o) ()] + [zl = llz + yl[[ |12 (2)]
< g |(Jz = Je) ()] + Nyl =[]zl

<3j+i<a
4 32 ’

as we wanted. a

Lemma 6.2.4. Let X be a uniformly smooth normed space over R, and let C be
an inhabited, bounded, located convexr subset of X. Let xg € X and € > 0. Then
there exists 7 > 0 such that for oll y € C,

> either there exists x € C' such that Jy, (y) +7€/6 < Jy, ()

D> or else Jy(2) < Jg, (y) + € forall z € C.

Proof. Choose M > 0 such that ||z —y|| < M for all x,y € C. If M ||| < €, then
for all z,y € C,
Jao(x = y) < lzoll 2 —yll < M [|lzof| <e.

Hence we may assume that M ||zg|| > 0. From the definition of “uniformly smooth”
and Lemma 6.2.3 we see that there exists § > 0 such that for all unit vectors
x,y € X,

o if 0 < [t| <4, then

llz + tyll —llyll _ 2

and
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e if |ly|| <4, then for all unit vectors z € X,

< 2¢e
3|lzol| M

T=min< 1 0 |lol
M

and fix y in C. Either p(zo 4y, C) < ||lzo|* — 7¢/3 or

|J2(2) — Jx+y(z)|

Let

2Te
lzol* = =5~ < plaro +4.C). (6.5)

In the first case, there exists € C' such that

2 2 TE
lzo +y —2z[|” < [[zoll -3

It follows from Lemma 6.1.2 that
TE

lzoll® < llzo +y = @|* = 2y (y — ) < [Jzol* — 3 7 2w (y) + 200 ()

and therefore
TE

Thus it remains for us to show that if (6.5) holds, and therefore

< Juy (). (6.6)

2re

5 < |z +y — 2| for all z € C, (6.7)

2
ol —

then we can derive the second conclusion of our lemma. Consider any = € C. If
lzoll lly — z|| < €, then

Jao (€) = Jag (y) = Juo (2 = y) < ol ly — 2l <e.

Thus without loss of generality we may assume that ||zg| ||y —z| > 0. Since
(1—7)y + 72 belongs to the convex set C, we see from (6.7) and Proposition
6.1.1 that

-2 <o+ 7y - ) = ol
= Jogtr(y—a) (@0 +T(y — 7)) — [lzol|®
= Jootr(y—)(T0) + TJagtr(y—a) (Y — T) — [ENE
< Nlzo + 7(y — @)l lmoll — llzoll® + TJagsr(y—a) (¥ — ).
Hence
0 < fap) IR0t T@ =D = llwoll | ;e ay Z (6.8)

3
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The appearance here of the expression

2o +7(y — )| = [zl
T

FE =

in the presence of a uniformly Fréchet differentiable norm suggests that we consider
the unit vectors

1 1
= —X, v =
[l ly — =l

(y — ).

U

Writing

7yl
e

we have 1
+t —

ly—af| t
Since 0 < t < 4, it follows that

2e 1
> E— J.(v)
3 zoll M ‘ ly — |l
1 1

= - Je (y_x)

‘|y—ﬂf ol lly — |
1

= i ol B — Ju (y — )|

[zoll [y — |l ’

and therefore

[0 +7(y — )| — |lzol 2|y -l 2
o . Taly =) < T (69)
In view of (6.8) and (6.9), it now makes sense to examine
‘JJEO (?J - l‘) - Jzo+‘r(yfz) (?/ - .1?) ;
which, by Proposition 6.1.1, equals
ol ly = 217u(0) = Fusea(e)].
By our choice of 4, this last expression is less than
laoll ly — ol 5o
TN 7
S0
2¢
|J$0 (y - JJ) - JzoJr‘r(yfz) (y - $)’ < ? (610)

It follows from (6.8)—(6.10) that
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[zo + 7(y — 2)|| — [0l 2¢
0< ||I0|| - + on-‘r‘r(y—w) (y - ‘T) + ?

2 2 2
< (Iulr=0)+ 5+ (mt-a 4 5 ) + 5

from which we obtain the inequality J,,(x) < Jy,(y) + &. Since x was an arbitrary
point of C, the proof is complete. a

Using Lemma 6.2.4 and the A-technique, we can now prove Theorem 6.2.1.

Proof. Under the hypotheses of Theorem 6.2.1, fix M > 0 such that ||z —y|| < M
for all z,y € C, and consider any element = of X. It is enough to prove that for
each £ > 0 there exists y € C such that

Jo(2) < Jy(y)+e  (z€0). (6.11)

For in that case, if 0 < o < 8 and we choose y € C such that (6.11) holds with
e = (B—a)/2, then either J,(y) > o, or else J;(y) < % (a+3) and therefore
J(z) < B for all z € C; so the desired supremum exists by the least-upper-bound
principle.

Fixing x € X, yp € C, and € > 0, let 7 be as in Lemma 6.2.4. We construct an
increasing binary sequence (A )n>0 with Ao = 0, and a sequence (y,)n>0 in C, such
that

e
An =0= Jw(yn—l) + % < J:E(yn)v

An=1= J,(2) < Jo(yn—1) + € forall z € C.

To do so, we assume that we have constructed Ay, ..., A, and yg,...,yn. If Ay, =1,
set A1 = 1 and Y11 = yn. If A, = 0, then by Lemma 6.2.4, either J,(y,)+7¢/6 <
Jz(y') for some y' € C, or else J,(z) < Jy(yn) + € for all z € C. In the first case
set A\p+1 = 0 and y,+1 = ¢'. In the second case set A\, +1 = 1 and y,+1 = y,,. This
completes the inductive construction.

Now choose N such that e
M|z|| < N—.
6
If Ay =0, then

Jo(o) + N7 < Ja(un)

and therefore re
NE < Jo(yn — o) < M ||z,

a contradiction. Hence, in fact, Ay = 1. O
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Corollary 6.2.5. Let X be a uniformly convex, uniformly smooth Banach space
over R, and let C' be an inhabited, bounded, located convex subset of X. Then

sup {f(y) :y € C}

exists for each normed linear functional f on X.

Proof. For a nonzero normed linear functional the result follows from Proposition
6.1.4 and Theorem 6.2.1. The completion of the proof is left to the reader. O

Turning now towards Theorem 6.2.2, we prove the following lemma.

Lemma 6.2.6. Let C be an inhabited, bounded, convex subset of a uniformly smooth
normed space X over R such that

sup{J,(z) : z € C}

exists for each x € X, and let € > 0. Then for each x € X there exists o with
0 < o <1 such that for each y € C,

> either there exists y' € C with ||z — || < (1 — o) ||l — y||

> orelse ||z —y|| < ||z —z|| +¢ forall z € C.

Proof. We may assume that ¢ < 1. Fixing « € X, choose a positive integer M >
max {e/4,1} such that ||z — z|| < M for each z € C. Since X is uniformly smooth,
there exists & with 0 < § < 2 such that for all unit vectors u,v € X,

lu = tof] = Jlull _ 2

— 12
O<|t|<d= — Ju(v) < 37 (6.12)

Define
&d
o=

T 8M

and note that 0 < o < 1. Let y € C. If ||z — y|| < ¢, then ||z — y|| < ||z — z|| + ¢ for
all z € C. Hence we may assume that £/2 < ||z — y||. Now,

sup{Jo—y(z —y): 2€ C} =sup{Jy_y(2) : 2 € C} — Jo_y(y)

exists, by our hypotheses. So either J,_, (z —y) < e||lz —y|| for all z € C or else
there exists zg € C such that

g
3l =yl < Jomy (20 —y). (6.13)

In the first case, for all z € C' we have
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|z — y”2 = Jo—y(z —y)
oy = 2) + asy (2 =)
<llz=ylllle =zl +ellz -yl
and therefore
=yl <llz —z[ +e.
In the second case, setting
;= Oz =yl
2M
we have 0 < 7 < §/2 < 1 and therefore 3/ € C. Define also

Yy =y+71(20—y),

1 1 7llz0 — yl|
=—(@x-y), v=—7—(20—y), t=——-.
lz =yl 20 — ¥l lz =yl

Note, for the definition of v, that

u

g
llzo — yll |z — yll = Jo—y(z0 — y) > 3 lz —yll

and hence that ||zo — y|| > 0. Let

_Tlzo—yl _éllzo—yl
le—yl = 2M

Then ¢t < § and, by Proposition 6.1.1 and (6.13),

T T TE
tJy, =—J, — =—Js_ — _—
W)= g0 ) = o e — ) > g

Hence
|z =o'l = llz =y —7(20 — 9)l
= |lz —yll lu —tv]|
<=yl (ull = t1.0) + == ) by (6.12)
Yy u SM y (0.
Te  Tel|zo0 — Y|
Since

120 = yll < 20 =zl + [z — [l < 2M
and (6.13) holds, this gives

, TE  TE
— < — —_— JE—
o=yl < o=l - 5 + 5

o=yl = 2 -y
LYV
— (- o)yl
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and completes the proof that, in this case, the first conclusion of the lemma obtains.
O

We now prove Theorem 6.2.2.

Proof. Under the hypotheses of Theorem 6.2.2, let x € X and ¢ > 0. It suffices
to show that there exists y € C such that |z — y|| < ||z — 2| + € for all z € C.
Compute o > 0 as in Lemma 6.2.6, and let yo € C. If || — yo|| < €, then ||z — yo|| <
|z — z|| + ¢ for all z € C. So we may assume that ||z — yo| > 0. Now construct
an increasing binary sequence (A,)n>0 with A\g = 0, and a sequence (¥ )n>0 of
elements of C, such that

A =0=[lz —yn| < (1 —0) [l = yn-ll,
Mm=1= ||z —yn| <|z—2z2|+eforall zeC.

Suppose we have constructed Ag,..., A, and yo,...,yn. If Ay = 1, set App1 = 1
and Yp41 = Yn. If Ay =0, then by Lemma 6.2.6, either |z — ¢/|| < (1 —0) |z — yn||
for some 3y’ € C, or else || — yn|| < ||x — z|| + € for all z € C. In the first case set
Ant1 = 0 and y,4+1 = ¥'; in the second case set A\,+1 = 1 and y,+1 = yp. Since
0 <o <1, we see that (1 — o)™ — 0 as n — 00, so there exists N > 1 such that

e

l—oy < — 5
( o=l

(n>N).

Now check g, ..., An. If there exists n < N such that \,, = 1, then we are finished;
if A\, =0 for all n < N, then

le = ywll < (1= o) [l = goll < e <l — 2] +¢

for all z € C, and again we are finished. O

Corollary 6.2.7. Let C' be an inhabited, bounded, conver subset of a uniformly
smooth normed space X over R. Then C is located if and only if sup{J,(z) : z € C}
exists for each x € X.

Proof. Apply Theorems 6.2.1 and 6.2.2. a

Corollary 6.2.8. Let X be a uniformly convex, uniformly smooth Banach space
over R, and C' an inhabited, bounded, convex subset of X. Then C is located if and
only if sup{f(y) : y € C} exists for each normed element f of X*.

Proof. Apply Proposition 6.1.4 and Corollary 6.2.8. a
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Corollary 6.2.9. Let C be an inhabited, bounded, convex subset of a Hilbert space
H. Then C is located if and only if

sup{Re (z,y) : y € C} (6.14)

exists for each x € H.

Proof. Consider first the case K = R. Since H is uniformly convex (see Section 3
of Chapter 4) and, by Proposition 6.1.7, uniformly smooth, the desired conclusion
follows from the Riesz representation theorem and Corollary 6.2.8. We now easily
obtain the result in the case K = C, since C' is located in H if and only if it is
located in the underlying real Hilbert space. O

When we work with a Hilbert space rather than a general normed space, we can
remove the boundedness hypothesis from Theorem 6.2.2. For this we need some
preliminaries, including an important principle of functional analysis.

Lemma 6.2.10. Let C' be a conver subset of an inner product space X such that
sup{Re(z,z): z € C} exists for each v € X. Let x € X and y € C. Let n be a

positive integer and let 0 < € < 1. Then at least one of the following alternatives
holds:

(a) There ezists yo € C such that ||z — yo||* < ||z — y||* — e*/16n.
(b) There exists zg € C such that n/4 < ||z — y||> + ||z — zo]”.

(©) llz—yl <llx—z| +e forall z € C.

Proof. If ||z — y|| < €, then (c) holds trivially; so we may assume that ||z — y|| >
£/2. Our hypotheses ensure that

M =sup{Re({z —y,z—y):2€C}
exists. Either M < £2/2 or else £2/4 < M. In the first case, for all z € C' we have
lz = y|* = Re (& —y.z — )

=Re(z—y,z—2)+Re{z —y,z—y)
2

€
<llz=yllllz =2l + <
and therefore )
€
|z —yll <llz =zl + 57— <llz — 2l +e.
2z —y

Hence (c) holds. We may therefore assume that /4 < M. Choosing zg € C such
that



6.2 Locatedness of Convex Sets

i)

T:Re<x—y,z()—y>>%7

we consider three exhaustive cases.

Case 1: |z —y||* < 37/2. We have
2 2
[z = 20l” = llz =y = (20 = 9l
2 2
= llz = ylI” =27 + [l20 — ¥l

1
2
<z —yl” =3

T
2

2

2 3

< ||z — - =
o —yl® - 5
4

2 3

< _ -
o=yl - =,

since 0 < & < 1. Hence (a) holds with yg = 2.

Case 2: n/2 <||z — yH2 . Using the parallelogram identity, we have

5 <llGzo =) + (@ = »)l”

=2z — zo|* + 2|}z — yll* - |lz0 +y — 22|
<2 — 20 + 2]z - y)%,

so (b) holds.

Case 3: 7 < ||z0 —yl® and ||zo — y||*> < n. Then

-
Yo=y+—-5 (20— Y)
20 — yll
belongs to C, and
2 2 27Re(z—y,20 —y) 2
|z = wol™ = llz — ylI” = 3 3
llzo — yl| llzo — yl|
2 2
=z —y|” - 5
20 — yll
4
2 g
< ||z — - —
o=yl -

and so (a) holds. This completes the proof.

The classical uniform boundedness theorem says:

163
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If (Ti);c; is a family of bounded linear mappings from a Banach space X
into a normed space Y such that for each x € X the family (||Tiz|);c; is
bounded, then there exists M > 0 such that || T;|| < M for each i € I.

The reader is invited to consider why this form of the theorem is unlikely to be
provable constructively. The correct constructive approach is via the contrapositive;
here is a pretty version due to Royden [78].

Theorem 6.2.11. (Royden’s uniform boundedness theorem) Let (Ty),,, be
a sequence of normed linear mappings from a Banach space X into a normed space
Y such that ||T,| > n3™ for each n. Then there exists x € X such that ||Tx| > n
for each n.

Proof. For each n > 1 choose z, € X such that ||z,|| = 37" and |T,z,| >

3T |l - Then
iy,
n=1

[ee]
is well defined, since (by comparison with > 37™) the series on the right converges

n=1
in the complete space X. For n > 2, letting
yn:l‘l'i_"""_xnfla
we have
3
3 ITallllzall < 2 Tnzall = IT (20 +yn) + T (20 = ya)
ST (@n + y) [l + 1T (yn — )l

so at least one of the last two terms is greater than 3 ||T,| ||z, Replacing x,, by
—x,, if necessary, we may assume that

3
1T (@n +yu) | > 7 1Tl llzall-

Hence
1 ~ -
Uil = | (z) +Tn< 5 )’
k=1 k=n+1
n—1 00
> ||Tn (anrZwk) ’—llTnH >l
k=1 k=n+1

3 o =
> ST — Tl Y 37
k=n+1

3 1

1
> —n _ _ = — _ —n
>3 (5 - 5) = 1Tl
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and therefore ||T,z|| > 37" ||| > n. 0

Theorem 6.2.12. (Uniform boundedness theorem)  Let (1},),-, be a se-
quence of normed linear mappings from a Banach space X into a normed space Y
such that ||T,|| — oo as n — oo. Then there exists © € X such that the sequence
(IT5z]),, 5, s unbounded.

Proof. Compute a strictly increasing sequence (ng) k>1 of positive integers such that
| T, || > k3% for each k, and then apply Theorem 6.2.11. O

It is possible to remove from these two uniform boundedness theorems the con-
dition that each T,, be normed; see Exercise 12.

Theorem 6.2.13. Let C' be an inhabited convex subset of a Hilbert space H such
that
sup {Re (z,) : y € C}

exists for each x € H. Then C is located.

Proof. Fix £ € H and yo € C. In order to prove that p(§, C) exists, it is enough to
show that if 0 < & < 1, then there exists n € C such that || — n|| < || — y|| + ¢ for
all y € C. If ||€ — yo|| < &, then we may take n = yo. Hence we may assume that
& # yp. Setting Ag = 0, for the purposes of this proof we extend the A-technique by
constructing a sequence (A, ), with values in {—1,0,1}, and a sequence (yn),,
in C, such that for each n > 1,

1€ = ynll < 11§ = yn—-1ll
and the following hold:

An = =1 = [[€ = yall” < 1€ = ynall” — " /16m,
An =0 = n/4 < ||€ —yn|> + /€ — z||° for some z € C,
A =1=[[§ —yn| <|§—z|+ecforall z€C.

Assume that we have already constructed Ag,...,A, and yg,...,yn. If A\, = 1,
set Apr1 = 1 and yp41 = yn. If A, # 1, then we apply Lemma 6.2.10. If there
exists y € C such that |[€ — y[|> < [|€ — yal|® — £%/16n, we set A,y1 = —1 and
Yns1 = y; if n/4 < ||€ —yn|® + [|€ — 2||* for some z € C, we set A,y1 = 0 and
Ynt1 = Yn; i ||€ — ynll < |€ — 2|+ for all z € C, we set A1 =1 and yp41 = Yn.
This completes our inductive construction of the sequences (An),,5¢ and (yn),,> -
It remains to compute n such that \,, = 1.

Let (Ng) k>1 be a strictly increasing sequence of positive integers such that for
each k,
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Niy1 54
Nk>4(k+\|f—yo||2> and [|€ — yo|® < Z Ton
n=Np+1

(recall that > 1/n diverges to infinity). Observe that if A,, = —1 whenever N, <
n=1

n < Ni41, then

) Ngy1 54 Niy1 54
2 2
0< Hg_yNk+1H < ||£_yNk|| - Z ﬁg Hf_yOH - Z m<07
n=Nj+1 n=Np+1

a contradiction. Thus for each k there exists ny such that Ny < np < Npy1 and
either \,,, =0 or A,, = 1. In the first case we choose z’ € C such that

Nk 2 2
7 <& =yn "+ 1€ ==l

and set wy = £ — 2’. In the second case set

Nk

= Te—gon &%)

w
In each case we have
2 Nk 2 N, 2
|wg|I” > Vi 1€ = voll” > 1 € —yol™ >k,

50 ||wk|| — o0 as k — oo. We now apply Corollary 6.2.12 to the normed lin-
ear functionals x ~» (x,wy) on H, to produce &, € H such that the sequence
{|<§0,wk>|}k>1 is unbounded.

By our hypotheses, there exists M > 0 such that [({,,& — z)| < M for all z € C.
Choosing K such that M < [({,,wk)|, suppose that A,,, = 0. Then, by our con-
struction of the vectors wy, there exists z € C' such that wx = £ — z and therefore
[(€o, wr)| = [{€0, € — 2)| < M, a contradiction. Hence A, = 1. O

We shall use some of these results on locatedness in the next section, when we
look at adjoints of operators.

6.3 Adjoints

Throughout the rest of the chapter, H will be a Hilbert space. By an operator on
H we mean a linear mapping of H into itself.

We observed in Section 3 of Chapter 5 that the constructive Riesz representation
theorem, with its requirement that the linear functional be not just bounded but
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normed, does not enable us to prove that every bounded operator on H has an
adjoint. In fact, we showed that the proposition “every bounded operator on a
Hilbert space has an adjoint” implies LPO.

Are there general criteria for the existence of the adjoint? To answer this ques-

tion affirmatively, we first prove a lemma.

Lemma 6.3.1. Let T be an operator on H, and B a subset of H. Let a be a unit
vector in H, and P the projection of H on the 1-dimensional subspace Ka. Then
PT(B) is located if and only if the set {(Txz,a) : x € B} is located in K.

Proof. For all z,y € H, since (I — P)y is orthogonal to P(H), we have
ly = PT||* = ||Py — PTz|* + |1 - Pyl
= [[{(Py,a) a — (PT,a) al|* + ||(1 — P) y||”
2 2
=y, a) = (Tz,a)[" + [T = P)yl".

Hence
inf — PTx 2
Q}GB ||y H

exists if and only if
ing |<ya a> - <T‘r7 a’>|2
zTE

exists, from which the desired conclusion follows. a

Proposition 6.3.2. Let T be a jointed operator on H. Let B be the unit ball of H,
and P the projection of H on a 1-dimensional subspace. Then PT(B) is located.

Proof. Choose a unit vector a € H such that Pz = (x,a)a for all z € H. By the
preceding lemma, it suffices to prove that the set

S={(Tz,a):z € B} ={{(z,T"a) : x € B}

is located in K. We do this by showing that S is dense in the (located) ball
Bk (0, ||T*a||). Given € > 0, we have either ||[T*a|| < e, in which case |( — 0| < ¢ for
all ¢ € K with (] < ||[T™al|, or else T*a # 0. In the latter case, for each ¢ € K with

¢ < ||T*al| we have
C * *
(= < T*a,T"a
ety

%T*a eB
ITall

Thus in either case there exists z € B such that [( — (z,T"a)| < e. Since ¢ > 0 is
arbitrary, it follows that S is dense in Bk (0, [|[T*al) . O

and
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Proposition 6.3.3. Let H be a Hilbert space with unit ball B, and T a bounded
operator on H such that PT(B) is located for each 1-dimensional projection P.
Then T has an adjoint.

Proof. By Lemma 6.3.1, for each unit vector y € H, the set
C={(Tx,y):z € B}

is located in K. Since T is bounded, C is a subset of a ball in K. It follows from
Corollary 4.1.7 and Proposition 2.2.10 that C' is totally bounded. Thus, by Propo-
sitions 2.2.6 and 2.2.5, the linear functional u defined on H by

u(@) =(Tz,y) (x€H)

is normed. By the Riesz representation theorem, there exists a unique element 7™y
of H such that (Tz,y) = (x, T*y) for all x € H. O

Theorem 6.3.4. Let T be a jointed operator on a Hilbert space H. Then the image
under T of the unit ball is located.

Proof. By Proposition 6.3.2 and Lemma 6.3.1, for each x € H the set
{(Ty,z) :y € B}
is located in K. This set is also bounded, since
(Ty,z)| = [{y, T"x)| < [ T"2|

for all y € B. Hence, as in the previous proof, it is totally bounded. Since the map
¢ ~» Re( is uniformly continuous on K, we now see that

sup{Re (z,Ty) : y € B} =sup{Re (Ty,z) : y € B}

exists for each z € H. It follows from Theorem 6.2.13 applied to C = T'(B) that
T(B) is located in H. O

Theorem 6.3.5. Let T be a bounded operator on a Hilbert space H that maps the
unit ball to a located set. Then T has an adjoint.

Proof. Given y € H, we take C = T(B) in Corollary 6.2.9 to show that the linear
functional x ~» (T'y, x) is normed. The result now follows from the Riesz represen-
tation theorem, as in the proof of Proposition 6.3.3. a

Thus for a bounded operator on a Hilbert space, the existence of the adjoint is
equivalent to the image of the unit ball being located.

When is a jointed operator bounded? The classical answer is “always”; the
constructive answer is less decisive.
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Theorem 6.3.6. (Hellinger—Toeplitz theorem) Every jointed operator on a
Hilbert space is sequentially continuous.

Proof. Let T be a jointed operator on a Hilbert space H. It will suffice to prove that
T* is sequentially continuous, since we can then interchange T and 1™ to obtain the
desired result. Accordingly, let (z,,) n>1 be a sequence converging to 0 in H, and let
e > 0. By Ishihara’s second trick (Lemma 3.2.2), either | T*x,|| < & eventually or
else there exists a strictly increasing sequence (ny) k>1 of positive integers such that
|IT*x,, || > e/2 for all k. In the latter case, passing to a subsequence if necessary,
we may assume that

€
for each k. Then, setting
2k3"
Y = Ty y

we have ||yx| < 1/k and || T*yx|| > k3%. We now apply Royden’s uniform bounded-
ness theorem (Theorem 6.2.11) to the normed linear functionals = ~» (x,T*y;) on
H, to construct a vector x € H such that |[(z,T*y)| > k for each k. Since

(x, T"yx) = (Tx,yx) < | Tx|| |lyx]] — 0 as k — oo,

this is absurd. We conclude that ||T*z,|| < ¢ for all sufficiently large n. g

A subset S of N is pseudobounded if lim, .o n " 's, = 0 for each sequence

(Sn)n>1 in S. The following principle is trivially true in classical mathematics,
holds in both INT and RUSS, and appears not to be provable in BISH (see [59]).

BD-N  FEwvery inhabited, countable, pseudobounded set o f positive integers
15 bounded.

We now prove that if “sequentially continuous” can be replaced by “bounded” in
the conclusion of Theorem 6.3.6, then BD-N holds.

Let
A= {a17a2,...}

be a countable pseudobounded set of positive integers. Let H be an infinite-
dimensional Hilbert space with an orthonormal basis (en)n>1 of unit vectors. We
first prove that for each x € H,

oo
Ty = Z ap, (T, €en) €n
n=1

is well defined. Let (Ng)r>1 be a strictly increasing sequence of positive integers
such that
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> e <2712

n:Nk

and construct a binary sequence (Ag)r>1 such that

Ni+1—1
=0= Z (x, en)| 2 < 2"“,
n=~Ng
Npg1—1
A =1— Z (z,en)] >2*k*1.
n=Nyg

Define a sequence (b)r>1 in A as follows. If A, = 0, set by, = ay. If Ay = 1, then

Niy1—1
27 k2 max {a2 : Ny <n < Njjq} > Z a2 [z, en)| > 27k 1,
n=Ny

S0 a, > k for some n with N < n < Ng41; in this case we set by = a, for this
n. Since A is pseudobounded, there exists m such that by /k < 1 for all k& > m.
If Ay = 1 for some k > m, then 1 < b/k < 1, a contradiction; hence A\, = 0 for
all £k > m, and therefore the series defining T’z converges. It is easily seen that T
is a one-one selfadjoint linear mapping of H onto itself; so, by Theorem 6.3.6, it
is sequentially continuous. But if T" is bounded, then the pseudobounded set A is
bounded (by any positive bound for T').

6.4 Functions of Selfadjoint Operators

We say that a sequence (Sn)n>1 of operators on our Hilbert space H converges
strongly to an operator S if
Sr = lim S,z

n—oo

for each x € H. Given an operator T on H, for each power series

oo
=) cnt” (6.15)
n=0

with complex coefficients ¢, we can form the corresponding power series in 7,

oo

p(T) = Z eI,

n=0

which makes sense provided the series on the right converges strongly. In particular,
if p(t) is a polynomial, regarded as a power series whose coefficients are eventually
0, then p(T) is always defined.
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If each coefficient ¢, in (6.15) is real and T is selfadjoint, then p(T) is also
selfadjoint. Our first aim is to prove that if, in that case, T has bound 1, then p(T)
is bounded by the sup norm of p on the interval [0, 1]. This will require us to prove
some lemmas about approximate eigenvalues.

Note that two operators S,T on H are said to commute if ST = TS. Also,
T =Tand T" = TT" ! for any n > 1.

Lemma 6.4.1. Let T be a selfadjoint operator on H with bound 1, and let x be a

unit vector in H. Let
-1
+ 11)
T+ =v]).
(++37)

1
(Tu,u) > (T, x) + - IIDHZ-

1
v=Te— Tz,x)x, u= m+§v

Then

Moreover, if S is any operator that commutes wzth T, then ||Sul < 2SSz .

Proof. Clearly, v € {z}" and Tz —v L {z}", so (by Theorem 4.3.1) v is the
projection of Tz onto {z}". Hence

1012
T+ 51}
and our definition of u makes sense. Also,

(Tz,v) = (Tz,v) — (T, z)z,v) = ||v|?

1
=1+ ¢llI* >0,

and therefore, since T'= T,

1 1 1
<T (x+2v> ) x+2v> = (Tm,x}—l—Re(Tx,v)—i—Z(Tv,@

1
2
2 Tz, 2) + ol = 2 1T |lv]]

3
> (Ta,2)+ 5 ol

(o))

(Tx z i||v2) (T, z)
3

(4| ” -

LT

2

Hence

<Tu7u> - <T$,.’L‘> =

( Sl )
(143 ||v|2) {10l (T2 )
g )

1

2
7 1ol
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since ||v| < 2.

Finally, let S commute with 7. Then

[[Su|l < HS (m + ;v> H

1 1
< (1+ (e + 2) 152 < 2||Se]..

Sz — % (Tx,z) St + %TSx

We show how to construct approximate eigenvectors common to finitely many
commuting selfadjoint operators. We deal first with the case of a single selfadjoint
operator.

Lemma 6.4.2. Let T be a selfadjoint operator on H with bound 1, and let x1 be a
unit vector in H. Let € be a positive number, and N an integer greater than 32/%.

Define sequences (T5),51  (Yn),>, in H recursively by
Tn + iyn .

Then (Txpi1,Tnt1) = (Txp, ) for each n, and there exists n < N such that
lynll <e.

1
Tn + SYn

Yn =Ty — (Txp,xn) Tp, Tpi1 = 5

Proof. By Lemma 6.4.1,

1 2
<Txn+17$n+1> - <Txn7xn> 2 Z HynH .
On the other hand, either ||y,| < e for some n < N, or else ||y,| > /2 for all
n < N. In the latter case, Lemma 6.4.1 shows that
&2
<Txn+17xn+1> - <Txm$n> > 16
for each n < N, and therefore that
Ne?
(Teny1, 2N41) = (Tx,21) + 6 >-1+2=1,

which is absurd since x4 is a unit vector and 7' has bound 1. O
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Lemma 6.4.3. Let Ty, ...,T,, be commuting selfadjoint operators on H with com-
mon bound 1, and let x be a unit vector in H. Then for each ¢ > 0 there exists a
unit vector u such that (Tyu,u) > (Thz,z) — € and

| Thw — (Thu,u)yul| <e (1<k<n).

Proof. Noting that the case n = 1 has been disposed of in Lemma 6.4.2, let n > 1
and suppose that we have proved the desired result for n — 1 commuting selfadjoint
operators. Fix ¢ > 0, and choose a positive integer N > 32/¢2. By our induction
hypothesis, there exists a unit vector z; such that

9
<T1Z‘1,331> 2 <T1.73,33‘> — 5

and
€

||Tk$1—<Tk$1,l‘1>.T1|| < 27N (1<k§n—1).
Taking 7' = T),, define sequences (2x);,~; and (yx),>, as in Lemma 6.4.2. By that
lemma, there exists j (1 < j < N) such that ||T,z; — (Thx;, ;) z;]| < €. Setting
u = xj, we see that if j = 1, then we are finished; so we may assume that j > 1.
Then for 1 < k < n — 1, since the selfadjoint operator Ty, — (Txx1,21) I commutes

with T),, we see from the final part of Lemma 6.4.1 that

|Twu — (Trwr, v1) ul| < 2||Thrj—1 — (Thay, 1) 51|

/

2j_1 ||Tk$1 — <Tk$17$1>.’b1”
gN-1° - % 1
5N = 5 (6.16)

On the other hand, noting that for all z € H and all a,b € R,

AN INCIN

|z —au||® = ||z — bul|* = (a — b) (a + b — 2Re (z,u))
we have
T — (Tow,u) ul]* = | Tow — (Thar, 1) ul?
= ((Tru,u) — (Txx1,x1)) (Tru,u) + (Tex1, 1) — 2 (Tru,u))

— ((Thu, w) — (Thwy, 21))?
<0.

It follows from this, (6.16), and our choice of u that ||Tpu — (Tyu,u)u|| < e for
1 < k < n. Finally, again using (6.16), we see that
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Our induction is now complete. O

Proposition 6.4.4. Let T be a selfadjoint operator on H with bound 1. Then for
each polynomial p with real coefficients, the operator p(T') has bound

M =sup{|p(t)|: 0 <t < 1}.

Proof. Write
N
)=> cnt"
n=0

where each ¢, € R. Let « be a unit vector in H, and let £ > 0. Since p(7) has only
real coefficients, it is selfadjoint. By Lemma 6.4.3, there exists a unit vector u € H
such that (p(T)u,u) > (p(T)z,x) — € and

N -1
ITu — (Tu, u) ul| < (1 + Zn |cn|> €.

n=1
Taking t = (T'u, u), for n > 1 we compute
1T — " < || T (T — 7 ) ||+ [ | Tu — tul]
< HT” Yy — " || + (| Tu — tul|

<
< n||Tu — tul|.
Hence
Ip(T)u = p(t)ull < Z [en] [T u — "l
N
< (Zn|cn|> |ITu — (Tu,u)ul| < e
n=1

and therefore

(p(T)z,z) < (p(T)u,u) +¢
< [p@)] + [p(T)u — p(t)u) ,u)| +
< M+ |[p(T)u — p(t)ul|| < M + 2e.
(

Since ¢ > 0 is arbitrary, it follows that (p(T)z,x) < M. Replacing p by p?, we now
have

Ip(T)z))* = (p(T)*x,z) = (pP*(T)x,x)
< sup{|10(t)|2 :0<t < 1} = M?

and therefore ||p(T)z|| < M. 0
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An operator T on H is said to be positive if (Tx,z) > 0 for all z € H. In that
case, T is selfadjoint, since for all z,y € H we have both (T'z,z) = (z,Tx) and the
polarisation identity

4(Tz,y) = (T (z+y),z+y) — (T(x—y),r—y)
+ (T (z+1iy),x+iy) — i (T (x —iy) ,x — iy)

(which is actually valid for any operator T on H). We introduce a partial order on
the set of selfadjoint operators by writing S < T, or equivalently 7' > S, if and only
if ' — S is a positive operator.

For our first result about positive operators we use a weak constructive substi-
tute for the classical result that a series of positive real numbers is convergent if its
partial sums form a bounded sequence.

o0
Lemma 6.4.5. Let > a, be a series of nonnegative terms whose partial sums form
n=1
a bounded sequence. Then for each € > 0 and each positive integer n there exists
k > n such that ai < €.

Proof. Let b > 0 be an upper bound for the partial sums of the series. Given ¢ > 0,
choose a positive integer N such that Ne/2 > b. If a, > /2 for n < k < n+ N,
then

n+N n+N
Z ap = Z ag > —_— > b,
k=n+1
a contradiction. Hence a;, < € for some k with n < k <n+ N. a

Proposition 6.4.6. Let S and T be commuting positive operators on H, with S
bounded. Then ST is positive.

Proof. The proof is similar to the classical one on pages 415-417 of [4], so we give
only an outline, leaving the details as an exercise. Since S is bounded, we may
assume that 0 < S < I. Define a sequence (S,,),,, of bounded selfadjoint operators
on H such that -

51:5, Sn+1:Sn—STQL (n}l)

By induction, 0 < S, < I for each n. We now have

0<Y S7=> (Sk—Sk11) =851 <S.
k=1 k=1

It follows that for each x

Z S| Z (St x) = ((S — Spt1) z,2) < (Sz, 7).

k=1
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By Lemma 6.4.5, there exists a strictly increasing sequence (n;) i>1 of positive in-
tegers such that ||S,,z| < 27" for each i; whence

n;
E Sir = Sx — Sy, 10 — Sx as i — oo.
k=1

Since T' commutes with S| it commutes with every S,,. Hence

(STx,x) = (T'Sx,x) = <T (llim ZS,%x) ,x>.
k=1

Now, T is positive and hence selfadjoint; so, by Theorem 6.3.6, it is sequentially
continuous. Hence

(STz,z) = lim Z <TS£I‘,I’>
k=1

ng
= lim Z (SkTSkz, x)
k=1

= hm Z <TSkx,Skx> > 0.
11— 00 k=1

Since x is arbitrary, we conclude that ST > 0. a

Our next objective is to construct the positive square root of a bounded positive
operator. We first examine an iteration scheme for the function ¢ ~» /¢ on [0,1].
A standard classical proof of the convergence of that scheme uses Dini’s highly
nonconstructive theorem on the uniform convergence of monotone sequences of
continuous functions [47] (pages 131-132). Fortunately, with relatively little extra
effort, we can avoid using Dini’s theorem altogether.

Lemma 6.4.7. Define a sequence (un)">1 of uniformly continuous mappings from
[0,1] into R iteratively by

1
ur(t) =0, upta(t) =un(t) + B (t —un(t)) -
Then (un(t)),, converges to V't uniformly on [0,1].

Proof. For each ¢ € [0,1] and each n,

_ (\/g - un(t)> (1 - % (\/%Jr un(t)>) . (6.17)
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Using this, it is simple to prove by induction that w,y+1 > u, and u,(t) < Vt. Let
0 < e < 1, and compute a positive integer N such that

Consider any ¢ € [0,1]. If + < €2, then for all n we have 0 < u,(t) < Vvt < ¢ and
therefore
0 <Vt —un(t) <e. (6.18)

If t > ¢2/2, then for all n > 1,

1 1 €
— > =
> (Vitun(®) > 5vi> 7
and therefore )
€
1—-(Vt n(t 1—-—F.
5 (\f—ku ( )) < W
It follows from this and (6.17) that for all n > 2N,
€
< — < - —
2
€
<[(1-—=— _
< (1 ; 2) (VE—una®)
<
c n—N
< - _
< (1 ; 2) (Vi-un(®)
N
(5
2v2
< €.
Thus (6.18) holds for all n > 2N. 0

Our next lemma will enable us to transform the iteration in Lemma 6.4.7 into
one for the square root of a bounded positive operator.

Lemma 6.4.8. Let T be a selfadjoint operator on H that satisfies 0 < T < 1, define

the sequence (uy),~, as in Lemma 6.4.7, and write U, = un(T). Then for each n
we have 0 < U, < %(IJrT)7 U2<T, and

1
T—- U72L+1 = (T - Uﬁ) (I D) (Uny1 + Un)) . (6.19)
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Proof. We have
ToUR, = T-URs (U2 U,

=T- UZ - (Un+1 - Un) (Un+1 + Un)
1
=T-U? - 3 (T —U2) (Uns1+ Uy)

=(T-U7) (1 — % (Upy1 + Un)> _

Suppose that for some n we have 0 < U, < 3 (I+T) and U2 < T. (These inequal-
ities certainly hold for n = 1.) Then 0 < U,, <1, so U,, and I — U, are positive and
hence selfadjoint, and (I — U,)* > 0. Thus

1 1 1,
U1 = 5 (L+T) 21+<Un 2Un)

1 1 1
g I+T) =5 (=) < 5 (1+T).

On the other hand,

Upt1— U, = % (T-U2) >0
and therefore U, 11 > U, > 0. Thus
0< %(Un+1+Un) < Untr < %(I+T) <L
and so )
I— 5(Un+1 +U,) = 0.
Hence T— U2, > 0, by (6.19) and Proposition 6.4.6. This completes the induction.

d

Proposition 6.4.9. Let T be a bounded positive operator on H. Then there exists
a unique positive operator U on H such that U? = T. Moreover, U is bounded, U
commutes with every operator that commutes with T, and the range of U is dense
in the closure of the range of T.

Proof. We may assume that 0 < 7' < L Define (uy),,», and (Un),,5, as in Lemmas
6.4.7 and 6.4.8. By Lemma 6.4.8, 0 < U, < L. Since U, is a polynomial in T,
it commutes with every operator that commutes with 7. By Lemma 6.4.7, for
each € > 0 there exists N. such that |u,,(t) — u,(t)] < € for all ¢t € [0,1] and all
m,n > Nc. It follows from Proposition 6.4.4 that ||Upz — U,z|| < e||z| for all
x € H and all m,n > N.. Hence (Un)n21 converges strongly to an operator U on
H. Clearly, 0 < U < I and U commutes with every operator that commutes with 7.
Moreover, for each n > 1, since u,(t) is a strict polynomial (one without constant
term) over R, we have ran(U,,) C ran(T), from which it follows that
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ran (U) C ran (7). (6.20)
With ¢ and N, as before, we see that
wn(t) + V| [un(t) = V2|
wn (t) — V't ’

=2 lim |up(t) — um(t)]

< 2e

luz (t) — t| =

<2

for all ¢ € [0,1] and all n > N,. It follows from Proposition 6.4.4 that
(02~ 7) ] < 2 o]
for all z € H and all n > N,.. Hence

[(U2 =T)zf| < [[(U*=U3)a| +[|(UF ~T) ||
= (U +U) (U~ Uzl + (U2 ~T) x|
< 2|(U = Un) |+ ||(U7 = T) «|

—0asn—

and therefore U? = T. Moreover,

Tz = U(hm Unx),

n—00
which, taken with (6.20), shows that ran(U) is dense in the closure of ran(T).
Now suppose that we have another positive operator S such that S? = T. Then
ST = 5S5% =SS =TS,
so S commutes with T, and therefore U commutes with S. Given x € H, write
y=Uzx — Sz.
Then
Uy, )+ (Sy,y) = (U + ) (U = 8 w,y) = (U = %) z,y) = 0.

But (Uy,y) > 0 and (Sy,y) > 0, so we must have (Uy,y) = 0 = (Sy,y). Now
apply the first part of the proof to U, to obtain a positive operator A such that
A? = U. Then

14y|1* = (Ay, Ay) = (A%y,y) = Uy, y) =0,
so Ay = 0. Hence Uy = A%y = 0, and similarly, Sy = 0. It now follows that

Uz = Sz||* = (U = 8) (U = S) z,2) = (U - S)y,z) =0.
Hence S = U. |

The operator U in Proposition 6.4.9 is called the square root of T and is denoted
by VT or TV/2.



180 6 Operators and Locatedness

6.5 Locating the Kernel and the Range

Let T be a jointed operator on the Hilbert space H. In this section we deal with
questions like the following:

When is ran (T') located? Is the locatedness of ran (T') linked to the locat-
edness of ker (T') or that of ran (T*)? When is ran (T) closed?

As we shall see, the answers depend on some interesting applications of the -
technique. We begin with two elementary lemmas.

Lemma 6.5.1. Let X and Y be orthogonal subspaces of a Hilbert space H such
that X +Y is dense in H. Then both X and Y are located.

Proof. Given z € H, choose a sequence (xn)n>1 in X and a sequence (yn)7121 inY
such that z,, + ¥y, — 2z as n — oo. For m > n we have

2 2 2
[Zm = Zall” + 1Ym = ynll” = [(@m —20) + (Ym — yn)||

= ||(xm + ym) - (xn + yn)”2
— 0 asn — oo.

Hence (z,) N1 (yn) n>1 are Cauchy sequences in X, Y respectively, and so converge
to respective limits Too, Yoo in H such that z = oo + Yoo, Too L Yoo, and Yoo L X.
Given x € X, we have

2 2 2 2 2
Iz =2l = [[goo + (Too = 2)I” = [[YooI” + 100 = z[I” = llyeell”,

with equality when © = z. It follows that p (z, X) exists and equals ||yoo||. Hence
X, and likewise Y, is located. |

Lemma 6.5.2. Let T be a jointed operator on H. Then ran(T)* = ker(T*). Also,
ran (T) is located if and only if ran(T) + ker (T*) is dense in H, in which case
ker (T) is located.

Proof. First observe that
y Lran(T) <= Vz € H ({(z,T*y) =0) < T"y =0,

so ran(T)t = ker (T*). It follows that if ran(T) is located, then so is ker (T*);
moreover, if P is the projection of H on the closure of ran(T'), then since
x = Pz + (I— P)x for each € H, we see that ran(T") 4+ ker (T*) is dense in H.
If, conversely, ran(T") + ker (T*) is dense in H, then we can apply the preceding
lemma to show that ran(7") and ker (T*) are both located. O
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Lemma 6.5.3. If T is a jointed operator on H, then ran (TT*) is dense inran (T).

Proof. Let B denote the closed unit ball of H. By Theorem 6.3.4, TT*(B) is located,
so TT*(nB) is located for each positive integer n. Given = € H and € > 0, we need
only show that p (Tx, TT* (B,,)) < ¢ for some n. To this end, construct an increasing
binary sequence (A, ), such that

An:0=¢pHMTTan)>;

A =1= p(Tz,TT" (nB)) < e.

We may assume that A\; = 0. If \,, = 0, then, applying the separation and the Riesz
representation theorems, we construct a unit vector y,, € H such that

(TT" z,yn) + % <(Tz,y,) (z€nB).

Then c
* 2 *
n T ynll” < ATT"(nyn), yn) + 5 < (T, yn) < [|IT]|

and so ||T*ya||> < n=t||Tz|. If A\, = 1, we set y,, = 0. Clearly, the sequence
(T*yn)n>1 converges to 0. Choose a positive integer N such that (x, T*yy) < &/2.
If Ay =0, then

e ¢ . . €
3 S o I (Nyn),yn) <(Tzyn) = (2, Tyn) < 5,
a contradiction. Hence Ay = 1. O

For a first application of Lemmas 6.5.2 and 6.5.3, we call an operator T on H
sequentially open if for each sequence (l‘n)n>1 such that (Txn)rg1 converges to 0,
there exists a sequence (yn),,, in ker(T) such that z,, +y, — 0.

Proposition 6.5.4. Let T be a sequentially open operator on H with an adjoint.
Then ran (T') and ker (T*) are located.

Proof. By Lemma 6.5.3, there exists a sequence (In)n;1 in H such that
T(T*x, —x) — 0 as n — oo.

Since T is sequentially open, there exists a sequence (yn),,»; in ker (T') such that
T*zp + yn, — x as n — 00. We now see that ran (T™) + ker (T) is dense in H;
whence, by Lemma 6.5.2, ran (T') is located. O

If T is any bounded operator with an adjoint, then T*T is a bounded positive
operator, so, by Proposition 6.4.9, the absolute value of T,

IT| = VT*T,

exists as a bounded positive operator.
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Proposition 6.5.5. If T is a bounded operator on H with an adjoint, then ran (|T)
is dense in the closure of ran (T™) .

Proof. We see from Proposition 6.4.9 that the range of v/T*T is dense in the closure
of the range of T*T. Reference to Lemma 6.5.3 completes the proof. a

We have already seen, in Lemma 6.5.2, that, for a jointed operator T', the kernel
of T* is the orthogonal complement of the range of T', and that if ran (T') is located,
then so is ker (T*) . If, conversely, ker (T™*) is located, is ran (T') located also? Clas-
sically it is, since the closure of ran (T') is the orthogonal complement of ker (7).
However, if the latter holds constructively, then we can prove Markov’s principle:
for if a is any real number such that — (a = 0), then the operator T': z ~» az on C is
selfadjoint and has kernel {0} ; but if ran (T') is located, then = (p (1,ran (T)) > 0),
so p(1,ran(T)) = 0, ran (T') contains nonzero elements, and therefore a # 0.

We say that a sequence (mn)n>1 in H converges weakly to x € H, and we write

w
Ly —> T AS N — OO

(or just x, — ), if lim, .o (zn,y) = (x,y) for all y € H. We call an operator
T on H weak-sequentially open if for any sequence (xn)n>1 such that Tz, — 0,

there exists a sequence (yn),,, in ker(T) such that z, + yn 0.
Proposition 6.5.6. If T is a jointed operator on H such that ran(T*) is located,

then T s weak-sequentially open.

Proof. Let P be the projection of H on the closure of ran(7™). Let (2,),5, be a
sequence in H such that Tx, — 0, and for each n set y, = Pz, — z,. Then
Yn € ran(T*)* = ker(T). For each z € H we have

(X + yn, T72) = (@0, T"2) — (1= P)xy, PT*2) = (Txp, 2),

SO
[ (@n 4 yn, T*2) [ < [Tn [|2] — 0 as n — oc.

It follows that for each x € H we have (z,, + y,, Px) — 0 and therefore
<xn +ym$> = <P(xn +yn)7x> = <xn +ymP3€> — 0.
Hence T is weak-sequentially open. a

Theorem 6.5.7. Let T be a weak-sequentially open, jointed operator on H with
located kernel. Then T* has located range.
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Proof. Let P be the projection of H on ker(T). It suffices to show that for each
x € H, the vector z — Pz is in the closure of ran(T™*): for then

lz = yl* = |z = Pz) +y* + || Pz

for all y € ran(T™), so p (z,ran(T™)) exists and equals ||Pz||. Accordingly, fix = in
H and ¢ > 0. Denote the closed unit ball in H by B. By Theorem 6.3.4, T*(nB) is
located in H for each positive integer n; so we can construct an increasing binary
sequence (An),,, such that

A =0= p(z — Pz, T"(nB)) > %,

A =1= p(z— Pz, T"(nB)) < e.
Without loss of generality we may assume that A\; = 0. If A,, = 0, then by Corollary

5.2.10 and the Riesz representation theorem, there exists a unit vector y,, such that
for each z € nB,

. € €
<l‘—Pm,yn> > |<T Zayn>‘ + 9 = |<Zvan>| + b}

Taking z = n || Tyn ||~ Ty, we obtain
5
5 tlTyall <z = Pa,yn) < |lz]]

and therefore || Ty,|| < n~'|/z|/. On the other hand, if A\, = 1 — \,_1, we set
yr = 0 for all & > n. Clearly, the sequence (Tyn)n>1 converges to 0. But T is
weak-sequentially open, so there exists a sequence (zp),, in ker(T") such that

Yn + Zn —= 0. Choose N such that
€
o = Paragn)| = (o = Pa,yn + 20)] < 5

foralln > N.If Ay =0, then |(z — Pz, yy)| > €/2, which is absurd. Hence Ay = 1.
Since € > 0 is arbitrary, we are through. a

Corollary 6.5.8. If T is a jointed operator on H, then the following four state-
ments are equivalent:

a) ran (T) is located.
b) ran(T™) is located.

(
(
(c) ker(T') is located and T is weak-sequentially open.

(d) ker (T™) is located and T* is weak-sequentially open.

Proof. This follows from Lemma 6.5.2, Theorem 6.5.7, and Proposition 6.5.6. O
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Turning in a slightly different direction, we move towards a proof of the closed
range theorem:

Theorem 6.5.9. Let T be a jointed operator on H whose range is closed. Then
ran (1) and ker (T') are located, and ran(T*) is closed.

To set the scene, consider how the closed range theorem is proved classically.
One simple proof uses the polar decomposition of the operator T™; but the existence
of an exact polar decomposition in constructive analysis requires the range of the
operator to be located from the outset (Exercise 16). In another classical proof of
Theorem 6.5.9 the idea is to show that ran(7™*T) is closed and then to apply Lemma
6.5.3. To that end, let (z,,)n>1 be a sequence such that (T*T'x,),>1 converges to
a limit y € H. Applying the classical uniform boundedness theorem (see page 163)
to the bounded linear functionals f,, defined on the Hilbert space ran(T") by

fu(Tx) = (Ta,Try) = (x, T"Tx,),

we obtain M > 0 such that || f,|| < M for each n. Hence the linear functional
Tx ~ (z,y) on ran(T) is bounded by M. By the Riesz representation theorem,
there exists x,, € H such that

(z,y) = Tz, Trs) = (x, T"Tx00)

for all z. It follows that y = T*Tzs € ran(T*T).

This proof fails constructively in two places: first, in its use of the classical
version of the uniform boundedness theorem, and second, in its application of the
Riesz representation theorem, which requires the linear functional to be not just
bounded but normed. Fortunately, as the following sequence of results will show,
these difficulties can be overcome.

We begin with two lemmas that prepare us for a general result about sequentially
continuous linear mappings between normed spaces.

Lemma 6.5.10. Let T : X — Y be a sequentially continuous linear mapping
between normed spaces, (Tn)n>1 o Cauchy sequence in X, and 0 < a < (3. Then
either | Txy|| < B for all n or else there exists n such that |Tx,| > a.

Proof. In view of the linearity of T, we may assume that 3 — a > 1. Choosing a
strictly increasing sequence (Ny)r>1 of positive integers such that |z, —z,| <
273k for all m,n > N, write

sp=max {||Txz,| : 1 <n< N}
Construct an increasing binary sequence (A)g>1 such that

(Sj < 6 - 272]‘)7
(s, > f — 2721,

A, =0=1Vj

k
Ne=1=3j<k

NN
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We may assume that Ay = Ay = 0. Now construct a sequence (z)r>1 in X as
follows. If Apy1 =0o0r A\ =1, set 2z = 0. If A\y41 =1 and Mg = 0, then

ITzn, || < s < 08— 92k

and sp1 > —272k71 so we can choose j such that N}, < j < Ng41 and T, >
B — 272k 1. setting
2K = 22k(xj —ZN,)s

we have ||zx|| < 27*. Moreover,

T2kl = 2°% | T2y — Ty, |
> 2°% (| Tyl — | T, )
1
> 22k) (/8 _ 2—21{:—1 _ (ﬂ _ 2—2k)) — 5'
This completes the construction of a sequence (zx)r>1 converging to 0 in X. By the

sequential continuity of T, limy_,oc T2 = 0. Choose K such that ||Tz;|| < 1/2 for
all k > K. If A\x = 1, then there exists n < Ni such that

| Tz, | > 8 —272" > q.

On the other hand, if Ax = 0 and there exists £k > K such that A\py1 = 1 — A,
then ||Tzx|| > 1/2, a contradiction. Thus if A = 0, then A\, = 0 for all ¥ > K and
therefore for all k, so ||Txy|| < 8 for all k. 0

Lemma 6.5.11. Let T : X — Y be a sequentially continuous linear mapping
between normed spaces, and (Tn)n>1 a Cauchy sequence in X. Then sup,,>1 [T, ||
exrists.

Proof. In view of the previous lemma, it is enough to show that the sequence
(IT%n]),,>, is bounded. To do so, choose R > 0 such that [|z,[ < R for all n.
Taking « = 1 and § = 2 in Lemma 6.5.10, we may assume that there exists ny
such that ||Tx,, || > 1. Set Ay = 0. Using Lemma 6.5.10 repeatedly, we construct an
increasing binary sequence (\,,)n>1, and an increasing sequence (ny),>1 of positive
integers, such that

A =0=||Tx,, || >k and ng > ng_1,

A =1 = (T'zp,)n>1 is a bounded sequence and ny41 = ny.

Assume that we have constructed A\; and ng. If Ay = 1, we set Ap41 = Ap and
ng+1 = ng. If Ay = 0, then ||TanH > j for all 7 < k. We then apply Lemma
6.5.10 to the Cauchy sequence (2;)j>n,. Either we obtain ny1 > ny such that
|T2n,. || > k+1, or else |Tz;|| < k+ 2 for all j > ny. In the first case we set
Ai+1 = 0, and in the second, noting that (T'z,),>1 is bounded, we set A\gy1 =1



186 6 Operators and Locatedness

and ny41 = ny. This completes the inductive construction of the sequences (Ax);,
and (k)5 - I g = 0, set 2z = k™ 'ay, 5 if Ay = 1, set 2z, = 0. Then ||z,[| < R/E
for each k, so z; — 0 and therefore, by the sequential continuity of T, Tz, — O.
Choose K such that ||Tz;|| <1 for all K > K. If Ax = 0, then

1
T2l = £ 1Tz, )| > 1,

a contradiction. Hence A = 1 and so the sequence (||Tz,[]),,», is bounded. O

Proposition 6.5.12. A sequentially continuous linear mapping T : X — Y be-
tween normed spaces maps Cauchy sequences to Cauchy sequences.

Proof. Given a Cauchy sequence (z,,)n>1 in X, choose a strictly increasing sequence
(Nk)g>1 of positive integers such that ||z, — || < 27* for all m,n > Nj. For each
k, the sequence (z,, — a:Nk)n>Nk is a Cauchy sequence; so, by Lemma 6.5.11,

s = sup ||[Tz, —Txn,||
n>Ny

exists. Given € > 0, we construct an increasing binary sequence (Ag)x>1 such that
A =0= s, > —,

A =1 = s, <

DO M| ™

We may assume that A\; = 0. If Ay = 0, choose j > Ny, such that ||Tz; — Tzn,| >
/4, and set zp = x; — xn,. If A, = 1, set 2, = 0. Then ||z;x|| < 27% for each k, so
zr, — 0. Since T is sequentially continuous, Tz — 0 and we can choose K such
that ||Tzk|| < e/4 for all k > K. If Ax = 0, then || Tzk|| > €/4, which is absurd; so
Ak = 1 and therefore sx < /2. It follows that for all j, k > Nk,

9

216.

13
1Tz; = Tawll < 1Tzj = Tew [l + | Toe = Ton [l < 5 +

Since ¢ is arbitrary, (Tzy)n>1 is a Cauchy sequence in Y. O

We now move more directly towards the proof of the closed range theorem.

Lemma 6.5.13. Let H be a Hilbert space, and T an operator on H with an adjoint
and closed range. Let (xy,)n>1 be a sequence in H such that (T*Tx,)n>1 converges
to 0. Then for all positive numbers o, § with a < 3, either || Tz, || > « for some n
or else || Txy| < B for all n.
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Proof. Let (ng)r>1 be a strictly increasing sequence of positive integers such that

1

|| Z‘]H < (k+1)2

(4 = ng).

Taking ng = 0, for each k > 1 set
s = max{||Tz;|| : ng—1 <@ < ng}.
Construct an increasing binary sequence (Ax)x>1 such that

A =0 = s < 0,
A =1= s > a.

We may assume that Ay = 0. Define a sequence (yi)r>1 in ran(T') as follows: if
A =0, set yp, = 0; if \py =1 — A1, choose i with ng_1 < i < ny and ||Tz;|| > «,

and set
1

L — Tx;
Vi = BT

for all j > k. Then (yx)r>1 is a Cauchy sequence: in fact, ||y; — yxl| < 1/(k+1)
whenever j > k. Since ran (T) is closed in H and therefore complete, there exists
z € H such that (yx)r>1 converges to T'z. Choosing a positive integer N such that
Iz|l < N, consider any integer k > N. If Ay =1 — A\;_1, then

1

Tr=—— Tx
k|| T ||

for some ¢ with nip_1 < i < ny and ||Tz;]| > «, so

1 1 1 1 1

o< EHT%H = (Tx;,Tz) = (T"Tx;, z) < ﬁHzH < ﬁNoz < 7

a contradiction. Hence A\, = A\p_1 for all £ > N. It follows that either A\, = 0 for
all k, or else Ay, =1 — A1 for some k < N. In the first case, ||Tx,|| < 8 for all n;
in the second, | Tx;|| > « for some ¢ with ny_1 < i < ny. O

Lemma 6.5.14. Under the hypotheses of Lemma 6.5.13, for all positive numbers
a, B with o < B, either ||Tx,|| > « for infinitely many n or else |Tx,|| < B for all
sufficiently large n.

Proof. Let (ng)r>1 be a strictly increasing sequence of positive integers such that

* 1 .
IT*Tas < (G > )

Successively applying Lemma 6.5.13 to the sequences (%, ,Zn, +1,...) for k > 1,
construct an increasing binary sequence (Ag)r>1 such that
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A =0= 3i = ng(a < |[|Tz]|),

We may assume that Ay = 0. Define a sequence (yi)r>1 in ran(T) as follows: if
Ar = 0, choose i > ny, such that | Tz;|| > o and set

1
Yk = o 1'xy;
IfHTﬂfz‘H

if Ap = 1— X1, set y; = yx—1 for all j > k. Then ||y; — yx|| < 2/k for all j > k; so
(Yk)j>1 is a Cauchy sequence in the complete space ran (7') and therefore converges
to Tz for some z € H. Choosing a positive integer N such that ||z|| < Na, consider
any integer k > N. If A\ =1 — A\;_1, then

1

Ter=—— Tu
(k = )| T4]

for some ¢ > ny_1 with ||Tz;|| > «, so

1 1 *
1% < mHT:EzH = (Ta;,Tz)y = (T"Tx;, z)
1 1 1
5ll2]l < sNa <
(k—1) (k—1) k—1

< a,

a contradiction. Hence A\, = A\,_1 for all £ > N. It follows that either A\, = 1 for
some k < N or else A\, = 0 for all k. In the first case, | Tz;|| < 8 for all i > ny. In
the second case, for each k there exists ¢ > ny such that ||Tz;| > a. O

Lemma 6.5.15. Under the hypotheses of Lemma 6.5.13, (Txn)n>1 converges to 0.

Proof. By Lemma 6.5.14, for each € > 0 either |Tz,| > €/2 for infinitely many
n or else ||Tx,|| < € for all sufficiently large n. In the former case, passing to an
appropriate subsequence, we may assume that | T2,| > /2 and |[|T*Tx,| < 1/n?
for all n. Applying the uniform boundedness theorem (Corollary 6.2.12) to the
normed linear functionals Tz ~» (Tx,nTx,) on the Hilbert space ran(T'), we can
find Tz € ran(T) such that the sequence (|(T'z,nTzy)|),,, is unbounded. But

1
Tz, nTxy,)| = |{z,nT*Txy)| < = ||z|| — 0 as n — oo.
n
This contradiction rules out the possibility that ||Tz, || > /2 for infinitely many

n. Since € > 0 is arbitrary, the result follows. a

Lemma 6.5.16. Let H be a Hilbert space, and T a jointed operator on H with
closed range. Then ran(T*T) is complete.
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Proof. First observe that, by Theorem 6.3.6, both 7" and T™* are sequentially con-
tinuous. It is easily seen using Lemma 6.5.2 that 7™ is one-one on ran (7). So we
can define a linear mapping

S:ran (T*T) — ran (T)

by setting ST*Tx = Tx for each x € H. Lemma 6.5.15 shows that S is sequentially
continuous. Consider any Cauchy sequence (T*Tzy),>1 in ran(T*T). By Propo-
sition 6.5.12, (T'xy)n>1 is a Cauchy sequence in the Hilbert space ran (7). Hence
there exists € H such that Txz,, — Tz. The sequential continuity of 7™ now
yields T*Tx,, — T*Tx. Thus ran(T*T) is complete. O

We can now give the proof of the closed range theorem.

Proof. By Lemmas 6.5.3 and 6.5.16, ran (7*T") is both dense in ran(7™*) and com-
plete. Hence ran(7T*) is complete and therefore closed in H. Moreover, for each
x € H there exists y € H such that T"x = T*Ty; so

where Ty € ran (T') and (by Lemma 6.5.2)
x—Ty € ker (T*) = ran(T)*.

It follows from Lemma 6.5.2 that both ran (7) and ker (T*) are located. Applying
Corollary 6.5.8, we now see that ran(7™) and ker (T") are located. O

6.6 Baire’s Theorem, with Applications

Baire’s theorem states that

The intersection of a sequence of dense open subsets of a complete metric
space is dense in that space.

The standard classical proof of this theorem (see [79], page 97) passes over un-
changed to the constructive setting. However, various classically equivalent versions
of Baire’s theorem do not pass over unscathed; for example, the version that states
that if a complete metric space is the union of a sequence of closed subsets, then
one of those subsets is inhabited. In this section we present a constructive proof of
a restricted form of this last version of Baire’s theorem in the context of a Banach
space, and apply it to operator theory.

The proof of our version of Baire’s theorem introduces yet another technique,
in which we show that a certain property P holds by constructing an element of
the set {x € X : P}, which is empty if =P holds and inhabited if P holds.
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Theorem 6.6.1. Let X be a Banach space, and C a closed, convex, balanced, lo-

cated subset of X such that X = |J nC and the distance p (0, —C) exists. Then C°
n>1
is inhabited.

Proof. For each positive integer n define the open set
U, =-nCU{z € X : C° is inhabited},

where —nC' is the metric complement of nC in X. To prove that U, is dense in
X, consider y € X and ¢ > 0. Note that p(y,nC) exists and equals np (n‘ly, C) .
Either p(y,nC) > 0 or p(y,nC) < e. In the first case, y € —nC. In the second,
choose z € nC such that ||y — z|| < . Noting that

p(0,—=2nC) = 2np (0, —C)

exists, we see that either p (0, —2nC) < 2¢ or p (0, —2nC) > €. In the former case,
choose z' € —2nC such that ||2’|| < 2e. For each w € nC we have —w € nC (since
C' is balanced), so

z—w €nC+nC =2nC,

by the convexity of C. Hence
I(z = 2") —wll = [|z" = (z = w)|| = p(¢',2nC) > 0.
Thus z — 2/ € —nC. Since also
ly — (= =2 < lly = 2l + [12]] < 3e,

we see that p(y,U,) < 3e. Finally, in the case p (0, —2nC) > ¢, for each z with
lz]] < & we have p (z,2nC) = 0. Hence

B (0,¢) C 2nC = 2nC,

so (2nC)°, and therefore C°, is inhabited. In this case, U,, = X. This completes the
proof that U, is dense in X.

Since X is complete, it follows from the standard version of Baire’s theorem
that () U, is dense in X and therefore, in particular, contains a point . Choose

n>=1
n such that & € nC. Since also £ € U,, we must have
¢ € {x € X : C° is inhabited} .

Hence C° is indeed inhabited. O

Recall the classical open mapping theorem for bounded linear mappings: a
bounded linear mapping T of a Banach space X onto a Banach space Y is open, in
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the sense that it maps open subsets of X onto open subsets of Y (or, equivalently,
it maps the open unit ball of X onto an open subset of Y'). This theorem does
not hold constructively without some additional hypotheses: the inverse S of the
mapping 7T in the example on page 169 is a bounded operator of a Hilbert space
onto a Hilbert space, but if S is open, then T is bounded. In other words, if every
bounded linear mapping of a Hilbert space onto a Hilbert space is open, then BD-N
holds.

Nonetheless, we can prove constructive versions of the open mapping theorem
that are classically equivalent to the standard version. To that end, we begin with
a lemma.

Lemma 6.6.2. Let T be a sequentially continuous linear mapping of a Banach
space X into a normed space Y such that T(Bx(0,1)) is located. Let r be a positive
number, and y an element of By (0,7). There exists v € Bx (0,2) such that if
y # Tz, then p (2,T (Bx (0,1))) > 0 for some z € By (0,r).

Proof. If p(y,T (Bx (0,1))) > 0, then we can take = to be any element of Bx (0, 2).
So we may assume that p (y,T (Bx (0,1))) < r/2. Choosing 21 € Bx (0,2) such
that Hy -T (%1‘1) H < r/2 and therefore |2y — Tz1|| < r, we set Ay = 0. This is the
first step in the inductive construction of an increasing binary sequence (An),,~
and a sequence (zn,),,, of elements of Bx (0,2) such that for each n > 1,

> if A\, =0, then

n—1
p ((2"—1y -y 2"_1_iTxi> ,T (Bx (0, 1))) <

i=1

N3

and

<r;

2my — i AL
1=1

> if A, =1— \,_1, then

) ((2”_1y — nz_: 2"—1—1'Txi> , T (Bx (0, 1))) >0

i=1
and z; = 0 for all ¢ > n.

Suppose that we have found A\,_; and x,_; with the applicable properties. If
An_1 =1, weset \, =1 and z,, = 0. If X\,,_1 = 0, we consider the two cases

p <<2”1y — ni: 2”“‘Txi> , T (Bx (0, 1))) >0

and
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n—1
p ((2”—1y -y 2"_1_iTxi> ,T (Bx (0, 1))) <

i=1

N 3

In the first case we set A, = 1 and z,, = 0. In the second case we choose x,, €
Bx (0,2) such that

n—1

— n—1-—1 1
2" 1y—z2 1 T:ciT<2zn>

i=1

<7"
2

and set A\, = 0. Then

<r.

n
2™y — Z 2"
i=1

This completes the induction.

o0 . J—
Since X is complete, the series > 27'x; converges to a sum = € Bx (0,2). Then

=1
S} .
Tx =5 27'Tx;, by the sequential continuity of T. If y # Tx, then there exists N
i=1
such that

> 27Ny

N
y—» 27Tz,
=1

and therefore

>

N
‘ 2Ny — Z oN=iTy,
i=1
We must therefore have Ay = 1; so there exists n < N such that A\, =1 — \,_1.
Setting

n—1
2= 27L—1y _ Z 2n_1_iT37i,
i=1

we see that p (2,7 (Bx (0,1))) > 0 (as A, = 1) and ||z|| < r (as A,—1 = 0). This
completes the proof. a

Lemma 6.6.3. Let C be a balanced convex subset of a normed space Y, and let
y €Y and r > 0 be such that B(y,r) C C. Then B(0,r) C C.

Proof. If z € Y and ||z|| < r, then y+z € C and therefore z = 1 (y +2)—3 (y — 2) €

C. O
Here is our version of the open mapping theorem.

Theorem 6.6.4. Let X, Y be Banach spaces, and T a sequentially continuous linear

mapping of X ontoY such that T (B(0,1)) is located and p (0,—T (B (0,1))) exists.
Then T is an open mapping.
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Proof. Since

v=Un(TEOD).

n>1

we can apply Theorem 6.6.1 to compute yg € Y, R > 0, and a positive integer N
such that
By (0. B) ¢ N (T(B(0,1))).

Writing 43 = N~ 1yo and r = R/N, we obtain
By (y1,r) € T(B(0,1)).
It follows from Lemma 6.6.3 that
By (0,7) C T (B(0,1)). (6.21)

Now consider any y € Y with |y|| < r. Choose z € B(0,2) as in the con-
clusion of Lemma 6.6.2. If y # Tz, then there exists z € By (0,r) such that
p(z,T(B(0,1))) > 0, which contradicts (6.21); hence (the inequality on a normed
space being tight) y = Tz. Thus By (0,7) C T (B(0,2)), and therefore T is an
open mapping. a

A subset C of a linear space X is said to be a generating set for, or to generate,
X if every element of X is a finite linear combination of elements of C. Our next
lemma will enable us to prove that compactly generated Banach spaces are finite-
dimensional.

Lemma 6.6.5. Let G be a compact generating set for a nontrivial Banach space
X. Then there exists a compact generating set C' for X that is both convex and
balanced such that p (0, —C) exists.

Proof. We may assume that G is both convex and balanced (the proof is left as an
exercise). Now, 2G is compact, the mapping  ~ p (z,G) is uniformly continuous
on X, and X is nontrivial. Hence there exists 4 > 0 such that both the sets

C={xe2G:p(x,G) <},
D={zxe2G:p(z,G) =4}

are compact. Note that C is convex and balanced, and, since it contains GG, generates
X. We show that —C' is dense in D. To this end, consider any € D and any ¢ > 0.
Choose ¢ > 1 such that (t — 1) ||z|| < £/2, and suppose that tz € C. Then, since C
is balanced, € C; whence 2z € CN D and therefore p (x, G) = §. But then for each
g € G we have

[t — gl = t]jaz —t " g|| > tp (x, G) = t5;

so p(tz,G) > té > 4, which is absurd since tz € C. We conclude that tz ¢ C. It
follows from Proposition 3.1.2 that there exists y € ~C' such that ||tz —y|| < /2
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and therefore ||z — y|| < e. Applying Bishop’s lemma (Proposition 3.1.1), we see
that y € —C. This completes the proof that —C' is dense in D. Since the norm
function is uniformly continuous on the compact set D, it now follows that

p(0,—C) =inf {||z| : x € —=C} = inf {||z| : = € D}

exists. O

A normed space with a compact generating set is said to be compactly generated.
Theorem 6.6.6. A compactly generated Banach space is finite-dimensional.

Proof. Let X be a compactly generated Banach space. We first suppose that X
contains a nonzero vector. By Lemma 6.6.5, X has a balanced, convex, compact

generating set C' such that p (0, —C') exists. Since X = |J nC, we can apply The-
n>1

orem 6.6.1 to show that C° is inhabited; whence C' contains a nontrivial ball. But

every ball in a normed space is located, so the ball in question is totally bounded.

It follows from Proposition 4.1.13 that X is finite-dimensional.

It remains to remove the restriction that X be nontrivial. To do this, we work
in the product Banach space X x K. This space is generated by the compact set
G x {1}; so, by the foregoing, X x K is finite-dimensional. It follows that X, being
isomorphic to the quotient space (X x K)/K, is finite-dimensional. ]

Recall from page 102 that a linear mapping T : X — Y between normed spaces
is said to be compact if T(Bx(0,1)) is a totally bounded subset of Y.

Corollary 6.6.7. If T is a compact linear mapping of a normed space X onto a
Banach space Y, then Y is finite-dimensional.

Proof. The totally bounded set T' (B(0, 1)) generates Y. Since Y is complete, it fol-
lows that T (B(0, 1)) is a compact generating set for Y; whence, by Theorem 6.6.6,
Y is finite-dimensional. a

In the traditional development of functional analysis, the open mapping theorem
is used to prove Banach’s inverse mapping theorem, the closed graph theorem, and
the uniform boundedness theorem. The last of these three we have already discussed,
in Section 2. To deal with the inverse mapping theorem we need another lemma
about convex sets, and two further technical lemmas.

Lemma 6.6.8. Let C be a convex, absorbing subset of a Banach space X. Then

0¢—C.
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Proof. Assuming that 0 € —C, we first show that X — nC' is dense in X for each
positive integer n. To do so, construct a sequence (z,),, in —C that converges
to 0. Fixing a positive integer n, an element y of X, and € > 0, compute positive
numbers 7, ¢ and a positive integer k such that —y € rC, ||zx|| < €/ (n+r), and
lxx — z|| = 0 for all z € C. Let

n=y+ n+r).
Then
ly =yl = (n+7) lzk| <e.
On the other hand, since C' is convex, for each z € nC we have

-y e
”—
n+r y n+r

(nC +rC) = C,

SO

lyr — 2l = (n+7) > (n+r)o.

T —

el G y)‘
Hence y; € —nC. Since € > 0 is arbitrary, it follows that —nC' is dense in X.

Moreover, being a metric complement, —nC' is open. Applying the standard form

of Baire’s theorem, we now see that (| —nC is inhabited, which is absurd since
n>=1

X = |J nC. We conclude that 0 ¢ —C. O

n>1

Sometimes when we want to prove that a certain proposition P is absurd, we
first prove that P implies LPO, and then (frequently by adapting a classical proof)
show that the addition of LPO to our intuitionistic logic suffices for us to prove
that P is false. The next lemma will enable us to rule out in this way an unwanted
alternative in the proof of Banach’s inverse mapping theorem.

Lemma 6.6.9. Let f be a strongly extensional mapping of a complete metric space
X into a metric space Y. Suppose that there exist a > 0 and a sequence (acn)n>1
converging to x in X such that p (f(z), f(xn)) > « for each n. Then LPO holds.

Proof. Given an increasing binary sequence ()‘n)n>1 with A\; = 0, construct a se-
quence (2,),,, in X such that

o if \y =0 for all £ < n, then z, =z, and

e if \,=1-—X\,_q, then zx = z,, for all k£ > n.

Then (2y),5, is a Cauchy sequence in X and so converges to a limit z € X. Either
f(x) # f(z) or else p (f(x), f(2)) < . In the first case, the strong extensionality of
f shows that x # z; whence there exists n such that = # z, and therefore A, = 1.
In the second case, if there exists n with A, = 1 — \,,_1, then we obtain the con-

tradiction p (f(x), f(2)) = p (f(x), f(zy,)) > «; hence A, = 0 for all n. 0
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Lemma 6.6.10. If LPO holds, then every separable subset of a metric space is
located.

Proof. Assuming LPO, consider a separable subset S of a metric space X. Let
(sn)n>1 be a dense sequence in S, let x € X, and let 0 < a < 3. Construct a binary
sequence (Ap),,, such that

A =0=>Vk < n(p(,si) (a+8))
A =1= 3k <n(p(z,sy) > )
By LPO, either A\, = 0 for all n, in which case, since (sn)n>1 is dense in S,

p(z,s) < 3(a+pB) < B for all s € S; or else there exists n with A, = 1 and
therefore p(z, si) > « for some k < n. It follows from the constructive least-upper-
bound principle that p (x, S) exists. O

This brings us to Ishihara’s version of Banach’s inverse mapping theorem.

Theorem 6.6.11. Let T be a one-one, sequentially continuous linear mapping of
a separable Banach space X onto a Banach space Y. Then T~ is sequentially
continuous.

Proof. Let (zn),, be a sequence in X such that T'z,, — 0, and let ¢ > 0. By
Corollary 3.1.7, the inverse linear mapping T~! : Y — X is strongly extensional;
whence, by Lemma 3.2.2, either ||z, | < ¢ for all sufficiently large n, or else ||z, | >
/2 for infinitely many n. It suffices to rule out the latter case. To do so, we may
assume that ||z,| > /2 for all n. By Lemma 6.6.9, LPO holds; so, by Lemma
6.6.10, every separable subset of Y is located. Let (an)n>1 be a dense sequence in

Bx(0,1). Since T is sequentially continuous, (Tan),, is dense in T' (Bx(0,1)),
which is therefore located. Writing 2!, = 2e~1x,,, we see that |z/,|| > 1 and that
Tx!, — 0 as n — oo. Since T~ is strongly extensional,

Ta!, € ~T (Bx(0,1)) .
We now apply Lemma 6.6.2 with y = T'(227,), to produce z, € X such that
|Tz|| < | T2l +n~" and p (T (22,),T (Bx(0,1))) > 0.

Then
p(Tzn,T(BX(O )))>0 and Tz, — 0.

Hence _
0e-T(Bx (0,3)).

This contradicts Lemma 6.6.8, since T' (BX (O, %)) is both convex and absorbing. O
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Recall that the graph of a mapping T : X — Y is the set
G ={(z,Tz):z € X}.
As classically, Banach’s inverse mapping theorem leads to a version of the closed

graph theorem:

Corollary 6.6.12. Let T be a linear mapping of a Banach space X into a Banach
space Y such that G (T) is closed and separable. Then T is sequentially continuous.

Proof. The mapping p : (z,Tx) ~ x of the Banach space G (T) onto X is one-one
and bounded linear. It follows from Theorem 6.6.11 that the inverse linear map is
sequentially continuous, and hence that T is sequentially continuous. a

In the theory of unbounded operators, the graph plays a significant role. Par-
ticularly important properties for such a graph are closedness and locatedness. See
[26, 83, 92] for more on such matters.

Exercises

1. Complete the proof of Proposition 6.1.1.
2. Complete the proof of Proposition 6.1.4.

3. Prove that a bounded linear mapping 7" of a normed space X into C" is compact
if and only if f o T is normed for each linear functional f on C™. Prove that
if also the sum of any two normed linear functionals on X is normed, then T
is compact if and only if py o T is normed for each k, where p; denotes the
mapping (21, ...,2,) ~ 2 on C™.

4. Let S be a compact operator on a Hilbert space H, and A a bounded operator
on H. Prove that
(a) AS is compact for each A € C;
(b) S* exists and is compact;
(c) AS is compact.
Prove also that if A* exists, then SA is compact.

5. A subset S of a normed space X is said the be weakly totally bounded if it is
totally bounded relative to the locally convex structure defined on X by the

seminorms x ~ |f(z)|, with f a normed linear functional on X. Prove the
equivalence of the following conditions on X.
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10.

11.

12.

13.

14.

15.
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(a) The sum of any two normed linear functionals on X is normed.
(b) The unit ball of X is weakly totally bounded.

(Hint: To prove that (a) implies (b), note the second part of Exercise 3.)

An operator on a Hilbert space H is said to be weakly compact if it maps the
unit ball of H to a weakly totally bounded subset of H. Prove that an operator
T on H has an adjoint if and only if it is weakly compact.

Let (en),>; be an orthonormal basis of a separable Hilbert space H, and T" an
operator on H. Prove that the following conditions are equivalent:

(a) T has an adjoint.

(Te,,ex)|* converges for each k.

18

(b)

Il
-

n

(Te,,y)|* converges for each y € H.

18

()

n=1

Let T be a weak-sequentially open operator on a Hilbert space such that ker (T')
is located. Prove that T is well-behaved (see Exercise 3 of Chapter 3).

Prove that every bounded linear mapping of a normed space onto a finite-
dimensional Banach space is an open mapping.

Show that the statement “every normed linear mapping 7' of a Hilbert space
onto a finite-dimensional Banach space is compact” implies an omniscience
principle.

Show that the statement “every one-one compact linear mapping 7" of a Hilbert
space into a finite-dimensional Banach space has finite-dimensional range” im-
plies an omniscience principle.

Show that the existence of the norms of the operators can be removed from the
hypotheses of Royden’s version of the uniform boundedness theorem (Theorem
6.2.11).

Complete the details of the proof of Proposition 6.4.6.

A partial isometry is a jointed operator U on a Hilbert space H for which there
exists a projection P, called the initial projection of U, such that |Uz|| = ||z||
for all 2 € ran (P), and Uz = 0 for all z € ran (P)™. Prove that U*U = P, that
UU* is a projection, and that ran (UU*) = ran (U).

Let T be a bounded operator such that T exists and has located range, and let

P be the projection of H on ran (T*). Prove that there exists a partial isometry
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U on H whose initial projection is P such that T = U |T| and |T| = U*T. Prove
also that UU™ is the projection of H on ran (T). (The expression of T as U |T'| is
called the polar decomposition of T', and is analogous to the modulus—argument
form of a complex number.)

16. Prove that if a bounded jointed operator T on a Hilbert space H has a polar
decomposition, then ran (T) is located.

17. Prove the converse of Proposition 6.5.12: if a linear mapping 7" between normed
spaces maps Cauchy sequences to Cauchy sequences, then T is sequentially
continuous.

18. Let E be a dense linear subspace of a normed space X, and T a sequentially
continuous linear mapping of E into a Banach space Y. Show that T extends
to a sequentially continuous linear mapping of X into Y.

19. Prove that if G is a compact generating set for a Banach space X, then there
exists a compact generating set G’ for X that is balanced and convex.

20. Let G be a balanced convex generating set for a normed space X. Prove that for
each € X and each € > 0 there exist ¢ > 0 and g € G such that ||z —tg| < e.
Can we replace € by 0 in this result?

Notes

Many of the results in this chapter come from papers by Ishihara and the authors.
The work of Sections 1 and 2 is largely drawn from [61] and [63]. For related classical
material see [86]. It is not known whether Theorems 6.2.1 and 6.2.2 can be extended
to possibly unbounded convex subsets of a normed space. More general versions of
Exercises 3-6 appeared in Ishihara’s thesis [56].

Since we cannot guarantee that a bounded operator on a Hilbert space has an
adjoint, when we discuss such matters as the Gelfand representation theorem for
an operator algebra 2(, we need to postulate that 2l is selfadjoint in the sense that
each of its elements has an adjoint that also belongs to 2; see [9, 12].

The principle BD-N, introduced by Ishihara in [59], has the unusual feature of
being provable classically, intuitionistically, recursively, but not, apparently, within
BISH. It is an interesting problem—a part of constructive reverse mathematics
[7, 62]—to identify classical theorems that are equivalent to BD-N.

The usual classical proof of Lemma 6.4.7 is based on the nonconstructive
monotone convergence theorem for sequences; see [47] (7.3.1.1). The constructive
proof is much more informative, in that it provides the rate of convergence of the
sequence of functions. A full constructive analysis of Dini’s theorem is given in [§];
see also [21].
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The existence of the square root of a selfadjoint operator is a special case of a
more general result, the spectral theorem for sequences of commuting selfadjoint
operators, which enables us to construct more general functions of an operator.
Since that theorem requires measure theory, which we do not touch in this book,
we refer the reader to the relevant chapters of [9] and [12].

It is easy to prove Lemma 6.5.3 classically, taking orthogonal complements in
the identity ker(T*T) = ker(T™).

For more on polar decompositions see [35].

Proposition 6.5.12 is trivial in CLASS, since in that context sequential continuity
for linear maps implies uniform continuity.

With classical logic, Theorem 6.6.1 is a simple consequence of the standard
form of Baire’s theorem, the hypotheses of locatedness and the existence of p(0, —C)
being redundant. For other, constructively inequivalent, versions of Baire’s theorem,
see Chapter 2 of [34].

For more on open mapping theorems see [29] and [25]. It is interesting that se-
quential continuity, rather than boundedness, is the best we can get in the construc-
tive versions of Banach’s inverse mapping theorem and the closed graph theorem.
An extension of the former is given in [64].



What can be said at all can be said clearly;
and whereof one cannot speak thereof one must be silent.

—Ludwig Wittgenstein, Tractatus Logico-Philosophicus
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partial isometry, 198
partial sum, 56

Peano arithmetic, 9
pointwise, 15

polar decomposition, 199
polarisation identity, 175
positive operator, 175
power set, 19

product, 34

product metric, 37
product metric space, 37
product norm, 50
product normed space, 50
projection, 94
proximinal, 88
pseudobounded, 169
Pythagoras’s theorem, 95

quantifiers, 7
quasiproximinal, 88
quotient norm, 55
quotient space, 55

range, 15

rational numbers, 25
real line, 27

real number, 25

real part, 36

recursive constructive mathematics, 6

regular, 60

represented, 99

Riesz representation theorem, 99
Riesz’s lemma, 86

RUSS, 6

selfadjoint, 102
seminorm, 48

seminorm, defining, 127
separable, 38, 129
separation theorem, 121
sequence, 15

sequentially continuous, 21, 39
sequentially discontinuous, 77
sequentially nondiscontinuous, 72
sequentially open, 181
series, 56

set, 12

set, basic, 18

smooth, 148

span, 81

spanned, 81

spectral theorem, 200
square root, 64

square root, operator, 179
square summable, 93
strong injection, 45
strongly continuous, 44
strongly extensional, 14
strongly injective, 45
strongly unique, 14
subset, 12

subspace, 50

sufficiently large, 71

sum, 33

sup norm, 49

supremum, 32, 40

termwise, 15

tight, 13

topology, 37

totally bounded, 38, 129
trichotomy, 29

Type-2 Effectivity, 22

ultrafilter principle, 146
ultraweakly continuous, 145
unequal, 13



unequal real numbers, 26

uniform boundedness theorem, 165
uniform Cauchyness, 49

uniform convergence, 49

uniformly almost located, 76
uniformly continuous, 40, 128
uniformly convex, 54, 126, 151
uniformly Fréchet differentiable, 148
union, 19

unit ball, 48, 127

unit kernel, 132

unit vector, 48

upper bound, 32

Index

upper order located, 32
value, 14

weak star topology, 130
weak-sequentially open, 182
weakly compact, 198
weakly discriminating, 77
weakly totally bounded, 197
Weihrauch, 6

well-behaved, 76

WLEM, 58

Zorn’s lemma, 116, 122
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Jones/Morris/Pearson: Abstract Algebra and Famous Impossibilities
Kac/Cheung: Quantum Calculus

Kannan/Krueger: Advanced Analysis

Kelly/Matthews: The Non-Euclidean Hyperbolic Plane

Kostrikin: Introduction to Algebra

Kuo: Introduction to Stochastic Integration

Kurzweil/Stellmacher: The Theory of Finite Groups: An Introduction
Lang: Introduction to Differentiable Manifolds

Lorenz: Algebra: Volume I: Fields and Galois Theory
Luecking/Rubel: Complex Analysis: A Functional Analysis Approach
MacLane/Moerdijk: Sheaves in Geometry and Logic

Marcus: Number Fields

Martinez: An Introduction to Semiclassical and Microlocal Analysis
Matsuki: Introduction to the Mori Program

McCarthy: Introduction to Arithmetical Functions

McCrimmon: A Taste of Jordan Algebras

Meyer: Essential Mathematics for Applied Fields
Mines/Richman/Ruitenburg: A Course in Constructive Algebra
Moise: Introductory Problems Course in Analysis and Topology
Morris: Introduction to Game Theory

Poizat: A Course In Model Theory: An Introduction to Contemporary
Mathematical Logic

Polster: A Geometrical Picture Book

Porter/Woods: Extensions and Absolutes of Hausdorff Spaces
Procesi: Lie Groups

Radjavi/Rosenthal: Simultaneous Triangularization
Ramsay/Richtmyer: Introduction to Hyperbolic Geometry
Rautenberg: A Concise Introduction to Mathematical Logic, 2nd ed.
Reisel: Elementary Theory of Metric Spaces

Ribenboim: Classical Theory of Algebraic Numbers

Rickart: Natural Function Algebras

Rotman: Galois Theory

Rubel/Colliander: Entire and Meromorphic Functions

Runde: A Taste of Topology

Sagan: Space-Filling Curves

Samelson: Notes on Lie Algebras

Schiff: Normal Families

Shapiro: Composition Operators and Classical Function Theory
Simonnet: Measures and Probability

Smith: Power Series From a Computational Point of View
Smith/Kahanpéi/Kekéildinen/Traves: An Invitation to Algebraic Geometry
Smorynski: Self-Reference and Modal Logic

Stillwell: Geometry of Surfaces

Stroock: An Introduction to the Theory of Large Deviations
Sunder: An Invitation to von Neumann Algebras

Tondeur: Foliations on Riemannian Manifolds

Toth: Finite Mobius Groups, Minimal Immersions of Spheres, and Moduli
Van Brunt: The Calculus of Variations

Weintraub: Galois Theory



Wong: Weyl Transforms

Zhang: Matrix Theory: Basic Results and Techniques

Zong: Sphere Packings

Zong: Strange Phenomena in Convex and Discrete Geometry





