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How Incomputable
Is the Separable Hahn-Banach Theorem?

Guido Gherardi and Alberto Marcone

Abstract  We determine the computational complexity of the Hahn-Banach Ex-
tension Theorem. To do so, we investigate some basic connections between re-
verse mathematics and computable analysis. In particular, we use Weak Konig’s
Lemma within the framework of computable analysis to classify incomputable
functions of low complexity. By defining the multivalued function Sep and a
natural notion of reducibility for multivalued functions, we obtain a computa-
tional counterpart of the subsystem of second-order arithmetic WKL. We study
analogies and differences between WKL and the class of Sep-computable multi-
valued functions. Extending work of Brattka, we show that a natural multivalued
function associated with the Hahn-Banach Extension Theorem is Sep-complete.

1 Introduction

In this paper we tackle a problem in computable analysis ([21] is the main refer-
ence in the area) borrowing ideas and proof techniques from the research program
of reverse mathematics ([19] is the standard reference). The two subjects share the
goal of classifying complexity of mathematical practice. Reverse mathematics was
started by Friedman [7] in the 1970s. It adopts a proof-theoretic viewpoint (although
techniques from computability theory are increasingly important in the subject) and
investigates which axioms are needed to prove a given theorem (see Section 3 for
details). On the other hand, computable analysis extends to computable separable
metric spaces the notions of computability and incomputability by combining con-
cepts of approximation and of computation. To this end the representation approach
(Type-2 Theory of Effectivity, TTE), introduced for real functions by Grzegorczyk
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and Lacombe [10; 13], is used. This approach provides a realistic and flexible model
of computation.

One of the goals of computable analysis is to study and compare degrees of in-
computability of (possibly multivalued) functions between separable metric spaces.
Multivalued functions are the appropriate way of dealing with situations where
problems have nonunique solutions and they have been studied in computable
analysis since [21]. We use the notation f : €X = Y to mean that f is a
multivalued function with dom(f) € X and ran(f) € Y. Following [21, §1.4],
we view a partial multivalued function f : €X = Y as a subset of X x Y.
Then dom(f) = {x € X | 3y € Y (x,y) € f} and, when x € dom(f), we have
f)={yeY |y e[}

In this paper we introduce a notion of computable reducibility for multivalued
functions which generalizes at once both notions of reducibility for single-valued
functions extensively studied by Brattkain [1]. Let f : €CX = Yand g: CU = V
be two (partial) multivalued functions, where X, Y, U, V are separable metric spaces.
We say that f is computably reducible to g and write f <. g if there are com-
putable multivalued functions 4 : €X = U and k : €X x V =% Y such that
@ # k(x, g(h(x))) C f(x) (see Definition 4.1 below for the definition of composi-
tion of multivalued functions) for all x € dom(f). We use <, and =, to denote the
strict order and the equivalence relation defined in the obvious way.

In [2] Brattka started the study of the separable Hahn-Banach Theorem from the
viewpoint of computable analysis. Given a computable separable Banach space X,
consider the multivalued function Hy mapping a closed linear subspace A of X and
a bounded linear functional f : A — R with || f|| = 1 to the set of all bounded
linear functionals g : X — R which extend f and are such that ||g]| = 1. For
many computable separable Banach spaces X, it turns out that Hy is incomputable.
Brattka does not establish precisely the degree of incomputability of these functions,
as he shows, in our notation, that Hy <. C for every X. Here C; is a standard
function considered in computable analysis, the first in a sequence of increasingly
incomputable functions (see Definition 2.10 below).

We generalize Brattka’s approach and consider the following “global sepa-
rable Hahn-Banach multivalued function” HB: HB takes as input a separable
Banach space X, a closed linear subspace A € X, and a bounded linear functional
f A — Rofnorm 1 and gives as output the bounded linear functionals g : X — R
which extend f and are such that || g|| = 1.

Reverse mathematics suggests a plausible representative for the degree of incom-
putability of HB. To see this, recall that reverse mathematics singled out five sub-
systems of second-order arithmetic: in order of increasing strength these are RCA,
WKLy, ACAy, ATR( and H%-CAO. Most theorems of ordinary mathematics are either
provable in the weak base system RCA( or are equivalent, over RCAy, to one of the
other systems. Computable functions naturally correspond to RCA( and it is easy to
see that C; (and indeed any Cy with k > 0) corresponds to ACAy (the correspon-
dence between a system and a function will be made precise in Section 5 below).
Brown and Simpson [6] showed that, over the base theory RCAq, the Hahn-Banach
Theorem for separable Banach spaces is equivalent to WKLg. Thus to define a rep-
resentative for the incomputability degree of HB we could look for a function in
computable analysis corresponding to WKL,.
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We consider the multivalued function Sep : cNN x NN = 2N defined on
{(p,q) € NN x NV | VnVm p(n) # q(m) } by

Sep(p,q) = {r €2V | Vn(r(p(n)) = 0 Ar(g(n)) = 1)},

In other words, the domain of Sep is the collection of pairs of functions from the nat-
ural numbers into themselves (i.e., of elements of Baire space) with disjoint ranges,
and, for any such pair (p, q), Sep(p, q) is the set of the characteristic functions of
sets of natural numbers (i.e., elements of Cantor space) separating the range of p
and the range of g. Thus Sep corresponds to a statement (strictly connected with
E(l)-separation) which is well known to be equivalent to WKLy (see [19, Lemma
IV.4.4]). Sep is not computable and, using our definition of computable reducibility
between multivalued functions, we obtain, as expected, Sep <. C;. We also show
that Sep =, Path;, where Path; is the multivalued function associating to an infi-
nite subtree of 2<N the set of its infinite paths. Moreover, we prove that Sep =, HB,
establishing the degree of incomputability of the separable Hahn-Banach Theorem.

The “reversal” in Brown and Simpson’s result (i.e., the proof that the separable
Hahn-Banach Theorem implies WKL) is based on a construction due to Bishop,
Metakides, Nerode, and Shore [14] and appears also in [19, Theorem IV.9.4]. We
exploit the ideas of this proof to show Sep <. HB. The original proof by Brown
and Simpson of the “forward direction” (showing that WKL proves the separable
Hahn-Banach Theorem) has been simplified first by Shioji and Tanaka ([17], this
is essentially the proof contained in [19, §IV.9]) and then by Humphreys and Simp-
son [11]. No details of these or other proofs of the Hahn-Banach Theorem are needed
for showing HB <. Sep. Brattka noticed the possibility of avoiding these details in
[2] and wrote, “Surprisingly, the proof of this theorem does not require a construc-
tivization of the classical proof but just an ‘external analysis’.” We explain this fact
by observing that the computable analyst is allowed to conduct an unbounded search
for an object that is guaranteed to exist by (nonconstructive) mathematical knowl-
edge, whereas the reverse mathematician has the burden of an existence proof with
limited means. We give another instance of this phenomenon in Example 5.9 below.

Of course, each of the mathematical objects mentioned above needs some “cod-
ing” (in reverse mathematics jargon) or “representation” (using computable analysis
terminology). In this respect the computable analysis and the reverse mathematics
traditions have developed slightly different approaches to separable Banach spaces.

The plan of the paper is as follows. Sections 2 and 3 are brief introductions to
computable analysis and reverse mathematics, respectively. The reader with some
basic knowledge in one of these fields can safely skip the corresponding section and
refer back to it when needed. Section 4 deals with multivalued functions and com-
putable reductions among them. In Section 5 we compare reverse mathematics and
computable analysis. We show the similarities of the two approaches but also note
that results cannot be translated automatically in either direction. The multivalued
function Sep is studied in Section 6. Section 7 sets up the study of Banach spaces in
computable analysis, while Section 8 contains the proof of HB =, Sep.

1.1 Notation for sequences  We finish this introduction by establishing our nota-
tion for finite and infinite sequences of natural numbers. Let N<N, respectively, NV,
be the sets of all finite, respectively, infinite, sequences of natural numbers. When
s € N<N we use |s| to denote its length and, for i < |s|, s(i) to denote the (i + 1)th
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element in the sequence. Similarly, p(i) is defined for every i when p € NV, Let N”
be the set of all s € N<N with |s| = n. We use /4 to denote the empty sequence, that
is, the only element of N°, and 0 to denote the infinite sequence which always takes
value 0. When s, 7 € N<N we write s = ¢ to mean that s is an initial segment of .
st is the sequence obtained by concatenating ¢ after s, and when k € N, s x k ab-
breviates s (k), and k x s abbreviates (k) "s. When p € NN we write also s p and
k % p, which are the obvious elements of NV, If p € NN and n € N, we write p[n]
for the sequence (p(0), p(1), ..., p(n — 1)) e N". If p,g € NN, welet p@dg € NV
be such that (p @ ¢)(2i) = p(i) and (p ® q)(2i + 1) = q(i).

We define 2N, 2<N_ and 2" as the subsets of NN, N<N_ and N whose elements
take values in {0, 1}. We fix a bijection between N<N and N and, as usual in the
literature, we identify an element of N<N with the corresponding natural number.
We assume that the maps s — |s|, (s,i) — s(i), k — (k), and (s,t) — st are
all computable. Of course, NV has a natural topology, namely, the product topology
starting from the discrete topology on N. When we view NV as a topological space,
we call it the Baire space. Similarly, 2V with the relative topology is the Cantor
space.

2 Computable Analysis

2.1 TTE computability = In contrast with the case of natural numbers, several
nonequivalent approaches to computability theory for the reals have been proposed
in the literature. We work in the framework of the so-called Type-2 Theory of
Effectivity (TTE), which finds a systematic foundation in [21]. TTE extends the
ordinary notion of Turing computability to second countable Ty-topological spaces,
and therefore deals with computability over the reals as a particular case within a
more general theory.

The basic idea of TTE is that concrete computing machines do not manipulate
directly abstract mathematical objects, but they perform computations on sequences
of digits which are codings for such objects. In general, mathematical objects require
an infinite amount of information to be completely described, and it is therefore
natural to extend the ordinary theory of computation to infinite sequences. This
extension does not compromise the concreteness of the model, since computations
on infinite sequences have a very natural translation in terms of ordinary Turing
computations on finite sequences (see [21, Lemma 2.1.11]). The most important
feature that differentiates TTE Turing machines from ordinary Turing machines is
the fact that they are conceived to work on infinite strings of Os and 1s, and they do
that according to the following specifications. TTE Turing machines have one input
tape, one working tape, and one output tape. Each tape is equipped with a head. All
ordinary instructions for Turing machines are allowed for the working tape, while the
head of the input tape can only read and move rightward, and the head of the output
tape can only write and move rightward. These limitations (in particular, those for the
output tape) imply the impossibility of correcting the output; once a digit is written,
it cannot be canceled or changed. Hence at each stage of the computation the partial
output is reliable (this is the most we can ask, since in finitely many steps we never
obtain a complete output).

It is straightforward to enumerate all TTE Turing machines and let M} be the kth
such machine. Let & : €NV — NN be the partial function computed by Mj as
follows. Given p € NV, let p’ consist of p(0) Is followed by a single 0, p(1) s, and
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so on; write p’ on the input tape and start My. If the computation is infinite and the
output tape eventually contains an infinite sequence of Os and 1s with infinitely many
0s, we translate back to an element of NV which is & (p); otherwise, p ¢ dom(&).
Notice that dom(¢&) is a G subset of NV for every k.

Definition 2.1 (Computable functions on NV)  We say that a function F : NN —
NN is computable if there exists k such that dom(F) € dom(&) and F(p) = & (p)
for every p € dom(F).

As noticed by Weihrauch ([21, p. 38]), TTE Turing machines can be viewed as or-
dinary oracle Turing machines; the oracle supplies the information about the input
and the nth bit of the output is computed when we give n as input to the oracle Tur-
ing machine. Therefore, the computable partial functions from NV to NV coincide
with the computable (or recursive) functionals (beware that in some literature “func-
tional” means function from NN to N, rather than function from NN to NN as here)
of classical computability (or recursion) theory, also known as Lachlan functionals.

The restrictions on the instructions allowed in TTE Turing machines imply the
following fact ([21, Theorem 2.2.3]).

Lemma 2.2  Every computable function F : CNN — NN js continuous.

We transfer the notion of computability for the Baire space to spaces with cardinality
less than or equal to the continuum using the notion of representation.

Definition 2.3 (Representations and represented spaces) A representation ox of a
set X is a surjective function ox : CNN — X. The pair (X, ox) is a represented
space. If x € X, a ox-name for x is any p € NV such that ox(p) = x. We say
that x is ox-computable when it has a computable ox-name p (i.e., graph(p) is a
computable set).

2.2 Effective metric spaces  The definition of representation is too general for
practical purposes as it allows an object in X to be coded by arbitrary sequences.
However, there are important cases in which we can find meaningful representations,
for example, when X is a separable metric space.

Definition 2.4 (Effective metric space) An effective metric space is a triple
(X, d, a) where

(1) (X, d) is a separable metric space;

(i) a : N — X is a dense sequence in X.
If there is no danger of confusion, we often write X in place of (X, d, a).

We equip every effective metric space (X, d, @) with the Cauchy representation
ox : cNN — X such that p € dom(dy) if and only if for all i and all j > i,
d(a(p(i)),a(p(j))) <277, and dx(p) = x if and only if lima(p(n)) = x. In other
words, p € NV is a name for x when p encodes a Cauchy sequence of elements in
the fixed dense subset of X which converges effectively to x.

A rational open ball in (X, d, a) is an open ball of the form BX(c; a) = {x € X |
d(x,c) < a} with ¢ € ran(a), and a € QF U {0}.

In particular, we have the effective metric space (R, d, ag), where d(x, y) = |x — y|
and ag is a standard computable enumeration of the set of the rational numbers (it
is convenient to assume ag(0) = 0 and ag(1l) = 1). The notion of effective metric
space can be generalized.
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Definition 2.5 (Effective topological space) An effective topological space is a
triple (X, 7, u), where 7 is a second countable Ty-topology on X and u : N — £ (X)
is an enumeration of a subbase of 7. Each effective topological space (X, 7, u)
has a standard representation dx such that dx(p) = x € X if and only if
ran(p) ={n | x € u(n) }.

It is immediate that effective metric spaces are particular examples of effective Tp-
topological spaces. In fact, if (X, d, a) is an effective metric space we let u enumer-
ate the rational open balls of X. We will always assume that there exist computable
functions ¢ and r such that u(n) has center a(c(n)) and radius ag(r(n)). In this
context we usually write B/X in place of u(n).

The Cauchy representation of an effective metric space X is equivalent to the
representation of X considered as an effective topological space. This equivalence
means that each representation is reducible to the other, where a representation ¢ of
a set X is reducible to a representation ¢ of the same set when there is a continuous
function F : NN — NN such that 6(p) = o (F(p)) for all p € dom(s). A
representation of X which is equivalent to the standard representation is said to be
admissible for X.

Definition 2.6 (Realizers) Given represented spaces (X, ox) and (Y, oy) and a
partial function f : CX — Y, we say that F : cNN - NN is a (ox, oy)-realizer
of f when f(ox(p)) = oy (F(p)), forall p € dom(f o gx). The function f is said
to be (ox, oy)-computable if it has a computable (o, oy)-realizer. In practice we
often omit explicit mention of the representations and write just computable.

Using the notion of realizer we thus extend the notion of computable from the Baire
space to the effective topological spaces. This extension is particularly successful
when we use admissible representations, as the following results (due to Kreitz and
Weihrauch) show.

Theorem 2.7 Let X and Y be effective topological spaces with admissible repre-
sentations ox and oy. A function f : CX — Y is continuous if and only if it has a
continuous (ox, oy)-realizer.

Corollary 2.8 Let X and Y be effective topological spaces with admissible rep-
resentations ox and oy. Then every function f : CX — Y which is (ox,oy)-
computable is continuous.

Corollary 2.8 is an extension of Lemma 2.2. We point out that Theorem 2.7 and
Corollary 2.8 hold in particular for effective metric spaces and Cauchy representa-
tions.

The notions of effective metric and effective topological spaces in their complete
generality have no computational content. In fact, notwithstanding the established
terminology [21], we are not requiring any “effectivity” property (even the com-
putable enumeration of the rational open balls of an effective metric space is nothing
but an enumeration of pairs of natural numbers). In the case of effective metric
spaces, the natural “effective” requirement is the computability of the distance be-
tween points.

Definition 2.9 (Computable metric space) A computable metric space is an ef-
fective metric space (X, d, a) such that the function (n, m) — d(a(n),a(m)) is
computable.
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If X is a computable metric space it is straightforward that the distance function is
((0x, dx), or)-computable. Typical examples of computable metric spaces are R and
the Baire space (recall that for p, ¢ € NN such that p # g we let d(p, g) = 27" for
the least i such that p(i) # ¢ (i)). In the case of effective Ty-topological spaces, the
“effective” requirement is the computability of the operation of intersection of open
sets (see [9]).

2.3 Representations of continuous functions ~ Notice that the set of all continuous
partial functions on the Baire space is too large to have a representation. However,
every partial continuous function f : SNV — NN has a continuous extension to
a Gy set ([21, Theorem 2.3.8]; this is an instance of a classical result due to Kura-
towski; see, e.g., [12, Theorem 3.8]). Thus it suffices to represent

Cont = { F : NN — NN | F is continuous and dom(F)is Gs}.

Lemma 2.2 implies that each computable F : €NV — NN has an extension in Cont.
Define 7 : NN — Cont by 5(k * p)(q) = &(p ® q), fork e Nand p,q € NV, 5 is
a representation of Cont.

Given effective metric spaces X and Y, we define a representation [0x — Jy] of
the set C(X, Y) of total continuous functions from X into Y by [0x — dy](p) = f
if and only if #(p) is a (dx, dy)-realizer of f. This representation satisfies the fol-
lowing fundamental properties:

Evaluation the map (f, x) — f(x)is (([0x — dy], dx), oy )-computable;

Type conversion let (Z,o0z) be a represented space; every function
g Zx X — Y is ((0z,0x),0y)-computable if and
onlyif g : Z — C(X,Y), defined by g(z)(x) = g(z, x), is
(o7, [0x — dy])-computable.

The evaluation and type conversion properties witness the reliability of the simula-

tion of continuous functions on separable metric spaces via realizers.

2.4 Borel complexity =~ Computable analysis provides a method to classify incom-
putable functions between separable metric spaces in complexity hierarchies, analo-
gously to the classification of functions from N to N pursued in classical computabil-
ity theory. In particular, [1] studied the following functions of strictly increasing
complexity.

Definition 2.10 (The Cys) Forevery k € N, let Cy : NN — NN be defined by

0 if 3ng Vng—1 Ing— ... Ony p({n, ng, ng—1, ..., n1)) #0,
1 otherwise,

Ce(p)(n) = [

where Q is 3 when k is odd and V when £ is even.

Using natural representations for Borel sets of each given finite level, Brattka [1]
says that a function f : €X — Y, for X and Y computable metric spaces, is )32-
computable (for k > 1) if there exists a computable function that maps every name of
an open set U C Y to a name of a )32 set V C X such that f~1(U) = V N dom(f).
It follows immediately that every E,?-computable function is Eg-measurable (equiv-
alently, of Baire class k — 1). Brattka shows that f is ):2 41-computable if and only
if f is computably reducible to Ci. (We refer the reader to Section 4 below for the
definition of reducibility.)
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3 Reverse Mathematics

In the 1970s Friedman started the research program of reverse mathematics, which
was pursued in the two next decades by Simpson and his students and increasingly
by other researchers. Nowadays reverse mathematics is an important area of mathe-
matical logic, crossing the boundary between computability theory and proof theory
but employing ideas and techniques also from model theory and set theory. We re-
fer the reader to [19] for details about the topics we will sketch in this section (the
collection [18] documents more recent advances).

Reverse mathematics searches in a systematic way for equivalences between dif-
ferent statements with respect to some base theory (which does not prove any of
them) in the context of subsystems of second-order arithmetic. Recall that the lan-
guage L7 of second-order arithmetic has variables for natural numbers and variables
for sets of natural numbers, constant symbols 0 and 1, binary function symbols for
addition and product of natural numbers, symbols for equality and the order rela-
tion on the natural numbers and for membership between a natural number and a
set. Second-order arithmetic is the «£,-theory with classical logic consisting of the
axioms stating that (N, 0, 1, 4, -, <) is a commutative ordered semiring with iden-
tity, the induction scheme for arbitrary formulas, and the comprehension scheme for
sets of natural numbers defined by arbitrary formulas. Weyl and Hilbert and Bernays
already noticed that /£, was rich enough to express, using appropriate codings, sig-
nificant parts of mathematical practice, and that many mathematical theorems were
provable in (fragments of) second-order arithmetic.

Formulas of £, are classified in the usual hierarchies: those with no set quan-
tifiers and only bounded number quantifiers are A%, while counting the number of
alternating unbounded number quantifiers we obtain the classification of all arith-
metical (= without set quantifiers) formulas as 22 and l'[g formulas (one uses X or
IT depending on the type of the first quantifier in the formula, existential in the for-
mer, universal in the latter). Formulas with set quantifiers in front of an arithmetical
formula are classified by counting their alternations as £} and IT}. A formula is A/,
a certain theory if it is equivalent in that theory both to a X! formula and to a Hﬁl
formula.

Reverse mathematics starts with the fairly weak base theory RCAg, where the
induction scheme and the comprehension scheme are restricted, respectively, to )3(1)
and A(l) formulas. RCAy is strong enough to prove some basic results about many
mathematical structures but too weak for many others.

If a theorem T is expressible in £ but unprovable in RCA, reverse mathematics
asks the question, What is the weakest axiom we can add to RCA to obtain a theory
that proves T'? In principle, we could expect that this question has a different answer
for each T'. The “discovery” of reverse mathematics is that this is not the case. In
fact, most theorems of ordinary mathematics expressible in .£; are either provable in
RCAy or equivalent over RCAq to one of the following four subsystems of second-
order arithmetic, listed in order of increasing strength: WKLg, ACAg, ATRg, and l'[{-
CAy. This leads to a neat picture where theorems belonging to quite different areas of
mathematics are classified in five levels, roughly corresponding to the mathematical
principles used in their proofs. RCAq corresponds to “computable mathematics,”
WKLy embodies a compactness principle, ACAy is linked to sequential compactness,
ATR( allows for transfinite arguments, l'[i-CAo includes impredicative principles.
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In this paper we will refer extensively to WKL and, in passing, to ACAg. There-
fore, we describe these two theories in a little more detail. ACA( is obtained from
RCA¢ by extending the comprehension scheme to all arithmetical formulas. The
statements without set variables provable in ACA coincide exactly with the theorems
of Peano arithmetic so that, in particular, the consistency strength of the two theories
is the same. Within ACA( one can develop a fairly extensive theory of continuous
functions, using the completeness of the real line as an important tool. ACA( proves
(and often turns out to be equivalent to) also many basic theorems about countable
fields, rings, and vector spaces.

To obtain WKLy we add to RCA( the statement of Weak Konig’s Lemma; that is,
every infinite binary tree has a path, which is essentially the compactness of Cantor
space. An equivalent statement, clearly showing that WKL is stronger than RCAq
and weaker than ACAy, is Z?-separation: if ¢(n) and w(n) are Z?-formulas such
that Vn —=(p(n) A yw(n)), there exists a set X such that p(n) — n € X and
w(n) = n ¢ X for all n. WKLy and RCAq have the same consistency strength of
Primitive Recursive Arithmetic and are thus proof-theoretically fairly weak. Never-
theless, WKL proves (and often turns out to be equivalent to) a substantial amount
of classical mathematical theorems, including many results about real-valued func-
tions, basic Banach space facts, and so on. For example, WKL is equivalent, over
RCAy, to the Peano-Cauchy existence theorem for solutions of ordinary differential
equations.

4 Multivalued Functions in Computable Analysis

The main goal of this section is to give the definition of reducibility of multival-
ued functions. Since we will often compose multivalued functions, we spell out
Weihrauch’s definition for this operation.

Definition 4.1 (Composition of multivalued functions)  Given two (partial) multi-
valued functions f : €X =2 Y and g : €Y = Z, the compositiongo f : CX =2 Z
is the multivalued function defined by

(i) dom(g o f) = {x € dom(f) | f(x) S dom(g) };
(i) Vx € dom(g o f) (g0 f)(x) = Uyerr) 8O-

To define the notion of computable multivalued function we look at realizers.

Definition 4.2 (Realizers of multivalued functions) Let (X, 0x) and (Y, oy) be
represented spaces and f : CX == Y. A (ox,oy)-realizer for f is a (single-
valued) function F : SNN — NN such that oy (F(p)) € f(ox(p)) for every
p € dom(f ooy).

Notice that in Definition 4.2 we do not require that ox(p) = ox(p’) implies
oy(F(p)) = oy(F(p')). In other words, a realizer does not, in general, lift to a
single-valued selector for the multivalued function.

Definition 4.3 (Computability of multivalued functions) Let (X, ox) and (Y, oy)
be represented spaces. A multivalued function f : C€X =2 Y is (ox, oy)-computable
if it has a computable (ox, oy)-realizer. In practice we often omit explicit mention
of the representations and write just computable.

Our definition of computable multivalued function agrees with [21, Definition
3.1.3.4] and [1, p. 21]. Notice, however, that Brattka’s paper includes also the
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definition of Z?—computable multivalued function; for single-valued functions the
notions of computable and Z(l)—computable coincide, but for arbitrary multivalued
functions the latter is stronger.

4.1 Reducibility of multivalued functions =~ We now define the notion of com-
putable reducibility for multivalued functions. The intuitive idea is that one problem
is reducible to another, provided that whenever we have a method to compute a
solution for the second problem, we can uniformly find a way to compute a solution
for the first one. This generalizes the notion of reducibility between single-valued
functions investigated in [1] and extensively used in recent work in computable
analysis. Actually, in [1] there are two distinct notions, introduced in Definitions 5.1
and 7.1, of computable reducibility between single-valued functions. Our definition
generalizes the former, and Lemma 4.5 below shows that the generalization of the
latter (realizer reducibility) leads to an equivalent concept." Thus the notion of
computable reducibility appears to be more robust in the multivalued setting.

Definition 4.4 (Reducibility of multivalued functions) Let (X,o0x), (Y,oy),
(Z,02), (W,ow) be represented spaces. Let f : CX = Yand g : CZ = W be
multivalued functions. We say that f is computably reducible to g and write f <. g
if there exist computable multivalued functions 4 : CX = Zandk: CX x W =3 Y
such that k(x, (g o h)(x)) € f(x) for all x € dom(f).

Notice that when f and g are single-valued, k is single-valued on { (x, (g o #)(x)) |
x € dom(f)}, but it may be the case that % is not single-valued. Therefore, the
restriction of our notion of computable reducibility to single-valued functions is
weaker than Brattka’s notion of computable reducibility for single-valued functions.
However, when dealing with multivalued functions it is natural to allow % and k to
be multivalued as well. As we have pointed out, the following lemma gives further
support to our definition by showing that it coincides with the natural generalization
of Brattka’s notion of realizer reducibility.

Lemma 4.5 Let (X,0x), (Y,o0v), (Z,07), (W, ow) be represented spaces. Let
f:CSX =3 Yand g : CZ = W be multivalued functions. The following are
equivalent:
(i) f<cg
(ii) there exist computable functions H : cNN > NN and K : NN x NN — NN
such that p — K(p, (G o H)(p)) is a realizer for f whenever G is a realizer
for g.

Proof First assume f <. g and let the computable multivalued functions /4 and
k witness this. Let H and K, respectively, be computable realizers for 4 and k.
Suppose G is a realizer for g; we claim that p — K(p, (G o H)(p)) is a realizer
for f. In fact, if p € dom(f o ox), then (67 o H)(p) € (h o ox)(p), and hence
(ow o G o H)(p) € (g 0 hoox)(p) so that (ay o K)(p, (G o H)(p)) € k(ox(p),

(g ohoax)(p)) € (f oox)(p).
Now suppose (ii) holds and let H and K witness this. Define # and k by

h(x) ={(oz o H)(p) | ox(p) =x} and
k(x, w) = {(oy o K)(p, p') | ox(p) = x now(p') = w}.
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Since H and K are computable realizers for & and k, respectively, the latter are
computable multivalued functions.

To check that & and k witness f <. g, let x € dom(f) and suppose y €
k(x, (g o h)(x)). There exist z € h(x) and w € g(z) such that y € k(x, w). By defi-
nition of k, let p, p’ be such that cx (p) = x, ow (p') = w,and y = (6y o K)(p, p).
Let G be a realizer for g such that p’ = (G o H)(p). Then

y = (oy o K)(p, p') = (oy o K)(p, (G o H)(p)) € (f o0x)(p) = f(x),

where membership follows from the fact that p — K(p, (G o H)(p)) is a realizer
for f. We have thus shown k(x, (g o h)(x)) € f(x), as needed. U

Since transitivity of <, for multivalued functions is not immediately obvious, we
state it explicitly.

Lemma 4.6 <. is transitive.

Proof Letf:CX =2Y,g:CZ == W,and{: CU = V be multivalued functions.
Let & and k witness f <. g, while &’ and k’ witness g <. £. It is easy to check that
1’ o h and the map (x, v) > k(x, k' (h(x), v)) witness [ <. . O

Thus <, is a preorder (reflexivity is obvious) and we can give the usual definitions.

Definition 4.7  Asusual we use <. and =, for the strict relation and the equivalence
relation arising from <.

We now prove two simple lemmas about <.

Lemma 4.8 Let f,g : CX = Y be multivalued functions such that dom( f)
C dom(g) and g(x) C f(x) for every x € dom(f). Then f <. g.

Proof It is straightforward to check that the identity on X and projection on the
second coordinate from X x Y witness this. (]

Lemma 4.9 Leth : CX = Y and g : CZ = W be computable multivalued
Sfunctions. For any multivalued function f : CY = Z, we have (g o f o h) <. f.

Proof It is straightforward to check that i and (x, z) — g(z) witness this. O

Our definition of Zg-computability for multivalued functions is motivated by the
characterization of this notion for singled-valued functions of Theorems 5.5 and 7.6
(one for each notion of reducibility) in [1]. The reader should, however, be aware
that Brattka defined a notion of Eg-computability for multivalued functions which is
properly stronger than ours [1, Definition 3.5].

Definition 4.10 (Zg-computable and Zg-complete) Let kK > 1 and (X, 0yx),
(Y, oy) be represented spaces. A multivalued function f : CX = Y is 22-
computable if f <. Cr_1 and Zg—complete if f =, Cr_1.

Lemma 4.5 above and Theorem 7.6 in [1] imply that a multivalued function is Eg—
computable if and only if it has a Zg—computable realizer.
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5 Reverse Mathematics and Computable Analysis

5.1 Statements of second-order arithmetic and functions =~ Many mathematical
statements expressed in £, have the form

VX(y(X) = 3IAY (X, Y))

where X and Y range over sets of natural numbers. Here are a few examples (we
use the standard coding techniques for expressing in RCA¢ functions, real numbers,
sequences, and so on).

(1) The statement of Weak Konig’s Lemma (the main axiom of WKLy) is

VYT (T is an infinite binary tree = Jp p is an infinite path in T').
(2) The existence of the range of any function is

Vp(p:N—> N = FYVm(m € Y < Inm = p(n))).
(3) The existence of the least upper bound for any sequence in / = [0, 1] is
Vixp:neN)Vnx, el = Ix(Vnx, <xAVkInx < x, +27k)).
(4) Separation of disjoint ranges is
VYp,q(p,g:N—= NAVn,mpn) #qg(m) = Y Vn(pn) €Y Aqg(n) ¢Y)).

(5) The statement of the Heine-Borel compactness of the interval [ is

V (Ix : k € N) (Vk I € I is an interval with rational endpoints A

I=Jh = mi=Jw.

keN k<n

(6) The statement of the separable Hahn-Banach Theorem is

VX, A, f(X is a separable Banach space A A is a closed linear subspace of XA
f is a bounded linear functionalon A —

dg(g is a bounded linear functional on X extending f A |[gll = || f)).

IfVX(y(X) = 3Y ¢(X,Y)) holds (this is the case in (2) and (3) above) it is
natural to consider the partial function f : CP(N) — L (N) with dom(f) =
{XePN) | w(X)} such that p(X, f(X)) for every X € dom(f). When the
uniqueness condition fails we could consider all possible functions with the prop-
erties above. However, it seems more useful to study the multivalued function
f 1 €P(N) = LP(N) defined by f(X) = {Y | ¢(X,Y)} for all X such that
y (X).

Remark 5.1 In many cases, including some of the examples given above, it is best
to view the domain and the range of f as represented spaces different from £ (N),
thus unraveling the coding used in the reverse mathematics approach. For example,
the functions arising from examples (1) and (3) are best viewed, respectively, as a
partial multivalued function from 2 (2<V) to 2V and a total single-valued function
from IN to 1.
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We have thus associated to the mathematical statement expressed in £ a function
between represented spaces which can be studied within the framework of com-
putable analysis. Notice that the lack of restrictions on the complexity of y corre-
sponds to the principle of computable analysis stating that “the user is responsible
for the correctness of the input” (see [8, §6] for a discussion).

We can also reverse the procedure. If we want to study from the viewpoint of
computable analysis a multivalued function f : X = Y, we can look at the reverse
mathematics of the statement,

Vx(x edom(f) =— FyeYye f(x)),

with the hope of gaining some useful insight. For example, if £ > 1, from C; we
obtain the statement,

Vp(p € W = dg € 2Nvn
(gn) =0 <= InxVng_1Ing—z ... Qny p({n, ng, n—1, ..., n1)) # 0)),

which is easily seen to be equivalent (over RCAg) to Zg—comprehension. In any case,
we expect some connection between the proof-theoretic strength of the statement and
the computability strength of the function.

Notice that statements corresponding to functions belonging to different degrees
of incomputability may collapse into a single system of reverse mathematics. Indeed,
for any k > 1, the statement obtained above in correspondence with Cy is equivalent
to arithmetic comprehension. This means that each Cy with k > 1 corresponds to
ACA(, while it is well known that C; <. Ci41. In other words, at the level of ACAg
computable analysis is finer than reverse mathematics.

The correspondence between proof-theoretic and computable equivalence is more
useful when we are at the level of RCAg or WKLy. First, the computable sets are
the intended w-model of RCA, which is therefore a formal version of computable
mathematics. Hence we expect that a statement provable in RCAq gives rise to a
computable function. Second, we expect most statements equivalent to WKLg to
give rise to computably equivalent uncomputable functions.

Sometimes these expectations are fulfilled, and some reverse mathematics proofs
even translate naturally into a computable analysis proof. This is the case with The-
orems 6.7 and 8.12 below. However, the existence of this translation cannot be taken
for granted, and for each direction of the correspondence we will give examples of
failures. In other words, no automatic translation from the reverse mathematics lit-
erature into computable analysis, or vice versa, is possible. This phenomenon is a
consequence of the different methods and goals of the two approaches. On one hand,
the subsystems of second-order arithmetic studied in reverse mathematics use freely
classical principles with no algorithmic content, such as excluded middle and proofs
by contraposition. On the other hand, the algorithms of computable analysis assume
the existence of the objects they have to compute, without the need of proving it. The
examples of failure of the correspondence below highlight these differences.

5.2 Success of the correspondence  An often-used equivalent of ACAg is the
statement that the range of every one-to-one function from N to N is a set. Using the
approach described above, this translates into the following function.
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Definition 5.2 (Range) Let Range : cNN — 2N be the function that maps any
one-to-one function to the characteristic function of its range; that is,

1, if3dmp(m) =n;
Range(p)(n) = [ 0 othervfige)

for every injective p : N — N and every n.
As expected, we have the following lemma.

Lemma 5.3 Range =, C.

Proof First we show Range <. C;. Given p € dom(Range), let H(p) € 2V
be defined by H(p)((n,m)) = 1 if and only if p(m) = n. H : NN — 2N js
computable and it is immediate that Range(p)(n) = 1 — C1(H(p))(n) for every
injective p and n.

We now show that C; <. Range. Given p € NN, let H(p) € NV be defined by

(n, 0) if p({(n,m)) #0and Vk <m p({n, k)) = 0;
(n,m + 1) otherwise.

H(p)({n,m)) = [

The function H : NV — NV is computable with ran(H) € dom(Range) (i.e., each
H (p) is one-to-one). Moreover, C{(p)(n) = 1 — Range(H (p))({n, 0)). O

A basic example of reverse mathematics deals with the existence of least upper
bounds of bounded sequences of real numbers. Indeed, this mathematical princi-
ple turns out to be equivalent to ACAq [19, Theorem II1.2.2]. We now show how this
equivalence translates into computable analysis.

Definition 5.4 (Sup) Let Sup : IV — [ be the function that maps any sequence
in I to its least upper bound.

Theorem 5.5 C| =, Sup.

Proof We start by showing that Sup <. C;. Given (x,) € IN observe that it is easy
to use Cj to compute the (characteristic function of the) set A={a € Q | Ina <x, }.
Now we can computably define a sequence of rationals (ay), where oy = z’—k is such
that 2’7 € A and ’zikl ¢ A. Clearly (ay) is a Cauchy representation of the real number
Sup(x,).

By Lemma 5.3, to prove C; <. Sup, it suffices to show that Range <. Sup.
Given p € dom(Range), define (x,) € IN by setting x,, = Zkgm 2= (pk)+1)
Given x = Sup(x,) we can define ¢ : N — N by letting g(n) be the least k
satisfying x — x; < 2~"*1_ Then for every n we have

3m p(m) =n <> Im < q(n) p(m) =n,

and hence
1 ifdm < q(n) p(m) =n;

Range(p)(n) = [ 0 otherwise.

This shows that, after using Sup to obtain x, we can establish whether n € Range(p)
by first computing g (n) by search, and then checking finitely many values of m. [J
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5.3 Failure of the correspondence ~ We now exhibit some examples where the cor-
respondence outlined above fails. We first show that sometimes functions arising
from statements provable in RCAq are incomputable.

Example 5.6  The following function, known as the Allwissenheitsprinzip (Princi-
ple of Omniscience), has been studied in detail from the viewpoint of computable
analysis [20; 15].

Let Q : NN — {0, 1} be defined by
[ o ifp=0;

Qp) = 1 otherwise.

The incomputability of Q follows immediately from Lemma 2.2. On the other hand,
the statement corresponding to € is

Vp e NV3i €{0,1}(i =0 < Vn p(n) =0),

which is obviously provable in RCAg (and indeed just from the excluded middle,
except for the coding of functions in the language of second-order arithmetic).

We now give another example, which is more mathematical, but again has its roots
in the use of classical logic in reverse mathematics.

Example 5.7  Let #4_(2") be the hyperspace of closed subsets of 2N represented
by negative information (see Definition 7.3 below) and Sel : CA_(2N) = 2V be the
multivalued function which selects a point from nonempty closed subsets of 2N. In
other words, Sel(A) = A, but on the left-hand side of this equality A is a closed set
(and hence a single element in the hyperspace), while on the right-hand side it is a
set of points in the space 2"V

The statement corresponding to Sel is VA € A_(2V)(A # @ = 3xx € A),
which is a tautology, since A # & is an abbreviation for 3x x € A, and hence prov-
able in RCAy. On the other hand, it follows from Theorem 8.3 below that if we rep-
resent closed sets with respect to negative information (coherently with the reverse
mathematics definition of closed set), Sel =, Sep and hence Sel is incomputable.

Example 5.8 It is well known that the intermediate value theorem is not construc-
tive, and it can be shown that the corresponding multivalued function is not com-
putable (Brattka and Gherardi have forthcoming results about the incomputability
strength of this function). On the other hand, a standard proof of the intermedi-
ate value theorem which uses the excluded middle can be carried out in RCAq [19,
Theorem I1.6.6].

We now give an example of the opposite phenomena, that is, a theorem which is not
provable in RCAg but corresponds to a computable function.

Example 5.9 The Heine-Borel compactness of the interval / is Example (5) at the
beginning of this section. In reverse mathematics it is well known that this state-
ment is equivalent to WKL [19, Theorem IV.1.2]. On the other hand, in computable
analysis it is well known that the function which maps each countable open covering
of I consisting of intervals with rational endpoints to a finite subcovering is com-
putable [21]. We sketch the proof to emphasize the difference between the reverse
mathematics and the computable analysis approaches in this case.

There exists a computable enumeration (&,) of all finite open coverings of /
consisting of intervals with rational endpoints (in RCA( we can even prove by using,
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for example, the ideas of the last part of the proof of Lemma 8.8 below, that the set of
all these finite open coverings does exist). If we are given an (infinite) open covering
(Uy) of I, where each Uy is an interval with rational endpoints, it suffices to search
for j, n € N such that any interval in €, is Uy for some k < j. Then (U : k < j) is
the desired finite subcovering.

In this proof our knowledge of the compactness of I insures that the search will
sooner or later succeed. From the reverse mathematics viewpoint, the algorithm can
be defined in RCAy, but the proof of its termination requires WKLy.

6 The Multivalued Function Sep

For the reader’s convenience, we repeat here the definition of Sep given in the intro-
duction.

Definition 6.1 (Sep) Let Sep : SNV x NV = 2N be defined by dom(Sep) =
{(p.q) € NN x NV | Vn¥m p(n) # q(m)},

Sep(p,q) = {r € 2V | Va(r(p(n)) = 0 Ar(g(n)) = 1) }.

Thus Sep(p, q) is the set of the characteristic functions of the sets separating ran(p)
and ran(g).

6.1 Sep, Path, and other incomputable functions = The following fact follows
from standard facts in computability theory (€ was defined in Example 5.6).

Lemma 6.2 Sep &, Q.

Proof We show that Sep €. f forany f : €X — N. Toward a contradiction,
suppose Sep <. fandleth : SNV x NN = X and k : (NN x NV) x N = 2N
be such that k((p, q), (f o h)(p,q)) < Sep(p, q) for every (p,q) € dom(Sep).
In particular, this holds for (po, qo), where po, go € NN are computable functions
with disjoint, yet computably inseparable, ranges. Since (f o h)(po,q0) € N, to
compute an element of Sep(po, go) we can give as input to k the pair ((po, qo), 1)
for some n € (f o h)(po, qo)- The resulting characteristic function is computable, a
contradiction. O

Corollary 6.3  Sep is not computable.
Proof Itis easy to see that f <. Q for all computable multivalued functions f. [J

On the other hand, Sep is computably reducible to C; (we will show in Corollary
6.11 that Sep <. Cy).

Lemma 6.4 Sep <. C;.

Proof We define the computable function 2 : NV x NV — NN by

|1 if p(m) =n;
hp, ¢)((n, m)) = [ 0 otherwise.
When (p, g) € dom(Sep) it is immediate that Cy(h(p, q)) € Sep(p, ¢). In fact,

0 ifn € ran(p);
Ci(h(p,q))(n) = [ 1 otherwise.(p)
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We intend to use computable reducibility to Sep as a way of assessing incomputabil-
ity of other functions.

Definition 6.5 (Sep-computable and Sep-complete) Let (X, ox), (¥, oy) be rep-
resented spaces. Then a multivalued (possibly single-valued) function f : CX =3 Y
is Sep-computable if f <. Sep, Sep-complete if f =, Sep.

To study Sep we introduce the function Path,, which corresponds to Weak Konig’s
Lemma, that is, the statement asserting the existence of infinite paths in any infinite
binary tree.

Definition 6.6 (Pathy)  Let InfTr, € £ (2<N) be the set of all infinite binary trees:
InfTr, = {T €2V | Vi e TVsCts e TAVRT N2" £ &}
Let Path, : £(2<N) = 2V with dom(Path,) = InfTr, be the multivalued function
mapping each infinite binary tree to the set of its infinite paths:
Pathy(T) = {¢q € 2V | Vag[n] € T }.
The proof of the next theorem follows closely the proof of [19, Lemma IV.4.4].
Theorem 6.7 Sep =, Path,.

Proof We start by showing that Sep <. Pathy. Let 7 : NN x NNV — 2 (2<N) be
defined by

h(p.q) = {t € 2N Vi < tl[@) < It p(j) =i = 1() =0)

AN@EJ <ltlq(j) =i = 1) =D]}.
The function 4 is clearly computable.

If (p, q) € dom(Sep) it is easy to see that 4#(p, g¢) € InfTr; and any infinite path
in h(p, q) is the characteristic function of a set separating ran(p) and ran(g). Thus
Path, (i (p, q)) < Sep(p, g) for every (p, q) € dom(Sep), showing Sep <. Path,.

We now prove Pathy <. Sep. Givenany T € £ (2<V) let, fors € 2<Nandi < 2,

Or(n,s) < k€'t eT AsCrt);
o7(s,i) < An@r(n,s xi) A—=Or(n,s x (1 —1i))).
Notice that if T € InfTr, we have —(p7 (s, 0) A g7 (s, 1)) forall s € 2<N.

It is easy to define a computable function i : £ (2<V) — NN x NV such that

h(T) = (pr,qr) with

ran(pr) = {s+2 | ¢7(s,0) } U {0} and

ran(gr) = {s+2 | or(s, 1) } U {1}.
If T € InfTr, the observation above implies ran(pr) N ran(gy) = <; that is,
h(T) € dom(Sep).

Given r € 2V, we can recursively define k(r) € 2V by
k(r)(m) = r(k(r)lm] + 2).

We have thus defined a computable function k : 2V — 2V,

If T € InfTr; and r € Sep(h(T)) we show by induction on m that 87 (n, k(r)[m])
holds for all m and n > m. To simplify the notation, let s, = k(r)[m].

1. We have so = A (recall that 1 is the empty sequence), and 67 (n, 1) for all
n > 0 follows immediately from the fact that T is an infinite tree.
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2. Now suppose that 67 (n, s;,) holds for all n > m. We want to show that
6071 (n, s;+1) holds for all n > m.

(@) If o7 (s, 0), then s, + 2 € ran(p7) and from r € Sep(h(T)) it fol-
lows that r(s, + 2) = 0. Therefore, s;,4+1 = s, *0. Let N € N
be such that 87 (N, s, * 0) and =07 (N, s, * 1). Forn > N, it can-
not be Or(n, s, * 1) (because T is a tree), but by induction hypothesis
Or(n, s;;) holds. Hence we have 07 (n, s, * 0), that is, 87 (n, s;+1)-
Whenm <n < N, 07 (n, sy+1) follows from 7 (N, s,,41) and T being
a tree.

(b) When ¢7 (s, 1), the argument is similar to the previous case.

(c) If o7 (i, 0) and @7 (s, 1) both fail, then for every n > m either

=07 (n, s, *0) A =07 (n, s, 1) or
Or(n, sy x0) A Op(n, sy * 1).
The first case is impossible, since 07 (n, s;,) for all n > m. Therefore,
only the second case is possible, which means that no matter what is
sm+1 (i.e., whatever is the value of r(s,, + 2)) we have 07 (n, s;,+1) for
alln > m.
In particular, for all n we have 07 (n, k(r)[n]) and thus k(r)[n] € T. Hence

k(r) € Pathy(T). We have thus shown that k(Sep(%2(T))) < Pathy(7T), which
shows that Path, <. Sep. O

We will need to consider also paths in bounded trees. These are the finitely branching
trees for which there is an explicit bound, depending on the level, for the values
attained by the sequences occurring in the tree.

Definition 6.8 (Pathg) Let InfTrg C ?(N<N) x NN be the set of all infinite
“bounded trees.” (T, b) € £ (N<N) x NN belongs to InfTrg if and only if

VieTVsCTtseT AViVi e TOANTL () < b() AVRT NN #£ 2.

Let Pathg : #(N<N) x NN = 2N with dom(Pathg) = InfTrg be the multivalued
function mapping each infinite bounded tree to the set of its infinite paths:

Pathg(T,b) = {p e NV |V p[n] € T }.

The following result is the computable analysis equivalent of Lemma IV.1.4 in [19].
We omit the proof, which is a straightforward adaptation of the proof in the reverse
mathematics setting.

Lemma 6.9 Pathg =, Path; and hence Pathg =, Sep.

We now show the incomparability of Sep and Q. We already know from Lemma 6.2
that Sep £, Q.

Theorem 6.10  Q %, Sep.

Proof By Theorem 6.7 it suffices to show that Q . Path,. Suppose that
Q <, Pathy and let & : NN = InfTr; and k : NN x 2N = {0, 1} be computable
multivalued functions witnessing this. In other words, k(p, g) = Q(p) for every ¢
such that ¢ € Path,(T) for some T € h(p) (on such pairs k is single-valued).

Forn € N, let p, = (0[n] * 1)~0 € NV, where 0 is the only argument on which
Q takes value 0. Clearly, lim, p, = 0, and, since A has a computable, and hence
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continuous, realizer, there exist T € h((_)) and a sequence of infinite trees (7,,) with
T, € h(py) such that lim7,, = T.

For any n € N, let ¢, € Path,(T},) so that k(p,, ¢,) = Q(p,) = 1. Since 2V
is compact we may assume that lim, g, = ¢ for some ¢ € 2V. For every m, if n is
sufficiently large, g[m] = g,[m] and T,, N 2™ = T N 2™, and hence g[m] € T. Thus
q € Path;(T).

Again, k has a continuous realizer and we should have lim,, k(p,, g,) = k(0, q) =
Q(0) = 0, which is impossible since k(p,, g,) = 1 for all n. O

Corollary 6.11  Sep <. Cj.

Proof Straightforward from Lemma 6.4 and Theorem 6.10, since Q <. Cj. O

6.2 Iterating Sep-computable functions = We now show that iterating Sep-

computable functions does not increase the degree of incomputability. Thus the

situation is quite different from the case of the C;s, where C; =, C1 0 Cjo---0Cy

i times

and hence (recalling that C; <. C; wheni < j) C; <. C; o C; foreveryi > 0.
First, we deal with Path,. Actually, since the application of Path, to itself is

meaningless, we use a computable function to transform the output of Path; into an

infinite tree that is given as input to another application of Path;.

Lemma 6.12  Let f : €2V — InfTr, be computable. Then

Path; o f o Path; <, Path; .

Proof For any p € NN, let pg, p1 € NN be such that p = py ® p;. Define
analogously 7y and 1; when 7 € 2<N. The maps p — pg and p > p; are obviously
computable.

Given any T € InfTr, we will computably define T € InfTr; such that if
T € dom(Pathyof o Pathy) and p € Pathy(T) we have pg € Pathy(T) and
p1 € (Pathy of)(po). This suffices to prove Pathy o f o Path, <. Path; (in the
notation of Definition 4.4, T + T and (T, p) — p;1 play the role of h and k,
respectively).

Let f 2<N . 2 (2<N) be the computable function defined as follows. f (t) is
the set of all s € 2<N such that after |¢| steps (when at most the first |¢| bits of input
have been used) in the computation of f("¢) (for any ¢ € 2V) no v = s has been
marked as not belonging to the output tree.

Notice that f (t) is a tree and t+ T u implies f (t) f (u). Moreover, for all
p € dom(f)andn € N, f(p) < f(p n]). Since we have that if s ¢ f(p) then
s ¢ f(p[n]) for some n, f(p) =, f(p[n]) for every p € dom(f). Thus we can
view fas an approximation of f from above.

Let

T={(te2N|tweT At e flto)},
so that the map 7' +— T is computable. Using the properties of fmentioned above,
it is immediate to check that 7 is a tree. Moreover, if T € dom(Path; o f o Path;) =
{T € InfTr, | Pathy(7T) C dom(f)} then T € InfTr,. In fact, if q € Pathy(T)

then f(g) € InfTr; and if u € f(g) has length n then the sequence ¢ € 22" such
that 7o = g[n] and #; = u belongs to T.
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Ifp e Pathz(f), then po € Pathy(T) is immediate. If pg € dom(f) and
p1 ¢ Pathy(f(po)) then there exist m such that pi[m] ¢ f(po) and hence n such
that p1[m] ¢ f(po[n]). We may assume m < n, which implies pi[n] ¢ f(po[n]),
contradicting p[2n] € T. Thus p; € Paths(f (po)). O

In a similar way, one can prove the following lemma.

Lemma 6.13  Let X and Y be represented spaces. Suppose that h : CX = InfTr,,
i CX x 2N = InfTry, and j : €X x 2N = Y are computable. Let € : CX = Y
be defined by

() = Jtix,q) | 3p € (Pathy oh)(x) g € (Pathy oi)(x, p) }.
Then € <. Path;.

Theorem 6.14 Let f : CX = Y and g : CY = Z be Sep-computable multivalued
functions between represented spaces. Then g o f : CX = Z is Sep-computable.

Proof By Theorem 6.7 we have f,g <. Path, and there exist computable
h:CX = InfTry, k: CX x 2V = ¥V, /' : €Y = InfTrp, k' : €Y x 2V = Z
witnessing this as in Definition 4.4. Therefore, k' (k(x, p), q) C (g o f)(x) for all
x € dom(g o f), p € (Pathy oh)(x), and g € (Path, of’ o k)(x, p).

To use Lemma 6.13 we need to identify the functions involved. % (in the notation
of Lemma 6.13) is h, i is (x, p) — (W’ o k)(x, p), and j is

(x,q) — {K'(k(x, p),q) | p € (Pathy oh)(x) A g € (Pathy ok’ o k)(x, p) }.

Then the function ¢ of Lemma 6.13 is such that dom(g o f) <€ dom(¢{) and
£(x) € (g o f)(x) for every x € dom(g o f). Thus g o f <. ¢ by Lemma 4.8 and
¢ <. Pathy by Lemma 6.13. Hence g o f <, Path. Theorem 6.7 now implies that
g o f is Sep-computable. O

7 Banach Spaces in Computable Analysis

7.1 Effective Banach spaces  To deal with Banach spaces in the context of com-
putable analysis we need to give definitions which are analogous to the ones given in
Section 2 for metric spaces.

Definition 7.1 (Effective Banach space) An effective Banach space is a triple
(X, || I, e) such that

1. X is a Banach space with norm || ||;
2. e : N — X is a fundamental sequence, that is, a sequence whose linear span
is dense in X
3. (X,d,a,) is an effective metric space, where d(x,y) = |x — y| and
a.(s) = Zi<|SI ag(s()) - e(i) for s € N<N,
We will always assume that X is nontrivial, that is, that ||e(i)|| #% O for some i € N.

Notice that an effective Banach space is separable.

The domain of the multivalued function corresponding to the Hahn-Banach The-
orem consists of all effective Banach spaces. If this is interpreted naively, we would
need a method to code any possible effective Banach space. Clearly, there are
“too many” such spaces to allow a well-defined single-valued representation and,
since the collection of all effective Banach spaces is not even a set, even a multi-
representation approach (in the sense of [9]) is questionable.
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We can overcome this problem by considering a set which contains all effective
Banach spaces up to isomorphism. For this set we can then define a single-valued
representation. (Notice that this approach is very close to the one used in reverse
mathematics, where it is customary to represent mathematical objects by “codes.”)
We will adapt Weihrauch’s notion of constructive metric completion (see [21]) to the
case of effective Banach spaces.

7.2 Constructive Banach completions  For every s € N<V, Jet

s =Y ag(s@) i,

i<ls|

where we are viewing the right-hand side as a formal linear combination of elements
of N with scalars in Q. Let C = {¢, | s € N<N},

We define sum on C and scalar multiplication of an element of C by an element
of @ in the obvious way. A noted pseudonormed space is then a pair N = (C, || |)
such that | || : C — Ris a pseudonorm on C; that is,

1. |lcs|l = 0 whenever s(i) = 0 forall i < |s| (recall that ag(0) = 0);

2. lles 4+ el < llesll + ller, forall s, 1 € N=N;

3. Jlo - csll = |a| - ||| forall s € N<N and a € Q.
Again, we assume that ||cy | # O for some s € N<N. The pseudonorm || || defines a
pseudometric d over C as usual by d(cs, ¢;) = |lcs — ¢t

We now build the constructive Banach completion of N as a particular effective

Banach space. Let C be the set of all Cauchy sequences of elements of C which
satisfy the usual effective requirement:

C={(cs) |VjVi < jdcs,cq) <270}
Define an equivalence relation ~ on C by
(cs) ~ (er) = limd(cy,. ¢;) =0,

and notice that this condition is equivalent to Vi d(c;;, ¢;) < 2=~ We denote by
[cs; lien the ~-equivalence class of (cy;). We introduce then the linear operations on
C/~ by
[CS,']iEN + [Ct,']iEN = [Csi+| + Ct,‘+] ]iEN:
a: [Cs,-]ieN = [Cl@(nk+i) : cSkJri]iGNa

where a € R, (ag(n;)) is a Cauchy sequence effectively converging to a, and k is
such that |ag(no)| + lles,ll +2 < 2K, We leave to the reader checking that these
definitions are meaningful and make C/~ a vector space (some of the details are

spelled out in [19, p. 75]).
We further define

Ilesi lienllg)~ = lim flcg; I,

and one can check that 6/~ is a Banach space. Notice that dg/N ([es; liens [e lien) =
limd(cy;, cy,).

Define e : N — 6/~ by e(n) = [COpnps1JieN (recall that ag(0) = 0 and
ag(1l) = 1) where on the right-hand side we have a constant sequence. The triple
(6 /~ N e Jro e) is an effective Banach space, the constructive Banach completion
of the noted pseudonormed space N.
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The function ¢ — [cg]ien maps C into c /~ respecting the vector operations and
the (pseudo)norm. Therefore, we can view C as the linearly closed dense subspace
of C/~ generated by the fundamental sequence e.

Definition 7.2 (The space of all effective Banach spaces) Let 8 be the set of all
constructive Banach completions. This set contains all effective Banach spaces up to
isomorphism, and we consider it as the space of all effective Banach spaces.

Consider now the second countable Ty-topology on B with subbasis given by the
sets of the form

Uis.ijy = 1€/~ 1l llgjmne) | an(i) < dg(ae(s), ae(0)) < ag(j)}.

This topology on B is associated with the standard representation dy; : c\N - 9
defined by oy (p) = (C/~, |l l¢& Jro> e) if and only if p enumerates the set

(st ) 1€/~ Nl Nlgjmne) € Ugisi }-

We often write (X, || ||, e) € B, or simply X € B, in place of (6/~, I g/~ e)
€ B, but we always understand that the construction of X as a constructive Banach
completion uniquely determines both the norm and the fundamental sequence.

An element in B with a computable name is a computable Banach space in the
sense of [2]. Since we view B as the space of all effective Banach spaces, we view
the subset of its computable elements as the set of all computable Banach spaces.

7.3 Representations of closed and compact sets and of linear bounded functions
We recall some representations of closed and compact subsets of metric spaces which
have been widely used in the literature (see, e.g., [5]).

Definition 7.3 (Representations of closed sets) For an effective metric space X
we denote by 44 (X) and A_(X) the hyperspace of closed subsets of X viewed,
respectively, with representations wf and yX, where
6)) wf(p) = A if and only if p; € dom(dx) for all i € N (where p;(j) =
p((i, j)) and A = {dx(pi) | i € N};
(i) yX(p) = Aifandonlyif X\ A = Bjj(i) (recall that {B.X} enumerates all
rational open balls in X).

In the reverse mathematics literature, the elements of 4, (X) and of A_(X) are
called, respectively, separably closed sets and closed sets.

Definition 7.4 (Representations of compact sets)  For an effective metric space X
we denote by K (X) and K _(X) the hyperspace of compact subsets of X viewed,
respectively, with representations xX and «%, where

(i) «¥(p) = K if and only if p enumerates
{s 1K S Uiy ngl.) AVi < |s| K mBS’gi) £ o)
(i) X (p) = K if and only if p enumerates
{s1K<S U<y Bs}ii) }-

We are now in a position to define the domain of the multivalued function corre-
sponding to the separable Hahn-Banach theorem. In doing so, we borrow an idea
from [22]: to denote a partial continuous function with closed domain f we employ
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a realizer of f and a name for dom( f) with respect to a representation of the hyper-
space of closed sets. Moreover, we further generalize and consider closed subsets of
arbitrary elements of D.

Definition 7.5 (Space of partial linear bounded functionals) Let ¥ be the set of
all quadruples (X, A, f, r) (usually written f(x, 4 ) such that
(i) X €%;
(ii) A is aclosed linear subspace of X;
@iii) f : A — Ris linear and bounded;
@iv) r = || f] € R (recall that the norm || f|| is defined by
IfII = sup{|f(x)I | x € AA|x] =1}.

The representation of # ¥ is defined by 67 (p) = f(x,4a,r) if and only if

@) dw(po) = X;
(i) w¥(p1) = A;
(iii) n(p») is a realizer of f;
(iv) or(p3) =r
(the p;s were defined in Definition 7.3).

8 The Hahn-Banach Theorem

8.1 The multivalued function HB  We now come to the question of the compu-
tational complexity of the Hahn-Banach Theorem. We start by giving the formal
definition of the Hahn-Banach multivalued function.

Definition 8.1 (Hahn-Banach multivalued function) LetHB : CP¥F = P F be
the multivalued function with dom(HB) = { f(x,4,1) € & ¥} defined by

HB(fx,a1) ={gxxnlglA=f}.

For any computable normed space X, and in particular for any computable Banach
space, Brattka [2] first proves a computable version of the Banach-Alaoglu Theo-
rem. Then he shows that for any computable Banach space there is a Zg-computable
multivalued function that maps f to the extensions g which satisfy the requirements
of the Hahn-Banach Theorem (although the notion of Eg-computable multivalued
function is not explicitly used in [2]). We will use the same ideas to show that HB is
Sep-computable, but some fundamental modifications are necessary.

First, we point out that Brattka’s proof is not uniform, since it breaks up into two
cases, depending on whether the dimension of the normed space X is finite or infi-
nite. Even for countable vector spaces over Q, the function establishing whether the
space is finite-dimensional is not computable, and indeed not even Sep-computable.’
Since we are interested in evaluating the complexity of a multivalued function which
takes in input any possible effective Banach space, we need to get rid of this di-
chotomy. We will thus give a uniform structure to Brattka’s proof, also simplifying
some steps along the way.

8.2 Selecting points in closed subsets of compactsets  Brattka’s proof uses a mul-
tivalued choice function on compact sets to select elements in the set H(f) of all
extensions of f (this is the Zg-computable step in that proof). Actually, in this ap-
proach one needs to consider H(f) as a compact subset of a compact space X. We
do not need this step, since the simpler property of being closed in the compact set
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X is enough to apply a selection multivalued function which is Sep-computable by
Theorem 8.3 below.

Although not necessary to our main goal, in Theorem 8.3 we also formulate a
general condition of Sep-completeness for this selection problem. To achieve this,
we recall the following notion already used in [3; 4].

Definition 8.2 (Richness) A computable metric space X is rich, or computably
uncountable, if there is a computable injective map 1 : 2N < X.

It is known that if 7 is as above then also its partial inverse 1!

thus 1 is a computable embedding.

is computable, and

Theorem 8.3  For a computable metric space (X, d, a), let Sely(x) : SK(X) x
A_(X) = X be the multivalued function with domain { (K, A) | @ # A C K } and

Selxx)(K,A) =A

(where on the left-hand side A is a member of the hyperspace of the closed subsets of
X, while on the right-hand side is a set of points). Thus, Sel x(x) is the multivalued
function which selects a point from a nonempty closed subset of a compact subset of
X. Then

(1) Sely (x) is Sep-computable;

(2) if X is rich then Sel x (x) is Sep-complete.

Proof (1) Given K € K (X) we can uniformly obtain g € NN and an infi-

nite sequence of finite sequences (<x;.'> )) of elements of X such that for

J<qn
every n € N we have K C Uj<q(n) BX(x;’; 27"). For A € A_(X) such that
@ # A C K, we can uniformly obtain sequences (;) in ran(a) and (a;) in Q
such that X \ A = ;e BX(b;; a;). We select an element of A by approximating
points which do not belong to any BX (b;; a;). More precisely, we construct a tree
T =T (K, A) € N<N by letting s € T if and only if

1. Vn < |s|s(n) < q(n),

2. Yn,ik < |s|d (), xigm < 27"+ 270 427K,

3. Vn, ik < |s|d (), bidug = o0 — 27" — 2k,

where for a € R, ayi is a rational approximation within 27 of a.

Notice that, since A # &, (T,q) € InfTrg. For all p € Pathg(T,q) we
have that x = lim x;(n) exists, is computable from p, and does not belong to any
BX(b;; a;). Hence x € A. This gives Sely (x) <. Pathg. By Lemma 6.9 we have
Selx (x) <c Sep.

(2) By Theorem 6.7 it suffices to show Pathy <. Sely (x) when X is rich. First, we
show Path; <. Sel K2V For T € InfTr; define

Ar =2\ | JIBY 702Dy jr g Ty <2V,

Since B2 (170; 2=(1-Dy = {p e 2N | 1 C p}, we have Patho(T) = Selyc ony
(2N, A7). Since the map T +— N, Ar) from InfTr; to K 2Ny x eA)_(ZN) is com-
putable, Pathy <, Sel K(@2N)-

If X isrich, letz : 2NV < X be a computable injection. As observed in [3;
4], ran(z) € K (X). By the proof of the Embedding Theorem of [3; 4], the map



Separable Hahn-Banach Theorem 417

from A_(2V) to A_(X) which sends A to 1(A) is computable. Hence for every
A € A_(2N) we have

(" o Sely(x) 1(2Y), 1(A)) = Sel ey 2V, A).
Using the notation of the first part of this proof, we have
(™" o Sely(x)) (:(2V), 1(A7)) = Pathy(T)
for every T' € InfTr;. This shows Path, <. Selx (x). O

8.3 Proof of HB <, Sep  Brattka’s proof uses the Effective Independence
Lemma of Pour-El and Richards [16, p. 142]. To make Brattka’s argument uniform
we need a uniform version of that result.

Lemma 8.4 (Uniform Effective Independence Lemma) For all (X, | |,e) € B,
there exists ¢ € NN such that, letting R = {j > 0 | q(j) = q(0)}, g restricted
to N\ R is one-to-one and { (e o q)(j) | j € N\ R} is a (possibly finite) linearly
independent set whose linear span is dense in X. Let ¢ : B = NN be the multivalued
Sunction such that (X, || ||, e) is the set of all q satisfying the condition above. Then
¢ is computable.

Proof We prove at once both statements of the lemma by defining a computable
realizer for ¢. To this end we construct, uniformly in a name for X € 3, g by stages.
We will also keep track of R by letting R, = {0 < j <n | q(j) =¢q(0)}. Let N be
such that ||le(N)| # O.

At stage O we let g(0) = N and Ry = @.

At stage n + 1 we suppose to have defined ¢(0),...,g(n) and R, C {1, ..., n} such
that

1. ¢(j) =¢q(0) = N forall j € Ry;

2. T,={(eoq)(j) | j <n Aj¢& R,}is linearly independent.
Welet T, = {v1, ..., vr} (obviously k < n).

For every i < n 4+ 1 we run a test, described below, which stops after a finite
amount of time with answer either (a) or (b). If the answer is (a) then we are sure that
T,,U{e(i)} is linearly independent. If the answer is (b) then e(i) can be approximated
within 2~ ®+1 by a rational linear combination of elements of 7,. Therefore, if for
some i the answer is (b) at every stage > i, then actually e(i) belongs to the closure
of the linear span of 7 = (J,,cry Tn-

The test is based on the following fact, proved in [16, p. 143]. Form, £ € N, let
Sm.e be the set of all (f1,..., f¢) € Q¢ such that the denominators of P, Pe
are 2" and 1 < |B11* + |B2|® + --- + |Be|*> < 4. (The S, ¢s are finite and can be
uniformly computably enumerated in m and ¢.) Pour-El and Richards prove that a
finite subset {wy, ..., w¢} of a Banach space is linearly independent if and only if
for some m > 2¢.

min{ ||frwy + -+ Bewell | (Br, ..., Be) € Sme} > 27" - (lwrll + -+ - + llwel).
Giveni < n + 1 the test alternatively searches
(a) form > 2(k 4+ 1) such that
min{ || B1o1 + -+ + vk + Ber1e@DN | {B1, -5 Br+1) € Smok+1} >
27" (ol 4 -+ 4 lloell + lle@ D,
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(b) and for yyq, ..., yx € Q such that
le@) — (o1 + -+ + pvp) | < 270D,

By the fact mentioned above, at least one of the two searches succeeds, and the test
will answer (a) or (b) according to the first one succeeding.

If for some i < n + 1 the answer is (a), we pick the least i with this property and
setq(n + 1) =i, sothat R,41 = R, (i # N because ¢(N) € T,). Otherwise, if for
alli < n+ 1the answer is (b), then g(n + 1) = N and hence R, = R, U {n + 1}.
It is straightforward to check that { (e 0 ¢)(j) | j € N\ R} is linearly independent
and dense in X. O

The main feature of Lemma 8.4 is that we can uniformly find a sequence of linearly
independent vectors whose linear span is dense in X by allowing repetitions of the
single element (e o ¢)(0) and forgetting all occurrences of this element after the first.

Definition 8.5 (B%) Let B be the graph of the computable multivalued function
¢ of Lemma 8.4. In other words,

B ={((X, ]l e),g)eBxNV[gesX, | I,e)}

When we write X € BT we mean that X € B and XT = (X, g) for some
q € {(X).

Using Lemma 8.4 we obtain a uniform proof of Lemma 3 in [2].

Definition 8.6 (Identity problem) For an effective Banach space (X, || ||, e) the
identity problem for (X, || ||, ) is the set

I 1e) ={(s,0) e NN x NN | au(s) = ae(0) ).

Lemma 8.7 (Identity problem lemma)  Given ((X, || |,e),q) € BT, lete’ = eoq.

(1) The function (X, || |, e),q) — € is computable.

(2)id : (X, l,e) = (X, | |,€) and its inverse are uniformly computable in
(X1l I, e), q) € B,

(3) The function which associates to (X, || |, e),q) € BT the characteristic func-
tionof (X, || ||, €") is computable.

Proof (1) is obvious.

(2) For id it is enough to show how to uniformly compute, for any i € N, a p € NV
such that ((a. o p)(j)) is a Cauchy sequence converging effectively to e(i). Let
R={j>0]q(j)=¢q(0)} as in Lemma 8.4. The definition of p is by stages.
Before stage n we have defined p[j,] with j, < n and at that stage we possibly
define p(j,) as follows. For each s < n check whether

@ (e, Sicyaenaas®@) ¢ ®) <270 *)

where, as in the proof of Theorem 8.3, for a € R, ayx is a rational approximation
within 2% of a. If (*) holds for some s < n, let p(j,) = s (so that j,+1 = j, + D).
If (*) fails for all s < n, do nothing; that is, let j,+1 = j,. Since ¢’ is a fundamental
sequence, we have lim j, = oo so that p(j) is defined for every j. It is straightfor-
ward to check that p has the desired property. The uniform computability of id ! is
immediate, since e’ (n) = e(m) whenever g(n) = m.



Separable Hahn-Banach Theorem 419

(3) Given (X, || I, ),q) € B, let R* = RU{0} = {j | ¢(j) = q(0) }. To check
whether (s, ¢) € I(X, || ||, ¢’) recall that a. (s) = Zi<\s| ag(s@@)) - (e o ¢)(i) and
similarly for a./(¢). Assuming |s| < || we have that a./ (s) = a./ () is equivalent to
the conjunction of the following conditions:

1. Vi < |s|(i ¢ R* — s(i) =t(i));

2. Vi < |t|G = Is| AP ¢ R* — aq(t(©) = 0);

3. Zig\s\,ieR* ag(s(i)) = Zigm,ieR* ag( (i)
Since each of these conditions is computable in R*, and hence in ¢, this equivalence
completes the proof. O

We now consider the space RN equipped with the (slightly nonstandard) metric

I xn — yul
d((xn), (yn)) = sup l 2T+ [ — ynl
If a(s) = (ag(s(0)),...,an(s(s| — 1)),0,0...) then it is easy to check that
(RN, d, a) is a computable metric space.

The main reason for using d instead of the standard textbook metric for RN (de-
fined by a series rather than a sup) is that the open balls with respect to d are of the
form Ip x --- x I, x R x R x -- -, where each I; C R is an open interval. Of course,
both metrics are compatible with the product topology of RY.

|neN].

Lemma 8.8  The function which maps every (x,) € RN to the compact space
[Tien[=1xal, [xa1] € K (RN) is computable.

Proof The proof of this lemma essentially consists in checking that the proof of [2,
Lemma 4] is uniform. In doing so, we spell out a few more details of the proof.

To simplify the notation, let Y(,) = HneN[—|xn|, |xx1]. By [5, Theorems 3.7,
3.8 and Proposition 4.2.2], it suffices to show that the function (x,) +— Y(,) is
computable when Yy, is viewed as an element of A4 (RY) and of X_(RY). We
first deal with A (RY). Define a computable p : RY x RY — RN by

p((xn), (yn)) = (max{—|x,|, min{y,, [x,[}}).

Then { p((x,),a(s)) | s € N<N} is dense in Y(x,)- This shows that the function
mapping (x,) € RN to Yx,) € A (RN) is computable.

To compute Y(,) as an element of K _ (RY), we need to show that we can enu-
merate a list of all finite coverings of Y(y,) consisting of rational open balls. In other
words, we want to show that the set of all finite sets {By, ..., B} of rational open
balls in RV such that Yr,) C Uf:O B; is recursively enumerable in (x,). By our
choice of the metric, each B; is of the form (o, f) X -+ X (@, By, ) X RXRx -+«
with m; € N and aé,ﬂé, e aim,[)’,’;“ € Q. Letm = max{m; | i <k}. Now notice
that Y(y,) ¢ Uf:o B; is equivalent to the existence of yq, ..., 7, € Q such that
Yn € {afl,/)’fl | i <k} foreachn <m and

k
(VOw--,Vm,OaO,-n) € Y(X,,)\UBi'
i=0

Hence we need to check the co-recursively enumerable in (x,) condition on finitely
many (m 4+ 1)-tuples. O
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We recall that the Banach-Alaoglu Theorem states that the closed unit ball of the
dual space of a normed vector space is compact in the weak* topology. The next
theorem is a uniform version of Theorem 6 in [2]. The idea here is that we uniformly
embed the closed unit ball of the dual space of an element of 5 onto a closed subset
of a compact subset of RY. Moreover, this is done taking into account the change of
fundamental sequence provided by Lemma 8.7. In the statement of the theorem the
reader should keep in mind that ¢ restricted to fixed (X, g) € B is this embedding
and y computes its inverse, taking in input also the norm of the functional.

Theorem 8.9 (Uniform Computable Banach-Alaoglu Theorem) Let ¢ : CPF x NV
— RN be the function with
dom(¢) = { (gx,x.r)»q) | 7 <1A(X,q) € Bt}
defined by
¢ (gx,x,r)>q) = ((8 0 ae)(n)),
where ¢’ = e o q as in Lemma 8.7.
(1) ¢ is computable and ¢ (g(x,x,r)» qlz ¢(gEX’X’r,), q) impliej g=gandr =r.
(2) There exist computable functions  : B+ — KRV and ~ : B+ — A_RN)
such that X+ C X+ and ¢(gx,x,r), q) € (X, q).
(3) There exists a computable y : CRY x Bt x R —> PF x NN such that

dom()()=[((an),X+,r) | (an)e’X\I/\rzsup{”aL‘f% | n eN}},

and we have always y ((an), (X, q),r) = (gx.x,r)» q) for some function g such
that $(g(x,x.r)> q) = (an).
Proof (1) is obvious.
(2)For XT = (X, g) and ¢’ = e o g, define
X+ = [i=llas @l lar @I,
neN

and let X be the set of all (ay) € X such that
Va, p € QVi, j,n € N(ay (n) = aa, (i) + pas(j) = a, = aa; + paj).

By Lemma 8.8, X+ € J{([R{N) and _ is computable. To show that X+ € e;%_([RN),
notice that, given a, £, i, j, we can compute k such that aa, (i) + fay (j) = ap (k).
Thus a.(n) = aay (i) + Bae (j) is equivalent to (n, k) € I(X, || ||, ¢’). By Lemma
8.7, we can compute from XV the characteristic function of / X0, ¢’) and thus
check whether the latter condition holds. It is now obvious that X+ A_(RY) and
that ~ is computable. It is also obvious that ¢ (g(x,x,-),q) € XT.

(3) Let (((a;), X*,r)) € dom(y) and notice that r < 1. We need to compute
g : X — R linear and bounded such that ||g|| = r and g(a. (n)) = a,,. Given x € X
to compute g(x) within 2=k it suffices to find n such that ||x — a.(n)|| < 27%. Then

lg(x) — an| = |g(x) — glag (M) <7 - |x —ag ()|l <27

and we can use a, as an approximation of g(x). U

The next lemma is the uniform version of Theorem 5 of [2].
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Lemma 8.10 Let H : CPF x NN — A_(RN) be the function with

dOH’l(H) ={ (f(X,A,r): (*I) | (X; Q) [S §B+ Ar=1}
defined by

H(fx,a1,9) ={o@x.x1.9) g A= [}
Then H is computable.

Proof Given (f(x,4.1),q) € dom(H),let X* = (X, g). We can compute ¢’ = eogq
and {y; | i € N}, adense subsetof A € A4 (X). Notice that (a,) € H(f(x,4,1).9)
if and only if (a,) € X* and

Vi, i | f(yi) —anl < llyi —ae )]l
Therefore, H(f(x,4,1),9) € A— (RN). The computability of H is immediate. O
Finally we can prove the first half of our main result.

Theorem 8.11  HB is Sep-computable.

Proof Given f(x,a,1) € PF by Lemma 8.4, we can compute ¢ € ((X) so
that X* = (X,q) € B*. By Theorem 8.9 and Lemma 8.10, we can compute
Xt e X(RY) and C = H(f(x.4.1),q) € A_(RY) so that C C X+. Notice that
C # & because the Hahn-Banach Theorem holds. We can thus apply the multival-
ued function Sel vy defined in Theorem 8.3 to the pair (X, C) and select a point
(ap) € C. Then

x((an), X*, 1) = (g(x,x,1) q) for some g(x,x,1) € HB(f(x,4,1)-

We have thus shown HB <. Sel y gy . Since Sel @y is Sep-computable by Theo-
rem 8.3.1, this completes the proof. U

8.4 Proof of Sep <, HB  The proof of the other half of our main result is obtained
by adapting the proof of Theorem IV.9.4 in [19].

Theorem 8.12  Sep <. HB.

Proof Let p,q € NV be such that ran(p) Nran(g) = @. We will use p and ¢ to
compute f(x,4,1) € £ F so that from any element of HB(f(x,4,1)) we can compute
an element of Sep(p, q).

In particular, X is a constructive Banach completion and, following the construc-
tion in Subsection 7.2, we need to define a pseudonorm on the set C of all formal
linear combinations of elements of N with scalars in Q. To define this pseudonorm
(which depends on p and ¢) we identify elements of N with finite sequences of ele-
ments of Q as follows: 2n and 2n + 1 are identified, respectively, with the sequences
((0,0),...,(0,0), (1,0)) and ((0,0), ..., (0,0), (0, 1)) of length n + 1. With this
identification, C is viewed as the set O, of all finite sequences of elements of Q2.
We will therefore define the pseudonorm on Q5. Let

27k ifk = pi(p(i) = n)
On=1 —27% ifk = pui(gi) =n)
0 otherwise.
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J, is computable as a real number on the input (p, ¢, n). For (a, f) € @2, let

max{| =% 4 B, la — B} ifdy > 0

1+0,
e, Al = § max{l52a — Bl o+ Bl} if 6y <0
max{|a + S|, la — B} if 6, = 0.

(e, )|l,, is computable as a real number on input (p,q,a, f,n). Notice that
Il (@, O)lln = 110, @) |ln = |ex| for all o and n.
We can now define the pseudonorm on Q; by

¢ BiYi i =D 2771 Wi, Bl
i<k
This noted pseudonormed space generates the constructive Banach completion
X = X(p,q) € B. (Intuitively, X is the £;-sum of a sequence of 2-dimensional

Banach spaces with slightly different metrics.) As usual, we view Q> as a subset of
X. Let

A = {((@i,0));<n} € AL (X)
and define f : A — R by setting
@i, 0)icn) = D27 g
1<n
and extending by continuity. The function f is linear on A and is a bounded linear
functional with || f|| < 1, since

£ (@i, 0 )l = 1 D27 e
1<n
<> 27
i<n
=> 27" (@, 0)l;
1<n
= [ {(ai, 0)); <y II-
Moreover, || ((2,0))]] = 1 and f({(2,0))) = 1, which shows that || f|| = 1.
By evaluation and type conversion, one can compute a realizer of f. There-
fore, f(x,a,1) € P F has been computed from (p, g) and, moreover, we have
fix,4,1) € dom(HB). Applying HB we obtain g(x x,1) € #F withg [ A= f.
For any n € N, let z,, € Q> be the sequence ((0, 0), ..., (0,0), (0, 1)) of length
n+ 1. Then |g(zn)| < llzall =277,
If n € ran(p), then d, > 0 and notice that, for w,, = ((0,0), ..., (0,0), (1 + J,, 0))
of length n 4 1, we have

[ f(wn) + 6,8(zn)| = |g(wn) + 0ng(zn)|
= |g(wy + dnzn)
< llwn + Onzall
= 11{(0,0),...,(0,0), (1 + J, 5n)) II.
Since J,, > 0,

1L+ 3, 3)lln = max{| 723 (1 +3a) + Sl 11+, — dal} = 1,
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and so || ((0,0),...,(0,0), (1+0,,0,)) | = 27"'. We deduce that [27"!
(1 + o, ) + 0,gzn) = 27" 40, (2 + g(z)| < 27771, Therefore,
27 4 g(zn)) < 0 and so g(z,) < = 1. Since |g(z,)] < 277! then
g(zp) = —-27"""

Similarly, if n € ran(g) (and thus 6, < 0) we obtain g(z,) = 27"~! by consider-
ing

2771 = 8p) + g @)l = 27" 4 0u(g(zn) — 27" < 27

To compute an element of Sep(p, ¢), given n, look for the approximation of g(z,)
within 27772 and check if it is positive or not. This shows that from any g such that
gx,x,1) € HB(f(x,4,1)) we can uniformly compute an element of Sep(p, q). O

Notes

1. Brattka’s notion of realizer reducibility, as well its generalization to the case of multival-
ued functions (Lemma 4.5.(ii)), are particular cases of Wadge’s reducibility for sets of
functions as defined in [2 1, Definition 8.2.5].

%}

To see this, let O = {w € Q<N | Jw| =0V w(jw| — 1) #0}. We view Q as a vector
space over Q in the obvious way, and let Vectg = {V C Q | V is a vector space }. Let
Dim : Vectg — 2 be defined by

0 ifdim(V) = oo

Dim(V) =
V) 1 if dim(V) < oo.

Define the computable function V : VAN Vectg by V(p) = {w € Q | Vi < |w|
p(i) =0}. Then DimoV = Q and thus Q <, Dim.
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