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Abstract

We show that if a computable sequence of real-valued functions on an effectively compact metric
space converges pointwise monotonically to a computable function, then the sequence converges
effectively uniformly to the function. This is an effectivized version of Dini’s Theorem.
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1 Introduction

If a sequence of real-valued continuous functions on a compact space con-
verges pointwise monotonically to a continuous function, then the sequence
converges uniformly to the function. It is called Dini’s theorem and one of the
fundamental theorems in functional analysis and general topology.

From the viewpoint of computability, the question arises: whether we can
effectivize Dini’s theorem, in other words, whether there is a theorem which is
a Dini’s theorem with some topological concepts replaced by their computa-
tional counterparts. In this paper, we show a positive answer to this question
in the case of metric spaces, more precisely, the theorem that if a computable
sequence of real-valued functions on an effectively compact metric space con-
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verges pointwise monotonically to a computable function, then the sequence
converges effectively uniformly to the function.

Meanwhile, if a computable sequence of real numbers converges monoton-
ically to a computable real number, then the sequence converges effectively to
the real number. It is called the monotonic convergence theorem [6]. The main
theorem in this paper is not only an effectivization of Dini’s thorem but also
an extension of the monotonic convergence theorem to real-valued continuous
functions on effectively compact metric spaces. The monotonic convergence
theorem is considered a special case of our theorem on C'({0}), the space of
all real-valued continuous functions on a singlton.

2 Preliminaries

For a relation S C X; X -+ x X,;, x Y] x -+ x Y}, and a tuple (z1,...,2,,) €
XX -x Xy, theset {(y1,...,yn) € Yix--xY, | (x1,..., T, Y1, -, Yn) € S}
is denoted by S(z1,...,xm).

We fix some standard tuple functions and corresponding projection func-
tions on N. (-,...,-) denotes the n-tuple function. (-)} denotes the cor-
responding kth projection function. We often identify an n-tuple sequence
(xkl,...,k,) with its serialization (@"(k)?,...,(k)g)lceN-

We use the terminology and the notation on computability of real numbers
and of real functions that Pour-El and Richards have used in [6].

The following four definitions are introduced in [9] by Yasugi, Mori, and
Tsujii.

Definition 2.1 Let (M, d) be a metric space. A set S C MY is a computability
structure on (M, d) if the following three conditions hold.

(i) If (z,), (yn) € S, then (d(zy, Yn'))n,n forms a computable double sequence
of real numbers.

(ii) If (z,) € S and 0 : N — N is a recursive function, then (2,¢,) € S.
(iii) If (znx) € S, (x],) € M, and (z,,) converges to (z),) effectively in n
and k as k — oo, then (2],) € S.

An element of S is called a computable sequence in M.

Definition 2.2 A metric space with a computability structure (M,d,S) is
effectively totally bounded if there exists a computable sequence (e;) € S and
a recursive function v : N — N such that

(1)
M={e[I€N} and (VieN)M =|JB(e,1/2).
=0
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(M,d,S) is effectively compact if it is effectively totally bounded and d is a
complete metric.

Definition 2.3 Let (M,d,S) be a metric space with a computability struc-
ture. A subset K C M is an effectively compact subset of M if (K, d|x, SNKY)
is an effectively compact metric space.

In other words, K is an effectively compact subset of (M,d,S) iff it is a
compact subset of (M, d) and there exists a computable sequence (e;) € S and
a recursive function v : N — N such that

(2
K={e/[1€N} and (VieN)K C|JB(e,1/2).
1=0
Definition 2.4 Let (M,d,S) be an effectively compact metric space. A se-

quence of functions (f,), f, : M — R, is computable if the following two
conditions hold.

(i) (Sequential computability) For any computable sequence (xg) in M,
(fu(zk))nx forms a computable sequence of real numbers.

(i) (Effective uniform continuity) There exists a recursive function « :
N? — N such that for any n,j € N and any z,y € M,

d(z,y) < 1/2°") = |fu(2) = fuly)| < 1/2’.

A function f: M — R is a computable function if (f)nen, the sequence all of
whose elements are equal to f, is a computable sequence of functions.

The recursive function « in Definition 2.4 (ii) is called an effective modulus
of continuity of (f,).

3 Effective Dini’s Theorem

First, we show two propositions with no assumptions on computability.

Proposition 3.1 Let (M,d) be a metric space. Let K C M be a nonempty
compact subset with (e;) € M* and v : N — N such that K = {e; |l € N}
and (Vi) K C U;’:(ZO) B(e;,1/2Y). Then, for any finite sequence of open balls
(B(zk, 7)) k=0,....m, the following holds:

K C U B(zg, ) <= (F)(VI <~(2))( 3k <m) d(xg, e) + % < T
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Proof. (<) Suppose y € K. Then, (31 < (i) d(y,e;) < 1/2% Tt follows
that

1 1
(F) (3 <~(2))3Fk <m) |d(y,e) < o5 A d(xy,e) + 5 <Tk|-

This implies (3k < m) d(y,zx) < 7y, Le., y € Uiy B(zg, ). This shows
K C UZL:O B(.Q?k, Tk).

(=) We will prove the contraposition. The negation of the conclusion
is:

1
(Vi) (A < ~())(VE<m) d(xg,e)+ 0 > Ty

By choosing an [ for each i, we obtain a function 4’ : N — N such that

. 1
(VZ)(Vk S m) d(xk, 67/(i)) + 5 Z Tk.
Since K is sequentially compact, there exists a subsequence (e, ())) that
converges to a point in K. Let y be the limit. A simple manipulation of
limits yields (Vk <m) d(xg,y) > ri, ie., y & Upeo B(@k, r). This shows
KgZUZL:OB(.CUk,Tk). O

Proposition 3.2 Let (M, d) be a separable metric space with a dense, at most
countable subset {e; | | € N}. Let a be a real number such that a > 1. Let (¢;)
be a sequence of positive real numbers converging to 0. Then,

Bz,r)= |J Blas)

1i€N,
d(z,e;)+aeg;<r

Proof. Comparison of the distance between the centers with the difference
between the radii yields B(x,r) D B(e;, ;) if d(z,e;) + as; < r. This implies
B(IL‘, 7") > Ul,iEN, d(z,ep)+ae; <r B(€l7 Ei)'

Suppose y € B(z,r). There exists an ¢; such that d(z,y) < r —
(a+1)e;. Furthermore, there exists an e; such that d(y,e;) < e;. From
these two inequalities as well as d(z,e;) < d(x,y) + d(y,e;), we obtain
d(z,e) 4+ ag; < r. Therefore ¥ € U ien agwep)saci<r B(€1:€:). This shows
B(l’, T‘) - Ul,ieN, d(z,ep)+ag; <r B(elﬂ Ei)‘ O

Next, we show two lemmata. Lemma 3.3 is on a consequence of effective
compactness. Lemma 3.4 is on another characterization of computable real-
valued functions.

Lemma 3.3 Let (M,d,S) be a metric space with a computability structure.
For any effectively compact subset K of M and any computable double sequence
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(B(@p s k) of open balls in M, there exists a recursive partial function
a : N — N such that a(n) is defined and K C UZ‘(:%)B(zn’k,rn,k) holds if
K CcUilo B(@ng, mnk), and a(n) is undefined otherwise.

Proof. We choose a computable sequence (¢;) and a recursive function v :
N — Nsuch that K = {¢; | [ € N} and (Vi) K C U?Z(Zg B(e;,1/2"). By applying
Proposition 3.1 to each finite sequence (B(xy g, 'n k) )k=0,...m forn =10,1,2,...,
we obtain

" 1
KCLJB@MJM)¢:(ﬂXW§7@X%§nﬂﬂ%b@y+§<nm
k=0

It is clear that the right-hand side is recursively enumerable in n and m.
Therefore, there exists a primitive recursive predicate ¢ on N? such that
(3 )p(n,m,i") it K C Uj—yB(Tng,rnx). Hence, we can construct o by
a(n) == (min{m’ | (n, (m)?, (m')3)})}. O

Lemma 3.3 corresponds to “(Zange < SHaine—Borel [N shown by Brattka and
Presser in [1]. The proof here is essentially the same as that in [1] with some
correction for a minor error.

Lemma 3.4 Let (M,d,S) be an effectively compact metric space. Let (e;) € S
be dense in M. For any sequence (f,) of real-valued functions on M, the
following two conditions are equivalent.

(i) (fn) is a computable sequence of functions.

(il) There exists a recursively enumerable set S C N x Q x Q* x N x N such
that

(VneN)(Vee Q)(vr e Q%) f ' ((c—r,c+r)= ] Bla,1/2).

(1,3)eS(n,c,r)

Proof. [(i)=(ii)] Let o : N? — N be an effective modulus of continuity of
(fn). Let S C NxQ x QT x N x N be the set defined by

(n,e,r,l,i) €S
— (FjeN)(i=an,j) A c—r<fue) =1/27 A fule) +1/27 < c+r).

Since « is a recursive function and (f,(e;)) is a computable double sequence
of real numbers, it follows immediately from the definition of S that S is a
recursively enumerable set.
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Let (I,7) € S(n,c,r). Then we have, for some j € N,

Fa(Bler;1/2Y) = fu(B(er, 1/2°07))
C (fale) = 1/27, fuler) +1/27)
Cle=r,c+r).

Therefore, B(e;,1/2%) C f,71((c —r, c+r)). This shows f, }((c—7r,c+71)) 2
U(l,i)eS(n,c,r) B(el7 1/22)

Suppose z € f ' ((c—r, c+7)), ie, |fu(x) —¢| < r. Then, for some
j € N, it holds that 2/27 < r —|f,(x) —¢|. For such a j, there exists an
e; such that d(z,e) < 1/2°9). Hence |f,(e;) — fo(x)] < 1/27. By using
fu(er) —1/27 < f,(z), we obtain

faler) +1/27 < ful@) +2/27 < fol@) +7 — | falz) — | S c 4.

Analogously, by using f,(e;) + 1/27 > f,(z), we obtain f,(e;) — 1/29 > ¢ —r.
The conjunction of the obtained two inequalities implies (n, ¢, 7,1, a(n,j)) €
S. Therefore, z € B(e;,1/2%) for some (I,i) € S(n,c,r). This shows
fitlle=r, e +1) € Uppesmen Bl 1/2).

[(il)=(1)] (Sequential computability) Suppose (zx) € S. From (ii), we
obtain

i) — | < 1/27 = (3)(3)[(n,c,1/27,1,5) € S A d(zg, ;) < 1/2]].

Hence {(n,k,j,¢) € Nx Nx N x Q | |fu(zr) — c| < 1/27} is a recursively
enumerable set. Meanwhile, (Vn)(Vk)(Vj)(3c € Q) |fu(zx) — ¢| < 1/27 holds
since Q is dense in R. Therefore, there exists a computable triple sequence of
rational numbers (¢, x ;) such that (Vn)(Vk)(V5) |fo(zr) — caryl < 1/27, ie.,
(fu(zk))nx is @ computable double sequence of real numbers.

(Effective uniform continuity) Using Proposition 3.2, we obtain that

B(Gl,l/Qi) = U B(el/,l/Qi,).
I'i'eN,
d(er e )+2/2 <12

It is clear that d(e;, ey) + 2/ 2" < 1/2' is a recursively enumerable predicate
of 1,4,I',4'. Tt is also clear that (VI)(Vi)(31')(37) d(e;, ep) +2/27 < 1/2¢ holds.
Hence there exist recursive functions o, p : N> — N such that for any [,i € N,

{(1,3,I,i") e Nx Nx N x N | d(ej, ep) +2/2" < 1/2}
={(l,i,0(l,1,k),p(l,1,k)) | k € N}.
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Therefore, for any 1,7 € N,

Ble;,1/2') = U Bleoqiny, 1/2°0) (1)
k=0
and
(Vk) d(er, eoqiny) +2/2°000) < 1721, (2)

Since S is a recursively enumerable set, so is {(n,j,{,i,¢) € N x N x
NxNxQ | (ne1/27t 1 4) € S}. On the other hand, since M =
Ueeq fo H((c = 1/27FF, ¢+ 1/2771)), it holds that

M= U Ble;,1/2Y).

c€Q (1,i)eS(n,c,1/27+1)

Hence (Vn)(V5)(31)(3i)(3c € Q) (n,c,1/27%1 1 i) € S. Therefore, there exist
recursive functions o’, p’ : N> — N and a computable triple sequence of rational
numbers (¢, ; ;) such that for any n,j € N,

{(n,j,1,i,c) ENxNx NxNxQ|(n,ec1/27% 14) € S}
= {(n7j7 U/(n7j7 k)?l)/(n?j? k))CnJ,k) | k 6 N}

Thus, for any n,j € N,
M = | Bleg(n sy, 1/27 ") (3)
k=0

and
(VE)  fu(B(eormjinys 1/2°I0)) C (cpn — 1/2710, e+ 1/27T). (4)

From (1) and (3), we obtain

M= U B(€4 (o (5, (5)2) (s (612, (02) L /200’ (). (mog (D). ()3) )
k=0

Application of Lemma 3.3 yields that there exists a recursive function ~ :

N? — N such that

M — U B(eo'(a‘/(n,],(k‘)%),p’(n,],(k‘)%),(k})%)7 1/QP(OJ(n7]1(k)%)7pl(n7.77(k)%)7(k)§)).
k=0
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Let o : N2 — N be a recursive function defined by

a(n7j) = kg%f]) p(gl(nvja (k)%)v pl(nmj? (k)%)v (k)%)

Suppose points x,y € M satisfy d(z,y) < 1/2%7). Then there exists some
k < ~(n,j) such that

o’ (n,j,(k)?),p (n,5,(k)?),(k)2
d(z, eo(a’(n,j,(k)f),p’(n,j,(k)f),(k)%)) < 1/2P( (g, (k)1)50" (n,5,(R)1), (R)3)

With such a k,

d(ﬂfa ea/(n,j,(k)f))

< d(€g1(ng,(1)2)1 Ea (o’ (n4,(K)2), (s (1)), (0)2)) T AT € (o (8)2),00 (. (1)), ()2))

o’ (n,j,(k)2),p' (n,j,(k)?),(k)2
< d(egl(n’j’(k)%)7 eU(U’(n,j,(k)f),p/(n,j,(k)f),(k)g)) + 1/29( (n,,(k)1),0" (n,,(k)1),(K)3)

< 1/29’(n,j,(k)?) _ 1/2/7(0/(w‘,(k)f),p/(n,jy(k)?)y(k)é).
Furthermore,

d(y7 e(r’(n,j,(k)%)) < d(l’, ea”(n,j,(k)%)) + d(l’, y)
< 1/2/),(71,],(16)%) _ 1/2p(0'(n,j,(k)?),p’(n,j,(k)%),(k)%) + 1/20&(717])

S 1/2p/(n,j,(k)%) .

Therefore, x,y € B(e(,/(n7j7(k)%),1/29/(”4’(’“)%)). Due to (4), this implies

fn(x)v fn(y) € (Cn,j,(k)% - 1/2j+17 Cn,j,(k)% + 1/2j+1)' Hence |f($) - f(y)| <
1/27. This shows that « is an effective modulus of continuity of (f,,). O

The condition (ii) in Lemma 3.4 is equivalent to dg-computability defined
by Weihrauch in [7]. Lemma 3.4 shows that for a real-valued function on an
effectively compact metric space, computability defined by Mori, Tsujii, and
Yasugi in [5] and used in this paper is equivalent to dg-computability.

Now we are ready to show the main theorem.

Theorem 3.5 Let (M,d,S) be an effectively compact metric space. Let (f,)
be a computable sequence of real-valued functions on M and f a computable
real-valued function on M. If f, converges pointwise monotonically to f as
n — oo, then f, converges effectively uniformly to f.

Proof. Let (¢;) be a computable sequence dense in M.
Let U;, = (fu— f)7'((—1/27,1/27)). Since f, converges pointwise to f, it
holds that (Vj) M = J~, Ujn. Due to Lemma 3.4, there exists a recursively
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enumerable set S C N* such that (V) (Vn) Ujn = Ues(n Bler; 1/2). From
these two equalities, we obtain

(vj) M= |J Ble,1/2).

(n,i)€S ()
This implies (Vj) S(j) # 0. Therefore, there exist recursive functions 6, p, o :
N? — N such that S = {(4,0(4,k), p(j,k),0(4,k)) | j,k € N}. Using these

functions, we can rewrite the formula above as follows:

oo

(Vi) M = Bleagny, 1/2°0%).

k=0

Since M itself is a compact subset of M, application of Lemma 3.3 yields that
there exists a recursive total function 3 : N — N such that

B()
(Vi) M =] Blesn), 1/2°09).
k=0
Since B(eq(j ), 1/2°9%) C Uj g(;x), this implies (Vj) M = Ug(i()) Uja(i,k)- Since
» converges monotonically to f, it holds that U;, C U, if n < n'. Let
7, Js

a : N — N be a recursive function defined by a(j) = max,<g; 0(j,k). We
have (Vj)(Vn > a(j)) M = U,,, which is equivalent to:

(Vi) (Vn > a(4)) (Vo € M) |fulz) — f(2)] < 1/2'.

Thus f,, converges effectively uniformly to f as n — oc. O
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