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ABSTRACT. A semi-computable set S in a computable metric space need not be computable.
However, in some cases, if S has certain topological properties, we can conclude that S
is computable. It is known that if a semi-computable set S is a compact manifold with
boundary, then the computability of 0S5 implies the computability of S. In this paper we
examine the case when S is a 1-manifold with boundary, not necessarily compact. We
show that a similar result holds in this case under assumption that S has finitely many
components.

1. INTRODUCTION

A closed subset of R is computable if it can be effectively approximated by a finite set of
points with rational coordinates with arbitrary precision on an arbitrary bounded region
of R™. A compact subset S of R™ is semi-computable if we can effectively enumerate all
rational open sets which cover S. Each compact computable set is semi-computable. On the
other hand, there exist semi-computable sets which are not computable.

Hence the implication

S semi-computable =S computable (1.1)

does not hold in general and the question arises whether there are some conditions under
which it does hold. A motivation for this question lies in the fact that semi computable
subsets of R™ are exactly compact co-computably enumerable sets. A closed subset of R™
is called co-computably enumerable (co-c.e.) if its complement can be effectively covered
by open balls. Furthermore, co-c.e. sets are exactly the sets of the form f~1({0}), where
f:R™ — R is a computable function. So the question under what conditions holds
is related to the question under what conditions the set of all zero-points of a computable
function f : R™ — R is computable.

It is known that there exists a computable function f : R — R which has zero-points and
all of them lie in [0, 1], but none of them is computable [I3]. This means that f~1({0}) is a
nonempty semi-computable set which contains no computable point. In particular, f~1({0})
is not computable. Since each nonempty computable set contains computable points, this
shows that there exist semi-computable sets which are “far away from being computable”.

2012 ACM CCS: [Theory of computation]: Continuous mathematics—Topology—Geometric topology.

Key words and phrases: computable metric space, computable set, semi-computable set, co-c.e. set,
1-manifold with boundary.

|E5| LOGICAL METHODS © Konrad Burnik and Zvonko lljazovié
IN COMPUTER SCIENCE DOI:10.2168/LMCS-10(2:8)2014 @ |Creative Commons


http://creativecommons.org/about/licenses

2 KONRAD BURNIK AND ZVONKO ILJAZOVIC

However, it turns out that under certain assumptions implication does hold. In
particular, it has been proved in [9] that holds whenever S C R™ is a topological sphere
(i.e. homeomorphic to the unit sphere S™ C R™*! for some n) or S is homeomorphic to the
closed unit ball B™ C R" for some n (i.e. S is an n—cell) by a homeomorphism f : B” — S
such that f(S™~!) is a semi-computable set. Furthermore, by [6], these results hold not just
in R™, but also in any computable metric space which is locally computable. Results related
to can also be found in [1], [4], [8] and [I1].

Recently, the results for topological spheres and cells with semi-computable boundary
spheres have been generalized in [7] where it was proved that in any computable metric space
implication holds if S is a compact manifold with boundary such that the boundary
0S is computable. In other words, if S is a compact manifold with boundary and if S is
semi-computable, then

0S computable = S computable. (1.2)

The notion of a semi-computable set coincides with the notion of a compact co-c.e. set in a
computable metric space which has compact closed balls and the effective covering property.
Therefore, in such a computable metric space, if S is a compact manifold with boundary
and if S is co-c.e., then holds.

In this paper we observe the case when S is a 1-manifold, not necessarily compact, and
we examine what can be said in this case in view of implication . We first have to find
some appropriate generalization of the notion of a semi-computable compact set. The idea
is that this new notion be a generalization to those sets S which may not be compact, but
such that S N B is compact for each closed ball B. We will say that .S is semi-computable
compact on closed balls or semi-c.c.b. if SN B is semi-computable, uniformly for each closed
rational ball B in the ambient space.

Our main result will be this: if .S is a 1-manifold with boundary in a computable metric
space and if S is semi-c.c.b. and S has finitely many components, then holds. We will
also show that does not hold in general (without the assumption that S has finitely
many components).

It will turn out that in a computable metric space which has compact closed balls and
the effective covering property the notions of a semi-c.c.b. set and a co-c.e. set coincide.
Therefore, in such a computable metric space we will have that if S is a 1-manifold with
boundary, S is co-c.e. and S has finitely many components, then holds.

The main step in the proof of our main result is to prove the following: if S is
homeomorphic to [0,00) by a homeomorphism which maps 0 to a computable point or
S is homeomorphic to R, then S is computable if it is semi-c.c.b. (Here [0,00) denotes
the set of all nonnegative real numbers.) Moreover, we will prove the following: if S is
such a set and S U F' is semi-c.c.b., where F' is closed and disjoint with S, then S is a
computably enumerable set, which means that we can effectively enumerate all open rational
balls which intersect S. This will be the key result and it will easily imply the main result
for 1-manifolds.

In order to prove this, the central notion will be the notion of a chain and we will rely
on techniques from [4].

It should be mentioned here that a semi-c.c.b. 1-manifold with boundary (with finitely
many components) need not be computable if its boundary is not computable. An example
for this we already have in the compact case: in each R" there exists a line segment which
is semi-computable, but not computable [9] (of course, at least one endpoint of such a line
segment is not computable). However, it is interesting to mention that this example does
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not mean that the computability of the boundary is necessary for the computability of the
entire manifold. By [J], there exists a computable arc in R? with noncomputable endpoints,
hence the computability of 1-manifold with boundary does not imply the computability of
its boundary.

Regarding the computability of a manifold, we can notice that this does not mean that
the manifold can be parameterized by a computable function. Namely, by [9], there exists a
computable arc S in R? with computable endpoints such that there exists no computable
bijection f : [0,1] — S.

In Section [2| we give necessary definitions and some basic facts. In Section [3| we define
semi-c.c.b. sets. In Section [4| we introduce chains and we develop certain techniques which we
will need later. In Section [5| we prove that .S is computably enumerable if SU F' is semi-c.c.b.,
where F' is a closed set disjoint with S and S is a topological ray with computable endpoint
(Theorem . In Section |§| we prove the same under assumption that S is a topological line
(Theorem |6.2)). Finally, in Section |7| we get that each semi-c.c.b. 1-manifold with boundary
which has finitely many components is computable if its boundary is semi-c.c.b. (Theorem
7.3). This in particular means that each semi-c.c.b. (boundaryless) 1-manifold which has
finitely many components is computable. In Section [7] we will actually prove this: if M is a
1-manifold with boundary and if both M and OM are semi-c.c.b., then each component of
M is computably enumerable (Theorem [7.2)).

Let us mention that the uniform version of the result for 1-manifolds (Theorem[7.3)) does
not hold in general. Namely, by Example 7 in [4], there exists a sequence (S;) of topological
circles in R? such that S; is uniformly semi-computable, but not uniformly computable.
Moreover, each S; is contained in the compact set [0, 1] x [0, 1].

2. BASIC NOTIONS AND TECHNIQUES

If X is a set, let P(X) denote the set of all subsets of X.
For m € Nlet Ny, = {0,...,m}. For n > 1 let

N?n: {(x:l)?':vn) ":Ula--',xn ENm}

We say that a function ® : N¥ — P(N") is computable finitely valued or c.f.v. if
the function ® : N¥+" — N defined by

D(z,y) = Xo@)(¥),
r € NF y € N” is computable (i.e. recursive), where ys : N* — {0,1} denotes the
characteristic function of S C N”, and if there exists a computable function ¢ : N¥ — N
such that

®(z) € N

for all z € N¥,

Proposition 2.1.

(1) If ®,¥ : N* — P(N") are c.fu. functions, then the function N¥ — P(N"), z
O(x)UT(x) is c.fv.

(2) If ®,¥ : N¥ — P(N") are c.f.u. functions, then the sets {x € N¥ | ®(z) = U(z)} and
{z e N} | ®(z) C U(z)} are decidable.
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(3) Let @ : NF — P(N") and ¥ : N* — P(N™) be c.fvu. functions. Let A : N¥ — P(N™) be
defined by

xz € NF. Then A is a c.fu. function.
(4) Let ® : N¥ — P(N") be c.fu. and let T C N™ be c.e. Then the set S = {x € N¥ | &(z) C
T} is c.e. O

2.1. Computable metric spaces. A function F : N¥ — Q is called computable if there
exist computable functions a, b, ¢ : N¥ — N such that

) = (1)@ _42)
(z) = (=1) b(z)+1
for each € N¥. A number z € R is said to be computable if there exists a computable
function g : N — Q such that |z — g(i)| < 27" for each ¢ € N [14].
By a computable function N¥ — R we mean a function f : N¥ — R for which there
exists a computable function F : NF+t!1 — Q such that

|f(z) — F(z,i)| <27
for all z € N¥ and 7 € N.

Proposition 2.2.

(1) If f,g : N¥ = R are computable, then f + g, f — g : N¥ = R are computable.
(2) If f,g : N¥ = R are computable functions, then the set {x € N¥ | f(z) > g(x)} is c.e.
[

A tuple (X, d, a) is said to be a computable metric space if (X, d) is a metric space
and o : N — X is a sequence dense in (X, d) (i.e. a sequence the range of which is dense in
(X,d)) such that the function N> — R,

(i,4) = d(ci, )
is computable (we use notation o = (e)).

If (X,d,«) is a computable metric space, then a sequence (z;) in X is said to be
computable in (X,d, a) if there exists a computable function F : N> — N such that

d(a;,-, aF(i,k)) <27k

for all i,k € N. A point a € X is said to be computable in (X, d, «) if there exists a
computable function f : N — N such that d(a, asq)) < 27k for each k € N.

The points ag, a1, ... are called rational points. If i € N and ¢ € Q, ¢ > 0, then we
say that B(«;, q) is an (open) rational ball. Here, for z € X and r > 0, we denote by B(z, )
the open ball of radius r centered at z, i.e. B(x,r) = {y € X | d(x,y) < r}. By B(z,r) (for
x € X and r > 0) we will denote the corresponding closed ball {y € X | d(x,y) < r}.

If By,..., By, n > 1, are open rational balls, then the union By U---U B,, will be called
a rational open set.
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Example 2.3. If o : N — R" is a computable function (in the sense that the component
functions of «a are computable) whose image is dense in R™ and d is the Euclidean metric
on R, then (R",d,«) is a computable metric space. A sequence (x;) is computable in
this computable metric space if and only if (x;) is a computable sequence in R"™ and
(z1,...,2n) € R™ is a computable point in this space if and only if z1,. .. ,x, are computable
numbers.

2.2. Effective enumerations. Let (X, d, «) be a computable metric space. Let ¢ : N — Q
be some fixed computable function whose image is Q N (0,00) and let 71,72 : N — N be
some fixed computable functions such that {(71(i), 72(i)) | i € N} = N2 Let ()\;);en be the
sequence of points in X defined by A\; = o, (;) and let (pi)ien be the sequence of rational
numbers defined by p; = gy, (;). For i € N we define

I; = B(X\i,pi), Ii = B(\i, pi).
The sequences (I;) and (I;) represent effective enumerations of all open rational balls and
all closed rational balls.
Let 0 : N> = N and 7 : N = N be some fixed computable functions with the following
property: {(c(4,0),...,0(4,1n(4))) | 7 € N} is the set of all finite sequences in N (excluding

the empty sequence), i.e. the set {(ao,...,an) |7 €N, ag,...,a, € N}. We use the following
notation: (j); instead of o(j,4) and j instead of 1(j). Hence

{((Fos---» ()7 | J € N}

is the set of all finite sequences in N. For j € N let
bl ={0)il0<i<j} (2.1)
For 7 € N we define
Ji=J I
i€(s]

Then (J;) is an effective enumeration of all rational open sets.
Note that the function N — P(N), j — [j] is c.f.v. (Proposition 2.1(3)). Also note that
any finite nonempty subset of N equals [j] for some j € N.

Corollary 2.4. Let ® : N¥ — P(N) be a c.f.v. function such that ®(z) # 0 for each x € NF,
Then there exists a computable function ¢ : N¥ — N such that ®(x) = [p(x)] for each x € NF.

Proof. For each 2 € N¥ there exists j € N such that ®(x) = [j]. Since the set of all (x,1),
x € N¥ [ € N, for which ®(x) = [j] holds is decidable by Proposition [2.1(2), for each z € N
we can effectively find j € N such that ®(x) = [j]. [

2.3. Formal properties. In Euclidean space R™ we can effectively calculate the diameter
of the finite union of rational balls. However, in a general computable metric space the
function N — R, j — diam(J;), need not be computable. This is the reason that we are
going to use the notion of the formal diameter.

Let (X, d) be a metric space and xy, ...,z € X, rg, ..., € Ri. The formal diameter
associated to the finite sequence (xg,70), ..., (g, %) is the number D € R defined by
D = max d(zy,zy)+ 2 max 7.

0<v,w<k 0<v<k
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It follows from this definition that diam(B(zg,ro) U---U B(xg,r;)) < D.

Let (X, d,«) be a computable metric space. We define the function fdiam : N — R in
the following way. For j € N the number fdiam(j) is the formal diameter associated to the
finite sequence

Ao p610) - (Ao P ) -

Clearly diam(J;) < fdiam(j) for each j € N.

Let 7,57 € N. We say that I; and I; are formally disjoint if

d(Xi, Aj) > pi + pj.

Note that we define this as a relation between the numbers ¢ and j, not the sets I; and I;.

Let 7,5 € N. We say that J; and J; are formally disjoint if I, and I; are formally
disjoint for all k € [i] and [ € [j]. Clearly, if J; and J; are formally disjoint, then J; N J; = (.

We will also say that I; and J; are formally disjoint if I; and I; are formally disjoint

for each [ € [j]. Note that formal disjointness of I; and J; implies LN J;j = 0.

Let i,m € N and a € X. We say that I; is formally contained in B(a, m) and write
I; Cr B(a,m) if d(\;, a) + p; < m (again, this as a relation between i, a and m, not between
I; and B(a,m)). Clearly, if I; Cr B(a,m), then I; C B(a,m). For j € N we write

Jj QF B(a, m)

if I; Cp B(a,m) for each i € [j]. If J; Cp B(a,m), then J; C B(a,m).
In the same way we define that I; is formally contained in I,,, (I; Cp I,,) and that J; is
formally contained in I, (J; Cp Ipn).

Proposition 2.5. (1) The function fdiam : N — R is computable.
(2) The sets {(i,j) € N? | I, and J; are formally disjoint} and {(i,j) € N* | J; and J; are
formally disjoint} are c.e.
(3) If a is a computable point, then the set {(j,m) | J; Cr B(a,m)} is c.e.
(4) The set {(j,m) € N* | J; Cp L} is c.e. O
Proof. For (1) and (2) see [7, Proposition 2.4]. Let us prove (3). Let
Q={0,m) | J; Cr Bla,m)} and T = {(i,m) [ Ii Cr B(a,m)}.
Let ® : N2 — P(N?) be defined by ®(j,m) = [j] x {m}. Then
(J,m) € Q& @(j,m) CT.

We have that ® is c.f.v. So if we prove that I' is c.e., we will have that  is c.e. (Proposition
2.1). However, the fact that I' is c.e. follows from Proposition since

(i,m) e I' & d(\i,a) + pi <m.
In the same way we get (4). [

The following simple lemma will be very useful to us later.

Lemma 2.6. Letm € N and let x € I,,. Then there exists € > 0 with the following property:
if j € N is such that x € J; and fdiam(j) < e, then J; Cp Ip,.

Proof. We have d(Ap,, z) < pm, and therefore there exists r > 0 such that
d(Am, ) + 7 < ppm.
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Let e = 5. Suppose j € N is such that € J; and fdiam(j) < e. Let i € [j]. Then
pi < fdiam(j) < € and d(z, A;) < diam(J;) < fdiam(j) < e. We have

A Ay X)) + pi < d(Mpy ) + d(x, Ng) + pi < d(Amyz) + 26 =d(Apy ) +7 < ppy-

So d(Am, i) + pi < pm and I; Cp Ip,. Hence J; Cp I, . O

2.4. Computable sets. Let (X, d,«) be a computable metric space. A closed subset S of
(X,d) is said to be computably enumerable in (X,d, «) if

{ieN|SNI#0}

is a c.e. subset of N. A closed subset S of (X, d) is said to be co-computably enumerable
in (X,d, ) if there exists a computable function f: N — N such that

X\ S =U Lo
1€N
We say that S is a computable set in (X,d,«) if S is a computably enumerable and a
co-computably enumerable set (2, [15]).

Let (X,d,a) be a computable metric space. We say that K is a semi-computable
compact set in (X, d,a) if K is a compact set in (X, d) and if the set {j € N| K C J;} is
c.e. We say that K is a computable compact set if K is a semi-computable compact set
and K is computably enumerable.

3. AMBIENT SPACE AND C.C.B. SETS

A computable metric space (X, d, «) has the effective covering property if the set
{(i.5) eN* | I; € J;}

is computably enumerable ([2]). Euclidean space R™ (example has the effective covering

property (see e.g. [4]).

A computable metric space which has the effective covering property and in which each
closed ball is compact has a property which turns out to be important if we want to get
that some set is computable. The property is this: if S is compact and co-c.e., then we can
effectively enumerate all rational open sets which cover S. In other words, if a compact set
is co-c.e., then it is semi-computable compact.

We have mentioned the result from [7] regarding the computability of co-c.e. compact
manifolds. In [7] the following is proved:

Fact 3.1. If a computable metric space has the effective covering property and compact
closed balls, then each co-c.e. compact manifold in this space with computable boundary is
computable.

However, this result is just a consequence of the following result which is also proved in
[7]:

Fact 3.2. In any computable metric space any compact manifold which is semi-computable
compact and whose boundary is computable compact is computable compact.
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Note that in Fact we have the stronger assumptions (and the stronger conclusion)
on the sets, but there are no assumptions on the ambient space. Since the notions of a co-c.e.
set and a semi-computable compact set coincide for compact sets in computable metric
space with the effective covering property and compact closed balls, the Fact is clearly a
generalization of Fact

In this paper we examine 1-manifolds, the sets which are not compact in general. We
will have the result that if a 1-manifold with finitely many components is co-c.e. and its
boundary is computable, then this manifold is computable. However, we will need for this
result the assumption that the ambient space has the effective covering property and compact
closed balls. We would like to find some analogue of the notion of a semi-computable set for
noncompact sets so that, in the same manner as in the case of compact manifolds, we can
remove the assumptions on the computable metric space. Of course, we want that the new
result which holds in general computable metric spaces be the generalization of the previous
result for co-c.e. sets in the computable metric spaces with effective covering property and
compact closed balls. And this will be true if this analogue of semi-computability coincides
with the the notion of a co-c.e. set in these special computable metric spaces.

That a set S is semi-computable compact means that we can effectively enumerate all
rational open sets which cover S. The idea for a generalization of this notion is to observe
a set S which may not be compact, but such that the intersection S N B is compact for
each closed ball B in the ambient space and furthermore such that we can effectively (and
uniformly) enumerate all rational open sets which cover S N B for each closed ball B.

Let (X, d,«) be a computable metric space. Let S C X. We say that S is c.c.b. (or
computable compact on closed balls) if the following holds:

(1) Sn E(x,r) is a compact set for all z € X and r > 0;
(2) the set {(i,7) e N? | ;NS C J;}is ce;
(3) S is computably enumerable.

If S is a set which satisfies conditions (1) and (2), then we will say that S is semi-c.c.b.
Hence S is c.c.b. if and only if S is semi-c.c.b. and computably enumerable. Note that
semi-c.c.b. sets (and c.c.b. sets) are closed (this follows from (1)).

Let (X,d,a) be a computable metric space. Then X is semi-c.c.b. in (X, d, «) if and
only if (X, d, «) has compact closed balls and the effective covering property. For example,
R™ is semi-c.c.b. (and also c.c.b.) in the computable metric space from Example Hence
semi-c.c.b. sets (and also c.c.b. sets) need not be compact.

On the other hand, we now show that each semi-computable compact set is semi-c.c.b.
In other words, the notion of a semi-c.c.b. set generalizes the notion of a semi-computable
compact set.

Proposition 3.3. Let (X,d, ) be a computable metric space. Let S be a semi-computable
compact set in this space. Then S is semi-c.c.b.

Proof. We have to show that the set {(i,7) € N2 | ;NS C Ji}is ce.

Suppose i,j € N are such that [; 1S C J;. Let z € S\ J;. Then = ¢ fl and therefore
there exists some k, € N such that = € I}, and such that I; and I, are formally disjoint.
The set S'\ J; is closed, hence compact (since S is compact) and this implies that there exist
n € Nand zg,...,z, € S\ J; such that S\ J; C Iy, U Uly, . It follows

SngUIkIOU"'UIIfIn-
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Therefore, there exists [ € N such that
S C J; U J; and I; and J; are formally disjoint. (3.1)

On the other hand, suppose that holds for some i, 7,1 € N. Then I NJ; =0 and
therefore I, NS C Jj. Hence we have the following conclusion: NS cC J; if and only if
there exists [ € N such that (3.1) holds.

The function N?> — P(N), (4,1) ~ [j] U [l] is c.f.v., therefore by Corollary there
exists a computable function ¢ : N — N such that [j] U [l] = [p(7,1)] for all j,I € N. Hence
JiUdp = Jyy) for all j,1 € N and using the fact that S is semi-computable we conclude that
the set {(j,1) € N? | § C J;UJ;} is c.e. This implies that the set of all (i, j,1) € N® such that
holds is c.e. (Proposition and we conclude that the set {(i,7) € N2 | ;NS C Ji}
is c.e. [

Note that semi-computable compact sets are exactly those semi-c.c.b. sets which are
compact. (If S is a compact set, then S C I;, for some ip € N, so if S is semi-c.c.b, the set

{1 eN|IL,NS C J;}is c.e. This set clearlyequals {7eN|SCJ;})
Now we show that semi-c.c.b. sets are co-c.e. First we have the following property of
semi-c.c.b. sets.

Proposition 3.4. Let (X,d,a) be a computable metric space. Let S be a semi-c.c.b. set.
Then the set N

Q={ieN|LNS =0}
18 c.e.

Proof. We may assume that S # . Let ' = {(i,j) e N2 | ;NS C Jit.

Suppose i € 2. Then E N S = O which implies 1/'\1 # X and therefore there exists j € N
such that I; and J; are formally disjoint. Clearly ;NS cC Jj, hence (i,75) € I'.

Conversely, let us take j € N such that I; and J; are formally dlSJOlnt and (i,7) € I'.

Then I; N Jj = ). But we have ;NS cC Jj and this can only be true if I, S = . Hence
1€ Q.

We have the following conclusion:
i € Q <= there exists j € N such that (i,7) € I' and I; and J; are formally disjoint.
The fact that I" is c.e. and Proposition 2.5 imply that €2 is c.e. OJ

Proposition 3.5. Let (X,d,a) be a computable metric space. Let S be a semi-c.c.b. set.
Then S is co-c.e.

Proof. Let x € X \ S. Since S is closed, we have B(z,r) C X \ S for some r > 0. Take a
rational point a and a positive rational number A so that A < § and = € B(a,\). Then
B(a,A\) NS = 0. The conclusion is this: for each point € X \ S there exists i € N such
that z € I; and I, N S = (.
Let Q= {i e N| I, NS = 0}. It follows from the previous fact that
xX\s=JI
1€Q
However (2 is c.e. by Proposition and this means that S is co-c.e. L]
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In general, a co-c.e. set need not be semi-c.c.b, even if it is compact. Moreover, even

a singleton set need not be semi-computable compact if it is co-c.e. To see this, note

first the following: if (X, d, ) is a computable metric space and z € X such that {z} is

semi-computable compact, then = is a computable point. Namely, for each k € N there
exists j € N such that

{2} C J; and fdiam(j) < 27F. (3.2)

Since the set of all (k,[) € N? for which holds is c.e., there exists a computable function

¢ : N — N such that holds for each k € N and [ = ¢(k). Recall J; = I, U---U I(j);_

and I(jy, = B(A(j)es P(j)o)- S0 we have d(z, A(j),) < 2% for each k € N and « is computable
point.

By Example 3.2. in [5] there exists a computable metric space (X, d,«) and a point
x € X such that {z} is co-c.e., but z is not a computable point. Therefore {z} is not a
semi-computable compact set.

We have mentioned that in a computable metric space which has the effective covering
property and compact closed balls a set is semi-computable compact if and only if it is
compact and co-c.e. Now we prove a more general result.

Proposition 3.6. Let (X,d,«) be a computable metric space. Suppose (X,d,a) has the
effective covering property and compact closed balls. Let S C X. Then S is co-c.e. if and
only if S is semi-c.c.b.

Proof. We have to prove that if S is co-c.e., then S is semi-c.c.b. Suppose S is co-c.e. It
is easy to conclude that then there exists a computable function f : N — N such that
Jik) € Jf(k41) for each k € N and

keN

Let 7,5 € N and suppose that f@ NS C J;. It follows that the set fl \ J; is contained in X \ S.
The set I; \ Jj is compact and therefore there exists £ € N such that I; \ Jj C Jf(k) and
consequently R

I C J; U J gy (3.3)
On the other hand, if 1) holds for some i, j, k € N, then E NS C Jj (since SN Jrk) = 0).
Hence fl NS C Jj if and only if there exists k& € N such that 1) holds. The set of all
(i,4,k) € N3 such that (3.3 holds is c.e. (we can find a computable function ¢ : N> — N
such that Jj U Jyxy = Jy(ix) for all 4,k € N as in the proof of Proposition anAd (X,d,a)
has the effective covering property). Therefore the set of all (i, ) € N? such that I; NS C .J;
is c.e., which means that S is semi-c.c.b. 0]

An immediate consequence of the previous proposition is the fact that in a computable
metric space which has the effective covering property and compact closed balls a set S is
computable (closed) if and only if S is c.c.b.

4. CHAINS

If S is a semi-c.c.b. set in a computable metric space and if a is a rational point, then for a
given n € N we can effectively enumerate all rational open sets which contain SN B(a,n). In
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general, the problem is that we do not know, for a given rational open set U = By U---U By,
which contains S N B (a,n), which of these rational balls By, ..., B,, intersects S.

If we can somehow, for given n € N and € > 0, effectively find a rational open set
U = B1U---UB,, which contains Sﬂﬁ(a, n), such that each of the rational balls By, ..., By,
has the diameter less then € and such that each of these balls intersects S, then we have that
S is computable. Namely, we only have to prove that S is computably enumerable (since S
is semi-c.c.b. by assumption). And if ¢ € N, then it is not hard to see that I; intersects S if
and only if I; (formally) contains some of the balls By, ..., By, for some n € N and € > 0.

In order to effectively get, for given n € N and € > 0, such a rational open set U, we
will use the notion of a chain.

Let X be a metric space. A finite sequence Cy, ..., ), of nonempty open subsets of X
is said to be a chain in X if C; N C; =0 for all 7,5 € {0,...,m} such that |i — j| > 1 (see
[3, 10]). We say that C; (0 < i <m) is a link of the chain Cy,...,Cp,. If A= (Ao,...,An)
is a finite sequence of nonempty bounded subsets of X, we define

mesh(A) = Jmax diam(4;).

If € is a positive real number and C is a chain, we say that C is an e—chain if mesh(C) < e.

Let (X,d,a) be a computable metric space. For [ € N let H; be the finite sequence
of sets Jp)y -+ J(l)f. Furthermore, for j,p,q € N let Hfﬁq be the finite sequence of sets
@y, - > Jy, if p < g, otherwise let ’Hfgq denote the empty sequence. Clearly H; = "H?Sl.

Let the function fmesh : N — R be defined by

fmesh(l) = max fdiam((l);),

0<j<l

leN.

Let I € N. We say that H, is a formal chain if J;), and Jj;), are formally disjoint for
all 4,5 € {0,...,1} such that |i — j| > 1.

Let a € X and [, p,q,m € N. We say that Hfﬁq is formally contained in B(a,m) if
Jay, €F B(a,m) for each i € N such that p <i <gq.
Proposition 4.1. Let (X,d, ) be a computable metric space.
(1) The function fmesh : N — R is computable.
(2) The set {l € N | H; is a formal chain} is c.e.
(3) If a is a computable point, then the set

r={(,p,q,m)| ’Hfgq formally contained in B(a,m)}

is c.e. ]
Proof. For (i) and (ii) see Proposition 5.4. in [7].

For the proof of (iii), let Q = {(j,m) | J; Cr B(a,m)}. By Proposition 2.5 is c.e. Let
® : N* — P(N?) be defined by

®(l,p,q,m) = {((1)i;m) | p < i < g}

Then @ is c.f.v. (Proposition [2.1)3)) and ({,p,q,m) € I if and only if ®(I,p, g,m) C Q. Now
I is c.e. by Proposition [2.1(4). ]
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Let j,l € N, We say that J; and H; are formally disjoint if J; and J; are formally
disjoint for each i € [I]. The following Lemma is an easy consequence of Proposition ii).

Lemma 4.2. Let (X,d,a) be a computable metric space. Then the set of all (j,1) € N?
such that J; and H; are formally disjoint is c.e. ]

In the similar way we define that I; is formally disjoint with Y =% and the statement
similar to Lemma [4.2] also holds.

If A= (Ag,...,A,) is a finite sequence of sets, then by |J.A we denote the union
AgU---UA,,. If Ais the empty sequence, we take | JA = (). Let S be a set. We say that A
covers S if S C (JA.

Lemma 4.3. Let (X, d,a) be a computable metric space. Then there exists a computable
function ¢ : N3 = N such that
<
UH™" = Jepa)

for alll,p,q € N such that p < q.

Proof. Let l,p,q € N be such that p < q. We have
q q
<
U= =U7w,=U <f<<z>]->o U u I(mj)mj) :
J=p Jj=p

Let A : N® — P(N) be defined by
Mip = U {@Do - (@}

J=p Or p<j<q
Then A is c.f.v. by Proposition [2.1|(3). Clearly, we have
Uw== |J L (4.1)
icA(lp,9)

for all I, p,q € N such that p < ¢q. Since A(l,p,q) # 0 for all I, p,q € N (condition j = p in
the definition of A ensures this), there exists a computable function ¢ : N — N such that
A(l,p,q) = [C(l,p,q)] for all [, p,q € N. This means that

U =Y (42)
i€A(lp,q)
for all I, p,q € N. Comparing (4.1]) and (4.2)) we see that ¢ is the desired function. ]
Proposition 4.4. Let (X,d,«) be a computable metric space. Suppose S is a semi-c.c.b.
set.
(1) The set
= {(z’,l,p, q) € N* | ’Hfﬁq covers Sﬂfi}
18 c.e.

(2) Let a be a rational point. The sets
0= {(n,l,p,q) e N* | ’Hféq covers Sﬂﬁ(a,n)}

@ ={(nLp.aw eN | SN Blan) < JH UL

are c.e.
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Proof. Let ¢ be the function from Lemma [.3]
(i) For all 4,1, p,q € N we have

(1,1,p,q) eT & (Sﬂj; C Je(pq and p < q) or (p > q and SNI; = 0).
That I' is c.e. as the union of two c.e. sets follows now from Proposition and the fact

that S is semi-c.c.b.
(ii) Let us first notice that the set {j € N | a € J;} is c.e. This follows from the fact that

a € Jj < 3i € N such that a € I; and i € [j]
and {i € N|a € I;} is c.e. since
a€l; < dla,\) < p;

(We use here Proposition . It follows easily now that the set {(I,p,q) € N* | a € U’Hfﬁq}
is c.e.

Since a is a rational point, there exists a computable function f : N — N such that
B(a,n) = Iy for each n € N such that n > 1. Note that B(a,0) = {a}.

Let us observe the case a € S. Then we have

(n,1,p,q) € Q= (HP=? covers SﬂIAf(n) and n > 1) or (a € U’Hfgq and n = 0).

The fact that I' is c.e. implies that € is c.e.
Let us now observe the case a ¢ S. Then we have

(n,l,p,q) € QL& (Hfﬁq covers Sﬂff(n) andn>1)orn=0
and it follows that € is c.e. In the same way we get that ' is c.e. ]

Suppose (X, d) is a metric space and S is an arc in this space (a continuous injective
image of the segment [0, 1]). Then for each £ > 0 there exists an e— chain in (X, d) which
covers S. We will need an effective version of this fact.

Let (X, d,a) be a computable metric space. Let AC X, j€ Nand r € R, r > 0. We
write (A, 7, A) to denote the following fact:

AC Jjand (I N A# 0 and p; < A for each i € [j]).
Note that (A4,7,A) and A < X implies (A, j, \).

Proposition 4.5. Let (X,d,a) be a computable metric space and let f : [0,7] = X be a
continuous injection, where r > 0. Let € > 0. Then there exists ng € N, ng > 1, such that
for each n > ng there exist numbers jo,...,Jn—1 € N such that

(1) <f([%r, %r]),ji,es) for each i€ {0,...,n—1};

(2) Jj, and Jj, are formally disjoint for all i,i" € {0,...,n — 1} such that |i —i'| > 1;

(3) fdiam(j;) < e for each i € {0,...,n —1}.

Before we prove this proposition, we need some facts.
Lemma 4.6. Let (X, d, «) be a computable metric space. Let A and B be compact, nonempty
and disjoint subsets of X. Then

(1) For each € > 0 there exists j € N such that (A, j,e).
(2) For each £ > 0 there exists X > 0 such that A < € and if j,7' € N and A" C A and
B’ C B are such that
<A/7j7 )\> and <B/7jl7 A>7
then J; and Jj are formally disjoint.
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Proof. LetU = {B(a,r) |i €N, r € QF, r < e}. ThenU is an open cover of (X, d) (since «
is a dense sequence in (X, d)). The set A is compact and therefore there exist Uy, ..., U, € U
such that A C Uy U---UU,. We may assume that U; N A # 0 for each j € {1,...,n}.
Choose ji,...,Jjn € N so that U, = I;, and p;, < ¢ for each k € {1,...,n}. Let [ € N be
such that [I] = {ji1,...,Jn}. Then (Al ).
(ii) Since A and B are compact, nonempty and disjoint, we have d(A, B) > 0. Let
A = min {s, d(4, B) } .
4

Supposej j € Nand A" C A, B' C B are such that (A, j, \) and (B’,j', \). Let i € [j] and
i’ € [§']. We claim that

d(Niy Nir) > pi + pir- (4.3)
Since (A’,7,\), we have p; < X and I; N A" # (). Therefore there exists a € A such that
d(a, ;) < pz, hence d(a, \;) < A. Similarly, py < A and there exists b € B such that
d(b, M) <
We have

pi + pir +2X <4\ < d(A, B) < d(a,b) <d(a, ;) +d(Xi, Ay) + d(Air, b) <
< pi+ pir +d(Niy Air) < 22X+ d(Ni, M)
Hence p; + pir + 2X < 2X 4+ d(M\i, Ay) and (4.3) follows. The conclusion: J; and Jj are

formally disjoint. L]

Lemma 4.7. Let (X,d,«) be a computable metric space and let Ay,..., A, be compact

nonempty sets in this space. Let € > 0. Then there exist ji,...,jn € N such that
<A17j176>> ) <An1jn>5> (44)

and such that for all p,q € {1,...,n} the following holds:

(ApNAy =0 = J;, and J;, are formally disjoint).
Proof. Let

C=A{(p,q) e{l,....n}x{1,...,n} | 4, N A, =0}.
For each (p,q) € C by Lemma there exists \(, ) > 0 such that A, ;) < € and such that
(Ap; J; Apg)) and (Ag, 5’ A q)) implies that J; and Jj are formally disjoint. Let

A=min{Aq | (p.q) €C}.
By Lemma [4.6] there exist j1,...,j, € N such that
(Alujlv)‘>7 sy <Ana.7n))‘> (45)

If p,g € {1,...,n} are such that A, N A; = 0, then (p,q) € C and A < X\(, 4. Therefore
(Ap, jp, A) and (Ag, jg, A) implies (A, jp, /\(p7q)) and (Ag, jg A(p,q)) and this implies that J;
and J; are formally disjoint. And (4.4)) clearly follows from A < ¢ and (4.5). ]
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Lemma 4.8. Let (X,d,a) be a computable metric space. Let AC X, j €N andr >0 be
such that (A, j,r). Then fdiam(j) < 4r + diam A.

Proof. Let i,i',i" € [j] be such that
fdiam(j) = d(Ni, A\ir) + 2p;nr. (4.6)

Since B(A;, p;) N A # () there exists a € A such that d(\;,a) < p;. Also, there exists b such
that d(\y,b) < pir. Now

d()\i, )\i’) < d()\i, a) + d(a, b) + d(b, )\j) < p; + pir + diam A < 2r + diam A.
Using p;» < r and (4.6)) we get fdiam(j) < 4r + diam A. O

Let us now prove Proposition Since f is uniformly continuous, there exists ng € N,
ng > 1, such that diam(f([r, ZLr])) < £ for all i € {0,...,n — 1} and n > ny.

Fix n > ng. Let
i1
n n

fori € {0,...,n—1}. By Lemmathere exist jo,...,jn—1 € Nsuch that (A;, ji;, §) for each
i € {0,...,n—1} and such that Jj;, and J;, are formally disjoint for all i,i" € {0,...,n — 1}
such that |i —4’| > 1. Finally, for each i € {0,...,n — 1} we have diam A; < § and (A, j;, §)
and it follows from Lemma [4.§| that fdiam(j;) < e. OJ

5. CO-C.E. TOPOLOGICAL RAYS

A metric space R is said to be a topological ray if R is homeomorphic to [0,00). If
f:]0,00) — R is a homeomorphism, then we say that f(0) is an endpoint of R.

In this section we prove that a semi-c.c.b. set R must be c.c.b. if R is a topological
ray with a computable endpoint. Actually, we will prove a more general fact: if R is a
topological ray with computable endpoint and if R U F' is semi-c.c.b, where F is a closed set
disjoint with R, then R is computably enumerable.

The first fact that we need here is that for such an R the following holds: if f : [0,00) — R
is a homeomorphism, then f(¢) “converges to infinity” as ¢ converges to infinity. (In particular,
R is unbounded.) The following proposition gives a precise description of this property.

Proposition 5.1. Let (X, d) be a metric space. Let R be a subset of X such that RN B is
a compact set for each closed ball B in (X,d) and such that there exists a homeomorphism
f:]0,00) = R. Then for each closed ball B there ezists ty € [0,00) such that f(t) ¢ B for
each t > tg.

Proof. Suppose the opposite. Then there exists a closed ball B such that for each ¢y € [0, o)
there exists t > to such that f(t) € B. Therefore there exists a sequence (t,)nen in [0, 00)
such that
tn, >nand f(t,) € B

for each n € N. Then clearly f(t,) € RN B for each n € N and since R N B is compact,
there is a subsequence (tn,)ien of (t,) such that the sequence (f(¢,,)) converges to a point
in RN B, hence it converges to a point in R. However, since f is homeomorphism (and
f~t: R —[0,00) is continuous), the sequence (t,,) converges to some point in [0, c0), which
is impossible since this sequence is clearly unbounded (i < n; < t,, for each ¢ € N). ]
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Note that the previous proposition does not hold without the assumption that R is
compact on closed balls. For example, if (X, d) is the real line with the Euclidean metric
and R = [0, 1), then R is homeomorphic to [0, 00), but R is clearly bounded.

Suppose R is a semi-c.c.b. topological ray with computable endpoint in some computable
metric space. How to prove that R is c.c.b., i.e. how to prove that R is c.e.? Let a be some
fixed rational point which is close to the endpoint of R. We want, for given n,k € N, to
effectively find finitely many rational open sets Cy, ..., C; whose diameters are less then 2%
and such that these sets cover RN B (a,n) and each of these sets intersects R. If we can do
this, the fact that R is c.e. will easily follow. Informally, we can imagine that the image of
that part of R which lies in B (a,n) becomes sharper and sharper as k tends to infinity.

So how to get such sets Cp,...,C;? Let f :[0,00) — R be a homeomorphism. By
Proposition [5.1] there exists ¢ > 0 such that f(t) leaves B(a,n) after t = to. (See Figure 1.
The blue curve is f([0,%0]). The black circle is the boundary of B(a,n).)

Figure 1. Figure 2.

Therefore, RN B(a,n) is contained in f([0, to]) and this implies that there exists a rational
2% _chain Cy, ..., C; which covers RN B(a,n) and such that f(0) € Cy. (Figure 2.) These
conditions are semi-decidable by results from Section [4] and therefore we can effectively find
such a sequence of sets. However, we do not have the condition that each of these sets
intersects R and the question is does this follow from the conditions that we have? The
answer is no, as Figure 2 shows (the bottom three links do not intersect R). So the question
is what additional conditions to require on the chain CY, ..., C] so that these conditions are
semi-decidable and so that they imply that each of the sets Cy, ..., C; intersects R?

The idea is to proceed in the following way. Since f([0,to]) is compact, there exists
m € N such that f([0,t0]) C E(a, m). (See Figure 3. The green circle is the boundary of
B(a,m).) Now we can cover RN B(a,m) (in the same way as we covered RN B(a,n)) by a
27%—chain Cy, ..., C), such that f(0) € Cy (Figure 4). Again, some of the sets Cy, ..., C
may not intersect R (the last three in Figure 4). However, it will be possible to conclude
that for some p € {0,...,l — 1} the links Cy, ..., C}, cover E(a, n) and they are all formally
contained in B(a,m) (these conditions are semi-decidable). This altogether will imply that
each of the links Cy, ..., C) intersects R. (In Figure 4 Cy, ..., Cy, are the links between blue
links, including blue links.)
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Figure 3. Figure 4.

The described procedure is applied in the proof of the following theorem.

Theorem 5.2. Let (X,d,a) be a computable metric space. Let R be a subset of X which
is, as a subspace of (X,d), a topological ray whose endpoint is computable. Suppose F is a
closed set in (X, d) which is disjoint with R and such that RU F is semi-c.c.b. Then R is a
computably enumerable (closed) set.

Proof. Let f :[0,00) — R be a homeomorphism. Let a be some rational point such that
d(a, f(0)) < 1. For each n € N let
R, = RN B(a,n) and F, = F N B(a,n).
Let n,k € N. By Proposition there exists r > 0 such that f(z) & B(a,n) for each
x > r. The set f([0,7]) is compact and therefore there exists m € N, m > 1 such that
£([0,7]) € B(a,m). Again, by Proposition [5.1| there exists # > r such that f(z) & B(a,m),
for each z > r'.
Note that
Ry, C f([0,7]) € R € f([0,77]). (5.1)
Let
D = max{d(a, f(z)) | z € [0,7]}.
Since f([0,7]) € B(a,m), we have D < m. Let

~_m-—D
p=—g
By Lemma {4.6[ there exists A > 0 such that if j,57' € N and A C f([0,7']), then
((Fm,j, A\) and (A, j',\)) = J; and Jj are formally disjoint. (5.2)

Let € = min{u, A}. Let u € N be such that (F,, u, \).
Using Proposition we get n’ > 1 and jo, .oy Jnr—1 € N so that

(1) (F([or’, 557D), s €) for each i € {0, . -1}

(2) Jj, and J] , are formally disjoint for all i,i € {0 .,n' — 1} such that |i — | > 1;
(

I

3) fdiam(j;) < mm{2 k ¢} for each i € {0,...,n/ — 1}
t follows from (5.2)) that J, and Jj, are formally disjoint for each ¢ € {0,...,n' — 1}.
Let € N be Such that
(Do, (O)g) = (155 Jw—1))-

Then H; is a formal chain which covers f([0,7']), fmesh(¢) < 2% and J, and H, are formally
disjoint. Note that f(0) € J),-
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Since Ry, C f([0,77]), we have R,, C UH,. Furthermore, since r € [0,r'], there exists
p€{0,...,0} such that f(r) € Jig),. The property (1) above ensures that f([0,7]) C UHO<p
and each link of Hy=" intersects f([0,7]). It follows R, C JH)=".

We claim that HSSp is formally contained in B(a,m). To see this, let us take i €
{0,...,p}. We want to prove that Jiy, is formally contained in B(a,m).

It would be enough to prove that I} is formally contained in B(a, m) for each k' € [(£),].
So let k" € [(£)i]. Since Jyy, intersects f([0,7]), there exists b € Jy), such that b € f([0,7]).
Note that

d(Aw,b) < diam(J(p),) < fdiam((¢);) and ppr < fdiam((£);).
Also note that
fdiam((¢);) < fmesh(¢) < & < p. (5.3)
Therefore
d(Mgr,a) + prr < d(Agr,b) + d(a,b) + ppr < D + 2fdiam((£);) < D + 2 = m.
Hence d(\g/,a) + ppr < m and this means that I}/ is formally contained in B(a,m).

Finally, note that p < ¢. Otherwise, we would have p = ¢. It is clear from the
construction of the chain H, (property (1)) that f(r’) € Jis).. Hence f(r’) would belong
to J(),. However f(r') ¢ E(a,m) which would contradict the fact that Jiy) is (formally)
contained in B(a,m).

We have the following conclusion. For each n, k € N there exist £, m,p,u € N such that
(1) Hy is a formal chain;

(2) Jy, and H; are formally disjoint;

(3) £(0) € Jio)o;

(4) R, UF, CUMI U Jy;

(5) R U C UHe U T

(6) H,=? is formally contained in B(a,m);
(M) p < £ and m > 1;

(8) fmesh(¢) < 27k,

Let
T = {(n,k,m,¢,p, )EN6|forn k,m, !, p,u properties (1)—(8) hold} .

Using Proposition [4.1 Lemma [4.2] Proposition [4.4] and Proposition [2.2] we conclude that T'
is c.e. as the intersection of c.e. sets. (Recall that f(0) is computable point, and if ¢ is some
computable point, then it is straightforward to see that the set {j € N| c € J;} is c.e.)

We have shown that for all n, k € N there exist m, ¢, p,u € N such that (n, k,m, ¢, p,u) €
T. Therefore there exist computable functions m, ¢, p, % : N> — N such that

(n, k, m(n, k), £(n, k), p(n, k), u(n, k)) €

for all n, k € N (Single-Valuedness Theorem).

Let n,k € N. Let m = m(n, k), £ = ¢(n,k), p = p(n,k) and u = u(n, k). Then for
n,k,m, ¥, p,u properties f hold. Now we want to prove that each link of the chain

HOSP 3
¢~ intersects R.
Notice first that there exists t € [0, 00) such that d(a, f(t)) = m. Otherwise, B(a,m)

and X \ B (a,m) would be disjoint open sets whose union contain R. However, each of these
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sets intersects R, which follows from d(a, f(0)) < 1 and Proposition and so we would
have that the topological ray R is disconnected, which is impossible.

The set {t € [0,00) | d(a, f(t)) = m} is a closed and nonempty subset of [0, c0) and
therefore it has a minimal element. Let ¢y be that element. Then d(a, f(t)) < m for each
t € [0,t0) (if f(t) > m for some t € [0,%p), then connectedness of f([0,¢]) implies that
d(a, f(s)) = m for some s € [0,t] which is impossible since s < ty). Hence f([0,%o]) C Ry
It follows from property that

f([0,t0]) € UHz U Jy.-
However f([0,to]) NUHe # 0 by (B) and U, 1 Ju =0 by (). The fact that f([0, to]) is

connected now gives
F([0,%0]) € |JHe.

Therefore f(to) € Jy), for some v € {O, . ,Z}. But now the property @ implies that
p <wv. (If v < p, then Jg;, is (formally) contained in B(a,m) which is impossible since
f(to) € J), and f(to) ¢ B(a,m).)

Finally, let us prove that each link of the chain 7—[ 0=P intersects R. Suppose that there
exists i € {0,...,p} such that J, "R = (). Then i # O (since f(0) € J(y),), hence 0 < i < v.
Now

U=JgoU U, and V.= Jigy,, U Uy
are open disjoint sets which cover f(]0,%p]) and each of these sets intersects f([0,%o])
(f(0) € Jg)s f(to) € J(g),)- This is impossible since f([0,%o]) is connected.

So we have proved that J,, N R # ) for each i € {0,...,p}. Another fact regarding the
chain Hggp that we want to verify is this: if s € [0, 00) is such that f([0,s]) C B(a,n), then
f(s) lies in some link of Hggp

But if s is such that f([0,s]) € B(a,n), then f([0,s]) C R, and now (), together with
the fact that f([0, s]) is connected, gives f([0,s]) C UH?SP . In particular f(s) lies in some
link of H,~".

We have the following conclusion: for all n,k € N

(1) the formal diameter of each link of the chain 7-[0<p P(nk) ;

Tn k) is less than 27%;

(2) each link of the chain 7—[0( plgL *) intersects R;

(3) if s € [0,00) is such that f([0,s]) C B(a,n), then f(s) lies in some link of HSFPISL k),

Note the following: if ¢ € R, then ¢ = f(s) for some s € [0, 00) and there exists n € N
such that f([0,s]) € B(a,n). Then f(s) (i.e. the point c¢) lies in some link of HOPR) g0

L(n,k)
each k € N.

Let ¢ € N. Suppose I; N R # (). Let ¢ € I; N R. Using Lemma we conclude that there
0<p(n,k)

exist n, k € N such that ¢ belongs to some link of ’H Tnk)

I;. So there exists w € N such that

On the other hand, if (5 1.) holds for some n, k,w € N then I; intersects R because J( Tn))u

does. Hence I; N R # () if and only if there exist n, k,w € N such that . holds. It follows
from Proposition 2.5(4) that {i € N | I, N R # 0} is c.e. and this means that R is c.e. [

which is formally contained in
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Corollary 5.3. Let (X,d,«) be a computable metric space and let R be a semi-c.c.b. set in
this space. Suppose R is a topological ray whose endpoint is computable. Then R is c.c.b.[]

6. CO-C.E. TOPOLOGICAL LINES

We will say that L is a topological line if L is a metric space homeomorphic to R.

While we may imagine topological rays as arcs which have one endpoint in infinity,
a topological line can be thought of as an arc whose both endpoints are in infinity. And
while for computability of a semi- c.c.b. topological ray we needed the assumption that its
endpoint is computable, in the case of a semi-c.c.b. topological line naturally we will have no
such assumption. Hence we will prove that each semi-c.c.b. topological line is c.c.b. Actually,
as in the case of topological rays, we will have a more general result.

First, we have a proposition similar to Proposition which says that, under certain
assumption, both tails of a topological line “converge to infinity”.

Proposition 6.1. Let (X,d) be a metric space. Let L be a subset of X such that L N B is
a compact set for each closed ball B in (X,d) and such that there exists a homeomorphism
f:R — L. Then for each closed ball B there exists tg € [0,00) such that f(t) ¢ B for each
t >ty and t < —tp.

Proof. The set f([0,00)) is closed in L. Therefore for each closed ball B in (X,d) the
set f([0,00)) N B is closed in L and consequently in L N B which is compact. Hence
f([0,00)) N B is compact. Similarly, f({(—o0,0]) N B is compact for each closed ball B in
(X,d). Now we apply Proposition on homeomorphisms [0, c0) — f([0,00)), = — f(z),
and [0,00) — f({—00,0]), z — f(—x). OJ

Theorem 6.2. Let (X,d,a) be a computable metric space. Let L be a subset of X which

is, as a subspace of (X,d), a topological line. Suppose F is a closed set in (X, d) which is
disjoint with L and such that L U F' is semi-c.c.b. Then L is a computably enumerable set.

Proof. Let f : R — L be a homeomorphism. Let a be some rational point such that
d(a, f(0)) < 1. For each n € N let

L, = LN B(a,n) and F, = FN B(a,n).
Let 6 > 0 be such that f([—6,0]) C B(a,1). (Such a number exists since f is continuous.)
Now choose A,B,C € N and ko € N so that f(—4d) € 14, f(9) € Ip, f(0) € Ic,
—k —k —k
pa < A%, pp < 207, pe < 27 and

2% < min {d(Ls, £([0, +00))), d(I, f({~00,0))),d(Ic, F)} . (6.1)

Let n,k € N. By Proposition there exists r > 0 such that f(x) ¢ E(a,n) for
each z € R such that z > r or x < —r. Since f([—r,r]) is compact, there exists m € N,
m > 1 such that f([—r,r]) C B(a,m). By Proposition [6.1| there also exists r’ > r such that
f(z) & B(a,m), whenever > 1/ or & < —1’.

We have

Ln C f([=r.7]) € L  f([=r",7]). (6.2)
Let
D = max{d(a, f(x)) |z € [-r,7]}.
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Then D < m since f([—r,7]) € B(a,m). Let

- m-—D
p=—
By Lemma [4.6] there exists A > 0 such that if j,j/ € N and G C f([—/,r']), then
((Fm,j,\) and (G, j',\)) = J; and Jj are formally disjoint. (6.3)
Let &€ = min{yu, A, 2~ T50+3) 1 Tet u € N be such that
(Fy,u,€). (6.4)

Let ¢ : [0,2r'] — X be the function defined by
g(t) = f(t =),
€ [0,2r].
Applying Lemma 4.5 M to g, we get numbers n’ > 1 and jo, ..., j,—1 € N such that
(1) (g([i%, (i + 1)2T 1), Ji,e) for each i € {0 ,n' —1};
(2) Jj, are Jj,, formally disjoint for all 4,4’ € {0 .,n — 1} such that |i — | > 1;
(3) fdiam(j;) < e for each i € {0,...,n" —1}.

We can choose n’ so that 2’" < mln{” 5~ 5. Let £ € N be such that

(Do, - - -, (E)Z) = (Jo, - - - 7](n/71))'
Then H; is a formal chain and fmesh(¢) < e. It clearly covers g([0,2r']), i.e. f([—r,7']).
Hence L,, € |JH¢. And by (6.3) J, and H, are formally disjoint.
Let D' = 2777",/ Let us choose numbers p, ¢, e € N so that
(4) —=r+r" € [pD’, (p+1)D'];
(5) " € [eD’, (e +1)D];
(6) r+r" € [qD, (q +1)D'];
Note that f(—r) € J;,, f(0) € J;, and f(r) € J;,.
We claim that p < e < ¢ < £. It holds
pD' <+ —r <(e+1)D'—2D" < eD'
Dividing by D’ we get p < e. Also
eD' <r' +r—r<(g+1)D' —r<(q¢+1)D' —2D" < qD’
and we get e < q. B
Let us prove that ¢ < ¢. First we have
r—r <t r—r _ 3r' +r “ o
2 2
Hence (¢ + 1)D’ < 2r'. By definition of /£ it holds £ = n’ — 1. Now

qD' = (q+1)D' =D <2/ — D' = (n'—1)D' =D’
and it follows ¢ < /.

(g+1)D" < ¢D" +

We claim that I, and ’H[ are formally disjoint. Suppose the opposite. Then there
exists i € {e,..., ¢} such that I, and J(r)i are not formally disjoint. Therefore there exists
J € [(¢);] such that

d(Aa, Aj) < pa+ pj.
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Note that by the construction of H, each link of the chain Hzg intersects f(]0, 00)). Therefore
there exists y € Jiy), N f([0,00)). Now

—ko
+2¢ < 27H0

< 2pa + pj + diam(Jy),) < 2

which contradicts . Hence, 14 and ’HZSE are formally disjoint. In the same way we get
that Ig and Hgge are formally disjoint and also, using , that I and J, are formally
disjoint.

From the definition of numbers p and g we deduce that

[~r,r) € | iD=+, (i +1)D" — 1]
p<i<q

which gives

fl=r) € | £@D" =o'+ 1)D" =) = [ g(liD', i+ 1)D']) € [ JHI=".

p<i<q p<i<q

Hence

L, € | JHp=.

Finally, let us prove that H?Sq is formally contained in B(a,m).

Let i € {p,...,q}. To prove that J), is formally contained in B(a,m) let us first prove
that J), intersects f([—r,7]). Since

g1, + VD) €
it suffices to see that
[iD"— 7" (i +1)D" — '] N [—rr] #0.

For ¢ = p this intersection contains —r and for ¢ = ¢ it contains r. If p < ¢, then p+1 < ¢ and
(p+1)D" —r' < iD’'—r" which implies —r < iD’ —r’. In the same way get that i < ¢ implies
(i +1)D" — " < r. Hence if i is between p and ¢, then the segment [iD" — /' (i + 1)D" — +/]
is contained in [—7,7].

Now we proceed in the same way as in the proof of Theorem We take k' € [(£)]

and we want to prove that I}/ is formally contained in B(a,m).
Since J(y), intersects f([—r,7]), there exists b € J(y), such that b € f([—r,7]). Then

d(/\k/,b) < diam(J(g)i) < fdlam((ﬁ)z) and PE’ < fdlam((e)z)
Also note that
fdiam((¢);) < fmesh(¢) < & < p. (6.5)
Therefore
d( M\, a) + prr < d(Ap,b) + d(a,b) + prr < D + 2fdiam((¢);) < D + 2pu = m.
Hence d(\g/,a) + ppr < m and Iy is formally contained in B(a,m).
The conclusion: for all n, k € N there exist m, £, p, q,e,u € N such that

(1) H, is a formal chain;
(2) M, and J, are formally disjoint;
(3) Ly U F, CUHL=IU Jy;



COMPUTABILITY OF 1-MANIFOLDS 23

(4) Ly U Fy CUHU Jy;
(5) Hp ? is formally contained in B(a,m);
(6) p<e<q<€ m > 1;
(7) fmesh(£) <2~ (k+k0+3)
(8) I4 and He_ are formally disjoint;
(9) Ip and Hg— are formally disjoint;
10) I¢ and J, are formally disjoint.
Let T be the set of all (n, k,m, £, p,q,e,u) € N® such that properties f hold. As
in the proof of Theorem we conclude that T is c.e. and we also conclude that there exists
a computable function ¢ : N> — Nb such that

(n,k,o(n, k) eT (6.6)
for all n,k € N. This concludes the first part of the proof of Theorem
In the second part we prove that the existence of a such function gp implies that L is c.e.
Suppose we have n, k,m,{,p,q,e,u € N such that propertles . hold. We also
assume that n > 1. We want to prove that each link of 7—[? ? intersects L. For i € {0,...,¢}
let C; = Jiy),. Hence

(

He = (Co, ..., C5).
First we prove the following: if ¢, s € R are such that ¢ <0 < s, then

<nﬂwwc§mmwmmwﬂM®gUHg
(2) f(It,s]) € B(a,n) implies f([t,s]) € UHE™,

If f([t, s]) € B(a,m), then f([t,s]) C Ly, this and (4) imply

F(Itsh < JHev

and | H, and J,, are disjoint by (2). Since f([t, s]) is connected, it must be entirely contained
in one of these sets. But this cannot be J, since f(0) € f([t,s]) and f(0) belongs to I¢
which is disjoint with J,, by (10). Hence f([t,s]) C |JH¢. In the same way we prove (2).

Since f([—6,8]) € B(a,1) C B(a,m), there exist a, 3 € {0,...,¢} such that f(—6) € Cy
and f(6) € Cs.

As in the proof of Theorem we conclude that there exist sg,fy € R such that
s0 < 0 < tg, d(a, f(so)) = d(a, f(tg)) =m and f(t) € B(a,m) for each t € (s, tg). It follows
that there exist v, w € {0,..., ¢} such that f(sg) € Jwy, f(to) € Jwy.,-

We claim that p— 1 < a<eande < g < q+ 1.

First, let us prove p < a+ 1. Suppose the opposite. Then oo+ 1 < p < q. The link
Cy is then disjoint with each of the links Cp, ..., C,. However f([—0,d]) C B(a,n) since
n > 1, therefore f(—0) € C,U---UCy and, by definition of o, f(—¢) € Cy. A contradiction.
Hence, p < a+ 1.

Let us prove a < e. Suppose the opposite. Then a > e, hence the link C, is one of the
links C,...,C; and f(—6) € Cy. On the other hand, f(—d) € I4 and this now contradicts
. So a < e and altogether

p—1<a<e.
In the same way we get
e<fB<qg+1.
Now we claim that v < p and ¢ < w. Let us prove v < p.
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Suppose p < v. This implies ¢ < v. Otherwise we have v < ¢, which together with p < v
means that C, is one of the links of the chain HY =4 But this chain is formally contained in
B(a,m), hence C,, C B(a,m). This is impossible since f(so) € C,.

Hence p < ¢ < v. So ¢+ 1 < v which together with 8 < ¢+ 1 gives § <v. But g #v
because f = v would imply

d(f(s0), f(6)) < diam C,, < 270

and this is impossible by . Therefore 5 < v.
We also have
f([s0,—0]) N Cs = 0. (6.7)
Otherwise, there exists y € f([so, —6]) N Cpg and
d(Ip, f({—o0 0])) d(f(8), f((=00,0])) < d(f(6), f([s0, —0])) <
<d(f (5),y) < diam Cjg < 27

which again contradicts (6.1]). Hence ) holds.
Let U and V be defined by

v= \J o v= J G

0<i<p-1 B+1<i<t
Since H, covers f([so,to]) and holds,
f([s0,—=0d]) CUUV. (6.8)
We have f(—9d) € C, and a < e < 3, hence
F([s0,—8) N T #0. (6.9)
Furthermore, f(s¢) € C, and g < v, so
f([s0,—0]) NV # 0. (6.10)

Finally, implies that C; N Cy = @ whenever i, € {0,...,/} are such that i < 8 < 7.
Hence
Uunv =0. (6.11)
From (6.8), (6.9), (6.10) and (6.11)) it follows that f([so, —d]) is not connected. A contradic-
tion.
So we have proved that v < p. In the same way we get ¢ < w. Hence

v<p<qg<w.

It is easy to conclude from this that each link of the chain Hfgq intersects L. Namely, let
i € N be such that p <i < ¢. Then v < i < w. Suppose that C; N L = (). Then

U=CyU---UCj_ andV:Ci+1U‘-~UCZ
are disjoint sets, their union covers f([so,to]) and each of these sets intersects f([so,t0])
because f(sg) € C, C U and f(ty) € Cy, C V. This contradicts the fact that f([so,to]) is
connected.
Hence each link of the chain Hp ? intersects L (under the assumption that n > 1).
Let m,E,p, 7,¢,u : N> = N be the component functions of the function ¢ from l@}
If c € L, then ¢ € f([—t,t]) for some t > 0. Choose n € N, n > 1, so that f([—t,t]) C

B(a,n). Then for each k € N some link of the chain HE*)<4(n:)

contains c.
£(n k)
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Let i € N. As in the proof of Theorem we conclude that I; N L # () if and only if
there exist n, k,w € N such that
p(n, k) <w <q(n,k), n>1 and ‘](Z(n ) Cr I;.
Therefore L is c.e. ]

Corollary 6.3. Let (X,d,a) be a computable metric space and let L be a semi-c.c.b. set in
this space. Suppose L is a topological line. Then L is c.c.b. L]

7. 1-MANIFOLDS

A 1-manifold with boundary is a second countable Hausdorff topological space X in
which each point has a neighborhood homeomorphic to [0, 00). The boundary 90X of X
consists of those points z € X for which every homeomorphism between a neighborhood of
x and [0, 00) maps « to 0. Therefore, each point of X \ 90X has a neighborhood in X which
is homeomorphic to R. If 9X = (), then we simply say that X is a 1-manifold.

If X and Y are topological spaces and f : X — Y a homeomorphism and if X is a
1-manifold with boundary, then Y is also and 0Y = f(0X).

For example, R and the unit circle S* in R? are 1-manifolds, while [0, 00) and [0, 1]
are 1-manifolds with boundary, 90, 00) = {0}, 9[0,1] = {0,1}. Each topological line is a
1-manifold and if R is a topological ray and a is its endpoint, then R is a 1-manifold with
boundary and OR = {a}. Furthermore, if S is an arc with endpoints a and b, then S is
a manifold with boundary and 0S5 = {a,b}. Note the following: if a subspace M of some
topological space X is a manifold with boundary, then the boundary of M in general differs
from the topological boundary of M in X.

Since a is a computable point if and only if {a} is c.c.b., Theorem means that a
semi-c.c.b. topological ray is c.c.b. if its boundary is c.c.b. The natural question arises
whether this holds for each 1-manifold, i.e. if M is a semi-c.c.b. 1-manifold in a computable
metric space, does the implication

OM c.c.b. = M c.c.b. (7.1)

hold? The answer is no, implication fails to be true in general.

To see this, let S be a c.e. subset of N which is not computable. The fact that S is
c.e. implies that the set T = N\ S is co-c.e. in R. Therefore T x R is co-c.e. in R?. Let
M =T x R. Since T' C N, we have that M is a 1-manifold. That M is not computable in
R? can be deduced from the fact that 7" is not computable in N. Of course M is semi-c.c.b.
by Proposition [3.6| and we conclude that does not hold (note that OM = 0).

However, we will show later that holds under additional assumption that M has
finitely many components.

It is known (see e.g. [12]) that if X is a connected 1-manifold with boundary, then X
is homeomorphic to R, [0,00), [0,1] or S1. (Here S* denotes the unit circle in R?.) Hence
topological lines, topological rays, arcs and topological circles are all connected 1-manifolds.

It is easy to conclude that if X is a 1-manifold with boundary, then each component of
X is also a 1-manifold with boundary and z € X belongs to the boundary of X if and only
if  belongs to the boundary of some component of X.

Theorem 7.1. Let (X,d,a) be a computable metric space. Suppose M is a semi-c.c.b. set
which is a 1-manifold with boundary. Let K be a component of M.
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(1) If K is a topological line or a topological circle, then K is c.e.
(2) If K is a topological ray with computable endpoint or an arc with computable endpoints,
then K 1is c.e.

Proof. Let x € K. Then z has a neighborhood in M which is homeomorphic to [0, 00).
Hence x has a neighborhood in M which is connected and which therefore is contained in
K. This means that x belongs to some set which is open in M and is contained in K. So
the conclusion is that K is open in M.

Let F = M\ K. Then F is closed in M, but since M as a semi-c.c.b. set is closed in
(X,d), we have that F is closed in (X, d). Hence F is closed, disjoint with K and F U K is
semi-c.c.b. Now Theorem [5.2] and Theorem [6.2] imply that K is c.e. if K is a topological ray
with computable endpoint or a topological line.

Suppose now that K is a topological circle or an arc with computable endpoints. Then
K is compact and since it is disjoint with F' (which is closed), there exist 4o, . .., %, € N such
that R N

KinOU"-UIin QX\F
Then we have

~ ~

K:KQ(EOU-”UEH):(KUF)Q(EOU”-UE ):(Mﬁin)U'”U(MﬂIZ‘n).
So for j € N the following equivalence holds:

KCJijeMn, CJj,...,MNT, CJj.
From this and the fact that M is semi-c.c.b. we conclude that K is semi-computable compact
set. Hence K is a compact manifold with computable boundary and therefore, by [7], K is

a computable compact set. In particular, K is c.e. ]

As we have seen, if M is a 1-manifold with boundary such that M is semi-c.c.b. and
OM is c.c.b., then M need not be c.c.b. Since M is already semi-c.c.b., this means that M
need not be computably enumerable. However, although M is not necessarily computably
enumerable, each component of M is computably enumerable.

Theorem 7.2. Let (X,d,«) be a computable metric space. Let M be a 1-manifold with
boundary in this space and suppose M and OM are semi-c.c.b. Then each component of M
is computable enumerable.

Proof. In view of Theorem it suffices to prove that each point in OM is computable. Let
x € OM. Then x has a neighborhood N in M such that there exists a homeomorphism
f: N —[0,00) such that f(z) = 0. It is clear from this that = is the only point in N which
belongs to the boundary of M. It follows that B(z,r) N OM = {z} for some r > 0 and we
conclude from this that I; N OM = {2} for some i € N. Since M is semi-c.c.b., I; N OM is
clearly semi-computable compact set, hence {x} is semi-computable and consequently z is a
computable point. ]

Since the union of finitely many c.e. sets in (X, d, «) is a c.e. set, we have the following
theorem.

Theorem 7.3. Let (X,d,«) be a computable metric space. Let M be a subset of X which
is, as a subspace of (X,d), a 1-manifold with boundary which has finitely many components.
Suppose M and OM are semi-c.c.b. Then M is c.c.b. ]
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Corollary 7.4. Let (X,d,a) be a computable metric space. Let M be a 1-manifold in this
space and suppose M has finitely many components and M is semi-c.c.b. Then M is c.c.b.[]

The following theorem is an immediate consequence of Theorem [7.3] and Proposition
.0l

Theorem 7.5. Let (X,d,a) be a computable metric space which has compact closed balls
and the effective covering property. Let M be a 1-manifold with boundary in this space
such that M has finitely many components. Suppose M and OM are co-c.e. Then M is
computable. 0]

Corollary 7.6. Let (X,d,«) be a computable metric space which has compact closed balls
and the effective covering property. Let M be a 1-manifold in this space and suppose M has
finitely many components and M is co-c.e. Then M is computable. []

Finally, let us mention that Theorem and Corollary do not hold in a general
computable metric space. In [5] an example of a computable metric space (X, d, a)) can be
found in which there exist a co-c.e. arc with computable endpoints which is not computable
and a co-c.e. topological circle which is not computable. Moreover, we can find such (X, d, a)
so that (X, d, @) has compact closed balls and we can also find such (X, d, «) so that (X, d, «)
has the effective covering property (but of course not with both of these properties at the
same time).
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