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COMPUTABLE TOPOLOGICAL GROUPS
AND PONTRYAGIN DUALITY

ALEXANDER MELNIKOV

ABSTRACT. The well-known Pontryagin Duality (classically) reduces the study
of compact abelian groups to the algebraic theory of discrete abelian groups.
At first glance, Pontryagin Duality seems to be “algorithmic” in nature. Quite
unexpectedly, the situation is more intricate. Nonetheless, using methods of
computable analysis from the work of Weihrauch and modern techniques of
computable algebra (e.g., the recent metatheorem), we establish a partial al-
gorithmic analogy of Pontryagin Duality and use it to derive a handful of
corollaries. We believe that most of these consequences are fundamental to
the emerging systematic theory of computable Polish groups. We also ap-
ply our techniques to measure the complexity of the classification problem for
profinite and connected compact Polish groups.

CONTENTS
1. Introduction
2. Elements of computable analysis
3. The effective content of Pontryagin Duality
4. Proof of Theorem [I.1]
5. Profinite abelian groups
6. Further questions
Acknowledgment
References

1. INTRODUCTION

EEEREEER

ST3!

Which topological groups admit algorithmic presentations? Can we classify com-
mon subclasses of compact topological groups — such as profinite abelian groups
— using reasonable invariants? Can we characterize profinite groups that admit a
unique algorithmic presentation? In this paper we combine methods of topologi-
cal group theory, computable analysis, and computable structure theory to answer
questions of this sort.

Metakides and Nerode [MNT79| initiated the study of algorithms in topological
groups (J[GR93|LRSILISmi8IbIMM]), and Mal’cev [Mal62|Mal61] laid the founda-
tions of constructive (discrete) group theory ([EGO0LAKO00LKhi98]). In this paper
we establish a close technical connection between these two subjects. Thus, the
paper contributes to the general program proposed in [Mel13] which is focused on
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applications of effective algebra to computable analysis (see also [MNI16|MNI3|
MMI[GMKT,[McNT5/MS]).

1.1. Algorithms in group theory. Algorithmic problems have been central to
group theory for many decades; see, e.g., Novikov [Nov55], Boone [Boo59], Hig-
man [Hig61], and the book [LSOTI]. In the 1960s Mal’cev [Mal62,Mal61] initiated
the systematic study of infinitely generated groups with a solvable Word Problem.

Definition 1.1 (Mal'cev). A countably infinite group (A,+) is constructive if
there exists an injective numbering of its universe A = {ag, a1, az,...} by natural
numbers, and a Turing machine 7' such that a; + a; = ap(; j for every i, j.

A countably generated group is constructive if and only if it has a group-

presentation

{1’1,5EQ, . |7“1,T'2,. . }
in which the set of generators and relations are computably enumerable and the
Word Problem is algorithmically decidable.

The theory of infinitely generated constructive groups, and, in particular, of con-
structive abelian groups, has been very popular within the former USSR [EGO0/[Ers|
Gong&1l[Khi98|[Dob81l[Nur74], but some of the key results were independently dis-
covered by experts in the USA and Australia [Lin81l[Smi81alBar95l[Dow97,[DKS6].
Over the past 60 years the subject has accumulated many results; see the books
[AKOO[EGO0] and the surveys [Khi98|[Mell4]. Of course, such studies have not been
restricted to groups. There has been a lot of work on constructive fields, Boolean
algebras, linear orders, and other structures [Gon97,[Dow98[AK00EG00] (we omit
the general definition).

The development of constructive field theory led to investigations into algo-
rithmic aspects of profinite groups. Based on Metakides and Nerode [MNT79],
La Roche [LR&1] and Smith [Smi81b] defined and studied recursive profinite groups.

Definition 1.2. We say that a profinite group P is recursive if there exists a
uniformly computable (strong) array of finite groups (F;);en and surjective homo-
morphisms (¢;);en such that the inverse system 0 <4, Fo <4, F1 ¢, ... has
limit P.

We note that recursive profinite groups are exactly the Galois groups of con-
structive Galois field extensions [LR&I].

What if a topological group is not profinite? The general theory of computable
topological groups is still to be developed, but a lot of work has been done on
computable Banach spaces and computable Polish spaces [PER89,[Wei00,[BHWOS].
It is natural to extend the classical notions of effectiveness from Polish spaces to
Polish groups. Using approximations by points in a computable dense set, we can
define the notion of a computable function between Polish spaces (to be clarified
in the preliminaries). In particular, it gives the notion of a computable operation
upon a computable Polish space, and thus of a computable Polish group.

Definition 1.3 ([MM]). A computable Polish group is a computable Polish space
equipped with computable group operations (7! and -).

We briefly discuss the relationship between Definitions [L3] and Every re-
cursive profinite group is computable Polish (to be explained in Section [H). As a
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consequence of our main results, every computable Polish profinite group has (/-
recursive presentation (Corollary [[8), and there exists a computable Polish profi-
nite group with no recursive presentation (Corollary [[.6). (We believe that these
facts are new.)

1.2. A computable version of Pontryagin Duality. Pontryagin Duality is one
of the main tools of abstract harmonic analysis (see the textbook [Foll6]), and it
will also be central to this paper.

Let T = (R,+)/Z. For any topological group G, form its dual group

G = {x | x is a continuous group homomorphism from G to T}.

It is easily seen that G is itself a topological group under the operation (x+¢&)(a) =
x(a)+&(a) and the topology of uniform convergence. A locally compact abelian G
is discrete iff G is compact abelian, and G compact Polish abelian iff G is countable
discrete [Pon66,Mor77]. Pontryagin Duality states that if G is compact abelian,

then G = G [Pon66, Mor77]. This means that the discrete dual G of a compact
abelian G contains all the information about G. Thus, the Duality essentially
reduces the study of compact abelian groups to the algebraic theory of abelian
groups; see, e.g., the book [Lot98]. We note that van Kampen extended the Duality
to arbitrary locally compact abelian groups [Pon66,[Mor77], but we will focus on
the compact Polish/discrete countable case.

Our initial (naive) hope was that Pontryagin Duality should behave well with
respect to computable Polish and constructive presentations. If true, it would
reduce the study of computable Polish compact abelian groups to the theory of
constructive (discrete) abelian groups [Khi98|[Mel14]. Although the classical proofs
in literature tend to be non-constructive, at first glance the duality may seem fully
uniformly computable. Quite unexpectedly, the situation is a lot more complicated.

Theorem 1.4.

(1) Let G be a constructive abelian group. Then Gisa computable Polish group.
(2) There exists a computable Polish compact abelian group W whose (discrete)

dual W has no constructivization.

Our proof of part (1) is not uniform and uses a variety of techniques. We will
clarify the difficulty in Proposition To circumvent this difficulty, we intro-
duce a new notion of a tractable constructivization (Definition B:4]). Remarkably,
in Lemma we prove that this new purely technical property is equivalent to
the existence of a computable Priifer basis. Dobrica [Dob83| showed that every
constructive abelian group has a constructivization with a computable Priifer ba-
sis. Dobrica’s original proof relies on clever combinatorics such as the factorial
trick; see [Mell4] for a sketch of the special torsion-free case. Unfortunately, the
proof in [Dob83] is quite compressed and incomplete (we will discuss this further
in Remark B9). To clarify the situation, in Proposition B.I0 we give a new and
detailed proof of Dobrica’s theorem that replaces the combinatorics with abelian
group theory and elements of model theory.

In contrast with part (1) of Theorem [[4 the proof of the “non-effective” part
(2) of Theorem [[4] is more straightforward, but it does require a new idea. The
proof of (2) also has two important consequences. Recall that a compact group
possesses a unique left-invariant probability measure, the Haar measure. Willem
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Fouche has asked whether every computable compact Polish group has computable
Haar measure. We will show that the group W from the proof of Theorem [[4}2)
witnesses.

Corollary 1.5. There is a computable compact Polish abelian group in which the
Haar measure is not computable.

Furthermore, we will see that W is the first known example separating Definitions
3l and for profinite groups.

Corollary 1.6. There exists a computable Polish profinite group that has no re-
cursive presentation.

Our proofs of the two corollaries above use the third main result of the paper
(Theorem [LIl to be stated). See Subsection for the proofs. Also, see the
Logic Blog (edited by Nies) for a direct proof of Corollary that does not use
Theorems [L4] and [L9

There are several further questions related to the effective content of Pontrya-
gin Duality that we leave open (to be discussed in Section [B). In this paper we
concentrate on further applications of Theorem .41

1.3. Applications to classification problems. The computable enumeration of
all Turing machines leads to an effective listing of all (partially) computable Polish
groups:
Go,G1,Ga,. ...
Let K be a class of Polish groups. We follow the general framework [GK02] and
define the index set of K:
I(K)={i:G; € K},
and the topological isomorphism problem for K:
E(K) = {(Z,]) : Gi,Gj € K and G; Zhom Gj},
where 2, stands for topological group-isomorphism (i.e., homeomorphic isomor-
phism). The more complicated I(K) and E(K) are, the harder it is to classify
members of the class K. We will use arithmetical and analytical hierarchies [Rog87]
to measure the complexity of I(K) and E(K). Our results will be stated in terms
of computable groups, but they can be relativised to any given oracle. Therefore,
the results measure the complexity of the classification problem in general, not the
complexity of only computable objects in the class. See [GK02L[DMO0S] for further
background on applications of recursion theory to classification problems.
It takes a bit of work to show that the index set

CPGr = {i: G, is a compact Polish group}

is arithmetical, i.e., it is definable by a first-order formula in (N, 0, 4, x) (it is 13-
complete; see Proposition [1l). Since being a compact Polish group is itself an
arithmetical property, it is natural to investigate the complexity of index sets for
various natural subclasses of compact Polish groups

Recall that the connected component of the identity element C' forms a normal
subgroup, and thus every compact group is an extension of a profinite group by a
connected group. We prove the following.

'We conjecture that in the absence of compactness the index set {i : G; is a Polish group}
becomes H%—Complete.
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Theorem 1.7.

(1) The index sets of profinite and of connected compact Polish groups are both
arithmetical (I13- and 113-complete within CPGr, respectively).

(2) The topological isomorphism problems for profinite abelian groups and for
connected compact abelian groups are both ¥} -complete.

The first part of Theorem [[.7] says that both profinite and connected compact
groups admit very low complexity listings among all computable Polish groups,
but these lists contain repetitions of isomorphism types. The proof of part (1)
relies on a careful definability analysis. Since the index sets are complete in their
classes, it follows that the produced formal definitions are optimal. We will use our
definability techniques to establish the above-mentioned.

Corollary 1.8. Every computable Polish profinite group has a 0'-recursive presen-
tation.

In Section 4 we prove a slightly stronger uniform version of this corollary (see
Corollary .g]). By Corollary [LE “0’-recursive” cannot be improved to “recursive”.

The second part of Theorem [[.7] illustrates that removing repetitions from the
listings produced in Theorem [[7(1) is as hard as it could be. It follows that
deciding whether two profinite (or connected compact) abelian groups are topo-
logically isomorphic is as hard as just saying that there exists a topological group
isomorphism between them, which itself is a ¥}-statement (Fact £9). Note the X1-
completeness is witnessed by abelian groups, but as far as we know Theorem [[.7)(2)
is new (but far more expected) for compact groups that are not necessarily abelian.
We also note that we could use Theorem [[LZ(1) and known results [FFH"12] to
show <.js-completeness for both classes, but we omit the definitions and (trivial)
details.

1.4. Profinite abelian groups. Recall that a constructive A is computably cat-
egorical (autostable) iff it has a unique constructivization, up to computable iso-
morphism. Note that a finitely generated constructive algebraic structure is nec-
essarily computably categorical. Thus, computable categoricity can be viewed
as a computability-theoretic generalization of being finitely generated, and there
is enough evidence supporting this intuition; see the books [AKO00,[EG00]. The
study of computably categorical algebras is central to effective algebra (see the
books [AKO0,[EGO0]), and there has been an increasing interest in computably
categorical Polish and Banach spaces [GMKT,McN15|MS|Mel13].

If a group is profinite, it is more natural to use recursive presentations (Defi-
nition [[2) rather than computable Polish presentations (Definition [[3]). We say
that a profinite group is computably categorical if it has a unique recursive presen-
tation, up to computable topological group-isomorphism. Can we describe those
Polish abelian groups that are both profinite and computably categorical? The
reader might expect that such groups should be rather simple, but surprisingly the
situation is more complicated. First, we prove the following.

Theorem 1.9. Let P be a profinite abelian group.

(1) P is recursively presentable zﬁﬁ is constructivizable.
(2) P is computably categorical iff P is computably categorical.
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The proof of Theorem [[L9(1) is quite straightforward, but part (2) requires some
care. The main strength of Theorem is in its applications. Some of these
corollaries have already been stated above (e.g., Corollaries and [[H).

It is not hard to see that the duals of profinite abelian groups are torsion [Pon66].
The recent work of Melnikov and Ng [MN] on constructive torsion abelian groups
and Theorem [[L9(2) imply Corollary [LT0l

Corollary 1.10. The index set of computably categorical profinite abelian groups
is T1S-complete.

It follows that categoricity in this class is not relativizable; see [MN] for a dis-
cussion. Thus, Corollary suggests that one should not expect that there is
a purely algebraic description of computably categorical profinite abelian groups.
On the other hand, these groups admit a rather syntactically and algorithmically
simple listing (without repetition). The main result in [MN] has an involved proof.
Proving Corollary [LI0 directly with profinite groups, i.e., without Theorem [.9]
would be an even more challenging task.

In contrast, computably categorical pro-p abelian groups do admit an algebraic
description. Theorem [[[9] and the well-known result of Goncarov [Gon80] (and,
independently, Smith [Smi81a]) imply Corollary [LT11

Corollary 1.11. Let p be a prime. A pro-p abelian group P is computably categor-
ical iff it is homeomorphic to a (topological) direct product of cyclic p-groups and
the group of p-adic integers in which a.e. the factor is equal to some fized cyclic or
p-adic group.

One can show the effective functor from Theorem [[L9 also preserves computable
dimension, relative computable categoricity, and degree spectra. See [AKOQQ] for the
definitions. These notions can be naturally extended to the category of inverse-limit
presentations of profinite groups up to topological group isomorphism (we omit the
details). As a consequence of [MN], there exists a recursive profinite group which
is computably categorical but not relatively computably categorical. It also follows
from [MN] that the computable dimension of a recursive profinite abelian group is
either 1 or w. As a consequence of the main result in [KKM13], there exists a pro-p
abelian group whose degree spectrum contains all non-computable AY-degrees, but
does not contain 0. We note that proving all these results directly with profinite
groups seems totally infeasible.

2. ELEMENTS OF COMPUTABLE ANALYSIS

The standard references for computable analysis are [PERS89,Wei00, BHWO0S].
We will also use elements of abelian group theory [Fuc70l[Fuc73|] and topological
group theory [Pon66lMor77]. This section contains definitions and basic facts that
are necessary for the rest of the paper. Further definitions will be given when
necessary.

2.1. Computable maps between computable Polish spaces. Recall that a
real o is computable (Turing [Tur36lTurd7)) if there exists a Turing machine that,
given n € N, outputs a rational r within 27" of «. A Polish space (M,d) is
computable if there exists a sequence («;);en of M-points which is dense in M and
such that, for every i, j € N, the distance d(«, o) is a computable real, uniformly
in ¢ and j [Wei00].
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Definition 2.1. Let f be a continuous function between Polish metric spaces M
and N. A name of f is any collection of pairs of basic open balls (B, ') such that
f(B) C C, and for every x € M and every € > 0 there exists (B,C) € ¥ such that
B>z and r(C) < e

It is clear that every continuous function has a name.

Definition 2.2. A function f : M — N between computable Polish spaces M, N
is computable if it possesses a c.e. name.

A function is continuous iff it has an X-c.e. name, where X is some oracle.

In a metric space, we say that a Cauchy sequence (z;) is fast if d(z;,x;41) <
271 The above definition of a computable map is equivalent to saying that f is
represented by a Turing functional that maps fast Cauchy sequences to fast Cauchy
sequences (folklore).

Definition 2.3. A computable Polish group is a triple (G, ®, ¥), where G is a com-
putable Polish space and ® and ¥ are (indices for) c.e. names of group-operations
-and ~! upon G.

The definition below is a variation of similar notions that can be found in [Wei01l

Definition 2.4. Let B, B’ be (closed or open) balls in a Polish space M. We say
that B is formally included in B" and write B Cfopm B’ if there exists a rational
e > 0 such that d(cntr(B),cntr(B’)) + r(B) + e < r(B’).

We write B C forpm B’ if B Cform B’ or B = B’, where the latter means that B
and B’ have the same description as basic open balls (not that they are equal as
sets). Note that B Cfopm B’ implies cl(B) C B’. It is evident that formal inclusion
of basic balls is .

2.2. The universal compact Polish abelian group. Let T be the circle of
perimeter 1 equipped with the shortest arc metric. Equivalently, T is the unit
interval in R in which the end-points are identified. We say that a point x € T is
rational if the respective point of the unit interval is a rational number. Then T
equipped with rational points is a computable Polish group. The direct product

A= H T;,
i€N
of infinitely many identical copies T; of T carries the natural product-metric

o0

1
D(X,p) = Z indi(xiupi)u
i=1

where each of the d; stands for the shortest arc metric on T;. Under this metric
and the component-wise operation A is a computable compact Polish abelian group.
The basic open sets in [], . T; are direct products of intervals with rational end-
points such that the a.e. interval in the product is equal to the respective T;. Clearly,
we can effectively list all such open sets. (The exact choice of this basic system
of balls is not crucial, but it will be convenient to assume that the end-points are
rational.) Every compact abelian group can be realized as a closed subgroup of A.
This is explained in the next subsection.
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2.3. The group Hom(G,T). Suppose G = {go = 0,91,92,...} is a countably
infinite discrete group. Let Hom(G,T) be the subset of A = [],.Ts, (each T;
is a copy of T) consisting of tuples x = (xi, x2, .- .), where each such tuple repre-
sents a group-homomorphism x : G — T such that x(g;) = x; € T; = T. Since
G is discrete, every group homomorphism y : G — T is necessarily continuous.
Thus, G Hom(G, T). Since being a group-homomorphism is a universal prop-
erty, Hom(G, T) is a closed subspace of A. Pontryagin Duality implies that every
compact abelian group is homeomorphic to a closed subspace of A. In our later
proofs we will need a more detailed understanding of the dual of a discrete G within
A = [[;cn Ti. See [Pon66] and Chapter VIII of [Fuc70] for more information on the
duals of elementary groups.
We represent G as the union of its finitely generated subgroups:

{0} € (91) € (91,92) € ... C (91,92, -,4i) € ...

It is well known that the character group Hom(G, T) 2 G is homeomorphic to
the inverse limit of the system

—_—

{0} < (g1) < (91,92) < ... ...,

where embeddings are defined in a certain canonical way. More specifically, if
f: A — B, then define f : B A by the rule f(v)(a) = vf(a) for every a € A
and each v € B. Recall also that for a cyclic group H, H is either T (if H~7Z) or
a discrete subgroup of T (if H is finite). We thus can “build” a closed subgroup of
A homeomorphic to G. A reader not familiar with such constructions should look

at the example below.

Example 2.5. Recall A = [], .y Ts, where each T; is a copy of T. Let 7; be the
projection of Hom(G, T) onto T;. Clearly, x(0) = 0 for any character x of G, thus

mo(Hom(G, T)) = 0. Suppose (g1) = Z, and therefore its dual (g;) is homeomorphic
to T. We then declare m (Hom(G,T)) = T;.
Now consider (g1, ¢g2) and suppose 2¢go = 0. Then the possibilities for x(g2) are

exhausted by: x(g2) = 1/2 or x(g92) = 0. We have <g/2\> & Zo. If we were to
stop here, then our dual would consist of arbitrary pairs (z,a), where z € T and
a € {0,1/2}, under the product topology. The respective (finite) inverse sequence
would be 0 <~ T < T & Zs, where the second map is the natural projection onto
the first coordinate. We thus declare m3(Hom(G, T)) = {0,1/2} C Ty without any
further restriction whatsoever.

If g3 does not generate a new fresh direct summand, then the situation becomes
slightly more complicated. Assume that (say) 2g5 = ¢g1. Then the order of g3 is
infinite, and thus (g3) & T. For any = € T, x(g3) = « implies x(g1) = 2z. We
then declare m3(Hom(G, T)) = T3, but we also require 2x3 = x2 for each character
X = (xo0,x1,--.) of G. We can proceed in this manner to define the closed set
representing G within A.

We note that the decision procedure for the projections m; described in the
example above is not necessarily computable (to be illustrated in Proposition B3)).
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3. THE EFFECTIVE CONTENT OF PONTRYAGIN DUALITY

3.1. Computably enumerable closed sets. We say that a closed subset C of a
computable Polish metric space M is computably enumerable (c.e.) if

{i : B; basic open in M and B; N C # ()}

is a computably enumerable set. The fact below will be useful in constructing a
computable copy of G in Theorem [[4[1).

Fact 3.1. A closed subset C of a computable Polish space M is computably enu-
merable if and only if C' possesses a uniformly computable (in M) dense sequence
of points.

Note that the dense sequence makes C a computable Polish space under the
induced metric.

Proof. Suppose C possesses such a computable sequence («;);en. Then the density
of the sequence in C' implies that B; N C' # 0 iff 3ja; € B;, which is a uniformly
9 statement.

Now suppose C' is a computably enumerable closed subset of M. Our goal is
to construct a uniformly computable sequence of points («;);en that is dense in
C. Without loss of generality, we assume C' is infinite. (If C is finite, then it
clearly contains only computable points.) We uniformly approximate the sequence
by stages. Before we describe stage s, we give a technical definition.

Definition 3.2. Two basic open balls U and W are formally s-disjoint if r(U) +
r(W) < d(entr(U), entr(W)) and this can be seen after calculating the radii and
the distance with precision 27°. We say that U and W are formally disjoint if they
are formally s-disjoint for some s.

At stage 0 fix one basic ball By of radius < 1 such that Boo N C # 0. At
stage s > 1 first check whether there exists a basic open ball with index < s which
is formally s-disjoint from Bgs_1,...,Bs-1,s—1. If such a basic open B exists,
then choose the first found Bgs Crorm B and B; s Crorm Bis—1, ¢ < s such
that B, s N C # 0, the B, s are pairwise formally disjoint, and r(Bj,) < 27°, j =
0,...,s. Otherwise, if no such B exists, fix the first found pairwise formally disjoint
Bys,...,Bs s that intersect C, have radii < 27°, and such that B; s Crorm Bis—1
for i < s (note there is no further restriction on B, ). This ends the construction.

Note that all the conditions (that we check at every stage) are computable. Since
C is infinite, at no stage are we stuck. We then let «; be the unique point of the
Polish space such that {a;} = ();5, B . Since the construction is uniform and
the radii of balls are rapidly shrinking, the points «; form a uniformly computable
sequence. Since each of the B;; (j = 4,4+ 1,...) intersects C' and C is closed,
be the

each a; € C. Tt remains to check that (a;)ien is dense in C. Let («;)
completion of (a;);en.

Suppose ¢ € C. We claim that c € @ZEN. Assume ¢ ¢ @ZEN,
ball U centred in ¢ which is outside (c;),cy. There will be a basic open ball B’ 5 ¢
of radius at most 27" and which is formally contained in U with precision 27":

d(entr(U),entr(B")) +r(B") <r(U)+27".

Then at every stage s > n + 4 the balls B; ;_1, ¢ =0,...,s — 1 will be formally
s-disjoint from B, as will be readily witnessed by the metric. At some late enough

1€N

and there is a
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stage s’ we will get a confirmation that B N C # (). There exist only finitely
many basic balls that have their index smaller than the index of B. Therefore,
eventually B will be used to define B;; Cyorm B, contradicting the assumption

that U N (), = 0. O

Recall that A = [, ,, T; carries a natural computability structure that makes it a
computable compact Polish group. Suppose G is a constructive discrete group. It is
reasonable to ask whether the set Hom(G, T) — considered as a closed subset of A —is
necessarily a computably enumerable closed subset of A. If the answer was positive,
then Fact Bl would allow us to build a computable copy of Hom(G, T) = G. The
negative result below justifies the use of Dobrica’s result in the proof of Theorem [[4]
but it also has some independent interest.

Proposition 3.3. There exists a constructivization of the free abelian group F of
rank w such that Hom(F,T) is not a c.e. subset of ],y Ti.

Proof. The constructivization of F' will be constructed by stages. In the construc-
tion, for every index e we will reserve two witnesses a. and b, in F', and we will
initially keep them in the generating basis of F. Let F' = {fo = 0, f1,...}, and
assume ae = fy(e) and be = fy). For each e we will also fix two basic open
sets A, and B, uniquely determined by intervals (7/16,9/16) and (3/16,5/16) in
(respectively) Ty () and T,y

Ae=To x Ty X ... X Tyrey—1 X (7/16,9/16) X Tyye)41 X -
and
Be =To x Ty x ... X Tyey—1 x (3/16,5/16) x Tye)41 X ...,
and let
C.=A.N B,.

Recall that T, () and T, ) are both copies of T. It will be convenient to identify
these two copies with T. In this case we write X’ and Y’ to denote the respective
natural images of X C T, ) and Y C T, in T.

If a. and b, were indeed elements of the generating base of F', then they would
have continuum many elements in C, N Hom(F, T). We could, however, declare a,
and b, linearly dependent arbitrarily late in the construction, and furthermore we
could do it so that the new relation that we impose contradicts

DA nB. £0.
p

This idea leads to a straightforward diagonalization, as described below.

To diagonalize against the e’th potential decision procedure for the closed set
Hom(F, T), wait until the procedure declares C. N Hom(F,T) # (). If this never
happens, then we keep a. and b, in the generating basis of F' and do nothing. In
this case we will have diagonalized since there must be uncountably many elements
in C.NHom(F, T). If at some stage s we see C. "Hom(F, T) # (J, then find a prime
p and integer m > 0 that satisfy § > m > s and declare ma, = pb.. In this case
1> 2+ > 0, and therefore 2 A N B, = . It will lead to a contradiction since the
relation on the group must imply %Xu(e) = Xu(e) for any character x € Hom(F, T).
However, every character in C, = A, N B, must fail this property, as witnessed by
%A’e N B, =10.
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It remains to note that m and p such that § > m > s are necessarily co-prime.
Therefore, the new relation ma, = pb. that we introduce to F' at stage s will not
imply any relation involving a. and b, with smaller coefficients. The only relations
upon a. and b, implied by ma. = pb. are nma, = npbe, n € Z. Thus, there will be
no contradiction with the piece of F' we will have constructed before stage s. [

3.2. Proof of Theorem [I.4](1). Let G be a constructive (discrete) abelian group.
Our goal is to show that G is homeomorphic to a computable Polish group.

3.2.1. Tractable and effectively predictable presentations. Note that any construc-
tive abelian group G can be represented as the union of a computable ascending
chain of finitely generated groups G,. Each of the finitely generated groups in the
sequence possesses a direct decomposition into cyclic summands, but these decom-
positions — as well as the isomorphism types of their summands — do not have to
be uniformly computable. We exploited this feature in Proposition to construct
a counterexample. We specifically designed the definition below to avoid this bad
scenario.

Definition 3.4. We say that G has a tractable constructivization if there exists a
uniformly computable ascending sequence of f.g. abelian groups (F;);eny with the
following properties:
(1) G= UieN F;.
(2) 0C F C F, C F3 C ... is a uniformly computable sequence in which the
natural embeddings are also computable.
(3) For every F; we can uniformly compute a finite set of elements hq, ..., by
such that the orders of ho, ..., hy are (uniformly) computable and F; =
(ho) @ (h1) © ... (hi())-

Lemma 3.5. Suppose (F});cn is a tractable constructivization of a (discrete and
countable) abelian group G, and let H = J, F;. Then Hom(H,T) is a c.e. closed
subset of A = [, yT.

Proof of Lemma [B3 We need to argue that if (F});en is tractable, then the re-
spective inverse limit (see Example 23] can be realized as a computable closed
subgroup of [[,cyTi. By Proposition B3] the proof must make an essential use
of tractability of the constructivization of G. The plan is as follows. We first in-
troduce a certain special kind of closed subgroups of [], .y Ts; then we prove that
each such closed subgroup forms a c.e. closed subset of A, and then we argue that
Hom(|Jen Fi, T) = G is a closed subgroup of this form.

Suppose [[;cnCi € [;en Ti is a closed subgroup (and thus so is each of the
C; C T;). Assume further that either C; = T; or C; is finite, and that Cy = {0}.
We say that C; is defined by a primitive relation if one of the following possibilities
is realized:

(1) thereisa j < i and a positive integer k such that every x € [,y Ci satisfies
Xi = ka7

(2) there is a j < i and a non-negative integer & such that every x € [[;cy Ci
satisfies kx; = xj,

(3) there exist u,v < i such that every x € [[,oy Ci satisfies xi = xu — X,

(4) there exist u,v < 4 such that every x € [],cy Ci satisfies x; = xu + Xo-
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In each of the four cases we assume that every finite sequence (xo,-..,x:) such
that x; € C; (j < i) satisfy the respective linear conditions that can be extended
to an infinite sequence x € C. Note if k¥ = 0 in (2), then essentially there is no
restriction on y; since xo = 0. Also notice that some of the components C; can
have size continuum. This is not a problem though, since all we need is to know
whether C; is finite or equal to T;, and the primitive relations (1)-(4) will allow us
to control compatibility of these components in an algorithmically effective manner,
as follows.

We also say that [[,.Ci C [[;en T is effectively predictable if there exists a
uniform algorithm that decides whether C; = T or not, and if not, then it also
outputs the finite tuple of rationals rg,...,r; such that C; = {r; : i < k} C T;.
We say that C is fully effectively predictable if furthermore every C; is defined by a
primitive relation that can be computed uniformly in 7.

Claim 3.6. Every fully effectively predictable (thus, closed) subgroup of [, x T; is
a c.e. closed subset of [,y T;.

ieN

Proof of Claim 3.6. Suppose we are given a basic open set W = Agx A1 x Ag x...1in
which A; = T; for every i > n. Now compute the isomorphism types of Cy,...,C),
and the respective primitive relations that define C;. Recall the end-points used in
the definitions of the basic intervals A; were rational, and thus we can effectively
decide which (rational) points are in A; N C; for each ¢ < n. Note that we can

also check whether at least one rational tuple (x1, ..., x») in W satisfies the first n
primitive relations. From this we can decide whether the basic open set W intersects
the subgroup. O

Claim 3.7. Suppose (F;)ien is a tractable constructivization of a (discrete and
countable) abelian group H = (J; F;. Then Hom(H,T) is fully effectively pre-
dictable.

Proof of Claim 3.7. Suppose H = {hg = 0, h1,...}. Our goal is to define [], C; C
[L; T; such that we can effectively decide the isomorphism type of C; and also list
primitive relations defining each of the C; C T; in terms of some Cy, k < i.

We can effectively refine the sequence (F;);en witnessing Definition B4 and as-
sume that for every 4, there exists an a € F;;1 such that either F;; = (a) & F; or
F; 11 = (F;,a) and for some m we have ma € F; ;. In the former case the order of a
is infinite, otherwise we can assume we are in the second case (ma =0 € F;11). We
can effectively find full decompositions of F; and F;; 1, and thus we can effectively
figure out which of the two possibilities is realized, and, in particular, what the
order of a is. Since we need to define characters, we need to specify the index of a
in the enumeration of H = {hg =0, h1,...}. So suppose a = h; € H.

In the former case, we set C; = T, and do not put any restriction (formally, we
declare that 0- x; = xo = 0). For every n there exists an element hy = nh;(= na);
we will set Cp = Ty and declare x, = nx; as the respective primitive relation.
Otherwise, if we have ma € F; and a = h; € H, then we first see what C}, is for
hy = mh; € Fy, k < j. If Cp, = Ty, then we declare C; = T; and declare that
Xx = mx;. Otherwise, if Cy, is a finite closed subset (in which case it must form a
discrete cyclic group), we set C; C T, to be the pre-image of Cy, along ¢ : T; — T}
that takes x € T; =2 T and outputs mz € T, = T. We also impose the primitive
relation x; = myx; on Cj. If hy = na = nh; for some n < m, then we use a similar
procedure to decide what C; is, and we declare x, = ny; for Cs.
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The procedure described above witnesses that [[, C; = Hom(H, T) =2 G is fully

effectively predictable. O
Lemma follows from the two claims above. O

3.2.2. Tractable groups are exactly the groups with dependence algorithm. Our goal
is to show that all constructive abelian groups admit tractable constructivization.

Recall that elements gi,...,gx of an abelian group are Priifer independent (or
linearly independent) if, for any integer coefficients my, ..., mg,

Zmigi =0 implies my = ... =my = 0.

i<k

According to this definition, every set that contains only torsion elements is de-
pendent. We will write Span(B) for the collection of all elements of the group
dependent on B. It should not be confused with the group-theoretic span (B) of B.
Thus, in particular, Span(#) = T(G) which is the torsion subgroup of G. There-
fore, we are really looking at a basis in the torsion-free G/T(G). (See Fuchs [Fuc70]
for an alternate approach related to p-basic subgroups.) Recall that a subgroup
H of an abelian A is pure (in A) if for any h € H and each positive integer k
da € A ka = h implies Ju € H ku = h. It is well known that a pure f.g. subgroup
of an abelian group A detaches in A (i.e., forms a direct summand of A).

Lemma 3.8. Let G be a constructive (discrete) abelian group. The following are
equivalent:

(1) G is tractable.
(2) G has a computable basis.

We will be using only (2) = (1) and therefore our proof of (2) = (1) will be
somewhat compressed. Nonetheless, the reader should agree that (1) <= (2) is
worth noting.

Proof of Lemma B8l Suppose G has a computable basis B = {b;,b2...} (we in-
clude the possibility of B being finite or empty). We can effectively list the torsion
subgroup T(G) of G. At every stage we will be enumerating more of B and more
of T(G). Suppose at a stage we have effectively defined an f.g. partial subgroup

Gs: <hla~"7hk;t17"~,tm> rta

where k,t and m will depend on the stage, the h; are linearly independent in
G/T(G), and the t; are torsion elements. We also assume that we can effectively see
this information about the isomorphism types of the summands (this is a recursive
argument).

We may assume that Span(hi, ..., hy) = Span(by,...,bx) in G/T(G). Further-
more, w.l.o.g. each t; generates a (finite and primary) cyclic summand of G, and
each h; generates a finite initial segment of the infinite cyclic group:

Gi=h) [t D...0 () [t D) ... D (tm)-

Suppose a new element h enters the enumeration of the group. We will then
keep adjoining elements bgi1,bg+2,... from the basis B to hi,...hg (note that
{h1,..., h,bg41,bpt2,...} forms a basis of ), and we will keep adjoining new
elements from T(G) to Gs. At a later stage we will have an f.g. partial group

G = (h1) u @ ® () [u ©brg1) [u @ ... ® (i) [ OT(G,)



8722 ALEXANDER MELNIKOV

containing G5. We keep doing so until we find a linear combination

i<k k<j<k’

where t € T(G),). We now are ready to define G41. It will be a large enough finite
partial subgroup approximating the (h,G.). Note that (h) is pure in (h,G,), and
therefore it detaches as a direct summand,

(h,G.,) = (u) ® H.

We choose any direct decomposition of H into cyclic summands, and we wait until
a late enough stage v such that the generators of all these summands appear in the
enumeration of G at stage v. Then we set G541 = (h, G,,) restricted to this stage.
We also put the respective generators of G511, the information about their orders,
and the natural embedding of G into G511, as the additional information about
Gsyi1. (Note that the orders of these generators of G541 can be found uniformly
effectively using G and its decomposition.) Clearly, the Priifer span of the genera-
tors of the infinite cyclic summands will be equal to Span(bs, ..., by ), which is the
part of the basis we’ve used so far.

Strictly speaking, (Gs)sen is a sequence of finite partial subgroups, not a se-
quence of subgroups of G (as required). Otherwise, all the other properties that we
need are satisfied by the sequence (G)sen. But note that G = (J;cn(Gs). Based
on this observation, we claim that (Gy) is a uniformly computable subgroup of G.
Indeed, for any g € G wait for g € G, (s < v), and then use the information about
G, its generators, and how G, is embedded into G, to see if g € (G,). Finally,
observe that all the embedding of (G) into (G;) is completely described by the
embedding of G into Gy1. Thus, G = |J;c(Gs) witnesses that G is tractable.

Conversely, suppose G is a tractable constructive group, and let (F;);en be an
ascending sequence of its subgroups witnessing its tractability. Suppose we have
g1, - -+, 9k € G. Then for some large enough m we must have g1, ..., gx € F,,. Since
we can compute a full decomposition of Fj, we can decide whether g¢q,..., gy are
independent just by analyzing the matrix of the projections of g1, ..., gr onto the
infinite cyclic summands in the decomposition. (Attempt to transform the matrix
into a diagonal one using integer elementary operations; then see whether the result
has zero entrees along the main diagonal.) We can use the dependence algorithm to
produce a computable basis of the group in the usual way (see, e.g., [Mell4]). O

3.2.3. A new proof of Dobrica’s theorem. Recall that tractability is equivalent to
having a linear dependence algorithm. Thus, to show that every constructive
abelian group has a tractable copy, it is sufficient to use the result of Dobrica [Dob83]
saying that every constructive abelian group has a copy with computable basis. As
we promised in the introduction, in this subsection we give a new and very detailed
proof of the result of Dobrica.

Remark 3.9. We also discuss the problem with the proof in [Dob83]. The proof
does not explain why partial embeddings at intermediate stages preserve the partial
diagram of the group built so far. This is the key subtlety in the proof, but it is
not even briefly mentioned. Dobrica uses a rather elaborate choice of coeflicients
at intermediate stages (e.g., klmTt'L but this particular choice is never clarified.
We believe that Dobrica’s sketch can be adjusted and extended to a complete and
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correct proof, but we chose to give a new proof that avoids dealing with complicated
coefficients.

Recall that the cardinality of any basis is called the rank of an abelian G. The
rank of a subset X of G is the rank of the subgroup generated by this set. If the
rank of G is finite, then it has a computable basis.

Proposition 3.10 (Dobrica). There exists a uniform procedure which transforms
any constructive abelian G of infinite rank into a constructive H = G that has a
computable Priifer basis.

Proof of Proposition BI0. Clearly, the linear span (defined above) is a closure op-
erator and therefore it induces an r.i.c.e. pre-geometry; see [HTMMI15] or the book
[Mar(2] for definitions. For the rest of the proof it is not really necessary to know
what an r.i.c.e. pre-geometry is. We will only use that z,y are independent over a
subset X if ¢ Span(X U{y}) and y ¢ Span(X U{z}). We also say that such z,y
are interchangeable over X if Span(X U {y}) = Span(X U {z}).

The independence diagram Z(¢) of ¢ in G is the collection of all existential for-
mulas true of tuples independent over ¢. We say that independent tuples in G are
locally indistinguishable if for every tuple ¢ in G, any «, v independent tuples over ¢,
and each existential formula ¢ such that G |= ¢(¢, @) there exists a tuple w that is in-
dependent over ¢, has G |= ¢(¢, w), and (with @ = (wy, ..., wy,) and 0 = (v1, ..., vy))
we have w; € Span(¢,vy,...,v;). According to the metatheorem from [HTMMI5],
it is sufficient to check that tuples in G are locally indistinguishable and that for
each tuple ¢ its independence diagram is c.e. uniformly in €.

The intuition is that ¢ is the part of the basis we’ve built at a stage, and ¢
is the part of the open diagram we’ve listed. Later we may discover that u is
dependent over ¢, and we will need to correct our embedding. To make sure that
the embedding can always be corrected, we always check whether facts we wish to
enumerate in the open diagram are consistent with Z(¢). The proof can be viewed
as a finite injury construction, and the metatheorem allows us to separate algebra
from recursion theory. See [HTMMIS] for more detail. In [HTMMI5] we also
required rank(¢) > 2 in the definition of locally indistinguishable tuples. This was
necessary to cover ordered abelian groups; this assumption can be ignored in our
case. Without this extra assumption, the metatheorem from [HTMMI15] becomes
uniform.

Lemma 3.11. Priifer independent tuples are locally indistinguishable in G.

Proof. Suppose @ = (uq, ..., u,) is independent over ¢, and assume G = 3z¢(¢c, @, T).
Fix b in G witnessing the existential quantifier. Let © = (vy,...,v,) be any other
tuple independent over ¢. We must find a tuple w = (wy, ..., w,) independent over
¢ such that G | 37¢(¢, w, Z) and w; € Span(c,vq,...,v;), i = 1,...,n. We give a
very detailed proof.

Let X = (¢,u,b) < G. Suppose ¢ = c/c¢”, where ¢ consists of independent
elements and ¢” belongs to the (linear) span of ¢’. Note that (¢/,u) forms a free
abelian subgroup of (¢, @, b) of rank |c/u|. It is well known that for any f.g. abelian
groups U £ V there exist full decompositions (u1) @ (us) @ ... and (v1) @ (v2) B . ..
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of U and V into cyclic summands such that for some choice of integers my, ma, ...
we have u; = m;v;, i = 1,2,... [Fuc70]. We apply this fact to (¢,a) < (¢, u,b) to
obtain a tuple h = h’h” in (¢, @, b) such that:

(1) I/ has the same length (and rank) as the tuple c'u,

(2) {(¢,u) < (h) (but not equal, in general),

(3) (h) is a direct summand of (¢, ,b), say (¢,u,b) = (h) & W,

(4) {h) = (&) & ("),
In particular, (1) implies that (h’) is free abelian. Within (h’), it makes sense to
define the least pure subgroup (¢/)* of (k') containing ¢/. It detaches in (h’), say
(h'y = ()* ®U. Every u; in 1 is (linearly) interchangeable with its projection onto

U (over ¢ and equivalently over ¢). Let u},u),... € U be these projections. We
would like to come up with a linearly independent set of generators z = (21, 22, . . .)
of U such that z; and } are linearly interchangeable in U over Span(c, uf,...,u;_,).

This is done as follows. First, consider the least pure subgroup H; of U that con-
tains u}. It must be cyclic and infinite and suppose it is generated by z;. Clearly, z;
and u are interchangeable, and U = H; @ K;. Take the Kj-projections u},u},. ..
of the remaining elements of @’. Observe that uj,u4,... are interchangeable with
ub, uf, ... over Span(u}) = Span(z1). We repeat the process with u} and K; play-
ing the roles of u} and U, respectively, to define Ha, Ko and uf’,ul’, ..., etc. At
every step we will have a further direct decomposition and a new tuple interchange-
able with the original one over the respective initial segment of @’. We will arrive
at a generating set z1, z2, ... of U such that the z; and w} are interchangeable over
Span(ul,...,u._;). Since u; and u/ were interchangeable over ¢’ (equivalently, over
¢), we have that u; and z; are interchangeable over Span(c, u,...,u;—1).

Recall that (h) = (h') @ ("), and since |W'| = rank(h’') = rank(c'u) = |c'ul, it
follows that (h”) must be torsion. Furthermore, the projection of ¢ onto U must
be trivial, for otherwise the rank of ¢’ over ¢/ would not be zero. Therefore, ¢ is
contained in (¢/)* @ (h").

Thus, for some f.g. W < G,

(e,,b) = (\* @ (W) @ (&) W,

where Z is interchangeable with @ over ¢ in a strong sense (see above), and ¢ is
contained in (¢/)* @ (h").

Recall v was the other tuple independent over ¢ and of the same length as w.
As above, (but ignoring b) we can split (¢0) into a direct sum

(Y (f") & (7),

where ¢ is in (¢/)** @ ("), (f") is torsion, and ¥ is interchangeable with © over
¢ in the strong sense as we had above (for u). Note that W perhaps contains
infinite cyclic summands, some of which may interact with (). But the rank of
G is infinite, and thus we can replace W by an isomorphic subgroup W’ such that
there is no such interaction. The new f.g. subgroup (¢/)* @ (h") @ (z) & W’ will
be isomorphic to the original one under an isomorphism that fixes ¢ and @. Thus,
we assume () N W = 0. We have that W = T(W) + X, where T(W) is torsion,
and X is free abelian whose generating basis is independent over ¢yz. Consider the
torsion group T = (f”) + (W) + T(W). Also, consider C = (¢/)* + {¢/)** whose
rank is equal to the rank of ¢. It follows that T'+ C contains ¢. By the choice of
X, its generating basis is independent over ¢yz. We arrive at two isomorphic direct
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decompositions,
(C+T)dX®(z)and (C+T) DX @ (7),

both are embeddable into G. Consider the natural isomorphism 7 that fixes (C' +
T) ® X and maps Z to §. Then 7 fixes ¢. Furthermore, the tuple 4 is mapped
to some tuple w which is interchangeable, in the strong sense as above, with the
tuple g over ¢. Thus, it is also interchangeable (in this strong sense) with the tuple
v over ¢. In particular, w is independent over ¢ and satisfies the desired property
w; € Span(, vy, ...,v;). Since T is an isomorphism, it preserves the validity of ¢. O

Lemma 3.12. For any ¢, the independence diagram Z(¢) of ¢ in G is c.e. uniformly
m C.

Proof. We must effectively list all existential formulae 3Z¢(¢, g, Z) such that G =
3z¢(¢,u, ) for some 4 which is independent over é. We have already proven that
any existential formula over cu, where @ is independent over ¢, is witnessed within
a finite initial segment of an f.g. subgroup of G of the form

(C+T)e X F,

where C'+T is an f.g. subgroup of G that contains ¢, and X and F’ are free abelian of
finite rank such that « is interchangeable, over ¢, with the basis of F'. Furthermore,
since the rank of G is infinite, for any f.g. (C'4+ T') extending ¢ and any given free
X and F'| we can isomorphically embed (C' +T)® X @ F into G. We can certainly
list all f.g. subgroups of G extending ¢, all free abelian groups of finite rank, and all
potential @ independent over ¢. This gives a computable enumeration of Z(¢). O

Proposition B.10 follows from the two lemmas above and the metatheorem from
[HTMMI5). O

3.2.4. Finalizing the proof of Theorem [[4(1). Using Proposition B0 we transform
G into H having a computable basis. By Lemma 3.8 H is tractable. Lemma
guarantees that Hom(H, T) is a c.e. closed subset of computable Polish group A. We
use Fact [B] to produce a uniformly computable (in A) sequence of points that is
dense in Hom(H, T). Since the natural group operations are computable on A, their
restrictions to Hom(H, T) are computable as well, with respect to the computable
dense subset of Hom(H, T). This gives a computable Polish presentation of G.

3.3. Proof of Theorem [1.4](2). Let S be an infinite set of prime numbers. Ob-
serve that the (discrete, countable) group

Gs = EB Z,
peS
has a constructivization if and only if S is computably enumerable. Therefore, it is
sufficient to build a set S which is not c.e. but such that G s is a computable Polish
group.

We will simultaneously construct S and an approximation to és which will be
viewed as a closed subset of [ ], T;. Note that @5 is profinite and is homeomorphic
to the inverse limit of (B¢}, Zp)nen. To make sure S is not c.e., it is sufficient to
satisfy W, # S for every e, where W, is the e’th c.e. set (as usual). To ensure @5
is computable, at every stage we will be deciding its “current position” in HieN T;,
but only with precision 27% (to be clarified). We will see that we can meet all
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the diagonalization requirements without upsetting this global strategy. We now
describe the diagonalization module for W,.
The group U will be the inverse limit of the form

U =1limU,,

where U,, = EBKn C; under the natural surjective projections 1.y, : EBz‘<n+1 C;
— @,.,, Ci with kernel Cy, 1. The primary cyclic C; will be represented as closed
subgroups T;, and each such C; will be defined by one of the basic modules (to be
discussed below).

The basic module for e.

(1) Reserve a large fresh prime ¢, and keep g, in S and wait for ¢. to enter W..

(2) While waiting, attempt to witness ¢, € S by making a better approximation
to Zg, within T.. This is done as follows. At stage s we commit ourselves to
the interval (1/g. —27%,1/g. +27°) and pretend that this interval contains
the generator of the T.-projection of our group. Note that if g, ¢ W, then
these intervals will shrink to 1/g. making the projection isomorphic to the
closed subgroup Z,_ of T..

(3) If the prime g. enters W, at stage s, then:

(a) Choose a large fresh prime u, so that for some integer k we have

kue € (1/qe —27°,1/ge +27°).

(b) Switch from approximating Z,, within T. to approximating Z,,, as
follows. Choose n, large enough so that

(kue — 27" kue +27"7%) C (1/qe —27°,1/qe +277).

From now on, at stage s’ > s we will declare that the generator of
the T.-projection of the group is within 2-m0=s" of 1/ue. This way we
build a copy of Z,,, within T.. Now whenever we have to improve our
approximation of the generator 1/u,. within T., we commit ourselves
to
(1/te — 27075 1 /ue +27707%).
(¢) Permanently keep u, in S and g, out of S. (In particular, do not allow
any other basic module to use these primes.)

Construction. At stage s of the construction we let the first s basic modules
act according to their instructions. Note that there is no interaction between the
basic modules. At any stage s, once we’ve defined our current approximation to g;,
we also define an approximation to ng; naturally (with |n| < s ), according to the
definition of the computable operations in [],.; T;.

Verification. The result of the construction is a uniform approximation (by
shrinking intervals) of a sequence of points in T.. Our group U will be represented

as the subgroup of [ .y T. consisting of infinite sequences of the form

(nOQOa n1g1,N2g2; - -, NefJey - - ~)7

where n, € Z and the g, are the generators of C, < T;.

Note that we can change our mind about the generator of C. and switch from
approximating C. = (1/q.) to C. = (1/u.) within T., but this happens at most
once for a fixed e. This switch will be consistent with what we’ve declared so far
because we choose the approximation of 1/u. to be a sufficiently small interval (see
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substage (b) in (3) above). We simply add a new very small interval around 1/u,
and proceed consistently with what we’ve declared so far.

Note that, by construction, the closed subgroup that we’ve built forms a c.e.
closed subspace of T. It follows from Fact [B]] that the group is a computable
Polish group. (We note that in this copy the standard group operations are in fact
effectively open.) However, we have explicitly made sure that the discrete countable

dual U = Gg = @D, cs Zp of U has no constructivization.

4. PROOF OF THEOREM [LL7]

4.1. Proof of Theorem [I.7/(1). Recall the definitions of a computable function
between computable Polish spaces and the formal definition of a computable Polish
group (Definitions 2] and Z3]). Fix an effective listing Go, Gy, ... of (partially)
computable Polish spaces in which every G; is additionally equipped with a pair
of c.e. sets that are interpreted as names of partial operations on G;. We need
to measure the complexity of the index sets of profinite and compact connected
groups. The first step is to measure the complexity of being a compact group.

Proposition 4.1. The index set CPGr = {i : G; is a compact Polish group} is
19 -complete.

Proof of Proposition 1] Recall that compactness is equivalent to total bounded-
ness. Thus, we need to state that for every rational g there exists a cover of M by
(closed) basic balls of size at most g, which is a II3-property. See Nies and Mel-
nikov [MNI3] for further details. Given a triple (G, W,U), where G is a (partial)
computable structure on a Polish space and W, U are c.e. sets, we need to guess
whether W and U are names of computable group operations on G.

Lemma 4.2. Let G and M be compact computable Polish spaces. Then
{e: W, is a name of a computable f : G — M}
is 113, uniformly in G and M.

Proof. For technical convenience, we will use the following uniform variation of
Definition 211

Definition 4.3. Let f be a continuous function between Polish metric spaces M
and N. A s-name of f is any collection of pairs of basic open balls (B, C') such that
f(B) C c(C), and for every € M and every ¢ > 0 there exists (B,C) € ¥ such
that B 3 z and r(C) < e.

We can uniformly pass from a s-name of f (Definition £3]) to a name of f
(Definition 2.1)) and backP The uniform procedure of passing from a name to a
x-name can be applied to any c.e. set W. We denote the resulting c.e. set by W*.
Then W is a name iff W* is a *-name (of the same function).

Fix a c.e. set ¥ and interpret it as a set of pairs of basic open balls with rational
radii:

¥ = {(C, B) : C, B basic open in G, M, resp.}.

2Suppose ¥ is a name of f. Since f(B) C C implies f(B) C cl(C), every *-name is a name.
Now suppose ¥ is a x-name of f. Using €/2 instead of € in Definition[L3] fix (B, C') with r(C) < €/2
such that = € B and f(B) C cl(C). Replace C with an equicentric C’ D C s.t. 7(C) < r(C’) < e.
We have f(B) C cl(C) C C" and r(C') < e.
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Uniformly transform it into a c.e. set ¥*. To make sure that ¥* is a name of a
computable operation, we require that ¥* additionally satisfies:
(1) For every (By,Cy), ..., (Bn,Cy) € ¥*, N, B; # 0 implies N, C; # 0.
(2) For each rational € > 0 there exists a finite cover By,..., B of G and
(Bo, Co), - .., (Bk,Ck) € ¥* such that r(C;) <e,i=1,... k.
We first check that (1) and (2) are (at most) II3, and then we prove that they
capture the property of being a name.

Claim 4.4. The properties (1) and (2) are (at most) I13.

Proof of Claim 4.4. Since intersection of open sets must be witnessed by special
points from the respective computable structures, it is clear that (1) is II9. It is
less obvious why (2) has to be II. The problem is that the union of By, ..., By
may contain all special points but still do not cover the whole G. To show that (2)
is TI9 we need to slightly modify it. Consider the condition:

(2)* For each rational e > 0 there exists a finite cover cl(By),...,cl(By) of G
and (B, Cy), ..., (B}, Cx) € ¥* such that B; Cropm B and 7(C;) < ¢,
i=1,...,k.

Here B; Cjopm B) means that either B; is identical to B or B; Cjorm Bi; see
Definition 24l Recall that formal inclusion C fopp, is ¥9. Also, being a closed cover
is a closed property and thus can be checked only for special points. It follows that
(2)* is of the form V3(V&3), i.e., is IIJ. It remains to check that (2) <= (2)*.
Since the B} from (2)* cover G, it follows that (2)* implies (2). For any open cover
By,..., By from (2), G C cl(By) U ---Ucl(Bg). Since B; Cyorm By for each i, we
can use the B; themselves (instead of BY) to witness (2)*. O

Clearly, if ¥* is a x-name of a computable operation f : G — M, then U*
satisfies (1) and (2) (recall G is compact).

Claim 4.5. If U* satisfies (1) and (2), then it is a *-name of a computable operation.

Proof. We define a map 1 as follows. For every x € G, choose (B, C) € ¥* such that
x € B and declare C' a U*-neighbourhood of y(x). (Note that if x is a computable
point, then this process is effective.) Then set 1)(z) to be equal to any point in the
intersection

ﬂ{cl(B) : B is a U*-neighbourhood of ¥ (z)}.

Property (1) implies that any two ¥*-neighbourhoods of ¢ (z) have a non-empty in-
tersection. Let C,, be the closure of the intersection of the first n ¥*-neighbourhoods
of ¢(x) in any (not necessarily effective) list of such neighbourhoods. Then (C,,) is
a nested sequence of non-empty compact sets, thus it has a non-empty intersection.
Property (2) guarantees that for every e there exists a U*-neighbourhood of ()
of size e. Therefore, the intersection is a singleton. We conclude that v is a (total)
function.

We claim that U* is a «-name for ¢. Property (2) implies that for every € > 0
there exists (B,C) € ¥* such that B 3 z and 7(C) < e. It remains to show that
for each (B, C') € ¥* we have ¢(B) C cl(C). Fix x € B. Then

{Y(x)} = m{cl(B) : B is a U*-neighbourhood of ¥ (z)}.
Since C is a ¥*-neighbourhood of ¢ (z), in particular, ¥(z) € cl(C). O
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To finish the proof of the lemma, observe that our analysis was fully uniform in
the computable structures on G and M. (Il

We return to the proof of Proposition Il The product space G' x G is compact.
There is a uniform procedure that, given a computable Polish space GG, outputs a
computable presentation of G x G. It follows from Lemma that this index set
of Polish spaces equipped with two well-defined computable operations is I1J. To
finish the proof of Proposition[d.J], recall that the group axioms are closed properties
and thus can be checked only for special points. (Set e = x-2~! for the first found

Since completeness will not be used in the proof of Theorem [[7[(1), we give only
a sketch. Represent a I13-predicate in the form V23<*°yP(z,y, z), and code z into
the surjective inverse limit of discrete groups (G,). For each fixed z, G, will be
the direct sum of several copies of Z,. There will be finitely many Zs-summands
in all such G, iff 3<°°y for all . Then the group is computable Polish and totally
disconnected, but it will be compact (thus, profinite) iff the ITI3-predicate holds.
The construction can be viewed as a finite injury one. We leave the details to the
reader. |

Proposition 4.6.

1. The index set of connected compact Polish groups is 119-complete within com-
pact groups.

2. The index set of profinite Polish groups is 113-complete within compact groups.

Proof. We prove 1. Let G be a compact Polish group (see Proposition [.T]). Since
G is compact, G is disconnected iff there exists a finite collection of basic open
By,...,Bg,D1,...,D, such that

d(|JB)ud(| D) =G and a(| | Bi) nel(| ] Dy) = 0.
i<k j<n i<k j<n
If cl(U;< Bi) Ucl(U;<,, Dj) # G, then there is a special point outside this set, so
the property is II{. We claim that, for any basic open balls B(x,r) and B(y, q),
the property cl(B(z,7)) Ncl(B(y,q)) # 0 is equivalent to

Ve >0 B(z,r+€) N B(y,q+¢€) #0,

which is clearly I19. If cl(B(x,7)) N cl(B(y,q)) # 0, then the property above holds
for every € > 0. On the other hand, suppose z. witnesses B(z,r + €¢) N B(y,q +
€) # 0. Then (z3-n)ne, has a converging subsequence. Let z be the limit of this
subsequence (we use compactness of G). It follows that d(z, z) < r and d(y, z) < g,
as required. The property cl({J;<) Bi) N cl(U.<,, Dj) = 0 can be expressed as a
finite Boolean combination of such X9-statements. It follows that connectedness is
a I13-property of a compact G.

Jj<n

Remark 4.7. In the notation as above, cl(B(x,r)) N c(B(y,q)) = 0 iff Je >
0 B(z,7 +€) N B(y,q + €) = 0. Since there are only finitely many balls involved
overall, we can pick the least rational € witnessing the required empty intersections.
Thus, using 0’ we can uniformly produce two finite disjoint collections of open balls
(if they exist). In the proof of the second part and in Corollary [£.8 we will alternate
between using closed and open names for such clopen sets.
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To see that it is II9-complete within compact groups, start enumerating rational
points in T. Add more points only if the predicate fires. We will end up with a
computable copy of T iff the predicate fires infinitely often, and we will have a finite
(thus, totally disconnected) subgroup of T otherwise.

We prove 2. Recall that a compact Polish group is profinite iff its neutral element
1¢ has a basis of normal clopen subgroups. Recall also that a closed subgroup of a
profinte group is itself profinite. Consider the following procedure. Let Dy = G. At
stage s > 0 let Dy be the first found clopen subgroup such that the diameter of D,
is at most 27% and Dy C Ds_; (if such Dy exists at all). To find a clopen subgroup,
we use 0’ to verify the X9-definition of a clopen set (see above). For that, search
for finitely many closed balls witnessing that the group is disconnected, where the
union of the first k of them together form a normal subgroup.

Since all involved sets are clopen, it is sufficient to check the inclusion, the
diameter, normality, and the group operations only for special points. Note that
the set is represented as a finite union of open basic balls (Remark [L.7)). Note that
we can (uniformly in the description) list all special points that are contained in
these open balls, and they will give a computable structure on the subgroup. The
next iteration can use this finite description as its input instead of G. It follows that
0’ is capable of uniformly finding such a D, (if it exists), and thus Vs(D; is defined)
is a I13-statement equivalent to profiniteness for a compact group G.

The I1J-completeness part is similar to II3-completeness above, for connectedness
groups. Given a II9-predicate and an element on which the predicate needs to be
tested, produce a (topological) direct product HxEW G,. Make sure that G, is a
finite subgroup of T iff £9 holds on z, and build a copy of T otherwise. Then [], G,
is profinite iff Vo (X9 holds on x). Note that in any case the group is compact.
This finishes the proof of the proposition, and of the first part of Theorem[[7 O

Note that the procedure described in the proof of Proposition leads to:

Corollary 4.8. There exists a uniformly 0'-computable procedure which, on input
a computable Polish presentation of a profinite group G, produces its 0'-recursive
presentation.

Proof of Corollary [£8. Using 0’ we can list a basis of e consisting of clopen normal
subgroups. For any such fixed clopen N, G/N is finite. Note that every coset of
the form N is open and thus contains a special point x, in particular, every coset
is of the form xN for some special z. We claim that, given such an N, 0’ can find
finitely many special points o = e, x1,..., 2, such that {z; N} is a disjoint cover
of G. To see why, note that z; N Na; N # () iff for some special y, y:v;l e N
and yxj_l € N, both events are c.e. in the finite description of the clopen set IV
by finitely many basic open balls (see Remark 7). Also, since left-translation
is a self-homeomorphism of G onto itself and N is clopen, each x; N is clopen as
well. Thus, {z;N} is a (closed) cover iff for every special y there is an ¢ such that
yx; b € N; if we view the latter as a finite union of closed balls (Remark ET), then
the statement becomes II§ and thus can be decided using (. Similarly, the group
structure upon {z;} mod N can be reconstructed effectively and uniformly, in N.
Simply search for an xj such that xixjxlzl € N (this is an effective search in the
open name of N) and then declare ;2; =n x in G/N. Note that the procedure
above is uniform in the description of N. Therefore, the 0’-computable list of such
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normal clopen subgroups leads to a 0’-computable inverse system of finite groups
whose inverse limit represents G. (Il

4.2. Proof of Theorem [I.7|(2). It is not hard to see that the upper bound is ¥};
we give details below.

Fact 4.9. The topological group isomorphism problem for compact topological
groups is ¥1.

Proof. Let X and Y be special dense subsets in G; and G, respectively. We first
explain why the existence of a surjective topological homomorphism is ¥1. We are
asking for a function f : X x w — Y such that:

(1) for each z € X and n € w, d(f(x,n), f(x,n+1)) <27

(2) lim, f(X,n) is dense in Gj;

(3) lim, f(-,n) | X is uniformly continuous;

(4) lim, f(-,n) | X is a group-homomorphism.

By uniform continuity, it is sufficient to define it on a dense set. Thus, if we have
(1) and (3), then we have a unique continuous extension f of lim,, f(X,n). Since
continuous images of compact sets are compact, and compact subsets of Polish
spaces are closed, surjectivity follows from the continuity of f and (2). Finally, (4)
guarantees that f is a group-homomorphism. To make sure that f is 1-1, we also
ask for a g : Y X w — X which determines a continuous surjective homomorphism
g from G; onto G, and such that f o g = Idg,. The latter property is closed,
and, therefore, if it fails, then it must be witnessed by special points in X. In
particular, it is sufficient to check it only for special points. It remains to note that
all mentioned conditions are arithmetical in f & g. (Il

It follows from Fact 9 and (1) of Theorem [[I7] that the isomorphism problems
for connected and totally disconnected compact Polish groups are both 1.

We now prove Xi-completeness. Our proof of Theorem [[4(1) is not uniform.
Nonetheless, it is fully uniform when restricted to torsion-free constructive groups
of rank w. As we noted in the proof of Theorem [[L4(1), the only obstacle is in the
absence of computable basis. If the rank is infinite, then the proof of Dobrica’s
theorem becomes uniform, as explained in the first part of the proof of Proposi-
tion 310l Every torsion abelian group also has a computable basis — it is empty.
Thus, Theorem [[4(1) is uniform for torsion constructive groups as well. In each
of these two spemal cases, we have a uniformly effective reduction G — G such
that G = H iff G = H. The isomorphism problems for constructive torsion and
torsion-free abelian groups of rank w are both X}-complete ([DMOS8,/GK02]). (In
fact, the groups witnessing ¥1-completeness in [DMOS8] have computable bases, so
we don’t even need Dobrica’s result in this case.) It remains to note that the duals
of discrete torsion abelian groups are profinite, and the duals of discrete torsion-free
abelian groups are connected [Pon66).

5. PROFINITE ABELIAN GROUPS

Recall Definition of a recursive profinite group. A recursive profinite group
can be viewed as the collection of [infinite] paths through a computably branching
tree with no dead ends. In such a presentation, every [infinite] path represents
an element of the group, and the operations are represented by computable op-
erators acting on this topological space (see [LR8IL[Smi8Ib]). We can define an
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(ultra)metric on this space, similarly to how it is done for Cantor space. With
respect to this metric, the presentation becomes a computable Polish group. In
this presentation, we can effectively list basic clopen sets. In particular, a map
¢ : Hi — Hy between recursive profinite groups H; and Hs is computable if the
pre-image of any basic clopen set of Hy can be effectively listed as a disjoint union
of basic clopen sets of Hy. We will use this property below.

5.1. Proof of Theorem Recall that we need to show that a profinite P
is recursively presentable iff its torsion dual P is constructivisable. Consider a
profinite abelian P. We can view P as the inverse limit of a system of finite groups
0« Ag + Ay « ..., where all maps are surjective. It is well known (see [Fuc70]
for more detail) that P is the direct limit of the system 0 — Ay — A1 — ...,
where the injective embeddings can be effectively reconstructed from the respective
maps in the inverse system for P. (To acquire a better understanding of this, see
Example but restrict yourself to finite cyclic groups.) In contrast to the general
case of arbitrary compact Polish abelian groups, the above correspondence between
the direct and the inverse systems is uniformly effective. Note also that injective
maps in the direct system canonically and effectively correspond to surjective maps
in the dual inverse system (see, e.g., Proposition 30 on p. 37 of [Mor77]). This gives
(1) of Theorem [[9l

We prove (2), i.e., that P is c.c. iff P is c.c. Recall that a homeomorphism

witnessing G = G can be chosen in the canonical way:
g — <'ag>a

where (x,g) = x(g) for any character x € G. Tt follows that the identification
is fully effective if we restrict ourselves to computable profinite and constructive
torsion discrete groups. In particular, we can effectively identify G and its second
dual.

Suppose we have a computably categorical (c.c.) torsion group G. We need to
show that G is c.c. as a profinite group. Let H; and Hy be two computable profinite
groups homeomorphic to G. As noted above, we can uniformly effectively produce
constructive torsion groups U; and Us whose duals can be effectively identified with

Hy and Hs, respectively. (We effectively identify f{\l with H;; then we set U; = I/{\l)
Let ¢ : Us — U; be a computable isomorphism of constructive torsion groups
Uy and Us. Tt is well known [Mor77] that the map

d(x) = x 0 ¢,

where x € H; = ﬁ: and Yo ¢ € Hy = @, is a topological group-isomorphism of
H, onto Hy. We claim that this isomorphism and its inverse are both computable.
Furthermore, we can compute x(a) (in T) effectively and uniformly in y € Hy = (/]\1
[represented as an infinite path] and the index for a € U;. In fact, we can compute
the rational equal to x(a), and not merely a sequence converging to x(a). It follows
that x(a) is determined by a and a finite initial segment of x. Since all procedures
described above are effective, we conclude that gg(x) = yo f is a computable group-
homeomorphism of H; onto Hy. Since f~': U; — U, is computable, a symmetric
argument shows that the inverse of (;AS is computable as well.



COMPUTABLE TOPOLOGICAL GROUPS AND PONTRYAGIN DUALITY 8733

Now suppose U; and U, are constructivizations of the discrete G. We effectively
and uniformly pass to recursive profinite H; and H, whose duals can be effec-
tively identified with U; and Us, respectively. Let f : Hy — Hj be a computable
topological group-isomorphism. As before, we define f U; — Uy by the rule
f (X) x o f. We claim that f is a computable 1somorphlsm More specifically, we
need to effectively and uniformly find u € Uy such that f(x) = u.

Every element of Us is a character of Hy, and each such character x can be
uniquely associated with its kernel K, which is a compact subgroup of Hy. We
claim that K, has to be clopen. It is clearly closed. To see why it is open, fix a small
enough neighbourhood O of 0 in T that does not contain any non-trivial subgroup of
T. Then x~(O) is an open neighbourhood of e in Hsy. Since Hy is profinite, x ~1(O)
must contain a basic clopen subgroup S; it follows that S C Ker x. Since Ker x is
a topological subgroup of Hs (and thus every two points of it are homeomorphic),
every element of Ker x is contained in it together with some open neighbourhood.

Thus, the character y is uniquely described by the T-images of the finitely many
cosets in Hy/K,. Note that K, is itself a finite union of basic clopen sets, and
also that we can cover Hy by finitely many translations of K, without repetition
and intersection. Thus, we can obtain a finite disjoint collection of basic clopen
balls Bi,..., By such that any two elements of [a fixed] B; are equal modulo K,
and furthermore the finite list x(B1),...,x(B;) € T uniquely describes x among
other characters in Us. Furthermore, if Hs is a recursive profinite group, then we
can compute such a description of any element in U, in finite time. As we build
Uy, = F/I\Q, we can monitor the new elements that enter Us and list their finite
descriptions. The same argument applies to U;.

We can effectively express both K, and its pre-image ffl(KX) as a disjoint
union of finitely many basic clopen sets in Hy and Hy, respectively. We can also
find the disjoint finite covers of Hy and H; by translations of K, and f~'(K,),
respectively. Using the disjoint covering of f~!(K,) by basic clopen balls and the
disjoint covering of Hy by f~!(K,), we can effectively find finitely many disjoint
basic clopen balls By, ..., By such that for any o, 7 € B; we have xo f(o) = xo f(7)
and such that these images completely determine the character x o f. It remains
to find the unique character v € U; that has the same description by basic clopen
balls, and set f(x) = u. (Note it follows that f is necessarily effectively open.)

5.2. Two applications of Theorems [1.4] and The abelian group W wit-
nessing Theorem [[L7(2) is profinite. Since its dual has no constructivization, Theo-
rem [[L9)(1) implies that W has no recursive presentation, thus proving Corollary [[.6l
Recall that Corollary states that there exists a computable Polish abelian
group upon which the Haar measure is not computable. The Haar measure on a
compact group G is the unique left-invariant probability measure on Borel subsets
of G; see, e.g., [Pon66] for a formal definition. Fix some effective listing of basic
open balls in a computable Polish G. We say that X C w is a name of an open set
UCGitU =Uex Bi
Definition 5.1. We say that a measure p on G is computable if u(lJ;cy Bi) is a

real uniformly computable in X.

Proof of Corollary [L3. We claim that the computable Polish presentation U of the
dual of Gs = €D,cgsZp from the proof of Theorem [[L4(1) has this property. We

explicitly made sure that S was not c.e. Recall that U was built as a c.e closed
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subgroup of [], .y T so that, for every n, the projection U, of U to T, was

isomorphic to Z, for some p € S. (We identify the c.e. closed set U with the

computable Polish presentation of U given by Fact Bl) We claim that if the Haar

measure i on U was computable, then S would be c.e. So assume pu is computable.
For a basic open interval I C T, let

I=TygxTy x... Ty XIXxTppr X....

Then I is a basic open set in U. Furthermore, if I has rational end-points, then
I has a computable name. In particular, its Haar measure must be a (uniformly)
computable real. For every n and for every element u of U, there exists a basic
open interval I,, C T,, containing w such that

p(l,) =1/p

for p € S such that U,, = Z,. At a stage s we have disjoint current 2~ *-approxima-
tions I, s to such intervals, and we also have our current best guess Os on the
order of U,, so that 1/0; agrees with ps(I, ) up to 27°. We simply wait until a
late enough s such that I, ; is so small that enumerating more elements into U,
would have to reduce u(I, ) at least twice. (We invite the reader to reconstruct
the elementary routine details.) After this stage O, must be stable. This gives an
algorithm for enumerating S, a contradiction. O

6. FURTHER QUESTIONS

The area of computable topological groups is wide open; we suggest only a few
further directions that seem most relevant to the main results of the paper. As
we noted in the introduction, one can ask many questions related to Theorem [I.4]
and, more generally, to the effective content of Pontryagin Duality. For instance,
is there any reasonable (i.e., arithmetical) uniform upper bound on the complexity
of the discrete dual of a computable Polish compact abelian G? (We note that
if G is profinite computable Polish, then its dual is 0/-constructivisable. It seems
that understanding the connected case is the key.) Does part (2) of Theorem [L.4]
remain true if W has computable Haar measure? Is (1) of Theorem [ provably
non-uniform? Also, Khoussainov suggested looking at Pontryagin Duality from a
different, “local” perspective. We could fix a computable compact abelian G and
ask questions about the complexity of characters in G which are isolated points in
Hom(G,T) (under the supremum metric). For example, is there a constructive G
which has no computable non-trivial character?

We leave open whether there is a computable compact Polish group such that
all its computable Polish presentations have no algorithm for Haar measure. We
also suspect that there exists a computable Polish profinite group such that all its
X-recursive presentations have the property X >7 0'.

ACKNOWLEDGMENT

The author would like to thank Bakh Khoussainov who was involved in the
project at its early stages, and who also suggested several corrections to the in-
troduction. Bakh declined co-authorship. The author thanks Andre Nies for dis-
cussions related to profinite groups in general, and to Corollary in particular.
A self-contained proof of Corollary can be found on the Logic Blog edited by
Nies. The author thanks Antonio Montalban and Rod Downey whose interest in



COMPUTABLE TOPOLOGICAL GROUPS AND PONTRYAGIN DUALITY 8735

recursive profinite and computable Polish groups stimulated the author’s interest
in this subject.

REFERENCES

[AKO00] C. J. Ash and J. Knight, Computable structures and the hyperarithmetical hierar-
chy, Studies in Logic and the Foundations of Mathematics, vol. 144, North-Holland
Publishing Co., Amsterdam, 2000. MR1767842

[Bar95] Ewan J. Barker, Back and forth relations for reduced abelian p-groups, Ann. Pure
Appl. Logic 75 (1995), no. 3, 223-249. MR1355134

[BHWO08] Vasco Brattka, Peter Hertling, and Klaus Weihrauch, A tutorial on computable
analysis, New computational paradigms, Springer, New York, 2008, pp. 425-491.

MR2762094

[Boob9] William W. Boone, The word problem, Ann. of Math. (2) 70 (1959), 207-265.
MR0179237

[DKS86] R. G. Downey and Stuart A. Kurtz, Recursion theory and ordered groups, Ann. Pure
Appl. Logic 32 (1986), no. 2, 137-151. MR863331

[DMO08] Rod Downey and Antonio Montalban, The isomorphism problem for torsion-free
abelian groups is analytic complete, J. Algebra 320 (2008), no. 6, 2291-2300.
MR2437501

[Dob81] V. P. Dobrica, Constructivizable abelian groups (Russian), Sibirsk. Mat. Zh. 22
(1981), no. 3, 208-213, 239. MR621475

[Dob83] V. P. Dobritsa, Some constructivizations of abelian groups (Russian), Sibirsk. Mat.
Zh. 24 (1983), no. 2, 18-25. MR695289

[Dow97] Rodney G. Downey, On presentations of algebraic structures, Complexity, logic, and
recursion theory, Lecture Notes in Pure and Appl. Math., vol. 187, Dekker, New York,
1997, pp. 157-205. MR1455136

[Dow98] R. G. Downey, Computability theory and linear orderings, Handbook of recursive
mathematics, Vol. 2, Stud. Logic Found. Math., vol. 139, North-Holland, Amsterdam,
1998, pp. 823-976. MR1673590

[EGO0] Yuri L. Ershov and Sergei S. Goncharov, Constructive models, Siberian School of
Algebra and Logic, Consultants Bureau, New York, 2000. MR1749622
[Ers] Yu. Ershov, Problems of solubility and constructive models [in Russian], Nauka,

Moscow (1980).

[FFHT12] Ekaterina B. Fokina, Sy-David Friedman, Valentina Harizanov, Julia F. Knight,
Charles McCoy, and Antonio Montalban, Isomorphism relations on computable struc-
tures, J. Symbolic Logic 77 (2012), no. 1, 122-132. MR2951633

[Fol16] Gerald B. Folland, A course in abstract harmonic analysis, 2nd ed., Textbooks in
Mathematics, CRC Press, Boca Raton, FL, 2016. MR3444405

[Fuc70] Léaszlé Fuchs, Infinite abelian groups. Vol. I, Pure and Applied Mathematics, Vol. 36,
Academic Press, New York-London, 1970. MR0255673

[Fuc73] Laszlé Fuchs, Infinite abelian groups. Vol. II, Academic Press, New York-London,
1973. Pure and Applied Mathematics. Vol. 36-1I. MR0349869

(GKO02] S. S. Goncharov and Dzh. Nait, Computable structure and antistructure theorems
(Russian, with Russian summary), Algebra Logika 41 (2002), no. 6, 639-681, 757,
English transl., Algebra Logic 41 (2002), no. 6, 351-373. MR1967769

[GMKT] Noam Greenberg, Alexander G. Melnikov, Julia F. Knight, and Daniel Turetsky, Uni-
form procedures in uncountable structures, To appear.

[Gon80] S. S. Goncarov, Autostability of models and abelian groups (Russian), Algebra i Logika
19 (1980), no. 1, 23-44, 132. MR604656

[Gon81] S. S. Goncarov, Groups with a finite number of constructivizations (Russian), Dokl.
Akad. Nauk SSSR 256 (1981), no. 2, 269-272. MR600943

[Gon97] Sergei S. Goncharov, Countable Boolean algebras and decidability, Siberian School of
Algebra and Logic, Consultants Bureau, New York, 1997. MR1444819

[GR93] Xijaolin Ge and J. Ian Richards, Computability in unitary representations of compact
groups, Logical methods (Ithaca, NY, 1992), Progr. Comput. Sci. Appl. Logic, vol. 12,
Birkhauser Boston, Boston, MA, 1993, pp. 386—421. MR1281158


http://www.ams.org/mathscinet-getitem?mr=1767842
http://www.ams.org/mathscinet-getitem?mr=1355134
http://www.ams.org/mathscinet-getitem?mr=2762094
http://www.ams.org/mathscinet-getitem?mr=0179237
http://www.ams.org/mathscinet-getitem?mr=863331
http://www.ams.org/mathscinet-getitem?mr=2437501
http://www.ams.org/mathscinet-getitem?mr=621475
http://www.ams.org/mathscinet-getitem?mr=695289
http://www.ams.org/mathscinet-getitem?mr=1455136
http://www.ams.org/mathscinet-getitem?mr=1673590
http://www.ams.org/mathscinet-getitem?mr=1749622
http://www.ams.org/mathscinet-getitem?mr=2951633
http://www.ams.org/mathscinet-getitem?mr=3444405
http://www.ams.org/mathscinet-getitem?mr=0255673
http://www.ams.org/mathscinet-getitem?mr=0349869
http://www.ams.org/mathscinet-getitem?mr=1967769
http://www.ams.org/mathscinet-getitem?mr=604656
http://www.ams.org/mathscinet-getitem?mr=600943
http://www.ams.org/mathscinet-getitem?mr=1444819
http://www.ams.org/mathscinet-getitem?mr=1281158

8736

[Hig61]
[HTMM15]

[Khi9g]

[KKM13]

[Lin81]

[Lot98]

[LR81]
[LS01]
[Mal61]
[Mal62]
[Mar02]

[McN15]

[Mel13]
[Mel14]
[MM]
[MN]
[MN79]

[MN13]

[MN16]

[Mor77]

[MS]

[Novb5]

[Nur74]

[PER89]

ALEXANDER MELNIKOV

G. Higman, Subgroups of finitely presented groups, Proc. Roy. Soc. Ser. A 262 (1961),
455-475. MR0130286

Matthew Harrison-Trainor, Alexander Melnikov, and Antonio Montalban, Indepen-
dence in computable algebra, J. Algebra 443 (2015), 441-468. MR3400410

N. G. Khisamiev, Constructive abelian groups, Handbook of recursive mathemat-
ics, Vol. 2, Stud. Logic Found. Math., vol. 139, North-Holland, Amsterdam, 1998,
pp. 1177-1231. MR1673602

Iskander Kalimullin, Bakhadyr Khoussainov, and Alexander Melnikov, Limitwise
monotonic sequences and degree spectra of structures, Proc. Amer. Math. Soc. 141
(2013), no. 9, 3275-3289. MR3068980

Charlotte Lin, Recursively presented abelian groups: effective p-group theory. I, J.
Symbolic Logic 46 (1981), no. 3, 617-624. MR627909

Peter Loth, Classifications of abelian groups and Pontrjagin duality, Algebra, Logic
and Applications, vol. 10, Gordon and Breach Science Publishers, Amsterdam, 1998.
MR1741074

Peter La Roche, Effective Galois theory, J. Symbolic Logic 46 (1981), no. 2, 385-392.
MRI613291

Roger C. Lyndon and Paul E. Schupp, Combinatorial group theory, Classics in Math-
ematics, Springer-Verlag, Berlin, 2001. Reprint of the 1977 edition. MR1812024

A. 1. Mal’cev, Constructive algebras. I (Russian), Uspehi Mat. Nauk 16 (1961), no. 3
(99), 3-60. MR0151377,

A. 1. Mal'cev, On recursive Abelian groups (Russian), Dokl. Akad. Nauk SSSR 146
(1962), 1009-1012. MR0151378

David Marker, Model theory, Graduate Texts in Mathematics, vol. 217, Springer-
Verlag, New York, 2002. An introduction. MR1924282

Timothy H. McNicholl, A note on the computable categoricity of ¢P spaces, Evolv-
ing computability, Lecture Notes in Comput. Sci., vol. 9136, Springer, Cham, 2015,
pp- 268-275. MR3382366

Alexander G. Melnikov, Computably isometric spaces, J. Symbolic Logic 78 (2013),
no. 4, 1055-1085. MR3156512

Alexander G. Melnikov, Computable abelian groups, Bull. Symb. Log. 20 (2014), no. 3,
315-356. MR3271281

Alexander G. Melnikov and Antonio Montalban, Computable Polish group actions,
To appear.

Alexander G. Melnikov and Keng Meng Ng, Computable torsion abelian groups, Adv.
Math. 325 (2018), 864-907. MR3742605

G. Metakides and A. Nerode, Effective content of field theory, Ann. Math. Logic 17
(1979), no. 3, 289-320. MR556895

Alexander G. Melnikov and André Nies, The classification problem for compact com-
putable metric spaces, The nature of computation, Lecture Notes in Comput. Sci.,
vol. 7921, Springer, Heidelberg, 2013, pp. 320-328. MR3102033

Alexander G. Melnikov and Keng Meng Ng, Computable structures and operations
on the space of continuous functions, Fund. Math. 233 (2016), no. 2, 101-141.
MR3466002

Sidney A. Morris, Pontryagin duality and the structure of locally compact abelian
groups, Cambridge University Press, Cambridge-New York-Melbourne, 1977. London
Mathematical Society Lecture Note Series, No. 29. MR0442141

Timothy H. McNicholl and D. M. Stull, The isometry degree of a computable copy of
[P, To appear.

P. S. Novikov, Ob algoritmiceskoi nerazre§imosti problemy toZdestva slov v teorii
grupp (Russian), Trudy Mat. Inst. im. Steklov. no. 44, Izdat. Akad. Nauk SSSR,
Moscow, 1955. MR0075197

A. Nurtazin, Computable classes and algebraic criteria of autostability, Summary of
Scientific Schools, Math. Inst. SB USSRAS, Novosibirsk, 1974.

Marian B. Pour-El and J. Ian Richards, Computability in analysis and physics, Per-
spectives in Mathematical Logic, Springer-Verlag, Berlin, 1989. MR 1005942


http://www.ams.org/mathscinet-getitem?mr=0130286
http://www.ams.org/mathscinet-getitem?mr=3400410
http://www.ams.org/mathscinet-getitem?mr=1673602
http://www.ams.org/mathscinet-getitem?mr=3068980
http://www.ams.org/mathscinet-getitem?mr=627909
http://www.ams.org/mathscinet-getitem?mr=1741074
http://www.ams.org/mathscinet-getitem?mr=613291
http://www.ams.org/mathscinet-getitem?mr=1812024
http://www.ams.org/mathscinet-getitem?mr=0151377
http://www.ams.org/mathscinet-getitem?mr=0151378
http://www.ams.org/mathscinet-getitem?mr=1924282
http://www.ams.org/mathscinet-getitem?mr=3382366
http://www.ams.org/mathscinet-getitem?mr=3156512
http://www.ams.org/mathscinet-getitem?mr=3271281
http://www.ams.org/mathscinet-getitem?mr=3742605
http://www.ams.org/mathscinet-getitem?mr=556895
http://www.ams.org/mathscinet-getitem?mr=3102033
http://www.ams.org/mathscinet-getitem?mr=3466002
http://www.ams.org/mathscinet-getitem?mr=0442141
http://www.ams.org/mathscinet-getitem?mr=0075197
http://www.ams.org/mathscinet-getitem?mr=1005942

COMPUTABLE TOPOLOGICAL GROUPS AND PONTRYAGIN DUALITY 8737

[Pon66] L. S. Pontryagin, Topological groups, Translated from the second Russian edition by
Arlen Brown, Gordon and Breach Science Publishers, Inc., New York-London-Paris,
1966. MR0201557

[Rog87] Hartley Rogers Jr., Theory of recursive functions and effective computability, 2nd ed.,
MIT Press, Cambridge, MA, 1987. MR&886890

[Smi8la]  Rick L. Smith, Two theorems on autostability in p-groups, Logic Year 1979-80 (Proc.
Seminars and Conf. Math. Logic, Univ. Connecticut, Storrs, Conn., 1979/80), Lecture
Notes in Math., vol. 859, Springer, Berlin-New York, 1981, pp. 302-311. MR619876

[Smi81b]  Rick L. Smith, Effective aspects of profinite groups, J. Symbolic Logic 46 (1981),
no. 4, 851-863. MR641497

[Tur36] A. M. Turing, On Computable Numbers, with an Application to the Entschei-
dungsproblem, Proc. London Math. Soc. (2) 42 (1936), no. 3, 230-265. MR1577030

[Tur37) A. M. Turing, On Computable Numbers, with an Application to the Entschei-
dungsproblem. A Correction, Proc. London Math. Soc. (2) 43 (1937), no. 7, 544-546.
MR1575661

[Wei00] Klaus Weihrauch, Computable analysis, Texts in Theoretical Computer Science. An
EATCS Series, Springer-Verlag, Berlin, 2000. An introduction. MR1795407

[WeiO1] Klaus Weihrauch, On computable metric spaces Tietze-Urysohn extension is com-

putable, Computability and complexity in analysis (Swansea, 2000), Lecture Notes in
Comput. Sci., vol. 2064, Springer, Berlin, 2001, pp. 357-368. MR/1893086

INSTITUTE OF NATURAL AND MATHEMATICAL SCIENCES, MASSEY UNIVERSITY, AUCKLAND, NEW
ZEALAND
Email address: alexander.g.melnikov@gmail.com


http://www.ams.org/mathscinet-getitem?mr=0201557
http://www.ams.org/mathscinet-getitem?mr=886890
http://www.ams.org/mathscinet-getitem?mr=619876
http://www.ams.org/mathscinet-getitem?mr=641497
http://www.ams.org/mathscinet-getitem?mr=1577030
http://www.ams.org/mathscinet-getitem?mr=1575661
http://www.ams.org/mathscinet-getitem?mr=1795407
http://www.ams.org/mathscinet-getitem?mr=1893086

	1. Introduction
	2. Elements of computable analysis
	3. The effective content of Pontryagin Duality
	4. Proof of Theorem 1.7
	5. Profinite abelian groups
	6. Further questions
	Acknowledgment
	References

