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ABSTRACT. The main result is as follows. Fix an arbitrary prime q. A g¢-divisible torsion-free (discrete, countable)
abelian G has a Ag—presentation if, and only if, its connected Pontryagin — van Kampen Polish dual G admits a
computable complete metrization (in which we do not require the operations to be computable).

We use this jump-inversion/duality theorem to transfer results on degree spectra of torsion-free abelian groups
to results about degree spectra of Polish spaces up to homeomorphism. For instance, it follows that for every
computable ordinal & > 1 and each a > 0(®) there is a connected compact Polish space having proper at? jump
degree a (up to homeomorphism). Also, for every computable ordinal 8 of the form 1+ ¢ + 2n + 1, where ¢ is zero
or is a limit ordinal and n € w, there exists a connected Polish space having an X-computable copy if, and only if,
X is non-lowg. In particular, there is a connected Polish space having exactly the non-lows complete metrizations.
The case when 8 = 2 is an unexpected consequence of the main result of the author’s M.Sc. thesis written under
the supervision of Sergey S. Goncharov.

In the present paper we establish a new algorithmic version of Pontryagin — van Kampen duality between compact
and discrete groups and apply it to derive new results on degree spectra of Polish spaces up to homeomorphism.
To motivate such investigations, we note that the paper contributes to a new theme in effective mathematics that
combines methods of computable algebra [1-3] with tools of computable analysis [4-6] to advance both subjects.
The main tools of such studies are the notions of computability of algebraic and topological structures; Turing [7, 8],
Banacha and Mazur [9], Frohlich and Shepherdson [10], Maltsev [11], Rabin [12] and others suggested various notions
of computability for infinite mathematical structures and spaces. Historically, the study of computable processes
in separable uncountable structures [5, 6] and in countable discrete algebraic structures [1, 2] have been rather
independent, even though both theories share essentially the same motivation. In particular, one of the central
problems in both themes has traditionally been:

Describe computably presentable mathematical structures.

Beginning with [13], there has been a line of investigation that aims to unite these two subjects into one general
theory; we cite [14-16] for several recent results in this direction, and we also cite [17] for a detailed exposition
of this new general theory. The main result of the present paper completely reduces the problem of computable
metrizability of a broad class of compact Polish spaces to the problem of A9-presentability of countable torsion-free
abelian groups. This result provides an explicit link between computable analysis and effective algebra.

Fix a prime ¢. Say that an (additive) abelian group A is g-divisible if, for every n € N and every a € A, ¢"z = a
has a solution in A.

Theorem 0.1. For a (discrete, countable) q-divisible torsion-free abelian group H, the following are equivalent:
(1) H has a AY presentation.

(2) The connected compact Pontryagin — van Kampen dual H of H admits a computable (compatible, complete)
metrization.

We will clarify the terminology in due course, but we note that, similarly to Stone duality for Boolean algebras
and Stone spaces, Pontryagin — van Kampen duality is injective on the isomorphism types of discrete and compact

Polish abelian groups, and indeed G = G for any (Hausdorfl) locally compact abelian group G. In a related
work [18], Lupini, Melniikov and Nies have recently established a version of Pontryagin — van Kampen duality
between computable torsion-free abelian H and effectively compact H. Although the proof of (2) = (1) uses
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the apparatus developed in [18], the proof of (1) = (2) relies on some new technical ideas. Indeed, the jump
inversion technique that we introduce to prove (1) = (2) seems to have no direct analogy in computable analysis.

We emphasise that in (2) of Theorem 0.1 we do not require the group operations of H to be computable with
respect to the metric. However, the proof of (1) == (2) gives a computable metrization of H in which the
operations are computable. It follows that, for a g-divisible torsion-free abelian H, if His computably metrizable,
then there is also a metrization of H that makes the operations computable. We also (strongly) conjecture that
the proof of (1) = (2) produces a primitive recursive (“punctual”) metrization of the connected compact H
(which is likely polynomial-time). Compare this to (3) of Theorem 1.5 in [19] saying that every computable torsion-
free abelian group has a punctual presentation. We refer the reader to [20, 21] for the foundations of punctual
structure theory and to [22] to the connections of this theory with computable analysis. We note however that this
conjectured consequence is perhaps not that exciting because we still do not know if there is a computable Polish
space not homeomorphic to a primitive recursive one!. (This is an open question recently raised by Ng.) Further
consequences of our result are concerned with spaces that are not computably presentable. We discuss this in detail
below.

0.1. Degree spectra of countable algebras. In computable algebra, one seeks to find a computably-theoretic
sufficient condition for a structure to be computably presentable. For example, every low Boolean algebra® is
isomorphic to a computable one [24], and indeed every low, Boolean algebra also has this property [25]. More
generally, we follow Richter [26] and define the degree spectrum of a countable algebraic structure A to be the set
of Turing degrees that compute a presentation of the structure:

DSp(A) = {a:a computes B = A},

where = stands for algebraic isomorphism. So, for a Boolean algebra A, if a low degree is in its degree spectrum
then A has a computable presentation. Therefore, the study of degree spectra is directly related to the problem
of computable presentability of structures. Much work has been done on degree spectra in common algebraic
classes [27-30] as well as for structures in general [26, 31-34].

One naturally seeks to understand what kind of collections of Turing degrees can be realized as a degree spectrum
of some structure. One of the most notable and counterintuitive results of this sort was obtained by Wehner [32] and,
independently, Slaman [33]: There exists a structure whose degree spectrum contains exactly the non-computable
degrees. (We call the collection of all non-zero Turing degrees the Slaman- Wehner spectrum.) The result answered
a question of Lempp in negative. One standard notion that can be used to measure the complexity of a spectrum
is as follows. If A is a countable structure, « is a computable ordinal, and a > 0(®) is a Turing degree, then A has
at? jump degree a if the set

{d® . d e DSp(A)}

has a as its least element. In this case, the structure A is said to have o*® jump degree. A structure A has proper
a'? jump degree a if A has o jump degree a but not 5" jump degree for any 3 < a. In this case, the structure A
is said to have proper o' jump degree. We cite [35-39] for various results on jump degrees of structures.

Usually, if a structure has o' jump degree this means that one can code a set of natural numbers into its 2,
diagram (in the sense of the infinitary computable language L, , [2]), while the standard way of getting a structure
with the non-low,-spectrum is to code a family of sets into the X | ;-diagram of the structure.

0.2. Degree spectra of Polish spaces. While Banach spaces are usually considered up to linear isometries,
Polish spaces and Polish groups are often studied up to homeomorphism. Given a Polish space, one way to define
its computable presentation is to say that there exists a complete compatible metric d and a dense countable
sequence (x;) such that d(z;,z;) is a computable real uniformly in ¢,j. In this case we also say that the space
admits a (compatible, complete) computable metrization.

1By this we mean the metric completion of a countable metric space upon the domain of w in which the predicates D« (3, j, k) <
d(i,7) < 27% and D (i,4,k) <= d(i,j) > 2~F are uniformly primitive recursive.

?Recall that an oracle X is low if the Halting problem X’ for Turing machines with oracle X can be computed using (), the usual
Halting problem (with no oracles. The class lowy is defined similarly, but using X (4) and 04, This is a degree-invariant property. We
cite [23] for further background.
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While the study of degree spectra of countable algebraic structures is a well-developed theory, essentially nothing
was known about the degree spectra of Polish spaces up to homeomorphism until the publication of the three recent
papers [40-42]. We follow [40] and define the degree spectrum of a Polish space M up to homeomorphism as follows:

DSphom (M) = {a: a computes N 2, M},

where N is a separable metrized space with a distinguished dense set (x;) for which a can uniformly compute
d(l’i, X ) .

We discuss the little that is known about degree spectra of spaces up to homeomorphism. Results from [42] and
the unpublished manuscript [43] provide direct ways to code a set into the space using 4 and 3 jumps, respectively,
giving examples of spaces having proper 4th and 3rd jump degree. In [42, 43] two computable versions of Stone
duality have been established. As a consequence of the version contained in [42], degree spectra of Boolean algebras
are in a 1-1 correspondence with the degree spectra of the respective Stone spaces. We also cite [44] for a further
detailed computability-theoretic analysis of Stone duality, and for an application of Stone spaces to degree spectra
of Banach spaces up to linear isometry. However, degree spectra of Boolean algebras are not particularly rich.
For instance, the above-mentioned result about low, Boolean algebras implies that the Slaman-Wehner spectrum
(indeed, the non-low,, spectrum for n < 4) cannot be realized for Stone spaces. Also, the main result of [39] says
that no Boolean algebra has nth jump degree d > 00"). Thus, to get interesting examples of degree spectra of
Polish spaces, one needs to consider spaces that are not totally disconnected compact.

A version of the main result of the present paper for effectively compact presentations can be found in the recent
work [18]. Using this version of Pontryagin — van Kampen duality from [18], one can get corollaries similar to the
ones we will give below shortly, but for effectively compact presentations. We will not define what it means to be
effectively compact here, but we do say that there is no direct way to connect the above-mentioned consequences
of [18] with degree spectra up to homeomorphism in our sense. This is because there exist computably metrized
spaces that have no effectively compact presentation [43], and indeed this in particular is true for the spaces
considered in [18] (as explained in [18]).

We now give several consequences of our main result.

Corollary 0.2 (Follows from [45, 46]). For every computable ordinal /3 of the form 1+ § + 2n + 1, where ¢ is zero
or is a limit ordinal and n € w, there exists a a connected compact Polish space having an X-computable copy if,
and only if, X is non-lowg.

As an immediate consequence of the above, we obtain:

Corollary 0.3. For every § as in Corollary 0.2, there exists a connected compact Polish space having 003+ as its
proper (B + 1)t"-jump degree.

Corollary 0.4 (Follows from [36, 37, 46, 47]). For every computable ordinal & > 1 and degree a > 0(®) there is a
connected compact Polish space having proper ot” jump degree a.

We now discuss how these corollaries follow from our main theorem and the cited results from the literature.
Recall that (2) of Theorem 0.1 does not assume that the group operations are computable. However, the theorem
does assume that the discrete group is g-divisible, and there is no such assumption in the cited results. Luckily,
all these constructions of interesting degree spectra of (discrete) torsion-free abelian groups in the literature share
the same feature, namely, they remain true if one also additionally makes the groups ¢-divisible for some prime ¢
(that is not used anywhere in the definition of the group otherwise). For instance, to see that this is indeed the
case for groups constructed in [36, 45] one has to get accustomed with the heavy machinery used in these papers.
We refer the reader to, e.g., Lemma 4.4 of [36] for a sample technical result of this sort where this stability under
g-divisibility is explicitly stated and verified. Discussing this machinery in any reasonable detail is outside the scope
of this paper; we cite the survey [48] for an informal explanation, and we also cite [49] for a more detailed technical
exposition of this machinery. When 5 = 2 in Corollary 0.2, no such complex machinery is required, and indeed the
space admits a relatively nice description. We give a complete explanation of this case in the last section.

We leave open whether Corollary 0.4 holds for @ = 0, i.e. when a is just the degree of M. Also, we do not
know if Corollaries 0.2 and 0.3 hold for a = 0,1. In particular, we do not know if there is a Polish space with the
Slaman-Wehner spectrum, up to homeomorphism. Such examples are not known for Polish spaces in general (up
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to homeomorphism), let alone compact or connected compact Polish spaces. Finally, we leave open whether the
main result holds without any extra assumption on the isomorphism type of the torsion-free group.

1. PONTRYAGIN - VAN KAMPEN DUALITY

All groups in this section are separable and Hausdorff. Given a topological abelian group G, the character
group G of G is the collection of all continuous homomorphisms from G to the unit circle group R/Z under the
compact-open topology (the topology of uniform convergence on compact sets), with pointwise addition. Note
that G is abelian as well. To avoid repetitions, henceforth we assume that all our groups are Polish and abelian.
liontryagin - van Kampen duality states that, if G is locally compact, then G is also locally compact; furthermore

G is topologically isomorphic to G via the map sending g € G to the evaluation map ¢ — @(g) [50]. Similarly to
Stone duality in the case of Boolean algebras, the character group G contains all the information about G. For
a locally compact abelian group G, the character group G is usually called the Pontryagin - van Kampen dual of
G, the Pontryagin dual of G, or simply the dual of G if there is no danger of confusion. We refer the reader to
the books [51, 52] for more on this subject. We will need that G is discrete countable torsion-free iff G is compact
connected Polish.

We explain why the dual of a discrete group can be viewed as a closed subgroup of A = T%, where T is the
unit circle group. Let T be the group R/Z, which is isomorphic as topological group to the multiplicative group of
complex numbers having norm 1. We say that a point « € 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;,
ieN

of infinitely many identical copies T; of T carries the natural product-metric

= 1

D(x,p) = Z Q_ﬁdi(xi,ﬂi%

i=0
where each of the d; stands for the shortest arc metric on T;. Under this metric and the component-wise operation
A is a computably metrized Polish abelian group. The dense sets are given by sequences (a;), where a; is a rational
point in T;, and almost all a; are equal to zero. The basic open sets in [ ], T; are direct products of intervals with
rational end-points such that 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 of the intervals are rational.) Every compact abelian group can be realised as a closed
subgroup of A, as explained below.

Suppose G = {go = 0,¢1,92,...} is a countably infinite discrete group. Let Hom(G, T) be the subset of A =
[Licn Ti, (each T is a copy of T) consisting of tuples x = (xo, X1, --.), where each such tuple represents a group-
homomorphism x : G — T such that x(g;) = x; € T;. Since G is discrete, every group homomorphism x : G — T
is necessarily continuous. Thus, G~ Hom(G, T). Since being a group-homomorphism is a universal property,
Hom(G,T) is a closed subspace of A. Pontryagin - van Kampen duality implies that every separable compact
abelian group is homeomorphic to a closed subgroup of A.

2. PROOF OF THEOREM 0.1

2.1. Turning a computable Polish space into a A9 discrete group. Lupini, Melnikov and Nies [18] proved
that, for a connected compact Polish abelian group G, the following are equivalent:

(1) G has an effectively compact presentation (as a Polish space);
(2) G has a computable presentation.

In (1) there is no assumption about the computability of the group operations. A computably metrized compact
space is effectively compact if for every n we can uniformly computably list all of its open 27 "-covers. Since every
computably metrized Polish space is 0/-effectively compact, we obtain that for every computably metrized connected
Polish abelian G, its dual admits a A9-presentation. The effectively compact case requires extra care because the
non-emptiness of the intersection of basic open balls can be an undecidable property. In [18] this is circumvented
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using a new constructive version of a metric nerve to replace the usual nerve of a cover. However, if our goal is
to show that G admits a AJ-presentation for a computably metrized G, then we do not need this new notion, and
therefore the proof becomes much more direct and transparent. We explain this below.

Our goal is to prove a computable version of the remarkable result stated below.
Theorem 2.1 (See Part 5 of Chapter 8 of [53]). For a compact connected Polish abelian group G,
H'(G) =G,

where as usual G denotes the Pontryagin — van Kampen dual of G and H'(G) stands for the first Cech cohomology
group of the underlying metric space.

One does not need the operation of G to define H'(G); therefore homeomorphic connected compact abelian groups
are necessarily isomorphic as topological groups. See, e.g., [54] for a detailed exposition of cohomology theory for
compact abelian groups. So, our goal is to prove the following.

Theorem 2.2. Let M be a compact, computably metrized Polish space. Then, for each i, its ith Cech cohomology
group H'(G) admits a AY-presentation.

2.1.1. The necessary tools from algebraic topology. Given a compact M, let A/ be the directed set of all its finite
open covers (under refinement). Since the covers by basic e-balls, where € ranges over positive rationals, are cofinal
among all covers, without loss of generality we can restrict ourselves only to covers by basic open balls with rational
radii. For each member C of N, define its nerve N(C) to be the collection of all sets in the cover that intersect
non-trivially. One can view N(C) as a (finite) simplicial complex in which the n-dimensional faces are exactly the
n-element subsets X of N(C) such that ({Y : Y € X} is a non-empty set. For these finite simplicial complexes we
can define their cohomology groups H*(N(C)) (with coefficients in Z).

We follow §73 of [55] and define the Cech cohomology group of a compact metrized space as follows. For a fixed
finite set of basic open balls C' € A and the respective metric simplex N(C), define the simplicial chain complex as
usual:

—)53 A2 —>52 A1 — 61 AO
where A; are finitely generated free abelian groups and J; are boundary homomorphisms, and then define the
associated cochain complex A® = Hom(A;,Z) and define d; : A®* — A*~! to be the dual homomorphism of ;1.
Then HY(N(C)) = Ker(d;)/Im(d;_1) is the ith cohomology group of the simplex N(C) which is a finitely generated
abelian group which can be thought of as given by finitely many generators and relations. Let H* (M) be the direct
limit of H*(N(C)) induced by the inverse system N under the refinement maps.

Chapter 1 (§11) of [55] contains a careful verification of the computability of the homology groups for finite
simplicial complexes, in the following sense. Given a (strong index of a) simplicial complex, one can uniformly
compute its i-th homology group represented as @, (a;), where aq, ..., a; are the generators of the group such
that the orders of the cyclic (a;) are also uniformly computable. Since A® = Hom(A;,Z), one can easily observe
that that respective cohomology groups are also computable in this strong sense. We need a similar result for the
Cech cohomology groups, but these groups are no longer finitely generated.

2.1.2. Computability of the Cech cohomology.

Proof of Theorem 2.2. A version of this proof for effectively compact spaces can be found in [18]. We say that a
sequence of finitely generated uniformly computable abelian groups (B;) is strongly completely decomposable if each
B; uniformly splits into a direct sum of its cyclic subgroups, and furthermore the sets of generators of the cyclic
summands are given by their strong indices.

Claim 1. The groups H*(N(C)) are strongly completely decomposable (uniformly in C and 7).

Proof. A close examination of the definitions shows that, given C' (as a finite set of parameters) and i, we can
compute the generators of A® = Hom(A;,Z) and compute d;. We will need the fact below which is well-known;
see [56] for a proof.

Fact 2.3. Let G < F be free abelian groups. There exist generating sets gi1,...,gx and fi,... fi, (kK < m) of G
and F, respectively, and integers nq,...,n; such that for each ¢ < k, we have g; = n; f;.
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We can computably find the set of generators (a;) of Ker(d;) and a set of generators (bs) of Im(d;_1) such that
for each s there is an integer m and an index 4 such that ma; = bs; we know that such generators exist so we just
search for the first found ones. It follows that the factor HY(N(C)) = Ker(d;)/Im(d;_1) is strongly completely
decomposable with all possible uniformity. O

Recall that a group admits a X9 presentation if it is isomorphic to a factor of a A group by a £9 subgroup.
Claim 2. The direct limit limeen HY(N(C)) admits a $9 presentation.

Proof. Note that 0’ can list all open e-covers and decide whether two given basic open balls intersect. A refinement
map between two covers C' < C’ in N induces a simplicial map between the respective nerves N(C) and N(C’), and
this induces a homomorphism between the respective cohomology groups H!(N(C)) — H'(N(C")). By Claim 1,
these finitely generated abelian groups are 0/-effectively completely decomposable uniformly in C' and i. Note that
Im ¢ is generated in H*(N(C")) by the images of the generators of H*(N(C)). Similarly to the proof of Claim 1,
choose new generators of H*(N(C")) and I'm ¢ so that the latter are integer multiples of the former. In particular,
it is easy to see that Im¢ is a AY subgroup of HY(N(C’)). This means that we can augment Im ¢ with extra
generators in a (0’-computable way to expand it to H'(N(C")). It follows that limcepn H{(N(C)) = H'(G) can
be consistently defined as the “union” of the H*(N(C)),C € N, to obtain a group in which the operations are
0’-computable and the equality is 3. (The equality is merely X9 since an element a € H'(N(C')) can be mapped
to 0 in some H*(N(C")) which appears arbitrarily late in the directed system.) O

Since G is torsion-free, to finish the proof it is sufficient to apply the result below relativized to 0’.
Proposition 2.4 (Khisamiev [57]). Every c.e.-presented torsion-free abelian group A has a computable presentation.
It follows that, for a computably metrized connected abelian G, its torsion-free discrete dual is AY-presentable. [

2.2. Turning a AY discrete group into a computable Polish space. The goal of this section is to prove the
lemma below which is a partial converse of Theorem 2.2 sufficient for our goals. Fix a prime number q. We say
that H is g-divisible if ¢°°|h for every h € H.

Lemma 2.5. There is a uniform procedure which, given any non-zero q-divisible AS-group H outputs a computably
metrized presentation of H.

Proof. The proof uses ideas and techniques from [18, 58], however, new tools are necessary to handle the case of an
arbitrary g-divisible A group.

2.2.1. The setup. We build G < A = T, where T is the “natural” computably metrized presentation of the unit
circle group. Our goal is to make sure G = H. We define G to be a closed subgroup of the product; indeed, it is
sufficient to specify a dense subset of it.

First, imagine that H is computable. We use the well-known result of Dobrica [59] and fix a presentation of H
with a computable basis B which may or may not be finite. (We cite [58] for a modern proof of the result of Dobrica
that uses the meta-theorem from [60], and we also cite [18] fora modern proof of a more general result that implies
the theorem of Dobrica.) The group is generated by elements that satisfy relations of the form ng = 3, . 5 msb,
where almost all coefficients are zero, and we can list such relations effectively. We reserve a special copy T, of T
for every such generator ¢, including T, for each b € B. In this notation, the elements of G are sequences of the
form (Xn)nen going though the computably metrized A = [, T,.

We declare nxy = > ;e g mpxs for all x € Ty NG whenever we have a relation ng =, 5 myb. We will proceed

in this way and will end up with a computably metrized presentation G of H [68]. The issue is, of course, that H
is merely AY.

2.2.2. An informal outline of the basic strategy. We fix a A presentation with a A9 basis. In fact, taking the
retract of the domain under a suitable A map, we can make sure that the indices of the basic elements form a
computable set. So the only difference with the computable case is that the relations are no longer computable but
are merely A9, in the sense that, for a fixed g, ng = > pep Mpb can change to some other n'g = 3, 5 myb finitely
many times before it settles.
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The idea is to ensure that ny, = > ,c 5 mpXs holds up to (say) error 27° at stage s, and therefore it can be
corrected later if necessary. If we decide that nx, = >, p mpXs no longer holds for any g, we will be able to turn
it into a relation of the form ¢*g = > pep Mpb (where ¢ is the fixed prime and £k is very large).

We give more details. At every stage we will put only finitely many rational points into each circle. Suppose we
initially had

(1) nXg = > MbXb;

beB

that is witnessed by finitely many intervals in the respective copies of the unit circle that approximate this relation
up to error 27°, where s is the stage. If this relation will never change for g, we will keep making these intervals
smaller, and will end up with a closed set for which the relation does indeed hold. The shrinking intervals will allow
us to approximate a dense computable subset of the closed set similarly to how one lists a dense set for (say) the
Baire space; we omit the standard details.

Now suppose the relation my, = >, 5 myxp has to be replaced with some other relation at stage s. Note that
at the stage we have only finitely many intervals approximating the relation with precision 27°. Take k so large

o
that each of these finitely many intervals of T, contains at least one point of the form ———, where » < (¢" —m).
-m

k
q
Under  — ¢*z, the point - on the unit circle is mapped to
qF —
k E_
rq r(¢® —m+m) rm rm

&) R k_ =Tt =

q* —m q* —m - —-—m ¢F—m

In other words,  — ma and x — ¢*x agree on all points of this form. Consequently, for these points

(*) ¢"xg =D mpxs

beB

will also hold “up to 27°”, and this corresponds to

Jgqtg=">_ mb
beB

in H that vacuously holds since the group is g-divisible. We can therefore consistently switch the approximation of
our closed set locally perhaps making further necessary adjustments.

Remark 2.6. For instance, if we are dealing with mg = b and changing it to ¢*¢g = b then we need to introduce
27 %-approximations to many new pre-images of b under the (adjusted) map. For example, there are only two
preimages under x — 2z, but there are four under x — 4x. Such adjustments make the closed set that we build
not effectively closed in general.

Then we introduce a fresh circle corresponding to the relation ng = 3, . 5 myb, and repeat.

To make our proof a bit more transparent, we will actually split my, = >,z msxp into xXr = D, 5 Mpxp and
mXg = Xr and work only with myxy = xr. This of course is merely a notational convenience.

2.2.3. Putting the strategies together. At this stage the reader hopefully sees how to organise the construction using,
say, movable markers. Note there is essentially no interaction between strategies working with different generators.
There are only two further subtleties that needs to be addressed.

Issue 1 Among other things, we need to make sure that the group is isomorphic to the dual of H. In particular, one
potential difficulty is that at some stage the (approximations to) relations imply that the group is torsion;
for example, we could potentially have that mx = b and nxz = b for m # n. These potentially bad cases can
be easily excluded. Indeed, all groups will be finitely generated abelian, where all such properties are easily
decidable (see, e.g., the analysis of f.g abelian groups contained in the previous subsection). We therefore do
not believe a relation unless, together with the previous relations, it gives us a finitely generated torsion-free

group.
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Issue 2 The relations of ¢"-divisibility play a special role in the construction; in particular, we must make sure that
all elements are ¢°°-divisible, but we also have to avoid problems similar to Issue 1 restricted to relations
of the form ¢"z = >, myb. This can be done as follows. In the construction, we implement the basic
strategies only for generators that have their relations of the form ng = 3, myb, where n and ¢ are
co-prime. Meanwhile, we manually introduce more and more new circle-components for relations of the
form ¢*g = b, for every b, to make sure that no such relations are missing.

2.2.4. Formal proof. By the Dobrica’s result [59], we can assume that H has a A basis. We can view H as a X9
subgroup of VI8 = ®i<card(B) Q@ so that the basis B is equal to the standard basis of VIZ!. In particular, we can

indeed assume that B is a computable set. To list H as a subgroup of V1B, it is sufficient to list elements g € H
that satisfy relations of the form
p'g =Y mub,

beB
where p ranges over primes and v over positive integers. Note that if such a g exists then it is unique. We computably
guess whether the relation holds in the group in the spirit of the limit lemma. The relations holds in the group iff

ZbeB myb
p'U
Since H is a Xy subgroup in general, the relation holds iff we eventually never see it to fail. However, if the relation
fails we can have infinitely many stages at which we believe that the relation might hold.

€ H.

We first give a “macro-construction” that manipulates with copies of the unit circle and rules of the form
nXi = Y e MbXp- Then we give the full construction that turns the macro-construction into a construction of a

computable Polish group G isomorphic to H.

2.2.5. The macro-construction. For every b € B, reserve a copy T, of the unit circle group. At stage s of the
macro-construction, introduce one more Tj and monitor one more relation of the form p’g = 3, . p mpb. For every
such relation R that had not previously been considered, do the following:

(a.1) Introduce a copy of the unit circle group Tx and declare

XR = Z myXep-

beB

(a.2) Introduce a new copy of the unit circle group Tg o and declare it active.

(a.3) Declare xr = p"XR,0-

For every relation R’ that has already been considered, check if R’ still holds according to the ¥9-approximation
that we fixed above.

If it does not hold, then let u be largest such that Tg/, is currently active, and so that xr/ = p“Xr/,« Was
declared at the stage when Tg/ ,, was introduced.

(b.1) Declare Ty, inactive and declare x g = p¥Xrs . dismissed.

(b.2) Choose k very large (to be clarified) and declare xr' = ¢*X g/ u-

(b.3) Introduce a new copy Tgs 441 of the unit circle group and declare it active.

(b.4) Declare xp = p'X R/ u+1-

2.2.6. The definition of G. The macro-construction builds a closed subgroup of T“. We now explain how the
macro-construction can be computably approximated, and then we explain how this approximation allows us to
computably list a dense subset of G.

Definition 2.7. For a finite equation of the form ng =}, .z myb, its e-name is a finite collection of open basic
intervals U ; € T, and Uj € Ty of diameter € with the following properties:

(1) Ug cover Tp;
(2) U, cover Ty;
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(3) If nx = g mpysp holds for x € T, and y, € Ty then for some intervals Ug 5 x and Ug” S Yp,

nU ; = Z mbUlZ”
beB
Such an approximation is possible due to the especially nice properties of the usual operations and the geometry of
the unit circle. (We do not really need our approximations to be that nice though.)

To define G, we monitor the macro-construction. At every stage s, we do the following:

(1) Enumerate more points into each copy of the unit circle that is currently introduced by the macro-
construction.

(2) For every declared relation which have not yet been dismissed, with the exception of those declared in (b.4)
of the current stage, refine its 2~*+!'-name to a 27° name.

(3) For every relation of the form xr = ¢"x g, that has been introduced at a (b.2)-type substage of the current
stage for some R, replace the 27+!-name of the dismissed xyr = P’XR,u With a 27°-name of xp = quR,w

In particular, in (b.2) we choose k so large that substep (3) can be performed according to (f) and the discussion
preceding (1). (Note that there is no circularity here.)

2.2.7. The verification. We first explain how to list a dense subset of G. At every stage we list only finite tuples of
special points in the constructed copy of T% that satisfy the currently declared 27 *-names rules up to 27°. During
the construction, we will keep refining and extending each such finite tuple, so that the result will converge uniformly
to an infinite tuple of points going through the whole of T«. This is done arbitrarily, say, by choosing the smallest
available index among the special points that obey the current 2~°-names.

Remark 2.8. One can argue that the closed set defined in the construction is effectively overt, that is, the set of
basic open balls intersecting the set is c.e. It is well-known that such closed sets admit a computable dense sequence
(e.g., [61]). We provide a detailed (but informal) explanation that avoids the use of effective overtness.

Suppose at stage s the rule is py; = xo. Note that there are p pre-images of x € Ty in Ty under x — px. We
put finitely many rational points 7 ,,...,75 , in To and also use the 27 *-name of px1 = xo to find for each i all
points 7§ ; such that pr{ ; = rj ;. (We actually do not really need the 27° name as this can be done directly.)

If there is a rule relating T to either To or Ty, then there will will also be at most finitely many points 73 ,
suitable for the third coordinate in

(TS,w Tij7 T;,lw i )
If there is no such rule, then at the stage there will be finitely many points in Ty so we can pick the third coordinate
arbitrarily using any of these points. According to the standard metric on T%, the circles get “smaller” as i gets
larger. So we continues at this manner until we get to an index u such that the diameter of [] T, is smaller

v>Uu
than 27, Then (r§,,7{ .,75 ,...,75 ,,0,0,...) can be declared 2~ *-approximation of a special point in G. Note
0,00 " 1,50 " 2,k u,d
that at stage s there are only finitely many such approximations.
At the next stage, we need to refine it to (rgt,l,rﬁ},rgt;,...,r;ifjl,,0,0, ...). For that, we will choose the

(lexicographically) smallest-index finite tuple that is within 27° of the previous tuple and furthermore satisfies the
(perhaps, updated) rules with a better precision.

It is crucial that the rules are updated so that (say) r{ ;, can be replaced with riJg,l that is arbitrarily close to
ri; in Tq. Also, as we already noted above once, a new rule implies that there are more preimages that need to be
kri-;l s+1

listed. For instance, if pr{ ; = r{ ; needs to be replaced with ¢ =g » where k is very large, then there will be

¢* > p points that satisfy the new equation for 7'8171. Only p-many of them will be used as better approximations of
the previously introduced (procedures approximating) points. The new ones will have to be listed into new tuples
that will be (approximations to) new special points. As we have already mentioned, this is where we might lose
effective compactness in the definition of G.

We keep making better and better approximations using the smallest available index principle every time we

have a choice, and this way we will build a dense subset of G.

It should be clear that G is equal to the completion of the uniformly computable list of points that we build
according to the procedure described above. To finish the verification, note that G is topologically isomorphic to
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the character group of H, and therefore is a computable presentation of H under the operations inherited from
A =T, O

3. COMPLETELY DECOMPOSABLE GROUPS AND SOLENOID SPACES

In this section we explain in detail the special case of Corollary 0.2 when g = 2. Thus, our goal is to construct
a compact space with non-low, degree spectrum.

Assuming that the reader is willing to see what the isomorphism type of the space actually is, we give details
below. (If the reader does not need to see this, we just say that there is a completely decomposable group with
exactly the non-low copies [46]. It is easy to see that it can be made 2-divisible, and the jump inversion from groups
to spaces (in view of Theorem 2.1) makes it non-lows, as usual.)

A set W is the enumeration of a family U if {W/ : e € w} = U, where Wl = {z : (z,e) € W}. Note that
repetitions do not matter here. We also say that U admits a %:X "1 enumeration if there is a set W with the above
property such that which is c.e. relative to X (™. Recall that a group is completely decomposable if it is isomorphic
to a direct sum of additive subgroups of the rationals. The following proposition is a variation of a result from [46].

Proposition 3.1. Let U be an infinite family of finite sets that contains the empty set. There exists a completely
decomposable 2-divisible group G(U) such that the following conditions are equivalent.
(1) G(U) has an X-computable presentation.

(2) U admits a X5 -enumeration.

Proof sketch. Let (p;)ic., be the standard enumerations of all primes; in particular, pg = 2. Let Ag be the subgroup
of Q that contains 1 and such that p;y1 f1 if D; € S and p$;|1 otherwise. Also, declare 2°°|1. Define

GU:@<@AS>.

i€w \SeU
It is not hard to show that Gy has the desired property. O

A space is a solenoid space if it is equal to the inverse limit of the unit circles under multiplicative maps of the
form = — max, where m is a positive integer:

Ty T, Ty -,
where (m;);e. is allowed to have repetitions. It is not hard to see that such as space is homeomorphic to the domain

of the dual of the group ({—— :i € w}) < (Q,+). Conversely, the dual of every subgroup of the rationals is

Il<imi

a solenoid group. Since @TEUJ\HZ = [Lico f{\i, completely decomposable groups correspond to direct products of
solenoid groups under duality. -

It follows from Theorem 0.1 that, for H(U) = G(U), U admits a X$-enumeration iff H(U) has a computable
metrization. Relativise the result of Wehner [32] to 0” to obtain a family U of finite sets which is has no X3-
enumeration but is ¥ -enumerable for any X such that X” > 0”. Then H(U) admits a Y-computable metrization
iff B # %9 iff Y £, 00) iff Y2 £ 0®) which is the same as to say that Y is not lows.

REFERENCES

[1] Y. Ershov and S. Goncharov. Constructive models. Siberian School of Algebra and Logic. Consultants Bureau,
New York, 2000.

[2] C. Ash and J. Knight. Computable structures and the hyperarithmetical hierarchy, volume 144 of Studies in
Logic and the Foundations of Mathematics. North-Holland Publishing Co., Amsterdam, 2000.

[3] Yu. Ershov. Problems of solubility and constructive models [in russian]. 1980. Nauka, Moscow (1980).

[4] V. Brattka, P. Hertling, and K. Weihrauch. A tutorial on computable analysis. In New computational paradigms,
pages 425-491. Springer, New York, 2008.

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



[6]

NEW DEGREE SPECTRA OF POLISH SPACES 11

Marian B. Pour-El and J. Tan Richards. Computability in analysis and physics. Perspectives in Mathematical
Logic. Springer-Verlag, Berlin, 1989.

Alan M. Turing. On computable numbers, with an application to the entscheidungsproblem. Proceedings of
the London Mathematical Society, 42:230-265, 1936.

Alan M. Turing. On Computable Numbers, with an Application to the Entscheidungsproblem. A Correction.
Proceedings of the London Mathematical Society, 43:544-546, 1937.

Stefan Banach and Stanislaw Mazur. Sur les fonctions calculables. Ann. Soc. Pol. de Math., 16(223), 1937.
A. Frohlich and J. Shepherdson. Effective procedures in field theory. Philos. Trans. Roy. Soc. London. Ser.
A., 248:407-432, 1956.

A. Mal’cev. Constructive algebras. I. Uspehi Mat. Nauk, 16(3 (99)):3-60, 1961.

M. Rabin. Computable algebra, general theory and theory of computable fields. Trans. Amer. Math. Soc.,
95:341-360, 1960.

Alexander G. Melnikov. Computably isometric spaces. J. Symbolic Logic, 78(4):1055-1085, 2013.

Joe Clanin, Timothy H. McNicholl, and Don M. Stull. Analytic computable structure theory and LP spaces.
Fund. Math., 244(3):255-285, 2019.

Timothy H. McNicholl. Computable copies of 2. Computability, 6(4):391-408, 2017.

T. Brown, T. McNicholl, and A. Melnikov. On the complexity of classifying Lebesgue spaces. Journal of
Symbolic Logic 85(3):1-35, 2020.

Rodney G. Downey and Alexander G. Melnikov. Computable analysis and classification problems. In Marcella
Anselmo, Gianluca Della Vedova, Florin Manea, and Arno Pauly, editors, Beyond the Horizon of Computability
- 16th Conference on Computability in Europe, CiE 2020, Fisciano, Italy, June 29 - July 3, 2020, Proceedings,
volume 12098 of Lecture Notes in Computer Science, pages 100—111. Springer, 2020.

M. Lupini, A Melnikov, and A. Nies. Computable topological abelian groups. Submitted.

Iskander Kalimullin, Alexander Melnikov, and Keng Meng Ng. Algebraic structures computable without delay.
Theoret. Comput. Sci., 674:73-98, 2017.

Alexander G. Melnikov. FEliminating unbounded search in computable algebra. In Unwveiling dynamics and
complezity, volume 10307 of Lecture Notes in Comput. Sci., pages 77-87. Springer, Cham, 2017.

Nikolay Bazhenov, Rod Downey, Iskander Kalimullin, and Alexander Melnikov. Foundations of online structure
theory. Bull. Symb. Log., 25(2):141-181, 2019.

Rod Downey, Alexander Melnikov, and Keng Meng Ng. Foundations of online structure theory II: the operator
approach. To appear in Logical methods in Computer Science, 2021.

R. Soare. Recursively enumerable sets and degrees. Perspectives in Mathematical Logic. Springer-Verlag, Berlin,
1987.

Rod Downey and Carl G. Jockusch. Every low boolean algebra is isomorphic to a recursive one. Proceedings
of the American Mathematical Society, 122(3):871-880, 1994.

Julia F. Knight and Michael Stob. Computable boolean algebras. J. Symbolic Logic, 65(4):1605-1623, 12 2000.
L. Richter. Degrees of structures. J. Symbolic Logic, 46(4):723-731, 1981.

I. Kalimullin, B. Khoussainov, and A. Melnikov. Limitwise monotonic sequences and degree spectra of struc-
tures. Proc. Amer. Math. Soc., 141(9):3275-3289, 2013.

A. Frolov, I. Kalimullin, V. Harizanov, O. Kudinov, and R. Miller. Spectra of high,, and non-low,, degrees. J.
Logic Comput., 22(4):755-777, 2012.

D. Hirschfeldt, B. Khoussainov, R. Shore, and A. Slinko. Degree spectra and computable dimensions in
algebraic structures. Ann. Pure Appl. Logic, 115(1-3):71-113, 2002.

Andrey Frolov, Iskander Kalimullin, and Russell Miller. Spectra of algebraic fields and subfields. volume 5635,
pages 232-241, 07 2009.

Noam Greenberg, Antonio Montalban, and Theodore Slaman. Relative to any non-hyperarithmetic set. Journal
of Mathematical Logic, 13, 10 2011.

S. Wehner. Enumerations, countable structures and Turing degrees. Proc. Amer. Math. Soc., 126(7):2131-2139,
1998.

T. Slaman. Relative to any nonrecursive set. Proc. Amer. Math. Soc., 126(7):2117-2122, 1998.

Uri Andrews, Mingzhong Cai, Iskander Sh. Kalimullin, Steffen Lempp, Joseph S. Miller, and Antonio Mon-
talban. The complements of lower cones of degrees and the degree spectra of structures. J. Symb. Log.,



12

[59]

ALEXANDER G. MELNIKOV

81(3):997-1006, 2016.

S. Oates. Jump degrees of groups. ProQuest LLC, Ann Arbor, MI, 1989. Thesis (Ph.D.)-University of Notre
Dame.

B. Andersen, A. Kach, A. Melnikov, and R. Solomon. Jump degrees of torsion-free abelian groups. J. Symbolic
Logic, 77(4):1067-1100, 2012.

R. Coles, R. Downey, and T. Slaman. Every set has a least jump enumeration. J. London Math. Soc. (2),
62(3):641-649, 2000.

R. Downey and J. Knight. Orderings with ath jump degree 0(*). Proc. Amer. Math. Soc., 114(2):545-552,
1992.

Carl G. Jockusch and R. Soare. Boolean algebras, Stone spaces, and the iterated Turing jump. J. Symbolic
Logic, 59(4):1121-1138, 1994.

Victor L. Selivanov. On degree spectra of topological spaces. Lobachevskii Journal of Mathematics, 41:252-259,
2020.

Mathieu Hoyrup, Takayuki Kihara, and Victor Selivanov. Degrees of non-computability of homeomorphism
types of polish spaces. In Marcella Anselmo, Gianluca Della Vedova, Florin Manea, and Arno Pauly, editors,
Beyond the Horizon of Computability, pages 189-192, Cham, 2020. Springer International Publishing.
Matthew Harrison-Trainor, Alexander Melnikov, and Keng Meng Ng. Computability of Polish spaces up to
homeomorphism. The Journal of Symbolic Logic, pages 1-25, 2020.

M. Hoyrup, T. Kihara, and V. Selivanov. Degree spectra of homeomorphism types of Polish spaces. Preprint.
N. Bazhenov, M. Harrison-Trainor, and A. Melnikov. Computable Stone spaces. Submitted.

Alexander Melnikov. New degree spectra of abelian groups. Notre Dame Journal of Formal Logic, 58, 05 2017.
A. Melnikov. Enumerations and completely decomposable torsion-free abelian groups. Theory Comput. Syst.,
45(4):897-916, 2009.

R. Downey. On presentations of algebraic structures. In Complexity, logic, and recursion theory, volume 187
of Lecture Notes in Pure and Appl. Math., pages 157-205. Dekker, New York, 1997.

8] Alexander G. Melnikov. Computable abelian groups. The Bulletin of Symbolic Logic, 20(3):315-356, 2014.
9] Alexander Melnikov. Torsion-free abelian groups with optimal scott families. Journal of Mathematical Logic,

18, 11 2017.

L. Pontryagin. The theory of topological commutative groups. Ann. of Math. (2), 35(2):361-388, 1934.

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

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.
Karl H. Hofmann and Sidney A. Morris. The Structure of Compact Groups. De Gruyter Studies in Mathematics,
25, Berlin, New York, 1998.

Karl H. Hofmann and Paul S Mostert. Cohomology theories for compact Abelian groups. Springer-Verlag,
Berlin, 1973.

James R. Munkres. FElements of algebraic topology. Addison-Wesley Publishing Company, Menlo Park, CA,
1984.

L. Fuchs. Infinite abelian groups. Vol. I. Pure and Applied Mathematics, Vol. 36. Academic Press, New York,
1970.

N. Khisamiev. Hierarchies of torsion-free abelian groups. Algebra i Logika, 25(2):205-226, 244, 1986.
Alexander Melnikov. Computable topological groups and Pontryagin duality. Trans. Amer. Math. Soc.,
370(12):8709-8737, 2018.

V. P. Dobritsa. Some constructivizations of abelian groups. Sibirsk. Mat. Zh., 24(2):18-25, 1983.

0] Matthew Harrison-Trainor, Alexander Melnikov, and Antonio Montalbén. Independence in computable algebra.

J. Algebra, 443:441-468, 2015.
Mathieu Hoyrup, Cristébal Rojas, Victor Selivanov, and Donald M. Stull. Computability on quasi-Polish

spaces. In Descriptional complexity of formal systems, volume 11612 of Lecture Notes in Comput. Sci., pages
171-183. Springer, Cham, 2019.



NEW DEGREE SPECTRA OF POLISH SPACES 13

SCHOOL OF MATHEMATICS AND STATISTICS, VICTORIA UNIVERSITY OF WELLINGTON, NEW ZEALAND AND SOBOLEV INSTITUTE OF
MATHEMATICS, NOVOSIBIRSK, RUSSIA
Email address: alexander.g.melnikov@gmail.com



	0.1. Degree spectra of countable algebras
	0.2. Degree spectra of Polish spaces
	1. Pontryagin - van Kampen duality
	2. Proof of Theorem 0.1
	2.1. Turning a computable Polish space into a 02 discrete group
	2.2. Turning a 02 discrete group into a computable Polish space

	3. Completely decomposable groups and solenoid spaces
	References

