NEW DEGREE SPECTRA OF ABELIAN GROUPS

ALEXANDER G. MELNIKOV

ABSTRACT. We show that for every computable ordinal of the form 8 = § +
2n + 1 > 1, where § is zero or a limit ordinal and n € w, there exists a
torsion-free abelian group having an X-computable copy if, and only if, X is
non-lowg.

1. INTRODUCTION

The study of the algorithmic nature of classical algebraic objects has long tradi-
tion which goes back at least to Hermann | ] and van der Waerden | ]
We continue the tradition that goes back to Mal'cev [ ] and Rabin | ]
who initiated the systematic study of computability-theoretic aspects of countably
infinite groups.

Definition 1.1 (Rabin | ], Mal’cev | ). A countably infinite group A is
computably presentable or simply computable if there exists a group B isomorphic
to A so that the domain of B is w and the operation on B is a Turing computable
function on two arguments. The group B is called a computable presentation of A.

Definition 1.1 can be generalized to any algebraic structure. For instance, com-
putable fields | , | and Boolean algebras | ] have been studied ex-
tensively. Notice that a group is computably presentable exactly if it has a “recur-
sive” presentation in the sense of Higman | ] with decidable word problem. If
the word problem is merely computably enumerable, then we say that the group is
c.e. presented.

1.1. Degree spectra. Although the central objects of our studies are computable
groups, noncomputable presentations appear naturally in many cases. For instance,
finitely presented groups with unsolvable word problem have no computable pre-
sentation, and infinitely generated c.e. presented torsion abelian groups may have
no computable copy [ ]

The standard approach of effective algebra to non-computable algebraic struc-
tures uses the following definition. An infinitely countable algebraic structure A
is computable relative to a Turing degree d (see | ]), or d-computable, if the
universe of A can be identified with the natural numbers w in such a way that
the atomic diagram of A becomes d-computable. For instance, one may speak of
structures computable in the halting problem, the natural examples being c.e. pre-
sented groups. In the context of groups, this approach is equivalent to Definition 1.1
relativized to d.

I would like to thank Rod Downey and Andre Nies for several useful remarks regarding the
write-up. I am also thankful to D. Reed Solomon and Sergei Goncharov whose interest in degree
spectra of abelian groups inspired my research. Many thanks to the anonymous referee for many
useful remarks that significantly improved the presentation of the main result.
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Jockusch suggested that the algorithmic nature of an algebraic structure A is
best captured by the following invariant called the degree spectrum of A:

DegSpec(A) := {d : A is d-computable},

which is the collection of all Turing degrees that can compute a copy of A. The
degree spectrum of 4 may or may not have a least element under Turing reducibility.
If a is the least element in DegSpec(A), then a is called the degree of A | ]
Even elementary structures such as additive subgroups of the rationals may
have no degree. In this case one uses the Turing jump operator to obtain more
information about such structures. Recall that d’ stands for the halting problem
for machines with oracle d. Then a Turing degree a > 0(%) is the proper o jump
degree of A if the set {d® : d € DegSpec(.A)} has a as its least element, and for
every 7 < a the set {d(?) : d € DegSpec(A)} is not a cone under <7. (Here « is of
course a computable ordinal.) There has been a lot of work on degree spectra and
a'™ jump degrees of various algebraic structures; see, e.g., [ , , ,

; , JS94].

1.2. Degree spectra of torsion-free abelian groups. Recently, there has been
significant progress in understanding the degree spectra of torsion-free abelian
groups. We list all results known in this direction in the next few lines.

It is not difficult to show that for every n < 3 and every degree d > 0", there is
a torsion-free group G having proper n'" jump degree d (see Downey [ ] for
n = 0,1 and Melnikov | | for n = 2, 3; discussed in | ]). Coles, Downey,
and Slaman | ] showed that, in fact, every torsion-free abelian group of rank
1 has a first jump degree; their result can be extended to any finite rank | ]
The case of higher ordinals remained unresolved until the recent work of Andersen,
Kach, Melnikov, and Solomon | ] who showed that for every computable
a > 3, each d > 0(%) can be realized as the proper o jump degree of a torsion-free
abelian group.

In this paper, we continue the investigation of degree spectra of torsion-free
abelian groups. We follow Soare | ] in the definition of £0, ;. (Thus, (0“))’
is a XY -complete set.) In [ ], Andersen, Kach, Melnikov and Solomon
asked whether for each computable ordinal oz > 3 there exists a torsion-free abelian
group having proper o jump degree 0() (Question 1.6). We prove:

Theorem 1.2. For every computable ordinal 5 of the form 6 + 2n + 1 > 1, where
d is zero or is a limit ordinal and n € w, there exists a torsion-free abelian group
having an X-computable copy if, and only if, X is non-lowg.

As an immediate corollary, we obtain:

Corollary 1.3. For every 3 as in Theorem 1.2, there exists a torsion-free abelian
group having 00°+1) as its proper (8 + 1)**-jump degree.

The non-lowg degree spectra for such computable 3 are new to abelian groups in
general. We note that such degree spectra cannot be realized in the class of reduced
abelian p-groups of small Ulm length [ ]. Theorem 1.2 extends results from
the earlier paper [ ] where the case of 8 =1 was established.

Proving the theorem requires an implementation of a machinery that has recently
been used to study jump degrees of torsion-free abelian groups | ]. This
technique is based on ideas from classical abelian group theory | ] and also on
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previous work [ , , ]. While the result in | ] gave
a uniform and reconstructable coding of a ¥2-set into the isomorphism type of a
computable group, the proof of Theorem 1.2 gives an effective coding of a uniformly
¥0 family of finite sets into a computable group (Proposition 2.1). Coding a family
indeed requires new ideas on top of what is already contained in [ ] (to
be discussed). For instance, we introduce a new technical notion of a o-shifted
component that is central to the proof. We believe that this technical notion may
find further applications in the future.

1.3. A framework. We note that, in [ ] and in the present paper, the
choice of primes used in the coding is somewhat irrelevant to the required properties
of the constructed groups. For the sake of presentation and future applications, in
this paper we use different primes in different locations of the groups we build.
The modification makes the groups more rigid. Consequently, we can extract more
information from their algebraic structure with less effort (see, e.g., Claim 2.16).
For the sake of this modification, we need to formally and inductively define a
specific class of groups. Direct sums of groups from this class include most of the
torsion-free abelian groups which have been used recently in effective algebra (see,
e.g., | , ]). We hope that the general approach introduced in this paper
may serve as a technical base for future systematic research in the area.

2. PROOF OF THEOREM 1.2

Understanding the proof of Theorem 1.2 requires a background in abelian group
theory [ , ]. It is expected that the reader is familiar and comfort-
able with the notions of linear independence, divisible and pure closure, infinite
and finite divisibility, notations p>|z and p%o, etc. A sufficient initial segment of
the theory can be also found in | , ]. We use infinitary computable
formulae | ] and assume that the reader is familiar with the foundations of
computability theory | ]

We claim that, in order to prove Theorem 1.2, it is sufficient to establish:

Proposition 2.1. For every infinite collection R of finite sets and every computable
a=0+2n+2 > 2, where § = 0 or is a limit ordinal and n € w, there exists a
torsion-free abelian group G, & such that G,z has an X-computable presentation
if, and only if, R has a uniform ::X-enumeration.

To see why it is sufficient to prove Proposition 2.1, recall that for every such
a there exists a family of finite sets having ¥.X-enumeration if, and only if, X is
non-lows—1 (this fact follows from | ]'). The rest of the paper is devoted to
the proof of Proposition 2.1.

Proof idea. We suppress a in G r. We will effectively and uniformly in a given
enumeration of R encode every finite set S of R into a separate group Hg and then
put them together in a direct sum:

Gr = EDHS.

SeR

IFor example, the main result of [ ] relativized to 0’ gives a family that has a X2-
enumeration if and only if a > 0’. Thus, the family has a E{(/-enumeration, or Zg(-enumeration,
if and only if X’ > 0" if and only if X is non-low (= non-low;). This way we obtain 8+ 1 = « in
the notations of Proposition 2.1 and Theorem 1.2.
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We then read S off the isomorphism type of the group using infinitary logic. The
formula that we use, roughly, asks if a certain configuration of elements and relations
between them occur in the group. The main difficulty is that the configuration does
not have to be within Hg, but can be spread among several components. Thus, we
have to be very careful when choosing the isomorphism types of the components,
and in fact the main difficulty of the proof is that not every choice would do the
job.

The first main idea is coding subsets of S instead of coding a finite S € R itself.
Let (D;)icw be the standard effective enumeration of all finite subsets of w. For
every S € R, we shall encode

Ages ={i: D; C S},

into the isomorphism type of a direct component Hg of Ggr. Observe that the
relation D; C S is only . The first naive attempt of encoding would be defining
Hg using a sequence of groups indexed by i € w and encoding %0 or T1%-outcomes
depending on whether D; C S or not. (The ordered sequence would be then put
together using the “chain operation” which will be defined later.) Unfortunately,
the group encoding the X% -outcome depends on the least witness of the X2 -event
(ie. G(X%(n)) ¢ G(X%(n)) when m # n), and so we get the isomorphism type
G(322(n)) for some n.

The second main idea allows us to circumvent the difficulty explained above.
Recall that S is finite. We take all finite 0 € w<“ and produce a “o-shifted”
Hg, denoted H, g, for every such o. The entries of the string o will be used
to specifically force the corresponding procedures to modify their computations
shifting the occurrence of the potential witnesses. The construction is organized so
that we necessarily list all possible combinations G(X2(n)) (for all n) among the
corresponding components of H, g if the true outcome is X%, and also so that the
shift does not effect the I12-outcomes. Note that almost all outcomes are 112, since
S is finite. We then set

Hs= @ Hos.

cEWSW
The o-shifts will homogenize the group Gz and will make its isomorphism type
independent of the enumeration of R.

Some parts of the verification rely on the machinery developed in | ]
Several adjustments need to be made to the machinery, but these are not crucial.
Although we will discuss and illustrate the machinery from [ ], we believe
that a reader aiming for a deep understanding of the verification may find a de-
tailed study of | ] rather helpful. We will modify the coding components
from | ], and this modification will make the verification more accessi-
ble. Alternatively, the reader may choose to use the - and II-coding components
from | ] in place of the components defined below. In this case Claim 2.16
has to be replaced by Lemma 4.14 of | ]. Both approaches will give a proof
of Proposition 2.1, but the second seems to be unsatisfactory since Lemma 4.14
of | | is weaker than Claim 2.16 but is harder to prove.

The proof is organized as follows. To define the ¥.2- and I1%- coding components
we need to explain the general machinery from | ]; this is done in Sub-
section 2.1. In Subsection 2.1, we also introduce a modification to the machinery
which was discussed above. For the sake of this modification, we need to formally
define a certain class of groups (Definition 2.2) and a new operation on this class
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(Definition 2.3). We formally define the $2- and II9- coding components in Sub-
section 2.2. The effective content of Subsection 2.2 is discussed in Subsection 2.3.
Then, in Subsection 2.4, we prove a proposition which demonstrates a typical ap-
plication of the machinery. The proposition also gives an idea of how the coding
works (locally) in the case of & = 3. We will use the proposition in the verification.
Only after we describe the machinery and gain some intuition will we finally arrive
at a formal definition of G in Subsection 2.5. The verification is contained in
Subsection 2.6.

Although we believe that a good understanding of the construction requires
reading the subsections linearly, an impatient reader may look at Subsection 2.1
first, and then go to Subsection 2.5 immediately. After looking at the definition of
GRr, the reader may go back to Subsection 2.2 and see what the - and II-coding
components are. The reader may then proceed to the verification.

2.1. Basic operations. We call a torsion-free abelian group with a distinguished
non-zero element a rooted group, and we call the distinguished element the root
of the group | ]. (We will construct an elementary rooted group (G, g)
and then remove the root ¢ from its signature.) The (rooted) groups used in
[ , , | were constructed from smaller groups using certain
elementary operations. To state Definition 2.3 formally, we would like to isolate
these operations from concrete contexts.

(1.) Connection by a prime: For rooted groups (G, g) and (H, h) and a prime g,

define
h+g
(H(—5)G,h)
q>
to be the group
h+g

with root h.
(2.) Chain operation: Given rooted groups (G, gk )rew and primes (gi)rew, let

k+ 9k+1
(G (W) Gr11,90)
4 kew

be the group

@G gk+gk+1 ( gk € G, k,m € w)
kew

with root gg.
(3.) Branching operation: Given rooted (H,h) and (Gg,gk)kew and J C w
(J #0), let (H("E2),c;G;, h) be the group

q>®

h .
(He@ Gy he H, g € Gyje dymew)
jeJ
with root h.

(4.) Prime closure: Given a rooted group (G, g) and a set of primes P, we define
[(G, 9)]p, also written ([G]p,g), to be

(9/p" g€ G,pe Pnew) CDG),
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with the same root g. Here D(G) stands for the divisible closure of G. We
write [G], instead of [G]y,,) for a singleton {p}.

In the following, we call the operations above elementary.

Definition 2.2 (Elementary rooted groups). We call a rooted group elementary
if it can be constructed from rooted groups of the form ([Z]p,p*) using a finite
sequence of elementary operations. Here p is a prime, P is a finite set of primes
that may or may not contain p, and k € w. (These parameters do not have to be
the same for different sub-components. If P = (), then [Z|p = Z.)

Suppose (G, g) is an elementary rooted group. We associate (G, g) with a labeled
rooted tree of finite height. The idea is that this tree can later be used to visualize
the group or to change the primes that were used in the definition of the group.
Formally, we define the labeled tree by induction, as follows.

i. If (G, g) = ([Z]p,p"), then its tree contains only one node which is labeled
by (P, p).

ii. If (G, g) = (H(%)U, g), then put an edge between the roots of the already
defined structural trees of (H,h) and (U, g), and we label this edge by
{q}. Declare the root of the structural tree of (U, g) to be the root of the
structural tree of (G, g).

iii. If (G,g9) = (Gk (%)k Gri1,90), then connect the root of the al-
Ew

ready defined structural tree of (G, gr) and the root of the structural tree
of (Gk+1,9k+1) by an edge and label this edge by {gx}. Declare the root of

the structural tree of (Go, go) to be the root of the structural tree of (G, g).
iv. If (G, g) = (H(%)je]Gj, h), then for each j € J connect the root of the
structural tree of (H,h) to the root of the structural tree of (G;,g;) and
label it by {¢}. Declare the root of the structural tree of (H,h) to be the
root of the new structural tree.
v. If (G,g) = [(H,g)]s, then replace every label of the form (P,p*) by (P U

S, p"*), and replace every label of the form W by W U S.

Clearly, groups having identical structural trees are isomorphic. Note that an
elementary rooted group (G, ¢g) may have more than one structural tree. Nonethe-
less, we will always associate a group with some specifically chosen structural tree
(given by the construction, say), and we call it the (structural) tree of (G, g). Once
the tree is fixed, it makes sense to speak about sub-components, or blocks, of G,
those being groups naturally corresponding to subtrees of the tree.

Definition 2.3 (Prime substitution). Let S be the set of all primes that occur
in the labels of the structural tree of an elementary rooted group (G, g), and let
¢ : S — S’ be a bijection of S onto a set of primes S’. We define (G, g)4 as follows.
In each label of the structural tree of (G, g), replace every prime p by ¢(p). Then
pass to the elementary group corresponding to the new labeled tree.

It is clear that the class of elementary rooted groups is closed under the operation
of prime substitution. All our groups will be direct sums of elementary rooted
groups. We can extend the operation of prime substitution to direct sums in the
obvious way.
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2.2. Groups encoding ¥, and IT, outcomes. We define groups G(IT3), G(X%(m))
and G (Z%) by recursion. The definition below is similar to Definition 3.1 from [ ],
but is not the same. More specifically, we use the operation prime substitution in-
stead of prime closure at intermediate steps.

We use letters p, q, v, u, d with subscripts to denote distinct primes. For the sake
of effectiveness, we assume that the subscripts correspond to effective listings of
distinct primes. Every ordinal f < « will be identified with its notation, and hence
every limit ordinal will be associated with a specific effective sequence (7;)ic. of
smaller ordinals having 5 as their supremum. We will be using the operation of
prime substitution for which we need to define, by transfinite recursion, bijections
from sequences of primes to sets of new fresh primes (see Definition 2.3). To avoid
the unnecessary formalism, we will not define these maps formally and will take for
granted that it can be done:

Notation 2.4. We write ¢g j, for the map indexed by an ordinal 5 and a number k,
and assume that ¢g ; maps, effectively and uniformly, primes to new fresh primes
which were not used at previous inductive steps. We also assume that the ranges
of the ¢g 1 do not overlap for different subscripts. Whenever we use any of the
@3, for prime substitution, we assume that all the primes in the group under the
operation are in the domain of ¢g k.

Definition 2.5. In the following, ¢ always denotes 0 or a limit ordinal.
e For 8 = 2, define G(X3(m)) to be the group [Z],, with root ¢5*, and let

G(Hoﬁ) be the group [Z],, 4, With root 1.
e For 8 > 3 of the form 0 + 2n + 1, define

r+r
G(Y) = [Z),, ( = ) A,
qﬁ kew

where 7y, is the root of Ay, the element r = 1 in [Z],, is the root of G(X),
A, = G(H%_l) for k even, and Ay = G(Z%_l(m)) for each k = 2(i,m) + 1.
e For 5 > 3 of the form § + 2n + 1, define

r+7rE
G(I1}) = (2, ( ook> A,
qB kew

where 7, is the root of Ay, the element r =1 in [Z],
and Ay = G(E%fl(m)) for each k = (i, m).
e For 8 > 2 of the form é + 2n + 2 and m € w, define

5 is the root of G(TI}),

TE+ T
G(Z%(m)) = Hk (k ,Uoo]H—l) HkJrl,
Bk kew

where 7, is the root of Hy, ro is declared the root of G(E%(m))7 and Hy =
[G(2%_ )]s, if 0 <k <mand H = [G(IT§_, )]s, , otherwise. (For future
notational convenience, we assume that ¢ ¢ makes ry infinitely divisible
by pﬁ.)

e For 8 > 2 of the form § + 2n + 2, define

T + Tk
G(II3) = Hy, <v°°+1> Hiqq,
Bk kew
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where 7y is the root of Hy, rg is declared the root of G(H%), and H, =
[G(E%_l)]¢ 5, for all k. (For future notational convenience, we assume that
¢s,0 makes 7 infinitely divisible by pg.)

e For 8 > w a limit ordinal, define

Tk + Tk
G(E%(m)) = Hk (k vook+1> Hk+1,
Bk kew

where 7y, is the root of Hy, ro is declared the root of G(E%(m))7 and Hy =
[G(ZI )]s, if 0 <k < m and Hy = [G(II), )]y, otherwise. (For future
notational convenience, we assume that ¢g ¢ makes rg infinitely divisible

by pg-)
e For § > w a limit ordinal, define

T+ T
G(I13) = Hy, (’cv)f“) Hi 1,
Bk kcw

where 7 is the root of Hy, rg is declared the root of G(H%), and H; =
[G(TI9,)]g., for every k. (For future notational convenience, we assume
that ¢ 0 makes r¢ infinitely divisible by pg.)

2.3. Effective content of Definition 2.5. In Definition 2.5, every alternation
of quantifiers corresponds to either an application of the chain operation or the
branching operation. We use the branching operation for § = 3, and then the
chain operation for 8 = 4, etc. Each group naturally reflects a X0-fact. Hence, it
is straightforward to establish:

Lemma 2.6. Suppose S is a E% set, uniformly in £, where § is a computable
ordinal < «. There exists a uniform procedure which, given e, 3, constructs a
computable group H, such that H, = G(X3) (or G(X3(m)) for some m) if e € S,
and H, = G(I1?) otherwise.

Proof. The proof proceeds by effective transfinite recursion. Recall that for all
computable ordinals < a we use a fixed effective notation. Note that the primes
which can be used in a given location of a group are specified by a sequence of
transformations (¢, «)r, where the p, form a descending sequence of computable
ordinals. We can compute the composition of the corresponding maps at every
component of the group. The rest follows from the definition of the groups and
from the well-known fact that we can choose a presentation of a Z%—predicate
having stable witnesses (i.e., if Iz P(x) then Yy > zP(y).) O

2.4. Illustration of the technique. The proposition below illustrates, roughly,
how we will extract the X3-outcome from a direct sum of G(X9)- and G(II9)-
subcomponents. Here 9 naturally corresponds to “there exists a sub-component
which is infinitely divisible by w*. Informally, the proposition says that a “encodes”
a X3-outcome if, and only if, it is a linear combination of h; each of which “encodes”
a X9-outcome. Proposition 2.7(1) will be used in the verification in a much more
general context not necessarily corresponding to 39 (to be explained).

Proposition 2.7. Let u,w,p, g be distinct primes. Suppose

h i,
A=EPlH; +g ) ek G,
el
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is a computable group where I C w, K; C w are non-empty, (H;, h;) = ([Z],,1),
and either G;x = ([Z]u, wk i) with k; ; € w, or Gy = ([Z]{u,wy>1). Then there
exists a L, , formula W of complexity 3§ such that A = ¥(a) if and only if

(1) a=>_, mih;, where m; € Z, and

(2) for each m; # 0in a =), m;h; there exists k such that G; = ([Z]y,w,1).
The formula can be produced uniformly in the primes u, w,p,q. The formula does
not depend on I and K;2.
Proof. We need a lemma:

Lemma 2.8. Let I C w be a non-empty set, and let
hi + gik
A= @[Hi(szl)keKiGi,k]v
iel
where each of the H; and G; j are prime closures of Z by non-empty sets of primes

not containing p, and with roots h; and g; ., respectively®. Assume a is a non-zero
element of A such that p>|a. Then

a= Z(Cihi + Z di,£9i,1)
i feF;
where c;,d; ; are rationals and F; C K; are finite sets such that
C; = Z di’f
fEF;
for every 1.
Remark 2.9. Notice that for some (possibly, for all) indices i, the coefficients ¢;
ina=>3(chi+> ;cp difgis) may be zero.
Proof of Lemma 2.8. By the definition of G,
a="> ri;(hi+g:;),
iJ
where r; ; are rationals, for otherwise a would not be infinitely divisible by p. Let
B; = Hi(hi;_ii”“)keKiGi’k. The groups B; can be viewed as elementary rooted
groups with structural trees T; of height 1. Taking the restriction of T; to vertices

that occur in a; = iTij (hi + gs,7) with non-zero coefficients, we obtain a finitely

branching tree of height 1. Suppose g; ; is so that r; ; # 0. The element

a; = a; — 15 j(hi + gi )
is either 0 or corresponds to a sub-tree of T; having fewer successors. In either case,
by the inductive hypothesis, there exists a decomposition

/ / /
a; = ¢;hi + Z d; £9i.f
feF]
such that ¢; = > ¢ d} ;. Then clearly
ai = (¢ +rihi+ Y d} 19i 5 +7i i
fer!
2Although it does not help to prove the proposition, we note that in all actual applications

and K; will be computable with all possible uniformity.
3Note that we have no further assumptions on the cardinalities of the non-empty sets K; C w.
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and C§+Ti,j:ZfeF;d;,f+7"i,j- O

The formula U states that a # 0, ¢°°|a, and there exists a non-zero x such that
p>®°|(a + z) A u™|z A w™|z. Note that every element of the desired form satisfies
the formula trivially. Suppose a satisfies V. By Lemma 2.8,

at+x= Z(Cihi + Z di f9i.t);

[ fEF;

C; = Z di’f

fer;

where F; C K; are finite sets and

for every i. The rest of the proof relies on the elementary properties of direct
decompositions that can be found in | , ]
Embed the group A into its p-closure

[A]p = @ ([Hi]p & @ [Gi,k]p> :
iel kEK;

Since infinite divisibility is preserved under isomorphic embeddings, we have [A], =
q>|(a + z). Suppose a = by + dq, where b, € P,;[Hi], and do € D, ek, [Giklps
and similarly x = b, + d,. Recall that u*°|x, and thus b, = 0. Since ¢*°|a, we
have d, = 0. Recall that a +x = ), (c;h; + ZfEFi d; rgi.r). We conclude that
a =3 chiand x =37, rcp dirgiy. By our assumption, w*|z, and therefore
w>|g; ¢ for every ¢ and f € F;. The latter gives (2) of the proposition.

We now prove (1). Recall that ¢; = > o di , Where ¢; € [Z],qN[Z]p,u,w = [Z]p-
It remains to show ¢; € Z. Since divisibility is preserved under projections onto
direct components, it is sufficient to prove that for any choice of integers m,k > 0
and each i the element mh;/p* € [A], does not belong to A. Suppose we have
mh;/p* € A, p fm, then

mh; [p" = Z rihi + Z si,j(hi + gij) + Z Ni1gil | 5
i j 1

where r; € [Zlg, sij € [Z]p, and 1;; € [Z]y . Since h;, g; ; are linearly independent
for different choices of i and 7,

mhi /p* = rihi + Z si,j(hi + i j) + Z i 19i,1-
J l
We have m/p* = r; + Zj si,j; and for every j there is an [ such that s; ; = —n;,

(and indeed | = j). We conclude that s;; € [Z]yw N[Z], = Z and thus m/p* €
Z),N[Z), = Z. ie. k=0. O

Remark 2.10. If we remove the conjunct w®|z from the formula ¥ from the proof
of Proposition 2.7, we will obtain a syntactical necessary and sufficient condition
for an element to satisfy (1) of Proposition 2.7.

In the verification, we will be applying Proposition 2.7 and Remark 2.10 to
various sub-groups of elementary rooted groups. These applications will require a
slight modification of the proposition which will be repeated over and over again in
different contexts. We explain this modification below.
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We follow the notation from Proposition 2.7. The structural tree of the larger
computable group G containing A will possibly have edges connecting the elements
playing the roles of g; and h; ;, to some other elements of G outside A. These edges
will be labeled by primes, say by s; and v; , respectively. We will have s; # vj
for any 1, j, k, and s; and v; ;, will be unequal to any of the primes playing the roles
of u,w,p,q. A typical application of Proposition 2.7 can be described as follows:

e Consider the least (super)group H 2O G in the divisible closure of G 2 A
such that H |= s{°|g; and H | 055 |h k.

e The least pure subgroup S of H containing A will detach as a direct sum-
mand of H.

e By the choice of ¥, we will have G |= ¥(g) implies H = ¥(g) and g € S
(indeed, S = ¥(g)).

e Then we can repeat the proof of Proposition 2.7(1) and get Proposition 2.7(1)
but perhaps with m; € |J,[Z]s, < Q.

e By Lemma 2.8, the choice of ¥ and [Z},,, N [Z]s, = Z will imply that
m; € Z.

We conclude that Proposition 2.7 goes through in this more general situation. We
will omit the repeated argument above in all actual applications of Proposition 2.7
and Remark 2.10.

2.5. Coding family R into Gr. Given a finite set S, define its age to be
Ages ={i: D; C S},

where (D;);e. is the canonical listing of all finite sets of natural numbers.

Recall that o = § +2n + 2, where § is 0 or a limit ordinal and n € w. We also fix
injective and effective maps ¢4k, k € w (to be used for the operation of substitution)
which are different from the ¢ and also consistent with Definition 2.5 (i.e., they
effectively map the primes used in the corresponding G(X)- or G(II)-component
Hj; to new fresh primes which do not overlap for different k). In the following, we
suppress « in 9, 5. We identify finite strings in w<“ with functions from w* —
{0,1} having finite support.

Definition 2.11. Given any finite set S and any finite string ¢ € w<%, define

TS0k T TS,0,k+1
H, s = Bsox ( Bs o k+1,
kEew

oo
wa,k

where Bg , 1 = [G(22(a(k)))]y
Define

if k € Ages, and Bg o = [G(I19)]y,, otherwise.

Hs= @ Hos.

oEWSW

k

Finally, let

Gr = P Hs.

SeER

We can effectively choose 1, to be consistent with Definition 2.5. Consequently,
we have:
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Lemma 2.12. There exists a uniform procedure which, given any .0 -enumeration
of R, outputs a computable presentation of the group

Gr = EBHS.

SeER

Proof. Note that i € Ageg is a uniformly X0-fact. Consequently, we can apply
Lemma 2.6, an effective enumeration of w<%, and the fact that the 1, can be
effectively and consistently defined. It is crucial that R consists of finite sets. [

2.6. Reconstructing R from Gr. We use the same notations as in the previous
subsection. According to its definition, the group Gz is of the form:

TS0k t T8 0k+1
Gr= P <Bs,a,k(woo JkewBs,ok+1 | 5
SER,cEW<Y ak

where Bg o1 & [G(22(0(k)))]y, if k € Ages, and Bg o1 = [G(I19)]y,, otherwise.
We state a lemma that relies on algebraic and combinatorial techniques developed
in [ ].

Lemma 2.13. There exists a uniform collection (®j)re, of computable infinitary
Y¢ -formulae such that G | @ (z) if and only if

T = E ms,o"s,0,0,

(S,0)el

where mg, € Z \ {0}, and for some S such that (S,0) € I we have k € Ageg
(equivalently, 75 , 5 is the root of B, x = [G(Z8 (0 (k)] )-

We first apply Lemma 2.13 to prove Proposition 2.1, and then we prove Lemma 2.13.

Proof of Proposition 2.1. Lemma 2.6 implies that every X¥-family R can be uni-
formly transformed into a computable copy of Gr. We prove that if G is com-
putable then R has a X0 -enumeration. If we succeed, then a straightforward rela-
tivization will prove the proposition.

Given an oracle Y for the (a-1)'th iteration of the Turing jump, enumerate the
sets

U, ={k:Gr E ®r(x)},
where x € Gr, x #0. If z = Z(S,a)el Mg, +78,0,0, then Lemma 2.13 implies that

U, = U Ageg.
S:(S,0)el

Acting effectively in ), we start enumerating a sequence of finite sets
0=D;, CD;, C...

listing indices in U,. If D, has already been defined, then we wait for a j € U,
such that D; C Dj. If we find such a j, then we set i,41 = j. We set i1 = ip,
otherwise. We then repeat the same procedure for 4,1, etc. Notice that the
sequence (D; )necw has to stabilize on some finite set which is equal to one of the
elements in {S: (S,0) € I'}. Indeed, we may have D; , D D; only if there exists
an S in the finite family {S: (S,0) € I} of finite sets such that S > D; ., D D;,.
On the other hand, if D; has been defined and there exists at least one S in
{8 :(S,0) € I} such that S D D;,, then there will be a stage at which we will
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define D; , D D, . Also notice that if z is not of the form Z(S’,U)EI MS,6T8S,0,0
then the sequence consists of only the empty set (by Lemma 2.13). We conclude
that for each x # 0, the union C, = Upe,D;, of the sequence defined by the
procedure above is a ) c.e. set uniformly in x, and furthermore C, = S for some S
in {S: (S,0) € I} corresponding to .

We define a Y-effective enumeration

{Rz:xeGn}

of the family R by the rule R, = {(z,j) : j € C.}. As we have already mentioned,
either R, = () (we can assume () € R) and then R, € R trivially, or R, # ) but still
R, € R. Also, every set in R clearly will be listed. This establishes Proposition 2.1
and, hence, Theorem 1.2. O

Proof of Lemma 2.13. We have

TS0k tT8,0k+1
Gr = @ <BS,a,k()k€wBS,a,k+1 ,

wOO
SER,cEw<wW ak
where Bg o1 = [G(X0(0(k)))]y, if k € Ages, and Bg o = [G(I12)]y,, otherwise.
Suppose x € G is not equal to zero.

Claim 2.14. There exists a formula of complexity X§ such that = satisfies the
formula if and only if z = Z(S,o’)el ms,oTs,0,0 Where mg , € Z for each (S, 0).

Proof of Claim. The formula can be produced using Remark 2.10 with the right
choice of primes and index sets in Proposition 2.7. More specifically, the for-
mula says that z # 0 and g(ps )|z, and there exists y such that ¥ (pa)>|y
and wgSol(z +y). O

Given k and =z = 2(510)61 mg 47,00, we would like to check, using a formula,
whether rg , j is the root of a G(X2 (o (k)))-type component. We first prove:

Claim 2.15. Let =z = Z(S,U)EI mg,eTs,0,0 Where mg, € Z. For every k we
can uniformly produce a X§ formula © such that ©y(x,y) if and only if y =
Z(S,U)EI msorsek. (That is, y is a linear combination of the roots of Bg sk
and, furthermore, the corresponding coefficients are equal to those of rg o in .)
Proof of Claim. We prove the claim by induction. The case k = 0 is Claim 2.14.
Suppose we have produced ©y_1(z, ). Consider the pure subgroup generated by the

roots of the Bg o ,—1-subcomponents and Bg . p-subcomponents. Define O (z,y)
to be the formula

(32) (Ox-1(w,2) A wha | +2) A $ulpa)*ly) -

By the inductive hypothesis, z = Z(S,a)el MS,oTS,0,k—1- Since Yy (pa)>|y, we have

Y= E ts,078,0,k>

(S,0)el

where tg , are rationals. By the inductive hypothesis, we may assume that ©_1(x, 2)
contains a conjunct of the form ¥_1(p.)*°|z. Consider the pure closure of the sub-
group generated by rs o x and s 5 -1 for various S and o. Note that wi®, [(y+2),
and thus by Lemma 2.8 applied to this pure subgroup we have tg, = mg,o-. (I
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Recall that our final goal is to produce a uniform collection (®p)re, of com-
putable infinitary ¢ -formulae such that Gg = ®(x) if and only if

T = E ms oTs,0,0,

(S,0)el

where mg, € Z\ {0}, and for some S the element rg . is the root of Bg s =
(G (k)]

By Claims 2.14 and 2.15, to conclude the proof of the lemma it is sufficient to
establish:

Claim 2.16. For every k we can uniformly produce a ¥¢ formula I'y, such that
for every element of the form x = Z(S oyel MS,oTS0k; Gr | Tk if and only if for
some mg,, # 0 the corresponding rg . x is the root of Bg ,r = [G(X8(0(k)))]yy-

Remark: The proof of this claim is similar to the proof of Lemma 4.14 of | 1,
and is indeed simpler. For the sake of exposition, we give a proof.

Proof of Claim. The proof uses a transfinite induction on “even” «. Before we

describe the induction, we do some preliminary syntactical analysis that will be

used at all steps of the induction. The idea is that we use infinite divisibility to get

access to the smaller components that were used in the definition of ¥2- and I19-

blocks. This is essentially done by several consecutive applications of Remark 2.10.
We fix k. For every o and S, the Bg , ;-subcomponent is of the form

as,0,i + 48,5,i+1
S,o,1

AS,0it+1
wk(va,i)oo )iew D

where either Ag,; = G(X%_,) for all i, or there exists an m such that Ag,; =
G(X%_,) for i < m and Ag,; = G(II%_,) for i > m. The former corresponds
to Bsor = G(II2), and the latter corresponds to Bg,x = G(X%(m)) where m
depends on S, o and k.

We claim that for every ¢ we can uniformly produce a X§-formula ¢/; such that

U;(z,y) holds if and only if
Yy = Z ms oas,o,i-

(S,0)el

Indeed, we may take the formula witnessing Claim 2.14 and replace wq ;-1 by
Y1(vq,;) in the formula, and we also replace ¥, (po) by the prime that labels the
roots ag,s,; of Ag s ;. The same proof will witness that the formula has the desired
property. A straightforward syntactical analysis of the formula U; shows that it is
of the form

where X;(z, z,y) is II§.
We are ready to consider the basic case a = 4 of the induction. We restrict
ourselves to the subgroup
@ AS,a,ia

(S,0)
where S ranges over R and o over w<“. By Proposition 2.7, there is a ¥§-formula
W; 3 such that W, 3(y) holds if and only if y = 2(570) ng+0s,s,i where for each
ns,s # 0, the corresponding ag,,; is the root of a G(X9)-type component. In fact,
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this formula can be produced with all possible uniformity. The desired £ formula
for the basic case o = 4 is

@)\ (B20) ..., Bz) (X 2,9) A -Wis(y)).-

K3
Indeed, the first conjunct inside the parentheses guarantees m, g = ns,s, and the
second conjunct says that Bg ., = [G(X$(0(k)))]y, with o(k) <.

Suppose a > 4. By our assumption, « is an “even” successor ordinal. We claim
that we can uniformly produce X¢,_;-formulae W; o_1 such that W; ,_1(y) holds if
and only if y = Z(SJ) ng,-0s,s,; where for some ng, # 0, the corresponding ag i
is the oot of a G(X_;)-type component. If we succeed in producing such formu-
lae, then (3y) \V/;(J20) ..., (3z) (Xi(2, 2, y) A “Wia—1(y)) will satisfy the desired
properties as in the basic case o = 4 described above.

We explain how we produce W; o—1(y). In the following, we fix k and ¢ and we
sometimes suppress k and ¢ in subscripts. In the next few lines we use Remark 2.10
and Proposition 2.7(1) restricted to the relevant pure subgroups of Gr.

We can produce a X§-formula that ensures y = Z(SJ) ng,s08,s,i, where ng ,
are integers. (Indeed, this step is not really necessary since X;(z,Zz,y) implies
nge = mg,.) Using primes ¥y (pa—2) and ¢ (ga—2), we can produce a X§ formula
Z that holds on z if and only if z = Z(S’U’s) ls,0,5ds,0,5, Where dg , s are the roots of
various G(X%_,(m))-type and G(II9_,)-type subcomponents of Ag ;. Let Dg o s
denote the subcomponent with root dg , s. Lemma 2.8 implies that for every 1,

Z lS,a,s =Ngs,o-
s

Furthermore, using a variation of Claim 2.16 with the right choice of primes (e.g.,
use Yy (va—2,5)), we can produce a uniform sequence of X§-formulae {F;}, e, such
that F;(z,¢;) A Z(y, z) holds if and only if ¢; = 2(57075) ls.0.5ks 0.5, where kg 5 5
is the root of K+ s ; which is the j’th subcomponent of Dg , . that was used in its
definition via the chain operation, counting from its root. Adjusting the argument
described after the proof of Proposition 2.7, we can ensure that the coefficients
ls.os are indeed integers®.

The subcomponent Kg, s ; is of a G(Egj)—type or of a G(Hgﬂ)—type for some
v; < @ — 2 (note that a — 2 could be a limit ordinal). We can effectively compute
(the < a-notation for) ;. By the inductive hypothesis, we can effectively produce
the formula W; ... Replacing several primes in W; ., according to the prime sub-
stitution that we used in the definition of the group, we can effectively pass to a
formula W’,m which holds on ¢; = Z(Sﬁ,s) ls,s,sks0s,; if and only if each of the
ks 05, is the root of a G(Egj )-type subcomponent.

The desired formula W; ,_1(y) can be set equal to

(32) | Z(w,2) A N\ Cep)lFy(z,¢5) AW, (¢5)]
JEW
Indeed, the formula says that there exists a z which is a linear combination, with
integer coefficients, of “immediate successors” of (the summands of) y in the struc-
tural tree; furthermore, these immediate successors are the roots of G(X,_2)-type

4This is one of the main advantages of our coding when compared to [ ].
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components (as witnessed by any infinite sequence of (¢;),ew). Each such z satisfies
the formula trivially. On the other hand, if z satisfies the formula, then the analysis
preceding its definition illustrates that z must be indeed of the desired form. This
observation concludes the proof of Claim 2.16. O

O

3. CONCLUSION

We expect that our machinery can be used to extend Theorem 1.2 to every com-
putable ordinal. The “even” ordinals, however, seem to require further technical
adjustments or/and new ideas. The issue comes from the algebraic side of the
coding, namely from the embeddability relation between components correspond-
ing to different outcomes. (For more intuition and a discussion of the machinery,
see [ ].) We also state:

Question 3.1. For which n is non-low, the degree spectrum of a completely de-
composable group?

The case of n = 1 was established in [ ]
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