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THE COMPLEXITY OF COMPUTABLE CATEGORICITY

RODNEY G. DOWNEY, ASHER M. KACH, STEFFEN LEMPP, ANDREW E. M. LEWIS,
ANTONIO MONTALBAN, AND DANIEL D. TURETSKY

ABSTRACT. We show that the index set complexity of the computably categorical structures
is IIi-complete, demonstrating that computable categoricity has no simple syntactic char-
acterization. As a consequence of our proof, we exhibit, for every computable ordinal «, a
computable structure that is computably categorical but not relatively A2-categorical.

1. INTRODUCTION

The goal of the present paper is to solve one of the most fundamental and longstanding
questions in computable model theory. We show that the index set of computably categorical
structures is ITi-complete and hence there cannot be any reasonable or structural characteri-
zation of this class.

Mathematics is often concerned with classifying objects like groups and rings in terms of
invariants which classify those objects up to isomorphism. For example the familiar use of
dimension classifies vector spaces. As we see below, logic gives tools to demonstrate when no
reasonable invariants or simpler descriptions are possible.

The concern of the present paper grew from the long-term program which seeks to under-
stand the effective (i.e., algorithmic) content of mathematics. Familiar realizations of this
program include algorithmic questions in groups such as the word problem, or the search for
effective procedures in field theory and ring theory, such as the computational effectiveness of
the Hilbert Basis Theorem. These considerations go back to the early 20th century, beginning

with the work of Dehn [ |, Grete Herrmann | ], and Van der Waerden | ]
Starting with Frohlich and Shepherdson [ ], Rabin | ], Mal'cev | , ] (and
arguably Turing | ]), the language and techniques of computability theory enable the

modern precision possible in these studies. We can now calibrate the level of computability
aligned to specific algorithmic questions. Clearly, if we are concerned with algorithms on
structures, we should have some method of describing the domains in some kind of effective
way. Thus, when we want to study the effective properties of mathematical structures, i.e.,
a set together with some operations and relations on it, it is natural to start with the com-
putable structures, i.e, those mathematical structures having computable presentations. A
presentation is computable if the set and the operations and relations on it are computable. A
computable (presentation of a) field would be one whose domain is a computable set on which
the operations of +,-,~! are computable.
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The first obstacle we encounter when we restrict ourselves to computable structures is that
there can be computable presentations which are isomorphic, but not computably isomorphic.
This implies that we cannot translate computational properties from one to the other. For
instance, there are computable presentations of the countably infinite-dimensional Q-vector
space Q> where all the finite-dimensional subspaces are computable, and computable presen-
tations of Q°° where no finite-dimensional subspace is computable (see | ]). The reader
can see that there is a fundamental tension between the classification tools of classical math-
ematics, like isomorphism, and those of effective mathematics, like computable isomorphism,
and hence between invariants and algorithmic invariants.

The principal concern of the present paper is the class of structures where there is no such
difference, as encapsulated by the following definition.

Definition 1.1. A computable structure S is computably categorical if any two computable
presentations A and B of S are computably isomorphic.

The study of computably categorical structures has become an important branch of math-
ematical logic. Here is our basic problem:

Characterize the computably categorical structures.

For many classes of structures, there is a concise syntactic definition of the computably
categorical structures: A computable linear order is computably categorical if and only if it has
finitely many adjacencies (Dzgoev and Goncharov | ]); a computable Boolean algebra is
computably categorical if and only if it has finitely many atoms (Goncharov, and independently
La Roche | ]); a computable ordered abelian group is computably categorical if and only
if it has finite rank (Goncharov, Lempp, and Solomon | ]); a computable tree of finite
height is computably categorical if and only if it is of finite type (Lempp, McCoy, R. Miller,
and Solomon | ]); a computable torsion-free abelian group is computably categorical
iff it has finite rank (Nurtazin [ ]); a computable p-group is computably categorical iff
it can be written in one of the following forms: (i) (Z(p>))¢ @ G for £ € w U {00} and G
finite, or (ii) (Z(p™))" ® (Z,x)> ® G where G is finite, and n, k € w (Goncharov | ] and
Smith [ ]); and so on.

Based on these examples, it is natural to hope for a simple characterization of computable
categoricity. What form would such a characterization take? A fundamental aim of mathe-
matical logic is to exhibit natural connections between syntax and semantics. In the same way;,
a fundamental aim of computable structure theory is to connect computational properties of
algebraic structures with structural properties. So we would anticipate that a solution might
entail a result saying that computably categorical structures had simple descriptions, either
in arithmetic or in the language of the structure. That is, an acceptable answer would be a
syntactic or structural characterization of computable categoricity.

Groundbreaking results of Goncharov | , | showed that if a structure is suf-
ficiently computable then there was indeed a syntactic characterization of computable cate-
goricity in terms of “effective naming” of the elements of the structure. That is, Goncharov
demonstrated that a 2-decidable computable structure was computably categorical iff it had
a computably enumerable Scott family of existential formulas, i.e., a computably enumer-
able family of existential formulas that define the automorphism orbits of the structure.'
Goncharov’s results filtered through another related notion called relative computable cate-
goricity.

Here and later, we refer the reader to Section 2 for prerequisite definitions.
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Definition 1.2. A computable structure S is relatively computably categorical if for any two
presentations A and B of S (computable or not), there is an isomorphism between them that
is computable with the presentations of A and B as oracles.

Goncharov | | demonstrated the equivalence between relative computable categoricity
and the existence of a computably enumerable Scott family of existential formulas, and in
[ ] proved that for 2-decidable structures the notions of computable categoricity and
relative computable categoricity coincide. A consequence of Goncharov’s work is that relatively
computably categorical structures are well-understood. For example, it is straightforward to
show that the index set complexity of the relatively computably categorical structures is simply
defined in terms of the arithmetical hierarchy: It is X3-complete (Downey, Kach, Lempp, and
Turetsky | ]). The point here is that an index set is a listing of members of the class,
and if the class admits a simple description, then its index set should be easily described in the
arithmetical hierarchy, as this example shows. We will return to this point later.

Implicit in Goncharov’s papers from the 1970’s is the question of whether there is a charac-
terization of computably categorical structures for structures which are not 2-decidable. This
is the question we answer here.

Downey, Kach, Lempp, and Turetsky |[ | showed that a 1-decidable structure is
computably categorical iff it has a XY infinitary Scott family. Thus, again, we find a simple
characterization of computably categorical structures. The pattern generated by the 1- and
2-decidable examples suggests that perhaps a computable structure is computably categorical
iff it has a Eg infinitary Scott family. As we see below, this is not true.

At the same time there also had been considerable evidence that computable categoric-
ity is an ill-behaved notion and could conceivably have no simple syntactic characterization.
Evidence for this has taken many forms: Goncharov | | constructed a graph witnessing
the divergence of computable categoricity and relative computable categoricity; White | ]
demonstrated the index set complexity of the computably categorical structures to be IT3-hard
and thus strictly more difficult than the index set complexity of the relatively computably
categorical structures; Csima, Khoussainov, and Liu | | constructed a strongly locally
finite computably categorical graph with an infinite chain of properly embedded components;
R. Miller and Schoutens | | constructed a computably categorical field of infinite tran-
scendence degree over Q; and so on.

During a lecture of Goncharov in 1997 at Kazan, Shore suggested a method to demonstrate
that there was no reasonable characterization of computably categorical computable structures
by proving completeness of the index set at a high level. Shore suggested that it would be
enough to show that the index set of computably categorical structures is IT{-complete. We
prove this theorem in this paper. Let us explain what this means.

What such an index set result shows is that there is no computationally simpler way of
telling if a computable presentation A is computably categorical than to check, for any other
computable presentation B, if there exists a classical isomorphism between A and B, then there
1s a computable one. Note that this requires checking all potential classical isomorphisms, that
is all continuum many functions from one domain to the other. We would expect that if there
were a simple syntactic characterization of computable categoricity, then such a characteriza-
tion should produce a simpler way for checking if a structure is computably categorical.

By way of illustration, consider the isomorphism problem for torsion-free abelian groups.
The classical group theory literature suggests that there are no reasonable invariants for clas-
sifying torsion-free abelian groups up to isomorphism. Mathematical logic gives us a way to
prove that there are no such invariants. What do we mean by this? Plainly, one invariant for
the isomorphism type of G is “the isomorphism type of G”. Note that this is a ¥1-class as we
need to search through the possible functions which could be isomorphisms for G. But such
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an “invariant” is hardly useful for understanding isomorphism types, since what we seek is
something like dimension for vector spaces which simplifies the isomorphism problem. Downey
and Montalbén | | showed that the isomorphism problem for torsion-free abelian groups
is Y1-complete, and hence no invariant can be simpler arithmetically than the isomorphism
type itself. There are no useful invariants. The same reasoning applies here. The index set is
as bad as it can possibly be and hence there is no reasonable simpler characterization.

To state our theorem formally, for each e € N, we let M, be the eth (partial) computable
structure computed by the eth Turing machine.

Theorem 1. The index set
I.. :={e € N: M, is computably categorical}
of the computably categorical structures is I13-complete.

The proof of this result is complex and unusual in several ways. In order to demonstrate
Theorem 1, and of important independent interest, we show there is no connection between
computable categoricity and relative A2-categoricity for computable ordinals a..> The question
of whether computable categoricity implies relative A?-categoricity for some fixed o has also
been open for some time. Ash [ ] showed that a structure is relatively AY-categorical
if and only if it has a computably enumerable Scott family of X¢-formulas. This is a nice
syntactical characterization of the notion of relative A%-categoricity, and implies that the
index set of such structures is %0 19- It is not hard to see that if every computably categorical
structure were relatively AY-categorical, then we could decide if M, is computably categorical
as follows: First check if it is relatively A%-categorical, and then check that for any other
computable structure A, if there exists a AY-isomorphism between S and A, then there is a
computable one. This would be a Hg 3 procedure, which is much weaker that 1. Thus, the
following theorem follows from our main theorem.

Theorem 2. For every computable ordinal o, there is a computable structure that is com-
putably categorical but not relatively AY -categorical.

Of course, this result is a strengthening of Chisholm, Fokina, Goncharov, Harizanov, Knight,

and Quinn [ |, extending results of Goncharov, Harizanov, Knight, McCoy, Miller
and Solomon [ ], where it is shown that AY-categoricity does not imply relative AQ-
categoricity.

The necessary argument for Theorem 1 does not need to explicitly exhibit a particular
witness to Theorem 2. We will, however, in the course of our proof, explicitly exhibit such a
structure for each computable ordinal c. Unfortunately, although this paper demonstrates that
computable categoricity has no simple syntactic characterization, it fails to completely settle
the connection between computable categoricity and relative hyperarithmetic categoricity. We
don’t know of another example of analytic completeness of an index set proven without solving
the important question (also asked as Question 6.1) below which remains open.

Question 1.3. Is there a computable structure that is computably categorical but not rela-
tively hyperarithmetically categorical?

Finally, we discuss an important issue of uniformity involving computably categorical struc-
tures. Given computable presentations M; and M; of a computably categorical structure S,
there is an index e of a computable isomorphism ®, : M; = M;. Of course, though it
is not difficult to see that 0” always suffices to find such an index e, there is no a priori

2Again, refer to Section 2 for prerequisite definitions.
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reason that such an index e can be found computably. When demonstrating that the struc-
ture built for Theorem 2 is computably categorical in Lemma 4.22, we need the nonuniform
information of g restricted to T (the exact meaning of this is unimportant here). The curi-
ous reader might wonder whether this nonuniformity is necessary. Since uniform computable
categoricity is equivalent to relatively computable categoricity (see Downey, Hirschfeldt, and
Khoussainov | | for definitions and results), this nonuniformity is provably required.

2. BACKGROUND AND NOTATION

Though we refer the reader to Ash and Knight | | for further background on computable
structure theory and computable model theory and to Soare | ] for further background
on computability theory, we present much of the necessary background in this section.

2.1. Prerequisite Terminology and Results.

Definition 2.1. A computable structure S is relatively AU -categorical if between any two
presentations A and B of S there is a (AY(A) @ A% (B))-computable isomorphism.

Theorem 2.2 (Ash | ). The following are equivalent for a computable structure S:

(1) The structure S is relatively A9 -categorical.

(2) The orbits of S are effectively isolated by XS -formulas, i.e., there is a computably
enumerable family ® of X¢-formulas over some fized ¢ € S such that each a € S
satisfies some ¢ € ®, and if a,b € S both satisfy the same ¢ € ® then they are
automorphic.

(3) The X& -types of S are effectively isolated by 3¢ -formulas, i.e., there is a computably
enumerable family ® of X¢-formulas over some fized ¢ € S such that each a € S
satisfies some ¢ € ®, and if a,b € S both satisfy the same ¢ € ® then they satisfy the
same 3¢ -formulas.

2.2. Kleene’s O and Feferman and Spector’s O*. We will use O*, an extension of
Kleene’s O due to Feferman and Spector | |. The salient features of O* are:

e There is a c.e. ordering relation < on the X1-set O* such that for each o € O*, the
set {8 € O* : B <X «} is linearly ordered by < and has no hyperarithmetic infinite
descending sequences.

e The set O* has a <-least element 0 (diverging from the standard notation 1). The
sets of successor and limit elements are computable, and so is the predecessor func-
tion pred(-) defined on the successor elements.

e The set of o € O* for which {8 € O* : 8 X a} is well-ordered is O.

e There is a computable sequence of limit elements {«a,, € O* : n € N} such that the set
{n: a, € O} is H}-complete.

2.3. Computably Enumerable Relations. For each a € O*, we will build a structure A,
in the language

Lo:={E}U{Rg: < a}U{My :meN}U{L,:me N},

where E is a binary relation and Rg, M,,,, and L,, are unary relations. The binary relation E
will represent the edge relation on a tree, with the root being identified as the only element
on which E is reflexive. The unary relations Rg, M,,, and L,, will serve to label elements of
the tree.

As the construction of A, and A, will be independent for a # o/, we later fix an o € O*
and abbreviate L, as £ and A, as A. So that the construction better reflects the intuition, we
work with the language £ rather than the language of directed graphs. Though this language
shift facilitates the intuition, it necessitates the following (non-standard) definitions.
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Definition 2.3. A presentation A of an L-structure is L-computable if its domain A is com-
putably enumerable, the relations EA, R4, and I\/I;;l1 are uniformly computable, and the rela-

tions LnAT are uniformly c.e.

We then need to define the meaning of computable categoricity for £-computable structures.
It remains unchanged.

Definition 2.4. An L-computable structure is computably categorical if any two L-computable
presentations of it are computably isomorphic.

It is not hard to show that, uniformly from an L-computable presentation A, there is a
presentation G of a computable graph such that A is computably categorical (in the sense
above) if and only if G is computably categorical (in the usual sense). A simple way to do this
is to use loops to label nodes of the tree, rather than the unary relations. It is also easy to
see that there is an effective enumeration {By}scn of all (partial) £-computable structures.

We also need to define the meaning of embeddings of £-computable structures. Viewing
L-structures as computable graphs via the transformation in the previous paragraph, an em-
bedding of computable presentations of L-structures should only require the preservation of the
relations and non-relations E, Rg, and M,,, and the relations (but not the non-relations) L,.

Definition 2.5. An embedding ¢« : A — B is an (injective) map that preserves all relations
and non-relations E, Rg, and M,,,, and the relations (but not necessarily the non-relations) L,,.

2.4. Notation. Though our notation is mostly standard, we review certain definitions and
conventions.

Definition 2.6. Let T be a tree. For a node p € T, we denote the parent of p by p~. By
convention, the parent of the root of T is the root itself.

Throughout, we maintain certain notational conventions.

Convention 2.7. The symbols o and B will be reserved for elements of OF; the symbols
and v will be reserved for nodes on the priority tree of strategies TS (described later); and o, T,
and p will be reserved for nodes on any of the trees Ti, T, and A (also all described later).
The symbol t will be reserved for terms. The symbol s will be reserved for stage numbers.

Elements o € O are sometimes treated as ordinals. Thus, for example, we sometimes write
3, for X7, where v is the order type of {8 : 3 < a}.

We emphasize that the exposition will involve many different trees. Though there should
be no cause for confusion, we caution the reader of this fact.

Definition 2.8. Fix an L,-structure B with domain B. The root of B, if it exists, is the
Godel-least € B such that E(x,z). We denote the root by rg, if it exists. The length |r|
of an element 7w € B, if it exists, is the length of the shortest sequence x1,...,x, satisfying
E(zi,x;41) for 1 <i <mn, rg =x1, and 7 = x,. Note that the length of the root is 1.

3. THE TREES

As preparation for the proof of Theorem 2, we introduce the trees that will play a crucial
role in the construction of the requisite computable structures. We do so in several steps: In
Section 3.1, for @ € O* and m € N, we define the tree T, ,,,); in Section 3.2, we define an
expansion 7 of the tree T(, ¢y; in Section 3.3, we prove symmetry properties of 7; and in
Section 3.4, we prove relative categoricity properties of 7T .

We start by defining some features and attributes of our trees.
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3.1. The Basic Trees T, ). We will build a tree T, ,,) for each « € O* and m € N.
Our aim in defining this tree, roughly speaking, is that we should be able to use it to define
a structure in which, for 8 < «, there are non-automorphic elements which have the same
E%—type. The tree will consist of finite sequences of terms, which are defined as follows:

Definition 3.1. A term is either:
e a pair t = (f,n) with § € O* and n € N; or
e a triple t = (8, n,(B',n')) with g € O* a limit, n,n’ € N, and ' is a successor with
B =< B.

We call 8 the rank of t. We call a term a successor or a limit according to its rank.

In fact, for each term ¢t we will build a tree Ty (not just for those of the form (a, m)). It will
be convenient to identify the term ¢ with the sequence o of length 1 with o(0) = ¢, so that we
may write 77t rather than 77 (t). We start by describing T; in the case when rank(t) € O
as the definition can be done by transfinite recursion in this case. This definition is not only
easier to understand, but also gives the intuition for the general definition.

(1) If t = (0,n), then T, is the tree with one node (0,n).

(2) If t = (B,n) is a successor term, then Ty is the tree with root (8,n) and having one
subtree Ty for each term t' of rank pred(3) except for the term (pred(8),n). More
formally,

Ty :={t} U{t"0:0 € Ty for t a term of rank pred(f), ¢’ # (pred(8),n)}.

(3) If t = (B,n) is a limit term, then T, is the tree with root (8,n) and having one
subtree Ty for each successor term ¢’ of rank less than 8. More formally,

Ty :={t}U{t"0o:0 € Ty for t' a successor term of rank < [}.

(4) It t = (B,n,(B,n')) is a limit term, then Ty is the tree with root (3,n, (5’,n')) and
which has one subtree T for each successor term ¢’ of rank less than 3 except for the
term (', n'). More formally,

Ty :={t}U{t"0:0 € Ty for t’ a successor term of rank < 3, t' # (8',n')}.

To extend the definition to terms with rank not in O, we need to define the trees in a more
direct way.

Definition 3.2. A finite sequence o := (t;),<,., of terms, where £ > 1 and t; is (f3;,n;) or
(Bisni, (B, k), is acceptable if for all i < £ — 1:

(T1) if B; is a successor, then f;41 = pred(f;);

(T2) if B; is a limit, then ;11 is a successor and B;+1 < Gi;

(T3) if B; is a successor, then t;11 # (pred(5;), n;);

(T4) if B; is a limit and ¢; = (B;, ni, (B, n})), then t;11 # (B, n}).
We define T, to be the tree of acceptable strings o with o(0) = ¢t. Of course, we order these
strings by initial segment. We write last(c) to denote o(|o| —1). For each acceptable string of
terms o, we define rank(o) = rank(last(c)). We emphasize that the empty string is not part

of our tree.

Is not hard to prove, in the case when rank(t) € O, that T, is a well-founded tree of
rank rank(t). Also, let us observe that for all o € Ty, Tiag (o) = {last(o) "7 : 077 € T4}

We now use the tree T; in order to define a structure 7; with domain T;. This structure
has a binary relation E that reflects the edge relation on the tree: For all o,7 € Ty, E(7,0) if
and only if 7 = ¢~ (in particular, the root is linked to itself). The structure also has a myriad
of unary relations that we use to label the nodes of T;. The unary relations are of two types:
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e Height Labels: For each 8 € OF, we have a height relation Rg. Informally, these
relations specify the height of an element 0. More formally, the relation Rg(o) holds
if and only if 5 = rank(o).

e Marker Label: For each integer j € N, we have a marker relation M;. We have that
M; (o) holds iff rank(o) is a non-successor and last(co) € {(8,7), (8,7, (8',n'))}. When
rank(o) is a successor, no relation M; holds of o.

Our aim in defining 7; has been to ensure that certain elements are hard to distinguish from
each other (while being non-automorphic) and that Lemma 3.3 below also holds.

Lemma 3.3. Let € O. Then:

(1) If m #m', then T (g, does not embed into Tz ).

(2) If B is a limit, then Tz does not embed into T(g ., (3 m)) for any B < B and any
n,m’ € N.

(3) If B is a limit and (B',m') # (B",m"), then, for any n € N, T(3 1 (37 mmy) does not
embed into T(gn, (8 m'))-

We note here that for any limit 3, any successor 3’ < 3 and any n,m € N, T(8,n,(8",m)) does
embed into Tg ).

Proof. We show the three statements simultaneously by induction on f.

If = 0, the marker relation M, holds of the unique element in 7{g,,) but not of the unique
element in (g ,,,/y. Consequently, no embedding of Tg,,) into 7(g ) exists.

If B is a successor, towards a contradiction, fix an embedding ¢ : T(g,m) — T(gm). Let
oo = ((B,m)) € T(gm and a1 := ((B,m), (pred(B),m’)) € T(3,). Then (o) must be
((B,m")) € Tigmry as Rg holds of o9 € Tigmy and ((B,m’)) € Tgm is the unique element
of T(3,m) that Rg holds of. As the edge relation E holds of the pair (09, 01), it must be that the
edge relation E holds of the pair (¢(0¢), ¢(01)). Thus, the rank of last(¢(o1)) must be pred(f).
If pred(f) is a limit, then M,,,» holds of o1, so it must also hold of ¢(01), and thus last(c(o7)) is
either (pred(3), m’) or (pred(83),m’, (8", m")) for some 5", m”. Because of the edge relation E,
the embedding ¢ induces an embedding of Tjus(s,) N0 Tiasi(y(oy))- The inductive hypothesis
(either (1) or (2), depending on whether pred(f) is a limit) implies last(¢(o1)) = last(oq). This
is a contradiction as ((8,m’), (pred(3),m’)) & T(sm). Consequently, no embedding of 7(3 )
into 7(g m exists.

If 3 is a limit, note first that (1) holds because in 7(g,,), the label My, holds of the
unique element for which Rg holds, while this is not true of 7(g,,. Towards a contradic-
tion to (2) or (3), fix an embedding ¢ : T(gm) — T(gm,s,m) (for (2)) or an embedding
L Tmy 87 mmy) = Tgmypmy) (for (3)). By considering the images of o¢ := ((8,m)) and
o1 = ((B,m), (8',m')) or o3 := ((B,m, (8", m"))) and o3 := ((8,m, (8",m")),(B',m’)) un-
der ¢, a similar contradiction is reached in each case. Consequently, no embedding of 73 )
60 T(g,n,(57,m)) OF T(8m,(87,me)) WO T(g.p,(7,mr)) eXists.

In a strong sense, the proof above exploits all of the obstacles to an embedding. In particular,
we have:

Remark 3.4. For successors a € O, the structures T(q, m) — T(pred(a)n) a4 T(a,n) = Tipred(a),m)
are isomorphic.

Definition 3.5. Let 0 = (t;)q<;., € Tz, where t; is (8;,n;) or (8i,ni, (8;,n;)). We define the
backbone of o, denoted bb(c), to be the sequence (7;)g<;, Where v; = (5;) if B; is a successor
and 7; = (B;,n;) otherwise.
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Thus the backbone of ¢ specifies the sequence of height and marker labels placed on initial
segments of o.

Definition 3.6. Let 0 = (t;)q<;<, € Tz, where t; is (8;,n;) or (Bi,n4, (8;,n;)). We define the

weak rank of o, denoted wr(o), to be min{S3,} U{p! : t; = (Bi,ni, (B, n}))}.
Thus the weak rank of ¢ is the least ordinal which occurs in any of the terms of o.

3.2. The Expanded Trees T. Although we have not proved it yet, when o € O is a limit 7,
is not relatively AY-categorical. Our task is now to take the structure 7; and to modify it so
as to ensure that it is computably categorical when rank(¢) € O. Thus, in the construction of
the structure for Theorem 2, we will build a structure A; which is a fattening of 7;, but where
(an isomorphic copy of) Ty is a I19-subset of A; (where A; is the domain of A;). Furthermore,
the part of the structure which is not in T; will be, in a sense we will describe, symmetric with
respect to T;. So, from a structural viewpoint, the larger structure A; will not be too different
from T;. However, the larger structure A; will be computably categorical when rank(t) € O.

Let us first informally describe the shape of the larger structure A;. The construction for
Theorem 2 will have a tree of strategies, denoted TS, where every node is associated with some
requirement and the children of each node reflect the outcomes of the requirement. Though
standard, the precise definition of TS is not yet important.

Each node 1 € T8 will be responsible for enumerating certain nodes to our new fattening A;
of T;. We will have to use a new kind of acceptable term that reflects the node in T8 responsible
for it.

Convention 3.7. Fiz a limit o € O for the remainder of the construction. Fiz an effective
enumeration {a;}tien of the set {8 € O* : < a} with ap = a and for which o;; = pred(ay)
implies 7 < 1.

We note that such effective enumerations exist (uniformly in «): Given any enumeration
of all 8 € O* satisfying 8 < «, the enumeration can be modified so that when a successor
appears, we compute successive predecessors until either an already enumerated element is
reached or a limit is reached, whereupon we enumerate this (finite) sequence in reverse order
(not including the already enumerated element, if appropriate). Of course, a limit must
eventually be reached because there are no infinite computable (hyperarithmetic) descending
sequences, so this sequence is necessarily finite.

We will build a modified version of 7, ). For the rest of this section, we abbreviate 7, o)
as T.

It is worth highlighting the fact that the root of the tree of strategies is (), and so is of
length 0, as opposed to the root of 7, which is of length 1.

Definition 3.8. Let i € T8 be a node on the tree of strategies. Let £ := |pu].
A p-term is either
e a triple t = (a4, n, 1) with (a;,n) an acceptable term, i,n < ¢, and ¢ € {i,n}; or
e a quadruple t = (a;,n, (ay,n'), u) with (o, n, (ay,n’)) an acceptable term, i, n,n' <
¢, and ¢ € {i,i',n,n'}.
We define term(t) := (a;,n) or term(t) := (a, n, (a7, n’)) depending on the form of .
A p-term is a v-term for some v C p.
Let P be a path through J8. A P-term is a v-term for some v C P. A T8-term is a v-term
for some v € T8.

Definition 3.9. A finite sequence o := <ti>0§i<€ of T8-terms, where t; is (B;, ni, i), or
(Bis i, (B],n}), pi), is acceptable if for all i < £ — 1:
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e if 3; is not a limit, then f3;11 = pred(;);
e if B; is a limit, then ;41 is a successor and £;11 < f; ;
e if y; and p;4q1 are comparable and (; is a successor, then we have that ¢;41 #
(pred(B;), ni, pi1);
e if y; and g4 are comparable and f3; is a limit and ¢; = (8, ni, (B}, 1)), pi), then
tiv1 7 (B}, ni, pi1).
We define T to be the tree of acceptable sequences ¢ of TS-terms with o(0) = (o, 0,0). Of
course, we order these strings by initial segment.
For each such acceptable sequence, we define rank(c) := rank(last(c)) and term(o) :=
term(last(o)). We emphasize that the empty string is not an element of our tree.

We then use the tree T in order to define a structure 7 with domain T, exactly as before.
For all 0,7 € T, E(r,0) if and only if 7 = o~. The relation Rg(c) holds if and only if
f = rank(last(o)). The relation M;(o) holds if and only if rank(c) is a non-successor and
last(o) € {(B,4, 1), (B, 4,(8',n'), ) }. Though this tree might look rather messy, the restriction
of it to an appropriate subset is not.

Definition 3.10. Fix a node p € T8 and a path P C J8. Define the tree TX of u-terms to be
the tree

TE = {0 e T: (Vi) [o(i) is a p-term] }
Define the tree TY of P-terms to be the tree
TF .= {a eT: (Vi)[o(i) is a P—term]} .

We also let T be the corresponding induced substructure of T.

We make a few quick observations. The tree T is finite for all u € T8. It is not too difficult
to see that 7 is isomorphic to 7F. Further, it is immediate that TF = ucp TE.

To say that any 77 is a substructure of 7 means that the domain is a subset of T and
that for any elements of the domain, a relation holds in 77 if and only if it holds in 7. The
structure A we build will be an expansion of a substructure of 7 to the language £, and will
have as its domain a c.e. subset A of T. This domain will contain T77. where TP is the true
path of the construction. Being an expansion to £, the structure A will also have a new kind
of label, temporary labels, that are specified by unary relations L,, for m € N. These labels
will not be computable, but rather uniformly c.e.; that is, for the structure to be computable,
we only demand the relations L,, be uniformly c.e. (recall Definition 2.3).

3.3. Symmetry with Respect to 7. Having defined the requisite trees, we establish
symmetry properties that guarantee the existence and nonexistence of embeddings and iso-
morphisms between subtrees of expansions of 7.

Definition 3.11. We define the backbone and weak rank for an acceptable sequence of T8-
terms just as before. Let 0 = (t;)<,<; € T, where t; is (8i, ni, i) or (Bi, ni, ( INTANTN

We define the backbone of o, denoted bb(c), to be the sequence (7;)g<;<s, Where v; = (3;)
if §; is a successor and 7; = (B;,n;) otherwise. If two sequences have the same backbone we
shall also say that they are similar.

We define the weak rank of o, denoted wr(o), to be min{g,} U{S; : t; = (B, ni, (B, n}), i) }-
Definition 3.12. Let A be an expansion of a substructure of 7 to £ with domain A, and
let P be a path through T8. We say that A is symmetric with respect to TZ if

(S1) TF C A,
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(S2) For all similar o,0’ € TF and for all 7 with o~ 7(0) ¢ T, we have that
ocTTEA = oTTEA,

and 077 and ¢’ 7 have the same labels.

The structure A we construct will satisfy the following properties:

(P1) The structure A is symmetric with respect to T77.

(P2) The nodes in T7” have infinitely many temporary labels. All the nodes in T?? have
exactly the same temporary labels.

(P3) The nodes in A\ T?” have only finitely many temporary labels.

We now show that if A satisfies the above properties, then the lemma above, which we
know holds for 777, still holds about A.
Given a node o € A, let

Ay i={0o"T:07T€E A}
and let A, be the restriction of A to Ag.

Lemma 3.13. Fiz a structure A satisfying P1, P2 and P3. Fiz distinct 0,0’ € T77 with
common rank ( := rank(o) = rank(c’). Then:

(1) If B € O and term(o) # term(o’), then A, does not embed into Ay unless term(o)
and term(c’) are of the form (8, m, (8',m")) and (B8, m), respectively, for some ' <
and m,m’ € N.

(2) If 8 € O*, term(o) # term(o’), and A is hyperarithmetic, then there is no hyper-
arithmetic embedding of A, into Ay unless term(c) and term(o’) are of the form
(B,m, (8',m)) and (B, m), respectively, for some 3" < 3 and m,m’ € N.

(3) If B € O*\O, o and o' are similar, and there is no ' € O, m,m’ € N such that
(8,m, (8,m')) € {term(c), term(c’)}, then A, and A, are isomorphic.

Proof. For (1), we fix an embedding ¢ : A, — A,. As x and ¢(x) must have the same
cardinality of labels, Properties P2 and P3 imply ¢ sends elements of T to elements of T7.
Thus ¢ induces an embedding Tierm(s) — Tterm(o)- By Lemma 3.3, this implies term(o) =
(B,m, (B',m)) and term(o’) = (B8, m).

For (2), suppose term(o) and term(c’) are not of the specified form, and fix an embedding
t: Ay — A,. By the same reasoning as in part (1), we see that ¢ induces an embedding
i Tierm(oc) = Tterm(o) Which is computable in ¢ & T77. Further, by Properties P2 and P3,
T77 is computable in A”. Thus ¢ is computable in ¢ & A”.

Observe that the proof of Lemma 3.3 was effective: From tg, ¢{, not of the specified form
and an embedding ¢ : Ty, — 7;6’ we effectively obtain terms ¢1,¢] not of the specified form
with rank(t1) = rank(#;) < B and /[ Ty, : Ty, — Ty an embedding. Repeating this,
computes a sequence tg,t1,... with rank(tg) > rank(¢1) > .... Since O* contains no infinite,
descending, hyperarithmetic sequence, it follows that 7 is not hyperarithmetic. Thus ¢ must
not be hyperarithmetic.

For (3), we first define an isomorphism 7 : A, N T?” =2 A, N T™. Then we will argue that
by symmetry, 7= extends to an isomorphism A, = A,/. It is tempting to define 7 recursively
in f3; however, since /3 is not well-founded, we must instead define 7(7) recursively in |7|. Our
inductive hypothesis will be the following:

e 7 preserves edge relation and non-relation;

e 7 and 7(7) are similar;

e if therearey € O*, 7 € O, m,m’ € Nsuch that (v, m, (v/,m’)) € {term(7), term(n (7))},
then term(7) = term(w(7)); and



12 DOWNEY, KACH, LEMPP, LEWIS, MONTALBAN, AND TURETSKY
o if rank(7) € O, then term(7) = term(m(7)).

To summarize the last two points: If term(7) # term(7 (7)), then all elements of O* men-
tioned in either term are in O* \ O. The idea is the following: By the proof of Lemma 3.3,
if term(7) # term(w(7)), then there must be some ¢ with term(77¢) # term(w(77t)). Since
7 with rank(7) = 0 are labeled by their term, the proof derives a contradiction using well-
foundedness. To avoid this problem, we arrange that for such ¢, rank(t) € O*\O — we send
the “incompatibility” down an infinitely descending chain in O*, so that it never reaches
rank 0 and destroys our isomorphism. The crucial step is Case 2b below, where we choose
~ e O*\O.

Base case: We define m(0) = o’. By assumption, this definition satisfies the inductive
hypothesis.

Inductive step: Suppose that for all p with o C p C 7, we have defined 7(p) in a fashion
satisfying the inductive hypothesis; we must now define w(77t) for all ¢ with 77t € T?” in a
manner that induces a bijection between {77t : 77t € T’} and {n(7)"t : n(7)"t € T™}.
This will ensure that 7 continues to preserve edge relation and non-relation.

We have several cases:

(1) If term(7) = term(n (7)), then {t : 77t € T™} = {t : n(7)"t € T'?}, and we define
m(17t) = w(7) "t for all such ¢. Clearly the inductive hypothesis is preserved.

(2) If term(7) # term(w(7)), then by the inductive hypothesis rank(7) € O* \ O. There
are several cases, depending on rank(7):

(a) If rank(7) = v + 2 for some v € O, fix any bijection f : {t : 77t € TV} — {¢t:
7(7)"t € T77}; such bijections exist because both sets are countable. We define
w(t7t) = w(7)” f(t) for all such ¢. Since rank(77t) =y + 1 € O* is not a limit,
the inductive hypothesis is preserved.

(b) If rank(7) = y+1 for some limit v € O*\ O, fix v/ € O*\ O a successor with v < 7,
and let m,n € N be such that term(7) = (v + 1,m) and term(n (7)) = (v + 1,n).
By assumption, m # n. Define 7 as follows:

(7)) (v, m) if term(t) = (v, m, (7/,0)),
m(r)"(v.m, (v, k)  if term(t) = (v, m, (v, k + 1)),
m(r7t) = (7)) (v,n, (7,0))  if term(t) = (v, n),
(7)) (v, m, (Y, k+ 1)) if term(t) = (v, m, (7', ),
w(T)"t otherwise.

Then, since 7,7 € O* \ O, the inductive hypothesis is preserved.
(c) If rank(7) is a limit, there are several cases, depending on term(7) and term(7(7)):
(i) If term(7) = (v, m, (7}, no)) and term(w (7)) = (v, m, (74, n1)), then by the
inductive hypothesis, 7,7 ¢ O. By assumption, (7, n0) # (71,71). By
definition of acceptable terms, neither () nor 4} are limits. There are several
cases, depending on the relationship of vy, 1, no and n;:
(A) If v # 1, define 7 as follows:

()" (v, k) if term(t) = (), k) and k < ny,

(1) (v, k — 1) if term(t) = (7(, k) and k > no,

w(17t) = ()" (v1, k) if term(t) = (71, k) and k < ny,
(1) " (7, k+1) if term(t) = (7], k) and k > nq,

(1)t otherwise.
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(B) If 7y =74 and ng < ny, define 7 as follows:

©(1T) " (v, k) if term(t) = (g, k) and k < ny,
) m() T (v, k= 1) if term(t) = (7, k) and ng < k < nq,
m(rt) = ©(1) " (v, k) if term(t) = (g, k) and k > ny,
(1)t otherwise.

(C) The case for 7, = 1 and ng > n; is similar to case (A).
Since v, and ~{ are not limits, 77t and w(7t) are similar. Since (,v] € O,
the remainder of the inductive hypothesis is preserved.
(ii) The case for term(7) = (y,m, (7/,n)) and term(w (7)) = (v, m) is similar to
case (i).
(iii) The case for term(7) = (v, m) and term(7 (7)) = (v, m, (7’,n)) is similar to
case (i).
So 7w : Ay N T — A, NT7 is a bijection which preserves edge relation and non-relation,
and such that 7 and 7 (7) are similar for all 7. By Property P2, 7 is an isomorphism.
To extend 7 to Ay, for 7 € A, \ T?, let 7 = p~( with p maximal such that p € T77.
Note that o C p. Define n(7) = 7(p) (. Since p and 7(p) are similar, Property P1 implies
that 7 : A, — A, is an isomorphism. O

3.4. Relative AJ-Categoricity. Fix a computable structure A satisfying P1, P2 and P3.
For 8 < a, if 8 € O, then A is not relatively A%-categorical. Though demonstrating this is
not required for either Theorem 1 or Theorem 2, we do so as the computations help explain
the motivation and purpose of the requisite properties. It also allows us to offer an explicit
structure for Theorem 2 rather than the existence proof that Theorem 1 yields.

Not only does A not have a computably enumerable E%—Scott family, it has no Z/’é—Scott
family of any computational complexity. The reason, in essence, is that the E/’é—types of
{(a,0),(8+1,0)) and ((a,0),(8+1,1)) coincide, as we will show in Lemma 3.14 below.
As Tgi10 and Tgyq 1 are not isomorphic, this implies .4 has no E%—Scott family.

We remark that if « € O*\O, then A is not relatively hyperarithmetically categorical.
This is of little interest because, by Lemma 3.13 above, A is not even AO categorical for any
computable ordinal 7. Briefly, fix TP-terms ¢y and ¢; with term(ty) = (B ,n) and term(t;) =
(8,m) for f € O\ O a successor and n # m. Let A" = A\ A((0,00)10) U A(a,00),t) — 50 A
is made from A by replacing A((q,0,0),4) With a second copy of A((a,0,0)+,)- Then A= A’, but
any isomorphism would send A(q,0,0),¢,) to some A; with term(7) # to. Thus there can be no
hyperarithmetic isomorphism.

Lemma 3.14. Let ¢ = (01,...,0%),0 = (01,...,0),) be tuples from A such that:
e 0; and o} are similar for every i; and
o for every i, j, |oi Noj| = o Aol
For each i, let p; be maximal (possibly empty) such that o; = 7,7 p; and o, = 1] p; for some ;
and 7). Let f = min{wr(r),...,wr(7),wr(7]),..., wr(7)}.
If every i, 7/ € T™, then for any By < B, the (parameter-free) Ziﬁo—types of @ and &'
coincide.

Proof. By induction on SByp: For Sy = 0, note that quantifier-free types can only specify the
labels of the elements and equality or inequality. The former coincide since, by hypothesis, the
tuples are pairwise similar, and each 7; and 7/ is drawn from T77 and A satisfies Properties P1
and P2. The latter coincide since the various meets have the same lengths.

For By > 0, let ¥(,7) be a Hg-formula for some v < By, and suppose A = T Y(T,7).
We must show that A = 37 (T, 5’) — the other direction will then follow by symmetry. So
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fix 7 € A such that A = 1(%,7), and partition % into Zo € T?” and z; ¢ T’”. Without loss of
generality, assume that {Zy,Zz1,0} is downward closed; so {Zp,z1,0} is a tree. We will define
a tree-map f on {Zo,Zz1,7}, such that A E ¥ (f(z0z1),7").

For ¢ € {Zo,71,0}, if ¢ C 0y, define f(¢) = o[ |(|. Since [o; A oj] = |o] A 07}, this is well
defined, even if there are multiple ¢ with ¢ C o;. If ( € o; for any i, assume that we have
already defined f(¢™). There are several cases, based on wr((), rank(¢) and whether ¢ € Z;:

(1) If ¢ € Zo, wr(¢) > o and rank(¢) is a successor, define f(¢) = f(¢7) " (rank(¢), m, u)
for some large m (and the unique p C TP for which this is a p-term).

(2) If ¢ € Zo, wr(¢) > Bp and rank((¢) is a limit with term(¢) = (rank(¢),m) or term(¢) =
(vank(C), m, (&', m")), define F(C) = F(C™)™ (rank(C), m, (8", m"), 1) for some B” >
and large m” (and the unique p C TP for which this is a p-term).

(3) If wr(¢) < Bo, define f(¢) = f(¢7) last(().

(4) If ¢ € z1, define f(¢) = f(¢7) " last(().

We must show that f({) € A. For ¢ € 7, this is immediate, since f(¢) € . To show this
for { € Zp, we must show that f({) is an acceptable sequence: Then it will be an element
of T?” C A. The only case to consider is when wr(¢) < By < wr(¢7).

If (- & oy for any i, then term(f(¢™)) = (rank(¢), m) for m chosen large relative to term((),
or term(f(¢7)) = (rank(¢),m, (8',m')) for m’ chosen large relative to term(¢). Either way,
we see that f(() is acceptable.

If (- C o; and By > rank((), then rank(¢™) > wr(¢7) > 8 > By > rank((), so it
must be that rank(¢™) is a limit. By definition of (3, either term(f({7)) = (rank(¢™),m)
or term(f(¢7)) = (rank(¢™), m, (8',m’)) for some ' > B > By > rank((), so f(¢) is accept-
able.

If (- Co; and By < rank(¢), then since wr(¢) < fp < wr(¢{™), it must be that term({) =
(rank(¢), m, (wr(¢),m’)). By definition of acceptable sequences, since f(¢ ™) is acceptable, f(¢)
is acceptable.

Next, consider ¢ € z;. Let ( = ¢('"¢” with ¢’ maximal such that ¢’ € zg. Note that by
construction, ¢’ and f(¢’) are similar, so by Property P1, f(¢) = f(¢')™¢" € A.

Since f is a length-preserving tree-map, it preserves meets. As mentioned before, ¢ and f(()
are similar by construction. Finally, let 7 C ¢ be maximal with wr(r) > By and 7 € T,
and let ¢ = 77p. Then f(¢) = f(7)"p, wr(f(7)) > v and f(r) € T"”. By the inductive
hypothesis, it follows that (z,7) and (f(2), f(7)) = (f(Z),d’) have the same Eg—types7 and so
AEY(f(2), 7). 0

Proposition 3.15. The structure A has no E%-Scott family for any B < a.

Proof. Fix a parameter set 7 for a potential Z%—Scott family, and assume without loss of
generality that 7 is downward closed in A. Fix any two 0,0’ € T distinct from elements
of 7 with |o1]| = |o2| = 2 and rank(oy) = rank(os) = 8+ 1. Then the E%—types of o and o’
over T are determined by the parameter-free Eiﬁ—types of (0,7) and (¢’,7), so by Lemma 3.14
they are the same.

Since A, is not isomorphic to A,/, 0 and ¢’ are not in the same orbit. Thus they witness
the failure of the potential E%—Scott family. O

4. COMPUTABLE CATEGORICITY

Recall that we fixed a limit « € O*. Uniformly in «, we build A which is an expansion of a
substructure of T as described in the previous section. The objective is to make A computably
categorical if o € O.
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The construction is a priority construction. We describe the requirements, the outcomes,
and the tree of strategies in Section 4.1; the action of an instance of the Z-requirement in
Section 4.2; the outcome of an instance of a ®y-requirement in Section 4.3; the construction
in Section 4.4; and the verification in Section 4.5.

A global feature of the construction will be a (computably enumerable) bag of labels. At
each stage s, this bag will contain a subset of the temporary labels L,, for m € N. In the
limit, the infinitely many labels possessed by nodes in T?” (recall P2) will be precisely the
labels in the bag. The nodes in A\ T?? will have at most finitely many labels (recall P3), and
if o € A\ T7? but 0~ € T™, o will have at least one label not in the bag.

We fix an effective enumeration {By}sen of all (partial) computable £-structures. For con-
venience, we assume that if 7 € By, then || exists and is witnessed by elements with Godel
number not greater than .

4.1. The Requirements, Outcomes, and Tree of Strategies. In order to build A, we
satisfy two types of requirements:

Z: The structure A satisfies properties P1, P2 and P3.
®y: If A and By are isomorphic, then they are computably isomorphic.

Of course, we only have to ensure that the ®, requirements are satisfied in the case that a € O.

There is an unusual relationship between these types of requirements that allowed us to
simplify the exposition in the previous section: A node working for the Z-requirement needs
to build part of A but has no need for multiple outcomes; a node working for a ®,-requirement
has a need for multiple outcomes but has no need to build part of A. This allows every node p
on the tree of strategies J8 to be shared between the =-requirement and a ®,-requirement,
with the former dictating the action and the latter dictating the outcome.?

If 1 is a node on the tree of strategies with |u| = ¢, then this node will be concerned with
the satisfaction of ®, and will have finitary and expansionary outcomes. The rough idea is
that p will have finitary outcome while it waits to see By match everything that had already
been enumerated into A by the end of the last expansionary stage, and then once it sees
this happen it will have expansionary outcome. In fact, we shall have to use a number of
different expansionary outcomes depending on the level of evidence for the existence of the
isomorphism.

For the sake of satisfying ®;, u has a set of outcomes which depends upon the maximum
length of sequences in TZ. If this maximum length is m then px has outcomes:

Out(p) := {mpey} U {m—1pez : k € N'} U {,,_oper : ke N’} U - -
U{iper : k € N" 1} U {ser : k e N"} U {fz: k € N"T1}.

The true outcome will be ,,pey if A and By are isomorphic, although the converse will not
necessarily hold. All outcomes of the form ,pe; are referred to as primary expansionary
outcomes, and more specifically as ,pe outcomes. Outcomes of the form sez are referred
to as secondary expansionary outcomes; outcomes of the form fy are referred to as finitary
outcomes. All of these outcomes are ordered lexicographically according to their right suffix,
but using the reverse ordering on the natural numbers. Thus the leftmost outcome is ,,pey,
while, e.g., m—1pe(s) is to the left of ,,_ope(s 1), which is to the left of n,_1pe(y), which is to
the left of m—2P€(4,3)-

These outcomes may initially look a little complex, but they are really very simple. The way
in which to understand them and their ordering is roughly as follows. We start with the idea

31t might be more natural to devote, say, even levels to nodes which work for = and odd levels to nodes
which work for ®,-requirements. Doing so, however, would complicate Definition 3.8 as we only want nodes u
associated with = there.
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that there should be a set of outcomes ,,pe < j,—1pe < --- < 1pe < se < £, where £ will be the
finitary outcome indicating that we are not observing any evidence of an isomorphism between
A and By, and with the other outcomes corresponding to different levels of evidence for this
isomorphism.? The outcome ,,,pe indicates the highest level of evidence for the existence of an
isomorphism, and then ,,_1pe indicates a slightly lower level of evidence, and so on, in a way
which shall be made precise later. The outcome se indicates the lowest level of evidence other
than £. We then have to modify this idea, however, because we want that if an outcome o
is visited, and then an outcome to the left of o is visited, o cannot later be revisited. We
want this because it will simplify our analysis of the interaction between nodes on the tree of
strategies. So rather than p having outcome ,,_1pe at some stage, for example, we let k£ be
the number of times that /1 has had outcome ,,pey and give it outcome ,—1pe(y). This means
that whenever p has outcome ,,pe; we start using what one might think of as a new version
of ,,—1pe, which is to the left of the old ones. Thus the right suffix does nothing more than
allow us to ensure that nodes on the tree of strategies which have already been visited, are not
visited again once the path has been to the left (so the right suffix can basically be ignored
once this feature of the construction is given).

The tree of strategies T8 is the set of finite sequences p such that, for all n < |u|, p(n) €
Out(p [ n). It is worth noting that since the root of T8 is (), it has length 0, unlike the root
of A.

4.2. The Action of the =-Requirement at a Node p. In Definition 3.10, we defined the
tree T2 C T. The Z-requirement at p is responsible for the elements of T for which higher
priority requirements are not already responsible.

Definition 4.1. If 4 = () then R := T and otherwise RF := T\ T .

Thus R* is precisely the set of sequences of p-terms containing at least one u-term. These are
the elements of A for which p is responsible. Note that R is not a tree as it is not downward
closed.

The node p works, of course, according to the assumption that it lies on the true path. This
means that when p is visited it assumes that any ' which has already been visited cannot be
visited again if it lies to the left of u or if the path has been to the left of i/ after it was visited.
As described before [actually not, but to be added], any p’ gives new temporary labels to all
the elements of A that it is responsible for each time that it is visited, as well as giving these
elements all the labels which have been added to the bag. It also adds to the bag temporary
labels which it gave to elements of A at previous stages (as a matter of fact we put a delay
into this process so that each of the two most recent temporary labels it has given to each of
its elements are not yet added to the bag). Importantly though, this means that, at any point,
the most recent labels which p/ has given to the elements it is responsible for have not been
added to the bag. So if p believes that u/ will never be visited again, then it also believes that
these most recent labels will never be added to the bag of labels. When p is visited, labels
which have not been added to the bag, but which have been given to some element of A by
some ' which is either to the left of y or such that the path has been to the left of u’ after it
was visited, are called u-dead labels.

So the basic picture we have in mind is roughly as follows. With its choice of outcomes,
u delays the nodes above its expansionary outcomes from rejuvenating their labels (adding
their old temporary labels to the bag and giving new ones to the elements they are responsible

4As for why we require different outcomes for different amounts of evidence, for now we can only say that
it is essential for making A computably categorical. Remark 4.21 identifies exactly where in the verification
these are required.
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for) until it has seen B, match the elements they have added along with the corresponding
labels. Therefore, for the part of A which is built by these nodes, it will not be difficult to
build the computable isomorphism. On the other hand, the elements added by those y’ to
the left or right, or D p but which cannot be visited again, will have u-dead labels (on some
initial segment anyway). Again then, these will not be a problem as we look to construct
the computable isomorphism, since they will be easily distinguished. The node p, however,
cannot delay the rejuvenation of labels for those elements in the part of A built by the nodes
C p, which is TE. So p will not try to work out which of these elements is which. At the end
of the construction the computable isomorphism is built, given the finite amount of necessary
information regarding the image of TE. Since these elements are indistinguishable as far as
w is concerned (beyond, of course, the information given by the backbone of each sequence),
during the construction it only tries to establish where elements of A should be mapped in By
‘modulo’ T, and this motivates the following definition.

Definition 4.2. Acceptable sequences p, p’ € T are symmetric with respect to T, denoted
p =, p/, if there are sequences o,0’, 7 such that |7| > 0 and:

e p=0"T,

o p=0d"r,

e 0,0 € TE,

e 7(0) is not a u-term, and

e o is similar to o’

Having established the prerequisite terminology, we informally describe the action of the
E-requirement at a node y. First Z enumerates all the elements of R* into A, knowing that all
other elements of T were already enumerated by higher priority requirements. Then, = tries to
ensure satisfaction of the property P1 by enumerating new elements into A and copying labels
as necessary. Finally, = performs its label rejuvenation by giving labels to all the elements
in R in such a way that at every single stage they all have different labels ‘modulo T, and
that they all end up with the same labels after infinitely many rejuvenations. The precise
details are as follows. By a large number, we mean a number which is (strictly) larger than
any m such that a label L,, has previously been given to any element of A. Stages at which
is visited are also referred to as u-stages.

Label Rejuvenation. When we rejuvenate the labels at a set of nodes {o;}icr C A, simultane-
ously we:

(1) Let Ly, be the second largest temporary label which currently holds of each ;. Enu-
merate L,,, into the bag of labels.
(2) Take alarge number m and add the temporary label L,, to each o; (that is, make Ly, (0;)

hold).
(3) For every label L,, in the bag of labels with n < mg, make L, (c;) hold of each o;.

The Instructions. At any stage s when p is visited, the following action is taken.

(C1) If this is the first p-stage, enumerate the elements of R* into A and give them all
the rank and marker labels that they have in 7. Add to each element of R* two
large temporary labels in such a way that, for any 0,0’ € RM, if last(c) = last(o’)
then o and ¢’ have the same temporary labels, and otherwise they do not share any
temporary labels. This ends the action for the construction as a whole at this stage.
In particular, the current path does not extend past u (although p is still considered
to have an outcome).

(C2) At every other p-stage, we look for strings o, o', 7 such that:
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(a) 0 € TE and o’ € R*,
(b) o is similar to o/,
(c) 7(0) is not a p-term, and

(d) o771 € Als—1] but o'~ 7 & Als].

For each such o, ¢/, and 7, we enumerate ¢’ 7 into A. We add all the labels on o7

to o/~ 71. We say that ¢/ 7 is copied from o™ 7.
We then rejuvenate the labels for all elements of R* in such a way that o and o’

are rejuvenated simultaneously if and only if last(o) = last(c”).

4.3. The Outcome of the ¢,~-Requirement at a Node p. The aim of the ®,-requirement
at p, where £ = |ul, is to build a computable isomorphism between A and By. Of course, this
is only possible if A and B, are classically isomorphic. The choice of outcomes will attempt to
prevent A and B, from being classically isomorphic. If this fails, then in the limit the strategy
will have built a computable isomorphism between A and By (using finitely much nonuniform
information about the image of T).

Let m be the length of the longest strings in T, Whenever p is visited we form a vector k
as follows. This vector describes the outcomes which p has had at previous stages. Let ki
be the number of stages at which p has been visited and has had outcome ,,pey, and let
ki = (k1). Given ki, if i < m then let k;;1 be the number of times that x has been visited
and has had outcome m—iPef; - If ¢ = m then let k;;1 be the number of times that p has
been visited and has had outcome ser Let m = kii/\ki_i_l. Let k = m If A and B, do
not appear isomorphic (in a precise manner described soon), then the outcome is f. If A
and By do appear isomorphic, then we assess the amount of evidence towards this fact, and
then decide which of the other outcomes p should have at this stage.

More formally, the first time the node p is visited, the outcome is ,,pe;. Recall that, as
specified in (C1) above, the stage is then ended without visiting further nodes in T8.

At every other p-stage, we assess whether E appears to be an edge relation on By for a tree.
If By[s] contains more than one 2 with E(x,x), or contains cycles, the outcome of y is fy.
Otherwise, let sop be the last expansionary stage, primary or secondary, i.e., the last u-stage
at which it did not have finitary outcome. We decide whether A and B, seem isomorphic
depending on the presence or absence of a matching. To obtain a matching, we will give
elements of B, tags for elements of A[sg] \ TE.° These tags are described by a (partial) tagging
function

f: .A[So] \Tﬁ — B@

mapping p to f,. The construction may redefine f, (i.e., tags may be moved). The tagging
function f is local to u, being completely independent of other nodes’ tagging functions, but we
abuse notation and write f, rather than f}[s]. For p € A[so]\T%, when we define f, := 7 € By,
we say that we place the p-tag on m. When p is visited, some of the tags will already have
been placed at previous p-stages. The objective will be to place all the tags which are not
presently on some element of By, i.e., to make f total on A[sp] \ TE. It may also be necessary
to make various values f, undefined. This can be done only if the p-tag proves itself to be
wrongly placed (as explained later).

So the basic idea is that f will establish the required isomorphism. Since values f, may
be redefined, however, how do we ensure that the given isomorphism will be computable?

5Note that tags are distinct from labels. Labels are part of the first-order structure while tags are local to
a strategy, are not part of the first-order structure, and serve only to help determine the outcome. Also, note
that A[so] refers to the structure built at the end of stage so.
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Suppose for a moment that ¢ is an isomorphism from A to B,.° Tt is useful to concentrate
initially on what will happen to p such that p ¢ T and p~ € TE. As we have described
already, since p is not able to delay the rejuvenation of labels given to sequences in T, it
works ‘modulo’ TE. More precisely, this means that it aims to place the p-tag on g(p’) for
some p' =, p, in such a way that all the tags for distinct p’ =, p are placed on different
elements of B,. When the p-tag is placed on g(p’) for p’ =,, p we say that it is placed correctly.
When the p-tag is not placed correctly, it will be placed on 7 such that 7~ is not in g(T#),
and will eventually be proved to be in the wrong place, and so will be moved. So, if we are
given the g-image of T (which is a finite amount of information), then the first time we see
the p-tag placed on 7 with 7~ in this image, we know that it is correctly placed, and will
not subsequently move. We then also have to deal with p such that p~ ¢ TE. The tag for p
of this kind will only be placed above where we have already placed the p~-tag, and will not
move unless the tag for an initial segment proves to be wrongly placed. Thus once the tag for
p with p~ € T is correctly placed, the isomorphism above this will be built uniformly in a
computable fashion. In the definition below we assume that E appears to be an edge relation
on By for a tree, so that 7~ is defined for 7 € By.

Definition 4.3. We define the backbone of m € By in the obvious way. First, bb(rg,) = ((a,0))
(recall Definition 2.8). Suppose we are given bb(n ™). If m does not have precisely one rank
label, then bb(r) is undefined. If it has the unique rank label Rg and § is a successor then
we define bb(7) := bb(77) (). If it has the unique rank label Rz and /3 is a not a successor,
then bb(w) is undefined unless it has a unique marker label M;. If it does have a unique
marker label M; then we define bb(7) := bb(7™) (8, j).

The precise instructions at stage s, once u has decided whether E appears to be an edge
relation on By for a tree, are as follows. As above, let sg < s be the last expansionary stage.
First, take each p € Also] \ T such that f, was undefined at the beginning of stage s, in the
order in which they were enumerated into A, and perform the following. Let m be largest
such that the temporary label L,, has been given to p. Look for an element m € By which has
no tag on it and such that:

(1) bh(m) = bb(p):
(2) 7 has the temporary label Ly,;
(3) (a) if p~ ¢ TE, then 7~ has the p~-tag on it;
(b) if p~ € T then no proper initial segment of 7 is tagged or has a u-dead label;
If there is such a node, let f, be the Godel-least eligible node 7.

Having performed these instructions for all the appropriate p, we then have to decide which
values f, should be made undefined. If f, = 7 then f, is made undefined only if we see a proof
that the tag is wrongly placed. This requires that either p~ € T and one of the following hold:

e some proper initial segment of 7 receives a new tag, or
e some proper initial segment of 7 has a p-dead label;

or p— & T and the p~-tag is proved to be wrongly placed. For all p, if we see a proof that
the p-tag is wrongly placed, we make f, undefined.

Having performed these instructions, we are then ready to decide whether this should be
an expansionary stage. A matching occurs if f, is defined for all p € A[sg] \ T£ and, for each
such p, the temporary labels of p are a subset of the temporary labels of f,. If we do not have
a matching, the outcome is £z, where k is as defined previously. If there is a matching and the

6In fact A will be rigid, but we never directly prove this because we do not need to. It always suffices just
to consider an arbitrary isomorphism from A4 to B, (when one exists) and to work with that.
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stage sp was an ,pe-stage (for any n < m), then the outcome is S€%im- Otherwise we have to
decide for which n < m (if any) this should be an ,pe-stage.

For each 1 < n < m, let s1 < s be the last stage which was an , pe-stage for some n’ > n.
We say s is eligible as an ,pe-stage if:

(i) » =1 or there has been an ,,_jpe-stage > s1, and
(ii) there exists an expansionary stage so with s; < s9 < s such that:
(a) all the tags for p € A[s1] \ T2 with p~ € TZ and |p| < n + 1 have been placed at
stage so and have not been proved wrong since then, and
(b) foreach 1 < j < n, all the elements in ;[s2] of length j except for at most |T£ | j|-
many, presently have a tag on some (not necessarily proper) initial segment.

In the above T2 | j is the set of strings in T of length j. If there exists a greatest n < m
such that s is eligible as an ,pe-stage then the outcome is nPeE 1 —n- Otherwise, the outcome
is S€F -

This completes the instructions for deciding the outcome of .

m—

Now let us informally describe the idea behind ,pe-stages and why they should exist.
Suppose that g is an isomorphism from 4 to B, and that there are infinitely many expansionary
stages for u. We will later be able to show that no tags are ever placed in g(T%). Let so be a
stage of the construction after which all elements of TZ have appeared in A and all elements
of g(T%) have appeared in B,;. Suppose that p ¢ TE p~ € TZ and |p| = n+ 1. Let s; > s
be an ,pe-stage at which p has already been enumerated into A. Suppose that s > s; is an
npe-stage, and let so be as in (ii) of the conditions for an ,pe-stage above. Then at stage s
the tag for p must be placed on some g(7) which is a one element extension of an element
of g(T%), since all other elements of By[ss] of length n + 1 have a tag placed on some proper
initial segment. It cannot then be moved from this position, and since there are infinitely many
expansionary stages this means that A, embeds into A, (after the p-tag is placed on g(7), the
tags for extensions of p all get placed without subsequently being moved, and establish this
embedding). We then wish to show that last(p) = last(7), so that 7 =, p and the p-tag is
correctly placed. In the case that p € T?7 this will follow from Lemma 3.13 (there is a detail
here which we discuss further below). If p ¢ T” then it has a finite number of temporary
labels given to it, the largest two of which will not be added to the bag. The fact that 7
has either of these labels therefore means that in this case we also have last(p) = last(7). In
summary, at all sufficiently large ,pe-stages, all tags for p with p~ € TE and |p| = n + 1 will
be correctly placed (and will remain so).

Why should there exist infinitely many ,pe-stages? The basic idea is as follows, and of
course the proper proof will be given in the verification. Suppose inductively that there are
infinitely many ,pe-stages for n’ < n. For now, suppose quite simply that no tags are ever
placed in g(T#). As described above this means that, for all p ¢ T with p~ € TZ and |p| < n,
the tag for p is eventually correctly placed. Thus there will be no difficulty in satisfying (iib)
of the conditions for an ,pe-stage. Suppose that there exists a last ,,pe-stage s. It suffices to
show that, for all p € A[s] \ TZ with [p| = n+ 1 and p~ € TE, the value f, reaches a limit.
These p do not have their labels rejuvenated after stage s, and the two largest temporary
labels given to them are never added to the bag. After some stage the correct positions for
these tags will have all of their finite set of temporary labels. For each of these p, any p’-tag
placed in one of the correct positions for p must satisfy p’ =, p, since otherwise it cannot have
either of the two largest labels given to p. So the correct positions will always be available as
positions for placing the tags after some point. Thus if f, was moved infinitely often, one of
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the correct positions would eventually become the Godel least available option, and the p-tag
would eventually be correctly placed and not moved, a contradiction.

We promised to say a little bit more about the use of Lemma 3.13 in the argument a couple
of paragraphs above, that the tag for p as specified must be placed correctly at all sufficiently
late ,pe-stages. Roughly this works as follows. Let p and 7 be as in the discussion above.
Recall that both of p~ and 7~ are in TZ and that we were considering the case p € TV,
Although Lemma 3.13(a) permits an embedding when last(p) is of the form (3, n, (8',n'), u")
and last(7) is (8, n, ¢') for the unique p/ C p” for which there is a p/-term (3, n, p’), if the tag
for p is placed on g(7) for 7 of this form at an , pe-stage, then the pigeon hole principle tells
us that we must have permanently placed the tag for some 7" =, 7 on g(o) for some o which
has the right backbone, but with last(c) # (8,n,u’). Given that we have infinitely many
expansionary stages, we get an embedding of A,/ into A,, which does now directly contradict
Lemma 3.13. One might then think that it is the existence of infinitely many expansionary
stages which is threatened by the exceptional case in Lemma 3.13(a). If there are only finitely
many expansionary stages, however, any p for which we look to place a tag after the last
expansionary stage only receives finitely many labels. In that case p and 7 as described would
be clearly distinguished by their two largest labels, so that the p-tag could not be placed on
g(7) when last(7) # last(p).

In the above, we simply assumed here that no tags are placed in T, and in actual fact
some considerable care has to be taken in proving this. Thus, the actual proof that there are
infinitely many ,pe-stages will be a little more complicated (and, of course, more detailed)
than what we have just described, but is essentially the same.

4.4. The Construction. The construction proceeds in a typical priority argument fashion.
At stage s, unless the stage is ended prematurely via the instruction (C1), the stage visits
nodes p € T8 (determined by the current outcomes) until a node is reached of length s. When
a node p € T8 is visited, the associated =-requirement acts as described and the associated
®y-requirement (where ¢ := |u|) dictates the outcome of p.

4.5. The Verification. It will often be necessary to be precise about exactly when during
some stage of the construction certain instructions are carried out. We therefore subdivide
each stage of the construction into steps. By a step of the construction, we mean the part of
a single stage during which the instructions for one strategy visited at that stage are carried
out. So if n strategies are visited at stage s, then stage s consists of n steps.

Before we prove anything at all about the construction, we actually have to be careful to
ensure that it is well-defined. Consider what happens when p performs the instructions (C2)
at some stage s. Suppose that we find strings o, o’, 7 such that ¢ € T« and ¢’ € R*, o is
similar to ¢/, such that 7(0) is not a pu-term, and 0~ 7 € A but 0’7 ¢ A. The instructions
tell us that we must enumerate ¢’~7 into A and add all the labels on ¢™7 to ¢/ ~7. We
must rule out the possibility, however, that for some other ¢” the same conditions hold with
respect to o/ and 7, but that the labels on ¢” 7 are different than those on o 7. In this
case the instructions may be ambiguous and will certainly fail to achieve what is required of
them. We shall shortly prove that this potentially problematic situation does not arise. For
now, however, in order to ensure that the construction is well-defined one can simply imagine
that, were this situation to arise, we choose the first ¢ for which the given conditions hold for
each ¢’ and 7.

As an important initial step, we start by showing that a true path TP exists.

Lemma 4.4. There is a (unique) infinite path through T8 of nodes which are visited infinitely
often. Indeed, every node visited infinitely often is on this path.
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Proof. We show by induction on n that there is a unique p of length n which is visited infinitely
often. Clearly this holds for n = 0. Suppose that the result holds for n, and let p be the
node of length n which is visited infinitely often. If there exists a greatest k such that p
has infinitely many ppe-stages, then let s be a ppe-stage for u, which is not the first stage
at which g is visited and after which p never has a ppe-stage for any k' > k. The node p/
of length n + 1 visited at stage s is then the unique node of length n + 1 visited infinitely
often. If there exists no such k£ but p has infinitely many expansionary stages, then let s be
an se-stage for u after which there are no p/pe-stages for any k. The node y’ of length n + 1
visited at stage s is the unique node of length n + 1 visited infinitely often. Finally, if there
exists a stage s after which p always has finitary outcome, then the node y' of length n + 1
visited at stage s is the unique node of length n + 1 visited infinitely often. O

Lemma 4.5. Only acceptable sequences are enumerated into A.

Proof. Sequences are either enumerated via (C1) or (C2). The fact that sequences enumerated
via (C1) are acceptable is immediate from the definition of R*. In order to deal with sequences
enumerated via (C2), suppose that o € R*, § := rank(o), that ¢ is a v-term, that if 3 is a limit
then 8 := rank(¢) is a successor less than 8 and that if 3 is not a limit then 8’ = pred(3). It
suffices for us to show that if 0™t is not an acceptable sequence then v C . In order to see
this let ¢’ = last(o) and let i/ C p be such that ' is a p/-term. The fact that o™t is not an
acceptable sequence means that v is comparable with ' and that either:

(i) B is a successor, t’ is of the form (8, n, u') and t = (pred(f), n,v), or;

(ii) (B is a limit, ¢ is of the form (8,n,(8',n'), ') and t = (', n’,v).
Let ¢ and j be such that 8 = a; and ' = a; (according to the enumeration fixed by Con-
vention 3.7). If (i) holds then ¢,n < |4/|, and by Convention 3.7 this means that j < |u/| and
that, since t is a v-term, v C p/. If (ii) holds then we have that i, j,n,n’ < |u/|. The fact that
t is a v-term again gives v C p/, as required. U

Next we work towards showing that P1 is satisfied. The following lemma shows that the
potentially problematic situation concerning ambiguous instructions which we outlined at the
start of the verification cannot arise.

Definition 4.6. At any stage, we say that A is symmetric with respect to y if, for all p =, p/,
we have p € A iff p’ € A and that if either of these strings belong to A then they have the
same labels.

Lemma 4.7. Immediately after any step when p is visited except the first, A is symmetric
with respect to .

Proof. We actually prove the following by induction on the step of the construction, simulta-
neously for all u: Immediately after any step when p is visited except the first, A is symmetric
with respect to p’ for all i/ C u, and after the first step at which p is visited A is symmetric
with respect to all ¢/ C u. Note that since there is only one (-term, = implies equality. So
the result is trivial for = (). Now suppose || > 0 and that p is visited at stage s.

Note that any p’ only enumerates sequences into A which extend elements of R* . Tt follows
that no extensions of elements of R* can be enumerated into A by nodes to the left or right
of p. We wish to show that no 4/ C p can enumerate sequences into A extending elements of
R*. So suppose that there is a first step at which some p/ C p enumerates a sequence p into A
which extends an element of R¥. This must be because y/ finds 0,0’ which are similar and
7 such that o € T¢_, ¢/ € R¥, 7(0) is not a y/-term, 07 € A but p = ¢/~7 ¢ A. Since p
extends an element of R*, 7 = 1911 with ¢/ "1 € R*, and thus 0" € R*. So 07 extends
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an element of R*, and since it has already been enumerated into A, by our choice of p it must
have been enumerated by a node p” 2D p.

If 6=7 € R* | then o/~7 € R*'. If instead o7 was enumerated by p” via (C2), then
there are some o, 75, 73 with 7y = " 73, 0" € T 6719 9 € TH' | 0" similar to ™79 "7
and 75(0) not a p/-term. But then ¢/ "7 "7 € T and by transitivity of similarity, o” is
similar to 0’79 72. In either case, we see that when p” enumerated o7, it would also have
enumerated o’ 7 if this sequence had not already been enumerated into A, a contradiction.

So suppose that p is visited for the first time at stage s. By the induction hypothesis we
know that, immediately prior to u acting, A is symmetric with respect to all g/ C p (since any
node terminates the construction for the stage after the first time it is visited, 4~ has been
visited at least twice). Now if y enumerates o7 into A, where o € T for some p C pand
7(0) is not a p'-term, then it also enumerates all sequences ¢/~ 7 such that ¢’ € T is similar
to o and gives them the same labels.

Suppose next that this is the second time that p is visited, and that it was visited first at
stage s'. At stage s/, u enumerated all elements of R* into A, whereupon the construction
for that stage was immediately terminated. So when p is visited at stage s, we have by the
induction hypothesis that A is symmetric with respect to all ' C u, and we also know that
no proper extensions of elements of R* have been enumerated into A. Thus at stage s, p
enumerates sequences into .4 and gives them labels sufficient to ensure that A is symmetric
with respect to u at the end of the step. We must also ensure that A remains symmetric with
respect to all u’ C p. Suppose that p = 07 where o € T for some ' C pand 7(0) is not a
w'-term. If g enumerates p into A at stage s then it enumerates all ¢/ 7 such that ¢’ € T
is similar to ¢ and gives them the same labels. If ;i rejuvenates the labels for p then p € R*,
but then so are all o/~ 7 such that o’ € T is similar to o, and all these sequences have their
labels rejuvenated simultaneously.

In the case that p is visited at stage s, and has been visited at least twice before, we may
argue in a fairly similar way. Let s’ be the greatest stage prior to s at which p was visited. By
the induction hypothesis we have that at the end of stage s’, A was symmetric with respect to
1. By the induction hypothesis, we also know that before u performs any action at stage s, A
is symmetric with respect to all i/ C pu. Subsequent to stage s’ and before p acts at stage s,
no extensions of elements of R* can have been enumerated into A. Thus, before u acts at
stage s, if 0 € R* and o’ € TE— are similar and 7(0) is not a u-term, then o7 € A implies
o'~re A If o't € Abut 077 ¢ A, then for all ¢ € R* similar to o, 0”77 ¢ A and p
will enumerate these sequences at stage s and give them all the same labels. If 677 € A and
o't € A prior to u acting at stage s, we must ensure that neither sequence has had their
labels rejuvenated subsequent to stage s’. Since 7(0) is not a p-term, this could only happen if

o’~7 € R* for some 1/ to the right of y, but then z/ must have been visited prior to stage s’
and cannot be visited subsequent to stage s’ since p is to the left of 1/ and is visited at stage
s’. Finally, the fact that when p acts at stage s, A remains symmetric with respect to all

w' C p is argued exactly as for the case that u is visited for the second time at stage s. O

We isolated an important principle during the course of the proof of Lemma 4.7:

Observation 4.8. Only p/ O p can enumerate sequences extending elements of R¥. In partic-
ular, this means that when p enumerates o' "7 in A via (C2), where 7(0) is not a p-term,

o'~71(0) does not belong to R for any i/. Thus a simple inspection immediately tells us
which node must be responsible for enumerating a sequence in A. If p € R* then it can only
be enumerated by p. Otherwise let ¢ be the longest initial segment of p which belongs to
some R*. Then p can only be enumerated by p such that o € R*.
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The following terminology will be useful.

Definition 4.9. We say that p is a pu-boundary sequence if p ¢ TE but p~ € TE. We say
that p is pure if it belongs to R* for some p. We say that p is broken if it is not pure. If p
is pure, let origin(p) be the p such that p € R*. If p is broken, let origin(p) be the origin of
the longest pure initial segment of p. We say that pg and p; are siblings if there exist p and
T8-terms t # t' such that pg = p~t and p; = p~t'.

So we have observed that p is always enumerated by origin(p). If p is pure then it is
enumerated via (C1), and if is it broken then it is enumerated via (C2).

Lemma 4.10. The structure A is symmetric with respect to T77.

Proof. Property S1 follows since the action of a node p € TP the first time it is visited ensures
RF C A.

S2 then follows almost immediately from Lemma 4.7. If 0,0’ € T7? are similar and
o7(0) ¢ T, then let p be the shortest member of TP such that ¢ and ¢’ both belong
to TE. If 077 € A then it is only given finitely many labels, so let s be a stage at which pu is
visited and o7 has already been enumerated into A and will not be given any more labels
after p acts at stage s. By Lemma 4.7, at every stage > s at which p is visited, o/ ~7 € A
and has precisely the same finite set of labels. O

The following will complete the properties required for the analysis in Sections 3.3 and 3.4.
Lemma 4.11. The structure A has properties P2 and P3.

Proof. For P2, fix 0 € T7?, and let 1 C TP be such that o € R*. Suppose o receives temporary
label L,, at stage sg via (2) of Label Rejuvenation. Let s; < sy be the next two stages after s
at which p is visited. Then at stage so, L,, is enumerated into the bag.

Conversely, suppose L, is a label which enters the bag at stage s. Let sp < s1 < s3 be the
next three stages after s at which p is visited. Then at stage sqg, o is labeled with L,, for some
m > n. At stage so, L,, is enumerated into the bag, and L, is made to hold of o. So the
temporary labels on o are precisely the labels in the bag.

For P3, fix 0 € A\ T™. If o is broken, then it never gains any labels beyond the finitely
many it had when it entered A. If o is pure, then let p ¢ TP be such that o € R¥*. Then
the labels on ¢ are precisely the finitely many labels it had at the end of the final stage at
which p is visited. U

Computable Categoricity: To demonstrate that A is computably categorical when o € O,
we verify that A is computably isomorphic to By if the two are isomorphic. Thus, for the
remainder of this section, we assume o € O (and is a limit) and A = By. We let pu be the
strategy on the true path TP dedicated to building the computable isomorphism, i.e., we let
= TP [ £. We also let g be an isomorphism from A to B,. Recall that we say the p-tag
placed on 7 is correctly placed if m = g(p’) for some p' =, p.

Lemma 4.12. If there are infinitely many p-expansionary stages, and the p-tag is not moved
from some point on, then, letting f, take its final value, A, embeds into Bey, via a computable
embedding which maps p to f,.

Proof. This follows directly from the fact that, given the conditions described in the statement
of the lemma, for all o € A,, f, is defined at some point after the p-tag takes its final value (and
therefore does not move from that point on). Then if E(c,0’) for o,0" € A,, E(fs, for) holds
in By because we do not place a ¢’-tag on ™ € By unless 7~ has a o-tag placed on it. When we
place any o-tag, we require that the element we place it on has the same rank and marker labels.
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Suppose that a temporary label is given to o € A, at some stage s. Let s’ be a stage after
which the o-tag is placed and does not move. At the next expansionary stage after max{s, s'},
we must have that f, also has this temporary label. It is not particularly important, but in
observing that the next expansionary stage suffices here, rather than the one after that, note
that sequences which p is looking to place tags for in order to have an expansionary stage do
not have their labels rejuvenated while we wait for the next expansionary stage. Therefore it
makes no difference whether the instructions require f, to have all labels given to ¢ before we
have a matching, or all labels given to o by the end of the most recent expansionary stage. [

Next we need a number of small technical lemmas, all of which lead up to the proof of
Lemma 4.19, that there exist infinitely many p-expansionary stages. The basic idea behind
the proof of Lemma 4.19 is as follows. Suppose there is a last expansionary stage s for u. We
focus initially on what happens to the tags for p-boundary sequences p € A[s]. These p do not
have their labels rejuvenated subsequent to stage s. Firstly, this means that none of the tags
can be placed in g(T%) subsequent to stage s, because the two largest temporary labels given
to each of these p are never added to the bag, and are therefore never given to any element of
TE. Secondly, this means that each value f, must eventually be defined and come to a limit,
because eventually the correct positions in B, will have all the necessary labels and will be
available to place these tags on.

Once we know that f, comes to a limit somewhere, we then have to consider what this
limit might be. We argue by induction on p that this limit is a correct position for p. By
the inductive hypothesis and a pigeon hole argument, every g(o) for o a u-boundary sequence
strictly shorter than p must have a tag placed on it, so this limit must be the image of some p-
boundary sequence. So the limit is either a correct position or a sibling of a correct position.
However, siblings have distinct terms, so will have distinct largest temporary labels. So f,
settles at a correct position.

Once we know that labels for u-boundary sequences settle at the correct locations, we can
argue that the remaining labels settle and do so at the correct location: If p is a u-boundary
sequence, and p~ o is acceptable, then we argue by induction along |o|, f,~o is eventually
placed at the correct location (and never moves). By the inductive hypothesis, the only
concern is that f,~, might be placed at a sibling of the correct location, but since siblings
have distinct largest temporary labels, this cannot be.

So we will eventually have another matching, resulting in another expansionary stage.

Lemma 4.13. If p € A\ T7” and p~ € T, then the two largest temporary labels given to p
are never added to the bag.

Proof. If p is pure then this is clear. If it is broken (and thus p is a p-boundary sequence),
then the result follows from the following sublemma.

Sublemma 4.14. Suppose p is a broken p'-boundary sequence and s is a p'-stage such that
p is already in A by the end of the u'-step at stage s. From this point on, until such a stage
as the path is to the left of i/, the two largest labels on p are not added to the bag of labels.

Proof. Let p = 07t € A, so that o € T but p ¢ R for any x. We know that p must
be enumerated by origin(p) C p’ via (C2). When this enumeration is made, let pg be the
shortest initial segment of origin(p) such that there exists ¢’ € R#0 which is similar to o, and
o't has been enumerated into A (so p is enumerated by copying o’ "t). If o/t is broken,
then g enumerated it by copying some other string ¢t already in A. By our action at

(C2), it must be that ¢” € T and o similar to o’. So origin(c”) C po, and by transitivity
of similarity, ¢” is similar to o, so origin(¢”) contradicts our choice of g to be shortest. So
o't € RM for some py 2 po. If g were comparable with origin(p), it would contradict our
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assumption that p is broken. So 1 D pg must be incomparable with origin(p). Also, p; must
be visited prior to the point at which p enters A, but cannot be visited subsequent to this
point until such a stage as the path is to the left of origin(p) (and thus u). Let s; be the last
stage at which p; is visited prior to stage s. At the end of stage s1, ¢/t has two temporary
labels which are not added to the bag of labels at any stage prior to one at which the path is
to the left of p/. When origin(p) enumerates p into A, it gives it these labels. O

Since f is on the true path by assumption, and origin(p) = u, then the path is never to the
left of p after the stage at which p is enumerated into A. The lemma follows. (]

Lemma 4.15. If p is broken, then no extension of p is enumerated after the step at which p
15 enumerated.

Proof. The proof is by induction on the step of the construction. So suppose that the result
holds prior to a step z at which p is visited. If i/ enumerates sequences via (C1), then these
do not extend sequences enumerated via (C2), so suppose that it enumerates sequences via
(C2). If any sequence which u/ enumerates is to extend a sequence previously enumerated via
(C2), then this previous sequence must also have been enumerated by p’. So suppose that '
previously enumerated p = ¢’ "7 at some step 2’ such that ¢/ € R* and 7(0) is not a y/-term,

and that at step z it enumerates o/~ 777/, This must be because there exists o € T which
is similar to o/ with 07777’ € A. By Lemma 4.7, by the end of the step 2/, 077 had already
been enumerated. We have that ¢~ 777 cannot already have been enumerated, otherwise
o’~777" would be enumerated at step z’. It must therefore be enumerated at a later point,
but strictly prior to step z, from which it follows by the induction hypothesis that o~ € R*’
for some p” which must be to the left or right of x/. This means that x” cannot have been
visited between steps 2’ and z, meaning that no extensions of sequences in R*" can have been

enumerated between steps 2’ and z, a contradiction. O

Lemma 4.16. Suppose that there is a last p-expansionary stage s. Then at no point subsequent
to stage s is any tag on an element m € g(TE).

Proof. Recall that if p is not a p-boundary sequence, then we do not place f, until we have
placed f,-. So if there is such a tag f,, we may assume p is a p-boundary sequence. Further,
by construction we only seek to place f, if p € A[s], and thus p € A\ T". By Lemma 4.13
the two largest labels given to p are never added to the bag, and are therefore never given to
elements of TE. Now if the p-tag was already placed on 7 at stage s, then 7 has the all the
labels which had been given to p by the start of stage s; p may have been given a new largest
label at stage s, but whether or not this happened, p’s second largest label after stage s was
one of its labels at the start of stage s. If f, is placed on 7 subsequent to stage s, then 7 has
the largest label given to p. In either case we see that 7 has one of the two largest labels given
to p, which is a contradiction. O

It is easily observed, by induction on the point at which sequences are enumerated, that at
the end of the step at which any sequence p is enumerated into A, all initial segments (other
than () have also been enumerated.

Lemma 4.17. At any point, if siblings pg and p1 have both been enumerated into A, then the
two largest temporary labels given to pg have not been given to p;.

Proof. The proof is by induction on the point of the construction. Let pg = p~t and p; = p~t'.
First of all, consider the case that p is enumerated by some p’ via (C2). By Lemma 4.15, this
means that p~t and p~t' must also be enumerated via (C2) at this step. Suppose that o’ is
the longest initial segment of p in R* and that p = ¢’~7. Then ;/ enumerates p because it
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sees o € T~ which is similar to ¢/ with o~7 € A. By Lemma 4.7, by the end of this step,
o1t and o777 t' have both been enumerated into A, and by Lemma 4.15 again, must
therefore have already been in A. The induction hypothesis therefore holds for these strings.
By Lemma 4.7, i/ gives p~t precisely the same labels as 077t and gives p~t’ precisely the
same labels as o771,

We are left to consider the case that p is pure and is enumerated by p/, say. If p~t and
p—t" are both pure then the result follows immediately, since at any point the two most recent
labels given to either of these sequences have not been added to the bag. Suppose that both
of these sequences are broken. Then they must both be enumerated by /. In this case the
result follows from Sublemma 4.14 by considering the last stage at which p/ enumerates one
of the sequences (or both together). We are therefore left to consider the case that one of
the sequences, p™t, say, is broken, while the other is pure. Then at any point, the two most
recent labels given to p~t' have not been added to the bag, and so have not been given to
pt. On the other hand, at the stage at which p™t is enumerated, or at any subsequent stage
at which p™t' has its temporary labels rejuvenated, p/ must be visited and the result then
follows again from Sublemma 4.14. O

Lemma 4.18. If p and p’' are similar, pure, have the same origin and last(p) =last(p’), then
at every point s of the construction, A,ls] = Ays].

Proof. This follows immediately by induction on the point of the construction at which se-
quences are enumerated, or labels rejuvenated. Let u/ be the common origin of p and p’. If any
sequence p— 7 is enumerated into A by some p” via (C1), then p” also enumerates into p' 7
at this step and gives it the same labels. Similarly, if u” rejuvenates the temporary labels for
one of these sequences, then it does so for the other in the same way. If v enumerates p™ 71
via (C2) then v D y/. Let o be the longest initial segment of 7 such that p”c € R” and let
T =0"7'. Since p' "0 is similar to p” ¢ and is in R, it follows from Lemma 4.7 that at the
step at which p™7 is enumerated, p' 7 is also enumerated and is given the same labels. [

Lemma 4.19. There are infinitely many p-expansionary stages.

Proof. Suppose towards a contradiction, that there is a last p-expansionary stage s. We
concentrate initially on what happens to tags for u-boundary sequences p € A[s]. We wish to
show first that these tags reach a limit value.

Showing that the tags reach a limit value. We have to prove that for each u-boundary
sequence p € Als], there is a stage after which f, is always defined and takes the same
value m. By Lemma 4.13, the two largest labels given to p are never added to the bag of
labels, so that subsequent to stage s the tag for p can only ever be on 7 which is g(p’) for p/
with last(p) = last(p’) (by the argument in the proof of Lemma 4.16, it does not matter that
this tag may have been placed on 7 before stage s); by definition of how we place tags, p’
must be similar to p. Now consider all of the m on which the tag for p would be correctly
placed, i.e., m € By such that m = g(7) for some 7 =, p. By Lemma 4.16, if a tag for any p
is placed on such 7 then p’ must be a u-boundary sequence. Thus by the above argument,
reversing p and p’, we see that last(p’) = last(p), and so p’ =, p. There are only finitely many
¢’ =, p, k-many, say. This means that there are k-many positions in By which are correct for
these k-many tags and which, subsequent to stage s, can only be tagged with these k-many
tags. The sequences p' =, p are only given a finite number of labels during the construction,
and so there is a stage after which the g-images of all of these sequences together with their
labels have appeared in By;. Therefore, after a certain stage, there is always some position
g(p’) with p’ =, p which, by Lemma 4.10, has all the labels given to p, and on which we may
place the tag for p. This suffices to show that there is not a stage after which f, is always



28 DOWNEY, KACH, LEMPP, LEWIS, MONTALBAN, AND TURETSKY

undefined. Now suppose that f, becomes undefined infinitely many times. Note that if the
tag for p is placed on 7’ and then becomes undefined, it can never be placed on 7’ again, and
that if the tag is correctly placed then, by Lemma 4.16, f, will never subsequently become
undefined. Therefore, after some point, a correct position for the tag will be the Gddel least
available option, and we will therefore place the tag for p correctly. This gives the required
contradiction.

Showing that the tags reach an appropriate limit value. So, for each p-boundary
sequence p € Als], there is a stage after which f, is always defined and takes the same
value 7. Furthermore, m = g(p’) for some p’ with last(p’) = last(p) and p’ similar to p. We
show, by induction on |p|, that p' =, p.

Suppose first that p’ is not a p-boundary sequence. By Lemma 4.16, p’ & g(T%), so there
exists a unique 7 C p’ which is a u-boundary sequence. By the inductive hypothesis, for every
7/ =, 7, the limit value of f/ is g(7”) for some 7" =,, 7. Since there are only finitely many of
these, by the pigeon hole principle there must be some 7/ =,, 7 for which the limit value of f
is g(7). But when this tag is placed on g(7), it will prove that the f, tag is wrongly placed
on 7, contrary to our assumption that 7 is the limit value of f,. So it must be that p’ is a
p-boundary sequence. Since p' is similar to p and last(p’) = last(p), it follows that p’ =, p.

Since being an acceptable sequence is a local property, if p™ 7 is acceptable and p =, p/,

then p' ™7 is acceptable, and in fact p~7 =, p'~7. By Lemma 4.7, it follows that for any 7,
if p77 € A, then p' "7 € A and has the same labels.
Dealing with non-boundary sequences. So far we have been able to observe that for
p-boundary sequences p € Als|, f, takes a final value g(p’) such that p’ =, p. Now we wish to
show that after stage s, for each p of this kind and each 7 such that p™7 € A, subsequent to
the point at which f, = g(p’), the tag for p™7 is only ever placed on g(p'~7) and is eventually
placed here. The proof is by induction on |7|. Suppose that |7| > 0 and the result holds for
7~. We have shown that o'~ 7 € A and has the same labels as p™7. Note that the labels on
p 7 are not updated subsequent to stage s. Let ¢ = last(7). By Lemma 4.17 the two largest
labels given to p~ 7 cannot ever be given to any p' "7~ "t for t’ # t. Thus, after stage s, for
any t' (with ¢’ possibly equal to t), the tag for p” 7~ "t can only be placed on g(p' "7~ "t')
once the tag for p7 77 has taken its final position, and will eventually be placed here.

The reader may worry that the tag for p™7 might have been placed by stage s, but the
same argument as in the proof of Lemma 4.16 shows that this is not a concern: If the tag
for p 7 were placed on p' 7’ by stage s, then since s was expansionary, all labels which p™7
had at stage s are present on p'~7'. At least one of p~7’s two largest labels was present at
stage s, so by Lemma 4.17, it must be that 7/ = 7.

All of this suffices to show that we do eventually get a matching, which gives the required
contradiction. (]

Let m be the longest length of any p € TE. We outlined at the end of Section 4.3 the basic
idea behind the proof that, for each k with 1 < k& < m, there are infinitely many gpe-stages
and that all tags are eventually correctly placed. What follows is essentially the same proof,
but modified to deal with the fact that as we do the induction on k, we also have to prove
that tags are not placed in g(T%).

Lemma 4.20. Let m be the longest length of any p € TE. For each k with 1 < k < m:

(1) There are infinitely many jpe-stages.

(2) No tag is ever placed on an element of g(TE | k).

(3) For all p-boundary sequences p with |p| < k + 1, the p-tag is eventually permanently
correctly placed and is never placed in g(TE), unless possibly last(p) is of the form
(B,n, (B8',n"), 1) and the p-tag is placed in g(TE).
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Thus, for all u-boundary sequences p, the p-tag is eventually correctly placed (and the possibility
allowed in (3) cannot actually occur).

Proof. The proof is by induction on k.

The base case. First we deal with the case k = 1. It is clear that no tag is ever placed on
the single element of B, of length 1, since we do not look to place tags for p of this length.
When any tag for p of length 2 is placed it cannot subsequently be moved. So each f, for p
of length 2 reaches a final value, and there are infinitely many ;pe-stages. Let the final value
f» be g(p'). First suppose that p € T™. By Lemma 4.12, A, embeds into A, which means
that p’ € T7”, since otherwise p’ would have only finitely many labels. Now since A, embeds
into A, rank(p) is a successor and both of p and p’ are in T77 it follows from Lemma 3.13
that term(p) = term(p’). Next suppose that p ¢ T7”. In this case p only receives finitely
many labels, and so it follows from Lemma 4.17 and the fact that there are infinitely many
expansionary stages that p = p'.

Understanding the situation given by the induction hypothesis. Suppose the result
holds for all j < k (and that 1 < k < m). So no tag is ever placed in g(T% | j) for j < k,
and all tags for p with p~ € T | j such that j < k are eventually placed correctly, except
perhaps when |p| = k, last(p) is of the form (3, n, (8',n'), ") and the p-tag is placed in g(T%).
Suppose the latter possibility occurs. Note that the p-tag is not moved once it is placed in
g(T). Then p € T77 since otherwise, by Lemma 4.13, the last two temporary labels given to
p are never added to the bag of labels, and so are never given to any element of T (again
contradicting the fact that there are infinitely many expansionary stages). By Lemmas 4.12
and 3.13 the only possibility is that the tag for p is placed on © = g(o), for some o € TE
which is similar to p with term(c) = (5, n).

Suppose |p| = k is a boundary sequence, and let A = {p’ : p' =, p}. Since |A] is finite, for
every p’ € A with the p/-tag not (permanently) correctly placed, there is a p” € A such that
no tag is (permanently) correctly placed on g(p”). By the inductive hypothesis, it must be
that fy € g(TE) and g(p") is not tagged at all (since g(p") & g(T%), the inductive hypothesis
tells us that any permanent tag on g(p”) is correctly placed). We can therefore fix an injective
function h such that for ¢ € TE, h(oc) = o unless a tag for some p is placed on g(o), in
which case h(0) =, p and no tag is ever placed on gh(c). For any o € TE, by the inductive
hypothesis no proper initial segment of gh(c) is ever tagged. Then gh(TE | k) is the set of all
elements of By of length k which do not receive a tag on any initial segment. It follows that
there will be no difficulty in satisfying clause (iib) in the conditions for a ;pe-stage. Note also
that for any o € T, h(o) € T7”: If k(o) = o, this is immediate; if h(0) # o, h(c) =, p for
some p with the p-tag misplaced, and by the earlier argument, such p are in T??. The point
of all of this is to establish a clear picture of the situation we are working with as we prove
there are infinitely many jpe-stages.

Proving (1) for the induction step. Suppose towards a contradiction, that there is a
last stage so which is a jpe-stage for some j > k (note that for m > j > k the existence of
infinitely many ;pe-stages implies the existence of infinitely many ,pe-stages). We observed
that for each 1 < j < k, all the elements in By of length j, except for |T [ j|-many, eventually
have a tag permanently placed on some initial segment. Given the induction hypothesis, it
therefore suffices to show that for each u-boundary sequence p € A[sg] with |p| = k + 1, the
value f, reaches a limit. Suppose that p is of this form, and consider the set of all 7 =, p.
We extend h, as given above, to these sequences by defining h(7) = h(7~) " last(7). Note
that h(77) is necessarily similar to 77. Let A be the set of all values h(7) such that 7 =, p.
By Lemma 4.10, all sequences h(7) belong to A and have the same finite set of labels as p.
For no element of g(A) is any tag ever placed on a proper initial segment. Now if any tag is
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ever on an element of g(A) subsequent to stage sg, then by Lemma 4.17 this must be a tag
for some 7 =, p. Once a stage is reached at which all elements of g(A) have appeared in B,
together with their finite set of labels, the positions in g(A) will be available as positions for
placing the tags for 7 =, p. If 7 =, p and f; does not reach a limit, then it will eventually
be placed in g(A) and never subsequently moved, a contradiction. This proves (1) for the
induction step.

Proving (2) for the induction step. This is the fiddliest case. In order to help with
readability we shall conform to a certain convention as regards the use of variables as we
prove this case. We shall use the variable o (by which we mean also ¢’ and ¢”) for sequences
of length k, and we shall use the variables 7 and p for sequences of length k + 1. Note that it
suffices to prove this for pu-boundary sequences.

Now suppose ¢’ is a p-boundary sequence with |¢’| = k and that the o’-tag is placed on
7 € g(TH). As we have discussed previously, it must be the case that ¢/ € T?” and last(o”)
is of the form (3, n, (5',n’), u”). Further, 7 must be g(o) for some o € T similar to ¢’ with
term(o) = (B,n). Since o’ is a p-boundary sequence, " O p. Since o € T, it must be that
(B',n, ") is a p-term. Let p be o7 (8, n', ). We partition the set of all p’ =, p into three
parts, depending on which tag (if any) is placed on g(p'~).

Let Ag be the set of p' =, p such that g(p'~) is tagged with f, for some ¢” with last(c”) =
(B,n,(p,n'), ). Note that p € Ag. Let Aq be the set of p’ =, p such that g(p'~) is tagged
with f,» for some o” with last(c”) # (8,n, (8',n'), u”). Let Ay be the set of p’ =, p which do
not have any tag placed on g(p'~). Finally, let A; be the set of all p'~ for p’ € Ag, and let A~
be the set of all p'~ for p' =, p. We extend h to p’ =, p as before: h(p’) = h(p'~) " last(p’).

Now let sy be a ype-stage large enough that all elements of gh(T | k) (and so also their
initial segments) have appeared in By, and p has already been enumerated into A by stage sg.
We claim that at any jpe-stage si > sg, every p/-tag such that p’ =, p must be placed in
gh(A1) or gh(A2). Since |Ag| > 0 and two tags cannot be placed on the same element of 5, at
the same time, this gives the required contradiction.

In order to see the claim, first let sy < s1 be as in the definition of s; being eligible as a ppe-
stage. Then with at most |T£ | k|-many exceptions, for any ¢ of length k& with g(¢) € By[sa],
g(¢) has a tag placed on an initial segment by stage s;. Since g and h are injective, and the
elements of gh(TE | k) never receive such tags, it follows that ¢g(¢) has a tag placed on an
initial segment by stage s; unless ¢ € h(TE | k). Since the elements of gh(TZ | k) never
receive tags on initial segments, if g(¢) € By[s] of length k does not have a tag placed on an
initial segment at stage s, it will never have a tag placed on an initial segment.

Next, suppose that the tag for p’ =, p is placed on g(7) at stage si. By definition of s;
being eligible as a ppe-stage, 7 € By[sa], and thus 7= € By[sg]. Since p' is a p-boundary
sequence there cannot be a tag placed on an initial segment of g(77) at stage s;. It follows
that 7= € h(TZ | k) and g(7) never has a tag placed on a proper initial segment, and
thus the tag for p/ will never be moved. Let 7= = h(¢”"). Since h preserves backbones,
bb(c™) = bb(r7) = bb(p'") = bb(c). Let p”’ = " (p',n',1"). Then p” =, p and p”
demonstrates that 7= € h(A7).

Since the p’ tag is never moved, by Lemmas 3.13 and 4.12 we have last(r) = last(p’).
Now suppose ¢”” € Ay. Then by definition of h, last(h(c”)) = (8,n,(6',n'),”). But then
T=1""(8,n,(8,n), ") (B, n', "), which is not an acceptable sequence. So it must be
that o” & Ay, and thus 7 & h(Ag), as claimed.

Proving (3) for the induction step. Let sy be large enough that g(TZ) C By[sg]. Suppose
that p is a pu-boundary sequence with |p| = k + 1. Let s; > s be a ype-stage at which p has
already been enumerated into A. If last(p) is of the form (5,n, (8',n'), ') then let " be the
unique initial segment of p’ such that there is a p/’-term (8, n, u”), let p' = p= (8, n, 1) and
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if p’ ¢ T then suppose we have already shown the result for all 7 =, p’ and let sy > s1 be
large enough such that all tags for 7 =, p’ have been correctly placed by stage so. Otherwise
let SS9 = S1.

By the same argument as in (2), if f, is placed on g(o), then o= € gh(TZ [ k). By (2),
h(TE | k) = TE | k, so the tag for p must be placed on a one-element extension of an element
of g(T#). If p ¢ T7? then it follows from Lemma 4.17 that it is correctly placed, so suppose
p € TP, If last(p) is not of the form (3, n, (B',n'), u’) then it follows from the fact that the
tag will never be moved, and from Lemmas 3.13 and 4.12, that it is correctly placed. If last(p)
is of the form (8, n, (8',n'), 1') then it follows in the same way that the tag is either correctly
placed, or placed on 7 := g(7) for some 7 with 7= € TZ and last(r) = (8,n,u”). Unless
7 € TE, however, the latter possibility cannot hold since tags for all T =, p’ have already been
placed correctly, so that one of these tags is placed on 7. O

Remark 4.21. In the previous Lemma, the proof of the base case relied on an application of
Lemma 4.12, which we can only apply once we know there are infinitely many p-expansionary
stages. This is why it is important to have a p-expansionary outcome of lower priority than
the jpe-outcomes, i.e. the se-outcomes.

Also, when proving (1) for the induction step it was important that for all p € Also], the
labels for p are not rejuvenated before a ype-stage. This is why it is important to different
p-outcomes for ppe-stages and j_qpe-stages.

Lemma 4.22. The presentations A and By are computably isomorphic.

Proof. Note first that, for p € A\ TX, if p =, p then A, is isomorphic to Ay. If p ¢ T? then
this follows from Lemma 4.10, and otherwise it follows from Lemma 4.18. The computable
isomorphism is constructed as follows. We start with the finite amount of nonuniform infor-
mation which is g restricted to TE. For each p € A\ TZ with p~ € T, let ¢ := last(p). Run
the construction and wait for a stage at which the p-tag is placed on 7 with 7= € g(T%),
n~ = g(o) say. Then map o™t to m, and whenever a tag for p~7 is placed on 7’ subsequent
to this, map ot 7 to 7. O

5. TI}-COMPLETENESS

It is not hard to see that the index set I.. of the computable categorical structures is H%:
A computable structure M, is computably categorical if and only if for all i € w and for all
f:w — w, if f is an isomorphism M. — M;, then there exists a computable isomorphism
M — M;. Notice that the existence of a computable isomorphism is just Eg.

In this section, we show that the index set is in fact IT}-hard.

Lemma 5.1. Fiz a € O*\ O. Then A, is not computably categorical.

Proof. This is merely a repetition of the proof sketched in Section 3.4. Fix TP-terms tg and 1
with term(tp) = (8,n) and term(t;) = (8, m) for a successor € O*\ O and n # m. Let
oy = <(Oé,0,@),t0)> and o1 = <<a,0,®),t1)>. Let .A[O’o/O’l] = ((.A\.AUO) X {0}) U (.Agl X {1}),
with the induced relations and also ((«,0,0),0)E(c1,1) — so Alog/o1] is made from A by
replacing A,, with a second copy of A,,. By Lemma 3.13, A,, = A,,, so A > Alog/o1].
However, suppose f : A — Alog/o1] were an isomorphism, and consider f(op). Since f
must preserve the edge relation, height labels and temporary labels, either f(o¢) = (01,1)
or f(a¢) = (0/,0) for some ¢’ € T with |0/| = 2 and term(o’) = (B,n') for some n' # n.
So f would compute an isomorphism between A,, and either A,, or A,/, as appropriate. By
Lemma 3.13, f cannot be computable (indeed, cannot be hyperarithmetical). O

Theorem 5.2. The index set I.. is H%—complete.
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Proof. Fixing a ITi-set S, we need to build a computable sequence of structures {Cy, }nen such
that C, is computably categorical if and only if n € S. By | |, there is a computable
sequence {ay,}tnen of limit elements of O such that «,, € O if and only if n € S. Let
Cpn = A,,,. Since our construction was uniform in «, {Cy }necn is a computable sequence.

By Lemmas 4.22 and 5.1, C,, is computably categorical if and only if n € S, so this sequence
suffices. (]

6. REMARKS AND OPEN QUESTIONS

Despite having established Theorem 1 and Theorem 2, many important questions remain.
For example, the latter requires a different computably categorical structure A, for varying a.
It is natural to ask whether there is a computably categorical structure that is not relatively
AY-categorical for any computable ordinal .. This is known to be equivalent to the failure of
relative hyperarithmetic categoricity.

Question 6.1. Is there a computably categorical structure that is not relatively hyperarith-
metically categorical?

We note that our structure A, is easily seen to be relatively Al-categorical.

Soskov | ] showed that an external relation R on a computable structure S is relatively
intrinsically hyperarithmetical (i.e. RA is hyperarithmetic on the diagram of A for every copy
A of 8) if and only if it is intrinsically hyperarithmetical (i.e. R is hyperarithmetic for every
computable copy A of §). Our work yields and interesting corollary that is in stark contrast
with Soskov’s result.

Corollary 6.2. For every computable ordinal «, there is a intrinsically computable relation R
on a computable structure S that is not relatively intrinsically AY.

Proof. Fixing «, let S be the £, U {Cy, Ca}-structure consisting of two disjoint copies of A,
where the unary relation C; holds of one disjoint copy, and the unary relation Cy holds of
the other disjoint copy. Let R be the binary relation holding of the graph of the (unique)
isomorphism between one disjoint copy and the other disjoint copy.

Then R is intrinsically computable as S was computably categorical. As S was not rela-
tively Al-categorical, there is a presentation B of S not isomorphic to an (arbitrary) fixed
computable presentation A of S via any A? (B)-computable isomorphism. Then the relation R
is not AY (B)-computable for the presentation of S consisting of the disjoint copies A and B.
Hence, the relation R is not relatively intrinsically A%-computable. O

We end with the following

Question 6.3. If any two hyperarithmetic presentations A and B of a computable structure S
are hyperarithmetically isomorphic, is S relatively hyperarithmetically categorical?
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