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Chapter 1

Introduction

The mathematical analysis of the notion of definability is one of the prin-
cipal objectives of Mathematical Logic. Our only access to the objects of
mathematics is by explicitly referring to them. Some objects are intrinsically
more complicated than others, and that difference is reflected in the means
needed to define them. The goal of Computability Theory is to understand
the definability for such objects and the relative definability between them.
Now we will be more specific. The first step is to study the most basic
mathematical objects - the real numbers, or equivalently, the sets of natural
numbers. For X and Y, sets of natural numbers, we intend “X is definable
from Y” to mean that whether n is an element of X can be determined
concretely once Y is given. For example, there could be an algorithm to
determine whether n € X when given Y as data— Turing reducibility <r, or
the algorithm could be used to enumerate instances of membership in X
from instances of membership in Y—enumeration reducibility <.. When we
omit Y, the set X, defined this way, is computable or computably enumerable,
respectively. Fach reducibility < has a natural representation as an ordered
degree structure by identification of sets reducible to each other: Dy for the
Turing degrees ordered by <7, and its extension D, the enumeration degrees
ordered by <.. Elements that stand higher up in this order are more difficult
to describe than elements that are closer to the computable or c.e. elements.
The relation < is a preorder on the subsets of the natural numbers and
induces an equivalence relation: A =y B if and only if A <y B and B <p A.
The equivalence class of a set A under this relation is the Turing degree of
A, denoted by dr(A). The Turing degrees are ordered by dp(A) <7 dp(B)
if and only if A <7 B. The least upper bound of two degrees dr(A) v dr(B)

7



8 CHAPTER 1. INTRODUCTION

is dr(A® B), where A® B =2AuU (2B + 1) is the disjoint union of A and
B, also known as join. Finally, relativizing the halting problem to any set
induces a jump operation, which maps a degree a to a degree a’, such that
a <r a’. Thus the structure of the Turing degrees Dy is an upper semi-lattice
with jump operation.

Just like Turing reducibility, enumeration reducibility is a pre-order on
the set of the natural numbers, it induces an equivalence relation =, and a
degree structure D,. The structure of the enumeration degrees is also an
upper semi-lattice.

There is a strong connection between the relations that we defined: A <y B
if and only if A® A is c.e. in B if and only if A® A <, B® B. This gives
the natural embedding ¢ of the Turing degrees into the enumeration degrees:
t(dp(A)) = de(A® A). The embedding preserves the least element, the partial
order and the jump operation. The image of the Turing degrees under the
embedding ¢, defines a substructure of the enumeration degrees, isomorphic
to Dr. An enumeration degree is total if it is an image of a Turing degree.
In 1967 Rogers wrote his famous expository text | |, describing the
state of the art of the field and marking the important open questions that
stood open. Among them was the question of the first order definability of
the total enumeration degrees. The full answer to Rogers’ question is finally
obtained through the collaboration of Cai, Ganchev, Lempp, Miller and M.
Soskova, | |, confirming Ganchev and Soskova’s conjecture: The total
enumeration degrees are first order definable in D,.

Understanding the fundamental building blocks of mathematical objects
is only the first step in these investigations. The next step is to understand
the objects of higher type: mathematical structures. We all know that in
mathematics there are proofs that are more difficult than others, constructions
that are more complicated than others, and objects that are harder to describe
than others. Different fields in mathematics study different structures: in
Algebra we study groups, rings, fields, in Topology and Analysis we study
topological spaces, metric spaces, polish spaces, in Discrete Mathematics we
study linear orderings, graphs and trees. In Computable Structure Theory
we want to understand all of these structures from the point of view of logic
and definability. Computable Structure Theory studies the interplay between
complexity and structures. It is an area inside Computability Theory and
Logic that is concerned with the computable aspects of mathematical objects
and constructions. Our motivations come from questions of the following
sort: Are there syntactical properties that explain why certain objects (like



structures, relations, or isomorphisms) are easier or harder to compute or to
describe?

In Chapter 2. of the thesis we introduce the basic notions and facts
that we need. We begin with the properties of the structures of Turing and
enumeration degrees with jumps and present the properties of degree spectra
and enumeration degree spectra and their co-spectra. We introduce one of the
general methods in Computable Structure Theory - the forcing method and
genericity. We present the normal form of relatively intrinsically X9 relations
in a given countable structure for a computable ordinal «, by computable
infinitary ¢ formulas.

Our work concentrates on the complexity of structures. By complexity,
we mean descriptional or computational complexity, in the sense of how
difficult it is to describe or compute a certain object. We want to measure the
complexity of a structure, so we attach to every structure a set of degrees that
describes it: the degree spectrum of a structure. Since computability theory
is developed on the natural numbers we need to work with structures with
countable domains, whose elements can be enumerated by natural numbers.
Given a structure A, a presentation (enumeration) of A is nothing more than
an isomorphic or homomorphic copy of A whose domain is either the set of the
natural numbers N, or an initial segment of N. The degree spectrum DS(.A)
is the set of all Turing degrees of the atomic diagrams of the presentations
of the structure A, a notion, introduced by Richter | | and investigated
by Knight | | and many others. Knight introduces the jump spectrum
DS;(A) as the set of all jumps of elements of the spectrum of A. Soskov
[ | initiates a generalization of the notion of spectrum, basing it on
enumeration reducibility. The advantage is that these spectra are closed
upwards relative to total enumeration degrees. He introduces also the co-
spectrum C'S(A) of the structure A as the set of all enumeration degrees,
which are lower bounds of elements of the spectrum and shows that every
countable ideal of enumeration degrees is a co-spectrum of a structure. He
shows a number of structural properties of spectra and co-spectra, such as
the existence of minimal pairs and quasi-minimal degrees for the spectrum.
The author | , : , , | generalizes the notion of
spectrum relative to a finite sequence of structures - called joint and relative
spectra, and shows that all the properties of spectra and co-spectra are
preserved. Together with Soskov | , , |, we show that every
jump spectrum is a spectrum of a structure and we prove a jump inversion
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theorem for spectra.

One of the important methods used in computable structure theory is
the method of forcing, introduced first by Cohen, in order to show the
independence of the continuum hypothesis from Zermelo-Fraenkel set theory
and later adapted to arithmetic by Feferman. It is very effective for the
description of the structural properties of the Turing degrees. We show the
standard construction of a generic set, which includes a sequence of initial
segments of the desired set.We also give a proof of Friedberg’s | | jump
inversion theorem, which we will generalize for structures and will use this
method in Chapter 3.

Another way to characterize the complexity of a structure A is to analyze
the definable sets in A. This gives a finer measure as it may happen that two
structures have the same degree spectra but greatly differ in their definability
power and model theoretic properties. A relation R on a structure A is rela-
tiwely intrinsically X9 for some computable ordinal «, if for every isomorphic
copy (presentation) (B;Q) of (A; R) on the natural numbers, @ is X9 in
the atomic diagram D(B) of B. Thus, these relations are exactly the ones
that can be defined within o Turing jumps of the structure, independently of
the presentation of the structure. In order to characterize syntactically the
relatively intrinsically X9 relations in a structure, we need some infinite L, ,,
formulas — which allow countable disjunctions and conjunctions of formulas,
all with finitely many free fixed variables (see | |). The X§ and II§ for-
mulas are formulas without quantifiers. For a > 0, a computable ¢ formula
() is a c.e. disjunction of formulas of the form Iy (7,y), where ¥(Z,7)
is a H% formula for some [ < .. Similarly, a computable II¢ formula is a c.e.
conjunction of formulas of the form Yy (Z,y), where ¢(Z,7) is a computable
¥ formula, for some 3 < a. Ash, Knight, Manasse and Slaman | |
and independently Chisholm | | prove that the relation R on a structure
A is relatively intrinsically 30 iff R is definable by a ¥¢ formula ¢(7,7) with
finitely many parameters, i.e. there exists b € |Al*, e R <= Ak ¢(a,b), for
every a.

Chapter 3. introduces a notion of jump of a structure and represents
the proof of two Jump inversion theorems for structures, one — based on
Marker’s extensions and the other on forcing. Some applications of the Jump
inversion theorems are presented.

The idea of the jump of a structure is first considered by Soskov and his
student Baleva | | in the context of s-reducibility between structures,
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a reducibility based on relative search computability. Given a structure A,
the goal is to define a structure A’ — the jump of A, so that A’ knows
the sets definable by computable infinitary ¥{ formulas in A. Moreover the
definable subsets of the domain of A by computable infinitary 3§ formulas
are exactly those, that are definable by computable infinitary 3¢ in A’. This
notion resurfaced in computable structure theory in the period 2002-2010
independently in our works with Soskov | , , |, in papers of
Montalbén | : : | and in results of Stukachev | : |-
With Soskov, we define the jump A’ of the structure A by considering the
Moschovakis extension of A, together with a new predicate — an analogue of
the Kleene’s Halting set, which codes all the sets, definable by computable
infinitary ¢ formulas with parameters. This changes the domain of the
structure, but keeps the language finite, if the original is finite. Montalbédn’s
approach is to keep the domain of the structure the same and to add a
complete set of relations definable by computable infinitary II{ formulas.
This can possibly make the language infinite, however Montalbdn gives some
examples of structures, such as linear orderings and Boolean algebras, where
the complete set of relations is finite and natural. With Knight, Montalban,
Soskov, et.al. | | we give some additional examples of structures with
finite complete 11 set of relations, and of others, which do not have finite
complete 3¢ set. Since the results remained unpublished, Antonio Montalbén
included them in his paper | |. Morozov | | and later Puzarenko
| | also define the jump, but for an admissible structure. Stukachev
extends that definition to all structures in the terms of Y-definability in
hereditarily finite extension of the structure. Vatev | ) : ]
extends the notion of jump of a structure to the a-th jump of a structure for
arbitrary computable ordinal a.

In the classical computability theory, Friedberg | | shows a jump
inversion theorem: if X >7 @' then there is a set Y, such that Y’ =p X.
Jump inversion for a structure can be formulated in the following way: for
every structure A which codes @', i.e. 0’ is a lower bound of DS(A), there
is a structure C, such that C’ is equivalent to A. A commonly used notion
is to say that A and B are equivalent if they have the same Turing-degree
spectrum. In this case we say that A and B are Muchnik equivalent, and
write A =, B (w for weak, as it is weaker than the Medvedev equivalence),
where A <, B <= DS(B) ¢ DS(A). Another notion, often used in work
of Russian mathematicians, is to say that A and B are X equivalent, if each
one can be interpreted in the structure of hereditary finite sets over the other
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one in an effective way; in this case we write A =5, B (This notion is due
to Ershov| ). We prove with Soskov, | , , |, this jump
inversion theorem for structures, using Marker extensions. Furthermore, we
present a relativized version of the theorem to all structures. That is, if
A >, B, then there is a structure C >,, B, such that A =, C’. Actually, our
proof is in the terms of degree spectra, i.e. if DS(A) ¢ DS(B'), then there
exists a structure C with the property DS;(C) = DS(A) and DS(C) ¢ DS(B).
The jump inversion theorem was proved later by Stukachev | , |
for the notion of ¥ equivalence.

This result for any computable successor ordinal appears in some form
in Goncharov, Harizanov, et.al. | |. They only do it for graphs, but
we know that any degree spectrum can be realized as the degree spectrum
of a graph | |. They proved the result above only as a tool to get
other results to build a structure that is A,-categorical but not relatively so.
They do not mention the jump of a structure. Based on their method Vatev
[ , , | extends the jump inversion of a structure for arbitrary
successor ordinal a.. Vatev’s approach relies also on the notion of conservative
extension. This notion provides a finer way to compare the relative definability
between two structures at arbitrary levels of the 3¢-hierarchy. Soskov | ]
gives an example that the jump inversion theorem does not hold for a limit
ordinal.

Another way to formulate the jump inversion on structures is: for every
structure A, if Y ¢ N computes a copy of the jump A’, then there is X € N such
that X’ =7 Y and X computes a copy of A. Montalban | , , ]
calls this the second jump inversion theorem. In other words: the jump
spectrum of A is the spectrum of A’ i.e. DS1(A) = DS(A"). We prove this
result with Soskov | : | and independently later Montalbdn | ]
also proved it in another terms.

In Chapter 4. we present some general sufficient conditions for a structure
to admit strong jump inversion.

Downey and Jockusch | | show that for every Boolean algebra A, if
X' computes a copy of A4 with added predicate atom(x), then X computes
a copy of A. Montalbdn | | proved that a Boolean algebra A with

added predicate atom(x) is in some sense equivalent to A’. This suggests the
following strengthening of the jump inversion.

The structure A admits strong jump inversion, if whenever X’ computes
a copy of A’, then X computes a copy of A. This is equivalent to: for all X,
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if A has a copy that is low over X, then it has a copy that is computable in
X. Here, when we say that C is low over X, we mean that D(C)’ < X".

The result of Downey and Jockusch shows that every Boolean algebra
admits strong jump inversion. Lerman and Schmerl | | prove that for
every Rg-categorical theory T', if T'n ¥, is c.e., then every model of T" admits
strong jump inversion. Some equivalence structures and some abelian p-groups
admit strong jump inversion. Recently, D. Marker and R. Miller | ]
show that all countable models of the theory of differentially closed fields of
characteristic 0 (DCFp) admit strong jump inversion.

Not all structures admit strong jump inversion. Jockush and Soare | ]
show that there are low linear orders without computable copies, and hence
they do not admit strong jump inversion. There exist low complete extensions
of Peano arithmetic T, for which there exists a model A whose complete
diagram is computable in T, but since A is nonstandard, it does not possess a
computable copy. The problem here is the following: find sufficient conditions
for a structure to admit strong jump inversion. In particular, study some
classes of linear orderings, which admit strong jump inversion. With Calvert,
Frolov, et.al., | |, we establish a general result with sufficient conditions
on a structure A, which guarantee strong jump inversion of A. They are
expressed in terms of saturation and enumeration properties of sets of types
having formulas of low arithmetic complexity: as computable enumeration
R of the B;-types, where these are made up of formulas that are Boolean
combinations of existential formulas, effective type completion, and R-labeling
of A. When a structure A admits strong jump inversion, and A is low relative
to an oracle X, we also consider the complexity of the isomorphisms between
A and its X-computable copies.

Our general result applies to structures from some familiar classes, includ-
ing certain classes of linear orderings and trees. While we do not get the result
of Downey and Jockusch for arbitrary Boolean algebras, we do get a result
for Boolean algebras with no 1-atom, with some extra information on the
complexity of the isomorphism. Such an isomorphism can be chosen to be AJ
relative to X. This is interesting, because Knight and Stob established in 2000
that any low Boolean algebra has a computable copy and a corresponding AY
isomorphism, and this bound has been proven to be sharp. We apply also
our general conditions on the models of first order theory 7" such that T'n 3,
is computably enumerable and for each tuple of variables 7, there are only
finitely many B;-types in variables T consistent with 7. Our general result
includes the result of Marker and Miller. As a side result, we get that the
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saturated model of DCF{) has a decidable copy.

Chapter 5. is devoted to some uniform methods for coding and decoding
of one class of structures to another.

We consider also classes of structures from the viewpoint of computability
theory. By classes of structures we mean classes like the one of fields, groups,
linear orderings, graphs, etc. Our general objective is to consider global
properties of the classes and derive properties about their individual structures.
In Model Theory, the relevant issues include ones about transferring model-
theoretic phenomena from structures of one class such as graphs, where certain
properties are easy to arrange, to others such as groups where they are less
obvious (as in Mekler, | ). In Descriptive Set Theory, the analysis
frequently centers around the issue of completeness of various properties
at different levels of a hierarchy with respect to Borel reducibilities (as,
for example, in Friedman and Stanley, | |, Camerlo and Gao, | |,
Hjorth and Kechris | |). There are various ways of mapping structures
from one class into another. For each of these reducibilities we have classes,
that are on top in the sense, that all other classes can be reduced to it.
Starting by Borel reducibility, and moving on to effective reducibility as
Turing-computable reducibility, sometimes we have a uniform method for
coding each member of one class in some member of the other. We are
interested in cases where there is a uniform effective procedure for decoding,
and in cases where the decoding is highly non-effective. We consider also
a stronger notion of reducibility, introduced by Montalban | : |,
based on the idea of effective interpretability between structures. It captures
the idea of effective decoding. When a structure A from one class is coded
effectively and uniformly in a structure B from another class, possibly in
another signature, the question is: can we decode effectively and uniformly
the structure B from A7 The uniformity we receive by finding some formulas,
that the coded structure should satisfy, and this is true for all structures
in the first class. One part of the uniform effective interpretability is the
Medvedev reduction, i.e. there is a Turing operator, for a copy of B it gives a
copy of A, and the second part is two isomorphic structures from one class to
be coded into isomorphic structures from the other class. R. Miller proposed
a notion of effective interpretability based on computable functor—a pair of
Turing operators, the first one gives the Medvedev reduction and the second
the preserving the isomorphism, between copies. Harrison-Trainor, Melnikov,
R. Miller, and Montalbén | | prove that these the two notions of
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effective uniform interpretability coincide. Harrison-Trainor, R. Miller, and
Montalbén | | show similar result for Borel functors and infinitary
interpretations.

Historically the first well-known notion of Borel reducibility, introduced by
Friedman and Stanley | |, in order to get a classification of some classes
of structures. The effective version is the Turing-computable reducibility
| , |, introduced by Julia Knight and her students. The class
of undirected graphs and the class of linear orderings both lie on top under
Turing computable embeddings. The standard Turing computable embeddings
of directed graphs (or structures for an arbitrary computable relational
language) in undirected graphs come with uniform effective interpretations.
The question is: does the class of linear orderings lie also on the top of
uniform effective interpretability? With Knight and Vatev | |, we give
examples of graphs that are not Medvedev reducible to any linear ordering, or
to the jump of any linear ordering. We observe that any graph can be coded
in the second jump of a linear ordering, so we have a Medvedev reduction.
For the known Turing computable embedding of graphs in linear orderings,
due to Friedman and Stanley, we show that there is no uniform effective
interpretation, defined even by L, formulas. Our conjecture is that there
is no effective uniform way for coding graphs in linear orders with uniform
effective decoding. In support of this Montalban and Harrison-Trainor | ]
independently prove that for each computable ordinal « there is a structure
A with no A? copy, but the Friedman and Stanley’s embedding L(.A) has
a computable copy. We relativize: if A is interpreted in L(A) using XX
formulas, then any copy of L(A) will AY*-computes a copy of A.

Our second result here is positive. With Alvir, Calvert, et.al. | |,
we consider an effective uniform interpretation of fields in some 2-step nilpotent
groups. We improve on and generalize a 1960 result of Mal’tsev. For a field F',
we denote by H(F') the Heisenberg group with entries in F'. Mal’tsev | ]
showed that there is a copy of F' defined in H(F), using existential formulas
with an arbitrary non-commuting pair (u,v) as parameters. We show that
F is interpreted in H(F') using computable ¥{-formulas with no parameters.
We give two proofs. The first is an existence proof, relying on a result of
Harrison-Trainor, Melnikov, R. Miller, and Montalbén | | based on
a computable functor. This proof allows the possibility that the elements of F’
are represented by tuples in H(F') of no fixed arity. The second proof is direct,
giving explicit finitary existential formulas that define the interpretation, with
elements of F' represented by triples in H(F). Looking at what was used to
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arrive at this parameter-free interpretation of F' in H(F'), we give general
conditions sufficient to eliminate parameters from interpretations.

For an algebraically closed field C' of characteristic 0, let SLy(C') be a
special linear group of 2 x 2 matrices over C' with determinant 1. Clearly,
SLy(C) is defined in C' without parameters. With Alvir, Knight, R. Miller,
| | we define an interpretation of the field C' in SLy(C') using finitary
existential formulas with two parameters. There are old model theoretic
results, due to Poizat | |, that give uniform definability of a copy of C
in SLy(C') using elementary first order formulas without parameters. So,
we have, not necessarily an effective interpretation without parameters, but
one that is defined by elementary first order formulas. We do not know the
complexity of the formulas.

In Chapter 6. we consider some model theoretical properties of cohesive
powers of linear orders.

Skolem’s 1934 construction | | of a countable non-standard model of
arithmetic was the first, using this technique. He considered the arithmetical
cohesiveness of a set of natural numbers C, i.e. for every arithmetical A ¢ N,
either C'c* A or C'c* A, one then showed that this structure is elementarily
equivalent to (N;+,-,<). Here, C c* A <= (C'\ A is finite, i.e. an inclusion of
sets up to finitely many elements. He define an equivalence relation =¢ on the
arithmetical functions f: N - N by f =¢ g if and only if C' ¢* {n: f(n) = g(n)}.
The elements of the structure are the classes of equivalence of this relation and
the +, -, < are defined appropriately, e.g. [f] <[g] < C<* {n: f(n)<g(n)}.
The structure is countable because there are only countably many arithmetical
functions, and it has non-standard elements, such as the element represented
by the identity function. Cohesive powers of computable structures can be
viewed as effective ultrapowers over effectively indecomposable sets called
cohesive sets, where cohesive sets play the role of ultrafilters. The ultraproduct
construction is a very powerful and widely used in Model theory. An infinite
set C' S N is cohesive (r-cohesive) if for every c.e. (computable) set W, either
W nC or WnC is finite. For computable functions f and ¢ and a r-cohesive
set C, Feferman, Scott, and Tennenbaum (see | |) proved that the
structure R/ =¢, with domain the set of recursive functions modulo =¢, is a
model only of a fragment of arithmetic.

The effective version of cohesive powers of computable structures, based
on partial computable functions has been introduced by Dimitrov, | |,
in relation to the study of automorphisms of the lattice £*(V,,) of effective



17

vector spaces. Cohesive powers on the field of rational numbers were used in
| , | to characterize certain principal filters and interesting orbits
of £*(V,). Their isomorphism types and automorphisms were further studied
in | |.

With Dimitrov, Harizanov, Morozov, Shafer and Vatev | , |
we consider some properties of cohesive powers of linear orders. We show
that if A is a computable structure that is ultrahomogeneous in a uniformly
computable way, then A is isomorphic to its cohesive powers. We investigate
the isomorphism types of cohesive powers 1oL for familiar computable linear
orders L. The goal of this investigations is to show that the presentation
of a computable structure matters for the isomorphism type of its cohesive
power. If £ is a computable copy of w that is computably isomorphic to the
standard presentation of w, then every cohesive power of £ has order-type
w + (n. There is a computable copy L of w that is not computably isomor-
phic to the standard presentation of w, but every cohesive power of £ has
order-type w + (n. However, there are computable copies of w, necessarily
not computably isomorphic to w, having cohesive powers not elementarily
equivalent to w + (7. For example, we show that there is a computable copy
of w with a cohesive power of order-type w + 7. Our most general result
is that if X ¢ N~ {0} is either a X9 set or a IIS set, thought of as a set
of finite order-types, then there is a computable copy of w with a cohesive
power of order-type w + o(X u{w +(n+w*}), where o(X u{w+(n+w*})
denotes the shuffle sum of the order-types in X and the order-type w+(n+w*.
Furthermore, if X is finite and non-empty, then there is a computable copy
of w with a cohesive power of order-type w + o(X).

In Chapter 7. our last result is in the degree theory, more specifically
in enumeration degrees. With Andrews, Ganchev, et.al. | | we in-
vestigate the properties of a substructure of the enumeration degrees: the
cototal degrees. A set A € N is cototal if it is enumeration reducible to its
complement, A. The skip of A is the uniform upper bound of the complements
of all sets enumeration reducible to A. These are closely connected: A has
cototal degree if and only if it is enumeration reducible to its skip. We study
cototality and related properties, using the skip operator as a tool in our
investigation. We give many examples of classes of enumeration degrees that
either guarantee or prohibit cototality. Our study of cototality is motivated
by two examples of cototal sets that were pointed out to us by Jeandel | .
He shows that the set of non-identity words in a finitely generated simple
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group is cototal. Jeandel also gives an example from symbolic dynamics: The
set of words that appear in a minimal subshift is cototal.

The complement of a graph of a total function is cototal and these degrees
that contain such set we call graph-cototal. An enumeration degree is weakly-
cototal if it contains a set A such that A has total enumeration degree. We
have

graph-cototal == cototal == weakly cototal.

We show that these three properties are distinct. The harder separation
is to construct a cototal degree that is not graph-cototal, where we use an
infinite-injury argument of 0" relative to 0’. Case | | is conjecturing
that, in our terms, if A has weakly cototal degree, then it has total degree.
Gutteridge | , Chapter II] disproved this conjecture by constructing a
quasiminimal graph-cototal degree. In particular, quasiminimal degrees are
nontotal. Sanchis | |, apparently unaware of Case’s conjecture, gave an
explicit construction of a cototal set that is not total. Sorbi | | constructed
also a quasiminimal cototal degree. The name “cototal” was essentially first
used, in an abstract of Pankratov from 2000 | |. The graph-cototal sets
and degrees are further studied by Solon, Pankratov’s advisor. In | |, he
used “co-total” to refer to what we call “graph-cototal”.

We explain Jeandel’s examples in more detail, and we give several other
examples of cototal sets and degrees. We show that every X9-set is cototal, in
fact, graph-cototal. We show that the complement of a maximal independent
subset of a computable graph is cototal, and that every cototal degree contains
the complement of a maximal independent subset of w<~. Ethan McCarthy
[ | proves that the same is true of complements of maximal antichains
in w<. We show that joins of nontrivial K-pairs are cototal. A pairs of
sets {A, B} form a IC-pair if there is a c.e. set W such that Ax B < W and
AxBcW. A K-pair is nontrivial if neither of its components is c.e. K-pairs
are introduced by Kalimullin | |. He shows that they are first-order
definable in the structure of the enumeration degrees and used them to give a
first-order definition of the enumeration jump. Cai, Ganchev, Lempp, Miller,
and M. Soskova | | used K-pairs to define the class of total enumeration
degrees. The structure of continuos degrees is introduced by Miller | |
in order to capture the complexity of elements of computable metric spaces,
such as C[0,1] and [0,1]*, and is motivated by a question of Pour-El and
Lempp from computable analysis. We show that the natural embedding of
the continuous degrees into the enumeration degrees maps into the cototal



19

degrees. Finally, we note that Harris | | proved that sets with a good
approximation have cototal degree.

Cototality is closely related to the other main subject: the skip operator.
We define the skip of A € N to be A% = K4. In fact a set A has cototal
degree if and only if A <, A®. In some ways, the skip is analogous to the
jump operator in the Turing degrees. For example, a standard diagonalization
argument shows that A% £, A. We restate the well-known fact that A <, B if
and only if A% <; BY, mirroring the jump in the Turing degrees. We prove
a skip inversion theorem, as analogues of Friedberg jump inversion theorem.
The biggest difference between the skip and the Turing jump is that it is
not always the case that A <, A (because not all enumeration degrees are
cototal). We also study the skip operator for its own sake, noting that it has
many of the nice properties of the Turing jump, even though the skip of A is
not always above A. In fact, there is a set that is its own double skip. We
investigate the properties of the skip operator for the class of enumeration
degrees of 1-generic sets and skips of nontrivial K-pairs.

We have some open questions arising from this investigation. The main
problem is: which cototality notions are first-order definable in the enumer-
ation degrees? Is the skip first-order definable in the enumeration degrees?
Kalimullin | | showed that the enumeration jump is first-order definable.
Note that a positive answer to the second question would imply, that the
cototal degrees are definable. Another open question: Is there a continuous
enumeration degree that is not graph-cototal?
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[ | Alexandra A. Soskova. A jump inversion theorem for the degree
spectra. In S. B. Cooper, B. Lowe, A. Sorbi eds. Computation and Logic in
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2007. Springer Berlin Heidelberg.

| | Alexandra A. Soskova and Ivan N. Soskov. In Proceeding of the 6th
Panhellenic Logic Symposium, Volos, Greece, 114-117, 2007.

[ | Alexandra A. Soskova and Ivan N. Soskov. A Jump Inversion
Theorem for the Degree Spectra. Journal of Logic and Computation, 19(1):199—
215, 2009.
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Proceedings of the 7th Panhellenic Logic Symposium, 157-161, 2009, Patra



20 CHAPTER 1. INTRODUCTION

University press.
The general result of strong jump inversion is published in:

| | W. Calvert, A. Frolov, V. Harizanov, J. Knight, C. McCoy,
A. Soskova, and S. Vatev. Strong Jump inversion, Journal of Logic and
Computation, 28(7):1499-1522, 2018.

The results about effective interpretability on graphs, linear orderings,
fields and groups are published in:

[ | Julia F. Knight, Alexandra A. Soskova, and Stefan V. Vatev.
Coding in graphs and linear orderings, Journal of Symbolic Logic, 85(2):673—
690, 2019.

| | R. Alvir, W. Calvert, G. Goodman, V. Harizanov, J. Knight,
A. Morozov, R. Miller, A. Soskova, and R. Weisshaar. Interpreting a field in
its Heisenberg group, Journal of Symbolic Logic December 2020. Accepted.

The results on cohesive powers are published in:

| | Rumen Dimitrov, Valentina Harizanov, Andrey Morozov, Paul
Shafer, Alexandra Soskova, and Stefan Vatev. Cohesive powers of linear orders.
In: F. Manea, B. Martin, D. Paulusma, G. Primiero G. eds. Computing with
Foresight and Industry. CiE 2019. Vol. 11558 of Lecture Notes in Computer
Science, 168-180, Cham, 2019. Springer International Publishing.

[ | R. Dimitrov, V. Harizanov, A. Morozov, P. Shafer, A. Soskova,
S. Vatev. On cohesive powers of linear orders. Submitted, 2020.

The results on cototal degrees and the skip operator are publish in:

| | Uri Andrews, Hristo A. Ganchev, Rutger Kuyper, Steffen
Lempp, Joseph S. Miller, Alexandra A. Soskova, and Mariya I. Soskova. On
cototality and the skip operator in the enumeration degrees. Transaction of

American Mathematical Society, 372(2): 1631-1670, 2019.

I would like to thank all my colleagues of the Department of Mathematical
Logic and its Applications of our Faculty. Especially to my teacher Dimiter
Skordev, from whom I learned what is worth in mathematics. I am thankful
to Ivan Soskov, Angel Ditchev, Stela Nikolova, Tinko Tinchev, and Dimiter



21

Vakarelov for the helpful logic discussions and observations during my whole
life. T thank also to my young colleagues Mariya Soskova and Hristo Ganchev
for the beautiful mathematics that they are doing, to my student Stefan Vatev
who was always open for discussions. I am thankful also to all my coauthors:
Uri Andrews, Wesley Calvert, Rumen Dimitrov, Valentina Harizanov, Julia
Knight, Steffen Lempp, Charles McCoy, Joseph Miller, Paul Shafer, and to
my co-editors and friends Barry Cooper and Andrea Sorbi. I am thankful
to Ted Slaman, Antonio Montalbén, Andy Lewis-Pay, Iskander Kalimullin
and Katia Fokina, from whom I learned a lot. Finally thanks to my friends
Simeon Zamkovoy, Gergana Eneva, Nadja Zlateva and Evgenia Velikova for
the whole support.



22

CHAPTER 1. INTRODUCTION



Chapter 2

Preliminaries

2.1 Turing reducibility

The concept of Turing reducibility goes back to Turing | , |. Turing
wanted to formally capture the notion of an algorithmically computable
function. He developed his Turing machines, a mathematical abstract system
that describes a class of functions, corresponding to the intuitive notion of
algorithmically computable. In today’s language, we would say that a function
f N = N is partial computable if there is a computer program that on input
n halts and outputs f(n), or does not halt, if f(n) is not definable. A partial
computable function is computable if it stops on every input.

An important aspect of the Turing machines is that they can be enumer-
ated: we denote by ¢, or simple by {e} the function computed by the e-th
Turing machine. It is now easy to design a function that is not in this list
using diagonalization. Let f(e) =0 if ¢.(e) does not halt and f(e) = p.(e) +1
if p.(€) halts. The function f, is not computable by any Turing machine. We
call the set K = {e | p.(e) halts} the halting set (K from Kleene).

We write p.(n) | to mean that this computation converges, that is, that
it halts after a finite number of steps; and we write p.(n) 1 to mean that it
diverges, i.e., it never returns an answer. Computers, and Turing machines,
run on a step-by-step basis. We use ¢, s(n) to denote the output of p.(n)
after s steps of computation. Notice that, given e, s,n, we can decide whether
@es(n) converges or not, computably: All we have to do is run ¢(n) for
s steps. If f and ¢ are partial functions, we write f(n) = g(n) to mean
that either both f(n) and g(n) are undefined, or both are defined and have

23
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the same value. Sometimes, when it is important that the functions could
be partial, we use the notation f(n) ~ g(n). We say that f c g if (Vn)
(f(n) I= gn) | & f(n) =g(n)). We write f=gif fcg & gcf,ie.
f(n) ~g(n), for all n.

We identify subsets of N with their characteristic functions, i.e. for a set
AcN, xa(n)=1ifneAand xya(n)=0if n¢ A, and we will move from one
viewpoint to the other without even mentioning it. For instance, a set A is
said to be computable if its characteristic function is. An enumeration of a set
A is an onto function g : N - A. A set A is computably enumerable (c.e.) if it
has an enumeration that is computable or it is empty. Equivalently, a set is
computably enumerable if it is the domain of a partial computable function.
We denote W, ={n | ¢.(n) |} and W, s ={n|¢cs(n) |}

In 1939 Turing extended his model of computability by Turing machine
to allow for questions to an oracle, i.e. the Turing machine is allowed to use
the function f as a primitive function during its computation; that is, the
program can ask questions about the value of f(n) for different n’s and can
use the answers to make decisions while the program is running. The function
f is called the oracle of this computation. For a partial function f:N - N
we define ¢! to be the function computed by the e-th Turing machine using
as oracle the function f. We shall assume that if during a computation, the
oracle f is called with an argument outside its domain, then the computation
is unsuccessfully. For B € N we define ¢? to denote the function computed
by the e-th Turing machine using as oracle the set B ¢ N, and actually we
mean pX?, where yp is the characteristic function of B.

Definition 2.1.1. A partial function f is Turing reducible to a partial function
g (denoted f <7 g) if f = ¢? for some e. We say that a set of natural numbers
A is computable from or Turing reducible to a set of natural numbers B
(denoted A <7 B) if and only if the characteristic function of the set A is pB
for some natural number e.

If 2 € A=dom(pB)=W2E then pB(x) halts for finitely many steps. Then
there is a finite part (subfunction) 7 € g such that x € W7, i.e. the questions
to the oracle are finitely many. So, x € WP <= 3 finite 7 € xp(x € W7).

The relation <r is a preorder on the subsets of the natural numbers and
induces an equivalence relation: A =p B if and only if A <y B and B < A.
The equivalence class of a set A under this relation is the Turing degree of
A, denoted by dp(A). The Turing degrees are ordered by dr(A) < dr(B) if
and only if A <p B. The least upper bound of two degrees dr(A) v dr(B) is
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dr(A® B), where A@ B={2n|ne A}u{2n+1|n e B} is the disjoint union
of A and B, also known as join of A and B. The set 0 of all computable
sets is the smallest degree. Finally relativizing the halting problem to any
set A, we have K4 = {e | p2A(e) |}, denoted by A’. The set K4 we call the
gump of A and induces over degree structure the jump operation which maps
a degree a to a degree a’, such that a < a’ (see below). Thus the structure
of the Turing degrees Dt is an upper semi-lattice with jump operation and
minimal element.

Post and Kleene | | established basic algebraic facts about the struc-
ture of the Turing degrees: it is an uncountable upper semi-lattice with
least element and jump operation. They showed that every countable partial
ordering can be embedded in the Turing degrees. Their successors, including
Shoenfield, Spector, Sacks, Jockusch, Posner and many others, developed
more sophisticated methods and showed further structural properties, for
example the existence of minimal elements in the structure. The structure
of the Turing degrees was revealed as mathematically non-trivial, rich in
ideas and results. The next generation of researchers had sufficient tools to
tackle problems related to first order definability in the structure. The general
question is which interesting relations on Dy are actually definable in terms
of relative computability alone. The most notable result in this direction is

by Slaman and Shore | |: they showed that the jump operation is first
order definable in D7. Their solution relies on a methodology introduced by
Slaman and Woodin | | to analyze the automorphism group of Dr.

All of the following properties could be found in | , , )

|.

A stronger reducibility is the many-one reducibility (m-reducibility), which
gives a very natural way of comparing the computability of different B—
possibly incomputable B— sets of natural numbers A and B.

The set A is many-one reducible (m-reducible) to B (A <, B) if there
is a computable function h with the property (Vn)(ne€ A < h(n) € B).
Let A<y B < A<, B by an one to one computable function. It is clear
that if B is computable (c.e) and A <,,, B then A is computable (c.e.). Using
S™ theorem we easily see that A is c.e. iff A <,,, K. We call such sets as K
complete sets for the c.e. sets.

The set A is computably enumerable (c.e.) in B iff for some e A =
dom(pf) =WE.

One can easily proves from the definitions the following properties:
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1. A<p B= Aisce. in B.
2. Aisce.in Band B<p U= Aisce. in C.
Theorem 2.1.2 (Post). A<y B <= Aisc.e. in Band Ais ce. in B.

Notice that the relation “c.e. in” is not transitive. Since K is c.e. in K and K
is c.e. in @, (K is c.e.), if we assume the transitivity of “c.e. in” then K is c.e.
in @ <7 N. Thus K will be c.e., a contradiction.

The Turing jump A’ = K4 of a set A has the following properties.

Proposition 2.1.3. 1. K4 is c.e. in A.
2. Using S theorem we can prove that if B is c.e. in A then B <, K4.
3. A<y A, since K4 is not c.e. in A.
Here, A <7 A’ means that A <p A’ & A#p A'.

Proposition 2.1.4. A<r B — A'<,, B'.

Proof. (=) Let A<y B. We have A’ is c.e. in A and then A’ is c.e. in B.
Thus A’ <, B" (by Proposition 2.1.3).
(<) Let A’ <,,, B'. We have Ais c.e. in A= A<, A’ <,, B and A is c.e.
in A= A<, A'<,, B". Then A<,, B',A<,, B". But by Proposition 2.1.3 B’
is c.e. in B and so A is c.e. in B, and A is c.e. in B. By Post Theorem 2.1.2,
A<r B. O
Actually more stronger is true: A<y B «<— A’ <; B'.

Corollary 2.1.5 (Monotonicity of the jump). A<y B= A’ <p B'.
Definition 2.1.6. (dr(A))" = dp(A").

Since A <p K4, then dr(A) < dp(A").

The computably enumerable sets, and correspondingly degrees, appear
in many other branches of mathematics. The solution to Hilbert’s tenth
problem by Davis, Putnam, Robinson and Matiyasevich | | essentially
relies on the existence of a computably enumerable set that is not computable.
Friedberg and Muchnik developed a powerful method used to construct c.e.
degrees with specific properties, the priority method. We will use the priority
method in Chapter 7.
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A major theme in degree theory is the study of the local structure R - the
computably enumerable Turing degrees, degrees that contain a c.e. set, and the
local structure Dp(<0") ={a|a<0'}. A recent result of Sleman and Soskova
| | shows a relationship between the local structure Dy(<0’) = {a|a <0’}
and first order arithmetic, similar to the one proved by Slaman and Woodin
| | for the global structure Dy and second order arithmetic.

The jump hierarchy, also known as the high/low hierarchy, was introduced
independently by Cooper (see | |) and Soare | |. The jump classes
are: H, ={a|a<0 & a™ =00} of high, degrees and L, = {a|a <
0" & a™ =0} of low, degrees. Nies, Shore and Slaman | | obtained
the first order definition of the jump classes H,, (L,;1) in R, for every natural
number n > 1. Later on, Shore | | showed for the local structure Dy (< 0')
that the classes H,, and L, for every natural number n > 1 are definable in
there as well. One class of degrees which has managed to elude every attempt
at definability in both local structures is that of the low; degrees, L, the
degrees whose jump is the least possible degree 07'. The definability in the
degree structures is in a close relationship with the automorphisms on the
structures, since the definable sets are preserved under automorphism.

2.2 Genericity and forcing

Forcing and generic sets are useful tools all over computability theory. The
first forcing-style argument in computability theory can be traced back to the
Kleene-Post construction of two incomparable degrees | |, published a
decade before the invention of forcing. In this section, we give an introduction
to the forcing method in computable structure theory. We consider 1-generics,
which have relatively low computational complexity. The notion of forcing was
introduced by Cohen to prove that the continuum hypothesis does not follow
from the ZFC axioms of set theory. Soon after, forcing became one of the main
tools in set theory in order to prove independence results of all kinds. This
implies that if a generic object satisfies a particular property, it must belong
to a class where most objects have that property, and hence there is a clear
reason why it has that the property. Our forcing arguments will essentially
have that form: If a generic presentation has a certain computational property,
then there must be a structural reason for it.

Definition 2.2.1. Every finite mapping 7: [0;n — 1] — N we call a finite
part. We denote by || =n the length of the interval, where 7 is defined. For



28 CHAPTER 2. PRELIMINARIES

any a € N and 7:[0;n—-1] — N, let Az.(7 * a)(z) be the finite part:

if0<z<n,

if x =n.

T(x
(w)(x)z(wn»a)(m):{ )
a
If A is a set of natural numbers, we write 7 € A instead of 7 C x4, i.e. T is a

subfunction of the characteristic function x4 of A.

We denote the finite parts with the Greek letters: o,9, 7, p.... Let remain,
that o € p if (V) (o(x) = p(x) | & o(x) = p(z)).

Definition 2.2.2. The set G is 1-generic, if for every c.e. set S of finite parts:

(JocG)(ceSv(Vp2o)(pes)).

o decides S

We will call such sets generic sets for short. For n-generic sets the difference
is that the set of finite parts S is X9, not only c.e.(XY).

A set of finite parts S is called dense in G, if (Vo € G)(3p e S)(o < p).
Equivalently, GG is generic, if whenever S is dense in G, then G meets S, i.e.
(JocG)(oef).

Let S be the set of all finite parts and S, = W, NS, e € N. There is a total
computable function h, such that S, = W) for every e.

We will show for illustration how to construct a generic set.

Proposition 2.2.3. There is a generic set below @'

Proof. We construct finite parts o,, by stages, which will approximate y¢,
0,C 041 CG.

We start with o9 = @.

On stage s + 1 = e we define o4, so that it decides the eth c.e. set W, i.e.
we ask if there is an extension of o, in S,. If there is, set o,.1 to be the least
one. If there is not then we let 04,1 = 0.

Let x¢ = U, 0s. The construction assures that G is generic and one can see
that x¢ is a total function, since for every n the set of finite parts {7 | |7| > n}
is c.e., i.e. W, for some e. The only step in the construction that is not
computable is checking whether there exists an extension of o4 in S, or not.
This is a question that @' can answer, and hence the whole construction is
computable in &'. O
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It is easy to see that if G is generic then G is not a finite set. Otherwise if
x € G = x <n, for some n, then the set S'={o|(Im>n)(c(m)~1)} is c.e.
Since G is generic then (3o € G)(ce Sv (Vp20)(p¢S)). Since G is finite,
o¢S. Then (Vp20)(Vm >n)(p(m) # 1), which is impossible. Hence G is
infinite. On the other side one can see in a similar way that if GG is generic
then every c.e. V ¢ G is finite, and hence every generic is not c.e.

Every c.e. V <y GG is computable. Supose that V <y G, V is c.e. and
G is generic. We know V <p V <r G, and hence there is an e, such that
V = dom({¢C}). Let S={o|(3zeV)(w2(x) )} Since S is c.e. and G is
generic there is 0 € G, such that c € Sv(Vp20)(p¢S). If 0 €S, then (Fz €
V)(¢%(x) |). Then z € V, a contradiction. So, (Vp 2 o)(Vz € V)(@f(z) 1).
If z € V then ¢%(z) |. By the compactness of the computation there is p € G,
o (x) . We can suppose that p 2 . Hence

zeV <= (3p20)(pl(2)) |,

i.e. Vis c.e. But V is c.e., therefore V is computable. So every c.e. V <p G is
computable.

We can relativize the notion of genericity. Let X ¢ N. Say that G is
1-generic relative to X (X-1-generic) if every c.e. in X set of finite parts is
decided by an initial segment of G. The next lemma from | | implies that
the only sets that are c.e. in all generic sets are the ones that are already c.e.

Lemma 2.2.4. Suppose that G is X-1-generic. Then X is not c.e. in G,
unless X is c.e. already.

In particular, we get that if G is X-1-generic, then G computes X if and
only if X is computable. Thus, if G is X-1-generic, G and X form a minimal
pair, i.e., there is no non-computable set computable from both. This is
because if Y <7 X then G is Y —1-generic too, so if also Y <7 GG, then Y must
be computable.

We will explain the basic relations £ and I-. We will use these relations in
Chapter 3. And here we will see some basic properties including the Theorem
2.2.6.

The set G models the formula F.(z):

GeF,(r) <= {e}%2) | <= veWC.
The finite part o forces formula F,(z):
ol F(x) < {e}?(x) .
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Here are some properties of these relations, following from the definitions.
l.ocG&olFF.(z) = GE F.(z).
2. o cp&olr(=)F.(z) = pir(=)F.(x).
3. GE F.(z) « (o cG)(o - F.(x)).

Lemma 2.2.5. The set {(0,¢,2) | oIF F.(z)} is c.e.

GE-F.(z) < G# F.(x) < -{e}% ).
olr-F.(x) < (Vp20o)(p F.(x)).

Theorem 2.2.6. Let G be a generic set. Then
GE-F.(z) < (JocG)(ol--F.(x)).

Proof. (<) Let 0 € G&o+-F.(x). Suppose that G & F.(z). Then
(3pc G)(p-F.(x)). Let 7 =0 up. Then 7 2 p and hence 71+ F.(z). But
T 20, s0 ol--F.(z) and then 7 F.(x) - a contradiction.

(=) Let G = =F,(x). We search for 0 € G, oI+ -F,(x), i.e. no extension of
o could forces F,.(x). But G is generic. Suppose that (Vo ¢ G)(o I —=F.(x)).
Hence (Vo ¢ G)(3p 2 0)(pi-Fo(z)). Set Ser ={p| p-Fe(x)}. Se. is cee.
and dense in G, then there is 0 € G,0 € S, ,, i.e. oI+ F.(z). Then G E F.(x),
a contradiction. So (3o € G)(oI-=F.(x)). |

Corollary 2.2.7 (Truth lemma). If G is generic, then
GE (D) Fe(z) <= (30 G)(oIF(=)Fe(x)).
Notice that {(o,e,z) | o+ -F.(2)} <7 &'
Corollary 2.2.8. For every generic G we have G' =r G& &'.

Proof. (<) G’ is a upper bound of @ and G. Hence @' & G <1 G'.

(=) G =K% ={x|xeWS&}is ce. in G. Then there is e, such that
re K¢ «— {e}¢(x) | = GEF.(r) < (JocG)(o+F.(x)). Thus,
K€ is ce. in Go@'. G is generic, then z € KG <« {e}6(z) 1 —
G # F.(z) < (3o < G)(oF-F.(z)). So, KC is c.e. in G@@'. Thus,
K& =G"<r Go @' by Post theorem. |

In Chapter 3. we will prove the Friedberg’s jump inversion theorem for
the structures. Here is the original theorem.
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Theorem 2.2.9 (Friedberg’s jump Inversion theorem). | | Let @' < B.
There exists a generic G, such that G’ =r B, and hence B=r G'=r Go &'.

Proof. We will construct a generic set G < B by stages. Then since G will
be generic, by Corollary 2.2.8, G’ =r G® @', and hence G’ <y B. To get the
other direction B <7 G' we will code B in GG. On each stage s we will define
a finite part o, of g, so that o, € 0,,1. And at the end x¢g = Uso,. Denote
by S(e,ac) = {p | pH—Fe(.CL’)} = {p | x € Wéo}

We start with oy = @. Let o, has been constructed. On stage s we ask: “Is
it true that: (3p205)(pe Ss)?". Since the set V ={(7,t) | (Ip27)(pe St)}
is c.e., we have V <p K = @'. If the answer is yes, set ¢ will be the minimal
(with a minimal code) such p, if the answer is no, then o/ = o,. Thus assures
that G is generic. Set 0,1 =0’ * xg(s).

It is clear that G <r B. Since |04 > s, s € G <= 041(s) = 1. And
Os41 <7 B o' <r B.

G is generic, since ol assures genericity with respect to Ss.

B <r Ge @', since we have k € B — ak+1(‘a,’€|) =1. We can construct
B repeating the construction, changing yg(s) with yo(|o%]). So, using oracle
G and @' we have B<r Go @'.

Thus G is generic and G’ = B. O

Corollary 2.2.10. There exists a generic G #r @ such that G’ = &'.

2.3 Enumeration reducibility

Enumeration reducibility was defined by Friedberg and Rogers | | in the
late 1950’s to capture a notion of reducibility between sets in which only
positive information about membership in the set is either used or computed.
Actually, Uspenskii, | | introduced in 1955 essentially the same concept.
This notion turns out to be as natural as Turing reducibility in a number of
settings, e.g., in group theory and computable model theory.

A set A is enumeration reducible to a set B if there is an effective uniform
way, given by an enumeration operator, to obtain an enumeration of A
given any enumeration of B. The enumeration operators are interesting in
themselves, as they give the semantics of the type free A-calculus in graph
models, suggested by Plotkin | | in 1972. The interest in enumeration
reducibility is also supported by the fact that the structure of the enumeration
degrees contains the structure of the Turing degrees without being elementary
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equivalent to it. Contemporary defninability results | , , ,
| in the theory of the enumeration degrees show that the structure is
useful for the study of the structure of Turing degrees.

Definition 2.3.1. Let A and B be sets of natural numbers. The set A is
enumeration reducible to the set B, written A <, B, if there is a c.e. set W,
such that:

A=W(B)={z|(3D)[{z,D) e W, & D c B]},

where D is a finite set coded in the standard way.

The definition above associates an effective operator on sets to every c.e.
set We, the aforementioned enumeration operator. Let {I'.}.y be an effective
list of all enumeration operators.

Here are some examples which shows some basic properties of the enu-
meration reducibility.

1. If Ais c.e. then A <, B via the c.e. set W ={(x,3) |z A}.

2. If f is computable function for A <, B, i.e. A= f~1(B), then A<, B
via the c.e. set W ={(z,{f(z)}) |z eN}.

Let ¢ and 1 are partial functions. Let ¢ <. ¥ <= G, <. Gy.
Proposition 2.3.2. p<r ¢y = ¢ < .

Just like Turing reducibility, enumeration reducibility is a pre-order on the
natural numbers, it induces an equivalence relation =, and a degree structure
D.. The structure of the enumeration degrees is also an upper semi-lattice.
The set A® B is a least upper bound of A and B with respect to <.. Two
sets A and B are enumeration equivalent (A =, B) if A <, B and B £, A.
The equivalence class of a set A under this relation is its enumeration degree
d.(A). The set D, consisting of all enumeration degrees, together with the
naturally induced partial order and least upper bound operation is the upper
semi-lattice of the enumeration degrees. It has a least element 0. consisting
of all computably enumerable sets. For an introduction to the enumeration
degrees the reader might consult Cooper | |

There is a strong relationship between the relations that we defined:
A<y Bifand only if A® A is c.e. in B if and only if A@ A<, Be B. The set
A @ A codes in a positive way the positive and negative information about a
set A. This suggests a relationship between Turing reducibility, enumeration
reducibility and the relation “c.e. in” formally expressed as follows.
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Proposition 2.3.3. Let A and B be sets of natural numbers.
1. A<y Bif and only if Ae A<, Be B.
2. Ais ce. in B if and only if A<, Be B.

This gives the natural embedding ¢ of the Turing degrees into the enumer-
ation degrees (| , |):

1(dr(A)) = d.(Ae A).

A set A is called total if and only if A=, A® A. Examples of total sets are
the graphs of total functions. An enumeration degree is total if it contains a
total set. The enumeration degrees in the range of ¢ coincide with the total
enumeration degrees.

The following theorem by Selman shows that the total enumeration degrees
play an important role in the structure: an enumeration degree can be
characterized by the set of total degrees above it.

Theorem 2.3.4. | | For any A, B ¢ N the following are equivalent:
1. A<, B;
2. {X|Bisce.in X} c{X|Aisce. in X};
3. {xeD,|xis total & d.(B) <x} c{xeD.|xis total & d.(A) < x}.

Finally, we give the definition of a jump operator for the enumeration
degrees, originally due to Cooper and studied by McEvoy | , |.

Definition 2.3.5. Let K4 = {(e,z) |x € T.(A)}. The set
A; =K o K_A
is called the enumeration jump of A and d.(A)" = d.(A.).

Note that K4 = @cenl'c(A) = {(e,7) |z € [.(A)}. It is clear that K4 =, A.
Denote by A* = A@® A. The enumeration jump is monotone and agrees with
the Turing jump in the following sense: (A’)* =, (A*)., and A’ =p (A*)!

[ ’ ] e’

We will use Soskov’s jump inversion theorem for the enumeration jump:
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Theorem 2.3.6. | | For every enumeration degree a there exists a total
enumeration degree b, such that a<b and a’ = b’.

The pioneering work on the enumeration degrees dates back to Case
| | and Medvedev | |. In particular, Case shows that D, is not a
lattice as a consequence of the exact pair theorem and Medvedev proves the
existence of quasi-minimal degrees: a degree is quasi-minimal if it bounds no
nonzero total enumeration degree. Cooper laid the foundations of the study of
the enumeration degrees in his survey paper | | from 1990. He established
many important algebraic properties of the global and local structure, such as
the lack of minimal elements, which shows that the theory of the enumeration
degrees is different from the theory of the Turing degrees. McEvoy | ],
a student of Cooper, defined the enumeration jump operation, which maps
an enumeration degree a to a total enumeration degree a’, such that a <. a’.
McEvoy then showed that the embedding ¢ preserves the jump operation.
Kalimullin obtained a definable class of pairs of enumeration degrees which
came to be known as Kalimullin pairs, or K-pairs. Kalimullin | | showed
that the enumeration jump is definable in D,. Ganchev and M. Soskova | ]
give an alternative proof of the definability of the enumeration jump. Their
proof is an instance of a more general phenomenon: they introduce the notion
of a maximal K-pair and conjecture that a nonzero enumeration degree is total
if and only if it is the least upper bound of the elements of a maximal /C-pair.
They show that if this conjecture is true than this would imply the first order
definability the image (under the embedding of Dy in D,) of the relation on
Turing degrees “c.e. in”. In | | they show that the first order theory of
true arithmetic can be interpreted in D,(< 0'.), using coding methods based
on K-pairs, settling an open problem from Cooper’s 1990 survey paper. In
| | they show further that the class of low enumeration degrees is first
order definable. More importantly, they show that their conjecture for the
first order definability of the total XY degrees in D.(<0’.) using maximal
K-pairs is true for the local structure D.(< 0’.), thus settling the local version
of Rogers’ 1967 question. The full answer to Rogers’ 1967 question is finally
obtained through the collaboration of Cai, Ganchev, Lempp, Miller and M.
Soskova, confirming Ganchev and Soskova’s conjecture.

Theorem 2.3.7 (Cai, Ganchev, Lempp, Miller, M. Soskova). | |
The total enumeration degrees are first order definable in D,. A nonzero
enumeration degree is total if and only if it is the least upper bound of the
members of a maximal Kalimullin pair.
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Recent work | | of Ganchev and M. Soskova shows that all classes
of high enumeration degrees H, = {a | a < 0/ & a® = 0{""V} and low
enumeration degrees L, = {a|a <0, & a( = 0{} are definable in D,, for
each n > 1.

The relationship between enumeration degrees and abstract models of
computability inspires a new direction in the field of computable structure
theory. You could see more in our expository paper with M. Soskova | |.

In the last chapter we will show our latest results on a subclass of the
enumeration degrees — the cototal degrees. Call a set A € N cototal if
A <. A and call an enumeration degree cototal if it contains a cototal set. We
will introduce an analog of jump operation - the skip operator and we will
investigate its properties.

We will investigate the skip for the class of enumeration degrees of 1-generic
sets, studied by Copestake | |. We define a relativized form of 1-generic-
ity, suitable for the context of the enumeration degrees. We use the notation
“relative to (X)” to denote “relative to the enumeration degree of X” (not of
X ® X as in Turing degrees).

Definition 2.3.8. Let G and X be sets of natural numbers. G is 1-generic
relative to (X if and only if for every set of finite parts S such that S <, X:

(JocG)(oeSv (VT =o)[T¢S]).
If X =@, then we call G simply 1-generic and if X = K, then G is 2-generic.

Note that G is 1-generic relative to X in the usual sense if and only if G
is 1-generic relative to (X @ X) in the sense of the definition above.

Definition 2.3.9. An enumeration degree a is quasiminimal if it is nonzero
and the only total enumeration degree bounded by a is 0.

McEvoy | | proved that the enumeration jump restricted to the
quasiminimal degrees has the same range as the unrestricted jump operator.
Relativizing the notion of quasiminimality, we get the following two notions:

Definition 2.3.10. An enumeration degree a is a quasiminimal cover of an
enumeration degree b if b < a and there is no total enumeration degree x
such that b < x < a. The degree a is a strong quasiminimal cover of bif b<a
and every total enumeration degree x bounded by a is below b.
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The next proposition exhibits two important properties of generic enumer-
ation degrees.

Proposition 2.3.11. Let G be 1-generic relative to (X).
1. do(G ® X) is a strong quasiminimal cover of d.(X).
2. G is l-generic relative to (X).

Proof. X <. GeX. To see that G £, X, note that G must be infinite and for
every enumeration operator I' the set S ={o | (In)[c(n) =0 A nel'(X)]} is
enumeration reducible to X. If G <, X, then G =T'(X) for some enumeration
operator I'. Then (o € G)(oc e Sv (VT 20)[7¢S]). But 0 ¢ S and hence
(V1 20)[7 ¢S], which is impossible.

Let Y be a set of natural numbers and assume that Y @Y <, G @ X via
the enumeration operator I'. We will show that Y @ Y <, X. Consider the set

Q={c]|(3Fr){2z,2z+1}cT(c® X))},

where we write 0@ X to mean {n|o(n) =1}@®X. Note that () is enumeration
reducible to X and so, by our assumptions, G must avoid it, i.e., no o € )
is an initial segment of G. Let o0 € G be a finite part with no extension
in Q. Then z €Y @Y if and only if there is an extension 7 2 ¢ such that
zel(to X).

For the second part of this proposition, we introduce the following notation.
If o € 2<¢ is a finite part, then let @ be the the finite part, obtained by inverting
every bit of . For W c 2« let W~ ={5 | o e W}. Note that 7 ¢ G if and
only if o € G. So if G meets W~ then G meets W, and if G avoids W~ then G
avoids W. Finally, note that W <, X implies that W~ <, X. O

2.4 Degree spectra

The Turing degree spectrum of a countable structure A provides a natural
measure of the complexity of the isomorphism type of that structure. The
spectrum of A is introduced by Richter | |, as the set of those Turing
degrees a such that for some copy B of A (that is, for some B ~ A with domain
N), the atomic diagram of B has Turing degree a.

Let A = (A, Ry,...,R;) be a countable relational structure. If in the
language of the structure there are some functions symbols we represent them
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by their graphs. An enumeration of A is a total surjective mapping of N onto
|A|. Given an enumeration f of A and a subset of B of |A|?, let

FHB) = (a1, za) [ (f(21),- . f(2a)) € BY.

Denote by f1(A) = f"Y(Ry)® @& f1(Rr)® f1(=). By D(A) we denote
the atomic diagram of A.

Definition 2.4.1. The degree spectrum of A is the set
DS(A) ={dr(f'(A)) | f is an enumeration of A}.
If a is the least element of DS(A), then a is called the degree of A.

We shall use the following two simple properties of the degree spectra.
They are proved by Soskov in | | for enumeration degree spectra. Suppose
that A is infinite and the domain of A is the set of the natural numbers.

Proposition 2.4.2. Let f be an arbitrary enumeration of A. Then there
exists an injective enumeration g of A such that g='(A) <t f~1(A).

Proof. Let Ef = {(z,y): f(z) = f(y)}. Clearly E; <p f~'(A). Define the

function A by means of primitive recursion as follows:

h(0)
h(n+1)

0
pz[(Vk <n)({h(k), z) ¢ Ey)].

R

Set g(n) = f(h(n)). Now one can easily check that g is bijective and
g (A) © By =1 f(A). o

One noticeable difference with the standard definition of Turing degree
spectra is that in the definition of the degree spectra, we use the surjective
enumerations, instead of bijective enumerations. Consider the structure
A = (N; =) if we define the degree spectrum of 4 by taking into account only
the bijective enumerations, then it will be equal to {0}, while if we take
all surjective enumerations, then DS(A) will consist of all Turing degrees.
Fortunately, this difference does not affect the notion of degree of a structure
since by Proposition 2.4.2 for every enumeration f of A there exists a bijective
enumeration g of A such that ¢g7'(A) <r f~1(A). On the other hand it
allows us to show that the degree spectrum is always closed upwards, i.e. if
ae DS(A), and a<b then b e DS(A). This can be seen as follows: if g is an
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enumeration of 4 and F' is a set such that ¢g-'(A) <y F' then we can define a
new enumeration f of A, which mimics ¢g on the even numbers: f(n/2) = g(n)
and codes F' on the odd numbers, by mapping all of them to one of two
distinct members of A depending on membership in F.

Proposition 2.4.3. For every structure A the degree spectrum DS(A) is
upwards closed.

Knight proved in | |, that the degree spectrum using injective enu-
merations is closed upwards only in nontrivial structures (in a trivial structure
there is a finite tuple such that every permutation of the domain fixing that
tuple is an automorphism of A).

For every computable ordinal «, following Knight | | we define the
a-th jump spectrum DS, (A) of a structure A to be the set of all ath jumps
of the elements of the degree spectrum of A. If a is the least element of
DS, (A), then a is called the a-th jump degree of A. We will show in Chapter
3. that the first jump spectrum is always upwards closed.

It is very important if a structure has a degree (ath jump degree for some
computable ordinal «) or not. If the degree is 0, then the structure has a
simple computable presentation, i.e. with domain N and computable relations.
In the different classes of structures the situation is different. Richter’s
[ | proved that the Turing degree spectrum DS(A) of a linear ordering
has a degree then it is computable, i.e. this degree should be 0-the set of all

computable sets. Knight | | extended Richter’s result to show that the
only possible first jump Turing degree of a linear ordering is 0’, so not every
linear ordering has a first jump degree. Downey and Knight | | proved

next that for every computable ordinal « there exists a linear order A such
that A has ath jump degree equal to 0(®) but for all 5 < a there is no Sth
jump degree of A. Slaman | | and independently Wehner | | gave
an example of a structure A whose Turing degree spectrum consists of all
nonzero Turing degrees, DS(A) = {a|0<a}. We will give some very simple
proofs of the last two results in Chapter 3. as an application of the jump
Inversion theorem for structures.

The enumeration degree spectrum DS.(A) of a countable structure A is
introduced by Soskov | | as the set of all enumeration degrees generated
by the presentations (homomorphic copies in N) of A. Tt is also closed upwards
with respect to total degrees, i.e. if a € DS.(A), b is a total e-degree and
a<b, then be DS.(A).
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Just like Turing reducibility can be expressed in terms of enumeration
reducibility, the Turing degree spectrum of a structure A corresponds to the
enumeration degree spectrum of a structure, denoted by A*, which codes in
a positive way both the positive and negative facts about the predicates in
A If A= (A Ry,...,Ry) then let A" = (A, Ry,...,Rg,-Ry,...,-Ry). The
image of the Turing degree spectrum of A under the natural embedding is
exactly DS, (A").

Note, that DS.(A*) consists only of total enumeration degrees. A struc-
ture A is called total if for every enumeration f of A the set f~1(A) is total.
In general, if A is a total structure then DS,.(A) = «(DS(A)), so if A is a
total structure then A and A" have the same enumeration degree spectrum.
Note that, however, not all structures whose degree spectrum consist only
of total enumeration degrees are total. Consider for example, the structure
A = (N;Gg, K), where Gg is the graph of the successor function and K is
the halting set. Then DS.(A) consists of all total degrees. On the other
hand if f = Az.z, then f~1(A) is a c.e. set. Hence K ¢. f~'(A). Clearly
K <. (f1(A))*, so f~1(A) is not a total set.

A natural question arises here: if DS.(A) consists of total degrees does
there exist a total structure B such that DS.(A) = DS.(B)? In his last paper
[ | Soskov, generalizing the Marker extension method of a sequence
of structures, proves the following general result, giving a much stronger
relationship between Turing degree spectra and enumeration degree spectra:

Theorem 2.4.4. | | For every structure A there exists a total structure
M such that DS.(M) ={a]a is total A (Ixe DS.(A))(x<a)}.

The degree spectrum of a structure measures how difficult is to present the
structure. If instead we want to measure how much information is encoded in
a structure, one approach is to use co-spectra. Here a set X € N is encoded
in Aif X <, f~1(A), for every enumeration f of A.

Co-spectrum CS(A) of a structure A is the set of all lower bounds of the
enumeration degree spectrum of the structure A. If C'S(A) has a greatest
element, then it is the co-degree of A. For every computable ordinal o we
denote by CS,(A) the co-spectrum of DS, (A).

An application of Selman’s theorem shows that the co-spectrum of A
depends only on the total elements of the spectrum of A. Soskov’s example
of this phenomenon | | is a generalization, of a result of Rozinas | |:
for every computable ordinal o and b € DS, (A) there exist total e-degrees
£y and f; such that : £ <b and £ < b, and £, £;® ¢ CS3(A) for
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B<a,and {x|xeD, & x<f'” & x <P} = CS5(A) for every f+1 < av.
He shows that there exist quasi minimal enumeration degrees for the degree
spectrum, i.e. an e-degree q ¢ C'S(A), and every total x < q - x € DS(A),
and every total x > q - x e C'S(A). This is an analogue of a quasi minimal
degree.

Kalimullin | |, building on Wehner’s result, transfers these ideas to
enumeration degree spectra: There is a structure A such that DS.(A) = {a |
aeD, & a>0.}.

If a structure A has a degree a then a is also its co-degree. The reverse is not
always true. We have already seen one such example: Kalimullin’s structure A
with degree spectrum DS, (A) consisting of all nonzero enumeration degrees
clearly has no enumeration degree, but has co-degree 0.. As a second example,
consider Richter’s | | result on a linear ordering A: the Turing degree
spectrum DS(A) always contains a minimal pair. Thus the co-degree of
DS (A") is always 0, and non-computable linear orderings have co-degree
but no degree. An analysis of Knight’s proof | | generalizing the Richter’s
result, shows that the first jump co-spectrum of a linear ordering consists of
all X9 enumeration degrees, and so the first jump co-degree is always 0., even
though not every linear ordering has a first jump degree.

There are also structures with no co-degree. For example, consider A =
(N; Gy, P), where ¥ is a function such that U((n,z)) = (n,z + 1) and
the relation P(x) is defined and true if (3t)(z = (0,¢)) or (In)(3t)(x =
(n+1,t) & t e D). For every X € N we have that d.(X) € CS(A) iff
(In)(X <. o). It follows that C'S(A) consists of all arithmetical degrees
and hence has no greatest element, i.e. 4 has no co-degree.

The co-degree and e-degree of a structure are closely related to what Knight
[ | and Montalbén [Von] call the “enumeration degree of a structure”. A
set X ¢ N is the “enumeration degree” of a structure A if every enumeration of
X computes a copy of A, and every copy of A computes an enumeration of X.
Thus by Selman’s theorem the enumeration degree of X is the co-degree of the
structure A*. This co-degree, however has an additional property: DS(A*)
is exactly the set of total enumeration degrees above d.(X). Thus, examples
of structures with “enumeration degree” translate to examples of structures
with co-degree and there are many of those: | | Given X ¢ N, consider
the group Gx = @;ex Zy,, where p; is the i-th prime number. Then Gx has
“enumeration degree” X, as we can easily build Gx given any enumeration of
X, and for the reverse direction, we have that n € X if and only if there is an
elements g € Gx of order p,.
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Example 2.4.5. A further example is the torsion free abelian group G of
rank 1, i.e. a subgroup of (Q,+,=). Downey and Jockusch | | analyze
the computability theoretic properties of such groups. Using results that
go back to Baer, they discover a way to associate a set S(G), called the
characteristic of G, to every torsion free abelian group G of rank 1, so that
the Turing degree spectrum of G is precisely {dr(Y) | S(G) is c.e. in Y'}. On
the other hand, they show that for every set of natural numbers S there is
a torsion free abelian group G of rank 1, such that S(G) =; S. They knew
from Richter | | that this meant that not all such groups have a degree.
Coles, Downey and Slaman | | use a forcing construction to show that,
however, every such group has first jump degree.

Soskov | | considers the problem from the point of view of enumeration
reducibility. Any subgroup of the rationals can be seen as a total structure, as
the only relation involved is the graph of addition, which is a total function.
Let G be such a group and let s, = d.(S(G)). It follows that

DS(G) ={b|b is total and s, <. b}.

It is an easy consequence of Selman’s theorem that s, is the co-degree of
G. Furthermore, G has degree if and only if s, is total. The result of Coles,
Downey and Slaman now follows from Theorem 2.3.6. There is a total
enumeration degree f > s, with f = s/ and so the first jump spectrum of
G consists of all total enumeration degrees greater than or equal to s;, in
particular s; is the first jump degree of .

Another consequence of this example is that every principal ideal of
enumeration degrees is a co-spectrum of a structure, namely the co-spectrum
of some torsion free abelian group of rank one. Further Soskov proved | ]
that every countable ideal of enumeration degrees is the co-spectrum of a
structure.

Understanding which subsets of the Turing degrees can be realized as
degree spectra is an important open problem in the area. A natural question
here: is every set of degrees that is upwards closed with respect to total
elements the enumeration spectrum of a structure? The answer is, of course,
‘No’. One way to see this is via the notion of a base and its relationship to
the existence of a degree.

A subset B c C of a set of enumeration degrees C is a base of C if (Va e
C)(3b e B)(b < a). Using generic enumerations and an argument much like
that used in Selman’s theorem we can show the following.
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Theorem 2.4.6. | | A structure A has an e-degree if and only if DS, (A)
has a countable base.

Figure 2.1: An upwards closed set with respect to total degrees which is not
a degree spectra of a structure

In particular the union of two cones above incomparable degrees (and even
countable cones) cannot be the enumeration degree spectrum of a structure
(just like it cannot be the Turing degree spectrum of a structure). Nevertheless,
degree spectra play well with co-spectra and behave structurally with respect
to their elements just like the cone of total degrees above a fixed enumeration
degree.

2.5 Definability in a structure

Another way to characterize the complexity of a structure A is to analyze
the definable sets in A. This gives a finer measure as it may happen that two
structures have the same degree spectra but greatly differ in their definability
power and model theoretic properties.

2.5.1 Relatively intrinsically X0 relations

We will explain first some basic facts about the hierarchies.
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Arithmetical hierarchy. Let X ¢ N. We define classes of ¥9(X),
[M%(X) and A%(X) for n > 1 inductively. A relation P(Z) on the natural
numbers is ¥.?(X) if it can be expressed in the form JyR(Z,y), where R(Z,y)
is computable in X. P(7) is II9(X) if it is a negation of a ¥9(X) relation.
And it is AY(X) if it is both X9(X) and T19(X). Proceeding by induction, for
n>1, a relation P(7) is ¥9(X) if it can be expressed in the form IyR(Z,y),
where R(Z,y) is IIY [ (X). P(%) is II%(X) if it is a negation of a X9 (X)
relation, and is A% (X)) if it is both X9 (X) and I19(X).

Theorem 2.5.1. | | For n>1,
e the X0(X) relations are those which are c.e. relative to X (1)

e the I19(X) relations are those which are co-c.e. (the complement is c.e.),
relative to X (n~1)

e the AY(X) relations are those which are computable relative to X (1),

We can approximate a A function, total or partial, by a total computable
function. If g(7,s) is a total function, we write lim,..g(Z,s) = y for the
partial function f(Z) that is defined, with value y, just in case ¢g(7,s) has
value y for all sufficiently large s.

Theorem 2.5.2 (Limit Lemma). | | A function f(Z) is partial A
if and only if there exists a total computable function ¢(7,s) such that

F(T) = limsaong (T, 5).

Actually, a relation P(T) is X if and only if there is a total computable
function ¢(7, s) taking values 0 and 1, such that P(Z) if and only if for all
sufficiently large s, g(7,s) = 1.

Hyperarithmetical hierarchy. The hyperarithmetical sets can be de-
fined using infinitely iterated Turing jumps and can be classified into a
hierarchy extending the arithmetical hierarchy. Each level of the hyperarith-
metical hierarchy corresponds to a countable ordinal. An ordinal notation is
an effective description of a countable ordinal by a natural number. A system
of ordinal notations is required in order to define the hyperarithmetic hierarchy.
The fundamental property an ordinal notation must have is that it describes
the ordinal in terms of smaller ordinals in an effective way. In the system of
notations for ordinals, given by Kleene | |, we define, simultaneously, a
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set of notations O, a function Aa.|a|p taking each a € O to an ordinal « = |a|p
and a strict partial ordering <o on O. Let 1 is a notation for the ordinal 0,
i.e. 0 =|1|p. If a is a notation for « then 2¢ is a notation for o+ 1. In the
partial ordering, we let b <o 2% if either b <o a or b = a. For a limit ordinal «
the notation is of the form 3.5¢, where e is the index of a total computable
function ¢, with values in O such that ¢.(0) < pe(1) < -+ < @e(n) ..., and
« is the least upper bound of the sequence of ordinals a(n) = |p.(n)|o. We
write @ = lima(n). In the partial ordering, we let b <o 3.5¢ if there exists n
such that b <p @.(n). For the properties of the set of notations @ and the

relation "<p" the reader may consult | or | |.
We define the hyperarithmetical sets H(a), following | |, for a € O by
transfinite recursion on the ordinals |alo, (we will write only |a|) as follows:
H(l) =g,

H(2) = H(a)',
H(3.5¢) = {{u,v) |u<p3.5¢ & ve H(u)} =
{u,v) | In(u <o @e(n) & ve H(u))}.

Lemma 2.5.3 (Spector). There is a partial computable function f such that
for each a € O, f(a) is an index for {be O | |b] < |a|} as a set computable in
H(a)'

Theorem 2.5.4 (Spector). There is a partial computable function f such
that for a,b e O with |a| < |b|, f(a,b) is an index for H(a) as a set computable
in H(b).

Corollary 2.5.5. If z,y € O and |z| = |y|, then H(z) =r H(y).

Now, following Kleene, we define classes 39, T12 and A? for all computable
ordinals « > w. For infinite «, a relation is said to be X0, T19 and AY if it is,
respectively, c.e., co-c.e., or computable relative to H(a) for some a € O with
la| = a. By Corollary 2.5.5, such a relation will be c.e., co-c.e., or computable
relative to H(a) for every a € O with |a| = a. Finally, a relation is said to be
hyperarithmetical if it is AY for some computable ordinal «. Note that there
is a lack of uniformity in the definition above when we pass from finite to
infinite computable ordinals. For finite «, say a =n > 0, by Theorem 2.5.1
Y0 relations are the ones that are c.e. relative to @1 and g(»1) = H(a),
where |a| is n—1, not n. We could relativize the above definition relative to an
arbitrary set X ¢ N, starting with Hx (1) = X, and receiving the sets X9 (X),
I1%(X) and AY(X). So, the ath-Turing jump of X for a > w is AY(X).
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Relatively intrinsically >0 relations. Let A= (A, Ry, Rs, ..., Ry) be
a countable structure. For simplicity we suppose that A = N.

Definition 2.5.6. A relation R on A is relatively intrinsically 32 in a struc-
ture A if for each (B, P) ~ (A, R) the relation P is X9 in the atomic dia-

gram D(B), which in our terms means that for every enumeration f of A,

fHR) € X (f71(A)).

For example, consider a linear ordering A = (A, <), and S-successor relation.
S is relatively intrinsically 119 in A, since =S(z,y) <= xfyvIz(z<z & 2<
y) is relatively intrinsically ¢ in A. The “block” relation B(x,y) <= there
are finitely many elements 21, ..., z, such that S(z,21),5(z1,22),...,5(2n,vy)
is relatively intrinsically X9 in A, and there is no X9 formula, which defines B.
But B can be defined by a computable infinite disjunction of such formulas
as we shall see in the next subsection.

Ash, Knight, Manasse and Slaman | | and independently Chisholm
| | prove that a relation is relatively intrinsically 39 in A iff it is definable
by an computable infinitary ¢ formula with finitely many parameters in A.

2.5.2 Computable infinitary formulas

Let L be a fixed computable language. Some mathematical properties, such
as the Archimedean property (true of subfields of the ordered field of reals),
are expressed in a natural way by an infinitely long formula. We consider
formulas of Ly, ., (see Keisler | |). Here w; indicates that the disjunctions
and conjunctions are over only countable sets, and w indicates that there is
only finite nesting of quantifiers. For example, in the language of ordered
fields, there is a sentence, which adding it to the axioms of ordered fields, the
models are exactly the Archimedean ordered fields (Vz) V,(x < 7,) , where
Tp=1+1+---+1.
N

The co?nputable infinitary ¢ and I, formulas, denoted by ¢ and II¢,
with free variables among x1,...,x;, are defined by transfinite induction on «
as follows.

The X§ and II§ formulas are quantifier free formulas on z,. .., ;.

For a >0, a X¢ formula is the disjunction of a c.e. set of formulas of the
form Jy; ... 3y, V(21 ..., 2 Y1, - -, Ym ), Where U is a H% formula, for some
B < a, with free variables among x1,...,Z;, Y1, -, Ym-
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A TI¢ formula is the conjunction of a c.e. set of formulas of the form
Yyr . Yy V(21,2 Y1, - - Ym ), Where U is a X5 formula, for some 5 < o,
with free variables among z1,...,2;, Y1,. .., Ym.

Formally, the c.e. disjunction above is a c.e. set of codes of such formulas.
If a is a notation of «, codes are quadruples in which the first component is
the symbol X or II (we could use 0 and 1), the second is a notation a for «,
the third is (the code for) a tuple of variables, and the fourth is a natural

number e for the c.e. set W,. (see | ] 7.2.)

Definition 2.5.7. A relation R ¢ |A|' is definable in a structure A by a X¢
formula ®(xy,..., 2, w,...,w,), if there are parameters ty,...,t, € |A| such
that for every ay,...,a; € |4| the following equivalence holds:

(a1,...,a1) € R —= AE ®(x1/ay,...,xfa;,wi/[t1,. .., w[t,).

Ash, Knight, Manasse and Slaman | | and independently Chisholm
| | prove that the relatively intrinsically >0 relations in the structure
A are the definable ones by a computable >¢ formula with finitely many
parameters in A.

Theorem 2.5.8. Let R be a relation on the structure A. The following are
equivalent:

1. R is relatively intrinsically 39 in a structure A.

2. Ris definable by a computable 3¢ formula with finitely many parameters

in A.

Antonio Montalbén extends in his book | | this result for a = 1 not
only for relations with a fixed argument but also of those R ¢ |A|<“. For
example over a ()-vector space V', the relation LD ¢ V<“ of inear dependence
is always c.e. in V. To enumerate LD in a D(V')-computable way, go through
all the possible non-trivial ()-linear combinations ggvg +- - -+ g vy, of all possible
tuples of vectors (vg,...,v) € V<, and if you find one that is equal to 0,
enumerate (vg,...,v) into LD. It is clear that we could write a X¢ formula
that define this relation but the free variable will not be fixed.

Definition 2.5.9 (Generalized computable 3¢-definition). Let R ¢ B<, and
let ¢, (Tp)new be a computable sequence of computable 3¢ formulas, where
©n(Ty,) has arity n. If for each n, ¢,(,) defines Rn B", then we say that
Vo on(Tn) is a generalized computable X5 definition of R.
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Thus a generalized computable >$ formula allows consideration of tuples
of all finite arities. Such a formula is technically not in L., as it uses
infinitely many free variables; however, it is a computable disjunction, over
all n ew, of L, formulas ¢, with free variables z1,...,z,.

Montalban | | proved that the result of Theorem 2.5.8 holds for such
relations R € |A[<“, i.e. R is relatively intrinsically ¢ in a structure A if
and only if R is XY definable in A with parameters. He call these relations
relatively intrinsically c.e. (r.i.c.e.). He uses this result for the characterization
of the effective interpretability | |. We will use this theorem in
Chapter 5.



48

CHAPTER 2. PRELIMINARIES



Chapter 3

Jump of a structure

The notion of jump of a structure contains information about the sets definable
by computable infinitary 3¢ formulas. This notion has been independently
defined various times in the last few years. It is an analogue of the jump
operation in the degree structures. The first appearance of definition of jump

of structure in print is due to Vessela Baleva in | , |, as part of
her Ph.D. thesis under the supervision of Ivan Soskov. That definition uses,
as for the jump of A, the Moschovakis extension | | of A, which is

essentially the closure of A under a pairing operation, and then a universal
semi-search-computable predicate is added. The notion of jump of structure
is in terms of the s-reducibilities between structures, based on the notion
search computability of Moschovakis. In 2007 we, with Soskov, | , ]
use a modified definition based on Moschovakis extensions for proving two
jump inversions theorems for structures in terms of degree spectra. We add
an analogue of Kleene predicate to the Moschovakis extension of the structure
which is universal for all relations, definable by computable infinitary ¢
formulas.

Independently Montalban | | in 2009 suggests another approach to
the definition of the jump of a structure - he does not change the domain of
the structure but he adds a complete set of relations, definable by computable
infinitary TI§ (later he called this a structural jump). In | , | he
changed the added complete set of relations by those, definable by computable
infinitary X{ formulas and received an equivalent notion as ours.

First Morozov | | in 2004 and then Puzarenko | | in 2009
also define the jump of an admissible structure. Later, Alexey Stukachev
| : | extended this definition to all structures A by considering

49
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the admissible structure HIF(A) in the terms of ¥-definability in hereditarily
finite extension of the structure.

The fact that all these notions and results have been rediscovered over and
over is not surprising given that the authors in different countries use com-
pletely different ways to represent structures and to talk about computability
on algebraic structures.

In | , , |, with Soskov, we prove two jump inversion
theorems, one is as the Friedberg’s jump inversion Theorem 2.2.9 and the other
one that shows that every jump spectrum is a spectrum of a structure. The first
one says: for every structure A, for which the degree spectrum is a subset of the
jump degree spectrum of another structure B, with DS(A) ¢ DS;(B), there
exists a structure C with the property DS;(C) = DS(A) and DS(C) ¢ DS(B).
The structure C is obtained from the Marker’s extension of A. Stukachev

[ : | shows a similar result for the ¥ definability. The second theorem
shows that every jump degree spectrum DS;(.A) is a degree spectrum of the
structure - the jump of A. Independently, later Montalban | | proved

similar result.

I want to mention that Goncharov, Harizanov, Knight, McCoy, R. Miller
and Solomon | | give an idea how the jump inversion - Friedberg’s
style could be generalized for a computable successor ordinal. They only do it
for graphs, but we know | | any degree spectrum can be realized as the
degree spectrum of a graph. They proved the result above only as a tool to
get get other results about and relative intrinsically relations. Vatev | ]
uses this idea and proves the jump-inversion theorem for any computable
successor ordinal. Soskov proves in | | that such theorem is not true for
computable limit ordinals.

We will define first in Section 3.1 the jump of a structure and then in
Section 3.2 we show that every jump spectrum is a spectrum of a structure
and in Section 3.3 we will prove the jump inversion theorem. The content
of these three sections are from | |. In the last Section 3.4 we will show
some applications of the jump inversion theorems. The content of the last
section is from | |.

3.1 Jump of a structure

Let A= (A;Ry,...,Rs) be a countable structure and let equality be among
the predicates Ry,..., R;. We suppose that the domain A of A is infinite.
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Following Moschovakis | | the least acceptable extension of the struc-
ture A is defined as follows.

Let 0 be an object which does not belong to A and II be a pairing operation
chosen so that neither 0 nor any element of A is an ordered pair. Let A*
be the least set containing all elements of Ay = Au {0} and closed under II.
Denote by N the set of all natural numbers.

We associate an element n* of A* with each natural number n € N by
induction:

0* =0;
(n+1)* =1I(0,n").
The set of all elements n* defined above will be denoted by N*.
Let L and R be the functions on A* satisfying the following conditions:

L(0) = R(0) = 0;
(Vie A)(L(t) = R(t) = 17);
(Vs,t e A*)(L(I1(s,t)) = s & R(II(s,t)) =1).

The pairing function allows us to code finite sequences of elements: let
I (t1) = t1, Woy1 (b1, to, .o tngr) = I(E, 1L, (Lo, - . . , thy1)) for every
it e € A%

For each predicate R; of the structure A define the respective predicate
R! on A* by

Ri(t) <= (Fa1€A)...(3a,, € A)(t =11,,(ay,...,a,) & Ri(ay,...,a.)).
Definition 3.1.1. Moschovakis’ extension of A is the structure
A* = (A Ay, Ry, ..., R, G, G, GR, =),
where Gy, Grand Gg are the graphs of I, L and R respectively.

Lemma 3.1.2. Let f be an enumeration of A. There exists an enumeration

f* of A* such that (f*)=1(A*) =1 f1(A).

Proof. Let J(x,y) = 2**1.(2y + 1) be an effective coding of the or-
dered pairs of natural numbers. Denote by induction Ji(x;) = z; and
Jni1(x1, 9, Tpy1) = J(x1, Jo(x2, .., Tpy1)) for any xy,29,..., 2001 € N.
And let [ and r be computable functions satisfying the equalities:
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10) = r(0) = 0,
2z +1)=r(2z+1)=2=J(0,0),
[(J(z,y)) =2 &r(J(z,y) =y.

Define f* by means of the following inductive definition:

f*(0) =07,
[r@Rr+1) = [f(2),
[ (2,y)) =T (@), [ ().

Clearly f~* is an enumeration of A*. It is easy to see that (f*)~1(Ap) =
{20+ 1w e N}u{0}, (/)N (Gn) = {z,9) ¢ (z,) € Go}, (f)7HGL) =
{{z,y): (z,y) € Gi} and (f*)"(Gr) = {(z,y) : (z,y) € Gy }.

Fix a natural number 7, 1 <7 <s. Then

(ZEI,...,Iri>€f_1(Ri) <~ (f(xl),,f(xn))ERz <~
(f*(2$1+1),...,f*(2$”+1))ERZ‘ <~

I, (f* (201 1), f* (2, +1))) € RY <=

T (221 + 1,20 + 1) € (f7)L(RY).

Finally, let R; be the equality on A. Then

(z.y)e (f*)'(=) = [ Ew,yE(J;*))l(A) & (2/2,y/2) € [71(R1))v
r=y=0)Vv
(v =J(z1,22) & y=J(y1,42) &
(z1,u1) € (f*)7H(=) & (22, 92) € (f*)71(=))].

Clearly
(z.y) e fH(R) = (2 +1,2y+1) e (f*)7'(=).

So (f*)71(=) =r [T (By).
Combining all above, we get that (f*)"'(A*) =1 f~1(A). O
From now on given an enumeration f of the structure A, by f* we shall
denote the enumeration of A* defined in the lemma above.

Proposition 3.1.3. DS(A) = DS(A~).

Proof. Let ae€ DS(A) and let f be an enumeration of .4 witnessing this,
ie. f71(A)ea. Then (f*)*(A*) =1 f'(A) and hence a € DS(A*).
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Now let a € DS(A*) and let h be an enumeration of A* with h=1(A*) € a.
By Proposition 2.4.2, there exists an injective enumeration g of A* such
that g71(A*) <r h71(A*). Our goal is to construct an enumeration f of A
such that f~1(A) <1 g71(A*). Then by Proposition 2.4.3 we would get that
aeDS(A).

Let 0% = g71(0*). Then the set g7'(A) = g7'(Ag) ~ {0#} is computable in
g1 (A*). Fix an element z5 € g7'(A) and let

m(0) = zo;
m(i+1)=pzeg(A)[(Vk <i)(m(k) # 2)].

Note that m <1 ¢g71(A*) is a bijective enumeration of g=!'(A). Let
J(z,y) = g7 ((g(x), 9(»)))-

Clearly J is computable in g71(A*). As usual set J;(z) =z and

Jn+1(xl7 cee 7xn+1) = J(Ily Jn(x% s 7xn+1))-

Set f = Az.g(m(x)). Clearly f is an injective enumeration of the structure
A. Consider a predicate R; of A. Then

f_l(Ri) = {<x17 s 7xTi) : JTi(m(‘rl)7 s 7m(x7'i)) € g_l(R:)}

and hence f~'(R;) is computable in g='(A*).
Thus f~1(A) <7 g71(AY). i

Let f be an enumeration of A. Given natural numbers e and z let
fEF.(r) < x¢€ Wl

and let
ft:_‘Fe(l’) — f%Fe(l‘)

We shall connect with the modeling relation "=" a forcing with conditions
all finite mappings of N into A ordered in the usual way. We call these finite
mappings finite parts. The finite parts will be denoted by the letters o, 7.

Given a finite part § and R c A", let 0~'(R) be the finite function on the
natural numbers taking values in {0, 1} such that

0N R)(u)~1 <= (Fxq,...x, edom(0))(u=(z1,...,2,) &
(0(x1),...,0(x,)) € R) and

M R)(u)~0 <= (Fxq,...x, edom(0))(u=(x1,...,2,) &
(0(x1),...,0(xn)) ¢ R).

(3.1.1)
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By d71(A) we shall denote the finite function 6-'(Ry) @ --- @ 6~ 1(Ry).

If v is a partial function and e € N, then by W we shall denote the set of
all = such that the computation {e}*(z) halts successfully. We shall assume
that if during a computation the oracle « is called with an argument outside
it’s domain, then the computation halts unsuccessfully.

Definition 3.1.4. For any e,z € N and for every finite part §, define the
forcing relations § - F.(x) and 0 I+ =F,(x) as follows:
- F(r) < x¢€ W
dIF-F(x) < (Y720)(7 I} Fe(x)).
The following two properties of the forcing relation are obvious:
(F1) 0 (m)F.(z) & dcT7 =711 (=) Fe(x).
(F2) For every enumeration f of A,

fEF.(x) < (37 f)(7IF F.(2)).

Definition 3.1.5. An enumeration f of A is generic if for every e,z € N:
(Arc f)(T I+ Fo(x)vTIF=F.(x)).

Note, that this is equivalent to Definition 2.2.2 for a 1-generic set, only
take G = f~1(A) and S to be the set of finite parts {7 | 7 I+ F.(x)}. It is clear

that S is c.e.
We know from Theorem 2.2.6 that for every generic enumeration f of A

for all e,x € N,
fE-F.(r) < Arcf)(t+-F.(x)).

With each finite part 7 # @ such that dom(7) = {z1,...,2,} and 7(z1) =
S1y...,T(xn) = sp, wWe associate the element 7% = 11, (II(x7, s1), ..., 11(x}, s,))
of A*. Let T =0if 7 = @.

Define K4 = {I13(6*,e*,2*) | (37 2) (7 I+ Fo(x)) & e*, 2% e N*}.

Definition 3.1.6. The jump of the structure A is the following structure:
"4, = (A*;AOJRIJ .- '7R;7GH7GL7GR7:7KA)'
The following proposition follows directly from Lemma 3.1.2.

Proposition 3.1.7. Let f be an enumeration of A. Then
() A) = fHA) @ () (KA.
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3.2 Every Jump Spectrum is Spectrum

Theorem 3.2.1. For every structure A there exists a structure B such that

DS, (A) = DS(B).

Proof. Let B = A’ defined above. We shall prove that DS;(A) = DS(B).
We divide the proof into two parts.

Proposition 3.2.2. DS;(A) c DS(B).

Proof. Let a € DS;(A) and let g be an enumeration of A4 such that
g '(A) e a. By Proposition 2.4.2, there exists an injective enumeration f
of A such that f~1(A) <7 g"'(A). Since f~1(A) <r g7 (A) and DS(B) is
closed upwards, it is sufficient to show that dr(f~1(A))" € DS(B). For we
shall show that (f*)=1(B) <r f~}(A)" and use once more the fact that DS(B)
is closed upwards.

From the construction of the enumeration f* in the proof of Lemma 3.1.2
it follows that f* is also injective.

Recall the definition of the subset N* = {x* :x € N} of A*. For every nat-
ural number z let z# = (f*)"!(2*) and let N# = {z# :x e N} = (f*)"1(N*).
Notice that 0% = 0 and (z +1)* = J(0, 2#) and hence N# is a computable set.
Clearly there exist computable functions n; and ny such that for all natural
numbers z, ny(x#) = x and ny(z) = 2#.

Denote by A the set of all finite parts in A. Clearly for every finite part
7, there exists a unique element 7% of A* defined as in the previous section
and a unique natural number 7# = (f*)~1(7*).

Let A*={7r*:7eA} and A% = {77 : 7 A} = (f*)"1(A*).

It is easy to see that a number 7# belongs to A# if and only if 7# =0 or
for some n > 1 there exist n distinct elements z1#, ..., x,# of N# and n odd
numbers 1, ...,y, such that

T# = Jn(J(xl#ayl)a R J(xn#7yn))'

Therefore the set A# is also computable.
Given a 7% = J,,(J(x1%,y1), ..., J(xn 7, yn)) € A% let

dom(7#) = {z7,... 2,7}

and for every x;# € dom(77), set 7% (x;#) ~ y;.
We shall assume that dom(7#) = @ if 7% = 0.



56 CHAPTER 3. JUMP OF A STRUCTURE

Notice that dom(7#) = {x# : x € dom(7)} and for every x € dom(7),
F(r#(a#)) = f(r#(@#)]2) = 7(a).

Let Rc A" and 7 € A. Recall the definition of the finite function 7=!(R)
given in the previous subsection. Clearly

T Y R)(u) 1 <= (Fxi#,..., 2,7 edom(77))(u=(x1,...,2,) &
(7#(21#)[2, ..., 7% (2.7)[2) € f1(R))
(3.2.1)
and

T HR)(u) 20 < (Fxi#,... 2,7 edom(77))(u=(x1,...,2,) &
()2, 7 (@) [2) £ FL(R)).
(3.2.2)
By (3.2.1) and (3.2.2), there exists a computable function p such that for
every 7€ A, 771 A) = {p(#) (A,
It is easy to see that there exists a computable predicate P such that for
all 7,0 e A, P(77,0%7) ~1 < 71 CJ.
Thus we obtain that
(f )Y NEK ) ={J3(67, e, a7): (e A)(0cT & TIF Fo(x))} =

L

(J3(6%, e, a#) : (3r# € A#)(P(5#,7#) ~ 1 & e WPTH Py,
Hence (f*)"1(K4) is c.e. in f71(A). From here it follows that (f*)1(K4) <r
f~1(A)’. Therefore, by Proposition 3.1.7, (f*)~%(B) <r f~1(A)".

O

Now we turn to the proof of the reverse inclusion. We shall need the
following property of the jump spectrum:

Lemma 3.2.3. Every jump spectrum is closed upwards.

Proof. Consider a structure A. Let b be a degree, b > a and a€ DS;(A).
Then for some c € DS(A), ¢’ =a. By the relativized jump inversion theorem
of Friedberg, there is a degree d > ¢ such that d’ = b. By Proposition 2.4.3,
de DS(A). Thus b=d"e DS;(A). O

Proposition 3.2.4. DS(B) < DS,(A).

Proof. Let ae DS(B) and m be an enumeration of B such that m=1(B) € a.
By Proposition 2.4.2; there exists an injective enumeration f of B such that

f1(B) <r m™1(B). We shall construct an enumeration g of the structure A
such that g71(A)" <t f~1(B). Then, by Lemma 3.2.3, a€ DS;(A).
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Recall that B =A’. Let f~1(A) = A# and f~1(K4) = K#. Clearly the sets
A# and K# are computable in f~'(B). defnine the computable in f~1(B)
function J by J(z,y) = f~1(II(f(z), f(y))). Clearly there exist computable
in f~1(B) functions [ and r such that for all z,y € N,

I(J(z,y)) =z and r(J(x,y)) = y.

Set Ji(x1) =x1 and Jpi1 (21, ... Tpe1) = J(x1, Ju (T2, .o Tps1))-

For every natural number x consider the element z* of A* and let z# =
f(z*). Let N# = {a# : x € N}. Now, we have that N# is computable in
f7Y(B) and that there exist computable in f~1(B) functions n; and ny such
that for all z € N, ny(z) = 2% and ny(a?) = .

Given a partial mapping h of N in A, by h# we shall denote the unique
mapping of N# in A# satisfying for all natural numbers x the equality:

h# (a7) = [~ (h()).
Clearly for all partial mappings h; and hy of N in A,
hl c hg <~ hl# c hg#.

For finite parts 7 we shall identify 7# and its code f~'(7*). Denote by A
the set of all finite parts and let A# = {77 : 7 € A}. Notice that the set A# is
computable in f~1(B).

As in the proof of the previous proposition one can easily see that there
exists a computable in f~1(B) function p such for every finite part 7, 771(A) =
{p(r#)}1 ),

Now we turn to the construction of the enumeration g. We shall construct
g as a generic enumeration such that g7 is computable in f~1(B).

The enumeration g will be constructed by stages. At each stage s we shall
define a finite part 7, so that 7, € 75,1 and let g = U, 7.

From the construction it will follow that the function As.7,# is computable
in f~1(B) and hence the mapping ¢ is also computable in f~1(B).

We shall consider two kinds of stages. On stages s = 2r we shall ensure
that the mapping ¢ is total and surjective. On stages s = 2r + 1 we shall
ensure that g is generic.

Let 79 = @. Suppose that we have already defined 7.

(a) Case s = 2r. Let = be the least natural number such that x# does
not belong to dom(7,#) and let y be the least natural number in A# which
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does not belong to the range of 7,#. Set 75,1(2) = f(y) and 741(2) ~ 75(2)
for z + x.

(b) Case s =2(e,z) + 1. Consider the set X(c ) = {6 |0 IF F.(x)}. Check
whether there exists a finite part § € X(. ;) which extends 7,. Clearly this is
equivalent to J3(757, e#, x%) € K.

If the answer is negative then 7 IF =F,.(x). Set Tgy1 = 7s.

In the case of a positive answer find a 6# such that 7,# ¢ 0# and

re We{p(5#)}f_l(8) ‘

We can do that effectively in f~1(B) by enumerating all triples (0%, t1,%5),
where 7,# ¢ 0#, t;,t5 € N and checking for every such triple whether

-1
; W{p(é#ng “”.

e,tq

Set Tg41 = 0.
End of the construction
By the genericity of g,

reg(A) < geF.(2) < (Arcg)(t+ F, (1))
(Ir# cg#)(we Wip(T#)}f_l(B)).

and

reNNg(A) <= ge-F,(z) < (3rcg)(tIF-Fy(z)) <
(3% < g#) (Js(r#, ot a#) § ).

Since g# is computable in f~1(B), we get from here that g~1(A)’ and
N~ gt (A) are cee. in f1(B) and hence g1 (A)" <r f~1(B). O
The proof of the theorem is concluded. O

3.3 Jump inversion theorem

Naturally, once we have a jump of a structure, the question of jump inversion
arises: Given a structure A with DS(A) consisting of total degree above 0/, is
there a structure C such that DS;(C) = DS(A). We will prove an even more
general Friedberg’s style jump inversion theorem. Let A and B be structures
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such that DS(A) ¢ DS1(B) (so, all elements of DS(.A) are above 0’). Then
there exists a structure C such that DS(C) ¢ DS(B) and DS;(C) = DS(A).

The proof of this theorem uses the method of Marker extensions, which
will be discussed in detail in the next subsection.

3.3.1 Marker’s Extensions

Marker | | presented a method of constructing for any n > 1 an Rg-
categorical almost strongly minimal theory which is not ,-axiomatizable.
Further Goncharov and Khoussainov | | adapted the construction to
the general case in order to find for any n > 1 examples of R;-categorical
computable models as well as Ry-categorical computable models whose theories
are Turing equivalent to @(™. We shall give the definition of Marker’s 3 and
V extensions following | |.

Let A= (A; Ry,..., Rs,=) be a countable structure such that each predicate
R; has arity r;.

Marker’s 3-extension of R;, denoted by R7, is defined as follows. Consider
a set X; with new elements such that X; = {xl('al ..... o) | Ri(a,...,a.)}. We
shall call the set X; an 3-fellow for R;. We supposelthat all sets A, Xq,...,
X, are pairwise disjoint.

The predicate R is a predicate of arity r; + 1 such that

Ri(a1,...,a,,,7) < ay,...,a, eA& e X; & xzxfal """" ar,)"
The property of R? is that for every ay,...,a,, € A
(3z € X;)Ri(ay,...,a,,,2) < Ri(ai,...,a,,). (3.3.1)

Definition 3.3.1. The structure A2 is defined as follows:

(AUUXi;R%,...7R37X17...7X5,=),
i=1

where each R; is the Marker’s 3-extension of R; with the 3-fellow X;.

Further, Marker’s V-extension of R, denoted by R?Y, is defined as follows.
Consider an infinite set Y; of new elements such that

Y; = {g;f&lmawm> :=R¥(a1,...,a,,7) & ay,...,a,, € A, & v e X;}.
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We shall call the set Y; a V-fellow for R;. We suppose that all sets 4, X1,...,
X, and Yy,..., Y, are pairwise disjoint.

The predicate R;" is a predicate of arity r; + 2 such that

1. If R?(ay,...,a,z,y) then ay,...,a,, € A, xe X; and y € Yj;

2. Iftay,...;a,, €A, & xe X; & yeY; then

R (ar. o an,3y) < Y=y,

7"'7a7"iﬂ‘r) ’
From the definition of R7¥ it follows that if ay,...,a,, € A and x € X; then
(Vy e Y )R (ay,...,a,,2,y) <= Ri(ai,...,a,, ). (3.3.2)

Definition 3.3.2. The structure A3 is defined as follows

(AUUXZ-UUYQ;R?V,...,R?V,Xh...,XS,YI,...,YSF),
=1 i=1
where X is the 3-fellow for R; and Y; is the V-fellow for Rf.
The structure A37 has the following properties:

Proposition 3.3.3. 1. Let ay,...,a,, € A. Then:

(a) Ri(ay,...,a,,) <= (e X;)(Vye )R} (a1,...,a,,2,y);

(b) If R;(ai,...,a,,) then there exists a unique = € X; such that
(Vy € K)Riv(ah s 7am7l‘7y);

2. For each sequence ay,...,a,, € A and x € X, there exists at most one
y € Y; such that =RV (a4,...,a,,x,y);

3. For each y € Y] there exists a unique sequence a4,...,a,, € A and v € X,
such that =R3"(a1,...,ar,2,y);

4. For each z € X; there exists a unique sequence ay,...,a,, € A such that
for all y € Y; the predicate R?"(ay,...,a,,,,y) is true.

Proof. 1. (a)(=) Let R;(a1,...,a,,). Then by (3.3.1) there exists x € X;
such that 3 (as,...,an,2) (in fact = af, am). By (3.3.2) it follows that
for every y € Y; R (ay,...,ar,,2,y).

(«<) Let z € X; and R}¥(ay,...,a,,,z,y) for all y € Y;. Then by (3.3.2)
R(ai,...,a,;,x) and hence by (3.3.1) Ri(a1,...,a,,).
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1. (b) Follows from the definition of X; and (3.3.2).
2. Follows from (3.3.2) and the definition of Y;.
3. Follows from the definition of Y;.

4. Let x € X;. Then z = xéal .y for some ay,...a,, from A such that

Ri(a1,...,a,;). Hence R(ay,...,a,,,2). Then, by (3.3.2), there is no y € Y;
such that -R;"(ay,...,a,,z,y). Clearly for every sequence by, ...,b,, € A not

equal to ay,...,a,,, R(by,...,b,,, ) is false and hence for y = yfbl by 2y theE

predicate RZ¥(by,...,b,,,z,y) is false.
O

3.3.2 Join of Two Structures

Let A= (A;Ry,...,Rs,=) and B=(B; Py,...,P;,=) be countable structures
in the languages £ and L, respectively. Suppose that £, n Ly = {=} and
AnB=g. Let L=LyULyU{A, B}, where A and B are unary predicates.

Definition 3.3.4. The join of the structures A and B is the structure A& B =
(AuB;Ry,...,Rs, P1,..., P, A, B,=) in the language L, where

(a) the predicate A is true only over the elements of A and similarly B is
true only over the elements of B;

(b) each predicate R; is defined on the elements of A as in the structure
A and false if some of the arguments of R; are not in A and similarly each
predicate P; is defined as in the structure B over the elements of B and false
if some of the arguments of P; are not in B.

Lemma 3.3.5. Let A and B be countable structures and C = A® B. Then
DS(C)c DS(A) and DS(C) c DS(B).

Proof. We shall prove that DS(C) € DS(A). The proof of DS(C) < DS(B)

is similar.
Let f be an enumeration of C. Fix zg € f~1(A). defnine

m(0) = zo;
m(i+1)=pze fHAVE<)((m(k),2) ¢ f71(=))].

Set h = Az.f(m(x)). Note that m <y f~}(C) and the enumeration h of A
is injective and hence h~!(=) is computable. Moreover

(x1,. o 2p) e hH(R;) <= Ri(f(m(z1)),..., f(m(z.,)))
— (m(x1),...,m(z,,)) € fH(R;).
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Thus h=Y(R;) <7 f71(C).
Then h~*(A) <t f1(C). Since DS(A) is closed upwards, dr(f~1(C)) €
DS(A). |

3.3.3 Representation of X)(D) Sets

Let D c N. Aset M ¢ N is in (D) if there exists a computable in D
predicate () such that

neM < Fa¥bQ(n,a,b) .

Definition 3.3.6. | | If M e X3(D) then M is one-to-one representable
if there exists a computable in D predicate () with the following properties:

1. ne M < 3a¥bQ(n,a,b);

2. ne€ M <= there exists a unique a such that VoQ(n,a,b);

3. for every pair (n,a) there is at most one b such that -Q(n,a,b);
4. for every b there is a unique pair (n,a) such that -Q(n,a,b);

5. for every a there exists a unique n such that YbQ(n,a,b).

The predicate ) from the above definition is called an one-to-one repre-
sentation of M. Goncharov and Khoussainov | | proved the following
lemma:

Lemma 3.3.7. If M is a co-infinite X9(D) subset of N and there is an infinite
computable in D subset S of M such that M \ S is infinite, then M has an
one-to-one representation.

Remark. We will use the lemma in the next subsection in the proof of
Theorem 3.3.9. In order to satisfy the conditions of the lemma we need the
following technical explanations.

Let A= (A;Ry,...,Rs,=) be a countable structure. Recall that the set A
is infinite. We can easily find a structure A# with the same degree spectrum
as A and such that for every injective enumeration f# of A# and for each
predicate R of A# the set f# '(R) is co-infinite and there is a computable
infinite subset S of f# ' (R) such that f# '(R)~ S is infinite.
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One way to do this is the following. We add to the domain A of the
structure A two new elements say “T” and “F”. For each r-ary predicate R of
A define a (r + 1)-ary predicate R#* as follows:

true if Te {a1,...,a,,b};
R*(ai,...,a,,b) =1 false if Fe{ay,...,a,,0} & T¢A{ay,...,a,,b};
R(ay,...,a,) it F T ¢{ay,...,a,,b}.

Let A# = (AU{T,F};R*,... R =).

Lemma 3.3.8. DS(A) = DS(A#) and for every injective enumeration f#
of A# and each nontrivial predicate R;” the set f#fl(RZ-#) is co-infinite and
there is a computable infinite set S ¢ f# ' (R;¥) such that f# '(R;#)\ S is
infinite.

Proof. For each injective enumeration f of A we construct an enumeration

f# of A# as follows: f#(0) =T, f#(1) =F and f#(x+2) = f(«). Then

(x1,... 00, 2) € fEH(RT) <= (0e{z1,... 2, 2})V
(0,1 ¢{z1,...,2p, 2} & (21 —-2,...,2,, —2) € [THR))).

It is obvious that f#'(R;#) <;! (R;). Moreover let ¢ # 0, 1.
(1, zn) e fUR) <= (2+2,..., 2, +2,¢) € f(RH).
So f#_l(RZ#) =T f_l(Rl)
For each injective enumeration f# of A# we construct an injective enu-

meration f of A as follows. Let ¢t = f# ' (T), ff = f# ' (F) and a € f# ' (A).

m(0) = a;
m(i+1)=pz[(VE<i)(z#m(k) & z#tt & z# f[].

Set f = Az.f#(m(x)). Then
(1,...,2,) € FUR) <= (m(21),....,m(a,),a) € £ (RH).

(21,... 2y, 2) € fFH(RT) < (tte{xr,... 20, 2})V
(tt, ff E{z, w2} & (mH (@), ... om7H (@) € 71 (R))).

So f_l(Rl) =r f#_l(RZ#)
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In order to see that DS(A) ¢ DS(A*) let a € DS(A) and let h be an
enumeration of A, h~'(A) € a. By Proposition 2.4.2, there exists an injective
enumeration f of A such that f1(A) <r h™'(A). Then let f# be the
enumeration of A# constructed above and so f~1(A) = f# ' (A#). Then by
Proposition 2.4.3 we have that a € DS(A#). The proof of DS(A#) < DS(A)
is similar.

For each injective enumeration f# of A# the set f# '(R;") is co-infinite
since the set {(z1,...,z.,2) | ffe{z1,... 2., 2} & tt ¢ {x1,...,2,,,2}} i
infinite, here ¢t = f#7'(T), ff = f# '(F). There is an infinite computable
subset S = {(z1,...,2,,2) | tt € {x1,... 2, 2}} of f# ' (R#). Moreover
N (R#) S is infinite. Let ai,...,a,, € A such that R;(ay,...,a,,). The
set {(f# ' (ar),....f#¥ " (ay,),2) | z€ N & z ¢ {tt, ff}} ¢ f# " (RF) S is
infinite.

Note that actually the set f# '(~R;¥) is also co-infinite and there is
an infinite computable subset P of f#'(=R;*), so that f# '(~=R;*)\ P is
infinite. O

3.3.4 The Jump Inversion theorem

Theorem 3.3.9. Let A and B be structures such that DS(A) € DS;(B). then
there exists a structure C such that DS(C) ¢ DS(B) and DS,(C) = DS(A).

Proof. Let A= (A;Ry,...,Rs,=). For every predicate R; consider a new
predicate R{ which is equal to the negation of R;, i.e.

Ri(ay,...,a.) < =Ri(ay,...,a,,),

for every ay,...,a,, € A.

By Lemma 3.3.8 we may suppose that for every injective enumeration
f of A and each nontrivial predicate R; the sets f~1(R;) and f~1(R¢) are
co-infinite and there are computable infinite sets S ¢ f~1(R;) and P ¢ f~1(RY)
such that f~1(R;) ~ S and f~1(R$) \ P are infinite.

We extend the structure A including the negations of the predicates as
follows:

A= (AR, R,... R, R, =).

We will denote the new structure by A = (A; Ry, Ry, ..., Ros_1, Ros, =), where
ﬁQl‘_l =Ri and }_%QiZRf for i = 1,...,8.

It is clear that DS(A) = DS(A) since for each enumeration f of A we
have that f~1(A) =r f1(A).
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Consider now the structure A . Let X; be the 3-fellow of R; and Y; be
the V-fellow of &, j=1,...,2s.

Without loss of generality we may assume that the structures
B=(B;P,...,P,=) and A are disjoint.

Let C=BoA . By Lemma 3.3.5, DS(C) € DS(B). We shall prove that
DS,(C)=DS(A).

We start with the proof of the inclusion DS;(C) € DS(A).

Let ¢ € DS1(C) and let g be an enumeration of C such that ¢ = dr(g=*(C))".
By Proposition 2.4.2 there is an injective enumeration h of C such that
h=1(C) <r g'(C). We shall construct an enumeration f of A such that
fH(A) <1 h™1(C)" and hence f~1(A) <t g7*(C)’. Then by Proposition 2.4.3,
ce DS(A).

We have

seh(A) = (Y <25) (24 (X)) & 2 fh(Y)) & 2 £ (B,

Thus h~1(A) <7 h7(C).

Fix g € h™1(A). Let

m(0) =xo; m(i+1) = pz e Y (A)[(VE <i)(m(k) # 2)].

Clearly m <t h=(C).

Set f = MXa.h(m(a)). Note that the enumeration f is injective.

Let R be an r-ary predicate of A, X be the 3-fellow of R and Y be the
V-fellow of R3.

By Proposition 3.3.3, we have

(a1,...,a.) € fH(R) <= R(f(a1),...,f(a,)) <

(Jae X)(VbeY)RY(f(ar),..., f(ar),a,b) —

(3z e A1 (X)) (Vy e 71 (V)R (h(m(a1)), - ., h(m(ar)), h(x), h(y)) <=
(Fz e h 1 (X)) (Vy e Y (Y))((m(ar),...,m(a.),z,y) € AL (R)) —
(Ax)(Yy)((m(ar),...,m(a,),z,y) e Y (R?Y) & x e h"I(X) & ye h"1(Y)).

Hence f~1(R) € X9(h71(C)).
Consider now the complement predicate R¢ and let X¢ be the 3-fellow for
Re and Y* be the V-fellow for (R¢)3. We have again:

(a1,...,a,) € fHRY) < Re(f(ar), ..., f(a)) <
(3ae X) (Vb e YO) (R (f(ar), ... fla),a,b) <
(3z e (X)) (Vy € 1Y) ((m(ar), . .. ,m(a,), z,y) € - (Re)3Y).
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Thus f~1(R¢) e 29(h"1(C)). Therefore f~(R) € AY(h"1(C)) and hence
fHR) <z (€)'

So, f1(A) <1 h™1(C)".

Now we turn to the proof of the reverse inclusion DS(A) ¢ DS;(C).

Let a € DS(A) and let n be an enumeration of A such that a = dp(n=1(A)).
By Proposition 2.4.2, there is an injective enumeration f of A such that
f1(A) <p n"1(A). We are going to construct an enumeration h of C such
that h=1(C)’ <t f~1(A). Since, by Lemma 3.2.3, DS;(C) is closed upwards
we shall obtain that a € DS;(C).

Recall that DS(A) = DS(A) ¢ DS,(B) and dp(f~1(A)) € DS(A). Then
there is an enumeration g of B such that f~1(A) =¢ (¢71(B))". Set D = g1(B).
Consider the predicate R;. Let R; be r-ary. Since f~!(A) <r D', we have that
fUR;) <y D'. Then f~1(R;)eX)(D). Set M; = f1(R;). the enumeration
f is injective and hence the set M; is co-infinite and there is a computable
infinite set S ¢ M; such that M; \ S is infinite. So M; satisfies all conditions
from Lemma 3.3.7. Then by Lemma 3.3.7 there exists a computable in D
predicate (); which is a one-to-one representation of AM;. Then

1. (n1,...,n,) € M; < there exists a unique a such that

(V0)Q;((n1,...,n.),a,b);

2. for every b let (b) = ((n1,...,n,),a) be the unique pair such that
_'Qj(<n17 v 7”7‘>7 a, b)a

3. for every a let I(a) = (n1,...,n,.) be the unique (ng,...,n,) such that
VbQJ(<n1, . ,nr),a, b)

Let Ny = {{1,n) | n e N}, Ny = {(2,j,a) | j <2s & a € N} and N3 =
{(3,7,b) | j <25 & be N}. Set Ny = N\ (U2, N;). Consider a computable
bijection m from N onto Nj.

The definition of the enumeration h of C is the following:

h(m(n)) = g(n);

h((1,n)) = f(n);

-----

.....
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) | Rj(a,...,a,)} is the I-fellow for R; and
Y;={yl, . . |-R(ar,...,a,2)} is the V-fellow for R,.

(a1,..., - 7
From the choice of Y; it follows that

-Qi({n1,...,ny),a,0) <= r(b)={(n1,...,n,),a)
= h({3,75:0) = Y (n),.o ) 2i0)

.....

= B (f(m)..... f(n,),h({2,3,0)). h({3,5.0))).
And then

Qi((n1,...,m,),a,0) < R ((f(m),- -, f(n,), h((2,,a)), h((3,7,b)))-

defnine
—av,h

R; 7 (((1,m1),... . (1,n,),(2,4,0),(3,7,b))) <= Q;({ny,...,n,),a,b) .

It follows that Fjv’h <t D. Moreover

—3V,h

Rj (((1,711),...,(1,717« )_7§37J7G>7<37]7b>>) —
Ry (h((1,n1)),... . h({L,n,))), h((2, 7. a)), h({3.5,0)))

So E?V’h = hfl(ﬁjlv) and hence hfl(ﬁja-v) <r D.

The sets h™1(A) =Ny, h™H(X;) = {(2,7,a) [a e N}, h7H(Y;) = {(3,5,0) |
be N} are computable. Then h‘l(jlav) <r D.

Note that

Ri(f(n),....f(nn)) <= (ni,...,n0) e fH(Ry)
— (Ha)(Vb)Q%\g(}zzl,...,nr),a,b)
= GaVOR " ({1 (L), (2,5,0),(3.5.0)
< (e X;))(VyeY)R, (f(m),...,f(n),z,y).

For every predicate P; of B it holds that
hY(Py) = {{m(n1),...,m(ny,)) [ (n1,...,np,) €971 (P;)} and h~1(B) = No. It
is obvious that h=1(B) <t D = g~1(B).

The pullback of the equality is defined over the elements which are pull-
backs of elements of B as g7'(=). Over the other elements the equality is
defined in the usual way. So, h71(=) is the set:

{z,y) [ ((m7H (@), m ™ (y)) e g7 (=) & zyeNo) v (z=y & 2,y ¢ No)}.



68 CHAPTER 3. JUMP OF A STRUCTURE

Then h='(=) <t D. Thus h- 1(8@.4 ) h=*(C) <r D = g7%(B). Using that
g1 (B)' =p f1(A), we get from here that h=*(C)" <1 f~ 1(A). m
The next natural questions is if one can extend the jump inversion theorem
to every constructive ordinal a.. As we explained at the beginning of the chap-
ter, Goncharov, Harizanov, Knight, McCoy, Miller and Solomon | ]
show that this is true if a is a computable successor ordinal, even though
they do not state their result in terms of the jump of a structure. This result
was useful later on, for instance Greenberg, Montalbén and Slaman | ]
use it to build a structure whose spectrum consists of the non-hyperarithetic
degrees. Vatev | : : | proves the a-jump inversion theorem
for a computable successor ordinal a based on the construction in | |.
He shows also that for any structure A such that the elements of DS(A) are
above 0(®) for a computable successor ordinal @ > w, there is a structure C such
that C(®) =, A and moreover for every X ¢ A, (X € X¢(C) < X € X$(A)).
The problem of jump inversion for o = w, or, in general, any computable
limit ordinal remains open for longer. In one of his last papers Soskov | ]
finally proves that there is a good reason for that.

Theorem 3.3.10. | | There is a total structure A with DS(A) ¢ {b |
0% < b} for which there is no structure M with DS,,(M) = DS(A).

The proof relies on an analysis of the w-jump co-spectrum of a structure.

3.4 Some Applications

We will present some applications of the jump inversion theorems | ,

|. The jump inversion theorem proved in the previous section can be
easily generalized in the following way. Let remain the definition of the jump
spectra.

Definition 3.4.1. Given a structure A and n > 0, let the nth jump spectrum
DS, (A) be the set {a™ :ae DS(A)}.

We denote by A the n-th jump of structure A defined inductively:
A©) = A; A+ = (An)
Clearly DSy(A) = DS(A) and DS,,,1(A) ={a’:ae DS, (A)}. Using this
and Theorem 3.2.1, one can easily see by induction on n that for every n
there exists a structure A such that DS, (A) = DS(AM).
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Theorem 3.4.2. Let A and B be structures such that DS(A) ¢ DS, (B).
Then there exists a structure C such that DS(C) ¢ DS(B) and DS,(C) =
DS(A).

Proof. Induction on n. The assertion is obvious for n = 0. Suppose that
it is true for some n. Let DS(A) ¢ DS,,1(B). Consider a structure B(™
such that DS(B™) = DS, (B). Clearly DS(A) ¢ DS;(B™) and hence by
Theorem 3.3.9 there exists a structure C* such that DS(C*) ¢ DS(B™) and
DS;(C*) = DS(A). By the induction hypothesis, there exists a structure
C such that DS(C) ¢ DS(B) and DS,(C) = DS(C*). Then DS,..(C) =
DS (C*)=DS(A). ]

Recall that degree a is said to be the nth jump degree of a structure A if
a is the least element of DS,,(A). Notice that if a is the nth jump degree of
A then for all k, a®) is the (n + k)th jump degree of A. Hence if a structure
A possesses a nth jump degree then it possesses (n + k)th jump degrees for
all k.

With respect to the jump degrees of A it does not matter whether we
consider arbitrary enumerations of A or only injective enumerations of A.
Indeed, by Proposition 2.4.2, if a is the least element of the spectrum of A
then a = dr(f~1(A)) for some injective enumeration f.

The definitions above of the jump spectrum can be naturally generalized
for all computable ordinals a. In | | Downey and Knight proved with
a fairly complicated construction that for every computable ordinal a there
exists a linear order A such that A has ath jump degree equal to 0(®) but
for all § < «, there is no Sth jump degree of A. Now we can obtain this
theorem for the finite ordinals as an application of Theorem 3.3.9. Consider
a structure B such that DS(B) consists of all degrees above 00" and has no
least element, and such that 0("*1) is the least element of DS;(B). Let A be
any total computable structure, e.g. A = (N;=) Clearly DS(B) < DS, (A).
By Theorem 3.4.2 there exists a structure C such that DS, (C) = DS(B).
Therefore C does not have a n-th jump degree and so no k-th jump degree
for k <n. On the other hand DS,,,1(C) = DS;(B) and hence the (n +1)-th
jump degree of C is 0(n+1),

Why does such a structure B exist? We want:

(C1) DS(B)c {a|0®™ <a}.

(C2) DS(B) has no least element.



70 CHAPTER 3. JUMP OF A STRUCTURE

(C3) B has a first jump degree equal to 0(*+1).

To explain this we use a following result. There is an e-degree q that
is quasi-minimal relative to 0(") and with q’ = 0(»*1). This follows from a
relativization of the Jump inversion theorem of McEvoy | | :

There is a set S, such that

1. gMae (N~g)<, S;
2. (VX)(Xo(N\X)<. S= X <p o),
3. @(n+1) =r Sé

Let q =d.(S). Let B =G be the torsion free abelian group of rank 1 from
Example 2.4.5 with characteristic S(G) =S. So, sy =q =d.(S5). Recall that
DS(G) = {a|sg <. a and a is total} and the first jump degree of G is s;. So,
we have:

1. DS(G) ={dr(X)|S is ce. in X}.
2. d7(S?) is the first jump degree of G.

Let dr(X) € DS(G). Then S is c.e. in X and hence ™ & N \ g(™ is c.e.
in X. Then @™ <t X. So, G satisfies (C1). Clearly G satisfies (C3).

Assume that dp(X) is the least element of DS(G). Then, by Selman’s
theorem | |, Xo (N~ X) <. S, and hence X < @™. Thus S is c.e. in
(™). From here it follows that S <, @™ @ (N~ @(™). A contradiction. So,
G satisfies (C2).

An easy application of Theorem 3.2.1 is the main property of the jump of a
structure. Consider a relation R ¢ A™. The relation R is relatively intrinsically
Y9 on A if and only if R is relatively intrinsically ¢ on A’. Indeed, let R
be relatively intrinsically 32 on A’. If f is an enumeration of A, we have to
show that f~1(R) is X9 in f~'(A), or equivalently f~'(R) is c.e. in f~1(A)".
Consider the enumeration f* of A’, that extends f, defined in Lemma 3.1.2.
We know that f~1(R) = (f*)"(R) and (f*)"'(A") <r f~1(A)’. Since R is
relatively intrinsically 39 on A/, we have that (f*)~'(R) is c.e. in (f*)"1(A").
So, f7Y(R) is c.e. in f~1(A)".

For the other direction let R be relatively intrinsically X9 on A. Let f
is an enumeration of A’. We have to prove that f~'(R) is c.e. in f~1(A").
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We construct a generic enumeration g of A as in Theorem 3.2.1 and we have
that g7'(A)’ <7 f~1(A"). Since R be relatively intrinsically X9 on A, g~'(R)
is c.e in g7 (A)". So, since f1(R) = g# '(R#), and the mapping g# is
computable in f~1(A’"), we have f~'(R) is c.e. in f~1(A").

Our next application is a generalization of results of Slaman | | and
Wehner | |. They give an example of a structure with degree spectrum
consisting of all noncomputable Turing degrees.

Theorem 3.4.3. | | There is a family of finite sets, which has no c.e.
enumeration, i.e. c.e. universal set, and for each noncomputable set X there
is a enumeration computable in X.

First we relativize this theorem.

Theorem 3.4.4. Let B € N. There is a family F of sets, which has no c.e.
in B enumeration, and for each set X >r B there is a enumeration of the
family F, computable in X.

Following an idea of Kalimullin | | we consider the following family
of sets

F={{0}eBlu{{1}®B}u{{n+2}®F|F finite set, F = WP},

Proposition 3.4.5. Let X ¢ N. If a universal for F set U is c.e. in X then
X > B.

It is clear that B < X.

If we assume that B =7 X, then we can construct a computable in B
function g, such that (Vn)(WgEgn) # WB). This is a contradiction with the
recursion theorem.

Proposition 3.4.6. Let B <r X. There exists a universal set U for the
family F, such that U <y X.

Since X ¢ B then at least one of the sets X or X is not c.e. in B. Without
loss of generality assume that X is not c.e. in B. Fix an enumeration of
X ={x1,...,xs,...} and denote by v, = (z1,..., ).

The set U we construct in stages. At each stage s we find an approximation
U® of U and a witness x, ., for every finite set F’ and i,n € N.
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Construction

U°={(0,0)}u{(0,2z+1)|ze Byu{(1,2)}u{(1,2¢+1) |z ¢ B}u
{({n,F,0)+2,2n+4)}u{((n, F,i)+2,2x+1) |z € F'}
(3.4.1)
for each finite set F' and i,n € N and let xg’F,i =-1.
At stage s, denote by I o = {x|({(n,F,i)+2,2x+1) e Us}.

s B s _ s+1  _ .8
o If F ny # Wi and o, o # -1, we set a3y, = @), 5.

o If F, 1y = Wi and @}, o, # -1, we set zy'p, = —1 and add ((n, F,i) +

2,2v, +1) to Us*.

o If #}, p; = -1, we check if there is a z such that z € F{} +zeWh.

If there is such a number z, we set z5*4 . to be the least one. If not, we
add ((n, F,i) + 2,20, + 1) to Ust!.

End of construction
Let U=U,U® and F = F*.
Consider the sequence {z7, 5, }.

1. If this sequence has a limit a natural number, i.e. it is stable for all
s > so for some sg, then the index (n, F,i) is an index of a finite set
from the family F.

2. If the sequence has a limit —1 or it does not have a limit at all, then

there exists a monotone sequence of stages s; < $o <:+-< 8, <..., such
that WP ={v, |keN}uF. It follows that the set {v, |ke N} is c.e.
in B, and hence X is c.e. in B. A contradiction.

It follows that every set with index greater than 1 in U is finite and belongs
to the family F. It is clear that every member of the family F has an index.
Moreover ({n, F,i)+2,2x+1) € U if and only if one of the following holds:

1. xeF;
2. x=(1,...,vs), for some s.

Hence U <7 X.
So the constructed set U is universal for the family F and U <y X.
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Theorem 3.4.7 (Wehner, Slaman). | I | There is a structure C,
for which DS(C) = {x|x >7 0}.

The relativized result is the following:

Theorem 3.4.8. For each n € N and every Turing degree b > 0(") there
exists C, for which DS, (C) = {x|x>7 b} .

We construct the structure A, such that DS(A) = {x | x >r b}, using
the family F in the same way as is done in | |. Let B=(N;=). It
is clear that b € DS,(B) for each b > 00®). Thus DS(A) ¢ DS,(B). By
the Jump inversion Theorem 3.4.2 there exists a structure C, such that
DS, (C)=DS(A).

We would like to note that there is a relativized variant of Wehner’s result
for b =0 and for b = 0" as follows: Goncharov, Harizanov, Knight, McCoy,
R. Miller and Solomon | | show that for every n there is a structure
C, such that DS(C) = {x | x(" >7 00} ie. the degree spectrum contains
exactly all non-low,, Turing degrees.

Harizanov and R. Miller | | proved that there is a structure C, such
that DS(C) = {x|x’ 27 0"} and the last author made a suggestion that they
can use an arbitrary Turing degree b in place of 0” and thereby building
structures with spectrum {x | x’ >y b}.

In conclusion would like to point out that the Jump inversion theorem
gives a method to lift some interesting results for degree spectra to the nth
jump spectra.
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Chapter 4

Strong jump inversion

In this chapter we will present a general result with sufficient conditions for
a countable structure to admit strong ump inversion. We will show several
classes of structures where these conditions apply, such as some classes of
linear orderings, Boolean algebras, trees, models of theory with few types and
differentially closed fields. These investigations are join with Wesley Calvert,
Andrey Frolov, Valentina Harizanov, Julia Knight, Charles McCoy, Stefan
Vatev, and started when most of them visited Sofia in 2013 and are published
in the paper | |-

We say that a structure A admits strong jump inversion provided that
for every oracle X, if X’ computes D(C)’ for some C = A, then X computes
D(B) for some B = A. Jockusch and Soare | | showed that there are
low linear orderings without computable copies, but Downey and Jockusch
| | showed that every Boolean algebra admits strong jump inversion. D.
Marker and R. Miller | | have shown recently that all countable models
of DCFy (the theory of differentially closed fields of characteristic 0) admit
strong jump inversion. We establish a general result with sufficient conditions
for a structure A to admit strong jump inversion. Our conditions involve
an enumeration of Bi-types, where these are made up of formulas that are
Boolean combinations of existential formulas. We apply them on several
classes of structures.

We start with some definitions and examples. In Section 4.2, we give a
general result with sufficient conditions for strong jump inversion. In Section
4.3, we give several applications of our general result. The last of these gives
the result of Marker and Miller | | saying that all models of DC'Fjy admit
strong jump inversion. We add a result saying that the countable saturated

I6)
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model of DCF{ has a decidable copy.

4.1 Canonical jump and strong jump inversion

We often identify a structure A with its atomic diagram D(A). We are
interested in the following notion of jump inversion.

Definition 4.1.1. A structure A admits strong jump inversion provided that
for all sets X, if X’ computes D(C)’ for some C = A, then X computes D(B)
for some B = A.

Remark 4.1.2. The structure A admits strong jump inversion iff for all X
if A has a copy that is low over X, then it has a copy that is computable in
X. Here when we say that C is low over X, we mean that D(C)" <y X'.

The definition of strong jump inversion was motivated by the following
result of Downey and Jockusch | .

Theorem 4.1.3 (Downey-Jockusch). All Boolean algebras admit strong jump
inversion.

Proof. [Sketch of proof]

Let A be a Boolean algebra that is low over X. Then X' computes
the set of atoms in A. Downey and Jockusch showed that if X’ computes
(A, atom(x)), then X computes a copy of A. The proof involves some non-
uniformity. A Boolean algebra with only finitely many atoms obviously has
a computable copy. Suppose A has infinitely many atoms. If A is low over
X, then there is an X-computable Boolean algebra B with a function f, AY
relative to X, which would be an isomorphism from B to A except that it
may map a finite join of atoms in B to a single atom in 4. We convert f into
an isomorphism by re-apportioning the atoms (see Vaught | D). O

Here are some further examples of structures that admit strong jump
inversion.

Example 4.1.4 (Equivalence structures). Each equivalence structure is char-
acterized up to isomorphism by the number of equivalence classes of various
sizes. We consider equivalence structures with infinitely many infinite classes.
It is well-known, and easy to prove, that such an equivalence structure
has an X-computable copy iff the set of pairs (n,k) such that there are at
least k classes of size n is 3 relative to X. (See | | for a complete
characterization of the equivalence structures with computable copies.)
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Proposition 4.1.5. Let A be an equivalence structure with infinitely many
infinite classes. Then A admits strong jump inversion.

Proof.

If A is low over X, then the set ) consisting of pairs (n,k) such that
there are at least k classes of size n is XY relative to A, so it is X relative to
X. Then A has an X-computable copy. O

Example 4.1.6 (Abelian p-groups of length w). By Ulm’s Theorem, a count-
able Abelian p-group is characterized up to isomorphism by the Ulm sequence
and the dimension of the divisible part. For an account of this, see | |-
An Abelian p-group of length w can be expressed as a direct sum of copies
of Zyn+, for finite n, and the Priifer group Z,~. Then the Ulm sequence is
(un(G))new, where u,(G) is the number of direct summands of form Zn.
The dimension of the divisible part is the number of direct summands of
form Z,~. It is well-known, and easy to prove, that if G is an Abelian
p-group of length w with a divisible part of infinite dimension, then G has an
X-computable copy iff the set {(n, k) : u,(G) > k} is XY relative to X.

Proposition 4.1.7. Let G be an Abelian p-group of length w such that the
divisible part has infinite dimension. Then G admits strong jump inversion.

Proof.
Suppose G itself is low over X. The set {(n, k) : u,(G) > k} is X9 relative
to G, so it is X9 relative to X. Then G has an X-computable copy. O

Not all countable structures admit strong jump inversion.

Example 4.1.8. Jockusch and Soare | | showed that there are low linear
orderings with no computable copy.

Example 4.1.9. Let T be a low completion of PA. There is a model A such
that the atomic diagram D(.A), and even the complete diagram D¢(.A), are
computable in 7. Then D(A)" is AY. By a well-known result of Tennenbaum,
since A is necessarily non-standard, there is no computable copy.

There is a computable set of indices for computable ¥ formulas, so we can
enumerate, uniformly in D(A), all relations that are relatively intrinsically
Y% on A (r.i.c.e.). Moreover, we can uniformly compute all of these relations
from the Turing jump of the diagram, D(A)’. The jump of A is often defined
to be a structure A’ obtained by adding to A a specific named family of r.i.c.e.
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relations, from which all others are effectively obtained. As we know from the
previous chapter the r.i.c.e. relations on A’ are just those which are relatively
intrinsically X9 on A itself.

We used in previous chapter our definition of the jump of structure when
we proved the jump inversions theorems. Here we will use the Montalban’s
definition from | | but modified in | |, in order to show that it is
equivalent to our notion.

Definition 4.1.10 (Canonical jump). For a structure A, the canonical jump
is a structure A’ = (A, (R;)icw ), where (R;);, are relations from which we
can uniformly compute all r.i.c.e. relations on A, and from the index ¢ of the
relation R;, we can compute the arity of R; and a computable ¢ formula
(without parameters) that defines it in A.

Remark 4.1.11. The set @' is included in the canonical jump. We may give
it by a family of relations Ry, for a computable function f, where R is
always true if e € @’ and always false otherwise. We may define Ry by the
computable X{ formula V7. 5, where 7. 5 is T if e has entered @' by step s
and 1 otherwise.

For some structures, there is a smaller subset of the relations that is
sufficiently powerful to replace the full set.

Definition 4.1.12 (Structural jump). A structural jump of A is an expansion
A" = (A, (R;)iew) such that each R; has a 3¢ defining formula that we can
compute from i, and every relation that is relatively intrinsically X9 on A is
ri.ce. on A @@

Here the structure A’ @ @’ is the expansion of A’ by a family of relations
that encode the set @', as explained in Remark 4.1.11.

For certain classes of structures, there is a structural jump formed by
adding a finite set of such relations. In particular, the relation atom(z)
is sufficient for Boolean algebras, and the successor relation succ(zx,y) is
sufficient for linear orders. See | , | for further examples.

There are different statements of “‘jump inversion”. As we know from
Chapter 2. Theorem 2.2.9 the Friedberg jump inversion theorem says that
if @ <7 Y, then there is a set X such that X' =Y =@’ ® X. We can easily
produce a structure B such that X =7 B, and then Y =7 B’. This is one kind
of jump inversion. A more interesting kind of jump inversion theorem that
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we proved with Soskov | : |, and later (independently) Montalbén
| |. This is Theorem 3.2.1 from previous chapter, formulated in other
terms.

Theorem 4.1.13 (Soskov, A. Soskova, Montalbén). For any countable struc-
ture A, if Y computes a copy of the canonical jump A’ of A, there exists a
set X such that X' =Y and X computes a copy of A.

The proposition below shows that we can express strong jump inversion in
terms of copies of the canonical jump structure A’, as opposed to the Turing
jump of the atomic diagram for various copies B.

Proposition 4.1.14. For any structure A, the following are equivalent:
(1) A admits strong jump inversion.

(2) For all sets X, if X’ computes a copy of the canonical jump A’ of A,
then X computes a copy of A.

(3) For all sets X and Y, if X’/ =7 Y’ and Y computes a copy of A then so
does X.

Proof.

For (2) = (1), assume A has a copy B with (D(B))’ <y X'. Since
D(B") < (D(B)) <r X', (2) implies that X computes a copy of A.

For (1) = (3), let X’ =¢ Y’, where Y computes a copy B of A. Then X’
computes D(B)’. By (1), X computes a copy of A.

For (3) = (2), suppose X’ computes a copy of A’. By Theorem 4.1.13,
there exists Y such that Y computes a copy of A and Y’ =1 X'. By (3), X
computes a copy of A. ]

4.2 General result

In this section, we give a result with conditions sufficient to guarantee that a
structure admits strong jump inversion. The content of this section is from
| |. The result is not difficult to prove. However, there are a number
of examples where it applies. To state the result, we need some definitions.

Definition 4.2.1. Let S be a countable family of sets. An enumeration of S
is a set R of pairs (i, k) such that S is the family of sets R; = {k: (i, k) € R}.
If A=R,;, we say that i is an R-index for A.



80 CHAPTER 4. STRONG JUMP INVERSION

Note: When we say that R is a computable enumeration of a family of
sets, we mean that R is a computable set of pairs. This means that the
sets R; are computable, uniformly in 7. Some researchers have used the term
differently, saying that R is a computable enumeration if the sets R; are
uniformly computably enumerable.

Below, we define B, -types precisely. We shall focus on B;-types.

Definition 4.2.2.

1. A B, -formula is a finite Boolean combination of ordinary finite elemen-
tary X,-formulas.

2. A B, -type is the set of B,-formulas in the complete type of some tuple
in some structure for the language.

Definition 4.2.3. Fix a structure A. Let S be a set of Bj-types including
all those realized in A. Let R be an enumeration of S. An R-labeling of A is
a function taking each tuple @ in A to an R-index for the B;-type of a@.

We are interested in structures A4 with the following property.

Definition 4.2.4 (Effective type completion). The structure A satisfies
effective type completion if there is a uniform effective procedure that, given
a Bi-type p(u) realized in A and an existential formula ¢(@,x) such that
(3x)e(a, x) € p(u), yields a Bi-type q(u,x) with ¢(@,x) € ¢(u, x), such that
if @ in A realizes p(u), then some b in A realizes q(a, z).

Here is our general result.

Theorem 4.2.5. A structure A admits strong jump inversion if it satisfies
the following conditions:

(1) There is a computable enumeration R of a set of B;-types including all
those realized by tuples in A.

(2) A satisfies effective type completion.

(3) For all sets X, if X’ computes the jump of some copy of A, then X'
computes a copy of A with an R-labeling.
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Moreover, if C is a copy of A with an X’-computable R-labeling, then we get
an X-computable copy B of A with an X’-computable isomorphism from B
to C.

Remark 4.2.6. For some structures A, Condition (3) is satisfied in a strong
way. For any C 2 A, D(C)" computes an R-labeling of C. Hence, if A is low,
there is a A isomorphism from A to a computable copy.

Proof. [Proof of Theorem 4.2.5]

Suppose that A satisfies the three conditions. Let X be a set such that
X' computes the jump of some copy of A. By Condition (3), X’ computes
a copy with an R-labeling. We must show that there is an X-computable
copy. For simplicity, we suppose that A has a A R-labeling, and we produce
a computable copy B, basing our construction on guesses at various portions
of the R-labeling of A. Note that once we have guessed the label for a tuple
a correctly, we computably know the entire Bj-type of that tuple. We build
a computable copy B and a AY isomorphism f from B to A. We have the
following requirements.

Ry aeran(f)
R2b+12 be dom(f)

We start with an R-index for the type of @, where this type is the Bj-
theory of A. At each stage s, we have a tentative partial isomorphism f
mapping a tuple d from B to a tuple ¢ in A, where the R-indices of the types
of ¢ and all of its initial segments still look correct. (At a later stage ¢, we
may see that some of the guesses at these indices are incorrect, and we retain
only the portion of f, satisfying an initial segment of requirements based on
guesses at R-indices that all look correct.) Moreover, we have enumerated a
finite part §(d,b) of the atomic diagram of B; this can never change, since B
must be computable. We will have checked the consistency of §(d,b) with our
guesses at the R-indices of the B;-types of the tuple ¢ and its initial segments.
Supposing that the function taking d to ¢ satisfies the earlier requirements,
we can satisfy the requirement Ry, once we guess the R-index for the Bi-type
p(u,z) of ¢,a. We map some b, either old or new, to a so that §(u,v) is
consistent with p(@,z). (Recall that the B;-types are computable.)

Suppose that the function taking d to ¢ satisfies the requirement R; for
all 1 < 2b+ 1, and Ry, is least that is unsatisfied at this stage s. Again,
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we assume that we have correct guesses on the R-indices for the B; types
of ¢ and all of its initial segments; let p(u) be the Bi-type of ¢. Finally, we
have put 6(d,b,b) in the atomic diagram of B. Now we use the assumption of
effective type completion. We determine, effectively in p(u) and the existential
formula (3v)d(w,x,v), a type ¢(u, z) appropriate for ¢ and a putative f4(b).
If € realizes p(w), then some a will realize q(¢,x). At step s, we can give a
computable index for ¢(@, ), but not an R-index.

By effective type completion, if p(u) really is the B-type of ¢, then ¢(¢, x)
will be realized in A. We define f;(b) as follows. We find the first a such
that, based on our guess at the R-index of the By type of ¢, a, this type and
q(uw,z) agree on the first s formulas; then f,(b) = a. Of course, this guess
at the element a is likely wrong. Therefore, in order to guarantee that this
requirement is satisfied, at each subsequent stage t, we need to check that,
based on our guess at the R-index of the B; type of ¢, a, this type and ¢(u, )
agree on the first ¢ formulas. If this is not the case, then we need to re-define
f:(b), but always maintaining ¢(w,x) as the guaranteed type of ¢(¢, f(b)),
so long as our work on earlier requirements seems correct. (In particular,
note that as we check consistency of the atomic diagram with the B; types
associated with requirement Rop.1, we use the computable index for ¢(w,x).)
There is a first a realizing ¢(¢, z), and eventually, we will have the R-index
for the By type of ¢,a. Then we will have f,(b) = f(b) = a. |

In several examples, A has effective type completion because it satisfies a
property that we call weak 1-saturation. To describe this property, we need a
preliminary definition.

Definition 4.2.7. Suppose p(u) and ¢(u,x) are Bi-types. We say that
q(u, x) is generated by the formulas of p(w) and existential formulas provided
that ¢(u,x) 2 p(w), and for any universal formula ¢ (u,z) (in the indicated
variables), writing neg(v) for the natural existential formula logically equiva-
lent to -1, we have ¥(u,x) € q(u, z) iff there is a finite conjunction x(u, z)
of existential formulas in ¢(@, x) such that (3z)[x(@,z) & neg(¥(w,x))] is
not in p(a).

Definition 4.2.8. The structure A is weakly 1-saturated provided that if p(u)
is the Bj-type of a tuple @, and ¢(w,x) is a By-type generated by formulas of

p(u) and existential formulas, then ¢(@,x) is realized in A.

The following is clear.
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Lemma 4.2.9. Let p(u) be a Bi-type. Suppose q(u,x) is a Bj-type that
is generated by formulas of p(w) and existential formulas. Then ¢(u,z) is
consistent with all extensions of p(u) to a complete type in variables .

Proposition 4.2.10. If A is weakly 1-saturated, then it satisfies effective
type completion.

Proof.

Let p(w) be a B;-type, and suppose ¢(u,x) is an existential formula such
that (3z)¢(u,z) € p(u). We effectively produce a type ¢(u,x) extending
p(uw) and containing the formula ¢(u, ), such that if @ realizes p(@), then
some b realizes q(a,z). The type q(u,z) is generated by formulas of p(u)
and existential formulas, including the formula ¢(u,2). We determine this
Bi-type computably as follows. We start with p(w) and ¢(@,z). We have
a computable list (¢, (@, 7)), of all existential formulas in variables u, z,
in order of Godel number. We consider these formulas, in order, and we
put ¢, (u,z) into q(u,x) iff it is consistent with what we have already put
into ¢(u, ). (This consistency check is computable relative to p(u), because
it entails only asking whether the relevant B; formulas are in p(u).) If we
fail to put ¢, (@,x) in, then all tuples satisfying what we did put in must
satisfy neg(yn(w,x)), so that is in ¢(u, ). Knowing exactly which existential
formulas are in ¢(u,z), we can determine which B; formulas are in (using
truth tables). We have described an effective procedure for determining
q(uw, ). By weak l-saturation, there is some b in A realizing q(a, ). m]

4.3 Examples

The content of this section is from | |-

In this section, we consider some examples of structures that admit strong
jump inversion. The examples are chosen to illustrate the use of Theorem
4.2.5. In Subsection 4.3.1, we discuss two special kinds of linear orderings.
For both, we can apply Theorem 4.2.5. For the first, Condition (3) holds in
a strong way, as in Remark 4.2.6. In Subsection 4.3.2, we consider Boolean
algebras with no 1-atoms. The result of Downey and Jockusch says that every
low Boolean algebra has a computable copy. In the case where there are no
l-atoms, our result gives a AJ isomorphism from a low copy to a computable
one. In Subsection 4.3.3, we apply Theorem 4.2.5 to some special classes of
trees.
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In Subsection 4.3.4, we consider models of an Ry-categorical elementary
first order theory T such that T n ¥, is computably enumerable. The fact
that the Bi-types are all isolated makes it easy to produce a computable enu-
meration. By contrast, in Subsection 4.3.5, we consider models of the theory
of differentially closed fields of characteristic 0. Here, although the theory is
decidable, with all types computable, producing a computable enumeration
of them is not trivial. We get a result of Marker and R. Miller | ]
saying that all models of DC'F, admit strong jump inversion. Moreover, a
result of Morley in | | implies that, since the types of the theory have a
computable enumeration, the saturated model of DC'Fj has a decidable copy.

4.3.1 Linear orderings

Frlolov proved strong jump inversion for two special classes of linear orderings,
with further results on complexity of isomorphisms. The results are given in
[ |, | |, [ |. Here we prove these results using Theorem 4.2.5.

First, we describe the possible By types in linear orderings. Every Bi-type
p(w) is determined uniquely by the sizes of the intervals to the left of the first
element, between successive elements, and to the right of the last element.
Thus, we can define a computable enumeration R of all B;-types realized in
linear orderings so that from the index ¢ of the Bi-type R;, we can effectively
obtain the sizes of the intervals.

Let p(u1,us) be a Bi-type in which the interval (uy,us) is infinite. We
consider Bj-types q(uy,us, ), with u; < x < us. To understand which of these
are generated by formulas from p(uy,us) and existential formulas, it is helpful
to consider the following cases.

Case 1: Let q(ug,us,x) be a Bi-type such that the interval (uq,x) is finite,
of size k, and the interval (z,us) is infinite. Let ¢(uy,us) be a complete type
saying that u; and us are infinitely far apart and u; belongs to a maximal
discrete interval of size less than k. Clearly, p(ui,us) is consistent with
t(uy,us), whereas q(ui,us, ) is not. By Lemma 4.2.9, q(uq,us, ) is not
generated by p(u,us) and existential formulas.

Case 2: Let q(uj,us,z) extend p(uy,us) such that u; < z < ug, and the
intervals (ug,x) and (x,us) are both infinite. Then q(uy,us,x) is generated
by p(u1,us) and the infinite set of existential formulas saying that for each n,
there are at least n elements in the intervals (u;,z) and (x,us).
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Proposition 4.3.1. Let A be a linear ordering such that every infinite
interval can be split into two infinite parts. Then A is weakly 1-saturated.

Proof. For a tuple @, we consider the possible Bij-types ¢(a,z). First,
suppose ¢(@,x) locates = in a finite interval (—oo,ag), (a;, a;41), or (a,, o) so
that the sizes of the two subintervals to the left and right of x add up properly.
Then ¢(u, ) is generated by formulas of p(u) and existential formulas saying
that the subintervals have at least the desired size, and ¢(@, x) must be realized.
Next, suppose ¢(@, z) locates z in an infinite interval (-o0,ay), (a;,a;11), or
(an,00). If g(a,z) is generated by formulas of p(u) and existential formulas,
then x must split the interval into two infinite parts. The ordering A has
exactly this feature. O
Here is the simpler of the two results on linear orderings.

Theorem 4.3.2. Let A be a linear ordering such that each element lies on
a maximal discrete set that is finite. Suppose there is a finite bound on the
sizes of these sets. Then A4 admits strong jump inversion. Moreover, if A is
low over X, then there is an X-computable copy with an isomorphism that
is AJ relative to X.

Proof.

Let N be the finite bound on the sizes of the maximal discrete sets. It is
AJ relative to A to say that the interval (a,b) has size n for some fixed n. It
is X0 relative to A to say that the interval is infinite—we just ask whether
the interval has size greater than N.

Suppose that A is low over X. We can apply a procedure that is A
relative to X to assign an R-index to the type of any tuple @ = (ay,...,a,).
Any of the intervals (-0, ay), (a,, ) and (a;,a;:1) is infinite if it has size
greater than N. Using a procedure that is A§ relative to X, we can determine
whether the size is k, for k < N. We have an R-labeling of A that is A
relative to X. Then Theorem 4.2.5 gives an X-computable copy with an
isomorphism that is AJ relative to X. m]

The next result, Theorem 4.3.3, is more complicated. Before we state
the result, we review some well-known, basic concepts about linear orderings.
Recall the block equivalence relation ~ on a linear ordering A, where a ~ b iff
[a,b] is finite. For any linear ordering A, each equivalence class under this
relation is an interval that is either finite or of order type w,w*, or ( = w* + w.
Furthermore, the quotient structure A/.. is itself a linear ordering, where each
distinct point represents an equivalence class under ~.
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In Theorem 4.3.3, for a given A that is low over X, it is not clear that A
itself has an R-labeling that is AJ relative to X. However, we can build a copy
B with such an R-labeling. We write n for the order type of the rationals.

Theorem 4.3.3. Let A be a linear ordering for which the quotient .4/. has
order type n. Suppose also that in A, every infinite interval has arbitrarily
large finite successor chains. Then A4 admits strong jump inversion. Moreover,
if A is low over X, then there is an X-computable copy B with an isomorphism
that is AJ over X from A to B.

Proof.

As in the previous result, let R be a computable enumeration of all B;-
types realized in linear orderings, such that from the index ¢ of the type
R;, we can compute the sizes, including oo, of the intervals. Also, as in the
previous result, every infinite interval in A has an element that splits the
interval into two infinite parts. This implies that A is weakly 1-saturated.
Suppose A is low over X. We will prove the following.

Lemma 4.3.4. There is a copy B of A with an R-labeling that is A over X.
Moreover, there is an isomorphism f from B to A such that f is AJ relative
to X.

Assuming the lemma, we complete the proof of Theorem 4.3.3 as follows.
Given A, low over X, the lemma gives a copy B with an R-labeling that is
AJ relative to X, and an isomorphism f from B to A that is Aj relative to X.
By Theorem 4.2.5, there is an X-computable copy C with an isomorphism g
from C to B that is AJ relative to X. Then f o g is an isomorphism from C to
A that is AJ relative to X.

Proof. [Proof of Lemmal

For simplicity, we suppose that A is low. We build a A§ copy B, along
with some labels for sizes of intervals and a AJ isomorphism f. We suppose
that the universe of A is w. The copy B, also with universe w, will have the
intervals labeled by size. Throughout, we use the oracle AY. Suppose A, is the
true ordering on the first n elements of A, with the intervals correctly labeled
by size. At stage s, we construct (using the AY oracle) an approximation
A, in which the intervals are either correctly labeled with a finite number
at most s, or else carry the label co. We have a finite sub-ordering B, of B in
which the intervals are labeled by size, once and for all.

We want an isomorphism f from B onto 4. We must satisfy the following
requirements.
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Ry.: Put a into ran(f).
Ropi1: Put b into dom(f).

By the end of each stage s, we have a finite function f; that seems to
satisfy the first few requirements, so that our current labels on the intervals
with endpoints in ran( f;) match the labels on the corresponding intervals in
dom( fs). Moreover, we ensure that if f;(b) = a, then for any successor chain
around b in By, we also have seen, by stage s, a corresponding successor chain
around a in A.

An interval that seemed infinite at stage s may be seen to be finite at
stage s+ 1. So in defining f,,1, we first determine the largest initial segment
of fs (in terms of priority requirements) that can be preserved. Consider the
highest priority requirement that now must be satisfied.

Suppose the next requirement to be satisfied is to put a into ran(f).
We have no problem finding an appropriate pre-image b and assigning the
appropriate sizes to the intervals having b as an endpoint.

Suppose the next requirement to be satisfied is to put b into dom(f). In
the interesting sub-case, b lies in an interval (d,d’), where (d,b) and (b,d’
are both labeled infinite, f,(d) = ¢ and f,(d") = ¢/, where (¢,c’) appears to
be infinite. We need to define a = f,,1(b) such that (¢,a) and (a,c’) both
appear infinite, and whatever successor chain surrounding b is matched by
one surrounding a. The naive strategy is to just look for a. This strategy
may not work. Believing that we have found a, and seeing that a lies in a
finite interval inside (¢, '), we may create a bigger successor chain around b,
inside (d,d"). Eventually, we may discover that the interval (c,a) or (a,c’) is
finite. Now, we cannot map b to a. Moreover, we have made the search for
f(b) more difficult in that it must lie in a larger finite interval matching the
one we have created around b. This can keep happening. Our current guess
at the appropriate a = f(b) may keep attaching itself to a successor chain
around c or ¢'.

We need a better strategy. Instead of trying to define a = fs,1(b) imme-
diately, we identify the first (relative to the standard ordering on pairs of
the universe w of A) “buffer pair” (z,2’) such that (¢, z), (z,2’) and (2, ')
all appear infinite in \A. Once we find such a (z,2’), then we search within
(z,2") for an element a and a successor chain around it sufficient to match
whatever one we may have created around b; we define fg,1(b) = a. Assuming
the interval (c, ') is correctly labeled as infinite, then, at some stage, we will
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settle on the first correct buffer pair (z, z’), i.e., one such that (¢, z), (z,z’)
and (z',¢") all are really infinite in \A. Then, applying the hypothesis about
A, we are guaranteed to find in (z,z’) an element a with a finite interval
around it large enough to correspond to whatever one we may have built
around b by this stage. (Recall that, in general, when we map b to a for some
requirement, we vow not to locate b in a finite interval larger than the one we
have seen around a.) Following this procedure, we can eventually satisfy all
requirements. O O

4.3.2 Boolean algebras

As we mentioned in the introduction, Downey and Jockusch | | showed
that every low Boolean algebra has a computable copy. In | |, it is shown
that for a low Boolean algebra A, there is a computable copy B with a A9
isomorphism. In unpublished work, Knight and Stob proved that this is
best possible, in the sense that there is a low Boolean algebra with no A
isomorphism taking A to a computable copy B.

For every element a in the Boolean algebra B, we say that a has size n if
it is the join of n atoms of B. If a is not the join of finitely many atoms of B,
then we say that a has infinite size. Here we consider Boolean algebras with
no l-atoms, which means that every infinite element splits into two infinite
elements. To describe the Bj-type of a tuple @ in B, we consider the finite
sub-algebra of B generated by @. Note that an atom in this finite sub-algebra
is not necessarily an atom of B. It is easy to see that for a tuple @ in B, the
Bi-type of @ is uniquely determined by the sizes in B of the atoms in the finite
sub-algebra generated by @. Thus, we can define a computable enumeration
R of all B;-types realized in Boolean algebras so that from the index ¢ of the
Bi-type R; we can effectively obtain the sizes of the atoms in the sub-algebra
generated by a tuple that satisfies this Bi-type.

Let p(u) be a Bi-type saying that u is infinite. We need to know which
By-types q(u,x) are generated by p(u) and existential formulas. We have
two interesting cases.

Case 1: Let g(u,z) be the Bi-type extending p(u) in which x splits u into
one finite element, say of size k, and one infinite element. Let t(u) be a
complete type saying that « has infinite size, but there are fewer than k& atoms
below it. Clearly, p(u) is consistent with t(u), whereas ¢(u,x) is not. By
Lemma 4.2.9, it follows that ¢(u,x) is not generated by p(u) and existential
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formulas.

Case 2: Let q(u,x) be the B;-type extending p(u) in which x splits u into
two elements of infinite sizes. Then ¢(u,z) is generated by p(u) and the
infinite set of existential formulas saying that there are at least n distinct
elements below x and u \ x, for every n.

The proof of the following is then straightforward.

Lemma 4.3.5. If A is a Boolean algebra with no 1-atoms, then A is weakly
1-saturated.

Proposition 4.3.6. Suppose A is an infinite Boolean algebra with no 1-
atoms. Then A admits strong jump inversion. Moreover, if A is low over X,
there is an X-computable copy B with an isomorphism that is A§ relative
to X.

Proof.
We are assuming that A is low over X. To show that there is an X-
computable copy, it is enough to show the following.

Lemma 4.3.7. Let A be Boolean algebra with no 1-atom. If A is low over
X, then X’ computes a copy B with an R-labeling. Moreover, there is an
isomorphism f from B to A that is Aj relative to X.

Proof.

For simplicity, we suppose that A is low, and our entire construction uses
a AJ oracle. For notational convenience, when we write @ € A or beB, we
identify the tuple with the finite sub-algebra (of A or B) determined by the
tuple. Since A is low, the atom relation on A is AJ. Since we will guess (using
the AY oracle) that an element of A is finite iff we recognize it as the join of
finitely many atoms of A, any such guess is correct. Now at a particular stage
s, our guess may incorrectly assign an R-label of infinite to a finite element a
of A; however, there will be a stage ¢t where we correctly guess the R-label
of a from that stage onward. For any truly infinite element a, we guess the
R-label correctly at all stages.

We must computably (relative to A9) construct B with an R-labeling and
an isomorphism f between B and A that is correct in the limit, so that f
is AJ.

As usual, we have the following requirements.
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Rou: a€ran(f)
Ropi1: bedom(f)

At stage s = 0, we define f(0g) = 04 and f(1p) = 14; this will never
change. We guess that 14 is labeled with oo (this will never be wrong), and
we label 15 with oo.

Assume that by the end of stage s we have defined b € B with R-labels
and f,:d — ¢, where d is a subsequence of b, so that the following hold:

(1) the finite algebras d and ¢ agree;

(2) if fs(d) = ¢, then the R-label on d matches the stage s approximation
of the R-label on c;

(3) if fs(d) = ¢, and the finite R-labels among those we have assigned to Bj
imply that there are at least k atoms (of B) below d, then by stage s,
we have seen at least k£ atoms below c.

Stage (s + 1) approximations of R-labelings of A may reveal that an
element in A with stage s approximate R-label oo actually is finite. So in
defining fs,1, we first determine the largest initial segment of f; (in terms of
priority requirements) that can be preserved. Consider the highest priority
requirement that now must be satisfied.

Suppose the next requirement to be satisfied is to put a into ran(f). The
element a splits each atom « of the subalgebra ¢ into oy and «s, each of
which has a stage s+ 1 approximation of its R-label. If f,(f) = «, then 3 can
be split—using the other elements of b or introducing new elements into B if
necessary—into ; and f so that if we extend f; by defining f,,1(51) = an
and fs.1(f2) = ag, then properties (1) - (3) above are maintained and Ry, is
satisfied.

Suppose the next requirement to be satisfied is to put b into dom(f).
If b has not yet appeared among b, then simply extend f; to include b in
any way consistent with what we’ve defined so far about b and consistent
with conditions (1)-(3) above, and define the R-labels on the elements of b, b
accordingly. Otherwise, b splits each atom £ of the subalgebra d into 1 and
Ba, each of which has an R-label that must be preserved. The only interesting
case is when (1, 85 both have R-label co. By conditions (1) and (2) above,
«, the atom in ¢ corresponding to 3, has a current approximate R-label oo.
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Because A contains no 1-atom, we “look ahead” if necessary, either to discover
that this R-label on « is incorrect, or to find the least (in terms of the universe
w) element oy below « so the approximate R-labels of both oy and o — oy
are oo. If we discover the former, then we must use a smaller initial segment
of fs and start over to satisfy a higher priority requirement. Otherwise, we
are almost ready to meet the requirement Rgp,;. If the R-labels in b imply
that there are at least k; atoms (of B) below /3 and at least ks atoms (of B)
below fs, then by property (3) above, we have seen at least ki + ko atoms (of
A) below a. Consider the element «;= finitely many atoms below « so that
this new element o] has at least k; atoms below it, and a — o has at least
ko atoms below it. Extend f; by defining fs1(01) = o} and fs1(82) = a—af.
Then properties (1) - (3) above are maintained and Rgy,; is satisfied. i

]

4.3.3 Trees

We consider some special classes of subtrees of w<. Our trees grow downward.
The top node is @. For the language of trees, we use the predecessor function,
where @—the root—is its own predecessor. We consider two special classes of
trees. The first is very simple.

Proposition 4.3.8. Suppose A is a tree such that the top node is infinite
(i.e., it has infinitely many successors), and each infinite node has only finitely
many successors that are terminal, with the rest all infinite. Then A4 admits
strong jump inversion.

Proof.

The B;-type of a tuple @ is determined by the subtree generated by @ and
labels “infinite” or “terminal” on the nodes, in particular, on the a;. We have
a computable enumeration of all possible labeled finite subtrees of trees of
this kind. From this, we get a computable enumeration R of the B;-types.
Suppose that A is low. Then there is a AY R-labeling of A.

Weak 1-saturation. Take @ in A. Consider a possible Bi-type p(a,z),
generated by formulas true of @ and existential formulas. The type may locate
x in the subtree generated by a. Then the type is realized. The type may
locate x properly below some infinite a;, or at some level not below any a;.
Again the type is realized by a new infinite element.
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By Theorem 4.2.5, we get a computable copy of A. O

The second class of trees is a bit more complicated. We use some definitions
and notation. If T" is a sub-tree of w<, and a € T, we write T, for the tree
consisting of a and all nodes below.

Definition 4.3.9. For nodes a in a fixed tree T,
(1) we say that a is finite if T, is finite,

(2) we say that a is infinite if T, is infinite. (For the trees we consider
below, if a is infinite, we will require not only that T, is infinite, but
also that a has infinitely many successors, so we will have agreement
with the definition we used in Proposition 4.3.8.)

Notation. Let a be finite, with 7, the subtree below a. Let T)} be a possible
re-labeling of the nodes in 7}, in which the nodes in a subtree are labeled oo.
We write (T})* for the infinite tree that results from extending the labeled
tree T)! so that all new nodes in (7})* are labeled oo, and each node labeled
oo has infinitely many successors labeled oo. (No finite node in T} acquires
successors in (T})*.)

Here is the result for the second class of trees.

Proposition 4.3.10. Suppose T is a subtree of w<¥ such that the top node
is infinite, and for any infinite node a, there are only finitely many finite
successors. Suppose also that for any infinite node a, for any finite successor
b, if T}} is a possible re-labeling of 7, making all nodes in a certain subtree
infinite, then there are infinitely many successors b,, of a such that

Ty, = (T}})*. Then T admits strong jump inversion.

Proof.

For simplicity, we suppose that 7" is low, and we apply Theorem 4.2.5 to
produce a computable copy. For a tuple @ in T, the B;i-type of @ is determined
by the subtree generated by @ and formulas saying, for an element a of this
subtree that it is infinite, or that it is finite with a specific finite tree T,. We
can show that T is weakly 1-saturated. Consider a B-type for a, x, generated
by Bip-formulas true of @ and existential formulas. The type may put x in the
subtree generated by @, or in one of the trees T,,, where a; (in the subtree)
is finite. In either of these cases, the type is realized. Or, the type may put
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x below some infinite a; (in the subtree). Again, the type is realized, since
there is a copy of w<* below a;. This shows that A is weakly 1-saturated.

We have a computable enumeration of the possible finite labeled subtrees,
and, hence, of the Bj-types realized in trees of this kind. Let R be this
computable enumeration of B;-types. To apply Theorem 4.2.5, we need the
following.

Lemma 4.3.11. There is a copy B of T with a A} R-labeling.

Proof.

We build a A copy B of T with nodes labeled as infinite, or with a
specific finite tree below. We suppose that the w-list of elements of T" has the
feature that the top element comes first, and any other element comes after
its predecessor. This condition will also hold for the copy B. For B, we label
the top node co. Having built a finite labeled subtree of B, and determined a
tentative partial isomorphism f from this to a subtree of T', we may find that
some first node b labeled oo in B is mapped to a node a in 7" such that 7, is
actually finite. The predecessor of b, say ¥/, is labeled oo, and we may still
believe that the predecessor a’ of a in T has an infinite tree below. In our
B, we vow to add no more terminal nodes to B, and we look for a successor
a'" of a with the appropriate T,~. At a given stage, we take the first a” that
seems to work. Our first guess may not be correct—we may eventually see an
unwanted finite node in 7T,». However, because of the structural properties we
are assuming about 7', we will eventually find a good a”, with T,» matching
our By. O

Applying Theorem 4.2.5, we get a computable copy of T'. O

4.3.4 Models of a theory with few Bi-types

Lerman and Schmerl | | gave conditions under which an Ry-categorical
theory T has a computable model. They assumed that the theory is arith-
metical and T'n 3,1 is XY for each n. In | |, the assumption that T
is arithmetical is dropped, and, instead, it is assumed that 7'n 3, is X9
uniformly in n. The proof in | | gives the following.

Theorem 4.3.12 (Lerman-Schmerl). Let 7" be an Rq-categorical theory that
is A} and suppose that for all 1 <n < N, TnX,,; is £9. Then T has a
computable model.

To prove this, Lerman and Schmerl showed the following.
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Lemma 4.3.13. For any n < N, if A is a model whose B, -diagram is
computable in X/, and T'nX,,, is X9 in X, then there is a model B whose
B,-diagram is computable in X.

Let T be as in the Lerman-Schmer]l Theorem. Let A be a model of T" that
is low over X. Then the ¥; diagram of A is computable in X’. Of course,
TnY,is X9, so it is X relative to X. The lemma implies that A has an
X-computable copy. In fact, we get the following.

Theorem 4.3.14. Let T be an elementary first order theory, in a computable
language, such that 7'n X, is XY, Suppose that for each tuple of variables
T, there are only finitely many B;-types in variables T consistent with T
Then every model A admits strong jump inversion. Moreover, if A is low over
X, then there is an X-computable copy B with an isomorphism that is A
relative to X.

Proof.

First, we show that there is a computable enumeration of all the Bj-
types. Uniformly in each tuple of variables =, we build a c.e. tree Pz whose
paths represent the Bi-types in T. We have a computable enumeration of
By-formulas (¢,,(Z) )new- At level n, the nodes o in Py represent the different
finite sequences of formulas +¢; (in the appropriate tuple of variables), for
k < n, that we see to be consistent with 7', using the fact that T'n 3, is c.e.
Note that each node o € Py extends to a path. Also, Pr has only finitely
many paths. We may suppose, running the enumeration of 7'n 35 ahead, if
necessary, that at step s, for the first s tuples of variables T, the terminal
nodes in our approximation to P all have length s.

We use all of these trees together to define the enumeration R. At stage s,
we have assigned indices to the currently terminal nodes ¢ in Pz for the first
s tuples of variables z. For a given node o, assigned index ¢, we will have put
into R; the formulas +¢ corresponding to this node o. At stage 0, we assign
the index 0 to the top node of P,. At stage s+ 1, for each of the first s tuples
of variables T, each node o of length s in Pz has at least one extension of
length s+ 1. We give the index of ¢ to one such 7. There may be further
extensions of ¢ or other old nodes, and we give these new indices. In addition,
for the (s+ 1) tuple of variables Z, we assign indices to the terminal nodes
of the stage s+ 1 approximation. For the indices i assigned by stage s+ 1
to nodes o of tree Pz, we put into R; all of the formulas corresponding to
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o. This process yields the desired computable enumeration of the B;-types
consistent with 7.

Next, we show that A is weakly 1-saturated. Suppose ¢(@,x) is a Bj-type
(consistent, of course) generated by formulas true of @ and existential formulas
o(u,x). Since q(u,x) is isolated, it is principal, with a generating formula
v(w, ), of the form p(uw) & x(w,x), where p(u) is in the B;-type of @, and
x(@,x) is a finite conjunction of existential formulas. B; type of @ includes
the formula (3z)x(w,x). We have (3z)x(w,x) true of @ in A, so the type is
realized.

Lemma 4.3.15. If A is low over X, then there is an R-labeling of A that is
A relative to X.

Proof.

For simplicity, we suppose A is low. For a tuple of variables Z, AJ can
find generating formulas for all of the Bj-types. Then A§ can check which
generating formula is true of a given tuple of elements @. Then we have a A

R-labeling. O
Finally, we apply Theorem 4.2.5 to get an X-computable copy B of A
with an isomorphism from B to A that is AJ relative to X. m

Note: There are non-Rp-categorical theories satisfying the conditions of
Theorem 4.3.14.
Proof.

We write © for the ordering of type n+2+n. In | |, it was shown that
for any linear ordering A, © - A has a computable copy iff A has a A9 copy.
Let T} be a complete theory of linear orderings that is not Ry-categorical. Let
T be the complete theory whose models are exactly the orderings of the form
O - A, where A is a model of T. The theory T has a sentence saying that
every element lies on an interval of type ©. In addition, there are axioms
guaranteeing that the restriction of our ordering to the set of elements that
are the first in a successor pair satisfies all sentences ¢ in T7.

We note that the Bj-types realized in models of 7' come from partitions
into intervals of size 0 or oo, with no two adjacent intervals of size 0. These
are principal, so they are realized in all models of 7. 'We note that if we
replace T by some other theory S; of infinite linear orderings, and form S in
the same way, then the B;-types realized in any and all models of S would
be the same. Therefore, the ¥ theories are the same. If Sy is decidable, then
so is S. Thus, whether or not 77 is decidable, T'n X5 is decidable. We chose
T not Ry-categorical, so 1" is also not Rg-categorical. O
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4.3.5 Differentially closed fields
DFy

A differential field is a field with one or more derivations satisfying the
following familiar rules:

1. 6(u+v)=0d(u)+d6(v), and
2. (u-v)=u-0(v)+d(u)-v.

We consider differential fields of characteristic 0, and with a single derivation §.

Trivially, Q is a differential field, under the derivation that takes all
elements to 0. If a is an element of a differential field K, then a generates a
differential field F' ¢ K, where the elements of F' are gotten from a by closing
under addition, multiplication, subtraction, division, and derivation.

DCF,

Roughly speaking, a differentially closed field is a differential field in which
differential polynomials have roots, where a differential polynomial is a poly-
nomial p(z) in x and its various derivatives. We write DC'Fy for the theory
of differentially closed fields (of characteristic 0, with a single derivation). A.
Robinson showed that the theory DC'Fy admits elimination of quantifiers. L.
Blum, in her thesis, gave a nice computable set of axioms, showing that the
theory is decidable. Thus, the elimination of quantifiers is effective. Blum also
showed that DCF; is w-stable. Then general model-theoretic results imply
the existence and uniqueness of prime models over an arbitrary set. The
existence and uniqueness of differential closures were not proved by algebraic
methods—they really used the model theoretic results. For a discussion of
differentially closed fields, emphasizing Blum’s results, see Sacks | |.

Differential polynomials

We consider differential polynomials p(x) in a single variable x. A differential
polynomial p(x), over a differential field K, may be thought of as an algebraic
polynomial in K[z,d(x),0®) (x),...,6 ()], for some n. We write K (x) for
the set of differential polynomials over K. Initially, we let K be Q, where
d(q) =0 for all ¢ € Q. Later, K will be a finitely generated extension of Q.
Differential fields satisfy the quotient rule—this is easy to prove from the
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product rule. From this, it follows that if a is an element of a differential field
extending K, and F is the differential subfield generated over K by a, then
each element of F' can be expressed in the form Zq%, where p(x),q(x) € K(z).

Definition 4.3.16 (Order). For p(x) € K(x), the order is the greatest n such
that 6(")(x) appears non-trivially in p(x). There are some special cases. An
algebraic polynomial in x (with no derivatives) has order 0. The 0 polynomial
has order oo.

Definition 4.3.17 (degree, rank, order of ranks). For p(z) € K(z) of finite
order n, the degree of p(z) is the highest power k of §(")(z) that appears. The
rank of p(x) is the ordered pair (n, k), where n is the order and k is the degree.
We order the possible ranks of differential polynomials lexicographically.

Definition 4.3.18. A differential polynomial p(x) € K(z) of order n is said
to be irreducible if it is irreducible when considered as an algebraic polynomial
in K[z,6(x),...,00(z)] (think of z and its derivatives as indeterminates).
We count the 0 polynomial as irreducible.

Blum’s axioms for DC'F;

Blum’s axioms say that a differentially closed field (of characteristic 0 and
with a single derivation), is a differential field K such that

(1) for any pair of differential polynomials p(x),q(z) € K(z) such that the
order of g(x) is less than that of p(z), there is some x satisfying p(x) =0
and q(z) # 0,

(2) if p(x) has order 0, then p(x) has a root.

The axioms of form (2) say that K is algebraically closed.

Types

We want to understand the types, in any number of variables, realized in
models of DCFy. For a single variable x, each type over & is determined by an
irreducible differential polynomial p(z) € Q(x). If p(z) € Q(x) is irreducible
of order n, then the corresponding type consists of formulas provable from
the axioms of DCFy, the formula p(z) = 0 and further formulas ¢(z) # 0,
for q(x) € Q(z) of order less than n. The formulas ¢(z) # 0, for ¢(z) € Q(x)
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of order less than n, say that z,d(x),d®(z),...,0» D (x) are algebraically
independent over Q. We allow the case where p(z) is the 0 polynomial, which
has order co. In this case, the corresponding type A, consists of the formulas
provable from the axioms of DCFy and the formulas ¢(x) # 0 for ¢(x) of all
finite orders.

Similarly, for a differential field K, each type over K (to be realized in
some extension of K to a model of DCFy) is determined by an irreducible
differential polynomial p(z) € K(z). If p(x) is irreducible of order n, the
corresponding type Ak, consists of formulas provable from the axioms of
DC'Fy, the atomic diagram of K, the formula p(x) =0, and further formulas
q(z) 40, for g(x) of order less than n. The formulas g(z) # 0, taken together,
say that x,8(z),...,0("D(x) are algebraically independent over K.

A proof of the following result can be found in Sacks | |, pp. 297-298.

Proposition 4.3.19.

1. If p(z) € Q(zx) is irreducible, the corresponding type A, is complete over
@. Moreover, all types over @ (in the variable =) have this form.

2. For a differential field K, if p(z) € K(x) is irreducible, then A, is a
complete type over K, and all types over K (in the variable x) have
this form.

Among the types in one variable (over @, or over K), there is a unique
type, obtained from the 0 polynomial, that is differential transcendental.
The other types, obtained from differential polynomials of finite rank, are
differential algebraic.

Types in several variables

In general, we can determine a type in variables (z1,...,z,) by giving the
type of x; (over @), the type of xy over xy, the type of x3 over (x1,x3),
and so on. To describe a type in variables (z1,...,z,), we imagine a large
differentially closed field M and we consider various elements and differential
subfields. The type of x; is \,, for some irreducible p; € Q(x;). Let K; be
the differential subfield of M generated by z; over Q, where z; satisfies A,
in M. The type of x5 over K; is Ak, ,, for some irreducible py € Ky(x2). Let
K5 be the differential field generated by zs over K;. In general, given K;
generated by 1, ..., x;, the type of z;,; over K, is Ak, ,,,, for some irreducible
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pis1 € Ki{xi1), and then K;,; is the differential subfield of M generated by
T;+1 over K;.

Toward strong jump inversion

Marker and R. Miller | | showed that all models of DC'F|, admit strong
jump inversion. Our goal in this subsection is to obtain this result using our
Theorem 4.2.5. In the earlier applications of Theorem 4.2.5, the structures
satisfied the condition of effective type completion because they were weakly
I-saturated. Among the countable models of DC'Fy, only the saturated one is
weakly 1-saturated. There are 2% non-isomorphic countable models. (In fact,
Marker and Miller gave a method for coding an arbitrary countable graph in
a model of DC'Fy.) We will need to show effective type-completion in some
other way. There is a lemma in | | that does exactly this. Since we
have effective quantifier elimination, we can work with quantifier-free types.
Most of our effort goes into producing a computable enumeration R of the
quantifier-free types realized in models of DC'F,. Once we have this, we can
show easily that for any model A, D(A)’" computes an R-labeling of A. This
puts us in position to apply Theorem 4.2.5.

Computable enumeration of types

It may at first seem that it should be easy to produce a computable enu-
meration of types. After all, the theory DCF} is decidable and all types are
computable. However, T. Millar | | gave an example of a decidable theory
T, with all types computable, such that there is no computable enumeration
of all types. So, we have some work to do.

By quantifier elimination, we can pass effectively from a quantifier-free
type A(T) to the complete type generated by DCFyu A(T). In what follows,
we will enumerate quantifier-free types. We will consider realizations of the
quantifier-free types in differential fields K that are not differentially closed,
bearing in mind that a tuple realizing A(7) in K will realize the corresponding
complete type generated by DC'Fyu A(T) in any extension of K to a model
of DCFy.

We eventually give a uniform procedure that, for a given tuple of variables
T, yields an enumeration of the types in z. But first, we give a procedure for
a single variable x in order to elucidate the relevant issues before proceeding
to the full procedure. We determine a type A(z) corresponding to each
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differential polynomial p(x) € Q(z), irreducible or not. Let (¢s)s, be a
computable list of the atomic formulas in variable z, in order of Godel
number. At each stage, we will have put into A(x) finitely many formulas,
always checking consistency with DC'Ey,.

At stage 0, we put into the type A(x) just the formula p(z) =0, assuming
that this is consistent. We also determine the order of p(z)—we can do this
just by inspection. At stage s, we will decide ¢, putting it or its negation
into A(x). If p(x) is irreducible, there will be a proof of exactly one of ¢,
-, from DCFy, p(z) =0, and the formulas ¢(x) # 0, for ¢(z) € Q(zx) of order
less than that of p(x). So, we search for a proof. Being reducible is c.e., and
if p(z) is reducible, we will eventually see this.

At stage s, we search until we either find a proof of ¢, or discover that
p(x) is reducible. If we find a proof of ¢, (or —p;), then we add this formula
to our type, provided that it is consistent to do so. If we find that p(z) is
reducible, then we just decide (p, so as to maintain consistency with DCFj,.
The procedure we have just described gives a type A corresponding to each
p € Q(z). If p is irreducible, then A = A\,. Thus, by considering all p € Q(z),
we get all types in the variable x.

A type in one variable corresponded to a differential polynomial p(x)
over Q. Intuitively, we’d like to enumerate types in n variables using all
n-tuple of polynomials, according to the pattern described above in types in
several variables. Unfortunately, since the fields themselves depend on the
polynomials in the tuple, it is not even clear if a potential polynomial would
make sense; one of its coefficients might actually be undefined. Therefore,
our enumeration construction takes these obstacles into account with a more
formal approach. A type in n variables will correspond to an n-tuple of
formal differential polynomials pi(z1),...,p,(z,). Here pi(x1) is an actual
differential polynomial with coefficients in Q. For i > 1, p;y1(zs1) looks
like a differential polynomial, but the coefficients come from a set K7 of
formal names for possible elements of a differential field generated by elements
x1,...,r;. We say more about these formal names below. We define the sets
K! and K[ (z;.1) by induction on i.

The many lemmas below allow us to prove Proposition 4.3.32, the com-
putable enumeration of types, from the basic definitions and results in | |.

Definition 4.3.20.

1. KF'=Q, and KF(z,) = Q(x),
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2. KF(xi1) is the set of formal expressions that look like differential
polynomials in the variable z;,; but have coefficients in K f as opposed
to a well-defined differential field,

3. K[, consists of the expressions %, where 7, s € K'(2,1).
Lemma 4.3.21. Uniformly in n, we can enumerate the n-tuples pi(z1), ...,

pn(In), where pz‘+1(l‘z‘+1) € Kﬂxm).

Proof.

The set K[ is a fixed computable set with computable index, and there
is a uniform, effective procedure to construct K[ (z;.1) from K[ and K7,
from K[ (z;.1). Therefore, there is a single, computable function that gives
computable indices for all of these sets. Then there is computable function
that, given n, finds a computable index of Kl'(z1) x KI'(z3) x - x K" (x,,).
O

Given an n-tuple of formal differential polynomials py,...,p, as above,
we will obtain a type A(x1,...,2,) by producing a sequence of differential
fields Ko, ..., K,, where Ky =Q, and Kj;,; is generated over K; by an element
x;41 satisfying a chosen type \;;;1 that depends on p;,1. In the end, K,, will
be generated by x1,...,z,, and A(z1,...,2,) will be the type realized by
x1,...,T, that generates K,. We give several lemmas.

Lemma 4.3.22. There is a uniform effective procedure that, given a differ-
ential field K and a type A\(x) over K, yields a differential field K’ 2 K that
is generated over K by an element z realizing \.

Proof. Uniformly in K, we construct a computable, formal set N that
consists of names of the form ZE;;, where r(z),s(z) € K(x). Next, we define
the universe of K’ from Nk and A(z) by induction:

1. at step 1, consider the first element of Ny, which is a formal expression

of the form Zg; We use A(x) to determine if s(x) = 0. If so, then we
do not include % in the universe of K’; otherwise we do.

2. at step n + 1, consider the (n + 1)* element of N, which is a formal

expression of the form %, where r(x),s(x) € K{x). We use A(x) to
r(z)

determine if s(z) = 0. If so, then we do not include @) I the universe

of K'. If not, then we use A\(x) and simple “cross multiplication” to
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determine if - ( ) is equal to any E ; that we included in K’ an earlier
(

step. If so, then we do not include =
we do.

@) in the universe of K’; otherwise

Uniformly in K and A(z), the above procedure computably enumerates the
elements of the universe of K’ in order; therefore, the universe of K’ is
uniformly computable in K and A(x).

Finally, to define the constants and operations on the universe of K’, we
first use A(z) to identify element in the universe K’ that is equal to (1)—2 and

the element equal to I—K Next, to calculate a sum or product of two elements

Zg; and ”Ex; in K’, or to calculate ¢ (rga:;)’ we add, multiply, or differentiate
formally, and then we use A(z) to determine what element in the universe of
K’ the formal expression is equal to. The definitions of these operations are
uniformly computable from K’ and A, and thus ultimately from K and \. O

Given an actual differential field K;, generated by elements x1,...,z;,
some names from K/ have a definite value in K;, while others do not. Recall
that the names are quotients. We do not get a value if the denominator is 0.

Lemma 4.3.23. There is a uniform effective procedure that, given a dif-
ferential field K; generated by elements z1,...,x;, and an element f e KI',
determines whether f makes sense, and if so, assigns to f a definite value in
K;.

Proof.

We first form a finite set S of names such that fe S, andif ge Sn KJF,
for 0 < j <1, and h is a coefficient from the numerator or denominator of g,
then h e S. We form K for 0 < j <i. We then proceed by induction on j to
determine for all ge Sn K JF , whether ¢ has value in Kj, and if so, to assign
the value. Then f has a value iff all elements of S have a value. O

Lemma 4.3.24. There is a uniform effective procedure that, given p ¢
K (z;,1) and a differential field K; generated by elements z,...,z;, deter-
mines whether p makes sense (i.e., whether the coefficients all have value in
K;), and if so, identifies p with an element of K;{x;,1).

Proof. Given the p € K'(x;1), we simply identify its coefficients as
elements of K. Then we apply the previous lemma to each of the co-
efficients individually. If all of the co-efficients make sense, then we assign
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each of them a definite value in K; and then construct the corresponding
element of K;(x;.1). Otherwise, if at least one of the coefficients does not
make sense, p does not make sense. O

Lemma 4.3.25. There is a uniform effective procedure that, given a dif-
ferential field K and a differential polynomial p(x) over K, enumerates the
differential polynomials ¢(x) of order lower than that of p(z).

Proof.

First, there is a computable procedure, uniform in K, that computes orders
of p(x) € K(x). Namely, assuming p(x) is written where formal “like terms”
already are combined, then the procedure looks for the term with the highest
derivative 6" (x) appearing as a factor, where the coefficient in K for at least
one such term is non-zero. Then, uniformly in K and p(x), there is an effective
procedure that lists all algebraic polynomials in K[x,0(z),...,0" Y(z)]. O

Lemma 4.3.26. There is a uniform effective procedure that, given a differen-
tial field K and a differential polynomial p(x) over K, enumerates the proofs
of formulas ¢(x) (with parameters in K) from DCF,, D(K), p(z) =0, and
q(x) #0, for ¢ of lower order.

Proof.

By Lemma 4.3.25, we can enumerate the polynomials ¢(x) of lower order,
so we can enumerate the axioms to use in our proofs. Then we can enumerate
proofs from these axioms of formulas of the kind we are interested in. O

In Lemma 4.3.26, we did not assume that p(x) is irreducible. So, the set
of axioms may not generate a consistent, complete type over K.

Lemma 4.3.27. There is a uniform effective procedure that, given a differ-
ential field K, enumerates the reducible differential polynomials p(z) over
K.

Proof.

For a given p(z) we enumerate D(K'), searching for a formula of form
r(x)-s(x) = p(x), where r(z) and s(x) are differential polynomials over K,
both non-constant. The search halts iff p(z) is reducible. i

Lemma 4.3.28. Let K be a differential field. For any tuple kin K, DCF,
together with the quantifier-free type of k generates a complete type that
would be realized by k in any extension of K to a model of DC'Fy,.
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Proof.

Let K ¢ M, where M is a differentially closed field. By quantifier elimina-
tion, any formula true of k£ in M is proved from DC'Fy and the quantifier-free
formulas true of k. O

Lemma 4.3.29. There is a uniform effective procedure for determining, for a
differential field K and a formula ¢(k,z) (with parameters k in K), whether
@(k,x) is consistent with DC'Fyu D(K).

Proof.

Let W(E)_be the quantifier-free type realized by k in K. By Lemma 4.3.28,
DCFy u (k) generates a complete type that would be realized by & in
any extension of K to a model of DCFy. Then ¢(k,x) is consistent with

DCFyu D(K) iff (3z)¢(k,z) is in this type. O

Lemma 4.3.30. There is a uniform effective procedure that, given a differen-
tial field K and p(x) € K(x), enumerates a type A(z) for z over K. Moreover,
if p(x) is irreducible, then A(x) = Ak,

Proof.

We can determine the order of p(z), just by inspection. At each step,
we will have put finitely many formulas into the type A(z), having checked
consistency with DCFyu D(K) as in Lemma 4.3.29 (the parameters from K
that appear in the formulas form the relevant k). At step 0, we put into A(x)
the formula p(z) = 0, assuming that this is consistent. We have a computable
enumeration of the atomic formulas ¢4(z) with parameters in K. At step
s+ 1, we decide ps(x), adding @4(z) or =ps(x) to the type A(z). If we have
already seen that p(x) is reducible, then we add ¢,(z) to the type if it is
consistent to do so, and otherwise, we add —p4(z). Suppose that p(x) appears
to be irreducible. Then we simultaneously search for the following:

(1) a proof of +¢p from DCFyu D(K), p(z) =0, and formulas g(x) # 0 for
q of order less than that of p,

(2) evidence that p(x) is reducible over K.

By Lemmas 4.3.26 and 4.3.27, these are computable searches. One of the
searches will halt, since if p(z) is irreducible, then the formulas in (1) above
generate a complete type over K. If we find that p(x) is reducible, then we
proceed as above, adding +ps(x) just to maintain consistency. (We check
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consistency as in Lemma 4.3.29.) If we find a proof of ¢, or —p;, then we
add this formula to the type, provided that it is consistent to do so. We take
inconsistency as evidence that p(x) is reducible, and we proceed as above. O

Proposition 4.3.31. Uniformly in n, we can enumerate the types in n
variables.

Proof.

By Lemma 4.3.21, uniformly in n, we can enumerate the n-tuples of
formal differential polynomials pi,...,p,, where p; € Q(x1), pis1 € KF'(zi41).
The j* n-tuple of differential polynomials py,...,p, will yield the j* type
Ax1,...,x,) in variables xq,...,z,. We describe A(xy,...,x,) in terms of
some differential fields K7, ..., K, and types \;(x;) over K; ;. We note that
p1 is an actual differential polynomial over Ky = Q. We apply Lemma 4.3.30
to p; and Q, to get a type A\i(z1). We apply Lemma 4.3.22 to Q and \; to
get the differential field K generated by x; realizing ;.

Now, pa(z2) is only an element of K{'(zy), where K{' is not an actual
differential field. We apply Lemma 4.3.24 to K to determine whether po(x2)
makes sense as a differential polynomial over Ki. If not, then we generate
a type Ay for xy over K using DCFyu D(K7) as follows. We run through
the atomic formulas ¢,(xs) (over Ki) in order, adding ¢, if it is consistent
to do so, and otherwise adding —ps. We check consistency at each step as in
Lemma 4.3.29. If po makes sense as a differential polynomial over K, then
we apply Lemma 4.3.30 to get A\y. We then apply Lemma 4.3.22 to get the
differential field Ky generated by x5 realizing Ay over Kj.

In general, given K;, we apply Lemma 4.3.24 to determine whether p;,;
makes sense as differential polynomial over K;. If not, then we generate a type
Ais1, using DC'Fyu D(K;). If p;;; makes sense as a differential polynomial
over K;, then we apply Lemma 4.3.30 to get a type \;;1 for z;,1 over K.
From K; and \;;1, we get K;,1 as in Lemma 4.3.22. After finitely many steps,
calculating computable indices for the differential fields K; and the types \;,
we arrive at the differential field K,,. This is generated over QQ by the elements

Z1,...,T,. The quantifier-free type we want is that realized by zi,..., 2,
in K,. Of course, since DC'Fy has effective quantifier elimination, we then
effectively compute the complete type realized by x1,...,z,. O

As planned, we combine the enumerations of types in variables x1, ..., z,,

for various n.

Proposition 4.3.32. There is a computable enumeration R of all complete
types realized in models of DCFj.
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Now, we can prove the result of Marker and Miller, using our Theorem
4.2.5.

Proposition 4.3.33. Every countable model of DCF, admits strong jump
inversion.

Proof.

By Proposition 4.3.32, there is a computable enumeration R of the com-
plete types realized in models of DCFj, and thus, of the B; types. Thus,
Condition (1) of Theorem 4.2.5 holds. The following lemma shows that
Condition (3) holds in the strong way.

Lemma 4.3.34. Let X be a subset of w, and let A be a model of DC'Fy that
is low over X. Then X’ computes an R-labeling of A.

Proof. [Proof of Lemmal

Note that for each tuple @, we have an A-computable procedure for finding,
at step s, the first index ¢ such that R; agrees with the type of @ on the first
s quantifier-free formulas. After some step s, this ¢ is the first index for the
By-type of @. Thus, we have an R-labeling that is computable in D(.A)’, and
hence, in X', since A is low over X. |

We need to establish Condition (2), effective type completion. There is a
uniform effective procedure for computing, from a type p(u) and a formula
(@, x), consistent with p(w), a type q(u, ) such that if ¢ satisfies p(@), then
some a satisfies ¢(¢,z). Marker and Miller | | needed this for the same
reason we do. It is Lemma 4.3 in their paper. (The type ¢(¢,z) will be
realized in the differential closure of ¢.) The conditions for Theorem 4.2.5 are
all satisfied. Therefore, A admits strong jump inversion. O

Decidable saturated model of DCFj

In general, a structure A is computable if its atomic diagram is computable,
and A is decidable if the complete diagram is computable. By elimination
of quantifiers, a model of DCFy is decidable iff it is computable. Using
Proposition 4.3.32, we can show that the countable saturated model of DCF,
has a decidable copy. We need the following result from Morley | |.

Theorem 4.3.35. Let T be a countable complete elementary first order
theory for a computable language. Then the following are equivalent:
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1. T has a decidable saturated model,

2. there is a computable enumeration of all types realized in models of 7.

Using Theorem 4.3.35 and Proposition 4.3.32, we get the following.

Corollary 4.3.36. The saturated model of DC'F{, has a decidable copy.
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Chapter 5

Effective embeddings and
interpretations

There are different notions that describe the coding (and decoding) of a
structure A in another structure B. The main idea is to see which classes of
structures have more expressive power. We are interested in cases where there
is a uniform effective procedure for coding and decoding, and in cases where
there is no such procedure. We give one negative and one positive result.
Friedman and Stanley | | considered a Borel embedding L of directed
graphs in linear orderings. In | |, the authors relaxed the convention
that the structures have universe N, to allow finite structures. They introduced
an effective version of Borel embedding. A Turing computable embedding ¢
of class of structures K into another class of structures K’, ® gives a uniform
effective procedure for coding each structure from K in a structure from K’,
which preserves the back-and-forth structure | | and isomorphisms.
The decoding may or may not be effective. Some of the known exam-
ples of Turing computable embeddings involve uniformly defined effective
interpretations. In particular, this is true of the standard codings (due to
Marker, Lavrov, and Nies) of directed graphs, or structures from an arbitrary
computable language, in undirected graphs. One step of decoding gives us
the Medvedev reducibility. Recall that a structure A is Medvedev reducible
to a structure B if there is a Turing operator ®, that takes a copy of B to a
copy of A. There is a Turing computable embedding © of directed graphs
A in undirected graphs (see | ). Moreover, there is a fixed tuple of
existential formulas that give a uniform effective interpretation; i.e., for all
directed graphs A, these formulas interpret 4 in ©(.A). So, these existential
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formulas gives us the decoding. It follows that A4 is Medvedev reducible to
O(A) uniformly; i.e., A<, O(A) with a fixed Turing operator ® that serves
for all A.

Hirschfeldt, Khoussainov, Shore, and Slinko | | gave conditions on
Turing operators ® from a class K to a class K’ guaranteeing that A € K and
®(.A) share many properties—having the same spectrum, the same computable
dimension, etc. They found conditions that give an interpretation of A in
®(A), using computable X¢ formulas that may have parameters. There are
conditions making ®(.A) rigid over A. In | |, the class of undirected
graphs, the class of rings, and the class of 2-step nilpotent groups lie on top.

A more general notion is considered by Montalban | | - the notion
of effective bi-interpretability. Two structures are effectively-bi-interpretable
if there are effective-interpretations of each structure in the other and the
composition of the isomorphisms interpreting one structure inside the other
and then interpreting the other back into the first one to be effective. He
shows that the effective bi-interpretability preserves the most computability
theoretic properties. A more recent result of R. Miller, Poonen, Schoutens,
and Shlapentokh | | shows that undirected graphs can be effectively
interpreted in fields and fields are on top for effective-bi-interpretability.

In the next section we present our results with Julia Knight and Stefan
Vatev | | for coding and decoding graphs in linear orderings. In the
second section of this chapter we present an effective interpretation of fields
in 2-step nilpotent groups — Heisenberg groups | |. The last section is
devoted to an interpretation of an algebraic closed field C with characteristic
0 in a special linear group SLs(C).

5.1 Coding and decoding in linear ordering

Friedman and Stanley | | introduced Borel embeddings as a way of
comparing classification problems for different classes of structures. A Borel
embedding of a class K in a class K’ represents a uniform procedure for coding
structures from K in structures from K’. Many Borel embeddings are actually
Turing computable | |. A Turing computable embedding of a class K
in a class K’ represents an effective coding procedure.

When A is coded in B, effective decoding is represented by a Medvedev
reduction of A to B. Harrison-Trainor, Melnikov, R. Miller, and Montalban
[ | considered a notion of effective interpretation of A in B. They
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also defined a notion of computable functor, where this is a pair of Turing oper-
ators, one taking copies of B to copies of A, and the other taking isomorphisms
between copies of B to isomorphisms between the corresponding copies of A.
They showed that A is effectively interpreted in B iff there is a computable
functor from B to A. The first operator is a Medvedev reduction. This
uniform Medvedev reduction represents uniform effective decoding. Harrison-
Trainor, R. Miller, and Montalbdn | | also considered interpretations
by L., formulas, guaranteeing Borel decoding.

The class of undirected graphs and and the class of linear orderings
both lie on top under Turing computable embeddings. The standard Turing
computable embeddings of directed graphs (or structures for an arbitrary
computable relational language) in undirected graphs come with uniform
effective interpretations. We give examples of graphs that are not Medvedev
reducible to any linear ordering, or to the jump of any linear ordering. Any
graph can be interpreted in a linear ordering using computable £ formulas.
For the known Turing computable embedding of graphs in linear orderings,
due to Friedman and Stanley, we show that there is no uniform interpretation
defined by L,,,, formulas; that is, no fixed tuple of L,,,, formulas can interpret
every graph in its Friedman-Stanley ordering.

We assume that the language of each structure is computable, where
this means that the set of non-logical symbols is computable and we can
effectively determine the type and arity of each symbol. We may assume
that the languages are relational. We restrict our attention to structures
with universe equal to N. Let Mod(L) be the class of L-structures with this
universe. We identify a structure A with its atomic diagram D(.A). We may
identify this, via Godel numbering, with a set of natural numbers, or with
an element of 2¢. Thus, we think of Mod(L) as a subclass of 2. For a class
of structures K ¢ Mod(L), we suppose that K is axiomatized by an L,
sentence. By a result of Léopez-Escobar | |, this is the same as assuming
that K is a Borel subclass of Mod(L) closed under isomorphism.

5.1.1 Borel embeddings

The following definition is from | |.

Definition 5.1.1. We say that a class KC is Borel embeddable in a class K,
and we write K <g K, if there is a Borel function ® : K - K’ such that for
ABeK, Az Biff (A) = d(B).
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A Borel embedding of IC into K’ represents a uniform procedure for coding
structures from K in structures from K.

Theorem 5.1.2. | ]
The following classes lie on top under <g.

1. undirected graphs

2. fields of any fixed characteristic
3. 2-step nilpotent groups

4. linear orderings

Friedman and Stanley defined an embedding of graphs in fields of any
fixed characteristic. They also defined an embedding of graphs in linear
orderings. For the other classes listed above, Friedman and Stanley credit
carlier sources. Lavrov | | defined an embedding of Mod(L) (structures
with a domain N in the language L) in undirected graphs, for any language
L. There are similar constructions due to Nies | | and Marker | |.
Mekler | | defined an embedding of graphs in 2-step nilpotent groups.
Alternatively, we get an embedding of graphs in 2-step nilpotent groups by
composing the embedding of graphs in fields with an earlier embedding by
Mal’tsev | | of fields in 2-step nilpotent groups.

Example 5.1.3. Friedman and Stanley | | interpreted an undirected
graph in a field, say of characteristic 0. Let F'* be an algebraically closed
field with transcendence basis by, by, by, . ... For a graph G, let F(G) be the
subfield generated by the following:

1. bi7 for 7 € G,
2. elements of acl(b;),

3. Vd+d', where for some 7, j joined by an edge in GG, d is inter-algebraic
with b; and d’ is inter-algebraic with b;.

The formulas that define the interpretation are computable ITJ or simpler.
Hence, for any F' =~ F'(G), we get a copy of G computable in F".

Note: We have a Borel procedure for coding structures from structures of
class K in structures from K’. As we shall see, there may or may not be a
Borel decoding procedure.
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5.1.2 Turing computable embeddings

Kechris suggested to Knight that she and her students should consider effective
embeddings. This is done in | |, | |.

Definition 5.1.4. We say that a class K is Turing computably embedded in
a class K', and we write K <. K’, if there is a Turing operator ® : - K’

such that for all A,Be K, Az B iff &(A) =z &(B).

A Turing computable embedding represents an effective coding procedure.
The next result is in | |.

Theorem 5.1.5. The following classes lie on top under <.

1. undirected graphs

2. fields of any fixed characteristic
3. 2-step nilpotent groups

4. linear orderings

The reason for this is that the Borel embeddings of Friedman-Stanley,
Lavrov, Nies, Marker, Mekler, and Mal’tsev are all, in fact, Turing computable.

5.1.3 Medvedev reductions

A problem is a subset of 2¥ or N¥. Problem P is Medvedev reducible to
problem @) if there is a Turing operator ® that takes elements of () to elements
of P. The problems that interest us ask for copies of particular structures,
where each copy is identified with an element of 2¢.

Definition 5.1.6. We say that A is Medvedev reducible to B, and we write
A <, B if there is a Turing operator that takes copies of B to copies of A.

Supposing that A is coded in B, a Medvedev reduction of A to B represents
an effective decoding procedure.

In a number of familiar examples where A <, B, the structure A is defined
or interpreted in B using formulas that let us recover a copy of A from each
copy of B.

The notion of Medvedev reducibility captures the idea of effective recovery
(decoding) of a copy of A from a copy of B. It is uniform (strong) reducibility.
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The other (weak) not uniform reducibility is introduced by Muchnik
| |. A structure A is Muchnik reducible to B, and we write A <,, B, if
every copy of B computes a copy of A. It is equivalent to say DS(B) ¢ DS(A).

Example 5.1.7. Here are some examples of Montalban’s book [Mon].
e Given a ring R, R[x] < R.
e For every structure A there is a graph G 4 such that A=, G 4.

e In every linear ordering A every segment [a,b] 4 is Muchnik reducible
to A but not necessary Medvedev computable to A.

5.1.4 Sample embedding

Below, we describe Marker’s Turing computable embedding of directed graphs
in undirected graphs.

1. For each point a in the directed graph A, the undirected graph B has a
point b, connected to a triangle.

2. For each ordered pair of points (a,a’) from A, B has a point p(, . that
is connected directly to b, and with one stop to b,. The point pq,q
is connected to a square if there is an arrow from a to @/, and to a
pentagon otherwise.

For structures A with more relations, the same idea works—we use more
special points and more n-gons.

Fact: For Marker’s embedding ® of directed graphs in undirected graphs,
there are finitary existential formulas that, for all inputs A, define the follow-
ing.

1. the set D of b, connected to a triangle,

2. the set of ordered pairs (bg,bq) such that the special point p(gq) is
connected to a square,

3. the set of ordered pairs (bg,bq) such that the special point p(gq) is
connected to a pentagon.

This guarantees that any copy of ®(A) computes a copy of A.
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5.1.5 Effective interpretations and computable functors

Informally, a structure A is effectively interpretable in a structure B if there
is an interpretation of A in B (as in Model theory | ]), but the domain
of the interpretation is allowed to be a subset of B<¢, while in the classical
definition it is required to be a subset of B™ for some n), and where all sets in
the interpretation are required to be computable within the structure (while
in the classical definition they should be first-order definable). The formulas
defining the interpretation are computable infinitary X. A version with
parameters of the effective intrepretability is introduced by Ershov | | —
the Y-definability over HIF(B), the structure of hereditarily finite sets over B.
It uses the first-order logic over HIF(B), and is studied in Russia over the last
twenty years | , , |]. Antonio Montalbén in
| , | shows that - deﬁnablhty over HIF(B) corresponds to effective
interpretability in B with parameters.

In a number of familiar examples where A < B, the structure A is defined
or interpreted in B using formulas of special kinds.

Example 5.1.8. The usual definition of the ring of integers Z involves an
interpretation in the semi-ring of natural numbers N. Let D be the set of
ordered pairs (m,n) of natural numbers. We think of the pair (m,n) as
representing the integer m —n. With this in mind, we can easily give finitary
existential formulas that define ternary relations of addition and multiplication
on D, and the complements of these relations, and a congruence relation ~
on D, and the complement of this relation, such that (D, +,-)/. 2 Z

Harrison-Trainor, Melnikov, R. Miller, and Montalbén | | con-
sidered a notion of effective interpretation of A in B, a very general kind
of interpretation, guaranteeing that A <, B. The tuples in B that represent
elements of A have no fixed arity. Normally, we consider formulas with a
fixed tuple of variables. However, following | |, we will consider
relations R ¢ B<¢ in our interpretations, and we will say that such a relation
R is defined in B by a generalized 3¢ formula (see Definition 2.5.9) that
when there is a computable sequence of 3¢ formulas ¢,,(7,) defining R n B".
Our X definition of R is V,, ¢n(T,). A relation R defined in this way is c.e.
relative to B.

In a given structure, a relation R is computable A{-definable over ¢ if
R and the complementary relation —-R are both defined by computable ¥
formulas, with parameters in ¢c.
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As we know by a result from | |, | |, Theorem 2.5.8, for a
relation R and a structure A, R is relatively intrinsically c.e. (or %) on
A iff it is defined in A by a computable £{ (or computable X¢) formula,
with a finite tuple ¢ of parameters in 4. Actually, as we mention before, as
Montalban proved in | |, a relation R c A< is relatively intrinsically
ce. (r.i.c.e.) on A if it is defined by a generalized computable ¥ formula
with no parameters but with with infinitely many free variables.

Example 5.1.9. The dependence relation on tuples in a Q-vector space
is a familiar relation with no fixed arity. It is defined by a X formula
V. @n(Tn) of the kind that we use for effective interpretations. We let
©n(Tn) = VA A(Tn) = 0, where A ranges over the non-trivial rational linear
combinations of T, = (x1,...,x,).

Definition 5.1.10. A structure A = (A, R;) is effectively interpreted in
a structure B if there is a set D ¢ B<, X{-definable over @, and there
are relations ~ and R} on D, computable >{-definable over @, such that

(D,R})/. = A.

Above, we described Marker’s Turing computable embedding of directed
graphs in undirected graphs, and we saw there are uniform finitary existential
formulas that in the output directed graph a set D and relations + R* such that
(D, R*) is isomorphic to the input undirected graph. Friedman and Stanley’s
original embedding of graphs in fields involved a uniform interpretation by
means of ¥§ formulas. A more recent embedding of graphs in fields, due to
R. Miller, Poonen, Schoutens, and Shlapentokh | |, gives a uniform
effective interpretation.

Harrison-Trainor, Melnikov, R. Miller, and Montalban | | de-
fined a second notion with gives in equivalent definition.

Definition 5.1.11. [Computable functor]| ]
A computable functor from B to A is a pair of Turing operators, ® and V¥,
with the following features:

(1) For each C 2 B, we have ®(C) = A,

(2) For any By, By = B and any isomorphism f from By onto By, W(By, Ba, f)
is an isomorphism from ®(B;) onto ®(By). The operator V¥ is required
to satisfy some natural properties.
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(a) If By = By 2 B and f is the identity function, then W (B, By, f) is
the identity on ®(B;).

(b) For By, By, Bs 2 B, and isomorphisms f from B; to By and g from
By to By, V(Bi,B3,g0 f) =V(Bz, B3, g) o W (B1, B, f)-

The main result from | | gives the equivalence of the two
notions.

Theorem 5.1.12. For structures A and B, A is effectively interpreted in B
iff there is a computable functor ®, ¥ from B to A.

Corollary 5.1.13. If A is effectively interpreted in B, then A <, B.

Proof.
We get a Medvedev reduction by taking the first half ® of the computable
functor &, W. O
Kalimullin | | showed that the converse of the corollary fails. We can

have a Turing operator ® taking copies of B to copies of A without having a
Turing operator ¥ taking triples (B1, Bs, f) to g, where By, By are copies of B
and Bl =y BQ and CI)(Bl) =g (I)(Bg)

In the proof of Theorem 5.1.12, it is important that the set D in the
interpretation consist of tuples from B of arbitrary arity. The same is true in
the proof of the following.

Proposition 5.1.14. If A is computable, then A is effectively interpreted in
all structures B.

Proof.

Let D = B<w. Let b~ if b, are tuples of the same length. For simplicity,
suppose A = (N, R), where R is binary. If A& R(m,n), then R*(b,¢) for all
b of length m and ¢ of length n. O

Mal’tsev’s embedding @ of fields in 2-step nilpotent groups involves inter-
preting F' in ®(F') using formulas with parameters. Recently, we show that
there is a uniform computable functor from ®(F') to F. Hence, there is a
uniform effective interpretation of F' in ®(F') in which the formulas do not
have parameters. We will prove this in the next section.
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5.1.6 Interpretations by more general formulas

We may consider interpretations of A in B, where D, + ~, and +R; are defined
in B by X5 formulas formulas, and we have (D, (R} );n)/~ 2 A.
Recall the properties of the jump of A.

1. For a structure A, the jump is a structure A’ such that the relations
defined in A by ¥$ formulas are just those defined in A’ by £ formulas.

2. For a structure A, the jump structure A’ is computed by D(A)".

3. The relations defined in A®) by 3¢ formulas are just those defined in
A by 3 formulas.

Harrison-Trainor, R. Miller, and Montalbén | | proved the ana-
logue of the result from | | in which the interpretations are defined
by formulas of L., and the functors are Borel. Again for an interpretation of
A in B, the set of tuples in B that represent elements of A may have arbitrary
arity. If R ¢ B<“, and we have a countable sequence of L, -formulas ¢,,(%,)
defining R n B, then we refer to \V,, ¢,(T,) as an L, definition of R.

Theorem 5.1.15. A structure A is interpreted in B using L, ,-formulas iff
there is a Borel functor (&, V) from B to A.

5.2 Interpreting graphs in linear orderings

The content of this subsection is from | |.

As we have seen, any structure can be effectively interpreted in a graph.
Linear orderings do not have so much interpreting power. To show this, we
use the following result of Linda Jean Richter | |.

Proposition 5.2.1 (Richter). For a linear ordering L, the only sets com-
putable in all copies of L are the computable sets.

Proposition 5.2.2. There is a graph G such that for all linear orderings L,
G ¢ L.

Proof.
Let S be a non-computable set. Let G be a graph such that every copy
computes S. We may take G to be a “daisy” graph, consisting of a center
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node with a “petal” of length 2n +3 if ne S and 2n+4 if n ¢ S. Now, apply
Proposition 5.2.1. O
The following result, from | |, is a lifting of Proposition 5.2.1.

Proposition 5.2.3. For a linear ordering L, the only sets computable in all
copies of L’ (or in the jumps of all copies of L) are the AJ sets.

This yields a lifting of Proposition 5.2.2.

Proposition 5.2.4. There is a graph G such that for all linear orderings L,
G L.

Proof.
Let S be a non-A§ set. Let G be a graph such that every copy computes
S. Then apply Proposition 5.2.3. O

The pattern above does not continue. The following is well-known (see
Theorem 9.12 | ).

Proposition 5.2.5. For any set S, there is a linear ordering L such that for
all copies of L, the second jump computes S.

Proof. [Proof sketch]

For a set A, the ordering o(Au{w}) (the “shuffle sum” of orderings of type
n for n € A and of type w) consists of densely many copies of each of these
orderings. The degrees of copies of (AU {w}) are the degrees of sets X such
that A is c.e. relative to X(). Let A =S @S¢, where S¢ is the complement
of S. Consider the linear ordering L = (A u{w}). Then we have a pair of
finitary X5 formulas saying that n € S iff L has a maximal discrete set of size
2n and n ¢ S iff L has a maximal discrete set of size 2n + 1. It follows that
any copy of L uniformly computes the set S.

i
Using Proposition 5.2.5, we get the following.

Proposition 5.2.6. For any graph G, there is a linear ordering L such that
G <, L?),

Proof.

Let S be the diagram of a specific copy of GG and let L be as in Proposition
5.2.5. Then G <, L3, o
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5.2.1 Turing computable embedding of graphs in linear
orderings

The class of linear orderings, like the class of graphs, lies on top under Turing
computable embeddings. We describe the Turing computable embedding L,
given in | |, of directed graphs in linear orderings.

Friedman-Stanley embedding. First, let (A, ). be an effective partition
of Q into disjoint dense sets. Let (£,)1<n<w be a list of the atomic types in
the language of directed graphs. We let t; be the type of @&, we put the types
for single elements next, then the types for distinct pairs, then the types for
distinct triples, etc. For a graph G, the ordering L(G) is a sub-ordering of
Q<w, with the lexicographic ordering. The elements of L(G) are the finite
sequences roqiri - .. Tn-1Gnrnk € Q< such that

1. fori<mn, r; € Ag, and r, € Ay,

2. there is a special tuple in G, of length n, satisfying the atomic type t,,,
and k is a natural number less than m,

3. if n > 1 and the special tuple is a4, ...,a,, then for all i with 1 <i <n,
q; € Aai.

In talks, Knight has claimed, without any proof, that this embedding does
not represent an interpretation. Our goal in the rest of the section is to prove
the following theorem.

Theorem 5.2.7 (Main Theorem). There do not exist L, ,-formulas that,
for all graphs G, interpret G in L(G).

We begin with some definitions and simple lemmas about L(G).

Definition 5.2.8. Let b = roq171 .. . Th_1¢uTnk € L(G). We say that b mentions
a if @ is the special tuple in G of length n, such that for 1 <i<n, ¢; € A,,.

Lemma 5.2.9. Suppose b € L(G) mentions a. Then b lies in a maximal
discrete interval of some finite size m > 1. The number m tells us the atomic
type of @; in particular, it tells us the length of a.
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Proof.

It is clear from the definition of L(G) that if b mentions @, where @ satisfies
the atomic type t,, on our list, then b lies in a maximal discrete set of size
m. Knowing just that b lies in a maximal discrete set of size m, we know the
atomic type, and this tells us the length of a. O

The structure of the linear ordering L(G) does not directly tell us the
lengths of the elements b (as elements of Q<“). However, if b mentions @ of
length n, then b has length 2n + 2.

Lemma 5.2.10. If b € L(G) has length 2n+2, then there is an infinite interval
around b that consists entirely of elements of length at least 2n + 2.

Proof.

Suppose that b = rogir1...7-1¢,rnk. The elements d that extend the
initial segment rgqq71 ... 7,_1Gn, of length 2n, are closer to b than those that
differ on one of the first 2n terms. These d all have length at least 2n + 2, and
they form the interval we want. O

Lemma 5.2.11. Let b0’ € L(G), where b < V', and let d be an element of
[b,b'] of minimum length. If d mentions ¢, then all elements of [b, 5] mention
extensions of ¢.

Proof.

Say that d has length 2k +2. Then b and b’ are both in an interval around
d consisting of elements of length at least 2k + 2. Let ¢ be the initial segment
of d of length 2k. Then all elements of [b,b’] must extend o. Thus, all of
these mention extensions of c. O

Let b be a tuple in L(G). For each b; in b, let @ be the tuple in G
mentioned by b;. The formulas true of b in L(G) are determined by the
formulas true in G of the various @;, together with the “shape” of b.

Definition 5.2.12. For a tuple b = (b, ..., b,) in L(G), with by < by < ... < by,
the shape encodes the following information:

1. the order type of b—for simplicity, we suppose that
b1 <by<...<by,

2. the size of each interval (b;,b;,1)—we note that the interval is infinite
unless b;,b;,1 belong to the same finite discrete set in L(G), which
means that they agree on all but the last term,
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3. the location of each b; in the finite discrete interval to which it belongs,
4. the length of each b;,

5. for ¢ < n, the number k; such that 2k; + 2 is the length of a shortest
element d in the interval [b;,b;11]—d mentions a tuple ¢ of length k;,
and all elements of [b;, b;,1] mention tuples that extend c.

Proposition 5.2.13. For each n-tuple b, there exist I1§, and X¢ formulas in
the language of linear orderings saying, in L(G) for any G, that the n-tuple
T has the same shape as some fixed tuple b.

Proof.
We note the following.

1. For any finite n, we have a finitary d-3; formula (difference of two ¥;
formulas) saying of an interval that it has at least n elements and it
does not have at least n + 1 elements. Thus, there are finitary >y and
I1, formulas saying that an interval (b;,b;,1) has size n.

2. We have a finitary X3 formula saying that b; sits a specific position in a
maximal discrete set of size n.

3. Assuming that our list of the atomic types (¢,)1<n<. is as described
above, we have finitary 3 formulas saying that b; has length 2n + 2—we
take a finite disjunction of formulas saying that b; lies in a maximal
discrete interval of size r, where ¢, is the atomic type of a tuple of length
n.

4. For each k, we have a finitary II3 formula saying that all z € [b;, b;,1]
have length at least 2k + 2.

Taking an appropriate finite conjunction of the formulas described above,
we obtain a X definition of the set of tuples of a specific shape, and also a
I1 definition. 0

Remarks on elements of length 2: Suppose d has length 2. Then @ is the
tuple mentioned by d and the atomic type of @ is 1, so d has the form (0,
where 19 € A;. Note that d is the only element of L(G) that starts with 7.
If b<d<?V, then b has first term r and b’ has first term 7/, where r <rg <r’.
Since all A; are dense in Q, essentially everything happens in the intervals
(b,d) and (d,b").
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Lemma 5.2.14. Suppose ¢ < ¢* < ¢ in L(G), where ¢* has length 2.

(1) For any € in (¢, 00), there is an automorphism of (¢, ) taking € to
some € in the interval (¢, c*).

(2) For any € in (—oo, "), there is an automorphism of (-0, ¢’) taking € to
some €' in the interval (¢*,c’).

Proof.

We prove (1). Note that ¢* has form r0, where r € A;. The first term of ¢
is some g < r. Let ¢** be an element of length 2 greater than all in €, with
first term p. There is a permutation of Q, say f, such that

1. f preserves the ordering and membership in the A;’s (i.e., f is an
automorphism of the structure (Q, <, (A4;)icn),

2. f(g)=qand f(p)=r.

We define an automorphism g of (¢, o), taking each element xo to f(x)o—
we are changing just the first term. The fact that f preserves the ordering
and membership in A;’s is needed to be sure that g has domain and range
(¢, 00). ]

If a < b in the ordering L(G), we may say that a lies to the left of b, or
that b lies to the right of a.

Lemma 5.2.15. Let b be a finite tuple in L(G), and let ¢ be an element of
L(G).

(1) There is an automorphism of L(G) taking b to a tuple b’ entirely to the
right of ¢, with elements of length 2 in between.

(2) There is also an automorphism taking b to a tuple b entirely to the left
of ¢, with elements of length 2 in between.

Proof.

We give the proof for (1). Suppose that ¢ begins with r. Suppose the
first element of b begins with p. Let f be a permutation of Q that preserves
the ordering and membership in the A;’s, and such that f(p) >r. We have
an automorphism g of L(G) such that g(zo) = f(x)o. By the choice of f
it follows that g has domain and range all of L(G). To see that there is an
clement of length 2 between ¢ and the first element of ¢(b), we note that
there is an element of A; between r and f(p). o
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5.2.2 The relations ~?

Below, we recall a family of equivalence relations, defined for pairs of tuples,
from the same structure, or from two different structures.

Definition 5.2.16. Let A and B be structures for a fixed finite relational
language. Let @ and b be tuples of the same length, where @ in in A and b is

in B.

(1) (A,@) ~° (B,b) if the tuples @ and b satisfy the same atomic formulas
in their respective structures.

(2) For v>0, (A,a)~ (B,b) if for all B <7,

(a) for all Z e A, there exists d € B such that (A,a,c) ~# (B,b,d),
(b) for all d € B, there exists ¢ € A such that (A,a,¢) ~° (B,b,d).

Note: We write A ~7 B to indicate that (A, @) ~7 (B, ?).

Lemma 5.2.17. Let A be a computable structure for a finite relational
language. For any v < w{'¥ and for any tuple @ in A, we can effectively find a

IT5 -formula ) (7) such that A E pl(b) iff @~ b.

Proof.
We proceed by induction on «. Let v =0. Then

pa(@ = N\ @),

p(T)eB

where B is the set of atomic formulas and negations of atomic formulas true
of @ in A. This formula is finitary quantifier-free. Suppose v > 0, where we
have the formulas gpg for all § <~ and all @. Then

P2 (@) = NINCDwz(T.7) & AN(VD)V ¢5(T.9)]

B<y ¢ y c

This formula is II¢

5+ as required. |

Lemma 5.2.18. Let L be a fixed finite relational language. For any com-
putable ordinal +, and any tuples of variables 7, ¥, of the same length,
we can effectively find a computable X5 -formula ¢7(Z,%) such that for any

L-structure A, and any tuples @ and b from A, A& p7(a,b) iff (4,a) ~ (A, D).
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Proof.
Suppose that T and ¥ have length m. Let v = 0 and let At be the

computable set of all atomic formulas on the first m variables in the language
L. Then

(@7 = N\ (0(@) < 0(@)),
peAt
which is finitary quantifier-free. Suppose we have determined the formulas
©P(Z,7) for all B < v and all appropriate pairs of tuples of variables T, 7.
Then

¢"(T,7) = /!\[A(Vﬂ)(ﬂﬁ)soﬂ(f,a,yﬁ) & A(¥0)(3)¢” (7,7,7,9)],
<y uw,v v
which is a II§ formula. o
The next lemma is well-known, and the proof is straightforward.

Lemma 5.2.19. Let A and B be structures for the same countable language,
and let @ and b be tuples of the same length, in A and B,respectively. Then
for any countable ordinal v, if (A,@) ~7 (B,b), then the X¢ formulas true of

@ in A are the same as the those true of b in B.

5.2.3 ~7-equivalence in linear orderings

In a linear orderings, the ~7-classes of a tuple @ are determined by the ~7-
classes of the intervals with endpoints in a@. Let A and B be linear orderings.
Let @=a; <...<a, be a tuple in A, and let b=b; < ... < b, be a tuple in
B. Let Iy,...,I, and Jy,...,J, be the intervals in A and B determined by @
and b; i.e., Iy is the interval (—oo,a;) in A, Jj is the interval (—oo,b;) in B,
for i <n, I; is the interval (a;, a;11) in A, J; is the interval (b;,b;41) in B, I,
is the interval (a,,o0) in A, and J, is the interval (b,,c0) in B. The next
lemma is well-known, and the proof is straightforward.

Lemma 5.2.20. (A,@) ~7 (B,b) iff for i <n, I; ~7 J;.

5.2.4 More on the orderings L(G)

We return to the orderings of form L(G). In the next subsection, we will
prove that there do not exist L, formulas that, for all G, interpret G in
L(G). Roughly speaking, the outline is as follows. We assume that there are
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such formulas. The formulas are Y, for some countable ordinal «. Moreover,
they are X-computable ¥, for some X such that « < w;*. Taking G to be
the ordering w;X, we will produce tuples b,C, b in L(G) representing elements
a,e,a’ of G such that b, ~7 E,l_),, although in GG, we have a < e and a’ < e.
This is a contradiction. The current subsection gives several lemmas about
the relations ~¥ on tuples in L(G), and about automorphisms of L(G). These
lemmas are what we need to produce the tuples b, ¢, b,

To start off, we note that if aq,as ~! by, by, then the sizes of the intervals
(a1,a2) and (b1,by) match. Moreover, if a ~? b, then a and b belong to
maximal discrete intervals of the same size.

Lemma 5.2.21. Let [ = (b,0’), where b < ¥, and let J = (¢,¢’), where ¢ < ¢'.
Suppose b ~7 ¢ and b’ ~7 ¢/, where some b* € [ and some ¢* € J each have
length 2. Then I ~7 J.

Proof. 3
Suppose [ <. Take d in I. We want € in J such that
(I,d) ~? (J,€). We consider the cases 5 =0, =1, and > 2.

Case 1: Suppose § = 0. The fact that J contains an element of length 2
implies that it is an infinite interval. We choose € in this interval ordered in
the same way as d.

Case 2: Suppose 3 = 1. The tuple d partitions the interval I = (b,1’) into
sub-intervals I, ..., I,,. We need e partitioning J into sub-intervals Jy, ..., J,
of the same sizes. The first few intervals I; may be finite. Since b ~2 ¢, we can
match these intervals. Similarly, we can match the last few intervals, if these
are finite. For simplicity, we suppose that the intervals Iy and I,, are both
infinite. The tuple d is automorphic to a tuple d lying entirely to the right
of ¢, with first element infinitely far from c¢. Let d’ be infinitely far to the
right of the last term of d. By Lemma 5.2.14, there is an automorphism of
the interval (¢, c0) taking d,d to some &,e¢ in the interval (¢,c"). We let the
J;’s be the sub-intervals of J determined by e. These have the desired sizes.

Case 3: Suppose 3 > 2. We may suppose that d = dy,b*,d,. The intervals
(b,00) and (c,00) are ~7-equivalent. Therefore, we have €;,c** in (c, )

~B_equivalent to dyi,b* in (b,00). Since 8 > 2, we have that ¢** has length
2. Let p be the first term of ¢, let r be the first term of ¢*, and let ¢ be
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the first term of ¢**. Let f be a permutation of Q, preserving the order and
the A;’s, fixing p and taking ¢ to r. We have an automorphism g of (¢, o0)
(or of L(G)) that takes zo to f(x)o. Let € be g(€;). The sub-intervals of
I (or of (b,00)) determined by dy,b* are ~% equivalent to the sub-intervals
of (¢, 0) determined by €y, c**. These are isomorphic to the sub-intervals
determined by €}, g(c**). Thus, the sub-intervals of (b,o0) determined by
dy,b* are ~B-equivalent to the sub-intervals of (¢, 00) determined by &}, c*.
In a similar way, we get €, such that the sub-intervals of (¢*, 00) determined
by c*, e, are ~8-equivalent to those determined by b*,d, in (b*,00). We let
€ be €,¢,. All together, the sub-intervals of (b,¥’) determined by d are
~P-equivalent to the corresponding sub-intervals of (¢,c’) determined by €. O

Lemma 5.2.22. Let by, by, ¢1,¢; be increasing sequences in L(G), where
by ~7 ¢ and by ~Y G. Suppose further that there is an element of length 2
between the last element of b; and the first element of by, and there is an
element of length 2 between the last element of ¢; and the first element of ¢,.
Then 51,52 ~T 61,62.

Proof.

Say that by = (by,....bg), by = (bps1s---5Dn), @1 = (c1,-..,¢1), and G =
(Cks1,---5Cn). Let I; be the intervals determined by by, by, and let J; be the
intervals determined by ¢;,¢,, for i <n. The fact that by~ T implies that
I; ~7 J; for i < k. The fact that by ~7 ¢ implies that I; ~ J; for k<i<n. It
remains to show that I, ~7 J,. We have b, ~7 ¢, and b1 ~7 ¢i.1. We have
elements of length 2 in each of the intervals I, and J,. Applying the previous
lemma, we get the fact that I ~7 J,. Therefore, 1_71,1_72 ~7 G, Co. |

Lemma 5.2.23. Suppose b, b are tuples in L(G) of the same shape. Let a,
@ be the full tuples from G mentioned by the b;’s, or the b!’s. If @ ~7 @, then

bb.

Proof.
We proceed by induction on «. For v =0, the statement is trivially true.
Supposing that the statement holds for § < v, we show it for 7. Suppose
- -/
a~7a. We will have b~ b provided that for all 8 <+,

(1) for any d, there is some d such that b,d~#b.d , and

(2) for any El, there is some d such that b,d ~8 5’,3’.
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By symmetry, it is enough to prove (1). Say that ¢ is the tuple of elements
of G mentioned in the d;’s and not in @. Since @ ~Y @ in G, there is a tuple
¢ such that a,¢ ~? @',@. In L(G), we choose d, so that the ordering and
shape of 5,,3’ matches that of b,d, and for each d!, the tuple @', ¢ mentioned
in d; corresponds to the one from @, ¢ mentioned in d;. Using the fact that b
and b have the same shape, we can see that such d exist. By the induction
hypothesis, we have b, d ~8 vd. |

Definition 5.2.24. We say that A is a computable infinitary substructure
of B if A is a substructure of B and for all computable infinitary formulas
©(T) and all @ in A, BE ¢(a) iff A= ¢(a). (The definition is the same as
elementary substructure except that the formulas are not elementary (finitary)
first order.)

Lemma 5.2.25. Let G; and G5 be directed graphs such that G is a com-
putable infinitary substructure of Gy. Suppose also that G5 is computable,

so L(Gs) is computable. Then L(G;) is a computable infinitary substructure
of L(Gg)

Proof.

Note that L(G1) is a substructure of L(G5). The Tarski-Vaught test was
originally stated for elementary substructure, but it also works for computable
infinitary substructure. To show that L(G;) is a computable infinitary
substructure of L(G3), it is enough to show that for any computable infinitary
formula 1(Z, u), if L(G5) £ (b, d), where bis in L(G1), then L(Gy) = (b, d")
for some d’' € L(G).

Say that ¢ is a II¢ formula. Suppose b mentions @ from G;. The tuple
from GGy mentioned by d may include some elements from @, plus some further
elements ¢. By Lemma 5.2.17, we have a computable infinitary formula
02 (7,y) defining in G5 the ~*-class of @,¢. By the Tarski-Vaught test, there
is some ¢ in Gy such that Gy & ¢2(@,¢). Then in Gy, @,¢ ~* @,¢. Say
that w is the tuple in GGy mentioned by d. Each u; is in @,¢. Let v be the
tuple in G; such that if u; € @, then v; = u; and if u; € ¢, then v; is the
element of @ corresponding to €. Thus, u ~* 7. We choose d’, mentioning the
tuple T, such that b,d and b, d’ have the same ordering and the same shape.
Then by Lemma 5.2.23, b,d ~* b,d’. By Lemma 5.2.19, we conclude that
L(G3) £ ¢(b,d"), as required. O
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5.2.5 Proof of Theorem 5.2.7

Theorem 5.2.7 says that there are no L,,,-formulas that, for all directed
graphs G, define an interpretation of G in L(G). We introduce the ideas of
the proof in a warm-up result. Among the directed graphs are the linear
orderings. The Harrison ordering H | | has order type w¢E (1+n). While
wiE has no computable copy, H does have a computable copy. It is well
known that H and w{* satisfy the same computable infinitary sentences. In
fact, they satisfy the same II, sentences of L, for all computable ordinals
a.

Let I be the initial segment of H of order type w¢%. Thinking of H
as a directed graph, we can form the linear orderings L(H) and L(I). By
Proposition 5.1.14, just because H has a computable copy, it is effectively
interpreted in every structure B. Our warm-up result will say that there are
no computable infinitary formulas that define an interpretation of H in L(H)
and also define an interpretation of I in L([).

Proposition 5.2.26. L(I) is a computable infinitary substructure of L(H).
Proof.

Since I and H satisfy the same computable infinitary sentences and every
element of [ is defined by a computable infinitary formula, it follows that
I is a computable infinitary substructure of H. We apply Lemma 5.2.25 to
conclude that L(I) is a computable infinitary substructure of H. O

Proposition 5.2.27 (Warm-up). There do not exist computable infinitary
formulas that define an interpretation of H in L(H) and also define an
interpretation of I in L([).

Proof.

Suppose there are computable infinitary formulas that define an interpre-
tation of H in L(H), and also define an interpretation of [ in L(I). Say D,
~, and (<) are the sets of tuples defined by these formulas in L(H). We note
that all elements of I are represented by tuples from D that are in L([), and
all tuples from D that are in L(I) represent elements of I. We can translate
computable infinitary formulas describing H and its elements into computable
infinitary formulas about tuples in L(H), referring to the formulas that define
D, ~, and ().

For each computable ordinal o, we have a formula ¢,(z) saying of an
element x in H that pred(x) = {y : y < x} has order type a. Let 1,(T) be the
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translation formula saying of a tuple x that it is in D and the set of predecessors
of the equivalence class of T has order type a. For each computable ordinal
«a, there is a tuple in D satisfying 1, (Z) (for an appropriate Z). Since L(I)
is a computable infinitary substructure of L(H ), some tuple from D in L(I)
also satisfies 1, (7). Moreover, each tuple from D in L([) satisfies one of the
formulas 1,. Recall that the ordering H is computable, and so is L(H). We
define equivalence relations =¥ on D.

Definition 5.2.28. For tuples @ and b in D, let @ =7 b iff

1. @ and b have the same shape and

2. a~7b.

Fact: For each computable ordinal v and each @ in D, the =7-class of @ is
defined by a computable infinitary formula.

We need one more lemma.

Lemma 5.2.29. For each computable ordinal v, there is a =7-class C' such
that there are arbitrarily large computable ordinals « for which some b in C
satisfies 1.

Proof.

In L(H), we have a tuple b in D not satisfying any of the formulas 1, for
computable ordinals a. Let C be the =7-class of b. Since L(I) is a computable
infinitary substructure of L(H), and C' is defined by a computable infinitary
formula, we must have tuples of L(I) belonging to C' and satisfying v, for
arbitrarily large computable ordinals «. O

Suppose that the formulas defining D, (<), and ~ are all 3¢. Since D
may have no fixed arity, we mean that there is a computable sequence of %
formulas defining the sets of n-tuples in D, and similarly for (<) and ~. By
Lemma 5.2.29, there is a set C' € D in which all tuples have the same shape
and are in the same ~7-class—in particular, the tuples in C all have the same
arity. We choose tuples b and ¢ in L(I), both belonging to C, such that b
satisfies 1, and ¢ satisfies 13, where o < 3.

By Lemma 5.2.15, we may suppose that all elements of the tuple b lie to
the left of the <-first element of ¢, and the interval between the <-greatest
element of b and the <-first element of ¢ contains an element of length 2.
Also, by the same lemma, we have a tuple BI, automorphic to b, such that all
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elements of b lie to the right of the <-greatest element of ¢, and the interval
between the <-greatest element of ¢ and the <-first element of b contains
an element of length 2. Since b satisfies 1, and ¢ satisfies g, we should
have L(I) & b<e. Since b’ is automorphic to b, it should also satisfy ¥, so
we should have L([]) Z_JI®E. Applying Lemma 5.2.22, we get the fact that
b, ~7E, b Therefore, since L(I) & b, and (<) is defined by a ¥¢-formula,
we have L(I) = E@l_),. This is the contradiction that we were expecting when
we set out to prove Proposition 5.2.27. |

We have proved Proposition 5.2.27, saying that there do not exist com-
putable infinitary formulas that define an interpretation both for the Harrison
ordering H in L(H) and for the well-ordered initial segment I in L(I). We
assumed that there were computable infinitary formulas, say 3¢, defining
both interpretations, and we arrived at a contradiction. We used H and
L(H) to arrive at a sequence of tuples b, in L(I), representing arbitrarily
large elements of I, and all having the same shape and satisfying the same
computable X¢ formulas. We then used automorphisms of L(I) to show that
our proposed interpretation failed. The next result says that, in fact, there
do not exist computable infinitary formulas that define an interpretation for

I'in L(I). Of course, I is isomorphic to w{'¥.

Proposition 5.2.30. There is no interpretation of w¢® in L(w¢") defined
by computable infinitary formulas.

Proof.  Suppose we have an interpretation of w{'¥ in L(w{K), defined
by computable infinitary formulas. Say that the formulas that define the
appropriate D, (<), and ~ are 3¢. Our assumption gives the fact that for a
Harrison ordering with well-ordered initial segment I, these formulas interpret
I'in L(I). However, the assumption does not say that they also interpret H
in L(H). Thus, we are not in a position to use the important Lemma 5.2.29.

The following lemma is simple enough that we omit the proof.

Lemma 5.2.31. Let A be a computable structure. If B satisfies the com-
putable infinitary sentences true in A, then the formulas g% that define the
~7-equivalence classes of all tuples in A also define the ~7-equivalence classes
of all tuples in B. Moreover, if B E @%(5), then the X¢-formulas true of bin B

are the same as those true of d in A.

The next lemma gives the conclusion of Lemma 5.2.29. The proof involves
locating w{'¥ inside a larger ordering similar to the Harrison ordering.
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Lemma 5.2.32. In L(w{E), there are tuples_aa, corresponding to arbitrarily
large computable ordinals «, such that all d, are in D, all have the same
length and shape, all are ~7-equivalent, and d,, satisfies 9/,.

Proof. [Proof of lemmal
We use Barwise-Kreisel Compactness. Let ' be a II1 set of computable
infinitary sentences describing a structure

Z/{ = (U1 U U27U17<17U27<27F7 C)
such that

1. Uy and U, are disjoint sets,

2. (Uy,<y) is a linear ordering that satisfies the computable infinitary
sentences true in w{'® and H-—since H is computable, this is T},

3. (Ua, <) satisfies the computable infinitary sentences true in L(w{E)—
this is I1} since L(H) is computable and L(I) is a computable infinitary
substructure of L(H),

4. F is a function from DV2 to U; that induces an isomorphism between
(DU27®)/~U2 and (Ula <1)7

5. cis a constant in U; such that ¢ >; a for all computable ordinals «; i.e.,
there is a proper initial segment of <;-pred(c) of type a.

Every Al subset of T is satisfied by taking copies of w{ | L(w¢X), with
an appropriate function F', and letting ¢ be a sufficiently large computable
ordinal. Therefore, the whole set T' has a model. Let b be an element of
DUz such that F(b) = c. Let C be the set of tuples of U, having the shape
of b and ~7-equivalent to b. Since (Us,<s) satisfies the same computable
infinitary sentences true in the computable structure L(H), by the lemma
above, the ~-equivalence class of b is defined in (Us,<3) by a computable
infinitary formula. For each computable ordinal «, we have a computable
infinitary sentence x, saying that some tuple in C' does not satisfy 15 for
any 3 < a. The sentence Yy, is true in our model of I', witnessed by b such
that F(b) = c. Therefore, the sentence y, is true also in L(w*), witnessed

by some b . Since our formulas define an interpretation of wC* in L(wCk),
the witness b for Xo In L(w{) must satisfy ¢, for some v > a. |
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Now, we can proceed as in the proof of Proposition 5.2.27. We are working
in L(wCk). We choose b, ¢, from the sequence of d,’s in the lemma, such that
b ~7 €, where b satisfies 1, and € satisfies Vg, for a < . By Lemma 5.2.15, we
may suppose that the elements of b all lie to the left of the <-first element of ¢,
and the interval between the <-greatest element of b and the <-first element of
C contains an element of length 2. Since o < 3, we should have L(wSX) £ b<E.
We can take b’ automorphic to b such that all elements of b lie to the right of
the <-greatest element of ¢, and the interval between the <-greatest element
of ¢ and the <-first element of b contains an element of length 2. Clearly,
L(wfE) b'(QF since b’ satisfies ¥, (%). Applying Lemma 5.2.22 we get the
fact that b, ~7Z,b . It follows that L(wEE) E E@l_),, which is a contradiction.
]

We are ready to complete the proof of Theorem 5.2.7, saying that there
is no tuple of L,,,-formulas that, for all directed graphs G, interprets G in
L(G).

Proof. [Proof of Theorem 5.2.7|

Suppose that we have such formulas. For some X, the formulas are X-
computable infinitary. Let G be a linear ordering of type w:X. Relativizing
Proposition 5.2.30, we have the fact that G is not interpreted in L(G) by any
X-computable formulas. O

The Friedman-Stanley embedding represents a uniform effective encoding
of directed graphs in linear orderings. We have seen that there is no uniform
interpretation of the input graph in the output linear ordering.

Conjecture 1. Let ® be a Turing computable embedding of directed graphs
in linear orderings. There do not exist L,,, formulas that, for all directed
graphs G, define an interpretation of G in ®(G).
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5.3 Interpreting a field into the Heisenberg group

The Heisenberg group of a field F' is the upper-triangular subgroup of G L3(F)
in which all matrices have 1’s along the diagonal and 0’s below it. Maltsev
showed that there are existential formulas with parameters, which, for every
field F', define F' in its Heisenberg group H(F'). In this section we will
show that there are existential formulas without parameters, which, for every
field F, interpret F' in H(F'). Observing what is used to obtain this result,
we will then formulate a general result on removing parameters from an
interpretation. The results from this section are joint with Alvir, Calvert,
Goodman, Harizanov, Knight, Morozov, Miller, and Weisshaar, and published
in | .

Let remind Definition 5.1.4 of “Turing computable embedding,” | |,
based on the earlier notion of “Borel embedding” | | (Definition 5.1.1).
Recall that the classes of structures have a fixed language, and are closed
under isomorphism.

Definition 5.3.1. For classes K and K’, where K <;. K’ via ©, we say that
the structures in K are uniformly Medvedev reducible to their ©-images in
K', Ae K is uniformly Medvedev reducible to ©(A) if there is a single Turing
operator ® such that for all A€ K, A<, O(A) via .

Here is a uniform definition of the effective interpretation (see Definition
5.1.10), and a uniform definition of computable functor (see Definition 5.1.11.

Definition 5.3.2. Suppose K <;. K’ via ©.

(1) We say that the structures in K are uniformly effectively interpreted in
their ©-images if there is a fixed collection of generalized computable
Y¢ formulas (without parameters) (see Definition 2.5.9) such that, for
all A€ K, define an interpretation of A4 in ©(A).

(2) We say that ® and ¥ form a uniform computable functor from the
structures O(A) to A if these Turing operators serve for all A€ K.

There is a uniform version of Theorem 5.1.12.

Theorem 5.3.3. For classes K, K’ with K <,. K’ via O, the following are
equivalent:
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1. there are computable ¥ formulas (without parameters) which, for all
A€ K, effectively interpret A in ©(A),

2. there are uniform Turing operators ®, V¥ that, for all A4 € K, form a
computable functor from ©(A) to A.

Maltsev defined a Turing computable embedding of fields in 2-step nilpo-
tent groups. The embedding takes each field F' to its Heisenberg group
H(F). To show that the embedding preserves isomorphism, Maltsev gave
uniform existential formulas defining a copy of F' in H(F'). The definitions
involved a pair of parameters, whose orbit is defined by an existential (in fact,
quantifier-free) formula. In Section 5.3.1, we recall Maltsev’s definitions. In
Section 5.3.2, we describe a uniform computable functor that, for all I, takes
copies of H(F"), with their isomorphisms, to copies of F', with corresponding
isomorphisms. By Theorem 5.3.3, it follows that there is a uniform effective
interpretation of F'in H(F') with no parameters. In Section 5.3.3, we give
explicit finitary existential formulas that define such an interpretation. In
Section 5.3.4, we note that although F' is effectively interpretable in H(F') and
H(F) is effectively interpretable in F'; we do not, in general, have effective
bi-interpretability. In Section 5.3.5, we generalize what we did in passing from
Maltsev’s definition, with parameters, to the uniform effective interpretation,
with no parameters.

5.3.1 Defining F in H(F)

The content of the subsections 5.3.1, 5.3.2, 5.3.3, 5.3.4, and 5.3.5 are from
[ |

We recall first Maltsev’s embedding of fields in 2-step nilpotent groups,
and his formulas that define a copy of the field in the group.Recall that for a

field F', the Heisenberg group H(F') is the set of matrices of the form

h(a,b,c) =

S O =
S = 2
_ o0

with entries in F. Note that h(0,0,0) is the identity matrix. We are interested
in non-commuting pairs in H(F"). One such pair is (h(1,0,0),h(0,1,0)). For
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w = h(uy,us,u3) and v = h(vy, va,v3), let

Uy v
U2 V2

Ay =

For a group G, we write Z(G) for the center. For group elements x,y,
the commutator is [x,y] = x~ly~txy. The following technical lemma provides
much of the information we need to show that F' is defined, with parameters,
in H(F).

Lemma 5.3.4.

1. (a) For w and v, the commutator, [u,v], is (0,0, A(,,)), and
(b) [u,’u] =1iff A(u,v) =0.

2. Let u = h(uy,us,uz), and let v = h(vy,ve,v3). If [ Zl :| = l 8 ], then
2

we Z(H(F)). If l Zl ] # [ 8 ], then [u,v] =1 iff there exists a such
2

that [ U1 ]za-[ “ :|
V2 U2
3. Z(H(F)) consists of the elements of the form (0,0, c).

4. If [u,v] # 1, then z € Z(H(F)) iff [z,u] = [x,v] = 1.

Proof.

For Part 1, (a) is proved by direct computation, and (b) follows from
(a). Parts 2 and 3 are easy consequences of Part 1. We prove Part 4.
Suppose [u,v] # 1. If x € Z(H(F)), then it commutes with both u and v.
We must show that if z commutes with both u and v, then z € Z(H(F)).
Let u = h(uy,ug,u3), v = h(vy,v9,v3), and x = h(wy,z9,23). By Part 2,
since [z,u] = 1, there exists « such that il = Zl . Similarly, since

2 2

U1

[x,v] =1, there exists 3 such that [ 1 ] = 5[
T2 ()

]. Since the vectors [ th ]
U2

and 21 , are linearly independent, this implies that a = 8 = 0. It follows
2

that 1 =29=0,s0 x € Z(H). a
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Corollary 5.3.5. If 2 € H(F) is fixed by all automorphisms of H(F'), then
x =1

Proof. Write x = h(a,b,c). Lemma 5.3.4(3) shows a = b = 0, since all
conjugations fix z. But the automorphism of H(F') mapping h(zx,y,z) to
h(y,x,xy — z), which interchanges h(1,0,0) with A(0,1,0), maps h(0,0,c) to
h(0,0,-c), hence shows that ¢ =0 as well. m]

The next lemma tells us how, for any non-commuting pair u,v in the
group (H(F'),*), we can define operations + and -, and an isomorphism f

from F to (Z(H(F)),+,-).

Lemma 5.3.6. Let u = h(uy,us,uz) and v = h(vy,ve,v3) be a non-commuting
pair. Assume that a, 3,7 € F. Let x = h(0,0,a- A(y0)), ¥ = h(0,0,58-Awuwy),
and z = h(0,0,7-A(y)). Then

1. a+pB =~ iff x*y=2z, where = is the matrix multiplication.

2. «-f = iff there exist 2’ and ¢’ such that [2/,u] = [y, v] = 1, [u,y'] = ¥,
[2',v] =z, and 2z = [2/,¢'].

Proof.
For Part 1, matrix multiplication yields the fact that

h(0,0,a) = h(0,0,b) = h(0,0,a+b) .
Then a+ 3 = iff
z*y=h(0,0,a - Agwy) *7(0,0,5-Awwy) =h(0,0,7-Apwy) = 2 .

For Part 2, first suppose that - =~. We take 2/ = h(a - uy, - us,0), and
y' = h(B-v1,B-v2,0). Then A,y =0, so [2',u] = h(0,0,0) = 1. Similarly,
[y, v] = 1. Also, Ay = @Ay, 50 [2/,0] = h(0,0,a-Ag,w)) = x. Similarly,
A(u,y’) = 6 . A(u,v)» S0 [U,y'] = h(07076 : A(u,v)) =Y. Finauyv A(:Jc’,y') o B .
Aty =7 D), 50 [, 4] = 1(0,0,7 - A)) = 2.

Now, suppose we have 2/ and y’ such that [2',u] = [¢/,v] =1, [u,y'] = v,
[2',v] = x, and [2/,y'] = 2. Say that =’ = h(z, 2, 2%) and y' = h(y}, v, v5)-

Since [2/,v] = &, Ay = a - Ay, 5O [ i,l =« Zl ] Since [u,y'] = v,
2 2

!
Awyy = B Aww), 50 [ z} ] = 5[ zl ] Combining these facts, we see
2 2
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A A
I U a-up v

Ty Y a-uy vy
A yy =7 D). Since u and v do not commute, A, ,) # 0. Therefore,
a-f=7. O

The main result of the subsection follows directly from Lemmas 5.3.4 and
5.3.6.

that A(x/7yl) = = Q- B ’ A(u,v)- Since [‘rlvyl] =2

Theorem 5.3.7 (Maltsev, Morozov). For an arbitrary non-commuting pair
(u,v) in H(F), we get Fly.) = (Z(H(F)),®,®(4,)) where

—_

. xe Z(H(F)) iff [x,u] = [z,v] =1,
2. @ is the group operation from H(F'),

3. ®(uw) is the set of triples (z,y, z) such that there exist 2’,y’ with
(2" u] = [y, v] = 1, [2",v] =2, [u,y'] =y, and [2',y'] = 2,

4. the function g,y taking a € F' to h(0,0,a - A¢,,y) € H(F) is an
isomorphism between F' and F(y ).

Note: From Part 4, it is clear that h(0,0,A(,,)) is the multiplicative identity
in F, ) —we may write 1(,,) for this element.

Proposition 5.3.8. There is a uniform Medvedev reduction ® of F' to H(F).

Proof.
Given G = H(F'), we search for a non-commuting pair (u,v) in G, and
then use Maltsev’s definitions to get a copy of F' computable from G. O

It turns out that the Medvedev reduction ® is half of a computable functor.
In the next subsection, we explain how to get the other half.

5.3.2 The computable functor

In the previous subsection, we saw that for any field F' and any non-commuting
pair (u,v) in H(F), there is an isomorphic copy F{,, . of F' defined in H(F)
by finitary existential formulas with parameters (u,v). The defining formulas
are the same for all F'. Hence, there is a uniform Turing operator ® that, for all
fields F', takes copies of H(F') to copies of F. In this subsection, we describe
a companion operator ¥ so that ® and ¥ together form a uniform computable
functor. For any field F', and any triple (G1,p,G53) such that G; and Gs
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are copies of H(F') and p is an isomorphism from G; onto G, the function
U(G1, p,Gy) must be an isomorphism from ®(G1) onto (G3), and, moreover,
the isomorphisms given by ¥ must preserve identity and composition. We
saw in the previous subsection that for any field F', and any non-commuting
pair (u,v) in H(F'), the function g, taking a to h(0,0,0 - A(,,y) is an
isomorphism from F' onto F{, ). We use this g, ) below.

Lemma 5.3.9. For any F' and any non-commuting pairs (u,v), (u/,v") in
H(F), there is a natural isomorphism f(, ), vy from F(, .y onto F ..
Moreover, the family of isomorphisms f(, ) () is functorial; i.e.,

1. for any non-commuting pair (u,v), the function f(, ) (uv) is the identity,
2. for any three non-commuting pairs (u,v), (u/,v"), and (u”,v"),
f(u7v)7(un7,un) = f(u’,v’),(u”,v”) [¢] f(u,v),(u’,v’)'

Proof.

We let fiuv), vy = 9w o) og(‘ulw). This is an isomorphism from F, .y onto
Flurwry. Ttis clear that f(y ) (u,0) is the identity. Consider non-commuting pairs
(u,v), (v,v"), and (u”,v"). We must show that fi . @ vy © fluw), @) =
Juww),(uromy- We have:

- -1 -1 _
f(u’,v’),(u”,v”) o f(uw),(,u/’,u/) = g(u//ﬂ)//) o g(u,ﬂ),) [¢] g(ulml) (¢] g(u,v) =

-1
g(u”ﬂ)”) o} g(u’v) =
= f(u’,u)7(ull7vll) .

O
The next lemma says that there is a uniform existential definition of the
family of isomorphisms f(,),(u’v7)-

Lemma 5.3.10. There is a finitary existential formula ¢ (u, v, u’,v’, z,y) that,
for any two non-commuting pairs (u,v) and (u’,v"), defines the isomorphism
f(u,v),(u’,v’) taking X € F(uﬂ)) toy e F(u,ﬂ)/).

Proof.
Since the operation ®(, ) and 1, are definable by 3-formulas with
parameters u, v and v/, v’ respectively, it suffices to prove the equivalence

f(u,v),(u’,v’)(x) =Yy<==x ®(U7U) 1(“'7“') =Y.
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First assume that f, ), () =y, ie, ¥ = g og(‘iv)(a:). Let a =

g(*l}v)(x), ie., x = h(0,0,a- Agpy). It follows that y = h(0,0,a-A(u,,v,)).
Then

I@(uﬂ,) 1(u’v’) h O O - A(u v)) ®(u v) h(O 0 A(u U/))

= h OOC( A(uv))®(uv)h(00 —7-A(u7v)):
A(uw)

(
(

_ h(0,0,o{ A(u ') 'A(u,v)) =
(

= h 000& A(uv/))=y.

Assume now that = ®(,.) L,y =y and let x = h (O, 0, - A(W)). Then

Y = O L) =h(0,0,0 Apwy) Oy b (0,0, Agyrary) =
h (07 Oa a- A(u’,v’)) =9 ) ° 9(71}71,)('%) = f(u,v),(u’,v’)(x)'

We will use Lemmas 5.3.9 and 5.3.10 to prove the following.

Proposition 5.3.11. There is a uniform computable functor that, for all
fields F', takes H(F') to F.

Proof.

Let ® be the uniform Medvedev reduction of F' to H(F'). Take copies
G4, G of H(F') and take p such that G 2, Go. We describe ¢ = ¥(Gy, p, G2) as
follows. Let (u,v) be the first non-commuting pair in Gi1, and let (u’,v") be the
first non-commuting pair in Go. Now, p takes (u,v) to a non-commuting pair
(p(u),p(v)), and p maps F{,,, isomorphically onto Fi,) p(v))- The function
f(p(u),p(v)),(u’,v’) is an iSOIIlOI"phiSIn from F(p(u),p(v)) onto F(u’,v’)- We get ar
isomorphism ¢ from F{,,) onto F(, .y by composing p with f(,(u)p(v)),(wv)-
For @ € Fuuy, we let ¢(z) = fpa).p(e), ) (P(2))- SInCe fip(u) pw)) w0y 18
defined by an existential formula, with parameters p(u), p(v),u’,v’, we can
apply a uniform effective procedure to compute ¢ from (G1,p, Gs).

If G; = G2 and p is the identity, then (u,v) = (u/,v"), and by Lemma
5.3.9, f(uw),(w ) is the identity. Consider G, G2, G, all copies of G, with
functions py,ps such that Gy 2, G2 and Gg =, G5. Then p3 = p;op; is an
isomorphism from G; onto Gz. Let ¢1 = V(G1,p1,G2), 2 = V(Ga,p2, Gs),
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and g3 = V(Gq,p3,Gs). We must show that g3 = ¢2 o ¢;. The idea is to
transfer everything to GG and use Lemma 5.3.9. Let r; be the result of
transferring ¢, down to G's—11 = f(pg(u)ps(v)),(p2(u) pa(wv))- We have ¢i(z) =y
iff 71 (ps(x)) = p2(y). Let ry be the result of transferring ¢o down to Gi3—
T2 = [(po(u)po(v)),(uw)- We have ga(y) = z iff ro(p2(y)) = 2. We let 73 be the
result of transferring g3 down to G373 = fipy(u)ps(v)).(uw)- We have gs(z) = 2
iff r3(ps(x)) = z. By Lemma 5.3.9, r3 = rpyory. If ¢1(x) = y and ¢2(y) = =z,
then r1(ps(x)) = p2(y), and ro(p2(y)) = z. Then r3(ps(z)) = z, so g3(x) = z,
as required. O

Corollary 5.3.12. There is a uniform effective interpretation of F' in H(F').

Proof. Apply the result from | |. o

The result from | | gives a uniform interpretation of F' in
H(F), valid for all countable fields F', using computable 3¢ formulas with no
parameters. The tuples from H(F') that represent elements of F' may have
arbitrary arity. In the next subsection, we will do better.

We note here that the uniform interpretation of F' in H(F') given in this
subsection allows one to transfer the computable-model-theoretic properties of
any graph G to a 2-step-nilpotent group, without introducing any constants.

This is not a new result: in | |, Mekler gave a related coding of graphs
into 2-step-nilpotent groups, which, in concert with the completeness of graphs
for such properties (see | |), appears to yield the same fact, although

Mekler’s coding had different goals than completeness. Then, in | |,
Hirschfeldt, Khoussainov, Shore, and Slinko used Maltsev’s interpretation
of an integral domain in its Heisenberg group with two parameters, along
with the completeness of integral domains, to re-establish it. More recently,
| | demonstrated the completeness of fields, by coding graphs into
fields, From that result, along with Corollary 5.3.12 and the usual definition
of H(F') as a matrix group given by a set of triples from F, we achieve a
coding of graphs into fields, different from Mekler’s coding, with no constants
required.

5.3.3 Defining the interpretation directly

Our goal in this section is to give explicit existential formulas defining a uni-
form effective interpretation of a field in its Heisenberg group. We discovered
the formulas for this interpretation by examining the infinitary formulas used
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in the interpretation in Corollary 5.3.12 and trimming them down to their
essence, which turned out to be finitary.

Theorem 5.3.13. There are finitary existential formulas that, uniformly for
every field F', define an effective interpretation of F' in H(F'), with elements
of F' represented by triples of elements from H(F).

We offer intuition before giving the formal proof. The domain D of the
interpretation will consist of those triples (u,v,z) from H(F') with uv # vu
and z in the center: for each single (u,v), we apply Maltsev’s definitions,
with u, v as parameters, to get F(,,) = F. We view the triples arranged as
follows:

Fuwy Furw Furomy
(U,U,ﬂfo) (U,,UI,ZL'Q) (ullvvll7x0)
(U,U,Il) (U,,UI,ZL'l) (uuvvuwrl)
(U,U,ﬂfz) (U,,UI,ZL'Q) (ullvvll7x2)
(U,U,ﬂfg) (U,,UI,ZL'g) (ullvvll7x3)

Here each column can be seen as F(,,) for some non-commuting pair
(u,v). Now the system of isomorphisms from Lemma 5.3.9 will allow us to
identify each element in one column with a single element from each other
column, and modding out by this identification will yield a single copy of F'.
Proof.

Let H be a group isomorphic to H(F'). Recalling the natural isomorphisms
f(uw),(w vy defined in Lemma 5.3.9 for non-commuting pairs (u,v) and (u’,v"),
we define D ¢ H, a binary relation ~ on D, and ternary relations @, ® (which
are binary operations) on D, as follows.

1. D is the set of triples (u,v,z) such that wv # vu and zu = uz and
zv = vx. (Notice that, no matter which non-commuting pair (u,v) is
chosen, the set of corresponding elements x is precisely the center Z(H),
by Theorem 5.3.7.)

2. (u,v,z) ~ (v,v',2") holds if and only if the isomorphism f(, ), (w7
from F{,,) to Fy ) maps z to z’.
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3. ®((u,v,x), (u,v',y"), (u",v" z'")) holds if there exist y, z € H such that
(u,v,y) ~ (v, v",y") and (u,v,2) ~ (u”,v",2"), and F,.,)Ex+y = 2.

4. o((u,v,z), (u, v, y"), (u",v", 2")) holds if there exist y, z € H such that
(u,v,y) ~ (v, v",y') and (u,v,2) ~ (u”,0",2"), and F, ) Ex-y = 2.

Lemma 5.3.10 yielded a finitary existential formula defining the relation
(u,v,x) ~ (u',v",x"). Moreover, the field addition and multiplication were
defined in F{, ,) by finitary existential formulas using u and v, which were
parameters there but here are elements of the triples in D. Finally, we
must consider the negations of the relations. First, (u,v,z) ¢ (u',0',2") if
and only if some ¢y’ commuting with u/ and v’ satisfies (u,v,z) ~ (u/, v, y")
and y’ # o’ — that is, just if fr, ) () maps z to some element different
from z’. Likewise, since + is a binary operation in F,,), the negation of
®((u,v,x), (u,v,y"), (u",v" 2")) is defined by saying that some w” # 2 is
the sum:

Elw”([w”, U"] — 1 — [w”,U”] & wll # le & 69((“’,0’1,)’ (ul’vl’yl)7 (UH,U",U)”))),

which is also existential, and similarly for the negation of ®. Therefore, all of
these sets have finitary existential definitions in the language of groups, with
no parameters, as do the negations of ~, ®, and ®. (In fact, the complement
of D is X as well.)

The functoriality of the system of isomorphisms f(,..) ) (across all
pairs of pairs of noncommuting elements) ensures that ~ will be an equivalence
relation. Lemma 5.3.9 showed that f(,.) () 1S always the identity, giving
reflexivity. Transitivity follows from the functorial property in that same
lemma:

f(u,v),(u”,v”) = f(u’,v’),(u”,v”) © f(u,v),(u’,v’)v

and with (u”,v") = (u,v), this property also yields the symmetry of ~.

The definitions of @ and ® essentially say to convert all three triples into
~-equivalent triples with the same initial coordinates v and v, and then to
check whether the final coordinates satisfy Maltsev’s definitions of + and - in
the field F{, ,). Understood this way, they clearly respect the equivalence ~.
Finally, by fixing any single noncommuting pair (u,v), we see that the set
{(u,v,2) : ze€Z(H)} contains one element from each ~-class and, under &
and @, is isomorphic to the field F{,,) defined by Maltsev, which in turn is
isomorphic to the original field F'. O
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It should be noted that, although this interpretation of F'in H(F') was
developed using computable functors on countable fields F', it is valid even
when F' is uncountable (or finite). A full proof requires checking that the sys-
tem of isomorphisms f(y,,),(wv) remains functorial and existentially definable
even in the uncountable case, but this is straightforward.

In Theorem 5.3.13, to eliminate parameters from Maltsev’s definition of
F in H(F), we gave an interpretation of F' in H(F'), rather than another
definition. (Recall that a definition is an interpretation in which the equiva-
lence relation on the domain is simply equality.) We now demonstrate the
impossibility of strengthening the theorem to give a parameter-free definition

of F'in H(F).

Proposition 5.3.14. There is no parameter-free definition of any field F' in
its Heisenberg group H(F') by finitary formulas.

Proof. Suppose that there were such a definition, and let D ¢ (H(F'))" be
its domain. By Corollary 5.3.5, the only (z1,...,2z,) € (H(F'))" that is fixed
by all automorphisms of H(F) is the tuple where every z; is the identity
element of H(F"). So, for every T € D except this identity tuple, there would
be an az € Aut(H(F')) that does not fix Z. With equality of n-tuples as
the equivalence relation on D, az yields an automorphism of the field F
(viewed as D under the definable addition and multiplication) that does not
fix 7. However, both identity elements 0 and 1 in F' must be fixed by every
automorphism of F. O

5.3.4 Question of bi-interpretability

If B is interpreted in A, we write B4 for the copy of B given by the inter-
pretation of B in A. The structures A and B are effectively bi-interpretable
if there are uniformly relatively computable isomorphisms f from A onto
AB* and ¢ from B onto BA®. In general, the isomorphism f would map
each element of A to an equivalence class of equivalence classes of tuples in
A. We would represent f by a relation R; that holds for a,a,...,a, if f
maps a to the equivalence class of the tuple of equivalence classes of the @;’s.
Similarly, the isomorphism g would be represented by a relation Rz, that holds
for b,by,...,b, if g maps b to the equivalence class of the tuple of equivalence
classes of the b;’s. Saying that f and ¢ are uniformly relatively computable is
equivalent to saying that the relations Ry, R,, have generalized computable
Y{ definitions without parameters.
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For a field F' and its Heisenberg group H(F'), when we define H(F) in F,
the elements of H(F') are represented by triples from F', and we have finitary
formulas, quantifier-free or existential, that define the group operation (as a
relation). When we interpret F' in H(F'), the elements of I are represented
by triples from H(F'), and we have finitary existential formulas that define the
field operations and their negations (as ternary relations). Thus, in FH()"
(the copy of F' interpreted in the copy of H(F') that is defined in F'), the
clements are equivalence classes of triples of triples. In H(F)F"® (the copy
of H(F') defined in the copy of F' that is interpreted in H(F')), the elements
are triples of equivalence classes of triples. So, an isomorphism f from F' to
FHI is represented by a 10-ary relation R; on F, and an isomorphism g
from H(F) to H(F)F™"" —it is represented by a 10-ary relation R, on H(F).

For a Turing computable embedding © of K in K’ we have uniform
effective bi-interpretability if there are (generalized) computable X$ formulas
with no parameters that, for all A€ K and B = ©(A), define isomorphisms
from A to AB" and from B to BA®. Montalban asked the following very
natural question.

Question 5.3.15. Do we have uniform effective bi-interpretability of F' and
H(F)?

The answer to this question is negative. In particular, Q and H(Q) are not
effectively bi-interpretable. One way to see this is to note that Q is rigid, while
H(Q) is not—in particular, for any non-commuting pair, u,v € H(Q), there
is a group automorphism that takes (u,v) to (v,u). The negative answer to
Question 5.3.15 then follows from | , Lemma VI.26(4)|, which states that
if A and B are effectively bi-interpretable, then their automorphism groups
are isomorphic.

Morozov’s result shows which half of effective bi-interpretability causes
the difficulties.

Proposition 5.3.16 (Morozov). There is a finitary existential formula that,
for all F, defines in F a specific isomorphism k from F to FHF )"

Proof.

In F', we have the copy of H(F'), consisting of triples (a,b, ¢) (representing
h(a,b,c)), for a,b,c e F. The group operation, derived from matrix multipli-
cation, is (a,b,c) * (a',b',c") = (a+a’, b+, c+ ' +ab"). The definitions of the
universe and the operation are quantifier-free, with no parameters. We have
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seen how to interpret F' in H(F') using finitary existential formulas with no
parameters. There is a natural isomorphism k from F' onto FH & )" obtained
as follows. In H(F'), let v = h(1,0,0) and v = h(0,1,0). Then A,y =1. We
have an isomorphism mapping F' to F{, ) that takes o to h(0,0, ). We let
k(a) be the ~-class of (u,v,h(0,0,c)). The isomorphism & is defined in F' by
an existential formula. The complement of k is defined by saying that k(«)
has some other value. O

The other half of what we would need for uniform effective bi-interpretability
is sometimes impossible, as remarked above in the case F' = Q. We do not
know of any examples where F' and H(F') are effectively bi-interpretable: the
obstacle for Q might hold in all cases.

Problem 5.3.17. For which fields F', if any, are the automorphism groups
of F and H(F') isomorphic?

Even if there are fields F' such that Aut(F) = Aut(H(F')), we suspect
that F' and H(F') are not effectively bi-interpretable, simply because it is
difficult to see how one might give a computable ¥{ formula in the language
of groups that defines a specific isomorphism from H(F) to H(F)F"".

5.3.5 Generalizing the method

Our first general definition and proposition follow closely the example of a
field and its Heisenberg group.

Definition 5.3.18. Let A be a structure for a computable relational language.
Assume that its basic relations are R;, where R; is k;-ary. We say that A
is effectively defined in B with parameters b if there exist D(b) ¢ B<~, and
+R;(b) € D(b)¥i, defined by a uniformly computable sequence of generalized
computable X¢ formulas with parameters b.

Proposition 5.3.19. Suppose A is effectively defined in B with parameters b.
For € in the orbit of b, let Az be the copy of A defined by the same formulas,
but with parameters ¢ replacing b. Then the following conditions together
suffice to give an effective interpretation of A in B without parameters:

(1) The orbit of b is defined by a computable X¢ formula ¢(%);

(2) There is a generalized computable X formula 1 (u,v,7,y) such that for
all ¢, d in the orbit of b, the formula (¢, d,T,y) defines an isomorphism
fzg from Az onto Ag; and
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(3) The family of isomorphisms =g preserves identity and composition.

Proof.

We write D(b), +R;(b) for the set and relations that give a copy of A and
for the defining formulas (with parameters b). We obtain a parameter-free
interpretation of A in B as follows:

1. Let D consist of the tuples (¢,7) such that € is in the orbit of b and
is in D(¢). This is defined by a generalized computable ¥ formula.

2. Let ~ be the set of pairs ((¢,7), (d,7)) in D? such that fe7(T) =y. This
is defined by a generalized computable 3¢ formula. For pairs (¢,),
(d,y) from D, it follows that (¢,7) ¢ (d,7) if and only if

(37)((d,7) e D & f,3(Z) =7 &Y #7).

Hence the negation of ~ is also defined by a generalized computable ¥
formula.

3. We let R be the set of k;-tuples ((b1,Z1), .-, (br,, Tr,)) in D¥ such that
for the tuple (¥y,...,7,) with f; 5 (Z;) = ¥;, we have (¥y,...,7;,) €
R;(b1). This is defined by a generalized computable 3¢ formula. The
complementary relation ~R? is the set of tuples ((by,71), ..., (bx,, Tx,))
such that for 7,,...,7,. as above, (7,...,7,) € ~R;(by). This is also
defined by a generalized computable £¢ formula.

The verification is identical to that of Theorem 5.3.13. O

Corollary 5.3.20. In the situation of Proposition 5.3.19, if D(b) is contained
in B" for some single n € w, then the ¢ in item (2) and the formulas in
Definition 5.3.18 will simply be computable 3¢ formulas (as opposed to
generalized computable ¥ formulas) and the interpretation of A in B without
parameters will also be by computable (as opposed to generalized) ¢ formulas.

O

The reader will have noticed that we only produced an interpretation
of A in B, even though we originally had a definition (with parameters) of
A in B. The specific example in Sections 5.3.2 and 5.3.3 suggests that this
may be the best that can be done in general. On the other hand, we may
extend Proposition 5.3.19 and remove parameters even in the case where A is
interpreted (as opposed to being defined) with parameters in 5.
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Definition 5.3.21 (Effective Interpretation with Parameters). We say that
A, with basic relations R;, k;-ary, is effectively interpreted with parameters b
in B if there exist D ¢ B, =c D2, and R} ¢ D¥: such that

L (D, (R;)i)/== A,

2. D, + =, and £R; are defined by a computable sequence of generalized
computable X formulas, with a fixed finite tuple of parameters b.

Again, in the case where D ¢ B" for some fixed n, the formulas defining
the effective interpretation are computable 3¢ formulas of the usual kind,
with parameters b.

Proposition 5.3.22. Suppose that A (with basic relations R;, k;-ary) has
an effective interpretation in B with parameters b. For € in the orbit of b,
let Az be the copy of A obtained by replacing the parameters b by € in the
defining formulas, with domain Dz/=z containing =zclasses [a@]-.. Then the
following conditions suffice for an effective interpretation of A in B (without
parameters):

(1) The orbit of b is defined by a computable ¢ formula o(7);

(2) There is a relation F' € B<~, with a generalized computable ¥¢-definition,
such that for every ¢ and d in the orbit of b, the set of pairs (Z,7) €
Dz x D5 with (&, d,7,7) € F is invariant under =; on T and under =7 on
Y, and defines an isomorphism f7 from Az onto Ag; and

(3) The family of isomorphisms f. 5 preserves identity and composition.

Proof. Let the new domain D consist of those tuples (¢,7) with ¢ in the
orbit of b and Z in D5. This is defined by a generalized computable ¥¢ formula.

Let the equivalence relation ~ on D be the set of pairs ((¢, ), (d,7)) € D2
such that f,3([T]-.) = [y]=,. This is defined by a generalized computable >

formula. For (2,7), (d,7) € D, we have (¢,7) ¢ (d,7) if and only if
(37" € Dg) (foa([z]=) = V'], & U #3Y).

Hence ¢ is also defined by a generalized computable 3¢ formula.
Let R; be the set of k;-tuples ((b1,71),. .., (bx;,Tx;)) in D* such that for
the tuple (35, ..., ¥,) with f5 5 (T;) =7;, we have (7;,...,Yy,) € Ri(br). This
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is defined by a generalized computable X¢-formula. The complementary rela-
tion ~R? is the set of tuples ((by,71), ..., (b,, Tr,)) such that for 7y, . .. ,Ug, 8s
above, (Uy,...,7,) € ~R; (b1). This too is defined by a generalized computable
¥{ formula. Finally, as in the proofs of Theorem 5.3.13 and Proposition 5.3.19,
it is clear that this yields an interpretation of A in B without parameters. O

A relation R ¢ B<® may have a definition that is generalized computable
3¢ for a computable ordinal «, or generalized X -computable ¥, for an X-
computable ordinal «, or generalized L,,.,, or generalized ¥, for a countable
ordinal a. The definition has the form V,, ¢,(7,), where the sequence of
disjuncts (each in L., but of different arities n) is computable, or X-
computable, or just countable. We note that each generalized L, formula is
generalized X-computable ¥, for an appropriately chosen X and «, and each
generalized ¥,-formula is generalized X-computable >, for an appropriately
chosen X.

As computable structure theorists, we have focused here on effective
interpretations. Nevertheless, we wish to point out that our results apply not
only to effective interpretations, but to all interpretations using generalized
L, formulas. The following theorem generalizes Proposition 5.3.22 and
considers every variation we can imagine.

Theorem 5.3.23. Let A be a relational structure with basic relations R;
that are k;-ary. Suppose there is an interpretation of 4 in B by generalized
L, . formulas, with parameters b from B. For ¢ in the orbit of b, let Az be
the copy of A obtained by the interpretation with parameters ¢ replacing
b. Assume that there is a generalized L, ,-definable relation F defining, for
cach ¢ and d in the orbit of b, an isomorphism fa,a : Az - A7 as in Proposition
5.3.22, and that this family is closed under composition, with the identity
map as fzz for all c.

Then there is an interpretation of 4 in B by L, formulas without
parameters. Moreover, the new interpretation satisfies all of the following.

e For each countable ordinal «, if the interpretation in (B,b) defines D, =,
and each R; using ¥, formulas from L,,,,, and F' and the orbit of bin B
are both defined by >, formulas, then the parameter-free interpretation
also uses Y, formulas to define these sets.

e For each countable ordinal «, if the interpretation in (B,b) defines each
of D, +=, and =R, using >, formulas, and F' and the orbit of b in B
are both defined by >, formulas, then the parameter-free interpretation
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also uses 3, formulas to define its domain, its equivalence relation ~,
the complement ¢, and its relations +R;. (Defining 4 and -R; this way
is required by the usual notion of effective 3, interpretation.)

e Let X ¢ N. If the interpretation in (B,b) used X-computable formulas,
and F and the orbit of b in B are both defined by X-computable formulas,
then the parameter-free interpretation also uses X-computable formulas.

Of course, for every countable set of L, formulas, there is an X that
computes them all. If the signature of A is infinite, and the formulas for
the interpretation of A in (B,b) are computable uniformly in X, then
so are the formulas for the parameter-free interpretation of A in B.

(With X = @, X-computable formulas are simply computable formulas.)

e If the interpretation in (B,b) had domain contained in B for a single n,
so that the defining formulas for this interpretation and for F' in B are
all in L, (as opposed to generalized L,,, ), then the parameter-free
interpretation also uses (non-generalized) L, formulas, and its domain
is contained in B+l

e If the interpretation in (B, b) used finitary formulas, and F and the orbit
of b in B are both defined by finitary formulas, then the parameter-free
interpretation also uses finitary formulas.

Proof. We obtain the parameter-free interpretation just as in the proof of
Proposition 5.3.22. Notice that, by a result of Scott in | |, the orbit of
b must be definable by some L, formula. Checking the specific claims is
simply a matter of writing out the new formulas using the old ones. O

5.4 Interpreting ACF(0) - C in a special linear
group SLy(C)

Let C be an algebraically closed field of characteristic 0 - ACF(0). We
write SLo(C) for the group of 2 x 2 matrices over C' with determinant 1.
Clearly, SLy(C') is defined in C' without parameters. Each particular C' has a
computable copy, and that is effectively interpreted in SLy(C'). But, there are
infinitely many non-isomorphic C, differing in transcendence degree. We will
give finitary existential formulas that (for all C') define C' in SLo(C'), with a
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pair of parameters. Before defining the field as a whole, we look separately at
addition and multiplication. This is a work in progress together with Alvir,
Knight and Miller | |.

Defining (C,+)
Cll ] Note that on

Let A be the set of matrices in SLs(C') of the form (1)

A, matrix multiplication gives addition; that is,

ol )

We can define A using the parameter p = l (1) 1 ]

Claim 1: The matrices that commute with p have the forms [ é Zl) ],

-1 b

0 -1
Proof. [Proof of Claim 1]

We check that if = = CCL Z ] commutes with p, then ¢ = 0 and a = d.
Assuming that z € SLy(C), a=d=1or a=d=-1, while b can be anything.
]

It is easy to check that I is the unique element of SLo(C') that is its own
square. Thus, we can define I by a quantifier-free formula. Now, I has many
square roots apart from +/. However, these do not commute with p—the
unique square root of I that is not equal to I and commutes with p is —1.

Claim 2: x € A iff x commutes with p and z has a square root that commutes
with p.
Proof. [Proof of Claim 2]

If x € A, then x commutes with p, and x has a square root that commutes

-1 b

0 -1 ] We
can see that nothing that commutes with p has square equal to x. O
Now, (C,+) = (A, *), so we have a copy of (C,+) defined in SLy(C') using
the parameter p.

with p. Suppose x commutes with p and is not in A—x = [
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5.4.1 Defining (C' \ {0},-)

Let M be the set of matrices of form | * 0 . On M, matrix multiplication

gives multiplication; that is, l 0 ] [ 0 bt ]:l %b (al()))‘l ] We can
define M using a parameter q = 8
2

SN

Claim 3: z € M iff x commutes with q.
Proof. [Proof of Claim 3]
It is clear that if z € M, then z * ¢ = ¢ * x. Suppose x commutes with g,

Where:c:[i Z] Then b=0,c=0, and ad=1, so x € M. O

We have (C ~ {0},-) 2 (M,*), so (C ~ {0},-) is defined in SLy(C') using
quantifier-free formulas with the parameter q.

5.4.2 Defining (C,+,-)

To define the field (C, +, ), we represent an element a € C' by a pair of matrices

(z,y), where x € A and y € M. The most natural choice for z is l (1) 1 ] If

a
0
we choose (p,I), and for a = 0, we choose (I, I)—the same second component.
Let T be the set of these pairs (z,y) chosen to represent elements of C'.

a # 0, then we let y = , while if a = 0, then we let y = 1. For a =1,

Claim 4: (z,y) € T iff either x =y =1 (so (x,y) represents 0) or else = # I,
x €A, ye M, and there is some z such that z*z =y, z€ M, and z*px*z~1 = z.
(In the second case, (z,y) represents some a # 0, and there are just two
possibilities for z, corresponding to the two possible square roots of a.)
Proof. [Proof of Claim 4]

First, suppose (x,y) € T. If x = I, then y is also equal to I. Suppose = # I.
For some a € C'~ {0},

xz[é Clllandy=|:g aql ] Clearly, x € A and y € M. Let b?2 = a and

letz:[g b(‘)l ].Wehavez*zzy,ze]\/[,andz*p*z—lzx. 0
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For (z,y) € T, we define addition and multiplication relations as follows:
L. (z,y)® (2,y") = (u,v) if z* 2" =u and (u,v) €T,

2. (z,y)® (2',y") = (u,v) if either at least one of (z,y), («',y") is ({,1)
and (u,v) = (I,1), or else neither of (x,y), («',y') is (I,1), and then
y*y =vand (u,v)eT.

We have established the following.

Proposition 5.4.1. The field C is defined in S Ly (C') using finitary existential
formulas with parameters p and ¢. (The definition of T" is existential, while
the definitions of the operations are quantifier-free.)

Question 5.4.2. Are there formulas that, for all algebraically closed fields
C' of characteristic 0, define an effective interpretation of C' in SLy(C')? Are
there existential formulas that serve?

Remarks. There are old model theoretic results, due to Poizat | |, that
give uniform definability of a copy of C in SLs(C') using elementary first
order formulas without parameters. But we do not know the complexity of
the defining formulas. We have a formula ¢(u,v), saying of the formulas D,
+ ~, @, and ® that give our interpretation of C' in SLy(C') that they give
an field, not of characteristic 2, in which every element has a square root.
For any (u,v) satisfying this formula, we get an infinite field F{,,). The
theory of SLy(C') is w-stable. By an old result of Macintyre, F{,,) must
be algebraically closed. Poizat’s results show that F{, . is isomorphic to C
and that there are unique definable isomorphisms between the fields F{, .
corresponding to pairs (u,v) that satisfy ¢(u,v). These isomorphisms are
functorial. So, we have, not necessarily an effective interpretation without
parameters, but one that is defined by elementary first order formulas. We
do not know the complexity of the formulas.
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Chapter 6

Cohesive powers

The inspiration for these investigations is Skolem’s 1934 construction of a
countable non-standard model of arithmetic | |. Skolem’s construction
can be described roughly as follows. For sets X, Y ¢ N, write X c* Y if X\Y
is finite. First, fix an infinite set C' € N that is cohesive for the collection
of arithmetical sets: for every arithmetical A ¢ N, either C' c* A or C c* A.
Next, define an equivalence relation =¢ on the arithmetical functions f:N - N
by f =c gif and only if C' c* {n: f(n) = g(n)}. Then define a structure on the
—c-equivalence classes [ f] by [f]+[g] = [f+g], [f]x [g] = [f x ] (where f+g
and f x g are computed pointwise), and [f] < [g] < C<* {n: f(n) <g(n)}.
Using the arithmetical cohesiveness of C', one then shows that this structure
is elementarily equivalent to (N;+, x,<). The structure is countable because
there are only countably many arithmetical functions, and it has non-standard
elements, such as the element represented by the identity function.

Think of Skolem’s construction as a more effective analog of an ultrapower
construction. Instead of building a structure from all functions f:N — N,
Skolem builds a structure from only the arithmetical functions f. The
arithmetically cohesive set C' plays the role of the ultrafilter. Feferman,
Scott, and Tennenbaum | | investigate the question of whether Skolem’s
construction can be made more effective by assuming that C is only 7-
cohesive (i.e., cohesive for the collection of computable sets) and by restricting
to computable functions f. They answer the question negatively by showing
that it is not even possible to obtain a model of Peano arithmetic in this
way. Lerman | | investigates the situation further and shows that if
one restricts to cohesive sets C' (i.e., cohesive for the collection of c.e. sets)
that are co-c.e. and to computable functions f, then the first-order theory of

155
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the structure obtained is exactly determined by the many-one degree of C.
Additional results in this direction appear in | , |.

Dimitrov | | generalizes the effective ultrapower construction to arbi-
trary computable structures. These cohesive powers of computable structures
are studied in | : : | in relation to the lattice of c.e. sub-

spaces, modulo finite dimension, of a fixed computable infinite dimensional
vector space over Q. Here, we investigate a question dual to the question
studied by Lerman. Lerman fixes a computable presentation of a computable
structure (indeed, all computable presentations of the standard model of
arithmetic are computably isomorphic) and studies the effect that the choice
of the cohesive set has on the resulting cohesive power. Instead of fixing a
computable presentation of a structure and varying the cohesive set, we fix
a computably presentable structure and a cohesive set, and then we vary
the structure’s computable presentation. We focus on linear orders, with
special emphasis on computable presentations of w. We choose to work with
linear orders because they are a good source of non-computably categorical
structures and because the setting is simple enough to be able to completely
describe certain cohesive powers up to isomorphism.

The results from this chapter are a joint work with Dimitrov, Harizanov,
Morozov, Shafer, and Vatev, published in | | and submitted for
publication | |.

Our main results are the following, where w, ¢, and 7 denote the respective
order-types of the natural numbers, the integers, and the rationals.

e If C' is cohesive and L is a computable copy of w that is computably
isomorphic to the standard presentation of w (i.e., £ has a computable
successor function), then the cohesive power 1oL has order-type w + (7.
(Corollary 6.4.6.)

e If (' is co-c.e. and cohesive and £ is a computable copy of w, then
the finite condensation of the cohesive power IIoL has order-type 1 +
n. (Theorem 6.4.4. See Definition 6.3.3 for the definition of finite
condensation.)

e If C is co-c.e. and cohesive, then there is a computable copy L of w
where the cohesive power IIoL has order-type w + 7. (Corollary 6.5.2.)
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e More generally, if C' is co-c.e. and cohesive and X € N\ {0} is either a
Y9 set or a I19 set, thought of as a set of finite order-types, then there is
a computable copy L of w where the cohesive power [1oL has order-type
w+o(Xu{w+(n+w}). Here w* denotes the reverse of w, and o
denotes the shuffle operation of Definition 6.6.1. Furthermore, if X is
finite and non-empty, then there is a computable copy L of w where the
cohesive power IIoL has order-type w + o(X). (Theorem 6.6.6.)

The above results provide many examples of pairs of isomorphic com-
putable linear orders with non-elementarily equivalent cohesive powers. We
also give examples of computable linear orders that are always isomorphic to
their cohesive powers and examples of pairs of non-elementarily equivalent
computable linear orders with isomorphic cohesive powers.

6.1 Basic properties

The content of this section is essentially from | |.

In this chapter N denotes the natural numbers, and w denotes its order-
type when thought of as a linear order. The function (-,-}:NxN - N
is the usual computable bijective pairing function, and 7y and m; are the
associated projection functions. For X ¢ N and n € N, X [n denotes the set
X n{0,1,...,n—1}. Often we consider expressions of the form lim ,.cf(n),
limsup,,. f(n), liminf,.c f(n), etc., where f:N - N is some function and
C' ¢ N is an infinite set. For this, let ng < n; < ny < --- be the elements of
C listed in increasing order. Then lim o f(n) means lim ;.. f(n;), and
limsup,,. f(n) and liminf,.c f(n) are interpreted similarly. Notice that for
functions f:N - N, lim ¢ f(n) = oo if and only if liminf, o f(n) = .

For a partial computable function ¢, ¢(n)| means that ¢ halts on input
n and produces an output, and ¢(n)1 means that ¢ does not halt on input
n. The notation ¢ ~ 1 means that ¢ and ¢ are equal partial functions: for
every n, either ¢(n)| = 1 (n)} or both ¢(n)t and »(n)t. We also use the
~ notation to define one partial computable function in terms of another.
As usual, ¢, s(n) denotes the result (if any) of running ¢, on input n for s
computational steps.

Definition 6.1.1. An infinite set C' € N is cohesive if for every c.e. set W,
either C'c* W or C' c* W.
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Notice that if C' is cohesive and X is either c.e. or co-c.e., then C'n X
being infinite implies that C' c* X. We use quantifiers V*°n and 3*°n as
abbreviations for ‘for almost every n’ and ‘there are infinitely many n’. So
for example, (V*°n e C')(n € X) means C' c* X.

Definition 6.1.2 (| |). Let £ be a computable language. Let A be
a computable £-structure with non-empty domain A ¢ N. Let C' ¢ N be
cohesive. The cohesive power of A over C, denoted IIoA, is the £-structure
B defined as follows.

e Let D={p:¢:N— Ais partial computable and C' c* dom(p)}.

e For p 1 e D, let ¢ =¢ 1) denote C' c* {x: p(x)| =¥ (x)!l}. The relation
=¢ is an equivalence relation on D. Let [¢] denote the equivalence class
of ¢ € D with respect to =¢.

e The domain of B is the set B = {[¢]:p e D}.

e Let R be an n-ary predicate symbol of £. For [po],...,[pn-1] € B,
define RB([SDOL ) [(pnfl]) by

RB([SOO]a s lpnal]) = O {z: (Vi<n)pi(x)lA
RA(po(2), - o1 (2))}-

e Let f be an n-ary function symbol of £. For [¢o],...,[¢¥n-1] € B, let ¢
be the partial computable function defined by

¢($) = fA(¢0($), - .,(,0”_1(1')),

and notice that C' ¢ dom(v) because C c* dom(y;) for each i < n.
Define f% by f5([¢o], -, [pna1]) = [¥].

e Let ¢ be a constant symbol of £. Let ¢ be the total computable function
with constant value ¢4, and define 8 = [¢].
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We often consider cohesive powers of computable structures by co-c.e.
cohesive sets. The co-c.e. cohesive sets are exactly the complements of the
maximal sets, which are the co-atoms of the lattice of c.e. sets modulo finite
difference. Such sets exist by a well-known theorem of Friedberg (see | ]
Theorem X.3.3). Cohesive powers are intended to be effective analogs of
ultrapowers, so in light of this analogy, it makes sense to impose effectivity
on the cohesive set, which plays the role of the ultrafilter, as well as on the
base structure itself. Technically, it helps to be able to learn what numbers
are not in the cohesive set C' when building a computable structure A so as
to influence I A in a particular way. Cohesive powers by co-c.e. cohesive
sets also have the helpful property that every member of the cohesive power
has a total computable representative. Let A be a computable structure
with non-empty domain A, and fix an element ag € A. Suppose that C' is
co-c.e. and cohesive, and let ¢:N — A be a partial computable function with
C c* dom(p). Let N be such that (VYn > N)(neC - p(n)l). Define a total
computable f:N - A as follows. If n < N, then output f(n) =ag. If n> N,
then simultaneously run ¢(n) and enumerate the complement C of C. Either
©(n)l, n € C, or both. If p(n) halts before n is enumerated into C, then
output f(n) = p(n); and if n is enumerated into C' before p(n) halts, then
output f(n) =ag. This f is total and satisfies f =¢ .

A restricted form of Lo§’s theorem holds for cohesive powers. If A is
a computable structure, C' is a cohesive set, and ® is a II3 sentence, then
IIc A E ® implies A E ®. In general, this version of Los’s theorem for cohesive
powers is the best possible. In Sections 6.4, 6.5, and 6.6, we see several
examples of computable linear orders £ where the X3 sentence “there is an
element with no immediate successor” is true of some cohesive power of L
but not true of L.

Theorem 6.1.3 (| ]). Let A be a computable structure, and let C' be
a cohesive set.

(1) Let t(vo,...,v,-1) be a term, where all variables are displayed. Let
[©o],- - [pn-1] € TIcA|. Let ¥ be the partial computable function

V(@) = 4 (eo(@), -, Pn-1 ().

Then t"'eA([wo], .-, [pn-1]) = [¥].
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(2) Let ®(vg,...,v,-1) be a Boolean combination of ¥{ and 1Y formulas,
with all free variables displayed. For any [¢o], ..., [@n-1] € |TIcA],

HeAED([@o],.. -, [pn1]) = Cclx:(Vi<n)pi(x)lA
Al (po(), .., pn1(2))}

(3) If @ is a II9 sentence or a X9 sentence, then oA E @ if and only if
AE .

(4) If ® is a II3 sentence and I1oA = @, then A E .

As with structures and their ultrapowers, a computable structure 4 always
naturally embeds into its cohesive powers. For a € A, let 1, be the total
computable function with constant value a. Then for any cohesive set C,
the map a ~ [¢,] embeds A into IIc.A. This map is called the canonical
embedding of A into IIoA. If A is finite and C' is cohesive, then every partial
computable function ¢:N — | 4| with C' ¢* dom() is eventually constant on C'.
In this case, every element of IIo.A is in the range of the canonical embedding,
and therefore 4 2 IIoA. If A is an infinite computable structure, then every
cohesive power IIgA is countably infinite: infinite because A embeds into
IIc A, and countable because the elements of I1c.A are represented by partial

computable functions. See | | for further details.
Computable structures that are computably isomorphic have isomorphic
cohesive powers. This fact essentially appears in | |, but we include a

proof here for reference.

Theorem 6.1.4. Let 4y and A; be computable £-structures that are com-
putably isomorphic, and let C' be cohesive. Then 1o A 2 [1cA;.

Proof. Forie{0,1}, let B; = IIc.A; and denote elements of B; by [¢]g,. Let
f:|Ao| = |A1| be a computable isomorphism. Define a function F:|By| — |B;| by
F([elg,) =[fowls- If ¢:N —|A is partial computable with C' c* dom(¢p),
then fo:N — |A;]is partial computable with C' ¢* dom( f o¢). Furthermore,
if o =c 1, then foyw=¢c fo1. Thus F is well-defined.

To see that F' is injective, suppose that F'([¢]g,) = F([¢]s,). Then
[fowls =[fot]s, so fop=c foih. The function f is a bijection, so
therefore also ¢ =¢ ¥. Thus [¢]s, = [¥]s,-
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To see that F is surjective, consider [¢]z,. The function f:|Ag| — | A
is a computable bijection between computable sets |Ag| and |A4;], so its
inverse f=1:|A;| - |Ao| is also computable. The function f=o@:N — | A
is thus partial computable with C' ¢* dom(f~ o ¢), and F([f™ o ¢]g,) =

[fof T eopls =[¢ls-
Let R be an n-ary relation symbol of £, and let [¢o], ..., [¥n-1] € |Bol|.
The function f is an isomorphism, so for any x, if (Vi <n)p;(x){, then

R (po(2),. ., na(x)) = RY(fpo(@)), .., [(pna(2)))
Therefore

Cc* {l’ . (VZ < n)@z(x)l' A RAO(QOO(x)a SRR (Pn_l(x))}

if and only if

C e {a: (Vi<n)pi(x) A R (f(0o(x)), .- Fpna(2)))}.
Thus

RBO([(:OO]BN SRR [(pn—l]Bo) had RBl(F([QOO]BO)7 s >F([90n—1]30))'

Let g be an n-ary function symbol of £, and let [¢o],...,[¥n-1] € |Bol.
The function f is an isomorphism, so for any z, if (Vi < n)y;(x)|, then

Flg™ (o(@), ... pu-1(2))) = g (f (o(2)), .. f(pn-1(2))).

Let v and 6 be the partial computable functions given by

¢($) = gAO(QDO('T)v ) (zpn—l(x))
0(x) = g1 (f(po(x)), -, fln-1(2)))-

As C c* dom(yp;) for each i < n, we therefore have that f o1 =¢ 6. Thus

F(gBO([SOO]Boa R [907%1]30)) = F([w]Bo) = [f 01/1]81 = [‘9]31 =
9P (F([wolse)s - -+ F([#n-1]5,))-

Finally, if ¢ is a constant symbol of £ and [¢]s, = ¢, it is easy to check
that F([¢]s,) = ¢B'. Therefore F:|By| — |By| is an isomorphism witnessing
that BO = Bl. O
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Recall that a computable structure A is called computably categorical
if every computable structure that is isomorphic to A is isomorphic to A
via a computable isomorphism. It follows from Theorem 6.1.4 that if A
is a computably categorical computable structure and C' is cohesive, then
[Ic A 2 1B whenever B is a computable structure isomorphic to A.

Corollary 6.1.5. Let A be a computably categorical computable structure,
let B be a computable structure isomorphic to A, and let C' be cohesive. Then
HcA = HcB .

In Theorem 6.1.4, it is essential that the two structures are isomorphic
via a computable isomorphism. In the next section we present a construction
with two isomorphic structures which cohesive powers are not isomorphic.
In Sections 6.4, 6.5, and 6.6, we see many examples of pairs of computable
linear orders that are isomorphic (but not computably isomorphic) to w with
non-elementarily equivalent cohesive powers.

6.2 Non-Isomorphic Cohesive Powers of Isomor-
phic Structures

The content of this section is from | |.

Theorem 6.2.1. For every co-maximal set C' € w there exist two isomorphic
computable structures A and B such the cohesive powers [[-.A and []- B are
not isomorphic.

Proof. Note that it suffices to prove the theorem for an arbitrary co-maximal
set consisting of even numbers only. Indeed, if C' is an arbitrary co-maximal
set, then C] = {2s | s € C'} is also a co-maximal set, and for any computable
structure M, we have [To M = []s, M. Then, if M, and M, are isomorphic
computable structures such that [To, Mo ¢ [1g, M1, then [To Mg 2 [1c M.

Let S={2s|sew}. Let AcS be such that A; =S\ A is infinite and c.e.
For every such A we will define a computable structure M, with a single
ternary relation.

Let F ={4s+1|sew}and B ={4s+3|sew}. Fix a computable bijection
f from the set {(i,7) € S|i<j} onto F. Let also b be a computable bijection
from the set {(j,i) € S|i<jn(ie A;vje Ay)} onto B. For the function
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f, we write f;; instead of f(¢,7) and similarly for the function b. Define a
ternary relation P as follows:

P o= (=, foy,y) |z,ye Snz<y}u
{(y,byz,x) |z,ye SAx<yn(xeAvyei)}

Finally, let M4 = (w; P). Informally, we can view the triples z,w,y with
the property P(z,w,y) as labelled arrows (e.g., 2 — y). We start with a

structure consisting of the set S'u F' with arrows ¢ ELN J, that connect ¢ with
g for all 7,7 € S such that ¢ < j. These arrows can be viewed as a way of
redefining the natural ordering < on S. Elements of S can be thought of as
“stem elements” and elements of F' can be thought of as “forward witnesses.”
Next, we start enumerating the c.e. set A; = S~ A. At every stage a new
element £ is enumerated into A;, we add new arrows together with appropriate
elements from B, the “backward witnesses,” which intend to exclude k from

bri . .
the initial ordering on S. More precisely, we add arrows k —> i for all i, k

with ¢ < k, and arrows j ﬁ k, for each j, k with j > k. Eventually, exactly
the elements of A; will be excluded from the ordering, and the final ordering
will be an ordering on the set A.

In the resulting structure, every element = € A; is connected with every
element y € S such that = # y with exactly two arrows: z — y and y —> z.
If 2,y € A are such that x # y then they are connected with arrows of the
type  —> y exactly when z < y. In other words, the formula

(I)(.I',y) = E"LUP(.CE,U},y) A _'Elwlp(yawlax)

will be satisfied by exactly those x,y € A such that x <y. The formula ¢ will
not be satisfied by any pair (x,y) for which at least one of z or y has been
excluded.

The following properties of the structure M, follow immediately from
the definition above.

(1) For every w there is at most one pair x,y such that P(z,w,y).

(2) If x € S\ A, then for any y € S, y # x there is a unique w; such that
P(z,wi,y) and a unique wy such that P(y, ws,x).

(3) If z,y € A, then z <y < FJwP(z,w,y).

(4) M 4 is computable.

To prove (4) note that the relation P is computable because

P(x,z,y)@x,yeS/\[(x<y/\z:fxy)v(x>y/\zeB/\b’l(z):(x,y))].
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(5) Let D, E c S be infinite and such that S~ D and S\ E are infinite
and c.e. Then Mp = Mg.

Since D and F are infinite, the orders (D, <) and (E, <), where < is the
natural order, are isomorphic to N. The isomorphism between these orders,
extended by any bijection between S~ D and S \ E, has a unique natural
extension to a map from the domain of Mp to the domain of Mpg. That is,
the arrows in Mp (the elements of F' and B) can be uniquely mapped to
corresponding arrows in Mg.

To continue with the proof, we let
O(x) = (3t) [P(x,t) v P(t,x)].

The formula ©(x) defines the set A in M 4.

For any structure M= (M, P) in the language with one ternary predicate
symbol we will use the following notation:

Ly ={xe MIMEO(z)}, and <1,,= {(z,y) e M x MM = &(z,y)}.

Fix A €S such that S\ A is infinite and c.e.

It follows from the discussion above that the formula ®(z,y) defines in
M4 the restriction of the natural order < to A. Clearly, (L, <LMA) has
order type w.

Let MY, = [Io M 4. For partial computable functions f and g such that
[f].[g] € dom(M},) we have:

(i) Mby = ([f],[g]) = C < {il (f(i) € A) A (g(i) € A) A (f (i) < 9(i))}

(i) Lag, = {[f] e MY f(C) c* A} and (LM%’<LM11A) is a linear order.

Note that (i) follows from Theorem 6.1.3, part (2), since ®(x,y) is a
Boolean combination of 3¢ and I1{ formulas.

For the proof of (ii) notice that for any [f] € M¥ we have either C' c*
{i|f(1) € A} or C <* {i|f(i) € w\ A} because C is cohesive and w \ A is c.e.
Since

[f1€ Ly, < B2) [([f],2) v e(z, [fD],

the equivalence in part (i) implies that Ly = {[f] e M| f(C) c* A} It is
easy to show that the relation < L, is a linear order on L .

For any a € A let f,(i) = a for all i € w. We will call the element [ f,] in
M a constant in M.

(6) The set of constants {[f,]|a € A} in the structure M¥ forms an initial
segment of (L s, <LM§4) of order type w.
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Clearly, if ag,ay € A, then ®([f4,],[fa,]) if and only if ag < a;. Therefore,
{[fa]|a € A} is an ordered set of type w. It remains to check that {[f,]|a € A}
is an initial segment. Suppose [f] € MY, and a € A are such that M} &

O([f],[fa])- Then
Ce{iMar (f(i),a)} = {ilf (i) e An f(i) <a}= U {ilf(i) =k}

keAnk<a
The last expression is a union of a finite family of mutually disjoint c.e. sets.
Since C' is cohesive, there exists a k € A such that C' c* {i|f(i) = k}, which
means that [f] =[fx] is a constant.
We now define the following X sentence

U= (3z) [O(z) A (Vy) [O(y) = 2(y,2)]] .

The intended interpretation of U is that when ®(z,t) defines a linear order
(Lm,<r,,), then the order has a greatest element. Note that M4 = —W. This
is because (L Ma> <L MA) has order type w and hence has no greatest element.

Before we continue with the proof we recall Proposition 2.1 from | |.

Proposition 6.2.2. (Lerman | |) Let R be a co-r-maximal set, and let f
be a computable function such that f(R)n R is infinite. Then the restriction
f I R differs from the identity function only finitely.

We now fix a co-maximal (hence co-r-maximal) set C' € S and an infinite
co-infinite computable set D € S. By property (5) above, we have Mo = Mp.
Let M} =g Mc and MY = [T Mp.

It is not hard to show that, since C' is co-maximal, for every partial
computable function ¢ for which C' ¢* dom(y), there is a computable function

f, such that [¢] = [£,] (see | D.
To finish the proof we will establish the following facts:
() ML W
(8) Mi, = -T

To prove (7) recall that Ly = {[f] € M{| f(C) =+ C}. By Proposition
6.2.2 if [ f] € ML is such that f(C) c* C and f(C) is infinite, then [ f] = [id].
If f(C) is finite, then f is eventually equivalent to a constant, because C'
is cohesive. Therefore, Ly = {[fe]llc e CYu{[id]}. Tt is easy to see that if
c e C, then ®([f.],[id]). Thus, (LMnC, <LMuC) has order type w + 1 with the

greatest element [id]. Therefore, M} = .
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To prove (8), let D = {dy < d; <---}. The function g defined as g(d;) =
di+1 is computable. Suppose that M4 = ¥ and let [ f] be the greatest element
in (Lpg . <, )- Since [f] <, [go f], it follows that M}, = =W.

D D

In conclusion, we defined computable isomorphic structures M and Mp
such that []o M¢ and []o Mp are not even elementary equivalent. The
structure M¢ also provides a sharp bound for the fundamental theorem of
cohesive powers. Namely, for the X9 sentence ¥, M¢ £ -V but [ M¢ E V.
O

6.3 Linear orders and their cohesive powers

The content in this section, Section 6.4, Section 6.5 and Section 6.6 is from
[ |-

We investigate the cohesive powers of computable linear orders, with
special attention to computable linear orders of type w. A linear order
L = (L, <) consists of a non-empty set L equipped with a binary relation <
satisfying the following axioms.

o VaVy(z<y — y+x)
o VaVyVz[(z<yAry=<z) - x<z]
o VaVy(x<yvae=yVvy=<r)

Additionally, a linear order L is dense if YazVy3z(z <y - x <2z <y) and has
no endpoints if Yo3y3z (y < x < z). Rosenstein’s book | | is an excellent
reference for linear orders.

For a linear order £ = (L, <), we use the usual interval notation (a,b). =
{reL:a<x<b} and [a,b]y={zr e L:a=<z<b} to denote open and closed
intervals of £. Sometimes it is convenient to allow b < a in this notation,
in which case, for example, (a,b), = @. The notation |(a,b).| denotes the
cardinality of the interval (a,b),. The notations min.{a,b} and max_.{a,b}
denote the minimum and maximum of a and b with respect to <.

As is customary, w denotes the order-type of (N, <), ¢ denotes the order-
type of (Z,<), and n denotes the order-type of (Q,<). That is, w, ¢, and n
denote the respective order-types of the natural numbers, the integers, and the
rationals, each with their usual order. We refer to (N, <), (Z,<), and (Q, <)
as the standard presentations of w, (, and 7, respectively. Recall that every
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countable dense linear order without endpoints has order-type 7 (see | ]
Theorem 2.8). Furthermore, every computable countable dense linear order
without endpoints is computably isomorphic to Q (see | | Exercise 16.4).

To help reason about order-types, we use the sum, product, and reverse of
linear orders as well as condensations of linear orders.

Definition 6.3.1. Let L = (Lo, <g,) and £y = (Lo, <, ) be linear orders.

e The sum Lo+ L1 of Ly and L, is the linear order § = (9,<s), where
S=({0}xLy)u ({1} xLy) and

(i,x) <s (J,y) ifandonlyif (i<j) v (i=7Az<g y).

e The product LoLy of Ly and L is the linear order P = (P, <p), where
P= Ll X LO and

(z,a) <p (y,0) ifand only if (x<g, y) v (x=y A a<g,b).

Note that, by (fairly entrenched) convention, L£oL£; is given by the
product order on L x Lg, not on Lg x L.

e The reverse L} of Ly is the linear order R = (R,<g ), where R = L, and
x <g y it and only if y <z, x. We warn the reader that the * in the
notation £ is unrelated to the * in the notation X c* Y.

If £y and L, are computable linear orders, then one may use the pairing
function (-,-) to compute copies of Lo+ £, and LoL;. Clearly, if £ is a
computable linear order, then so is L£*.

Definition 6.3.2. Let £ = (L,<,) be a linear order. A condensation of L is
any linear order M = (M, <) obtained by partitioning L into a collection
of non-empty intervals M and, for intervals I, .J € M, defining I <, J if and

only if (VaeI)(Vbe J)(a<,D).
The most important condensation is the finite condensation.

Definition 6.3.3. Let £ = (L,<.) be a linear order. For = € L, let cg(z)
denote the set of y € L for which there are only finitely many elements between
x and y:

cr(z) = {y € L: the interval [min. .{z,y}, max. .{z,y}]|, in £ is finite}.
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The set cp(z) is always a non-empty interval, as x € cp(x). The finite
condensation cp(L) of L is the condensation obtained from the partition

{cp(z):xz € L}.

For example, cp(w) 2 1, cp(¢) 2 1, cp(n) 2 n, and cp(w+(n) 2 1 +1n.
Notice that for an element x of a linear order £, the order-type of cp(x) is
always either finite, w, w*, or (.

We often refer to the intervals that comprise a condensation of a linear
order L as blocks. For the finite condensation of £, a block is a maximal
interval I such that for any two elements of I, there are only finitely many
elements of £ between them. For elements a and b of £, we write a 2, b if the
interval (a,b), (equivalently, the interval [a,b].) in £ is infinite. For a <. b,
we have that a 2z, b if and only if @ and b are in different blocks. See | ]
Chapter 4 for more on condensations.

It is straightforward to directly verify that if £ is a computable linear
order and C'is cohesive, then IIoL is again a linear order. Furthermore, one
may verify that if £ is a computable dense linear order without endpoints,
then Il L is again a dense linear order without endpoints. These two facts
also follow from Theorem 6.1.3 because linear orders are described by IT9
sentences, and dense linear orders without endpoints are described by IT9
sentences.

The case of Q = (Q,<) is curious and deserves a digression. We have
seen that if A is a finite structure, then A = IIcA for every cohesive set
C. For Q, IIoQ is a countable dense linear order without endpoints, and
hence isomorphic to Q, for every cohesive set C. Thus Q is an example of an
infinite computable structure with Q 2 I1oQ for every cohesive set C. That
Q is isomorphic to all of its cohesive powers is no accident. By combining
Theorem 6.1.3 with the theory of Fraissé limits (see | | Chapter 6, for
example), we see that a uniformly locally finite ultrahomogeneous computable
structure for a finite language is always isomorphic to all of its cohesive powers.
Recall that a structure is locally finite if every finitely-generated substructure
is finite and is uniformly locally finite if there is a function f:N — N such
that every substructure generated by at most n elements has cardinality at
most f(n). Notice that every structure for a finite relational language is
uniformly locally finite. Also recall that a structure is ultrahomogeneous if
every isomorphism between two finitely-generated substructures extends to
an automorphism of the structure.
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Proposition 6.3.4. Let A be an infinite uniformly locally finite ultrahomo-
geneous computable structure for a finite language, and let C' be cohesive.
Then A = Hc.A.

Proof. The structure A is ultrahomogeneous, so it is the Fraissé limit of
its age (i.e., the class of all finitely-generated substructures embeddable into
A). By | | Theorem 6.4.1 and its proof, the first-order theory of A is
Ro-categorical and is axiomatized by a set T of IIJ sentences. Thus if B is any
countable model of T', then A = B. We have that IIcA =T by Theorem 6.1.3,
so A=TlcA. O

Proposition 6.3.4 implies that if a uniformly locally finite computable
structure for a finite language is a Fraissé limit, then it is isomorphic to all of
its cohesive powers. Thus computable presentations of the Rado graph and
the countable atomless Boolean algebra are additional examples of computable
structures that are isomorphic to all of their cohesive powers. Examples of
this phenomenon that cannot be attributed to ultrahomogeneity appear in
Sections 6.4 and 6.5.

Returning to linear orders, we recall the following well-known lemma
stating that a strictly order-preserving surjection from one linear order onto
another is necessarily an isomorphism.

Lemma 6.3.5. Let £ = (L,<z) and M = (M,<,) be linear orders. If
f:L - M is surjective and satisfies (Va,y € L)[z <y — f(x) <m f(y)],
then f is an isomorphism.

Proof. Such an f is injective. If x # y, then either x <z y or y <, x, so

either f(x) <y f(y) or f(y) <am f(x). In either case, f(x) # f(y). Similarly,
if = 4 y, then either x = y, in which case f(z) = f(y); or y <¢ x, in which

case f(y) <am f(x). In either case, f(x) tam f(y). i
Cohesive powers commute with sums, products, and reverses.

Theorem 6.3.6. Let £y = (Lo, <g,) and £y = (L1,<¢,) be computable linear
orders, and let C' be cohesive. Then

(1) Hc(ﬁo + El) = Hcﬁo + Hoﬁl,
(2) Te(LoLy) = (TIeLo) (M Ly), and

(3) He(Ly) = (HeLly)*.
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Proof. Forie{0,1}, let B; =1IoL; and denote elements of B; by [¢]s,.
For (1), let D =T1Ic(Lo + £1) and denote elements of D by [¢]p. Define
an isomorphism F:|D| — |By + B;| by

(0,[m e ls,) if (V=n e C)(p(n) € {0} x Lo)
(L [moels,) if (VoneC)(p(n) e {1} x Ly).

The function F is well-defined because for any [¢]p, exactly one of the
two options occurs by cohesiveness. To check that F'is an isomorphism, it
suffices to check that F' is surjective and order-preserving. For surjectivity,
consider an (i,[1]g,) € |Bo + Bi|. Let ¢ be the partial computable function
where Vn[p(n) ~ (i,1(n))]. Then (V*n e C)(p(n) e {i} x L;), so [¢]p € |D|
and F([¢]p) = (4,[¢]s,). For order-preserving, suppose that [¢]p and [¢]p
are members of D with [¢]p <p [¢]p. By cohesiveness, either (Y*n e

) [mo(p(n)) < mo((n))] or (¥ € O)[mo(i2(n)) = To(¥(n))]. In the first

case, it must be that

F([SO]D) = (O? [7T1 °© (10]30) <Bo+B1 (17 [71—1 °© ¢]Bl) = F([w]D)v

as desired. In the second case, let i € {0, 1} be such that (V*=n € C')[m(¢(n)) =
7o(¢(n)) = i]. Then it must be that

(vn e O)[m(p(n)) € Li A m(y(n)) € Li A m(p(n)) <, m(d(n))];

F([elp) ={

SO

F(lelp) = (G, [mo¢ls,) <spes, (0 [mod]s,) = F([¢']p),

as desired.

For (2), let D =TI (LoL1) and again denote elements of D by [¢]p. For
such a [¢]p, we have that (V*°n € C')(p(n) € Ly x Ly). Define an isomorphism
F:|D| - |ByB,| by

F([elp) = ([mo 0 @ls,, [m1 0 0]B,) €Bi| x |Bol.

To show that F' is an isomorphism, again it suffices to show that F' is surjective
and order-preserving. For surjectivity, consider a ([¢1]s,, [¥o]s,) € |Bi| x |Bo|-
Let ¢ be the partial computable function where Yn[p(n) ~ (¢1(n),0(n))].
Then (V>n € C')(¢(n) € LixLo), so [¢]p €[D] and F([¢]p) = ([¢1]s,, [to]s,)-
For order-preserving, suppose that [¢]p and [¢]p are members of D with
[¢]p <p [¥]p. Then (Von e C)(p(n) <oz, ¥(n)). By cohesiveness, either
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o (VoneCO)[mo(p(n)) <c, mo(¢(n))] or

o (VeneC)[m(p(n)) =mo(¥(n)) A m(p(n)) <c, m(¥(n))]-

In the first case, [m o ¢]s, <5, [0 o ¥]s,. In the second case, [my o ¢]s, =
[0 0¥ ], and [m 0 ¢]lg, <B, [71 0 ¥]s,. Thus in either case,

F([elp) = ([mo o ¢ls,, [m10¢]s,) <Bos, ([T00 Y], [T10%]5,) = F([¢]p),

as desired.

For (3) let D =11 (Ly) and again denote elements of D by [¢]p. Notice
that |£3| = |Lo| = Lo, and therefore that |D| = |Bg|. Thus the function F:|D| -
1B;| given by F([¢]p) = [¢]s; is well-defined and surjective. The function
F'is also order-preserving. If [¢]p <p [¢]p, then (V>n e C)[¢(n) <cx ¥(n)].
So (Von e C)[(n) <z, p(n)]. So [¥]s, <s, [¢]B,- So [¢ls; <s; [¢]s;. Thus
F'is an isomorphism. O

Sections 6.4, 6.5, and 6.6 concern calculating the order-types of cohesive
powers of computable copies of w. To do this, we must be able to determine
when one element of a cohesive power is an immediate successor or immediate
predecessor of another, and we must be able to determine when two elements
of a cohesive power are in different blocks of its finite condensation.

In a cohesive power IIoL of a computable linear order £, [¢] is the
immediate successor of [¢] if and only if p(n) is the immediate successor of
Y (n) for almost every n € C. Therefore also [¢] is the immediate predecessor
of [¢] if and only if ¢)(n) is the immediate predecessor of ¢(n) for almost
every n e C.

Lemma 6.3.7. Let £ be a computable linear order, let C' be cohesive, and
let [¢] and [¢] be elements of IIoL. Then the following are equivalent.

(1) [¢] is the <q,c-immediate successor of [¢].
(2) (V°neC)(p(n) is the <,-immediate successor of ¥(n)).

(3) (3°neC)(p(n) is the <,-immediate successor of ¥(n)).

Proof. Supposing p(n)| and ¢ (n)|, that ¢(n) is the <,-immediate successor
of ¥(n) is a II{ property of p(n) and ¢(n). Thus by cohesiveness (and the
fact that C' <* dom(p) ndom(v))), it holds that p(n) is the <,-immediate
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successor of ¥(n) for infinitely many n € C' if and only if it holds for almost
every n € C. Therefore (2) and (3) are equivalent.

For (3) = (1), suppose that [¢] is not the <. c-immediate successor of
[¢]. If [¢] 2n.c [¢], then (V°n € C)(p(n) <, ¥(n)), so for almost every
neC, p(n) is the not the <,-immediate successor of ¥(n). If [¢] <n.c [¢],
then there is a [0] with [¢] <n..z [0] <nec [¢]. Therefore (Von € C)(¢(n) <,
0(n) <z ¢(n)), so again for almost every n € C, ¢(n) is the not the <.-
immediate successor of ¥)(n).

For (1) = (3), suppose that for almost every n € C, ¢(n) is the not
the <g-immediate successor of ¥(n). If [¢] <n.c [¢], then [¢] is not the
<m.c-immediate successor of [¢], so we may assume that [¢/] <q.z [¢]. Thus
(VeoneC)(¢¥(n) <z p(n)). Let 6 be the partial computable function which
on input n, searches for an x with ¢(n) <, x <z ¢(n) and outputs the first
such = found. For almost every n € C, 1(n) <z ¢(n) but ¢(n) is not the
<c-immediate successor of ¥(n). For such n, #(n) is defined and satisfies
Y(n) <¢ 0(n) <z ¢(n). Therefore (Von € C)(v(n) <z 8(n) <z ¢(n)), so
[¢¥] <nez [0] <nez [¢]- Thus [¢] is not the <q c-immediate successor of [¢].
o

Lemma 6.3.8. Let £ be a computable linear order, let C' be cohesive, and
let [¢] and [¢] be elements of IIcL. Then the following are equivalent.

(1) [¢] znec [e].
(2) limpec|((n), o(n))c| = co.

(3> lim SUPpec |(”¢(TL), So(n))ﬁ| = 00.

Proof. Let [¢],[¢] € [lIcL|. For (1) = (2), suppose that [¢] zn.z [¢]-
Given k, let [6p],...,[0k-1] € TIcL| be such that

[V] <nec [0o] <nec - <nec [Oe-1] <noc [¢]-
Then
(Ve°n e C)[v(n) <¢ Oo(n) <¢ =+ < Op_1(n) <¢ @(n)].

Thus for almost every n € C, we have that [(¥(n),o(n))c| > k.
So, lim nec|(1h(n), p(n))c| = oo.
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The implication (2) = (3) is immediate. For (3) = (1), suppose that
limsup,,. [(¥(n), o(n))z| = oo. Given k, let [6p],...,[0k-1] € [HcL]. We
show that there is a [0] with [¢/] <u.z [0] <.z [¢] that is different from
[0;] for each i < k. It follows that the interval ([¢],[¢])ne.c of oL is
infinite, so [¢] zn.z [¢]. To compute 8(n), first wait for 1(n), p(n), and
the 0;(n) for i < k to halt. Once these computations halt, search for an
x € L with ¥(n) <z x <z ¢(n) such that x # 0;(n) for all ¢ < k. If there is
such an z, let O(x) be the first such = found. If n € C' is sufficiently large
and |(¢¥(n),p(n))c| > k, then ¥(n)|, p(n)l, and (Vi < k)6;(n)|, and such
an x is found. Therefore there are infinitely many n € C' with n in the
domains of ¥, ¢, 0, and the 6; for i < k such that ¥ (n) <z 8(n) <z ¢(n) and

—_

(Vi<k)(0(n) # 0:(n)). By cohesiveness, this in fact occurs for almost every
n € C. Thus [’l/}] <ML [9] <ML [QO], but (VZ < k)([@] * [91]) O
The finite condensation of a computable linear order by a co-c.e. cohesive

set is always dense.

Theorem 6.3.9. Let £ = (L,<,) be a computable linear order, and let C' be
co-c.e. and cohesive. Then cp(IIoL) is dense.

Proof.  Let [¢] and [¢] be elements of IIcL with [¢] 2.z [¢]. We
partially compute a function 6:N — L so that [#] is an element of IIo£ with
W] ML [0] ML [90]

By Lemma 6.3.8, [¢] 2n.z [¢] means that limsup,.[(¥(n),p(n))c| =
co. We define 6 by enumerating graph(6) = {{n,z) : (n) = z}. The goal
is to arrange |C'n dom(0)| = oo (so that C' c* dom(f) by cohesiveness),
limsup,,. [(¥2(n),0(n))z| = oo, and limsup,,.~ |(#(n), o(n))z| = co. It then
follows that [¢] 2.z [0] 2nec [¢]-

Let W denote the c.e. set C, and let (Ws)sen be an increasing enumeration
of W. Say that n covers k at a stage s of our enumeration of graph(0) if

o n ¢ W,

we have already enumerated 6(n) = x for some z,

v(n)} and ¥ (n)| within s steps each,

|(¥(n),z):n{0,...,s} >k, and

o [(z,0(n)).n{0,...,s} >k
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If there is an n that covers k at stage s, then also say that k is covered
at stage s. Enumerate graph(f) as follows. Start at stage s = 0. At stage
s, let £y s be the <-least number that is not covered at stage s. If s >0, let
X =WsNWi_y. Let 41 ¢ be <-least (if there is such a number) such that there
is an n € X, that covered ¢ ; at stage s — 1, but no m <n covers /; ; at stage
s. If 41, is defined, let ks = min {ly, ¢, s}. Otherwise, let ks = {y,. Then
check if there are n,x < s such that:

(i) n¢Ws,

)
(ii) A(n) is not yet defined,
(iii) ¢(n)! and ¥(n)| within s steps each,
)

(iv) |(¥(n),x)n{0,...,s} >k, and
(v) [(@,¢(n))en{0,... s} > ks

If there are such an n and z, choose the <-least such n and the <-least
corresponding x, and enumerate 6(n) = z. Now n covers k, at stage s. Go to
stage s+ 1. If there are no such n and x, then do nothing and go to stage
s+ 1. This completes the construction of 6.

If n covers k at some stage s, there could be a later stage t > s at which
n does not cover k because n € W;. However, if n € C, then n ¢ W, for
every t, so k stays covered by n forever. We show, by induction on k, that
every k is eventually covered by an n € C. From this, |C' n dom(0)| = oo,
limsup,,.c [(¢(n),0(n))c| = oo, and limsup,c[(0(n),p(n))c| = oo readily
follow, as desired.

Let sy be a stage by which all £ < k have been covered by members of
C. Let ¢ be the <-maximum member of C' covering an ¢ < k at stage s,
and let s; > sy be a stage such that Wy, tc = Wte. Then kg > k at all stages
s > s1. By assumption, limsup,,.|(¥(n),p(n))c| = oo. So let ng be the <-
least ng € C' with ng ¢ dom(0) at stage s; and |(¢(ng), ¢(no))z| > 2k +1. If ng
ever appears in dom(6), it is to cover some j > k, in which case ng also covers
k. Let sy > max.{no,s1} be large enough so that W, Ing = Wtng, p(ng)l
and 1(no)J within s, steps, and |(1(no), #(n0))z M {0, .., 53}] > 2%+ 1.

Consider stage sy. If k£ is not covered at stage sy, then it must be that
0(ng) is not defined at stage s,. In this case, kg, = k, and ng is <-least for
which there is an x < s5 such that (i)—(v) hold. So 6(ng) is defined to cover k
at stage so.



6.4. COHESIVE POWERS OF COMPUTABLE COPIES OF w 175

Now suppose instead that k is covered at stage ss. In this case, let m be
<-least such that there is a stage s3 > so at which m covers k. If m € C', then
this is as desired. Otherwise, m € W, in which case there is a <-least s > s3
with m € W,. The number m covers k at stage s — 1, but by choice of m, no
a <m covers k at stage s. Thus ¢, 5 =k, so ks = k. If ng € dom(6) at stage
s, then ng must already cover k, as noted above. If ng ¢ dom(60) at stage s,
then ng is <-least for which there is an x < s such that (i)—(v) hold. So 6(ng)
is defined to cover k at stage s. O

6.4 Cohesive powers of computable copies of w

We investigate the cohesive powers of computable linear orders of type w.
Observe that an infinite linear order has type w if and only if every element has
only finitely many predecessors. We rely on this characterization throughout.
Though not part of the language of linear orders, every linear order £ of
type w has an associated successor function S*:|L| - |L| given by S*(z) =
the <.-immediate successor of x. For the standard presentation of w, the
successor function is of course given by the computable function S(x) = x + 1.
It is straightforward to check that a computable copy £ of w is computably
isomorphic to the standard presentation if and only if S* is computable.
We show that every cohesive power of the standard presentation of w has
order-type w + (n (Theorem 6.4.5). This is to be expected because w + (7 is
familiar as the order-type of every countable non-standard model of Peano
arithmetic (see | | Theorem 6.4). Therefore, by Theorem 6.1.4, every
cohesive power of every computable copy of w that is computably isomorphic
to the standard presentation has order-type w + (n; or, equivalently, every
cohesive power of every computable copy of w with a computable successor
function has order-type w + (n. However, being computably isomorphic to the
standard presentation (equivalently, having a computable successor function)
is not a characterization of the computable copies of w having cohesive powers
of order-type w + (1. We show that there is a computable copy of w that is
not computably isomorphic to the standard presentation, yet still has every
cohesive power isomorphic to w + (1 (Theorem 6.4.8). Thus to compute a
copy of w having a cohesive power not of type w + (7, one must do more than
simply arrange for the successor function to be non-computable. We show
that for every cohesive set C', there is a computable copy £ of w such that
the cohesive power 1oL does not have order-type w + (n (Theorem 6.4.9).
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However, we also show that whenever £ is a computable copy of w and C' is
a co-c.e. cohesive set, the finite condensation cp(IIoL) of the cohesive power
[Ic L always has order-type 1+ 7 (Theorem 6.4.4).

First, a cohesive power of a computable copy of w always has an initial
segment of order-type w.

Lemma 6.4.1. Let £ = (L,<,) be a computable copy of w, and let C' be
cohesive. Then the image of the canonical embedding of £ into [IoL is an
initial segment of 1oL of order-type w.

Proof. The linear order £ has type w, so its image in IIo£ under the
canonical embedding also has type w. We show that this image is an initial
segment of IIoL. Consider [¢] € [[IcL|, and suppose that [¢] <m.c [¢] for a
[¢] in the image of the canonical embedding. We may assume that ¢ is the
constant function with value a for some a € L. Then (V*n e C)(p(n) < a).
As £ 2 w, there are only finitely many elements by, ...,b,_; of L that are
<c-below a. Thus (V*n € C')(p(n) € {by,...,bg_1}). By the cohesiveness
of C, there is exactly one b; for which (V*°n € C')(¢(n) = b;). Therefore
[¢] = [the constant function with value b;], so [¢] is also in the image of the
canonical embedding. Thus the image of the canonical embedding is an initial
segment of 1oL of order-type w. O

Let £ = (L,<,) be a computable copy of w, let C' be cohesive, and let
¢:N - L be any total computable bijection. Then [¢] is not in the image
of the canonical embedding of £ into IIoL, so it must be <p,c-above every
element in the image of the canonical embedding. Thus Il L is of the form
w + M for some non-empty linear order M. By analogy with the terminology
for models of Peano arithmetic, we call the elements of the w-part of I1oL
(i.e., the image of the canonical embedding) standard and the elements of the
M-part of IIcL non-standard.

Lemma 6.4.2. Let £ = (L,<,) be a computable copy of w, let C' be cohesive,
and let [¢] be an element of IIoL. Then [¢] is non-standard if and only if
liminf,.c ¢(n) = oo (equivalently, lim ,.c@(n) = o).

Proof. If [¢] is standard, then ¢ is eventually constant on C, so

liminf,cc ¢(n) is finite. Conversely, suppose that liminf,.c ¢(n) = k is finite.
Then (3*n € C)(p(n) = k). By cohesiveness, it must therefore be that
(Von € C)(p(n) = k). That is, ¢ is eventually constant on C, so [¢] is
standard. O
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Lemma 6.4.3. Let £ = (L, <) be a computable copy of w, let C' be cohesive,
and let [¢] be a non-standard element of IIo£. Then there are non-standard

elements [¢~] and [¢*] of IIoL with [~ ] zn.c [¢] Znec [UF]-

Proof. Fix any zy € L, and define a computable sequence xq <z =1 </
Zo <p -+ by letting x;,1 be the <-least number with z; <, x;,1. Such an x;,,
always exists because £ has no <,-maximum element. Furthermore, notice
that xg <, 1 <, 22 <, -+- is cofinal in £ because £ = w.

Consider a non-standard [¢] € |IIcL|. Define partial computable functions
Y=, "N - L by

Loy me i@ 20 o(n) <2 @240
w(")‘{T if p(n)1

xo if x; =g 80(7”6) <r Ti+1

t i p(n)?.

The element [¢] is non-standard, so (Vi)(V*>°n € C)(z2; <z ¢(n)). Thus
(Vi)(Von e C)(x; < ¥ (n)), so [¢~] is non-standard as well. Moreover, if
To; <r ©(n) < Tai49, then =(n) = z;, and therefore |(¥=(n), (n))z| > i1 be-
cause L1, ..., 21 € (¥ (n),o(n))c. Therefore limsup,, . |[(¥~(n),p(n))c| =
00, 80 [¥7] 21,z [¢] by Lemma 6.3.8. Similar reasoning shows that [¢] 2.
[0+ Thus [ <mee [¢] <noe [0°]. o

Lemmas 6.4.1 and 6.4.3 imply that if £ is a computable copy of w and C
is cohesive, then cp(IlcL) 2 1+ M for some infinite linear order M. We call
the block corresponding to 1 the standard block and the blocks corresponding
to M non-standard blocks. If we further assume that C' is co-c.e., then we
obtain that cp(IlcL) 2 1+ 1.

P (n) = {

Theorem 6.4.4. Let £ be a computable copy of w, and let C' be co-c.e. and
cohesive. Then cg(IlcL) has order-type 1+ 7.

Proof. By Lemma 6.4.1, the standard elements of IIo£ form an initial
block. By Theorem 6.3.9 and Lemma 6.4.3, the non-standard blocks of I1oL
form a countable dense linear order without endpoints. Thus cg(IlcL) = 1+7.
O

Thinking in terms of blocks, showing that a linear order M has type w+(n
amounts to showing that M consists of an initial block of type w followed by
densely (without endpoints) ordered blocks of type (.
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Theorem 6.4.5. Let N denote the standard presentation of w, and let C' be
cohesive. Then IIoN has order-type w + (7.

Proof. By Lemma 6.4.1, II¢N has an initial segment of order-type w. To
show that the non-standard blocks each have order-type (, it suffices to show
that every element of IIoN has an < n-immediate successor and that every
element of IIoN except the first element has an < y-immediate predecessor.

Let [¢] € [TIoN|. Define partial computable functions 6 and ¢ by 6(n) ~
e(n) +1 and ¢¥(n) ~ ¢(n) © 1, where 6 denotes truncated subtraction (so
0e1=0). Then [f] is the < .y-immediate successor of [¢] by Lemma 6.3.7.
Similarly, if [¢] is not the least element of IIoN (i.e., if (V°n e C')(p(n) #0)),
then [¢] is the <p.n-immediate predecessor of [¢].

By Lemma 6.4.3, there is neither a least nor a greatest non-standard
block of IIoN. We cannot use Theorem 6.3.9 to conclude that the non-
standard blocks are densely ordered because we do not assume that C
is co-c.e. So suppose [¢] and [¢] are such that [¢] <p.n [¢]. Then
lim ec|(¥(n), p(n))| = co by Lemma 6.3.8. Define a partial computable
function 6 by 0(n) ~ |(p(n) +¥(n))/2]. Then lim,.c|(¥(n),0(n))| = o
and lm ,.c|(0(n),p(n))| = oo, so [¢] <n.n [0] <nen [¢]. Thus the non-
standard blocks of II¢N form a dense linear order without endpoints. This
completes the proof that IIocN 2 w + (n. 0

Corollary 6.4.6. Let £ be a computable copy of w with a computable
successor function, and let C' be cohesive. Then IIoL£ has order-type w + (7.

Proof. If £ is a computable copy of w with a computable successor function,
then £ is computably isomorphic to the standard presentation N of w. Thus
e L 2TIeN 2w + (n by Theorems 6.1.4 and 6.4.5. O

We can calculate the order-types of the cohesive powers of many other com-
putable presentations of linear orders by combining Theorems 6.1.4, 6.3.6, 6.4.5,
and the fact that IIcQ 7.

Example 6.4.7. Let C' be a cohesive set. Let N, Z, and QQ denote the
standard presentations of w, (, and 7.

(1) IIeN* = {n+w*: This is because

[IeN* = (TIeN)* 2 (w+(n)* = (n+w”.
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(2) IIgZ = ¢n. This is because Z is computably isomorphic to N* + N; so

ch = Hc(N*-FN) = Hc(N)*-f-Hc(N) = (CT]+W*)+(W+C’I7)
= (n+C+en = Q.

(3) IIe(ZQ) = ¢n. This is because

He(ZQ) = (eZ)(I1eQ) = (Cn)n = (1.

(4) Tlo(N + ZQ) 2 w + (n. This is because
Me(N+ZQ) =z He(N)+Io(ZQ) = (w+(n)+(n = w+(n.

Recall that, by Proposition 6.3.4, an ultrahomogeneous computable struc-
ture for a finite relational language, like the computable linear order Q,
is isomorphic to each of its cohesive powers. Notice, however, that the
computable linear orders ZQ and N + ZQ are not ultrahomogeneous, yet
nevertheless are isomorphic to each of their respective cohesive powers. Thus
it is also possible for a non-ultrahomogeneous computable structure to be
isomorphic to each of its cohesive powers.

Notice also that IIoN and IIo(N + ZQ) both have order-type w + (n.
Similarly, IIcZ and I1o(ZQ) both have order-type ¢n. Thus it is possible
for non-isomorphic linear orders to have isomorphic cohesive powers. In
Section 6.5, we give an example of a pair of non-elementarily equivalent linear
orders with isomorphic cohesive powers.

Now we give an example of a computable copy of w that is not computably
isomorphic to the standard presentation, yet still has all its cohesive powers
isomorphic to w + (7.

Theorem 6.4.8. There is a computable copy L of w such that

e [ is not computably isomorphic to the standard presentation of w, yet

e for every cohesive set C, the cohesive power IIoL has order-type w + (n.
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Proof. We use a classic example of a computable copy of w with a non-
computable successor function. Fix any non-computable c.e. set A, and let
f:N > A be a computable bijection. Let £ = (N,<,) be the linear order
obtained by ordering the even numbers according to their natural order and
by setting 2a <, 2k + 1 <z 2a + 2 if and only if f(k) = a. Specifically, define

2c <, 2d = 2¢ < 2d

2c <, 2k +1 < c< f(k)
2k +1 <, 2¢ < flk)<ec
2k+1<,20+1 < f(k) < f(0).

Then £ is a computable linear order of type w. Let S denote the successor
function of £. Then A <r S* (in fact, A =1 S*) because a € A if and only
if S£(2a) # 2a +2. Thus S* is not computable, so £ is not computably
isomorphic to the standard presentation of w.

Let C' be cohesive. We show that I[IoL = w+ (n. As in the proof of
Theorem 6.4.5, it suffices to establish the following.

(a) Every element of IIoL has a <q_.-immediate successor.

(b) Every element of IIoL that is not the <q.c-least element has a < -
immediate predecessor.

(c) If [¢],[¢] € |IIcL] satisty [¢] zn.c [¢], then there is a [0] € [IIoL| with
W] ML [0] ML [90]

For (a), consider a [¢] € [IIcL|. We define a partial computable ¢ such
that ¢(n) is the <,-immediate successor of 1)(n) for almost every n € C'. Then
[¢] is the <qc-immediate successor of [¢] by Lemma 6.3.7. To define ¢,
observe that by the cohesiveness of C, exactly one of the following three cases
oceurs.

(i) (V*°neC)(1(n) is odd)
(ii) (V°neC)(¥(n) =2a, where a € A)

(iii) (V°°neC)(¢(n) =2a, where a ¢ A)
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We cannot effectively decide which case occurs, but in each case we can
non-uniformly define a ¢ such that [¢] is the <q,.-immediate successor of

[¥].

If case (i) occurs, define

() otherwise.

o(n) ~ {2a+2 if ¢(n) = 2k + 1 and f(k) =a

If case (ii) occurs, define

2k+1 if¢(n)=2a,ac A, and f(k)=a
o(n) = { v(n) f(k)
1 otherwise.

If case (iii) occurs, define

o) = {2a+2 if ¥(n) = 2a

() otherwise.

In each case, p(n) is the <,-immediate successor of 1»(n) for almost every
n € C. Thus in each case, [¢] is the <q,.-immediate successor of [¢]. This
completes the proof of (a). The proof of (b) is analogous.

For (c), recall that for [¢], [¢] € [IIcL],

(V] 2ncc [¢] < limueo|((n), (n))c| = oo,

by Lemma 6.3.8. Notice that for even numbers 2a and 2b, 2a <, 2b if and
only if 2a < 2b. So if 2a <, 2b, then |(2a,2b)z| > b—a - 1. Therefore, if
[¢], [¢] € |IlcL| are such that 1(n) and ¢(n) are even for almost every n € C,
then

lim e |(9(n), p(n)) 2] = 00 = limpnec(p(n) - 1(n)) = oo.

Furthermore, observe that if [¢/] € |[IIc£], then by the cohesiveness of C,
either (Vn € C')(¥(n) is even) or (V*=n € C)(¢¥(n) is odd). In the case
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where (Vn € C)(¢(n) is odd), the <y .c-immediate successor [¢] of [¢]
from case (i) above satisfies (V>n € C)(p(n) is even).

Now, suppose [¢],[¢] € |IIcL| satisty [¢] zn.z [¢]. We may assume
that (V>n e C)(¥(n) is even) and that (V*°n e C')(¢(n) is even) by replac-
ing [¢] and/or [¢] by their <q. .-immediate successors as necessary. Thus
lim ,.c(@(n) —1(n)) = co. Define a partial computable function 6 by

lw(n);@(n)J if le is even
O(n) ~
[zb(n);rw(n)J +1 if [MJ is odd.

Then (Y*n € C)(0(n) is even), lim ,.c(0(n)—1p(n)) = oo, and lim o (@(n)-
0(n)) = oo. Therefore lim ,c|(10(n),0(n))| = oo and lim ,.c|(6(n), o(n)).| =
00, 50 (V] zn.z [0] 2nec [¢]- This completes the proof of (c¢) and thus the
proof that oL 2w + (7. O

Lastly, we show that for every cohesive set C, there is a computable copy
L of w such that IIoL is not isomorphic, indeed, not elementarily equivalent,
to w+ (n. The strategy is to arrange for the element [id] of IIoL represented
by the identity function id:N — N to have no <y .-immediate successor.
This exhibits an elementary difference between Ilo£ and w + (n because
every element of w + (n has an immediate successor. This also shows that
Theorem 6.1.3 part (4) is tight: “there is an element with no immediate
successor” is a X9 sentence that is true of IIoL but not of L.

Theorem 6.4.9. Let C be any cohesive set. Then there is a computable
copy L of w for which IIoL is not elementarily equivalent (and hence not
isomorphic) to w + (7.

Proof. Let (¢.)en denote the usual effective list of all partial computable
functions, and recall that ¢, ;(n) denotes the result of running ¢, on input n
for s computational steps. We compute a linear order £ = (N, <) of type w
such that for every ¢.:

(V°neC)[pe(n)l = (pe(n) is not the <,-immediate successor of n)].
(*)

By Lemma 6.3.7, achieving (%) for ¢, ensures that [¢.] is not the < .-
immediate successor of [id] in IIoL. Therefore, achieving (*) for every o,
ensures that [id] has no <y c-immediate successor in IIoL. Thus IIoL is
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not elementarily equivalent to w + (n because every element of w + (n has an
immediate successor, which is a II3 property.

Fix an infinite computable set R ¢ C. Such an R may be obtained, for
example, by partitioning N into the even numbers Ry and the odd numbers
R1. By cohesiveness, C' c* R; for either i =0 or ¢ = 1, in which case Ry_; ¢* C.
Thus we may take R to be an appropriate tail of R;_;.

Define <, in stages. By the end of stage s, <, will have been defined on
X, x X for some finite X, 2{0,1,...,s}. At stage 0, set Xy ={0} and define
0 ¢, 0. At stage s > 0, start with X, = X,_;, and update X, and <, according
to the following procedure.

(1) If <z has not yet been defined on s (i.e., if s ¢ X), then update X to
XsU{s} and extend <, to make s the <,-greatest element of X,.

(2) Consider each (e,n) < s in order. For each (e,n) < s, if
(a) @e,S(n)i € X,
(b) @e(n) is currently the <,-immediate successor of n in X,
(c) n¢ R, and
)

(d) n is not <g-below any of 0,1,... e,

then let m be the <-least element of R\ X, update X, to X, u{m},
and extend <, so that n <z m <z p.(n).

This completes the construction.

We claim that for every k, there are only finitely many elements <,-below
k. It follows that £ has order-type w. Say that ¢. acts for n and adds m
when <, is defined on an m € R to make n <z m <z ¢.(n) as in (2). Let
sy be a stage with k£ € X,,. Suppose at some stage s > sy, an m is added
to X5 and m <, k is defined. This can only be due to a ¢. acting for an
n ¢ R and adding m at stage s. Thus at stage s, it must be that n <, k
because n < m <, k. Therefore it must also be that e < k, for otherwise k
would be among 0,1,... e, and condition (d) would prevent the action of ..
Furthermore, m is chosen from R, so only elements of R are added <,-below £
after stage so. All together, this means that an m can only be added <,-below
k after stage so when a ¢, with e < k acts for an n <z k with n ¢ R. Each ¢,
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acts at most once for each n, and no new n ¢ R appear <.-below k after stage
so- Thus after stage sg, only finitely many m are ever added <,-below k.
Finally, we claim that (x) is satisfied for every ¢.. Given e, let ¢ be
the <g-maximum element of {0,1,...,e}. Observe that almost every n € N
satisfies n >, ¢ because £ 2 w. So suppose that n >, ¢ and ne C. If p.(n)l,
let s be large enough so that (e,n) < s, @cs(n)l, n € Xy, and p.(n) € X;.
Then either p.(n) is already not the <.-immediate successor of n at stage
s+ 1, or at stage s+ 1 the conditions of (2) are satisfied for (e,n), and an m
is added such that n <z m <z p.(n). This completes the proof. |

Corollary 6.4.10. Theorem 6.1.3 item (4) is tight in general: There is a
cohesive set C', a computable linear order £, and a X3 sentence ® such that
oL = ®, but £ I?é P.

Proof. Let C' be any cohesive set, and let £ be a computable copy of w
as in Theorem 6.4.9 for C. Let ® be a X sentence in the language of linear
orders expressing that there is an element with no immediate successor. Then
oL = P, but L # . O

Corollary 6.4.10 may also be deduced from Lerman’s proof of Feferman,
Scott, and Tennenbaum’s theorem that no cohesive power of the standard
model of arithmetic is a model of Peano arithmetic (see | | Theorem 2.1).
Lerman gives a somewhat technical example of a X9 sentence ® invoking
Kleene’s T predicate that fails in the standard model of arithmetic but is
true in every cohesive power. Our proof of Corollary 6.4.10 is more satisfying
because it witnesses the optimality of Theorem 6.1.3 item (4) with a natural
Y9 sentence in the simple language of linear orders.

In the next section, we enhance the construction of Theorem 6.4.9 in order
to compute a copy L of w with IIoL 2 w +n for a given co-c.e. cohesive set C'.

6.5 A cohesive power of order-type w+n

Given a co-c.e. cohesive set, we compute a copy L of w for which IIoL
has order-type w + 7. In order to help shuffle various linear orders into
cohesive powers in Section 6.6, we in fact compute a linear order £ = (N, <)
along with a coloring function F:N — N that colors the elements of £ with
countably many colors. The coloring F induces a coloring F of IIc£ in
the following way. Colors of elements of IIoL are represented by partial
computable functions 9:N — N with C' ¢* dom(§). As in Definition 6.1.2,
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write §g =¢ 01 if (V*°n e C)(5o(n)l =01(n)l), and write [4] instead of [§] for
the =c-equivalence class of § when thinking in terms of colors. Then F is
given by F([¢]) = [F o ¢]. So, for example, elements [¢] and [¢] of oL
have the same F-color if and only if ¢(n) and ¥(n) have the same F-color
for almost every n € C.

Call a color [§] a solid color if there is an x € N such that (V*~n € C)(d(n) =
x). Otherwise, call [d] a striped color. Observe that if [] is striped, then
lim ,ccd(n) = 00. We compute £ and F' so that IIoL = w + 7 and every solid
color occurs densely in the n-part. Between any two distinct elements of the
n-part there is also an element with a striped color, but we do not ask for
every striped color to occur densely. In Section 6.6, we show that replacing
each point of £ by some finite linear order depending on its color has the
effect of shuffling these finite orders into the non-standard part of I1oL.

Theorem 6.5.1. Let C' be a co-c.e. cohesive set. Then there is a computable
copy L = (N,<,) of w and a computable coloring F:N - N of £ with the
following property. Let [¢] and [¢] be any two non-standard elements of
e L with [¢] <n.z [¢]. Then for every solid color [d], there is a [#] in oL
with [¢] <uarz [0] <uec [¢] and F([0]) = [6]. Also, there is a [#] in TIoL
with [¢] <.z [0] <uez [¢], where F([]) is a striped color.

Proof. We are working with a co-c.e. cohesive set, so recall that in
this situation every element [¢] of IIoL has a total representative by the
discussion following Definition 6.1.2. Recall also that an element [¢] of TIoL
is non-standard if and only if lim ,.cp(n) = co by Lemma 6.4.2.

The goal of the construction of £ is to arrange, for every pair of total
computable functions ¢ and ¢ with lim ,.cp(n) = lim ,c0(n) = oo, that

(V= e C)((n)l <c p(n)l =
(Vd <max{p(n),(n)})FR)[(©(n) <c k<c o(n)) A (F(k) =d)]).  (+)

Suppose we achieve (*) for ¢ and 1, where lim ,ccp(n) = lim,otP(n) = oo
and (V°n e C)(p(n)l <z ¥(n)l). Fix any color d, and let  be the constant
function with value d. Partially compute a function (n) by searching for a k
with ¢)(n) <z k <z @(n) and F'(k) = d. If there is such a k, let #(n) be the first
such k. Property (*) and the assumption lim ,.cp(n) = lim,c10(n) = oo
ensure that there is such a k for almost every n € C. Therefore C' c* dom(0),
(] <nie.z [0] <nec [¢], and F([A]) = [6]. Likewise, we could instead define
0(n) to search for a k with ¥(n) <z k <z ¢(n) and F (k) = ¢(n) and let 8(n)
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be the first (if any) such k found. In this case we would have [¢] <n .z [0] <n.c
[¢] and F([0]) = [], which is a striped color because lim e (n) = oo. Thus
achieving (*) suffices to prove the theorem, provided we also arrange £ = w.

Let W denote the c.e. set C, and let (W) ey be an increasing enumeration
of W. Let (A*°, A%1),.y be a uniformly computable sequence of pairs of sets
such that

e for each i, A% and A%! partition N into two pieces (i.e., Ab! = A0) and
o (Vn)(Vo € {0,1}")(Nicn A% is infinite).

This can be accomplished by partitioning N into successive pieces of size 2¢,
letting A0 consist of every other piece, and letting Ab! = A#0.

In this proof, denote the projection functions associated to the pairing
function (-,-) by ¢ and r, for left and right, instead of by 7y and 7. So
(((z,y)) =z and r({z,y)) = y.

The tension in the construction is between achieving (*) and ensuring
that for every z, there are only finitely many x with = <, z. Think of
a p € N as coding a pair (@), @rp)) of partial computable functions for
which we would like to achieve (x), with ¢y, playing the role of ) and
¢r(p) Playing the role of ¢. We assign the partition (A0 A%P1) to pyy
and the partition (A%*19 A%+L1) to ¢, . The sets {n : @, (n) € AP0}
and {n : @yp)(n) € A1} are both c.e., so if C' c* dom(py(y)), then either
(Von € C)(pep)(n) € A?P0) or (V°n € C)(pyp)(n) € A?P1); and similarly
for ¢,y and (A%*10, A2r+11) -~ As the construction proceeds, we eventually
stabilize on a correct guess for which of (V*°n € C') (@gp) (1) € A?P0) or (Von €
C)(pupy(n) € A?PL) occurs, and similarly for ¢, and (4210, A%p+L1)
Suppose we want to choose an element k to help satisfy (*) for ¢y, and
©r(q) for some g > p. If we have guessed that (V>°n € C') (g, (n) € A?0) and
(Von € C)(@r(p)(n) € A2P*10) then we choose k from A% n A%+L1 That is,
we choose a k that we guess does not appear in @) (C) or ¢, (C). If we
are correct about the guess, then k is a safe element for ¢,y and ¢, to use
because its placement with respect to < will not incite a reaction from )
and Pr(p)-

Define <, and F' in stages. By the end of stage s, <, will have been
defined on X, x X, and F will have been defined on X, for some finite
X,2{0,1,...,s}.

At stage 0, set Xy = {0} with 0 ¢, 0 and F(0) =0. At stage s > 0, initially
set X, =X 1. If s ¢ X, then add s to X, define it to be the <,-maximum
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element of X, and define F'(s) = 0. Then proceed as follows.

Consider each pair (p, N) < s in order. Think of (p, N) as coding a pair
(¢eepy, Pr(py) of partial computable functions as described above and a guess
N of a threshold by which the cohesive behavior of ¢y and ¢, with
respect to the partitions (A2P0; A?2P1) and (A?P+1.0 A2r+L1) hegins. The pair
(p, N) demands action if there is an (a,b,n) € {0,1} x{0,1} x{N,N+1,...,s}
meeting the following conditions.

(1) For all m <n, @gp),s(m)l and @,(p),s(m)i.
(2) Both @y (n) € A and ¢, (n) € A1,

(3) For all m with N <m <n,

® Yypy(m) e A?P1=¢ — m e W,, and

° ng(p)(m) € A2r+Ll=b 5 m e W,

(4) We have that @y (n), orp)(n) € X5 and @i (n) <z @rp)(n), but
currently there is a d < max {@) (1), ¢rp)(n)} for which there is no
ke X; with @y (n) < k <z @rp)(n) and F(k) = d.

(5) The element py,)(n) is not <g-below any of 0,1,...,(p, N).

If (p, N) demands action, let (ay,,b,,n) € {0,1} x{0,1} x{N, N +1,...,s}
be the lexicographically least witness to this, call (a,,b,, n) the action witness
for (p, N), call the first two coordinates (a,,b,) of the action witness the
action sides for (p, N), and call the last coordinate n of the action witness
the action input for (p, N).

Let r be the <-greatest number for which there is an M with (r, M) < (p, N).
For each g <, let (ay, b,) be the most recently used action sides by any pair of
the form (g, M) with (g, M) < (p, N). If no (¢, M) < (p, N) has yet demanded
action, then let (aq,bq) = (0,0). Let ¢ = max {p;)(n), vrpy(n)}, and let
ko < ki <--- < k. be the ¢+ 1 least members of

m (A2q,1—aq A A2q+1,1—bq) N X57 (*)

qsr
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which exist because the intersection is infinite and X is finite. Add ko, ..., k.
to Xs. Let x € X be the current <g-greatest element of the interval

(@epy(n), @rpy (1)) (or & = @gpy(n) if the interval is empty), and set
Pepy(n) <c @ < ko < <g ke <2 r(p)(n).

Also set F'(k;) =i for each i < ¢, and say that (p, N) has acted and added k’s.
This completes the construction.

The constructed £ is a computable linear order. We show that £ ~ w by
showing that for each z, there are only finitely many elements <.-below z. So
fix z. Note that z appears in X, at stage s = z at the latest.

Consider the actions of (p, N). If (p, N) > z and (p, N) acts at stage s > z
with action input n, then, by condition (5), it must be that z <z ;) (n) <¢
¢r(py(n). In this case, the action adds elements to X, and places them <.-
between ¢,y (n) and ¢, (,)(n) and hence places them <g-above z. Therefore,
only the actions of (p, N) with (p, N) < z can add elements <.-below z at
stages s > z.

We show that each (p, N} < z only ever acts to add finitely many elements
k <. z. It follows that there are only finitely many elements <,-below z
because the (p, N) > z add no elements <.-below z after stage z, and each
(p, N) < z adds only finitely many elements <,-below z. So let (p, N) < z, and
assume inductively that there is a stage so > z such that no pair (¢, M) < (p, N)
acts to add elements k <, z after stage sg.

Notice that a given n can be the action input for (p, N) at most once.
If (p, N) demands action with action input n at stage s, it adds elements
of every color < max.{y)(n), Yrpy(n)} to X, and places them < -between
@upy(n) and ¢,y (n). Thus condition (4) is never again satisfied for (p, N)
with action input n at any stage t > s.

Suppose that either ¢y, (m)?1 or @,.()(m)?1 for some m. Then no n >m
can be an action input for (p, N) because condition (1) always fails when
n >m. Thus only finitely many numbers n can be action inputs for (p, V).
Because each of these n can be an action input for (p, N') at most once, the
pair (p, N) demands action only finitely many times. Thus in this case, (p, N)
adds only finitely many elements <,-below z.

We now focus on the case in which both ¢,y and ¢, are total. By
cohesiveness, let (a,b) € {0,1} x {0,1} be such that (Vn € C)(@p(n) €
A%a) and (Von € C) (@, p)(n) € A2P*10) . Now consider all pairs (p, M) < z
with this fixed p.
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Claim 1. There is a stage s; > sg such that for every M with (p, M) < z,
whenever (p, M) demands action at a stage s > s;, it always has action sides

(a,b).

Proof. |[Proof of Claim 1| There are only finitely many (p, M) < z, so it
suffices to show that each (p, M) < z either eventually stops demanding action
or eventually always has action sides (a,b) when it does demand action.

First suppose that there is a number mgy > M with mg € C, but o,y (mo) €
A?P:1=a_Let my > M be such that @y, (my) € A%, Then no n > max.{mg,m, }
can be the action input for (p, M) at any stage s large enough so that
©oep),s(Mo)d and @y s(m1)] because condition (3) always fails at these
stages. Thus there is a stage after which only numbers n < max.{mg, m;}
can be the action input for (p, M'). Each n < max.{mg, m;} can be the action
input for (p, M) at most once, so in this case (p, M) demands action only
finitely many times. Similarly, if instead there is a number my > M such that
mg € C, but ¢,(,)(me) € A?*1170 then (p, M) demands action only finitely
many times.

Now suppose that @y, (n) € AP and @, (n) € A28 whenever n e C
and n > M. Let ng be the <-least member of C' with ng > M. Then whenever
(p, M) demands action and the action witness (a,,b,,n) has n > ng, it must
be that (a,,b,) = (a,b) because otherwise condition (3) would fail. Each
n < ng can be the action input for (p, M) at most once, which means that
there is a stage s > sg such that whenever (p, M) demands action at a later
stage t > s, it always has action sides (a, b). i

Assume that (p, N) demands action infinitely often because otherwise we
can immediately conclude that it adds only finitely many elements <,-below
z. Let s; be as in Claim 1, let ¢ > s; be a stage at which (p, N) demands
action, and let s, =t + 1. Then (p, N) has action sides (a,b) at stage t < 3,
and whenever some (p, M) < z demands action at a stage s > s9 > 1, it also
has action sides (a,b). Thus at every stage s > sy, the most recently used
action sides by a (p, M) < z is always (a,b).

Claim 2. Suppose that an element k is added to X, and k <, z is defined at
some stage s > s,. Then k € A?P1-an A2p+1,1-b,

Proof. [Proof of Claim 2| We already know that if (¢, M) > z, then (¢, M)
does not add elements k <, z after stage s;. Thus we need only consider
pairs (¢, M) < z. For these pairs, we have assumed inductively that if
(g, M) < (p,N), then (g, M) does not add elements k <, z after stage s,.
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Thus we need only consider pairs (g, M) with (p, N) < (g, M) < z. Suppose
such a (g, M) acts after stage so. When (g, M) chooses the k’s to add, it
uses an r > p in the intersection () because (p, N) < (g, M). The action of
pair (g, M) must use (a,,b,) = (a,b). This is because after stage sq, (a,b) is
always the most recently used action sides by the pairs of the form (p, K)
with (p, K) < z. Because (p, N) < (q, M) < z, it is thus also the case that
(a,b) is always the most recently used action sides by the pairs of the form
(p, K) < (q, M) at every stage after so. Thus when (g, M) acts at some stage
s > Sq, it uses (ap,b,) = (a,b), and therefore the k’s it adds to X, are chosen
from A?p1-an A2p+L1-b a9 claimed. |

We are finally prepared to show that (p, N) adds only finitely many
elements k <, z. Suppose that (p, N) acts at some stage s > sy, adds an
element k to X, and defines k <, z. Then at stage s, the action witness
for (p, N') must be (a,b,n) for some n, where @y, (n) = « for some x € A%,
©r(py(n) =y for some y € A2P+10 and x <z y < 2. The action then places k’s
of each color d < max.{x,y} in the interval (z,y).. If (p, N) acts again at
some later stage t > s with some action input m, then again yy,)(m) € A?P@
and @, () (m) € A?*1b. However, it cannot again be that ¢,,)(m) = z and
©r(p)(m) =y because condition (4) would fail in this situation. Thus when
adding a number k <. z, the action input n used by (p, N) specifies a pair
(,9) = (@up) (1), r(py(n)) € AP x A2P+10 with o <, y <, 2, and each such
pair can be specified by (p, N) at most once. By Claim 2, every element
added <,-below z after stage sy is in A?P172 0 A2P+L1-b Therefore there are
only finitely many pairs (z,y) € A2 x A?2P+Lb with o <, y <, z, and therefore
(p, N) can only add finitely many elements k <, z. This completes the proof
that £ 2 w.

Let ¢ and 1 be total computable functions with lim ,.c@(n) =
lim ,cc®(n) = co. We complete the proof by showing that (%) is satisfied
for ¢ and . Assume that (V°n € C)(¥(n) <z ¢(n)), for otherwise (*)
vacuously holds. Let p be such that o,y = and @,y = ¢. By cohesiveness,
let (a,b) € {0,1} x {0,1} and N € N be such that, for all n € C' with n > N,
Qupy(n) € AP and @,(,)(n) € A®Lb. Let ng > N be large enough so that
for all n € C with n > ng, @yp)(n) is not <g-below any of 0,1,...,(p, N).
To choose ng, notice that the set Z of elements that are <;-below any of
0,1,...,{(p,N) is finite because £ = w. Then (V*n € C)(pup)(n) ¢ Z) because
im e pe(p)(n) = oo.

Suppose that n € C' and n > ng, and furthermore suppose for a contradiction
that there is a d < max.{@yy)(n),¢rp)(n)} such that there is no k with
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o) (n) <c k <2 @rpy(n) and F(k) = d. Then conditions(1)—(5) are satisfied
by (a,b,n) at all sufficiently large stages s. Condition (3) is satisfied because
©upy and @, are total. Condition (1) is satisfied because n > N and n € C.
Condition (2) is satisfied by the choice of N. Condition (4) is satisfied by the
assumption that there is no k with @) (n) <z k <z ¢rpy(n) and F(k) =d
and hence there is no such £ at every stage s in which both ¢y (n) and
©r(p)(n) are present in X,. Condition (5) is satisfied by the choice of ny. Each
m < n can be the action input for (p, N) at most once, and, at sufficiently
large stages, (a,b) is the only possible action sides for (p, N). Thus at some
stage the pair (p, N} eventually demands action with action witness (a,b,n).
The action of (p, N') defines @) (n) <2 k <z @rp)(n) and F(k) = d for some
k, which contradicts that there is no such k. This shows that (*) holds for
© = Qrp) and 1 = @y, which completes the proof. O

Let C' be a co-c.e. cohesive set. The linear order £ from Theorem 6.5.1 is
an example of a computable copy of w with [IoL 2w +n.

Corollary 6.5.2. Let C' be a co-c.e. cohesive set. Then there is a computable
copy L of w where the cohesive power I1oL£ has order-type w + 7.

Proof. Let C be co-c.e. and cohesive. Let £ be the computable copy
of w from Theorem 6.5.1 for C. The cohesive power IIoL has an initial
segment of order-type w by Lemma 6.4.1. There is neither a least nor greatest
non-standard element of I[Io£ by Lemma 6.4.3. Theorem 6.5.1 implies that
the non-standard elements of IIoL are dense. So IIoL consists of a standard
part of order-type w and a non-standard part that forms a countable dense
linear order without endpoints. So IIoL 2w + 7. O

Example 6.5.3. Let C' be a co-c.e. cohesive set, and let £ be a computable
copy of w with I[Io£ 2w +n as in Corollary 6.5.2.

(1) There is a countable collection of computable copies of w whose cohesive
powers over C' are pairwise non-elementarily equivalent. Let k£ > 1, and
let k denote the k-element linear order 0 < 1 < -+ < k-1 as well as
its order-type. Then kL has order-type w because £ has order-type
w, and Ilck = k by the discussion following Theorem 6.1.3. Using
Theorem 6.3.6, we calculate

Ho(kL) =2 (Igk)(IcL) = k(w+n) 2 w+kn.
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The linear orders w+kn for k& > 1 are pairwise non-elementarily equivalent.
The sentence “there are x( < --- < xx_1 such that every other y satisfies
either y < xg or xx_1 < y; if y < xg, then there is a z with y < z < z¢; and
if xx_1 <y, then there is a z with y < 2z < x,_1” expressing that there is
a maximal block of size k is true of w + kn, but not of w+mn if m # k.
Thus 1L£,2L, ... is a sequence of computable copies of w whose cohesive
powers Il (kL) are pairwise non-elementarily equivalent.

(2) It is possible for non-elementarily equivalent computable linear orders
to have isomorphic cohesive powers. Consider the computable linear
orders £ and £+ Q. They are not elementarily equivalent because the
sentence “every element has an immediate successor” is true of £ but
not of £+ Q. However, using Theorem 6.3.6 and the fact that [1oQ = 7,
we calculate

Hc(£+@) = Hcﬁ+HcQ z (w+77)+77 T w+n = II-L.

Thus the cohesive powers IIo£ and Ilo(L£ + Q) of £ and £ + Q are
isomorphic.

6.6 Shuffling finite linear orders

The shuffle o(X) of an at-most-countable non-empty collection X of order-
types is obtained by densely coloring Q with | X |-many colors, assigning each
order-type in X a distinct color, and replacing each ¢ € Q by a copy of the
linear order whose type corresponds to the color of q.

Definition 6.6.1. Let X be a non-empty collection of linear orders with
| X| <R, let (£;)iqx| be a list of the elements of X, and write £; = (L;, <¢,)
for each i < | X|. Let F:Q — |.X| be a coloring of Q in which each color occurs
densely. Define a linear order S = (S, <s) by replacing each ¢ € Q by a copy
of Lp(g). Formally, let S'={(q,0):qeQ A £ e Lp} and

(p,0) <s (¢,7) ifand onlyif (p<q) v (p=q A l<c,,, 7).

Because every color occurs densely, the order-type of S does not depend on
the particular choice of F' or on the order in which X is enumerated. For this
reason, S is called the shuffle of X and is denoted o(X). We typically think
of X as a collection of order-types instead of as a collection of concrete linear
orders.
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Let C' be co-c.e. and cohesive, let £ be the linear order from Corollary 6.5.2
for C, and consider the linear order 2£ from Example 6.5.3 item (1). We can
think of 2£ as being obtained from L by replacing each element of £ by a
copy of 2. This operation of replacing each element by a copy of 2 is reflected
in the cohesive power, and we have that I[1o(2£) = w + 2n.

Let us now consider this same £ = (L, <) along with its coloring F: L. - N
from Theorem 6.5.1. Collapse F' into a coloring G: L - {0, 1}, where G(x) =0
if F(2)=0and G(z) =1 if F(x)>1. Then the coloring G of IIo£ induced
by G uses exactly two colors: [0] represented by the constant function with
value 0, and [1] represented by the constant function with value 1. Both of
these colors occur densely in the non-standard part of IIo£. Compute a linear
order M by starting with £, replacing each z € L with G(x) =0 by a copy of
2, and replacing each x € L with G(z) =1 by a copy of 3. The cohesive power
[Ic M reflects this construction, and we get the linear order obtained from
I1oL by replacing each point of G-color [0] by a copy of 2 and replacing each
point of G-color [1] by a copy of 3. Thus we have a computable copy M of
w with IIeM 2w+ 0({2,3}). Using this strategy, we can shuffle any finite
collection of finite linear orders into a cohesive power of a computable copy
of w.

Theorem 6.6.2. Let kg, ..., ky be non-zero natural numbers. Let C be a
co-c.e. cohesive set. Then there is a computable copy M of w where the
cohesive power IIo M has order-type w + o ({ko, ..., kn}).

Proof. Let £=(L,<.) be the linear order from Theorem 6.5.1 for C', along
with its coloring F: L - N. Collapse F' into a coloring G: L - {0,1,..., N} by
setting G(x) = F(z) if F(x) < N and G(x) = N if F(x) > N. Consider the
induced coloring G on the cohesive power IIoL. For any partial computable
¢, G op only takes values a < N. Thus by cohesiveness, if C' <* dom(p), then
G o ¢ is eventually constant on C. Therefore [G o ¢] = [a] (i.e., the color
represented by the constant function with value a) for some a < N. So G
colors 1oL with colors [0],[[1],...,[N], and each color occurs densely in the
non-standard part of IIoL.

Let M = (M,<p) be the computable linear order obtained by replacing
each x € L by a copy of kg(,). Formally, we define

M={{x,i):xeL A i<kG(x)}
and

(r,7) <m (y,7) ifandonlyif (zx<cy) v (x=yAi<j).



194 CHAPTER 6. COHESIVE POWERS

It is straightforward to check that M =~ w, as M is infinite and every element
has only finitely many <a,-predecessors.

To calculate the order-type of IIo M, we consider what we call the projec-
tion condensation of IlcM. For a [¢] € [[Ic M|, let

cr([e]) = {[¥] € MeM|: 7909 =¢ g 0 0}

If ¢, ([¢]) and c,([¢]) are distinct, then they are disjoint because =¢ is an
equivalence relation. To see that c,([¢]) is an interval of IIc.M, suppose
that [¢] and [¢1] are in ¢, ([¢]) and that [¢o] <neom [0] <nem [¢1]. Then
(v € O)[mlo(n)) <c mo(8(n)) <c mo(da(n))]. However, [do), [t4] €
¢ ([¢]) means that (V°n € C)[m(vo(n)) = mo(e(n)) = mo(1h1(n))]. Thus it
must also be that (Von € C)[mo(0(n)) = mo(w(n))], so [0] € cx([¢]). The
projection condensation c,(IlcM) of IlIcM is the condensation obtained
from the partition {c.([¢]) : [¢] € [TIlcM[}.

Observe that the map c.([¢]m) = [m0 © ¢] is an isomorphism between
¢, (ITg M) and T L, where we now write [-]a and [-]z to distinguish between
members of IIcM and of IIc£. Thus we can think of G as coloring ¢, (lIgM)
by Glex([¢lm)) = G[mo 0 ¢)c) = [G o mo o o] Call an clement cy([]u)
of ¢, (Ilc M) non-standard if the corresponding [ o ¢ ], is a non-standard
element of IIoL. Then the non-standard elements of c,(IlcM) form a
linear order of type n colored by G, and every color occurs densely. To
finish the proof, it suffices to show that if c;([¢]m) has color [a], then
its order-type is k,. It follows that the non-standard elements of 1M
have order-type o({ko,...,ky}) and therefore that IIoM has the desired
order-type w + o({ko,...,kn}).

Consider some ¢, ([¢] ), and suppose that G(c,([¢]m)) = G([mooe]s) =
[a]. Let ng be such that G(mo(p(n))) = a for all n € C with n > ng. Then
(mo(@(n)),i) € M whenever n > ng and i < k,. Define partial computable
functions 1; for i < k, by 1;(n) = (mo(w(n)),1) if n > ng and ¥;(n)? if n < ng.
Then [1;]am € cx([¢]m) for each i < k,, and

[Yolm <nem [V1lm <tem = <mem [Ykae-1]m-

Thus to show that c.([¢]m) has order-type k,, we need only show that if
[0]m € cx([©]m), then [0]a = [i]m for some i < k.

So suppose that [0]r € ¢ ([¢]m), and let ny > ng be such that mo(6(n)) =
mo(p(n)) for all n e C with n >n;. Then also G(my(6(n))) = a for all n e C
with n >n;. Thus by the definition of M, it must be that m(0(n)) < k, for
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all n e C' with n > n,. By cohesiveness, there is therefore an 7 < k, such that
(Von e C)(m(0(n)) =1). So [@]m = [¥i]m, which completes the proof. O

For the remainder of this section, let o denote the order-type w + (n + w*.
Ultimately, we want to use the method of Theorem 6.6.2 to show that if
X c N\ {0} is either X or II9, then, thinking of X as a set of finite order-
types, there is a cohesive power of w with order-type w + (X u{a}). We
first consider the particular case X = N\ {0} to illustrate how « naturally
appears when shuffling infinitely many finite order-types.

Theorem 6.6.3. Let X be the set of all finite non-zero order-types. Let C'
be a co-c.e. cohesive set. Then there is a computable copy M of w where the
cohesive power 1o M has order-type w + o (X u{a}).

Proof. Let £ =(L,<z) be the linear order from Theorem 6.5.1 for C, along
with its coloring F: L - N. Let M = (M, <x) be the computable linear order

obtained by replacing each x € L by a copy of z + 1 if F'(x) =0 and by a copy
of F(z) if F(x)>0. Formally, define

M={{x,i):xeLA[(F(z)=0ni<z) Vv (F(zx)>0Ai<F(z))]}
and
(r,1) <pm (y,7) ifand only if (x<cy) v (x=y Ai<j).

Then M is a computable linear order of type w.

As in the proof of Theorem 6.6.2, consider the projection condensation
¢, (IIgM) of TIc M as colored by F. By Theorem 6.5.1, the non-standard
elements of ¢, (IIg M) form a linear order of type 7 in which the solid F-colors
occur densely. Furthermore, between any two distinct non-standard elements
of c;(IIcM) there is a non-standard element with a striped color. As in
the proof of Theorem 6.6.2, if ¢, ([x]am) has solid color [k] for some & > 0,
then its order-type is k. We show that if a non-standard c,([x]am) has either
solid color [0] or a striped color, then its order-type is «. It follows that the
non-standard elements of ITc M have order-type o(X u {a}), so [IcM has
the desired order-type w+o(X u{a}). We give the proof for the striped color
case and then indicate the small modification that is needed for the color [0]
case.

Suppose that ¢, ([x]a) has striped color [§]. To show that c.([x]am) has
order-type a 2 w + (n + w*, it suffices to show the following for the interval

Cﬂ([X]M) of IIe M.
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(1) There is a < m-least element [A]a.

(2) There is a < m-greatest element [p] .

(3) If [¢]am is not < m-greatest, then it has an <q p-immediate successor.
(4) If [¢]am is not <q.aq-least, then it has an < -immediate predecessor.
(5) We have that [)‘]M MM [P]M

(6) If [Y]m 2em [@]m, then there is a [0]a with [ ]m e [0]m Zem
[SO]M-

Claim 1. c;([x]m) has a < m-least element [A]y and a < p-greatest
element [p] .

Proof. [Proof of Claim 1] Define partial computable functions A and p to
make 7 (A(n)) as small as possible and 7 (p(n)) as large as possible while

respecting mo(A(n)) =~ m(p(n)) ~ mo(x(n)) for every n:

A(n) = (mo(x(n)),0)

o)~ {(mx(n)),m(x(n))) £ Fm(x(n))) =0
(mo(x(n)). F(mo(x(n)) = 1) if F(mo(x(n))) > 0.

TIf [0] 01 € cr([x]m), then, for almost every n € C, we have that:
o m(0(n)) = m(x(n)),
o m(0(n)) >0,
o F(mo(x(n))) =0 — m((n)) <mo(x(n)), and

o F(m(x(n))) >0 = m(6(n)) < F(m(x(n))) - 1.

Therefore [Am <nem [0]m <tem [p]m, which means that [A]a is <mom-
least and [p]aq Is <m.am-greatest. O

Claim 2. If [p]a is not <, a-greatest, then it has an <ppm-immediate
successor; and if [p]aq is not <p.a-least, then it has an <q. p-immediate
predecessor.
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Proof. |[Proof of Claim 2| Suppose that [¢]a € ¢ ([x]m) is not the < am-
greatest element [p]aq from Claim 1. Then for almost every n € C, we have

that F'(mo(p(n))) =0 — m(p(n)) <m(p(n)) and that F(mo(p(n))) >0 —
m1(p(n)) < F(m(p(n))) — 1. Thus define a partial computable 6 by

(mo(p(n)), m(e(n)) +1) if F(m(p(n))) =0 A m(p(n)) <mo(e(n))
o(n) = or F(mo(p(n))) >0 A m(p(n)) < F(mo(e(n))) -1

) otherwise.

Then [0]am € cx([X]m) is the <m . p-immediate successor of [¢ ] by Lemma 6.3.7.
Similarly, if [¢]m € cx([x]m) is not the < a-least element [A]aq, then
m1(p(n)) >0 for almost every n € C. In this case, define a partial computable

¥ by P(n) = (mo(p(n)), m(p(n)) ©1). Then [P]a € cx([X]rm) is the <mor-
immediate predecessor of [¢]. i

Claim 3. [A v znem [plm-

Proof. [Proof of Claim 3| The color [0] = F(c ([x]m)) = [F om0 x] is
striped, so lim o F'(mo(x(n))) = co. Therefore lim ,ccmi(p(n)) = oo as well,
so lim ec|(A(n), p(n)) pm| = co. Therefore [AJap Znem [p]m by Lemma 6.3.8.
O

Claim 4. If [¢]m 2mem [@]m, then there is a [0y with [¢]m Zmem
[0]nm 2nem []u-

Proof. [Proof of Claim 4| Suppose that [¢ ]y and [¢]a are members of

cx([xIm) with [¥]m znom [@]lm. Then limpec|(¥(n), o(n))m| = oo by
Lemma 6.3.8. As mgo @ =¢ mgoY =¢ mo X, it must therefore be that
lim ,c|m (p(n)) = m1(¥(n))| = co. Define a partial computable 6 by

(mo(x(n)), | DD |} i 1 (o(m)) = 0 (12(m)) = o (x(m))

O(n) =

1 otherwise.

Then 7y 0 0 =¢ 7y o x as well, and also lim ,ec|m(@(n)) — 71 (0(n))| = 00 and

lim yec|m1(0(n)) — m1(¥(n))| = co. Therefore [¢]m 2nem [0 Zmem [@]m.
]
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Claims 14 show that ¢, ([ x]a) satisfies items (1)—(6). Therefore c.([x]m)
has order-type .

If instead c,([x]m) is a non-standard element of solid color [0], then
essentially the same argument shows that c.([x]um) satisfies (1)—(6) and
thus has order-type a. The only adjustment needed is to showing that
lim e (p(n)) = oo in Claim 3. This time we have that (V*~n e C)
[F(mo(x(n))) = 0], s0 (v*n € C)[mi (p(n)) = mo(x(n))]. However, cx([x 1)
is non-standard, which means that lim ,.cmo(x(n)) = c0. So lim ,eom (p(n))
= oo, and Claim 3 holds in this case as well. This completes the proof. O

In the proof of Theorem 6.6.3, it was not necessary to use color [0] to shuffle
copies of a into IIc M because the striped colors shuffle in a automatically.
However, suppose instead that kg, ..., ky_1 is a (possibly empty) finite list
of non-zero natural numbers, and we want to obtain a cohesive power with
order-type w + o({ko, ..., kn-1,a}). To do this, let C' be co-c.e. and cohesive,
and let £ and F' be as in Theorem 6.5.1 for C'. Collapse F' to N + 1 colors
{0,1,...,N} as in Theorem 6.6.2. Compute M by replacing points x of L of
color 0 by copies of x + 1 as in Theorem 6.6.3, and by replacing points x of £
of color @ with 1 <a < N by copies of k,_; as in Theorem 6.6.2. Then 1o M
has order-type w + o({ko, ..., kn_1,a}).

Finally, to shuffle X9 or II9 sets of finite order-types into cohesive powers
of w, it is convenient to work with linear orders whose domains are c.e.
To this end, let a partial computable structure for a computable language £
consist of a non-empty c.e. domain A along with uniformly partial computable
interpretations of the symbols of £. For example, a partial computable linear
order (L, <) consists of a non-empty c.e. set L and a partial computable
¢:L x L - {0,1} computing the characteristic function of the <-relation on
LxL.

Cohesive powers of partial computable structures may be defined exactly
as in Definition 6.1.2, the only difference being that the domain A of the
partial computable structure A is now c.e. instead of computable. Suppose
that A is a partial computable structure with infinite c.e. domain A, and let
f:N - A be a one-to-one computable enumeration of A. As usual, we can pull
back f to define a computable structure B with domain N that is isomorphic
to A via f. For each n-ary relation symbol R, define RB(xq,..., 2, 1) to hold
if and only if RA(f(zo),..., f(zn-1)) holds. For each n-ary function symbol g,
define ¢B(xg,...,2n 1) to be f1(gA(f(x0),...,f(xn_1))). For each constant
symbol ¢, define ¢ = f~1(¢A). Furthermore, if C' is any cohesive set, then
[T A 2 TIgB. This is proved exactly as in Theorem 6.1.4, with B playing
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the role of Ay, A playing the role of Ay, and f being the f enumerating the
domain of A = A; as discussed above. The only difference is that now f-!
is partial computable instead of computable, but this is inessential because
all that matters is that f~! has domain A. Therefore, if we wish to show
that there is a computable copy of w having a cohesive power of a certain
order-type, it suffices to show that there is a partial computable copy of w
having a cohesive power of the desired order-type.

Theorem 6.6.4. Let X ¢ N~ {0} be a II9 set, thought of as a set of finite
order-types. Let C' be a co-c.e. cohesive set. Then there is a computable copy
M of w where the cohesive power IIo M has order-type w + o(X U {a}).

Proof. Assume that X # @, as otherwise we can compute a copy M of w
with I[IeM 2 w+o({a}) by combining the proofs of Theorems 6.6.2 and 6.6.3
in the way described above. Let R be a computable predicate for which
X = {k : Va3bR(k,a,b)}. Let ko > 0 be the <-least element of X. Let
L = (L,<¢) be the linear order from Theorem 6.5.1 for C, along with its
coloring F: L - N. By the above discussion, it suffices to produce a partial
computable copy M of w with [Ic M 2w + (X u{a}). We define M from
L as follows. If x € L has F(x) < kg, then replace = by a copy of z +1 as
is done with color 0 in the proof of Theorem 6.6.3. If x € L has F(x) > ko,
then first replace x by a copy of ky. Then for each a < x, search for a b such
that R(F(x),a,b). If (Va <z)(3b)R(F(x),a,b), then add further elements
to replace = by a copy of F(z) instead of by a copy of ky. The ultimate
effect of this procedure is that if F'(z) € X, then we shuffle F'(x) into 1o M;
whereas if F'(z) ¢ X, then we shuffle ky into IIc M. Formally, define

M={{z,i):xel A F(x)<kyAi<z}
u{(z,i):xelL Ani<ko<F(z)}
u{{z,i):xe L A (Va<x)(FD)R(F(x),a,b) A kg<i< F(x)}.

and

(r,1) <pm (y,7) ifand only if (x<cy) v (x=y Ai<j),

where <, is restricted to M x M. Then M is a partial computable copy of w.
We need to show that IIc M 2w+ o(X u{a}).

As in the proofs of Theorems 6.6.2 and 6.6.3, consider the projection
condensation ¢, (ITlcM) of IIeM as colored by F. Suppose that c.([x]m) is
non-standard.
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If c:([x]Jm) has solid color [k] for some k < ko, then c.([x]m) has
order-type a by the same argument as in the color [0] case of the proof of
Theorem 6.6.3.

Suppose that ¢, ([x]r) has solid color [k] for some k > ko with k € X.
Then (V*n € C)[F(m(x(n))) = k] and Va3bR(k,a,b). Thus for almost
every n € C, the elements of M of the form (my(x(n)),i) are exactly
(mo(x(n)),0),...,(mo(x(n)),k = 1). So cx([x]m) has order-type k by the
same argument as in the proof of Theorem 6.6.2.

Suppose that c,([x]a) has solid color [k] for some k > ko with k ¢
X. Then (V*°n € C)[F(mo(x(n))) = k], but JaVb-R(k,a,b). Thus for
almost every n € C, the elements of M of the form (m(x(n)),i) are exactly
(mo(x(n)),0),...,(mo(x(n)), ko —1). So cx([x]m) has order-type k¢ by the
same argument as in the proof of Theorem 6.6.2.

Finally, suppose that c,([x]a) has striped color [¢] = [F o7 o x]. Then

lim ,cc F'(mo(x(n))) = 0o. There are two cases, depending on how the cohe-
siveness of C falls with respect to the c.e. set

S={n: (Va<m(x(n)))(3)R(F(m(x(n))), a,b)}.

If C c* S, then for almost every n € C', the elements of M of the form
(mo(x(n)), i) are exactly (mo(x(n)),0),...,(mo(x(n)), F(m(x(n))) - 1). So
c-([x]m) has order-type a by the same argument as in the striped [d] case
in the proof of Theorem 6.6.3.

If C c* S, then for almost every n € C, the elements of M of the form
(mo(x(m)).i) are exactly (mo(x(n)),0). ., {mo(x(n)), ko = 1). So cx([x]s1)
has order-type kg by the same argument as in the proof of Theorem 6.6.2.

The non-standard elements of ¢, (IIcM) form a linear order of type 7 in
which the solid F-colors occur densely. We have seen that the order-type of a
non-standard ¢, ([x]m) is:

e «if ¢ ([x]am) has solid color [k] with k < kg, which includes 0 because
ko > 0;

o L if c.([x]m) has solid color [k] with k > ky and k € X;
o ko if ¢, ([x]m) has solid color [k] with k> k¢ and & ¢ X;

e cither a or kg if c;([x]m) has a striped color.

Recalling that kg is the <-least element of X, we therefore have that Il M
w+o(Xu{a}). |
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Theorem 6.6.5. Let X ¢ N\ {0} be a X set, thought of as a set of finite
order-types. Let C' be a co-c.e. cohesive set. Then there is a computable copy
M of w where the cohesive power IIoc M has order-type w + o(X U {a}).

Proof. The proof is similar to that of Theorem 6.6.4. In the proof of
Theorem 6.6.4, we arrange M to shuffle k into IIcM when a II9 property
holds of & and to shuffle a fixed ko into [l M when a I property fails of .
In this proof, we want to shuffle & into IIc M when a Iy property fails of k
and to shuffle « into IIc M when a II3 property holds of k.

Let X ¢ N\ {0} be XJ. Let R be a computable predicate for which X =
{k:VYa3abR(k,a,b)}. Let L= (L,<,) be the linear order from Theorem 6.5.1
for C, along with its coloring F: L — N. Again, it suffices to produce a partial
computable copy M of w with IIc M 2w + (X u{a}). We define M from £
as follows. If z € L has F'(x) =0, then replace = by a copy of z + 1 as is done
in the proof of Theorem 6.6.3. If x € L has F'(x) > 0, then first replace = by a
copy of F'(x). Then for each a < x, search for a b such that R(F(x),a,b). If
x> F(x) and (Va <2)(3b)R(F(z),a,b), then add further elements to replace
x by a copy of z + 1 instead of a copy of F(x). Formally, define

M={{z,i):zeL A F(x)=0ni<z}
u{{z,i):xe L AF(z)>0ni<F(x)}
u{(z,i):xe L AF(z)>0A (Va<z)(I)R(F(x),a,b) Ai<x}.

and
(r,i) <pm (y,7) ifand only if (z<cy) v (z=y Ai<j),

where <, is restricted to M x M. Then M is a partial computable copy of w.
We need to show that [IcM 2w + o (X u{a}).

As in the previous proofs, consider the projection condensation ¢, (Ilc.M)
of IIcM as colored by F. Suppose that c,([x]a¢) is non-standard.

If c.([x]m) has solid color [0], then c,([x]ar) has order-type « by the
same argument as in the color [0] case of the proof of Theorem 6.6.3.

Suppose that c([x]m) has solid color [k] for some k& > 0 with &k «
X. Then (V°n € C)[F(m(x(n))) = k], but JaVb-R(k,a,b). Thus for
almost every n € C, the elements of M of the form (m(x(n)),i) are exactly

(mo(x(n)),0),...,(mo(x(n)), k = 1). So cx([x]m) has order-type k by the
same argument as in the proof of Theorem 6.6.2.
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Suppose that c;([x]am) has solid color [k] for some k > 0 with k ¢ X.
Then (V°n € C)[F(m(x(n))) = k] and Ya3bR(k,a,b). Thus for almost
every n € C, the elements of M of the form (my(x(n)),i) are exactly
(mo(x(n)),0),....(mo(x(n)),mo(x(n))). So cz([x]m) has order-type o by
the same argument as in the color [0] case of the proof of Theorem 6.6.3.

Finally, suppose that ¢, ([x]am) has striped color [d] = [F o mg o x]. Then
lim e F'(mo(x(n))) = 0o. There are two cases, depending on how the cohe-
siveness of C falls with respect to the c.e. set

S={n: F(m(x(n))) <m(x(n)) A (Va <mo(x(n)))(3) R(F(mo(x(n))), a,b)}.

We show that ¢, ([x]a) has order-type o in both cases.

If ¢ c* S, then for almost every n € C', the elements of M of the
form {mo(x(n)), i) are exactly (mo(x(n)),0),..., (mo(x(n)), 7o(x(n))). So
c-([x]m) has order-type v by the same argument as in the color [0] case of
the proof of Theorem 6.6.3.

If C c* S, then for almost every n € C, the elements of M of the form
(mo(x(n)), @) are exactly (mo(x(n)),0),..., {mo(x(n)), F(mo(x(n))) - 1). So
c-([x]m) has order-type o by the same argument as in the striped [d] case
in the proof of Theorem 6.6.3.

The non-standard elements of ¢, (IIcM) form a linear order of type 1 in
which the solid F-colors occur densely. We have seen that the order-type of a
non-standard c.([x]m) is:

Jam) has solid color [0];

e aif ¢ ([x
o k if c.([x]am) has solid color [k] with k € X;
[x

e o if ¢ ([x]m) has solid color [k] with £ >0 and k ¢ X;

e «if ¢, ([x]am) has a striped color.

We therefore have that [Ic M 2w +o(X u{a}). m
We combine the results of this section into a single statement.

Theorem 6.6.6. Let X € N\ {0} be either a 3 set or a I3 set, thought of
as a set of finite order-types. Let C be a co-c.e. cohesive set. Then there is
a computable copy M of w where the cohesive power I[IoM has order-type
w+o(X u{a}). Moreover, if X is finite and non-empty, then there is also

a computable copy M of w where the cohesive power IIoM has order-type
w+o(X).



Chapter 7

On Cototality and the Skip
Operator

In this chapter we will present the notions of cototality and skip operator in
the enumeration degrees. The degree structures as Dy and D, with <, @ and
jump operator are also abstract structures. Here we will consider a subclass
of the enumeration degrees D, called cototal degrees. We started this project
in 2015 together with Hristo Ganchev, Steffen Lempp, Jouseph Miller, and
Mariya Soskova in Sofia, after the CiE 2015 in Bucharest, when Joseph Miller
and Steffen Lempp from University of Madison, Wisconsin, visited Sofia. In
2016 Uri Andrews and Rutger Kuyper from the same university also joined
the project and we will present in this chapter the results from the paper
| |, in the journal Transaction of the American Mathematical Society.
The content of his chapter is almost from | |, with a small exception
in Subsections 7.4.2 and 7.5.1.

A set A c N is cototal if it is enumeration reducible to its complement, A.
The skip of A is the uniform upper bound of the complements of all sets
enumeration reducible to A. These are closely connected: A has cototal degree
if and only if it is enumeration reducible to its skip. We study cototality and
related properties, using the skip operator as a tool in our investigation. We
give many examples of classes of enumeration degrees that either guarantee
or prohibit cototality. We also study the skip for its own sake, noting that
it has many of the nice properties of the Turing jump, even though the skip
of A is not always above A (i.e., not all degrees are cototal). In fact, there is
a set that is its own double skip.

For an arbitrary set A ¢ N, the enumeration degree of A and the enu-

203
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meration degree of A, the complement of A, need not be comparable. By
requiring that they are comparable, we can isolate two interesting subclasses
of the enumeration degrees. The first was introduced at the same time as the
enumeration degrees themselves. We call a set A € N total if A <, A, and we
call an enumeration degree total if it contains a total set. Note that A is total
if and only if A=, A® A, where & denotes the effective disjoint union of sets.
Since every set of the form A ® A is total, the total degrees are exactly the
degrees of sets A @ A for some A € N. We know that the map t: A~ Aa A
induces an order-preserving isomorphism between the Turing degrees and
the total enumeration degrees. The name “total” is due to the fact that an
enumeration degree is total if and only if it contains the graph of a total
function. In particular, if A is a total set, then d.(A) contains the graph of
the characteristic function of A.

It is important to note that total degrees! always contain nontotal sets
as well. For example, all c.e. sets have total degree because they are all
enumeration equivalent to the empty set, but only computable c.e. sets are
total.

7.1 Cototality

What happens if we reverse the relationship between A and A? Call a set
A cN cototal if A<, A, and call an enumeration degree cototal if it contains
a cototal set. While we are the first to isolate this property under this name,
both the property and the name have appeared in the literature. The name
was essentially first used, as far as we are aware, in an abstract of A.V.
Pankratov from 2000 | |. Pankratov used ““kororansroe’ (Russian for
“cototal”) to refer to what we call the graph-cototal degrees, which turns
out to be a proper subclass of the cototal degrees: For any total function
[N >N, let Gy = {(n,m): f(n) =m} be the graph of f. It is easy to see that
G_f <e Gy, 50 G_f is a cototal set. If an enumeration degree contains a set of
the form G_f, then we call it graph-cototal.

The graph-cototal sets and degrees were further studied by Solon, Pankra-
tov’s advisor. In | |, he used “co-total” to refer to what we call “graph-
cototal”. However, in the Russian version | | of the same paper, Solon
used “kororaspuoe” for a different property: Call a degree a weakly cototal if
it contains a set A such that A has total enumeration degree. It is clear that

We will sometimes use the term degree to refer to an enumeration degree.
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every cototal degree is weakly cototal, since if A <. A, then A is a total set.
So we have

graph-cototal == cototal == weakly cototal.

We show that these three properties are distinct. The harder separation
is given in Section 7.6, where we use an infinite-injury argument relative
to 0’ to construct a cototal degree that is not graph-cototal. In Section 7.5,
we give examples of weakly cototal degrees that are not cototal, as well as
enumeration degrees that are not weakly cototal. Of these properties, we
believe that there is a strong case that cototal is the most fundamental.

Our study of cototality was motivated by two examples of cototal sets
that were pointed out to us by Jeandel | |. He showed that the set of
non-identity words in a finitely generated simple group is cototal (see also
Thomas and Williams | |). Jeandel also gave an example from symbolic
dynamics: The set of words that appear in a minimal subshift is cototal. This
is particularly interesting because the Turing degrees of elements of a minimal
subshift are exactly the degrees that enumerate the set of words that appear
in the subshift, so understanding the enumeration degree of this set is closely
related to understanding the Turing degree spectrum of the subshift.

In Section 7.3, we explain Jeandel’s examples in more detail, and we give
several other examples of cototal sets and degrees. We show that every %9-set
is cototal, in fact, graph-cototal. We show that the complement of a maximal
independent subset of a computable graph is cototal, and that every cototal
degree contains the complement of a maximal independent subset of w<v.
Ethan McCarthy proved that the same is true of complements of maximal
antichains in w<¥. We show that joins of nontrivial K-pairs are cototal, and
that the natural embedding of the continuous degrees into the enumeration
degrees maps into the cototal degrees. Finally, we note that Harris | ]
proved that sets with a good approximation have cototal degree.

The earliest reference to a cototality notion seems to be in Case’s disserta-
tion | , p- 14] from 1969; he wrote “The author does not know if there are
sets A such that A lies in a total partial degree and A lies in a non-total partial
degree, but he conjectures that there are no such sets.” In our language,
Case is conjecturing that if A has weakly cototal degree, then it has total
degree. The same question also appears in the journal version | , D. 426].
Gutteridge | , Chapter II| disproved this conjecture by constructing a
quasiminimal graph-cototal degree. Recall that an enumeration degree a is
quasiminimal if it is nonzero and the only total degree below a is 0, = d.(2);
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in particular, quasiminimal degrees are nontotal. At least two other inde-
pendent constructions of nontotal cototal degrees appear in the literature:
Sanchis | |, apparently unaware of Case’s conjecture, gave an explicit
construction of a cototal set that is not total. Aware of Case’s conjecture but
not Gutteridge’s example, Sorbi | | constructed a quasiminimal cototal
degree. Neither of these constructions explicitly produce a graph-cototal
degree.

In the abstract mentioned above, Pankratov | | claimed that there
is a graph-cototal X.9-enumeration degree that forms a minimal pair with
every incomplete I1%-enumeration degree.? The graph-cototal degrees were
studied more extensively by Solon | : |2 He proved that every
total enumeration degree above K contains the graph G 7 of a total function
f:N - N such that G_f is quasiminimal. He also showed that for every total
enumeration degree b, there is a graph-cototal enumeration degree a that is
quasiminimal over b. Finally, Solon proved that for every total enumeration
degree b above K, there is a graph-cototal quasiminimal enumeration degree a
such that a’ = b (see below for more about the enumeration jump). This
strengthens a result of McEvoy | |, who proved that the quasiminimal
enumeration degrees have all possible enumeration jumps. Note that all
three of Solon’s results can also be seen as generalizations of Gutteridge’s
construction of a quasiminimal graph-cototal degree.

7.2 The skip

Cototality is closely related to the other main subject: the skip operator.
Let {T'.}ce be an effective list of all enumeration operators and let K4 =
@Bec [e(A) = {{e,x) | z € T.(A)}. Note that K4 =. A. We define the skip
of A to be A® = K 4. It is easy to see that the skip is degree invariant, so
it induces an operator on enumeration degrees. We use a® to denote the
skip of a. Note that the complements of elements of d.(A) are enumeration
reducible to A%; indeed, they are columns of A¢. In other words, d.(A?) is

the maximum possible degree of the complement of an element of d.(A). One

2This result does not appear to be published and we do not know the proof that
Pankratov had in mind, but note that graph-cototality is free because every ¥9-enumeration
degree is graph-cototal.

3We note here a slight confusion in Solon’s papers between cototal sets and cototal
degrees, which does not, however, affect his main results.
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consequence of this characterization is the connection between the skip and
cototality:

Proposition 7.2.1. A set A ¢ N has cototal degree if and only if A <, A9.

Proof. If A has cototal degree, then there is B =, A such that B <, B.
So A =, B <. B <, A%. For the other direction, assume that A <, A%. So
Ka=. A<, A% = K4, hence A has cototal degree. 0 This connection is quite
useful; the separations we prove in Section 7.5 rely on our study of the skip
operator in Section 7.4.

In some ways, the skip is analogous to the jump operator in the Turing
degrees. For example, a standard diagonalization argument shows that
A% £, A. In Proposition 7.4.1, we restate the well-known fact that A <, B
if and only if A <; B®, mirroring the jump in the Turing degrees. Finally,
in Theorem 7.4.3, we prove a skip inversion theorem analogous to Friedberg
jump inversion: If S >, K, then there is a set A such that A¢ =, S.

The biggest difference between the skip and the Turing jump is that it is
not always the case that A <, A® (because not all enumeration degrees are
cototal). In fact, as we will see in Section 7.4.2; there is a skip 2-cycle, i.e.,
a set A € N such that A = A°®. If we modify the skip to ensure that it is
increasing in the enumeration degrees, then we recover the definition of the
enumeration jump as introduced by Cooper? | .

The enumeration jump of a set ACNis Al =K,& Ky=z. A® A®. (We
will also use A’ to denote A’). So A has cototal degree if and only if A, =, A.
Of course, the enumeration jump is degree invariant and induces an operator
on the enumeration degrees; we use a’ for the jump of a. The definition of
the enumeration jump ensures that A <, A/, as we expect from a jump. On
the other hand, we lose two of the properties that the skip shares with the
Turing jump. The enumeration jump is always total, so it cannot possibly
map onto all enumeration degrees above 0,. However, by Friedberg jump
inversion, it does map onto the total degrees above 0,. We will also see, in
Proposition 7.4.20, that Al <; B! does not necessarily imply that A <. B.
So neither the skip nor the enumeration jump is the perfect analogue of the
Turing jump; we believe that both have a role in the study of the enumeration
degrees.

4Cooper | ] thanks his student McEvoy for helping provide the correct definition of
the enumeration jump operator. Sorbi recalled (in private communication) that Cooper’s
original “incorrect” definition was actually our definition of the skip operator.
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7.3 Examples of cototal sets and degrees

7.3.1 Total degrees

For any set A € N, the set A® A is clearly cototal. Therefore, every total
degree is cototal.

7.3.2 The complement of the graph of a total function

As we have noted, if f:N - N is total, then @f, the complement of the
graph of f, is a cototal set. This is because (n,m) € G if and only if there
is m’ # m such that (n,m’) € G;. The class of graph-cototal enumeration
degrees turns out to lie strictly between the total degrees and the cototal
degrees. The hard part will be showing that there is a cototal degree that
is not graph-cototal. We will do that in Section 7.6. To see that every
total degree is graph-cototal, recall that each total degree contains the graph
of the characteristic function x4 of some total set A; it also contains the
complement of the graph of x4. We already saw that EX 4 e Gy, But now
since (n,m) € G, if and only if m € {0,1} and (n,1-m) € G, ,, we have that
EX 4 Ze Gy,. The next result implies that there are nontotal graph-cototal
degrees.

Proposition 7.3.1. Every enumeration degree a < 0/, is graph-cototal.

Proof. The enumeration degrees below 0. consist entirely of ¥9-sets. So, fix
an enumeration degree a < 0. and a X5-set A € a. We must show that there
is a set G =, A that is the complement of the graph G of a total function.
We can think of G as an infinite table such that each column contains all but
one element.

Fix a Y9-approximation { A}, to the set A. This is a uniformly com-
putable sequence of finite sets such that a € A if and only if a € A, for all but
finitely many s. So, to every a € A we can associate the first stage s, such
that a € A, for every s > s,. We may assume that Ay = @. Consider the set

U={{a,s)|s#s.}={(a,s)|aeAs1Vv(It>5s)a¢A]}.

Note that U is a c.e. table such that the a-th column of U contains all natural
numbers if a ¢ A and all but one natural number if ¢« € A. We combine U
and A to define the set G:

{a,m) e G if and only if m=0& ae Avm>0& {a,m—-1)eU.
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The set G is clearly in the degree a and is the complement of the graph of
the total function g : N - N such that g(a) = s, + 1 if a € A and g(a) =0 if
atA. O

It is worth pointing out that the argument above cannot be extended to
further levels of the arithmetical hierarchy. In Section 7.5, we will show that
there are I19-sets that do not even have cototal enumeration degree. Another
way to see this is to use a theorem of Badillo and Harris | | proving the
existence of a II-enumeration degree that contains only properly IT5-sets.
Such a degree must have skip equal to 0, and hence cannot be cototal. On
the other hand, it is easy to see that every I19-set has weakly cototal degree.
This is because every set A is enumeration equivalent to A @ K, where K is
the halting set. So, if A is 11 then Ae K = A® K =, K € 0,. As for higher
levels of the arithmetical hierarchy, we will see in Section 7.5 that there are
AY-sets that are not even weakly cototal.

Let G be the complement of the graph G of a total function. Notice
that the reduction I'" witnessing that G <, G described above has the fol-
lowing interesting feature: If 2 € G, then there is a unique axiom in I' that
enumerates = into ['(G). We say that G reduces to G via a unique aziom
reduction. We will next see that this property characterizes the graph-cototal
enumeration degrees among all cototal enumeration degrees.

Proposition 7.3.2 (Unique Axiom Characterization). An enumeration de-
gree a is graph-cototal if and only if it contains a cototal set A that reduces
to A via a unique axiom reduction.

Proof. We have already seen that graph-cototal degrees have this property.
For the reverse direction, let a be an enumeration degree and let A € a be a
cototal set that reduces to A via a unique axiom reduction I'. We will, in this
case as well, construct an infinite table G, the first row of which will contain
only elements in columns corresponding to members of A. For the remaining
rows, we will use the c.e. set I'. Note that if (a,D) e I' and a ¢ A, then D
must contain an element of A, and if a € A, then there is a unique axiom
(a, D) such that Dn A = @. Intuitively, the idea is to assign the axioms of I'
to the remaining undecided elements in each column and enumerate into G
an element in the a-th column unless it corresponds to the unique correct
axiom for a. We formalize this idea below.

Fix a computable function s that lists I' without repetitions. Without
loss of generality, we may assume that I' is infinite, as a finite unique axiom
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reduction can enumerate only a finite set and we already know that O, is
graph-cototal. We define the set G as follows:

(a,m) € G if and only if [m=0& a € A]

or |[m>0&|s(m-1) is not an axiom for a

or (s(m-1)=(a,D)& DnA=2)||

The set G is clearly in the degree a and is the complement of the graph of
the total function ¢:N — N such that g(a) = d + 1, where d codes the unique
correct axiom for a if a € A, and g(a) =0 if a ¢ A. o

We can make this characterization even tighter by noting that the reduc-
tion T' used to witness that G <. G is furthermore a singleton operator: every
axiom in I' is of the form (a, {b}) where a # b.

We will therefore be interested in finding examples of cototal enumeration
degrees that do not satisfy the Unique Axiom Characterization, as we would
like to separate the cototal degrees from the graph-cototal degrees. The next
example, which comes from graph theory, is motivated by this desire.

7.3.3 Complements of maximal independent sets

Recall that an (undirected) graph is a pair G = (V, E), where V is a set of
vertices and E is a set of unordered pairs of vertices, called the edge relation.

Definition 7.3.3. An independent set for a graph G = (V,E) is a set of
vertices S € V' such that no pair of distinct vertices in S is connected by an
edge. An independent set is maximal if it has no proper independent superset.

In other words, an independent set S is maximal if and only if every
vertex v € V is either in S or is connected by an edge to an element of S.
The maximal independent sets for the graph of the cube are illustrated in the
figure below, courtesy of David Eppstein and Wikipedia.

Consider an infinite graph G = (N, F') with a computable edge relation.
For example, we can think of the tree w<¢ as a computable graph on the
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Figure 7.1: Maximal independent sets for the cube

natural numbers by fixing an effective coding of the finite sequences of natural
numbers and putting an edge between any non-root node and its immediate
predecessor. If S is a maximal independent set for G, then S can enumerate
its complement:

S={v|(FueS[{u,v}eFE]}.

It follows that complements of maximal independent sets in computable
graphs on N are cototal. Our main reason for considering this example is that,
in general, this reduction does not have the unique axiom property. This is
well illustrated by Figure 7.1: the maximal independent set in the middle of
the first row, for example, would enumerate each element of its complement
with three distinct correct axioms. Hence we might hope that complements of
maximal independent sets allow us to move beyond the graph-cototal degrees.
They do, and in fact, they are universal for the cototal enumeration degrees.

Theorem 7.3.4. Every cototal degree contains the complement of a maximal
independent set for w<v.

Proof. Fix a cototal set A and let A =T'(A). We will build a set G ¢ w<
which will be the complement of a maximal independent set for w<~. In this
case, we will again assume that A is not c.e. and so I' is an infinite c.e. set,
as there are easy examples of computable maximal independent sets, e.g.,
the set of all odd-length strings in w<. So let g be a computable listing of I'
without repetitions. We will further assume that no axiom in I' is of the form
(a, ). We can easily replace I' with an operator that fits this description by
replacing every such axiom by (a, {by}), where b, is some fixed member of A.
We will also fix a number qq € A.
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To every node o € w<“ other than the root (), we will computably assign
a finite set D,. The set G will then be defined as

G={c|D,nA+z}u{()}.
The assignment is defined by induction:
1. If 0 =n is a length-1 string then D, = {n}.
2. If 0 = ™n. Then we have two cases:

(a) If g(n) is not an axiom for any member of D, then we let D, = {a}.

(b) If g(n) = (a, D) is an axiom for a € D, then we let D, = D.

From the definition, it follows that G <. A, and from part 1 in particular,
that also A <, G, as ne G if and only if {n} n A+ @ if and only if n € A. It
remains to be shown that G is a maximal independent set.

Fix 7,0 € w such that o = 7n. We must show that either c e G or T € G
to ensure that G is independent. If 7 ¢ G then 7 # () and D, ¢ A. If g(n) is
not an axiom for any element in D,, then D, = {ap} € A and hence o € G.
Otherwise g(n) = (a, D,) and a ¢ A. As A = '(A) it must be that D, ¢ A
and so D, n A # @, hence 0 € G.

Finally, we must show that every 7 € G has a neighbor ¢ in G to ensure
that G is maximal. If 7 = (), then o can be chosen as any of its length-1
neighbors corresponding to elements b € A. Suppose that 7 # () and let
a€D,.nA. Then ael'(A) and hence there is an axiom (a, D) € I' such that
D c A. Fix n such that {a, D) = g(n). We assign the set D to the string
o =1n; it follows that o ¢ G. O

Note, that the proof above holds even if we restrict ourselves to singleton
degrees, the degree structure induced by restricting reductions to singleton
operators. The singleton degree of a set that is cototal with respect to
singleton reduction contains the complement of a maximal independent set
for w<.

7.3.4 Complements of maximal antichains in w<¥

A closely related example comes from simply considering maximal antichains
in w<. In this case, the partial ordering on finite sequences of natural numbers
is defined by o < 7 if and only if 0 < 7. An antichain is a subset of w<* such
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that no two elements in it are comparable, and an antichain is mazimal if it
cannot be extended to a proper superset that is also an antichain. Examples
of computable maximal antichains are easy to come up with: For any fixed n,
the set of all elements of w<¥ of length n is a maximal antichain.

If S is a maximal antichain, then S <, S as o € S if an only if there
is some 7 € S that is comparable with . As in the example above, this
reduction does not have the unique axiom property. Consider for example
the maximal antichain of all strings of length n. Then every string of length
m < n has infinitely many reasons to be enumerated into the complement of
this maximal antichain. Ethan McCarthy has shown that complements of
maximal antichains are also universal for the cototal enumeration degrees.

Theorem 7.3.5 (McCarthy | |). Every cototal degree contains the
complement of a maximal antichain in w<~.

7.3.5 The set of words that appear in a minimal subshift

We will next give a more detailed account of our motivating examples, intro-
duced by Jeandel | |. The first one requires us to recall some definitions
from symbolic dynamics.

Definition 7.3.6. Let X ¢ 2% be closed in the usual topology on Cantor
space.

1. X is a subshift if X is closed under the shift operation, which removes
the first bit in a binary sequence, i.e., ac € X implies av € X.

2. If X is a subshift then the language of X is the set
Lx={0e2 : (Jae X)[o is a subword of «]}.

The set Ly is called the set of forbidden words.

3. A subshift X is minimal if it has no nonempty proper subset that is also
a subshift. This is equivalent to saying that every o € Lx is a subword
of every av € X.

Jeandel discovered an interesting relationship between the enumeration
degree of the language of a minimal subshift and the Turing degrees of the
elements of the subshift: The Turing degrees of elements in X are exactly the
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Turing degrees that enumerate Lx. This fact is particularly interesting if one
takes into account Selman’s characterization of enumeration reducibility. For
an arbitrary set A, let £4 denote the set of all Turing degrees whose elements
compute enumerations of A. Selman | | proved that A <, B if and only if
Ep € &4. Thus, the enumeration degree of the set Lx can be characterized by
Er, which turns out to be exactly the set of Turing degrees that compute
elements of the minimal subshift X. It is then natural to ask what additional
properties an enumeration degree must have in order to be the enumeration
degree of the language of a minimal subshift. The following theorem shows
that it must be cototal.

Theorem 7.3.7 (Jeandel | D). Lx < Lx.

Ethan McCarthy has very recently shown that, in fact, cototality precisely
characterizes the enumeration degrees of languages of minimal subshifts.

Theorem 7.3.8 (McCarthy | ]). If A is cototal, then A =, Lx for some
minimal subshift X.

7.3.6 The non-identity words in a finitely generated sim-
ple group

The second example from Jeandel | | is related to group theory.
Definition 7.3.9. Let GG be a group.

1. G is finitely generated if there are finitely many elements in GG, called
generators, such that every element in G can be expressed as a product
of these generators. (For convenience, we will assume that the set of
generators is closed under inverses.)

2. G is simple if its only normal subgroups are G and the trivial group.

3. The set of identity words of G is the set Wg of all words (i.e., finite
sequences of generators) that represent the identity element.

4. A presentation of G is a pair (F' | R) such that F is a set of generators
and W is the normal closure of R c Wg.
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The word problem for a group G is the problem of deciding the set Wq.
Kuznetsov | | showed that if G is a finitely generated simple group with
a presentation (F' | R) such that R is computable, then it has a decidable word
problem. Jeandel considered the collection of all finitely generated simple
groups without restricting the complexity of their presentation. He showed
that the set of non-identity words in a finitely generated simple group is cototal.
This was also independently observed by Thomas and Williams | |.

Theorem 7.3.10 (Jeandel | J; Thomas and Williams | . If Gis
a finitely generated simple group then Wg <. Wa.

This generalizes Kuznetsov’s result, as if a group G = (F | R) has a
computable set of relations R, then We is automatically c.e. The fact that
Wa <e We shows that W is also c.e. and hence Wg is computable.

7.3.7 Joins of nontrivial K-pairs

Our next example relates to a class of pairs of enumeration degrees that have
been recently shown to play an important role when it comes to the first-order
definability of relations on D,.

Definition 7.3.11. A pairs of sets {A, B} form a K-pair if there is a c.e.
set W such that Ax BEW and Ax BcW. A K-pair is nontrivial if neither
of its components is c.e.

K-pairs were introduced by Kalimullin | |. He showed that they are
first-order definable in the structure of the enumeration degrees and used
them to give a first-order definition of the enumeration jump. Cai, Ganchev,
Lempp, Miller, and M. Soskova | | used K-pairs to define the class of
total enumeration degrees. It is therefore reasonable to always keep an eye
on the class of IC-pairs as it might hold the key to the first-order definability
of relations that we are considering here as well: cototal enumeration degrees
and the skip operator. In the next section, -pairs will give us a wide variety
of examples of sets that do not have cototal degree. When one considers the
join A ® B, however, of a nontrivial K-pair {A, B}, one always gets a cototal
set. To see this, we will need to review an important property of K-pairs.

Proposition 7.3.12 (Kalimullin | ). If {A, B} is a nontrivial K-pair
then
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e A<, Band B<, A;
e B<, Ao K and A<, Bo K.

It follows from the first part that if { A, B} forms a nontrivial K-pair, then
AeB<,Be A=, Ao B.

We would like to point out that this example generalizes the fact that
every total degree is cototal, as by Cai, Ganchev, Lempp, Miller, and
M. Soskova | |, the total degrees are exactly the ones that contain the
join of a particular kind of a C-pair. The joins of nontrivial KC-pairs therefore
form a first-order definable class of cototal enumeration degrees that contains
the total enumeration degrees. Unfortunately, they do not contain all cototal
degrees. Ahmad | | showed that there are nonsplitting ¥9-enumeration
degrees, i.e. degrees that are not the least upper bound of any pair of strictly
smaller degrees. So, even though, as we have already seen, all X3-enumeration
degrees are cototal, the nonsplitting ones cannot be joins of nontrivial C-pairs.

7.3.8 Continuous degrees

Motivated by a question of Pour-El and Lempp from computable analysis,
Miller | | introduced a degree structure that captures the complexity
of elements of computable metric spaces, such as C[0,1] and [0,1]~. This
structure naturally embeds into the enumeration degrees, and the range of
this embedding is strictly between the class of total enumeration degrees and
the class of all enumeration degrees.

As an example, consider the metric space C[0,1] of continuous functions
on the unit interval with the standard metric

d(f,g) = max |f(z) = g(x).

A computable presentation of a metric space M consists of a fixed dense
sequence QM = {¢, } <. on which the metric is computable as a function on
indices. For a computable presentation of C[0,1] we can fix, for example,
a reasonable enumeration of the polygonal functions having segments with
rational endpoints. A name ny for a continuous function f is a code (say, as
an element of w*) that gives a way to approximate f. Specifically, a name ny
should code a function taking a rational number € > 0 and producing an
index ny(e) such that d(f,qn,.)) <e. For f,g € C[0,1], we say that f is
reducible to g if every name for g computes a name for f. In the same way, we
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can compare the complexity of elements from arbitrary metric spaces. This
reducibility induces a degree structure, the continuous degrees. It turns out
that every continuous degree contains an element of C[0, 1].

In order to understand the embedding of the continuous degrees into the
enumeration degrees, it is easier to focus on another computable metric space:
The Hilbert cube is [0,1] along with the metric

d(e, 8) = 327" a(n) - B(n)|.
new
A dense set witnessing that [0, 1]« is computable is, for example, a reasonable
enumeration of the rational sequences with finite support. As was the case
with C[0, 1], every continuous degree contains an element of [0, 1]«.

Miller gave a way to assign to a sequence « € [0,1]“ a set A, such that
Ea, (defined in Section 7.3.5) is the set of all Turing degrees that compute
names of o. This induces an embedding of the continuous degrees into the
enumeration degrees.

Definition 7.3.13 (Miller | ). For ae[0,1]v, let
Ao =D{eeQlg<qali)} @ {geQ[g>gal(i)}).

1<w

It is not hard to see that A, has the desired property: Computing a name
for « is exactly as hard as enumerating A,. We say that the enumeration
degree of A, is continuous. By showing that there is a nontotal continuous
enumeration degree, Miller proved that there are continuous functions that do
not have a name of least Turing degree, which answered Pour-El and Lempp’s
question.

Note that if o does not have any rational entries, then A, is a total set.
If, on the other hand, o does have rational entries, then every component
of A, is nonuniformly equivalent to a total set. The existence of nontotal
continuous enumeration degrees shows that this nonuniformity is significant.
We are nevertheless able to show that all continuous degrees are cototal.

Proposition 7.3.14. Every continuous degree is cototal.

Proof. Let a€[0,1]“ and A, = @ic,({¢€ Q| g <q (i)} ® {g € Q| ¢ >
a(i)}). By rearranging the odd and even elements in every column of A,, we

obtain the set B, =. A, defined by
Ba=@{eeQlg<ga(i)}e{geQ|q2qa(i)}).

<w
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It is now easy to see that ¢ is a member of the ¢-th even column of A, if
and only if there is an r >g ¢ such that r is in the ¢-th even column of B,.
Similarly, ¢ is a member of the i-th odd column of A, if and only if there
is an 7 <g ¢ such that r is in the ¢-th odd column of B,. It follows that
A, <o By = A,. O

7.3.9 Sets with good approximations have cototal de-
gree

Lachlan and Shore | | introduced the following general notion of an
approximation to a set.

Definition 7.3.15. Let A be a set of natural numbers. A uniformly com-
putable sequence of finite sets {A;}s<, (given by canonical indices) is a good
approximation to A if

e for every n, there is a stage s such that A I nc A, ¢ A; and

e for every n, there is a stage s such that for every t > s, if A; € A then

This definition can be seen as a generalization of Cooper’s notion of a
Y:9-approximation with infinitely many thin stages, used to show the density of
the X9-enumeration degrees | |. Lachlan and Shore | | introduced the
hierarchy of the n-c.e.a. sets. A set is l-c.e.a. if it is c.e., and (n+1)-c.e.a. if it is
the join of an n-c.e.a. set X and a set Y c.e. in X. It is not difficult to see that
the enumeration degrees of the 2-c.e.a. sets are exactly the X5-enumeration
degrees. Lachlan and Shore proved that every set that is n-c.e.a. has a good
approximation and then showed that the enumeration degrees of the n-c.e.a.
sets are dense. Harris | | proved that sets that have good approximations
always have cototal enumeration degrees. We outline his proof below for
completeness.

Proposition 7.3.16 (Harris | , Proposition 4.1]). If A has a good
approximation, then K4 <, K 4.

Proof.
Let {As}s<w be a good approximation to A. Consider the set C' defined by

C={{z,s)| (Ft>s)[A € A & x ¢ As]}.
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It follows from the definition that C' <, A. Using the fact that K, =
@B Te(A) is a uniform upper bound of the set of complements of all sets
that are enumeration reducible to A, we obtain that C' <, K4. Now, let us
take a closer look at C:

C={{x,s) | (Vt>s)[A, € A—>xeA])

Using the second property of good approximations, notice that x € A if and
only if there is a stage s such that (x,s) € C. It follows that A <, C. This
now gives us that K4 =, A<, C <, K 4. O

In particular, we obtain that the enumeration degrees of n-c.e.a. sets are

cototal.

7.4 The skip

In the previous section, we saw many examples of cototal sets and enumeration
degrees. In this section, we study the skip operator, in part to provide a wide
variety of examples of degrees that are not cototal. Recall that the skip of a
set AcNis A% = K. As we saw in the introduction, the skip gives us an
easy way to determine whether or not a degree is cototal. For the reader’s
convenience, we restate that result:

Proposition 7.2.1. A set Ac N has cototal degree if and only if A <, A%.

In addition to being a tool in our study of cototality, the skip is a natural
operator in its own right. As we discussed in the introduction, the enumeration
jump fails to have some of the nice properties of the Turing jump. For example,
it is well-known that A < B if and only if K4 <; KB, where K4 denotes the
halting set relative to A. The analogous property does not hold, in general, for
the enumeration jump. It is true that A <, B implies K4 & Ki< Kgeo F&
but the reverse implication can fail; we will see in Proposition 7.4.20. The
skip, on the other hand, gives us an embedding of the enumeration degrees
into the 1-degrees.

Proposition 7.4.1. A<, B if and only if A® <; B?.

Proof. If A<, B, then K4 <, B and hence K, is a fixed column of

Kp = @, Te(B), where {I'.}.c, is the standard listing of all enumeration

operators. It follows that K 4 is a fixed column in K 5 and hence K 4 <; K 5.
If K4<; Kp then K4 <; Kp and hence A =, K4 <. K = B. O
This shows that we can define the skip operator on degrees.
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Definition 7.4.2. The skip of the enumeration degree a is a® = d.(A?) for
any member A € a.

7.4.1 Skip inversion

It follows from Proposition 7.2.1 that an enumeration degree a is cototal if
and only if a < a?, if and only if a® = a’. The definition of the enumeration
jump operator restricts its range to the total enumeration degrees and by
monotonicity to the total enumeration degrees in the cone above 0. By
transferring the Friedberg Jump Inversion Theorem through the standard
embedding into the enumeration degrees, we see that every total enumeration
degree above 0/ is in the range of the jump operator. The range of the skip
operator is also restricted by monotonicity to enumeration degrees above
0f = 0.. We show that this is the only restriction on the range of the skip
operator, thereby providing a further analogy between the skip and the Turing
jump. Recall that K, the complement of the halting set, is a representative
of the degree 0.

Theorem 7.4.3. For any set S 2_6F, there is a set A such that A¢ =, S. (In
fact, we also have S=, A=, A@ K and S<, A@ K.)

Proof. Given aset S >, K, we build a set A such that S =, A <, A% <, Ao K.
For a set X € N and a natural number e, let X[¢l = {{e,z):z e N} n X. We
will build A meeting two types of requirements:

ReeeS «— Al z NIl

P.:“force e into K 4 subject to higher-priority restraints”.

The R,-requirements ensure that S <, A4, as e € S if and only if there is an
x € N such that (e,2) € A. The basic strategy for R, is quite simple: If e ¢ S
then enumerate all of Nl¢] into A. Otherwise, withhold one number a, € Nl¢]
from A and enumerate Nl¢I\ {a.} into A.

The P,-requirements will let us prove that A¢ can be enumerated from K
and S. The basic strategy for P, is to try to force e into K4 by adding a
finite set to the current version of A so that e ¢ K4 can only be caused by the
finitely many numbers a; that higher priority R-requirements use for coding
the values of S. We will use the l-equivalent form of the set K4, namely,
{e|eeT.(A)}, where {T'.}cc, is our fixed listing of all enumeration operators.

We now proceed in stages as follows:
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Stage 0: Set a. = (e,0) for all e € w, and set Ay = @.

Stage s = e+ 1: For each subset D ¢ {i:i < e}, check if there are a finite
subset Fp € N\ {a;:0<i<e} and a stage t such that e e I'. ;(Fpu{a;:i e D}).
If so, take Fp from the least such pair; otherwise, set F'p = @. Set

F=JFp and

Dc{izi<e}

G = {z| z is the least member of NI \ (4, u F u{a;}) for some i < e}.

Enumerate F'U G into Ag,q. For each j > e with a; € F, we reset a; € wli]
to be a fresh number outside F'.
Denote the resulting set after w many stages by A,. Finally, let

A=A,u{a;e¢S}.

In order to make the proof more compact, we introduce the following
definition and prove a lemma about it:

Definition 7.4.4. For sets A, B ¢ N, we say A <. B if there is a “K-c.e.
enumeration operator reducing A to B”, i.e., a K-c.e. set ® such that for all x,
x € A if and only if there is a finite set F' € B (given by a canonical index)
with (z, F') € ®.

Lemma 7.4.5. For any sets A,B ¢ N, we have A < B if and only if
A<. Be K.

Proof. If A <. B via a K-c.e. operator ® = WK say, then each axiom
(z,F) € ® can be rewritten into axioms (x, F, P, N) where (z, F) ¢ WX via
computations requiring P ¢ K and N ¢ K, and these axioms (x,F,P,N)
can be combined into a single c.e. enumeration operator ¥ witnessing A <,
BoKeoK=BoK.

Conversely, suppose A <, B& K & K(=. B® K) via a c.e. enumeration op-
erator ¥, then we can define a K-c.e. enumeration operator ® by enumerating
{(z,F) into ® for any (v, F® P® N) e ¥ with Pc K and N ¢ K. i

From the construction and the definition of A, it is now clear that all
R.-requirements are satisfied, and so K <. S <o A <, A9.

We next observe that

{ae}eew <1 K. (7.4.1)

Using (7.4.1) and that e € S if and only if a. ¢ A, it is now clear that both
S<osAand A<, S, and so by Lemma 7.4.5, we have both S <, A® K and
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A<, Se K =, S. The last inequality combined with the already established
S<. A gives us that A=, 8S.

Finally, using (7.4.1) and the action of the P.-requirements, we also have
A9 <. A. This is because K can figure out for which D we found an Fp, at
stage s = e + 1 such that e e I'.(Fp u {a;:i € D}). Then e € A° if and only if A
intersects {a;:7 € D} for every such D. So again by Lemma 7.4.5, we have
that A<, Ao K =, S. O

Notice that the proof of Theorem 7.4.3 directly gives us the following
result.

Theorem 7.4.6. Let n > 2. For any I19-set S 26_F, there is a ¥0-set A such
that A¢ =, S. Furthermore, for any ¥0-set S >, K, there is a I19-set A such
that A¢ =, S.

Proof. This follows directly from the proof of Theorem 7.4.3, noting
that A as built there is equal to A, U {(e,k):e ¢ S}, that A, is AY, and that
{{e,k):e ¢ S} is of the same complexity as the complement of S. O

Definition 7.4.7. An enumeration degree a is quasiminimal if it is nonzero
and the only total enumeration degree bounded by a is 0.

McEvoy | | proved that the enumeration jump restricted to the
quasiminimal degrees has the same range as the unrestricted jump operator.
We show that the skip has the same property. Actually, we prove with Soskov
[ | the same property for the degree spectrum: every element of the jump
spectrum is a jump of a quasi minimal degree with respect to the spectrum
and co-spectrum.

Corollary 7.4.8. For any set S >, K, there is a set A of quasiminimal degree
such that A% =, S.

Proof. We modify the construction in Theorem 7.4.3 slightly. We add
additional requirements Q. that ensure that A is quasiminimal:

ReeeS «— Al z Nl

P.:“force e into K4 subject to higher-priority restraints”,

Q.. T.(A) =X ® X = X is computable.

At stage s = e + 1, after we have defined the set F' and G for the sake of
the requirement P., we will handle the requirement Q.. The procedure is
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similar. For any subset D ¢ {i:i < e}, check if there are a finite subset
Ep ¢ Nx{a;:0<i<e}, a number z, and a stage ¢t such that {2z,2z+ 1}
I'et({a;:i e D} U Ep); for any such D, choose the set Ep from the least such
triple; if there is no such triple, set Ep = &. Set

E=JEp.

Dc{izi<e}

Enumerate FUGUE into A, and then redefine the values of a; appropriately:
If j>eand aj € FUE, we reset a; € NUI to be a fresh number outside F U F.

If I'.(A) turns out to be a total set X @ X, then we can compute X: Let
A* = (Nl<¢l n A) uNEel. As every column of A is finitely different from N, it
follows that A* is a computable set and A ¢ A*. Now, x € X if and only if
2vel.(A*) and x ¢ X if and only if 2z + 1 e ['.(A*). o

7.4.2 Further properties of the skip operator and exam-
ples

We will now investigate the possible behavior of the iterated skip operator.
Definition 7.4.9. Fix A ¢ N. We inductively define A{™, the n-th skip of A.
o A0 = A
o Aln+l) = (Alm)0,
The n-th skip of do(A) is do(A){™ = d,(A™).

If a is a cototal enumeration degree, then every iteration of the skip of a
agrees with the corresponding iteration of the jump of a, i.e., for all n < w,
we have that ai™ = a(®). Theorem 7.4.3 proves that there are non-cototal
enumeration degrees, e.g., the skip invert of a nontotal enumeration degree.
It is natural to ask what we can say in general about the sequence {a{™},..
One immediate observation is that even though the skip of A need not be
above A, its double skip always is: For any set A, we know that A <; A¢.
Applying this twice, we have A <; A% <; A% so a fortiori A <, A90. It follows
that at™ < a("*2) for all n. In addition, by monotonicity, we have that for
every n, 0{" <alm. If a(™ is not cototal for every natural number n, then
we have a form of z1g-zag behavior of the skip, illustrated in Figure 7.2. We
will search for examples of degrees whose skips have this general behavior.
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Figure 7.2: Iterated skips of a degree: the zig-zag

Skips of generic sets

We will start by investigating the skip for the class of enumeration degrees
of 1-generic sets. Definition 2.3.8 defines a relativized form of 1-genericity,
suitable for the context of the enumeration degrees. Let me remind that
we use the notation “relative to (X)” to denote “relative to the enumeration
degree of X”.

The set G is 1-generic relative to (X) if and only if for every S € 2<“ such
that S <. X:

(JocG)oeSv(Vrao)[T¢S]].

If X =@, then we call G simply 1-generic and if X = K, then G is 2-generic.
From (Definition 2.3.10) we know that the degree a is a strong quasiminimal
cover of b if b < a and every total enumeration degree x bounded by a is
below b.
We proved in Proposition 2.3.11 the following properties of 1-generic
relative to (X) set G:

1. do(G @ X) is a strong quasiminimal cover of de(X).

2. G is l-generic relative to (X).

We know from Corollary 2.2.8 that the Turing jump of a 1-generic set has
a nice characterization: Kg =r G® K, or, in other words, GG is generalized low.
This property relativizes: If G is 1-generic relative X, then Kgex =17 G @ K.
A similar property is true of the skip of a 1-generic set G relative to (X).
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Proposition 7.4.10. If G is 1-generic relative to (X), then (G ® X)¢ =,
Geo X0,

Proof. Note that we always have G ® X <, (G ® X)?, no matter what
the sets G and X are, simply from the monotonicity of the skip operator.

The nontrivial reduction is the reverse one. Suppose (e, x) € (G X)?, i.e.,
r¢T.(Go X). Consider the set

D.,={0e2%|zel.(coX)}.

This set is enumeration reducible to X uniformly in e and z, and so there
must be a finite part o ¢ G such that no extension of o is in D, ,. The set

E..={c|(3r20)[7r€D..|}

is also uniformly enumeration reducible to X, and so its complement is
uniformly enumeration reducible to X¢. We claim that:

(e,z) € (G X)? if and only if (30)[{n|o(n) =0} <G & o € E.,].

The implication from left to right has already been established: If (e, x) €
(G X)?, then the initial segment of G' with no extension in D, , witnesses
that the statement on the right is true. So let (e,z) be such that there is
a o with {n|o(n) =0} ¢ G and such that o € E,,. Towards a contradiction,
suppose that (e, x) ¢ (G® X)?, i.e., z e T.(G® X). Let 7 < G be such that
z el (T ® X) and define o* of length max(|o|, |7|) as follows

o (n) = { a(n) if n<|ol,
T(n) if |o|<n<]|7].

Then o~ is an extension of o. Furthermore, if 7(n) =1 then 0*(n) = 1. Indeed,
this is obvious for n > |o|, and for n < |o|, this follows from the fact that
{n|o(n)=0}cG and 7 G. Thus ¢* € D, ,, contradicting our assumption
that ¢ has no extension in D, ,. O

Now, we can easily give an example of a set G whose iterated skips form
a zig-zag. Consider G to be a set that is arithmetically generic, i.e., G is
1-generic relative to (@) for every natural number n. Note that G has the
same property. Then by induction using the characterization above we can
show that for all n < w:

e If n is odd then G{" =, G ® @™ and (G)™ =, G & z(™.



226 CHAPTER 7. ON COTOTALITY AND THE SKIP OPERATOR

e If n is even then G =, G ® @™ and (G)™ =, G ® g™,

Furthermore, all iterates of the skip for both sets G and G are not total, as their
degrees are quasiminimal covers of the corresponding iterate of the jump of 0.
It follows that they also do not have cototal degree, as by Proposition 7.2.1
sets H of cototal degree have total skips: Ky = H <o H® = K. This gives an
example of a double zig-zag as in Figure 7.3. It is worth noting that only the

reductions implied by the diagram occur. For example, G' £, G®®; otherwise
GG =, G GB =, G & G oz would be total.

5(3) ‘ (3) 5(3) g(3})
\ / F\ al
Og/ «
go\o goo g<>r<> goo
O// \\v
g’ | g g’ g
NS N 2
0, -
g g g g
NS
0.

Figure 7.3: The iterated skips of the degrees of an arithmetically generic set
and its complement: double zig-zag

Skips of nontrivial K-pairs.

Kalimullin | | relativized the notion of a KC-pair in a way similar to how
we relativized the notion of 1-genericity.

Definition 7.4.11. A pair of sets of natural numbers { A, B} forms a K-pair
relative to (X ) if there is a set W <, X such that Ax BcW and Ax BcW.
The pair {A, B} is a nontrivial K-pair relative to (X) if, in addition, A £, X
and B £, X.

Note that if {A, B} forms a nontrivial /C-pair, then {A, B} forms a non-
trivial K-pair relative to every (X) such that A, B £, X. We summarize some
properties of relativized K-pairs below.
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Proposition 7.4.12 (Kalimullin | |). Let A, B, X ¢ N and suppose that
{A, B} forms a nontrivial K-pair relative to (X).

1. If C' <, B then {A,C} forms a K-pair relative to (X).

2. A<.Bo X.

3. A<. B X9.

4. do(Ae X) and do(B @ X) are strong quasiminimal covers of do(X).

5. For every Z ¢ N, the degrees de(A® X @ 7) and do(B® X @ Z) have a
greatest lower bound, and it is do(X & Z).

Note that items (1), (2) and (3) are symmetrically true if we swap A
and B.
The skip of a nontrivial KC-pair relative to (X ) has the following properties:

Proposition 7.4.13. If {A, B} forms a nontrivial K-pair relative to (X),
then
(Ao X) <., BoX? and (BeX)'< AeXC.

The oracle set X is of cototal degree if and only if for every nontrivial K-pair
{A, B} relative to (X),

(Ao X)=,Bo X’ and (Be®X)’=z A X°.

Proof. If {A, B} forms a nontrivial K-pair relative to (X), then {A® X, B}
also forms a nontrivial K-pair relative to (X): Replace the witnessing set W
by

W ={{(2a,b) | (a,b) e W}u{{(2a+1,b) |ae X}.

As Kagx = A X, it follows that {K4ex, B} forms a nontrivial IC-pair
relative to (X), and so

(A@X)<>=KA@X SeB@XO.

On the other hand, if X is of cototal degree, then using the monotonicity of
the skip operator we get that B <, A® X <, A°® X0 <, (A® X)?, and hence
Bo X9<, (A X)0.

Finally, consider the oracle set X and let {4, B} be a nontrivial (unrela-
tivized) K-pair such that A, B £, X. Note that both {A, B} and {A® X, B &
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X} are nontrivial K-pairs relative to (X). If the characterization of the skip
operator holds for both pairs, then we have that

(Ao X)=,BeX’=,Be X o X° and
(BeX)=, Ao X%=, Ao X o X°.

Now, using the last property from Proposition 7.4.12, we have that

do(X®) = de(A® XO) ndo(Bo® XO) =
de(Aeo X ® X)) nd(Bo X ®X?) =d(X®X°).

It follows that X is of cototal degree. O

If {A, B} is a nontrivial K-pair and both A and B are not arithmetical,
then {A, B} is a nontrivial K-pair relative to (@(™) for every natural num-
ber n. As every set @(") is of (co)total enumeration degree, it follows by
Proposition 7.4.13 that the iterated skips of A and B also form a double
zigzag: For all n < w,

e if n is odd then A™ =, B® (™ and B{" =, A® @™, and
e if n is even then A™ =, A® @™ and B =, Be® g™,

Furthermore, by Proposition 7.4.12, for every natural number n, {d.(A){™,
de(B){™} forms a minimal pair of quasiminimal degrees above 0.

A pair of enumeration degrees {a, b} forms a K-pair (relative to x) if there
are representatives A € a and B € b that form a IC-pair (relative to x). We
will use the characterization of the skips of K-pairs along with the following
theorem of Ganchev and Sorbi | | to give an example of degrees whose

iterated skips behave quite differently.

Theorem 7.4.14 (Ganchev, Sorbi | |). For every enumeration degree
x > 0,, there is a degree a < x such that a is half of a nontrivial -pair and
such that a’ = x'.

One of the main ingredients in the proof of the theorem above is the
following observation, which follows easily from Proposition 7.4.13. If {A, B}
forms a nontrivial KC-pair, then A and B have equivalent enumeration jumps:

Alz, Ao A=, Ao Beo g =. Be B’ =, AL
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Now consider a nonzero enumeration degree x <. 0/, and let a < x be half
of a nontrivial K-pair such that a’ = x’. Let b be such that {a,b} forms a
nontrivial K-pair. Then b® =av 0, =0, and b’ = a’ = x’. In particular, if
we take x to be high, i.e., such that x’ = 07, then we have an example of an
enumeration degree such that all iterations of its skip are total enumeration
degrees, but mismatch its iterations of the jump by one iteration:

b? <b' =b% < b” =b® <... < b = p{n+1) < ...

If we take x to be an intermediate degree, i.e., a degree such that for all n,
(n) (n) (n+1) S
0.7 <x") <0 then we get the following:

b? <b' <b% < b" <b <... <« b <« plntl) ...

We end this discussion with some thoughts about the definability of the
skip operator. Kalimullin | | proved that the relation “{a,b} forms a
IC-pair relative to x” is first-order definable with parameter x. Using this
result, he showed that the enumeration jump operator is first-order definable.
Combining these results with the characterization of the skip operator for
nontrivial K-pairs, we immediately obtain the following result.

Corollary 7.4.15. The relation
SK ={(a,a’) | a is half of a nontrivial K-pair }
is first-order definable in D..

Proof. If a is half of a nontrivial pair, then a® = 0, v b where b is some
nonzero degree that forms a K-pair with a. O

It remains an open question whether or not the skip operator is first-order
definable in D,.

A skip 2-cycle

As seen above, the skip can exhibit a form of zig-zag behavior. We now show
that there is another extreme case that could occur: The double skip a®® of
an enumeration degree a could be equal to a itself. Perhaps surprisingly, this
degree is not constructed in a way that is common in computability theory.
Instead, we use the following theorem due to Knaster and Tarski.
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Theorem 7.4.16 (Knaster-Tarski Fixed Point Theorem). Let L be a com-
plete lattice and let f: L — L be monotone, i.e., for all x,y € L, we have that
x <y implies that f(z) < f(y). Then f has a fixed point. In fact, the fixed
points of f form a complete lattice.

We apply the Knaster—Tarski theorem to a function on 2%, which we view
as the power set lattice of N, ordered by subset inclusion.

Theorem 7.4.17. There is a set A such that A0 = A.

Proof.  Let f:2¢ — 2¥ be the double skip operator, i.e., f(A) = A%,
Note that if A ¢ B, then K4 ¢ Kp, so A% 2 B®. Applied twice, we obtain
A0 c B9 so f is monotone. Hence, by the Knaster—Tarski Fixed Point
Theorem, there is an A such that A%¢ = A. o

Note that we do not just have that A and A% are enumeration equivalent,
but they are equal as sets. However, we will mainly be interested in the
fact that the enumeration degree a of A satisfies a®® = a. If we have such a
degree a, then we will say that a and a® form a skip 2-cycle.

As we show next, skip 2-cycles are computationally very complicated;
namely, they compute all hyperarithmetic sets.

Proposition 7.4.18. Let a and a® form a skip 2-cycle. Then a > b for every
total hyperarithmetic degree b.

Proof. Let A be a set of degree a. We build an enumeration operator ®
such that ®(A,p) = H(p) @ H(p) for every ordinal notation p, where H(p)
we defined in Chapter 2 (see also | , Chapter 2]). By the Recursion
Theorem, we may assume that we know an index for ®. We let ®(A,1) =
H1)eH(1)=g &N,

Now assume that |p| is a successor, say, p = 29 and so |p| = |¢| + 1. Note
that if C' >, D @ D, then C° >, Kp @ Kp uniformly in an index for the first

reduction. Furthermore, we inductively assume that ®(A,q) = H(q) ® H(q).
Combining these facts,

A=, A% >, H(22) @ H(2) 2. H(p) ® H(p)

uniformly, so let ®(A,p) = H(p) ® H(p).
Finally, assume that [p| is a limit ordinal, say, p = 3-5¢ and so [p| is
the limit of |qo|,|q1], ..., where ¢; = ¢.(i). Using the inductive assumption
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that ®(A,q;) = H(g;) ® H(q;), we can set ®(A,p) = H(p) @W, where
H(p) = Biew H(q:)- o

Given the fact that we have shown the existence of a skip 2-cycle, it is
only natural to consider whether (proper) skip n-cycles exist for any other
natural number n > 1. This turns out to be false.

Proposition 7.4.19. Let n € w be nonzero such that a(™ = a. Then a®® = a.

Proof. First, observe that a(2”) = a(® = a, so without loss of generality we
may assume that n is even. By monotonicity of the double skip, we then have
that

a< a(2> < ... §a<”‘2> < a(n) -a

Y

SO

O

The set A we obtained in Theorem 7.4.17 allows us to give the example

of a pair of sets A and B that illustrate the flaw in the enumeration jump
mentioned in the last paragraph of Section 7.2.

Proposition 7.4.20. A/ =, B does not necessarily imply A =, B.

Proof. Let A be the set we obtained in Theorem 7.4.17, and let B = A0 =Ky,
so A = BO._Then K4 = B <y Kp since B is a column of Kpg, and similarly,
Kp =A< K4. It follows that

KA@K_AélK_B@BﬁlK_B@KBEl KB@K_B,

and similarly o o

KpoKg<i Ky A< Ky Ky.
Thus A, = Ka & Ki= Kgpo Kg = B!, but clearly A is not enumeration
equivalent to B. O

7.5 Separating cototality properties

7.5.1 Degrees that are not weakly cototal

Let us begin by showing that the weakest cototality property we introduced,
aptly named weakly cototal, is nontrivial, i.e., that there are degrees that are
not weakly cototal. We will present three different examples in this section.
First, we note that sufficiently generic sets are not weakly cototal.
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Proposition 7.5.1. If a is a 2-generic enumeration degree, then a is not
weakly cototal.

Proof. Let G be 2-generic and let A =, . Towards a contradiction, let
us assume that A has total enumeration degree. Then by Proposition 7.4.10
with X = @, we have that

GoK=G%>, A

By Proposition 2.3.11(2) with X = K, G is 2-generic, so by Proposition 2.3.11(1)

with X = K and the totality of d.(A), we obtain that A <, K. It follows

that Ge K=, A® K >, A® K, and so d.(G ® K) is total. This contradicts

Proposition 2.3.11(1), that d.(G @ K) is a quasiminimal cover for d.(/) and

so cannot be a total enumeration degree. O
Next, we show that we can also get such examples using K-pairs.

Proposition 7.5.2. Let a,b ¢, 0, form a nontrivial K-pair. Then a is not
weakly cototal.

Proof. Let {A, B} form a nontrivial K-pair with A, B £, K. It follows that
{A, B} forms a nontrivial X-pair relative to (i), and so by Proposition 7.4.12,
the degree of B ® K is a strong quasiminimal cover of 0. Towards a con-
tradiction, suppose that A has weakly cototal degree. As K-pairs are closed
with respect to enumeration equivalence, we may assume that A is of total
enumeration degree. By the same Proposition 7.4.12, we have, on the one
hand, that A<, B@ K and so A <, K, and on the other hand, that B <, A.
It follows that B <, K, contradicting our choice of B. O

For our final example of a degree that is not weakly cototal, recall from
Theorem 7.4.17 that there is a degree a such that a%® = a. Such a degree is

not weakly cototal.
Proposition 7.5.3. Let a be such that a®® = a. Then a is not weakly cototal.

Proof. Towards a contradiction, assume that A in the degree a is such
that A has total enumeration degree. Then A® >, A implies that

A%0 >, (Z)<> >, A,

so d.(A) is the skip of the total degree d.(A) and hence total. But then
A% >. A, which is a contradiction. O
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7.5.2 Weakly cototal degrees that are not cototal

We will prove the next separation using the skip inversion we proved in
Theorem 7.4.3 above.

Proposition 7.5.4. There is a degree a that is weakly cototal, but not
cototal.

Proof. Let B >, K be any total set, and let S = Kp. Then note that
S =. B, so the degree of S is total, but S is not total as a set. Now apply
Theorem 7.4.3 to obtain an A such that A®=, S and S<, Ae K.

Then A is weakly cototal since A =, K4 and K4 = A% =, S, which has
total degree. Let a be the degree of A. We claim that a is not cototal. By
Proposition 7.2.1, it suffices to show that A ¢, A%. Towards a contradiction,
assume that A <, A%. Since A® >, K always holds, we now see that

Sz A°>. Ao K >, S

so S would be a total set, which is a contradiction. |

The proof above combined with Theorem 7.4.6 yields the promised II9
degree that is not cototal. Of course, as noted earlier, such a degree can be
obtained using a theorem of Badillo and Harris | | proving the existence
of a II-enumeration degree that contains only properly II9-sets. As all
I1 enumeration degrees are weakly cototal, this gives us a more concrete
separation result.

An alternative way to separate the weakly cototal degrees from the cototal
degrees is given by the following proposition.

Proposition 7.5.5. If b £ 0/ but forms a nontrivial K-pair with a < 0,
then b forms a minimal pair with b®.

Proof. Towards a contradiction, assume there is a nonzero degree c such
that ¢ < b and ¢ < b®. The fact that ¢ < b gives us that a and ¢ form
a KC-pair by Proposition 7.4.12(1). Using this, Proposition 7.4.12(2), and
Proposition 7.4.13 twice, we have

b<a’=ce0.<b’=ae®0,=0.
So b <0/, which is a contradiction. ]

Corollary 7.5.6. If b is as in the previous proposition, then b is weakly
cototal, but not cototal.
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Proof. By the previous proposition combined with Proposition 7.2.1, b
is not cototal. On the other hand, from Proposition 7.4.13 we know that
B®=, Ae K =, K, since A<, K. Also as K has total degree, as in the proof
of Proposition 7.5.4, this implies that B is weakly cototal. O

The only separation left to prove is the separation of the cototal degrees
from the graph-cototal degrees. We will prove this result in the next section.

7.6 There is a cototal degree that is not graph-
cototal

Theorem 7.6.1. There is a cototal enumeration degree that is not graph-
cototal.

Proof.

We fix the undirected graph G = (w<v, F), where the edge relation is given
by FE(a,b) if and only if a= = b or a = b~ (i.e., a is an immediate successor
of b or the immediate predecessor of b). We will build the complement of
a maximal independent set for the graph G. Recall that this is a subset
A € w< with the property that every element a € w<“ is either outside A or
is connected by an edge to an element outside A, but not both.

Our other condition on the set A will be that it is not enumeration
equivalent to a graph-cototal set. We construct A as such using a construction
in the framework of a 0"-priority construction over 0. We start by listing
an infinite sequence of requirements that collectively ensure that we meet our
goal. We then make use of a tree of strategies. Strategies on the tree inherit
the standard ordering of nodes: We use o < 3 to denote that « is a prefix of
B and « <y, B to denote that « is to the left of 8 in the tree. Every strategy
is assigned one of the requirements. At every stage we build a finite path
through this tree, activating strategies along it and injuring all strategies to
the right of it. Activated strategies perform actions towards satisfaction of
their requirements. Injured strategies are initialized—they must start over as
if they were never activated before. The intention is that there will be a true
path, a leftmost infinite path of nodes visited at infinitely many stages, such
that every strategy along this path succeeds in satisfying the requirement
that is assigned to it. We refer the reader to Soare | | for a more detailed
introduction to priority arguments and the tree method. We warn the reader
that our argument differs from standard infinite-injury arguments in a couple
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of ways: There will be some strategies o which intentionally injure other
strategies § with a < 8, and this will cause injury along the true path. Also,
we will have strategies § which cause strategies o < 3 to revert to a previous
state in a’s construction, though for every «a each state in a’s construction
will only be susceptible to reversion by finitely many § > «. Finally, we will
make use of the notion of moment to refer to substages in the construction.
We assume that actions that strategies make, such as injury and initialization,
have immediate effect during moments in the construction, rather than at
the end of a stage.

At every moment in the construction, we will say some strategies restrain
elements in A and some restrain elements out of A. When we refer to the
set A at any given moment in the dynamic construction, we mean

w N {a:some strategy [ currently restrains a out of A}.

Our set A € w<“ now needs to satisfy the following requirements, for all
a € w< and all enumeration operators ® and V.

Requirements:

global:(Vz,y € v~ A)[- zEy]
Nga¢ Aor (Fx)[zFanz ¢ Al
RowiA=U(P(A)) = @(A) # G, for any total function f:N - N

Clearly, our global requirement and the N,-requirements and Rg y-require-
ments will ensure that A is of cototal (see Section 7.3.3) but not of graph-
cototal enumeration degree.

Construction:

We define a priority tree as follows: Each N,-strategy has only one outcome, d.
Each Rg g-strategy has infinitely many possible outcomes: stop < oo < -+ <
wait; < waitg. We assign all nodes on a given level of the tree to the same
requirement, and every non-global requirement is associated to some level.
Finally, if the last coordinate in a € w< is k, then we ensure that the
N, -strategy does not appear in the first k levels of the tree.

The main difficulty in this construction is in performing the strategy for
an Re y-requirement while allowing lower-priority requirements to succeed.
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As we will see, one R-requirement may restrain infinitely many elements
into A, while lower-priority requirements may need to extract some of these
elements from A.

Let us describe the Rg y-strategy for a node o on the priority tree. The
strategy has parameters x,, F?, H*, y%, z" and D7, whose meaning we
now explain. The goal of the strategy is to ensure that some column of
®(A) is either complete or misses two elements and thus ®(A) cannot be the
complement of the graph of a total function. The parameter x is the column
that the strategy uses. The superscript n on the parameters F, H, y, z,
and D refers to the values of these parameters under the assumption that the
true outcome of « is the outcome wait,,. The parameter F' is a set that the
strategy restrains in A, i.e., the strategy makes sure that no lower-priority
strategy removes any element of F' from A. The set Hu D is a finite set that,
if we remove it from A and all higher-priority restraints remain, will cause
the element (x,y) (for our parameter y) to be removed from ®(A). The set
H u D is partitioned into two pieces as the two pieces will relate to other
strategies in different ways. The set H is comprised of elements that at some
prior stage were restrained out of A by strategies below some outcome wait,,
of a (except when « is activated for the first time after initialization, when
H contains a single fresh element), and D is comprised of elements that at
some prior stage were restrained out of A by a strategy below the outcome oo
of . We only extract the set H u D if we see some other number w such that
we can also ensure that (x,w) ¢ ®(A). The number z is the least number
other than y for which we currently do not know that (x,z) € (A). We try
to ensure that z increases infinitely often, thus making the entire column
contained in ®(A), ensuring that ®(A) cannot be the complement of the
graph of a total function. The general idea is that if it ever happens that
we cannot increase z, i.e., we cannot put (x, z) into ®(A), then by removing
Hu D from A, we can ensure that two elements are missing from the z-th
column of ®(A). In this case, as before, ®(A) is not the complement of the
graph of a total function.

Step —1: When first activated (or after initialization) the strategy starts
from Step —1. Pick a large ag with ag,ap € A and ag”m € A for all m. (Here
by large we mean that neither the string ag, nor any of its components have
been mentioned in the construction so far.) Check, using oracle 0/, if there
are finite sets F' and G (given by canonical indices) such that

ag € V(G) and G € ®(F) and F c~ A, (7.6.1)



7.6. THEREIS A COTOTAL DEGREE THAT IS NOT GRAPH-COTOTAL237

where ~ A is the set of those a for which there is no strategy v < o, v <p a, or
v > oo that currently restrains a out of A. If no such F' and G exist, then
the Ro y-requirement is trivially satisfied since ag € A but ag ¢ ¥(P(A4)). In
this case, place a restraint keeping ay € A, place a restraint b ¢ A for any b
for which some strategy v > oo is currently restraining b ¢ A, and take
outcome stop. As long as it is not initialized, the strategy will never act
again and when visited from now on will take outcome stop. If we can find
such F' and G with ag ¢ F', then we again take the outcome stop and satisfy
the Re y-requirement by restraining ay out of A while ensuring F' ¢ A and
thus ag € U(®(A)) by restraining F in A. Otherwise, possibly enlarge the
finite set F' so as to maximize |G N ®(F \ {ag})| for this fixed G. Fix any pair
(z,y°) € G\ ®(F ~{ap}) (which is a nonempty set by our assumption) such
that for this fixed x, we have that y° is least such that (x,y°) e GNO(F~\{ag}).
Fix x from now on as the parameter z. Let s be the current stage. (Note, that
we may assume that y° < s by speeding up the construction if necessary.) Let
FO=F~{ap} and let H = {aop}, let D be the set of all elements restrained
out by some strategy extending o oo, and let 2z be the least number z other
than ¢° that is < s such that (x,z) ¢ ®(F?), if such a number exists; let 2°
be s otherwise. We define F' = FO, Hi = HO, D' = DY, 2 =20 for all i < s. Go
to Step s. (This is to ensure that if « is initialized infinitely often, then it
visits each outcome wait,, only finitely often. We will design the construction
so that from now on, o cannot be reverted to Step i for i < s.) We take
outcome oo.

Regardless of which outcome we took, we initialize all nodes that are
strictly to the right of the outcome we took.

Step n: Being in Step n means that n is largest such that F™, H» D" y,
and 2™ are defined. We say a node (3 is on the n-subtree if the length of g is
strictly less than n and for all v < 5, v~ wait, < fimplies that k£ < n. Note that
the n-subtree is finite for every n. If > o~ oo and [ is not on the n-subtree
and (when last visited) § did not take outcome stop, then we initialize (.
(Strategies § > oo can revert « to a previous step. This action ensures
that only finitely many strategies can revert a to a step smaller than n.)

Let W be the set of elements restrained out of A by some strategy ~, such
that v < a or v <z a. Let B, be the set of elements restrained out of A by
nodes extending o~ oo and let B,, be the set of elements restrained out of A
by nodes extending o~ wait,, along with the elements that are in H§u Df for
some k and some 3 > o wait,,.
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Let us say that a set Y € w< is consistent if it does not contain any pair
of elements which are connected to each other. For example, it will follow
inductively that W u B, is consistent. Furthermore, since B, consists of
elements that are introduced in the construction after W and B, are defined,
it will follow that if Y ¢ B, is consistent then so is W u B, uY. Using
oracle 0'; we check if (z,2") €e (NN (W u B, uY)) for all consistent subsets
Y ¢ B,. If so, then we let X, be a finite set such that X, is disjoint from
WuUB.,UB, and (z,2") € ®(Xqu (B, \Y)) for every consistent Y ¢ B,,. We
then redefine F™ to be F™ u X, redefine z" to be the least number z other
than y™ which is < s (where s is the current stage) such that (z, z) ¢ ®(F"),
if such a number exists, and let z” be s otherwise. Leave all other parameters
the same, and take outcome wait,,.

If (z,27) ¢ (NN (WU B, uY)) for some consistent set Y ¢ B,,, then fix
any such set Y. We now check whether (z,2") € ®(N\ (WU By)). If so,
then we let X7 be some set disjoint from W u B,, such that (x,2") € ®(X;).
Define H™*' =Y, D™ = By, y**! = 2" define F**l = Fru (X3 NY)u H”,
and let z"*! be the least number z other than y"*! that is < s (where s is
the current stage) such that (z,z) ¢ ®(Fm*1), if such a number exists, and
let z"*! be s otherwise. (This means that next time « is visited, it will be in
Step n + 1, unless it is reverted back to a Step < n.) We take outcome oo.

If (z,27) ¢ (NN (WU By)), then we place a negative restraint so that
(H"uD"u By,)nA =@. For each v such that 7~oo < o and such that
(H"u D"u B,) N Ff + @ or such that H™ u D™ u B,, contains an element
a that is the predecessor of an element b € H§ U D’; (i.e., b= a"m for some
m), we undefine all of 4’s parameters with superscript > k. Note that v now
reverts to being in a smaller step, say Step ¢; we say we have reverted
to Step ¢. (This action is necessary to ensure that there are no conflicting
restraints on a and that the set HYu DFu B, is consistent, should ~y later on
need to restrain it out of A. It will follow from the proof that we need not
worry about the possibility of a being the successor of an element b € HY u DE.
We also point out that if a > ST wait,, then we do not need to revert 5 to
a previous step as all of 5’s parameters that can potentially be restrained
out of A are defined before o was accessible.) We also initialize all strategies
below 7~ oo which are not on the ¢-subtree except for a and which (when
last visited) did not take outcome stop. We undefine all of a’s parameters
(since o will not be reverted back to any Step k, unless it is initialized) and
take the outcome stop; unless initialized, we will forever take the outcome
stop from now on with no further action.
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Regardless of which outcome we took, we initialize all nodes which are
strictly to the right of the outcome we took.

The behavior of an N, -strategy /3 is simple: First it tries to assess whether a
will end up an element of A or not. If a is not mentioned by any strategy
of higher priority, then  safely assumes that a € A. If a e (D?UH?)n A
and f > o wait,, then f can assume that a will remain in A (unless § is
initialized). If a € H? for a node o with o~ oo < f that is in Step n (i.e., n is
largest so that H” is defined), then end the stage. (Here § believes that a
will not remain in H? and so simply waits.) Otherwise, if a € D? for a node «
with oo < 8 that is in Step n, or if a ¢ A, then do nothing and take the
outcome d. (It will follow from the construction that if £ is on the true path
and a € D" for a node a with oo < 8 at infinitely many stages at which
is visited, then a ¢ A.) If a € A, then we pick a fresh number m and place
a restraint to prevent a~m from being in A. In that case, if any v > [ is
an Re y-strategy that (when last visited) did not take outcome stop, then
initialize v. We do this to ensure that the global requirement is met, i.e., no
strategy can restrain a out of A unless it initializes (.

Verification:

We now show that our construction ensures the satisfaction of all requirements.

Lemma 7.6.2. If « is a strategy that is reverted to Step n, it is because a
node > o~ oo that is on the (n + 1)-subtree takes the outcome stop.

Proof. If a was in Step —1 when the parameters F+! H**1 and D! were
last modified before the current stage then all strategies extending o oo that
had not yet stopped were in their initial state. Otherwise, at the moment
when F*! was last modified before the current moment, o was in Step at
most n+ 1. At the moment when H"*! and D! were defined, o was at most
in Step n. In any case, all strategies extending o~ oo that were not on the
(n + 1)-subtree and had not yet taken outcome stop were initialized or in
initial state. We claim that if 8 > o~ oo is not on the (n + 1)-subtree, then
(unless a is initialized) at no later stage will 8 have (HjU Dju Boo) N ™! # &
or will H§u DU B contain a predecessor of an element in Hy+u D+t We
prove this by induction on moments of the construction. At no later stage
will an N -strategy place a restraint that takes an element out of A that
is in £ or that is the predecessor of an element in H?*' u D7*1. This is
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because the N -strategy extracts an element of the form ¢~m where m is new,
so0 it could not have appeared in F?*! or be a predecessor of an element in
Hntlu Dntll The same is true for Re y-strategies that extract a new element
because they take the outcome stop in Step —1, because this is also a new
element. Now, any H g or Dg is formed from elements that are in Hﬁ u Dg
for v > 3, from elements restrained out by N, -strategies extending /3, or from
some {ap} introduced by an Rg y-strategy in Step —1 extending § (or equal
to 3 if § is in Step ~1). So, by induction, no H%u DY can contain an element
in F7*! or an element that is the predecessor of an element in H™+!' u D+l
thus neither can Hg u DZ. O

Lemma 7.6.3. If « is along the true path and is an Re y-strategy, and n € w,
then there are only finitely many stages at which « is reverted to Step n.

Proof. We prove the result by simultaneous induction on n for all strategies
combined. Suppose towards a contradiction that some strategy a on the true
path is reverted to Step n infinitely often. Since there are only finitely many
elements in the (n + 1)-subtree below o~ oo, there must be some £ doing this
infinitely often. In particular, v is on the (n+1)-subtree. Suppose in addition
that « is the longest strategy on the true path and in the (n+ 1)-subtree that
is reverted to Step n infinitely often.

Every time [ reverts o to Step n, it must take the outcome stop. To be
initialized infinitely often after taking outcome stop, it must be that we visit
a node left of § infinitely often, as this is the only way in which we initialize
stopped strategies. Since « is on the true path, there must be some shortest
v > « along the true path which takes an outcome left of 3 infinitely often.

Case 1: 7 is an R-strategy and 3 is below the outcome waity of v for some
k < n+1 (as § is on the (n+1)-subtree). It follows that a # v, because 5 > o oo.
Then to visit 5 again, v must be reverted to a step < n infinitely often. By
our choice of o and by the induction hypothesis, this is impossible.

Case 2: v is an R-strategy and [ is below the outcome oo of . Then
infinitely often visits the outcome stop, but is initialized. Since we initialize a
strategy that has taken outcome stop only by visiting a node to the left of it,
this contradicts our choice of v as a strategy on the true path.

Case 3: v is an R-strategy and [ is below the outcome stop of . Then ~
cannot take an outcome left of the outcome stop.

Case 4: ~y is an N-strategy. This is impossible because N -strategies only
have one outcome. O
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Lemma 7.6.4. Every strategy along the true path is initialized only finitely
often.

Proof. For a to be initialized, either some node to its left is visited, or it is
not in the k-subtree and some node o0 < v is in Step k, or some N-node
above it places a restraint. The first case happens only finitely often, since «
is along the true path. The second case happens only finitely often since,
if v is on the /-subtree for the least number [, and along the true path, then
each § with f7 oo <« eventually is not reverted to a step < £. The last case
can only happen finitely often since, by the inductive hypothesis, every node
[ < « is initialized only finitely often. O

Lemma 7.6.5. For each node «, if H* becomes defined at stage s, then for
every a € HE+1 the last number in the string a is > k, s.

Proof. For HF to become defined at stage s, this requires « to take
outcome oo at stage s. Thus every strategy below o wait; is initialized.
Since before an element can enter HA*!, it must first be in Hj u Dj for some
B > o wait, and some £ € w, be restrained out of A by some N-strategy
extending o waity, or be in some {ap} introduced by an Re¢ y-strategy [
in Step —1 with 8 > a"wait,, we see that it must be introduced by such a
strategy at a stage > s. Furthermore, the number k£ has been mentioned. So,
when [ restrains an element a out of A, its last number is new, thus greater
than k£ and s. O

We will say that a node is active at the current moment m if it has been
visited at a moment n < m and has not been initialized at any moment in the
interval [n,m].

Lemma 7.6.6. If o is an R-strategy that first takes the outcome stop (since
its last initialization) at stage s, then there is no active node below o stop
at the beginning of stage s.

Proof. The statement is clearly true if this is the first time when « takes
outcome stop. Suppose that this is not the case and consider the stage s
at which « last took the outcome stop. Let t > s be the first time that «
was initialized after stage s. Then this initialization must be the result of
visiting a node to the left of «, since this is the only way we initialize stopped
strategies. Thus any v > o~ stop would also be initialized. O

The following lemma ensures that at no stage of the construction do we
take any contradictory actions.
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Lemma 7.6.7. At every moment of the construction, the following hold:

1. No two different strategies place conflicting restraints on a string (i.e.,
it is impossible that one restrains it in A and the other restrains it
out of A, where being restrained into A means being restrained in by
Step —1 or being in the current set F').

2. It is not the case that any H? contains an element that is restrained
out of A.

3. If a € Dy, and either a is restrained out of A by § or a € Hf, then

a"stop < B. (So, if « ever restrains a out of A, then § is initialized.)

4. If a e H? u D? and a is restrained in A by (3, and « # 3, then either
a"stop <p, f or oo < . (So, if « restrains a out of A, then f is
initialized or reverted to a smaller step.)

5. If a € Dy and a € DY for a # 8, then a > 700 or 3 > a”o0. (So,
Dic Dior Djc D)

6. If (n,a) # (m, ), then H} n Hy' = @.

7. It is not the case that two different strategies restrain a out of A at the
same time.

Proof. We will show that all statements hold at all times. Consider the
first moment when one of the claims fails, and suppose that it is (1). Let «
restrain a into A, while § restrains a out of A.

Case 1: « placed its restraint first. Then [ places its negative restraint in
one of two ways: Either  is an M -strategy for some ¢, or [ is an Rg y-strategy
which takes the outcome stop. In the first case, the N -strategy restrains
an element of the form ¢~ m where m is fresh, in particular ensuring that
¢~m is not already restrained in A. In the second case, the only new element
restrained out by [ in Step —1 is a fresh element ay which cannot happen for
the same reason, or 3 restrains out elements in Hg U Dy U Be (where f is in
Step n). But a cannot be in B, as otherwise, at the previous moment, we
would have restrained a both in and out of A. If a is in Hy u Dy, then this
must have happened at a previous moment. So by the inductive hypothesis,
by (4), either 57 stop <p, « or 3> &~ oo. In the former case, we have that « is
initialized as 8 decides to restrain a out of A, thus there is no conflict. In
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the second case, « is reverted to a previous Step k at which a ¢ F¥, again
showing there is no conflict.

Case 2: 3 placed its restraint first. Then « is an R¢ y-strategy that adds a
to F, while § already restrains a out of A. We have three cases where this
can happen. First, if a is in Step —1, then by the definition of F° it can
only be that § > a"waity, for some k € w. (Note that this is nontrivially
possible, because it could be that o was initialized for not being on some
subtree, while 3 is left active, as it had already reached its outcome stop.)
However, then [ is initialized, because o has outcome stop or oo, both to the
left of waity, so there is no conflict. Otherwise, either o remains in Step n
and increases F' by including X, or o moves to Step n+1 and defines F™*! to
be F"uU(X;\Y)u H"™. In the former case, since X, is explicitly chosen to be
comprised of elements that are not restrained out of A by any strategy at all,
we see that a cannot be added to F'™ at this moment. In the latter case, H" is
disjoint from anything restrained out of A by (2) (and our assumption of this
being the first moment when any of the conditions is violated). Suppose we
then have @ € X;\Y. Then it is either in X; \ B,, and thus not restrained out
of A by any strategy, or it is in B,,. If it is in B,,, then it is either in H¥ or D¥
for some v extending o~ wait,, or is restrained out of A by such a ~. In the
first case, this contradicts (2). In the second case, we would have v stop <, 3
by (3), thus a~oco <1, 5 and f is initialized when « places a into F7+l. In
the third case, either a is restrained out of A by two different strategies at
a previous moment, contradicting (7), or 7 = 5 and (3 is initialized when «
takes outcome oo.

Suppose the first moment where any of the claims fails is one where (2)
fails, i.e., a appears both in H? and is restrained out of A by a node S.

Case 1: a placed a into H” first. Then f places its negative restraint in one
of two ways: Either 5 is an N -strategy for some ¢, or § is an Re y-strategy
that takes the outcome stop. In the first case, the N -strategy restrains an
element of the form ¢~m where m is fresh, in particular ensuring that ¢"m is
not already in H”. In the second case, the only new element restrained out
in Step -1 is a fresh element, which we have just mentioned does not cause a
conflict, or we have a € Hi v D' U Be, where [ is in Step m, and 3 takes the
outcome stop. If a € Bo,, then a was previously restrained out of A, which is
a contradiction. If a € HE, then we would have HF'n Hy # @ at a previous
moment, contradicting (6). If a € Dy, then by (3), B stop <, a, and so «v is
initialized when f restrains a out of A; thus there is no conflict.

Case 2: 3 restrains a out of A first and « places a into H? at the current
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moment. If o is in Step —1 then H® contains only one element, chosen as a
fresh number by o and hence not restrained by 3. It follows that « is in Step
n—1>0 and a must have either been restrained out of A by some strategy
v = o wait,_; or must have been in H* u DF for some vy > o wait, ;. It
would violate (2) for a to be in H* at the previous moment, and if a € D¥ at
the previous moment, then by (3), we would have v stop <1, 3, so o~ oo <,
and [ is initialized when a is added into H?. So suppose 7 restrains a out
of A. When we redefine H? =Y (for some Y ¢ B,), we take the outcome
oo, thus injuring this . Thus if 5 = 7, then we have that £ has relinquished
its restraint, and if g # 7, then at the previous moment, g and v restrained
the same element out of A, violating (7) at the previous moment.

Suppose the first moment where any of the claims fails is one where (3)
fails, i.e., suppose a € D" and a is restrained out of A by S or is contained
in Hg while o stop 41, 5.

Case 1: «a places a into D first. Suppose a is restrained out of A by 5.
Again, this cannot happen if 3 is an N-strategy. Suppose 3 is an R-strategy
that takes the outcome stop in Step —1. Then the only new element restrained
out is fresh, so a must have already been restrained out of A by some v > ™ c0.
Then (c) applied at a previous moment implies that o~ stop <y, 7, so either
o~ stop <y, B or B < «. Furthermore, a cannot be below S stop, because the
last time (8 was initialized, so were all non-stopped R-strategies below it, and
hence D? for such an « is empty. So, if 5 < «, then when [ takes the outcome
stop, « is initialized. If o = 3, then D? becomes undefined when [ takes the
outcome stop. In both cases there is no conflict.

Now, suppose we have a € H* u D¥ U B, for 5. If a € H*, we have that
a"stop <, 3, by (3) at the previous moment. If a € D¥ then by (5) at the
previous moment, either o > 700 or § > o co. In the first case, when
restrains a out of A, it takes the outcome stop, injuring «, while in the
second case, o~ stop <y, . If a € B, then at the previous moment, we had a
restrained out of A by some 7 > 7 oo. Thus a"stop <z, 7, by (3) at the
previous moment. Either a stop <, f or 7o < « (noting that, if a = f3,
we would undefine D? when 3 takes the outcome stop and that, as before,
a > " stop is not possible). In the latter case, when f restrains a out of A,
it takes the outcome stop, injuring a.

Now, suppose « places a into D7 first and at the current moment a enters
HE. It cannot be that  is in Step —1 as the only element that enters H? is a
fresh number, hence different from a. It follows that [ is in step k-1 >0 and
at the previous moment, a was either in H. £ U Df for some v > fTwait;_ or
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was restrained out of A by some v > fTwaity_,. If it was in HY or restrained
out of A by ~, then by (3) at the previous moment, o stop <y, 7. Thus either
o stop <, B, BT wait,_1 < «, or a = 3. Note that oo < o is not a possible
case, because all elements in H ’g have been introduced into the construction
by strategies extending outcome waity_; after a placed a € D”. In the second
case, when 3 adds a to H¥, it initializes «, avoiding conflict. If o = 8 and
n < k, then a must have been introduced by some strategy 0 > a which is an
N-strategy or an R-strategy which took the outcome stop at Step —1 at some
stage after a entered D, which contradicts freshness. If o = 5 and n = k,
then both events really happen at the same time, and by definition of D%, a
was restrained out at the previous moment by a strategy ¢ > a oo, which
cannot be true by (2). Lastly, suppose a was in D,éY for v > fTwaitg_;. Then
by (5) (at the previous moment), o > Y00 or v > a oo. If o > fTwaity_q,
then when [ takes the outcome oo to place a into H g, « is initialized. So, we
may suppose rather that oo < 8 <. Thus o stop <, B.

Case 2: 8 restrains a out of A or places a into Hg first. If o = 3 these
events really occur at the same time, and we already discussed this situation
in the previous case. So, let us assume « # 5. When a joins D7, D7 is defined
to be the set of elements restrained out of A by nodes extending o~ oco. Thus
at the previous moment, [ restrains a out of A, and hence [ is below a oo
by (7) or a was in H g, and it was restrained out of A by some node v > a0,
contradicting (2). It follows that o stop <, 5.

Consider the first moment when one of the claims fails, and suppose that
it is (4). Let a € H» u D? be such that a is restrained in A by some node /3.

Case 1: a is placed into H? u D" first. Then 3 cannot be left of a, as
otherwise o would be initialized. Furthermore, o cannot currently be in
the outcome stop, otherwise H” would be undefined. Thus, o stop <, 3 or
b < a. If fTwait,, < «, then it must be that 3 is in step m and expands the
definition by adding X, to ™. Indeed, if 8 is in Step —1 it has outcome
stop or oo, initializing «; if 8 is in Step k£ < m then [ was reverted to a
smaller step [ < k after o placed a in H" u D" by a strategy v > oo and
at that moment a must have been initialized; if £ is in Step k£ > m or if g
is in Step m and defines F*! then it will have outcome to the left of o at
this moment and so initialize . The set X, added to F™ is disjoint from
H?»u D7 for any « > S wait,,, so a is not in Xy. The strategy o cannot be
below (’s outcome stop, as § cannot restrain any elements in A after o was
first accessible unless it is initialized and then a would be initialized as well.
Thus, the only possibility left is 57 o0 < «, as desired.
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Case 2: a is restrained in A by  first. For a to enter H? u D, it must
have already been either restrained out of A by some strategy below «,
or a is in Step ~1 and a = ag, or it must have been in H¥ u D¥ for some v
below o wait,. In the first case, this contradicts (1). The second case
contradicts the freshness of ag. So suppose a was in % u D%, and we have
either v“stop < B or 7 = S oo by (4) at a previous moment. In the first
case, we then also have o stop <;, 5. In the second case, either o > 00 or
o wait, < oo <. In the former case, we have what the claim allows, and
in the latter case, again o stop <, (.

Consider the first moment when one of the claims fails, and suppose that
it is (5). Let a € D n D for a # 3. For a to be in D, some strategy 71
below oo that is an N -strategy or R-strategy in Step —1 must have at some
point proposed a into the construction. Similarly, for a to be in ng, some
strategy 72 below oo that is an N-strategy or R-strategy in Step —1 must
have, at some point proposed a in the construction. Now, since in both cases
the strategy proposes a fresh element, it is impossible that v, # 7. Thus
v =7 = 2 is below both o~ oo and o0, showing that either o > 70 or
B> a oo.

Consider the first moment when one of the claims fails, and suppose that
it is (6). Let a € HynHp'. Without loss of generality, H}" is the one defined at
this moment. Again, it cannot be that § is in Step —1 by freshness of ag, so 3
is in Step m—1 > 0. Then some strategy v below S wait,,_; either previously
had a € H¥ u D¥, or was previously restraining a out of A. If a was in H?
or y was restraining a out of A, we would already contradict (6) or (2), unless
(n,a) = (k,7v). However, if a = 7, then we have that « > " wait,, 1, and
hence when  defines Hj' and takes the outcome oo, it initializes . Finally,
assume a € D Then, by (3), 7" stop <z a. But 7co <z y"stop <1, a, so
again, when [ defines Hj' and takes the outcome oo, it initializes .

Consider the first moment when one of the claims fails, and suppose that
it is (7). Let a and § both restrain a out of A, and let us assume that «
places its restraint first.

Case 1: 3 is an Np-strategy. Then since 3 restrains an element out of A of
the form b™m where m is fresh, it cannot restrain a out of A if it is already
restrained out of A.

Case 2: #is an Rg y-strategy. Suppose a is restrained out of A by 5 in
Step —1. Then since a is not fresh, it must have been restrained out of A by
some v > 37 oo not below the outcome stop. By (7) at the previous moment,
~v = a. Thus, when [ takes the outcome stop, « is initialized, so there is no
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conflict. Thus, at the previous moment, a € Hyu DU Be. Iface Dj, then
by (3) at the previous moment, we have ™ stop <, a. Thus, when J takes
the outcome stop, it initializes «, showing that there is no conflict. It is
impossible that a € Hy by (2) at the previous moment. If a is in B, then
some strategy 7 below oo restrains a out of A. By (7) at the previous
moment, we have that a =y > 7 co. So again, when 3 takes the outcome
stop, « is initialized, showing that there is no conflict. O

Lemma 7.6.8. The set A is AY(0). That is, for every a, there is a stage ¢
such that a € A at every moment after stage t or a ¢ A at every moment after
stage .

Proof. Every restraint of a number a being out of A begins with the
introduction of a by an N-strategy or an R-strategy in Step —1. If this never
happens for a, then we have a € A at every moment of the construction.

Suppose some v introduces a. If v is never subsequently initialized and it
restrains a out of A, then a ¢ A for every moment after this restraint is placed.
If v is an R-strategy and a € H°, but ~ is never subsequently initialized and
never restrains a out of A, then by Lemma 7.6.7(2) no other strategy does
either, so a € A at every moment after a is introduced.

Otherwise, let s be a stage such that v has introduced a and is initialized
before stage s. After v introduces a, no N -strategy or R-strategy in Step -1
can re-introduce a by freshness. At stage ¢t > s, a may be in Hg U Dg for some
8 <~ and some n € w. Let Z; be the set of such . Furthermore, let U; be the
set of 5 <~y that restrain a out at stage ¢. It follows by Lemma 7.6.7(7) that at
all times, U; contains at most one element. If at stage t > s, the set U; = {5;},
then by Lemma 7.6.7(2) and (3), Z; contains only strategies a that would
initialize B; if they had outcome stop, in particular, only strategies above [,
(as all strategies in Z; u U, are initial segments of 7, hence comparable). If at
a stage t > s, a enters H*» u D" for a ¢ Z;_; then it does so in one of two ways:
by joining H" if there is a € Z;_1 U U;_; such that o~ wait, 1 < 3, in which
case this f is initialized and hence leaves Z; u U;, or by joining D” if there is
a [ eU;; with f > a co. In both cases, the minimum priority of strategies
in Z;_1 uU;_, does not decrease, while Z; u U, only contains nodes that are
(possibly non-proper) initial segments of nodes in Z; ; uU,_;. If at stage t,
the strategy (8 enters Uy, then it must be that [ takes the outcome stop and
B ez

As we argued above, at every stage t we have that Z; u U; only contains
nodes that are initial segments of nodes in Z;_;uU,_1. So, there are only finitely
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many possibilities for U;. Furthermore, it also follows from our argument
above that, if the strategy that restrains a out of A changes between stages
t; and to, then the strategy restraining a out at the later stage ¢, has higher
priority than the strategy restraining a out at stage t;. Therefore, let t > s
be a stage at which U, = U, for all r > t. If U, is empty, then a € A at every
moment after ¢, and if it is not, then a ¢ A at every moment after t. i

Lemma 7.6.9. If 3 is an N, -strategy along the true path, then 3 ensures
that N, is satisfied.

Proof. Let 3 be an N,-strategy along the true path. By Lemma 7.6.4, let s
be a stage at which [ is visited and such that no v <  is ever initialized at
a stage t > s. Furthermore, by Lemma 7.6.3, we can suppose that s is large
enough such that, if @~ oo < /3, then a will never be in Step k for k < a(|a|-1).
Then it follows from Lemma 7.6.5 that at any stage ¢t > s, a ¢ H. for any
node « such that a” oo < § with « in Step ¢. If, at some stage t > s when
is visited, we have both a ¢ D! for all nodes a such that o~ oo < 3 with «
in Step ¢, and a € A, then 3 will place a permanent restraint, ensuring that
a”m ¢ A for some fresh m. Otherwise, at any stage t > s we have a ¢ A or
a € D! for some node « as in the previous sentence, in which case at the last
stage r < t when we visited a, we defined D to only contain elements that
are restrained out at that moment. Thus, if § fails to place a permanent
restraint, then a ¢ A at infinitely many moments when [ is visited; thus a ¢ A
follows by Lemma 7.6.8. O

Lemma 7.6.10. Let a be a string restrained out of A at stage t. Then all
successors of a that are introduced by stage ¢ can never again be restrained
out of A.

Proof. Towards a contradiction, suppose that some successor b of a that
was already introduced at stage t is restrained out of A at some later stage
s >t. When we introduce a number, we always select it as a new number.
It follows that a cannot be introduced after b and that no R-strategy can
introduce b, so b is introduced by an N,-strategy ¢ after a is introduced and at
a stage r <t when a is in A. Since a has been introduced and will eventually
be restrained out of A and since ¢ initialized all lower priority strategies at
stage r, the element @ must be hiding in H? u DZ for some strategy 7 of
higher priority than §. At stage ¢, the string a is restrained out of A by some
R-strategy [ <~ that takes the outcome stop. At this stage, the strategy o
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is initialized, so the only way in which b can be restrained out of A at stage
s>t is if it, in turn, is hiding at stage ¢ in H* u D% for some R-strategy a of
higher priority than 8. Note that strategies of lower priority than § are either
in initial state or initialized at stage t. Furthermore, as (3 is not initialized at
any stage in the interval (r,t] (or else every possible strategy that could be
keeping a as part of its parameters, such as -, would also be initialized) and o
was visited at a stage ¢ in that interval (when it defined H* u D), 5 must
be an extension of a. If § > a oo, then at stage t the strategy f reverts «
to a previous Step [ such that H!, u D! does not contain any successors of a.
Otherwise, 8 > o~ wait;, for some 7. But then at the stage ¢ <t at which b
entered HY u D¥ the strategy a had outcome oo, initializing /3, v and all other
strategies that could be protecting a, so a could not be restrained out of A at
stage t. This gives us the desired contradiction. O

Lemma 7.6.11. At no moment are there any two strings that are edge-
related and both restrained out of A. Furthermore, if o is an Rg y-strategy
that is currently in Step n > 0, then at any moment we have that, if a,b €
BoUH"uD"UB, and a and b are edge-related, then a,b ¢ B, and a ¢ H?uD?
orb¢ Hu D"

Proof. We prove these two facts simultaneously by induction on moments.
Let us first consider the first claim. Suppose towards a contradiction that
two strings a and b are edge-related and both restrained out of A. Let «
restrain a and [ restrain b out of A, and suppose « places its restraint first
(or a = 8 thus v and f3 place their restraint simultaneously).

Case 1: 3 is an N -strategy. Then [ restrains an element out of the form
¢~ m where m is fresh. Thus, it is impossible that a is a successor of ¢"m. So,
the only possibility is that a = ¢, but then g would not restrain any element
out of A at all, since ¢ ¢ A when g is visited.

Case 2: B is an Rg y-strategy that takes the outcome stop. If 3 restrains b =
ap out in Step —1, then a and b are not edge-related by construction. If g
restrains b out of A, because b is restrained by some strategy = > oo, then
the claim follows inductively as a and b would both be restrained out of A at
a previous moment. So, we can assume that [ is in Step n > 0 and, at the
previous moment, a was restrained out of A by « and b was either in H7, Dj
or B.. If a=[3, then a and b were restrained out at the same time, since an
R w-strategy only places a negative restraint when it takes the outcome stop.
Thus from the second claim at the previous moment it now follows that a
and b are not edge-related.
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Next, let us assume that a # 5. It follows by the inductive hypothesis
that b ¢ B. Suppose b e Dju Hj. Then since « is not initialized by f
taking outcome stop, we can conclude that either oo < 5 or av <, 8. Either
way, o has not acted since [ and all R-strategies below 3 that have not yet
stopped were initialized. (If « is an N-strategy, then when it acted, it would
have initialized [ unless it had already stopped, in which case it must have
been initialized since then in order to stop again. If « is an R-strategy, then
it places a negative restraint by taking the outcome stop, so § was either
initialized then for being right of the outcome stop or is below the outcome
stop and was first visited then.) Consider the moment ¢ at which « acted to
take a out of A. At that moment, no R-strategy below 5 had any parameters,
unless already in outcome stop. Thus, for b to be in Dg u Hg now and not
out of A at stage t (which is excluded by our inductive hypothesis), it was, at
some stage r > t, restrained out of A by an N-strategy or introduced by an
R-strategy in Step —1 below . The second case cannot happen, because we
explicitly pick a b which is not connected to a. Thus, at some stage, we had
an N-strategy restraining an element that is edge-related to an element not
in A, which is impossible by Case 1.

Next, let us consider the second claim. Assume that a,be Z, = Booc WH U
Dmu B, and that a and b are edge-related. Let us assume that a entered Z,
first, and that b just entered Z,. We now have several cases.

First, if b enters H? u D, then the strategy « is currently moving from
Step n—1 to Step n, b is a member of B, U B,_; at the previous moment,
and B, is empty. In particular, Z, at the current moment contains only
elements from B, U B,,_1, as D" = B, and H" € B,,_;. Since a € Z, at the
current moment, it follows that a € B., U B,,_1 at the previous moment as well.
Thus, by the induction hypothesis, a,b € B,,_1, and therefore by construction,
we can only have that a,b € H?. However, we explicitly defined H” as a
consistent subset of B,,_1, hence not containing any edge-related elements.

Next, if b enters B, it means that at the previous stage s~ < s when o was
visited, we took the outcome oo and some strategy extending this outcome
restrained b out of A. It follows that currently B, = @ once again. It cannot
be that a € B.,, by the first claim at the current moment, which we have
just proven. So a € H" u D? from stage s~ onwards until the current moment
at stage s. It follows that at stage s~, no N, -strategy 8 > oo acts, and
hence b cannot have been restrained out for this reason. Suppose that b is
restrained out by an R-strategy [ > o~ oo taking outcome stop at stage s-.
If a is the successor of b, then 8 would revert the strategy o to a Step [ such
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that a ¢ H, u D!, and so a ¢ Z, at the current moment. It follows that b is
the successor of a and b was introduced by an N,-strategy ¢ extending 3 at
an earlier stage r < s when a was already introduced but not restrained out
of A. At stage r, the strategy o was in a previous step k < n. (Otherwise
the N, -strategy § would not impose a restraint on b at stage r.) This means
that a € D7, as the elements of H? are introduced after stage r by strategies
extending o~ wait,_; and all these strategies are initialized at stage r (as
d > oo and so « took outcome oo at stage r). In order for a to enter D7, it
must be restrained out of A when D? is defined at stage ¢ such that r <t < s.
But then by Lemma 7.6.10 it follows that b cannot be restrained out of A at
stage s.

Finally, let us assume b enters B,,. Then it has to be introduced by some
node > a wait,, since otherwise it was already in B, at the previous
moment. Now, by freshness, the only reason it can be connected to a is if
b~ =a and a is currently not restrained out. Thus, a ¢ B*. O

Lemma 7.6.12. Let a be an Rg y-strategy along the true path. For all n e w
and at any moment, for all w < 27, either w = y? or (z,w) € ®(F).

Proof. Note that this is true when we first enter Step 0, since 20 is selected
as the least z other than y° such that (x,z) ¢ ®(F?). This statement is
preserved when we revert back to a previous step (since it holds for the
previous step). This statement is also preserved when we stay in the same
step and increase F' and z: We have one new value of w to consider, the old
value of z. But we add Xj to F' to ensure that (z,w) € ®(F'). Similarly, this
statement is preserved when we move to a new step; this is guaranteed by
the choice of y"*1, 271, and the inclusion of H" in F"*!, ]

Lemma 7.6.13. If o is an Rg y-strategy along the true path, then o ensures
that Re v is satisfied.

Proof. Let s be large enough so that « is never initialized after stage s and
let s be least with that property. After stage s, at the first time at which «
is visited, if it fails to find sets F' and GG in Step —1, then it places a finite
restraint ag € A and it restrains out of A elements that were already restrained
out of A by nodes below « that are not below the outcome stop of «, which
are never injured. Note that strategies below the outcome stop of a are in
their initial state and so any node < «a or <y « that is currently restraining
an element out of A will permanently do so, since the only way to injure
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this node is to visit some node to its left, which would injure @ again as well.
Thus the true set A is a subset of the set A that o looks at when it sees that
ag ¢ W(P(A)). Thus age AN VU(P(A)), and the requirement is satisfied. If it
finds sets F' and G with aq ¢ F', then again, it places a finite restraint ag ¢ A,
F c A, and the requirement is permanently satisfied since ag € U(P(A)) \ A.

Now, suppose that the true outcome of « is wait,, for some n. By
Lemma 7.6.3 we can also assume that s is large enough such that « is
in Step n at stage s and after stage s, « is never reverted to any Step k with
k <n. It follows that o has outcome wait,, at every stage after stage s. (Note
that if & has any other outcome after stage s, it must either be initialized or be
reverted to a Step k <n in order to get to outcome wait,, again). Thus, in the
algorithm, we always have (x, 2") € ®(N\ (W u B, uY)) for every consistent
set Y ¢ B,. (Note that we define B,, and B, at the moment when 2" is
first defined.) In particular, this is true for Y = (N \ A) n B,, because Y
is consistent by Lemma 7.6.11 (using Lemma 7.6.8 for the definition of A).
Furthermore, the algorithm then replaces F™ by F™ u Xy, which ensures that
(,2") e D(Xou (B, Y)) < P(A). Thus, for all z #y" (which never changes
after stage s), we have that (x,z) € ®(A). Next, by Lemma 7.6.7(2), we see
that no element of H™ (which never changes after stage s) is ever restrained
out of A by any strategy, thus F»u H" € A, so (z,y") € ®(A), showing that
the entire z-th column is contained in ®(A), so Re,v is satisfied.

Next, suppose that the true outcome of a is oo. Fix any k € w; we argue
that {(x,z) | z € [0,k]} € ®(A)l*]. Assume s is large enough so that o has
been visited by stage s after its final initialization. Let ¢ > s be a stage at
which o~ oo is visited and which is large enough so that « is never reverted
to Step n for n < k+ s+ 1 after stage t. Then, since every time the step is
increased, y is increased as well, it follows that at every stage after t, if « is
in Step n, then 2" >y™ >n —s. By Lemma 7.6.12, and since at every future
stage, a restrains F into A, we see that [0,k] € ®(A)l*]. Since this holds
for every k, we have that every element of the x-th column is contained in
®(A), thus Re,v is satisfied.

Finally, suppose that the true outcome of « is stop and it is achieved
via Step n. Let t > s be a stage at which « takes outcome stop and no
higher-priority strategy is ever initialized after stage t. Then « places a
restraint keeping H™ u D™ u B, out of A which is never lifted. Since no
higher-priority strategy is initialized, every element of W is permanently
restrained out of A and W has remained the same since «’s last initialization.
Thus A € N\ (WU Bs). This outcome means that (x, z") ¢ (NN (W uB,)),
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thus (z,2") ¢ ®(A). Furthermore, since H™ u D™ is restrained out of A, we
have (z,y") ¢ (A). Thus, Re v is satisfied. i
This completes the proof of the theorem. O

7.7 Open questions

In this section, we collect the open questions arising from this chapter, some
of which have already been asked.

7.7.1 Definability

As mentioned above, Kalimullin | | showed that the enumeration jump
is first-order definable. Is this also true for the skip?

Question 7.7.1. Is the skip first-order definable in the enumeration degrees?

Furthermore, we have discussed several cototality notions here. Which of
these are definable?

Question 7.7.2. Which cototality notions are first-order definable in the
enumeration degrees?

Note that a positive answer to the first question would imply, by Proposi-
tion 7.2.1, that the cototal degrees are definable.

7.7.2 Arithmetical zigzag

In Section 7.4.2, we have shown that the skip can exhibit a form of zigzag
behavior: There are degrees a such that none of the finite skips of a are total.
However, the examples constructed there are not arithmetical. We suspect
that this is not a coincidence.

Conjecture 2. If a is an arithmetical enumeration degree, then a{™ is total
for some n € w.

7.7.3 Graph-cototal degrees

Theorem 7.6.1 constructed a cototal AJ-degree that is not graph-cototal. On
the other hand, Proposition 7.3.1 proves that every ¥9-degree is graph-cototal.
This leaves the following open:
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Question 7.7.3. Is every II9 cototal enumeration degree graph-cototal?

We do not know of a simpler proof of the existence of a cototal enumeration
degree that is not graph-cototal. A more informative separation result would
be derived from a positive answer to the following question:

Question 7.7.4. Is there a continuous enumeration degree that is not graph-
cototal?

7.7.4 Skip cototality

Let us say that a degree a is skip cototal if a® is total. Notice that every
skip cototal degree a is weakly cototal, and that every cototal degree is
skip cototal. Furthermore, note that in the proofs of Proposition 7.5.4 and
Corollary 7.5.6, we in fact constructed a degree a that is skip cototal but not
cototal. Even the alternative example of a weakly cototal degree given by
Badillo and Harris | |—the degree that is entirely composed of properly
I19-sets—is also a skip cototal degree.

Conjecture 3. Every weakly cototal degree a is skip cototal.

As mentioned above, every I15-degree is weakly cototal. Therefore, a proof
of our conjecture would in particular imply that the skip of every II-degree
is total, which is also open.
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