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1 Introduction

Effective model theory is the subject that analyzes the typical notions and
results of model theory to determine their effective content and counterparts.
The subject has been developed both in the former Soviet Union and in the
west with various names (recursive model theory, constructive model theory,
etc.) and divergent terminology. (We use “effective model theory” as the
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most general and descriptive designation. Harizanov [6] is an excellent intro-
duction to the subject as is Millar [14].) The basic subjects of model theory
include languages, structures, theories, models and various types of maps
between these objects. There are many ways to introduce considerations of
effectiveness into the area. The two most prominent derive from starting, on
the one hand, with the notion of a theory and its models or, on the other,
with just structures.

If one begins with theories, then a natural version of effectiveness is to con-
sider decidable theories (i.e., ones with a decidable (equivalently, computable
or recursive) set of theorems). When one moves to models and wants them
to be effective, one might start with the requirement that the model A (of
any theory) have a decidable theory (i.e., Th(.A), the set of sentences true
in A, is decidable). Typically, however, one wants to be able to talk about
the elements of the model as well as its theory in the given language. Thus
one naturally considers the model as a structure for the language expanded
by adding a constant a; for each element a; of A. Of course, one requires
that the mapping from the constants to the corresponding elements of A be
effective (computable). We are thus lead to the following basic definition:

Definition 1 A structure or model A is decidable if there is a computable
enumeration a; of A, the domain of A, such that Th(A,a;) is decidable. (Of
course, a; is interpreted as a; for each i € w.)

A typical basic result about decidable models is then the effective version
of the completeness theorem:

Theorem 2 Fuvery complete decidable theory has a decidable model.

The proof consists of noting that the standard Henkin construction can
be done effectively.
A deeper result is that of Harrington [8] and Khissamiev [9]

Theorem 3 ([8],[9]) If T is a decidable Ny-categorical theory, then every
countable model of T' is isomorphic to a decidable model of T

There are many other results on decidable models concerning prime, ho-
mogeneous and saturated models of decidable theories. We refer again to [6]
and [14] for surveys and extensive bibliographies.
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If one begins simply with languages and structures, then one is essen-
tially in the realm of general effective mathematics. The effective versions of
various branches of mathematics have been extensively developed beginning
with Frohlich and Shepherdson [3], Malcev [12], Rabin [15], Nerode and his
collaborators (see [16]) in algebra and Grzegorczyk [5], Lacombe [11] and
others in analysis. In line with these investigations, we begin with a com-
putable language £. An effective structure for the language should have a
computable domain and we should be able to calculate the relevant functions
and relations on this domain:

Definition 4 A structure A for a language L is computable if its domain
A is a computable subset of w and its functions and relations are uniformly
computable, i.e., there is a computable enumeration a; of A such that the
atomic diagram of (A, a;) is computable.

Obviously, the requirements of computability are significantly weaker
than those for decidability. Indeed, it usually seems to be the case that
far less is provable about computable than decidable models. For example,
if one views a theory T simply as a set of sentences (rather than the associ-
ated set of theorems), then a computable theory need not have a computable
model (e.g., there is no computable nonstandard model of Peano Arithmetic).
Nonetheless, the definition captures what one normally means in mathemat-
ical discourse by an effective structure or presentation. Again, this notion
has been extensively investigated in the settings of particular mathematical
subjects as well as in general model theoretic terms. It is this notion of
effective structure with which we shall be concerned in this paper.

Just as one insists on computable structures in effective model theory, one
is primarily interested in computable maps between the structures whether
they be homomorphism, monomorphism or elementary embeddings. Thus
while classical mathematics and model theory identify isomorphic structures,
effective model theory is concerned with computable isomorphism. A funda-
mental concept is therefore that of computable isomorphism type.

Definition 5 Two computable structures A and B are of the same com-
putable isomorphism type if there is computable isomorphism taking A
to B. The dimension of a structure A is the number of computable isomor-
phism types of computable structures (classically) isomorphic to A.



How far computable isomorphism types can be from classical ones can be
seen in the following basic result of Goncharov [4]:

Theorem 6 [4] For each n € w U {w} there is a computable structure with
dimension n.

We shall primarily be concerned with the effect of expanding a structure
by naming (finitely many) constants on its dimension. Of course, this cannot
decrease the dimension but to what extent it can increase it has been an open
problem that we deal with in this paper. The basic model theoretic notion
with which we begin is (countable) categoricity. A theory T is (countably)
categorical (in classical model theory) if all (countable) models of T are iso-
morphic. A (countable) structure A is (countably) categorical if its theory
Th(A) is (countably) categorical. The analogous concept for effective model
theory deals only with computable structures and isomorphisms:

Definition 7 A computable structure A is computably categorical if
every computable structure isomorphic to A is computably isomorphic to A.
(Equivalently, the dimension of A is 1.)

Example 8 (Q, <), the rationals with their usual linear order, is a com-
putably categorical structure: The standard back and forth argument show-
ing that the theory of dense linear orderings without endpoints is countably
categorical is effective and so produces computable isomorphisms between
any two such orderings. Similarly, each computable atomless Boolean alge-
bra is computably categorical.

Classically, it is an easy consequence of the Ryll-Nardzewski Theorem
that if the theory of an arbitrary structure A is countably categorical then
so is the theory of any expansion of A by finitely many constants. It is the
analogous situation in effective model theory that we wish to consider. Millar
[13] proved that a small amount of decidability is enough to guarantee that
categoricity is preserved under such expansions:

Theorem 9 [13] If a structure A is computably categorical and its existen-
tial theory is decidable (i.e., the set of existential sentences (with constants
for each element of A) true in A is computable), then the expansion of A by
finitely many constants is also computably categorical.

4



Without this partial decidability assumption the problem has remained
open. It is presented as the Ash-Goncharov problem in [2]:

[2] Ts the expansion of every computably categorical structure by finitely
many constants computably categorical?

We solve this problem negatively, indeed, we show that the dimension of
a structure can be increased from 1 (computable categoricity) to k € w by
the addition of even a single constant naming any element of the structure.
Thus our main theorem is as following:

Theorem 4.4 For each k € w there is a computably categorical structure
A such that the expansion of A gotten by adding on a constant naming any
element of A has dimension k.

We would like to add that this theorem does not answer the case when k£ =
w. We do not know whether there exists a computably categorical structure
whose expansion by a finite number of constants has w many computable
isomorphism types.

The structures required to establish the theorem are constructed by cod-
ing certain (uniformly) computably enumerable families of k-tuples of sets.
We now present the basic notions about such families needed when k = 2.
The model theoretic coding of the appropriate families is presented in §2.
We give the constructions of the required family itself in §3. Finally, in §4
we explain how to generalize the notions and constructions to establish the
full result for all k € w.

Definition 10 We use r and | as the right and left projections from pairs,
i.e., I((A,B)) = A and r((A, B)) = B.

Definition 11 Let S be a family of pairs (A, B) of nonempty sets. S is
symmetric if (A, B) € S implies that (B, A) € S. S is a computably enu-
merable family if there is a mapping f : w — S such that {(i,x,y)|z €
If(i), y € rf(i)} is computably enumerable. We then call f a (computable)
enumeration of S. If f is one-to-one we say it is a one-to-one enumera-
tion of S. We also say that i is an f index for f(i) = (A4;, B;).



We wish to consider a preordering on the computable enumerations of a
family S that naturally induces an equivalence relation that corresponds to
computable isomorphism:

Definition 12 Let f and g be computable enumerations of a family S. We
say that f is reducible to g, f < g, if there is a computable ® such that
f = 9. In this case, we say that f is reducible to g via ®. If f < g and
g < f then we say that f and g are equivalent and denote this relation by

[~y

Note that if f is a one-to-one enumeration of S and g < f then ® must
be a permutation of w and so f < g. Thus the equivalence classes of one-
to-one enumerations are minimal elements in the induced partial ordering.
These are the enumerations that we need to consider to define the family
that supplies the model required for our theorem. Informally, computable
categoricity corresponds to there being a single such equivalence class and
dimension corresponds to the number of such classes.

Now if f is a one-to-one computable enumeration of a symmetric family S
of pairs of sets then there is one other natural computable enumeration f of
S: If f(i) = (A, B;) then f(i) = (B, 4;). Thus we can phrase the required

notion of dimension in the case of interest as follows:

Definition 13 If f is a one-to-one computable enumeration of a symmetric
family S of pairs of sets, we say that S has dimension 2 if f and f are not
equivalent and every computable one-to-one enumeration of S is equivalent
to either f or f.

The crucial ingredient in the construction of the structures we need is
precisely such a family.

Theorem 3.1 There exists a computably enumerable symmetric family of
dimension 2.

63 is devoted to a proof of this theorem. In §2 we show how to use such
a family to build the desired structure to prove the case k = 2 of our main
theorem. We mention that in [4] and [7] Goncharov and Harizanov used
similar coding ideas.



2 Structures of Dimension 2

In this section we show how to use a family of dimension 2 (as provided by
Theorem 3.1) to prove the main theorem for k£ = 2.

Theorem 14 There exists a computably categorical model A such that for
each a € A the expanded model (A, a) has dimension 2.

Proof. Let S be a symmetric family of dimension 2 and let f be a one-
to-one computable enumeration of S. Based on the enumeration f, we will
construct a computable structure Ay = (w|J{uys,vs}, Pr), where uy and vy
are symbols not belonging to w and Py is a computable binary predicate
on w|J{us,vs}. When defining the predicate Py in our structure, we abuse
notation and write Pr(a) = b instead of Pf(a,b).

Consider uniformly computably enumerable, possibly finite, sequences

;05 Aj 1y A3 2, - - - and bio,bi, big, ..
without repetitions such that for each i € w
lf(l) = {CLL(), Ai1,0a;2, .. } and T’f(l) = {bi’o, bi,l? bi’g, .. }

For each ¢ € w, we can consider the computable structure g[ on a com-
putable subset of w plus two additional symbols u; and vy with one binary
relation Pif determined by the following procedure: We begin by setting

P/(0)=u;, P/(1)=v;, P/0)=1 P/(1)=0,

K3 K3 3

and for all m € w
P/(4(m+1)) =4m, P/(4m+1)+1)=4m+1,

Pl(4m +2)=4m+2, P/(4m+3)=4m +3.

When some element a;,, is enumerated at stage s we set Pf (4s +2) =
4(a; m~+1) and when b; ,,, is enumerated at s we set P/ (45+3) = 4(bym+1)+1.
(We enumerate at most one number at each stage.) The domain of gf is the
domain of the relation Pl-f and is clearly computable.

A picture of a fragment of this structure is in Figure 1 in the case when
1 is enumerated in [f (i) at stage 1 and 3 at stage 4, while 2 is enumerated in
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rf(i) at stage 5. In this picture a — b means that P/ (a) = b, or equivalently
P/(a,b) holds. For example, P/(6) = 8§ as well as P/(18) = 16.

The structure Qif is computable and satisfies the following properties:

1. For every number ¢, ¢t belongs to [ f(i) if and only if there exist pairwise
distinct elements y, z, g, x1, . .., 2441 of the structure G{ such that Pl-f(y) =
20 & P! (z) = xy and the formula

Pif(%) =l .. '&Pif(xt) =T & ‘Pif(xt-i-l) #F k& Pif(xt-i-l) = uy

holds in the structure G/ .

2. For every number ¢, ¢ belongs to r f(7) if and only if there exist pairwise
distinct elements ¥, z, g, 1, . .., x;y1 of the structure sz such that Pif(y) =
20 & P! (z) = x4 and the formula

Pl(wo) = 21 & .. &P/ (1)) = 2131 & P (2141) # 20 & Pl (wi1) = vy

holds in the structure g{ .

Informally, the structure gf codes the pair f(7). By the uniformity in the
construction of Qif and the computability of f, we can conclude (by relabeling
the computable sets involved as necessary) that there exists a computable
sequence

A(J)c = (Ag’P[))’A{ = (A{vpl)wAg = (A§7P2)7 cee

of computable structures such that:



1. For each ¢ the structure .AZf is isomorphic to the structure g{ ,

2. For all i # j, A{ﬂA; = {uys, v},

3. wUluy, v} =U; A,

4. The relation Py = J, P, is computable,

5. The structures A{ and A;-c are isomorphic if and only if 7 = j or i = j.

Consider the computable structure

Ap = (w| J{uy, vs}, Pp).

The next lemma shows that the structure Ay provides the example needed
to prove Theorem 2.1.

Lemma 15 The structure Ay satisfies the following conditions.

1. If g is a one-to-one computable enumeration of S, then Ay is isomor-
phic to A,.

2. There exists only one nontrivial automorphism o of the structure Ay
and a(uy) = vy.

3. The expanded structures (A, us) and (Ayf,vy) are isomorphic but not
computably isomorphic.

4. The dimension of the expanded structure (Ays,uy) is 2.

5. The structure Ay is computably categorical.

Proof. Let g be a one-to-one computable enumeration of S. Then for each
i there exists exactly one j such that g(i) = f(j). Therefore, the structures
G? and ij are isomorphic. It follows that the structures A; and A, are also
isomorphic. The second part of the lemma follows from the construction
of Ay and the fact that S is a symmetric family. To prove the third part
notice that the structures (A, uyr) and (Ay,vs) are isomorphic by Part 2. If
these structures were computably isomorphic, then the enumerations f and
f would be equivalent. This would be a contradiction. To prove the fourth
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part, suppose that (B,b) is a computable presentation of (A, us). Having
the structure (B, b), one can effectively construct a one-to-one enumeration g
such that (B, b) and (A, u,) are computably isomorphic. Since the dimension
of S is two, the enumeration g is equivalent to either f or f. If ¢ is equivalent
to f, then (Ay, us) is computably isomorphic to (A, u,). Otherwise (A, ugy)
is computably isomorphic to (A, vs). By Part 3, the dimension of (A, uy)
is 2. To prove the last part of the lemma suppose that B is a computable
presentation of A;. Let b be such that (B, b) is isomorphic to (Ag,us). By
the previous part, the structure (B,b) is either computably isomorphic to
(Ag,ug) or to (Ag,vs). Hence B is computably isomorphic to Ag. O

To complete the proof of Theorem 2.1 from Lemma 2.2, take any a € Ay.
Consider the structure (Ay, a). Let a be the nontrivial automorphism of A;.
The expanded structure (Ay,a) is isomorphic to the structure (Ay, a(a)).
Repeating the proof of the lemma with respect to the expanded structure
(Ag,a), we see that the dimension of (Af,a) is 2. O

3 Symmetric Families of Dimension 2

Our goal in this section is to prove the following:

Theorem 16 There exists a computably enumerable symmetric family of
dimension 2.

Let ®;, j € w, be a standard enumeration of all partial computable
functions. Let g;, j € w, be a standard enumeration of all computable enu-
merations of families of pairs of computably enumerable sets. To construct
the desired one-to-one computable enumeration f of a symmetric family S,
we need to satisfy the following requirements:

Q;: [ is not reducible to f via .,
and
R;: (g5~ f)\V(g ~ f)V g;is not a one-to-one enumeration of S.

The U-operation defined below is important in our construction. An
ordered finite sequence

Xpr o X0, Y0, LY
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of pairs of sets is symmetric if X; = Y; for each 7. A pair (A, B) is selfsy-
metric if A = B.

Definition 17 Let Xy, ..., X1,Y1,...,Yr be a symmetric sequence of pairs
of sets. The U-operation applied to this sequence gives the sequence

Ty 20T, T

where
Z = Xe| U Xi1, - 20 = X UM,

n=vi{JYe...Tiet = Yea YV T = Xi [ Vi

We also say that the pairs of sets Xy, ..., X1,Y1,...,Y; participated in
the U-operation. (The union operation on pairs is defined componentwise:
(A1, Br) U(A2, B) = (A1 U Ay, B1U By). )

Note that if, in the above definition, X; = (A;, B;), then Y; = (B;, A;)
and so, for example, 7, = (A U Ag_1, Bx U B_1), Zy = (A3 U Ay, Bo U By),
Zl == (A1UBl, BlLJAl), T1 = (BlLJBQ, A1UA2>, Tk—l - (Bk_1UBk, Ak—h Ak>
and Ty = (Ax U By, B, U Ag). The following lemma describes the main
properties of this operation. The proof of the lemma follows easily from the
definitions.

Lemma 18 Let Xi,...,X1,Y1,..., Y, be a symmetric sequence of pairs of
sets. The sequence Zy, ..., 2y, Ty, ..., T obtained via the U-operation has
the following properties:

1. The pairs Z1 and T}, are selfsymmetric.

2. For each i, where 1 <1 < k, T} is symmetric to Z;;,. O

Before we present a general construction, we would like to show how to
satisfy a single R; requirement R. Remarks in double brackets [[such as this
one]] are explanatory and not part of the formal construction. Parameters
indexed by the stage number ¢, such as a;that are not explicitly redefined
at stage t + 1 remain the same.

How to satisfy one R and all ();. We set g = g;. For {,n € w and
n < t,let g;(n) be the pair of finite sets whose elements have been enumerated
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by stage ¢ in a fixed approximation to g(n) (which is a pair of computably
enumerable sets).

Let x € {f, f }. Our construction proceeds by stages. We use the fol-
lowing notions and terminology in which the subscript ¢ indicates the stage
number.

1. Enumerations f; and f;. These are approximations to the enumer-
ations f and f that the construction is building. That is, for each i € w, we

will have ~ 3
FG@) = £i(0) and £(i) = fild).

As the enumeration f is uniquely determined by f, we will usually only
specify f. Warning: For notational convenience, we will define f(i) only
for some computable set of i’ s and make sure that f(i) # f(j) for i # j in
the domain of f. Correspondingly, we construct reductions defined on this
domain. Of course, formally we then could relabel the domain so as to make
it all of w to make f a one-to-one enumeration (on all of w) but we omit this
detail in our constructions and proofs.

2. The Family S;. The functions f; and ft enumerate the same sym-
metric family denoted by S;.

3. Diagonalization Witnesses. To each partial computable func-
tion ®;, we assign pairwise distinct witness numbers c;, d;, z;,y; and cor-
responding distinct finite sets Cj;, D;, X; and Y}, called witnesses, such
that D = {¢;,d;j,z;,y;]j € w} is a coinfinite computable set and we set
folej) = (€5, D;), fold;) = (D;,C), folz;) = (X;,Y5), foly;) = (V5 X;).
One of the goals of the construction is to diagonalize against the potential
reduction ®@; at c;.

4. Potential Reduction Functions 7/, r,'f. Each rX (for y € {f, f}) is

a function which potentially reduces x; to g; at stage ¢. In the construction

we call the functions r{, r{ (potential) reduction functions. At each

stage one of these (potential) reductions will be the designated (potential)
reduction for the construction. The function X may extend the previous
designated reduction r)* ;. If rX does not extend the previous designated
reduction, then we say that the construction changes its (designated)
reduction.
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5. Uniqueness. Let i € dom(x;). The construction will guarantee that

Do)\ bal) [ 1 #i& j € dom(xa)} # 0

and
rxe (i) \ U{ rxi(j) | J#1& j € dom(xe)} # 0

Thus at stage t, each coordinate of every pair in f; possesses an element which
does not belong to any set in the same coordinate of any other pair in the
enumeration f;. Moreover, the same will be true of the final enumerations
X- The purpose of this property is to ensure that f will be a one-to-one
enumeration.

6. A Special g—Pair. The construction needs to pick a pair g(s,) in the
enumeration g which is called a special g—pair. If there exist infinitely many
stages at which the construction changes its reduction, then the pair g(s,)
becomes infinite, all pairs in f contained in g(s,) are finite, and therefore g is
not a one-to-one enumeration of S. On the other hand, if after some stage the
construction never changes its reduction and ¢ is a one-to-one enumeration
of the family S, then ¢ will be equivalent to either f or f.

7. Special Numbers 5{ , §{ , s{ , §{ . The construction uses these

numbers so that

S{:‘gg?‘g{: 57{7 T{(S{):Sga rt(gt) :gga Tt(St):Sg, 7nt<§

Thus ft(sf ) and ft(s{ ) are the pairs of sets in f; and f:, respectively, which, at
stage ¢, correspond to g(s,). Therefore f,(3/) and f,(5]) are the pairs of sets
in f; and ft respectively which, at stage ¢, correspond to g(5,). Moreover,
if g recovers at stage ¢ (as defined below), then these numbers satisfy the
following properties.

1. If the construction does not change its previously designated reduction
from x to x at stage ¢, then sy, = sf and, if s} participated in a
U-operation at the last recovery stage, 55, # 5;.

2. If the construction changes its reduction from y to y at stage ¢, then
sy participated in a U-operation at the last recovery stage, sy, # sf

X XX
and 8, = 57, = 5,
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3. If, after some stage, the construction never changes its reduction, recov-
ers infinitely often, and g is a one-to-one enumeration of the family 5,
then the construction guarantees that the pair x(lim,—..sX) is infinite
and selfsymmetric.

8. Marking with O, and Recovery. If for a y;—index z, there
exists a y < t such that g,(y) C x:(x) and, for all z # =z, the pair g(y)
is not contained in y;(z), then we say that ¢;(y) is covered by x:(x), or
equivalently, x;(z) covers ¢;(y). During the construction some y;—indices
will be marked with a special symbol O,, called a mark. We say that the
enumeration g recovers at stage t, or equivalently that stage t is a recovery
stage, if for each y;,—index x marked with a 0O,,, there exists a unique y such
that x(x) covers ¢;(y). We use the notion of recovery to show that if g is a
one-to-one enumeration of the family .S, then ¢ is equivalent to either f or
f . The idea is the following. Suppose that g is a one-to-one enumeration of
S. By construction, each pair f;(z) marked with a O, waits to cover a pair
in g. As soon as g recovers at a stage t; > t and a unique g;,—index y is
found such that x,(z) covers g;, (y), the construction defines r (z) = y and
then attempts to guarantee that g(y) = x(x). If the enumeration does not
recover at stage t, then we say that ¢ is in the waiting state. If g is always
in the waiting state after ¢, then, by construction, g will not be a one-to-one
enumeration of S.

Now we will describe the construction for satisfying all ¢); and one R.
Construction:

Stage 0. Let dom(fo) = D\J{s,5,a10,b10,0a20,b20}, where s, 8, ayp,
b10, G20, bap are new numbers not in D (where D is defined in (3) above).
Let p;,q; for 0 < ¢ < 2 also be new numbers. We set fo(s) = ({po},{q0})
and fo(aio) = ({pi},{@}) for i = 1,2 and let §,b; ¢, bao be the indices of the
corresponding symmetric pairs. Put a mark O, on each of these six numbers.
Let the reductions rg and 'r’g be empty and declare 7/ to be the construction’s
designated reduction. Put g into the waiting state. When we first have a
recovery stage we will define s, so that r7/(s) = s, and 7/(3) = s, and so

have s/ = s and s/ = 3. [[sy will never change.]]

Stage t + 1: Define the reductions r{ 4+ and rtf 41 on the indices marked
with a O, as follows: Put r{H(:c) = y if and only if ¢,(y) is covered by f;(z)
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and not by f;(z) for any z # x. Similarly, put rfﬂ(x) = y if and only if g,(y)
is covered by fi(z) and not by f,(z) for any z # . If this is not a recovery
stage, i.e., th +1 is not defined for some x marked with a O,,, we see if there
is a j such that ¢;,d;, z; and y; are not in the domain of th+17 D;i111(cy) =d;
and we have not yet acted for @);. If there is no such j, go on to stage ¢ + 2.
If there is one, let j be the least such. Act to satisfy (); by performing a
U-operation on the pairs fi(z;), fi(c;), fi(d;), fi(y;) to define fii;. Now go
on to stage t + 2.

If this is a recovery stage, we have two cases:

Case 1. Suppose that 77, ; extends the previous designated reduction r).
In this case, set sy, = sy. This defines the number 55, with respect to
the enumeration xy1. [[Note that if we performed a U-operation at the last
recovery stage, 55, # §¢ by Claim 2 below.]]

Case 2. Suppose that r); does not extend the previous designated re-
duction 7. In this case the construction changes its designated reduction to
7{11. Set sfﬂ = §). This defines the number §§+1 = s/, with respect to the
enumeration X¢;1. [[Note that st # s;.]]

In either case, we see if there is a j such that ¢;,d;, z; and y; are in the
domain of th+1, ®;,11(c;) = d; and we have not yet acted for Q);. If so let j
be the least such number and act for (); by performing a U-operation on the
following pairs:

Filbra), fe(sin), folboe), fuls), fules),
ft<dj)7 ft(yj)v ft<a2,t)7 ft(sigrl)v ft<a1,t)‘

[[Note that all these indices are marked with O,, and so are in the domain of
]

Now extend I( fi(sy,,)) by adding on the least number in r( f;(sy,,)) which
does not belong to I(fi(sy,,)) and vice versa. Of course, the dual actions are
performed on f,(5),). Also add new numbers to both the left and right sides
of these pairs so as to prevent them from being selfsymmetric. If necessary,
add new numbers to the pairs that participated in the U-operation so as
to guarantee (5) above while preserving the symmetries existing after the
operation was performed. Next, take new numbers aq 441,01 441, @241, b2,141
to which we assign symmetric pairs of new numbers in the enumeration f;.
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This finishes the definition of f;,;. Finally, put marks O, on the new numbers
Q1t+1, bl,t+1, A2 t+1, b2,t+1'

Whether we found such a j and performed a U-operation or not, we now
put a mark O,, on the least number not having one and go on to stage ¢ + 2.
This concludes the description of the construction.

Verifications:
For each i € w, define f(i) =, fi(i). Define the family S by

S={f@)i € w}.

Now we verify the following claims about the construction.
Claim 1. For all t € w and i € dom(f;)

LONJLURG) |5 #i& § € dom(fi)} # 0

and

@O\ rfG) |5 # & j € dom(f)} # 0.

Proof of Claim 1. This is clear from the construction by induction.

Claim 2. The construction meets all the requirements ();. Moreover, if at
some stage the enumeration ¢ enters the waiting state and never recovers,
then ¢ is not a one-to-one enumeration of S.

Proof of Claim 2. Suppose first that at a stage t’, the enumeration g
enters the waiting state and never recovers. From stage ¢ on no new marks
0, are placed on any numbers and the pairs so marked never change. There
is now clearly a jo such that for every j > jo for which ®,(c;) = d; there is a
stage t' such that at all stages t > ¢’ the construction satisfies the conditions
considered at nonrecovery stages via j. Therefore f and f are guaranteed
not to be equivalent via ®; by our action at stage t. (f(c) has become
selfsymmetric and remains so as it is never used in a U-operation again and
so never changes. Thus f(c) = f(c¢) and so any ® reducing f to f (or vice
versa) would have to have ®(c) = ¢.) Of course, if ®;(c;) # d; then Q; is
met automatically and meeting requirements @); for j > j, is equivalent to
meeting every ();. Finally, if g were a one-to-one enumeration of S then each
of the finitely many marked pairs would be finite and would eventually cover
some unique pair in the enumeration g by Claim 1, and so there would be a
recovery stage for the desired contradiction.
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Next, suppose that g recovers at infinitely many stages. Let j be the
smallest number for which (); is not met. Let ¢; be such that for all j" < j,
all action for the requirements (), is finished before stage t;. (Clearly we
act at most once for each ();.) Then there exists a stage ¢ + 1 at which
®;,+1(c;) = d; and all the indices required to be in the domain of X are
marked and in the domain as we mark the least unmarked number at each
recovery stage. It follows that at stage £ + 1, the construction must act for
and so meet requirement ¢);. This is again a contradiction.O

Claim 3. Suppose that at stage ¢t + 1 the designated reduction is ), and a
U-operation is applied to the pairs

Je(b1y), ft(5f+1)> Je(bay), ft(ﬂﬁg‘); fi(cj),
ft(dj)7 ft(yj)a ft(a2,t)> ft(3i<+1)a ft(al,t)-

and that ¢’ is the next recovery stage after ¢ + 1. There are then two possi-
bilities at t':

Lori(sy,,) = ria(s51) = sg. In this case, 7} remains the designated
reduction and extends 7, sy = s),; which is already marked with
0, by induction and 33 = ag; which was marked with O,, at ¢ + 1.

2. 135(sy,,) # 1151(851). In this case, the construction changes its desig-
nated reduction from x to x; Sf, = sfﬂ = 5),, which is already marked
with O, by induction and §i‘, = sy, = b1, which was marked with O,
at t+ 1. Also 75(s)) = s,

Proof of Claim 3.

The only markings and changes that occur to marked pairs between ¢ 4 1
and t' occur at t + 1. It is clear that the only possible pairs that can cover
g (sg) at t’ are fii1(sfq) or fipa1(byy) . Ifit is the second, then 1) (s 1) = 54
but 7)(b1 ;) = s, and so we are in the second case of the claim as rY is one-
to-one. Thus we change the designated reduction to x by construction. As
rX(b1s) = g, 75(551) = 8, by symmetry and Lemma 18 and so s} = s}, as
required.

If, on the other hand, it is fi;41(sy,;) that covers gy(s,) at t', then we
claim that rY extends r),,. Now the only marked pairs that have changed
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are the ones participating in the U-operation so we need only argue that
ry remains the same on these pairs. It is clear form the definition of the
U-operation that the only possible values for 7 at each number z in the
sequence by, 55,1, 0o, T, ¢, dj, Y5, Gy, S5y, 1y s either 7 (2) or 75 (w)
where w is the number immediately to the left of z in the sequence (with
the understanding that a;, is immediately to the left of b ;). As r) must be
one-to-one, if (s, ) = 71 (s,1) as we are assuming, then r5(2) = 75, (2)
for every z in the sequence as required.

The assertions about which numbers are marked follow immediately from

the construction. O

Claim 4. Suppose that g recovers at infinitely many stages. If the construc-
tion never changes its potential reduction r) for all ¢ > ¢’, then the following
hold:

I X ; X oxi
1. For each t > ', s = s ;. Therefore lim;_.s; exists.

2. Let t/ < t; <ty < ... be the sequence of recovery stages immediately
following the ones at which a U-operation is performed. Then the
elements of the sequence 5, §Y, ... are pairwise distinct.

3. If there are infinitely many recovery stages at which we perform U-
operations, the pair x(s)) is selfsymmetric and is infinite.

4. For each = # sy, the pair x(z) is finite.

5. For all i € dom(f), If () \U{ If(4) | j #i& j € dom(f)} # 0 and
rf@O\NU{rf(5) | j #i& 5 € dom(f)} # 0 and so, in particular, f is

a one-to-one enumeration of S.
6. If ¢ is a one-to-one enumeration of S, then either f ~ g or f ~ g.

Proof of Claim 4. The first part of this Claim follows from the definition
of s¢ at stage t and the assumption. The second part of the Claim follows
from Claim 3. To prove the third part note that at each recovery stage at
which we perform a U-operation we put some new numbers into x(s)) and
put the least number in 7(x(sy)) into I(x(s))) and vice versa. To prove the
fourth part note that if = # sf, then there exists a stage ¢ > ¢’ such that
after this stage the pair x;(z) will never be used. Therefore x(z) = x:(z).

It follows that x;(x) is finite. The fifth part now follows from Claim 1. To
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prove the last part of the Claim we argue that X = (J,.,, v} is the desired
reduction of y to g. As there are infinitely many recovery stages, each x in
the domain of y is eventually marked with a O, and so is in the domain of
rX. Thus x(z) covers g(rX(z)) and so if ¢ is a one-to-one enumerations of S,
x(x) = g(rX(x)) as required by parts 3, 4 and 5 of this Claim. O

Claim 5. If the construction changes its reduction at infinitely many stages,
then the pair g(s,) is infinite and all pairs in f are finite.

Proof of Claim 5. For each number z, if z # s and = # §f = s} for all ¢,
then it is immediate that x(z) is finite. Therefore it is enough to prove that
the pairs x(sX) and x(5)) are finite for all t and x € {f, f}. Let ty, t, ...
be the sequence of stages at which the construction changes its designated
reduction. We can suppose that at stage t; the constructlon changes its

reduction from f to f. Consider s,{ We have stl # stl ;and S 5t1 1= st At

stage t2, we have 5,{2 # 5,{1 and s752 = stl Continuing this procedure, we see
that in the sequences
5,{1,5{2,... and 5,{1,5{2,...

each number can appear at most twice. Therefore neither f nor f contains
an infinite set. O

The above claims prove the correctness of the construction with respect
to one R and all ;. O

General Construction. We will construct an enumeration f of a symmet-
ric family S by stages f; such that (Lemma 26) the sets [ f;(n) are all distinct
for distinct n as are each of rf;(n),lf(n) and rf(n), respectively. As the
enumeration f is uniquely determined by f, we will usually not describe it
explicitly. We will satisfy all the requirement (); and R;. As we only need to
worry about families G; enumerated by functions g; which enumerate fami-
lies isomorphic to .S, we may assume that the sets lg;(n) are all distinct for
distinct n as are the rg;(n) and that for, every ¢t and n, g/(n) C f;(m) for
some m. (If there are pairs partially enumerated, do not allow any extensions
until it is once again possible to make all the pairs distinct in the required
way. This can be done so as to add any single desired element to any one of
the pairs in G if it has the required form.)

We now describe some preliminary notions for the construction. Consider
the alphabet {c,d, oo, f, 1, w} with the ordering ¢ < d < 00 < f < f<w.
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The priority tree 7 over this alphabet is defined as follows. If o € T
and the length of « is even, then a"oco, o f, off, and a”w belong to 7.
If « € T and the length of « is odd, then a"c and a"d belong to 7. The
induced lexicographical ordering < on the tree 7 coincides with the usual
priority ordering on 7.

For every aw € 7 of length 25 4+ 1, we will define an a-—strategy to meet
the requirement ();. At stage ¢, to each node ao € 7 of length 25 +1 the con-
struction attaches some witness numbers ¢, d and witness pairs (C, D),
(D,C) such that C' and D are finite pairwise disjoint sets and fi(c) =
(C,D), fi(d)=(D,C). One of the goals of the construction is to diagonalize
against the potential reduction ®; at c. The strategy to meet the require-
ment (); is based on the U-operation. Such a node « of length 25 +1 < ¢
can have one of two outcomes at stage t. Its outcome is c if the construction
has acted to satisfy the requirement (); at this or any previous stage since
was last initialized. Otherwise it is d.

For every oo € 7 of length 2j, we will define an a-strategy to meet the

requirement R;. The strategy to meet the requirement R; is based on a
!

a,t

stagewise definition of potential reduction functions r , and rgjt which try
to reduce the enumerations f and f , respectively, to g;. At each stage that
they are defined one of these reductions will be the construction’s designated
reduction. At stage ¢, such a node « of length 27 < ¢ can have one of four
outcomes: The outcome is w if « is in the waiting state. Otherwise, we
say that t is an a-recovery stage at which there are three possible outcomes.
The outcome is y if the reduction rX extends the previous designated one
for x and so, in particular, the construction does not change its designated
reduction. Otherwise, the outcome is co and construction changes its desig-
nated reduction from ry ; to ri"t. Associated with this node and procedure is
an a-special pair with index s,; in the enumeration g; and corresponding
indices in the enumerations f and f' .

We will define the accessible nodes of the priority tree at stage t by
induction on their length. The empty sequence () of length 0 is the root of
the priority tree and is accessible at every stage t. If (3 is accessible at stage
t and o is the outcome of 3 at t, then 3”0 is accessible at t.

Suppose that the length of o is 27 + 1. To initialize « at stage ¢t means
to cancel all the numbers and pairs attached to a and all prohibitions on
the placement of marks issued by a. Any number n, and therefore the pairs
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fi(n) and fy(n), cancelled at stage t, are no longer attached to any node and
will never be used at later stages in any U-operations. Therefore f(n) will
be equal to f;(n). Suppose that the length of a is 2j. To initialize « at
stage t means to cancel the numbers and pairs attached to a as well as the a-
special pair with index s,;—1 and the previous reduction functions 7”(];,75—1 and

Tiytfland to define rfm and ri’t to have the empty domain and declare ri’t

to be the construction’s designated reduction for . Again, as f uniquely
determines f , we usually only describe the enumeration of f and the earlier
warning about only defining f on a computable domain apply here as well.
Remarks in double brackets are again only explanatory.

Now we describe the general construction.

Construction:
Stage 0. Initialize all requirements «.

Stage t > 0. We proceed to act for each accessible node « in turn until
we reach a node of length ¢ when we terminate the stage. As a node « is
declared accessible we initialize all nodes v to the right of «, i.e., a < v but
a € ~. Let u be the stage at which o was last initialized and s be the last
stage after u at which o was accessible (s = u if there is no such stage).

Case 1: |a| = 25 + 1. If we have acted to satisfy a at some stage since
u, the outcome of « is still c. If not, and there are no numbers attached to «,
choose new numbers ¢, d, x and y and new finite pairwise disjoint sets C', D,
X and Y, let fi(c) = (C, D), fi(d) = (D,C), fi(z) = (X,Y), fily) = (Y, X)
and attach these witness numbers and witness pairs to a with ¢ and d
being the numbers on which we intend to meet ;. In any case, let ¢, d,
and y be the witness numbers now attached to a. Now see if ®;,(c) = d.
If not, the outcome of « is d. If so, we let aq,...q; be the nodes § C «
such that |3] is even and 3w ¢ « listed in order of increasing length. (It
may be that [ = 0, i.e., there is no such (. In this case, the corresponding
conditions below are simply empty.) If there are no other numbers attached
to a, we choose new numbers ay, by, ..., ay, by and corresponding new pairs
(with a; and b; being indices for symmetric pairs) which we attach to a.. Our
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actions will now be directed towards working with the following sequence of
numbers (and the corresponding pairs) possibly with replacements put for
some of them:

X X X
b17 Sar ts b2 s 7b2'i—17 Sa; b b2i7 s 7b2l—17 Sayts b2l7 Y, ¢

X X X
d, Z, agy, Sal,tv agi—1, - .-, a9, Sai,tv agi—1,...,092, Sal,b ai.

For ¢+ <[, we put marks O’ on all the numbers in this sequence that are
between 3}, ; and s}, and issue a prohibition on any other marks being put
on the numbers in this sequence which are attached to «. This prohibition
will be lifted when we act to satisfy « or the number is cancelled. In this
case the outcome of « is d. If there are already such numbers attached to
a [[which we shall show are all in the range of the appropriate rX ]}, we
perform a U-operation on the following symmetric finite sequence of pairs
which corresponds to the above sequence of numbers:

F01), f(s8,0)s f(ba) ooy flbaia), f(s8,0)s f(D2i)s -+ oy fbar—1), F(55,4),
f(b), f(y), f(o), f(d), f(x), flax), F(3),4), flaz-1),. ..,
flagi), f(35, 1), flazi1), ..., f(az), F(3%, 1), flan).

For each i < I, we now also extend the set [(fi(s}, ;) in such a way that it
contains the least element from r(f(s}, ;)) which did not previously belong
to l(ft(sgki,t)) and vice versa for 7(f;(s},;)). We also add new numbers to
insure that this pair does not become selfsymmetric. We, of course, extend
the set ft(éﬁm) so as to preserve the symmetry between these pairs. Next,
as necessary, we put into the pairs that participated in the U-operation new
pairwise distinct pairs of numbers not changing the symmetry between the
appropriate pairs so as to insure (5) above. The prohibitions on marking
numbers issued by « are now lifted and, for ¢« < [, we mark the numbers
bai—1 and ag;_; in the sequence with Of/. We have now satisfied (); and the
outcome of « is c.

Case 2: |a| = 2j. If there are no special numbers and pairs attached to
a we choose new numbers s and § on which we put marks O¢. These are the
special numbers for a and are designated by sét and §f;t, respectively. We
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also choose a corresponding new pair of sets (P, Q) and extend the family by

letting f(s) = (P, Q) and f(3) = (Q, P). We attach these numbers and pairs

f

to a. The potential reductions r;,, and ri}t (of f and f, respectively, to 95)

a,t
are defined to be empty and rit is declared the construction’s designated

potential reduction. In this case, the outcome of a is w. Otherwise, we

define the potential reductions r(é,t and r{m on the numbers marked with O

by ri,t(i) = k if and only if g;,(k) is covered by fi(j) and by no f,(i) with

i # j and Ti,t(i) = k if and only if g;(k) is covered by ft(j) and by no ft(z)
with ¢ # 7. If these functions are not defined on all numbers marked with
0%, the outcome of a is w and this is a waiting stage for a. Otherwise, ¢
is an a-recovery stage. At the first a-recovery stage v after u, the number
x such that riﬂt(sf;t) = z is declared the index of the a-special set for g,
and is denoted by s,,. It remains fixed until « is initialized. [[We will see
that the numbers s} , for later stages z are determined by the requirement
that Tz,z(sé,z) = SQ,Z']]

If ¢ is an a-recovery stage, we see if rX ; extends the previous designated
reduction r) . If so, set s}, = sX ;. This defines the number 87 ; with respect
to the enumeration x;. [[Note that if sX , participated in a U-operation then
55+ 7 Ba,s-]] In this case the outcome of v is x. If 73 ; does not extend the

previous reduction 7Y _, the construction changes its (designated) reduc-
tion from 7Y to r§7t. Set sgt =55y = 8K, =88, = 5378. This defines the
number §§7t = s, With respect to the enumeration y;. [[Note that if sX
participated in a U-operation then §§,t = sX; # sX, = 8X,.]] In this case
the outcome of a is co. In every case of an « recovery, attach the numbers
syy = 85, and sy, = 3}, and the corresponding pairs to a and put marks
0% on all numbers in the domain of f; that do not have them and are not
attached to nodes of higher priority or prohibited from getting them. [[We
will see that sY ; and 3 ; are already so marked.]|

At the end of stage t we see if there are numbers bo;_1, by;, as;, ag;_1 at-
tached to some « for which we have not acted at stage t. If the corresponding
node «; C « recovers at t, we cancel these numbers (and the corresponding
pairs) and appoint new ones b}, ¢, attached to o« and associate marks and

prohibitions with them as had been done with b; and ¢;.
This concludes the description of the construction.

Verifications:
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For each i € w, define f(i) =, fi(i). Define the family S by

S={f@)i € w}.

The following two lemmas state several obvious basic facts about the
construction.

Lemma 19 The following properties holds of the construction:

1. For all n,t € w, at stage t the pair x,(n) participates in a U-operation
if and only if the pair x(n) participates in the same U-operation.

2. For any pair x;(n), if n is cancelled at stage t, then the construction
never uses the pairs xi(n) or x¢(n) in any U-operation after stage t.
Therefore x(n) = x¢(n) and x(n) = x¢(n).

3. The pair f(n) is infinite if and only if the set {t| at stage t the set fi(n)
participated in a U-operation} is infinite. O

Lemma 20 Suppose that at a stage t a U-operation is applied by « to the
sequences of pairs corresponding to

X X X
b17 St b2 SR 7b2i717 Sa b b2i7 s 7b2l717 St b2[7 Y, ¢,

X X X
d, X, Q21, S5, 45 Q21—1, - -+, 0245 Sey, 15 A2i—15 - - -, A2, o, 1, (1

If there exists a stage t' > t at which a node to the left of «; is accessible,
then the pairs corresponding to numbers between §£t and siht (inclusively)

never participate in any U-operation at any t" > t', and are therefore finite.
O

Now to prove the correctness of the construction, we need to consider the
true path P on the tree 7, that is the leftmost path on 7 whose nodes are
accessible infinitely often. Thus, « is on the true path if there are infinitely
many stages at which « is accessible and there exists a stage t after which

no 3 to the left of « is accessible. It is clear that there is a unique true path
PonT.

Lemma 21 The enumerations f and f are not equivalent.
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Proof. Suppose that f is reducible to f via ®;. Consider the requirement
Q; and the node « of length 2j + 1 on the true path corresponding to Q);.
Let t be the first stage at which « is accessible but after which no (3 left to «
is ever accessible again. Let ¢ and d be the witness numbers attached to the
node « at stage t on which we intend to meet the requirement @);. Then f;(c)
is symmetric to fi(d). If there is no v > ¢ such that ®;,(c) = d, we clearly
satisfy the requirement. Otherwise, we eventually attach the appropriate
sequence of numbers (and pairs) to o and assure that there are always such
numbers attached at every later a-stage. We then eventually return to «
without it being initialized in between by our choice of o and t. At such a
stage we perform the U-operation which guarantees that ®; cannot reduce f
to f. (f(c) has become selfsymmetric and remains so as it is never used in
a U-operation again and so never changes. Thus f(c) = f(c) and so any ®
reducing f to f (or vice versa) would have to have ®(c) = ¢.) O

To prove that we also satisfy the requirements R;, we analyze what can
happen between stages at which the requirement « of length 25 on P is
accessible. Let u be the last stage at which « is initialized and let ¢g, ..., ¢,,. ..
be the sequence of stages after v at which « is accessible. At ty we attach
special numbers s and § (and the corresponding pairs) to a and mark the
numbers with O . The outcome of « is w. Let v be the first a-recovery stage
and s, = 54, be the index of the a-special set for g; defined at v. We now
consider what can happen in the interval of stages [t,,t,+1].

Lemma 22 1. If t, is a waiting stage for «, then no change can take
place in any pair whose index is in the domain of Y nor in the values

of S(J;t, sit and no new marks O are put on new numbers.

2. If t,, is a recovery stage then the only change that can take place at t,
is generated by at most a single application of a U-operation by some
B D a. (So if no U-operation is applied, no change occurs.)

3. In any case, no such changes can occur, nor marks be added, between
t, and t, 1.

Proof. The first claim is clear from the construction as the only way a pair
can get new elements once started is by participating in a U-operation but
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no pair marked with a O can participate in such an operation performed
by a node to the right of a. As for the second, note that no U-operation
can be performed for any 3 C « as then "¢ would become accessible for the
first time since § was last initialized and so t,, could not be an a-recovery
stage. When we perform a U-operation for some 3 O «, "¢ and so all its
extensions becomes accessible for the first time since it was last initialized.
Thus none of them can perform a U-operation by construction. The third
claim is clear from the fact that only nodes to the right of a can perform a
U-operation when « is neither accessible nor initialized. O

Lemma 23 Suppose that t,, is an a-recovery stage with designated reduction
rgf,tn, some 3 D « performed a U-operation (on a sequence as described in
the construction with o = «; for some i) at t,, and t,, is the next a-recovery
stage. Note that, by induction, when the U-operation is performed all the
numbers between sX and SY, inclusively, and no others in the sequence are
marked with Of, (and so in the domain of v}y, ) while at the end of stage t,,
both by, and asi—1 are also so marked and so all are in the domain of rX

a,bm *
There are then two possibilities for what happens at t,,:

1ory, (s5) =1y, (88) = sq. In this case, vy, remains the designated
reduction and extends vy, , sy, . = sy, which is already marked with

X

N : : .
0y by induction and 5, , .,

the outcome of v is x.

= ay; which was marked with O, at t,, and

2. rs (88) # ras (st). In this case, the construction changes its des-

a,tm ~
X X

ignated reduction from x to X; sy = Sn; = S, which is already

. « . - ~X . X
marked with 07 by induction and Sy, . = Say,.

marked with 0% at t,,. Also r§7tm(b2i_1) = Sq-

= by;_1 which was

Proof. Given the previous Lemma, the proof of this Lemma is essentially
the same as that of Claim 3 above. O

Lemma 24 Consider f(n), n € w. The following conditions are equivalent:
1. The pair f(n) is infinite.

2. The pair f(n) is infinite and there exists a unique « € P such that
n= lz’mtsit or n=lims’

a,t*
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3. The pair f(n) is infinite and selfsymmetric.

Proof. By Lemma 19, the only way f(n) can become infinite (1) is by
participating in a U-operation infinitely often. It is clear from the list of sets
to which U-operations are applied that the only candidates for such indices
n are sy, and 3}, for o on P. Thus, by Lemma 23, for any single one to
become infinite a"x must be on P and n must be lim;s); (2). In this case,
f(n) becomes selfsymmetric (3) by our action of extending f;(sY ;) by adding
on the least element of If,(sX ;) not in r fy(s} ;) and vice versa each time s
participated in a U-operation. Of course, (3) implies (1) trivially. O

Lemma 25 The family S of pairs of computably enumerable sets is symmet-
TiC.

Proof. As S; is symmetric for every ¢ by construction, (Q, P) € S for every
finite (P, Q) € S and so the Lemma follows from Lemma 24. O

Lemma 26 For all t,n € w there is an x € If;(n) and a y € rfi(n) such
that x & lf,(m) and y & rfi(m) for any n # m. Moreover, for all n € w,
there is an x € If(n) and ay € rf(n) such that x ¢ [f(m) and y ¢ rf(m)
for any n # m. Thus the enumeration f is one-to-one.

Proof. The first claim is clearly true by induction on the stages of the
construction. The second follows from the first when one of f(n) and f(m)
is finite and from Lemma 24 and the fact that, when each s, , is first defined,
it has in each set of the corresponding pair numbers that never appear in
any sg, for 3 # a when both are infinite. The third claim is an immediate
consequence of the second. O

Lemma 27 All requirements R; are satisfied.

Proof. We consider the node « of length 2j on the true path P. Assume,
possibly for the sake of a contradiction, that g; is a one-to-one enumera-
tion of the family S. Let u be the last stage at which « is initialized and
to,t1,...,tn, ... be the sequence of stages after u at which « is accessible.
We have the following three cases.
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Case 1. Suppose that a"w € P. It follows that there exists an n such
that a"w is accessible at every t,, for m > n. There are only finitely many
numbers (and so corresponding pairs in Sy, ) marked with O at stage ¢, and
no new ones are ever marked by Lemma 23. Thus there is an m > n such
that each one of these pairs has an isomorphic copy in the family enumerated
by gj+,.- By Lemma 26 and our conventions about the enumeration g;, .,
would be a recovery stage for o for the desired contradiction.

Case 2. Suppose that a"y € P, where x € {f, f} In this case, there is
an n such that a”y or a”w is accessible at every t,, for m > n. (The point
here is that, once a”y is accessible, a”x can become accessible only if a” oo
is first accessible but if that happened infinitely often it would contradict
our assumption that oy € P.) By Lemma 23, nothing happens to rit at
stages t,, at which a"w is accessible or between stages t,, and t,,,;. Thus
Tt C© Tago1 for every m > n. We let rX = U{ry,; |m > n} and claim
that, on its domain, it is the desired reduction of x to g;. It is clear from the
construction and the proof of Lemma 21 and from Lemma 23 that the only
numbers that never get a mark O are lim, s%‘yt for 3" x C « and the finitely
many numbers permanently attached to or prohibited from getting marks by
nodes v of higher priority than . Thus rX is defined on all but finitely many
indices in the family S enumerated by x. As g; is a one-to-one enumeration
of S, this map is the desired computable reduction on its domain by the
definition of covering and Lemma 26. It can be computably extended to one
on all of the domain of y since there are only finitely many indices omitted
from its domain.

Case 3. Suppose that a"oco € P. Consider the pairs x(s};) and x(3} ;)
for x € {f, f} Let v; < vy < ... be the sequence of stages after u at which
a” oo is accessible. Without loss of generality, suppose that at stage v; the
designated reduction is rg:vl. Consider s{;m. By Lemma 23, s/, # 33;7”2 and

a,v1
sl ,, =S8, At stage vs, we have 8/ # 8/ —andsf  =s!, . Continuing
this way, we see that in the sequences
f f af af
Sty Sty - - and Spans Sy - - -

each number appears at most twice. Therefore, by the construction, all
pairs f(Sa.,) are finite. Consider the corresponding special pair g;(s,) in
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the enumeration g; (o = Sanu, and it never changes). Note that the pair
gj(sa) is infinite. Suppose that there exists an x such that f(z) = g;(sa)-
Thus f(z) is an infinite set and, by Lemma 24, f(z) is selfsymmetric and
equal to limtsgi for some "y on the true path P. Suppose that § D « or
B C a. By Lemma 26, ( is unique and the pair f(x) has an element which
does not belong to g;(s,). Therefore f(x) # ¢;(s) which is a contradiction
and so a = 3. It follows that = = lz’mtsgvt or x = lz’mt§£7t. However, as we
noted above, neither of the limits limtséyt and limt§£,t exist for the desired
contradiction. O

4 Families and Structures of Dimension k

In this section we will briefly explain the basic ideas for producing a com-
putably categorical structure which has exactly k& computable isomorphism
types, k € w, when expanded by any finite number of constants. The first
natural step is to consider families of k-tuples of computably enumerable
sets and define an appropriate notion of symmetry. The second natural step
is to generalize the notion of U-operation which was a crucial mechanism
in meeting diagonalization requirements (.. We will also need to have an
appropriate priority tree for the generalization of our construction. Another
technical consideration is to define the special k-tuple of sets for the potential
enumerations of the family we would like to build. For example, in the proof
of Theorem 3.1, depending on stage ¢ and a node «, the construction needed
to have a special g—pair of sets g(s,.) for each potential enumeration g. As
we will explain below, in the general case, for each potential enumeration ¢
the construction will need to have exactly (k — 1) many special k—tuples of
sets which depend on stage ¢t and the nodes of the priority tree. It turns out
that the generalization of the U-operation requires several technical consid-
erations. We will present these considerations below. A simpler proof of the
theorem, however, will appear with more details in a work on degree spectra
of relations on computable structures [10].

Let X = (Xi,...,X) be a k—tuple of sets. Define pX to be equal to
(Xk, X1,...,X,_1). Thus p is a map defined on the set of all k—tuples of
sets. A family S of k-tuples of sets is symmetric if X = (Xq,...,X;) €5
implies that pX = (X, Xy,...,Xx_1) € S, that is, if S is closed under p.
We call the sequence X, pX, p?X, ..., p*"1X the orbit of X and denote it
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by o(X). It is obvious that p*X = X. We let p°X = X as well.

Suppose that S is a symmetric family of k-tuples. Suppose that f is a
one-to-one computable enumeration of S. For each i < k — 1, we define the
enumeration f; by setting f;(n) = p'f(n) for all n € w. In particular, we see
from this definition that fy is f.

Definition 28 A symmetric family of k-tuples of computably enumerable
sets has dimension k if there exists a one-to-one computable enumeration
f of S with the following two properties:

1. The enumerations f, fi,..., fr_1 are pairwise inequivalent.

2. Fach computable one-to-one enumeration of S is equivalent to one of
the enumerations f, fi, ..., fr_1.

The U-operation defined in §3 on symmetric sequences of pairs was im-
portant in our construction of symmetric family of dimension 2. To motivate
the analogous operation for sequences of k-tuples of sets, we rephrase the
description of the U-operation as follows: For each ¢ < n, consider a pair
X;, pX; of pairs of sets. Thus, we have X; = pX;. Picture a sequence of pairs
arranged as follows:

XOapX07 X17pX17 s 7Xn—1aan—17 Xn7an-

We perform the operation by putting (coordinatewise) all elements of X
into X;;1 for ¢ < n, all elements of pX; into pX;_; for ¢ > 0, all elements
of X, into pX,, and all elements of pXg into X,. This produces a sequence
of sets W; for j < 2n + 1 such that W, and Wy,,4; are selfsymmetric and
W2i+1 = Whyyo for ¢+ < n. Informally, one can imagine the original line of
sets X1, pX1,..., X 1,pXn_1, X, pX, without the first pair as the single
spoke of a wheel with center Xy, pXy. Thus, in the general case, when we
deal with k—tuples of sets, by a spoke we mean a finite sequence

o(X1),...,0(X,)

of orbits of k—tuples of sets X1, ..., X,,. The number n is the length of the
orbit. Similarly, a wheel with center o(C) is a sequence

Vi, Vi
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pYi— p*Yo— p?Yo— p?Y— p?C PPXr— p*Xs— p* X3

pYas pYs pYs pY; KPC pXy pXo+— pXg—
Y, Y; Y, Y1 C X Xo X3
Figure 2:

of spokes of the same length such that each V; begins with the same orbit
o(C). Note that each wheel has exactly & — 1 spokes.

Let o(Xy),...,0(X,) be a spoke. Fix an m such that 1 < m < k. Call
the sequence p™X,,...,p"X; a designated array. Starting with the orbit
Xi,...,p"" 1 Xy we put (coordinatewise) all elements of p'(X;) into p'X;,y
for i # m. Starting with the last orbit X,,...p* 'X,, we put all elements
of p™X; into p™X,_; for i > 0. We also put all elements of p/ X, into X;
and all elements of p’ X,, into p™X,, for j < k — 1. We call this operation a
U(m)-operation. The affect of the U(m)-operation is that the first k—tuple
X; has become selfsymmetric (all components are equal) and at the end of
the spoke the k—tuple p™ X,, has become self symmetric.

Definition 29 Let Vi,..., Vi1 be a wheel with center o(C'). The general-
ized U-operation applied to this wheel is defined by performing a U(m)-
operation on the spoke V,,, for each m with 1 <m <k — 1.

In Figure 2 we show graphically an example of a generalized U—operation
applied to a wheel when k& = 3 and n = 5. In this picture C, pC, p*C is the
center, V7 is the spoke on the right side of the center with p Xy, pXs, p X3, p X4
being the designated array, and V5 is the spoke on the left side of the center
with p?Y7, p?Ys, p?Ys, p?Y, being the designated array. In this picture X — Y
means that we put coordinatewise all elements in X into Y. The affect of
this U-operation in Figure 2 is that the 3-tuples C, pXy, and p?Y; have
become selfsymmetric. Now using the above definitions one can prove the
next lemma which is the analog of Lemma 3.3.
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Lemma 30 The generalized U-operation applied to any wheel produces a
symmetric family of k-tuples with k many selfsymmetric sets. O

Let g;, © € w, be a standard enumeration of all computable enumerations
of families of k—tuples of computably enumerable sets. To construct a family
S of dimension k we need to build a one-to-one enumeration f of S such that
the following requirements are met:

Qci: [ is not equivalent to f; via @,
wheret=1,...,k—1 and
Ri: gi~ foV ...\ gi ~ fe_1 or g; is not a one-to-one enumeration of S.

The priority tree 7 over the alphabet A = {c,d, 00, fo, f1, - fe—1, W}
with the ordering ¢ < d < o0 < fo < f1 < ... < fr_1 < w is defined
as follows. If o € 7 and the length of « is even, then a" oo, a” f; for all
1=0,...,k—1and a"w belong to 7. If & € 7 and the length of « is odd,
then a”c and a"d belong to 7.

At stage t of the construction, we use the following objects and terminol-
ogy.

1. Enumerations f;;, ¢ = 0,...,k — 1, and Families S;. f;; is the
approximation to f; that the construction is building. That is, for each s € w,
we have

fils) = fiels), i=0,.. .k — 1.

Each of the functions fo4,..., fr—1, enumerates the same symmetric family
which we denote by S;.

2. Functions rf;it, i=0,...k—1. Eachr),, where x € {fo,..., fr_1}, 18
the function which reduces x; to g; at stage t. The function 7} ; can extend the
previous reduction. If 7 ; does not extend the previous designated reduction,
then we say that the construction changes its (designated) reduction.

3. Diagonalization Witnesses. To each partial computable function
®,and 7,7 =0,...,k—1, the construction assigns an orbit C' which depends
on stage t and a node of the priority tree. One of the goals of the construction
is to diagonalize against the potential reduction ®, on this orbit. The strategy
to meet the requirement (). ; is based on the generalized U-operation. More
precisely, suppose ®. is a potential function which reduces f to f;. Let
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o(C) = forllo),..., for(li),... for(lg—1) be an orbit assigned to meet Q..
Suppose that ®.(ly) = [;. Then to meet Q. ;, the construction takes a wheel
with center C' and performs a generalized U-operation on this wheel. This
action diagonalizes against ®, and meets the requirement Q).

4. g—Special k—Tuples. For each potential enumeration g and node «
devoted to it, the construction picks (k—1) many k-tuples g(sa1), .-, 9(Sakr—1)
called a—special k—tuples. The construction will satisfy the following prop-
erty. If there exist infinitely many stages at which the construction changes
its reduction, then there will be a k-tuple among ¢(sa1), .-, g(Sak—1) Which
becomes infinite, while all k-tuples in fy contained in the infinite k—tuple are
finite, and therefore g is not a one-to-one enumeration of S. If after some
stage the construction never changes its reduction and g is a one-to-one enu-

meration of the family S, then g is equivalent to one of fy,..., fi_1.
5. Special Numbers S(J;Zt, t =0,...,k —1. The construction uses

these numbers so that rift(sfj,t) =S4 forall i =0,...,k — 1. Thus ft(sf’t)

is the k-tuple in f;; which corresponds to g(s,;) at stage t. The construc-
tion guarantees that the orbits of the k-tuples ft(sf;ft), - ft(sf ") do not

a,t
intersect. In addition, the construction also guarantees that if the k—tuples
corresponding to these numbers participate in performing a generalized U-
operation on a wheel, then these k—tuples appear in the different spokes of
the wheel. In addition, each of these k—tuples will be in the designated arrays
of the corresponding spoke. Moreover, if ¢ is an a-recovery stage, then these

numbers satisfy the following important properties which are the analogs of
f

¢ and sfy’t in the construction of a

those of the special numbers (pairs) s
symmetric family of dimension 2.

1. If the construction does not change its reduction, then these special
numbers do not change.

2. If the construction changes its reduction, then one of these special
numbers will change, that is will be different from the all previous
ones.

3. If, after some stage, the construction never changes its reduction, recov-
ers infinitely often and ¢ is a one-to-one enumeration of the family S,
then the construction guarantees that the set x(lim, ..sX,) becomes
selfsymmetric and infinite.
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Now the reader can see that the construction of a symmetric family of
dimension £ is similar to the construction of Theorem 3.1. Given a symmetric
family S of dimension k, we can code a such family into a structure (as we
did in the proof of Theorem 2.1) and so prove our main result:

Theorem 31 For any natural number k there exists a computably categor-
tcal structure A such that for each element a € A the erpanded structure
(A, a) has dimension k. O

References

[1] J. N. Crossley, ed., Aspects of Effective Algebra, Proceedings of a Confer-
ence at Monash University, Australia, 1-4 August, 1979, Upside Down
A Book, Yarra Glen, 1981.

[2] Yu. Ershov and S. S. Goncharov, eds., Logic Notebook: Problems in
Mathematical Logic, Novosibirsk University, 1986.

[3] A. Frohlich and J. C. Shepherdson, Effective Procedures in Field Theory,
Phil. Trans. Roy. Soc. London ser. A 248 (1956), 407-432.

[4] S. S. Goncharov, The Problem of the Number Of Non-Self-Equivalent
Constructivizations, Algebra i Logika, 19 (1980), 621-639.

[5] A. Grzegorczyk, On the Definitions of Computable Real Continuous
Functions, Fund. Math. 44 (1957), 61-71.

[6] V. Harizanov, Pure Recursive Model Theory, preprint, to appear in
Handbook of Recursive Mathematics, Y. Ershov, S. Goncharov, A.
Nerode, J. Remmel eds.

[7] V. Harizanov, The possible Turing Degree of a Nonzero Member in a
Two Element Degree Spectrum, Annals of Pure and Applies Logic, 60
(1993), 1-30.

[8] L. Harrington, Recursively Presentable Prime Models, J. Symb. Logic
39 (1974), 305-309.

34



[9] N. Khisamiev, On Strongly Constructive Models of Decidable Theories,
Izvestia AN Kaz. SSR no. 1, 1974, 83-94.

[10] B. Khoussainov and R. Shore, Computable Isomorphisms, Degree Spec-
tra of Relations, and Scott Families, Annals of Pure and Applies Logic,
to appear.

[11] D. Lacombe, Extension de la Notion de Function Recursive aux Func-
tions d’une ou Plussiers Variables Réelles, C. R. Acad. Sci. Paris: 1 240
(1955), 151-153.

[12] A.I. Mal‘cev A.I, Constructive Algebras I, Uspekhi Matem. Nauk, 16
(1961), 3-60.

[13] T. Millar, Recursive Categoricity and Persistence, J. Symb. Logic 51
(1986), 430-434.

[14] T. Millar, Abstract Recursive Model Theory, in Handbook of Recursion
Theory, E. Griffor, ed., North-Holland, to appear.

[15] M. O. Rabin, Computable Algebra, General Theory and Theory of Com-
putable Fields, Trans. Am. Math. Soc. 95 (1960), 341-360.

[16] J. B. Remmel and J. N. Crossley, The Work of Anil Nerode: A Retro-
spective, in Logical Methods, J. N. Crossley, J. B. Remmel, R. A. Shore
and M. E. Sweedler, eds., Birkhauser, Boston, 1993, 1-91.

35



