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COMPUTABLE REDUCIBILITY OF EQUIVALENCE RELATIONS
AND AN EFFECTIVE JUMP OPERATOR

JOHN D. CLEMENS"“*, SAMUEL COSKEY"*, AND GIANNI KRAKOFF

Abstract. We introduce the computable FS-jump, an analog of the classical Friedman-Stanley jump
in the context of equivalence relations on the natural numbers. We prove that the computable FS-jump is
proper with respect to computable reducibility. We then study the effect of the computable FS-jump on
computably enumerable equivalence relations (ceers).

§1. Introduction. The backdrop for our study is the notion of computable
reducibility of equivalence relations. If E, F are equivalence relations on N we say
E is computably reducible to F, written E < F, if there exists a computable function
f: N — N such that for all n,n’

nEn < f(n)F f(n').

This notion was first studied in both [6, 8]; it has recently garnered further study for
instance in [7, 9, 10, 13] and numerous other works including those cited below.

Computable reducibility of equivalence relations may be thought of as a
computable analog to Borel reducibility of equivalence relations on standard Borel
spaces. Here if E, F are equivalence relations on standard Borel spaces X, Y we say
E is Borel reducible to F, written E <p F , if there exists a Borel function f: X — Y
suchthatx E x’ <= f(x) F f(x'). Werefer the reader to [12] for the basic theory
of Borel reducibility.

One of the major goals in the study of computable reducibility is to compare the
relative complexity of classification problems on a countable domain. In this context,
if E < F we say that the classification up to E-equivalence is no harder than the
classification up to F-equivalence. For instance, classically the rank 1 torsion-free
abelian groups (the subgroups of Q) may be classified up to isomorphism by infinite
binary sequences up to almost equality. Since this classification may be carried out
in a way which is computable in the indices, there is a computable reduction from
the isomorphism equivalence relation on c.e. subgroups of Q to the almost equality
equivalence relation on c.e. binary sequences.

A second major goal in this area is to study properties of the hierarchy of
equivalence relations with respect to computable reducibility. The computable
reducibility quasi-order is quite complex: for instance it is shown in [5, Theorem 4.5]
that it is at least as complex as the Turing degree order, and in [1] that its theory is
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equivalent to second order arithmetic. In a portion of this article we will pay special
attention to the sub-hierarchy consisting of just the ceers. An equivalence relation
E on N is called a ceer if it is computably enumerable, as a set of pairs. Ceers were
called positive equivalence relations in [8], subsequently named ceers in [13], and
further studied in works such as [2—4].

As with other complexity hierarchies, it is natural to study operations such as
jumps. One of the most important jumps in Borel complexity theory is the Friedman—
Stanley jump, which is defined as follows. If E is a Borel equivalence relation on the
standard Borel space X, then the Friedman—Stanley jump of E, denoted E™, is the
equivalence relation defined on X by

XE" X' = {[x(n)]g:neN}={[y(n)g:neN}

Friedman and Stanley showed in [11] that the jump is proper, that is, if E is a Borel
equivalence relation, then E <z E*. Moreover they studied the hierarchy of iterates
of the jump and showed that any Borel equivalence relation induced by an action of
S 18 Borel reducible to some iterated jump of the identity.

In this article we study a computable analog of the Friedman-Stanley jump, called
the computable FS-jump and denoted E™, in which the arbitrary sequences x(n)
are replaced by computable enumerations ¢, (). In Section 2 we will give the formal
definition of the computable FS-jump, and establish some of its basic properties.

In Section 3 we show that the computable FS-jump is proper. that is, if E is a
hyperarithmetic equivalence relation, then E < E*. We do this by showing that any
hyperarithmetic set is many-one reducible to some iterated jump of the identity, and
establishing rough bounds on the descriptive complexity of these iterated jumps.

In Section 4 we study the effect of the computable FS-jump on ceers. We show
that if E is a ceer with infinitely many classes. then E* is bounded below by the
identity relation Id on N, and above by the equality relation = on c.e. sets. This
leads to a natural investigation of the structure that the jump induces on the ceers,
analogous to the study of the structure that the Turing jump induces on the c.e.
degrees. For instance, we may say that a ceer E is high for the computable FS-jump
if ET is computably bireducible with =“. At the close of the section, we begin to
investigate the question of which ceers are high for the computable FS-jump and
which are not.

In the final section we present several open questions arising from these results.

§2. Basic properties of reducibility and the jump. In this section we fix some
notation, introduce the computable FS-jump, and exposit some of its basic
properties.

In this and future sections, we will typically use the letter e for an element of N
which we think of as an index for a Turing program. We will use ¢, for the partial
computable function of index e, and W, for the domain of ¢..

DEeFINITION 2.1, Let E be an equivalence relation on N. The computable FS-jump
of E is the equivalence relation on indices of c.e. subsets of N defined by

e ET ¢ = {[$e(n)]g :n € N} = {[$(n)]g : n € N}.
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When E is defined on a countable set other than N (or computable subset thereof)
we define E* similarly, considering ¢, to have its range in the domain of E:
formally we may compose ¢, with a computable bijection from N to the domain

of E. Furthermore we define the iterated jumps E*" inductively by E*! = E* and
E—i—(n-&-l) — (E-"rn)-J—_

We remark that we could also have defined E* by working with domains W, rather
than ranges ran(g, ). While each choice has conveniences, we use Definition 2.1 due
to its analogy with the Friedman—Stanley jump.

We mention here that several other jumps of equivalence relations have been
studied in the case of ceers. The halting jump and saturation jump were introduced

n [13]. The halting jump of E. denoted E’, is defined by setting x E’ y iff x =
yV éy(x) LE ¢, (p) |. The halting jump and its transfinite iterates are investigated
extensively in [3]. The saturation jump of E, denoted E*, is defined on finite subsets
of N where x and y are saturation jump equivalent if their E-saturations are equal
as sets. The saturation jump may be viewed as a finite-sequence version of the
computable FS-jump. As observed in [13] it is not always the case that £ < E’ and
E < E™. Tt is worth noting that the computable FS-jump dominates the saturation
jump under computable reducibility, and dominates the halting jump for ceers E.

Unless explicitly stated otherwise, any further use of the word “jump” will refer
to the computable FS-jump.

We are now ready to establish some of the basic properties of the computable
FS-jump. In the following, we let Id denote the identity equivalence relation on N. It
is worth noting that, although several of these results are direct analogues of results
in Section 7 of [13], our results apply to an arbitrary equivalence relation £ and not
only ceers (unless stated otherwise).

PROPOSITION 2.2.  For any equivalence relations E and F on N, we have:
(a) E<E™Y. .

(b) If E has only finitely many classes. then E < E™.

(¢c) IfE < F then ET < FT.

PrOOF. (a) Let f be a computable function such that for all e we have that ¢ /() is
the constant function with value e. (To see that there is such a computable function f,
one can either “write a Turing program” for the machine indexed by 1 (e) or employ
the s-m-n theorem. In the future we will not comment on the computability of
functions of this nature.) Then e E ¢’ if and only if [e]z = [¢/]g. if and only if
(o) E f(e). |

(b) Note that if E has n classes, then E* has 2" classes.

(c) This is similar to [13, Theorem 8.4]. Let f be a computable reduction from
E to F. Let g be a computable function such that ¢, (n) = f(¢.(n)). Then it is

straightforward to verify that g is a computable reduction from E* to F . o
Slightly less trivially we also note the following.
PROPOSITION 2.3. For any E with infinitely many classes we have |d < E*.

Proor. We define a reduction function f that works simultaneously for all
equivalence relations E with infinitely many classes. Given n, let f(n) be a code

https://doi.org/10.1017/js1.2022.45 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2022.45

COMPUTABLE REDUCIBILITY AND AN EFFECTIVE JUMP OPERATOR 543

for a machine such that the sequence of sets S; = ¢>f(,,)(i) consists of all n-
element subsets of N. Clearly since E ++ is reflexive we have that n = n’ implies
f(n) E** f(n'). Conversely suppose n # n’, and assume without loss of generality
that n < n’. Then for all i € N we have that [¢/(,)(i)],: is a code for at most
n-many E-classes. On the other hand since E has infinitely many classes, there
exists i € N such that [¢/,)(i)];+ is a code for exactly n’-many E-classes. It
follows that {[¢/(,)(i)]z+ i € N} # {[¢/()(i)]p+ 1 i € N}, or in other words,

f(n) EF 1 (n). ¥

In the following, we let E @ F denote the equivalence relation defined on N x
{0,1} by (m,i)(E® F)(n,j)iff i =j=0A(mEn)or(i=j=1)A(mF n).
Finally, we let E x F denote the equivalence relation defined on N x N by
(m.n)(Ex F)Ym'.n')iTmEm AnFn'

PROPOSITION 2.4. (E & F)" is computably bireducible with E* x F*.

Proor. For the forward reduction, given an index e for a function into N x
{0.1}. let ¢, (n) = m if ¢.(n) = (m.0) and let ¢, (n) = m if ¢p.(n) = (m.1): ¢,
is undefined otherwise. Then the map e +— (eo. 1) is a reduction from (E @ F)*
to ET x F*. For the reverse reduction, given a pair of indices (eg. e;) we define
¢e(2n) = (¢¢,(n).0) and ¢.(2n + 1) = (¢,,(n). 1). Once again it is easy to verify
(e, e1) — e is a reduction from E* x F* to (E ® F)*. -

In the next result we will briefly consider the connection between the computable
FS-jump and the restriction of the classical FS-jump to c.e. sets. In the literature,
the nth iterated classical FS-jump of Id is usually denoted F,,. For our purposes it
will be convenient to regard each F, as an equivalence relation on P(N). Thus we
officially define F; as the equality relation on P(N). Letting (-, -) be the usual pairing
function N?> — N, and let A"l denote the nth “column” of A4, that is, A"l = {p €
N: (n, p) € A}. We then officially define 4 F, Biff {4 : n € N} = {B" : n € N}.
Similarly for all n we can officially define F,, on P(N) by means of a fixed uniformly
computable family of bijections between N” and N. So defined, F;, is naturally Borel
bireducible with the literal nth iterated classical FS-jump of Id.

Next, recall from [7] that for any equivalence relation E on P(N) we can define
its restriction to c.e. sets E° on N by

eE“e «— W,E W,.

In particular, (F;)“ is =, which figures prominently in the theory of computable
reducibility. We are now ready to state the following.

ProposITION 2.5. For any n, we have that 1d+ s computably bireducible with
(F)ee.

PROOF SKETCH. For n = 1, we need to show that Id™ is computably bireducible
with =, which amounts to the effective equivalence of a c.e. set being either the
domain or the range of a partial computable function. Namely, let /' and g be
computable functions so that W, = ran(g,) and ran(p,(.)) = W,: then f and g
provide the respective reductions. For the induction step. it is sufficient to show
that for any n we have that ((F,)“)" is computably bireducible with (F, ). For
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notational simplicity, we briefly illustrate this just in the case when n = 1. For
the reduction from ((F7))" to (F>)%, we define f to be a computable function
such that for all n we have (W, (,))" = W, ,). For the reduction from (F,)* to
((F1)*)*, we define g to be a computable function such that for all n we have
(W 1 = (W), I

We shall make frequent use of the particular case that Id* is computably
bireducible with =,

To conclude the section, we define transfinite iterates of the computable FS-jump.
The transfinite jumps allow one to extend results such as the previous proposition
into the transfinite, and they also play a key role in the next section. For the definition,
recall that Kleene’s O consists of notations for ordinals and is defined as follows:
1 € O1isanotation for 0, if ¢ € O is a notation for o then 2¢ is a notation for o + 1,
and if for all n we have ¢, (n) is a notation for o, with the notations increasing in O
with respect to n, then 3 - 5 is a notation for sup,, a,,. We refer the reader to [17] for
background on O.

DEFINITION 2.6. We define E*¢ fora € O recursively as follows:
EJrl _ E,
E+2b _ (E%)"L.
EP = {((m.x). (n.y)) : (m =n) A (x ET0 y)}.

We remark that it is straightforward to extend Proposition 2.5 into the transfinite
as follows. Given a notation a € O for «, we may use « to define an equivalence
relation F, on P(N) which is Borel bireducible with the a-iterated FS-jump F,.
We then have that Id™ is computably bireducible with (F,). We do not know.
however, whether I1dt¢ and 1+ are computably bireducible when ¢ and a’ are
different notations for the same ordinal.

The following propositions will be used in the next section.

PROPOSITION 2.7. If ET < E then for any a € O we have EY¢ < E.

ProOF. We proceed by recursion on a € O. It follows from our hypothesis
together with Proposition 2.2(b) that E has infinitely many classes. By Proposi-
tion 2.3, we have Id < EF and hence Id < E. From this we can see that E x Id <
E* as follows. Suppose /: |d < E and define /4’ by arranging for Wj,(,,) = {0.1}.
Gur(en)(0) = a code for {e}. and ¢y, (1) = a code for {h(n).h(n +1)}. Since
h(n) and h(n + 1) are distinct for each n. we can distinguish {4 (n). h(n + 1)} from
{e} and recover ¢ and n from /’(e,n). so that h’: E x Id < E*". Hence we have
E x |d < E. and we may fix a computable reduction function g: E x Id < E.

Now let f': E* < E and define uniformly f, : E** < E as follows. Let f'| be the
identity map. Given f, : E** < E apply Proposition 2.2(c) to get f; : (E™*)" <
E*, then define f = f o f . To define f3.s5 it suffices to find a reduction from
E+3% to E x Id and compose with g: this follows from the fact that we have each
Etee() uniformly reducible to E by the effectiveness of the recursion. =

PROPOSITION 2.8. If E x |d < E then for any a € O we have E** x Id < E*,
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Proor. We proceed by recursionona € O, noting that the induction will produce
the reduction functions effectively from a. Suppose first that E7¢ x Id < E*“. Then
E* x1d = (E*)* xId < (E**)* x Id™, which is bireducible with (E+¢ @ Id)*
by Proposition 2.4. Since the hypothesis implies Id < E. this is reducible to (E™ ¢
E*+)* which is reducible to (E™ x 1d)*, and hence reducible to (E+4)* = ET2°.
For £ *3‘56, we assume that E+¢¢(m x |d <FE +pe(m) uniformly in m, from which we
see that E*¥5 x Id < (E x I1d)#¥5 < E+35 .

Since a computable bijection from N x N to N shows Id x Id < Id, we get:

COROLLARY 2.9. For any a € O we have ld™ x Id < Id*e.

§3. Properness of the jump. In this section we establish the following main result.
TurorReM 3.1, If E is a hyperarithmetic equivalence relation on N, then E < E™.

Since we have £ < E + for each equivalence relation E, this amounts to showing
that no hyperarithmetic equivalence relation is a fixed point of the computable
FS-jump. We will in fact establish the following stronger result.

THEOREM 3.2. Let E be an equivalence relation on N which is a fixed point for the
computable FS-jump. Then E is an upper bound in the m-degrees for all hyperarithmetic
sets.

The proof will proceed by showing that iterated jumps of the identity have cofinal
descriptive complexity among hyperarithmetic sets. Specifically, we will show that
every hyperarithmetic set is many-one reducible to Id** for some a € O. The proof
will involve an induction on the hyperarithmetic hierarchy, and we will utilize a
particular type of many-one reduction which we now introduce.

DEermNITION 3.3. Given a relation E on N, we define the relation Cg by setting
e Cg ¢ if the following holds:

Vl’l[(ﬁe(l’l) \L = 3m(¢e’(m) { /\¢e(n) E ¢e’(m))]

We write ¢ D e’ when e’ Cg e. Note that when E is an equivalence relation, Cg
is a quasi-order and we have e E™ ¢’ iff e Cp ¢’ and e’ Cy, e.

DEFINITION 3.4. Given a set P and an equivalence relation E. we say that P is
subset-reducible to E* if there is a computable function / and ey € N so that for
all n we have h(n) Cg ey, and P(n) <= h(n) E* ey. We call the pair (h.e) a
subset-reduction.

If P is subset-reducible to ET then it is clearly many-one reducible; we will show
that every hyperarithmetic set is subset-reducible to some iterated jump of Id. Since
in general P may be many-one reducible to £ without P¢ being reducible to an
iterated jump of E, we wish to only use “positive” induction steps, i.e., an inductive
construction of the hyperarithmetic sets starting from computable sets and involving
only effective unions and intersections. Also, since we need to uniformly produce
reducing functions throughout the construction of a set, we want to consider the
entire construction at once. To this end we introduce the notion of a computable
Borel code for a hyperarithmetic set. There are many different presentations of

https://doi.org/10.1017/js1.2022.45 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2022.45

546 JOHN D. CLEMENS, SAMUEL COSKEY, AND GIANNI KRAKOFF

computable Borel codes, all of which give the same collection of sets; the following
definition is a slight variation of that given in Chapter 27 of [15].

DEFINITION 3.5. A computable Borel codeis a pair (T, f') where T is a computable
well-founded tree on N so that ¢ ~n € T for all n for non-terminal nodes ¢, and f
is a computable function from the terminal nodes of T to N. Given a computable
Borel code (T, f). the set B(T. f) is defined by recursion on ¢ € T as follows. If ¢
is a terminal node, then B,(T. /) = ran ¢ (1) and if 7 is not a terminal node, then
B(T.f) = {n: Vp3g(n € Bi~(p) (T. /) }. We let B(T. f) = By(T. f).

The following characterization then follows from the fact that a set is hyperarith-
metic if and only if it is A}., together with the Kleene Separation Theorem and the
hyperarithmetic codes used in its proof (see, e.g., [17, Chapter 1I] and [15, Theorem
27.1]).

THEOREM 3.6. A set B is hyperarithmetic if and only if there is a computable Borel
code (T, f) such that B = B(T. ).

From this characterization, we see that it will suffice to consider three types of
inductive steps as described in Lemmas 3.8-3.10. We begin by considering the case
of a XJ set because it allows us to produce slightly better complexity bounds, as
discussed later in this section, and introduces key ideas used in the subsequent
proofs.

In the following, we will say that e is an index for an enumeration of the c.e.
set W if ran ¢, = W. We will repeatedly utilize the fact that we can effectively
enumerate the E-classes of the c.e. supersets of a given set. i.e.. {[e] .+ 1 e D e} =
{[WiUeolg: : i € N}. where we use W; U ey to denote an index for an enumeration
of ran ¢, U W;. The analogous statement with Cr replacing 2 does not hold, as
illustrated in Proposition 3.12, which is why we repeat this process twice to handle
existential quantification. Recall that = is computably bireducible with Id".

LEMMA 3.7. Let P be 3. Then P is subset-reducible to (:c"ﬁ.
ProoF. Choose iy with P(n) <= 3qVm ¢;,({(g.m.n)) |. so that
P(n) <= 3q {{(g.m.n) :m € N} C W,
Letting W, ) = Wi, U{(g.m.n) : m € N}, we then have
P(n) <= 3q Wyum = Wi
with W, ) O Wi, for all g and n. Then
P(n) <= 3q{WiU W, i e N} ={W;UW; :iecN}
with {W; U Wy, i € N} C{W; U W, :i e N} forall g and n. Hence
P(n) <= {WiUWy,,:ic€NAgeN}={W,UW, :iecN}

with {W; U Wy i € NAge N} C{W;UW, :i €N} for all ¢ and n, and
equality holding only when there is ¢ with Wy, ) = Wj.

Let /1(n) be such that ¢, ((i.¢)) is an index for an enumeration of W; U Wy,
and let ey be such that ¢, (i) is an index for an enumeration of W; U W;,. Then we

have P(n) <= h(n) (=%)" ep. with /(1) C_ce ey for all n. =
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LemMA 3.8. Suppose Q is subset-reducible to E*, and P(n) <= 3q Q((q.n)).
Then P is subset-reducible to E™"". Moreover. there are computable functions ¥
and y so that if (¢;.do) is a subset-reduction from Q to E™. then (¢y). x(do)) is a
subset-reduction from P to ETF+.

PrOOF. Let (f.dy) be a subset-reduction from Q to E*. We then have

P(n) <= 3¢ 0((¢9.n))
— 3¢ f({¢.n)) E" dy
<= dq{[mlg :m erang,, )} = {[mle : m € ran ¢y, }
= g {lely: e D f(gm)} = {lelys : e Dr do}

with {[e],1 : e 2 f({g.n))} D {[e]lz+ : e D do} for all g and n. Let j be such that
®(nq) (i) is an index for an enumeration of W; Uran ¢ (., for each n, ¢. and i,
and let jo be such that ¢; (i) is an index for an enumeration of W; U ran ¢, for
each i. Then we have

P(n) < 3¢ j(n.q) E*" jo.
with j(n.q) 2,1 Jjo for all n and ¢. Hence

P(n) < 3q{lelyii e 2pi jn.q)} ={lelgii 1 e 2pi jo}

with {[e];11 1 e D1 j(n.q)} C{[elzis e Dpi jo} forall nand g. Hence we also
have {[e]z1+ 1 3g e D1 j(n.q)} C{[elzis e Dpi Jjo} for all n, and we claim that

P(n) <= {lelpii :3qe D j(n.g)} ={lelpis e 2pt Jjol}-

To see this. note if equality holds then [ o], must be an element of the left-hand
set, so there must be go with jo 2,1 j(n. qo). Since j(n.q) 2,1 jo for all q, we thus
have j(n.qo) E*F jo. so that P(n) holds.

Finally. let / be such that ¢, ((i.¢)) is an index for an enumeration of
WiUrang;,,) for each n, ¢, and i, and let ¢y be such that $e, (i) is an index
for an enumeration of W; Uran ¢, for each i. Then h(n) C i+ eo for each n, and
P(n) < h(n) ET™F ¢y, so that (h.e) is a subset-reduction of P to ET7F. The
construction from /4 and ¢ is uniform in f and dj, so we can produce the functions
¥ and y as described. -

LemMA 3.9. Suppose E x |d < E, Q is subset-reducible to E*. and P(n) —
VpO((p.n)). Then P is subset-reducible to E™. Moreover, there are computable
functions ¥ and y so that if (¢;.dy) is a subset-reduction from Q to E*. then
(w(i). x(do)) is a subset-reduction from P to E™.

PrOOF. Let (f.dy) be a subset-reduction from Q to E™, and let g be a reduction
from E x Id to E. Define /1 so that /(n) is an index for an enumeration of {g(m, p) :
m € rand s, ) A p € N} and let ¢ be an index for an enumeration of {g(m. p):
m € ran gy, A p € N}. For all nand p we have f ((p.n)) Cg dy. so that i(n) Cg eq.
and for all n we have

P(n) < Vp O((p.n))
< Vp f((p.n)) E* dy
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< Vp{[mlg :m €rang,(, .} = {[mlg : m € ran¢,,}
> {[(m, p)lexia :m € rang ) A p € N} =

{[(m. p)lgxia : m € ran ¢d0}
& {[g(m.p)lg :m €rand () A p € N} =
{[g(m. p)lg : m € ran gy, A p € N}
> h(n) EV e,

so that (/. ey) is a subset-reduction from P to E +. The construction of 4 and e is
uniform, so we can produce the functions ¥ and y as described. .

LeEmMA 3.10. Suppose a =3 -5¢ € O, and for each n we have that (h,,e,) is a
subset-reduction from A" = {p e N : (n. p) € A} to (E1%M)¥ with the sequences
{(hu)nen and (en)nen computable. Then A is subset-reducible to (E oyt Moreover,
there are computable functions ¥ and y so that (¥ ((h,)nen). x({€n)nen)) provides the
subset-reduction.

ProoF. Define / so that for each nand p, i ((n p)) is an index for an enumeration
of {{n.q) : q €rangy,,)} U{(m.q) : q € rané,, Am # n}, and let e be an index
for an enumeration of {(m.q) : ¢ € ran¢,, Am € N}. Then (h, e) provides the
desired subset-reduction since {(n.q) : ¢ € raney, (,)} Cpia {(n.q) 1 g €rang,, }
for all n and p, with {(n.q) : ¢ € ran @y, (,)} (ET)" {(n.q) : q €rang,, } iff p €
A" The existence of ¥ and y is clear. .

We now prove the key result for establishing properness of the jump.
THEOREM 3.11. For each hyperarithmetic set B there is a € O with B <,, 1d+e.

Proor. We will show that for each computable Borel code (7. /) thereis ar € O
so that B(T. f') <,, Id*“7. For notational convenience we let B, = B;(T. f) for
t € T. We will recursively define @, € O and let E, = 1d*“" and establish by effective
induction on 7 € T that B, is subset-reducible to E," via (h,. e,;), with computable
maps ¢ — d,, t — hy, and t — e,. .

For ¢ a terminal node we have B, = ran¢ () and we seta, = 1 so E; = Id and E}’
is bireducible with =, Fix a single ¢, for all termmal t so that ran ¢,, = N, and let
h,(n) be such that ran ¢, (,) = Nif n € ran ¢ () and ran ¢, (,) = 0 if n ¢ ran¢ ().

Then (h;.¢;) is a subset—reduction from B, to E,Jr )

Now let 7 be a non-terminal node, and assume a;~(p.¢)» i~(p.q)- and e, (, 4y have
been defined for all 7 ~ (p,q) € T. Fix a computable pairing function (x,y) —
(x,y) with computable coordinate functions ((x,y))o = x and ({x,y)); =y, so
that (0.0) = 0. Define R; so that R;({¢.(p.n))) <= B,~(p4 (n). and so that
B,(n) <= Vp3q R,({(q.(p.n))).

We first adjust ordinal ranks to produce an increasing sequence so that we can
take their supremum in O. Let d,o = a,.~(0y and let

dl,m+l = dt,m +(’) atn((m) _<m)1> +O 2’

where +¢ is addition in O. Then let a, = 35" where ¢;,(m) = a,,, for all n.
Observe that if y : E < F then the map : ET < F*' as produced in the proof
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of Proposition 2.2(c) will satisfy e Cr e’ <= v(e) Cr y(e’). Hence we can
uniformly replace E;~(p4y. €i~(pq). and hy ¢, 4 by Id™ra) | a corresponding
€ ~(pq)- and a corresponding map }NI,A<M>, respectively, while maintaining the
conditions for subset-reductions.

Letting 4, be such that AE"” = B, ((m),.(m),) for each m, we then can effectively

produce a subset-reduction from A4, to (Id*‘;t)* by Lemma 3.10. Since A4, is
computably isomorphic to R, in a uniform way, we can do the same for R,. Letting
S,(m) <= 3¢ R,({q,m)), we then uniformly produce a subset-reduction from
S, to (Id™) ™ by Lemma 3.8. Recalling that 1d™ x Id < 1d*¢ for all a € O by
Corollary 2.9, we can then apply Lemma 3.9 to effectively obtain a subset reduction
(. e,) from B, to (Id™%) ™+ Letting a, = @, +o 22. this completes the induction
step for . —

We are now ready to conclude the proof of Theorem 3.2. Since the hyperarithmetic
sets have no hyperarithmetic upper bound in terms of m-reducibility, this gives the
main theorem of the section, Theorem 3.1, as an immediate corollary.

PRrROOF OF THEOREM 3.2. Suppose E t<E. By Proposition 2.2(b) we can assume
that £ has infinitely many classes. Thus by Proposition 2.3 we have Id < E H<E.
Hence by Proposition 2.7 we have I1d™ < E+*¢ < E for all a € O. But now by
Theorem 3.11, every hyperarithmetic set is m-reducible to Id** for some a € O, and
hence m-reducible to E. =

The proof of Theorem 3.11 does not give optimal bounds on the number of
iterates of the jump required. With a bit more care, we can show that every IT? set is
reducible to Id™ for some @ € O with |a| = a.. We believe that the optimal bound
should be that every IT9  set is reducible to Id™ for some a € O with |a| = a.
Lemmas 3.7 and 3.9 show that (=)" (and hence Id" ™) is I19-complete, and we can
show by an ad hoc argument that (=¢)"" is I1%-complete. The difficulty is that our
induction technique requires two iterates of the jump at each step in order to reverse
the direction of set containment twice. We would prefer to use Cg rather than Dp
throughout, but we do not see how to effectively enumerate c.e. subsets of a given
c.e. set up to E"-equivalence, whereas we can enumerate c.e. supersets. The natural
attempt to do this fails as shown in the following example.

PROPOSITION 3.12. There are E and eq so that {[e]: : e Cg eo} # {[WiNeolss :
i € N}, where W; N ey denotes an index for an enumeration of ran ¢., N W;.

ProOOF. Let Ebe = andlet A C B bec.e. sets with B — 4 not c.e. Let ¢; be such

that
{k}. if j =2k +1,
ran¢¢(’0(j) = {k7k+1} lf]:2k+2
0. if j =0,
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and let e be such that

{k}. ifk € B A,
randy, ) = { {k.k + 1}, ifk € 4,
0. ifk ¢ B.

Then e Cg e but there is no i with e E* ey N W;. For if there were, we would have
k € B—Aiff 3x(x € W; A x = ¢,,(1 + 2k)) so that B — 4 would be c.e. -

We have shown that the computable FS-jump of a hyperarithmetic equivalence
relation is always strictly above the relation, so there are no hyperarithmetic fixed
points up to bireducibility. If we consider non-hyperarithmetic equivalence relations
we can find fixed points of the jump.

DEerNITION 3.13. Let 2 be the isomorphism relation on computable trees.

Here we can use any reasonable coding of computable trees by natural numbers.
Then 21 isa Zi equivalence relation which is not hyperarithmetic. In [10, Theorem
2] it was shown that &+ is Z% complete for computable reducibility, that is, = is Z}
and for every 2} equivalence relation E, E <=4. We can see that = is a jump fixed

point, i.e., 2% is computably bireducible with 2. More generally:

ProPOSITION 3.14. Any 2{ or l'I{ complete equivalence relation E is a jump fixed
point, i.e., ET is computably bireducible with E.

ProOF. It suffices to show that E¥ is ! (resp. I1!) for any X! (resp. IT})
equivalence relation E. This follows immediately from the fact that E* is a
conjunction of E with additional natural number quantifiers. -

COROLLARY 3.15. 27 is a jump fixed point.

We note that although every hyperarithmetic set is many-one reducible to 1d* for
some a € O, we do not know whether every hyperarithmetic equivalence relation £
satisfies E < Id*“ for some a € O.

§4. Ceers and the jump. Recall from the introduction that E is called a ceer if
it is a computably enumerable equivalence relation. In this section, we study the
relationship between the computable FS-jump and the ceers.

We begin with the following upper bound on the complexity of the computable
FS-jump of a ceer. In the statement, recall that if £ is an equivalence relation and
W C N, then W is said to be E-invariant if it is a union of E-equivalence classes.

PROPOSITION 4.1. If E is a ceer, then ET < =, Moreover, we can find a reduction
whose range is contained in the set {e € N : W, is E-invariant}.

ProoOF. We define a computable function f* such that W) = [ran ¢.]¢. To see
that there is such a computable function f, one can let f (e) be a program which, on
input n, searches through all triples (a. b, ¢) such that ¢ € ran ¢, and (b,¢) € E, and
halts if and when it finds a triple of the form (a. a, n). Since it is clear that e ET ¢’
if and only if [ran ¢, ]z = [ran ¢,/ ], we have that /" is a computable reduction from
E* to =%. It is immediate from the construction that the range of /" is contained in
{e € N: W, is E-invariant}. =
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The next result gives a lower bound on the complexity of the computable FS-jumps
of a ceer.

THEOREM 4.2. If E is a ceer with infinitely many equivalence classes, then\d < E.

Proor. We first show that Id < E + To do so, we first define an auxiliary set of
pairs A recursively as follows: Let (n, j) € 4 if and only if for every i < j there exists
m < nand (m,i’) € A such thati E i’. It is immediate from the definition of A4, the
fact that E is c.e., and the recursion theorem that A is a c.e. set of pairs.

We observe that each column 4" = {j : (n, j) € A} of A4 is an initial interval of
N. It is immediate from the definition that the first column 4 is the singleton {0}.
Next since E has infinitely many classes, we have that each 4" is bounded. Moreover
A" is precisely the interval [0, j] where j is the least value that is E-inequivalent to
every element of A" for all m < n.

We now define f to be any computable function such that for all ., the range of
& 1 (n) 1s precisely A" Then as we have seen, m < n implies there exists an element j
in the range of ¢ /(,,) such that j is E-inequivalent to everything in the range of ¢ ;(,,,).
In particular, f is a computable reduction from Id to E + .

To establish strictness, assume to the contrary that E* < Id. Then since E < E™,
by Theorem 3.1 we have E < Id, contradicting that £ has infinitely many classes.

In order to put the previous result in context, we pause our investigation of ceers
briefly to consider the question of which E satisfy Id < E*. We first note that it
follows from Proposition 2.3 that if E is itself a jump, then Id < ET. We now show
on the other hand that there exist equivalence relations E such that Id £ E*. To
describe such an equivalence relation, we recall the following notation.

DEermNITION 4.3. If A C N then the equivalence relation E 4 is defined by
mEsn < m=norm,necA.

Thus the equivalence classes of E4 are A itself, together with the singletons {i}
for i ¢ A. Note that E4 < Ep if and only if 4 is 1-reducible to B (see for instance
[7, Proposition 2.8]).

THEOREM 4.4. There exists an arithmetic coinfinite set A such that 1d £ Ej.

PrOOF. Let P be the Mathias forcing poset, that is, P consists of pairs (s, B)
where s C N is finite, B C N is infinite, and every element of s is less than every
element of B. The ordering on P is defined by (s, B) < (¢.C)ifs D ¢t, B C C, and
s—tCC. )

We first show that if 4¢ is sufficiently Mathias generic. then A satisfies Id £ E}.
In order to do so. let / be any total function so that the sets ran ¢ ;) are pairwise
distinct. Define:

Dy ={(s.B) € P:(3i # j)[(s UB)N (ran gy Arang(;)) = A
ran¢ ;) N (s UB) # 0 Arang ;) N (s UB) # 0]}

We claim that D, is dense in P. To see this, let (s, B) be given. Repeatedly applying
the pigeonhole principle, we can find infinitely many indices 7, such that the sets
ran ¢ ,(;,) agree on s. Since the sets ran ¢ ;) are pairwise distinct, there must be

https://doi.org/10.1017/js1.2022.45 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2022.45

552 JOHN D. CLEMENS, SAMUEL COSKEY, AND GIANNI KRAKOFF

three, iy, i1, i, such that each ran ¢>f(,-) is not a subset of 5. Observe that

N=(ran¢;;) Arands;)) U (rang ;) Arang () U
(ran ¢ ) A ran g iy

In particular we can suppose without loss of generality that iy and #; satisfy that
the set B’ = BN (ran B r(ip) D ran ¢f(,-l))" is infinite. Then ran ;) and ran ;)
agree on both s and B’. Since neither ran G 1) DOT TAN P £ (; ) IS @ subset of s, we can
remove finitely many elements from B’ to ensure that ran ¢ ;) N (s U B')¢ # () and
ran¢ ;)N (s UB')* # 0. and so (s, B') € Dy completing the claim.

Now let G C P be a filter satisfying the following conditions:

(a) Gmeets {(s.B) € P:|s| > m} forallm € N.
(b) G meets D, for all computable functions f so that the sets ran br(;) are
pairwise distinct.

This is possible since the sets in condition (a) are clearly dense, and we have shown
that the D ; are dense. We define the set 4 by declaring that 4° = (J{s : (s. B) € G }.
Condition (a) implies that A¢ is infinite, and also that 4 = ({s U B : (s, B) € G };
we wish to show that Id £ Ej. For this we will show that if /" is a given computable
function, then f is not a reduction from Id to E7.

Assume, toward a contradiction, that f is a reduction from Id to E7. Then
the sets ran¢,(;) are pairwise distinct. so there is (s. B) € G N D,. Thus there
exist i # j such that both ran¢, ;) and ran¢, ;) intersect (s U B)‘. and (s U
B) N (ran¢,;Aran¢,(;)) = 0. Hence both ran¢ ;) and ran¢,(; intersect A.
and A° N (ran¢,;Arang,(;)) = 0. This means that f (i) Ej f(j). so f is not
a reduction from Id to E7 ., as desired.

Finally, we can ensure A is arithmetic by enumerating the dense sets described
above, inductively defining a descending sequence (s,,. B, ) meeting the dense sets,
and letting A° = |, s» =, (s» U By). More precisely, note that for any condition
(s. B), we can find an extension meeting D, for a suitable / by intersecting B with
a AJ set. and the set of i so that f = ¢; is suitable is Hg, so the construction of this
sequence may be done computably in 03), from which we can produce an 4 which
is AJ .

This result leaves open the question of what is the least complexity of an
equivalence relation E with infinitely many classes such that Id £ E*.

Returning to ceers, in view of the bounds from Proposition 4.1 and Theorem 4.2,
itis natural to ask whether there is a ceer E such that E lies properly between Id and
=¢. We first see that there is a large collection of ceers whose jumps are bireducible
with =. We recall the following terminology from [4]:

DEFINITION 4.5. A ceer E is said to be light if Id < E. E is said to be dark if E has
infinitely many classes but Id £ E.

Thus every ceer satisfies exactly one of finite, light, or dark.
PROPOSITION 4.6. If E is a light ceer then E™T is computably bireducible with = .

Proor. Thisis animmediate consequence of Propositions 2.2(c), 2.5, and 4.1.
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We will see that there are also dark ceers which satisfy this conclusion. We
introduce the following terminology.

DEFINITION 4.7. We say a ceer E is high for the computable FS-jump if E is
computably bireducible with =,

This generalizes the notion of lightness for ceers, but also implies that the
computable FS-jump is as complicated as possible. As there is no least ceer with
infinitely many classes, there does not seem to be a natural notion of low for the
computable FS-jump.

In order to describe a dark ceer which is high for the computable FS-jump, recall
that a c.e. set 4 C N is called simple if there is no infinite c.e. set contained in 4°¢.
Furthermore A is called hyperhypersimple if for all computable functions f such
that {W,(,) : n € N} is a pairwise disjoint family of finite sets. there exists n € N
such that W) C A. We refer the reader to [19, Chapter 5] for more about these
properties, including examples.

THEOREM 4.8. Let A C N be a set which is simple and not hyperhypersimple. Then
E 4 is a dark ceer and E 4 is high for the computable FS-jump.

Proor. It follows from [13, Proposition 4.5] together with the assumption that
A is simple that E 4 is dark.

To see that E} is computably bireducible with =, first it follows from
Proposition 4.1 that E} < =“. For the reduction in the reverse direction, since A is
not hyperhypersimple, there exists a computable function f* such that { W, : n €
N} is a pairwise disjoint family of finite sets and for alln € N'we have W (,) N A # ().
Now given an index e we compute an index g(e) such that ®q(e) 1 an enumeration
of the set (J{W;(,) : n € W, }. Then since the W, are pairwise disjoint and meet
A, we have W, = W, if and only if 4° Nran ¢, () and 4° Nran ¢, are distinct
subsets of A¢. It follows that e = ¢’ if and only if g(e) E} g(e’). as desired. 4

On the other hand, there also exist dark ceers E such that E is not high for the
computable FS-jump. In order to state the results, we recall from [18, Chapter X]
that a c.e. subset 4 C N is said to be maximal if A is infinite and for all c.e. sets
W either W — A or W€ — A is finite. We further note that if 4 is maximal then it is
hyperhypersimple.

THEOREM 4.9. Let A be a maximal set. If Bis a c.e. set with B C A, then Ej < E;
In particular, E 4 is not high for the computable FS-jump.

The proof begins with several preliminary results, which may be of independent
value.

LemMma 4.10. If A, B are c.e. sets and B C A, then Ej < E;.

Proor. If B is non-hyperhypersimple, then the result follows immediately
from Proposition 4.1 and Theorem 4.8. If B is hyperhypersimple, then by
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[18, Exercise X.2.12] there exists a computable set C such that BU C = 4. Let
b € B be arbitrary, and define

b, nedC,

S (n) = n, n¢C.

It is easy to see that /" is a computable reduction from E, to Ep, and hence by
Proposition 2.2(c) we have E < E as desired. =

In the next lemma we will use the following terminology about a function
SN — N. We say that /" is =“-invariant it W, = W, implies Wy ) = W,
that f is monotone if W, C W, implies Wy C Wy(,), and that f is inner-regular
if

Wf(c’) = U {Wf(e’) : Wy C W, and W, is ﬁnite} . (1)
We are now ready to state the lemma.

LeMMA 4.11. If fis a computable function, the properties =°-invariant, monotone,
and inner-regular are all equivalent.

Proor. It is clear that inner-regular implies monotone, and monotone implies
=“-invariant. We therefore need to only show that =“-invariant implies inner-
regular. Assume that f is =“-invariant. Then [7, Lemma 4.5] gives that f is
monotone. so we have W) D U {W () : Wer C W, and W, is finite}.

For the subset inclusion of Equation (1), we assume that x € W () and aim to
show that there exists ¢’ such that W, C W,, W, is finite, and x € W (. For any
e let Woy ={n:n<sAep.s(n) ]} be the partial enumeration of W, at stage s. so
each W, is finite. We can use the Recursion Theorem to find an index e’ which
satisfies the following:

W, — ngs, if x ¢ Wf(e’).w
o Wey, if s’ <sisleast withx € Wy o

We must show that W,, C W,, W, is finite, and x € W/-((,/). It is clear that
W C W,. To show that x € W, assume to the contrary that x ¢ W (). Then
Wy s = W, for all s, that is, we would have W,, = W,. Since f is =“-invariant, we
would have Wy (/) = W(,). Our assumption that x € W(,) would therefore imply
that x € W, after all.

Now that we know x € W), we know that there is s with x € W (. ;. This
means that for all s we have W,/ ; = W, for the least such s’, so W = W, is
finite, as desired. o

We note that the same conclusions remain true if we replace =“-invariance by
|d*-invariance, i.e.. f preserves equality of ranges rather than of domains. Thus we
can apply this result to reductions among computable jumps.

COROLLARY 4.12. Let A be a maximal set. If ET < E7. then any E-invariant c.e.

set contains either finitely or cofinitely many E-classes. In particular, if E ; < Ej then
B is maximal.
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PrROOF. Let f be a computable reduction from E to E ;. We can assume without
loss of generality that for all e, ran ¢ 4 (,) is E 4-invariant. Indeed. we may modify /" to
ensure that if ¢ ,(,) enumerates any element of 4 then ¢ () enumerates the rest of 4
too. Hence we can assume that f is =“-invariant. If W = ran ¢, is an E-invariant c.e.
set, then R = ran ¢ £ (e) is an E 4-invariant c.e. set, and hence either R — A4 is finite or
R is cofinite. If R is cofinite, then W must contain all but finitely many E-classes, or
else there would be an infinite increasing chain of £ *-inequivalent c.e sets containing
W which must map to an infinite increasing chain of E | -inequivalent c.e sets, which
is impossible. Suppose instead that R — A4 is finite. Then by inner-regularity and
E 4-invariance, there must be a finite set ' = ran¢,, C W so that R =ran¢ ().

But then ¢y E* e, so W must contain only finitely many E-classes. -

We will use the following lemma, well-known in descriptive set theory as a
consequence of the effective Reduction Property for the pointclass E?.

LemmA 4.13. Let A, be a uniformly c.e. sequence of c.e. sets. Then there is a
uniformly c.e. sequence of c.e. sets A, so that A, C A, for eachn, A, N A,y =0 for
n#m,and|J, A, =, An.

PrOOF. Let f be a computable function with 4, = W, for each n. Let A,.

We now give the main ingredient to the proof of Theorem 4.9.

£l

DEerFINITION 4.14. An equivalence relation E is self-full if whenever f is a
computable reduction from E to E, then the range of / meets every E class.

Letting Id,, denote the identity equivalence relation on {0, ..., n — 1}, E being self-
full is equivalent to E @ Id; £ E. so is preserved under computable bireducibility.
In the following, we say f and 4 are E-equivalent if f (n) E h(n) for all n. We say that
h is induced by a finite support permutation of the E 4-classes when there is an E 4-
invariant permutation 7 with finite support so that ran ¢, = {n(n) : n € ran ¢, }
for all e so that ran ¢, is E 4-invariant.

Lemma 4.15. If A is maximal then Ej is self-full. In fact, if f is a computable

reduction from Ej to itself, then f'is Ej-equivalent to a function h induced by a finite
support permutation of the E 4-classes.

PROOF. Suppose f is a computable reduction from E to itself. We can assume
without loss of generality that for all e, ran ¢ /(. is E4-invariant. Indeed. we may
modify f to ensure that if ¢ ;(,) enumerates any element of 4 then ¢ /(,) enumerates
the rest of 4 too. Having done so, we introduce the following mild abuse of notation:
if R = ran ¢, then we will write f (R) for ran ¢ /(e)- Due to our assumption about f.
this notation is well-defined. Note that we thus have that f is =“-invariant as well,
and thus monotone and inner-regular.

We will exploit the following consequence of the monotonicity of f several times:
If C and D are c.e. sets with C C D and D — C finite and disjoint from A, then
|/ (D)~ f(C)| > |D — C|. This follows since there is a chain of length |[D — C| + 1
of E7-inequivalent sets between C and D. which must map to a chain of E}-
inequivalent sets between f(C) and f (D). Similarly, if C is cofinite with 4 C C,
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then |/ (C)¢| > |C¢|. The maximality of A then also implies that if C — A4 is finite
thensois f(C) — A.

The heart of the proof will be to show that there is a finite support permutation ©
of N such that for any c.e. set R, we have f(R) = {z(n) : n € R}. In particular, this
implies that f meets every Ej class, as desired. We begin be seeing that the range of
f is almost covered by the images of singletons.

Cram 1. There is a finite set C such that f(A) U (f(N) - U, f({n})) C f(C).

Proor. First, observe that |, f({n}) is an infinite c.e. set (here we tacitly select
indices for {n} uniformly), and hence intersects A, and thus contains 4. Moreover,
there are infinitely many n so that f({n}) intersects 4; otherwise we could omit
such n and have an infinite c.e. set disjoint from A. Thus {n : f({n}) N A4 # 0} isan
infinite c.e. set, and so intersects 4. Hence there is n € 4 with f({n})N A # 0,
so A C f(A4). Next, since the sets f({n}) are distinct for n ¢ A, we have
(U, f({n})) — 4 infinite, so the maximality of 4 implies | J, /({n}) is cofinite.
Hence by the inner-regularity of f we can find a finite set C such that f(4) U (f(N) —

U, f{n}) C £(C). - (claim)
We next see that we will be able to select distinct elements from the images of
singletons.

Cram 2. Forn ¢ AU C.wehave f({n}) - (f(C)UU,,, f({m})) # 0.

ProoOF. Letn ¢ AU C. Since f is a reduction and is monotone, we can find x €
f(N) — f(N —{n}). Using the definition of C, the fact that n ¢ C, and monotonic-
ity, we have f(N)-J,, f({m}) C f(C) C f(N—-{n}). In particular, x ¢ f(C)
and therefore x € | J,, f({m}). Again by monotonicity, x ¢ U,,, / ({m}). so we
must have x € f({n}),completing the claim. - (claim)

We now construct a first approximation to the desired permutation 7.

CLAM 3. There is a finite support permutation o such that for n ¢ AU C we have

a(n) € f({n}) -4

Proor. From the previous claim, Lemma 4.13 gives a uniformly c.e. sequence B,
of pairwise disjoint sets such that B, C f({n})and {J, B, = U, f ({n}). so that for
n¢ AU C wehave B, - (f(C)UU,,, f ({m})) # 0:in particular B, — f(C) # 0.
We may shrink B, so that B, is disjoint from the finite set f'(C) — A4 for all n; we may
further shrink B, uniformly to a set B, so that B, — A is a singleton for all n ¢ AUC.
Note that we do not claim or require that this singleton is not in (U, 4, / ({m}), but
distinct n’s not in 4 U C will produce distinct singletons.

Since C — A is finite, we have that f((C — 4)¢) is cofinite, and monotonicity of f
implies that | /' ((C — A)¢)¢| > |C — A| as discussed above. We may then let p be any
injection from C — 4 — f((C — A4)¢)¢. We now define

A, neA,
G,=1A4U{pn)}, neC -4,
AU B,, ng¢ AUC.
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Observe that G, is a u{liformly c.e. sequence, since we may first check if n € C — 4;
if not, we enumerate B, into G, until we see n enumerated in 4 (if ever), at which
point we enumerate A (which will then contain B,) into G,,. We define ¢ as follows:

o(n) = n, neA,
the unique element of G, — A, n ¢ A.

This completes the definition of ¢. Note that a(n) € f({n}) for n ¢ (C — 4), and
a(n) ¢ A for n ¢ A, as required. We do not claim a priori that ¢ is computable
(although this will follow later), but we can use the sequence G, to obtain
effectiveness. Define the function g(R) = J G,, which is computable in the
indices.

We check that ¢ is a permutation with finite support. It is immediate from the
construction that ¢ is injective. To show ¢ is surjective, assume k is not in the range
of ¢. Then the sequence Ry = AU {k} and R, = g(R,). Since k ¢ A we have
that R, — A is a singleton for all n. Moreover the singletons are distinct since ¢ is
injective and none of the singletons can equal k for n > 0. Applying Lemma 4.13
to the sequence R,, we obtain a uniformly c.e. sequence of nonempty pairwise
disjoint sets, all meeting 4¢. This contradicts that 4 is hyperhypersimple (see [18,
Exercise X.2.16]). To see that ¢ has finite support, first note that ¢ cannot have an
infinite orbit. Otherwise, we could similarly produce a uniformly c.e. sequence (using
the function g) which contradicts that 4 is hyperhypersimple. If ¢ had infinitely
many nontrivial orbits, let R = {n: (3k > n) n € G;}.Then 4 C R, and forn ¢ A4
we have n € R when 7 is the least element of its orbit and n ¢ R when # is the
greatest element of a nontrivial orbit. Thus R — 4 is infinite and co-infinite, again
contradicting that 4 is maximal. - (claim)

neRr

We are now ready to construct 7 as follows. Let C = (C — 4) Usupp(o). If R is
disjoint from C — A4 then g(R) C f(R): therefore if R is disjoint from C we have
R C f(R). By monotonicity of £, if R is disjoint from C and cofinite, then by the
observation above we have |f(R)¢| > |R¢|, so R = f(R). In particular f(C ) =
C¢. For any k € C, since k ¢ A we have that C¢ U {k} is E*-mequlvalent to C¢:
therefore we must have that f sends CcU{k} to C*U{n(k)} for some n(k) € C
since the complement of f(C¢ U {k}) must be at least as large as the complement
of C¢ U {k}, but must be smaller than C. This defines 7 on the finite set C: as 7 is
injective it is a permutation of C. Additionally define 7 to be the identity on C*¢.
This completes the definition of 7.

We have that 7 is an E 4-invariant permutation with finite support; it remains to
verify that 7 induces the desired function. Let / be a computable function such that
h(R) = {r(n) : n € R}.

Cram 4. For all E 4-invariant c.e. sets R we have f(R) = h(R).

PrOOF. We first establish this for sets of the form N — {n} for n ¢ 4. Note that if
F c Cthenwehave f(C¢UF) = C¢ U {n(n) : n € F} from monotonicity and the
observation earlier; in particular we see that / (N) = Nand f(C¢) = C¢. From this,
we see that if R is any cofinite set containing A, then |/ (R)¢| = |R¢|. For any given
n ¢ A, we claim that /(N - {n}) = N {zn(n)}. We know this already for n € C.
If n € C¢ then f(N—{n}) = N— {n(k)} for some k: this k cannot be in C since
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f(N={k}) =N-{n(k)} and N - {n} and N — {k} are E }-inequivalent. But since
C¢ —{n} C f(N—{n}) we must have n(k) = n = n(n) as claimed.

Now let R be any infinite E 4-invariant c.e. set, so R contains 4. Then R is
the intersection of the sets N — {n} for n ¢ R, so f(R) C h(R) for all such R by
monotonicity. Suppose there were an infinite E 4-invariant c.e. set R and some
k € h(R) — f(R). Thenk = n(n) forsomen € R~ A, sok ¢ f(AU{n}) C h(4U
{n}) = AU {k} and thus f (4 U {n}) = A, contradicting 4 C f(A4).

Finally, we consider finite R. If n ¢ 4, then f({n}) C f(4U{n}) =h(4U
{n}) = AU {n(n)}. We cannot have f({n}) = A4, so f({n}) = {n(n)}. Let R be
any finite E 4-invariant c.e. set, so R is disjoint from A. Then 2(R) C f(R). We also
have that f(R) C f(AUR) = h(4AUR) = AU h(R), so we must have that /' (R) =
h(R). - (claim)

Hence, f is Ej-equivalent to h, completing the proof of the lemma. .

PrOOF OF THEOREM 4.9. Let 4 be maximal and B C 4. Fix any a € 4 — B.
We observe that E4 (,; is computably bireducible with E4 @ Id;. Therefore by
Proposition 2.2(c) we have that £ (@)

Now assume towards a contradiction that E;* < Ej. Then by Lemma 4.10 we
have E;{a} < E7 and hence by the previous paragraph we have E x Id, < EJ.
But if /" is such a reduction, then by Lemma 4.15 the restriction of " to either copy
of E has range meeting every E | class. But for a reduction f/ we cannot have this

is computably bireducible with Ej x Id,.

property true of both copies of E . so we have reached a contradiction. o
We record here several immediate consequences of Theorem 4.9 and its proof.

COROLLARY 4.16. Let A, B be maximal sets.

olfac Athen E} < Ej_{a}, and if b ¢ A then Eju{b} <ET.

o If|[AAB| < oo, then ES < E}, iff |B — 4| < |4 - B|.
o If a c.e. set Cis contained in a maximal set, then it is contained in a maximal set
D such that E}; < E(.

We conclude with a small refinement of the second statement of Theorem 4.9.
Recall that a c.e. set 4 is said to be quasi-maximal if it is the intersection of
finitely many maximal sets. We refer the reader to [18, Exercise X.3.10] for
more on this notion. In particular, every quasi-maximal set is simple (see [18,
Exercise X.3.10(b)]).

THEOREM 4.17. If A C N is quasi-maximal then E 4 is not high for the computable
FS-jump.

PrOOF. Suppose towards a contradiction that = < Ej. By Proposition 4.1,
Ej is reducible to the restriction of =“ to the E 4-invariant sets, so by composing
reductions there exists a computable reduction f from = to =“ such that for all e,
W (e is E 4-invariant. Since A4 is simple, it follows that for all e we have 4 C Wy,
iff Wf(e) is infinite and 4 N Wf(e) = @ iff Wf(t’) is finite.

We claim that we may find such an f so that for all e we have 4 C W(,). We
first show that there exists e such that W, is finite and 4 C W, ). Let e be any
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index such that ¥, = N. By Lemma 4.11, f is inner-regular. Since f is a reduction,
it follows from Equation (1) that W () 1s infinite and hence 4 C Wp(,. Further
examining Equation (1), together with the last sentence of the previous paragraph,
we conclude there exists ¢y as desired. Let g be a computable function such that
We(e) = Wey U {max(W,,) + x : x € W, }. Then replacing /* with f o g completes
the claim.

It follows from the claim, together with the fact that f is monotone, that the lattice
of c.e. sets modulo finite may be embedded into the lattice of c.e. sets containing A
modulo finite. But the former lattice is infinite, and by [18, Exercise X.3.10(a)] the

latter lattice is finite, a contradiction. -

§5. Additional remarks and open questions. We close with some open questions
and directions for further investigation.

QUESTION 1. For a c.e. set A, when is Ej bireducible with =7

By Theorem 4.8 if 4 is not hyperhypersimple then E 4 is high for the jump, and
by Theorem 4.17 if A4 is quasi-maximal then E < =. The question is, if 4 is
hyperhypersimple but not quasi-maximal. is £ high for the computable FS-jump?
One construction of such a set is given in an exercise in [16, [X.2.28f].

We do not know whether the choice of notation for a countable ordinal affects
the iterated jump.

QUESTION 2. If a.b € O with |a| = |b|. is ET* computably bireducible with E+"?

Although we saw that every hyperarithmetic set is many-one reducible to some
jump of the identity, we do not know if every hyperarithmetic equivalence relation
is computably reducible to some iterated jump of the identity.

QUESTION 3. If E is hyperarithmetic, is there a € O with E < 1d*+

For E hyperarithmetic, we have e E ¢’ iff [e]g = [¢/]g. so that E is computably
reducible to the relativized version of =, denoted =“¥ considered in [5]. This
question is then equivalent to asking if these relativized equivalence relations
with hyperarithmetic oracles are computably reducible to iterated jumps of the
unrelativized =*¢.

We also note that, unlike the case of the classical Friedman—Stanley jump, the
equivalence relation E; is not an obstruction. Recall that £| may be defined on
P(N) by setting A E; B when A" = BI"] for all but finitely many #», and that E| is
not Borel reducible to any iterated Friedman—Stanley jump of equality.

ProposITION 5.1, Ef¢ < (:"e)+.

ProoF. Givene. let g(e) be such that ¢, ) ((f.m)) is an index for an enumeration
of the set (U, (W) UU,,,(We)"l. Then e E{ ¢’ if and only if g(e) (=)"
g(e’). -

We can also ask what other fixed points exist besides =+. We note that there is
no known characterization of fixed points of the classical Friedman—Stanley jump.

QUESTION 4. Characterize the fixed points of the computable FS-jump.
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We used the relations Cg in establishing properness of the computable FS-jump
jump, but the operation £ —Cg can be applied to other relations and it may be of
interest to study its effect on partial orders.

QUESTION 5. What can be said about the mapping E —Cg as an operation on
computable partial orders?

Finally, we can ask about when the computable FS-jump of an equivalence relation
fails to be above the identity relation. The proof of Theorem 4.4 shows that there is a
Ag equivalence relation E with infinitely many classes so that Id £ E*, and Theorem
4.2 shows that there is no Z? such E, but we do not know if there can be such an E
which is, e.g., 29 or 2.

QUESTION 6. What is the least complexity of an equivalence relation E with infinitely
many classes such that |d £ E*?
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