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An infinite set A of natural numbers is called regressive
if there is a (non-repeating) sequential ordering α0, CLU " of
A and a partial recursive function / such that A <i domain (/),
/(βo) = #0, and (V%)[/(αn+i) = &J; in case αo> du * * * is the natural
ordering of A by increasing size of elements, A is called retra-
ceable and / is said to retrace A. It sometimes happens that a
retraceable set does not admit an everywhere-defined retracing
function, or that it does not admit a finite-to-one retracing func-
tion. Question: does there exist an infinite set A of natural
numbers such that A is retraced both by a total recursive
function and by a finite-to-one partial recursive function, but
not by a function which is both total recursive and finite-to-
one? Via some theorems relating to D. A. Martin's notions
of supersimple and superimmune sets of natural numbers, a
strongly affirmative result is obtained.

1* Introduction* Let N denote the set of all natural numbers.
In [3], Martin has termed supersimple any co-infinite Σ°λ subset S of
N for which there does not exist a two-place total recursive function
f(x, y) with the properties: (i) f(x, y) is characteristic (i.e., it maps
N into {0, 1}); (ii) for each pair of distinct natural numbers xx

and xif the sets {y \ f(x19 y) = 0} and {y \ f(xi9 y) = 0} are finite and
disjoint; and (iii) for every x, the set (N — S) ΓΊ {y\f(x, y) — 0} is
nonempty. Martin further suggests ([3, p. 306, footnote 2]) that
a (not necessarily co-r.e.) set IaN be called superimmune provided
that I is infinite and that there is no two-place total recursive charac-
teristic function f(x, y) such that the sets {y \ f(x, y) — 0}, x = 0, 1, 2,
• , are mutually disjoint (but not necessarily finite) and satisfy
{v I /(», y) = 0} Π / Φ 0 for all x. However, as we shall see, the adop-
tion of that terminology would require the admission of supersimple
sets having non-super immune complements, which would not be in
keeping with traditional recursion-theoretic nomenclature. Therefore
we shall designate as strongly superimmune those sets which Martin
recommended calling superimmune; and we shall say that an infinite
set I is superimmune if its complement S (not necessarily a Σ[ set)
admits no total recursive function f(x, y) satisfying (i), (ii) and (iii)
above. If S is Σ\ and has a strongly superimmune complement, we
shall say that S is strongly supersimple.

The following theorem, due originally to Martin, is proved in [4]:
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486 T. G. MCLAUGHLIN

THEOREM 1. An infinite set IaN is strongly superimmune <=>
no infinite subset of I can be retraced by a total recursive function.

A partial function / : K—> N, K S N, is downward <=>df range (/) S
domain (/) and (Vx) [xe domain (/) => f(x) ^ x]. If / is a downward
partial function, then for each x e domain (/) we denote by f*(x) the
least number n such that fn+ι(x) = /•(&)• (Here f°(x) =df x, fn+1(x) =

dff(fn(x)).) More generally, if / has the property that range (/) £Ξ
domain (/) and (vα) [x e domain (/) => (ln)(fn+1(x) = fn{x))], then we say
that / is grounded and we denote by f*(x) the least n such that

fn+1(χ) = Γ(χ).
In case I is Σ°2, Theorem 1 can be strengthened as follows:

THEOREM 1*. Suppose that I £ N is infinite, is Σ°2, and is not
strongly superimmune. Then there exist an infinite set / £ / and a
pair of functions gf and g such that gf is partial recursive and finite-
to-one, g is total recursive and downward, g is an extension of g', gr

retraces J, and J is the only infinite set retraced by g.

A proof of Theorem 1* will be given in §2. In §3 we shall prove
that a form of Theorem 1* having a weaker conclusion is optimal
with respect to the arithmetical hierarchy, and indicate how to prove
the following natural analogue of Theorem 1:

THEOREM 3. An infinite set I £ N is superimmune <=> there is no
infinite subset J of I such that J can be retraced by a finite-to-one
total recursive function.

In §4, we apply material from [6] to establish the distinction
between superimmunity and strong superimmunity for co-r e sets:

THEOREM 4. There exists a supersimple set S such that S is not
strongly supersimple.

Our interest in Theorem 4 stems not so much from its character
as a structural classification theorem as from the fact that when
combined with Theorem 1* it provides an easy proof of the following
new result on extensibility of retracing functions:

THEOREM 5 There exist an infinite set Re N and a pair of func-
tions f and g such that

(5 i) g is a downward, total recursive function which retraces
R and no other infinite set,

(5 ii) f is a finite-to-one, partial recursive restriction of g which
retraces R, and

(5 iii) no infinite subset T of R can be arranged in a sequence
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{U}T=Q in such a way that {£jΠ=o admits a finite-to-one, total recursive
regressing function.

Proof. Applying Theorem 4, let S be a supersimple set wiiose
complement is not strongly superimmune. By Theorem 1*, there exist
an infinite set Iξ^N— S and a total recursive, downward function g
such that (a) I is the unique infinite set retraced by g and (β) I is
retraced by some finite to one, partial recursive restriction / of g.
Choosing such an I, such a g, and such a restriction / of g gives us
(5 i) and (5 ii) with R = I. Keeping R ~ I, / a s just chosen above,
we shall establish (5 iii) by contradiction. Suppose that T^R, T is
infinite, and T is regressive via some finite-to-one, total recursive
function. Let h be a particular finite-to-one, total recursive function
and {ti}Z=Q a particular ordering of T into a (non-repeating) sequence
such that h(t0) = t0 and (Vn)[h(tn+1) = tn]. We shall replace h by a
finite-to-one, total recursive function k such that k(t0) = t0, (Vri)[k(tn+ι) —
tn\, and (Vx)(lri)[kn+1(x) = kn(x)]. To do this, we first note that for
any given x there are just two ways in which it can fail to be the
case that (ln)[hnJrl(x) = hn(x)]: either (a) (3n)(3m)[ra ^ n + 2 and hm(x) =
hn(x) and hn+1(x) Φ hn(x)\ (i.e., the Λ-orbit of x contains a proper loop),
or (b) (Vri)(Vm)[n Φ m=> hn(x) Φ hm(x)\ (i.e., the A-orbit of x is an
infinite "splinter" in the sense of [6]). The elimination of failures of
type (a) presents no problem. To eliminate failures of type (b), we
take advantage of the fact that the complement of the supersimple
set S does not include any infinite X? set and hence, in particular,
does not include any infinite set of the form {y\(ln)[y = hn(xQ)]}. It
follows that for each xe N, exactly one of three conditions holds: (a')
same as condition (a) above, (b') {hn(x) \neN}ΠSφ 0 , or (c')(ln)[hn+ι(x) =
hn(x)\. Moreover, we can effectively determine (uniformly in x) which
one of (a'), (b')> (c') holds, by simultaneously enumerating S and {hn{x) \ n e
N}. Thus we are able to define k as follows:

ίh(x), if (c') holds for x;

0, if (cr) does not hold for x and - Ί (3z)[z < x and

(c') holds for z];
k(x) = <

the largest z such that z < x and (c') holds for z,

if (c') does not hold for x and (lz)[z < x and (c')

holds for z].

It is easily verified that k, so defined, is a finite-to-one, total recursive,
grounded function such that k(t0) = t0 and (Vn)[k(tn+ι) = tn]. (In par-
ticular, as regards finite-to-one, note that for any y there can be only
finitely many x such that —i (3z)[y < z < x and (c') holds for z\.) We
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n e x t replace k by a t o t a l recurs ive, g rounded, finite-to-one function I
such that l(t0) = t0 and (Vn)[l(tn+1) = tn] and (Vx)[l(x) = x=>x = t0].
The construction of I from k is very easy:

k(x), if &&*(#)(#) = t0

the least z

Jsuch that k*(z) = x and &*(£) — £0,

if kk*(x)(x) Φ t{

Now define ;?'(#, y) = 0 or 1 according as £*(?/) = a? or £*(?/) =£ #; then
j is a total recursive characteristic function such that the sets {y\j(x,
y) — 0} are finite and mutually disjoint and, for every x, {y\j(x, y) —
0}Π TΦ 0. But T g i2 S N- S, from which it follows that S is not
supersimple: contradiction. (5 iii) follows for R, and the proof of
Theorem 5 is complete.

Comment. It is known ([5, Theorem 5.2]; [4, Lemma 3]) that if
J is the unique infinite set retraced by some partial recursive, finite-
to-one function, then J has degree of unsolvability ^ 0'. So, in par-
ticular, the set R of Theorem 5 has degree ^ 0'.

2* Proof of Theorem 1** To begin with, we note that it essentially
suffices to prove Theorem 1* under the assumption that I is infinite,
not strongly superimmune, and of degree ^ 0\ For suppose the
theorem has been established subject to that stronger assumption. Let
JΓ0 be a Σ\ subset of N satisfying the hypotheses of Theorem 1*. Then Jo,
being Σ°2, is the range of a function v: N~+ N such that v is of degree ^
0'. Let f(x, y) be a total recursive characteristic function witnessing
the failure of Io to be strongly superimmune, and such that (V#)[/o Π
{y\f(χ,y) = 0} is infinite]. (Clearly, such an / must exist, if Io is
not strongly superimmune.) It is clear that using v and / we can
define a function ξ: N—*N such that (i) ξ is strictly increasing, (ii)
ξ is of degree ^ 0r, and (iii) (Vn)[ξ(n) elo Π {y\f(n, y) = 0}]. Hence,
if E — range (f) then E is an infinite subset of Jo such that (iv) E is
of degree <̂  0f and (v) E satisfies the hypotheses of Theorem 1*. It
follows that E, and therefore also Jo, satisfies the conclusion of Theorem
1*. We now proceed to show that if I is an infinite set of degree ^ 0'
which is not strongly superimmune, then I satisfies the conclusion of
Theorem 1*. Let f(x, y) witness the failure of I to be strongly
superimmune. As is well-known, since / is of degree ^ 0' there
exists a recursive characteristic function h(s, x) such that (yφ\\im9^h{8,
x) exists and = cz(α?)], where cx is the characteristic function of I (i.e.,
cτ(x) — 0 if x e I and cx(x) = 1 if x & J). We shall construct the required
function g by stages, using a sequence {Λjjlo of "markers"; the con-
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struction will be such that at the end of stage s there is a number
t(s) ^ 8 such that exactly the first t(s) + 1 markers, Ao, Λl9 •••, Λt(8),
are associated with numbers. (When the construction has been com-
pletely described, it will be clear that t(s) is a recursive function.) No
marker will ever be associated with more than one number at a
time; nor will any number ever have more than one marker-associate
at a time. We shall denote by Xs

u the number with which Λu is
associated at the beginning of Stage s + 1, for each u ^ t(s). The
construction proceeds thus:

Stage 0. Associate Λo with α0, where α0 is the least a e I such
that /(0, a) = 0. Let v0 be the least number v such that v > 0 and
(V2/)[/(v, y) = 0=> y > α0]. Associate Λ, with (/m)[/(v0, w) = 0]. Set
gQ = {(x, x) I x < α0 or /(0, a?) = 0} U {(a?, a0) | /(v0, α?) = 0}; then pass to
Stage 1.

Stage s + 1. Suppose that precisely the markers Λo, Λl9 •••, Λt(s)

are associated with numbers at the end of Stage s, where t(s) is a
number ^ s whose exact value is known at the end of Stage s. (Note,
in particular, that t(0) = 1.) There are three cases.

Case I. (V2)[0 < z ^ t(s)=>h(s, Xs

z) = 0]. In this case, let r0 be
the least r such that (i') no member of {y | /(r, y) = 0} belongs to the
domain of gs, and (ii') (Vy)[f(r, y) = 0 =* y > λf(β)]. Let ^ s + 1 = ^ U
{(», λf(β))|/(r0, x) = 0}; and define # s + 1 = ^ s + 1 U {(ί, α0) | ί ^ s and ί g
domain (̂ β+i)}. Associate Λt(s)+1 with 6̂0, where ^0 is the least number
u such that /(r0, u) = 0. Letting t(s + 1) = t(s) + 1, proceed to Stage
s + 2.

Case II. Case I does not obtain, and if z0 = the least z such that
0 < z ^ ί(s) and A(s, XI) Φ 0 then (3w) [w ^ s and A,(s, w) = 0 and
(Vk)[f(k, Xs

z) = 0=> f(k, w) = 0]]. Let s0 be the least 2, 0 < z ^ ί(s), such
that h(s,Xs

z) = 1. Disassociate the markers ΛZQ, ΛZo+1, •• ,Λt{8) from
their current associates λjo, λ|0+1, , λ*tβ). Let w0 be the uniquely
determined number w such that f(w, XS

ZQ) = 0. (The existence of w0

will be clear once our description of the construction is complete.)
Let uQ be the least number u such that f(w0, u) = 0 and A(s, %) = 0.
Re-associate ΛZQ by associating it with u0 (i.e., set λf0

+1 = u0). Set
#s+i = gs U {(ί, α0)Iί ^ s and ί g domain (gs)}. Letting t(s + 1) = zQ,
proceed to Stage s + 2.

Case III. Neither of Cases I, II obtain. Make no marker changes.
Set gs+ι = gs, and go to Stage s + 2.

To complete the construction of #, we define g = \JSeNQS' To see
that g, as so defined, is a partial recursive function, we merely note
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t h a t a t every point in t h e construct ion where a specific n u m b e r needs
to be computed or a specific a l te rnat ive needs t o be decided, t h e
computat ion or decision in question can be made effectively, uniformly
in all parameters involved. F o r example, if a t S tage s + 1 we assume
t h a t we know a computat ion procedure ^(s + 1) for determining t h e least
n u m b e r q such t h a t {y \ f(q, y) = 0} Π domain (g8) = 0 (the existence of
such a q being obvious from t h e description of Stages 0 and s + 1), and
if we also assume t h a t t h e value of Xs

tis) is known, t h e n in Case I we can
uniformly effectively determine r0 from 0>{s + 1) a n d λ (,, But, in
view of our description of Stage s + 1 in its t o t a l i t y , i t is clear t h a t
we can assume inductively that we have such knowledge of domain(gs)
and of λj(β); in particular, we obviously have it for domain (g0) and λj
Again, it is clear from the statement of the construction for the general
stage s + 1 that (Vx)[x < s=> (gs(x) is defined and gt(x) ^ x)]; thus
9 = USSN 9s is total recursive and downward. We next verify, by
mathematical indution on s, that lim^ooλ* exists for all u (i.e., that
each marker Λu eventually attains permanent association with some
number) and that lim^oo λ* e I. To begin with, since Cases I and II
of Stage 8 + 1 concern only z which are greater than zero, we see at
once that λo = α0 for all values of s. Suppose lim^oo λ* exists and
belongs to I for all u < v; and let s0 be the smallest number such that
(Vu < v)(Vs ^ 80) [Xs

u is defined and = lims_>co λ*]. Let sL ^ sQ be chosen
so that h(s, λ;) = 0 for all s ^ ^ and all u < v. Then Λv becomes
associated with some number m0 via Case I at Stage sλ + 1, if it is
not already attached by the end of Stage 8t; here f(p0, m0) = 0 holds
for a certain (uniquely determined) number p0. If, subsequent to Stage
sί9 say at Stage sx + w + 1, Λv loses its association with m0, it must
be because Case II applies with h(st + w, mQ) — 1. But in that event,
Λv is immediately re-associated with a new number mt satisfying f(p0,
mj = 0 and h(s1 + w, mj = 0. If Λv later loses its association with
m19 it is due to another application of Case II, and again Λv is at once
re-associated, this time with some number m2 satisfying f(pOy m2) — 0
and h(s2, m2) = 0 where s2 is the stage in question. And so on. Since
{y\f(Po, y) = 0} Π IΦ 0 and (Vy) [lim^oo h(s, y) = Cj(y)], we see from
the description of Case II that this process can lead to only finitely
many changes in the value of Xs

v; whence lim^coλ? exists and lies in
I. So, by induction, lim^coλj exists and lies in I for all u. We
denote lim^coλ^ by Xu. It is evident from the construction that
(Vu)[Xu < λw+1 and g(Xu+1) = Xu; also, we clearly have g(X0) = g(aQ) = α0 =
λ0. Thus, setting J — {Xn\neN}y we have that Jis an infinite subset
of / retraced by g. We claim that g can retrace no other infinite set.
For suppose —i (ln)(x = Xn]. Then there is a stage s such that s' ^
s =* (Vri)[x Φ λ»l (For, our description of the construction makes it
clear that no number x can satisfy both (3u)[x — λ*] and ($v)\x = Xv

eJ
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with e1 Φ e2.) But it is trivial to show by induction on s that if
(Vri)[x Φ λ£], then ye domain (# s + 1 )—domain (ga) => —i (lw)[g?+ί(y) = x].

Thus if x belongs to an infinite set retraced by g while yet x <£ {Xn | n e
N}, then there is a stage s of the construction such that (Vn >
0)(ly)[g:+ί(y) = x < gn

sll{y) < < gs+1(y) < y]. From the definition
of g8, however, using induction on s, we see that this cannot be
the case. Hence J = {λn \ n e N} is the only infinite set retraced
by g. It remains only to prove that there exists a finite-to-one
partial recursive restriction g' of g which retains the property of
retracing /. The existence of such a function g', however, follows
from [5, Theorem 8], since it is easily verified that {Xn\neN} has
degree of unsolvability ^ 0' (Simply note that λ« is a recursive
function of n and s if we set Xs

n = 0 whenever Λn is unattached at
the end of Stage s.) That completes the proof of Theorem 1*.

3. Optimality of Theorem 1* and Proof of Theorem 3* The
following result shows that the Σ\ classification of I in Theorem
1* cannot be carried any further within the standard arithmetical
hierarchy, even if we drop the requirement that J be the only in-
finite set retraced by g'.

THEOREM 2. There exists an infinite Π\ subset I of N such that
(2 i) I is the unique infinite set retraced by a total recursive,

downward function g;
(2 ii) I is not strongly superimmune; and
(2 iii) no infinite set J £ I can be regressed by a finite-to-one

partial recursive function.

Proof. By [1, Theorem 4.14(2)], there exists a total recursive
function g and an infinite Π\ set I g N such that I has degree 0" and
/ is the unique infinite set retraced by g; clearly we may suppose also
that g is downward. Next, if we define f(x, y) — 0 <=* g*(y) = x and
f(x9 y) = 1 otherwise, then plainly / witnesses the failure of I to be
strongly superimmune. (This is just the proof of the easier half of
Theorem 1.) Finally, suppose J £ /, J infinite, and g regresses J
where g is a finite-to-one partial recursive function. Then, by a
standard argument, we see that there exists an infinite set H^ J such
that H is retraced by a finite-to-one partial recursive function ζ. Let
ζ be defined as follows:

(x, y)eζ <^df(x, y)eζ and (3z)[gz(x) = y] .

Then ζ is a finite-to-one partial recursive function such that
every infinite set which it retraces is a subset of /. Certainly, ζ
retraces H among (possibly) others. Hence by [5, Theorem 2], I has
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a n infinite (retraceable) subset of degree strictly less than 0". B u t
therefore also / has degree <; 0", since I is retraceable and so is
reducible to all of its infinite subsets. Since this contradicts our
choice of I, Theorem 2 is proven.

We now sketch an argument for Theorem 3. Let / be a finite-
to-one, total recursive function which retraces an infinite subset R of
I. We first replace / by a finite-to-one, total recursive, downward
function g which likewise retraces R; the procedure for defining g
from / is similar to, but less involved than, the procedure used to
obtain k from h in our proof of Theorem 5. Setting r(x9 y) = 0 or 1
according as g*(y) = x or g*(y) Φ x, we then have r a witness to non-
superimmunity of I. Conversely suppose g(x9 y) is a total recursive
characteristic function witnessing non-superimmunity of I. We modify
the construction on p. 258 of [4] as follows, all notation being exactly
as in [4]:

Stage 0. Same as Stage 0 on p. 258 of [4].

Stage s + 1. Same as Stage s + 1 on p. 258 of [4], except that
at the last step of the stage, instead of placing (t, 0) in / provided
t < s and t is not yet in domain (/), we place (t, k) in / just in case
t < s and k < t and t is not yet in domain (/) and /*(&) is defined
by the end of stage s and k is the largest number I < t for which
f*(l) is defined by the end of stage s.

As thus defined by stages, / is obviously a partial recursive
function. Exactly as in [4], we check that / retraces an infinite
subset of I. It then readily follows that / is defined for all but
finitely many xe N, and that / is finite-to-one. An at-most-finite
adjustment of / (to insure totality) then completes the verification
of Theorem 3.

Comment. If we asume I to be infinite, non-super immune, and
of degree ^ 0' then, proceeding very much as in our proof of Theorem
1*, we can find an infinite set Rcz I such that R is the unique infinite
set retraced by some finite-to-one total recursive function. We do
not know whether this can be improved to the extent of assuming
merely that / is infinite, non-superimmune, and ΣJ.

4* Proof of Theorem 4* In [6], Young has studied in some
detail two special classes of Σ ! sets: the class SHS of "strongly
hypersimple" sets, i.e., r.e. sets S such that if {Wr{i)}T=o is any recursive
sequence of disjoint r.e. sets whose union = N then (3i)[Wr(ί) Π (N —
S) — 0 ] , and the class FSHS of "finitely strongly hypersimple" sets,
i.e., r.e. sets S such that if {Wr(i)}T=o is any recursive sequence of
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disjoint finite r.e. sets whose union = ΛΓthen (li)[Wr{i) ΓΊ (N — S) = 0 ] .
(Here {W4}T=o is some standard-type recursive enumeration of the class of
all r.e. sets.) The following lemma, brought to our attention by Carl
Jockusch, establishes the equivalence of Young's definitions to those
used in the present paper:

LEMMA. Se FSHS<=>S is supersimple', and Se SHS<=> Sis strongly
supersimple.

Proof of Lemma. Suppose S is not supersimple. By Theorem 3,
there is a total recursive, finite-to-one function / such that / retraces
an infinite subset of N — S. There is no loss of generality in assuming
/ to be downward. But then if r(x) is a recursive function such that
Wr{x) = {y\f*(y) = x}, the sequence {T7r(i)}Γ=o witnesses Si FSHS. By
a similar argument, using Theorem 1 instead of Theorem 3, we have
S G SHS ==> S is strongly supersimple. For the converse implications,
suppose, for example, that Si FSHS; and let {Wr(i)}T=o witness that
fact. Define g(x, y) = 0 or 1 according as y e Wr{x) or not (since
N = \JnWr{n), this is an effective disjunction); then g witnesses S
non-supersimple. Similarly for SHS. (This same procedure could
be used, instead of Theorems 1 and 3, in the other half of the
proof.)

Returning to the proof of Theorem 4, we observe that Young has
shown, in Corollary 2.9 of [6], that the difference class FSHS—SHS
is nonempty. Hence, by the above Lemma, we have Theorem 4.

Comments. (1) Martin conjectured in [3] that there exist super-
simple sets which are not dense simple, i.e., whose complements
(enumerated in order of magnitude) do not eventually dominate any
given total recursive function. In a footnote added in press to [3],
he remarked that A. H. Lachlan verified this conjecture by demonstrat-
ing the existence of r-maximal Σ\ sets with no dense simple supersets.
(A Σ\ set is r-maximal if its complement is infinite and cannot be
nontrivially split by a recursive set.) Laehlan's result appears as
Theorem 8 in [2]. Young's method of producing elements of FSHS—
SHS is to apply the operator Φf to a member of FSHS, where / is a
finite-to-one total recursive function and Φf(A) = df(A®N) uUeff (W ®
{x\x > f(k)}). (Here (x) denotes Cartesian product.) But it is easily
demonstrated that if / is a strictly increasing total recursive function
then, for any co-infinite Σ\ set A, Φ(A) is not dense simple. Thus the
sets to which we have had recourse in proving Theorem 4 also furnish
(when / is strictly increasing) examples of non-dense supersimple sets
far removed from the class of r-maximal sets.
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( 2 ) I t is n a t u r a l to inquire w h e t h e r Theorem 4 can be raised to
t h e level of non-embedding: is t h e r e a supersimple set w i t h no s t rong ly
supersimple extension? R. W. Robinson has cons t ruc ted a class of
nonrecurs ive r .e . sets none of which has a s t rong ly supersimple ex-
tension; however, each member of Robinson's class in non-supersimple.

REFERENCES

1. C. G. Jockusch, Jr., and T. G. McLaughlin, Countable retracing functions and Π\
predicates, Pacific J. Math., 30 (1969), 67-93.
2. A. H. Lachlan, On the lattice of recursively enumerable sets, Trans. Amer. Math.
Soc, 130 (1968), 1-37.
3. Donald A. Martin, Classes of recursively enumerable sets and degrees of unsolvability,
Z. Math. Logίk Grundlagen Math., 12 (1966), 295-310.
4. T. G. McLaughlin, Some remarks on extensibility, confluence of paths, branching
properties, and index sets, for certain recursively enumerable graphs, Illinois J. Math.,
11 (1967), 257-279.
5. C. E. M. Yates, Arithmetical sets and retracing functions, Z. Math. Logik Grund-
lagen Math., 13 (1967), 193-204.
6. Paul R. Young, Linear orderings under one-one reducibility, J. Symbolic Logic, 31
(1966), 70-85.

Received November 30, 1970 and in revised form September 1, 1971. Preparation
of this paper for publication was partially supported by funds from NSF grant GP 29223.
The author wishes to thank the referee for pointing out an overzealous claim in the
original proof of Theorem 2,

THE UNIVERSITY OF ILLINOIS AT URBANA



PACIFIC JOURNAL OF MATHEMATICS

EDITORS

H. SAMELSON J. DUGUNDJI

Stanford University Department of Mathematics
Stanford, California 94305 University of Southern California

Los Angeles, California 90007

C. R. HOBBY RICHARD ARENS

University of Washington University of California
Seattle, Washington 98105 Los Angeles, California 90024

ASSOCIATE EDITORS

E.F. BECKENBACH B.H. NEUMANN F. WOLF K. YOSHIDA

SUPPORTING INSTITUTIONS

UNIVERSITY OF BRITISH COLUMBIA UNIVERSITY OF SOUTHERN CALIFORNIA
CALIFORNIA INSTITUTE OF TECHNOLOGY STANFORD UNIVERSITY
UNIVERSITY OF CALIFORNIA UNIVERSITY OF TOKYO
MONTANA STATE UNIVERSITY UNIVERSITY OF UTAH
UNIVERSITY OF NEVADA WASHINGTON STATE UNIVERSITY
NEW MEXICO STATE UNIVERSITY UNIVERSITY OF WASHINGTON
OREGON STATE UNIVERSITY * * *
UNIVERSITY OF OREGON AMERICAN MATHEMATICAL SOCIETY
OSAKA UNIVERSITY NAVAL WEAPONS CENTER

The Supporting Institutions listed above contribute to the cost of publication of this Journal,
but they are not owners or publishers and have no responsibility for its content or policies.

Mathematical papers intended for publication in the Pacific Journal of Mathematics should
be in typed form or offset-reproduced, (not dittoed), double spaced with large margins. Under-
line Greek letters in red, German in green, and script in blue. The first paragraph or two
must be capable of being used separately as a synopsis of the entire paper. The editorial
"we" must not be used in the synopsis, and items of the bibliography should not be cited
there unless absolutely necessary, in which case they must be identified by author and Journal,
rather than by item number. Manuscripts, in duplicate if possible, may be sent to any one of
the four editors. Please classify according to the scheme of Math. Rev. Index to Vol. 39. All
other communications to the editors should be addressed to the managing editor, Richard Arens,
University of California, Los Angeles, California, 90024.

50 reprints are provided free for each article; additional copies may be obtained at cost in
multiples of 50.

The Pacific Journal of Mathematics is published monthly. Effective with Volume 16 the
price per volume (3 numbers) is $8.00; single issues, $3.00. Special price for current issues to
individual faculty members of supporting institutions and to individual members of the American
Mathematical Society: $4.00 per volume; single issues $1.50. Back numbers are available.

Subscriptions, orders for back numbers, and changes of address should be sent to Pacific
Journal of Mathematics, 103 Highland Boulevard, Berkeley, California, 94708.

PUBLISHED BY PACIFIC JOURNAL OF MATHEMATICS, A NON-PROFIT CORPORATION
Printed at Kokusai Bunken Insatsusha (International Academic Printing Co., Ltd.), 270,

3-chome Totsuka-cho, Shinjuku-ku, Tokyo 160, Japan.



Pacific Journal of Mathematics
Vol. 41, No. 2 December, 1972

Tom M. (Mike) Apostol, Arithmetical properties of generalized Ramanujan
sums . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

David Lee Armacost and William Louis Armacost, On p-thetic groups . . . . . . . . . 295
Janet E. Mills, Regular semigroups which are extensions of groups . . . . . . . . . . . . . 303
Gregory Frank Bachelis, Homomorphisms of Banach algebras with minimal

ideals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307
John Allen Beachy, A generalization of injectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313
David Geoffrey Cantor, On arithmetic properties of the Taylor series of rational

functions. II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329
Václáv Chvátal and Frank Harary, Generalized Ramsey theory for graphs. III.

Small off-diagonal numbers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335
Frank Rimi DeMeyer, Irreducible characters and solvability of finite groups . . . . 347
Robert P. Dickinson, On right zero unions of commutative semigroups . . . . . . . . . . 355
John Dustin Donald, Non-openness and non-equidimensionality in algebraic

quotients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365
John D. Donaldson and Qazi Ibadur Rahman, Inequalities for polynomials with a

prescribed zero . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375
Robert E. Hall, The translational hull of an N-semigroup . . . . . . . . . . . . . . . . . . . . . 379
John P. Holmes, Differentiable power-associative groupoids . . . . . . . . . . . . . . . . . . . 391
Steven Kenyon Ingram, Continuous dependence on parameters and boundary

data for nonlinear two-point boundary value problems . . . . . . . . . . . . . . . . . . . 395
Robert Clarke James, Super-reflexive spaces with bases . . . . . . . . . . . . . . . . . . . . . . . 409
Gary Douglas Jones, The embedding of homeomorphisms of the plane in

continuous flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 421
Mary Joel Jordan, Period H-semigroups and t-semisimple periodic

H-semigroups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437
Ronald Allen Knight, Dynamical systems of characteristic 0 . . . . . . . . . . . . . . . . . . 447
Kwangil Koh, On a representation of a strongly harmonic ring by sheaves . . . . . . 459
Hui-Hsiung Kuo, Stochastic integrals in abstract Wiener space . . . . . . . . . . . . . . . . 469
Thomas Graham McLaughlin, Supersimple sets and the problem of extending a

retracing function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485
William Nathan, Open mappings on 2-manifolds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 495
M. J. O’Malley, Isomorphic power series rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 503
Sean B. O’Reilly, Completely adequate neighborhood systems and

metrization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 513
Qazi Ibadur Rahman, On the zeros of a polynomial and its derivative . . . . . . . . . . . 525
Russell Daniel Rupp, Jr., The Weierstrass excess function . . . . . . . . . . . . . . . . . . . . . 529
Hugo Teufel, A note on second order differential inequalities and functional

differential equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 537
M. J. Wicks, A general solution of binary homogeneous equations over free

groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 543

Pacific
JournalofM

athem
atics

1972
Vol.41,N

o.2

http://dx.doi.org/10.2140/pjm.1972.41.281
http://dx.doi.org/10.2140/pjm.1972.41.281
http://dx.doi.org/10.2140/pjm.1972.41.295
http://dx.doi.org/10.2140/pjm.1972.41.303
http://dx.doi.org/10.2140/pjm.1972.41.307
http://dx.doi.org/10.2140/pjm.1972.41.307
http://dx.doi.org/10.2140/pjm.1972.41.313
http://dx.doi.org/10.2140/pjm.1972.41.329
http://dx.doi.org/10.2140/pjm.1972.41.329
http://dx.doi.org/10.2140/pjm.1972.41.335
http://dx.doi.org/10.2140/pjm.1972.41.335
http://dx.doi.org/10.2140/pjm.1972.41.347
http://dx.doi.org/10.2140/pjm.1972.41.355
http://dx.doi.org/10.2140/pjm.1972.41.365
http://dx.doi.org/10.2140/pjm.1972.41.365
http://dx.doi.org/10.2140/pjm.1972.41.375
http://dx.doi.org/10.2140/pjm.1972.41.375
http://dx.doi.org/10.2140/pjm.1972.41.379
http://dx.doi.org/10.2140/pjm.1972.41.391
http://dx.doi.org/10.2140/pjm.1972.41.395
http://dx.doi.org/10.2140/pjm.1972.41.395
http://dx.doi.org/10.2140/pjm.1972.41.409
http://dx.doi.org/10.2140/pjm.1972.41.421
http://dx.doi.org/10.2140/pjm.1972.41.421
http://dx.doi.org/10.2140/pjm.1972.41.437
http://dx.doi.org/10.2140/pjm.1972.41.437
http://dx.doi.org/10.2140/pjm.1972.41.447
http://dx.doi.org/10.2140/pjm.1972.41.459
http://dx.doi.org/10.2140/pjm.1972.41.469
http://dx.doi.org/10.2140/pjm.1972.41.495
http://dx.doi.org/10.2140/pjm.1972.41.503
http://dx.doi.org/10.2140/pjm.1972.41.513
http://dx.doi.org/10.2140/pjm.1972.41.513
http://dx.doi.org/10.2140/pjm.1972.41.525
http://dx.doi.org/10.2140/pjm.1972.41.529
http://dx.doi.org/10.2140/pjm.1972.41.537
http://dx.doi.org/10.2140/pjm.1972.41.537
http://dx.doi.org/10.2140/pjm.1972.41.543
http://dx.doi.org/10.2140/pjm.1972.41.543

	
	
	

