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In this paper, those Hausdorff spaces, all of whose powers
are countably compact, are characterized, and partial results
on the corresponding question for pseudocompactness are
obtained. The basic tool in this work is A. R. Bernstein's
concept of ^-compactness. Sufficient conditions are found for
every power of a topological group to be countably compact.
The maximal ^-compact extension of a completely regular
space is constructed, and this procedure is used to construct the
unique ^-compact group extension of a totally bounded topolo-
gical group. Additional product theorems for pseudocompact
spaces are proved, imposing conditions closely related to ^ -
compactness on the factors, which imply the pseudocompactness
of the product. In the final section of the paper, several
theorems are proved which provide new examples of non-
trivial pseudocompact spaces. In particular, a homogeneous
space is exhibited, all of whose powers are pseudocompact, in
which no discrete countable set has a cluster point.

All spaces in this paper are assumed to be Hausdorff, and this
assumption will be used without explicit mention. We shall use
throughout the terminology and notation of the Gillman and Jerison
text [10]. In particular, the set of positive integers is denoted by
N, and the cardinality of a set S is denoted by | S | . The Stone-Cech
compactification of a completely regular space X is denoted by βX.
The symbol [CH] indicates that the continuum hypothesis is being
assumed.

2* Countably compact powers* Let us recall several definitions
of compactness-like conditions which depend on the behaviour of
countable sets.

Let X be a topological space.

X is said to be countably compact, if every countably infinite
subset of X has a cluster point.

A subset A of X is relatively countably compact in X, if every
countably infinite subset of A has a cluster point in X.

X is sequentially compact, if every sequence in X has a con-
vergent subsequence.
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404 JOHN GINSBURG AND VICTOR SAKS

X is called strongly ^-compact, if every infinite subset of X
meets some compact subset of X in an infinite set.

Finally, we call X ^-bounded, if every countable subset of X
is contained in a compact subset of X.

Our first result characterizes those spaces X such that every
power of X is countably compact. The main tool in this investigation
is Bernstein's concept of ^-compactness. In [1] the concept was
introduced, and some of the basic theory of ^-compact spaces was
developed. We now give his definition of ^-compactness, and quote
the major results in [1], including a proof of his result that Sf-
compactness is a productive property.

DEFINITION 2.1. Let S be a free ultrafilter on N. Let X be
a topological space, and let (xn: ne N) be a sequence in X. A point
z e X is said to be a SfΊimit point of the sequence (xn:n e N) if, for
every neighborhood W of z9 {n:xne W}e &. ϋ^-limits, when they
exist, are unique, and we shall express the fact that z is the ϋ^-limit
of (xn: ne N) by writing z — 22 — lim^oo xn. A space Xis said to be
£&-compact if every sequence in X has a ϋ^-limit point.

Observe that a i^-limit point of a sequence of distinct points
(xn:neN) is, in particular, a cluster point of the set {xn:ne N}.
Therefore a ^-compact space is countably compact.

LEMMA 2.2. Let {xn: ne N} £ X and let zeX be a cluster point
of {xn: n e N}. Then there exists 2$ in βN — N such that z =

Proof. Let &(z) denote the family of all neighborhoods of z in
X. For We gf(z), let s(W) = {n: xn e W). The family J?~= {s(W} -
{&}: We5f(z), keN} has the finite intersection property, and so there
is an ultrafilter ^ on N such that J H ϋ &. Obviously & is free
and z — ̂ — lim^oo xn.

LEMMA 2.3. Let f\X-*Y be a continuous map. Let (xn: ne N)
be a sequence in X, and let ze Xsuch that z = &— lim,,^ xn. Then

Proof. For every neighborhood W of f(z) in Γ, f~ι{W) is a
neighborhood of z in X. Since {n: xn ef~\W)} - {n:f(xn)e W}, the
result follows.
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THEOREM 2.4 (Bernstein), ^-compactness is closed hereditary
and productive. A completely regular space is ^-bounded if, and
only if, it is ^-compact for every £& in βN-N.

Proof. Obviously a closed subset of a ^-compact space is 3ί-
compact. We will prove the statement concerning products, and
refer the reader to Theorems 3.4 and 3.5 of [1] for the last statement.

Thus, let {Xa: a el} be a family of ^-compact spaces, and let
X =ILaeiXa* We will show that X is ^-compact. Let (xw: neN)
be a sequence in X. Then, for each a in 7, (x^]:neN) has a 3ί-
limit point za in Xa. This defines a point z — (za)aeI in X. We claim
that z — &— lim^oo x{n). For, let W be any neighborhood of z in X.
There is a finite subset F of 7, and open sets Wa in Xa, for each a
in F, such that z e ΐ[aeF Wa x I L ^ X* S W.

But {w: xin) e W) 3 Π^s/' {̂ : »Λ

(n) e TΓΛ}, and therefore {w: ί«(%) e
W}e £&. This proves that 2 — ^ r — limn_K)O α?(%) and thus X is ^-compact.

COROLLARY 2.5. AUT/ product of ^-compact spaces is countably
compact.

Proof. Immediate.

We are now in a position to characterize spaces all of whose
powers are countably compact.

THEOREM 2.6. Let X be a Hausdorff space. The following state-
ments are equivalent:

( i ) Every power of X is countably compact)
(ii) X2C is countably compact;
(iii) x\x\*° is countably compact;
(iv) There exists & in βN — N such that X is ^-compact.

Proof. ( i ) ==> (ii). This is trivial.
(ii) => (iv). We show that if (iv) fails, so does (ii). Thus, sup-

pose X is not ^-compact for any 2f in βN — N. Then, for each 3f
in βN — N, there is a sequence ixξ: n e N) in X which has no ^-limit
point in X. Define a sequence (y(n):ne N) in χ^N~N as follows:
Λ/(») ryi

y & — nn.

For the sake of contradiction, assume (ii) holds. Then X^N~N is
countably compact, and therefore the sequence (yw:ne N) has a
cluster point z in X^N~N

m By Lemma 2.2, there exists £? in βN— N
such that z = if— \vai%^ooy

{n). But this implies, by Lemma 2.3, that



406 JOHN GINSBURG AND VICTOR SAKS

Π*{z) = 8* - lim Z W > ) = & - Km x{Γ .
n-*co n—*<χ>

But this is ridiculous, since {x{/]:neN) has no if-limit point.
Thus (ii) must also fail.

(iv) ==> ( i ) . This follows immediately from 2.5.
( i ) ==> (iii). This is trivial.
(iii) ==> (iv). Let Σ be the set of all sequences in X. We write

σ € Σ as σ — (x{

n

σ): n e N). Now | 2Ί = | X *°, and so (iii) implies that
XΣ is countably compact. Define a sequence (zw:neN) in X J as
follows: z{

a

m) = »ϊ ). Let p e Γ be a cluster point of (z{n):neN).
By 2.2, there exists ^ in /3iV— AT such that p - £&—

We claim that, for this 3F, X is ^"-compact. For, if σ =
(α?iσ): ̂ G iV) is any sequence in X, Lemma 2.3 implies that Πσ(p) ~
£?— \imn^ Πσ(zw) = &— lim^eo&ϊ0. Thus every sequence in X has
a £^-limit point, and so X is ^-compact.

REMARK 2.7. In [19], Scarborough and Stone have shown that,
if X = ΐlaeiX«> then X is countably compact if, and only if, every
subproduct of 22<J factors is countably compact. Thus the conditions
(ii) and (iii) in Theorem 2.6 may be regarded as an improvement of
their result in the case where all the factors are the same.

COROLLARY 2.8. If \X\ ^ c, then Xc is countably compact if,
and only if, there exists £2? in βN — N such that X is ^-compact.

In [18] the following theorem is proved.

THEOREM 2.9 (Saks-Stephenson). The product of not more than
^ x strongly ^-compact spaces is countably compact.

We therefore obtain the following corollary.

COROLLARY 2.10. [CH] // \X\£c, and if X is strongly ^ 0 -
compact, then there exists 2H in βN — N such that X is ^-compact.
In particular, every countably compact k-space of cardinality ^ c
is ^-compact for some 3ί in βN — N.

Proof. The first assertion is obvious from 2.8 and 2.9, while
the second is a special case, by Theorem 1.2 in [15].

REMARK 2.11. Since every sequentially compact space is strongly
^o-compact, the conclusion of 2.10 holds for sequentially compact
spaces, of cardinal S c- This special case of 2.10 also follows directly
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from Theorem 5.8 in [19], together with our Theorem 2.6.

For non-trivial examples of the spaces hypothesized in 2.10, the
reader is referred to [6].

We now turn to another aspect of ^-compactness. It follows
from the corollary to Theorem 1 in [12], that every completely
regular space has a maximal ^-compact extension. That is, for
every completely regular space X, there is a ^-compact space &(X)
containing X as a dense subspace, such that every continuous map
of X into any ̂ -compact space extends continuously to &(X).
From the final section of Herrlich and van der Slot's paper [12], it
follows that, in fact, we may take X S &(X) S βX where £&(X)
is the intersection of all ̂ -compact subspaces of βX containing X.

We now show how 2&(X) is built up from X. The construction
is an exact analogue of Example 4 in [1]. In this example, Bernstein
is constructing a ^-compact space which is not ^-bounded. His
construction, when slightly modified, gives the maximal ^"-compact
extension of an arbitrary completely regular space. R. G. Woods
independently characterized 2$(X) by the same method as given
here, in [22].

Let X be a completely regular space. We first construct a
transfinite sequence (Xa: a < ωL) of subspaces of βX containing X.

Let Xo = X. Assume we have constructed the spaces Xaf for
a < β such that

(i) a^a%<β^Xai^Xa^βX
(ii) aγ < a2 < β =~ every sequence in Xai has a ^"-lirnit point

in Xa2.

We now show how to get Xβ. Let Σβ be the set of all sequences
in U«<i3 Xa F o r e a c h σ e Σβ> let %o be the ^-limit point of σ in βX.
Finally, let Xβ = ( ( J ^ Xa) U {xa: σ e Σβ}.

This completes the induction step, and gives a sequence (Xa:
satisfying (i) and (ii) for all ax < a2 < ωx.

THEOREM 2.12.

Proof. Obviously I S U*<ωi Xa S βX. If (xn- n e N) is a sequence
in \Ja<aiXat it lies entirely within one Xβ, and thus has a ^-limit
point in Xβ+1. Therefore \Ja<ω Xa is ^"-compact. A straightforward
induction shows that any ^-compact subspace of βX containing X
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must contain every Xa9 that is, must contain \Ja<a)ί Xa. From the
result we have quoted from the Herrlich and van der Slot paper [12],
it now follows that 3f{X) = U«<^ X«.

3* ^-compactness in topological groups* Recall that a topo-
logical group G is said to be totally bounded, if, for each neighborhood
U of the identity, a finite number of translates of U covers G. In
[20], Weil proves that each totally bounded group G is a dense topo-
logical subgroup of a compact group, and that this compactification
is unique up to a topological isomorphism fixing G point wise. This
compactification of G is known as its Weil completion, and shall be
denoted by G.

Using the identical procedure to 2.12, we obtain the following
result. Let S be a free ultrafilter on N.

THEOREM 3.1. For every totally bounded topological group G,
there is a ^-compact topological group £&(G), containing G as a
dense topological subgroup, such that no proper subspace of &(G)
containing G is ^-compact. 2${G) is determined uniquely by a
topological isomorphism fixing G pointwise.

Proof. Define the spaces (Ga: a < ωλ) as in 2.12, replacing X by
G, and βX by G, and let &r(G) = U . ^ Ga. 3ί(G) is ^-compact
and there is, as in 2.12, no ^-compact space Y satisfying, ffSΓc
&{G). We next show that &{G) is a group. Since the Ga form a
chain, to prove this, it is sufficient to prove the following:

If H is a subgroup of G, and if LH = {xe G: there exists a
sequence (xn: n e N) in H such that x = & — lim^^ xn}, then H U LH is
a subgroup of G. But this is obvious, since if x = Qί — lim^^ xn and
y — £gr— \imn^ooyn, then the continuity of the operations implies that

^ x~γ and xy = 3f — l im^^ xnyn.

We have now shown that ϋ (̂Cr) is a ^"-compact group containing
G a s a dense topological subgroup, and that &{G) is a minimal in-
compact extension of G. It remains to prove the uniqueness assertion.

Recall that, in Theorem 1.1 of [3], Comfort and Ross prove that
every pseudocompact group is totally bounded. In particular, any
^-compact group is totally bounded.

Now, suppose H is another ^-compact group containing G as
a dense topological subgroup, and that no proper subspace of H
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containing G is ^-compact. Since H is totally bounded, it has a
Weil completion, H, and by uniqueness, G ~ H, by a topological
isomorphism fixing G pointwise. By the construction of 3$(G) it
is clear that under any such isomorphism, &ϊ{G) is mapped inside
H. Since this image of 3f(G) is ^-compact and contains (?, the
minimality of H implies that the image of £&(G) under any such
isomorphism is all of H. This proves that £&{G) is uniquely deter-
mined, by a topological isomorphism fixing G pointwise, as a minimal
^"-compact group extension of G.

Our next result gives conditions sufficient for a topological group
to be ^-compact for some 2$ in βN-N.

THEOREM 3.2. Let G be a countably compact group. If G con-
tains a C*-embedded copy of N, and if multiplication m:Gx G—>G
is a closed map, then G is ^-compact for some 3f in βN-N.

Proof. We will identify the C*-embedded copy of N as being N
itself. In Theorem 1.2 of [3], Comfort and Ross prove that, if G is
a pseudocompact group, then G = βG. Therefore, under the given
hypotheses on G, CIQ N = βN.

Since G is countably compact, iVhas a cluster point 2&e G Π βN =
G Π eh N. We will show that G is ^-compact.

Thus, let (bn:ne N) be a sequence in G. We must find a «£
point of (bn: ne N) lying in G. Consider the sequence (φn, b^n): ne N)
in G x G. Since &e clGm({(bn, b~γn): n e N}), and since multiplication
is closed, there exists be G such that (6, b~x&)e c\GxG{(bn, b~ιn): ne N}.
We show that, in fact, b = 3ί — lim,^ bn. For the sake of contradic-
tion, assume b is not the ^-limit point of (bn: ne N). Then there is
a neighborhood U of the identity in G such that L = {n: bn e b U} £ 3ϊ.
Let K = N - L. Then if e ^ . Thus 3ίe c\βNK = cfe ϋΓ, and so clg if is
a neighborhood of ^ in βN — cl̂  JV. Therefore there is an open set
O in G such that O Π βN = clGK. Let V= &~\O Π G). Then F
is a neighbborhood of the identity in G, and 3?V f] N = K. Now
find a neighorhood TΓ of the identity in G, such that W2 £ ί7 Π F,
and find a neighborhood M of the identity in G such that Λf £ U and
i k f i r ^ S b^SfW. Since (6, δ" 1 ^) e clβxoίίδ,, 6^x^): n e N), there exists
n0 such that (δ,0, ft->0)€ (bM) x {b~ι&W). Thus, bnQebM<S-bU, so
that ô e L. But ^0 = (δ%0)(6^>0) e (ftMίCft-1^"^) - δίMδ" 1 ^) T7 S
b(b~1^W)W = ^ T 7 2 £ ^ F , and so ^ e ^ Π N = K. But this is
impossible, since Z ί Ί L = 0 . This contradiction proves that 6 =

^δ^, and thus G is ^-compact.
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Observe that the proof of 3.2 actually shows that G is ^-compact
for all 3f in G Π βN. This leads to the following corollary.

COROLLARY 3.3. If G is a topologίcal group which contains a
copy of βN, and if multiplication in G is closed, then G is #0-
bounded.

Proof. The proof of 3.2 shows that G is ^"-compact for all £&
in βN — N, and by Theorem 2.4, this is equivalent to ^0-boundedness.

REMARK 3.4. Unfortunately, the authors know of no nontrivial
groups on which multiplication is closed, aside from compact groups.
Thus, as of now, Theorem 3.2 is not of practical use. In fact, it is
still not known if there exist countably compact groups whose product
is not countably compact. The corresponding question for pseudocom-
pact groups has been answered in [3], by Comfort and Ross, where
they have shown that any product of pseudocompact groups is pseudo-
compact. Thus, finding two countably compact groups whose product
is not countably compact would result in two countably compact
groups whose product is pseudocompact, but not countably compact.
In this spirit, in § 5, we give an example, due to Frolίk, of countably
compact spaces X and Y whose product is pseudocompact but not
countably compact.

The situation for powers of a topological space is, in a sense,
reversed. One can characterize spaces all of whose powers are
countably compact, as we have done in § 2, but the corresponding
question for pseudocompactness, to our knowledge, has not yet been
settled. Some partial results in this direction are contained in the
next section.

4* Powers and products of pseudocompact spaces* Recall that
a space X is pseudocompact if every continuous real-valued function
on X is bounded. There is an obvious modification of ^-compactness
which is suited to the study of pseudocompactness in completely re-
gular spaces. This is because, as Glicksberg observed in [11], a com-
pletely regular space X is pseudocompact if, and only if, every
sequence of nonempty open subsets of X has a cluster point, (a
cluster point of a sequence of sets is a point such that each of its
neighborhoods meets infinitely many sets in the sequence). In fact,
as Glicksberg shows, it is necessary and sufficient that every sequence
of pair wise disjoint, nonempty open sets have a cluster point.

In this section, all spaces are assumed to be completely regular.
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DEFINITION 4.1. Let Sf be a free ultraίilter on N. Let (Sn: neN)
be a sequence of subsets of a topological space X. A point pe X is
called a £&-limit point of the sequence (Sn:neN) if, for every
neighborhood W of p, {n: Sn C) W Φ 0} e &. A (completely regular)
space X is called ^-pseudocompact if every sequence of non-empty
open subsets of X has a ^-limit point.

Making use of arguments similar to those in 2.4, we can readily
establish the following facts.

THEOREM 4.2. Every ^-pseudocompact space is pseudocompact.

THEOREM 4.3. Every product of ^-pseudocompact spaces is S>-
pseudocompact.

A corollary of these two theorems is that every power of a &-
pseudocompact space is pseudocompact. Now, it follows from Theorem
4 of [11], that any product of pseudocompact, locally compact spaces
is pseudocompact, and that any product of pseudocompact, first
countable spaces is pseudocompact. Since there is no reason, in gen-
eral, to expect such products to be ^-pseudocompact, one cannot
hope for a result analogous to Theorem 2.6 for pseudocompact powers.
This can be seen in another way. In [11], Glicksberg shows that a
product space ΐlaeiXa is pseudocompact if, and only if, every count-
able subproduct is pseudocompact. Now, for a sequence of sets σ =
(Sn: neN) in X, let L(σ) = {&e βN - N: σ has a ^-limit point}. Let
Σ be the set of sequences (of points) in X, and let 2V be the set of
all sequences of open subsets of X. The proof of 2.6 really shows
that every power of X is countably compact if, and only if, for
every subset T of Σ9 ΠσeT L(σ) Φ 0 . Since every power of X is
pseudocompact if, and only if, X*° is pseudocompact, we can, in a
similar way, conclude that every power of X is pseudocompact if,
and only if, for every countable subset T of Σ&, f}σeT L(σ) Φ 0 .

EXAMPLE 4.4. A space, all of whose powers are pseudocompact
which is not ^-pseudocompact for any Si in βN' — N:

For each p in βN- N, let Xp = βN- {p}. Let X = IL>e/*MXp.
Since every power of X is a product of locally compact, pseudo-
compact spaces, every power of X is pseudocompact. But the factor
X& of X is not ^-pseudocompact, and so X is not ^-pseudocompact
for any & in βN — N.

4.5. If a space X has a dense subset D such that every sequence
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in D has an accumulation point in X, then obviously X is pseudo-
compact. Many of the familiar examples of pseudocompact spaces
have this property, and this criterion for pseudocompactness has been
used profitably in many instances. We refer the reader to [2] and
[8] for excellent examples of this.

With this in mind, another natural application of ^-compactness
to the study of pseudocompactness arises. Let us consider spaces -X*
which have a dense subset A such that every sequence in A has a
^-limit point in X. Calling such spaces densely'-^-compact, we can
establish the following theorem.

THEOREM 4.6. Every product of densely-^-compact spaces is
densely-^-compact. Every densely-^-compact space is ^-pseudo-
compact.

Proof. The first assertion follows in a straightforward manner,
using an argument similar to that in 2.4. To prove the second state-
ment, let X be densely ^-compact.

Let A be a dense subset of X such that every sequence in A
has a ^-limit point in X. Now, let (Gn: ne N) be any sequence of
nonempty open sets in X. For each n9 there exists a point ane Gnf] A.
Let p e l be a i^-limit point of the sequence (an: ne N). Then,
clearly p is a ^"-lirnit point of the sequence (Gn:ne N). Therefore
X is ^-pseudocompact.

5* Examples of pseudocompact spaces* In this section we prove
several theorems which provide new examples of nontrivial pseudo-
compact spaces.

Let us first recall the notion of type in βN — N. The equivalence
relation ~ defined on βN—N by x ~ y if there exists a homeomorphism
of βN onto itself taking x to y, decomposes βN — N into equivalence
classes called types. For p e βN — N, T(p) denotes the type of p.
Recall that, for any peβN- N, T(p) is dense in βN - N. (See 6S
in [10], and [7].) Note also that every type is a homogeneous space.

We are indebted to Z. Frolίk for communicating the following
lemma and our first example, and their proofs.

LEMMA 5.1 (Frolίk). Let T be a type of βN—N. Then no count-
able discrete subset of T has a cluster point in T.
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Proof. Suppose the statement is false. We shall derive a con-
tradiction. Thus, let (xn: ne N) be a discrete subset of a type T
which has a cluster point in T, say x. Find pairwise disjoint, infinite
subsets {An: ne N} of N such that N = \JneN An and xne c\βNAn for
each n.

Now, for each n, xn and x are of the same type, so we can find,
for each n, a homeomorphism fn: βN~-+ βN such that fn{xn) = #- Let
#Λ denote the restriction of fn to AΛ. Define F:N—>N by JF =
UneN 9n Let F^ denote the Stone-extension of F to /SiV. Continuity
implies that Fβ(xn) — x for each n, and therefore implies that
Fβ(clβN {xn\ neN}) = {x}. Thus Fβ(x) = x.

We now appeal to a result of Katetov, in [3], which implies that
the fixed points of Fβ are precisely the points in the /3iV-closure of
the set of fixed points of F. (for a detailed proof, see Lemma 9.1 in
[4].) Thus, letting U = {p e βN: Fβ(p) = p}, we have U = cW (Uf]N).
In particular, U is open in βN. Since x e U, and since x is a cluster
point of {xn: ne N), there is an integer k such that xke U. For such
an integer Jc, we then have to conclude that xk — Fβ(xk) — x.

But this is ridiculous, since x is a cluster point of {xn:neN}
and {xn: n e N) is discrete.

We can now present the example, due to Frolίk, that was pro-
mised in 3.4.

EXAMPLE 5.2 (Frolίk). There exist countably compact spaces X
and Y such that X x Y is pseudocompact and not countably
compact.

Proof. Let T be any type of βN — N. Then every finite power
of N\J T is pseudocompact. (see [2] and [8].) We can find subspaces
P1 and P2 of βN-N such that both X-=NUTUP, and Y-=N\jTϋP2

are countably compact, and such that Px Π P2 = 0 . The proof of
the existence of Px and P2 is the same as the proof of Lemma 2.9
in [9], and depends on the fact that countably infinite subsets of βN
have 2C points in their closure.

Now the diagonal in X x Y is Nl) T, which is not countably
compact by Lemma 5.1. Therefore X x Y is not countably compact.
But since X x Y contains the dense pseudocompact subspace (N U T) x
(N{J T), X x Y is pseudocompact.

As was remarked in 4.5, the pseudocompactness of many familiar
spaces can be deduced by the presence of a relatively countably
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compact dense subspace. One of the first examples of a pseudocompact
space which has no dense countably compact subspace appears in [14].
The following Theorem 5.3, together with Lemma 5.1, shows there are
pseudocompact spaces in which no countable discrete set has a cluster
point. Assuming the continuum hypothesis, in 5.4 below, we exhibit a
pseudocompact space in which no countable set has a cluster point.
It follows that, in all of these examples, there is no dense relatively
countably compact subspace. In Theorem 5.6 we show that these
spaces have all of their powers pseudocompact. These results show
that pseudocompact spaces can be as far from countably compact as
is imaginable.

We will show that, if q is a non-P-point of βN — N, then T(q) is
pseudocompact. (for the definition and basic properties of P-points,
see AK and 4L of [10]). We use the fact that, if q is a non-P-point
of βN — N, there exists a partition {Bn: n e N) of iVinto infinite sets,
such that for each Aeq, we have {n: A Π Bn is infinite} is infinite.
This can be shown directly, as in Lemma 9. 14 of [4].

Our original theorem on the pseudocompactness of types held for
a more restricted class of types. We are grateful to W. W. Comfort
for pointing out that our construction works for all non-P-point
types.

THEOREM 5.3. If q is a non-P-point of βN — N, then T(q) is
pseudocompact.

Proof. By the result of Glicksberg's quoted earlier, it is sufficient
to prove that every sequence of pair wise disjoint, nonempty open
subsets of T(q) has a cluster point in T(q).

Thus, let (Gn: ne N) be a sequence of pairwise disjoint, non-
empty open subsets of T(q). For each n, there is an infinite subset
An of N such that (e\βIί An) Π T(q) S Gn. We claim that, for n Φ m,
An Π Am is finite. For, if Am Π An was infinite, then cl^ Am f] c\βN An

would be an open subset of βN that meets βN — N. The density of
T(q) would imply that (elβir Am) n (clβN An) f] T(q) Φ 0 , which con-
tradicts the disjointness of Gn and Gm. Thus n Φ m implies that
An Π Am is finite. For each n, let Aϋ = An- \Ji<n A. Then {A'n: %eN}
is a family of pairwise disjoint infinite subsets of N such that
(cW^-O Π T(q) S Gn for each n. Let Cλ = A[ U (N - \Jn,NAf

n) and
let Cn = A!n for n > 1. To find a cluster point of (Gn: neN) it clearly
suffices to find a cluster point of the sequence ((cl^ Cn) Π T(q): n 6 N).

We have thus reduced the task of showing T(q) is pseudocompact
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to the following: We must show that, for every partition of N into
infinite sets {An:neN}, the sequence ((clβN An) Γ) T(q):neN) has a
cluster point in T(q). To this end, let N — \JneN An be such a parti-
tion. Since q is not a P-point of βN — Nf there is a partition N =
\JneN Bn of N into infinite sets, such that, for each Aeq, {n: A ΓΊ Bn

is infinite} is infinite. Let /: N—+N be a bijection taking !?„ onto An

for every w. Let fβ denote its Stone-extension to βNf and let p =
fβ(q). Then peT(q). We claim that p is a cluster point of the
sequence ((cl^ An) ΓΊ T(q): n e N). To prove this, let (c\βN A) Π T{q) be
any basic neighborhood of p in T{q). Then 4 e p , and so f~ι(A)e q.
The set {n: f~ι{A) Π £„ is infinite} is infinite. Since / is a bijection,
for infinitely many n, Af]An is an infinite set. But for any such
n, cl^ A Π cl^ An is an open subset of βN that meets βN — N. Since
T(q) is dense in βN - N, for any such n, [(cW A) Π T(tf)] Π [(cl^ AJ Π
Γ(g)] = (cl^ A) Γ, (cW A%) Π Γ(^) ^ 0 . Thus every neighborhood of
p in T(q) meets infinitely many of the sets (cl^ An) Π T(q). That is,
p is a cluster point of ((clβN An) f] T(q):ne N). As we observed at
the beginning of the proof, this enables us to conclude that T(q) is
pseudocompact.

REMARK 5.4. In [16], assuming the continuum hypothesis, M. E.
Rudin shows there exists a non-P-point q in βN — N such that q is not
in the closure of any countable subset of βN — N. By our Theorem
5.3, for such q, T(q) is a pseudocompact space in which no countable
subset has a limit point. The assumption that q is not a P-point in
5.3 is essential, since a pseudocompact P-space is finite, and therefore
no P-point type is pseudocompact.

THEOREM 5.5. Let q be a non-P-point of βN — N. Then there
exists £& in βN — N such that T(q) is ^-pseudocompact.

Proof. Let {An: ne N) be an infinite collection of pair wise dis-
joint, infinite subsets of N with N — \JneN^ n infinite. Since T(q) is
pseudocompact, the sequence ((cl^ An) Π T(q): neN) has a cluster
point pe T(q). A proof completely analagous to Lemma 2.2 shows
there exists a free ultrafilter 3f in βN — N such that p is a ^-limit
point of ((cl^ An) Π T(q): neN). We will show that for this 3T, T{q)
is ^-pseudocompact.

Thus, let (Gn:neN) be any sequence of nonempty open subsets
of T{q). For each n, find an infinite subset Bn of N such that
(c\βN Bn) n T(q) S Gn. Using the Disjoint Refinement Lemma 7.5 of
[4], we can find a pairwise disjoint sequence (Cn:neN) of infinite
subsets of N, such that N — \JneN Cn is infinite and C% S Bn for each
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n. It clearly suffices to show that ((cl^ Cn) Π T(q): ne N) has a 3f-
limit point in T(q), for such a point will be a ^-limit point of
(Gn: ne N). Now, let /: N—>N be a bisection taking An onto Cw for
every n. Let r = fβ(p) Then r e T(g). It follows easily that r is
a j^-limit point of ((cl^ CJ Π Γfe): w e N) in 7X#). Thus every
sequence of open sets in T(q) has a ^-limit point. That is, T(q) is
^"-pseudocompact.

THEOREM 5.6. If q is a non-P-point of βN — N, then every power
of T(q) is pseudocompact.

Proof. This follows immediately from 5.5, 4.2, and 4.3.

REMARK 5.7. Theorem 5.5 and Lemma 5.1 show that, for a non-
P-point q of βN — N, T(q) is an example of a ^-pseudocompact space
which is not densely £f-compact for any g7 in βN — N. Thus the con-
verse of the second statement in 4.6 is false.

5.8. Recall that a completely regular space X is said to be
extremally disconnected if every open subset of X has open closure,
and basically disconnected if every co-zero set in X has open closure.
For the elementary properties of these spaces, the reader is referred
to 1H and 6M in [10].

THEOREM 5.9. Let X be basically disconnected and locally com-
pact, and let D be a dense subset of βX — X. Then X\J D is pseudo-
compact.

Proof. We will assume not and reach a contradiction. If X (J D
is not pseudocompact, there is an unbounded function / in C(X (J D).
Let g = (/2 + I)"1. Then g e C(X U D), 0 < g ^ 1 and inf tQXUD g(t) = 0.
Let gβ denote the Stone-extension of g to β(X U D) = βX. Since X
is dense in X U D, for every n there is a point xn in X such that
g(xn) < 1/n. For each n, let Gn = {x e X: g(x) < 1/n}. Since X is
locally compact, we can find, for each n, a co-zero set Hn containing
xn, whose closure is compact and is contained in Gn. Let W =
\JneN Hn. Then W is a co-zero set in X. Now clx Wis not compact,
since the function g on clx W does not attain its infimum on clx TΓ.
Thus cl^ W—XΦ 0 . But, since Xis basically disconnected, cl^ W=
cW (cljr TΓ) is open in βX. Since it meets βX — X, it must meet D,
since JD is dense in βX — X. Let p e (cl^x TΓ) Π D. Since # is strictly
positive on X{j D, there is an integer m such that g(p) > 1/m. Let
V={xeβX:gβ(x)>l/m}. Then F - Uί*=i cl* H* is a neighborhood
of p in /3X which is disjoint from W. This is ridiculous, since p e
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elβx W. This contradiction proves that X U D is pseudocompact.

REMARK 5.10. The conclusion of Theorem 5.9 holds whenever
X is locally compact and realcompact. This result was established
by Fine and Gillman in Theorem 3.1 of [5]. A special case of 5.9,
for extremally disconnected, locally compact spaces, combined
with Theorem 3.1 in [21], yields the Fine-Gillman result as a
corollary.

REFERENCES

1. A. R. Bernstein, A new kind of compactness for topological spaces, Fund. Math.,
66 (1970), 185-193.
2. W. W. Comfort, A nonpseudocompact product space whose finite subproducts are
pseudocompact, Math. Annal., 170 (1967), 41-44.
3. W. W. Comfort and K. A. Ross, Pseudocompactness and uniform continuity in
topological groups, Pacific J. Math., 16 (1966), 483-496.
4. W. W. Comfort and S. Negrepontis, The Theory of Ultrafilters, Springer-Verlag,
Heidelberg, Grundlehren der math. Wissenschaften, vol. 211, 1974.
5. N. J. Fine and L. Gillman, Remote points in βR, Proc. Amer. Math. Soc, 13
(1962), 29-36.
6. S. P. Franklin and M. Rajagopalan, Some examples in topology, Trans. Amer. Math.
Soc, 155 (1971), 305-314.
7. Z. Frolίk, Sums of Ultrafilters, Bull. Amer. Math. Soc, 73 (1967), 87-91.
8. 1 On two problems of W. W. Comfort, Comm. Math. Univ. Carol. 8, 1 (1967)
139-144.
9. 1 The topological product of countably compact spaces, Czech. Math. J.,
85 (1960), 329-338.
10. L. Gillman and M. Jerison, Rings of Continuous Functions, Van Nostrand, New
York, 1960.
11. I. Glicksberg, Stone-Cech compactifications of products, Trans. Amer. Math. Soc,
9 0 (1959), 369-382.
12. H. Herrlich and J. van der Slot, Properties which are closely related to com-
pactness, Indag Math., 29 (1967), 524-529.
13. M. Katetov, A theorem on mappings, Comm. Math. Univ. Carol., 8, 3 (1967),
341-433.
14. M. M. Marjanovic, A pseudocompact space having no dense countably compact
subspace, Glasnik. Mat. Tom. 6 (26)—No. 1—1971, 149-150.
15. N. Noble, Countably compact and pseudocompact products, Czech. Math. J. 19
(1969), 390-397.
16. M. E. Rudin, Partial Orders on the types in βN, Trans. Amer. Math. Soc, 155,
No. 2 (1971), 353-362.
17. V. Saks, Countably Compact Groups, Thesis, Wesleyan University, Middletown,
Conn., 1972.
18. V. Saks and R. M. Stephenson Jr., Products of m-compact spaces, Proc Amer.
Math. Soc, 28 (1971), 278-288.
19. C. T. Scarborough and A. H. Stone, Products of nearly compact spaces, Trans.
Amer. Math. Soc, 124 (1966), 131-147.
20. A. Weil, Sur les espaces a structure uniforme et sur la topologie generale, Publ.
Math. Univ, Strasbourg, Hermann, Paris, 1937.
21. R. G. Woods, Co-absolutes of remainders of Stone-Cech compactifications, Pacific
J. Math., 37 (1971), 545-560.



418 JOHN GINSBURG AND VICTOR SAKS

22. R. G. Woods, Topological extension properties, to appear in Trans. Amer. Math.
Soc.

Received April 2, 1974 and in revised form January 20, 1975. The research of
the first author was partially supported by a fellowship from the National Research
Council of Canada.

UNIVERSITY OF MANITOBA

AND
UNIVERSITY OF COSTA RICA



PACIFIC JOURNAL OF MATHEMATICS

EDITORS

RICHARD A R E N S (Managing Editor) J. DUGUNDJI

University of California Department of Mathematics
Los Angeles, California 90024 University of Southern California

Los Angeles, California 90007

R. A. BEAUMONT D. GILBARG AND J. MILGRAM

University of Washington Stanford University
Seattle, Washington 98105 Stanford, California 94305

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

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. 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 triplicate, may be sent to any
one of the editors. Please classify according to the scheme of Math. Reviews, Index to Vol. 39.
All other communications should be addressed to the managing editor, or Elaine Barth, University
of California, Los Angeles, California, 90024.

The Pacific Journal of Mathematics expects the author's institution to pay page charges,
and reserves the right to delay publication for nonpayment of charges in case of financial
emergency.

100 reprints are provided free for each article, only if page charges have been substantially
paid. Additional copies may be obtained at cost in multiples of 50.

The Pacific Journal of Mathematics is issued monthly as of January 1966. Regular sub-
scription rate: $72.00 a year (6 Vols., 12 issues). Special rate: $36.00 a year to individual
members of supporting institutions.

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.

Copyright © 1975 by Pacific Journal of Mathematics
Manufactured and first issued in Japan



Pacific Journal of Mathematics
Vol. 57, No. 2 February, 1975

Norman Larrabee Alling, On Cauchy’s theorem for real algebraic curves with boundary . . . . . . 315
Daniel D. Anderson, A remark on the lattice of ideals of a Prüfer domain . . . . . . . . . . . . . . . . . . . . 323
Dennis Neal Barr and Peter D. Miletta, A necessary and sufficient condition for uniqueness of

solutions to two point boundary value problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
Ladislav Beran, On solvability of generalized orthomodular lattices . . . . . . . . . . . . . . . . . . . . . . . . . 331
L. Carlitz, A three-term relation for some sums related to Dedekind sums . . . . . . . . . . . . . . . . . . . . 339
Arthur Herbert Copeland, Jr. and Albert Oscar Shar, Images and pre-images of localization

maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
G. G. Dandapat, John L. Hunsucker and Carl Pomerance, Some new results on odd perfect

numbers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359
M. Edelstein and L. Keener, Characterizations of infinite-dimensional and nonreflexive

spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365
Francis James Flanigan, On Levi factors of derivation algebras and the radical embedding

problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 371
Harvey Friedman, Provable equality in primitive recursive arithmetic with and without

induction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
Joseph Braucher Fugate and Lee K. Mohler, The fixed point property for tree-like continua with

finitely many arc components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393
John Norman Ginsburg and Victor Harold Saks, Some applications of ultrafilters in

topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403
Arjun K. Gupta, Generalisation of a “square” functional equation . . . . . . . . . . . . . . . . . . . . . . . . . . 419
Thomas Lee Hayden and Frank Jones Massey, Nonlinear holomorphic semigroups . . . . . . . . . . . 423
V. Kannan and Thekkedath Thrivikraman, Lattices of Hausdorff compactifications of a locally

compact space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441
J. E. Kerlin and Wilfred Dennis Pepe, Norm decreasing homomorphisms between group

algebras . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445
Young K. Kwon, Behavior of 8-bounded harmonic functions at the Wiener boundary . . . . . . . . . 453
Richard Arthur Levaro, Projective quasi-coherent sheaves of modules . . . . . . . . . . . . . . . . . . . . . . . 457
Chung Lin, Rearranging Fourier transforms on groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463
David Lowell Lovelady, An asymptotic analysis of an odd order linear differential equation . . . 475
Jerry Malzan, On groups with a single involution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 481
J. F. McClendon, Metric families . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491
Carl Pomerance, On multiply perfect numbers with a special property . . . . . . . . . . . . . . . . . . . . . . . 511
Mohan S. Putcha and Adil Mohamed Yaqub, Polynomial constraints for finiteness of

semisimple rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 519
Calvin R. Putnam, Hyponormal contractions and strong power convergence . . . . . . . . . . . . . . . . . . 531
Douglas Conner Ravenel, Multiplicative operations in BP∗BP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 539
Judith Roitman, Attaining the spread at cardinals which are not strong limits . . . . . . . . . . . . . . . . . 545
Kazuyuki Saitô, Groups of ∗-automorphisms and invariant maps of von Neumann algebras . . . . 553
Brian Kirkwood Schmidt, Homotopy invariance of contravariant functors acting on smooth

manifolds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 559
Kenneth Barry Stolarsky, The sum of the distances to N points on a sphere . . . . . . . . . . . . . . . . . . . 563
Mark Lawrence Teply, Semiprime rings with the singular splitting property . . . . . . . . . . . . . . . . . . 575
J. Pelham Thomas, Maximal connected Hausdorff spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 581
Charles Thomas Tucker, II, Concerning σ -homomorphisms of Riesz spaces . . . . . . . . . . . . . . . . . . 585
Rangachari Venkataraman, Compactness in abelian topological groups . . . . . . . . . . . . . . . . . . . . . . 591
William Charles Waterhouse, Basically bounded functors and flat sheaves . . . . . . . . . . . . . . . . . . . 597
David Westreich, Bifurcation of operator equations with unbounded linearized part . . . . . . . . . . . 611
William Robin Zame, Extendibility, boundedness and sequential convergence in spaces of

holomorphic functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 619

Pacific
JournalofM

athem
atics

1975
Vol.57,N

o.2

http://dx.doi.org/10.2140/pjm.1975.57.315
http://dx.doi.org/10.2140/pjm.1975.57.323
http://dx.doi.org/10.2140/pjm.1975.57.325
http://dx.doi.org/10.2140/pjm.1975.57.325
http://dx.doi.org/10.2140/pjm.1975.57.331
http://dx.doi.org/10.2140/pjm.1975.57.339
http://dx.doi.org/10.2140/pjm.1975.57.349
http://dx.doi.org/10.2140/pjm.1975.57.349
http://dx.doi.org/10.2140/pjm.1975.57.359
http://dx.doi.org/10.2140/pjm.1975.57.359
http://dx.doi.org/10.2140/pjm.1975.57.365
http://dx.doi.org/10.2140/pjm.1975.57.365
http://dx.doi.org/10.2140/pjm.1975.57.371
http://dx.doi.org/10.2140/pjm.1975.57.371
http://dx.doi.org/10.2140/pjm.1975.57.379
http://dx.doi.org/10.2140/pjm.1975.57.379
http://dx.doi.org/10.2140/pjm.1975.57.393
http://dx.doi.org/10.2140/pjm.1975.57.393
http://dx.doi.org/10.2140/pjm.1975.57.419
http://dx.doi.org/10.2140/pjm.1975.57.423
http://dx.doi.org/10.2140/pjm.1975.57.441
http://dx.doi.org/10.2140/pjm.1975.57.441
http://dx.doi.org/10.2140/pjm.1975.57.445
http://dx.doi.org/10.2140/pjm.1975.57.445
http://dx.doi.org/10.2140/pjm.1975.57.453
http://dx.doi.org/10.2140/pjm.1975.57.457
http://dx.doi.org/10.2140/pjm.1975.57.463
http://dx.doi.org/10.2140/pjm.1975.57.475
http://dx.doi.org/10.2140/pjm.1975.57.481
http://dx.doi.org/10.2140/pjm.1975.57.491
http://dx.doi.org/10.2140/pjm.1975.57.511
http://dx.doi.org/10.2140/pjm.1975.57.519
http://dx.doi.org/10.2140/pjm.1975.57.519
http://dx.doi.org/10.2140/pjm.1975.57.531
http://dx.doi.org/10.2140/pjm.1975.57.539
http://dx.doi.org/10.2140/pjm.1975.57.545
http://dx.doi.org/10.2140/pjm.1975.57.553
http://dx.doi.org/10.2140/pjm.1975.57.559
http://dx.doi.org/10.2140/pjm.1975.57.559
http://dx.doi.org/10.2140/pjm.1975.57.563
http://dx.doi.org/10.2140/pjm.1975.57.575
http://dx.doi.org/10.2140/pjm.1975.57.581
http://dx.doi.org/10.2140/pjm.1975.57.585
http://dx.doi.org/10.2140/pjm.1975.57.591
http://dx.doi.org/10.2140/pjm.1975.57.597
http://dx.doi.org/10.2140/pjm.1975.57.611
http://dx.doi.org/10.2140/pjm.1975.57.619
http://dx.doi.org/10.2140/pjm.1975.57.619

	
	
	

