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Abstract: A topological space X is called productively Lindelöf if X × Y is Lindelöf for every Lindelöf space Y . We
study with remainders and investigate topological spaces with productively Lindelöf remainders.
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1. Introduction
All spaces are assumed to be Tychonoff. All undefined notions can be found in [20, 26]. A space X is of countable
type if every compact subspace P of X is contained in a compact subspace F ⊂ X that has a countable base
of open neighborhoods in X . All metrizable spaces, all Čech-complete spaces, and, more generally, all p-spaces
are contained in the class of spaces of countable type [3].
A topological group G is a group with a topology such that the multiplication mapping of G × G into
G is continuous and the inverse mapping of G onto itself associating x−1 with arbitrary x ∈ G is continuous.
For more details, see [6].
Recall that a topological space is productively Lindelöf if its product with every Lindelöf space is Lindelöf.
Since the Cartesian product of a compact space and a Lindelöf space is Lindelöf, any σ -compact space is
productively Lindelöf (see, e.g., [20]).
In 1971 Michael proved that:
Theorem 1.1 ( [29]) CH implies every productively Lindelöf metrizable space is σ -compact.
More recently Alas et al. proved the following result.
Theorem 1.2 ( [1]) CH implies productively Lindelöf regular p-spaces are σ -compact.
Even though the class of projectively Lindelöf spaces has been extensively studied, it is still not well understood.
For more details see, e.g., [2, 14, 36].
For a space X and its compactification bX , the complement bX \ X is called a remainder of X . X
is called nowhere locally compact if no point of X has a compact neighborhood. Notice that if X is nowhere
locally compact, then any remainder of X is also dense in any compactification bX of X . The theory on
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remainders of compactifications has a long history and its root goes back to Čech [16]. A famous classical result
in this theory is the following due to Henriksen and Isbell [21]: a space X is of countable type if and only if
the remainder in any (or some) compactification of X is Lindelöf. Later, Arhangel’skii conducted a systematic
study of the theory and he has made many significant contributions to this topic (see, e.g., [7–13]).
Let Q denote the space of rationals. It is well known that there exists a compactification bQ in which
the remainder of Q is the space P of irrationals. Clearly, Q and P are p-space, since they are metrizable.
Michael proved the following well-known result.
Theorem 1.3 ( [29]) CH implies there is a Lindelöf space X such that X × P is not Lindelöf.
It follows that, under CH, the remainder of Q is not productively Lindelöf, since P is not σ -compact [23, 32].
However, without additional assumptions it is still an open problem whether P is productively Lindelöf or not.
A Lindelöf space Y is called a Michael space if P × Y is not Lindelöf. Indeed, one of the classical problem
of Michael is: does there exist a Michael space? It is known that under some assumptions such as b = ℵ1
or d = cov(M) there is a Michael space (see, e.g., [27, 30]). Thus, this example shows that remainders of a
productively Lindelöf space need not be productively Lindelöf.
In this sense, it is natural to ask:
Question 1.4 When does a productively Lindelöf space have a productively Lindelöf remainder?
Despite much effort, the theory of productively Lindelöf spaces is still not clear. Therefore, Question 1.4 may
be rewritten as follows:
Question 1.5 How can we characterize topological spaces with a productively Lindelöf remainder?
It is known that any compactification bX of a space X is the image of the Stone–Čech compactification
βX under a (unique) continuous mapping f that keeps X pointwise fixed; furthermore, f (βX \ X) = bX \ X
[21, Lemma 1.1]. Note that f and its restriction to βX \ X are perfect. On the other hand, the class of
productively Lindelöf spaces is preserved under perfect maps [35].
Therefore we have the following:
Lemma 1.6 If the Stone–Čech remainder βX \ X of X is productively Lindelöf, then every remainder of X
is productively Lindelöf.
In this paper we are mainly interested in the remainders of topological spaces with productively Lindelöf
property. In Section 2, we present some examples around the productively Lindelöfness. In Section 3, we focus
on the characterizing of remainders that have productively Lindelöf property or not. Finally, in Section 4, we
discuss the remainders of the space of all continuous real-valued functions on a space X with the topology of
pointwise convergence.
2. Examples
In this section we analyze some topological spaces with productively Lindelöf remainder.
Example 2.1 The space S of the set of all real numbers with the topology generated by the base consisting
of all intervals [a, b) = {x ∈ R : a ≤ x < b}, where a, b ∈ R and a < b , is called the Sorgenfrey line. It
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is known that S is Lindelöf, and S × S is not Lindelöf (see [20]). Then S is not productively Lindelöf. Let
Z = X ∪ Y be the double arrows space (also called, two arrows space), where X = {(x, 0) : 0 < x ≤ 1} and
Y = {(x, 1) : 0 ≤ x < 1} . The subspace X is the arrow space that is homeomorphic to S [20, Exercise 3.10.C].
Z is a Hausdorff compactification of S , and its remainder Y is still a copy of S (see [8]). Thus, S has a
nonproductively Lindelöf remainder. This implies that the Stone–Čech remainder βS \ S cannot be productively
Lindelöf by Lemma 1.6. Let us note that S is not a p-space (see [37]). Assuming CH, S has no metrizable
productively Lindelöf remainder. However, it is not clear whether there is a nonmetrizable productively Lindelöf
remainder of S.
Example 2.2 There is a productively Lindelöf space such that the remainder in any (or some) compactification
of it is productively Lindelöf.
Proof

Let βN be the Stone–Čech compactification of the discrete space N. βN \ N is compact since it is a

closed subspace of βN (see, e.g., [39, pp. 74]). Then βN \ N is productively Lindelöf. By following Lemma 1.6,
every remainder of N is productively Lindelöf.

2

Example 2.3 There is a nonproductively Lindelöf space X such that every remainder of X is productively
Lindelöf.
Proof Let X be the space of the ordinal numbers that are less than the first uncountable ordinal ω1 in the
order topology. Since X is not Lindelöf (see, e.g., [41]) it cannot be productively Lindelöf. Now consider the
one-point compactification of X denoted by bX = X ∪ {ω1 } . Cleary, bX \ X is productively Lindelöf. Indeed,
βX coincides with bX (see, e.g., [5]), and then every remainder of X is productively Lindelöf.

2

We should also note that we do not have a Lindelöf but not productively Lindelöf space such that every
remainder of it is productively Lindelöf. In fact, Todorcevic [38] constructs a stationary Aronszajn line that is
Lindelöf and not productively Lindelöf (see [19]). Moreover, in [14] Barr et al. give an example of a space that
is Lindelöf and not productively Lindelöf under CH. However, we do not know whether Stone–Čech remainders
of these spaces are productively Lindelöf.
Example 2.4 (CH) There is a nonproductively Lindelöf Čech-complete space with a productively Lindelöf
remainder.
Proof By following an example in [11], let X be the product space G × B , where B is a compact topological
group such that w(B) > 2c and G is the countable power of the usual space R. X is Čech-complete (see, e.g.,
[20]) and then any remainder of X is σ -compact. Therefore, any remainder of X is productively Lindelöf.
Note that X is productively Lindelöf if and only if G is productively Lindelöf.
Claim: G is not productively Lindelöf. If G were productively Lindelöf, then G would be σ -compact
by Theorem 1.2, but G is not σ -compact. To see this suppose that G is σ -compact. Note that G is a Polish
space; then by the Baire category theorem (see, e.g., [25], p. 41) it is a Baire space, i.e. G cannot be represented
∪
as a union of countable family of nowhere dense subspaces. Let G = n Fn , where each Fn is compact. Then
there is a natural number n0 such that Fn0 has a nonempty interior. Let g0 be a point in Fn0 . Let g be any
point in G . Observe that gg0−1 Fn0 is a compact neighborhood of g . Thus, G is locally compact. However G
cannot be locally compact, since it is a nowhere locally compact topological group.
1740
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Example 2.5 There is a countable subgroup G such that no remainder of G is productively Lindelöf.
Proof

Consider the Cantor cube Dω1 = {0, 1}ω1 with its standart Boolean group structure. Since it is

separable, there is a countable dense subspace of Dω1 , called G . Clearly, G is productively Lindelöf. Note
that G cannot be of countable type [9, p. 169]. Therefore, any remainder of G is not Lindelöf [21], and then
2

none of the remainder of G is productively Lindelöf.

3. Some results on spaces with productively Lindelöf remainders
Now we discuss certain restrictions on remainders of topological spaces that guarantee that these remainders
are productively Lindelöf or not. We have the following partial results in this direction.
Lemma 3.1 Every Čech-complete space has a productively Lindelöf remainder.
Recall from [11] a space X is locally Čech-complete if for each x ∈ X there exists an open neighborhood
V of x such that the closure of V in X is Čech-complete.
Corollary 3.2 Every remainder of a locally Čech-complete topological group is productively Lindelöf.
Proof Since every locally Čech-complete topological group is Čech-complete [28, Lemma 4.1], the proof is
immediate by Lemma 3.1.
2
A Lindelöf p-space is a preimage of a separable metrizable space under a perfect mapping [3].
Theorem 3.3 (CH) A non-Čech-complete Lindelöf p-space has no productively Lindelöf remainder.
Proof

Let X be a non-Čech-complete Lindelöf p-space. Suppose there is a productively Lindelöf remainder

Y = bX \ X of X in some compactification bX . Then Y is a Lindelöf p-space [7, Theorem 2.1]. Following
2

Theorem 1.2, Y is σ -compact, but this implies X is Čech-complete.
In what follows, we show that the assumption “Lindelöf p-space” in Theorem 3.3 cannot be dropped.

Example 3.4 There is a non-Čech-complete space with a productively Lindelöf remainder (here we do not need
CH).
Proof

Let T (ω1 + 1) be the space of all ordinal numbers not exceeding the first uncountable ordinal ω1

and Z be the subspace of T (ω1 + 1) consisting of all nonisolated points of T (ω1 + 1) . Now define Y0 as the
subspace of Z consisting of all isolated points of Z . Set Y = Y0 ∪ {ω1 } and X = T (ω1 + 1) \ Y . Note that
T (ω1 + 1) is compact [5] and since X is dense in T (ω1 + 1) , T (ω1 + 1) is a compactification bX of X , and Y
is a remainder of X in bX . Observe that Y0 is uncountable and all points of Y0 are isolated in Y . Moreover,
any open neighborhood of ω1 contains all but countably many points of Y due to the topology on T (ω1 + 1) .
Following Example 2.2 in [11] X is not Čech-complete and Y is not a Lindelöf Σ -space. The class of
Lindelöf Σ-space is introduced by Nagami [31]. Recall that a space is a Lindelöf Σ -space if it is the image of a
Lindelöf p-space under a continuous mapping. Since all Lindelöf p-spaces are Lindelöf Σ -spaces [10], Y cannot
be a Lindelöf p-space.
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Now we show that Y is productively Lindelöf. Let K be any Lindelöf space. Take any open cover U of
Y × K . Without loss of generality, we may assume U = {VY × OK : VY is open in Y, OK is open in K} . Since
∪
{ω1 } × K is Lindelöf (see, e.g., [20]), there is a countable subfamily W of U such that W covers the subspace
{ω1 } × K of Y × K .
Set W = {V1 × O1 , V2 × O2 , . . . } , where Vi = {ω1 } ∪ (Y0 \ Mi ) and each Mi ⊆ Y0 is countable for
∪
∪
∪
i = 1, 2, . . . . Note that (Y ×K)\( W) = i∈N (Mi ×K) . Clearly, each Mi ×K is Lindelöf, and so i∈N (Mi ×K)
∪
∪
is Lindelöf. Then there is a countable subfamily W ′ of U such that W ′ covers i∈N (Mi × K) . Therefore
we have a countable subfamily W ′ ∪ W of U that contains Y × K .

2

Ohio completeness was introduced by Arhangels’kii [7], who has shown that it is a useful tool in the study
of remainders of compactifications. Recall that a space X is Ohio complete if in every compactification bX of
X there exists a Gδ -subset Z such that X ⊂ Z and every y ∈ Z \ X is separated from X by a Gδ -subset of
Z . All Čech-complete spaces, all Lindelöf spaces, and all p-spaces are examples of Ohio-complete spaces.
It is obvious that every Čech-complete space has a productively Lindelöf remainder. If we extend it to
the class of Ohio-complete spaces, the following question naturally arises: does every Ohio-complete space have
a productively Lindelöf remainder? The answer is “no”.
As we discussed in Section 2, the Sorgenfrey line S is Lindelöf and so it is Ohio complete. However, there
is a remainder of S that is homeomorphic to S, and S is not productively Lindelöf.
The next statement shows how Ohio complete spaces are related to productively Lindelöf remainders.
Theorem 3.5 Let G be a not of countable type topological group. If some remainder (or any remainder) is
Ohio complete, then G is productively Lindelöf and G has no productively Lindelöf remainder.
Let G be a not of countable type topological group. Take any remainder bG \ G that is Ohio

Proof

complete in some compactification bG of G . Since every topological group is paratopological group, by following
Corollary 4.2 in [12], G is σ -compact. Hence, G is productively Lindelöf. Clearly, none of the remainder of G
is Lindelöf by the classical result of Henriksen and Isbell. Thus, there is no productively Lindelöf remainder of
G.
2
Since there is a generalization of the topological group that is called a rectifiable space (see section 2 in
[12] for more information) by following Corollary 3.7 in [12] one can generalize Theorem 3.5 to a larger class
of rectifiable spaces.
The following example shows that the assumption bG \ G is Ohio complete in Theorem 3.5 cannot be
dropped.
Example 3.6 There is a not of countable type topological group G such that neither G nor bG\G is productively
Lindelöf.
Proof

Let G be the product space Rc . It is well known that it is a nonnormal, nowhere locally compact

topological group (see [7]). Take any remainder bG \ G of G . Note that G is not of countable type, since it
is not a paracompact p-space [7, Theorem 4.1 and Example 4.2]. By Theorem 4.3 in [7] bG \ G cannot be
Ohio complete, since G is neither a σ -compact nor a paracompact p-space. On the other hand, G cannot
be productively Lindelöf since it is not normal. Furthermore, it is clear that bG \ G is not productively
Lindelöf.
1742
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Recall from [34] that a topological space X is Hurewicz if given any sequence {Un }n∈N of open covers
∪
of X one may pick finite set Vn ⊂ Un in such a way that { Vn : n ∈ N } is a γ -cover of X . An infinite open
cover U is a γ -cover if for each x ∈ X the set { U ∈ U : x ̸∈ U } is finite. It is known that
σ-compact ⇒ Hurewicz ⇒ Lindelöf.
We have the following result by Theorem 1.3 in [15] and Lemma 1.6.
Corollary 3.7 Let G be a topological group. If βG \ G is Hurewicz, then every remainder of G is productively
Lindelöf.
We denote by (M A+¬CH) that we assume Martin’s axiom and the negation of the continuum hypothesis
(see [24]).
Recall that a topological group G is precompact if for every neighborhood U of the identity element
e ∈ G there is a finite subset F of G such that F U = G . It is known that a topological group G is precompact
if and only if it is a dense subgroup of a compact group G [33, 40]. Arhangel’skii and van Mill give a dichotomy
for precompact topological groups in [13]. Then we have:
Corollary 3.8 (M A+¬CH) Let G be a nonlocally compact precompact topological group with ω1 ≤ w(G) < c .
If G is not a Lindeöf p-space, then no remainder of G is productively Lindelöf.
Proof

Since G is a nonlocally compact topological group, G is nowhere locally compact, and then any

remainder Y = bG \ G is also dense in bG (see, e.g., [8]). Therefore, G is a remainder of Y . By using
Theorem 2.1 in [7] Y is not a Lindeöf p-space. Following Theorem 3.1 in [13] there is no productively Lindelöf
2

remainder of G .
4. Remainders of Cp (X)

We denote by Cp (X, R) the space of all continuous real-valued functions on X with the topology of pointwise
convergence, i.e. the topology of Cp (X, R) is inherited from the Tychonoff product RX . We write Cp (X)
instead of Cp (X, R) , as usual.
It is well known that Cp (X) is metrizable if and only if X is countable [4]. Then we have:
Corollary 4.1 If X is a countable discrete space, then any remainder of Cp (X) is productively Lindelöf.
Proof

Let X be a countable discrete space. Since Cp (X) is Čech-complete [37, p. 31], any remainder of

Cp (X) is productively Lindelöf.

2

Corollary 4.2 Any remainder of Cp (ω) is productively Lindelöf.
Note that if Cp (X) is normal, then it is countably paracompact [37, p. 33]. Therefore we have the
following result.
Corollary 4.3 If Cp (X) is not countably paracompact, then neither Cp (X) nor any remainder of Cp (X) is
productively Lindelöf.
1743
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Proof

Since Cp (X) is not countably paracompact, it is not normal, and it cannot be productively Lindelöf

(see also, Theorem 4 in [18]). Moreover, X is uncountable, since Cp (X) is not metrizable. Then following
Corollary 4.10 in [13] every remainder of Cp (X) is nonproductively Lindelöf.

2

Recall from [22] an infinite family A ⊂ P(ω) is an almost disjoint (AD) if the intersection of any two
distinct elements of A is finite. It is maximal almost disjoint (MAD) if it is not properly included in any larger
almost disjoint family.
A topological space is a Mrówka space (or ψ(A) space) if it is of the form ω ∪ A , where A is an almost
disjoint family, and its topology is generated by the following base: every point n in ω is isolated, and basic
neighborhoods of A ∈ A are of the form {A} ∪ (A \ F ) , where F is a finite subset of ω (see [22]).
Corollary 4.4 If A is a MAD family on ω , then neither Cp (ψ(A)) nor any remainder of Cp (ψ(A)) is
productively Lindelöf.
Proof It is well known that every MAD family is uncountable (see, e.g., [22], Proposition 1). By Corollary 4.10
in [13] and Proposition 1 in [17], the proof is immediate.

2

Let us note that if one is restricted to the subspace of two-valued continuous functions denoted by
Cp (ψ(A), {0, 1}) , then Cp (ψ(A), {0, 1}) may be Lindelöf under some set-theoretic assumptions; see [17] for
more details. Thus, we cannot guarantee that the Lindelöf property of Cp (ψ(A), {0, 1}) always fails for a MAD
family A . It follows that Corollary 4.4 could be not true for Cp (ψ(A), {0, 1}).
We also have the following result.
Corollary 4.5 Assume b > ω1 . If A is an almost disjoint family on ω of size ω1 , then neither Cp (ψ(A)) nor
any remainder of Cp (ψ(A)) is productively Lindelöf.
Proof By Corollary 4.10 in [13] and Proposition 6 in [17], Cp (ψ(A)) and its remainder cannot be productively
2

Lindelöf.
Acknowledgment
The author wishes to thank the referee for useful comments.
References

[1] Alas OT, Aurichi LF, Junqueira LR, Tall FD. Non-productively Lindelöf spaces and small cardinals. Houston J
Math 2011; 37: 1373-1381.
[2] Alster K. On the class of all spaces of weight not greater than ω1 whose Cartesian product with every Lindelöf
space is Lindelöf. Fund Math 1988; 129: 133-140.
[3] Arhangel’skii AV. On a class of spaces containing all metric and all locally compact spaces. Mat Sb 1965; 109:
55-88. English translation: Am Math Soc Transl 1970; 92: 1-39.
[4] Arhangel’skii AV. Topological Function Spaces. Dordrecht, Netherlands: Kluwer Academic Publishers, 1992.
[5] Arhangel’skii AV. General topology. II, Compactness, homologies of general spaces, Encyclopaedia of Math. Sci.,
50. Berlin, Germany: Springer Verlag, 1996.
[6] Arhangel’skii AV. Topological invariants in algebraic environment. In: Hüek M, van Mill J, editors. Recent Progress
in General Topology, vol. 2. Amsterdam, Netherlands: North-Holland, 2002, pp. 1-57.

1744

TOKGÖZ/Turk J Math

[7] Arhangel’skii AV. Remainders in compactifications and generalized metrizability properties. Topol Appl 2005; 150:
79-90.
[8] Arhangel’skii AV. More on remainders close to metrizable spaces. Topol Appl 2007; 154: 1084-1088.
[9] Arhangel’skii AV. A study of remainders of topological groups. Fund Math 2009; 203: 165-178.
[10] Arhangel’skii AV. A generalization of Čech-complete spaces and Lindelöf Σ -spaces. Comment Math Univ Carolin
2013; 54: 121-139.
[11] Arhangel’skii AV. Remainders of locally Čech-complete spaces and homogeneity. Hacet J Math Stat 2017; 46: 1-8.
[12] Arhangel’skii AV, Choban MM. Remainders of rectifiable spaces. Topol Appl 2010; 157: 789-799.
[13] Arhangel’skii AV, van Mill J. Nonnormality of remainders of some topological groups. Comment Math Univ Carolin
2016; 57: 345-352.
[14] Barr M, Kennison JF, Raphael R. On productively Lindelöf spaces. Sci Math Jpn 2007; 65: 319-332.
[15] Bella A, Tokgöz S, Zdomskyy L. Menger remainders of topological groups. Arch Math Logic 2016; 55: 767-784.
[16] Čech E. On bicompact spaces. Ann Math 1937; 38: 823-844.
[17] Dow A, Simon P. Space of continuous functions over a Psi-space. Topol Appl 2006; 153: 2260-2271.
[18] Dowker CH. On countably paracompact spaces. Canadian J Math 1951; 3: 219-224.
[19] Duanmu H, Tall FD, Zdomskyy L. Productively Lindelöf and indestructibly Lindelöf spaces Topol Appl 2013; 160:
2443-2453.
[20] Engelking R. General Topology. Monografie Matematyczne, Vol. 60. Warsaw,Poland: PWN-Polish Scientific Publishers, 1977.
[21] Henriksen M, Isbell, JR. Some properties of compactifications. Duke Math J 1957; 25: 83-105.
[22] Hrusak M. Almost disjoint families and topology. Recent progress in general topology. III, 601-638, Paris, France:
Atlantis Press, 2014.
[23] Hurewicz W. Über Folgen stetiger Funktionen. Fund Math 1927; 9: 193-204.
[24] Juház, I. Cardinal functions in topology–Ten years later. Math Centre Tracts, Vol. 123. Amsterdam, Netherlands:
Math Centrum, 1980.
[25] Kechris AS. Classical Descriptive Set Theory. Graduate Texts in Mathematics, 156. New York, NY, UAS: SpringerVerlag, 1995.
[26] Kunen K. Set Theory. Studies in Logic (London), 34. London, UK: College Publications, 2011.
[27] Lawrence LB. The influence of a small cardinal on the product of a Lindelöf space and the irrationals. Proc Am
Math Soc 1990; 110: 535-542.
[28] de Luna ML. Some new results on Čech-complete spaces. Topol P 1999; 24, 1999.
[29] Michael E. Paracompactness and the Lindelöf property in finite and countable cartesian products. Compos Math
1971; 23: 199-214.
[30] Moore JT. Some of the combinatorics related to Michael’s problem. Proc Am Math Soc 1999; 127: 2459-2467.
[31] Nagami K. Σ -spaces. Fund Math 1969; 65: 169-192.
[32] O’Farrell J. Construction of a Hurewicz metric space whose square is not a Hurewicz space. Fund Math 1987; 127:
41-43.
[33] Raĭkov DA. On the completion of topological groups. Izv Aka Nauk SSSR 1946; 10: 513-528.
[34] Scheepers M. Combinatorics of open covers. I. Ramsey theory. Topol Appl 1996; 69: 31-62.
[35] Tall FD. Lindelöf spaces which are Menger, Hurewicz, Alster, productive, or D. Topol Appl 2011; 158: 2556-2563.
[36] Tall FD. Tsaban B. On productively Lindelöf spaces. Topol Appl 2011; 158: 1239-1248.

1745

TOKGÖZ/Turk J Math

[37] Tkachuk VV. A Cp-theory Problem Book. Topological and Function Spaces. New York, NY, USA: Springer, 2011.
[38] Todorcevic S. Aronszajn orderings. Publications de l’Institut Mathématique. Nouvelle Série 1995; 57: 29-46.
[39] Walker RC. The Stone-Čech Compactification. New York, NY, USA: Springer, 1974.
[40] Weil A. Sur les Espaces à Structure Uniforme et sur la Topologie Générale. Paris, France: Hermann, 1937.
[41] Willard S. General Topology. Reading, MA, USA: Addison-Wesley Publishing Company, 1970.

1746

