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Mapping theorems on countable

tightness and a question of F. Siwiec

SHOU LIN, JINHUANG ZHANG

Abstract. In this paper ss-quotient maps and ssg-spaces are introduced. It is
shown that (1) countable tightness is characterized by ss-quotient maps and
quotient maps; (2) a space has countable tightness if and only if it is a count-
ably bi-quotient image of a locally countable space, which gives an answer for
a question posed by F. Siwiec in 1975; (3) ssg-spaces are characterized as the
ss-quotient images of metric spaces; (4) assuming 2% < 2¥1, a compact T>-space
is an ssg-space if and only if every countably compact subset is strongly sequen-
tially closed, which improves some results about sequential spaces obtained by
M. Ismail and P. Nyikos in 1980.

Keywords: countable tightness; strongly sequentially closed sets; sequentially
closed sets; quotient maps; countably bi-quotient maps; locally countable spaces
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1. Introduction

Topologists obtained many interesting characterizations of spaces by mappings,
in particular some images of metric spaces [13]. For example, a space is a sequen-
tial space if and only if it is a quotient image of a metric space [7]. E. Michael [19]
gave a systematic study for certain quotient images of metric spaces. F. Siwiec
[27] gave a survey about first-countable spaces, and posed some questions about
the images of metric spaces. One of the most basic and natural generalizations
of first countability is countable tightness. Every sequential space has countable
tightness, and countable tightness can be characterized as a quotient image of a
locally countable space as follows.

Theorem 1.1 ([27]). The following are equivalent for a space X.
(1) X has countable tightness.
(2) X is a pseudo-open image of the topological sum of some countable spaces.
(3) X is a quotient image of the topological sum of some countable spaces.

Recently, some questions of Siwiec in [27] caused attention once again [14],
[16], [17], [18], [21], [25]. Every open map is countably bi-quotient, and every
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countably bi-quotient map is pseudo-open. The following question was posed by
F. Siwiec in [27, p. 33].

Question 1.2. How can one characterize the image of the topological sum of
some countable spaces under countably bi-quotient maps?

A key to the question above is the characterization of countable tightness by
certain maps. W.C. Hong [11] introduced the concepts of strongly sequentially
closed sets, and the spaces of countable tightness can be characterized as follows.

Theorem 1.3 ([11]). The following are equivalent for a space X.

(1) X has countable tightness.
(2) Every strongly sequentially closed set in X is closed.
(3) Every strongly sequentially open set in X is open.

Maps related to quotient maps and sequentially quotient maps are introduced
in this paper; we call them ss-quotient maps (see Definition 2.2). Countable
tightness is characterized by these maps. On the other hand, it is obvious that in
any space closed subsets are strongly sequentially closed, and strongly sequentially
closed subsets are sequentially closed. The following question is natural.

Question 1.4. How can one characterize by maps the spaces in which each
sequentially closed subset is strongly sequentially closed?

It is proved in this paper that the spaces in which each sequentially closed
subset is strongly sequentially closed can be characterized as the ss-quotient im-
ages of metric spaces, so these spaces are called ssg-spaces in this paper (see
Definition 3.1).

In this paper all spaces are topological spaces, and they are not required to
satisfy any axioms of separation. All maps are continuous and onto. Readers may
refer to [6] for unstated notations and terminologies.

2. Countable tightness

In this section countable tightness is characterized by certain maps, and Ques-
tion 1.2 is answered.

Definition 2.1. Let X be a space and A C X.

(1) A is a sequentially closed subset [7] in X if no sequence of points of A
converges to a point not in A; A is sequentially open [7] in X if X — A is sequentially
closed.

(2) A is a strongly sequentially closed subset [11] in X if no sequence of points
of A accumulates to a point not in A; A is strongly sequentially open [11] in X if
X — A is strongly sequentially closed.

Definition 2.2. Let f: X — Y be a map.
(1) f is an almost-open map if for every y € Y there is z € f~1(y) such that
f(U) is a neighborhood of y in ¥ when U is a neighborhood of z in X.



Mapping theorems on countable tightness and a question of F. Siwiec

(2) f is a quotient map [6] if, whenever F C Y and f~!(F) is closed in X, then
Fisclosedin Y.

(3) f is a sequentially quotient map [4] if, whenever F C Y and f~1(F) is
sequentially closed in X, then F'is sequentially closed in Y.

(4) f is an ss-quotient map if, whenever ' C Y and f~1(F) is strongly se-
quentially closed in X, then F' is strongly sequentially closed in Y.

Open maps are not necessarily ss-quotient maps, and ss-quotient maps are not
necessarily sequentially quotient maps (see Examples 5.4 and 5.1).

Definition 2.3. Let X be a space.

(1) X is determined by countable subsets [20] or has countable tightness [19] if
for each subset A of X and each z € A, there exists a countable subset C' of A
such that z € C.

(2) X is a sequential space [7] if each sequentially closed subset of X is closed.

Lemma 2.4 ([19]). (1) Every sequential space has countable tightness.
(2) Spaces of countable tightness are preserved by quotient maps.

Lemma 2.5. Every space is an ss-quotient image of the topological sum of some
countable spaces.

PROOF: Let X be a space and let {C,, : @ € A} be the family of all countable
subsets in X. For each o € A, put M, = C,, x {a} and define f, : M, — C, by
fa(z,a) = z for each = € C,. Then M, is countable and f, is homeomorphic.
Set the topological sum M = @aeA M, and define f: M — X by f|m, = fo for
each a € A. Tt is obvious that f is continuous and onto. We will show that f is
an ss-quotient map.

Let H C X and f~1(H) be strongly sequentially closed in M. If a sequence
{z,} in H has an accumulation point z in X, put C = {x,, : n € N}. Then C is
countable, and there exists o € A4 such that Cy, = {x}UC. It follows that (z, @) is
an accumulation point of the sequence {(z,,, )} in M and each (z,,,a) € f~*(H),
thus (z,a) € f~1(H), since f~1(H) is strongly sequentially closed. So, x € H.
Hence, H is strongly sequentially closed in X. Therefore, f is an ss-quotient
map. ([

Some relations between ss-quotient maps and quotient maps give the charac-
terization of countable tightness as follows. A space X is called locally countable
if for each x € X, there is a neighborhood U of z in X such that U is a countable
set. Every locally countable space has countable tightness.

Theorem 2.6. The following are equivalent for a space X .

(1) X has countable tightness.

(2) Every ss-quotient map onto X is quotient.
(3) Every quotient map of X is ss-quotient.

(4) Every almost-open map of X is ss-quotient.

ProOOF: (1) = (2). Let f : M — X be an ss-quotient map, where X has
countable tightness. If F C X and f~!(F) is closed in M, then f~!(F) is strongly
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sequentially closed in M. Since f is ss-quotient, F' is strongly sequentially closed
in X. Since X has countable tightness, F' is closed in X by Theorem 1.3. Hence,
f is quotient.

(2) = (3). Suppose that every ss-quotient map onto X is quotient. Let
g : X = Y be a quotient map. By Lemma 2.5, there are a locally countable space
M and an ss-quotient map f: M — X. Then f is quotient, and M has countable
tightness. Thus X has countable tightness by Lemma 2.4. If F C Y and g~ *(F)
is strongly sequentially closed in X, then g~!(F) is closed in X by Theorem 1.3.
Thus F' is closed in Y, and it is strongly sequentially closed in Y. Hence, g is
ss-quotient.

(3) = (4) is obvious. Next, we show that (4) = (1). If X is not of countable
tightness, there is a non-closed subset H in X which is strongly sequentially closed
by Theorem 1.3. Define a function f : X — {0,1} as follows: Put f(H) = {0},
and f(X — H) = {1}. Let Y = {0,1} have the quotient topology induced by f.
Then f is an almost-open map. In fact, since H is not closed, there is a point
1 € H— H. Then f(U;) = {0,1} for each open neighborhood U of x; in X.
If H is open in X, then {0} is open in Y, thus f(U) is open in Y for each open
neighborhood U of xy € H. If H is not open in X, there is a point o € H—int(H),
then f(Up) = {0, 1} for each open neighborhood Uy of 2y in X. Thus f is almost-
open.

Since 1 is an accumulation point of the set {0}, {0} is not strongly sequentially
closed in Y. Since f~1({0}) = H is strongly sequentially closed, f is not ss-
quotient. (I

Next, more maps are related to countable tightness and locally countable
spaces. Recall some of them.

Definition 2.7. Let f: X — Y be a map.

(1) f is pseudo-open [1] if whenever y € Y and f~!(y) C U with U being open
in X, then f(U) is a neighborhood of y in Y.

(2) f is countably bi-quotient [26] if for each y € Y and for each countable
cover U of f~1(y) by open subsets of X there exists some finite family U’ of U
such that y € int(f(UU")).

(3) f is strictly countably bi-quotient [16] or a w-map [29] if for each y € ¥ and
for each countable cover U of f~1(y) by open subsets of X there exists U € U
such that y € int(f(U)).

It is obvious that almost-open maps = strictly countably bi-quotient maps =
countably bi-quotient maps = pseudo-open maps = quotient maps.

Theorem 2.8. The following are equivalent for a space X.

(1) X has countable tightness.

(2) X is a strictly countably bi-quotient image of the topological sum of some
countable spaces.

(3) X is a strictly countably bi-quotient image of a locally countable space.

(4) X is a countably bi-quotient image of a locally countable space.
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(5) X is a pseudo-open image of a locally countable space.
(6) X is a quotient image of a locally countable space.

PRrROOF: By Lemma 2.4 and Definition 2.7, it is enough to prove that (1) = (2).
Suppose a space X has countable tightness. Let {C, : a € A} be the family
of all countable subsets in X. By Lemma 2.5, there are the topological sum
M = @, 1 M, and the ss-quotient map f : M — X. Then f is strictly countably
bi-quotient.

In fact, let * € X and {U, : n € N} be a cover of f~!(z) by open subsets
of M. If « ¢ int(f(Uy)) for each n € N, then z € X — f(U,,), and there exists a
countable subset Cy, of X — f(Uy) such that # € Cp,. Put C = {2} U, e Cn-
Then C is countable, and C = C,, for some o € A, and z € C,, C Cy, — f(U,) for
each n € N. Since (z,a) € f~!(z) C U, ey Un, (¢, @) € Uy, for some k € N. Then
in X we have

2 € Co— f(Ue)NCa C Ca — fulUe N Ma) N Co = cle, (Co — fo(Ur N Ma)).

Therefore, (x,a) € My — Ux, N M, in M, thus UyN(M,—Uy) # 0, a contradiction.
O

Remark 2.9. (1) The equivalences (1) < (5) < (6) in Theorem 2.8 were obtained
in [27].

(2) Theorem 2.8 gives a positive answer for Question 1.2.

(3) Amap f: X — Y is bi-quotient [19] if for each y € Y and for each cover U
of f~1(y) by open subsets of X there exists some finite family &’ of U such that
y € int(f(JU’)). Every bi-quotient map is countably bi-quotient. It is easy to
see that the following are equivalent for a space X.

(a) X is a locally countable space.

(b) X is an open image of the topological sum of some countable spaces.
(¢) X is an open image of a locally countable space.

(d) X is an almost-open image of a locally countable space.

(e) X is a bi-quotient image of a locally countable space.

Ezample 2.10. There exists an ss-quotient map f : M — X such that f is not
pseudo-open, where M is a countable metric space and X has countable tightness.

Put X = {0} UNU (N x N). Define a topology for X as follows: each point
in N x N is isolated; U C X is a neighborhood of n € N in X if and only if
V(n,m) = {n} U{(n,k) e NxN:k>m} CUforsomemeN; UCX
is a neighborhood of 0 in X if and only if {0} UJ,,>; V(n,my,) C U for some
i,mn € N. The set X endowed with this topology is called Arens’ space Sy 9,
Example 9.10].

There exist a countable metric space M and a quotient map f : M — X
such that f is not pseudo-open [9, Example 9.10]. Since X is countable, X has
countable tightness. Finally, f is ss-quotient by Theorem 2.6.
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3. ssqg-spaces

In this section we will answer Question 1.4, and characterize the ss-quotient
images of metric spaces. The following concept is introduced.

Definition 3.1. A space X is an ssq-space if and only if each sequentially closed
subset of X is strongly sequentially closed.

By Theorem 1.3 and Definition 2.3 the following are obvious.

Proposition 3.2. A space is sequential if and only if it is an ssq-space with
countable tightness.

Proposition 3.3. Let f : X — Y be a map.

(1) If f is an ss-quotient map and X is an ssq-space, then f is sequentially
quotient and Y is an ssq-space.

(2) If f is a sequentially quotient map and Y is an ssq-space, then f is ss-
quotient.

ProoF: (1) If G C Y and f~!(G) is sequentially closed in X, then f~1(G) is
strongly sequentially closed in X because X is an ssg-space. Since f is an ss-
quotient map, G is strongly sequentially closed in Y, then G is sequentially closed
in Y. Hence, f is a sequentially quotient map.

If H is sequentially closed in Y, then f~!(H) is sequentially closed in X because
f is continuous. Since X is an ssq-space, f~1(H) is strongly sequentially closed
in X, then H is strongly sequentially closed in Y because f is an ss-quotient map,
thus Y is an ssg-space.

(2) If H C Y and f~1(H) is strongly sequential closed in X, then f~!(H) is
sequentially closed in X. Since f is sequentially quotient, H is sequentially closed
in Y. Since Y is an ssg-space, H is strongly sequentially closed in Y, then f is
ss-quotient. O

Corollary 3.4. (1) ssg-spaces are preserved by ss-quotient maps.
(2) Every ss-quotient map of an ssq-space is sequentially quotient.

Lemma 3.5 ([15]). Every space is a sequentially quotient image of a locally
compact metric space.

Theorem 3.6. The following are equivalent for a space X .
(1) X is an ssq-space.
(2) Every sequentially quotient map onto X is an ss-quotient map.
(3) X is an image of a locally compact metric space under an ss-quotient
map.
(4) X is an image of a metric space under an ss-quotient map.

ProoOF: (1) = (2). Let f: M — X be a sequentially quotient map, where X is
an ssq-space. By Proposition 3.3, f is an ss-quotient map.

(2) = (3). By Lemma 3.5, X is a sequentially quotient image of a locally
compact metric space. The map is an ss-quotient map by (2).

(3) = (4) is obvious, and (4) = (1) follows from Corollary 3.4. O
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Question 3.7. Are ssq-spaces preserved by quotient maps?

A space X is Fréchet [7] if, whenever x € A C X there is a sequence {z,} in
A such that {x,,} converges to x in X.

Every Fréchet space is sequential, and every Fréchet space is preserved by a
pseudo-open map [19]. Next, a functional characterization of Fréchet spaces is
given using ss-quotient maps.

Theorem 3.8. A Ts-space X is Fréchet if and only if every ss-quotient map onto
X is pseudo-open.

PROOF: Suppose that X is a T, and Fréchet space. Let f : M — X be an ss-
quotient map. By Theorem 2.6, f is quotient. Since X is 75 and Fréchet, f is
pseudo-open [1].

Conversely, suppose that every ss-quotient map onto X is pseudo-open. By
Theorem 2.6, X has countable tightness. By Lemma 3.5, there exist a locally
compact metric space M and a sequentially quotient map f : M — X. By
Theorem 3.6, f is ss-quotient. Thus f is pseudo-open and X is Fréchet. (Il

Ezxample 3.9. There are a first-countable Tj-space X and an ss-quotient map
f M — X such that f is not pseudo-open.

Let X be the set N endowed with the finite-complement topology. Then X is
a first-countable T-space. Take Xg = X — {0} and X; = {2n : n € N} as the
subspaces of X. Let M = Xo @ X1 and f: M — X be the obvious map. It is
easy to check that f is a non-pseudo-open, quotient map. But f is ss-quotient by
Theorem 2.6.

Recall that a class of maps is said to be hereditary [1], [4] if whenever f: X — Y
is in the class, then for each subspace H of Y, the restriction of f to f~!(H) is in
the class. Pseudo-open maps are precisely hereditarily quotient [1]. Sequentially
quotient maps are hereditarily sequentially quotient [4].

Ezample 3.10. We show that ss-quotient maps are not hereditary.

Consider a quotient f : M — X from Example 2.10. Since M is metric, X
is sequential, thus X is an ssg-space. Let Xo = X — N, My = f~1(Xp) and
9 = flm, : Mo — Xo. The subspace X of X is called the Arens-Fort space in
[28, Example 26]. Since N x N is sequentially closed, and non-strongly sequentially
closed in Xg, X is not an ssg-space. By Corollary 3.4, g is not ss-quotient. Thus
ss-quotient maps are not hereditary, and ssq-spaces are not hereditary.

Countable tightness is hereditary. It is well-known that every hereditarily
sequential Th-space is Fréchet. The following question is raised.

Question 3.11. How can one characterize hereditary ssq-spaces?

Ezample 3.12. There is a compact, Hausdorff and hereditary ssg-space which has
not countable tightness.

Let X = [0,w1] be endowed with the usual ordinal topology. Then X is a
compact, Hausdorff space which has not countable tightness. Next, we will show
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that X is a hereditary ssg-space. Let A C Y C X and A be sequentially closed
in Y. If A is not strongly sequentially closed in Y, there exists a sequence {z,}
in A such that {z,} has an accumulation point « € Y — A. If & = wy, then
Tp # wy for each n € N, thus x,, < wy. There is 8 < w; such that x,, < 8 for each
n € N. Then a neighborhood (8,w1]NY of o in Y contains no x,, for each n € N,
a contradiction. Therefore, a < wy. Since [0,w1) NY is open and first-countable
in Y, there is a subsequence {z,,} of {z,} such that z,,, > @ in Y, then a« € A
because A is sequentially closed, a contradiction. Hence, A is strongly sequentially
closed in Y. Therefore, Y is an ssg-space, and X is a hereditary ssg-space.

4. Strongly sequentially closed sets in compact spaces

It is well-known that every countably compact and sequential space is sequen-
tially compact. The most classic problem about countable tightness is the fol-
lowing Moore-Mrowka Problem [20], [22]: Is every compact Th-space of countable
tightness sequential?

It was shown that the answer to the Moore-Mrowka Problem is No from the
set-theoretic principle ¢ [24]. On the other hand, the answer of the Moore-Mrowka
Problem is Yes under the Shelah’s Proper Forcing Axiom (PFA) as follows.

Lemma 4.1 ([2, Theorem 2.3]). Assuming (PFA). If X is a compact Ts-space of
countable tightness, then every non-isolated point in X has a non-trivial sequence
converging to the point.

It is also a question whether there is a compact space of countable tightness
that is not sequentially compact [22].

It is obvious that (1) if X is countably compact, then each strongly sequentially
closed subset of X is countably compact; (2) each countably compact subset of a
Ts-space is sequentially closed. We can discuss strongly sequentially closed sets
in countably compact or compact spaces.

Theorem 4.2. Let X be a countably compact and Ty-space. Then X is an ssq-
space if and only if X is sequentially compact space in which every countably
compact subset is strongly sequentially closed.

PROOF: Let X be a countably compact and ssg-space. If X is not sequentially
compact, there exists a sequence {z,} in X which has not any convergent subse-
quence. Put A = {z,, : n € N}. Then A is sequentially closed, thus A is strongly
sequentially closed. Since X is countably compact, {z,} has an accumulation
point z in X, we can assume that x,, # x for each n € N. Since A is strongly
sequentially closed, = € A, a contradiction. Hence, X is sequentially compact.
Let B be countably compact in X. If B is not strongly sequentially closed in X,
then B is not sequentially closed, i.e., there is a sequence {y,} in B such that
yn — y ¢ B. Since X is Ts, {y,} has no accumulation point in B, thus B is not
countably compact, a contradiction.

Conversely, let X be sequentially compact space in which every countably
compact subset is strongly sequentially closed. Suppose that a subset S of X is
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not strongly sequentially closed. Then S is not countably compact, there is a
sequence {zp} in S such that {z,} has no accumulation point in S. Since X is
sequentially compact, there is a subsequence {z,, } of {z,} converging to a point
z € X, then z ¢ S, and S is not sequentially closed. Hence, X is an ssg-space. [

Remark 4.3. By the proof of Theorem 4.2, the T»-condition is used only to show
that every countably compact subset is strongly sequentially closed in an ssg-
space. The condition is essential. There is a sequentially compact and ssg-space
X such that X has a countably compact subset which is not strongly sequentially
closed. For example, let X be the set N endowed with the finite-complement
topology. Then X is a compact, first-countable and Tj-space. Thus X is a
sequentially compact and ssg-space, and {2n : n € N} is a countably compact
subset in X which is not strongly sequentially closed in X.

Ezample 4.4. (1) Assuming CH, an example of a sequentially compact, Ts-space
X is given such that X has countable tightness and is not sequential in [8, Ex-
ample 1.2]. By Proposition 3.2, X is not an ssg-space.

(2) There is a separable, sequentially compact, sequential Th-space which is
not compact by [23, Theorem 3.2]

A space X is called C-closed [12] if every countably compact subset of X is
closed in X. C-closed property is discussed in [12]. By Theorems 1.3 and 4.2, the
following result is obtained.

Corollary 4.5 ([12]). A countably compact Ty-space is sequential if and only if
it is a sequentially compact and C-closed space.

PROOF: Let X be a countably compact Th-space. If X is sequential, then X is
an ssq-space of countable tightness. Thus X is a sequentially compact space in
which every countably compact subspace is closed by Theorems 4.2 and 1.3.
Conversely, if X is a sequentially compact space in which every countably
compact subspace is closed, then X is an ssg-space by Theorem 4.2. Let A
be strongly sequentially closed in X. Since X is countably compact, then A is
countably compact in X, thus A is closed. Hence, X has countable tightness by
Theorem 1.3. Therefore, X is sequential. (I

Lemma 4.6. Let X be a countably compact Ti-space in which every countably
compact subset of X is strongly sequentially closed. If X is separable, then
| X| <2v.

PROOF: If A is an infinite subset of X, denote an accumulation point in X for
some sequence of points of A by a(A). Let T(B) = {a(A4) : A C B,and |A] < w}
for each B C X. It is easy to see that |T'(B)| < |B|“.

Now, let D be a countable dense subset of X, and put Byg = D. If o < wq
and for every 8 < a we have defined Bg with |Bg| < 2, let By = Ug_, Bg U
T(Up<q Bs)- Then [By| <2¢. Let C =,
and |C] < 2%, thus C is strongly sequentially closed. Since X is a Tj-space and
D is countable, D C C. Hence X = C, and |X| < 2*. O

B,. Then C'is countably compact
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Remark 4.7. Since the Stone-Cech compactification SN is a separable compact
T>-space with |SN| = 2° [6], there is a countably compact subset which is not
strongly sequentially closed in SN by Lemma 4.6.

Lemma 4.8 ([5] (see [6, 3.12.11])). Let X be a compact Ty-space. If x(z,X) >
m > w for each x € X, then | X| > 2™,

Theorem 4.9. Let X be a compact Ts-space in which every countably compact
subset of X is strongly sequentially closed. Then X is an ssq-space if one of the
following conditions is satisfied.

(1) Assuming 2% < 21,

(2) |X| < 2.

PROOF: Let A be a non-strongly sequentially closed subset in X. Then A is
not countably compact in X, and there is a sequence {z,} in A which has no
accumulation point in A. Put B = {z, : n € N}, and Y = B. Then Y is a
separable compact Th-subspace in which every countably compact subset of X is
strongly sequentially closed. By Lemma 4.6, |Y| < 2. Note that Y — B is a
compact Gs-subset of Y, x(y,Y) = x(y,Y — B) for each y € Y — B [6].

Suppose one of the conditions above holds, then |Y| < 2«1, Thereisy € Y — B
such that x(y,Y) < w by Lemma 4.8. Therefore, there is a subsequence of {z,}
converging to y. Since {x,} has no accumulation point in A, y € X — A. Thus,
A is not sequentially closed. Hence, X is an ssg-space. ([l

Corollary 4.10 ([12]). Assuming 2* < 2“*. A compact Ts-space is sequential if
and only if it is C-closed.

PRrROOF: Let X be a compact Th-space which is C-closed. X is an ssg-space by
Theorem 4.9. Let A be strongly sequentially closed in X. Since X is compact,
then A is countably compact in X, thus A is closed. Hence, X has countable
tightness by Theorem 1.3. Therefore, X is sequential. O

Let X be a space. A set H C X is called k-closed [3] in X if HNK is relatively
closed in K for each compact subset K of X. A space is a k-space [6] if each of
its k-closed subset is closed. A space is a kq-space [15] if each of its sequentially
closed subset is k-closed. It is obvious that a space is sequential if and only if it
is a k-space and kg-space.

Proposition 4.11. Assuming (PFA). Every Ts-space of countable tightness is a
kq-space.

PROOF: Let X be a Tsr-space of countable tightness, and A C X. If A is not
k-closed in X, there is a compact subset K of X such that K N A is not closed
in K. Since countable tightness is hereditary, K has countable tightness. By
Lemma 4.1, there is a sequence {z,,} in K N A converging to a point € K — A,
thus A is not sequentially closed in X. Hence, X is a kg-space. (I

FErample 4.12. There is a countably compact, kg-space which is not sequentially
compact.
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There is an infinite, completely regular, countably compact space X in which
all compact subsets are finite by [9, Example 9.1]. It is obvious that X is not
sequentially compact. Since each compact subset of X is finite, each subset of X is
k-closed, then X is a kg-space. Moreover, X is not an ssq-space by Theorem 4.2.

Ezample 4.13. (1) k-spaces # sg-spaces, kg-spaces, C-closed spaces, spaces of
countable tightness.

BN is a compact space, thus it is a k-space. Since N is sequentially closed,
non-strongly sequentially closed and non-k-closed in SN, SN is not an ssg-space,
not a kg-space. SN is not a C-closed space by Remark 4.7. SN is not of countable
tightness by [10, Example 7.22].

(2) C-closed, ssg-spaces, kg-spaces # k-spaces, spaces of countable tightness.

Let X be an uncountable set, p € X be a particular point. Define a topology
on X by declaring sets whose complement is either countable or includes p to be
open. The space is called the Fortissimo space in [28, Example 25]. Since every
countable subset of X is closed, then X has not countable tightness, every subset
of X is strongly sequentially closed, and each countably compact subset is finite.
Thus X is a C-closed, ssq, and kg-space which is not a k-space.

(3) ssg-spaces, k-spaces # C-closed, kg-spaces, spaces of countable tightness.

Let X be the ordinal topological space [0,w;]. Then X is a non-sequential,
k-space. Thus X is not a kg-space. By Example 3.12, X is an ssq-space which
has not countable tightness. Since [0,w1) is a countably compact subset which is
not closed in X, X is not C-closed.

(4) kg-spaces, C-closed spaces, spaces of countable tightness # k-spaces, ssq-
spaces.

Continue Example 2.10. Let Xg = X — N. It is obvious that X has countable
tightness. Since each countably compact subset of Xy is finite, X is a C-closed,
kg-space which is not a k-space. Since N x N is sequentially closed, and non-
strongly sequentially closed in Xy, X is not an ssg-space.

The authors do not know whether (1) there is a space of countable tightness
which is not C-closed; (2) there is a C-closed space which is not a kg¢-space;
(3) there is a kg-space which is not C-closed.

5. Examples and questions about maps

Let f: X — Y be a map. The map [ is a k-quotient map [3] if, whenever
F CY and f~Y(F) is k-closed in X, then F is k-closed in Y.

Ezxample 5.1. ss-quotient maps % sequentially quotient.

Let X = BN be the Stone-Cech compactification of N, and ¥ = N U {oco}
the one point compactification of N. Define a function f : X — Y as follows:
f(n) =n for each n € N, and f(x) = oo for each x € SN — N. Then f is a map.
Since the sequence {n} converges to oo in ¥ and X has no non-trivial convergent
sequence, f is not sequentially quotient. On the other hand, if FF C Y is not
strongly sequentially closed, then F is infinite and oo ¢ F, thus f~1(F) C N and
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each non-trivial sequence in f~!(F) has an accumulation point in X — N, i.e.,
f~L(F) is not strongly sequentially closed in X. Therefore, f is ss-quotient.

Ezxample 5.2. Sequentially quotient maps # ss-quotient.

Let X be the set SN endowed with the discrete topology. Define a map f :
X — BN by f(x) = « for each x € X. Here SN is endowed with the topology of
Stone-Cech compactifications. Since SN has no non-trivial convergent sequence,
f is sequentially quotient. Since f~!(N) is strongly sequentially closed in X and
N is not strongly sequentially closed in SN, f is not ss-quotient.

Example 5.3. ss-quotient maps # quotient, k-quotient.

Let Y = [0, w;] be endowed with the ordinal topology. Put X = [0, w;] endowed
with the following topology: w; is isolated; the rest points in X have the usual
neighborhoods of the ordinal topology. Define a function f : X — Y by the
identity map. Then f is a map. Since f~'({w1}) = {w1} is open in X and {w;}
is not open in Y, f is not quotient. Let F' = [0,w1). Since Y is compact, F' is
not k-closed in Y. Since f~1(F) is closed in X, it is k-closed in X. Thus f is not
k-quotient.

On the other hand, if B C Y is not strongly sequentially closed in Y, there is
a sequence {y,} in B which has an accumulation point b € Y — B. Since [0, w;) is
strongly sequentially closed in Y, b < w;. We can assume that y,, < w; for each
n € N. Then the sequence {y,} has an accumulation point y ¢ f~1(B) in X,
thus f~1(B) is not strongly sequentially closed in X. Therefore, f is ss-quotient.

Ezxample 5.4. Open maps % ss-quotient.

Let X = [0,w;] be endowed with the following topology: w; has the usual
neighborhoods of the ordinal topology; each point in [0,w;) is isolated. Define a
function f: X — {0,1} by f(w1) =1 and f(z) = 0 for each x € [0,w;). The set
{0, 1} is endowed with the quotient topology induced by f, then f is open. Since
1 is an accumulation point of the set {0}, {0} is not strongly sequentially closed
in {0,1}. Since f~1({0}) = [0,w:) is strongly sequentially closed in X, f is not
ss-quotient.

Example 5.5. k-quotient maps # ss-quotient.

Continue Example 2.10. Let X be the Arens’ space Sz, and Xg = X — N.
Then each compact subset of X is finite. Take D as the set Xy with the discrete
topology. Define a map h : D — Xy by the identity map. Since each subset of
X is k-closed, h is k-quotient. Since N x N is not strongly sequentially closed in
X and h™}(N x N) is closed in D, h is not ss-quotient.

Question 5.6. How can one characterize a space such that every ss-quotient
map of the space is sequentially quotient?

Question 5.7. How can one characterize a space such that every ss-quotient
map onto the space is sequentially quotient?

Question 5.8. How can one characterize a space such that every quotient map
onto the space is ss-quotient?
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Question 5.9. How can one characterize a space such that every quotient map
onto the space is sequentially quotient?

Question 5.10. How can one characterize a space with C-closed property by
certain maps?
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