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By a "neighbornet" of a topological space X we mean a
binary relation F o n I such that for each x e X, V{x} is a
neighborhood of x; thus a neighbornet is, in effect, an as-
signment of neighborhoods to the points of X. Such neigh-
borhood assignments and the corresponding relations have
been in use since the beginning of the study of general
topology, at first in the theory of metric spaces and later
in the theory of uniform spaces; in the last twenty or thirty
years they have been used in connection with spaces defined
by covering axioms and with various generalizations of metric
and uniform spaces. Even though the concept of a neigh-
bornet is not new, neighbornets have mostly been considered
as tools, not as objects of intrinsic interest. With this
paper we hope to show that neighbornets deserve to be
studied also on their own. We shall show, for example,
that from simple properties of neighbornets of semi-strati-
fiable spaces the solution follows easily to J. Ceder's problem,
whether all M3-spaces are ikΓ2-spaces.

I* Preliminaries*

NOTATION. The set {1, 2, •} of the natural numbers is denoted
by N. (xn) denotes the sequence whose nth. term is xn (for neN).

Let A be a set and JΣf a family of subsets of A. We denote
by \JSf and ΐ\£f the sets {J{L\Le£?} and Π{L\Le^f}f re-
spectively (note that, in general, \J ̂  is not the same as U*ei=S^);
in case the family & is empty, we let U £f — 0 and (\£f = A.
The family {A - L\Le£f) is denoted by ~<Sf and when ae A, the
family {LeSf \aeL} is denoted by (£f)a.

The word "iff" is an abbreviation of "if and only if". To avoid
unnecessary repetition of the words "a topological space" in the
following, we let the symbol X stand throughout for a topological
space. For each xeX, ηx denotes the neighborhood filter of x.

For the meaning of notation and terminology used without def-
inition in this paper, see [18].

Relations. All relations considered below are binary. Let B be
a set. Relations on B are usually identified with subsets of B x B.
However, as this can be done in two different ways and as there
is disagreement among mathematicians as to which of these ways
is the "right" one (see e.g., [20], p. 24-26), we do not adopt here
any specific convention. For our purposes, it is enough to know that
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relations can be represented as sets in such a way that if R and S
are relations on B, then (R U S){b} = R{b) U S{6} and (R Π S){b} =
i?{δ} Π £{δ} for each b e B. We use relations mainly as abbreviations
for certain indexed families of sets and we usually define a relation
R on B by defining subsets R{b), beB, of B (these sets R{b} are
often denoted by R(b) but we use the notation R(b), or Rb, only
if R{b} is a singleton set; Rb is then defined by the equation {Rb} =

Let J? be a relation on B. For each CczB, we denote the set
eC} by RC (or by 22(C)). When S is a relation on B, we

define a relation SoR on B by setting (S°#){&} = S(R{b}) for each
δe J5. We let R1 = R and Rn+1 = RoR* for weiV; further, we let
R°° — \JneNRn* It is easily seen that R°° is a transitive relation and
that we have T = Γ°° if Γ is a transitive relation. We define a rela-
tion ϋΓ1 on B by requiring that for all aeB and beB, aeR^ib} iff
δ €#{&}. For each &eiVU{^}, we abbreviate (βk)~ι to JJ-*; note
that we have R~n~ι = j?"1 o iΓ* for each n e N.

When R is a relation on B and , ^ = {iV6\beB} a family of
subsets of B, indexed by the elements of B, we say that R and <yΓ
are associated with each other if R{b] = iV*, for each 5 6 5. For an
indexed family Λ* = {Nb\beB} of subsets of B, we denote by A^~
the relation associated with Λ" (using one of the standard repre-
sentations of relations as sets, one has AΛ^ = U W x {b}\beB} or

{{&} x iV6i6GJ5». For a relation i? on B, we denote by
the indexed family associated with R; clearly, J^fR={R{b}\b e B}.

We have established a one-to-one correspondence between rela-
tions on a set and certain indexed families of subsets of the set.
Now we show that some special relations can be characterized in
terms of arbitrary (that is, possibly unindexed) families of sets. Let
jδf be a family of subsets of B. We denote by SSf and Ό& the
relations associated with the indexed families {\J (£f)h\b e B] and

\beB), respectively.

LEMMA 1.1. Let R be a relation on a set of B. Then
( i ) R is symmetric iffR = SSf for some family £f of subsets

of B.
(ii) R is transitive and reflexive iff R = DJZf for some family

^f of subsets of B.

Proof. Sufficiency. Let i f be a family of subsets of B. Then
the relation SLSf is obviously symmetric. The relation ΌSf is tran-
sitive since for all aeB and beB, we have f\ {Sf\ c fl (^)α if
beΠ(£f)a. Since f\{£e\ - B is (J^) 6 - 0 , we see that IλSf is
reflexive.
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Necessity. If R is symmetric, let Sf consist of all sets {a, b}aB,
where a e R{b}. If R is transitive, let £f

For a family £f of subsets of B, we have D^f = IλSf', where
£f — £f U {B}; hence in (ii) above, we can choose £f to be a cover
of 5.

Let i f be a family of subsets of JS and let keNΌ {so}. We
abbreviate (βSf)h to S\S .̂ In the usual notation for star-sets, we
have that SkSfC = St\C, £f) for each C c B ; in particular SSf{b) =
\J (£f)h = St(6, i f ) for each 6 e B. Since JλSf is reflexive and tran-
sitive, we have (ZλSf)* = 2λS^ For all aeB and 6eB, we have
α 6 Π {Sf\ iff 6 6 Γl (ΓSf)a\ if follows that (DSf)'1 =

REMARK. TO help to abbreviate expressions involving relations,
we adopt the convention that in such an expression, unless indicated
otherwise by parenthesis, operations involving relations are to be
performed before those involving subsets of the domain of the rela-
tions (for example, when R and S are relations on B and C and D
subsets of B, S Π RC - D is to be interpreted as ((S Π R)C) - D).

2+ Definitions and basic properties*

DEFINITION 2.1. A relation 7 on I is a neighbornet of X if
V{x) is a neighborhood of x for each xeX.

When R is a relation on X, we denote by R the relation as-
sociated with the indexed family {lntR{x}\xeX} (note that, in
general, R is different from R\ the interior of R in the product
space X x X). With this notation, neighbornets can be characterized
as follows: a relation 7 on I is a neighbornet iff the relation V is
reflexive.

A relation R on X is said to be open if all the sets R{x}9 xeX,
are open. For a neighbornet 7 of I , V is an open neighbornet
contained in V.

Neighbornets can be regarded as generalizations of relations of
the form S%f, where ^ is an open cover. One advantage of this
generalization is that it allows us to study the dual properties of
relations and their inverses; the relations S^ are always symmetric
so that this duality does not appear in connection with them (the
need to overcome the restriction to symmetric relations has been
observed e.g., in [8]). The duality between neighbornets and their
inverses is a special case of the duality between openness and
closedness and it will be very clearly illustrated in connection with
transitive neighbornets (Theorem 3.14); at this point we just give a
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general characterization of the inverses of neighbornets.

DEFINITION 2.2. A relation R on X is cushioned if we have
AaRA for every 4 c l

LEMMA 2.3. A relation V on X is a neighbornet iff the relation
V~ι is cushioned.

Proof. Sufficiency. Suppose that V~ι is cushioned and let x e X.
We have x £ V~\X ~ V{x}) and it follows by the cushionedness of
V~ι that x ί X ~ V{x}, in other words, that x e Int V{x}.

Necessity. Assume that V is a neighbornet and let A c X. For
every xeA, the neighborhood V{x} of x intersects the set A; it
follows that A c V~ιA.

We see thus that neighbornets coincide with what might be
called "co-cushioned" relations.

It is obvious that if ^ is an open cover of X and, for each
x 6 X, Ux an element of the family (^)x, then the relation A^ as-
sociated with the indexed family έ? = {Ux\xeX} is a neighbornet.
Relations associated with indexed families of sets chosen in a similar
manner from closed covers generally fail to be cushioned, but it is
easily seen that the following holds: when ^ is a closure-preserving
and closed cover of X and for each x e X, Fx an element of the
family {^)x, then the relation A{Fx\xeX} is cushioned.

The following lemma gives a useful property of open neigh-
bornets:

LEMMA 2.4. Let V be an open neighbornet of X and let AcX.
Then the set {x eXlV'^x] c A} is closed.

Proof. The set in question is the complement of the open set
V(X - A).

3* Special neighbornets* In this section we study symmetric,
unsymmetric and transitive neighbornets and indicate their relation-
ship to some families of sets frequently encountered in topological
investigations.

(a) Symmetric and cushioned neighbornets.

DEFINITION 3.1. A cover £f of X is semi-open if the set St(x,
is a neighborhood of x for each xeX.
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In an implicit form, semi-open covers have often appeared in
topological studies (see e.g., [9] and [1]).

A cover Sf is semi-open iff the relation SSf is a neighbornet;
as SSf is symmetric, it follows by Lemma 2.3 that a cover Sf is
semi-open iff we have A c St(A, £f) for each A c X. It follows
that, in addition to all open covers, also all closure-preserving closed
covers are semi-open.

By using Lemma 1.1, we get the following characterization of
symmetric neighbornets.

LEMMA 3.2. A relation V on X is a symmetric neighbornet iff
we have V = SSf for some semi-open cover £f of X.

From Lemma 2.3 it follows that each symmetric neighbornet is
cushioned. Conversely, when 7 is a cushioned neighbornet, it fol-
lows by using the same lemma that the symmetric relation Vf\ V~ι

is a neighbornet. Thus we have the following result.

LEMMA 3.3. A neighbornet is cushioned iff it contains a sym-
metric neighbornet.

As the name suggests, there is a close connection between
cushioned relations and cushioned refinements (see [17] or [18] for
the definition of the latter term). This connection is made clear by
the following result.

LEMMA 3.4. A cover SϊΓ of X has a cushioned refinement iff
there exists a cushioned relation R on X such that SzfR c 3ίΓ.

Proof. Sufficiency. Assume that there is a cushioned relation
R on X such that we have JzfRczST. For every KeSΓ, let Cκ =
{xeX\R{x} = K}. Then the family {Cκ\KeK} covers X and we
have RCκaK for each Ke<sΓ. By using the cushionedness of R,
it follows that we have

\J{Cκ\KeJt"} cR(U {CκiK6

for each J T ' C X The family {Cκ\Ke^Γ} is thus a cushioned
refinement of J%Γ.

Necessity. Let {Fκ\Ke^Γ} be a cushioned refinement of 3ίΓ.
For each xeX, let K(x) e 5ίΓ be such that x e Fκ{x). When we denote
by R the relation associated with the indexed family {K(x) \ x e X},
we have j^Rcz,%/ί The relation R is cushioned, because for
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each BaX we have Ba\J {Fκ{b)\beB} and thus further, B e
\J{K(b)\beB} = RB.

If the cover 3ίΓ in the preceding lemma is open, the relation R
appearing in the lemma is a neighbornet. Thus by using Lemmas
3.3 and 3.2, we get the following result:

COROLLARY 3.5. An open cover of X has a cushioned refinement
iff the cover has a semi-open point-star refinement.

The result of Lemma 3.4 is essentially due to E. Michael (Prop-
osition 2.1 of [17]; note that cushioned neighbornets are the same
as the relations that are called semi-neighborhoods of the diagonal
in [17]).

(b) Unsymmetric and antisymmetric neighbornets.

DEFINITION 3.6. A relation J? on a set A is unsymmetric provided
that R is reflexive and for all ae A and b e A, if aeR{b] and δ 6
R{a}, then R{a} = R{b}.

We note that a relation R is unsymmetric iff we have Rf\R~ι{a} —
{b 6 AI R{b} = R{a}} for each a e A, whereas R is antisymmetric iff
we have R Π R~x{a) — {a} for each aeA. Thus every antisymmetric
relation is unsymmetric.

LEMMA 3.7. Let ^ be a cover of A. Then there is an unsym-
metric relation R on A such that

Proof. Well-order ^ and for each aeA, let Ca be the least
member of (^) α . Then it is easily seen that the relation associated
with the indexed family {Ca\aeA} is unsymmetric.

COROLLARY 3.8. (i) When "2/ is an open cover of X, there is
an unsymmetric neighbornet V of X such that J^fVa^.

(ii) When <3Γ is a closure-preserving and closed cover of X,
there is an unsymmetric cushioned relation S on X such that

The first part of the corollary shows that, in a sense, unsym-
metric neighbornets are no more special objects than open covers.
In contrast to this, we will see in §4 that the existence of an anti-
symmetric neighbornet is a rather stringent condition for a topological
space. Let us note, however, that many nontrivial spaces (as for
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example all spaces with a half-interval topology) do have antisym-
metric neighbornets.

Let R be an unsymmetric relation. Then it follows by the re-
mark made after Definition 3.6 that the relation R Π Br1 is an equiva-
lence relation. For neighbornets with this last-mentioned property,
we have the following result.

LEMMA 3.9. Let U be a neighbornet of X such that U Π U~1 is
an equivalence relation and let V be an open neighbornet contained
in U. Denote by H the set [x eXlV'^x} c U{x}} and denote by R
the relation UdU"1. Then the family [H Π R{x)\x 6 X} is closed
and discrete.

Proof. We will show first that if x and y are points of X such
t h a t V{y} Γ\HΓ) R{x) Φ 0 , t h e n R{y) = R { x ) . L e t x e X a n d y e X
be such that set V{y} Π H fϊ R{%} is nonempty and let 2 be a point
of this set. Then y e V7λ{z} and since z e H, ye U{x}. On the other
hand, we have that z e V{y) c U{y}. It follows that zeR{y}; thus
we have R{y} Π R{x} Φ <2. As R is an equivalence relation, it fol-
lows that R{y} = R{x}.

From the foregoing it follows that for each y e X, the neighbor-
hood V{y} of y can intersect at most one set of the family
{H f) R{x}\x e l } ; this family is thus discrete. It remains to show
that the sets Hn R{x], xeX, are closed. Let x be a point of X
and let u be a point of the set H Π R{x}. Then V{u} Π H Π R{x} Φ 0
so that R{u} = R{x}; thus we have ueR{x}. To show that ueH,
let v be a point of the set V~ι{u). Then the set V{v} is a neighbor-
hood of u. By the foregoing we have that u 6 H Π R{u] and it fol-
lows that the neighborhood V{v} of u intersects the set H Π R{u};
from this it follows by the first part of the proof that we have
R{v} = R{u). As the set R{u) is contained in the set U{u), we see
that v 6 U{u}. We have shown that V~ι{u) c U{u}, in other words,
that ueH. Thus u e H n i2{x} and we have shown that the set
H Π R{x) is closed.

The foregoing lemma can be used with neighbornets U such
that either U or U"1 is unsymmetric. When applied to antisym-
metric neighbornets, it yields the following result: when U is an
antisymmetric neighbornet and V c U an open neighbornet, then the
family {{x}\xeX and V'^aUix}} is closed and discrete.

(c) Transitive neighbornets.

DEFINITION 3.10. A sequence (Un) of neighbornets of X is a
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normal sequence if U2

n+1 c Un for every neN. A neighbornet U of
X is normal if ?7 is a member of some normal sequence of neigh-
bornets of X.

By a result in [21], all normal sequences of neighbornets have
quasi-metrics "associated" with them.

DEFINITION 3.11. A filter (-base) ^ of reflexive relations on X
is said to be a (base for a) quasi-uniformity on X provided that
for each Ue%S there exists F e ^ such that V2czU. A quasi-
uniformity U on X is said to be compatible with X provided that
for each xeX, {U{x}\Ue^} is a base for ηx.

It is easily seen that the collection of all normal neighbornets
of a topological space X forms a quasi-uniformity that contains every
other quasi-uniformity of X; this quasi-uniformity is called the fine
quasi-uniformity of X in [8].

We proceed to study transitive neighbornets. The following
result is a direct consequence of the fact that for a transitive relation
R we have R2aR.

LEMMA 3.12. A transitive neighbornet is normal, unsymmetric
and open.

DEFINITION 3.13. Let Λ* be a family of subsets of X. The
family Λ" is interior-preserving if we have Int (Π {N\Ne^yf^f}) =
f\{IntN\Ne^'} for every subfamily ^ T ' of %Ar.

The terminology "interior-preserving" is justified by the obser-
vation that a family Λr is interior-preserving iff the family ~~^V*
is closure-preserving. Interior-preserving open families are called
Q-collections in [22] and fundamental open families in [6].

THEOREM 3.14. The following conditions are mutually equiva-
lent for a relation U on X:

( i ) U is a transitive neighbornet.
(ii) We have U = D& for some interior-preserving and open

family 0*.
(iii) We have U~ι = ΌS^ for some closure-preserving and closed

family

Proof. It is easily seen that a family & of subsets of X is
interior-preserving and open iff the relation Dέ? is a neighbornet
(i.e., iff x e Int Π (^)* f° r e a c ^ %sX)', the equivalence of (i) and (ii)
follows directly from this fact by using (ii) of Lemma 1.1.
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As we have {DSf)~ι — D~£? for every family jSf of subsets
of X and as a family & is interior-preserving iff the family ~& is
closure-preserving, we see that conditions (ii) and (iii) are mutually
equivalent.

Theorem 3.14 has a number of interesting corollaries:

COROLLARY 3.15. If U is a transitive neighbornet of X, then
the family {UA\AaX} is interior-preserving and open and the
family {U~ιA\AaX} is closure-preserving and closed.

Proof. Let £? be an interior-preserving family of open subsets
of X. Then we see, using that x e Int Π (^)« for e a c ^ x e X> that
both of the families {\J <?'\ 0" a &} and {f| rf?Ί <?' c ^} are interior-
preserving and open. By using the relationship existing between
interior-preserving families and closure-preserving families, we see
that the analogous result holds for closure-preserving and closed
families. Corollary 3.15 now follows from Theorem 3.14 and the
preceding observations, since for any relation R on X, we have that
RA = U {Ufa}\aeA} for each A c X .

It follows from Corollary 3.15 that for every neighbornet V of
X, the family {F~~°°A|AcX} is closure-preserving and closed.

COROLLARY 3.16. When & is an interior-preserving and open
cover of X, the family {St(x, έ?)\x e l } has a closure-preserving and
closed refinement.

Proof. As & is a cover, we have Ό& c S^ and it follows that
D-<? = {Ώ&Y1 c (Sέ?)-1 = Sέ7; thus we have Π (-<?). c St(xf έ?) for
each x e X. As we have x e Π C^)x for each x e X, it follows that
the family J%Γ = {f}(~^)x\xeX} is a refinement of the family
{St(x, ^)\xeX}. As the family ~& is closure-preserving and closed,
the family 5£~ also has these properties.

When «Sf is a family of sets, we denote by SfF the family that
consists of all finite unions of sets from £fm When Λ~ is another
family of sets, we say that Λ" is an F-refinement of =Sf if ^V is
a refinement of the family £fF. Since every point-finite family of
sets is interior-preserving, the following result is an immediate con-
sequence of the preceding corollary.

COROLLARY 3.17. Every point-finite open cover of a topological
space has a closure-preserving closed F-refinement.
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This result is of great importance in the theory of metacompact
spaces. However, as we do not intend to study covering axioms in this
paper, we mention just one result that follows from Corollary 3.17.

COROLLARY 3.18. Every locally compact metacompact space has
a closure-preserving cover by compact closed subsets.

Proof. If X is locally compact and metacompact, then X has a
point-finite open cover such that every set of the cover is contained
in some compact subset of X; any closed F-refinement of the cover
consists of compact subsets of X.

We close this section with some remarks on the role of transi-
tive neighbor nets in the theory of quasi-unif or mities. It is easy to
show that the collection of all transitive neighbornets of a topological
space is a base for a compatible quasi-uniformity for the space; this
quasi-uniformity is called the fine transitive quasi-uniformity of
the space ([8]). If the fine transitive quasi-uniformity of a space
coincides with the fine quasi-uniformity of the space, then the space
is said to be transitive ([8]). It follows directly from the definitions
that a topological space is transitive iff each normal neighbornet of
the space contains a transitive neighbornet. The equivalence of (i)
and (ii) of Theorem 3.14 is used as a tool for studying quasi-uni-
formities with a transitive base in [7] and [8]. In [14] there is an
example of a space that has a compatible quasi-uniformity with a
countable base but that does not have a compatible quasi-uniformity
with a countable transitive base; this space is nontransitive. A
space that has a compatible quasi-uniformity with a countable transi-
tive base is nonarchimedeanly quasi-metrizable ([7]).

4* Some applications* In this section we apply the concepts
defined in the previous sections to the theory of semi-stratifiable
spaces. The reason for choosing this theory as an example is that
in a semi-stratifiable space, many covering properties can be translated
into properties of neighbornets.

Before studying neighbornets of semi-stratifiable spaces, we
observe that several generalizations of metric spaces have been given
characterizations that can be expressed in a unified way by using
sequences of neighbornets.

(a) Generalizations of metric spaces.

Let us recall that a network at a point x e X is a family (or a
sequence) £f of subsets of X such that for each 0 e τjxf we have
xeLaO for some L e J*f. A family of subsets of X is a network
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for X if the family is a network at each point of X.

DEFINITION 4.1. A sequence (Rn) of relations on X is basic
(strongly basic) if for each xeX, the sequence (Rn{x}) (the family
{RnO\neN and Oeηx}) is a network at x. The sequence (Rn) is
doubly (infinitely) basic if the sequence (Rl) (the sequence <i2£» is
basic. If the sequence (Rΰ1) is (strongly, doubly, infinitely) basic,
we say that the sequence (Rn) is (strongly, doubly, infinitely) co-
basic.

LEMMA 4.2. A sequence (Rn) of reflexive relations on X is basic
(strongly basic) iff we have F = ΓUe v RήιF (F = ΓUe* RnlF) for each
closed set Fez X.

We will now give translations of various definitions and character-
izations of generalized metric spaces into the terminology defined
above; Lemma 4.2 is helpful in showing the validity of some of these
translations.

4.3. Denote by ^V the collection of all sequences of neighbornets
of X. Then X is

( i ) stratifiable iff some S? e Λ" is strongly co-basic [10].
( i i ) a (7-space iff some £f e ,yV" is doubly co-basic (infinitely

co-basic) [11].
(iii) semi-stratifiable iff some S^ z^V* is co-basic [5, 13]
(iv) semi-developable iff some Sf e Λ^ is both basic and co-

basic [1].
( v ) first countable iff some Sf e Λ~ is basic.
(vi) a 7-space iff some £f e <Λ" is doubly basic (strongly basic)

[12, 15].
(vii) nonarchimedeanly quasi-metrizable iff some S? 6 ̂ V is

infinitely basic [7].

REMARKS. 1° In (i) through (vii) above, we can choose the
sequences in question to be decreasing and to consist of open neigh-
bornets.

2° For all the generalized metric spaces mentioned above, we
have adopted the "separation-axiom free" versions of the definitions.

3° If a σ-space is defined without assuming the sets of the
(σ-locally finite) network to be closed, we need some extra assump-
tion (such as regularity) for (ii) to hold.

4° To prove (iv), use Lemma 3.2 together with the fact that
for any relation R, the relation R U R~ι is symmetric.



94 HEIKKI J. K. JUNNILA

5° The term "stratifiable space" is due to C. Borges ([2]); in
[4], these spaces are called Mj-spaces. Semi-stratifiable spaces are
called pseudostratifiable in [13].

(b) Neighbornets and covers of semi-stratifiable spaces.

We start this section by indicating how neighbornets of semi-
stratifiable spaces can be "approximated" by unsymmetric neigh-
bornets. Then we study certain partitions connected with neigh-
bornets and we use the properties of these partitions to obtain
characterizations for some important subclasses of the class of semi-
stratifiable spaces. In the end of the section we study the properties
of unsymmetric neighbornets of semi-stratifiable spaces satisfying
some covering axioms.

Our first result deals with developable spaces (X is developable
if X has open covers έ?n, neN, such that (Sέ?n) is a basic sequence
for X; the sequence <^%> is then called a development of X).

THEOREM 4.4. Let U be a neighbornet of a developable space
X. Then there exists an unsymmetric neighbornet V of X such
that VdU2.

Proof. Let <^> be a development of X such that for each
neN, the cover ^ + 1 is a refinement of the cover < Λ̂. Let Ho = 0
and for each neN, let Hn = {xeX\St(x, ^n)dU{x}}; then we have
Hn] X (that is, HndHn+1 for each n and X = \JneNHn). For each
x 6 X, let k{x) be the least natural number k such that xeHk. Well-
order the family \JnQN ̂ n and for each xeX, let Ox be the least
member of the subfamily {j?uJ)9. We define the neighbornet V of
X by setting V{x} = Ox — Hk{κ)^L for each xeX.

- For all xeX and yeX, if x e V{y} and y e V{x), then k(x) =
k(y); thus we see easily that the neighbornet V is unsymmetric.
To complete the proof, let xeX and let m = k(x). Since xeHm,
there is a point yeHmΓ)OxΓ\ U{x}. We have U{y} c Z72{#} and
V{x}(zOxciSt{y, ^ m ) \ since yeHm9 it follows that we have F{#}c
?72{x}. We have shown that F{#} c U2{x} for each x e l ; thus we
have VdU2.

We now give an example to show that the result of Theorem
4.4 does not remain valid if we replace "developable" by "semi-
stratifiable" in the theorem; the example depends upon the following
simple result.

LEMMA 4.5. Let S be a dense subset of a semi-stratifiable space



NEIGHBORNETS 95

X and let V be a neighbornet of X. Then the set {x e X\x $ SΓ\ V ̂ x}}
is of the first category in X.

Proof. Denote the set in question by L. Let <ϊ7n> be a co-
basic sequence of open neighbornets of X. We may assume that
for each neN, UnaV (if this were not the case, we could use the
neighbornets UnΓ)V in room of Un). For each neN, set Kn —
{xeX\ U~ι{x}(zX - S}. It follows from Lemma 2.4 £hat these sets Kn

are closed and as they are disjoint from the dense set S, they are
nowhere dense. It is easily seen that Ld\JneN Kn; hence L is of
the first category in X.

EXAMPLE 4.6. Let X denote the set of all real numbers, Q the
set of all rational numbers and D the set of all irrational numbers.
For each xeD, let (gn(x)) be a sequence of rational numbers con-
verging to x (in the Euclidean topology), and let A{x) = {gn(x)\neN}.
For all xeD and neN, let Bn(x) = {yeX\ \y - x\ < 1/n} and let
Wn{x) — Bn(x) — A{x). We equip X with the topology in which the
points of Q are isolated and for each xeD, (Wn(x)} is a base for r]x.

To be able to prove that X provides the desired counterexample,
we have to choose the sequences (gn(x)}, xeD, in a more specific
way but before doing so we show that, even in the general case,
X is a semi-stratifiable space. We do this by showing that X has
a er-closure-preserving base. For all rational numbers s and t such
that s < t, let (s, t) = {x e X\ s < x < t) and let ^8Λ = {(s, t) - A{x)\x e
D Π (s, t)}. Evidently these families &8tt are closure-preserving.
For every xeD, the sets (β, ί) — A(x), where seQ, teQ and xe
(s, t), form a base for ηx. Thus if we let &s,s = {{s}} for each s e Q,
then the family .^ = \J {^s>t\seQ, teQ and s <; t) is a σ-closure-
preserving base for X. By observing that the sets of the family
& are closed, as well as open, we see that X is a regular space.
It follows by results in [4 and 5] that X is semi-stratifiable.

Let S — {dn I n e N} be a countable and dense subset of D. To
choose the sequences (gn(x)}, xeD, we start by choosing for each
weiVan element rn from the set Q ΓΊ Bn(dn). Then we choose the
element gn(x) of Q, for neN and xeD, in the following way: if
x e Bn(dn), then we take gn(x) to be rn; otherwise we take gn(x) to
be some element of the set Q Π Bn(x). Then, for each xeD, the
sequence (gn(x)) has the required property, since | x — gn(x) \ < 2/n
for every neN. From now on, we assume that the topology of X
has been defined by using these special sequences (gn(x)), xeD.

We define a neighbornet U of X by setting U{g} = {g} for each
geQ, U{x} = X- A(x) for each xeD- S and U{dn} = TΓn(dJ for
each neN. It is easily seen that we have rn0 ?72{c?w} for each neN.
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To show that the conclusion of Theorem 4.4 is not valid for X and
U, assume on the contrary that there exists an unsymmetric neigh-
bornet V of X such that we have VdU2. Denote by H the set
{x e D\x 6 S Π F- ί̂e}}. Note that the topology which D inherits from
X is the same as the Euclidean topology on D; hence the subspace
D of X is of the second category in itself. By using the result of
Lemma 4.5 on the subspace D and on its dense subset S, we see
that the set H is uncountable. As the neighbornet V is unsym-
metric, we have x e{y eS\ V{y} — V{x}} for each x e H; as the set S
is countable, it follows that there exists z e S such that the set
Hr = {xeH\V{x} = V{z}} is uncountable. By using the second count-
ability of the subspace D, we see that there exist x, xr e fΓ — S
and n e N such that x Φ xf and x' e Wn(x)a V{z). As we have x Φ x\
we see that xΫ does not belong to the Euclidean closure of the set
A(x); it follows that there exists keN such that Bk(x')c:Wn(x).
Since x'eH, we have x' e{y eS\V{y} = V{x'}} and since x'ίS, we
see that there exists i ^ 2k such that dt e Bik(x') and F{c£J = V{xr).
Then we have that Bt(di)c:Bk(xf) and hence that r< e Bk{x'). It follows
that we have rt e Wn{x) c V{z). On the other hand, we have V{di) =
V{x'} = F{2;} and it follows that V{z) c U2{dt} c X - {rJ. We have
reached a contradiction and thus we have shown that there is no
unsymmetric neighbornet contained in the neighbornet U2.

After this negative result we show that by making the conclu-
sion of Theorem 4.4 slightly weaker, we can generalize the result
from developable spaces to semi-stratiίiable spaces.

THEOREM 4.7. Let U be a neighbornet of a semί-stratίfiable
space X. Then there exists an unsymmetric neighbornet V of X
such that Va U3.

Proof. Let (Vn) be a decreasing co-basic sequence for X such
that for each neN, Vn is an open neighbornet contained in U. Let
Jϊ0 = 0 and for each neN, let Hn = {x eX\V^{x}ciU{x}}; then we
have Hn | X. For each xeX, let k(x) be the least natural number
k such that xeHk. Well-order X and define a mapping φ:X-^X
by letting each φx be the least element of the subset V^x){x} of X.
We define the neighbornet V of X by setting V{x) = Vk{x){φx} — Bh^^
for each xeX.

The neighbornet V is unsymmetric (compare with the proof of
Theorem 4.4). To complete the proof, let xeX and let m = k(x).
Since a? 6 Hm, there is a point # e Hm Π Fm{9?a;} Π U{x). We have
^ e V»{#} and yeHm and it follows that φxe U{y}; we have thus
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φx 6 U2{x). It follows that we have V{x} c Vm{φx} c U3{x}. We have
shown that V{x] a Uz{x] for each xeX; thus we have VaUz.

We now turn to consider the relationships existing between
neighbornets and families of subsets of semi-stratifiable spaces. Our
first result deals with partitions (i.e., disjoint covers).

THEOREM 4.8. Let & be a partition of a semistratifiable space
X and let P be the equivalence relation determined by &. Then
the following conditions are mutually equivalent:

( i ) & has a σ-discrete and closed refinement.
(ii) & has a σ-closure-preserving and closed refinement.
(iii) There exists a transitive neighbornet V of X such that

V n V'1 c P.
(iv) There exists a neighbornet U of X such that UΓiU"1 is

an equivalence relation and U Π U"1 c P.

Proof, (i) => (ii) is trivially true.
(ii) => (iii): Let &~ = \JnBN ̂ l be a closed refinement of & such

that for each neN, the family ^ n is closure-preserving. For each
x 6 X, denote by k(x) the least number k such that xe\J J^l. Define
a relation V on X by setting V{x) = X - \J{Fe\JnSUx)^l\x^F)
for each x eX. Since each of the families ^ n , neN, is closure-
preserving and closed, we see that V is a neighbornet. To show
that V is transitive, let x and y be points of X such that y e V{x).
Then it follows from the definition of the set V{x} that we have
G^Qj, c CJQ* for each n <; k(x); in particular, we have {<βQy = 0
for each n < k{x) and thus we have k{y) ^ k(x). From the foregoing
it follows that V{y} c V{x). We have shown that the neighbornet
V is transitive. To show that V Π V~λ c P, let x be a point of X.
Let F b e a set of the nonempty family (^l(X))x. From the foregoing
it follows that we have {^l^x))x = (^lω)v for each y6 7nΓ1{a;};
we have thus V Π F"1^} c ί7. The set F is contained in some set
of the family & and, since xeF and (^*), = {P{̂ }}, it follows that
FcP{x), By the foregoing, we have that V^V~1{x}aP{x}. We
have shown that V Π F"1 c P.

(iii) => (iv): Obvious.
(iv) => (i): Assume that X has a neighbornet Ϊ7 with the prop-

erties mentioned in (iv). Denote by R the equivalence relation
Uf] U1. Let <FW> be a co-basic sequence for X such that for each
neN, Vn is an open neighbornet contained in U. For every neN,
denote by Hn the set {xeX\V~ι{x]aU{x}} and denote by ^ the
family {Hnf)R{x}\xeX}. By Lemma 3.9, each of the families ^l
is closed and discrete. As we have R{x) c P{#} and P{#} 6 ^ for
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each xeX, we see that every set of the family
contained in some set belonging to the partition &. Since the se-
quence (Vn) is co-basic, we have that \JnBNHn = X and it follows
that the family 3^ covers X. We have shown that the tf-discrete
and closed family ^ is a refinement of the partition 3?.

REMARKS. 1° From Corollary 3.8 it follows that every open
cover of a topological space is refined by a partition & satisfying
condition (iv) of the theorem above; hence it follows from the theo-
rem that every semi-stratifiable space is subparacompact (this result
is due to G. Creede [5] and to Ya. Kofner [15]).

2° By using Theorem 3.14 we can express condition (iii) above
in terms of interior-preserving and open (or closure-preserving and
closed) families. (Note that for any family £f of subsets of X, we
have Ό^ n D~^f{x} = {yeX\{Sf)y = (£f)Λ) for each xeX.)

3° It is easily seen that if a partition & satisfies condition (ii)
of Theorem 4.8, then U &' is an i<Vset for each &' c £?.

We now use Theorem 4.8 to obtain characterizations for some
spaces contained in the class of semi-stratifiable spaces.

COROLLARY 4.9. The following conditions are mutually equiva-
lent for a space X:

( i ) X is semi-stratifiable and X has an antisymmetric neigh-
bornet.

(ii) X is semi-stratifiable and X has a neighbornet that is
both antisymmetric and transitive.

(iii) The family consisting of all singleton subsets of X is σ-
discrete and closed.

Proof. If X satisfies condition (iii), then X is a σ-space and
thus semi-stratifiable. The rest of the proof follows directly from
Theorem 4.8 since a relation T on X is antisymmetric iff T Γ) T~γ

is the identity relation on X.

If X has an antisymmetric neighbornet V, then for any neigh-
bornet U of X, U Π V is an antisymmetric, and thus unsymmetric,
neighbornet contained in U. It is well known that there exist non-
developable spaces that satisfy condition (iii) of the above corollary;
thus we see that the property of developable spaces mentioned in
Theorem 4.4 does not characterize developability in the class of
semi-stratifiable spaces.

Next we use sequences of unsymmetric neighbornets to characterize
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developable spaces and σ-spaces; the following result is useful in
proving these characterizations.

COROLLARY 4.10. Let V be an unsymmetric neighbornet of a
semi-stratifiable space X. Then there exists a σ-discrete and closed
cover J^ of X such that for each F e ̂  we have V{x) = VF for
every xeF.

Proof. By Theorem 4.8, the partition determined by the equiva-
lence relation Vd V~ι = {(x, y) eX x X|F{#} = V{y}} has a σ-discrete
and closed refinement.

THEOREM 4.11. Let X be a semi-stratijiable space. Then
( i ) X is developable iff X has a basic sequence by unsymmetric

neighbor nets.
(ii) X is a σ-space -iff X has unsymmetric neighbornets Vn,

neN, such that the sequence < Vn Π Vΰ1) is basic.

Proof, ( i): The necessity of the condition in (i) follows directly
from Corollary 3.8. To prove the sufficiency, assume that X has a
basic sequence (Vn} such that Vn is an unsymmetric neighbornet
for each neN. By using Corollary 4.10, we see that for every
neN there exists a closed cover &~% = \JkeNJK,k of X such that
each of the families ά?n,k is discrete and such that we have Vn{x} =
VF whenever xeFe^n. For all neN and keN, denote by Kn>k

the set U ̂ l,k and by O>%th the family {X - Kntk} U {VnF - (Kn,k -
F)\Fe^l,k). The reader may verify that these families 0>%tk are
open covers of X and that the family {St(x, ^k)\neN and keN}
is a base for ηx for each xeX.

(ii): Necessity. If X has a σ-locally finite and closed network,
then, since every locally finite family is closure-preserving, it fol-
lows from Theorem 3.14 that X has a co-basic sequence (Vn), where
each Vn is a transitive, and thus unsymmetric, neighbornet of X.
As the sequence < Vn) is co-basic, the sequence < Vn Π Vή1) is basic.

Sufficiency. Suppose that X has unsymmetric neighbornets Vnf

neN, such that the sequence (Vn Π Vή1} is basic. By Corollary 4.10,
there exist σ-discrete closed covers ^l, neN, of X such that for
every neN, we have Vn{x} = VnF whenever x eFe^n. The family

is a σ-discrete and closed network for X.

We note that the characterizations (i) and (ii) above can also be
proved by using results given in [12] and [11], respectively (the
characterizations for σ-spaces given in [11] are stated for regular
spaces; however, it can be shown that the assumption of regularity
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can be dispensed with if we define σ-spaces by using closed networks).
In the remainder of this section we study the relationships that

exist between the properties of open covers and the properties of
neighbornets in a semi-stratifiable space that satisfies certain covering
properties. The covering properties that we are going to consider
are metacompactness, orthocompactness and the Lindelof-property (a
space is orthocompact if every open cover of the space has an
interior-preserving open refinement).

THEOREM 4.12. Let U be an unsymmetric neighbornet of an
orthocompact (metacompact) semί-stratifiable space X. Then there
is an interior-preserving {point-finite) open cover T of X such that
DT c U.

Proof. By Corollary 4.10, there is a closed cover άf — \JneN ^l
of X such that the families ^n, neN, are discrete and such that
we have U{x} = UF whenever x eFe j^~. For every neN, let
Kn - U ^ and let OJJF) = UF - (Kn - F) for each F e ^ ; then
the family <2?n = {X - Kn) U {On(F)\Fe Fn} is an open cover of X.
Note that if we have xeFe^"n, then On(F) is the only set of the
cover ^ that contains x; thut we have in this case that St(x, <^n) =
On(F) dUF= U{x}.

For every neN, let 5^ be an interior-preserving (point-finite)
open refinement of ^ . Let Ho = 0 and for each neN, let Hn =
\Jk*nKk. For every neN, the family T\ - {V- Hn_,\Ve Tn) is
interior-preserving (point-finite); as Hn | X, we see that the family
T* = UweΛr̂  has this same property, ψ* is evidently open and as
we have TtcT, T covers X. To show that DT c U, let xeX.
Denote by k the least of the numbers n such that x e Kn. Then it
follows from x $ Hk^ that f| (3^)* c: Π ( 3^)β. As Tk is a refinement
of ^ c , we have f| ( 3̂ )* c: Sέ(a?, ^ ) . We have a? e î 1 for some FeFk

and it follows, as noted above, that St(x, &k) c U{x). As we have
DT{x} = Π {T)m and Γl (3r)β c f\ (Tk)x, it follows from the foregoing
that DT{x) c U{x}. We have shown that DT c C7.

The part of the above theorem outside the parenthesis can also
be stated in the following way: in an orthocompact semi-stratifiable
space, every unsymmetric neighbornet contains a transitive neigh-
bornet.

In this theorem, one cannot replace "interior-preserving" by
"locally finite" even if X were paracompact. To see this, take X
to be the closed unit interval in the Euclidean topology and let
U — D^/, where ^/ is the disjoint (and thus interior-preserving)
family {(II(n + 1), 1/ri) \ n e N} of open subsets of X.
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The following is an immediate consequence of Theorems 3.7 and
4.12.

COROLLARY 4.13. Let U be a neighbornet of an orthocompact
{metacompact) semi-stratifiable space X. Then there is an interior-
preserving (point-finite) open cover T^ of X such that DV* c C73.

It follows from Theorem 4.4 that for a developable space X, we
can replace Us by U2 in the corollary.

The result of Corollary 4.13 can be used in the study of quasi-
uniformities of semi-stratifiable spaces. To see this, note that a
normal neighbornet 0 of X contains, for each neN, Vn for some
neighbornet V of X; in particular, we have U3 aθ for some neigh-
bornet U. Thus it follows from Corollary 4.13 that every ortho-
compact semi-stratifiable space is a transitive space. To interpret
the parenthesized part of this corollary in terms of quasi-uniformities,
note that the collection {DT^lΎ* is a point-finite open cover of X}
forms a base for a quasi-uniformity on X. This quasi-uniformity
is called the point-finite covering quasi-uniformity of X ([8]), and
it follows from Corollary 4.13 that for a metacompact semi-stratifiable
space this quasi-uniformity coincides with the fine quasi-uniformity
of the space.

Next we show that in a metacompact semi-stratifiable space
every interior-preserving family of open subsets is generated by
some point-finite family of open subsets of the space. We need the
following notation: when JZf is a family of sets, the symbol Sfs is
used to denote the family formed by all possible unions of sets
from £f.

COROLLARY 4.14. Let % be an interior-preserving and open
family of subsets of a metacompact semi-stratifiable space X. Then
there is a point-finite and open cover T1 of X such that <& <z 3^.

Proof. By using Theorem 4.12 (or Corollary 4.13) we see that
there exists a point-finite open cover & of X such that D^ is con-
tained in the transitive neighbornet D^. Let T = {Π (έ?)x\xeX};
then ^ is a point-finite open cover of X. To show that <%f c Ψ*s

9

let Z7e^. For every y e U we have Γ\(^)y = D^{y} c D^{y) =
f\(^)ydU. It follows that U = U ί ί Ί (^)yl2/e U}; thus we have
UeTs.

By considering the proof above, we see that the conclusion of
Corollary 4.14 holds in precisely those spaces X in which the point-
finite covering quasi-uniformity of X coincides with the fine transi-
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tive quasi-uniformity of X. It can be shown that all such spaces
are hereditarily metacompact. The Sorgenfrey line provides us with
an example of a hereditarily paracompact space for which the con-
clusion of Corollary 4.14 fails to hold.

In the last result of this section we give several characteriza-
tions of the Lindelof-property for semi-stratifiable spaces in terms
of neighbornets.

THEOREM 4.15. The following conditions are mutually equiva-
lent for a semi-stratifiable space X:

( i ) X is a Lindelδf-space.
(ii) If U is a neighbornet of X such that U Γϊ U~ι is an equi-

valence relation, then the family ό>/{JJΌ U~ι) is countable.
(iii) // R is an unsymmetric relation on X such that either

R or R~ι is a neighbornet of X, then the family SsfR is countable.
(iv) If V is a transitive neighbornet of X, then the family

J / F is countable.
(v) If V is a transitive neighbornet of X, then the family
"1 is countable.

Proof, (i) => (ii): Assume that X is a Lindelόf-space and let U
be a neighbornet of X such that U Π U~ι is an equivalence relation.
It follows from Theorem 4.8 that the family J^(Z7fΊ t/"1) has a σ-
discrete and closed refinement. As X is a Lindelof-space, every σ-
discrete family of subsets of X is countable. Since the disjoint
family ό>/(U Π Ϊ7"1) has a countable refinement, the family itself is
countable.

(ii) => (iii): Assume that condition (ii) holds and let R be an
unsymmetric relation on X such that either R or R~ι is a neigh-
bornet. We have R n R~ι{x) = {y eX\R{y} = R{x}} for each xeX
and it follows that the family jzfR is countable if the family
j^f(R Π R~ι) has this property. As R Π iZ"1 is an equivalence relation
and as either R or R~ι is a neighbornet, it follows from the assump-
tion we have made that J^(B n R"1) is a countably family.

(iii) => (iv): Obvious.
(iv) => (v): This follows directly by observing that for a transi-

tive and reflexive relation T on X and for points x and y of X, we
have T{x} = T{y} iff Γ"1^} = T~ι{y).

(v) => (i): Assume that (v) holds. To show that X is Lindelof,
it is enough, by a result in [5], to show that every discrete family
of closed subsets of X is countable. Let ^~ be discrete family of
closed subsets of X. Denote by V the transitive neighbornet Ό~^
of X. By assumption, the family J%fV~ι is countable. For each
x e X, we have V^x} = £>-(~^){a?} = D^{x} = f[ J Q hence we
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have V~ι{x} = F whenever xeFejK It follows that ^ C J / 7 " 1 ;

the family &~ is thus countable.

For an unsymmetric neighbornet U of a semi-stratifiable Lindelof-
space, the family J^U~ι does not necessarily have to be countable.
To see this, let X be the closed interval [0, 2] in the Euclidean
topology and let (gn} be an enumeration of the rational numbers in
the interval (1, 2]. We define a neighbornet U of X by setting
Z7{α} = (l,2] for each x>l, U{0} = X and U{l/n] = X for each
neN, and, finally, ?7{cc} = (I/O + 1), 1/w) U (1, gn) for each neN and
each a? 6 (l/(n + 1), 1/w). Then it is not difficult to show that U is
an unsymmetric neighbornet of X such that the family JzfU"1 is
uncountable.

(c) Stratifiable spaces.

In this last section we give some characterizations for stratifiable
spaces. For the proof of these characterizations we need the fol-
lowing result on strongly basic sequences.

LEMMA 4.16. Let (Rn) be a decreasing and strongly basic se-
quence of relations on X and let keN. Then the sequence (R%) is
strongly basic.

Proof. We use induction on the number k. For k=l, the result
is true by assumption. Suppose that it has been proved for k = m.
To show that the result is true for k = m + 1, let xeX and let
Oeηx. As the sequence (Rn) is strongly basic, there exist Ueηx

and neN such that RnUa0. By using the induction assumption,
we can fine V e rjx and I ^ n such that Rΐ VaU. Then we have
R?+iV = R^RTV) dRnU(z0. It follows from the foregoing that the
sequence <i?Γ+1> is strongly basic.

As we have (i^)"1 = (R^y for any relation R and for any keN,
we see that the result of the lemma above remains true if we re-
place "basic" by "co-basic" in the lemma.

We need some terminology to state the following theorem. A
family Λ^ of subsets of X is a quasi-base for X if for every x e X,
the family {Ne^V\xeN0} is a base for ηx. A topological space is
an Λf2-space [4] if the space has a σ-closure-preserving quasi-base
and is regular (in this paper we do not assume that a regular space
is always a ΪVspace).

THEOREM 4.17. The following conditions are mutually equiva-
lent for a space X:
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( i ) X is stratifiable.
(ii) X has a sequence < 3 θ of point-finite open covers such

that the sequence (D 3 θ is strongly co-basic.
(iii) X is a M2-space.

Proof. (i)=>(ii): Suppose that X is stratifiable and let (Un}
be a decreasing and strongly co-basic sequence of neighbornets of X.
Since every stratifiable space is paracompact (see [4]), Corollary 4.13
implies that there exists a sequence < 3 θ of point-finite open covers
of X such that we have DTlaUl for each neN. By using the
remark following Lemma 4.16, we see that the sequence <ϋX>, and
hence also the sequence <D $O (note that RaS iff R^czS'1, for
any relations R and S), is strongly co-basic.

(ii) => (iii): Let < 3 θ be a sequence of point-finite open covers
of X such that the sequence (D 3O is strongly co-basic. For each
n 6N, let Vn = D Tn and let ^ = {V?A\ Ac X}. By Theorem 3.14,
each V% is a transitive neighbornet; it follows from Corollary 3.15
that the families Λ^ are closure-preserving and closed. To show
that the family <yV = {J^BN^K is a quasi-base for X, let xeX and
Oeηx. Since the sequence <V»> is strongly co-basic, there exists
neN and Z7e^β such that V^UcO. Since a? elnt (F~xί7), we have
shown that <yV" is a quasi-base for X. As ^ ~ is a closed quasi-base,
X is regular, and thus X is an M2-space.

(iii) =» (i): This is well known (see [4]).

In [4], J. Ceder raised the questions whether Mz=> M2 and
M2 => Mt. Theorem 4.17 answers the first question1 but it leaves the
second one unanswered. For partial answers to the second question,
see [23], [3], and [19].

Next we characterize a subclass of stratifiable spaces by imposing
a restriction on the cardinalities of "generators" of a quasi-base:

THEOREM 4.18. A topological space X is Lindelof and stratifi-
able iff there exist countable and closure-preserving families ^ n ,
neN, of closed subsets of X such that the family Une^i^n) is a
quasi-base for X.

Proof. Necessity. Assume that X is Lindelof and stratifiable.
By Theorem 4.17, there is a sequence < 5 θ of point-finite open covers
of X such that the sequence (D $O is strongly co-basic. For each
neN, let Vn = DTn and ]/n = {V~ι{x}\x e l } . Then we have

= {V~1A\AcX} for each neN and it follows that the family
1 While preparing this paper for publication, the author learned that G. Gruenhage

had also proved that Mz implies M%.
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\JneN {^n) is a quasi-base for X (compare with the proof of (ii) =>
(iii) in Theorem 4.17). From Corollary 3.15 and Theorem 4.15, we
see that the families ^ are closure-preserving, closed and countable.

Sufficiency. Suppose that there are families J?n, neN, of
subsets of X with the properties mentioned in the theorem. Then
the countable family \JneN^ is a network for X and it follows
that X is a Lindelof space. For every neN, it follows by the cor-
responding properties of the family ^ n that the family ^% is
closure-preserving and closed (compare with the proof of Corollary
3.15). The space X has thus a σ-closure-preserving closed quasi-base.
It follows that X is an M2-space.

In our final theorem we characterize pseudometrizable spaces in
terms of strongly co-basic sequences. To prove the theorem, we
need A. H. Stone's result that all pseudometrizable spaces are para-
compact (the result is proved in [24] only for metrizable spaces but
the same proof works for pseudometrizable spaces if we do not require
paracompact spaces to be T2). We also need the following modifica-
tion of A. H. Frink's metrization theorem ([9], Theorem 3): X is
pseudometrizable if X has a sequence {Un} of neighbornets such
that the sequence < Un o TJ~X © Un) is basic.

THEOREM 4.19. The following conditions are mutually equiva-
lent for a space X:

( i ) X is pseudometrizable.
(ii) X has a sequence ( 3O of locally finite open covers such

that the sequence (D 3̂ > is strongly co-basic.
(iii) X has a strongly co-basic sequence formed by cushioned

neighbornets of X.

Proof, (i) => (ii): Assume that X is pseudometrizable and let d
be a pseudometric on X such that d induces the topology of X.
For each neN, let 3^ be a locally finite open refinement of the
cover of X consisting of all the open cϋ-spheres of radius 1/n. Then
it follows from the properties of d that the sequence (S 3O is
doubly basic. For all xeX and neN we have (D Tn)~\S T%{x})c
S2 7Z{x} and it follows that the sequence (D 3O is strongly co-basic.

(ii) =*(iii): Assume that X has locally finite open covers Vn,
neN, such that the sequence (D 3O is strongly co-basic. For each
neN, denote by Wn the neighbornet associated with the indexed
family {D Tn{x)\xeX). Then we have T7"Ό = (D TJ'V for each
neN and for each open set 0 cX; it follows that the sequence (Wn}
is strongly co-basic. The neighbornets Wn, neN, are cushioned
since it follows from the local finiteness of the families 71 that the
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families {D Ψl{x)\x eX} are locally finite and thus closure-preserving.
(iii)=*(i): Let (Wn) be a strongly co-basic sequence for X such

that each Wn is a cushioned neighbornet of X. It follows from
Lemma 2.3 that for each neN, the symmetric relation Un =
Γ\k^n (Wk Π Wk1) is a neighbornet of X. The sequence < E7»> is strongly
co-basic and as the relations Un are symmetric, it follows that this
sequence is strongly basic. By using Lemma 4.16, we see that the
sequence <172> is strongly basic. For each neN, we have Uήι = Un

and hence Un o Uή1 °Un= Ui. It follows that the sequence < Un° £/irl0 IT"*)
is basic. We have shown that X satisfies the condition of Frink's
theorem; X is thus a pseudometrizable space.

By the last part of the proof above, it is evident that the result
of Theorem 4.19 remains true if we replace "strongly co-basic" by
"strongly basic" in condition (iii) of the theorem. Note that it fol-
lows further, by using Lemmas 3.2 and 3.3, that a space X is
pseudometrizable iff X has a sequence (£fn) of semi-open covers such
that the sequence (SjϊfJ) is strongly basic.

We close this paper with a few comments on the construction
of closure-preserving families. The result of Theorem 4.17 above,
as well as numerous other results (see e.g., [6] and [16]), show that
closure-preserving families or their "complements", interior-preserving
families, can be constructed from families without these properties.
However, when these constructions are studied more closely, it be-
comes apparent that all of them involve families having certain
finiteness or order properties (point-finite families were used in the
proof of Theorem 4.17; Lemma 2.6 of [16] deals with certain gen-
eralizations of monotone families). Thus it appears that there does
not as yet exist any technique (apart from the trivial one mentioned
after Corollary 3.15) for constructing closure- or interior-preserving
families from families (or collections of families) which do not fulfill
explicit or implicit conditions assuring the existence of finite or
monotone subfamilies. Some such technique would be most welcome
to those who work on problems connected with covering axioms,
generalized metric spaces or quasi-uniformities, because it is only
for restricted classes of spaces that we can expect results analogous
to Corollary 4.14 to hold. As normal sequences of open covers can
be used to construct σ-discrete refinements for the members of the
sequence (see [24] and [25]), it is not unfounded to conjecture that
normal sequences of neighbornets could be used in a "similar way to
construct interior- and closure-preserving families; however, the ex-
ample given in [14] shows that the analogy cannot be pushed very
far. Anyway, we hope that neighbornets will aid in finding these
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constructions, in case they exist.

Acknowledgments, The author is indebted to Peter Fletcher
and William Lindgren for the inspiration that their work on quasi-
uniformities has given him, for the warm interest that they have
taken in his work on semi-stratifiable spaces and for the unselfish
help they have given him in the writing of this paper.

The author is grateful for having seen [16] prior to publication.

REFERENCES

1. C. C. Alexander, Semi-developable spaces and quotient images of metric spaces,
Pacific J. Math., 37 (1971), 277-293.
2. C. J. R. Borges, Stratifiάble spaces, Pacific J. Math., 17 (1966), 1-16.
3. C. J. R. Borges and D. J. Lutzer, Characterizations and Mappings of Mi-Spaces,
R. F. Dickman and P. Fletcher, eds., Topology Conference, Virginia Polytechnic Insti-
tute and State University, March 22-24, 1973 (Springer-Verlag, Berlin, 1974), 34-40.
4. J. Ceder, Some generalizations of metric spaces, Pacific J. Math., 11 (1961), 105-125.
5. G. Creede, Semi-Stratifiable Spaces, E. E. Grace, ed., Topology Conference, Arizona
State University, 1967 (Temple, Arizona, 1968), 318-323.
6. W. M. Fleischman, On Fundamental Open Coverings, D. R. Kurepa, ed., Proc.
Int. Symp, on Topology and Its Applications, Herzeg-Novi, 25.-31.8, 1968, Yugoslavia
(Savez Drustava Matematicara, Fizicara I Astronoma, Belgrade, 1969), 154-155.
7. P. Fletcher and W. F. Lindgren, Transitive quasi-uniformities, J. Math. Anal.
Appl., 39 (1972), 397-405.
8. 1 Quasi-uniformities with a transitive base, Pacific J. Math., 4 3 (1972),
619-631.
9. A. H. Frink, Distance functions and the metrization problem, Bull. Amer. Math.
Soc, 4 3 (1937), 133-142.
10. R. W. Heath, An Easier Proof that a Certain Countable Space in not Stratifiable,
A. M. Carstens, ed., Proc. Washington State Univ. Conf. on General Topology, March
1970 (Pi Mu Epsilon Washington Alpha Center, 1970), 56-59.
11. R. W. Heath and R. E. Hodel, Characterizations of σ-spaces, Fund. Math., 77
(1973), 271-275.
12. R. E. Hodel, Spaces defined by sequences of open covers which guarantee that
certain sequences have cluster points, Duke Math. J., 39 (1972), 253-263.
13. Ya. A. Kofner, On a new class of spaces and some problems of symmetrizability
theory, Soviet Math. Dokl., 10 (1969), 845-848.
14. 1 on Δ-metrizable spaces, Math. Notes, 13 (1973), 168-174.
15. W. F. Lindgren and P. Fletcher, Locally quasi-uniform spaces with countable
bases, Duke Math. J., 4 1 (1974), 231-240.
16. W. F. Lindgren and P. J. Nyikos, Spaces with bases satisfying certain order and
intersection properties, preprint.
17. E. Michael, Yet another note on paracompact spaces, Proc. Amer. Math. Soc, 10
(1959), 309-314.
18. J. Nagata, Modern General Topology, North-Holland Publ. Co., Amsterdam, 1974.
19. , On Hyman's M-Space, R. F. Dickman and P. Fletcher, eds., Topology
Conference, Virginia Polytechnic Institute and State University, March 22-24, 1973,
(Springer-Verlag, Berlin, 1974), 198-208.
20. W. V. Quine, Set Theory and Its Logic, The Belknap Press of Harvard University
Press, Cambridge, Massachusetts, 1970.
21. H. Ribeiro, Sur les espaces a metrique faible, Portug. Math., 4 (1943), 21-40 and
65-68.



108 HEIKKI J. K. JUNNILA

22. M. Sion and R. C. Willmott, Hausdorff measures on abstract spaces, Trans. Amer.
Math. Soc, 123 (1966), 275-309.
23. F. G. Slaughter. Jr., The closed image of a metrizable space is Mίf Proc. Amer.
Math. Soc, 37 (1973), 309-314.
24. A. H. Stone, Paracompactness and product spaces, Bull. Amer. Math. Soc, 54
(1948), 977-982.
25. J. W. Tukey, Convergence and Uniformity in Topology, Princeton Univ. Press,
Princeton, N.J., 1940.

Received May 16, 1977 and in revised form August 5, 1977.

VIRGINIA POLYTECHNIC INSTITUTE

BLACKSBURG, VA 24061



PACIFIC JOURNAL OF MATHEMATICS

EDITORS

RICHARD A R Ξ N S (Managing Editor)

University of California
Los Angeles, California 90024

C.W. C U R T I S

University of Oregon
Eugene, OR 97403

C. C. MOORE

University of California
Berkeley, CA 94720

J . DUGUNDJI

Department of Mathematics
University of Southern California
Los Angeles, California 90007

R. F I N N AND J . MILGRAM

Stanford University
Stanford, California 94305

E. F. BECKENBACH

ASSOCIATE EDITORS

B. H. NEUMANN F. WOLF K. YOSHIDA

SUPPORTING INSTITUTIONS

UNIVERSITY OF BRITISH COLUMBIA
CALIFORNIA INSTITUTE OF TECHNOLOGY
UNIVERSITY OF CALIFORNIA
MONTANA STATE UNIVERSITY
UNIVERSITY OF NEVADA, RENO
NEW MEXICO STATE UNIVERSITY
OREGON STATE UNIVERSITY
UNIVERSITY OF OREGON

UNIVERSITY OF SOUTHERN CALIFORNIA
STANFORD UNIVERSITY
UNIVERSITY OF HAWAII
UNIVERSITY OF TOKYO
UNIVERSITY OF UTAH
WASHINGTON STATE UNIVERSITY
UNIVERSITY OF WASHINGTON

Printed in Japan by International Academic Printing Co., Ltd., Tokyo, Japan



Pacific Journal of Mathematics
Vol. 76, No. 1 November, 1978

Ata Nuri Al-Hussaini, Potential operators and equimeasurability . . . . . . . . . . 1
Tim Anderson and Erwin Kleinfeld, Semisimple nil algebras of type δ . . . . . . 9
Stephen LaVern Campbell, Linear operators for which T ∗T and T + T ∗

commute. III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Robert Jay Daverman, Special approximations to embeddings of

codimension one spheres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Donald M. Davis, Connective coverings of BO and immersions of projective

spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
V. L. (Vagn Lundsgaard) Hansen, The homotopy type of the space of maps of

a homology 3-sphere into the 2-sphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
James Victor Herod, A product integral representation for the generalized

inverse of closed operators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
A. A. Iskander, Definability in the lattice of ring varieties . . . . . . . . . . . . . . . . . 61
Russell Allan Johnson, Existence of a strong lifting commuting with a

compact group of transformations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
Heikki J. K. Junnila, Neighbornets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Klaus Kalb, On the expansion in joint generalized eigenvectors . . . . . . . . . . . . 109
F. J. Martinelli, Construction of generalized normal numbers . . . . . . . . . . . . . . 117
Edward O’Neill, On Massey products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
Vern Ival Paulsen, Continuous canonical forms for matrices under unitary

equivalence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
Justin Peters and Terje Sund, Automorphisms of locally compact groups . . . . 143
Duane Randall, Tangent frame fields on spin manifolds . . . . . . . . . . . . . . . . . . . 157
Jeffrey Brian Remmel, Realizing partial orderings by classes of co-simple

sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
J. Hyam Rubinstein, One-sided Heegaard splittings of 3-manifolds . . . . . . . . 185
Donald Charles Rung, Meier type theorems for general boundary approach

and σ -porous exceptional sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
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