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ABSTRACT. The hyperconvergence (upper Kuratowski convergence)
is the coarsest convergence on the set of closed subsets of a convergence
space that makes the canonical evaluation continuous. Sundry reflective
and coreflective properties of hyperconvergences are characterized in
terms of the underlying convergence.

1. INTRODUCTION.

Convergences on hyperspaces (spaces of closed sets) have been attracting
attention due to their numerous applications, but also for theoretic reasons.
Closed sets (of a convergence) can be identified with continuous maps (from
that convergence) valued in the Sierpiriski topology $ = {@,{1},{0,1}}. There-
fore, a hyperspace is an instance of a function space.

A convergence on a hyperspace that is of particular interest, is the coars-
est among those convergences for which the natural evaluation map (from the
product of a convergence space with its hyperspace) valued in the Sierpinski
space is continuous. We shall call it the hyperconvergence (or the upper Ku-
ratowski convergence). It follows from the definition that hyperconvergences
constitute a particular instance of continuous convergences; recall that the con-
tinuous convergence (of a convergence) is the coarsest convergence on the set of
continuous maps from that convergence (valued in another convergence space)
for which the natural evaluation map is continuous.

On the other hand, hyperconvergences play a universal role among all con-
tinuous convergences (valued in topologies). This is because the Sierpinski
topology is initially dense in the category of all topologies, which means that
every topology is the initial object with respect to maps valued in the Sierpinski
space [1]. Therefore, every continuous convergence valued in a topology is the
initial object with respect to maps valued in hyperconvergences. This fact
has important consequences for continuous convergences as well as for quotient
maps.
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Hyperconvergence can be characterized as the (lower) order convergence on
the complete lattice of closed sets; transposed onto the lattice of open sets, it
is the Scott convergence ([13] in the case of open sets of a topological space).

We study hyperspaces with respect to convergences that are not necessarily
T7. This is not because of a desire of utmost generality, but because of the very
nature of the considered topic. Indeed the hyperconvergence (for a nonempty
convergence) is never T, but is always Tp. Another peculiar property of hy-
perconvergences is hypercompactness: every filter converges.

To express properties of hyperconvergences in terms of the corresponding
properties of the underlying convergences, is an essential element of our quest.
Because hyperconvergences are defined on the spaces of closed sets, hypercon-
vergence properties typically correspond to hereditary properties (with respect
to open sets) of the underlying convergences. For example, the hyperconver-
gence of a topology is topological if and only if the underlying topology is
core-compact [13]. The very fact that the hyperconvergence of a topology need
not be topological has been at the origin of convergence theory [5].

In this survey paper we not only present a collection of our recent results
related to hyperconvergence [11], [17], [16], [15], [14], but also refine several of
them and clarify certain links between them. Therefore we have tried to make
this paper self-contained providing full proofs in most cases.

2. NOTATION.

Following Engelking, A C X means that A is a (not necessarily proper)
subset of X, and A° = X \ A when X has been fixed. We consider now families
of subsets of a fixed set. A family B is finer than a family A (in symbols,
A < B) if for every A € A there exists B € B such that B C A. Families of sets
& and ‘H mesh (in symbols, E#H) provided E N H # & for each E € £ and
every H € H; we denote by £# the grill of £, that is, the family of all sets that
intersect every element of £. The symbol &, stands for the family {E°: E € £}.
If F is a filter, then we denote by SF the set of all the ultrafilters which are
finer than F.

If a: 2¥ — 2Y and if A is a family of subsets of Y, then we denote by

a'A={aA:Ac A}
the a-regularization of A. If now H is a class of families of sets, then a?H =
{a"H : H € H}.
On the other hand, if V(y) is a family of subsets of X for every y € Y, then
for a family A of subsets of Y,

VA = V)
AcAyecA

is the contour of V(-) along A. If A = {A} then we abridge V(A4) = V({A}).
If now X =Y and {V(x) : x € X} is given and we define x € ap A if and only
if A € V#(x), then we have

(2.1) V(A)#B < A#alB.
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By O¢(z) we denote the family of all {-open sets which contain z. Therefore,
O¢(A) stands for the family of all £&-open sets which include A and O¢(A) =
UAE.A O¢ (A).

Finally, we denote respectively by f~(y), f~(B) and f~(B) the preimage
by fofy,Band B. If H C X xY and A C X then the image of A by H is
denoted by HA while H™ B stands for the preimage of B C Y by H.

3. HYPERSPACE.

The hyperspace associated with a topology (more generally, with a conver-
gence) 7 is the set of all 7-closed subsets. It is well known that there exists a
one-to-one correspondence between closed subsets and continuous maps which
take values in a two-element set endowed with the Sierpinski topology $. In-
deed, if 7 is a convergence (see Section 5) on a set X and A C X, then the
indicator map

0,ifxred
(3.1) (@, 4) { 1 ifedA

is continuous (in the first variable) from 7 to § = {@, {1}, {0, 1}} if and only if A
is 7-closed. Therefore C(7,$) stands for the set of all T-closed sets, equivalently
for the set of all maps continuous from 7 to $. In particular, the constant maps
(x,2) = 1 and (z, X) = 0 correspond to the empty set and the whole of X
respectively.

We shall sometimes call hyperpoints the elements of a hyperspace, hypersets
the subsets of a hyperspace (that is, families of closed sets), and hyperfilters
the filters on a hyperspace.

The Sierpinski topology plays an exceptional role among other topologies:
it is initially dense in the category of all topologies. This means that every
topology 7 is the initial object with respect to maps valued in the Sierpinski
topological space:

(3.2) =\ I
fec(r,9)

where f~6 denotes the initial convergence of 6 by f. Indeed, the statement
above is an immediate consequence of the representation of closed sets with the
aid of the coupling map (3.1) continuous in the first variable for every fixed A.

4. POLARITIES, GALOIS CONNECTIONS.

We will see later that minimality of hyperconvergence can be rephrased in
terms of polarity. A map f: X — Y (between complete lattices X, Y ) is called
an inverse polarity whenever

FANA =V 14
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for every A C X. Each inverse polarity admits its adjoint map f*(y) = A{z :
y > f(x)} which is also a polarity. A couple of maps

(4.1) f:X2Y:g

is called a (—, —)-connection if f and g are order-inverting and if gf and fg are
contractive, that is, gf(z) <z and fg(y) < y. It is well known [3] that (4.1) is
a (—, —)-connection if and only if f is an inverse polarity and g = f*. It is often
handy to invert order on one or both the lattices X, Y. If we invert the order
on X only, then we obtain a (4, —)-connection, with f and g order-preserving,
with gf expansive (that is, gf(x) > ) and fg contractive. Similarly we define
(—, +)-connections and (4, +)-connections, and refer to all of them as Galois
connections.

A projector is an order-preserving, contractive and idempotent map, while
an order-preserving, expansive, idempotent map is called a coprojector. An
important consequence of the definitions above is that if (4.1) is a (—,—)-
connection, then f = fgf and gfg = g, hence gf and fg are projectors.
Moreover, the restrictions

[ fix(gf) = fix(fg) : g
constitute a couple of reciprocal lattice inverse isomorphisms. Of course, if
(4.1) is a (+, —)-connection, then gf is a coprojector while fg is a projector.
Finally, let us mention that (4.1) is a (—, —)-connection if and only if f(z) >y
is equivalent to x < g(y) for every = and y.

5. CONVERGENCE.

We refer to [11], [17] for details of convergence theory. A convergence £ on
a set X is a relation between filters F on X and elements z of X

x e limgf

such that lim¢F C limeG if F < G and = € lime{x}! for each z € X, where
{x}! stands for the principal ultrafilter of x; the latter condition is that of
strictness. Please, have in mind that various authors give various (slightly
different) definitions of convergence; a most frequent additional axiom is the
one that we use to define prototopologies (see Section 11).

The adherence of a family H of sets is defined by

adheH = | lime€.
E#H

If € is a convergence then |£| stands for the set on which £ is defined. A
convergence ¢ is finer then a convergence £ (£ is coarser than ¢) whenever
lim¢F C lim¢F for every filter F. If £ is a convergence on X and 7 is a con-
vergence on Y, then a map f: X — Y is continuous if f(limeF) C lim, f(F).
The final convergence (the finest convergence on Y for which f is continuous
from £) is denoted by f¢ and the initial convergence (the coarsest convergence
on X for which f is continuous to 7) is denoted by f~7.
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A set V is a -vicinity of « if V € F for every filter F such that « € lim¢F;
the family V() of vicinities of x is a filter. A convergence { is a pretopology
if and only if x € lim¢Ve(x) for every x. A set O is &-open if O € F for every
filter F such that lim¢F N O # @ (£-closed if its complement is £&-open). In
other words, a set is £-open if and only if it is a £-vicinity of each its elements.
A set W is a &-neighborhood of x if it includes a £-open set that contains x;
the set of all &-neighborhoods of z is denoted by Ng(z). A convergence £ is
a topology if and only if z € limeNe(z) for every z. Of course, a topological
closure ay;, = cl¢ is defined via (2.1). It is the closure for a topology T'¢ called
topologization of &.

A family & of filters is a base for a convergence £ whenever x € lim¢F implies
the existence of G € & such that G < F and z € lim¢G.

6. HYPERCONVERGENCE.

The hyperconvergence (also called the upper Kuratowski convergence) is the
power convergence with respect to the Sierpinski topology. In other words,
if £ is a convergence on X, then the hyperconvergence [€,$] associated with
¢ is the coarsest convergence on C(¢,$) such that (-,-) : & x C'(£,8) — $ is
continuous. We say that & is a primal convergence of [¢,$] and that [¢,$]
is the dual convergence of . It follows directly from the definition of power
convergence that Ay € limy g® if and only if for every = € [{| and each filter
F on |{| such that z € lim¢F,

(6.1) (x, Ag) € limg(F, B).

Here & is a hyperfilter and Ay is a hyperpoint. The filter (F, ®) is generated
by (F,G) = {{z,G) : x € F,G € G}.

It is possible to characterize the hyperconvergence in terms of the primal
convergence. To this end we will need a notion of reduced filter. Let us have
in mind that if & is a &hyperfilter (that is, a filter on C(£,$)) then every
G € & is a &-hyperset (that is, a family of &-closed sets). The reduced filter of
a hyperfilter & is defined in [10] by

r@z{U A:Ge &},
Aeg
where F ~ B means that F is generated by B. Notice that the non degeneracy
of a hyperfilter & does not imply the non degeneracy of the reduced filter r®;
indeed, r® is degenerate if and only if there exists @ # G € & such that
Uucg A = @, that is, whenever G = {@} which means that & = {@}! (the
principal ultrafilter of the empty set ). Of course, limj¢ g {@}' contains the
hyperpoint @ and thus every £-closed subset A of |£]. On the other hand,
adher({@}) = adheo! = 2.

Proposition 6.1. [10] Let & be a hyperfilter on C(£,8). Then
(6.2) Ay € lim[57$](’5 <~ adhg@ C Ap.
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Proof. We have already noted that Ag € limj¢ & is equivalent to (6.1) for
every x € |¢| and each filter F on |{| such that = € lim¢F. Because the only
$-neighborhood of 0 is the whole of {0, 1}, the formula above is significant only
in the case of (x, Ag) = 1, that is, x ¢ Ag. Therefore (6.1) means that if © ¢ Ag
then there exist F' € F and G € & such that F'N UAeg A = @, that is, F does
not mesh with r&. We conclude that if x ¢ Ay, then x ¢ adh,r®, and thus the
proof is complete. (I

Corollary 6.2. A hyperfilter & converges to Ag in [€,$] if and only if for every
filter F such that lim¢F \ Ag # @, there is G € & for which (g A° € F.

Proof. By (6.2) Ag € lim¢ & if and only if every filter F which meshes with
r® does not &-converge to an element of Af. Therefore lime F N A§ # @ implies
that F does not mesh with r®, that is, there exist G € & and F' € F such that
FNUpeg A= 9, in other words, ()¢5 A° € F. O

A convergence is hypercompact provided that every filter converges. It fol-
lows from (6.2) that

Proposition 6.3. Fach hyperconvergence is hypercompact.

Proof. Indeed |¢| € lim¢ & for every filter &, because adher® C [£]. O

A convergence is said to be T; if all its singletons are closed. Except for
the trivial case (of the discrete topology on a singleton), no hypercompact
convergence is T7; in fact, if 7 is a hypercompact convergence on Y and yo # y1,
then @ # lim {yo,y1}' C lim {yo}' Nlim,{y1}'. Hence if 7 were Ty, then
lim, {yo}' Nlim, {y;}! = @.

Proposition 6.4. If €| is non empty, then the hyperconvergence [£,$] is not
Ty.

More precisely, if A € C(£,$), then
(63) Cl[ﬁﬁ]{A} = {B S C(f, $) tAC B},

so that || € clie g{@}. Therefore, if X # @ and £ is any convergence on X,
then the ¢-closed sets @ and X are distinct and X € clie g{@}.

Proposition 6.5. Fach hyperconvergence is Ty.

Proof. Indeed, if Ag, A1 € C(£,$) and = € Ay \ A, then by (6.3) z € A for
every A € clie gj{A1}, hence Ay ¢ clie g{A1}. O

The hyperconvergence of the (unique) convergence on a singleton (this is
necessarily the discrete topology ¢) is homeomorphic to the Sierpiniski topology.
In fact the (c-closed) subsets of {z} are & and {z}; for [¢,$], the principal
hyperfilter of @ converges to @ and to {«}, while the principal hyperfilter of
{z} converges to {x}; hence the map which associates {z} to 0 and @ to 1 is
a homeomorphism.
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7. POINT AND STAR TOPOLOGIES.

With a view to characterizing reduced filters, we associate with each con-
vergence two special topologies [4], [11]. If £ is a convergence on X, then
clegex = clg{x} defines a (binary) relation on X. For our purposes, it is handy
to use a special notation for the inverse relation, namely,

cery=clay={z:y € cle{z}}.

As usual, the image and the preimage of sets by a relation are

clge A = U cle{z} and clg-B = {z : clg{z} N B # o} = U clg-y.
z€A yeB

Both the operations clgs and clg< turn out to be topological closures. In
fact, it is straightforward that they are expansive and that clee @ = cle-@ = @.
The idempotency of clgs and of cle- follows immediately from that of cle. As
for finite additivity, we get more than needed: as the operations are relations,
they are (fully) additive:

Cl&- (U Az) = U Cl&-Ai; Cl&* (U Az) = U Clg*Az
icl icl icl il
The topology £° is called the point topology of £ and the topology £* is called
the star topology of &. If & is Ty, then £° and &£* are equal to the discrete
topology. Of course, £* > &, but this is not necessarily the case with £*.

Example 7.1. Consider the discrete topology ¢ on {0,1}. Then the hyper-
convergence [t, $] is a topology and for instance clj, g« {{0}} = cl}, {{0}} =

{{0},{0,1}} while cly, g-{{0}} = {@, {0}}.

As both the point- and the star- closures are additive, the collection of all
&°-closed (respectively, £*-closed) sets is also that of open sets of some topology.

Proposition 7.2. For every convergence &, a set is £®-closed if and only if it
is " -open.

Proof. If y ¢ clee A = A then « ¢ clexy for every o € A, that is, AN clexy = @.
In other words, clg+A° C A°. (Il

The topology &° has been defined with the aid of the &-closures of single-
tons. Because there exists a unique filter that contains the singleton {z},
namely the principal ultrafilter {z}!, clgex = cl¢{z} = limr¢{z}!. Therefore
y € limg. /\gce(:lg*y{glc}T = limge {clg-y}! and thus clg-y is a neighborhood of y
with respect to £°. Actually, another way of proving that a set is £*-open if
and only if it is £*-closed is to notice that

Lemma 7.3. Ngo(z) is the principal filter generated by cle-x.

Proof. Observe that W € Ngo(z) whenever z € limge {y}' = cleoy implies
that y € W, equivalently cle-x C W. This means that cle-x is the least £°-
neighborhood of z. |
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Therefore, by (2.1), for two families A and B,
(7.1) clf. A#B = A#cli.B.

8. REDUCED AND ERECTED FILTERS.

If ¢ is a convergence on X, then for each subset H of X, we define the erected
set eeH = {A=clgA: AC H}, and for a filter H on X, the erected filter of H

(8.1) eiH = {ecH : H € H}.

The erected filter of a non degenerate filter is never degenerate. Indeed, {&}
belongs to every element of an erected filter.
The (possibly degenerate) filter reg’H is generated by the sets of the form

inte« H = UCI&A:AcH A, where H € 'H, that is, intg*’l-[ = regH, and thus

regH > H.

A hyperset G is {-stable if B = cl¢B C G € G implies B € G. Notice
that G is {-stable if and only if G. = O¢(G.). A hyperset G is {-saturated if
B = clgB C |Jyeg A implies that B € G. A hyperfilter & on C(¢,$) is &-
stable (respectively, £-saturated) if it admits a filter base consisting of &-stable
(respectively, £-saturated) hypersets. It is straightforward that

Proposition 8.1. A hyperfilter is an erected filter if and only if it is saturated.

Proposition 8.2. Let F be a £-reduced filter and let & be a stable &-hyperfilter.
Then F meshes with t® if and only if the filters & and eg]: restricted to C (€, $)\
{&} mesh.

Proof. By definition, a &-reduced filter F meshes with r® if and only if UCI&A:AcF
ANUpeg B # @ for every F' € F and G € &. Equivalently, there is a non
empty &-closed set A € ecF' NG for every F' € F and G € &, because & is
stable. 0

If now & is an arbitrary hyperfilter on C(&,$), then eir@ is coarser than
®. Indeed, a base of 1® consists of |J,.5 A where G € &; therefore, egr(‘j
admits a base of the form {B = cl¢eB C [J g A} with G € &, and since
GC{B=cleB CUyegA}s

eér@ < 6.

It follows that
Proposition 8.3. The hyperconvergence [, 8] has a convergence base consist-
ing of saturated hyperfilters.
Proof. If A € lim¢ 8, then adhgr(egrﬁ) = adher® C A, hence A € lim[57$]egr®;
as eir@ is erected, it is saturated. (I

Proposition 8.4. [16] A filter is a reduced filter if and only if it is reqular for
the point topology if and only if it is open for the star topology.
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Proof. If G € &, and if x € |5 A, then there is A € G and thus clg{z} C
cleA = A C (Jyeg A so that 1& is regular for the point topology of . Con-
versely, if clee H C H, then Uy, a—acy A C Uyen cle{a} = clee H C H, that
is, if H is regular for £°, then reEfH = H. By definition, a filter is £®-regular
if and only if it admits a base of £®-closed sets, that is, by Proposition 7.2, of
&*-open sets; equivalently the filter is £*-open. O

In general
intf. H = re}H > H > cli H.

By the proposition above, H = r® for some hyperfilter & on C(¢, $) if and only
if intg*H =H = CIE.H. Consequently, we shall use the term &-reduced filter
for regular for the point topology of &. Let us denote by cl.S the set of filters
that are regular for the point topology of £.

If we observe that &y < &; implies r &y < r&; and Hy < H; implies
eEHO < eng, then we have proved that

Theorem 8.5. The operations of erection ei and of reduction r constitute

a Galois (+, —)-connection. Hence they form a lattice isomorphism between
reduced filters and filters based in saturated families.

It follows that for every family {H; : ¢ € I'} of filters on [¢],

(8.2) %(Vm>:V%Hh

il iel
and for every family {®,; : ¢ € I} of filters on C(&,$),

(8.3) r(\ 6;) = \r6,.

iel iel
Another immediate consequence of general properties of Galois connections, is
that

(8.4) H <16 <= efH < 6.
Because [¢, §] has a convergence base consisting of &-saturated filters,

(8.5) adh[§’$]® = adh[§,$]egr 6.

9. REFLECTIVE AND COREFLECTIVE PROPERTIES OF CONVERGENCES.

The category of convergences with continuous maps as morphisms is concrete
over the category of sets. This means that every morphism from & to 7 is
uniquely determined by a map from |¢| to |7|. A (covariant) functor F is a
map on morphisms which preserves the composition; as every object £ can be
identified with the identity morphism ¢¢ : & — &, each functor F' maps also
objects following the rule tp) = F(1¢). A functor F' between two concrete
categories (over the category of sets) is concrete whenever each morphism and
its image by F' have the same underlying map.
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A concrete subcategory of convergences is reflective (respectively, coreflec-
tive) if it is stable for initial (respectively, final) convergences; in other words,
M is reflective if 7 € M implies f~7 € M, and \/,.; 7; € M whenever 7, € M
for each ¢ € I (M is coreflective if { € M implies f§ € M, and \,.;& € M
whenever & € M for each i € I).

Every concrete functor in the category of convergences is determined by its
action on objects [1, Remark 5.3]. An order-preserving map M on convergences
such that |M¢| = [¢], is a concrete functor if and only if M(f~7) > f~(Mr)
(equivalently, f(ME) > M(f€)) for every f and every 7 on the domain (respec-
tively, each £ on the range) of f. A concrete functor is called a reflector if it is
a projector, a corefiector if it is a coprojector.

From our point of view, a property of convergences is tantamount to a sub-
category of convergences. We shall consider reflective properties, like topologic-
ity, pretopologicity (corresponding to reflective subcategories) and coreflective
properties, like countable character, Fréchetness, sequentiality (corresponding
to coreflective subcategories). A reflective concrete subcategory can be de-
scribed as the class of those convergences 7 for which

(9.1) Mr >,

where M is a concrete functor; a coreflective concrete subcategory is the class
of those convergences 7 for which

(9.2) 7> Mr,

where M is a concrete functor.
If J is a class of filters possibly depending on convergence, then a convergence

¢ is called adherence-determined by J if lim¢ F = (  adheH for every filter
I(E)SH#F
F [7]. Let
(9.3) limp,eF = ) adheH.
J(E)DH#F

We assume that ¢ < ¢ implies J(¢) C J(&), J(Ay€) = J(§) and that G € J(&)
implies that (the filter generated by) f~(G) belongs to J(¢). Then Ay is a
reflector. If J does not depend on convergence, then the first two conditions
are automatically fulfilled. A convergence is a pseudotopology, paratopology,
pretopology if it is adherence-determined by the class S (of all filters), P, (of
countably based filters), P (of principal filters), respectively. These classes of
filters are independent of convergence; moreover the preimage by a map of
a filter from any of these classes, remains in the class. The corresponding
reflectors S, P,,, P are called the pseudotopologizer, the paratopologizer and the
pretopologizer. A convergence is a topology if it is adherence-determined by the
class T of principal filters of closed sets. The corresponding reflector 7' is the
topologizer.
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A convergence ¢ is called E-based (or, based in E) if « € lim:F implies the
existence of a filter G € E such that G < F and « € lim¢G [7]. Let

(9.4) limp,eF = ) limeG.
E(§)3G<F

We assume that ¢ < ¢ implies E(¢) C E(§) and E(Bgé) = E(§) and that
G € E implies that (the filter generated by) f(G) belongs to E. Then B is a
coreflector. If E does not depend on convergence, then the first two conditions
are automatically fulfilled. For instance, a convergence is first-countable (or
of countable character) if and only if it is based in the class P, (of countably
based filters); we denote by First = Bp_ the corresponding coreflector.

We shall also consider the categories of convergences 7 characterized by the
inequality

T>JET,

where J is a concrete reflector and F is a concrete coreflector. Such categories
are coreflective, by (9.2). In particular, 7 is bisequential if 7 > SFirstr, strongly
Fréchet if T > P, Firstr, Fréchet if 7 > PFirstT and sequential if 7 > TFirstr.

10. POWER CONVERGENCE.

The power convergence (or the continuous convergence) [§, o] of & with re-
spect to o is the coarsest convergence on the set C(&,0) of continuous maps
from £ to o for which the natural evaluation map is continuous. This is the only
convergence structure satisfying the exponential law for arbitrary convergences
&1, 00

(10.1) [ x 7, 0] =[1,[¢,0]],

where = stands for a homeomorphism via the transposition map *f(y)(z) =
f(z,y). Of course, hyperconvergences constitute a special case of power con-
vergences, namely with respect to o = $.

Recall that for a map f : X — Y, the map f* : Z¥ — ZX is defined by
f*(h) = ho f. It turns out that if f : £ — 7 is a continuous map, then (the
restriction of ) f* : [, 0] — [£, 0] is also continuous. In particular, if £ > 7 then
C(r,0) C C(§,0) and the injection from [, o] to [£, o] is continuous. Moreover,
(10.2) I\ firisol = \/ (f7) " [7i 0]

i€l iel
for every family of surjective maps {f; : ¢ € I} with a common range.

If g : W — Z, then the map g, : WX — ZX is defined by g.(h) = g o h.
Let us observe that if g : ¢ — 6 is a continuous map, then for every £ the map
g« 1 [€,0] — [&,0] is also continuous. By (3.2),

(10.3) Eol=[ \V g8= \ o598
geC(o,%) geC(o,%)

so that every continuous convergence with respect to a topology o is the initial
convergence with respect to hyperconvergences. This fact implies that
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Theorem 10.1. If for a given convergence £, the hyperconvergence [€,$] be-
longs to a concrete reflective subcategory J of convergences, then [€,0] also
belongs to J for every topology o.

A concrete reflective subcategory L of convergences is called Cartesian-closed
if [¢,0] € L whenever £, € L. The categories of convergences and of pseudo-
topologies are Cartesian-closed, but that of topologies is not.

Theorem 10.2. If L is a concrete reflective subcategory of convergences and
L is the corresponding reflector, then L is Cartesian-closed if and only if L
commutes with finite products.

Proof. Assume that L commutes with finite products and that £,0 € L. By
definition, [¢, o] is the least convergence (on C(&,0)) for which £ X [§,0] > e™ 0
(where e~ o stands for the initial convergence of o by the natural evaluation).
Because ¢ € LL and thus e"0 € L,

¢ x Lig,0] > L(¢ x [€.0]) > L(e o) = 7o,

hence L[, 0] > [€, 0] proving that [£, 0] € L.
Conversely, suppose that L[{, o] > [£, 0] for every £, 0 € L. In order to prove
that
EX LT > L(EXT)
for all convergences & and 7, it is enough to show that C(§ x 7,0) C C(§ %
Lt,0) for each 0 = Lo. If f € C(¢ x 7,0), then 'f € C(1,[,0]) hence
tf e C(Lt,L[¢, o)) because L is a functor. It follows that

(“f)" € C([LI¢, o], ], [L7,0]) € C([[§, 0], 0], [LT, o)),

because [L[¢,0],0] > [[§, o], 0] by virtue of the assumption. As the injection
ij¢| is continuous from & to [[,0],0], and ('f)* 04| = f, we conclude that
fecCxLrto). O

Let X C Y,0 be a convergence on X and 7 be a convergence on Y. If the
injection ix : X — Y is continuous, then we write § > 7. It follows that
i% : C(r,0) — C(0,0) is continuous from [7,0] to [#,0]; on the other hand,
% (f) = foix, that is, i% is the restriction to X of maps on Y.

In the special case of ¢ = §, the restriction % (A) is equivalent to the
intersection of a 7-closed set A € C(7,8) with X. Indeed, by definition,
i% (Ya)(z) = Yalix(x)), where 14 is the indicator function of a subset A
of Y, hence i%(¢4)(x) = 0 if and only if an element = of X belongs to A.
Accordingly, for a family A of 6-closed sets,

FEA) ={AeC(r,9): Ae A}

If ¢ > &, then C(§,0) C C(¢,0) for every convergence o, and the injection
is continuous from [, o] to [, o]. Let

(10.4) Epi”¢ = i‘_{‘[[f,a],a],

where i¢| is the injection of |£| in C(C(,0),0) (it is straightforward that i
is continuous from ¢ to [, o], o]).
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Consider now [-, o] that associates with every convergence £ on X, the power
convergence [£,0]. On the other hand, [0, 0] is a convergence on C(6,0) for
every convergence 6 on a subset of |o|¥ and each x € X can be identified with
a map continuous from [0, o] to o. Therefore, the couple of maps [-,0],ix [, 0]
(where iy [0, 0] is the restriction of [f,0] to X) is a (—, —)-connection with
respect to the usual order on convergences at one end and to < on the other.

It follows from the general properties of Galois connections that [Epi”¢, o] =
[€,0] and that Epi® is a projector. It is clear from the definition that Epi” is
a concrete functor, hence it is a reflector.

11. EPITOPOLOGIES.

By taking the supremum on the right-hand side of (10.4) over all topologies
o, we define

Epi¢ = \/ Epi%¢ = \/ iyl 0l,0],
o=To o=To
which in view of the preliminaries above is a concrete reflector. It is called
the epitopologizer and each convergence 7 such that Epit = 7 is called an
epitopology (or Antoine convergence).
It can be deduced from (10.3) that the epitopologizer can be represented by

Epié = iig [1€.5].9],

thus Epié = Epi$§ . Consequently, the epitopologizer is the composition of two
branches of the (—, —)-connection [-,$],iy[-,$] (which is a special case of the
connection considered in the previous section). It follows, in particular, that

(11.1) [Epig, ] = [¢, 3]
and that Epi¢ is the coarsest convergence ¢ for which [¢,$] = [€, $].

Proposition 11.1. The epitopologizer commutes with finite products:
(11.2) ¢ x Epit > Epi(§ x 7).

Notice that (11.2) applied twice yields Epi¢ x Epir > Epi(§ x 7).
Proof. As Epi is idempotent, it is enough to prove that £ x Epir > Epi(¢ x 7).
By virtue of the exponential law (10.1) and (11.1),

[§ x Epir, §] = [, [Epir, §]] = [¢, [, §]] = [€ x 7, §].

Therefore, & x Epit > Epi(¢ x Epir) = Epi(§ x 7). O

Hence, in view of Theorem 10.2, the category of epitopologies is Cartesian-
closed. On the other hand, every topology is an epitopology. Indeed, denote
by ty the discrete topology on Y. Because tc(e,s) > [€, 8], the injection from

C([§7 $]a $) to O(Z’C(§7$)7 $) is continuous from [[67 $]7 $] to [LC(£,$)7 $}7 and since
the topologizer T' can be characterized via

T¢= \/ [ $=iglcesS);
Fec(&.s)
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it is clear that Epi¢ > T¢ for every convergence &, which proves the claim.

We say that a convergence is a prototopology if lime F Nlim:G C lim¢ (FAG)
for every couple of filters F,G. It is immediate that prototopologies constitute
a Cartesian-closed reflective subcategory of convergences.

Theorem 11.2. [4] The category of epitopologies is the least Cartesian-closed
reflective subcategory of prototopologies that includes all topologies.

Proof. Let L be a Cartesian-closed reflective subcategory of prototopologies
that contains all topologies. For every prototopology &, there exist a family
{ri + i € I} of topologies and maps f; : [7;| — |{| such that & = A,.; fiTi. By
virtue of (10.2),
1€.8) = \/ (/)" [, 8].
iel

Because L is Cartesian-closed and contains all topologies, [1;,$] € L for every
i € I, and since L is reflective [£,$] € L as the initial object with respect to
prototopologies in L. Therefore [[¢, §],$] € L by the Cartesian-closedness of L,
and thus the initial prototopology Epi¢ = i, [[€,9], $] belongs to L, because L
is reflective. It follows that every epitopology belongs to L. O

We shall now characterize epitopologies internally. We say that & is point-
diagonal if
(11.3) lime F C limeNes (F)
for every filter F. If £ is a pseudotopology, then (11.3) is equivalent to
(11.4) adhecli,H C adheH

for every filter H. Indeed, if z € adhgclh.H and £ is point-diagonal, then there
is a filter f#Clg.H (equivalently, H#N¢e (F)) and such that = € lim¢F C
limeNee (F), and thus « € adhgH. Conversely, if (11.4) holds, £ is a pseudo-
topology, and x ¢ limeNee (F), then there is a filter H#Nee (F) (equivalently,
F#cll,H) and such that = ¢ adheH, hence by (11.4) = ¢ adhgclh.’H thus
T ¢ limgj:.

It follows from (12.2) (to be proved later) that

(11.5) limEpig}— = ﬂ Clg(adth).
cll SSH#AF

Therefore,

Theorem 11.3. A convergence & is an epitopology if and only if it is a point-
diagonal pseudotopology with closed limits.

Proof. Let & be an epitopology. Then it is a pseudotopology, because limge F =
(Mppr adheH C limppieF. The closedness of limits follows from (11.5 ). If
x ¢ limeNee (F), then by (11.5) there exists a {-reduced filter H#Nee (F) such
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that © ¢ clcadheH . Because H#Nge (F) is equivalent to 2 H#F and since
H= CIQ.H, also H#F, hence x ¢ lim¢ F.

Conversely, let ¢ be a point-diagonal pseudotopology with closed limits, and
let z ¢ limeF = limeNee (F). As € is a pseudotopology, there is an ultrafilter
UH#Neo (F) (equivalently, f#clg.l/{) and such that « ¢ adh i/ = adhgclg.u.
Because U is an ultrafilter and £ has closed limits, adhei/ = limU = clcadheH
where H = clg.u is a reduced filter which meshes with F. In view of (11.5),

x ¢ limgpie F. O
It follows from (11.5) and (11.4) that
(11.6) cle (adhe (clf. H)) = cle(adhppie H).

This formula which will be instrumental in several arguments, is a special case
of (12.3) that we will prove later.

Since £° is a principally based (called also finitely generated) topology, and
Neo(z) = clg=z, the filter Neo (F) is generated by {clg-F : F € F}, that is,
Nee (F) = clg*}". Therefore the condition (11.3) is equivalent to

lime F C limgcll. F,
and thus

Corollary 11.4. [4] A convergence £ is an epitopology if and only if it is a
star-reqular pseudotopology with closed limits.

Proposition 11.5. Every hyperconvergence is an epitopology.

Proof. From iig €., 5].] > [€.5]. 8] it follows that [ifg [¢. 5], . 8] < [[&,], 5], .
hence (€8] = [ijg [16.5].8].8] < igc s ([[€. 5. 8].5] = Epile. 8] O

12. DUALITY.

Our goal is to characterize various properties of hyperconvergences in terms
of primal convergences, or rather in terms of equivalence classes of primal
convergences which correspond to the same hyperconvergence. As for every
convergence ¢ the epitopologization Epi€ of £ is the coarsest convergence such
that [Epi&,$] = [¢, 9], primal characterizations of sundry properties of hyper-
convergences are naturally formulated as properties of epitopologies.

If M is a concrete functor such that M > T, then C(Mr,0) C C(1,0)
for every convergence 7 and each topology o. Thus i¢ is an injection into
C(MIE,$],8) for every convergence . Therefore one can define [17][14] the
M -epitopologizer by

Epiy€ = irg (M€, 1, 9)).
We say that £ is an M-epitopology if £ = Epi,,; €. Because $ is an initially dense
object of the category of topologies,

(12.1) Epiy & > i~ ([MI¢, 0], 0])
for every topology o (here ¢ stands for the natural injection of |£| to C(C(¢, 0),0)).



406 Szymon Dolecki and Frédéric Mynard

As Epi,, is a composition of two branches of a (—, —)-connection and of M
(inserted between them), we refer to this situation as to modified duality. It
follows that if M is a coreflector, then Epi,, is a reflector; however, if M is a
reflector, then Epi,; need not be a coreflector (in the category of convergences).

We can describe explicitly the convergence of filters for Epi € (a filter F
converges to x in Epi, £ if and only if for every £-closed set A with = ¢ A and
each &-hyperfilter ® such that r& meshes with F implies that A ¢ limy(¢ §8).
However significant interpretations of this general description will be given
for special cases, where J and E are $-compatible classes of filters, and M is
either the reflector Ay, or the coreflector Bg, or the composition AjBg (which
is in general neither reflector nor coreflector). In this section we shall merely
consider the reflector Epig, which will be instrumental in the study of Epi, p,
that we will undertake in subsequent sections.

A class E of filters is said to be $-compatible whenever & € E implies that
r® € E and if H € E implies that egH € E. The classes of all filters, of
countably based filters, of countably deep filters (a filter F is countably deep

if N A e F for every countable A C F) and of principal filters are all $-
AeA
compatible.

According to our notation cl%,E stands for the class of &-reduced E-filters.
In particular, CIE.S is the class of &-reduced filters, clg.]P’w of countably based &-

reduced filters, and clg.IP’ of principal ¢-reduced filters. We notice that Bg[¢, $
is based in ¢-saturated filters for every convergence &, but Ag[¢,$] is not in
general.

Proposition 12.1. [16] If E is $-compatible, then a filter F converges to x in
Epig,§ if and only if x € cle(adheM) for every filter H € CIE.E that meshes
with F.

In other words,

(12.2) limgpi, eF= () cle(adheh),
cll  ESH#AF

Proof. Because Bg[¢, §] is based in &-saturated E-filters, a filter F converges to
x in Epig ¢ if and only if adher® \ A # @ for every {-closed set A with z ¢ A
and each ¢-saturated E-filter & such that r® meshes with F, equivalently, if
z € cl¢(adher®) for every &-saturated E-filter & such that r& meshes with
F. Because of the duality between £-saturated and &-reduced E-filters for a $-
compatible class E, this means that = € clg(adhH) for every {-reduced E-filter
‘H that meshes with F. (]

Since clg.]E C E and, of course, adhgH C cle(adheH), we infer that Agg >
Epig, ¢ for every convergence §. Therefore every Bg-epitopology is adherence-
determined by E-filters. In particular we recover the already established fact
that each epitopology is a pseudotopology. Another already established fact
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that each Bg-epitopology is an epitopology, is also an immediate consequence
of (12.2).

Let us observe that Epig,§ = T¢, that is, Epig, is the topologizer. Indeed,
in this case (12.2) becomes (]  cl¢(adhgH) which is equal to [\ cleH.

clee HEF# HeF#

Therefore, every topology is a Bg-epitopology under the provision that E in-
cludes P, the class of principal filters.

We notice that

(12.3) cle(adhe (cla H)) = cle(adhgyi, M),
for every E-filter H. Indeed, if z € adhEpiBE ¢'H then there exists a filter F that

meshes with H and converges to x for Epig ¢, hence clg.H meshes with F, thus

by (12.2), = € cle(adhe(clZH)). On the other hand, by (11.4) adhe(clf.H) C
adhEpiBmgH because Epig_ ¢ is an epitopology. Therefore, if B = O¢(B), then

(12.4) adhgp;, (H#B <= adhe(cli H)#B
for every E-filter H.

13. COMPACTOIDNESS.

It turns out that some properties of hyperconvergences can be rephrased in
terms of some compactness-like properties of their underlying convergences.

The concept of a set relatively compact with respect to another set has been
extended by various authors (see [8] for a historical account) to a filter (and,
more generally, family of sets) relatively compact with respect to a set, and in
[9], with respect to another family.

Let F be a class of filters. If A, B are families of subsets of |¢|, then A is
said to be F-compactoid in B (for §) if adheF € B# for every F € I such that
F#A. A family A is F-compact if it is F-compactoid in itself. In particular,
if A C X, then {A} (equivalently, A = {A}") is compactoid in X (for a
convergence on X ) if and only if A is relatively compact; {A} (equivalently,
A = {A}1) is compact if and only if A is compact. Compactoidness is a common
generalization of compactness (of sets) and of convergence (of filters). Indeed,
a filter F is compactoid in {z} for £ if and only if « € limg¢F, where S is the
pseudotopologizer.

This notion of compactoidness needs to be ultimately extended. Let F and
G be classes of filters, and let £ and 7 be convergences on a common set. A
family A is said to be £-compactoid in B (for %) [8, Section 8] if

(13.1) VrerVoee F > G,adh,G € A% = adh.F € B.

If G = P is the class of principal filters and 7 = ¢ is the discrete topology,
then Vgep F > G,adh,G € A7 is equivalent to F#.A4, and the whole condition
(13.1) becomes

VrerF#A = adhF € B,

that is, to the F-compactoidness of A in B for £.
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The use of two classes of filters enables one to recover such compactness-like
s

notions like Lindel6f property, which is in these terms m—compactoidness.
Another important special case of (13.1) is that of cover compactoidness.
A family P of subsets of |§| is a &-cover of a set A if every filter such that
lim¢ F N A # @ contains an element of P; a family P is an ideal if Q C P € P
implies that @ € P and if [ JR € P for every finite subfamily R of P. It was
observed in [8] that a family P is a &-cover of A if and only if adh, P, NA = o

(Recall that P, = {P¢: P € P}). It follows that

Theorem 13.1. [8] A family A is %—compaetoid in B (for %) if and only if
for every B € B and each &-cover P of B such that P. € F there exist A € A
and a refinement R of P which is a T-cover of A such that R. € G.

If £ = 7 in the theorem above, then we say that A is %-cover—compactoid m
B for . For example, A is %—cover—compaetoid for ¢ in B if for every (ideal)
&-cover P of B € B there exist A € A and a countable subfamily R of P which
is a &-cover of A. If € is a topology, then ideal can be dropped without altering
the meaning [8], hence this means that A is Lindelof in B for &.

Let us recall that cover-compactoidness and compactoidness coincide for
topologies, but do not for arbitrary convergences.

At first we notice that convergence with respect to the epitopologization is

a compactoidness property. More generally,

Proposition 13.2. IfE is $-compatible, then a filter converges to x in Epig £
if and only if it is cli.E—compactoz’d in Ne(x) for €.

Proof. On rephrasing Proposition 12.1, a filter F converges to x in Epig ¢ if
and only if adh¢H N O # @ for every {-open set O that contains z and each
&-reduced filter H € E that meshes with F. |

In particular,

Proposition 13.3. A filter converges to x in Epi if and only if it is cli,S-
compactoid in Ne(zx) for €.

In the sequel we shall make repeated use of the following immediate conse-
quence of (12.4):

Lemma 13.4. [11, Lemma 6.3] Let E be a $-compatible class of filters. If B is
a family of £-open sets, then a family is E-compactoid in B for Epig & if and
only if it is clg. (E)-compactoid in B for €.

It follows from Proposition 13.2 and from Lemma 13.4 that

Corollary 13.5. A filter converges to = in Epig £ if and only if it is E-
compactoid in Ne¢(z) for Epi€.
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14. TOPOLOGICAL CORE COMPACTNESS AND COMMUTATIVITY WITH FINITE
PRODUCTS.

Given a subcategory L of convergences, a convergence £ is called L-exponential
if [¢,0] € L for every o € L. It follows immediately from the definitions that
a subcategory is Cartesian-closed if and only each of its objects is exponen-
tial. By Theorem 10.2, a concrete reflective subcategory of convergences is
Cartesian-closed if and only if the corresponding reflector commutes with finite
products. In fact more is true, namely, a convergence £ is L-exponential if and
only if

EXLT>L(EXT)
for every convergence 7 (where L is the reflector corresponding to L).

It is known [18] that a topology is T-exponential if and only if it is core com-
pact, that is, for every x and each neighborhood O of z there is a neighborhood
V of x which is compactoid in O [13]. We shall refine this classical result.

Let J and E be classes of filters. The following functor Q% in the category
of convergences was defined in [17]:

T E th%&]‘"

whenever for every O € O¢(x) there exists a filter J € J such that J < F
and J is E-compactoid in O for £&. We say that a convergence £ is topologically
J-core E-compact at x if x € lim¢F implies that « € thQﬂég}—' If J =P, the
class of principal filters, then we abridge P-core to core. Let us observe that
(14.1) SQE = QZ.
Indeed, if z € thQE}- then for every ultrafilter & finer than F and each
O € O¢(x) there exists Fyy € U which is E-compactoid in O for . Therefore
there exists n < w and Uy, U, ..., U, such that F' = Fy, UFy, U.. .Uy €F
and obviously F' is E-compactoid in O for &.

A class G of filters is composable if HA € G(Y) for every H € G(X xY)

and A € G(X) and if it includes the class of principal filters. Because the star
and the point closures can be defined as relations, we conclude that

Proposition 14.1. Every composable class is $-compatible.

Theorem 14.2. [17, Theorem 6.2] If E and J are composable classes of filters,

then

(14.2) Ox AT >T(EXT)
for every T = Bg7 if and only if

(14.3) 6 > SQuEpip,¢&.

Proof. Assume (14.3) and 7 = Bgr. Since the reflector S commutes with
the product, we can assume without loss of generality that 6 > Q]]]I:EpiBEf.
Consider filters F and G such that z € limpF and y € lima -G and a (£ x 7)-
closed set H that meshes with F x G. We will show that (z,y) € H and
thus (14.2) holds. By (14.3) for every W € Og(x) there exists a J-filter
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Dy < F which is E-compactoid in W for Epig §. It follows that HDw #G
and HDw € J because J is composable. Hence y € adh.HDy and thus
there exists an E-filter Ly #HDy such that y € lim Ly . Therefore Dy,
meshes with the E-filker H~ Ly (because E is composable). We infer that
there is xy € adhEpiBF ¢H™Lw NW as Dy is E-compactoid in W for Epig_ &,
and thus (zw,y) € H, because T(Epig,{ x 7) = T(§ x 7). Accordingly,
zecleH y=Hy, that is, (z,y) € H.

Conversely, if (14.3) does not hold, then there exist xg and a free ultrafilter
U such that zp € limgld and there is W € Og(xo) such that for every J-
filter J < U, there exists an E-filter £; that meshes with J and such that
adhgpi, ¢£7NW = . Denote by J(U) the set of J-filters which are coarser than
U. Let T be the convergence on X for which every point is isolated except for xg,
and a free filter G converges to xg if there is J in J(U) for which G > €. This is
an E-based convergence and zg € lima U thus (zg, o) € limgxa, - (U xU). The
filter U x U meshes with the set A = {(x,y) : x € limEping{y}T, y#x0}. Let C
be a filter on A such that (z,y) € limg,C. If y # o then (x,y) € A, because
y is isolated in 7 and limEping{y}T is &-closed for every y. If y = ¢ then there
exist filters J € J(U) and F such that z € lim¢ F and F x £ < C. Obviously
A meshes with F x €7, that is, for each F' € F and every E € £ there exist

x € Fandy € E with x € limEpiBﬂg{y}T = Cl(EpiBEE)*y' Therefore Cl?EpiBEE)*}-
meshes with £7. Because Epig § is star-regular, z € hmEpiBEfCIEEpiBE 5)*]: ,

hence x € adhEpiBFgé’j and hence (z,z) belongs to the (£ x 7)-closed set
Wex{xzo}. It follows that (xo,z9) € AUW®x{xzo} D clex, A so that (xq,z0) ¢
limT(5XT)(Ll X Z/[) ([l

It is obvious that
Proposition 14.3. (14.2) holds for every T = Bg7 if and only if
0 x AJB]ETZT(E X T)

for every convergence T.

15. REFLECTIVE PROPERTIES OF HYPERCONVERGENCE.

It has already been mentioned that a hyperconvergence associated with a
topology need not be a pretopology (a fortiori need not be a topology). Topo-
logicity (T'r > 7) and pretopologicity (P7 > 7) are examples of reflective
properties. We shall provide a general characterization of a reflective property
of hyperconvergences in terms of a coreflective property of primal convergences.
If J is a property of convergences, then by definition & € J, whenever [£,$] € J.
If J is a concrete reflective subcategory of convergences, then by Theorem 10.1,
¢ € J, if and only if [¢, 0] € J for every topology o.

Proposition 15.1. If J is a concrete reflective subcategory, then J, is a (con-
crete) coreflective subcategory.
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Proof. Let f; : 1] — Y and & € J, for every i € I, that is, [¢;,$] € J for each
i € I. Then by (10.2), [A;c; fi&i,$] = Ve (f7) 71, 8], and since by assump-
tion J is a concrete reflective subcategory of convergences, \/,; (fi*) 7 [, 8] € J,
thus /\iEI fzfz e J,. O

Theorem 15.2. [17] If M > T is a concrete functor, then the following state-
ments are equivalent:

(15.1) Mg, 8] > [€,8];
(15.2) ¢ > Epiyé;
(15.3) EX Mt >T(€XT) for every T.

Proof. 18 MI.8) > [6.), then [|£,8].§] > [M[.5]§] so that ¢ > Epic >
Epi, €. Conversely if € > Epi,, € then by (12.1) the injection i : £ — [M[¢, o], o]
is continuous. By (10.1), the evaluation

L& x M[¢,0] =0

is also continuous. But [¢, §] is the coarsest convergence on C(&,$) that makes
the evaluation continuous. Therefore, M[£,$] > [£, $].

Assume (15.1) and let f € C(§ x 7,0). Then by (10.1) and because M is a
functor, 'f € C(1,[,0]) = C(MT,M[¢,0]) C C(MT,[¢,0]) by (15.1). Again
by (10.1), f € C(M,[{,0]) = C(§ x MT,0). Therefore (15.3) holds.

The hyperconvergence [£, §] is the coarsest convergence 7 for which the nat-
ural evaluation is continuous from £ x 7 to $. Therefore if (15.3) holds, then the
evaluation is also continuous from & x M€, $] to $ and thus M[£,$] > [¢,8]. O

It follows from Theorems 15.2 and 14.2 and from Proposition 14.3 that
€ > Epiy p,§ <= & > SQgEpip, ¢

(but this does not mean that Epiy p, = SQ%EpiBE). This property of & is
equivalent to a (reflective) property of [£,$] = [Epi¢, §], hence it is a property
of epitopologies. We conclude that

Corollary 15.3. IfE and J are composable classes of filters, then AyBg[¢, $] >
(€, 8] if and only if Epi¢ is topologically J-core E-compact for Epig & (equiva-
lently & is J-core clé,E—compact).

Consider now several special cases of the condition above. As Bg is the
identity and Ag is the pseudotopologizer, and since every hyperconvergence
is a pseudotopology, the condition Agl¢,$] > [, $] is always fulfilled. On the
other hand, by Corollary 15.3, if x € lim¢F then adhgpie HNW # & for every
W € O¢(x) and for each ultrafilter ¢ finer than F and for every filter H that
meshes with I/; in other words, = € clg(adhgpieH), which is of course always
the case.

We apply now Corollary 15.3 in the case E = S (the class of all filters) and
J =P, (the class of countably based filters).
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Theorem 15.4. The hyperconvergence [£,8] is a paratopology if and only if
Epi¢ is topologically P, -core compact.

If E = S is the class of all filters and J = P is the class of principal filters,
then Corollary 15.3 yields

Theorem 15.5. The hyperconvergence [£,$] is a pretopology if and only if Epi&
is topologically core compact.

Thanks to Theorem 10.1 we infer that

Corollary 15.6. If an epitopology & is topologically core (respectively, P,,-
core) compact, then [£,0] is pretopological (respectively, paratopological) for
each topology o.

Corollary 15.3 cannot be used to characterize the topologicity of hypercon-
vergences, because T = Ar, but the class T of principal filters of closed sets
is not composable; instead one can apply directly Theorem 15.2 to another
representation of the topologizer [11]. However, in the next section we will use
yet another approach.

16. VICINITIES AND NEIGHBORHOODS.

Certain objects related to hyperconvergences, like vicinity or neighborhood,
can be characterized in terms of primal convergences. This enables one to
characterize, in terms of primal convergences, various reflective and coreflective
properties of hyperconvergences that can be formulated with the aid of such
objects.

Some of the reflective properties of hyperconvergences have been charac-
terized already by virtue of Theorem 15.2. The situation is different for the
coreflective properties of hyperconvergences, because for them there exists no
equivalence scheme similar to Theorem 15.2.

In order to characterize hypervicinities and open hypersets, we introduce a
notion of rigid compactoidness. A family H &-rigidly meshes with a family A
if for every H € ‘H, there is B = clgB C H such that B € A#. Of course, if
H &-rigidly meshes with A, then it meshes with 4. On the other hand, if H is
&-closed (that is, H = CIEH) and meshes with A, then it &-rigidly meshes with
A.

A family A is rigidly E-compactoid in B for ¢ if adhe&E € B# for each E-filter
& which &-rigidly meshes with A; a family is rigidly E-compact if it is rigidly
E-compactoid in itself. Every E-compactoid (E-compact) family is rigidly E-
compactoid (rigidly E-compact). If £ is a topology, then the converse also
holds, because then for every filter H, one has adheH = (¢4 cle H and thus

adh¢H = adhecl{H.

Lemma 16.1. A set F is clE.S-compactoid in B for & if and only if O¢(F) is
rigidly compactoid in B for &.
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Proof. We notice that H rigidly meshes with O¢(F') if and only if intg*H meshes
with F. Indeed, the former means that for each H € H there is a subset
D = cl¢D of H such that D € O¢(F)#, equivalently cleD N F # &, or else
intg*')'( meshes with F'.

Therefore if O¢(F') is rigidly compactoid in B for £ and intg*H =H= clg.H
meshes with F', then H rigidly meshes with O¢(F) and thus adh¢H N B # @.
Conversely if F is cli.S—compactoid in B for £ and H rigidly meshes with O¢(F'),

then the &-reduced filter intg*H meshes with F' and thus adhg(intg* H)NB #
. O

It is straightforward that each intersection of stable hyperfilters is stable; in
particular, each vicinity filter for a hyperconvergence is stable. On the other
hand, an open hyperset (that is, open for a hyperconvergence) is always stable.
Observe that A is &-stable if and only if A. = O¢(A:). Let us characterize
stable vicinities.

Theorem 16.2. Let E be $-compatible. A hyperset A is a stable vicinity of Ag
for Bg[€, 8] if and only if A. = O¢(A.) is rigidly E-compactoid in A§ for &.

Proof. A hyperset A is a vicinity of Ag for Bg[¢, $] if and only if A € € for every
E-hyperfilter € that [¢, $]-converges to Ag. Equivalently, if for each ¢-reduced
E-filter £ with adhe& C Ag there exists E € £ such that if B = cl¢B C E, then
B € A. In other words, for every E € & there exists B = cl¢B C E such that
B ¢ A¥, then adhe& N A§ # @; equivalently, A, is rigidly cli.E—compactoid in
A§ for €. ]

Corollary 16.3. Let E be $-compatible. A hyperset A is open for Bg[¢,$] if
and only if A = O¢(A¢) and is rigidly E-compact for €.

This refines a result of [11, Corollary 5.3]; if £ is a topology, in the case
where E is the class of all filters this recovers [10, Theorem 3.1] of Dolecki,
Greco and Lechicki, and for the class E of countably based filters [2, Theorem
2.1] of Alleche and Calbrix.

We will use the characterizations above to describe the pretopologicity and
the topologicity of hyperconvergences in terms of primal convergences. The
theorem below is identical with Theorem 15.5; what differs is the proof.

First observe that, as every hyperconvergence has a convergence base con-
sisting of saturated filters, every vicinity filter has a filter base consisting of
saturated, hence stable, hypersets.

Theorem 16.4. The hyperconvergence [£,$] is a pretopology if and only if Epi&
is topologically core compact.

Proof. By definition, [, §] is a pretopology if and only if Ay € lim¢ V¢ ¢(Ao),
where D¢ ¢1(Ao) denotes the filter of vicinities of Ay for [¢,$]. In other words,
adherUpe g)(Ao) C Ag. Equivalently, if lim¢ F N Af # &, then F does not mesh
with 1Y g)(Ao), in other words, there is F' € F and a stable A € U¢ 51(Ao)
such that F N {Juc g A = @, that is, F C (4.4 A°. By Theorem 16.2, this
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means that for every £-open set O and each filter F such that lim¢F N O # @
there exists a family B = O¢(B) which is rigidly compactoid in O for £ and
such that (g5 B € F. It follows that £ is topologically core clE.S—compaet.
Indeed, as B is rigidly compactoid in O for &, and B C O¢(F'), the latter is also
rigidly compactoid in O for &, thus by Lemma 16.1, F' is cli.S—compactoid in O

for €. Conversely, if £ is topologically core clg.S—compact and lim F N O # @,

then there exists F' which is cli.S—compactoid in O for &, hence by Lemma
16.1 B = O¢(F) is rigidly compactoid in O for £ and of course (\z.z B € F.
Finally, since O is £&-open, by Lemma 13.4, it follows that F' is compactoid in
O for Epié. |

A convergence is a topology if and only if the filter of neighborhoods of
every point converges to that point. Once again, as [, $] = [Epi&, $], we can
formulate any characterization of the pretopologicity of hyperconvergences in
terms of the underlying epitopologies.

Theorem 16.5. The hyperconvergence [£,$] is a topology if and only if for
every -open set O and each filter F such that lime¢F N O # & there exists a
family B = O¢(B) which is rigidly compact for Epié and such that O € B and
Npeg B € F.

As every compact family is rigidly compact, the existence of a compact
family B in the statement above is a sufficient condition for the topologicity of
[£,8] (and by Theorem 10.1, of [£, o] for every topology o).

In the special case where £ is a topology, this is a condition of Day and
Kelly [6] (who did not use the name compact family, but gave an equivalent
definition) and the characterization of core compactness [13, Proposition 4.2]
by Hofmann and Lawson, if we remember that a family B = O¢(B) is compact if
and only if it is an open set for the Scott topology associated with a topology &.
Therefore it must follow that if the primal convergence is a topology, then the
topologicity and the pretopologicity of the hyperconvergence coincide. This
is actually the case. We do not provide here the proof, because it uses the
technique of multifilters, and would require quite a few preliminaries.

Theorem 16.6. [11, Theorem 5.6] If £ is a topology, then [€,$] is a topology
if and only if [, 9] is a pretopology.

Example 16.7. Consider the bisequence {Zoo} U{zy : n < w}U{zpp:nk <
w} endowed with the canonical pretopology 7: the filter associated with (),
is the coarsest free filter that converges to o, and for every n < w, the filter
associated with (z, k) is the coarsest free filter that converges to z,,. This is a
Hausdorff locally compact pretopology (hence a point-diagonal pseudotopology
with closed limits), so that its hyperconvergence is pretopological in view of
Theorem 16.4. On the other hand, the topologization of 7 is Hausdorff regular,
but not locally compact, thus [T, $] is not a pretopology.



Hyperconvergences 415

17. COREFLECTIVE PROPERTIES OF HYPERCONVERGENCE.

Let us start by considering the case of coreflectors of the form M = Bg,
where Bg is defined in (9.4).

Theorem 17.1. Let E be a $-compatible class of filters. The hyperconver-
gence [£,8] is E-based if and only if every {-open set is %—compactoid for &
(equivalently, for Epi€).

Proof. Let [€,$] be E-based and let A be an &-closed set. To show that A€ is
%—compaetoid let G to be a filter such that adhG C A, that is, A € lim[g,ﬁ eg.g.

By the assumption there exists an E-filter & coarser than eg.g for which A €
lim¢ g€, hence adher€ C A. The filter £ = r€ is a {-reduced E-filter, because

E is $-compatible, and £ < regg. For every E € & let Gg € G be such that
intg-Gg C E. Then the filter H generated by {Gg : E € £} is an E-filter
coarser than G and than £ and hence adhsH C A.

Conversely if every £-open set is %—compactoid and A € limp g®, then
adher® C A, and thus there exists an E-filter £ coarser than r® such that
adh¢& C A, because A° is %—compaetoid. Hence A € lim[5’$]eg€ and egé’

belongs to E, because E is $-compatible, and egé’ < egréﬁ < 6. (]

As a corollary we get (for general convergences, open hereditarily cover Lin-
deléf need not entail hereditarily cover Lindeldf).

Theorem 17.2. [15] The hyperconvergence [€,$] is of countable character if
and only if £ (equivalently, Epi€) is open hereditarily cover Lindeldf.

Observe that a convergence T is respectively bisequential, strongly Fréchet,
Fréchet and sequential if and only if S7 > SFirstr, P,7 > P,Firstr, Pt >
PFirstT and Tt > TFirstr.

In other words, a convergence is Fréchet whenever every sequential vicinity
of a point is a vicinity. Therefore,

Theorem 17.3. The hyperconvergence [£,8] is Fréchet if and only if every
family B = O¢(B) which is rigidly countably compactoid in a {-open set O, is
rigidly &-compactoid in O.

A convergence is sequential whenever every sequentially open set is open.
Hence

Theorem 17.4. The hyperconvergence [€,$] is sequential if and only if every
family B = O¢(B) which is rigidly countably &-compact is rigidly &-compactoid.

Recall that a topology 7 is tight if € cl;A implies the existence of a
countable subset E of A such that x € cl;E. As a special case of [15, Theorem
3.7], we have

Theorem 17.5. If £ is a topology and if T[£, 8] is tight, then £ is hereditarily
Lindelof.
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Proof. Let G be a filter such that adheG C A = cl¢A, that is, A € limyg e, G.
In particular, A € cl g{cleG : G € G}, and since T'[, $] is tight, there exists a
sequence (G,) such that A € clie g{cleG,, : n < w}, that is, for every {-compact
family B = O¢(B) such that A® € B there exists n < w such that (cl¢G,)° € B.
It follows that adhe(Gr) =, cleGn C A, forif x € (), cleG, \ A, then
(clgGr)¢ ¢ O¢(z) for every n < w and A° € O¢(x). Of course, O¢(x) is
T¢-compact, which leads to a contradiction. ([l

Corollary 17.6. Let & be a topology. The following are equivalent:

(1) & is hereditarily Lindeldf;
[€,8] is first-countable;
[€,9] is countably-tight;
[€,9] is sequential;

T[¢, 8] is sequential;

) T[¢,$] is countably-tight;

Recall that every perfectly normal Lindel6f topology is hereditarily Lindelof
[12, Exercise 3.8.A]. Notice that, unlike in the cited book of Engelking, our
definition of Lindel6f convergence does not involve any separation axiom. On
the other hand, the atomic cofinite topology on an uncountable set is (Haus-
dorff) compact, hence Lindel6f, but not hereditarily Lindelof (for the atomic
cofinite topology on X all elements but one are isolated, and a subset of X is
a neighborhood of the non isolated point whenever its complement is finite).
Indeed, the restriction of this topology to the (open) complement of the non
isolated element is the discrete topology on an uncountable set.

18. LATTICE-THEORETIC APPROACH TO HYPERCONVERGENCE.

If L is a complete lattice with respect to an order <, then three convergences
arise naturally: lower, upper, and their infimum. A filter F converges to x in
the upper convergence (x € limy F) if

limsup F = /\ \/F <.
FeF

This formula obviously defines a convergence, because F < G implies lim sup F >
limsupG, and 2 = \/p5, AF. Clearly, limsupF < z < y implies that

limsup F < y, that is, every limit is upper stable. It follows that every +-

closed set is upper stable, hence each +-open set is lower stable. By definition,

a subset O of L is +-open if ApcrV F < z for a filter 7 and x € O then

O € F; in other words, if A A € O then there is a finite subset B of A such

that A B € O.

Open sets for the lower convergence (that is, the upper convergence with
respect to the inverse order) were characterized by D. Scott [19] with the
aid of the relation of being way below: an element x (of a complete lattice)
is way below an element y (in symbols, * < y) whenever \/ A < y implies
\/ F < z for some finite subset F' of A. Accordingly, a set O is open for the
lower convergence if z € O and z <y imply y € O, and if \/ A € O, then there
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is a finite subset B of A such that \/ B € O. In the special case of the lattice
of open sets for a topology &, this means precisely that B is open for the lower
topology if and only if O¢(B) = B is {-compact.

A complete lattice is called continuous if its lower convergence is topological,
that is, if each neighborhood filter converges to its defining point; in other
words, if y = \/{z : © < y} for every y € L. In [13] Hofmann and Lawson
proved that the lattice of open sets of a topology & is continuous if and only
if £ is core compact. This is dual to the result from preceding paragraphs
that a topology ¢ is core compact if and only if the hyperconvergence [¢,$]
is topological. Moreover, Hofmann and Lawson showed that in the class of
so-called sober topologies, core compactness is equivalent to hereditary local
compactness. We shall relate these facts in terms of hyperspaces.

The hyperspace C(&,$) ordered by inclusion is a complete lattice in which
the supremum and the infimum are given by

VA=de(J A; Na= () A
AcA AcA
If £ is a topology, then adheH = (¢4 cleH, hence A € limj¢ gF if and only
if Apez VF C A, that is, the hyperconvergence (of a topology) is the upper
convergence in the lattice of closed sets.

An element p of a lattice is prime if a V b > p implies that either a > p or
b > p. A &-closed set is called irreducible if it is prime in the lattice C'(,$),
that is, if it cannot be written as the union of two proper &-closed subsets.
Notice that cle{z} is irreducible for every = € || and for each convergence .
The whole space of the cofinite topology on an infinite set is an example of
irreducible closed set which is not the closure of a point. A Tj convergence
is called sober if every irreducible closed set contains a dense point. Each
Hausdorff topology is sober; the cofinite topology on an infinite set is a 77 non
sober topology. Being sober is of course a topological property.

The lower Vietoris (or lower Kuratowski) topology V_(£) on C(&,$) has
the following subbase of open sets: O~ = {A € C(£,8) : AN O # &} where
O € O¢. Notice that for a hyperset A, a hyperpoint Ag € cly_(¢).A if and only
if Ag C cle(Uqeq A), that is, whenever A9 </ A in the lattice C'(¢,$).

The spectrum X(§) of C(€,$) is the set of non empty irreducible &-closed sets,
endowed with the restriction of the lower Vietoris topology. In other words, if
we let CIEU = {clg{z} : x € U}, then the topology of ¥(§) is generated by the

hypersets (&) \clgA with A € C(¢,$).
In our terms, [13, Proposition 2.7] implies that

Proposition 18.1. The map cl¢ : |{] — (&) is continuous and open on its
image; it is injective if and only if it is an embedding if and only if € is Tpy; it
18 bijective if and only if it is a homeomorphism if and only if £ is sober.

Proof. The first assertion follows from the fact that if O is {-open, then cle{z} €

O~ whenever clg{z} N O # @, that is, whenever x € O. To prove the second
statement, notice that £ is Ty if and only if zg # 21 implies cle{zo} # cle{z1}.
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The third statement is a consequence of the fact that £ is sober if and only if
the only non empty irreducible £-closed sets are the closures of singletons. [

We prove here directly the following conclusion of [13, Proposition 2.7].
Proposition 18.2. The spectrum is sober.

Proof. Let A C X(&) be a V_(&)-closed hyperset (that is, {4 € X(§) : A C
cle(Ugea B)}) which is not the closure of a hyperpoint of 3(¢); in other words,
the set clg(lUgeq B) is reducible: there exist ¢-closed sets Ag, A; such that
Clg(UBE.A B) = AO U A1 and A1 \AO 7& @ and AO \ A1 75 . The hypersets
Ag={Ae€3(&): AC Ap} and Ay ={A € X(&) : AC A} are V_(§)-closed.
Let A C Ag U Ay, where A is an element of X(§). As A is irreducible, either
AN Apis asubset of AN Ay and thus A C A; or vice versa and thus A C Ay.
This shows that A is reducible and hence ¥(&) endowed with V_ (&) is sober. O

It follows that every Ty topology £ can be embedded in a sober topology
(the sobrification of ).
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