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A pointfree version of remainder
preservation

Themba Dube and Inderasan Naidoo

Abstract. Recall that a continuous function f: X — Y between Ty-
chonoff spaces is proper if and only if the Stone extension f?: X — BY
takes remainder to remainder, in the sense that f°[X —X] C fY —Y. We
introduce the notion of “taking remainder to remainder” to frames, and,
using it, we define a frame homomorphism h: L — M to be B-proper,
A-proper or v-proper in case the lifted homomorphism h*: L — M,
h*: AL — MM or h¥: vL — vM takes remainder to remainder. These
turn out to be weaker forms of properness. Indeed, every proper homo-
morphism is B-proper, every S-proper homomorphism is A-proper, and A-
properness is equivalent to v-properness. A characterization of S-proper
maps in terms of pointfree rings of continuous functions is that they are
precisely those whose induced ring homomorphisms contract free maximal

ideals to free prime ideals.

1 Introduction

Suppose that for each topological space X in some appropriate subcat-
egory of Top there is an extension ¢X 2O X of X (meaning that a

Keywords: frame, remainder preservation, Stone-Cech compactification, regular Lindelsf core-
flection, realcompact coreflection, proper map, lax proper map.
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homeomorphic copy of X is dense in €¢X) such that every continuous
function f: X — Y between spaces in the subcategory has an extension
f¢: X — €Y which makes the diagram

£
eX / eY
ix iy (1)
X Y
f

commute, where the upward morphisms are embeddings. We say f is e-
proper in case f€ takes remainder to remainder in the sense that f[e X —
X] C &Y — Y. Throughout, all spaces are assumed to be Tychonoff, that
is, completely regular and Hausdorff.

As an example, recall that in Tychonoff spaces proper maps (those
continuous functions f: X — Y for which f is closed and the fibers
f~(y) are compact for each y € Y) have several characterizations, in-
cluding the following:

(a) For any space Z, the Cartesian product f xidz: X x Z =Y X Z is
closed.

(b) The square (1) above, with € replaced by 3, is a pullback square.
(c) P takes remainder to remainder, i.e. fP[3X — X] C Y —Y.

The map f?: X — BY in statement (c) is the Stone extension of f.
Thus, in the terminology above, S-proper maps in Tych are precisely
the proper maps — justifying the name “z-proper”.

Our goal is to extend the notion of “taking remainder to remainder”
to the category CRegFrm of completely regular frames. With 8 and v
denoting the usual functors (the former assigns the Stone-Cech compact-
ification both in Tych and CRegFrm, and the latter is the realcompact
reflector in Tych and the realcompact coreflector in CRegFrm), we
define S-proper and v-proper homomorphisms “conservatively” in the
sense that, for ¢ equal to any of these functors, a continuous function
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f: X — Y is e-proper if and only if the induced frame homomorphism
Of: OY — OX is e-proper. In CRegFrm (unlike in Tych) there is a
Lindel6f coreflector, A; so we shall also define A-proper homomorphisms.

Here is a brief overview of the paper. Following this introduction,
we recall in Section 2 how the frames SL, AL and vL are constructed.
In Section 3 we define SB-proper maps, and observe that S-properness
is strictly weaker than properness. Recall, from Vermeulen [20], that a
frame homomorphism is said to be proper if it is closed and its right
adjoint preserves directed joins. Although the definition of 3-properness
is in terms of the lifted homomorphism h?: SL — SM, we have a char-
acterization (Proposition 3.5) in terms of the right adjoint of the map
one starts with. This characterization quickly yields that a frame L is
compact if and only if the unique homomorphism 2 — L is S-proper
(Corollary 3.7). This should be compared with the result in Chen [6]
which uses the stronger property of properness to characterize compact
frames similarly. Just like proper maps in Tych can be characterized
in terms of compactifications other than the Stone-Cech compactifica-
tion (see, for instance, Engelking [11, Theorem 3.7.16]), there is a similar
characterization of S-proper maps (Proposition 3.9). We end the section
with the ring-theoretic characterization stated in the last sentence in the
abstract (Proposition 3.11).

In Section 4 we define A-proper and v-proper maps. As in the case
of B-properness, these are defined in terms of the lifted homomorphisms
h*: AL — AM and hV: vL — vM. A pleasant surprise is that the two
notions are equivalent (Proposition 4.4), thus enabling us to dispense
with the rather recalcitrant functor v and work mainly with the more
accommodating A in our calculations. Every S-proper map is A-proper
(Corollary 4.3), but not conversely. Indeed, the homomorphism 2 — L
is A\-proper if and only if L is realcompact (Proposition 4.5).

The last section casts these notions purely in terms of morphisms,
thus giving the discussion a somewhat categorical flavour. The main
result (Proposition 5.3) says, for ¢ equal to 5 or A, a homomorphism
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h: L — M is e-proper if and only if the diagram

he
el eM

€L EM
L M

is a “2-pushout” square in the sense that it “pushes out” any wedge of
the following form:

2 Preliminaries

2.1 A brief background on frames

For a general theory of frames we refer to the text by Johnstone [14]
and Chapter II in [19] by Picado, Pultr and Tozzi. All frames considered
here are assumed to be completely regular. Our notation is standard.
For instance, we denote the top element and the bottom element of a
frame L by 17 and 0y, respectively, dropping the subscripts if L is clear
from the context. The frame of open subsets of a topological space X is
denoted by OX.

By a point of L we mean an element p such that p#£ 1l and x Ay <p
implies x < p or y < p. For regular frames, “point” is synonymous with
“maximal”, where the latter is understood to mean maximal strictly
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below the top. We denote the set of all points of L by Pt(L).
We note that

if h: L — M is an onto frame homomorphism (between reg-
ular frames) and p € Pt(L), then either h(p) =1 or h(p) €
Pt(M).

Indeed, suppose h(p) < 1. Let y € M be such that h(p) < y < 1.
Then p < h.(y) < 1, so that maximality gives p = h.(y), and hence
h(p) = hh.(y) = y. Therefore h(p) € Pt(M).

A frame homomorphism is dense if it maps only the bottom element
to the bottom element, and codense if it maps only the top to the top.
Any dense homomorphism between regular frames is monic, and any co-
dense homomorphisms between regular frames is one-one. By a quotient
map we mean an onto frame homomorphism.

An element a of L is a cozero element if there is a sequence (ay,) in L
such that a,, << a for each n and a = \/a,. The set of all cozero elements
of L is called the cozero part of L and is denoted by Coz L. It is a sub-
o-frame of L which generates L if L is completely regular. For further
properties of Coz L and cozero elements, in general, see Banaschewski
and Gilmour [3].

2.2 The coreflections L, AL and vL.

Recall that a full subcategory C of a category A is said to be a coreflective
subcategory if for every object A in A, there is an object vA in C and
a morphism v4: yA — A such that for any morphism f: C — A with
domain in C, there is a unique morphism f: C' — vA satisfying y4-f = £,
that is, such that the following triangle commutes:

The object vA is called the coreflection of A.
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(a)

BL, the compact, completely regular coreflection. The cate-
gory KCRregFrm of compact, completely regular frames is a core-
flective subcategory of CRegFrm, the category of completely reg-
ular frames with frame homomorphisms. The compact, completely
regular coreflection of L (the frame counterpart of the Stone-Cech
compactification of Tychonoff spaces), denoted SL, was first con-
structed by Banaschewski and Mulvey [5] as the frame of regular
ideals of L. It can also be realized as the frame of regular ideals of
Coz L (see, for instance, Banaschewski and Gilmour [4]). For our
purposes it is convenient to adopt this latter view. We denote the
right adjoint of the join map Sz : SL — L by rr, and recall that, in
view of the way SL is realized here,

rr(a) ={c€ CozL | c =< a}.

AL, the regular Lindel6f coreflection. Using localic language,
Madden and Vermeer [17] have shown that regular Lindeldf locales
form a reflective subcategory of the category of locales by actually
constructing the reflection, AL, of any completely regular locale L.
We recall the construction in frame terms because that is the cate-
gory of discourse in this paper.

Let L be a completely regular frame. An ideal of Coz L is a o-ideal if
it is closed under countable joins. The regular Lindel6f coreflection
of L, denoted AL, is the frame of o-ideals of Coz L. The join map
Ar: AL — L is a dense quotient map, and is the attendant core-
flection map. In fact, this is a special case of a more general result
concerning k-frames (see Madden [16, Proposition 4.4]). We denote
by kr, the dense quotient map kr,: L — AL defined by k1, (I) = (I),,
where (-), signifies o-ideal generation in Coz L.

vL, the realcompact coreflection. Recall that a frame L is said
to be realcompact in case whenever I is a maximal ideal of Coz L
with \/I = 1, then \/S = 1 for some countable S C I. Realcompact
frames are coreflective in CRegFrm (see, for instance, Banaschewski
and Gilmour [4] and Marcus [18] for details). The realcompact core-
flection of L, denoted vL, is constructed in the following manner.
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For any t € L, let
[t] ={x € Coz L | x < t};

so that if ¢ € Coz L, then [c] is the principal ideal of Coz L generated
by ¢. The map ¢: AL — AL given by

o) = [\/J} A NP € PYAL) | J < P)

is a nucleus. The frame vL is defined to be Fix(¢). We denote by
{1, the dense quotient map AL — vL effected by ¢. The join map
vy : vL — L is also a dense quotient map. For any L we have

Coz(AL) = Coz(vL) = {[c] | ¢ € Coz L},

a consequence of which is that each of the maps Ap: AL — L and
vr: vL — L is a C-quotient map (see Ball and Walters-Wayland [1]
for the definition of a C-quotient map). Also,

Pt(AL) = Pt(vL).

To see this, recall that if j: M — M is a nucleus, then Pt (Fix(j)) =
{p € Pt(M) | j(p) = p}. Now let P € Pt(AL). Then, for the nucleus
£: AL — AL defining v L,

UP) = {\/P} ANQ €PAL) | P < Q) = {\/P} AP =P
Therefore Pt(vL) = Pt(A\L) since vL = Fix(¢). Lastly, for any a € L,

(AL)«(a) = (vr)«(a) = [a].
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3 [-proper maps

We start by motivating how “remainder preservation” can be defined
in the most natural way in CRegFrm without resorting to categorical
machinery. Let f: X — Y be a continuous function between Tychonoff
spaces, and let A C X and B C Y. Define a: 9 X — DA and b: Y —
O B to be the frame homomorphisms induced by the subspace inclusions
ia: A— X and ig: B — Y respectively. Recall that

(Of)(U) =Y —cly f[X - U]
for each U € DX, so that, in view of X being a Tj-space,

(ON)«(X ={a}) =Y = {f(2)}
for every z € X.

Lemma 3.1. Let f,a and b be as above. Then f[X —A] CY — B if and
only if b((Of)«(p)) =1 for every p € Pt(OX) with a(p) = 1.

Proof. (=) Pick z € X such that p = X — {z}. Then a(X — {z}) =1
implies AN (X —{z}) = A, whence x ¢ A. So, by the hypothesis, f(z) €
Y — B. But this implies BN (Y —{f(z)}) = B, whence b((9f).(p)) = 1.

(<) Let z € X — A. We must show that f(z) € Y — B. Now, p =
X —{z} € Pt(OX) such that a(p) = 1 since z ¢ A. So, by the hypothesis,
b((Of)«(p)) = 1. But, as observed above, (Of).(p) =Y — {f(2)}, so
B=Bn (Y —{f(2)}), which implies f(z) ¢ B, as required. O

This lemma motivates the following definition. Consider the diagram
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A B
in CRegFrm, where the downward homomorphisms are quotient maps.

Definition 3.2. Let A, a and b be as in the preceding diagram. We say
h takes a-remainder to b-remainder if a(h«(p)) = 1 for every p € Pt(M)
with b(p) = 1. If Pt(M) = 0 or b(p) < 1 for every p € Pt(M), we take
the requirement of the definition to be vacuously satisfied.

In particular, for any homomorphism h: L — M, we shall simply
say the Stone extension h?: BL — BM takes remainder to remainder to
mean that it takes Sr-remainder to Sj/-remainder. Since we are working
in Frm rather than Loc, it would perhaps be more appropriate to talk
of a frame homomorphism “co-taking remainder to remainder”; but we
do not feel the inclination to be too pedantic about this.

Definition 3.3. We say a frame homomorphism A: L — M is B-proper
if h?: BL — BM takes remainder to remainder.

Observe that if L is compact, then there is no point p of L with
Br(p) = 1. Thus, any homomorphism into a compact frame is S-proper.
It is clear from Lemma 3.1 that, for any continuous function f: X —
Y, the Stone extension f?: X — BY takes remainder to remainder
if and only if (Of)%: B(OY) — B(OX) takes remainder to remainder.
Consequently, f is a proper map if and only if Of: OY — OX is (-
proper.

Recall that a homomorphism h: L — M is said to be closed if
hy(h(a)Vb) = aVhy(b) for every a € L and b € M. In [20], Vermeulen de-
fines a homomorphism to be proper if it is closed and its right adjoint pre-
serves directed joins. In [15], Korostenski and Labuschagne have called
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a homomorphism lax proper if its right adjoint preserves directed joins.
We adhere to this terminology. As we will see, although S-properness is
equivalent to properness in the subcategory of CRegFrm consisting of
the (spatial) frames isomorphic topologies of Tychonoff spaces, it is in
general weaker than properness. Indeed, it is implied by lax properness.

For a discussion on proper frame maps the reader should please con-
sult the papers by Chen [6], He and Luo [13] and Vermeulen [20]. In the
first of these papers the author adopts the frame version of statement
(a) in the characterizations of proper maps of spaces recited in the Intro-
duction as his definition of proper maps of frames (he uses the adjective
“perfect”), and establishes its equivalence to the frame version of (b). In
none of these papers is the concept of taking remainder to remainder as
defined here considered.

Rephrasing, the definition of S-properness says

h: L — M is [3-proper precisely if \/hf([) = 1 for every
I € Pt(BM) with \/T = 1.

Seeing that this involves computation “at the Stone-Cech level”, it
might be desirable to have a criterion in terms of the right adjoint of the
map one starts with. Indeed, such is available. In preparation for showing
that, we recall that any homomorphism into a compact frame is proper.
The proofs of this fact that we have seen are somewhat roundabout, so
we give a direct proof. First note that for regular frames,

h: L — M 1is closed if and only if for everya € L andb € M,
h(a) Vb =1 implies aV hy(b) = 1.

Indeed, assume this condition holds and let * < hy(h(a) V b). Then
x*V hi(h(a) V b) = 1, so that, on acting h, we have

1 = h(z*) V hh,(h(a) Vb)) < h(z*) V h(a) Vb= h(z* Va)Vb.
Thus, the stated condition implies z*VaVh,(b) = 1, so that x < aVh.(b),
and hence, by regularity, h.(h(a)Vbd) < aVhy(b), thus implying h is closed

as the other inequality holds anyway.

Lemma 3.4. Any homomorphism into a compact frame is proper.
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Proof. Let h: L — M be a frame homomorphism with M compact. We
first show that h is closed. Suppose h(a) V b = 1 for some a € L and
b € M. By regularity,

bv \/{h(z) |z <a} =1,

and hence, by compactness of M, h(t) Vb = 1 for some ¢ < a. Thus
h(t*) < b, so that t* < h,(b). But a Vt* =1, so aV h(b) = 1, proving
closedness. Next, let D be a directed subset of M. Take z < hy(\/D) in
L. Then z*Vh,.(\/D) = 1, which implies h(z*)Vhh.(\/D) = 1, and hence
h(z*) vV \VD = 1. By compactness of M, this implies h(z*) Vd =1 for
some d € D. By closedness, z*V hy(d) = 1, whence z < h,(d) < \/h.[D].
By regularity this implies h.(\/D) < \/h.[D], and hence equality. O

We now give a criterion for S-properness which does not require com-
putation with the right adjoint of the lifted map.

Proposition 3.5. A homomorphism h: L — M is S-proper if and only
if Vha|I] =1 for every I € Pt(BM) with \/T = 1.

Proof. Since the diagram

B
sr— "L g
BL B
L M

commutes, we have Sy - h® = h - 81, which, on taking right adjoints,
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yields Ko . ry =71 - he. Now, for any I € M,

1=\/{rua)[ac 1},

BM

and this join is directed. So, by Lemma 3.4, we have

(1) = \/{hlra(a) | a € I}.
BL

Consequently,
\Vul) = pu(\{hru(a) ae1})
BL
= B(\Vireh(a) [ae )
8L
= \{h(a)lae T}
L
= \/h1.
The result therefore follows. O

Corollary 3.6. Lax properness implies S-properness.

Proof. Let h: L — M be a lax proper homomorphism. Let I be a point
of BM with \/I = 1. Since \/I is a join of a directed set,

\/halI] = h. (\/I) — ho(1) =1,

showing that h is S-proper. O

In [6], Chen shows that properness of homomorphisms characterizes
compact frames in the sense that a frame L is compact if and only if the
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unique homomorphism 7: 2 — L is proper. The weaker notion actually
suffices.

Corollary 3.7. A frame L is compact if and only if the homomorphism
w: 2 — L is B-proper.

Proof. Necessity needs no verification. For the sufficiency, suppose, on
the contrary, that L is not compact. Then 8r: L — L is not codense,
and so there exists J # 1gr, in L such that \/J = 1. Since SL has
enough points, there is a point I of 3L above J, so that \/I = 1. By the
hypothesis we have \/m,[I] = 1, which implies 7, (u) = 1 for some u € I,

and hence u = 1. But this is false since I < 1g;. ]

As one would expect, [B-proper maps compose to [-proper maps.
Furthermore, if a composite of two S-proper maps is S-proper, then the
factor on the left of the composition is S-proper, as we demonstrate in
the following corollary.

Corollary 3.8. Let h: L — M and g: M — N be frame homomor-
phisms. Then we have:

1. If both h and g are B-proper, then g - h is B-proper.

2. If g - h is B-proper, then g is B-proper.

Proof. A routine diagram-chasing using the definition shows that (1) is
true. To prove (2), let I € Pt(SN) with \/I = 1. If g - h is S-proper,
then \/(gh)«[I] = \/h«g«[I] = 1, by Proposition 3.5. Thus,

1= h(\/hg.l1]) = \/hlhog. 1)) < \/g.11],

showing, by Proposition 3.5 again, that ¢ is S-proper. ]
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It is possible for the composite g - h to be S-proper whilst h is not.
For instance, let L be any non-compact completely regular frame with at
least one point, say p. Let £: L — 2 be the homomorphism associated
with p. The composite

8L br_ & L,

is [-proper (actually, proper) as it maps into a compact frame. The
homomorphism (7,: L — L is not S-proper. Indeed, since L is not
compact, the map (7 is not codense, so there is a point I of SL with
VI = 1. But now, since 1 ¢ I,

VB =\ {re(w) lue Iy = J{ro(u) [ue I} # Lg1.

We now give a characterization of S-proper maps in terms of com-
pactifications. The result extends the spatial characterization of proper
maps between Tychonoff spaces as precisely those f: X — Y such that
for every compactification aY of Y, the extension F,: BX — aY of
the function f takes remainder to remainder (see, for instance, Engelk-
ing [11, Theorem 3.7.16]). An analogous result, from a categorical per-
spective, is [13, Theorem 1] by He and Luo.

Recall that a compactification of L is a dense quotient map h: M — L
with M compact regular. We shall frequently write a compactification
of L as yL — L, suppressing the name of the homomorphism which we
then take to be v, or simply +, if the subscript is unnecessary. Com-
pactifications of L are compared by saying yL — L < (L — L if there
is a frame homomorphism h: vL — (L making the triangle

commute. Being a dense homomorphism out of a regular frame into a
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compact one, h is then one-one. In particular, for any compactification
~vL — L of L there is a homomorphism 7: vL — (L such that v = 51, -7,
so that, given any homomorphism h: L — M and any compactification
~vL — L of L, the square

hB .~
VL T BM
0 Bum
L M
h

commutes. We now have the following characterization.

Proposition 3.9. The following are equivalent for a frame homomor-
phism h: L — M.

1. h is B-proper.

2. For every compactification yL — L of L, hP -7 takes vy -remainder to
Bar-remainder.

3. There is a compactification (L — L of L such that hP? - { takes (-

remainder to Byr-remainder.

Proof. (1) = (2): Let I € Pt(SM) be such that \/I = 1. Then, \/h.[I] =
1, by Proposition 3.5 since h” takes remainder to remainder. Now the
commutativity of the square above implies h -y = Bas - (h? - 7), so that
Vs - he = (WP - )4 - 7pr. Since v is onto, this implies hy = 7 - (A% -7)s - ras.

Now, for any u € I we have rys(u) < I, and hence

hae(u) = (b7 - 3)urps(u) < v(hP - 7). (1).
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Taking joins over all these u yields

L= \/h[1] <A (W7 -7).(1),

which proves that h? - 5 takes yr-remainder to Bj/-remainder.

(2) = (3): This is trivial.

(3) = (1): Let p € Pt(BM) with By(p) = 1. Consequently, by
the hypothesis, C((hﬁ . C_)*(p)) = 1. Since ( = B - ¢, this implies
BLE(E)*hf(p) = 1. Hence, BL(hf(p)) = 1, since (- ()« < idgr. Therefore

hP takes remainder to remainder. O

We close this section with a ring-theoretic characterization of S-
proper maps. We refer to Banaschewski [2] for the definition and proper-
ties of the ring R L of real-valued continuous functions on L. See also the
paper by Ball and Walters-Wayland [1] and that by Gutiérrez Garcia,
Kubiak and Picado [12]. Here we recall that the coz map links RL to
L in such a way that, for every frame homomorphism h: L — M, the
induced ring homomorphism Rh: RL — RM, given by Rh(a) = h - «,
satisfies coz(h - a) = h(coz ).

For each p € Pt(BL), the sets MP and OP defined by

MP ={a € RL|rr(coza) <p} and OF ={a € RL|rp(coza) << p}
are ideals of RL. We recall, from Dube [8], the following about maximal
ideals of RL:

(a) Maximal ideals of RL are precisely the ideals MP for p € Pt(SL).

(b) Ewvery prime ideal of RL is contained in a unique mazimal ideal. In
fact, for every prime ideal of Q of RL there is a unique p € Pt(SL)
such that OP C (Q C MP,

An ideal @ of RL is said to be free if \/{coza | @« € Q} = 1, in exact
analogy with the classical case of C(X). For any ideal H of RL, abbre-
viate {coza | @ € H} by coz[H]. It is shown in [7, Lemma 4.4] that, for
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any p € Pt(8L),

\/coz[Op} = \/coz[Mp] = BL(p).
Consequently,

a prime ideal of RL is free if and only if the unique mazximal
ideal containing it is free.

In what follows we use subscripts on the M-ideals to indicate where
the ideal in question resides.

Lemma 3.10. Let h: L — M be a frame homomorphism, and let p €
]

Pt(BM). Then MZ* ®) s the unique maximal ideal of RL containing the

prime ideal (Rh)™[MF].

Proof. Since By - h8 = h- By, and since Br -rr, =1idr, as Bz, is onto and
rp is its right adjoint, it follows that BashPrp(a) = h(a) for each a € L,
and hence

hPri(a) < rah(a). ()

Now let a € (Rh)~}M},]. Then (Rh)(a) = h -« € M}, which implies
rar(coz(h - a)) = rar(h(coza)) < p.

By (1), this implies hﬂrL(coz a) < p, so that rp(coza) < hf(p), and

8
hence a € M}Ll* @ ), as required. O

Recall that if f: A — B is a ring homomorphism and [ is an ideal
of B, then the ideal f~![I] is called the contraction of I by f. Now, in
light of the foregoing lemma and the discussion preceding it, it follows
easily from the definition that:
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Proposition 3.11. A frame homomorphism is B-proper if and only if
the ring homomorphism it induces contracts free maximal ideals to free

prime ideals.

4 )-proper maps

The functors 8, A and v share some analogous results with regard to lifted
homomorphisms h?: BL — M, h*: AL — AM and hV: vL — v M, for a
given homomorphism h: L — M. For instance, if h satisfies the property
that h% - (BL)« = (Ba)« - h, then the result in [9, Proposition 3.8] (see
also [10]) states that

his open <= h”isopen <= h)isopen <= hY is open.

It is thus natural to investigate the implications that exist between the
maps h?, h* and hY with regard to remainder preservation. As in the
case of the functor £, we introduce the following definitions.

Definition 4.1. A frame homomorphism h: L — M is A-proper if
h*: AL — MM takes Ap-remainder to \j-remainder. It is v-proper if

hV: vL — vM takes vy-remainder to vjs-remainder.
Thus, the definition says

a homomorphism h: L — M is A\-proper if A\p(h}(p)) = 1,
for any p € Pt(AM) with A\py(p) = 1.

Observe that if M is Lindelof, then there is no point p of AM such
that Ap(p) = 1. Therefore any homomorphism into a Lindel6f frame
is automatically A-proper. Actually there is a stronger statement. Ba-
naschewski and Gilmour in [4, Proposition 1] show that

L is realcompact if and only if Ar.(p) # 1 for each p € Pt(AL).
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Thus, any homomorphism into a realcompact frame is A-proper. Conse-
quently, if L is a Lindel6f frame which is not compact, then (in view of
Corollary 3.7) the homomorphism 2 — L is a Ad-proper map which is not
B-proper.

The intent of this section is to investigate the relationships between
[B-, A- and v-properness. As it turns, we shall establish that

“B-proper” = “A-proper” <= “v-proper”, (1)

with the first implication not reversible, as already observed. It is because
of the equivalence that we have stressed A-properness in the discussion so
far, and even titled the section as we did with no mention of the functor
v in it.

As a first step towards proving the implications in (1), we establish
a quick technical lemma.

Lemma 4.2. Suppose that in the diagram

A B

7
AN

C D

h
k

a E ——»
/
4

the downward morphisms are quotient maps, the triangles commute and
the trapezoid commutes. If h takes a-remainder to b-remainder, then k

takes m-remainder to n-remainder.

Proof. Let p be a point of F' with n(p) = 1. Then t.(p) € Pt(B) and

b(t(p)) = nt(t(p)) = n(p) = 1.

So the hypothesis on h implies a(h.t.(p)) = 1. We must show that
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m(k«(p)) = 1. Since

1 = ah.t.(p) = a((th).(p)) = a((ks).(p)) = as.k.(p).
and since m - 5§ = qa, it follows that
m(ky(p)) = mss.k.(p) = as.ki(p) = 1.

Therefore k takes m-remainder to n-remainder. OJ

Corollary 4.3. Every [-proper map is A-proper.

Proof. In the diagram

BL > BM
\ \\"
BL Al Bm (3)
\ / \
L M
the triangles commute, and the upper trapezoid commutes. ]

To prove that A-properness is equivalent to v-properness, we need to
recall from [9, Proposition 3.5] that, for any completely regular frame K,
Ak = vk - li. Also, as shown in the preliminaries, {x(p) = p for every
p € Pt(AK), so that Pt(AK) = Pt(vK).

In the following result we also find a condition equivalent to A-properness
which is similar to that in Proposition 3.5 characterizing S-properness.

Proposition 4.4. For any frame homomorphism h: L — M, the fol-

lowing are equivalent.
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1. h is A-proper.
2. h is v-proper.

3. For any I € Pt(AM) with \/I =1, \/h.[I] = 1.
Proof. (1) = (2): Suppose h is A-proper. In the diagram

Y
L A
K /
nv

AL vL — vM AN

[
/ NS
Y ¥ Y
h

L M

A M

each of the triangles commutes, and the lower trapezoid also commutes.
It follows therefore by [9, Lemma 3.3] that the upper trapezoid commutes.
Thus, by Lemma 4.2, hV takes vy-remainder to vy;-remainder; that is, h
is v-proper.

(2) = (1): Suppose h is v-proper. Let p € Pt(AM) be such that
A (p) = 1. We must show that Az (h2(p)) = 1. Since Ay = vpr - £y and
p = {p(p), we have

vm(p) = vmlu(p) = Am(p) = 1,

and hence vy (hY(p)) = 1 because h is v-proper, by the present hypoth-
esis. We claim that h)(p) = h¥(p). Note that the equality £y/(p) = p
implies p < (¢ar)«(p), and hence p = (¢37).(p) since points of any reg-

ular frame are precisely the maximal elements. Further, the equality
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Car - RN = hY - £ implies h) - (£ar)s = (1)« - hY. Consequently,
h2(p) = 3 (£an)«(p) = (€)hY (p),

which, on applying the onto map ¢, yields

h(p) = Lr(h}(p)) = Lr(Cr)«hY (p) = hY (p).

Thus,

AL(R3(p) = vrlr(h2(p) = vr (R (p)) = vi(hi(p) = 1,

which shows that h is A-proper.

(1) & (3): It suffices to show that \/h}(I) = \/h.[I] for each I €
Pt(AM). We show that, in fact, this holds for every I € AM. So let
I € AM. Observe that

acl acl

because the set on the right is an ideal of Coz L (as the union is directed),
and, in fact, a o-ideal since for any sequence (s,) in the set, there is a
sequence (t,) in I such that s, < h.(t,) for each n, so that h(\/s,) =
Vh(sn) < Vtn € I, and hence \/s, < hy(\/ty), that is, \/s, € [h«(b)] for
b= Vt, € I. We claim that

w1 = \/ ha(@)].

acl
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Since A\pr - b = h-Ar, we have h) - (Aar)s = (ML)« - hs, so that h([a]) =
[h«(a)], for any a € M. Now

hA(\/{ |ael}> = /("N (h(@)] |ae I}
= \/{hAhA Ylael}

\/{lal | a €T}

I,

IN

IN

which shows that

\/ [ha(a)] < h2(T).

ael

On the other hand, let J be any element of AL with h*(.J) C I. For any
u € J, h(u) € h*J) C I. Since u < hyh(u), it follows that u € |J [hs(a)],

acl
and hence J C | [h«(a)]. Thus,
acl

(1) <\ [he(a)),

acl

and hence equality. Therefore

\/A(I) _)\L<\/{ |a€[}) = \V{w(he(a)) lac I}
= V{h(a \ae[}

= /1]

which completes the proof. O

Reasoning as we did in the S-case, one shows that the composite of
A-proper maps is a A-proper map, and if the composite g-h is a A-proper
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map, then g is A-proper.

Now, seeing that compact frames are precisely the L for which the
map 2 — L is [-proper, one might wonder if Lindel6f frames can be
characterized similarly. A look at the proof of Corollary 3.7 shows that
the spatiality of L was crucial. Since, in general, AL is not spatial (even
when L is spatial), we cannot adapt that proof. In fact, the result is false,
but almost true in the following sense.

Proposition 4.5. The homomorphism 2 — L is A-proper if and only if

L is realcompact.

Proof. The “only if” part has already been observed. Conversely, suppose
m: 2 — L is A-proper. If L is not realcompact, there is a point p of AL
with Az(p) = 1. So, in view of 7 being A-proper, 7 (p) is a point of \2
mapped to the top by A2, which is impossible since this homomorphism

is an isomorphism. ]

Remark 4.6. Apropos of realcompact frames, note that if L is realcom-
pact and h: L — M is A-proper, then M is realcompact. For, if not,
then there is a point I of AM with \/I = 1. Then, by virtue of h being
A-proper, h)(I) is a point of AL with join equal to the top, which is im-
possible since L is realcompact. This strengthens the classical result that
if f: X — Y is a proper map between Tychonoff spaces, and Y is real-
compact, then X is realcompact. In fact, the classical result is a corollary
of the pointfree one because if f is as stated, then Of: OY — OX is
B-proper, and hence a A-proper map out of a realcompact frame, making
DX realcompact, and hence X realcompact.

Recall that a frame is pseudocompact precisely when every cover by
countably many cozero elements has a finite subcover. In particular,
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L is pseudocompact if and only if kr: BL — AL is an iso-
morphism.

Now, a pseudocompact frame does not distinguish between S-properness
and A-properness when it comes to homomorphisms mapping into it.
More precisely, we have the following result.

Proposition 4.7. Any homomorphism into a pseudocompact frame is

B-proper if and only if it is A-proper.

Proof. The one implication needs no verification. Now suppose that M
is a pseudocompact frame and h: L — M is a A-proper homomorphism.
If M is compact, there is nothing to prove. So suppose M is not compact,
and let p be a point of BM with Bys(p) = 1. Then kjs(p) is a point of AM
with Aps(kar(p)) = 1. So, since h is A-proper, Az (h(kar(p))) = 1. Since
in diagram (3) — in the proof of Corollary 4.3 — the triangles commute,
and so does the upper trapezoid, we have ks - h® = h* - kg, which
implies A2 - (kar)s = (k1) - b, and hence hY = (k)s - h - kay, since
(kan)s - kv = idgay as ka is one-one. Consequently, in light of the

equality Az, - kr, = 81, we have

Br(hl®)) = Brlkr)shi(kar)(p)
= Arkp(kr)<h? (ku)(p)
= AL (h;\(kM)(p)) since ky, is onto

= 1

Therefore h is B-proper. O

Here is another noteworthy consequence of Lemma 4.2. For brevity,
denote by jx: BK — vK the composite lf - kx: FK — AK — vK .
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Corollary 4.8. Let h: L — M be a frame homomorphism, and consider

the following diagram:

B

BL > BM
h/\

iL AL —— \M M
BY 57

Y Y

vL o > v M
Y

The homomorphism h® takes j-remainder to jy-remainder if and only

if it takes kr-remainder to kyr-remainder.

Proof. Suppose h? takes jr-remainder to jp/-remainder. Let p € Pt(8M)
be such that kps(p) = 1. Then jy(p) = 1. So, by the hypothesis,
j(R2(p)) = 1. That is, ¢rkr(h2(p)) = 1. Since ky, is onto, either
kL(hf(p) =1 or kr(h?(p) € Pt(AL). The latter is not possible since
¢;, maps points to points. Therefore h? takes ki-remainder to kj;-

remainder.

Conversely, suppose h? takes kz-remainder to kjs-remainder. Let p
be a point of M with jj(p) = 1. Since kys is onto, ky(p) = 1 or
ky(p) € Pt(AM). The latter would imply £askp(p) # 1, which is a
contradiction. So kpr(p) = 1, and hence kz(h2(p)) = 1, in light of the
current hypothesis. Thus j L(hf (p)) = 1, as required. O
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5 [- and A-properness in terms of morphisms

The - and A-properness properties, as we have defined them, are couched
in a language of both morphisms and elements (or, to be more precise,
points). A desirable criterion, from a categorical perspective, should
preferably be solely in terms of morphisms. Since there is a one-one
correspondence between points of a frame L and homomorphisms L — 2,
it is reasonable to expect that such a criterion is available. Our goal in
this section is to provide it. To that end, we first note the following
lemma.

Lemma 5.1. Let h: L — M be a quotient map, p € Pt(L), and&: L — 2
the homomorphism associated with p. Then h(p) € Pt(M) if and only if

there is a homomorphism n: M — 2 such that the triangle

commautes.

Proof. (=) Suppose h(p) € Pt(M). Let n: M — 2 be the homomor-
phism associated with h(p). Now, for any = € L, if {(x) = 0, then x < p,
hence h(x) < h(p), whence nh(p) = 0. On the other hand, for any z € L,
if nh(z) = 0, then

2 < hini(0) = hih(p) = p,
whence £(z) = 0. Therefore n - h = £, so that is 7 is as required.

(<) Suppose n: M — 2 is as postulated. Then nh(p) = &£(p) = 0.
Therefore h(p) # 1, and hence h(p) € Pt(M) since h is onto. O

Recall diagram (2) preceding Definition 3.2.
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Lemma 5.2. In diagram (2), h takes a-remainder to b-remainder if and
only if every homomorphism &: M — 2 factorizes through b: M — B

whenever the composite map £ - h: L — 2 factorizes through a: L — A.

Proof. (=) Suppose h takes a-remainder to b-remainder, and let £: M —
2 be a homomorphism such that the composite £ - h: L — 2 factorizes
through a: L — A. So there is a homomorphism 7: A — 2 which makes

the triangle

commute. Put p = £,(0), so that p is the point of M associated with &.

Now

na(h.(p)) = &h(ha(p)) < &(p) = 0.

Therefore a(h.«(p)) # 1. Since the hypothesis in the implication we
are proving is that h takes a-remainder to b-remainder, it follows that
b(p) # 1. Consequently b(p) € Pt(B). Since £ is the homomorphism
M — 2 associated with p, it follows from Lemma 5.1 that £ factorizes
through b: M — B.

(<) Suppose, by way of contradiction, that A does not take a-remainder
to b-remainder. Then there is a point p of M with b(p) = 1, for which
a(h.«(p)) # 1. By Lemma 5.1, if £&: L — 2 is the homomorphism asso-
ciated with h,(p), there is a homomorphism 7: A — 2 that makes the

triangle
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a
L > A
\ /
¥
2

commute. Let 7: M — 2 be the homomorphism associated with p. We
claim that 7 - h = £. To see this, note that, for any = € L, if {(x) = 0,
then x < hy(p), so that Th(x) < 7hh.(p) < 7(p) = 0. On the other hand,
if z is any element of L with 7h(z) = 0, then z < h,7(0) = h.(p), and
hence £(z) = 0. Thus, 7-h = . So 7 has the property that 7-h: L — 2
factorizes through a: L — A. Therefore, by the current hypothesis, there

is a homomorphism «: B — 2 such that the triangle

commutes. But this implies 7(p) = kb(p) = k(1) = 1, which is false since

7(p) = 0. O

The desired element-free characterization of S-proper and A-proper
maps now follows. Recall how a 2-pushout square was described at the
end of the Introduction.

Proposition 5.3. For e equal to 8 or A\, any homomorphism h: L — M

is e-proper if and only if the diagram
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hE
el eM
€L EM
L M
h

s a 2-pushout square.

Proof. If the diagram is a 2-pushout, then h is e-proper by the last
lemma. Conversely, suppose h is e-proper and consider a diagram of the

form

where the outer quadrilateral commutes, and the dotted line indicates a
morphism to be filled in. The composite £ - h®: e L — 2 factors through
er: €L — L, so in light of i being an e-proper map, Lemma 5.2 furnishes
a homomorphism 7: M — 2 which makes the upper triangle in the
diagram above commute. So it remains to show that the lower triangle
also commutes, and that 7 is unique with this property. The latter

is immediate because if § also satisfies & = § - eps, then, in light of
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en - (en)« = idps, as epy is onto, we have
TZE-(&M)*:(S.

Let a € L. Then (e1)«(a) is an element of €L such that, by commu-

tativity of the outer quadrilateral,

¢h((er)«(a)) = eer((er)+(a)) = ola),

since e, - (e)« = idp, as e, is onto. On the other hand, by commutativity

of the inner square and the upper triangle, we have

h(a) = hep(er)s(a) = enh®((e1)+(a)),

so that
Th(a) = Tenh®(er)«(a) = Eh°((e1)«(a)) = ola).

Therefore 7 - h = p, showing the desired commutativity, and thus com-

pleting the proof. O
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