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A completion for distributive nearlattices

Luciano J. Gonzalez and Ismael Calomino

Abstract. The aim of this article is to propose an adequate completion for
distributive nearlattices. We give a proof of the existence of such a com-
pletion through a representation theorem, which allows us to prove that
this completion is a completely distributive algebraic lattice. We show
several properties about this completion, and we present a connection
with the free distributive lattice extension of a distributive nearlattice.
Finally, we consider how can be extended n-ary operations on distributive
nearlattices, and we study the basic properties of these extensions.
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1. Introduction

In the literature there exist different completions for several ordered algebraic
structures. For instance, we can mention the completion for Boolean algebras
with operators given by Jénsson and Tarski in [22] and [21], which was called
canonical extension. This completion was extended and generalized to bounded
distributive lattices with operators by Gehrke and Jénsson in [15,16] and [17],
and they proved that the canonical extension for bounded distributive lattices
has as nice properties as the canonical extension for Boolean algebras with
operators. Moreover, the concept of a canonical extension was generalized to
bounded lattices not necessarily distributive in [13], and to partially ordered
sets in [12]. The theory of completions for ordered algebraic structures have
different proposes, for instance, the canonical extension for posets introduced
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by Dunn et al. in [12] was proved to be important to obtain a complete rela-
tional semantic for implication and fusion fragments of several substructural
logics.

Gehrke et al. [14] studied in a general and uniform way the completions
for posets for which each element of the completion is reachable by joins of
meets and by meets of joins from the original poset. This kind of completions
are called Aj-completions. The canonical extension for posets given in [12] is
a particular case of Aj-completion.

Nearlattices are join-semilattices with the greatest element in which every
principal filter is a bounded lattice. They are a natural generalization of im-
plication algebras, in the sense of [1], and also of bounded distributive lat-
tices. Nearlattices were studied mainly by Cornish and Hickman in [10,20],
and by Chajda, Halas, Kiithr and Kolaiik in [19,7,6,8,5,9]. Nearlattices can
be regarded as total algebras via an everywhere defined ternary operation
satisfying some identities. An important class of nearlattices is the class of
distributive nearlattices. In [3] and [4], a full duality is developed for distribu-
tive nearlattices, and some applications are shown. Recently, in [18] the first
author proposes a sentential logic associated with the variety of distributive
nearlattices.

Since a distributive nearlattice has a natural order relation associated,
we can apply the theory of Aj-completions given in [14] to obtain different
completions. But some of these completions may not be fully adequate. For
instance, we can consider the canonical extension of a nearlattice, as a poset,
and extend the ternary operation as in [12]. If the nearlattice is distributive, its
canonical extension need not be a distributive lattice, and so we think that the
canonical extension is not an adequate completion for nearlattices. In Figure
1, we show a distributive nearlattice A and its canonical extension, which is a
non-distributive lattice.

The purpose of this paper is to introduce an adequate notion of comple-
tion for distributive nearlattices and to study the extensions of n-ary opera-
tions defined on distributive nearlattices. The paper is organized as follows.
In Section 2, we recall the necessary concepts and results on Aj-completions
and distributive nearlattices. In Section 3, we provide an alternative proof of
the existence of certain Aj-completions [14] for distributive nearlattices; we
call these Aj-completions as DN-completions. Section 4 is devoted to study
the connection between the free distributive lattice extension [10,4] and the
DN-completion of a distributive nearlattice. In Section 5, we study how to
extend the operations between distributive nearlattices to operations between
their DN-completions. We show that the extensions of the join and the ternary
operation of a distributive nearlattice correspond respectively to the join and
the natural ternary operation on its DN-completion.
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FIGURE 1. An example of a distributive nearlattice A and its
canonical extension, as a poset

2. Preliminaries

In this section, we present the main notions and results about the theories of
Aj-completions and distributive nearlattices that we shall need for our pur-
poses in this paper. For more details about A;-completions for posets see [14].
Our main references for the theory of distributive nearlattices are [10,20,5].
Moreover, our reference on order theoretical notions is [11].

2.1. A;-completions

Definition 2.1. A polarity is a triple (X,Y, R) where X and Y are nonempty
sets and R C X x Y is a binary relation.

Every polarity (X,Y, R) gives rise to the following Galois connection
((I)Rv \IJR):

dr: PX) — PE)
A — Op(A)={yecY:(VzeX)(xe A = zRy)}
Up: PY) — PX)

B +— Ug(B)={reX:(VyeY)lye B = zRy)}
We thus have the lattice of Galois closed subsets of X

G(X)={AeP(X): (Yrodr)(A) = A}

For further details and background on polarities see [11,14].

Let P be a poset. A completion of P is a pair (L, e) where L is a complete
lattice and e: P — L is an order embedding. For each u € L, we consider the
following sets:

[up={a€eP:u<e(a)} and (ulp={a€P:ela)<u}.

A collection F of upsets of P is called standard provided that {[a) : a« € P} C
F, where [a) = {b € P :a <b} (dually (a]). Dually, a collection Z of downsets
of P is called standard if {(a] : « € P} C Z. For each standard collection of
upsets F and each standard collection of downsets Z, we consider the polarity
(F,Z,R) where R C F x T is defined as follows:

FRI < FNI#0,

for every F' € F and I € Z. We will say that a pair (F,Z) is a standard Aq-
polarity of P if F is a standard collection of upsets of P and Z is a standard
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collection of downsets of P, and we consider the binary relation R C F X 7 as
just defined.

Let P be a poset and let (F,Z) be a standard A;-polarity of P. We know
that the polarity (F,Z, R) gives rise to the Galois connection (® g, ¥g) and to
the lattice of Galois closed subsets G(F) = {X € P(F): (¥poPr)(X) =X}
of F. Then, the map a: P — G(F) defined by a(a) = {F € F :a € F} is an
order embedding, and thus the pair (G(F), ) is a completion of P. If (L, e)
is an arbitrary completion of P, then an element = € L is called F-closed if
there is F' € F such that © = A e[F], and an element y € L is called Z-open
if there is I € T such that y = \/ e[I]. Let us denote the collection of all F-
closed elements of L by Kz(L) and the collection of all Z-open elements of L
by Oz(L). We will drop the subscript when confusion is unlikely.

Definition 2.2. Let P be a poset and let (F,Z) be a standard Aj-polarity of

P. We will say that a completion (L, e) of P is:

(C) (F,Z)-compact when for each F' € F and each I € Z, if A e[F] <V e[I],
then F NI #0,

(D) (F,I)-dense if u= AN{y € O(L) : u <y} and u = \/{xr € K(L) : = < u},
for every u € L.

Definition 2.3 [14]. Let P be a poset and let (F,7) be a standard A;-polarity
of P. We say that a completion (L,e) of P is an (F,T)-completion if it is
(F,T)-compact and (F,T)-dense.

Theorem 2.4 [14]. Let P be a poset and let (F,T) be a standard Aq-polarity of
P. Then the completion (G(F), ) is, up to isomorphism, the unique (F,T)-
completion of P.

2.2. Nearlattices

Let (A, V, 1) be a join-semilattice with a greatest element. We use “semilattice”
as an abbreviation of “join-semilattice with a greatest element”. A filter is a
nonempty subset F' of A such that (1) if # € F and « < y, then y € F and
(2) if z,y € F then x Ay € F, whenever = A y exists. A proper filter F' of
A is called prime if for all z,y € A, if e Vy € F, then x € F or y € F'. We
denote by Fi(A) and Fi,(A) the collections of all filters and all prime filters
of A, respectively. Notice that the collection Fi(A4) is a closure system on A,
and thus (Fi(A4),C) is a complete lattice. We denote by Fig,(.) the closure
operator associated with Fi(A).

A nonempty subset I of A is called an ideal when (1) if y € I and z < y,
then z € I and (2) if x,y € I, then  Vy € I. A proper ideal I of A is called
prime if for all z,y € A, x Ay € I implies z € [ and y € I, whenever x Ay exists.
We denote by Id(A) and Idy(A) the collections of all ideals and all prime ideals
of A, respectively. It is easy to check that the intersection of any collection of
ideals is either an ideal or an empty set. Then, for every nonempty set X of
A, there exists the least ideal containing X and it is denoted by Idg 4 (X).

Definition 2.5. A nearlattice is a semilattice (A, V, 1) such that for each a € A,
the principal filter [a) = {z € A : a < x} is a bounded lattice with respect to
the induced order.
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Let A be a nearlattice. For every element a € A, we denote the meet in
[a) by Aq4. It should be noted that for all x,y € A, the meet x A y exists in A
if and only if z,y have a common lower bound in A. Thus, for all z,y € [a),
the meet of z and y in [a) coincides with their meet in A, i.e., z Ay y =z A y.
This should be kept in mind since we will use it without mention.

As we mentioned before, nearlattices can be considered as algebras with
one ternary operation satisfying some identities, and therefore they form a
variety. This fact was proved by Hickman in [20] and by Chajda and Kolaiik
in [9]. Later, in [2] Aratdjo and Kinyon found a smaller equational base.

Theorem 2.6 [2]. Let A be a nearlattice. Let m: A3 — A be a ternary operation
given by m(x,y,z) = (x V 2) A, (y V z). Then the following identities are
satisfied:

(1) m(z,y.2) = 2,

(2) m(m(x7 y’ Z)7 m(y7 m(u’ x7 Z)? Z)’ w) = m(w7 w7 m(y’ m(x’ u’ Z)’ Z))?

(3) m(z,z,1) =1.
Conversely, let (A,;m,1) be an algebra of type (3,0) satisfying the identities
(1)—(3). If we define x Vy := m(x,x,y), then (A,V,1) is a nearlattice. More-
over, for each a € A and for all z,y € [a), we have © Ng y = m(x,y,a).

Definition 2.7. A nearlattice A is said to be distributive if each principal filter
is a bounded distributive lattice.

Theorem 2.8 [9]. Let A be a nearlattice. Then, A is distributive if and only if
satisfies either of the following equivalent identities:

(1) m(x7 m(y’ y’ Z)’ w) = m(m(x’ y’ w)7 m(':l:7 y7 w)’ m(x7 Z? w))7

(2) m(x7 Z, m(y7 2, 'LU)) = m(m(xv €, y)7 m(ac, z, Z)v 'LU)

Let A be a distributive nearlattice and let X be a nonempty subset of A.
Then, there is a nice characterization of the generated filter Fig ,(X):

Figp(X)={ac A:3ay,...,an e[ X)la=a1 A---Nap)}, (2.1)
where [X) ={be€ A:x <b for some z € X}.

Theorem 2.9 [10]. Let A be a nearlattice. Then, A is distributive if and only
if the lattice (Fi(A), C) is distributive.

Theorem 2.10 [19]. Let A be a distributive nearlattice. Let I € |d(A) and F €
Fi(A) such that I N F = (). Then there exists P € ldy (A) such that I C P and
PNF=40.

Let us consider the poset (Id,(A4), ), and we denote by Py(ldy(A)) the
collection of all downsets of (Idy(A), C). Then (Py(lder(A)), U, N, Idp(A), D)
is a completely distributive algebraic lattice and (Pg(ldp(A)), m, Idy(A)) is
a distributive nearlattice where m(U,V,W) = (UU W) N (V UW), for every
U, V,W € Py(ldp (A)). Recall that if A and B are two distributive nearlattices,
amap f: A — B is a homomorphism if f(1) =1, f(aVb) = f(a) Vv f(b), for
every a,b € A, and f(a Ab) = f(a) A f(b) whenever a A b exists. We have the
following representation theorem given by Hala§ in [19].
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Theorem 2.11 [19]. Let A be a distributive nearlattice. The map pa: A —
Pa(ldpr(A)) defined by

vala) ={P €ldy(A) : a ¢ P}

s an injective homomorphism.

As we mentioned in the Introduction, distributive lattices and implication
algebras [1] are distributive nearlattices. Moreover, it is easy to construct finite
distributive nearlattices. Next, we present an infinity distributive nearlattice,
which shall be used throughout the article.

Example 2.12. Consider the set A = Py, (N) = {X C N:|X| = Xo}. Then, it
is easy to check that (4,U,N) is a distributive nearlattice. For what follows
(Examples 3.12 and 4.5), we need to characterize the prime ideals of A:

e The only prime principal ideals of A are (X,,], where X,, = N — {n} and
n € N.
e A non-principal ideal I is prime if and only if the following conditions
are satisfied:
(1) UI=N,
(2) for all Y € N such that |Y|=|Y¢|=Rg, Y € T or Y° € I, and
(3) if Y €I, then |Y°| = N,.

3. DN-completion

If A is a distributive nearlattice, then (Fi(A),ld(A)) is a standard A;-polarity
of A, as a poset, and by Theorem 2.4 we have the (Fi(A),d(A))-completion of
A.

Definition 3.1. Let A be a distributive nearlattice. The DN-completion of A
is the (Fi(A), Id(A))-completion of A. We denote the DN-completion of A by
(A*, ).

Without loss of generality we can consider that A is a sub-poset of A*
and the order embedding « is the identity map. So, if (A*,V* A* 1* 0*) is the
DN-completion of A, then A C A*, 1" =1 and a <4 b if and only if a <a« b,
for every a,b € A. Moreover, the collections of closed and open elements of A*
are given by

o K(A*)={x € A*: x = A\ F for some F € Fi(A)},
e O(A")={ye A*:y=\/1I for some I € ld(A)},
and conditions (C) and (D) of Definition 2.2 are
(C) for each F € Fi(A) and each I € Id(A), if AF <\ I, then FNI#0,
(D) u=A{y € 0(4*) : u <y} and u = \/{zx € K(A*) : x < u}, for every
u e A*.

Remark 3.2. By property (C), notice that A = K(A*) N O(A4*). Moreover,
0* € K(A*) and not necessarily 0* € O(A*), since this should imply that A
has a least element, which is not necessarily the case. We show that 0* € K(A*).
Let y € O(A*). So, there is I € Id(A) such that y = \/ I. As I is nonempty,
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there is @ € I. Then A A < a <y, ie., NA <y, for every y € O(A*). Thus,
by property (D), we have that A A = 0* and since A € Fi(A), it follows that
0* € K(A4*).

Now we give some basic results about the DN-completion of a distributive
nearlattice, which will be useful for what follows.

Lemma 3.3. Let A be a distributive nearlattice and let A* be the DN-complet-
ion of A. Let F € Fi(A) and I € |d(A). Then the following properties are
satisfied:

() AF<aiffaeF, for everya € A,

(2) a<VIiffacl, for every a € A.

Lemma 3.4 [14]. Let A be a distributive nearlattice and let A* be the DN-

completion of A. Then aV*b=aVb and a N*b = aAb, whenever a \b ezists,
for every a,b € A.

Since A* is a distributive lattice, it follows that the structure (A*, m*, 1*)
is a distributive nearlattice, where the ternary operation m* is naturally de-
fined by m*(u,v,w) := (u V* w) A* (v V* w).

Proposition 3.5. Let A be a distributive nearlattice and A* its DN-completion.
Then (A,m, 1) is a subalgebra of (A*, m*,1*).
Let a,b,c € A. Then, by Lemma 3.4, we have
m(a,b,¢c) =(aVe)Ae (bVe)=(aV e) A" (bV*¢) =m*(a,b,c). O

Lemma 3.6. Let A be a distributive nearlattice and let A* be its DN-complet-
ion. Let B be a nonempty subset of A. Then \ B = A\Fig,(B) and \/ B =

V1dga(B).

Proof. Using the characterization of generated filter (2.1), it can be proved
that A B is the greatest lower bound of the set Fig,(B). By a similar argu-
mentation, it can be proved that \/ B = \/Idg4(B). O

Lemma 3.7. Let A be a distributive nearlattice and A* its DN-completion. Let
D and E be nonempty subsets of A. If A D < \/ E, then there exist nonempty
finite subsets Dy C [D) and Ey C E such that )\ Do < \/ Eg in A.

Proof. Tt follows by property (C) and from the characterization of generated
filter (2.1). O

Lemma 3.8. Let A be a distributive nearlattice and A* its DN-completion. Let
X andY be nonempty subsets of K(A*) and O(A*), respectively. Then \ X €
K(A*) and \/ Y € O(A*).

Proof. For each x € X, there is F,, € Fi(A) such that « = A F,. Then, by
Lemma 3.6, we have

AX =N\ (/\Fﬁ) -A (LJXFI) — A\ Fig4 (U Fm> € K(AY).

reX zeX
An analogous argument shows that \/ Y € O(A*). O
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Now we focus on the DN-completion of the direct product of distributive
nearlattices. Let A and B be distributive nearlattices and let A* and B* be
the DN-completions of A and B, respectively. It is clear that A* x B* is
a completion of the distributive nearlattice A x B. The following result is
straightforward, and we thus leave the details to the reader.

Lemma 3.9. Let A and B be distributive nearlattices. Then:

(1) Fi(Ax B) ={F, x F5 : F} € Fi(A) and F; € Fi(B)}.

(2) d(Ax B)={I1 xIy:1; €ld(A) and I, € Id(B)}.
Proposition 3.10. Let A and B be distributive nearlattices and let A* and B*
be the DN-completions of A and B, respectively. Then:

(1) K(A* x B*) = K(A*) x K(B*),

(2) O(A* x B*) = O(4*) x O(B*),

(3) (A x B)* = A* x B*.

Proof. (1) By Lemma 3.9, we have
K(A* x B*) = {/\F . F € Fi(A x B)}
- {/\(F1 x Fy): Fy € Fi(A), Fy € Fi(B)}
{(/\Fl,/\FQ) Fy €Fi(A), Fy e Fi(B)}
= K(A*) x K(B").

(2) It follows similarly to (1).

(3) By Theorem 2.4, it is enough to show that the completion A* x B*
satisfies the properties (C) and (D). Let F' € Fi(A x B) and I € I|d(A x B)
be such that A F < \/I. Thus, there are Fy € Fi(A), F; € Fi(B), I, € Id(A)
and Iy € Id(B) such that F = Fy x Fy and I = I x Iy. It follows that
/\F = /\(F1 X Fg) = (/\Fl,/\Fg) and \/I = \/(Il X IQ) = (\/Il,\/IQ) Since
NF <V I, wehave A F; <\/I; and A\ F; <\/I5. Then, by property (C) for
A* and B*, Fy NI} # 0 and Fy N I5 # (). This implies that F'N T # (). Now,
we prove property (D). Let (u,v) € A* x B*. Using property (D) for A* and
B* and from (1), we obtain that

V) = (\/{xl € K(A*) t a1 < u},\/{zs €K(BY) 1z < v})
=\/ ({21 € K(A") s 21 < u} x {22 € K(B") : 22 < })
=\ {(z1,22) € K(A") x K(B") : (w1, 22) < (u,v)}
=\ {(z1,22) € K(A" x BY) : (w1, 22) < (u,0)}.
Similarly, we can prove that
v) = A\{(w1,42) € O(A* x B*) : (u,v) < (y1,42)}-
Then A* x B* is the DN-completion of A x B, i.e., (A x B)* & A* x B*. [
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Next, we provide an alternative proof of the existence of the DN-comp-
letion of a distributive nearlattice A to that given in [14]. We show that in fact
Pa(ldpe(A)) is, up to isomorphism, the DN-completion of A.

Theorem 3.11. Let A be a distributive nearlattice. Then (Py(ldor(A)), pa) is
the DN-completion of A.

Proof. By Definition 2.3 and Theorem 2.4, we need to prove that the comple-
tion (Pq(ldpr(A)), pa) satisfies conditions (C) and (D).

Let F' € Fi(A) and I € Id(A). Suppose that (pa[F] C Upall]. If
FNI=10,by Theorem 2.10, there is P € Id,(A) such that F N P = () and
I C P. Thus, P € (\pa[F] and P ¢ |Jpa[I], which is a contradiction. So
FNI#0,and the completion (Py(ldy(A)), pa) satisfies condition (C).

We show condition (D). Let u € Py(ldr(A)). We need to prove that

(1) u=WU{NpalF]: F € Fi(A), NpalF] C u},

(2) u={Upalll : T €1d(A), uw S Uwpalll}.
Let P € u. Then P € Id,(A) and thus P° € Fi(A4). Since P € u and u
is a downset of Id,(A), we have (pa[P¢] C w. Given that P N P¢ = (),
P € NegalP]. Then P € U{NwalF] : F € Fi(4), NealF] C u}, and
hence u C J{NwalF] : F € Fi(A), NwalF] C u}. The inverse inclusion is
straightforward and therefore (1) holds.

To prove (2), we note first that if u = 0, then {Jpall] : I € 1d(A), u C
Uwall]} = 0. Otherwise, there is P € (\{Uwpall] : I € 1d(4), v C Jpall]}.
So, in particular, P € |J@a[P]. Then there is a € P such that P € ¢4(a),
i.e,, a € P and a ¢ P, which is a contradiction. Now, we assume that u # (.
Let P € ({Ueall]l : I €1d(A), u C Jpall]}. Suppose that P ¢ wu. Since u
is a downset of Id,(A), it follows that for each @ € u, P ¢ Q. So, there is
ag € P\ Q. Let B = {ag : Q € u} and we consider the ideal I =Idg,(B). It
is easy to check that u C |Jpa[l]. As BC P,wehave I C Pand P ¢ |Jpalll,
which is a contradiction. Thus, {J¢all] : I € 1d(4), u C Jpall]} C u. The
other inclusion is trivial, and thus (2) holds. Therefore, by Theorem 2.4, the
pair (Pg(ldp(A)), ¢4) is, up to isomorphism, the DN-completion of A. O

Example 3.12. Consider the distributive nearlattice A = Py, (N) of Example
2.12. From Theorem 3.11, we have that the DN-completion of A is A* =
Pa(ldpr(A)). Let us prove that the prime ideals of A are incomparable. Let
I, I € Idy (A) be such that I; # I,. We analysis the following cases:

e If I; and I are principal, then there exist n,m € N such that I = (X,,]
and Is = (X,,], where X,, = N — {n} and X,, = N — {m}. Thus, it is
clear that I1 ¢ I and I ¢ I.

e If [; is principal and I is non-principal, then there is n € N such that
I = (X,], where X,, = N — {n}. So, by (3) of Example 2.12, X,, ¢ L.
Then, (X,] ¢ I,. Now suppose that I, C (X,]. Then n ¢ Y, for all
Y € I, ie,, n ¢ |JIo = N, which is a contradiction. Thus, I; ¢ I and
I, ¢ I.

e Finally, suppose that I; and I3 are non-principal. If I; C I, then there is
Y € I such Y ¢ I;. Tt follows that |Y¢| = X, and since Y ¢ I, we have



48 Page 10 of 21 L. J. Gonzilez and I. Calomino Algebra Univers.

1
1
b c
b
c a U
a
A 0*
A*

FIGURE 2. A distributive nearlattice and its DN-completion

Y¢eIli. So, Y¢ € I,. Then N=Y UY€ € Iy, which is a contradiction.

Thus, I g I> and I g 1.

Hence, we have proved that (Id,(A4), C) is an anti-chain. Therefore, A* =
Pa(ldpr (A)) = P(Idpe (A)).

In Lemma 3.8 we have proved that the set of closed elements K(A*) of
the DN-completion A* of a distributive nearlattice A is closed under arbitrary
meets. Now, we can prove that K(A*) is, in fact, a sublattice of A*. A different
situation happens with the open elements. We saw that O(A*) is closed under
arbitrary joins, but O(A*) need not be closed under meets. Consider the dis-
tributive nearlattice A and its DN-completion A* in Figure 2. Then we have

0(A*) ={a,b,c,1} and bA* c =u ¢ O(A").

Proposition 3.13. Let A be a distributive nearlattice and A* its DN-complet-
ion. Then K(A*) is a sublattice of A*.

Proof. By Lemma 3.8 and Remark 3.2, we only need to show that K(A*) is
closed under finite joins. Let z1, 29 € K(A*) and let Fy, F5 € Fi(A) be such
that 1 = A\ Fy and &2 = A F». By Theorem 3.11, A* is completely distributive
and we thus have

xl\/acg:/\Fl\//\Fgz/\{a\/b:aeFl,bng}:/\(F10F2).
Since Fy N Fy € Fi(A), it follows that z1 V z2 € K(A*). O

Let A be a distributive nearlattice and let A* be the DN-completion of A.
Let X be a nonempty subset of A*. An element j € A* is called completely join
irreducible when 7 =\/ X implies j € X. Dually, an element m € A* is called
completely meet irreducible when m = A X implies m € X. Let us denote by
Joo(A*) and Mo, (A*) the collections of all completely join irreducible elements
and all completely meet irreducible elements, respectively. By [14], we know
that K(A*) is dually isomorphic to Fi(A) and O(A*) is isomorphic to Id(A) by
the following maps:

N Fi(A) 2 K(A*) : [)a V:1d(A) 2 O(A*) : (Ja
F — AF I = VI
[T)a — = (Yla — vy
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Then, by [14], Joo(A*) C K(A*) and My (A*) € O(A*). In the following
proposition we establish the correspondences between Jo,(A*) and some class
of filters and between M, (A*) and some ideals.

Proposition 3.14. Let A be a distributive nearlattice and A* its DN-complet-
ion. Then:

(1) F € Fig(A) iff NF € Joo(A"), for every F € Fi(A),

(2) T eldy(A) iff VI e My(A*), for every I € 1d(A).

Proof. (1) Let F € Fi(A). Suppose that F' € Fiy(A) and let zg = A F. Let X
be a nonempty subset of A* such that o = \/ X. Since K(A*) is join-dense
in A*, we can assume without loss of generality that X C K(A*). Suppose
that 29 ¢ X. Thus x < xg, i.e.,, x < A\ F for every € X. This implies that
Fen[z)a # 0 for every x € X. Then, for each x € X, there is a, € F N [x)a4.

We obtain that
NF=2=\/X<\a<\/F
zeX

As F € Fiy(A), we have F° € Id(A), and by condition (C) we obtain that
F N Fe°#{. This is a contradiction. Then A F = zg € Joo(A*).

Conversely, assume that zg = A F € Joo(A*). Let a,b € A be such that
aVbeF.So, z9g < aVb, and then zg = 29 A (aVb) = (zg Aa)V (g A D).
Since xg € Joo(A*), it follows that g < a or g < b. Thus a € F or b € F,
and therefore F' € Fi, (A).

(2) It can be proved by a dual argumentation. O

4. Connection between the free distributive lattice extension
and the DN-completion

In this section, we are going to study the connection between the free distribu-
tive lattice extension and the DN-completion of a distributive nearlattice. In
[10], the authors show that the free distributive lattice extension of a distribu-
tive nearlattice A is the distributive lattice of all finitely generated filters of
A. Recently in [4], following the duality developed in [3], a new topological ap-
proach of the existence of the free distributive lattice extension of A is shown.

Definition 4.1. Let A be a distributive nearlattice. A pair (L(A),e), where
L(A) is a bounded distributive lattice and e: A — L(A) an embedding, is
said to be a free distributive lattice extension of A if e[A] is finitely meet-
dense in L(A) and the following universal property holds: for every bounded
distributive lattice M and every homomorphism h: A — M, there exists a
unique homomorphism h: L(A) — M such that h = hoe.

Remark 4.2. The finitely meet-dense condition in Definition 4.1 implies that
the free distributive lattice extension is unique up to isomorphism.

Let A be a distributive nearlattice. Recall that in [3] the dual space
of A was defined as a topological space (X, ) where K is a base satisfying
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certain additional conditions. By Theorem 2.11, A is isomorphic to the sub-
algebra pa[A] = {pa(a) : a € A} of Py(ldy(A)). By the results in [3], the
pair (Id,(A4),K4) is the dual space of A, where the topology 74 is gener-
ated by taking as base the family 4 = {pa(a)® : a € A}. We will denote
by KO(Idy(A)) the family of all open and compact subsets of (Idy(A),K4),
and we consider the family Dio[ldy(A4)] = {U : U°® € KO(Idy(A))}. If fol-
lows that U € Dgolldy(A)] if and only if there exist aj,...,a, € A such
that U = pa(a1) N --- N pa(ay). Then, by the results presented in [4], we
have that (Dio[lder(A)],pa) is the free distributive lattice extension of A.
On the other hand, by Theorem 3.11, (P4(ldp(A)), ¢4) is the DN-completion
of A. We consider the lattice generated by ¢a[A] in Py(ldy(A)), denoted by
L(pa[A]). Since Py(ldp(A)) is distributive, L(pa[A]) can be constructed as
follows: at first, take the meets of all nonempty finite subsets of ¢ 4[A]. Then
L(pa[A]) is the set of joins of all nonempty finite subsets of these meets. It
follows that L(pa[A]) = Dkol[lde(A)]. Indeed, if V' € L(pa[A]) then there

1 1

exist al,...,am,...,a’f,...7aﬁk € A such that

V=lpala})U---Upala, )] N---Nlpalal) U---Upalay,)]
=pa(a) N---Nepala),

where @; = aj V- Val, € A, forevery i € {1,...,k}. So, V € Dio[ldy(4)].
The other inclusion is immediate. Then the bounded distributive lattice
L(pa[A]) embedded in the DN-completion Py(ldy(A)) is the free distributive
lattice extension of A. In summary, L(A) = L(palA]) = Dxolldx(A4)].

Proposition 4.3. Let A be a distributive nearlattice and let (L(A),e) be the free
distributive lattice extension of A. Then the map

B ldpe(L(A)) — ldy (A)
defined by B(P) = {a € A:e(a) € P} is an order embedding.

Proof. Since e is a homomorphism, it is easy to show that G(P) € ld,(A)
for every P € Idy(L(A)). Let P, Py € Ido(L(A)). It is straightforward that
P, C P, implies §(Py) C [(P2). Now, assume that 3(P;) C B(P,). Suppose
that Py € P,, i.e., there is ¢ € P; such that « ¢ P». Since e[A] is meet-dense in
L(A), there exist ay,...,a, € A such that z = e(a1)A---A(a,) € P; and as P,
is prime, thereis ¢ € {1,...,n} such that e(a;) € Pi. Then a; € 5(P1) C 5(P2)
and thus e(a;) € Py. It follows that x € P,, which is a contradiction. Hence
P, C P,. This completes the proof. (|

The notion of canonical extension of a distributive lattice was defined
in [15]. It is showed that the canonical extension of a distributive lattice L
is, up to isomorphism, (Pg(ldpr (L)), ) where a: L — Py (ldp (L)) is given by
alz) = {Q € ldy(L) : = ¢ Q}. Let us denote by L the canonical extension
of a distributive lattice L. Thus, we will consider L7 = Py (Idp(L)). It is not
hard to show that the canonical extension of L is in fact the (Fi(L),ld(L))-
completion of L.

For a distributive nearlattice A, we show that the canonical extension
L(A)? of L(A) is a homomorphic image of the DN-completion A*.
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e

A L(A) « L(A)°

-
PR g

A*
FIGURE 3. L(A)? is a homomorphic image of A*

Proposition 4.4. Let A be a distributive nearlattice and let (L(A), e) be the free
distributive lattice extension of A. Let (A*,p4) be the DN-completion of A and
let (L(A)?,a) be the canonical extension of L(A). Then there exist a lattice
embedding o: L(A) — A* and an onto lattice homomorphism ¥: A* — L(A)°
such that o4 = @oe and a =V o @, see Figure 3.

Proof. We know that L(A)? = Py (Idp(L(A)) and a: L(A) — L(A)? is given
by a(z) = {Q € ldy(L(A)) : = ¢ Q}. Recall also that A* = P4 (Idyr(A4)) and
pa: A — A* is defined by pa(a) = {P € ldy(A) : a ¢ P}.

The existence of the lattice embedding @: L(A) — A* such that ps =
poeis a direct consequence of Definition 4.1.

Now, since by Proposition 4.3 the map 5: ldy(L(A)) — ldy(A) is an
order embedding, it follows that the map ¥: A* — L(A)? defined by

U(u) = 7" [u] = {P € ldu(L(A)) : B(P) € u}

for every u € A* = P4 (Idy(A)) is an onto lattice homomorphism. In order to
show that Wop = «, let € L(A). By Definition 4.1, there are a;,...,a, € A
such that x = e(a) A---Ae(ay). Thus @(x) = @a(a1)N---Nal(a,), and then
U(p(x)) = V(palar))N---NT(pa(a,)). Hence, for P € Id, (L(A)), we have

Peax) <= x¢ P

<~ Vie{l,...,n}(e(a;) ¢ P)

< Vie{l,...,n}a; ¢ B(P))

< Vie{l,...,nHB(P) € pala;))

— Vie{l,...,n}(P € Y(pa(a;)))

— Pe¥(palar)n---N¥(palan)) = ¥(@(z)).

Hence a(z) = ¥(p(z)). This completes the proof. O

Example 4.5. Let us show that the free distributive lattice extension and the
DN-completion of a distributive nearlattice not necessarily coincide. Consider
again the distributive nearlattice A = Py, (N) of Example 2.12. Thus, by Ex-
ample 3.12, we know that the DN-completion of A is A* = P(ld,(A)). Now, we
shall see that the free distributive lattice extension L(p[A]) of A is properly
contained in P(ldy(A)). Recall that

L(palA]) ={pa(B1)N---Npa(By) :n€Nand By,...,B, € A},
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where @ 4: A — P(ldy(A)) defined by @a(B) = {I € ldy(A) : B ¢ I}. Recall
also that for every n € N, X,, = N—{n}. Let A = {(X,,] : n € N} € P(ldpr(A)).
Suppose that there exists {Bj,...,B,} C A such that A = p4(B1)N---N
©a(By). Since A # Idy(A), it follows that B; # N, for some ¢ € {1,...,n}.
Thus, there is m € N such that m ¢ B;. Then B; C X,,, i.e., B; € (X,;,]. Thus
(Xon] ¢ wa(B;), which is a contradiction. Hence, A ¢ L(pa[A]).

5. Extensions of n-ary operations

In this section, we study two extensions of n-ary operations defined on dis-
tributive nearlattices. We shall describe how to extend the additional opera-
tions from a distributive nearlattice to its DN-completion. We focus on those
operations that are order preserving in each argument.

Moreover, in order to study the extensions of n-ary operations, it is
enough to consider just the extensions of unary operations, because DN-
completions of distributive nearlattices commute with direct products (Propo-
sition 3.10). That is, since (A*)™ = (A™)*, it is equivalent to consider opera-
tions f: (A*)" — B* and f: (A™)* — B*.

The following definition is similar to that given in [15] (see also [12]) in
the framework of canonical extension for distributive lattices.

Definition 5.1. Let A and B be distributive nearlattices and let A* and B*
be the DN-completions of A and B, respectively. Let f: A — B be an order
preserving map. For each u € A*, we define f7: A* — B* and f7: A* — B*
as follows:

f"(u):\/{/\{f(a):J:SaEA}:uzxeK(A*)}, (5.1)
f”(u):/\{\/{f(a):yzaeA}:ugyeO(A*)}. (5.2)

In the following proposition, we show some basic but useful properties of
f? and f™. Its proof is straightforward, and thus we leave the details to the
reader.

Proposition 5.2. Let A and B be distributive nearlattices and let A* and B*
be the DN-completions of A and B, respectively. Let f: A — B be an order
preserving map. Then:
(P1) for each x € K(A*) and each y € O(A*),
o f7(x) = Nf(a):x <ac A},
o f7(x) € K(A*),
o 1(y) = V{f(a) sy > a e A},
o J7(y) € O(A"),
(P2) for each u € A*,
o 17(u) = V{7 (@) u> 2 K(A)),
o [T(u) = N{f"(y):u<yeO(A")},
(P3) f7 and f™ are order preserving and extend f,
(P4) f7 < f™ and they coincide on K(A*) U O(A*).
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By Theorem 3.11, the pair (Pq(ldn(A)), ¢a) is the DN-completion of a
distributive nearlattice A. With this consideration, if f: A — B is an order

preserving map between distributive nearlattices, then we have from (4.1) and
(4.2) that for cach u € A* = Py(ld,(4)):

o [7(u) =U{ea(f(a)):x Cpala),ac A} :u2we KA},
o [T(u) =M{W{es(f(a)) sy 2 pala),a € A} :uCye O(A")}.

Lemma 5.3. Let A and B be distributive nearlattices and let A* and B* be the
DN-completions of A and B, respectively. Let f: A — B be an order preserving
map such that f(1) = 1. Then:

(1) if f preserves finite joins, then f™ preserves arbitrary joins of open ele-
ments,

(2) if f preserves existing finite meets, then f° preserves arbitrary meets of
closed elements.

Proof. (1) Let Y C O(A*) and yo = Y. Since f7 is order preserving, it
follows that ,cy f™(y) € f"(y0). Let Q@ € f™(yo) = Ulpr(f(a)) : a €
A;pa(a) € yo}. Thus, there is ag € A such that pa(ag) C yo and Q €
oB(f(ag)). Then ag ¢ fLQJ. If f7HQ] = 0, then a ¢ f~}Q] and Q €
¢p(f(a)) for every a € A. Hence Q € U{pp(f(a)) : pala) C y} = f7(y) for
every y € Y and we thus obtain that @ € J, ¢y f™(y). Assume that Q) #
(). Since f preserves finite joins, f~1[Q] is an ideal of A. As ag ¢ f~1[Q], by
Theorem 2.10, there is P € Idy (A) such that ag ¢ P and f~'[Q] C P. Then
P e palap) Cyo =Y and so, there is y' € Y such that P € y' = [J{pa(a) :
a € A pa(a) C y'}. Thus, there is a; € A such that v4(a1) C v’ and P €
@a(ay). Hence a; ¢ P and this implies that a; ¢ f~*[Q]. Then, Q € ¢p(f(a1))
and ¢a(a1) C y'. It follows that @ € f™(y') and Q € U,y f™(y). We have
proved that /7 (yo) € U, ey /7 (4).

(2) Let X C K(A*) and zp = () X. Since f7? is order preserving, it
follows that f7(zo) € (N,cx f7(z). By (P1), for each z € K(A*) we have
() = Nen(f@) : a & Az C pa(a)}. Let Q € Moy /7 (x). Then, for
each z € X, Q € pp(f(a)) for every a € A such that x C @4(a). That is, for
each z € X, a ¢ f71[Q] for every a € A such that x C ¢4(a). As Q is a prime
ideal of B, Q¢ is a filter. Since f preserves existing finite meets and f(1) =1,
it follows that f~1[Q°] € Fi(A). Suppose that Q ¢ f7(z0) = N{¢a(f(a)) :
a € A;zg C pa(a)}. Thus, there is ap € A such that xg C @a(ag) and
Q ¢ o5(f(ag)). Then ag ¢ f~1[Q°]. By Theorem 2.10, there is P € Idy(A)
such that ag € P and PN f71Q°] = 0. So, P C f~'[Q]. Then P ¢ wa(ap)
and P ¢ z(. This implies that there is # € X such that P ¢ x. Since z is a
closed element of A*, x = ({pa(a):a € A,z C pa(a)}. It follows that there
is a1 € A such that © C @a(a1) and P ¢ ¢ a(ay), i.e., a; € P. Hence, for the
closed element z € X, a; € f~1[Q] and = C ¢(a1), which is a contradiction.
Therefore, Q € f7(x0) and [, ¢y f7(x) C f7(x0). O

Now, we can prove a stronger result that the previous one.
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Proposition 5.4. Let A and B be distributive nearlattices and let A* and B*
be the DN-completions of A and B, respectively. Let f: A — B be an order
preserving map such that f(1) = 1. Then:

(1) if [ preserves finite joins, then f™ preserves arbitrary joins,

(2) if [ preserves existing finite meets, then f° preserves arbitrary meets.

Proof. (1) Let U C A* and ug = \/ U. Since f7™ is order preserving, it follows
that \/ e f7(u) < f™(ug). Since B* is a completely distributive lattice, it
follows by Lemma 5.3 that

V riw =\ AT @) u<yeo(d))
uelU uelU
AV raw)

a: U—O(A*) uelU

u<a(u)
= /\ fr (\/ a(u)) .
a: U—0(A*) uelU
u<a(u)

As ug = VU <V, cp a(u) for every a: U — O(A*) such that v < a(u) and
since f™ is order preserving, it follows that f™(ug) < f™ (\/,,cp @(u)) for every
«. Then

a: U—-0 uelU uelU
u<o(u)

s A f”(\/a(U)>=\/f”(u)-
(A™)

This completes the proof of (1).
(2) Tt follows by a dual argumentation. O

Let us see now that the extensions of the operations V and m of a dis-
tributive nearlattice coincide respectively with the operations V* and m* (see
on page 7) of its DN-completion. First, we introduce the following definition
as a generalization of a definition given in [16].

Definition 5.5. Let A and B be distributive nearlattices and let f: A — B be
an order preserving map. We say that f is smooth if f7 = f7.

The proof of the following result is similar to that given in [16].

Lemma 5.6. Let A and B be distributive nearlattices and let f: A — B be an
order preserving map. If f™ preserves joins of up-directed subsets, then f is
smooth.

Theorem 5.7. Let A be a distributive nearlattice and A* its DN-completion.
Then Vo =V* and VT = V*. Hence, V is smooth.

Proof. First, we prove that V™ and V* coincide on the open elements of A*.
Let y1,y2 € O(A*). By (P1), we have

yl\/”;ygz\/{a\/*bzagyl7 b<ys abe A}
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Since y1,y2 € O(A*), there are I, > € Id(A) such that y; = \/I; and yo =
\/ I5. Then, by Lemma 3.3, we have

y1 V™ Y :\/{a\/*b:aell, be L}
So, we obtain that y1 VT yo = \/ I1 V* \/ Iz = y1 V* yo.
Let now uy,us € A*. By (P2) and Lemma 3.8, we have
ur VTug = Ny V7ya s un < i, up <y, g1,y € O(A%)}
= ANy Ve y2 s un <1, ua <y, 1,2 € O(A%)}
= /\{y € 0(A") tug V*ug <y}

= Uz \/* usg.

Now, since V preserves joins, it follows by Proposition 5.4 that V™ preserves
arbitrary joins and, in particular, V™ preserves joins of up-directed subsets.
Therefore, by Lemma 5.6, V is smooth and hence V7 = V™ = V*. 0

Let A be a distributive nearlattice and A* its DN-completion. For @ :=
(a1,az,a3) € A3, we write

pa(@) = (palar), palaz), palas)).

By Theorem 3.11, the pair (Pq(ldp(A)), pa) is the DN-completion of A and
m*(uy, ug,ug) = (ug Uuz) N (ug Uug) = (u1 Nug) Uus, for every ug, us, us €
Pa(ldpe(A)). Moreover, since @4: A — Py(ldy(A)) is a homomorphism, we
have pa(m(a)) = m*(pa(a)), for each @ € A3, As the operation m is or-
der preserving, by (4.1) and (4.2) we have that for each w = (u1,us,us) €
Palldg(4))?

e m?(u) = J{({m*(pa(@) : T < pa(a),ac A%} :u>

o m™ (@) = N{U{m*(va(@)) : pa(@ <g.ae A’} :u <
Theorem 5.8. Let A be a distributive nearlattice and let A* be the DN-
completion of A. Then m? = m* and m™ = m™*. Hence, m is smooth.

T € K(4%)3},
7€ 0(A4%)3}.

Proof. We first prove that m* and m? coincide on the closed elements of A*.
Let T = (21,72, 23) € K(A%)3. By (P1), we have

m® (@) = ({m* (94(@) : 7 < pa(@), a € 4%,

Let P € m°(Z). So, P € (¢pala1) Nya(az)) Upalas) for every a € A3 such
that T < pa(a). Since x1, x2, x5 € K(A*), there are Fy, Fy, F5 € Fi(A) such
that @; = (pa[F;] for i = 1,2, 3. Then, we obtain that

P e (pala) Npalaz)) Upalas) (5:3)

for every @ € Fy x Fy x F3. Suppose that P ¢ m*(Z). Thus, P ¢ (x1Nxy) Uxs
and this implies that P ¢ x1 or P ¢ w5, and P ¢ x3. So, Fy N P # § or
NP #(,and FsNP # (. If Fy NP # 0, then there are b; € F; N P and
bs € F5N P. It follows that P ¢ ¢4 (b1) U pa(bs), which is a contradiction by
(5.3). Analogously if F» N P # (). Hence, m?(Z) C m*(T).



48 Page 18 of 21 L. J. Gonzilez and I. Calomino Algebra Univers.

Let P € m*(Z). Let @ € A% be such that T < p4(@). Since m* is order
preserving, we have m*(Z) C m*(¢a(a)) = pa(m(a)). Then P € m*(p4(a))
for every a € A® such that 7 < ¢4(a), i.e., P € m?(Z). So, m*(z) C m? (7).
Therefore, m*(Z) = m? (%) for every T € K(A*)3.

Now, we prove the general case. Let @ = (u1, ug, u3) € A*>. By (P2), we
have

m? (@) = | J{m? (@) u>7 e K(A")*} = J{m" (@) : 1 > 7 € K(A")*}.

Since m* is order preserving, it follows that m?(w) € m*(w). In order to
prove the other inclusion, let P € m*(@w). Then P € u; Nug or P € us. Let
F = P°¢ e Fi(A) and x = [ pa[F]. We consider the two possible cases:

Case 1: Suppose that P € u; Nwug. Let us see that z C uy Nusg. Let Q € .
So, @ N P° = () and thus Q@ C P. Since u; and uy are downsets of Idy (A),
Q € ugNug. As 0% € K(A*), it follows that T = (z,z,0%) € K(A*)? and T < u.
Moreover, m*(Z) = (x U0*) N (z U0*) = x and P € x = m*(Z). Thus

Pel|J{m @) :u>7 e KA} =m? (w),

and hence m* (@) C m?(w).
Case 2: If P € ug, then P € z = m*(Z), where T = (0*,0%,z) € K(A*)? and
T < . Then,

Pe| Jim @ :u>7e KA} =m(m)

and we obtain m*(w) C m?(@).
In any case, we have m*(@w) C m?(w). Then m? = m*. The proof of
m”™ = m™ follows by a dual argumentation. Therefore, m is smooth. O

We now move on to study the extensions of embeddings and onto homo-
morphisms. We will show that the DN-completion commutes with respect to
quotients. Let A and B be distributive nearlattices and let f: A — B be a
homomorphism. Note that f preserves finite joins and existing finite meets. So,
the extensions f? and f™ coincide, i.e., f is smooth. We write f* = f7 = f7
and we can use for f* all the properties valid for f¢ and f™.

Proposition 5.9. Let A and B be distributive nearlattices and let A* and B*
be the DN-completions of A and B, respectively. Let f: A — B be an onto
homomorphism. Then, the extension f*: A* — B* is an onto homomorphism.

Proof. Since f preserves joins and existing meets, it follows by Proposition
5.4 that f* preserves arbitrary joins and meets and, in particular, f* is a
homomorphism. First, let us see that f* is onto with respect to the closed
elements. Let s € K(B*). So, there is G € Fi(B) such that s = A G. Since
f preserves existing finite meets and f(1) = 1, F = f~1[G] € Fi(A). Let
z=A\F € K(A*). As f is onto, f[F] = f[f~![G]] = G. Moreover, by Lemma
3.3, we have that F'={a € A: 2z < a}. Then

F@) = Nf@:z<a} = \fIFl = NG =5



A completion for distributive nearlattices Page 19 of 21 48

Let now v € B*. Then
v=\/{s €K(B*):s<v}=\/{f(x):2 KA, f(x) <o}
Let u = V{z € K(A*) : f*(z) < v}. Since f* preserves arbitrary joins, we
obtain that f*(u) = \/{f*(z) : z € K(A*), f*(x) < v} = v. Therefore, f* is
onto. 0
Let A be a distributive nearlattice and let A* be the DN-completion of A.
Let 6 € Con(A) and let mg: A — A/6 be the natural map. It is clear that 7y is
an onto homomorphism and thus, by Proposition 5.9, 7} : A* — (A4/0)* is an
onto homomorphism. Let 8* = Ker(n};) € Con(A*). Hence (A/0)* = A*/6*.
For the following result, we need to restrict ourselves to a smaller class
of homomorphisms between distributive nearlattices.

Definition 5.10. Let A and B be distributive nearlattices and let f: A — B
be a map. We say that f is an s-homomorphism if it is a homomorphism and
the following conditions hold:
(1) for each ay,az € A, if f(a1) A f(az) exists, then a; A ag exists,
(2) for each a € A and for each b € B, if f(a) < b, then there is a’ € A such
that a < a’ and f(a’) = b.

Proposition 5.11. Let A and B be distributive nearlattices and let A* and B*
be the DN-completions of A and B, respectively. Let f: A — B be an injective
s-homomorphism. Then, the extension f*: A* — B* is an embedding.

Proof. We know that the extension f* is a homomorphism. In order to show
that f* is injective, we first prove that f*(x) < f*(y) implies = < y, for all
x € K(A*) and y € O(A*). By Proposition 5.2, we have

N{f(a):x<al = f(x) < f(y) = \/{f(a) :a <y}
So, by Lemma 3.7, there exist by,...,b, € B and aq,...,a, € A such that
f(a;) < b; and x < a; for every i € {1,...,n}, and there exist af,...,al, € A
such that a; <y for every j € {1,...,m} and
by A= Ab, < fla))V---V f(al)).
By (2) of Definition 5.10, for each i € {1,...,n}, there exists a; € A such that
a; < a and f(a}) = b;. Then, by the previous inequality and (1) of Definition
5.10, we obtain that
flai n--nay) = fla]) A=A flay)
=by A Aby
< flay) V-V flag,)
= f(d} v...,va,,).
Since f is injective, it follows that a]f A---Aa! < ajV---Val, and thus < y.
Let now wuj,us € A* be such that f*(u1) = f*(u2). By (D), vy = \{z €
K(A*) : 2 <wur} and ug = A{y € O(A*) : ug < y}. As f*(u1) = f*(u2), we
have

\/{f*(x) cx e KA,z <u} = /\{f*(y) ty € O(A"),ue < y}.
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Thus, f*(z) < f*(y) and by what we have already proved, < y for every
x € K(A*) such that x < u; and for every y € O(A*) such that us < y. Then

w = \/{z eK(A") 1z <u} < Ny € O(A") :us <y} =us,
i.e., u; < ug. Similarly, we have us < uy. Therefore, f* is injective. O

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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