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A Note on Congruences of
Infinite Bounded Involution Lattices

Claudia MURESAN?

Dedicated to the memory of my beloved grandmother, Elena Mircea

Abstract

We prove that an infinite (bounded) involution lattice and even
pseudo—Kleene algebra can have any number of congruences between 2
and its number of elements or equalling its number of subsets, regardless
of whether it has as many ideals as elements or as many ideals as
subsets. Furthermore, when they have at most as many congruences
as elements, these involution lattices and even pseudo—Kleene algebras
can be chosen such that all their lattice congruences preserve their
involutions, so that they have as many congruences as their lattice
reducts. Under the Generalized Continuum Hypothesis, this means
that an infinite (bounded) involution lattice and even pseudo—Kleene
algebra can have any number of congruences between 2 and its number
of subsets, regardless of its number of ideals. Consequently, the same
holds for antiortholattices, a class of paraorthomodular Brouwer—Zadeh
lattices. Regarding the shapes of the congruence lattices of the lattice—
ordered algebras in question, it turns out that, as long as the number
of congruences is not strictly larger than the number of elements, they
can be isomorphic to any nonsingleton well-ordered set with a largest
element of any of those cardinalities, provided its largest element is
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strictly join—irreducible in the case of bounded lattice—ordered algebras
and, in the case of antiortholattices with at least 3 distinct elements,
provided that the predecessor of the largest element of that well-ordered
set is strictly join—irreducible, as well; of course, various constructions
can be applied to these algebras to obtain congruence lattices with
different structures without changing the cardinalities in question. We
point out sufficient conditions for analogous results to hold in an
arbitrary variety.

2010 Mathematics Subject Classification: 06B10, 06F99, 06D30.

Keywords: (bounded) involution lattice, (pseudo—)Kleene algebra,
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1 Introduction

As part of our main result from [4], we have proven that, under the Gen-
eralized Continuum Hypothesis, an infinite lattice can have any number
of congruences between 2 and its number of subsets. In this paper, we
prove that the same holds for infinite (bounded) involution lattices and even
infinite pseudo—Kleene algebras. Thus the same holds for infinite antiortho-
lattices, which are algebraic structures with pseudo—Kleene algebra reducts
originating in the study of quantum logics [6, 7, 8, 9, 10, 15, 16]. Moreover,
we can let all these lattice—ordered algebras have any numbers of ideals,
while keeping this property on congruences. Furthermore, if we restrict to
numbers of congruences that are either smaller than the numbers of elements
or equal to the numbers of subsets of these algebras, then we do not need to
enforce the Continuum Hypothesis.

To obtain our main theorem: Theorem 2, we extract from our method
in [4] the general results that hold in any variety; see Lemma 2 and the
paragraph right after this lemma, in which we point out that these properties
could be applied in other varieties to obtain similar results; all we need in
such a variety V is some construction as the one from [14] for obtaining, from
an infinite algebra A, an algebra B of the same cardinality as A, having one
congruence more than A; if we can obtain B such that it includes A and has
the congruences of a certain form (see conditions (8)y and (¢)y in Section 5),
then the general method from Lemma 2 can be applied directly, so we may
conclude that there exist, in V, algebras with the same cardinality as A
and with any number of congruences smaller than the cardinality of A and
larger than the smallest number of congruences that A can have such that
an algebra B as above can exist for that algebra A. The construction we
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provide produces algebras with certain shapes for their congruence lattices,
so a condition as above ensures that such a variety V has members with
those particular congruence lattices (see Proposition 1).

Note that, in the finite case, these results on numbers of congruences
do not hold, due to the limited number of configurations. The finite case
for lattices has been treated in [2, 17], the one for semilattices in [3], and
the one for involution lattices, pseudo—Kleene algebras and antiortholattices
in [15].

2 Some Notations

All algebras will be designated by their underlying sets. By trivial algebra
we mean one—element algebra, and by simple algebra we mean algebra with
at most two congruences.

We denote by N the set of the natural numbers and by N* = N\ {0}. 1T
denotes the disjoint union. For any set M, we denote by |M| the cardinality
of M and by P(M) the set of the subsets of M. If M is a nonempty set, then
Part(M) and (Eq(M),N, V, Apr, V) will denote the bounded lattices of the
partitions and the equivalences of M, respectively, where we keep the order
of the lattice operations from [11]; also, we denote by eq : Part(M) — Eq(M)
the canonical lattice isomorphism; for any finite partition {M,..., M,},
eq({M, ..., M,}) will be streamlined to eq(Mj, ..., My,). If M is an ordered
set, then we denote the set of its maximal elements by Max(M).

Let V be a variety of algebras of a similarity type 7 and A and B
be algebras with reducts belonging to V. Following [8, 15], we denote by
A =y B the fact that the 7-reducts of A and B are isomorphic, and by
Cony(A) and Sy(A) the sets of the congruences and the subalgebras of
the 7—reduct of A, respectively. Obviously, for any 6 € Cony(A) and any
S € Sy(A), we have 6 N S? € Cony(S). If V is the variety of lattices or
that of bounded lattices, then we eliminate the index y from the previous
notations.

Now let o be a similarity type of reducts of 7—algebras and W be a
variety of algebras of type . Recall from [12, Corollary 2, p. 51] that
Cony(A) is a complete sublattice of Eq(A), from which it immediately
follows that Cony(A) is a complete bounded sublattice of Conw(A). In
particular, if V is a variety of algebras with lattice reducts, then Cony(A) is
a complete bounded sublattice of Con(A).

If n € N* and the type 7 contains constants k1, ..., Ky, then we denote
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by Conyy,. «, (A) = {0 € Cony(A) : k3/0 = {k{},..., k2 /0 = {k}}}: the
set of the congruences of A with the classes of /i‘fl, ..., k2 singletons. It is
easy to see that Conyy,  «,(A) is a complete sublattice of Cony(A) and thus
a bounded lattice [9, 15].

Let L be a (bounded) lattice. Then the dual of L will be denoted by L¢.

For any X C L and any a,b € L, we denote by [X ), and [a)f, the filter
of L generated by X and by a, respectively, and by (X]|; and (a]z, the ideal
of L generated by X and by a, respectively; we also denote [a, b, = [a)LN(b]L
and [a,b)r, = [a,b] \ {b}.

The sets of the filters, principal filters, ideals and principal ideals of L
will be denoted by Filt(L), PFilt(L), Id(L) and PId(L), respectively. Of
course, we have: Con(L%) = Con(L), Filt(L¢) = Id(L) and Id(L¢) = Filt(L).

Recall that the prime ideals of L are exactly the set complements of its
prime filters. Moreover, if C is a chain, then all its proper filters are prime
and the same goes for its ideals, hence the proper ideals of C are exactly
the set complements of its proper filters, in particular |Filt(C)| = [Id(C)|.
For any n € N*, C,, will denote the n—element chain.

If the lattice L has a 0, then L is said to be O0-regular iff, for all
0,¢ € Con(L), 0/6 =0/¢ implies 0 = (.

Recall that L satisfies the Ascending, respectively the Descending Chain
Condition (abbreviated ACC and DCC, respectively) iff, for any sequence
(zn)nen of elements of L such that z; < xp41, respectively xp > 41 for all
k € N, there exists an m € N such that x = 2441 for all £ > m. Clearly,
any lattice that satisfies the ACC has all ideals principal and, dually, any
lattice satisfying the DCC has all filters principal.

3 The Algebras We Are Working With and the
Basic Constructions of Ordinal and Horizontal
Sum

Definition 1 We call a lattice with involution or involution lattice (in brief,
i-lattice) an algebra (L,\,V,"") of type (2,2,1), where (L, A, V) is a lattice
and - is an order-reversing operation such that a” = a for all a € L, called
involution.

A bounded involution lattice (in brief, bi-lattice) is an algebra
(L,\,V,-,0,1) of type (2,2,1,0,0), where (L,A,V,0,1) is a bounded lat-
tice and (L, \,V,"") is an i-lattice.
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Distributive bi-lattices are called De Morgan algebras.
We consider the following condition on a bi-lattice L:

& foralla,be L,and <bVlV

A pseudo—Kleene algebra is a bi-lattice that satisfies condition K). The
mmwolution of a pseudo—Kleene algebra is called Kleene complement.

Distributive pseudo—Kleene algebras (that is De Morgan algebras which
satisfy condition (X)) are called Kleene algebras or Kleene lattices.

Linearly ordered (bounded) involution lattices are called (bounded) invo-
lution chains, abbreviated as in the case of arbitrary lattices above; linearly
ordered Kleene lattices are called Kleene chains; the same goes for the lattice—
ordered structures in the next definition.

A bi-lattice L is said to be paraorthomodular iff, for all a,b € L, if
a<banda Nb=0, then a =b.

A bi-lattice L is said to be orthomodular iff, for all a,b € L, if a < b,
then aV (' ANb) = b.

Of course, any orthomodular lattice L is a paraorthomodular pseudo—
Kleene algebra (having aAa’ =0and aVa' =1 for all a € L).

We will denote by I, BI and KL the variety of involution lattices,
bounded involution lattices and pseudo—Kleene algebras, respectively.

An i-lattice with underlying set L and involution -* will often be desig-
nated by (L, ). Unless specified otherwise, the involution of an i-lattice will
be denoted -’. Obviously, the involution of any i-lattice L is a dual lattice
automorphism of L, hence L is self-dual and thus it has |Filt(L)| = [Id(L)|.
Regarding congruences:

Remark 1 Clearly, for any bi-lattice L, Congyoi(L) = Conpro(L). More-
over, for any variety V whose members have bi—lattice reducts and any
member A of V, we have Conygy(A) = Conyg(A).

We will often use the remarks in this paper without referencing them.
Of course, any Boolean algebra A is a Kleene lattice with the involution
equalling its Boolean complement, and, since the Boolean complement is
preserved by all lattice congruences, we have Conp(A) = Con(A). Remember
that Boolean algebras are exactly the distributive orthomodular lattices.
Furthermore, any orthomodular lattice L is a paraorthomodular pseudo—

Kleene algebra with all its lattice congruences preserving its involution, so
that Cong(L) = Con(L) [1].
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Definition 2 [6, 7, 8, 9, 10, 16] A Brouwer—Zadeh lattice (in brief, BZ—
lattice) is an algebra (L,A,V,-,-~,0,1) of type (2,2,1,1,0,0) such that
(L,\,V,,0,1) is a pseudo—Kleene algebra and the unary operation -~ called
Brouwer complement, is order—reversing and satisfies a A a™~ = 0 and
a<a> =a forallac L.

The Brouwer complement on a BZ-lattice L defined by 0~ = 1 and
a™~ =0 for all a € L\ {0} is called the trivial Brouwer complement.

The following equation in the language of BZ-lattices is called the Strong
De Morgan condition (SDM): (z Ay)™~ ~ z™~ VvV y~.

A PBZ*lattice is a paraorthomodular BZ-lattice L that satisfies the
following weakening of the SDM: (x N x')™ ~ z™ Vv a'™~.

An antiortholattice is a PBZ*-lattice with the property that 0 and 1 are
its only elements whose Kleene complements are bounded lattice complements.

We denote by BZL the variety of BZ-lattices. PBZ*—lattices form a
variety, as well, but antiortholattices form a proper universal class [6, 7, 8,
9, 10, 16].

Antiortholattices are exactly the PBZ*—lattices whose Brouwer com-
plement is trivial. An antiortholattice satisfies the SDM iff it has the 0
meet—irreducible. Moreover, any pseudo—Kleene algebra with the 0 meet—
irreducible, endowed with the trivial Brouwer complement, becomes an
antiortholattice (which, of course, satisfies the SDM). See a strenghthening
of the latter property in the next section, and [6, 7, 8, 9, 10, 16] for all these
properties.

We now recall the definition of the horizontal sum of a family of non-
trivial bounded lattices, obtained by glueing those lattices at their bottom
elements and at their top elements. Let (L;, <%+, 0% 1%),c; be a nonempty
family of nontrivial bounded lattices. Then the horizontal sum of the fam-
ily (L;, <% 0% 1%),c; is the bounded lattice (HB;crL;, <,0,1) defined in
this way: let L = Il;c;L; and € the equivalence on L that collapses only
the bottom elements of these lattices, as well as their top elements: ¢ =
eq({{ori :iec I}, {14 :ice Yy u{{z} :x € L\ {0, 11 . i € I}}) € Eq(L);
denote by 0 = 0% /s and 1 = 1%i /e for some i € I; then, for every i € I,
eNL? = Ay, € Con(L;), so L; & L;/e; we identify each L; with L;/e, by
identifying = with x/e for all x € L, thus obtaining 0 = 0% and 1 = 1% for
all ¢ € I; now we set H;erL; = L/e and <= U <L

iel

Clearly, the horizontal sum as a binaryeoperation between nontrivial

bounded lattices is associative and commutative. We may also note that,
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for any nontrivial bounded lattice L, we have Co H L = L, so we obtain a
nontrivial horizontal sum (that is a horizontal sum which strictly includes
each of its summands) iff we have at least two summands of cardinality
strictly greater than 2.

We denote by M = H;ciCs the modular lattice of length 3 and
cardinality |I| + 2, which is clearly simple.

If (L;,")icr is a nonempty family of nontrivial bi-lattices, then the
horizontal sum of this family is the bi-lattice (H;ecrL;, '), whose underlying
bounded lattice is the horizontal sum of the family of the bounded lattice
reducts (L;);c; and whose involution is defined by: -/ |1, = -/ for all i € I.

See in [14, 15] the congruence lattice of any horizontal sum of nontrivial
bounded lattices or bi-lattices.

Let (L, <) be a lattice with top element 1% and (M, <M) a lattice
with bottom element 0. Recall that the ordinal sum of L with M is
the lattice (L @ M, <) obtained by glueing the top element of L and the
bottom element of M together, thus stacking M on top of L. For the precise
definition, let € be the equivalence on L1II M that only collapses 17 with 0M:
e=eq({{1,0M}yu{{z}:z € LII M\ {1¥,0M}}) € Eq(L I M). We note
that e N L2 = Ay € Con(L) and e N M? = Ay € Con(M), so that we may
identify L with L/e and M with M /e by identifying each x € LIIM with z/e.
Now we let L® M = (LIIM)/e and <=<'u <M U{(z,y) : x € L,y € M}.

Note that Filt(L & M) = Filt(M) U{F UL : F € Filt(L)} and
Id(Le M) =1d(L)U{LUI: I ecld(M)}, thus |Filt(L & M)| = |Filt(L)| +
|Filt(M)|—1 and [Id(L®M)| = Id(L)|+ [Id(M)| — 1, where we let k—\ = K
for any infinite cardinal number x and any cardinal number A < k.

If, for every o € Con(L) and every 5 € Con(M ), we denote by a @ /3
the equivalence on L & M whose classes are those of a and 3, excepting
the classes of the common element 1¥ = 0M of L and M in L & M mod-
ulo «, respectively 3, along with the union of latter two classes: a ® 8 =
eq((L/a\ 1 /a) U (M/B\ 0M/B) U {1E/a UM /B}), then, clearly, a @ 8 €
Con(L & M). Furthermore, since L and M are sublattices of L & M, for
every § € Con(L & M), we have § N L? € Con(L) and § N M? € Con(M),
and clearly 0 = (6 N L?) @ (6 N M?). Therefore the map (a, 3) — a @ B is a
lattice isomorphism from Con(L) x Con(M) to Con(L & M).

Clearly, the ordinal sum of bounded lattices is associative and so is the
operation @ on congruences of those bounded lattices.
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4 Some Particular Constructions of Lattices and
Lattice—ordered Algebras and Their Congruences

Let L be a lattice with top element, f : L — L% a dual lattice isomorphism
and (K,-'X) a bi-lattice. Then L @ K @ L%, and in particular L @ L% in
the case when K is the one—element chain, becomes an i-lattice with the
involution ' : L& K @ LY — L ® K @ L? defined by: -/ |p= f, / |x= "X and
!|pa= f~. Whenever we refer to a bi-lattice with a bounded lattice reduct
of this form: L ® K @& L%, we consider it endowed with the involution from
this canonical construction.

Notice that, if L is a bounded lattice and K is a pseudo—Kleene algebra,
then L @ K & L% satisfies &), thus L& K @& L% is a pseudo-Kleene algebra.
Moreover, it is straightforward that, if L is a nontrivial bounded lattice
and K € KL, then the pseudoKleene algebra L @ K @ L? becomes an
antiortholattice when endowed with the trivial Brouwer complement [9, 16,
10]. In particular, for any bounded lattice L, L @ L% is a pseudo-Kleene
algebra, which becomes an antiortholattice when endowed with the trivial
Brouwer complement.

Remark 2 [14, 9, 16, 10, 17, 15] For any i-lattice (A,"), if we denote by
U' = {(d,V): (a,b) € U} for all U C A2, then we clearly have Cony(A) =
{6 € Con(A) : 60 =0"}.

From this it is immediate that, for any bounded lattice L and any bi—
lattice K, Cony(L® K @ LY) = {a® @ o' : a € Con(L), 3 € Cony(K)} =
Con(L) x Cong(K), in particular Cony(L @ L) = {a ® o/ : a € Con(L)}
Con(L).

Irau

Remark 3 [7, 9, 15] It is routine to prove that, for any antiortholattice A,
CODBZL(A) = COHBZ]L()(A) U {VA} = COH]B]I()(A) U {VA} = COH]B]I()(A) ® Cs.

Therefore, if L is a nontrivial bounded lattice and K € KL, then the
antiortholattice L® K ® L has Conggy (L ® K @ L) = Congo(L® K @ LY)U
{Viexeri} ={a®B®d :a e Cong(L), s € Coni(K)}} U{Vigkaerd}t =
(COIlo(L) X COHH(K)) P Co.

Thus, if L is O—-regular, so that Cong(L) = {Ar}, then Conpzr (L ®
KoL) ={AL®B®ALi: B € Coni(K)} U{V aker} = Cony(K) @ Co,
thus |Conpzy (L @& K @ LY)| = |Cony(K)| + 1.

In particular, Conggp(Co ® K @ C3) = {eq(K/B U {{0},{1}}) : B €
Cony(K)} U{Ve,prac, t = Conp(K) @ Ca, thus |Congzr(Co @ K @ Ca)| =
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|Conp(K)|+ 1 and, for any 0-regular nontrivial bounded lattice L, the an-
tiortholattice L & L% is simple.

Notation 1 We will denote by (B(L), <) the bounded lattice obtained from
a lattice (L, <%) by adding a new top element 1 and a new bottom element 0:

B(L) = LIT{0} 11 {1} and <=<* U{(0,2), (z,1) : 2 € B(L)}\ {(1,0)}.

Note that, for any lattice L, 0 is meet—irreducible in B(L); also, 0 is
strictly meet—irreducible in B(L) iff L has a smallest element. Of course,
dually for 1. So L is a bounded lattice iff B(L) = Co & L & Ca.

We have |B(L)| = |L| + 2 and Filt(B(L)) = {{1},B(L)} U{F U {1} :
F e Filt(L)}, 1d(B(L)) = {{0},B(L)} U{I U{0} : I € Id(L)}, so that
|Filt(B(L))| = |Filt(L)| + 2 and [Id(B(L))| = [Id(L)]| + 2.

If (L,-'") is an involution lattice, then (B(L), ) is a bounded involution
lattice with -/ |, = "L, 0/ = 1 and 1’ = 0. Clearly, (L,-'F) satisfies condition
&) iff (B(L), ') satisfies this condition, case in which B(L) is a pseudo—Kleene
algebra and, furthermore, it becomes an antiortholattice when endowed with
the trivial Brouwer complement.

Remark 4 Let L be a lattice and let us keep in mind that, if L € 1, then
B(L) € BIL.

Let 6 € Con(L) and a € Con(B(L)).

We will consider the equivalence on B(L) whose classes are those of 0
along with the singletons {0} and {1}: ¢ = eq(L/0 U {{0},{1}}). Clearly,
CNL?=6.

We will also consider the restriction of o to L: B = a N L%. Note that:
o = eq(L/BU {0}, {1}}) iff a € Congy (B(L)).

From the fact that 0 is meet—irreducible and 1 is join—irreducible in B(L)
it is immediate that the equivalence eq({0}, L,{1}) on B(L) with singleton
classes of 0 and 1 and all other elements in the same class is a lattice
congruence of B(L). Thus eq({0}, L,{1}) € Cong1(B(L)). Hence, if L €1,
then eq({0}, L,{1}) € Congro1 (B(L)).

Moreover, ¢ € Congi(B(L)), and, if L € 1 and § € Cony(L), then
C S COHIB]IOl (B(L))

Since L is a sublattice of B(L), we have g € Con(L). If L € 1, then L
is an i-sublattice of B(L), so, if « € Cony(B(L)), then 8 € Cony(L).

Therefore:

o Cong(B(L)) = {eq(L/y U{{0},{1}}) : v € Con(L)};
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e if L €1, then Congpo1(B(L)) = {eq(L/~U{{0},{1}}) : v € Cony(L)}.

See in [14, 9, 15] the congruences of any horizontal sum of nontrivial bounded
(involution) lattices. Now let us look at a particular case of horizontal sum:
we consider a bounded (involution) lattice L having |L| > 2 and the lattice C3,
organized as a bi-lattice either as the four—element Boolean algebra or as
the horizontal sum C3 H C3 of two copies of the three—element involution
chain. We denote the incomparable elements of C3 by a and b. Let H be the
horizontal sum of L with the lattice C3. In the case when L is a bi-lattice,
we may organize H as a bi-lattice either as the horizontal sum L 8 CZ? of L
with the four—element Boolean algebra or as the horizontal sum C3 H L H Cs
of L with two copies of the three—element involution chain; the following hold
for any of these two possible definitions of the involution on the lattice C3.
See the following diagrams, in which this construction is applied to B(M)
instead of L, for M an (involution) lattice.

Note that Filt(H) = (Filt(L) \ {L}) U {{a,1},{b,1}, H} and Id(H) =
(Id(L)\{L})U{{0,a},{0,b}, H}, so |Filt(H)| = |Filt(L)| 4+ 2 and |[Id(H)| =
IId(L)| + 2.

Clearly, if L satisfies (k), which means that L is a pseudo—Kleene algebra,
then the first of these two horizontal sums, namely that of L with the four—
element Boolean algebra, satisfies (k), as well, thus, for this definition of the
involution, H becomes a pseudo—Kleene algebra.

Remark 5 With the previous notations, for any element x € L\ {0,1},
S ={0,a,z,b,1} is a bounded sublattice of H and a simple lattice since
S =2 Ms. Hence, if a lattice congruence o of H collapses any of the elements
0,a,x,b,1, so that the restriction o N S? of a to the bounded sublattice S
of H is a nontrivial congruence of S, then aN S? = Vg, thus o collapses 0
and 1 and thus a = V. Therefore, if a # Vg, then the classes of 0,a,b, 1
modulo o are singletons, that is o € Cong1(H), a/a = {a} and b/a = {b}.

Moreover, for any 6 € Cong1(L), the equivalence eq(L/0 U {{a},{b}}),
whose classes are those of 6 along with the singletons {a} and {b}, is clearly
a lattice congruence of H, and it is an i-lattice congruence of H if 0 €
CODIB]IOI (L)

These properties and the fact that L is a bounded (involution) sublattice
of H, so that, for any (involution) lattice congruence o of H, the restriction
an L2 is an (involution) lattice congruence of L, prove that:

e Con(H) ={eq(L/0U {{a},{b}}): 0 € Congi(L)} U{V g} = Congp; (L)
@ Cy;
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e if L € BI, so that H € BI, as well, then Cony(H) = {eq(L/0 U
{{a}, {b}}) : 0 € Congpoy (L)} U {VH} = Conpgpot (L) @ Cs.

Note from the above that, if the bounded lattice L is O—regular, then H is
stmple as a lattice, thus also as an i—lattice.

Now let us look at a construction we have used in [4, 14, 15]: let M
be a lattice and let us consider the bounded lattice H = B(M) B C3, with
the incomparable elements of C3 denoted a and b. Then |H| = |M| + 4,
Filt(H) = {{1},{a,1},{b,1},H} U{F U {1} : F € Filt(M)} and Id(H) =
{{0},{0,a},{0,b}, H} U{ITU{0} : I € Id(M)}, thus |Filt(H)| = |Filt(M)|+4
and |[Id(H)| = |Id(M)] + 4.

If M is an i-lattice, then B(M) becomes a bi-lattice with the involution
that takes 0 to 1 and vice—versa and restricts to the involution of M. As
pointed out above, H can be organized as a bi-lattice either as the horizontal
sum of bi-lattices H = B(M) B C3 of the bi-lattice B(M) with the four—
element Boolean algebra or as the horizontal sum of bi-lattices H = C3 B
B(M) B C3 of the bi-lattice B(M) with two copies of the three—element
involution chain:

(B(M)BC2,): (Cs BB(M)BCs,):

b=d a = as

If M is an i-lattice that satisfies (k), then B(M) is a bi-lattice that satisfies (&),
so B(M) is a pseudo—Kleene algebra. In this case, the horizontal sum
H = B(M) B C3 of the pseudo—Kleene algebra B(M) with the four—element
Boolean algebra satisfies (k), as well, thus H is a pseudo—Kleene algebra.

Remark 6 With the previous notations, from the remarks above and the
fact that B(M) \ {0,1} = M, we obtain:

e Con(H) = {eq(M/0 U {{0},{a},{b},{1}}) : 0 € Con(M)} U{Vp} =
Con(M) & Ca, so |Con(H)| = |Con(M)| + 1;

o if M €1, sothat H € B, then, for either of the definitions above of the
involution of H, we have Cony(H) = {eq(M/0 U {{0}, {a}, {b},{1}}) :
0 € Cong(M)}U{Vg} = Cong(M)®Cs, so |Cony(H)| = |Cong(M)|+1.
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Vu

lea(0}, {a), {53, {13, )

((eq({O}, {a}, {0}, {1}7_M)]Con(H) = Con(MD
A

H
Vi

lea(0}, (a), 193, 113, 20)

((eq({0}, {a}, 4B}, {1}, M)]cony(ar) = Con(M))
Ay

Con(H):

CODH(H).‘

See also [4, 14, 15].

Remark 7 Let L be a lattice. Since the partitions of L are among the
subsets of P(L) of cardinality at most |L|, we have |Con(L)| < |Eq(L)| =
|Part(L)| < (2IEHIE = 2lLHEL 5o that |Con(L)| < [Eq(L)| < 2 if L is
infinite. Actually, by [2, 5], if L is finite, then |Con(L)| < 21X, so L has
at most as many congruences as subsets regardless of whether it is infinite.

Concerning the numbers of filters and ideals of L, we have |L| =
IPFilt(L)| = [PIA(L)| < |Filt(L)], |Id(L)| < |P(L)| = 2IF. Thus, under the
Generalized Continuum Hypothesis, if L is infinite, then |Filt(L)|, |Id(L)| €
{|L|, 2"}, while, if, for some infinite cardinal number v, L has {|Filt(L)]|,
[Id(L)|} = {v,2"}, then |L| = v.

Example 1 Let v be an infinite cardinal and C be a well-ordered set with
top element having |C| = v.

Then C'is a bounded chain with all filters principal, thus it has [Id(C)| =
[Filt(C)| = |PFilt(C)| = |C| = v. Hence the Kleene chain C & C?% has
[Filt(C @ C%)| = [1d(C & C?%)| = [Filt(C)| + Id(C)| -1 =v+v—1=v.

For any nonempty subset S of C'\ {0°,1°}, if, for each a € ({0} U
S)\ Max(S), a* is the successor of a in the well-ordered set {0€} U S, let
us denote by Og the equivalence on C' whose classes are the nonempty sets
[a,a™)¢ for all a as above, along with {x € C : (Ya € S) (a > z)} if this
set is nonempty: 0s = eq({[a,a™)c 1 a € ({0°} U S) \ Max(S)} U ({{z € C:
(Va € 9) (a > 2)}}\ {0})).

Since C' is a chain, each of its equivalences with all classes convex
is a lattice congruence of C [11, 13, 14], hence s € Con(C) for each
S e P(C\{0% 1N\ {0}. Now, if S,T € P(C\ {0°, 1)\ {0} and S # T,
so that, say, there exists an a € S\ T, then [a,a™)c € C/0s \ C/Or, thus
Os # 0.

Hence S +— g is an injective map from P(C\{0¢,1})\{0} to Con(C).
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Therefore 2V = 272 — 1 = |P(C'\ {0°,1°}) \ {#}| < |Con(C)| < 2,
hence |Con(C)| = 2". Thus |Con(C @® C%)| = |Con(C)| - |Con(C)| = 2" -2" =
27,

We may also notice that C @ C?% becomes an antiortholattice when en-
dowed with the trivial Brouwer complement and the following hold.
Cong(C) = {eq({{0°}} U (C'\ {09})/6) : 6 € Con(C\ {0“})} = Con(C'\
{0“}).  Since the chain C\ {0°} is also well ordered and of cardinal-
ity v, we have |Con(C \ {0°})| = 2. Hence |Cong(C)| = 2¥, and, since
Congpo1(C © C%) = {0 @0 : § € Cong(C)} = Cong(C), it follows that
|Conggor (C @ C?)| = |Cong(C)| = 2". Thus the antiortholattice C ® C¢ has
|Conpyz, (C @® Cd)| = |Conggo1 (C & Cd) U{Veacat| =2V +1=2".

Example 2 [4, 14] Let v be an infinite cardinality and T a set with |T| = v.
Let us consider the following bounded sublattice of the Boolean algebra C1':
M = {(z)rer CCo: [{t € T:my =1} < No}U{1¢2}.

Then |M| = v, thus [M & M?% = v+v =v. M & M? is a Kleene
lattice (with the canonical definition for its involution) and it becomes an
antiortholattice when endowed with the trivial Brouwer complement.

M satisfies the DCC, thus it has all filters principal, but it has as
many ideals as subsets. So |M| = |Filt(M)| = v and [Id(M)| = 2, thus
Filt(M @ M9)| = [Id(M & M| =v 42" —1=2".

Since M is a distributive lattice and thus it has at least as many
congruences as ideals, it follows that M has as many congruences as subsets:
|Con(M)| = 2¥. Thus |Con(M @& M?)| = |Con(M)|-|Con(M)| = 2¥-2" = 2¥
and |Cong(M @ M?)| = |Con(M)| = 2V.

Note that M is O-regular. Indeed, let 6 € Cong(M), so that 0°2 /6 =
{0C2T}, and assume by absurdum that there exist x = (v¢)ier € M and
y = (Yt)ter € M such that (x,y) € 0, but x # y. Then xp # yi for some
keT; sayxr, =0 and yp, = 1. Let z = (z¢)er € Cg with z, =1 and z =0
for allt € T\ {k}, so that z € M. Then yp Az, = 1, hence y A z # 0%z .
Thus (0% ,y Az) = (z Az, yAz) €0, so that 0° #yAze 0%/ ={0%},
and we have a contradiction.

Therefore Cong(M) = {An}, thus Congi (M & M%) = {Ayena},
so Congpo1 (M & M?) = {Apqrea} and hence the antiortholattice M &
M? s simple: Congzr(M & M%) = Congro1(M & M%) U {Vepe} =
{Anrena, Virena}
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5 The Theorems

Throughout the rest of this paper, V will be an arbitrary variety of algebras
of the same similarity type.

Let (I, <) be a nonempty ordered set and (A4,),cs a family of members
of V. Recall that (A,),ecr is called a directed system of members of V iff it
satisfies the following condition, stating that each A is a proper subalgebra
of every A,, with A <

@V for all A pe I with A < p, Ay C AM and Ay € Sv(AM) \ {A“}
otherwise written:
(v forall \,p el withA<p, Ay C A, and Ay € Sy(4,)

Of course, if (A,) er satisfies condition (8)y, then, for any ¢ € I, we have:
A, is nontrivial iff A, is nontrivial for each p € I with + < p.
If (A,)uer is a directed system, then we can define the directed union

of (A,)uer to be the member A of V with A = U A, and, for every
pel

belonging to the signature of V and every p € I, x4 |4, = *

Note that, if (A,)uer is a directed system, then so is (A,)ucs for every
nonempty subset J of I, thus, trivially, for each 1 € I, A, is the directed
union of the family (Ax)xera<p-

The following condition states that the proper nontrivial congruences
of every A, are exactly the equivalences on A, having an Ay with A < p as
unique nonsingleton class:

Ap

(©v forall peI, Cony(Ay) ={Aa,,Va,} U
{eg({Ar}U{{z}:x e AL\ Ar}) A e, A< pu}

or, equivalently, that the nontrivial congruences of every A, are exactly its
equivalences having an Ay with A < p as unique nonsingleton class:

(©v forall p eI, Cony(A,) = {A,}U
{eg{Ax}U{{z} 2 € A\ Ar}) s A e, A <pu}

Note that a singleton family satisfies condition (¢)y iff its member is a
simple algebra from V.

If V is the variety of lattices or that of bounded lattices, then we denote
the conditions (8)y and (C)y, simply, by (5) and (c), respectively.
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Before proceeding towards the main results, let us take a look at the
structures that the poset (I,<) and the family (A,)uer ordered by set
inclusion need to have so that conditions (8)y and (c)y can be satisfied.

Remark 8 Let (I, <) be a nonempty ordered set and (A,)ucr be a directed
system of nontrivial members of V which satisfies conditions (8)y and (C)y.
Then:

o the map p— A, from the poset (I, <) to the poset ((Au)ucr, C) is an
order—preserving bijection;

o if (I,<) is a chain, then so is ((Au)ucr, C), and the map p — A, from
(1, <) to ((Ap)per, ©) is a lattice isomorphism.

Indeed, the map pn — A, from I to (A,)ucr is clearly surjective; by condition
(®)v, it is also order—preserving and injective; thus it is an order—preserving
bijection between these two posets. Hence the statement for the particular
case when (I,<) is a chain.

Now let p € T and let us denote by (ulr = {\ € I : X\ < u}. Let us
consider the restriction of the map above to the order ideal (u)r, and also
consider the map Ay = eq({Ax}U{{z} : x € A\ A\}) defined on (Ax)re(y); -
The latter map is clearly injective and order—preserving, and its image does
not contain Aa, since each algebra Ay is montrivial, hence, by condition
(©v, the image of this map is Cony(A,) \ {Aa,}. It follows that:

e the map A\ — Ay from ((p]r, <) to ((Ax)reu),» C) and the map Ay —
eq({Ax} U ({2} a € Ay \ A3}) from ((Ax)aeuss ) o (Cony(Ay) \
{A Au}7 C) are order—preserving bijections, thus so is their composition,
namely the map X\ — eq({Ax} U {{z} : x € A, \ Ax}) from (u]r to
(Cony(Au) \ {Aa,}, ©); in particular, |Cony(Ay)| = ()] + 1;

e thus: ((u]1, <) has a least element iff ((Ax)re(u),> ©) has a least element
iff (Cony(A,)\{Aa,}, C) has a least element iff Cony(A,) has a single
atom iff A, is subdirectly irreducible;

o if (1]1,<) is a chain, then so are ((Ax)xe(y;> S) and (Cony(A,) \
{Aa,},C), thus the maps above are lattice isomorphisms;

o thus, if ((u]r,<) is a chain and it has a least element, so that it is
a bounded chain, then ((p]r,<), ((Ax)re(u;>S) and Cony(A,) are
complete chains such that ((u]1, <) = ((Ax)ae(u);» ) and Cony(A,) =

Co @ ((u]1, <) = C2® ((AN)re(u);r ©)-
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The next two lemmas offer a method to construct, in any variety V,
a family of algebras with any numbers of congruences, provided for every
successor ordinal p+1 with ¢ > 0 and any family (Ay)2<x<, of members of V
satisfying conditions (8)y and (C)y, we can construct an algebra A, from V
such that the family (A))2<i<,u+1 also satisfies conditions (8)y and (©)v:
that is, an algebra A, 1 from V which includes every member of the family
(A))2<a<, and whose nontrivial congruences are exactly its equivalences
having one of the members of (Ay)2<r<u+1 as unique nonsingleton class.
Additionally, if we let As be infinite, of a cardinality v, and the construction
lets |A, 41| differ from |A,| by a cardinality less than v, so that we have, in
fact, |A, 41| = |Ayl|, then, for any ordinal 7 with |7| < v, we can obtain a
family (Ay)2<x<, of algebras of cardinality v whose numbers of congruences
take every value between 2 and |7|.

Lemma 1 [4, Lemma 3.2] Let ¢ be a limit ordinal, o an ordinal with o < ¢,
I={p:0<p<}, (Au)uer a family of members of V and A, the directed
union of the family (Ay)uer. If the family (A,)ucr satisfies conditions ()y
and (©v, then the family (A,)cruqy also satisfies conditions (8)y and (©)y.

Lemma 2 Let 7 be an ordinal, I = {p : 2 < p < 7} and (Ay)uer be a
family of nontrivial members of V that satisfies conditions (8)y and (©)y.

(i) Then, for all p € I, Cony(A,) is isomorphic to the chain {\:1 <A <
p}, in particular Cony(A,,) is a well-ordered set with |Cony(A,)| = |u|.

(ii) Assume that As is infinite and has |As| = v > |7|, that, for each
ordinal pp € I such that p+1 € I, we have |A,11| = |Au|, and that,
for each limit ordinal + € I, A, is the directed union of the family
(Ax)rerr<,- Then |Ax| = v for each X € 1.

Proof: (i) Let p € I. By Remark 8, since I = {\:2 < X\ <7} is a chain
with least element 2 and thus {\ : 2 < A < u} is a chain with least element 2,
we have Cony(A,) ZCo@{A:2< A< pup={A:1 <A< pub.
(ii) We apply induction. By the hypothesis, |As| = v.
Now let ¢ € I'\ {2}, which means that ¢ is an ordinal with 3 < < 7.
If ¢ is a successor ordinal, ¢+ = p + 1 for a (unique) ordinal p with
2 < p < 7 and such that |A,| = v, then |A,| = |A,| = v by the assumption
in the enunciation of (ii).
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If ¢+ is a limit ordinal such that, for all ordinals p with 2 < p < ,
Ayl = v, then v = [A] <A< D |Aul= > v<pl-v<|rl-v=v
2<A<L 2<A<e
since v > |7|. O

Proposition 1 Let k > 3 be a cardinal number, ¢ the smallest ordinal with
=k and I ={p:2<p<.i}.

If there exists a family (Au)uer of nontrivial members of V that satisfies
conditions (8)y and (C)y, then, for any nonsingleton well-ordered set (S, <)
having a largest element and |S| < k, there exists a member A of the family
(Au)uer such that Cony(A) is isomorphic to (S, <).

Proof: Let 19 be the largest element of (S, <) and let us denote by
Sji(S) the set of the strictly join—irreducible elements of the bounded chain
(S, <), that is the elements of this chain that have an (obviously unique)
predecessor. Of course, if S is finite, then Sji(S) = S\ {min(S, <)}.

Let o and 7 be ordinals with |o| = || = |S|, such that 7 is a successor
ordinal and o is a limit ordinal. Then 7 € I and, provided o exists (which,
of course, is not the case if S is finite, case in which 1° € Sji(S)), we also
have o € I.

By Lemma 2, (i), a member A of the family (A,),er whose congruence
Ay, if 19 ¢ Sji(9),

Ay, if 19 € Sji(9).

We will use the general method offered by Lemma 2 in Theorem 2 below,
much in the same way as it has been used in [4] to obtain the next theorem;
we revisit this method to obtain the cases that do not follow directly from
this Theorem 1 as described in Remark 10, namely the case in which our
i—lattices have as many ideals as elements, along with the cases in which
they have as many congruences as their lattice reducts; but first we are
going to point out that, when applied to an infinite simple lattice A, our
construction produces a family of lattices each with as many elements, ideals
and filters as As.

lattice is isomorphic to (5, <) is: A =

Lemma 3 [4, Lemma 3.1] Let I be an ideal of a lattice K such that K
satisfies the following condition:

®r1 for all (xp)neny C K, if x> Ty for alln € N,
then x, € I for all but finitely many n € N.

Then every nonprincipal filter of K is generated by a filter of I.
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Theorem 1 [4, Theorem 1.1] For any infinite cardinal number v and any
cardinal number k with 2 < k < v or k = 2%, there exists a bounded lattice
M, with |M, .| = |Filt(M, )| = v, [Id(M,)| = 2" and |Con(M, )| = k.
Furthermore, M, ov can be chosen to be distributive.

Under the Generalized Continuum Hypothesis, with v, £ and the nota-
tions as in the previous theorem, the lattices M, , and Mﬁl’ .. have the only
possible values for the cardinalities of their sets of filters and ideals under
the condition that these cardinalities are different.

Remark 9 With v, k and the notations from Theorem 1, if k < v, then,
additionally, for any successor ordinal T with |7| = Kk, M, can be chosen
such that Con(M,, ) is isomorphic to the well-ordered set {\:1 <X <7},

On the other hand, for every limit ordinal o with |o| = k < v, there
exists a lattice M, . without lattice bounds having |M, .| = |Filt(M, )| = v,
[Id(M, )| = 2 and Con(M,, ) isomorphic to the well-ordered set {\:1 <
A < o}, in particular having |Con(M, )| = k.

Remark 10 Let v be an infinite cardinal number. For every cardinal num-
ber k with 2 < k < v or k = 2Y, with the notations from Theorem 1, we
let L,, = M, @ Miﬁ. Then L, , is a pseudo-Kleene algebra and, by
Theorem 1, L, 2v can be chosen to be a Kleene lattice.

We have |Filt(L, )| = [Id(Lyx)| = |Filt(M,)| + Id(M, )| — 1 =
v+42Y —1=2",

Con(L,,,) = Con(M,,)? and Cony(L,, ) = Con(M,), thus |Con(L, )|
= 2 and |Cony(L, )| = &, in particular Con(L,, ) = Cony(L, x)? and, if k
is infinite, then |Con(L, )| = |Cony(Ly k).

Under the Generalized Continuum Hypothesis, the cardinal numbers k
above take each value between 2 and the cardinality 2¥ of the sets of the
subsets of the lattices L, .

Also, by the previous remark, for each such cardinal k and every suc-
cessor ordinal T with |T| = Kk, M, can be chosen such that Cony(L,, ) =

Con(M, ) ={ :1 <A< 7}

Now we revisit the technique from the proof in [4] of Theorem 1; we
apply the construction from [4, Section 3] to an arbitrary lattice L and we
also consider the case when L is an involution lattice. We will apply Lemma 3
in a slightly different manner than in [4, Section 3|, so that, in statement
(v) of the following proposition, we do not need to confine ourselves to the
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cases when L satisfies the DCC or the ACC or has as many filters or ideals
as subsets; instead, this statement holds for any lattice L and does not
necessitate enforcing the Continuum Hypothesis.

Remark 11 Of course, if a lattice L has all filters principal, then |Filt(L)| =
|L|, and the same goes for ideals, but the converses do not hold; for instance,
if v is an infinite cardinal number and we let L = Mov & CY, then, since
the Boolean algebra C4 has as many filters and as many ideals and subsets,
while the modular lattice Mov has finite length and thus all filters and
ideals principal, we have |Filt(L)| = [Id(L)| = |Filt(Mav)| + |Filt(C¥)| — 1 =
[Td(Mav)| + Id(CY)| — 1 =2" 42" — 1 = 2" = |L|, and L has nonprincipal
filters, namely the nonprincipal filters of C5, and nonprincipal ideals, namely
the unions of Mav with nonprincipal ideals of C¥; see in [13] more examples
of lattices with as many filters and ideals as elements, but having nonprincipal
filters and nonprincipal ideals, thus failing both the DCC and the ACC.

Now let us apply the construction above to an algebra As = L that
can be a lattice or an i-lattice. So let L be an (involution) lattice and &
be a cardinal number with 2 < k; let o be an ordinal with |o| = k and
o, if k is finite, . . .

T = , so that 7 is a successor ordinal with o < 7
o+ 1, if k is infinite

and |7| =k;and let I ={p:2<pu <7}

We define inductively a family (L,),er of (involution) lattices, in the
following way: Lo = L and, for every t € I\ {2} = {pu:3 < pu <7}

e if 4 is a successor ordinal, © = p+ 1 for a p € I, then we define
L, =B(L,) B (3, as a horizontal sum of bounded (involution) lattices;

e if 1 is a limit ordinal, then we define the (involution) lattice L, to be
the directed union of the family of (involution) lattices (L)< <.

In the next remarks and proposition, we keep the notations above, namely
the cardinal number x > 2, the ordinal ¢ having the cardinality x, the
successor ordinal 7 > ¢ also having the cardinality x, the index set I of
the ordinals between 2 and 7, endowed with the canonical good order, the
(involution) lattice L and the family (L, ),ecr of (involution) lattices defined
as above. We will always consider the canonical order on any set of ordinals.

Remark 12 Note that, in the subfamily (L,),cp 23 of (involution) lattices,
the bounded members L, are exactly those indexed by successor ordinals f.
In particular, L, is a bounded (involution) lattice.
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Remark 13 For the case of bounded involution lattices in the following
proposition, we can also define, for every p € I such that o =p+ 1€ I, the
bi-lattice L, to be the horizontal sum of bi-lattices C3 B B(L,) B C3, and the
statements in the proposition still hold.

Howewver, if we let the involution of L, to be defined as in the horizontal
sum of the bi-lattice B(L,) with the four—element Boolean algebra, and L
satisfies condition (K) (so that L is a pseudo—Kleene algebra in the particular
case when L is bounded), then it is easy to see that each member of the
family (L) uer satisfies &), and thus L, is a pseudo-Kleene algebra for every
successor ordinal v € I\ {2}, in particular L; is a pseudo—Kleene algebra.

Proposition 2 With the notations above:

(i) the family (L,)uer satisfies condition (8) and, if L € I, so that
(L) per C 1, then also condition (S)1;

(it) if L is a nontrivial simple lattice, then the family (L,)ucr satisfies
condition (¢), so, for all p € I, Con(L,) is isomorphic to the well-
ordered set {\ : 1 < X < pu} and thus |Con(L,)| = |p|, in particular
Con(L,) and Con(L;) are isomorphic to the well-ordered sets {)\ :
1< A<o}and {\:1<X\<T7}, respectively, and thus |Con(L,)| =
|Con(L;)| = k;

(iii) if L is a nontrivial simple i-lattice, then the family (L,)ucr satisfies
condition (O, so, for all p € I, Cony(Ly,) is isomorphic to the well-
ordered set {\: 1 < X\ < p} and thus |Cony(L,)| = |p|, in particular
Cony(Ly) and Cony(L;) are isomorphic to the well-ordered sets { :
1< A<o} and {\:1< X< 71}, respectively, and thus |Cong(L,)| =
|Cony(L;)| = k;

(iv) if L is a nontrivial i-lattice with a simple lattice reduct, then the
family (L,)ucr satisfies conditions (¢) and (Or, so, for all p € I,

Cony(L,) = Con(L,) = {X : 1 < X < u} and thus |Cong(L,)| =
|Con(L,)| = |ul, in particular Cony(Ls) = Con(Ly) = {A:1 < X <o},
Conp(L;) = Con(L;) = {X : 1 < X < 7} and thus |Cony(L,)| =
|Con(L,)| = |Cony(L;)| = |Con(L;)| = k;

(v) if L is an infinite lattice and |L| = v > kK, then, for all p € I,
|Lu| = v, |Filt(L,)| = |Filt(L)| and |Id(L,)| = [Id(L)|, in particular
|Ly| = |L7| = v, |Filt(Ly)| = |Filt(L;)| = |Filt(L)| and |1d(L,)| =
[Id(L7)| = [Td(L)].
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Proof: (i) The singleton family {Lo} = {L} trivially satisfies condition (s),
respectively (8);. For every ¢ € I\ {1}, if ¢ is a successor ordinal, t = u+1 for
some (1 € I, then, by the definition of L,, we have L, € S(L,), respectively
L, € Si(L,), while, if ¢ is a limit ordinal, then, again by the definition of L,,
we have Ly € S(L,), respectively Ly € Si(L,), for each 2 < XA < . So
an immediate induction argument shows that the family (L,,),cs satisfies
condition (8), respectively ().

(ii),(iii) We apply induction. Assume that Ly = L is a simple lattice,
respectively a simple i-lattice, so that the singleton family {Lo} = {L}
satisfies condition (c), respectively (). Now let ¢ € I'\ {2}, and let V be the
variety of lattices in the case of (ii), respectively V =1 in the case of (iii).

If ¢ is a successor ordinal, ¢« = p+ 1 for some p € I such that the family
(Lx)2<r<, satisfies condition (©)y, then L, = B(L,) B C3 and Cony(L,) =
{Ar, yU{eq({LrxyU{{z} : 2 € L, \ Lyz}) : 2 < X < p}, therefore, by (i)
and the congruences of the construction L, = B(L,) B C3 determined in
Remark 6, Cony(L,) = {V,}U{eq(L,/0U{{z} 2 €C3=L,\L,}):0¢€
Cony (L)} = {Ar,, Vi, } U{eq({Lr} U {{z} : 2 € L,\ Ly}) : 2 < X < p},
hence the family (Lj)2<)<, also satisfies condition (C)y.

If ¢ is a limit ordinal such that the family (L))a<i<, satisfies condi-
tion (C)y, then, by (i) and Lemma 1, the family (Ly)2<r<, also satisfies
condition (C)y.

By the transfinite induction principle, it follows that the family
(Lu)2<u<r satisfies condition (¢)y. By (i) and Lemma 2, (i), it follows
that, for all ordinals p with 2 < p < 7, Cony(L,) is isomorphic to the
well-ordered set {\: 1 < A < u}, so [Cony(L,)| = |pl.

(iv) By (ii) and (iii), along with the description of the congruences in
conditions (¢) and (¢); and the obvious fact that, if the lattice reduct of the
i-lattice L is simple, then so is the i-lattice L.

(v) By Lemma 2, (ii), we have |L,| = v for all u € I. The property of the
numbers of filters and ideals is trivial for Lo = L.

Now let ¢ € I\ {2}. Let us consider the ideal J = (L]z, = (1%, \
{153} = (03], UL = {0%+1 : 2 < X\ < 7} U L since the chain (053], is
formed of the elements 0» with p a successor ordinal in I if Ly = L is
bounded and in I\ {2} otherwise. J is a principal ideal of L, iff L has a
top element. Since the set {u :2 < p < ¢} is well ordered and thus so is the
filter [173), = {1121 : 2 < X\ <1}, it is easy to notice that L, satisfies the
property (g);, so, by Lemma 3, every nonprincipal filter of L, is generated
by a filter of J.
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Let F' be a nonprincipal filter of L,. Then there exists a filter G of
J = (0%3], U L such that F = [G),.

If G C L, so that G is a filter of L, then F = [G)L
hence G is nonprincipal since F' is nonprincipal.

If G ¢ L, then GN (J\ L) = Gn (03], is nonempty, hence H =
G N (0%]y, is a filter of (03], and clearly, if we denote by ar,,,br, the
two incomparable elements of the copy of C3 from L, = B(L,) B C3 for
each successor ordinal 4 = A+ 1 with A € I\ {7}, then F = [G), =
[H),, =HU | J [0% 1%], uLU™), = HU{0" ay,, by, : p €1,

pel 0lreH
0lw e HY UL U[1%8),, and thus H is nonprincipal since F' is nonprincipal.
(053], = {A4+1:2 < X < 1} is dually well ordered, hence it has all
ideals principal and thus, since it is a chain, |Filt((0%3]z,)| = [Id((0%2]1,)| =
(0F]p | <l <|rl=r<wv.

By the above, clearly, G (thus also G N (03], in the second case above)
is uniquely determined by F', and hence |Filt(L,)| = |PFilt(L,)| + |Filt(L,) \
PFilt(L,)| = |L,| + [Filt(J) \ PFilt(J)| = v + |Filt(J) \ PFilt(J)| = |L| +
IFilt(L) \ PFilt(L)| + [Filt((0%2]., ) \ PFilt((0%2];, )| = [PFilt(L)| + |Filt(L) \
PFilt(L)| + |Filt((0%3]z,) \ PFilt((0%3]z,)| = |Filt(L)| + |Filt((0%2]L,) \
PFilt((0%3]z,)| = |Filt(L)| since |Filt(L)| > |PFilt(L)| = |L| = v >
IFil6((0%4] )| > [Filt((074] ) \ PFilt((0%],

By duality, it follows that [Id(L,)| = |I

L = G U [1L3)LL’

Dl
(L)]- =

Corollary 1 For any infinite simple (involution) lattice L, every cardinal
number k with 2 < k < |L| and every ordinal v with || = k, there exists
an (involution) lattice M with |M| = |L|, |Filt(M)| = |Filt(L)|, [Id(M)| =
[Id(L)| and:

(i) if L is a simple lattice, then Con(M) is isomorphic to the well-ordered
set {A:1 <\ <}, in particular |Con(M)| = k;

(i) if L is a simple i-lattice, then Cony(M) is isomorphic to the well-
ordered set {\: 1 <\ <.}, in particular |Cong(M)| = k;

(ii3) if L is an i-lattice with a simple lattice reduct, then Conp(M) =
Con(M) = {X:1 < X<}, in particular |Cony(M)| = [Con(M)| = &;

(iv) if v is a successor ordinal, then M is a bounded (involution) lattice;
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(v) if L is an i-lattice and satisfies condition (&), then the i-lattice M sat-
isfies condition (K), thus M is a pseudo—Kleene algebra if, additionally,
L 1S a successor ordinal.

Proof: We apply to L the construction above, with Ls = L and ¢« = ¢, and
take M = L,. Then we apply Proposition 2 to obtain (i), (ii) and (iii), then
take ¢ = 7 to also get (iv). Finally, we apply Remark 13 to obtain (v). O

Obviously, we can obtain congruence lattices with different shapes
without changing these cardinalities, at least in the infinite case. For instance,
given any i-lattice M, we have Cony(Cax M) = Conp(B(M)) = Co x Cony(M ),
while Con(Cy x M) 22 Cy x Con(M) and Con(B(M)) = C3 x Con(M).

Recall that the pseudo-Kleene algebras L, , from Remark 10 have
Con(L,,,) = Cong(L, )?, so that |Con(L, )| = x*. Now let us obtain such
pseudo—Kleene algebras with £ many (involution—preserving) congruences,
and, moreover, with their congruences coinciding to those of their lattice
reducts:

Theorem 2 For any infinite cardinal number v, any cardinal number k
with 2 <k <v or k =2" and each p € {v,2"}:

o there exists a bounded lattice Ly, .. with |Filt(Ly, )| = Id(Lyuk)| = p
and |Con(Ly, k)| = Ky

e if kK < v, then, for any well-ordered set (S, <) with largest element
15 having |S| = &, there exists a lattice L, . with |Filt(Ly )| =
Ld(Ly,uk)| = 1 and such that the lattice Con(Ly, , ) isomorphic to
(S, <); moreover, if the largest element 15 of (S, <) has a predecessor
(that is, if 17 is strictly join—irreducible in the bounded chain (S, <)),
then Ly, . can be chosen to be a bounded lattice;

o there exists a bounded involution lattice L, .. with |Filt(L, ,.)| =
Ld(Lyuk)| = p and |Cong(Ly k)| = |Con(Ly k)| = k; moreover,
Ly, can be chosen to be a pseudo—Kleene algebra and, if k = 2",
even a Kleene algebra, more precisely a Kleene chain;

e if Kk < v, then, for any well-ordered set (S,<) with largest ele-
ment 1° having |S| = K, there exists an involution lattice L, ,, with
[Filt(Lyux)| = Md(Lypux)| = p and such that Cony(L,,.) =
Con(Ly k) =2 (S,<) and, furthermore, L, ,, can be chosen such
that it satisfies condition (K); moreover, if the largest element 1° of
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(S, <) has a predecessor (that is, if 15 is strictly join—irreducible in
the bounded chain (S,<)), then L, , . can be chosen to be a bounded
mwolution lattice, thus even a pseudo—Kleene algebra.

Proof: Let T be a set with |T'| = v and let us consider the orthomodular
lattice and thus pseudo—Kleene algebra L, , 2 = M, = M,, = EEteTcg,
which has length 3 and a simple lattice reduct, thus all filters and ideals
principal and |Cong(L,,,2)| = |Con(L,,2)| = 2. By Corollary 1, for every
cardinal number 3 < k < v and every ordinal ¢ having || = &, there exists an
involution lattice L, ,, ., that satisfies (k) and has |Filt(L, ., x)| = [Id(Ly,p.)| =
|Filt(Ly,2)| = [Id(Lyp2)] = v and Cong(Lyy k) = Con(Ly k) = {A: 1<
A <}, so that |Cong(Ly )| = |Con(Ly, )| = k. Additionally, if ¢ is a
successor ordinal, then L, , . is bounded, thus it is a pseudo—Kleene algebra.

Now let C' be a well-ordered set with top element having |C| = v, as in
Example 1, so that the Kleene chain L, , v = C @ C“ has |Cony(Lypov)| =
|Con(C)| = 2" and |Filt(L,2v)| = [Id(Lyp2v)| = v.

Now we consider the pseudo—Kleene algebras L, ov ov = M, ov © Mggl,
and L, v o = (My2v ® Ml§{2y) HHC%, where M, v is the bounded lattice M of
cardinality v from Example 2. Since |M,2v| = v, we have |L, v ov| =
|Lyovo| = v. Since [Filt(M, )| = v and [Id(M,2)| = 2", we have
|Filt(Ly v 2v)| = [Id(Lyovov)| = |Filt(Ly v 2)| = |Id(Ly2v2)| = 2¥. Fi-
nally, |Cony(Ly v 2v)| = |Con(M, ov)| = 2V = 2" - 2V = |Con(L, 2v 2v)| and,
since M, o» is O-regular, so that Cong (M, 20 & Mg,zv} = {AMMV@M%D},
we have Cony(Ly, v 2) = Con(Ly v 2) = {ALV,2V,27 VLVQV‘Q}.

By Corollary 1, it follows that, for every cardinal number 2 < k < v
and any ordinal ¢ with |¢| = &, there exists an involution lattice L, v 4
that satisfies (K) and has |Filt(Ly v x)| = [Id(Lyov x)| = |Filt(Lyov 2)| =
[Id(Ly2v 2)| = 2¥ and Cong(Ly v ) = Con(Lyov ) = {A:1 < X <}, s0
that |Cony(Lyov )| = |Con(Ly v )| = k. Additionally, if ¢ is a successor
ordinal, then L, v , is bounded, thus it is a pseudo-Kleene algebra. O

Corollary 2 For any infinite cardinal number v, any cardinal number k
with 2 < k < v or k = 2" and each pu € {v,2"}, there exists an antiortho-
lattice A, with |Filt(A, )| = [Id(Ay k)| = 1 and |ConpzL(Ay uk)| = k.
Furthermore, if 3 < k < v, then, for every successor ordinal T with |T| = K
and whose predecessor is also a successor ordinal, we may choose A, ,, .
such that Congzr(Ayux) = Congt(Ay k) U{Va,, . =Z{A:1 <A< 1)
otherwise written: if 3 < k < v, then, for any well-ordered set (S, <) of
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cardinality k and having a largest element that has a predecessor p such
that p has a predecessor in (S, <), as well, we may choose A, ,, ., such that

ConpzL(Av k) = Congr(Ap k) U{Va,, .} = (5 2).

Proof: Let us consider the O-regular bounded lattice with v elements and
as many ideals as subsets M), ov from the proof of Theorem 2, which equals
M from Example 2. Then the antiortholattice A, ov 2 = M, ov @ Mﬁ{QV has
|AV’2V’2| =V, ’Fﬂt(Al,’Qu,gﬂ == |Id(A,j,2u’2)| =2v and |COH]BZL(AV72U72)| = 2.

Now we consider the modular lattice M, with v elements and length 3,
which is simple, thus O-regular, and has all filters and ideals principal
since it has finite length, and we let A,,2 = M, @ ./\/l,ﬁl. Then the an-
tiortholattice A, .2 has |4, ,2| = v, |Filt(4,,2)| = [Id(A,.2)| = v and
|Conpzr(Avw2)| = 2.

Now let k be a cardinal number with 3 < k < v or Kk = 2%, let
p € {v,2"}, and consider the antiortholattice A, . = Co ® Ly ;1 ® Ca,
where L, , -1 is a pseudo—Kleene algebra as in Theorem 2, that is with
v elements, p filters and ideals and x — 1 congruences. Then |4, , .| = v,
[Filt(Aypue)| = [Id(Appe)| = p and [Conpzr(Avuk)| = [Congior (Avux)| +
1= |Conp(Lypyr—1)|+1=rk—-1+1=x.

Additionally, if kK < v and thus 2 < k — 1 < v, then, according to
Theorem 2, for every successor ordinal o with |o| =k — 1, Ly -1 can be
chosen such that all its lattice congruences preserve its involution and its
congruence lattice is isomorphic to {A: 1 < A < o}. Now, if we let 7 = 0+ 1,
so that |7| = &, then it follows that Conggzr (A, k) = Congro(Ay k) U
[V Ay} = {ea(Lupn1/BULHOL, 11) 1 B € Cont(Lypus1)} AV iy, } =
{ea(Lupw1/8 U {{0},11}}) ¢ B € ConlLuyw 1)} U {Va,,.} =
Cong1(Ay k) U{Va,, J=2{A:1<A<0}@C={A:1<A<o+1} =
{A:1< A< 7} ]

Corollary 3 Under the Generalized Continuum Hypothesis:

e an infinite (bounded) lattice with any numbers of filters and ideals can
have any number of congruences between 2 and its number of subsets;

e a (bounded) involution lattice and even a pseudo—Kleene algebra with
any number of ideals can have any number of congruences between 2
and its number of subsets and, simultaneously, when it has strictly less
congruences than subsets, its congruences coinciding to those of its
lattice reduct;
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e an antiortholattice with any number of ideals can have any number of
congruences between 2 and its number of subsets and, simultaneously,
when it has strictly less congruences than subsets, its proper congruences
coinciding to the congruences of its lattice reduct that have singleton
classes of its lattice bounds.

Under the Continuum Hypothesis, the above hold for countable (bounded)
lattices, countable (bounded) involution lattices and even pseudo—Kleene
algebras, respectively countable antiortholattices.
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