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MORGAN-STONE LATTICES VERSUS DE MORGAN LATTICES

ALEXEJ P. PYNKO

ABSTRACT. Morgan-Stone (MS) lattices are axiomatized by the constant-free
identities of those axiomatizing Morgan-Stone (MS) algebras, in which case
double negation is an endomorphism of any MS lattice onto its De Morgan
lattice subalgebra, and so this point has interesting consequences concerning
the issues of lattices of [quasi-]varieties of MS lattices facilitating finding these
much. First, we prove that the variety of MS lattices is the quasi-variety
generated by a six-element one with lattice reduct being the direct product of
the three- and two-element chain lattices, in which case subdirectly-irreducible
MS lattices are exactly isomorphic copies of non-one-element subalgebras of
the six-element generating MS lattice with the double negation endomorphism
kernel being the only non-trivial congruence of any non-simple one, and so, by
a universal tool elaborated here, we get a 29-element non-chain distributive
lattice of varieties of MS lattices, isomorphic to the one of sets of such sub-
algebras containing embedable ones, subsuming the four-/three-element chain
one of “De Morgan”/Stone lattices/algebras (viz., constant-free versions of
De Morgan algebras)/(more precisely, their term-wise definitionally equivalent
constant-free versions, called Stone lattices). And what is more, we prove that
any sub-quasi-variety of the quasi-equational join (viz., the quasi-variety gen-
erated by the union) of a finitely-generated quasi-variety of MS lattices and the
variety of De Morgan lattices, including the former, is the quasi-equational join
of its intersection with the latter and the former. As a consequence, using the
eight-element non-chain distributive lattice L of quasi-varieties of De Morgan
lattices, found earlier, we prove that the lattice of sub-quasi-varieties of “the
[quasi-Jequational join of the varieties of De Morgan and Stone lattices” /“the
unbounded equational approximation of MS algebras (viz., the greatest variety
of MS lattices without bounded members not expandable to MS algebras)”,
being a non-chain distributive (15/29)-element one embedable into the direct
product of L and a (2/5)-element chain, is constituted by 2/5 planes, each
being isomorphic to the filter F' of L with least element, being the intersection
of that @ of the plane and the variety of De Morgan lattices, and consisting
of the quasi-equational joins of @ and elements of F'.

1. INTRODUCTION

The notion of De Morgan lattice, being originally due to [7], has been indepen-
dently explored in [5] under the term distributive i-lattice w.r.t. their subdirectly-
irreducibles and the lattice of varieties. They satisfy so-called De Morgan identities.
On the other hand, these are equally satisfied in Stone algebras (cf., e.g., [4]). This
has inevitably raised the issue of unifying such varieties. Perhaps, a first way of
doing it within the framework of De Morgan algebras (viz., bounded De Morgan
lattices; cf., e.g., [1]) has been due to [2] under the term Morgan-Stone (MS) algebra
providing a description of their subdirectly-irreducibles. Here, we study unbounded
MS algebras naturally called Morgan-Stone (MS) lattices.

The rest of the work is as follows. Section 2 is a concise summary of basic
set-theoretical and algebraic issues underlying the work. Next, in Section 3, we
elaborate a universal tool of finding the lattice of relative sub-varieties of finite
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2 A. P. PYNKO

sub-classes of congruence-distributive varieties, consisting of finite algebras, each
non-one-element non-simple subalgebra of which has an endomorphism with ker-
nel, being the only non-trivial congruence of the subalgebra. Then, in Section 4, we
apply it to finding the lattices of varieties of [bounded] MS lattices [properly sub-
suming MS algebras|. Likewise, in Section 5, upon the basis of the double negation
endomorphism of MS lattices and the eight-element non-chain distributive lattice
of quasi-varieties of De Morgan lattices found in [9], we find a (15/29)-element
one of sub-quasi-varieties of “the [quasi-Jequational join of De Morgan and Stone
lattices” / “the unbounded equational approximation of MS algebras”.

2. GENERAL BACKGROUND

2.1. Set-theoretical background. Non-negative integers are identified with sets/
ordinals of lesser ones, their set/ordinal being denoted by w. Unless any confusion
is possible, one-element sets are identified with their elements.

Given any sets A, B, D and 6 C A2, let p(,)([B,]A) be the set of all (finite)
subsets of A [including B], (Aalvg) = {{a,alf[{a}]) | a € A} and x§ = (((ANB) x
{1}) U ((A\ B) x {0})), A-tuples {viz., functions with domain A} being written
in the sequence form ¢ with ¢,, where a € A, standing for m,(#). Then, given
any S € p(D)? and f € [[,cp Si', we have its functional product O H:A—
(Ilpei Sb)a = (fo(a))sep such that

(2.1) kee [T 1) = (A200([) (ker 1)),

beB
(2.2) weB:f, = ([ Hom)

fo ® f1 standing for (HF f), whenever B = 2.

A lower/upper cone of a poset P = (P,<) is any C C P such that, for all
a€Candbe P, (a=2/=<b) = (beC). Then, ana € S C P is said to be
minimal/mazimal in S, if {a} is a lower/upper cone of S, their set being denoted
by (min / max)p <(S), in case of the equality of which to S, this is called an anti-
chain of P. -

An X € Y C p(A) is said to be meet-irreducible in Y, if VZ € p(Y) : (AN
(NZ)) =X)= (X € Z), their set being denoted by MI(Y").

2.2. Algebraic background. Unless otherwise specified, we deal with a fixed but
arbitrary finitary functional signature ¥, ¥-algebras/ “their carriers” being denoted
by /respective [multiple] capital Fraktur/Italic letters (with /same indices|suffices)
“their class being denoted by Ax”/. Let Tmys be the set of 3-terms with variables
in {2;}iew and Eqy 2 Tm$, any ([T, (¢, ¥))]) € ([p(Eas)x] Edx) being viewed
as a X[-quasi/-equation/-identity [I' —|(¢ =~ ) /“identified with the universal
closure of [AT —](¢ = 1), in which case, providing ¥, = {A,V} C %, ¢ S v
stands for (¢ A 1)) ~ ¢, while, for any Y-algebra 2l and a € A2, ag1 (< | 2)ma1|0
means A = (zo $ x1)[xi/a;)ic2, whereas, for any ¢ € Ly [and n € (w\ 1)],
O1(4n] (Z1[4n]) £ ([0n(Zn)0)Topn)). The set [QE(K) of B[-quasil-identities true in a
K C Ay is called its [quasi-/equational theory. Given a unary ! € ¥ and a ¢ € Tmy,
(by induction on n € (w\ 1)) set °HFMp £ (n~ ).

A subclass of (K C)Ay. “closed under (KO)I[SHS\P{U} “/“containing every %-
algebra with all finitely-generated subalgebras in the class” is referred to as “(rel-
atively) [hereditarily-]abstract|hereditary|{ ultra-} multiplicative” /local {cf. [6]). Gi-

ven a K C Ay > 2, set hom{3|(,K) £ {h € hom(2,B) | B € K[, (imgh) =

B](, (kerh) = A4)} and Cok () = {0 € Co() | (A/0) € K}, in which case, for all
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B € Ay and h € hom!™ (2, B):

(2.3) VO € Co(B) : (kerh) Ch [0] 2 {a € A* | (aoh) € 0} € Co()
[V € (Co(2A) N p(ker h, A?)) : h[¥] £ {bo h | b€ ¥} € Co(B),
9 = h~ [R[J]],0 = h[h™{0]],

and so the posets Co(2) N p(ker h, A%) and Co(B) partially ordered by inclusion
are isomorphic], while, by the Homomorphism Theorem:

(2.4) ker[hom® (2, K)] = Co(r)xs))k (),

and so, since, for any set I, B € AL and f € (T],.; hom(2, B;)):

el
(2.5) (T 7 € om0,

iel

taking 7 £ Coqras)k (%), B 2 (A/i)ier € (LIS)K)" and f 2 (vi)ier € ([Tie;
hom® (2, B,)), by (2.1) and (2.2), we eventually get:

(26) (2 e IPSP({IH({I}S)K) & (42 N () ker[hom® (2, K)]) = A).

According to [10], pre-varieties are abstract hereditary multiplicative classes of
S-algebras, ISPK = IPSPS . 1)K being the least one including a {finite} class K
of {finite} X-algebras and so said to be generated by this {and finitely-generated}.
Likewise, [quasi-Jvarieties are hereditary [ultra-]multiplicative classes closed un-
der HU[2 T (these are exactly model classes of sets of ¥-[quasi-]identities, and

so are local and also said to be [quasi-Jequational; cf., e.g., [6]), HUspk =
Mod([Q]E(K))[{= ISPK; cf., e.g., [3, Corollary 2.3]}] being the least one including
K and so said to be generated by this {and finitely-generated}. Then, intersections of
a K C Ay, with [quasi-/pre-|varieties are called its relative sub-[quasi-/pre-Jvarieties,
in which case, for any J C Eqy,,

(2.7) (IP5P(K) N Mod (7)) = IPSP (K N Mod(J)),

and so S — (SN K) and R — IPSPR are inverse to one another isomorphisms
between the lattices of relative sub-varieties of IPSPK and those of K. Furthermore,
a variety V C Ay is said to be congruence-distributive, if, for each 21 € V, the lattice
Co(2) is distributive. Given [quasi-]varieties Q, Q" C Ay, their [quasi-/equational
join is the [quasi-Jvariety Q W@ Q" generated by QU Q', the lattice of sub-[quasi-
Jvarieties of Q (including Q') with meet /join N/w[Y) being denoted by £/q;((Q’,)Q).!

Finally, recall that an 21 € Ay is said to be simple/subdirectly-irreducible, if
A, € (maxc /MI)(Co(2A)\ ({A%}/2)), in which case |A| # 1, the class of [those of]
them [which are in a K C Ay] being denoted by (Si/SI)[(K)] and, by (2.3), being
[relatively] abstract, and so, by (2.3),

(2.8) (Si|SHIAPSP(S)K) CI(S.,,)K’,

for any K’ C Ay,. Then, varieties without non-simple subdirectly-irreducibles are
said to be semi-simple.

1Though being proper classes, [quasi-]varieties, being model classes of their [quasi-]equational
theories, are uniquely determined by these, so, under identification with them, are allowed to be
viewed as sets and to constitute {po}sets, lattices, etc.
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3. PRELIMINARIES

A congruence-determining endomorphism for/of a non-simple non-one-element
Y-algebra 2 is any h € hom(2,2) such that Co(2) = {Aa,kerh, A%}, in case of
existence of which 2 is called endo-pre-simple, either simple or endo-pre-simple Y-
algebras [without non-pre-simple non-one-element subalgebras| being called [(non-
trivially- )hereditarily] pre-simple and being, clearly, subdirectly-irreducible.

Theorem 3.1. Let K be a [finite] class of [finite] hereditarily pre-simple -algebras
[V 2 K a congruence-distributive variety {in particular, ¥ C X, while each mem-
ber of KIX, is a lattice; cf. [8]}] and K' CIS< K. [Suppose S<1K C IK'.] Then,
for all A B € S<1K, and every (non-)injective h € homS(Ql7 B), (A is not simple
with a congruence-determining endomorphism h' such that (ker ') = (ker h) and)
(h=1(oh’)) € hom; (B, A), in which case, for every A € K, (K" nHA') C ISA
[and so relative sub-varieties of K' are exactly its relatively hereditarily-abstract
subclasses. In particular, for any relatively hereditarily-abstract K" C K’ i.e.,
K" = (K'NISK"{")){ where K" C K'), there is a ® € (ITeewnkm (E(K")\ E(Q))),
K" being then the relative sub-variety of K' relatively aziomatized by img ®].

Proof. The []-non-optional part is by the Homomorphism Theorem. [Now, consider
any relatively hereditarily-abstract K” C K’, any set I, any ® € (K”)!, any sub-
algebra € of B’ £ [,.;D;, any § € K and any g € hom® (€&, §), in which case,
as § is finite, there are a finitely-generated ¢ € S€ C SB’, a § € S.1K and an
e € hom{(F,F) such that ¢ 2 ((¢g|E’) o e) € hom®(¢,§'), while, for each i € I,
there are some ®; € S<;K and some ¢, € hom (D;,®;), and so, by (2.3) and the
subdirect irreducibility of §’, (kerg’) € MI(Co(&’)), as well as H = {(m;[E") o €/ |
i € I} C hom(¢,K) is finite, for both K and all its members are so, whereas
((E")? v (Nker[H])) = ((E")? N (Mg ker(mi[E'))) = Ap C (kerg') & (E')?, for
limgg'| = |F'| = |F| > 1, 3 being thus non-empty. Then, by the congruence
distributivity of V 3 &', there is some f € H such that (ker f) C (kerg’), in which
case there is some i € I such that f/ £ (foe'; ') = (m|E’) € hom(¢',D,), while
(ker f') = (ker f) C (kerg’) € (E')?, and so (ker f’) # (E')?, i.e., |img f'| > 1,
whereas ®' £ f/[¢/] € S51D; C Su 1K' C IS5 ;K C IK'. Take any ¢’ € (K'NID’) #
@ and any h” € hom{ (¢/,®") # @, in which case ¢’ € (K'NISD;) C (K'NISK") C
K", while, by the Homomorphism Theorem, (h” o fltog o e 1) € hom®(¢, 3),
and so § € (K'NHZ') C (K'NIS¢’) C (K'NISK"”) C K", as required.] O

4. MORGAN-STONE LATTICES VERSUS DISTRIBUTIVE LATTICES

From now on, we deal with the signatures ES__[)OI] 2 (S (u{-Du{L, T},

[bounded] lattices being supposed ¥ ¢ij-algebras. For any n € ((w\ 2)[2), let
Dpp,01] be the chain bounded lattice with carrier n|{n}. Recall the well-known:

Lemma 4.1. Let A be a [bounded] lattice and F C A. Suppose F is either a prime
filter of A or in {@, A}[N@]. Then, (unless F € {@, A}) x% € hom® (A, Dap01)-

Lemma 4.2. Let 2 € Ax > B be a semi-lattice with bound b € A (i.e., b = (aA®b),
for alla € A) and h € hom®(A,B). Then, B is a semi-lattice with bound h(b).

Let (o[P)ojs = (AIDI(VIT)), DM = (=(x0 0 21) & (@0 01— =71)), MN; ; =
(—%ixg ~ (=3img 0; ~27'xg)) and N'B; = (—by_; ~ b;), where i,j € 2. Then, a
[bounded/] Morgan{-Stone} ({MS}) lattice[/algebra] is any X [on-algebra 2 €
Mod({DMi i1 (+1)) U{MNjk}jer+1)) ke@i—1p [UINBiieo/1) i) with [bo-
unded] distributive lattice [ (o1 /[[1] {resp., [2]}] and their variety denoted
by [B/IM{S}(L[/A]), in which case i* £ (=*)* € hom(2[|X}/],A[IL]/]) and
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(1,1,1)

0,1,1)
(1,1,0)

(0,1,0) (0,0,1)

(0,0,0)

FIGURE 1. The [bounded] Morgan-Stone lattice 9IS (g)2)[,01]-

(A /) I(img %)) € M(L[/A]), an a € A being called (negatively) idempotent, if
=4 (=")a = (=*)a, with their set %(QL)(Z_) ).

4.1. Subdirectly-irreducibles. Let 901G |2)[,01) be the [bounded] MS lattice with
E+[701]—reduct ((@2[,01] X @(2|1)[701]) [((22\{@(, 0> | k e (2\(1|0))}))) X @(2|0)[701] and
=MSeron £ {(a, (1 = Tpin2,3-0)(a))ees) | @ € MSg2} the Hasse diagram of its
lattice reduct with its (non-)idempotent elements marked by (non-)solid |large cir-
cles and arrows reflecting action of its operation — on its non-idempotent elements
|“as well as thick lines” being depicted at Figure 1. Then, (9MSs5(017[MS 401,01
DM 01)[Rs:n 1,01 [S3p,01)|Bapo1]) = (MSep 0171 ((MS6\{(0,0, DHI((MSsnmy ' [{n}])
U (3 X {1 — n}))|ﬁm66 [MSGH(DM4 N MS4n)|(MS5 N MS4;1)‘(K3:0 N K3;1))), where
n € 2, and members of Mg/ & ({MSqp01} U ({IMS2011}\/ N 2])) ex-
haust those of MSyo1(1y/—] = Ss1({MSg[01)}[UMo1,_]) with isomorphic Kso[,01]
and 311,01 “but without”// “being the only” isomorphic distinct members of
MS,, //a101(+)/—] = (MSjo1/- \ ({Rs:(1-n)[,011}//9)) partially-//quasi-ordered by the
embedability relation between them =,/ 01(+)/-1= {(B,€) € MS?L//[,Ol/—] | (B¢
C) = (@m € ({n}//2) : Ksmja-my) = Il € (BlC)),(B = MS3) = (B = C)/]}
“the Hasse diagram of the poset being depicted at Figure 2”7 //.

Lemma 4.3. For any 2 € S(>1)Mjp1}, Co(A) = {A4,ker A%, A%} (in which case
2, being subdirectly-irreducible, is simple iff either A? = (ker i%), i.e., A = MS,,
or B* is injective, i.e., A C DMy), and so {non-}simple members of MS,.[01) are
marked by {non-}solid circles-nodes at Figure 2.

Proof. Given any I C 3, put 6; £ (A% N (N, ker(m;[A4))). Consider any 6 €
(Co(2M) \ {A4}) C Co(/UIX4), in which case, by the congruence-distributivity of
lattices [8], the simplicity of two-element algebras, absence of their proper non-one-
element subalgebras and (2.3), there is some J C 3 such that § = 6. Take any a €
(0\A4) # @, in which case there is some j € 3 such that 7;(mg(a)) # m;(m1(a)), and
500 ¢ J, because 0 > (ao(=(27)med3) Ay  (Ler 7). Then, J C K £ (3\1), in which
case ) O O = (ker h*). Furthermore, unless 6 = 6, take any b € (0 \ 0x) # @, in
which case (0N DMZ2) > ¢ 2 (bo(=?)%) = (boh*) & A4, and so there is some k € 3
such that 7y (mo(c)) # mr(m1(c)). In that case, since mo(m(c)) = m1(m(c)), for all
I €2,nom € Kisin J, because § > (co(—max(m—max(Lk)max(L,k)=m)A) & (ker rr,,,),
and so 0 = 0jnx = 0y = A2, as required. O

Theorem 4.4. [B/]MSL[/A] = ISP({&RGG[,OI]}[UMOI/—D = IPSDMS((OH)[,])[OU_ s
in which case SI([B/IMSL[/A]) = IMS((o1)})jo1/—], and so Si([B/IMS(L[/A]) =
I(({MS2p 011 }/2]) US> 1DMy 01)-
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MBS 01y

DMy 01 MS 411,01

G301

R3:n[,01]

Bol,01

FIGURE 2. The embedability poset MS,,[ o] [with merely thick lines].

Proof. By the Prime Ideal Theorem, for any 21 € MSL and any a € (A% \ Ax),
there is a prime filter F' of A such that a & (ker x4), in which case, by DM,
(H|G) 2 (A\ (=) '[F])|(-¥)"'[A\ H]) is either a prime filter of A[X, or in
{@, A}, and so, by MNy|1,0 and Lemma 4.1, h £ b, (X5 (), xG(0), xH ) | b e
A} € hom(UA, MS;) with a & (kerh). Then, (2.3), (2.6), (2.8), Lemmas 4.2, 4.3
and the following equality complete the argument:

(4.1) (MSg; N MSA) = MSq;_. 0

4.2. The lattice of sub-varieties. First, by Theorem 3.1, Lemma 4.3 and (4.1),
we immediately have:

Corollary 4.5. Let K C Mgy and K' C IS5 K. {Suppose S>1K C IK'".} Then,
for all A, B € Su1K and every (non-)injective h € hom®(A,B), (b~ (ch?)) €
hom (B, ), in which case, for each A € K', (K" NHA") C ISA' {and so relative
sub-varieties of K’ are exactly its relatively hereditarily-abstract subclasses. In par-
ticular, for any relatively hereditarily-abstract K" C K', i.e., K" = (K' N ISK"{"))(
where K" C K'), there is a ® € ([[ecwn k) (E(K')\ E(T))), K" being then the
relative sub-variety of K' relatively axiomatized by img ®}.

In this way, taking (2.7) and Theorem 4.4 into account, the lattice of varieties
of [bounded/] MS lattices[/algebras] is isomorphic to the one of lower cones of the
poset (MSoj1y,01/-]» =(0/1)[,01/-])» given by Figure 2. Though the task of finding
the latter, being reduced to that of finding anti-chains of the poset involved, is to
be solved rather mechanically, the one of finding relative axiomatizations of lower
cones of the poset under consideration is not so easily solvable.
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Let @ilkbm & ((Sig; o, =Fx;) 0, =™1;), where i, j, k,I,m € 3 and n € 2, while

JZQ’;{JZ L (ghhktm < pontlly “where 0,1, )k, £ € 3, whereas:
A 0,2,2,0(+(01)),2
Mvia) = Jo0.00+(1/0):00+(0/1)),0(+1)
& 0,0,1,0(+2),1(+1)
Sy = J00a(+1)0(+1)°
(W) & 40,0,1,0{+2},1{+1}
M} T 1,1,0(+2),1{+1},1>
A q0,2,2,0,2
J = 30,1,1,0,1,
A 0,1,2,0(+1),2
Qa)y = Joooo(1)001):
A q0,2,2,0,2
o= 1,2,1,0,0*

Then, members of [B/](N|A){D}ML[/A] £ ([B/IMSL[/A] N Mod(Mxja))) are called
[bounded/] (nearly|almost) {De} Morgan lattices[/algebras]. Likewise, ones of

[B/J(A)SLI/A] £ ([B/IMSL[/A] N Mod(8(a)))

are called [bounded/] (almost) Stone lattices[/algebras], those of [B/](A)BL[/A] £
([B/](A)SL[/A] N [B/](A)ML[/A]) being called [bounded/] (almost) Boolean lattices
[/algebras]; cf. [9, Definition 3.5] for an equivalent definition in the non-optional
case. Next, members of

[B/](P[{A}Q)SMSL[/A] £ ([B/]MSL[/A] N Mod((P|Q) ;)
are said to be [{almost} pseudo-|quasi-strong, those of
[B/I{A}SMSL[/A] £ ([B/]PSMSL[/A] N [B/]{A}QSMSL[/A])

being said to be {almost} strong. Likewise, members of [B]TNIMSL £ ([B]JMSL N
Mod (7)) are said to be totally negatively idempotent, for their elements are all neg-
atively idempotent, in view of their being models of {T, MN,}[xo/—zo]. Further,
members of [B/]([AJQ]S)(W)K{MJSLI/A] 2 ((B/]([PI([A]Q1S)(W)K{M}SL[/A] N
Mod(ﬂ(iﬁ%)) are called [bounded/] ([ ||almost| pseudo-|quasi-|strong) (weakly)
Kleene-{ Morgan-}Stone lattices[/algebras]. Likewise, those of

[B/I{N|A}(W)KL[/A] £ ([B/]{N|A}DML[/A] N Mod(X™))

are called [bounded/] {nearly|almost} (weakly) Kleene lattices[/algebras]. Finally,
the trivial variety of one-element Ejr[ Ol]—algebras is naturally denoted by [BJOMSL.

Let MSo11((A)) £ ({(NBo, ]M, Mn,Ma, 8, 84,2, 94, P, K, K, KW, K3, THN
E(A))) (where A € MSjyy;).

Lemma 4.6. For any 2 € MSyg17, M8g11(2) is given by Table 1.

TABLE 1. Identities of M§p;) true in members of MSjgy;.

93?66[’01] @[U{N‘BO}]

S)ﬁ65[,01} {[NBO,]T,KW,KXX}

MS 1001 | {NBo, M, P, K, Kng, KWV, KV} }
m64:1[,01] {[N‘BO,]Q,QA,K,XM,KW,KX/Y}

DMy 01 M8 o1 \ {fK,ﬂCW,S,SA,T}

MSa01] Moy \ {NBo, |M, Q, 8}

£3.0[1[,01] M8y \ {3,834, 7T}
S301] M8io17 \ {M, M, M, T}

Bl o1] MS8o11 \ {T}
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Proof. Clearly, for any line of Table 1, the identities of the second column of it are
true in the algebra of the first one. Conversely,

W
MSoron Ky

min(1,9))]ic2(41})>

[z;/(1 — min(1,4), 1| max(1 — 4,7 — 1),

Gson; FE Maay[zi/ (6 L D]iea(+0p1)))
OMypon KWV wi/((6,0, 1 — i)ieo,
MSy1,01) ¥ Plzo/(0,1,1),21/(0,0,1)],
MSEy01011 ¥ Qalwi/(i,1,4)]ico,
Rzop01 F Saylri/(max(l —d,i — 1), max(1 —4,i — 1),
max(0,4 — 1)>}ie(2(+1)),
(BIMS)g 01y ¥ (TIMQYSINBo])) [/ (11(lld]| (1 — 9)[[1]),
L 10Mieqiarjon)-
Then, the fact that varieties are abstract and hereditary ends the proof. O

Theorem 4.7. Sub-varieties of [B/IMS(L[/A]) form the non-chain distributive lat-
tice with 29[(+11)/(—=9)] elements, embedable into (Dyp4(3/0) X Da[+(3/0)—1]) X
D4, whose Hasse diagram with [either thick or] thin lines is depicted at Figure
3, any (non-)solid circle-node of it being marked by a (non-)semi-simple variety
V C [B/IMS(L[/A]), numbered from 1[+(0/20)] to 29[+11] according to Table 2 with
K2 ({WKG?[,OH}[/@]), 1€ 2, MSV7i[701/_] £ maxii[,m/f](MSi[,Ol/—] ﬂV), given by
the third column, and k = (9 - (1[/0)])) [as well as £ = (29 - (0/1))], in which
case SI(V) = IS51MSy ;j01/-], and so V is the (pre-||quasi-)variety generated by
MSy if,01/-], [BISMSL being that generated by {SI}([B]DML U [B]SL).

Proof. Clearly, the sets appearing in the third column of Table 2 are exactly all
anti-chains of the poset (MS;[ 1,1, =i01/-])- Then, (2.7), Theorem 4.4, Corollary
4.5 and Lemma 4.6 complete the argument. O

TABLE 2. Maximal subdirectly-irreducibles of varieties of [bound-
ed/] Morgan-Stone lattices[/algebras].

1[+4] [BIMS(L[/A]) {MSe1,01) HUK]
2[+4] [BIPS(WK)MS(L[/A]) {MS51,01), DMag,01) HUK]
3[+1][+¢] [B]WK[M]S(L[/A]) {MSs(,01), MSai1(,01 [, DMaf,01 ] HUK]
5[+4] [BJPSWKS(L[/A]) {MS51,01 HUK]
6[+1][+¢ [BIK[MIS(L[/A]) {MSuj01) [ J € 2} [U{DM 401 }][UK]
8[+1][+4 [BIPSK[M]S(L[/A]) {MS w0011, Sap01 [, DMap 011 HUK]
10[+4] [BINDM(L[/A]) {MS4.00,01), DMap,01) }HUK]
11[+4] [BIN{W}K(L[/A]) {MS 400,01 }[UK]
12 [B]TN||\/|SL {9)?62[701]}
22| k| | [B/][AJQS{{W}K)MS(L[/A]) {MS4:1(,01), DMag,01) }UK]
23| k] [B/][A]QS{W}KS(L[/A]) {MS 11,01} UK]
24| k| [B/]LA]SMS(L[/A]) {Ss011, DMag,01 }UK]
25| k| [B/]LA|DM(L[/A]) {DM g0} UK]
26| k] [B/][AJS{W}KS(L[/A]) {S31,01), Rz:i017} [UK]
27| k] [B/][AJ{W}K(L[/A]) {Rs.ip,01 UK
28| —k| [B/ILAIS(L[/A]) {G3p0}UK]
29| k| [B/]LAIB(L[/A]) {Ba01}UK]
21 [BJOMSL (%)
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21

FIGURE 3. The lattice of varieties of [bounded/] Morgan-Stone lattices[/algebras].

Thus, it is rather SMSL/A than MSL/A that is the right “abstraction” of De
Morgan and Stone lattices/algebras. Likewise, QSMSL, being the greatest variety
of MS lattices disjoint with (BMSL\ MSA)[X7, is to be viewed as “the unbounded
equational approximation of MS algebras”.

5. ON QUASI-VARIETIES OF MORGAN-STONE LATTICES

5.1. Non-idempotencity versus two-valued Boolean homomorphisms. Gi-
ven any K C [BJMSL, NIK stands for the relative sub-quasi-variety of K, relatively
axiomatized by the ¥ -quasi-identity:
(5.1) (mxo = x9) — (zo =~ x1),
members of which are said to be non-idempotent. Conversely, those of IK £ (K\NIK)
are said to be idempotent. Clearly, for any Q C (pw(quf[ ) X Eqgp- ),

+[,01

] +1,01]
(5.2) (NIKU(KNMod(9Q))) = (KNMod({({—zo = 2o} UT) — |

(' = @) € (Qzi/Tit1]icw})-
Likewise,

(5.3) NI[B]TNIMSL = [BJOMSL.
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Given any more K’ C [B]MSL, set (K@ K') £ {2 x B | (2,B) € (K x K')}.

Lemma 5.1. Any (non-one-element) 2 € [B]MSL is non-idempotent if(f) hom (%,
Bao1) # 2. In particular, NIMS(g) = S&3 = {G3,01], Baj,01)}, while any variety
V C [BIMSL with NIV ¢ [BJOMSL contains B o1)-

Proof. The “if” part is by the equality 32001 = @. (Conversely, assume 2 is
non-idempotent, in which case B £ ((A[L7)[(img#h*)) € DML is neither idem-
potent nor one-element, and so, by (2.6) and [9, Proposition 4.2], there is an
h € hom(B,B,). Then, [by Lemma 4.2 and absense of proper subalgebras of B,]
(F% o h) € hom(%, By 017).) Finally, the fact that ASston € hom(S3(01], Baf01])
completes the argument. (|

Lemma 5.2. B, is embedable into any A € (MSL \ TNIMSL) 2 ((NIMSL U
[QJSMSL) \ OMSL).

Proof. Take any a € (A\ %) # @, in which case {(i,i,i, "®a o} -*-%a) | i € 2} €
homy (B4, 2), and so Theorem 4.7 and (5.3) complete the argument. O

Though this not expandable to the bounded case, because B3 ; is not embedable
into A = (MS2.01 X Ba 1) € (BMSL\ (BTNIMSL U MSA)), since, by Lemma 4.6,
(MS|B), 5, & (MSAIBTNIMSL), we clearly have:

(5.4) {(i,i,i,b2) | i € 2} € homy(Bg 01, 2A),

for all &l € (MSA\ BOMSL). This, by (2.1), (2.5), (2.6), (5.2), (5.3), Lemmas 5.1,
5.2 and Theorem 4.7, immediately yields, subsuming [9, Propositions 4.2, 4.5 and
Corollary 4.4]:

Theorem 5.3. Let P be the pre-variety generated by a K C [BJMSL. Suppose
((K[NMSA]) \ ([B]TNIMSL[NBOMSLY])) # @. Then, NIP is the pre-variety generated
by (IK® {Ba[01)}) UNIK, in which case, for any varieties U CV C [B]MSL such
that V C | € [B]TNIMSL and i € 2, NIVUU is the pre-/quasi-variety generated by
(D]((MSy 5,01 \ SG31,017) @ {Bar01)}) U (MSvy.i01] N SGs,01])) UMSy if01), and so
NI[B{|QJS}M[IK){SILTU({(S)}K{(S)}L||@)] is the one generated by

0 0
(@M [R5 011 % Baronls 19S5 4 11y0y ¥ Bapon I}, 811}

5.2. Quasi-varieties of quasi-strong Morgan-Stone lattices.

Lemma 5.4. Let K be a (finite) class of (finite) MS lattices, P['] £ ISP(K[UDML]),
SC|2(P|(PUISPS)) and {K' C}S' 2 (SN DML){= ISPK'}. Then, S =
ISP((S'{(nK)}) U (P||K)), S’ being finitely-generated (and so being S = (S’ W P)).

Proof. Consider any 2 € S and any (a,b) € (A%\ A ,), in which case (] (img #%)) €
S’ D ISPS/, and so A% € hom(2,S’), while, by (2.6), there are some B € (KUDML)
and h € hom(2,B) such that h(a) # h(b), and so B € K, whenever h*(a) = h*(b),
for, otherwise, h(a/b) = h(h¥(a/b)), (2.6) and [9] completing the argument. O

5.2.1. Morgan-reqularity versus reqularity. The sub-quasi-variety of any quasi-va-
riety Q C [B]MSL, relatively axiomatized by (M)R £ ({-z0 < w0, (zo A =21) S
(mzoVa1)} — Uigiiijéfati?o’l(ﬂ)’l’l), is denoted by (M)RQ, its members being said to
to be (Morgan-)regular; cf. [9, Definition 4.6] for the non-optional case. As a matter
of fact, the conception of (Morgan-)regularity has a sense only within (Morgan-
Jnon-idempotent Kleene(-Morgan) framework, members of NI[B]JMSL U DML being
said to be Morgan-non-idempotent. More precisely, we have both:

Lemma 5.5. (M)R[B]MSL C [B]K(M)SL.
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Proof. Consider any 2 € (M)R[BJMSL and a,b(,¢) € A. Let (dle) £ ((a|b) V¥
-%(alb)) and f = (d A* ), in which case, by DM, we have =% (d|e) = (=% (a|b) A%

A-A(alb)) <* =%(alb) <* (d|e), and so, since, by DMy, =2 f = (=%d v* —%e),
get (AA* =2f) <P (dA* (=*d V> e)) = (=*d V® f). Then, by MNg o, we eventu-
ally get ((a A% ) (AT-1-%0) € (F(ATTA0) € (RPN <
(f(V¥c)) <® (e(V*c)), as required. O

Corollary 5.6. Let K = (@(U[B]DML)). Then, ([B]SLUK) C Q £ (M)R[B]MSL C
(NI[BIMSL UK). In particular, [B]SMSL C MR[B]MSL.

Proof. Consider any 2 € Q and any a € S, in which case, for all b € A,
each @ € m((M)R) is true in A under [xo/a,xl/b], and so, for each i € 2,
U; £ (7 ((M)R[x1/="21]) is true in A. Then, in the non-optional case, by MNg o,
3% = A, so, by DMy, any d € A is equal to a, for (d A% a) = -*(d A\* a) =
(d V¥ a), A being thus non-idempotent. (Likewise, by (2.7), Theorem 4.7 and
Lemma 5.5, unless 2 is non-idempotent, it is in TPS?(K’ N Mod(¥)), where
K & S>1({9ﬁ64:j[701] | 7 € 2} U {©m4[’01][,m62701]}). On the other hand,
by Lemma 4.6, (K" \ [B]DML) = ({M&y i 01 | J € 2} U {G301), MSop01)}),
while SIS y.1(—13 2 {M}S;3_yy ¥~ Wolzrr1/(0, k{UL}, k{NO})]ke2, whereas Wg €
qul’ in which case (K'NMod(¥y)) C [BIDML, and so 2 € (NI[BJMSLU[B]DML).)
Finally, Theorem 4.7 and the regularity of G3[¢;) complete the argument. O

Let pu £ (-2 V =), ™ 2 ((x9 V —1) A x1) and, for any 7 € {u{,20}} (and
i € W) ity = ((@ollzo/m))) o/ (Two/To(rir1))) 21/t (ryit1)]), in which
case, by DM; and MN; o with j € 2, the X7 -quasi-identities:
(5.5) (@{-zo = mowo}) — (CuE|m-w),
(56) {_‘xk é I ~ _‘_‘xkv_‘xl—k é _\_\xl_k} — (—\71' é ‘ ~ —\—\7'l')7

where k € 2, are true in [B]MSL, and so are:

6.7)  (@H{~(@o{[zo/TI})[zo/@1]) = == ((zo{[zo/T]})x0/@1])})
{U{=(rlzo/an]) 3 = (Tlzo/aal) [ n € (m\ (GHI}))}H}) —
(Ctprym & 1= 27t ym),
where l e m € (w\ 1) to be shown by induction on m.

Clearly, R5.1[,01] = (MSu1(,01) X Bapo01) [(MSs1xB2)\({(a,b)) | a € MSya,b €
Bs, (1 —bg) = as})) is regular.

Theorem 5.7. Let Q = (M)R[BJQS{W}K(M)SL. Then, [NI]Q is the pre-/quasi-
variety generated by {Rs.11,01)(; (DMyf01) [ (K:(0/1)(UDM4))) [ X DB o1y]) }-

Proof. Consider any non-one-element finitely-generated 2 € (Q(\[B]DML)) and
any h € (hom(2, MSy4.11,017)(\ hom(2L, [B]DML))), in which case there are some
n € (w\1) and @ € A" such that 2 is generated by B = (imga), and so, by
MNOHl oand (5.7), b = =42 (a) =™ i’1b while, by Lemma 5.1 and Corollary 5.6,
G £ hom(%, By 01)) # @ is finite, for m = £ |G| < 25| € w, and so there is a bijection
g fromm € (w\1) onto § (whereas (imgh) € DMy, and so there is some ¢ € A such
that h(c) = (0,1,1)). Prove that A 2 ([],c,,((hom) ' [1]N(g; 0 m) '[2\1])) = @,
by contradiction. For suppose there is some d € A, in which case e & (V&d) €
(h07r2)_1[1], and so Wo(h(ﬂ e(/\m_\m_\mc))) =1 0= m(h(e(vV¥c))). Then,
(—He(A*=2=c)) L2 (e , for (h om) € hom(AX;,Ds). Now, consider
any € € ({93?66[,01]}[UM01]) any f € hom(2, &) and the following complementary
cases:
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e (imgf) C Ss,
in which case f’ £ (f o h®?) € hom (%A, By oy7), while € = MEg/ 01 [since
(S3NMSy) = @ # (img f), as A # @], and so ' = g;, for some j € m.
Then, 1 = mao(f'(d;)) < m2(f'(e)) < 1, in which case my2(f(e)) = 1, and so
f(bA* =%e) =(0,0,0) <€ f(=*bV¥e).
o (img f) £ Ss,
in which case, for some k € m, f(ax) € (C'\ S3) = I, and so, by MNojj1,0
and (5.7), f(b) € I%. Then, f(bA%=%e) < f(b) = f(=%b) < f(=%bV?e).
Thus, anyway, f(b A% =%e) <% f(=*b V¥ e), in which case, by (2.6) and Theorem
4.4, (b A% =%e) < (=¥ V™ e), and so A = (M)R[zo/b, z1/e(, z2/c)]. This con-
tradiction to the (Morgan-)regularity of 2 shows that there is some | € m such
that m[g[(hom) '[1]]] C 1, in which case, by (2.1) and (2.5), b’ £ (h® g/) €
hom (2, R5.;) with (kerh’) C (kerh), and so (2.6), Theorems 4.4, 5.3, Lemmas
5.1, 5.5, Corollary 5.6, the locality of quasi-varieties and the quasi-equationality of
finitely-generated pre-varieties complete the argument. O

5.2.2. Embedability lemmas and the lattices of quasi-varieties.
5.2.2.1. Quasi-varieties of strong Morgan-Stone lattices. First, by Lemma 4.6, The-
orem 4.7 and the distributivity of lattice reducts of MS lattices, we, clearly, have:

Lemma 5.8. Let 2 € (QS)MSL, a € A, ¢ £ (aV* -%a) and d £ (=*-*a Vv -%a).
(Suppose (c({A*a)) # (d(A*=*=%a)).) Then, (c #)b £ —Fc = =4d < ¢ <*
d = =%b (in which case {(0,0,0,b),(0,1,1,¢),(1,1,1,d)} € hom;(&3,A)), so &3 €
K = (JA{Q}SMSL \ [A]DML) is embedable into any B € (MSL\ NDML) D K.

This, by Theorem 4.7, (5.2), Lemma 5.4, Corollary 5.6 and [9], yields:

Theorem 5.9. Let P C SMSL be a pre-variety and (K C)P’ = (P N DML). Suppose
P & DML (and P’ is the pre-variety generated by K). Then, P is the pre-variety
generated by P USL (in which case it is the one generated by KU {S3}), P’ being
a finitely-generated quasi-variety, and so being P = (P wQ SL). In particular,
£ Lo(SL,SMSL) — Lqo(BL,DML),Q — (Q N DML) and g : Lq(BL,DML) —
Lq(SL,SMSL) : Q' — (Q' WX SL) are inverse to one another isomorphisms between
£q(SL,SMSL) and £q(BL,DML), in which case for any Q € Lg(SL,SMSL) =
(Lq(SMSL)\Lq(DML)) and Q" € Lo(DML), (QNQ) = (f(QNQ’) and (QWQ’) =
(QuY¢(Q")), so {{SNDML,1 — Xﬁgé&“};ﬁ)(s» | S € Lq(SMSL)} is an embedding of
£q(SMSL) into £q(DML) xDg, the former having (|Lg(DML)|+|Lq(BL,DML)|) =
(8 +7) =15 elements and Hasse diagram depicted at Figure 4 with thick lines, the
latter being embedable into the distributive lattice (D5 x D3) X Da.

Let £, be the Kleene lattice with X -reduct D4 and —% £ {(i,3 — i) | i € 4}.
Then, Corollary 5.6, Theorems 4.7, 5.9 and [9, Proposition 4.7] immediately yield:

Corollary 5.10. R[S|K[S]L is the pre-/quasi-variety generated by {R4[, G3]}.
5.2.2.2. Quasi-varieties of Morgan-regular quasi-strong Morgan-Stone lattices.
Lemma 5.11. 85,1 is embedable into any A € ((NIQSMSLUMRQSMSL)\ [P]SMSL).

Proof. Take any a,e € A such that 2 £ P[zg/a, 1 /€], in which case =*-%a £
(aV2 f) with f £ (=%e Vv =*=%¢)) =% =¥ f in view of DMy, and so -*-%a # a.
On the other hand, by Theorems 4.7, 5.3, 5.7 and (5.2), NIQSMSL U MRQSMSL is
the pre-variety generated by K £ {IMM&,.; x By, DIy}, in which case, by (2.6),
there are some € € K and h € hom(2, €) such that h(=%-%a) £ h(aV* f), and so
¢ = (MB41 x Ba), while w1 (h(f)) = (1,1,1), whereas mo(h((al(e] f))) = (0,1]0,1).
Let b,c,d € A be as in Lemma 5.8 and g £ {(2 x {3 x 1},b A% =%£),(0,0,1,3 x
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’ SNIQSMSL U DML
NIQSMSL U KL
QSKSL« NIQSMSL
MRQSMSL
NIMRQSMSL U KL

NIMRQSMSL

OMSL

FIGURE 4. The lattice of pre-/quasi-varieties of quasi-strong
Morgan-Stone lattices.

1,=%£),(0,0,1,3x{1}, f),(0,1,1,3x {1}, eV f), (2x{3x{1}},dV* f)} : K51 — A,
in which case, for all 7,7 € Ks.1, (1 <®2° 7) = (9(2) <* ¢(7)) and h(g(?)) =7, and
so, as R5.1[Xy is a chain lattice, by DM, and MNy)1 9, g € homy(Rs.1,2A). O

This, by Theorems 4.7, 5.7, 5.9, Lemma 5.4, Corollary 5.6, (5.2) and [9], yields:

Corollary 5.12. Let P C MRQSMSL be a pre-variety and (K C)P’ £ (P N DML).
Suppose P ¢ SMSL (and P’ is the pre-variety generated by K). Then, P is the
pre-variety generated by P’ URQSKSL (in which case it is the one generated by
KU {Rs.1}), P’ being a finitely-generated quasi-variety, and so being P = (P’ w9
RQSKSL). In particular, f['] : Lqo(RQSKSL,MRQSMSL) — Lq(RSKSL[NRKL],
SMSL[NDML]),Q — ((Q N SMSL)[N\DML]) and g['] : Lo(RSKSLINRKL], SMSL|N
DML]) — Lq(RQSKSL, MRQSMSL) : Q' +— ((Q'{wYSL}) W RQSKSL) are inverse
to one another isomorphisms between £q(RQSKSL, MRQSMSL) and £q(RSKSL[N
RKL], SMSL|NDML]), in which case for any Q € Lg(RQSKSL, MRQSMSL) = (Lq
(MRQSMSL) \ Lg(SMSL)) and Q" € Lq(SMSL), (QN Q') = (f(Q N Q") and

QU Q) = (QWY g(Q)), 5o {{(SNSMSL)NDML], (1 — X2 (Wragwst) (S) +(1 —
Lq(DML)

X Lo (MRQSMSL) (S)) 1S € Lo(MRQSMSL)} is an embedding of £q(MRQSMSL) into
£qQ(SMSLINDMLY]) x Dg[44, the former having (|Lq(SMSL)| +|Lq(RKL,DML)|) =
(15 4+ 6) = 21 elements and Hasse diagram depicted at Figure 4 with large solid
circles-nodes [the latter being embedable into the distributive lattice (D5 xD3) x D3]
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5.2.2.3. Quasi-varieties of Morgan-non-idempotent quasi-strong MS lattices.

Lemma 5.13. (MG, x Bsy) € MRMSL is embedable into any A € (NIQSMSL U
DML) \ MRMSL).

Proof. Take any a,b,c € A such that =%*a <* a, (a A* =%b) < (=%a V* b) but
(=%b A% =%=%c) L2 (b V™ ¢), in which case, by MN; o with i € 2 and DMy, we
have ((dle)||f) £ (=*="(alb)||(c V¥ =*c V¥ d)) = || Z¥ (%= (d|e)||=*(f/d)(>
| )*((=*dle)| ), while, by DM; with j € 2, we get (d A* =%e) <¥ (=%d V¥ e),
whereas, by (2.6), (5.2) and Theorem 5.3, there are some € € {MGSy.; X B, DMy}
and some h € hom(2, €) such that (=%h(b) A® =¢=%h(c)) £ (h(b) V¢ h(c)), and so
€ = (MG4:1 x B) and h((al|d)|(ble)]f) = ((0,0[0]1,1]0[1),3 x {1}), for =®h(a) <*
h(a) and (h(a) A® =®h(b)) <® (=%h(a) V€ h(b)). In that case, using MNy o and
DM, with k € 2, it is routine checking that the mapping ¢ : (M Sy X Ba) — A,
given by:

9({{0,0,0[1),3 x {1}))
9({(1]0,1]0,1),3 x 1))
)

((dA™ (e Vv (e|=*d))) V¥ =),
_‘Q[g(<<0’050|1>’3 X {1}>)>

g((3 > {1},3 x {1} (9((3 x 1,3 x {1})) o 9((3 x {1},3 x 1))),
9(((0,1,1),3 x {0[1})) (RMO*(d A" e) V=2 (d A% €)) A ),

where | € 2, is a homomorphism from MGy, x By to A such that (go h) =
ANS,.x By, and so it is injective. Finally, (MSy4.q X Be) = MRz, /((0, max(0,n —
1),max(1 —n,n—1)),3 X {1})]nes- O

This, by Theorems 4.7, 5.3, Corollaries 5.12, 5.6, Lemma 5.4, (5.2) and [9],
immediately yields:

Corollary 5.14. Let P C (NIQSMSL UDML) be a pre-variety and (K C)P' = (PN
DML). Suppose P ¢ MRQSMSL (and P’ is the pre-variety generated by K). Then, P
is the pre-variety generated by P" UNIQSKSL (in which case it is the one generated
by KU {MBS41 x Ba}), P’ being a finitely-generated quasi-variety, and so being
P = (P ¥ NIQSKSL). In particular, f['] : Lq(NIQSKSL,NIQSMSL UDML) —
Lo(NIMRQSKSL[NNIKL], MRQSMSLINDML]), Q — ((Q " MRQSMSL)[NDML]) and
] © Lo(NIMRQSKSL[ANIKL], MRQSMSL|NDML]) — Lq(NIQSKSL, NIQSMSL U
DML) : Q" +— ((Q{w(RQSKSL w? SL)}) W< NIQSKSL) are inverse to one another
isomorphisms between Lq(NIQSKSL, NIQSMSLUDML) and £q(NIMRQSKSL[N
NIKL], MRQSMSL[NDML]), in which case for any Q € Lqg(NIQSKSL, NIQSMSL U
DML) = (Lq(NIQSMSL UDML)\ Lo(MRQSMSL)) and Q' € Lo(MRQSMSL), (QN
Q) = (f(QNQ) and (QWQ’) = (QwY ¢(Q")), so {{(SN MRQSMSL)[NDML], (1 -
XEaiasnstoomy (S) (1= X78 Niaswstoom (8) + (1 = 76 igsusioomy (D) |
S € Lo(NIQSMSLUDML)} is an embedding of Lq(NIQSMSLUDML) into £q
(MRQSMSL[NDML]) x D19, the former having (|Lq(MRSMSL)| + |Lq(NIKL,
DML)|) = (2145) = 26 elements and Hasse diagram depicted at Figure 4 with large
circles-nodes [the latter being embedable into the distributive lattice (D5 xD3) X Dy].

£
£
£
£

5.2.2.4. The lattice of quasi-varieties of quasi-strong Morgan-Stone lattices.

Lemma 5.15. MGy, € K2 (IQSMSL \ [N]DML) is embedable into any A € K.

Proof. By Lemma 5.8, there are some a,e € A such that =%e = e and ¢ # d # b,
where b, c,d € A are as in Lemma 5.8, in which case b <* (f|g) £ ((e A% (¢|d)) V*
b) = (g A* (c|d)), and so, by DM; with i € 2, we have b # f <* g = =*(flg) &
{c, d}, for, otherwise, we would get b = g = d. Then, by Q, we get g = (=% f A%
A2 B f <M e, in which case {(0,0,0,b),(0,0,1,9),(0,1,1,¢),(1,1,1,d)} €

hom;(9MS4.1,2A), so Lemmas 4.6, 5.1 and Theorem 4.7 complete the argument. O
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This, by Theorems 4.7, 5.3, Corollaries 5.14, 5.6, Lemma 5.4, (5.2) and [9],
eventually yields:

Theorem 5.16. Let P C QSMSL be a pre-variety and (K C)P’ £ (PNDML). Sup-
pose P ¢ (NIQSMSL UDML) (and P’ is the pre-variety generated by K). Then, P
is the pre-variety generated by P’ U QSKSL (in which case it is the one generated by
KU{M&4.1}), P’ being a finitely-generated quasi-variety, and so being P = (P’ ¥9
QSKSL). In particular, f['] : Lq(QSKSL,QSMSL) — Lq((NIQSKSL U KL)[NKL],
(NIQSMSL UDML)[N\DML]),Q ~ ((Q N (NIQSMSL UDML))[\DML]) and g['] :
Lo((NIQSKSL U KL)[NKL], (NIQSMSL U DML)[\DML]) — Lq(QSKSL, QSMSL) -
Q' — ((Q{((QSKSL W RQSKSL) W@ SL)}) @ NIQSKSL) are inverse to one an-
other isomorphisms between £q(QSKSL,QSMSL) and Lq((NIQSKSL U KL)[NKL],
(NIQSMSL U DML)[NDML]), in which case, for any Q € Lq(QSKSL,QSMSL) =
(Lo(QSMSL)\ Lo (NIQSMSL UDML)) and Q' € Lq(NIQSMSL UDML), (QNQ') =
(F(QNQ) and (QWQ’) = (QWY¢(Q")), so {{(S N (NIQSMSL U DML))[NDML], (1—

Lo (NIQSMSLUDML) Lo (MRQSMSL) Lo (SMSL) Lq(DML)
XL (QsMsL) (NHI=xXrgqsmst) () +(1=XTg qsmsLy(S) +(1=X Lo asmsL)

(S)]) |'S € Lo(QSMSL)} is an embedding of £q(QSMSL) into £q((NIQSMSL U
DML)[NDML]) xDy(4.3), the former having (| Lq(NIQSMSL U DML)|+|Lq(KL,DML)
|) = (2643) = 29 elements and Hasse diagram depicted at Figure 4 [the latter being
embedable into the distributive lattice (D5 X D3) X D).

Finally, Theorems 4.7, 5.3, 5.7 and Corollary 5.10 provide finite generating sets
of all sub-quasi-varieties of QSMSL.
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