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DISTRIBUTIVITY IN SKEW LATTICES

MICHAEL KINYON, JONATHAN LEECH, AND JOAO PITA COSTA

ABSTRACT. Distributive skew lattices satisfying A (y vz) Ax = (x Ay A x) Vv (A zA)
and its dual are studied, along with the larger class of linearly distributive skew lattices, whose
totally preordered subalgebras are distributive. Linear distributivity is characterized in terms of
the behavior of the natural partial order between comparable D-classes. This leads to a second
characterization in terms of strictly categorical skew lattices. Criteria are given for both types of
skew lattices to be distributive.
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1. INTRODUCTION

Recall that a lattice (L; A, v) is distributive if the identity z A (y v 2) = (x A y) v (z A 2)
holds on L. One of the first results in lattice theory is the equivalence of this identity to its dual,
xv (yaz)=(xvy) A (xvz). Distributive lattices are also characterized as being cancellative in
that t Ay =2z A zand z v y = x v 2z jointly imply y = z. A third characterization is that neither
of the 5-element lattices below can be embedded in the given lattice.
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Distributivity also arises when studying skew lattices, that is, algebras with associative, idempo-
tent binary operations v and A that satisfy the absorption identities:

(1.1) zan(zvy)=xz=(yve)rzandzv (zry) =z=(yArz) vz

Given that A and v are associative and idempotent, (II]) is equivalent to the dualities:

(1.2) cry=xiffevy=yandzay=yiff x vy==x.

For skew lattices, the distributive identities of greatest interest have been the dual pair:

(1.3) xAalyvz)rz=(@ryrz)v(xnazaz);

(1.4) xvynz)ve=(xvyva)alxvzva).
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Indeed, a skew lattice is distributive if it satisfies both. Unlike the case of lattices, (I3]) and (L4) are
not equivalent. Spinks, however, obtained a computer proof in [27] (humanized later by Cvetko-Vah
in [9]) of their equivalence for skew lattices that are symmetric in that:

(1.5) zAay=yrzifzvy=yvuz

(See [9], [26], [27].) Also unlike lattices, distributive skew lattices need not be cancellative in that
they need not satisfy:

(1.6) evy=xzvzand zAny=xzAzimply y = z,and xvz =yvzand Az = y Az imply x = y.

Conversely, cancellative skew lattices need not be distributive, but they are always symmetric,
unlike distributive skew lattices. M3 and N5 are forbidden subalgebras of both types of algebras.
Their absence is equivalent to the weaker condition of being quasi-distributive in that the skew
lattice has a distributive maximal lattice image. (See [I0] Theorem 3.2.) Of course, many skew
lattices are both distributive and cancellative. This is true for skew Boolean algebras ([I], [2], [3],
[15], [19], 23], [27], [28]) and skew lattices of idempotents in rings ([6], [7], [I1], [12], [13], [T, [22]).
Identities ([3)) and (L) also arise in studying broader types of noncommutative lattices. (See [16]
Section 6.)

Identities (I3 and (I4) insure that the maps  — a Az Aa and © — a v z v a are homomorphic
retractions of S onto the respective subalgebras {x € S |arz=z=zAa}and {z€ S |ava=
a = x v a} for each element a in the skew lattice S. In this paper we study further effects of
being distributive, as well as connections between distributive skew lattices and other varieties of
algebras. A main concept in our study is linear distributivity which assumes that all subalgebras
that are totally preordered under the natural preorder > as defined in (2.6 below, are distributive.
This is unlike the case for lattices where totally ordered sublattices are automatically distributive.
Like quasi-distributivity, linear distributivity, is necessary but not sufficient for a skew lattice to be
distributive.

We begin by reviewing some of the required background for this paper in Section 2l (For more
thorough remarks, see [21] or introductory remarks in [14].) In Section Bl linear distributivity is
introduced with characterizing identities given in Theorem In the next section it is studied in
terms of the natural partial order > defined in (2I1]) below, with attention given to the behavior of
> on a skew chain of comparable D-classes, A > B > C. Distributive skew chains are characterized
by the behavior of their midpoint sets given by u(a,c) = {be B | a > b > ¢} for any pair @ > ¢ with
a € A and c € C. While these sets often contain many midpoints, (I3) and (L4) minimize their
size. The details are given in Section @] whose main result, Theorem .6l characterizes distributive
skew chains (and by extension, linearly distributive skew lattices) not only in terms of midpoints
but also in terms of strictly categorical skew lattices (first studied in [I4], Section M)). The latter
generalize both normal skew lattices (where (S, A) is a normal band) first studied in this journal
[18] and their A — v duals.

Is linear distributivity in concert with quasi-distributivity enough to guarantee that a skew lattice
is distributive? In general, the answer is no. It is, however, for strictly categorical skew lattices,
which form a significant subclass of linearly distributive skew lattices. (See Theorem Bl and the
relevant discussion in Section[l) If we assume that the skew lattice is symmetric, the answer is yes
(Theorem[0.8)). A characterization of those linearly distributive and quasi-distributive skew lattices
that are distributive is given in Theorem
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2. BACKGROUND

Returning first to symmetric skew lattices, they form a variety of skew lattices that is charac-
terized by the following identities:

(2.1) zxvyv(@ay)=Wrx)vyva

(2.2) xAayA(zvy =Lva)ryax

given first by Spinks [22]. The identity (2.1 characterizes upper symmetry (x Ay = y A x implies
xvy=yvaxforall z,y € S) while the identity (2.2)) characterizes lower symmetry (x vy =y vz
implies z Ay =y Az for all z,y € 5).

The Greens relations are defined on a skew lattice by

(2.3R) aRb<e (anb=bandbra=a)< (avb=aandbva=0D)
(2.3L) alb<e (anb=aandbra=b)< (avb=band bva=a);
(2.3D) aDb< (arnbra=aandbranb=b)<(avbva=aandbvavb=hb).

All three relations are canonical congruences, with LvR = LoR =RoL=Dand LNR = A =
{(z,2) | x € S}, the identity equivalence. Their congruence classes are called D-classes, L-classes
or R-classes and are often denoted by D,, L, or L, where z is some class member.

A skew lattice S is rectangular if x Ay A x = x, or dually y v = v y = y, holds on S. Such a
skew lattice is anti-commutative in that zc Ay =y Az orz vy =y vz imply x = y. The First
Decomposition Theorem (see [I7] Theorem 1.7) states that in any skew lattice S each D-congruence
class is a mazimal rectangular subalgebra of S and S/D is the mazimal lattice image of S. In
particular, a rectangular skew lattice consists of a single D-class. A skew lattice is right-handed
[respectively left-handed] if it satisfies the identities

(2.4R) sAyrxz=yrzandzvyvr=zvy

(2.4L) [tAryrz=zAryandzvyve=yval.

Equivalently, t Ay = yand x vy = 2 [t Ay = z and z v y = y| hold in each D-class, thus
reducing D to R [or L]. The Second Decomposition Theorem (see [I7] Theorem 1.15) states that
given any skew lattice S, S/R and S/L are its respective mazximal left and right-handed images,
with S being isomorphic to the fibered product, S/R x g/p S/L, of both over their common mazimal
lattice image under the map x — (R, L;). All this is because every skew lattice is regular in that
for all z,y,z € S and all 2/, 2" € D, the following holds:

(2.5) rvyvar vzve=rzvyvzvrzand Tz AYAT AZAT=TAYAZALT

A skew lattice S is distributive (symmetric, cancellative, etc.) if and only if its left and right
factors S/R and S/L are distributive (symmetric, cancellative, etc.). In general, S belongs to a
variety V of skew lattices if and only if both S/R and S/L do. (See also [§] and [21], Section 1).

The natural preorder is defined on a skew lattice by

(2.6) a>b<avbva=aor, equivalently, b A a A b=1b.
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Observe that a > b in S if and only if D, > Dy in the lattice S/D whereD, and D, are the respective
D-classes of a and b. Useful variants of (2.4R]) and (2.4I]) for the respective right and left-handed
cases are as follows:

(2.7R) > =xryrnzt’ =yrdandzvyva =zvuy;

(2.7L) >0 =2 Ayrz=2 Ayandzvyva =yva
We let a > b denote a > b when aDb does not hold.
Lemma 2.1. For left-handed skew lattices, the following identities hold:

(2.8) zAlyva)=xz=(xAry)va.
(2.9) @vynrx)rnz=zv (ynx)
(2.10) (xvyrz)Aay=yna.

Proof. 1If S is a left-handed skew lattice, then z A (y v ) =gz « A (z vy v ) =) 2. Similarly,
(x Ay) va =2z As for (20) observe that for all skew lattices, z v (y A x) v & = z, since x > y A .

Thus (Z9) follows from (2). (ZI0) follows from:
(xvrx)ry =gm.em @v@rz)rzAayax
=@ (xvyrz)Aynzx
=@ YA

The natural preorder > is refined by the natural partial order which is defined on S by

(2.11) TZYyeorAYy=yAx=yor, equivalently, z vy =y vz ==z

All preorders and partial orders are assumed to be natural. Of course z > y means = > y but
x # y. Given a > b, elements a € D, and b, € Dy exist such that a > b, and a, = b. To see this
just consider ap =bvavband b, =a AbAa.

3. LINEAR DISTRIBUTIVITY

A skew lattice S is linearly distributive if every subalgebra T that is totally preordered under
> is distributive. Since totally preordered skew lattices are trivially symmetric, a skew lattice S
is linearly distributive if and only if each totally preordered subalgebra T of S satisfies ([L3) or,

equivalently, (L4).

Theorem 3.1. Linearly distributive skew lattices form a variety of skew lattices.

Proof. Consider the terms x, yAxzAyand zAyArxAayanz. Clearly z > yATAY = Z2AYATAYAZ

holds for all skew lattices. Conversely given any instance a > b > ¢ in some skew lattice S, the

assignment x — a, y — b, z — ¢ will return this particular instance. Thus a characterizing set of

identities for the class of all linearly distributive skew lattices is given by taking the basic identity
un(vw)Au=(urvAu)v(uArwAu)

and forming all the identities possible in x, y, z by making bijective assignments from the variables

{u,v,w} to the terms {X,y AT AY, 2 AYAZTAYAZ}. O

In what follows, the following pair of lemmas will be useful.
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Lemma 3.2. Left-handed skew lattices that satisfy (L3) are characterized by:
(3.1L) zayrz=xaryandxan(yvz)=(@ry v(znaz).
Dually, right-handed skew lattices that satisfy (L3) are characterized by:
(3.1R) zayrz=yArzand(yvz)rz=(ynarz)v(zAz).

Lemma 3.3. In a left-handed totally preordered skew lattice, if a A (bv ¢) # (a Ab) v (a A c), then
a > b>c. Thus a left-handed skew lattice S is linearly distributive if and only if

(3.2L) an((bra)v(eabara))=(anb)v(ancnab) forallab,cesS.
Dually a right-handed skew lattice S is linearly distributive if and only if
(3.2R) (lanbrc)vianbd)rna={brcnra)v (bnaa) foralabceS.

Proof. If say b > a, thena A (bve) =aand (anb)v(anc)=av (anc)=a. Ifcx>a, then
an(bvc)=aagain,and (a Ab) v (arnc)=(aArbd)va=(arbnaa)va=a. Thus, inequality only
occurs when a > b, c. But even here, a > ¢ > b givesusan (bvec) =ancand (anc)>(arb)so
that (a A b) v (a A ¢) = a A ¢ also. Thus, to completely avoid a A (b v ¢) = (a A b) v (a A ¢) we are
only left with a > b > c. O

Linear distributivity is also characterized succinctly by either of a dual pair of identities. We
begin with an observation.

Lemma 3.4. Identities (L3) and ([[4) are respectively equivalent to

(3.3) zA(yrz)v(Eaz)=zalyvz)rz=((zAry)v(zAz)Az.
(3.4) zv(yva)azva)=zvyarz)va=((zvy A(zvz)vez
Proof. Since (y A x) v (2 A x) v & =) Z, the skew lattice dualities (L.2]) give us

@) (ynx)vizaz)rx=(yrzx)v(zAz).
Thus (3] implies,

eAn(ynx)viizaz) = za(lyrx)vzax) Az
= (@Aryrz)v(xAazAax)
= zA(yvz) A
Likewise, ([3]) implies ((z A y) v (x Ay)) Az =2 A (y v 2) A 2. Conversely, if (B3] holds, then

xanlyvz)ar = zA((yarz)v(zAz) =@ TA(yrz)v(zAax)An
= (wrynrz)v@arzaz)rz =@ @Arysrz)v(zAzAD).
O
Corollary 3.5. For all skew lattices, (L3) and ([(LAl) imply respectively:
(3.5) xA((yrnx)vizax)=(zry) v(znaz)azand
(3.6) zv((yva)azva)=(zvy Alzvz)ve

Theorem 3.6. For all skew lattices, BH) and @B8) are equivalent with a skew lattice satisfying
either and hence both if and only if it is linearly distributive.
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Proof. We begin with left-handed skew lattices. By Lemma [3.3] we need only consider the case
where a > b > ¢. The identity B3] gives us the middle equality in the chain of equalities:

anbve)=an((bra)vicra)=((and)viarc)ra=(anrb)v(anc).

Thus z A (y v z) = (x A y) v (& A 2z) holds in all totally preordered contexts in left-handed skew
lattices satisfying (88). In such symmetrical contexts, the dual (z Ay) vz = (z Az) v (y A x) also
holds making the involved skew lattice linearly distributive. In dual fashion, right-handed skew
lattices satisfying (3.5) are also linearly distributive. Since any skew lattice S is embedded in the
direct product S/R x S/L, every skew lattice satisfying ([B.5]) is linearly distributive. Conversely
assume that S is linear distributive. First, let S be left-handed. Then

zAa((yrz)v(zaz) =@m zA(zrz)v(yarz)v(zax))
= Aa((zaz)v(ynax))v(zna(zaz))
=gm @A(yrz)v(zaz)v(yax))v(za(za))
= @Ea(yrx)viizax))v(@alyarz)vixza(znax))
= (A(yrz)viza(znazx)
=gm @Ay veaz
= ((xAny)v(xnanz)anzx

Here the second and fourth equalities follow from linear distributivity. The fifth equality is again
left-handedness upon observing that 2 A ((y A z) v (z A 2)) and (z A (y A 2)) v (z A (2 A 2)) are
L-related (look at S/D = S/L). The final equality follows from the fact that = (x Ay) v (z A 2) in
the left-handed case. Thus (B8] holds. Similarly (&3] holds for linearly distributive, right-handed
skew lattices. Again the embedding S — S/R x S/L guarantees that all linearly distributive skew
lattices satisfy ([B.5]). Thus linear distributivity is characterized by (3.3]). The dual argument gives
a characterization by (B.6]). O

Corollary 3.7. For left- and right-handed skew lattices, B3] reduces respectively to

(3.5L) eA((yrx)vizax)=(xAry) v (zAz)and
(3.5R) ((xvy)a(zvz)vae=(yrz)v(zax)

4. MIDPOINTS AND DISTRIBUTIVE SKEW CHAINS

A skew lattice is linearly distributive if and only if each skew chain of D-classes in it is distributive.
In this section we characterize distributive skew chains in terms of the natural partial order. Given
a skew chain A > B > C where A, B and C are D-classes, with a € A, ¢ € C such that a > ¢, any
element b € B such that a > b > c is called a midpoint in B of a and c¢. We begin with several
straightforward assertions.

Lemma 4.1. Given a skew chain A > B > C, with a > ¢ for alla€e A and ce C':

(i) Forallbe B,an(cvbve)anaandcev (anbnaa)vce are midpoints in B of a and c.
(ii) If b in B is a midpoint of a and ¢, then both midpoints in (i) reduce to b.
(iii) When A > B > C is a distributive skew chain, both midpoints in (i) agree:

(4.1) a>an(cvbve)rna=cv(anbara)ve>ec.
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Midpoints provide a key to determining the effects of (IL3]) and (L)) in this context. To proceed
further, we recall several concepts. Given a skew chain A > B > C, an A-coset in B is any subset
of B of the form AAnbAnA={anrbnrdad |a,a € A} for some b in B. Given two A-cosets in B,
they are either identical or else disjoint. Since b€ A A b A A for all b in B, the A-cosets in B form a
partition of B. Dually a B-coset in A is a subset of A of the form Bvav B ={bvavl' |bb € B}
for some a in A. Again, the B-cosets in A form a partition of A. Given a B-coset X € A and
an A-coset Y © B, a coset bijection ¢ : X — Y is given by p(a) =bifae X, beY and a > b.
Alternatively, p(a) = a A b A a and, dually, p~1(b) =bvavbforallae X and all be Y . Cosets
are rectangular subalgebras in their D-classes and all coset bijections are isomorphisms. Thus all
A-cosets in B and all B-cosets in A have a common size, denoted by w[A, B]. If a,a’ € A lie in a
common B-coset, this is denoted by a —p a’; likewise b — 4 b if b and V' lie in a common A-coset in
B. This is illustrated in the partial configuration below where the dashed lines indicate > between
a’s and b’s while the full lines represent D-related elements.

A ay

a9 as
B - .7 B.

a4

B: b1 A bg

Binary outcomes between elements in A and B are given by, e.g., a A b = ¢(a) A bin B and
avb=avp(b)in A using the relevant coset bijection ¢ : Bv av B — A A b A A. (For more
details see [20] and [21] or remarks in [14].)

Similarly there are A-cosets in C, C-cosets in A, B-cosets in C' and C-cosets in B. The C-coset
decomposition of A refines the B-coset decomposition of A; similarly B-cosets in C' are refined by
A-cosets in C. Our interest is in the middle class B of the skew chain. Elements b and b’ in B
are AC-connected if a finite sequence b = by, b1, ba, ..., b, = b’ exists in B such that b; — b; 1 or
bi —c b1 for all i < n — 1. A maximally AC-connected subset of B is an AC-component of B (or
just component if the context is clear). B is a disjoint union of all its AC-components and every
AC-component in B’ is the disjoint union of all A-cosets in B that are subsets of B’ and the disjoint
union of all C-cosets in B that are subsets of B’, as well as the disjoint union of all the AC-cosets
in B’. AC-connectedness is a congruence relation on B. Its congruence classes, the components,
are thus subalgebras of B. Given a component B’ of B, a sub-skew chain is given by A > B’ > C.
Since a A (¢ v b v ¢) A a is the same for all b in a common C-coset and ¢ v (a A b A a) v ¢ is the
same for all b in a common A-coset, we can extend Lemma 1] as follows:

Lemma 4.2. Given a distributive skew chain A > B > C, for any pair a > ¢ where a € A and
ce C, each AC-component B’ of B contains a unique midpoint b of a and c.

Given cosets X € A and Y € B as above, a coset bijection ¢ : X — Y can be viewed as a partial
bijection between the involved D-classes, ¢ : A — B. Recall that a skew lattice S is categorical if for
all skew chains A > B > C of D-classes in S, nonempty composites 1) o ¢ of coset bijections ¢ from
A to B and ¢ from B to C are coset bijections from A to C. In this case, adjoining empty partial
bijections to account for empty compositions and identity bijections on D-classes, one obtains a
category with D-classes for objects, coset bijections for morphisms, and the composition of partial
functions for composition (see [14], [24] or [25] for more details). Clearly, a skew chain A > B > C
is categorical if and only if A > B’ > C is categorical for each component B’. Categorical skew
lattices form a variety (see [20], Theorem 3.16). We also have:
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Theorem 4.3 ([I4], Theorem 2.3). A skew lattice S is categorical if and only if for all z,y,z € S.
(4.2) xzyx=zimpliecsxn(zvyvz)az=(@ArzAz)vVyv (TAzAx)

Thus linearly distributive skew lattices are categorical. The converse, however, does not hold (see
Example .8 below). It does hold, however, for strictly categorical skew lattices where, in addition,
for every chain of D-classes A > B > C' each A-coset in B has nonempty intersection with each
C-coset in B, making of B a single AC-component. Strictly categorical skew lattices form a variety
(see [14], Corollary 4.3). This class includes:

(a) Normal skew lattices characterized by the condition A y A 2z A w =2 A2 Ay A w, Or
equivalently, every subset [e] |={x € S| e > x} is a sublattice (see [I8]). Skew Boolean
algebras are normal as skew lattices.

(b) Primitive skew lattices consisting of two D-classes, A > B, and all skew lattices in the
subvariety generated from this class of skew lattices.

Theorem 4.4 ([I4], Theorem 4.2). The following conditions on a skew lattice S are equivalent:

(i) S is strictly categorical.

(ii) Given both a >b>c and a >V > c in S with bDY, b = follows.

(iii) Given a > b in S, the subalgebra [a,b] = {x € S|a=x =0} is a sublattice.

(iv) S is categorical and given skew chain A > B > C' in S, for each coset bijection x : A — C
unique coset bijections ¢ : A — B and ¢ : B — C exist such that x =1 o .

Returning to distributive skew chains we have the following:

Lemma 4.5. A left-handed, categorical skew chain S is distributive if and only if a A (b v ¢) =
(a Ab)v (anc)forall a > b > ¢ such that a > ¢, in which case the identity reduces to a A
(bve)=(anbd)ve. Dudlly, aright-handed categorical skew chain S is distributive if and only if
(cvb)ra=(cra)v(bnaa) forall a > b > c such that a > ¢, in which case the identity reduces
to (cvb)ana=cv (bna). (Note that these identities are the left and right-handed cases of (@Il
above.)

Proof. Given a > b > ¢ with respective D-classes A > B > C, let ¢/ = a A ¢. Then a > ¢ and
(anb)v(anc)=(anb)vc. Next,since c and ¢ lie in the same A-coset in C' and S is categorical,
both b v ¢ and b v ¢ lie in the same A-coset in B so that a A (bv ¢) = a A (bv ). Hence
anbvey=(anb)v(anc)ifandonlyifan (bv )= (and)v(ancd)wherea>b>c,a>c
with the latter expression reducing to (a A b) v ¢’ as stated. The lemma follows from Lemma
and left-right duality. O

Theorem 4.6. Given a skew chain A > B > C, the following condition are equivalent:

(i) A> B> C is distributive.
(ii) For allae A, be B and ce C with a > c,

an(cvbveyra=cv(anbnaa)ve.

(iii) Given a € A and c € C with a > ¢, each component B’ of B contains a unique midpoint b
of a and c.
(iv) For each component B’ of B, A > B’ > C is strictly categorical.

When these conditions hold, each coset bijection x : A — C uniquely factors through each
component B’ of B in that unique coset bijections ¢ : A — B’ and ¢ : B' — C exist such that
X = ¥ o under the usual composition of partial bijections.
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Proof. (i) clearly implies (ii). Given a > ¢ in (ii), for each element « in B, both by = an(cvzve)aa
and by = ¢ v (a A & A a) v ¢ are midpoints of @ and ¢ in B. Replacing x by any element in its
C-coset, does not change the bi-outcome. Likewise, replacing x by any element in its A-coset, does
not change the be-outcome. Hence (ii) is equivalent to asserting that given a > ¢ fixed, for all z in
a common AC-component B’ of B, both a A (¢cv v e) Aaand ¢v (a Az Aa)veproduce the same
output b in B’ such that a > b > ¢. Conversely, for any b in B’ such that a > b > ¢ we must have
an(cvbve)ra=b=cv (anbnaa)ve Thus (ii) and (iii) are equivalent. Their equivalence
with (iv) follows from Theorem 4] above. Given (ii) (iv), (iv) forces A > B > C to categorical,
since for each component B’ in B, A > B’ > C is categorical. Denoting the skew chain by S, (ii)
forces S/R and S/L to be distributive by Lemma 5 and thus S € S/R x S/L to be distributive.
In the light of Theorem [£.4] the final comment is clear. ]

Corollary 4.7. A strictly categorical skew lattice is linearly distributive.

Given a > c as above, their midpoint b in the component B’ depends on the interplay of the
A-cosets and C-cosets within B’. Indeed, given any a € A, the set of images of a in B’, is the
setanB rna={anbra|be B} ={be B |a>0b} This set parameterizes the A-cosets
in B’ since each possesses exactly one b such that a > b. Likewise, for each ¢ € C' the image set
cvB ve={cvbve|beB'}={be B |b> c} parameterizes all cosets of C in B’ (see [20],
Section 1). Both images sets are orthogonal in B’ in the following sense: for any a € A, all images
of a in B’ lie in a unique C-coset in B’. Likewise for any c € C, all images of ¢ in B’ lie in a unique
A-coset in B’. Finally, given a > ¢ with a € A and ¢ € C, their unique midpoint b € B’ lies jointly
in the C-coset in B’ containing all images of a in B’ and in the A-coset in B’ containing all images
of ¢ in B’. (See [14], Theorem 4.1.) Of course, every b in B’ is the midpoint of some pair a > c.
For a fixed pair a > ¢, the set p(a, ¢) of all midpoints in B is a rectangular subalgebra that forms a
natural set of parameters for the family of all AC-components in B: just let b in p(a, ¢) correspond
to the component B’ containing b. In the following partition diagram, the A-coset of b contains all
images (e’s) of ¢ in B’, while the C-coset of b has all images (*’s) of a in B’. The element b is the
unique image of both a and c.

AC’—C(/)set

il

A-coset, ) bl . °

-class B

¥
!

C-coset

Example 4.8. Using Mace/ [5], two minimal 12-element categorical skew chains have been found
that are not linearly distributive, one left-handed and the other its right- handed dual. Their common
Hasse diagram follows where b; —c d; iff i +j = 0 (mod 4).
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A a; — az

by by by — by —dy — dy — ds— d
B PAT AT BBy

c .01762.

In both cases, a1 > bogd, dogq and as > beyen, deven, all b; > c1, all d; > co, and a1, as > both c1,cs.
(thus both skew chains are categorical since all cosets involving just A and C are trivial). We denote
the left-handed skew lattice thus determined by Us and its right-handed dual by Vo. Both Us and
Vo are not distributive. Indeed, given the coset structure on B, we get ay A (ba v ¢c2) = a1 Ady = dy,
while (a1 A b2) v (a1 A ca) = by v ca =ds # dy in Us. Vg is handled similarly. Note that in both
Us and Vo, B is an AC- connected, but a1 > by, bg > c1, and also as > by, by > c1, etc.

(Strictly) categorical skew lattices were studied in [I4]. A number of lovely counting results for
finite strictly categorical skew chains may be found in [24] or [25].

5. FrROM LINEAR DISTRIBUTIVITY TO DISTRIBUTIVE SKEW LATTICES

One may ask: Does linearly distributive plus quasi-distributive imply distributive? In general
the answer is no. It is however yes in two special cases. In [I8] it was shown that a normal skew
lattice is distributive if and only it is quasi-distributive. This result can be extended to strictly
categorical skew lattices. But first recall from [10] that a skew lattice S is simply cancellative if for
all x,y,z €5,

(5.1) zvzvez=yvzvyandzAzAaz=yAzAyimply z=y.

Cancellative skew lattices are simply cancellative, and simply cancellative skew lattices in turn are
quasi-distributive since (5.1J) rules out M3 and N5 as subalgebras.

Theorem 5.1. Strictly categorical, quasi-distributive skew lattices are both distributive and simply
cancellative. They are cancellative precisely when they are also symmetric.

Proof. In general, a > a A (bve¢)raand a> (a AbAa)v(ancna a)both hold. In turn, so do
botharncabra<an(bve)raandanrcabara<(arnbaa)v(anacaa). Indeed, applying
regularity and absorption we have, e.g.,

(ancrnbra)afan(bve)ad =@m arcArba(bve)ra
=@m aeArcAbnra

and

(ancnbnra)nflanbra)viancara)l =gg arcranbranflarbara)v(ancnha)l
=@m aeArcranbra=gmancrbnra

In any quasi-distributive skew lattice S, a A (bve) raD (anbnara)v (ancnaa) Thusif S
is quasi-distributive and strictly categorical, Theorem 4] implies that (L3 and dually (T4) must
hold.
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Let z,y,z€ Sbesuchthat tvzve=yvzvyandzArzarz =ynaznay. If S/D is distributive,
then = and y share a common image in S/D, placing them in the same D-class in S. But also
xAzAnx<bothzy<avzva IfSisstrictly categorical, then Theorem L4l gives x =y. O

Corollary 5.2. A strictly categorical skew lattice is distributive if and only if no subalgebra is a
copy of M3 or Nj

Given Theorems and [5.T] one might expect linearly distributive, quasi-distributive skew lat-
tices to be distributive. Mace4, however, has produced four minimal counterexamples. They turn
out to be Spinks’ minimal 9-element examples of skew lattices for which exactly one of (3] or
(T2) hold. (See [27] and Example [5.4] below.) Since ([3]) and (4] are equivalent for symmetric
skew lattices and skew chains are always symmetric, these examples are linearly distributive, so
that appropriate products of them are both linearly distributive and quasi-distributive, but satisfy
neither (L3]) nor (LA4).

Spinks’ examples are necessarily non-symmetric. This leads one to ask: Do linear distributivity
and quasi-distributivity jointly imply distributivity for symmetric skew lattices?

Before showing this to be the case, we first consider the broader problem of deciding which
linearly distributive, quasi-distributive skew lattices are distributive. To see what else is required,
we begin with a property common to all skew lattices.

Given D-classes A and B, their meet class M, and an element m € M, thenarbra=anrb ra
for all a € A and all b,b" € Im(m | B), the set of all images of m in B.

A B @ b,b' € Im(m | B)

N
N

Indeed if @’ € Im(m | A) so that ¢’ Ab=m =b A a for all be Im(m | B), then regularity implies
arbra=anad Abaad Aa=anmn a,and this occurs for all b€ Im(m | B). More generally
we have:

The Meet-class Condition (MCC): Given D-classes A and B, their meet-class M, and elements
a,a’ € Aand b,b' € B,thenaArnbara=aAb Aaif band b share a common image in M. Likewise
baranb=bnaa Abif aand a’ share a common image in B. Finally, all four outcomes coincide
when a, a’, b and b’ all share a common image in M.

Dualizing, one has the Join-class Condition (JCC), with all skew lattices having both properties.

Not all skew lattices, however, have their following extensions:

The Extended Meet-class Condition (EMCC). Given D-classes A and B, their meet class M, an
element a in A and elements d and d’ in a D-class D lying above B, thenarnd rna=a A d A aif
d and d’ share a common image in M and a common B-coset in D.

D d—pd eIm(m| D)

Dually, there is the FErxtended Join-class Condition (EJCC).

An equivalent formulation of the (E)MCC requires a broader way to describe cosets. Given
D-classes A and B, set ANbAA={arbra |a,a’ € A}foranybe B. f A > B, then Arba Ais
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just a typical A-coset in B. If B> A, then AAbA A= A, the unique A-coset in itself. In general,
setting M = A A B, regularity (Z3]) and other basic facts imply:

i) Given b= m wherebe Bandme M, AAbAA=AArmn A, an A-coset in M; conversely
every coset A Am A Aof Ain M is just A A b A A for some b in B.

ii) Forallb, o/ in B,if ANbAA=AAV AA thenanbara=anrl Aaforall ain A, with
AAbA Abeing just {fanbaralaec A}

Indeed, given b > m, pick a,, € A so that a,, = m. Then m = a,, A b so that a A b A d =
anamAbad =anrmnaa by 2H). Conversely each m € M factors as some a,, A b; thus
arnmnaa =anamrbaa’ = anbaa’ by (Z3) and (i) follows. Note that AAbAA = {anbra|aec A}
since (2.8) givesaanb A ad' =ara Abaana. The remainder of (ii) also follows from (Z3]).

The MCC is thus equivalent to: given A, B and M as above, b,b = m for m € M and b,' € B
implies AAbAA=AAbY A A as cosets of A in M. The EMCC is likewise equivalent to: given
alsod,d 2mformeMandd—pd eD>B,AndAA=AAd A A ascosetsof Ain A A D.
Dual remarks apply to the (extended) join-class condition.

Theorem 5.3. A skew lattice S has the EMCC property if and only if it satisfies

(5.3) eAn((yrxznrny)vezvyvzvyrzay))rz=zA(yvzvy) Az

S has the EJCC property if and only if it satisfies the dual of [B3). Skew lattices having the
EMCC property [or the EJMC property] thus form a subvariety. Finally, A-distributivity, given by
@3], implies EMCC, while v -distributivity, given by (L4), implies EJCC.

Proof. Setting a = z, m = yarx Ay, B =Dy, D =Dyg =Dy where d = y v z v y and
d=WwWnrzry)vzvyvzv(yAszAay), the EMCC gives (B3).

Conversely, given a, m, d and d' satisfying the requirements of ([&.3)), first pick b in B so that
m < b < dand pick ¢’ in A sothat o’ Ab=bAda =m. Nextlet d =V vdvb for somed’ in B. By
assumption we also have d = m v b vm v cvm v b vm so that we may assume that m <V’ < d'.
Assigning a’ to x, b’ to y and d to z, (B3) gives a’ AndAra =d A(mvdvd vdvm)ad =
a A vdvd)anad =a Ad Aa from which a AdAa=and aafollows by the argument above,
and the EMCC is verified. Clearly we have a pair of subvarieties. The implications are clear. [

The left-handed and right-handed versions of ([B.3]) are respectively:

(5.3L) xAnlyvezv(yaz)=zar(zvy)

(5.3R) ((xry)vazvy) rz=(yvz)Az.

We will soon see (cf. Theorem below) that all four special consequences of (3] and (4 -
quasi-distributivity, linear distributivity, EMCC and EJCC - are also sufficient for a skew lattice to
be distributive. It is fortuitous that the two latter conditions are also consequences of symmetry,
leading to a major result of this paper, Theorem 5.8

Example 5.4. [27] Consider the following left-handed, 9-element example after Spinks where (L4
holds but not (3] since:

2ABV8A2=2A4A2=6#5=5v0=(2A5A2)v(2A8A2).
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SIS O o D
S N S N e S RS BN
SRR B RN BN RN BN N
WO DN DD
[ L S O N
NN DO NN KNS
Lo Lo Co Lo Qo Lo M~ Ll
BoBC B B BB N AR
L L 1 U1 Lo Lo o ~ Lyl
RN S N R T SN SN
NN W WL WURRRIN

[0 N N N N N 'Y KoY

o

XD TP Lo D~
P YD A o G o Do
TTCDIC D D DD
BNV BN WD
BNV WD XD
B YD I WA D

PO =D >
LTI

o

This example is non-upper symmetric. (Indeed, 5 A8 =0=8 A5 butbv8=4#3=8v5.)
Notice that 2 A (8 v5 v (8A2)=2A(3v0)=2A3=5, while2 A (5v8) =2na4=06, so that
E3L) fails. As mentioned above, Spinks’ four examples of order 9 are the first cases where (B.3))
or its dual do not hold. Mace 4 has shown that all cases of order 10 - 13 where (53) or its dual do
not hold contain a copy of a Spinks example. The first cases where (B3) or its dual do not hold,
but contain no copy of a Spinks example occur with order 14.

Proceeding on to Theorem 5.6, we first further characterize quasi-distributivity in the left-handed
case.

Lemma 5.5. A left-handed skew lattice is quasi-distributive if and only if for all x,y,z € S:
(5.4) zrAa((yrx)vz)=xzA(yvz)

Proof. (<«=) Clearly, neither M3 nor Nj satisfy (5.4)).
(=) If a skew lattice S is left-handed, then y v z = (y A z) v z for all y,z € S. Indeed,taking
joins of both sides both ways gives

yvzvyrz)vz =gm yvWAz)vz=gmyV~zand
Wrx)vevyvz =@m WArzAy)vyvz=gpyV 2
But quasi-distributivity implies both sides of (&4 are D-related and in fact, L-related. Thus,
we have (z A (yv ) Al@an(lyrnz)vz) =zA(yvz). Butyvz = (yaz) vz gives
@Ayva)a@a(yrz)ve)=gmzryve)a(yrz)vez)=an A ((yAz)Vvz)sothat
E4) follows. O

Theorem 5.6. A quasi-distributive, linearly distributive skew lattice satisfies [L3) if and only if
it satisfies (B3). Likewise, a quasi-distributive, linearly distributive skew lattice satisfies (L4) if
and only if it satisfies the dual of [B3). Finally, a skew lattice is distributive if and only if it is
quasi-distributive, linearly distributive and satisfies both ([B.3) and its dual.

Proof. Clearly, (L3) = (&3). To show (E3)) = (3] under the given conditions, we first consider
the left-handed case:
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@ry)v(@nz) =gm zA[yrz)v(zaz)]
=6 Ay v (z A )]
= [(ZAx)vyv( A )]
=6D Azvyvi(zaa)
=@m TA(Yv2)
The right-handed case is similar and the general case now follows as usual. The second assertion
now follows by v — A duality and the final assertion from the first two. O

Recall that a skew diamond is a skew lattice with four D-classes, two being incomparable, say A
and B, and the remaining two being their join and meet D-classes, say J and M. Skew diamonds
trivially satisfy the EMCC. Here the nontrivial situations are A > M < B < J where AAjrnA=A
forall j € J,and B > M < A < J where similar remarks hold. Dually they satisfy the EJCC.
Since skew diamonds are clearly quasi-distributive, we have: a skew diamond is distributive if and
only if it is linearly distributive. Skew diamonds play an important role in the basic theory of skew
lattices. See, e.g., their role in [I0] where a number of forbidden algebras are skew diamonds.

Under what reasonable conditions must either ([G.3]) or its dual hold? They must hold for strictly
categorical skew lattices since both sides of (B3] are < x but > A y A . We also have:

Proposition 5.7. An upper symmetric skew lattice satisfies (B.3).

Proof. We organize the proof for the case when S is left-handed in the following steps:
1) Upper symmetry in the left-handed case is characterized by

(2.1L) xvyv(@ay) =yva.

Since z,y >y A x,(y A ) v y v z reduces to y v z in the left-handed case.
2) Forall z,y,ze S;avy=(xv(ynz)a(zv(yaz)).
Setu=(xv(yrz)r(zv(ynaz) Sinceury =g (Vv (yA2)A

we get

(yrz)=mpyrz<y,

rvyvu =@gm TvuvyvuAy)=rzvuvyvyrz)=gprvuvy
=@m TVvyvuvy=ggrvyArz)vyvuvy
=xH TVv@AzZ)vuvy=zvyrz)v(@v(yaz)alzv
=mm TvWAZ)VY=EmyTVY,

which is what needed to be shown in the left-handed case.

(yn2)])vy

3)Forall z,y,z€ S, znlzv (ynz)]=za(xvy A(xzv (ynz)).
2Aazvynz) =@ 2AEVvEHA2)A(V(YAz)
=gm 2A(zv(yAaz)au
=(2) zA(zvyarz)A(zvy) A
=@an zA(zvyrz)A(zvy) Az (ynaz))
=T zA(xvy)A(zv (ynaz).
4) For all z,y,z€ S, zn(xv(yrxArz)=znA(xv(yAz)). Replacing y by y A x in (3) gives

zAa(@v YAz naz) = Azv (yax)
=@ 2~ (v(yrz)
=@ z~(@v(yrz)
=@m *A@vynz)

(v (ynznz)
x/\( v(yazxnaz)

) A
) A
) A
).
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5) Concluding the left-handed case. Replace x with y v = in (4). On the left side we get

zAnlyvaevyalyva)az)=gpzAryvaev(yaz).
On the right side,

zAnyvevyalyve))=anzryvevy =gm 2 (xVvy).
Therefore z A (z v y) =2z A (y va v (y A z)) which is (5.3L)) with the variables permuted.
The verification of the right-handed case is similar, and the general case follows. O

These results and their duals lead to:

Theorem 5.8. (i) An upper symmetric skew lattice is A-distributive if and only if it is both
quasi-distributive and linearly distributive;
(ii) A lower symmetric skew lattice is v -distributive if and only if it is both quasi-distributive
and linearly distributive.
(i) Thus a symmetric skew lattice is distributive if and only if it is both quasi-distributive and
linearly distributive.

Prover9 has also provided proofs of the following results, which we just state.

Theorem 5.9. A simply cancellative skew lattice is distributive if and only if it is linearly distribu-
tive.

Theorem 5.10. A quasi-distributive skew lattice S is distributive if it is biconditionally distributive:
@T3) holds for any particular z,y,z € S iff (L4 does.

A skew lattice S is relatively distributive if every quasi-distributive subalgebra of S is distributive.
Such a skew lattice is linearly distributive. More general statements of Theorems [B.8] (iii) and 510
are as follows:

Corollary 5.11. Biconditionally distributive skew lattices as well as symmetric, linearly distributive
skew lattices are relatively distributive.

Examples [5.4] show that relative distributivity is properly stronger than linear distributivity.
The modular lattice M3 shows that biconditional distributivity is properly stronger than relative
distributivity. Indeed any lattice is relatively distributive, but elements x, y and z are easily found
in M3 satisfying exactly one of (L3]) or (L4]). It can be shown that biconditionally distributive
skew lattices form a variety. It can also be shown, using Prover9, that a skew lattice is relatively
distributive if and only if it is linearly distributive and possesses both the EMCC and EJCC
properties. Thus relatively distributive skew lattices also form a variety.
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