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Abstract

We define the order-congruence distributivity at 0 and order-
congruence n-distributivity at 0 of ordered algebras with a nullary op-
eration 0. These notions are generalizations of congruence distributiv-
ity and congruence n-distributivity. We prove that a class of ordered
algebras with a nullary operation 0 closed under taking subalgebras
and direct products is order-congruence distributive at 0 iff it is order-
congruence n-distributive at 0. We also characterize such classes by a
Mal’tsev condition.
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1. INTRODUCTION

Following Huhn [13, 14, 15], a lattice is called n-distributive if it satisfies the
so-called n-distributive identity

n n n
x/\\/yi§ \/ 96/\\/%‘
i=0 §=0 =0

Notice that n = 1 renders the usual distributive law. The n-distributive
identity has proved to be a very useful tool in several investigations, cf., for
example, Huhn [13, 14, 15] and Herrmann-Huhn [12]. Also, n-distributivity
and some of its generalizations have played an important role in studying
certain classes of congruence varieties.

While there are n-distributive but non-distributive lattices for each n >
2, many known results state that n-distributivity (for congruences) implies
distributivity for some particular cases. Our chief goal is to give a new
result of this kind, which is a common generalization of two distinct earlier
theorems.

Next, before formulating our main result, we survey the known ”n-
distributivity implies distributivity” type results in the following paragraphs.
Notice that distributivity trivially implies n-distributivity, so instead of im-
plication we can say that n-distributivity is equivalent to distributivity un-
der specific circumstances. The operators of forming subalgebras, direct
products, finite direct products (that is, direct products of finitely many
algebras), finite subdirect products, finite subdirect powers and subdirect
squares will be denoted by S, P, Py, Pje, Q‘}, and Q3, respectively. The
congruence lattice of an algebra A is denoted by Con A.

The story started with Nation [17], who proved that a variety of alge-
bras is congruence distributive iff it is congruence n-distributive. In fact,
he stated this result for certain more general identities not just for the n-
distributive law.

Czédli [4] has noticed that, for each n, if X is an SP ¢-closed class of al-
gebras and {Con A : A € K} is n-distributive, then it is distributive as well.
Later, he improved this result by replacing P; with Q, see Proposition 1
of [5].

Much more can be stated in the presence of modularity. Using the
Freese-Jénsson Amalgamation Property, FJAP in short, from Freese and
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Jénsson [9], Czédli [4] has shown that if K is Q3-closed and {Con A : A € K}
is n-distributive and modular, then it is distributive. (His result extends for
several other identities, and also for the lattices of relative congruences and

order-congruences, see Theorem 1 of [4], but the details are not relevant
here.)

For classes of ordered algebras A = (A, F, <), see Bloom [2], the basic
operations are assumed to be monotone with respect to the partial ordering
<. Notice that ordered algebras are generalizations of algebras, since an
algebra can be considered as an ordered algebra with the equality relation
as a partial ordering on it.

The operators H, S, P, etc. are defined in the natural way; in particular,
homomorphisms are monotone mappings preserving the operations. Order-
congruences of A are defined as kernels of homomorphisms from A to any
other B. These congruences form an algebraic lattice Con= A. Notice,
and see later, that Con< A is a complete meet-subsemilattice but not a
sublattice of Con A. Generalizing Nation’s above-mentioned result, Czédli
and Lenkehegyi [8] proved that if K is an SP-closed class of ordered algebras
with {Con= A : A € K} being n-distributive, then {Con= A : A € X} is
distributive.

Following Chajda [3], assume that X is a class of algebras of type 7
and 0 is a fixed nullary operation symbol in 7. For k-ary lattice terms s
and t we say that the lattice identity s < ¢ holds for congruences of X at
0, if for every A € X and O1,...,0; € Con A, the s(0,...,0)-class of
0 is included in the ¢(©1,...,0)-class of 0. If s < t is the n-distributive
(distributive) identity, then we say that X is congruence n-distributive at 0
(congruence distributive at 0). Czédli [5] has proved that if X is an SQy-
closed class with a constant 0 and X is congruence n-distributive at 0 (or,
more generally, some other identity of Nation [17] holds for congruences of
K at 0), then X is congruence distributive at 0.

If 8 denotes the variety of meet-semilattices with 0, then, according to
Chajda [3], 8 is congruence-distributive at 0. However, Czédli [5] made the
surprising discovery that the dual of the distributive law does not hold for
congruences of § at 0. This indicates the difficulty when considering lattice
identities for congruences at 0.

For a class of ordered algebras of type 7 with a constant 0 in 7, the
above-defined notions are self-explanatory. Our main result generalizes both
[8] and a part of [5] as follows.
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Theorem 1 (Main theorem). Let n > 2, and let K be an SP-closed class
of ordered algebras with a constant 0. Then the n-distributive law holds for
order-congruences of K at 0 iff so does the distribuitve law.

Many lattice identities can be characterized by Mal’tsev conditions, see
Jénsson [16] for a first survey. All these identities mentioned in [16], and
later in Chapter 13 of Freese and McKenzie [10] imply modularity. Later,
Czédli and Horvéth [6] (see also Czédli, Horvath and Lipparini [7]) proved
that if a lattice identity implies modularity, then it can be characterized
by a Mal’tsev condition. Somehow, modularity seems to be relevant when
dealing with Mal’tsev conditions.

As a by-product of the proof of Theorem 1, we will give a Mal'tsev
condition to characterize the class K from the theorem. Then the Mal’tsev
condition from Chajda [3] and that from Czédli and Lenkehegyi [8] will
become straightforward corollaries. Since order-congruence distributivity at
0 trivially implies order-congruence modularity (that is, a A (B V (e A7y)) <
(aAB)V (A7) at 0, the relevance of modularity remains untouched even
at 0.

2. ORDER-CONGRUENCES

In the introduction we defined ordered algebras and order-congruences on
them. According to the following lemma, order-congruences of an ordered
algebra are congruences of the corresponding algebra. Sometimes all congru-
ences are order-congruences as well, e.g. in case of lattices equipped with the
usual ordering. However the additive group of integers with the usual order-
ing has many congruences, but it has only the two trivial order-congruences.

The following two lemmas describe order-congruences and their join.
The proofs can be found in Czédli-Lenkehegyi [8]. From now on, the join
of order-congruences will be understood in Con= A without any notational
warning.

Lemma 2. Let O be a binary relation on an ordered algebra A = (A, F, <).
Then © is an order-congruence iff it is a congruence of the algebra (A, F')
and, for all a,b € A, the pair (a,b) belongs to © iff there exist elements
A0y -+ -5y, b0, ..., by € A such that

a=ayBa; < asBaz < ...a, =b;

b=byOb; < by Obs

N
o
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Let ©1,...,0, be order-congruences of an ordered algebra A. Then, for

15:-%n

. (S} S
a,b € A, let the notation a ——"— b stand for

(a’b)e (@10"'O@n0§)k'
k=1

Notice that Lemma 2 implies © = {(a,b) € A? : a S band b S a},
provided © is an order-congruence of A.

Lemma 3. Let O1,...,0, be order-congruences of an ordered algebra A.
Then

O1V .. VO, = {(a,b) € A0 20 and b O ]

The following lemma is evident.

Lemma 4. Let ©4,...,0,, be order-congruences of an ordered-algebra A,
and let t(xz) be a unary algebraic function of the same type. Then a 4>91""’9"

b implies t(a) Oty On, t(b) for all a,b € A.

3. FURTHER RESULTS AND PROOFS

From now on, let us fix an SP-closed class K of ordered algebras of type 7
with a constant 0. For a positive integer n, let X be the set of variables X =
{z1,...,xn11}, and let 29 = 0. Let Fy(X) denote the K-free ordered algebra
over X. Note that the definition of K-free ordered algebras is the same as in
case of algebras, and the same proof shows that K-free ordered algebras are
in SPX, cf. Grétzer [11] or Birkhoff [1]. For arbitrary indices i,j < n + 1,
let ©;; denote the smallest order-congruence of Fg (X)) containing (x;,x;),
and let ©; denote the following order-congruence:

n

@i = \/ ®n—h,n—h+1-
h=0
h#i

For an algebra A € X and an order-congruence o € Con= A, let [0]a denote
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the a-class of 0. From now on, for a lattice term ¢, we will use the following

notation:
h—1 h+1 n+1

h 1 h
t(f,y,z) ::t(x,..., T Y, 2 yenny 2 >

Proposition 5. Let K be an SP-closed class of ordered algebras with a
constant 0, and let n be a positive integer. Then the following four conditions
are equivalent:

(i) Con= A is n-distributive at 0 for all A € K;
(i) Znt1 € [0]Vi—o (Comt1 A Op) in Fy(X);

(iii) there are finite w and v and (n + 1)-ary terms s, tjx (1 < u, j < v
and k < n+ 1) such that X satisfies the following identities

S00(21, -+, Tpt1) =0 and Sy p+1(T1, ..., Tnt1) = Tnti;
Sik(x1,...,2pn,0) =05
t00($1, e ,$n+1) = Tn+1 and tv,n+1($1a e ,,InJrl) == 0;

tjk(xl, e ,xn,O) = 0;

Sint1(T1, . Tng1) <sip10(T1, ..o, Tng1) if @ < g
tins1(®1, s Tngr) <tjpr0(xr, .o Tag1) if § <
nf\kjrl nf\kjrl

50, = %) =8,11(0, z ,Z)ifk<n+1;

n—\k/—l—l n—\l_ﬁ/—i—l
tjk(O, x ,T) = tj7k+1(0, x T ifk<n+1.

(iv) Con= A is distributive at 0 for all A € X .
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Proof. (i) = (ii). The class X is closed under S and P, therefore X
contains Fy(X). Using the n-distributivity, condition (i) implies condition
(ii) trivially:

n

Tpi1 € [0]©0n41 A \/ Oiir1 C [0]\/ (Oon41 A 6O;).
i—0 i—0

(ii) = (iii). Condition (ii) means that (0, zn41) € Vi g (Qont1 A ;). Using
Lemma 3 we obtain (n + 1)-ary terms s, ¢, (1 <u, j <vand k <n+1)
such that the following relations hold in Fg(X):

(1) seo(x1,..- 2pg1) =0 and sy pp1(T1,. .. Tpg1) = Tpgt

(2)  sig(x1,. .., Zny1) Oongr A @_k8i7k+1(331, ey Tp1) fk<n+1
(3)  Sinti(z1,.. . 2ng1) <Siv10(z1,. . Tpg1) ifi <wu

(4)  too(x1,. .., Tpg1) = Tpg1 and typp1 (21, ..., Zpg1) =0

(5)  tip(x1,. . Tpg1) Oongr A G_ktj,k+1(x1, ey Tp1) fk<n+1
6)  tjnri(xi, . Tpg1) <tjyr0(x1,. .. Tpgr) ifj<w

Using Lemma 2 and the relations above, we obtain
(7) 0 @O,n-i—l sik(wl, Ce ,wn+1);
(8) Tnt1 Oomt1 tik(T1, - o Tgr).

Let us consider the monotone homomorphism ¢ : Fy(X) — Fg(X) defined
by the equations z,¢ = xp, (h < n) and x,41¢ = 0. Both ©g ;41 and ker ¢
are order-congruences, therefore (0,z,4+1) € ker ¢ implies ©g 11 C ker ¢.
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Using this and the relations in (7) and (8), we obtain that the following
identities hold in Fg(X), hence they hold in X, too:

(9) Sik(xla""xnyo) = Sik($1¢,...,$n+1¢)
= Sik(l'l, e ,.Z'n+1)(25 = 0¢ = 0,
tjk(wl, ey Ly, O) = tjk(w1¢, e ,wn+1¢)
(10)

=tjp(z1, -, Tng1)9 = Tpp16 = 0.

Let us fix an index k < n + 1 and let us consider the monotone homomor-
phism ¢ : Fy(X) — Fg(z) defined by the equations: x,_pp = 0if k < h
and z,,_p41% = x if h < k. Both Oy, and ker ¢ are order-congruences, more-
over (Tp_p,Tn_ni1) € kervp if h # k, therefore Oy C ker . Using this and
the relations in (2) and (5), we obtain that the following identities hold in
F(X), hence they hold in X, too:

n—k+1
(11) sl 0, = &) =spp(@19, ..., Tnp19) = Sik(T1, .., Tng1)?
=8 pr1(T1, -, T 1)V = Sip1 (@1, . T )
n—k+1
=5 k+1(0, x ,7); and similarly,
nf\kjrl n—k+1

(12) tjk<67 x ’f) :tj,k+1(6’ }/ 75)

The identities in (1), (3), (4), (6), (9), (10), (11) and (12) show that condition
(ii) implies condition (iii).

(iii) = (iv). Let us fix an ordered algebra A € X and order-congruences
a, 3,7 € Con= A. We have to prove that [0JaA(BV7) C [0](aAB)V (aAy).
Suppose that b € [0ja A (5 V y). By Lemma 3, (0,b) € a A (8 V ) means
that (0,0) € o and

(13) 0 2% b and b 22 0.
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By condition (iii), we have (n + 1)-ary terms s;; and tj,. For i < u,
j < wvand kE < n+ 1, let us consider the following unary algebraic
functions:

n+\1/fk: B n nJr\l/fk . n
(14) s (0, x ,b), 840 (f, x ,0) and <0, x ,b), tjo <f, T ,0).

Using the identities in condition (iii) and using Lemma 4 for (13) and (14),
we obtain:

n n n
800(07 s ’07 b) =300 (67 0 75) = 501 (67 0 7g> _B_’PY_) 501 (67 b 7g> =

801(6, 0 ,g) 2302(6, 0 ,g> _5_77_)302(6’ b ,g> =

80,n+1(b, ce ,b) < Slo(b, ce ,b) —B—ﬁ% 810(0, ce ,0, b)

Now, (0,b) € o and condition (iii) yield that the values of the unary algebraic
functions in (14) are always in [0]o. Hence

800(0, e ,0, b) M) 807n+1(b, ce ,b) M} 810(0, e ,0, b)
Repeating the calculations above for ¢ = 1,...,u, we obtain
Si_17n+1(b, e ,b) M) Sio(O, e ,O, b) M) Si7n+1(b, oo ,b).

Hence

(15) 0= 500(0,...,0,b) 22PN o (b, b) =Db.

)
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Similarly, condition (iii), (13) and (14) imply
(16) b= to(0,...,0,b) 20Ty (b, b) = 0.

Using Lemma 3 for (15) and (16), we obtain (0,b) € (A 5) V (aw A7), hence
b e [0](aw A B)V (aAy). This shows that (iii) implies (iv).

(iv) = (i). We have to show that order-congruence distributivity at 0
implies order-congruence n-distibutivity at 0. It follows from the following
observation. For any order-congruences a, f3, ..., 3, of an ordered algebra
A that is order-congruence distributive at 0, we have

Olan\/ Bi=0lar\/ B\ [an\ 8
= =0 7= =

Proof of Theorem 1. Notice that the equivalence of (i) and (iv) in
Proposition 5 is the statement of Theorem 1. [ |

Now, we show that Theorem 1 implies Czédli-Lenkehegyi’s result [8] that
congruence n-distributivity and congruence distributivity are equivalent on
SP-closed classes of ordered algebras. First, we need some definitions.

For lattice identities A and p, let A Foc p(SP) mean that for every
SP-closed class X of ordered algebras, if A holds for order-congruences of
K then p holds for order-congruences of X. Similarly, let A Foco p (SP)
mean that for every SP-closed class K of ordered algebras, if A holds for
order-congruences of K at 0 then p holds for order-congruences of XK at 0.
The following Lemma implies Czédli-Lenkehegyi’s result [8].

Lemma 6. If A\ Foco i (SP) then X\ Foc i (SP).

Proof. Let X be an SP-closed class of ordered algebras of type 7 such
that A\ holds for order-congruences of K. We want to show that p holds
for order-congruences of X. Add a new operation symbol 0 to the type of
XK. This way we obtain 79 = 7 U {0}. Let Ky denote the class of ordered
algebras of type 7o whose 7-reducts are in K. Notice that Ky is SP-closed.
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Now, A holds for order-congruences of Kg, therefore A holds for order-
congruences of Ky at 0. By the assumption, u holds for order-congruences
of Ky at 0. Suppose g is in the form s < ¢t where s and ¢ are n-ary lat-
tice terms. Let ©1,...,0, € Con< A for some A € X and let (u,v) €
s(01,...,0,). Setting 0 = u we turn A into a 7Tg-algebra Ay € Ky. Then
v € [0]s(01,...,0,) C [0]t(O1,...,0,) yields (u,v) € t(0q,...,0,). This
shows that p holds for order-congruences of XK. [

Using Theorem 1 for arbitrary n and condition (i) and (iii) of Proposition 5
for n = 1, we obtain a "nice” Mal'tsev condition for order-congruence n-
distributivity (and order-congruence distributivity) at 0. Notice that by the
reflexivity of order-congruences, u = v can be supposed in condition (iii) of
Proposition 5.

Corollary 7. Let X be an SP-closed class of ordered algebras with a con-
stant 0, and let n be a positive integer. Then the following three conditions
are equivalent:

(i) Con= A is n-distributive at 0 for all A € K;
(ii) Con< A is distributive at O for all A € K;

(iii) there is a finite k and there are 2-ary terms s, tij (i < k and j < 2)
such that X satisfies

soo(w,y) = 0, spa(w,y) =y and s;5(z,0) = 0;
too(z,y) = ¥, tr2(x,y) =0 and t4;(z,0) = 0;
sio(x,y) < siy10(z,y) if i <k;
tio(x,y) <tiy10(z,y) if i <k;
3i0(0,2) = $1(0, ), s(x,z) = sia(x, z);
tio(0,2) =t;1(0,2), ti(x,z) = ti(z, ).
As ordered algebras are generalizations of algebras, Corollary 7 gives a

Mal’tsev condition for congruence distributivity at 0. The Mal'tsev con-
dition found by Chajda [3] can be deduced from Corollary 7.
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