PERMUTABILITY OF SEMILATTICE CONGRUENCES
ON LATTICES

TSUYOSHI FUJIWARA

Many authors have studied lattice congruences on lattices, but it seems
that there are few studies concerning semilattice congruences on lattices.
However, it seems that the semilattice congruences on lattices are closely
connected with their structure. In this paper, we shall study the characteriza-
tions of modular, distributive, and relatively complemented lattices by the
permutability of semilattice congruences.

We can obtain the dual statements of the following discussion, but we shall
not write them as a rule to avoid double descriptions.

1. Preliminaries. Let L be a lattice. An equivalence relation 6 on L is
called a join-semilattice congruence on L or simply a join-congruence on L
if and only if for any elements a, b, cand d in L,

a=gbandc =gdimplya\Jc=40d

(@ =4 b denotes the fact that ¢ is in the relation 6 to b). A join-congruence on
L which is a meet-congruence on L is called a lattice congruence on L or simply
an [-congruence on L.

Let .S be a subset of L. Then it is clear that there exists a least join-congruence
on L under which all the elements in S are contained in the same congruence
class. We simply say that this is the join-congruence on L generated by .S and
denote it by 6(S, \U). Dually, we can define the meet-congruence on L gener-
ated by S and denoted by 6(S, M). A join-congruence on L generated by an
ideal of L is called a lower join-congruence on L, and a meet-congruence on L
generated by a dual ideal of L is called a lower meet-congruence on L.
Especially, a join-congruence on L generated by a principal ideal of L is called
a principal join-congruence on L, and a meet-congruence on L generated by a
dual principal ideal of L is called a principal meet-congruence on L.

We denote by b/a the closed interval {x|a < x < b}, and we denote by
b/ and /a the principal ideal {x| x < b} and the dual principal ideal {x|x > a},
respectively.

THEOREM 1. Let I be any ideal of a lattice L. Then, in order that two elements
a and b in L are congruent under the lower join-congruence 6(I,\J) on L, it is
necessary and sufficient that
(1) there exists an element n in I satisfying a \JUn = b \U n.
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If I is a principal ideal m/, then the condition (1) may be replaced by
2) a\Jm =b\Um.

Proof. Let ¢ be such a relation on L that a =4 b if and only if there exists an
element z in I satisfying ¢ \U n = 5 U n. Then it is easily verified that ¢ is
a join-congruence on L. If x and y are contained in I, then x \Uy € I and
x\U (xUy) =9U (x\Uy); thus, x =4 y. Hence, all the elements in I are
contained in the same congruence class of ¢. Since (I, \U) is the least join-
congruence under which all the elements in I are contained in the same
congruence class, we have (I, \U) < ¢, ie., if ¢ and b are congruent under
6(1,\V), then there exists an element # in [ satisfying a \Un = 5 \U n. This
completes the proof of the necessity.

Conversely, let a and b be elements in L such that there exists an element
n in [ satisfying ¢ \JU n = b \U n. Then we have

a=a\J@Nn) =qgunaeIn=0Un=¢nbJ bNn) =0

Hence a and b are congruent under 8(Z, \J). This completes the proof of the
sufficiency.

Finally, if I is a principal ideal m/, then it can easily be verified that the
conditions (1) and (2) are equivalent, completing the proof.

From the above theorem, we obtain immediately:

CoROLLARY 1. Let I be any ideal of a lattice L. Then I is a congruence class
of the lower join-congruence 6(I,\J) on L.

Let 8 and ¢ be two equivalence relations on a lattice L. 8 and ¢ are said to be
permutable if and only if § and ¢ satisfy the following condition for any elements
a, b,and ¢ in L:

(3) If a =¢ b =4 ¢, then there exists an element d in L satisfying ¢ =4d =qc.

It is obvious that ¢ and 6 are permutable if and only if 8 and ¢ are permutable.

We say that 6 is up-permutable to ¢, or that ¢ is down-permutable to 6, if and

only if 6 and ¢ satisfy the following condition for any elements a, b, and ¢ in L:

(4) Ifa < b < canda =4 b =4 ¢, then there exists an element d in L satisfying
a=4d=gc.

It is obvious that if 8 and ¢ are permutable, then 8 is up- and down-permutable

to ¢. As for the converse of this fact, we can assert the following theorem
concerning /-congruences:

THEOREM 2. Let 0 and ¢ be two l-congruences on a lattice L. If 0 is up- and
down-permutable to ¢, then 6 and ¢ are permutable.

Proof. Suppose that a, b, and ¢ are elements in L satisfying a =40 =4 c.
Then
a=4ga\Jb=4a U0 Uc=gbUc=4c
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Hence there exists an element x satisfying ¢ =4x =42 \J b \U ¢, because 0 is
up-permutable to ¢. Similarly there exists an element y satisfying

a\Jb\Jc=4y=yc.
Hence, we have

a=aN (@JbUc)=saNy=4@JbUc)Nc=c

Therefore, 8 and ¢ are permutable, completing the proof.

2. Characterizations of modular, distributive, and relatively com-
plemented lattices.

TaEOREM 3. Let L be a laltice. Then the following three conditions are
equivalent:
(5) L is modular.
(6) Amny two lower join-congruences on L are permutabdle.
(7) Any principal join-congruence on L is up-permutable to any principal join-
congruence on L.

The implication (6) = (7) is obvious. We have to prove that (5) = (6)
and (7) = (5).

Proof of (5) = (6). Suppose that L is modular. Let (7, \J) and 6(J, \J) be
any two lower join-congruences on L, and let @, b, and x be elements in L
satisfying a =g;u) ¥ =0y 0. Then by Theorem 1, there exist elements
n € I and m € J satisfying a \Un =x Uz and x U m = b'\U m. Hence we
have the following calculation if we put y = (¢ \J m) M (6 \U n):

yUm=[aUm)N G UIn)]Um= (aIm)N bJn\Um)
@ Im)N @ UnUm) =@ Im)N (e\Jn\Um)
=a\Jm.

Similarly, we have y \U#n = b '\U n. Hence, by Theorem 1,
a=euwy =Zeauw b
Therefore, 6(Z, \J) and 6(J, \J) are permutable, completing the proof.

Proof of (7) = (5). Let m, n, and ¢ be elements in L satisfying a > #,
a\Um=n'\Um, and e M\m = n M\ m. Then it is sufficient to prove that
a = n. By Theorem 1,

nINM =Zgt,0) B =00ms0) Q-
Hence, by (7), there exists an element x in L satisfying

nINM = gins0) X =0(ar0) Q-

Theorem 1 now yields

m=mMNm)Um=xUm and xUn=aUn = q.
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Hence, x < m and x < a; whence, x < a M m. Therefore,
a=xUn<<aNm)Un=mnNm)Jn=n.
Thus, ¢ = #n, completing the proof.

THEOREM 4. Let L be a lattice. Then the following three conditions are
equivalent:
(8) L is distributive.
(9) Any lower join-congruence on L is down-permutable to any lower meel-
congruence on L.
(10) Any principal join-congruence on L is down-permutable to any principal
meet-congruence on L.

The implication (9) = (10) is obvious.

Proof of (8) = (9). Suppose that L is distributive. Let (I, U) be any
lower join-congruence on L, and let §(J, M) be any lower meet-congruence on
L where J is a dual ideal of L. Now let a, b, and ¢ be elements in L such that
a < b< ¢ and that a =4y,n b =4y ¢. Then by Theorem 1, there exist
elements m € J and n € [ satisfying a \m =bMNm and 6 Un = ¢c\U n.
Hence,

aln> mNa)yUn=mNb)Un>mMN (b\Jn)
=mMN (c\In) >mNec.
This yields

[laUn)yNelNm= (a\JIn) N\ (cNm)=cMNm.
On the other hand,
[ Un)yNcdUn=@@Un)N({In)=a\Un.
Hence, by Theorem 1,
a =y (@\Jn)Nc=qymec.
Therefore, (I, \U) is down-permutable to 6(J, M), completing the proof.
Proof of (10) = (8).Leta, b, and ¢ be any elements in L. Then by Theorem 1,
bM ¢ =ogem b =o@waJob.
Hence, by (10), there exists an element x in L satisfying
b M ¢ =g X =oqem Vb
Theorem 1 now implies that
alUBNec)y=aJx and xNc= (aJb)Nec.

Hence, a\J (M ¢) > (a\J b) M c. Therefore L is distributive, completing
the proof.
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THUEOREM 5. Let L be a lattice. Then the following three conditions are equivalent:
(11) L 4s relatively complemented.
(12) Any join-congruence on L is up-permutable to any meet-congruence on L.
(13) For any element a in L, the principal join-congruence 6(a/,\J) on L is
up-permutable to the principal meet-congruence 6(/a, M) on L.

The implication (12) = (13) is obvious.

Proof of (11) = (12). Let 6 and ¢ be any join-congruence and any meet-
congruence on L, respectively. Now suppose that a, b, and ¢ are elements in L
satisfying ¢ < b < ¢. By (11), there exists a complement d of b in the interval
c/a;i.e., there existsd such that 6N d = eand b \U d = c. Hence, ifa =40 =4 ¢,
then

a=bNd=sgcNd=d=aJd=4bJd =c.

Therefore 6 is up-permutable to ¢, completing the proof.

Proof of (13) = (11). Suppose that a, b, and ¢ are elements in L satisfying
a < b < c. Then by Theorem 1,

a =oam 0 =
Hence, by (13), there exists an element d in L satisfying

a =gpmd =ep0 C.

Therefore, by Theorem 1, aM\b=dMNb and d\Ub=c¢\Ub; whence
a=dNbandd\J b = ¢. Thatis, d is a complement of b in ¢/a. This completes
the proof.

From Theorems 2 and 5, we can immediately obtain the following theorem
by R. P. Dilworth (1, Theorem 4.2).

CoROLLARY 2. If L 1s a relatively complemented lattice, then any two l-con-
gruences on L are permutabdle.

We denote by A(L) the set of all lower join-congruences and of all lower
meet-congruences on a lattice L, and by # (L) the set of all principal join-
congruences and of all principal meet-congruences on L.

CoROLLARY 3. Let L be a lattice. Then the following three conditions are
equivalent:
(14) L is relatively complemented and modular.
(15) Any lower join-congruence on L is up-permutable to any member of \(L).
(16) Any principal join-congruence on L is up-permutable to any member of = (L).

Proof. (14) = (15) and (16) = (14) f{follow from Theorems 3 and 5.
(15) = (16) is obvious.

CoROLLARY 4. Let L be a lattice. Then the following three conditions are
equivalent:
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(17) L is relatively complemented and distributive.

(18) Amny two members of N(L) are permutable.

(19) Any principal join-congruence on L is up- and down-permutabdle to any
principal meet-congruence on L.

Proof. 1t is easily verified by Theorem 1 that if L is distributive, then every
member of A(L) is an /-congruence on L. Hence, (17) = (18) follows from
Corollary 2. (19) = (17) can easily be obtained from Theorems 4 and 5.
(18) = (19) is obvious.
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