CONGRUENCES OF STRONGLY MORITA EQUIVALENT POSEMIGROUPS

T. TARGLA AND V. LAAN

ABSTRACT. We prove that congruence lattices of strongly Morita equivalent posemigroups with com-
mon joint weak local units are isomorphic. Moreover, the quotient posemigroups by the congruences
that correspond to each other under this isomorphism are also strongly Morita equivalent.

1. INTRODUCTION

Morita theories have been studied for many different structures: for rings with or without identity,
monoids, categories, etc. Our work belongs to the Morita theory of semigroups without identity,
the study of which was initiated by Talwar ([7], [8]). Recently Tart (see [9]) initiated a research of
Morita equivalent partially ordered semigroups (shortly posemigroups). One ingredient in Morita
theories is the study of Morita invariants, these are the properties shared by all Morita equivalent
structures. For example, a classical result about rings (see [1, Proposition 21.11]) states that
Morita equivalent rings with identity have isomorphic ideal lattices. In [10] Tart considers Morita
invariants of posemigroups. In [6], Morita invariants for unordered semigroups were considered, in
particular it was proven that if two semigroups with certain kind of local units are strongly Morita
equivalent then their congruence lattices are isomorphic. In this article we prove the analogue of
that result for the ordered case.
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Let S be a posemigroup. A left S-poset is a poset A together with a mapping (action) S x A —
A, (s,a) — sa such that (i) (ss')a = s(s'a), (ii) s < s’ implies sa < §'a, (iii) a < o’ implies sa < sa’
for all s,s’ € S and a,a’ € A. Right T-posets are defined similarly. A left S-poset and right
T-poset A is called an (S, T)-biposet (and denoted by gAr) if (sa)t = s(at) for all s € S, a € A
and t € T. A biposet morphism has to preserve both actions and the order. A biposet g Ar is said
to be unitary if SA = A and AT = A.

The tensor product A®t B of a right T-poset A and a left T-poset B is the quotient poset (A X
B)/ ~, where (a,b) ~ (d,b) i (a,b) = (¢,V) and (a,0) = (a,b),
and (a,b) < (a’,b) iff there exist t1,...,t,, w1,...,w, € T, a1,...,a, € A and by,...,b, € B
such that

a S a1t1
aiw; < agts tib < wibs
(1) aswy < agls t2by < wabs
anW, < a’ tobn < wpb
where zu = x for every element x € {ai,...,a,} and uy = y for every element y € {b,0'} U

{ba,...,b,} if u € T is the externally adjoined identity. For (a,b) € A x B, the equivalence class
[(a,b)]~ is denoted by a ® b. The order relation on A ®p B is defined by setting

a®b<d @b < (a,b) < (a,b)
fora®b,a’ @b € A®r B.

If Ais an (S,T)-biposet, then A®q B is a left S-poset, where the action is defined by s(a®b) =
(sa) ® b. Similarly, if B is a (T, S)-biposet, then A @1 B is a right S-poset.



Definition 1 ([8], [9]). A unitary Morita context is a six-tuple
(S,T, sPr,rQs,0,¢), where S and T are posemigroups, s Pr and Qg are unitary biposets and

9: s(P®7rQ)s = sSs, ¢:7(Q®s P)r — rTr
are biposet morphisms such that for every p,p’ € P and ¢,q' € Q,
(2) Op@ @’ =pdla®p’), ablp®q’)=¢(a®p)q

Definition 2 ([8], [9]). Posemigroups S and T are called strongly Morita equivalent if there
exists a unitary Morita context (S, T, s Pr, 7Qs, 0, ¢) such that the mappings 6 and ¢ are surjective.

Let p be a reflexive binary relation on a poset A. For a,a’ € A we write a < o’ if there exist
P

ai,...,a, € A such that
a<aypay<azp ... pa, <da.
‘We note that the relation < is reflexive and transitive.
p
Definition 3 ([3]). A congruence on a posemigroup S is an equivalence relation p on S such
that
1. sps’ implies sxzps’z and zspxs’ for every s,s',x € S;

2. s < s and s’ < s implies sps’ (the closed chains condition).
p p

The multiplication of the quotient posemigroup S/p is defined as usual and the order is given by
[s], < [¢], <= s <.
P
Similarly, a biposet congruence is an equivalence relation that is compatible with both actions

and satisfies the closed chains condition. We shall need biposet congruences induced by a binary
relation. Our construction will be an analogue of the one given in [2]. Let s A7 be an (S, T')-biposet



and let H C A x A. Define a relation «a(H) on A by aa(H)d' if and only if a = a’ or there exist

a natural number n and (z;,7}) € H, u; € S*, v; € T', i =1,...,n, such that
a = uiT1v1 UsTHhVs = U3T3V3 ... UnXh vy, = a
! /
UIT1V1 = U2T2V2 Up—1Tp_1Un—1 = UpTnpUp

Note that the relation a(H) is reflexive, transitive and compatible with both actions. Therefore,
the relation v(H) defined on A by
av(H)d' <=a < d andd < a
a(H) a(H)
is an (S, T')-biposet congruence. The relation v(H) is called the (S, T)-biposet congruence on sAr
induced by H. We consider the quotient set A/v(H) as an (S, T)-biposet with respect to the order
given by

[a],,(H) < [a'],,(H) <—a < a'
a(H)

and naturally defined actions.
Definition 4 ([6]). A posemigroup S is said to have common joint weak local units if
(Vs,s" € S)(Fu,v € S)(s =usv A s =us'v).

As examples of semigroups with common joint weak local units we mention monoids, lower
semilattices where every pair of elements has an upper bound (in particular lattices) and multi-
plicative semigroups of s-unital rings (in particular of rings with local units). Also, an ordinal sum
of any set of semigroups with common joint weak local units is again a semigroup with common
joint weak local units and a direct product of two semigroups with common joint weak local units
is a semigroup with common joint weak local units.



2. THE RESULT

Theorem 1. If S and T are strongly Morita equivalent posemigroups with common joint weak
local units, then there exists an isomorphism II : Con(S) — Con(T) of their congruence lattices.
Moreover, if p € Con(S), then the posemigroups S/p and T /I1(p) are strongly Morita equivalent.

Proof. Define the mappings II: Con(S) — Con(T") and ©: Con(T") — Con(S) as follows:

wll(p)y <=2 < yand y < z,
I 1T

P P

2Q(r)y<—= 2z <yandy < z,
Q Q

T T

where p € Con(S), 7 € Con(T) and

I, = {(¢(¢® sp), d(q@s'p)) | (s,8') e p,pe P,qe Q} CT xT,
Q- ={0(pxtq),0(pxt'q) | tt)er,pePgeQ} CSxS.

We first show that the relation II, is reflexive and compatible with multiplication.

Let ¢ € T be an arbitrary element and let ¢',¢"” € T be such that ¢t = t't”. Since ¢ is surjective,
there exist p/,p” € P and ¢/,q" € @ such that ' = ¢(¢’ ® p') and " = ¢(¢"’ ® p’). Hence
t=0¢(d @p)p(¢" ®p") = ¢(¢' @ p'P(q" ®p")) = (¢ ® O(p' ® ¢")p"). Because p is reflexive,
(0 ® q"), 600’ © ¢")) € p and therefore (t,1) = (6(¢' ® 0’ © ¢")p"), o(d’ @ 6(p' © ¢")p")) € T,
Thus II, is reflexive.

Let now (¢(q ® sp), ¢(q ® s'p)) € I1,,, where (s,s") € p, and let t = ¢(¢: @ p;) € T. Then

(¢(q ® sp)t, d(q @ s'p)t) = ((q ® spd(q: @ pr)), (g @ s'pp(ar @ py)))
= (¢(q @ s0(p ® q:)p1), (g ® s'0(p @ q1)pr)) € 11,



because (s0(p®¢:), s'0(p®q:)) € p. Similarly we can prove compatibility with multiplication from
the left.

Analogously one can show that €2 is reflexive and compatible with multiplication.

Now we show that the relations I1(p) and (7) are posemigroup congruences. Symmetricity and
transitivity are clear from the definition. Reflexivity and compatibility with multiplication follow
from the fact that the relations II,, €}, and < are reflexive and compatible with multiplication.
Let us check the closed chains condition. First we note that

t < t'e 3, t, €Tt < t11l(p)ta < t311(p) ... U(p)t, <t

TI(p)
=S t<t; <ty<t3<...<t, <t
P Hp Hp
=t <t
HP

Analogously ¢ < ¢ implies ¢’ < ¢ and consequently, if ¢ < ' < ¢, then ¢tII(p)t’. Similarly it
I(p)

o, O(p)  II(p)
can be proven that s < & < s implies s{)(7)s’. Thus we have seen that II(p) and (7) are
Q(r) Q)
congruences.

Obviously IT and 2 preserve order. So it remains to prove that IT and € are inverses of each
other. To prove that p C (QII)(p), it suffices to show that p C Qry(,. Let (s,s") € pand let u,v € S
be such that usv = s and us’v = s'. If u = 6(p, ® q,) and v = 6(p, ® @), Pu,Pv € P, qu, s € Q,
then (é(du ® 584), &{gu ® &'py) € TT, C TI(p). Hence

(s,8) = (usv,us'v) = (0(pu ® qusO(pv ® q)), 0(pu @ qus'0(py ® ¢0)))
= (0(pu ® ¢(QU ® Spv)%), 0(pu ® ¢(Qu ® Slpv)Qv)) € QH(p)'



Conversely, to prove the inclusion (QII)(p) € p we first show that Q) € p. Suppose that
Bp@tq),0(p @1t'q)) € Q(py where (t,t') € II(p). We shall prove that

(3) (t,t) € Il(p) = O(p @ tq) p O(p ® t'q).

The assumption means that ¢ < ¢’ and ' < t. The first fact means that there exist wuy, ..., uy,
i, i,

ul,...,u, €T such that

t <upllu) <wullyuh < ... <w,I,u, <t

Hence, for every i € {1,...,n}, there exist p; € P, ¢; € Q and (s;, s;) € psuch that u; = ¢(g; ®@s:p;)
and v}, = ¢(¢; ® sip;). Using this, we have
Op®tq) < B(p®urq) =0(p® d(q1 ® 51p1)q)
= 0(p®q1510(p1 ®q)) = 0(p ® q1)518(p1 ® q)

p 0(p®aq)s10(p1 ®q) =0(p® q1510(p1 ® q))
= 0(p® ¢(q1 ® 81p1)q) = O(p ® u3q)

< 0(p @ uzq) p O(p ® uzq)

< ... <0pety),

ie, 0(p®tq) < O(p®t'q). Similarly ¢ < ¢ implies O(p®t'q) < O(pRtq). Since p is a congruence,
P I, P
(B(p®tq),0(p®t'q)) € p, and therefore Qpy(,) € p. If now (z,y) € Q(p)), then z < y <

Quepy Qo)
which implies < y < z, and since p is a congruence, (z,y) € p. Consequently, (QIT)(p) C p and

PP
we have proven the equality (QII)(p) = p.
The proof of the equality (II2)(7) = 7 is symmetric.
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Now let us show that if p € Con(S), then S/p and T'/II(p) are strongly Morita equivalent. Let
p € Con(S) and denote 7 := II(p) € Con(T). We need to construct a Morita context containing
S/p and T'/7. For this we define the sets

H := {(sp,s'p) | (s,5") € p,p € PYU{(pt,pt') | (t,t') € T,p € P} C P x P,
K = {(g5,45) | (5,5') € p,g € QY U{(tq,t'q) | (t,t) €T,¢ €Q} CQ x Q.

Furthermore, let 4 = v(H) and A = v(K) be the biposet congruences on gPr and rQg induced by
H and K, respectively. On the quotient sets P/u and @/ we define the actions of the quotient
posemigroups S/p and T'/7 as follows:

[slp - [Pl = [sPlus [Plu-[t]r = [Pty
lalx-[s]p = lgslxn, [t]--[aglx = [ta]x,

peEP,qgeQ,seS, teT. Let sps’ and pup’, s,s’ € S, p,p’ € P. Since H C p and p is a left
S-poset congruence, we obtain sp u s'p u s'p’, and hence sp p s'p’. Similarly one can show that
all the other definitions are correct. Obviously we obtain biacts. To prove that the first action
is monotone in the first argument, we suppose that [s], < [¢'], for 5,5’ € S. Then s < ¢, i.e.

P

s < s1psh < sap...ps, < s for some si,...,8p,8%,...,8, € S. This implies for each p € P,

sp<sipHsp<...<sppH s,p<s'p hence sp < s'pand [sp], < [s'p],. On the other hand,
a(H)

assuming that s € S, p,p’ € P and [p|, < [p']u, we have p < p'. The last inequality clearly
a(H)

implies sp < sp/, and so [sp], < [sp'],. Thus we have obtained an (S/p,T/7)-biposet P/p.
a(H)

Analogously, @/ is a (T'/7,S/p)-biposet. Unitarity of P/u and @/ follows from the unitarity of
P and Q.



Define a mapping 6 : P/u® Q/\ — S/p by

O(plu @ [aly) = [6(p @ @)y,

p € P, q € Q. Let us prove that @ preserves the order. First we notice that, for all p € P, q € Q,
s,s'€eS,ue St eT,veTt,

(4) (s,5") € p = Ousp®q) pO(us'p ® q),
(5) (t,t')YeT = O(ptv®q) p O(pt'v®q).

The first implication holds because 6 is a left S-poset homomorphism and p is compatible with

multiplication. For the second implication we use that 7 is compatible with multiplication and (3)
holds.
Next we show that for all z,2',p € P, y,vy',q € Q,

(6) [1']# < [xl]u = 0(z®q) 9(1’/ ®q),

Op®y).

<
(7) Wr < = 0p®y) %

If [x], < [2],, then ¢ < 2’ and there exist z1,...,2, € P such that
a(H)
r <zia(H)zy < zaa(H)xh < ... < zpa(H)z, <2,

where for each j € {1,...,n} there exist a natural number n; and (s;, s}) € p, (t;,t;) € 7, p; € P,
u; € S',v; € T i =1,...,n;, such that

~

A A
Tj = U181P1U1 Ugpatyls = U3S3P3V3 ... Un;Pn;ly Un; = Tj.
/
U1S1P1v1 = Ugpatava.



Using (4) and (5), we obtain

0(z; ®q) = O(uisiprvr ® q) p O(ursiprv1 ® q) = O(u2patavz ® q)
p O(uzpatyve ® q) = 0(uzszpsvs @ q) p...p 0(z; ® q)

which implies
(r®q) <O(x1®q) pOzi®q) <O(z2®q) pO(zh®q) < ... <02’ ®q).

Hence 0(z ® q) < 6(z' ® q). The proof of the implication (7) is analogous.
P

Suppose now that [p], ® [¢]x < [p'], ® [¢']x in P/p® Q/A. From (1) we obtain p1,...,p, € P,
G2, qn €EQ, t1, ..., tn,w1,...,w, €T such that

[p]u < [pl]u[tl]f
p1lulwily < [p2lultelr [t1]-[g]x < [wi]r[g2]a
[p2]ulwelr < [pslultslr  [tal-laels < (w2l [gs]x
Palulwnls < Pl Falelads < [l

Using the implications (6) and (7), we obtain

9(p ® q) O(p1t1 ® q) = 0(p1 @ t1q)

<00’ ®q),

<
P
< 0(p1 ® wi1g2) = O(prw1 @ g2)
P
<
p p




and therefore [0(p ® q)], < [0(p’ ® ¢'],- So 0 preserves the order. Let us show that 6 is a biposet
morphism. For every s,s’ € S,

(8], ([Pl ® [a]n)) = 8([splu ® [a]5) = [0(sp © @)], = [s0(p © 9)],
[s1o[0 (p © @) = [5],0 ([Pl ® lg]5) -
Similarly one can show that @ preserves the right action. Surjectivity of 6 follows from the sur-

jectivity of 6. Analogously one can construct a surjective morphism ¢ : Q/\ ® P/u — T/7 of
(T'/7,T/7)-biposets. The equalities (2) are easy to check. O

If a posemigroup S has an identity element 1 and gA is a left S-poset then SA = A if and only
if 1a = a for every a € A. Thus the S-poset gA over a monoid S is unitary if and only if it is
an S-poset in the sense of [5]. From Theorem 6 of [5] it follows that two posemigroups S and T
with identity elements are strongly Morita equivalent if and only if they are Morita equivalent as
pomonoids (in the sense of [5]). So we have the following corollary.

Corollary 1. Congruence lattices of Morita equivalent pomonoids are isomorphic.

In [4] one can find a list of non-isomorphic Morita equivalent monoids. These can be considered
as Morita equivalent pomonoids with trivial order, and hence Corollary 1 applies to them. More-
over, an example of non-isomorphic Morita equivalent pomonoids with non-trivial order is given
in [5].

Suppose that semigroups S and 7' with common joint weak local units are strongly Morita
equivalent. We may consider S and 7" as posemigroups with trivial order and they will be strongly
Morita equivalent as posemigroups. By Theorem 1 their lattices of posemigroup congruences are
isomorphic. But for semigroups with trivial order the posemigroup congruences are precisely the
semigroup congruences. Hence we have the following result.



Corollary 2 ([6]). Congruence lattices of strongly Morita equivalent semigroups with common
joint weak local units are isomorphic.

In Theorem 1, we have proven that congruence lattices of strongly Morita equivalent posemi-
groups with common joint weak local units are isomorphic. As pointed out in [10], in general
congruence lattices of strongly Morita equivalent posemigroups need not be isomorphic.
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