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Abstract In this paper, we introduce Green’s *-relations on semirings and define [left, right]
adequate semirings to explore additively non-regular semirings. We characterize the semirings
which are strong b-lattices of [left, right] skew-halfrings. Also, as further generalization, the
semirings are described which are subdirect products of an additively commutative idempotent
semiring and a [left, right] skew-halfring. We extend results of constructions of generalized
Clifford semirings (given by M. K. Sen, S. K. Maity, K. P. Shum, 2005) and the semirings which

are subdirect products of a distributive lattice and a ring (given by S. Ghosh, 1999) to additively
non-regular semirings.
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A semiring S is an algebraic structure (S,+,+) consisting of a non-empty set S together
with two binary operations + and - on S such that (S,+) and (5,-) are semigroups connected
by distributivity, that is, a(b+ ¢) = ab+ ac and (b + ¢)a = ba + ca for all a,b,c € S. The
additive identity (if it exists) of a semiring S is called zero and denoted by 0g. An additively
commutative semiring S with a zero satisfying 0-z =2-0=0 for all € §, is called a hemiring.
A halfring is a hemiring whose additive reduct is a cancellative monoid. A skew-ring (S, +,-)
[8] is a semiring whose additive reduct (5,4) is a group, not necessarily an abelian group. To
explore additively non-regular semiring, we introduce the concept of [left, right] skew-halfring
which is a semiring whose additive reduct is an additively [left, right] cancellative monoid, not
necessarily to be additively commutative. A semiring (5,4, -) is said to be a b-lattice [14] if its
additive reduct (S, +) is a semilattice and its multiplication reduct (5, -) is a band. A b-lattice
is said to be commutative if the multiplication in (S, -) commutes. A semiring (S, +, -) is called
an additive idempotent semiring if its additive reduct (S,+) is a band.

Throughout this paper we denote the set of all additive idempotents [if they exist] of a

semiring S by ET(S). By a subdirect product of two semirings S; and Se we mean a semiring
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which is isomorphism to a subsemiring 7" of the semiring S such that the projection maps of T
into both S; and S5 are surjective, where S is the direct product of S; and Ss.

Since semirings are generalizations of distributive lattices, b-lattices, additive commutative
idempotent semirings, rings, skew-rings and [left, right] skew-halfrings, it is interesting to use
those semirings to establish constructions of some semirings. Bandelt and Petrich in [2] intro-
duced Bandelt-Petrich Construction in semirings and described the semirings with regular addi-
tion which is a subdirect products of a distributive lattice and a ring. Ghosh in [5] established
the constructions “strong distributive lattice of semirings” which include the Bandelt-Petrich
Construction, and characterized all semirings which are subdirect products of a distributive lat-
tice and a ring. In particular the author introduced the semirings, Clifford semirings [additively
commutative inverse semirings such that the set of its additive idempotents is a distributive
sublattice as well as a k-ideal], and verified that a semiring is a Clifford semiring if and only if
it is a strong distributive lattice of rings, and if and only if it is an inverse subdirect product
of a distributive lattice and a ring. Later, in [14], Sen, Maity and Shum defined the Clifford
semiring which is a completely regular and an additively inverse semiring such that the set of
its additive idempotents is a distributive sublattice as well as a k-ideal [without assuming that
its additive reduct is commutative] and proved that a semiring is a Clifford semiring if and only
if it is a strong distributive lattice of skew-rings. Moreover, they introduced generalized Clifford
semirings which are completely regular and inverse semirings such that its additive idempotent
set is a k-ideal, and obtained that a semiring is a generalized Clifford semiring if and only if it
is a strong b-lattice of skew-rings, and if and only if it is an additively inverse semiring and is
a subdirect product of a b-lattice and a skew-ring. All semirings studied in [2], [5] and [14] are
additively regular.

Let (S, +,-) be a semiring. We denote the Green’s H-relation on the additive reduct (S, +)
by 7J-rl By Theorems 1.4, 2.5 and 3.3 in [14] we know that 7J-rl is a congruence on both Clifford
semirings and generalized Clifford semirings. McAlister [10] and Pastijn [13] introduced Green’s
x-relations on semigroups. In this paper we introduce Green’s x-relations on semirings and
consider non-regular semirings, [left,right] adequate semirings on which Green’s *-relation [E*,
7%*] 7'J(r* is a congruence. Our purpose is to extend results of generalized Clifford semirings in
[14] and the semirings which are subdirect products of a distributive lattice and a ring in [5] to
non-regular semirings.

To study the [left, right] adequate semirings in Section 1, we first introduce Green’s *-
relations on semirings and then recall some results of right adequate semigroups and adequate
semigroups. In Section 2 we introduce [left, right] adequate semirings and discuss adequate
semirings on which Green’s *-relation 7-J(r* is a congruence. Section 3 explores right adequate
semirings on which Green’s *-relation E* is a congruence. We do not discuss the left adequate
semiring on which Green’s %-relation 73* is a congruence since symmetrically we can obtain the
results of left adequate semirings. In Section 4 we characterize the semirings which are a strong

b-lattice of [left] skew-halfrings. Section 5 describes the semirings which are subdirect products
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of an additively commutative idempotent semiring and a [left] skew-halfring.
In this paper, we refer to [3], [4], [6] and [9] for the undefined notions and notations about

semigroups.

1. Preliminaries

Let (S,4+,-) be any semiring. We denote the Green’s relations £, R, H on additive reduct
+ 4+ +
(S,4) by L, R, H, respectively. These are also equivalence relations on semiring (.5, +, ). Now,

+ + o+
we introduce Green’s *-relations £*, R*, H* on the semiring S which are given by: for a,b € S,

JF

al*b e forallz,ye S'a+z=a+yifandonlyif b+2=b+y
JF

aR*b < forall v,y € S',x+a=y+aifandonlyifx +b=y+b

+ + +
H* =L NR".

+ +
It is clear that L C LY, R CR*on (S,+,). In particular, if S is an additively regular semiring,
+ + + +
L =LR =R" (see [3]). In general, since the Green’s equivalence relations £, R and H

are not congruences on a semigroup [6], Green’s *-equivalence relations £+*, 73* and 7:;* are not
congruences on (S, +,-).

Before starting our discussion of several classes of non-regular semirings, we need some con-
cepts for semigroups and some results of [left, right] adequate semigroups. Let (S,+) be a
semigroup. We call (S,+) [a right, a left] adequate semigroup if its idempotents commute and
every [E*—class, ﬁ*—class] E*—class and ﬁ*—class contain an idempotent (which is, in fact, unique
[4]). For an element a of such a semigroup, the idempotent in the E*-class [ﬁ*-class] contain-
ing a is denoted by a*[at]. A [right, left] adequate semigroup S is called [right, left] type A if
et+ta=a+(e+a);at+te=(a+e)T +ale+a=a+ (e+a)*and a+e = (a+e)" +a for
a € S and e € EY(S). In [9] an equivalent relation [o,,0;]c on a [right, left] type A semigroup
(S,+) is defined by : for a,b € S, [ao,b, ao;blacd if and only if there exists an idempotent e in
S such that [a+e=b+e,e+a=e+bla+e=>b+e. A [right, left] type A semigroup S is said
to be proper if and only if [o; N £+* =1, 0.N 7%_* =1onN £+* =oNn 7%_* = 1, where ¢ is the identity
mapping on S.

Lemma 1.1 (1) Let (S, +) be a right adequate semigroup with semilattice of idempotents E.
If £* is a congruence on S and S/L* is a semilattice, then (S/L*,+) = (E, +).

(2) Let (S,+) be an adequate semigroup with semilattice of idempotents E. If H* is a
congruence on S and S/H* is a semilattice, then every H*-class contains an idempotent and

(S/H" +) = (B, +).
Proof The conclusion follows from Lemma 2.5 and Corollary 2.6 in [4]. O

Lemma 1.2 (Lemma 1.12 [4]) Let H* be an H*-class of a semigroup S. If H* contains an



778 Y. H LI, F. M. HUANG and Y. HE

idempotent, then H* is a cancellative subsemigroup of S with an identity.

Armstrong [1] defined two partial orders <; and <, on an adequate semigroup as follows:
a<;b ifand only if b=a+e
a<,.b ifandonlyif b=e+a

for some idempotent e. The partial order <=<; N <,. is called the natural partial order on an

adequate semigroup.

+
2. Adequate semirings on which H* is a congruence

In this section we first introduce the concepts of [right, left] adequate semirings, then consider

+
adequate semirings on which H* is a congruence.

Definition 2.1 Let (S, +,-) be a semiring.

(1) (S,+,-) is an [a right, a left] adequate if its additive reduct (S, +) is an [a right, a left]
adequate semigroup.

(2) (S,+,) is [right, left] type A if its additive reduct (S, +) is a [right, left] type A semigroup.

(3) (S,+,-) is [right, left] proper type A if its additive reduct (S,+) is a [right, left] proper
type A semigroup.

For an element a of a semiring (.9, +, -), the additive idempotent in the E*—class containing a
will be denoted by a* and the additive idempotent in the ﬁ*—class containing a will be denoted
by a™. For an adequate semiring (S, +, -), % denotes the partial order determined by < on the
additive reduct (S, +).

Jr
We now give two examples of adequate semirings, one is an adequate semiring on which H*

+
is a multiplication congruence and the other on which H* is not.

Example 2.1 Let (A,+) be the infinite cyclic monoid generated by a with identity 1 and let
(B,+) be the free monoid generated by b,c with identity 0. The mapping « : {b,c,0} — A
given by a(b) = a(c) = a and a(0) = 1, extends uniquely to a homomorphism o : B — A. Let
S = AU B with additive operation: for x € Ajy € B,z +y=x+aly) =aly) + =y + x.
Thus we have an addition on S which extends those on A and B. By Example 2.3 in [9], S is an
adequate semigroup with H* = L* = R*.
(1) Define a multiplication on S as follows:
{ 0 forx,ye B, orx e A,ye B, orye A,z € B,
Ty =
1 forx,y e A

+
Then, (S, 4, ) is an adequate semiring on which H* is a semiring congruence on S.
(2) Define a multiplication on S as follows:
0 foranyxz,y€ S, x=0o0ry=0,
xry =
Y 1 forany xz,y € S,z # 0,y #0.
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Then S is an adequate semiring with ﬁ* = £+* = 73* It is easy to check that A and B are
the E*—c]asses. Since z* = 1, y* =0 forz € A,y € B, 2*y* =1-0= 0. But (vy)" = 1 and
(ry)" =1 # a*y*. Hence, ﬁ* is not a multiplication congruence on S.

Let (S, 4+, ) be a semiring. We denote the largest congruence on (5, +, -) contained in £+* [7{*]
by u 4+ [p + ], and the largest semiring congruence contained in 7'J(r* is denoted by ;j* A congruence
4] onﬂa* sern;ring (S, +,-) is said to be a [left, right] skew-halfring congruence if the additive reduct
(S/6,4) is a [left, right] cancellative monoid.

The semiring (5,4, -) may satisfy some of the following axioms:

A1) at+e=e+aforeec ET(S)and a € S;

2) (ab)" +a*b* = a*b* for a,b € S;

A3) aa* =a* for a € S;

4) ab* =b*a for a,b € S;

5) a+a*b=afora,be S,

6) ifa*=b"and a+e=0b+e for a,b €S and some e € E, then a = b;

>

i

+ +
Ag) if there exists ¢ in S for a,b € S such that a < ¢,b < ¢ and a* = b*, then a = b;
+
Bi) (a+ee+a)e L forallac S,ee ET(S);

(
(
(
(
(
(
(
(
(B}) (a+e,e+a)e 7%_* for all a € S,e € E*(9).

)
)
Lemma 2.1 Let (S,+,+) be a type A semiring. Then,

(1) The equivalent relation o is the minimum cancellative monoid congruence on the additive
reduce (S, +);

+ +
(2) For a,b € S, aob if and only if there exists an element ¢ in S such that a < ¢ and b < c.

(3) o is the minimum skew-halfring congruence on (S, +,-).

Proof (1) It is from Proposition 1.7 in [9].

(2) It is from the second paragraph in [9, p283].

(3) If acb for a,b € S, there exists e in E1(S) such that a + e = b+ e. Now, for any ¢ in S,
since ce and ec are in ET(S), ac+ ec = bc+ ec and ca + ce = cb+ ce. According to (1), o is the
minimum skew-halfring congruence on S. O

Similarly, from the seventh paragraph in [9, p283] we have Lemma 2.2.

Lemma 2.2 Let (S,+,-) be a right type A semiring. Then,

(1) The equivalent relation o, is the minimum left cancellative monoid congruence on the
additive reduce (S, +);

(2) o, is the minimum left skew-halfring congruence on (S, +.-).

Lemma 2.3 Let (S,+,-) be an adequate [a right adequate] semiring. If S satisfies conditions

+ 0+ 4+ o+
(A1) and (Az), then H* = L* = R*[L*] is a congruence on (S, +, ).

Proof If adequate semiring (S, +, ) satisfies (A1), by Proposition 2.7 and Proposition 2.9 in
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[4], ﬁ* = £+* = 7{* is a semilattice congruence on (S,+). To obtain that 7:;* = £+* = 7%_* is a
multiplication congruence on S, we only prove that, for any a,b € S, (ab)” = a*b = ab* = a*b*.
For any a,b € S, we have
(ab)" =[(a+a*)(b+b*)]" = (ab+ a*b+ ab* + a*b*)”
= (ab)" + a*b + ab* + a*b* (by a*b,ab*,a*b* € ET(S)).
So (ab)* + a*b* = (ab)*. On the other hand, if S satisfies (Ag), that is, (ab)* + a*b* = a*b*,
then (ab)” = a*b*. We also have (ab)” + a*b = (ab)" and a*b* + a*b = a*b, which means that
(ab)* = a*b. Similarly, (ab)* = ab*. Consequently, (ab)" = a*b = ab* = a*b*.
Similarly, we can prove the case that (S, +,-) is a right adequate semiring. O

Now, we can obtain analogues of Proposition 2.9 in [4] for semirings.
Proposition 2.1 The following conditions are equivalent on an adequate semiring (S, +, -) with
E=E*(9):

(1) S satisfies (A1), (Az);

+ + + + + +
(2) p* is the largest semiring congruence contained in H* (in this case H* = L* = R* = p*);
+
Proof (1)= (2). It follows from Lemma 2.3.
+ +
(2) = (3). Define a mapping by 6 : (S/p*, +,-) — (E,+,-), ap* — a*. It is routine to check

that 6 is an isomorphism.
+ + o+ +
(3) = (1). Assume that S/u* = E. By Proposition 2.9 in [4], we have p* = H*, and then H*
is a semiring congruence and E is central on (S, +). Of course, S satisfies (A1) and (ab)” = a*b*,
and then (ab)” + a*b* = a*b*. Therefore (A1) and (Az) hold.
If (S, +) is a right adequate semiring, the proof is in the same way. O
Theorem 2.1 Let (S,+,-) be an adequate semiring. The following statements are true:
+
(1) S/H* is a semiring with semilattice additive reduct if and only if S satisfies (A1), (Az).
+
(2) S/H* is a b-lattice if and only if S satisfies (A1 )—(As).
+
(3) S/H* is a commutative b-lattice if and only if S satisfies (A1)—(A4).
+
(4) S/H* is a distributive lattice if and only if S satisfies (A1 )—(As).

Proof (1) 1If S/ﬁ* is a semiring with semilattice additive reduct, by Lemma 1.1, (S/ﬁ*, +) =
(E*(S),+). Since ET(S) is an ideal of S, it is clear that (‘S”/7'J(r*,—|—7 ) = (E*(S),+,) under a
mapping 6 : aﬁ* — a*. According to Proposition 2.1, S satisfies (A1), (Az).

Conversely, the conclusion follows from Proposition 2.1.

(2) Suppose that S/ﬁ* is a b-lattice. Then (A;) and (Az) hold. Since aa* € ET(S),

+
aa*H*a*a* = a* implies that aa® = a*, that is, (As) holds.
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Conversely, let S satisfy (A1)—(Ag). Since (ab)* = a*b* and aa* = a*, we have
’ 2
aH*a* = aa*H*a”.
+
By (1), S/H* is an idempotent semiring with semilattice additive reduct and band multiplicative
+
reduct. Then S/H* is a b-lattice.

+
(3) If S/H* is a commutative b-lattice, then a*b* = b*a*, and so ab* = a*b* = b*a* = ba*.

Thus, (A4) holds. Conversely, assume that S satisfies (A1)—(A4). Since
+ o+ + + + +
(aH*)(bH") = (aH*)(b"H") = (aH™)(b*H™)
+ + + +
= (ab")H* = (b"a)H" = (b*H*)(aH")
+ +
= (VH")(aH"),

+

S/H* is a commutative b-lattice.
+
(4) If S/H* is a distributive lattice, then S satisfies (A1)—(A4). Moreover, for a,b € S,
a+a*b=a+a"'b" =(a+a*)+a’*d*
+
=a+ (a"+a"d)=a+a* (bya"d" <a*)
=a

which proves (As).

Conversely, assume that S satisfies (A1)—(As). Since a + a*b = a implies (a + a*b)* = (a)*,
by Proposition 1.6 (2) in [4] and ¢*b = a™b* we have a* 4+ a*b* = a* + a*b = (a+ a*b)* = a* and

+

b*a* + a* = a*b* + a* = a* + a*b* = a*. Consequently, S/H* is a distributive lattice. O
Definition 2.2 ([14]) A congruence p on a semiring S is called a b-lattice [distributive lattice]
congruence if S/p is a b-lattice [distributive lattice]. A semiring S is called a b-lattice [distributive
lattice] Y of semirings {S, : « € Y} if S admits a b-lattice [distributive lattice] congruence p on
S such that Y = S/p and each S, is a p-class.

The following corollary follows from Lemma 1.12 [4], Lemma 1.1, Proposition 2.1 and Theo-

rem 2.1.

Corollary For an adequate semiring S satisfying (A1) and (As),
(1) If S satisfies (As), then S is a b-lattice of skew-halfrings;
(2) If S satisfies (As) and (A4), then S is a commutative b-lattice of skew-halfrings;
(3) If S satisfies (As)—(As), then S is a distributive lattice of skew-halfrings.

+
3. Right adequate semirings on which £* is a congruence

Let (5,4, ) be a right adequate semiring. In this section we can obtain the results on right

Jr
adequate semirings analogous to those on adequate semigroups on which H* is a congruence.
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Proposition 3.1 The following conditions are equivalent for a semiring (S, +, ) with E = ET(S):
(1) S is right adequate and satisfies (A1) and (As);
(2) S is right type A, and LJF* = ME*;
(3) S is right type A, and (S/Mﬁt’—i_’ )2 (E,+,).

Proof (1)= (2). If a right adequate semiring (S, +, -) satisfies (A1) and (As), then
a+(eta) =a+(a+e) =a+a*"+e=at+e=c+a.
+
Hence, S is right type A and by Lemma 2.3, £* = u ;.
£*

+
(2) = (3). If S is right type A and £* = i , then by Lemma 1.1 (S/p 4+ ,+) = (E,+), and
* L:*
by Proposition 2.1 (S/,ug ) 2 (B +, ).
(3) = (1). If S is right type A and (S/ME ,+,0) = (E,+,), then (S,+) is a right type A
+
semigroup. According to Corollary 2.8 in [4], 4+ = £* and E is central in (5, +), which means
L:*
+
that S satisfies (A1) and (ab)* = a*b* since L* is a congruence on the semiring S. We deduce
(ab)" + a*b* = a*b*. Therefore, S satisfies (4;) and (Az). O
Following example shows that the condition that S is right type A cannot be deleted in
Proposition 3.1 (2) and (3).

Example 3.1 Let N denote the set of natural numbers and put I = N x N. On S = NUI
define operations @ and - as follows:

For all m,n,h,k € N. m@&n=m+n; m® (h,k) = (m+ h,k); (h,k) ®m = (h,k + m);
(h,k) ® (m,n) = (h,k+m+mn). For all z,y € S,xzy = 0. Then, S is a semiring whose additive
idempotents are {0, (0,0)}. E*—c]asses of S are {N, I} so that S is right adequate. Notice that
(0,0)®m # ma (0,0) asm # 0, and so S does not satisty (A1). Since (0,0) @&k = (0, k) whereas
k& ((0,0)® k)* =k (0,0) = (k,0), we see that S is not right type A, while £+* is a semiring
congruence on S.

By Proposition 3.1, the proof of following Theorem 3.1 can be proved similarly to Theorem
2.1.

+
Theorem 3.1 Let (S,+,) be a right type A adequate semiring on which L* is a congruence.

Then the following statements are true:

(1) S/LJF* is a b-lattice if and only if S satisfies (A3);

(2) S/LJF* is a commutative b-lattice if and only if S satisfies (Az) and (A4);

(3) S’/E’k is a distributive lattice if and only if S satisfies (Az)—(As).
Corollary 3.1 For a right adequate semiring (S, +,-) satisfying (A1) and (Az), the following
statements are valid.

(1) If S satisfies (As), then S is right type A and is a b-lattice of left skew-halfrings.
(2) If S satisfies (A3) and (A4), then S is right type A and is a commutative b-lattice of left
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skew-halfrings.
(3) 1If S satisfies (A3)—(As), then S is right type A and is a distributive lattice of left

skew-halfrings.

Jr
Now, we consider another class of right adequate semirings on which £* is also a congruence.

Proposition 3.2 For a right adequate semiring (S, +, -), the following statements are equivalent:
(1) S satisfies (By) and (As);

(2) £ =p;
(3) (S//J'Zr*u+7 ) = (E+(S)7+7 )

+
Proof (1)=-(2). If (S, +, ) satisfies (B1), £* is the smallest semilattice congruence on (S, +)
+
by Proposition 2.7 in [4]. Since L£* is a congruence on additive reduce (S, +) and S satisfies (Az),
+ +
L* is also a multiplication congruence on S. Therefore, £* = 11 4 .
L*
(2) = (3). Clearly, (/. +,) = (B*(S), +.).
+
(3) = (1). If (S/p+,+,) = (ET(S),+,-), then L£* is a semiring congruence on S implies
£*

+
S satisfies (A3). By Proposition 2.7 in [4] we know that (a +e,e +a) € L* for e € ET(S) and
a € S. Therefore, (B1) and (A2) hold on S. O

Theorem 3.2 Let (S,+,-) be a right adequate semiring. Then the following statements are
true.

(1) If S satisfies (B1) and (Asz), then S’/E’k is a semiring with semilattice additive reduct.
(2) If S satisfies (By), (A2) and (As), then S/E* is a b-lattice.

(3) If S satisfies (By), (A2)—(A4), then S/E* is a commutative b-lattice.

(4) If S satisfies (By), (A2)—(As), then S/E* is a distributive lattice.

Proof The proof is the same as that of Theorem 2.1. O

In the dual case, we can obtain the similar results on left adequate semirings which satisfy
(BY).
Now, let us consider the adequate semiring satisfying (B1) and (Bf).

Proposition 3.3 An adequate semiring (S, +, -) satisfies (By) and (B} ) if and only if S satisfies

(Ar).
Proof Suppose that the adequate semiring S satisfies conditions (B;1) and (Bf). Then
+ o+ o+
(a+ee+a)e H* =L NR* foree ET(S) and a € S
+ +
= (a+a*,a*+a) € H* and (a +a,at +a) € H*
+ +
= (a+a")L*(a* +a"),(a* +a)R*(a* +at) and

+ +
(at +a)L*(a* +aT),(a+a*)R*(a* +a™)
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= a*E*aE* (a* +a™) and a+7{*a7€*(a* +a™)

=a" =a"+a" =at.
From Proposition 2.9 in [4], a + e =e+a for e € ET(S) and a € S. Therefore, S satisfies (Aq).
Conversely, if S is an adequate semiring satisfying (A;), then we havea+e=e+a € 7'J(r* =

+ o+
L*NR* for e € E1(S) and a € S. Hence, S satisfies (B1) and (B). O

4. Strong b-lattices of [left] skew-halfrings

In this section, we want to extend results of inverse semirings in [2], [5] and [14] to adequate

semirings and right adequate semirings.
+
Lemma 4.1 ([14]) IfT is a b-lattice, then of < a+ (8 for all a, B € T.

Proof Since a+ 5 = (a+p8)(a+0) = ala+8)+B(a+8) = a+af+PBa+ 8, af % af+ pa £
a+ 4.0

Let T be a b-lattice. From Lemma 4.1 we know that if, for o, 8,7y € T, a + % v, then
a—l—ﬁ—i—aﬁ%w.

Now, let us cite the construction which was introduced in [14].

Definition 4.1 (Definition 2.3 in [14]) Let T be a b-lattice and {S, : a € T} be a family of
+

pairwise disjoint semirings which are indexed by the elements of T. For each a < 3 in T, we

now embed S, in S via a semiring monomorphism ¢, g satisfying the following conditions:

(1.1) ¢a,a = Is,, the identity mapping on S,.
R
(1.2) Gapdp = ba~ ifa<B <.

+ +
(1.3) Sagf)aﬁSg(bgﬁ - Saﬁ(bocﬁ,'y ifa+08<y, i e,a+F+ab <y.
On S = Uyer Sy, we define addition + and multiplication - for a € So,b € S, as follows:

a+b=ada,at+s +bPs,a+s

and

a-b=c¢€ S,z such that chagat+p = APa,a+s - 08,043

We denote the above system by S = (T, Sa, ¢a,e+s) and call it the strong b-lattice T of the
semirings {Sq : o € T'}.

In an obvious way, we may replace “b-lattice 77 in the above definition by “distributive
lattice D”, S = (D, Sy, ¢a,a+p) and call it the strong distributive lattice D of the semirings
{Sa:aeT}.

Lemma 4.2 (Theorem 2.4 in [14]) The system S = (T, So, $a,a+p) defined above is a semiring.
Ghosh [5] considered the concept of full subdirect products of a distributive lattice and a
ring, and proved that subdirect products of a distributive lattice and a ring are full. Now, we

introduce the additively full subdirect products of an additive idempotent semiring 7" and a
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[right] skew-halfring R.

Definition 4.2 A subdirect product S of an additive idempotent semiring T and a [left]
skew-halfring R is called additively full if (e,0g) € S for every e € ET(T).
Example 4.1 shows a subdirect product of an additive idempotent semiring and a skew-

halfring may be not additively full.

Example 4.1 Let B ={e,f} suchthate+e=c-e=e¢, f+f=e+f=f+e=f-f=
e-f=f-e=f. Then (B,+,) is a b-lattice. Let N = N U {0}, where N is the positive
natural number set, and “+” and “” are the usual additive and multiplication on N°. Further,
let T = {{e} x N}U{{f} x N°}. Then T is the subdirect product of B and N, but is not full,
since (e,0) ¢ T. It is clear that T is not the strong b-lattice B of halfrings because {{e} x N}

does not contain any additive idempotent.

In the following, we want to describe the additive full subdirect products of a b-lattice and a
[left] skew-halfring which are a generalization of subdirect products of a b-lattice and a skew-ring
in [14].

Theorem 4.1 The following conditions on a semiring (S, +,-) are equivalent:

(1) S is an additive full subdirect product of a b-lattice and a skew-halfring.

(2) S is a strong b-lattice of skew-halfrings.

(3) S is adequate and satisfies the conditions (A;)—(As) and (Asg).

(4) S is adequate and satisfies (A1 )—(As) and (Ag).

(5) S is proper type A with E*(S) the central of additive reduct, and satisfies (Az) and
(As).

Proof (1) = (2). Assume that S is an additive full subdirect product of a b-lattice T' and a
skew-halfring R. To prove that S is a strong b-lattice of skew-halfrings, put R, = ({a}x R)NS for
a € T. Then R, is a skew-halfring for each o € T and S = Uper Ry Now for each pair o, 5 € T

+
with a < (3, we define a mapping ¢ : Ro — Rg by (a,7)pap = (a,7) + (8,0r) = (B,7).
Clearly, ¢o 5 is a monomorphism satisfying the condition ¢n,« = Ir, and ¢a,g¢sy = Pa,y if
+ o+
a< pg<~vyforapB~vyeT.
+
Let a+ 8 <7v,a=(a,71) € Ry and b= (4,7") € Rg. Then we have
a+b=(a,r)+(B,r")=(a+B,r+7") € Rasp

and

ab = (a,r)(B8,7") = (aB,r1") € Rag.

Now, (a¢a,y)(0ds,y) = (v.7) (7, 1") = (7, r1") = (af, 17" )bpapy = (ab)dap if o+ < 7. Also,
a+b=(a,r)+ (B,7") =(a+B,r+71") = (a+B3,7) + (a + B,7")
= a(ba,oﬂrﬁ + b(bﬁ,aJrﬁ
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and

(aba,a+5)(0p.a+5) = (a+ B, 7)(a+ B,r") = (a+ B,r1")
= (ap, TT/)Qbaﬁ,aJrﬁ = (ab)das,a+p-
Therefore, S is a strong b-lattice of skew-halfrings Ry, i.e., S = (T, Ra, ®a,a+5)-

(2) = (3). Suppose that S is a strong b-lattice T' of skew-halfrings {R,, : a € T'}. First, we
prove that the additive reduce (S, +) is adequate. If a+x = a+yfora € Ry, x € Rgand y € R,
then aga,a+8 + 98,048 = Pa,aty T YPy,a4~- Since Roig = Raty and Ra4p is cancellative,
we deduce that ¢g,a18 = Y@y,a1y and 50 0q@a,a 15 + 08,048 = OaPa,at~y + YPy,aty, that is,
0o + 2 = 04 + y. Similarly, 0, + x = 0o + y implies @ + = a + y, which shows that aCJr*Oa.
Therefore, every E*—class contains an idempotent. Symmetrically, every ﬁ*—class contains an
idempotent. Hence, the additive reduce (S, +) is adequate. Since (ab)* € S, for a € S, and
b € Sg, we have (ab)* = 048 = 0,05 = a*b*. By aa* € S, N ET(S) we have aa* = a*. Finally, if
a* =b" and a + 0y = b+ 0, for some v € T, then aga a4y + 04Py.a+y = bPa,aty + 0Py a4~
Since R4~ is an additive cancellative monoid and ¢q, a4~ is injective, we deduce that a = b.
Consequently, S satisfies the conditions (A1)—(As) and (Ag).

(3) = (4). Assume that an adequate semiring S satisfies the conditions (A;)—(As) and (Ag),
we only need to prove that S satisfies the condition (Aj). By Corollary 2.1, S is a b-lattice T'
of skew-halfrings {R, : « € T}. Let a,b € S with a* = b*. This means that there exists a in T
such that a,b is in R,. If there exists ¢ in Rg such that a ; cand b ; ¢, then there exist v, in
T such that a +0, = b+ 05, where « 2 ~v and « 2 9. Hence, a + (0, +05) = b+ (0, + 05). Since
0y + 05 = 0445, immediately a = b by (As).

(4) = (5). We need only to prove that S is proper type A. Since S satisfies (A1), S is type A
with E1(S) as central on additive reduct. According to Lemma 2.3, 73* = £+* = ﬁ* If a(aﬂﬁ*)b
for a,b € S, then a* = b* and there exists e in E*(S) such that a + e =b+e. Put c = a +e.
Then a 2 cand b 2 ¢. According to (Ag), a = b, which means that o N £+* =onN 7%_* = 1s.
Therefore, S is proper type A.

(5) = (1). If a semiring S is proper type A with ET(S) the central of additive reduct,
and satisfies (Az) and (Ag), then S is adequate and satisfies the condition (A1), (Az) and (As).
By Theorem 2.1 (2), 7{* = EJr* = ﬁ* is a b-lattice congruence on S. Since S is proper type A,
on 7j(_* = 1g. In view of Lemma 2.1 (3), o is a congruence on the semiring S. Then S can be
embedded in direct product S/o x S/ 7-J(r* under the mapping a — (ao, a?—J(r*) and both projections
from S to S/o and S to S/ ﬁ* are onto. Consequently, S is a subdirect product of a b-lattice
and a skew-halfring. O

Clearly, it is valid for additive full subdirect products of a commutative b-lattice and a [left]
skew-halfring and additive full subdirect products of a distributive lattice and a [left] skew-

halfring.

Corollary 4.1 The following statements are equivalent on a semiring S:
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(1) S is an additive full subdirect product of a commutative b-lattice and a skew-halfring.
(2) S is adequate and satisfies (A1 )—(A4) and (Asg).

(3) S is adequate and satisfies (A1 )—(A4) and (Af).

(4) S is proper type A with E*(S) as central on additive reduct, and it satisfies (Az)—(A4).

Proof The conclusions follow from Theorem 2.1 (3) and Theorem 4.1. O

Corollary 4.2 The following statements are equivalent on a semiring S:
(1) S is an additive full subdirect product of a distributive lattice and a skew-halfring.
(2) S is adequate and satisfies (A1 )—(Ag).
(3) S is adequate and satisfies (A1 )—(Ag).
(4) S is proper type A with E*(S) as central on additive reduct, and it satisfies (A2)—(As).

Proof The conclusions follow from Theorem 2.1 (4) and Theorem 4.1. O

Let S be a semiring. In [2], [5] and [14] that E1(S) is a k-ideal plays an important role in
studying the structure of Clifford semirings and Generalized Clifford semirings. Recall that an
ideal I of a semiring S is a k-ideal if @ € I and either a +x € [ or x + a € [ for some =z € S

implies x € I.

Proposition 4.1 Let (S,+,-) be a type A semiring with E*(S) as central on additive reduct.
If (S, +,-) is proper, then E*(S) is a k-ideal.

Proof Assume that (S,+,-) is proper type A with ET(S) as central on additive reduct. It
is clear that E1(S) is an ideal of S. If a + 2 = e € E*(S) for a € S and z € ET(S), then
a+(x+e)=a+a*+ (x+e)=a*+ (a+z)+e=a*+e from which we get aca*. But a£+*a*
together with the fact that S is proper yields a = a* € E*(S). Hence, ET(S) is a k-ideal of S.0

Example 4.2 shows that the converse of Proposition 4.1 is not true. Hence, the condition of

Theorem 4.1 (5) that type A semiring S is proper cannot be replaced by that ET(S) is a k-ideal.

Example 4.2 Let S = AU B as Example 2.1. We give the new multiplication o on S:

1 forz,y € A,
roy=+< 0 forz,y€eB,
0 forreAjyec Borye A,z € B.

It is not difficult to check that S is a type A semiring with E1(S) as central on additive
reduct and satisfies (Ag) and (As). Clearly, ET(S) = {1,0} is an ideal of S. If z+¢e € ET(S) for
e € ET(9), then z € E*(S), that is, ET(S) is a k-ideal. On the other hand, since a(b) = a = a(c)
and bLJr*c imply that b(c N E*)c, we know that S is not proper.

By using Lemmas 2.2 and 2.3 it is not difficult to prove the following results of right adequate

semirings.

Theorem 4.2 The following conditions on a semiring (S, +,-) are equivalent:
(1) S is an additive full subdirect product of a b-lattice and a left skew-halfring.
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(2) S is a strong b-lattice of left skew-halfrings.

(3) S is right adequate and satisfies the conditions (A1 )—(A4) and (Asg).

(4) S is proper right type A with E*(S) as central on additive reduct, and satisfies (Az)
and (As).

Corollary 4.3 The following statements are equivalent on a semiring S’
(1) S is an additive full subdirect product of a commutative b-lattice and a left skew-halfring.
(2) S is right adequate and satisfies (A1)—(A4) and (Ag).
(3) S is proper right type A with ET(S) as central on additive reduct, and it satisfies (As)—
(Aa).

Corollary 4.4 The following statements are equivalent on a semiring S:
(1) S is an additive full subdirect product of a distributive lattice and a left skew-halfring.
(2) S is right adequate and satisfies (A1 )—(Ag).
(3) S is proper right type A with ET(S) as central on additive reduct, and it satisfies (As)—
(As).

5. Subdirect products of an additively commutative idempotent semir-
ing and a [left] skew-halfring

A semiring is called an additively commutative idempotent semring if its additive reduct is
a semilattice. In this section, we want to extend several results in section 5 to the full subdirect

products of an additively commutative idempotent semiring and a [left] skew-halfring.

Theorem 5.1 The following statements are equivalent on a semiring (S, +,):

(1) S is an additive full subdirect product of an additively commutative idempotent semiring
and a skew-halfring.

(2) S is an adequate semiring and satisfies (A1), (Az), (Asg).

(3) S is an adequate semiring and satisfies (A1), (Aa), (Ag).

(4) S is proper type A with E1(S) as central on additive reduct, and satisfies (As).

Proof (1) = (2). Assume that S is an additive full subdirect product of an additively
commutative idempotent semiring 7' and a skew-halfring R, then E*(S) = (T x {Og}) N S.
Since for each a € S there exist o in T and r in R such that a = (o, 7), we have (a,r)+(8,0r) =
(8,0r) + (a,r), where (3,0r) € ET(S). Hence, S satisfies (Ay). Now, for z = (3,7r1),y =
(67 TQ) € Sla
at+tr=a+ys (a+f,r+r)=(a+7vyr+r)

Sa+f=a+vyand r =ry

< (OZ,OR) + (Bvrl) = (OZ,OR) + (65T2)

© (2, 0r) + = = (a,0r) + ¥,

+ +
which means that aL*(«,0r) = a*. Similarly, aR*(a,0g) = a*. That is, S is adequate. Now,
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for any a = (a,7),b = (8,r") € S, (ab)* = (af,0r) = (a,0r)(5,0r) = a*b*. Hence, (Az) holds
in S. Further, for a = (a,7),b = (8,7") € S, e = (v,0r) € ET(S),
a*=b", anda+e=b+e= (a,7)+ (7,0r) = (8,7") + (7,0r)
sa=Fandr=1"= (a,r) = (B,7) =a=0.
Hence, (Ag) holds in S.

(2) = (3). It is easy to check that if S is adequate and satisfies (A1), then (Ag) is equivalent
to (Ag).

(3) = (4). Assume that S is adequate and satisfies (A1), (Az) and (Af). Since S satisfies (A1),
S is type A with E1(S) as central on additive reduct. According to Lemma 2.3, 73* = £+* = ﬁ*
Now, assume that S satisfies (A4g). If a(o N ﬁ*)b for a,b € S, then a* = b* and there exists e in
E+(S) such that a +e =b+e. Put ¢ = a +e. Then a % cand b % c. Hence, a = b. It means
that o N LJF* =onN 7{* = 1g. Therefore, S is proper type A.

(4) = (1). Assume that S is proper type A with E*(S) as central on additive reduct, and
satisfies (Az). By Theorem 2.1 and Lemma 2.1, S/?-—E* is a semiring with semilattice additive
reduct and o is the minimum skew-halfring congruence on S. Moreover, o N E* =onN 7€* =
on 7'J(r* = 15. Now, we define a mapping ¥ : § — S/o x S/?'J(r* by ¥(a) = (ao, CL”'JE*). It is
a routine calculation that ¥ is monomorphism and the corresponding projective mappings are

surjective. It follows that S is a subdirect product of the additively commutative idempotent
semiring S/ 7—Jlr* and the skew-halfring S/o. By Lemma 2.1 in [9] ET(S) is a o-class, which shows
that for any a € S, ao(a+a) implies a € E™(S). Moreover, by Proposition 2.9 in [3] every ﬁ*-class
contains an idempotent. Then, for any additive idempotent o € ET(S/o x S/ ﬁ*) there exists
a € E*(S) such that ¥(a) = a = (ao, a?jl_*), which means that ¥(ET(S)) 2 ET(S/o x S/?j(_*)
Therefore, S is a full subdirect product of the additively commutative idempotent semiring S/ 7'J(r*
and the skew-halfring S/o.
We complete the proof. O

A semiring (S, +, -) can be a full subdirect product of an additively commutative idempotent

semiring and a skew-halfring, but £ (S) may be not multiplicative idempotent.

Example 5.1 Assume that T = {e, f} is a semiring with the addition + and multiplication -
as follows: e+e=e, f+f=f,e+ f=f+e=f;ece=f-f=e-f=f-e=f. Let U be a
skew-halfring. Additive idempotents E (T x U) of the direct product T x U is not multiplicative
idempotent since e - e = f # e.

Similarly, we can prove following theorem for right adequate semirings.

Theorem 5.2 The following statements are equivalent on a semiring (S, +,-):

(1) S is an additive full subdirect product of an additively commutative idempotent semiring
and a left skew-halfring.

(2) S is a right adequate semiring and satisfies (A1), (Az), (As).
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(3) S is proper right type A with E*(S) as central on additive reduct, and satisfies (As).
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