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ABSTRACT. The radical of a subset A of a semiring S is the set of elements whose ex-
ponents are preserved in the same set A. In commutative semirings with unity, it was
known that the radical of a two-sided ideal is described by the intersection of all prime
ideals and the radical of such a two-sided ideal is still a two-sided ideal. This known
result holds if the commutativity and the existence of unity are provided. In the present
paper, we consider the behavior of the radicals of various ideals in semirings, not only
the radicals of two-sided ideals. Moreover, we skip such two conditions: commutativity
and the existence of unity. The interesting point we provide by an example is that the
radical of an ideal may not be an ideal. Therefore, by using the properties of such ideals
in semirings, we consider the conditions that preserve the ideal properties upon radical
formation. Then, we conclude all conditions that the radical of ideals in semirings pre-
serves ideals properties.
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1. Introduction. The concept of semirings was first introduced when von Neumann
defined regular semirings (see [31]). However, the formal definition of semirings is credited
to Vandiver [30] in 1939. Semirings are a fundamental algebraic structure that consists of a
nonempty set and two binary operations with specific properties. The concept of semirings
can be thought of as a generalization of rings in the sense that the cancellation law
does not hold for multiplication. Therefore, several questions are asked if the properties
held in rings also satisfy semirings, such as the prime and weakly prime properties and
the construction of quotient semirings (see [3, 7]). Semirings find applications in various
scientific fields, including computer science, coding theory, and programming languages
(see [8, 11, 16]).

One of the notions used to study semirings is ideals. Ideals are used to investigate alge-
braic structures of semirings and decompose semirings into small pieces, so-called quotient
semirings (see [1, 12, 14]). This method of decomposing semirings has the advantage of
studying only a small part of semirings, and then we can understand entire semirings.
This illustrates the importance of ideals in semirings. Later, some scientists considered
ideals with a particular property, which they called prime ideals (see [7, 8, 27]). The
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concept of prime ideals also shares closed connections with subtractive ideals and maxi-
mal ideals that can be used to investigate the structural properties of semirings (see [9]).
This shows the importance of prime ideals in semirings. The radicals of numbers are a
fundamental concept in number theory. This concept can be extended to the radical of a
set in semirings. The radical of a subset A of a semiring S is the set of elements whose
exponents are preserved in the same set A. The concept of radicals in semirings is a com-
ponent when building a new semiring from an existing one using the quotient method
(see [3]). Moreover, this concept is used to decompose semirings into classes, especially,
k-Archimedean and ¢-k-Archimedean semirings (see [4, 18, 19]). Exploring the radicals
study of ideals holds significance in semirings and across various algebraic systems (see
[15, 28, 29]). Delving into this concept offers insights into the broader understanding
of algebraic properties, enriching the study of different algebraic structures. In 2018,
Nasehpour [22] demonstrated a connection between the radicals of two-sided ideals and
the intersection of prime ideals in commutative semirings with unity. It turns out that
the radicals of two-sided ideals are again two-sided ideals that can be represented by the
intersection of prime ideals in commutative semirings with unity. The radicals concept
was also used to study semirings in various directions (see [2, 10, 13, 20, 23]).

The concept of radicals is not only studied in semirings; however, it was first extended
to semigroups. Ciri¢ and Bogdanovi¢ firstly took this concept by extending the study to
the radicals of sets in semigroups. They explored the conditions under which the radicals
of subsemigroups and left (resp., right, bi-) ideals form subsemigroups (see [6]). In 2020,
Sanborisoot and Changphas [26] partially expanded upon the previous work by consid-
ering the case of radicals of quasi-ideals in semigroups. Notably, the results of Ciri¢ and
Bogdanovié¢ were fully extended to (m,n)-ideals by Luangchaisri et al. in 2022 (see [17]).

The previous discussion shows that the radicals concept is important not only for semir-
ings but also for other structures such as semigroups and ordered semigroups. Therefore,
it is worth investigating their properties more deeply. This paper explores the radicals
of subsemirings and left (resp., right, and bi-) ideals in semirings. Since other investiga-
tions considered the radicals in commutative semirings with unity and they considered
the radical of ideals in terms of prime property, in the present paper, we reduce the
commutativity and the existence of unity with semirings we considered. Furthermore, we
concentrate on characterizing the radical of an ideal as an ideal in semirings, utilizing the
intrinsic properties of radicals. Through illustrative examples, we demonstrate that the
radical of an ideal in a semiring may not necessarily be an ideal itself. This observation
differs from the case of commutative semirings with unity since we do not use the prime
property to study. Our inquiry then identifies the conditions under which these ideals’
radicals preserve their ideals conditions in semirings.

2. Preliminaries. This section provides essential foundational knowledge about semir-
ings, their ideals, and the concept of radicals of sets in semirings. Additionally, we intro-
duce some primary results of ideals in semirings.

Definition 2.1 ([30]). A semiring is a structure (S;+,-,0) consisting of a nonempty set
S together with two binary operations + (addition) and - (multiplication), and a nullary
operation 0 such that (S;+,0) is a commutative monoid and (S;-) is a semigroup with
the conditions

z-(r+y)=z-z+z-yand (r+y)- z2=x-2+y-2 (1)
forall x,y,z € S.
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From simplicity, we denote a semiring (S;+,-,0) by the boldface S of its underlying
set. Moreover, the multiplication a - b of any elements a and b will be written by ab.
The element 0 of a semiring S is called an absorbing zero if 0x = 0 = z0 for all z € S.
Throughout this work, we suppose that S is a semiring with an absorbing zero 0.

Let S be a semiring and N = {1,2,3,...} the set of all positive integers. For nonempty
subsets A and B of S, we let

A+B={a+b:ac Aandbe B}, AB={ab:a € A and b € B},

and

ZA:{Zai:aiEAandkeN}.

i<k
For each = € S, we write {z}A as A and A{z} as Az. We also denote the n-product of

x € S by ", where n € N.
Below, we present the elementary results derived from the concepts defined above.

Lemma 2.1 ([24]). Let S be a semiring, and A, B C S. Then, the following conditions
hold.

(1) 223 A=3 A

(2) A C B implies Y, AC > B.

(3) A(XB) C> AB and (Y}, A)BC Y AB.

(4) 2(A+B)C > A+ B.

(5) > A=A if and only if A+ A C A.

Let S be a semiring. A nonempty subset A of S is said to be an additive closed subset
and a multiplicative closed subset of Sif A+ A C A and AA C A, respectively.

Definition 2.2 ([21]). Let S be a semiring. A subset A of S satisfying additive and
multiplicative closed properties is called a subsemiring of S if 0 € A.

Let S be a semiring, and A a nonempty subset of S. We denote by (A) the subsemiring
of S generated by A. In particular, if A = {ay,...,a,}, where a; € S for all 1 <i < n,
then we write (aq, ..., a,) instead of ({ai,...,a,}). We note that if A is a subsemiring of
S, then (A) = A.

We recall particular kinds of subsemiring as follows.

Definition 2.3 ([5]). Let S be a semiring and A an additive closed subset of S. Then, A
1s said to be

(1) a left ideal of S if SA C A;

(2) a right ideal of S if AS C A;

(3) a two-sided ideal of S if A is both a left and a right ideal of S.

Another ideal in semirings that we concentrate on in the current investigation is the
concept of bi-ideals. Let S be a semiring. A subsemiring A of S is said to be a bi-ideal
[21] of S if ASA C A.

We note here that any semiring in our study contains an absorbing zero; hence, any
left (resp., right, two-sided) ideal also contains 0.

Palakawong na Ayutthaya and Pibaljommee [24], first applied Lemma 2.1 to demon-
strating the following lemma in ordered semirings. However, it is also true for semirings.

Lemma 2.2 ([24]). Let S be a semiring, and A a nonempty subset of S. Then
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(1) " SA is a left ideal of S;

(2) > AS is a right ideal of S;

(8) >°SAS is a two-sided ideal of S;

(4) S>> ASA is a bi-ideal of S.

Proof: (1) Clearly, > SA+> SAC > SA, and

S (Z SA) C Y554 =Y (594 C Y SA.
Hence, > SA is a left ideal of S.
The proofs for (2), (3) and (4) can be similarly demonstrated as in the case of (1). O

Remark 2.1. By the conditions (1) of Definition 2.1, it is not difficult to see that

ZSa:Sa ZaS:aS and ZaSa:aSa

for any a € S.

By Remark 2.1 and Lemma 2.2, as a consequence, the following result is obtained
immediately.
Corollary 2.1 ([24]). Let S be a semiring, and a € S. Then
(1) Sa is a left ideal of S;
(2) aS is a right ideal of S;
(3) > SaS is a two-sided ideal of S;
(4) aSa is a bi-ideal of S.
Denote by L(S),R(S),T(S),B(S) and Sub(S) the set of all left ideals, right ideals,

two-sided ideals, bi-ideals, and subsemirings of a semiring S. Figure 1 illustrates the
connections of such subsemirings under the conclusion.

Sub(S)

B(’S)

# N
(S) L(S)
N/
T(S)

R

FiGURE 1. The relationships between subsemirings and ideals in semirings
under the conclusion

The following concept forms the central theme of our work, and we provide a formal
definition below.

Definition 2.4 ([13]). Let S be a semiring, and A a nonempty subset of S. We let

VA={aeS:a" e A for somen € N}. (2)
The set defined by above is called the radical of A.

By the above definition, it is not difficult to see that VA C /B whenever A C B.

A semiring S is commutative if it is commute under the multiplication. It is worth noting
that in some literature, the semirings under consideration are commutative semirings.
Consequently, the radical of a set is defined as the intersection of all prime ideals of a
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semiring containing such set. Let us recall the definition of prime ideals. A two-sided ideal
A C S of a semiring S is said to be prime if XY C A implies X C A or Y C A for any
two-sided ideals X and Y of S. This leads to the following result.

Theorem 2.1 ([22, Theorem 3.11]). Let S be a commutative semiring with unity, and I
a two-sided ideal of S. Then, we obtain the following statements.

(1) VI=({P:IC P and P is a prime ideal of S}.
(2) V1 is a two-sided ideal of S.

Based on the theorem above, we can deduce that the radical of a two-sided ideal in
commutative semirings with unity remains a two-sided ideal and it can be regarded as
the intersection of prime ideals with a particular setting. We can see that this result
considers the preservation of two-sided ideals under radical formation by the property of
prime. However, our study involves semirings where the commutative law may not apply.
Moreover, we use only the concept of radicals when considering the preservation of various
kinds of ideals, not only two-sided ideals. These examples illustrate the preservation of
two-sided ideals under radical formation.

Example 2.1 ([25]). Let S = {0,1,2,3,4,5}. Define binary operations + and - on S by
the following tables:

and

U W~ Ol
W R oo
e e e e

— = = = = NN
— = = =Wl Ww
e S S

= = = = = O O

Ttk W N~ O -

OO OO O OO

— = = = = O
O TN~ O
W= = OoOlw
=W R~ O
O Ul = = Ot

5 1 11 5 1 3 1

By careful calculation, we have that S := (S;+,-,0) is a semiring with absorbing zero 0.
Let A ={0,1}. Then, VA ={0,1,5}. We can see here that A is a two-sided ideal of S,
but /A is not a two-sided ideal of S since SA Z A and AS Z A.

Example 2.2 ([14]). Let S = {0,1,2}. Define binary operations + and - on S by the
following tables:

By careful calculation, we have that S := (S;+,-,0) is a semiring with absorbing zero
0. We see that {0}, {0,2} and S are all two-sided ideals of S. Moreover, we can simply
calculate that their radicals are also a two-sided ideal of S.

Let S be a semiring. We observe that the radical concept can be regarded as a mapping
from the set of all nonempty subsets P*(.S) of S to itself. All the types of ideals introduced
here are nonempty sets. Consequently, it raises the question of whether the radical of an
ideal is also an ideal. Unfortunately, the answer to this question is negative as shown by
Example 2.1.

3. Main Results. Our primary focus in this section addresses the question raised in
the preceding section: the possibility that the radical of ideals may not be an ideal in
semirings. A similar scenario occurs in the case of subsemirings. The main points in this
section are to 1) establish conditions under which the radical of ideals is indeed an ideal
and 2) establish conditions under which the radical of a subsemiring is a subsemiring



90 J. SANBORISOOT AND N. LEKKOKSUNG

(resp., ideals). In considering 1), since we focus on two-sided, left, right, and bi-ideals, we
provide conditions under which

) the radical of a two-sided ideal is a two-sided (resp., left and right) ideal;
) the radical of a left ideal is a two-sided (resp., left and right) ideal;

) the radical of a right ideal is a two-sided (resp., left and right) ideal;

) the radical of a bi-ideal is a two-sided (resp., left and right) ideal;

) the radical of a two-sided (resp., left, right, and bi-) ideal is a bi-ideal.

In describing 2), we give conditions under which

(1) the radical of a subsemiring is a two-sided (resp., left and right) ideal;
(2) the radical of a subsemiring is a bi-ideal.

Building on the above considerations, we will demonstrate that the investigation of the
preservation of radicals of ideals leads to the induction of a binary relation on semirings.
This binary relation plays a pivotal role in our final study, where we use it to characterize
the preservation of radicals of left and right ideals.

To achieve these characterizations, we introduce the essential tools necessary for ad-
dressing this question. Let S be a semiring. For any element a € S, and A a nonempty
subset of S. We define

Abaesae/Y SA,  ASaesae,/) AS,
A aesae/Y SAS, ADaesac /Y ASA,

A3 4= aec/(A).

By the definition of the radical of sets, we observe that if A LN a, then A Laand A5 a
The set /> SA, /> AS, /> SAS, /> ASA and \/(A) is called the radical part of

A with respect to L>, R L and 25, respectively. If A = {x} is singleton, we write

hoo. h . .
x — a instead of {x} — a, where his 1, r, i, b or s.
The following consequences are useful for proving our main results.

Lemma 3.1. Let S be a semiring, and A a nonempty subset of S. Suppose that a,b,c € S,
and h is one of 1, r, i, b, ors. Then, the following statements hold.
(1) If A " o and the radical part of A respect to M is a two-sided ideal of S, then A Dy ab

and A %5 ba.
(2) If A " & and the radical part of A respect to s a left (resp., right) ideal of S, then

AL bg (resp., A LN ab).
(3) If A LN a, A M ¢ and the radical part of A respect to " is a bi-ideal of S, then
AL abe.

Proof: For all the proof in this lemma we let h = i. The other cases can be done
similarly.

(1). Assume that A - ¢ and VY, SAS is a two-sided ideal of S. By the definition of
—, we have that a € \/>_ SAS. Then,

abe /S SASS € (/3 SAS and ba € S\/Z SAS C \/Z SAS.

Thus, A L aband A % ba.
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(2). Assume that A X ¢ and V> SAS is a left ideal of S. By the definition of L we
have that a € /) SAS. Then,

ba e 5,/ SAS C (/3 545,

Thus, A L ba. . _
(3). Assume that A = a, A = c and /> SAS is a bi-ideal of S. By the definition of
~, we have that a,c € \/>_ SAS. Then,

abe € \/3 5455,/3° 545 € (/3" 545.

Thus, A 2 abe. O

Lemma 3.2. Let S be a semiring, and A, X nonempty subsets of S such that X C A.
Suppose that a € S, and h =1 (resp., h=1, h=r, h=b, h =s). Then, if X " a and A
is a two-sided ideal (resp., left ideal, right ideal, bi-ideal, subsemiring) of S, then a € VA.

Proof: We provide only the case that h = i. The other cases can be done similarly.
Assume that X = a and A is a two-sided ideal of S. Then, a € 1/>. SXS. That is,

amGZSXSgZSASgZSAgZA:A

for some m € N. Hence, a € V/A. O
The following conditions are labeled for compacting our results’ statements.

(Vz1, 20 € S,Vki, ks € N) {2, 252} By 2y + 2o, (ha)

(V1,9 € S,Vky, ke € N) {z’fl,x;”} LN T129. (hm)

The condition (ha) will be (la), (ra), (ia), (ba), and (sa) if h =1, h =1, h =1, h = b,
and h = s, respectively. Similarly, the condition (hm) will be (Im), (rm), (im), (bm), and
(sm)if h=1 h =1, h=1i h=Db, and h = s, respectively.

Lemma 3.3. Let S be a semiring. Then, we obtain the following statements.

(1) VA is additive closed for every two-sided (resp., left, right, bi-) ideal A of S if and
only if the condition (ha) holds, where h =1 (resp., h=1, h=r, h =b).

(2) VA is multiplicative closed for every two-sided (resp., left, right, bi-) ideal A of S if
and only if the condition (hm) holds, where h =1 (resp., h=1, h=r1, h =b).

(3) VA is both additive and multiplicative closed for every two-sided (resp., left, right,
bi-) ideal A of S if and only if the conditions (ha) and (hm) hold, where h =1 (resp.,
h=1 h=r1, h=D).

Proof: We prove (3). The proof of (1) and (2) is a part of (3).

(=). Let z,y € S and k,l € N. Then, 2™, y" € ZS{x"’,yl}S for some m,n € N.
That is, 7,y € /. S{z*,y'} S. By our assumption, /> S {z*,¢'} S is additive and
multiplicative closed. Thus,  + y,zy € />, S {z*,y'} S. That is, {xk, yl} =z +y and
{2*,y'} = zy. Therefore, (ia) and (im) hold.

(<). Suppose that A is a two-sided ideal of S. Let x,y € vA. Then, 2™ y" € A for
some m,n € N. By (ia), we have {#™, 3"} = 2 + y. This implies, by Lemma 3.2, that
z 4y € VA. By (im), we have that {2™,9"} = zy. By Lemma 3.2, we obtain that
zy € VA. Therefore, v/A is both additive and multiplicative closed. O
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Since any of the ideals we considered in the current paper contain absorbing zero,
their radicals also contain absorbing zero. This fact and the above lemma lead us to the
following corollary.

Corollary 3.1. Let S be a semiring, and A a two-sided (resp., left, right, bi-) ideal of S.
Then, /A is a subsemiring of S if and only if the conditions (ha) and (hm) hold, where
h =i (resp., h=1, h=r1, h=Db).

We begin by characterizing the conditions under which the radical of two-sided ideals
constitutes an ideal in semirings. Other ideals can be proved by using similar arguments.
Thus, we provide only the case of two-sided ideals.

To shorten our paper, let us provide the essential conditions as follows.

(Vxy, 29 € S,Vky € N) <:1:]f1 LN azlx2> A (xlfl LN x2$1> : (hi)
(Va1, 29 € S,VE; € N) 2 D gy, (hl)
(Vxy, 29 € S,Vk1 € N) xkl LN T1T9. (hr)
(Vxq, 29, 23 € S,Vk1, ko € N) {x'fl,xg } —> T1T2X3. (hb)

We note that the relation 2 depends on the use of h, where his 1, r, i, b, or s.

Theorem 3.1. Let S be a semiring. Then, the radical of every two-sided ideal of S is a
two-sided (resp., left, right) ideal of S if and only if (ia) and (ii) (resp., (il), (ir)) hold.
Proof: (=). The condition (ia) holds by Lemma 3.3. Now, let a,b € S and k € N,
Then, a™ € Y Sa*S for some m € N. That is, a € \/>_ Sa*kS. Hence, a* = a. Since the
radical part of {ak} with respect to — is a two-sided ideal of S, by Lemma 3.1, a* = ab

and a* % ba.
(«). Let A be a two-sided ideal of S. By Lemma 3.3, we have that v/A is additive
closed. Now, let a € VA and be 5. Then, a™ € A for some m € N. The condition (ii)

implies that a™ L ab and a™ —> ba. By Lemma 3.2, ab € VA and ba € VA. Therefore,
we have that v/A is a two-sided ideal of S. O

Similarly, we derive analogous results regarding preserving radicals for left (resp., right,
bi-) ideals.

Theorem 3.2. Let S be a semiring. Then, the radical of every left ideal of S is a two-sided
(resp., left, right) ideal of S if and only if (la) and (1i) (resp., (1), (Ir)) hold.

Theorem 3.3. Let S be a semiring. Then, the radical of every right ideal of S is a
two-sided (resp., left, right) ideal of S if and only if (ra) and (i) (resp., (rl), (rr)) hold.

Theorem 3.4. Let S be a semiring. Then, the radical of every bi-ideal of S is a two-sided
(resp., left, right) ideal of S if and only if (ba) and (bi) (resp., (bl), (br)) hold.

Now, we characterize the radical of ideals being a bi-ideal in semirings.

Theorem 3.5. Let S be a semiring. Then, the radical of every two-sided (resp., left,
right, bi-) ideal of S is a bi-ideal of S if and only if (ia) (resp., (la), (ra), (ba)), (im)
(resp., (Im), (rm), (bm)), and (ib) (resp., (Ib), (rb), (bb)) hold.

Proof: (=). The conditions (ia) and (im) hold by Lemma 3.3. Now, let a,b,c € S and
k,l € N. Then, a™,c* € > S {ak,cl} S for some m,n € N. That is, a,c € \/>_ S{a* !} S.



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.21, NO.1, 2025 93

Hence, {ak, cl} L ¢ and {ak, cl} L ¢. Since the radical part of {ak, cl} with respect to
L is a bi-ideal of S, by Lemma 3.1, {ak, cl} L abe.

(«<). Assume that (ia), (im), and (ib) hold. Let A be a two-sided ideal of S. By Corollary
3.1, we have that v/A is a subsemiring of S. Now, let a,¢ € VAand b € S. Then, a™, " € A

for some m,n € N. The condition (ib) implies that {a™, c"} = abc. Since the radical part

of {a™, "} with respect to = is a two-sided of S, by Lemma 3.2, abc € v/A. Therefore,
VA is a bi-ideal of S. O

Lemma 3.3 and Corollary 3.1 are also valid for relation =, as shown below, and its
proof can be analogous, so we skip the proof.

Lemma 3.4. Let S be a semiring, and T a subsemiring of S. Then, we obtain the following
statements.

(1) VT is additive closed if and only if the condition (sa) holds.
(2) VT is multiplicative closed if and only if the condition (sm) holds.
(3) VT is a subsemiring of S if and only if the conditions (sa) and (sm) hold.

Proof: The proof is similar to Lemma 3.3 by considering the subsemiring generating
form. ]

We characterize the radical of subsemiring being an ideal as follows. We prove only the
case that the radical of subsemirings is a two-sided ideal. The case of left and right ideals
can be proved similarly.

Theorem 3.6. Let S be a semiring. Then, the radical of every subsemiring A of S is a
two-sided (resp., left, right) ideal of S if and only if (sa) and (si) (resp., (sl), (sr)) hold.

Proof: (=). The condition (sa) holds by Lemma 3.4. Now, let a,b € S and k € N,
Then, a™ € {(a*) for some m € N. That is, a € 1/{a*). Hence, a* = a. Since the radical
part of {ak} with respect to = is a two-sided ideal of S, by Lemma 3.1, a* = ab and
a* > ba.

(<). Let A be a subsemiring of S. By Lemma 3.4, we have that v/A is additive closed.
Now, let a € VA and b € S. Then, a™ € A for some m € N. The condition (si) implies
that @™ = ab and @™ <> ba. By Lemma 3.2, ab € /A and ba € vVA. Therefore, we have
that v/A is a two-sided ideal of S. [

Next, we delve into characterizing the conditions under which the radical of subsemir-
ings forms a bi-ideal.

Theorem 3.7. Let S be a semiring. Then, the radical of every subsemiring A of S is a
bi-ideal of S if and only if (sa), (sm), and (sb) hold.

Proof: (=). The conditions (sa) and (sm) hold by Lemma 3.4. Now, let a,b,c € S
and k,l € N. Then, a™, c" € (a*,c') for some m,n € N. That is, a,c € \/(a*, ). Hence,
{ak, cl} 2 a and {ak, cl} 2 ¢. Since the radical part of {ak, cl} with respect to = is a
bi-ideal of S, by Lemma 3.1, {ak, cl} = abe.

(«<=). Let A be a subsemiring of S. By Lemma 3.4, we have that VA is a semiring of S.
Now, let a,c € VA and b € S. Then, a™,¢" € A for some m,n € N. The condition (sb)

implies that {a™, "} = abc. By Lemma 3.2, abc € v/A. Therefore, we have that v/A is
a bi-ideal of S. O]

The following result presents a characterization of being a left ideal or a right ideal of
the radical of ideals by the implication form.
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Let S be a semiring. We define |, and |, by
ajbsbeSaandal, b beas,

for all a,b € S.

We note here that semirings that we consider do not contain the unity; it may not be
the case that a |, a for any element a of a semiring, where h is 1 or r. We obtain the
characterization of the radical of ideals as follows.

Theorem 3.8. Let S be a semiring in which the radical of any left (resp., right) ideal is
additive closed. Then, the following conditions are equivalent.
(1) The radical of any left (resp., right) ideal of S is a left (resp., right) ideal of S.
(2) For any a € S, v/ Sa (resp., VaS) is a left (resp., right) ideal of S.
(3) For any a,b€ S, alib= a2 b (resp., a|s b= a® 5 b).
(4) For anya,b€ S, a | b= a* Lo (resp., a |, b= a' = b for all k,1 € N).
Proof: (1) = (2). Since Sa is a left ideal of S for any a € S, by our presumption, we
complete the proof.

(2) = (3). Let a,b € S. Assume that a || b. Then, we have b € Sa. It is not difficult
to see that a € v Sa?. By our presumption, v/ Sa? is left ideal of S. Thus,

be SaC SVSa2 CVSa2=+VSa.

This means that a® = b.
(3) = (4). Let a,b € S and k € N. Assume that a || b. We prove by mathematical

induction. By (3), we have a? L b That is, b € VSa? C vSa. Thus, a Loy, Now,
suppose that a* L b, where k > 1. This means that a* || ™ for some m € N. By our

assumption, a2 L ™. That is, there exists n € N such that
(bm)l c Sa2k g SCLkJrl.

Therefore, a**! % b. By mathematical induction, we complete the proof.
(4) = (1). Let A be a left ideal of S. Suppose that a € v/A and b € S. Then, a™ € A

for some m € N. Since ba € Sa, we have that a || ba. By our presumption, we have

a* L ba for any k € N. This implies that
(ba)" € Sa™ €Y SACY A=A

for some n € N. Thus, ba € V/A. Therefore, v/A is a left ideal of S.
In the case of right ideals can be proved similarly. O]

4. An Application of the Investigation. The application of a result can be ascribed
through the following approach.
From Example 2.1, we see that there is no m € N such that

(5-49me> §-5°-8.

This means that the semiring in Example 2.1 does not satisfy the condition (ii). By
applying Theorem 3.1, there is a two-sided ideal in which its radical is not a two-sided
ideal.

Now, let us focus on Example 2.2 by considering the following cases.
Oz(O-m)IGZS-Ok-S:{O} for any x € S and k£ € N, and
Oz(x-())lEZS-Ok-S:{O} for any v € S and k € N
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1-95)1EZS-lk-S:SforanyxeSandkGN,and
1) e) §-1"-8=5forany x €S and k €N
2~a:)1EZS'2k~S:{O,2}foranyxESandkeN,and
(a:-2)1EZS-Zk-S:{O,Q}foranyxESandkEN.

8

T
T

(
(
(

This means that the semiring in Example 2.2 satisfies (ia) and (ii) conditions. By applying
Theorem 3.1, every two-sided ideal is a two-sided ideal. However, the semiring presented
in Example 2.2 is a commutative semiring with unity. This implies, by Theorem 2.1, any
two-sided ideal is a two-sided ideal under radical formation.

Since Theorem 2.1 confirms that the radical of any two-sided ideal is a two-sided ideal
in commutative semirings with unity, we can ask if there is a noncommutative semiring
without unity that also holds such property. Fortunately, the address is positive. We
provide an example illustrating this question and confirm our results.

Let S = {0,1,2}. Define binary operations + and - on S by the following tables:

By careful calculation, we have that S := (S;+,-,0) is a noncommutative semiring with
absorbing zero 0. Let us verify that the condition (ia) holds. It is clear for any pair
(x1,22) € S x S~ {(0,0)} that

T+ X9 € \/ZS{"L‘]F,WI;?}S: \/§
for all k1, ks € N. For the last case, we have
0=0+0¢€ /> 5{0%,0m} 5= V0

for all ki, ko € N. This means that S satisfies (ia). Now, we verify the condition (ii). For
any pair (x,z2) € S x S~ {(0,0),(0,1),(0,2)}, we have

T1Ty € ZS{xlfl}Sz V'S and Toli € ZS{xlfl}S: NG
for all k1 € N. For the pair (x1,22) € {(0,0),(0,1),(0,2)}, we have
0e /> S{om}s=v0

for all k; € N. This implies that S satisfies the condition (ii). By applying Theorem 3.1,
we have that the radical of any two-sided ideal of S is a two-sided ideal.

5. Conclusion and Discussion. In this paper, we delineate semirings in which the
radical of every ideal forms an ideal and present various conditions that classify such

semirings. These conditions are involved by the relation i), where h is I, r, i, b or s.
These conditions are also formed in ways similar to ideal and subsemiring conditions.
In Theorems 3.1 to 3.4 (Theorem 3.6), we characterize semirings in which the radical
of an ideal (subsemiring) is a two-sided ideal. We see that the condition that we use
is the two-sided ideal form. Theorem 3.5 (Theorem 3.7) characterizes the radical of an
ideal (subsemiring) being a bi-ideal. The condition that is used in describing is in the
bi-ideal form. Our results demonstrate the patterns of conditions used in characterizing
semirings, preserving ideal properties upon radical formation. Additionally, we offer a
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characterization of semirings where the radical of one-sided ideals is itself a one-sided
ideal, presented in an implication form. In the case that S is a commutative semiring
with unity, for any a € S and nonempty subset A of S, we observe that

AéaifandonlyifA%a.

Moreover, we have that

(1) if A LN a, then A 4 a;

(2) if A LN a, then A L a;

(3)if A 2y 4, then A 5 a;

(4) if A 15, then A & a;

(5) if A L a, then A 5 a.

This is true by the fact that /3 ASA C /> SA = /3. AS. The relations discussed

above can be visualized in the following diagram for noncommutative and commutative
semirings.

1 r

— T =
1 r i
N S I
b b
> =
(a) Noncommutative semirings (b) Commutative semirings

F1GURE 2. The relations of the radical parts in noncommutative and com-
mutative semirings

We note that, even if the radicals of sets in commutative and noncommutative semirings
are the same set, these radicals may impact computing the ideal’s properties.

Section 4 applies our results to illustrating determining semirings that preserve ideal
conditions under radical formation. For noncommutative semirings focusing on two-sided
ideals, we provide all situations where the radicals of two-sided ideals are two-sided ideals
and not two-sided ideals.

In future work, we will use the results to classify Archimedean semirings. For the
another future study, let us consider the following example. Let S = {0, 1,2,3}. Define
binary operations + and - on S by the following tables:

+]0 1 2 3 0123
0/0 1 2 3 0[0 0 0 0
1/1 0 2 3 and 1{0 0 O O
2122 2 2 210 0 2 2
3133 2 3 3]0 0 3 3

By careful calculation, we have that S := (S;+,-,0) is a noncommutative semiring with
absorbing zero 0. We see that {{0}, {0, 1}, {0,2,3}, S} is the set of all two-sided ideals of
S. Consider the radicals of these two-sided ideals as follows.

e {0} ={0,1} # {0}
V{0, 1} = {0,1}

{0,2,3} = S #{0,2,3}
=S

=
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We can see that the radicals of these two-sided ideals are two-sided ideals. Furthermore,
{0} and {0, 2,3} are the only two-sided ideals of S that do not equal themselves after
taking radical. Therefore, we can ask for the conditions under which the radical of an ideal
Ais A, namely, A = v/A. This problem will advance the decomposing of semirings into
classes. The investigation’s limitation is the example that satisfies and does not satisfy our
conditions. Some of the examples provided in this paper involve computer programming.
We encourage the readers to do computer programming and apply the results obtained
by the theories.
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