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Abstract: A Krasner hyperring (for short, a hyperring) is a generalization of a ring such that the
addition is multivalued and the multiplication is as usual single valued and satisfies the usual ring
properties. One of the important subjects in the theory of hyperrings is the study of polynomials over
a hyperring. Recently, polynomials over hyperrings have been studied by Davvaz and Musavi, and
they proved that polynomials over a hyperring constitute an additive-multiplicative hyperring that
is a hyperstructure in which both addition and multiplication are multivalued and multiplication
is distributive with respect to the addition. In this paper, we first show that the polynomials over
a hyperring is not an additive-multiplicative hyperring, since the multiplication is not distributive
with respect to addition; then, we study hyperideals of polynomials, such as prime and maximal
hyperideals and prove that every principal hyperideal generated by an irreducible polynomial is
maximal and Hilbert’s basis theorem holds for polynomials over a hyperring.

Keywords: hyperring; Krasner hyperring; hyperfield; superring; polynomial; fundamental relation;
hyperideal

1. Introduction

A well established branch of classical algebraic theory is the theory of algebraic hyperstructures
respectively hyperalgebraic system. In 1934, Marty first defined hyperstructures and began examining
their properties, particularly with respect to group applications, rational fractions, and the algebraic
functions [1]. At first, the research of properties and relations continued slowly, but, since the
end of the last century, it has been very popular with mathematicians. Corsini in his work [2,3]
showed that the theory of hyperstructures has many applications in both pure and applied sciences,
e.g., semi-hypergroups are the simplest algebraic hyperstructures having closure and associativity
properties. Since then, the theory of hyperstructures has been widely studied by many mathematicians.
Let us mention at least some of them: Ameri and his school studied hypergroups, hypermodules,
multialgebras, hyperideals, etc., in [4-9]. A recent paper of Asadi and Ameri deals with categorical
connection between categories (1, n)-hyperrings and (m, n)-rings via the fundamental relation [10].
Hoskova-Mayerova provided a deep analysis of topological properties of hypergroupoids in her
paper [11]. Th. Vougiouklis studied the fundamental relation in hyperrings and the general hyperfield
in his paper [12]. Extension of elliptic curves on Krasner hyperfields was studied in [13].

In 1956, Krasner introduced the notion of the hyperfield in order to define a certain approximation
of a complete valued field by sequences of such fields [14]. Krasner’s hyperfield is based on the
generalization of the additive group in a field by the structure of a special hypergroup. Later on, this
hypergroup was named by Mittas “canonical hypergroup” [15]. The hyperfield that appears in [14] was
named by Krasner “residual hyperfield”. Krasner also introduced the hyperring, which is related to the
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hyperfield in the same way as the ring is related to the field. In 1973, Mittas introduced the superring as
an outcome of his study on expressions with coefficients from a hyperring. He named these expressions
hyperpolynomials because the hyperpolynomials become polynomials when the hyperring is a ring.
C. G Massouros studied the theory of hyperrings and hyperfields in [16,17] and [18]. G. G. Massouros
and Ch. G. Massouros also defined hyperringoids and applied them in a generalization of rings in [19].

Some examples and results on Krasner hyperrings that are a generalization of classical rings was
also published Davvaz [20]. In what follows, we, for short use, sometimes only use a hyperring.

Contrary to classical algebra, in hyperstructure theory, there are various kinds of hyperrings.
Hyperrings and hyperfields in the sense of Krasner are more interesting classes of hyperrings and,
recently, the authors in [21-24] studied noncommutative geometry and algebraic geometry. In addition,
hyperfield extension is one of the important topics in the theory of algebraic hyperstructures, which
not only can be considered as a development of the classical field theory, but it is also an important
tool to study non-commutative geometry and algebraic geometry [25].

As it is well known, polynomials are important tools to study hyperfield theory.[26,27]. For
instance, to characterize hyperalgebraic extension or algebraic closure of a hyperfield, we need to use
polynomials over a hyperfield.[28,29] However, contrary to polynomials over a ring (or a field) in
classical algebra, the behaviour of polynomials over a hyperring or hyperfield is completely different
and much more complicated, since the product of two polynomials is not only a polynomial, but it is
also a set of polynomials. In addition, in this regard, we show that, for polynomials over a hyperring
even over a hyperfield[30], the product is not distributive with respect to addition (Theorem 3.7); in
fact, it has a weak distributive property, and it constitutes a hyperring, which is called a superring.
We will proceed to study the hyperideals of this superring such as prime and maximal hyperideals.
Finally, we prove that, for a Krasner hyperfield F, its superring F[x| is a PHH (a principal hyperideal
hyperdomain), and investigate some main properties of F[x]. In particular, it is shown that the Hilbert’s
Basis theorem holds for a Krasner hyperring R that is, if R is a Noetherian Krasner hyperring, so is the
superring R[x].

2. Preliminaries

Let H be a non-empty set and P*(H) be the set of all non-empty subsets of H. A hyperoperation
is a mapping from o : H x H — P*(H), where (x,y) — x oy, and (H, o) is called a hypergroupoid
or a hyperstructure. For subsets Aand Bof H, AcB= | aob. Ahypergroupoid (H, o), with an

ac€A,beB
associative property, which is Va,b,c € H,(aob)oc = ao (boc), is called a semihypergroup. A

hypergroup is a semihypergroup (H, o) with a reproduction axiom, that is,
aoH=Hoa=H,Va e H.

Definition 1 ([25,31,32]). A Krasner hyperring (or, for short, a hyperring) is an algebraic hyperstructure
(R, +,.), such that the following conditions are satisfied:

1. (R,+) is a canonical hypergroup, i.e.:

(i) for every x,y,z € R,x + (y +z) = (x +y) + z; (ii) for every x,y € R, x +y = y + x; (iii) there
exists 0 € R such that 0+ x = x,Vx € R; (iv) for every x € R, there exists a unique element X eR
such that 0 € x + ' (we write —x for X);(v) zex+ yimpliesy € z —xand x € z —y.

2. (R,.) is a semigroup having zero as a bilaterally absorbing element, i.e., x.0 = 0.x = 0.

3. the multiplication . is distributive with respect to the hyperoperation +, that is, for all a,b,c in R, the
following hold:

a.(b+c)=ab+ac and (a+b).c =a.c+b.c.

Definition 2 ([25,32,33]). A hypetfield is a hyperring in which (R\{0},.) is a commutative group.
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Example 1. K = {0,1} is a hyperfield with hyperoperation and multiplication given as follows:

+ 0 1 0 1
0 0 1 0
1 1 K 1 0 1

Example 2. (Sign hyperfield) S = {—1,0,1} is a hyperfield with hyperoperation and multiplication given by
as follows:

+ -1 0 1 -1 0 1
-1 -1 -1 S -1 1 0 -1

-1 1 0 0 0
1 S 1 1 1 -1 0 1

Example 3 ([14]). Let (R, +,-) be a ring with identity and G be a normal subgroup of semigroup (R*, -). Take
R = R/G = {aG|a € R} with the hyperaddition and multiplication given by:
{aG @®bG = {cG|c € aG + bG},

aG ® bG = abG,
then (R, ®, ®) is a hyperring, which is called a quotient hyperring. Moreover, if R is a field, then (R, ®, ®) is a

hyperfield.

Remark 1. Note that, in the above example, the normal condition for G is not necessary, since Massouross
in [16] generalized this construction using it for no normal multiplicative subgroups, since he proved that, in
a ring, there exist multiplicative subgroups G of multiplicative semigroup (R, .), which satisfy the property
xGyG = xyG, even though they are not normal.

Example 1 is the trivial case of monogene hyperfields introduced by Massouross in [17] with
self-opposite elements. The construction of this monogene hyperfield is as follows:

Let K be the union of a multiplicative group (G, .) with a bilaterally absorbing element 0. In K,
the following hypercomposition + is introduced:

x+y={x,y}, forallx,yin Gwithx #y,

x+0=0+x=ux forall xin K,

x+x =K, forall xin G.

Then, (K, +,.) is a hyperfield. If G = 1, then K is the hyperfield of Example 1.

Similarly, Example 2 is the trivial case of monogene hyperfields with no self-opposite elements,
which is constructed over the multiplicative group G = {—1,1}.

Both Examples 1 and 2 are quotient hyperfields, since Example 1 is the quotient of a field by
its multiplicative group, while Example 2 is, for example, the quotient of the field of real numbers
by the multiplicative subgroup of the positive real numbers. The question of whether all monogene
hyperfields are quotient hyperfields is a hitherto open question [17].

In this step, we recall one of the important relations on a hyperring (R, +, o). Let ¢ denotes the
set of all finite sums of finite products of elements of R. Note that an element u € I/ may be the sum of
only one element. Define a relation I" on R as follows:

alb <= Juel:{ab} Cu
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In fact, there exist n,k; € N and xij € R, such that u = Z?:lflj.{":lxij. Clearly, I is reflexive
and symmetric relation on R. Let I'* denote the transitive closure of I'. Consider the quotient R/T™*.
Define hyperoperations ¢ and operation ® on R/T"* as follows:

I*(a) @ I*(b) = I*(c), Ve € T*(a) + T*(b),

I*(a) © T*(b) = [*(d),¥d € T*(a) o T* (b).

Then, I'* is the smallest equivalence relation on R, such that the quotient space R/I'* is a ring,
and it is called the fundamental relation of R and R/I'* is called fundamental ring of R (for more details,
see [12]).

Definition 3. (Homomorphism of hyperrings) Let R and S be two hyperrings. Amap f: R — Sis called a
(resp. good) homomorphism if the following holds:

1. f(a+Db) C f(a)+ f(b)(resp. f(a+b) = f(a)+ f(b)),Va,beR.
2. VabeR, f(ab) = f(a)f(D).

Definition 4. A map f is said to be an isomorphism if it is a bijective good homomorphism.

3. Polynomials over Krasner Hyperrings

In this section, we discuss on polynomials over a hyperring( hyperfield) and prove that they
constitute a superring.

Definition 5. A hyperstructure (S, +,.) is said to be a superring if + and . are both hyperoperations on S such
that the following statements are satisfied:

(i) (S,+) is a canonical hypergroup;
(ii) (S,.) is a semihypergroup having zero as a bilaterally absorbing element, i.e., x.0 = 0 = 0.x = 0;
(iii) multiplication hyperoperation . is distributive from left and right with respect to hyperaddition + that is

a.(b+c) Cab+ac, (b+c)aCba+ca
(iv) foralla,b €S, —(a.b) = (—a).b=a.(=b).

Remark 2.

(i) If in (iii) of the above definition the equality holds, then R is called an strongly distributive superring.
(ii) Every strongly distributive superring R is in fact an additive-multiplicative hyperring in the sense [34].

Example 4. Let S = {0,a,b,c} be a set with two hyperoperations “+” and “-” defined as follows:

a b c a b c

a b c
{0,a} c {b, c}

c {0,b} {a,c}
{b,c} {a,c} S

Then, (S, +,.) is a superring.

0 0 0
{0,a} 0 {0,a}

0 {0,6} {o0,b}
{0,a} {o,b} {o0,c}

o 8 o+
ns s oflo
a8 ©

S O O o | O

Definition 6. A non-empty subset A of a superring S is a left(resp. right) hyperideal if,

1. foreverya,b € Aimpliesa—b C A;
2. foreverya € A,r € Simplies r.a C A(resp. a.r C A).
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Let X be a subset of a superring S. Let {A;|i € J} be the family of all hyperideals in S which

contain X. Then, N A; is called the hyperideal generated by X. This hyperideal is denoted by < X >.
ic]
If X = {x1,x2,..., X}, then the hyperideal < X > is denoted by < x1, xp, ..., X5 >.
Next, lemma is a superring version of Lemma 3.1 in [34]

Lemma 1. Let S be a superring and X C S. Then, for a € S, the following statements are satisfied:

1. The principal hyperideal < a > is equal to

m
{t| t era+as+na+k(a—a)+) ras;,r,sr,s;€SmeNnkelL}
i=1

2. If S has a unit element, then

m
<a>={t| tek(a—a)+ Zriasi/rifsi € S,m,k € N}.
i=1

3. Ifaisin the center of S, then

m
<a>={tt ena+k(a—a)+ ) rar; €S mnkeN},
i=1

where the center of S is the set {x € S| xy =yx, Yy € S}.
m m
4. Sa={Y ria|lr; € S,m,k € N} is a left hyperideal in S and aS = { ) ar;|r; € S,m, k € N} is a right
i=1 i=1
hyperideal in S.

5. If S has a unit element and a is in the center of S, then Sa =< a >= aS.
6.  If S has a unit element and X is included in the center of S, then

m
<X>={t[ te) rx,r €S xeX,meN}
i=1

Proof. The proof is similar to the proof for Krasner hyperrings in [20] by some manipulations. [J
Definition 7. A commutative hyperring R with identity is said to be Noetherian if every hyperideal of R

is finitely generated, i.e., if I is a hyperideal of R, then I =< ay,ay,...,ay > for somen € Nand a; € I,
ie{l,2,..,n}.

Let R be a Krasner hyperring and R[x]| be the hyperring of polynomials introduced in [35].

Recall that hyperaddition and hypermultiplication on R[x]| for f(x) = a9+ a1x + ... + a,x", and
g(x) = by + byx + ... + byx™ are defined as follows:

M .
fx)®g(x) = {;)Cixl|ci € a; + b},

where
M = max{deg f(x), deg g(x)}
and m+n
fx)ogx)={Y ax | e Y abj}.
k=0 i4j=k

In [34], the authors stated and proved Theorem 3.2 as follows:

Theorem 1. (R[x|, ®, ®) is an additive-multiplication hyperring.
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In the following, by some counterexamples, we will show that the Theorem 3.2 in [34] is not
true because, in the hyperstructure of polynomials over a Krasner hyperring, the hypermultiplication
is not strongly distributive with respect to the hyperaddition, even if we replace a hyperring with
a hyperfield. In the following, we will show that the polynomial over a hyperring(or a hyperfield)
constitutes a superring, which is called the superring of polynomials. For instance, we prove that, for
hyperfield K of order 2 and signs hyperfield, S of order 3, their polynomials hyperrings K|[x] and S|x],
the hypermultiplication is not distributive with respect to the sum of hyperaddition.

Example 5. The polynomial hyperring K|[x] is not an additive-multiplication hyperring because:
(1+x2)(1@1) = (1+x*){0,1} = {0,1+ x?}.
On the other hand, one has

1+ +*)=>1a1) e (P ex?) ={0,1}@{0,x*} ={0,1,x>,1+ x?}.
Thus, the distributivity does not hold in K[x|] as an additive-multiplicative hyperring. In fact, K[x] is a
superring, which is not an additive-multiplication hyperring.
Example 6. The polynomial hyperring S[x| is not an additive-multiplication hyperring because:
(1+x)(11)={0,1+x,—1—x}
and

(1+x)9(1+x) = (161>+(191)x: {0/1/_1/x/_x/1+x/1_x1_1+x1_1_x}'

In fact, for polynomials over a hyperring, even over a hyperfield, but only the left-hand side weak
distributivity holds, which is

f(g+h) C fg+fh, f,gh€Flx].

Thus, we issue the modified version of above mentioned Theorem 1.
Theorem 2. (R[x], ®, ®) is a superring.

Proof. Here, we just verify the weak distributivity. The proof of other properties is the as same as
Theorem 1. Suppose that M = max{deg g(x),deg h(x)} and n = deg f(x). Since R is a hyperring,
then, forevery 0 <i < nand 0 < j < M, a;(bj +¢;) = a;bj +a;c;. Thus, f(x) ® (g(x) ®h(x)) =

/ n+M / n+M /
{Zdledze Zﬂ( +Cj)}={2d1x|d1€ Zab+ZﬂC}—{ Y dix'ld €
i+j=I 1+] l i+j=I l1=lp=I=0

r oabj+ ¥ ac]}C{Z d1x1|d11€ )y ab}EB{): dlzx2|d12€ Y oaci}. O

i+j=I i+j=I i+j=I i+j=Ip

Theorem 3. (Hyper-version of Hilbert’s Basis Theorem) If R is a Noetherian Krasner hyperring, so is the
superring R]x].

Proof. The sketch of proof is extracted from the proof of Theorem 21, Ch.9 in [36].

Let I be a hyperideal in R[x]| and L be the set of all leading coefficients of elements in I. We first
prove that L is an hyperideal in R. Since 0 € I, then 0 € L. Let f = ax? + ... and g = bx® + ... be
polynomials in I of degrees d,e and a,b € R are leading coefficients of f, g, respectively. Then, for any
r € R, ra — b is the leading coefficients of some elements of rx° f — x?g. Since polynomials are in I, we
have ra — b C L, which shows L is a hyperideal of R. Since R is a Noetherian hyperring, L is finitely
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generated (considering R as a R-hypermodule and, according to proposition 9.2. in [37]), denoted by
ai,...,ay € R. Foreachi =1, ..., 1, let f; be an element of I with leading coefficient a;. Let us denote ¢;
the degree of f; and let N be the maximum of elements ey, ..., e,. For eachd € {0,1,..,N —1},let L,
be the set of all leading coefficients of polynomials in I of degree d and L; also contains 0. A similar
argument as that for L proves that each L; is a hyperideal of R, again finitely generated since R is
Noetherian. For each hyperideal Ly, let by 1, ..., bg , € R be a set of generators for L; and let f;; be a
polynomial of degree d in I with leading coefficients b ;.

We prove that the polynomials f, ..., f, cooperating polynomials f; ; are a set of generators for I,
ie.,

I =< {fl,...,fn} U {fd,i|0 <d<N-1,1<i<ny >}.

By construction of hyperideal, I, the right-hand side of the above, is contained in I. If I’ # I, there
exists a non-zero polynomial f € I with a minimum degree with f ¢ I'. Let d be deg f and let a
be the leading coefficient of f. Suppose first that d > N. As a € L, we can write it as an element
of R-linear combination of the generators of L, which is as a € r1a; + ... + rya,. Then, there exists
g € rxiaf) + .+ ryx?70 £, an element of I’ with the same degree d and the same leading coefficient
aas f. Then, f — g contains a polynomial in I of smaller degree than f. By the minimality of f, we
must have 0 € f — g(really 0 = f — g or there exists a non-zero element in f — g, which, by minimality
of f, has the same degree as the degree of f and f is a monomial), a contradiction.

Suppose next that 4 < N. In this case, 2 € L; for some d < N, and so we can write 4 €
r1bag + ...+ rnbgpn, for some r; € R. Then, there exists g € r1fy1 + ... +7u,fan, inl " with the same
degree d and the same leading coefficient a as f and we have a contradiction as before. It follows that
I = I is finitely generated and, since I was an arbitrary choice, the proof is complete. [

At the following, we present some more examples of superrings:

Example 7. (Superring of matrices) Let R be a hyperring and M, <, (R) denotes the set of all n x n matrices
over R. Then, Myxn(R) by usual matrix addition and multiplication is a superring, which is not an
additive-multiplication hyperring.

Example 8. (Superring of formal power series) Define the set R[[x]] of formal power series in the indeterminate
x with coefficients from R to be all formal infinite sums

n
Y anxy = ag+arx + apx? -
i=1

Define hyperaddition and hypermultiplication as classical operations for classical formal power series.
Then, R[[x]] is a superring, which is not an additive-multiplication hyperring.

Definition 8. A Krasner hyperring R with identity, which is zero-divisor freei.e.,0 € ab=a=00rb =0
fora,b € R, is called a hyperdomain.

Equivalently, one can define superdomain as a zero divisor free superring with identity element.
Theorem 4. If D is a hyperdomain, then D|[x] is a superdomain.

Proof. Since D[x] is a superring with identity, it is enough that we show that D([x] is also zero divisor
n . m .
free. Suppose that 0 € f(x)g(x) for f(x) = ¥ a;x',g(x) = ¥ bjx/ in D[x]. As D is a hyperdomain,
i=0 =0
by Theorem 2 degf(x) + degg(x) = 0,and so f(x) = ag and g(x) = by. Thus, 0 € agby. Thus, a9 = 0 or

by = 0, since D is superdomain, and hence f(x) =0or g(x) =0. O

Theorem 5. Let (D, +,.) be a hyperdomain and f(x),g(x) € DIx].
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1. Ifh(x) € f(x) ® g(x), then deg h(x) = deg f(x) + deg g(x).
2. Ift(x) € f(x) + g(x), then deg t(x) = max{deg f(x),deg g(x)}.

Theorem 6. Let F be a hypetfield. Then, F(x] is a PHH (Principal Hyperideal Hyperdomain).
Proof. We prove that all hyperideals of F[x] are to form < x™ >, m # 0. Suppose that I is a hyperideal
n A n ,
and f(x) € I. Thus, f(x) = )} a;x/, and hence f(x) © f(x) = ¥ (a; —a;)x/. Then, ag # 0 implies that
=0 j=0

< f(x) >= F[x]. Otherwise, suppose that a,,, m € N, being the smallest first non-zero coefficient of all
elements of I. Then, I C< x™ >C I. Thus, [ =< x™ >. O
i

Definition 9. An element « € F is a root of f(x) € F[x] if0 € F(a) = Y a;a’.

It

1

Theorem 7. If u is a root of f(x) € F[x], then there exists g(x) € F[x], such that f(x) € (x —a) ® g(x).

Proof. We prove by induction on the degree of f(x). If f(x) = ag + ayx, it is trivial. For degree two
without loss of generality, we suppose that f(x) = ag + a1x + x2. If & = 0, then the result is obvious.
Now, suppose that & # 0and 0 € f(a) = ag + aja + a>. Multiplying each side of the inclusion by a1
one has 0 € aga~! + a1 + a, then, by reversibility, we have

—ay € apn” ! + . (1)

Now, (x —a) ® (x —aga~') = ag — (apa ' + a)x + x2. Thus, by Equation (1), we have f(x) =
ag +a1x +x* € (x —a) ® (x — apa~'). Suppose that the claim holds for every polynomial of degree
n—1.For0 € f(x) and degf(x) = n,0 € ag + aja + ... + & (without loss of generality, it is supposed
that f(x) is monic). Again, multiplying each side of the inclusion by a !, one has 0 € apa ™! + a7 +
Ay + ...+ a1 3af € apa~! +a; such that 0 € af) + apa + ... + a1 Put f/(x) = af + ayx + ... + x" L.
Thus, 0 € f/(«). By hypothesis, 3g(x) € F[x] that f'(x) € (x —a) ® g(x).

fix) e xo(f(x)calta) ®ag = x0(x—a)ogx)cala) ®ay = (x—a) ox©g(x) S
e lagx@ag = (x—a) Ox0g(x) o (x—a)Oa"tag = (x —a) © (x© g(x) —apa™'). Thus, f(x) € (x —
@) ® (x® g(x) ©apa~t). There exists a g'(x) € x ® g(x) ©apa~! such that f(x) € (x —a) © ¢'(x). O

Remark 3. Note that, contrary to classical ring theory, for superring of polynomials over a hyperring, a
polynomial of degree n may have more than n roots. For example, consider the hyperfield of order 5 defined by
the following tables:

+ 0 1 a b c 0 1 a b c¢
0 0 1 a b c 0O 0 0 0 0 o
1 1 {1,a,b} {1,a,c} {0,1,a,b,c} {1,b,c} 1 0 1 a b c
a a {1,a,c} {a,b,c} {1,a,b} {0,1,4,b,c} a 0 a b ¢ 1
b b {0,1,ab,c} {1,a,b} {1,b,c} {a,b,c} b 0 b ¢ 1 a
c ¢ {1,b,c} {0,1,4,b,c} {a,b,c} {1,a,c} c 0 ¢ 1 a b

For f(x) = 1+ x + x2, one can verify that 0 € f(1) N f(a) N f(b) N f(c).

Let R be a hyperring and a ¢ R. Define R[a] = {co + c1& + ... + c,_14" |c; € R, n € N}. One
can define addition and multiplication hyperoperations on R[] as follows:

n—1 . on—1 . n—1 .
Z a;n' P Z bia' = Z (a; + b;)a' for a;, b; € R,
i=0 i=0 i=0
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n—1 . om=1 ) m+n—2
Y ad © ) bied ={ ) ceak|cy € Y. aibj},
i=0 j=0 k=0 i+j=k
for a;, b; € R, such that
& = —(co+cha+ ..+ c_qa™ ),

for some ¢, € R,i € {0,..,n—1}.
It is easy to verify that (R[a], &, ®) is a superring and it is an extension of R. In fact, this is a
method for constructing a superring via a hyperring.

Theorem 8. Let F be a commutative hyperfield and «> = ¢ € F, ¢ F. Then, f(x) = x> — ¢ has no root in F
if and only if F|a] is a superfield extension of F.

Proof. (=) Suppose that 0 € (ag + a1x)(bo + b1x) and {ap, a1} # {0}. Then,

(ag + a1x)(bg + byx) = agbg + (apby + arbg)x + a1b1x2 = agbg + (agby + a1bg)x + a1b1c = (aphy +
ai1bic) + (agby + a1bg)x. Thus, 0 € agbg + a1bic and 0 € agby + ayby, and hence by = —aalalcb1. Thus,
0 € apby — alaalalcbl. Thus, 0 € (a% — ca%)bl. Thus, it hastobe 0 € a% — ca% or by = 0. If the first case
happens, it leads to 0 € aéal_z —c= (uoal_l)2 —¢. Thus, aoal_l € Fis aroot of x2 — ¢. Therefore, x2 — ¢
has a root in F which contradicts the hypothesis. Thus, the second case happens i.e., b = 0. Since
by = —a, La,cby, we also have by = 0. Thus, F[a] is a superdomain.

Now, for non-zero ag € F, consider (ag + a1a)(bg + bya). Let by = ao_l and by = —a62a1. In this
case, it is obvious that 1 € (ag + a1a)(bg + bya). If ap = 0, then ajaa; 'ac™! = 1. Therefore, Fa] is
a superfield.

(<) Suppose that u € F is a root of f(x) = x> — c. By Theorem 7, we have f(x) € (x — u)(x + u).
Hence, 0 € f(a) C (« — u)(a + 1), which means that F[a] is not a superdomain and naturally is not
a superfield. O

Example 9. Let S = {0,1,a,1 + a} be a set with two hyperoperations as follows:

+ 0 1 o 1+« 0 1 1+«
0 0 1 o 1+a 0 0 0 0 0
1 1 {0,1} 1+« {a,1+a} 1 0 1 o 1+«
x « 1+« {0,a} {1,1+a} o 0 « 1 1+«
1+a 1+4+a {al+a} {1,1+a} S 1+a 0 14+a 1+a S

for which & # 1is a root of f(x) = 1+ x2. It is easy to check that (S,+,.) is a superring, which is not
strongly distributive.

Example 10. Let K = {0,1, —1, a1, a2, a3, 4, a5, &6 }. Define two hyperoperations on K by the following
tables:

+ 0 1 —1 %1 %) ®3 ng &5 173

0 0 1 -1 o1 o o3 0y o5 g

1 1 1 -1,0,1 o3 oy o3 0y X5, 01, X3 Ng, XD, K4
-1 -1 -1,0,1 -1 0y g a5, 01,083 g, XD, 04 o5 g

o1 N1 3 0y 1 wr,0, 09 o3 oy, 1,03 o5 wg, —1, a5
1% 4% oy Kg no, O, 5] [1%) oy, 1, o3 oy Keg, -1, 1953 Kg

a3 3 3 w5, 00, %3 w3 ng, 1,03 o3 0y, 1,03 N5, 01, X3 K

oy oy g Ng, Ko, 0y wyg, 1,03 oy wyg, 1,03 g K Mg, Xp, g
a5 o5 a5, 01, K3 a5 a5 ag, —1,05 as5,09,03 K a5 wg, — 1,05

ag ag Qp, K2, 04 ag ng, —1, a5 X K ag, 02,04 K, —1, 05 X6
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0 1 —1 ®1 1'% o3 Kq 5 173
0 0 0 0 0 0 0 0 0 0
1 0 1 -1 aq &y a3 oy a5 Qg
-1 0 -1 1 ap o Qg a5 0y o3
aq 0 aq ay -1 1 a5 a3 g g
ay 0 1% oy 1 -1 oy ag a3 a5
3 0 o3 g a5 oy N5, 0, K3 0y, 1,03 g, —1,05  wg, 00,04
0y 0 oy a5 a3 ag wyg, 1,03 Mg, 0, 04 K5,K1,83 &g, —1,a5
Q5 0 a5 L7} 173 [1%:3 Xe, —1,0&5 N5, 01,43 Ke, Ko, K4 0(4,1,0(3
ag 0 Qg a3 g as ne, 2,00 g, —Las  ag,la3 as,0q,03

It is easy to check that K D S is a superring. Then, by Theorem 10 for c = —1, f(x) = x> + 1 has no root
in S and since K = S[a] in whicha; = a,00 = —a, 03 =1+ a, 04 =1 —a,05 = -1+ a,06 = -1 —a, is
a superfield extension of S.

Remark 4. Consider Example 10 for which K is a superfield in which distributivity is weak. For instance,
it is easy to verify that ag(np + a3) C waan + agaz. Thus, the distributivity could be weak even though the
superring is really a superfield.

Theorem 9. (Division algorithm) Let F be a Krasner hyperfield with unit element 1, (F[x], ®,®) is the
polynomial hyperring of F. If a(x) and b(x) € F[x] and b(x) # 0, then there exists a pair of polynomials q(x)
and r(x) such that

a(x) € g(x) ©b(x) ®r(x),deg r(x) < deg b(x).

Proof. The proof is just the proof of Theorem 3.4 in [34] since g1 (x) ® b(x) @ r1(x) ® anb,,'x" ™ ®
b(x) = q1(x) © b(x) @ ayby,' x" ™ © b(x) ®r1(x) = (q1(x)  anby,'x"™) ® b(x) @ r1(x) as degree
g1(x) < n—min superring F[x]. O

Definition 10. Let R be a hyperring and f,d € R[x|; then, we say that d divides(counts) f if and only if
f e<d >; we denote it by d|f.

Definition 11. Let R be a hyperring. An element d € R[x] such that d|f,d|g and, for every e € R[x], e|f, e|g,
implies that e|d is said to be a great common divisor of f,g and denote it by d € (f,g).

Proposition 1. Let F be a hypertfield. Then, there exists a great common divisor for every two elements in F|[x].

Proof. Let f,g € F[x]. By a division algorithm, one has:

f € pog + o,
8 € piro + 11,
rp € par1 + 12,
r1 € p3r2 +13.

™ € Prn+2ni1s

and hence r,,11|f,g. Thus, there exists a common divisor for every two elements in F[x]. Define
C={de(f,9)} U{f, g} One can define a partial relation on non-unit elements of C asr < s < r|s.
We make a totally ordered ascending chain of these elements with upper bound f. By Zorn’s lemma,
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this ascending chain has a maximal in C. If all common divisors are unit, we define a great common
divisor of the two elements by 1. [J

Proposition 2. Let F be a hypetfield and f,g,d € F[x|and d € gcd(f,g). Then, < f,g >=<d >.
Theorem 10. Let F be a hyperfield. Then, F[x|/ < x >= F.

Proof. By a division algorithm, the residue class is isomorphic to F. [J

Definition 12. Let R be a superring. Then, f € R is called a unit element if < f >= R.

Definition 13. Let R be a superring. An element f € R is said to be irreducible if f €< u >,u € R; then,
<f>=<u>.

Theorem 11. Let R be a Krasner hyperring and I be a hyperideal of R[x] and (R[x]/1, &, ®) be the quotient
of R[x] by I with hyperoperations &, ® defined as follows:

teg=x+Dey+I)={z+Izex+y},
TOF=x+0)0oY+I) ={w+I|lw e xy}.

Then, (R[x]/1,®,®) is a superring.

Proof. Letx,y € R[x]. We define x = y (mod I) ifand only if x € (y + I). This relation is an equivalence
relation. Thus, the set {x + I|x € R[x|} is a partition of R[x]. Now, we prove that the hyperoperations
defined on R[x]/I are well defined. Let X’ € %,y € ¥; then, there are u,v € I, such that x’ € x + u
andy ey+o. Xy =+ +)C(x+ut+t)@y+o+)=x+D)dy+1)=xd7.
Thus, ¥ @y C x@J. x € ¥ —uandy € y —v. Therefore, we have ¥ &7 C x’ & y'. Thus,
X Oy =xD7.

Yoy =xK+DhoW+)C(x+u+)oy+o+I1)=(x+1)®(y+1I) =xO7. Similarly,
we have * ©® 7 C x’ ® /. It is routine to verify the other conditions of the superring. [

Theorem 12. Let R be a Krasner hyperring, f € R[x| be monic and degf < 2. If < f > is a maximal
hyperideal in R[x], then, provided that R[x|/ < f > is finite, R[x]/ < f > is a hyperfield.

Proof. Since < f > is maximal, the quotient structure is zero-divisor free superring. We prove that,
fora #0,
a0bnaoc=9.
Because if it is not true, then

0caob—aoi=(a+<f>0b+<f>—(a+<f>)O(c+<f>)

= (ab+ < f>)—(ac+ < f>)=(ab—ac)+ < f>.

Thus, it is enough to prove that, for a # 0,3u €< f >, such that u € ab—ac = b = ¢. By
hypothesis a = ap +ayx,b = by + b1x, c = co +c1x and u = ug + uyx + upx?, then

ab — ac = agby + (agby + a1bg)x + axby, — ageg + (agc1 + a1¢o)x + axcr = ag(by — ¢o) + [ao(by —
c1) +ai(bg—co)]x+ay(by —c1)x?. Sinceu €< f >, u—u = (ug—ug) + (ug —u1)x + (up — up)x*> C<
f>.Thus, up(1—1) €< f >, u1x(1—1) C< f > and upx?(1 — 1) C< f >.

Suppose that, for some u;,i € {0,1,2}, u; ¢< f >. Then, ¥ e< f>or(1-1) C< f >.
If ' €< f >, then, because < f > is a maximal hyperideal in R[x], we have x €< f >. Thus,
R[x]/ < f > is a Krasner hyperring. In addition, since it does not have any zero divisor element, then
itis a hyperdomain and, since it is finite, thus it is a hyperfield (see [37] Corollary 5.2). If (1 - 1) C< f >,
then 1 — 1 = 0. Consequently,a—a = 0, and thena C 2+ b — b = a. Consider ¢,d € a+ b. Thus,
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¢—b=aandd — b = a. Therefore, ¢ — d = 0, and hence ¢ = d. Thus, hyperaddition is single valued.
b= (ab+ < f >) = (agby + [aoby + arbo]x + a1byx®+ < f >) = (co + [c1 + c}]x + c2x?+ < f >

0 @ €1 @ ¢} & ¢ = d. Thus, the multiplication is also single valued. Therefore, R[x]/ < f >isa

ring. Since it is zero divisor free, it is an integral domain and, since it is finite, then it is a field, and

consequently a hyperfield.

Suppose that all coefficients of polynomial u belongs to < f >. Therefore,

Up € ﬂo(bo — Co) = ag €< f > Orb_() = (p,
uy € [ag(by — c1) + a1 (bo — co)lx,
up €ay(by —c1)x* = a1 €< f> orby =crorx? €< f >.

If ag ¢< f > and a; ¢< f >, then one obtains that by = ¢y and b; = ¢1, which means b = ¢
(for x> €< f >, and hence the quotient superring is a hyperfield). If ap €< f >, then a; ¢< f >.
Therefore, by = ¢3. Since ay €< f >, ug € ay(by — cp), then by = ¢y and we have b = ¢. For the
case ag ¢< f >and a; €< f >, similarly, we come to the conclusion that b = ¢. Thus, for non-zero
i€ Rx]/ < f> a®R[x]/ < f >isa partition of R[x]/ < f >. Itis possible provided that the
multiplication is single valued. Thus, the quotient space is a multiring. Noticing that every element
has an inverse, it is easy to verify that distributivity of multiplication with respect to addition is
strong. In [38] Section 4.3, it has been proved that every multifield is a commutative hyperfield. The
commutativity is dispensable; since the result again holds, ab + ac = a~'a(ab + ac) = aa~'(ab + ac) C
a(b + c). Thus, this multiring is a hyperfield and this completes the proof. [

Theorem 13. Let R be a hyperring. Then, R[x]/T* = R/T*[x].

Proof. Define

¢ : R[x] — R/T"[x],

n X n X
Z a;xt — Z I (a;)x".
i=0 i=0

1.  Atfirst, we show that ¢ is a good homomorphism.

Max{m,n}
Let f,g € R[], f = Zax and g = bef Then, ¢(f +8) = ¢( L (ax +be)x") =
j=0 k=0
Max{m,n} ‘ Max{m,n} . ) Max{m,n} .
{o( L cix)ew € ar+ by = | LT (cki)x*lew € ap + b} = r T (ax +
- Max{mmn} Maxgm,n} Max{mmn} ; .
bt =y M) eT @) = ¥ Ma)re Y I = LT @ye
k=0 k=0 k=0 k=0

Z I*(0)x = o(f) ® 9(g).

2. q) 1s one to one:

qv(iioaixi) = Eo T (a;)x

Kerg = {EO a;x'| éo T*(a;)x' = 0}.

Z I*(a)x =0 = Va;,T*(a;) = 0= I*(a;) = IT*(0).
(ng e {fgtc ZHfﬂ)
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n :
Note that T*(ag + a1x + ... + axx™) = T*(ag) ®T*(a1)x ® ... B T*(ay)x". 0 = ¥ I'(a;)x' =
=0

1

*( 3 a;x') = p € kerp & T*(p) =0. O
=0

Theorem 14. Let R be a hyperring. Then, M, (R) /T* = M,,(R/T*).

Proof. We define the map

¥ Mp(R) —> My(R/T*)
M (aj) —> Mu(T*(ajj)).

1. Analogous to the proof of Theorem 13, we verify i to be a good homomorphism.
Let M, (111']'), Mn(bij) S Mn(R). Then, l[)(Mn(ai]') + Mn(bl])) = l[J(Mn(Cli]' + bz]))
{9 (Mu(cij))lcij € ajj + by} = {Mu(T*(cij))lcij € ajj +bij} = Mu(T*(aj; + bij) = Mu(T*(aj;) ©
I (b)) = Mn(T*(a;5)) © Mu(T* (b)) = P (Mn(aij)) © p(Mn(bij))-
2. 1 is one to one since ¥(My(a;;)) = Mu(T*(aj;))-
kerp = { M(ajj) | (Mn(a;j) = 0}.
Thus, Mn(l“* (alj)) =0= Vﬂl‘]‘, F*(al-]-) =0=T* (Mn(al-j)) = f*(O)
Therefore, T*(Mjy (a;;)) = 0 < M, (T*(a;j)) = 0.
Thus, M, (R)/T* = M,(R/T*). O

Theorem 15. Let R be a hyperring. Then, the following are satisfied:

(i) I*=T.
(ii) Let R be a hyperring and I'* be its fundamental relation. If there exists a unit element u € x — x for some
x € R, then R/T* 0.

Proof.

(i) Itis obvious since multiplication is single valued and (R, &) is a hypergroup.
(ii) Since u € x — x is a unit, then 1 € u~'x — u~'x. Thus, for every element y € R, one has
{0,y} C yu~—'x — yu~'x. Therefore, I*(0) = Rand R/T* = 0.
a

Corollary 1.

1. Let F be a non-trivial hyperfield. Then, F/T = 0.
2. Let R be a hyperring extension of K or S. Then, R/T* =2 0.

Corollary 2. Let F be a non-trivial hyperfield. Then, F[x|/T* = 0.

Proof. Itis an immediate consequence of Theorem 13 and Corollary 1, item 2. [

4. Conclusions

We proved that the polynomials over a Krasner hyperring constitute a superring, which is not
an additive-multiplicative hyperring. In addition, hyperideals of a superring of polynomials, such
as prime and maximal hyperideals, were studied and it was proved that every principal hyperideal
generated by an irreducible polynomial is maximal, and Hilbert’s Basis theorem holds for polynomials
over a Krasner.
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