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Abstract: Hypergroups can be subdivided into two large classes: those whose heart coincide with
the entire hypergroup and those in which the heart is a proper sub-hypergroup. The latter class
includes the family of 1-hypergroups, whose heart reduces to a singleton, and therefore is the trivial
group. However, very little is known about hypergroups that are neither 1-hypergroups nor belong
to the first class. The goal of this work is to take a first step in classifying G-hypergroups, that
is, hypergroups whose heart is a nontrivial group. We introduce their main properties, with an
emphasis on G-hypergroups whose the heart is a torsion group. We analyze the main properties
of the stabilizers of group actions of the heart, which play an important role in the construction of
multiplicative tables of G-hypergroups. Based on these results, we characterize the G-hypergroups
that are of type U on the right or cogroups on the right. Finally, we present the hyperproduct tables
of all G-hypergroups of size not larger than 5, apart of isomorphisms.

Keywords: hypergroups; heart; group action; 1-hypergroups; cogroups

1. Introduction

Hypercompositional algebra is a branch of Algebra that falls under the many gener-
alizations of group theory [1]. Therefore, it is not surprising that there is a great deal of
overlap between the tools and problems of group theory and those of hypergroup theory.
In fact, one of the best developed research areas in hypergroup theory is that of their clas-
sification. Although a complete classification of hypergroups is well beyond any current
research horizon, several important results have been obtained in characterizing classes of
hypergroups having certain properties. For example, the class of D-hypergroups consists
of those hypergroups that are isomorphic to the quotient set of a group with respect to a
non-normal subgroup, and is a subclass of cogroups [2—4], and cogroups appear as gener-
alizations of C-hypergroups, that were introduced as hyperstructures having an identity
element and a weak form of the cancellation law [5,6].

A strong link between group theory and hypergroup theory is established by the
relation 8, which is the smallest equivalence relation defined on a hypergroup H such that
the corresponding quotient set H/f is a group [7-9]. This relation is a very expressive tool
for classifying significant families of hypergroups. In particular, the S-class of the identity
of the quotient group H/ is called heart [10-12]. The heart is a special sub-hypergroup
of H that gives detailed informations on the partition of H determined by . Notably, a 1-
hypergroup is a hypergroup whose heart consists of only one element [13,14]. In this case,
that element is also the identity of the hypergroup. In [15,16], the authors characterized
1-hypergroups in terms of the height of their heart and provided a classification of the
1-hypergroups with |H| < 6 based on the partition of H induced by p. By means of
this technique, the authors were able to enumerate all 1-hypergroups of size up to 6 and
construct explicitly all non-isomorphic 1-hypergroups of size up to 5.

Motivated by these studies, in this paper we consider the class of hypergroups whose
heart is isomorphic to a group. These hypergroups are called G-hypergroups. Clearly, this
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class contains that of 1-hypergroups as the heart of a 1-hypergroup is the trivial group.
The plan of this paper is the following. In the next section, we introduce basic definitions
and notations to be used throughout the paper. In Section 3, we introduce G-hypergroups
and their main properties, and give a flexible construction of G-hypergroups that allows
to prescribe arbitrarily both the heart and the quotient group H/ . Moreover, we analyze
G-hypergroups whose the heart is isomorphic to a torsion group. We denote this sub-
class of G-hypergroups with T(H). If (H,o) € T(H) then the identity ¢ of wy is also
identity of (H, o), thatis x € xoeNeox for all x € H. Consequently, we prove that the
singleton {e} is an invertible sub-hypergroup of (H, o) and the family of right (or left)
cosets € o x (or x o ¢, respectively) is a partition of H. Moreover, all B-classes are a disjoint
union of right (left) cosets of {e}. In Section 4, we analyze the main properties of the
stabilizers of special actions of wy on the set families £ = {xog|x € H—wy,§ € wy}
and R = {gox |x € H—wpy, g € wy}. These stabilizers play an important role in the
construction of multiplicative tables of G-hypergroups, as they fix the hyperproducts g o x
and x o g for all ¢ € wy and x € H. The results of Section 5 concern products of elements
x,y € H— wpy such that x oy C wpy. In Section 6, we characterize the G-hypergroups
in T(H) that are of type U on the right. Moreover, we find a sufficient condition for a
G-hypergroup of type U on the right to be a cogroup. Finally, in Section 7, we classify the G-
hypergroups of size < 5 and |wy| € {2,3,4}. Apart of isomorphisms, all the multiplicative
tables of these hypergroups are listed and, using the results on 1-hypergroups found in [16],
we conclude that there are 48 non-isomorphic G-hypergroups of size < 5.

2. Fundamentals of Hypergroup Theory

Throughout this paper, we will use standard definitions of fundamental concepts
in hyperstructure theory, such as hyperproduct, semi-hypergroup, hypergroup, and sub-
hypergroup, see, e.g., in [17-19]. To keep the exposition self-contained, we recall below
some auxiliary definitions and results that will be needed in the sequel.

A sub-hypergroup K of a hypergroup (H, o) is invertible on the right (resp., on the
left)if forallx,y € H, x € yoK = y € xoK (resp.,,x € Koy = y € Ko x). Moreover,
if K is invertible both on the right and on the left then it is called invertible.

A sub-hypergroup K of a hypergroup (H, o) is said to be conjugable if for all x € H
there exists x’ € H such that xx’ C K.

An element ¢ of a semihypergroup (H, o) is an identity if x € xoeNeox, forallx € H.
Moreover, if {x} = x o0& = e o x then ¢ is a scalar identity.

Given a semihypergroup (H, o), the relation B* of H is the transitive closure of the
relation B = U,>1Bx, where B, is the diagonal relation in H and, for every integer n > 1,
B is defined as follows:

xBuy <= Iz1,...,20) € H" : {x,y} Cz10zp0---02z,.

The relations § and B* are among the so-called fundamental relations [7,9,11,20]. Their
relevance in hyperstructure theory stems from the following facts. If (H, o) is a semihy-
pergroup (resp., a hypergroup), then the quotient set H/* endowed with the operation
B*(x) ® p*(y) = B*(z) for x,y € H and z € x oy is a semigroup (resp., a group) [21,22].
The canonical projection ¢ : H — H/B* verifies the identity ¢(x o y) = ¢(x) ® ¢(y) for all
x,y € H, thatis, ¢ is said to be a good homomorphism. Moreover, if (H, o) is a hypergroup
then B is transitive [8], H/p is a group and the kernel wy = ¢~ 1(1y, p) of ¢ is the heart
of (H, o).

If A is a non-empty set of a semihypergroup (H, o), then we say that A is a complete
part if for every n > 1 and (x1,x2,...,x,) € H",

(x10x0...0x%,) NA#QD = xj0xp0---0x, C A.

The transposed hypergroup of a hypergroup (H, o) is the hypergroup (H, x) where
xxy=yoxforallx,y € H.
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For later reference, we collect in the following theorem some classic results of hyper-
group theory, see in [8,17].

Theorem 1. Let (H, o) be a hypergroup. Then,

1. therelation B is transitive;

2. if K is a subhypergroup invertible on the right (resp., on the left) of (H, o), then the family
{x o K}yepy (resp., {K o x}yey) is a partition of H;

3. asubhypergroup K of (H, o) is a complete part if and only if it is conjugable;

the heart wy is the intersection of all conjugable subhypergroups (or complete parts) of (H, 0);

5. the heart wyy is a reflexive subhypergroup of (H, o), that is, xoy Nwy # @ = yoxN
wH 7& @.

s

3. G-Hypergroups

The heart of a hypergroup (H, o) allows us to explicitly compute the partition de-
termined by B, as B(x) = wyox = xowy for all x € H. For this reason, the heart
of hypergroups has been the subject of much research, in particular, to characterize it
as the union of particular hyperproducts [12]. A special class of hypergroups is that of
1-hypergroups, where the heart is a singleton. Clearly, the heart of a 1-hypergroup is
isomorphic to a trivial group and if wy = {e} then the element ¢ is an identity since
x € B(x) = eox = xoe. Other relevant results on 1-hypergroups can be found, e.g.,
in [13-16]. In this section, we will study the main properties of hypergroups whose heart is
isomorphic to a group G, which we call G-hypergroups.

Notably, the class of G-hypergroups is closed under direct product. Indeed, if (H, o) and
(H', x) are G-hypergroups then the direct product H x H' is a G-hypergroup as wy, pr =
wp X wyy. Indeed, for all (x,y) € H x H', we have By, (x,y) = Bra(x) x By (y). Non-
trivial examples of G-hypergroups can be built by means of the construction shown in
Example 2 of [15], which we recall hereafter. Let Aut(H) be the automorphism group of a
hypergroup (H, o). For f € Aut(H), let (f) denote the subgroup of Aut(H) generated by
f.In H x (f), define the following hyperproduct: for (a, f™), (b, f*) € H x (f), let

(a, f") % (b, f") = {(c, f"™) | c € ao f"(b)} = (a0 f" (b)) x {f"""}.

with respect to this hyperproduct (H x (f), %) is a hypergroup whose heart is wg x {f°}.
Clearly, if (H, o) is a G-hypergroup then also (H x (f), *) is a G-hypergroup.

3.1. A Construction of G-Hypergroups

Let T and G be groups with |T| > 2. Consider a family § = { Ay }xer of non-empty
and pairwise disjoint sets such that A, = G and [A;| = |G|, for alli € T. In these
hypotheses we pose A; = {4, }neg, for alli # 1. In the set H = e Ax we consider the
hyperproduct o : H x H — P*(H) defined as follows: forall x,y € H,

{xy} if v,y € Ay
xoy=<{aj} ifx=a;,y€ Ay andi#1r; 1)
Aij ifoAi,yEAjandj#lT;

We note that, by definition of hyperproduct o, we have x o 15 = {x} and x € 1gox
for all x € H. Moreover, for everyi,j € T and x € Ajwe obtain

Aiox:A oni:Aﬁ. (2)

s

Indeed, if j # 11 then Ajox = Uyea, v o x = Ajj. Otherwise, ifi = j = 17 then
Ay, 0ox = Gx = G = Aj,. Moreover, if i # 1r and j = 17 then we obtain A;ox =
Uneg @in 0 x = Upeg{ainx} = Ai. By analogous arguments, we can deduce that x o A; =
Aji. These simple remarks yield the basis of the following result, where we prove that
(H, o) is a G-hypergroup with some special properties.
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Theorem 2. In the previous notations, the hyperoperation o defined in (1) is associative. Moreover,
we have

1. for every integer n > 3 and for every (z1,22,...,2n) € H", there exists v € T such that
z102p0...0z,; C Ay

foralli € T thereexist x,y € H such that xoy = A;;

(H, o) is a hypergroup such that B = By;

wy = A1, = Gand B(x) = Ay, forallx € Ayand k € T;

H/B=T.

SRR

Proof. Letx € A;, y € Ajand z € Ay withi,j,k € T. If i = j = k = 17 then we have
immediately (xoy) oz = x o (y o z) since A, = G is a group. Otherwise, we have the
following cases:

*  Only two of the three elements i, j, k coincide with 17;
*  Only one of the three elements i, j, k coincides with 17;
b i,j,k eT— {1]‘}.
In the first case, if we assume thati = j = 17 and k # 1, then we have (xoy) oz =
{xy}oz=Ay=x0Ar=x0(yoz).
Ifi=k=1randj# 11, weobtain (xoy)oz=1x0(yoz) = A;.
Ifj=k=1randi # 17, wehave (xoy) oz =xo0(yoz) = A;.

In the second case, suppose i = 1t and j,k € T — {17}, we have (xoy) oz = Ajoz =
Ajp=x0Aj =x0(yoz).

If j = 1rand i,k € T— {17}, we obtain (xoy)oz = xo(yoz) = Aj because
xoy C Aj,z€ Arandyoz = Ay

Ifi,j€ T—{lr} and k = 11, we deduce (xoy)oz = xo(yoz) = Ajasxoy = A
x€Ajandyoz C A;.

ijs

In the last case we have (xoy) oz = xo (y 0z) = Ajj. Thus, o is associative. Now,
we complete the proof of the remaining claims.

1.  To prove this claim it suffices to proceed by induction on n, based on (2) and the
associativity of hyperproduct o.

2. LetieT. Ifi # 1rthenwehavexoy = A;, forallx € Ay, andy € A;. If i = 17,
since |T| > 2, there exists j,k € T — {17} such that jk = 1r and so x oy = Aj = Ay,
forallx € Ajand y € Ay.

3. To prove that (H, o) is a hypergroup we only need to prove reproducibility. Let x € A;.
AsiT = T, using (2) we obtain

jeT jeT jeT

on:xo(UAj) :Uon]:UAl]:H

Analogously, we can prove that H o x = H for every x € H. Now, being (H, o) a
hypergroup, we have the chain of inclusions

PrEPrSphsS - Chu--

Thus, if afb then there exists n > 3 such that af,b. For points 1. and 2., there exist
r € Tand x,y € H such that {a,b} C A, = x oy, so we obtain xS,y.

4. Clearly A; = G is a subhypergroup of H. Moreover, G is conjugable as for all

x € H—Gand x € Aj there exists x' € A;-1 such that x o x’ = Ay, = G. By point 4.
of Theorem 1, we have wy C G. Moreover, G C wp because wy is a complete part
of Hand G = xox' Nwy # @. Finally, by (2) we have B(x) = wgox = Gox = Ay,
forallx € Ayand k € T.

5.  The application f : T — H/p such that f(k) = Ay is a group isomorphism.
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3.2. If G Is a Torsion Group

In this subsection, we denote by ¢ the identity of the heart of a G-hypergroup (H, o).
Moreover, we denote by T(H) the class of G-hypergroups whose heart is a torsion group.
For each element x of a hypergroup (H, o), we identify x! with the singleton {x} and,
for any integer n > 2, we set

¥"=xoxo---o0x.
—_—

n times

Moreover, define
[ee]
X = U xK.
k=1

The set ¥ is the cyclic semihypergroup generated by x. This hypercompositional
analogue of cyclic semigroups has attracted the interest of many researchers, being a
powerful tool for the construction and study of remarkable families of hypergroups. We
point the interested reader to the detailed reviews in [23,24].

In what follows, we exploit cyclic sub-semihypergroups to derive some properties
of hypergroups in T(H). Specifically, we prove that the identity of the heart wy of a
hypergroup (H,o) € T(H) is an invertible sub-hypergroup of (H, o). We will use these
properties in the subsequent section to describe the group actions of wy on families of
hyperproducts g o x and x o g for ¢ € wy and x € H.

Theorem 3. Let (H,o) € T(H). Then, ¢ is an identity of (H, o).

Proof. Let x € H — G. There exists ¢ € wy such that x € x o e by reproducibility of (H, o).
Moreover, x € xoe C (xoe)oe = xo(eoe) = xo e2 and, by an inductive argument,
x € xoe" for all n > 1. Finally, as wy is a torsion group, there exists m > 1 such that
e" = {e}, thus x € x o &. By analogous arguments we also have x € eox. [

Proposition 1. Let (H, o) an G-hypergroup and x € H. The following conditions are equivalent:

1. eoy=A{y}(resp.,yoe={y})forally € B(x);
2. |goy|=1(resp., |yog| =1)forall g € wyandy € B(x).

Proof. 1. = 2. Let ¢ € wy and y € B(x). The thesis is obvious if B(x) = wpy, so let
x€H—wyanda e goy. Wehavea € goy Cwyoy = B(y) = p(x) andsoeoa = {a}.
Moreover, g ' oa C g7lo(goy) = (g7l og)oy = eoy = {y}. Hence g~ ' oa = {y}.
Consequently, goy = go (¢ 1 oa) = (§og ') oa = eoa = {a}. Therefore [goy| = 1.
In the same way we prove that [yo g| = 1if yoe = {y} forall y € B(x).

The converse implication, 2. = 1., is an immediate consequence of Theorem 3. [

Corollary 1. Let (H,0) € T(H). Then ¢ is a left scalar identity (resp., right scalar identity) of
(H, o) ifand only if |go x| = 1 (resp., [x o g| = 1), forall § € wy and x € H.

Theorem 4. Let (H,o0) € T(H). If S is a finite sub-semihypergroup of (H, o) then we have:

1. ee€S;
2. Sisasub-hypergroup of (H, o).

Proof. 1. Let ¢ : H — H/pB be the canonical projection. As S is finite, there exists x € S
such that ¥ has minimal size.

If x € x? then ¢(x) = ¢(x) ® ¢(x). Hence ¢(x) = lp/pand x € wy. As wy is a
torsion group, there exists a positive integer n such that x* = {e¢} and soe € S.

If x ¢ x? then there exists y € x? such that y # x. Clearly, we have i C ¥ and
consequently i = ¥ as & has minimal size. Therefore, x € i and there exists a integer n > 2
such that x € y" C (x2)" = x?" = x o x?"~1. Therefore, there exists a € x?*~! such that
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x € xoaand ¢(x) = ¢(x) @ ¢(a). Thus, ¢(a) = 1y, and a € wy. Finally, there exists a
integer positive m such that a” = {¢} and ¢ € (x2"~1)" = x(2n=Dm C ¥ C g,

2. We must show that x oS = Sox = §, for all x € S. By point 1. and Theoreme 3,
¢ € S and ¢ is identity in (H, o). Therefore, we have S C ¢0S C SoS C S and so
€05 =505=S5.Now, if x € S, the subset x o ¥ is a finite sub-semihypergroup of (H, o)
as S is finite, x o ¥ C Sand (x o ¥) o (xo %) =xoxoXoX C x? 0¥ C x o . Thus, for point
1., we obtain ¢ € x o X. Finally,

S=e0SCx0X¥0SCx0S0SCx0S5CS0S=S.
Therefore, x o S = S for all x € S. In the same way we prove that Sox = S. [
Theorem 5. Let (H,0) € T(H). The singleton S = {e} is a invertible sub-hypergroup of (H, o).

Proof. We prove that S = {¢} is invertible on the left, thatisx € Soy = y € Sox,
for all x,y € H. In the same way, it is proved that S is invertible on the right. Let
x € Soy=c¢eoy. Ify € wy, wehavex = yandy € eox = Sox. Now, we suppose
y € H — wpy. Clearly, we have e o x C € o y. Moreover, we obtain x € wy oy = B(y) and
soy € B(x) = wy o x. Therefore, there exists ¢ € wy such that y € g o x. Consequently,
yegoxCgo(eoy) Cgo(eo(gox)) =g*oxandy € g o x. By induction, we deduce
thaty € ¢" o x, for all integer n > 1. As wy is a torsion group, there exists a positive integer
msuch that ¢" = {e¢} andsoy € eox =Sox. O

Remark 1. The invertibility on the left (resp., on the right) of the sub-hypergroup S = {e} implies
that the family of right cosets (resp., left cosets) of S = {e} is a partition of H. Since for each element
y of a B-class B(x) we have e oy C wpy o x = B(x) (resp., yoe C x owpy = P(x)), then every
B-class is a disjoint union of right cosets of S (resp., left cosets of S).

3.3. The Cosets of {e}

As suggested by Remark 1, the families of right and left cosets of S = {¢} are relevant
to determine the structure of G-hypergroups in T(H). In this subsection we deepen the
knowledge of these cosets. We will only do proofs for right cosets because properties that
are true for a hypergroup are also true for its transposed hypergroup.

Proposition 2. Let (H,0) € T(H). Forall x € H and § € wy we have:

1. x€gox & gox=c¢ox;
2. goxNeox#Q® & gox=¢eox;
3. x€xo0g & xog=xo0g¢g
4. xogNxoe# Q@ & xog=1xo0¢

Proof. 1. The implication <« is a consequence of Theorem 3. Now, suppose that x € go x.
Clearly,wehaveeox Ceo(gox) = (e0g)ox = gox. Moreover, gox C go (gox) =
g% oxand, by induction, we obtain the chain of inclusions eox C gox C g?0x C --- C
g"ox C ---.Aswy is a torsion group, there exists a positive integer m such that ¢ = {e}
andsosox C gox Ceox. Therefore,eox = gox.

Concerning point 2., it is enough to prove the implication =. Letz € eoxNgox.
As S = {¢} is a invertible subhypergroup of H, we havecox =eozandsoz € gox =
goeox = goeoz = goz Therefore, by point 1., we obtain e 0 z = g o z. Consequently,
wededuceeox =g0z =90z =Q0€0Z=9gO0€E0X =gOX.

Points 3. and 4. follow from 1. and 2. by considering the transposed hypergroup
of (H,0). O

Proposition 3. Let (H,0) € T(H). Forall x,y € Hand g, € wy we have
1. yegox & eoy=gox;
2. goxNgoy#Q0 & gox=g' oy,
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ifyegox, theneoxNgox =0 & eoyngoy=o;
YyEXog <& Yyoe=x0g;

xogNyog' #@ & xog=yog’

ifycxog thenxoeNxog=90 & yoeNyog=0a.

SIS N

Proof. 1. The implication <« is a consequence of the Theorem 3. Let y € g o x. We have
g loy C glogox = gox. Taking an element z € g~ oy, we obtain eoz C eox.
Therefore, for invertibility of subhypergroup S = {e} in (H, o), € 0 z = € o x. Consequently,
aseozC g loyCeox,wededuce g 'oy=coxandsoeoy =gox.

2. Letz € goxNg oy. By point 1. of Proposition 3, we have eoz = gox and
eoz = g’ oy. Therefore, gox =g’ oy.

3. As y € gox, by point 1. of Proposition 3, we have eoy = gox and so
gox = gflo (gox) = g*1 o(eoy) = giloy. Consequently, eoxNgox = @ &
g loyNeoy=0 < eoyngoy=0Q.

Points 4., 5., and 6. follow from 1., 2., and 3. by considering the transposed hypergroup
of (H,0). O

4. Actions of wy

If ¢ : (g,e) — geisa group action of G on the set E, the sets O(e) = {ge | g € G} and
Stabg(e) = {g € G | ge = e} are the orbit and the stabilizer of element e € E, respectively.
The orbits family {O(e) }.cf is a partition of E and the stabilizer Stabg (e) is a subgroup of
G. If e and ¢’ belong to the same orbit the stabilizers are conjugates. Moreover, we have
|O(e)| = [G : Stabg(e)] and when G is finite we obtain that |O(e)| divides the size of G.

If (H,0) € T(H), we denote by £ and R the following sets:
L={xog|x€eH—-wygcwy}l, R={gox|x€ H—-wpy,g € wy}.
On £ and R we consider the actions ¢; : wy X £ = £e ¢, : wy X R — R such that

¢i(h,xog) =xo(goh) e ¢(hgox)=(hog)ox,
forallxoge £,gox e Rand h € wy.

For simplicity, let Stab,,(x oe) = ySand ;O = O(xoe) = {xog | g € wy} be the
stabilizer and the orbit of x € H — wpy with respect to the action ¢, and let Stab,, (x o€) =
xSand O =O(xo¢) = {xog| g € wy} be those with respect to ¢,.

If y € B(x) then there exists ¢ € wy such that y € g o x. By Proposition 3, we deduce
eoy = gox. Conversely, again for the Proposition 3, if go x € Oy and y € g o x we have
goy = gox withy € B(x). Therefore, we obtain

Ox = {gox[g cwn} ={eoy|yep(x)}. (©)

2O ={xog|g€wn}t={yoelyep(x)} @)

Next, we establish a connection between the sizes of Oy, O, wpy, and B(x). For brevity,
we only expose results for the action ¢,. The corresponding results for the action ¢; follow
trivially by recurring to transposed hypergroups.

Lemma 1. Let (H,0) € (H) and x € H — wy.

1. Sy = {e} (resp., xS = {e}) ifand only if goxNg ox = @ (resp., xogNxog = @),
forall {g,¢'} Cwyand g # ¢';

2. if Sy = {e} (resp., xS = {e}) then |Ox| = |wn| < [B(x)] (resp., |xO| = |wn| < |B(x)[;

3. Sy =wpy (resp., xS = wy) if and only if B(x) = e o x (resp., f(x) = x0e).
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Proof. 1.If Sy = {e} then|O(x)| = [wy : {€}] = |wy| and, by Proposition3,goxN g’ ox = @,
for all {g,¢'} € wy and g # ¢'. Conversely, if ¢ € Sy thengox = coxand g = ¢
by hypothesis.

2. By point 1., we have E; = Oy and so |Ex| = |O(x)| = [wg : {¢}] = |wy|. Moreover,
as the hyperproducts g o x in O(x) have size > 1 and gox C B(x), for all § € wy, we
deduce |wy| < |B(x)].

3.1If Sy = wy then gox = eox, for all g € wy. Therefore, f(x) = wyox =
Ugewy& © x = €0 x. Conversely, if B(x) = eoxthenwpyox =eoxand gox = go(eox) =
gowpgox=wyox =c¢eox, forallg € wy. Hence Sy = wy. O

Proposition 4. Let (H,o0) € T(H) and let x be an element of H — wpy such that eoy = {y}
(resp., yoe = {y}), for every y € B(x). Then |B(x)| < |wpy| and equality holds if and only if
Sy = {e} (resp., xS = {€}).

Proof. By Proposition 1, we have [goy| = 1, for every ¢ € wy and y € B(x). Therefore,
|B(x)| = |wh o x| = | Ugewy; § © x| < |wh|. Now, if Sy = {e} then |B(x)| = |wg| by point
2. of Lemma 1. Conversely, if |f(x)| = |wy|, thengoxNg ox =@, forall g, ¢’ € wy and
¢ # ¢'. Thus, by point 1. of Lemma 1, Sy = {¢}. O

A consequence of the previous proposition is the following result:

Theorem 6. Let (H,o) € T(H) be such that € is a left scalar identity and Sy = {e}, for all
x € H— wpy (resp., € is a right scalar identity and S = {e}, for all x € H — wpy). Then
|B(x)| = |wgl, for all x € H. Moreover, if (H, o) is finite then |H| = |H/B| - |wg].

Now, if (H,0) € T(H) and x,y € H, we denote by Ly(y) and xL(y) the following sets:
Ly(y) = {g € wy |gox =¢€oy}, xL(y) = {g € wy | x o g = yoe}. Clearly, we have
Ly(x) = Sy and yL(x) = «S.

Proposition 5. If (H, o) € T(H) and x,y € H — wy then the following conditions are equivalent:

1. Ly(y) # D (resp., xL(y) # D);
2. Blx) = By);
3. Oy = Oy (resp., yO = ,O).

Proof. 1. & 2.If Ly(y) # @ then there exists § € wpy such that gox = €0y, and so
wgoxNuwyoy # @. Thus B(x) = B(y). On the other hand, if f(x) = B(y) then
y € B(x) = wpy o x and there exists ¢ € wy such that y € g o x. By point 1. of Proposition 3,
we have gox =¢oyandso g € Ly(y).

2. & 3. Let B(x) = B(y). By (3), eoy € Ox N Oy and Oy = Oy, since the orbits are a
partition of H — wy. Now, let Oy = Oy. There exist gox € Oy and hoy € O, such that
gox = hoy. Consequently, we have wyy o x Nwy oy # @ and B(x) = B(y). O

Proposition 6. Let (H,0) € T(H) and let x,y € H — wy such that B(x) = B(y). Then, we have

|Lx(y)| = [Sx| (resp., [xL(y)| = |xS]);
2. the subgroups Sy and Sy (resp., xS and S) are conjugates;
3. if Syor Sy (resp., xS or yS) is a normal subgroup or wyy is abelian, then Sy = Sy (resp.,

~

4. |Lx(y)| = [S2] = [Sy| = [Ly(x)];
5. [kL(y)] = [xS] = [yS| = yL(x)]|

Proof. 1. By Proposition 5, the sets Ly(y) and Ly (x) are not empty as B(x) = B(y). Fixed
an element & € L,(x), we have hoy = eox = gox forall g € S,. Therefore, (h~!o
g)ox =coyand h ! og € Ly(y). Clearly, the application @, -1 : Sy — Ly(y) such that
@,-1(g) = h~log, forall ¢ € Sy, is injective and so [Sy| < |Lx(y)|. On the other hand,
ashoy = gox, we obtain eoy = h~!ox. Therefore, g € Ly(y) = gox = goy =
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h™lox=hogox=g¢ox = hog € Sy. Finally, the application ¢, : Ly(y) — Sy such that
¢n(g) =hog, forall g € Ly(y), is injective and so |Lyx(y)| < [Sx(wh)|-

2. By Proposition 5, we have Oy = Oy,.. Thus, the elements ¢ o x, € o y of R belong to
the same orbit. Consequently, the stabilizers Sy and Sy are conjugates.

Point 3. is an immediate consequence of 2., and points 4. and 5. follow from 1. and 2.
because conjugated subgroups have the same size. O

An immediate consequence of point 3. in Proposition 6 is the following result:

Corollary 2. Let (H,0) € T(H) and let x, y be elements of H — wp such that B(x) = B(y). Then,

1. Sy={e} & Sy={e} (resp., S = {e} & 4S={e})
2. Sy=wpg & Sy =wy(resp., xS =wy & S = wp).

5. Properties of the Hyperproducts x oy C wy withx,y € H — wy

In this section, we prove certain properties of products of elements x,y € H — wp such
that x o y C wp. These properties will be utilized in the next section in the construction of
G-hypergroups of small size. Note that xoyNwy # & = xoy Cwy, forallx,y € H
as wy is a complete part of H by point 4. of Theorem 1.

Proposition 7. Let (H,0o) € T(H) and let x,y € H — wy such that x oy Nwy # @.
If Sy =wyand Sy € {{e},wy} (alternatively, if ,S = wpy and S € {{e},wn}) then
Xoy=yox=wy.

Proof. Let Sy = wy and x oy Nwpy # @. By Lemma 1 we have f(x) = wyox = €ox.
Thus,

xoy=eo(xoy) = (c0x) oy = (Wi o¥) 0y = wx o (¥oy) = wp.

Moreover, we have y o x C wy because wy is a reflexive subhypergroup of (H, o).
Now, by hypothesis, two cases are possible: S, = wp or Sy = {e}. If S, = wpy then
y o x = wy follows by transposing the previous arguments, and the claim follows. On the
other hand, if 5, = {e} then, by Lemma 1, we have goyNg oy = @ forall {g,¢'} C wy
and g # ¢’. Consequently, if by absurd we suppose that wy # y o x then we deduce the
contradiction

Bly) =yown=yo(xoy)=(yox)oy= |J goy# |J toy=wnoy=pBy).

gE€yox tewy

Therefore, also in this case y o x = wy and x oy = y o x = wy. When ;S = wy and
«S € {{¢e}, wy} the claim follows by transposition. [

Remark 2. If the heart wy of a hypergroup (H, o) € T(H) is isomorphic to a group of size a prime
number p then Sy € {{e}, wy}, for every x € H — wy. In this case, if x,y € H — wy, xoy N
wy # O and at least one of the subgroups Sy, S is different from {e}, then x oy = y o x = wy.
This fact is not true if Sy = S, = {e}. For example, consider the hypergroup represented by the
following table:

ole b ¢ d e f
ele b ¢ d e f
b|b e d c e f
clc d ¢ b f e
dld ¢ b ¢ f e
ele e f f &b cd
flf f e e cd &b

Here, wy = {e,b} = 7y, Sc = Sy = {e},andcod = doc = {b} # wy. Recall that
the 1-hypergroups are a special class of G-hypergroups and their sub-hypergroups are conjugable.
The same property is not true if the heart of a G-hypergroup is not trivial. Indeed, if € is the
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identity of the heart then {e} is a non-conjugable sub-hypergroup of H. On the other hand,
there are G-hypergroups that have non-trivial non-conjugable sub-hypergroups. For instance,
the hypergroup of the previous table has five non-trivial sub-hypergroups different from H and wy,
that is, Gy = {¢,c}, Go = {¢,d}, G3 = {¢,b,c,d}, K1 = {¢,b,e}, Ka = {¢,b, f}. Note that G,
and Gy are isomorphic to Zy and are not conjugable.

Proposition 8. Let (H,o0) € T(H) and let x,y € H — wy such that e € x oy. Then, Sy U ;S C
xoy.

Proof. Wehavexoy C wgase € xoy. If g € Sythengox =eoxandsog € goe C
go(xoy) = (gox)oy = (eox)oy =¢eo(xoy) = xoy. Therefore, Sy C xoy. In the
same way, we prove that ;S C xoy. [

An immediate consequence of Propositions 7 and 8 is the following;:

Corollary 3. Let (H,o0) € T(H) and let x,y € H — wy such that e € x oy. If wy is isomorphic
to a group of size a prime number and Sy # {e} or ,S # {e}, then x oy = wp.

Proposition 9. Let (H,0) € T(H) and let x,y € H — wpy such that xoy C wpy. Then,
laob| = |xoy| foralla € B(x)and b € B(y).

Proof. By hypothesis x oy C wy. Moreover,asa € f(x) = wyoxand b € B(y) =y owy,
there exist 11,k € wy suchthata € hoxand b € yok. By Proposition 3, wehaveeoa = hox
and boe =yok. Asaob C B(x)oB(y) = xowgoyowy = xoyowy = wy, we have
aob =¢oaoboe = hoxoyok. Finally, the application f : x oy — aob such that
f(g) =hogok, forall g € x oy, isbijectiveand so [xoy| = |aob|. O

Lemma?2. Let (H, o) € T(H) and let P be a normal subgroup of wy. Moreover, leta,b € H— wy
and h € wy. Then, we have

1. ifaob=hoP, then forall z € B(b) there exists z’ € B(a) such thatz' oz C P;
2. if|H/B| =2and P # wy thenaob # ho P.

Proof. 1.Letaob = hoP.Ifz € B(b) = bowp, thereexists k € wy such thatz € bok. Now,
takenz’ € k"' oh ! oa, we have z’ € wy oa = B(a). Moreover, as P is a normal subgroup
andaob=hoP,wededucez oz Ck loh logobokCklohlohoPok=P.

2. By absurdity, letaob = hoP. As |H/B| =2 and a,b € H — wy, we have B(a) =
B(b) = H— wy. Now, let z € H. Clearly, if z € wy thenz oz = {e} C P.Ifz € H— wy,
we have z € B(a) and, by point 1., there exists z’ € B(b) such that z’ oz C P. Hence,
P is a conjugable subhypergroup of (H, o) and we have wy C P C wp; impossible as
p 75 wy. O

Proposition 10. Let (H, o) € T(H) such that |H/B| = 2 and |wy| > 2. We have

1. laob| > 2, foralla,b € H— wy;

2. if there exists x € H — wyy such that Sy = wy or xS = wy, then aob = wy, for all
a,be H—wg;

3. if|lwy| =2thenaob = wy, foralla,b € H— wpy.

Proof. 1. By hypothesis S = {¢} is a proper normal subgroup of wy and ao b C wpy, for
alla,b € H — wpy. If there exist a,b € H — wy such that |a o b| = 1, we can suppose that
aob = {h}, with h € wy. Therefore, we have aob = {h} = ho S, that is impossible by
point 2. of Lemma 2.

2. Let x € H— wg and Sy = wpy. For reproducibility, there exists y € H — wp such
that € € x o y. By Proposition 8, we have x o y = wp. Consequently, from Proposition 9, we
deduceaob = wy, foralla,b € H — wy. We get the same result if ,S = wy.

3. is an immediate consequence of 1. [
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Corollary 4. Let (H,o0) € T(H) and let x be an element of H — wyy such that |B(x)| < |wy].
If (H, o) is finite and wy is a group of size a prime number p then yo g = goy = B(x), for all
y € B(x) and g € wyy. Moreover, if | H/B| =2then xoy = yox = wy, forall x,y € H — wp.

Proof. Since |wy| is a prime number p and |B(x)| < |wg|, by Lemma 1, Sy = xS = wy
and eox = xoe = B(x). Now, ify € B(x), g € wyanda € goy (resp., a € yog), by
Proposition 3, we have eoa = goy = B(y) = B(x) (resp.,ace = yog = B(y) = B(x)).
Furthermore, by Proposition 10, if |H/B| = 2 and x,y € H —wpy then xoy = yox
= WH. O

Example 1. In the next table we show a hypergroup (H,o) € T(H) such that |H/B| = 2,
wy = Z3, |H| = |wy| - |H/ B| and all hyperproducts a o b have size 2, for all a,b € H — wp.

f
f

c

c

£ e
b d
e ¢b ¢ec b
f

d

S T NI R W
D SO ~ VL N L Y

QX [/ = m|o
QL T mm

gc byc &b
b,c &b ¢gc

QAN M O S

fl1f

According to Proposition 10, necessarily we have here Sy # wpy and S # wy, for all
x € H—wy.

In the previous example, each element of the heart is contained in exactly six hyperproducts
x oy C wy. This fact finds full justification in the next proposition. A new notation is entered:
Forallx,y € Hsuchthatxoy C wyand g € wH,letNg’y ={(a,b) € B(x) x B(y) | g € aob}.
Clearly,Ng’y #Q@asB(x)oB(y) =xowgoyowy =X0Yyowyowy = WH.

Proposition 11. Let (H,0) € ¥(H), x,y € H—wyand xoy C wy. Ifeoca = {a}, for all
a € B(x) (resp., boe = {b}, forall b € P(y)), then |Ng"| is the same for all § € wpy.

Proof. Let (a,b) € Ng”. There exists i € wy such that {g'} = hog. Clearly, hoa C
wyoa = B(a) = B(x), with |hoa| = 1by Proposition 1. Moreover, if hoa = {a’} then
{¢'} =hogCho(aob)=(hoa)ob=ad obandso (a',b) € N;,’y. Finally, the application
on : Ng¥ — N;,’y such that ¢, (a,b) = (a',b), with hoa = {a’}, is injective because
hoay =hoay < ay = ap, forall ay,ay € B(x). Therefore, \Ng'y\ < \Ng,’y\. Similarly, we
have \Ng,'y\ < |N§’y|. O

Corollary 5. Let (H, o) be a finite hypergroup in T(H), and let x,y € H — wy such that
xoy C wy. Ifeoa = {a}, forall a € B(x) (resp., boe = {b}, forall b € B(y)), then
laob|-|B(x)|-|B(y)| = |wH]|- |N§’y|for alla € B(x), b € B(y) and § € wy. In particular,
if |wy| is a prime number then a o b = wy or |wyy| divides |B(x)| or | B(y)|-

Proof. Let n*¥ = |N§f’y|. By Proposition 9, [aob| = |xoy| foralla € B(x) and b € B(y).
Thus, taking a € B(x) and b € B(y), by Proposition 11 and B(x) o f(y) = wy, we obtain
laob|-|B(x)|-|B(y)| = |wH| - n*¥ counting in two different ways. Finally,asa o b C wpy,
if |wy| is a prime number then a o b = wy or |wy| divides |B(x)| or |B(y)|. O

In Proposition 11, the hypothesis e oa = {a} for all 2 € B(x) is essential. Indeed,
consider the following hypergroup:
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€ b c d e f g h
I3 b c de de f,g f,g h
b c e f,g f,.g *h h de
c € b h h de de f,g
de f,g h &b eb bec bc gc

de f,g h b b bc bc gc
f,g h d,e b,c bec ec gc &b
f,.e h d,e b,c bec ec ec b
h de f,g ec ¢gc gb &b bec

0 Y N [ A S m|Oo

Here, we have wy = Zs, [H/B| = 2, IN&| = 16 and |[N{#| = |N&*| = 17. In this
example, Proposition 11 cannot be applied because e o d # {d}.

6. Hypergroups of Type U in T(H)

Among the best-known classes of hypergroups are undoubtedly those of type U, type
C, and the cogroups. A hypergroup of type U on the right is a hypergroup (H, o) with
a right scalar identity ¢ that fulfills the conditiona € aob = b = ¢, foralla,b € H,
see [25-27]. A hypergroup of type C on the right is a hypergroup (H, o) of type U on the
right that fulfills the conditionaobNaoc # @ = eob=c¢oc, foralla,b,c € H, see[5,6].
A cogroup on the right is a hypergroup of type C on the right such that [aoc| = |bo¢|
foralla,b,c € H, see in [2-4]. The transposed of a hypergroup of type U on the right is
a hypergroup of type type U on the left, and analogously for hypergroup of type C and
cogroups. The purpose of this subsection is to characterize the hypergroups in T(H) that
are of type U on the right or cogroups on the right. We have the following result:

Theorem 7. Let (H,o0) € T(H). Then, (H, o) is of type U on the right if and only if .S = {e}
and x oe = {x}, forall x € H — wy.

Proof. If (H, o) is of type U on the right, x € H —wp,and g € xSthenxog=xo0¢e = {x}
and so we have ¢ = ¢. Conversely, let ,S = {¢} and xoe = {x}, forall x € H — wy. If
a,u are elements of H such thata € aou then u € wy. Indeed, if ¢ : H — H/p is the
canonical projection then ¢(a) = ¢(a) ® ¢(u) and ¢(u) = 1g,p. Clearly, if a € wy then
u = € because 4 € 4o u and wpy is isomorphic to a group. If a1 € H — wy then, using
Proposition 2, we haveaoe =aouand u € ,S = {e}. Thus, u = e and so (H, o) is of type
U on theright. O

We note that if (H, o) € T(H) is a 1-hypergroup of type U on the right then wy = {e}
and H/{e} = H as ¢ is a right scalar identity. In this case H is isomorphic to a group.
Consequently, we have the following result.

Corollary 6. A hypergroup (H, o) € T(H) is isomorphic to a group if and only if (H,0) is a
1-hypergroup of type U on the right.

In reference to Theorem 7 and the previous corollary, we note that the hypergroup
shown in Example 1 is of type U both on the right and on the left. Indeed, in that hypergroup
we have |wy| >2,,S =5y ={¢}and xoe = eox = {x}, forall x € H — wy. The next
result provides a sufficient condition for a hypergroup of type U on the right to be also
a cogroup.

Theorem 8. Let (H, o) € T(H) be of type U on the right. If Sy = wyy for all x € H — wy then
(H, o) is a cogroup.

Proof. The thesis is obvious if (H, o) is a group. Therefore, we suppose that |wy| > 2.
Let Sy = wy, forallx € H—wpy. If aobNaoc # @, we obtain ¢(b) = ¢(c) and so
B(b) = B(c). Hence, b € wpy if and only if ¢ € wy. Now, if b € H — wy, by point 3. of
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Lemma 1, theneob = B(b) = B(c) = €oc. If b € wy and a € H — wy, by point 5. of
Proposition 3, we obtain aob = aocand so boc™! € ,S = {e} as (H, o) is of type U
on the right. Therefore, b = cand eob = eoc. We get the same result if we suppose
that a,b € wy. Thus, (H, o) is of type C on the right. Now, we distinguish two cases to
prove that |boa| = |coal, for all a,b,c € H. We note that, by Theorem 6, we have that
|B(x)| = |wh|, forall x € H.

If 2 € wy then we have |[boa| = |coa| = 1 by Corollary 1. On the other hand, if
a € H— wy and x € H then, from point 3. of Lemma 1, we have eoa = f(a) = aowy
and so

xoa=(xog)oa=xo0(eoa)
=xo(aowy)

= (xoa)owy = U yowny = U B(y)-

ycxoa yexoa

Finally, as B(y) = B(z), for all y,z € xoa, we obtain that xoa = B(y), for all
y € xoa. Therefore, [xoa| = |B(y)| = |wg|- Thus, ifa € H— wpy and b,c € H then
|boa| = |wy| = |coa| and the proof is over. [

The hypothesis Sy = wp in Theorem 7 is sufficient but not necessary for a hypergroup
of type U on the right to be a cogroup. Indeed, the following hypergroup is a cogroup on
the right in T(H) but Sy # wpy, forall x € H — wpy.

e f g h i I m n
ey fh eg fh im In im ILn
f,h eg fh eg Ln im ILn im
e,y fh eg fh im In im ILn
f.h eg fh eg Ln im In im
im ILn im In ec bd ec bd
Im im ILn im bd ec bd ¢gc
im ILn im I,n e&c bd ec bd
Ibn im In im bd ec bd ¢c
gc bd ec bd eg fh eg fh
b,d ec bd ec fh eg fh eg
gc bd ec bd eg fh eg fh
b,d ec bd ec fh eg fh eg

=2 I —0 T m Ao o

S — = 300 o S om R

S S —~ 0 LA om0
S S — = N0 U0 S m|m
—~ = 3 IO T0Q T m A0

In this case the heart wy = {¢,b,c,d} is isomorphic to Zs and Sy = {¢,c} for all
x € H— wg.

7. G-Hypergroups of Minimal Size

In [16] the authors classified the 1-hypergroups of size < 6. Hereafter, we classify
the G-hypergroups of size < 5 and |G| > 2, apart of isomorphisms. Recall that ¢ denotes
the identity of G. Furthermore, let T(G, p, q) be the subclass of T(H) such that wy = G,
|H| = p and |H/B| = q. With these notations, using the results in Section 3, we classify
the hypergroups of the subclasses T(Z,, p,q) with2 <n < 4,3 <p <5,2<g<4and
‘E(Zz X Z2,5,2).



Mathematics 2022, 10, 240 14 of 17

Apart of isomorphisms, the classes ¥(Z,3,2), %(Z,4,3), £(Z3,4,2), %(Z3,5,2),
% (Z3,5,3), %(Z4,5,2), and T(Zy x Zy,5,2) consist of only one hypergroup. We list their
tables respecting the order in which the previous classes are written.

T ole b ¢ d ole b ¢ d
P ele b ¢ d ele b ¢ d
H : Hy: b|b ¢ ¢ d Hs3: b|b ¢ ¢ d
b|lb e c
cle ¢ eb clc ¢ d &b clc e b d
4 d|ld d egb ¢ dld d d egbc
o € b c d e ole b ¢ d e
€ € b c d,e d,e ele b ¢ d e
b b c € d,e d,e bbb ¢ € d e
Hy: c| ¢ € b d,e d,e Hs: clc € b d e
d|de de de ¢ebc ¢b,c dld d d e e b,c
e |de de de ¢ebc ¢bc ele e e ¢gbc d
ole b ¢ d e ole b ¢ d e
ele b ¢ d e ele b ¢ d e
b|b ¢ d e e b|b ¢ d ¢ e
He : clc d e b e Hy: clc d e b e
dld e b c e dld ¢ b e e
e|le e e e ¢gbcd ele e e e gbcd

We note that the table of hypergroup in ¥(Z3,5,2) is a consequence of Corollary 4.
The other tables are deduced by considering the quotient group H/f.

Class: T(Z,4,2). Using the Propositions 6 and 10, we have the following four hypergroups,
apart of isomorphisms:

ole b ¢ d o € b d
ele b ¢ d € 3 b c

Hg: b|b e d c Ho: b | b € d c
clc d &b &b c|cd c¢d &b &b
d|d ¢ &b ¢gb d|lcd c¢d &b ¢b
ole b c d o € b c d
ele b c¢d cd € € b c¢d cd

Hyp: b|b ¢ c¢d cd Hyp: b b e c¢d cd
cl|lc d &b ¢gb c|cd cd eb &b
d|ld ¢ &b ¢gb dlcd c¢cd &b ¢b

According to Theorems 7 and 8, and Corollary 6, Hg is a hypergroups of type U on the
right and on the left, Hy is a cogroup on the left and Hj is a cogroup on the right. We note that
if (G, ) isa group and S is a non-normal subgroup of G then the quotient G/S (resp. S\G) is a
hypergroup with hyperproduct xh ® yh = {zh | z € xhyh} (resp. hx ® hy = {hz | z € hxhy}).
These hypergroups are called D-hypergroups [3]. The hypergroups Hy and Hjg are iso-
morphic to S\Dy4 and D4/ S respectively, being Dy is the dihedral group of size 8 and S is
a non-normal subgroup of size 2. Moreover, Hjg can be obtained from the construction
shown in Section 3.1 with G = T = Z,.

Class: T(Zj,5,2). The element ¢ is not a left scalar identity (resp., right scalar identity)
otherwise, by Proposition 1, we have [goy| =1, forall ¢ € wy and y € H — wy. Con-
sequently, as |wy| = 2, if y € H — wy then we have the contradiction 3 = |H — wy| =
|B(y)| = |wy oy| = 2. Furthermore, in this case, using the Propositions 6 and 10, we obtain
the following four hypergroups, apart of isomorphisms:
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o € b c d e o € b c d e
€ € b c dye de € € b c dye de
b b e de ¢ c b b € de ¢ c
Hia c ¢c de &b &b ¢b Hus c|cde cde eb &b ¢€b
d|lde ¢ ¢eb &b &b d|cde cde ¢eb &b &b
e |de ¢ b b ¢b e | c,de cde ¢b &b ¢b
o € b c d e o € b c d e
€ € b c¢de cde cde € € b c,de c,de c,d,e
Ho - b b e «¢de cde cde Hie - b b € c,de cde c,de
L de b g b &b 15 c,de c,de &b g, b e b
d|de ¢ g b g b e b d|cde cde ¢€b g b g b
e |de ¢ e b e b e b e | c,de cde &b e b e b

Class: T(Z,,5,3). If the B-classes are wy = {¢,b}, p(c) = {c,d} and B(e) = {e}, the
quotient group H/ B returns the partial table:

ole b ¢ d

ele b

b|b e e

c e e &b’
d e e &b
ele e b ¢eb cd

By Propositions 2 and 6, we obtain the following four tables, apart of isomorphisms:

ole b c d o € b c d e
ele b c d € € b c d e
b|b ¢ d c b b € d c e
Fag clc d e e &b Hi c|lcd c,d e e &b
d|d c e e &b d|cd cd e e &b
ele e ¢gb &b cd e e e &b &b cd
ole b c d o e b c d
ele b c¢d cd € € b c¢d cd
b|b ¢ cd cd b b e c¢d cd
Hig clc d e e e b Hag clecd cd e e e b
dld ¢ e e &b dlcd cd e e &b
ele e &b ¢eb cd e e e &b &b cd

Class: T(Z;,,5,4). Apart of isomorphisms, we obtain two hypergroups according to that
H/ B is isomorphic to Z4 or Zp X Z;.

ole b ¢ d ole b d e
ele b ¢ d ele b d e
b|b ¢ ¢ d b|b ¢ d e
Hao - clc ¢ d e &b o - clc ¢ &b e d
d|ld d e &b ¢ dld d e &b ¢
ele e ¢gb c d ele e d c e b

Therefore, the following result is obtained:

Theorem 9. There are 21 non-isomorphic G-hypergroup of size < 5 and |wy| € {2,3,4}, as
summarized in Table 1.
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Table 1. The G-hypergroups with |H| < 5.

|H| 3 4 5
lwy| =2 Hp Hy, Hg 11 Hip 2
lwn| =3 - Hj Hys
lwy| = 4 - - Hg7

The G-hypergroups with |wg| = 1 are 1-hypergroups, which include groups. In [16],
the authors classified the 1-hypergroups of size < 6. In particular, those of size < 5 are 27.
Thus, we have the following result.

Corollary 7. There are 48 non-isomorphic G-hypergroup of size < 5.

Remark 3. In every G-hypergroup (H, o) with |H| < 5 all subgroups S C H satisfy the condition
that wy C Sor S C wy. On the other hand, the hypergroup shown in Remark 2 has order 6
and contains a subgroup S such that neither S C wyy nor wy C S. Therefore, that hypergroup is
minimal with respect to this property.

8. Conclusions and Directions for Further Research

If (H, o) is a hypergroup then the kernel wy; of the canonical projection ¢ : H — H/B
is a sub-hypergroup called heart [10,12]. If |wy| = 1then (H, o) isa 1-hypergroup [13,14,16].
However, very little is known about hypergroups that have a heart that does not consist
of either a single element or the entire hypergroup. This paper provides a contribution
to the knowledge of such hypergroups. To achieve this goal, we generalized the notion
of 1-hypergroup to hypergroups whose heart is isomorphic to a group. We analyzed in
detail this class of hypergroups, here called G-hypergroups, with a special emphasis on the
sub-class T(H) of G-hypergroups whose heart is a torsion group. In the future, these results
can hopefully lead to a more general construction than the one presented in Section 3.1,
allowing all G-hypergroups to be constructed.

Table 2. Number of non-isomorphic G-hypergroups with |H| < 5, depending on the size of
their hearts.

|H| 1 2 3 4 5
w| =1 1 1 2 4 19
lwp| =2 - - 1 5 10
|wi| =3 - - - 1 2
|wp| =4 - - - - 2
Total 1 1 3 10 33

Among our main results, we characterized the G-hypergroups that are also of type
U on the right or cogroups on the right. Furthermore, we enumerated all non-isomorphic
G-hypergroups with |H| < 5. The results achieved in Section 7 describe all G-hypergroups
with |H| € {3,4,5} and |wy| € {2,3,4}, and are condensed in Table 2. We note that the
hypergroups Hg and Hjj are also cogroups. Cogroups are one of the best known classes of
hypergroups. A most notable problem with them is characterizing cogroups that are also
D-hypergroups, i.e., quotient hypergroups G/ S of a group G with respect to a non-normal
subgroup S. This problem was solved in greater generality by L. Haddad and Y. Sureau
in [3,4] by considering the group of permutations ¢ of H such that c(xoy) = o(x) oy,
for all x,y € H. The cogroups Hy and Hjg are D-hypergroups isomorphic to S\D4 and
D, /S, respectively, being Dy the dihedral group of size 8 and S a non-normal subgroup of
size 2.

At the conclusion of this work we would like to indicate some possible topics for
further investigation. First of all, it would be interesting to verify whether the cogroups in
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T (H) are also D-hypergroups. A challenging problem related to the research carried out,
e.g., in [16], which is classifying G-hypergroups of size greater than 5.

Finally, we observe that all G-hypergroups (H, o) produced by the construction shown
in Section 3.1 are such that the identity of wp is also identity of (H, o), also when wy is
not a torsion group. At present, we are not able to prove or disprove that this is always
the case. Hence, a problem that remains open after our findings can be formulated as the
following conjecture: if (H, o) is a G-hypergroup then the scalar identity of wy is also the
identity of (H, o).
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