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The varieties of Bol-Moufang quasigroups

defined by a single operation

Reza Akhtar, Ashley Arp, Michael Kaminski, Jasmine Van Exel,

Davian Vernon and Cory Washington

Abstract. A quasigroup identity is said to be of Bol-Moufang type if it involves three variables,
two of which occur once on each side and one of which appears twice; moreover, the order in
which the variables appear is the same on both sides, and there is only one binary operation in the
identity. Answering a question of Drapal, we classify all varieties of quasigroups of Bol-Moufang
type where the operation involved is %, /, or \, determining all inclusions among these and
providing all necessary counterexamples. This work extends that of Phillips and Vojtéchovsky,
who described the relationships among the 26 varieties obtained when the operation is *. We find
that 52 varieties, distinct from each other and from the aforementioned 26, are obtained when
one allows / or \ as the operation. We determine all inclusions among these varieties, furnishing
all necessary counterexamples to complete the classification.

1. Introduction

A quasigroup is a set G together with a binary operation * such that the maps
L(a) : G — G and R(a) : G — G defined by [L(a)](x) = a*xz and [R(a)](z) = z*a
are bijective for all @ € G. As such, there are operations \ : G — Gand /: G — G
defined by a\c = b and ¢/b = a if only if a xb = ¢. We often refer to * as the
principal operation in the quasigroup. A quasigroup is called a loop if it has a
two-sided neutral element, i.e., an element e € G such that exx = x = x * e for
all x € G. From the viewpoint of universal algebra, one may view the variety
of quasigroups as consisting of universal algebras (G, x,\,/) satisfying the four
identities:

ax (a\b) =b, (b/a)*xa=>b, a\(axb) =0, (bxa)/a=0b.

In this article, we classify varieties of quasigroups satisfying an additional iden-
tity, an identity of so-called Bol-Moufang type. Such identities involve three vari-
ables, two of which appear once on both sides of the equation and one of which
appears twice on both sides. We also require that the variables appear in the same
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order on both sides, and that only one operation (either *, \, or /) appears in the
identity. For example, zx ((y*x)*z) = (z*y)*(x*2) is an identity of Bol-Moufang
type.

The equational perspective is useful in that it lends itself particularly well
to automated theorem proving. Indeed, we made considerable use of the auto-
mated theorem prover Prover9 [3] to deduce which implications among identities
were valid; virtually all counterexamples were found using the finite model builder
Mace4 [3]. In hindsight, we realized that all the proofs could be written out by
hand, only one of them being somewhat long. Therefore, all proofs that appear in
this paper are “human" proofs, although some of them would have been difficult
to find without the assistance of Prover9.

Our work builds upon that of Phillips and Vojtéchovsky [5] who carried out this
classification for varieties of quasigroups defined by identities of Bol-Moufang type
involving only the operation *. Using the action of the group S5 on the conjugates
of a quasigroup, we argue that an analogous classification holds for varieties defined
solely by \ and for varieties defined by solely by /; hence, the problem is reduced
to an understanding of how a variety defined by an identity involving one of the
three operations is related (if at all) to a variety defined by an identity involving
another operation. By using the Phillips-Vojtéchovsky classification and the S3-
action, we reduce the problem to checking a much smaller number of implications.
We then provide necessary counterexamples to complete our classification.

2. Notation and background

For simplicity of reference, we adopt and extend notation introduced by Phillips
and Vojtéchovsky in [4] and [5] for labeling identities of Bol-Moufang type.

AT EYZ 0 00000))
]é TITZ 9 1 0((00)0)
5 TYYZ 51 (00)(00)
B igg 4 | (0(00))0
F | ayes 51 ((00)0)0

In labeling an identity, the first letter (S, L, or R) refers to the operation used
(star (x), left division (\) or right division (/)); the next letter, selected from A
through F, refers to the variable ordering as labeled in the above chart, and the
two numbers at the end refer to the parenthesization patterns on the two sides
of the identity. For example, LA25 is the identity z\((z\y)\z) = ((x\z)\y)\z,
while SD34 is the identity (z *xy) * (z * z) = (z % (y * 2)) x z. Note also that
an identity employing a variable ordering in which z, y, and z are not revealed
in alphabetical order (e.g. zxyz) is equivalent to one described by the above
notation by appropriate permutation of z, y, and z. Thus, there are 180 identities
of Bol-Moufang type to consider, 60 for each operation.
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If I is an identity of Bol-Moufang type, its dual is the identity IV obtained
from I by reading from right to left; for example, (SD34)Y is z % ((z x y) * x) =
(z * z) % (y * x); after switching y and z, we identify this as SD24. Thus the
variable orders A and F' are duals of each other, as are B and F, while C and D
are self-dual. Similarly, patterns 1 and 5 are dual to each other, as are 2 and 4,
whereas 3 is self-dual. Since the other three operations defined on G (o, //, and
\\) are defined by

roy=yxz, z//y=y\z, and 2\\y=y/z

an identity of Bol-Moufang type involving any one of these operations is equivalent
to an identity involving one of %, \, or /. This explains our restriction to identities
of the latter sort.

We say that an identity I implies another identity J and write I = J if J holds
in every quasigroup satisfying I — in other words, if the variety of quasigroups
defined by I is contained in the variety of quasigroups defined by J. We say that
I and J are equivalent if I = J and J = I, or equivalently if I and J define the
same variety of quasigroups.

Let G be a quasigroup with principal operation *. We refer to the operations
in O = {x,\,/0,\\,//} as conjugates of the principal operation . If 0 € O is
any operation, we may consider the quasigroup (G,0) whose underlying set is
G and whose principal operation *5 is defined by a %5 b = aldb. We call these
quasigroups conjugates of the original quasigroup (G, ). There is a natural action
of the symmetric group S3 on O, summarized in Table 1; this extends to an action
of S3 on the conjugates of (G, x) by setting o - (G,00) = (G, o -O). The table also
tells one how to interpret each of the conjugate operations in the various conjugate
quasigroups. In particular, given o € Ss, let O be the operation in the first column
and in the row corresponding to o. The entries of this row identify each of the six
operations 5, \B, /B o \\D, and //D with a corresponding operation in O.
For example, if 0 = (13), we have 0-(G, ) = (G, \). The entry in the third row and
third column of the table tells us /\ = \\; that is, for any a,b € G, a/\b = a\\b.
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Table 1. Action of S3 on O
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Conjugacy is particularly important in that it allows us to reduce further the
number of implications among Bol-Moufang identities we need to consider. Ex-
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tending the action of S3 on O to an action on the set of all Bol-Moufang identities
involving a single operation, we have the following:

Lemma 2.1. Let I be an identity involving (only) one operation and J an identity
involving a single (potentially different) operation. Then

(I=J)<=(c-I=0-J) for any o € Ss.

Proof. Suppose I = J. If ¢ - I holds in some quasigroup (G, *), then I holds in
oY@, *). Thus, J holds in ¢71(G, ), so o - J holds in (G, *). The proof of the
reverse implication is similar. O

Corollary 2.2. Any implication among identities of Bol-Moufang type is equiva-
lent to one of the form SUvw = LXab.

Proof. By Lemma 2.1, any implication whose premise LUvw is equivalent, by
application of the permutation o = (1 3), to an implication with premise SUvw.
Similarly, any implication whose premise is RUvw is equivalent, by application
of (2 3), to an implication with premise SUvw. Now all implications of the form
SUvw = SXab have been determined by Phillips and Vojtéchovsky [5], so it re-
mains only to consider implications of the form SUvw = LXabor SUvw = RXab.
However, by applying (1 2), we see that the latter is equivalent to S(Uvw)Y =
L(Xab)V. O

A convenient summary of rules for converting implications is given in Table 2.

Before After
LUvw = SXab SUvw = LXab
LUvw = LXab SUvw = SXab
LUvw = RXab SUvw = R(Xab)V

RUvw = SXab SUvw = RXab
RUvw = RXab SUvw = SXab
RUvw = LXab SUvw = L(Xab)¥

SUvw = RXab | S(Uvw)Y = L(Xab)¥

Table 2. Conversion of implications

3. The main result

In this section we classify all valid implications among identities of Bol-Moufang
type. By Corollary 2.2, we may restrict attention to implications of the form
SUvw = LXab.

We will make heavy use of the Hasse diagram in Figure 1 which summarizes the
results of [5]. Each node corresponds to a distinct variety of quasigroups defined
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by a single Bol-Moufang identity involving (only) the operation . Inside the node
is the abbreviated name of the variety, together with one identity which defines
it. The full name of the variety corresponding to each abbreviation, together with
the complete statement of the defining identity and what type of neutral element
(2-sided, left, right, or none) exists, may be found in Table 5. The Hasse diagram
is to be interpreted as follows: if there is a path from some variety to another
variety on a lower level, then the upper variety is contained in the lower variety;
that is, the identity defining the upper variety implies the one defining the lower
variety. Note that by Proposition 2.1, there is a corresponding Hasse diagram for
each of the other operations \ and /.

For convenience, we say that an implication SUvw = LXab is irreducible if
whenever Vzy is an identity such that SUvw = SVzy = LXab, we must have
SUvw < SVzy, and whenever Vxy is an identity such that SUvw = LVzy =
LXab, we must have LVzy < LXab. It is clear that all valid implications may
be constructed from a list of valid irreducible implications and the relevant Hasse
diagram.

Theorem 3.1. The only valid irreducible implications of the form SUvw = LXab
are SA25 = LB25, SB15= LA35, and SC24 = LA35.

Proof. We begin by arguing that all the implications described above are valid.
Note first that in a loop both sides of the identity LA35: (x\z)\(y\z)= ((z\z)\y)\z
are equal to y\z. Since SB15 and SC24 define varieties of loops, each of these
implies LA35. From Table 2, SA25 = LB25 is equivalent to SF'14 = RFE14. The
proof of the latter is rather lengthy and is deferred to Section 4.

We now show that no other irreducible implications hold. We begin by giving
examples showing that the maximal identity SA12 in the Hasse diagram does
not imply any minimal identity LUvw when Uvw is equivalent to neither A35
nor B25. Observe that a quasigroup satisfying SA12 is necessarily a group. If
G = Z3 = {e,a,b} is a cyclic group of order 3 in which e denotes the neutral
element and some identity LUvw holds in G, then both sides of LUvw must be
equal when the element a is substituted for each of the variables x, y, and z.
Now if v = 1, the left hand side of LUvw is a\(a\(a\a)) = a\(a\e) = a\b = a.
Similar computations show that if v = 2,3, or 5 we obtain e and if v = 4 we
obtain b. All this implies that the only identities LU vw which could possibly hold
in G are of form LU23, LU25 or LU35. Referencing Figure 7?7, we are reduced
to showing SA12 #A LUvw where Uvw € {A23, E25, F25}. In fact, none of these
three identities holds in S3, the symmetric group on three letters: to show that
LA23 does not hold, we take x = z = (1 2), y = (1 2 3), and to show that LE25
and LF25 do not hold we take x =y = (1 2), z = (1 2 3).

To show that SB23 does not imply LB25, we consider a nonassociative extra
loop (i.e., a loop satisfying SB23) defined by Goodaire et. al. in [2]. We describe

here a construction of this loop due to Chein [1]: given a group G, define M (G, 2) =
G'x{0,1}, where (g,0)(h,0) = (gh,0), (g,0)(h,1) = (hg, 1), (g,1)(h,0) = (gh~1,1)
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and (g,1)(h,1) = (h=1g,0). For our counterexample, we consider M (Dy,2), where
Dy is the dihedral group of order 8 defined by generators R and F' satsifying
R* = F? = 1 and RF = FR™!. Now define elements of M(Dy4,2) by z =
(R,1), y = (R,0) and z = (F,1); direct computation then shows that LB25 does
not hold. The counterexamples associated to each of the remaining (potential)
implications are described in Table 3. The entries in every third column correspond
to quasigroups whose multiplication tables are catalogued in Section ; in each case

below the counterexample is obtained by taking x =y = 2z = 0. O
Uvw | Xab | No.| Uvw | Xab | No.| Uvw | Xab | No.| Uvw | Xab | No.
A13 | A35 | 3 F13 | A35 | 1 A35 | A35 | 10 || A23 | B25 | 6
Al5 | A35 | 5 Fi14 | A35 | 1 B45 | A35 | 2 B25 | B25 | 9
A23 | A35 | 6 F15 | A35 | 8 Cl5 | A35 | 2 F14 | B25 | 1
A25 | A35 | 7 F34 | A35 | 1 C45 | A35 | 4 F34 | B25 | 1

Table 3. Table of counterexamples

By converting the implications of Theorem 3.1 using Table 2, one obtains a
complete list of valid irreducible implications. The results are summarized below
in Table 4; each box consists of logically equivalent implications.

SA25 = LB25 LA25= SB25 RA25= LFE14
SF14 = RE14 LF14= RB25 RF14= SE14
SB15 = LA35 LB15= SA35 RB15= LF13
SB15 = RF13 LB15= RA35 RB15= SF13
SC24 = LA35 LC24= SA35 RC24= LF13
SC24 = RF13 LC24= RA35 R(C24= SF13

Table 4. Valid irreducible implications

4. Proof of SF14 = RE14

In this section we give a proof that SF'14 implies RE14, based on output from
Prover9. Since SF14 has been shown to be equivalent to SD14 [5], we prove
instead SD14 = RFE14, as the output from Prover9 is easier to parse. Although
the proof is not particularly intuitive, it is short enough to be written out, and
doing so ensures that all proofs in this article are “human" proofs.

For convenience, we write xy in place of = * y and use juxtaposition notation
to save parentheses. The notation a — b (where a and b are formal expressions
involving quasigroup elements and operations) means “substitute b for a".

We begin with the identity SD14:

(x-yz)x = x(y - zx).
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This readily implies
(2 y2)\(@ly - 22) = 1)
and
[2(y - za)]/x =z - yz. (2)
Oun the other hand, substituting y — y/z in SD14 gives

By replacing y — y/(zz) in (2), we have (zy)/x = x[y/(zz) - z]. Substituting
y — x and z — y, we obtain

=z (z/(yr))y (4)
and dividing by z on the left yields
a\z = (z/yx)y. (5)

Returning to (1) and replacing z — z/x we have x = [z-y(z/x)]\[z - y(z/z - x)],
which simplifies to

z=[z-y(z/z)\[z - yz]. (6)
Replacing y — z\y in (3), we have
yr = z((z\y)/z - zx]. (7)

Putting  — y/zy - z, y — x, and z — y in (7), we have
w(y/zy-2) = (y/zy - 2)[((y/zy - 2)\x) [y - y(y/zy - 2)]
which by (4) simplifies to (y/zy-2)[((y/zy-2)\z)/y-y]] = . Thus z = z(y/zy-2z) =

x(y\y) by (5), which establishes the existence of a right neutral element.
Using this we argue

[/ (y/z-2)ly = 2\[2- [2/(y/2 - 0)ly] = [z - (\)]\[=z - [2/(y/= - 2)]y].

Now using (5), the above may be written as

[z [/ (y/z - 2)](y/2)\[z - [/ (y/z - 2)]y]
which by (6) reduces to z. Summarizing, we have
[z/(y/z- 2]y = 2. (8)
Dividing this equation on the right by y on the right yields

z/(y/z-x) = z/y, 9)
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and if instead we substitute y — yz, we obtain
x/yx - yz = z. (10)

Returning to (3) and substituting z — z/(zz), we have xy -z = z(y/(z/zz) -
(z/xz)x). By (5), the right hand side reduces to z(y/(z/x2) - 2\z) = z(y/(z/x2)).
Thus, we have

w(y/(2/22)) = oy - . (11)
Using (11), (2), and (10) we reason

(y/2y)(zx - 2) = (y/2y)(2(x/(y/2y)) = (y/zy - 22)/(y/zy) = x/(y/2y).

Thus we have
z/(y/zy) = (y/zy)(zz - 2). (12)

We are finally ready to prove RE14. Applying (9), we have (x/(y/z))/y =
(z/[z/((z/y)x)])/y, which by (12) equals [(z/((z/y)x)) - ((z/y)z) - (2/y)]/y. Using

(3) we may rewsite this as [(/((/y)2)) - (2/y) - (@/w)(w - (2/y)/y. where
for convenience we write w = y/(z/y). By (10), the above expression reduces

to [(z/w) - (w- (z/y)l/y = [=/(y/(z/y)) - yl/y = =/(y/(2/y), which establishes
RE14. O

5. Counterexamples

1. %]0 1 2 2.
01 0 2

112 1 o0

210 2 1

3. x]0 1 2 3 4 5 6 7 8 4. x|0 1 2 3 4 5
01 2 4 0 6 3 8 b5 7 01 2 4 0 5 3
112 4 6 1 8 0 7 3 5 112 0 5 1 3 4
210 1 2 3 4 5 6 7 8 210 1 3 2 4 5
3/7 5 3 8 0 6 1 4 2 314 5 2 3 0 1
416 8 7 4 5 2 3 1 0 415 3 0 4 1 2
5/3 0 1 5 2 7 4 8 6 513 4 1 5 2 0
68 7 5 6 3 4 0 2 1

715 3 0 7 1 8 2 6 4

84 6 8 2 7 1 5 0 3

5 «x|lo 1 2 3 4 6. [0 1 2 3
01 4 3 0 2 0j1 0 3 2
113 0 4 2 1 112 3 0 1
210 1 2 3 4 210 1 2 3
312 3 1 4 0 313 2 1 0
414 2 0 1 3
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T x]0 1 2 3 4 5 8 x|0 1 2 3 4
o(1 0 4 5 2 3 0|1 2 4 3 O
113 2 5 4 0 1 113 0 2 4 1
210 1 2 3 4 5 210 4 3 1 2
3156 4 3 2 1 0 314 1 0 2 3
412 3 0 1 5 4 412 3 1 0 4
514 5 1 0 3 2

9 x]0 1 2 3 4 5 10 «x|o 1 2 3 4
0|1 3 0 5 2 4 o0(1 3 0 4 2
170 1 2 3 4 5 110 1 2 3 4
214 2 5 0 3 1 214 0 1 2 3
3|15 4 3 2 1 0 312 4 3 1 0
412 0 4 1 5 3 413 2 4 0 1
513 5 1 4 0 2
Variety Abbrev. Defining identity Name | Neutral elt.
Groups GR x(yz) = (zy)z Al2 2

RG1-quasigroups RG1 z((zy)z) = ((xx)y)z | A25 L
LG1-quasigroups LG1 x(y(z2)) = (z(yz))z | Fl4 R
RG2-quasigroups RG2 x(z(yz)) = (vx)(yz) | A23 L
LG2-quasigroups LG2 (xy)(z2) = (x(yz))z | F34 R
RG3-quasigroups RG3 z((yz)z) = ((xy)x)z | B25 L
LG3-quasigroups LG3 z(y(zy)) = (z(yz))y | FE14 R
Extra q. EQ z((yx)z) = (zy)(xz) | B23 2
Moufang q. MQ z(y(zz)) = ((xy)x)z | B15 2
Left Bol q. LBQ | z(y(z2)) = (z(yx))z | Bl4 R
Right Bol q. RBQ | z((y2)y) = ((zy)z)y | E25 L
C-quasigroups CcQ z(y(yz)) = ((xy)y)z | C15 0
LC1-quasigroups LC1 (zx)(yz) = (z(zy))z | A34 2
LC2-quasigroups LC2 x(z(yz)) = (z(xy))z | Al4 0
LC3-quasigroups LC3 z(z(yz)) = ((zx)y)z | Alb L
LC4-quasigroups LC4 x(y(yz)) = (x(yy))z | C14 R
RC1-quasigroups RC1 z((yz)z) = (zy)(zz) | F23 2
RC2-quasigroups RC2 z((yz)z) = (zy)z)z | F25 0
RC3-quasigroups RC3 z(y(z2)) = (zy)z)z | F15 R
RC4-quasigroups RC4 z((yy)z) = ((xy)y)z | C25 L
Left alternative q. LAQ z(zy) = (za)y A45 L
Right alternative q. RAQ z(yy) = (xy)y C45 R
Flexible g. FQ z(yz) = (zy)x B45 0
Left nuclear q. LNQ (zx)(yz) = ((zx)y)z | A35 L
Middle nuclear q. MNQ | z((yy)z) = (z(yy))z | C24 2
Right nuclear q. RNQ | z(y(z2)) = (xy)(22) | F13 R

Table 5. Definitions of varieties of quasigroups
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Figure 1. Varieties of Bol-Moufang type under *

GR
Al2
LG1 LG2 EQ RG2 | RG1
Fl4 F34 B23 A23 | A25
LG3 LC1 MQ cq | RC1 RG3
E14 A34 B15 C15 | F23 B25
LC4 LBQ LAQ FQ RAQ \ RBQ RC4
C14 B14 Ad5 B45 C45 | E25 €25
LC2 LC3 LNQ MNQ RNQ RC3 RC2
Al4 Als A35 C24 F13 F15 F25
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On WIP loops

Asif Ali and Hasib Khan

Abstract. A weak inverse property loop (WIP loop) is a loop L that satisfies z(yxz)? = y” or
(xy))‘a: = y* for all z,y € L. In this paper we prove some necessary and sufficient conditions
for a WIP loop to be LC, RC, left alternative, right alternative, and C-loop. We also construct
infinite families of WIP loops of various orders.

1. Introduction

Let L be a loop with identity element 1, then L will be said to satisfy the weak
inverse property if whenever three elements x, y, z of L satisfy the relation zy-z = 1,
they also satisfy the relation = - yz = 1. The study of weak inverse property loops
(WIP loops) was initiated by J. M. Osborn [4] as a class of loops which contains
both IP loops and CIP loops. He proved that a WIP loop is a loop which satisfies
one of the following equivalent identities

(ya) =y or (ay)z =y

He further proved that the left, middle and right nuclei of a WIP loop coincide.
If L is a loop all of whose isotopes have the WIP and N is its nucleus, then N is
normal and L/N is a Moufang loop. Isotopy-isomorphy conditions of WIP loops
were considered in [2]. We prove some necessary and sufficient conditions for a
WIP loop to be LC, RC, left alternative, right alternative, and C-loop in section
3 and construct infinite families of WIP loops of various orders in section 4.

2. Preliminaries
Let L be a loop. Then the sets

Ny={x € L : z(yz) = (zy)z for every y,z € L},
N,={xz €L : y(zz) = (yx)z for every y,z € L},
N,={z € L : y(zz) = (yz)x for every y,z € L}

are called the left nucleus, middle nucleus and right nucleus respectively. N =
NyNN,NN, is called the nucleus.

2010 Mathematics Subject Classification: 20N99
Keywords: WIP loop, C-loop, ARIF loop, LC-loop, RC-loop
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A loop L is called left alternative if xx -y = x - xy Va,y € L, right alternative
ifx-yy =2ay-y Va,y € L, and alternative if it is both left alternative and right
alternative.

C'-loops are loops satisfying the identity z(y(yz)) = ((zy)y)z. Loops satisfying
the identity (zx)(yz)) = (z(xy))z are called LC-loops and loops satisfying the
identity (xy)(yz) = z(y(zz))z are called RC-loops. Loops which are both LC-
loops and RC-loops are C-loops. ARIF loops are defined to be flexible loops

satisfying (zz)(yzy) = (z(zyx))y.

3. Necessary and sufficient conditions

LC-loops, RC-loops, C-loops, ARIF loops are subclasses of WIP loop. We prove
here necessary and sufficient conditions for a WIP loop to satisfy these loops which
are its subclasses. We define L, : « — za, R, : a — ax, J : * — ! and
P=R,oL,VxelL.

Theorem 3.1. Let L be a WIP loop of unique inverses. Then (JP)* =1 for any
n € 2727, where Z™ denotes the set of positive integers.

Proof. Let y € L. Since P = R, o L,, then for (JP)" = I, where n € 2Z7.
Consider n = 2. Then

y(JP)? = yJPIP = o((e(y~"2))'a) = aly'2) " =y.

Thus (JP)? = I. Now if any n € 2Z", then n = 2m for some m € Z*, so
(JP)" = (JP)*™ = ((JP)2 )™ = ()™ = 1. O

Corollary 3.2. (JP)" = I for all n € Z* if the loop is a WIP loop of exponent
2.

Proof. Let L be a WIP loop of exponent 2. Then

y(JP) =y 'R0 L, = x(y ')
=ax(y~'z)”!  since L is of exponent 2

=y ! since L is a WIP loop
Thus JP = I and hence (JP)" = [ for all n € Z* if the loop is a WIP loop of
exponent, 2. O

Next we prove necessary and sufficient conditions for a WIP loop to be left
alternative, and right alternative.

Theorem 3.3. Let L be a WIP loop. Then L is left alternative if and only if
L,=R,JL,2JP.
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Proof. Let L be a WIP loop satisfying L, = R,JL,2JP. Then

Ly = RyJL,2JP
JR;'J = R,JL,»JP since L, = JR;'J
R;'J =L 'L,2JP since L;' = JR,J
L.R;'P = L,2(JP)?
L.R,'R,L, = L,»I by Theorem 3.1
LoL, = L,»

Conversely, if is x(xy) = 22y for all z,y € L, then L L, = L, for all z €L.
Thus L,L,P~! = L,2P~!. From this, by Theorem 3.1, we obtain L,R;' =
L.2(JP)2P~1 ie., R, = L;'L,2JPJ. The last, by left and right cancellation
of J, implies L, = R, JL,2JP. O

Theorem 3.4. Let L be a WIP loop. Then L is right alternative if and only if
R, =PJR,2JL,.

Proof. 1f L satisfies R, = PJR,2JL,, then

JR,J = JPJR,2JL,;J by multiplication of both sides by J
PL;' = PJPJR,»R;' by multiplication of both sides by P
RyR, = R,.

Conversely, let L be right alternative. Then R,R, = R,». Hence P"'R,R,
= P7'R,:. Thus L;'IR, = P7'R,2, which implies L;'R, = IP7'R,2, and
consequently R, = PJR,2JL,. O

Theorem 3.5. A WIP loop L is an LC loop if and only if it satisfies the identity
JL.2T, = L,T,JPL,, where T, = R;'L,.

Proof. Let L be an LC loop. Then zz - yz = (z - zy)z, which implies R, L 2 =
L,L,R.. Thus R,L,T, = L,L,R,T,, whence, putting L;l = JR,J, we obtain
JL2T, = L,R;'LyJRyJJL,L,. Thus JL,»T, = L, T, JPL..

Conversely, if L satisfies JL,2T, = L, T,JPL,, then also JR,L,2R; ' = T, J P,
which implies R, L2 = L,L,R,. Hence, L is an LC loop. O

Theorem 3.6. [2, Theorem 4.2]
A loop L (WIP loop) is a C-Loop if and only if R, = PJR,2JL, and JL,2T, =
L.T,JPL.. O

4. Various constructions of WIP loops

Here we give the construction of infinite families of non-associative WIP loops by
extensions of loops.
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Lemma 4.1. Let u: G X G — A be a factor set. Then (G, A, ) is a WIP loop if
and only if

p(h, W™ + (g, g7 1) = p(h, g) + p(hg, g~ 'h™h) (D)
forall g,h € G.

Proof. The loop (G, A, u) is a WIP loop iff (g,a)[(h,b)(g,a)]~! = (h,b)~! hold for
every g,h € G and every a,b € A. Straight forward calculation with (A) shows
that this happens iff (D) holds. O

We call a factor set p satisfies (A) and (D) a W-factor set. We now use a
particular W-factor set to construct the above-mentioned families of WIP loops.

Proposition 4.2. Let n > 2 be an integer and let A be an abelian group of order
n with respect to addition with neutral element 0 and o« € A be an element of
order bigger than 2. Let G = {1,x,2%} be the cyclic group of order 3 with respect
to multiplication with neutral element 1. Define pn: G x G — A by

0 otherwise.

Then (G, A, p) is a non-alternative (hence non-associative) commutative WIP loop
with N ={(1,a) : a € A}.

Proof. The map p is clearly a factor set. To show that (G, A, ) is a WIP loop, we
verify (D). Since p is a factor set, there is nothing to prove when g = 1. Assume
that g = x. Then (D) becomes p(h, h=1) 4 p(z, 22h™1) = p(h, z) + p(z, 22h~1). If
h =1, then p(1,1) + p(z,2?) = p(1,2) + p(x, 2?) and both sides of this equation
are equal to 0. If h = z, thenu(z,2?) + p(z,2) = p(r,z) + p(r,2) and both
sides of this equation are equal to a. Assume h = 22, then p(z?,2) + p(z,1) =
pu(x?,x) + pu(1, zz) and both sides of this equation are equal to 0. Next assume
that g = 22, then (D) becomes p(h, h=1) + pu(x?, zh~1) = u(h, 2?) + p(ha?, xh=1).
If h =1, then both sides of this equation are equal to 0. Assume h = z, then both
sides of this equation are equal to 0, Assume h = 22, then p(x?, ) + p(2?, 2?) =
w(x?,2?) 4+ pu(z,2?) and both sides of this equation are equal to 0. Since a # 0,
we have that, (z,a)(x,a) - (22,a) # (z,a) - (z,a)(z?,a). Thus (G, A, p) is non-
alternative and hence non-associative. Also neither (x,a) € N nor (z2,a) € N for
all a € A. Also we have that (1,a)((h,b)(g,¢)) = ((1,a)(h,b))(g,c) for all h,g € G
and a,b,c € A. Which implies that (1,a) belongs to nucleus. Thus {(1,a); a € A}
is the nucleus of the loop (G, A, u). O

Corollary 4.3. For each natural number n there exists a non-alternative commu-
tative WIP loop having nucleus of order n.

Proof. 1t remains to show that there exist non-alternative commutative WIP loop

having nucleus of order 1. This requirement is fulfilled by the following example.
O
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Example 4.4. A commutative, non-alternative WIP loop of order 10 having triv-
ial nucleus.

© 00O Uik WNH-=OO
N O O 0RO WO
0O © Ul i O = O W NN
UL OO © 00 O — N W w
W NN O O 00O Ul
DD WooN OO & oot
= OtO WOk
== WO 00N O Ut O N
O N OTLW k= © O 0
N Ok = O WUt oo

© 00 O Uik W= O

Example 4.5. The smallest group A satisfying the assumption of Proposition
4.2 is the cyclic group {0, 1} of order 2. The construction of Proposition 4.2 with
a =1 yields the smallest non-alternative commutative WIP loop of order 6.

T W= OO
Ot WO R
= O Ot W NN
O = Ok N Ww
O = O Ot A
W O = Ufot

T W N~ Ol

3 2

Proposition 4.6. Let n > 3 be an integer and let A be an abelian group of order
n with respect to addition with neutral element 0 and o« € A be an element of
order bigger than 2. Let G = {1,u,v,w} denotes the Klein group with respect to
multiplication with neutral element 1. Define n: G x G — A by

0 otherwise.

N(l‘;y) = {a Zf (:E’y) € {(U’W)V (va)’ (’wau)}v

Then (G, A, i) is a non-alternative, non-commutative WIP loop with nucleus N =

{(1,a) : a € A}.

Proof. The map p is clearly a factor set. To show that (G, A, i) is a WIP loop, we
verify (D). Since p is a factor set, there is nothing to prove when g = 1. Assume
that g = u, then (D) becomes u(h,h™') + p(u,uh™) = p(h,u) + p(hu,uh=1).
If h = 1, then both sides of this equation are equal to 0. Assume h = v, then
p(v,v) + plu,w) = p(v,u) + p(w,w) and both sides of this equation are equal
to 0. Assume h = w, then p(w,w) + p(u,v) = p(w,u) + p(v,v) and both sides
of this equation are equal to a. Next assume that ¢ = v, then (D) becomes
pu(h, h=1) + p(v,vh™t) = pu(h,v) + p(hv,vh=1). If h = 1, then both sides of this
equation are equal to 0. Assume h = u, p(u,u) + p(v, w) = p(u,v) + p(w, w) and
both sides of this equation are equal to «. Assume h = v, then p(v,v) + p(v,1) =
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w(v,v) + u(1,1) both sides of this equation are equal to 0. Assume h = w, then
p(w, w)+ p(v, u) = p(w,v)+ p(u, u) and both sides of this equation are equal to 0.
Next assume that g = w, then (D) becomes u(h, h™ ') + u(w,wh=t) = u(h,w) +
p(hw,wh=1). If h = 1, then both sides of this equation are equal to 0. Assume
h = u, then this equation is equal to p(u,u) + p(w,v) = p(u,w) + p(v,v) and
both sides of this equation are equal to 0. Assume h = v, then u(v,v) + p(w,u) =
(v, w) + u(u,u) and both sides of this equation are equal to a.. Assume h = w,
then p(w, w)+p(w, 1) = p(w,w)+p(1,1) and both sides of this equation are equal
to 0. Since « # 0, and we have that, (u,a)(u,a)- (v,a) # (u,a) - (u, a)(v,a) also we
have that, (w,a)(u,a)-(u,a) # (w,a)-(u,a)(u,a). Thus (G, A, 1) is non-alternative
and hence non-associative. Also (u,a), (v, a), (w,a) ¢ N for all a € A. Also we
have that (1,a)((h,b)(g,¢)) = ((1,a)(h,b))(g,c) for all h,g € G and a,b,c € A.
Which implies that (1,a) belongs to the nucleus. Thus {(1,a) : a € A} is the
nucleus of the loop (G, A, p). O

Corollary 4.7. For each n > 1 there exists a non-alternative non-commutative
WIP loop having nucleus of order n.

Proof. 1t remains to show that there exist a non-alternative non-commutative WIP
loop having nuclei of order 1 and 2. The first requirement follows by Example 4.8
while the second requirement follows by Example 4.9. O

Example 4.8. A non-alternative non-commutative WIP loop having nucleus of
order 1.

N OOtk W~ O

N OOtk WN = OO
N WoOotg O =
D= WO U NN
G N OO Ww
= OtO O WN B
W o O N N oot
[ R S A N2 =2 =)
WO RN O

Example 4.9. A non-alternative non-commutative WIP loop having nucleus of
order 2.

=W otoy O N
Wk O Otk O NN
=N O O OtWwWww
N — WO Ut |k
SO O W oot
GO = Nk WD

DU W N~ O
DU W N = OO



On WIP loops 17

Example 4.10. The smallest group A satisfying the assumption of Proposition
4.6 is the cyclic group {0,1,2}. The construction of Proposition 4.6 with o = 1
yields the smallest non-alternative commutative WIP loop of order 12.

. 0 1 2 3 4 5 6 7 8 9 10 11
0 0 1 2 3 4 5 6 7 8 9 10 11
1 1 2 0 4 5 3 7 8 6 10 11 9
2 2 0 1 5 3 4 8 6 7 1 9 10
3 3 4 5 0 1 2 1 9 10 6 7 8
4 4 5 3 1 2 0 9 10 11 7 8 6
5 5 3 4 2 0 1 10 11 9 8 6 7
6 6 7 8 9 10 11 0 1 2 5 3 4
7 7 8 6 10 11 9 1 2 0 3 4 5
8 8 6 7 1 9 10 2 0 1 4 5 3
9 9 10 11 8 6 7 3 4 5 0 1 2
10|10 11 9 6 7 8 4 5 3 1 2 0
11|11 9 10 7 8 6 5 3 4 2 0 1

GAP gives these extra informations about the above WIP loop. It is (1) power
associative, (2) not Moufang, (3) neither automorphic nor anti-automorphic, (4)
neither left nor right Bol.

Proposition 4.11. Letn > 3 be an integer and let A be an abelian group of order
n with respect to addition with neutral element 0 and o« € A be an element of
order bigger than 2. Let G = {1,u,v,w} denotes the Klein group with respect to
multiplication with neutral element 1. Define n: G x G — A by

0 otherwise.

,u(x,y) — {a if (:my) € {(u7v)7 (Uau); (U7w), (w,u), (U,w), (w,u)}’

Then (G, A,p) is a non-alternative, commutative WIP loop with nucleus N =
{(1,a) : a € A}.

Proof. The map p is clearly a factor set. To show that (G, A, ) is a WIP loop, we
verify (D). Since p is a factor set, there is nothing to prove when g = 1. Assume
that g = u, then (D) becomes u(h,h™') 4+ p(u,uh™) = p(h,u) + p(hu,uh™1).
If h =1, then p(h,h=1) + p(u,u) = p(1,u) + p(u,u) both sides of this equation
are equal to 0. Assume h = u then p(u,u) + p(u,1) = p(u,u) + p(1,1) both
sides of this equation are equal to 0. Assume h = v, then p(v,v) + p(u,w) =
p(v,u) + p(w,w) and both sides of this equation are equal to o. Assume h = w,
then p(w,w) + p(u,v) = p(w,u) + p(v,v) and both sides of this equation are
equal to a. Next assume that g = v, then (D) becomes u(h,h™1) + p(v,vh=1) =
p(h,v) + p(hv,vh=1). If h =1, then u(1,1) + p(v,v) = pu(1,v) + (v, v) and both
sides of this equation are equal to 0. Assume h = u, then p(u,u) + p(v,w) =
w(u,v) + p(w, w) and both sides of this equation are equal to a. Assume h = v,
then p(v,v) + p(v,1) = p(v,v) + p(1,1) both sides of this equation are equal to
0. Assume h = w, then p(w,w) + p(v,u) = p(w,v) + p(u,u) and both sides
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of this equation are equal to «. Next assume that g = w, then (D) becomes
p(h, A=Y+ p(w, wh™1) = p(h, w)+p(hw,wh=1). If h = 1, then p(1,1)+p(w,w) =
wu(1,w) + p(w,w) both sides of this equation are equal to 0. Assume h = u,
then p(u,u) + p(w,v) = p(u,w) + p(v,v) and both sides of this equation are
equal to a. Assume h = v, then u(v,v) + p(w,u) = p(v,w) + p(u,uw) and both
sides of this equation are equal to . Assume h = w, then p(w,w) + p(w,1) =
w(w, w) + p(1,1) and both sides of this equation are equal to 0. Since a # 0, and
we have that, (u,a)(u,a) - (v,a) # (u,a) - (u,a)(v,a). Also (w,a)(u,a) - (u,a) #
(w,a) - (u,a)(u,a). Thus (G, A, p) is non-alternative and hence non-associative.
Also (u,a), (v,a),(w,a) ¢ N for all a € A. Also we have that (1,a)((h,b)(g,¢)) =
((1,a)(h,b))(g,c) for all h,g € G and a,b,c € A. Which implies that (1, a) belongs
to the nucleus. Thus {(1,a) : a € A} is the nucleus of the loop (G, A4, y). O

Example 4.12. The smallest group A satisfying the assumption of Proposition
4.11 is the cyclic group {0, 1,2}. The construction of Proposition 4.11 with o =1
then yields the smallest non-alternative commutative WIP loop of order 12.

. 0 1 2 3 4 5 6 7 8 9 10 11
0 0 1 2 3 4 5 6 7 8 9 10 11
1 1 2 0 4 5 3 7 8 6 10 11 9
2 2 0 1 5 3 4 8 6 7 1 9 10
3 3 4 5 0 1 2 1 9 10 8 6 7
4 4 5 3 1 2 0 9 10 11 6 7 8
5 5 3 4 2 0 1 10 11 9 7 8 6
6 6 7 8 1 9 10 0 1 2 5 3 4
7 7 8 6 9 10 11 1 2 0 3 4 5
8 8 6 7 10 11 9 2 0 1 4 5 3
9 9 10 11 8 6 7 5 3 4 0 1 2
10 {10 11 9 6 7 8 3 4 5 1 2 0
11|11 9 10 7 8 6 4 5 3 2 0 1

GAP [3] gives these extra informations about the above WIP loop. It is (1)
power associative, (2) not automorphic inverse property loop, (2) neither LC-loop
nor RC-loop.

Proposition 4.13. Let n > 2 be an integer and let A be an abelian group of order
n with respect to addition with neutral element 0 and o € A be an element of order
bigger than 2. Let G = {1,z, 22,23, 2} be the Cyclic group of order 5 with respect
to multiplication with neutral element 1. Define p: G X G — A by

p(h,g) = {8“ Zh(e%gizf {(@%,2%), (x,2%), (2%, 2)},

Then (G, A, u) is a non-alternative commutative WIP loop with nucleus N =

{(1,a) : a € A}.
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Proof. The map p is clearly a factor set. To show that (G, A, ) is a WIP loop, we
verify (D). Since p is a factor set, there is nothing to prove when g = 1. Assume
that g = x, then (D) becomes pu(h,h=1) + p(z,2*h=1) = p(h,z) + p(hz, z*h=1).
If h =1, then u(h,h=1) + p(z, 2*h=1) = p(h,z) + p(hz,x*h=1) and both sides of
this equation equals to 0. h = z, then p(z,z%) + p(z,23) = p(x,z) + p(a?, 23)
then both sides of this equation are equal to 0,Assume h = 2, then u(z?,23) +
p(z,2?) = p(x?,z) + p(z?,2?) and both sides of this equation are equal to a.
Assume h = 23, then pu(z3,2?) + p(x,z) = p(a®,z) + p(z*, ) and both sides of
this equation are equal to 0 Assume h = %, then u(z, z) + pu(z, 1) = p(a?, x) +
p(1,1)and both sides of this equation are equal to 0 assume that g = 2, then
(D) becomes pu(h, h=1) + pu(x?, 22h=1) = p(h, 2?) + p(ha?,23h~1). If h = 1, then
w(1,1) + p(a?,23) = p(l,2%) + p(z?,2) and both sides of this equation equals
to 0. Assume h = z, then p(x,z*) + p(z?, 2?) = p(z,2?) + p(z3,2%) then both
sides of this equation are equal to a, Assume h = 22, then p(2?,23) + pu(2?,2) =
w(x?, 2?)+pu(z*, 2) and both sides of this equation are equal to a. Assume h = 3,
then p(z3, 22) + (22, 1) = u(x?,2%) + p(1,1) and both sides of this equation are
equal to 0. Assume h = x*, then p(x?, z) + p(z?, %) = p(at, 22) + p(z, 2*) and
both sides of this equation are equal to 0. Assume that g = 23, then u(h,h™1) +
p(x3,22h=) = p(h,23) + p(ha®,22h=1Y). If h = 1, then u(1,1) + p(x3,2%) =
p(1,23) + p(z3,2%) and both sides of this equation equals to 0. Assume h = x,
then this equation equals to pu(z,z%) + (23, 2) = u(x,23) + p(z, z) then both
sides of this equation are equal to 0, Assume h = 22, then u(z?,23) + p(23,1) =
p(x?,23) + u(1,1) and both sides of this equation are equal to 0. Assume h = 23,
then p(z®,2%) + p(2®,2?) = p(x3,23) + p(z,2*) and both sides of this equation
are equal to 0. Assume h = 2%, then p(z?, z) + p(23, 23) = p(at, 23) + p(a?, 23)
and both sides of this equation are equal to 0, Assume that g = z*, then (D)
becomes pu(h, A1) +p(x*, xh™1) = pu(h, 2*)+pu(ha*, xh=1). If h = 1, then p(1,1)+
pw(xt,r) = p(l,2*) + p(z*, ) both sides of this equation equals to 0. Assume
h = x, then p(z,z4) 4+ p(x*, 1) = p(z,2*) + p(1,1) and both sides of this equation
are equal to 0, Assume h = 22, then p(z?, 23) + p(a?, 24) = p(@?, 24) + p(z, 24)
and both sides of this equation are equal to 0. Assume h = 3, then u(z3,2?) +
pu(x®,xt) = p(a3,23) + p(r,2*) and both sides of this equation are equal to 0.
Assume h = 2%, then p(z?, z) + p(x?*, 22) = p(a*, z*) + p(z3, 2?) and both sides
of this equation are equal to 0. Since a # 0, we have that, (22, a) - (22,a)(22,a) #
(23,a)(2?,a)-(2%,a). Also (z%,a)-(x,a)(z3,a) # (z,3a+a) = (22,a)(z,a)- (23, a).
Thus (G, A, ut) is non-alternative and hence non-associative WIP loop. Also neither
(x,a), (22, a),(23,a) € N for all @ € A. Similarly (z*,a) ¢ A. Also we have that
(1,a)((h,b)(g,¢)) = ((1,a)(h,b))(g,c) for all h,g € G and a,b,c € A. Which
implies that (1,a) belongs to the nucleus. Thus {(1,a); a € A} is the nucleus of
the loop (G, A, p). O

Example 4.14. The smallest group A satisfying the assumption of Proposition
4.13 is the cyclic group {0,1,2} of order 3. The construction of Proposition 4.13
with o = 1 yields the smallest non-alternative commutative WIP loop of order 10.



20

A. Ali and H. Khan
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GAP shows that the following properties do not hold in this WIP loop: (1)

automorphic inverse property, (2) anti-automorphic inverse property, (3) LC, (4)
RC, (5) left Bol, (6) right Bol, (7) Moufang, (8) power alternative, (9) power
associative, (10) left nuclear square, (13) right nuclear square, (14) left inverse
and (15) right inverse property.
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Parametrization of actions of a subgroup

of the modular group
Muhammad Ashiq, Qaiser Mushtaqg and Tarig Magsood

Abstract. Graham Higman proposed the problem of parametrization of actions of the extended
Modular Group PGL(Q, Z) on the projective line over Fq. The problem was solved by Q.
Mushtaq. In this paper, we take up the problem and parametrize the actions of (u, v, ud =
v =12 = (ut)2 = (’Ut)2 = 1) on the projective line over finite Galois fields.

1. Introduction

It is well known [3,4, 6] that the modular group PSL(2,7Z), where Z is the ring
of integers, is generated by the linear-fractional transformations x : z — ’71 and
2~1 and has the presentation (z,y : 2? = y3 =1).

Let v = zyx, and v = y. Then (2)v = z;-‘rll and thus u® = v® = 1. So, the
group G(2,Z) = (u,v) is a proper subgroup of the modular group PSL(2,Z) and
the linear-fractional transformation t:z2 — % inverts u and v, that is, t? = (ut)?
(vt)? = 1 and so extends the group G(2,72) to G*(2,Z) = (u,v,t : u® = v3 = ¢?
(ut)? = (vt)? = 1).

As u and v have the same orders, there exists an automorphism which inter-
changes v and v yielding the split extension G*(2, Z).

Let PL(F,) denote the projective line over the Galois field F,, where ¢ is
a prime, that is, PL(F;) = F, U {oco}. The group G*(2,q) is then the group of
linear-fractional transformations of the form z — ?5137 where a,b,c,d € Iy and
ad — be # 0, while G(2, q) is its subgroup consisting of all those linear-fractional
transformations of the form z — gjig, where a, b, c,d € F,; and ad—bc is a non-zero
square in Fy.

We use coset diagrams for the group and study its action on PL(F,). Our coset
diagrams consist of triangles; they are called coset diagrams because the vertices
of the triangles are identified with cosets of the group. These diagrams are defined
for a particular group which has a presentation with three generators. The coset
diagrams defined for the actions of G* (2, Z) on PL(F,) are special in a number of
ways [3]. First, they are defined for a particular group, namely, G* (2, Z), which

has a presentation in terms of three generators ¢, u and v. Since there are only three

Yz —
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generators, it is possible to avoid using colors as well as the orientation of edges
associated with the involution ¢. For u, and v both have order 3, there is a need to
distinguish u from v? and v from v2. The three cycles of the transformation u are
denoted by three (blue) unbroken edges of a triangle permuted anti-clockwise by
u and the three cycles of the transformation v are denoted by three (red) broken
edges of a triangle permuted anti-clockwise by v. The action of ¢ is depicted by the
symmetry about vertical axis. Fixed points of v and v, if they exist, are denoted
by heavy dots. The method is well explained in [1, 2].

G. Higman proposed the problem of parametrization of actions of PGL(2, Z)
on PL(F;). The problem was solved by Q. Mushtaq in [5]. In this paper, we take
up the problem and parametrize the actions of G*(2, Z) on PL(F,). We have shown
here that any non-degenerate homomorphism « from G(2, Z) into G(2,¢) can be
extended to a non-degenerate homomorphism « from G*(2,7) into G*(2,q). It
has been shown also that every element in G*(2,q), not of order 1 or 3, is the
image of uv under «. It is also proved that the conjugacy classes of a: G*(2,2) —
G*(2, q) are in one-to-one correspondence with the conjugacy classes of non-trivial
elements of G*(2, q), under a correspondence which assigns to the homomorphism
« the class containing (uv)a.

2. Conjugacy classes

A homomorphism « : G*(2,7) — G*(2,q) amounts to choosing @ = ua, 7 = va
and ¢ = ta, in G*(2, q) such that
P =0=7 = () = W)’ =1 (1)
We call a to be a non-degenerate homomorphism if neither of the generators
u,v of G*(2, Z) lies in the kernel of a. Two homomorphisms « and § from G*(2, Z)
to G*(2, q) are called conjugate if there exists an inner automorphism p of G*(2, q)
such that § = pa. Let § be the automorphism on G*(2,7) defined by ud =
tut, v6 = v, and t0 = t. Then the homomorphism o = da is called the dual
homomorphism of a. This, of course, means that if o maps w,v,t to u,v,t, then
o’ maps u,v,t to tut, v, t respectively. Since the elements w,v,t as well as tut, v,
t satisfying the above relations, therefore the solutions of these relations occur in
dual pairs. Of course, if « is conjugate to § then o is conjugate to J.

3. Parametrization

If the natural mapping GL(2,q) — G*(2,q) maps a matrix M to the element of
g of G*(2,¢q) then 0 = (tr(M))* / det(M) is an invariant of the conjugacy class of
g. We refer to it as the parameter of g or of the conjugacy class. Of course, every
element in F, is the parameter of some conjugacy class in G*(2, q). For instance,
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the class represented by a matrix with characteristic polynomial 22 — 6z + 6 if
6 #0or 22 —1if =0.

If ¢ is odd. There are two classes with parameter 0. Of course a matrix M
in GL(2,q) represents an involution in G*(2,q) if and only if its trace is zero.
This means that the two classes with parameter 0 contain involutions. One of
the classes is contained in G(2,¢) and the other not. In any case, there are two
classes with parameter 4; the class containing the identity element and the class
containing the element z — z + 1. Thus apart from these two exceptions, the
correspondence between classes and parameters is one-to-one.

If ¢ is odd and ¢ is not an involution, then g belongs to G(2, ¢) if and only if 4
is a square in F,. On the other hand, g: z — Zjig, where a, b, c,d € Fy, has a fixed
point k in the representation of G*(2, ¢) on PL(F,) if and only if the discriminant,
a® + d? — 2ad + 4be, of the quadratic equation k*c+ k(d —a) —b = 0 is a square in
F,. Since the determinant ad — bc is 1 and the trace a + d is r, the discriminant,
a®? + d?® — 2ad + 4bc = (a + d)? — 4(ad — bc) = r> — 4 = § — 4. Thus, g has fixed
point in the representation of G*(2,q) on PL(F,) if and only if (6 —4) is a square
in Fy.

If U and V are two non-singular 2 x 2 matrices corresponding to the generators
u and T of G*(2, q) with det(UV) =1 and trace r, then for a positive integer k

UV)k = {(k 0 1)rk_1 - (k N 2>rk_3 +.. UV

k—2 k—3
—{ rh=2 Rt YL (2)
0 1
Furthermore, suppose

flr) = <k N 1) At — <k N 2) T (3)

The replacement of @ for 72 in f(r) yields a polynomial f(#) in #. Thus, one
can find a minimal polynomial for positive integer k such that ¢ = +1(mod k) by
the equation:

fi(0)

gr(0) = 4
O = 0 0)90,(0)-50, ) W
where dq,ds,. . . dy, are the divisors of k such that 1 < d; < k,i=1,2,...,n and
f1(0) is obtained by the equation (3).

The degree of the minimal polynomial is obtained as:

deg[gr (0)] = deg[fx(0)] — Y _ deg[ga, (0)] (5)

k=1 e s
B 5=, if k is odd
where deg[f;(0)] = { g, if k is even

deglg,~ (0)] = %n - pn;, if p is an odd prime. Thus:

271,71

}. AISO, deg[ggn (9)] = % - T3 and
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Minimal equation satisfied by 0
§—4=0

=0

§—1=0

§—2=0
>—30+1=0
§—3=0

03 —50°+60—1=0
P—40+2=0

0 —607+99—-1=0
> —50+5=0

Table 1.

=[O0 || Ot x| W| N |5

o

and so on.
a b
Let U = [ ¢ d
u® = 1, U? is a scalar matrix, and hence the det(U) is a square in F,. Thus,
replacing U by a suitable scalar multiple, we assume that det(U) = 1.
Since, for any matrix M, M3 = M if and only if (tr(M))? = det(M), we may

assume that tr(U) = a +d = —1 and det(U) = 1. Thus U = [ Z —ab—l } .
e f

g —e—1
every element of GL(2,q) of trace equal to —1 has up to scalar multiplication, a

-1 } . Therefore U will be of the form [ 0 -1 ] .

] be an element of GL(2,q) corresponding to . Then, since

Similarly, V = { . Since w® = 1 also implies that the tr(u) = —1,

conjugate of the form [ 1 1 1 1

Z l . - .
Now let t be represented by T = [ n 7;1 ] Since I° = 1, the trace of T is
zero. So, up to scalar multiplication, the matrix representing ¢ will be of the form

{ ? _Ok ] . Because (ut)? = (v1)? = 1, the tr(ut) = tr(vt) = 0 and so b = kc and

f=gk.
Thus the matrices corresponding to generators @, v and ¢ of G*(2, ¢) will be:
| oa ke _le gk 10 -k .
U = ¢ —a—1 ],V— [g o1 },andT— [ 1 0 } respectively,
where a,c,e, g,k € Fy,. Then,

l+a+a®+ke*>=0 (6)
and
l+e+e?+kg>=0 (7

because the determinants of U and V are 1.
This certainly evolves elements satisfying the relations U3 = V3 = I, where
A is a scalar and I is the identity matrix. The non-degenerate homomorphism
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« is determined by w, v because one-to-one correspondence assigns to « the class
containing @ v. So it is sufficient to check on the conjugacy class of % v. The matrix
UV has the trace

r=a(2e+1)+2kgc+ (e+1) (8)
If tr(UVT) = ks, then
s=2ag—c(2e+1)+yg (9)
So the relationship between (8) and (9) is
r? 4 ks =1 +2. (10)
We set
0=r? (11)

4. Main results

Lemma 4.1. Either uv is of order 3 or there exists an involution t in G*(2,q)
such that T = (ut)? = (v6)2 = 1.

Proof. Let tr(UV) =r =gk—g+e+1. Then, gk—g=r—e—1. Also det(UV) =
—g%k —e? —e = —(g%k + €% +¢) = 1. Because, = @) =@)? =1, m=n—1
and so

2e—g+1)l+(gk+9)n=0 (12)
Now for T to be a non-singular matrix, we should have det(T) # 0, that is
nl—1? —n% #0. (13)

Thus the necessary and sufficient conditions for the existence of  in G*(2, q) are
the equations (12), and (13). Hence ? exists in G*(2, ¢) unless nl — 12 —n? = 0. Of
course, if both 2e—g+1 and gk-+g are equal to zero, then the existence of ¢ is trivial.
If not, then I/n = —(gk + ¢g)/(2¢ — g + 1), and so equation (13) is equivalent to
(gk+9)*+(2e—g+1)2+(2e—g+1)(gk+g) # 0. Thus there exists £ in G*(2, ¢) such
that ° = (af)? = (v7)2 = 1 unless (gk+g)2+(2e—g+1)(gk+g) = —(2e—g+1)2. But
if (gk+9)°+ (2e—g+1)(gk+g) = —(2e—g+1)?, then, g?k*+g>+29%k +2egk+2eg
—0Pk—g?+gk+g = — (4> +g>+1+4e—2g—4deg) = —{4e>+de+1+g>—2g—4deg} =
—{—49k — 3 + g® — 29 — 4eg}. So, after simplification

(gk — 9)% + (gk — g) + 2¢(gk — g) — g°k = 3 (14)
Since gk — g = r — e — 1, equation (14) can be further simplified as
r2—2=r (15)

Square both sides of equation (15), and substitute r2

6% — 50 + 4 = 0 giving 6 = 1, 4.
By Table 1, # = 1 implies that the order of @ T is 3 and 6 = 4 implies that the
order of w v is 1. O

= 0 in the equation
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It can happen that both @ U is of order 3 and the pair (@, ¥) is invertible if @
L . 2 2 2 2 0 -1
U = U u. For example, if U = [ 9 _3},1/— [ 9 _3],andT— [ 1 0 }
In fact, because of the following result this is the only case in which ¢ exists and
w U is of order 3.

Lemma 4.2. One and only one of the following holds:
(i) The pair (u,v) is invertible.
(i1) uv has order 3 and ©T # VT. O

In what follows we shall find a relationship between the parameters of the dual
homomorphisms. We first prove the following.

Lemma 4.3. Any non trivial element g of G*(2,q) whose order is not equal to 2
or 6 is the image of uv under some non-degenerate homomorphism o of G*(2,Z)
into G*(2,q).

Proof. Using Lemmad.1, we show that every non-trivial element of G*(2,¢) is a
product of two elements of orders 3. So we find elements w, v and, ¢ of G*(2,q)
satisfying the equation (1) with @7 in a given conjugacy class.

The class to which we want w v to belong do not consist of involutions because
g = u U is not of order 2. Thus the traces of the matrices UV and UV'T are not
equal to zero. Hence r # 0, and s # 0, so that we have § = r? # 0; and it is
sufficient to show that we can choose a, ¢, e, g, k, in F, so that 72 is indeed equal
to 6. The solution of 6 is therefore arbitrarily in F,. We can choose r to satisfy
0 = r2, equation (10), yields ks =2+7r—7r2. If 72 # 2+7r, we select k as above.

Any quadratic polynomial A\z? + uz + v, with coefficients in F} takes at least
(g+1)/2 distinct values, as z runs through F; since the equation A2 +puz+v =k
has at most two roots for fixed k; and there are ¢ elements in F,, where ¢ is odd.
In particular, e? + e and —kg? — 1 each take at least (g + 1)/2 distinct values as
e and g run through F,. Hence we can find e and g so that e2+e=—-kg>—1
(equation 7).

Finally by substituting the values of r,s,e, g,k in equations (8) and (9) we
obtain the values of a and c. O

It is clear from (10) and (11) that § = 0 when » = 0 and = 1 or 4 when
s = 0. The possibility that 8 = 0 gives rise to the situation where wv is of order 2.
Similarly, the possibility # = 1 leads to the situation where uw v is of order 3, and
similarly § = 4 yields u U of order 1.

Lemma 4.4. Any two non-degenerate homomorphisms «, 8 of G*(2,Z) into
G*(2,q) are conjugate if (uv)a = (uv)s.

Proof. Let a: G*(2,Z) — G*(2,q) be such that w T has parameter 6 constructed
as in the proof of lemma 4.3. We also suppose that 3:G*(2,Z) — G*(2, q) has the
same parameter 6.
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First, since there are just two classes of elements of order 2 in G*(2,Z), one
in G*(2,Z) and the other not, we can pass to a conjugate of § in which ¢3 is

o
0 & ] for some k' # 0 in F,. Then because uf and vf are

1 0
a’ k'c
[ o P ] and vj3

represented by [

both of orders 3, u must be represented by a matrix

. el k/g/
must be represented by a matrix g —e -1
the equations from (6) to (9). Then 0 = 2 =72 and (2+71) — 0 = k's'? = ks?.
Here since ¢ and (2 +r) — 6 are non-zero, so it follows that A’/k is a square in Fj.
Now va and vf are both of orders 3 and so are conjugate in G*(2,¢). So we
can pass to a conjugate of 8 (which we still call §) with va = v8. As ta and t8
are involutions which invert va, and so belong to N({va)) there are two classes of

—Qa

, with o', ¢, ¢/, ¢', k' satisfying

such involutions, one in G*(2,¢) and the other not. Because ta is ? _Ok ] and
o
t/3 is conjugate to (1) Ok ] and k'/k is a square, ta and ¢ either both belong

to G*(2, q) or neither. Hence they are conjugate in N((va)). That is, passing to a
new conjugate (still called 3) we can assume va = v, ta = t. This means that
in the notations above, we can assume k' = k ,g = ¢’ and e = ¢/. We can also,
by multiplying the matrix representing u3 by a scalar, assume r = v’ and s = s'.
Then the equations from (6) to (9) with a,c,e, g,k and then with o', €', ¢, k'
and ensure that a = a’and ¢ = ¢/. That is a = 3. O

Theorem 4.5. The conjugacy classes of non-degenerate homomorphisms of G*(2, Z)
into G*(2,q) are in one-to-one correspondence with the non-trivial conjugacy classes
of elements of G*(2, q) under a correspondence which assigns to any non-degenerate
homomorphism « the class containing (uv)a.

Proof. Let a: G*(2,Z) — G*(2,q) be such that it maps u,v to w,v. Let 6 be the
parameter of the class represented by u v. Now « is determined by @,v and each
0 evolves a pair w,v, so that « is associated with . We shall call the parameter 6
of the class containing % v, the parameter of G*(2,7) — G*(2,q). Now

UT — [ ck —ak }

—a—1 —ck

implies that det(UT) = —k(a? + a + kc?) = k (equation 6). Also,

UT)V = [ kec — akg k%gc + ak(e + 1) }

—ae —e —kge —akg —kg+ ck(e+1)

implies that the tr((UT)V) = 2kec—2akg—kg+kc = —1(2akg —2kec+kg—kc) =
—ks. If u,v,t satisfy equation (1), then so do tut,v,t. So that the solution of
equation (1) occur in dual pairs. Hence replacing the solutions in lemma-4.3 by
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o 2
tut,v,t, we obtain 6 = % = kzkf” = ks?. We then find a relationship

between the parameters of the dual non-degenerate homomorphisms. O

There is an interesting relationship between the parameters of the dual non-
degenerate homomorphisms.

Corollary 4.6. If o : G*(2,Z) — G*(2,q) is a non-degenerate homomorphism,
« is its dual and 0, ¢ are their respective parameters then 0 + o =1 + 2.

Proof. Let a: G*(2,Z) — G*(2,q) satisfy the relations ua = @, va = 7 and ta =
a ck }

t. Let o be the dual of a. As, we choose the matrices U = [ 0 —a—1

e gk 10 -k S z .
V = [ g —e—1 } and T = { 1 0 ], representing w,v and ¢, respectively

such that they satisfy the equations from (6) to (10). Now, (uv)? = 1 implies
that tr(UV) = 0. Also, we have {tr(UVT)}/k = s = 0 if and only if (uvt)? = 1.
Now det(UV) = 1, thus giving the parameter of @ ¥ equal to 2 = 6, say. Also
since tr(UVT) = ks and det(UVT) = k (since det(U) = 1, det(V) = 1 and
det(T) = k), we obtain the parameter of 7 vt equal to ks?, which we denote by .
Thus 0+ ¢ = r? + ks?. Substituting the values from equation (10), we thus obtain
0 4+ ¢ =1+ 2. Hence if 0 is the parameter of the non-degenerate homomorphism
a, then ¢ = r + 2 — 6 is the parameter of the dual o’ of a. O

Theorem 4.5, of course, means that we can actually parametrize the non-
degenerate homomorphisms of G*(2, Z) to G*(2, q) except for a few uninteresting
ones, by the elements of Fi,. Since G*(2,q) has a natural permutation represen-
tation on PL(F,), any homomorphism « : G*(2,Z) — G*(2,q) gives rise to an
action of G*(2,Z) on PL(Fy).
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A Zariski topology for k-semirings

Shahabaddin Ebrahimi Atani and Reza Ebrahimi Atani

Abstract. The prime k-spectrum Spec,(R) of a k-semiring R will be introduced. It will be
proven that it is a topological space, and some properties of this space will be investigated.
Connections between the topological properties of Spec, (R) and possible algebraic properties of
the k-semiring R will be established.

1. Introduction

Semirings which are regarded as a generalization of rings have been found useful in
solving problems in different disciplines of applied mathematics and information
sciences because semirings provides an algebraic framework for modeling. Ideals
of semirings play a central role in the structure theory and are useful for many
purposes. However, they do not in general coincide with the usual ring ideals and,
for this reason; their use is somewhat limited in trying to obtain analogues of ring
theorems for semirings. Indeed, many results in rings apparently have no analogues
in semirings using only ideals. Let R be a commutative ring with identity. The
prime spectrum Spec(R) and the topological space obtained by introducing Zariski
topology on the set of prime ideals of R play an important role in the fields of
commutative algebra, algebraic geometry and lattice theory. Also, recently the
notion of prime submodules and Zariski topology on Spec(M), the set of all prime
submodules of a module M over R, are studied by many authors (for example see
[11]). In this paper, we concentrate on Zariski topology of semirings and generalize
the some well known results of Zariski topology on the sets of prime ideals of a
commutative ring to prime ideals of a commutative semiring and investigate the
basic properties of this topology. For example, we prove that if R is a k-semiring,
then Spec, (R) is a Tp-space and it is a compact space.

Throughout this paper R is a commutative semiring with identity. For the
definitions of monoid, semirings, semimodules and subsemimodules we refer [1,
6, 8, 10, 11]. All semiring in this paper are commutative with non-zero identity.
Allen [1] has presented the notion of @-ideal I in the semiring R and constructed
the quotient semiring R/I (also see [3, 5, 7]). Let R be a semiring. A subtractive
ideal (= k-ideal) I is a ideal of R such that if z,x +y € I, then y € I (so {Or}
is a k-ideal of R). A prime ideal of R is a proper ideal P of R in which = € P or
y € P whenever xy € P. So P is prime if and only if whenever I.J C P for some
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ideals I, J of R implies that I C P or J C P. Furthermore, the collection of all
prime k-ideals of R is called the spectrum of R and denoted by Spec,(R). An ideal
I of R is said to be semiprime if I is an intersection of prime k-ideals of R. If T
is a proper ideal of R, then the radical rad(I) of I (in R) is the intersection of all
prime k-ideals of R containing I (see [4]). Note that I C rad(I) and that rad(I)
is a semiprime k-ideal of R. An ideal I of R is called extraordinary if whenever
A and B are semiprime k-ideals of R with ANB CI,then ACTor BCI. A
semiring is called a partitioning semiring, if every proper principal ideal of R is a
partitioning ideal (= a Q-ideal) (see [7]). A non-zero element a of a semiring R
with identity is said to be a semiunit in R if 1 + ra = sa for some r,s € R.

Lemma 1.1. Let R be a semiring. If {I;};ca is a collection of k-ideals of R, then
Y ieali and (o I; are k-ideals of R. O

2. Properties of top semirings

Let R be a semiring with 1 # 0. Then R has at least one maximal k-ideal and if
I is a proper @-ideal of R, then I C P for some maximal k-ideal P of R (see [5]).
Now by [3], R/P is a semifield and hence it is a semidomain. Thus P is prime and
Specy, (R) # 0 (see |3]). Then we have the following

Lemma 2.1. If P is a maximal Q-ideal of a semiring R, then P is a prime k-ideal
of R. In particular, Spec,(R) # 0. O

Let R be a semiring R with non-zero identity. For any k-ideal I of R by V(I)
we mean the set of all prime k-ideals of R containing I. Clearly, V(R) = () and

V({0}) = Spec(R).
Definition 2.2. A semiring is called a k-semiring, if every ideal of R is a k-ideal.

Example 2.3. Assume that F, be the set of all non-negative integers and let
R = E, U{oo}. Define a + b = max{a,b} and ab = min{a,b} for all a,b € R.
Then R is a commutative semiring with 1z = co and Og = 0. An inspection will
show that the list of ideals of R are: R, E; and for every non-negative integer n

I,={0,1,...,n}.

It is clear that every ideal of R is a k-ideal; so R is a k-semiring. Moreover, every
proper ideal of R is a prime k-ideal; so Spec(R) = {E, I, .. .}. O

Lemma 2.4. Let R be a k-semiring. Then the following statements hold:
(i) If S is a subset of R, then V(S) =V ((S)).
(i) V(I)UV(J)=V(IJ)=V(INJ) for every k-ideals I and J of R.
(#it) If I is a k-ideal of R, then V(I) =V (rad(I)).
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() IfV(I) CV(J), then J Crad(I) for every deals I,J of R.
(v) V()=V(J) if and only if rad(I)=rad(J) for every ideals I, J of R.
(vi) If {Ii}ien is a family of ideals of R, then V(3 ,cp 1i) = Niea V (Li).

Proof. (i) and (iv) are obvious.

(7) It is clear that V(I)UV(J) C V(INJ) C V(IJ). Let P € V(IJ). Then
IJ C P, and hence I C Por J C P. Thus P € V(I) or P € V(J), ie,
P € V(I)UV(J). Hence V(I.J) C V(I) UV(J).

(#i¢) Since I C rad(I), we have V(rad(I)) € V(I). For the reverse inclusion,
assume that P € V(I). Then I C P. Hence rad(I) C P, and so we have the
equality.

(v) Let V(I) = V(J). By (iii), we have V(I) C V(rad(J); hence rad(J) C rad(I)
by (iv). Similarly, rad(I) C rad(J), and so we have the equality. The other
implication is similar.

(vi) Let P € [;cp V(I;). Then I; C P for every i € A, so > ;. I; € P, which
implies that ()., V(1;) € V(3_;ca Ii). The reverse inclusion is similar. O

s
)

€A

Let R be a k-semiring. If ((R) denotes the collection of all subsets V(I) of
Spec, (R), then ((R) contains the empty set and Spec(R) = X and is closed under
arbitrary intersection by Lemma 2.4 (vi). If also {(R) is closed under finite union,
that is, for every ideals I and J of R such that V(I)UV(J) = V(L) for some ideal
L of R, for in this case ((R) satisfies the axioms of closed subsetes of a topological
spaces, which is called Zariski topology. The following definition is the same as
that introduced by MacCasland, Moore, and Smith in [11].

Definition 2.5. Let R be a k-semiring. An R-semimodule M equipped with
Zariski topology is called top semimodule. A k-semiring R which is a top semi-
module as an R-semimodule is called a top semiring.

Proposition 2.6. Every k-semiring with a non-zero identity is a top semiring.

Proof. Apply Lemma 2.4. O

Theorem 2.7. Every ideal of a k-semiring with a non-zero identity is extraordi-
nary.

Proof. Note that Spec,(R) # 0 by Lemma 2.1. Let P be any ideal of R and
let I and J be semiprime ideals of R such that I NJ C P. By Proposition 2.6,
there exists an ideal U of R such that V(1) UV (J) = V(U). Since I = ;.5 P,
where P; are prime k-ideals of R (i € A), for each i € A, P, € V(I) C V(U), so
that U C P;. Thus U C I. Similarly, U C J. Thus U C I NnJ. Now we have
VHUVJ) CVINJ)CVU)=VI)UV(J), thatis, V(I)UV(J) =V (INJ).
Hence P V(INJ) gives I C Por JC P. O
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Definition 2.8. A semiring is called a strong partitioning semiring, if every proper
finitely generated ideal of R is a partitioning ideal (= a Q-ideal).

Proposition 2.9. Assume that R is a strong partitioning semiring and let I be
the proper ideal of R generated by a family {a;}icn of elements R. Then I is a
Q-ideal of R.

Proof. Since R = |J{q+ Ra; : ¢ € Q} for some ¢ € A, we must have R = |J{q+ I :
geQ}. Let Xe (@ +D)N(g2a+1I)#0. Then X = q1 +rya4, +...+ 75,0, =
g2 + sj, a5, + ...+ sj,.a;, for some aj, ,a;, € I and r;,,s;, € R(1<t<n, 1<

k < m). Let J be the ideal of R generated by r;, a;,,...,7i, @i, ,Sj, jy - ., S}, 05, -
By assumption, J is a @-ideal of R and X € (¢1 + J) N (g2 + J); hence ¢1 = ¢o.
Thus I is a Q-ideal of R. O

Remark 2.10. Let X = Spec,(R). For each subset S of R, by Xg we mean
X-V(S)={PeX:S5¢ P} IfS={f}, then by X; we denote the set
{P e X :f¢ P} Clearly, the sets X, are open, and they are called basic open
sets. O

Theorem 2.11. Let R be a strong partitioning semiring and X = J;cp Xa,- If I
is the ideal of R generated by {a;}ica, then I = R.

Proof. Suppose not. Since [ is a proper (Q-ideal of R by Proposition 2.9, we have
I C P for some maximal k-ideal P of R. By assumption, P ¢ X, for every i € A,
which is a contradiction. O

Theorem 2.12. Let R be a strong partitioning semiring. Then the following
statements hold:

(1) XyNX, =Xy forall f,e € R.
(it) Xy =0 1if and only if f is nilpotent.
(191) Xy =X if and only if f is a semiunit in R.

Proof. (i) If P € XyNX,, thene, f ¢ P, soef ¢ P, which implies that P € X¢..
Thus Xy N X, C X.r. The other inclusion is similar.

(#4) Assume that an element f is nilpotent and let P be any element of X. Then
f® =0 € P for some positive integer s. Thus P prime k-ideal gives f € P; hence
P ¢ X; for every P € X. Thus X; = (). Conversely, assume that X; = (). Then
for each P € X, we have f € P; whence f € (|pcx P = rad(0) (see [4]). Thus f
is nilpotent.

(43¢) Let f be a semiunit. Since the inclusion Xy C X is trivial, we will prove the
reverse inclusion. Let P be any element of X. If Rf C P, then R = P by [5],
which is a contradiction. Thus f ¢ P; hence P € X, and so we have equality.
Conversely, assume that X = X;. Then for any P € X, we must have f ¢ P. If
f is not a semiunit in R, then Rf is a Q-ideal of R and hence it is contained in
a maximal k-ideal of R which is a prime k-ideal by Lemma 2.1, a contradiction.
Thus f is semiunit. O
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Theorem 2.13. Let R be a k-semiring. Then the set A = {X;: f € R} forms a
base for the Zariski topology on X.

Proof. Suppose that U is an open set in X. Then U = X — V(I) for some k-
ideal T of R. Let I = ({f; : i € A}), where {f; : i € A} is a generator set of
I. Then V(I) = V(3 _;cp BRfi) = Niea V(Rfi) by Lemma 2.4(vi). It follows that
U=X-V(I)=X —iea V(Rfi) = U;ep Xs,- Thus A is a base for the Zariski
topology on X. O

Proposition 2.14. Let I be an ideal of a k-semiring R. Then
(1) X1=Uguer Xa- Moreover, if I= (a1, az,...,an), then X;=J;_; Xq,.

(i7) Let {a;}ica be the collection of elements of R and a € R. Then X, C
Uica Xa, if and only if there are elements a;,, ..., a;, € {ai}icr such that
a €rad({a;,...,a:,)).

Proof. (i) Assume that a € I and let P € X,,. Then a ¢ P which implies P € X.
Thus Uael X, € X;. For the reverse inclusion, assume that P € X;. Then
P € X, for some b € I — P, and so we have the equality. Finally, since the
inclusion U?:1 Xa, € X7 is clear, we will prove the reverse inclusion. Let P € X7.
Then there exist a € I — P and r; € R (1 < ¢ < n) such that P € X, and
a =" ra; It follows that there exists a positive integer j (1 < j < n) such
that a; ¢ P; hence P € X,;, as needed.

(#4) Let a € rad({a;,,...,a;,)). Then there exists a positive integer m and r; € R
(1 <4 < n)such that a™ = Y7 7ja;,. Now, let P € X,. Soa ¢ P gives a™ ¢ P;
hence P € X‘lik for some k. Thus X, C (J;cp Xa,-

Conversely, assume that X, C (J;cp Xo, and let I be the ideal of R gen-
erated by {a; : i € A}. It is clear that if P € X and P ¢ |J;cp X4, then
a; € P implies that a € P. Therefore we have V(I) C V({a)). It follows that
a € ﬂpev(<a>)P - ﬂPeV(I)P = rad(I). So, there exist i1,42,...,is € A and
t1,t2,...,ts € R such that a™ = tia;, + ... + tsa;, for some positive integer m;
thus a € rad({a;,,...,a;,)). O

Theorem 2.15. Let R be a k-semiring. For every a € R, the set X, is compact.
Specifically the whole space X1 = X is compact.

Proof. By Theorem 2.13, it suffices to show that every cover of basic open sets has
a finite subcover. Suppose that X, C (J;c, Xq,. By Proposition 2.14 (i), there are
@iy .- -,0;, € R such that a € rad({a;,,...,a;,)). Since V(rad({a;,,...,a,))) =
V({ai,...,a;,)) by Lemma 2.4 (i), we must have X, C |J_, X,, by Proposition
2.14 (i). This completes the proof. O

From Theorem 2.13 and Theorem 2.15 the next result is immediate.

Corollary 2.16. Let R be a k-semiring. Then an open set of X is compact if and
only if it is a finite union of basic open sets. O
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Let R be a k-semiring. The topological space X = Spec,(R) is said to be a
To-space if for every P,P' € X, P # P’ there is either a neighborhood X, of P
such that X, N P’ = () or a neighborhood X, of P’ such that X, N P = ().

Theorem 2.17. Let R be a k-semiring. Then the topological space X = Spec,(R)
1s a Tp-space.

Proof. Let P,P’ € X with P # P’. We note that the set X, is a neighborhood of
Pif and only if a ¢ P. Assume that P’ € X, for all a ¢ P. Then we conclude that
a € P’ implies that @ € P; hence P’ C P. Now let b € P — P’. Then b ¢ P’ gives
X, is a neighborhood of P/, but b € P, so P ¢ X,. This completes the proof. [

Quotient semimodules over a semiring R have already been introduced and
studied by present authors in [6]. Chaudhari and Bonde extended the definition of
@ v-subsemimodule of a semimodule and some results given in the Section 2 in [6]
to a more general quotient semimodules case in [8] (for the structure of quotient
semimodules we refer [8]).

Convention. For each @Qg-subsemimodule I of the R-semimodule R, we mean [
is a Qp-ideal of R. Now If I is a Qg-ideal of a semiring R, then R/I is a quotient
semimodule of R by I. Now we give an example of semimodules over a semiring
that are top semimodules.

Lemma 2.18. Let I be a Qgr-ideal (or a Qgr-subsemimodule) of a semiring R. If
J is a k-ideal of R containing I, then (J :g R) = (J/I :r R/I).

Proof. Let r € (J: R). If ¢+ I € R/I, then there exists a unique element ¢’ of
Qg such that r(¢g+ 1) =¢ + 1, whererq+1 C ¢ +1;s0 ¢ € JNQR since rq € J
and J is a k-ideal. Thus (J: R) C (J/I: R/I).

Conversely, assume that a € (J/I: R/I) and s € R. Then s = g; + t for some
q1 € Qr and t € I; so there is a unique element gs of Qg with a(qg1 +1) = g2+ 1 €
J/I, where aq1 + I C g2 + I. Thus J k-ideal gives ag; € J. As as = aq; +at € J,
we have a € (J: R). O

Proposition 2.19. Let I be a Qr-ideal of a semiring R. Then there is a one-
to-one correspondence between prime k-subsemimodules of R-semimodule R/I and
prime k-ideals of R containing I.

Proof. Let J be a prime k-ideal of R containing I. Then it follows from [3] that
J/I is a proper k-subsemimodule of R/I. Let a(q1 +I) = g2 + 1 € J/I, where
g2 € QrNJ and ag; + I C g2 + I, so aq; € J since J is a k-ideal of R. But J
is prime, hence either ¢ € J (so 1 +1 € J/I) ora € (J: R) = (J/I: R/I) by
Lemma 2.18. Thus, J/I is a prime k-subsemimodule of R/I.

Conversely, assume that J/I is a prime k-subsemimodule of R/I. To show
that J is a prime k-ideal of R, suppose that rx € J, where r,x € R. We may
assume that r # 0. There are elements ¢ € Qr and n € I such that = ¢ + n,
so rz = rq+rn € J; hence rq € J since J is a k-ideal. Therefore, there exists a
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unique element ¢’ € Qg such that r(¢+ I) = ¢ + I, where rq¢+ I C ¢’ + I; hence
q € J. Thus r(¢+I) € J/I. Then J/I prime gives either ¢+ I € J/I (so z € J)
orr e (J/I:R/I)=(J:R), and the proof is complete. O

Corollary 2.20. Let I be a Qr-ideal of a semiring R. Then there is a one-to-
one correspondence between semiprime k-subsemimodules of R/I and semiprime
k-ideals of R containing I.

Proof. Apply Theorem 2.19 (note that ((,c; P;)/I = (\;c;(Pi/I), where P; is a
prime k-ideal for all i € J). O

Theorem 2.21. Let I be an Qr-ideal of a semiring R with a non-zero ideantity.
Then the following statements hold:

(1) Every k-subsemimodule of R/I is extraordinary.
(#6) R/I is a top R-semimodule.

Proof. (i) We may assume that Spec(R/I) # (. Then any semiprime k-subsemimo-
dule of R/I has the form A/I where A is a semiprime k-ideal of R containing I
by Corollary 2.20. Let B/I be any k-subsemimodule of R/I and let U/I and L/I
be semiprime k-subsemimodules of R/I such that (L/I) N (U/I() C B/N. Then
(LNU)/I C(L/I)n(U/I)C B/I,s0o UNLC B; hence either U C Bor L C B
since T is extraordinary by Theorem 2.7. Thus either U/I C B/I or L/I C B/I,
as needed.
(#) First we show that V(U/I) U V(L/I) = V(U/I N L/I) for any semiprime
subsemimodules U/I and L/I of R/I.

Clearly V(U/I)UV(L/I) CV(U/INL/I). Let P/T € V(U/INL/I), where
P is a semiprime by Corollary 2.20. Then U N L C P and hence L. C P or
U C P (see Theorem 2.7), i.e., P/I € V(U/I) or P/I € V(L/I). This proves that
V(U/INL/I) CV(U/I)JUV(L/I) ans hence V(U/I)UV(L/I)=V(U/INL/I).
Next, let A/I and B/I be any subsemimodules of R/I. If V(A/I) is empty then
V(A/T)uUV(B/I) = V(B/I). Suppose that V(A/I) and V(B/I) are both non-
empty. Then V(A/I)NV(B/I) = V(rad(A4/I)) NV (rad(B/I)) = V(rad(A/I) N
rad(B/I)). This proves (ii). O

Example 2.22. Let R be the k-semiring as described in Example 2.3. Then
Spec(R) is compact and it is a Tp-space by Theorems 2.15 and 2.17. O
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Some enumerational results relating
the numbers of latin and frequency squares

of order n

Francis N. Castro, Gary L. Mullen and Ivelisse Rubio

Abstract We discuss some enumerational results relating the numbers of F(n; A1, ..., Am) and
F(n; Xy, ..., \},) frequency squares of order n. In particular, for any frequency vector (A1, ..., Am)
of n, we discuss some enumerational results relating the number of F(n;A1,..., A\m) frequency
squares and the number of latin squares of order n. In Section 4 we also discuss some enumera-
tional results for latin rectangles.

1. Introduction

A latin square of order n is an n X n array in which each of the numbers 1,2,...,n
appears exactly once in each row and each column. By an F(n;Aq,..., A\p) fre-
quency square is meant an n X n array in which each of the numbers i with
1 < ¢ < m appears exactly A; times in each row and each column. Thus we

have n =X\ +---4+ A\, and an F(n;1,...,1) frequency square is a latin square of
order n.

Let F(n; A1,...,Am) denote the total number of distinct F/(n; A1, ..., A\y) fre-
quency squares and let f(n;A1,..., Ay, ) represent the number of reduced squares

where a frequency square as above is reduced if the first row and first column are
both in standard order with A; 1’s, Ay 2’s, and continuing, A, m’s.
It is known from [1] that

Theorem 1.1. For any frequency vector (A1,...,A\m) of n

n n—1
F(ns A, .oy Am) = <>\17~'~7>\m) (Al_1,“',/\m>f(n,)\1,...,)\m). O

See [9] for some enumerational and classification results concerning latin squares.
Let L,, denote the total number of latin squares of order n and let [,, denote the
number of reduced latin squares of order n. It is known ([2], page 142) and easy
to prove that

Corollary 1.2. Forn > 2, L, = nl(n — 1)ll,. O

2010 Mathematics Subject Classification: 05B15.
Keywords: Latin square, frequency square, latin rectangle.
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In this paper we prove several results relating the total number L,, of distinct
latin squares of order n and the number of frequency squares with a fixed frequency
vector. We also prove results relating the numbers of frequency squares of order
n with two different frequency vectors.

It is known (see for example [8], Thm. 7.1) that a latin square of order n is
equivalent to a 1-factorization of K, ,, a bipartite graph in which each vertex of
U is joined to each vertex of W, where U, W represent the rows and columns of a
latin square of order n so that both U and W contain exactly n elements. If the
symbol in position (i, j) is k, then we color the edge from i to j with color k. See
page 107 of [8] for more details.

Now let K, (see page 111 of [8]) be the complete directed graph with loops
on n vertices. Then in Cor. 7.10 of [8] it is shown that the number of latin
squares of order n with first row in standard order is the same as the number of
1-factorizations of K,. Also see [5] for connections between enumerating certain
frequency squares and 1-factorizations of certain graphs.

Thus one can certainly show that counting latin squares can be done by count-
ing 1-factorizations of an appropriate graph. In our paper we are not just counting
or enumerating frequency squares, rather we are showing how to enumerate fre-
quency squares with one frequency vector relative to the number of frequency
squares with a different frequency vector. This is the main point of the current
paper.

In [10] Wanless considers k-plexes for latin squares. Such objects are generaliza-
tions of transversals in latin squares. Many of our results could be stated using the
terminlogy of k-plexes, but we prefer to use terminology involving i-transversals
that is defined in the next section.

In [6] it was shown in Theorem 3.1 that one could relate the number of latin
squares of order n to the number of 1-factorizations of frequency squares with
frequency vector Ay, ..., A, via the use of isotopy classes. While the result in that
paper is valid, the proof was incomplete in that it assumed (without proof) that
each frequency square in an isotopy class had the same number of 1-factorizations.
While this fact turns out to be true, it does require some proof. This proof is now
given in Lemma 2.1 of the current paper.

In this paper we also extend the result from equation (2) in [6] dealing with
latin and frequency squares, to the case where we relate the number of frequency
squares with one frequency vector to the number of frequency squares with a
different frequency vector.

2. Numbers of frequency and latin squares

Let F(n;A1,...,Am) be a frequency square of order n with frequency vector
(M,-.-yAm). For i = 1,...,m, by an i-transversal is meant a set of n cells,
one in each row and one in each column, each containing the symbol i. A set of n
transversals containing A;, i-transversals for each ¢ = 1,...,m, forms a partition
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of the frequency square if for each ¢, the i-transversals disjointly partition the set
of n\; cells containing i. We define an i-partition to be the subset of a partition
consisting of all i-transversals in the partition.

As in [1] two frequency squares F; and F» of the same order and frequency vec-
tor, are said to be isotopic if there exist permutations o,, 0., o4 so that F5 can be
obtained from Fj by applying o, to the rows of F}, and then successively applying
o. to the columns and o4 to the numbers of each resulting square, respectively.

We now prove that frequency squares from the same isotopy class yield exactly
the same number of partitions. This will greatly reduce our calculations which
will of course be very helpful for larger values of n.

Lemma 2.1. Assume that two frequency squares Fy and Fy (of the same order
n and frequency vector) are isotopic. Then the number of partitions of Fy is the
same as the number of partitions of F5.

Proof. Let F| and F5 be frequency squares of order n with the same frequency
vector. Suppose that F; and Fh are isotopic. Fix permutations o,,0. and oy
and define a function from the set of partitions of F} to the set of partitions
of Fy by applying o,,0.,04 to the transversals of the partitions. Let F] be
the frequency square obtained after we apply o, to Fj. Given an i-transversal
{(1,41),(2,42),...,(n,i,)} of F} and applying o, to the i-transversal we obtain

{(UT(I)’il)’ AR (UT(n)vin)}a

an i-transversal of F]. Let F} be the frequency square obtained after we apply
o. to FJ. Given an i-transversal {(1,41),(2,42),...,(n,i,)} of FJ and applying
o. to the i-transversal, we obtain {(1,0.(i1)),...,(n,0.(is))}, an i-transversal of
FT. Let F1# be the frequency square obtained after we apply o« to Ff. Note that
Fy = F{ for some r, ¢, #. Given an i-transversal {(1,41), (2,42),..., (n,in)} of F¢
we obtain the oy (i)-transversal {(1,41),...,(n,i,)} of Fy. Hence o,,0., 04 take
a transversal of F} to a transversal of F5.

Let A = {(1,%1),...,(n,in)} # B = {(1,41),-.-,(n,4n)} be two distinct -
transversals of ;. We claim that applying o, 0., or 0% to A and B we obtain dis-
tinct transversals. Suppose that o.(A) = {(1,0.(1)),..., (n,0:(in))} = 0c(B) =
{(1,00(41)), -, (n,0:(jn))}- Then o.(iy) = 0c(ji) for K =1,...,n. This implies
that i = jp for Kk =1,...,n, contradicting the fact that A # B. The same can be
proved for o, and o4. We also claim that if AN B =0, then o.(4) No.(B) = 0.
Suppose not. Then (k,o.(ix)) = (k,0.(jx)) for some k = 1,...,n. Then i = jpi,
contradicting that AN B = (. The same can be proved for o, and o4. Hence,
applying o, 0,04 to a partition of F; we obtain a partition of F5.

The above shows that o4 o 0, 0 0, is a well defined function between the sets
of partitions of F; and F5. This implies that the number of partitions of F} is
less than or equal to the number of partitions of F5. But we can repeat the same
process starting with F» and we obtain that the number of partitions of Fy is
less than or equal to the number of partitions of F;. Therefore, the number of
partitions of F; and F5 are equal. O
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It is clear from the previous proof that permutations of rows and columns take
an i-transversal to another i-transversal. These permutations also take different i-
transversals into  different  i-transversals; hence the number of
i-transversals is preserved by permutations of rows and columns as the next lemma
states.

Lemma 2.2. Let Fy and F> be frequency squares of the same order and fre-
quency vector. Suppose that Fo can be obtained from Fy by successively applying
permutations of rows and columns. Then, Fy and Fy have the same number of
i-transversals. O

Remark 1. Note that permutations oy of symbols of a frequency square take
i-transversals to o (i)-transversals and therefore it is false in general that the
number of i-transversals of frequency squares belonging to the same isotopy class
is fixed, as it is shown in the next example.

Example 2.3. Considere the following reduced frequency squares with vector
(5;2,2,1):

112 2 3 112 2 3
112 3 2 1 31 2 2
Fr=|223 11|, F=|222319:1
2 3 1 1 2 2 2 1 3 1
3.2 1 2 1 3.1 21 2

The square F] can be obtained from square F; by interchanging entries 1 < 2
and permuting the rows and columns to convert it into a reduced square and hence
the two squares are isotopic. It can be checked that F} has 2, 1-transversals and
4, 2-transversals, and Fy has 4, 1-transversals and 2, 2-transversals. Note that
04(1) = 2 and the number of 1-transversals of F; is the number of 2-transversals

of Fj. O
Let A(n; A1, ..., Am) denote the number of distinct isotopy classes of frequency
squares F'(n;A1,...,A\p). For a fixed frequency vector, from Theorem 1.1, we

know that the number of isotopy classes of frequency squares is the same as the
number of isotopy classes of reduced frequency squares. Assume that the j-th class
contains n; reduced squares so that

A(AT e Am)
nj = f(niA, ..., Am). (1)

j=1
We now prove
Theorem 2.4. For any frequency vector (A1,...,Am) of n

AmsA1,. 0 m)

n n—1 .
PIE25 VI P W 2
(Al,...,Am)<)\117,,,7)\m> DT W (2)

j=1
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=nl(n— D, = L,,

where §U) denotes the number of distinct partitions of any reduced frequency square
F(n; M, ..., A\m) in the j-th isotopy class of reduced squares which contains n;
reduced squares.

Proof. How many distinct latin squares of order n does the left hand side of (2)
generate? Consider the j-th isotopy class. By Lemma 2.1 each frequency square
in this class has the same number 6(9) of partitions so consider a fixed reduced
frequency square F' = F(n; A1, ..., Ay, ) in this class. Using this reduced frequency
square one can construct different latin squares in the following way.

Fix a partition P of F. For each 1-transversal in P, replace each value 1 in
the cells given by the 1-transversal by a number k, k = 1,--- | A1, one number for
each of the \; 1-transversals. Since the 1-transversals are disjoint, this gives A;!
different latin squares of order n. Similarly, for each 2-transversal of F', replace
the number 2 by A; +1,--- ;A1 + A2. Doing the same for each i = 1,--- ;m, the
partition P generates A\1! X --- x \p,! distinct latin squares of order n. Each of the
( g /\m) ( /\1_’;:.1.7 /\m) distinct frequency squares obtained by permuting rows and
columns of F' will also produce A;! x - -+ x A,,! latin squares.

Continuing, this can be repeated for each of the n; reduced squares in the j-th
isotopy class. Finally, we doing this for each class we get that the number of latin
squares of order n generated from the left hand side will be at most L,,.

Conversely, given a latin square L; of order n, construct a frequency square
FSy = Fi(n; A1,..., \p) in the following way: replace the numbers 1,2,..., )\ in
the latin square by 1, the numbers A1 + 1,..., A1 + A2 by 2 and continuing, until
the numbers \; + -+ A1 + 1, ..., n by m.

Consider the ay, ..., ay,, 1-transversals forming a 1-partition of F'S;. Note that
any latin square with the numbers A\;+1, ..., n in the same positions as L; and with
a value i1, 1 <41 < A1 in the positions of ay, a value is # i1, 1 < iz < A; in the
positions of ay and so on gives F'S; if we apply the above construction. There are
01(F S1)A1! latin squares that give F'S; under this construction, where §; (F'S7) is
the number of
1-partitions of F'S; and there are no other latin squares that give F'S; under this
construction. Something similar happens for all the other i-partitions. Let C; be
the set of all these latin squares; this is, C1 is the set of all the latin squares that give
F'S; under this construction. There are exactly 01(FS1) -+« 0 (F'S1)A1! - - A ! dif-
ferent latin squares in Cy, where 0;(F'S7) is the number of i-partitions of F'S;.

Take another latin square of order n that it is not in C; and construct a
frequency square F'Ss with the above construction. This gives another set Cy of
latin squares associated to F'Ss. Repeat until we have a set {Cy,---,C%} such
that any latin square of order n belongs to a Cs and each Cy corresponds to a
unique F'S;. We then have that

k k
Lp =Y _|Co =) 601\t
s=1 s=1
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F f
R n n—1 s
<AL At = </\1,...,>\m) </\1—1,...,/\m> ;5( b,

s=1

where F is the total number of frequency squares F(n; A1, ..., An), [ is the total
number of reduced frequency squares with the same frequency vector and §(*) =
01(FSs) -9, (FSs) is the number of partitions of the frequency square F'Si.

Using (1) one can now sum over the isotopy classes of reduced frequency squares
to see that 6(*) coincides with ) in equation (2) and get that

A(nsAs,Am)

n n—1 )
L, < SO0, O
(/\1,...,/\m>()\1—1,...,>\m) . m

j=1

One can eagsily simplify the result of the theorem to obtain
Corollary 2.5. For any frequency vector (A1,...,Am) of n

n—1 A(ns A1, m) ‘
n!<)\1—17...,)\m> > ndY =nltn = 1), = Ly,

j=1

where §U) denotes the number of distinct partitions of any reduced frequency square
F(n; A, ..., Am) in the j-th isotopy class which contains n; reduced squares. [

We note that results for the number of isotopy classes of frequency squares of
order n < 6 can be found in [1] while results for orders 7 and 8 can be found in

[7].

Example 2.6. For n = 4, from [1] there are five reduced F(4;2,2) frequency
squares and these are given by

11 2 2 11 2 2 11 2 2
11 2 2 1 2 1 2 1 2 2 1
o=y o1 1 2= 9 5 1 1 3= 45 5 1
2 2 1 1 2 1 2 1 2 1 1 2

1 1 2 2 11 2 2

1 2 2 1 1 2 1 2

Fa= 9 11 90 5= 9 1 93

2 2 1 1 2 2 1 1

Square #1 —trans. #2—trans. §;

F 4 4 4

Fy 2 2 1

Py 2 2 1

Fy 2 2 1

Fs 2 2 1
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Note that from [1], there are just two distinct isotopy classes; the first contain-
ing just the square F; while the second class contains the four squares Fb, ..., F5.
Hence our theorem yields

(;2> (;’J [4(21)(2)) + 4(21)(2))] = 6(3)(16 + 16) = 576 = 4131(4) = L. O

Remark 2. The above results simplify considerably when there is only one isotopy
class. This is the case for frequency squares F'(n;n —1,1).

The next argument shows that there is only one isotopy class for
F(n;n —1,1) frequency squares. Since each row and column contains only one 2
and the rest 1’s, we can easily interchange rows and columns to show that every
F(n;n — 1,1) frequency square is isotopic to the square

11 -~ 1 2
11 --- 2 1
21 .-+ 1 1

which has 2’s on the back diagonal. It is easy to see that there are (n —2)! reduced
frequency squares of this type.

3. Enumerating frequency squares

In this section we enumerate frequency squares of certain frequency vectors using
the number of i-transversals of frequency squares of a related frequency vector. We
also give a formula to compute the number of 1-transversals of frequency squares
F(n;n—1,1). As a consequence we can compute the number of frequency squares
F(n;n—2,1,1) for any n > 3. Let F(n) be a frequency square of order n and let
T;(F(n)) be the number of i-transversals of F(n).

Lemma 3.1. Let (A1,..., A\, 1,...,1) be a frequency vector of n where A\, # A,
N——
for all j #£ m, and let A = A(n;A1,..., A \m, 1,...,1) be the number of distinct
——

S
isotopy classes of frequency squares associated to it. Then

</\1, . nA,) (/\1 —T;_lAT,> é”ﬂ'Tm(Fj(”)) (3)

=F(m; A, Am—1sAm — 1, 1,...,1)
——

s+1
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where A\, > 2, s 2 0, and T,,(F;(n)) denotes the number of distinct m-transver-
sals of any reduced frequency square F(n;A1,...,Am,1,...,1) in the j-th isotopy
class of reduced frequency squares which contains n; reduced squares.

Proof. Assume that A\, # A; for all j # m. This implies that the permutations
used to construct the isotopy classes of the frequency vector
(n; A1, ..., Am, 1,..., 1) do not include permutations oy of the symbol m because,
if one apply the permutation ox(m), the resulting frequency square will have a
different frequency vector and all the vectors in the isotopy class must have the
same frequency vector. Hence, by Lemma 2.2 the number of m-transversals within
an isotopy class is fixed.

Given a frequency square F'S™ = F(n;A1,...,Am,1,...,1) we construct an-
other frequency square F.S™ 1 = F(n;A1,..., Am_1,Am — 1,1,1,...,1) in the fol-
lowing way: consider an m-transversal of F'S™ and replace the m’s in the entries
given by the m-transversal by the number I = m+s+1. Each of the T, (FS™) dif-
ferent m-transversals of F'S™ gives a different frequency square F'S™~!. The same
can be done with each of the T},,(F};(n)) m-transversals of the (/\17“71/%) ()\1_?:1_7/%)
different frequency squares F'S™ given by each of the n; reduced frequency squares
in the j-th isotopy class of F'S™. Hence,

</\1, : n : /\m> ()\1 7711_1 , Am) é“ij(Fj(n))

S]:(n;/\l,...,/\m_l,)\m—1,1,...,1)
—_——
s+1

Conversely, given a frequency square F' SI”fl construct a frequency squa-

re F'ST* by replacing the number [ = m + s+ 1 by the number m. Any frequency
square with the number 7 in the \; positions of FS{"_1 for i # m, [ will produce
the same frequency square F'S7". Let C; be the set of all the frequency squares
FS™~1 that produce F'S}* under the above construction. The number of squares
FS™=1in Cj is the number of m-transversals of F'SJ*. Take another frequency
square FS;’“1 that it is not in C and construct F'S5*. This gives another set Cy,
and, repeating the construction, we get a set {Cy,--- ,Cy}, where each frequency
square F.S™! belongs to a C; and each C, corresponds to a unique F'S™. This
gives

M=

f(n;/\l,...,/\m_l,)\m71,1,...,1):
S—— i
s+1
k F
= 2 Tn(FST") < 3 Tn(FST),
=1 =1

where F is the total number of frequency squares F'(n; A1,..., A, 1,...,1). Since

|C
1

the number of m-transversals do not change with row and column permutations
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and the number of m-transversals does not change within the isotopy classes we
have that

.7:(771;>\1,...7>\m,1,)\m—1,1,...,1)
——
s+1

f

n n—1
< T, (F
(o) G i) o

j=1

A
_ n n—1
_<)\1,...,>\m)<)\11;"'3)\m> i=1

J

i(n))
where f is the number of reduced frequency squares with frequency vector of the

form (n;A1,..., Am,1,...,1) and n; is the number of reduced squares in the j-th
isotopy class. O

Example 3.2. The above lemma gives a way to compute F(8;6,1,1) using re-
duced frequency squares with frequency vector (7,1). Namely, it is known that
f(n;m —1,1) = (n — 2)! and, by Remark 2, there is only one isotopy class of
frequency squares with frequency vector (n — 1,1). Hence

F(8;6,1,1) = 8 x 7 x 6! x T1(8;7, 1) = 598, 066, 560,
as reported in [7]. O

Example 3.3. In general, to compute F(n;n — 2,1,1) using reduced frequency
squares with frequency vector (n — 1,1), we mneed to compute
T1(F(n;n—1,1)), and then

F(n;n—2,1,1)=n! x Ty (F(n;n —1,1)).
Theorem 3.8 gives a formula to compute F(n;n — 2,1,1) for any n. O

Remark 3. If A\,, = \; for some 4, then Lemma 3.1 is false. The reason is that
one can interchange the numbers m and ¢ in a frequency square to obtain another
frequency square in the same isotopy class but both having different numbers of
m-~transversals. In fact, two reduced frequency squares in the same isotopy class
can have have different m-transversals as we saw in Example 2.3. Therefore, in
this case one cannot group the reduced squares in the isotopy class to get n; in
equation (3). However, if instead of summing over the isotopy classes, one sums
over all the reduced frequency squares, one obtains a formula that works for any
frequency vector as we see in Lemma 3.5.

Remark 4. Note that, since one can relabel i «<» m, and interchange the positions
of A, A, it is enough to have any \; be such that \; # A; for all j # i.

Lemma 3.1 can be applied successively to obtain the following result.
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Theorem 3.4. Let (A,..., N, , Am, 1,..., 1) be a frequency vector of n where
——

S
Xi# N fori=1,--- ,m, j=1,--- ,m, and let A be the number of distinct isotopy
classes of reduced frequency squares associated to it. Then

()\1, : .n.,)\m) (Al 71_1,\,) jz:”ij(Fj(n)) o T (Fy(n))

:f(n;)\l,...,)\l,)\l+171,...,/\m_171,)\m71, 1,...,1),
——
s+m—I+1

where \; 2 2,..., A 22, 5 20, and T;(F;(n)) denote the number of distinct -
transversals of any reduced frequency square Fj(n;A1,...,A\m,1,...,1) in the j-th
isotopy class of reduced squares which contains n; reduced squares. ]

Note that Lemma 3.1 requires \,, # A; for all i # m. Alternatively, one can
sum over all the reduced frequency squares and then this assumption is not needed:

Lemma 3.5. For any frequency vector (A1,..., Am,1,...,1) of n, let f be the
——

S
number of distinct reduced frequency squares with this frequency vector. Then

(/\1, . : /\m) </\1 —nl_l : /\m> iTm(Fj(n))

j=1

=F(m; A, Am—1sAm — 1,1,...,1)
——
s+1

where Ay, > 2, s > 0, and T,,(F;j(n)) denotes the number of distinct m-transversals
of the reduced frequency square Fj(n; \1,...,A\m,1,...,1) and the sum is over the
f different reduced frequency squares. O

Theorem 3.6. For any frequency vector (A1,...,Am,1,...,1) of n, let [ be the
——

S
number of distinct reduced frequency squares with this frequency vector. Then

()Gt ) jﬁ;Tme» (B ()

=Fm; A, A 01— Lo Ao — LA — 1, 1,001,

——
s+m—I+1

where A\ = 2,..., Ay = 2, s 2 0, and T;(F;(n)) denote the number of distinct

I-transversals of the reduced frequency square Fj(n;\,...,Am,1,...,1) and the

sum is over the [ different reduced frequency squares. O
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The following is a well known result for derangements. When it is reinterpreted
for frequency squares, it gives a formula to compute the number of 1-transversals
of a frequency square with frequency vector (n — 1,1).

Lemma 3.7. Let Ty (F(n;n—1,1)) be the number of 1-transversals of an F(n;n—
1,1) frequency square. Then

T (Fnyn—1,1)=mn-1)(Th(F(n—1;n—-2,1))+ T1(F(n— 2;n — 3,1)))

" (1)
—uy C 0
=2

Note that this is the number of derangements of n symbols. The above result,
together with Lemma 3.1, and the fact that there is only one isotopy class for
frequency squares F(n;n — 1,1) with (n — 2)! reduced frequency squares is used
to obtain a formula for the number of frequency squares F(n;n — 2,1, 1) for any
n > 3.

Theorem 3.8. Let F(n;n — 2,1,1) be the number of frequency squares with fre-
quency vector (n —2,1,1). Then,

F(nyn—2,1,1) = n!nlz (=D . O

The number of reduced frequency squares f(n;n—2,1,1) for n < 8 where given
in [1] and [7]. Theorem 3.8 gives a formula for the value of f(n;n—2,1,1) for any
n = 3.

Corollary 3.9. Let f(n;n — 2,1,1) be the number of reduced frequency squares
with frequency vector (n —2,1,1). Then,

_ - ~ (=1
flisn—2,1,1) = (n=3)!(n—2)ln Y o
=2
n | f(n,n—2,1,1)
7 | 7416
8 254280
9 12014640

10 | 747578160
11 | 59329146240
12 | 5814256049280
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4. Transversals and latin rectangles

Let T1(n;n — 1,1) be the number of 1-transversals of an F(n;n — 1,1) frequency
square. Consider the two line latin rectangles with first row 1,2,3:

1 2 3 1 2 3
R1:<2 3 1>’ R2:<3 1 2)'

We can associate 1-transversals to the above two line latin rectangles as follows.
Consider the frequency square

2 1 1
Fd(3)<1 2 1).
11 2

with 2’s on the main diagonal. The 1-transversal of Fj;(3) associated to Rj is

{(1,2),(2,3),3, D},

and the 1-transversal associated to Ry is

{(1,3),(2,1),(3,2)}-

Note that there are correspondences {(1,2),(2,3),(3,1)} — (2 3 1) and
{(1,3),(2,1),(3,2)} — (31 2).

We can generalize this construction for any n since no 1-transversal of the
frequency square Fy(n) with 2’s in the diagonal will contain the pair (i,7) for

i=1,...,n. In general, consider the “diagonal” frequency square of order n
12 - 1
Fy(n) = : . (4)

Note that the set of 1-transversals of Fj(n) is

A= {{(1’i1>7 (2,42),- - 7(n’in)} | iy # iy # 0 for k # l}a

and
{(1’7;1)1 (27i2)7 R (na Zn)} = (il ig - Zn)

defines a 1-1 correspondence between the set of 1-transversals A and the set of two

line latin rectangles whose first row is in the natural order 1,2,...,n and second
row is (il ’ig ’Ln)

For m < n, let R(m,n) be the number of m line latin rectangles of order n
whose first row is in standard order 1,2,...,n.

Corollary 4.1. For eachn > 2, R(2,n) = Ti(n;n —1,1). O
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The correspondence of pairs of disjoint 1-transversals of F;;(n) and 3 line latin
rectangles is similar. Consider the diagonal frequency square (4) and note that
the set of pairs of disjoint 1-transversals of this square is

A= {{{(la Z.1)7 (2ai2)7 T (n,zn)} ) {(I’jl)a (27j2)’ ) (nv ]n)}} |
i, Ji # Uik # i and i, # ji for k # 1, and iy, # ji.}

Now each element in A (a pair) defines the last two rows
(il ig - in):(jl J2 - ]n)

of a three line latin rectangle with first row in the natural order. Since we can in-
terchange the order of the last 2 rows, we have 2 different three line latin rectangles
with first row in the natural order for each element in A. Let Tl(m)(n; n—1,1) be
the number of sets of m disjoint 1-transversals of the frequency square (2). Hence

T (nyn —1,1) = Ty(nyn — 1,1).
Corollary 4.2. For eachn > 3, R(3,n) = 2T1(2) (nyn —1,1). O

The construction for m line latin rectangles is similar: the set A is the set of
all sets of m — 1 disjoint 1-transversals of (4). Each element in A gives m — 1 rows
of the m line latin rectangle. There are (m — 1)!, m line latin rectangles for each
element in A.

Corollary 4.3. For 1 <m < n, R(m,n) = (m — l)lTl(mfl)(n; n—1,1). O
See page 142 of [2] for the number of m line latin rectangles of order n < 11.

Corollary 4.4. For each n > 2, Tl(nfl)(n;n —1,1) = I,,, the number of reduced
latin squares of order n. O

5. Relating the numbers of frequency squares
with two different frequency vectors

In this section we extend our results from Section 2 in order to be able to go from
one frequency vector to another, not just from a given frequency vector to the
vector (1,...,1) involving latin squares.

Let A1 +--- 4+ \,, be a partition of n. Another partition

/

)\’11+...+)\161+...+)\;nl+..._|_)\;ne7n

of n is a refinement, if for each i = 1,...,m, \; = Aj; +---+ A . In this case, will
call (\iq,. .., Ane,, ) & refinement vector of (A,..., Am)
For each i = 1,...,m, we have \;n cells (\; in each row and column) in the

F(n;A1,...,A\nm) frequency square containing the symbol i. For each i =1,...,m,
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we now form an (\j;,..., A, )-array containing e; disjoint blocks. The first block
has Xj;n cells with A}; cells in each row and column. Continuing, the e;-th block
has A}, n cells with A= cells occurring in each row and column.

In Section 2, to construct latin squares from frequency squares, we replaced the
values of the «cells given by each of the i-transversals of an
i-partition by a symbol, one symbol for each transversal, hence \; symbols for
each i-partition. Now, to construct frequency squares with frequency vector

(n; A1, -5 Ape,,. ), we will replace the values of the cells given in each block of
a (Aj1,. .-, A, )-array by a symbol, one symbol for each block, hence e; symbols

for each (X, ..., A, )-array.

Let ;(F') be the number of such arrays arising from the symbol ¢ which occurs
in the reduced frequency square F' = F(n;A1,...,\y). Following the proof of
Lemma 2.1, one can prove that the product § = 61(F) - - - d,,,(F) is invariant in an

isotopy class:

Lemma 5.1. Assume that two frequency squares Fy and Fy (of the same order n
and frequency vector) are isotopic. Then the number of arrays from F is the same
as the number of arrays from Fy; that is 61(F1) -« - 0, (F1) = 61(F2) -+ 0, (F2). O

Remark 5. As in Example 2.3, for a fixed ¢, 6;(F}) might not be equal to J;(F3),
but, since we are considering all the symbols in the product, we get that we have
01(F1) -+ Om(F1) = 61(Fo) - - 6y (F2).

We now obtain a theorem that extends the result in Theorem 2.4:

Theorem 5.2. If A = (A1,...,\) s a frequency vector of n and (Njy,..., N\ )
is a fized refinement vector of A, then

A(niA1,-5Am)

n n—1 .
Y P B |
<)\1,...,)\m)<)\1—1,...,/\m> > mPerl e

=1

n n—1
- NN
<A’117--~,A;mm)(Aal—L...,%m)f(”’ e Ame,,)
=F(n; N1, Ae,)

where 6) denotes the number of distinct arrays (as defined above) of any reduced
frequency square F\(n; A1, ..., A\p,) in the j-th isotopy class of reduced squares which
contains n; reduced squares. [

As the proof of this theorem is similar to the proof of Theorem 2.4 in Section
2 for determining the total number of latin squares from reduced F(n;A1,..., Am)
frequency squares, we omit the proof and instead, provide the reader with the
following illustrative example.

We start with reduced F'(5;4,1) frequency squares and determine the total
number of F(5;2,2,1) frequency squares. There is only one isotopy class and
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(5 — 2)! reduced frequency squares with the frequency vector (4,1). Consider

11 1 1 2
11 1 2 1
F=11 2 1 1.
1 2 1 1 1
21 1 1 1

There are (4)(5)=20 cells containing the symbol 1. Form a (2,2)-array con-
taining 2 blocks with 10 cells each, 2 per row and column. This is the same as
considering a partition and selecting 2, 1-transversals to construct one block and 2
other 1-transversals to construct the other block. For example, from the partition

P={(1,1),(2,2),(3,4),(4,3),(55)},{(1,2),(2,3), (3,5), (4, 1), (5,4)} ,
{(1,3),(2,5),(3,1),(4,4),(5,2)},{(1,4),(2,1), (3,2), (4,5), (5,3)},
{(1,5),(2,4),(3,3),(4,2), (5 1)}},

one can form an array {B;, B2} with the two blocks
By ={(1,1),(2,2),(3,4),(4,3),(5,5),(1,2),(2,3),(3,5), (4, 1), (5,4)} ,

By ={(1,3),(2,5),(3,1),(4,4),(5,2),(1,4),(2,1),(3,2), (4,5), (5,3) } -

The 1’s in B; can be changed to 3’s to obtain

3 3 1 1 2
1 3 3 2 1
FF=11 2 3 3.
3 2 3 1 1
2 1 1 3 3
Note that there are e;! = 2! ways to replace the symbol 1 using this array.

There are a total of 6; = 108 distinct arrays containing the symbol 1. Theorem
5.2 implies that there are 72 reduced frequency squares F(5;2,2,1), which agrees
with the results from [1].
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Some results on E-inversive semigroups

Roman S. Gigon

Abstract. In the paper we study E-inversive semigroups. We show that E-inversive semigroups
are M-semigroups and we prove that M-biordered sets arise from E-inversive semigroups. More-
over, some connections between bi-ideals of an E-inversive semigroup .S and bi-order ideals, order
bi-ideals of the biordered set Eg of S are given. Further, some results of Janet Mills concerning
matrix congruences on orthodox semigroups are generalized to E-inversive E-semigroups. Also,
we prove that the class of all E-inversive semigroups is structurally closed.

1. Introduction and preliminaries

In the paper we present some results on E-inversive semigroups. The main result
of this article is Theorem 2.18 i.e. we show that every M-biordered set arises from
some E-inversive semigroup. Our proof of this result is quite simple. Proving this
result we used the characterization of the M-set of a semigroup (see Prop. 2.12)
and an important Easdown’s result (that is, every biordered set comes from some
semigroup). Moreover, we can show in a similar way Nambooripad’s Theorem
(i.e., each regular biordered set comes from some regular semigroup). The proofs
of this result were more complicated, see [2, 13]. Also, some equivalent conditions
for a semigroup to be E-inversive are given (Corollaries 2.4, 2.11). Further, some
connections between bi-ideals of an E-inversive semigroup S and order bi-ideals,
bi-order ideals of the biordered set Eg are presented in this work (see Prop. 2.14
and Th. 2.16). Moreover, we give some remarks concerning matrix congruences on
E-inversive (E-)semigroups (see Cor. 2.7 and Th. 2.10). Finally, we prove that the
class of E-inversive semigroups is structurally closed (Cor. 2.6).

Let S be a semigroup, a € S. The set W(a) = {x € S : © = zax} is called
the set of all weak inverses of a, and so the elements of W (a) will be called weak
inverse elements of a. A semigroup S is called E-inversive iff for every a € S there
exists € S such that az € Eg, where Eg (or briefly F) is the set of idempotents
of S (more generally, if A C S, then E4 denotes the set of all idempotents of A).
It is easy to see that a semigroup S is E-inversive if and only if W (a) is nonempty
for all @ € S. Hence if S is E-inversive, then for every a € S there is z € S such
that ax,za € Eg (see [10, 11]).

Further, by Reg(S) we shall mean the set of reqular elements of S (an element
a of S is called regular if a € aSa) and by V(a) = {z € S : a = aza,z = zaz} the
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set of all inverse elements of a. It is well known that an element a of S is regular
iff V(a) # 0, so a semigroup S is regular iff V(a) # () for every a € S |6]. Finally,
a semigroup S is said to be eventually reqular if every element of S has a regular
power [4]. Clearly, eventually regular semigroups are E-inversive.

In [5] Hall observed that the set Reg(S) of a semigroup S with Fg # @) forms a
regular subsemigroup of S iff the product of any two idempotents of S is regular.
In that case, S is said to be an R-semigroup. Also, we say that S is an E-semigroup
if ES2 C Es.

A subsemigroup B of a semigroup S is said to be a bi-ideal of S if BSB C B.
It is clear that there exists the least bi-ideal (X) containing a nonempty subset X
of S. One can easily seen that (X) is of the form: X U X% U XSX [1].

A nonempty subset A of a semigroup S is called a quasi ideal iff ASNSA C A.
Note that every quasi ideal A of S is a bi-ideal of S and each one-sided ideal of S is
a quasi ideal of S, so it is a bi-ideal of S. If ) £ C' C S, then (CUSC)N(CUCS)
is the smallest quasi ideal of S containing C.

Each subsemigroup eSe of a semigroup S, where e € Eg, will be called a local
subsemigroup of S. Furthermore, we say that a semigroup S with Eg # 0 is locally
E-inversive iff every local subsemigroup of S is E-inversive.

By a rectangular band we shell mean a semigroup M with the property aba = a
for all a,b € M. Note that in that case, M = Ej;. Also, we say that a congruence
p on a semigroup S is a matriz congruence if S/p is a rectangular band [9].

Some background material on biordered sets will be useful. For a definition of
a biordered set, its related axioms and concepts see [13, 3, 2]. Let S be a semigroup
with Fg = F # (). Define

Ww={(e,f/)EEXE: ef=¢}, W ={(e,f)e ExXE: fe=¢e},
<=wno", L=w'nWH™!, R=w nw"™
Dp={(e,f)e ExE:ef =eoref =for fe=eor fe= f}.

Then the partial algebra E with domain Dg is a biordered set, Th. 1.1 (al) [13].
It is easy to see that the relation < is the natural partial order on the set E, and
if e, f € E, then (e, f) € L [R] iff (e, f) € £ [R] (in a semigroup S), where £,R
are Green’s relations on S. Furthermore, the relations w' and w” are quasi-orders
on E. For p=w! or p=w" and any e € E, we put p(e) = {g € E: (g,¢) € p}.

Let E be a biordered set and e, f € E. We define the M-set M (e, f) of e, f by
M(e, f) =Wl (e)Nw"(f) ={g € E:g=ge= fg}. Also, define the sandwich-set
S(e, f) of e, f [13] by

S(e, f)={g € M(e,f): (vh € M(e, f)) (eh,eg) € ", (hf,gf) € w'}.

Moreover, we define E to be an M-biordered set iff M(e, f) # 0 for all e, f € E.
Let S be a semigroup with Eg # 0. We say that S is an M-semigroup if Es is
an M-biordered set. Finally, a subset F' of Eg is called an order bi-ideal of Eg iff
M(e,f)C Fforalle, feF.
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The following result is probably known:

Lemma 1.1. Let S be an R-semigroup, e, f € Eg. Then:

Sle,f) ={g € Mle, f):egf =eft ={g€ Me,f) : g e V(ef)} = fV(ef)e.

Proof. Denote the above four sets by A, B, C and D, respectively.

If g € B, then fge = g, so efgef = eqgf = ef,gefg = gg =g ie., g € Vief).
Thus B C C.

If g€ C, then g = fge and g € V(ef). Hence g € fV(ef)e. Thus C C D.

Let g = fxe for some x € V(ef). Then clearly g € M(e, f). If h € M(e, f)
(i.e. fh = h = he), then (eg)(eh) = efreech = efze(fh) = (efzef)h = efh = eh.
Thus (eh, eg) € w", and similarly (hf,gf) € &', so g € A. Consequently, D C A.

Finally, let g € A,z € V(ef). Then fze € D C A. In particular, eg R efxe
(by the definition of A). Hence

egf = el(ge)f = (eg)(ef) = eglefref) = (eg - efwe)f = efref = ef.
Thus g € B, as exactly required. O

Let S be an R-semigroup. A subset F' of Eg is called a biorder ideal if and
only if the following two conditions hold:

(i) Ve€Eg,feF)e< f=ecF;

(i) (Ve,f € F) S(e, f)NF #£10.

2. The main results

Proposition 2.1. Let S be a semigroup. The following conditions are equivalent:
(1) S is E-inversive;

(ii) every bi-ideal of S contains some idempotent of S;
(#i1) every quasi ideal of S contains some idempotent of S;
(iv) every ideal of S contains some idempotent of S.

Proof. (i) = (ii). Let B be a bi-ideal of S, b € B and x € W (b?). Then = = zbbx.
Hence (bzb)? = b(xbbz)b = bxb € BSB C B. Thus bxb € Ep.

(14) = (#i1) = (iv). This is evident.

(tv) = (7). Let a € S. By assumption SaS has at least one idempotent, that
is, xay = e for some z,y € S, e € Eg, so exaye = e. Hence yexayer = yex. Thus
yex € W(a). O

Lemma 2.2. Every E-inversive semigroup S s locally E-inversive.

Proof. Let a € eSe, where ¢ € Eg, x € W(a). Then = zax = z(eae)x. It follows
that exe = (exe)a(exe). Thus exe € W(a) in eSe, as exactly required. O

Corollary 2.3. Every bi-ideal of an E-inversive semigroup S is E-inversive.
Hence a semigroup S is E-inversive if and only if every bi-ideal of S is E-inversive.
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Proof. Let B be a bi-ideal of S and b € B. By Proposition 2.1, B contains some
idempotent of S, say e. By Lemma 2.2, eSe € BSB C B is E-inversive and so
(ebe)y € Eege for some y € eSe. Hence (eb)(ey) € Eese, say (eb)(ey) = f, where
ey € e(eSe) = eSe. Therefore f(eb)eyf = f, so eyf(eb)eyf = eyf. We conclude
that there exists x € W(eb) in B (for example: = = (ey)f € (eSe)(eSe) C B), so
x = zebx. Thus (ze)b(re) = ze and xze € Be C B. Consequently, B is E-inversive
(remark that even ze = ey fe € eSe). O

Let a semigroup S (with Es # 0) be locally E-inversive, b € S and e € Eg.
Consider the least bi-ideal, say B, of S containing the set {e,b}. Note that (¢) C B
i.e., eSe C B. From the proof of Corollary 2.3 and from Lemma 2.2 we obtain:

Corollary 2.4. A semigroup is E-inversive if and only if it is locally E-inversive.

In [7] S. Kopamu defined a countable family of congruences on a semigroup S,
as follows: for each ordered pair of non-negative integers (m,n), he put:

Omn ={(a,b) € SxS: (Ve € S yeS") zay = zby},

and he made the convention that S' = S and S° denotes the set containing the
empty word. In particular, ¢ is the identity relation on S. Let C be a class of
semigroups of the same type 7 (for example: the class of E-inversive semigroups);
call its elements C-semigroups. A semigroup S is called a structurally C-semigroup
it S/0,, € C for some integers m,n > 0. Further, denote by SC the class of all
structurally C-semigroups. It is clear that C C SC. Finally, we say that the class
C is structurally closed if C = SC [§].

Lemma 2.5. FEvery structurally E-inversive semigroup is locally E-inversive.

Proof. Let S be a structurally E-inversive semigroup, say S/, is E-inversive;
a € eSe, where e € Fg. Since the class of E-inversive semigroups is closed under
homomorphic images, then we may suppose that m, n are both positive integers.
Moreover, a = eae, (x,xax) € Oy, ,, for some z € S. Hence e™xe™ = e™xaxe™, that
is, exe = exaxe = ex(eae)xe and so exe = (exe)a(exe). Therefore exe € W(a) in
the semigroup eSe. Consequently, S is locally F-inversive. O

Combining the above lemma with Corollary 2.4 we obtain the following:
Corollary 2.6. The class of all E-inversive semigroups is structurally closed. [
By the trace trp of a congruence p on a semigroup S we mean p N (Eg X Eg).

Corollary 2.7. If p is a matriz congruence on an E-inversive semigroup S, then
every p-class of S is E-inversive.

Moreover, every matriz congruence on an E-inversive semigroup is uniquely
determined by its trace.
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Proof. The first part follows from Corollary 2.3 and the following easy observation:
if A is any p-class of S, where p is a matrix congruence on S, then A is a bi-ideal.

We show the second part. Let p;, po be matrix congruences on an E-inversive
semigroup S, trp; C trps, e € Fg. If a € epy, then there exists z € W(a) in ep;.
Hence az(trp; )e(trp; )za and so ax(trps)e(trps)xa. Therefore we get a py axxa ps e
ie., a € epa. Thus p; C pa. Consequently, if trp; = trpg, then p1 = po. O

Remark 2.8. The second part of the above corollary generalizes Theorem 2.1 [9].
One can modify all results of J. Mills in Section 2 of [9] for E-inversive E-semi-
groups. Denote by v the least matrix congruence on a semigroup S. It is clear
that the interval [¢), S x S] consists of all matrix congruences on S and it is a
complete sublattice of the lattice of all congruences on S. Denote it by MC(S5).
Moreover, if S is an E-semigroup, then the symbol MC(Eg) means the complete
lattice of matrix congruences on Eg.

For terminology and elementary facts about lattices the reader is referred to
the book [14] (Section I1.2). The following result will be useful (see Lemma I1.2.8
and Exercise 1.2.15 (iii) in [14]):

Lemma 2.9. If ¢ is an order isomorphism of a lattice L onto a lattice M, then ¢
is a lattice isomorphism. Moreover, every lattice ismomorhism of complete lattices
18 a complete lattice isomorphism. [

In particular, the following theorem is valid (see Theorems 2.5, 2.6 and Corol-
lary 2.7 in [9]):

Theorem 2.10. Let S be an E-inversive E-semigroup. Suppose also that the least
matriz congruence on Eg can be extended to a matriz congruence on S. Then each
matriz congruence on Eg can be extended uniquely to a matriz congruence on S.
In fact, if it is the case, then for any matriz congruence pg on Eg, the relation p
defined on S by:

(a,b) € p = (Fe, f€Es) (ave)pp(fb)

is the unique matrix congruence on S which extends pg. Thus there is an inclusion-
preserving bijection 0 between the lattice MC(S) and the lattice MC(Eg). In fact,
0 is defined by:

0:p—trp

for every p € MC(S). Furthermore, 6= is an inclusion-preserving bijection, too
(by the proof of the second part of Corollary 2.7), so 0 is an order isomorphism of
the lattice MC(S) onto the lattice MC(Es). Consequently, 0 is a complete lattice
isomorphism between the complete lattices MC(S) and MC(Eg), respectively.
Also, p is a matriz congruence on an E-inversive E-semigroup S if and only if
trp is a matriz congruence on Eg and every p-class of S contains some idempotent

of S. O
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Clearly, every semigroup S is an ideal (of S) and so S is a bi-ideal. Also, if A
is a left, [right or bi-] ideal of S, a € A, then the principle left [right or bi-] ideal of
S containing a is contained in A. Thus by Proposition 2.1 and Corollary 2.3 we
obtain the following:

Corollary 2.11. Let S be a semigroup. The following conditions are equivalent:
(1) S is E-inversive;
(ii) every left [right] (principle) ideal of S contains some idempotent of S,
(#i1) every (principle) ideal of S contains some idempotent of S

<

(iv) every (principle) quasi ideal of S contains some idempotent of S;
(v) every (principle) bi-ideal of S contains some idempotent of S;
(vi

(vit) every (principle) quasi ideal of S is E-inversive;

(viii) every (principle) left [right] ideal of S is E-inversive;

)

) )

) ( )

) ( )

) every (principle) bi-deal of S is E-inversive;
) ( )

) ( )

) ( )

(ixz) every (principle) ideal of S is E-inversive. O

Proposition 2.12. Every E-inversive semigroup S is an M-semigroup. In fact,

M(e, f) = fW(ef)e
foralle, f € Eg.

Proof. Let g € M(e, f), where e, f € Eg. Then g = fge. Also, gefg = gg = g and
so g € W(ef). Consequently, g € fW(ef)e.

Conversely, if g = fze for some z € W(ef), then gg = f(zefx)e = fze = g.
Hence g € Eg. Clearly, g = ge = fg. Thus g € M (e, f), as required. O

Remark 2.13. The free monoids are M-semigroups but they are not F-inversive.
Note that in [4] Edwards shows that eventually regular semigroups are M-semi-
groups and gives an example of an M-biordered set which does not arise from
eventually regular semigroups.

In the following three results are presented some connections between bi-ideals
of an F-inversive semigroup S and order bi-ideals, bi-order ideals of the biordered
set Eg.

Proposition 2.14. Let S be an R-semigroup. Then F is an order bi-ideal of Eg
if and only if F is a biorder ideal of Eg.

Proof. Let F be an order bi-ideal of Eg. Then S(g,h) C M(g,h) C F for every
g,h € F,s0 S(g,h) N F = S(g,h) # 0, since S is an R-semigroup (Lemma 1.1).
Also, if e € Eg, then for every f € F such that e < f (i.e., e = ef = fe) we have
e € W(f). Consequently, e = fef € fW(ff)f = M(f,f) C F. Therefore F is a
biorder ideal of Eg.

The proof of the opposite implication is similar to the proof of Theorem 1 [1]
and is omitted. O
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Lemma 2.15. Let B be a bi-ideal of an E-inversive semigroup S. Then Ep is an
order bi-ideal of Es.

Proof. Let B be a bi-ideal of S,g,h € Eg,e € M(g,h). Then e = hxg for some
x € W(gh) (Proposition 2.12), so e € BSB C Bi.e., e € Eg. Thus M(g,h) C Eg
for all g,h € Ep. Consequently, Eg is an order bi-ideal of Eg. O

The following theorem generalizes Theorem 2 [1].

Theorem 2.16. Let S be an E-inversive semigroup and B be a bi-ideal of S.
Then Eg is an order bi-ideal of Eg. Also, A= EgSEpg is an E-inversive bi-ideal
of S such that E4 = Epg.

Conversely, if F is an order bi-ideal of Eg, then B = FSF is an E-inversive
bi-ideal of S such that Fg = F.

Proof. Indeed, Ep is an order bi-ideal of Eg. It is clear that A is a bi-ideal of .S
and so A is E-inversive (Corollary 2.3). Also, F4 = Ep, since BSB C B.
We may show in a similar way the second part of the theorem. O

Finally, we show that every M-biordered set F arises from some FE-inversive
semigroup. Firstly, we have need the following important Easdown’s Theorem:

Theorem 2.17. (Corollary from Theorem 3.3 [3]) Every biordered set comes from
some semigroup. O

We say that an element a of a semigroup is E-inversive if W(a) # 0.
The following theorem is the main result of the paper.

Theorem 2.18. Each M -biordered set E arises from some E-inversive semigroup.

Proof. Let E be an M-biordered set. By Easdown’s Theorem there exists some
semigroup S with Fg = E. Since Eg is M-biordered, then M (e, f) is nonempty for
all e, f € FEg, so by Proposition 2.12, W(ef) # () for all e, f € Es. We show that
the set T (say) of all E-inversive elements of S forms an E-inversive subsemigroup
of S. Clearly, Es C T and so T # (). Moreover, if W(a), W(b) are nonempty,
then za,by € Eg for some z,y € S. Thus W(zaby) # 0 and so s = swabys for
some s € S. It follows that ysx = ysz(ab)ysxz. Therefore W (ab) # 0. We conclude
that E is the set of idempotents of an E-inversive semigroup T (since if ¢t € T' and
z€W(t)in S, then z € Reg(S) CT,sox € W(t)in T). O

Remark 2.19. A biordered set E is called regular if S(e, f) # () for all e, f € E.
By Hall’s result, Easdown’s Theorem and Lemma 1.1 we obtain Nambooripad’s

Theorem [13]:

Theorem 2.20. Every reqular biordered set comes from some reqular semigroup.
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On fuzzy ordered semigroups
Niovi Kehayopulu and Michael Tsingelis

Abstract. There are two equivalent definitions of a fuzzy right ideal, fuzzy left ideal, fuzzy
bi-ideal or fuzzy quasi-ideal f of an ordered semigroup (or a semigroup) S in the bibliography.
The first one is based on the fuzzy subset f itself, the other on the multiplication of fuzzy sets
and the greatest fuzzy subset of S. Investigations in the existing bibliography are based on the
first definition. The present paper serves as an example to show that using the second definition
the proofs of the results can be simplified, drastically in some cases, using only the definitions
themselves.

1. Introduction and prerequisites

As we have seen in [6], there are two equivalent definitions for each of the following:
Fuzzy right ideal, fuzzy left ideal, fuzzy bi-ideal and fuzzy quasi-ideal. These are
the following;:

Definition 1.1. Let (S,.,<) be an ordered groupoid. A fuzzy subset f of S is
called a fuzzy right ideal of (S, ., <) (or just a fuzzy right ideal of S) if

(1) f(zy) > f(x) for all z,y € S and

(2) if z <y, then f(x) = f(y).

Definition 1.2. Let (S,.,<) be an ordered groupoid. A fuzzy subset f of S is
called a fuzzy right ideal of S if

(1) fol < f and

(2) if z <y, then f(z) > f(y).

Definition 1.3. Let (S,.,<) be an ordered groupoid. A fuzzy subset f of S is
called a fuzzy left ideal of S if

(1) f(zy) = f(y) for all z,y € S and

(2) if z <y, then f(z) > f(y).

Definition 1.4. Let (S,.,<) be an ordered groupoid. A fuzzy subset f of S is
called a fuzzy left ideal of S if

(1) 1o f = f and

(2) if z <y, then f(z) > f(y).

2010 Mathematics Subject Classification: 06F05, 08A72.
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Definition 1.5. Let (5,., <) be an ordered semigroup. A fuzzy subset f of S is
called a fuzzy bi-ideal of S if

(1) f(xyz) = min{f(z), f(2)} for all z,y,z € S and

(2) if z <y, then f(x) > f(y).

Definition 1.6. Let S be an ordered semigroup. A fuzzy subset f of S is called
a fuzzy bi-ideal of S if

(1) folof < f and

(2) if z <y, then f(x) = f(y).

Definition 1.7. Let (S,.,<) be an ordered groupoid. A fuzzy subset f of S is
called a fuzzy quasi-ideal of S if

(1) if # < bs and = < tc for some z,b,s,t,c in S, then f(z) > min{f(b), f(¢)}
and

(2) if x <y, then f(x) > f(y).

Definition 1.8. Let (S,.,<) be an ordered groupoid. A fuzzy subset f of S is
called a fuzzy quasi-ideal of S if

(1) (fel)A(Lof) = fand

(2) if z <y, then f(x) > f(y).

A fuzzy subset f of (S,.,<) is said to be a fuzzy right (resp. left) ideal, fuzzy
bi-ideal or fuzzy quasi-ideal of (S,.) if the following assertions, respectively hold
in (S,.,<): f(zy) > f(x) (resp. f(zy) > f(9)); flzyz) > mind f(z), F()}; o < bs
and z < te imply f(x) > min{f(b), f(c)}.

Definitions 1.1, 1.3, 1.5 and 1.7 are based on the fuzzy subset f itself while in
1.2, 1.4, 1.6, 1.8 the greatest fuzzy subset 1 of S and the multiplication of fuzzy
subsets play an essential role. Investigations in the existing bibliography are based
on Definitions 1.1, 1.3, 1.5 and 1.8. Definition 1.7 has been first introduced by
Kehayopulu and Tsingelis in [6]. The present paper serves as an example to show
that with Definitions 1.2, 1.4, 1.6, 1.8 the proofs of the results can be simplified,
drastically is some cases, using only the definitions themselves.

It has been announced without proof in [7] that an ordered semigroup (.5, ., <)
is intra-regular if and only if for every fuzzy right ideal f, every fuzzy left ideal g
and every fuzzy bi-ideal h of (5, ., <), we have fAhAg = goho f and that it is both
regular and intra-regular if and only if for every fuzzy right ideal f, every fuzzy
left ideal g and every fuzzy bi-ideal h of (S,.,<), we have fAhAg < ho fog.
Some more general situations are given in the present paper. According to the
present paper, if an ordered semigroup (S5, .,<) is intra-regular, then for every
fuzzy right ideal f, every fuzzy left ideal g and every fuzzy bi-ideal h of (S, .), we
have fARAg = goho f. If an ordered semigroup (S, ., <) is both regular and intra-
regular, then for every fuzzy right ideal f, every fuzzy subset g and every fuzzy
bi-ideal h of (S,.), we have f AhAg < ho fog. We also prove that if an ordered
semigroup (S, .,<) is regular, then for every fuzzy right ideal f, every fuzzy left
ideal g and every fuzzy bi-ideal h of (S,.) we have fAhAg = fohog. "Conversely",
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if for every fuzzy right ideal f, every fuzzy left ideal g and every fuzzy bi-ideal h
of (S5,.,<) we have f AL Ag <X fohog, then S is regular. Characterizations of
regular and both regular and intra-regular ordered semigroups in terms of fuzzy
sets have been also given by Xie in [8].

Let (5, .,<) be an ordered semigroup. For a subset A of S, denote by (A] the
subset of S defined by

(Al :={t e S|t < aforsomeac A}.

A nonempty subset A of (S,.,<) is called a left (resp. right) ideal of (S,.,<) (or
just of S) if (1) SA C A (resp. AS C A) and (2) if a € A and S 3 b < a, then
be A. Ais called a bi-ideal of S if (1) ASAC Aand (2)ifa€ Aand S>b<aq,
then b € A. It is called a quasi-ideal of S if (1) (SA]N(AS]C Aand (2)ifac A
and S 3 b < a, then b € A. A nonempty subset A of (S,.,<) is said to be a left
ideal, right ideal, bi-ideal or quasi-ideal of (.S, .) if the relations SA C A, AS C A,
SAS C Aor (AS] N (SA] C A, respectively hold in S. An ordered semigroup
(S, .,<) is called regular if for every a € S there exists z € S such that a < aza.
Equivalently, if A C (ASA] for every A C S. It is called intra-regular if for every
a € S there exist ¥,y € S such that a < za?y. Equivalently, if A C (SA2S] for
every ACS.

Denote by 1 the fuzzy subset of S defined by 1:S — [0,1] | a — 1. The fuzzy
set 1 is the greatest element in the set of fuzzy subsets of S, that is, f < 1 for
every fuzzy subset f of S. If S is a regular or an intra-regular ordered semigroup,
then we have 101 = 1. It is well known that an ordered semigroup S is regular
if and only if for every fuzzy right ideal f and every fuzzy left ideal g of (.S, ., <),
we have f Ag = fog equivalently fAg <X fog[4]. It is intra-regular if and
only if for every fuzzy right ideal f and every fuzzy left ideal g of (S, ., <), we have
fAg=gof][7. Moreover, an ordered semigroup S is regular if and only if for
every fuzzy subset f of S, we have f < folo f[6]. It is intra-regular if and only
if for every fuzzy subset f of S, we have f < 10 f201 [5]. If (S, ., <) is an ordered
groupoid, f,g fuzzy subsets of (S,.) and f < ¢ then, for any fuzzy subset h of
(S,.), we have foh <gohand ho f < hog (cf. also [4]). It is also well known
that if S is a semigroup or an ordered semigroup, then the multiplication of fuzzy
subsets of S is associative (cf. [3]). For the definitions and notations not given in
the present paper we refer to [4].

2. Main results

The first theorem characterizes the ordered semigroups which are intra-regular
in terms of fuzzy sets. Let us prove it using first the first and then the second
definitions.

Theorem 2.1. Let (S,., <) be an ordered semigroup. If S is intra-regular, then
for every fuzzy right ideal f, every fuzzy left ideal g and every fuzzy bi-ideal h of
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(S,.) we have
fARNg=gohof.

"Conversely", if for every fuzzy right ideal f, every fuzzy left ideal g and every
fuzzy bi-ideal h of (S, ., <) we have fAhAg = gohof, then (S, ., <) is intra-regular.

Proof of Theorem 2.1 using the Definitions 1.1, 1.3, 1.5

We need the following lemmas. As our aim is to compare the two definitions,
we would like to mention everything we use in the proofs. In that sense, for the
sake of completeness, it is no harm to mention the next lemma related to the real
numbers, as well.

Lemma 2.1. If a,b,c,d, e, f are real numbers, then

(1) If a = b and ¢ > d, then min{a, c} > min{b, d}.

(2) min{min{a, b}, ¢} = min{a, b, c}.

B)Ifazb,c>d ande > f, then min{a,c,e} > min{d,d, f}.
Lemma 2.2. (cf. also |2; Proposition 2|) Let (S,.,<) be an ordered groupoid. If
A is a left (resp. right) ideal of (S,.,<), then the characteristic function fa is a
fuzzy left (resp. fuzzy right) ideal of (S,.,<). "Conversely”, if A is a nonempty
set and fa a fuzzy left (resp. right) ideal of (S, ., <), then A is a left (resp. right)
ideal of (S, .,<).

Lemma 2.3. (cf. also [7; Lemma 4]) Let (S,.,<) be an ordered semigroup. If B
is a bi-ideal of (S,.,<), then the characteristic function fp is a fuzzy bi-ideal of
(S,.,<). "Conversely”, if B is a nonempty set and fp a fuzzy bi-ideal of (S, .,<),
then B is a bi-ideal of (S, ., <).

Lemma 2.4. [4; Proposition 7] If S is an ordered groupoid (or groupoid) and
{A; | i €I} a nonempty family of subsets of S, then we have

/\fA,;me A

iel el

Lemma 2.5. Let S be an ordered semigroup, n a natural number, n > 2 and
{A1,As,..., Ay} a set of nonempty subsets of S. Then we have

Ja,ofa, 0.0 fa, = flaa,..4,

Proof. For n = 2 it is true [4; Proposition 8]. Suppose fa, © fa, 0...0 fa, =
f(A,45...4,,) for a natural number m, m > 2. Then we have

Jayofa, 00 fa, 0 = fa140..4,,) © fAmir = f(A1 A2 A ] As]

= [z An) Ain] = f(A1 454,11
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Lemma 2.6. [4; Proposition 5] If S is an ordered groupoid (or groupoid) and A, B
subsets of S, then we have

ACB << fa=fB.

Taking into account the Proposition 2 and Lemma 2 in [1], one can easily see that
the following lemma is satisfied:

Lemma 2.7. Let (S,.,<) be an ordered semigroup. If (S,.,<) is intra-regular,
then for every right ideal X, every left ideal Y and every bi-ideal B of (S,.) we
have

XNBNY C (YBX].

"Conversely”, if for every right ideal X, every left ideal Y and every bi-ideal B of
(S,.,<) we have X N BNY C (YBX], then S is intra-regular.

Proof of Theorem 2.1

—>. Let f be a fuzzy right ideal, g a fuzzy left ideal, h a fuzzy bi-ideal of (S, .),
and a € S. Since (S, ., <) is intra-regular, there exist ,y € S such that a < xa?y.
Then we have

a < z(za’y)(za’y)y = 2°a’yra’y?,

which implies (z2a%yza,ay?®) € A, ........ (x) and A, # . Then we have

(goh)o f)a):= \/ minf(goh)(u), f(v)} (since A, # 0)

(u,v)€EAL
> min{(g o h)(z*a’yza), f(ay®)} (by (x)).
Since (z%a, ayzra) € Ay242y0q, We have A, 2,2,,, # 0, hence
(g o h)(z*a’yzxa) : = \/ min{(g(w), h(t)}
(w,t)EA,

> min{g(z2a), h(ayza)}.
Then, by Lemma 2.1(1) and (2), we have
((goh)o f)(a) > min{min{g(z>a), h(aywa)}, f(ay®)}

= min{g(z*a), h(ayza), f(ay®)}
= min{f(ay?®), h(ayza), g(x*a)}

Since f is a fuzzy right ideal of (S,.), we have f(ay?) > f(a). Since h is a fuzzy
bi-ideal of (.5, .), we have h(ayxa) > h(a). Since g is a fuzzy left ideal of (5, .), we
have g(z%a) > g(a). Then, by Lemma 2.1(3), we have

((goh) o f)(a) = min{f(a),h(a),g(a)} = (f N Ag)(a).
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As the multiplication of fuzzy subsets is associative, we obtain f AhAg <X goho f.

<. Let X be aright ideal, Y a left ideal, and B a bi-ideal of (5, ., <). By Lemma
2.7 it is enough to prove that X N BNY C (Y BX]. By Lemmas 2.2 and 2.3, fx
is a fuzzy right ideal, fy a fuzzy left ideal and fp a fuzzy bi-ideal of (S,.,<).
By hypothesis, we have fx A fg A fy = fy o fg o fx. By Lemma 2.4, we have

Ix NfB N fy = fxapny. By Lemma 2.5, fy o fgo fx = fypx)- Hence we have
fxnBny = f(YBX]' Then, by Lemma 2.6, XN BNY C (YBX} U

Proof of Theorem 2.1 using the Definitions 1.2, 1.4, 1.6

—>. Let f be a fuzzy right ideal, g a fuzzy left ideal, h a fuzzy bi-ideal of (S, .).
Since f A h A g is a fuzzy subset of S and S is intra-regular, we have

fARNg=1o(fARNGg ol=10(fAhAg)o(fAhAg)ol
<lolo(fAhAg)PPololo(fAhAg)?olol
=1lo(fARANg)o(fARNg)olo(fARANG)o(fARNgG)ol
< (log)o(holoh)o(fol)
<gohof.
<. Let f be a fuzzy right ideal and g a fuzzy left ideal of (S,.,<). Since 1

is a fuzzy right ideal and f a fuzzy bi-ideal of (S, ., <), by hypothesis, we have
fANg=1ANfAg=gofol=<gof, soS isintra-regular. |

The next theorem characterizes the ordered semigroups which are both regular
and intra-regular using fuzzy sets.

Theorem 2.2. Let (S,.,<) be an ordered semigroup. If S is both regular and
intra-regular, then for every fuzzy right ideal f, every fuzzy subset g and every
fuzzy bi-ideal h of (S,.) we have

fAhRNg=hofog.

"Conversely”, if for every fuzzy right ideal f, every fuzzy left ideal g and every
fuzzy bi-ideal h of (S, .,<) we have f AhAg <X ho fog, then S is both regular and
intra-reqular.

Proof of Theorem 2.2 using the Definitions 1.1, 1.3, 1.5

In addition to Lemmas 2.1-2.6 mentioned above, we need the following lemma.

Lemma 2.8. (cf. also [1; Proposition 3]) Let (S, .,<) be an ordered semigroup. If
(S, .,<) is both regular and intra-regular, then for every right ideal X, every subset
Y and every bi-ideal B of (S,.) we have

XNBNY C (BXY].
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"Conversely", if for every right ideal X, every left ideal Y and every bi-ideal B of
(S,.,<) we have X N BNY C (BXY], then (S,.,<) is both regular and intra-
regular.

Proof of Theorem 2.2

=>. Let f be a fuzzy right ideal of (S,.), g a fuzzy subset of S, h a fuzzy bi-ideal
of (S,.), and a € S. Since S is regular, there exists x € S such that a < aza.
Since S is intra-regular, there exist z,y € S such that a < za?y. Then we have

a < az(aza) < ax(za®y)za = axza’yza,

(azza’yx,a) € A,, Aq # 0, and

(hoflogia):= \/ min{(hof)(u),g(v)}

(u,v)EA,
> min{(h o f)(axza’yz), g(a)}.

Since (azza,ayr) € Agyzq2ys, We have Ayy.q2,, # 0, and

(ho fazza’yx): = \/  min{h(w), f(1)}

(w,t)EA,

zza2yax

> min{h(azza), f(ayx)}.
Hence we obtain

((ho f)og)(a) =2 min{min{h(azza), f(ayz)}, g(a)}
= min{h(azxza), f(ayz),g(a)}

Since h is a fuzzy bi-ideal, f a fuzzy right ideal and g a fuzzy subset of S, we
obtain

((ho f)og)(a) > min{h(a), f(a),g(a)} = (f A A g)(a).
<. Let X be a right ideal, Y a left ideal and B a bi-ideal of (S, .,<). Since fx
is a fuzzy right ideal, fy a fuzzy left ideal and fp a fuzzy bi-ideal of (S, ., <), by

hypothesis, we have fx A fg A fy = fpo fx o fy. Then fxapny = f(Bxy], and
XNBNY C (BXY]. By Lemma 2.8, S is both regular and intra-regular. O

Proof of Theorem 2.2 using the Definitions 1.2, 1.4, 1.6

=—. Since S is both regular and intra-regular, for any fuzzy subset f of S, we
have f < folo f201lo f. Indeed: Since S is regular, we have f < folo f. Since
S is intra-regular, we have f < 10 f2 o 1. Thus we have

f=(folof)olof=<folo(lof?ol)olof
:folof2olof,
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Let now f be a fuzzy right ideal, g a fuzzy subset and h a fuzzy bi-ideal of (S,.).
Since f A h A g is a fuzzy subset of S, we have

fARANGS(fARANG)olo(fARNG)o(fARNg)olo(fARAg)
(holoh)o(fol)og

=
Zhofogy.

<. Let f be a fuzzy right and g a fuzzy left ideal of (5, ., <). Since 1 is a fuzzy
right ideal of (5,.,<) and f a fuzzy bi-ideal of (S, ., <), by hypothesis, we have
fAg=1AfAg = folog =X fog, and S is regular. Since g is a fuzzy bi-ideal and 1 a
fuzzy left ideal of (5, ., <), by hypothesis, we have fAg = fAgAl <X gofol <X gof,
and S is intra-regular. O

We finally characterize the ordered semigroups which are regular in terms of fuzzy
sets.

Theorem 2.3. Let (S,.,<) be an ordered semigroup. If S is regular, then for
every fuzzy right ideal f, every fuzzy left ideal g and every fuzzy bi-ideal h of (S,.)
we have

fARNg= fohog.

"Conversely", if for every fuzzy right ideal f, every fuzzy left ideal g and every
fuzzy bi-ideal h of (S,.,<) we have f AhAg = fohog, then S is reqular.

Proof of Theorem 2.3 using the Definitions 1.1, 1.3, 1.5

In addition to Lemmas 2.1-2.6, we need the following lemma.

Lemma 2.9. (cf. also [1; Proposition 1]) Let (S, ., <) be an ordered semigroup. If
S is regular, then for every right ideal X, every left ideal Y and every bi-ideal B of
(S,.) we have

XNBNY C (XBY].

"Conversely"”, if for every right ideal X, every left ideal Y and every bi-ideal B of
(S,.,<) we have X N BNY C (XBY], then S is regular.

Proof of Theorem 2.3

—>. Let f be a fuzzy right ideal, g a fuzzy left ideal, h a fuzzy bi-ideal of (S, .),
and a € S. Then a < aza < (aza)z(aza) for some z € S. Then (axaza,za) € A,,
and

(fohyog)(a):= \/ min{(foh)(u),g(v)}

(u,v)EA,
> min{(f o h)(azazxa), g(xa)}.
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Since (azx,azxa) € Agzaza, We have

(fon)(azaza): = \/  min{(f(w), h(t)}
(w,t)€Aazaza

> min{ f(az), h(aza)}.
Then we have

((f o h) 0 g)(a) = min{min{f(ax), h(azxa)}, g(za)}
= min{ f(ax), h(aza), g(za)}
= min{f(a), h(a), g(a)}
= (f AR Ag)(a).
Hence we obtain fAhRAg =X fohog.

<. Let X be a right ideal, Y a left ideal, and B a bi-ideal of (5, ., <). Then fx
is a fuzzy right ideal, fy a fuzzy left ideal and fp a fuzzy bi-ideal of (S, .,<). By
hypothesis, we have fx A fg A fy = fx o fgo fy. Since fx A fB A fy = fxnBny

and fy o fp o fx = fvpx], we have fxnpny = f(ypx)- Then, by Lemma 2.9,
XNBNY C (XBY], and S is regular. O

Proof of Theorem 2.3 using the Definitions 1.2, 1.4, 1.6

—. Let f be a fuzzy right ideal, g a fuzzy left ideal, h a fuzzy bi-ideal of (S, .).
Since S is regular and f A h A g a fuzzy subset of .S, we have

fARANGS(fARANG)olo(fARAg)
X (fARANg)olo(fARANg)olo(fARANg)olo(fARAg)
=< (fol)o(holoh)o(log)
< fohog
<. Let f be a fuzzy right ideal and g a fuzzy left ideal of (.5,., <). Since 1 is a

fuzzy bi-ideal of (.5, ., <), by hypothesis, we have fAg = fAIAg X fo(log) <X fog,
and S is regular. g

As a conclusion, we have the following

Theorem. An ordered semigroup S is intra-regqular (resp. regular) if and only if
for every fuzzy right ideal f, every fuzzy left ideal g and every fuzzy bi-ideal h of
S we have f AhANg < gohof (resp. fARNg = fohog). Itis both regular
and intra-regular if and only if for every fuzzy right ideal f, every fuzzy left ideal
g and every fuzzy bi-ideal h of S, we have f AhANg<ho fog.
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Varieties of rectangular quasigroups

Aleksandar Krapez

Abstract. For the given variety V of quaisgroups, the class of all rectangular YV -quasigroups is
defined as the class of all groupoids isomorphic to L x @ x R, where Q € V and L(R) is a left
(right) zero semigroup. The identities axiomatizing the new class are given, proving that it is a
variety in the language of the original variety.

1. Introduction

In the papers [6], [7] and [8], the so called rectangular loops and rectangular
quasigroups were defined.

Definition 1.1. Groupoid is a rectangular quasigroup (loop) iff it is isomorphic to
the direct product of a left zero semigroup, a quasigroup (loop) and a right zero
semigroup.

Several different axiomatizations for both these structures were given and the
problems of the axiomatization by independent systems of axioms were posed.

In their paper [5] M. Kinyon and J. D. Phillips solved these problems by giving
the following axioms:

(RQ1) o\rx =z
(RQ2) vr/z =1
(RQ3) z(z\y) = z\ry
(RQ4) (=/y)y = zy/y

(RQ5) (@\y\((2\y) - zu) = (2\zz)u

(RQS6) (zy - (2/u))/(2/u) = 2(yu/u)

2010 Mathematics Subject Classification: 20N02, 20N05, 08B25, 08A5016Y60
Keywords: rectangular V—quasigroup, axiomatization, axiom independence.
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(RL) 2\z(y\y) = (z/x)y/y

The system (RQ1)—(RQ6) axiomatizes rectangular quasigroups and, if we add
(RL) to it, we get axioms for rectangular loops.

In this paper we give some new axiomatizations of rectangular loops. More
importantly, if V is a quasigroup variety, we give an axiomatization of the variety
of rectangular V-quasigroups.

2. Axioms for rectangular V—quasigroups

We need to adjust the types of (equational) quasigroups and left (right) zero
semigroups. To achieve this we extend the language of groupoids with further
operations.

Definition 2.1. Let L = {-,\, /} be the language of quasigroups and M a further
(possibly empty) set of operation symbols disjoint from L. The language L =LuM
is an extended language of quasigroups.

The language L, = {-,\,/,e}, obtained from L by the addition of a single
constant, is the language of loops.

Definition 2.2. A left (right) zero semigroup is an algebra in L satisfying iden-
tities z\y = z/y = zy and zy = z(xy = y).

Definition 2.3. Let V be a variety of quasigroups in an extended language L.
An algebra in the language Lisa rectangular V—quasigroup if it is isomorphic to
the direct product of a left zero semigroup, a quasigroup from the variety V and
a right zero semigroup.

There are three exceptions to the definition above. In the Section 3 (4) we con-
sider rectangular left (right) symmetric quasigroups which have only two binary
operations. But in that case one of the division operations coincide with multiplica-
tion, so this algebra is equivalent to the (proper) rectangular left (right) symmetric
quasigroup with three binary operations. Similarly, for TS—quasigroups in which
both division operations are equal to multiplication, rectangular TS—quasigroups
are just special groupoids.

Theorem 2.4. Let V be a variety of quasigroups satisfying additional identities
si =t; (i € I) in an extended language L and let = be a variable which does not
occur in either s; or t;. Then the variety OV of rectangular V—quasigroups can be
aziomatized by (RQ1)-(RQ6) together with (for all i € I):

Proof. Left (right) zero semigroups as well as all V—quasigroups satisfy (RQ1)—
(RQ6) and all (V;) (i € I). So do their direct products i.e. rectangular V-
quasigroups.
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If an algebra satisfies (RQ1)—(RQ6) then it is a rectangular quasigroup. Since
all (V;) are satisfied, the quasigroup factor has to satisfy them too. But in quasi-
groups identities (V;) are equivalent to s; = ¢; and these define V. O

Theorem 2.5. Theorem 2.4 remains valid if we replace (V;) by any of the following
identities:
zo(s;ox)=zo0(t;ox)

(xosj))ox=(zxot;)ox
z/(si\r) = (z/t:)\@
zo(s;oy)=xzo (t;oy)
(xos))oy=(xot;) oy
where x,y do not occur in s;,t; and o,o € {-,\,/}.

Proof. In the proof of Theorem 2.4 we can replace any (V;) by some of the above
identities which are, in quasigroups, equivalent to s; = ¢;. The line of reasoning
remains the same. O

Definition 2.6. head(t)(tail(t)) is the first (last) variable of the term .

Theorem 2.7. The equality uw = v is true in all rectangular V—quasigroups iff
head(u) = head(v) , tail(u) = tail(v) and u = v is true in all V-quasigroups.

Proof. In one direction the theorem is true because projections are epimorphisms
and so preserve identities. The converse is true because direct products also pre-
serve identities. O

Theorem 2.8. Theorem 2.4 remains valid if we replace (V;) by any of the following
identities:
siox =t;ox (if head(s;) = head(t;))

xos; =xot; (if tail(s;) = tail(t;))
s; = t; (provided both head(s;) = head(t;) and tail(s;) = tail(t;))
where x does not occur in s;,t; and o € {-,\,/}. O

Example 2.9. Adding associativity « - yz = zy - z to identities (RQ1)—-(RQ6)
gives yet another axiomatization of rectangular groups. O

Example 2.10. Adding identity = -yz = x - zx to (RQ1)—(RQ6) gives a (way too
complicated) axiomatization of rectangular bands. O

Example 2.11. Rectangular commutative quasigroups have identities RQ1) —
(RQ6) and z(yz - ) = z(zy - ) as axioms. O

However, note that commutative rectangular quasigroups are just commutative
quasigroups.
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Example 2.12. Rectangular medial quasigroups are axiomatized by (RQ1)—(RQ6)
and zy - uv = xu - Yv. O

Example 2.13. Commutative medial quasigroups are characterized by the axiom
xy-uv = uy-zv (among others). Rectangular commutative medial quasigroups are
rectangular quasigroups satisfying z(yz - uwv) = x(uz - yv). O

Example 2.14. Paramedial quasigroups are characterized by the identity zy-uv =
vy - uz. Rectangular paramedial quasigroups are axiomatized by adding identity
x - (yz -w)x =z - (vz-uy)z to (RQL)—(RQSE). O

It is rather obvious that the following corollaries are true:

Corollary 2.15. If the variety V of quasigroups is defined by the identities s; =
t; (i € I) such that head(s;) = head(t;) ,tail(s;) = tail(t;) for all i € I, then the
class of rectangular quasigroups satisfying all identities s; = t; (i € I) is the class
of all rectangular V—quasigroups. O

Corollary 2.16. If the variety V of quasigroups is defined by the identities s; =
ti (i € I) such that head(s;) # head(t;) and tail(s;) # tail(t;) for some i,j € I,
then the class of rectangular quasigroups satisfying all identities s; = t; (i € I) is
just the class of all V—quasigroups. [

Example 2.17. Moufang loops are defined as loops satisfying any of the four
equivalent identities:
xy - zx = (x - yz)x

x(yz-x) =ay- zx
w(y - wz) = (vy - )z
2(y - zy) = (zy - 2)y.

K. Kunen recently proved in [9] that the existence of the neutral element follows
from any of these identities. Therefore, rectangular Moufang loops are axiomatized
by (RQ1)—(RQ6) and for example zy - zx = (z - yz)x. O

Example 2.18. Let (S;-) and (T;0) be groupoids and f,g,h : S — T three
bijections. If f(xy) = g(x) o h(y) we say that (T';0) is an isotope of (S;-). Isotopy
is an important invariant of quasigroups which generalizes isomorphism. 0

The result that every quasigroup is an isotope of some loop is a classical one
in quasigroup theory. The class of all isotopes of groups is also significant and
constitutes a variety of quasigroups as proved by V. D. Belousov in [1]. The
defining identity of group isotopes is

z(y\(z/u)v) = (z(y\z)/u)v. (2.1)

By the theorem 2.8 the axioms for the class of all rectangular group isotopes are
(RQ1)—(RQ6) and (2.1).
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Note that the class of all isotopes of rectangular groups is strictly greater than

the class of all rectangular group isotopes. Namely, if S = {0,1}, f = ( (1) (1) >

and zy = f(x), then (S;-) is an isotope of the left zero semigroup with two elements
but is not a rectangular quasigroup. O

Example 2.19. The variety of rectangular quasigroups with an idempotent may
be axiomatized by (RQ1)-(RQ6) and ee = e. O

Example 2.20. The variety of rectangular left loops is axiomatized by (RQ1)—
(RQ6) and any of the following 37 identities:

zo((y/y) ox) =wo((2/2) o x)

(xo(y/y)) ox = (xo(z/2)) 0
z/((y/y)\z) = (x/(z/2)\x
zo((y/y)ou) =wo((z/2)ou)
(o (y/y)) ou=(xo(z/z2))ou

where 0,0 € {-,\,/}. O

Example 2.21. If the variety of left loops is defined in the language of loops i.e.
by the identity ex = z, then the variety of rectangular left loops is axiomatized by
(RQ1)—(RQ6) and

x-ey = xy. (2.2)

Example 2.22. The variety of rectangular loops is axiomatized by (RQ1)—(RQ6)
and any of the identities from the Example 2.20, together with the dual of one of
them (to ensure the existence of a right neutral in quasigroup). However, we can
apply the Theorem 2.5 to the single identity y\y = z/z which axiomatizes loops
within quasigroups, and add any of the following identities to (RQ1)-(RQ6) to
obtain axioms for rectangular loops.

zo((y\y) ox) = wo ((2/2) o x)

(o (y\y)) ou=(zo(z/2))ou

where o,¢ € {-,\,/}. This gives us a total of 1407 axiom systems for rectangular
loops. O
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Example 2.23. In the language of loops, the variety of rectangular loops can be
axiomatized by (RQ1)-(RQ6), (2.2) and

re-y=ay (2.3)

The identity (2.2) may be replaced by any of identities from the Example 2.20.
Likewise, the identity (2.3) may be replaced by the dual of some of these identities.
This gives us 75 further axiomatizations of rectangular loops.

However, it should be admitted that the axiom system of Kinyon and Phillips
is shorter (smaller language and/or less identities and/or less variables and/or
less symbols) and more appealing then any of the above 1482 systems. The only
exception is perhaps the system with identities (2.2) and (2.3). O

3. Rectangular left symmetric quasigroups

The important class of left symmetric quasigroups is characterized by the identity
x - zy = y. Just as in numerous examples in the previous section, we can axiom-
atize rectangular left symmetric quasigroups by identities (RQ1)—-(RQ6) and the
identity

x(y-yz) =xz (LS)

as prescribed by the Theorem 2.8.

However, in this case we can do more. Note that by the Definition 2.2 2\y = zy
in both left and right zero semigroups. In left symmetric quasigroups this is
also true. Therefore, the identity z\y = zy is true in rectangular left symmetric
quasigroups as well. But then the operation \ can be eliminated from axioms and
from the language itself. We have:

Theorem 3.1. An algebra (S;-,/) is a rectangular left symmetric quasigroup iff
it satisfies:

T rT =20 (LS1)

xx/r =2 (LS2)

(x/y)y = xy/y (LS3)

xy - (xy - ww) = (- 2u)v (LS4)
(zy - (u/v))/(u/v) = x(yv/v). (LS5)

Proof. Axiom (RQ3) transforms into trivial identity and may be eliminated. Ax-
ioms (RQ1) and (RQ5) become axioms (LS1) and (LS4) respectively.
Ounly (LS) remains to be proved. We do it by the series of lemmas below. [J

Lemma 3.2. (z-xy)z = z(z - y2)

Proof.  (@-ay)z=(z-xa)-((@-ax)-yz)  (by (LS4))
— a(a - y2) (by (LSL)) O
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Lemma 3.3. zy- (zy-2) =z -z2

Proof. xy - (zy-z) =y - (zy- (2 22)) (by (LS1))
=(z-x2) - 22 (by (LS4))
= (z-zz) ((x-z2)- (2 22)) (by (LS4))
=T-rz (by (LS1))

Lemma 3.4. z(x - zy) = 2y

Proof. r(r-xy) = (x-2zx)y (by Lemma 3.2)

=y (by (LS1))
Lemma 3.5. zy-z(x - zu) =2y - zu
Proof. vy - x(x-zu) =y - (z-r2)u (by Lemma 3.2)
=ay - (xy- (xy - zu)) (by (LS4))
=2y 2u (by Lemma 3.4)

Lemma 3.6. z-2(y-yz) =z -zz

Proof. z-x(y-yz) = (z-xy) yz (by Lemma 3.2)
= (v-zy) z(z-y2) (by Lemma 3.5)
= (v -zy) - (v-2y)z (by Lemma, 3.2)
=T T2 (by Lemma 3.3)

Lemma 3.7. z(y - yz) = xz

Proof. x(y-yz) = x(x-x(y-y2)) (by Lemma 3.4)

=z(z - xz2) (by Lemma 3.6)
=z (by Lemma 3.4)

O

The proof above is an adaptation of the proof found by the automated reasoning
program Prover9. Prover9 is the first order logic theorem prover developed by
W. W. McCune [11] which is capable of solving difficult mathematical problems.
For instance, McCune in [10] solved the so called Robbins conjecture using Otter
(an earlier version of Prover9). See [12] for the gentle introduction to Otter with

the leaning to quasigroup theory.

McCune also wrote the model builder program Mace4 [11], which is used in the

following examples to verify the independence of the axioms (LS1)-(LS5).

Example 3.8. Table 1 is the smallest model that satisfies (LS2), (LS3), (LS4),

and (LS5), but not (LS1).

Table 1. (LS2), (LS3), (LS4) and (LS5), but not (LS1).

\
?

— Ol e
O =IO
O |
O = O
O | =
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Example 3.9. Table 2 is the smallest model that satisfies (LS1), (LS3), (LS4),
and (LS5), but not (LS2).

e 0 1 \ [0 1
0[0 1 0[1 0
111 0 1{0 1
Table 2. (LS1), (LS3), (LS4) and (LS5), but not (LS2). O

Example 3.10. Table 3 is the smallest model that satisfies (LS1), (LS2), (LS4),
and (LS5), but not (LS3).

e|0 1 2 \[0 1 2
0[1 0 2 02 01
1/2 10 1j0o 1 2
2(0 2 1 2{1 2 0
Table 3. (LS1), (LS2), (LS4) and (LS5), but not (LS3). O

Example 3.11. Table 4 is the smallest model that satisfies (LS1), (LS2), (LS3),
and (LS5), but not (LS4).

e|0 1 2 \[0 1 2
0/0 10 0/0 2 0
11 21 11 0 1
212 0 2 212 1 2
Table 4. (LS1), (LS2), (LS3) and (LS5), but not (LS4). g

Example 3.12. Table 5 is the smallest model that satisfies (LS1), (LS2), (LS3),
and (LS4), but not (LS5).

e|0 1 \[0 1
0/0 O 0/0 O
171 1 110 1
Table 5. (LS1), (LS2), (LS3) and (LS4), but not (LS5). O

4. Right symmetric quasigroups

Right symmetric quasigroups are defined by the identity xy - y = x. From the
Theorem 3.1 it follows, by the duality principle for groupoids (see [2]), that the
class of all rectangular right symmetric quasigroups can be axiomatized by the
identities:

x\zx =z (RS1)

T =T (RS2)
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z(z\y) = z\zy (RS3)
@\y\((2\y) - wv) = (z\zu)v (RS4)
(zy - wv) - uv = x(yv - v) (RS5)

in the language {-,\}. Moreover, the axioms are mutually independent.

If a quasigroup satisfies both left and right symmetry identities, i.e. if both
z-xy = y and xy -y = x are true, then such a quasigroup is called a totally
symmetric or T'S—quasigroup. T'S—quasigroups are commutative and both division
operations in them coincide with multiplication. Applying Theorem 3.1 and its
dual we get:

Theorem 4.1. A groupoid (S;-) is a rectangular T.S—quasigroup iff

voar =g (TS1)

vToT =g (TS2)
vy (vy - wv) = (z - 2u) (TS3)
(zy - ww) - uv = (yv - v). (TS4)

Example 4.2. Table 6 is the smallest model that satisfies (TS2), (TS3) and (TS4),
but not (TS1).

|0 1

0|1 1

110 0
Table 6. (TS2), (TS3) Table 7. (TS1), (TS2)
and (TS4), but not (TS1). and (TS4), but not (TS3).

Example 4.3. Table 7 is the smallest model that satisfies (TS1), (TS2), and
(TS4), but not (TS3). O

Independence of (TS2) and (TS4) is proved by models dual to those in Exam-
ples 4.2 and 4.3 respectively.

Acknowledgement. The author would like to thank M. K. Kinyon for his help
and comments on the early version of this paper.
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Essential operations of clones

Adam W. Marczak

Abstract. Clones of algebras consist not only of essential operations but also of operations
not depending on every variable. However, the sets of all essential operations of clones uniquely
determine the clones. In this note we present a short precise proof of this fact and indicate these
essential operations that are equal to inessential elements of clones.

1. Introduction

In the last century research in the theory of finite automata and deterministic
operators led to problems concerning essential variables of functions. From that
time the theory of essential variables of finite operations became a quite frequent
research direction. The study of essential variables in functions defined on finite
sets, initiated by A.Salomaa in [11], goes with multiple-valued logic and currently
plays an important role in computer sciences. Essential variables of functions and
essential term operations of algebras were widely studied under different aspects,
see e.g. [1]7[6]7 [8])[9]7 [12]7[13]

The clone of a given algebra consists of all its term operations — it contains
both essentially n-ary term operations as well as term operations not depending on
every variable. But the clone is uniquely determined by the set of all its constants
and essential operations. This fact is sometimes assumed as intuitive, since every
term operation not depending on every its variable can be obtained by adding
inessential variables to an essential operation. However, this argumentation is
imprecise and it cannot be regarded as sufficient, especially when the essential
operation equal to a given inessential one has to be indicated, as e.g. in [10].
Therefore we decided to give in this note a short precise argument that clones of
algebras are determined only by constants and essentially n-ary term operations.
We indicate these essential elements of clones that are equal to the elements not
depending on every variable.

By an algebra we mean a pair 2 = (A; F?), where A is a nonempty set and
F* is a family of mappings f*: A™ — A called fundamental operations of 2. The
number n is called the arity of f*. A type of algebras we define as a mapping
7: F — NU{0}, where F is a nonempty set of fundamental operation symbols
and N is the set of positive integers. An algebra is said to be of type 7 if it is of

2010 Mathematics Subject Classification: 20N15
Keywords: algebra, clone of an algebra, essentially n-ary term operation
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the form 2 = (A4; F?), where F* = {f%: f € F}, and the arity of f* equals 7(f)
for every f € F.

Let an algebra 2 = (4; ') of type 7 be given. Recall that for every 1 < i < n,
the i-th n-ary projection is the mapping (a1, ..., an) — a;. It is usually denoted by
eM(xy, ..., n) = x;. The smallest set containing all projections and all elements
of F® that is closed under superpositions is called the set of term operations of U,
or the clone of 2A. We denote it by CI(2l). An n-ary term operation f% € CI(2l)
depends on the variable z;, if there exist elements aq, ..., a,, b € A such that

fgl(ala ceey Qi1 Gjy Qi1 -0 vy an) 7é fm(ala sy A1, ba Ait 1y vy an)-

The number of essential variables in f* is called the essential arity of f2. If the
term operation f% depends on every of its variable, then it is said to be essentially
n-ary, or an essential operation of A. Otherwise f is called inessential.
Following [6], for an algebra 2 and every positive integer n, P, () denotes
the set of all essentially n-ary term operations of 2. Py(2) denotes the set of all
constant non-nullary term operations of 2 and all its nullary operations.

2. The result

Let an algebra 2 = (A; F®) of type 7 be given. For an n-ary term operation
f*(xq, ..., z,) € C1(A) and a permutation o of 1, ..., n, define

fc?l(xlv B xn) = fm(xa(l)a SER) xa(n))'

Recall the following two simple observations. They are both easily provable by
induction on the complexity of term operation, see also [7], §8.

(2i) Let n > 1. For every n-ary term operation f* € CI(), there exists an
(n — 1)-ary term operation g® € CI(A) such that

at, ..., an_1, an_1) = g™a1, ..., apn_1)
forall a1, ..., a,_1 € A.

(2.i) If an n-ary term operation f% € P, (A), then also f2 € P,(A) for every
permutation o of 1, ..., n.

Then we have the following.

Lemma. For a given algebra 2, if a term operation f*(x1, ..., ,) depends only
on the variables xy, ..., xp for some k < n, then there exists a term operation
() (@1, ..., z1) € Pp() such that

oy, o, 1) = (f*)m(e?(xl, ey X))y ey ep(T, . acn)),

where el (z1, ..., Tn) =x; for every i =1, ..., k.
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Proof. Consider a term operation f*(z1, ..., z,) € CI() that depends on x1, ..., T

for some k < n. From (2.i), there exists a k-ary term operation (f*)* € CI(2)
such that

2
(f) (al’"'7a'k):fm(a'17"'7ak)"'7a‘k)
for every ay, ..., a, € A. We shall prove that (f*)Ql is essentially k-ary. Indeed,
since f*(z1, ..., x,) depends on z; for every i = 1, ..., k—1, there exist elements
a1y ..., Qi ..., Ay, by € A such that
fm(al, ceey Ai—1, G4, ai_,_l, ...,an) 7é fm(al, ey Ai—1, bi, ai+1, ey an).

Since f% does not depend on x; for j > k, so we have

A _
f (a17'°'7ai717ai7 a/i+17"'7ak7ak+17"-7a/n) -
A
f (alv"',aiflaai;al?kla"'aakv aka"'7ak)
and
A —
f (0,17 ey Ai—1, bi, Ait1y ooy Ay Af4 1y -+ -y an) =
A
f (al, ey A1, bi, Ait1y « vy Ay Ay « v vy ak),

and consequently
(f*)m(al, ey Qi1 G4, ai+17 ey ak) 7& (f*)m(al, ooy Qi1 bi, ai+1, ey ak)

for every i =1, ..., k — 1. Therefore the term operation (f*)Ql depends on zx; for
every i < k. Moreover, since f% depends also on zj, we have

fgl(cl7 ey Ch—1y Chy Cktly -+-5 Cn) F fm(cl7 ey Che1, diy Chtls -+ -5 Cn)

for some elements ci, ..., ¢y, d € A. But f* does not depend on x; for every
j >k, so we have

F2(e1y ooy Choty Chy Chaly -y Cn) = [(C1, ony Clo1s Chy Chy -+ -y Ck)
and
e, ooy choty diy Clgty ooy Cn) = fHer, ooy cht, di, diy - .., di)
and consequently
(f*)m(cl, ey Ch—1, Ck)  F (f*)m(cl, ey Che1, di)-

Thus (f*)*(z1, ..., 2x) € Pi(A) C CI(A). Finally, let (f**)* denote the term
operation obtained from (f *)Ql by substituting every its variable z; for the n-ary
projection el (z1, ..., x,) for every i =1, ..., k. We have

(f**)m(xl, R (f*)m(e’f(gcl7 T,y e e (@, T)).



84 A. W. Marczak

Note that for every aqy, ..., a, € A we have

(F) (a1, -y an) = () (e (ar, ooy an), ooy €f(an, .oy an)) =

(f*)m(al, coyag) = f2ar, - ag, ag, -, ag)

and since f# does not depend on x; for any j > k, we obtain

ay, ..., ak, ag, ..., ax) = f2a1, ..., G, gty -, Qn)

and consequently

(f**)m(fbl, vy ) = 22, e ),

completing the proof. O

Theorem. Let Ay = (A; F?1) and Ay = (A; G¥2) be algebras of types T,
and T4, respectively. Then CI(;) = C1(22) if and only if P, (1) = P, (~A2) for
every n € NU {0}.

In another words, the clone CI(2) of a given algebra 2l is uniquely determined by
the subset of CI(2l) consisting of all term operations depending on every variable
and all constant operations.

Proof. The necessity of the theorem is obvious. For the proof of sufficiency assume
that P, (1) = P,(™U2) for every nonnegative integer n. Let a mapping f be
a nullary, constant non-nullary or essentially n-ary term operation of 2;. Then,
by the assumption, f € P,(2) if and only if f € P,,(™2) for some n € NU {0}.

Let f¥1(xy, ..., z,) € CI(2;) be a term operation depending only on k, k < n,
its variables. Consider a term operation f2!(zy, ..., x,) = f (To(1)s -+ s To(n))
for a permutation o € S,, such that f? depends on zy, ..., zx. From (2.i),

f*1 € CI(2A,) implies that f2* € CI(2;). Then, from Lemma, there exists a term
operation (f1)*' € P,(2) such that

A
(F (a1, -y ag) = f2(ay, -, Gk, Qht1s - -5 Q)

for every ai, ..., a, € A. But since (f;)m1 is essentially k-ary, so — by the as-
sumption — (£)*" belongs also to the set Pj(As) C CI(As) and hence f21 e
CI(2A2). Now, from (2.ii) again, f* € CI(2) and consequently the inclusion
CI(2;) C Cl1(23) holds. The proof of the opposite inclusion is analogous. So,

C1(241) = C1(2s), completing the proof. O
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The spectrum of a variety of modular groupoids

Robert A. R. Monzo

Abstract. We prove that the spectrum of the variety of idempotent, right modular and anti-
rectangular groupoids consists of all powers of four. We also prove that any finite or countable
groupoid anti-isomorphic to a groupoid in that variety is isomorphic to it. Finally, it is proved
that, to within isomorphism, there is only one countable groupoid in that variety and that it is

isomorphic to a proper subgroupoid of itself.

1. Introduction

Kazim and Naseeruddin studied a groupoid variety consisting of what they called
left almost semigroups, groupoids satisfying the equation zy - z = zy - = [9]. Such
groupoids have also been referred to as left invertive [5], Abel-Grassmann’s [8,
10, 11, 12, 14, 15, 16] and right modular [7]. Various aspects of these groupoids
have been studied over the years, such as partial ordering and congruences [6],
inflations [15], idempotent structure [14], zeroids and idempoids [12], structure of
unions of groups [10], power groupoids and inclusion classes [11] simplicity [7] and
combinatorial chacterization [1].

In this paper we study the variety I N RM N AR of idempotent, right modular,
anti-rectangular groupoids, the collection of groupoids that satisfy the equations
=22, 2y -2=2zy-z and zy - = y. These groupoids also satisfy the equation
x-yz = z - yx and are therefore modular. They were called anti-rectangular AG-
bands in [14] and are also known, perhaps more commonly, as affine spaces over
GF(4) [1, 4]. The main result of this paper is that there is, up to isomorphism,
exactly one groupoid of order 4™ in INRM N AR for each n € {0,1,2,...} and that
there are no finite groupoids in I N RM N AR of any other orders. We also prove
that, up to isomorphism, there is only one countable groupoid in I N RM N AR
and that it is isomorphic to a proper subgroupoid of itself.

2. Preliminary definitions, notation and results
We use G, H, J,... to denote groupoids, xy or = - y to denote the product of = on

the left with y on the right. For example, (zy-2)-yz = [(z-y) - 2] (y-2). The
varieties of idempotent and anti-rectangular groupoids are denoted by I and AR

2010 Mathematics Subject Classification: 20N02, 14R10
Keywords: anti-rectangular, spectrum, right modular.
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and are the collection of groupoids satisfying the equations = z? and zy -z =y
respectively.

The set of orders of the finite algebras in a groupoid variety V is called the spec-
trum of V. We will denote this by sp(V). T. Evans [3] showed that the spectrum
of the groupoid variety defined by the equation zy-yz = y is the set {n? : n € N}.
Evans generalised this result and obtained, for each positive integer n € N, a va-
riety of groupoids having as spectrum all nt® powers [2]. The main result in this
paper, referred to in the introduction above, is that the spectrum of TN RM N AR
is {4" :n e NU{0}}.

There is another reason to study the structure of groupoids in I N RM N AR.
Let RM denote the variety of right modular groupoids determined by the equation
xy -z = zy - x. Proti¢ and Stepanovi¢ [14] proved that any idempotent, right
modular groupoid G is an idempotent, right modular groupoid Y of members of
INRM N AR. In other words,

Lemma 2.1. [14, Theorem 2.1]

If G € INRM, then there exists a groupoid Yo € INRM such that G is a disjoint
union of groupoids G, (a € Yg), GaGs C Gop (o, 3 € Y) and G, € INRMNAR
(Oé S Yg).

So, the finite members of I N RM N AR are basic building blocks of the finite
members of INRM. As we shall see, the basic building block of the finite members
of IN RM N AR is the following groupoid T4 of order 4, called Traka 4 in [14]. It
is isomorphic to any groupoid generated by any two distinct elements, a and b say,
of any member of I N RM N AR and, therefore, Ty € I N RM N AR (see Lemma
2.4 below). The multiplication table of Ty is:

Tyl a| b |ab| ba
a | a |ab|bal| b
b |[ba| b | a|ab

ab | b |ba|ab| a

ba |ab| a | b | ba

We will also show that if G € IN RM N AR and |G| = 4™ then G consists of
47~ disjoint copies of T4 (see Corollary 3.8). Some of the following results will
be used throughout this paper. Several of the proofs are straightforward and are
omitted.

Lemma 2.2. [13] If G € RM, then G satisfies the identity xu - vy = v - uy.
Lemma 2.3. If G € IN RM N AR. then G satisfies the identity x - yz = z - yx.
Proof. z-yr=(yx-2)-z2=(2x-y) - z=[zx-(2y-2)] -z =

Sz 2y) - @) 2= (2ow2) - (2o 2g) =[5y 2) - ) = - yz. O

Lemma 2.4. Let G € I N RM N AR with {c,d} C G and ¢ # d. Then the
subgroupoid (c,d) of G generated by c and d is isomorphic to T4. One isomorphism
s given by the mapping ¢ — a, d — b, cd — ab and dc — ba.
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Lemma 2.5. Any two distinct elements of T4 generate Ty.

Lemma 2.6. Any bijection on Ty is either an isomorphism or an anti-isomorphism.
Four-cycles and two-cycles are anti-isomorphisms and the identity mapping, three-
cycles and products of two-cycles are isomorphisms.

Lemma 2.7. Any groupoid anti-isomorphic to Ty is isomorphic to Ty4. In partic-
uwlar, if ® : Ty — G is an anti-isomorphism, then the mapping a — Pa, b — b,
ab — ®(ba) and ba — ®(ab) is an isomorphism.

Lemma 2.8. Suppose that H and K are subgroupoids of G € IN RM N AR and
that H 2Ty = K. Then either H=K, HNK =0 or HN K = {c}.

Notation 2.9. G = H [G=H| will denote that G and H are isomorphic |anti-

isomorphic].
Lemma 2.10. If G € INRM N AR and G=H, then H € I N RM N AR.

Proof. Let ® : G — H be an anti-isomorphism. Then it is straightforward to
show that H is an idempotent groupoid that satisfies the equation xy -z = y.
Let {h1,ho,hs} C H. Then there exists {g1, 92,93} C G such that h, = &g;, ¢ €
{1,2,3}. Using Lemma 2.3, hihs - hg = (Dg1) (Pg2) - (Pgs) = D (g201) - (Pg3) =
(g3 - 9291) = P(91 - 9293) = P (9293) - (Pg1) = (Pg3) (Pg2) - (Pg1) = hzha - hy and
so H satisfies the equation xy - z = zy - . Hence, H € IN RM N AR. O

3. The structure of finite members of IN RM N AR

We use G < H [G < H] to denote that G is a subgroupoid [proper subgroupoid]
of the groupoid H. Recall that a € T4.

Theorem 3.1. If Ty < H < R, R € INRM NAR and r € R — H, then
H, = HU{rh},cy U{hr},cyU{ar-h}, oy is a subgroupoid of R and, therefore,
H.e INRMNAR. If H has n elements then H, has 4n elements.

Proof. We will prove that H, is closed under the multiplication inherited from R
and that its multiplication table is as follows:

H, k rk kr ar -k

h hk ar - (ka - h) r-kh (hk - ah)r

rh kh-r r-hk ar - (k- ah) a - hk

hr | ar- (ha-kh) kh hk - r r(ah - k)
ar-h r(h-ka) (hk-a)r ak - ha ar - hk

Table 1. The multiplication table for {h,k} C H.

We will use Lemma 2.2 and Lemma 2.3, together with the fact that R is in
INRM N AR to calculate the products in rows 2, 3, 4 and 5 of the table.



90 R.A.R. Monzo

Row 2: The product in column 2 follows from the fact that H is a subgroupoid
of R. The product in column 4 follows from Lemma 2.3. For column 3, h - rk =
h-(ar-a)k=h-(ka-ar)=ar-(ka-h). For column 5, h-(ar - k) = (h-ar)-hk =
(r-ah)-hk = (hk-ah)-r.

Row 3: The product in column 2 follows from the right modularity of R.
The product in column 3 follows from Lemma 2.2 and the fact that R is an
idempotent groupoid. For the product in column 4, rh - kr = rk - hr = rk -
(ah-a)r = rk - (ra-ah) = (r-ra)(k-ah) = ar - (k-ah). For the product in
column 5, rh- (ar - k) = (r-ar) - hk = a - hk.

Row 4: For the product in column 2, hr -k = [h(ar-a)lk = [k(ar-a)]h =
kh-[(ar - a)h] = kh-(ha - ar) = ar (ha - kh). For the product in column 3, hr-rk =
(rk-r)h = kh. For the product in column 4, hr - kr = hk - r. For column 5,
hr-(ar-k)=(h-ar) -rk=(r-ah)-rk=r(ah-k).

Row 5: For the product in column 2, (ar-h)k = (ar - h) (a-ka) = r (h- ka).
For column 3, (ar-h)-rk = (ar-r) - hk = ra- hk = (hk-a)r. For column 4,
(ar-h)-kr = (hr-a) -kr = (ha-ra)-kr = (ha-k)-a = ak-ha. The product in
column 5 follows from Lemma 2.2 and the fact that R is an idempotent groupoid.

Thus, H, is closed under the groupoid operation and hence H, belongs to
INRMNAR.

It is straightforward to show that the sets H, {rh}ncm, {hr}nem and {ar-h}ren
are pairwise disjoint sets. Furthermore, it is easy to show that, for {h,k} C H,
two elements rh and rk [hr and kr; ar - h and ar - k] are equal if and only if h = k.
Therefore, if H contains n elements then H, contains 4n elements. O

Definition 3.2. We will call H, the extension of H by r.
Corollary 3.3. sp(INRM NAR)={4":ne€ NU{0}}.

Corollary 3.4. A groupoid G € INRM N AR of order 4™ has (n+ 1) generators,
ne{0,1,...}.

Theorem 3.5. Suppose that Ty < H € INRM N AR and r ¢ H. We define
pairwise disjoint sets A = {rh}nep, B = {hr}nen and C = {aroh}rcy such that
ANH =BNH=CNH =0. Define H" = HUAUBUC with a product o defined
as in Table 2 below. Then H" = H, and therefore H* € IN RM N AR.

H" k rk kr arok
h hk ar o (ka - h) r(kh) (hk - ah)r

rh (kh)r r(hk) ar o (k- ah) a- hk
r ar o (ha - kh) kh (hk)r r(ah - k)

aroh r(h-ka) (hk - a)r ak - ha ar o hk

Table 2. The multiplication table for o with {h,k} C H.

Proof. The product o is well defined and closed and so H" is a groupoid. We
define a mapping ® : H” — H, as follows: for any h € H, ®h = h, ®(rh) = rh,
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®(hr) = hr and ®(ar o h) = ar - h. It is clear that ® is one-to-one and onto H,..
We now show that ® is a homomorphism. Let {z,y} C H". There are 16 possible
forms x o y can take.

Let {h,k} C H.

Case 1. z = h, y = k. Then ®(z oy) = ®(hk) = hk = ®h - Ok = Oz - Dy.

Case 2. © = h, y = rk. Then ®(zoy) = ®(hork) = ®(aroka-h)) = ar(ka-h) =
h-rk = ®h- o(rk) = dx - Py.

Case 3. z = h, y = kr. Then ®(zoy) = ®(hokr) = &(rokh) =r -kh =
h-kr = ®h- ®(kr) = dx - Py.

Case 4. = h, y = ar ok. Then we have ®(z oy) = ®(ho (arok)) =
O((hk - ah)r) = (hk - ah)r = h(ar - k) = ®h - P(ar o k) = dx - y.

Case 5. © =rh, y = k. Then ®(xoy) = ®(rhok) = ®((kh)r) = kh-r =
rh-k=®(rh) - ok = dx - dy.

Case 6. © =rh, y = rk. Then ®(xoy) = ®(rhork) = &(r(hk)) =r-hk =
rh-rk = ®(rh) - ®(rk) = oz - Py.

Case 7. * = rh, y = kr. Then ®(zoy) = ®(rhokr) = ®(aro (k- ah)) =
ar - (k-ah) =rh-kr = ®(rh) - ®(kr) = oz - Py.

Case 8. © =rh, y =arok. Then ®(xoy) = ®(rho(arok)) = a-hk =
rh-(ar-k) = ®(rh) - ®(ar - k) = dz - Dy.

Case 9. © = hr, y = k. Then ®(zoy) = ®(hrok) = ®(ar o (ha - kh)) =
ar - (ha - kh) = hr -k = ®(hr) - Ok = D - Dy.

Casel0. x = hr, y = rk. Then ®(zoy) = ®(hrork) = ®(kh) = kh = hr-rk =
O(hr) - O(rk) = dx - Dy.

Case 11. = hr, y = kr. Then ®(z oy) = ®(hr o kr) = ®((hk)r) = hk - r
= hr-kr = ®(hr)  ®(kr) = oz - dy.

Case 12. © = hr,y = arok. Then ®(zoy) = ®(hro(arok)) = ®(r(ah-k)) =
r(ah-k) = hr-(ar-k) = ®(hr) - ®(ar - k) = oz - Dy.

Case 13. z =ar-h,y =k. Then ®(xoy) = ®((aroh)ok) = &(r(h-ka)) =
r(h-ka) = (ar-h) -k =®(aroh) - &k = dz - dy.

Case 14. z = aroh, y = rk. Then ®(zoy) = ®((aroh)ork) = ®((hk-a)r) =
(hk-a)r = (ar-h)-rk = ®(ar-h) - ®(rk) = dx - Dy.

Case 15. x = aroh, y = kr. Then ®(zoy) = ®((aroh) o kr) = ak - ha =
(ar - h) - kr =®(ar - h) - O(kr) = Oz - Py.

Case 16. x = aroh,y = arok. Then ®(xoy) = ®((aroh)o (arok)) =
O(ar(hk)) =ar-hk = (ar-h) - (ar-k) = ®(ar - h) - ®(ar - k) = Pz - Py.

Hence, ® is an isomorphism and H" = H,.. O

Definition 3.6. We define G as the trivial groupoid, G; = T4 and by induction,
Gn,=G,"7", n>2 wherer, ¢ Gp, n > 1.

Corollary 3.7. Any finite member of IN RM N AR is isomorphic to G, for some
ne{0,1,2...}. fGeINRMNAR and |G| = 4™, then G 2 G,,.
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Corollary 3.8. Forn € N, Gy, is a disjoint union of groupoids G, with G,Gg C
Gop and G, =2 G,_1, a, 3 € Ty. Therefore, G, is a disjoint union of 4"~ copies
Of T4.

4. The countable member of INRM N AR

In this section we show that, to within isomorphism, there is precisely one count-
able member of INRMNAR. This result will follow from the following construction
of such a groupoid.

Construction 4.1. Let H = (J.2 ; G,,, with the G,,’s as in Definition 3.6. Define
a product * on H as follows. If {u,v} C H with v € G, — Gp,—1 and v €
Gn, — Gp,—1 then u v is defined as the product of u and v in Guaxin, n,}-

Theorem 4.2. H in Construction 4.1 is countable and H € IN RM N AR.

Proof. Clearly x is well defined and H is closed with respect to *. By The-
orem 3.5, G, € INRM N AR, n € N, and since max{max{n,,n,},ny} =
max{max{n,,ny,},n,}, it follows easily that H € I N RM N AR. Since each
G,, n € N, is countable, so is H. O

Theorem 4.3. A countable K € INRM N AR is isomorphic to H in Construction
4.1.

Proof. Let K = U~ {yn}, with y; = y; if and only if i = j. Define K, = 0,
K1 = {yl,yg,y1y27y2y1} and R1 =K — Kl. Define K2 = Kftl, where tl is the
minimum of the subscripts of the y,,’s in Ry. Define Ry = K — K5 and K3 = KQ‘%,
where t5 is the minimum subscript of the y,,’s in Rs. In general, by induction we
define R, = K — K,, and K, 1 = K, where t, is the minimum subscript of
the y,’s in R,,. Then every y,, must eventually appear in some K; and therefore
K =J;, K, Note that if {h,k} C K, withh € K,,— K,y and k € K,,— K,_1,
then the product hk in K equals the product hk in Kjs, where M = max{n,m}.

By Lemma 2.4, K1 & G; = T4. Call this isomorphism ®;. Note that ®;(y;) =
a, ®1(y2) = b, 1(y1y2) = ab and @4 (yay1) = ba.

Now by induction we define @, : K,, — G,, n > 2, as follows. Firstly,
®,=®, 1 on K,,_1. Then for k € K,, — K,,_1 we define

D, (v, k) =rpn_1 % (Pr1k), Pnlkye, )= (Pp_1k)*r,—1 and
D ((Y1Yt, 1 )k) = (Pr—191) * 7—1) * (Pr—1k).

We now prove by induction on n that ®,, is an isomorphism (n > 2). Assume
that for 1 < ¢t < n, ®; is an isomorphism and ®;y; = a. Then the fact that
®,, is one-to-one and onto G,, follows from the definition of ®,, and the fact that
®,,_1 is one-to-one and onto G,,_1. The fact that @, (zy) = (P,2)(P,y) for any
{z,y} C K, follows from the definition of product in K, and G, (see Tables 3
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and 4 below) and the facts that ®,,_; is an isomorphism and ®,,_1y; = a. We
leave the straightforward details of these calculations to the reader.

K=K, m Yt M MYt YiYt, M
l Im V1Yo, (myrl) | Yo, oml [ (Umeyd) -y,
Yt ! ml -yt , Yt,_ - lm | yiye, - (meyil) y1-lm
Wi, |viye._.-(lyrml) ml Im-ye, . | Yt,_,-(y2l-m)
Y1, |y (L-my) | (Im-y) -y, y1l - my, Y1Ye,_, - lm

Table 3. The multiplication table for {l,m} C K,,_1.

G,=G 7 k o1k krn_1 arn—1-k
h hk arp—1-(ka-h) rn—1(kh) (hk-ah)r,—1
Tp_1h (kh)rn—1 Trn—1(hk) arn—1-(k-ah) a- hk
hr,_1 arp—1-(ha-kh) kh (hk)rp—1 Tn—1(ah-k)
arn—1-h Tn—1(h - ka) (hk - a)rp—1 ak - ha arp_1-hk

Table 4. The multiplication table for {h,k} C G 1.

So every @, : K,, — G, is an isomorphism.

We now define ® : K — H as follows: for z € K,, — K,,_1, ®x = &, z. Note
that if x € K,, — K,,—1 and M > n then, since K,, C K11 C ... € Kj)—1 and
O, =P,y on Ky q1,t € N—{1}, &)y = &, on K,. Then for any {z,y} C K,
with x € K, — K1 and y € Ky, — K1, @(zy) = Ppr(zy) = (Pprz)(Pary) =
(®p2)(Pry) = (Pz)(Py), where M = max{n,m}. Using the definition of the ®,,’s
it is straightforward to prove that ® is one-to-one and onto H. So, H = K. O

Corollary 4.4. A countable member of I N RM N AR is a union of a countable
number of disjoint, isomorphic copies of Ty.

Corollary 4.5. A countable member of I N RM N AR is isomorphic to a proper
subgroupoid of itself.

Proof. Consider H in Construction 4.1. Let J; = {a,ar1,r1a,71}. For 1 < n
define J,, by induction as J, = J,;" . Then J = |J,—_, J,,, with the multiplication
inherited from H, is a proper, countable subgroupoid of H. By Theorem 4.3, J
and H are isomorphic. O

It follows from Lemma 2.10, Corollary 3.7 and Theorem 4.3 that:

Corollary 4.6. If G € IN RM N AR, G is finite or countable and GEH, then
G=>=H.
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5. Smallest (W, W) groupoids in RM — AR

Definition 5.1. A groupoid G is called a groupoid Yg of groupoids G, « € Y if
G is a disjoint union of the groupoids G, and GoGg C Gag, o, f € Yg. If a € G,
then G, will denote G,.

In Definition 5.1, if Yo € U and G, € V (« € Y) for some groupoid varieties
U and V, then G is called a (U, V)-groupoid.

In this section W will denote the variety I N RM N AR.

Looking closely at Lemma 2.1, it is natural to wonder whether a right modular
(W, W)-groupoid is anti-rectangular and, hence, a member of W. The converse
statement is trivial, since any G € W is a groupoid Yg = G of trivial members of
W. However, there is a (W, W)-groupoid G € RM — AR. In fact we find a right
modular (W, W)-groupoid G of order 16, which is the minimal order for a right
modular (W, W)-groupoid that is not anti-rectangular, as we proceed to prove.
We also prove that GG is unique up to isomorphism and that any right modular
(W, W)-groupoid K ¢ AR contains an isomorphic copy of G.

Lemma 5.2. If K € RM is a groupoid Yi of groupoids K,, a € Yi, with
Y € W and K, € W (a € Yk), then

1) K is cancellative,

2) for any {a,b} C K, |Ka| = Ky,

3) for any {a,b} C K, ab-a =1 if and only if ba - b = a.

Proof. 1) Suppose that « € K, = K,, b € Kg = K, and c € K, = K.. If
ca = cb, then ya = 0 and, since Yy is cancellative, « = 3. Then ab-a = b and
be=(ab-a)c=ca-ab=cb-ab= (ab-b)c=ba - c.

Hence, (ca-c)b = be-ca = (ba-c)-ca = (ca-c)-ba. But since {b, ba,ca-c} C Kg,
and Kg is cancellative, b = ba. Therefore b = ba = bb. So a = b. Dually, if ac = be,
then a = b. Therefore K is cancellative.

2) Now let ¢ € K, = K,,. Then ab-c € K. Since K is cancellative | K, | < |Kg].
Dually |Kg| < |Kq| and so |K,| = |Kg|.

3) Note that ab-a = a-ba and so we can write aba to denote ab-a. If aba =,
then ba - b = a((bab)a) = a((ba)(aba)) = a((ba)b). But {a,bab} C K, and K, is
cancellative. Hence a = bab. Dually, bab = a implies aba = b. O

Now suppose that K € RM is a groupoid Yk of groupoids K, («a € Yk), with
Yx € Wand K, € W, (o € Yk). If K is not anti-rectangular, then it follows
from Lemma 5.2 that there is a set {a, b, ¢,d} C K with aba = d # b, bab = ¢ # a,
{a,c,ac,ca}l C K, {b,d,bd,db} C Kp, ab # cd and ba # de.

It follows from Lemma 2.4 and the fact that K is a groupoid Yk of groupoids
K,, (o € Yk), with Yx € W and K, € W that {a,c, ac,ca} = G,, {b,d,bd,db} =
Gy, {ab,cd,ab - cd,cd - ab} = Gy and {ba,dc,ba - dc,dc - ba} = Gy, are disjoint,
isomorphic copies of T4 contained in K,, K, K. and K, respectively. We
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proceed to demonstrate that the union G = |J Gy, g € {a,b,ab,ba}, of these four
copies of T4 is a subgroupoid of K and is a groupoid T4 of groupoids G,.

Recall that K € INRM is cancellative. We have ab-a = d. Then ab-c = cb-a =
(bab-b)a = (b-ba)a = aba-b = db, ab-ac = (aba)(ab-c) = aba-(cb-a) = d-db = bd
and ab - ca = (ab- ¢) - aba = db - d = b. We have shown that G, = (ab)G,.

Similarly we can calculate that G, = G.b and Gy, = bG,.

We can then calculate the Cayley table consisting of the 256 products of pairs
of elements of G. In order to have sufficient space to show the Cayley table we
define the following two ordered 16—tuples as equal:
(1,2,3,4,5,6,7,8,9,10,11,12,13, 14, 15,16) =

(a,c,ac, ca,b,d,bd,db,ab, cd,ab - ¢d, cd - ab, ba, dc, ba - de, de - ba).

G 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 1 3 4 2 9 11 12 10 16 14 13 15 6 8 7 5
2 4 2 1 3 12 10 9 11 13 15 16 14 7 5 6 8
3 2 4 3 1 10 12 11 9 15 13 14 16 5 7 8 6
4 3 1 2 4 11 9 10 12 14 16 12 13 8 6 5 7
5 13 15 16 14 5 7 8 6 2 4 3 1 12 10 9 11
6 16 14 13 15 8 6 5 7 3 1 2 4 9 11 12 10
7 14 16 15 13 6 8 7 5 1 3 4 2 11 9 10 12
8 15 13 14 16 7 5 6 8 4 2 1 3 10 12 11 9
9 6 8 7 5 13 15 16 14 9 11 12 10 4 2 1 3
10 7 5 6 8 16 14 13 15 12 10 9 11 1 3 4 2
11 5 7 8 6 14 16 15 13 10 12 11 9 3 1 2 4
12 8 6 5 7 15 13 14 16 11 9 10 12 2 4 3 1
13 9 11 12 10 2 4 3 1 8 6 5 7 13 15 16 14
14 12 10 9 11 3 1 2 4 5 7 8 6 16 14 13 15
15 10 12 11 9 1 3 4 2 7 5 6 8 14 16 15 13
16 11 9 10 12 4 2 1 3 6 8 7 5 15 13 14 16
Table 5.
G h (ab) - h hb bh
g gh [c(g-ah)]b | bl(a-hg)c] | (ab)-(ga-h)
(ab) - g |  blca- hg) (ab) - (gh) cg - ha (gh - a)b
gb (ab) - (ha - gh) | b(hg - ca) (gh)b h-(ag-c)
bg (hg)b h-gc (ab) - (g - ch) b(gh)

Table 6. The multiplication table for {g,h} C G, = {a,c, ac, ca}.

Table 6 is derived using calculations obtained from Table 5. Notice that Table
6 yields the following Cayley table in set theoretic notation:

G Ga Gb = (ab)Ga Gab = Gab Gba = bGa
Ga Ga Gab Gba Gb
Gb = (ab)Ga Gba Gb Ga Gab
Gab = Gab Gb Gba Gab Ga
Gba = bGa Gab Ga Gb Gba
Table 7.

Note that the subscripts of the Gy s, g € {a,b,ab,ba}, multiply in exactly the
same way as the elements of T4. The fact that G € RM follows from the fact that
G <K and K € INRM C RM. This proves that G is a right modular groupoid
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T4 of groupoids G, where each G, = T4. Note however that {a,b, ab,ba} is not
even a subgroupoid of G! We have therefore proved:

Theorem 5.3. G € INRM and G is a groupoid T4 of (four) isomorphic copies of

Ty.

However G ¢ W. Also, if (W, W)-groupoid K € RM — AR, then K contains

an isomorphic copy of G.
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Right k-weakly regular hemirings

Muhammad Shabir and Rukhshanda Anjum

Abstract. In this paper we define right k-weakly regular hemirings, which are generalization
of k-regular hemirings. We characterize these hemirings by the properties of their right k-ideals
and also by the properties of their fuzzy right k-ideals.

1. Introduction

There are many concepts of universal algebra generalizing an associative ring
(R,+,-). Some of them, nearrings and several kinds of semirings, have been
proven very useful. The notion of semiring was introduced by H. S. Vandiver
in 1934 [12]. Semirings provide a common generalization of rings and distribu-
tive lattices, appear in a natural manner in some applications to the theory of
automata, formal languages, optimization theory and other branches of applied
mathematics. Hemirings, semirings with commutative addition and zero element,
have also proved to be an important algebraic tool in theoretical computer sci-
ence. The concept of a fuzzy set, introduced by Zadeh [14], was applied by many
researchers to generalize some of the basic concepts of algebra. The notions of
automata and formal languages have been generalized and extensively studied in
a fuzzy frame work.

Ideals of semirings play a central role in the structure theory and are useful
for many purposes. However in general, they do not coincide with usual ring
ideals. For this, their use is somewhat limited in trying to obtain analogues of ring
theorems for semirings. Henriksen defined in [6] a more restricted class of ideals
in semirings, which is called the class of k-ideals. These ideals have the property
that if the semiring R is a ring then a complex in R is a k-ideal if and only if it is
a ring ideal.

Investigations of fuzzy semirings were initiated in [2]. Fuzzy k-ideals are studied
in [3, 5, 7, 11]. In this paper we characterize hemirings in which each right k-ideal
is idempotent and those hemirings for which each fuzzy right k-ideal is idempotent.
We also study right pure and purely prime k-ideals and fuzzy right pure and fuzzy
purely prime k-ideals in hemirings.

2010 Mathematics Subject Classification: 20N05
Keywords: hemiring, right weakly regular hemiring, k-ideal, right pure k-ideal, purely
prime k-ideal, right pure fuzzy k-ideal, purely prime fuzzy k-ideal.
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2. Preliminaries

For the definitions of semiring, hemiring, left (right) ideal we refer to [4].

A left (right) ideal A of a hemiring R is called a left (right) k-ideal of R if for
any a,b € A and x € R from z 4+ a = b it follows x € A.
The k-closure of a non-empty subset A of a hemiring R is defined as

A={z€eR|z+a=0b for some a,bec A}.

It is clear that if A is a left (right) ideal of R, then A is the smallest left (right)
k-ideal of R containing A. Also, A = A for all left (right) k-ideals of R. Obviously
A = A for each non-empty A C R. Also A C B for all AC B C R. A right k-ideal
A with the property A2 = A is called k-idempotent.

Lemma 2.1. AB = A B for any subsets A, B of a hemiring R. g

Lemma 2.2. [10] If A and B are right and left k-ideals of a hemiring R respec-
tively, then AB C AN B. O

An element a of a hemiring R is called regular if there exists z € R such
that @ = aza. A hemiring R is called regular if each element of R is regular.
Generalizing the concept of regularity, in [1, 9] k-regular hemirings are defined as
a hemiring in which for each a € R, there exist z,y € R such that a + aza = aya.

Obviously, every regular hemiring is a k-regular but the converse is not true.
If R is a ring, then the regular and k-regular coincide.

Theorem 2.3. [9] A hemiring R is k-regular if and only if for any fuzzy right
k-ideal A and any fuzzy left k-ideal B, we have AB = AN B. g

For any fuzzy subsets A and p of X we define

A< p = A @) < pa),
(A A 1)) = () A ple) = min{A(@), u(x)},
(AV 1) (2) = A(@) V 1 () = max{A(e), p(a)}

for all x € X.
More generally, if {\; : i € I} is a collection of fuzzy subsets of X, then by the
intersection and the union of this collection we mean the fuzzy subsets

(AM)@ = AN =inf (@),

( \/ )\i) (z) \/ Ai(z) = sup {\i(2)},

icl i€l i€l

respectively.
A fuzzy subset A of a hemiring R is called a fuzzy left (right) ideal of R if for
all a,b € R we have
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(1) Aa+b) = Aa) AA(Db),
(2) A(ab) = A(B), (A(ab) > A(a)).

Note that A(0) > A(x) for all x € R.

A fuzzy left (right) ideal A of a hemiring R is called a fuzzy left (right) k-ideal
ifx+y=2z= A(z) > Ay) A A(2) holds for all z,y,z € R.

A fuzzy right k-ideal is defined analogously. The basic properties of fuzzy
k-ideals in semirings are described in [3].

Let A be a fuzzy subset of a universe X and ¢ € [0,1]. Then the subset
Unt)={x e X : A(z) >t} is called level subset of .

The following Proposition is a consequence of transfer principle [§].

Proposition 2.4. Let A be a non-empty subset of a hemiring R. Then a fuzzy
set Ay defined by

t ifzed
A =
Al@) { s otherwise
where 0 < s <t < 1, is a fuzzy left (right) k-ideal of R if and only if A is a left

(right) k-ideal of R. O

Corollary 2.5. Let A be a non-empty subset of a hemiring R. Then the charac-
teristic function xa of A is a fuzzy right k-ideal of R if and only if A is a right
k-ideal of R. O

Proposition 2.6. If A, B are subsets of a hemiring R such that ImAs = ImAp
then

(1) ACB<= A4 < g,

(2) A AAB = AanB- O
Definition 2.7. [11] The k-product of two fuzzy subsets p and v on R is defined
by

(kg v)(z) = V '/\1 [u(as) Av(bi)] A 4/\1 [1(a) A v(b))]

i= Jj=

m n

b= Y

erZalblf Za]bj
i=1 i=1

m n
and (1 © v)(x) =0 if = cannot be expressed as x + > a;b; = > _a’bj.
i=1 j=1

A fuzzy subset A such that A ©; A = A is called k-idempotent.
Proposition 2.8. Let u, v, w, A be fuzzy subsets on R. Then

(1) p<wandv < A= pOrv <w O A.

(2) xa Ok XB =XaB for characteristic functions of A, B C R. O
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Lemma 2.9. If u,v are fuzzy left (right) k-ideals of a hemiring R, then p A v is
also a fuzzy left (right) k-ideal of R. O

Theorem 2.10. [11]
(1) If X and u are fuzzy k-ideals of R, then so is A ©f u. Moreover,
AOK < AA p.
(i) If X\ is fuzzy right k-ideal of R and p a fuzzy left k-ideals of R, then
AOk < AN p. O

Theorem 2.11. [11] A hemiring R is k-regular if and only if for any fuzzy right
k-ideal v and any fuzzy left k-ideal v of R we have 4 Op v = pu A v. O

3. Right k-weakly regular hemirings

Definition 3.1. A hemiring R is called right (left) k-weakly regular if for each
z € R,z € (zR)’ (res. x € (Rx)z).

n
That is for each € R we have r;,s;,t;,p; € R such that z + > arzs; =
i=1
m

n m
xt;ap; (x + > orirsix = thxpjx>. Thus each k-regular hemiring with iden-
j=1 i=1 j=1

J
tity is right k-weakly regular but the converse is not true. However for a commu-

tative hemiring both the concept coincide.

Proposition 3.2. The following statements are equivalent for a hemiring R with
identity:

1. R is right k-weakly regular hemiring,

2. all right k-ideals of R are k-idempotent,
3. BA = Bn A for all right k-ideals B and two-sided k-ideals A of R.

Proof. (1) = (2) Let R be a right k-weakly regular hemiring and B be a right
k-ideal of R. Clearly B2 C B.

Let x € B. Since R is right k-weakly regular, so x € (mR)2 where xR is the
right ideal of R generated by x and so xR is the right k-ideal of I& generated by
x. Thus 2R C B, this implies z € (zR) (zxR) C BB = B2. Thus B C B2. So,
B2 =B.

(2) = (3) Let B be aright k-ideal of R and A a two-sided k-ideal of R, then
by Lemma 2.2, BA C BN A. To prove the reverse inclusion, let € BN A and
xR and RxR are right ideal and two-sided ideal of R generated by x, respectively.
Thus xR C B and RzxR C A.

r€zRCaxR=2R xR =xRxR = (zR)(zR) =z (RxR) CzA C BA
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Hence BN AC BA and so BN A= BA.
(3) = (1) Let z € R and RxzR and xR be the two-sided ideal and right ideal
of R generated by x, respectively. Then

2 € RN RzR C xRN RzR = 2R RzR = tRRzR = tR?*xzR = (zR)*.
Hence R is right k-weakly regular hemiring. 0

Theorem 3.3. For a hemiring R with identity, the following statements are equiv-
alent:

1. R s right k-weakly regular hemiring,
2. all fuzzy right k-ideals of R are k-idempotent,

3. A0k it = XA p for all fuzzy right k-ideals A and all fuzzy two-sided k-ideals
uof R.

Proof. (1) = (2) Let A be a fuzzy right k-ideal of R, then A ©p A < A.
For the reverse inclusion, let € R. Since R is right k-weakly regular so there

exist s;,t;,5},t; € R such that 4+ 7" ws;xt; = Z;’:l xslat);. Hence

Mx) = A(z) A () < ‘7_1\1 (A(wss) A Azt)).
Also -

=
&
>
—
S~—
>
=
I>>s

(Alzs}) A X(zt))).
j=1
Therefore

i=1

7‘\ Axs;) A A(xt;) /\/"\ :Us)/\)\(xt))

Axs;) A A(zt;) /\/\ s5) A Mat}))

=1 J=1

>3

Y

x—&-z‘ xs;xt; —Z wsat]
= (A Ok A)(2).

Hence A < A\ ®f A, which proves A ©x A = A.

(2) = (3) Let A and p be fuzzy right and two sided k-ideal of R, respectively.
Then A A p is a fuzzy right k-ideal of R. By Theorem 2.10, A O pt < A A p. By
hypothesis,(AA p) = (AA 1) Ok (AA ) < A Ok p. Hence A O = A A p.

(3) = (1) Let B be a right k-ideal of R and A be a two-sided k-ideal of R,
then the characteristic functions xyp and x4 of B and A are fuzzy right and fuzzy
two-sided k-ideal of R, respectively. Hence by the hypothesis and Propositions
2.6 and 2.8, we have xp Or x4 = XB A X4, i-e., Xz = XBna, wWhich implies
BA = BN A. Thus, by Proposition 3.2, R is right k-weakly regular hemiring. [
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Theorem 3.4. For a hemiring R with identity, the following statements are equiv-
alent:

1. R is right k-weakly regular hemiring,

2. all right k-ideals of R are k-idempotent,

3. BA = Bn A for all right k-ideals B and two-sided k-ideals A of R,
4. all fuzzy right k-ideals of R are k-idempotent,

5

CAOR = XA p for all fuzzy right k-ideals A and all fuzzy two-sided k-ideals
w of R.

If R is commutative, then the above statements are equivalent to
6. R is k-regular.

Proof. 1,2,3 are equivalent by Proposition 3.2. 1,4,5 are equivalent by Theorem
3.3. Finally, if R is commutative, then by Theorem 2.3, also 1 and 6 are equivalent.
O

Definition 3.5. [11] The k-sum A +j p of fuzzy subsets A and p of R is defined
by
A+ p) (z) = \% [A(ar) A Maz) A pu(br) A pu(b2)],
z+(a1+b1)=(az+b2)
where x,a1,b1,a2,b € R.

Theorem 3.6. [11] The k-sum of fuzzy k-ideals of R is also a fuzzy k-ideal of R.
O

Theorem 3.7. The collection of all k-ideals of a right k-weakly reqular hemiring
R forms a complete distributive lattice.

Proof. The collection Lg of all k-ideals of a right k-weakly regular hemiring R is
a partially ordered set under the inclusion of sets and is a complete lattice under
the operations U, M defined as ALUB=A+ B and AMMB=ANB.

Let A,B,C € Lg, then obviously (ANB)+ (ANC) C An (B+C). For
the reverse inclusion, let z € AN (B+C) = A(B+C). Then z 4+ a = b for
some a,b € A(B+ C). Hence a = a1y, and b = asys for some ay,a2 € A and
y1,y2 € (B+C). Then y1 + b1 +¢1 = ba + ¢o and yo + bg + ¢35 = by + ¢4 for
some by, by, b3,by € B and cq, co,c3,c4 € C. Thus a1y; +a1b1 +arc1 = a1bs +aico
yields a + a1b1 + a1¢c1 = a1bs + ayco which implies a € AB + AC. Similarly b €
AB + AC and thusz € AB+ AC. Hence AN(B+C)=A(B+C) C AB+ AC C
AB+AC =(ANB)+(ANC). Thus (ANB)+ (ANnC)=An(B+0O). O

The following example shows that if the collection of all k-ideals of a hemiring
R is a complete distributive lattice then R is not necessarily a right k-weakly
regular hemiring,.
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Example 3.8. Consider the hemiring R = {0,a,b} with + and - defined by
x+y = max{z,y}, where 0 < a < bandz-y=bforz=y=bandz-y =0
otherwise.

The k-ideals of R are {0},{0,a} and R. Since {0} C {0,a} C R. So the
collection of k-ideals is a complete distributive lattice but R is not right k-weakly
regular hemiring. O

Theorem 3.9. If R is a right k-weakly reqular hemiring, then the set Lr of all
fuzzy k-ideals of R (ordered by <) is a distributive lattice.

Proof. The set Lr of all fuzzy k-ideals of R (ordered by <) is clearly a lattice
under the k-sum and intersection of fuzzy k-ideals. Now we show that Lp is a
distributive lattice, that is for any fuzzy k-ideals A, p, 0 of R we have (AA ) +pu =
A+p) A+ p).

For any x € R

(AAS) (a1) A (AAD)
o+(ar+b1)=(az+ba) - (1) (br) A () (b2

_ -)\(al)/\/\(@)/\u(bl)ﬂ
12 (62) A 5(@1) A 5((12)

[AAS) + 4] (2) =

<

()ag)/\:|

z4+(a1+b1)=(az+b2) -

[A(ar) AA(az) A (b)) A p(b2)] A

- z+(a1+b1)=(az+b2) - [6 (al) Mo (a2) " a (bl) 4 K (b2)] :|

~

I
<

A (a1) A X (ag) A (by) A (bo)] )
z4(a1+b1)=(az+b2)

MoV e As(a) Ap o) Ap(Ba)])

z+(a1+b1)=(az+b2)
— Ot @A G+ ) @) = (A A G+ 0] (@). T

4. Prime and Fuzzy prime right k-ideals

Definition 4.1. A right k-ideal P of a hemiring R is called k-prime (k-semiprime)
if for any right k-ideals A, B of R,

ABCP= ACPorBCP (A*CP= ACP).
P is k-irreducible (k-strongly irreducible) if for any right k-ideals A, B of R
ANB=P=A=PorB=P (ANBCP= ACPor BCP).

A fuzzy right k-ideal p of a hemiring R is called a fuzzy k-prime (k-semiprime)
right k-ideal of R if for any fuzzy k-right ideals A, of R,

AOpd<p=A<por §d<pu Ao A< pu= A< p).



104 M. Shabir and R. Anjum

wis called a fuzzy k-irreducible (k-strongly irreducible) if for any fuzzy right k-ideals
A0 of R,

AMb=p=A=p ord=p ANS<p=A<ppord<pu.

Lemma 4.2. In any hemiring R
(a) a (fuzzy) k-prime right k-ideal is a (fuzzy) k-semiprime right k-ideal,
(b) an intersection of (fuzzy) k-prime right k-ideals is a (fuzzy) k-semi
prime right k-ideal. O

Theorem 4.3. Fach proper right k-ideal of a right k-weakly regular hemiring R
is the intersection of right k-irreducible k-ideals which contain it.

Proof. Let I be a proper right k-ideal of R and let {I, : « € A} be a family of
right k-irreducible k-ideals of R which contain I. Clearly I C Ngepls. Suppose
a ¢ I. Then by Zorn’s Lemma there exists a right k-ideal Iz such that Ig is
maximal with respect to the property I C Iz and a ¢ Iz. We will show that Ig
is k-irreducible. Let A, B be right k-ideals of R such that I3 = BN A. Suppose
Ig C B and Ig C A. Then by the maximality of Iz, we have a € B and a € A.
But this implies a € BN A = Ig, which is a contradiction. Hence either Ig = B
or Ig = A. So there exists a k-irreducible k-ideal Ig such that a ¢ Iz and I C I.
Hence NI, € I. Thus I =nNI1,. O

Proposition 4.4. Let R be a right k-weakly reqular hemiring. If X is a fuzzy right
k-ideal of R with X (a) = «, where a is any element of R and a € (0, 1], then there
exists a fuzzy k-irreducible right k-ideal § of R such that A < ¢ and 6 (a) = a.

Proof. Let X = {u: pis a fuzzy right k-ideal of R, p(a) = a and A < u}. Then
X # 0, since A € X. Let F be a totally ordered subset of X, say FF = {)\; :1 € I'}.

We claim that \/ A; is a fuzzy right k-ideal of R. For any x,r € R, we have
i€l
(Vier) @) = V (i @) < V Qi (@) = (V) (@n).
i i€l i€l i€l
Let z,y € R, consider

(VA)@n (Vn) @ = (V@) ) A (Vs )
=V (Vi@ ax o))

jeI el
<V (V (max{ri(e), Ay(e)} Amax{Au(y), Ay 0)})
<V (Vmaxhu(a +9). 0 +9)})

jel el

< \/max{)\i(x—l-y),/\j(x—i-y)} = (\/)\i)@?"’y)-

icl el
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Now, let © + a = b, where a,b € R. Then

(V)@ (V)0 = (V) (V)
=\ (V@A x0)

jeI el
<V ( \/max{A;(a), Aj(a)} A max{A;(b), )\j(b)}>
jeI el
= \/ max{\;(z \/)\
i,j€1 iel

Thus \/ A; is a fuzzy right k-ideal of R. Clearly A < \/ A; and \/ Ai (a) = a. Thus
i€l
\/ A; is the L.u.b of F. Hence by Zorn’s lemma there ex1sts a fuzzy right k-ideal §

of R which is maximal with respect to the property that A < § and 6 (a) = «

We will show that § is fuzzy k-irreducible right k-ideal of R. Let 6 = §; A 4o,
where 91, 0o are fuzzy right k-ideals of R. Thus § < d; and 6 < d2. We claim that
either 6 = é; or § = do. Suppose § # §; and § # Jo. Since J is maximal with
respect to the property that ¢ (a) = « and since § < 01 and 6 S d2, so 41 (a) # «
and 65 (a) # a. Hence a = § (a) = (61 A d2) (a) = (61) (a) A (02) (a) # «, which is
impossible. Hence § = §; or § = 3. Thus ¢ is a fuzzy k-irreducible right k-ideal
of R. O

Theorem 4.5. Every fuzzy right k-ideal of a hemiring R is the intersection of all
fuzzy k-irreducible right k-ideals of R which contain it.

Proof. Let A be the fuzzy right k-ideal of R and let {\,, : @ € A} be the family of all

fuzzy k-irreducible right k-ideals of R which contain A. Obviously A < A A.. We
acA
show that A A, < A Let a be any element of R, then by Proposition 4.4, there
a€A
exists a fuzzy k-irreducible right k-ideal Ag such that A < Ag and A (a) = Ag (a).

Hence A\g € {\o : @ € A}. Hence A A, < Ag, s0 /\ Aa ()g)\g(a):)\(a),i.e.,
a€A

N Ao <A Hence A Ay =\ O

acA a€A

Theorem 4.6. A hemiring with identity is right k-weakly regular if and only if
each its right k-ideal is k-semiprime.

Proof. Suppose every right k-ideal is idempotent. Let I,.J be right k-ideals of R,
such that J2 C I. Thus J2 C I. By Theorem 3.4, J = J2,s0 J C I. Hence I is a
k-semiprime right k-ideal of R.

Conversely, if each each right k-ideal I of R is k-semiprime, then I I? is also a
right k-ideal of R and I? C I2. Hence by hypothesis I C I2. But 12 C T always.
Hence I = I2. Thus by Theorem 3.4, R is right k-weakly regular. O
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Theorem 4.7. For a hemiring R with identity the following statements are equiv-
alent:

1. R is right k-weakly regular hemiring,
2. all fuzzy right k-ideals of R are k-idempotent,

3. MOk = AA p for all fuzzy right k-ideals A and all fuzzy two-sided k-ideals
wof R,
4. each fuzzy right k-ideal of R is also fuzzy k-semiprime.

Proof. 1,2,3 are equivalent by Theorem 3.3.

If 0 is a fuzzy right k-ideal of R, then A ®x A < 4, where ) is a fuzzy right
k-ideal of R. By (2) A®x A = A, so A < 6. Thus § is a fuzzy k-semiprime right
k-ideal of R.

Conversely, if § is a fuzzy right k-ideal of R, then also § ®f § is a fuzzy right
k-ideal of R and so by (4) 6 ® ¢ is a fuzzy k-semiprime right k-ideal of R. As
0Ok <L IO wehave 0 < I O . But 0 ©f d < § always. So 6 O d = 4. O

Theorem 4.8. If every right k-ideal of a hemiring R is k-prime , then R is a
right k-weakly reqular hemiring and the set of k-ideals of R is totally ordered.

Proof. Suppose R is a hemiring in which each right k-ideal is prime right k-ideal.
Let A be a right k-ideal of R then A2 is a right k-ideal of R. As A% C A2
= A C A2, But A2C A always. Hence A = A2, Thus R is right k-weakly
regular.

Let A, B be any k-ideals of R then AB C AN B. As AN B is a k-ideal of R,
so a k-prime right k-ideal. Thus either A C AN B or B C AN B. That is either

ACBor BCA. O

Theorem 4.9. If R is a right k-weakly reqular hemiring and the set of all right
k-ideals of R is totally ordered, then every right k-ideal of R is k-prime.

Proof. Let A, B, C be right k-ideals of R such that AB C C. Since the set of all
right k-ideals of R is totally ordered, so we have A C Bor B C A. If A C B then
A=AACABCC. If BC Athen B= BB C AB C C. Thus C is a k-prime
right k-ideal. O

Theorem 4.10. If every fuzzy right k-ideal of a hemiring R is a fuzzy k-prime
right k-ideal, then R is a right k-weakly reqular hemiring and the set of fuzzy
k-ideals of R is totally ordered.

Proof. Suppose R is a hemiring in which each fuzzy right k-ideal is fuzzy prime.
Let A be a fuzzy right k-ideal of R. Then A ®y A is also a fuzzy right k-ideal of R.
ASAORE A AOR A = A< A0k A But A O A < X always. Hence A = A\ O A
Thus R is a right k-weakly regular hemiring.

Let A, u be any fuzzy k-ideals of R. Then A O p < AA p. As A A p is a fuzzy
k-ideal of R so it is fuzzy k-prime. Thus either A < AA por u < A A p. That is
either A < por pu <A O
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Theorem 4.11. If the set of all fuzzy right k-ideals of a right k-weakly regular
hemiring R is totally ordered, then every fuzzy right k-ideal of R is a fuzzy k-prime
right k-ideal of R.

Proof. Let A, u, v be fuzzy right k-ideals of R such that A © p < v. Since the set
of all fuzzy right k-ideals of R is totally ordered, so we have A < por p < A, If
A< pthen A= A0 A< A0 <v. fpu<< Athen p=porpp <K A0 < v.
Thus v is a fuzzy k-prime right k-ideal. O

Example 4.12. Consider the set R = {0, 2,1} in which a + b = max{a,b} and
ab = min{a, b} are defined by the chains 0 <1 <z and 0 < < 1. Then (R, +,")
is a hemiring.

The right k-ideals of R are {0},{0,2},{0,2,1}. The k-ideals {0} {0,z,1} are
idempotent.

In order to examine the right fuzzy k-ideals of R, we observe the following
facts.

Fact 1. A fuzzy subset A of R is a fuzzy right ideal if and only if A (0) > A (z) >
A(1).

Indeed, since 0 = z-0 = 1-0s0 A(0) > A(z) and A(0) > A(1). Also
AMa)=A(1-2z) =2 A(1). Thus A(0) = A(z) = A(1).

Conversely, If X is a fuzzy subset of R such that A(0) > A(z) > A (1), then
by the definition of + in R, we have m +m’ = m or m’ for every m, m’ € R, and
certainly A (m) A X (m') < A(m) and A (m) AX(m') < A(m'). Thus A (m+m') >
A(m) A X(m'). By the definition of - defined on R, it is easy to verify that
A(ma) = A (m) for all m,a in R. Hence X is a fuzzy right ideal of R.

Fact 2. A is a fuzzy right k-ideal of R if and only if A (0) > A (x) = A (1).

Indeed, by the Fact 1 we have A(0) > A(z) > A(1). Since 1+ =z = =z, so
A1) =2 A(@) AX(x) = A(x). Thus A(0) = A(x) = A(1). Conversely, if A (0) >
A(z) = A (1), then by the Fact 1, A is a fuzzy right ideal of R.

If z+a=0for a,b,z € R then A(z) > A(a) A A (D). So X is a fuzzy right
k-ideal of R.

Obviously R is a right k-weakly regular hemiring. But each fuzzy right k-ideal
of R is not k-prime. Because A, pu,v defined by A(0) = 0.8, A(z) = A(1) = 0.6,
w(0) = 0.9, u(x) = (1) = 0.5 and v(0) = 0.85, v(z) = v(1) = 0.55 are fuzzy
k-ideals of R such that X\ ©®f p < v but neither A < v nor p < v. O

5. Right pure k-ideals

In this section we define right pure k-ideals of a hemiring R and also right pure
fuzzy k-ideals of R. We prove that a two-sided k-ideal I of a hemiring R is right
pure if and only if for every right k-ideal A of R, we have AN T = Al

Definition 5.1. A k-ideal I of a hemiring R is called right pure if for each x € I,
x € xl, i.e., if for each = € I there exist y, z € I such that = + xy = zz.
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Lemma 5.2. A k-ideal I of a hemiring R is right pure if and only if ANI = AI
for every right k-ideal A of R.

Proof. Suppose that I is a right pure k-ideal of R and A is a right k-ideal of R.
Then AI C ANI. Clearly, a € AN I implies a € A and a € I. Since I is right
pure, so a € al C AI. Thus ANI C AI. Hence ANI = Al
Conversely, assume that AN I = AT for every right k-ideal A of R. Let x € I.
Take A, the principal right k-ideal generated by x, that is, A = R 4+ Nyx, where
N, = {0,1,2,.....}. By hypothesis ANT = AI = (xR + Noz)I = (2R + Nox)I C
zI. So x € 2I. Hence I is a right pure k-ideal of R. O

Definition 5.3. A fuzzy k-ideal A of a hemiring R is called right pure if and only
if w AX=p O A for every fuzzy right k-ideal p of R.

Proposition 5.4. The characteristic function of a non-empty subset A of a hemir-
ing R is its right pure fuzzy k-ideal if and only if A is a right pure k-ideal of R.

Proof. Let A be a right pure k-ideal of R. Then x4 is a fuzzy k-ideal of R. To
prove that x4 is right pure we have to show that for any fuzzy right k-ideal p of
R, uAxa=puopxa Nowifx ¢ A, then

(kA xa) (@) = p(x) Axa (@) =0< (1ORxA) ().
For the case = € A, as A is a right pure k-ideal of R, so there exist a,b € A,

such that x + za = xb. As x,a,b € A, this implies x4 (z) = xa (a) = xa () = 1.
Now,

[w(ai) Axa®)] A N [ula)) A xa(®))]
1 j=1

=

(1 ©k xa) (z) = \/

r+2a bZ_Za bl
i=

i=

in g () A xa (@) Ap(z) A xa (b))

min [p (z) ) A
min [p () A xa (z) A p () A xa (@)]
p(x) Axa(z) = (uAxa)(z).

So, in both the cases Ok x4 = A xa. But p©Or xa < A xa is always true.
Thus, u A xa = O Xa- S0, x4 is right pure fuzzy k-ideal of R.

Conversely, let x4 be a right pure fuzzy k-ideal of R. Then A is a k-ideal of
R. Let B be a right k-ideal of R, then yp is a fuzzy right k-ideal of R. Hence by
hypothesis xp Ok X4 = xB A X4 = XBna. By Proposition 2.8, xp ©x x4 = XBA-
This implies that B N A = BA. Therefore A is a right pure k-ideal of R. O

A\VAR\VARV]

Proposition 5.5. Intersection of right pure k-ideals of R is a right pure k-ideal
of R.



Right k-weakly regular hemirings 109

Proof. Let A, B be right pure k-ideals of R and I be any right k-ideal of R. Then
IN(ANB)=(INA)NB=(IA)NB=(IA)B = (IA)B =1(AB) = I(ANB)
because (I A) is a right k-ideal. Hence AN B is a right pure k-ideal of R. O

Proposition 5.6. Let \1, Ay are right pure fuzzy k-ideals of R, then so is A1 A\ As.

Proof. Indeed, A1 A Az is a fuzzy k-ideal of R. We have to show that, for any fuzzy
right k-ideal p of R, p O ()\1 A )\2) =uA ()\1 A )\2)

Since Ao is right pure fuzzy k-ideal of R so it follows that Ay ©®x Aa = A1 A As.
Hence 1 ®f (A1 Ok A2) = Ok (A1 A A2).

AISO, /J,/\ ()\1/\)\2) = (/J/\)\l) A )\2 = (/J@k)\l) A )\2 = (/l@k)\l) Ok )\2 =
Ok (A1 Ok A2) since p O Ap is a fuzzy right k-ideal of R.

Thus /,L/\()\l/\)\g):,u@k ()\1/\)\2). O

Proposition 5.7. For a hemiring R with identity the following statements are
equivalent:

1. R is right k-weakly regular hemiring,

2. all right k-ideals of R are k-idempotent,

3. every k-ideal of R is right pure.
Proof. 1 and 2 are equivalent by Proposition 3.2.

(1) = (3) Let I and A be k-ideal and right k-ideal of R, respectively. Then
ANT = Al Thus by Lemma 5.2, A is right pure.

(3) = (1) Let I be a k-ideal of R and A a right k-idealof R, then by hypothesis,
I is right pure and so AN I = AI. Thus, by Proposition 3.2, R is right k-weakly
regular. O

Proposition 5.8. The following statements are equivalent for a hemiring R with
identity:

1. R is right k-weakly regular hemiring,

2. all right k-ideals of R are k-idempotent,

3. every k-ideal of R is right pure,

4. all fuzzy right k-ideals of R are k-idempotent,

5. every fuzzy k-ideal of R is right pure.
If R is commutative, then the above statements are equivalent to

6. R is k-regular.

Proof. 1,2,3 are equivalent by Proposition 5.7, 1,4 by Theorem 3.3.

(4) = (5) Let A and p be fuzzy right and two sided k-ideals of R, respectively.
Then A A p is a fuzzy right k-ideal of R. By Theorem 2.10, A O 4 < A A p. By
hypothesis,(AA p) = (AA p) Ok (AA @) < A O p. Hence A g p = A A p. Thus p
is right pure.
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(5) = (1) Let B be a right k-ideal of R and A be a two-sided k-ideal of R
then the characteristic functions xyp and x4 are fuzzy right and fuzzy two-sided
k-ideals of R, respectively. Hence xp ®n X4 = XB A X4 implies x57 = XBna4, i.€.,
BA = BN A. Thus by Proposition 3.2, R is right k-weakly regular.

Finally, for a commutative hemiring, by Theorem 2.11, 1 and 6 are equivalent.

O

6. Purely prime k-ideals

Definition 6.1. A proper right pure k-ideal I of a hemiring R is called purely
prime if for any right pure k-ideals A, B of R, AN B C I implies ACTor BC 1,
or equivalently, if AB C I implies A C I or B C I.

Definition 6.2. A proper right pure k-ideal p of a hemiring R is called purely
prime if for any right pure fuzzy k-ideals A\, of R, AAd < p implies A < p or
0 < p, or equivalently, if A © 6 < p implies A < por § < p.

Proposition 6.3. For a k-ideal I of a right k-weakly regular hemiring R with
identity the following statements are equivalent:

1. AnB=1= A=1orB=1,

2. ADBCI=ACIorBCI,
where A, B are k-ideals of R.

Proof. (1) = (2) Suppose A, B are k-ideals of R such that AN B C I. Then
by Theorem 3.4, I = (ANB)+1 = (A+I)N(B+1I). Hence by the hypothesis
I=(A+I)orI=(B+1),ie, ACTor BCI.

(2) = (1) Suppose A, B are k-ideals of R such that AN B =1. Then I C A
and I C B. On the other hand by hypothesis A C T or B C I. Thus A= 1 or
B=1. O

Proposition 6.4. Let R be a right k-weakly reqular hemiring. Then any proper
right pure k-ideal of R is contained in a purely prime k-ideal of R.

Proof. Let I be a proper right pure k-ideal of a weakly regular hemiring R and
a € R such that a ¢ I. Consider the set X of all proper right pure k-ideals .J
of R containing I and such that a ¢ J. Then X is non-empty because I € X.
By Zorn’s Lemma this family contains a maximal element, say M. This maximal
element is purely prime. Indeed, let AN B = M for some some right pure k-ideals
A, B of R. If A, B both properly contains M, then by the maximality of M, a € A
and a € B. Thus a € AN B = M, which is a contradiction. Hence either A = M
or B=M. O

Proposition 6.5. Let R be a right k-weakly reqular hemiring. Then each proper
right pure k-ideal is the intersection of all purely prime k-ideals of R which contain
it.
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Proof. The proof is similar to the proof of Theorem 4.3. O

Proposition 6.6. Let R be a right k-weakly regular hemiring. If \ is a right pure
fuzzy k-ideal of R with X\ (a) =t where a € R and t € [0,1], then there ezists a
purely prime fuzzy k-ideal p of R such that A < p and p(a) =t.

Proof. The proof is similar to the proof of Proposition 4.4. O

Proposition 6.7. Let R be a right k-weakly reqular hemiring. Then each proper
fuzzy right pure k-ideal is the intersection of all purely prime fuzzy k-ideals of R
which contain it.

Proof. The proof is similar to the proof of Theorem 4.5. O
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Congruences on ternary semigroups

Sheeja G. and Sri Bala S.*

Abstract. We study congruences on ternary semigroups. We have extended Lallement’s
lemma for a regular ternary semigroups. We have characterized minimum group congruence and
maximum idempotent pair separating congruence on a strongly regular ternary semigroups. We
have also obtained a characterization for maximum idempotent pair separating congruence and

smallest strongly regular congruence on an orthodox ternary semigroup.

1. Introduction

Ternary semigroups, i.e., algebras of the form (7,[ ]), where [ ] is a ternary
operation T3 — T : (x,y,2) — [ryz] satisfying the associative law

[zy[uvw]] = [zlyuwv]w] = [[zyulvw]

are studied by many authors. The study of ideals and radicals of ternary semi-
groups was initiated in [11]. The concept of regular ternary semigroups was intro-
duced in [10]. In [6] regular ternary semigroups was characterized by ideals. In
[8] regular ternary semigroups are characterized by idempotent pairs. Orthodox
ternary semigroups are investigated in [9]. Congruences on ternary semigroups are
described in [2].

In this paper we generalize to ternary semigroups some important results on
congruences on binary semigroups such as the Lallement’s Lemma for example.
We also characterize the minimal congruence on ternary semigroup under which
the quotient algebra is a ternary group and find a maximal congruence separating
idempotent pairs.

2. Preliminaries
For simplicity a ternary semigroup (7, [ ]) will be denoted by T" and the symbol of

an inner ternary operation | | will be deleted, i.e., instead of [[zyz]uw] or [z[yzu|w]
or [zy[zuw]] we will write [zyzuw].

*According to the authors request we write their names in the form used in India.
2010 Mathematics Subject Classification: 20N10

Keywords: Idempotent pair, strongly regular ternary semigroup, congruence.

The second author is supported by University Grants Commission, India.
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Recall that an element z of a ternary semigroup 7T is called regular if there
exists y € T such that [xyx] = z. A ternary semigroup in which each element is
regular is called regular. An element z € T is inverse to y € T if [xyx] = x and
[yxy] = y. Clearly, if z is inverse to y, then y is inverse to z. Thus every regular
element has an inverse. The set of all inverses of x in T is denoted by I(z).

Definition 2.1. A pair (a,b) of elements of T is an idempotent pair if [ab[abt]] =
[abt] and [[tablab] = [tab] for all ¢ € T. An idempotent pair (a,b) in which an
element a is inverse to b is called a natural idempotent pair.

According to Post [7] two pairs (a,b) and (c,d) are equivalent if [abt] = [cdt]
and [tab] = [ted] for all ¢ € T. Equivalent pairs are denoted by (a,b) ~ (¢,d). If
(a,b) is an idempotent pair, then ([aba], [bab]) is a natural idempotent pair and
(a,b) ~ ([abal], [bab]). The equivalence class containing (a,b) will be denoted by
(a,b). By Er we denote the set of all equivalence classes of idempotent pairs in 7.

For a,b € T consider the maps Ly, : T — T : ¢ — [abz] and Ry p : @ —
[zab]. On the set

M = {m(a,b) |m(a,b) = (Lap,Rap),a,be T},
which can be identified with 7" x T, we introduce a binary product by putting
m(a,b)m(c,d) = m([abc],d) = m(a, [bed]).

Then M is a semigroup. This semigroup can be extended to the semigroup St =
T UM as follows. For A, B € St we define

m(a,b) if A=a, B=beT,
[abz] if A=m(a,b)€ Sy, B=x€T,
[xab] if A=zeT, B=m(a,b)€ Sr,
m([abc],d) if A =m(a,b), B=m(c,d) € Sr.

AB =

The semigroup St is a covering semigroup in the sense of Post [7] (see also [1]).
The product [abc] in T is equal to abc in S7. The element m(a, b) in St is usually
denoted by ab.

It is shown in [8] that T is a regular (strongly regular) ternary semigroup if and
only if St is a regular (inverse) semigroup. There is a bijective correspondence
between Er and the set Eg.. of idempotents of St. Note that (a, b) is an idempotent
pair in T if and only if m(a,b) is an idempotent in S and (a,b) corresponds to
m(a,b).

Definition 2.2. A ternary semigroup T is called a ternary group if for a,b,c € T
the equations [abx] = ¢, [ayb] = ¢ and [zab] = ¢ have (unique) solutions in T.

Definition 2.3. An element a of a ternary semigroup 7' is said to be invertible if
there exists an element b € T such that [abz] = z = [bax] = [zab] = [zba] for all
zel.
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An invertible element is regular. In ternary group each element is invertible.
Moreover, directly from the definition of a ternary group it follows that in ternary
groups each element is regular and invertible. An element which is inverse to z is
called it skew to x and is denoted by T (see [1] or [3]). Obviously it is uniquely
determined and T = =.

In this paper we will denote the unique inverse of z (also in ternary semigroups)
by z~ L.

As a simple consequence of results proved in [3] and [7] we can deduce

Theorem 2.4. A ternary semigroup T is a ternary group if and only if one of
the following equivalent conditions is satisfied.

(i) T is regular and cancellative.
(1i) T is regular and all idempotent pairs are equivalent.
(#it) All elements of T are invertible.

(iv) T contains no proper one sided ideals. O
More information on ternary groups one can find in [4] and [5].

Definition 2.5. A regular ternary semigroup 7' is called orthodoz if for any two
idempotents pairs (a,b) and (c,d) the pair ([abc],d) is also an idempotent pair.

If T is an orthodox ternary semigroup, then Ep is a band. Hence Ep is a
semilattice of rectangular bands. Clearly Er ~ Eg_ . as bands.

For a,b € T denote by W(a,b) the set of all equivalence classes (u,v) such
that (u,v) € T x T and [abuvabt] = [abt], [tabuvab] = [tab], [uvabuvt] = [uvt],
[tuvabuv] = [tuv].

Clearly, (z,y) € W(a,b) if and only if zy € I(ab) in St. Since Er is a semi-
lattice of rectangular bands, from the fact that (a,b) and (c,d) are elements of
Er it follows that ([abc],d) and ([cdal,b) are in the same component of Er and
consequently W([abc],d) = W ([cdal,b).

Proposition 2.6. [I(c)I(b)I(a)] C I([abc]) for all elements a,b, ¢ of each orthodox
ternary semigroup. O

Proposition 2.7. A regqular ternary semigroup is orthodoz if and only if for all
its elements a,b from I(a) N I(b) # 0 it follows I(a) = I(D). O

The proofs of the above two facts are found in [9].

3. Congruences on ternary semigroups

Lemma 3.1. If (a,b) is an idempotent pair in an orthodoz ternary semigroup T,
then ([uab],u’), ([abu],u’), ([uv’a],b) and ([buv'],a) are idempotent pairs for any
u€eT and v € I(u).
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Proof. Indeed, we have [uabu/uabu't] = [uabu’uab[u'uu/|t] = [u[abu'uabu'uu']t] =
[u[abu'uu']t] = [uabu't] for all t € T. Similarly, [tuabu'uabu’] = [tuabu’uabu'uu'] =
[tulabu/uabu'uu']] = [tuabu’]. Therefore ([uab],u’) is an idempotent pair. For
([abu], ), ([uu'a),b) and ([bun'],a) the proof is analogous. O

Corollary 3.2. If (a,b) is an idempotent pair in a strongly reqular ternary semi-
group T, then ([uabl,u™1),([abu],u1) ([uu=1a),b) and ([buu~1],a) are idempotent
pairs for any u € T. O
Lemma 3.3. If (a,b) is an idempotent pair in an orthodoz ternary semigroup T,
then ([uva], [bv'u’]) is an idempotent pair for all v’ € I(u), v € I(v) and u,v € T.

Proof. By Lemma 3.1 ([vab], v') is an idempotent pair and for all v’ € I(u) and v’ €

I(v) we obtain [uvabv'u'uvabv'u't] = [u[vabv'v/ vvabv' v/ uvu't]] = [uvabv' v uu't] =
[uvabv'u't] for t € T. Similarly [tuvabv'v'uwvabv'v'] = [tuvabv' v/ vvabv’'v/vu'] =
[tuvabv'v'uu'] = [tuvabv'u']. O

Corollary 3.4. If (a,b) is an idempotent pair in a strongly regular ternary semi-
group T, then ([uva], [bv=tu=1]) is an idempotent pair for all u,v€T.

Lemma 3.5. (Generalised Lallement’s Lemma)

Let p be a congruence on a reqular ternary semigroup T. If (ap,bp) is an idempotent
pair in T'/p then there exists an idempotent pair (p,q) in T such that (ap,bp) ~
(pp,qp). Moreover, (p,q) satisfies the property that [Tpq] C [Tab] and [pqT] C
[abT]

Proof. Tt is clear that T'/p is a ternary semigroup. Let (ap,bp) be an idempo-
tent pair in T/p. If ¥/ is an inverse of b and u be an inverse of [[aba]bb’], then
for p = [abb'], ¢ = [uab] and t € T we have [pg[pqt]] = [[abb'][uab][ab’][uablt] =
[abb' [uababb' u]abt] = [[abb|[uab]t] = [pqt]. Similarly [[tpg|pq] = [t[abl'][uababb’u]ab]
= [tpq]. Hence (p, q) is an idempotent pair. Moreover [ppgpzp] = [[abb']pluablpzp] =
[apbpl! pupapbpap] = lapbpapbpb’ pupapbpapbpb’ pbpxp] = [[[[abalbb’|u[[abalbb’]]bx]p
= [[abalbz]p = [apbpapbpxp] = [apbprp] for x € T. Analogously [zpppgp] =
[xpapbp] for all x € T. Thus (ap,bp) ~ (pp,qp) in T/p. From the choice of p
and ¢ it is clear that [T'pq] C [T'ab] and [pgT] C [abT]. O

Corollary 3.6. If T is a regular ternary semigroup and p is a congruence on T
then T/p is a reqular ternary semigroup. O

Definition 3.7. A congruence p on a ternary semigroup 7 is said to be a ternary
group congruence if T'/p is a ternary group.

Definition 3.8. A congruence p on a regular ternary semigroup 7' is called strongly
reqular if T/p is a strongly regular ternary semigroup, and idempotent pair sepa-
rating if (a,b) and (¢, d) are equivalent in T for each idempotent pairs (a,b), (¢, d)
such that (ap,bp) and (cp, dp) are equivalent in T'/p.

Lemma 3.9. Let p: T — Tp be a ternary homomorphism of an orthodoz ternary
semigroup T. Then Tp is an orthodox ternary semigroup. O
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Lemma 3.10. Let p be a ternary homomorphism of a strongly reqular ternary
semigroup T. Then Tp is a strongly reqular ternary semigroup such that (ap)~! =
a~tp forallteT.

Proof. For idempotent pairs (ap,bp) and (zp,yp) in Tp, by Lemma 3.5, there
exists idempotent pairs (p, ¢) and (u, v) such that (pp, gp) ~ (ap, bp) and (up,vp) ~
(zp,yp). Thus [apbpxpyptp| = [ppgpupvptp] = [pquut]p = [uvpgt]p = [upvpppaptp]
= [zpypapbptp] and [tpapbprpyp] = [tpzpypapbp]. Hence the idempotent pairs
(ap, bp) and (zp,yp) commute in T'/p. Thus Tp is strongly regular. Moreover, for
any a € T we have [apa~tpap] = ap and [a papa=tp] = a=1p. Thus a=lp =
(ap)~", by [9]. O

Any congruence p on a ternary semigroup 7' can be extended to the relation
p¢ defined on S =T U M in the following way:

(2,1) € p° & (x,y) €p and z,y €T, or
Y =p z=ab, y=cde M and ([abt],[cdt]), ([tab],[tcd)) €p VtET.

Lemma 3.11. p° is a congruence on St.

Proof. 1t is clear that p° is an equivalence relation on Sp. To prove that it is a
congruence suppose zp°y and x,y € St.

(i) If z,y € T and z € T, then [zxt]p[zyt] and [tzx]p[tzy] for any t € T, so
zap©zy. Similarly [xzt]plyzt] and [txz]p[tyz]. Hence xzp®yz. If z = uv, then za =
[uvz], zy = [uvy] and [uvz]puvy]. Also [zuv]plyuv]. Thus zzpczy and zzp°yz.

(ii) Suppose x = ab, y = cd and z = pq. Then zz = ([abp],q) and yz =
([edp], q). Since zp°y, we have [abt] = [cdt] and [tab] = [ted] for all t € T. Therefore
[abpgt] = [edpgt] and [tabpq] = [tedpq]. Hence xzpCyz. Similarly, [pgabt] = [pgedt]
and [tpgab] = [tpqcd]. So, zxp©zy.

(iii) If x = ab,y = cd, then for any z € T we have [zab]p[zcd] and [abz]p[cdz].
Therefore zzp®zy and xzpyz. Hence p© is a congruence. O

Lemma 3.12. If T is a regular ternary semigroup, then p® is an idempotent
separating congruence in St if and only if p is an idempotent pair separating
congruence in T.

Proof. Let p° be an idempotent separating congruence in St. If (a,b) and (¢, d) are
idempotent pairs in T such that (ap,bp) and (cp,dp) are equivalent in T'/p, then
[abt]pcdt] and [tab]p[ted] for all ¢ € T. Hence abp®cd in Sy. Since ab and cd are
idempotents in Sp and p® is idempotent separating we have ab = cd. This means
that [abt] = [edt] and [tab] = [ted] and so (a,b) ~ (¢, d). Conversely suppose p is an
idempotent pair separating congruence in 7. Let e, f be idempotents in St such
that ep®f. Let e = ab and f = cd for some idempotent pairs (a,b) and (c¢,d) in
T. Then ep®f implies [abt]p[cdt] and [tab]pted]. Hence (ap,bp) ~ (cp,dp) in T/p,
which gives (a,b) ~ (¢,d) in T. So, e = f. Thus p€ is an idempotent separating
congruence on St. O
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4. Strongly regular ternary semigroups

In this section T denotes a strongly regular ternary semigroup. Below we will

construct congruences on 7 which are analogous to the group congruence and

maximum idempotent separating congruence on an ordinary inverse semigroup.
We start with the relation o defined on 7" as follows:

(z,y) € 0 <= [abx] = [aby] for some idempotent pair (a,b) € T'
Lemma 4.1. o is a congruence on T.

Proof. Clearly o is an equivalence relation on T. To prove that it is a congruence
suppose zoy and u,v € T. Then [abz] = [aby] for some idempotent pair (a,b), and
so [abzuv] = [abyuv]. Hence ([zuv], [yuv]) € o. By Corollary 3.2, for any u,v € T,
([v~*u~tu],v) is an idempotent pair and by Corollary 3.4, ([uva], [bv~tu~?]) is
also an idempotent pair. So,

—1 —1 1

wvabv ™ u~ uvx]

-1 1

[uvabv
[uvabv u tuvv~tu~ uvabx]
= [

[[uva] b~ u[uva]] =

wvabv~ u" uvabz| = [uvabv ™ v luvaby]

= [wwababv™ u uvy| = [uvabv ™ u"tuvy].

Therefore ([uva], [uvy]) € o. Similarly ([vab],v™!) and (u=!,u) are idempotent
pairs and they commute. Hence

[[uva] b~ u=[uzv]] = [wwabv™ v~ uvabv  u™ uay]

[vabv ™ u" uv]abv~u " turv)]

1

= [u
[uu uf Uabv vabv_lu_l]uxv]
= [u[vabv ™ u uav] = [uvabv ™ u" u]au]

1

uvv "ty uabmv] [uvv ™ u~tuabyv]

=
= [uwwabv~u~tuyv).
Therefore ([uzv], [uyv]) € 0. Hence o is a congruence. O

Proposition 4.2. T/o is a ternary group.

Proof. By Theorem 2.4 and Lemma 3.9, it is enough to show that all idempotent
pairs in T'/o are equivalent. If (ac,bo), (uo,vo) are two idempotent pairs in T'/o,
then we have to prove [abt]o[uvt] and [tablo[tuv] for all ¢ € T. By Lemma 3.5,
without loss of generality we can assume that (a,b) and (u, v) are idempotent pairs
of T. Then ([abu],v) and ([uva],b) are idempotent pairs. For any ¢ € T we have
[[abu]v[abt]] = [ababuvt] = [abuvt] = [abuvuvt] = [[abu]v[uvt]] since idempotent
pairs commute in T. Therefore [abt]o[uvt]. Similarly [[tad][uva]b] = [tabuvab] =
[tuvab] = [[tuv][uvalb]. Hence [tablo[tuv]. So, (ac,bo) and (uc,vo) are equivalent
in T'/o. Thus in T/o all idempotent pairs are equivalent and 7'/o is a ternary
group. O
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Theorem 4.3. o is the minimum ternary group congruence on a strongly regular
ternary semigroup T.

Proof. By Proposition 4.2, T'/o is a ternary group. Suppose 6 is a congruence on
T such that T'/0 is a ternary group. We prove that ¢ C 6. Suppose (p,q) € o,
then [abp] = [abq] for some idempotent pair (a,b) in T. Then [afbOpb] = [aBbOqH).
Since T'/6 is a ternary group cancellation law holds and so pf = ¢#. O

Now we consider the relation p defined as follows:
(a,b) € p <= (Jazz™'],a™ ) ~ ([pxz™],07") V(z,2™ ') € T x T.

In other words, (a,b) € u if [azx~la='t] = [brz~ b~ and [tazz~la~!] =
[tbxz=tb1] for every t € T.

Lemma 4.4. ;1 is a congruence on T.

Proof. Clearly p is an equivalence relation. Suppose (a,b) € p and u,v € T.
For every idempotent pair (z,z~'), by Corollary 3.2 ([uvz], [z~ v~ u"!]) is an

idempotent pair and so we obtain [auvzr v~ u"ta7 ] = [buvzr v~ tuT o ],

[tavvzr— v luta™l] = [thuvrz~'v~'u~1b71]. Hence ([auv],[buv]) € pu. Since
[azz~ra" ] = [bzz=1b~ ] for all t € T, we have [uvazz~'a~'t] = [uvbzz~1b~].
Replacing ¢ by [v™lu='t] we get [uvazz—ta v lu~t] = [uvbrz~ b v~ tu~1t].
In a similar way we obtain [tuvazz ta v~ lu=!] = [tuvbzr 1o~ tv~tu~?]. Thus
([uva), [uvb]) € p. Hence for every idempotent pair (z,z7!) also ([vzz—1],v71)
is an idempotent pair. Therefore for all t € T we have [avzz lv~la~'t] =

[bvzr~lv~1b~t]. In particular for t+ = u~! we obtain [avzz v la lu~!] =
[bvzr~to~ 1o~ tu~1]. Hence [[uav]zz v la tu=tt] = [[ubv]zz v~ 1o~ tu=1]t]
for t € T. Analogously we obtain [tuavrz = v~ta"tu™1] = [tubvzr v~ 1o~tu~1].
Hence ([uav], [ubv]) € p. Thus p is a congruence. O

Theorem 4.5. p is the mazimum idempotent pair separating congruence on T.

Proof. Let (a,a™!) and (b,b~!) be such that (au,a='yu) and (bu, b~ ) are equiv-
alent idempotent pairs in T/u. We claim that (a,a™!) and (b,b~!) are equiva-
lent idempotent pairs in 7. From the hypothesis it follows that in T' we have
[aa=1t]u[bb~1t] and [taa=!]u[tbb—1] for all t € T. The first relation for ¢ = a and
t = b gives au[bb~'a] and [aa~1b]ub. Putting in the second relation ¢t = a~! and
t = b1 we obtain a *u[a~tbb~!] and [b~Laa"!]ub~ . Therefore for all idempotent
pairs (z,27!) and for all ¢ € T we have

[azz" a7 ) = Db tazz"ta "t bb ], (4.1)
[bzz o] = [aa"tbzz b aa ). (4.2)
From (4.1) for z = a~! and t = a we get [aa"*aa"'a] = [bb~'aa"'bb~1a] = [bb~'a).

Therefore
a = [bb'al. (4.3)
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Thus a=* = [a~1bb™!]. From (4.2) putting z = b=! and ¢ = b we obtain [bb~1bb~10]
= [aa=1bb~Yaa"1b] = [aa~1b]. Therefore

b= [aa™'b]. (4.4)
Hence b=! = [b~taa!]. Now using (4.3) and (4.4) we see that
[aa™ ] = [bbtala'bb ™ )t] = [b[b"taa " ]bb ™ ] = [bb~ Db ] = [bb~ ']
for all ¢t € T. Similarly
[taa™'] = [t[bb~'a][atbb™ ]] = [tb[b~raatbb™ ] = [thb1bb ] = [thb 1.

Therefore (a,a™!) ~ (b,b~!). Hence p is an idempotent pair separating congruence
inT.

Suppose that p is another idempotent pair separating congruence on T. If
ap = bp, then a~!p = b~1p by Lemma 3.10. For any idempotent pair (z,z71) € T
we have [azz~la"'t]p = [bra~ b~ t]p and [tazz—la"']p = [thbex~'b~!]p. Hence
([azx=1]p,a=1p) and ([brz~'p,b~1p) are equivalent idempotent pairs in T/p.
Since ([axz~',a™t) and ([brz~'],b~!) are idempotent pairs in T' we see that
they are equivalent in T'. Hence aub. Therefore p C pu. O

5. Congruences on orthodox ternary semigroups

In this section by 7" will denote an orthodox ternary semigroup. By + we denote
the relation on 7" such that

(a,b) € v <= I(a) = I(}).
Theorem 5.1. The relation v is a congruence on T.

Proof. Clearly « is an equivalence relation. Suppose (a,b) € v and z,y € T.
Then for any u € I(a) = I(b) and for any v € I(x),w € I(y) it follows from
Proposition 2.6, that [uwv] € I([zya]) N I([zyb]). Hence by Proposition 2.7 we get
I([zya]) = I([zyb]) and so ([zya], [zyb]) € 7. Similarly [wovu] € I([azy]) N I([bxy]).
Therefore ([azy], [bzy]) € . Also ([zay], [zby]) € 7. Hence ~ is a congruence. [

Theorem 5.2. The relation «y is the smallest congruence on T for which T/ is
a strongly regular ternary semigroup.

Proof. Er = UE, is a semilattice of rectangular bands. For any (a,b), {(c,d)
and (e, f) in Er, elements ([abede], f) and ([cdabe], f) belong to the same class
E, and so I({[abede], f)) = I({[cdabe], f)) in Ep. This can be interpreted in T
as W([abcdel, f) = W ([cdabe], f) = W (a, [bedef]). Let (av,by) and (cy,dy) be
two idempotent pairs in T'/«. Fix ¢t € T. If u € I([abcdt]), then [abedtuabedt] =
[abedt] and [uabcdtu] = u. We first show that (t,u) € W([cdabt],t'), for some
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t' € I(t). For all z € T we have [tuz] = [tluabedtu]z] = [tuabedtt'tuz] and
[abedtt' 2] = [[abedtuabedt]t' z] = [abedtt tuabedit’z]. Therefore we see that (¢, u)
is in W ([abedt], ') = W ([edabt],t’). Thus, for all z € T
[cdabtt'tucdabtt’ z] = [cdabtt’ 2], (5.1)
[tucdabtt'tuz] = [tuz], (5.2)
[zedabtt tucdabtt'] = [zedabtt'], (5.3)
[ztucdabtt'tu] = [ztu]. (5.4)
(5.1) for z =t gives [cdabtt'tucdabtt't] = [cdabit't]. Therefore
[cdabtucdabt] = [cdabt]. (5.5)
Multiplying (5.2) on the left by [uabed] and on the right by u we obtain the equation
[uabedtucdabtt'tuzu) = [uabedtuzu]. Therefore [ucdabtuzu] = [uzu], which for z =
[abedt] gives [ucdabt[uabedtu)] = [uabedtu]. Hence
[ucdabtu] = u. (5.6)

From (5.5) and (5.6) we get u € I([edabt]). Thus u € I([abedt]) NI ([edabt]), which
implies I([abcdt]) = I([cdabt]) (cf. [9]). Hence

[abedt)y[edabt]. (5.7)

Now we show that I([tabed]) = I([tedab]). Indeed, if uw € I([tabcd]), then
[tabedutabed] = [tabeed] and [utabedu] = u. Moreover, for every z from T we have
[utz] = [[utabedultz] = [utt'tabedutz], [zut] = [zutabedut] = [zutt'tabedut]. Simi-
larly, [t'tabedz] = [t'[tabed)z] = [t [tabedutabed]z] = [t'tabedutt’ tabedz], [zt tabed] =
[2t' [tabcdutabed]] = [zt tabedutt'tabed] = [zt'tabedutt’tabed). Therefore (u,t) is in
W ([t', [tabed]) = W (t, [tedab]). Hence for all z € T,

[utt'tedabutz] = [utz], (5.8)

[t'tcdabutt'tcdabz] = [t'tedabz], (5.9)

[zutt'tcdabut] = [zut], (5.10)

[2t"tcdabutt'tedab) = [2t'tcdab). (5.11)

Multiplying (5.10) on the left by « and on the right by [abedu] we obtain the

equation [uzutcdablutabedu]] = [uz[utabedu] = [uzu]. This for z = [tabed] gives
[[utabedultcdabu] = [utabedu] = [utabedu). Therefore

[utedabu] = u. (5.12)

(5.11) for z = ¢ gives [tt'tcdabutt'tedab] = [tt'tcdab]. Therefore

[tedabutedab) = [tedab). (5.13)
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From (5.12) and (5.13) we get u € I([tedabl). Thus I([tabed]) = I([tedab]). Hence
[tabed]y[tedab. (5.14)

Now, from (5.7) and (5.14) it follows that (av,by) and (c¢y,dy) commute in T/
and so T/~ is strongly regular.

Suppose that p is a congruence on T' such that T'/p is a strongly regular ternary
semigroup. If (a,b) € v, then for any = € I(a) = I(b), ap and bp are both inverses
of xp in T'/p. Since T/p is strongly regular, the element xzp has a unique inverse
and so ap = bp. Hence v C p. Thus ~ is the smallest strongly regular ternary
semigroup congruence. O

Theorem 5.3. The relation p defined by

for every idempotent pair (x,z') Ja’ € I(a),30" € I(b)

(a,b) € p = { ([azz'],a’) ~ ([bza'],0") and ([a'z2'],a) ~ ([V'zz'],b).

s a congruence on T.

Proof. We first prove that p is an equivalence relation. Clearly p is reflexive
and symmetric. For any (a,b),(b,c) € p there exists o' € I(a), ¥/, b" € I(b)
and ¢ € I(c) such that for every idempotent pair (z,z’) we have [azz'a't] =

[bxa'V't] and [taxa’a’] = [thxa'V], [a'xza’at] = [b'za'bt] and [ta'za’a] = [t z2'D),
brx'b'"t] = [cxa’dt] and [thxa'b"] = [texa'd], [b"xa’bt] = [za’ct] and [t z2'b] =
tdza'c]. Put a* = [bba’bb’]. We see that [bb'a] = [bb'ad’aa’a] = [bb'ba’aba] =

bb'bb'a] = [bb'a] = a. Thus [a*aa*] = [b"ba’bb'ab”ba’bb’| = [b"bb'bb'bb"ba’bb'] =
bbb ba’bb'] = [b"ba’bl’/] = a*. Hence a* € I(a). Similarly for ¢* = [b"bc'bb']
we have [ec*c] = [eb"bc'bb'c] = [eb"bb"bb'b] = [cbbb'b] = [ec'bb ] = [ecd'c] = ¢,
[¢*cc*] = [b"bDY bbb’ = [bbb" bbb b bb'] = [bbb"b'bb'] = [b'bbb'] = ¢*.
Therefore ¢* € I(c). Now for all idempotent pair (z,z') in T and all t € T' we obtain
[a*za’at] = [b"ba’bb xa’at] = [b"bb'bY xa’'bt] = [b"bb xx’bt] = [b"bb"bY xa'bt] =

|
[ba’ab’a] = [ad’ad’a] = [aa’a] = a and [aa*a] = [ab"ba’bb/a] = [bb"bb'bY a] =
[
[

[b"bc' b xx' ct] = [c*za'ct] and [ta*xx’a] = [tc*za’c], [axa’a*t] = [axz'b"ba’b't] =
[bxa’b"bb'bb't] = [bra’b"bb't] = [bxa’b"bb'bb't] = [caxz’b'be'bb't] = [cxa’c*t]. Also
we have [tazz’a*] = [texa’c*]. Hence (a,c) € p, proving u is a transitive relation.

Thus p is an equivalence relation.
Suppose (a,b) € p and u,v € T so that for every idempotent pair (z,z’) in T
and for all t € T

[axz’a’t] = [bxz'b't], (5.15)
[tazz'a] = [tbxx'D], (5.16)
[a'za’at] = [b'za'bt], (5.17)
[ta'xz'a] = [t x2'b). (5.18)

In (5.15), replacing (z, z') by ([uvz], [2'v'u']) we get [auvzz’v'u'a’t] = [buvza'v'u'b't].

Similarly, (5.16) becomes [tauvzz'v'u'a’] = [tbuvza’v'u'b]. In (5.17) replacing
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t by [uvt] and multiplying on the left by v’ and v we get [v'v/a’za’auvt] =
[v'u'b' za'buvt] YVt € T. In (5.18) replacing ¢ by [tv'u/] and multiplying on the

right by v and v, we get [tv'v/ o'z’ awv] = [tv'v'b' za'buv]. Since [v'v'a] € I([auv])
and [v'u'd'] € I([buv]) we have ([auv],[buv]) € p. Similarly we can show that
([uval, [uvd]) € p and ([uav], [ubv]) € p. O

Theorem 5.4. p is the mazimum idempotent pair separating congruence on T.

Proof. Let (ap,a’pn) and (bu,b'n) be two equivalent idempotent pairs in T'/u so
that [aa't|u[bb't], [taa’|u[thd], [d'at)p[b’'bt] and [ta’a]u[tt'b] VE € T. Putting t = a
and ¢t = b in the first relation we get au[bd’a] and [aa’b]ub. Putting t = ¢’ and t =V
in the second relation we get a’u[a’bb’] and ['aa’|ub’. Hence for every idempotent
pair (x,2’) and for all ¢ € T' we have

[axz'a’t] = [bb axx'[bb a)'t], (5.19)
[bxz'b't] = [aa'bxa[aa’b]'t], (5.20)
[ta"za'a'] = [t[a'bV) z2’a’bY'], (5.21)
[t zx'b'] = [t[b'aa’] z2'V ad’) (5.22)

for some [bb'a]’ € I([bV'a]). From (5.19) for (z,z’) = (a’,a) and t = a we get
a = [bb'ad’a[bb'a)'t] = [[bb'a][bb'a]’t]. Multiplying on the left by b and b’ we have
[b'a] = [bV'[bba][bb'a)’t] = a. Therefore [bb'a] = a. Putting (z,2') = (b',b)
and ¢ = b in (5.20) we obtain b = [aad'bb'blaa’b])’b] = [aa’blaa’b)’b]. Multiply-
ing on the left by a and o' we get [aa’b] = [ad’aa’b[ad’b)'b] = [aa’blaad’b)'b] =
a. Therefore [aa’b] = a. Replacing in (5.21) by o’ and 2’ by a” we obtain
[ta”a’] = [t[a’bb]) d’a”a’bb'] = [t[a'bb']a’bb'] for every ¢t € T, which for t = o
implies o’ = [a/[a’bV']'a’b’]. Multiplying this on the right by b and b we get
[@'bb'] = [a'[a'bV)'a’b'bY] = a'. Therefore [a'bb'] = a'. (5.22) for x = b’ and
' =" gives [tb"V] = [t[t/ad VD"V aa'] = [t[b'aad')Vad’], Vt € T. In particular,
for t =V we get b = [V/'[V/aad]'t aa’]. Multiplying this on the right by a and o
we obtain [b'ad’] = [/ [V ad']'b aa’aad’] = [V'[b'aa’]'V aa’] = V. Therefore [b'aa’] =V’
and [aa't] = [[bVa][a'bb]t] = [b[b'aa’|bb't] = [bb'bb'E] = [bb't], Vt € T, Similarly
[taa’] = [t[bb a][a’bb]] = [tb[b'aad’|bb’] = [tbb'bY'] = [tbb']. Hence (a,a’) ~ (b,b).
Thus p is an idempotent pair separating congruence on 7.

Suppose that # is an idempotent pair separating congruences on 7" and 6. is
the congruence induced on Sty by 6. If 0y, then zf.y in Sp. Sp is orthodox
and by Lemma 3.12, 6. is an idempotent separating congruences on St. Hence
0. C H, where H is the Green’s equivalence on St. Hence zHy in S we can
find inverse 2’ of x and 3y’ of y such that z2’ = yy’ and 2’z = ¢’y in Sy. There-
fore for all ¢ € T, [za't] = [yy't] and [tza’] = [tyy']. Similarly, [2'zt] = [y yt]
and [to’z] = [ty'y] in T. Therefore x = [zz'z] = [yy'z], 2’ = [¢'z2’] = [2'yy],
y = [y'yy']. Thus o’ = [2'yy'|0[x'zy’] = y'. Hence for every idempotent pair
(u,v) in T, [2'vvxt)0)y' woyt]; [zuva’t)0yuvy't]. ([2'uv]d, 20) ~ ([y'uv]f,yd) and
([zuv]f,2'0) ~ ([yuv], y'd) in T/6. Since 6 is idempotent pair separating we have
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([rwv], 2") ~ ([yuv],y’). In a similar way we can show that ([z'uwv],z) ~ ([v'uv],y).
Thus zuy. Hence § C p and so p is the maximum idempotent pair separating
congruences on 7. O
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Quotient hyper residuated lattices

Omid Zahiri, Rajabali A. Borzooei and Mahmud Bakhshi

Abstract. We define the concept of regular compatible congruence on hyper residuated lattices.
Then we attempt to construct quotient hyper residuated lattices. Finally, we state and prove
some theorem with appropriate results such as the isomorphism theorems.

1. Introduction

Residuated lattices, introduced by Ward and Dilworth [7], are a common structure
among algebras associated with logical systems. In this definition to any bounded
lattice (£, V, A,0,1), a multiplication ‘*’ and an operation ‘—’ are equipped such
that (£, *,1) is a commutative monoid and the pair (%, —) is an adjoint pair, i.e.,

rxy<zifandonlyifx <y — 2, Vax,y,z€L.

The main examples of residuated lattices are MV-algebras introduced by Chang
[2] and BL-algebras introduced by Hajek [4].

The hyperstructure theory was introduced by Marty [5], at the 8th Congress of
Scandinavian Mathematicians. In his definition, a function f: A x A — P*(A),
of the set A x A into the set of all nonempty subsets of A, is called a binary
hyperoperation, and the pair (A, f) is called a hypergroupoid. If f is associative, A
is called a semihypergroup, and it is said to be commutative if f is commutative.
Also, an element 1 € A is called the unit or the neutral element if a € f(1,a), for
all a € A.

Recently, R. A. Borzooei et al. introduced and study hyper K-algebras and
Sh. Ghorbani et al. applied the hyper structure to MV-algebras and introduced
the concept of hyper MV-algebra, which is generalization of MV-algebra. In
this paper, we want to introduced the concept of hyper residuated lattices and
construct the quotient structure in hyper residuated lattices and give results as
mentioned in the abstract.

2010 Mathematics Subject Classification: 03G10, 06B99, 06B75.
Keywords: Hyper residuated lattice, quotient, filter, isomorphism theorem.
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2. Preliminaries

Definition 2.1. A residuated lattice is a structure (L,V,A\,®,—,0,1) of type
(2,2,2,2,0,1) satisfying the following axioms:

(1) (L,V,A,0,1) is a bounded lattice,

(2) (L,®,1) is a commutative monoid,
(3) oy < zifand only if z <y — z, for all z,y € L.

Let (L',V/,N', &', —',0',1") and (L, V, A,®,—,0,1) be two residuated lattices.
The map f : L — L' is called a homomorphism if f(z xy) = f(x) * f(y), for all
z,y € L, where x € {®,V, A, —}

Definition 2.2. [6] A super lattice is a partially ordered set (5; <) endowed with
two binary hyperoperations V and A satisfying the following properties: for all
a,b,ce S,

SL1) a € (aVa)N(aAa),
SL2) avb=bVa,aANb=0bAa,
SL3) (avb)Ve=aV (bVe), (anb)Ac=aNn(bAc),

a€ ((avb)Nna)N((aAbd)Va),
a < bimpliesb e aVband a € aAb,
ifacecaNnborbeaVbthen a <b.

wn »n

-

[ TN
NN AN AN AN

SL6

N N N N S N

Definition 2.3. Let A be a set, ® be a binary hyperoperation on A and 1 € A.
(A4;,1) is called a commutative semihypergroup with 1 as an identity if it satisfies
the following properties: for all z,y,z € A,

(CSHG1) 70 (yo©z)=(z0y) Oz,

(CSHG2) z0y=y0Ou,

(CSHG3) z €10

Proposition 2.4. Let (L,<) be a partially ordered set. Define the binary hy-
peroperations V and A on L as follows: aVb = {cla < candb < ¢} and
aANb={c|lc < aandc < b}, for all a,b € L.Then (L;V,A\) is a bounded su-
per lattice. [

Definition 2.5. Let (P, <) be a partially ordered set and ~ be an equivalence
relation on P. Then ~ is called regular if the set P/y = {[z]|x € P} can be
ordered in such a way that the natural map 7 : P — P/~ is order preserving.

Definition 2.6. Let v be a regular equivalence relation on partially ordered set
(P,<).

(i) By a y-fence we shall mean an ordered subset of P having the following
diagram (Figure 1), where a; < b;+1 and three vertical lines indicate the equiva-
lence modulo v. We often denote this y-fence by (a1, b,), and say that a y-fence
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b2 b3 bp—1 bn
ay ag ag an_1

Figure 1. ~y-fence

(a1,by)~ joins a1 to by,

(ii) By a y-crown we shall mean an ordered subset of P having the following
diagram (Figure 2)

by ba b3 bp—1 bn
ay ag ag an_1 an

Figure 2. y-crown

where a; < b;4+1, a, < by and three vertical lines indicate the equivalence modulo
. We often denote this y-crown by ({(a1,b,))~.
(ili) A y-crown (a1, by )~ is called vy-closed, when a;vb;, for all 4,5 € {1,2,...,n}.

Theorem 2.7. [1] Let v be an equivalence relation on ordered set (P, <) and <,
be the relation on P/vy = {[z]|x € P} defined by [x] <y [y] if and only if there is
a y-fence that joins x to y. Then the following statements are equivalent:
(1) <4 is an order on P/v,
(i4) -y is regular,
(7ii) every y-crown is y-closed. O

3. Quotient hyper residuated lattices

Definition 3.1. By a hyper residuated lattice we mean a nonempty set L endowed
with four binary hyperoperations V, A, ®, — and two constants 0 and 1 satisfying
the following conditions:
(HRL1) (L;V,A,0,1) is a bounded super lattice,
(HRL2) (L;®,1) is commutative semihypergroup with 1 as an identity,
(HRL3) a®c < bif and only if c < a — b,
where A < B means that there exist a € A and b € B such that a < b, for all
nonempty subset A and B of L.

A hyper residuated lattice is called nontrivial if 0 # 1. An element a of hyper
residuated lattice L is called scalar if |a © z| = 1, for all z € L.

Definition 3.2. Let (L;V,A,®,—,0,1) and (L'; V', N, &', —',0’,1’) be two hyper
residuated lattices and f : L — L’ be a function. f is called a homomorphism if it
satisfies the following conditions: for all x,y € L,

(1) flzVvy) < fle)V fy),



128 O. Zahiri, R. A. Borzooei and M. Bakhshi

If f satisfies (v) and the conditions (i)—(iv) holds for the equality instead of the
inclusion, f is said to be a strong homomorphism, briefly an S-homomorphism.

A homomorphism which is one to one, onto or both is called a monomorphism,
epimorphism or an isomorphism, respectively. Similarly, an S-homomorphism
which is one-to-one, onto or both is called an S-monomorphism, S-epimorphism or
S-isomorphism, respectively.

Definition 3.3. A nonempty subset F' of L satisfying
(F) 2<yandz € Fimplyye F

is called a
e hyper filterif x ©y C F, for all x,y € F,
o weak hyper filterif F <z ©y, for all z,y € F.

A filter F of L is called properif F' # L and this is equivalent to that 0 ¢ F. Let
F be a proper (weak) hyper filter of L. Then F' is called a mazimalif F C J C L
implies F' = J or J = L, for all (weak) hyper filters J of L. Moreover, hyper
residuated lattice L is called simple if {{1}, L} is the set of all weak hyper filters
of L. Obviously, in any hyper residuated lattice L, {1} is a weak hyper filter and
L is a hyper filter of L.

Remark 3.4. Clearly, any hyper filter of L is a weak hyper filter of L. Moreover,
1 € F, for any (weak) hyper filter F of L.

From now on, in this section, L and L’ will denote two hyper residuated lattices
and for convenience, we use the same notations for the hyper operations of L and
L', unless otherwise stated.

In the following, we introduced the concept of regular compatible congruence
relations on a hyper residuated lattices and verify some useful properties of these
relations. Then we attempted to fine the S-homomorphisms, whose ker are reg-
ular compatible congruence relations. Then we stated and proved isomorphism
theorems on hyper residuated lattices.

Definition 3.5. Let 6 be an equivalence relation on L and A, B C L. Then

(i) AOB means that there exist a € A and b € B such that afb,

(ii) AOB means that for all a € A, there exists b € B such that afb and for all
b € B, there exists a € A such that a6b,

Definition 3.6. An equivalence relation 6 on L is called a congruence relation if

for all z,y, z,w € L, 0y and z0w imply (x * 2)0(y *x w), where x € {A,V,®, —}.
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Proposition 3.7. Let 6 be a regular equivalence on L. Then [1] = {x € L|xz01}
is a weak hyper filter of L.

Proof. Clearly, [1] # (. Let 2,y € [1]. Since (zx ®@y)#(1 ® 1) and 1 € 1 ® 1, then
(x ®y)0f1. Hence (x ©@y) N[1] # 0 and so [1] < z @ y. Now, let z,y € L be such
that = € [1] and = < y. Then we have

and so {z,1,y,y,x,1}, forms a f-crown on L. Since 6 is regular, by Theorem 2.7,
20y and so y € [1]. Therefore, [1] is a weak hyper filter of L. O

Lemma 3.8. Let 0 be a regular congruence relation on L, L/0 = {[z]|x € L}
and <g be the relation on L/0 defined as in Theorem 2.7. For all x,y € L, define
[2]Oly] = [z ©yl, [2]Vly] = [z Vyl, [«]Aly] = [z Ayl and [z] ~ [y] = [z — y], where
[A] = {[a] |a € A}, for all AC L. Then

(1) ©,V,A and ~ are well defined,

(i4) [z] <o [y] ~ [2] if ond only if [s]ly] <o [2], where [4] < [B] if and
only if [a] <g¢ [b], for some a € A and b € B.

Proof. (i) Let [z1] = [x2] and [y1] = [y2], for some x1,x2,y1,y2 € L. Since 6 is a
congruence relation on L, we have (z; ® y1)0(x2 © y2). Let u € [21]®[y1]. Then
[u] = [a], for some a € z1 ® y1. By (21 ® y1)0(z2 ® y2), we conclude that adb, for
some b € z2 ® y2 and so [u] = [a] = [b] € [x2]O[y2]. Hence [1]O[y1] C [z2]O[y2).
By the similar way, we can prove that [23]®[ys] C [21]®[y1]. Therefore, ® is well
defined. Similarly, it is proved that V, A and ~- are well defined.

(17) Let [z]®[y] < [2]- Then there exists u € x ® y such that [u] <y [z] and
so there exists a f-fence that joins u to z. Let {ay,b,) be a -fence of L that joins
u to z, where u = a7 and z = b,,. Since v € r ©® y and u < bg, then z © y < by
and so ¢ < ¢3 € y — by. By boflas, we get (y — b2)0(y — az) whence cy0da,
for some do € y — ao. Now, from dy € y — a9 it follows that do < y — ao,
and 50 dy ® y < az < bz. Hence dy < c3 € y — bz. Since (y — b3)0(y — a3),
then c36ds, for some d3 € y — az. Hence z < c20dy < c30ds. By the similar
way, there are ¢; € y — b;, for any ¢ € {2,3,...,n} and d; € y — q;, for any
Jj €42,3,...,n— 1} such that © < co0ds < c30d; < ... < ¢p_10d,—1 < cp.
Hence the set {z,ds,...,dn_1,¢2,...,¢c,} forms a f-fence that joins z to ¢, and
so [z] <g [en]. Since ¢, € y — b, =y — 2z, we have [z] <g [y — 2] = [y] ~ [2].
Conversely, let [z] <g [y] ~ [2]. Then [z] <g [u], for some u € y — 2. Hence there
is a O-fence, (aq, by, )y, that joins = to u, where z = a; and u =b,. By a,—1 <u €
y — 2z, we get a,_1 ©y < z, whence e, 1 < z, for some e, 1 € a,_1 ©y. Since

ap—10b,_1, then (a,—1 ® y)0(b,—1 ® y) and so there exists f,_1 € b,_1 @ y such
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that f,_10e,_1. From f,_1 € b,_1 ®y it follows that b,_1 ©® y < f,—_1, whence
Gp—92 < byp_1 <y — fn_1. Hence a,,_ 20y < fr—1 and so thereis e;,_o € ap_20Y
such that e, o < f,_1. From (a,_2 ® 3)0(b,_o ® %) it follows that e, 20f, o,
for some f,,_» € b,_2 ® y. By a similar way, there are ¢; € a; ®y and f; € b; Oy
such that f;fe; and e; < fj11, foralli e {2,...,n—1} and j € {1,2,...,n —2}.
Therefore, {e1,...,en—1, f2,.-., fn_1,2} forms a O-fence that joins e; to z and so
[e1] <o [#]- Since e1 € a1 ©y =z @y, then [z]Ofy] = [z © y] <o [2]- O

Definition 3.9. Let 0 be a regular congruence relation on L. We say that <g, V
and A are compatible if they satisfy the following conditions: for all z,y € L,

(1) [z € [2]V]y] if and only if [z] <4 [y],

(#) [z] € [x]Aly] if and only if [z] <g [y]-

By a regular compatible congruence relation on L we mean a regular congruence
relation on L such that <4, V and A are compatible.

Theorem 3.10. Let 0 be a regular compatible congruence relation on L. Then
(L0, V,N,®,~,[0],[1]) is a hyper residuated lattice.

Proof. Since 6 is regular, by Theorem 2.7, <y is a partially order on L. Clearly,
[0] and [1] are the minimum and the maximum elements of (L/6, <p). Moreover,
Oy = [z ©y] = [y ® z] = [y]Oz], for any z,y € L. By the similar way,
we can show that (L/6,®,[1]) is a commutative semihypergroup with [1] as an
identity. Hence by Lemma 3.8 and Definition 3.9, (L/6,V,®, ~»,[0],[1]) is a hyper
residuated lattice. O

Example 3.11. Let ({0,a,b,¢,1}, <) be a partially ordered set such that 0 < a <
b<c<1l, L={0,a,b,¢c,1}. Consider the following tables:

Table 1

\Y, 0 a b C 1
0 {0,a,.c1} {ac1} {bcl} {c1} {1}
a {acl} {acl} {bel} {c1} {1}
b {b,c1} {byc,1} {bec1} {c1} {1}
c {c,1} {c,1} {c,1} {c,1} {1}
1 {1} {1} {1} {1y {1}
Table 2

A 0 a b c 1
T ()R () S () S (1) 0]
a {0} {a0) {a0) (a0} {0}
b {0} {a0} {b,0} {b,a,0} {b,a,0}
c {0} {a0} {b,a,0} {c,a,0} {c,a,0}
1 {0} {a,0} {ab,0} {c,a,0} {0,1,a,c}
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Table 3

— 0 a b c 1
0 {1} {1 {1 {1}
a {lac} {al} {b,1} {c1} {1}
b {Lbc} (b1} {b1} {c1} {1}
¢ A{ler A A{e} Acl} {1}
1 {le}  A{Lle} {le} {1} {1}

Let ® = A. It is easy to verify that (L;V,A,®,—,0,1) is a hyper residuated
lattice. Let 8 = {(x,2) |z € L} U {(a,b),(b,a)}. Routine calculations show that
0 is a congruence relation on L, such that V, A and <y are compatible. Consider
the partially order relation [0] < [a] < [¢] < [1] on L/#. Since the mapping
m: L — L/0 defined by w(z) = [z], for all € L is an ordered preserving map,
then 6 is regular. Therefore, by Theorem 3.10, (L;V, A, ®,~>,[0],[1]) is a hyper
residuated lattice. O

Proposition 3.12. Let 0 be a reqular compatible congruence relation on L. Then
(i) [1] is a hyper filter of L if and only if {[1]} is a hyper filter of L/6.
(i) if [1] is a mazimal weak hyper filter of L, then L/ is simple.

Proof. (i) Let [1] be a hyper filter of L. Then {[1]} is a weak hyper filter of L/6.
It suffices to show that [1]®[1] = [1]. Since 1 € [1] and [1] is a hyper filter of L,
then 1 ® 1 C [1] and so [1]®[1] = [1 ® 1] = [1]. Hence {[1]} is a hyper filter of L.
Conversely, assume that {[1]} is a hyper filter of L/6. By Proposition 3.7, [1] is a
weak hyper filter of L. Let a,b € [1]. Since [1]®[1] = [1] and [a] = [b] = [1], then
[a ®b] = [a]®b] = [1]O[1] = [1]. Hence a ® b C [1] and so [1] is a hyper filter of
L/e.

(#4) By Proposition 3.7, [1] is a weak hyper filter of L. Assume [1] is a maximal
weak hyper filter of L and F is a weak hyper filter of L. Let M = U{[z] | [z] € F}.
Then clearly, M # (. If u,v € M, then [u] € F and [v] € F and so [u ®v] =
[u]@v] N F # (). Hence there exists a € u ® v such that [a] € F and so a € M.
Hence (v ®v) N M # 0. Now, let x € M and z < y, for some y € L. Then clearly,
{z,y} formes a f-fence that joins x to y and so [z] <p [y]. Since [z] € F and F is
a weak hyper filter of L/0, then [y] € F' and so y € M. Therefore, M is a weak
hyper filter of L. Clearly, [1] C M. Since [1] is a maximal weak hyper filter of L,
then [1] = M or M = L. If M = L, then F = L/§. Moreover, if [1] = M, then
F = {[1]}. Therefore, {{[1]}, L/0} is the set of all weak hyper filters of L/6 and
so L/ is simple. 0

The converse of Proposition 3.12(ii) may not be true.

Example 3.13. Let L = {0,a,b,¢,1} and (L, <) be a partially ordered set such
that 0 < ¢ < a < b < 1. Define the binary hyperoperations V, ® and A on L as
follows: aVb={cla<cand b<c} anda®b=aAb={c|c<aand c<b}, for
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all a,b € L. Now, let — be a hyperoperation on L defined by the following table.

Table 4

— 0 a b ¢ 1
0o {1} {1} {1y {1y {1}
a {01} {1} {1} {1} {1}
b {0,1} {b,a,1} {1} {1} {1}
c {1} {1} {13 {1t {1}
1 {01} {ab1} {b1} {c1} {1}

It is not difficult to check that (L,V,A,®,—,0,1) is a hyper residuated lattice.
Let 0 = {(z,z)|z € L} U{(1,a),(a,1),(1,b),(b,1),(a,d),(b,a),(c,0),(0,c)}.
Clearly, 6 is an equivalence relation on L and L/6 = {[1],[0]}. Define a relation
< on L/ by [0] < [1] and [z] < [z], for all z € L/#. Then < is a partially order
on L/6. Moreover, the map f : L — L/6 defined by f(z) = [z], for all x € L
is an ordered preserving map and so 6 is regular. Hence By Theorem 2.7, <y is
a partially order on L/6. It is easy to check that <p==<. Clearly, [y] € [z]V]y]
([z] € [z]Aly]) if and only if [z] <g [y], for all [z],[y] € L/6. Hence 6 is a regular
compatible congruence relation of L and so by Theorem 3.10, (L/0,V, A, ®,~
,[0],[1]) is a hyper residuated lattice. Since L/0 = {[0],[1]}, then L/6 is simple.
Moreover, F = {1,a,b,c} is a weak hyper filter of L and [1] C F C L and so
[1] = {1, a,b} is not a maximal weak hyper filter of L. Therefore, the converse of
Proposition 3.12 (i) may not be true. O

Let L and L’ be two hyper residuated lattices and f : L — L’ be a homomor-
phism. It is straightforward to check that ker(f) = {(z,y) € L x L| f(z) = f(y)}
is an equivalence relation on L. In Theorem 3.14, we want to verify this relation.

Theorem 3.14. Let f : L — L' be an S-homomorphism and 6 = ker(f). If
f(x) < f(y) implies there is a O-fence that joins x to y, for all x,y € L, then

(1) 0 is a regular compatible congruence relation on L and L/ker(f) is a hyper
residuated lattice,

(i1) [ induces a unique S-homomorphism f : L/ker(f) — L' by f([z]) = f(x),
for all x € L such that Im(f) = Im(f) and f is an S-monomorphism.

Proof. (i) Let a6y and ufv, for some z,y,u,v € L. Then f(z) = f(y) and
f(u) = f(v). Since f is an S-homomorphism, then f(z Au) = f(z) A f(u) =
fy) A f(v) = f(y Av) and so (x A u)f(y Av). By the similar way we can prove
the other cases. Now, we show that 6 is regular. Let ({(a1,b,))s be a f-crown of
L. Then f(a;) = f(b;), for all i € {1,2,...,n}. Since a; < b;11, then a; € a; A b,y
and so f(a;) € f(ai Abit1) = f(ai) A f(biy1) = f(ai) A f(ait1). Similarly, a, < by
implies that f(a,) < f(b):. Hence f(a;) < f(aiy1), for all ¢ € {1,2,...,n — 1}
and 50 f(z) = f(a1) < f(@) < f(3) < - < flan1) < flan) < F(b1) = Flar).
Therefore, f(a;) = f(b;), for all 4,5 € {1,2,...,n} and so [a;] = [a;] = [bx],
for all 4,5,k € {1,2,...,n}. By Proposition 2.7, 6 is regular. In the follow, we
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show that [z] € [z]Ay] & [z] <o [y] & [y] € [z]V][y]. Let [z] <g [y], for some
x,y € L. Then there exists a f-fence, {(a1,b,) that joins x to y, where © = a
and y = b,. By a1 < by, it follows that f(a1) € f(a1) A f(b2) = f(a1) A f(az2)
and so f(a1) < f(ag). By a similar way, we can show that f(a;) < f(a;t1), for
all i € {1,2,...,n — 1}. Since f(an—1) < f(bn) = f(y), then we conclude that
f(@) < f(y) and so f(z) € f(x) A fy) = flzAy) (fly) € f(2)V fy) = flzVy)).
Hence f(z) = f(a), for some a € x Ay (a € x V y), whence [z] € [x A y] = [z]A]y]
(ly] € [z vy] = [2]V[y]). Conversely, let [z] € [z Ay] = [z]Aly] ([y] € [V y] =
[z]V[y]), for some z,y € L. Then thereis a € xAy (a € xVy) such that [z] = [a] and
5o f(z) = f(a) € fwAy) = F@) A F) (fz) = Fla) € £z v y) = F@2) V (1),
Hence f(z) < f(y), whence by hypothesis, there is a f-fence that joins x to y.
That is [z] <¢ [y]. Therefore, 6 is a regular congruence relation on L and 6, V, A
are compatible and so by Theorem 3.10, (L/ker(f),V,A,®,~,[0],[1]) is a hyper
residuated lattice.

(ii) Clearly, f : L/ker(f) — L’ is an S-homomorphism and Im(f) = Im(f).
Let f([z]) = f([y]), for some z,y € L. Then f(z) = f(y) and so [z] = [y].
Therefore, f is a one to one S-homomorphism. O

Example 3.15. If L and L’ are two residuated lattices and f : L — L’ is a
homomorphism, then f(z) < f(y) implies f(z) = f(z) A f(y) = f(z Ay) and so
the set {z,z,x Ay, y}, forms a ker(f)-fence that joins = to y. Therefore, f satisfies
the conditions (7) and (i) in Theorem 3.14. O

Example 3.16. Let (L = {0,a,b,¢,1},<) and (L' = {0,¢e,1}, <’) be two partially
ordered sets such that 0 < a < b < ¢ <1 and 0 < e < 1. Define the binary
hyperoperations V, A,V and A" by zVy ={u € L]z < u,y <u}l,aVb={u¢€
Lla< uyo< uf,zAy={uellu<z,u<yland aNb={ue L|u<
a,u <' b}, for all x,y € L and a,b € L'. Then by Proposition 2.4, (L,V,A,0,1)
and (L', V', A',0,1) are two bounded super lattices. Let ® and @ are defined by

[ {0} ifa=0o0rb=0,
a@b—{ (@Ab)— {0} ifabel {0}

| {0} ifa=0o0rb=0,
“Qb—{ (an'b) —{0} ifabel — {0}

Now, consider the following tables:

Table 5 Table 6

— 0 a b c 1

o {1} {1y {1t {1} {1} - 0 e 1
a {0} (b1} {b1} {c1} {1} o {1p {1} {1}
b {o} {be} {b1} {1} {1} e {0} {el} {1}
c {0} Afact {bc} {cl} {1} 1 {0} {le} {1}
1 {o} {ba1} {ba} {1} {1}
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It is easy to verify that (L,V,A,®,—,0,1) and (L', VA, ®',—',0,1) are hyper
residuated lattices. Define f: L — L' by f(0) =0, f(a) = f(b) = e and f(c¢) =
f(1) =1. Then f is an S-homomorphism,
ker(f) = A{(z,2) |z € L}U{(a,b), (b,a),(1,¢),(c,1)} and L/ker(f) = {[0], [a], [1]}.
Assume <= {(z,z) [z € L/ker(f)}U{([0], [al), ([a], [1]), ([0], [1])}. Then clearly,
< is a partially order on L/ker(f). Since the map 7w : L — L/ defined by
m(x) = [z] is an order preserving map, then ker(f) is regular. Easy calculations
show that f(x) < f(y) implies there exists a f-fence on L that joins z to y, for any

x,y € L and so by Theorem 3.14, f : L/ — L' is a one to one homomorphism. [

Lemma 3.17. Let 0 and x be two reqular compatible congruence relations on L
such that 8 C x. Then x/0 is a regular compatible congruence relation on L/0,

where x/0 = {([z]o, [y]o) € L/0 x L/0|(z,y) € X}

Proof. By Theorem 3.10, (L/6,V,A,®,~,[0],[1]) is a hyper residueted lattice.
Clearly, x/0 is an equivalence relation on L/6. Let ([z]o, [y]o)([a]e,[b]o) € x/6.
Then (z,y), (a,b) € x. Since x is a congruence relation on L we have (aAx)X(bAy)
and so by definition of A we get ([a]oA[x]o)x/0([b]oA[y]e). By the similar way, we
can show that

([aleVIz)o)x/0([BloVIyle, ([ale®lz]e)x/0([BleBlle), (lalo~ [x]o)x/O(1bs~~ [y]e)-

Hence x/6 is a congruence relation on L/6. Let R = x/0 and (L/6)/R =
{[[z]o]r | [x]o € L/0}. Define the hyperoperations L, M, ® and — by

[z]o]r U [[ylo]r = [[z]oVIYloln, [[z]o]r T [[Yle]r = [[Z]oAlYlo] s

[[zlo]r @ [[ylo]r = [[]e@lyle] » and [[z]o]r — [[W]olr = [[z]o ~ [ylo]

for all [[z]o]r, [[vle]r € (L/6)/R. Since R is a congruence relation on L/6, then
these hyperoperations are well defined. Now, we show that R is regular. Let
(([a1]6, [bn]e)) r be an R-crown in L/6. Then [a,]g <o [b1]e, [ai]oR[bi]o and [a;]e <o
[bj+1]e, for all 4 € {1,2,...,n} and j € {1,2,...,n — 1}. Hence there are n; € N
such that 2.4, 3,455 -+ 5 An;—1,45 b277;, 6371', ey bni—l,i € L/0 such that

bny—1,i  bit1

ba g b3,
M o 9
a; ag g asz g An;—1,5

Figure 3. 0-fence joins a; to b;41

for all i € {1,2,...,n — 1}. Moreover, there exists a O-fence (z1,yn)s, that joins
an, to by. Since [a;]gR[bi]g, for all ¢ € {1,2,...,n} and § C x, then we can obtain
the following y-crown.
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by ba 1 bpg—1,1 —1 b2 -1 Yn—1
ay a1 apy—1,1  ag —1 a2,n—1

Figure 4. x-crown

Since x is regular, then by Theorem 2.7, (a;,b;) € x and so [a;]gR[bj]e, for
all 4,57 € {1,2,...,n}, whence ([ai]o,[bn]o)r is Xx/0 closed. Now, by Theorem
2.7, R is regular. Finally, we show that R is compatible. Let z,y € L such
that [z]g <g [y]s. Then there is an R-fence ([a1]e, [br]o)r that joins [z]e to [y]e,
where [z]p = [a1]g and [y]o = [bn]s.- By [a;loR[b;le, we get (aj,b;) € x, for all
j€1{2,3,...,n—1}. Since [a;]o <g [bi+1]g, for all s € {1,2,...,n — 1}, then there
exists O-fence (a1 ;, by, i)o joins a; to b;y1, where a; = a1; and b1 = by, 4, for all
i€ {l,2,...,n—1}. Hence by 8 C x, we can obtain the following y-fence that
joins x to y.

bpy—1,1 1 bop_1 b

AA-AAA-ALAAV

a3, 1 Anq—1,1 ag a2,n—1 np_1—1ln—-1y

ny_1—1,n—1bp

Figure 5. x-fence joins x to y

Therefore, [z], <, [y]y. Since x is a compatible regular congruence relation

on L, then [a]y € [a]y Ayl = [z Ayl and [gly € [y Vlsly = [V o]y, where 7
and V are hyper operation induced by x in Lemma 3.8. Hence

[Wlelr € [[z V ylolr = [[z]6eVIyle] » = [[z]6]r U [[y]e] -

By the similar way, [[z]o]r € [[z]o]r N [[y]o]r. Conversely, let [[z]g]r € [[z]o]r N
[[ylo]r. Then [[z]¢]r € [[z Aylo]r and so [[z]e]r = [[u]s]y, for some u € x Ay. By
definition of R, we conclude that (z,u) € x and so [z], € [zAy]y = []yAly]y. Since
X is a compatible regular congruence relation on L, then [z], <, [y], and so there
exists a x-fence (a1, b,)y, that joins « to y, where x = a; and y = b,. Clearly,
([a1]e, [bn]o)r is a R-fence on L/O and so [[z]o]r <r [[y]lo]r- By a similar way,
[[¥lolr € [[x]o]r U [[y]e] g implies [[z]o]r <r [[v]o]r- Therefore, R is a compatible
regular congruence relation on L/6. O

Theorem 3.18. Let 0 and x be two regular compatible congruence relations on L
such that @ C x. Then i—;g and L/x are S-isomorphic.

Proof. By Theorem 3.10, (L/0,V, 7,3, ~+, [0]g. [1]¢) and (L/x, V. A, @, ~~, [0], [L],)
are two hyper residuated lattices. Let LJ, M, ® and — be the hyperoperations
defined in Lemma 3.17. Then by Lemma 3.17 and Theorem 3.10, we see that

(%3’ U, M, ®, >, [[0]o]y /0, [[1]6]y/0) is a hyper residuated lattice.
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Define  : 20— L/x by f(llzlolyse) = lzlx. Let [[e]sly/o = [vlo]y 0, for some

z,y € L. Then by definition of x/6, we get (x,y) € x and so [z], = [y]y. Hence f
is well defined. Let x,y € L. Then

F({llolxso T {[Wlolys0) = f({[x]oAYlo]x/0)
= f({lz Aylolyse) = {f([[ulolyso)lu € x Ay}
= {lulxlu ez Ay} = [z Ayl = [zl AlY]x
= f({[=]olx /)N ([[Ylo]xs0)-

By the similar way, we can show that
f([lxlolxso UllWlalyse) = fI[z]alx/0) Vi ([[Wlo]x/0),

f[=lalx/0 @ [Wlelxsa) = f[[xla]x/0)Df ([[Yl6]x/0),
f{[zlolxso = [Wlolxs0) = f([[x]olx/0) ~ f([[¥lo]y/0)-

Hence f is an S-homomorphism. Now, we show that f is one to one and onto.
Clearly, f is an onto map. Let f([[z]o]y/0) = f([[y]o]y/6), for some z,y € L. Then
[z]y = [y]y and so (z,y) € x. Hence [[x]g], /0 = [[y]o]y/6 and so f is one to one.
Therefore, f is an S-isomorphism. O

Remark 3.19. Let (Lq;V1,A1,®1,—1,01,11) and (Le; Va, A2, ®2, —2,02,15) be
two hyper residuated lattices. We define the hyperoperations V, A, — and ® on
L = L; x Ly as follows:

(w1, 22) V (y1,92) = (21 V1 y1, 22 V2 y2),

(z1,22) A (Y1, 92) = (21 A1 Y1, 22 A2 y2),

(z1,72) © (y1,92) = (21 O1 Y1, T2 O2 Y2),
= ( ) =(

(x1,22) Y1, Y2) = (1 —1 Y1, T2 —2 Y2).

where (A, B) = {(a,b)|a € A,b € B}, for all subsets A C Ly and B C Ly. Then
(L1 x Lo, <) satisfies (HRL1)-(HRL3) in which the order < is given by

(a,b) < (¢,d) & a < ¢,bd, Va,c€ Lq,b,d € Ls.

Hence (L,V,A,®,—,0,1) is a hyper residuated lattice, where 1 = (1,1) and 0 =
(0,0).

Theorem 3.20. If 6, and 0 are two regular compatible congruence relations on
Ly and Lo, respectively, and 0 is a relation on L1 X Lo defined by (a,b)0(u,v) if
and only if (a,u) € 01 and (b,v) € 63. Then 0 is a regular compatible congruence
relation on L and

L/G = (L1/01) X (LQ/HQ)
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Proof. Since 6; and 6, are regular compatible congruence relations on L; and
Lo, respectively, then by Theorem 3.10, (L1/61,<p,) and (Lo/02,<y,) are hy-
per residuated lattices. Let <’ be a partial order on (L;/61) x (L2/62), where
([=], [y]) <’ ([a], [b]) means that [x] <p, [a] and [y] <g, [b]. Clearly, 6 is a congru-
ence relation on L = Ly X Ly. Let ({(a1,b1), (c1,d1)))¢ be a f-crown in L. Then by
definition of <, we get {{a1,¢,)) is a f1-crown on Ly and ((b1,d,)) is a 0 crown
on Ly. Since 6; is regular, then by Theorem 2.7, a; = ¢;, for all 4,5 € {1,2,...,n}.
By a similar way, we can show that b; = d;, for all 4,5 € {1,2,...,n}. Hence
(a;, b;)0(c;,d;), for all 4,5 € {1,2,...,n} and so by Theorem 2.7, 6 is regular.
Now, we show that 6 is compatible. Let [z]; = {a € L;|x6;a}, for all ¢ € {1,2}.
If x,a € L1, y,b € Ly and V A are the hyperoperations on L induced by V and A,
then we have

[(z,y)] € [(z,9)]Al(a,0)] < [(z,y)] € [(z A1 a,y A2 b)]
< [z] € [z A1 a]y and [y] € [y Aq b2
< x <1 a,y <2 b, since 6; and 6, are compatible
< (z,y) < (a,b).
By a similar way, we can show that [(x,y)] € [(x,y)]V[(a,b)] & (z,y) < (a,b).
Hence 6 is compatible and so by Theorem 3.10, L/6 is a hyper residuated lattice.
Define the map f : L — (L1/61) x (L2/02), by f((z,y)) = ([z]1,[y]2), for any
(z,y) € L. Let * € {V,A\,®,—}. Then
f((@,y) * (a,b)) = f(zxa,y=Db)
= ([z*1 a1, [y #2 ]2)
= ([z]1 =1 [a]1, [y]2 *2 [b]2)
= ([z]1, [yl2) = ([al1, [b]2)
= f((z,y)) * f((a,b)).

Hence f is a S-homomorphism. Clearly, f is onto. Now, we show that ker(f) = 6.

ker(f) = {((z,y), (a,0)) € L x L] f((2,y)) = f((a,0))}
= {((#,9), (a,0)) € L x L[ ([2]1; [yl2) = ([al1, [b]2)}
= {((z,9), (a,0)) € L x L{[z]y = [a]1, [y]y =[]}
=40.
Now, let f((z,y)) <" f((a,)). Then ([z]1,[yl2) <" (la]1, [b]2) and so [z]s <gr [a]y
and [y]o <g, [b]2- Hence by definition of <g, and <g,, there are (u1,v,)g,, that

joins x to a and (w1, zm)g, , that joins y to b. Without loss of generality, we
assume that n < m. Then the set

{(uhwl)? (v2a 22) R (vnvzn)v (vnawn+1)(0n7 Zn+1)a LR
ey (Un7 szl)a (vn; wm71)7 (Una Zm)}

is a f-fence that joins (x,y) to (a,b). Hence by Theorem 3.14 we obtain L/0 =
L/ker(f) = (L1/61) x (L2/63), which completes the proof. O
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