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On multiplicative conjugate loops

Shumaila Ambreen and Asif Al

Abstract. The objective of this paper is twofold. Firstly to define MC-loops and show that every
conjugate of subloops of such loops also are subloops Secondly to investigate various properties
of MC-loops and its relation with numerous other already existing loops, moreover number of

examples and counter examples are provided to make these relations more clearer.

1. Introduction

A loop L is an inverse property loop [2] if every x € L has a unique two-sided
inverse, denoted by !, and if, for all z,y € L the loop satisfies

z M ay) =y = (yr)z "
A loop L is said to be a conjugate loop [1] if it satisfies the following identity
z(yz™') = (wy)a~!, for all z,y € L. A loop is IP-conjugate [1] if it satisfies
inverse property and conjugate property. Smallest non-associative I P-conjugate
loop is of order 7.

Following [1], flexible C-loops are conjugate I P-loops. Every diassociative loop
is a conjugate I P-loop. Conjugate I P-loop L is commutative iff every element in
L is self conjugate.

An I P-conjugate loop L is called a multiplicative conjugate loop (M C-loop) iff
for all z,y,g € L, we have

(zy)? = x9y7.

Proposition 1.1. An IP-conjugate loop L is MC-loop iff T,(zy) = Ty(x)Ty(y)
for T, € INN(L).

Proof. Indeed,

& (zy)RgLy—1 = (x)RgLy-1.(y)RgLy—
= (acy)RgL;l = (x)RgL;1 (y)RgL;1 because L is an I P-loop.
& (2y)Ty = (2)T4.(y)T, R
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2. Counting of multiplicative conjugate loops

In [8] J. Slaney and A. Ali enumerated IP-loops up to order 13 by using finite
domain enumerator FINDER. Using that enumeration and our following GAP
code we have counted multiplicative conjugate loops.

function(L):=IsMCLoop

local x,y, z;

if not IsConjugateIPLoop(L) then return false;

for z in L do

for y in L do

for z in L do

ifz7 —1x(xxy)*z<>(2" —1lxx*z)x (2" —1*xyx*z) then return false;

fi;

od;od;od;

return true;
end;
Size | IP Conjugate IP | MC
7 2 1 1
8 8 0 0
9 7 0 0
10 47 7 6
11 49 3 3
12 2684 27 17
13 10600 | 16 10

Number of IP, conjugate IP and M C-loops of order n =17,...,13.

Example 2.1. The smallest non-associative M C-loop has the form.
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3. Properties of MC-loops
We start with the following obvious lemma.

Lemma 3.1. In an MC-loop L every T € INN(L) is pseudo-automorphism with
companion 1. O

Theorem 3.2. The nucleus of an MC-loop L is a normal subloop.
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Proof. As L is MC-loop so L is also an IP-loop. Moreover let T': L — L be
pseudo-automorphism as described in Lemma 3.1. The restriction of a pseudo-
automorphism 7" from Lemma 3.1 T to the nucleus N of L is an automorphism of
N. Hence aN = Na for all @ € L and N(zy) = (Nx)y, (zy)N = z(yN) from the
definition of a nucleus. O

Theorem 3.3. A homomorphic image of an MC-loop is an MC-loop.
Proof. Obvious. O
Proposition 3.4. If L is an MC-loop, then [2Y,2Y] = [z, 2]Y for all x,y,z € L.
Proof. Indeed,
[, %) = ()7 = e
= (x7 Y (2¥2Y) = (27t 22)Y = [z, 2)Y. O

Theorem 3.5. Let L be an MC-loop, then [L,L] = ([z,y];x,y € L) is a weak
normal subloop of L.

Proof. In fact, we have [L, L)' = [L!, L] = [L, L] for every | € L. O

Theorem 3.6. If L is an MC-loop and H < L, then H* = {x~'hx : VYh € H} is
a subloop of L.

Proof. For x € L and a,b € H”, there exists hq, hy € H such that a = x~'h;2 and
b= ax"thyx. Thus, ab = (z7 hix)(x thow) = h¥h% = (hihs)® € H®. Analogously,
at=(x7the)"t =27 h ez = (h1)* € H®. Thus, H* < L. O

Theorem 3.7. In an MC-loop the conjugate of a maximal subloop is also mazimal.

Proof. Let M be a maximal subloop of an M C-loop L. Then MY is its g:onjugatle
subloop. If there is a subloop H such that M9 < H < L,then M < H9 < L9 .
Hence, M < HY < L which is a contradiction. So, M is maximal. O

Recall that an intersection of all maximal subloops is again a subloop. It is
known as the Frattini subloop. For a loop L, the Frattini subloop is denoted by
O(L).

Theorem 3.8. If L is an MC-loop, then ®(L) is a weak normal in L.

Proof. Let {M; :i € I} be the family of all maximal subloops of L and ®(L) =
NierM;. Then x € ®(L) implies 29 € ®(L) for all g € L. Hence, ®(L) is weakly
normal in L. O

The subloop generated by all the nilpotent normal subloops of L is called the
Fitting subloop of L and is denoted by F'it(L). Below we prove that in M C-loops
it is normal.
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Lemma 3.9. If M and N be normal subloops of an MC-loop L, then the product
MN ={mn:mée M,n € N} is also a normal subloop of L.

Proof. Let L be an M C-loop and M, N be its two normal subloops. Then for any
m € M, n € N and | € L we have (mn)! = m'n! € M N. Moreover,

(mn-y)z = (m(my))z = mi(ny - z) = ma(ng - yz) = mana(yz).
Similarly, we can prove that (yz)(MN) = y(z(MN). Hence, M N is normal. [

Remark 3.10. It can be shown by induction that the product of a finite family
of normal subloops of any M C-loop is its normal subloop.

Theorem 3.11. If L be an MC-loop, then Fit(L) is normal in L.

Proof. Let Fit(L) = (N1, Na, N3, ..., N,,), where all N1, Ns, ..., N, are nilpotent
normal subloops of L. Since, all subloops are normal therefore we can express
Fit(L) alternatively as, Fit(L) = N1 Ny - -+ N,,. This completes the proof. O

Theorem 3.12. In an MC-loop the centralizer of any its non-empty subset is a
subloop.

Proof. The centralizer of X has the form C(X)={a € L:ax =xza ,¥Vz € X}.
Let a,b € Cr(X) and z € X then

(ab)x = z(z*(ab.x)) = x(ab)® = 2(a”"b") = z(ab),

which implies ab € C(X). Now, for b € C,(X) we have bx = xb. Thus, b~1zb = z.
Hence, z = b(b~tzb)b~! = bab~ 1, ie., b=tz = 2b~ 1. So, b~ € CL(X). O

Corollary 3.13. The commutant C(L) of an MC-loop L is its subloop. O

Corollary 3.14. Let L1, Ly be a subloop of a MC-loop L. If L = Ly X Lo, then
C(L) = C(Ly) x C(Ls). O

The following fact is obvious.

Proposition 3.15. For an MC-loop L the map 6, : L — L defined by (a)d, =

x Yax is its automorphism. [

4. Relation of MC-loops with other loops

In this section we describe connections of M C-loops with other types of loops.
The following fact is well known but we give a short proof of this fact.

Theorem 4.1. Every commutative IP-loop L is an MC-loop.
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Proof. Let L be an arbitrary commutative I P-loop. Then for all z,27!,y € L we
have 2! - yz = 27! -2y = 27 'z -y = y. On the other hand, z 'y -z =y~ ! 2 =
y-x 'z =y. Hence, we get 27! -y = 27!y - x. So, L is an I P-conjugate loop.
Moreover, 9y9 = (¢~ "-zg)(9~"yg) = (97" -92) (97 gy) = (97 'g-x) (97 g-y) =
vy and (zy)? = g~ '.(zy)g = g~ .g(zy) = (97" 9)(xy) = xy. So, (zy)? = x9y.
Hence, L is an MC-loop. O

~
~(

Corollary 4.2. FEvery Steiner loop, every commutative C-loop and every commu-
tative Moufang loop are M C-loops but the converse is not true. O

Example 4.3. The following loop

. 1 2 3 4 5 6 7 8 9 10 11 12
1 1 2 3 4 5 6 7 8 9 10 11 12
2 2 1 4 3 6 5 8 7 12 11 10 9
3 3 6 5 2 1 4 9 10 11 12 7 8
4 4 5 6 1 2 3 10 9 8 7 12 11
5 5 4 1 6 3 2 11 12 7 8 9 10
6 6 3 2 5 4 1 12 11 10 9 8 7
7 7 8 11 10 9 12 1 2 5 4 3 6
8 8 7 12 9 10 11 2 1 4 5 6 3
9 9 12 7 8 11 10 3 4 1 6 5 2
10 | 10 11 8 7 12 9 4 3 6 1 2 5
11 | 11 10 9 12 7 8 5 6 3 2 1 4
12 | 12 9 10 11 8 7 6 5 2 3 4 1
is a noncommutative Moufang loop which is not an M C-loop since (xy)9 = z9y9
is not true forx =2, y =3 and g = 7. O
Example 4.4. This is a non-commutative C-loop which is not an M C-loop.
. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
2 2 1 5 6 3 4 8 7 10 9 16 14 15 12 13 11
3 3 8 1 7 6 5 4 2 11 13 9 15 10 16 12 14
4 4 6 7 1 8 2 3 5 12 14 15 9 16 10 11 13
5 5 7 2 8 4 3 6 1 13 11 14 16 12 15 10 9
6 6 4 8 2 7 1 5 3 14 12 13 10 11 9 16 15
7 7 5 4 3 2 8 1 6 15 16 12 11 14 13 9 10
8 8 3 6 5 1 7 2 4 16 15 10 13 9 11 14 12
9 9 10 11 12 16 14 15 13 1 2 3 4 8 6 7 5
10 | 10 9 13 14 15 12 16 11 2 1 8 6 3 4 5 7
1111 16 9 15 10 13 12 14 3 5 1 7 6 8 4 2
12 112 14 15 9 13 10 11 16 4 6 7 1 5 2 3 8
13113 15 10 16 9 11 14 12 5 3 6 8 1 7 2 4
14|14 12 16 10 11 9 13 15 6 4 5 2 7 1 8 3
15115 13 12 11 14 16 9 10 7 8 4 3 2 5 1 6
16 | 16 11 14 13 12 15 10 9 8 7 2 5 4 3 6 1

It is not an M C-loop because (2.3)? # 2939, O
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Example 4.5. Consider the following commutative loop.

1 2 3 4 5 6 7 8 9 10
1 1 2 3 4 5 6 7 8 9 10
2 2 1 4 3 6 5 8 7 10 9
3 3 4 1 2 7 9 5 10 6 8
4 4 3 2 1 10 8 9 6 7 5
5 5 6 7 10 1 2 3 9 8 4
6 6 5 9 8 2 1 10 4 3 7
7 7 8 5 9 3 10 1 2 4 6
8 8 7 10 6 9 4 2 1 5 3
9 9 10 6 7 8 3 4 5 1 2
10 | 10 9 8 5 4 7 6 3 2 1

It is a commutative M C-loop but not C-loop. O

Since in M C-loops the inverses are unique, we will use unique inverses instead
of right or left inverses.

Theorem 4.6. An MC-loop is a group iff it is conjugacy closed loop (CC loop).
Proof. If L is a C'C-loop, then

p(yz) = (@ y2) (@ o) = (- yz)o o = (y2)* o= (" 2" )z
=" D)@ G ) = (et o) ez - 2) = (ay)z,
Hence, L is a group. The converse statement is obvious. O
Corollary 4.7. An MC-loop is a group iff it is an extra loop.

Proof. Since every extra loop is a conjugacy closed loop so the corollary follows
from the last theorem. O

Theorem 4.8. Every MC-loop is three power associative.

Proof. Every MC-loop is conjugate I P-loop. Every conjugate I P loop is flexible.
Flexible loops are always three power associative. Hence, M C-loop is three power
associative. O

Example 4.9. This loop

QU W N~
U W N ==
W U = NN
=N = Ot W w
IS BYJURNNY S
— W N = OOt

is three power associative but it is not an M C-loop. O
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Example 4.10. Consider the following multiplicative conjugate loop.

It is neither diassociative nor alternative loop.

. 1 2 3 4 5 6 7 8 9 10 11 12
1 1 2 3 4 5 6 7 8 9 10 11 12
2 2 1 4 3 6 5 8 7T 11 12 9 10
3 3 4 1 2 9 11 10 12 5 7 6 8
4 4 3 2 1 11 9 12 10 6 8 5 7
5 5 6 10 12 1 2 9 11 7 3 8 4
6 6 5 12 10 2 1 11 9 8 4 7 3
7 7 8 9 11 10 12 1 2 3 5 4 6
8 8 7T 119 12 10 2 1 4 6 3 5
9 9 11 7 8 3 4 5 6 12 1 10 2
10 | 10 12 5 6 7 8 3 4 1 11 2 9
11 |11 9 8 7 4 3 6 5 10 2 12 1
12 | 12 10 6 5 8 7 4 3 2 9 1 11

O

The above example shows that "Moufang theorem" is not always applicable in

MC-loops. Indeed, in the above loop

11(6.12) = (11.6)12.

But the subloop < 11,6,12 > is a loop which is not associative. From this, we
can conclude that in M C-loops three elements associate with each other generata

a subloop which is not a group, in general.

Example 4.11. This loop is a multiplicative conjugate loop but it is not power

associative.

1 2 3 4 5 6 7 8 9 10
1 1 2 3 4 5 6 7 8 9 10
2 2 1 5 6 3 4 9 10 7 8
3 3 5 7 1 9 2 10 4 8 6
4 4 6 1 8 2 10 3 9 5 7
5 5 3 9 2 8 1 6 7 10 4
6 6 4 2 10 1 7 8 5 3 9
7 7 9 10 3 6 8 5 1 4 2
8 8 10 4 9 7 5 1 6 2 3
9 9 7 8 5 10 3 4 2 6 1
10 | 10 8 6 7 4 9 2 3 1 5

Indeed, the subloop (3) = {1,2,3,4,5,6,7,8,9,10} is not associative.

O

Power associative loops are not MC-loop because Moufang loops are power

associative but not M C-loop.

The relationship of M C-loops with other loops is illustrated by the following

diagram.
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H,MV-algebras, I

Mahmood Bakhshi

Abstract. The aim of this paper is to introduce the concept of H,MV-algebras as a common
generalization of MV-algebras and hyper MV-algebras. After giving some basic properties and
related results, the concepts of H, MV-subalgebras, H, MV-ideals and weak H,MV-ideals are in-
troduced and some of their properties and the connections between them are obtained.

1. Introduction

In 1958, Chang [1], introduced the concept of an MV-algebra as an algebraic proof
of completeness theorem for Ny-valued Lukasiewicz propositional calculus, see also
[2]. Many mathematicians have worked on MV-algebras and obtained significant
results. Mundici [6] proved that MV-algebras and abelian ¢-groups with strong
unit are categorically equivalent.

The hyperstructure theory (called also multialgebras) was introduced in 1934
by Marty [5]. Around the 40’s, several authors worked on hypergroups, especially
in France and in the United States, but also in Italy, Russia and Japan. Recently,
Ghorbani et al. [4] applied the hyperstructures to MV-algebras and introduced the
concept of hyper MV-algebras. Now hyperstructures have many applications to
several sectors of both pure and applied sciences such as: geometry, hypergraphs,
binary relations, lattices, fuzzy set and rough sets, automata, cryptography, com-
binatorics, codes, artificial intelligence and probabilities.

H,-structures were introduced by Vougiouklis in [7] as a generalization of the
well-known algebraic hyperstructures (hypergroup, hyperring, hypermodule and
so on). The reader will find in [8] some basic definitions and theorems about H,-
structures. A survey of some basic definitions, results and applications one can
find in [3] and [§].

In this paper, in order to obtain a suitable generalization of MV-algebras and
hyper MV-algebras which may be equivalent (categorically) to a certain subclass of
the class of H,-groups, the concept of H,MV-algebra is introduced and some related
results are obtained. In particular, weak H,MV-ideals generated by a subset are
characterized.

2010 Mathematics Subject Classification: 03B50, 06D35.
Keywords: MV-algebra, H,MV-algebra, H, MV-ideal.
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2. Preliminaries

In this section we present some basic definitions and results.

Definition 2.1. An MV-algebra is an algebra (M;+,*,0) of type (2,1,0) satisfying
the following axioms:
(MV1) + is associative,

(MV2) + is commutative,

(MV3) 40 =z,

(MV4) (z*)* =z,

(MV5) x4 0* = 07,

(MV6) (z*+y)*+y=(y* +2) +ux.

On any MV-algebra M we can defina a partial ordering < by putting x <y if
and only if z* + y = 0*.

Definition 2.2. A hyper MV- algebra is a nonempty set H endowed with a binary
hyperoperation ‘@®’, a unary operation ‘*’ and a constant ‘0’ satisfying the following
conditions: Vx,y,z € M,

(HMV1) 2@ (y@®2)=(zdy) ® =,
(HMV2) 2dy =y Dz,
(HMV3) (2*)* ==,
(HMVY) (" @y) @y=(y* @) @,
(HMV5) 0* € & 0%,
(
(

N D

HMV6) 0% € z @ 2,
HMV7) = < y and y < = imply 2 = y, where & < y is defined as 0* € z* G y.

For A,B C H, A < B is defined as a < b for some a € A and b € B.

Proposition 2.3. In any hyper MV-algebra H for all z,y € H we have
1. 007,

rLx,

x < y implies that y* < z*,

r<Lrdy,

040 =0},

6. xcxd0.

AN e

Definition 2.4. A nonempty subset I of hyper MV-algebra H is called a
e hyper MV -ideal if
(Ip) x<yandye T imply z €1,
() x@y CIforal z,yel,
o weak hyper MV-ideal if (Iy) holds and
() @y forall z,yel.

Obviously, every hyper MV-ideal is a weak hyper MV-ideal.
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3. H,MV-algebras

Definition 3.1. An H,MV-algebra is a nonempty set H endowed with a binary
hyperoperation ‘@’, a unary operation ‘*’ and a constant ‘0’ satisfying the following
conditions:
) 2D (YD) N(zdy) ® 2z #0, (weak associativity)
) zhyNydx #£0, (weak commutativity)
) (%) ==,
HMVY) (z*@y) ©yn(y* @x) dx#0,
) 0 €xad0* N0* B,
) 0*cex@a*Na* dua,
) zex®d0N0Ox,

) 0 ex*dynNy@a*and 0* € y* DaxNady* imply z = y.

Remark 3.2. On any H,MV-algebra H, we can define a binary relation ‘<’ by
r=y & 0Fex"pynyd .

Hence, the condition (H,MV8) can be redefined as follows:
r <yand y X ximply x = y.

Let A and B be nonempty subsets of H. By A < B we mean that there exist
a € A and b € B such that a < b. For A C H, we denote the set {a* : a € A} by
A* and 0* by 1.

Obviously, every hyper MV-algebra is an H,MV-algebra but the converse is not
true. We say H,MV-algebra H is proper if it is not a hyper MV-algebra.

Example 3.3. Let H = {0, a, 1} and the operations & and * be defined as follows:

& 0 a 1
0 {0} {a}  {0,a,1}
a  {0a} {1} {0,1}
1 {0,1} {0,a,1} {0,a,1}
* 1 a 0

Then (H;®,*,0) is a proper H,MV-algebra. O
Example 3.4. Similarly, H = {0, a,b, 1} with the operations ® and * defined by

©® 0 a b 1
0 {0,a} {0,a,b} {0,a,b} {0,a,b,1}
a {0,a,b,1} {0,b} {0,1} {a,b,1}
b {a,b} {0,a,b,1} {0} {0,a,b,1}
1 {0,a,1} {0,a,b,1} {1} {0,a,b,1}
* 1 b a 0

is a proper H,MV-algebra. O
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Proposition 3.5. In any H,MV-algebra H for z,y € H and A,B C H the fol-
lowing hold:

1.

e B T o

—_ =
= O

12.

r=xz, ASA,

0<z<1,0<A<1,

r <y implies y* < x*,

A = B implies B* < A*,

A < B implies that 0* € (A* ® B)N (B @ A*),
(x*)* = and (A*)* = A,

0e (A A" )N (A* @ A),

AN B # 0 implies that A < B,

(AN B)* = A* N B*,

(AeB)N(B® A) #10,

A (BeCO)N(A®B)aC #10,

(A*@B)*®BN(B*® A)*® A#0. O

The following example shows that the relation =< is not transitive.

Example 3.6. In the H,MV-algebra (H;®,*,0), where H = {0, a,b, ¢, 1} and the
operations are defined by

©® 0 a b c 1

0 {0} {0,a} {0,b} {0,c} {0,a,b,c,1}
a {0,a} {0,a} {0,a,b,c,1} {0,a,b,c,1} {0,a,b,c,1}
b {0,b} {0,a,b,c,1} {0,a,b,c,1} {0,a,b,c} {0,a,b,c,1}
C {O,C} {07a3bﬁc71} {0’a7b7c} {07a5bﬂc71} {0’a7b7c71}
1 {0,a,b,l} {0,a,b,c,1} {0,a,b,c,1} {0,a,b,c,1} {0,a,b,c,1}
* 1 b a ¢ 0

we have a < b and b < ¢ while a £ ¢, because 0* &€ {0,a,b,c} = a* @ c. O

Now let z ©y = (* ® y*)*.

Theorem 3.7. In any H,MV-algebra H for all x,y,z € H and all nonempty
subsets A and B of H we have:

(1)

T o W N

e N e N T e T
© 00 g O
NN NI S N N N

—
=)

zOYoz)N(z0y) ©z#0,

rOyNy©z#0,

0ex0N0Gz,

Dexzoxr*Na* o,

rexOIN1O,

lezoy* Ny*Orandl cyoz*Na* Oy imply x =y,
(A® B)* = A* ® B*,

(A® B)* = A* @ B*,

re€x®x if and only if x* € x* © x*,

re€x@x if and only if x* € x* O x*.
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Proof. 1t is enough to observe that for z,y,z € H,

zoyoz) = (Jrotte(y @)}
@ et) ey o)}
U{(a:* Ottt Cyt @)

= (JHoracrr ot it ey @2}

= U{a* et @ (Y @)}

and similarly
(x@y)@z:U{a* ca€ (oY )@z}

This proves (1).
The proofs of (2) — (6) follow from (H,MV2) and (H,MV5)-(H,MVT). The
proofs of (7) — (10) follow from the definition. O

On H we also define two binary hyperoperations ‘v’ and ‘A’ as
eVy=(@oy)ey, zAy=@ey)oy=(@"Vvy)"

Theorem 3.8. In any H,MV-algebra H, the following hold:
(1) Ay =2"Vy", (xVy" =z"Ay",

(zVy)N(yvae)#0, (xAy)N(yAz) #0,

x€(xVr)n(xAz),

0e(zn0)N(0AZ),

le(zvl)n(lva),

z€(xzVO)N(OVaz),
)

)
)
)
)
)
7 ze€(xAl)N(1Ax),
)
)
)
)
)

o~~~ —
o~~~

x Xy impliesyc€xzVyandx € x Ny,
rEey®ax impliesl € yVa*,
xz €y@x implies 0 € y \a*,
Ifrex®x, then0 € x A ™,
Ifrex®ux, thenl € xVa*.

VY =@roy) ey =@@oy) ey =((zey)oy) =@ Ay)"

Similarly, the second equality is proved.
(2). It follows from (H,MV4).
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(3). From 0 € z ® z* it follows that x € 0@z C (z ©@ 2*) ®x = = V z. From
0* € x @ z* it follows that

r=@")" e(0@0z") " C(z@s") @) =xda") Oz =aAx.

(4). From 1 = 0* € x @ 0* it follows that 0 € 10 C (x ®0*) ®0 = z A 0.
Similarly, from z* € 0@ z* it follows that 0 € z* ©x C (0@ z*) ®x = 0 Az. Thus,
0e(zA0)N(0AX).

(9. Ifzeyor,then1=0"€caxda*C(yOz)dar* =yVa*.

(10). frceyPa,then0cz0a* C(y@a)Oa* =y At

The proofs of the other cases are easy. O

Proposition 3.9. Let x € H. Then

(1) 0exAa* ifand onlyif 2@ x 2 x if and only if z* 2 2* O z*,
(2) 1exva® ifandonlyif x*®ax* 22" ifand only if = <z O x. O

4. Homomorphisms, subalgebras and H,MV-ideals

In this section, homomorphisms, H,MV-subalgebras, weak H,MV-ideals and H,MV-
ideals are introduced and some their properties are obtained.

Definition 4.1. Let (H;®,*,0y) and (K;®,*,0x) be H,MV-algebras and let
f+ H— K be a function satisfying the following conditions:

(Om) = Ok,

(z7) = f(z)*,

(%) =2 fl2)",

(zoy) = f(z) @ f(y),

(zoy) C flz) @ f(y).

f is called a homomorphism if it satisfies (1), (2) and (4), and it is called a weak

homomorphism if it satisfies (1), (3) and (5). Clearly, f(1) = 1if f is a homomor-
phism. Note that (1) is not a consequence of (2) and (4).

nf
) f
3) f
) f
) f

Example 4.2. The set H = {0, a, 1} with the operations defined by the table

0 a 1
{0y {0.a} {0,1}
{0,a} {01} {a1}
{o.1}  {a1} {1}
1 0

a

*|— o o|®

is an H,MV-algebra. The function f: H — H such that f(0) =1, f(1) = 0 and
f(a) = a satisfies (2) and (4) but not (1). O
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Further, for simplicity, we will use the same symbols for operations in H and
K.

Theorem 4.3. Let f : H — K be a homomorphism.
(1) f is one-to-one if and only if ker f = {0}.

(2) f is an isomorphism if and only if there exists a homomorphism f=* from
K onto H such that ff~' =1g and f~1f = 1y.

Proof. We prove only (1). Assume that f is one-to-one and = € kerf. Then,
f(z) = 0 = f(0) whence = 0, ie., kerf = {0}. Conversely, assume that
kerf = {0} and f(z) = f(y), for z,y € H. Then,

0"efx) o flynfly) @ fl@) =fla"dy) N flydz’)

whence f(s) = 0* = f(t), for some t € z* ® y and s € y ® *. Hence, f(s*) =
f#) =0, 1ie., s*t* €ckerf ={0}andso 0* =se€yPdz*and 0* =t € ax* Dy
whence x < y. Similarly, we can show that y < z. Thus, x = y, i.e., f is
one-to-one. O

Proposition 4.4. A nonempty subset S of H is an H,MV-subalgebra of H if and
only if 0 € S and x*®y C S forallx,y € S. O

Definition 4.5. A nonempty subset I of H such that z < y and y € I imply
x € I is called

an H,MV-ideal if z @y C I, for all z,y € I, and

a weak H,MV-ideal if x @y X I, for all =,y € I.

From Proposition 3.5 (8) it follows that every H,MV-ideal is a weak H,MV-
ideal.

Theorem 4.6. A nonempty subset I of H is a weak H,MV-ideal if and only if
x=yandy €l implyx €I and for all x,y € I we have (x Dy) NI # 0. O

Theorem 4.7. If I is an H,MV-ideal of an H,MV-algebra H in which x < xV y
holds for all x,y € H, then 0 € I, and a ® b* C I together with b € I imply a € I.

Proof. If I is an H,MV-idealm then obviously, 0 € I. Now, let a ® b* C I and
bel Then,a=<aVb=(a®b")®bC I, whenceacI. O

Definition 4.8. A nonempty subset A of H is called Su-reflexive if t ©yN A # ()
implies that z © y C A. Similarly, A is called Sg-reflexive if x ®yN A # () implies
that z ®y C A.

Theorem 4.9. If in an H,MV-algebra H for all x,y € H we have Ay =z < xVy,
then each its Sg-reflexive and Sg-reflexive subset is an H,MV-ideal of H.
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Proof. Let z,y € H be such that x < y and y € I. Then, 0* € z* @ y and
s0 0 € x ® y*, whence (x ©® y*) NI # (. Since, I is Sg-reflexive, z © y* C T
and so x € I. Thus, x <y and y € I imply x € I. Now, let z,y € I. Then,
(r®y) ©y* =z Ay* < x and hence, ¢ X x € I, where ¢ € x A y*. This implies
that ¢ € I and so (z @ y) ® y* NI # 0. Hence, there exists a € z @ y such that
a®y*NI+#Dcombiningy el wegetacl, ie,x®dynNI#(), whence xdy C I.
Thus, I is an H,MV-ideal of H. O

Corollary 4.10. In a hyper MV-algebra, every Sg-reflexive and Sg-reflexive sub-
set I that x <y and y € I imply x € I is a hyper MV-ideal. O

Theorem 4.11. Let f: H — K be a homomorphism. Then
(1) kerf is a weak H,MV-ideal of H.
(2) If Iis an H,MV-ideal of K, f~1(I) is an H,MV-ideal of H.

(3) Assume that x < x V y holds for all z,y € H. If f is onto and I is an S~
reflexive H,MV-ideal of H containing ker f, then f(I) is an H,MV-ideal of
K.

Proof. (1). Let z,y € H be such that x <y and y € kerf. Then, 0* € (z* D y) N
(y®z*) and f(y) = 0. Thus

0" =f0) e fla"@y)Nflyoa™) = flz)" ®0N0& f(z)",

which implies that f(x) < 0. Hence, f(z) =0, i.e., z € kerf.

Now, let z,y € kerf. Then, 0 € 060 = f(2)® f(y) = f(zdy) and so f(t) =0,
for some ¢ € x @ y. This implies that (z @® y) Nkerf # () and so by Theorem 4.6,
kerf is a weak H,MV-ideal of H.

(2) Tt is easy.

(3) Assume that f is onto and I is an H,MV-ideal of H. Let z < y and
y € f(I). Then, 0* € z* @yNy @ z* and y = f(b), for some b € I. Since, f is
onto, there exists a € H such that f(a) = z. Hence,

0" e fl@) @ f(b)Nfb) & f(a®) = fla"®b) N f(bBa®),

whence f(u) = 0* = f(v), for some u € a* &b and v € b @ a*. This implies that
u*,v* € kerf C1I,ie.,a®b*NI+#0, whence a ©b* C I. Since, be I,s0a €]
and hence, z = f(a) € f(I).

Let now z,y € f(I). Then, there exist a,b € I such that f(a) = x and f(b) = y.
From a @ b C I it follows that « @ y C f(I), proving f(I) is an H,MV-ideal of
K. O

Definition 4.12. Let A be a nonempty subset of H. The smallest (weak) H,MV-
ideal of H containing A is called the (weak)H,MV-ideal generated by A and is
denoted by (A) (by (A),, respectively).
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It is clear that
(A)D{reH: 2 =2(--((a1@az)® ) Day, forsomen € N,ay,...,a, € A}.

Theorem 4.13. Assume that |z @ y| < oo, for all x,y € H, < is transitive and
monotone, and t @y € R(H) ={a € H:|z®a|=1VYz € H} for all z,y € R(H).
Then

Ay ={zecH: 2= (a1 Pa) ®---) D an, for somen € N,aq,...,a, € A}
for any nonempty subset A of H contained in R(H).
Proof. Assume that

B={zcH:z2=2(--(a1Pa2)®--)Pay, forsomen N, ay,...,a, € A}.

Obviously, A C B. Now, let x,y € H be such that + < y and y € B. Since,
[x®y| < oo,s0y X (- ((a1Bag)®- -+ )®ay, for some n € Nand ay,as,...,a, € A.
This implies that 0* € y* & ((--- (a1 ®az) ®---) D ay). On the other hand, z <y
implies that y* < =*, whence

0" e{0t=y"a(-(m@a)®-)@an) 22" & (- (a1 B az) &) B an),

which gives 0* € 2* @ (- ((a1 D az) D--- ) Bay),ie,z 2 (- ((a1Da2)®- - )Day).
Thus, z € B.
Now, let z,y € B. Then,

xj(~~~(a1@a2)@~~)@an and yj(~-(b1@b2)®~-)®bm
for some n,m € N, ay,...,an,,b1,...,b, € A. Since, =< is monotone,

z®y = z®((---(b1®b) D) D bp)

= (@ @)@ ) Ban) & (- (@ b) @) Dby

and hence there exists v € z @ y such that
x@((~~(a1@a2)®~~)@an)
(@ @a)s ) @a) (- (heb)e: ) @b
("'((("'(al@az)@"')@an)@bl>@“')@bm

because < is transitive. The equality holds for ANB # ), and |A| = 1 = | B| imply
A = B. Thus u € B and so z @ y < B. Therefore, B is a weak H,MV-ideal of H.
Obviously, B is the least weak H,MV-ideal of H containing A. O

u

I TA

Let H,MVI (WH,MV1) denotes the set of all H,MV-ideals (weak H,MV-ideals)
of H. Then, H,MVI (WH,MVI ) together with the set inclusion, as a partial
ordering, is a poset in which for all A; CH,MVI ; A A; = A4; and \/ 4; = (A;).
So, we have
Theorem 4.14. (H,MVI ,C) is a complete lattice, and if WH,MVI is closed with

respect to the intersection, H,MVI is a complete sublattice of the complete lattice
(WH,MVI ,C). 0
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Parastrophically equivalent identities
characterizing quasigroups isotopic

to abelian groups

Galina B. Belyavskaya

Abstract. We study parastrophic equivalence of identities in primitive quasigroups and paras-
trophically equivalent balanced and near-balanced identities characterizing quasigroups isotopic
to groups (to abelian groups). Some identities in quasigroups with 0-ary operation characterizing

quasigroups isotopic to abelian groups are given.

1. Introduction

Quasigroups isotopic to groups, to abelian groups consist important classes of
quasigroups. They arise under investigation of different classes and systems of
quasigroups and are used in distinct applications. Medial quasigroups, linear
quasigroups and T-quasigroups are the most known classes of these quasigroups.
Quasigroups isotopic to groups (to abelian groups), their subclasses and identities
reducing to them were investigated by many authors. Recall some of the known
results.

In [1] and [3] these quasigroups arose under the research of balanced identities,
including arbitrary number of variables, and under the study of four quasigroups
connected by the law of general associativity. As it was proved, these four quasi-
groups are isotopic to the same group.

In [3], V. D. Belousov found a balanced identity of five (of four) variables in a
primitive quasigroup (Q,-,\,/) that characterizes quasigroups isotopic to groups
(to abelian groups).

As M. M. Glukhov informed, he proved that among of the identities character-
izing the variety of quasigroups isotopic to abelian groups there not exist balanced
identities of three variables and listed six balanced identities of four variables ob-
tained by different authors (see section 5).

In [6], [7] and [9], some identities with permutations of three variables that
characterize quasigroups isotopic to groups (to abelian groups) were considered. In

2010 Mathematics Subject Classification: 20N05
Keywords: quasigroup, primitive quasigroup, loop, abelian group, parastrophe, balanced
(near-balanced) identity



20 G. B. Belyavskaya

[7], the type of these identities was defined and some identities with permutations
characterizing quasigroups isotopic to abelian groups were given.

In the article we continue this research, consider parastrophic equivalence of
identities in primitive quasigroups and parastrophically equivalent balanced and
near-balanced identities characterizing quasigroups isotopic to groups (to abelian
groups). Some unbalanced identities of Theorem 1.2.1a of [7] are simplified and
some identities in quasigroups with O-ary operation characterizing quasigroups
isotopic to abelian groups are given.

2. Preliminaries
Let (Q,-) be a quasigroup. The operation (\), or (:)=* ((/) or ~1(-)):
Ny=z&az=y (x/ly=z2%Ez2y=21)

is called the right (left) inverse operation for the operation (-), and the quasigroup
(@Q,\) ((@,/)) is called the right (left) inverse quasigroup for the quasigroup (Q, ).
In addition,
w\y =1Ly, =z/y=R, 'z,

where L,y =z -y = Ryx.

If a quasigroup operation is denoted by A, then its right (left) inverse operation
is denoted by A~! (respectively, by ~1A).

The primitive quasigroup [4] (@,-,\,/), e.i., the algebra with three operations
satisfying to the following four identities:

corresponds to every quasigroup (@, -).

We also shall use primitive quasigroups (Q,-,\,/,a) with one 0-operation c,:
{0} — a, where a is some fixed element of the set Q.

It is known that every quasigroup operation A has the following six paras-
trophic operations (conjugates or parastrophes):

A=(), AT =)A= (), AT = (@), ()T = (®2), 4" = ()7,

where A*(x,y) = A(y,z) [4], moreover, z ®1y =y/z, x @2y = y\z.

If a quasigroup (@, -) is isotopic to a group, then every its parastrophe is also
isotopic to the same group (see, for example, [7] and [12]).

3. Equivalent identities in primitive quasigroups

For the first time the concept of conjugate or parastrophic identities (in a quasi-
group (@, -)) was introduced by A. Sade in [11]. He also gave a number of rules for
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simplifying of identities in (@), -) that involves more than one of parastrophic oper-
ations. V.D. Belousov in [2] listed the parastrophic identities in a quasigroup (@, -)
for a number of the well-known identities. Part of these identities was earlier given
by S.K. Stein in [13]. In [5], V.D. Belousov considered parastrophic equivalence of
the minimal identities in a quasigroup (@, ) connected with orthogonality. Below
we shall consider parastrophic equivalence of identities in primitive quasigroups.

Let a primitive quasigroup (Q,-,\, /) satisfy an identity. Changing the oper-
ation (-) for some its parastrophe o in this identity, we shall obtain an identity,
which holds in a primitive quasigroup with another triple of operations. For ex-
ample, using the change (-) — (/), we shall get an identity in the quasigroup
(Q,/,®2,-), since in this case (\) — (/)7! = (®2), (/) =71(/) = (), ®1 — (%),
(®2) = (\), (x) = (®1) (see Tab. 1 below). But

Ty =y/z, t@y=y\z, Try=y- . (1)

After use of these equalities we get another identity in the quasigroup (@, -\, /).
Consider the transformations of identities in a primitive quasigroup (@, -, \, /)
that are connected with the change of the operation (-) to its parastrophes. The

following Table 1 shows how parastrophes are changed in an identity under the
change of the operation () for some its parastrophe.

) () (@) (®) ()
((\) (/) (@) (®2) (%)

)
)
)
)

)

2 . ) 1
@) | (®) () () (®) () ()
(®2) | (®) () () () (@) ()
) | () (@) @) ) () )

Table 1

Indeed, if () — (\), then we have the following change of parastrophes: (\) —
()7t = () (/) =71 () = (@1), (®1) = (V% = (/), (®2) = ()& = (),
(x) = (\)* = (®2). Thus we get an identity in the quasigroup (@, \,,®1). This
result is reflected in the second row of Table 1. The remaining rows are fulled
analogously.

Below we shall consider the parastrophic equivalence of identities in the fol-
lowing sense.

Definition 1. An identity 3 in a quasigroup (Q,-,\,/) is called parastrophically
equivalent to an identity « if 8 can be obtained from « under the change of the
operation (-) to one of six its parastrophic operations with the successive passage,
if it necessary, to the signature (-,\,/) in the obtained identity by means of the
equalities (1).

Note that according to this definition in each identity a we use only the op-
eration (-) even if this operation is absent in this identity (see, for example, the
identities 8) and 9) in section 5).
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It is easy to prove that the relation of this definition is a relation of equiv-
alence (i. e., symmetric, reflexive and transitive), taking into account that the
parastrophic transformations of a quasigroup (Q,-) form the symmetrical group
S3 (see, for example, [8], where the multiplication table of the parastrophic trans-
formations of a quasigroup (Q,-) is given).

Two identities in a quasigroup (@, -, \,/) is called mutually symmetric if one
identity is obtained from another one under the passage from the operation (-)
to the parastrophe (x). An identity is called symmetric if it coincides with the
mutually symmetric identity.

Note that if an identity in a quasigroup (Q, -, \,/) characterizes some property
of the quasigroup (Q,-), then an identity, which is parastrophically equivalent to
this identity, not necessarily characterizes this property of the quasigroup (Q, ),
although characterizes it in the corresponding parastrophic quasigroup. However,
such situation is sometimes possible.

4. Identities for quasigroups isotopic to groups

Let some identity in a primitive quasigroup (Q,-,\,/) characterize quasigroup
(@, -) isotopic to a group (to an abelian group). Then any identity parastrophically
equivalent to this identity also characterizes the property of this quasigroup to be
isotopic to this group (to this abelian group).

Indeed, it is known that if a quasigroup (Q,-) is isotopic to a group (to an
abelian group) (@, +), then any its parastrophe is isotopic to this group (see [12]
and Lemma 1.1.1 [7]). Write some identity « in a quasigroup (Q,-,\,/) that
characterizes the property of quasigroup (Q,-) to be isotopic to a group (to an
abelian group) for some parastrophe (Q,o) of (Q,-) and use the equalities (1).
Then we shall get an identity 3 in the same signature, which is necessary and
sufficient for isotopy of the quasigroup (@, o) (and of the quasigroup (Q,-), by
Lemma 1.1.1 [7]) to the same group (to the same abelian group).

Thus from one identity we can obtain the class of parastrophically equivalent
identities in a primitive quasigroup every of which also characterizes the variety
of quasigroups isotopic to groups (to abelian groups).

Recall that an identity w; = ws in a quasigroup (Q,-,\,/) is called balanced
[3], if every variable appears from the left and from the right exactly one time. Let
[w1] = [wa] = n for an identity w; = wa, where [w] is the number of appearances
of variables in a word w. Then the number n is called the length of this identity.

Below we shall consider near-balanced identities in the following sense.

Definition 2. An identity w; = wy of length n + 1 of n > 2 variables in a
quasigroup (Q,-,\,/) is called near-balanced if every of n — 1 variables appears
exactly one time, but the single variable appears exactly two times on each side
of the identity.

From the known balanced identity of Belousov (2) characterizing quasigroups
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isotopic to groups we can obtain a class of parastrophically equivalent balanced
identities (or a parastrophical-equivalent class) characterizing these quasigroups.

Theorem 1. The following balanced identities of five variables:

((z(y\2))/u)v = z(y\((z/u)v)), (2)
(u/(2\y2)\v = 2\(y((u/2)\v)), (3)
((z/(2\y))u) /v = z/((zu/v)\y) (4)

form a parastrophical-equivalent class of identities characterizing quasigroups iso-
topic to groups.

Proof. Transform the Belousov identity (2), changing the operation (-) for paras-
trophes and using equalities (1):
() = (V): ((#\(y2)) @1 u)\v = 2\(y((z @1 u)\v)) or (3):
(u/(@\yz)\v = 2\ (y((u/2)\v)).
() = (/): ((&/(y @2 2))u) /v = z/(y @2 (2u/v)) or (4):
((z/(\y))u) /v = z/((zu/v)\y).
() = (@1): ((z @1 (y*2))\u) @1 v =2 (y*((z\u) ®1v)) or
v/((zy/z)\u) = ((v/(z\u))y)/=.
But it is the identity (4) after transpositions (x,v), (y,u) of variables.
() = (®2): ((z @2 (y/2)) ¥ u) @20 =z @2 (y/((2 % u) @2 v)) or
o\(u((y/2)\z)) = (y/(v\uz))\z.
It is the identity (2) after the transpositions (z,v), (y, u).
() = () ((z* (y®12) @2u) xv =z * (y ¥ ((z®2 u) *v)) or
v(u\((z/y)z)) = ((v(u\2))/y)z.
It is (2) after the transpositions as above.
Hence, from the identity (2) we obtain a parastrophical-equivalent class of
balanced identities of length five. This class contains three identities. Note that

the identity (2) is symmetric, the identities (3) and (4) are mutually symmetric
(use the transpositions (z,v), (y,u) of variables). O

Theorem 1a. The following near-balanced identities of four variables:

((z(u\2))/u)v = z(u\((z/u)v)), (20)
(u/(2\uz))\v = 2\ (u((u/2)\v)), (3a)
((z/(2\u)u) /v = z/((zu/v)\u) (4a)

form a parastrophical-equivalent class of identities characterizing the quasigroups
1sotopic to groups.

Proof. These three identities, each of which characterizes quasigroups isotopic to
groups, were given in Corollary 1.1.2 of |7]. The identity (2a) was obtained from
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the balanced Belousov identity of five variables by F. N. Sokhats’kyi in [12] (the
identity (38)). The identity (3a) (the identity (4a)) is obtained from (2a) by the
change of the operation (-) for the operation (\) (for the operation (/)). Indeed,

if in (2a) (-) = (\), then ((2\(u2)) @1 u)\v = z\(u - ((z ®1 u)\v)) or
(u/ (@2\(u2))\v = 2\(u - ((u/2)\v)). It is (3a).

Ifin (2a) (-) — (/), then ((z/(u®22))-u)/v = x/(u®s((z-u)/v)) or ((z/(2\u))-
w)/v=a/((zu)/v)\u). It is (4a).

Consider the identities which can be obtained from (2a) if to change the op-
eration (-) for the operation (®;) (for (®2) and for (x) respectively) and to use
Table 1 and the equalities (1):

() = (@1): ((z @1 (ux2))\u) @1 v =12 (u*((z\u) @1 0v)) or

v/ ((zu/z)\u) = ((v/(z\u))u)/z.

But it is (4a) after the change of the positions of variables x,v.

() = (®2): ((z @2 (u/2)) ¥ u) @2 v = @2 (u/((z *u) ¥ v)) or

o\(u((u/2)\2)) = (u/(v\uz))\z.

It is (3a) if to change the positions of variables x, v.
()= (*): (xx(u®12) @ u)*xv=r*(u® ((z R u) *v)) or
v(u\((z/u)z)) = ((v(u\2))/u)z. 1t is (2a).

Note that the identity (2a) is symmetric, and the identities (3a) and (4a) are
mutually symmetric. O

5. Quasigroups isotopic to abelian groups

M. M. Gluchov informed the author about some his unpublished results. In par-
ticular, he proved that among of the identities characterizing the variety of quasi-
groups isotopic to abelian groups there not exist balanced identities of three vari-
ables and listed the following six balanced identities of length four, every of which
characterizes the quasigroups isotopic to abelian groups:

D 2\(y(u\v)) = u\(y(z\v)); 2) (x/y)(u\v) = (v/y)(u\z);
3) ((wy)/wpv = ((zv)/u)y;  4) zu/(v\y) = vu/(x\y);
5) 2(u\w) = ul\@v): 6 ((w/o)e)fy = (u/y)r)/.
The identities 1), 2) were established by V. D. Belousov [3], the identities 3), 4)
and 5) were given by A. Drapal [10], A. Tabarov found the identity 6).
Using the change of the quasigroup operation (-) for distinct parastrophic op-

erations in six identities pointed out above, we found yet three balanced identities
of length four, every of which characterizes quasigroups isotopic to abelian groups:

7) (u/v)\yz = (w/x)\yv;  8) (y/(v\u)\x = (y/(v\x))\u;
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9) z/((u/v)\y) = u/((z/v)\y).

The identity 7) is obtained from 2) under the change (-) — (\), and when
(-) — (®2), also from 4) if (-) — (®1), and when (-) — (x).

The identity 8) is obtained from 1) under (-) — (/), from 3) if (-) — (\), from
5) when (-) — (®2) and from 6) if (-) — (®1).

The identity 9) follows from 1) under () — (®2), from 3) if (-) — (®1), from
5) when (-) — (/) and from 6) if (-) — (\).
Theorem 2. All nine balanced identities of length four, pointed out above and

characterizing quasigroups isotopic to abelian groups, form two parastrophical-
equivalent classes:

{1),3),5),6),8),9)} and {2),4),7)}.
Proof. Transform the identity 1): x\(y(u\v)) = u\(y(z\v)) using the passage from
the operation (-) to the remaining five its parastrophes, Table 1 and the equalities

(1):
()= (\): z(y\(ww)) = u(y\(zv)). It is the identity 5).
() = (/) 2®2 (y/(u®2v)) = u®2 (y/(x ®20)) or (y/(v\u))\z = (y/(v\z))\u.

It is the identity 8).
(1) = (®1): zx (y®1vu) =ux(y®vzx) or (vu/y)r = (ve/y)u. It is 3).

() = (®2): z/(y @2 (u/v)) = u/(y @2 (x/v)) or z/((u/v)\y) =
u/((z/v)\y). It is 9).
. 6)(') — (%) 2@1 (u®1v)y) = u @ (z®1v)y) or ((v/wy)/z = ((v/z)y)/u. Tt
T“hus for the identity 1) we have six parastrophically equivalent identities: 1),
3), 5), 6), 8) and 9). Moreover, the following pairs of identities are mutually
symmetric: 1) and 6); 3) and 5); 8) and 9).
Consider the identity 2): (z/y)(u\v) = (v/y)(u\x).

) ()= (\): (@19)\ww = (v@1y)\ux or (y/x)\uv = (y/v)\uz. It is the identity
()= (/) zy/(u®2v) =vy/(u®2 ) or xy/(v\u) = vy/(x\u). It is 4).
() = (®1): (z\y) ®1 vu = (v\y) @1 zu or wvu/(z\y) = zu/(v\y). It is the
identity 4).

() = (®2): yr ®2 (u/v) = yv @2 (u/z) or (u/v)\yz = (u/x)\yv. It is the
identity 7).

() = (+): (2@2y)* (u@1v) = (V@2y) * (@1 2), or (v/u)(y\z) = (x/u)(y\v)-
It is 2).

Thus we have the class of three parastrophically equivalent identities: 2), 4)
and 7). The pair of the identities 4) and 7) is mutually symmetric and the identity
2) is symmetric. O
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Corollary 1. There exist at least two parastrophically equivalent classes of bal-
anced identities of length four characterizing the variety of quasigroups isotopic to
abelian groups. O

6. Identities with a 0-ary operation

In [6], [7] and [9] were considered identities with permutations (or, simply, identi-
ties) in a quasigroup (Q,-):

ag(ao(z @1 y) B2 2) = azz B3 as(asy Ba as2), (5)

where z, v, 2 are variables, o, i = 1,2,...,6 (i € 1,6), is a permutation of the set
Q, (®r), k = 1,2,3,4, is a parastrophic operation for the quasigroup operation
(). These identities form the special case of the generalized associativity identity
[1]. A particular case of this identity (when «; is the identity permutation) is the
identity with permutations

as(z @1 y) B2 z = azx Dz ag(asy By apz). (6)

The ordered collection (1, B2, B3, B4) of parastrophic operations in an identity
(5) is called the type of this identity. Note that three variables in (5) (in (6)) are
ordered uniformly from the left and from the right.

In [7], it was proved that if a quasigroup (@, -) satisfies an identity with per-
mutations of the form (5), then the quasigroup (Q,-) is isotopic to a group. A
quasigroup (Q,-) is isotopic to a group if and only if it satisfies the following
identity with permutations of the type (o, 0,0,0):

RN (woLg'y)oz=wo Ly (Ry'yo2)

for a fixed element a € @, where (o) is a parastrophe of the operation (-), R, =
zoa, Lex =aox (Theorems 1.1.1 and 1.1.1a of [7]).

For quasigroups isotopic to abelian groups it was proved the following

Theorem 1.2.1. [7| Let the identity (6) of the type (®1,0,0", D4) with some
parastrophes (o), (®1), (®4) and with some permutations o, i € 2,6, hold in a
quasigroup (@Q,-). Then the quasigroup (Q,-) is isotopic to an abelian group.

For any type (®1, P2, B3, Pa) different from (-,-,-,-) and (x,%,*,%), where
(@) = () or (&;) = ()%, i € 1,4, there exists an identity of the form (6) that
characterizes quasigroups (Q,-) isotopic to abelian groups.

Below we show that in each of nine identities of section 5 characterizing quasi-
groups isotopic to abelian groups one of variables may be fixed. As a result, we
obtain some identities of three variables in a quasigroup with a 0-ary operation.
Both identities with permutations characterizing quasigroups isotopic to groups
and identities with permutations characterizing quasigroups isotopic to abelian
groups, can have different types.
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Theorem 3. Each of the following identities in a quasigroup (Q,-,\,/,a) with a
0-operation characterizes quasigroups (Q,-) isotopic to abelian groups:

2\ (a(u\v)) = u\(a(z\v)), z\(y(u\a)) = v\(y(z\a)); la)
(z/y)(a\v) = (v/y)(a\z), (z/a)(u\v) = (v/a)(u\z); 2a)
((zy)/a)v = ((zv)/a)y, ((ay)/w)v = ((av)/u)y; 3a)
za/(v\y) = va/(z\y), zu/(v\a) = vu/(z\a); 4a)
z(a\(uv)) = u(a\(2v)), z(y\(ua)) = u(y\(za)); 5a)
((u/v)a)/y = ((u/y)a)/v, ((a/v)z)/y = ((a/y)z)/v; 6a)
(u/v)\az = (u/z)\av, (a/v)\yz = (a/z)\yv; 7a)
(y/(a\w)\z = (y/(a\x))\u, (a/(v\u))\z = (a/(v\2))\u; 8a)
z/((u/v)\a) = u/((z/v)\a), z/((u/a)\y) = u/((z/a)\y). )

Proof. We shall obtain every pair of the identities 1a) — 9a) from the identities
1)— 9) respectively using the sufficient conditions of Theorem 1.2.1 [7] and the
equalities (1). In all cases the necessity of the obtained identities follows from the
identities 1)— 9) respectively.

la). The identity x\(a(u\v)) = u\(a(x\v)) or x\ L, (u\v) = u\L,(z\v), where
L,z = a- x, is the identity 1) for y = a and can be written as

Lo (u\v) ® x = u\ L, (v ®3 ),

where (®2) = (\)*. This identity has the form (6) and the type
(\, ®2,\, ®2). Therefore, by Theorem 1.2.1 of [7], the quasigroup (@), -) is isotopic
to an abelian group even if in 1) the variable y is fixed.

Putting in 1) v = a, we obtain the second identity of la):

2\(y(u\a)) = u\(y(2\a)), z\(y(a ©2 u)) = v\(y(a ®3 x)

or (y- L22u) ®3 = u\(y - L®2x), where L2z = a ®, z. Transforming the last
identity, we get the identity

(uxy) @z = (Lf’z)_lu\(y - L%27) of the type (,®2,\,").

Note that the identity obtained from 1) can not be reduced to the required
form of Theorem 1.2.1 of [7] if to fix one of the rest two variables.

Thus from the identity 1) in a primitive quasigroup (Q,-,\,/) we obtain two
identities in the quasigroup (Q,-,\,/,a) for an element a € Q.

2a). Put u = ain 2): (z/y)(a\v) = (v/y)(a\z), (x/y) - Li'v = (v/y) - L'z
whence we have the identity

(z/y) -v = Ly x % (y ®1 Lav) of the type (/,-, %, ®1).
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If y = a in 2), we obtain the second identity of 2a): (z/a)(u\v) = (v/a)(u\zx),
Rtz (u\v) = R;'v - (u\z) R,z = za, and the identity

(v®gu)*x = R, - (u\R,z) of the type (®2, %, \).

3a). For u = a in 3) we have ((zy)/a)v = ((xv)/a)y, R;(zy)-v= R;(zv)-y,
and the identity

R'(y*x)-v=yx R, (zv) of the type (x,-,*,-).

Let z = a in 3): ((ay)/u)v = ((av)/u)y, (Loy/u)v = (Lyv/u)y, Hence, the
following identity of the type (/,-,*, ®1) holds

(y/u)-v =L y* (u@ Lev).

4a). Put in 4) u = a: za/(v\y) = va/(z\y), Rex/(v\y) = Rev/(z\y) whence
for (®1) = (/)* it follows the identity

(v\y) ®1 @ = Rav/(y @2 Ry 'w) of the type (\, ®1, /, ®2).

If y = a, then zu/(v\a) = vu/(z\a), zu/L¥?v = vu/LP?z whence we obtain
the identity

ruj/v = L2 @, (u* (LE2)"1v) of the type (-, /, @1, *).

5a). Let y = a in 5): z(a\(uwv)) = u(a\(2v)), = L (uv) = u- L, (zv), and
we have the identity

L (ww) *x =u- L, (v#x) of the type (-, *,-, ¥).

For v = a in 5) we get 2(y\(ua)) = u(y\(za)), z(y\Rqou) = u - (y\Rqz),
(y\Rqu) * x = u(y\Rqx), and the identity

(u®gy) xx = Rglu - (y\Rgaz) of the type (®2,*,-,\).

6a). We obtain the identities ((u/v)a)/y = (u/y)a)/v, Ra(uw/v)/y = Ro(u/y)/v
if in 6) = a. From the last identity it follows the identity

Ra(v @1 u)/y = v @1 Ra(u/y) of the type (@1, /,@1, /).

If w = a, then ((a/v)x)/y = ((a/y)x)/v, (RF'v-x)/y = (RP'y - x)/v, where
R®'z = 2 ®; a. Hence, we get the following identity:

(R®'v-2)/y =v®; (zx R®'y) of the type (-, /, ®1, *).
7a). Put y = a in 7): (u/v)\ax = (u/x)\av, (u/v)\Lex = (u/x)\Lyv,

(v @1 u)\x = Lav @2 (u/L; x).



Parastrophically equivalent identities 29

The type of this identity is (®1, \, ®2, /).
If u=a, we get (a/v)\yz = (a/x)\yv, (v ®1 a)\(yz) = (z @1 a)\(Yv), Yz D2
R®1y = R®12\yv, and the identity
(05 9) @2 v = REU\(y - (RE) 1) of the type (@2, ).

8a). Let v =a in 8): (y/(a\u))\z = (y/(a\x))\u, (y/Lg'w)\z = (y/L;'x)\u
whence we obtain the identity

(u®1y)\& = Lou @2 (y/Ly ') of the type (®1,\, ®2, /).

Put y = a: (a/(v\u))\z = (a/(V\2))\u, (a/(u @z v)\z =u @2 (a/(v\z)). Let

L((l/ Vg = a/z, then from the last identity we have the identity
LY (u @y v)\w = u ®; LY (v\x) of the type (®2,\, @, ).

9a). Putting y = a in 9), we get z/((u/v)\a) = u/((z/v)\a), (a®2(u/v))@12 =
u/(a ®2 (x/v)), and the following identity:

L2 (u/v) @1 2 = u/LY? (v ®; x) of the type (/,®1,/,®1).

Ifv=a, z/((u/a)\y) =u/((x/a)\y), (u/a)\y) @12 =u/((y @2 (z/a)). Let

Rg/)x = x/a, then we have the identity

(R((L/)u\y) @1 T = u/(y &2 R((I/)x) of the type (\7 &1, /a ®2)' U

7. Near-balanced identities for quasigroups

In [7], the identities with permutations of different types were considered. As a
corollary, in a quasigroup (@,-,\,/) the following identities characterizing quasi-
groups isotopic to abelian groups were obtained (Theorem 1.2.1a, the identities
(1.2.9) — (1.2.15) of [7]):

(- y)/u) - (u\2) =z - u\((2/u) - y), (7)

(((y/u) - (u\e))/u) - (u\z) = (z/u) - (\((z/w) - (w\y))), (8)
z- (u\((y/u) - 2)) = ((z - 2) /u) - (w\y), 9)
((y-z)/u)-2=((y-2)/u) - =, (10)

z-u\((y/u) - (u\e)) = (z/u) - u\(z - (u\y)), (11)
((z/u) - y)/u- (W\2) = ((z/u) -y)/u- (u\2), (12)
((@/u) - y)/u- (u\2) = ((z/u) - (u\z))/u -y (13)
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Consider these identities more carefully. First note that the identities (7) and
(9) coincide although they correspond to different types of identities with permu-
tations (unfortunately, that was not noticed in [7]).

The identity (10) is the balanced identity 3) of the Glukhov list, the rest
identities of four variables are unbalanced. Show that identities (11), (12) and
(13) can be simplified and reduced to the known balanced identities.

Proposition 1. The identity (10) is the identity 3), the identity (11) is reduced
to the identity 5), the identities (12) and (13) are reduced to 3).

Proof. (10) is the balanced identity 3) of the Glukhov list. The identity (11) means
that 2-L; Y (R;'y-L;'z) = R;'e- LY (2-L;'y) orz-L Y (auy-z) = az- L, H(zwy),
where a, = R;'L,. From where for z = u it follows that a,y -1 = a,x - y.
Therefore, z - L, (a2 - y) = ayr - LYz - y) or z - (u\wy) = x - (u\zy). It is the
balanced identity 5) of the Glukhov list.

Ry, (ayz-y)-x, from where for y = u we get a, -2 = a,,2-x. Hence, R, ! (yx)
R (y-2) - or (yz/u) -z = (yz/u) - z. It is the identity 3).

(13)is BB wey) Ltz = By R Ly te) oy or ROR Ly y) -2 =
RYNR,'Lyz-x)-y.

u

(12) is Ry (R'x - y) - L'z = RV Rz -y) - L'z or Ry (aur -y) -2 =
-z

If y = u, we have the equality a,z -z = a, 2z and the identity 3) of Glukhov’s
list: ((zy)/u) -z = ((x2)/u) - y. O
Theorem 4. The following near-balanced identities of length five in a quasigroup

(Qv K \7 /)
(zy/u) - (u\2) =z - (u\((z/u) - y)),

(u/(@\y)\(uz) = 2\ (u - ((u/2)\y)),
((z/y) - w)/(2\u) = 2/((zu/y)\w),
zu/((y/z)\u) = ((y/(2\u)) - v)/z,
(u/2)\(u- (y\2)) = (u/(y\u2))\z,
(z/u) - (u\yz) = ((y - (u\2))/u) -2

form a parastrophical-equivalent class of identities characterizing quasigroups iso-
topic to abelian groups.

Proof. The identity (14) is (7) and, by Theorem 1.2.1a [7], characterizes quasi-
groups isotopic to abelian groups. At first we shall give the short proof from [7]
of this fact.

Let a quasigroup (Q,-) be isotopic to an abelian group. Then, by Albert’s
theorem (see [4]), we conclude that the loop (Q,+): x+y = R, 'z L'y, which is
principally isotopic to this quasigroup, is an abelian group for any element a € Q.
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Hence, the identity (x +y) + 2z = = + (2 + y) is fulfilled. Pass in this identity to
the operation (-):

RN R'w-Lyty) - Ltz = Ry tw - L (R Y2 - Ly ty). (20)

From this identity with permutations after the respective change of variables we
have the following identity:

Riw-y) Ltz =a- L (R 2 y). (21)
This identity is true for any element a € Q. Thus we have the identity (7).

Conversely, if the identity (7) holds, then the identity (21) and the identity
R;Yx-y)-z=a-L; (y* R;'Lsz) hold. But the last identity is an identity
of the form (5) and, by Theorem 1.1.1 [7], the quasigroup (@, -) is isotopic to a
group. After the inverse transformation of the last identity we obtain the identity
(20), which means that in the group (Q,+): = +y = R, 'z - L'y the identity
(x+vy)+2z=2x+ (2 +y) holds. From where it follows that (Q,+) is an abelian
group (put = = 0, where 0 is the unit of the group).

The rest identities of the theorem we shall obtain from the identity (14) passing
on in this identity from the operation (-) to the parastrophes (\), (/), (®1), (®2)
and (x) respectively and using Tale 1 and the equalities (1).

For example, in (14) change the operation (-) for the parastrophe (\):

((\y) @1 w)\(uz) = 2\(u- ((z @1 u)\y)) or (u/(2\y))\(uz) = 2\(u - ((u/2)\y))-
It is the identity (15).
The remaining identities are checked analogously.
Note that each of the pairs of identities (19) and (14), (15) and (17), (18) and
(16) is mutually symmetric. O

Proposition 2. The identity (8) is reduced to the identity (19).

Proof. Writing the identity (8):
(((y/u) - (W\z))/u) - (u\2) = (2/u) - (u\((z/u)) - (u\y))
with the help of translations, we obtain the identities
RORy - Lyte) - Ltz = Rytw - Ly (Ry bz - Ly ty),
RYR;'Lyy-x)-2=R;'Lyx - L;Y (R Ly2 - y).
Let R;'L, = au, 2 = u, then a,y -z = auz -y and Ry (y - Ly'z) -2 =
R'z-LY(y-2)or ((y- (u\z))/u) -2z = (z/u) - (u\yz). But it is the identity (19)
if to interchange the positions of the variables = and z. O
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Filter theory on hyper residuated lattices

Rajabali Borzooei, Mahmud Bakhshi and Omid Zahiri

Abstract. We apply the hyper structures to residuated lattices and introduce the notion of
hyper residuated lattice which is a generalization of the residuated lattice and verified some
related results. Finally, we state and prove some theorems about filters and deductive systems.

1. Introduction

Residuated lattices, introduced by Ward and Dilworth [12], are a common struc-
ture among algebras associated with logical systems. In this definition to any
bounded lattice (£, V,A,0,1), a multiplication ‘*’ and an operation ‘—’ are equp-
ped such that (£, %, 1) is a commutative monoid and the pair (*, —) is an adjoint
pair, i.e.,

rxy <z ifandonly if <y — 2z, Va,y,z € L.

The main examples of residuated lattices are MV -algebras introduced by Chang
[4] and BL-algebras introduced by Hajek [9]. The hyperstructure theory was
introduced by Marty [10], 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 non-empty subsets of A, is called a binary hyperoperation, and the pair (A4, 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 elementif a € f(1,a), for alla € A. Since then many researchers
have worked on this area. R. A. Borzooei et al. introduced and studied hyper K-
algebras [2] and S. Ghorbani et al. [8], applied the hyperstructures to MV -algebras
and introduced the concept of hyper MV-algebra, which is a generalization of
MV-algebra. In [11], Mittas et al. applied the hyperstructures to lattices and
introduced the concepts of a hyperlattice and supperlattice: A superlattice is a
partially ordered set (5;<) endowed with two binary hyperoperations V and A
satisfying the following properties: for all a,b,c € S,

(SL1) a€(aVva)n(aAa),

(SL2) avb=bVa, aANb=DbAa,

(SL3) (avb)Ve=aV (bVe), (anb)Ac=aAn(bAc),

(SL4) a€ ((avd)Aa)n((aNb)Va),

2010 Mathematics Subject Classification: 03G10, 06B99, 06B75.
Keywords: hyper residuated lattice, (weak) filter, (weak) deductive system.
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(SL5) a < bimpliesbeaVbanda € aAb,
(SL6) ifacaAborbeaVbthen a<b.

Hyperstructures have many applications to several sectors of both pure and
applied sciences. A short review of the theory of hyperstructures appear in [5].
In [6] a wealth of applications can be found, too. There are applications to the
following subjects: geometry, hypergraphs, binary relations, lattices, fuzzy set and
rough sets, automata, cryptography, combinatorics, codes, artificial intelligence
and probabilities.

It is well know, the class of MV -algebras, BL-algebras, and Heyting algebras
are proper subclass of the class of residuated lattices. In this paper, as an applica-
tion of hyperstructures to residuated lattices, we introduce the notion of a hyper
residuated lattice. We define the concepts of (weak) filter and (weak) deductive
system, and verify their properties, as mentioned in the abstract. In fact, we want
to construct a hyper structure, which is more general than hyper MV -algebra and
hyper K-algebra.

2. Hyper residuated lattices

Throughout this paper, L will denote a hyper residuated lattice, unless otherwise
stated.

Let (X, <) be a partially ordered set and A, B be two subsets of X. Then we
write

e A < B, if there exist a € A and b € B such that a < b.
e A < Bif for any a € A, there exists b € B such that a < b.

Definition 2.1. [13] By a hyper residuated lattice we mean a non-empty 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 superlattice,

(HRL2) (L,®,1)is a commutative semihypergroup with 1 as the identity,

(HRL3) a®c< bif and only if ¢ < a — 0.

L is called nontrivial if 0 # 1. An element a € L is called scalar if |a © z| = 1, for
all z € L.

Example 2.2. (i) Let S = [0,1]. Then S with the natural ordering is a partially
ordered set. Define the hyperoperations V, A, ®, and — on S as follows:

S, a=b,
a®b=aAb=min{a,b}, bVa=aVb=< S—{a}, a<b,
S—{b}, b<a
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Ly oas<y
0=V b, a>b.

Then, it is easy to check that (S, V, A, ®, —, 0, 1) satisfies the properties (HRL1)
—(HRL3) and so is a hyper residuated lattice.

(ii) Let L = [0,1] and ®, V be the hyperoperations in (i). Define two hyperop-
erations A and — on L as follows:

_ _ [ {1} axy,
aANb={z € Lz < a,z < b}, a—>b—{[b’1]7 asb
It is not difficult to check that (L,V,A,®,—,0,1) is a hyper residuated lattice.
(iii) Let (L = {0,a,b,1},<) be a chain such that 0 < a < b < 1. Define the
hyperoperations V and A on L as given in the tables 1 and 2:

Table 1 Table 2

V 0 a b 1 A 0 a b 1

0 {0ab,1} {ab,1} {b1} {1} o {0} {o} {0} {0}

a {a,b,1} {a,1,b} {b,1} {1} a {0} {0,a} {0,a} {0,a}
b {b1} {1}  {b1} {1} b {0} {0,a} {0ba} {0b.a}
1 {1,0} {1} {1y {1} 1 {o} {0a} {0ba} {0ab1}

Then (L,V,A,0,1) is a bounded hypper lattice. Let z ® y = A and define the
hyperoperations — and ~» on L as given in the tables 3 and 4.

Table 3 Table 4

— 0 a b 1 > 0 a b 1

0 {1} {1y {1} A1} 0 {1+ {1b} {1pb} {1b}
a  {abl} {la} {1} {1} a {abl} {1} {1} {1}
b {al} {a} {b1} {1} b {ab1} {a} {Lb} {Lb}
1 {o,1}  {a} {1,p} {1} 1 {0a1} {1a} {1} {1}

Routine calculations show that (L,V,A,®,—,0,1) and (L, V, A, ®,~,0,1) are hy-
per residuated lattices. O

Proposition 2.3. In any hyper residuated lattice L, for all x,y,z € L and
A, B,C C L, the following hold:

(1
2

1 < A implies 1 € A, for all non-empty subsets A of L,
x <y implies 1 € x — vy, and if 1 is a scalar, the converse hold,
lex—zx, lex—1, 1€0—ux, ifl is a scalar, x € 1 — =,

5

)
(2)
(3)
(4) A B—Cifandonly if A® B« C if and only if B< A — C,
(5) 0ex®0, =<z, where ~x =z — 0,

(6)

6) 70 (r—y) <y, 20—y L,
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(M z<y—(z0y),
(8
(9

rOy<Kz, Oy <KLy. Particularly, 0 € z ® 0,

)
)
) AOB< A, A®BK B,

(10) A < =z < B implies A < B. Moreover, if AN B # (), then A < B and
B < A

11) z <y impliesz © 2 <y O z,

12) z <y implies z —z < 2 — vy,

13) z<yand z < z imply x K y N z,

4) y<zand z <z implyyVz <L x,

16) z <y impliesy — z K<z — 2z,

17) If y' is a scalar of L, then (x — ¢ ) O (v — 2) € z — 2z,
18) z— (y—2) < (z0y) — 2

(11)
(12)
(13)
(14)
(15) z —»y C{u|uoz <y},
(16)
(17)
(18)
(19)

(oY) mz<r— (y— 2).

Proof. The proofs of (3) — (7), (9), (11), (14), (15) and (19) are straightforward.

(1). If A C L is such that 1 < A, then 1 < a, for some a € A whence
l=a€ A

(2). Assume that a < b. From a € ¢ © 1 it follows that a ® 1 <« b whence
1< a—b. Thus, 1€ a — b, by (1). Conversely, if 1 is a scalar, 1 € a — b implies
that {a} =a®1 <K b, i.e., a < b.

(8). Since, y <1 €z — x, 50 ¢ ® y < x. Similarly, it follows that z ©® y < y.

(10). Assume A < z and < B. Then a < z and < b, for some a € A and
b € B, whence a < b, i.e., A < B. The proof of other part is easy.

(12). Let = < y. Since, 2@ (2 — z) < z, by (6), 2 ©® (#» — z) < y and so
zorLz—y.

(13). From z < a and x < b it follows that © € x A a and z € A b whence
zr€xANbC (xAa)ANb=xA (aAb). Hence, there exists u € a A b such that
z € x Auand so x < v means that x < a A b.

(16). Let x < y and z € L. By (15), we have

y—zC{uel|lyou<kz}={uel|ly<u—z} C{uel|z << u— z}
={uel|lukz— z},
whence y — z < x — 2.

(17). Let y' be a scalar element of L, u € z — ¢y’ and v € y — z. Then
u<x—y and so u®x < y'. By a similar way, v © iy’ < z. Hence there exists
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a € u®x such that @ < ¢’ and so by (11), a®v < y' ©v. Hence vo (u@z) < vQY'.
Since v @y’ <« z and |v ®y'| =1, then we get that (vOu) Oz =vE (L) K 2.
Hence there exists b € v ® v such that x ® b < z and so b < x — z. Since
beuovC(r—y )0 W — 2),then (x -y ) O (Y —2) < x — 2.

(18). Let u € x — (y — z). Then there exists a € y — z such that u € z — a.
Then we get that

uKLr—a=2>u0r<kKa
>uOrLy — 2z,
= Wwor) oy K z, by (4),
sud(r0y) < 2,
su<L(rOy) — z, by (4).

Hence, z — (y — 2) € (z O y) — 2. O

The next theorem shows that if there exists a hyper residuated lattice of order
n, then there exists a hyper residuated lattice of order n + 1.

Theorem 2.4. FEach hyper residuated lattice of order n can be extend to a hyper
residuated lattice of order n+ 1, for any n € N.

Proof. Let L be a hyper residuated lattice of order n, for n € N and e ¢ L. Set
L = LU {e} and define a relation <’ on L by

<y ©z<y, foral z,y e L,

z
z <'e forallze L.

Then (L, <') is a poset and 0 and e are the minimum and the maximum elements
of L, respectively. We define the binary hyperoperations V', A, ®" and —' on L
by

(a = b)U{e} ifa,be L,1€a—b,

rn_ Javb ifabel, /. Ja—b ifa,be L,1¢a—b,
a\/b_{{e} ifa=eorb=e. @—b= {e} ifb=e,
{b} ifa=e.
a®b ifabe L, aNb ifabe L,
/. ) {a} ifaeLandb=e, ;. ) {b} ifbeLanda=e,
c@'b= {b} ifbeLanda=ce, anb= {a} ifaeLandb=e,
{e} ifa=b=e {e} ifa=b=e.

Routine calculation shows that (HRL1) and (HRL2) hold. We shall prove (HRL3).
Let x,y,z € L.
(1). Let ,y,z € L and 1 ¢ y — z. Then by definitions of @' and <’, we get

Ry zeroygrery—zor < y—' 2



38 R. A. Borzooei, M. Bakhshi and O. Zahiri

(2). Let z,y,z€ Land 1 € y — 2. If £ @ y <’ z, then by definition of —/,
ecy—' zand so x < y —' 2. Now, let z <’ y —' 2. Since 1 € y — z, then
r<y—zandsoz Oy <Kz Hencez @' y=z0y < 2.

(3). Let z,y € L and z = e. Since y —' z = {e} and u <’ e, for all u € L/,
then z @' y <’ z implies r <’ y —' 2. Now, let ¢ <’ y —' 2. Since z = e, then
clearly, z @ y <’ z.

(4). Let z,z € L and y = e. Then @'y = {x} and y —' z = {z}. Therefore,
x @ y < zif and only if z <’ y —' 2.

(5). Let y,z € Land x = e. Then 2 @'y = {y}. f 20"y = {y} <’ z, then
y <’ z. Since y,z € L we get y < z and so 1 € y — z. Hence e € y —’ z and so
x <"y —' 2. Now, let z <’ y —’ 2. Then by definition of <’, we have e € y —' 2
andsol €y — zor z=-e. Since y € L, then y # e and so 1 € y — z. Therefore,
ro y <z

(6). Let z =y =eand z € L. Then 2 @ y = {e} and y —' z = {z}. Hence
x @ y={e} < zand z <« y —' z = {z} are impossible.

(7). Let z = z=eand y € L. Then @'y = {y} and y —’ z = {e}. Therefore,
x® y < zif and only if z <’ y —' 2.

An analogous result holds for y = z = e.

(8). For x =y = z = ¢, it is obvious.

Therefore, (L, V', N, @', —',0,€) is a hyper residuated lattice of order n+1. O

Corollary 2.5. For anyn > 4 andn € N, there exists at least one hyper residuated
lattice of order n.

Proof. By Example 2.2 and Theorem 2.4, the proof is clear. O

3. (Weak) Filters and deductive systems

In this section, we introduce the concepts of (weak) filters and (weak) deductive
systems in hyper residuated lattices and we give some related results. Then we
introduced special kinds of weak deductive systems in hyper residuated lattices
and verify the relation between them.

Definition 3.1. [13] Let F' be a non-empty subset of L satisfying
(F)z <yand z € F imply y € F.
then F' is called a

o fillerif t @y C F, for all z,y € F,
o weak fillerift F <z @y, for all z,y € F.
A filter F of L is said to be proper if F' # L and this is equivalent to that 0 ¢ F

Remark 3.2. Clearly, any filter is a weak filter. Moreover, 1 € F, for any (weak)
filter F' of L.
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Example 3.3. In any hyper residuated lattice L, {1} is a weak filter and L is a
filter of L. Of course, in Example 2.2(i), {1} is a filter and in Example 2.2(iii),
{a,b,1} and {b,1} are weak filters of L. But, {1,b} is not a filter. O

The next theorem gives an equivalent condition for weak filters.

Theorem 3.4. A non-empty subset F' of L is a weak filter if and only if it satisfies
(F)and (z @y)NF #£0, for all z,y € F.

Proof. Straightforward. O
Definition 3.5. Let D be a non-empty subset of L. D is called a

o deductive system if for all z,y € L,
(DS) 1€ D,
(HDS) z € D and x — y C D imply y € D,

e weak deductive system if (DS) holds and for all z,y € L,
(WHDS) z€ D and D < x — y imply y € D.

A deductive system D is said to be proper if D # L.

Example 3.6. In Example 2.2(ii), for any a € (0,1}, D = [a,1] is a deductive
system of L, which is not a weak deductive system of L, since [a, 1] < a — y, for
any y < a and y ¢ [a,1]). Moreover, in Example 2.2(i), for any a € S, D = [a, 1]
is a weak deductive system of S. O

Proposition 3.7. Let L be a hyper residuated lattice. Then
(i) every weak deductive system satisfies (F');

(ii) if D is a non-empty subset of L satisfying (F'), then D is a weak deductive
system of L if and only if (x — y)ND #£0 and x € D imply y € D.

Proof. (i). Let F be a weak hyper deductive system of L, z < y and =z € F, for
x,y € L. Then by Proposition 2.3(2), 1 € x — y, and so F < z — y. Now, from
(WHDS) it follows that y € F. Thus, (F) holds.

(ii). (=) It follows from Proposition 2.3,(10).

(<) Let D be a non-empty subset of L satisfying the given conditions. Ob-
viously, 1 € D. Now, let z € D and D < © — y. Then there exist d € D and
u € x — y such that d < v and so by (F), u € D. Hence DN (z — y) # 0 and so
y € D. Therefore, D is a weak hyper deductive system of L. O

Now, we give the connection between (weak) filters and (weak) deductive sys-
tems.
Theorem 3.8. Let L be a hyper residuated lattice. Then

(i) every weak deductive system is a weak filter,

(i) every filter is a deductive system.
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Proof. (i). Let F be a weak deductive system of L. Then by Proposition 3.7(i),
(F) holds. Now, let =,y € F. By Proposition 2.3(7), y < z — (z ® y) and so
y < u, for some u € x — (z ®y). Hence u € F. But u € x — (z ® y) implies that
u € x — v, for some v € r ® y, and hence FF < x — v. Since, x € F,sov € F
and hence, F <z O y.

(ii). Assume that F is a filter of L. Since, F' is non-empty, then there exists
x € L such that z € F. From z < 1 and (F), it follows that 1 € F. Thus, (DS)
holds. Now, let « € F and x — y C F, for z,y € L. Then, 2 ® (z — y) =
Uuez—y® @ u € F. On the other hand, from Proposition 2.3(6), we know that
x ©® (z — y) < y. Hence, there exists v € z ® (z — y) such that v < y, and since
veF,soyekF. O

Example 3.9. Consider the residuated lattice L given in the Example 2.2(iii). It
is not difficult to check that F = {b,1} is a weak filter of L but it is not a weak
deductive system. Because F' < {a,b} =b~» 0, b € F while 0 ¢ F. O

Definition 3.10. A non-empty subset A of L is said to be
o So-reflexive if (x®y)NA#Dimplieszx®y C A, for all z,y € L,
o S_ -reflexive if (x — y) N A # 0 implies x — y C A, for all z,y € L.

Clearly, any Sg-reflexive weak filter of L is a filter.

Example 3.11. (i) Let (L,V,A,®,—,0,1) be the hyper residuated lattice in
Example 2.2(iii). Then A = {0} is a S_,-reflexive subset of (L, V,A,®,—,0,1).

(ii) Let (L; <, V, A, 0, 1) be the bounded super lattice defined in Example 2.2(iii).
Counsider the following tables:

Table 5 Table 6

® 0 a b 1 — 0 a b 1
o {0} {or {or {0} 0 {1+ {1 {1t {1}
a {0} {a0} {a} {a} a  {0a} {1} {1} {1}
b {0} {a} {b} {b} b {0} {oa} {1} {1}
1 {op {af {b} {1} 1 {foy  {ap {p} {1}

It is not difficult to check that (L,V,A,®,—,0,1) is a hyper residuated lattice.
Let Fy = {1},F, = {1,b}. Then F; and F, are Sg-reflexive (weak) filters of L
and F} is a S_,-reflexive deductive system of L. O

Theorem 3.12. Every Sg-reflexive weak filter is a weak deductive system.

Proof. Let F' be an Sg-reflexive weak filter of L. Obviously 1 € F. Now, let
x,y € L be such that x € F and FF < = — y. Then there exist a € F and
b € x — y such that a < b. Hence b € F and so by Theorem 3.4, (z ®b) N F # (.
Since F'is Sp-reflexive, we get t©b C F. From b € x — y it follows that boOz < y
and so u < y, for some v € b® x. Since x © b C F, then u € F whence y € F.
Therefore, F' is a weak deductive system of L. O
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Theorem 3.13. Every S_, -reflexive deductive system is a filter.

Proof. Let D be a S_, -reflexive deductive system, x € D and =z < y, for some
y € L. By Proposition 2.3(2), 1 € x — y and so (z — y) N D # (. Since D is
a S_,-reflexive, we get + — y C D whence y € D. Hence D satisfies (F). Now,
let z,y e D. fueax@®y, then x @y < vwand so z € y — u. From x € D it
follows that D < y — uw and so DN (y — u) # 0. Since D is S_,-reflexive, then
y — u C D whence u € D. Hence, x ©® y C D means that D is a filter of L. O

Proposition 3.14. Let {F;|i € I} be a family of non-empty subsets of L.

(i) If F; is a filter (deductive system, weak deductive system), for alli € I, then
NF; is a filter (deductive system, weak deductive system) of L.

(ii) Assume that {F;|i € I} be a chain. If F; is a filter (weak filter, weak deduc-
tive system), for all i € I, then UF; is a filter (weak filter, weak deductive
system) of L.

Proof. We only prove the case of weak deductive systems. The proof of the other
cases is easy.

(i). Assume that F; is a weak deductive system of L, for all ¢ € I. Clearly,
1 € NF;. Let x € NF; and NF; < * — vy, for some y € L. Then =z € F; and
F, < x—y,foralli el Henceye F;,foralliel andsoy e NF;. Therefore,
NF; is a weak deductive system of L.

(ii). Let {F;|i € I} be a chain of weak deductive systems of L. Clearly,
1 € UF;. Let z € UF; and UF; < = — vy, for some y € L. Then, there exist
J,k € I such that z € F; and F}, < * — y. Since F;’s forms a chain, so we can
assume that F; C Fy. Thus, F, < v — y and x € F} imply that y € Fj, C UF;
proving UF; is a weak deductive system of L. O

The next example shows that Proposition 3.14(ii) may not be true for deductive
systems, in general.

Example 3.15. Let L = {z;|i € N} U{0,1} be a lattice, whose Hasse diagram
is below (see Figure 1).

T 9 Tn

Figure 1: The Hasse diagram of L
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Define binary hyperoperations V, A, ® and — on L as follows:
aVb={ceLla<candb<c}, aAb={ceL|c<aandc<b}
a®b=aAband

{1} ifa<b,

{z;|i e N} ifa=1,be L—-{1}.
{z;jljeN,j<i}U{l} ifabe{z;|teN}, a=ux; a#b,
{zjljeN,j<i}u{l} ifae{z|ieN}, b=0

a—b=

for all a,b € L. Routine calculations show that (L,V,A,®,—,0,1) is a hyper
residuated lattice. Let D; = {1,z1,...,z;}, for all i € N. It is easy to verify that
D; is a deductive system of L and D; C D;,q, for all ¢ € N. But, 1 € U;er Dy,
1 — 0= {x;]i € N} C UjerD; and 0 ¢ U;erD;. Therefore, U;crD; is not a
deductive system of L. O

Definition 3.16. Let F be a proper (weak) filter of L. Then F is said to be
mazimal if F C J C L, implies F = J or J = L, for all (weak) filters J of L.

Maximal (weak) deductive systems are defined analogously.

Example 3.17. Let (L,V, A, ®,—,0,1) be the hyper residuated lattice defined in
the Example 3.11. Then F' = {1,b} is a maximal filter and {1,a,b} is a maximal
weak filter of L. O

Theorem 3.18. In a hyper residuated lattice
(i) every proper (weak) filter of L is contained in a mazimal (weak) filter of L,

(i) every proper weak deductive system of L is contained in a mazimal weak
deductive system of L.

Proof. (i). Let F be a proper (weak) filter of L and S be the collection of all
proper (weak) filters of L containing . Then F € S and (S, C) is a poset. Let
{F;|i € I} be a chain in S. Then by Proposition 3.14(ii), UF; is a (weak) filter
of L containing F. If 0 € UF;, then there exists ¢ € I such that 0 € F;, which is
impossible. Hence UF; is a proper (weak) filter of L containing F' and so UF; € S.
Hence any chain of elements of S has an upper bound in S. By Zorn’s lemma, S
has a maximal element such as M. We show that M is a maximal (weak) filter of
L. Let M C J C L, for some (weak) filter .J of L. If J # L, then J € S. Since
M is a maximal element of S we get M = J. Therefore, M is a maximal (weak)
filter of L.

(ii). Similar to (i). O

From the fact that {1} is a weak filter of any hyper residuated lattice, we
conclude that

Corollary 3.19. FEvery nontrivial hyper residuated lattice has a maximal weak
hyper filter.
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4. (Positive) Implicative weak deductive systems

Definition 4.1. Let (L,V,A,®,—,0,1) be a hyper residuated lattice and D be a
non-empty subset of L containing 1. Then D is called

e an implicative weak deductive system or simply IW DS if for all z,y,z € L
z—(y—2)ND#Pand x — yND # P imply x — 2N D # 0,

e a positive implicative weak deductive system or simply PIW DS if
2= ((y—2)—y)ND#Dand xz € D imply y € D, for all z,y,z € L.

Note: Clearly, if L is a residuated lattice, then the concept of implicative (positive
implicative) filters are coincide by the concept of implicative (positive implicative)
weak deductive systems.

Example 4.2. Let L = {a,b,c,0,1} be a partially ordered set whose Hasse dia-
gram depicted in Figure 2.

0

Figure 2: The Hasse diagram of L

Let eAy={u€ Ljlu<z,u<ytandaVy={u € L]z < u,y < u}, for all
x,y € L. Now, consider the following tables:

Table 7 Table 8

— 0 a b C 1 © 0 a b C 1

o {1} {1} {1y {1p {1} 0 {or {o} {o} {o} {o}
a {c} {1} {1t {c {1} a {0} {a} {a} {0} {a}
b {c} f{abe} {1} {c} {1} b {0} {a} {ba} {0} {ab}
¢ {ab}t {ab} {ba} {1} {1} c {or {o} {0} {c} {c}
1 {0} {a}  {ba} {c} {1} 1 {oy {a} {ba} {ct {1}

It is easy to show that (L, V,A, ®,—,0,1) is a hyper residuated lattice. Moreover,
easy calculations show that

(i) {1,a}, and {1, a,b} are implicative weak deductive systems.

(ii) {1,a} is not a positive implicative weak deductive systems (since 1 € 1 —
{a,c} =) C1— ((b—a) —b)and b ¢ {1,a}).

(iii) {1,a,b} is a positive implicative weak deductive system. O
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Lemma 4.3. Let (L,V,\,®,—,0,1) be a hyper residuated lattice. Then L satisfies
the following conditions: for all a,b,c € L,

() am(b—c)<bo(@a—o),
(il) <y impliesz—x <2z —y,

(iii) a—=b< (b—c¢)— (a— ).

Proof. (i). Let u be an arbitrary element of a — (b — ¢). Then u < (a — (b — ¢))
and so u < a — z, for some x € b — ¢. Hence u ® a < = and so y < x, for some
Yy € u®a. Since z € b — ¢, then we get y < b — c and so y © b < ¢. Hence
(uOb)®a=(u®a)®b<K cand by Proposition 2.3(4), we get ©u©b < a — c.
Therefore, by Proposition 2.3(4), u < b — (a — ¢) andso a — (b — ¢) < b —
(a —¢).

(ii). Let w € z — 2. Then u < z — , 80 4 ® z < x. Since x < y, then we get
u®z <y and so u < z — y. Therefore, z — x < 2z — y.

(iii). We know that (b — ¢) — (a — ¢) CU{u —vjlu € b — ¢, and v € a — ¢}.
Let w € b — ¢. Thenu < b - ¢. Thusu®b < ¢. Hence b < u — ¢
and so there exists t € u — ¢ such that b < t. Now, by (i) and (ii), we get
a—b<a—tC(a— (u—c)) <u— (a— c) Since u € b — ¢, we conclude
that a = b < (b — ¢) — (a — ¢). O

Note that, in the proof of Lemma 4.3(iii) we proved that a — b < u — (a — x),
for all u € b — .

From now on, in this section, (L,V,A,®,—,0,1) or simply L will denote a
hyper residuated lattice satisfies 1 ©® = {a}, for all x € L, unless otherwise
stated.

Proposition 4.4. Let D be a non-empty subset of L. Then
(i) forallz € L, x € 1 — x and = is a mazimum element of 1 — «x,
(ii) #f D is a PIWDS of L, then D is a weak deductive system,
(iii) if D is an IWDS of L is an upset, then D is a weak deductive system.

Proof. (i). Let x € L. For any u € 1 — z, we have v < 1 — 2z and so {u} =
1®u <K x. Since z € 1 ® z, then we get 1 © z < z. It follows that z < 1 — .
Hence there exists u € 1 — =z such that x < u. So, z < u < z. Therefore,
rel—ux.

(ii). Assume that D is a PIWDS of L. Clearly, (DS) holds. Let (z —
y)ND # () and € D. Then by Proposition 2.3(3), we have z — (1 — y) C
z — ((y = 1) — y). Now, by (i) we get z - y C 2 — (1 — y) and so
(z — ((y—1) —y))ND #0. Since x € D and D is a positive implicative weak
deductive system of L, we conclude that y € D. Therefore, D is a weak deductive
system of L.

(iii). Assume that D is an IW DS of L. Clearly, (DS) holds. Let (z — y)ND #
0 and € D. Then by (i), (1 = (x — y)) N D # 0 and (1 — z) N D # 0. Since D
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is an implicative weak deductive system of L, then (1 — y) N D # (). Since by (i)
y is a maximum element of 1 — y and D is an upset, then we get y € D. O

Theorem 4.5. Let D be a non-empty subset of L. Then
(i) D is a PIWDS of L if and only if D is a weak deductive system such
that ((x — y) — x) N D # 0 implies x € D, for all z,y € L,
(i) D is an IWDS of L if and only if Dy, ={u€ L|(x —u)ND #0} is a
weak deductive system of L, for all x € L.

Proof. (i). Let D be a PIW DS. Then by Proposition 4.4(ii), D is a weak deduc-
tive system. Now, let and ((z — y) — ) N D # (. Then there exists u € ((z —
y) — x) N D. By Proposition 4.4(i), u € 1 - v C (1 — ((z — y) — z)) N D.
Since 1 € D and D is a PIW DS, then we get x € D. Conversely, let D be a weak
deductive system such that ((z — y) — x)N D # 0 implies z € D, for all z,y € L.
Let (x — ((y — 2) > y))ND # 0 and = € D. Since D is a weak deductive system
and z € D, then ((y — z) — y)ND # @ and soy € D. Therefore, D is a PIWSD.

(ii). Let D be an IWDS of L and = € L. By Proposition 2.3(3), 1 € D,.
Now, let (a — b) N D, # 0 and a € D,, for some a,b € L. Then (z — a) N D # ()
and (z — (a — b))ND # 0. Since D is an IWDS, we get (v — b)ND # 0
and so b € D,. Hence D, is a weak deductive system. Conversely, let D, =
{u € L|(x — u)ND # 0} is a weak deductive system of L, for all z € L. If
(z = (y—2)ND+#0and (x — y)ND # (, for some z,y,z € L, then y € D,
and (y — z)N D, # 0. Since D, is a weak deductive system of L, then we conclude
that z € D, and so (x — z) N D # (. Therefore, D is an IW DS of L. O

Example 4.6. Let P = {1,0,a,b}, P’ = {1,0,a, c} and < be the partially relation
was defined in Example 4.2. Then (P,<) and (P’,<) are two partially ordered
sets. Consider the following tables.

Table 9 Table 10

— 0 a b 1 > 0 a ¢ 1
o {1 {1t {1} {1} {1y {1y {1} {1}
a {0} {La} {1} {1} {c} At} {c} {1}
b {0} {a} {1b} {1} {a} {a} {la} {1}
1 {0} {a} {ba} {1} {0y {a} A{c} {1}

Easy calculations show that (P,V,A,®,— 0,1) and (P’,V,A,®,~,0,1) are two
hyper residuated lattices, where V, ® and A are the same as in L (Example 4.2)
except restricted to P and P’, respectively.

(i) Consider the hyper residuated lattice (P,V,A,®,— 0,1). If D = {1}, then
D, ={1}, D, = {1,a,b}, D, = {1,b} and Dy = P. Since Dy, D,, D, and D; are
weak deductive systems of (P,V,A,®,— 0,1), then by Theorem 4.5(ii), {1} is an
IWDS of (P,V,\,®,— 0,1). Moreover, a ¢ {1} and ((a — a) — a) N {1} # 0.
Hence by Theorem 4.5(i), {1} is not PIW DS of (P,V,A,®,— 0,1).

(ii) {1,a,b} isa PIWDS of P.

(iii) {1} is a PIWDS of (P, V,A,®,~,0,1). O

=0 v O
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Open Problem: Is there a PIW DS which is not IW DS?

Example 4.7. Let (S,V, A, ®,—,0,1) be the hyper residuated lattice in Example
2.2(ii). It is easy to show that [a,1] is a weak deductive system of S, for any
a € 10,1). Let D = [a,1]. Then by definition of — we get

f [x1] ifzx<a,
Dx_{D ifa<uz

Hence D, is a weak deductive system of S and so by Theorem 4.5(ii), D is an
IWDS of S. Now, let D = (0,1]. Since (0 — y) - 0 =1 — 0 = {0}, for all
y € [0,1], then we get D is a PIWDS of L. We show that (0,1] is the only
proper PIWDS of S. Let F be a PIWDS of S. Then by Proposition 4.4 and
Theorem 3.8, F' is an upset. So F' = (a,1] or F = [a, 1], for some a € S — {0}.
Let e,f € (0,a) such that f < e. Then (¢ — f) - e = f — e = {1} and
((e — f) = e)NF # (. Since e € S — F, then by Theorem 4.5(i), D is not
PIWDS of S. O

Theorem 4.8. Let D be a weak deductive system of L. Then the following are
equivalent:

(i) D is an IWDS of L,
(ii) (y— (y—x))ND#0D implies (y —x)ND#D, for all z,y € L,

i) z—=(wy—=(y—2))ND#0 and z € D imply (y — ) N D # 0, for all
T,y €L,

(iv) (x> u)ND#0 for any x € L and any u € z O x.

Proof. (i)= (ii). Let D be an IWDS of L and (y — (y — z))N D # 0. By
Proposition 2.3(3), (y — y) N D # (. Since D is an IWDS of L, then (y —
)N D #0Q.

()= (iii). Let (ii) holds, (z = (y — (y — 2))) N D # @ and z € D. Since D
is a weak deductive system, then (y — (y — x))N D # ) and so y — x € D.

(iii)= (i). Let (iii) holds, (zx — (y — 2)) N D # 0 and (z — y) N D # ). Since
x— (y — 2) <y — (x — z) (by Lemma 4.3) and D is an upset (by Theorem
3.8), then we get there exists u € (y — (x — 2z)) N D. Now,

uLy— (x—2) =>u®y <K x— z, by Proposition 2.3(4)
= y < u — (z — z), by Proposition 2.3(4)
= y < a, for some a € u — (x — 2)
= x — y < ¢ — a, by Lemma 4.3(ii)
S o y<z— (U (@ 2))
= (z— (u—(x—2)))ND #£0, since z > yND £
= (u— (z — (z — 2))) N D # 0, by Lemma 4.3(i).
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Since u € D, then by (iii), we conclude that (z — 2) N D # (. Therefore, D is an
IWDS of L.

(ii) = (iv). Suppose that z € L and v € 2 ® . Then 2 ® z < u and
so ¢ < z — u. Hence by Proposition 2.3(3), 1 € (z — (¢ — u)) N D and
1€ (x—x)ND. Since D is an IWDS of L, then (z — u) N D # ().

(iv) = (ii). Let (y — (y — x)) N D # 0, for some z,y € L. Then there exists
u € (y — (y — x)) N D. By Proposition 2.3(3), 1 € u — (y — (y — z)) and so
by Lemma 4.3(1), 1 € y — (y — (u — z)). It follows that 1 < y — (y — 1),
for some t € u — x and so {y} = 1Oy < y — t. Hence y ©® y < t, whence
a < t, for some a € y ®y. Since y — a < y — t, then by Lemma 4.3, we
obtain ) # DNy - t) Cy — (u > x) < u — (y — x). Since D is a weak
deductive system of L by Theorem 3.8, u — (y — )N D # (. Now, u € D implies
(y — x) N D # (. Therefore, D is an IWDS of L. O

Theorem 4.9. Let F' and G be two weak deductive system of L such that F C G.
If Fis an IWDS of L, then G is an IW DS of L, too.

Proof. 1t follows from Theorem 4.8. O

Corollary 4.10. Any weak deductive systems of L is an IW DS of L if and only
if {1} is an IWDS of L, or equivalently, if and only if x < u, for any u € z © x.

Proof. (i). Let (x — y)N{l} #Band z € {1}. Then1 < 1 —yandso 101 K y.
Since 1 ® u = {u}, for all u € L, we get 1 < y and so y = 1. Hence {1} is a weak
deductive system of L, Now, by using of Theorem 4.9, we get {1} is an IW DS if
and only if any weak deductive system of L is an IW DS of L.

(ii). By Proposition 2.3(2), we have z < y if and only if 1 € x — y. Suppose
that {1} is an IWDS of L. Then by Theorem 4.8, 1 € ¢ — u, for any u € z O
and so z < u, for any u € x2. Conversely, suppose that z < u, for all u € 2% and
(a — (a — b)) N {1} # 0, for some a,b € L. Then 1 € a — (a — b) and so by
Proposition 2.3(4), {a} =1®a < a — b. Hence a ® a < b. By assumption we
get a < band so 1 € a— b. Therefore, (a — b)N{1} # 0 and so {1} is an IWDS
of L. O

We note that, if {1} is an IWDS of L, then Corollary 4.10 and Proposition
2.3(8), imply = € x ® z, for all x € L.

Theorem 4.11. Let D be a weak deductive system of L. Then D is a mazimal
and implicative weak deductive system of L if and only if v — yND # 0 and
y—xND#Q, forallz,y € L — D.

Proof. Suppose that D is a maximal and implicative weak deductive system and
z,y € L —D. By Proposition 2.3(3) and (8), we get that « € D,, y € D,,
DCD,CLandDC D, C L. Moreover, Theorem 4.5(ii) implies D, and D, are
weak deductive systems of L. Hence by assumption D, = L = Dy and so y € D,,
xz € Dy. Therefore, z — yND # 0 and y — 2N D # (. Conversely, let D be
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a weak deductive system such that x — yN' D # 0§ and y — N D # ), for all
x,y € L — D. If there exists a € L such that D, is not weak deductive systems of
L, then there are x,y € L such that x > yND, # 0,z € D, and y ¢ D,. Hence
a—xND#0and a — unD # (), for some u € x — y. But a — yND = (). From
Proposition 2.3(8) and Theorem 3.8, we get that y ¢ D. Hence by assumption
a€D. Sincca—xND#0and a— xND #P, then we get z € D and u € D.
It follows that x — y N D # (. That is y € D, which is contradiction. Hence
D, is a weak deductive system of L, for any a € L. By Theorem 4.5(ii), D is an
implicative deductive system. Now, we show that, D, is the least weak deductive
system of L containing D U {a}, for any a € L — D. Let a € L — D and D’ be a
weak deductive system of L containing D U {a} and u be an arbitrary element of
D,. Then a - uND # () and so a — unN D’ # (). Since a € D', then u € D’.
Hence D, C D’. That is D, is the least weak deductive system of L containing
DuU{a}. Assume that D ¢ E C L, for some weak deductive system F of L. Then
there exists a € F — D. It follows that D, C E. Since a € L — D, by assumption
of Proposition 2.3(8) and Theorem 3.8, we get D, = L and so E = L. Therefore,
D is a maximal weak deductive system of L. O

5. Relation between hyper MV -algebras
and hyper residuated lattices
Definition 5.1. [8] A hyper MV -algebra is a non-empty set M endowed with a

binary hyper operation @, a unary operation * and a constant 0 satisfying the
following conditions: for all z,y,z € M

(hMV1) 2@ (y®z2)=(zDy) d z,

(hMV2) 2dy=y&x,

(hMV3) (x*)* =z,

(hMV4) (x*Dy)* Dy = (y" ®x) D,
(hMV5) 0* € z & 0",

(AMV6) 0* € z @ ¥,

(hMVT) if z < y and y < z, then z =y,
where x < y is defined by 0* € z* @ y.

For every A, B C M, we define A < B if and only if there exist a € A and
b€ Bsuchthat a < band A& B =U{a®b|a € A,b e B}. Also, we define 0* =1
and A* = {a*|a € A}.

Lemma 5.2. Let (L,V,A,®,—,0,1) be a hyper residuated lattice and ——x = {z},
forallz € L. Then |-x| =1, for all x € L.

Proof. Let x € L and a,b € —z. Then ~a C -z = {z} and so ~a = {z}.
Similarly, -b = {z}. It follows that —a = —b and so {a} = ——a = —=—=b = {b}.
Hence a = b. Therefore, |—z| = 1. O
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Theorem 5.3. Let (L,V,A,®,—,0,1) be a hyper residuated lattice satisfying the
following conditions:

(i) =~z ={z}, forallz e L,
(i) ~(z©-y) ©-y=-(y©-x)O ), for all z,y € L.
Let x+y = —~(-x®-y). Then (M,+,-,0) is a hyper MV -algebra (since |-z =1,

we use —x to denote the only element of —x).

Proof. Let x,y,z € L.
(1). Since (L, ®, 1) is a commutative semihypergroup, then we have

(@ +y) ==(020-y) =~(-y ©-z) = (y + ).

(2). 4y +z=U{a+zlacx+y}=U{-(-a®z2)|acz+y}
= U{=(ma ®—2)|a € ~(~z )}
= U{~(mb o ~2) b€ (= & )}
=U{=(bo2)[be (-z Oy}
~((z © ~y) © ~z)

By the similar way, we can show that —((-z ® —y) ® =2) = 2+ (y+ z). Therefore,
e+ (y+2)=(z+y) +2
(3). By Proposition 2.3(5), we get z +1 =2+ =0 = =(-2 ® -=0) D =0 = 1.
(4). By Proposition 2.3(6), (x ® -z < 0, so 0 € & ® —z. Hence

(5). Let 1 € (mz+y) N (xz + —y). Then 1 € =(——~z ® -y) N ~(—z © -—y) and

s00 € (z®—y)N(—zOy). It follows that z © -y < 0 and —z ©® y < 0. Hence
r << -y and y < -~z and so x = y.

6). ~(rz+y)+ty=((z0w)+y=(r0y) +y
~(=(z ® —y) © ~y)
=(= (y ©® —x) ® —zx), by assumption

(Y + ) + =

From (i) and (1) — (6), it follows that, (M, +,-,0) is a hyper MV-algebra. O

Example 5.4. Let (P',V,A\,®,~,0,1) be a hyper residuated lattice in Example
4.6. Then P’ satisfies the conditions of Theorem 5.3. O

Open problem: Under what conditions we can obtain a hyper residuated lattice
from a hyper MV -algebra?
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6. Conclusions and future works

In this paper, we introduce the concept of hyper residuated lattice which is a
generalization of the concept of residuated lattice, and we give some properties
and related results. The category of hyper residuated lattices, quotient structure,
filter theory, lattice structures of filters and hyper residuated lattices could be
topics for future researchs.
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On sheaf spaces of partially ordered quasigroups

Jan Brajercik and Milan Demko

Abstract. The conditions under which a partially ordered quasigroup can be represented as
sections of a sheaf space of partially ordered quasigroups are investigated.

1. Introduction

There are known some characterizations of representable lattice ordered groups,
i.e., lattice ordered groups, shortly I-groups, which are [-isomorphic to a subdirect
product of totally ordered groups; see, e.g., [2]. One of these characterizations is
based on the theory of sheaf spaces of I-groups. The central theorem used for this
purpose gives the conditions (using ideals of I-groups) under which an I-group can
be represented as sections of a sheaf space of [-groups (see [2, Theorem 49.4]). In
this paper we generalize this result for partially ordered quasigroups.

2. Preliminaries

A quasigroup is an algebra (Q,-,\, /) with three binary operations -, \, / satisfying
the following identities

Ny -z)=z; (v y)fy=x; y W)=z (z/y)-y=uz (1)

It is easy to see that
z/(y\r) =y; (z/y\z=y (2)

follow from (1). Further, the identities (1) imply that, given a, b € @, the equations
b-x = aand y-b = a have unique solutions z = b\a and y = a/b, respectively.
Conversely, if G is a groupoid such that the equations b+ = a and y - b = a have
unique solutions z, y € G, then G is a quasigroup, where b\a and a/b are defined
as the solution of the equation b-x = a or = - b = a, respectively. Clearly, every
group is a quasigroup with z/y = x - y~! and y\z = y~! - 2. General information
concerning the properties of quasigroups can be found, e.g., in [1], [3].

A quasigroup (@, -, \,/) with a binary relation < is called a partially ordered
quasigroup (po-quasigroup) if

2010 Mathematics Subject Classification: 06F99, 20N05, 54B40.
Keywords: sheaf space, partially ordered quasigroup.
The second author acknowledges the support of the Slovak VEGA Grant No. 1/0063/14.
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(i) (@, <) is a partially ordered set,
(ii) for all z,y,a € @, x < y implies

ar < ay, ra <ya, v/a <yla, a\r <a\y, a/y <a/z, y\a < z\a.

For a po-quasigroup we will use the notation @ = (Q, -, \,/, <). Clearly, every
partially ordered group is a po-quasigroup.

A partially ordered quasigroup Q is called a lattice ordered quasigroup (shortly
l-quasigroup), if < is a lattice order. Analogously to the case of the lattice ordered
groups it can be proved that for [-quasigroups the following identities, determining
the relationship between the quasigroup operations and the lattice operations V,
A, hold

(L1) a(bVve)=abVac; (bVc)a=baV ca,
a(bAc)=abAac; (bAc)a=baA ca.

(L2) (bVe)/a=(b/a)V (c/a); a\(bV c)= (a\b) V (a\c),
(bAc)/a= (b/a) A (c/a); a\(bAc) = (a\b) A (a\c).
(L3) a/(bVe)=(a/b) A(a/e); (bV e)\a= (b\a) A (c\a),
a/(bAc)=(a/b)V (a/c); (bAc)\a= (b\a) V (c\a).

Here we prove only the first identity from (L3); the proofs of remaining identities
are analogous. Since b,c¢ < bV ¢, we have a/(bV ¢) < a/b,a/c, and therefore
a/(bVec) < (a/b) A(a/c). On the other hand, (a/b) A (a/c) < a/b,a/c. Using (2)
we obtain ¢, b < ((a/b) A (a/c))\a, which implies b V ¢ < ((a/b) A (a/c))\a. Hence
(a/b)A(a/c) < a/(bVe). Therefore we can conclude that a/(bVe) = (a/b) A (a/c).

Let Q and ‘H be the partially ordered quasigroups. We say that a mapping
d: @ — H is an o-embedding of Q into H if ® is a quasigroup homomorphism
and

P(z) < P(y) <=z <y.

In that case we say that Q is o-embedded into H.

Let Q = (Q,+,\,/, <) be a partially ordered quasigroup. Let 8 be a congruence
relation on (Q, -, \, /). The congruence class of § containing a € @ will be denoted
by [a]6, i.e., [a]0 = {x € Q| zfa}. Clearly, every congruence class [a]6 is a partially
ordered set under the relation induced by <. We say that 6 is a convexr congruence
relation on Q if 6 is a congruence relation on (Q,-,\,/) and there exists a € Q
such that the congruence class [a]f is a convex subset of Q. We say that 6 is a
directed congruence relation on Q if 6 is a congruence relation on (Q,-,\,/) and
there exists a € @ such that the congruence class [a]f is a directed subset of Q
(i.e., for each z,y € [a]d there exist u,v € [a]f such that u < x,y and x,y < v).

Let Q be a po-quasigroup and let 6 be a convex congruence relation on Q. Let
us put

[]0 < [y]€ if and only if there exist x¢ € [£]0,yo € [y]0 such that xo < yo. (3)
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A quotient-quasigroup (@, -,\,/)/6 with the relation defined by (3) is a partially
ordered quasigroup; it will be denoted by Q/6 (see [3, Theorem 2.6]). If Q is an
l-quasigroup and 6 is a convex directed congruence relation on Q, then Q/f is an
l-quasigroup with the lattice operations V and A defined by (see [3])

[2]0 V [y]0 = [z V y]0; [x]0 A [y]6 = [z A y]6.

3. Sheaf spaces of po-quasigroups

Let E and X be topological spaces. A continuous mapping o : ' — X is called a
local homeomorphism, if each point s € F has a neighborhood V such that o (V) is
an open set in X and the restricted mapping o|y : V' — o(V) is a homeomorphism.
If x € X is a point, the set F, = o~ !(z) is called the fibre over x. Let U be an
open set in X. A continuous mapping f : U — E such that f(z) € o~ !(z) for
all z € U is called a continuous local section of o over U. If o is surjective and
U = X, fis called a continuous global section. The basic facts on sections of a
local homeomorphism can be find, e.g., in [4]. For the sake of convenience, we
summarize here some results which will be frequently used.

Proposition 3.1. (cf. [4, Lemma 1])
(i) A local homeomorphism is an open mapping.

(i) The restriction of a local homeomorphism to a topological subspace is a local
homeomorphism.

Proposition 3.2. (cf. [4, Lemma 2|) Let 0 : E — X be a local homeomorphism.

(i) To each point s € E there exist a neighborhood U of x = o(s) and a contin-
uous section f:U — E such that f(x) = s.

(ii) Let f be a continuous section of E over an open subset U of X. To each point
x € U and each neighborhood V' of f(x) such that o(V') is open and oly is
a homeomorphism, there exists a neighborhood Uy of x such that f(Uy) CV

and fly, = (olv) v,

(éi0) If U, V are open sets in X, and f: U — E, g: V — E are continuous
sections, then the set {x e UNV | f(x) = g(x)} is open.

(iv) Every continuous section of E defined on an open set is an open mapping.
Proposition 3.3. (cf. [4, Lemma 3]) Let 0 : E — X be a local homeomorphism.

(i) The open sets V C E such that o|y : V — o(V) is a homeomorphism form
a basis of the topology of E.

(i9) The topology of E coincides with the final topology associated with the set of
all continuous sections of E.
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Let 0 : F — X be a local homeomorphism. For any U C X we denote

Ey = U E,.
xeU

Immediately from the definition of a local homeomorphism we obtain
Lemma 3.4. If U C X is open in X, then Ey is an open set in E.

By EAE we denote the set |J, .y (E; x E,) with the induced topology from
ExE.

Definition 3.5. Let £ and X be topological spaces and let ¢ : E — X be a
surjective local homeomorphism. We say that a triplet (E, X, o) is a sheaf space
of po-quasigroups if

(i) each fibre E, is a po-quasigroup,

(ii) the mappings (s,t) — s-t, (s,t) — t\s and (s,t) — s/t from EAFE to E are
continuous.

Definition 3.6. A sheaf space of po-quasigroups (F, X, o) is said to be a sheaf
space of l-quasigroups if each fibre F, is an l-quasigroup and the mappings

(s,t) — s Vi, (s,t) — s At
from EAE to E are continuous.

Let (E,X,0) be a sheaf space of po-quasigroups. Let f, g be continuous
sections defined over the same open set U C X. Define fg, ¢\ f and f/g by

(fg)(x) = f(z)-g(x); (\f)(z) = g(@)\f(x); (f/9)(x)= f(x)/g(x).

Since -, \,/ are continuous mappings from EAFE to E, fg, g\f and f/g are con-
tinuous sections over U.

Lemma 3.7. Let (F,X,0) be a sheaf space of po-quasigroups and let f : U — FE
be a continuous local section over an open set U C X. Then the mapping ¢y :
Ey — Ey; Ey 3 s+— f(x)/s is a homeomorphism.

Proof. By Lemma 3.4, Ey is an open set in E. Clearly, ¢y : By — Ey; E; 3
s+ f(x)/s is a bijection. Using (2) it is easy to verify that the inverse mapping
<p]71 : By — Ey is defined by E, 5 s — s\ f(x).

Let s € Ey, o(s) =x € U. Let W C Ey be an open set, f(z)/s € W. In view
of Proposition 3.3(¢) for the proof of the continuity of ¢y we may suppose that
olw is a homeomorphism. Denote (o|y)~! = g. Clearly, g is a continuous local
section over Uy = o(W) and g(x) = f(x)/s. Put V = (g\f)(Up). Since g\f is a
continuous local section, by Proposition 3.2(iv), V' is open in Ey. Moreover, since
(g\f)(z) = g(2)\f(z) = (f(x)/s)\f(z) = s, we have s € V. Further, if t € p(V),
then there is u € Uy such that ¢ = ¢¢(g(u)\f(uw)) = f(w)/(g(w)\f(v)) = g(u) € W.
Thus ¢f(V) € W, and we can conclude that ¢ is continuous. The proof of the
continuity of go;l is analogous. O
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Let (E, X, o) be a sheaf space of po-quasigroups. Consider the following con-
dition:

(C) if f,g are continuous local sections over the same open set U C X such that
sup{f(u),g(u)} ezists for each u € U, then the set {sup{f(u),g(u)}|u e U}
s open in F.

Lemma 3.8. Let (F,X,0) be a sheaf space of po-quasigroups where fibres E,. are
lattice ordered quasigroups. Then (E, X, o) is a sheaf space of l-quasigroups if and
only if (E,X, o) satisfies the condition (C).

Proof. Suppose that (F, X, o) satisfies the condition (C). Firstly we will show
that V is continuous. Let (s,t) be an arbitrary point of EAFE, i.e., s,t € E,, for
some x € X. Let Wy, be an open set in F, sVt € W By Proposition 3.2(i)
there exist an open set U C X, = € U, and continuous local sections f,g over U
with f(z) = s, g(z) =t. By (C), the set Wyyp = {f(u) Vg(u)|u € U} is open in E.
Denote Wy = Waup N Wiy By Proposition 3.1(%), the set Uy = o(Wy) is open in
X which implies that f(Uy) and g(Up) are open in E, and {(f(u), g(u))|u € Up} =
(f(Uo) xg(Up))N(EAE) is open in EAFE containing the point (s,t) € EAE. Since
F(U0) vV g(Up) ={(f(u) Vg(u))|ue Uy} C Wy C Wy, we can conclude that V is
continuous.

We are going to show that A is continuous. Let s,t € E,. Let W,,s be
an open set in E, s At € Wya,. In view of Proposition 3.3(¢) for the proof of
the continuity of A we may suppose that o|w.,, is a homeomorphism. Denote
f = (o|lw.,,)"t. Clearly, f is a continuous local section over U = o(Wn;). By
Lemma 3.7, the mapping ¢; : Ey — Ey; E, > r — f(2)/r is a homeomorphism.
Thus W = ¢¢(f(U)) is open in E and f(z)/(s At) € W. By (L3), f(z)/(s ANt) =
(f(x)/s) vV (f(z)/t) and since V is continuous, there exist neighborhoods V, of
f(x)/s and V; of f(x)/t, o(Vs) = a(V;) C U, such that VvV, C W. Denote W, =
oy (V) and W,'= o1 (V). Since o (/(x)/s) = (7(2)/s)\[(x) = s, we have
s € W,. Analogously, t € W;. Further, if p € Wy, r € Wy, o(p) = o(r) = z, then
1 (O)V os(r) = (F()/p) v (f(2)/r) € VaV'V, C W, which yields £(z)/(pAr) € W.
Hence @}1(]”(2)/(}9 AT))=pAT € f(U) C Wspae. Thus Wy AW, C Wipe, and we
can conclude that A is continuous.

Conversely, let (E, X, o) be a sheaf space of [-quasigroups. Suppose that f,g
are continuous local sections over the same open set U C X. We are going to show
that Waup = {f(v)Vg(u) | w € U} is open in E. Let € U. By Proposition 3.3(i)
there exists an open set W in E, f(z) V g(z) € W, such that o|lw : W — o(W)
is a homeomorphism. Since V is continuous, there exist an open set Uy C U C X,
z € Uy, such that Wy = f(Up) Vv g(Uy) C W. Clearly, Wy C Wy, and, since
Wy = Ey, "W, by Lemma 3.4, Wy, is open. Thus we can conclude that Wy, can
be covered by open sets, which means that Wy, is open in the topology of £. [

The sheaf space of [-groups is defined as a triplet (E, X, o) such that each fibre
E, is an [-group, the mappings -, V, A are continuous from EAFE to E and ~! is
continuous from E to E (see [2]). In view of Lemma 3.7 and Lemma 3.8 we have
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Corollary 3.9. Let (E, X,0) be a sheaf space of po-quasigroups satisfying (C). If
E, is an l-group for each x € X, then (E, X,0) is a sheaf space of l-groups.

Proof. Clearly, - is continuous from EAFE to E and, by Lemma 3.8, the lattice
operations V and A are also continuous. Consider the global section e : X — Ej
e(z) = e;, where e, is the identity element of F,; e is a continuous global section
(see [4]). Since for s € E, we have s™! = e,/s = e(x)/s and, by Lemma 3.7,
s + e(x)/s is a homeomorphism, we can conclude that ~! is a continuous mapping
from F to F. O

Let (F, X, 0) be a sheaf space of po-quasigroups. Clearly, the direct product
[1.cx Ex of po-quasigroups E, is a po-quasigroup. Denote by R the set of all
continuous global sections of o and define the relation < on R by

g < h<g(x) <h(z)for all z € X. (4)

Let R # 0. Then R with the operations -, /, \ defined componentwise and the
relation < defined by (4) is a po-quasigroup. Moreover, it is easy to see that

Lemma 3.10. If R # (), then R is a po-subquasigroup of the direct product
HzEX Eﬂ?

The following theorem generalizes the analogous result valid for lattice ordered
groups (see [2, Theorem 49.4]).

Theorem 3.11. Let Q be a po-quasigroup and let X be a topological space. Sup-
pose that for each x € X there exists a convex congruence relation 6, on Q such
that the following conditions are satisfied

(3) for all g,h € Q, the set Uy, = {x € X | [g]0, = [h]0,} is open in X,
(79) if [g]0s < [h]Oy for each x € X, then g < h.

Then Q can be o-embedded into a po-quasigroup of the continuous global sections
of some sheaf space of po-quasigroups over X. Especially, if Q is an l-quasigroup
and 0, are directed convex congruence relations on Q satisfying (i) and (ii), then
Q can be o-embedded into an l-quasigroup of the continuous global sections of some
sheaf space of l-quasigroups over X.

Proof. Let Q be a po-quasigroup such that (i) and (ii) are valid. We follow the
idea of the construction of a sheaf space which was used for I-groups in the proof
of Theorem 49.4 in [2]. Denote

E=J E,

reX
where E, = Q/0, x {z} and define

c:E—X; ([g9)0z,2)— x.
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Clearly, o is a surjection. Further, for each g € ) we define
9: X —>E; z— ([9]0s,2)
and consider the finest topology 7 on E such that each g is continuous. Denote

B={g(U)|U is open in X, g € Q}.

~

Let (U),h(V) € B. By (i), T = {x € X |§(x) = h(z)} is an open set in X. Let
W =TNnUNV. Clearly, W is open in X, and §(W) = h(W) C g(U) N h(V).
Conversely, if t € G(U) N h(V), then t = ([g]0u, u) = ([h]0u, u), u € W, which
yields t € g(W). Therefore g(U) ﬂﬁ(V) = g(W) and, since W is open in X, we can
conclude that g(U) DE(V) € B. Thus B is a basis for some topology 75 on E. By
(i), for any h(U) € B and g € Q the set (§)~ (h(U)) = Un{z € X | [9)0. = [h]0.}
is open in X, which yields 75 C 7. On the other hand, let V' be a T-open set in E.
For every v = ([g]0., ) € V the set U = (g)~1(V) is open in X, g(U) C V and
v € g(U). Thus V is covered by 7p-open sets. Therefore 7 C 75 and so 7 = 75.

Let s € E, s = ([g]0s,x) and let U be a neighborhood of z = o(s) in X. Then
V=g(U)isopenin E, s € V and

olvoglv=idy, §lvoo|y=idy.

Thus 0 : E — X : ([9]0., ) — z is a continuous mapping and o |y: V — U is a
homeomorphism. We have that ¢ : E — X is a local homeomorphism with the
fibres E, = {g(z) | g € Q}. Each fibre E, is a po-quasigroup under the operations

o~

(@) - h(x) = (gh)(2); (G(x)/h(z) = (g/h)(x); G(x)\h(z) = (9\)(z)
and the partial order
G(z) < h(z) iff there exist ¢’ € [g]0,, 1 € [h]f, such that ¢’ < .

For every open set W in E such that ﬁ(m) € W there exists an open set U in X,
z € U, such that gh(U) C W. Since V = {(g(u), h(u))|u € U} is open in EAE
and g(u) B(u) = gﬁ(u) for each u € U, we can conclude that the operation - is
continuous. Analogously, the operations \,/ are continuous. Thus (E, X,0) is a
sheaf space of po-quasigroups.

Let R be a po-quasigroup of all continuous global sections of (F, X, c). Define

P:Q—>R; g—g.
Clearly, ® preserves the quasigroup operations. Further, by (i), we have
g < he (gl <[h]f, for all z € X < g(x) <ﬁ(x) forall z € X < § < h.

Thus @ is an o-embedding of Q into R.



58 J. Brajer¢ik and M. Demko

If Q is an l-quasigroup and 6, are directed convex congruence relations on Q,
then Q/6, are l-quasigroups, which yields that the fibres E, are lattice ordered
quasigroups under the lattice operations

9(x) V() = (g VR)(x); G(z) A(x) = (g AR)(2).

By the same way as in the case of the quasigroup operations we can see that the
mappings V and A are continuous. Thus (E, X, o) is a sheaf space of [-quasigroups.
Clearly, R is an l-quasigroup and @ : g — ¢ is an o-embedding of Q into R. [

Remark. Let (F, X,0) be the sheaf space constructed in the proof of Theorem
3.11. Let X be a Hausdorff space. Then F is a Hausdorff space if for all g, h € @,
the set Uy, = {& € X | [g]6, = [h]0,} is open and also close in X. To prove
this statement it suffices to use the same topological arguments as in the proof of
Theorem 49.4 in [2].
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On two-sided bases of an ordered semigroup
Thawhat Changphas and Pisan Sammaprab

Abstract. We introduce the concept of two-sided base of an ordered semigroup, and study the

structure of an ordered semigroup containing two-sided bases.

1. Preliminaries

Given a semigroup S, a subset A of S is called a two-sided base of S if it satisfies
the following conditions: S = AUSAUASUSAS, and if B is a subset of A such
that S = BUSB U BS U SBS then B = A. This notion was introduced and
studied by Fabrici [2]. Indeed, the author described the structure of semigroups
containing two-sided bases. The purpose of this paper is to introduce the concept
of two-sided base of an ordered semigroup, and extend the Fabrici’s results to
ordered semigroups.

A semigroup (.5, -) together with a partial order < that is compatible with the
semigroup operation, meaning that, for any z,y,z in S,

x < y implies zz < zy and zz < yz,

is called a partially ordered semigroup, or simply an ordered semigroup [1]. A
nonempty subset T' of an ordered semigroup (S, -, <) is called a subsemigroup of S
if, for any z,y in T, zy € T.

Let (S,-,<) be an ordered semigroup. For A, B nonempty subsets of S, we
write AB for the set of all elements zy in S where x € A and y € B, and write
(A] for the set of all elements x € S such that z < a for some a € A, i.e.,

(Al ={x € S|z < afor someac A}.

In particular, we write Az for A{x}, and zA for {x}A. It was shown in [7] that
the following hold:

(1) Ac(4];

(2) ACB= (4] C (B];
(3) (Al(B] € (ABJ;

(4) (AU B] = (AU (BJ;

2010 Mathematics Subject Classification: 06F05
Keywords: ordered semigroup, two-sided ideal, maximal ideal, two-sided base.
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(5) ((A]] = (4.

The concepts of left, right and two-sided ideals of an ordered semigroup can
be found in [3]. Let (S, -, <) be an ordered semigroup. A nonempty subset A of S
is called a left (respectively, right) ideal of S if it satisfies the following conditions:

(i) SA C A (respectively, AS C A);
(ii) A = (A], that is, for any x in A and y in S, y < x implies y € A.

If A is both a left and a right ideal of S, then A is called a two-sided ideal, or
simply an ideal of S. If A and B are ideals of S, then the union AU B is an ideal
of S.

If A is a nonempty subset of an ordered semigroup (S, -, <), then the intersec-
tion of all ideals containing A of S, denoted by I(A), is an ideal containing A of
S, and it is of the form

I(A) = (AUSAUAS U SAS).

In particular, we write I({a}) by I(a) = (a U Sa U aS U SaS] (this is called the
principal ideal generated by a).

A proper ideal M of an ordered semigroup (5, -, <) is said to be mazimal if
there is no a proper ideal A of S such that M C A. The symbol C stands for
proper inclusion for sets.

2. Ordered semigroups containing two-sided bases

We begin this section with the definition of two-sided base of an ordered semigroup;
it is more general than that of a two-sided base of a semigroup (without order).

Definition 2.1. Let (S, -, <) be an ordered semigroup. A subset A of S is called
a two-sided base of S if it satisfies the following conditions:

(i) §=1I(A);
(i) if B is a subset of A such that S = I(B), then B = A.

Example 2.2. ([6]) Let (5, -, <) be an ordered semigroup such that the multipli-
cation and the partial order are defined by:

b

O QU R
Q@ L & 2 |
DD O O S0
O 0O 0O O OO0
[SURRS USRS TR ST S RS H
x O 0o 0 |0

<= {(av a)? (b, b)7 (C, 0)7 (d7 d)7 (67 e)v (a7d)7 (07 e)}
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The covering relation and the figure of S are given by:

<= {(avd)’ (07 6)}
d e

a C
We have {b} is the only one two-sided base of S.

Example 2.3. ([5]) Let (5, -, <) be an ordered semigroup such that the multipli-
cation and the order relation are defined by:

a b c d e
ala a ¢ a c
bla a ¢ a ¢
cla a ¢ a ¢
dld d e d e
eld d e d e

<= {(a’ a)> (a’ b)a a, C)> (a’ d)7 (av 6), (ba b)a (bv C),
(b,d), (b,e), (c,c), (c,e),(d,d), (d,e), (e e)}.

The covering relation and the figure of S are given by:

< = {(a,0),(a,¢),(a,d), (a,€), (b, ), (b, d), (b, €), (c,€), (d, €) }

a

The two-sided bases of S are {a}, {b}, {c}, {d} and {e}.

Example 2.4. ([9]) Let (5, -, <) be an ordered semigroup such that the multipli-
cation and the order relation are defined by:

~‘abcd
ala a a a
bla a a a
cla a b a
dla a b b
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<= {((1, CL), (a7 b)v ((I, C)’ (a7 d)7 (ba b)7 (Ca C)7 (d, d)}
The covering relation and the figure of S are given by:
< ={(a,0),(a,¢),(a,d)}

b c d

The two-sided base of S is {c, d}.

Beside the partial order < on an ordered semigroup (5, -, <), we define <; a
quasi-order on S as follows: for any a,b in S, let

a =7 bif and only if I(a) C I(b).

The symbol a < b stands for a <j b, but a # b. It is clear that, for any a,b in S,
a < b implies a <7 b. The following example shows that the converse statement is
not valid in general.

Example 2.5. ([4]) Let (5, -, <) be an ordered semigroup such that the multipli-
cation and the order relation are defined by:

a b c d e
alb d a b e
bld b b d e
cld b ¢ d e
dlb d d b e
ele e e e e

<= {(av a’)a (b7 b)’ (b7 C), (b7 6)7 (C’ C)v (d7 a’)a (d7 d)7 (dv 6), (67 6)}
The covering relation and the figure of S are given by:

<= {(b’ C)7 (b’ 6)’ (dv CL), (dv 6)}

C e a

b d

We have b <; a, but b < a is false.
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Theorem 2.6. A subset A of an ordered semigroup (S,-,<) is a two-sided base
of S if and only if it satisfies the following conditions:

(i) for any x in S there exists a in A such that x <; a;
(ii) for any a,b € A, if a # b, then neither a <1 b nor b <; a.

Proof. Assume that A is a two-sided base of S. If x € S, then « € I(A); hence
x = a for some a in A. This shows that (i) holds. Let a,b be elements of A
such a # b. Suppose a <; b. We set B = A\ {a}. Then b € B. Let = be an
element of S. By (i), there exists ¢ in A such that x <; ¢. There are two cases to
consider. If ¢ # a, then ¢ € B; thus I(z) C I(c) C I(B). Hence S = I(B). This
is a contradiction. If ¢ = a, then = <; b; hence « € I(B) since b € B. We have
S = I(B). This is a contradiction. The case b <; a is proved similarly. Thus (ii)
holds true.

Conversely, assume that the conditions (i) and (ii) hold. It follows from (i)
that S = I(A). Suppose that S = I(B) for some a proper subset B of A. Let
a be an element of A\ B. We have a € I(B). By (iii), a € (SBU BS U SBS].
This implies that a <; b for some b in B. This contradicts to (ii). Hence A is a
two-sided base of S. O

Lemma 2.7. Let A be a two-sided base of an ordered semigroup (S,-,<). For any
a,bin A, if a € (SOUbBS U SbS], then a = b.

Proof. Let a,b be any elements of A such that a € (SbUbSUSAS] and a # b. We
set B = A\ {a}. Then b € B. Since

I(a) C (SbUbS U SbS] C I(b) C I(B),

it follows that I(A) C I(B), and so S = I(B). This is a contradiction since A is a
two-sided base of S. Hence a = b. O

Theorem 2.8. Let A be a two-sided base of an ordered semigroup (S,-,<) such
that I(a) = I(b) for some a in A and b in S. If a # b, then S contains at least
two two-sided bases.

Proof. Assume that a # b. Suppose b € A. Since a =<1 b, it follows by Theorem
2.6 that a € (SbU DS U SbS]; hence a = b by Lemma 2.7. This is a contradiction.
Thus b € S\ A. We set A; = (A\ {a}) U{b}. If A; is a two-sided base of S,
then we obtain the assertion since A; # A. This is proved using Theorem 2.6 as
follows.

Let x € A\ {a}. If x <1 b, then by I(b) = I(a) it follows that I(z) C I(a).
By Lemma 2.7, z = a. This is a contradiction. Thus x <j b is false. Similarly,
if b <; z, then b <; x is false. Let x be an element of S. Then there exists
¢ € A such that  <j ¢. If ¢ # a, then ¢ € A;. If ¢ = a, then I(c) = I(b); hence

The following corollary follows directly from Theorem 2.8.
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Corollary 2.9. Let A be a two-sided base of an ordered semigroup (S,-,<), and
let a € A. If I(a) = I(x) for some x in S, then x is in a two-sided base which is
different from A.

Theorem 2.10. Any two two-sided bases of an ordered semigroup (S,-,<) have
the same cardinality.

Proof. Let A and B be two two-sided bases of an ordered semigroup (S, -, <). Let
a € A. Since B is a two-sided base of S, we have a < b for some b in B. Similarly,
since A is a two-sided base of S we have b <; a’ for some a’ in A. By a <; d/,
a = a’. This implies I(a) = I(b). Define a mapping

@:A— Bby p(a) =>for all a in A.

If a1,a2 € A such that p(a1) = ¢(az), then I(a;) = I(az2); hence a; = ag by
Theorem 2.6. This shows that ¢ is one to one. Let b € B. Then there exists a in
A such that b <; a. Similarly, there exists b’ in B such that a <7 ¥’. Then b <; V'.
Since I(b) = I(V'), so I(a) = I(b). Thus ¢ is onto. O

In Example 2.3, it is easy to see that {b} is a two-sided base of S, but it is not
a subsemigroup of S. This shows that a two-sided base of an ordered semigroup
need not to be a subsemigroup in general. An element e of an ordered semigroup
(S,-,<) is called an idempotent if €2 = e. The following theorem gives necessary
and sufficient conditions of a two-sided base of S to be a subsemigroup of S.

Theorem 2.11. Let A be a two-sided base of an ordered semigroup (S, -, <). Then
A is a subsemigroup of S if and only if A = {a} where a* = a.

Proof. Assume that A is a subsemigroup of S. Let a,b be elements of A. Then
ab € A. Since ab € (SbUbS U SbS], it follows by Lemma 2.7 that a = b. By
ab € (SaUaS U SaS], we have ab = a. Hence a = b. The converse statement is
obvious. O

This is a consequence of Theorem 2.11.

Corollary 2.12. Any ordered semigroup (S,-,<) containing a two-sided base
which is a subsemigroup contains an idempotent element.

Theorem 2.13. Let (S,-,<) be an ordered semigroup, and let A be the union of
all two-sided bases of S. If S\ A is nonempty, then it is an ideal of S.

Proof. Assume that S\ A is nonempty. Let a € S\ A, and let z € S. To show
that za € S\ A, we assume that za € A. Then za € A; for some a two-sided
base A; of S. Let za = b for some b in A;. Then b € Sa; thus I(b) C I(a). If
I(b) = I(a), then by Corollary 2.9 we have a € A. This is a contradiction. Hence
b <7 a. Since A; is a two-sided base, there exists ¢ in A; such that a <; ¢. We
have b <; a <; ¢. This is a contradiction. Hence xza € S\ A. Similarly, we have
ar € S\ A. Let x € S\ A and y € S such that y < z. If y € A, then y € A, for
some a two-sided base Ay of S. Let z € Ay be such that x <; z. Since y =<; z, so
y =7 z. This is a contradiction. Hence S\ A is an ideal of S. O
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Theorem 2.14. Let A be the union of all two-sided bases of an ordered semigroup
(S,-,<) such that § # A C S. Let M* be a proper ideal of S containing every
proper ideal of S. The following statements are equivalent:

1) S\ A is a mazimal ideal of S;

2) A C I(a) for every a in A,

4) FEvery two-sided bases of S is a singleton set.

(
(2)
(3) S\ A= M
(4)

Proof. The proof is a modification of the proof of Theorem 6 in [2].

(1) & (2). If there is an element a of A such that A C I(a) is false, then
(S\ A)UI(a) is a proper two-sided ideal of S. This contradicts to the maximality
of S\ A. Conversely, assume that for every element a in A, A C I(a). By Theorem
2.13, S\ A is an ideal of S. Let M be an ideal of S such that S\ A C M C S.
Then M N A is nonempty, i.e., there is an element ¢ in M N A. We have

(Sc] C(SM]C M, (¢S] C(MS]C M, (SeS] C (SMS] C (SM]C M.
Thus
S=(S\AUAC(S\A)UI(c)C M.

This is a contradiction. Hence S\ A is a maximal ideal of S.

(3) < (4). Assume that S\ A = M*. Let a € A. Then S\ A C I(a). Since
A C I(a), so S =1I(a). Hence {a} is a two-sided base of S. Conversely, assume
that every two-sided base of S is a singleton set. Then S = I(a) for all a in A.
Let M be an ideal of S such that M is not contained in S\ A. Then there exists
xin AN M. Since

(Sx] C (SM] C M, (xS] C(MS]C M and (SzS] C (SMS] C M,

we have S =1(x) C M, and so S = M.

(1) & (3). Assume that S\ A is a maximal ideal of S. Let M be an ideal of
S such that M is not contained in S\ A. Then M = AU X for some X C S\ A.
This implies that M = S. Thus S\ A = M*. The converse is obvious. O
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Free covering semigroups

of topological n-ary semigroups

Wieslaw A. Dudek and Vladimir V. Mukhin

Abstract. Connections between the topology of an n-ary semigroup and the topology of its free
covering semigroup are described.

Investigations of topological n-ary groups and n-ary semigroups were initiated
by Cupona in 1970 when he studied the problem of embedding of some topological
universal algebras into topological semigroups (see [4, 5] and [7]). By the way
it turned out that topological n-ary groups may be defined in various ways. For
n > 2 these definitiona are equivalent, but for n = 2 some of these are not valid
(for details see [14]). Properties of topological n-ary groups are strongly connected
with the properties of their retracts [15]. On the other hand, each toplogical n-ary
group can be embedded into some topological group (see [3] and [6]). The topology
of this covering group is strongly connected with the topology of an initial n-ary
group. Namely, Endres proved in [10] that topological properties of this topological
group may be moved to its initial topological n-ary groups and conversely. For
n-ary semigroups the situation is more complicated.

The topology on the n-ary semigroups can be defined by the systems of some
maps [1]. Conditions under which a topology determined by the families of left
invariant derivations is compatible with the n-ary operation are given in [9]. The
problem of the embedding of some locally compact n-ary semigroups into locally
compact n-ary groups is studied in [12]. Conditions under which an n-ary semi-
group with a locally compact topology can be topologically embedded into a locally
compact binary group as an open set were found in [11]. In [13] for topological
n-ary semigrous in which all translations (shifts) are continous and open the cover-
ing semigroup is constructed in this way that the topology of an initial topological
n-ary semigroup can be extended to a topology compatible with the semigroup
operation on the covering semigroup.

Below we describe connections between the the topology of an n-ary semigroup
and the topology of its free covering semigroup. For this we use the construction
of free covering semigroup proposed in [8] and the following proposition from [2]
(Chapter 1, §6, Proposition 6).
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Proposition 1. Let p be an equivalence relation on a topological space X. Then a
map [ of X/p into a topological space Y is continuous if and only if f oy, where
© 15 a cannonical map of X onto X/p, is continuous on X. O

Let (G,[]) be an n-ary semigroup. Further, for simplicity we will omit the
operator symbol [ ]| and instead of [...[[z1...Zp]2Tny1 ... Ton—1]Ton ... Tp], Where
p=k(n—1)+1, we will write [x1,...,2p]. Additionaly we put [z] =z for k = 0.

Let F be the set of non-empty words over G, i.e.,

F= )G ={(a1,...,a) |k €N,a; € G}.
keN
On F we introduce the product (z1,...,2k)0 (Y1, .-, Yt) = (1, -+, Ty Y1y - -, Yt)-
Then F with this product is a free semigroup.
Two elements o = (aq,...,ap), 8= (b1,...,by) of F are strongly linked if and
only if there exists an element (d1,...,d;) € F and two sequences of non-negative
integers k1 < kg < ...,k =1, m <mg < ... <myg =t such that

ay = [dl--~dk1]7 ag = [dk1+1...dk2], cee Ap = [dkp71+1 ...dkp},

by =[di...dm,], b2 =[dmi41- - dmy], - bg=[dm, 1 41...dm,].
Two strongly linked elements «, 8 € F' are denoted by o ~ 3. The relation ~ is
reflexive and symmetric. Its transitive closure = is a congruence on F' (for details
see [8]). The quotient semigroup (F'k,*) is called the free covering semigroup of
an n-ary semigroup (G, []) and is denoted by F* The equivalence class of o, i.e.,
an element of F* induced by «, is denoted by o*.
The set G* = {a* |a € G} is an n-ary subsemigroup of F'/~ with the operation

=ajxay*x---*xa.

[aTal...a]

The canonical mapping ¢(a) = a* is an isomorphism from G onto G*. So, we
can identify the element a € G with the class a* and G with G*. Moreover, since
a* = % if and only if a = [by ... by, we can write F* in the form

F*=GiUGyUG3U...UG,_1,
where G; = {a; xas *---xaj|ar,...,a; € G} and G;NG; =0 for i # j.

Let 7 be a topology on G and let 7, be a topology on the Cartesian product
G”* obtained as a product of k topologies 7 defined on k factors G. The sum of all
topologies 7, (k =1,2,3,...), where 7 = 7, is denoted by 7.. By 7.. we denote
the factor topology on a free covering semigroup F™.

Theorem 1. Let (G,[]) be an n-ary semigroup. Then:
1) The semigroup (F,o) endowed with a topology . is a topological semigroup.

2) Each subset G* is an open-closed subset of a topological space (F*,T..).

y F*
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3) The free covering semigroup (F*,«) endowed with the topology .. has con-
tinuous left and right shifts.

Proof. The first statement is obvious. The second follows from the fact that

o0
SD_I(G'L') _ U Gk(n—l)-‘ri c T..
k=0
and it are saturated by the relation ==.

To prove the third statement observe that each right shift R,(z) = z ¢ a by
an element a € F' is continuous on a semigroup (F, o). Therefore, the composition
o R, is continuous. Since g o R, = r, 0 ¢, where 7,(z*) = x* x a*, Proposition 1
implies that r, : F* — F* also is continuous.

Similarly we can prove the continuity of each left shift of F™. O

An n-ary semigroup (G,[ ]) with a topology 7 is called a topological n-ary
semigroup if (G,7) is a topological space such that the n-ary operation [ ] is
continuous (in all variables together).

Theorem 2. Let (G,[]) be a topological n-ary semigroup with the topology 7.
Then the restriction of the topology 7.. to G coincides with the topology T.

Proof. Let U € 7., be an arbitrary non-empty subset of G. Then p=*(U) € 7,.
Hence, U = o Y (U)NG € 7.

Conversely, let U € 7 and a = (a1,...,ap), where p = t(n — 1) + 1, be an
arbitrary element, of ¢~ !(U). Then aj * a3 *---+ a5 € U. Thus aj * a3 * - - * ajy =

[ai1asz ... ap). Since the operation [ ] is continuous, there are some open (in the
topology 7) neighborhoods V4, ..., V, of points aj, ..., ay, such that for all z; € Vi,
i=1,...,p, we have [x1...7,] € U. Consequently, p(z1,...,7p) = 2] % *x) =

[1...2p) €U, ie., o (U)DVy x -+ xV, € 1. Hence, o~} (U) € 7. and o~ }(U)
is saturated by the relation ~. This implies that U € ... O

It is clear that the Cartesian product F x F' with the operation (z,y) ® (s,t) =
(xos,yot) and the topology 7., = 7. X 7, is a topological semigroup.
Consider on F' x F' the relation ~ defined by

FXF
(2,y) o, p (8,t) <= zrsand y~t.

This relation is a congruence on F' x F and (F' x F)* = F x F/x_ _ with the
standard factor-operation * is a semigroup. Then obviously

(@,9)"* (s, /)" = (2, 9) @ (5,1))" = (wos,yot)” = (a7 xs7,y" x17)

and (z,y)* = (z*,y*). Therefore (F' x F)* = F* x F*. Hence, the canonical map
wof F' x F onto (F x F)* has the form w = (¢, ¢).
By we denote the factor topology on the semigroup (F x F)*.

T(F><F)*
Theorem 3. The operation * from F* x F* with the topology to F* is a
continuous.

7—(F><F)*
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Proof. Since ¢, ¢, w are continuous and (poo)(a, ) = (xow)(a, B) for all o, 8 € F,

the proof follows from Proposition 1. O
Corollary 1. If the topologies T, .. and 7. X 7. coincides, then the semigroup
(F*,*) endowed with the topology T,. is a topological semigroup. O
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On /-primary co-ideals of a commutative semiring

Shahabaddin Ebrahimi Atani, Saboura Dolati Pish Hesari
and Mehdi Khoramdel

Abstract. We introduce the notion of a §-primary co-ideal of a commutative semiring R and
study some of it properties. Here § is a mapping that assigns to each co-ideal J a co-ideal 6(J)
of the same semiring. We investigate the relationship between the minimal prime co-ideals of
R/I and 6(I)/I, when I is a d-primary Q-co-ideal. We also prove that every identity summand
of R/I is contained in §(I)/I and 6(I) contains all minimal prime co-ideals which contains I.

1. Introduction

The most trivial example of a semiring which is not a ring is the first algebraic
structure we encounter in life: the set of nonnegative integers N, with the usual ad-
dition and multiplication. Similarly, the set of nonnegative real numbers R™ with
the usual addition and multiplication is a semiring which is not a ring. The non-
trivial examples of semirings first appear in the work of Richard Dedekind in 1894,
in connection with the algebra of ideals of a commutative ring and were later stud-
ied independently by algebraists, especially by H. S. Vandiver, who worked very
hard to get them accepted as a fundamental algebraic structure, being basically
the best structure which includes both rings and bounded distributive lattices.
Semirings have been found useful for solving problems in different areas of applied
mathematics and information sciences, since the structure of a semiring provides
an algebraic framework for modelling and studying the key factors in these applied
areas and, hence, ought to be in the literature [9, 11].

In this paper, we introduce the notion of co-ideal expansion and J-primary
co-ideals that is motivated from the notion of é-primary ideals in semirings (resp.
rings) [2] (resp. [7]). A number of results concerning of these class of co-ideals are
given. For example, we investigate the relationship between the minimal prime
co-ideals of R/I and §(I)/I, when [ is a d-primary @Q-co-ideal. We also prove that
I is 0-primary if and only if every identity-summand element of R/I is contained
in §(1)/I.

In order to make this paper easier to follow, we recall various notions which
will be used in the sequel. A commutative semiring R is defined as an algebraic
system (R, +, -) such that (R, +) and (R, -) are commutative semigroups, connected

2010 MSC: 16Y60
Keywords: Semiring, é-primary co-ideal, minimal prime co-ideal, identity-summand elements
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by a(b+c¢) = ab+ac for all a,b, ¢ € R, and there exist 0,1 € R such that r+0 =r,
r0 = 0r =0 and 71 = 1r = r for each r € R. In this paper all semirings
considered will be assumed to be commutative semirings with non-zero identity.

Definition 1.1. Let R be a semiring.

e A nonempty subset I of R is called co-ideal, denoted by I <¢ R, if it is closed
under multiplication and satisfies the condition 7 +a € I for all a € I and r € R
(clearly, 0 € I if and only if I = R) [4].

e A co-ideal I of R is called subtractive if x,zy € I, then y € I (so every
subtractive co-ideal is a strong co-ideal) [4].

e A proper co-ideal P of R is called prime if z +y € P, then x € P or y € P.
A proper co-ideal T of R is called primary if x+y € I, then x € I or y € co-rad([])
= {r € R : nr € I for some positive integer n} [4].

e A semiring R is called co-semidomain, if a +b =1 (a,b € R), then either
a=1orb=11[4].

e We say that a subset T' C R is additively closed if 0 € T and a + b € T for
alla,beT.

e If D is an arbitrary nonempty subset of R, then the set F(D) consisting of
all elements of R of the form dyidy---d, +r (with d; € D for all 1 < i < n and
r € R) is a co-ideal of R containing D [4, 11].

e A semiring R is called an I-semiring if r +1 =1 for all r € R [6].

A strong co-ideal I of a semiring R is called a partitioning strong co-ideal (Q-
strong co-ideal) if there exists a subset Q of R such that R = U{qI : ¢ € Q}, where
gl = {qt :t € I} and if q1,q2 € Q, then (¢11) N (q21) # 0 if and only if ¢; = ¢
[4]. Let I be a Q-strong co-ideal of a semiring R and let R/I = {¢I : ¢ € Q}.
Then R/I forms a semiring under the binary operations @ and © defined as follows:
(1 1)®(g21) = g3, where g3 is the unique element in @) such that (g1 /+g21) C g1,
and (q11)®(g21) = g31, where g3 is the unique element in @ such that (g1g2)I C g31
[4]. If ¢, is the unique element in @ such that 1 € ¢.I, then ¢.I = I is the identity
of R/I [4]. Note that every Q-strong co-ideal is subtractive [4].

Throughout this paper we shall assume unless otherwise stated, that go/ (resp.
gel) is the zero element (resp. the identity element) of R/I.

2. Definition and basic structure

We begin with the key definition of this paper.

Definition 2.1. Let R be a semiring with co-Id(R) its set of co-ideals.
(7) A co-ideal expansion is a function d : co-Id(R) — co-Id(R), which satisfies
the following conditions:
(1) I C (1) for each co-ideal T of R;
(2) I CJimplies 6(I) C §(J) for all co-ideals I, J of R.
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(1) A Q-co-ideal (resp. subtractive co-ideal) expansion is a co-ideal expansion
which assigns to each @Q-co-ideal (resp. subtractive co-ideal) I of a semiring R to
another @)-co-ideal (resp. subtractive co-ideal) 6(I) of the same semiring.

Remark 2.2. Since the intersection of any collection of co-ideals is a co-ideal of
R, the intersection of any collection of co-ideal expansions is a co-ideal expansion.

The proof of the following lemma is well-known, but we give the details for
convenience.

Lemma 2.3. If I is a Q-strong co-ideal of R and q.I is the identity element in
R/I, then q.1 ® ql = q.I and qI @ qI = qI for each qI € R/I.

Proof. Let q.I®ql = ¢'I, where ¢’ is the unique element in @ such that g./+ql C
q'I. Since I is co-ideal, g.I + qI C I = g.I which gives ¢'I = q.I = I. Finally,
I ®ql =ql © (¢I ®qed) =ql ©qed =ql. O

Proposition 2.4. Let I be a co-ideal of a semiring R.
(1) The set cl(I) ={a € R: ac=d for some c,d € I} is a co-ideal of R
(we call cI(I) the co-closure of I).
(2) I is subtractive if and only if cl(I) = I.

Proof. (1). Let a1,as € cl(I); we show that ajas € cl(I). By assumption, there
exist 017027d1,d2 € I such that ajcy = dl, a9Cy = dz, hence (alag)(clcg) = dldg.
Since I is a co-ideal of R, we have ajas € cl(I). Now, let a € cl(I) and r € R; we
show that a+r € cl(I). Since a € cl(I), there exist ¢,d € I such that ac =d. As T
is a co-ideal of R, (a +71)c=ac+cr € I; so a+r € cl({). Thus cl(I) is a co-ideal
of a semiring R.

(2). Assume that I is a subtractive co-ideal of R (so it is a strong co-ideal) and
let x € I. Then x = 21 € I gives I C cl(I). For the reverse incusion, let y € cl(I).
Then yc € I for some ¢ € I; hence y € I since [ is subtractive, and so we have
equality. The other implication is clear. O

Example 2.5. (1) For each I € co-Id(R), define 6;(I) = I, 62(I) = co-rad(I) and
03(I) = cl(I). Then 67, 2 and 05 are expansions of co-ideals.

(2) By [4, Proposition 2.1], if I is a proper co-ideal of R, then there exists a
maximal co-ideal M of R such that I C M. Now for each proper co-ideal I, let
d4(I) be the intersection of all maximal co-ideals containing I, and d4(R) = R.
Then 44 is an expansion of co-ideals. O

Theorem 2.6. Let R be a semiring.
(1) 61(I) C d2(I) C 05(I) C 64(I) for each strong co-ideal I of R.
(2) If I is a subtractive co-ideal of R, then 01(I) = d2(I) = d3(I).
(3) 61,02 and d3 are Q-co-ideal expansions.
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Proof. (1). It is clear that §;(I) C d2(I). Let x € do(I) = co-rad(I). So there
exists n € N such that nx € I; hence x € cl(I), and so d2(I) C d3(I). Now, let
x € 63(I) = cl(I). So there exists a € I such that ax € I. It suffices to show
that © € NM, where M is a maximal co-ideal of R containing I. Let x ¢ M
for some maximal co-ideal M of R containing I. So F(M U {z}) = R, which
implies 0 = ax™ + r for some a € M. Since x € cl(I), there exists b € I such that
br € I C M. As M is a co-ideal of R, 0 = ab™z™ + rb"™ € M, a contradiction.
Thus d5(I) C d4(1).

(2). Suppose that I is a subtractive co-ideal of R and let x € d2(I). So there
exists n € N such that nx € I; hence « € I, and so 01(I) = d2(I) by (1). Now,
let « € cl(I). Then azx € I for some a € I, so z € I since [ is subtractive. Thus
52(1) = 8 ().

(3). It is clear that 07 is a Q-co-ideal expansion. We show that s is @Q-co-
ideal expansion. For this 1Let I be a @-co-ideal. Since we have I C co-rad(I),
R =U{ql : ¢ € Q} C U{g(co-rad(])) : ¢ € Q}, so R = U{g(co-rad(])) : ¢ € Q}.
Let « € g1(co-rad(I))Nga(co-rad(I)), so x = qra1 = gaaz, where ay, as €co-rad([]).
Thus there exist positive integer elements n,m such that na;, mas € I. Suppose,
without loss of generality, n > m. Hence nx = ¢q1(na1) = ga(naz) € ¢1I Ng2l. So
q1 = g2 which gives co-rad(I) is a Q-strong co-ideal of R.

Now, we show that d3 is a Q-co-ideal expansion. It is clear that we have
R = U{q(cl(I)) : ¢ € Q}. Let = € g1(cl()) N ga(cl(I)). So z = gra1 = qeaq for
some aj,ay € cl(I). Since I is a Q-co-ideal of R, there exists ¢ € @ such that
xI C ql. Since a1, as € cl(I), there exist by, by € I such that a1by,asbs € I. Hence
xh) = q1a1b1 e qlngl and xby = q2a2b2 € gl Nqgl for some bl,bg € I. Thus
G =q=q. O

3. o-primary co-ideals

In this section, we investigate §-primary co-ideals of a commutative semiring R
which unify prime co-ideals and primary co-ideals of R.

Definition 3.1. Let R be a semiring and ¢ be a co-ideal expansion. A proper
co-ideal T of a semiring R is called d-primary if a+b € I and a ¢ I, then b € §(I).

One can easily show that [ is §;-primary if and only if it is a prime co-ideal of
R and [ is do-primary if and only if I is a primary co-ideal of R.

Remark 3.2. Let I, J be co-ideals of the semiring R. The co-ideal quotient of I, J,
denoted by (I: J),istheset {re R:r+JCI}={re R:r+z el foralzeJ}
such that (I : J) is closed under multiplication. For each a € R, (I : a) denotes
the set {r € R:r+a € I} such that (I: a) is closed under multiplication. By [4,
Lemma 2.4], (I : J) is a co-ideal of R with I C (I : J), and (I : a) is a co-ideal of
R for each a € R. Also, by [4, Example 2.2], the condition "(I : J) is closed under
multiplication" is not superficial in the above definition. O
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Theorem 3.3. Let R be a semiring and 0 be a co-ideal expansion.
(1) If P is a §-primary co-ideal of R and I € §(P), then (P :1I) = P.
(2) For any §-primary co-ideal P and any subset T of R, (P : T) is §-primary
co-ideal of R.
(3) The union of any directed collection of 5-primary co-ideals is 6-primary.
(4) If 6(I) C co-rad(l) for every d-primary co-ideal I, then 6(I) = co-rad([).

Proof. (1). It is clear that P C (P : I). Let z € (P : I) and a € I\ §(P). So
x+a € P. Since P is §-primary and a ¢ §(P), x € P. So (P : I) C P, which gives
(P:I)=P.

(2). Leta+be (P:T)and a ¢ (P:T) for some a,b € R. Soa+t ¢ P
and a+ b+t € P for some t € T. This implies b € §(P) C 6(P : T) since P is
o-primary. Thus (P : T) is a d-primary co-ideal of R.

(3). Let >~ ={I; : i € D} be a directed collection of primary co-ideals and
I =Uiepl;. Let a+be I and a ¢ I. So there is i € D such that a +b € I; and
a ¢ I;. Sobed(I;) Co(I). Hence I is §-primary.

(4). If I = co-rad(I), then §(I) = I = co-rad(I). Suppose I # co-rad(l). Let
x € co-rad(I). Then nx € I for some the least positive integer n > 1. Now nz € I
and (n —1)x ¢ I gives x € §(I), and so we have equality. O

Definition 3.4. Let R be a semiring. A co-ideal expansion § is said to be
intersection preserving if §(I NJ) = 06(I)NJ§(J) for all co-ideals I, J of R.

Theorem 3.5. Let R be a semiring.
(1) 61,02,95 and d4 are intersection preserving co-ideal expansions.
(2) Assume that ¢ is an intersection preserving co-ideal expansion and let
Q1,...,Qn be d-primary co-ideals of R with P = 0(Q;) for all 1 <i < n.
n
Then Q = () Q; is d-primary.
i=1

1=

Proof. (1). It is clear that ¢; is intersection preserving co-ideal expansion. By
[4, Lemma 2.2|, d5 is intersection preserving co-ideal expansion. We show that
c(INJ) = cl(I)Ncl(J). Tt is clear that cl(INJ) C cl(Z)Nel(J). Let = € cl(I)Ncl(J).
So there exist a € I and b € J such that ax € I and bx € J. Since I,J are co-
ideals of R, a+b e INJ. Hence x(a+b) =za+zbe INJ,sox € cl(INJ).
Thus cl(I N J) = cl(I) Nncl(J). By an argument like that in [2, Lemma 2.2],
54(] N J) = 54(]) N 54(J)

(2). Let z4+y € Qand z ¢ Q. So x ¢ @, for some 1 < i < n. Since
x4y € @Q; and Q; is d-primary, y € §(Q;). As ¢ is intersection preserving,

5(Q) = 5(_61 Q) = _615(@) — P, we have y € 5(Q). Thus Q is 6-primary. [

Definition 3.6. Let R be a semiring with co-ideal expansion §. An element z of
R is called 0-co-nilpotent if x € §(F({1})).
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Remark 3.7. Let I be a Q-strong co-ideal of a semiring R with a subtractive co-
ideal expansion J. Then an inspection will show that 6 : Id(R/I) — Id(R/I) is a
subtractive co-ideal expansion of R/I, where 6(J/I) = &(J)/I for each co-ideal J/T
of R/I (see [4, Theorem 3.4 and Theorem 3.5]). So §({g.I}) = §({I}) = §(I)/1.

Theorem 3.8. Let I be a Q-strong co-ideal of a semiring R with a subtractive
co-ideal expansion §. If J is a subtractive co-ideal of R with J 2 I, then J/I is a
o-primary co-ideal of R/I if and only if J is a §-primary co-ideal of R.

Proof. Suppose that J/I is a 6-primary co-ideal of R/I; we show J is a d-primary
co-ideal of R. Let a+b € J and a ¢ J. Since I is a Q-strong co-ideal of R, there
exist q1,q2 € @ such that a € ¢;1 and b € g2I. Let g1/ B g2l = g3, where g3 is the
unique element of @) such that ¢11 4 g2I C g3I. It follows that a +b = qsd € J for
some d € I; so g3 € J since J is subtractive; hence (11 @ g2l = g3 € J/I. Clearly,
qiI ¢ J/I. Now J/I é-primary gives, goI € §(J/I) = 6(J)/I; so g2 € 6(J). Hence
bed(J).

Conversely, assume that J is a d-primary co-ideal of R. We show J/I is 6-
primary. Let ¢11 ® goI € J/I and ¢;1 & J/I (so g1 ¢ J). Let g3 be the unique
element of @) such that ¢;1 @ g2 = g3I, where ¢11 + ¢2I C gsI. Since g3I € J/I,
qs € J. Therefore g1 + g2 = q3j € J for some j € I. As J is §-primary and ¢; & J,
q2 € 8(J). Therefore qoI € 6(J/I) = §(J)/I. Thus J/I is a é-primary co-ideal of
a semiring R. O

An element r of a commutative semiring R with identity is said to be identity-
summand if there exists 1 # a € R such that r + a = 1. The set of all identity-
summand elements of R is denoted by S(R).

Theorem 3.9. Let I be a Q-strong co-ideal of a semiring R with a subtractive
co-ideal expansion §. Then the following statements are equivalent:
(1) I is d-primary,
(2) S(R/T)C {al - q € Qna(I)} =6(D)/1,
(3) every identity-summand of R/I is §-co-nilpotent,
(4) P/I C6(I)/I for every P/I € min(R/I), where min(R/I) is the set of
all minimal prime ideals of R/I.

Proof. (1) = (2). Let I be a d-primary and ¢I € S(R/I). Hence there exists
I # ¢'I € R/I such that qI ¢ ¢'I = q.I = 1I;s0 g+ ¢ € I. Since [ is é-primary
and ¢’ ¢ I, ¢ € 6(I). Thus ¢I € 6(I)/1.

~ (2)=(3). If gl € S(R/I), then qI € 6(1)/I by (2). By Remark 3.7, 6(I)/I =
0({gel}), which gives ¢I is d-co-nilpotent.

(3) = (1). Let a+b € I,a ¢ I. Since I is a @Q-co-ideal of R, there exist
q1,q2 € Q such that a € 11,b € g2I. Let 11 & qoI = q31, where g3 is the unique
element of @ such that ¢17 + g2 C qsI. So a + b € g3l NI, which gives g3 = g.
Hence ¢11 ® q2I = q.I = I. So g1 is an identity summand element of R/I. Thus
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q2I is S-co-nilpotent, hence goI € 6({q.I}) = §(I)/I, which implies g» € 5(I).
Hence b € g1 C §(1).

(1) = (4). Let P/I € min(R/I). At first, we show that R/I\ P/I = (P/I)¢ is
a maximal additively closed subset of R/I with g.I ¢ (P/I)°. Set

Z ={S: (P/I)°C S, Sisan additively closed subset of R/I and q.I ¢ S}

by Zorn’s Lemma, has a maximal element M. Obviously, (P/I)¢ C M.
Consider the set

A={L: L/Iisaco—ideal of R/I and L/I N M = 0}.

Since {I} is a co-ideal of R/I and {I} N M =0, A # (. By Zorn’s Lemma, A has
maximal element T'/1.

We show that 7'/I is prime. Let (11 @ gof € T/I and ¢11,q2 ¢ T/I. Then
T/1G Ji=F(T/TU{gI}). Thus J;N M # () for each i = 1,2. Let X; € J;N M
for each i = 1,2. We show J; NJy = T/I. Tt is clear that T/I C J; N Jy. For
ql € J, N Jy we have

¢ =rl®al o ()" =ral ®cl © ()™
for some r11,rol € R/I, c11,col € T/I and n,m € N. Since
al © (] ® )" =al © ()" ®(¢]) © () € T/1
for some tI € R/I, we have
QIB@pIotl=rI®alo ()" e (¢l) o () eT/I.
Hence (¢21) © (¢I) € (T'/I : ¢I).
It can be easily checked that (T'/I : qI) is a co-ideal of R. So g2I ®tI @ goI €
(T/I:qI). By Lemma 2.3, q.I @ tI = tI, hence
oI = @I(qI ®tI) = gl Ot & ol € T/I.
Therefore (col) ® (q21)™ € (T'/I : qI). So qI = rol @ c2I © (goI)™ € (T/I : qI),
because (T/I : ¢I) is a co-ideal of R/I. Thus ¢I & qI = qI € T/I. Therefore
JiNJy =T/I. Hence X1 + Xy € T/I N M, a contradiction. Thus ¢,I € T/I
or goI € T/I, which gives T'/I is a prime co-ideal of R/I. Since T/INM = 0,
M C (T/I)*. So (P/I)* C M C (T/I)°, which implies T/T C P/I. Since
P/I € min(R/I), T/I = P/I. Thus (P/I)¢is a maximal additively closed subset
of R/I which I ¢ (P/I)".
Now, let ¢I € P/I. Then

T={dI®n(ql):I+#q1e(P/I) neNU{0}}
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is an additively closed subset of R/I which properly contains (P/I)¢. But we
showed that (P/I)¢is a maximal additively closed subset of R/I which I ¢ (P/I)°.
So I €T. Hence ¢'I ®n(ql) =1 for some ¢'I € (P/I1)¢, n € N. Thus ¢/I ®ql =1
by Lemma 2.3. So ¢+¢' € I. Since ¢’ ¢ I and [ is §-primary, ¢ € 6(I) we conclude
that ¢ € 6(I)/1.

(4) = (1). Let a+b € I and a ¢ I. Since I is a Q-strong co-ideal of R,
there exist ¢q1,q2 € @ such that a € ¢11,b € ¢2I. Let ¢11 ® g2 = q3I. Since
a+beqglngl, g =¢g. Soql®qgl =1 TItis clear that I € P/I. So
1l @ g2I € P/I. Hence ¢1I € P/I or goI € P/I. Since P/I C §(I)/I, ¢1 € 6(I)
or g2 € 6(I). O

Theorem 3.10. Let I be a Q-strong co-ideal of a semiring R with a subtractive co-
ideal expansion §. If I is d-primary, then P C §(I) for every subtractive co-ideal
P € min(I). The converse holds if min(R/I) is finite.

Proof. At first we show that if P is subtractive and P € min([), then P/I €
min(R/I). Let T/I be a prime co-ideal of R/I and T'/I C P/I. Since R/I
is I-semiring, T'/I is a subtractive co-ideal of R/I by [6, Proposition 2.5]. So
T/I = L/I where L is a subtractive prime co-ideal of R and I C L by [4, Theorem
3.6, Theorem 3.7]. We show L C P. Let z € L. Since I is a Q-co-ideal of R, x = qa
for some ¢ € Q and a € I. Because L is subtractive, ¢ € L. Thus ¢ € L/I C P/I.
Hence ¢ € P. So x € P. Thus L C P which implies L = P because P € min([).
Therefore P/I = L/I =T/I. Now, let z € P. Since I is a Q-co-ideal of R, = = ga
for some ¢ € @ and a € I. Since P is subtractive ¢ € P. Hence ¢ € P/I, where
P/I € min(R/I) by the above argument. Hence ¢I € 6(I)/I by Theorem 3.9.
Thus ¢ € 6(I), which gives x € §(I).

Conversely, by [6,Theorem 2.8], I = NpP,/I, where P,/I € min(R/I). By
[6, Proposition 2.5], P,/I is a subtractive co-ideal of R/I for each o« € A. So
P,/I = Qa/I, where Q,, is a subtractive co-ideal of R and I C Q.. We show that
I =NpAQ,. It is clear that I C NpQ,. Let £ € NpQ,. Since I is a Q-co-ideal of
R, v = qa for some ¢ € @ and a € I. So ¢ € NAQ,, because @, s are subtractive
co-ideals of R. Thus ¢I € NQ,/I = NP,/I = {g.I}, hence ¢ = ¢, and =z € I.
Therefore I = NpAQy. Let L € min(I). Hence I = Np\Q, C L. Since min(R/I)
is finite, A is finite, which gives @, C L, because @, is prime by [4, Theorem
3.7]. Thus Q, = L. Now, we show that I is d-primary. Let a + b € I for some
a,b € R. Hence a + b € Q,, where @, is a subtractive co-ideal and Q,, € min(I).
By assumption, @, C 6(I). Because Q,, is prime a € Q, C d(I) or b € Q, C 6(I),
which gives I is d-primary. O

Definition 3.11. A co-ideal I of a semiring R with a co-ideal expansion 4 is called
a d-weakly primary if 1 #a+b € I, then a € I or b € §(I) for each a,b € R.

Theorem 3.12. Let J be a subtractive co-ideal of an I-semiring R with a sub-
tractive co-ideal expansion §. Then the following are equivalent.
(1) J is d-weakly primary.
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(2) For each a € R\ d(J), (J:a)=JU(1:a).
(3) (J:a)=Jor(J:a)=(1:a).

Proof. (1) = (2). Let a € R\ d(J) and b € (J : a). Then a+b € J. If
a+b=1,thenbe (1:a). f a+b#1, then J §-weakly primary gives b € J. So
(J:a) CJU(1:a). The converse inclusion is clear.

(2) = (3). Let (J:a)# J and (J : a) # (1 : a). Then there exists d € (J : a)
and ¢ € (J : a) such that d ¢ J and ¢ ¢ J. Since J is subtractive, (J : a) is a
subtractive co-ideal of R, ed € (J : a). Therefore ¢d € J or ¢d € (1 : a). This
implies that c=cd+c€ Jord=cd+d € (1: a), a contradiction.

3)=(1). Let 1 £a+be Jand a ¢ d(J). Thenbe (J:a)=J. O

Theorem 3.13. Let R be an I-semiring with a subtractive co-ideal expansion §.
If J is a subtractive d-weakly primary co-ideal of R which is not 6-primary, then

J={1}.

Proof. Let {1} # J. We show that J is d-primary co-ideal of R. Let a + b € J. If
a+0b# 1, then J o-weakly primary gives a € J or b € §(J). So we may assume
that a+b=1. As J # {1}, there exists 1 # c € J. So 1 # ¢ = ac+ bc € J implies
that ac € J or be € 6(J). As J and §(J) are subtractive, a € J or b € 6(.J). Hence
J is §-primary, a contradiction. O
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Commutants of middle Bol loops

lon Grecu and Parascovia Syrbu

Abstract. The commutant of a loop is the set of all its elements that commute with each
element of the loop. It is known that the commutant of a left or right Bol loop is not a subloop
in general. Below we prove that the commutant of a middle Bol loop is an AIP-subloop, i.e.,
a subloop for which the inversion is an automorphism. A necessary and sufficient condition
when the commutant is invariant under the existing isostrophy between middle Bol loops and
the corresponding right Bol loops is given.

1. Introduction

Recall that a loop (@, -) is a right (left) Bol loop if it satisfies the identity (zz-y)x =
z(xy - ) (resp. z(y-xz) = (x-yx)z). We say that a quasigroup (Q,-) satisfies
the right (left) inverse property, if there exists a mapping ¢ : @ — @, such that
yr - o(x) = y (resp. ¢(x) - zy = y), for every z,y € Q. If a loop satisfies the
right (left) inverse property then the left inverse of each element coincides with
the right inverse 'z = 27! and yz - 27! = y (resp., x7! -2y = y), Yo,y € Q.
Right (left) Bol loops satisfy the right (resp. left) inverse property. A loop (Q, o)
is called a middle Bol loop if the condition (zoy) ! =y toz™! Va,y € Q, called
the anti-automorphic inverse property, is universal in (Q, o), i.e., if every loop
isotope of (Q, o) satisfies the anti-automorphic inverse property. V. D. Belousov
proved in [1] that a loop (@, -) is middle Bol if and only if the corresponding e-loop
(Q,-,/,\) (the operation ”/” and, resp. ”\”, is the left, resp. right, division in
(Q,-)), satisfies the identity:

z-((y-2)\z) = (x/2) - (y\). (1)

Middle Bol loops are studied in [1, 2, 3, 6]. It was proved in [3] that middle
Bol loops are isostrophes of right (left) Bol loops. We will consider below the
isostrophy between right Bol loops and middle Bol loops. Left Bol loops can be
characterized analogously, by a "mirror reflection".

According to [3], a loop (@, o) is middle Bol if and only if there exists a right
Bol loop (@, ) such that, for Vz,y € @, the following equality holds:

zoy=(y-azy "y, (2)

2010 Mathematics Subject Classification: 20N05
Keywords: right Bol loop, middle Bol loop, isostrophy, commutant.
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which is equivalent to
zoy=y "z, (3)

and to

x-y:y//x_l, (4)
where "\" is the right division in the right Bol loop (@Q,-), and "//" is the left
division in the middle Bol loop (@, o).

The connection between middle and left Bol loops is analogous [6].

A middle Bol loop satisfies the right or left inverse property if and only if it
is a Moufang loop (see [3]). It is known (see [2, 6]) that two middle Bol loops
are isotopic (resp. isomorphic) if and only if the corresponding right Bol loops
are isotopic (resp. isomorphic). Note also that a middle Bol loop (Q,o) and its
corresponding right Bol loop (@Q,-) have a common unit and that the inverse of
each element z in (@, o) is equal to the inverse of = in (@, -). Moreover, middle Bol
loops, as well as their corresponding right Bol loops, are power-associative (i.e.,
every subloop generated by one element is associative).

The commutant of a loop (@, -) is the set of all elements that commute with each
element of the loop (Q,-). This notion is known also as: centrum, commutative
center, semicenter, etc. In groups the commutant is the center and a normal
subgroup. In loops the commutant is not always a subloop. But it is known, for
example, that the commutant of a Moufang loop is a subloop.

The commutants of left Bol loops are studied in [4] and [5] where examples
of finite left Bol loops with non-subloop commutants are given and necessary
conditions when the commutants of finite left Bol loops are subloops are found.

Below is proved that the commutants of middle Bol loops are AIP-subloops,
i.e., subloops with automorphic inverse property: (z-y)~t = x=!.y~1. Also,
necessary and sufficient conditions when the commutant of a middle Bol loop and
the commutant of the corresponding right Bol loop coincide are found. In the
last section the "normality" of the commutants in middle Bol loops is partially
examined.

2. The commutants of middle Bol loops

Let’s denote the commutant of a loop (Q,-) by C), so:
CY={aeQla-z=zx-a,VzeQ}.
Lemma 2.1. Let (Q,0) be a middle Bol loop. If a € C°©) then a~' € C(®),

Proof. If a € C®), then aoxz = zoa, Yo € Q. So, as (Q,o) satisfies the anti-
automorphic inverse property, the last equality implies 7' oa™! = a7t oz !,

Ve e @, ie.,a e, O

Lemma 2.2. Let (Q,0) be a middle Bol loop and let (Q,-) be the corresponding
right Bol loop. For a € Q, the following statements hold:
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1. a € C© if and only if, for Vz € Q:

(a-2)t=at 27 (5)

2. a € C©) if and only if, forVz € Q:

(z-a)t=z"1.a"L. (6)

Proof. 1. According to the definition of C(®), ¢ € C(®) if and only if a0z = z 0 a,
Vo € Q. So, using (3), we get 27 '\a = a~'\z, Vo € Q, where "\" is the right
division in the corresponding right Bol loop (@,-). Denoting a~'\z by z and
applying the right inverse property of (Q,-), we obtain:

1

(@t Na=ze (@2t z=as (at2) T =a- 27

The last equality is equivalent to (5).
2. Using (2), the right Bol identity, the right inverse property and the power-
associativity of (Q, -), we have:
aeC® sgor=zoas (z-ax V) z=(a-za ) as
o [(wrar) 2] =2 (a-za ) - a] &

1 -1

ax ™l x=(r"ta-za) aca=("ra-2at) ae

1 -1 —1

! -1 =rtas(r-a) =10

e=xta-zat & (x-a” )7
for every x € @), where e is the common unit of (@, o) and (Q,-). O
Remark 2.3. (I). According to Lemma 2.2,

CO={aeQ|(ar)'=atz Ve Q}={a e Q] (z-a) t=2 a"t,Vz € Q},

where (Q, o) is a middle Bol loop and (@, -) is the corresponding right Bol loop.
(IT). Let (Q, o) be a middle Bol loop and let a € C(°). Using (1), we have:

ao[(yo2)\\a = (a//z) o (y\\a),

for every y,z € @, where "\\" ( 7//”) is the right (respectively, left) division in
(Q,0). Puting y = e, where e is the unit of (Q, o), and using the fact that a € C(®),
the previous equality implies:

ao(2\\a) = (a//z) ca = ao(a//2),

for every z € Q, so (Q, o) satisfies the equality

2\a = a//z, (7)



84 I. Grecu and P. Syrbu

for Vz € Q and Ya € C®).

(III). Recall that the inversion is a left semi-automorphism of right Bol loops,
ie., (wy-x)~t = (71 - y~1) 27! This fact was observed by D.A. Robinson.
Note that it can be easily obtained if we denote (zy-2)~! by 2. In other words, if
e=z(zxy-x) = (zx-y) z. Then, applying three times the right inverse property,
we obtain (zy-z)"t = (7. y71) 2L,

Theorem 2.4. The commutant of a middle Bol loop is a subloop.

Proof. Let (Q, o) be a middle Bol loop and let (Q, ) be the corresponding right
Bol loop. If a,b € C©) then, using the equalities (6) and (5), the right Bol identity
and the fact that z — 27! is a left semi-automorphism of (Q,-), we have:

(ba-y)~t-a™t =[(ba-y) a7t =[b-(ay-a)]"' ="' (ay-a)”!
bl (alyta )= (b"latyl) al,

SO
(ba-y) ' =b"tat oy =(ba) -y

for every y € Q.

According to Lemma 2.2, the condition (ba - y)~! = (ba)~t -y~ 1, Vy € Q,
is equivalent to b-a € C(°). Thus, using (2) and Lemma 2.1, we can see that
a ?? = (b-ab~") - b e C©), which means that ” o” is an algebraic operation on
c),

Moreover, using Lemma 2.1, (4) and (7), we get: a,b € C®) = a,b=' € C©) =
bl -a=a//b="0\a € C®, ie.,y=>b\a=a//bec CC, where y is the solution
of the equations boy =y o b= a. Hence (C(°),0) is a subloop of (Q, o). O

Corollary 2.5. The commutant of a middle Bol loop (Q,0) is its AIP-subloop.

Proof. Indeed, if a € C(®) then ¢~ € C©), so (aox)t=z"toat=atlox™}
Vr € Q. O

Corollary 2.6. If (Q,0) is a middle Bol loop and (Q,-) is the corresponding right
Bol loop, then (C°),.) is an AIP-subloop of (Q,-).

Proof. It was shown in the proof of Theorem 2.4 that a - b,a o b,a\\b € C(°)
for a,b € C(°). This means that ” - ” is an algebraic operation on C(°). So, if
a,b € C©° then, using (3), (4) and Lemma 2.1, we have: b\a = aob~! € C(®) and
alb=csc-b=asblf/cl=asacct=bsa\b=c?! s (a\\b)"! =¢, s0
a/b=(a\\b)~' € C), i.e., (C©).)is a subloop of (Q,").

Moreover, according to (5), Lemma 2.2, (a-2)"' =a~'- 27!, Va € C® and
Vz € Q, so (C©),.) is an AIP-subloop of (Q,-). O
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3. A criterion for C©©) = C0)

If (Q,) is a Moufang loop and (Q, o) is the corresponding middle Bol loop, then
707 =7.7 and C(©) = CO). The examples below show that both cases C(®) =
C®) and C© # CO) are possible for an arbitrary middle Bol loop (Q,0) and its
corresponding right Bol loop (Q,-). The right Bol loops, used in these examples,
can be found at http://www.uwyo.edu/moorhouse/pub/bol/mult8.txt (the loop
8.1.4.0 of order 8) and at http://www.uwyo.edu/moorhouse/pub/bol/mult12.txt

(the loop 12.9.1.0 of order 12)

Example 3.1. Let Q = {1,2,3,4,5,6,7,8}. Consider the right Bol loop (Q, )

and the corresponding middle Bol loop (Q, o), given by the tables:

(1 2 3 45 6 78 ()1 2 3 4 5 6 7 8
11 2 3 45 6 7 8 11 2 3 45 6 7 8
228 6 1 7 3 5 4 2 (28 6 1 7 3 5 4
31378 6 1 4 25 313786 1425
41417 8 6 5 3 2. 404178 6 5 3 2.
505 6 1 78 2 4 3 505 6 1 7 8 2 4 3
66 3 45 2 8 1 7 6 |6 52 3 48 1 7
7175 2 3 418 6 717 3 45 2 18 6
88 4 5 2 3 7 6 1 8 (8 4 5 2 3 7 6 1

The commutants of the given loops are C) = {1,6,7,8} and C®) = {1,8},

respectively, so C'(°) £ C(),

Example 3.2. In this example C(®) = ¢() = {1}, (Q,0) is a right Bol loop and

(Q,) is the corresponding middle Bol loop.

(]1 2 3 4 5 6 7 8 9 10 11 12
11 2 3 4 5 6 7 8 9 10 11 12
2|2 1 4 3 6 5 8 10 11 9 12 7
313 5 6 2 4 1 10 9 12 11 7 8
414 6 5 1 3 2 9 11 7 12 8 10
5/5 3 2 6 1 4 12 7 10 8 9 11
6|6 4 1 5 2 3 11 12 8 7 10 9
7|7 9 11 8 12 10 1 5 4 6 3 2
88 10 12 7 11 9 2 1 6 5 4 3
9|9 7 8 11 10 12 4 3 1 2 5 6
010 8 7 12 9 11 3 2 5 1 6 4
1111 12 10 9 8 7 6 4 2 3 1 5
12012 11 9 10 7 8 5 6 3 4 2 1
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()1 2 3 4 5 6 7 8 9 10 11 12
1 1 2 3 4 5 6 7 8 9 10 11 12
2 2 1 5 6 3 4 12 7 10 8 9 11
3 3 4 6 5 2 1 11 12 8 7 10 9
414 3 2 1 6 5 9 11 7 12 8 10
5 5 6 4 3 1 2 8 10 11 9 12 7
6 6 5 1 2 4 3 10 9 12 11 7 8
7 T 12 10 9 8 1 1 4 2 3 6 5
8 8§ 7 9 11 10 12 4 1 3 2 5 6
9 9 10 12 7 1 8 2 6 1 &5 4 3
(10 8 11 12 9 7 6 2 5 1 3 4
1m{11r 9 7 8 12 10 3 5 4 6 1 2
1212 11 8 10 7 9 5 3 6 4 2 1

The following theorem gives a necessary and sufficient condition for C(®) = C'(),

Theorem 3.3. If (Q,0) is a middle Bol loop and (Q, ") is the corresponding right
Bol loop, then C©©) = CU) if and only if the following conditions are satisfied:

.27 za=a, Yz € Q, Va e CV);
2. 27 o(zob)=b, YV eQ, Vbe C).

Proof. Let a € C*) and let 27! - za = a, Yz € Q. Then, using (2) and the right
inverse property of (Q, ), we obtain:

1

aox=(r-ax Vr= (-2 'a)r=a-2=2-a=(za~

for every z € Q, ie., a € C©°). So, C) C C©),
Conversely, let C() € C©) and let a € C). Since -z = x-a and aox = zoa,
Vz € @, we have:

vz ta=x-ar ' =(x-ax Hr- 27t =(aox) -z =(roa) x~

=(a-raVa-27! = (za=t-
for every x € @, hence z -z 'a = a, Vz € Q.

Now, let b € C®). Then b € CV) if and only if b-2 = x-b, Vo € Q,
which according to (4), is equivalent to x//b~! = b//z~1, Vo € Q, i.e., to b =
(x//b~Y) o z~!, Vo € Q, where ”//” is the left division in (Q,o). Making the
substitution x//b~! — y in the last equality and using the anti-automorphic inverse
property of (Q,0), we get:

b=yo(yob ") ' =yo(boy ") =yo(y tob),

for every y € Q. So, the second condition is equivalent to C(®) C C0). O



Commutants of middle Bol loops 87

Corollary 3.4. If C©©) = CO), then (C®),0) = (C1), ") is a commutative Moufang
subloop.

Proof. If C(©) = C') then, for Y,y € C®©) = CO), have:

zoy=(y-ay ') y=(y -y y=a-y,
hence, ” o” =7 .7 on the set C(®©) = C(). So, as (C(°), o) is a commutative middle
Bol IP-loop, it is a commutative Moufang loop. O

4. When the commutant is a normal subloop?

In this section, for simplicity the operation of a middle Bol loop will be denoted
by ”» . ” A

Lemma 4.1. If (Q,-) is a middle Bol loop and H is a subloop in (Q,-), then the
following conditions are equivalent:

1. Ly (H)=H, Vz,y € Q;
2. R, y(H)=H, Vx,y € Q,

where Ly, = Ly Ly Ly and R,y = R, Ry R,.
Proof. Let L, ,(H) = H, Vx,y € Q. Then, for 27!,y € Q and h™! € H, there
exists hl_l € H, such that Lx—lwy—l(hil) = hl_l. Hence L;_lly_le—lLy—l(hil) =
hi', and consequently = ' -y th™! =2 1yt h L

Since the loop (Q,-) is power-associative and satisfies the anti-automorphic
property, the last eqution implies hy - x = hy - yx, so R;;Rny(h) =hy € H,ie.,
R, .(H)C H.

Analogously, for hy € H there exists h~! € H such that L,-1,-1(h™!) = hi",
which implies R, ,(h) = hy, so H C R, ,(H). In a similar way we can prove that
the condition R, ,(H) = H, Vz,y € Q implies L, ,(H) = H, Vz,y € Q. O

Theorem 4.2. The commutant C) of a middle Bol loop (Q,) is a normal subloop
if and only if Lz,y(C’(')) = OO (or, equivalently, if and only if R:c,y(C(')) =C0),
for every x € Q.

Proof. The subloop C) is normal if and only if L, ,(C")) = CO), R, ,(CV)) =
CO) and T,(CY)) = CV), where T, = R; ' L,, Vx,y € Q. If c € C) then, denoting
T,.(c) by b, we have b = T,(c) = R;'L,(c). Thus R,(b) = L,(c), i.e., bx = xc,
and consequently, bz = cz. Therefore b = ¢, so T,.(c) = ¢, Ye € CU). O
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Green’s relations and the relation N

in ['-semigroups

Niovi Kehayopulu

Abstract. Let M be a I'-semigroup. For a prime ideal I of M, let o; be the relation on M
consisted of the pairs (x,y), where = and y are elements of M such that either both z and y are
elements of I or both x and y are not elements of I. Let A be the semilattice congruence on M
defined by xNy if and only if the filters of M generated by = and y coincide. Then the set N
is the intersection of the relations oy, where I runs over the prime ideals of M. If R, £, Z, H
are the Green’s relations of M and A the set of right ideals, B the set of left ideals and Z the set

of ideals of M, then we have HC RCZCN, HCLCZICNand LoRCZ, R= () oy,
IcA
L= () o5, ZT= () or. The relation Ro L (= Lo R) is the least -with respect to the
IzeB IeM
inclusion relation- equivalence relation on M containing both R and L. Finally, we characterize

the I'-semigroups which have only one £ (or R)-class or only one Z-class.

1. Introduction and prerequisites

An ideal I of a semigroup S is called completely prime if for any a,b € I, ab € I
implies that either a € I or b € I. Every semilattice congruence on a semigroup S
is the intersection of congruences oy where I is a completely prime ideal and for
all z,y € S, we have oy if and only if x,y € I or x,y ¢ I [6]. For semigroups, or-
dered semigroups or ordered I'-semigroups, we always use the terminology weakly
prime, prime (subset) instead of the terminology prime, completely prime given
by Petrich. For Green’s relations in semigroups we refer to [1, 6]. For Green’s
relations in ordered semigroups, we refer to [2]. In the present paper we mainly
present the analogous results of [2] in case of I'-semigroups.

The concept of a I'-semigroup has been introduced by M.K. Sen in 1981 as
follows: If S and I' are two nonempty sets, S is called a I'-semigroup if the following
assertions are satisfied: (1) aab € S and aaf € T and (2) (aad)Bec = a(abfB)c =
aa(bfc) for all a,b,c € S and all a,8 € T [8]. In 1986, M.K. Sen and N.K.
Saha changed that definition and gave the following definition of a I'-semigroup:
Given two nonempty sets M and I', M is called a I'-semigroup if (1) aab € M
and (2) (aad)Bec = aa(bfc) for all a,b,c € M and all o, € T [9]. Later, in
[7], Saha calls a nonempty set S a I'-semigroup (I' # ) if there is a mapping

2010 Mathematics Subject Classification: 20F99, 06F'99; 20M10; 06F05
Keywords: I'-semigroup; right (left) ideal; ideal; prime ideal; filter; semilattice congruence;
Green’s relations; left (right) simple; simple.
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SxT'xS— S| (a,7v,b) — aybsuch that (aab)Bc = aa(bfc) for all a,b,c € S and
all a, 8 € I', and remarks that the most usual semigroup concepts, in particular
regular and inverse I'-semigroups have their analogous in I'-semigroups. Although
it was very convenient to work on the definition by Sen and Saha using binary
relations [9], the uniqueness condition was missing from that definition. Which
means that in an expression of the form, say aybuc€dpe or al'bl'cI'dle, it was not
known where to put the parentheses. In that sense, the definition of a I'-semigroup
given by Saha in [7] was the right one. However, adding the uniqueness condition
in the definition given by Sen and Saha in [9], we do not need to define it via
mappings. The revised version of the definition by Sen and Saha in [9] has been
introduced by Kehayopulu in [3] as follows:

For two nonempty sets M and I', define MT'M as the set of all elements of the
form miyms, where my,ms € M, v € I'. That is,

MTM = {miyms | my,mq € M,y €T'}.

Definition 1.1. Let M and I" be two nonempty sets. The set M is called a
I-semigroup if the following assertions are satisfied:
(1) MTM C M.
(2) If my,ma,m3,mg € M, v1,v2 € T such that m; = mg, v1 = 72 and
mo = My, then myy;ms = mgyamy.
(3) (mi1y1ma)yams = myy1 (mayams) for all mq, mae, ms € M and 1,7y, € I.

In other words, I' is a set of binary operations on M such that:

(m1y1ma)yams = mivy1(mayams) for all my,me, m3 € M and all vq,v2 € T
According to that "associativity" relation, each of the elements (mjy1ms)y2ms,
and mqv1(mavyams) is denoted by myy1mayams.

Using conditions (1) — (3) one can prove that for an element of M of the form
M1Y1M2Y2M3V3MA « -+ - Y 1 Y Mo -1
or a subset of M of the form
milimalomalsmy .. . Iypoympymy 4,

one can put a parenthesis in any expression beginning with some m; and ending
in some m; [3, 4, 5].
The example below based on Definition 1.1 shows what a I'-semigroup is.

Example 1.2. [4] Consider the two-elements set M := {a,b}, and let T = {~, u}
be the set of two binary operations on M defined in the tables below:

v a b m a b
a a b a b a
b b a b a b
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One can check that (zpy)wz = zp(ywz) for all x,y,z € M and all p,w € T'. So, M
is a I'-semigroup.

Example 1.3. [5] Consider the set M := {a,b,¢,d, e}, and let I' = {v, u} be the
set of two binary operations on M defined in the tables below:

0% a b c d e w a b c d e
a a b c d e a b c d e a
b b c d e a b c d e a b
c c d e a b c d e a b c
d d e a b c d e a b c d
e e a b c d e a b c d e

Since (zpy)wz = xp(ywz) for all z,y,z € M and all p,w € T', M is a T'-semigroup.

Let now M be a I’-semigroup. A nonempty subset A of M is called a sub-
semigroup of M if ATA C A, that is, if ayb € A for every a,b € A and every
v € I'. A nonempty subset A of M is called a left ideal of M if MT'A C A, that
is, if m € M, v € T" and a € A, implies mya € A. It is called a right ideal of
M if ATM C A, that is, if a € A, v € ' and m € M, implies aym € A. A is
called an ¢deal of M if it is both a left and a right ideal of M. For an element a
of M, we denote by R(a), L(a), I(a), the right ideal, left ideal and the ideal of
M, respectively, generated by a, and we have R(a) = aUal'M, L(a) = aU MTa,
I(a) =aUal' M UMTaU MTal'M. An ideal A of M is called a prime ideal of M
if a,b € M and v € T" such that ayb € A, then a € A or b € A. Equivalently, if B
and C' are subsets of M such that B # @) (or C # 0), v € I and ByC C A, then
B C Aor C C A. A subsemigroup F' of M is called a filter of M if a,b € M and
~v € T' such that ayb € F, implies a € F and b € F. For an element a of M, we
denote by N(a) the filter of M generated by a and by N the equivalence relation
on M defined by N := {(x,y) | N(z) = N(y)}. An ideal A of M is a prime ideal
of M if and only if M\ A = () or M\ A is a subsemigroup of M. A nonempty subset
F of M is a filter of M if and only if M\F = () or M\ F is a prime ideal of M. An
equivalence relation o on M is called a left congruence on M if (a,b) € o implies
(cya, cyb) € o for every ¢ € M and every v € T'. It is called a right congruence on
M if (a,b) € o implies (aye, bye) € o for every ¢ € M and every v € T'. Tt is called
a congruence on M if it is both a left and a right congruence on M. A semilattice
congruence o is a congruence on M such that

(1) (aya,a) € o for every a € M and every v € I" and

(2) (ayb,bya) € o for every a,b € M and every v € I.

The relation A/ defined above is a semilattice congruence on M.

2. Main results

For a I'-semigroup M, the Green’s relations R, L, Z, H are the equivalence
relations on M defined by:

R=A{(z,y) | R(z) = R(y)},  L={(z,y)[L(z)=L(y)},
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T={(wy) | I@)=1(y)}, H=RNL

The relation R is a left congruence and the relation £ is a right congruence on M.
Let now M be a I'-semigroup. For a subset I of M we denote by o the relation
on M defined by

or = {(f,y) ‘ T,y € I or z,y Q/I}
Exactly as in case of semigroups, for a I'- semigroup the following holds:

Lemma 2.1. Let M be a I'-semigroup. If F is a filter of M, then
(x) M\F =0 or M\F is a prime ideal of M.
In particular, any nonempty subset F' of M satisfying (x) is a filter of M. O

Proposition 2.2. Let M be a I'-semigroup and I a prime ideal of M. Then the
set oy is a semilattice congruence on M.

Proof. Clearly oy is a relation on M which is reflexive and symmetric. Let (a,b) €
or and (b,c) € or. Then a,b € I or a,b ¢ I and b,c € T or bjc & I. Ifa,be I
and b,c € I, then a,c € I, so (a,¢) € o;. The case a,b € I and b,c & I is
impossible and so is the case a,b € I and b,c € I. If a,b ¢ I and b,c & I, then
a,c & I, then (a,c) € oy, and o7 is transitive. Let (a,b) € o7, c€ M and v € T.
Then (aye,byc) € oy. Indeed: If a,b € I then, since I is an ideal of M, we have
aye, byc € I, so (aye,byce) € or. Let a,b & I. If ¢ € I then, since I is an ideal
of M, we have avye, byc € I, so (avye,byc) € or. If ¢ € I, then aye,bye & I.
This is because if ayb € I then, since [ is a prime ideal of M, we have a € [
or ¢ € I which is impossible. For byc € I, we also get a contradiction. Thus we
obtain (avyc,byc) € oy, and o7 is a right congruence on M. Similarly o; is a left
congruence on M, so o is a congruence on M.

oy is a semilattice congruence on M. In fact: Let a € M and v € I'. Then
(aya,a) € or. Indeed: If a & I, then avya ¢ I. This is because if aya € I then,
since [ is a prime ideal of M, we have a € I which is impossible. Since a,ava & I,
we have (a,aya) € or. If a € I then, since [ is an ideal of M, we have aya € I,
so (a,ava) € oy. Let now a,b € M and v € I'. Then (avb,bya) € or. In fact: If
ayb € I then, since [ is a prime ideal of M, we have a € I or b € I. Then, since
I is an ideal of M, we have bya € I. Since ayb,bya € I, we have (avyb,bya) € oy.
If avb & I, then bya ¢ I. This is because if bya € I then, since [ is a prime ideal
of M, we have b € I or a € I. Since [ is an ideal of M, we have ayb € I which is
impossible. Since ayb,bya ¢ I, we have (avb,bya) € oy. O

Theorem 2.3. Let M be a T'-semigroup and P(M) the set of prime ideals of M.
Then
NZ ﬂ gr.
1€P(M)
Proof. N C oy for every I € P(M). In fact: Let (a,b) € N and I € P(M).
Then (a,b) € or. Indeed: Let (a,b) & o7. Thena € T and b ¢ I or a ¢ I and
bel Letaelandbdb¢I. Sincebe M\I, we have ) # M\I C M. Since
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MN\(M\I) =1 and I is a prime ideal of M, the set M\(M\I) is a prime ideal of
M. By Lemma 2.1, M\I is a filter of M. Since b € M\I, we have N(b) C M\I.
Since N(a) = N(b), we have a € M\I which is impossible. If a ¢ I and b € I, we
also get a contradiction.

Let now (a,b) € oy for every I € P(M). Then (a,b) € N. In fact: Let
(a,b) € N. Then N(a) # N(b), from which a &€ N(b) or b ¢ N(a) (This is because
if @ € N(b) and b € N(a), then N(a) C N(b) C N(a), so N(a) = N(b)). Let
a ¢ N(b). Then a € M\N(b). Since b € N(b), b ¢ M\N(b). Since a € M\N(b)
and b ¢ M\N(b), we have (a,b) ¢ oap\n@p)- Since N(b) is a filter of M and
M\N(b) # 0, by Lemma 2.1, M\N(b) € P(M). We have M\N(b) € P(M)
and (a,b) ¢ oap\ Ny which is impossible. If b ¢ N(a), by symmetry we get a
contradiction. O

For two relations p and o on a set X, their composition p o ¢ is defined by

poo={(a,b)| Iz € X :(a,x) € pand (z,b) € o}.

” ”

If Bx is the set of relations on X, then the composition ” o” is an associative
operation on Bx, and so (Bx,o) is a semigroup.

Theorem 2.4. Let M be a T'-semigroup, A the set of right ideals, B the set of left
ideals and M the set of ideals of M. Then we have

(1) R:ﬂ()'], £=ﬂ0’1, 7= ﬂO'I.
IeA IeB IemM

(2) HCRCICN, HCLCI(CN) and LoRCT.
(3) In particular, if M is commutative, then L=R=H =7 =LoR.
Proof. (1). Let (z,y) € R and I € A. If x € I, then
y€R(y)=R(zx)=2zUzTM CITUITM =1,

soy € I. Then z,y € I, and (z,y) € o7. It © ¢ I, then y ¢ I. This is because
y € I implies « € I which is impossible. Since z,y ¢ I, we have (z,y) € oy.
Let now (x,y) € oy for every I € A. Since v € R(x) and (z,y) € Og(), we
have y € R(x), then R(y) C R(x). Since y € R(y) and (x,y) € op(y), we have
x € R(y), so R(z) C R(y). Then R(z) = R(y), and (z,y) € R. The rest of the
proof is similar.

(2). Let (x,y) € R. Then R(z) = R(y), so x UaI'M = yUyI'M. Then
MT(zU2TM) = MT(yUyl'M),
and MT'z U MT'2I'M = MTyU MT'yI’'M. Then we have
Iz)=2UaTM UMDz UMT2al'M =yUyI'M U MTy U MTyI'M = I(y),
and (z,y) € Z. Moreover, Z C A. Indeed: By Theorem 2.3, N = [\ oy, where

1€P(S)
P(S) is the set of prime ideals of M. Since P(M) C M, by (1), we have
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I= N orC () or= N.
IeM IeP(S)
LoR CZI. In fact: If (a,b) € Lo R, then there exists ¢ € M such that (a,c) € £
and (¢,b) € R. Then L(a) = L(¢) and R(c) = R(b), a € cUMTc and ¢ € bUI'M.
Then we get a € bUbIM UMT(bUBTM) = bU I M U MTbU MTOI'M = I(b),
and so I(a) C I(b). Since (b,c) € R and (c¢,a) € L, we have

becUcdM CaUMTaU(aUMIa)I'M =aUMI'aUael' M UMTal'M = I(a),
and I(b) C I(a). Then I(a) = I(b), and (a,b) € T.
(3). Let now M be commutative. Then we have
(a,b) € L <= L(a) = L(b) <= aUMTa=bUMTb
<= aUal'M =bUI'M < (a,b) € R.
7 C 'H. Indeed:
(a,b) e I = I(a) = I(b)

= aUMl'aUal'M UMTal' M =bU MI'bU'M U MTOI'M

= aUMlI'aUMTMT'a=bUMI'bUMIMIb

= aUMTla=bUMI'b= L(a) = L(b) = (a,b) e L=R ="H.
Since Z C 'H and H C 7 (by (2)), we have H = T.

Z C LoR. Indeed: If (a,b) € Z, then 7 = L = R. Since (a,b) € £ and (a,b) € R,
we have (a,b) € Lo R. Besides, by (2), LoR CZ. Thus we get Z = Lo R. O

Corollary 2.5. Let M be a I'-semigroup, A a right ideal, B a left ideal and I an

ideal of M. Then
A= U (@)=, B= U @)z, I = U (2)1.

€A reB zel
Proof. Let A be a right ideal of M. If t € A, thent € (t)g € U (z)r. Let
€A
t € (z)r for every x € A. Then, by Theorem 2.4, we have (t,2) € R = () or.

IcA
Since (t,z) € 04 and © € A, we have t € A. The proof of the rest is similar. [0
Finally, we prove that the relation R o £, which is equal to Lo R, is the least —
with respect to the inclusion relation — equivalence relation on M containing both
R and L.
For a set X, denote by F(X) the set of equivalence relations on X and by
supg(x){p, o} the supremum of p and o in E(X).

Lemma 2.6. If p and o are equivalence relations on a set X such that pooc = oop,
then po o is also an equivalence relation on X and poo = supE(X){p, o} O

Lemma 2.7. If p and o are symmetric relations on a set X such that poo C ogop,
then poo =0oop. O

Theorem 2.8. If M is a I'-semigroup, then R o L = supgn){R, L}.
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Proof. We prove that R o L = L o R, then the rest of the proof is a consequence
of Lemma 2.6. According to Lemma 2.7, it is enough to prove that Ro L C LoR.
Let (a,b) € R o L. Then there exists ¢ € M such that (a,c) € R and (c,b) € L.
Since R(a) = R(c) and L(c) = L(b), we have a € cUcI’'M and b € cU MTc. Then
a=cora=cyrand b= cor b=yuc for some x,y € M, v, u€T.

We consider the cases:

(A) Let a =c and b = ¢. Then (a,b) = (¢,c). Since ¢ € M, (¢,¢) € L and
(c,¢) € R, we have (¢,c) € LoR. So (a,b) € LoR.

(B) Let a = ¢ and b = yuc for some y € M, r € I'. Then (a,b) = (¢, yuc).
Since (b,b) € R, we have (b,yuc) € R. Since ¢ € M, (¢,b) € L and (b,yuc) € R,
we have (c,yuc) € Lo R, so (a,b) € LoR.

(C) Let a = cyx for some v € ', x € M and b = ¢. Then (a,b) = (cyz, ¢).
Since (a,a) € L, we have (cyz,a) € L. Since a € M, (¢yz,a) € £ and (a,c) € R,
we have (cyz,c¢) € LoR, s0 (a,b) € LoR.

(D) Let a = cyz and b = yuc for some x,y € M, y,u € I'. Then (a,b) =
(cyz,yuc) € Lo R. Indeed: We have byx = yucyr = ypa. Since (¢,b) € £ and L
is a right congruence on M, we have (cyz,byx) € L. Since (a,c) € R and R is a
left congruence on M, we have (yua, yuc) € R, so (byx,yuc) € R. Since byx € M,
(eyz,byz) € L and (byz,yuc) € R, we have (cyz,ypuc) € Lo R. O

Each I'-semigroup M has an L-class, an R-class, and an Z-class. The set M
is nonempty and, for each x € M, (x), is a nonempty L-class of M, (z)r is a
nonempty R-class of M and (x)z is a nonempty Z-class of M.

Definition 2.9. A T'-semigroup M is called left (resp. right) simple if M has only
one L (resp. R)-class. M called simple if M has only one Z-class.

A right ideal, left ideal or ideal A of a I'-semigroup M is called properif A # M.
By Theorem 2.4, we have the following:

Corollary 2.10. A I'-semigroup M is left (resp. right) simple if and only if M
does not contain proper left (resp. right) ideals. M is simple if and only if does
not contain proper ideals.

Proof. (=) Let M be left simple, A a left ideal of M and = € M. Then x € A.
Indeed: Suppose z &€ A. Take an element a € A(A # ). Since (x,a) & o4,
by Theorem 2.4(1), we have (z,a) ¢ L. Then z # a and (z), # (a)r which is
impossible.

(<) Suppose M does not contain proper left ideals. Let x € M (M # 0). Then,
for each t € M such that ¢t # z, we have (t)z = (z)z. In fact: Let ¢t € M,
t # x. By the assumption, we have L(z) = M and L(t) = M, then (z,t) € L, so
(t)z = (x)z. Then (). is the only L-class of M, and M is left simple. The other
cases are proved in a similar way. O

Corollary 2.11. Let M be a I'-semigroup. Then M is left (resp. right) simple if
and only if MT'a = M (resp. al'M = M) for every a € M. M is simple if and
only if MT'al' M = M for every A C M.
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Proof. Let M be left simple and a € M. Since MTa is a left ideal of M, by
Corollary 2.10, we have MTa = M. Conversely, let MT'a = M for every a € M
and A a left ideal of M. Take an element z € A (A # 0). Then M = MTz C
MTAC A, so A= M. By Corollary 2.10, M is left simple. U

Remark 2.12. If M is a I'-semigroup, then we have MT'a = M for every a € M
if and only if MT'A = M for every nonempty subset A of M. We have aI'M = M
for every a € M if and only if AT'M = M for every nonempty subset A of M. Also
MTal'M = M for every a € M if and only if MT'AT'M = M for every nonempty
subset A of M. Let us prove the third one: =. Let a € M. Since {a} C M, by
hypothesis, we have MT{a}I'M = M, so MTal'M = M. <. Let ) # A C M.
Take an element a € A. By hypothesis, we have M = MTal'M C MTAT'M C
(MTM)TM C MT'M C M, so MTATM = M.

Conclusion. In this paper we mainly gave the analogous results of [3] in case of I'-
semigroups. Analogous results of [3] for ordered I'-semigroups can be also obtained.
If we want to get a result on a I'-semigroup or an ordered I' semigroup, then we
have to prove it first on a semigroup or on an ordered semigroup, respectively. We
never work directly in I'-semigroups or in ordered I'-semigroups. The paper serves
as an example to show the way we pass from semigroups to I'-semigroups (also
from ordered semigroups to ordered I'-semigroups).
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Structure and representations of finite dimensional

Malcev algebras

E. N. Kuzmin

Abstract. The paper [6] is devoted to the study of the basic structure theory of finite dimensional
Malcev algebras. Similarly to the structure of finite dimensional Lie algebras, this theory has
attracted a lot of attention and stimulated further research in this area. However, for the sake of
brevity, detailed proofs of some results were omitted. Some authors experienced some difficulty
owing to the lack of detailed proofs (see, for example [14]). The present work mostly follows the
outline of [6] and fills the gaps in the literature.
Editors’ Preface

This is an English translation of Structure and representations of finite dimensional Malcev
algebras by E. N. Kuzmin, originally published in Akademiya Nauk SSSR, Sibirskoe Otdelenie,
Trudy Instituta Matematiki (Novosibirsk), Issledovaniya po Teorii Kolets i Algebr 16 (1989), 75—
101. The translation by Marina Tvalavadze was edited by Murray Bremner and Sara Madariaga.
A brief survey of recent developments is included at the end of the paper.

1. Representations of nilpotent Malcev algebras.
Cartan subalgebras

1.1. Malcev algebras were first introduced in [10] as Moufang-Lie algebras. They
are defined by the identities,

2% = 0, (1)
J(@,y,x2) = J(2,y, 2)x, (2)

where J(z,y, z) is the so-called Jacobian of x,y, z:
J(z,y,2) = (zy)z + (yz)z + (22)y.

In any anticommutative algebra, the Jacobian J(x,y, z) is a skew-symmetric func-
tion of its arguments. Expanding the Jacobian, the Malcev identity (2) can be

2010 Mathematics Subject Classification: Primary 17D10. Secondary 17A36, 17A60, 17A65,
17B60, 17D05.

Keywords: Malcev algebras, Cartan subalgebras, nilpotent algebras, representation theory,
solvable algebras, semisimple algebras, classification of simple algebras in characteristic 0,

conjugacy theorem for Cartan subalgebras.
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rewritten as follows,
xyzx + yzaex + zaxy = (zvy)(r2), (3)

where, for convenience, we omit parentheses in left-normed products: ((zy)z)z.

Following [11] let us establish some basic identities which hold in all Malcev
algebras. If A is a Malcev algebra, x € A and R,: a — ax is the operator of
right multiplication by the element z, then the associative algebra A* generated
by {R. | x € A} is called the multiplication algebra of A. Identity (3) implies that
the following identities hold in A*:

R.R.R, = R.R> — R R., — R.... (5)

Linearizing identity (2) in 2 we obtain
J(x,y,uz) + J(u,y,xz) = J(x,y, 2)u + J(u,y, 2)z. (6)
Hence the following identity holds in A*:
Ryy. + Ry... = RyR,R; — R.R,R,— R,.R, — R.;Ry+ RyR.., + R.R,,. (7)

Adding the three identities obtained by cyclic permutations of the variables in (7),
and assuming we work in characteristic different from 2, we obtain

Rj(zy.2) = [Ry, Roe] + [R., Ray] + [Rey Ry, (8)
where the square brackets denote the commutator of two operators:
[X,Y] = XY - YX.
Subtracting (7) from (8) we obtain
R.py=R.R:R, — RyR.R, + R, Ry. — R,yR.,
or equivalently,
R.y.=R,R,R. — R.R,R, + RyR., — Ry.R,. 9)
Identity (9) implies that the following identity holds in A:
xyzt + yzte + ztey + teyz = (xz)(yt); (10)

this becomes identity (3) when setting ¢t = x. If the characteristic of the field is
other than 2 then identity (10) (also known as the Sagle identity) is equivalent to
identity (3). Identity (10) presents some advantages: it is linear in each variable
and invariant under cyclic permutations of the variables. Therefore, it is reasonable
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to use it (together with the anticommutative identity 22 = 0) as the definition of
the class of Malcev algebras in characteristic 2.

It is easy to check that Lie algebras in particular satisfy identity (10). On the
other hand, it is easy to show that any Malcev algebra is binary-Lie: if u, v, w
are arbitrary nonassociative words in two variables then, using induction on the
length of u, v, w and identities (1), (2) and (6), it can be shown that J(u,v,w) =0
when substituting for the variables any two elements of A. Therefore, the class
of Malcev algebras can be regarded as an intermediate class between Lie algebras
and binary-Lie algebras.

If we set A(z,y) = [Ra, Ry] — Ryy then zA(z,y) = J(z,2,y). From (8) we
obtain

A(y7 Za?) + A<Za xy) + A(l‘v yZ) = [Rya Rza:] + [Rza Rwy] + [Raw Ryz] + RJ(z,y,z)
= 2RJ(z,y,z)7

which can be written in the form
2wl (z,y, z) = J(w,y, zz) + J(w, z,2y) + J(w, x, yz). (11)
Define D(z,y) = Ry + [Ra, Ry]. Since (9) is symmetric in « and y we obtain
2Rayz = [[Ras Ry, Rz] + [Ry, Reo] + [Re, Ryz). (12)
Subtracting (12) from (8) we obtain
Ryzotzay—ayz = RaD(ay) = Rz, Rayl + [Rz, [Re, Ry]) = [R2, D(z,y)],
which can be written in the form
(tz2)D(z,y) = (tD(x,y)) z + t (2D(x,y)) - (13)

This means that D(xz,y) is a derivation of A. If we set R(z,y) = 2Ry, + [Ry, Ry]
then it follows from (12) that

[R(2,y), R.] = 2[Ray, R:] + 2Ray. — [Ry, Rea] — [Ro, Ry (14)
Adding (14) to (12) multiplied by 2 we obtain
[R(z,y), R:] + 2Ryz0 + 2Reuy = [Ry, Rua] + [Re, Ry2],
which can be written in the form
[R(z,y), R:] = R(zz,y) + R(z,yz). (15)
Note that the identity
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is a consequence of (4) and (5). A more general identity follows from (16) using
induction on n:

R!R,R, = RIT'R, + RIRy, — RyRysn — Ryyn+1 + Rygn Ry (17)

To perform the inductive step it suffices to multiply both sides of (17) by R, on
the left and then substitute the term R, R~ R, using (16).

1.2. Let A be a Malcev algebra over a field F'. According to [1], by a representation
of A on a vector space V over F' we understand a linear map p: A — End(V') which
provides the direct sum of vector spaces V @ A with the structure of a Malcev
algebra by setting

(01 +2)(v2 +y) = v1p(y) —vep(e) +ay  (v1,v2 €V, x5 € A).

The algebra defined this way is called the semidirect or split extension of A by
V, in which V (resp. A) appears as an abelian ideal (resp. Malcev subalgebra) of
V @ A. The identities satisfied by p are similar to (9):

p(xyz) = p(x)p(y)p(2) — p(2)p(z)p(y) + p(y)p(zx) — p(y2)p(x).

A vector space V' on which a representation is defined is called Malcev A-module.
There is a special representation of the form x — R, (the regular representation).
We will denote an arbitrary representation by R, instead of p(z). This will not lead
to any confusion because it should be clear from the context which representation
we mean'. It is easy to check that identities (12), (15)—(17) hold not only for the
regular representation but also for arbitrary representations of a Malcev algebra
A.

If a linear representation p: A — End(V') satisfies

for any z,y € A then (9) follows from (18). Therefore, p is a representation of A
(a homomorphism from A to the Lie algebra of endomorphisms of V). Represen-
tations of this type play a special role in the theory of Lie algebras. However, in
the theory of Malcev algebras they are not very significant.

Generally speaking, the kernel Kerp of a representation p of a Malcev algebra
A is not necessarily an ideal of A. Obviously, there exists a maximal ideal of A
contained in Kerp: the sum of all ideals of A contained in Kerp. This ideal will be
called the quasi-kernel of the representation p and it will be denoted by Kerp = I.
For every representation p of a Malcev algebra A with quasi-kernel I?e\r/p = [ there
exists an induced nearly faithful representation of the quotient algebra A/I in the
same vector space. Sometimes it can be useful to consider an arbitrary associative

T Translator’s note: The author denotes the representation map by p and the image of an
element z of the Malcev algebra under p by R;.
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algebra with identity F instead of End(V'), where the right regular representation
of E is isomorphic to! the algebra of endomorphisms of E.

Furthermore, we will restrict our attention to finite dimensional Malcev alge-
bras, so we also assume that their representations are finite dimensional. We will
denote by A7 the associative enveloping algebra of the representation p, i.e., the
associative algebra generated by {R, | x € A}.

1.3. It is well-known that Engel’s theorem plays an important role in the theory of
finite dimensional Lie algebras. An analogue of this theorem holds for binary-Lie
algebras [4]. The following theorems for the regular representation are found in
[16].

Theorem 1.1. Let p be a representation of a Malcev algebra A by nilpotent oper-
ators. Then A} is nilpotent, and if p is a nearly faithful representation then A is
also nilpotent.

Proof. Let us first prove that A7 is nilpotent. To a subalgebra B C A we assign
the subalgebra B* C A% generated by {R, | z € B}. Let B be a maximal
subalgebra of A for which B* is nilpotent and assume that B # A. Let « ¢ B.
Then for some natural number n we have x,, = zbiby---b, € B for any b; € B.
Indeed, using (9), R, can be written as a linear combination of “R-words” from
Ay, each of them having sufficiently many operators R, (b € B) if n is large
enough. By our assumption, B* is nilpotent, hence for some n we have R, =0
and R, = 0 (b € B). If now =, ¢ B then B is a proper subalgebra of B;
generated by {z,, B} and Bf = B*. Therefore, B is nilpotent, which contradicts
the maximality of B. Hence we can choose u from the sequence {zj | k > 0} such
that v ¢ B, uB C B. We write C' = (u) + B and show that C' is nilpotent, which
contradicts the maximality of B. For this we consider “long” R-words depending
on Ry, Ry, (b; € B). It follows from the nilpotency of R,, that such words are either
trivially equal to 0 in A} or have many operators Ry, (b € B). For definiteness
we assume that R =0, (B*)™ = 0. Then, nontrivial words of R-length N > mt
contain at least ¢ operators Ry,. We apply the following transformations to these
words:

(a) Transformations of subwords of the form Ry, R2, R,Ry, R, using identities
(4) and (16) in which 2 = v and y = b;. Operators R, either shift to the left
or disappear and the total number ¢ of operators R;, remains invariant.

(b) If we run out of transformations of the first type then we consider the right-
most operator R, and assume that Rp,, Ry, precede it. By setting z = by,
y = by, z = win (9) we transform Ry, Rp,R,. Then the operator R, ei-
ther shifts to the left or disappears and the total number of operators Ry,
decreases by 1 only in the term Ry, p,,. At the same time, the rightmost
operator R, disappears.

T Translator’s note: In other words, the right regular representation z — R is an isomor-
phism between E and End(E).
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If we write N > 2mn then ¢t > 2n. Using transformations of the first and second
types (note that if both transformations are possible then transformations of the
first type will be applied) we obtain a linear combination of words and at the
right side of each of them will be at least n operators R;,. However, such words
are equal to 0 because the nilpotency index of B* is n. Hence nilpotency of C' is
proved and therefore A7 is nilpotent. Let (A7) = 0. In the same way as when we
chose the element u, we have to ensure that AV C Kerp when N > 2n. However,
AN is an ideal of A so if the representation R is nearly faithful then AN =0, i.e.,
A is nilpotent. O

The following is a useful generalization of Theorem 1.1.

Theorem 1.2. Let B be an ideal of a Malcev algebra A, let p be a nearly faithful
representation of A, and for every x € B assume that the operator R, is nilpotent.
Then the ideal B is nilpotent and the algebra B* generated by {R, | © € B} lies
in the radical of A}.

Proof. By Theorem 1.1, B* is nilpotent of index n. To every R-word from A7
that has at least 2n operators Ry, (b; € B) we can apply a transformation similar
to transformations (a) and (b) from Theorem 1.1. Using (9) we change subwords
RyR,, R,, and R,, RyR,, (b € B) shifting R}, to the right and keeping the total
number of them unchanged in each term. If we run out of transformations of this
type then we consider the rightmost operator R, where a ¢ B. Let Ry, and Ry,
precede it. Using (9) we transform Ry, Ry, R, so that Rp, shifts to the right and
the total number of them remains invariant. In the term with a factor Rp,s,, the
total number of operators R;, decreases by 1 and a factor R, disappears. As a
result all terms can be reduced to 0 and B* generates a nilpotent ideal of A7 with
nilpotency index less than or equal to 2n, i.e., B* C Rad Aj. The subalgebra Bin
generates the ideal By of A, whose elements are represented by zero operators.
However, Kerp contains nonzero ideals B*" = 0, so the theorem is proved. O

It follows from the proof above that the sum of nilpotent ideals in an arbitrary
(not necessarily finite dimensional) Malcev algebra is a nilpotent ideal and any
finite dimensional Malcev algebra contains the largest nilpotent ideal N(A) which
is called the nil-radical of the algebra A [16].

1.4. In the general case, operators of a representation of a Malcev algebra are
not necessarily nilpotent. The theory of such representations is based on lemmas
which are analogues to some well-known lemmas from the theory of Lie algebras

[3].

Lemma 1.3. Let p be a representation of a Malcev algebra A in the vector space
V,let x,y € A and let yz™ = 0 for some m > 0. Then the Fitting components Vj
and Vi of V' with respect to R, are invariant with respect to R,,.
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Proof. First note that Vp and V; coincide with the kernel and image of R} respec-
tively, for sufficiently large n, for example n > dimV. For convenience, we use
induction on m. If m = 1 then the lemma follows from identity (4). If m > 1 then
we can use identity (4) and we also note that the operators R, and Ry, leave V}
and V] invariant. To the decomposition of the characteristic polynomial f(X) of
the operator R, into irreducible factors 7(\) corresponds a decomposition of V
into the direct sum of primary components V. annihilated by certain powers of
the operator m(Ry). O

Lemma 1.4. Under the hypotheses of Lemma 1.3, let V' be decomposed into its
primary components V. with respect to the operator R,. Then the subspaces V.
are invariant with respect to R,

Proof. By Lemma 1.3 it suffices to consider subspaces V. on which R, acts as a
non-singular transformation. Let us again use induction on m. If m = 1 then for
any polynomial P(\) we use identity (16),

VaR,P(R;) = VxR R,P(R;) = VxR, P(R;)Ry, = VzP(R;)R,,

which proves our lemma. If m > 1 then using (16) we note that the operators R,
Ry, and Ry, leave the subspace V; invariant. O

Proposition 1.5. Let A be a nilpotent Malcev algebra, let p be a representation of
A in a vector space V, let Vi and Vi® be the Fitting components of V' with respect
to Ry, and let x € A. Then V =V + Vi, where

Vo=V, V=D V=) V()
k=1

z€A z€A

Proof. The proof is standard: we only need to note that if V' = V* for all z € A4,
i.e., p is a representation of A by nilpotent transformations of V, then A} is
nilpotent, so (A%)* = 0 for some k& > 0 (by Theorem 1.1 this fact is even true
without the assumption that A is nilpotent). If Vi* # 0 for some x € A then
V' can be decomposed into the direct sum of A-submodules V" + V;*. Moreover,
V¥ C Vi, dimVy§ < dimV, and then we use induction on the dimension of ViF. [

Proposition 1.6. Under the same hypotheses of Proposition 1.5, V can be decom-
posed into a direct sum of A-submodules V;. Moreover, the minimal polynomial of
a transformation induced by any operator R, on V; is some power of an irreducible
polynomial.

Proof. The proof trivially follows from Lemma 1.4 and it uses induction on the
dimension of V. Here we remark that every subspace V; can be constructed as an
intersection of primary components for a finite number of operators R, (z € A)
and the decomposition of Proposition 1.6 is uniquely determined. O
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A representation p is called split if the characteristic roots of each operator R,
belong to the base field F. The next theorem follows from Proposition 1.6.

Theorem 1.7. Let p be a split representation of a nilpotent Malcev algebra A.
Then the representation space V' can be decomposed into the direct sum of subspaces
V. characterized by the following conditions:

1) Vi is invariant with respect to Ay, (it is an A-submodule of V).
2) Each operator R, has a unique characteristic root a(x).

3) If o # 3 then there exists an element x € A such that a(x) # B(x).

As we did in the proof of Proposition 1.6, we remark that each subspace V,
coincides with the intersection of root subspaces of V' with respect to operators
R, for some finite number of elements z € A. A map a: A — F'is called a weight
of the algebra A with respect to the given representation p, and the corresponding
subspaces V,, are called weight spaces.

In the case where H is a nilpotent subalgebra of a Malcev algebra A, and the
given representation of H in A is split and induced by the regular representation
of A, the subspaces A, are said to be root spaces and the map a: H — F is called
a root of H in A. Below we will see that split representations of nilpotent Malcev
algebras over fields of characteristic 0 can be completely described. In particular
the weights are linear maps.

1.5. Let H be a nilpotent subalgebra of a Malcev algebra A whose regular repre-
sentation on A is split. We now want to study relations between the root spaces
Aqs. The technique used to obtain these relations is similar to that used in [11]
where they were derived for the case dim H = 1. Using the results of the previous
section we offer a simpler proof for a more general case. We will identify operators
of scalar multiplication with elements of the base field F of arbitrary characteristic.

Let h be an arbitrary nonzero element of H and let A = A} + A" + ... be
the decomposition of A into root spaces with respect to the operator R;. Then
Lemma 1.4 implies that A} A" C A", In particular A} is a subalgebra of A. By
setting © = h, y = 2, € A in (2) we obtain

J(h,zo, hxg) = J(h,zq,x8)h, or J(h,zq,x3(8—Rp)) = J(h,za, x3)(B+Rp).
By induction,
T 2 25(B—Fo)") = T (b 2, 25) (B4 )"
and so J(h, 4, 25) € A" 5. Similarly, J(h, 4, 25) € A" . Thus
T ar23) =0 (a £ 5). (19
Substituting u = ro € A% in (6) we obtain

J(x0, T, hag) + J(h, 2o, xoxg) = J(T0, Ta, 5)h + J(h, T, x3) 0,
J (20, Ta, hxg) = J(x0, T, x3)h.
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Therefore, similarly to (19) we get
J(AL AL AR =0 (a £ ). (20)

If a, B are different roots of H in A, and A,, Ag are the corresponding root spaces,
then there exists an element h € H such that a(h) # G(h). Then

Aa g AZ(h)v Aﬁ g A,’Bl(h)’ AO g Aga

and it follows from (20) that

J(Ao, An, Ag) =0 (a # ). (21)
In particular, J(H, Aa, Ag) =0 (o # 3) or
(Tawp)h = (xah)zp + za(zph) (0 # ), (22)

for any xz, € Aq, 3 € Ag, h € H. Identity (22) shows that each operator Ry,
(h € H) is a derivation of the linear space A,Ag. Thus

AaAﬁ g Aa_;,_/g (Oz 75 6) (23)

Here o+ 3 is not necessarily a root. If v: H — F is not a root of H in A then we
can assume that A, = 0. Reasoning in the same way when a = 3 we obtain

J(h, A, Al) € AP J(Af, AR, Ah) C A"

—a —a

and in particular J(Ag, Aa, As) C A}ja(h). Any vector from J(Ap, An, Aa) appears
as a root vector for the operator Ry, (h € H) with eigenvalue —a(h). Therefore,

J(Ag, A, An) C Ay, (24)

In particular, for any h € H the following identity holds:
(Zaya)h = (xah)ya + o (Yah) + 2—a. (25)
Decomposing .9, into a sum of components from different root spaces of A gives
TalYo = Uze + UG+ -+ - . (26)

Then for any 3 # 2« there exists an element h € H such that G(h) # 2a(h). If
we apply the operator (R;—2a(h))™, where n is sufficiently large, to (26) then we
obtain on one side an element of A_, by (25) and on the other side an element
ug(Rp—2a(h))™ + ---. Moreover, the component uj; = ug(Rp—2a(h))" € Ag
is nonzero if ug # 0, and the restriction of (R,—2a(h)) to Az has as its only
characteristic root S(h)—2a(h) # 0, and it acts on Ag as a nonsingular map.
Therefore the only nonzero component ug in (26) except for ugy is u_q:

Tala € Aog + A_4. (27)
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In particular, A2 C Ay, which is clear since Ay is the intersection of subspaces Af,
each of which is a subalgebra of A, and an intersection of subalgebras is itself a
subalgebra.
Let o, 3, v be pairwise distinct weights of H in A. We show that J(A,, A, A,) =

0. If one of the weights a, 3, v is 0 then this follows from (21). Thus it is enough
to consider the case afvy # 0. We first assume that a + 3 # v, a + v # 5. Then
it follows from (6), (21) and (23) that J(z4, s, hay) = J(xqa,xg, x,)h, which im-
plies J(zq,x3,2) € A_,. Interchanging 8 and -y we obtain J(zo,zg,2,) € A_g,
which implies J(zq,zg,2,) = 0. Further let & + 5 = « and charF' # 2. Then
v+ a # B, v+ B # a, and we go back to the previous case if we interchange «
and ~v. Finally let « + 8 = v and charF = 2. Then 4+ v = « is symmetric in «,
0 and ~. It follows from (6), (21), (23) and (24) that

J(za, 28, hay) = J(za, 25, 24)h + 235, (28)

where zg = J(h, 23, xa2,) € Ag. Similar to (27), (28) implies that J(zq, 23, 2,) €
A, + Ag. By symmetry,

J(xa,x8,24) € Aa +Ag, J(Tarzg,xy) € Aa + Ay,

which implies that J(zq,x3, %) = 0. Thus the proof is complete.

We now consider the Jacobian J(zq, Yo, zg) wWhere o, 3 # 0. We first assume
that 8 # a,—a,2«a. Using (6) repeatedly and also (21), (23) and (27) we ob-
tain J(zq, 28, M) = J(Ta, 28, Ya)h. Therefore, J(zo,Ya,x3) € A_q. On the
other hand, J(zq,Ya, hxg) = J(Ta)Ya,xg)h. Therefore, J(zq,ya,z3) € A_p.
Therefore, J(za,Ya,z3) € A_g and thus J(z4,ya,23) = 0. Let § = 2o and
2a¢ # 0,a,—« (in particular, this implies that charF # 2,3). The identity
J(Z s Yo hT20) = J(Ta, Yo, T2o)h implies that v = J(Za, Yo, T2a) € A_24. On
the other hand,

J(x2ou Ta, hya) = J<372ou Loy ya)h + Za,

where z, = J(h,Za,Ya)T2a € Aq. Consequently, u € A, + A_,. Taking into
account that —2«a # «, —«, we conclude that u = 0.
Assume that charF' # 2. It follows from

J(xouyaa hl',a) = J(Z‘a, yomxfa)ha

for any Za, Yo € Aa, T—aq € A_y (@ #0), h € H, that J(a,Ya,T—a) € Aa.
Moreover, J(xonyom hza) = J(xomyom Zoz)h + uo, where ug = J(ha Ya, Za)xa €
A_o Ay C Ap. Therefore J(2o, Yo, 2a) € A—aq+ Ao. On the other hand, expanding
the Jacobian J(Za,¥a,2«) and taking into account formulas (23) and (27) for
multiplication of root spaces we note that J(xa, Ya, 2a) € Aza + Ap- Since 3a # «,
J(Tao, Yar 2a) € Ag.

To sum up, we state the above results in the following lemma:
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Lemma 1.8. Let H be a nilpotent subalgebra of a Malcev algebra A over a field F.
Assume that the reqular representation of H in A is split and A = Ag+ Ay + ...
is the corresponding decomposition of A into root spaces. Then

A A/g C A, +8 (a #* B) A2 C Ay +A_,, (29)
J(AomAﬁv ) 0 (a#ﬁ#W#a) (30)
J(AOMAOUA ) =0 (ﬂ 7é 0 «, 70‘) (31)
J(Aa, Aa, Ao) € A4 (32)
If charF' # 2 then
J(Aa, An, A_y) C A, (33)
T( A, Aa, Au) C Ao, (34)

1.6. Let us introduce the important notion of a Cartan subalgebra of Malcev
algebra.

Definition 1.9. A subalgebra H of a Malcev algebra A is said to be a Cartan
subalgebra if it is nilpotent and coincides with the Fitting component Ay of A with
respect to H.

The definition above is similar to the usual definition of Cartan subalgebra
of a Lie algebra. Any Cartan subalgebra of A is obviously a maximal nilpotent
subalgebra of A. If Q) is an extension of the base field F', then Ag = Ar ® Q is the
corresponding tensor extension of A, and if H is a Cartan subalgebra of A then
Hgo = Hp ® Q is a Cartan subalgebra of Ag (to prove this it suffices to note that
H = Ay coincides with the intersection of root subspaces A} for a finite number
of h € H).

The normalizer N(H) of a subalgebra H C A is the set of elements x € A such
that zH C H.

Proposition 1.10. A subalgebra H of a Malcev algebra A is a Cartan subalgebra
of A if and only if it is nilpotent and coincides with its normalizer.

Proof. For any nilpotent subalgebra H of A we have H C N(H) C Ay. If H is
a Cartan subalgebra then these inclusions become equalities. To prove the other
implication, let H C Ap. Since the regular representation of H in Aq is nilpotent,
by Theorem 1.1 we have H has an induced nilpotent representation in Ag/H.
Therefore there exists an element £ # 0 in Ag/H annihilated by all operators Ry,
(h € H). The preimage = of £ in A is an element of N(H). Moreover, z € H. [

As for Lie algebras, there exists a simple way of constructing a Cartan subalge-
bra of a Malcev algebra A if the base field F is sufficiently large, say |F'| > dimA.

Definition 1.11. An element x € A is said to be regular if the dimension of the
Fitting 0 component of A with respect to the operator R, is minimal.
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Proposition 1.12. If A is a finite dimensional Malcev algebra over a field F' with
dim A < |F| and x is a regular element of A, then the Fitting 0 component Af of A
with respect to R, is a Cartan subalgebra. Conversely, if H is a Cartan subalgebra
of A that contains a regular element h then H = Al

This can be proved in the same way as in the case of Lie algebras [3]. Note
that in the case of binary Lie algebras the proposition does not make sense because
AJ is not a subalgebra of A. In [13] the definition of a Cartan subalgebra of a
binary Lie algebra is more restrictive than that given in Definition 1.9. However,
it is not very good because it requires too many conditions to hold; following this
definition, Cartan subalgebras might not even exist for Malcev algebras or binary
Lie algebras.

2. Generalization of Lie’s theorem.
Criteria for solvability and semisimplicity of
Malcev algebras

2.1. In this section, unless otherwise stated, we assume that the base field F' has
characteristic 0.

To every representation p of a Malcev algebra A we associate the bilinear trace
form (z,y) = tr(RysRy). It is clear that (x,y) is symmetric, that is (z,y) =
(y,x). Tt follows from (4) after canceling the 2s that (yz,z) = 0. Linearizing this
expression in x gives (yz, z) + (yz,2) =0 or

(zy,2) = (z,y2), (35)

for any z,y,z € A. We call a bilinear form (z,y) satisfying this condition invari-
ant. The bilinear form (z,y) associated to the regular representation of a Malcev
algebra is called the Killing form. Using the trace technique we can obtain a num-
ber of results about Malcev algebras over fields of characteristic 0. The following
lemma generalizes Jacobson’s well-known lemma [3] about nilpotent elements of a
Lie algebra of linear transformations.

Lemma 2.1. Let A be a Malcev algebra over a field of characteristic 0 such that
for some ¢ € A this relation holds:

c= Zaibi, ca; =0 (i=1,...,7).
i=1

Then the operator R. is nilpotent in any representation p: x — R, in A.

Proof. Let us show that ac = 0 for some a,c € A implies tr R¥R,;, = 0 for some
k > 1 and for all b € A. Setting a = a;, b = b; and summing over i we obtain
tr R¥F1 =0 (k > 1), which implies nilpotency of R..
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Note that by (12), tr Ry, = 0 for all z,y,z € A. Taking this into account
and comparing traces of operators on both sides of (17) we obtain tr Ry R, = 0
(n >1). In particular,

tr R Rpae =0 (n > 0). (36)

It follows from (9) that Rpae = Ry RoRe — ReRy Ry + Ro Rep. Substituting this into
(36) we obtain
trRCR,Rey =0 (n>0). (37)

On the other hand,
0= Rcab = RcRaRb - RbRcRa + RaRbc - RabRc-
Multiplying this relation by R? on the left and taking into account (37) we obtain

tr R"RypRe = tr(R" ' R, Ry — R"RyR.R,)
= tr(R"'R, — R.R,R")Ry, (n>0).

This remains to show that R*™' R, — R.R,R" = 0 when n > 0. It follows easily
from (16) so the proof is complete. O

In the case of Malcev algebras, the notion of solvability defined for arbitrary
nonassociative algebras admits a useful modification. We remark that it follows
from (10) that if I <t A then L(I) = I? + I? - A < A. For an arbitrary ideal I of a
Malcev algebra A we define the chain of ideals I}, = Ly (), k > 0, by setting Iy = T
and I, = L(I;_1), k > 1. We also define the derived series I*) by 710 = T and
I®) = =1 7:=1) "k > 1. The ideal I is said to be solvable (resp. L-solvable)
if 1) =0 (resp. I, = 0) for some k > 0. Since I} D I%) for any k, it follows that
any L-solvable ideal of a Malcev algebra A is solvable. The converse is also true.

Proposition 2.2. [5] Every solvable ideal of a Malcev algebra A is also L-solvable.

Proof. Yamaguti [15] gives a similar definition of solvability for Malcev algebras.
However he did not note that this definition is equivalent to the usual definition
of solvability. For the sake of completeness we prove Proposition 2.2. Let I < A.
Let us show that I, C IV = 2. Since I, C I, it suffices to show that I? - A C I?

r (I? + I?A)?A C I?, which can be reduced to the proof of (I?-I)A C I? and
((I2A)I)A C I?. Obviously, the first inclusion follows from (10). If ¢; € 12, c3 € I,
ai,as € A then

C1a1Coa9 + a1cCaa9C1 + Coa0cC1a1 + aC1A1Cy = (0162)(0,10,2).

Moreover, ajcaasci,asciaice € I? and caasciar, cica - ajas € I3 - A. Note that we
have already seen that I3 - A C I2. Suppose that I, C I for some k > 1. Then
Iopo = Lo(Ia) C I22k C 1%+ Consequently, I(™ = 0 implies I, = 0, i.e., we
have L-solvability of the ideal I. O
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Since all elements of the sequence {I | K > 0} are ideals of A, it follows from
Proposition 2.2 that:

Corollary 2.3. In any nonzero solvable ideal of a Malcev algebra there exists a
nonzero abelian ideal of the algebra.

A maximal solvable ideal S(A) of an algebra A is said to be the radical of the
algebra A. If S(A) = 0 then A is called semisimple. According to the previous re-
marks, semisimple Malcev algebras can be equivalently defined as Malcev algebras
without nontrivial abelian ideals.

In some sense, reductive Lie algebras, i.e., Lie algebras whose regular represen-
tation is completely reducible, are close to semisimple Lie algebras. More generally,
they are defined as algebras with a faithful completely reducible representation.
Theorem 8 in [4] gives a description of such algebras. Results about them are
similar to results about Lie algebras.

Theorem 2.4. Let A be a Malcev algebra which has a nearly faithful representa-
tion p with semisimple enveloping algebra Aj. Then A = Ay + C where Ay is a
semisimple subalgebra and C is the center (annihilator) of the algebra A.

Proof. Let S be the radical of the algebra A. We show that S coincides with
the center of A. Otherwise, S; = S - A C S is a nonzero solvable ideal of A.
Let Sz be a nonzero abelian ideal in S; (which exists by Corollary 2.3) and set
S3 =985-ACS;. By Lemma 2.1 each element of the ideal S3 can be represented
by a nilpotent operator, and by Theorem 1.2, S5 is in the radical of A7, so S5 = 0.
Then S3 C kerp and thus, since p is nearly faithful, S3 = 0. Hence S5 lies in the
center of A. Also Sy C S+ A. Using again Lemma 2.1 and repeating the reasoning
we can show that Sy = 0. This contradicts the assumption that S is nonzero and
thus S- A = 0. For the same reason SN A? = 0 and therefore A = S+ A; where 4;
is a complementary subspace of S containing A2. Since 4; D A? we immediately
have A; <1 A. Moreover, Ay = A/S so A; is semisimple. O

Definition 2.5. The Lie algebra generated by the operators R,, x € A is said to
be the Lie enveloping algebra L,(A) of a representation p.

Identity (12) shows that L,(A) and p(A) + [p(A), p(A)] coincide as vector
spaces. If the algebra A is abelian then L,(A) is at least metabelian. The as-
sociative enveloping algebra of L,(A) coincides with A7.

Corollary 2.6. Under the hypothesis of Theorem 2.4, if A is a solvable Malcev
algebra then A is abelian and the algebra Ay is commutative. More generally, if
p is a nearly faithful representation of a solvable Malcev algebra A, and R is the
radical of Ay, then the quotient algebra A:/R is commutative.

Proof. The algebra A is abelian by Theorem 2.4, so L,(A) is at least metabelian.
However, since the associative enveloping algebra A7 of L,(A) is semisimple, then
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L,(A) is indeed abelian. Therefore A} is commutative. To prove the second claim
by analogy with Lie algebras [3] we consider the sequence

A— A — AJ/R,

which is a representation of a solvable Malcev algebra, so its associative enveloping
algebra is the semisimple algebra A;/R. O

The following theorem based on Theorem 2.4 and Corollary 2.6 has an impor-
tant application.

Theorem 2.7. Let p be a nearly faithful representation of a Malcev algebra A in
a vector space V', let S be the radical of A, let R be the radical of A;, and let p be

the induced representation A — A:/R with I = kAejrﬁ. Then I is a nilpotent ideal
of A which coincides with the set Sy consisting of all the elements of S which are
nilpotent with respect to p. Moreover, S - A C Sp.

Proof. Let Ry be the radical of the subalgebra S* < A7. Then by Corollary 2.6,
S*/ Ry is semisimple and commutative. The set Sy coincides with the kernel of the
representation S — S*/ Ry, so Sy is a subspace of S. Consider the representation
p; its enveloping algebra is the semisimple algebra A} /R. Elements of the ideal I
are represented by nilpotent operators with respect to p. Then by Theorem 1.2, I
is a nilpotent ideal in A, i.e., I C S and by definition of Sy, I C Sy. The radical
of the algebra A = A/I equals S/I and the induced representation A — A*/R
is nearly faithful. By Theorem 2.4, the radical of A coincides with its center, so
S-ACICSy, where Sy is an ideal of A. Again by Theorem 1.2 we have S§ C R

and therefore Sy C lg\e/rﬁ = I . The other inclusion was already proved. O

Corollary 2.8. If S is the radical and N is the nil-radical of an algebra A then
S-AC N. In particular, if A is solvable then A? is nilpotent.

Lemma 2.9. Let p be a split representation of a solvable algebra A and let V' be
irreducible. Then V is one-dimensional.

Proof. The algebra A7 is semisimple and owing to solvability of A it is also com-
mutative. The rest of the proof is obvious. O

Theorem 2.10. Let p be a split representation of a Malcev algebra A. Then all
matrices R, can be simultaneously reduced to triangular form. In other words, in
the vector space V there exists an A-invariant flag of subspaces.

The same is true for split representations of nilpotent Malcev algebras. How-
ever, in this case the subspace of a representation is a direct sum of weight spaces
by Theorem 1.7 and therefore the matrices R, have a more specific form, as in the
case of Lie algebras.
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Theorem 2.11. Let p be a representation of a nilpotent Malcev algebra A in a
vector space V. Then V can be decomposed into the direct sum of weight spaces V,
and all matrices corresponding to the restriction of R, to V,, can be simultaneously
reduced to triangular form with a(x) on the main diagonal.

Corollary 2.12. Under the hypothesis of Theorem 2.11 the weights a: A — F
are linear maps that are 0 on A2.

This last corollary implies that elements from A? are represented by nilpotent
operators. Moreover, this is true even in the case of a solvable algebra A. Indeed,
by Theorem 2.7 we have S - A = A2 C S,.

2.2. The following is the proof of solvability and semisimplicity criteria for Malcev
algebras over fields of characteristic 0, which is similar to the well-known Cartan
criteria for Lie algebras [3].

Let F' be an algebraically closed field, let H be a Cartan subalgebra of the
Malcev algebra A over F', and let p be a representation of A in V. Then V can be
decomposed into the sum of weight spaces V,, with respect to the representation
of H in V induced by p. On the other hand, A has a decomposition into the sum
of subspaces Ag with respect to the subalgebra H (A = H). Let us show that

where as usual we assume that V,, = 0 if « is not a weight of H in V. Consider the
semidirect extension £ = V + A of A given by p and the regular representation
of H in E. Since H is a nilpotent subalgebra of E, we can decompose E into the
sum of root spaces with respect to H. These subspaces are of the form V,, + A,
where one of the terms can be absent (for example V,,, if a root o of H in A is
not a weight of H in V). Indeed, a system of such spaces satisfies the conditions
of Theorem 1.7. By Lemma 1.8 we have

VadAp € Earp NV = (Vagp + Aatp) NV = Vaqp.
The second formula of (38) can be proved in a similar way.

Lemma 2.13. Ifa, 3,7 are pairwise distinct weights then the identity v, (zgz,) =
(vaxg)z~ holds for any vy € V, x5 € Ag and x, € A,. The same is true if o # 0,
f=~=0.

Proof. The proof is similar to that of (38). For the algebra £ = V + A this
lemma claims that J(V,,Ag, A,) = 0, J(Va, Ao, Ao) = 0. It suffices to apply
Lemma 1.8. O

Note that A2 = >~ A, Az. Formulas for multiplication of root spaces show that

HNA?=) A,A_,.
2.
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Lemma 2.14. Let A be a Malcev algebra over an algebraically closed field F' of
characteristic 0, let H be a Cartan subalgebra of A, and let p be a representation
of A in a vector space V. Suppose that a, —« are roots of H, e, € Ay, e_o € A_4
and ho = €q - €—o. Then for any weight ¢ of H in V the value of p(hy) is a
rational multiple of a(hy).

Proof. If ¢ is an integer multiple of o then the claim is obviously true for any h €
H, in particular, for any h,. Let ¢ be a non-multiple of a. Consider the direct sum
U of subspaces of the form V11, where k runs over the set of integers (of course,
we assume that this sum has a finite number of nonzero terms). The subspace U
is invariant with respect to e, and e_,. The hypothesis of Lemma 2.13 holds for
the weights ¢ + ko, o and —a, hence R}, restricted to U equals [R.,_, R.__], and
therefore the trace of Ry, , restricted to U equals 0. The rest of the proof is similar
to that of Lemma 1.3 in [3]. O

Note that if n, = dim V,, then

0=tryRn, = Z”gp-i—ka (¢ + ka)(ha),
k

p(ha) =140 - alha),

- Z k”w—ka/ Z No+ka-
k k

Theorem 2.15. Let A be a Malcev algebra over a field of characteristic 0, and let
p be a nearly faithful representation of A such that the bilinear form on A’ = A2
associated to p is trivial. Then A is solvable.

where 7, o

Proof. Replacing the base field F' by an algebraic extension if necessary, we use
induction on the dimension of A. As in [3], it can be shown that A’ is strictly
contained in A. If A = A? then H = >~ A,-A_, and by Lemma 2.14 the condition
tr R, = 0 implies ¢(hy) = 0 for any weight ¢ of H in V. It follows from linearity
of weights that ¢ = 0 is the only weight of H, that is, V = Vj. Then VA, =0
for any a # 0, and the representation p of A can be reduced to a representation
of H with weight 0, i.e., p is a representation of A by nilpotent operators. By
Theorem 1.1 A is nilpotent, but this contradicts A = A2, Let p’ be the restriction
of pto A’, I = kerp’ C kerp. Then A’/I satisfies the induction hypothesis and
is solvable. By Proposition 2.2 it is also L-solvable, i.e., L,,(A’") C I C kerp for
some m > 0. Since L,,(A’) < A and the representation of p is nearly faithful,
L,,(A") = 0 and it follows that A is solvable. O

Corollary 2.16. A Malcev algebra A over a field of characteristic 0 is solvable if
and only if tr R2 = 0 for all x € A? (here R, is the operator of right multiplication
byx e A).

To prove the necessary condition it suffices to note that in the regular repre-
sentation of a Malcev algebra A the operators R,, for x € A2 C N, are nilpotent.
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Theorem 2.17. Let p be a nearly faithful representation of a semisimple Malcev
algebra A. Then the form associated with p is non-degenerate. If the Killing form
of an algebra A is non-degenerate then A is semisimple.

Proof. The proof of the first claim, like the proof of Theorem 2.15, uses L-solvability
specifically. It follows from invariance of the form associated to the representation
p that its kernel B is an ideal of A. Assume that B # 0 and let p’ be the restriction
of p to B and let I = kerp’. Then B/I satisfies the hypothesis of Theorem 2.15
and thus it is solvable; therefore, it is L-solvable: L,,(B) C I C kerp. However,
L., (B) << Aso L,(B) =0 and B is a solvable ideal of A, a contradiction.

The second claim of the theorem was proved by Sagle [11] and it is clearly a
consequence of Dieudonné’s theorem [3] (it follows from this theorem that a nonas-
sociative algebra with non-degenerate invariant Killing form can be decomposed
into the direct sum of simple ideals; therefore, this algebra is semisimple). How-
ever, taking into account Corollary 2.6, it is possible to prove this second claim
by repeating the arguments from the Lie algebra case: if A is not semisimple then
A contains a nonzero abelian ideal and such an ideal is contained in the kernel of
the Killing form. O

Corollary 2.18. Any nearly faithful representation of a semisimple Malcev algebra
is faithful.

Since the non-degeneracy of the Killing form does not depend on extensions of
the base field, the following holds:

Corollary 2.19. A Malcev algebra A over a field F' of characteristic 0 is semisim-
ple if and only if Aq is semisimple over any extension Q of the field F.

Below are a few more facts whose proofs are standard.

Structure Theorem. If A is a finite dimensional semisimple Malcev algebra over a
field of characteristic 0 then A can be decomposed into the direct sum of ideals
which are simple algebras.

Corollary 2.20. If A is a semisimple algebra then any ideal of A is a semisimple
subalgebra.

Corollary 2.21. If A is semisimple then A = A2,

Corollary 2.22. If S is the radical of an algebra A and B <t A then BN S is the
radical of B.

Proposition 2.23. If N is the nil-radical of an algebra A and B <1 A then BN N
is the nil-radical of B.

Proof. If Np is the nil-radical of B and S; is the radical of B then N; C S; C S
and NJAC S-ANB C NN B C Np. Therefore Ny is a nilpotent ideal of A and
N,y C NN B. O
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Proposition 2.24. The radical S of a Malcev algebra A coincides with the or-
thogonal complement in A of the subalgebra A? with respect to the Killing form of
A.

Corollary 2.25. Any solvable (resp. nilpotent) subinvariant subalgebra of an
algebra A lies in the radical (resp. nilradical) of A.

Remark 1. The solvability and semisimplicity criteria for Malcev algebras are
similar to the Cartan criteria. (Theorems 2.15 and 2.17 were first obtained only for
the regular representation in [9] by using the connection between Malcev algebras
and Lie triple systems (LTS) and their embeddings into Lie algebras.)

In §§4 and 5 we will return to the study of Malcev algebras of characteristic 0.

3. Simple Malcev algebras over a field of
arbitrary characteristic

In this section we assume that the base field I has either characteristic 0 or p > 3.
We consider the classification of non-Lie simple Malcev algebras over F.

3.1. Let A be a non-Lie simple Malcev algebra, let H be a Cartan subalgebra
of A, and assume that the regular representation of H in A is split. (If such a
subalgebra exists, then it is called a split Cartan subalgebra and A is called split.
Proposition 1.12 shows that in order for Cartan subalgebras to exist the base field
F must be infinite; if F' is algebraically closed then any Lie subalgebra is split.)
Note that there exist nonzero roots « of H in A. Indeed, otherwise we would have
A = Ag = H and A would be nilpotent, which is not possible. Identity (11) shows
that the subspace J(A, A, A) is an ideal of A. Thus

A=J(A A A). (39)
Lemma 3.1. [12] If for some x,y € A we have

J(x,y, A) =0, (40)
then xy = 0.

Proof. Equation (40) can be written as R, = [R,, Ry]. Then D(z,y) = 2R, and
the identity R,p(s,y) = [R2, D(,y)] implies that either R,y = [R., Ry,] for any
z € Aor

J(zy, A, A) = 0. (41)

This argument shows, in particular, that the set of elements x € A such that
J(x,A, A) = 0 (the so-called center of A) is a Lie ideal in A. In a simple algebra
A this ideal must be equal to 0 and, in particular, xy = 0. O
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Lemma 3.2. [12] For any nonzero root « of a subalgebra H in A we have A% C
A_,. Moreover, A= Ag+ Ay +A_o and Ag = A, A_,.

Proof. Let TaYo = 22q + 2—qa; see (27). Then by (21) we have J(h,zg,224) = 0
for all 5 # 2a. If B = 2a, then by Lemma 1.8 we have

J(hv T2y ZQa) = J(hv T2y xaya)
= 7J(I'(,, T2as h’ya) + J(haxQ(l?ya)xa + J(xa7$2aay()¢)h = O

Therefore J(h, 224, A) = 0 and hze, = 0, and since h € H was chosen arbitrarily,
we have 25, = 0. Using what was just proved, the subspace

B=AA o +Aq+A_o C A+ As +A7aa

is invariant under multiplications by A, and A_,. Invariance of A,A_, with
respect to multiplication by A follows from the relation J(Ag, Aq, A—_o) = 0.
Thus B is a subalgebra. Let us show that B is an ideal of A. By (30) and (31), for
any 3 # 0, a, —a we have J(A, Ay, Ag) = 0 and A, Ag = 0. Similarly, A_, Az =0.
It follows from J(A,, A_o,Ag) = 0 that (A,A_,)As = 0. Hence BA C B and
B < A. Therefore B = A and, in particular, Ag = A A_. O

Lemma 3.2 shows that the system of roots of A has a very simple structure.

Lemma 3.3. The subalgebra H = Ag is abelian. A root a: A — F is a linear
map.

Proof. Using for example (11) we can show that the subspace J(Ag, Ao, Ao) is
invariant under multiplications by Ag, A, and A_,, i.e., it is an ideal of A. There-
fore

J(Ag, Ag, Ag) =0, J(Ag, Ag,A) =0, AZ=0. (42)

By (42), for any z,y € H we have R;, = R, R, — RyR, = 0. Therefore, the oper-
ators R, and R, have a common eigenvector e, in Ay: eq(z+y) = [a(x), a(y)]eq.
However, the operator R., has the unique eigenvalue a(z +y). Thus a(z+y) =
a(z) + a(y) and the lemma is proved. O

Let us choose an element hy € H such that a(hp) = 1. Then any element
h € H can be represented in the form h = a(h)hg + hy where a(hy) = 0. For any
x €Ay, y € A_u, h € H we have

0=J(h,z,y) = hz-y+yh-x, zh-y=—x-yh,
zla(h) = Rp] -y =z - y[a(h) + Ryl (43)

Lemma 3.4. Let h € H, h # 0 and let U be any cyclic subspace of A, (or A_,)
with respect to Ry. Then for any ui,us € U we have ujus = 0.
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Proof. Let us choose any element u of maximal height in U. For all b’ € H we
have J(W', h,u) = 0, i.e., the triple of elements {h/, h, u} is Lie. By [10] it generates
a Lie subalgebra B < A. In particular, J(U,U, k') = 0. Therefore, the operator
Ry is a derivation of the linear subspace U - U and, since h' € H was arbitrary,
U-U C A,,. However, 2« is not a root, so U - U = 0. O

Formula (39) shows that
A_y =J(Ao, Aa, Aa) + J(A—a, A_a, Ad). (44)
Using identity (11) and the known relations for root subspaces we can show that
ApJ (Ao, Aa, Aa) € J(Ao, Aa, Aa),
AgJ(A o, A_u, Ay) = J(Ao, Aa, A2,) C J(Ag, Au, As).

Multiplying both sides of (44) on the left by Ay we obtain A_, C J(Ag, 4w, 4a)-
Since the converse inclusion also holds we have

Ao = J(Ag, A, Ay) C A% + A2 . A,
Similarly A, = J(Ag, A_o, A_,). In particular, A2 # 0 and A2 # 0.
Lemma 3.5. For all z,y € A,, h € Ag we have
yr-x=0, hr-z=0. (45)
Proof. Set y = J(agp,a—q,b—q). Then by (6)
yr = J(b_q, a0, 0_n)T
= _J(m7 ao, a,a)b,a + J(b,a, ao, ma/fa) + J($7 ao, b,aa,a)
= J(z,a0,b_na_qo) = J(x,a0,cq),
yr-x = J(x,a0,xcq) € J(Ag, An, A_y) = 0.

The second claim follows from Lemma 3.4. O

Let us denote the system of roots of H in A by A; then A = {0,a, —a}. We
denote by (z,y) the symmetric bilinear form on A given by

0 r€Ag,ye Ay ByeED; B+ #0;
(z,y) = { a(z)a(y) z,y € Ap; (46)
a(z-y1) x € An; 1 € A ¥y =y1ho.

Since the restriction of Rp, to A_, is non-degenerate, the form (46) is well-
defined. In all previous lemmas the expressions were symmetric in o and —a;
however, in the definition of the form (46) this symmetry is lost. Let us show that
this apparent asymmetry does not in fact hold. We change « to o/ = —a and hg
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to h{y = —hg so that o/(hj) = 1. Then for z,y € Ag we have (z,y) = a(z)a(y) =
o/ (z)d! (y). For x € A,, y € A_, the definition of the form (46) can be written as
(zho,yho) = a(xhg - y). Let us check that (yh{,zhi) = o/ (yhy - x). Indeed,

(yho, thy) = (yho, tho) = (zho, yho) = axho - y) = a(—x - yho) = a(yhe - x)
= a'(yhg - x).

Lemma 3.6. The form (46) is invariant; i.e., for all x,y € A (35) holds.

Proof. Taking into account the linearity of (35) in x,y, z, it suffices to consider
the cases when x,y, z are in the root subspaces. Omitting the trivial relations,
we need to check that (xh,y) = (x, hy) and (zy, h) = (z,yh) only when = € A,,
y€ A_,, h € H, and the cases z,y,z € A, and x,y,2 € A_,.

(a) Let x € An, y € A_,. Setting y = y1ho (y1 € A_,) we obtain by definition
(zh,y) = a(zh - y1) and (x,hy) = (z,hy1 - ho) = a(z - hyp); then the equality
(zh,y) = (z, hy) follows from xh -y = x - hy;.

(b) For the same x,y, h,y; we have (zy, h) = a(zy)a(h) = a(z - y1ho)a(h) and
(z,yh) = a(x - y1h). Let us show that the following identity holds:

a(x - yho)a(h) = alz - yh), v € Ay, y € A_,. (47)

Note that (47) is linear in h; if h = hg then it is trivial. It remains to consider the
case a(h) = 0. Write z-yh = h;. Since a(h) = 0, the operator R}, is nilpotent. Let
xRZ“l =x1 #0, 21h =0 (m > 1). Tt follows from J(x,y,h) = 0 that z,y, h,z;
belong to the same Lie subalgebra of A. In particular,

0= J(x,z1,yh) = xx1 - yh + (21 - yh)x + 21h1 = 21h1,

since xx; = 0 by Lemma 3.4, and z; - yh = —x1h -y = 0 since x1h = 0. It follows
from x1h; = 0 that a(hy) = 0.

(c) Let z,y, z € A,. We rewrite identity (35) in the form (yz, z) + (yz,x) =0,
so it suffices to prove that (yz,z) =0 (z,y € A,) and then linearize in z. Setting
x = xhy (1 € A,) and using the previous arguments we get (yx,z) = (yx -
x1,ho) = a(yz - x1). Let us prove that yx - x; = 0. Linearizing the second identity
in (45) we obtain yr = y - x1hg = —x1 - yho = yho - x1. Using the first relation
in (45) we have yx - x1 = (hyo - z1)x1 = 0 as desired. The case z,y,z € A_,
is immediate owing to the symmetry of the roots a and —a, so the lemma is
proved. O

The form (z,y) is non-trivial since, for example (hg, hg) = 1. It follows from its
invariance and the simplicity of A that the form is non-degenerate. If «(h) = 0 for
some h € H then by (46) we have (h, A) = 0 and therefore h = 0. Consequently
the subalgebra H is one-dimensional: H = (hg). The subspaces A, and A_, are
dual to each other with respect to (z,y); in particular, dim A, = dimA_,. If
x € Ay and y € A_,, then zy = Ahy where A\ = (zy, ho) = (x,yho). Hereafter we
will denote the element hg simply by h.



Structure and representations of Malcev algebras 119

Lemma 3.7. All cyclic subspaces with respect to Ry, in A, (and A_.) are one-
dimensional.

Proof. Let U be a cyclic subspace in A, with dimU = n > 0, let x4,...x, be
a cyclic basis of U (here zj is a vector of height k), and let y be an eigenvector
(with respect to Ry) from A_,. Then it follows from (43) that xy = 0 for any
vector x € U of height less than n; in particular, z1 -y = 0. Let V' be an arbitrary
cyclic subspace of A_,. Let us show that 1 -V = 0. If dimV = 1 then this is
already known, so let dimV = m > 1 and let y,...,yn be a cyclic basis of V.
Then x1y; =0 fori=1,...,m — 1. If 21y,, # 0 then, without loss of generality,
21Ym = h. Since A is binary Lie, the elements x; and y,, generate a Lie subalgebra
in A with basis ©1,y1,...,Ym,h. Then 0 = J(21,Ym, Y1) = T1Ym - Y1 = Y1, which
is impossible. Consequently, ©1A_, =0 and (z1, A_,) = 0, which contradicts the
non-degeneracy of (z,y). The lemma is then proved. O

Lemma 3.7 shows that the operator Ry acts diagonally on A, and A_,. Its
restriction to A, is the identity operator 1 and its restriction to A_, is —1. In
particular, for all x € A,, y € A_, we have xy = —(z,y)h.

Further arguments can be made as in the case of characteristic 0 [16]. For all
x,y,z € A, we have zy -z = yz - x = 22 -y = (xy, 2)h; furthermore, J(z,y,h) =
—3zy. fx,y € Ay, 2 € A_, then

J(z,y,2'h) + J(2',y,xh) = J(z,y,h)z" = —3zy - 2'. (48)
Also, the left side of (48) equals —2J(x,y, 2’); therefore, 3zy - 2/ = 2J(x,y, 2’) or
xy -2 =2y x+ 22 y). (49)
According to (49), for any elements x,y, z,t € A, we have
xz -yt =2[(z - yt)x + (yt - x)z] = 2yzte + 2txyz.
Comparing this identity with (10) we obtain
ryzt = yztax — ztwy + tryz. (50)

We now have enough identities to construct a basis and a multiplication table for
A. Taking into account that A% # 0, we choose two arbitrary elements z,y € A,
for which xy = 2/ # 0. Then 22’ = yz’ = 0. If 2 € A, such that zz’ = 1h then
x,y, z are linearly independent and (50) shows that any element ¢ € A, is a linear
combination of x,y,z. Therefore, dim A, = dimA_, = 3. Write yz = 2’ and
zr = 3y'. Then z2' = yy = 22/ = %h, and it follows from the orthogonality of
elements {z,y, z} and {2/, y’, 2’} that {a’, ¢/, 2’} is a basis of A_,. In order to find
the multiplication formulas for A, we use identity (49):

Py =yz-zx=2[(z-22)y+ (22 -9)z] =22z - y)z = 2y'y - 2 = —hz = 2.
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Similarly 3’2’ = z and 2’2’ = y. Thus the multiplication table for A is complete.
Note that dim A = 7. We can find an explicit automorphism of order 2 which
interchanges A, and A_,. This automorphism sends z to z’, y to 3/, 2z to 2’ and
h = 2z’ to 22’2 = —h.

There is a close relation between A and a split Cayley-Dickson algebra C' over
F'. Recall that C' is a simple alternative algebra whose elements are matrices

a a

b g )’
where a, § € F and a,b are arbitrary vectors of a 3-dimensional vector space over
F. If a x b is the ordinary vector product and (a,b) is the dot product with the

identity matrix as the Gram matrix for the chosen basis, then the product of two
elements of C' is given by the formula

o a v oc\ _ ay — (a,d) ac+da+bxd
<b ﬁ)(d 5>_<'yb+5d+a><c B6 — (b, c) )
We define a new multiplication in C' by x xy = %[m, y], slightly different from the
commutator; C' becomes a Malcev algebra C(~) with respect to this operation.
Elements of the form diag(c, a) form the 1-dimensional center of C(~). The com-
plementary subspace for the center consists of the matrices of trace 0. In fact, this

subspace is a subalgebra denoted by C(’)/F. Multiplication in C’(’)/F is given
by

a a 8 ¢ [ 3lbe)=(a,d)] ac—Ba+bxd (51)

b —a d =) \Bb—ad+axc 3[(a,d)—(bc)] )"
Comparing (51) with the known multiplication table of the algebra A shows that
A is isomorphic to C(’)/F. To the element h corresponds the matrix

1 0
0o -1 )’
and to the element a1z + asy + asz + B1y’ + Boy’ + B3z’ corresponds the matrix

( (Ol 8 ) » &= (051,04270(3)71): (61)ﬂ2763)-

This correspondence is the isomorphism A — C’(*)/F.

Theorem 3.8. If F' is an arbitrary field of characteristic not 2 or 3, then there
exists a unique non-Lie split simple Malcev algebra A over F. This algebra is
isomorphic to the algebra C(_)/F obtained from the Cayley-Dickson algebra C
over F using the operation x xy = %(xy —yx) and factoring out the center.

The following proposition clarifies the meaning of the bilinear form (46) on A.
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Proposition 3.9. For all x,y € A we have

vy -y = (y,y)r — (z,y)y. (52)

Proof. The proof is based on the multiplication table for A. Using the isomorphism
A= C)/F, computations can be performed using the matrix form. Tt should be

noted that if
@ a - 8 ¢
x b —a ) Yy d _ﬂ ’

then by the above isomorphism we have (z,y) = o8 — 1 [(a,d) + (b, ¢)]. O

Identity (52) shows that the bilinear form (46) on A can be defined indepen-
dently of the choice of the Cartan subalgebra H. Moreover, it follows from (52)
that for all 2,y € A the subspace spanned by x,y, xy is a subalgebra, i.e., any two
elements z,y € A generate a subalgebra which is at most 3-dimensional.

Lemma 3.10. We have

(zy,zy) = (2,9)* — (z,2)(y,y). (53)

Proof. This claim is trivial if x = 0, so let  # 0. Replacing y by zy in (52) we
get (z - zy)(zy) = (xy, zy)z. On the other hand,

(x - xy)(zy) = [(z, 2)y — (z,y)2] (zy) = [(z,9)? = (z,2)(y, )] z,
hence the assertion follows. O

Linearizing (53) on y we obtain

(zy,22) = (2,y)(x, 2) — (z,2)(y, 2)- (54)

It is well known that the problem of the classification of finite dimensional
simple algebras over the field F' can be reduced to the description of central simple
algebras over F' and over finite extensions of F. Let us describe central simple
non-Lie Malcev algebras over a field F' of characteristic not 2 or 3. Let A be an
algebra as above. If F is algebraically closed then A is split and its structure is
well known. In general, let F' be the algebraic closure of F and A = Ap ® F
be the corresponding extension of A. Then A is a central simple Malcev algebra,
over F' and dimp A = dimp A = 7. Let (x,y) be the bilinear form (46) defined
on A. Identity (52) shows that the restriction of this form to A is defined over
F, and it is a non-singular bilinear form, which we also denote by (x,y). We
construct a basis {ej,...,e;} of the algebra A as follows. We choose ej, e to
be two arbitrary non-isotropic elements of A which are orthogonal with respect
to (z,y) and write (e1,e1) = —a, (ea,e2) = —f, erea = e3. Then ej,eq,e3 are
pairwise orthogonal and it follows from (52) and (53) that ezes = feq, eser = aea
and (e3,e3) = —af # 0. The subspace (ej, es, e3) is non-singular. Its orthogonal
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complement (ey, es,e3)* has the same property. We choose as e4 any non-isotropic
element of (ey,es,e3)™ and write (eq,e4) = —7, e1eq4 = €5, €264 = €g, €364 =
e7r. Then by (54) for any ¢,j = 1,2,3 we have (e;,ejes) = (ejej,eq) = 0 and
(eiea,ejes) = —(ea,eq)(e;, €;), which implies that es,ege; are non-isotropic and
e1,...,er are mutually orthogonal. Therefore e; (i = 1,...,7) form a basis of A.
Using the linearization of (52) we obtain for ¢,j = 1,2, 3 that

€iey - €5+ eej-eq4 = —(ei, ej)e4, eq4€; - e4€;5 + (64 . €4€j)€i =0.

As a result, the multiplication table of A in the chosen basis is as follows, where
1,7 =1,2,3 (i #j):

€i1€2 = €3, eses = feq, ese1 = Qea,
€ic4 = €iy4, eieirs = (€4, €;)eq, e4€iys = Vi, (55)
€i+4€5 = —€;€; - €4, €i+4€j14 = —VE;€y]
we write (e1,e1) = —a, (ez,e2) = —(3 and (e3, e3) = —af.

We denote by M(a, 3,7) any anticommutative algebra with multiplication ta-
ble (55). It can be defined over a field of arbitrary characteristic and it is a Malcev
algebra (i.e., it satisfies the identity (10)) for any «, 3,y € F. If charF # 3 then
M(a, B,7) is a non-Lie algebra. If a8y # 0 then it is central simple. Hence we
have proved the following theorem.

Theorem 3.11. The class of non-Lie central simple Malcev algebras over an
arbitrary field F of characteristic not 2 or 3 coincides with the class M(«, 8,7)

for any o, 8,y #0 € F.

If, for example, A is the split simple Malcev algebra with basis h, z,y, z, 2,9/, 2’
constructed above, then we can set

/ ! !
e1 = h, e =x+ 1, ez =eeg = — 1, e =y+y,

! ! !
€ = €14 =Y — Y, g = €264 =2+ 2, €7 = €364 =2 — Z .

The parameters «, 3 and « take the following values: o = —1, =1 and v =1,
ie, A=M(-1,1,1).

Isomorphic algebras M (a, 3,7) may correspond to different values «, 3,y € F
(afy # 0). The solution to the isomorphism problem for M («, 3,) follows from
the method of constructing the basis described above and the Witt theorem on
extension of partial isometries of bilinear metric spaces.

Theorem 3.12. Two algebras of type M(c, B3,7) (afBy # 0) over the same field F
of characteristic not 2 are isomorphic if and only if their corresponding quadratic
forms f(x) = (z,x) are equivalent.

Note that if z = ZZ tie; (ti € F) then

(x,2) = —at] — Bt; — aBt; — yt3 — ayts — Byts — afytz. (56)
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To every M («, 3,7) over F we can associate C(«, 8,v) = F + M(«, 3,7), whose
multiplication is given by

(at+z)-(B+y)=af+ay+pPr+a-y,

for any «, 8 € F and z,y € M(a,3,7) where z -y = (z,y) + 2y. If afy # 0
and charF # 2 then C(«,3,7) is a simple alternative algebra (Cayley-Dickson
algebra) which is related to M(a,(3,~) in the same way as C(~)/F is related to
the split Cayley-Dickson algebra M (—1,1, 1). Clearly, two algebras M («, 8,~) and
Mo/, 3',+') are isomorphic if and only if the corresponding alternative algebras
C(a, B,7) and C(o/, 8',~") are isomorphic.

Let us discuss the question of Cartan subalgebras of a central simple Malcev
algebra A = M(a, 8,7). Let y be an arbitrary nonzero element in A. If (y,y) #0
then the subspace V = (y)* is invariant with respect to R, and identity (52)
shows that for all z € V' we have

zy -y = (y,y)z, (57)

that is, R, restricted to V is non-degenerate, Aj = (y) and y is a regular element
in the sense of Definition 1.11. If (y,y) = 0 then it follows from (52) that R =0
and Ay = A. Therefore, an element y € A is regular if and only if (y,y) # 0, and
hence any Cartan subalgebra H of A coincides with the intersection of subspaces
AY (y € H); then H contains a regular element y and therefore coincides with
the 1-dimensional subalgebra generated by y. Conversely, any regular element
in A generates a (1-dimensional) Cartan subalgebra of A, independently of the
cardinality of the field F.

It follows from (57) that nonzero characteristic roots of R, coincide with
quadratic roots of (y,y), and that a Cartan subalgebra H = (y) is split if and
only if (y,y) is the square of a nonzero element of F. Therefore, the following
holds.

Proposition 3.13. An algebra M(«, 3,7) is split, thus isomorphic to M (—1,1,1),
if and only if the quadratic form (56) represents the identity in F.

Theorem 3.12 shows that the classification of central simple Malcev algebras
over F' is related to the theory of quadratic forms over F. For example, let F
be the field Q of rational numbers. If not all a, 3,7 are positive then (56) is
undefined. Since an indefinite (or positive definite) quadratic form of rank n > 4
over Q represents 1, the form —(z, z) is also positive definite, and using the above
properties of quadratic forms over Q we have M(«, 3,v) = M(1,1,1). Therefore,
there are only two distinct non-Lie central simple Malcev algebras over Q. The
same is true if ' = R, the field of the real numbers. If the base field F' is the field
of p-adic numbers Q, then any algebra of the form M(«, 8,v) over F is split, as
in the case of an algebraically closed field, although Q, is not algebraically closed.
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4. Conjugacy of Cartan subalgebras of
Malcev algebras

If A is an arbitrary (nonassociative) algebra over a field of characteristic 0, and D
is a nilpotent derivation of A, then exp D is an automorphism of A. A derivation
D is said to be inner if it belongs to the algebra A* of multiplications of A, where
A* is generated by the operators of left and right multiplication. Consider the
group ® of all automorphisms of A generated by all exp D where D is an inner
nilpotent derivation. Elements of ® will be called special automorphisms of A.

4.1. Let I be an algebraically closed field of characteristic 0, let A be a Malcev
algebra over F, let H be a Cartan subalgebra of A, and let ai,...,qa, be the
nonzero roots of H in A. To each pair of elements x,y € A we associate the inner
derivation D(z,y) = Rgy + [R., Ry|; see equation (13). Let us show that any
element e, € A, (o # 0) and any element h € H define a nilpotent derivation
D(eq, h). Indeed, if eg € Ag and § # ko for any integer k, then for every k > 0
we have egD"(e,, h) = 0 for k sufficiently large. The same is true for 3 = ka for
k > 2. The case § = —a is of special interest; then J(h,eq,e_q) = 0. It follows
that the elements h,e,,e_, generate a Lie subalgebra in A. The restriction of
D(eq, h) to this subalgebra coincides with R, , where e[, = 2e,h € A,. Thus

e—aDM (ea,h) = [(e—a ¢) - ]l . (58)
——
k+1

For any hy € H the elements e, e_,, hy form a Lie triple, i.e., J(eq,e—q,h1) = 0.
Therefore, the right side of (58) belongs to Ay, for any k > 0, and since « # 0 we
conclude that e_, D" (e, h) = 0 for k > 0 sufficiently large. By (29) the remaining
cases can be reduced to the cases considered above.

We choose a basis {hy,...,hs,€541,...,em} of A in such a way that the el-
ements {hi,...,hs} form a basis of H and {es41,...,en} lie in root spaces A,,
a # 0. We choose an element hg € H such that «;(hg) # 0 forall i =1,...,n.
This can be done owing to the linearity of the roots: the product ajas...ay,
is a polynomial function H — F which is not identically 0. Let Aq,..., A, be
independent variables and let

r = Alhl +--+ )\shs + As—i—les+1 + -+ Am,ema
be an element of A. Then the element
P = (Z )\ihi> exp D(Asg1€s41, o) - - - €xp D(Amem, ho),
i=1

defines a polynomial map P of the algebra A into itself (the coordinates of xP
are polynomial functions of the coordinates of ). Let us compute the differential
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dp, P of this map at the point hg. Set

r=h+e, h € H, eGZAa.
a#0

Then

(ho + tx)P = [(ho + th) 4+ te] P = (ho + th) [1 + tD(e, ho)] (mod %)
= ho +t[h+ hoD(e, ho)] (modt?),

which implies that dp, P is a map
h+e— h+ hoD(e, ho) =h— 2(€h0)h0.

Since h — h and e — —2(ehg)hy are non-degenerate, we see that dp,P is an
epimorphism. Arguing in the same way as [3] we can show the following:

Theorem 4.1. If H; and Hs are Cartan subalgebras of a finite dimensional Malcev
algebra A over an algebraically closed field of characteristic 0 then there ezists a
special automorphism n of A such that H = Ho.

In the proof it is shown that a Zariski open set consisting of regular elements of
A is the image of the regular elements from an arbitrary Cartan subalgebra H < A
with respect to a special automorphism. In particular, all Cartan subalgebras of
A have the same dimension and contain regular elements. When extending the
base field F' C (2, the Fitting 0 component A§ of A with respect to R, for any
x € A becomes the Fitting 0 component Af ® 2 of Aq = A ® Q with respect to
the same operator, and a Cartan subalgebra H < A becomes a Cartan subalgebra
H, = H ® Q of Ag. Therefore, the following holds:

Corollary 4.2. If A is a finite dimensional Malcev algebra over an arbitrary field
of characteristic 0 then all Cartan subalgebras of A have the same dimension.
Moreover, each Cartan subalgebra contains a regular element.

Proof. We only need to prove the second claim. Let x = A1hy + -+ 4+ Ashg be
an element of a Cartan subalgebra H, and let f(\, z) = det(A\ — R,) be the
characteristic polynomial of R,. If the multiplicity of 0 as eigenvalue of R, (i.e.,
the dimension of Ag) is greater than dim H = s for any specialization of Ay, ..., As
in the base field F' then f(A,z) has the form

fOLz) = A" — (@) A (D)™ i (2) N

where ¢ > s. However, the same is true for any extension 2 of F'; this contradicts
the existence of a regular element in Hp = H®) when € is algebraically closed. [
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5. Representations of semisimple Malcev algebras
of characteristic 0

The results of this section are based on the connection between Malcev algebras
and Lie triple systems pointed out by Loos [9]. The main result is the theo-
rem about complete reducibility of representations of semisimple Malcev algebras
(Theorem 5.5) which is similar to Weyl’s theorem for Lie algebras.

5.1. We recall the definition and basic properties of Lie triple systems (LTS) [8, 2].
A vector space T over a field F is called an LTS if a ternary operation [zyz] defined
on it is linear in each variable and satisfies the following identities:

[aab] = 0,
[abc] + [bea)] + [cab] = 0,
[ablzyz]] = [[abalyz] + [w[aby)z] + [wy[abz]].

The last identity shows that the map D, ;: x — [abzx] is a derivation of T. Such
derivations are called inner and they generate a Lie algebra Do(T") which is called
the algebra of inner derivations. Any Lie algebra L with triple product [zyz] = xy-
z (or any subspace of L closed under the iterated product) is an example of an LTS.
On the other hand, any LTS can be realized as a subspace of a Lie algebra with the
iterated product; in this case we say that the LTS is embedded into the Lie algebra.
If an LTS T is embedded into a Lie algebra L then the subalgebra of L generated
by T is called the enveloping Lie algebra of the embedding. For an arbitrary LTS we
can define the notions of ideal, solvability, radical, and semisimplicity. If an LTS T’
is semisimple then its enveloping Lie algebra is also semisimple for any embedding
T — L. Among all embeddings of an LTS into a Lie algebra there are two special
ones: the standard and the universal. The underlying vector space of the standard
enveloping algebra L4(T') has the form T+ Dy(T') and the multiplication in L4(T')
is defined in the obvious way. In particular, if a,b € T then ab = D,;. The
universal Lie enveloping algebra L, (7)) is characterized by the property that any
homomorphism T — L, where L is an arbitrary Lie algebra, can be uniquely
extended to a homomorphism L, (T) — L. If an LTS T is semisimple then its
standard and universal enveloping algebra coincide.

We now assume that the characteristic of the base field F' is 0. If A is a
semisimple algebra then T4 is also semisimple'; in general, the radical of A coin-
cides with the radical of T4 [9]. The set of inner derivations of T4 is generated by
the operators of the form R(x,y) = 2R, + Ry, Ry|. Identities (15) show that each
operator R, is a derivation of the LTS T4. Therefore, the Lie enveloping algebra
L(A) of the regular representation of A is a subalgebra of the algebra D(T4) for
all derivations of T'(A):

Do(T4) € L(A) C D(T). (59)

T Translator’s note: T4 is the Lie triple system associated to the Malcev algebra A as in the
paper by Loos [9].
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Since all derivations of a semisimple LTS are inner [8], for any semisimple Malcev
algebra the inclusions in (59) become equalities [9].

Proposition 5.1. If A is a simple (respectively semisimple) Malcev algebra then
the Lie enveloping algebra L(A) of its reqular representation is also simple (respec-
tively semisimple).

Proof. To the decomposition of A into a direct sum of ideals A; corresponds a
decomposition of L(A) into a direct sum of ideals isomorphic to L(A;). If A; is a
simple Lie algebra then L(A4;) is also a simple Lie algebra isomorphic to A4;. Let
A be a simple non-Lie Malcev algebra; we show that L(A) is again a simple Lie
algebra. It suffices to consider the case when A is a central simple algebra. Indeed,
if A is not central then A can be regarded as a central simple algebra Ar over its
centroid I' O F' [3]. Since all operators R, (z € A) are I'-linear and R, = vR, for
a € A, v €T, we see that the Lie algebra L(A) can be regarded as an algebra (of
smaller dimension) over the field ", which, obviously, coincides with L(Ar). If we
prove that L(Ar) is a central simple algebra (over I'), it would imply that L(A)
is also simple and its centroid is isomorphic to I'. Using the same arguments we
can restrict our attention to the case of an algebraically closed field F'. In the case
that the algebra has dimension 7 its structure is known (see §3). Inner derivations
D(z,y) = Ryy + [Rz, Ry] generate a subalgebra Lo of dimension 14 in L(A) which
is a simple Lie algebra of type G5 [2]. The underlying vector space of L(A) can
be decomposed into the sum of the subspaces Ly and R(A), where R(A) is the
subspace generated by the operators R, ; the sum is direct since R, is a derivation
of A if and only if x lies in the Lie center of A, which is 0 in a simple non-Lie
Malcev algebra (compare Lemma 3.1). Therefore, dim L(A) = 21. The Killing
form on A is non-degenerate and each operator R, (z € A) is skew-symmetric
with respect to this form. Therefore, L(A) is a subalgebra of a simple Lie algebra
of type Bs (the orthogonal algebra of a 7-dimensional vector space). Comparing
the dimensions of L(A) and B3 we see that L(A) = Bs. The proof is complete. [

Corollary 5.2. If A is a simple (respectively semisimple) Malcev algebra over
a field of characteristic 0 then the algebra D(Ta) of derivations of the Lie triple
system Ty is also simple (respectively semisimple). In particular, if A= C)/F
then D(T4) = L(A) = Bs.

Theorem 5.3. Let A be a Malcev algebra over a field of characteristic 0, let S be
its radical and N its nil-radical. Then every derivation D of A maps S to N.

Proof. Asshown in [9], S coincides with the radical of T4. However, for any LTS T,
the radical of Ls(T') is generated as an ideal by the radical of T'; if R is the radical
of T then the radical of Ly(T) equals R + [R,T] [8]- In particular, S lies in the
radical of Ls(T4). A derivation D of the algebra A is also a derivation of the LTS
T4, i.e., D can be regarded as an element of the algebra D(Ty4). Since Ly(T4) is
an ideal of the Lie algebra T4 +D(T4), (S)D lies in the nil-radical of Ly = Ls(T4).
In order to distinguish the operators of right multiplication by = (z € A) in L,



128 E. N. Kuzmin

from the operators R, in A, we will denote them by ad z. Thus, for any z € (S)D,
ad z is a nilpotent operator. Furthermore, (adz)? leaves the subspace Ts C L,
invariant, and since [[az]z] = [azz] = 3(az)z for any a € A, (adx)? coincides
with 3R2 in T4. Therefore, R, is a nilpotent operator. However, it follows from
Theorem 2.7 that the nil-radical of A coincides with the set of all elements from
S which are nilpotent with respect to the regular representation. Hence x € N.
(We assume that it is known that the radical S is closed under all derivations of
A. Any solvable radical of a finite dimensional algebra of characteristic 0 has this
property.) O

The following theorem gives important information about the structure of the
representations of semisimple Malcev algebras.

Theorem 5.4. Let A be a semisimple Malcev algebra of characteristic 0, let p be
a representation of A in a vector space V', and let L,(A) be the enveloping algebra
of the representation p. Then L,(A) is a semisimple algebra.

Proof. Let E =V + A be the semidirect extension of A by means of V' defined
by p. If j is the regular representation of A in E, and L(A) is the enveloping
algebra of p, then V' is invariant under the action of L(A) (V <1 E); the restriction
of p to V induces an epimorphism 7: L(A) — L,(A). Consider the LTS T, and
Tr; there exists a unique embedding ¢: T4 — T C Ls(Tg). Since the LTS T4
is semisimple, the standard embedding for T4 coincides with the universal em-
bedding; therefore ¢ can be extended to a homomorphism v*: Ls(T4) — Ls(Tk).
The operators R(x,y) = 2R,y + [Rs, R,] € L(A) are the images of the elements
[z,y] = R(z,y) € Do(T4) under ¢*. The restriction of t* to Dog(T4) = D(T4) de-
fines a homomorphism ': D(T4) — L(A) and the composition of ./ and 7 defines
a homomorphism from D(T4) onto the subalgebra I C L,(A) generated by the
operators p(x,y) = 2p(zy) + [p(x), p(y)], z,y € A. Identity (15), which is true
for arbitrary representations, shows that I is an ideal of L,(A). By Corollary 5.2,
D(T,) is a semisimple algebra, therefore its homomorphic image I is also semisim-
ple. Consider the quotient algebra L = L,(A)/I, and denote by p(z) the image
of p(z) € L,(A) under the canonical homomorphism L,(A) — L. The underlying
vector space of L is generated by the elements p(z) and they satisfy

1

either  2p(zy) + [p(2), p(y)] =0, or =S p(xy) = [=3p(x), —37(y)]

Then the map z — —3p(z) — —3p(x) is a homomorphism of A onto L. Since
A is a semisimple algebra, it follows from the structural theorem (§2) that L is
semisimple (or trivial). Then L,(A) is also a semisimple Lie algebra because the
extension of a semisimple Lie algebra by a semisimple algebra is also semisimple.
The proof is complete. O

Since each representation p of a semisimple algebra A in a vector space V' can
be regarded as the natural representation of the Lie algebra L,(A) in the same
vector space, the next theorem follows directly from Theorem 5.4.
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Theorem 5.5. Any representation of a semisimple Malcev algebra of character-
istic 0 s completely reducible.

Corollary 5.6. If the radical of a Malcev algebra A coincides with its center C'
then A = A; 4+ C, where A, is a semisimple subalgebra which coincides with A?.

Proof. 1t suffices to consider the regular representation of A and note that it
induces a completely reducible representation of A/C in A. An invariant subspace
Ay complementary to C is the desired subalgebra (even ideal). O
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Editors’ Comments on Recent Developments

In this section we briefly summarize research on Malcev algebras since the publication
of Kuzmin’s paper [6] in 1968 which contained the first statement (in some cases without
detailed proofs) of the results in the present English translation.

Kuzmin’s papers provide a complete theory for finite-dimensional semisimple Malcev
algebras and their finite-dimensional representations over a field F of characteristic 0;
in particular, such representations are completely reducible. With these assumptions, a
simple Malcev algebra is either a Lie algebra or a 7-dimensional non-Lie Malcev algebra.
Gavrilov [G] has recently given a detailed proof of the classification by Kuzmin [K] of
5-dimensional Malcev algebras.

If we regard a simple Lie algebra L as a Malcev algebra, then Carlsson [C1] showed
that every Malcev module for L is a Lie module, with one exception: there is an irre-
ducible 2-dimensional non-Lie Malcev module for s[(2,F). The same author gave a differ-
ent proof [C2| of the Wedderburn decomposition of a Malcev algebra into a semisimple
subalgebra and the solvable radical. She also showed [C3] that in every characteristic
any finite-dimensional Malcev module over a 7-dimensional central simple non-Lie Malcev
algebra is completely reducible.

Elduque [E1] classified the maximal subalgebras of central simple non-Lie Malcev
algebras over a field of characteristic not 2. The same author studied [E2] the lattice of
subalgebras of a Malcev algebra, and showed that two semisimple Malcev algebras over
an algebraically closed field are isomorphic if and only if their lattices are isomorphic.
He also extended Carlsson’s result on Malcev modules to characteristic not 2 or 3, and
obtained a new 4-dimensional irreducible non-Lie Malcev module over a nonsplit simple
3-dimensional Lie algebra. The classification of non-Lie Malcev modules was completed
by Elduque and Shestakov [ES] in the more general setting of Malcev superalgebras with
no restriction on the dimension of the modules and only the condition that é eF.

In 2004, an important breakthrough was made by Pérez-Izquierdo and Shestakov
[PS], who constructed universal nonassociative enveloping algebras for Malcev algebras.
For any Malcev algebra M over a field F of characteristic not 2 or 3, there exists a nonas-
sociative algebra U(M) and an injective map from M to U(M) such that the image
of M lies in the generalized alternative nucleus of U(M), and U(M) is universal with
respect to such maps. The algebra U(M) has a basis of Poincaré-Birkhoff-Witt type,
so U(M) is linearly isomorphic to the polynomial algebra P(M); moreover, U(M) has
a natural (nonassociative) Hopf algebra structure, and the image of M can be charac-
terized as the primitive elements of U (M) with respect to the diagonal homomorphism
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A:UM) — U(M) ® U(M). The paper [PS] also proved an analogue of the Ado-
Iwasawa theorem: every finite-dimensional Malcev algebra is isomorphic to a subalgebra
of the generalized alternative nucleus of a finite-dimensional unital nonassociative al-
gebra. Zhelyabin and Shestakov [ZS] established analogues for Malcev algebras of the
Chevalley and Kostant theorems on centers of universal enveloping algebras of Lie alge-
bras. The nonassociative bialgebra structure of the enveloping algebras U(M) has been
studied by Zhelyabin [Z]; see also [M]. Structure constants for U(M) when dimM < 5
have been obtained by various authors; see [B1,B2,TB] and the survey [B3].

The theory of free Malcev algebras has been developed primarily by Filippov, who
showed (over a field of characteristic not 2 or 3) that free Malcev algebras have zero-
divisors [F1]; that free Malcev algebras with 5 or more generators are not semiprime
[F3], have nonzero annihilator, and are not separated [F4]; and that the base rank of the
variety of Malcev algebras is infinite [F4|. Shestakov and Kornev [SK| showed that the
prime radical of a free Malcev algebra on two or more generators coincides with the set
of all its universally Engelian elements.

Simple Malcev superalgebras have been studied by Shestakov [S1], who showed that
a prime Malcev superalgebra of characteristic not 2 or 3 with a nontrivial odd part is a
Lie superalgebra. The same author in collaboration with Zhukavets has developed the
theory of free Malcev superalgebras; see [S3,571,SZ2].

The speciality problem for Malcev algebras asks whether every Malcev algebra is
“special”; that is, isomorphic to a subalgebra of the commutator algebra of some alterna-
tive algebra. Filippov [F2] proved that over a field containing % every semiprime Malcev
algebra is special. Sverchkov [Sv] proved that every Malcev algebra in the variety gen-
erated by the 7-dimensional simple non-Lie Malcev algebra is special. Recent progress
on this problem, and the corresponding problem for Malcev superalgebras, is primarily
the work of Shestakov and Zhukavets. There is a close relation between this problem
and the deformation theory of algebras [S2]. It has been shown that the free Malcev
superalgebra on one odd generator is special [SZ3]; more generally, this holds for any
Malcev superalgebra generated by one odd element.

For a generalization of Malcev algebras to the setting of dialgebras; see [B4,Sa].
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Group signature protocol

based on masking public keys

Nikolay A. Moldovyan and Alexander A. Moldovyan

Abstract. There is proposed and discussed the group signature protocol characterized in
using the collective signature scheme and masking the public keys of the signers. The masking is
performed depending on parameters computed depending on both the public keys and the hash

function from document to be signed.

1. Introduction

Digital signature protocols are widely used in the information technologies to solve
a variety of different problems. For practical application there are proposed the
following types of the signature protocols: usual (individual) signature [6, 11];
blind signature [3, 4]; aggregate signature [10]; group signature [1]; collective sig-
nature [8] et. al. The last three protocols relates to the concept of multisignatures
introduced in papers [2, 9]. The multisignature concept was generalized to the
threshold group signatures in paper [5] when each ¢ of k signers are able to sign a
document. The group signature and the collective signature protocols are different
in the following. The group signature to an electronic message is the signature
on behalf of some set of of k signers (members of the group) headed by a person
called dealer. The group signature is generated by a subset of ¢ (¢ < k) signers.
Any one can verify validity of the group signature. The group signature verifica-
tion procedure does not provide possibility to open the signature, i.e. to identify
the members of the group that created the signature. In the case of disputes the
signature can be opened by the dealer (with or without the help of signers). The
dealer is a trusted party of the group signature protocol. He creates the secret
parameters used by the signers.

The collective signature to a document is the signature on behalf of each of m
declared signers. The collective signature means that each of the declared sign-
ers has signed the document. The collective signature can be considered as some
digest of m individual signatures. No trusted party participates in the collective
signature protocol. The secret used by each of the signers is private. It is sup-
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posed the participants of the collective signature protocol use their private keys
corresponding to their public keys used to verify their individual signatures, i.e.
the collective signature protocols and individual signature protocols can use the
same public key infrastructure. The last represents an important advantage of the
collective signatures.

This paper proposes a new design of the group signature protocols based on
difficulty of the discrete logarithm problem. Novelty of the design consists in using
both the collective signature scheme and the transformation masking the public
keys of the signers. The described approach provides possibility to create the group
signature protocols that are free from participation of a trusted party and use the
standard public key infrastructure, i.e. each of the signers can use the same private
key when computing his individual signature and participating in computation of
the group signature. Thus, the proposed group signature protocol requires no
distribution of the secret keys and uses the standard public key infrastructure.
Therefore the set of signers included in the group can be arbitrarily changed by
the dealer whose public key is used as public key of the group.

Each group signature contains an additional parameter that can be used only
by the dealer to open the signature without help of the signers. Practical appli-
cation scenario for the proposed protocol is as follows. An official information
Bureau with geographically distributed staff is headed by a director (dealer) and
issues electronic documents. The documents are signed on behalf of the Bureau.
Usually different documents are prepared by different subsets of the employees.
Produced documents are signed with collective signature of the respective subsets
of the employees and presented to the director. He approves the documents with
transforming the collective signatures into the group signatures.

2. The proposed signature protocol

In the proposed protocol there are used the following parameters: 1) sufficiently
large prime p (for example, having the size 2500 bits), such that number p — 1
contains large prime divisor ¢ (for example, having the size 256 bits); 2) number «
order of which modulo p is equal to ¢. Each signer of the group generates his private
key as a random number x (for example, having the size 256 bits) and computes
his public key y = o® mod p. The public key of the dealer Y = o mod p, where
X is his private key, represents the public key of the group which is used by verifier
while performing the group signature verification procedure.

The group signature generation procedure includes both the mechanism of
magking (modifying) the public keys of the signers, which is performed with help
of the dealer, and the mechanism of forming the collective signature described in
paper [8]. The modified public keys are used in the second mechanism that is
performed as follows. It is computed the collective randomization parameter E
that is one of elements of the group signature. Depending on the value E each
signer computes his share in the collective signature S., taking into account his
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modified public key. The collective signature S, represents the preliminary value
of the group signature element S. The value S. is used by dealer to produce the
final value S.

In the mechanism of masking the public keys there is used the internal public
key of the dealer, which represents the pair of numbers (n,e), and is generated,
like in the RSA cryptosystem [11], as follows. The dealer generates two strong [7]
primes r and w, computes n = wr and ¢(n) = (w—1)(r—1), selects number e that
is mutually prime with ¢(n), and calculates his private value d = e~! mod ¢(n).
The internal public key (n,e) is actual only for the signers of the group headed
by the dealer. It is not used in the group signature verification procedure. The
generalized scheme of the proposed group signature protocol includes the following
steps:

i. Taking into account the document M to be signed the dealer masks the
public keys of the assigned signers. To mask the public key y; of the ith signer the
dealer computes the exponent A; = (H +y;)? mod n, where H is the hash-function
value computed from M, and sends the value \; to the ith signer.

ii. The assigned subset of signers and leader computes the collective random-
ization parameter E.

iii. Using the value \; each ith signer computes his share in the collective
signature and sends it to the dealer.

iv. The dealer verifies the share of all assigned signers and computes his share
in the group signature. Then he computes the group signature as triple (U, E, S),
where S is sum (modulo ¢) of all shares; U is the product (modulo p) of the
modified public keys of all signers.

The value U contains the information about all signers participating in the
given group signature to the document M. In the case of disputes the identification
of the signers can be performed by the dealer. Except the dealer opening of the
given group signature can be performed only by all signers participating in the
signature. If one of them is not agree the group signature be opened the others
are not able to open the signature.

One of possible particular implementations of the group signature protocol is
described as follows. Suppose there are m signers assigned by dealer to process the
document M and to generate the group signature to M. The signature generation
procedure includes the following steps:

1. Using some specified 256-bit hash-function Fpy the dealer computes the
hash value from the document H = Fgy(M) and the masking exponents \; =
(H + y;)% mod n for all public keys y; = o mod p, where x; is private key of the
ith signer, and sends the value \; to the ith signer (: = 1,2,...,m). Then dealer
computes the first element of the group signature

U:ﬁyi}‘i mod p.

i=1

The value U represents the masked collective public key of the assigned subset of
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signers.

2. Each ith signer (i = 1,2,...,m) computes the hash value H = Fg(M),
verifies that equation \¢ = y; + H mod n holds (it means the value A; has been
provided by the dealer), generates a random number k; < ¢, computes the value
R; = o mod p, and sends R; to the dealer.

3. Dealer generates the random number K < n and computes values R’ =
o mod p,

m
R=FR H R; mod p = oS tXizi ki mod a 164 .

i=1

and F = Fy(H||R||U), where E is the second element of the group signature; ||
denotes the concatenation operation. Then he sends the value F to each signer.

4. Each ith signer (i = 1,2,...,m) computes his share S; = k; + A\;2; E mod ¢
in the third element of the group signature and sends it to the dealer.

5. Dealer computes the collective signature S, of the assigned set of signers:
Se =i, S; mod g and verifies it with formula R/R' = U=Fad mod p. If S, is
valid, he computes his share S’ = K + X F mod g and the third element of the
group signature S = S5’ + S, mod q.

The verification of the group signature (U, E, S) to document M is performed
with the public key of the group Y that coincides with the public key of the dealer.
The verification procedure includes the following steps:

1. The verifier computes the hash value from the document M: H = Fy(M).

2. Using the group public key Y and signature (U, F, S) he computes the value
R* = (UY) " Fa® mod p.

3. Then he computes the value E* = Fy(H||R*||U) and compares the values
E* and E. If E* = E, then the verifier concludes the group signature is valid.

Correctness proof of the protocol is performed with substitution of the signature
(U, E, S) in the signature verification procedure:

R = (UY) BaS = U Py BoS+E5 S =

m -E
— Ha,\ixi o XE S+ S =
i=1

— o EX I Niwi  ~XB K+ XE+ XL, (ki Xiwi B) —

m m
= afaXiziki EaKHozki ER/HRi = Rmod p =
i=1

=1

= R*=R = Fy(M||R*||U) = Fy(M||R||U) = E*=E.
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3. Discussion

The proposed group signature protocol needs no dealer’s distributing any secrete
values among signers of the group. This is one of the advantages of the new
protocol compared with known group signature protocols [5]. Another advantage
is using the standard public key infrastructure, i.e. the public keys of the signers
and dealer can be used in both the individual signature protocol and the proposed
group signature protocol. Since in the protocol there is used no secret sharing, no
special communication channels are needed to implement the protocol. Therefore
using Internet is sufficient and the staff of the group can include geographically
distributed employees. Besides, the staff of the group can be often and easily
changed (when it is needed).

Including the value U as one of the elements of the group signature provides
possibility of the dealer’s opening the signature in the case of disputes. The last
can be performed as follows. Using his private value d the dealer computes the
values \; = (H + y;)? mod n and U; = yi)‘i mod p, multiplies the masked public
keys U; of all possible subsets of signers, and finds the subset for which the product
of the values U; is equal to U, i.e. to the masked collective public key. No other
person can open the group signature since computing the masked public keys
requires using the secret value d. Except the dealer, only joint action of all signers
participating in the group signature can open it, this trivial case is not critical for
majority of practical applications. One can note that opening the signature by all
m signers participating in the group signature is possible due the fact that they
can present all masking exponents \; used while computing the value U and show
the formulas A{ = H 4+ y; mod n (i = 1,2,...,m) holds. If it will be required this
attack can be eliminated defining computation of the value U (see step 1 of the
described protocol) in accordance with the following formula:

U:YAHyi)‘i mod p,

i=1

where A = (H + Y)? mod n. This modification leads to changing the formula
for computing the share of dealer in the signature element S (see step 5 of the
protocol) as follows:

S'=K+ (1+X)XFEmodgq.

While proving correctness of the results of the procedure of opening the group
signature the dealer presents the values \; (and X in the modified version of the
protocol), however this does not compromise his private value d connected with
his internal public key acting in frame of the group.

To provide 128-bit security, i.e. security equal to 2!?® modulo p multiplication
operations, the size of the primes p and ¢ should be equal to about 2500 and
256 bits, respectively. This defines the signature size equal approximately to 3012
bits, while using 256-bit hash-function Fp. For practical applications it is desired
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to have shorter group signatures. We estimate the proposed cryptoscheme imple-
mented with using elliptic curves defined over the finite field GF(p), where p is
a 256-bit prime, will provide 128-bit security with the signature size equal to 770
bits and 641 bits (the last figure relates to the case of implementing the protocol
on the base of the cryptoschemes providing 128-bit security with 128-bit value E).

In frame of the group it is used local (internal) public key of the dealer, which
is denoted as (n, e) and used by signers at step 2 of the protocol. The private key
d connected with the public key (n,e) is used by dealer to compute the masking
coefficients \; (at step 1 of the protocol and while performing procedure of the
opening signature). For further investigation it is interesting to simplify the mech-
anism of masking the public keys of signers in order to eliminate using the internal
public key of the dealer. For example, the masking coefficients can be computed
as follows \; = Fy (H]||y;||0), where 0 is internal secret key of the dealer. This for-
mula provides possibility for dealer to restore the masking coefficients with using
the secret value § and open the signature in the case of disputes.

However this variant of computing the masking coefficients is connected with
proposing a new mechanism providing for users possibility to verify the values \; at
step 2 of the protocol. The dealer can directly sign each value A; with his signature
using his private key X and, for example, the Schnorr signature algorithm [12].
Using the dealer’s public key Y the ith user will be able to verify validity of the
dealer’s signature to ;. Significant disadvantage of this verification mechanism is
essential increasing the computational difficulty of the group signature generation
procedure. Indeed, the dealer has to generate m additional individual signatures
(this requires performing m exponentiation operations modulo p) and each of the
m signers participating in the group signature is to perform the Schnorr signature
verification procedure (for each signer this requires performing 2 exponentiations
modulo p). In total this variant of verifying values ); introduces 3m additional
exponentiations in the group signature generation procedure.

It is more practically to exclude verification of the values A; from the step 2
of the proposed protocol and to inset the verifying masking exponents procedure
in step 5 that is performed by the dealer. After such modification these two steps
acquire the following form:

2. Each ith signer (i = 1,2,...,m) generates a random number k; < ¢, com-
putes the value R; = o* mod p, and sends R; to the dealer.
5. Dealer verifies correctness of each value S; (¢ = 1,2,...,m) with formula

R; = yi_’\iEaSi mod p. If each value S; is correct, he computes his share S’ = K +
X FE mod ¢ and the third element of the group signature S = S"+ 3" | S; mod q.

To provide possibility for the dealer to open the group signature in the case of
disputes without disclosing his private key in the modified protocol one can use
the following formula for computing the masking exponents \;:

i = Py (H|yil| Frr (M|]yi]|5)) -

Indeed, while opening a group signature, the dealer justifies each value \;
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assigned to the opened group signature presenting the value A = Fy (M||y:||9),
from which it is computationally infeasible to compute the secret value §.

4. Conclusion

The paper proposes a new group signature protocol characterized in dealer’s par-
ticipating in the procedure of the signature generation. The described group sig-
nature protocol has the following merits:

- it uses the standard public key infrastructure;

- it is free from sharing any secret values;

- the set of signers can be easily changed.

In the considered implementation of the protocol the group signature size is
comparatively large, 3012 bits in the case of 128-bit security. This parameter
can be reduced to about 640 bits with using computations on elliptic curves to
implement the protocol like the described one, however it is a topic of individual
consideration.

References

[1] A. Boldyreva, Efficient threshold signature, multisignature and blind signature
schemes based on the gap-Diffie-Hellman group signature scheme, Lecture Nnotes
Comp. Sci. 2567 (2003), 31-46.

[2] C. Boyd, Digital multisignatures, Proceedings IMA Conference on Cryptography
and Coding. Clarendon, Oxford, 1989, 241-246.

[3] J. L. Camenisch, J. M. Piveteau, M. A. Stadler, Blind signatures based on
the discrete logarithm problem, Lecture Notes Comp. Sci. 950 (1995), 428 — 432.

[4] D. Chaum, Blind signatures for untraceable payments, Advances in Cryptology:
Proc. of CRYPTO’82. Plenum Press, 1983, 199 — 203.

[5] Y. Desmedt and Y. Frankel, Threshold cryptosystems, Lecture Notes Comp. Sci.
435 (1990), 307 — 315.

[6] T. ElGamal, A public key cryptosystem and a signature scheme based on discrete
logarithms, IEEE Trans. Information Theory IT—31 (1985), 469 — 472.

[7] J. Gordon, Strong primes are easy to find, Lecture Notes Comp. Sci. 209 (1985),
216 — 223.

[8] A. A. Moldovyan and N. A. Moldovyan, Blind collective signature protocol
based on discrete logarithm problem, Intern. J. Network Security 11 (2010), 106—113.

[9] T. Okamoto, A digital multisignature scheme using bijective public key cryptosys-
tems, ACM Transactions on Computer Systems 6 (1988), 432 — 441.

[10] R. Ostrovsky, S. Lu, A. Sahai, H. Shacham, and B. Waters, Sequential ag-
gregate signatures and multisignatures without random oracles, Lecture Notes Comp.
Sci. 4004 (2006), 465 — 485.



140 N.A. Moldovyan and A.A. Moldovyan

[11] R. L. Rivest, A. Shamir and L. Adleman, A method for obtaining digital sig-
natures and public-key cryptosystems, Commun. ACM 21 (1978), 120 — 126.

[12] C.P. Schnorr, Efficient signature generation by smart cards, Journal of Cryptology
4 (1991), 161 — 174.

Received Febuary 10, 2014
ITMO University,
Kronverksky pr., 10, St. Petersburg 197101, Russia
E-mail: nmold@mail.ru



Quasigroups and Related Systems 22 (2014), 141 — 146

Sequentially dense flatness of semigroup acts

Leila Shahbaz

Abstract. s-dense monomorphisms and injectivity with respect to these monomorphisms were
first introduced and studied by Giuli for acts over the monoid (N°°, min). Ebrahimi, Mahmoudi,
Moghaddasi, and Shahbaz generalized these notions to acts over a general semigroup. In this
paper, we study flatness with respect to the class of s-dense monomorphisms. The theory of
flatness properties of acts over monoids has been of major interest over the past some decades,
but so far there are not any papers published on this subject that relate specifically to the class
of s-dense monomorphisms. We give some sufficient conditions for s-dense flatness of semigroup
acts. Also, we characterize a large number of semigroups over which s-dense flatness coincides
with flatness. This gives a useful criterion for flatness of acts over such semigroups. In fact it is
shown that the study of s-dense flatness is also useful in the study of ordinary flatness of acts.

1. Introduction

One of the very useful notions in many branches of mathematics as well as in
computer science is the notion of an action of a semigroup or a monoid on a set.
Let S be a semigroup. Recall that a right S-act or S-system denoted by Ag, is
a set A together with a function A : A x S — A, called the action of S (or the
S-action) on A, such that for each @ € A and s,¢t € S (denoting A(a,s) by as)
a(st) = (as)t. If S is a monoid with an identity e, we add the condition ze = z.
Analogously, a left S-act gA is defined.

A morphism f: Ag — Bg between right S-acts Ag, Bg is called an S-map if,
foreacha € A, s € S, f(as) = f(a)s.

Since id 4 and the composite of two S-maps are S-maps, we have the category
Act-S (S-Act) of all right (left) S-acts and S-maps between them (for more
information about acts see [1] and [7]).

The study of flatness properties of acts over monoids was first considered in
the early 1970’s by Mati Kilp and Bo Stenstrom as a way to generalize the notions
of flatness of modules to the non-additive setting. Since then many researchers
continued working in this subject that all culminated in [7].

The tensor functors are of as great importance in the theory of acts as they
are in the theory of modules.

2010 Mathematics Subject Classification: 08A60, 18 A20, 20M30, 20M50.
Keywords: s-dense flat, s-dense injective, s-dense monomorphism.
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Let A € Act-S, B € S-Act, and let v be the smallest equivalence relation on
the set A x B generated by the pairs ((as,b), (a, sb)) for a € A,b€ B,s € S.

Define As ® sB := (A X B)/v, and a®b := [(a,b)], € As ® sB,a € A,be B.

In [7] the following results are proved for acts over monoids, but for semigroup
acts the proofs are similar.

Proposition 1.1. Take B € S-Act and A = [[,.; A; € Act-S with the injections
u; : A; — A where A;,i € 1, are right S-acts. Then

Set
(JT4)eB=]](4®B)
iel i€l

with the injections u; ® idp,i € I, where u; ® idp(a ® b) = u;(a) ® idg(b).

Analogously, if B = [[,c; Bi € S-Act with the injections u; : B; — B where
B;,i € 1, are left S-acts and A € Act-S then

Set
Ao ([IB)=]l4®B)
i€l i€l
with the injections ida ® u;,t € 1. [

Definition 1.2. Let A be a right S-act, g2 = {0, 1} the left E-act for E = {1}
and 24 = Hom(gAs,r 2) the left S-act where for any ¢ € 24 and for any s € S
the mapping sy is defined by (s¢)(a) = p(as) for any a € A. The left S-act 24 is
called the character act of A.

Definition 1.3. For A € Act — S we have that A® — : S — Act — Set given
by M— A®Mand (9: M - M')— (ida®g: AQ M — A® M') is a covariant
functor.

Theorem 1.4. Let A be a right S-act. The functor AQ — preserves the monomor-
phism i : sN — ¢M if and only if 22 is injective relative to the monomorphism
i. O

2. s-dense flatness

In this section, we recall the class of s-dense monomorphisms needed to define
s-dense flatness and then flatness with respect to this class of monomorphisms is
studied. The notion of s-dense monomorphisms was first defined in [6] and [8] for
acts over the monoid (N°°, min), and then generalized and studied in some other
papers.
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Definition 2.1. A subact A of a left S-act B is said to be s-densein B if Sb C A
for each b € B. An S-map f: A — B is said to be s-dense if f(A) is an s-dense
subact of B.

Notice that in the case where S is a monoid, the only s-dense subact of an
S-act B is B itself, and the only s-dense monomorphisms are isomorphisms. So,
this notion makes more sense for semigroup acts than for monoid acts, or for acts
over the semigroup parts of the monoids of the form 7" = S, in which an identity
is adjoined to the semigroup S.

Definition 2.2. A right S-act A is called s-dense flat or s-flat if the functor A® —
takes s-dense monomorphisms of left S-acts to monomorphisms.

Lemma 2.3. Let {A; : i € I} be a family of right S-acts and As = [[;c; As.
Then Ag is s-flat if and only if each A; is s-flat.

Proof. It is similar to the case of usual flatness. O

Lemma 2.4. A right S-act Ag is s-flat if the functor A ® — takes all s-dense
inclusions of left S-acts into inclusions, i.e., if gN is an s-dense subact of M
and elements a ® m and o’ ® m’ are equal in A ® M then they are equal already
in AQN.

Proof. Let f: gN — gM be an s-dense monomorphism. Assume that a; ® nq,
as @ng € AQ® N are such that (ida ® f)(a1 @ n1) = (ida ® f)(az ® ng). Thus
a1 ® f(n1) = az ® f(ng) in A® M. It follows by hypothesis that a; ® f(ny) =
as ® f(ne) already in A ® Imf. Let g : Imf — N be an S-map such that
gof =idyn. Then a1 ®n1 = (ida®gf)(a1®@n1) = (ida®g)((ida® f)(a1 ®@nq)) =
(ida ® ¢)((ida ® f)(az ®n2)) = (ida ® gf)(az ®ng) = az @ ng. Thus idy ® f is a
monomorphism. Hence A is s-flat. O

Now we show the relation between s-flatness and s-injectivity (injectivity with
respect to s-dense monomorphisms).

Theorem 2.5. Let A be a right S-act. The functor A @ — takes the s-dense
monomorphism i : sN — sM to a monomorphism if and only if 24 is s-injective
relative to the s-dense monomorphism 1.

Proof. The proof is similar to the case of usual flatness. O
Recall the following proposition from [9].
Proposition 2.6. For a semigroup S, the following are equivalent.
(2) All right (left) S-acts are s-injective.

(i) S has a left (right) identity element. O
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Recall that a right S-act A is called principally weakly flat if the functor A ® —
preserves all embeddings of principal left ideals into S.

Remark 2.7. Each flat act is s-flat, but the converse is not true in general. For
example, let S = (N,.). Then Ay = NUNM N = {(1,2)}U{N\ {1}}U{(1,9)} is
not principally weakly flat by Example IT1.14.4 of [7] and so it is not flat. But since
S is a monoid, each S-act is s-injective by Proposition 2.6. So, 24% is s-injective
and hence Ay is s-flat by the above theorem.

Now, we apply the relationship between s-flatness and s-injectivity to obtain
sufficient conditions for s-flatness similar to the Baer-Skornjakov criterion for s-
injectivity.

First we recall the following theorem from [9].

Theorem 2.8. For a right S-act A, the following are equivalent.

(i) A is s-injective.

(ii) For every s-dense monomorphism h : B — ¢S to a cyclic act and every
S-map f : B — A there exists an S-map g : cS* — A such that gh = f.

(iii) Every S-map f :cS — A from a cyclic act can be extended to f : cS' — A.
(iv) Every S-map f :S — A can be extended to an S-map f : ST — A.

(v) For every s-dense monomorphism h : B — B U cS! to a singly generated
extension of B and every S-map f : B — A there exists an S-map g from
BucS! to A such that gh = f. O

Proposition 2.9. Let A be a right S-act. Then the following conditions are
equivalent.

(i) A is s-flat.

(i¢) The functor A® — takes all s-dense embeddings of left S-acts into cyclic left
S-acts to monomorphisms.

(iit) The functor A® — takes an inclusion scS — gcS' to a monomorphism.

(iv) The functor A ® — takes all s-dense monomorphisms h : sB — (B U cS!)
into a singly generated extension of sB to monomorphisms.

(v) The functor A ® — takes an inclusion sS — sS* to a monomorphism.

Proof. (i) = (i1), (i) = (ii1), (i) = (iv), (i) = (v) are clear.

(#4) = (i) Let the functor A ® — take all s-dense embeddings of left S-acts
into cyclic left S-acts to monomorphisms. By Theorem 2.5 we get that ¢24 is
s-injective relative to all s-dense embeddings of left S-acts into cyclic left S-acts.
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Now by Theorem 2.8, 324 is s-injective. Applying once more Theorem 2.5, one
gets that A is s-flat.

(iii) = (i) Let the functor A ® — take gcS < gcS* to a monomorphism. By
Theorem 2.5, 2 is s-injective relative to gcS < gc¢S' and so by Theorem 2.8,
it is s-injective. Applying once more Theorem 2.5, one gets that A is s-flat.

(tv) = (i) Let the functor A ® — take all s-dense monomorphisms h : g¢B —
s(BUcSY) into a singly generated extension of §B to monomorphisms. By The-
orem 2.5, 24 is s-injective relative to all s-dense monomorphisms h : ¢B —
s(BUcS'). Thus by Theorem 2.8, g2 is s-injective. Applying once more Theo-
rem 2.5, one gets that A is s-flat.

(v) = (i) Let the functor A ® — take an inclusion S — sS* to a monomor-
phism. By Theorem 2.5, §24 is s-injective relative to an inclusion gS «— gS*.
Thus by Theorem 2.8, g24 is s-injective. Applying once more Theorem 2.5, one
gets that A is s-flat. O

Now we characterize semigroups over which all S-acts are s-flat.

Definition 2.10. A semigroup S is called right absolutely s-flat if all right S-acts
are s-flat.

Proposition 2.11. Let S be a semigroup with a right identity element. Then S
is right absolutely s-flat.

Proof. Since S has a right identity element thus each left S-act is s-injective by
Proposition 2.6. Then for every S-act Ag, ¢24 is s-injective. Thus Ag is s-flat by
Theorem 2.5. 0

Now, we characterize a large number of semigroups over which s-dense flatness
coincides with flatness. This gives a useful criterion for flatness of acts over such
semigroups.

Theorem 2.12. If S is a(n)
(1) semigroup for which (Id,(S),N,U) is a Boolean algebra, or
(3

left (right) zero semigroup, or

(iv

)
)

(#i1) cyclic semigroup, or
) zero semigroup, or
)

(v

idempotent semigroup each of whose proper right ideals is generated by a
central idempotent, or

(vi) lattice considered as a semigroup with A as its binary operation each of whose
proper right ideals is a complete sublattice, or

(vit) finite chain considered as a semigroup, or
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(viii) Clifford semigroup each of whose proper non-empty ideals is principal

then each s-flat S-act is flat.

Proof. Let A be an s-flat right S-act. Then by Theorem 2.5, 24 is s-injective.
Since by [3] each s-injective act over one of the above semigroups is injective thus

524 is injective. Now, by Theorem 1.4, A is flat. O
Theorem 2.13. Each s-flat projection algebra (S-act over the monoid (N*° min))
is flat.
Proof. The proof is similar to the proof of the above theorem, because every s-
injective projection algebra is injective by Theorem 3.19 of [8]. O
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Pentagonal quasigroups

Stipe Vidak

Abstract. The concept of pentagonal quasigroup is introduced as IM-quasigroup satisfying
the additional property of pentagonality. Some basic identities which are valid in a general
pentagonal quasigroup are proved. Four different models for pentagonal quasigroups and their
mutual relations are studied. Geometric interpretations of some properties and identities are
given in the model C(q), where q is a solution of the equation ¢* — 3¢3 + 4¢%2 —2¢+1 = 0.

1. Introduction

A quasigroup (Q, -) is called IM-quasigroup if it satisfies the identities of idempo-
tency and mediality:
aa =a (1)

ab - cd = ac - bd. (2)

Immediate consequences of these identities are the identities known as elastic-
ity, left distributivity and right distributivity:

ab-a=a-ba, (3)
a-bc=ab-ac, (4)
ab-c=ac-bec. (5)

Adding an additional identity to identities of idempotency and mediality some
interesting subclasses of IM-quasigroups can be defined. For example, adding the
identity a(ab-b) = b golden section quasigroup or GS-quasigroup is defined (see [9],
[2]). Adding the identity of semi-symmetricity, ab-a = b, hexagonal quasigroup is
defined (see [10], [1]).

In this paper we study IM-quasigroups satisfying the identity of pentagonality:

(ab-a)b-a=0. (6)

Such quasigroups are called pentagonal quasigroups.

2010 Mathematics Subject Classification: 20N05
Keywords: IM-quasigroup, regular pentagon.
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Example 1.1. Let (F,+,") be a field such that the equation

¢' =3¢° +4¢° =29 +1=0 (7)
has a solution in F. If ¢ is a solution of (7), we define binary operation % on F by

axb=(1-q)a+ gb. (8)

Then (F,*) is a pentagonal quasigroup.
Idempoteny follows trivially:

axa=(1-q)a+qga=a.
To prove mediality, we write

(a*b)x (cxd) = ((1—q)a+qb)*((1—q)c+qd)
= (1 -q)((1 = q)a+gb) + q((1 — g)c + qd)
=(1-9)a+q(l—q)b+q(l —q)c+q°d

This expression remains unchanged applying b < ¢ and we conclude that

(axb)* (cxd) = (axc)*(bxd).

Since
(((a*xb)xa)*xb)xa=(1—q)((a*xb)*a)b+qa

=1 -¢((1—g)((axb)*a)+qb) +qa

= (1—q)*((axb)*a)+ (1 —q)gb+qa

= (1-¢)*((1 = g)(axb) +qga) + (1 - g)gb+ qa
=(1—q)*(axb)+ (1 —q)?qa+ (1 —q)gb+qa
=(1-qta+(1 -9+ (1—-q)qa+(1—q)ghb+qa
= (¢* —3¢> +4¢* —2¢+ Da + (—¢* + 3¢> — 4¢* + 29)b,

using (7) we get
(((a*b) *xa)*b)*a=0>h,

which proves pentagonality.

Example 1.2. We put F' = C in the previous example, and ¢ is a solution of the
equation (7). Since we are in the set C, that equation has four complex solutions.
These are:

Q2 = i(3+ VB +iv/2(5 + V5))i,
434 = 3(37 V5 +iy/2(5 — V5)).
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Now C(q) = (C, x), where q € {¢1,42, 93,94}, and * is defined by
axb=(1-q)a+qgb
is also a pentagonal quasigroup.

Previous example C'(g) motivates the introduction of many geometric concepts
in pentagonal quasigroups. We can regard elements of the set C as points of the
Euclidean plane. For any two different points a, b € C the equality (8) can be
written in the form

axb—a q—0

b—a 1-0°

ab-c=ac-bc
Figure 1. Right distributivity (5) in C(q1)

That means that the points a, b and a * b are vertices of a triangle directly
similar to the triangle with vertices 0, 1 and ¢. In C(¢;) the point a x b is the
third vertex of the regular pentagon determined by adjacent vertices a and b.
Any identity in the pentagonal quasigroup C(q) = (C,*) can be interpreted as a
theorem of the Euclidean geometry which can be proved directly, but the theory
of pentagonal quasigroups gives a better insight into the mutual relations of such
theorems. Figure 1 gives an illustration of the right distributivity (5).

In this paper we study different identities in pentagonal quasigroups and their
mutual relations. We prove Toyoda-like representation theorem for pentagonal
quasigroups, where they are caracterized in terms of Abelian groups with a certain
type of automorphism. In the last section, motivated by quasigroups C(g;), i =
1,2,3,4, we study four different models for pentagonal quasigroups.
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2. Basic properties and identities

In pentagonal quasigroups, along with pentagonality and the identities which are
valid in any IM-quasigroup, some other very useful identities hold.

Theorem 2.1. In the IM-quasigroup (Q,-) identity (6) and the identities

(ab-a)c-a="bc-b, 9)
(ab-a)a-a="ba-b, (10)
ab- (ba-a)a="> (11)

are mutually equivalent and they imply the identity

a(b-(ba-a)a)-a="b (12)
for every a, b, c € Q.
Proof. First, we prove (6) < (9). We have

2 3

bc~b@bc~((ab~a)b~a) = (b-(ab-a)b)-ca = (b(ab-a)-b)-ca

@ (b(ab-a)-c) - ba ® (be - (ab-a)c) - ba @ (be-b) - ((ab-a)c-a)

Since we have be-b = (be - b) - (be - b) and
(be-b) - ((ab-a)c-a) = (be-b) - (be-b),
using cancellation in the quasigroup we get (ab-a)c-a = bc - b.

Then, we prove (6) < (10). We have

ba-b@ba-((ab-a)b-a) © (b-(ab-a)b)-aa@ (b(ab-a)-b)-aa
@ (b(ab-a)-a)-ba © (ba - (ab-a)a) - ba @ (ba-b)-((ab-a)a-a)

Since we have ba - b = (ba - b) - (ba - b) and

(ba-b) - ((ab-a)a-a) = (ba-b) - (ba-b),
cancellation again gives (ab-a)a-a = ba - b.
Next, we prove (6) < (11):

ab-(ba-a)a(i)a(ba-a)-ba@(ab~a)a~ba(5:)(ab~a)b~a.
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It remains to prove (6), (10) = (12). We get successively:

a(b- (ba-a)a)-a W (ab- (a- (ba-a)a))a © (ab- ((ab-a)a-a))a

9 (ab-(ba'b))a@ (a~ba)b~a@(ab~a)b~a@b. O

The identity (9) generalises identity (6), so it is called generalised pentagonality.

In a pentagonal quasigroup (@, -) it is often very useful to know how to "solve
the equations" of the types ax = b and ya = b for given a, b € Q. The next
theorem follows immediately from the identities (12) and (6).

Theorem 2.2. In the pentagonal quasigroup (Q,-) for a, b € Q the following
implications hold:

axr=b = x=(b-(ba-a)a)a,
ya=b = y=(ab-a)bd. O

3. Representation theorem

A more general example of the pentagonal quasigroup C(q), where ¢ is a solution
of the equation (7) can be obtained by taking an Abelian group (Q,+) with an
automorphism ¢ which satisfies

ot —30% + 40 — 20+ 1 =0. (13)

The equation ax = b is equivalent with

a+o(x—a)=h,
p(r) = p(a) +b—a,
r=a+¢ '(b—a),
which means that ax = b has the unique solution.

The equation ya = b is equivalent with
y+epla—y)=b,
y—oy) =b—y(a).

Let us check that yo = a + 2p(b — a) — 2¢%(b — a) + ¢3(b — a) satisfies the last
equality:

= a+ 2¢(b) — 2¢(a) — 2¢*(b) + 2¢*(a) + ¢*(b) — ¥°(a)
—p(a) — 2¢°(b) + 2¢*(a) + 2¢° (b) — 2¢°(a) — ¢*(b) + ©*(a)
(a = 3p(a) + 4¢*(a) — 3¢°(a) + ¢ (a)) + (2p(b) — 4% (b) + 3¢°(b) — ™ (b))
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Now let us assume that there exist y1, y2 € @ such that y;a = b and y2a = b.
That means that we have
Yyia = Y0
y1+e(y1) —ela) = y2 + o(y2) — ¢(a)
1+ ) (Y1) =1+ 9)(y2).

Applying automorphism ¢ and multiplying by constants we get

1 +e)(y1) = 1 +¢)(y2)
=3(p+ ") (1) = =3(¢ + ¥*) (12)
70" +¢°) (1) = 7(9* + ¢*)(v2)
)
)

—10(¢° + ") (1) = —10(¢* + ©*) (1)
11(¢* + ©°)(y1) = 11(o" + ©°) (y2).-
Adding up all these equalities we get
(1—20+4¢” = 3¢° + o* +110°) (11) = (1 — 20 + 4¢” — 3¢° + ©* + 110°) (1),

from which using (13) and dividing by 11 we get ©®(y1) = ©°(y2). Since ¢ is
an automorphism, so is ¢®, and we can conclude y; = y». That shows that the
equation ya = b has the unique solution. Hence, (Q, ) is a quasigroup.

Since a - a = a + ¢(0) = a, idempotency is valid. Moreover,
ab-cd = (a+p(b - a)) - (e + pld - ©))
= atplb— )+ pletp(d— )~ (a+ g(b—a))
—a+pb—a+c—a)+plpd—c—b+a)
Interchanging b and c¢ that expression remains unchanged, which gives mediality.
If we put a-b=a+ ¢(b— a), we get successively:
ab-a=a+@b—a)+ela—a—pb-—a))
=a+¢b—a)—*(b—a)

(ab-a)b=a+ (b —a) —@*(b—a) +p(b—a—pb—a)+¢*(b—a)
=a+g(b—a)—p*(b—a)+pb—a) - ¢*(b—a) +¢*(b—a)
=a+2p(b—a) = 2¢*(b — a) + ¢*(b — a),

(ab-a)b-a=a+2p(b—a)—20*(b—a)+ (b —a)

+pla—a—2p(b—a)+20%(b—a) - ¢’(b—a))
=a+2¢p(b—a) = 2¢°(b—a) + ¢*(b—a) = 2¢*(b - a)
+2p3(b—a) — p*(b—a)

=a+20(b—a) —4p*(b—a) +30*(b —a) — ¢*(b — a) Wy,
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That proves pentagonality in (Q,-).

Based on Toyoda’s representation theorem [4], next theorem shows that this is
in fact the most general example of pentagonal quasigroups.

a4
ﬁ %A.
0 1 0 1
0 1 0 1
} \ 9
9
Figure 2. Four characteristic triangles for pentagonal quasigroups

Theorem 3.1. For every pentagonal quasigroup (Q,-) there is an Abelian group
(Q,+) with an automorphism ¢ such that (13) and a-b = a + (b — a) for all
a,beq.

Proof. Since (@Q,-) is a pentagonal quasigroup, it is also an IM-quasigroup. Ac-
cording to the version of Toyoda’s theorem for IM-quasigroups, there is an Abelian
group (@, +) with an automorphism ¢ such that a-b = a+¢(b—a) for all a, b € Q.
The identity of pentagonality (6) is equivalent to (13), which is proved by compu-
tation done prior to this theorem. O

4. Four models for pentagonal quasigroups

Depending on the choice of ¢ € {¢1, 92, 3,94} and if we regard complex numbers
as points of the Euclidean plane, we can get four different characteristic triangles
in C(q) with vertices 0, 1 and ¢;, i = 1,2,3,4, see Figure 2. Each of the C(g),
i=1,2,3,4, gives one model for pentagonal quasigroups.

Points ¢; and ¢o are the third vertices of two regular pentagons determined by
its two adjacent vertices 0 and 1, while ¢35 and ¢4 are intersection points of two
diagonals of the same two pentagons.

Let us observe a pentagonal quasigroup (@, -) in the model C(g;). In the Figure
3 we can spot characteristic triangles from the models C(g2), C(g3) and C(qy4).
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Figure 3. Models for pentagonal quasigroups

Characteristic triangle of the model C(g2) has vertices a, b and (ba - b)a. We
will denote
aob=(ba-b)a.

Characteristic triangle of the model C(g3) has vertices a, b and b - (ba - a)a. We
will denote
axb=">-(ba-a)a.

Characteristic triangle of the model C(g4) has vertices a, b and (ab - b)b. We will
denote
aob=(ab-b)b.

The main goal of this section is to prove that (Q,0), (Q,*) i (Q,¢) are also pen-
tagonal quasigroups. It will be enough to prove that if (Q,-) is a pentagonal
quasigroup, then so is (Q, *), because we will show

b* (((bxa)*a)xa)=(ba-b)a=aob,
bo(((boa)oa)oa)=(ab-b)b=acb.
bo(((boa)oa)oa)=ab.
In a quasigroup (Q, -) operations of left and right division are defined by
a\c=b & ab=c & ¢/b=a.

Formula is an expression built up from variables using the operations -, \ and /.
More precisely:

(1) elements of the set @) (variables) are formulae;
(2) if p and v are formulae, then so are ¢ - 1, ©\v and @/.

A formula ¢ containing at most two variables gives rise to a new binary operation
Q X Q — @, which will also be denoted by (.

In [3] the next corollary was proved. We will use it in the proof of the next
theorem.
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Corollary 4.1. If (Q,") is a medial quasigroup, then binary operation defined by
the formula ¢ is also medial. O

Theorem 4.2. Let (Q,-) be a pentagonal quasigroup and let x: Q X Q — Q be a
binary operation defined by

axb="-(ba-a)a.
Then (Q, *) is a pentagonal quasigroup.

Proof. First we prove that (Q, *) is a quasigroup, i.e., that for given a, b € @ there
exist unique x, y € @ such that axz = b and yxa = b. If we put x = ab-a, we get

a*x:x~(xa'a)a:(ab.a).((ab.a)a.a)a(g) (ab-a) - (ba - b)a
D (ab- (ba-5)a 2 (a-ba)p-a 2 (ab-a)p-a L.

Let us now assume that there exist x1, o2 € @ such that a x x1 = a * 3. That
means that we have
x1 - (r10 - a)a = x9 - (x2a - a)a.

Multiplying by a from the left and applying (4) we get
azry - (a- (r1a-a)a) = axy - (a- (xea - a)a).
Now using (3) and (10) we get
azy - (x10-x1) = azy - (x2a - x3).
After applying (5) and (3) the equality becomes
(axy - a)x; = (axs - a)xa,

so multiplying from the right by a and using (6), we finally get z; = 5.
If we now put y = (ba - a)a, we get
yra=a-(ay-y)y = a(((a- (ba-a)a) - (ba- a)a) - (ba - a)a)
(5,00 a(((ba-b) - (ba-a)a) - (ba-a)a)
2)

2 4(((ba - (ba - a)) - ba) - (ba - a)a) 2 a(((b- ba)a - ba) - (ba - a)a)
2 (b ba)b-a) - (ba - a)a) 2 a- ((b-ba)b- (ba - a))a
)

— — —
ut
=

2. (((b-ba) - ba) - ba)a Wa. (b(ba - a) - ba)a (L) a(b- (ba-a)a)-a

(4),(3),(10) (ab- (ba - b))a ®) (a-ba)b-a ® (ab-a)b-a ©y,

=
fasd

Let us now assume that there exist y;1, yo» € @ such that y; x a = yo *x a. We get

a- (ay1 'y1)y1 =a- (ayz : yz)yz-
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Using cancellation we get

(ayl 'yl)yl = (ayz : yz)yz-

Multiplying by yia from the left and using (11) we get

a=1ya- (ayg : yz)y2~

Applying (11) once again gives

Y20 - (ayg 'yz)y2 =lna- (ay2 : y2)y27

wherefrom cancelling first with (ays - y2)y2 and then with a, we finally get yo = y;.
Idempotency of * follows immediately from idempotency of -.

Mediality of * follows from Corollary 4.1 by putting ¢ = x*.

Let us now prove (a *b) x a = (a - (ab - b)b)b.

(@xb)xa=a-(ala*b)-(axb))(a*b)
—a-(a(b- (ba-a)a) - (b- (ba-a)a))(b- (ba - a)a)
W00 (ab- (ba - b)) - (b- (ba - a)a))(b - (ba - a)a)
UL o ((ab-a)b- (b- (ba-a)a))(b- (ba - a)a)
RO (o (ab- a)b)(ab- (ba b)) - (ab- (ba b))
UL (@ (ab- a)b) - (ab-a)b) - (ab- a)b
2 ((a- (ab-a)b) - (ab-a))((ab-a)b-b)
CLO) (4 ab)b - ((ab- a)b - b)

5 ((a-ab) - (ab- a)b)b 2 (a(ab- a) - (ab-b))b

D ((a-ab)a- (ab-0))b 2 (((a- ab) - ab) - ab)b

D (a(ab-b) - ab)b 2 (a- (ab- b)b)b

A A
I
> >

Now we prove ((axb)*a)*b= (ba-a)a. Let us denote ¢ = (a *b) xa. We have

((axb)xa)xb=10>-(bc-c)c

b-(
(b-(a-(ab-b)b)b) - (a- (ab-b)b)b) - (a- (ab- b)b)b)

((
D b(((b(a - (ab- b)b) -b) - (a- (ab- b)B)D) - (a- (ab- b)b)b)

D b((((ba- (b- (ab-b)b)) -b) - (a- (ab- bYb)D) - (a- (ab- b)b)b)
‘%”) b((((ba - b)a - b) - (a- (ab-b)BYB) - (a - (ab - b)b)b)
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9 b((a- (a- (ab-b)b)b) - (a- (ab- b)b)b)
LY - (ba- (b (ab-b)b))B) - (ba - (b- (ab- b)b))b
WL (pa - ((ba-b)a- b)) ((ba-b)a-b) Y (ba- a)a.
Finally, we prove (((a+b) * a) *b) @ = b. If we put d = ((a % b) * a) b, we have

(((a*b)*xa)*b)xa=a-

= a((b- (ba-a)a)b- (ba-a)a)
= ((ab- (a- (ba-a)a))-ab)(a- (ba-a)a)

(4),(11),(3) ((ab-a)b-ab)((ab-a)a - a)

© (ab-a)a - b)((ab-a)a- a)

(€] 5)

= (ab-a)a - ba ©) ©

(ab-a)b-a =b. O

In the end we state three more theorems which express multiplications in quasi-
groups (@, *), (Q,o) and (Q,¢) in terms of multiplication in quasigroup (Q,-).
First statements in these theorems follow immediately from Theorem 4.2. Second
statements can be proved by rather tedious calculations similar to those in the
proof of Theorem 4.2 or using some automated theorem prover. We omit these
proofs in this paper.

Theorem 4.3. Let (Q,*) be a pentagonal quasigroup and let o: Q X Q — Q be a
binary operation defined by

aob=>bx*(((b*xa)xa)*a).
Then (Q,0) is a pentagonal quasigroup. Furthermore
aob=(ba-b)a. O

Theorem 4.4. Let (Q,0) be a pentagonal quasigroup and let o: Q X Q — Q be a
binary operation defined by

acb=bo(((boa)oa)oa).
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Then (Q,©) is a pentagonal quasigroup. Furthermore
aob=(ab-b)b. O

Theorem 4.5. Let (Q,<) be a pentagonal quasigroup and let ©: Q X Q — Q be a
binary operation defined by

a®b=bo(((boa)oa)oa).
Then (Q,®) is a pentagonal quasigroup. Furthermore
a®b=ab. O
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