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On (semi)topological hoops
Mona Aaly Kologani, Rajab Ali Borzooei and Nader Kouhestani

Abstract. Hoops are naturally ordered commutative residuated integral monoids, introduced
by Bosbach in [6, 7], that BL-algebras are particular cases of hoops. Now, in this paper, we
introduce the concept of (semi)topological hoop and we get some related results. Then we derive
here conditions that imply a hoop to be a semitopological or a topological hoop and we study
some properties of them. Specially, we show that in a hoop A, if (A,—,T) is a semitopological
hoop and {1} is an open set or A is bounded and satisfies the double negation property, then
(A, T) is a topological hoop. Finally, we construct a discrete topology on quotient hoops, under
suitable conditions.

1. Introduction

Algebra and topology, the two fundamental domains of mathematics, play com-
plementary roles. Topology studies continuity and convergence and provides a
general framework to study the concept of a limit. Algebra studies all kinds of
operations and provides a basis for algorithms and calculations. In applications,
in higher level domains of mathematics, such as functional analysis, dynamical
systems, representation theory, and others, topology and algebra come in contact
most naturally. Many of the most important objects of mathematics represent
a blend of algebraic and of topological structures. Topological function spaces
and linear topological spaces in general, topological groups and topological fields,
transformation groups, topological lattices are objects of this kind. Very often an
algebraic structure and a topology come naturally together; this is the case when
they are both determined by the nature of the elements of the set considered. The
rules that describe the relationship between a topology and algebraic operation
are almost always transparent and natural the operation has to be continuous,
jointly continuous, jointly or separately. In the 20th century many topologists and
algebraists have contributed to the topological algebra. Some outstanding math-
ematicians were involved, among them Dieudonné, Pontryagin, Weyl. Hoops are
naturally ordered commutative residuated integral monoids, introduced by Bos-
bach in [6, 7]. In the last years, the hoops theory have enriched with deep structure
theorems [1, 2, 3, 4, 5, 6, 7, 12]. Many of these results have a strong impact with
fuzzy logic. Particularly, from the structure theorem of finite basic hoops ([2],
Corollary 2.10) one obtains an elegant short proof of the completeness theorem for
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the propositional basic logic ([2], Theorem 3.8), introduced by Hajek in [9]. The
algebraic structures corresponding to Hajek’s propositional (fuzzy) basic logic,
BL-algebras, are particular cases of hoops. Now, in this paper, we introduce the
concept of (semi)topological hoops and we bring some useful examples of them.

2. Preliminaries

In this section, we gather some basic notions relevant to hoop which will need in
the next sections.

A hoop is an algebraic structure (A, ®, —, 1) of type (2,2,0) such that, for all
x,y,z € A:
( ) (A,3,1) is a commutative monoid.
(HP2) z—ax=1.
( ) (Y —wz=2— (y— 2).
(HP4) z0(z—y)=y0O(y > ).

”

On a hoop A we define x < y if and only if z — y = 1. Then ” < ” is a partial
order on A. A hoop A is bounded if, for all z € A, there is an element 0 € A
such that 0 < . Let A be a bounded hoop. For all z € A, we define a negation
77 on Aby, 2’ =2 — 0. If (/) = «, for all z € A, then the bounded hoop A
is said to have the double negation property, or (DNP) for short. Finally, we let
20 =1, 2" = 2"t Oz, for any n € N (cf. [2]).

Example 2.1. (cf. [8]) (i) Let G =(G,+,—,0,V,A) be an ¢-group and 0 < u €
G. Suppose that operations ©® and — on Glu] = [0, u] are defined as follows:

xOQy=(x—u+y)v0 , z—=y=(@y—xz+u)A0.

Then by routine calculations we can see that G[u] = (G[u], ®, —, u) is a hoop.
(i5) Let A={0,a,b,c,d,1} and operations ® and — on A are defined as follows:

— 0 a b ¢ d 1 ® 0 a b ¢c d 1
0 11 1 1 11 0 0 000 0O
a c 1 b ¢ b 1 a 00 a d 0 d a
b d a 1 b a 1 b 0 d ¢c ¢ 0 b
c a a 1 1 a 1 c 0 0 ¢c ¢ 0 ¢
d b 1. 1 b 1 1 d 0 d 00 0 d
1 0 a b ¢ d 1 1 0 a b ¢c d 1

Then with these operations A is a bounded hoop with (DNP).

The following proposition provides some properties of hoops.
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Proposition 2.2. (cf. [6, 7]) Let A be a hoop. Then, for all x,y,z € A, the
following conditions hold:
(1) (A, <) is a meet-semilattice with x Ny =2 © (x — y).

(1) xOy<zifand only if x <y — z.
(iii) zOy < z,y.

(iv) z<y— =

v) T —1=1.

(vi) 1 5z =uz.

(vii) z<y—= (xOy).
(viit) 0O (x = y) < y.

(iz) z<(z—=y) =y

() <y implies 0z2<y0 z.
(z1) x <y implies z—>x < z—y.
(zii) =<y implies y—z<x— 2.

(ziti) (x = y) < (y— 2) = (z— 2).

Proposition 2.3. (cf. [8]) Let A be a bounded hoop. Then, for all x,y € A, the
following conditions hold:
(i) =0and 0 =1.

(1) x <.
i) zOa' =0.
(i) 2" =2a'.

) @' <z >y

) If e =2, thenz -y =19y — .

Proposition 2.4. (cf. [8]) Let A be a hoop and for any x,y € A, we define,
zly=((z—=y) =y Ay —2z) =)
Then, for all x,y,z € A, the following conditions are equivalent:

(i) U is associative operation on A,
(#1) x <y impliesx Uz <yl z,
(1) zU(yAz) < (zUy) A (zUz2),
(iv) U is the join operation on A.
A hoop A is called a U-hoop, if LI is a join operation on A.
Remark 2.5. (cf. [8]) L-hoop (A, A) is a distributive lattice.

Let A be a hoop. A non-empty subset F' of A is called a filter of A if,

(F1) z,y € Fimpliesz®y € F.

(F2) z<yandzé€ Fimply y € F, for any z,y € A.

We use F(A) to denote the set of all filters of A. Clearly, 1 € F, for all

F e F(A). F e F(A) is called a proper filter if F # A. It can be easily seen that,
if A is a bounded hoop, then a filter is proper if and only if it does not contain 0

(ct. [8]).
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Proposition 2.6. (cf. [8]) Let A be a hoop and F be a non-empty subset of
A. Then F € F(A) if and only if 1 € F and if, for any z,y € A, x € F and
x—y€eF, thenyeF.

Let A be a hoop and F € F(A). We define a binary relation ~p on A by
x ~p yifandonlyif v - y, y - « € F, for any 2,y € A. Then ~p is a
congruence relation on A. Let A/F = {7 |z € A}, whereT ={y € A | x ~Fp y}.
Then the binary relation < on A/F defined by:

Tz<yifand only if xt -y € F,

is a partial order on A/F (cf. [9]). Thus (A/F,®,~,14,F) is a hoop, where for
any x,y € A:
lyrp=1, TRY=20y, T~>F=T .

In the follows, we recall some definitions of topological spaces.
A set X with a family T of its subsets is called a topological space, denoted by
(X,7T),if X,0 € T and T is closed under a finite intersection and arbitrary union.
The members of 7 are called open sets of X and the complement of U € T, that
is U¢, is said to be a closed set. If B is a subset of X, the smallest closed set
containing B is called the closure of B and denoted by B. A subfamily {U,} of
T is said to be a base of U if for any x € U € T, there exists an « such that
x € U, C U, or equivalently, each U € T is the union of members of {U,}. A
subset P of a topological space (X,7) is said to be a neighborhood of © € X if
there exists an open set U such that x € U C P. A topological space X is said to
be disconnected if it is the union of two disjoint non-empty open sets. Otherwise,
X is said to be connected (cf. [10, 11]).

Let (A, ) be an algebra of type 2 and 7 be a topology on A. Then A = (A, *,T)
is called:
o left (right) topological algebra if for each a € A, the map l,: A — A(r,: A — A)
is defined by © — a * z(x — x * a) is continuous, or equivalently, for any x € A,
and any open neighborhood U of a*z(z*a), there exists an open neighborhood V
of x such that a « V C U(V xa C U). In this case we also call that the operation
* is continuous in the second (first) variable.
e semitopological algebra if A is a right and left topological algebra. In this case
we also call that the operation * is continuous in each variable separately.
e topological algebra if the operation = is continuous, or equivalently, if for any
x,y € A and any open neighborhood W of xxy, there exist two open neighborhoods
U and V of x and y, respectively, such that U « V C W (cf. [11]).

Proposition 2.7. (cf. [11]) Let (A,*) be a commutative algebra of type 2 and
T be a topology on A. Then, right and left topological algebras are equivalent.
Moreover, (A,x,T) is a semitopological algebra if and only if it is right or left
topological algebra.

Let A be a non-empty set, {*;};cr be a family of operations of type 2 on A
and 7 be a topology on A. Then:
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(1) (A, {*;}icr,T) is a right(left) topological algebra if for any i € I, (A, *;,T)
is a right (left) topological algebra,

(17) (A, {*;}ier,T) is a (semi)topological algebra if for all i € I, (A, ;,T) is a
(semi)topological algebra (cf. [11]).

Note: From now one, A is a hoop and 7T is a topology on A.

3. (Semi)topological hoop

In this section we define the notions of (semi)topological hoop and state and prove
some related results.

Definition 3.1. Let (A, {*;},7), where {*;} C {®,—}, be a (semi)topological
algebra. Then (A, {x;},T) is called a (semi)topological hoop. Moreover, we say
(A, T) is a (semi)topological hoop if (A,®,—,T) is a (semi)topological hoop.

Note: Let U,V C A. Then we define U @V, U — V and U x V as follows:
UoV={zoylzeclUycV}, U=V={z—ylzclUycV}.

Example 3.2. (i) Every hoop with the discrete topology is a topological hoop.
(i1) Let A = {0,a,b,1} be a set. Define the operations ® and — on A as
follows:

© [ 0 a b 1 - | 0 a b 1
0O | 00 0 O 0 1 1 1 1
a | 0 a a a a 0 1 1 1
b 0 a b b b 0 a 1 1
1 0 a b 1 1 0 a b 1

Then A with these operations and the topology T = {0,{0},{1,a,b}, A} is a
bounded topological hoop.

Note: We know that, any topological hoop is always a semitopological hoop. In
the following example we show that every semitopological hoop is not a topological
hoop, in general.

Example 3.3. Let A ={0,a,b,1} be a set. Define the operations ® and — on A
as follows:

®© | 0 a b 1 = | 0 a b 1
0O | 0 0 0 O 0 1 1 1 1
a | 0 0 a a a a 1 1 1
b 0 a b b b 0 a 1 1
1 0 a b 1 1 0 a b 1

Then A with these operations and the topology 7 = {0,{1,0},{1,a,b}, A} is a
semitopological hoop, but it is not a topological hoop. Because 0 — 0 =1 € {1,b}
and A — A= A and it is clear that A  {1,b}.
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Example 3.4. Let ® and — on the real unit interval A = [0, 1] be defined as
follows:
1 <y

x @y =min{z,y} and x—oy= { Y otherwise

Then A with these operations is a bounded hoop.

Now, let 7 be a topology on A with the base B = {(a,b]N A | a,b € R}. Then
V = (a,0]N A = {0} for a < 0, and so {0} is an open neighborhood of 0.

We prove (A,®,7T) is a topological hoop. For this, let z,y € A and U € T
such that x ©y € U.

Case 1: Let x = y = 0. Then {0} is an open neighborhood of 0 and z ©® y €
{0yo{oycU.

Case 2: Let x = 0and 0 # y. Then @y = 0 € U. Since {0} is an open
neighborhood of 0 and y € (0,y], we have x @y € {0} ® (0,y] = {0} C U.

Case 3: Let 0 # 2 =y. Then x ©2z = = € U. Hence (0,z] N U is an open
neighborhood of  such that z ©@ x € ((0,z]NU) ® ((0,z]NTU) C U.

Case 4: Let # < y. Then x ©y = € U. Since z € (0,2z]NU € T and
y € (z,y] € T, weobtain z ®y € ((0,2] NU) ® (z,y] = (0,2]NU C U.

Case 5: Let > y. Thenz @y =y € U. Since z € (y,z] and y € (0,y] N U,
vOy € (y,2]o(0,ynU) =(0,y)nU CU.

Hence, (A,®,T) is a topological hoop. Now, we prove that (A,—,7T) is not a
topological hoop. For this, we consider 1/2 — 1/2 =1 € (1/2,1]. Let a € R and
(a,1/2] be a neighborhood of 1/2. Suppose b = (a + 1/2)/2. Then b € (a,1/2],
and so b < 1/2. Hence, 1/2 - b=1b¢ (1/2,1].

Proposition 3.5. Let 22 = z, for all x € A. Then there exists a topology T on
A such that ® is continuous.

Proof. Let a € A. Define A, = {x € A| x ®a = a}. Clearly, a € A,. We prove
that A, € F(A). For this, let z,y € A,. Then t ®a =y ® a = a. By (HP1),

(zOY)Oa=2z0(yda)=20a=a.

Hence, z ®y € A,. Also, suppose ¢ < y and z € A, for some z,y € A. Then by
Proposition 2.2(éi7) and (x), we have a = 2@ a < y ®a < a. Thus, y ®a = a.
Hence, y € A,, and so A, € F(A), for all a € A. Let B={A, | a € A}. Suppose
a € A, N A, and z be an arbitrary element of A,. Then

z20r=20(@@z)=(20a)0z=a@x==1
and
z0Yy=20@0y)=(20a)0y=a0y=y.

Thus, z € A, N Ay, and so B is a basis. Let 7 be a topology generated by B. We
prove that © is continuous. Let x,y € A. Then z ©y € A,oy. Since x € A, and
y € Ay, it is enough to prove that A, © A, C Ayoy. Let o € A, © Ay. Then there
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exist a € A, and b € A, such that a =a©b. Sincea € A, andbe€ Ay, aOr =2
and b ® y = y, respectively. Thus, by (HP1),

a0@@oy)=>0o0bo@oy)=(oz)odoy) =0y
Hence, o € A;o,y. Therefore, ® is continuous. O

Proposition 3.6. Let A be bounded with (DN P). Then (A,—,T) is a semitopo-
logical hoop if and only if (A,®,,T) is a semitopological hoop.

Proof. (=) Let (A, —, T) be a semitopological hoop. It is clear that ’ is continuous.
Now, we prove that ©® is continuous in the second variable. Let x @y € U € T.
Since A has (DNP), by (HP3)

roy=(0y) =(z0y) =0 —=0=(r—(y—=0) =0=(z—=1v),

hence (z — y’)’ € U. Since ' is continuous, there exists V € T, such that

x— 1y €Vand V' CU. Also, since — is continuous in the second variable, there
exists W € T, such that / € W and z — 3’ € x — W C V. Again, since ’ is
continuous, there is Q € T such that y € Q and y' € Q' CW. Now, Q € 7 is an
open neighborhood of y € Q and x ®y €  © Q C U, because if z € @, then

r0z=(r—=2)e@x—-Q) C(x—-W)CV' CU.

Since the operator ® is commutative, ® is continuous in each variable. Hence,
(A,®,,T) is a semitopological hoop.

(<) Let (A4,®,”,T) be a semitopological hoop. We prove that (4,—,T) is a
semitopological hoop. For this, we prove that — is continuous in two variables.
At first, we show that — is continuous in the second variable. Let x -y € U € T.
Since A has (DNP), by (HP3),

(xoy) =2x—y' =2—yelU

Since ’ is continuous, there exists an open neighborhood V of x ® 3 such that

V' C U. Also, since ® is continuous in the second variable, there exists an open
neighborhood W of 4’ such that z ©®y’ € xt ©W C V. Again, since ’ is continuous,
there is Q € T, such that y € Q and Q" € W. Now, Q is an open neighborhood
of y such that x — y € z — Q C U, because if z € @, then

r—oz=@02)e@oQ) C(xoW) CV CU.

Now, we prove that — is continuous in the first variable. For this, let x — y €
UeT. Thenx —y=(x©y') € U. Since ’ is continuous, there is V' € T such
that z ©® ¢’ € V and V' C U. Since @ is continuous in the first variable, there
exists Qe T,z € Qand 2 ©y' € Q ®y' C V. Thus, Q is an open neighborhood
of x such that

r—y=(x0y)e@oy) V' CU

Hence, — is continuous in the first variable. O
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Theorem 3.7. Let A be bounded with (DN P). If (A,—,T) is a topological hoop,
then (A, T) is a topological hoop.

Proof. Let — be continuous. Then the maps’ and f: AxA < AxAby f(z,y) =
(z,7"), both, are continuous. Since for each z,y € A, x @y = (x — y')’, we get
that @ is the composite of continuous maps f, — and ’. Hence @ is continuous. [

For an arbitrary element a € A we define the subset
Ve)={z€cA|lz—a,a—zeV}

Theorem 3.8. There is a nontrivial topology T on A such that (A, T) is a topo-
logical hoop.

Proof. Let
T ={U C A|for every a € U, there exists F' € F(A) such that F(a) CU}.

Suppose {U; : i € I} is a collection of members of T. For any = € |JU;, there
are F' € F(A) and j € I such that F(z) C U; C JU;. Hence JU; € T. On
the other hand, for any x € ((U; and any ¢ € I, there are F; € F(A) such that
x € Fi(z) CU;. Let F = F;. Then © € F(x) C (U;. Hence N U; € F(A). Thus,
T is a topology on A. Let F' € F(A),x € Aand y € F(z). If z € F(y), then z —» y
and y — z, both, are in F. Since y — = and = — y, both, are in F, we get that
z—x € Fandz — z € F. Hence F(y) C F(z) and so F(z) is in 7. Therefore, T
is nontrivial topology. Let * € {®,—}, F € F(A) and z,y € A. Since F(z) =T
and F(y) =7, F(x xy) = F(x) * F(y). This proves that * is continuous. O

Corollary 3.9. Let T be as in Theorem 3.8 and X C A. Then:
(1) for each F € F(A), F(X) is an open and closed subset of A. Moreover,
each filter is an open and closed set,
(11) X = ({F(X) | F e F(A)}.

Proof. (i). Let F € F(A), and y € F(X). Then, F(y) N F(X) # 0. Hence there
is z € X, such that F(y) = F(z) and so y € F(z) C F(X). Therefore, F'(X) is
closed. But F'(X) is open because it is a union of open sets.

(ii). Let X C A and = € X. Since for all F € F(A), 2z — x =1 € F, we have
x € F(z),and so z € (\{F(X) | F e F(A)}.

Conversely, let x € {F(X) | F € F(A)}. Then, for all F € F(A), z € F(X).
Since F(X) = U,cx F(a), there exists b € X such that = € F'(b). Moreover, since
r—be€ Fandb—x € F,wehave b€ F(x)N X. Hence, v € X. O

Theorem 3.10. Let 2 be a family of nonempty subsets of A such that Q) is closed
under intersection and for each z,y € A and V € Q,
(i) ifx €V and x <y, theny €V,
(i) if x € V, then there ezists U € Q such that U(z) C 'V,
(iii) there exists W € Q such that W (z) CV, for any x € W or equivalently,
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W(WwW)CV.
Then there is a nontrivial topology T on A such that (A, T) is a topological hoop.

Proof. Tt is easy to prove that F(A) C Q. Let

T ={0O C A for every a € O, there exists V € Q such that V(a) C O}.

Firstly, we prove that 7 is closed under union and intersection. For this let
{O; : i € I} C T. Then, for every a € |JO;, there exist i € I and V € Q such
that a € V(a) C O; C |JO,. Hence T is closed under union. For any a € (O;
and any ¢ € I, there exists V; € Q such that a € V;(a) C O;. Put V = NV,
then V(a) C (Vi(a) C(O; and so T is closed under intersection. Hence, 7 is a
topology on A. Now, we prove that for each V € Q and a € A, V (a) is an open set.
Let a€ A,V € Qand z € V(a). Then, z — a,a — x € V. By (it), there exist U;
and Us € Q such that Uj(a = 2) CV and Us(z — a) CV.Put W =U;NUz € Q.
If y € W(x), then  — y and y — = € W. By Proposition 2.2(xiii),

z—=y<(y—a)— (x—a), y—=x<(r—=a) = (y—a).

By (i),
(y—a)— (x—a)eW, (rt—=a)=>(y—a)eWw

Thus,
y—a€W(x—a) C(UNU)(x—a) CUs(z—a)CV.

By the similar way, we can see that a — y € V. Then obviously, W(z) C V(a).
Hence, V(a) is an open set and 7 is a nontrivial topology. Clearly, the set B =
{V(a): V €Q,a € A} is a base for T.

Now we prove that (A, T) is a topological hoop. At first, we show that ® is
continuous. Let  ®y € O € T. Consider V' € Q such that V(z ®y) C O. By (i),
1eV,sox @y e V(x©®y). By (iii), there is W € Q such that W(W) C V. Let
u € W(z) and v € W(y). Then v — z,2 — u,v — y and y — v, all, belong to
W. By Proposition 2.2(iv), (z = u) < [(z@y) = (u®v)] = (& — u) and by (7),
[(zoy) = (uOV)] = (x — u) € W. On the other hand, we have

(x—=u)= (z0y) = wWov)=(r—=u) = [z—= (y— (uewv))], by (HP3)
=zo(x—=u)]—=[y— (uev)], by Prop. 2.2
>u— [y — (u®w)], by Prop. 2.2
Z Yy — .

Since W € Qand y — v € W, by (i), (z > u) = ((x©y) = (u©v)) € W. Thus,
(zOY) = (uOv) € W(x — u) C W(W) C V. Hence, (xQy) — (u®v) € V. By the
similar way, we have (u ®v) = (z ©y) € V. Therefore, W(z) @ W(y) C V(z O y).
This proves that ® is continuous.
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Now, we prove that — is continuous. Let z — y € V(z — y). By (iid),
there is W € Q such that W(W) C V. Let v € W(z) and v € W (y). Then
u—z,x— u,v—yand y — v € W. By (HP3) we have,

(v=y) = (u—=v)=(x—=y) =[(u—v)0 (W—y)] = (zr—y), by Prop. 2.2
> (u—y) = (z —y), by (HP3)
=z — ((u—y) = vy), by Prop. 2.2
>r—u

Since W € Qand ¢ — v € W, by (i), (v = y) = (u = v) = (x = y)) € W.
Also, by Proposition 2.2(iv), v =y < ((u = v) = (z = y)) = (v — y). Again,
since W € Qandv -y € W, by (i), (u—=>v) = (x = y) = (v—y) €W
Thus, (u = v) = (z — y) € W(v — y) € W(W) C V. This implies that
(u = v) = (x = y) € V. By the similar way, we have (z — y) = (u = v) € V.
Therefore, W(z) — W(y) C V(z — y) which implies that — is continuous. O

_>
_>

Corollary 3.11. Let T be the topology in Theorem 3.10 and X C A. Then:
(i) for each V € Q, V(X) is an open and closed subset of A,
(1)) X =({F(X)| FeFA)}.

Proof. (i). Let V € Q and y € V(X). Then there exists a net {y; : ¢ € I} which
convergence to y. Since — is continuos, the nets {y; — y} and {y — y;}, both,
convergence to 1. Since 1 € V| y; — y and y — y;, both, are in V, for some ¢ € I.
Hence y € V(y;) C V(X). Therefore, V(X) is closed. But it is open because it is
the union of open sets.

(7). The proof is similar to the proof of Corollary 3.9(it). O

Proposition 3.12. If (A, T) is a topological hoop, then (A, A, T) is a topological
hoop.

Proof. Let f : Ax A — Ax Aby f(x,y) = (z,x — y), for all z,y € A. Since
(A, —,T) is a topological hoop, f is continuous. Also, by Proposition 2.2(i),

Nr,y) =z Ay=20 (= y)= (0o f)(z,y).

Since ® and f are continuous, A is continuous. Therefore, (A, A, T) is a topological
hoop. O

Proposition 3.13. Let A be a Li-hoop and T be a topology on A. Then:
(1) if (A,A,—,T) is a topological hoop, then (A,,T) is a topological hoop,
(i4) if A has (DNP) and (A,—,T) is a topological hoop, then (A,U,T) is a
topological hoop.

Proof. (i). Let f: Ax A — A is defined by f(z,y) = (x — y) — y and
g: AxA— Aby g(z,y) = (y = =) = z, for all z,y € A. Since (A,—,T) is
a topological hoop, f and g are continuous. Also, define fAg: Ax A — A by
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(fAg)(z,y) = f(z,y) Aglx,y), for all 2,y € A. Since (A,—,T) is a topological
hoop, by Proposition 3.12, A is continuous. Then f A g is continuous. Moreover,

U(r,y) =zUy = ((x = y) = YA ((y = 2) = 2) = f(z,y)Ag(z,y) = (fAg)(z,y).

Hence, LI = f A g is continuous.

(ii). Let 2,y € A,U € T and z Uy € U. Since A has (DNP), by Proposition
2.3(vit), x Uy = (x — y) — y. Moreover, since (A4, —,T) is a topological hoop, LI
is continuous. O

Theorem 3.14. Let T be a topology on A and h : A3 — A? is defined by
h(a,b,¢) = (a — bb — ¢), for all a,b,c € A. If {1} is an open set and h is
continuous, then (A, T) is a topological hoop.

Proof. Let a € A and h,(b) = (a — b,b — a). Since h is continuous, h, is
continuous. Now, since {1} is open, {1} x {1} is open in A%. On the other hand,

hY(1L, 1) ={be A|h b)) =1, 1)} ={be Al (a—bb—a)=(1,1)}
={beA|la—-b=1b—=a=1}={be A|b=a} ={a}.

Hence, {a} is an open set and 7 is a discrete topology. Therefore, (A,7) is a
topological hoop. O

Theorem 3.15. Let (A,—,T) be a semitopological hoop. If {1} is an open set,
then (A, T) is a topological hoop.

Proof. Let {1} be an open set and = € A. Since (4, T) is a semitopological hoop
and z — xz = 1 € {1}, there is an open sets U such that x € U, 2 — U = 1 and
U — x = {1}, which implies that U = {«}. Hence T is a discrete topology on A
and so (A, T) is a topological hoop. O

Proposition 3.16. Let (A,—,T) be a topological hoop and F € F(A). Then:
(1) if 1 is an interior point of F, then F is an open set,
(i1) if F is an open set, then F is closed,
(7i1) if A is connected, then A has no open proper filter.

Proof. Let (A, —,T) be a topological hoop and F € F(A).

(7). Suppose = € F. Since 1 is an interior point of F) there exists U € T such
that x — x =1 € U C F. Since — is continuous, there exists V € T such that
zeVandV -V CF. Now, forally e V,wehavez - yeV — V C F, and
sox -y € F. Since F € F(A) and = € F, by Proposition 2.6, y € F. Thus,
y € V C F which implies that F' is an open set.

(#i). Let F be an open set. We prove that F is closed. For this, we show that
F¢is an open set. Let + € F°. Thenx ¢ F. Sincex -2 =1€ F € T and —
is continuous, there exists U € T such that x € U and U — U C F. Now, we
prove that U C F°. For this, let U N F # 0. Then there is y € U N F such that
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y—UCF. So,forall ze U,y — z€ F. Since F € F(A), by Proposition 2.6,
z€ F,and so U C F. Thus, z € F, which is a contradiction. Then U N F = ().
Hence, x € U C F*° shows that F° is an open set and so F' is closed.

(7i7). Suppose F' is an open filter of A. Then by (ii), F is closed. Since A is
connected, we have A = F. O

A topological space A is called totally disconnected, if every connected subset
X C A is either empty or a singleton. A subset X of A is called a component
subspace, if it is the maximal connected subspace (cf. [11]).

Proposition 3.17. Let (A,—,T) be a semitopological hoop. Then A is totally
disconnected if and only if every its connected subset containing 1 consists just 1.

Proof. (=) Suppose A is totally disconnected and X C A is a connected of 1.
Then it is clear that X = {1}.

(<) Let D be a connected subset of A and € D. Then by (HP2), 1 € (D —
x)N (z — D). Since (A,—,T) is a semitopological hoop and D is connected, it is
clear that * — D and D — z are connected. By assumption, D — = = {1} and
x — D = {1} and so D = {z}. Therefore, A is totally disconnected. O

Proposition 3.18. Let (A,T) be a topological hoop and C C A be a component
of 1 which contains all connected subset of A. Then C is a filter of A.

Proof. Let a € C. Since (A4, ®, T) is a topological hoop, a®C'is a connected subset
of A. Since a € C' N (a ® C), the set C' U (a ® C) is a connected subset of A which
contains 1. By assumption, CU(a®C) C C, and so a®C C C. Hence, COC C C.
Now, suppose that x < y and =z € C, for some z,y € A. Then x Ay =z € C.
Thus, x =2 Ay € C Ay. Since (A, T) is a topological hoop, by Proposition 3.12,
(A, A, T) is a topological hoop. Thus, C Ay is a connected set, and so C Ay C C.
Hence, y=1Ay € C Ay CC,and so y € C. Therefore, C € F(A). O

Let A be a hoop and F € F(A). In the preliminary, we saw that A/F is
a quotient hoop and np : A — A/F is a canonical epimorphism. Let 7 be a
topology on A and U be a subset of A/F. Then we say that U is an open subset
of A/F if and only if 7' (U) is an open subset of A. Now, if we consider

T ={UCA/F|nz"(U) e T}

then it is easy to show that T is a topology on A/F. This topology on A/F is
called the quotient topology induced by wpr. It is well known that it is the largest
topology on A/F making mp continuous.

Theorem 3.19. Let A be a hoop and F € F(A). If (A, T) is a (semi)topological
hoop and 7g is an open set, then (A/F,T) is a (semi)topological hoop.
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Proof. Let (A, T) be a topological hoop, x € {®,~} and Tx7 € V € T, for
T,y € A/F. Then %y € V, for some * € {®,—}. Since mp is continuous,
zxy € mn' (V) € T. Since (A, T) is a topological hoop, there exist U, W € T such
that v € U,y € W and zxy € UxW C 7" (V). Since 7 is an open map, 7x(U)
and mp(W) arein T, T € np(U), g € np(W) and Txy € np(U) x mp(W) C V.
Hence, (A/F,%,T) is a topological hoop. O

Proposition 3.20. Let (A, T) be a topological hoop and F € F(A). Then:
(i) A/F has a discrete topology if and only if F' is open,
(ii) if (A, T) is a compact topological hoop, then A/ F is a discrete finite topolo—
gical hoop if and only if ' is open.

Proof. (i). Since A/F has a discrete topology, every single set such as {«/F} is
open, for any € A. Since 1 € A, {1/F} is open. Since {1/F} = F, F is open.
Conversely, if F' is an open set, then {1/F} is an open set, too. Since A/F is a
hoop, by Theorem 3.15, A/F has a discrete topology.

(43). Suppose A is compact. Since 7 is a continuous epimorphism, w(A) = A/F
is compact. Let F is open. Then by (i), A/F has a discrete topology and so every
single subset is open. Moreover, since A/F' is compact, A/F is equal to union of
finite open subsets. Thus A/F is finite. The converse, by (4) is clear. O

Definition 3.21. (cf. [11]) Let (X, T) be a topological space and = € X. A local
basis at = is a set B of open neighborhoods of x such that for all U € T if x € U,
then there exists H € B such that t €¢ H C U.

Lemma 3.22. Let F € F(A). If T is a topology on A and T is the quotient
topology on A/ F, then for each x € A, W}l(ﬂp(f)) =T. Moreover, if V € T, then
there exists U € T such that mp(U) = V.

Proof. The proof is easy. O
Theorem 3.23. Let (A, T) be a semitopological hoop and F € F(A). Then
B={n(U=x2z)|UeT,1eUuxec A}

is a local base of the space A/F at the point x/F € A/F, such that * € {®,—}
and the map w: A — A/F is open.

Proof. Let U € T. Since 1 € U, it is clear that x € U x x, for all x € A. Thus,
x/F € m(U * x). Now, suppose that x/F € A/F. Then there exists W € T such
that x/F € W. Since W is open and 7 is continuous, we have z € 7=1(W) = O.
On the other hand, by (HP1), x = 1 xx € O. Since # is continuous, there exists
U €T suchthat 1€ U and x € U * 2 C O. Thus,

z/Fen(Uxz) Cn(0)=n(x"'(W))=W
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and so 7~ }(m(U * x)) € O. By Lemma 3.22, 7= (7 (U * x)) = (U xz)/F C O.
Thus, (U x2) C W. Hence, B is a local basis. By definition of quotient topology,
(U xx) = (U*2)/F =U,cp., y/F and by Lemma 3.22,

7w (Usa) = (Uxa)/F= | y/F.

yeUxx
Since U, ¢y, ¥/ F is open in A and  is continuous, we get m(U * x) is open in T.
Therefore, m is open. O
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A characterization of elementary abelian 3-groups

Chimere S. Anabanti

The author dedicates this paper to Professor Sarah Hart with admiration and respect.

Abstract. We give a characterization of elementary abelian 3-groups in terms of their maximal
sum-free sets. A corollary to our result is that the number of maximal sum-free sets in an

elementary abelian 3-group of finite rank n is 3" — 1.

1. Preliminaries

The well-known result of Schur which says that whenever we partition the set of
positive integers into a finite number of parts, at least one of the parts contains
three integers x,y and z such that x + y = z introduced the study of sum-free
sets. Schur [13] gave the result while showing that the Fermat’s last theorem does
not hold in F), for sufficiently large p. The concept was later extended to groups
as follows: A non-empty subset S of a group G is sum-free if for all s1,s9 € 5,
s182 ¢ S. (Note that the case s; = sq is included in this restriction.) An example
of a sum-free set in a finite group G is any non-trivial coset of a subgroup of G.
Sum-free sets have applications in Ramsey theory and are also closely related to
the widely studied concept of caps in finite geometry.
Some questions that appear interesting in the study of sum-free sets are:

(i) How large can a sum-free set in a finite group be?

(#4) Which finite groups contain maximal by inclusion sum-free sets of small
sizes?

(#4¢) How many maximal by cardinality sum-free sets are there in a given finite
group?

Each of these questions has been attempted by several researchers; though none
is fully answered. For question (7), Diananda and Yap [7], in 1969, following an
earlier work of Yap [18], determined the sizes of maximal by cardinality sum-free
sets in finite abelian groups G, where |G| is divisible by a prime p = 2(mod 3),
and where |G| has no prime factor p = 2(mod3) but 3 is a factor of |G|. They
gave a good bound in the case where every prime factor of |G| is congruent to

2010 Mathematics Subject Classification: 11B75; 20D60; 20K01; 05E15.
Keywords: Sum-free sets, maximal sum-free sets, elementary abelian groups.
The author was supported by a Birkbeck PhD Scholarship during this study.
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1(mod 3). Green and Ruzsa [10] in 2005 completely answered question (i) in the
finite abelian case. The question is still open for the non-abelian case, even though
there has been some progress by Kedlaya [11, 12], Gowers [9], amongst others.

For question (ii), Street and Whitehead [14] began research in that area in
1974. They called a maximal by inclusion sum-free set, a locally maximal sum-
free set (LMSFS for short), and calculated all LMSFS in groups of small orders,
up to 16 in [14, 15] as well as a few higher sizes. In 2009, Giudici and Hart [§]
started the classification of finite groups containing LMSF'S of small sizes. Among
other results, they classified all finite groups containing LMSFS of sizes 1 and 2,
as well as some of size 3. The size 3 problem was resolved in [5]. Question (i) is
still open for sizes k > 4; though some progress has been made in [1]. For other
works on LMSFS, the reader may see [2, 3, 4, 6].

To be consistent with our notations, we will use the term ‘maximal’ to mean
‘maximal by cardinality’ and ‘locally maximal’ to mean ‘maximal by inclusion’.
Térnduceanu [16] in 2014 gave a characterization of elementary abelian 2-groups
in terms of their maximal sum-free sets. His theorem (see Theorem 1.1 of [16])
states that “a finite group G is an elementary abelian 2-group if and only if the set
of maximal sum-free sets coincides with the set of complements of the maximal
subgroups". The author of [16] didn’t define the term maximal sum-free sets. Un-
fortunately, the theorem is false whichever definition is used. If we take “maximal”
in the theorem to mean ‘maximal by cardinality’, then a counterexample is the
cyclic group Cy of order 4, given by Cy = (z | #* = 1). Here, there is a unique max-
imal (by cardinality) sum-free set namely {z, 23}, and it is the complement of the
unique maximal subgroup. But C} is not elementary abelian. On the other hand,
if we take “maximal” to mean ‘maximal by inclusion’, then the theorem will still be
wrong since S = {x1, 22, 3, T4, 1T22374} is a maximal by inclusion sum-free set
in C§ = (x1,m2, 23,14 | 22 = 1, 2,25 = xjx; for 1 < 4,5 < 4), but does not coincide
with any complement of a maximal subgroup of C3. These counterexamples were
first pointed out in the arXiv manuscript at https://arxiv.org/abs/1611.06546,
which prompted an erratum to be published by the author (see [17]).

For a prime p and n € N, we write Z; for the elementary abelian p-group
of finite rank n. We recall here that the number of maximal subgroups of Z is

n—1
>~ p*. Corollary 1.2 of [16] is that the number of maximal sum-free sets in Z% is

S"O— 1. This result is correct in its own right and can be proved by showing that
each maximal sum-free set in Z# is the non-trivial coset of a maximal subgroup of
73, and every maximal subgroup of Z7 is the complement of a maximal sum-free
set in Z%. In this paper, we give a characterization of elementary abelian 3-groups
in terms of their maximal sum-free sets. Moreover, for prime p > 3, we show
that there is no direct analogue of our result for elementary abelian p-groups of
finite ranks. For the rest of this section, we state the main result of this paper
and its immediate corollary. We remind the reader that ®(G) denotes the Frattini
subgroup of G.
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Theorem 1.1. A finite group G is an elementary abelian 3-group if and only if
the set of non-trivial cosets of each mazximal subgroup of G coincides with two
mazximal sum-free sets in G, every mazimal sum-free set is a non-trivial coset of
a mazimal subgroup, and ®(G) = 1.

Corollary 1.2. The number of maximal sum-free sets in Z5 is 3" — 1.

2. Proof of Theorem

Let S be a sum-free set in a finite group G. We define SS = {zy | =,y € S},
St ={z7' |2 € S} and SS™ = {zy~! | 2,y € S}. Clearly, SNSS = @.
Moreover, S N SS~! = @ as well; for if z,y,z € S with = = yz~!, then 2z = y,
contradicting the fact that S is sum-free.

Lemma 2.1. Let S be sum-free in G = Z§ (n € N), and let x € S. Then the
following hold:

(i) any two sets in {S,x71S, xS} are disjoint;

(ii) any two sets in {S, 5571, S71} are disjoint.
Moreover, if S is mazimal, then the following also hold:
(iii) SUz"'SUS =G and |S| = 1§;

(iv) SUSS~tusS—!t=aG.

Proof. (i). As S is sum-free, SNzS = @ = SNx~1S. So we only need to show
that S Nx~1S = @. Suppose for contradiction that 2SN 2~1S # @&. Then there
exist y,z € S such that zy = x~'2. This means that y = xz; a contradiction.
Therefore zS Nz~ 1S = @.

The proof of (i%) is similar to (7).

For (iii), as SUx~1SUxS C G, we have that 3|S| < |G|; whence |S| < %
Each maximal subgroup of G has size %
g,
be maximal sum-free. Thus, |S| = %, and SUz"1SuUxS =G.

The proof of (iv) is similar. O

As any non-trivial coset of such a

subgroup is sum-free and has size such a coset of the maximal subgroup must

Proposition 2.2. Suppose S is a mazimal sum-free set in an elementary abelian
3-group G, and let x € S. Then xS =S~ =S8S.

Proof. Let S be a maximal sum-free set in an elementary abelian 3-group G, and
x € S. In the light of Lemma 2.1(iv), we deduce that 71§ = S715. Let y € x.S.
By Lemma 2.1(i) therefore y ¢ SUSS~!. So Lemma 2.1(iv) tells us that y € S71,
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and we conclude that S € S~!. On the other hand, if ¥ € S~!, then Lemma
2.1(i4) and Lemma 2.1(i4) yield y € £S;s0 S~ C 2S. Therefore S = S~1. Now,

SS=|Jzs=Js " =5" (1)

zeS €S
Thus, 5 = S~ = S as required. O

Suppose p is the smallest prime divisor of the order of a finite group G, and
H is a subgroup of index p in G. Then H is normal in G. This fact is well-known
but we include a short proof for the reader’s convenience. Suppose for a contra-
diction that H is not normal. Then for some g € G, we have HY # H. But

HI||H H|? H
|HOH| = b = i = | Hlgona = [Hlp = |Gl; thus HYH = G. There-

fore, g = (gh1g~')hsy for some hy,he € H. So g = hohy € H, and we conclude
that H9 = H; a contradiction. Therefore H is normal in G.

We now prove Theorem 1.1

Proof. Let G be an elementary abelian 3-group of finite rank n. Clearly, every
maximal subgroup of G has size 3", and the non-trivial cosets of any maximal
subgroup of G yield two maximal sum-free sets in G. Next, we show that every
maximal sum-free set in G is a non-trivial coset of a maximal subgroup of G.
Suppose S is a maximal sum-free set in G. Let x € S be arbitrary, and define H :=
x~'S. We show that H is a subgroup of G. Let a and b be elements of H. Then
a=x"1y and b = 2712 for some y,z € S. Since ab = z71(z71yz2), it is sufficient
to show that z7'yz € S. Recall from Lemma 2.1(4ii) that G = SU 2~ 1S U xS.
From Proposition 2.2 therefore, G = SUz~'SUS™!. Now, suppose 2~ 'yz € 271S.
Then there exists ¢ € S such that 2 'yz = 2~ 'q. This implies that yz = ¢; a
contradiction. Next suppose z 'yz € S~'. Then there exists ¢ € S such that
r7lyz = ¢7. So yz = x¢~!, and we obtain that x ¢ = y~1z7! = (y2)7!; a
contradiction as x71q € 2715, (yz)~! € (SS)~! = S by Equation 1, and Lemma
2.1(i) tells us that 271S NS = @. We have shown that z71yz ¢ z71SU S L.
In the light of G = SUz~ 1S U S~! therefore, x 'yz € S; whence, H is closed.
So H is a subgroup of G. As |H| = |z718| = |S] = %, we conclude that H is
a maximal subgroup of G, and S = zH is a non-trivial coset of H in G. So we
have shown now that every maximal sum-free set in G is a non-trivial coset of a
maximal subgroup of G. The third part that ®(G) = 1 follows from the fact that
the intersection of maximal subgroups of G is trivial.

Conversely, suppose G is a finite group such that the set of non-trivial cosets of
each maximal subgroup of G coincides with two maximal sum-free sets in G, every
maximal sum-free set of G is a coset of a maximal subgroup of G, and ®(G) = 1.
First and foremost, GG has no subgroup of index 2; otherwise it will have a maximal
sum-free set which is not a coset of a subgroup of index 3. As the smallest index
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of a maximal subgroup of G is 3, any such subgroup must be normal in G. Let H
be a Sylow 3-subgroup of G. Then either H = G or H is contained in a maximal
subgroup (say M) of G. Suppose H is contained in such maximal subgroup M. As
|G/M| = 3, we deduce immediately that |G : H| is divisible by 3; a contradiction!
Therefore, H = GG, and we conclude that G is a 3-group. Now, G is an elementary
abelian 3-group follows from the fact that ®(G) = 1 and P/®(P) is elementary
abelian for every p-group P. O
Let p > 3 and prime, and suppose n € N. If G = Z7, then there exists a normal
subgroup N of G such that G/N = Z,,, and Z,, has a maximal sum-free set of size at
least 2 (the latter fact follows from the classification of groups containing maximal
by inclusion sum-free sets of size 1 in [8, Theorem 4.1]). The union of non-trivial
cosets of IV corresponding to this maximal sum-free set of Z,, is itself sum-free in
G. So G has a maximal sum-free set of size at least 2| N|. This argument shows
that for p > 3, no direct analogue of Theorem 1.1 holds for elementary abelian
p-groups of finite ranks.
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Characterization of obstinate H,MV-ideals

Mahmood Bakhshi and Akefe Radfar

Abstract. One motivation to study obstinate ideals in any algebra of logic is that the induced
quotient algebra by these ideals is the two-element Boolean algebra. In this paper, we intro-
duce two types of obstinate ideals in H, MV-algebras; obstinate H, MV-ideals and obstinate weak
Hy,MV-ideals. Giving several theorems and examples we characterize these H,MV-ideals. For
example, we prove that an H,MV-ideal (if exists) must be maximal, and any H,MV-algebra
with odd number of elements does not contatin an obstinate H, MV-ideal. Also, we characterize
these H,MV-ideals in finite H, MV-algebras with at most six elements; we investigate that which
subsets can be an obstinate (weak) H,MV-ideal. In the sequel, we investigate the relationships
between obstinate (weak) H,MV-ideals, and Boolean and prime H,MV-ideals. Finally, we prove
that in a commutative H, MV-algebra, the quotient H, MV-algebra induced by an obstinate weak

H,MV-ideal must be a two-elements Boolean algebra.

1. Introduction

In 1958, Chang [8] introduced the concept of an MV-algebra as an algebraic proof
of completeness theorem for Ng-valued Lukasiewicz propositional calculus, see also
[9]. Many mathematicians have worked on MV-algebras and obtained significant
results. Mundici [21] proved that MV-algebras and Abelian ¢-groups with strong
unit are categorically equivalent. He also proved that MV-algebras and bounded
commutative BCK-algebras are categorically equivalent (see [20]). The ideal theory
have an important role in studying algebras of logics such as MV-algebras because
they are correspond to the sets of provable formulas in the correspond logics. In
this respect various researches have published by many authors (see for example
[14, 15, 16, 17]).

The hyperstructure theory (called also multialgebras) was introduced in 1934
by Marty [19]. Around the 40’s, several authors worked on hypergroups, espe-
cially in France and in the United States, but also in Italy, Russia and Japan.
Hyperstructures have many applications to several sectors of both pure and ap-
plied sciences. A short review of the theory of hyperstructures appear in [10]. In
[11] a wealth of applications can be found, too. There are applications to the fol-
lowing subjects: geometry, hypergraphs, binary relations, lattices, fuzzy set and
rough sets, automata, cryptography, combinatorics, codes, artificial intelligence
and probabilities.

2010 Mathematics Subject Classification: 06F35, 20N20
Keywords: MV-algebra, H,MV-algebra, obstinate H, MV-ideal
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Borzooei et al. [6, 18] applied the hyperstructures to BCK-algebras and in-
troduced the notion of a hyper BCK-algebra and a hyper K-algebra, which is a
hyperstructure weaker than hyper BCK-algebras. Recently, Ghorbani et al. [13]
applied the hyperstructures to MV-algebras and introduced the concept of hyper
MV-algebra and investigated some related results, see also [22]. Particularly, they
investigated the relationships between hyper MV-algebras and hyper K-algebras.
They proved that any hyper MV-algebra together with suitable (hyper) operations
is a hyper K-algebra, and any hyper K-algebra satisfying some conditions can be
viewed as a hyper MV-algebra.

In 1995, Vougiouklis introduced a generalization of hyperstructures so-called
H.,-structure (see [23, 24]). Indeed, H,-structures are a generalization of the well-
known algebraic hyperstructures (hypergroup, hyperring, hypermodule and so on).
Actually some axioms concerning the above hyperstructures such as the associa-
tive law, the distributive law and so on are replaced by their corresponding weak
axioms. Since then the study of H,-structure theory has been pursued in many
directions by Vougiouklis, Davvaz, Spartalis and others. To investigate the rela-
tionships between H,-structures such as H,-groups and suitable generalizations of
MV-algebras, the first author introduced H,MV-algebras and gave various results.
He introduced some types of ideals such as (fuzzy) H,MV-ideals and (fuzzy) weak
H,MV-ideals and their generalizations (see [1, 2, 3, 4, 5]).

2. Preliminaries

This section is devoted to give some definitions and results from the literature.
For more details we refer to the references.

Definition 2.1. 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:
(H,MV1) z(yd2)N(zdy) dz # 0, (weak associativity)
(H,MV2) (z@y)N(y@zx) #0, (weak commutativity)
(H,MV3) (z*)* =z,
(H,MV4) (z*@y)*dyn(y* ®z)* &z #0,
(H,MV5) 0* € (z @ 0%) N (0* @ x),
(H,MV6) 0* € (x ® z*) N (z* ® x),
(H,MV7) 2 € (z30)N (0@ ),
(H,MV8) 0* € (z*dy)N(y®2*) and 0" € (v* ®z) N (x @ y*) imply x = v.

On any H,MV-algebra H, the binary relation ‘=<’ is defined as
r=y & 0Fer*Dynyd ™.

Proposition 2.2. In any H,MV-algebra H, the following hold: Yx,y € H and
VA, BCH,
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(1) A< A, 0= A=1, where 1 = 0,

(2) A = B implies B* < A*,

(3) (A7) =4,

(4) AN B # () implies that A < B,

(5) 20 (yoz)N(20Y) @2z #0, where Oy = (z* S y*)*,
6) oy nyoz) #0,

(M oe@onn(Oo),

) 0e(zoz")N(z" ©x),

9) zezol)n(1ox),

(10) 0 e (z AO)N(0AZ), where x Ay = (D y*) Oy,

(11) 2z <y and y < = imply x = y.
Definition 2.3. Let I be a nonempty subset of H,MV-algebra H satisfying
(Io) z<yandy €I imply z € I.

1 is called

(1) an H,MV-ideal if x @y C I, for all z,y € I,
(2) a weak H,MV-ideal it x ®y < I, for all z,y € I.

Obviously, any H,MV-ideal is a weak H,MV-ideal, but the converse is not true
in general (see [1], for more details).

The set of all H,MV-ideals of H,MV-algebra H is denoted by Id(H).

From Proposition 2.2(4) it follows that

Theorem 2.4. Fvery H,MV-ideal is a weak H,MV-ideal.

From (H,MVT) it follows that 0 € 0 @ 0, whence {0} is a weak H,MV-ideal,
in any H,MV-algebra H. Generally {0} is not an H,MV-ideal, while H is itself
an H,MV-ideal (and so a weak H,MV-ideal). Hence H is called trivial H,MV-
ideal, and {0} and H are called the trivial weak H,MV-ideals of H. Any (weak)
H,MV-ideal of H (except H itself) is called proper.

Definition 2.5. Let 6 be an equivalence relation in H,MV-algebra H.
e 0 is called a congruence if
(1) 20y and ufv imply that @ u Oy G v, where A0 B means that for all a € A

there exists b € B and for all b € B there exists a € A such that afb.
(2) z0y implies that x*0y*,
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e 0 is said to be regularif z* ®yNy ® x*6,{0*} and y* Dx Nz & y*0,{0*}
imply z0y, where Af, B means that there exist « € A and b € B such a6b.

e The congruence class 0/6 is called the congruence kernel of 6.

Throughout the paper, H will denotes an H,MV-algebra, unless otherwise
stated.

3. Main results

Definition 3.1. A proper H,MV-ideal I of H is called an obstinate H,MV-ideal
if it satisfies (OI), where

(O) (Vx,ye H\I) Oy Uy @zClandz*OyUyoa™ C I

Definition 3.2. A proper weak H,MV-ideal I of H is called an obstinate weak
H,MV-ideal if it satisfies (WOI), where

(WOI) (Va,y € H\I) zOy Uy " @r=Tandz"OyUyoz* <1

From the definition it immediately follows that every obstinate H,MV-ideal is
an obstinate weak H,MV-ideal, whereas the converse may not be true, in general.

Example 3.3. Consider the H,MV-algebra (H; ®,* ,0), where H = {0, a,b, 1} and
@ and * are defined as given in Table 1. It is not difficult to check that I = {0,a}
is an obstinate weak H,MV-ideal of H, while it is not an obstinate H,MV-ideal
because b,1 € H\ I but 1* ©bUb® 1* = {0,a,1} Z I.

@ 0 a b 1
{0,a,b} {a, b} {b} {0,a,b,1}
{a} {a} {1} {1}
{6} {1+ Aab,1}  {a,1}
{0,a,b,1} {0,b,1} {0,b,1} {a,b,1}
1 b a 0

Table 1: Cayley table of Example 3.3

Example 3.4. Consider the H,MV-algebra (H;®,*,0), where H = {0,a,b,1}
and @ and * are defined as given in Table 2.

@ 0 a b 1
{0} {a} {0t {1}
{a} {a} {1} {1}
{o} {1} {6} {1}
{1y {1} {1} {»1}
1 b a 0

Table 2: Cayley table of Example 3.4

¥ |—= o Q O

*¥|= o O

It is not difficult to check that I = {0, a} is an obstinate H,MV-ideal of H.
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Theorem 3.5. In an H,MV-algebra with at least three elements, the singleton {0}
can not be an obstinate H,MV-ideal.

Proof. Let H be an H,MV-algebra with |[H| > 3 and assume that {0} is an
obstinate H,MV-ideal of H, by contrary. Then for z € H \ {0,1} we have
z*©1Ulea* C {0}; ie, 2 ©1 = {0}, whence z 0 = {1}. This contra-
dicts (H,MVT). Thus {0} is not an obstinate H,MV-ideal. O

Theorem 3.6. Any obstinate H,MV-ideal I of H satisfies
ze€lorz"el (YxeH). (3.1)

Proof. Assume that [ is an obstinate H,MV-ideal of H and € H\ I. Since 1 ¢ I,
soz*ex*®1CI. O

Example 3.7. Consider the H,MV-algebra (H;®,*,0) in which H = {0,a,b,1}
and @ and * are defined as in Table 3. It is easily seen that {0,a} is an H,MV-ideal
of H satisfying (3.1), while it is not an obstinate H,MV-ideal because b, 1 ¢ {0, a},
but 1*©bUb® 1* = {0,b,1} € {0,a}. This example shows that the converse of
Theorem 3.6 is not true in general.

0 a b 1
{or  {a} {o} {1}
{a} {0,a} {0,0,1} {0,1}
{6} {01}  {ot {0,1}

{0,1} {a,1} {0,b,1} {0,1}

1 b a 0

Table 3: Cayley table of Example 3.7

*¥|—= o9 ofh

Theorem 3.8. An H,MV-algebra with 2n 4+ 1 elements, where n is a positive
integer, does not contain any obstinate H,MV-ideal.

Proof. Let H be an H,MV-algebra with 2n 4 1 elements, where n > 1 is a positive
integer, and let I be an obstinate H,MV-ideal of H (by contrary). Then there
exists x € H such that z* = x. On the other hand, by Theorem 3.6 we must have
z* =x € I. Hence 0* € z* ® x C I, which a contradiction. Therefore, H can not
contain any obstinate H,MV-ideal. O

Theorem 3.9. In an H,MV-algebra, every obstinate H,MV-ideal, if exists, is
mazximal.

Proof. Let I be an obstinate H,MV-ideal of H and J be an H,MV-ideal of H such
that properly contains I. Let a € J\ I. By Theorem 3.6, a* € I C J. Hence
l1€a®a* C J, whence J = H. Therefore I is a maximal H,MV-ideal of H. [

Theorem 3.10. (Extension Theorem) Let I and J be H,MV-ideals of H such
that I C J. If I is an obstinate H,MV-ideal, J is also an obstinate H,MV-ideal.



Obstinate H, MV-ideals 186

Proof. Assume that z,y & J, for x,y € H. Then x,y ¢ [ and so z* O yUy o z* C
I C J. Similarly, y* ®©x Uz ® y* C J, proving J is an obstinate H,MV-ideal of
H. O

Example 3.11 shows that the converse of Theorem 3.9 does not hold in general.

Example 3.11. Consider the H,MV-algebra (H,®,*,0), where H = {0, a,b,¢c, 1}
and @ and * are defined as in Table 4. It is easy to verify that the only proper
H,MV-ideals of H are {0} and {0,a}. Hence {0, a} is a maximal H,MV-ideal of H,
while it is not obstinate because b,c € H \ {0,a} and b* ©cUc©b* = H Z {0,a}.

0 a b c 1
{0} {a} {o} {cb A1}
{a}  {0,a}  {b,1} {0,a,c} {1}
{or {61} {o,1} H {1}
{ct {0,a,¢} H\{1} {c1} {1}
{1y {1} {1} {1y {1}

1 b a c 0

Table 4: Cayley table of Example 3.11

¥|— o o8 O

Example 3.12. Consider the H,MV-algebra (H,®,*,0), where H = {0,a,b,1}
and @ and * are defined as in Table 5. Routine calculations show that {0,a} and
{0, a, b} are obstinate weak H,MV-ideals of H. This example shows that Theorem
3.9 does not hold for obstinate weak H,MV-ideals, in general.

b 0 a b 1

0 {0} {a} {a, b} H
a {a} {a,1} {a,b} H
b {06} {0,a,0}  H {1}
1 H {0,a,1} {0,a,1} {b,1}
* 1 a b 0

Table 5: Cayley table of Example 3.12

Theorem 3.13. Let H = {0,a,1} be an H,MV-algebra.
(i) If la®a| =1, H does not contain any obstinate weak H,MV-ideal.
(ii) If la®al > 1, {0,a} is the mazimal obstinate weak H,MV-ideal.

Proof. Let H = {0,a,1} be an H,MV-algebra with three elements.

(i) We observe that a* = a and since 0* € a* ®a = a @ a, hence a @ a = {0*}.
This implies that a ® a A {0,a}. Hence {0,a} can not be a weak H,MV-ideal and
so is not an obstinate weak H,MV-ideal.

(ii) We assume that |a @ a| > 1. Then

{0,1} Cadaor {a,1} Ca®a or both. (3.2)
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We prove that 7 = {0,a} is a maximal obstinate weak H,MV-ideal of H. From
(HyMV7) it follows that 00 < I, 0®a = I and a ®0 < I and from (3.2) it
follows that a @ a < I. Obviously, I satisfies (Ip). Thus [ is a weak H,MV-ideal of
H. Now, from 1 ¢ I and that 0 € 1* ©1U1®1* it follows that 1*©1U1®1* <X I.
Hence I is an obstinate weak H,MV-ideal. It is obvious that I is maximal. O

Remark 3.14. We mention that the intersection of two H,MV-ideals is again
an H,MV-ideal (see [1, Theorem 4.14]), while it is not true for obstinate H,MV-
ideals. To see this consider Example 3.4. It is easy to check that {0,a} and {0,b}
are obstinate H,MV-ideals of H, while their intersection, {0}, is not an obstinate
H,MV-ideal because a,b € H\ {0} but a ©b* Ub* ©® a = {a} Z {0}.

On the other hand, the union of two H,MV-ideals may not be an H,MV-ideal,
in general (see Example 3.7 in which {0,a} and {0,b} are H,MV-ideals of H but
the union, {0, a, b}, is not an H,MV-ideal because a & b = {0,b,1} Z {0,a,b}). If
this is true it is easily proved that the union of two obstinate H,MV-ideals is again
an obstinate H,MV-ideal. Indeed we have

Theorem 3.15. Assume that A is a nonempty family of obstinate H,MV-ideals of
H such that UA 1is closed with respect to ‘®’. If each member of A is an obstinate
H,MV-ideal, UA is again an obstinate H,MV-ideal of H.

Proof. The proof is routine. We only observe that if UA is closed with respect to
@, UA satisfies Definition 2.3(1). O

Corollary 3.16. If Id(H) is closed with respect to the union, then OId(H), the
set of all obstinate H,MV-ideals of H, is an upper semilattice with respect to set
inclusion as the partial ordering.

In the sequel, we give several characterizations of obstinate week H,MV-ideals.

Definition 3.17. We say that an H,MV-algebra H satisfies the condition (AP) if
for all n € N and for all x,y1,v2,...,y, € H we have

e2 (- (@0y) @) Dypand z X (- (11 Dy2) D Dyn) D

Remark 3.18. We observe that if H satisfies (AP), then x < x®y and z < ydx,
for all z,y € H and so x ®y < x and « ® y = y, by Proposition 2.2(2).

Example 3.19. Consider the H,MV-algebra (H; ®,*,0), where H = {0, a,1} and
@ and * are defined as given in Table 6.

@ 0 a 1

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

Table 6: Cayley table of Example 3.19
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It is easy to verify that H satisfies (AP). This example shows that those H, MV-
algebras satisfying (AP) do exist.

Theorem 3.20. Every H,MV-algebra with three elements satisfies (AP).
Proof. Tt follows from (H,MV5)-(H,MV7) and Proposition 2.2(1). O

Definition 3.21. An element a € H is said to be a scalarif [x®al = |a® x| =1,
where the vertical lines means the cardinality.

Theorem 3.22. Let I be a nonempty subset of H.

(i) Assume that H satisfies (AP). If I is a proper weak H,MV-ideal satisfying
(3.1), then it is an obstinate weak H,MV-ideal.

(ii) If 0 is a scalar, every obstinate weak H,MV-ideal satisfies (3.1).

Proof. (i) We assume that H satisfies (AP) and I is a proper weak H,MV-ideal
of H satisfying (3.1). For xz,y € H \ I we have 2*,y* € I. On the other hand
xOy* 2 y* and y* ©z <X y*, whence x © y* Uy* ©® & < I. Similarly, it is proved
that 2* ©@ y Uy ® x* < I, completes the proof.

(ii) Assume that 0 is a scalar, I is an obstinate weak H,MV-ideal of H and
z€ H\I Sincel ¢gI,so{z*}=2*®1U1lO®z* < I, whence z* € I. O

The next corollary is immediately follows.

Corollary 3.23. In an H,MV-algebra satisfying (AP) and in which 0 is a scalar,
a proper weak H,MV-ideal is obstinate if and only if it satisfies (3.1).

Example 3.24. Consider the H,MV-algebra (H;®,* ,0) with H = {0,a,b,¢,d, 1}
and @ and * are defined as in Table 7.

® 0 a b c d 1

0 {0,a,c}  {a} {b} {c} {a} {1}
a {a} {0,a} H {0,a,¢} H\{1} H
b {b} H H\{1} {0,a,¢} H\{1} H
c {c} {0,a,¢} {0,a,c} H\{1} {1} H
d {d} H\{1} H\{1} {1} H\{1} H
1 H H H H H H
* 1 b a d c 0

Table 7: Cayley table of Example 3.24

Then H does not satisfy (AP) because b £ {0, a,c} = b® c. Moreover, {0, a,c}
is a weak H,MV-ideal satisfying (3.1), while it is not an obstinate weak H,MV-ideal
because b,d ¢ {0,a,c} but b* ©dUd © b* = {1,b,d} A {0,a,c}. This example
shows that the condition (AP) is necessary in Theorem 3.22(i).
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Example 3.25. Consider the H,MV-algebra (H; ®,* ,0) in which H = {0, a,b, ¢, 1}
and @ and * are defined as in Table 8. Routine calculations show that H satisfies
(AP). Moreover, {0,a} is an obstinate weak H,MV-ideal of H, which does not
satisfy (3.1) because ¢ = ¢* ¢ {0,a}. This example shows that the converse of
Theorem 3.22(i) may not be true in general.

@ 0 a b c 1
0 {0 {a) 0 o 7
a {a} {0,a,b,c} H {0,a,b,c} H
b {0,a,b,c} H {0,a,b,c} {0,a,b,c} H
¢ {0,a,b,c} {0,a,b,c} {0,a,b,c} {1} H
1 H H H {0,a,¢,1} {0,b,1}
* 1 b a c 0

Table 8: Cayley table of Example 3.25

Example 3.26. Consider the H,MV-algebra (H;®,*,0) in which H = {0,a,b,1}
and @ and * are defined as in Table 9. Obviously, 0 is not a scalar. Moreover,
{0,a} is an obstinate weak H,MV-ideal of H, which does not satisfy (3.1) because
b = b* ¢ {0,a}. This example shows that if 0 is not a scalar, Theorem 3.22(ii)
may not be true.

0 a b 1
O faF  {ab} H
{a}  {a1} {0} H

{0,b} {0,a,b} H {1}

H {0,a,1} {a,1} H

1 a b 0

Table 9: Cayley table of Example 3.26

*|—= o2 ol®d

Example 3.27. Consider the H,MV-algebra H given in Example 3.12. It is not
difficult to check that H satisfies (AP) and {0, b} is a weak H,MV-ideal of H, which
is not an obstinate weak H,MV-ideal because a,1 ¢ {0, b}, while a* ®1U1 G a* =
{a} # {0,b}. We observe that a,a* ¢ {0,b}. This example shows that the
condition (3.1) is necessary in Theorem 3.22(i).

Lemma 3.28. Fora € H\{0}, if H\{a,1} is a weak H,MV-ideal of H satisfying
(3.1), it is an obstinate weak H,MV-ideal, too.

Proof. Let I = H\ {a,1} (with a # 0) be a weak H,MV-ideal of H which satisfies
(3.1). Now, we prove that I satisfies (WOI), for z,y € {a,1}. If a = 1, from
0 € 1" ®1U1@® 1% the proof is complete. Assume that a # 1. Again from
0el*©lUlel*and that 0 € a* ®aUa®a* and 0 € 1* ©®aUa ® 1* it follows
that 1*©1U101* <X I,a*®aUa®a* <Tand 1* ®aUa ® 1* < I. Also, since
a*€a*®lUl®a*and a* €I, s0a*®1U1l®a* <1, completes the proof. [

Now, we give more general case than Lemma 3.28.
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Lemma 3.29. Letn > 2 be a positive integer and ai,a2,...,0,, 041 = 1 € H be
such that

(Fke{1,2,...,n,n+1}) aj, € a; ©®a;Ua; ©aj, Vi,j € {1,2,...,n,n+1}. (3.3)

If H\ {a1,a2,...,an,1} is a weak H,MV-ideal of H satisfying (3.1), it is an ob-
stinate weak H,MV-ideal, too.

Proof. Let I = H\ {a1,as,...,an,a,+1 = 1} be a weak H,MV-ideal of H. We
know that 0 € 1*®a;Ua; ©1* and 0 € a ®a;Ua; ®a;, whence 1* ©a;Ua; ©1* < T
and af ©@a;Ua; ©@af <1, forallie{1,2,...,n+1}. From (3.1) it follows that
af €I, forallie{1,2,...,n+ 1}, whence combining af € 1 ®a} Uaf ® 1 we get
1®afUaf®1 =< I. Moreover, from (3.3) and that a} € I for k € {1,2,...,n+1},
it follows that a; ® a; Ua; ® a] = I, completes the proof. O

Example 3.30. Consider the H,MV-algebra (H; ®,* ,0) in which H = {0, a,b,¢, 1}
and @ and * are defined as in Table 10.

®& 0 a b c 1

0 {0} {a} {0} {c} {1}

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

b {bv} H {0,a,b,c} {0,a,b,c} H

¢ {c} {0,a,b,¢} {0,a,b,c} H H

1 {1} H H {0,a,1}  {0,a,b,1}
* 1 b a c 0

Table 10: Cayley table of Example 3.30

(i) It is obvious that H \ {b,1} = {0, a,c} is a weak H,MV-ideal of H satisfy-
ing (3.1). This example shows that those weak H,MV-ideals satisfying the
conditions of Lemma 3.28 do exist.

(i) Tt is not difficult to check that I = {0, a,b} is a weak H,MV-ideal of H but it
is not an obstinate weak H,MV-ideal because ¢,1 ¢ I, while c*©1U1 G c* =
{c} A I. Also, obviously {0, a,b} does not satisty (3.1). Hence the condition
(3.1) is necessary in Lemma 3.28.

(iii) Routine calculations show that J = {0,a} is a weak H,MV-ideal of H, which
is not an obstinate weak H,MV-ideal because ¢,1 ¢ J, while c*©1UlG®c* =
{c} A J. We observe that J satisfies (3.3) but does not satisty (3.1) because
¢ =c* ¢{0,a}. This example shows that the condition (3.1) is necessary in
Lemma 3.29.

Theorem 3.31. Let H be an H,MV-algebra with |H| < 6. Then every proper
weak H,MV-ideal of H satisfying (3.1) is an obstinate weak H,MV-ideal.

Proof. Assume that H is an H,MV-algebra with at most five elements. We consider
the following cases.
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Case 1: |H| =2o0r3. If H={0,1} or H = {0,a,1}, then the only possible
proper weak H,MV-ideals of H satisfying (3.1) are {0} and {0,a}, whence by
Lemma 3.28, they are obstinate weak H,MV-ideals.

Case 2: Assume that H = {0, a,b, 1} with four elements. If a* = a and b* = b,
the only possible proper weak H,MV-ideal of H satisfying (3.1) is {0, a, b}, whence
by Lemma 3.28, it follows that it is an obstinate weak H,MV-ideal. If a* = b
(whence b* = a), the only possible proper weak H,MV-ideals satisfying (3.1) are
{0,a} and {0,b}, whence by Lemma 3.28 it follows that they are obstinate weak
H,MV-ideals of H.

Case 3: Assume that H = {0,a,b,c, 1} with five elements. We first assume
that a* = a, b* = b and ¢* = ¢. Then the only possible proper weak H,MV-ideal
of H satisfying (3.1) is {0, a,b, c}, whence by Lemma 3.28 it follows that it is an
obstinate weak H,MV-ideal. Let a* = b, b* = a and ¢* = ¢. Then {0,a,c} and
{0,b,c} can be the only proper weak H,MV-ideals of H satisfying (3.1), whence
by Lemma 3.28 it follows that they are obstinate H,MV-ideals. O

Now, we give some conditions under which those weak H,MV-ideals mentioned
in Lemma 3.28 there exist.

Theorem 3.32. Let H be an H,MV-algebra. Then H\ {1} is a weak H,MV-ideal
if and only if
(Vo.ye H\{1}) za@y+ {1} (3.4

Proof. Assume that I = H \ {1} satisfies (3.4) and let © < y and y € I, for some
x,y € I. It is clear that « # 1, whence « € I. Now, let z,y € I. Since dy # {1},
so there exists a € x @y such that a # 1. This implies that a € I. Hence z @y < I,
proving [ is a weak H,MV-ideal of H.

The converse is obvious. 0

Corollary 3.33. In an H,MV-algebra H, H\{1} is an obstinate weak H,MV-ideal
if and only if x ®y # {1}, for all x,y € H\ {1}.

Proof. Assume that z ® y # {1}, for all z,y € H \ {1}. We must prove that
0©1Ul1®0 = I. But this follows from the fact that 0 € 00 1U1® 0. Considering
Theorem 3.32, we conclude that H \ {1} is an obstinate weak H,MV-ideal of H.
The converse follows from Theorem 3.32 and the fact that any obstinate weak
H,MV-ideal is a weak H,MV-ideal. O

Example 3.34. Consider the H,MV-algebra H given in Example 3.30. It is easy
to check that H \ {1} = {0,a,b,c} is a weak H,MV-ideal satisfying (3.4). This
example shows that those weak H,MV-ideals satisfying the conditions of Theorem
3.32 do exist.

Example 3.35. Consider the H,MV-algebra H given in Example 3.4. Then H \
{1} = {0,a, b} is not a weak H,MV-ideal because a ® b = {1} £ H \ {1}. This
example shows that the condition (3.4) is necessary in Theorem 3.32.
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Definition 3.36. An element a € H is called a coatom if there is not any element
be H\ {1} such that a < b.

Theorem 3.37. Let a € H be a coatom. Then H \ {a,1} is a weak H,MV-ideal
of H if and only if

(Vo,y € H\{a,1}) z®y < {a,1}. (3.5)

Proof. Assume that (3.5) holds and let I = H \ {a,1}. Also, let z <y and y € I,
for z,y € H. Since y ¢ {a,1} and @ and 1 are coatoms, then x ¢ {a, 1}, whence
x € I. Now, let x,y € I. By hypothesis, there exists z € @y such that z ¢ {a, 1},
whence z € I. Hence x ©y < I.

The converse follows from the fact that a and 1 are coatoms. O

Corollary 3.38. Assume that a € H is a coatom with a* # a. If H \ {a,1}
satisfies (3.1) and (3.5), then it is an obstinate weak H,MV-ideal of H.

Proof. 1t follows from Lemma 3.28 and Theorem 3.37. O
Example 3.39. Consider the H,MV-algebra H given in Example 3.11.

(i) Obviously, ¢ is a coatom with ¢* = ¢. Moreover, {0,a,b} is a weak H,MV-
ideal of H, which is not obstinate because ¢* @1 U1 ® ¢* = {c} £ {0,q,b}.
Hence the condition ‘a* # a, for all coatoms a’ is necessary in Corollary 3.38.

(ii) Obviously, b is also a coatom with b* = a # b. It is easily checked that
H\ {b,1} = {0,a,c} satisfies (3.1) and (3.5). Hence it is an obstinate weak
H,MV-ideal of H.

Theorem 3.40. Assume that aq,...,a, be coatoms of H. Then H\{a1,...,an,1}
is a weak H,MV-ideal of H if and only if

(Vz,y € H\ {a1,...,an,1}) &y Z{a,...,an, 1} (3.6)
Proof. 1t is similar to the proof of Theorem 3.37. O

Corollary 3.41. Let aq,...,a, be coatoms of H which satisfy the conditions of
Lemma 3.29. If H\ {a1,...,an, 1} satisfies (3.1) and (3.6), then it is an obstinate
weak H, MV-ideal.

Proof. 1t follows from Lemma 3.29 and Theorem 3.40. O

Example 3.42. Consider the H,MV-algebra H given in Example 3.25. It is easy
to check that a, b and c¢ are coatoms of H. Moreover, H \ {b,¢,1} = {0,a} is a
weak H,MV-ideal of H and (3.6) satisfied. This example shows that those weak
H,MV-ideals satisfying (3.6) do exist.
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4. Boolean, prime and obstinate weak H,MV-ideals

In this section, the notions of Boolean weak H,MV-ideals and prime weak H,MV-
ideals are introduced and the relationships between them and obstinate weak
H,MV-ideals are investigated.

Definition 4.1. Let I be a proper weak H,MV-ideal of H. I is called a
(i) prime weak H,MV-ideal if 2 Ay < I implies that x € T or y € I, for all
z,y € H,
(ii) Boolean weak H,MV-ideal if x Az* Ux* Az < I, for all z,y € H.

Example 4.2. Consider the H,MV-algebra (H;®,*,0) in which @& and * are
defined as in Table 11. It is not difficult to check that {0,a,b,c} is prime weak
H,MV-ideal of H but it is not a Boolean weak H,MV-ideal because a AbUbAa =

{1} £ {0,a,b,c}.

® 0 a b c 1
0 (0F {af O (a9 m
a {a} {c¢} H {0,a,bc} H
b {b} H {c} {0,a,b,c} H
¢ {c {0} {0} H H
1 {1} H H {0,a,¢1} {0,a,c,1}
* 1 b a c 0

Table 11: Cayley table of Example 4.2

Example 4.3. Consider the H,MV-algebra (H; ®,* ,0), where H = {0, a,b, 1} and
@ and * are defined as in Table 12. It is not difficult to check that I = {0,b} is a
Boolean weak H,MV-ideal of H, while it is not a prime weak H,MV-ideal because
aNa=H <Ibuta¢l.

0 a b 1
{0} {0,a} {0,a,b}  {0,a,b,1}
{0,a} {0,a}  {0,a,0,1} {0,a,b,1}
{0,a,b} {0,a,b,1} {0,a,b} {0,a,b,1}
{0,1} {a, 1} {b,1} {a,b,1}
1 b a 0

Table 12: Cayley table of Example 4.3
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Theorem 4.4. Let H be an H,MV-algebra with the property (AP) and assume
that 0 is a scalar. Then every obstinate weak H,MV-ideal of H is a Boolean weak
H,MV-ideal.

Proof. Let I be an obstinate weak H,MV-ideal of H. By Theorem 3.22(ii), we
have x € I or z* € I, for all x € H. On the other hand, since H satisfies (AP),
sox Ax* < z* and 2* Ax <X x, whence x Ax* Ux* Ax =< I. Hence [ is a Boolean
weak H,MV-ideal of H. O
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Example 4.5. Consider the H,MV-algebra H given in Example 4.2. Obviously,
0 is a scalar. Also, H does not satisfy (AP) because a A {c¢} = a ® a. It is not
difficult to check that {0, a,b} is an obstinate weak H,MV-ideal of H but it is not
a Boolean weak H,MV-ideal because a A b= {1} & {0,a,b}. This example shows
that the condition (AP) is necessary in Theorem 4.4.

Example 4.6. Consider the H,MV-algebra H given in Example 3.25. Obviously,
0 is not a scalar. Routine calculations show that H satisfies (AP). Moreover, {0,b}
is an obstinate weak H,MV-ideal of H but it is not a Boolean weak H,MV-ideal
because cAc = {c} £ {0,b}. This example shows that if 0 is not a scalar, Theorem
4.4 may not be true in general.

Example 4.7. Consider the H,MV-algebra H given in Example 3.30. Obviously, 0
is a scalar. Also, it is not difficult to check that H satisfies (AP). Moreover {0, a,b}
is a Boolean weak H,MV-ideal of H but it is not an obstinate weak H,MV-ideal
because ¢, 1 & {0, a,b}, while c*©@1U1 G ¢* = {c} £ {0, a,b}. This example shows
that the converse of Theorem 4.4 does not true in general.

Theorem 4.8. In an H,MV-algebra with the property (AP), every proper weak
H,MV-ideal which is both Boolean and prime is an obstinate weak H,MV-ideal.

Proof. Let H be an H,MV-algebra with the property (AP) and let I be a Boolean
weak H,MV-ideal and a prime weak H,MV-ideal of H. Then xt Ax*Uz* ANz < I,
for all x € H. This implies that z Ax* < T or z* Az X I, for all x € H. In any
case, we get « € I or z* € I. Now, by Theorem 3.22(i) the proof is complete. [J

Example 4.9. Consider the H,MV-algebra (H;®,*,0), where H = {0,a,b,1}
and @ and * are defined as given in Table 13. It is not difficult to check that
H satisfies (AP). Also, I = {0,a} is a prime weak H,MV-ideal of H, while it is
neither a Boolean weak H,MV-ideal nor an obstinate H,MV-ideal because b Ab* =
b* ANb={b} AT and b,1¢ I, while b* ©1U1® b* = {b} £ I, respectively. This
example shows that the condition ‘Boolean’ is necessary in Theorem 4.8.

0 a b 1
{0} {0,a,0}  {b} H
{a} H {a,b} H

{o  {a0} {1} {1}
{o,1} {0,1} {1} {ab1}
1 b 0

a

*|—= o2 od

Table 13: Cayley table of Example 4.9

Example 4.10. Consider the H,MV-algebra H given in Example 3.30. It is easily
seen that H satisfies (AP). Also, it is not difficult to check that {0, b} is a Boolean
weak H,MV-ideal, while it is neither an obstinate weak H,MV-ideal nor a prime
weak H,MV-ideal because ¢,1 ¢ {0,b} but ¢* ©1U1 G ¢* = {c¢} £ {0,b} and
aANc=H <{0,b}, while a,c ¢ {0,b}. This example shows that the condition
‘prime’ is necessary in Theorem 4.8.
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Example 4.11. Consider Example 3.3. Routine calculations show that H satisfies
(AP). Moreover, I = {0,a} is an obstinate weak H,MV-ideal of H but it is not a
prime weak H,MV-ideal because 1 A b= {0,a,b,1} < I, while b,1 & I. Also, it is
not a Boolean weak H,MV-ideal because b A b = {a,b} =< I, while b ¢ I. Hence
the converse of Theorem 4.8 is not true in general.

In H,MV-algebras with at most five elements we have more strong result:

Theorem 4.12. In any H,MV-algebra H with |H| < 6, every proper weak H,MV-
ideal which is both Boolean and prime is an obstinate weak H,MV-ideal.

Proof. 1t is obvious that every proper weak H,MV-ideal which is both Boolean
and prime satisfies (3.1). The remains follows from Theorem 3.31. O

Theorem 4.13. Let H = {0,a,1} be an H,MV-algebra satisfying
ac€a®a or 0€ada. (4.7)
Then {0,a} is a weak H,MV-ideal of H.

Proof. Let I = {0,a}. Obviously, (Ip) is satisfied. From 0 € 0 ® 0 and a €
a®0N0@a it follows that 00 <1, a® 0 =<1 and 0® a < I. Under condition
(4.7) it is obvious that a®a < I, as well. Hence I is a weak H,MV-ideal of H. O

Theorem 4.14. Let H = {0,a,1} be an H,MV-algebra satisfying (4.7). Then {0}
and {0,a} are Boolean weak H,MV-ideals of H.

Proof. We know that {0} is a weak H,MV-ideal, in any H,MV-algebra. From
Proposition 2.2(10), it follows that 1 A 1*U1* A1 < {0}. If a € a & a, then
0e(@*@a)*"C ((a®a)*®a)* =aAa, whence a* Aa = a Aa = {0}. Similarly, if
0€ada,then0 € (0*@a)* C ((a@a)*®a)* = aAa = a*Aa. Hence a*ANa < {0}.
Thus, {0} is a Boolean weak H,MV-ideal of H.

Now, from 0* € a* @ a = a® a it follows that a € 0® a C (a® a)* @ a, whence
a=a*€ ((a®a)*®a)* =a* Aa. Hence a* Aa < I. Therefore I is a Boolean
weak H,MV-ideal of H. O

Lemma 4.15. In an H,MV-algebra, every two distinct elements a,b with a* = a
and b* = b are incomparable.

Proof. Let a,b be two distinct elements of H. Then

a=xb & 0Fca”"PbNbB®a* =a®bNbBa=a®b*"Nb*Da & b=a,
which is a contradiction. O
Lemma 4.16. In any H,MV-algebra H, for every x € H the following hold:

(i) if z* ==z, thenx € x Az,
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(ii) ifecex®r or0€xdx, then 0 € x N ™,
(i) if z* € x D x, then x € x Az,
(iv) if 0" € x @ x, then x* € x A x*,

Proof. (i) Assume that * = z, for x € H. From 0* € 2* @z and z € 0 ® x it
follows that z =2* C (0@ z)* C ((z* P z)* Px)* =z Az

(ii) Assume that x € x@x. Then 0 € zOz* C (x @) ©x* = x Az*. Similarly,
if0cz®z,then0€c002* C(zdz)Oa* =z Az™.

(i) fae*cax@a,thenz e (@) C(xda) ®x) =z Az™

(iv) If0*€ex@a, thenz* € 0*©z* C (x Pa) ©x* =z Ax*. O

Theorem 4.17. Let H = {0,a,b,1} be an H,MV-algebra.

(i) If a* = a and b* = b, {0,a} and {0,b} can not be simultaneously a prime
weak H,MV-ideal and an obstinate weak H,MV-ideal.

(ii) Let a* =b. Then {0,a} and {0,b}) are weak H,MV-ideals of H if and only
if they are Boolean weak H,MV-ideals of H.

(iii) {0,a,b} is a weak H,MV-ideal of H if and only if it is a Boolean weak H,MV-
ideal.

Proof. (i) By contrary, we assume that I = {0, a} is a prime weak H,MV-ideal and
an obstinate weak H,MV-ideal of H. From b,1 ¢ I it follows that (b&0)*U(0b)* =
b*©1Uleb* <X I, whence (b@0)* < T or (0@b)* < I. Considering Lemma 4.15,
it follows that a € b0 or 0* € bd 0 ora € 0P b or 0* € 0 b. From the two
first cases it follows that b A b < I and from the two second cases it follows that
b A1 =< 1. This contradicts the hypothesis that I is a prime weak H,MV-ideal of
H.

Similarly, it is proved that {0,b} can not be simultaneously a Boolean weak
H,MV-ideal and an obstinate weak H,MV-ideal.

(ii) Assume that a* = b (whence b* = a) and I = {0,a} is a weak H,MV-ideal
of H. From 0 € 0A1U1AO it follows that 0A1U1A0 < I. It remains that to show
that aAbUbAa =X I. Since a € I and [ is a weak H,MV-ideal, so a®a < I, whence
Ocadaoracada,orbea®aandb =< a. In the first two cases it follows that
0 € a Ab, whence a Ab =< I. In the last case, we have 0* € b* P a = a P a and so
0€(a®a) C ((a®a)*®a)* =aANb. Hence aANb =< I, proving I is a Boolean
weak H,MV-ideal of H.

Similar argument shows that if {0, b} is a weak H,MV-ideal, it is also a Boolean
weak H,MV-ideal.

The converse is obvious.

(iii) Assume thatl = {0,a,b} is a weak H,MV-ideal of H. Obviously, 0 A 0* U
0" AN0=1"A1U1A1* <I. Now, if a* = a and b* = b, from Lemma 4.16(i) it
follows that a € aAa*Ua* Aa and b € bAbL* Ub* Ab, whence aANa*Ua*Na <1
and bAD* Ub* Ab = I. Otherwise, since I is a weak H,MV-ideal, so we must have
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a®a=<1Tand b b < I, whence {0,a,b} C a ® a and similarly {0,a,b} CbP .
Ifa* =b € a®a, then a € a A a, by Lemma 4.16(iii), otherwise 0 € a A a*, by
Lemma 4.16(ii). In any case a A a* < I. Similarly, we can show that b A b* < I.
Hence I is a Boolean H,MV-ideal.

The converse is obvious. O

Example 4.18. Consider the H,MV-algebra H given in Example 3.26. Obviously,
H satisfies the conditions of Theorem 4.17(i). Also, it is easily checked that {0,a}
is an obstinate weak H,MV-ideal of H, which is not a prime weak H,MV-ideal
because b A b= H < {0,a}, while b ¢ {0,a}.

Example 4.19. Consider the H,MV-algebra H given in Example 4.9. Then a* = a
and b* = b and {0,a} is a prime weak H,MV-ideal, while it is not an obstinate
weak H,MV-ideal. This example shows that those H,MV-algebras satisfying the
conditions of Theorem 4.17 do exist.

Example 4.20. Consider the H,MV-algebra H given in Example 3.3. Obviously,
{0,a} and {0,b} are weak H,MV-ideals of H and so by Theorem 4.17 are Boolean
weak H,MV-ideals of H.

Example 4.21. Consider the H,MV-algebra H given in Example 3.7. Then
{0,a,b} is a weak H,MV-ideal of H and so by Theorem 4.17, it is a Boolean
weak H,MV-ideal of H.

Example 4.22. As Example 4.9 shows {0,a} is a weak H,MV-ideal of H, while
it is not a Boolean weak H,MV-ideal. We observe that a* # a does not hold in H.
So, this condition is necessary in Theorem 4.17(ii).

In connection with quotient H,MV-algebras induced by obstinate weak H,MV-
ideals we have the following result. Before, we state it we observe that an H,MV-
algebra H is said to be commutative if t Dy =y ® x, for all z,y € H.

Theorem 4.23. Assume that H is commutative and let I be an obstinate weak
H,MV-ideal of H. If there exists a regular congruence 6 in H such that 0/6 = I,
then

(i) H/O is the two-elements Boolean algebra,

)
(if) I is an H,MV-ideal,
(i) z* # x, for all x € H,
(iv) |H| is an even positive integer.
Proof. Let I be an obstinate weak H,MV-ideal of H and 6 be a regular congruence
in H such that 0/6 = I.

(i) Let x,y € H be such that 2/6,y/0 # 0/6. Then x,y ¢ I, whence z* ©y =
yOzr* 2 Tand y* Oz = zOy* < I. This implies that (zHy*)* = z* ©yNI # ) and
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(yozr*)* =y* ©@xNI # 0. Hence there exist a € z @ y* and b € y ® z* such that
a*,b* € I =0/0, whence a,b € 0*/6. This means that z®y*6{0*} and yDx*6{0*}.
Since 6 is regular, so x8y; i.e., /6 = y /6. Therefore, H/6 = {0/6,0*/6}.

(ii) We observe that in an H,MV-algebra 0* ¢ 0 @ 0, otherwise we must have
0* < 0, which is impossible. Hence in H/6 we have I&I = 0/08%0/0 = {0/6}. This
implies that for every xz,y € I, x & y C I, which implies that I is an H,MV-ideal.

(iii) Assume that z* = z, for some x € H. Considering (i) we have xz € 0/6
or x € 0*/6. In the first case we have x = 2*00*, whence 000*, which is a
contradiction. Similarly, if z € 0*/0 we get 000*, which is a contradiction.

(iv) Considering (iii), the proof is obvious. O

Remark 4.24. We notice that Theorem 4.23 does not state that an obstinate
weak H,MV-ideal which is the kernel of a congruence is an obstinate H,MV-ideal.
It just states that, as a weak H,MV-ideal, it must be an H,MV-ideal. To see this
consider the H,MV-algebra given in Table 14. It is not difficult to check that H
is a commutative H,MV-algebra in which I = {0,a} is an H,MV-ideal (and so a
weak H,MV-ideal) of H which is an obstinate weak H,MV-ideal, while it is not an
obstinate H,MV-ideal because 1 ¢ I but 1* ® 1 = {0,b} Z I. It is not difficult to
verify that the relation § = Ay U{(0,a), (a,0), (b,1),(1,b)} is a regular congruence
in H such that 0/6 = I.

0 a b 1
{0y e} {o}  A{a,1}
{at {0} {1} {1}
for {1} Aa 1} H

{a,1} {b,1} H {0,a,1}

1 a b 0

Table 14: A commutative H,MV-algebra
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5. Conclusions

We introduced a new type of H,MV-ideals (obstinate H,MV-ideals and obstinate
weak H,MV-ideals) and gave a deep characterization of them. We proved that in
any H,MV-algebra with odd number of elements there does not exist any obsti-
nate H,MV-ideal. Especially, in an H,MV-algebra with at least three elements, the
singleton {0} is not an obstinate weak H,MV-ideal. Moreover, obstinate H,MV-
ideals are maximal (if exist). Next, we studied the properties of obstinate weak
H,MV-ideals. We proved that every proper weak H,MV-ideal satisfying suitable
conditions is an obstinate weak H,MV-ideal. In the sequel, we introduced the no-
tions of prime weak H,MV-ideals and Boolean weak H,MV-ideals and gave some
basic properties. Furthermore, we investigated the relationships between obstinate
weak H,MV-ideals, prime weak H,MV-ideals and Boolean weak H,MV-ideals. We
proved that every proper weak H,MV-ideal which is both Boolean and prime is an
obstinate weak H,MV-ideal, under suitable conditions, but the converse may not be
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true. We also characterized obstinate weak H,MV-ideals and the relationships be-
tween prime weak H,MV-ideals and Boolean weak H,MV-ideals in H,MV-algebras
with at most five elements and investigated what subsets can be a suitable candi-
date to be an obstinate weak H,MV-ideal, Boolean weak H,MV-ideal or a prime
weak H,MV-ideal.
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Complete graph decompositions and P-groupoids

John Carr and Mark Greer

Abstract. We study P-groupoids that arise from certain decompositions of complete graphs.
We show that left distributive P-groupoids are distributive, quasigroups. We characterize some
P-groupoids when the corresponding decomposition is a Hamiltonian decomposition for complete
graphs of odd, prime order. We also study a specific example of a P-quasigroup constructed from
cyclic groups of odd order. We show that the right multiplication group of such P-quasigroups
is isomorphic to the dihedral group.

1. Introduction

The concept of graph amalgamation was introduced in 1984 by Anthony Hilton
[5]. Recently, the subject has gained more attention and is becoming more widely
studied. We aim to provide insight into graph amalgamation by considering the
results of amalgamation in Latin squares. First, we cover some preliminaries.
Recall that a graph is an ordered pair G = (V, E) comprising a set V of vertices
with a set E of edges. A complete graph, denoted by K, where n is the number
of vertices in the graph, is a graph where every pair of vertices is connected by an
edge. An edge coloring of a graph G is a function v : C — E(G), where C is a
set of colors. A Hamiltonian decomposition of Ko, 11 is an edge-coloring of Ko, 11
with n colors in which each color class is a Cs,,41 cycle, called Hamiltonian cycles.
We define graph amalgamation in the following way.

Definition 1.1. Let G and H be two graphs with the same number of edges where
G has more vertices than H. We say that H is an amalgamation of G if there
exists a bijection ¢ : E(G) — E(H) and a surjection ¢ : V(G) — V(H) where the
following hold

1. If &,y are two vertices in G where ¥ (z) # ¥(y), and both z and y are adjacent
by edge e in G, then ¢ (z) and (y) are adjacent by edge ¢(e) in H.

2. If e is a loop on a vertex z € V(G), then ¢(e) is a loop on ¢ (x) € H.

3. If e joins z,y € V(G) where x # y, but ¢(x) = ¥(y), then ¥(e) is a loop on
¥().

2010 Mathematics Subject Classifications: 20N05, 05C25

Keywords: Complete graphs, Hamiltonian decompositions, P-groupoids, P-quasigroups,
quandles.
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Example 1.2. K5 and a Hamiltonian decomposition.

1

4 3

Example 1.3. The following is an example of a graph amalgamation of the com-
plete graph on 5 vertices with the amalgamation (1) = 1, ¥(2) = 2, ¥(3) = 2,
¥(4) =3, 9(5) =3.

Note that since the edges between two amalgamated graphs are in bijection
with each other, edge colorings are invariant to amalgamation; that is, edge colors
are unchanged by amalgamation. However, more interesting is the fact that if G
is a complete graph of the form Ko, 1 and the edges are colored in such a way as
to specify a Hamiltonian decomposition, then the edges also form a Hamiltonian
decomposition in H.

The concept of amalgamating a larger graph down into a smaller graph is a
well understood concept in graph theory. Likewise, one can disentangle vertices
of a graph to create a larger graph. To disentangle a vertex is to split the vertex
into multiple vertices. Using example 3, we could disentangle vertex 2 of graph H
into vertices 2 and 3, while disentangling vertex 3 into vertices 4 and 5 to create
graph G. Some graph theorists are currently studying how to take a graph with a
Hamiltonian decomposition such as graph G, and to disentangle G to create a new
graph, say G’, where G’ also has a Hamiltonian decomposition. Since the concept
of amalgamation also exists in the Latin square setting, we approach the problem
from an algebraic perspective.

Let K, be a complete graph. It is well known that the edges in K, can be
decomposed into distinct cycles if and only if n is odd [9]. In this setting, Kotzig
gave a complete characterization of a groupoid (termed P-groupoid) that would
describe the decomposition. Indeed, let @ be a set with n elements (corresponding
to the vertices in K,,) and define xy = z if and only if edges (z,y) and (y, z) are
in the same cycle where z # y. If = y, then set 22 = x.
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Example 1.4. Consider the previous example of K5, along with its associated
P-groupoid.
1

~

ot

)
ol oo =[O
N W s O = =
B Ot = N W[
=N W ks O W
W B Ot = N
QU = DN W | Ot

4 3

Kotzig then showed that all decompositions of complete graphs are given by
P-groupoids, defining them as follows.

Definition 1.5 ([9]). Let (Q,-) be a groupoid. Then (@, -) is a P-groupoid if for
all z,y,z € Q,
(1.5.1) 22 =z (Idempotent).

(1.5.2) ¢ #y = zy # z and zy # y.

(1.5.3) zy =2 zy = x.

For the rest of the paper we only consider finite groupoids and P-groupoids.
One can quickly show that the order of every P-groupoid is odd [9] and that the
equation za = b is always uniquely solvable for . Indeed, xra = b < ba = x.
Hence, P-groupoids are idempotent, right quasigroups. We show that if the P-
groupoid is left distributive, then it is right distributive and a quasigroup (Theorem
2.2).

Dénes and Keedwell gave the first specific example of a P-quasigroup relating
to the decomposition [2]. We also note that this P-quasigroup is a quandle and
use results from [10] to describe the right multiplication group and automorphism
group of Dénes and Keedwell’s example. We then show that if H < @ is a
subquasigroup, then |H| must divide |Q| (Theorem 2.6). If the graph has prime
order, then Dénes and Keedwell’s example is an example of a P-quasigroup relating
a Hamiltonian decomposition.

2. P-groudpoids and quasigroups

A groupoid (Q,-) is a set ) with a binary operation - : Q X Q@ — Q. A quasigroup
(Q,-) is a groupoid such that for all a,b € @, the equations ax = b and ya = b
have unique solutions x,y € Q. We denote these unique solutions by x = a\b and
y = b/a, respectively. Standard references in quasigroup theory are [1, 13]. All
groupoids (quasigroups) considered here are finite.

To avoid excessive parentheses, we use the following convention:

e multiplication - will be less binding than divisions /, \.
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e divisions are less binding than juxtaposition.

For example zy/z - y\zy reads as ((zy)/z)(y\(zy)).
For x € @, where @ is a quasigroup, we define the right and left transla-

tions by z by, respectively, yR, = yx and yL, = zy for all y € Q. The fact
that these mappings are permutations of @) follows easily from the definition of
a quasigroup. It is easy to see that yL;' = z\y and yR;' = y/x. We define
the left multiplication group of Q, Mlt\(Q) = (L, | Yz € Q), the right multipli-
cation group of @, Mlt,(Q) = (R, | Vo € Q) and the multiplication group of Q,
MIE(Q) = (MIt(Q), Mit, (Q))-

Lemma 2.1. Let Q be a P-groupoid. Then |R,| =2 for allz € Q (i.e. R2 =idg).
Proof. Let |Q| = 2n+1 for some n € Z and suppose q; & = g for some x, g1, g2 € Q.
Then ¢ R2 = g2 R, = q1. Moreover, xR, = x. Hence,
Ry = (2)(9192)(4394) - - - (920) (G2n+1)-
The desired result follows. O
A groupoid Q is left distributive if it satisfies z(yz) = (zy)(zz) for all z,y,z €

Q. Similarly, it is right distributive if it satisfies (yz)x = (yz)(zx). A distributive
groupoid is a groupoid that is both left and right distributive.

Theorem 2.2. Let Q P-groupoid. If ) is left distributive, then QQ is a distributive
quasigroup.

Proof. Let @ be a left distributive, P-groupoid. Note that by left distributivity,
we have x - yr = zy - . Suppose that xza = xb for some z,a,b € Q. Then we
compute

(az)(ab- z) = [(az)(ab)](ax - x) by left distributivity,
= [(az)(ab)]a by Lemma 2.1,
=[(a- xb)a by left distributivity,
=a(zb-a) =a(za-a) by assumption,
=azx by Lemma 2.1

Hence, we have ab-x = ax by (1.5.2). Thus, ab = a and hence, b = a by (1.5.2)
again. Thus, @ is a quasigroup.
For right distributive, we first note that by left distributivity z(zy - 2) = (zy -
y)(zy - z) = (xy)(yz). Using (1.5.3), we have
[z(zy - 2)|(y2) = zy. (1)
Similarly, (zy - 2)z = (zy - 2)(zy - y) = (zy)(zy) and z(zy - 2) = (zy - y)(zy - 2) =
(zy)(yz) both by left distributivity again, thus

(zy - 2)x = (2y)(2Y), (2)
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z(zy - z) = (2y)(yz). (3)
Hence we have
(x-yz)(xz - u) = [(zy)(z2)](zz - u) by left distributivity,
= (zy)[(zy)(z2) - u] by (3) with x — zy,y — yz,2z — u,
= (zy)[(z - yz) - u by left distributivity,
thus
(- y2)(vz - u) = (zy)[(z - y2) - u]. (4)

Substituting y — yz in (1) give z(yz) = [x(z(yz) - 2)]lyz - 2] = z(x(yz) - 2) - y. So

Hence we compute
z = [z 2(yz)][z(yz)]
= [z 2(y2)][x(z(yz) - 2) - ] by (5),
= [z(z(yz) - 2)][xz - ] by (4) with y — z(yz),u — y.
Thus
x = [z(x(yz) - 2)][xz - Y. (6)

Replacing * — zy and y — x in (6) gives

zy = [(zy) - (zy - 22)z][(zy - 2)z] by (6) with 2 — ay,
= [(zy) - (wy - x2)2|(zy - 2y) by (2),
= [(zy) - (z - y2)z](zy - zy) by left distributivity,
and therefore
zy = [(zy) - (z - y2)z)(zy - zy). (7)

Recalling (3) and substituting y — yz, we have (z - y2)y = (x - y2)(yz - 2) =
x - (z-yz)z, so

(x-y2)y =z (x-yz)z. (8)
We compute
x(yz-x) = (x-yz)z = (xy - z2)x by left distributivity,
= (zy) - (zy - x2)z by (8) = axy,y — =,
and hence
x(yz - x) = (zy)[(z - y2)2]. (9)

Hence, the right hand side of (7) can be rewritten as

vy = [z(yz - 2)](zy - 2y). (10)
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Using left distributivity, we have

(zy) - (zz - y)(zy) = [(zy)(zz - v)|(zy - 2y) by left distributivity,
= [(xy - x2)(zy - y)](zy - 2y) by left distributivity,
= [(z - y2)(zy - v)](zy - zy) by left distributivity,
= [(z-y2)al(zy - zy)
= [z(yz - 2)|(zy - 2y),
and thus
[2(yz - 2)][(xy - 29)] = (zy)[(22 - y)(zy)]- (11)

Therefore, the right hand side of (10) can be rewritten as zy = (zy)[(zz - y)(zy)]
Finally, since (zy)[(zz - y)(2y)] = zy, we have (zz - y)(zy) = zy by (1.5.2) and
thus (zy)(zy) = zz -y by (1.5.3). O

We now focus on the first specific constructions of a P-quasigroup dealing with
Hamiltonian decompositions given by Deries and Keedwell [2].

Theorem 2.3 ([2]). Consider Z, = {0,1,...,n — 1} where n = 2k + 1 for some
k € Z. Defineros=2s—r modn. Then (Z,,o) is a P-quasigroup of order n.

Proposition 2.4. For (Z,,o), the following hold:
(1) yL? =2"(y —x) + x for all x,y € Q.
(i) |Ly| = k where k is the smallest integer such that 2¥ =1 mod n.
(i) L"Ry = R,L".
Proof. Let x,y € Q. For (i), yL, =2y — x = 2(y — x) + . By induction,
yL't = 2y —2)L =2"((2y —z) —2) + 2 = 2" (y —2) + 2.
For (ii), let k > 0 be the smallest integer such that yL* = y. Then, by (1),
ky—n)y+r=yedy—y-2r+2=0s(y—o)2*-1)=0.
Hence, 2 =1 mod n. Finally,
yLoRy = (2y — 2)R, = 32 — 2y = (20 — y) Ly = yR, L.
Since Mlt(Q) is a group, (7i7) follows. O
(Zy,0) is well known. A quasigroup @ is medial (or entropic) if (zy)(zw) =
(zz)(yw) for all z,y,z,w € Q. Idempotent medial quasigroups are distributive

[15]. There is a well-known correspondence between abelian groups and medial
quasigroups, the Toyoda-Bruck theorem. That is, (Q, ) is a medial quasigroup if
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and only if there is an abelian group (@, +) such that z-y = f(x) + g(y) + ¢ for all
x,y € @ for some commuting f,g € Aut(Q) and ¢ € Q [14]. If (G, +) is an abelian
group of odd order, then both f(z) = —z and g(y) = 2y are automorphisms of G.
Hence, Denies and Keedwell’s P-quasigroup is precisely the medial quasigroup of
the form z oy = f(x) + g(y) + 0.

Definition 2.5. A groupoid (@, ) is a quandle if
1. a2 =aforallacQ,
2. For all a,b € Q, the equations xa = b have a unique solution,
3. (ab)e = (ac)(be) for all a,b,c € Q.
Note that quandles are idempotent, right distributive, and right quasigroups.

(Zn, o) is also referred to as the dihedral quandle of order n with Mlt,(Q) = Day,
[10], the dihedral group of order 2n. For a quandle Q, the inner automorphism
group of @, Inn(Q) is the subgroup generated by L, for all z € Q. Thus, Inn(Z,,, o)
is isomorphic to the dihedral group of order n. Moreover, both L, and R, are
affine maps for all x,y. Indeed,

[(1—t)a+tb|L, = 2[(1—t)a+tb]—x = (1—t)(2a—x)+j(2b—x) = (1—t)(aL,)+t(bL,),
[(1—-t)a+tb| Ry = 2y—[(1—t)a+tb] = (1—t)(2y—a)+t(2y—b) = (1—t)(aR,)+t(bRy),
for all a,b,t € Z,. That is Aut(Z,,o) is isomorphic to the affine group Afi(Z,)
[10].

Note that P-quasigroups always have subgroups (z) for all z. It is well-known
that in general, the order of a subquasigroup doesn’t divide the order of the quasi-

group. However, for Q = (Z,,0), the order of the subquasigroup always divides
the order of the quasigroup.

Theorem 2.6. Let Q = (Zy,0). If H < Q, then |H| divides |Q|. Hence, if Q has
prime order and |H| < |Q|, then H = (x) for some © € Q or H = Q.

Proof. Let H < Q. If |H| = (z), then |H| = 1 and we are done. Let z,y € Q.
Then y = = + k, since both z,y € Z,. Then x oy = x + 2k € H. Continuing,
x o (z + 2k) = x + 3k, and thus, elements of H are of the form x + lk. Since @
is finite, we must have x + 1k = x + lok. Thus, k(I — l2) =0 mod n. Thus, k
is a divisor of n. Let kl = n. Then H = {z,z + k,z + 2k,...2 + (I — 1)k}, and
therefore |H| =, a divisor of n. O

The following is a minimal example of a P-groupoid that is not a quandle,
found by MACE4 [11].

Example 2.7. A P-groupoid of order 5 that is not a quandle.

(@)]1 2 3 4 5
1 1 3 2 3 4
2 3 2 1 5 3
3 2 1 3 1 2
4 5 5 5 4 1
5 4 4 4 2 5
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3. Hamiltonian decompostions and P-quasigroups

Theorem 3.1. Let Q1 and Q2 be two P-groupoids. Then, Q1 = Q5 if and only if
the corresponding decompositions of the associated complete graph is isomorphic.

Proof. Suppose ¢ is an isomorphism between @)1 and @2 where both @1 and Q4
correspond to decompositions of K. By definition (a, b)(b, ¢) belong to the same
cycle in the decomposition of K, if and only if ab = ¢ for all a,b,c € Q1. Then
(¢(a), p(D))(d(b), #(c)) belong to the same cycle in K, if and only if ¢(a)p(b) =
¢(c). Since this is precisely the correspondence between @2 and its Hamiltonian
decompostion of K, the decompositions must be isomorphic.

Alternatively, suppose ¢ is an isomorphism between two decompositions of K.
If (¢(a), d(b))(¢(b), ¢(c)) belong to the same cycle in K,, for some a,b, ¢ € @1, then
d(a)p(b) = ¢(c) for ¢(a), p(b),d(c) € Q2. Again, since this is precisely how we
establish a correspondence between P-groupoids and complete undirected graphs,
we conclude that Q1 = Q5. O

Theorem 3.2. ([2]) Let p be an odd prime. Then (Zy,,0) corresponds to a Hamil-
tonian decomposition in K.

Note that Theorem 3.1 does not imply all P-groupoids of prime order cor-
responding to a Hamiltonian decomposition of K, are quasigroups. Below are
two Hamiltonian decompositions of K7 with non isomorphic corresponding P-
groupoids.

Example 3.3. Two non-isomorphic Hamiltonian decompositions and their corre-
sponding P-groupoids.
Q

A~ W N O R ==
T N O = N W N
=N R OtW O W
N W O~ O
B Ot NN WO ot
WO N~ O RO
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The following is motivated by Theorem 2.6.

Theorem 3.4. Let K, have a Hamiltonian decomposition and let Q be the cor-
responding P-groupoid. Then @) doesn’t contain any nontrivial subgroupoids.

Proof. Let |Q| = n correspond to a complete graph K, with a Hamiltonian de-
composition. For the sake of contradiction, suppose 3H < ) where |H| > 1. Since
H is a subgroupoid, H is closed and multiplying the elements of H will create a
cycle with length less than n. However, this contradicts our assumption that K,
has a Hamiltonian decomposition. Therefore, we conclude that @ doesn’t contain
any subgroupoids with order greater than 1. O

The following is an example of a P-groupoid corresponding to a Hamiltonian
decomposition of Kgy. It is currently unknown if a P-quasigroup exists that corre-
sponds to a Hamiltonian decomposition of Ky (note that (Zg,o)) is not a quasi-

group).

Example 3.5. A P-groupoid of order 9 corresponding to a Hamiltonian decom-
position.

COOO\]OUU!»&COMH@N
MO WO T O ] 00 © =
00 © Tt - O — N W
N OO W N W ol
OO 00 W O N
0 © — BTt N W |t
0O U~ — N W k|
= Oy =1 00 W N U O =]
N 00 O W N D O 0o
© = Ut ] O N W 00O

Further work would consist of finding all necessary and sufficient conditions
such that a P-groupoid of odd nonprime order corresponds to a Hamiltonian de-
composition of a complete graph. Hilton gave necessary and sufficient conditions
for a Hamiltonian decomposition of Ky, corresponding to a Hamiltonian circuit
[5]. The proof relies heavily on Hall’s work with completing partial Latin squares
[4]. Thus, using P-groups to classify Hamiltonian decompositions is a natural
choice. Moreover, due to the connection to quandles in the prime order case, per-
haps finding a relationship between P-groupoids and quandles could lead to new
results in both fields.

Acknowledgment. Some investigations in this paper were assisted by the au-
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Categorical equivalences

in the theory of sharp transitivity

Timothy L. Clark

Abstract. There are well-known correspondences between loops and regular permutation sets;
neardomains and sharply 2-transitive groups; and KT-fields and sharply 3-transitive groups.
Initially, these correspondences only considered isomorphisms. However, the first two correspon-
dences were realized as more general categorical equivalences. In this note, we offer a simplified
development of these equivalences and extend the results to a categorical equivalence between
KT-fields and sharply 3-transitive groups. We then show how these three equivalences are related
to one another via a diagram of functors.

1. Introduction and overview

Given a loop L, its set of left translations T'L = {\,: @ — az | a € L} acts
reqularly on L, meaning for every x,y € L, there is a unique A\, € T1L such
that A\,(z) = y. It turns out, not only is this construction functorial, it forms an
equivalence between the category of loops (denoted Loop) and the category of
regular permutation sets (denoted RPS) [1].

There is a related correspondence between neardomains and sharply 2-transitive
groups. Here, a neardomain essentially consists of (F,+,-) where (F,+) is a loop
and (F \ {0},-) is a group, while a sharply 2-transitive group is a group action
that is regular on pairs of distinct points. Given a neardomain, its group of affine
transformations ToF = {x + a + bz | b # 0} acts sharply 2-transitively on F
(cf. [2] (6.1)). In [1], this correspondence was proven to be an equivalence be-
tween the category of neardomains (denoted nDomain) and a category of sharply
2-transitive groups (denoted s2tGroup). Proving that 75 is a categorical equiva-
lence hinges on the definition of s2tGroup; the crucial realization in [1] is that not
every conceivable morphism of sharply 2-transitive groups corresponds to a near-
domain morphism, so we must pare down our morphisms of sharply 2-transitive
groups accordingly.

Finally, there is another correspondence between KT-fields and sharply 3-
transitive groups, where KT-fields are neardomains with a distinguished invo-

2010 Mathematics Subject Classification: 20N05; 12K05; 16Y99; 20B22; 18A99.
Keywords: loops; neardomains; nearfields; K'T-fields; sharply multiply transitive groups;
equivalence of categories.
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lution (thought of as a generalized inversion) and sharply 3-transitive groups are
groups that act regularly on triples of distinct points. As shown in [2] (11.1),
given a KT-field F', one can form the group of generalized fractional affine trans-
formations T3 F which acts sharply 3-transitively on F. The name “generalized
fractional affine transformations” comes from the fact that, if F is a field, then

T3F = {x — gigi | ad — be # 0} . In general, T3F' is generated as a subgroup of

the permutations on F' by T5 F' and the distinguished involution of F'. Qur main re-
sult is that, not only is T3 functorial, the category of KT-fields (denoted KTfield)
is equivalent to a category of sharply 3-transitive groups (denoted s3tGroup); cf.
Theorem 3.13. Moreover the three equivalences T4, T», and T3 enjoy a particularly
nice interdependence.

As is the case for Ty, proving that T3 is an equivalence of categories largely
depends on the morphisms we allow in s3tGroup. In particular, the construction
of T3 F demands that morphisms in s3tGroup induce morphisms in s2tGroup
on stabilizers. Once this is done, however, the argument proceeds swiftly. This is
substantially a consequence of the general scheme in which 77, T5, and T35 fit. As
we will see:

e Given a neardomain F', the functor 75 is essentially two applications of 77 —
once to (F'\ {0},-) and once to (F,+).

e Given a KT-field F' with distinguished involution o, the functor T3 is essen-
tially T3 after forgetting and then remembering o.

So, overall, our categorical equivalences T, and T35 are built in a very tangible way

from the comparatively simple equivalence T} : Loop — RPS; this is formalized
in Theorem 3.14.

Organization. Section 2 focuses on preliminary definitions and basic results
from category theory, non-associative algebra, and sharply multiply transitive ac-
tions. In particular, we have the lemma:

Lemma 1.1. Let C and D be categories and suppose there are functors F': C — D
and G: D — C such that GF = idc. If G is faithful, then F is an equivalence of
categories with inverse G.

We also have the lemma:

Lemma 1.2. Let C be one of the categories RPS, s2tGroup, or
s3tGroup. Then two morphisms (f,®) and (g, V) are equal in C if and only if
d=0.

These two lemmas combine in Section 3 to shorten the proofs of Theorems
3.4, 3.9, and 3.13 regarding the assortment of categorical equivalences mentioned
above. In particular, in Section 3 we prove:
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Theorem 1.3. There is an equivalence of categories Ty : KTfield = s3tGroup.

We also concisely exhibit the relationship between 77, T5, and 73 in Section 3 via
the following theorem:

Theorem 1.4. There is a commutative diagram of functors:

KTfield —;> s3tGroup
L]
nDomain Tg> s2tGroup
L

Loop +> RPS.
1

2. Preliminaries

This section is dedicated to some definitions and basic results for reference in the
development to follow.

2.1. Category theory

We assume familiarity with the notions of category and functor; the standard
reference is [4]. We recall some basic definitions here, namely that of natural
equivalence and categorical equivalence. We also prove Lemma 2.1 that helps us
provide succinct proofs of our main theorems in Section 3.

Natural and categorical equivalences. Given two functors F,G: C — D, a
natural transformation n : F — G is an assignment for each object X of C a
morphism 7y : F(X) — G(X) in D such that, for every morphism f: X — Y in
C, the following diagram commutes

nx

F(X) -~ G(X)

F(f)l lG(f)

FY) — (Y).
A natural transformation in which each nx is an equivalence is called a natural
equivalence.
We are primarily interested in exhibiting pairs of categories as equivalent, in a
sense we will make precise immediately: A functor F': C — D is an equivalence

of categories if there is a functor G: D — C and natural equivalences F'G =N idp
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and GF =5 idc. In this case, we write F: C = D or simply C ~ D, and we call G
the inverse of F'. Assuming the Axiom of Choice, F': C — D is an equivalence of
categories if and only if F is full, faithful, and essentially surjective ([4] Theorem
IvV.4.1).

The faithful retract lemma. We will call a category C a retract of a category
D provided there are functors F: C — D and G: D — C such that GF = idc¢.
In this case, the functor G is called a retraction. If, additionally, there is a

natural equivalence F'G =N idp, we call C a deformation retract of D. We
recognize deformation retract as a stronger notion of categorical equivalence. This
next lemma is an adaptation of a familiar result from category theory that if a
retraction has a left inverse, then it has a two sided inverse.

Lemma 2.1 (Faithful Retract Lemma). Suppose C is a retract of D via F': C —
D and G: D — C. If G is faithful, then there exists a natural transformation

FG = idp. In particular, F is an equivalence of categories with inverse G.

Proof. Suppose G is a retraction. We claim G is essentially surjective and full. To
see this, let X be an object in C. Then GF(X) = X since GF = id¢, thus G is
(essentially) surjective on objects. Now suppose [ : G(X) — G(Y) is a morphism
in C where X and Y are objects of D. Then, GFf = f: G(X) — G(Y), hence G
is full.

So, if G is also faithful, then G is an equivalence of categories. This means
there exists a functor H: C — D and a natural equivalence HG =N idp. Thus,
there is a natural equivalence HGF =N idpF, i.e. a natural equivalence H =Ny
Therefore, we induce a natural equivalence F'G s eSS idp as claimed. O

2.2. Loops, neardomains, and KT-fields

In this section, we briskly review some basic definitions from non-associative alge-
bra and define categories of loops, neardomains, and KT-fields.

Loops. A loop is a nonempty set L with a binary operation (a,b) — ab such
that:

1. The operation has a two-sided identity element e € L;
2. For every a,b € L, there exist unique z,y € L such that ax = b and ya = b.
A morphism of loops is a function f: L — L’ that preserves the loop operation.

The category whose objects are loops and whose arrows are loop homomorphisms
will be denoted Loop.
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Neardomains. A set I’ with operations + and - is called a neardomain if:
1. Fis a loop under + with identity 0;
2. For all a,b € F: a+b=0 implies b+ a = 0;
3. F — {0} is a group under - with identity 1;
4. Forallae F: 0-a = 0;
5. For all a,b,ce F:a-(b+c)=a-b+a-c
6

. For all a,b € F, there exists d,, € F — {0} such that, for all x € F,
a+b+z)=(a+b)+doyp-x.

A morphism of neardomains f: F — F’ is a function that preserves both
operations. The category of neardomains and neardomain morphisms is denoted
nDomain. Note: F'is a nearfield if and only if all of the d, , = 1 (i.e., if and only
if F'is a group under +). Every finite neardomain is a nearfield. Whether there
exists a neardomain that is not a nearfield was a long-standing open question, but
the construction provided in [5] confirms the existence of proper neardomains.

It can be shown (cf. [1] Property 3.2) that all neardomain morphisms are
injective. Consequently, if there exists a neardomain morphism f: F — F’, then
char F' = 2 if and only if char F’ = 2. This fact turns out to be essential for
defining the appropriate category of sharply 2-transitive groups in Section 3.

KT-fields. A KT-field is quadruple (F,+,-,0) such that
1. (F,+,") is a neardomain;
2. 0 : F — F is an involutary automorphism of (F'\ {0}, ) satisfying
c(l+o(x)=1—0(1+x),
forall z € F\ {0,—1}.

The characteristic of F' as a KT-field is defined to be the characteristic of the near-
domain F. A morphism of KT-fields (F,+,-,0) and (F’,+, -, ¢’) is a neardomain
morphism f: F — F’ such that ¢’ o f = foo on F \ {0}. KT-fields and KT-field
morphisms constitute a category denoted KTfield. We note that if F' is a field,
then o(x) = 27! ([2] Theorem 13.2).

2.3. Sharply multiply transitive actions

We now review some basic definitions and results from the theory of sharply tran-
sitive actions. We then define categories of regular permutations sets, sharply
2-transitive groups, and sharply 3-transitive groups, utilizing the crucial insight
from [1] regarding which morphisms to allow between sharply 2-transitive groups.
The section ends with a proof of Lemma 2.4 that allows us to more easily identify
when two morphisms in these categories are equal.
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Regular permutation sets. A regular permutation set is a triple (M, £, *)
where (Q is a set, x € Q is a chosen base point, and M is a subset of the set of all
permutations on 2 such that:

1. The identity map idg : a — « is in M;

2. M acts regularly on : for every «, 8 € 2, there is a unique m € M such
that m(a) = B.

A morphism of regular permutation sets (M, €2, ) and (N, X, ) is a pair
of functions (f, ®) where f: M — N and ®: Q — ¥ such that ®(x) = *, and the
following diagram commutes:

MxQ—50

Nx¥——>%,

where the horizontal maps are the evaluation maps. Regular permutation sets and
morphisms of regular permutation sets (with composition defined componentwise)
assemble into a category which we denote RPS.

An action of a group G on a set 2 is said to be sharply transitive provided
for every «, 3 € (Q, there exists a unique g € G such that ga = 5. A sharply
transitive group action of a group G on a set  corresponds (via the standard
identification of G < sYM{?) to a regular permutation set (G,€, ) for a chosen
base point x € €. In this way, we can define the category s1tGroup as the full
subcategory of RPS whose objects are sharply transitive group actions.

Sharply 2-transitive groups. Suppose a group G acts on a set ). The action is
sharply 2-transitive provided: for every (a1, as), (51, 82) € QxQ where a; # as
and [, # s, there is a unique g € G with ga; = 1 and gas = fBs.

It is tempting at this point to try to define a category of sharply 2-transitive
groups analogous to the category RPS. To start, we might say the objects of
this category are of the form (G,,0,1) where G acts sharply 2-transitively on
Q and 0,1 € Q are distinct base points. Then, we could define a morphism to
be a pair of functions (f,®) : (G,,0,1) — (H,%,0,1) with f : G — H a group
homomorphism, ®: 2 — ¥ a function sending 0 — 0 and 1 — 1, such that the
following diagram commutes:

GxQ——0

HxY——3.

This defines a perfectly reasonable category. However, as shown in [1], this cate-
gory has “too many” morphisms to be equivalent to the category of neardomains!
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So, we must eliminate morphisms between sharply 2-transitive groups that do
not correspond to neardomain morphisms. Recall: all neardomain morphisms are
injective and, consequently, the existence of a neardomain morphism f: F — F’
implies char F' = 2 if and only if char F’ = 2. The characterestic of a neardomain
turns out to be related to what is called the type of its corresponding sharply
2-transitive group, which we explore forthwith.

Suppose a group G acting sharply 2-transitively on a set €2 and consider the
involutions of G, INVG = {g € G | g # idq, ¢g° =idq}. Note: INVG is never empty
if ) has at least two elements. It can be shown that exactly one of the following
conditions holds: (1) every g € INVG has a unique fixed point; or (2) no g € INVG
has a fixed point ([2] Section 2).

If each g € INVG has a unique fixed point we say G is of type 1, and if no g €
INVG has a fixed point, we say G is of type 0. We can now define the appropriate
category of sharply 2-transitive groups as follows: The category s2tGroup has
objects (G,€,0,1) where G is a group that acts sharply 2-transitively on a set (2,
and 0,1 € Q are distinct base points. The morphisms in s2tGroup are pairs of
maps (f,®): (G,9,0,1) — (H,3,0,1) where

1. G and H are of the same type;

2. f: G — H is a group homomorphism;

3. &: Q — ¥ is injective, mapping 0 — 0 and 1 — 1; and
4. the following diagram commutes:

GxOQ——0

HxY—>=%,

where the horizontal maps are evaluation.

Let (G,,0,1) be a sharply 2-transitive group on a set €. In the case G has
type 1, call ¢« the unique (by [2] (3.1)) involution fixing the base point 0 € Q. We
define a subset AG C G by AG = INVG oy if G has type 1, and AG = INVGGU {idq }
if G has type 0. It is shown in [2] that (AG,,0) is a regular permutation set.
Moreover, this construction is functorial:

Proposition 2.2. There is a functor A: s2tGroup — RPS.

Proof. For a sharply 2-transitive group (G, 2,0, 1) define A(G,Q,0,1) = (AG,Q,0)
as above. The fact that (AG,,0) is a regular permutation set is shown in [2]
Theorem 3.3. To show that A is functorial, let (f,®): (G,,0,1) — (H,X,0,1)
be a morphism in s2tGroup. By Lemma 3.8 in [1], we have f(AG) C AH.
Thus, we define Af as the restriction f|.q: AG — AH. We are left to show that
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(Af,®): (AG,Q,0) — (AH,X,0) is a morphism in RPS, as verifying that A is
functorial is then routine.

First, we note that ®(0) = 0 by assumption. Now, consider the following
commutative diagram:

AG x Q¢ GxQ Q

Ami Mi lé

AHXxY— s> HxY —>13.

The left square commutes by definition of Af, while the right square commutes
since (f,®) is a morphism in s2tGroup. Thus, the total rectangle commutes,
verifying that (Af, ®) is a morphism in RPS. O

Sharply 3-transitive groups. A group action of G on a set 2 is said to be
sharply 3-transitive if, for all 3-tuples of distinct elements of Q, (a1, aa, a3) and
(51, B2, B3), there is a unique g € G such that ga; = §; for i = 1,2,3. We can
recognize sharply 3-transitive groups in terms of sharply 2-transitive groups as
follows:

Proposition 2.3. A group G acts sharply 3-transitively on a set Q if and only if
for every a € Q the stabilizer G,, acts sharply 2-transitively on Q \ {a}.

Proof. See [2] (1.1)(a). O

As with the category of sharply 2-transtive groups, we must be careful to avoid
excess morphisms in our category of sharply 3-transitive groups. Let (G,2) be
a sharply 3-transitive group. As shown in [2] Section 2, each stabilizer (G, \
{a}) is a sharply 2-transitive group of the same type. This allows us to define
the appropriate category of sharply 3-transitive groups, as follows: The category
s3tGroup has objects (G,,0,1,00) where G is a group that acts sharply 3-
transitively on a set 2, and 0,1, 00 € ) are distinct base points. The morphisms
in s3tGroup are pairs of maps (f,®): (G,,0,1,00) — (H,3,0, 1, 00) where:

1. The stabilizers G, and H,, have the same type as sharply 2-transitive
groups;

2. f: G — H is a group homomorphism;
3. ®: Q — X is injective, mapping 0 — 0, 1 — 1, and oo — o0; and
4. the following diagram commutes:

GxQ—0

HxY— =%,

where the horizontal maps are evaluation.
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The sharp morphism lemma. We now prove a lemma that allows us to more
easily recognize when two morphisms in RPS, s2tGroup, and s3tGroup are
equal. Together with Lemma 2.1, this result greatly expedites the proofs of The-
orems 3.4, 3.9, and 3.13.

Lemma 2.4 (Sharp Morphism Lemma). Let C be one of the categories RPS,
s2tGroup, or s3tGroup. Then two morphisms (f,®) and (g, V) are equal in C
if and only if ® =U.

Proof. We will prove the nontrivial assertion for C = s3tGroup. The proofs for
the other options of C are similar.

Let (f,®),(g,9): (G,9,0,1,00) — (H,3,0,1,00) be two morphisms in
s3tGroup, and suppose ® = U. Now, let x € G and a € Q. Since (f, ®) and
(g, ®) are morphisms in s3tGroup, we have f(z)®(a) = ¢(z(a)) = g(z)P(«). For
a € {0,1,00}, this implies we must have f(x)(0) = ¢g(z)(0), f(z)(1) = g(z)(1),
and f(z)(c0) = g(x)(c0). Now, each of g(x)(0), g(z)(1), and g(x)(oo0) must be
distinct since the base points are distinct. By the sharp 3-transitivity of H on
%, g(z) is the unique element of H such that 0 — g(z)(0), 1 — g(x)(1), and
00 = g(x)(00). Thus, we must have f(z) = g(x), hence f = g. O

3. The categorical equivalences

In this section, we show that there are categorical equivalences (1) RPS ~ Loop
(Theorem 3.4); (2) s2tGroup ~ nDomain (Theorem 3.9); and (3) s3tGroup ~
KTfield (Theorem 3.13). The first two equivalences were first proved in [1]. We
review their development for completeness (especially since we understand the
third equivalence in terms of the first two), using Lemmas 2.1 and 2.4 to provide
alternate, more concise proofs. We then exhibit the close relationship between
these equivalences with a diagram of functors in Theorem 3.14.

3.1. Regular permutation sets and loops

Given a loop L, constructing an object of RPS is relatively straightforward. De-
note TiL = {Ay: ¢ — ax | z,a € L} the set of left translations of L. Then
(ThL, L,e) is a regular permutation set ([1] Property 2.5). As we see in the next
proposition, this construction is functorial.

Proposition 3.1. There is a functor T : Loop — RPS.

Proof. For L a loop, define T L as above. For a loop homomorphsim f: L — L/,
if we define 11 f: Ay — Af(q), it can be shown that T} is a functor. O

Constructing a loop out of a regular permutation set is a little more subtle.
Let (M,,*) be a regular permutation set. Ultimately, we would like to find a
loop structure on €. We do so by first building a loop out of M (which, being
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a set of permutations, comes with a little more structure than ), and importing
the structure on M to ).

While composition of functions is the obvious operation on syM{2, there is no
guarantee that the subset M C symMm(Q is closed under this operation. However,
since the action of M on  is regular, the map p: M — Q defined by m — m(x)
is a bijection. We define the operation ®.: M x M — M so that the following
diagram commutes:

M x Me—" o syMQ x sYMQ
. i

v oY

M — SYMQ.

pot ev(—,x)

Explicitly, we have ®, : (m,n) — u~'(m on(x)). It can be shown that M is a
loop under ®, with identity idg. Furthermore, if M is a subgroup of sym(), then
(M,®,) = (M,o) (cf. [1] Property 2.1).
We use p to define an operation -, on € by the following commutative diagram:
—1 —1

QXQ%MXM

. Js-

v
Q M.

1R

= IR

Explicitly, we have -.: (a, 8) — p~1(a)(B).

Proposition 3.2. For ) and -, as above, Q) is a loop under -, with identity x, and
1M — Qs a loop isomorphism. In particular, if M is a subgroup of SYMS), then
(Q,-x) is a group. Furthermore, if (f,®): (M,,*) = (N, %, %) is a morphism in
RPS, then ®: Q — X is a homomorphism of loops.

Proof. See [1] Property 2.2 and Corollary 2.4. O
This lets us define two functors RPS — Loop:
e Pg: RPS — Loop sends (M, Q, %) — (M, ®,) and (f,®) — f.
e P: RPS — Loop sends (M, , ) — (,-,) and (f, ®) — .
These functors are naturally equivalent, as shown in the following proposition:
Proposition 3.3. There is a natural equivalence p: Pg = p.

Proof. For any regular permutation set (M,€,x), define up : M — Q as the

. id,* . ..
composite M M M x Q2% Q. As we have seen in Proposition 3.2, pa

(M,®,) = (€,-,) is a loop isomorphism.
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We are left to show that this construction is natural. Consider a morphism of
regular permutation sets (f, ®): (M,Q,*) — (N,X,*). By [1] Property 2.3, we
have ® o pup; = py o f witnessing the naturality of p. O

Finally, we have the following theorem:

Theorem 3.4 (Cara—Kieboom—Vervloet [1]). The functors P: RPS & Loop : T}
constitute an equivalence of categories. Moreover, Loop is a deformation retract
of RPS.

Proof. See [1] Theorem 2.6 for a proof that PT} = idpoop. The fact that P is
faithful follows from Lemma 2.4, and the full result then follows from Lemma
2.1. O

In light of Proposition 3.2, we have the following corollary:

Corollary 3.5. The equivalence of categories P: RPS &= Loop : 17 restricts to
an equivalence of categories s1tGroup = Group. Thus, we have the following
commutative diagram of functors:

Group —— s1tGroup

l |

Loop ; RPS,
1

where the vertical functors are inclusions.

3.2. Sharply 2-transitive groups and neardomains

Given a neardomain F', the set of affine transformations is
ToF = {{a,b) :x—a+bx|a,x € F,bec F\{0}}.

In [2], it is shown that T5F is a subgroup of SYMF that acts sharply 2-transitively
on F'. This construction turns out to be functorial. Compare this with Proposition
3.1.

Proposition 3.6. There is a functor To: nDomain — s2tGroup.

Proof. See [2] (6.1) for a proof that (T5F, F, 0, 1) is a sharply 2-transitive group. To
show that T is functorial, consider a morphism of near domains f: F' — F’. Now
define Tof: ToF — ToF' by (a,b) — (f(a), f(b)). Then (T f, f) is verified to be a
morphism in s2tGroup in the proof of Theorem 4.1 of [1], and this assignment is
easily seen to be functorial. O

Given a neardomain F', the next proposition lets us identify the composite
ATLF as the set of left translations of the loop (F,+), i.e. AToF =T (F,+).
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Proposition 3.7. Let F' be a neardomain. Then AToF = {(a,1) | a € F} =
T1(F,+). Thus, there is a commutative diagram of functors:

T
nDomain — s2tGroup

o] |

Loop RPS,

where (4+): nDomain — Loop is defined by (F,+,-) — (F,+) and f — f.
Proof. See [2] (6.5). O

Now consider a sharply 2-transitive group action of a group G on a set  (with
at least two elements). For two distinct base points 0,1 € Q, consider the regular
permutation sets (AG,,0) and (Go,Q \ {0},1) (by [2] (1.1)(a)). The functor
P: RPS — Loop can be used to define two loops, namely (£2,4+¢) = P(AG, 2,0)
and (Q\{0}, 1) = P(Go, 2\{0},1). Note that, since Gy is a group, so is (Q\{0}, 1)
by Proposition 3.2. We can further define o -1 § = 0 if either « = 0 or § = 0 to
extend the operation -1 to all of 2. These two operations constitute a neardomain
structure on €2, and with our carefully curated morphisms in s2tGroup, we have
the following result:

Proposition 3.8. For a sharply 2-transitive group (G,€,0,1), the set Q equipped
with addition +¢ and multiplication -1 forms a neardomain F = (Q,+0,1). Fur-
thermore, G is of type 0 if and only if char F =2, and if (f, ®) is a morphism in
the category of sharply 2-transitive groups, then ® is a morphism of neardomains.

Proof. See [2] (6.2), [3] Section 7.10, and [1] Property 3.9. O

This means we can define a functor @: s2tGroup — nDomain by (G,Q,0,1) —
(Q,+0,-1) and (f, ®) — ®. We now have the following theorem:

Theorem 3.9 (Cara—Kieboom—Vervloet [1]). The functors
Q: s2tGroup = nDomain : 75 constitute an equivalence of categories. Moreover,
nDomain s a deformation retract of s2tGroup.

Proof. See [1] Theorem 4.1 for a proof that Q@T5 = idnDomain- The fact that @
is faithful follows from Lemma 2.4, and the full result then follows from Lemma
2.1. O

Given a sharply 2-transitive group (G, 2,0, 1), the associated neardomain
(22, 40,1) is a nearfield if and only if AG is a subgroup of G (see the proof of
Theorem 4.3 in [1]). Call s2tGroup, the full subcategory of s2tGroup whose
objects (G, 2,0, 1) have AG a subgroup of G, and call nField the full subcategory
of nDomain whose objects are nearfields. We have the following corollary:
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Corollary 3.10 (Cara—Kieboom—Vervloet [1]). The functors
Q: s2tGroup = nDomain : Ty restrict to an equivalence of cateogries
s2tGroup, = nField. Thus, we have a commutative diagram of functors:

nField —= s2tGroup,

| |

nDomain — s2tGroup,
2

where the vertical functors are inclusions.

Proof. See [1] Theorem 4.3. O

3.3. Sharply 3-transitive groups and KT-fields

Conisder a KT-field F. Let co ¢ F, and call F = F U {oo}. Extend + and - to
Fbya+oo=o0and b-co=o0foralla € F and b € F\ {0}. Extend o to an
involution on F by ¢(0) = co and o(c0) = 0.

For a € F and b € F \ {0}, extend (a,b) : F — F to a permutation of F by
asserting co — oo. Then, by Proposition 3.6, ToF = {{(a,b) | a € F,b € F\ {0}}
is a group that acts sharply 2-transitively on F \ {oo} = F.

Now, by [2] Theorems 10.21 and 1.1(b), and [6] Theorem 10.6.16, T5F is the
stabilizer G, of a sharply 3-transitive group G on F, where G = (T»F, ) C SYMF.
Thus, we assign T3 F = (T2 F, ). We think of T5F as generalized fractional affine
transformations on F. This construction turns out to be functorial, as shown in
the next proposition. Compare this with Propositions 3.1 and 3.6.

Proposition 3.11. There is a functor T3: KTfield — s3tGroup

Proof. See [2] Theorem 11.1 for a proof that T3 F' acts sharply 3-transitively on F.
To verify that T3 is functorial, consider a morphism of KT-fields f: (F,+,-,0) —
(F',4,-,0"). Define T5f: TsF — T5F’ by extending Tof : {(a,b) — (f(a), f(b))
and ¢ ~ o to a group homomorphism (T5F,c) — (ToF’,¢'). Extend f to F
by saying f(co) = oo. We now verify that (T5f, f) is indeed a morphism in
s3tGroup between (T3F, F',0,1,00) and (T3F’, F’,0,1,00). That this assignment
is functorial is readily verified.

Notice, since f is a morphism of neardomains, f is necessarily injective and
satisfies f(0) =0, f(1) =1, and f(c0) = co. Furthermore, char F' = 2 if and only
if char F’/ = 2. Thus, the sharply 2-transitive stabilizers of oo, TbF and Ty F’, are
of the same type.
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It remains to show that the following diagram commutes:

TFxF— 2 o 77

|

F.

f

This follows from Theorem 3.9 and the fact that, as a KT-field morphism, ¢’o f =
foo. O

Suppose, now, we have a group G acting sharply 3-transitively on a set
with distinct base points 0,1, 00 € 2. We know G, acts sharply 2-transitively on
0\ {oo} by Proposition 2.3, and we can construct the corresponding neardomain
Q(Goo, 2\ {0},0,1,00) = (2 {o0}, +0,1). This neardomain can then be fixed
up with an appropriate involution o producing a KT-field as follows: o is the
restriction to Q\ {00, 0} of the unique involution 7 € G sending 1 — 1 and 0 — oo
(see [2] (11.2)). The next proposition shows that this construction is functorial.

Proposition 3.12. There is a functor R: s3tGroup — KTfield.

Proof. Let (G,9Q,0,1,00) be a sharply 3-transitive group. Define R(G, 2,0, 1, c0)
to be (Q\ {o0}, +0,1,0) as described above. Now, consider a morphism (f, ®):
(G,9,0,1,00) = (H,X%,0,1,00) in the category s3tGroup. Then G, and H
have the same type, and

(f'Goov(b|Q\{00}) : (GOWQ \ {00}707 1) - (Hooa by \ {OO}’07 1)

can be verified to be a morphism in s2tGroup. Thus,

Q(f 60 Plarioe}) = Ployfooy 2\ {00} = X\ {oo}

is a morphism of neardomains by Proposition 3.8. To show that ® |o\ ) is &
morphism of KT-fields, we must verify that the following diagram commutes:

)\ {00,0} —= 53 {00, 0}

Q\{oo,O}mZ\{oo,O}.

To start, recall that (f, ®) is a morphism in s3tGroup, so in particular, for
every g € G and « € Q, we have f(g)(®(a)) = ®(g(a)). Now, let 7: Q@ —  and
7/: ¥ — X be the involutions of G and H, respectively, that restrict to o and o’,
respectively. We note that f(7) = 7’ since:
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o f(7)f(1) = f(7%) = f(idq) = idx, as f is a group homomorphism;
e for a € {0,1,00}, f(7)(a) = fF(7)(P(a)) = P(7()) = 7'().

So, by uniqueness of the choice of 7/, we are forced to conclude f(7) = 7.

We then find that for every a € Q, we have f(7)(®(a)) = ®(7()), i.e. T'o® =
® o 7. This implies the desired result on the restrictions of these functions to
Q \ {OO, 0} Therefore, we define R(f, @) = Q(f |GOc s d |Q\{oo}) =0 |Q\{oo}a which
is easily verified to be functorial. O

We now prove the main result of this section:

Theorem 3.13. The functors R: s3tGroup < KTfield : 75 constitute an equiv-
alence of categories. Moreover, KTfield is a deformation retract of s3tGroup.

Proof. Since QT5 = idnpomain, one can readily verify that RT3 is idkTfeld. Sup-
pose we have R(f, ®) = R(g, ¥) for two morphisms of sharply 3-transitive groups
(f,®) and (g, ¥). Then we have ® |g\(o0}= ¥ |0\ {oc}, and since ®(co0) = co =
U(o0), we conclude ® = ¥. Lemma 2.4 implies f = g, thus R is faithful and the
desired result follows from Lemma 2.1. O

3.4. A diagram of categorical equivalences

Far from being ad hoc, the categorical equivalences described above are very closely
related to one another. In addition to our functors from the preceding develop-
ment, we define:

e U : KTfield - nDomain is the forgetful functor, sending (F,+,-,0) —
(F>+a') andf'_)f;

¢ (—)x:83tGroup — s2tGroup sends (G, 2,0,1,00) — (Goo, 2\ {c0},0,1)
and (f,®) = (flc.: ®la\{oo}); and

e (+): nDomain — Loop sends (F,+,-) — (F,+) and f +— f.

Now, call A the diagram KTfield Us nDomain - Loop and call S the dia-

gram s3tGroup % s2tGroup = RPS. We have the following theorem:

Theorem 3.14. There is a (pointwise) natural equivalence T: A = S.

Proof. The components of T are Ty, 15, and T3, as in the commutative diagram
of functors:
KTfield —’;> s3tGroup

3
Ul 1 J/()oo

nDomain T:> s2tGroup

P)
(+)l (2) \LA

Loop % RPS,
1
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where square (1) commutes by definition of T3, and square (2) commutes by Propo-
sition 3.7. O
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On the number of autotopies

of an n-ary quasigroup of order 4
Evgeny V. Gorkunov, Denis S. Krotov and Vladimir N. Potapov

Abstract. An algebraic system consisting of a finite set ¥ of cardinality k¥ and an n-ary op-
eration f invertible in each argument is called an n-ary quasigroup of order k. An autotopy of
an m-ary quasigroup (X, f) is a collection (0, 61,...,0,) of n 4+ 1 permutations of ¥ such that
F01(z1),...,0n(zn)) = 600(f(x1,...,2n)). We show that every n-ary quasigroup of order 4 has
at least 2[7/21+2 and not more than 6 - 4™ autotopies. We characterize the n-ary quasigroups of
order 4 with 2(n+3)/2 2.47 and 6 - 4" autotopies.

1. Introduction

Let X be the set of k elements 0, 1, ..., k — 1. The Cartesian degree X" consists
of all tuples of length n formed by elements of 3. An algebraic system with the
support X and an n-ary operation f: 3" — X invertible in each argument is called
an n-ary quasigroup of order k (sometimes, for brevity, an n-quasigroup or simply
a quasigroup). The corresponding operation f is also called a quasigroup.

An isotopy of the set X" is a tuple 6 = (6,01, ...,0,) of permutations from
the symmetric group Sy acting on ¥. The isotopy action on ¥"*! is given by the
rule

0: x— 0(x) = (0(x0), - .., 0n(zy)) for z = (zq,...,7,) € Z".

To denote isotopies and permutations that constitute them, we will use the Greek
alphabet, and when writing their action on elements of ¥ we sometimes omit
parentheses.

Two sets My, My C "T! are called isotopic if here exists an isotopy @ such
that 6(M;) = M. Two quasigroups f and g are called isotopic if for some isotopy
0 = (0,61,...,0,) it holds

g(:z:l,...,xn):90_1f(¢91;1:1,...,9n:cn). (1)

2010 Mathematics Subject Classification: 05B15, 20N05.

Keywords: Multiary quasigroup, latin hypercube, autotopy group
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If f = g, then any isotopy 6 for which (1) holds is called an autotopy of the
quasigroup f. The autotopy group Atp(f) of a quasigroup f is the group consisting
of all autotopies of f (the group operation is the composition).

A 2-quasigroup f with neutral element e such that f(e,a) = f(a,e) = a for
any a € ¥ is called a loop. If a loop f satisfies the associative axiom f(z, f(y, 2)) =
f(f(z,y),2), then we have a group. It is known (see, for example, [1]), that all
2-quasigroups of order 4 are isotopic to either the group Zs X Zso or the group Zy.
So, quasigroups generalize groups, which illustrates their algebraic nature.

At the same time, the concept of a quasigroup admits a purely combinato-
rial interpretation. By line in "' we mean a subset of n elements that are
mutually distinct exactly at one coordinate. For a quasigroup f: X" — X, the
set M(f) = {(zo,21,...,2,) € " | zp = f(x)} will be called the code of the
quasigroup f. The term “code” is borrowed from the theory of error correcting
codes, in the framework of which the set M (f) is an MDS-code with distance 2
(an equivalent concept, also well known in combinatorics, is the Latin hypercube).
The quasigroup code is characterized as a subset £ ! of cardinality k™ intersect-
ing each line in exactly one element. This view allows us to see a quasigroup from
its combinatorial side. We note that the codes of isotopic quasigroups are isotopic,
namely, it follows from (1) that M(g) = 0= (M(f)).

In this paper, we investigate autotopies of quasigroups of order 4. We estab-
lish tight upper and lower bounds on the order of the autotopy group of such a
quasigroup. In a way, it is natural that the richest group of autotopies turned out
to be for the quasigroups called linear with a structure close to group. Also we
characterize the quasigroups with minimum and pre-maximum (that is, next to
the maximum) orders of the autotopy group.

The concept of an autotopy is a generalization of a more partial notion of “au-
tomorphism” and reflects in some sense the “regularity” or “symmetry” of a quasi-
group as a combinatorial object. The study of the transformations of the space
mapping the object onto itself is a classic, but at the same time a difficult task,
considered in many areas of mathematics. The complexity of such problems is
illustrated by Frucht’s theorem [2] stating that each finite group is isomorphic to
the group of automorphisms of some graph, and also a similar result concerning
perfect codes in coding theory [6].

In coding theory, the group of automorphisms of a code is generated by the
isometries of the metric space that sitabilize the code. There we find another
example of the phenomenon that an object with group properties has the richest
group of automorphisms. In papers [5, 8, 9] it is shown that the binary Hamming
code, which is a linear perfect code, has the largest automorphism group among
the binary 1-perfect codes, and its order at least twice exceeds the order of the
automorphism group of any other binary 1-perfect code of the same length.

The paper is organized as follows. Section 2 provides basic definitions and
statements. In Section 3, a representation of quasigroups necessary for further
proof of the fundamental results is given. Auxiliary statements on the autotopies
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of quasigroups are collected in Section 4. A tight lower bound on the number of
autotopies of a quasigroup of order 4 is proved in Section 5. In Section 5.2, we
discuss the quasigroups with the smallest order of the autotopy group. Finally, in
Section 6 an upper bound on the order of the autotopy group of a quasigroup of
order 4 is derived and it is proved that this bound is attained only by the linear
quasigroups. We also establish the maximum order of the autotopy group of
a nonlinear quasigroup of order 4 and prove that it is attained only by isotopically
transitive quasigroups, which were described in [4].

2. Notations and basic facts

For x = (21,...,2,) € X" and a € &, we put 2% = (&1, .., Tie1,8, Tit1,.--,Tp)-
The inverse of an n-quasigroup f in the i-th argument is denoted by f¢%; that is,
for any z € " and a € ¥, the equations f* (z¢) = 2; and f(x) = a are equivalent,.
Obviously, the inversion of an n-quasigroup in any argument is an n-quasigroup.
By the 0-th argument of an n-quasigroup f, we mean the value of the function
f(z1,...,2,), which, formally not being an argument of the operation f itself, is
associated with the i-th argument of the inverse f(.

In this paper, we study the autotopies of quasigroups of order 4; so, below we
assume ¥ = {0, 1,2,3}. A quasigroup f of order 4 is said to be semilinear if there
are aj,b; € 3, a; #b;, 7 =0,1,...,n, for which

f{a1, b1} x ... x{an,bn}) = {ao, bo}. (2)

In this case, we also say that the quasigroup f is {a;,b;}-semilinear in the j-th
argument, for j = 0,1,...,n. Note that if in the identity (2) any two of the
sets {a;,b;} are replaced by their complements in 3, then the identity remains
true. Thus, in every argument, a semilinear quasigroup is {0,1}-, {0,2}- or {0, 3}-
semilinear. If f is {a, b}-semilinear in each of its arguments, then we call it simply
{a, b}-semilinear.

A quasigroup f is linear if in each of its arguments it is {a, b}-semilinear for
any a,b € X.

Each 2-quasigroup is isotopic to one of the two quasigroups @, +4 with the
value tables

&0 2 1 3 +4]/0 2 1 3
0[0 21 3 00213
202 0 3 1, 2 12 0 3 1. (3)
1(1 3 0 2 11320
313120 313 10 2

The quasigroups (X, ®) and (X, +4

~—

are the groups Zs X Zo and Z,4, respectively.

Remark 2.1. In the value tables (3), the elements 0, 2, 1, 3 are not ordered
lexicographically, in the usual sense. With the given ordering, it is easier to observe
the semilinear structure of the given group. In the future, similarly, the table of
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values of a {0, 2}-semilinear n-quasigroup is convenient to be thought as an n-dim-
ensional 4 x ... x 4 array which is divided into n-dimensional 2 x ... x 2 subarrays
filled with two values 0, 2 or 1, 3.

The quasigroup & iterated n — 1 times will be denoted by [,,; that is,
(1, Zn) =21 D ... DXy
Lemma 2.2. (cf. [7])
(1) All linear n-quasigroups are isotopic to l,.

(7i) If an n-quasigroup is simultaneously {0,1}- and {0,2}-semilinear in some
argument, then it is linear.

Lemma 2.3. If an n-quasigroup [ is {a,b}-semilinear in the i-th argument for
some i €{0,...,n} and 0 = (O, ...,0,) is an isotopy, then the n-quasigroup 0(f)
is {07 (a), 0; *(b)}-semilinear in the i-th argument.

An n-ary quasigroup f is said to be reducible if for some integer m, 2 < m < n,
and permutation o € S,,, there exists a representation f in the form of a repetition-
free composition such that

fl@, o mn) = Mg(To1y, 5 To(m))s Ta(ma1)s - -+ To(n)) (4)

(repetition-free means that each variable occurs only once in the right side). With-
out loss of generality, we can assume that the quasigroup g is irreducible.

In [3], a description of quasigroups of order 4 is obtained in terms of semilin-
earity and reducibility.

Theorem 2.4. Every n-ary quasigroup of order 4 is reducible or semilinear.

3. The representation of quasigroups

According to Theorem 2.4, a non-semilinear quasigroup can be represented as
a repeatition-free composition of two or more semilinear quasigroups (some of the
composed quasigroups can coincide with each other or be linear). A representation
of a quasigroup f in the form of a repeatition-free composition of quasigroups of
arity greater than 1 will be called a decomposition of f. Note that a quasigroup
may have several decompositions. In the simplest case, the quasigroup represents
its own trivial decomposition.

In the following, we will use a graphical representation of a decomposition of
a quasigroup in the form of a labeled tree. The inner vertices of this tree (the
degree of which is not less than 3) will be called nodes and denoted by characters
u, v, w, with or without indices; and the leaves (vertices of degree 1) will be
denoted by symbols of variables z1, x3, ..., y, z, etc. The edge incident to a leaf
of the tree is called a leaf edge. The remaining edges are called inner.
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Firstly, we define recursively the root tree T(S) of a decomposition S (the
notion of the root decomposition tree is introduced as an auxiliary term to define
the decomposition tree and will not be used after that definition).

1) A variable z; is associated with the tree consisting of one vertex of degree
0, being the root and labelled by the variable z; itself.

2) Let a decomposition S be of the form S = h(Sy,...,S,). If the decom-
positions and/or variables Sy, ..., S, correspond to the root trees Ti, ..., T,
respectively, then we build the tree T'(S) as follows. Define a new vertex u as the
root of the tree and assign the label A to it. Consistently connect vertex u with the
roots of the trees 11, ..., Tj,. The root of the tree T}, j € {1,...,n}, is considered
as the j-th neighbor of u. On the other hand, the vertex w is considered as the
0-th neighbor of the root of the tree T}.

By a decomposition tree (without “root”), we call the tree obtained by con-
necting the leaf xy as the 0-th neighbor to the root of the tree T'(S). The tree
of the decomposition S is denoted by Ty(S). The leaf x¢ corresponds to the 0-th
argument, i.e., to the value of the quasigroup represented by the decomposition S.

The tree Tp(.S) of a decomposition S for a quasigroup f can be treated as the
decomposition tree for the code M (f). It is important to understand that only
the enumeration of the leaves and of the neighbors of every vertex defines which
arguments are independent for the quasigroup f and for every element of the
decomposition. Changing this enumeration, we can get the decomposition tree for
the inverse of f in any argument. Namely, to get a decomposition for f<?>, it is
sufficient to take the following. Find the path P from z( to ;. Then for each inner
node u € P, swap the labels of its two neighbors laying in this path and replace
the label of u by the corresponding inverse. Finally, swap the labels z; and zg.
The order defined on the neighbors of every node uniquely determines the order
of the arguments of the quasigroups in the decomposition and of the represented
quasigroup. It is worth to note that as the autotopy groups of a quasigroup and
its inverses are isomorphic, from the point of view of the questions considered in
the current research, it is not necessary to remember all the time which of the
arguments is the O-th one; so, the 0-th argument will not be emphasized in the
most of considerations.

For a decomposition and its tree, define the operation of merging. Assume that
a decomposition S contains the fragment

fl(Sla ceey S’L’*lan(Si; . ~;Si+n271)7si+n27 . '»Sn1+n271)7 (5)

where S1, ..., Sp,4+n,—1 are some decompositions and the n;-quasigroup fi and
nog-quasigroup f satisfy the identity

9(5017 cee 7In1+n2—1) = fl(zla sy Li—1, f2(:17i7 BRRE) Ii+n2—1)axi+nza cee axn1+n2—1)
(6)
for some (n; + ng — 1)-quasigroup g. The result of merging f; and fo in S is
defined as the decomposition S obtained from S by replacing the fragment (5) by
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g(S1,...,5n). Note that we consider a concrete occurrence of (5) in S (in general
a fragment can occur more than one time).

Respectively, in the decomposition tree Tp(.S), the adjacent nodes u and v
labeled by f1 and f5 are merged as follows. This pair of nodes is replaced by a new
node w labeled by g, whose neighbors are the neighbors of the removed nodes u
and v (except u and v themselves). The neighbors of w are assigned the numbers

0, ..., n1 +ng — 1 consequently in the following order. At first, the neighbors of u
with the numbers 0, ..., ¢ —1 are assigned (in the same order); next, the neighbors
of v with the numbers 1, ..., ng are assigned; then, the remaining neighbors of u
with the numbers 7 + 1, ..., n; are assigned. The result of the described merging

is the decomposition tree Tp(.S). Trivially, we have the following fact.

Lemma 3.1. Being applied to a decomposition, merging does not alter the quasi-
group represented by the decomposition.

We call a decomposition (and its tree) semilinear if all involved quasigroups
are semilinear.

In a decomposition tree, consider two neighbor nodes w, v with labels fi, fa,
respectively. Assume that u is the O-th neighbor of v and v is the i-th neighbor
of u. We call the nodes u and v coherent if for some a,b € ¥ the quasigroup fi
is {a,b}-semilinear in the i-th argument and f2 is {a,b}-semilinear in the 0-th
argument.

Lemma 3.2. Merging two coherent nodes in a semilinear tree results in a semi-
linear tree.

Proof. Let quasigroups fi; and fo of arity n; and ns, respectively, correspond to
coherent nodes in a decomposition tree, and (6) holds for some (n; + ns — 1)-ary
quasigroup g. To prove the lemma, it suffices to verify that the quasigroup g is
semilinear, which is straightforward from (6) and the definition of a semilinear
quasigroup. O

We call a semilinear decomposition (and its tree) proper if there are no pairs
of coherent nodes in the decomposition tree.

Lemma 3.3. Every quasigroup of order 4 has a proper decomposition.

Proof. By Theorem 2.4, every n-ary quasigroup of order 4 has a semilinear de-
composition. Since there are no more than n — 1 nodes in the decomposition tree,
successively merging pairs of coherent nodes, we obtain a required decomposition
in at most n — 2 steps. O

Remark 3.4. In general, a proper decomposition is not unique and depends on the
order of merging. The simplest example of a decomposition that can be merged in
two ways is f(g(h(x1,x2),x3),x4), where f and g are {0, 1}-semilinear quasigroups,
g and h are {0, 2}-semilinear quasigroups, and f and h are not linear in contrast
to g. A proper decomposition of a nonlinear quasigroup does not involve any linear
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quasigroups because a node labeled by a linear quasigroup is coherent with each
of its neighbors.

Let S be some decomposition, and let its tree Tp(S) have the edge set E. An
isotopy of the decomposition is a collection 8 = (6.).cp of permutations of X,
acting on S as follows. If a node of Tp(S) has a label f; and e, j =0,1,...,n;,
is the j-th edge incident to this node, then f; is replaced by f/, where f/ is the
quasigroup defined by

fi/(l‘l, . ,xni) = Qe_olfi(eelxl, N 7067” an) (7)

As a result, we get the tree of some decomposition, denoted by 6(S) and called
isotopic to S. The following is straightforward.

Lemma 3.5. Isotopic decompositions represent isotopic quasigroups. More pre-
cisely, if 0 is an isotopy connecting decompositions of quasigroups [ and f', then

xo = f(z1,...,2n) = 9;}1]‘(961(3@1), ey 0, (T0)),
where e; is the edge incident to the leaf x;, 7 =0,1,...,n.

An autotopy of the decomposition S is an isotopy 6 such that 8(S) = S. The
support of an autotopy is the set of edges corresponding to non-identity permu-
tations. We call a proper decomposition (and its tree) reduced if every involved
quasigroup is {0,1}- or {0,2}-semilinear.

Lemma 3.6. For every quasigroup of order 4, there is an isotopic quasigroup with
a reduced decomposition.

Proof. Consider an n-quasigroup f and construct an isotopic quasigroup with
a reduced decomposition. We start with a proper decomposition S of f, which
exists by Lemma 3.3. Since the decomposition tree Ty(S) is a bipartite graph, its
vertices are divided into two independent parts; the vertices of one part are called
even, those of the other part are odd.

Let us find an isotopy 0 such that the odd nodes of 6(.5) are {0, 1}-semilinear,
while the even nodes are {0, 2}-semilinear. To do this, we define the permutation 6,
for every edge e in the tree Tp(S).

Consider two cases. Firstly, let e connect two nodes, an odd one with a label g
and an even one labeled by h. Suppose that g is the i-th neighbor of h, which
in turn is the 0-th neighbor of g. Note that if g is {0, a}-semilinear in the 0-
th argument and h is {0, b}-semilinear in the i-th one, then a # b because the
decomposition S is proper. In this case, we put 6,(0) = 0, 6.(1) = a, 6.(2) = b,
0.(3) € {1,2,3} \ {a,b}.

Now we turn to the other case, where e connects a node labeled by ¢ and its
i-th neighbor, a variable z. Suppose g is {0, a}-semilinear in the i-th argument.
Then we set 6, = (1a) if the node is in the odd part of T5(S), and 6. = (2a) if the
node is in the even part.
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Consider the action of the constructed isotopy on the decomposition S. A node
of the decomposition tree Ty(S) labeled by f; will get the label f! (see (7)) in the
tree To(0(S)). Suppose f; is {0, a}-semilinear in the j-th argument. Then, by
Lemma 2.3, the quasigroup f/ is {0, 1}-semilinear in the j-th argument if f; is an
odd node, or {0, 2}-semilinear in the j-th argument if f; is an even node.

Thus, the decomposition 6(S) is proper by the definition. By Lemma 3.5, the
quasigroup represented by 6(S) is isotopic to the original quasigroup f. O

4. Autotopies of quasigroups

Let m = (mg,...,mm) and 7 = (7o, ..., Th—m+1) be isotopies. If mg = 71, then
we define
TRT = (T0, M1y -+ > Momy T2+« » Tn—mt1)-
Let us consider the n-ary quasigroup f obtained as the composition of an
m-quasigroup g and an (n — m + 1)-quasigroup h:

flxr,.. o xn) =h(g(z1, .y Tm)y Tt 1y« -+, T )-

We define the action of the operation ® on the autotopy groups of ¢ and h as
follows:

Atp(9)@Atp(h) = {r&7 | 7 = (70, .., ™m) € Atp(g),
T= (T07 s 7Tn—m+1) S Atp(h),ﬂ'o = 7'1}.

We restrict ourselves by considering quasigroups of order 4 only; however, the next
lemma holds for any other order as well.

Lemma 4.1. If f is an n-quasigroup represented as the composition

flze, .. xn) = h(g(@1, o, T )y Tt 1y -« s T )s

then
Atp(f) = Atp(g)@Atp(h).

Proof. Obviously, Atp(g)®@Atp(h) < Atp(f). To prove the reverse, consider an
autotopy 0 = (70, M1, - Ty T2, -« - s Tn—m—+1) € Atp(f). Let us show that there
exists a permutation mg = 71 € Sy such that 7 = (mp,...,7mm) € Atp(g), 7 =
(T0y+ -y Tn—m+1) € Atp(h), and 6 = 7®T.

Note that if such a permutation 7 exists, then it is uniquely defined by the
permutations 71, . .., T, because for every tuple in X" the quasigroup g possesses
only one value. Moreover, if we put mg = 71, then 7 € Atp(g) if and only if
7 € Atp(h). Indeed, the relation m € Atp(g), by the definition, means that the
equations

xo = h(g(x1,.. ., Tm), Tmt1,---,Tn) and

To = h(wog(wflxl, . ,W;Ixm),merh cey Tp)
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are equivalent. Applying the autotopy 6 € Atp(f), for any tuple (z1,...,z,) in X"
we get

2o =h(g(x1,.. ., Tm), Timt1y -, Tn) =

=75 "h(mog (21, -, )y T2 Tt 1 s Themt 12

The last equality implies that for any (¢, 2,41, .., 2,) € "™ it holds
h(t, Z’m+1, ey IZZH) = T()_lh(’/'rot, TQ.’Bm+1, e ,Tn_m+1xn).

That is, for 71 = mp we have 7 € Atp(h).

So, it remains to show that there exists a permutation mg € S such that
m € Atp(g). Taking into account that 6 € Atp(f), we can write that for every
(x1,...,2m) € Z™ it holds

xo = h(g(x),0,...,0) = T(;lh(g(ﬂ'lxl, ey T Zm ), T2(0), ooy Tem+1(0)). (8)

Trivially, the 1-quasigroups

q1(s) = h(5,0,...,0), qa(t) = 75 'h(t, 72(0), . .., Tn_m11(0))

are permutations of ¥. So, (8) can be rewritten as follows:

9(@) = a7 (q2(g(m121, - - Tmm)))-
Defining m(-) = ¢5 *(q1(-)), we have (7o, ..., 7m) € Atp(g). O

Lemma 4.1 and the results of the previous section allows us to make the fol-
lowing observation. Studying the autotopy group of a quasigroup of order 4, we
can assume it to be represented as a repetition-free composition of quasigroups,
where each of the quasigroups is {0, a}-semilinear for some a € 3, but not linear.

In the remaining part of this section, we prove three lemmas on minimum
autotopy groups of semilinear quasigroups. In the description of autotopies, it is
convenient to use the following notation.

For a nonlinear {0, a}-semilinear quasigroup f (and the corresponding nodes
of decomposition trees), a € ¥\ {0}, the permutation (0a)(bc), where {b,c} = X\
{0,a}, is called the native involution, and the permutations (0b)(ca) and (0c)(ab)
are called the foreign involutions. Each of the transpositions (0a) and (bc) forming
the native involution (0a)(bc) is called a native transposition of the semilinear
quasigroup (node). The two cyclic permutations (0bac) and (Ocab) whose square
is the native involution (0a)(bc) are called the native cycles of the semilinear
quasigroup (node).

Lemma 4.2. The following isotopies belong to the autotopy group of a {0,a}-
semilinear n-ary quasigroup f, a € ¥\ {0}.
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(i) An isotopy consisting of two native involutions and n — 1 identity permuta-
tions, in an arbitrary order.

(ii) An isotopy consisting of n + 1 native transpositions all of which differ from
(0a) in the case f({0,a}™) = {0,a}, and exactly one of which equals (0a) in
the case f({0,a}"™) = X\{0,a}.

Proof. Without loss of generality we assume a = 1. The identity (2) holds for
any {a;, b;} from {{0,1},{2,3}},i=1,...,n (the pair {ag, bp} is uniquely defined
from the other pairs and also coincides with {0,1} or {2,3}).

(i) Applying the native involution (01)(23) in one of the arguments changes
the values of the quasigroup in all points, but at the same time leaves the sets
{a1,b1} x...x{an, by} with the above restrictions in place. It follows from (2) that
the values of the quasigroup also change in accordance with the native involution.
When applying the native involution in some other argument, we again obtain the
original quasigroup.

(ii) Let f({0,1}™) = {0,1}. Consider an arbitrary tuple (z1,...,zy) of values
of the arguments and the value z of the quasigroup on this tuple. Among zg, z1,
..., Tn, an even number of values belong to {2,3}. Thus, applying successively the
transposition (23) to each of the arguments, we change the value of the quasigroup
an even number of times, and the changes do not take the value in a partial
point beyond the pair {0,1} or the pair {2,3}. As a result, we get that after
applying all transpositions, the value of the quasigroup has not changed. The case
f({0,1}") = {2, 3} is treated similarly. O

Lemma 4.3. Assume that an {a,b}-semilinear binary quasigroup q of order 4 is
not linear. Let £ be the corresponding native involution. The autotopy group of q
consists of the following transformations.

(i) The autotopies (1d,¢&,¢), (£,14,¢), (&,&,1d), and the identity autotopy.

(11) The autotopies (T(), 71, Tl), (’7’17 70, ’7'1), (Tl, 71, 7'()), (’7’0, 70, To), where To, T1 are
the two distinct native transpositions; the choice of 1y is unique for q.

(ili) The autotopies (&', p1,92), (p1,€",02), (p1,02,&"), where the pair o1, @2
is an arbitrary pair of native cycles, for which the permutations &', &, &" €

{1d, &} are uniquely defined.r

(iv) The autotopies (7/,11,102), (Y1,7",12), (11,12, 7""), where the pair vy, 1o
is an arbitrary pair of foreign involutions, for which the native transpositions
7', 7", 7" are uniquely defined.

Proof. It can be directly checked that each of the presented isotopies is an autotopy
of ¢g. To do this, it is sufficient to consider the {0, 2}-semilinear quasigroup +4
(see Example 4.4 below) because all quasigroups satisfying the hypothesis of the
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lemma are isotopic to +4. It is easy to see that the set of presented autotopies is
closed under the composition; that is, this set forms a group.

The completeness is checked numerically. There are 4 autotopies of each of
the types (i), (i) and 12 autotopies of each of the types (iii), (iv); totally we have
32 autotopies. On the other hand, we can bound the number of autotopies from
the upper side. It follows from the nonlinearity of +, and Lemma 2.3 that for an
arbitrary autotopy (v, %1, %2) each of the permutations g, 1, ¥2 maps {0,2}
to {0,2} or {1,3}. There are 8 ways to choose ¢, meeting this condition, and
8 ways for 15; by the definition of a quasigroup, ¥y is determined uniquely from
11 and 9. Moreover, it is easy to check that there is no autotopy with ¢, = Id
and 1y = (01). It follows that the order of the autotopy group is less than 64.
Hence, this group coincides with the group from the autotopies (i)—(iv). O

Example 4.4. Consider the binary quasigroup -+, defined in (3). The permuta-
tion (02)(13) is the native involution for ¢; the permutations (02) and (13) are the
native transpositions for ¢, and (0123), (0321) are the native cycles. The auto-
topy group of ¢ is generated by the following (strictly speaking, redundant) set of

autotopies:
(i) ((02)(13), (02)(13),1d), ((02)(13),1d, (02)(13)), (Id, (02)(13), (02)(13));
(ii) ((13), (13),(13));
,(0123), (0321));
); (0

(i) (1d
(iv) ((13), (03)(12), (01)(23)), ((02), (01)(23), (01)(23)), ((02), (03)(12), (03)(12)).

Thus, we know the group of autotopies of the unique, up to isotopy, nonlinear
binary quasigroup. In addition, we need examples of semilinear 3- and 4-ary
quasigroups with the minimal group of autotopies. We define the n-ary quasigroup
[? by the identity

In(z), if 2 ¢ {0,2}".

Lemma 4.5. Ifn > 3 then the autotopy group of I}, is generated by the autotopies
enumerated in Lemma 4.2 and has the order 27+,

1%(x) = {ln(x) @2, ifxze{0,2}",

We prove Lemma 4.5 for any n. However, we note that only the cases n = 3
and n = 4 are used in the further discussion. For these cases, the statement of
Lemma 4.5 can be checked directly.

Proof. Obviously, the autotopies in Lemma 4.2 have order 2, commute and are
linearly independent; whence the order of the group generated by them follows.
The code M (l,,) of the quasigroup [,, is a 2n-dimensional affine subspace of the
vector space over the field GF(2) of two elements with the addition @ and trivial
multiplication by 0 and 1.
The code M(I?) of I? differs from the affine subspace M (l,,) in the 2™ vertices
of the set B, where B,, = M(I2)\M(l,) = {(I3(z),z) | x € {0,2}"}. Moreover,
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M(l,,) is a unique closest (in the sense above) to M(I?) affine subspace, because
any other affine subspace of the same dimension differs from M(l,) in at least
22n=1 > 4. 2" vertices. Under the action of an autotopy of I%, the code M(I?) is
mapped to itself (by the definition), while M (l,,) is mapped to an affine subspace
(indeed, it is easy to see that any permutation of ¥ is an affine transformation
over GF(2)), which is also closest to M (I?). It follows that an autotopy of I? is
necessarily an autotopy of [,,. Moreover, it also follows that under the action of
such an autotopy the set B, (the difference between the codes of I and [,,) is
mapped to itself. In particular, every permutation of that autotopy stabilizes the
set {0,2}, i.e. is one of Id, (02), (13), (02)(23). As it follows from the description
of the autotopy group of [, in Section 6, all such autotopies are combinations of
the autotopies listed in Lemma 4.2. O

5. A lower bound and quasigroups attaining it

5.1. The estimation

In this section, we consider an arbitrary quasigroup of order 4 and prove a sharp
lower bound for the order of its autotopy group. In particular, the autotopy group
of a semilinear quasigroup is rather large. For a reducible quasigroup f, we show
that the nodes of its decomposition tree Tp(f) can be grouped into subsets, which
we call bunches. Each bunch in Ty(f) consists of nodes of the same parity, i.e.
it does not contain any adjacent nodes of the tree To(f). A current subgroup of
the autotopy group Atp(f) corresponds to each bunch, and the subgroups corre-
sponding to different bunches are independent.

We now introduce additional notation and definitions concerning the repre-
sentation of quasigroups in a form of a decomposition tree. Let f be an n-ary
quasigroup of order 4 with a reduced decomposition S and the decomposition tree
T =Ty(9).

e Let N = n + 1 denote the number of leaves in the tree T, and let V be the
number of nodes in 7.

e A bald node is an inner vertex u of the tree T" without leaves among the
neighbors of u. Let E equal the number of bald nodes in 7.

e A bridge node, or simply bridge, is a vertex u of degree 3 in the tree T that
is adjacent to exactly one leaf. The leaf adjacent to the bridge u is called a bridge
leaf. Let B equal the number of bridges in 7.

e A fork is a vertex u of degree 3 in the tree T that is adjacent to exactly two
leaves. Let I’ equal the number of forks in 7.

e By G(T), we denote the graph with the set of nodes of the tree T taken as
the vertex set. Two vertices are adjacent in the graph G(7T') if the corresponding
nodes are adjacent to the same bridge in T'. It is easy to see that G(T') is a forest.

o A bunch is a connected component of G(T'). Let I' equal the number of
bunches in 7.
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e For a bunch G in G(T), a leaf x of the tree T belongs to the leaf set of G if x
is adjacent to some node of T" included in G. A bunch of the graph G(T') is called
bald if its leaf set is empty. Let L equal the number of bald bunches in T

It is worth to note that a bridge providing a corresponding edge in a bunch G
does not belong to G as its vertex. The bridge being a node is contained in another
bunch which differs from G. In addition, all bridges providing the edges of the
bunch G belong to one of two parts of the bipartite graph T while the nodes of G
pertain to the other part of T

For example, consider the decomposition tree designed in Figure 1. There are
one bald node ¢, five bridges v, J, {, 1, 8, and one fork 5. The nodes form seven

bunches, namely {«, 8,¢,7m,t}, {7}, {6}, {¢, 0}, {x}, {\}, {u}.

Figure 1: A decomposition tree

Since the number V of nodes in a tree T' equals the number of vertices in the
forest G(T), the number B of bridges in T equals the number of edges in G(T),
and the number I" of bunches in T equals the number of connected components
of G(T), it follows that

=V -B. 9)

It is evident that the number I' — L of non-bald bunches is less than or equal to
the number V — E of non-bald nodes. Therefore, the relations I'—L =V —-B—L <
V — E hold and from that we get a bound for the number of bald bunches

L>E-B. (10)

For two different leaves x and y in the leaf set of a bunch G in the graph G(T),
we define an isotopy 1®¥ of the decomposition S in the following way. For any
edge of the chain P connecting leaves z and y in the tree T we take the involution
& = £(G) native to the nodes of the bunch G. Each bridge node in the chain P
does not belong to G, but is adjacent to two nodes of the bunch G and one leaf
z of the tree T. If a bridge v is labeled by f, then for the leaf edge of v we take
a native transposition 7 = 7(z) of the bridge v such that the three permutations
&, &, 7 in an appropriate order form an autotopy of the binary quasigroup f. Such
a transposition exists by Lemma 4.3(iv). Finally, we take the identity permutation
for the remaining edges of the tree T
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Lemma 5.1. For any two leaves x and y from the leaf set of a bunch in G(T),
the isotopy ™Y is an autotopy of the decomposition S.

Proof. Consider a bunch G and any two leaves x and y from the leaf set of G. The
nodes of the chain P connecting = and y in the tree T can be partitioned into two
parts. The first part consists of the nodes of the bunch G. If u € P is a node of G,
then by construction the isotopy ¥ contains the involution £ = £(G) native to u
for each of the two edges incident to u in the chain P and identity permutations
for all other edges incident to u in the tree T'. By Lemma 4.2, such a collection of
permutations forms an autotopy of the quasigroup prescribed to the vertex wu.

The second part of nodes in the chain P consists of bridges, which do not
belong to the bunch G, but provide the edges of G. Let v be such a bridge in
the tree T" and z be the only leaf of v. By construction, the isotopy ©*¥ contains
two foreign to v involutions £(G) and a native to v transposition 7(z) that form
an autotopy of the quasigroup prescribed to the vertex v.

For each of the nodes not in the chain P, the isotopy ¥*¥ induces the identity
autotopy. From these arguments, we conclude that for each node in the tree T,
the isotopy ¥™¥ yields an autotopy of the quasigroup prescribed to this node.
Consistently, ¥)*¥ is an autotopy of the decomposition S. O

Let us note that a bald bunch, as well as a bunch with only one leaf, do not
grant any autotopies of the kind ®Y.

Lemma 5.2. If a bunch G contains k > 1 leaves in its leaf set, then there exist at
least 2F~1 autotopies of the decomposition S acting in the following way: on the
edges incident to leaves of G, they act with identity permutations or involutions
native to the nodes of G; on the edges that are incident to the leaves of the bridges
connecting the nodes of G, they act with identity permutations or transpositions
native to the bridges.

Proof. Let {x,y1,...,yx—1} be the leaf set of the bunch G. Autotopies ¢™¥i,
i =1,...,k —1, of order 2 each commute with each other and are independent
from each other since for each ¢ only one of them, namely *¥ obtains a non-
identity permutation for the edge incident to the leaf y;. Therefore, these k — 1
autotopies yield 2*~! autotopies corresponding to the bunch G. O

In further, the autotopies of the decomposition S described in Lemma 5.2 are
called the autotopies induced by the bunch G. All them are of order 2.

If a bunch contains a fork, we can point out autotopies of order 4, which
contribute additionally to the size of the autotopy group of the corresponding
quasigroup.

Lemma 5.3. For each fork in a decomposition tree, one can find two autotopies
of the decomposition acting on the leaf edges of the fork with its native cycles and
on all other edges with identity permutations.



On the number of autotopies of an n-ary quasigroup of order 4 241

Proof. Consider a fork u in a decomposition S and let £ be the native involution
of u. Without loss of generality, we assume that the node adjacent to the fork u
is its 0-th neighbor, while the leaves x and y of u are the 1-st and 2-nd neighbors
respectively. For each pair o1, s of cycles native to u, by Lemma 4.3 there exists
exactly one permutation & € {Id, ¢} such that the triple ¢ = (&', 1, ¢2) forms an
autotopy of the quasigroup f prescribed to the fork w.

If ¢ = Id then ¢ and ¢! are required autotopies of f, which can be finished up
to autotopies of the decomposition S by use of identity permutations. If £ = &,
then one can take the isotopy (&, ¢1,92)(€,&,1d) = (Id, 1€, ¢2) instead of .
By Lemma 4.3, the former is also an autotopy of the quasigroup f with its native
cycles 1€ and . O

Lemma 5.4. For any decomposition, its non-identity autotopies induced by dif-
ferent bunches of the decomposition tree are independent and commute with each
other.

Proof. Consider a decomposition S with the tree T' and two autotopies of S. If
the supports of the autotopies intersect in the empty set, then they are trivially
independent and commute with each other. At the same time, the supports of
autotopies induced by different bunches of G(T') can intersect only in edges of
bridge nodes. Indeed, according to Lemma 5.3, the support of the autotopy cor-
responding to a fork does not exceed the set of leaf edges of the fork. As while
as the support of an autotopy *¥ induced by a bunch G can contain only edges
incident to the nodes of G. If there are more than one node in G, then some of
the edges in the support of ¥®¥ are also inner edges of bridges connecting nodes
of G.

Thereby, it is sufficient to prove the lemma for autotopies induced by different
bunches with supports intersecting in edges incident to bridge nodes. An arbitrary
autotopy induced by a bunch G acts on edges in its support in the following way:

e on edges incident to nodes of G, it acts with involutions native to nodes of
the bunch G;

e on leaf edges incident to bridges connecting nodes of G, it acts with trans-
positions native to the bridges.

Assume that a bridge v with a leaf z connects two nodes of the bunch G; and let v
be contained in another bunch G’. By Lemma 4.3(iv), all autotopies induced by G
contain exactly one of the two transpositions native to v, namely 7 = 7(z). The
transposition 7 cannot generate the involution native to the bridge v. Thus, the
autotopies induced by the bunch G and the autotopies induced by the bunch G’
are independent.

Consider autotopies 8 = *¥ and 6 = ¢* %" induced by the bunches G and G’
respectively. Let the supports of these two autotopies contain edges incident to a
bridge v in their intersection. Autotopies 6 and ¢’ act on inner edges of v with
involutions ¢ = &(G) and ¢ = &(G’) native to G and G’ respectively. Since
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involutions (01)(23), (02)(31) and (03)(12) commute with each other, we have
£ =¢¢

The autotopy 6 acts on the leaf edge of the bridge v with the transposition 7,
while the autotopy 6’ acts on this edge with some involution 7’ (or the iden-
tity permutation, which is considered trivially). Both 7 and 7’ are native to v.
It is obvious that, for example, the involution (01)(23) and the transpositions
(01) and (23) forming it commute. The same is true for the involutions (02)(31)
and (03)(12). Therefore, we get 70 = n'7.

From the reasoning above it is follows that the autotopies # and ¢ commute
on every edge that is contained in the intersection of their supports. This proves
commutativity of autotopies of the decomposition S induced by different bunches
in its tree. O

Theorem 5.5. For an arbitrary n-ary quasigroup f of order 4, the following
inequality holds:
|Atp(f)] > 20/, (11)

If n > 5, then this bound is sharp.

Proof. Let the quasigroup f have a reduced decomposition S with the tree T
For each bunch G with k& > 1 leaves, by Lemma 5.2 one can construct 2F1
autotopies of f which act on variables corresponding to leaves of the bunch G
with permutations of order 2. Taking into account all bunches of the graph G(T')
except the bald ones, by use of Lemma 5.4 we get 2NV ~("=L) autotopies of f.

In addition, for any fork v in the tree T', by Lemma 5.3 there are 2 autotopies
of f which act on variables corresponding to the leaves adjacent to v with cycles
native to the fork v. This contributes the factor 2" to the number of constructed
here autotopies of f. In this way, using (9) we obtain

[Atp(f)] > 2V (P Z gN-VeBELE (12)

Suppose that in the decomposition tree T there are ¢t edges and V; vertices
of degree s, s = 0,1,2,.... By definition of a quasigroup decomposition and
accordingly to notation stabilized above, it can be written V; = N, V5 = 0. Thus,

N4> sVi=2t=2(N+V-1).
s>3

It follows that

N+2V—2=> sV, =4) Vi+ > (s—4)V; - V3 >4V - V5. (13)

s>3 523 5>5

Consequently, the inequality N > 2V — V3 + 2 holds.
In accordance with the number of adjacent leaves, the nodes of degree 3 in
the tree T' are partitioned into forks, bridge nodes, and bald nodes (there are no
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vertices of degree 3 with three adjacent leaves since n > 2). Trivially, the number
of bald nodes of degree 3 is not greater than the total number of bald nodes in 7.
Taking into account (10), we get

Vs<{F+B+FE<F+2B+1L, (14)
which allows to rewrite the estimate for N in more detail:
N>22V—-V3+2>22V —-F—-2B—L+2.

Hence,

1
V4 B>-o(N+F+L)+1
Applying this inequality to (12), we derive
|Atp(f)| = 2NHFHL)/241 5 oN/2+1 _ 9(n+3)/2 (15)

Let us note that the second inequality in (15) is strict if and only if the decom-
position tree contains a fork or bald node. Since |Atp(f)| is an integer and the
number of autotopies generated by those described in Lemmas 5.2 and 5.3 is a
power of 2, we have

|Atp(f)| = 2ln/21+2, (16)

Further, let us show that the bound (16) is attainable. Consider the quasi-
groups !5 and [} in Lemma 4.5, which we denote here by f and h correspondingly,
and the quasigroup zo = g(x1,x2,x3) = 7f (721, T2, TX3) With 7 = (12), which is
isotopic to the ternary quasigroup f.

The quasigroups f and g are {0,2}- and {0, 1}-semilinear, respectively. Their
autotopy groups are isomorphic to each other, namely one of them is conjugate
with the other by the transposition 7. The permutation (01)(23) is a native invo-
lution for g, as (01) and (23) are native transpositions of g.

Note that only the identity permutation Id can be met in autotopies of both f
and g. The same is true for h and g. Therefore, if f and g (or h and g, respectively)
are adjacent in a decomposition tree of some quasigroup ¢, then by Lemma 4.1
their autotopies can concatenate to an autotopy of the decomposition of ¢ only by
the identity permutation.

Reasoning in this way, it is easy to see that for odd n > 5 the quasigroup ¢,
of arity n with a decomposition tree of kind
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has the autotopy group of order 2("~1/2+2_ For even n > 6, the quasigroup ¢, of
arity n with a decomposition tree of kind

has the autotopy group of order 27/2¥2_ In both cases, the equality is attained
in (16) for the quasigroups designed. O

Remark 5.6. For n = 3 and n = 4, the bound pointed out in Theorem 5.5 is
not sharp. The quasigroup ¢, described in the proof degenerates into a semilin-
ear quasigroup, which has autotopies consisting of its native transpositions (see
Lemma 4.5(ii)). Such autotopies are not taken into account in the estimation of
Theorem 5.5.

The quasigroup g, also delivers the minimum for order of autotopy group in
the case n € {3,4}. However, in this case the minimum is two times greater than
the minimum number in Theorem 5.5. At the same time, any decomposition tree
of a reducible quasigroup of arity n € {3,4} contains a fork. If there are two forks,
then the difference can be seen from inequalities in (15). If there is one fork, then
by Lemma 4.3(iv) the quasigroup ¢, has autotopies with non-identity involution
acting on the inner edge of the fork, which are not considered in the proof of
Theorem 5.5.

5.2. Quasigroups with autotopy groups of minimum order

Besides the examples of quasigroups described in the proof of Theorem 5.5, there
are many other such quasigroups for which the equality is attained in the lower
bound given by the theorem. In this section, we characterize quasigroups with this
property for n odd. In our reasoning we examine the cases in which all non-strict
inequalities occurring in the proof of the theorem turn into equalities. In case
of even n, we have not got such an opportunity since we explicitly use the ceil
function.

For odd n, the number in the right part of (11) equals 2l"/2/+2 = 2" +2 =
2”3, Based on the proof of Theorem 5.5, for odd n one can derive properties of
reduced decompositions with exactly 275" autotopies. The tree of such a decom-
position does not contain:

(I) any vertices of degree greater than 4 (this follows from the equality in (13)),
(IT) any forks (the equality in (15)),
(ITT) any bald bunches (the equality in (15)),
)

(IV) greater than one non-bald vertex in each bunch (the equality in (10)),
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(V) any bald vertices of degree greater than 3 (the equality in (14)).
Conditions (III)—(V) imply that in a decomposition with exactly 273" autotopies

(ITI-V) each bunch contains exactly one non-bald node, which can be a bridge or
node of degree 4, and possibly some bald nodes of degree 3 as well.

Let us take a reduced decomposition that satisfies the conditions (I)-(V) and
label each of its nodes of degree 4 with a ternary quasigroup isotopic to [3. This
decomposition has only the autotopies considered in the proof of Theorem 5.5, and
the corresponding quasigroup meets the bound 2 3

n+3
2 for the order of the autotopy
group. On the other side, the following statement takes place.

Lemma 5.7. Let S be a reduced decomposition of an n-quasigroup f of order 4
with |Atp(f)| = 2"3°. Each node of degree 4 in the decomposition S has a ternary
quasigroup isotopic to the quasigroup 13 as its label.

Proof. There exist exactly five ternary quasigroups up to isotopy, variable permu-
tation, and inversion [10]. One of them is linear and another one is non-semilinear.
The remaining three quasigroups are semilinear, but not linear. These three are
the quasigroups I3,

g(lﬁl,mz,l‘g) =1 D (Ig +4 1’3), and h(l‘l, IQ,Ig) =1 +4 T2 +4 xrs3.

The quasigroup ¢ admits the autotopy ¢ = ((01)(23),(01)(23),1d,1d) with two
involutions foreign to g. The quasigroup h has got the autotopy

((01)(23), (01)(23), (01)(23), (01)(23)),

consisting of four foreign involutions.

Suppose that the tree T" of a decomposition S has a node « labeled with g (the
case of h can be handled similarly). We will show that under the assumptions
made one can obtain |Atp(f)| > 2”3 . With this aim, for the decomposition S we
construct a special autotopy consisting of permutations in the transformation .
It helps us to get the inequality.

Consider the 0-th neighbor of the node «. If it is a leaf, then we prescribe the
permutation (01)(23) to the leaf edge. If the neighbor is a node, it belongs to some
bunch G. According to (III), the bunch G is not bald and contains at least one
leaf x. Assume that a chain P connects the leaf z with the node « in the tree T'.
Prescribe the permutation (01)(23) to each edge of P. If there is any bridge node
in the chain P, which connects two nodes of the bunch G, we prescribe a native
transposition to the leaf edge of the bridge accordingly to Lemma 4.3(iv). Next,
we do the same construction for the 1-st neighbor of the node a and prescribe the
identity permutation to the remaining edges in the tree T'.

Finally, we obtain an autotopy 6 of the decomposition S because for each node v
in T the permutations acting on the edges incident to v form an autotopy of the
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quasigroup corresponding to v. In addition, the autotopy 6 does not contribute
to the number given as a lower bound in Theorem 5.5. Indeed, in the proof
of the theorem we consider only those autotopies of the decomposition which
act on every edge incident to a node of degree 4 with an involution native to
the node. In contrast, the autotopy 6 acts on two edges incident to a with the
involution (01)(23), which is not native to g. Consequently, 6 increases the order
of the autotopy group of f; so, |Atp(f)| > 273"

If the quasigroups h is prescribed to the node «, then one can construct an
additional autotopy of f in the same way. The only difference is that in this case
all neighbors of the node « should be considered. O

A decomposition tree satisfying conditions (I)-(V) can be constructed using
the following procedure.

Construction T.

Step 1. Take an arbitrary tree T; with exactly (n— 1)/2 vertices, which we call
nodes. The degree of each node should not exceed 3.

Step 2. Connect 4 — i new leaves to each node of degree ¢ € {1,2,3} in the
tree T7. Degree of each node in the resulting tree 75 equals 4.

Step 3. Select some (maybe none, maybe all) nodes adjacent to exactly one
leaf. Replace each selected node s by two new nodes us and v, of degree 3 adjacent
to each other. Four neighbors of v can be distributed among the neighborhoods
of us; and v, in any of three possible ways. Denote the tree obtained at this step
by T3.

Step 4. Divide the nodes of T3 into two independent parts V; and Vo, which is
possible because any tree is a bipartite graph.

Step 5. To each node in the part V;, i = 1,2, assign a {0, i }-semilinear quasi-
group isotopic to +4 or I3

Step 6. Finally, choose a leaf to represent the value of the quasigroup, index
the neighbors of each node in an appropriate way and get a decomposition tree T'
of some quasigroup f.

Moreover, it turns out that, for every quasigroup f which meets the bound on
the order of its autotopy group, one can build a quasigroup isotopic to f using
Construction T.

Theorem 5.8. Every n-ary quasigroup f with the autotopy group of order 23"
is isotopic to some quasigroup with a decomposition tree obtained with Construc-
tion T.

Proof. Let T be a decomposition tree built using the construction. Nodes of
degree 3 are combined in pairs “bald node — bridge node” input at Step 3. In each
pair, the bald node is included into some bunch, while the bridge node corresponds
to an edge of that bunch. Since a bunch is a tree and the number of vertices in
a tree is one more than the number of edges, every bunch contains exactly one
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non-bald node. By construction, it is a bridge node or node of degree 4. Therefore,
the tree T satisfies conditions (I)—(V).

On the other hand, consider a quasigroups f that meets the bound 2" on
the order of the autotopy group. Let T be the tree of a decomposition of f. From
condition (III-V), it follows that in any bunch the numbers of bald nodes and
edges coincide. Consequently, there is a one-to-one correspondence between the
bridges and the bald nodes, all of which have degree 3. In addition, we can require
that a bridge is adjacent to its corresponding bald node. Shrinking the pairs of
corresponding nodes of degree 3 (an operation reverse to Step 3), we get a tree
whose all nodes are non-bald and of degree 4. Any such a tree can be obtained
at Step 2. By Lemmas 3.5 and 5.7, the node labeling of the decomposition tree T’
conforms to the labeling at Step 5. O

6. An upper bound

In this section, we prove that the maximum order of the autotopy group of an
n-ary quasigroup of order 4 equals 6 - 2", and only the linear quasigroup, which is
unique up to isotopy, reaches the upper bound. We also determine the quasigroups
that have the maximum order of autotopy groups among the nonlinear quasigroups
and point out this order as well.

Here we use Orbit—Stabilizer Theorem. In our case, this theorem says that the
order of the autotopy group of a code M equals the size of the stabilizer of any
element x € M multiplied by size of the orbit of  under the action of the autotopy
group. Let us start with several auxiliary statements concerning autotopies of a
n-ary quasigroups that stabilize a certain element in the quasigroup code. For
simplicity, that element is usually considered to be the all-zero tuple (0,...,0).
The next lemma takes place for a quasigroup of any order k.

Lemma 6.1. Let f be an n-quasigroup and f(0,...,0) = 0. Then an arbitrary
autotopy (6o, ..., 0n) € Atp(f) stabilizing the all-zero tuple is uniquely determined
by any single of its permutations 0;, i € {0,...,n}. In particular, if for some
i € {0,...,n} the permutation 0, is identity, then all the others are also identity.

Proof. Without loss of generality, given the permutation 6y, we express the per-
mutations 6, ...,0, in terms of it.

Assume that (6p,...,0,) is an autotopy of f such that §,0=0,7=0,1,...,n.
By the

By the autotopy definition, we get

Half(elml,o,...,O) = f(£1,0,...,0) for any z; € 3,
which is equivalent to

0101 = f<'> (00 f(x1,0,...,0),0,...,0) for any z; € X.
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One can see that the permutation 6; is entirely determined by the quasigroup f
and permutation 6. In the same manner, we can express any of 6, ..., 6, through
any other one.

Finally, by the argumentation above it is evident that, for example, 6y = Id
imply 0; = Id for any i € {1,...,n}. O

Corollary 6.2. If an autotopy 6 = (0o, ...,0,) of an n-quasigroup f stabilizes a
tuple (ag,...,an) from M(f), then all of the permutations 0;, i = 0,...,n, have
the same order.

Proof. By the hypothesis, (ao,...,a,) € M(f); that is ap = f(a1,...,a,). Con-
sider the quasigroup ¢ defined as

g(x, ... xn) =0 f(T1T1, ..., T1ZR),

where 7 = (19,...,7,) is an isotopy consisting of the transpositions 7, = (0ay),
i=0,...,n. It is easy to verify that ¢g(0,...,0) = 0 and the isotopy

0 =707 = (1000705 - - -, TnbnTn),
conjugate to @, is an autotopy of g stabilizing the all-zero tuple.

By Lemma 6.1, for any integer r, all permutations from the autotopy 0" are
identity if there is at least one identity permutation among them. Consequently,

all permutations d;, i = 0,...,n, have the same order.
It remains to note that the permutations J;, 6; are of the same order because
oy =70]T,i=0,...,n. O

Lemma 6.3. Let [ be an n-quasigroup of order 4 such that f(0,...,0) =0. If f
has an autotopy 0 of order 2 that stabilizes the all-zero tuple, then f is semilinear.

Proof. By Corollary 6.2, each of the permutations 6;, ¢ = 0,...,n, has order 2.
Since 6;(0) = 0 for each i = 0,...,n, we have 0; € {(12), (13), (23)}. Without loss
of generality, assume that 8y = ... = 0, = (23) (otherwise, consider a quasigroup
isotopic to f that has the autotopy consisting of permutations (23)).

For every (x1,...,2,) from {0,1}" and for xg = f(x1,...,2,), we have

xo = f(1,...,2n) = Hglf(Glxl,...79nxn) =0of(21,...,2n) = Boxo.

Since 6y = (23), the value of xy can only be 0 or 1. Therefore, the quasigroup f
maps {0,1}" to {0,1}. So, f is semilinear by the definition. O

Lemma 6.4. Let f be an n-quasigroup of order 4 such that f(0,...,0) =0. If f
has an autotopy 0 of order 3 that stabilizes some tuple (aq, . ..,a,) € M(f), then f
1S linear.



On the number of autotopies of an n-ary quasigroup of order 4 249

Proof. By Corollary 6.2, each of the permutations 6;, ¢ = 0,...,n, has order 3.

(i) If fis {0,1}-, {0,2}-, or {0, 3}-semilinear in every variable, then it is {a, b}-
semilinear for any a # b € ¥ and, consequently, linear. Hence, the lemma is true
for semilinear quasigroups.

(ii) Assume f is not semilinear. Consider a proper decomposition S of f
and the corresponding tree 7. The autotopy d of S induced by 6 has the same
order 3. Therefore, § consists of 3-cycles or identity permutations. Each of those
permutations stabilizes some element in .

Consider an arbitrary non-bald node v labeled by a quasigroup g. The au-
totopy of ¢g induced by ¢ satisfies the hypothesis of Corollary 6.2; so, each of its
permutations has order 3. Since S is a proper decomposition, g is semilinear,
and from item (i) of this proof we conclude that it is linear. This contradicts the
definition of a proper decomposition. O

Theorem 6.5. (i) The mazimum order for an autotopy group of an n-ary quasi-
group of order 4 equals 6 - 4™; only the linear quasigroups reach this maximum.
(ii) The mazimum order for an autotopy group of a nonlinear n-ary quasigroup of
order 4 equals 2 - 4™; only the semilinear quasigroups whose autotopy group acts
transitively on their codes reach this mazximum.

Proof. Consider an arbitrary n-ary quasigroup f of order 4. Without loss of gen-
erality, we assume that f(0,...,0) =0.

By Orbit—Stabilizer Theorem, the order of Atp(M(f)) equals the size of its
stabilizer subgroup with respect to (0,...,0) € M(f) multiplied by the size of the
orbit of (0,...,0) under the action of Atp(M(f)).

For the all-zero tuple, the size of its orbit does not exceed the cardinality
of M(f), i.e., 4™ (the equality takes place if and only if the orbit coincides with
the code; in other words if the action of the autotopy group is transitive on the
code.)

Next, consider the size of the stabilizer with respect to the all-zero tuple. For a
non-semilinear quasigroup, it equals 1 by Lemmas 6.3 and 6.4. As for a semilinear
quasigroup that is not linear, the size of the stabilizer is 2 (at least 2 by Lemma 4.5;
at most 2 by Lemmas 6.1 and 6.4). So, (ii) is proved.

Since any linear quasigroup is isotopic to the quasigroup l,,(z1,...,2,) =21 ®
... @ Ty, it remains to find |Atp(l,)|. For an arbitrary tuple (aq,...,a,) € M(l,),
the mapping (xo,...,2Z,) — (zo D ag, ..., Tn ® a,) maps (0,...,0) to (ag,...,an)
and induces an autotopy of ,,. Hence, the size of the orbit of (0,...,0) equals 4™.

The size of the stabilizer with respect to (0, ...,0) is at most 3! by Lemma 6.1.
On the other hand, for each of 3! permutations 6, of ¥ such that 6, (0) = 0, we have
ab autotopy 6 = (0.,...,0,) (this can be checked by induction on the arity n).
Therefore, the size of the stabilizer equals 6, and the order of the autotopy group
of any linear n-ary quasigroup of order 4 is 6 - 4™. O

In conclusion, we should note that the semilinear n-ary quasigroups with tran-
sitive autotopy groups were characterized in [4], where a correspondence between
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such quasigroups and Boolean polynomials of degree at most 2 was established.
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Retractable finitely supported Cb-sets

Khadijeh Keshvardoost

Abstract. A construction for retractable state-finite automata without outputs has been given
by Nagy. Retractable automata are automata all whose sub automata are retracts of it, and
retracts are the subobjects whose related inclusion morphism have a left inverse. Studying
retracts is an important subject in different branches of mathematics as well as computer science.
In this paper, following Nagy’s works, we study retractable finitely supported Cb-sets. The
category of finitely supported Cb-sets introduced by Pitts is equivalent to one of the presheaf
categories of Bazem, Coquand, and Huber. We characterize retractable finitely supported Cb-
sets as ones which have a decomposition into retractable components. We also give a description
of retractable cyclic finitely supported Cb-sets. Furthermore, recalling the notion of s-separated
finitely supported Cb-sets, and support maps, we construct a subcategory of finitely supported
Cb-sets consisted of s-separated finitely supported Cb-sets with 2-equivariant support maps, and
characterize its retractable objects.

1. Introduction

Let D be a countable infinite set. A permutation 7 on D is said to be finitary if it
changes only a finite number of elements of D. Consider the group G = Perm¢(D)
of finitary permutations on D, and take a set X with an action of G on it, that is,
a G-set. An element x € X is said to have a finite support C' C D if it is invariant
(fixed) under the action of each element 7 of G which fixes all the elements of C
(that is, if mc = ¢, for all ¢ € C, then 7z = x).

A G-set X every element of which has a finite support is said to be a nominal
set. The notion of a nominal set was introduced by Fraenkel in 1922, and developed
by Mostowski in the 1930s under the name of Fraenkel-Mostowski hierarchy or
briefly FM-sets. The FM-sets were used to prove the independence of the axiom
of choice from the other axioms (in the classical Zermelo-Fraenkel (ZF) set theory).

In 2001, Gabbay and Pitts rediscovered those sets in the context of name
abstraction. They called them nominal sets, and applied this notion to properly
model the syntax of formal systems involving variable binding operations (see [5]).
Nominal techniques have also been used in game theory [1], in logic ([4], [9]), in
domain theory [11], and in proof theory [12].

In [10], Pitts generalized the notion of nominal sets, by first adding two ele-
ments 0,1 to D, then generalizing the notion of a finitary permutation to finite

2010 Mathematics Subject Classification: 20M30, 20B30, 54C15, 20M35, 18B20
Keywords: Finitely supported Cb-sets, retractable, retraction, S-set, support.
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substitution, and considering the monoid Cb instead of the group G. Then he
defined the notion of a support for Cb-sets, sets with an action of Cb on them, and
invented the notion of finitely supported Cb-sets, as a generalization of nominal
sets.

On the other hand, an equivariant map of a Cb-set X onto a sub Cb-set Y of
X is called retraction if it leaves the elements of YV fixed. A Cb-set X is called
retractable, if for every sub Cb-set Y, there exists a retraction of X onto Y. The
notion of retractable plays a crucial role in many areas of mathematics, such as
homological algebra, topological spaces, ordered algebraic structures, etc.

The main contribution of this paper is at giving a characterization of retractable
finitely supported Cb-sets. In [8], Nagy showed that every retractable cyclic state-
finite automaton has a sub automaton with no proper sub automaton called min-
imal automaton and then in Theorem 2 of [8], he characterized retractable state-
finite automata without outputs. We found that every retractable cyclic finitely
supported Cb-set has a unique fix-simple sub Cb-set with a unique zero element. In
[3], we introduced fix-simple finitely supported Cb-sets with a unique zero element
as finitely supported Cb-sets with no proper non-singleton sub Cb-sets. In fact,
our fix-simple finitely supported Cb-sets with unique zero palys the role of Nagy’s
minimal automaton. In Section 4, in Theorem 4.12, by the same scheme of Nagy
but different in details and proofs, we characterize retractable finitely supported
Cb-sets.

In the following, to have a better scenery of the structure of this paper, we bring
a summary of the results of each section. After a brief introduction in Section 1, we
bring the basic notions and results about M-sets, sets with an action of a monoid
M, and the monoid Cb in Section 2, needed in this paper. Then Section 3 is
about retractions of M-sets and a description of decomposable finitely supported
Cb-sets is given. Section 4 is devoted to retractable finitely supported Cb-sets and
we characterize them. In Section 5, a subcategory of finitely supported Cb-sets is
introduced, and its retractable objects are characterized.

2. Preliminaries

This section has devoted to give some basic notions needed in this paper. For
more information one can see [2, 3, 7, 10].

2.1. M-sets

A (left) M-set for a monoid M with identity e is a set X equipped with a map
M x X — X, (m,z) — mx, called an action of M on X, such that ex = z and
m(m’z) = (mm/)z, for all z € X and m,m’ € M. An equivariant map from
an M-set X to an M-set Y is amap f : X — Y with f(ma) = mf(z), for all
reX,meM.
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An element z of an M-set X is called a zero (or a fized) element if ma = z,
for all m € M. We denote the set of all zero elements of an M-set X by Z(X).

The M-set X all of whose elements are zero is called a discrete M-set, or an
M-set with identity action.

A subset Y of an M-set X is a sub M-set (or M-subset) of Y if for all m € M
and y € Y we have my € Y. The subset Z(X) of X is in fact a sub M-set.

An M-set X is said to be zero-decomposable if there exists a collection {X, },_,
of sub M-sets of X such that X = {J _, X,, and X, N X, = {0} € Z(X) or
X, NX, =0, for all i # j. In this case, we say X has a zero-decomposition of X,’s
and call X,’s the components of X.

Note. If for all i # j we have X, N X, = (), then we call X decomposable.

2.2. The monoid Cb

Let D be an infinite countable set, whose elements are sometimes called directions
(atomic names or data values) and PermD be the group of all permutations
(bijection maps) on D. A permutation = € PermD is said to be finitary if the set
{d € D | w(d) # d} is finite. Clearly the set Perm¢DD of all finitary permutations is
a subgroup of PermDD.

Also, we take 2 = {0,1} with 0,1 ¢ D.

Definition 2.1. (a) A finite substitution is a map o : D — D U 2 for which
Dom¢o = {d € D | o(d) # d} is finite.
(b) A finite substitution satisfies injectivity condition, if

(Vd,d' €D), o(d)=o(d)¢2=d=d.

(c) If d € D and b € 2, we write (b/d) for the finite substitution which maps
d to b, and is the identity mapping on all the other elements of D. Each (b/d) is
called a basic substitution.

(d) If d,d’ € D then we write (dd') for the finite substitution that transposes
d and d’, and keeps fixed all other elements. Each (dd') is called a transposition
substitution.

Definition 2.2. (a) Let Cb be the monoid whose elements are finite substitutions
satisfying injectivity condition, with the monoid operation given by o - ¢/ = 60,
where 6 : DU2 — DU2 maps 0 to 0, 1 to 1, and on D is defined the same as o.
The identity element of Cb is the inclusion ¢ : D < DU 2.

(b) Take S to be the subsemigroup of Cb generated by basic substitutions. The
members of S are of the form 6 = (b1/dy)--- (bx/dx) € S for some d; € D and
b; € 2, and we denote the set {dy, - ,di} by D,.

Remark 2.3. (1) Notice that each finite permutation 7 on D, can be considered
as a finite substitution t o7 : D — D U 2. Doing so, throughout this paper, we
consider the group Perm;DD as a submonoid of Cb, and denote ¢ o 7w with the same
notation 7.
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(2) Let 6 € S, and 7 € Perm¢(D). Then, 7§ = ¢'w, and dn = 76", where
D, ={nd:decD,}, and D,, = {r7'd:d eD,}.
(3) Let d # d' € D and b,V € 2. Then

(b/d)(t'/d") = (b'/d')(b/d).
But, (1/d)(0/d) = (0/d) and (0/d)(1/d) = (1/d), and hence (1/d)(0/d) # (0/d)(1/d).
Theorem 2.4. [3] For the monoid Cb, we have
Cb = Perm¢(D)S",

where S* = S U {¢}.

2.3. Finitely supported Cb-sets

In this subsection, basic notions about finitely supported Cb-sets which is needed
in the sequel are given, some of which [3, 10].

The following definition introduces the notion of a, so called, support, which is
the central notion to define finitely supported Cb-sets.

Definition 2.5. (a) Suppose X is a Cb-set. A subset C' C D supports an element
x of X if, for every o,0’ € Cb,

(o(c) =0'(c), (Ve e C)) = oz =0'x

If there is a finite (possibly empty) support C' then we say that x is finitely sup-
ported.

(b) A Cb-set X whose all elements have finite supports, is called a finitely
supported Cb-set.

We denote the category of all Cb-sets with equivariant maps between them by
Cb-Set, and its full subcategory of all finitely supported Cb-sets by (Cb-Set)gs.

Remark 2.6. Let X be a Cb-set and =z € X.

(1) If X is finitely supported, then the set {d € D | (0/d)z # x} is in fact the
least finite support of z. From now on, we call the least finite support for x the
support for x, and denote it by supp z.

(2)  is a zero element if and only if suppx = () if and only if é z = z, for all
des.

Example 2.7. (1) The set DU?2 is a finitely supported Cb-set, with the canonical
action given by evaluation; that is,

Vo e Cb, x e DU2, ox =5(x),

in which ¢ is defined as in Definition 2.2(a). Also, for each d € D, suppd = {d},
and supp 0 = supp 1 = 0, since both of 0,1 are zero elements.
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(2) The set DU {0} is a finitely supported Cb-set with the action is given by
VYo € Cb, x € DU{0}, ox = 5(x).

Also, for each d € D, suppd = {d}, and supp0 = {, since 0 is a zero element.
(3) All discrete Cb-sets are clearly finitely supported Cb-sets, because of Re-
mark 2.6(2).

Remark 2.8. [3] (1) Every finitely supported Cb-set has a zero element.
(2) Every finite finitely supported Cb-set is discrete.

Lemma 2.9. [3] Let X be a non-empty finitely supported Cb-set, and v € X.
Then

(i) 6z =z if and only if D, Nsuppz = 0.

(ii) If 6 € S, then supp éx C suppz \ D;.

(iii) For m € Perm¢(D), we have supp 7z = wsupp x. In particular,

|supp mz| = [msupp z| = [supp z|.
Remark 2.10. [3] For a finitely supported Cb-set X and xz € X, we have
Sy ={6€S|dx=xa}, S,=5\S.={5€S|dzx+#z},
which they are two subsemigroups of S.

The following lemma is useful in Theorem 2.14.

Lemma 2.11. Let X be a finitely supported Cb-set, and x a non-zero element of
X. Then, S’ is an ideal of S.

Proof. Suppose 6 € S and 6, € S’. We show that dd1,d:0 € S’. Notice that, since
01 € §', we get 61 # x and so using part (i) of Lemma 2. 9 D, Nsuppz # 0.
On the other hand, since D, , = D;, =D, UD,, we get D, ﬂ suppx # 0 and
D, s Nsuppx £ . Thus 61(596 #*x and (5(5135 75 2 which means 516 601 € Si O

Definition 2.12. A cyclic finitely supported Cb-set X is a finitely supported Cb-
set which is generated by only one element. That means, it is of the form Cbzx,
for some x € X.

Remark 2.13. [3] If Cbz is a non-singleton cyclic finitely supported Cb-set, then
Cbzx = Permg(D)S, 2 U Perm¢(D)z, Permg(D)S,z N Permg(D)z = ().

Theorem 2.14. Let Cbx be a non-singleton cyclic finitely supported Cb-set. Then,
(i) Perm¢(D)S’ x is a sub Cb-set of Cbu.
(ii) If suppx = {dy,--- ,dp}, then Permy(D)S’ x = UL Cb(b;/d;)x.
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Proof. First, notice that, since Cbz is non-singleton, we get that suppx # (). So,
for all d € suppz, we have (0/d)z € S’z which means that Perm¢(D)S’z is a
non-empty set.

(i) Let md12 € Perm¢(D)S’x and o € Cb. Then, by Theorem 2.4, we have
o € Perm¢(D) or 0 = w6 with 7 € Perms(D) and § € S. If 0 € Perm¢(D), then
omdix € Perm¢(D)S! z. Let o = m0. Then, applying Remark 2.3(2) and Lemma
2.11, we get that

omoie = wémdiz = 7m 881z € Permg(D)S’ .

(ii) If d € suppz, then by Lemma 2.9(i), (b/d) € S, and so applying (i),
Cb(b/d)z C Perm, (D)S’ . Thus, (J*  Cb(b;/d;)x C Perm, (D)S’ x.

To prove the reverse inclusion, let a € Perm, (D)S” 2. Then, there exist 6 € S’
and 7 € Perm¢(D) with a = méz. Since § € S!, by Lemma 2.9(i), we get that
D, Nsupp z # (). Let d € suppanD,. Then, éz :51(b/d)x where 6; € Sand b € 2.
Thus, Cbdz C Cb(b/d)x which means that Perm,(ID)S” 2 C Ule Cb(b;/di)x. O

3. Retractions of finitely supported Cb-sets

In this section, we show that a retract of an indecomposable M-set is indecompos-
able. Theorem 3.6 gives a characterization of retracts of a decomposable finitely
supported Cb-set. As a result of this theorem, for finding retractions of a de-
composable finitely supported Cb-set, it is sufficient to obtain retractions of its
indecomposable sub Cb-sets.

Definition 3.1. Let Y be a (finitely supported) M-set and X a sub M-set of it.
Then, X is called a retract of Y if there exists an equivariant map g : ¥ — X,
called retraction, such that g(z) = z, for all z € X.

Lemma 3.2. ([7], Lemma 1.5.36) Let X be an indecomposable M-set, and ¢ :
X =Y an equivariant map. Then, o(X) is an indecomposable sub M-set of Y.

Proposition 3.3. A retract of an indecomposable M -set is indecomposable.

Proof. Let Y be a retract of an indecomposable M-set X. Then, there exists a
retraction ¢ : X — Y. We show that Y is indecomposable. On the contrary,
suppose Y = Y; U Y5 is a decomposition of Y. Since X is indecomposable, by
Lemma 3.2, ¢(X) is indecomposable. So, ¢(X) C Y7 or ¢(X) C Y2. Assume
©(X) C Y. Since ¢ is a retraction and Y C X, we get that

Y =p(Y) Cp(X)CY,

which is impossible. Similarly, the case p(X) C Y, is impossible. Thus, Y is
indecomposable. O



Retractable finitely supported Cb-sets 157

Theorem 3.4. ([7], Theorem 1.5.10 ) Every M -set has a decomposition into in-
decomposable sub M -sets.

Remark 3.5. Let X be a finitely supported Cb-set and Y a sub Cb-set of X.
Then, by Theorem 3.4, X has a decomposition into its indecomposable sub Cb-
sets. Take X =(J X_. Then,

Y=YnX=YnU X,)=U(Ynx,)=U_Y,,

o

where Y =Y NX,.

Theorem 3.6. Let X be a decomposable finitely supported Cb-set, and Y a sub
Cb-set of it considered in Remark 3.5. Then, Y is a retract of X if and only if

Va (Y, #0=Y, is aretract of X ).

Proof. Suppose X = J X, andY = Y,. Let ¢ : X — Y be a retraction.
Then, <p|Xa : X, — Y is an equivariant map. Suppose Y, # (). Now, since
Y, C X_ and ¢ is a retraction, we get Y., C ¢(X_). On the other hand, by Lemma
3.2, ¢l (X,) = ¢(X,) is indecomposable, and so, p(X,) = Y,. Therefore,
¢l +X,— Y isa retraction.

To prove the other part, let Y be a sub Cb-set of X. Then, we show that Y
is a retract of X. If Y, # (), then since Y, is a retract of X_, we get a retraction
p, X, — Y . Now, the assignment ¢ : X — Y defined by

() = o (z), if zeX_ andY, #10
AT dey, if zeX, andY, =0

is a retraction. O

4. Retractable finitely supported Cb-sets

In this section, we study retractable finitely supported Cb-sets. Discrete finitely
supported Cb-sets are retractable. So, we focus on non-discrete finitely supported
Cb-sets. As a result of Lemma 4.3, a retractable indecomposable finitely supported
Cb-set has a unique zero element. In Theorem 4.12; we give a characterization of
a non-discrete retractable finitely supported Cb-set.

Definition 4.1. Let X be a (finitely supported) M-set. Then, X is called re-
tractable if every non-empty sub M-set of X is a retract of it.

Remark 4.2. (1) Every sub M-set of a retractable M-set is retractable.

(2) Retracts of a cyclic M-set are cyclic. This is because, if A is a retract of
Mz, then there exists a retraction ¢ : Mz — A. Notice that, since ¢ is surjective,
we get p(Mz) = A. On the other hand, since ¢ is equivariant, we get that
o(Mx) = My(x). Therefore, A = Mp(x) which means that A is cyclic.
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Lemma 4.3. Let X be an indecomposable retractable M-set with Z(X) # 0.
Then, X has a unique zero element.

Proof. If 0, # 05 € Z(X), then the sub M-set {0,0-} is a retract of X, and so,
there exists a retraction ¢ : X — {61,0>}. Notice that, since X is indecomposable,
by Lemma 3.2, ¢(X) is indecomposable, and so, ¢(X) = 01 or p(X) = 6. If
©(X) = 61, then 63 = ¢(62) = 67 which is a contradiction. Similarly, ¢(X) = 6
is impossible. O

Corollary 4.4. A retractable indecomposable finitely supported Cb-set has a unique
zero element.

Proof. Tt follows by Remark 2.8(1) and Lemma 4.3. O

In characterizing retractable finitely supported Cb-sets, we apply the notion
of fix-simple finitely supported Cb-sets with unique zero element introduced and
characterized in [3]. A fix-simple finitely supported Cb-set with a unique zero
element has no proper non-singleton sub Cb-sets. We called them 6#-simple where
0 is a notation for a zero element.

First, we recall needed facts of [3]

Theorem 4.5. [3] For a non-discrete finitely supported Cb-set X with a unique
zero element 0, the followings are equivalent:

(i) X is 0-simple;

(i) X is a cyclic finitely supported Cb-set of the form of Perm¢(D) 2 U {6}, for
some non-zero element x € X. Furthermore, (b/d)x = 0, for all d € supp x.

Remark 4.6. [3] Let X be an infinite finitely supported Cb-set with a unique
zero element 0, and x € X. Then,

(1) X has a 0-simple sub Cb-set.

(2) If X is simple, then X is f-simple.

(3) If X = Cbx is cyclic with |supp x| = 1, then X simple.

(4) X is simple if and only if X is 6-simple, and suppx # suppz’, for all
non-zero elements x # x'.

As a result of Theorem 4.5, we get the following corollary.
Corollary 4.7. All 0-simple (simple) finitely supported Cb-sets are retractable.

Lemma 4.8. A retractable non-singleton cyclic finitely supported Cb-set has a
unique 0-simple sub Cb-set.

Proof. Let X = Cbx be retractable with a non-zero element x. Then, by Corollary
4.4, X has a unique zero element 6. Also, by Remark 4.6(1), X has a 6-simple sub
Cb-set. Suppose X has two 6-simple sub Cb-sets X; and X5. Applying Theorem
4.5, we get that X; = Perm¢(D)zy U {0} and X5 = Perm¢(D)x2 U {0}. Since X is
retractable, by Remark 4.2, X; U X5 is a retract of X, and so is cyclic. Therefore,
X7 = Xo. O
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Proposition 4.9. Suppose that X is a non-discrete retractable finitely supported
Cb-set. Also, suppose {B,},_, is the collection of all distinct 0-simple sub Cb-sets
of X. Take X, =, _ {Cbx: B, C Cbzx}. Then,

(i) every X, is a retracteble sub Cb-set of X.

(i) every X, is indecomposable, and has a unique zero element.

(iii) foralli #j, X, N X; =0 or X; N X; = {6}.

(iv) X = Uiel X,.
Proof. (i) Let x € X; and ¢ € Cb. Then, we show that cx € X;. Notice that
B, C Cbz. Since X is retractable, by Remark 4.2(1), Cbx is retractable, and so,
by Lemma 4.8, C'bx has a unique @-simple sub Cb-set B,. Also, since Cbox C Chz,
we get that B, C Cboz, and so, ox € X;. Now, applying Remark 4.2(1), X,’s are
retractable.

(ii) Since N{Cbz : B, C Cbx} = B,, we get X, is indecomposable. Now, since
X is retractable, by Remark 4.2(1), X, is retractable, and so, by Lemma 4.3, has
a unique zero element.

(111) Let x € X; N Xj with x # 6. Then, Cbx C X; N Xj and so Bi,Bj C Cbx
which contradicts Lemma 4.8 that states Cbx has a unique #-simple sub Cb-set.

(iv) To prove the non-trivial part, let € X. Then, since X is retractable,
by Remark 4.2(1), Cbz is retractable. Applying Lemma 4.8, there exists a unique
f-simple sub Cb-set B; with B; C Cbz. Thus by the assumption = € X,. O

Lemma 4.10. Let X be a finitely supported Cb-set with a zero-decomposition of
retractable components. Then, X is retractable.

Proof. Suppose X = |J X, is a zero-decomposition of retractable finitely supported
Chb-sets X,. Let Y be a sub Cb-set of X. Then, we show that Y is a retract of
X. Take Y, = Y N X,. Notice that Y, is a (possibly empty) sub Cb-set of Y. If
Y, # 0, then since X, is retractable, we get a retraction ¢, : X, — Y,. Now, the
assignment ¢ : X — Y defined by

() = o, (x), if ze€X, andY, #0
ATV oey, if zeX andY, =0

is a retraction. O

Corollary 4.11. Disjoint union of two retractable finitely supported Cb-sets is
retractable.

In the following theorem, we give a charatcterization of retractable finitely
supported Cb-sets.

Theorem 4.12. Let X be a finitely supported Cb-set. Then, X is retractable if
and only if X has a zero-decomposition of retractable components.
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Proof. If X is discrete, then X is retractable and has a zero-decomposition of
retractable components. Suppose X is non-discrete and retractable. Also, suppose
{B,},., is the collection of all distinct #-simple sub Cb-sets of X which exist by
Lemma 4.8. Take X, = |J _ {Cbz : B, C Cbx}. Then, by Proposition 4.9,
X = X, is a zero-decomposition of retractable X,.

The other part holds by Lemma 4.10. O

The following lemma is needed in Theorem 4.14 which gives a necessary con-
dition for a cyclic finitely supported Cb-set to be retractable.

Lemma 4.13. If Cbzx is a non-singleton retractable cyclic finitely supported Cb-
set, then there exists d € supp x with Perm¢(D)S’ 2 = Cb(b/d)x, where b € 2.

Proof. Let suppx = {di,--- ,di}. Then, applying Theorem 2.14(ii), we get that
Perm;(ID)S’ z = Ufﬂ Cb(b;/d;)x. Since Permg(ID)S’ z is a sub Cb-set of Cbx, and
Chbz is retractable, by Remark 4.2, we get that Perm; (D)S” x is cyclic. So, there
exists a € Perm¢(D)S’x with Perm¢(D)S’x = Cba. Since a € Perm¢(D)S’ x,
there exist i = 1,--- ,k and ¢ € Cb with a = o(b;/d;)x. Applying Theorem
2.4, 0 € Perm,(D) or ¢ = w0, where 7 € Permy(D) and 6 € S. If 0 = w6 and
then Cba = Cbd(b;/d;)x which is a proper sub Cb-set of Cb(b;/d;)x.

contradiction. Therefore, 0 = 7 or ¢ = wd with § € S<bi Ja;) and hence, we get
that Cba = Cb(b;/d;)x. O

In Theorem 4.14, we give a description of a retractable cyclic finitely supported
Cb-set.

Theorem 4.14. Suppose Cbzx is a cyclic finitely supported Cb-set. Also, suppose
suppx = {dy,- -+ ,dr}. If Cbx is retractable, then

l
Cba = Perm¢(D)z U | Perme (D) (b;/d;) - - - (b1 /dy ) U {6},

i=1
where l € {1,--- k} and d; € supp (b,_, /d,_,)--- (b, /d,)x, for all j = 2,--- ,I.

Proof. Suppose Cbx is retractable. If Perms(D)S’z = {6}, then by Remark 2.13
we get that Cbr = Perm¢(D)z U {0}. Suppose there exists § € S’ with dx # 0.
By Lemma 4.13, there exist d € suppx and b € 2, say d = dl; b = by, with
Perm;(ID)S’ 2 = Cb(by/dy)x. So applying Remark 2.13, we have

Cbx = Permg(D)x U Cb(by /dy)x.

By the assumption, Cbzx is retractable. So, by Remark 4.2(1), Cb(b1/d1)x is
retractable. Now, if Perm¢(D)S’ (by/dy)x = {6}, then

(b1/d1)

Cbx = Permg(D)z U Permg(D)(by /dy)x U {6}.
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Otherwise, we show that Permg(D)S’ (b1/d1)x = Cb(be/d3)(b1/d1)z, with

(by/dy)

dy € supp (by/dy)x. Similar to the proof of Theorem 2.14,
Perms(D)S/, . (b1/dv)z = | JCb(bs/d;)(br/dy)a,

J

where for all j, d; € supp (b1/d1)z. On the other hand, Cb(b;/d;)x is retractable,
and so applying Lemma 4.13, Permf(]]]))Sgbl/dl) (by/dy)x is cyclic. Therefore, there

exist dy € supp (by/d1)x and be € 2 such that
Cb(bl/dl)it = Permf(]D))(bl/dl)x U Cb(bg/dg)(bl/dl)l'

By continuing this process, we get

!
Cbx = Perm¢(D)z U U Perm¢ (D) (b;/d;) - - - (b1 /dy )z U {0},

i=1

where Il =1,--- k. O

5. 2-s-separated finitely supported Ch-sets

In this section, we consider s-separated finitely supported Cb-sets with 2-equivariant
support maps (briefly 2-s-separated finitely supported Cb-set) introduced in [6],
and characterize retractable objects in this category.

To find retractable s-separated finitely supported Cb-sets with 2-equivariant
support maps, first, in Theorem 5.8, we give a description of them. Thereafter,
in Theorem 5.10, we prove that retractable s-separated finitely supported Cb-sets
with 2-equivariant support maps are discrete or simple or are a disjoint union of a
simple sub Cb-set and a discrete sub Cb-set. Also, we give a description of cyclic
s-separated finitely supported Cb-sets with 2-equivariant support maps.

First, we recall our definitions of the support map and 2-equivariant support
map of [6].

Definition 5.1. Let X be a finitely supported Cb-set, and = € X. Then,
(a) the map
supp : X — P, (DU2),z — suppz

is called the support map of X.
(b) the support map of X is 2-equivariant if suppox = (osuppz) \ 2, for all
o€ Cbh.

Definition 5.2. [6] (a) A finitely supported Cb-set X is called an stabilizer-
separated or briefly s-separated if supp x # supp x’, for all non-zero elements x #
e X.

(b) A finitely supported Cb-set X is called an s-separated with 2-equivariant
support map or briefly 2-s-separated if X is s-separated and the support map of
X is 2-equivariant.
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Remark 5.3. Applying Definition 5.2 and Remark 4.6(4), we get that all s-
separated -simple finitely supported Cb-sets are simple.

Lemma 5.4. [6] Suppose X is a finitely supported Cb-set, and x € X .

(i) Let X be s-separated and x' # x be two non-zero elements of X. Then,
|[supp x| = |supp 2’| if and only if Cbx = Cba’.

(ii) The support map of X is 2-equivariant if and only if supp dx = (supp z)\D;,,
forall6 € S’.

Corollary 5.5. Suppose X is an s-separated finitely supported Cb-set with 2-
equivariant support map. Let x € X with |[supp x| > 1. Then,

(1) For all d € supp x, we have (0/d)z = (1/d)z.

(2) For all 61,02 € S', we have 61027 = 6201,

(3) For all d # d' € supp x, we have Cb(0/d)x = Cb(0/d')x.

(4) If X is a non-singleton cyclic, then X has a unique zero element.

Proof. (1) Since the support map of X is 2-equivariant, and |suppz| > 1, by
Lemma 5.4(ii), we get that supp (1/d)z = supp (0/d)z = suppz \ {d} # (. Now,
by Definition 5.2, we have (0/d)z = (1/d)z.

(2) By (1), we have

(0/d)(1/d)x = (0/d)(0/d)x = (0/d)x
— (1/d)e = (1/d)(1/d)a = (1/d)(0/d)a.

Now, applying Remark 2.3, we get that d1022 = d201x.

(3) Let d,d’ € suppz. Then, since supp (0/d)x = suppzx \ {d} # 0 and
supp (0/d" )z = suppx \ {d'} # 0, we get that |supp (0/d)z| = |supp (0/d')x|.
Therefore, applying Lemma 5.4(i), Cb(0/d)x = Cb(0/d)x.

(4) Suppose X = Cbzx, for some non-zero element x € X. If 6y # 6, € Z(Cbx),
then there exist 61,02 € S’ with 6; = 6,z and 6 = dx. Now, by (2),

01 = 6201 = 525117 = 51521‘ = 5192 = 92,
which is a contradiction. O

In the following lemma, for an s-separated finitely supported Cb-set, by Corol-
lary 5.5, we show that the sub Cb-set Perm;(ID)S’xz of a cyclic Cb-set Cbx is
cyclic.

Lemma 5.6. Suppose X is an s-separated finitely supported Cb-set with 2-equivariant

support map. Let © € X with [suppx| > 1. Then, there exists d € supp x with
Perm;(ID)S’ z = Cb(0/d)z.

Proof. Let suppx = {dy,--- ,d} with k > 1. Then, applying Theorem 2.14, we
get that Perm;(D)S’z = Ufﬂ Cb(b;/d;)x is a sub Cb-set of Cbx where b; € 2.
Now, by Corollary 5.5(1,3), we get that Perm;(D)S’ z is cyclic. Therefore, there
exists d € supp x such that Perm;(D)S’ z = Cb(0/d)z. O
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Remark 5.7. Suppose X is an s-separated finitely supported Cb-set and x # z’
are two non-zero elements of X. Let the support map of X be 2-equivariant. Then,
Case (1): If |supp x| = [supp 2’|, then by Lemma 5.4(i), Cbx = Cbz’.
Case (2): If |supp | < [supp |, then Cbx C Cbz’ and if |supp 2’| < |supp x|,
then Cbz’ C Cbx. To prove this, let |[suppz| = k and |suppz’| = I. Assuming
k < I, we show that Cbx C Cbz’. The other part is proved similarly. Take

suppz’ = {dy, - ,dk,dk+1,- - ,d;}. Since the support map of X is 2-equivariant,
we get that
supp (0/d;) -+ (0/d,,,)a" = suppa’\{dy, -~ ,d,,}
= {di, -, di}.

Thus, [supp (0/d;)---(0/d,,)x'| = k. Now, applying Lemma 5.4(i), we get that
Cb(0/dy)---(0/d,,,)z" = Cbx and so x € Cbx'.

Theorem 5.8. Suppose X is an s-separated finitely supported Cb-set. Let the
support map of X be 2-equivariant. Then, X is decomposable if and only if X is
discrete or X =Y U Z is a disjoint union of a non-singleton indecomposable sub
Cb-set of Y and a discrete sub Cb-set Z.

Proof. To prove the non-trivial part, suppose X is non-discrete. Take X = ]_[Q X,
to be a decomposition of X into indecomposable sub Cb-sets. We show that all the
non-zero elements of X belong to exactly one component of X. On the contrary,
let z, € X, and z, € X, be two non-zero elements. Then, [suppz,| < |[suppz,|
or [suppz,| < |[suppz,|. Now, applying Remark 5.7, Cbx, C Cbx, C X, or
Cbx, C Cbx, C X, which is a contradiction. Thus, there exists a unique «, with
X\ Z(X) C X, which means that X can be written as a disjoint union of a
non-singleton indoecomposable sub Cb-set and a discrete sub Cb-set. O

Now, we are ready to characterize retractable s-separated finitely supported
Cb-sets with 2-equivariant support maps.

In the following lemma, we characterize retractable s-separated cyclic finitely
supported Cb-sets with 2-equivariant support maps.

Lemma 5.9. Suppose X is an s-separated cyclic finitely supported Cb-set. Let
the support map of X be 2-equivariant. Then, X is retractable if and only if X is
simple.

Proof. If X is singleton, then it is clear that X is retractable and simple. Suppose
X = Cbzx is cyclic with a non-zero element x of X. Also, let X be retractable.
Then, by Corollary 4.4, X has a unique zero element 6. Notice that, by Remark
4.6(1), X has a #-simple sub Cb-set, say Cbx, = Perm¢(D)x,U{#}. Thus, applying
Remark 5.3, Cbx, is simple. Since x, € Cbx, by Theorem 2.4, we get that z, = 7z
or x, = mo,x. If x, = mx, then Cbx = Cbz,, and so, X is simple. Suppose
z, = md,xz. In this case, we also show that 6, € S,, and so, Cbzx, = Cbzx. On the
contrary, let 0, € S’. Then, by Lemma 2.9(i), §,2 # z, and so, Cbz, is a proper sub
Cb-set of Cbz. Since X is retractable, there exists a retraction ¢ : Cbx — Cbd, x.
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First, we show that ¢(x) = dox. Since ¢p(x) € Cbdpx, by Remark 2.13, we have
p(z) € Permf(D)S(’somégx or p(z) € Perms(D)Joz. If p(x) € Permf(D)S(’soméom,
then () = 7’8’ dpx where 0’ € Sgom and 7’ € Perm¢(ID). Since ¢ is a retraction
and dox € Chdpx, we get that oz = p(dpx) = dpp(x) = do’'d dox.

Now, applying Lemma 2.9, we get that [supp dox| = |[supp do7’d’dox| < |supp oz,
which is impossible. Therefore, p(z) € Perm¢(D)dpz, and so there exists ' €
Perm; (D) with p(x) = n'dpz. Also, since ¢ is a retraction and doz € Cbdpx, we
get that

S0z = ¢(dox) = dop(z) = Som’'Sox = 7' 5 d0x.

where the last equality is true by Remark 2.3(2). Now, §; € S
if o € Sgou then by Lemma 2.9

500 SIICE Otherwise,

|supp dpz| = |supp 7' 8(,dox| = |supp d,dox| < |supp doz|,

which is impossible. Thus, d; € S, , and so dox = 7'dydpx = 7'dpz. Therefore,
p(z) = dox.

Now, take d € (suppz) \ suppd,z, and d' € suppd,x. Then, since X is s-
separated, we have (d d')x = x. Also, since ¢ is a retraction, we get that

(d d)o,x = (d d)p(x) = p((d d)x) = p(x) = 5,

Thus,
d=(d d")d € (d d)suppd,z = supp (d d')§,z = suppd,z,

which is impossible.
The other part follows by Corollary 4.7. O

Theorem 5.10. Suppose X is an s-separated finitely supported Cb-set. Let the
support map of X be 2-equivariant. Then, X is retractable if and only if X is
discrete or simple or X is a disjoint union of a simple sub Cb-set and a discrete
sub Cb-set.

Proof. Discrete Cb-sets are retractable. Also, by Corollary 4.7, simple finitely
supported Cb-sets are retractable.

To prove the other part, let X be non-discrete and retractable. Then, by
Theorem 5.8, X = Y U Z is a disjoint union of a discrete sub Cb-set Z, and an
indecomposable sub Cb-set Y. Notice that, by Remark 4.2(1), Y is retractable. So,
applying Corollary 4.4, we get that Y has a unique zero element §. We show that
Y is simple. To show this, first, we prove that Y has a unique simple sub Cb-set.
By Remark 4.6(1), Y has a 6-simple sub Cb-set. Since Y is s-separated, by Remark
5.3, we get that Y has a simple sub Cb-set. Now, suppose B and B; are two simple
sub Cb-sets of Y. So, applying Theorem 4.5, By = Cby; and By = Cbys are cyclic.
Assuming B; = Cby;, we show that |supp y1| = 1. Notice that, (0/d)y; = 0, for all
d € suppy;. Since Y is s-separated with 2-equivariant support map, we get that

0 = supp (0/d)y: = (suppyi) \ {d}. Thus suppy; = {d}, and so, |[suppy;| = 1.
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Similarly, |[suppy2| = 1. Thus, since |suppyi| = |suppy2| = 1, by Remark 5.7, we
get that By = Bs. Hence, Y has a unique simple sub Cb-set, say B.

Now, we prove that Y = B. Let y € Y. Then, since Y is retractable, by
Remark 4.6(1), we get that Cby is retractable. Now, applying Lemma 5.9, Cby is
simple. Thus, Cby = B, and so, y € B. Therefore, B CY C B which means that
Y = B is simple. O

In Theorem 5.11, we give a description of a cyclic s-separated finitely supported
Cb-set with 2-equivariant support map.

Theorem 5.11. If Cbx is an s-separated finitely supported Cb-set with 2-equivariant
support map and suppx = {dy,--- ,di}, then

k
Cbx = Perm¢(D)z U | Perme(D)(0/d;) - - (0/d ),

i=1
where d; € supp (O/djfl) - (0/d )z, for j=2,--- k.

Proof. Let suppx = {dy, - ,di}. Then, applying Lemma 5.6, there exists some
d; € suppw, say d; = dy, with Perm¢(D)S’ 2 = Cb(0/d;)x. Now, we show that
Permf(D)S('O/dl)(O/dl)x = Cb(0/d2)(0/dy)x, where dy € supp (0/dy)z. Similar to
the proof of Theorem 2.14,

Perms(D)S/, , (0/d1)x = |_JCb(0/d;)(0/d)z,

J

where for all j, d; € supp (0/d;)x.
On the other hand, for all j, we have supp (0/d;)(0/d,)x = supp z\{d;, d1 }. So,
for all r # s, we get |supp (0/d,.)(0/dy)x| = |supp (0/ds)(0/d1)z|. Now, applying

Lemma 5.4, Cb(0/d,)(0/dy)x = Cb(0/ds)(0/dy)x. Thus, Permf(D)SZO/dl)(O/dl)x
is cyclic. So, there exists d € supp (0/d;)x, say d = ds with
Cb(0/dy)x = Perm¢(ID)(0/dy )z U Cb(0/d2)(0/dy)x.
By continuing this process, we get
k
Cbz = Permg(D)x U U Perm¢(D)(0/d;) - - - (0/dy)x.
O
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On (m,n)-regular and intra-regular ordered

semigroups
Panuwat Luangchaisri and Thawhat Changphas

Abstract. Let m,n be non-negative integers. A subsemigroup A of an ordered semigroup
(S,+,<) is called an (m,n)-ideal of S if A SA™ C A, and if z € A and y € S such that y < z,
then y € A. In this paper, various types of such (m,n)-ideals are described.

1. Introduction

The notion of (m,n)-ideal was introduced by S. Lajos in [4] as a generaization of
left ideals, right ideals and bi-ideals and was used to a characterization of regular
semigroups [5]. J. Sanborisoot and T. Changphas used in [7] (m,n)-ideals to
various characterizations of (m,n)-regular ordered semigroups. T. Changphas,
P. Luangchaisri and R. Mazurek studied an interval of completely prime ideals
in right chain ordered semigroups [2]. Recently, Ze Gu investigated an ordered
semigroup which is regular and intra-regular using various types of bi-ideals [8].
The purpose of this paper is to generalize the results of Ze Gu based on the notion
of (m,n)-ideals.

An ordered semigroup (S,-,<) is a semigroup (5,-) together with a partially
order that is compatible with the semigroup operation, that is,

TLY=> 2 < RY, TZLYR

for any x,y,z € S. For non-empty sets A, B of an ordered semigroup (S, -, <), the
multiplication between A and B is defined by AB = {ab | a € A,b € B}. And the
set (4] is defined to be the set of all elements x of S such that z < a for some a
in A, that is,

(Al = {z € S|z < a for some a € A}.

It is clear that for nonempty subsets A, B of S, (1) A C (4]; (2) ((4]] = (4]; (3)
AC B= (A C(B]; (4) (A(B] € (AB].
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2. Main results

Hereafter, let m and n be any two positive integers.

Definition 2.1. Let (S, <, -) be an ordered semigroup. A subsemigroup A of S is
called an (m,n)-ideal of S if A satisfies the following:

(i) AmSA™ C A
(ii) (A] C A, equivalently, if z € A and y € S such that y < z, then y € A.
Definition 2.2. An (m,n)-ideal A of an ordered semigroup (5, <, -) is said to be
e quasi-prime if AjAs CA= A; C Aor Ay C A,
o strongly quasi-prime if (A1 Ag] N (A241] C A= A3 CAor Ay C A,
o quasi-semiprime if (A1)? C A= A; C A
for all (m,n)-ideals Ay, A5 of S.
It is clear that the following implications are valid:
strongly quasi-prime = quasi-prime = quasi-semiprime

Example 2.3. Let S = {0, a,b,c}. Define a binary operation and a partial order
< on S as follows:

(e B e B enJl an ) K]

b
0 0
a a
b b
c b

o o Olo

a
0
a
a
a
(

o

<:={(0,0),(0,a), (0,b), ( a,a), (a,b), (a,c), (b,b), (c,c)}.

Then (S, -, <) is an ordered semigroup and P = {0, a, b} is its strongly quasi-
prime (1, 1)-ideal. Thus, P is quasi-prime and quasi-semiprime as well.

,0),

Example 2.4. Let S = {a,b,¢,d,e}. Define a binary operation on S by zy = =
for all x € S and define a partial order < on S by

<:={(a,a), (b,b), (¢, ), (d,d), (e,e), (a,b), (a,c), (b, c)}.

Then (S, -, <) is an ordered semigroup and P = {a,b,c} is its quasi-prime (1,1)-
ideal, but it is not strongly quasi-prime.

Definition 2.5. An (m,n)-ideal A of an ordered semigroup (5, <, -) is said to be
e irreducible if Ay N Ay = A implies A1 = A or Ay = A,

o strongly irreducible if A1 N As C A implies Ay CAor A, C A
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for all (m,n)-ideals A;, Ay of S.
A strongly irreducible (m,n)-ideal is irreducible.

Theorem 2.6. The intersection of quasi-semiprime (m,n)-ideals of an ordered
semigroup (S, <,-), if it is non-empty, is a quasi-semiprime (m,n)-ideal of S.

Theorem 2.7. Let A be an (m,n)-ideal of an ordered semigroup (S,-,<). If A is
strongly irreducible and quasi-semiprime, then A is strongly quasi-prime.

Proof. Assume that A is strongly irreducible and quasi-semiprime. Let A; and A,
be (m,n)-ideals of S such that

(A1 A2] N (AzA4] C A.
Since

(Al N A2)2 g A1A2 and (Al n A2)2 g AQAl,
it follows that
(Al N A2)2 CAAyNAA C (AlAQ] N (AQAl] C A.

Now, there are two cases to consider:

Case 1: Ay N Ay = (). This implies 4; N Ay C A.

Case 2: Ay N Ay # (. Then A; N Ay is an (m,n)-ideal of S. Since A is
quasi-semiprime, it follows that A; N Ay C A.

By the above two cases, we conclude that Ay N Ay C A. Since A is strongly
irreducible, A; C A or Ay C A. Hence, A is strongly quasi-prime. O

Definition 2.8. (cf. ([7]) An ordered semigroup (S,-,<) is said to be (m,n)-
regular if every element a € S is (m,n)-regular, i.e., a € (a™Sa™].

Definition 2.9. (cf. [3]) An ordered semigroup (5, -, <) is said to be intra-reqular
if every element a € S is intra-regular, i.e., a € (SaS].

Lemma 2.10. Let (S, -, <) be an ordered semigroup. Then S is both (m,n)-reqular
and intra-regular if and only if (A?] = A for every (m,n)-ideal A of S.

Proof. Assume that S is both (m, n)-regular and intra-regular. Let A be an (m,n)-
ideal of S. Then
(47 C (4] = A.

There are four cases to consider:

Case 1: m =1 and n = 1. We can prove this case as the proof of Theorem 3.1
in [8].

Case 2: m =1 and n > 1. Since S is (1,n)-regular, it follows that

AC (ASA"] and A C (SA29).
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Then
AC (ASA™] C (ASA" 1ASA™ C (ASAASA™ C (ASASA™ASA™]
C (ASA™ASA™ C (A2
Thus, A = (A?].

Case 3: m > 1 and n = 1. It can be proved similarly to Case 2.
Case 4: m > 1 and n > 1. Since S is (m,n)-regular and intra-regular, we
obtain that

AC(A™SA"] and A C (SA2S)].
Then

AC (A™SA™] C (A™SA™ P AMSA"] C (A™SAASA]

c
C (A™SA™SATATMSAMSAM] C (A™SATA™SA") C (A?).

Thus, (A?] = A. By these cases, we infer that (4%] = A for all (m,n)-ideals of S.
Conversely, let a € S. By assumption, we obtain that

Continue in the same manner, we have that

m4n m4n m+n—+1
a¢e (U aanmSa” = (( U aanmSa”> ] C (a™Sa"].
i=1 i=1

Thus, a is (m,n)-regular. In the same way, we also have

a€ ((mgnaanmSa"> ] C (Sa*9)].

Thus, a is intra-regular. Hence, S is both (m,n)-regular and intra-regular. O

Lemma 2.11. Let (S,-,<) be an ordered semigroup. Then the following state-
ments are equivalent:

(1) (A2 = A for every (m,n)-ideal A of S;
(2) A1 N As = (A1 A2) N (AgAq] for all (m,n)-ideals Ay, Ay of S;

(3) every (m,n)-ideal of S is quasi-semiprime.
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Proof. (1) = (2): Let Ay, Az be (m,n)-ideal of S. Then we have two cases to
consider:
Case 1: A; N Ay = (). By assumption, we have that

(A1 A2]™S (A1 A" C ((A1A2)™S(A1A2)"] C (A1SA1As] = (AT'SAT As) C (A1 As]
and ((A143]] = (A1 As]. Thus, (A1 As] is an (m,n)-ideal of S. Similarly, we obtain
that (A2A;] is (m,n)-ideal of S. Suppose (A1 A42] N (A2A;] # 0. Then (A;As] N
(A2A;] is an (m,n)-ideal of S. This implies that

(A142) N (A2 A1) = (((A142] N (A241])%] C ((A142)(A241)] C (A1SA]
= (AT"SAT] C (A1] = Ai.

Similarly, we have that (4;A42] N (A2A1] C As. Thus,
(AlAQ] N (AQAl] g A1 n AQ = @

This is a contradiction. Hence, (A1 A43] N (A24;] =0 = A1 N As.
Case 2: Ay N Ay # (. Then Ay N As is an (m, n)-ideal of S. This implies that

A1 NAy = (Al n Az) n (Al n Ag) = ((Al n AQ)Z} n ((Al n A2)2]
C (A145] N (AxA,].

Thus, (A1 As] N (A3A1] # 0. We can prove similarly the above case that
(A1 A2] N (AA1] C AN A,

Hence, (AlAQ] N (AQAl] = A1 n AQ.
2) = (3): Let A and A; be (m,n)-ideals of S such that A? C A. By hypothesis,
1
we have that

A1 = Al n A1 = (AlAl} N (AlAl] = (AlAl] - (A} = A.

Thus, A is a quasi-semiprime (m, n)-ideal of S.
(3) = (1): Let A be an (m,n)-ideal of S. Then (A?] C A. Since

(A2]m5(A2]n C (A2m5A2n] C (AmSAnA] C (A2]

and ((A?]] = (A?], it follows that (A?] is an (m, n)-ideal of S. This implies that (A?]
is quasi-semiprime. Since A? C (A?], we have that A C (A?]. Hence, (4%] = A. O

Consequently,

Corollary 2.12. Let (S,-,<) be an (m,n)-reqular and intra-reqular ordered semi-
group. Then an (m,n)-ideal A of S is strongly irreducible if and only if A is
strongly quasi-prime.
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Lemma 2.13. Let (S,-, <) be an ordered semigroup. Then the following state-
ments are equivalent:

(1) The set of all (m,n)-ideals of S is totally ordered under inclusion.

(2) Every (m,n)-ideal of S is strongly irreducible and A1 N Ay # 0 for all (m,n)-
ideals A1, As of S.

(3) Every (m,n)-ideal of S is irreducible and A; N Ay # 0 for all (m,n)-ideals
Al, A2 Of S

Proof. (1) = (2): Assume that (1) holds. Then we have immediately that the
finite intersection of (m,n)-ideals of S is not empty and so, it is an (m,n)-ideal
of S. Let A, A;, A3 be (m,n)-ideals of S such that A; N Ay C A. By assumption,
we can suppose that A; C A, and then A; = A1 N Ay C A. Thus, A is a strongly
irreducible (m,n)-ideal of S.

(2) = (3): This direction is obvious.

(3) = (1): Assume that (3) holds. Let A;, Ay be (m,n)-ideals of S. Since
Ay N Ay # 0, it follows that A; N A is an (m,n)-ideal of S. By hypothesis,
we have that Al = Al n AQ or A2 = Al n AQ. Then A1 = Al N Ag - AQ or
A2:A1QA2§A1. O

Theorem 2.14. Let (S,-,<) be an ordered semigroup. Then every (m,n)-ideal
of S is strongly quasi-prime and Ay N As # 0 for all (m,n)-ideals Ay, As of S if
and only if S is (m,n)-regular, intra-reqular and the set of all (m,n)-ideal of S is
totally ordered under inclusion.
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Congruences on nil-extension of a b-lattice

of skew-rings
Sunil Kumar Maity, Uma Kapuria and Biswajit Mitra

Abstract. Let S be a nil-extension of a b-lattice of skew-rings K by a semiring ). A congruence
pair (6,w) on S consists of a congruence § on @ and a congruence w on K. In this paper, we
establish that there is an order preserving bijection between the set of all congruences on S onto
the set of all congruence pairs on S. It is also proved that if S is a nil-extension of a completely
regular semiring, then every congruence on S can be uniquely represented by a congruence pair
and there is an order preserving bijection from the set of all congruences on S onto the set of all

congruence pairs on S.

1. Introduction

Nil-extensions of semigroups are precisely the ideal extensions by nil semigroups.
Semigroups which are nil-extensions of completely simple semigroups was first
studied by S. Bogdanovié¢ and S. Mili¢ [2] in 1984. Decomposition of completely
m—regular semigroups into a semilattice of Archimedean semigroups was studied
by Bogdanovié [1]. Nil-extensions of regular semigroups, regular poe-semigroups
are special classes of semigroups that attracted many researchers. Moreover, nil-
extension of Clifford semigroup was also a matter of interest.

The structure of semirings has been recently studied by many authors, for
example, by F. Pastijin, Y. Q. Guo, M. K. Sen, K. P. Shum and others. Recently,
in paper [9], the study of completely regular semirings have derived profilic results
which were analouge properties as completely regular semigroups and it has also
been derived that a completely regular semiring is a b-lattice of completely simple
semirings. Many interesting results in completely regular semigroups and inverse
semigroups have been extended to semirings by Sen, Maity and Shum in [9]. In
[7], Maity, Ghosh and Chatterjee characterized b-lattice of quasi skew-rings. In
[10], Ren and Wang studied the congruences on Clifford quasi-regular semigroups.

In this paper we study the congruences on nil-extension of a band-semilattice
(shortly: b-lattice) of skew-rings and congruences on nil-extension of completely
regular semiring.

2010 Mathematics Subject Classification: 16Y60, 20M10, 20M07.
Keywords: Quasi completely regular semiring, additive inverse semiring, b-lattice of skew—
rings, nil-extension, bi-ideal, skew-ring, quasi skew-ring, congruence pair.
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2. Preliminaries

A semiring (S,+,-) is a type (2, 2)-algebra whose semigroups (S, +) and (S, -) are
connected by ring like distributivity, i.e., a(b+¢) = ab4+ac and (b+c)a = ba+ca
for all a,b,c € S. An element a in a semiring S is said to be infinite [4] if and
only if a+x =a =2 +a for all x € S. Infinite element in a semiring is unique
and is denoted by co. An infinite element oo in a semiring S having the property
that - 00 = 0o = oo -« for all z(# 0) € S is called strongly infinite [4]. A
semiring (S, +, -) is called additively regular if for every element a € S there exists
an element x € S such that a+x+a = a. In a semiring S, an element y satisfying
a+y+a=aand y+a+y =y is said to be an additive inverse of an element a € S.
We call a semiring (S, +, ) additively quasi reqular if for every element a € S there
exists a positive integer n such that na is additively regular. An element a in
a semiring (S5, +,-) is said to be completely regular [9] if there exists an element
x € S such that, a =a+z+a,a+x=2+a and ala + ) = a+ z. We call
a semiring S, a completely reqular semiring if every element a of S is completely
regular.

We define an element a in a semiring (S, +,-) as quasi completely regular [6]
if there exists a positive integer n such that na is completely regular. Naturally,
a semiring S is said to be quasi completely regular if every element of S is quasi
completely regular. A semiring (S,+,-) is a b-lattice [9] if (S,-) is a band and
(S,+) is a semilattice. Throughout this paper, we always let E1(S) be the set of
all additive idempotents of the semiring S and C(S) be the set of all congruences
on the semiring S. Also we denote the set of all additive inverses of a, if it exists, in
a semiring S by V*(a). We further denote the Green’s relations on a completely -
regular semigroup as .Z*, Z*, A%, 2* and #*. If (S,+,-) is an additively quasi
regular semiring, the relations £**, Z**, 7** *T and 2*7 [6] are defined by:
for a,b e S,

a . Z*t b if and only if pa LT gb,
aZ** b if and only if pa Z+ qb,
a _Z*Tbif and only if pa _# T gb,
=L N gt and DT = LT o,
where p and g are the smallest positive integers such that pa and ¢b are additively
regular.

A quasi completely regular semiring S is said to be completely Archimedean [6]
if any two elements of S are _#**-related.

A congruence p on a semiring S is called a b-lattice congruence (idempotent
semiring congruence) if S/p is a b-lattice (respectively, an idempotent semiring).
A semiring S is called a b-lattice (idempotent semiring) Y of semirings S, (o € V) if
S admits a b-lattice congruence (respectively, an idempotent semiring congruence)
pon S such that Y = S/p and each S, is a p-class mapped onto « by the natural
epimorphism p# : S — Y.

A nonempty subset I of a semiring S is said to be a bi-ideal [3] of S if for all
a € I and for all z € S implies a + x,  + a, ax, xa € I. Let I be a bi-ideal of
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a semiring S. We define a relation p, on S by ap,b if and only if either a,b € T
or a = b where a,b € S. It is easy to verify that p, is a congruence on S. This
congruence is said to be the Rees congruence on S and the quotient semiring S/p,
contains a strongly infinite element, viz., I. This quotient semiring S/p, is said to
be the Rees quotient semiring and is denoted by S/I. In this case the semiring S
is said to be an ideal extension or simply an extension of I by the semiring S/I.
An ideal extension S of a semiring I is a nil-extension [5] of I if for any a € S
there exists a positive integer n such that na € I.
For other notations and terminologies see [1] and [4].

3. Nil-extensions of a b-lattice of skew-rings

In this section we establish the structure of an additively quasi regular semiring
which is a nil-extension of a b-lattice of skew-rings.

Definition 3.1. A semiring (5, +,-) is called a skew-ring if (S,+) is a group. If
for every a € S there exists a positive integer n such that na € R, where R is
subskew-ring of S, then S is said to be a quasi skew-ring.

Theorem 3.2. (cf. [6]) Let a be an element of a semiring S such that na lies in
a subskew-ring R of S for some positive integer n. If e is the zero of R, then
(i) eta=a+e€R;
(i) ma € R for any integer m > n;
(1i1) ae = ea =e.

Theorem 3.3. (cf. [6]) A semiring S is additively quasi reqular with ezactly one
additive idempotent if and only if S is a quasi skew-ring.

Theorem 3.4. (cf. [5]) A semiring S is a quasi skew-ring if and only if S is a
nil-extension of a skew-ring.

Theorem 3.5. (cf. [6]) For a semiring S the following conditions are equivalent:
(1) S is a quasi completely regular semiring,
(i1) Every J*T - class is a quasi skew-ring,
(ii1) S is (disjoint) union of quasi skew-rings,
(iv) S is a b-lattice of completely Archimedean semirings,
(v) S is an idempotent semiring of quasi skew-rings.

Since each s7**- class in a quasi completely regular semiring S is a quasi
skew-ring, it follows from Theorem 3.3 that each .#**-contains a unique additive
idempotent. The unique additive idempotent in the 5#**- containing an element
x € S is denoted by 0,.

Theorem 3.6. (cf. [5]) The following conditions on a semiring are equivalent:
(1) S is a completely Archimedean semiring;
(it) S is a nil extension of a completely simple semiring;
(i4i) S is Archimedean and quasi completely regular.
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Definition 3.7. (cf. [8]) A subsemiring 7" of a semiring S is a retract of S if
there exists a homomorphism ¢: S — T such that ¢(t) =t for all t € T. Such
a homomorphism is called a retraction. A nil-extension S of T is said to be a
retractive nil-extension of T if T is a retract of S.

Theorem 3.8. (cf. [8]) The following conditions on a semiring are equivalent:
(1) S is a completely Archimedean semiring;
(ii) S is a nil extension of a completely simple semiring;
(#i1) S is retractive nil-extension of a completely simple semiring.

Theorem 3.9. (cf. [8]) The following conditions on a semiring S are equivalent:
(i) S is a nil-extension of a b-lattice of skew-rings.
(ii) S is a retractive nil-extension of a b-lattice of skew-rings.

Theorem 3.10. The following conditions on a semiring S are equivalent:
(1) S is a nil-extension of a b-lattice of skew-rings;
(i7) S is a quasi completely reqular semiring such that Reg" (S) is a bi-ideal
of S and a+e=e+a for alla € S and for all e € E*(S);
(i13) S is a b-lattice of quasi skew-rings and Reg™ (S) is a bi-ideal of S.

Proof. (i) = (ii) : Let S be a nil-extension of a b-lattice of skew-rings 7. Then
clearly S is a quasi completely regular semiring and Reg™(S) = T is a bi-ideal of
S. Let a € Sand e € EY(S). Thena+e,e € T and thusa+e=a+ (e +e) =
(a+e)+e=e+(a+e)=(e+a)+e=e+(e+a)=e+a.

(#7) = (4i7) : Follows from [7, Theorem 3.5].

(i73) = (i) : Let S be a b-lattice Y of quasi skew-rings S,, (o € Y') and Reg™(S)
is a bi-ideal of S. For each a € Y, let S, be the nil-extension of a skew-ring
R,. Clearly, Reg™(S) = U R, is a completely regular semiring and S is a nil-

agY
extension of Reg™(S). Since S is a b-lattice of quasi skew-rings, it follows by [7,
Theorem 3.5] that S is a quasi completely inverse semiring and hence by [7, Theo-
rem 3.6], it follows that every additively regular element possesses a unique additive
inverse. Thus every element of Reg™t(S) possesses a unique additive inverse, i.e.,
Reg™(S) is an additive inverse semiring. Thus, Reg™(S) is a completely regular
semiring as well as an additive inverse semiring. Hence Reg™(S) is a b-lattice of
skew-rings. Consequently, S is a nil-extension of a b-lattice of skew-rings. O

4. Congruences on nil-extensions

In this section we introduce congruence pair on an additively quasi regular semiring
which is a nil-extension of a b-lattice of skew-rings.

Definition 4.1. Let S be a nil-extension of b-lattice of skew-rings K by the
semiring ) with a strongly infinite element co and o be a congruence on S. We
define Ko by Ko = {a € S : (a,k) € o for some k € K}. Also, we define two
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relations on K and @, respectively denoted by o, and o, by o, = o], and
o, =(0Vpy)/pw, where p,. is the Rees congruence on S induced by the bi-ideal K.

Definition 4.2. Let S be a nil-extension of a b-lattice of skew-rings K by a
semiring ) with strongly infinite element oo, § be a congruence on the semiring
@ and w be a congruence on K. Then a pair (6,w) € C(Q) x C(K) is called a
congruence pair on S if it satisfies the following conditions.

(M) If (e, f) € w for some additive idempotents e, f € ET(S), then (p+e,p+f) €
wand (e+p, f+p) €w for any p € Q.

(M) If (p,q) € 0]|Q\ocs, then (p+e,q+e) € wand (e +p,e+q) € w for any
e € ET(S).

(Ms) (a) If (p,q) € 0lg\ocs, then (0pie,0gyc) € w and (Ocqp,0cqq) € w for any
cesS.

(b) If (p, q) € 0|Q\o00s, then (0p¢,0gc) € w and (0gp, 0cy) € w for any c € S.

(My) If a(# o0) € 06, then (a+0,+¢, a+c+044c) € w and (c+a+0,, c+a+0.44) €
w for any c € S.

We need two results similar to Proposition 2.2 and Proposition 2.3 from [10].

Lemma 4.3. Let S be a nil-extension of b-lattice of skew-rings K by the semiring
Q with a strongly infinite element co and o be a congruence on S. Then a € Ko
if and only if (a,a+0,) € 0 and (a,0, + a) € 0.

Lemma 4.4. Let S be a nil-extension of b-lattice of skew-rings K by the semiring
Q with a strongly infinite element co and o be a congruence on S. Then (0,,0;) € o
for any (a,b) € 0.

Lemma 4.5. Let S be a nil-extension of b-lattice of skew-rings K by the semiring
Q with a strongly infinite element co and o be a congruence on S. Then o C T if
and only if o, C 7, and o, C 7, for any o,7 € C(S).

Proof. Now, 0, = (0V py)/pwTo = (TV pr)/px: 0 = 0|k and 7, = 7|k
First we assume that o C 7. Suppose ap,,bp, € Q = S/p, such that
apy 0, bp,. Then ap, (0 V p,)/p, bp,. This implies that a (o V p,.) b, ie.,

there exists a sequence of elements c,,c,,...,c, € S with a = ¢,,b = ¢, such that
(c;,¢,41) € o or (c,;,c,,,) € p,. This implies there exists a sequence of elements
€5Cyy-.nyc, €S witha=c,,b=c, suchthat (c,,c,41) € Tor (c,,c,.,) € py, i€,

a(tV p,)band thus ap, 7, bp,.

To show o, C 7., let ¢,d € K such that c o, d. This implies co d and hence
¢ 7 d with ¢,d € K. Therefore, ¢7, d and consequently o, C 7.

Conversely, suppose that o, C 7, and o, C 7,.. To show o C 7, let po ¢ for
some p,q € S. If both p,q € K, then po, q. Now o, C 7, implies p7, ¢ and

hence p7Tq. So we consider the cases when one of p,q does not belong to K, or
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both do not belong to K. Now p o ¢ implies p (o V p,.) ¢, i.e., pp, 0, qp,. This
implies pp,. T, qpy, i€, pp (TV pr)/px 4Py, i€, p (T V py) q and therefore

there exists a sequence z,,z,,...,2,, € S with z;, = p and z,, = ¢ such that
either (z,,2,,,) € Tor (z,,7,,,) € py-

If (x,,z,,,) € 7 for all i = 1,2,...,m, then clearly (x,,z,) € 7 and hence
(p,q) € 7. Therefore, o C 7.

On the other hand, if (z,,z,,,) € p, for at least one i = 1,2,...,m, then we

have p,q € K7. Then by Lemma 4.3, we have (p,p+0,) € 7 and (¢,¢+ 04) € 7.
Again, p o ¢ implies 0, 0 0, by Lemma 4.4 and hence (p + 0,,¢ + 04) € o. Since
p+0,,¢+0, € K, we must have (p+ 0,,¢ +0,) € o,.. Since o, C 7., it follows
that (p+0,,¢+0,) € 7, i.e., (p+0,,¢+04) € 7. Therefore, p7 (p+0,) 7 (¢+04) T q
and thus p7¢. Consequently, o C 7. O

Theorem 4.6. If o € C(S), then (0,0, ) is a congruence pair on S.

Proof. For any o € C(S), clearly it follow that o, € C(Q) and 0, € C(K). By
[10, Lemma 3.3|, it follows that (o,,0x) satisfies all the conditions in Definition
4.2 except Ms(b). To complete the proof, we only prove that the pair (o, ,0, )
satisfies the condition Mj3(b) in Definition 4.2. For this, let (p,q) € 0Q|Q\OOUQ.
Since o is a congruence on (S,-), then for any ¢ € S, we have (pc, ¢c) € o and
hence by (0pc,04c) € 0. As 0pe,04c € K, we have (0pe,04c) € 0. Similarly,
we have (0cp,0cq) € 0. This shows that (0,0, ) satisfies the condition M3(b).
Consequently, (c,,,0, ) is a congruence pair on S. O

Theorem 4.7. Let S be a nil-extension of a b-lattice of skew-rings K by a semiring
Q with a strongly infinite element co. Let (§,w) € C(Q) x C(K) be a congruence
pair on S. Define a relation o on S by : for a,b € S, a o b if and only if

(1) (a,b) €9 for any a,b € S\ R,

(i7) (a+ 04,0+ 0p) € w for any a,b € R where R = K U (006 \ {o0}).
Then o is a congruence on S such that Ko = R.

Proof. By Lemma [10, Lemma 3.4], we have o is a congruence on (S, +) such that
Ko = R. To complete the proof, it remains to prove that ¢ is a congruence on
(S,-). For this let a,b € S such that acb and c € S.

Case -1 : We assume that a,b € S\ R. Then adb. It is easy to verify that
ac € S\ R if and only if bc € S\ R and in this case clearly ¢ ¢ K, i.e., ¢ € Q.
Since ad b and ¢ € @), we must have ac§ be.

We now show that whether ¢ € K or not, acé bec when both ac,bc € R. Since
a,b € S\ R, we have a,b € Q \ 0od. So by condition Mj5(b), we have (04, Opc) €
w. Since w € C(K) and a + 0, € K, we have 04c(a + 04) w Opc(a + 0,), i.e,
04ca w Opca. Now, (a,b) € 6|g\oos implies Opeq w Opep, i-€., Opeca w Opcb. Therefore,
Oac@ w Opeb. Since 0g4ca,0pcb € ET(S) and 04ca w Opeb, so by condition My, we
have a + 04ca w a+ Opeb. Again, a 6 b and Opcb € ET(S) imply a + 0pcb w b+ Opeb
[by the condition Ms]. So by transitivity of w, we have a + 04ca w b+ 0pcb. Since
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¢+0, € K and w is a congruence on K, then (a+ 04ca)(c+0.) w (b+ 0pcd)(c+0.),
i.e., (ac+ 04c)w (be + 0pc). Hence aco be.

Case - IT : We now assume that a,b € R. In this case ac,bc € R for any ¢ € S.
Again, ao b implies (a + 04,0+ 0) € w. Since ¢+ 0, € K and w is a congruence
on K, it follows that (a + 04)(c+ 0.) w (b4 0p)(c + 0.), i.e., ac + 0gc w bc + Ope.
Since both ac, bc € R, hence we have (ac, bc) € o. Thus o is a right congruence on
(S,-). Similarly, we can show that o is also a left congruence on (S,-) and hence
o is a congruence on the semiring S. O

Theorem 4.8. Let S be a nil-extension of a b-lattice of skew rings K by a semiring
Q with strongly infinite element and let (§,w) be a congruence pair on S. Then
the congruence o given in Theorem 4.7 is the unique congruence on S satisfying

oo =0 and o, = w.

Proof. The proof is similar to [10, Lemma 3.5]. O

Combining Lemma 4.5, Theorem 4.6, Theorem 4.7 and Theorem 4.8 we get
the following result.

Theorem 4.9. Let S be a nil-extension of a b-lattice of skew-rings K by a semiring
Q with strongly infinite element. Then a mapping ' : C(S) — C(Q) x C(K) such
that o +— (0,0, ) is an order preserving bijection from the set of all congruences
on S onto the set of all congruence pairs on S.

To give a description of congruences on a nil-extension of a completely regular
semiring S, we introduce the following definition.

Definition 4.10. Let S a quasi completely regular semiring which is a nil-extension
of a completely regular semiring K by a semiring ) with strongly infinite element
oo. Let § € C(Q) and w € C(K). Then the pair (4,w) is said to be a congru-
ence pair if it satisfies all the conditions (M), (Ms), (Ms), (My) in Definition 4.2
together with two additional conditions given by

(Ms) If (p+e,q+ f) € w for some additive idempotents e, f € ET(S) and any
p,q € S, then (p+e, f+q) € w. Dually if (e+p, f+¢) Ew, then (e+p, g+ f) €w.

(Mg) If (p+e, f+q) € w for some additive idempotents e, f € E¥(S) and any p, q €
S, then (e+p,q+ f) € w. Dually if (e+p,q+ f) € w, then (p+e, f+¢q) € w.

Lemma 4.11. Let S be a nil-extension of a completely reqular semiring K by
a semiring Q with strongly infinite element co. Let (0,w) € C(Q) x C(K) be a
congruence pair on S. Define a relation o on S by: for a,b € S, acb if and only if
(7) (a,b) €9 for any a,b € S\ R,
(i7) (a+ 04,0+ 0p) € w for any a,b € R where R = K U {00d \ {c0}}.
Then o is a congruence on S such that Ko = R.

Proof. The proof follows similar to Theorem 4.7. O
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Theorem 4.12. Let S be a nil-extension of a completely reqular semiring K by
a semiring (Q with strongly infinite element co. Then a mapping I : C(S) —
C(Q) x C(K) such that o — (0,0, ) is an order preserving bijection from the set
of all congruences on S onto the set of all congruence pairs on S.

Proof. The proof follows similar to Theorem 4.9. O
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Cryptanalysis of some stream ciphers

Nadeghda N. Malyutina

Abstract. We show that the Vojvoda attacks (attacks with selected plaintext and selected
ciphertext) on Markovski cipher can be modified on generalized Markovski cipher based on left
and right quasigroups. We give a comparative analysis, identifying positive and negative points
in these attacks.

1. Introduction

Today, various cryptosystems based on quasigroups have appeared, which show
that the use of quasigroups opens new ways in the construction of stream and block
ciphers. For example, S. Markovski [1] (see also E. Ochodkova and V. Snashel [2])
proposed a new stream cipher to encrypt the file system. The cipher has a very
large key space. M. Vojvoda has given a cryptoanalysis of the file encoding system
based on quasigroups [5] and showed how to break this cipher.

Let (@, *) be a finite quasigroup. Individual plaintext characters uy, usg, ..., ux
and ciphertext characters vy, vs, ..., v, are represented by the elements of Q, i.e.,
ui,v; € Q, 1 < i < k. The key of this cipher is the operation * defined in the set
@ and represented by its Caley table. The keyspace is enormously large.

The authors stated that such a cipher was resistant to any attack [2], although
they only studied resistance against brute force attacks and performed some sta-
tistical tests on this cipher. From the point of view of cryptanalysis, a good cipher
must be strong, at least against known attacks. The best approach is to match
only the obvious pairs of elements, and then partially decrypt the encrypted text.

Basic concepts and definitions can be found in [4].

2. Chosen ciphertext attack on Markovski cipher

Assume the cryptanalyst has access to the decryption device loaded with the key.
He can then construct the following ciphertext:

4191491929143 - - - q14n

429142929243 - - - q2qn

dnq14nq29ngqs - - - @ndn
and enter it into the decryption device.

2010 Mathematics Subject Classification: 20N05
Keywords: Quasigroups, left (right) quasigroups, cryptoatacks, cryptoanalysis.
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The decryption device gives the following plaintext:

Nag g\eit a\@a @1\@2 @\a1 @\g3...¢1\aqn
@ \@2 @\ a\@2 @©\g¢2 @\ @\g...¢\¢

an\n @ \@ @ \Gn Gn\G2 @2\gn  Gn\G3 ... Gn\Gn
It is easy to see that the Caley table of the operation \ defined on @ is com-
pletely found. The construction of the Caley table of the operation * is straight-
forward.
The ciphertext used in the attack consists of 2n? characters. Of course a shorter
ciphertext can be constructed. The main requirement of M. Vojvoda is that all
the pairs of adjacent elements will appear in the ciphertext.

Example 2.1. Let Q = {¢1 = 0,92 = 1,¢g3 = 2,q4 = 3} and let the quasigroup
(Q,\) with which the decryption is performed have the following Cayley table:

\ |0 2 3

w N = O
W = O
=N O W
[\V]

0 2

Let | € Q, | = 2. Enter the following text into the decryption device:
00010203
10111213
20212223
30313233
At the output we get: 12203311230110321133022030122103

Having broken the text into four blocks we will receive:

12203311

23011032

11330220

30122103
Thus, the rows of the table of quasigroups (Q,\) are displayed sequentially in even
positions.

However, for a complete reconstruction of the Cayley table for the quasigroup
(@,\) it is enough to input only 2n? — 4n + 1 = 2n(n — 2) + 1 characters instead
of 2n? (in our example, only the first 17 characters will be used instead of 32
characters). Leader [ is the solution to the equation: {\0 = 1 = [ = 2. Knowing
the table for a quasigroup (@, \), the quasigroup encryption table is easily restored:

*|0 1 2 3
01 3 0 2
{2 1 30
203 0 2 1
3]0 2 1 3

Thus, the ciphertext known to us is easily decrypted.
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We suggest using a different text in the decryption procedure:
419192424343 - . . gn—2qn—24n—1G9n—14nQn
9291493929443 - - - gn—19n—2Gnfdn—-1919n
4349194924543 . . . gndn—-241Gdn—-142Qn

The decryption device provides the following plaintext at the output:
Ng o\ ¢\ @2\¢-.-¢n\gn
n\a2 e\ @\g g\gz...q1\qn
an\gs g3\ @ \qs qa\q2-..q2\qn

The last symbol depends on the parity of the order of the quasigroup, namely,
if n is an odd number, then the last operation will be: gx\g¢,, where k = [%] + 1.
If n is an even number, then the last operation will be: q%\qn.

The Cayley table of the operation \ defined on @ is completely located, after
which it is easy to find the Cayley table of the operation *. The presented attack
requires n? —2(n — 1) operations \. Compared to M. Vojvoda’s attack, the number
of characters used is reduced to (n + 1)? — 3 characters, i.e., quite significantly.
And this number does not depend on the leader.

Example 2.2. For our example, the following text is introduced into the decryp-
tion device:
00112233
10
At the output we get: 1201020323
So, instead of 32 characters, 10 characters will be used.

A cryptographic attack on a stream cipher uses the assumption that the crypt-
analyst knows the statistics of the language in which the plaintext message is
written.

3. Chosen plaintext attack on Markovski cipher

Suppose a cryptanalyst has access to an encryption device with an unknown key.
In his PhD thesis [6], M. Vojvoda presented the following text for encryption:
q1915 9192541935 - - - 41Qn;
q291; 42925 429435 - - - 2Qn;

qnq1;4nq2;4ngs3; - - - Gndn.
This text is entered into the encryption device discretely by two characters.
Thanks to this input, we have the following ciphertext:

Ixqr ((Ixq)*q)ilxq ((Uxq)xqe);...Ilxq ((Ixq1) % qn);
Ixga ((Ixg)*q)il*xqe ((Ixqa)*qe);...lxqgz ((I*q2)*qn);
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The Cayley table of the operation * defined on @ is completely located. The
presented attack requires 2n? operations *. However, shorter encrypted text can
be built.

Example 3.1. Let Q = {¢1 = 0,92 = 1,¢g3 = 2,q4 = 3} and let the quasigroup
(Q, *) with which the decryption is performed, have the following Cayley table:

*|0 1 2 3
01 3 0 2
1/2 1 30
203 0 2 1
3]0 2 1 3

LetleQ,l=2.
Consider the plaintext attack. Enter the following text into the encryption
device:
00;01;02; 03;
10;11;12;13;
20;21;22; 23,
30; 31; 32; 33.

The text is entered into the encryption device discretely by 2 characters. At
the output we have the following encrypted text:
30;32; 31, 33;
01;03;00; 02;
23;20; 22; 21,
12;11;13;10.

The Cayley table of the operation * defined on @ is completely located. Then it
is easy to find the Cayley table of the operation \. The presented attack requires
2n? operations *. The plaintext used in the attack consists of 2n? characters
divided into pairs.

However, a shorter encrypted text consisting of 2(n — 1)? characters can be
constructed (in our example, 18 characters can be used instead of 32 characters).
The output, that is line by line at an odd position, is the line number, and at an
even position - is the element of the quasigroup (@, ). Unlike an attack with the
selected ciphertext, in this attack the output of lines is not ordered.

Now consider the option when characters are launched into the encryption
device by the stream, i.e., as in the case of an attack with the selected ciphertext:
4191491929143 - . - q14n
429192424293 - - - G2qn

dnq19nq24ngs3 . - - dndn
The encryption device provides the following ciphertext at the output:
V1 :l*ql,vg = V1 *{q1,V3 = V2 *(q1,V4 = V3 *(q2,V5 = V4 *(q1,V6 = V5 *q3,...,
V2n = V2n—1 * Qn,
Van+1 = V2n ¥ Q25...,V4n = Vin—1 *Qn, ..., Vop2_op = Uop2_9,_1 ¥ qn,y ...,
Vap2 = VUgp2_1 * qn.
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Example 3.2. For our example, simply type the following text into the encryption
device:

00010203

10111213
At the output we have the following encrypted text: 3011223323203110

The Cayley table of the operation * defined on @ is completely located. After
that, it is easy to find the leader and the Cayley table of the operation \. The
presented attack requires 16 operations x, which is exactly half as much as in
the attack proposed by M. Voivoda. In our example, instead of 32 characters, 16
characters are used. However, it should be noted that the number of symbols used
depends on the value of the leader. In our example, [ = 2, we get the same result
for l =1 and [ = 3, but for [ = 0, not 16 characters, but 21 characters are needed.

Consider another option for plaintext:

03020100

1312
At the output we have the following encrypted text: 330011232113

The presented attack requires operations * less than in the attack proposed
by M. Vojvoda, but everything depends on the chosen leader. In our example,
instead of 32 characters, 12 characters are used.

Consider another option for plaintext:

q191  g292 QG343 ...4n—24n—-2 QGn—-14n—1 Gn{4n
9291 q3q2 4443 ...{4n—-19n—-2 {4ndn—-1 qiQn
9391 G492 G543 ...GnGn-2 qiGn-1 QG2Qn ...
The plaintext used in the attack consists of 2(n — 1)? characters divided into
pairs. In this attack the output of lines is not ordered.
The encryption device provides the following ciphertext at the output:
v =1*q1,v2 =01 *q1,
v3 =l % q2,v4 = V3 * @2,
vs = 1% q3,V6 = Vs *q3,...,
Van—1 = 1 % Qn, Van = V2n—1 * Qn,
Va(n—1)2—1 = L* Gn-1, ..., Va(n_1)2 = Vg(n_1)2—1 * q1.

Example 3.3. For our example, simply type the following text into the encryption
device:
00 11 22 33
10 21 32 03
20
At the output we have the following encrypted text:

30 03 22 10 01 20 13 33 23
In our example, instead of 32 characters, 18 characters are used. This result
coincides with the result of reduced attack by M. Vojvoda.

Thus, even in the binary case, when carrying out attacks with a selected ci-
phertext or selected plaintext, the number of symbols used can be reduced.
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4. Generalized Markovski cipher and left quasigroups

Example 4.1. Let the key left quasigroup with which the decryption is performed,
have the following Cayley table:

\[o 1 2 3
0j[o 2 1 3
1/10 2 3
200 3 1 2
3]2 1.3 0

Here Q = {ql = an2 = 17(]3 = 2»Q4 = 3} and [ = 3.
Enter the following text into the decryption device:
00010203
10111213
20212223
30313233.
At the output we get: 20021103112002333013211202313320
Having broken the text into four blocks we will receive:

20021103 11200233 30132112 02313320
So, rows of the table of the left quasigroup (@Q,\) are output sequentially in
even positions.

However, for a complete reconstruction of the Cayley table for the left quasi-
group (@Q, ), it suffices to input only 2n? — 2n + 1 = n? + (n — 1)? characters at
the input instead of 2n? (in our example instead of 32 characters, only the first
25 characters will be used). The rest of the table is easily restored, taking into
account the fact that the elements are not repeated in the lines of the left quasi-
group. The leader [ is a solution to the equation: I\ 0 = 2 = [ = 3. In addition,
knowing the table for a quasigroup (@, )\) easily restores the quasigroup table of

encryption (@, *):

*|0 1 2 3
0j0 2 1 3
1|10 2 3
200 2 3 1
31310 2

After that, the encrypted text known to us is easily decrypted.
If we run the following text on the decoder:
9191924929343 - . . n—24n—29n—-19n—19nQgn
4291434924443 . . . gn—-1G9n—24nQdn—-1491gn
4391949295493 - . - qndn—-24919n—-192Q4n - - .
the decryption device provides the following plaintext at the output:
Na e\t a1\¢2 ©2\¢2--.qn \n
n\az @\ @a\@ @\e@-..q\gn
g \e3 B\ @ \g@ q\g...q2\qn
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The last symbol depends on the parity of the order of the quasigroup, namely,
if n is an odd number, then the last operation will be: g, \qr , where k = [g] + 1.

If n is an even number, then the last operation will be: qn\q%H.

The presented attack requires n? —2(n—1— [%] ). If n is an odd number, then

the attack requires: (n —1)2 + 2 [2] + 1 operations, and if n is an even number,
you will need: n? —n +2 = (n— 1)? +n + 1 operations \.

In comparison with the attack of M. Vojvoda, the number of used symbols is
significantly reduced.

Example 4.2. For our previous example, we enter the following text into the
decryption device:
00112233
102132
At the output we get: 00202120111333
So, instead of 32 characters, 14 characters will be used.
Consider the plaintext attack built in this one.
Enter the following text into the encryption device:
00 01 02 03
10 11 12 13
20 21 22 23
30 31 32 33

The text is entered into the encryption device discretely by 2 characters. At
the output we have the following encrypted text:
33 31 30 32
11 10 12 13
00 02 01 03
20 22 23 21

The output, that goes line by line at an odd position is the line number, and
at an even position - is the element of the left quasigroup itself. The plaintext
used in the attack consists of 2n? characters divided into pairs. However, a shorter
encrypted text consisting of 2n? — 2n characters can be constructed (in our exam-
ple, the last pairs, the corresponding elements of the last column, can be omitted,
which means that instead of 32 characters, you can use 24 characters). The line
output is not ordered.

If we consider the attack with the following opentext:

00010203

10111213

20
at the output we have the following encrypted text: 333112031102231300.

In our example, instead of 32 characters, 18 is launched. Thus, in the binary
case, when carrying out attacks with selected plaintext and selected ciphertext,
the number of used characters can be reduced. But this result will change when
choosing another leader and not always for the better. The question of the range of
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variation of the number of possible symbols used for the disclosure of a quasigroup
remains open, as in the case of the usual quasigroup.
Now consider the option when characters are launched into an encryption de-
vice discretely, namely the following pairs:
q191 G292 Q4343 ...4n—2qn—-2 QGn—-14n—1 ({nQ4n
9291 QG392 QG443 ...qn—-19n—-2 QGnQn—-1 qiQn
9391 g4q2 gs543...4nqn—-2 qign—-1 QG2Qn ...

Example 4.3. For our example, simply type the following text into the encryption
device:
00 11 22 33
10 21 32 03
20 31 02 13
At the output we have the following encrypted text:

00 22 30 13 20 31 30 03 33 10 01 21

The Cayley table of the operation * defined on @ is completely located. After
that, it is easy to find the leader and the Cayley table of the operation \. The
presented attack requires operations * less than in the attack proposed by M.
Vojvoda, but everything depends on the chosen leader. The plaintext used in the
attack consists of 2n? — 2n symbols divided into pairs. The output is not ordered.

In our example, instead of 32 characters, 24 characters are used. This result
coincides with the result of a reduced attack by M. Vojvoda.

5. Generalized Markovski cipher and right quasigroups
Description of generalized Markovski cipher based on right quasigroups is given

in [4]. Suppose that the key is right quasigroup, with which the decryption is
performed, have the following Cayley table:

W N = O
O =N WO
S WK &= N
=R W NN OoOIN
NN O~ Ww
W N O R

Here Q = {q1 = 0,q2 = 1,q3 = 2,94 = 3,¢5 = 4} and [ = 2.
Enter the following text into the decryption device:
9191 g292 43g3...4nQn
q2q1 4392 G4qQ3...Gn—-19n—-2 QGnQdn-1 (qiQn
4391 4492 G593 ---Gndn—2 qiGn—1 q2qn - -.

Example 5.1. For our example, simply type the following text into the encryption
device:
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0001020304
1011121314
2021222324
3031323334
4041424344.
At the output we get: 01132204300234412310202213340113413042243400021143
Having broken the text into five blocks we will receive:
0113220430 0234412310 2022133401 1341304224 3400021143

So the columns of the table of the right quasigroup (Q, /) are output sequen-
tially in even positions. For a complete reconstruction of the Cayley table for the
right quasigroup (@, /), as well as in the case of the left quasigroup, it suffices to
input only 2n? —2n+1 = n? + (n — 1)? instead of 2n? characters (in our example,
instead of 50 characters, only 41 will be used). The leader [ is a solution to the
equation: 0/l =0 = [ = 2. In addition, knowing the table for a quasigroup (@, /)
easily restores the table of a quasigroup encryption (@, *):

*x|0 1 2 3 4
04 4 0 2 1
1/]0 2 2 1 3
202 0 1 3 2
3/1 3 2 0 4
413 1 3 4 0

If we run the following text on the decoder:

4191929249343 - . . qn—29n—2qn—19n—19nQgn
4241493424443 - . . Gn—14n—2qdngdn—141Q4n
4391949249543 - . . qnqn—2919n—-192Qqn . . .

the decryption device provides the following plaintext at the output:

a/l, /o, @/a, @/, /cn
@/qn, @ /q2, /a1, @/qn, @1/gs,...

The situation is the same as in the case of left quasigroups, i.e. the last char-
acter depends on the parity of the order of the quasigroup, namely, if n is an odd
number, then the last operation will be: gi/q, , where k = [2] + 1. If n is an
even number, then the last operation will be: g= 41/g, operations /.

n

Presented attack requires: n? — 2(n — 1 — [%2]) operations /.

Example 5.2. For our previous example, we enter the following text into the
decryption device:

0011223344

10213244304

2
At the output we get: 013413424302223011302

So, instead of 50 characters, 21 characters will be used and the result does not
depend on the leaders used.
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Consider the plaintext attack.

device:
00
10
20
30
40

Enter the following text into the encryption

01
11
21
31
41

02
12
22
32
42

03
13
23
33
43

04
14
24
34
44

The text is entered into the encryption device
the output we have the following encrypted text:

04
41
14
20
32

00
43
12
24
31

02
42
10
21
33

01
44
13
22
30

03
40
11
23
34

discretely by 2 characters. At

The output goes column by column at an odd position, and the column number
at an even position is the element of the right-hand quasigroup (Q, *). After which
it is easy to find the Cayley table of the operation /. The opentext used in the
attack consists of 2n? characters divided into pairs. However, a shorter encrypted
text consisting of 2n? — 2n characters can be constructed (in our example, the last
pairs, the corresponding elements of the last line, can be omitted, which means
that instead of 50 characters, you can use 40 characters). Unlike the attack chosen
by ciphertext, in this attack the output of the columns is not ordered.

If we consider the attack with the following opentext:

0001020304
1011121314
2021222324
3031323334
404142

at the output we have the following encrypted text:
0412020140043121224020242101030443022223411233.
The presented attack requires 46 elements to be processed in our example. But

the result depends on the leader used.

Now consider the option when characters are launched into an encryption de-

vice discretely, namely the following pairs:

q191  g2q2 Q343 ...4n(Qn
4291 G392 4443 ...Ggn—1Gqn—2

g3q1  q442 QG543 ...4qnQn—2

ann—l QIQn

qd1qn—1 q2qn - . .

Example 5.3. For our example, simply type the following text into the encryption

device:
00
10
20
30

11
21
31
41

22
32
42
02

33
43
03
13

44
04
14
24

At the output we have the following encrypted text:
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00 43 10 22 34 41 14 21 30 03 14 24 33 01 40 20 31 02 44 11

The plaintext used in the attack consists of 2n% —2n symbols divided into pairs.
The output is not ordered.

In our example, instead of 50 characters, 40 characters are used. This result
coincides with the result of a reduced attack by M. Vojvoda.

6. Conclusion

Thus, in the binary case, when carrying out attacks with selected plaintext and
selected ciphertext, the number of symbols used can be reduced, even if it is
insignificant.

The results are displayed in the following table:

The required number of characters used

Order Chosen Chosen Attack Chosen

ciphertext ciphertext modified plaintext
and plaintext attack ciphertext attack

attack M. Vojvoda M. Vojvoda
M. Vojvoda (truncated) (truncated)
Quasigroups

n 2n? 2n? —4n +1 n?—2(n—1) 2(n —1)?
n=128 32768 32257 16130 32258
n=256 131072 130049 65026 130050
n=512 524288 522241 261122 522242
n=1024 2097152 2093057 1046530 2093058

Left and right quasigroups

n 2n2 2n® —2n+1 | n®—2(n—1-[2]) 2n? — 2n
n=128 32768 32513 16258 32512
n=256 131072 130561 65282 130560
n=512 524288 523265 261634 523264
n=1024 2097152 2095105 1047554 2095104

Remark 6.1. We notice that
2n?
lim ———— =1,

nooo2n2 —dn+1

2 2
lim i

—_ =2.
n~>oon2—2n+2
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A unified method for setting finite
non-commutative associative algebras

and their properties
Dmitriy Moldovyan

Abstract. A unified method for defining a class of the finite non-commutative associative
algebras of different even dimensions m > 6 is proposed to extend the set of potential algebraic
supports of the public-key cryptographic algorithms and protocols based on the hidden discrete
logarithm problem. The introduced method sets the algebras containing a large set of the global
left-sided units. A particular version of the method defines the algebras with parametrizable
multiplication operation all modification of which are mutually associative. The cases m = 6
and m = 10 are detaily considered.

1. Introduction

One of the current challenges in the area of theoretic and applied cryptography rep-
resents developing the public-key cryptographic algorithms and protocols that run
efficiently on classical computers but will resist quantum attacks [1, 2], i. e., attacks
performed with using hypothetical quantum computers that can be used to solve
the factorization problem (FP) and the discrete logarithm problem (DLP) in poly-
nomial time [15]. Development of the post-quantum public-key cryptoschemes is
connected with looking for difficult computational problems that are different from
the FP and DLP and can be used as primitives of the public-key cryptoschemes.

Much attention of the researchers has gained the conjugacy search problem
(CSP) in braid groups representing a particular type of non-commutative groups [3,
6]. On the base of the computational difficulty of that problem a number of the
public-key cryptoschemes have been designed [4, 16]. Another promising approach
to the development of the post-quantum digital signature schemes [8, 9] and pub-
lic key-agreement protocols is connected with exploiting so called hidden DLP
(HDLP). For the first time the HDLP was proposed in the form of combining the
DLP with the CSP as follows [11, 12]:

Y =GYoQ oG, (1)

2010 Mathematics Subject Classification: 94A60, 16705, 14G50, 11T71, 16550

Keywords: non-commutative algebra, finite associative algebra, single-sided units, parametri-
zable multiplication, post-quantum cryptography, public-key cryptoscheme, hidden logari—
thm problem, discrete logarithm problem
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where the known values Y (the public key), G, and @ are elements of some fi-
nite non-commutative group I'; the unknown natural numbers w and z represent
the private key. The public key-agreement scheme, the public encryption and
commutative encryption algorithms have been introduced in [11, 12] using the
multiplicative group of the finite algebra of quaternions, defined over the ground
field CF(p), as the group I'. Detailed investigation [5] of the security of that cryp-
toschemes have revealed possibility of the polynomial reduction of the HDLP to
the LP in the field CF(p?). That result had shown fundamental difficulties for
development of the post-quantum public-key cryptoschemes on the base of the
HDLP defined in the form (1) when using the finite algebra of quaternions as
the algebraic support of the HDLP. Therefore, the further research of the HDLP
as potential post-quantum cryptographic primitive is connected with looking for
new forms of the HDLP and/or new finite non-commutative associative algebras
(FNAASs) as algebraic supports of the HDLP.

In present paper a unified method for setting a class of the FNAAs of different
even dimensions m > 6 is proposed. The introduced FNAAs possess two fea-
tures that are interesting for cryptographic applications: i) the algebras contain a
large set of the global left-sided units and ii) the algebras can be set so that that
the multiplication operation is parametrizable and arbitrary two modifications of
the multiplication operation are mutually associative. The last property is very
attractive for potential application in the public-key cryptoschemes in which the
modifications of the multiplication operation are used as a part of the private key.
The properties of the 6-dimensional and 10-dimensional FNAAs are investigated
in detail.

2. A method for setting a class of the FNAAs

2.1. Preliminaries

The FNAAs of small dimension m, which contain a large set of the global single-
sided units, are described in [10] (m = 2) and [13] (m = 3). However for developing
public-key cryptosystems based on the HDLP it is preferably to apply the FNAAs
of the dimensions m > 4, which are defined over the field GF(p) with sufficiently
large characteristic p (for example, having the size equal to 256 to 512 bits).

The m-dimensional finite algebra represents the m-dimensional vector space
over the field GF(p), in which the multiplication operation (that is distributive
relatively the addition operation) is additionally defined. The multiplication op-
eration (denoted as o) can be defined with using the representation of arbitrary
vector A = (ag, a1, ...am—1) as the following sum of the single-component vectors
a;e;:

m—1
A= E a;€;,
i=0
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where eg = (1,0,0...,0), e; = (0,1,0...,0), ... e,—1 = (0,0...,0,1) are the
basis vectors; ag, a1,...a,_1 are coordinates of the vector A.

The result of the multiplying two m-dimensional vectors A and B = ZT:Bl bje;
is defined as follows:
m—1 m—1 m—1m—1
AoB= <Z aiei> o Z bie; | = Z a;b; (e;oej), (2)
i=0 j=0 j=0 i=0

where the product of every pair of the basis vectors e; o e; is to be replaced by
some single-component vector pej that is taken from the so called basis vector
multiplication table (BVMT), like Tables 2, 3 (see Section 3), and 4 (Section4).
When performing such replacement, one assumes that the intersection of the ith
row and the jth column defines the value pe, = e; o e;. The value p # 1 is called
structural coefficient. If the BVMT defines the multiplication operation that is
associative and non-commutative, then the algebra is called FNAA. The element
L (the element R) satisfying the vector equation Lo A = A (A = Ao R) for every
element A of the algebra is called the global left-sided (right-sided) unit.

2.2. Proposed unified method for defining FNAAs
of different even dimensions

The paper [7] describes a general method for defining a class of the FNAAs over
the field GF(p), which contain a large class of the single-sided units, for arbitrary
dimensions m > 1. However, using the general properties of such algebras, which
are described in [7], one can show that for arbitrary value of the dimension the
HDLP can be easily reduced to the DLP in the field GF(p). Therefore, in order to
extend the class of potential algebraic supports of the HDLP-based cryptoschemes
one can propose the following unified method for defining the FNAAs over the
ground field GF(p).

The proposed method consists in using the BVMT described by the following
formula for multiplying the basis vectors e; and e; in the m-dimensional vector
space:

e 0e; =ej_g, (3)

where the value j — di is computed modulo m. For arbitrary even value m one can
fined the values d such that the BVMT described by the formula (3) will define
non-commutative associative multiplication operation.

Let us consider three m-dimensional vectors A, B, and C = Y_}" | cyey. Taking
into account the formula (2), for product of the vectors A, B, and C = Y_}" , cxep
one can get the following
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m—1m—-1m-—1

(AoB)oC = a;bjcy (e; 0 €j) o eg;
i=0 j=0 k=0
m—1m—1m-—1

Ao(Bo(C) = a;bjcpe; o (ejoey).
i=0 j=0 k=0

The last formula shows the multiplication operation is associative, if the BVMT
defines associative multiplication of the basis vectors.

For multiplication of three basis vectors e;, e;, and ey, which is performed in
accordance with the formula (3), one can write

(ejoej)oe, =ej_g;0€y =€, _gitaz;

€; o (ej © ek) =€;0€r_¢gj = €kx—dj—di-

Thus, the formula (3) defines associative multiplication of the basis vectors, if the
condition
d> = —d mod m. (4)

holds true.

For all values m > 2 the value d = —1 mod m satisfies the condition (4)
and defines associative multiplication, however in this case we have commutative
multiplication. Non-commutative associative multiplication operation can be ob-
tained for even values of the dimension m > 6, for example, when m = 6,10, 12, 14.
Table 1 shows the values of the parameter d at which we have the m-dimensional
FNAAs.

Table 1

Suitable values d for different dimensions m

m 6 10 12 14 18 20 30 40 62
d 2,314,513, 8[6;7|8 9]|4; 15| 5;24]|6; 35| 30; 31

It is easy to show that for the values m = 2¢q, where ¢ is a prime, we have the
following two values of the parameter d: d; = ¢ and ds = ¢ — 1 (note that in this
case we have ¢> = ¢ = —¢ mod m and (¢ — 1) =1 — ¢ mod m).

The formula (3) generates the BVMTs that are free from structural coefficients,
but one can experimentally find different distributions of the inserted structural
coefficients, which retain the property of the associativity of the multiplication
operation. After such modification of the source BVMT constructed for the case
m = 6 and d = 2 one obtains the BVMT defining the 6-dimensional FNAA (that
contains p? global left-sided units) used as algebraic support of the post-quantum
signature scheme in [14].
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For the case of even values of the parameter d one can propose the following
version of the proposed unified method, which is described by the following formula
for defining the BVMTs containing the structural coefficients A and € :

Aej_g;, if i = 0 mod 2
e, o0e; =
L €ej_qi, if 1 =1mod 2,

(5)

Proposition 2.1. The formula (5) defines the m-dimensional FNAAs, if m and
d are even natural numbers and the condition (4) holds true.

Thus, the version of the considered unified method described with the formula
(5) introduces a set of the FNAAs corresponding to the same distribution of the
basis vectors in the BVMT and different pairs of the values of structural coeffi-
cients A and €. One can call such set of FNAAs the algebra with parametrizable
multiplication operation. Concrete version of the multiplication operation is set
by selecting two fixed values the structural coefficients A and e. In the considered
case of the FNAA with parametrizable multiplication operation we have the fol-
lowing interesting property that can be called mutual associativity of arbitrary
two modifications of the multiplication operation (earlier the mutual associativity
of different modifications of the multiplication operation in FNAAs was considered
in [7]).

Proposition 2.2. Suppose m and d are even natural numbers and the condi-
tion (4) holds true. Then the formula (5) defines the m-dimensional FNAA with
parametrizable multiplication operation and with mutual associativity of all possible
pairs of the modifications o and x of the multiplication operation.

Proof. Suppose the structural coefficients A and € define the o-version of the
multiplication operation and the structural coefficients A\’ and ¢ define the -
version of the multiplication operation. One should consider the influence of the
pairs of structural coefficients (A, ¢) and (N, €’) in the following two products: i)
(eioe;) e, and ii) e; o (ej xex). In each of these two cases the oddness of the
value k does not influences the result in the indicated two cases. Therefore, one
should consider the following four cases.
1. The values i and j are even:
(ei (¢} ej) * € = )\ej_di *x € = )\)\'ek_d(j_di) = )\)\/ek_dj_,_dzi = /\)\'ek_dj_di;
€; o (ej * ek) =e€; 0 Xek_dj = /\’/\ek_dj_d,».
2. The value i is even and the value j is odd:
(ej0€j) ke = Aej g * e = € Xeg_gjra2i = € Nep_dj—as;
e; o (ej * ek) =e€;0 E/Gk_dj = )\e’ek_dj_di.
3. The value i is odd and the value j is even:
(e;0€j) xe, = eej_g; xep = Neeg_girazi = N e€r_gj—qi;

/ /
€e; o (ej * ek) =e; 0\ €r—dj = €A €k—dj—di-
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4. The values ¢ and j are odd:

/ ’ .
(ej0ej) xey = €ej_g; x e = €€ ,_gj 125 = €€ €x_dj—di

/ /
€ o(ejxey) =e€;0€e,_g =€ €ep_gi—_di-

Thus, in all cases we have (e; o ;) xe, = e; o (e; * ;). The Proposition 2.2 is
proved. O

Note that the Proposition 2.1 is direct corollary from the Proposition 2.2. Using
the formula (5) one can define FNAAs with parametrizable multiplication opera-
tion, which have different dimensions. Table 1 provides the following examples: i)
m=6,d=2;i) m=10,d=4;ili) m=12,d=38; ... iv) m = 62, d = 30.

For the case of odd values of the parameter d in the formula (3) one can propose
the following version of the considered uniform method which is described by the
following formula:

€j_qg;i, if i =0 mod 2
e oe; =1 €_g;, ifi=1mod2 and j=0mod 2 (6)
Aej_gi, if i=1mod2 and j=1mod?2,

The reader can easily prove the following proposition.

Proposition 2.3. Suppose m is an even integer, d is an odd integer, and the
condition (4) holds true. Then the formula (6) defines the m-dimensional FNAAs.

Considering the fixed even value m and fixed odd value d we have many FNAAs
relating to different values of the structural coefficient A, which can be united by
the notion of FNAA with the parametrizable multiplication operation. However,
in such algebras different modifications of the multiplication operation are not
mutually associative in general case.

3. The case of 6-dimensional FNAAs

3.1. The algebra with mutually associative modifications
of the multiplication operation

In the case m = 6, d = 2, and A = 1 we have the BVMT shown as Table 2. Due to
the Proposition 2.2 this FNAA is an algebra is with parametrizable multiplication
operation all modifications of which are mutually associative. The 6-dimensional
FNAA defined with this table contains the set of p® global left-sided units L =
(lo, l1,12,13,14,15) described with the following formula [14]:

L= (h, kot (1 —h)e !, —ek, —te_l) ,

where h,k,t =0,1,...p — 1. Evidently, the considered 6-dimensional FNAA con-
tains no global right-sided unit. To find the formula describing local right-sided
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units one should consider solution of the vector equation A o X = A, where
A = (ag,a1,as2,as,a4,as5) is a fixed vector. The last equation can be reduced
to the following two independent systems each of which contains three unknowns:

(ap + €a3) o + (ea1 + ag) xa + (ag + €as) x4 = ao;
(az + eas) xg + (ag + €as) xo + (€ar + aq) x4 = ag;
(ear + aq) o + (az + €as) xo + (ap + €as) x4 = ag;
(ap + €ag) 1 + (€ar + aq) T3 + (az + €as) x5 = ay;
(ag + €as) 1 + (ag + €as) x3 + (€a1 + aq) x5 = as;
(ear + aq) 1 + (a2 + €as) x3 + (ap + €as) x5 = as.

Table 2
The BVMT defining the FNAA  containing p? global left-sided units [14]

o €y e (D) €3 €4 €5
€ | €o €1 €2 €3 €4 €5
€] €€y €€y €€ €e €€ €es
€2 | €2 €3 €4 €5 €0 €
€3 €€ €eq €€9 €eg €ey €€y
€4 | €4 €5 €0 €1 €2 €3
€5 €€ €es €€y €€y €€q €€l

The main determinant of each of the last two systems is equal to A 4:

Ap = (ag + €as)® + (ear + aq)” + (az + eas)® — 3 (ag + €as) (az + €as) (ear + aq)

If Ay # 0, then there exists unique local right-sided unit corresponding to the
vector A.

3.2. The algebra with p* global left-sided units

In the case m = 6 and d = 3 the formula (6) defines the BVMT in the form of
Table 3. The left-sided units can be found from the vector equation X c A = A
that reduces to the following system with six unknowns xg, 1, 2, 3, 4, and xs:

xo + x2 + x4) ag + A (x1 + 23 + 25) az = ao;

( )
(1 4 23+ x5) ag + (o + 2 + 24) az = as;
(wo + x2 + 24) a1 + (1 + 23 + T5) a4 = ay;
Az + a3+ x5) a1 + (o + 22 + x4) ag = ay;
(

(

xo+x2+x4)a2—|—/\(x1+x3+x5)a5:ag;

x1+x3+x5)a2+(3}0+x2+x4)a5:a5.
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Performing the variable substitution u; = xg + x2 + 24 and uy = x1 + x3 + x5 one
can easily find the following solution that is independent of the value A: (u1,us) =
(1,0). The solution in terms of the variables u; and uy defines p? solutions in terms
of the variables xg, 1, T2, T3, T4, and z5. Every of the last solutions define a unique
global left-sided unit. The set of all global left-sided units is described as follows
(where h,k,t,z=10,1,...p—1):

L= (10,11,127l3,l47l5) = (h7k,t,2,1 — h—t, —k — Z)

The formula describing local right-sided units can be derived from the vector
equation AoX = A that can be reduced to the following three independent systems
of two linear equations every one of which contains two unknowns:

(ap + ag + aq) o + A (a1 + a3 + as) 3 = ao;
(a1 + a3 + as) xo + (ap + a2 + as) r3 = as;
(agp + a2 + a4) 1 + (a1 + a3z + a5) v4 = aq;
)\(al—i—ag+a5)m1+(a0+a2+a4)x4:a4;

(ap + a2 + as) w2 + A (a1 + a3 + as) x5 = ay;
(a1 + a3 + as) x2 + (ap + a2 + as) r5 = as;

Table 3
The BVMT of the 6-dimensional FNAA containing p* global left-sided units

9 €p (31 €2 €3 €y €5
€p €o €] €9 €3 €y €5
e (SV} )\65 €p /\61 €2 )\63
€2 €9 €3 €y €5 €o (S3]
€3 €p )\el (D) )\63 (SY} )\65
ey €y €5 €p €] €9 €3
€5 €9 /\e3 (7} /\85 €o )\el

The main determinant of each of the last three systems is equal to A 4:

AAZ(a0+a2+a4)2—)\(a1+a3+a5)2.

If A4 # 0, then there exists unique local right-sided unit corresponding to the
vector A.
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4. The 10-dimensional FNAA

In the case m =10, d = 4, A # 1, and € = 1 the formula (5) defines the BVMT in
the form of Table 4. The left-sided units can be found from the vector equation
X o A = A that reduces to the following system with ten unknowns xg,z1,...xo:

XoA=A. (7)
Using Table 3 one can represent (7) in the form of the following system of 10 linear
equations with coordinates of the left operand xq, z1, ..., g as the unknown values:

Azoao + 104 + Ax2a8 + 302 + ATa06 + T5a0 + ATeas + T7as + ATsaz + Toas = ao;

Azoar + x1as + Ax2a9 + x303 + Axsaa7 + x501 + A\T6a5 + T709 + ATsaz + xoar = aq;
Azoaz + x1a6 + Ar2a0 + 304 + ATaas + T5a0 + ATeas + T7a0 + ATgas + xoas = as;
Azoas + xiar + Ax2a1 + r3a5 + Araag + Tsa0 + Axear + T7a1 + Axgas + roag = as;
Azoaq + x1a8 + Ax2a2 + T306 + ATaa0 + T5a0 + ATeas + T7a2 + Argas + Toao = a4;
Axoas + r1a9 + Ar2a3 + x3a7 + Axsa1 + Tsao + Axeag + Tras + Arsar + r9ar = as;
AToas + T1a0 + AT2a4 + T3a8 + AT4a2 + Tsa0 + ATeao + Tras + Axgas + r9as = as;
Azoar + x1a1 + Ax2as5 + T3a9 + Araaz + Tsa0 + ATea1 + Tras + Arsag + Toasz = ar;

Azoas + T1a2 + AT2a6 + T3a0 + AT4a4 + Tsa0 + ATeaz + Tras + Argao + Toas = as;

Azoag + x1a3 + Ax2a7 + x3a1 + Axsaas + x5a0 + Axeaz + xrar + Axgar + x9as = ag.

(8)
The system (8) can be rewritten in the form of two systems each of which contains
five linear equations with 10 unknowns:

(Azo 4+ 5) ao + (3 + Axs) a2 + (1 + Axze) as + (Axa + x9) as + (Ax2 + x7) as = ao;
(Azo + x5) az + (z3 + Axs) aa + (z1 + Awe) as + (Aza + x9) as + (Aw2 + 27) a0 = az;
(Azo + x5) as + (z3 + Azs) ag + (x1 + Aze) as + (Axa + z9) a0 + (Ax2 + z7) a2 = ay;
(Azo + 5) as + (w3 + Axs) as + (x1 + Azs) ao + (Az4 + x9) az + (Ax2 + 7) a4 = as;
(Azo + 5) as + (z3 + Axs) ao + (w1 + Aws) a2 + (Axa + x9) asa + (Aw2 + x7) as = as;

(Azo + x5) a1 + (3 + Axs) az + (w1 + Awe) a5 + (Axa + x9) a7 + (Az2 + 27) ag
(Azo 4+ z5) az + (x3 + Axs) as + (w1 + Aze) a7 + (Axa + x9) ag + (Az2 + 27) a1
(Azo + 5) as + (w3 4+ Axs) ar + (x1 + Aze) a9 + (w4 + x9) a1 + (A2 + 27) a3 = as;
(Azo 4+ 5) a7 + (z3 + Axs) ag + (w1 + Aws) a1 + (A\xa + x9) az + (Aw2 + x7) as
( Yag + (z3 + Azs) a1 + (z1 + Awe) as + (Axa + x9) as + (A\x2 + z7) ar

= ag.
(10)
Performing the variable substitution
up = Axo+xs5; up = r3+Ars; Us = T1+ATe; Uz = Argt+Te; ug = Axo+axr (11)
in the systems (9) and (10) one can easily see that the solution

U():l; ’11,1:0; UQZO;USZO;U4:0 (12)
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satisfies simultaneously the systems (9) and (10) for all elements A of the con-
sidered FNAA. Besides, if the vector A is such that the main determinant of the
system (9) A’, satisfies condition A’y # 0 or the main determinant of the sys-
tem (10) A, satisfies condition A’ # 0, then the indicated solution is unique

relatively the unknowns ug, w1, ue, us, and wug.

For very small portion of the vectors A, coordinates of which satisfy the both
conditions A’y = 0 and A”) = 0, many other solutions exists. However, such
“marginal” vectors are to be not involved in the computations in frame of the
potential public-key cryptoschemes based on the considered FNAA. The additional
solutions define the local left-sided units acting only in frame of the subset of the
“marginal” vectors. One can easily derive the formula describing the local left-
sided units, but we will describe only the set of global left-sided units (that act as
the left-sided units on every 10-dimensional vector).

Taking into account the formulas (11) and the solutions (12) one can get the
formula describing all p° global left-sided units L = (lg, l1, 12,13, 14,15, l6, 7,13, o) :

L = (zg, —Axg, x2, —ATs, T4, 1 — AZ0, Tg, —AT2, T, —AT4), (13)
where xg, T2, 4,6, 28 =0,1,...,p— 1.

Table 4
Defining the 10-dimensional FNAA containing p® global left-sided units

o €p €] €9 €3 €y €5 €g er (573 €9
(S1h) )\eo /\e1 )\62 /\83 )\84 /\65 )\eﬁ /\e7 )\es /\eg
€1 €6 er €s €9 €0 €1 €2 €3 €4 €5

e | dex deg des des deg der deg Aeg dey e
€3 eg €9 €p €] €9 (S €y €5 €g (Srd
(Y} )\64 )\65 )\eg )\67 )\eg /\eg )\eo )\el )\eg )\eg
€5 €p €] €9 €3 ey €5 €g ey esg €9
€g )\66 /\e7 )\eg Aeg )\eo /\e1 )\eg Ae3 )\84 Ae5
er €2 (S €y €5 €g er eg €9 € (S5
egs | deg deg ey dep ey des ey ey e ey
€9 €y €5 €6 er eg €9 €o (31 €9 €3

Consideration of the right-sided units is connected with solving the vector
equation

Using Table 3 one can represent (14) in the form of the following system of 10 linear
equations with coordinates of the right operand zg,x1,...,29 as the unknown
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values:

AaoTo + a1x4 + Aa2xg + azT2 + AasTs + asro + AaeTs + arxs + Aasra + agxTs = ao;
AaoT1 + a1%5 + Aa2®y + azx3 + Aaaxr + asr1 + AaeTs + arry + Aasrs + agrr = ai;
Aapx2 + a1x7 + Aa2xo + azrs + AaaTs + asT2 + AaeTe + arTo + AasTa + agTs = az;
Aapxs + a1xs + Aazx1 + azxs + Aaaro + asrs + AaeT7 + arr1 + AasTs + agTo = as;
AapZa + a1T9 + Aa2x2 + aszxe + Aaaxo + asxa + Aasxs + arra + Aagxe + agro = aa;
AaoTs + a1xo + Aa2xs + azxr + Aaaz1 + asTs + AaeTo + arxrs + Aasxr + agxr1 = as;
AaoTe + a171 + Aa2xs + azxs + Aasax2 + asre + AasTo + arra + Aasxs + agr2 = ae;
Aaox7 + a1x2 + Aa2xs + azTo + Aasxs + asxrr + AasT1 + arxs + Aasry + agxs = ar;

Aaoxs + a1x3 + Aasxe + a3To + Aaaxa + asxrs + AasT2 + arxe + Aagro + agxTs = as;

AaoTy + a1z4 + Aa2x7 + azr1 + AaaTs + asxg + Aaers + arx7 + Aagxi + agTs = ao.
(15)
If the main determinant of the system (15) A4 # 0, then there exists unique
solution X = R4 which depends on the vector A, i. e., Ry is the local right-sided
unit element.

5. Common properties of the 6-dimensional
and 10-dimensional FNAAs

Sections 3 and 4 describe the 6-dimensional and 10-dimensional FNAAs defined
applying the proposed unified method for setting FNAAs. It is shown that the
considered algebras contain a large set of global left-sided units. One can ex-
pect that for all even values of the dimension m > 6 the proposed method will
define the FNAAs, containing a large set of the global left-sided units. In this
section we present some common properties of the described 6-dimensional and
10-dimensional FNAAs. One can suppose that the introduced propositions are
valid for other values of the dimension of the FNAAs defined using the both ver-
sions (see the Propositions 2.1 and 2.2) of the proposed unified method.

Proposition 5.1. If the vector A satisfies condition Ay # 0, then AoL; # AolLj,
for arbitrary two global left-sided units L; and L; # L;.

Proof. Suppose AoL; = AoL;. Then Ao(L; — L;) = O. Since A 4 # 0, the equation
AoX = O has unique solution X = O. Therefore, we have L;—L; =0 = L; = L;.
The obtained contradiction proves the Proposition 5.1. O

Proposition 5.2. If the vector equation X o A = B has solution X = S, then
different values X; = S o L;, where L; takes on all values from the set of global
left-sided units, also are solutions of the given equation.

Proof. (SoL;)oA=So(L;0A)=S0A= B. The Proposition 5.2 is proved. [
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Proposition 5.3. If Ao B = L, where L is a global left-sided unit, then the
equality A* o B* = L holds true for arbitrary natural value 1.

Proof. A’oB* = Ai_lo(L ) Bi_l) = A" 1oB"" 1 = A"20B"2=... = AoB = L.
The Proposition 5.3 is proved. O

Proposition 5.4. If Ao B = L, where L is a global left-sided unit, then the map
defined by the formula ¢¥(X) = B o X o A, where the vector X takes on all values
in the considered algebra, represents a homomorphism.

Proof. Suppose X7 and X5 are arbitrary two vectors. Then we have

P (X10X)=Bo(Xj0X3)oA=Bo(Xj0LoXs)oA=
(BoXj0A)o(BoXy0A)=19(X1)o¢(X2);

Y(X1+Xs)=Bo(X1+X5)oA=(BoXj0A)+(BoXy0A) =

Y (X1) +9(Xa).
The Proposition 5.4 is proved. 0
Proposition 5.5. The homomorphism-map operation »(X) = Bo X o A, where

Ao B =L, and the exponentiation operation X' are mutually commutative, i. e.,
the equality Bo X'o A= (Bo X oA)" holds true.

Proof. Due to Proposition 5.4 we have V(X)) = (P(X))', i e, BoXioA =
(Bo X o A)". The Proposition 5.5 is proved. O

Multiplication of the elements of the considered FNAA by any fixed global
left-sided unit L at right represents a homomorphism map that is mutually com-
mutative with the exponentiation operation. This fact is due to the following two
propositions.

Proposition 5.6. Suppose the vector L is an arbitrary global left-sided unit and
the vector X takes on all values in the considered FNAA. Then the map defined
by the formula p(X) = X o L is a homomorphism.

Proof. Suppose X7 and X are arbitrary two 6-dimensional vectors. Then we have
p(X10Xs)=(X10X3)oL=(X10L)o(Xa0L)=¢(X1)o¢(X2);
(p(Xl +X2) = (Xl +X2)OL:X1 OL+X20L:()0(X1)+Q0(X2)

The Proposition 5.6 is proved. O

Proposition 5.7. The homomorphism-map operation ¢(X) = X o L, where L is
a global left sided unit, and the exponentiation operation X° are mutually commu-
tative, i. e., the equality X' o L = (X o L)" holds true.
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Proof. Due to Proposition 5.6 we have p(X%) = (p(X))",i.e., Xio L = (X o L)".
The Proposition 5.7 is proved. O

Every global left sided unit L is connected with different homomorphism map
operations of other type which can be described with the following formula:

P(X)=A'o X o B,

where ¢ > 1 is an arbitrary non-negative integer and the vectors A and B are such
that Ao B = L holds true.

Each of the homomorphism map operations ¥ (X) and ¢(X) is mutually com-
mutative with the exponentiation operation and represents interest for using it
as masking operation at setting new types of the HDLP. The next propositions
show that the local right-sided unit R 4 related the the vector A such that A4 # 0
(the main determinant of the system of linear equation written for computing the
right-sided units) is contained in the set of the global left-sided units, i. e. the
value R, is simultaneously the local two-sided unit of the vector A. Therefore the
vectors A for which we have A4 # 0 are called locally invertible vectors.

Proposition 5.8. Suppose the vector A is such that Ay # 0. Then the sequence
A A% . A ... s periodic and for some positive integer w we have AY = Ry.

Proof. Assumption that the sequence A, A?,..., A%, ... contains the zero vector
0 =(0,0,0,0,0,0) leads to a contradiction. Indeed, due to the condition A4 # 0
we have A # O. If for some natural number j > 1 we have A7 = O, then for some
positive integer k < j the conditions A*~! # O and A¥ = O holds true. Therefore,
Ao AF=1 = 0. Since A4 # 0 and X = O satisfies the equation Ao X = O, the last
equation has unique solution X = O, i. e., A¥~! = O. The obtained contradiction
proves that the considered sequence does not include the zero vector O. Therefore,
due to finiteness of the considered algebra the indicated sequence is periodic. Then
for some minimum ¢ > 1 we have

[A=A'= A" 0A=Ac A"} = By = A,

where E4 is the local two-sided unit connected with the vector A. Evidently, due
to condition Ay # 0 we have AoEq4—AoRj = Ao(Ey — Ra) =0 = Ep—Rj =
O = Ej = Ry. Therefore, for w =t — 1 we have AY = Ry4. O

Proposition 5.9. Suppose the vector A is such that the conditions Ay # 0,
Ay #0, and A"y # 0 holds true. Then the local right-sided unit R4 is contained
in the set of the global left-sided units.

Proof. Due to the Proposition 5.8 we have Ry = E4 and E4 0 A= A,i. e, Ry
acts on the vector A as the left-sided unit, but all left sided units of the vector A
are included in the set of global left-sided units. O
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6. On potential cryptographic application
of the introduced FINAAs

In the case of defining of the HDLP in the 6-dimensional FNAAs containing many
different global left-sided units, which are described in Section 3, the formula (1)
cannot be used because these algebras contains no globally invertible element.
However by analogy with the formula (1) one can use the mutual commutativity
of the homomorphism-map operations 1 and ¢ with the exponentiation operation
(see the Propositions 5.5 and 5.7) as follows.

Suppose the vectors A and B are such that A4 # 0 and Ao B = Ly, where Lg
is a global left-sided unit. Then using some locally invertible vector N satisfying
the conditions Ay # 0 and No A # Ao N one can define computation of the
public key Y by the next formula:

Y:BtoNont:(BtoNoAt)w7 (16)

where the vectors A, B, and N are the known parameters and the positive integers
(t,z) are the unknown values generated at random and used as the private key.

The formula (16) defines a particular form of the HDLP which can be used in
the public key-agreement scheme in frame of which the common secret shared by
some two users is calculated as follows

Z=B"oY/ o A" = B2 oY 0 A2,

where the vectors Y7 and Y5 (the pairs (¢1, 1) and (¢2, 22)) are the public (private)
keys of the first and the second users correspondingly. Thus, this public key-
agreement scheme performs correctly, however estimating its security is currently
an open problem that require individual study.

For the development of the post-quantum public key-agreement schemes one
can propose another form of the HDLP in which the connection between the pub-
lic and private keys is complicated by introducing the additional masking element
of the private key, which represents the unit element L selected at random from
the set of the global left-sided units. The element L is used in the formula for
calculating the public key as the rightmost operand, therefore the value L signifi-
cantly influences the value Y. The proposed form of the HDLP is described by the
following formula for computing the public key:

Y =B'oN"0A"oL=(B'oNoA) oL,

where the integers ¢ and = and the vector L represent three elements of the corre-
sponding private key. One can easily show that the public keys represented in the
last form also provide possibility of the public key-agreement. Investigation of the
security of such modified public key-agreement scheme also is an open problem for
independent study.
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The idea of using the modifications of the multiplication operation as elements
of the private key in the public-key cryptoschemes represents special interest. For
example, such key operations can be used as additional masking operations for set-
ting novel forms of the HDLP in the FNAAs with parametrizable multiplication
operation with mutual associativity of all pairs of the modifications of the multipli-
cation operation. In future research we will pay significant attention to the design
of the public-key cryptoschemes in which the modifications of the multiplication
operation are used as the elements of private key.

7. Conclusion

The proposed unified method for defining FNAAs provides possibility to set a
class of algebras every one of which contains a large set global left sided units.
The method is implemented in two versions that are described by formulas (5)
and (6) relating to even and odd value of the parameter d correspondingly. In
the case of even values d there are set FNAAs with parametrizable multiplication
operation characterized in that all pairs of the modifications of the multiplication
operation are mutually associative. This subclass of algebras is very attractive as
algebraic support of the public-key cryptoschemes in which the modifications of
the multiplication operation are used as elements of the private key. However, the
design of the cryptoschemes of such type is a task of individual research.

In general case the FNAAs containing a large set of the global left-sided units
can be applied as algebraic support of the HDLP-based public-key cryptoschemes
and new forms of the HDLP characterized in using the homomorphism-map oper-
ations of the 1-type and ¢-type as masking operations. Estimation of the security
of the cryptoschemes of the last type to quantum attacks represents an attractive
task of independent work.
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Semirings which are distributive lattices

of weakly left k-Archimedean semirings
Tapas Kumar Mondal

Abstract. We introduce a binary relation s ona semiring S, and generalize the notion
of left k-Archimedean semirings and introduce weakly left k-Archimedean semirings, via the
relation —s. We also characterize the semirings which are distributive lattices of weakly left

k-Archimedean semirings.

1. Introduction

The notion of the semirings was introduced by Vandiver [12] in 1934. The underly-
ing algebra in idempotent analysis [6] is a semiring. Recently idempotent analysis
have been used in theoretical physics, optimization etc., various applications in
theoretical computer science and algorithm theory [5, 7]. Though the idempotent
semirings have been studied by many authors like Monico [8], Sen and Bhuniya [11]
and others as a (2,2) algebraic structure, idempotent semirings are far different
from the semirings whose multiplicative reduct is just a semigroup and additive
reduct is a semilattice. So for better understanding about the abstract features
of the particular semirings R, (Maslov’s dequantization semiring), Max-Plus al-
gebra, syntactic semirings we need a separate attention to the semirings whose
additive reduct is a semilattice. From the algebraic point of view while studying
the structure of semigroups, semilattice decomposition of semigroups, an elegant
technique, was first defined and studied by Clifford [4]. This motivated Bhuniya
and Mondal to study on the structure of semirings whose additive reduct is a semi-
lattice [1, 2, 9, 10]. In [1], Bhuniya and Mondal studied the structure of semirings
with a semilattice additive reduct. There, the description of the least distributive
lattice congruence on such semirings was given. In [10], Mondal and Bhuniya gave
the distributive lattice decompositions of the semirings into left k-Archimedean
semirings. In this paper we generalize the notion of left k-Archimedean semir-
ings introducing weakly left k-Archimedean semirings, analogous to the notion of
weakly left k-Archimedean semigroups [3] and characterize the semirings which
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are distributive lattices of weakly left k-Archimedean semirings.

The preliminaries and prerequisites for this article has been discussed in section
2. In section 3 we introduce the notion of weakly left k-Archimedean semirings.
We give a sufficient condition for a semiring S to be weakly left k-Archimedean

in terms of a binary relation L5 on S. We also give a condition under which a
weakly left k-Archimedean semiring becomes a left k-Archimedean semiring. In
section 4 we characterize the semirings which are distributive lattices of weakly
left k-Archimedean semirings.

2. Preliminaries and prerequisites

A semiring (S,+,-) is an algebra with two binary operations + and - such that
both the additive reduct (S,+) and the multiplicative reduct (S,-) are semigroups
and such that the following distributive laws hold:

z(y+z2)=zy+axzand (z +y)z =22 + y=.

Thus the semirings can be viewed as a common generalization of both rings and
distributive lattices. A band is a semigroup F' in which every element is an idem-
potent. Moreover if it is commutative, then F' is called a semilattice. Throughout
the paper, unless otherwise stated, S is always a semiring with semilattice additive
reduct.

Every distributive lattice D can be regarded as a semiring (D, +, -) such that
both the additive reduct (D, +) and the multiplicative reduct (D, -) are semilattices
together with the absorptive law:

x+axy =afor all z,y € S.

An equivalence relation p on S is called a congruence relation if it is compatible
with both the addition and multiplication, i.e., for a,b,c¢ € S,apb implies (a +
¢)p(b + ¢),acpbe and capch. A congruence relation p on S is called a distributive
lattice congruence on S if the quotient semiring S/p is a distributive lattice. Let
C be a class of semirings which we call C-semirings. A semiring S is called a
distributive lattice of C-semirings if there exists a congruence p on S such that
S/p is a distributive lattice and each p-class is a semiring in C.

Let S be a semiring and ¢ # A C S. Then the k-closure of A is defined by
A={xeS|xz+a; =ayforsomea; € A} ={x €S |x+a=afor someac A},
and the k-radical of A by VA= {z € S| (IneN)a" € A}. Then A C VA by
definition, and A C A since (S, +) is a semilattice. A non empty subset L of S is
called a left (resp. right) ideal of S'if L+ L C L, and SL C L (resp. LS C L). A
non empty subset I of S is called an ideal of S if it is both left and a right ideal
of S. An ideal (resp. left ideal) A of S is called a k-ideal (left k-ideal) of S if and
only if A = A,
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Lemma 2.1. (cf. [1]) Let S be a semiring.

(a) For a,b € S the following statements are equivalent
(i) There are s;,t; € S such that b+ siat; = sqats.
(#3) There are s,t € S such that b+ sat = sat.

(7it) There is © € S such that b+ xax = zax.

(b) If a,b,c € S such that b+ xax = zax and ¢ + yay = yay for some x,y € S,
then there is z € S such that b+ zaz = zaz = ¢ + zaz.

(¢) If a,b,c € S such that ¢ + zax = zax and ¢ + yby = yby for some z,y € S,
then there is z € S such that ¢ + zaz = zaz and c + zbz = zbz.

Lemma 2.2. (cf. [1]) For a semiring S and a,b € S the following statements
hold.

1. SaS is a k-ideal of S.

2. V/SaS = VSas.

3. b™ € \V/SaS for some m € N < bF € \/SaS for all k € N.
Lemma 2.3. (cf. [10]) Let S be a semiring.

(a) For a,b € S the following statements are equivalent:
(1) there are s; € S such that b+ s1a = sqa,
(i) there are s € S such that b+ sa = sa.

(b) If a,b,c € S such that ¢ + xa = xa and d + yb = yb for some x,y € S, then
there is some z € S such that ¢+ za = za and d + zb = zb.

Theorem 2.4. (cf. [10]) The following conditions on a semiring S are equivalent:
1. S is a distributive lattice of left k-Archimedean semirings,

2. for alla,be S, be SaS implies that b € v/ Sa,

w

. foralla,be S, abe V/Sa,

4. VL is a k-ideal of S, for every left k-ideal L of S,
5. V/Sa is a k-ideal of S, for all a € S,

. for all a,b € S,v/Sab = /Sa N /Sb.

=)
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3. Weakly left k-Archimedean semirings

In [1], Bhuniya and Mondal studied the structure of semirings, and during this
they gave the description of the least distributive lattice congruence on a semiring
S stem from the divisibility relation defined by: for a,b € S, alb <= b € SasS,

a—b << beVvSaS < V" € SaS for somen c N.

Thus it follows from the Lemma 2.1, a — b <= b" + zax = xax, for some n €
Nand z € S.

In this section we introduce the relation —l>(left analogue of —) on a semiring
S, the notion of weakly left k-Archimedean semirings and study them.

Proposition 3.1. Let S be a semiring. Then Sa is a left k-ideal of S for every
a€Ss.

Proof. For b, c € Sa, there is x € S such that b+2za = xa = ¢+ xa, by Lemma 2.3.
This implies (b + ¢) + za = za, i.e., b+ ¢ € Sa. Moreover, for any s € S we get
sb+sxa = sxa, and so sb € Sa. For u € Sa there is some b € Sa such that u+b = b.
Using again b+xa = xa for some x € S, we get u+ra = u+b+ra =b+xa = za,
ie., u € Sa. So Sa = Sa is a left k-ideal of S. O

Now we introduce the relation — on a semiring S as a generalization of the
division relation |;, and they are given by: for a,b € S, a |; b<= b € Sa,

a—-5b — bevSa « b"cSa for somen € N.

Thus a — b if there exist some n € N and = € S such that b" + za = za, by
Lemma 2.3.

In [10], Mondal and Bhuniya defined left k-Archimedean semirings as: A
semiring S is called left k-Archimedean if for all @ € S, S = v/Sa. For example,
let A={3,%, 1,...}, define + and - on S = A x A by: for all (a,b), (c,d) € S

(a,b) + (¢,d) = (max{a,c},max{b,d}), (a,b)-(c,d) = (ac,b).

Then (S, +,-) is a left k-Archimedean semiring.
We now introduce a more general notion:

A semiring S will be called weakly left k-Archimedean if ab LN b, for all
a,bes.

Example 3.2. Let A = {%, %, i,...}, define + and - on S = A x A by: for all
(a,b),(c,d) € S

(a,b) + (¢,d) = (max{a,c},max{b,d}), (a,b)-(c,d) = (ac,d).
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Then (S, +,-) is a weakly left k-Archimedean semiring. Now let (a, 1), (c, 3) € S.
If possible, let there exist n € N and (z,y) € S satisfying (a, 3)" + (z,) - (¢, 3) =
(z,y) - (¢, ). This implies (a”, %) + (z¢,3) = (wc, ) so that maz{a™, zc} =
zc, maz{3,+} = %, which is not possible. Consequently, (S,+,-) is not a left

k-Archimedean semiring.

. 1. . .. .
Here we see that the relation — is not symmetric on a semiring .S in general.

For, consider the Example 3.2, there (a, 3) LN (¢, 3) but not (c, 3) LN (a,3).

Although, the semiring S is weakly left k-Archimedean. Now, in the following
proposition we show that if the relation s symmetric on a semiring .S, then S
is weakly left k-Archimedean.

Proposition 3.3. A semiring S is weakly left k-Archimedean if the relation SN
is symmetric on S.

Proof. Let isa symmetric relation on S and a,b € S. Now ab € Sb implies

that b — ab and so ab —— b, by symmetry of L5 on S. Thus S is weakly left
k-Archimedean. O

Thus the condition of symmetry of L5 is only sufficient for a semiring S to be
weakly left k-Archimedean, not necessary. Let S be a left k-Archimedean semiring,
and a,b € S. Then b € v/Sa implies that b" + sa = sa for some n € N and s € S.
Multiplying b on both sides on the right we get "' + sab = sab. This yields

ab -5 b so that S is a weakly left k-Archimedean semiring. Thus we have the
following proposition:

Proposition 3.4. Every left k-Archimedean semiring S is a weakly left k-Archime-
dean semiring.

Here in the following proposition we find a condition for which the converse
holds:

Proposition 3.5. Let S be a semiring, and ab € v/ Sa, for all a,b € S hold. Then
S is left k-Archimedean semiring if it is weakly left k-Archimedean.

Proof. Let a,b € S. Then ba SN a, whence by Lemma 2.3, there are n € N and
s € S such that a™ + sba = sba. Again by hypothesis, there are m € Nand t € S
such that (sba)™ + tsb = tsb. Now a™ + sba = sba implies that "™ + (sba)™ =
(sba)™. Adding tsb on both sides we get a™ + [(sba)™ + tsb] = [(sba)™ +tsb], i.e.
a™ +tsb = tsb € Sb. So a € /Sb. Thus S is a left k-Archimedean semiring. [

Now, by Theorem 2.4, we see that a weakly left k-Archimedean semiring will
be a left k-Archimedean semiring if it is a distributive lattice of left k-Archimedean
semirings.
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4. Lattices of weakly left k-Archimedean semirings

In this section we characterize the semirings which are distributive lattices of
weakly left k-Archimedean semirings. A semiring S is called a distributive lattice
of weakly left k-Archimedean semirings if there exists a congruence p on S such
that S/p is a distributive lattice and each p-class is a weakly left k-Archimedean
semiring.

Lemma 4.1. Suppose S is a distributive lattice D of subsemirings So,a € D.
Then a,b € S,, a € D, then a bins implies that a b in Se-

Proof. Let p be a distributive lattice congruence on S so that S is a distributive
lattice D of subsemirings S,,« € D. Let a —L5 b. Then b" + za = za for some
n € Nz € S. Let z € S3,8 € D. Now b""! + bra = bza, and so bp(b +
bra)p(b" Tt + bra) = brapabz, i.e., bpabx. This implies a = aafB = af, since D is
a distributive lattice. Now b"*! + bra = bxa € S,sa = S,a so that b+ € S, a.
Consequently, a L bin Se- O

Now we are in a position to present the main result of this paper. Here we char-
acterize the semirings which are distributive lattices of weakly left k-Archimedean
semirings.

Theorem 4.2. The following conditions are equivalent on a semiring S':

(1) S is a distributive lattice of weakly left k-Archimedean semirings,

(2) for alla,be S, a — b= ab —+ b.

Proof. (1) = (2). Let S be a distributive lattice D = S/p of weakly left k-
Archimedean semirings S,,« € D, p being the corresponding distributive lattice
congruence. Let a,b € S such that a — b so that there are n € N and s € §
such that 0™ + sas = sas, by Lemma 2.1. Also there are o, 8 € D such that
a € Sa,b € Sg. Now (b + sas)p(b™ + sas) = saspas®. So bp(b* + bsas)pbas?,
which implies bp(b + ba)p(bas® + ba)pba and thus ba € Ss. Since S is a weakly

left k-Archimedean semiring, b™ € Sgbab C Sab for some n € N yielding ab L.

(2) = (1). By Lemma 2.2, for a,b € S, (ab)? € SaS implies that a — ab.
So by hypothesis, a?b = a(ab) SN (ab). This shows that (ab)™ € Sa2?b C Sa?S,
for some n € N. Then by Theorem 4.3[1], S is a distributive lattice(D = S/n)
of k-Archimedean semirings S,,a € D, where 7 is the least distributive lattice

congruence on S. Let a,b € S,. Then a — b and so ab 5 bin S. Then by
Lemma 4.1, one gets ab S bin Sq. Thus S, is weakly left k-Archimedean. [

Now we give an example of a semiring which is a distributive lattice of left k-
Archimedean semirings, whence a distributive lattice of weakly left k-Archimedean
semirings.
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Example 4.3. Consider the set N of all natural numbers, and define + and - on
S =N x N by: for all (a,b),(c,d) € S

(a,b) + (¢,d) = (min{a, c}, min{d,d}), (a,b)- (¢,d) = (ac,b).
Then S is a distributive lattice of left k-Archimedean semirings.

Example 4.4. Consider the set N of all natural numbers, and define + and - on
S =N x N by: for all (a,b),(c,d) € S

(a,0) + (¢,d) = (min{a, ¢}, min{b,d}), (a,b) - (c,d) = (ac,d).

Then S is a distributive lattice of weakly left k-Archimedean semirings. But S is
not a distributive lattice of left k-Archimedean semirings. Indeed, for (1,2),(2,2) €
S suppose there exist n € N and (x,y) € S satisfying [(1,2) - (2,1)]" + (z,y) -
(1,2) = (z,y) - (1,2). This implies (2™,1) + (,2) = (z,2), i.e. min{2", 2} = «x,
min{1,2} = 2. The last equality is absurd.
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Means compatible with semigroup laws

Ranganathan Padmanabhan and Alok Shukla

Abstract. A binary mean operation m(z,y) is said to be compatible with a semigroup law x*, if *
satisfies the Gauss’ functional equation m(z,y) *m(z,y) = x xy for all z,y. Thus the arithmetic
mean is compatible with the group addition in the set of real numbers, while the geometric
mean is compatible with the group multiplication in the set of all positive real numbers. Using
one of the Jacobi theta functions, Tanimoto [6], [7] has constructed a novel binary operation x
compatible with the arithmetico-geometric mean agm(z,y) of Gauss. Tanimoto shows that it is
only a loop operation, but not associative. A natural question is to ask if there exists a group law
* compatible with arithmetic-geometric mean. In this paper we prove that there is no semigroup
law compatible with agm and hence, in particular, no group law either. Among other things,
this explains why Tanimoto’s operation * using theta functions must be non-associative.

1. Introduction

Gauss discovered the arithmetico-geometric mean (agm) at the age of 15. Starting
with two positive real numbers = and y, Gauss considered the sequences {x, } and
{yn} of arithmetic and geometric means

Tp—1+ Yn—1
To=1x, Yo=Y, Tn= % Yn = \/Tn—1Yn—1, forn > 1.

Then Gauss defined agm(z, y) to be the common limit of the sequences {z,} and
{yn}, ie.,

agm(z,y) = nhﬁn;o Ty = nhﬂngc Yn- (1)

For an engaging historical account on agm and its applications in mathematics
readers are referred to [1],[2].

In this paper, we ask if there exist a group law %, which is compatible with
agm. Before proceeding further we give some definitions relevant to this work.

Definition 1.1 (See for example, [5]). Let S be a set equipped with a binary
operation m. It is said that m is a mean, if it satisfies the following

(M) m(z,z) ==,

2010 Mathematics Subject Classification: Primary: 20N05; Secondary: 26E60
Keywords: arithmetic mean, geometric mean, harmonic mean, arithmetic-geometric mean,
compatible group law, loops, medial law.
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(M2) m(x,y) = m(y,x),
(M3) m(z,y) =m(z,y) = ===z

Definition 1.2 (Compatibility of binary operations). Let S be a set equipped
with a binary mean operation m and another binary operation *. The binary
mean operation m, and the binary operation *, are said to be compatible with
each other, if m(x,y) *xm(z,y) =xxy for all z,y € S.

Here we find conditions on the mean m which force any compatible operation

* to be a group operation.

Let AM(z,y) = a?T—i-y be the arithmetic mean of xz,y € R with + being the

usual addition in R. Then clearly AM(z,y) + AM(z,y) = = + y, therefore, the
classical arithmetic mean AM(z,y) is compatible with the group law of 4+ in R, in
the sense of Definition 1.2. Similarly, the geometric mean GM is also compatible
with the group law of multiplication in positive reals. Similarly, it can be verified

2x
that the harmonic mean h(z,y) = er is compatible with the semigroup law
rry
Yy

TRy = Tt It is then natural to consider if there exists any such group operation
Ty

over RT, which is compatible with the arithmetic-geometric mean (agm) of Gauss.
In other words, we want to address the question, if there exists a group operation
*, such that agm(z,y) *agm(z,y) = x +y. Using one of the Jacobi theta functions,
Shinji Tanimoto has successfully constructed a non-associative loop operation x
(ctf. [6], [7], Sec. below) that is compatible with agm. However, no group law
compatible with agm is known to exist. Indeed, we prove that no such group law
% can exist, which is compatible with agm.

1.1. A non-associative loop operation compatible with agm

Now we recall the binary operation % introduced by S. Tanimoto in [6], [7].

Definition 1.3 (Tanimoto, [6], [7]). For any two positive numbers = and y, choose
the unique ¢ (—1 < ¢ < 1) such that 1/agm(z,y) = 0(q). Here, 0 is one of the
Jacobi theta functions:

+oo o0
0g)= > q" =1+2) ¢".
n=—oo n=1
Then define
= 0*(—q)/0? 2
Txy (—=q)/0°(q). (2)

We also recall the following theorems from [7], which describe the properties
of the x operation. We note that here variables z,y are positive real numbers.
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Theorem 1.4 (Tanimoto, [7]). The operation x defined above satisfies the follow-
ing properties.

(A) 1xax = for all z. Hence 1 is the unit element of the operation.

(B) z*xx=yxy implies x =y.

(C) zxy=agm(z,y)rxagm(z,y). Thus the mean with respect to the operation is
the agm.

Theorem 1.5 (Tanimoto, [7]). The operation * satisfies the following algebraic
properties.

(D) axxz =ax*y implies x =y (a cancellation law).

(E) (az)* (ay) = a* (a(zxy)) for any a,z,y (a distributive law).

(F) If z=x %y, theny = x(x~1 % (x712)). In particular, the inverse of x with
respect to the operation is x(x=!xz71)

Finally, we note that Tanimoto claims that the x operation is not associative
(although, he does not give any example).

2. Main results

Now we are ready to prove our claim that there does not exist any group law x,
that is compatible with agm in the sense of the Definition 1.2. In this direction,
first we prove the following theorem.

Theorem 2.1. Let m(x,y) and * be two binary operations defined over a non-
empty set containing a distinguished element e such that

) m(z,z) ==,

xm(x,y) =z *y. (Gauss’ Functional Equation),

SR EEFEE

(
(M2)
(Ms3)
(My) m
(M)
(Mg) zxx=yxy = x=14.

Then m is medial, i.e., m(m(x,y), m(z,u)) = m(m(z, z), m(y,u)) if and only if
the x operation is associative.

Before proving Theorem 2.1, we state and prove the following lemmas.

Lemma 2.2. Under the hypothesis (M7)-(Mg) of Theorem 2.1, we have the fol-
lowing results.

(1) m(z,y) =me,xxvy),

(i) z+xy=y*ux.
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Proof. The lemma follows from the following calculations.
(7). We have

m(x,y) «m(x,y) =xc*y (from (My))
=ex(xxy) (from (M3))
=m(e,zxy)*m(e,z*y) (from (My)).

Now the result follows from (Ms).

(id). wxy =m(z,y)*m(z,y) = m(y,z) xm(y,z) =y * . O
Lemma 2.3. Assume the hypothesis (M) — (Mg) of Theorem 2.1. Also assume
either x is associative, or m is medial. Then

m(x,€) x m(e,y) = m(z,y). (3)

Proof. First we assume that * is associative. Then the desired conclusion follows
from the following calculation and (Mg).

(m(z, e) xm(e,y))  (m(z, e) x m(e, y))
=m(z,e) xm(e,y) xm(x,e)*m(e,y) (from the associativity of *)
m(x,e

,e) xm(x,e) xm(e,y) *m(e,y) (from Lemma 2.2 (i7))

(m(x,e) xm(z,e)) * (m(e,y) *mle,y)) (from the associativity of *)
(zxe)*(exy) (from (My))

=zx*xy (from Lemma 2.2 ((i7) and (M5))

=m(z,y) * m(z,y) (from (My))

Next we assume that m is medial, i.e.,
m(m(z,y), m(z,u)) = m(m(z, z), m(y, u)).
Then we have

m(m(z, y), m(z,u)) * m(m(z,y), m(z,u))

= m(m(z, z),m(y, u)) * m(m(z, z), m(y, u))
= m(x,y) * m(z,u) = m(x, z) *m(y,u) (from (My)) (4)
= m(x,y) xm(e,e) = m(z,e) xm(y,e) (put z=u=¢)
= m(z,y) xe =m(z,e) xm(e,y) (from (M;) and (My))
= m(z,y) =m(z,e) *m(e,y) (from (Ms) and Lemma 2.2 (7)) O
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Proof of Theorem 2.1. Assume that * is associative. Then
m(m(z,y), m(z,u)) * m(m(z,y), mn(z,u))
=m(z,y) * m(z,u) (from (My))

= (m(z,e) xm(e,y)) * (m(z,e) xm(e,u)) (from Lemma 2.3)

Il
3

(z,e) xm(e,y) *m(z,e) *m(e,u) (from the associativity of )
=m(x,e) xm(z,e) xm(e,y) * m(e,u) (from Lemma 2.2 (i7))
( m(y,e) * m(e,u) (from (Ms))

= (m(z,e) xm(e, 2)) * (m(y,e) *x m(e,u)) (from the associativity of *)

|
3

z,e) xm(e, z) *

(x,2) *m(y,u) (from Lemma 2.3)

(m(z, 2), m(y, w)) * m(m(z, z),m(y,u))  (from (My)).

This proves one direction of the theorem, as (Mg) now implies that m is medial,
ie, m(m(z,y),m(z,u)) = m(m(x, z), m(y,u)).

3 3

Next to prove the other direction assume that
m(m(z,y), m(z,u)) = m(m(z, z), m(y, u)).
Then from (4) we have
m(z,y) « m(z,u) = m(z, u) xm(z,y).

For = = e, the above relation becomes

m(e,y) * m(z,u) = m(e,u) *xm(z,y). (5)
Now,
m(e,y) *m(z,u) =m(e,y) * m(e, z x u) (from Lemma 2.2 (i))
=m(y,e) * m(e, z *u) (from (Ms))
=m(y,z *u) (from Lemma 2.3)
=m(e,y x (z xu)). (from Lemma 2.2 (i)) (6)
Similarly,

m(e,u) *xm(z,y) = m(e,ux* (zxy)). (7)
From (5), (6), and (7), we get

m(e,y * (zxu)) =m(e,ux (zxy))
= yx*(zxu) =ux(zxy) (from (Ms3))
= yx*(zxu) =ux(yx*2) (from Lemma 2.2 (i7))
= yx(zxu) = (y*2)*u. (from Lemma 2.2 (ii))

This completes the proof. O
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Corollary 2.4 (of Theorem 2.1). There does not exist any group law *, that is
compatible with agm.

Proof. From the definition of agm, it is obvious that agm(z, z) = z and agm(z,y) =
agm(y, x). Further, if agm(z,y) = agm(z, z), then

agm(z,y) x agm(z,y) = agm(z, z) xagm(z,z) = xxy=c*z — y =z,

from Theorem 1.4(C) and Theorem 1.5 (D). Therefore, agm is a mean opera-
tion in the sense of Definition 1.1. It can be verified from a direct numerical
computation that agm is not medial, for example agm(agm(1,2),agm(3,4)) #
agm(agm(1,3),agm(2,4)). But then, it means agm can not be compatible with
any * operation which is associative and satisfies (My) — (Ms), otherwise Theo-
rem 2.1 will imply that agm is medial. Therefore, there can not exist any group
law *, that is compatible with agm. O

Suppose for a mean m, if m(m(z,y), m(x, z)) = m(xz, m(y, z)), then the mean m
is said to be self-distributive. By an abuse of language, let us call a loop operation
* to be “self-distributive” if (2 % ) * (y * 2) = (x * y) * (x * ). Theorem 2.5 given
below justifies this. The connection between mediality and self-distributivity can
be found in [4] and references therein.

It is easy to see that in the above proofs, the full force of associativity (or,
for that matter the medial law) is not used. Indeed, ‘associativity’ and ‘medial’
in Theorem 2.1, can be replaced by ‘x-self-distributive’ and ‘m-self-distributive’,
respectively and the proof of the theorem still remains valid.

Theorem 2.5. For a mean m and a binary operation x satisfying (M;)-(Mg) of
Theoremn 2.1, m is self-distributive, i.e., m(m(x,y),m(x, z)) = m(x,m(y,z)) if
and only if the x operation is self-distributive.

One can easily verify (for example by using Mathematica) that

agm(agm(1,2),agm(1, 3)) # agm(1, agm(2, 3)).

Hence, Gauss’ Functional Equation for agm can not be solved even among self-
distributive loops.

Although, we have remarked earlier that the proof of Theorem 2.5 follows on
the same line as Theorem 2.1, we are enclosing an automated proof of this the-
orem by using Prover9 [3], in the Appendix, for readers interested in automated
reasoning.

Acknowledgments. We sincerely thank the referee for all the suggestions and
corrections which enhanced the presentation of the paper.

A computation using Mathematica shows 2.359575 = agm(agm(1,2),agm(3,4)) #
agm(agm(1, 3),agm(2,4)) = 2.359305. Theorem 2.1, then implies that x is not associative,
verifying Tanimoto‘s unsupported claim.
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3. Appendix
x-self-distributivity identity implies m-self-distributivity.

1 m(x,m(y,z)) = m(m(x,y) ,m(x,z)) # label(goal). [].
3 m(x,y) = m(y,x). [I.

5 m(x,y) * m(x,y) = x *y. [].

6x*xx!'=yx*xy | x=y. [].

7x*xe=x. [].

8 (x xy) *» (x*2z)=(xx*xx)* (y*2z. [I.

9 m(m(c1,c2),m(c1,c3)) !'= m(ci,m(c2,c3)). [1].

10 m(c1,m(c2,c3)) !'= m(m(cl,c2),m(c1,c3)). [9].

15 m(x,y) * m(y,x) =y * x. [3,5].

16 x * y =y * x. [3,5,15].

17 x * y '=z * z | m(x,y) = z. [5,6].

23 c1 * m(c2,c3) !'= m(cl,c2) * m(cl,c3). [6,10,5,5].
32 c1 * m(c3,c2) !'= m(c1l,c2) * m(cl,c3). [3,23].
48 e * x = x. [16,7].

50 (x * y) * (z *x) = (x *x x) * (y  z). [16,8].
79 c1 * m(c3,c2) !'= m(c2,c1) * m(c1,c3). [3,32].
130 m(e,x * x) = x. [17,48].

132 m(x * x,y * y) = x x y. [17,8].

160 m(e,x * y) = m(x,y). [5,130].

221 c1 * m(c3,c2) !'= m(c1,c3) * m(c2,cl). [16,79].
293 m(x * y,z * z) = m(x,y) * z. [5,132].

294 m(x * x,y * z) x * m(y,z). [5,132].

662 m(x * y,z * x) x * m(y,z). [50,160,160,294].
1706 m(x * y,z * w) = m(x,y) * m(z,u). [5,293].
1748 m(x,y) * m(z,x) = x * m(y,z). [662,1706].
1749 $F. [1748,221].

m-~self-distributivity implies x-self-distributivity identity.

10 (c1 * c2) * (cl * c3) !'= (c1l * c1) * (c2 * c3). [1].
13 m(x,y) !'=m(z,x) | y =2z. [3,4].

15 m(x,y) * m(y,x) =y * x. [3,5].

16 x * y =y * X. [3,5,15].

17 x * y '=z * z | m(x,y) = z. [5,6].

22 m(x,y) * m(x,z) = x * m(y,z). [9,5,9,5].

24 e x x = x. [16,7].

1 (x*xy) * (x *x2) = (x *x)*x (y * z) # label (non_clause) # label(goal).
2 m(x,x) =x. [I.

3 m(x,y) = m(y,x). [I.

4 m(x,y) '= m(z,y) | x=2z. [].

5 m(x,y) * m(x,y) = x *xy. [].

6x*xx!=yx*xy | x=y. [].

7x *e=x. [].

8 m(x,m(y,z)) = m(m(x,y),m(x,z)). [.

9 m(m(x,y) ,m(x,z)) = m(x,m(y,z)). [8].

0.
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26
29
33
41
55
56
58
68
74
79
80
99
134
153
220
225
240
338
427
448
504
550

m(x,y) !'=m(x,2) | y =2z. [3,13].
m(e,x * x) = x. [17,24].
x *xx !=y | m(e,y) = x. [24,17].
m(e,x) !'=y | y*y=x. [29,26].
x!'=y |l y*y=xx*x. [29,41].
m(e,x * y) = m(x,y). [33,22,2].
m(x * x,y) = x * m(e,y). [29,22,24].
m(x,e) '=m(y,z) | y * z = x. [56,13].
m(x,y) * m(e,z) = m(x * y,z). [56,22,24].
m(x,y * y) =y * m(e,x). [58,3].
m(x * x,y) = x * m(y,e). [3,58].
m(x * x,y * z) = x * m(y,z). [56,58].

m(x,y * y) =y * m(x,e). [3,79].

m(x,x * y) = x * m(y,e). [80,22,22,2,3].

m(x * x,y) = m(x,x * y). [153,80].

m(x,y * y) = m(y,y * x). [153,134].

m(x,x * (y * z)) = x * m(y,z). [99,220].

x*x (yxy) =y x* (y » x). [55,225,22,2,22,2].
(x * x) *»y=x* (x *y). [338,16].

(cl * c2) * (c1 * c3) '=cl * (c1 * (c2 * c3)). [10,427].
m(cl * c2,cl * c3) !'= c1 * m(c2,c3). [68,448,3,56,240].
m(x,y) * m(z,u) = m(x * y,z * u). [56,74].

*
*

568 m(x * y,x * z) = x * m(y,z). [22,550].

569 $F. [568,504].
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