Algebra and Discrete Mathematics RESEARCH ARTICLE
Volume 17 (2014). Number 2, pp. 161 — 192

© Journal “Algebra and Discrete Mathematics”

Characterizing semigroups
with commutative superextensions

Taras Banakh! and Volodymyr Gavrylkiv

Communicated by V. I. Sushchansky

ABSTRACT. We characterize semigroups X whose semigroups
of filters ¢(X), maximal linked systems A(X), linked upfamilies
N3(X), and upfamilies v(X) are commutative.

1. Introduction

In this paper we investigate the algebraic structure of various exten-
sions of a semigroup X and detect semigroups whose extensions ¢(X),
A(X), Na(X), v(X) and their subsemigroups ¢*(X), A*(X), N3 (X), v*(X)
are commutative.

The thorough study of various extensions of semigroups was started
in [9] and continued in [1]-[6]. The largest among these extensions is the
semigroup v(X) of all upfamilies on X.

A family F of subsets of a set X is called an upfamily if @ ¢ F # @
and for each set F' € F any subset £ D F of X belongs to F. Each family
JF of non-empty subsets of X generates the upfamily

(F:FeF)={FEcCcX:3JFeF FCE}.

The space of all upfamilies on X is denoted by v(X). It is a closed
subspace of the double power-set P(P(X)) endowed with the compact
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Hausdorff topology of the Tychonoff product {0,1}7X), Identifying each
point x € X with the principal ultrafilter (z) = {A C X : x € A}, we
can identify X with a subspace of v(X). Because of that we call v(X) an
extension of X. For an upfamily F € v(X) by

L={ECX:VFeF ENF + o}
we denote the transversal of F. By [8], (FX)* = F, so
LX) = v(X), L:F— Ft

is an involution on v(X). For a subset S C v(X) we put S+ = {F+: F ¢
St Cu(X).

The compact Hausdorff space v(X) contains many other important
extensions of X as closed subspaces. In particular, it contains the spaces
Ny(X) of linked upfamilies, A(X) of maximal linked upfamilies, ¢(X)
of filters, and (X)) of ultrafilters on X; see [8]. Let us recall that an
upfamily F € v(X) is called

e [inked if AN B # & for any sets A, B € F;

e mazimal linked if F = F' for any linked upfamily 7’ € v(X) that
contains F;

o a filterit ANDB € F for any A, B € F;

e an ultrafilter if F is a filter and F = F' for any filter 7' € v(X)
that contains F.

The family 3(X) of all ultrafilters on X is called the Stone-Cech exten-
sion and the family A(X) of all maximal linked upfamilies is called the
superextension of X, see [14] and [17]. It can be shown that A\(X) = {F €
v(X) : Ft = F}, s0 M(X)+ = A(X) and B(X)+ = B(X). The arrows
in the following diagram denote the identity inclusions between various
extensions of a set X.

O(X)t ——= Ny(X)*

Xz:ﬂi() A(X) \ v(X)
-

T
\:0(i )%\NJX)

We say that an upfamily U € v(X) is finitely supported if U =
(Fy,...,F,) for some non-empty finite subsets Fi,...,F, C X. By
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v*(X) we denote the subspace of v(X) consisting of finitely supported
upfamilies on X. Let ¢*(X) = o(X) Nv*(X), A*(X)=A(X) Nnv*(X),
N3 (X)=N2(X)Nv*(X). Since each finitely supported ultrafilter is princi-
pal, the set 5*(X) = 5(X) Nv*(X) coincides with X (identified with the
subspace of all principal ultrafilters in v(X) ). The embedding relations
between these spaces of finitely supported upfamilies are indicated in the
following diagram:

Any map f: X — Y induces a continuous map
vf ru(X) = oY), vf:Fe{ACY:f YA ecF}.

By [8], vf(FL) = (vf(F))" and vf(B(X)) C B(Y), vf(A(X)) C A(Y),
vf(0(X)) € @(Y), vf (N2(X)) C No(Y), and vf (v*(X)) C v*(X). If
the map f is injective, then v f is a topological embedding, which allows
us to identify the extensions B(X), M(X), ¢(X), N2(X) and v(X) with
corresponding closed subspaces in (Y), A(Y), o(Y), N2(Y) and v(Y),
respectively.

If+: X x X - X, *: (x,y) — zy, is a binary operation on X, then
there is an obvious way of extending this operation onto the space v(X).
Just put

A®B=(AxB:Ac A, BeB)

where A+« B = {ab: a € A, b € B} is the pointwise product of sets
A, B C X. The upfamily A ® B will be called the pointwise product of the
upfamilies A, B. It is clear that this extension ® : v(X) x v(X) — v(X)
of the operation * : X x X — X is associative and commutative if
so is the operation . So, for an associative binary operation * on X,
its extension v(X) endowed with the operation ® of pointwise product
becomes a semigroup, containing the subspaces ¢(X), p*(X), No(X), and
N3 (X) as subsemigroups. However, the subspaces 5(X) and A(X) are
not subsemigroups in (v(X),®). To make 5(X) a semigroup extension
of X, Ellis [7] suggested a less obvious extension of an (associative) binary
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operation * : X x X — X to an (associative) binary operation on 5(X)
letting
A*B:<Ua*Ba:AEA, {Ba}aeACB> (1)
acA
for ultrafilters A, B € 5(X) (see [15, §4]). It is clear that A® B C A* B
but in general A ® B # A x B.

In [9] it was observed that the formula (1) determines an extension of
the operation * to an (associative) binary operation * : v(X) x v(X) —
v(X) on the extension v(X) of X. So, for each semigroup (X, x), its
extension v(X) endowed with the extended operation * is a semigroup,
containing the subspaces (X), ¢(X), A(X), Na(X) as closed subsemi-
groups. Moreover, since v*(X) is a subsemigroup of v(X), the subspaces
X =p*X), ¢*(X), A*(X), N3(X) also are subsemigroups of v(X). Alge-
braic and topological properties of these semigroups have been studied in
[9], [1]-[6]. In particular, in [6] and [3] we studied properties of extensions
of groups, while [4] and [5] were devoted to extensions of semilattices
and inverse semigroups, respectively. In contrast to the operation &®, the
extended operation * on the semigroup v(X) and its subsemigroups rarely
is commutative. For example, by [6] a group X has commutative superex-
tension A(X) if and only if X is a group of cardinality | X| < 4. According
to [4], a semilattice X has commutative extension v(X) if and only if X
is finite and linearly ordered.

Let X be a semigroup. A subsemigroup S C v(X) is defined to be
supercommutative if Ax B=A® B =B® A=DBx*A for any upfamilies
A, B € S. It is clear that each supercommutative subsemigroup S C v(X)
is commutative. The converse is not true as we shall see in Section 10.

In this paper we study the commutativity and supercommutativity of
the semigroups v(X), Na(X), A(X), p(X), B(X), v*(X), N3 (X), \*(X),
©*(X) and characterize semigroups X whose various extensions are com-
mutative or supercommutative. In the preliminary Sections 2, 3 we shall
analyze the structure of periodic commutative semigroups and projective
extensions of semigroup, Section 5 is devoted to square-linear semigroups
which will play a crucial role in Sections 7 and 8 devoted to the study of
commutativity and supercommutativity of the semigroups v(X), v*(X),
N3(X) and N3(X). In Section 6 we characterize semigroups X with
(super)commutative extensions S(X), p(X), ¢*(X), and in Section 9 we
detect semigroups with commutative extensions A\(X) and A*(X). In
Section 10 we study the structure of semigroups X whose superextension
A(X) is supercommutative.
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2. The structure of periodic commutative semigroups

In this section we recall some known information on the structure
of periodic commutative semigroups. A semigroup S is called periodic if
each element x € S generates a finite semigroup {z*}ren. A semigroup
S generated by a single element z is called monogenic. If a monogenic
semigroup is infinite, then it is isomorphic to the additive semigroup N
of positive integers. A finite monogenic semigroup S = {2*}en also has
simple structure (cf. [13, §1.2]): there are positive integer numbers n < m
such that

S={x,...,2m Y}, m=15+1and 2" = 2™;

Cp = {a",..., 2™ 1} is a cyclic subgroup of S;

the cyclic subgroup C, coincides with the minimal ideal of S;

the neutral element e, of the group C, is a unique idempotent of .S
and the cyclic group C, is generated by the element xe,.

Such monogenic semigroups will be denoted by (x | 2™ = 2™).

For a semigroup S let
E(S)={ec S:ee=¢e}
be the idempotent part of S. For each idempotent e € E(5) let
Ho={zeS:3yes zyx=x, yry =y, vy =e = yx}
be the maximal subgroup of S containing the idempotent e. The union

c¥)= |J He
ecE(S)

of all (maximal) subgroups of S is called the Clifford part of S. The
Clifford part C(S) is contained in the regular part

R(S)={zeS:zecaSz}

of S. If a semigroup S is commutative, then R(S) = C(S) and the subsets
E(S) and R(S) = C(S) are subsemigroups of S.

If a semigroup S is periodic, then for each element x € S the monogenic
semigroup {xk }ken contains a unique idempotent e,. So, we can consider
the map

es: S — E(S), ex:x ey,
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which projects the semigroup S onto its idempotent part E(S). The map
0 S = C(S), co:x ey,

projects the semigroup S onto its Clifford part. If a periodic semigroup S is
commutative, then the projections e, : S — E(S) and ¢, : S — C(S) are
semigroup homomorphisms. In this case, for every idempotent e € E(S5),
Se ={x €S :e, = e} is a subsemigroup of S with a unique idempotent e.
So, the semigroup S decomposes into the disjoint union S = [J,.¢ E(S) Se
of semigroups S, parametrized by idempotents e € FE(S).

3. Projection extensions of semigroups

A semigroup X is called a projection extension of a subsemigroup
Z C X if there is a function 7 : X — Z (called the projection of X onto
Z) such that

e 7(z) =z for each z € Z;
ez -y=mn(z) w(y) € Zforallz,y € X.

It follows from 7(xy) = xzy = w(z) - 7(y) that the projection 7 : X — Z
necessarily is a homomorphism of X onto its subsemigroup Z.

If amap 7m: X — Z of semigroups X and Z is a homomorphism, then
by [9] the map v7 : v(X) — v(Z) is a homomorphism too. So, we have
the following statement.

Proposition 3.1. If a semigroup X is a projection extension of a subsemi-
group Z C X, then the projection m : X — Z induces a homomorphism
v v(X) — v(Z) witnessing that the semigroup v(X) is a projection
extension of the subsemigroup v(Z).

Corollary 3.2. Assume that a semigroup X is a projection extension of
a subsemigroup Z C X, w: X — Z is a projection of X onto Z. Then
each subsemigroup S C v(X) with vr(S) C S is a projection extension of
the subsemigroup v (S) = S Nwv(Z). Consequently, the semigroup S is
(super)commutative if and only if so is its subsemigroup S Nv(Z).

Corollary 3.3. Assume that a semigroup X is a projection extension of
a subsemigroup Z C X, and € € {v,v®*, No, N3, 0, p*, \,\*, 3,5°}. The
extension (X)) of X is (super)commutative if and only if the extension
e(Z) of the semigroup Z is (super)commutative.
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4. Semicomplete digraphs

In this section we recall some information on digraphs. In the next
section this information will be used for describing the structure of square-
linear semigroups.

By an directed graph (briefly, a digraph) we shall understand a pair
(X, A) consisting of a set X and a subset A C X x X. Elements z € X
are called vertices and ordered pairs (x,y) € A called edges of the digraph
(X,A). An edge (z,y) € A is called pure if (y,z) ¢ A. A digraph (X, A)
is called complete if A = X x X and semicomplete if A\UA™T = X x X,
where A7 = {(y, ) : (z,y) € A}.

A sequence x, ..., x, of vertices of a digraph (X, A) is called a (pure)
cycle of length n if xy = x,, and for every i < n the pair (z;,z;+1) is a
(pure) edge of the digraph (X, A). A cycle xg,x1,...,2, in a digraph
(X, D) is called bipartite if the number n is even and for each numbers i, j €
{1,...,n} with odd difference i — j we get (z;,z;) ¢ AN A~L Bipartite
cycles can be equivalently defined as cycles xg, y1,Z1,%2, ..., Yn, Tn such
that (w;,y;) ¢ ANA~! for any 1 < i,j < n.

It is easy to see that a cycle of length 4 is bipartite if and only if it is
pure.

Lemma 4.1. A semicomplete digraph (X, A) contains a pure cycle of
length 4 if and only if it contains a bipartite cycle.

Proof. Let xg,x1,...,2zy, be a bipartite cycle in the digraph of the smallest
possible length n. The length n is even and cannot be equal to 2 as
otherwise (71, 22) = (71,20) € ANA~L So, n > 4. We claim that n = 4.
Assume conversely that n > 4 and consider the pair (xg,x3). Since the
cycle is bipartite and the digraph (X, A) is semicomplete, either (xq, x3) or
(3, x0) is a pure edge of the digraph. If (z3, z¢) € A, then xg, x1, x2, x3, T
is a bipartite (and pure) cycle of length 4 in (X, A). If (g, z3) € A, then
X0, T3, X5, ..., Ty is a bipartite cycle of length n — 2 > 4 in (X, A), which
contradicts the minimality of n. O

5. Square-linear semigroups

A semigroup S is called linear if zy € {z,y} for any elements z,y € S.
It follows that each element z of a linear semigroup is an idempotent. So,
linear semigroups are bands, i.e., semigroups of idempotents. Commutative
bands are called semilattices. So, each linear commutative semigroup is a
semilattice. Each semilattice F is endowed with a partial order < defined
by z < y iff zy = x.



168 SEMIGROUPS WITH COMMUTATIVE SUPEREXTENSIONS

A semigroup S is called square-linear if xy € {x2,y?} for all elements
x,y €S.

Proposition 5.1. Let S be a square-linear commutative semigroup and
x,y,z € S be any elements. Then

1) S is periodic and x° = z* = e, € E(S);

the idempotent part E(S) of S is a linear semilattice;

the Clifford part C(S) of S coincides with E(S);

zy = egey if 22, y* € E(S);

TYz = egeye;;

if ¥2 ¢ E(S), then e, is the largest element of the semilattice F(S).

T W N

)
)
)
)
)
)

(=)

Proof. 1. Tt follows from 2% = z - 22 € {2%, 2%} that 23 = 2% = ¢, and
hence x3 = 2" for all n > 3. So, the monogenic semigroup {2"},en =
{x, 2?

, 23} is finite and hence S is periodic.

2. If 2,y are idempotents, then xy € {22, 3%} = {x,y} implies that
the semilattice E(5) is linear.

3. The identity 2® = 2* implies that each subgroup of S is trivial and
hence C(S) = E(95).

4. 1f 22, y? € E(S9), then z* = 22 and hence 22 = z* = 23 = ¢,. Then
zy € {2%,9y?} = {es,e,} implies that zy is an idempotent and hence
TY = eyy = €y - €, as the projection e, : S — E(5) is a homomorphism.

5. First we show that zyz € E(S). Since S is square-linear, we get
ry € {22, y?}. We lose no generality assuming that 2y = x2. Now consider
the product xz € {2?,22}. If vz = 22, then xyz = 2?2 = z(22) = 23 €
E(S). If zz = 2%, then xyz = 2%z = 2wz = 22% = v22 = 2%z = 2% € E(9).
Since the projection e, : S — E(S) is a homomorphism, we conclude that
TYZ = €y = €z€yC,.

6. Assume that 22 ¢ F(S) but the idempotent e, is not maximal in
the linear semilattice E(S). Then there is an idempotent e € E(S) such
that ee, = e, # e. It follows that ze € {22, e?}. We claim that ze # e.
Assuming that xe = e, we conclude that zee = ee = e. On the other
hand, the preceding item guarantees that xee = e e.e. = ezee = e, # e.
So, xe = x? ¢ E(S), which contradicts xe = vee € E(9). O

Each square-linear semigroup S endowed with the set of directed edges

A={(z,y) €S xS:ay=2}
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becomes a semicomplete digraph. In fact, the algebraic structure of
a square-linear semigroup S is completely determined by its digraph
structure A and the duplication map S — S, x — 2. The semigroup
operation S x S — S, (x,y) — xy, can be recovered from A and the
duplication map by the formula

6. Commutativity of the semigroups 5(X), ¢(X) and ¢*(X)

The following characterization was proved in Theorem 4.27 of [12].

Theorem 6.1. For a commutative semigroup X the following conditions
are equivalent:

1) the semigroup (X)) is commutative;
2) {agb, : k,n € w, k <n}N{bgay, : k,n € w, k < n} # & for any
sequences (an)new and (bp)new in X.

Corollary 6.2. If the semigroup 3(X) is commutative, then

1) for each square-linear subsemigroup S C X the set {x*: x € S} is
finite;

2) each subsemigroup of X contains a finite ideal;

3) each monogenic subsemigroup of X is finite.

Proof. Assume that the semigroup (X)) is commutative.

1. Assume that X contains a square-linear subsemigroup S C X with
infinite subset {x? : x € S}. Then there is a sequence {;, }ne, in S such
that 2 # 22, for any n # m. Define a 2-coloring x : [w]? — {0, 1} of the
set [w]? = {(n,m) € w?:n < m} letting

0 ifxpz, =2

1 ifz,z, =

2
x(n,m) = { 5

G
By Ramsey’s Theorem [16] (see also [10, Theorem 5]), there is an infinite
subset 2 C w and a color ¢ € {0,1} such that x(n,m) = ¢ for any pair
(n,m) € [W]2N Q2 Let Q = {ky, : n € w} be the increasing enumeration
of the set §2. Then for the sequences a, = xy,, and b, = y,,,,, n € w,
we get
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{akbn}k<n N {bkan}k<n - {az}szw N {b%}kew =

= {37%2” }nEw N {m%%-kl }TLGUJZga

which implies that the semigroup 5(X) is not commutative according to
Theorem 6.1.

2. Let S be an infinite subsemigroup of X. Then the semigroup
B(S) C B(X) is commutative and hence contains at most one minimal left
ideal. In this case Corollary 2.23 of [11] guarantees that the semigroup S
contains a finite ideal.

3. By the preceding item, for every x € X the monogenic semigroup
{2*}1.en contains a finite ideal and hence is finite. O

Theorem 6.3. For a commutative semigroup X and the semigroup p(X)
of filters on X the following conditions are equivalent:

1) o(X) is commutative;
2) p(X) is supercommutative;

3) {arbn}r<n N {bnGny1}new # D for any sequences
(an)new and (bn)new n X.

Proof. We shall prove the implications (2) = (1) = (3) = (2). The
implication (2) = (1) is trivial.

(1) = (3) Assume that the semigroup ¢(X) is commutative and take
any sequences (ap)new and (by)new in X. Consider the filter A = (A)
generated by the set A = {ay }ne, and the filter B={B C X : InVm >
n by, € B}. It follows that the set C' = {agby, }x<, belongs to the product
A x 3. Since the semigroup ¢(X) is commutative, C' € Ax B = B * A and
hence there is a set B € B such that BA C C. By the definition of the filter
B, the set B contains some element b,,. Then b,,a,,11 € BA=AB C C
and hence the intersection {axby tr<n N {bnan+1tnew D bmams1 is not
empty.

(3) = (2) Assume that Ax* B # A® B for some filters A, B € ¢(X).
Then AxB ¢ A® B and some set C' € A% B does not belong to the filter
A® B. This means that Ax B ¢ C for any sets A € Aand B € B. We lose
no generality assuming that the set C'is of the basic form C' = (J,c4 a* B,
for some set A € A and family (Bg)qeca € BA. Pick any point ag € A and
consider the set By = By, € B. Since Ax By ¢ C, there are points by € By
and a; € A such that a;by ¢ C. Now consider the set By = ByN By, € B.
Since Ax By ¢ C, there are points b; € By and ay € A such that agb; ¢ C.
Proceeding by induction, for every n € w we shall construct two sequences
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of points (an)new and (by)new in X such that a,, € A, by, € N Ba,, and
an+1bn ¢ C for every n € w.

Observe that for each i < n we get a;b, € a;B,, C C and hence
{akbn}kgn N {an—i-lbn}ne.u cdn (X \ C) =J. L]

Proposition 6.4. For each commutative semigroup X the semigroup
©*(X) is supercommutative. Moreover, AxB = A® B for each A € v*(X),

B e p(X).

Proof. 1t is sufficient to prove that A% B C A® B for each A € v*(X),
B € p(X). Let C € A= B. We lose no generality assuming that the
set C'is of the basic form C' = (J,c4 a * B, for some finite set A € A
and a family (Bg)eca € BA. Since the set A is finite, by definition of
a filter, the intersection (,c 4 B, is nonempty and belongs to B. Hence
C D Uaea@* (MacaBa) = Ax (Nuca Ba) € A®B. )

Problem 6.5. Characterize semigroups X whose Stone-Cech extension
B(X) is supercommutative.

7. (Super)commutativity of semigroups v(X) and v*(X)

In this section we shall characterize semigroups X whose extensions
v*(X) and v(X) are commutative or supercommutative. The characteri-
zation will be given in terms of square-linear semigroups X endowed with
the digraph structure

A={(z,y) € X x X : 2y = 2*}.

Theorem 7.1. For a commutative semigroup X the following conditions
are equivalent:

1) the semigroup v*(X) is commutative;

)

2) v*(X) is supercommutative;

3) Ax* Bt =Bt x A for any filters A, B € ¢*(X) C v*(X);

4) AxB=A® B for any upfamilies A € v*(X) and B € v(X);

5) {zu,yv} N {zv,yu} # & for any points x,y,u,v € X;

6) X is a square-linear semigroup whose digraph (X, A) contains no
bipartite cycles.

Proof. We shall prove the implications (4) = (2) = (1) = (3) = (5) =
(6) = (4) among which the implications (4) = (2) = (1) = (3) are trivial.
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(3) = (5) Assume that {zu,yv} N {zv,yu} = @ for some points
z,y,u,v € X, and consider the filters A = ({x,y}) and B = ({u, v}), which
belong to the semigroup ¢®(X). It is easy to see that B+ = ({u}, {v}).
Observe that B+ * A = ({uz,uy}, {ve,vy}) and {zu,yv} € AxB*. Since
{zu,yv} ¢ ({uzx,uy}, {ve,vy}), we conclude that A * B+ # Bt x A.

(5) = (6) To show that the semigroup X is square-linear, take any
two points a,b € X and put + = v = a and y = u = b. Then {ab} =
{zu,yv} C {zv,yu} = {a?,b*}, which means that the semigroup X is
square-linear. Next, we show that its digraph (X, A) contains no bipartite
cycle. Assuming the converse and applying Lemma 4.1, we conclude
that X contains a pure cycle zg,x1, 2, x3, 24 of length 4. For every
0 < i < 3 the inclusion (2, z;41) € A\ A~! implies ;7,41 = x? =+ mfﬂ.
Since x4 = xp, we get z4r] = X1 = :c?l #* x% Then for the points
T =11,y =2T3,U = T2,V = T4, We get

{zu, yv} N{uy,ve} = {z129, x324} N {2273, 2421} =
= {z,23} N {a3,2} = @.

So, the condition (4) does not hold.

(6) = (4) Assume that the subgroup X is square-linear, but A *x B #
A® B for some upfamilies A € v*(X) and B € v(X). Then AxB ¢ A®B
and hence C' ¢ A ® B for some set C' € A x B. We lose no generality
assuming that C' is of the basic form C' = {J,c 4 a * B, for some set A € A
and sets B, € B, a € A. Since A € v*(X), we can assume that the set A
is finite.

Taking into account that C' ¢ A® B, we conclude that A% B, ¢ C for
each a € A. Choose any element ag € A. By induction, for every k € w
we shall choose points b, € B, and ag+1 € A with ag1 x by ¢ C as
follows. Assume that for some k € w a point a € A has been constructed.
Consider the set B,, * A = Ax B,, ¢ C and find two points a4 € A
and b, € B, such that byag41 ¢ C.

Since the set A D {ax}re, is finite, for some point a € A the set
Q= {k € w:ar = a} is infinite. Fix any three numbers p, ¢, r € § such
that Ll <p<p+1<qg<qg+1<r. Since X is a square-linear semigroup,
agby € {aZ,b7}.

Now consider two cases.

(i) agbg = b2. In this case we shall show that

(bg+i> ag+i) € A and (agtit1,bgri) € A
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for every i € w. This will be proved by induction on ¢ € w. If i = 0, then
the inclusion (bg, aq) € A follows from the equality a,by = bg. Assume that
for some i € w we have proved that (bg4,aq+i) € A, which is equivalent
to ag4ibgri = bg 4;- 1t follows from bg i = Ggqribgyi # bgriagyit1 €
{7 1i» Qgqir1) that bgriagriv1 = ajy; iy and hence (agiiv1,bgri) € A
Taking into account that
a2+i+1 = bg+tiQq+it1 7 Agti+1bg+it1 € {aiﬂw b3+z‘+1},

we see that agyit1bgtiv1 = bg viv1 and (bgiv1, agriv1) € A, which com-
pletes the inductive step.

Taking into account that {bgﬂ'}iew = {ag+ibgtiticw C {arbi}rew C C
and {agﬂ-“}i@ = {bg+iGqg+i+1 ticw C {brak+1}thew C X \ C, we conclude
that {b7,;}icw N {a] ;11 iew = @, which implies that (bg4i,ag4j41) ¢
ANA~! for every i,j € w.

Now we see that a,,b._1,a,_1,...,bq, a4 is a bipartite cycle in the
digraph (X, A).

(ii) agbg = aZ. In this case we shall show that
(aq_i, bq_i) € A and (bq—i—h aq_i) €A

for every 0 < ¢ < ¢. This will be proved by induction on i < ¢. If
i = 0, then the inclusion (a4, b,) € A follows from the equality a,b, = ag.
Assume that for some non-negative number ¢ < ¢ — 1 we have proved
that (aq—i, bg—i) € A, which is equivalent to aq—;bs—; = agfi. It follows
from ag_i = aq_ibq_i 7& bq_i_laq_i S {bg_i_l,ag_i} that bq_i_laq_i =
bgfiq and hence (by—;—1,a4—i) € A. Taking into account that bgﬂ;l =
bq_i_laq_i #* aq_i_lbq_i_l S {ag_i_l, bg—i—l}’ we see that aq_i_lbq_i_l =
ag_i_l and (ag—;i—1,bq—i—1) € A, which completes the inductive step.
Taking into account that

{a2_ 0 = {ag—ibg—i}Zy C {arbr}rew C C and
{02 1}y = {bg—i—1aq—i}{— C {braki1}rew € X\ C,

we conclude that {b2_, }9°0 N {agfi}g:_é = @, which implies that

q—i—1
(bg—i—1,aq—;) € ANATL for every 0 < 4,5 < g.
Now we see that ap, by, apy1,bpt1, ..., aq-1,bg—1, aq is a bipartite cycle
in the digraph (X, A). O

Theorem 7.2. For a commutative semigroup X the following conditions
are equivalent:
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1
2

) the semigroup v(X) is commutative;
)

3) the semigroups v®(X) and S(X) are commutative;
)
)

v(X) is supercommutative;

4) Ax Bt =Bt x A for any filters A, B € o(X);

5) {anbptnew N {bnantitnew # 9 for any sequences
(an)new and (bn)new in X.

Proof. We shall prove the implications (2) = (1) = (4) = (5) = (2) and
(1) = (3) = ().

The implications (2) = (1) = (4) are trivial.

(4) = (5) Assume that there are sequences A = {a,}ne, and B =
{bn}new in X such that {a,b, }newN{bnan+1}tnew = @. Consider the filters
A = (A) and B = (B). It follows that {b,} € B+ = {C Cc X : CNB # @}
for every n € w. Assume that A x B- = BL x A.

Since {anbntnew € Ax BY = B x A, there is k € w such that
b * A C {anbp}new, which is not possible as bragi1 & {anbptnew- SO,
Ax Bt # B+ A

(5) = (2) Assume that A%B # A®B for some upfamilies A, B € v(X).
Then A+ B ¢ A® B and hence C ¢ A® B for some set C € A B. We
lose no generality assuming that C' is of basic form C' = (J,c 4 aB, for
some set A € A and sets B, € B, a € A.

Taking into account that C' ¢ A ® B, we conclude that B, * A =
Ax B, ¢ C for each a € A. Choose any elements ag € A. By induction,
for every k € w we can choose points by, € B,, and aj41 € A such that
brak11 ¢ C. Then the sequences (an)new, and (by,)ne, have the required
property {anbp }new N {bnant1}new C CN (X \ C) = &, which shows that
(5) does not hold.

The implication (1) = (3) is trivial.

(3) = (5). Assume that the semigroups f(X) and v*(X) are com-
mutative but {anb, }new N {bnant1tnew = @ for some sequences (ap)new
and (b, )new. By Theorem 7.1, the semigroup X is square-linear and its
digraph (X, A) contains no bipartite cycles.

Two cases are possible.

(i) anby, # b2 for all n € w, and then a,b, = a2 for all n € w. Then for
each n € w we get {b2,a2, 1} 3 bpany1 ¢ {arbytrew = {a} }rew and hence
bnani1 = b2. Then {a2 },ewN{b2 }new = {anbn }newN{bnani1 tnew = 2. If
for every i < j we get a;b; = a? and bia; = b2, then {aibjticiN{biaj}tic; =
@ and the semigroup (X)) is not commutative by Theorem 6.1. So, there
are numbers i < j such that a;b; # a? or b;a; # b?.
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If a;b; # a , then a;b; = b , and a;, b, aip1,bip1, ..., a4,bj,a; if a
bipartite cycle in the digraph (X A), which is not possible.
If biaj 75 b%, then biaj = CL?, and then bi, 41, bi+1a . 7bj—17 Qj, bl is a

bipartite cycle in the digraph (X, A), which is not possible.

(ii) amby, = b2, for some m € w. Repeating the argument of the
proof of the implication (5) = (3) of Theorem 7.1, we can check that
for every i € w  Gmiibmyi = b?n i F a%l tit1 = bmti@myit1 and hence
{02, i YicwN{aZ, i1 ticw C {arbi b rew N {brrsr b rew = @. If for every i<j
we get am+ibm+]’ = b$n+j and bm+iam+j = afnﬂ-, then {am+ibm+]’}i<]’ N
{bm4im+jtic; = @ and the semigroup S(X) is not commutative by

Theorem 6.1. So, there are numbers i < j such that a,,4:bm; # b2, 45 0

bimtiGm+j 7 am_i_j.
If @y ibmt; # bgwjv then ay,4ibm+; = a%lﬂ-, and
Am+i s bm—i—j; am+j, ey bm+i7 Am+i
is a bipartite cycle in the digraph (X, A), which is not possible.
If byyiame; # afnﬂ, then by, iam4; = ban, and
bm+ia am+j, ey bm+i+1, Am4i+1, bm-i—i
is a bipartite cycle in the digraph (X, A), which is a contradiction. [

8. (Super)commutativity of semigroups N3 (X) and No(X)

In this section we detect semigroups with (super) commutative exten-
sions Na(X) or N3 (X).

Theorem 8.1. For a commutative semigroup X the following conditions
are equivalent:

1) the semigroup N3 (X) is commutative;

2) N3(X) is supercommutative;

3) {xu yv} N{zv, yu, zw,yw} # @ for any points x,y,u,v,w € X;

4) AxB=A® B for any upfamilies A € Ny(X) and B € No(X);

5) AxB=BxA for any A € ¢*(X) and B € N3(X);

6) Either X is a square-linear semigroup whose digraph (X, A) contains
no bipartite cycles or else X contains a 2-element subgroup H such

that x3 € H and xy = 2>y> for each points x,y € X.
Proof. We shall prove the implications (4) = (2) = (1) = (5) = (3) =
(6) = (4) among which (4) = (2) = (1) = (b) are trivial.

To prove that (5) = (3), assume that {zu, yv} N {zv, yu, 2w, yw} = @
for some points z,y, u,v,w € X. Consider the filter A = ({z,y}) and the
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linked upfamily B = ({u,w}, {v,w}). By (5), Ax B = B A. Observe
that the set {zv,zw,yu,yw} = = - {v,w} Uy - {u,w} belongs to the
upfamily A% B = B A. Then either {u,w} - {z,y} C {zv,zw, yu,yw}
or {v,w}-{x,y} C {xv, zw,yu, yw}. None of the inclusions is possible as
zu,yv ¢ {xv, yu, xw, yw}.

(3) = (6) If the semigroup v*(X) is commutative, then by Theorem 7.1,
X is a square-linear semigroup whose digraph (X, A) contains no bipartite
cycles. So, we assume that the semigroup v®(X) is not commutative. Given
any element a € X, put = v = a, y = u = a?, and w = a>. Then the
condition (3) implies zu = yv = a® € {wv,yu, 2w, yw} = {a?, a*, a’},
which yields a® = a® for each a € X. So, the semigroup X is periodic and
its set of idempotents £ = {e € X : €2 = e} is not empty. We claim that
the semilattice E is linear. Assuming the converse, find two idempotents
r,y € E with zy ¢ {z,y} = {2%,y*} and put v = z, v = y, w = xy. Then
{zu,yv} N {av, yu, zw,yw} = {22, y*} N {ry} = @, which contradicts the
condition (3).

Next, we show that the semilattice E has the smallest element. Assume
the opposite. Since the semigroup v*(X) is not commutative, Theorem 7.1
yields four points z,y,u,v € X such that {zu,yv} N {zv,yu} = &. Con-
sider the projection e, : X — FE, e, : x — e,, of X onto its idempotent
band. Since the linear semilattice £ does not have the smallest idem-
potent, there is an idempotent w € E such that weg, = w # ez, and
Weyy, = W # eyy. It follows that ey, = € - €y = w # ey, and hence
zw # zu. By analogy we can prove that {zu,yv} N {zw,yw} = &, which
implies {zu, yv} N {zv, yu, zw, yw} = & and contradicts (3).

Therefore, the semilattice ' has the smallest element, which will
be denoted by e. We claim that the maximal group H. containing this
idempotent is not trivial. It follows from {zu,yv} N {zv,yu} = @ and
{zu,yv} N{zv,yu, ze,ye} # & # {xv,yu} N {zu, yv, e, ye} that the set
{ze,ye} contains two elements and lies in the maximal subgroup H, of
the idempotent e. So, the group H, is not trivial. The equality a® = a®
holding for each element a € X implies that a® = e for each element a of
the group H.. We claim that |H.| = 2. In the other case, we could find
three pairwise distinct points a,b,ab € He\{e}. Putx =u=a,y =v = b,
and w = e. Then {zu, yv}N{zv, yu, zw,yw} = {e}N{ab,a,b} = &, which
contradicts (3).

So, H. = {e,h} for some element h € H.. Next, we show that e

is the unique element of the semilattice E. Assume that E contains
some idempotent f # e and consider the points x = f, y = h, u = e,
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v = h, w = f. Observe that {zu,yv} N {zv, yu, 7w, yw} = {fe,h?} N
{fh,he, ff,hf} ={e,e} N{h, f} =@, which contradicts (3).

Next, we check that a®> € H, for each a € X. Assume conversely
that a® ¢ H.. It follows from a® = a® that a* is an idempotent which
coincides with e and hence a® € H,. If a® = e, then we can consider
the points © = a, y = h, u = a®?, v = h and w = a. Then {zu,yv} N
{zv, yu, zw,yw} = {a®, h?}N{ah, ha®, a® ha} = {e}N{h,a®} = @, which
contradicts (2). So, a® = h and then a**! = h and a**2? = e for all
i € N. Consider the points z = a, y = a2, u = a®, v = a?, and w = a.
Then {zu,yv} N {zv,yu, 2w, yw} = {a*} N {a3,d° a? a®} = @, which
contradicts (3).

Finally, we show that ab € H, for any points a,b € X. Assuming
that ab ¢ H,. for some a,b € X, consider the points © = a, y = b,
u = b, v =a,and w = e. Then {zu,yv} N {zv, yu, zw,yw} = {ab} N
{a® b, ae,be} C {ab} N H, = @, which contradicts (2). So, ab € H,, and
then ab = (ab)? = a3b3.

(6) = (4) If X is a square-linear semigroup whose digraph (X, A)
contains no bipartite cycle, then by Theorem 7.1, Ax B = A ® B for
any upfamilies A4 € v*(X) and B € v(X). Now assume that X contains
a two-element subgroup H C X such that 2 € H and zy = z3y3 for
any points x,y € X. This means that for the projection = : X — H,
7 x — 23, the semigroup X is a projection extension of the subgroup H.
Then the semigroup No(X) is a projection extension of the subsemigroup
Ny(H). Since |H| = 2, by Proposition 6.4, the semigroup No(H) = ¢*(H)
is supercommutative and hence for any linked upfamilies A, B € No(X)
we get

Ax B =uvr(A)xvr(B) =vr(A) @ vr(B) = A® B. O
Theorem 8.2. For a semigroup X the following conditions are equivalent:

1) the semigroup N2(X) is commutative;

2) Na(X) is supercommutative;

3) the semigroups N3 (X) and 5(X) are commutative;

4) AxB=A® B for any upfamilies A € p(X) and B € No(X);

5) for every sequence (a;)icw, € X% and symmetric matriz (bij)i jew C
X@X9 we get
{ai - bijtijew N {bii - aiy1}icw # 9.

6) either the semigroup v(X) is commutative or else X contains a
2-element subgroup H such that x> € H and xy = x3y> for each
points x,y € X.
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Proof. Tt suffices to prove the implications (2) = (1) = (3) = (6) = (2)
and (2) = (4) = (5) = (2). In fact, the implications (2) = (1) = (3) and
(2) = (4) are trivial.

(3) = (6) Assume that the semigroups N5 (X) and S(X) are commu-
tative but the semigroup v(X) is not commutative. By Theorem 7.2, the
semigroup v*(X) is not commutative. Combining Theorems 7.1 and 8.1,
we conclude that X contains a 2-element subgroup H such that 2® € H
and zy = x3y> for each points =,y € X.

(6) = (2) If v(X) is commutative, then by Theorem 7.2, it is super-
commutative and so is its subsemigroup No(X). If X contains a 2-element
subgroup H such that 23 € H and zy = 23y3 for each points z,y € X,
then for the projection 7 : X — H, 7 : & — 2, the semigroup X is a
projection extension of the subgroup H. By Proposition 3.1, the semi-
group N3(X) is a projection extension of the subsemigroup No(H). Since
|H| = 2, the semigroup No(H) = ¢*(H) is supercommutative by Proposi-
tion 6.4. Being a projection extension of the supercommutative semigroup
Ny(H), the semigroup Na(X) is supercommutative by Corollary 3.3.

(4) = (5) Assume that for some sequence (a;)ic, € X“ and some
symmetric matrix (bij)i,jEw C X9*% we get {aibij}i,jEwm{biiai—i-l}iew =J.
Consider the filter A = (A) € p(X) C No(X) generated by the set
A = {a;}icw and the linked system B generated by the family {B;};e., of
sets B; = {b;j}jcw, © € w. Observe that the set C = {a;b;;}i jew belongs
to A * B. Assuming that A« B = A ® B, we would find a number i € w
such that A x B; C C, which is not possible as a;41b;; ¢ C.

(5) = (2) Assuming that A« B is not supercommutative, we could find
two linked upfamilies A, B € Na(X) such that A B ¢ A® B. Then for
some set A € A and a family (Bg)aca € B4, we get Usen aBy ¢ A® B.
It follows that for every a € A the product A x B, is not contained in
the set C' = (J,ca @ * By, which allows us to construct inductively two
sequences of points (a;)ic, C AY and (b;)ic € X¥ such that b; € By,
and a;41b; ¢ C for every i € w. For every numbers ¢ < j put b;; = b;
and let b;; = bj; be some point of the intersection B, N B, (which
is not empty by the linkedness of the upfamily B). Then the sequence
(@i)icw, and the symmetric matrix (b;;); je., have the required property
{aibij}i,onJ N {biiaiH} cCn (X \ C) =J. ]
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9. Commutativity of superextensions \(X)

In this section we characterize semigroups having commutative exten-
sions A\(X) and A\*(X).

Theorem 9.1. For a commutative semigroup X the following conditions
are equivalent:

1) the semigroup A(X) is commutative;
2) for any symmetric matrices (aij)ijew, (bij)ijecw € X“*Y we get
{aii - bij}ijew N {bi - ait1j}ijew # 9.
Proof. (1) = (2) Assuming that the semigroup A(X) is not commutative,
find two maximal linked systems A, B € A(X) such that A B # B x A.
The maximal linked upfamilies A * B and B * A are distinct and hence
contain two disjoint sets C' € A * B and C' € B x A. For these sets there
are sets A € A, B € B and families of sets (B,)aca € B4, (Ap)rep € AP
such that J,cq aB, C C and Upep bA, C C'.

By induction we can construct two sequences {a;; }icw C A and {b;; }icw
such that b;; € BN By, and ajt1,i+1 € AN Ay, for every ¢ € w. Since the
upfamilies B and A are linked, for every numbers i < j we can choose
points bij S Baii N Bajj and Ait1,j+1 € Abii N Abjj, and put bji = bij and
@j11,i4+1 = Qiq1,5+1- Also put ag; = aj = agp for all i € w. In such way
we have defined two symmetric matrices (a;j)ijew and (bij)ijen with
coefficients in the semigroup X. Observe that for each i,j7 € w we get
Qi * bij € Qi * Baii C C and by * Ai+1,5 € bii * Ab“. C Cl, which implies
that the sets {a;; - bij}i jew and {bs - ajt1;}ijew are disjoint.

(2) = (1) Assume that there are two symmetric matrices (a;;)i jew,
(bij)i7j6w S X@*@ guch that the sets {aii : bij}i,onJ and {b“ . ai+17j}i7j6w
are disjoint. Consider the sets A = {a; }ic., and A; = {a;;}je., which form
a linked system {A, A;};c,, which can be enlarged to a maximal linked
system A. On the other hand, the sets B = {bj; }ic, and B; = {bjj}jcw
form a linked upfamily, which can be enlarged to a maximal linked upfamily
B. We claim that A« B # B * A. This follows from the fact that the
maximal linked upfamilies A x B and B * A contains the disjoint sets

{aiibij }ijew = U a;B; € Ax B
a;;EA

and

{biiair1s}ijew = | budi1 € Bx A
b, €EB

Therefore the semigroup A is not commutative. O
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For a set X consider the subset
A3(X) ={A e A(X):3YCX such that |[Y|<3and A€ A(Y) C A(X)}

in A*(X).

Theorem 9.2. For a commutative semigroup X the following conditions
are equivalent:

1) the semigroup \*(X) is commutative;

2) any two mazimal linked systems A, B € A3(X) commute;

3) any two mazimal linked systems A € A\*(X) and B € A\(X)
commute;

4) for any elements a,b,c,x,y,z € X the sets {ax,ay,cy,cz} and
{zec, xb, za, zb} are not disjoint;

5) for any elements xq, x1, x2, 3,24, 25 € X the sets
{z129, X273, X324, T45} and {124, T2T5, TOX1, T0T5} are not dis-
joint.

Proof. 1t suffices to prove the implications (3) = (1) = (2) = (4) &
(5) = (1). In fact, the implications (3) = (1) = (2) are trivial while the
equivalence (4) < (5) follows from the observation that for any points
b=1xp, x =21, a =29, Yy =213, c=1xy4, 2=1x5 in X we get

{ax,ay,cy, cz} N{xe, xb, za, zb} =

= {2122, ow3, 374, T475} N {21274, 170, 572, T570 }-

(2) = (4) Assume that for some elements a,b, ¢, z,y,z € X the sets
{ax,ay,cy,cz} and {xc,xb, za, zb} are disjoint. Consider the maximal
linked systems A = {A C X : [An{a,b,c}| > 2} and ¥ = {A C X :
|AN{z,y,z}| > 2} and observe that A, X € A\3(X) and the products
Ax X and X x A are distinct since they contain disjoint sets

a{z,y} Uc{y,z} € A+ X and z{c,b} U z{a,b} € X x A.

(4) = (3) The proof of this implication is the most difficult part of the
proof. Assume that (4) holds but there are two non-commuting maximal
linked systems A € A*(X) and B € A(X). Then the maximal linked
systems A x B and B x A contain disjoint sets. Consequently, we can find
sets A € Aand B € B and families (Bg)sea € B4 and (Ap)pep € AP such
that the sets Uag = Ugcpa* By € AxBand Ugg = Upepb*x Ap € Bx A
are disjoint. Since A € A*(X), we can additionally assume that the set A
is finite.
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By analogy with the proof of Theorem 9.1, construct inductively two
sequences (a;)icw € A¥ and (b;)ic,, € B“ such that b; € B N By, and
aj+1 € AN Ap,. Since the set A is finite, there are two numbers k, m such
that 0 <k <m —1 and ar = am,.

Let n = m — k > 2 and consider the group Z, = {0,1,...,n — 1}
endowed with the group operation of addition modulo n, which will be
denoted by the symbol @&. So, 1 & (n — 1) = 0. For each i € Z, let
a;i = ap4; and b = bgy,;. For every numbers ¢ < j in Z,, choose points
bij = bji € Ba”. N Bajj and aij = aj; € Abi’,i/ N Abj/,j/ where i/,j/ € Ly,
are unique numbers such that i =i @ 1 and j/ = j @ 1. It follows that
ai;bij € a;iBq,; C Uap and byaig1; € biiAp,, € Uga. So,

{aii * bij}ijen, N {bii * aign j}ijez, CUasNUpa = 9.

By induction on i € Z, we shall prove that agy * b;; € Ugp. This is
trivial for ¢ = 0. Assume that for some positive number i < n — 1 we have
proved that agg * b;; € Uygp. Let

To = Qit1i@2, T1 = bis, To = aoo,
x3 =Dboit1, T4 = Qit1441, T5=biy1it1-
It follows that
{@122, 2213, 2374, 2475} =

= {bs,i * @00, @00 * b0,i+1,00,i+1 * Qi 1,41, Cit1,i+1 * big1,i41} C
CUa U apo * Bagy U @it1i+1 * Bay oy i YUaittit1 * Bayyy 0y CUag.

On the other hand,

{xox1, xoxs, x124} = {@it1i02 * bii, Qir1,im2 * bit1i41,bi * Qig1,i41} C

C bm’ * Abi,i U bi+17¢+1 * Ale,Hl U bm' * Abi,i Cc Upy.

Then {z1x9, vows, x324, 425} N {zox1, Tows, v124} C Uag N Ups = 2.
By the condition (4), the intersection

{122, T2x3, 324, 425} N {T0X1, ToX5, 124, T2X5 }
is not empty, which implies that

aoo * bit1,i+1 = Tows € {7172, T2x3, T324, 475} C Ugp.
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After completing the inductive construction, we conclude that agg *
bpn—1,n—1 € Uap which is impossible as

ago * bp—1,n-1 = g ¥ bpyn—1 = am * b1 = b1 xay, € Upa. 0O

We shall apply Theorem 9.2 to detecting monogenic semigroups that
have commutative superextensions.

Theorem 9.3. For a monogenic semigroup X = {x*}ren the following
conditions are equivalent

1) MX) is commutative;
2) A*(X) is commutative;
3) x™ =™ for some pair (n,m) in the set
{(1,2), (1,3),(2,3), (1,4),(2,4),(3,4), (1,5),(2,5),(3,5),(4,5), (2,6)}.

Proof. We shall prove the implications (3) = (1) = (2) = (3), among
which the implication (1) = (2) is trivial.

(3) = (1) Assume that 2™ = 2™ for some pair (n,m) in the set

{(1,2),(1,3),(2,3), (1,4),(2,4), (3,4), (1,5),(2,5),(3,5), (4,5), (2,6) }.

If (n,m) € {(1,2),(1,3),(1,4),(1,5)} then X is isomorphic to a cyclic
group of order < 4 and \(X) is commutative by Theorem 5.1 of [6].

If (n,m) = (2, 3), then the semigroup A\(X) = X is commutative.

If (n,m) € {(2,4),(3,4)}, then | X| =3 and A(X) = X U{A} where
A = {A C X : |Al > 2}. Taking into account that zy = yz and
Az = x-A forall z,y € X, we see that the semigroup A(X) is
commutative.

If (n,m) = (2,5), then za = x*a for every a € X and hence X =
{x, 22 23,22} is a projective extension of the cyclic subgroup {z?, 23, 24}.
In this case the commutativity of A\(X) follows from the commutativity
of A(C3) according to Proposition 3.3.

By analogy, for (n,m) = (2,6) the commutativity of the semigroup
A(X) follows from the commutativity of the semigroup A(Cy).

Now consider the case (n,m) = (3,5). In this case X = {z, 22, 23, 2}
and the semigroup A\(X) contains 12 elements:

k= ({"}),
Ap={ACX:|A|=2, 2¥¢ A}) and
O = {X\{2*},A: AC X, |A| =2, 2% € A}),
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where k € {1,2,3,4}. The following Cayley table of multiplication in the
semigroup A\(X) implies the commutativity of A(X):

* Al AQ Ag A4 Dl Dg |:|3 |:|4
AN ! 3 4 3 3 4 3 4
AQ 3 Al 3 Al Al 3 Al 3
N3l 4 3 4 3 3 4 3 4
A4 3 Al 3 Al A1 3 Al 3
Dl 3 Al 3 ﬁl Al 3 Al 3
Ly | 4 3 4 3 3 4 3 4
O3 3 A1 3 A1 A1 3 A 3
Uy | 4 3 4 3 3 4 3 4

In the final case (n,m) = (4,5), the product of any two nonprincipal
maximal linked upfamilies is equal to the principal ultrafilter ({z*}),
which implies that the semigroup A(X) is commutative.

(2) = (3) Let X = {2"}ren be a monogenic semigroup with com-
mutative extension A\*(X). If | X| < 4, then 2" = 2™ for some (n,m) €
{(1,2),(1,3),(2,3), (1,4), (2,4), (3,4), (1,5), (2,5), (3,5, (4,5)}. If 2 =
22, then we are done. So, we assume that % # z? and |X| > 5. In this
case the elements z, 22, 23, 2%, 25 are pairwise distinct.

We claim that z7 € {3, x4}. In the opposite case we can put zo = z*,

x1 =23, 1o = x, x3 = 22, x4 = 2, 5 = = and observe that

{z129, ®2W3, X374, T4T5} N {T124, T2T5, TOX1, ToT5} =
{2%, 2"} n{a?,2° 2"} = &,

which implies that the semigroup A®(X) is not commutative according to
Theorem 9.2. This contradiction shows that 27 € {3, 2*} and hence the
monogenic semigroup X is finite.

If 27 = 23, then we can put zg = 2°, 21 = 20 =z, 3 = 23, 4 = 25 =
22 and observe that

{7122, 2273, 374, X475} N {7124, T2T5, ToT1, ToT5 | =
= {22 2% 25 N {2,252} = @
since 2% # x2. By Theorem 9.2, the semigroup A®*(X) is not commutative.
If 27 = 2, then we can put zg = 21 = @, 2o = 2%, 23 = 23, 4 = 25 =
x? and observe that
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{z129, T223, X374, T475} N {T 124, T2T5, TOX1, ToT5} =

= {:c5,:1;7,a:4} N {x3,x6,x2,x3} =d,

which implies that the semigroup A®(X) is not commutative according to
Theorem 9.2. O

Now we establish some structural properties of semigroups X having
commutative superextensions A(X). A semigroup X is called a 0-bouquet
of its subsemigroups X, a € I, if

e X = UaEA XOZ;
e X has two-sided zero 0;
o X,NXg=X,x*Xg={0} for any distinct indices o, 3 € I.

In this case we write X = \/ c; Xa.

Proposition 9.4. Assume that a semigroup X = \/ e Xo is a 0-bouquet
of its subsemigroups X, o € I. The superextension \(X) is commutative
if and only if for each o € I the semigroup \(X,) is commutative.

Proof. The “only if” part is trivial. To prove the “if” part, assume that
the semigroup A\(X) is not commutative. By Theorem 9.1, there are two
symmetric matrices (ai;)i jew and (bi;)i je. with the coefficients in X such
that the sets A = {a;; * bjj}ijew and B = {bj; * ait1,}ijew are disjoint.
Then 0 ¢ A or 0 ¢ B.

First assume that 0 ¢ A. Find an index « € I such that agy € X,. It
follows from 0 ¢ {agobo;}jecw that by; € X, for all j € w. Observe that
for every i € w we get a;bjo = a;;bp; # 0 and hence a;; € X,. Finally,
for each 7,j € w, the inequality a;;b;; # 0 implies that b;; € X,. So,
{@ii yicw U {bij}ijea C Xo. Now for every 4, j € w put
o — Q;j if Qij € Xa,

o otherwise
and observe that (a;;)jew is a symmetric matrix with coefficients in
Xa. It follows that {a;ibij}@j@u = {aiibij}i,jEw = A and {biiaiﬂ,j}i,jgw C
(BN X,)U{0}. Since AN (BU{0}) = @, Theorem 9.1 implies that the
semigroup A\(X,) is not commutative.

By analogy, we can treat the case 0 ¢ B = {bj; * aj41,; }i,jew- In this
case there is a € I such that {b;; }ico, U{ait1,j}ijecw C X \{0}. Changing
the element agg by 0, if necessary, we get {a;;}i jew C Xo. Now for every
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1,] € w put

b — bij if bi]‘ € Xa,
0  otherwise.

Observe that (a;;); jew and (b;j)i,jew are symmetric matrices with coef-
ficients in X, such that {aiib;j}i7jew C AU {0} and {b;iai-l-l,j}i,jEw =
(bisait1,j}ijew = B. Since (AU {0}) N B = &, Theorem 9.1 implies that
the semigroup A(X,) is not commutative. O

Now we detect regular semigroups X whose superextensions A(X) are
commutative.
In the following theorem for a natural number n € N by

Ch={2z€C:2"=1}
we denote the cyclic group of order n and by
L,={0,...,n—1}

the linear semilattice endowed with the operation of minimum.
For two semigroups (X, %) and (Y, x) by XUY we denote the semigroup
X x {0} UY x {1} endowed with the semigroup operation

a*xb,0) ifi=0andj=0,

0) ifi=0andj=1,
b,0) ifi=1and j=0,
*xb,1) ifi=1andj=1.

S

(
(a,i) o (b, ) = E
(a

The semigroup X UY is called the ordered union of the semigroups X
and Y. For example, the ordered union L; U C5 is isomorphic to the
multiplicative semigroup {—1,0,1}.

Theorem 9.5. The superextension A\(X) of a regular semigroup X is
commutative if and only if one of the following conditions holds:

e X is isomorphic to one of the semigroups: Co, C3, Cy, Cy x Co,
Cy X Lo, L1 UCo, Co| | Ly for somen € N;

o X =\ ,caXa for some subsemigroups X, o € A, isomorphic to
LiuUCy or L, forn € N.

Proof. To prove the “if” part, assume that a semigroup X satisfies con-
ditions (1) or (2). If X is isomorphic to one of the groups Cs, Cs, Cy,
or Cy x Uy, then its superextension A(X) is commutative according to
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Theorem 5.1 of [6]. If X is isomorphic to Cy x Ly or Cy| | Ly, for some
n € N, then A(X) is commutative by Theorem 1.1 of [5].

Next, assume that X =/ 4 Xq is a 0-bouquet of its subsemigroups
Xa, a € A, isomorphic to Ly UC5 or Ly, n € N. By Theorem 1.1 of [5], the
superextension of the semigroups LICs and Ly, n € N, are commutative.
Consequently, for every a € X, the superextension A(X,) is commutative
and by Proposition 9.4, the superextension A\(X) is commutative too.
This completes the proof of the “if” part.

The prove the “only if” part we shall use the following:

Lemma 9.6. The superextension A\(X) of a semigroup X is not commu-
tative if X is isomorphic to one of the semigroups:

1) LiuCy forn > 3;
2) C, ULy forn > 3;
3) LiuCyU Ly;
4) Lo UCy;
5) (CQ X CQ) ULy
6) L u (CQ X Cg);

)

7) Cy U Cy.

Proof. 1. If X = L1 UGy, = {e1} U {a’}=) for some n > 3, then the
maximal linked upfamilies O = ({ey,a’}, {e1,a}, {e1,a1},{a" a,a™1})
and A = ({a° a}, {a® a"'},{a,a"'}) do not commute, since {e1,a’} =
a{e1,a’} Uafer,a '} € A+ 0O while {e1,a} ¢ O A.

2. If X = C, ULy = {a'}=) U {ea} for some n > 3, then the
maximal linked upfamilies O = ({a?, a}, {a?,a"}, {a?, e2},{a’, a,e2}) and
A = ({a% e}, {a’ a%}, {e2,a*}) do not commute, since {a? ez} =
a?{a’, es} Uea{a?,ex} € Ox A while {ez,a?} ¢ A x 0.

3. X = LiUCyU Ly = {e1} U{ea,a} U{es} where a # a® = eg, then
the maximal linked upfamilies (s = ({ey, es}, {ea, es}, {a, e3}, {e1,e2,a})
and O, = ({a,e1},{a,e2},{a,e3},{e1,e2,€e3}) do not commute, since
{e1,e2} = e1{e1, €9, e3}Uea{eq, e2,e3}Ua{a, e1} € O3x, while {e1, e} ¢
Da * Dg.

4. If X = Ly U Cy = {ey,ea} U {e3,a} where a # a® = e3, then
the maximal linked upfamilies (0 = ({e1, ea}, {e1,e3}, {e1,a}, {e2, e3,a})
and A = ({eqg,a},{es,e3},{a,e3}) do not commute, since {es,e3} =
ea{ez,e3} Ues{ea, ez} Uafes,a} € O« A while {e2,e3} ¢ A =

5.If X = (O3 x Co) U {ea} where Cy x Cy = {e1,a,b,ab} and a® =
b? = (ab)? = e1, then the maximal linked upfamilies
0= <{a’ b}a {av 61}7 {av 62}7 {61, €2, b}> and A = <{613 62}7 {61’ (L}, {62, a}>
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do not commute, since {a, e2} = a{e1, ea}Uea{es,a} € OxA and {a,e2} ¢
A« O,

6. If X = {e1} U (Cy x Cy) where Cy x Oy = {es,a,b,ab} and a® =
b? = (ab)? = ez, then the maximal linked upfamilies
0= <{€17 62}7 {61) CL}, {61, b}v {62) a, b}> and A = <{62a CL}, {62’ b}) {a7 b}>
do not commute, since {e1,es} = eafer,ea} Uafer,a} € A xO and
{e1,e2} ¢ Ox A.

7. Finally assume that X = ColUUCy = {e1, a1 }U{ea, as} where e; < eg
are idempotents of X, a% =eq, a% = e9, and e * as = eq. In this case the
maximal linked upfamilies

Oc = ({e1, a1}, {e1, a2}, {e1, e2},{a1,a2,e2}) and
Ou = ({a1,e1}, {a1, €2}, {a1, aa}, {e1, ea, aa})

do not commute as {e1,ea} = e1{e1, ea}Uea{er, ea} Uas{er, as} € Oy e
while {e1,e2} ¢ O, * 0. O

Now we are ready to prove the “only if” part of Theorem 9.5. Assume
that the superextension A(X) is commutative. In this case the regular
semigroup X is commutative and consequently X is a Clifford inverse
semigroup. By Theorem 5.1 of [6], the commutativity of A(X) implies
that each subgroup of X has cardinality < 4. By Theorem 2.7 [5], the
idempotent band E(X) = {z € X : xz = x} of X is a 0-bouquet of finite
linear semilattices.

First we assume that E(X) is a finite linear semilattice, which can
be written as E(X) = {ey,...,e,} for some idempotents e; < --- < ¢,.
For every i € {1,...,n} by H., we denote the maximal subgroup of
X containing the idempotent e;. As we have shown the group H,, has
cardinality |H,,| < 4.

If n = 1, then the Clifford inverse semigroup X coincides with the
group H,, and hence is isomorphic to Cy = L1, Cy, C3, C4 or Cy x Cs.

So, we assume that n > 2. Lemma 9.6(2,5) implies that for every i < n
the maximal subgroup H,, has cardinality |H,,| < 2. For the maximal
idempotent e, of E(X) the complement I = X \ H,, is an ideal in X.
So, we can consider the quotient semigroup X /I, which is isomorphic to
Ly U H,,. The commutativity of A(X) implies the commutativity of the
semigroup A\(X/I). Now Lemma 9.6(1,6) implies that |H,,| < 2.

If |[E(X)| = 3, then for any 1 < i < n, the maximal subgroup H,, is
trivial according to Lemma 9.6(3) and then for the maximal idempotent
€n, the subgroup H,, is trivial according to Lemma 9.6(4). Therefore, all
maximal groups H,,, 1 < i < n, are trivial. If the group H,, is trivial,
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then X = E(X) is isomorphic to the linear semilattice L,,. If H,, is not
trivial, then H, is isomorphic to Cy and X is isomorphic to Cy U L,,—;.

It remains to consider the case |E(X)| = 2. In this case the groups
H.,, H., have cardinality < 2 and then X is isomorphic to Ly, Co U Ly,
L1 1UCy, Cy X Lo or CoLUC,. However the case X = Cy Uy is excluded by
Lemma 9.6(7). This completes the proof of the case of linear semilattice
E(X).

Now we consider the case of non-linear semilattice E(X). Write E(X)
as a 0-bouquet E(X) = /s Eq of finite linear semilattices E,. Let ey be
the minimal idempotent of the semilattice F(X). Since F(X) is not linear,
there are two idempotents eq,es € E(X) \ {eg} such that ejes = eg. We
claim that the maximal subgroup H, containing the idempotent e is triv-
ial. It follows from the “linear” case, that |He,| < 2. Assuming that H,, is
not trivial, write H., = {a,eo} and consider the maximal linked upfami-
lies Ag = ({a,e1},{e1,e2},{a,ea}) and A, = ({eo, €1}, {e1,e2}, {eo, e2})
which do not commute since Ny *x A, = ({eo}) # ({a}) = Dg * Do
Consequently, the maximal subgroup H,, is trivial and hence for every
a € A the subsemigroup Xo = Ueecp, He is isomorphic to Ly U Cy or Ly,
n € N, by the preceding “linear” case. O

Theorems 9.3 and 9.5 imply:

Corollary 9.7. If a semigroup X has commutative superextension \(X),
then

1) for each x € X there is a pair (n,m) € {(2,5),(2,6),(3,5),(4,5)}
such that 2™ = x™;

2) the idempotent semilattice E(X) = {x € X : zx = 2} of X is a
0-bouquet of finite linear semilattices;

3) the reqular part R(X) ={x € X : x € e Xz} of X is isomorphic to
one of the following semigroups:

e [, Cy, C3, Cy, Coy x Cy, Cy X Lo, Co| | Ly, for somen € N;
o a 0-bouquet \/ e 4 Xo of subsemigroups X, o € I, isomorphic
to L1 LU Cs or L, forn > 2.

10. Supercommutativity of superextensions \(X)

By Theorems 6.3, 7.1, 7.2, 8.1, 8.2, for any semigroup X, the semigroups
v(X), v*(X), (X), p*(X), N2(X), N3(X) are supercommutative if and
only if they are commutative. In contrast, the supercommutativity of the
superextension A(X) is not equivalent to its commutativity.
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Theorem 10.1. For a monogenic semigroup X = {x¥}ren the following
conditions are equivalent:

1) the semigroup A(X) is supercommutative;
2) the semigroup \*(X) is supercommutative;

3) " =™ for some (n,m) € {(1,2),(1,3),(2,3),(2,4),(3,4), (4,5)}.

Proof. We shall prove the implications (3) = (1) = (2) = (3) among
which the implication (1) = (2) is trivial.

(3) = (1). Assume that 2™ = 2™ for some pair (n,m) from the set
[(1,2), (1,3), (2,3), (2,4), (3,4), (4,5)}. For (n,m) € {(1,2), (1,3), (2,3)}
the monogenic semigroup X has cardinality |X| < 2 and then the semi-
group A\(X) = X is supercommutative.

If (n,m) = (2,4), then the monogenic semigroup X has cardinality
|X| = 3 and for the unique non-principal maximal linked system A =
{A C X :|A] > 2} in A(X) the product A ® A is equal to the principal
ultrafilter (z?) = A x A, which implies that the semigroup A(X) is
supercommutative.

If (n,m) € {(3,4), (4,5)}, then any two nonprincipal maximal linked
systems A, B contain sets A € A, B € B such that v ¢ A,z ¢ B. Then
AB is a singleton, which implies A ® B = A % B. Consequently, the
semigroup A(X) is supercommutative.

(2) = (3) Assume that for a monogenic semigroup X = {z¥},cn the
superextension \*(X) is supercommutative. Then it is commutative and
by Theorem 9.3, 2™ = z™ for some pair (n,m) from the set

{(1’ 2)7 <17 3)7 (27 3)7 (17 4)7 (27 4)’ (37 4)7 (17 5)7 (27 5)7 (37 5)7 (47 5)7 (27 6)}

We claim that |m — n| < 2. In the opposite case X contains a cyclic
subgroup C of cardinality |C| > 3. The subgroup C' contains an element
x € C such that the points 7!, 2%, 2! are pairwise distinct. Then for the
maximal linked system A = ({z71 2%}, {20, 21}, {71, 21}) € A*(C) C
A*(X) the product

A®AN= <{:1:_2,93_1,:c0}, {7120, 21}, {xo,xl,x2}>

does not belong to A(C'), which implies that A ® A # A x A and con-
tradicts the supercommutativity of A(X). So, |m — n| < 2, which implies
that (n,m) € {(1,2),(1,3),(2,3),(2,4),(3,4),(3,5), (4,5)}. It remains to
exclude the case (n,m) = (3,5). In this case X = {x, 2% 23, 2*} and for
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the maximal linked upfamilies O = ({22, 23, 24}, {2, 2%}, {z, 23}, {2, 2%})
and A = ({x, 2%}, {z, 23}, {22, 2%}) we get

O® A = {22, 2%}, {23, 2%}) #0x A,
which contradicts the supercommutativity of the semigroup A(X). O

In the following theorem by V3 we denote the semilattice {0,1}2\
{(1,1)} endowed with the operation of coordinatewise minimum. Observe
that a semilattice X is isomorphic to V3 if and only if | X| = 3 and X is
not linear.

Theorem 10.2. The superextension \(X) of a reqular semigroup X is
supercommutative if and only if X is isomorphic to one of the semigroups:
Cy, LiuCy, V3 or Ly, forn € N.

Proof. First we prove the “if” part of the theorem. If X = (5, then its
superextension A(X) = X is supercommutative as all maximal linked
upfamilies on X are principal ultrafilters.

If X = Ly UCy, then A(X) is supercommutative since for the unique
non-principal maximal linked system A = {4 C X : |A| > 2} we get
A®N=N=AxA.

If X = V3, then A(X) is supercommutative since for the unique non-
principal maximal linked system A = {A C X : |A| > 2} the products
A®A = (min V3) = AxA coincide with the principal ultrafilter generated
by the minimal element (0,0) = min V3 of the semilattice V3.

If X = L, for some n € N, then the supercommutativity of the
semigroup A\(X) follows from Theorem 2.5 of [4].

To prove the “only if” part, assume that X is a regular semigroup
with supercommutative superextension A(X). First observe that every
subgroup G of X has cardinality |G| < 2. In the opposite case the
group G contains an element x € X such that |[{z!,2° 27!} = 3
where z' is the idempotent of the group G. Then for the maximal
linked system A = ({z71, 2%}, {20, 2!}, {71, 2'}) the product A ® A =
{z=2, 271, 2% {z71, 2% 21}, {20, 21, 2%}) does not belong to A\(X) and
hence is not equal to A * /A. This contradiction shows that all subgroups
of X has cardinality < 2. This fact combined with Theorem 9.5 yields
that X is isomorphic to one of the semigroups:

e L1,y Cy] Ly, for some n € N;
e a 0-bouquet \/,c; X, of subsemigroups X, a € I, isomorphic to
Ly UC5 or L, forn > 2.
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It remains to exclude the semigroups from this list, whose superextensions
are not supercommutative.

If X = Cy| | Ly, then X contains the semigroup ColUL; = {e1, a}U{es}
where a? = ¢; # a and e; < ey are idempotents. In this case for the
maximal linked system A = ({a,e1},{e1,e2},{a,e2}) we get A® A =
({a,e1},{e1,e2}) ¢ A(X) and hence A ® A # A x A\, which means that
A(X) is not supercommutative.

If X = Ly UCy = {e1} U{ez,a} where a? = e3 > ey, then for the
maximal linked system A = ({a,e1},{e1,e2},{a,e2}) we get A® A =
({e1,e2},{e2,a}) ¢ AN(X) and hence A ® A # A = /A, which means that
A(X) is not supercommutative.

It remains to consider the case when X = (J,c; Xo is a 0-bouquet of
subsemigroups X, o € I, isomorphic to L, for n > 2. If |I| = 1, then
X is isomorphic to L, for some n > 2 and A\(X) is supercommutative
according to the “if”part.

If |I| = 2, then X = X;V X for some non-trivial linear subsemilattices
XZ‘,XJ‘ C X such that Xj *Xj =X ﬁXj = {minX}. If ’Xz| = ’X]| =
2, then the semilattice X is isomorphic to the semilattice V3 and its
superextension \(X) is supercommutative as proved in the “if” part. So,
we assume that |X;| > 3 or |X;| > 3. We loss no generality assuming
that | X;| > 3. Then we can find idempotents ey < e; < e2 in X; and
es € X;\ X; such that eje3 = eze3 = ¢9 = min X. In this case for
the maximal linked system A = ({e1,ea}, {e1,e3}, {e2,es}) the product
A®N = ({eo,e1},{e1,ea}) ¢ A(X) and hence A ® A # A x A, which
means that A(X) is not supercommutative.

If |I| > 3, then the semigroup X contains a 4-element semilattice
Vi = {eo, e1,€2,e3} where eje; = eg = min X for any distinct number
i,7 € {1,2,3}. In this we can consider the maximal linked system A =
({e1,ea},{e1,e3},{e2,e3}) € A(V4) C A(X) and observe that A ® A =
({eo, e1},{eo, e2}, {eo,e3}) ¢ MN(X). Consequently, A ® A # A x /A and
the semigroup A\(X) is not supercommutative. O

Theorems 10.1 and 10.2 imply:

Corollary 10.3. If a semigroup X has supercommutative superextension
ANX), then

1) for each v € X we get z* € {22, 2°};
2) the regular part R(X) ={x € X : x € 2 Xa} of X is isomorphic to
Cy, L1 UCy, V3 or Ly, for some n € N.
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