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A doppelsemigroup is a nonempty set equipped with two binary associative operations
satisfying certain identities. In this paper, we consider the variety of rectangular dop-
pelsemigroups which are analogs of rectangular semigroups. We construct the free rec-
tangular doppelsemigroup and characterize the least rectangular congruence on the free
doppelsemigroup. As a consequence, the free rectangular semigroup is presented. We also
describe all (maximal) subdoppelsemigroups, all idempotents and all endomorphisms of
the free rectangular doppelsemigroup, and give a criterion for an isomorphism of endo-
morphism semigroups of free rectangular doppelsemigroups. In addition, we show that
the endomorphism semigroup of the free rectangular doppelsemigroup is not regular in
general.
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1. Introduction

One of the most useful concepts in algebra is the free object. Every variety contains
free algebras and free objects in any variety of algebras are important in the study
of that variety. This fact is a component of countless arguments in the subject.
Free algebras can be very neatly characterized in terms of identities. One of the key
problems that arises is the word problem for free objects in varieties. For solving
this problem, it is useful to know the structure of the free object in the variety.

fCorresponding author.
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Doppelsemigroups, a natural generalization of semigroups, form an important
variety of algebras arising from doppelalgebras and interassociative semigroups.
Recall that a doppelsemigroup [31] is a nonempty set D equipped with two binary
operations - and F satisfying the axioms

(xdy)Fz=z4 @yt 2), (D1)
(xby)dz=zF (y=2), (D2)
(xdy)dz=2z4(y=2), (D4)
(kFy)Fz=at(yF2) (D5)
A doppelsemigroup (D, -, ) is strong [34] if it satisfies the axiom
rd(ykz)=ak (y=2). (D3)

Doppelalgebras [22] are linear analogs of doppelsemigroups. It is known that any Lie
algebra has a universal enveloping doppelalgebra and there exists a functor from
the category of doppelalgebras to the category of associative algebras (see [22]).
The notion of interassociativity was introduced in [45] for groupoids and later in [6]
for semigroups. Strong interassociativity for semigroups was introduced in [I4].
Recall that two semigroups defined on the same set are interassociative provided
that they satisfy (DI)) and (D2)), and two interassociative semigroups are strongly
interassociative if they satisfy (D3)). The classes of interassociative semigroups are
the object of intensive study (see, e.g. [3, 4l [6l OHT4]). Moreover, the definition of
interassociativity for semigroups implies that two interassociative semigroups give
rise to a doppelsemigroup. This fact allows us to study interassociative semigroups
via doppelsemigroups, using methods of universal algebra. Doppelsemigroups as
well as interassociative semigroups satisfy the hyperidentity of associativity (see,
e.g. [19]).

One of the important motivations for studying doppelsemigroups comes from
their connections to duplexes. Recall that a duplex [20] is a nonempty set equipped
with two binary associative operations. Free duplexes were constructed in [20]. Good
examples of duplexes are dimonoids [I7], a prominent class of algebras, that has been
widely studied, with many recent developments, see, for example, [25] [30] [35] [40].
It should be noted that every commutative dimonoid [24] is a doppelsemigroup.
The g-dimonoids [43] provide another class of duplexes. They first arose in the
setting of the theory of associative 0-dialgebras [21]. Dimonoids form a subvariety
of the variety of g-dimonoids. Using sets with two binary associative operations
and the axiom (D1), the notion of a restrictive bisemigroup was considered in [23].
Restrictive bisemigroups play an important role in the theory of binary relations.

Loday and Ronco introduced trioids [I8] as a natural generalization of
dimonoids. Trioids are used in trialgebra theory [1I, Bl [7, [I8] and they were actively
studied (see, e.g. [27, [36], [4T] 42, [44]). Tt is known that the axioms (D2), (D4)
and (D5) of a doppelsemigroup appear in axiomatics of a trioid. Such connections
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increase the motivation for studying doppelsemigroups. Finally, note that dop-
pelsemigroups have close relationships with n-tuple semigroups [29, [39]. Indeed,
every 2-tuple semigroup is a doppelsemigroup. The class of n-tuple semigroups
causes the greatest interest from the point of view of applications in the theory of
n-tuple algebras of associative type [16].

The problem of constructing doppelsemigroups which are free in the variety V'
of doppelsemigroups and in subvarieties of V' is natural. Relatively free doppelsemi-
groups have wide applications in doppelalgebra theory and semigroup theory; they
especially useful in the development of the variety theory of algebraic systems. We
refer the reader to the existing literature |28, [3], [32] 34, 37, [38] for constructions
of various relatively free doppelsemigroups.

In this paper, we introduce and study the variety of rectangular doppelsemi-
groups which are analogs of rectangular semigroups. The paper proceeds as follows.
In Sec. 2], we give the material which will be used in the paper and present some
new results. The main result of the paper is Theorem B from Sec. 3] it gives the
construction of the free rectangular doppelsemigroup of an arbitrary rank. As a
consequence, the free rectangular semigroup is presented (Corollary B.12). In this
section, we also consider separately free rectangular doppelsemigroups of rank 1
(Corollary BI0), count the cardinality of the free rectangular doppelsemigroup for
a finite case, establish that the semigroups of the free rectangular doppelsemigroup
are isomorphic and its automorphism group is isomorphic to the symmetric group.
In Sec. [ we characterize the least rectangular congruence on the free doppelsemi-
group (Theorem 1)) and the least rectangular semigroup congruence on the free
semigroup (Proposition 4.2). Section [l is devoted to the study of various proper-
ties of free rectangular doppelsemigroups. We begin with a complete description
of (maximal) subdoppelsemigroups, idempotents and endomorphisms of the free
rectangular doppelsemigroup. Then we give a criterion for an isomorphism of endo-
morphism semigroups of free rectangular doppelsemigroups. We also point out that
the endomorphism semigroup of the free rectangular doppelsemigroup is not regular
in general.

2. Preliminaries

A semigroup S is a rectangular band if 22 = x, ryz = xz for all z,y, z € S. It is well
known that every rectangular band is isomorphic to the Cartesian product L x R
of the left zero semigroup and the right zero semigroup, and the free rectangular
band is a set X x X with the operation (z,y)(a,b) = (z,b), where X is an arbitrary
nonempty set. It is known that operations of a doppelsemigroup (D, -, F) with a
rectangular band (D, ) or (D,F) coincide (see [31]).

A semigroup S is called rectangular [35] if xyz = zz foll all x,y,z € S. For
example, rectangular bands and zero semigroups are rectangular semigroups. In [g],
the lattice of subvarieties of the variety defined by the identity zyz = xz was
indicated. This variety is the union of the variety of left zero semigroups, the variety
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of right zero semigroups and the variety of zero semigroups, and the lattice of its
subvarieties is an 8-element Boolean algebra.

For doppelsemigroups, the question about introducing an analog of a rectan-
gular semigroup is natural. A doppelsemigroup (D, ) will be called rectangular
if both semigroups (D, ) and (D,}) are rectangular. The class of all rectangular
doppelsemigroups forms a subvariety of the variety of doppelsemigroups. A dop-
pelsemigroup (semigroup) which is free in the variety of rectangular doppelsemi-
groups (semigroups) will be called a free rectangular doppelsemigroup (semigroup).
If p is a congruence on a doppelsemigroup (D, -, F) such that (D,H,F)/p is a rec-
tangular doppelsemigroup, we say that p is a rectangular congruence. If in the latter
definition instead of a doppelsemigroup (D, ,+) take a semigroup S, then S/p is
a rectangular semigroup and we say that p is a rectangular semigroup congruence.

The following two lemmas are needed for the sequel.

Lemma 2.1 ([31I, Lemma 3.1]). In a doppelsemigroup (D, F), for any n > 1,
neN, and any x; € D, 1 < i < n+1, and x; € {4F}, 1 < j < n, any
parenthesizing of

Ty k1 T *2 00 kp T4l
gives the same element from D.

Lemma 2.2. In a rectangular doppelsemigroup (D, ,F), for any a,b,x,y € D, the
following identities are satisfied:

(i) akFbdy=ata-y.
(i) adbbFy=a-daty.

Proof. Let a,b,z,y,z € D. Then, using Lemma 2.1 and the identity of a rectan-
gular semigroup, we get

aFbdy=at (bdzFady)
=(akbHzFa)dy=atazy,

adbFy=a-d4(bFz-daty)
=(adbrzHdax)Fy=a-dztuy. |

The concept of P-related semigroups was introduced by Hewitt and Zucker-
man [I5]. Let us recall the definition.

Semigroups (D, ) and (D,}) are called P-related if x 4y 4z =aF y+ z
for all z,y,z € D. Motivated by problems of algebraic K-theory, Loday introduced
the notion of a dimonoid [I7]. For details on dimonoids and their linear analogs,
see, e.g. [25, B3, B5] and [2, [IT], respectively. By [24] Lemma 2], the semigroups
(D,) and (D, }F) of a commutative dimonoid (D, H,+) are Z-related. Examples of
commutative dimonoids can be found in [24] [26].
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The following statement establishes necessary and sufficient conditions under
which the operations of a rectangular doppelsemigroup coincide.

Proposition 2.3. The operations of a rectangular doppelsemigroup (D, F) coin-
cide if and only if (D,-) and (D,F) are &P-related semigroups.

Proof. Let (D,,F) be a rectangular doppelsemigroup. Assume that 4 and F coin-
cide. Then
rdydz=cdz=axkFz=xkFytkz

for all z,y,z € D. Hence, (D, ) and (D,}) are &-related semigroups.
Conversely, let (D, ) and (D,F) be &-related semigroups. Since semigroups
(D,H) and (D,F) are rectangular, we have

rdydz=242, zFykFz=zkz

forallz,y,z € D. As (D, ) and (D, F) are Z-related semigroups, for all ,y, z € D,
we get

rdydz=axFykz

and so, x 1z=xF z. O

The following proposition shows that there are no rectangular strong dop-
pelsemigroups with distinct operations.

Proposition 2.4. The operations of a rectangular strong doppelsemigroup
coincide.

Proof. Let (D,,}F) be a rectangular strong doppelsemigroup and a,z,y € D. We
have

(aFzHdy)d(arzHdy)=abzd(ydatz)dy
=aktazdy=(aFa-dy)d(adzty)
=akb(zdyda-dz)Fy=aty,

(adzky)k(adzty)=adzk(yrFa-dz)ly
=adazby=(adaky F(abz-y)
=a-d(ztytata)dy=a-y

according to Lemma [2.J] and the identity of a rectangular semigroup. By
the axiom (D3), aty=a -y for all a,y € D. O

The free doppelsemigroup is given in [31]. Recall this construction.
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Let X be an arbitrary nonempty set, and let w be an arbitrary word in the
alphabet X. The length of w is denoted by £,,. Let further F[X] be the free semi-
group on X, let T' be the free monoid on the two-element set {a,b}, and let § € T
be the empty word. By definition, the length ¢y of 6 is equal to 0. Define operations
- and - on

F={(w,u) € FIX|xT|ly — L, =1}
by
(w1, u1) 1 (w2, u2) = (wiwsa, ujaus),
(w1, u1) F (we,u2) = (wywa, urbus)
for all (wy,u1), (wa,us) € F. The obtained algebra is denoted by FDS(X).
Theorem 2.5 ([31, Theorem 3.5]). FDS(X) is the free doppelsemigroup.

If f: Dy — D5 is a homomorphism of doppelsemigroups, the kernel of f will
be denoted by Ay. By End(D:), we denote the endomorphism semigroup of a
doppelsemigroup D;.

3. Free Objects

In this section, we construct the free rectangular doppelsemigroup of an arbitrary
rank and consider separately free rectangular doppelsemigroups of rank 1. As a
consequence, the free rectangular semigroup is presented. We also count the cardi-
nality of the free rectangular doppelsemigroup for a finite case, establish that the
semigroups of the free rectangular doppelsemigroup are isomorphic and its auto-
morphism group is isomorphic to the symmetric group.

Let X be an arbitrary nonempty set and B = {a, b}. Define operations - and +
on XU (B x X x X x B) by

(a1,b1,c1,d1) * (ag,ba, ca,ds) = (a1,b1,ca,ds),

x4 (a1,b1,¢1,d1) = (a,2,¢1,d1), (a1,b1,¢1,d1) 4@ = (a1,b1,2,a),
z b (a1,b1,¢1,d1) = (b,z,c1,d1), (a1,b1,¢1,d1) b o= (a1,b1,,b),
x4y =(a,z,y,a), zty=(bux,y,b)

for all (a1, b1,c1,d1), (az,ba,ca,d2) € BXx X x X x B, z,y € X and x € {4,F}. The
obtained algebra will be denoted by FRDop(X).
The main result of the paper is the following theorem.

Theorem 3.1. FRDop(X) is the free rectangular doppelsemigroup.

Proof. The proof follows from Lemmas O
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Lemma 3.2. In FRDop(X), for any € X,w € FRDop(X), the following equali-
ties are satisfied:

zdw=(a,z,z,0) 1w, zkw=(b,z,2,b)F w,

wdr=w-(a,z,2,a), wkaz=wk (bz,z).
Proof. The statement is proved by a direct calculation. O
Lemma 3.3. The operation - of FRDop(X) is associative.

Proof. Let (al,bl,cl,dl), (a2,b2,02,d2), (a3,b3,C3,d3) € B x X x X x B. Using
the definition of -, obtain

((a1,b1,c1,dy) 4 (az, ba, ca,d2)) = (as, bs, c3,d3)
= (a1,b1,c2,d2) 1 (a3, b3, c3,ds) = (a1,b1,c3,d3)
= (a1,b1,c1,dy) 1 (az, ba, c3,ds3)
= (a1,b1,¢1,d1) A ((az, b2, c2,d2)  (as, bz, c3,d3)). (3.1)

Applying Lemma and (3], one can check the remaining cases.
Thus, the operation - is associative. O

Lemma 3.4. The operation - of FRDop(X) is associative.
Proof. The proof is similar to the proof of Lemma O
Lemma 3.5. FRDop(X) satisfies the axiom (D1) of a doppelsemigroup.

Proof. For all (al,bl,cl,dl), (ag,bg,CQ,dg), (a3,b3,03,d3) €EBxXxXx B, we
have

((a1,b1,c1,d1) 1 (ag,ba, ca,d2)) - (as, bs, cs,ds3)
= (a1,by1,c2,d2) F (a3, b3, c3,ds) = (a1,b1,c3,d3)
= (a1,b1,c1,dy) 1 (az, ba, c3,ds3)
= (a1,b1,¢1,d1) A ((az, b2, c2,d2) F (a3, bz, c3,d3)). (3.2)

Using Lemma B2 and (2], the remaining cases can be checked.
So, FRDop(X) satisfies the axiom (D1). O

Lemma 3.6. FRDop(X) satisfies the axiom (D2) of a doppelsemigroup.
Proof. The proof is similar to the proof of Lemma 3.5l O

Lemma 3.7. FRDop(X) is a rectangular doppelsemigroup.
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Proof. By Lemmas B3H3:6, FRDop(X) is a doppelsemigroup. Show that it is
rectangular.

Let (al,bl,cl,dl), (CLQ,bQ,CQ,dQ), (CL3,b3,Cg,d3) eEBxXxXxB. Then, using
(3.1), we get

(a1,b1,c1,dr) = (az, bz, c2,d2) 4 (a3, bs, c3,d3)
= (a1,b1,¢3,ds) = (a1,b1,¢1,d1) - (as, bz, c3,ds). (3.3)

The remaining cases for - can be checked due to LemmaB2land ([B3)). It means
that (X U (B x X x X x B),H) is a rectangular semigroup. Rectangularity of the
semigroup (X U (B x X x X x B),F) is proved in a similar way.

Thus, FRDop(X) is a rectangular doppelsemigroup. O

Lemma 3.8. FRDop(X) is free in the variety of rectangular doppelsemigroups.

Proof. By Lemma B FRDop(X) is a rectangular doppelsemigroup. Moreover,
FRDop(X) is generated by X. Indeed,

(al,bl,cl,dl) S {bl - Cl,bl [ Cc1, (bl - Cl) [ (bl [ Cl), (bl = Cl) = (bl = Cl)}

for (a1,b1,c¢1,d1) € B x X x X x B, and hence any element of B x X x X x B can
be expressed by elements from X.

Let (D,,}') be an arbitrary rectangular doppelsemigroup, and let o : X — D
be an arbitrary map. Fix e € D and define a map v : FRDop(X) — (D, ', by
the rule

bia - cra, if w=(a,by,c1,a),
biaH cra, if w=(b,b1,¢1,b),

wp =< bja+ et e, fw=(a,b1,c1,b),
bhiat e+ cia, ifw=(b,by,c1,a),
wa, ifwe X.

By Lemmas 2 Iland 2] 1) is well-defined. Show that ¢ is a homomorphism. We
will use Lemmas 2.1} and the identities of a rectangular doppelsemigroup.
Let (a1,b1,¢1,d1), (az,ba,c2,d2) € B x X x X x B and 2,y € X. We should
check twenty five cases for .
Case (1):
((av b17 C1, (L) = (av b27 C2, (L))’(/J
= (a, b1, c2,a)) = bia - coa = (b ' cra) ' (bar ' c200)
= (av bla C1, (L)’l/l _V (a7 b27 C2, (L)'l/l
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Case (2):
((a,b1,c1,a) A (b, ba, e, b))
= (a,b1,co,b)tp = bia - e H coar = by ' (cra ' bat) ' o
= (hha - c1a) + (baa H coa) = (a, by, cr,a)p = (b, ba, c2,b)1).
Case (3):
((a,b1,c1,a) 4 (a,ba, ca,b))
= (a,b1,co,b)tp = bia - e F coa = (b ' c1a) ' (hax ' € H o)
= (a, b1, c1,a) 4 (a, b, ca, b).
Case (4):
((a,by,c1,a) 4 (b, ba, ca,a))t
= (a,b1,c2,a)) = bia - coa = (b +' 1) ' (b H & 4 e200)
= (a,b1,c1,a) ' (b, ba, ca,a)tp.
Case (5):
(@ Ay)Y = (a,2,y,a)p = za + ya = zp 4 yi.
Case (6):
((a,b1,c1,a) 42)Y = (a,by,x,a)y = bja - za
= (hha + 1) 4" za = (a, b1, c1,a)p ' ).
Case (7):
((b,b1,c1,b) 42)p = (b,by, z,a)Y = bhat e 4 za
= (hhat cpa) 4 za = (b, b1, c1,b)y 4 29
Case (8):
((a,b1,c1,b) A 2)p = (a,by,z,a)) = bia ~ za
= (hia+ et cqa) H za = (a,by,cr,b)p ' a1
Case (9):
((b,b1,c1,a) 4 )
= (b,b1,z,a)p =bjatH e+ za = (hat e+ cra) 4 za
= (b,b1,c1,a)p ' 2.
Case (10):
(x 4 (a,ba, c2,a)) = (a,x, c2,a)t

=za + coa = za ' (baa + o) = 2p + (a,ba, c2,a)ib.

2050205-9
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Case (11):
(x 4 (b,b2, c2,0)) = (a,z,c2,b)) = xax ' e FH coav = zav ' (beax H' c200)
= ap ' (b, ba, c2,b)1).
Case (12):
(x - (a,b2,c2,0)) = (a,z,c2,b)0) =z ' e H coav = zav ' (bear ' £ H' c200)
= ap 4 (a,ba, c2,b)1.
Case (13):
(@ A (b,b2, c2,a)) = (a,z,c2,a) = xa ' coa = zav ' (b ' € + c20x)
= atp ' (b,ba, ca,a)1).

The remaining cases for 4 are considered in a similar way. The fact that 1 is a
homomorphism from (X U (B x X x X x B),F) into (D,F’) is proved analogously.
So, 1 is a homomorphism of doppelsemigroups.

Since x¢) = za for all © € X and X generates FRDop(X), the uniqueness of the
homomorphism v is obvious. Thus, FRDop(X) is free in the variety of rectangular
doppelsemigroups. O

Corollary 3.9. The free rectangular doppelsemigroup FRDop(X) generated by a
finite set X is finite. Specifically, if | X| = n, then |[FRDop(X)| = n + 4n?.

Now we construct a doppelsemigroup which is isomorphic to the free rectangular
doppelsemigroup of rank 1.
Let e be an arbitrary symbol. Define operations 4 and F on (B x B) U {e} by

(a1,b1) * (az,b2) = (a1, b2),

e (a1,01) = (a,b1), (a1,b1) de=(a,a),
ek (a1,b1) = (b,b1), (a1,b1) Fe=(a1,b),
ede=(a,a), eke=(b0)

for all (a1,b1), (az,b2) € B x B and * € {-,}. The algebra ((B x B) U{e},,F)
will be denoted by FRDop,. An immediate verification shows that FRDop; is a
doppelsemigroup.

Corollary 3.10. If |X| =1, then FRDop,; = FRDop(X).

Proof. Let X = {e}. One can show that a map v : FRDop; — FRDop(X), defined
by ey = e and (a1,b1)y = (a1, e,¢e,b1), for all (a1,b1) € B X B, is an isomorphism.
O

The following statement establishes a relationship between the semigroups of
the free rectangular doppelsemigroup.
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Corollary 3.11. The semigroups
(XU(BxXxXxB),d) and (XU(BxX xX x B),F)
of the free rectangular doppelsemigroup FRDop(X) are isomorphic.

Proof. Assume that a = b, b = a and define a map

n:(XUBxXxXxB),d) = (XU(BxXxXxB),H)

by putting
(@1,b1,c1,d1), if w=(a1,b1,c1,d1) € Bx X x X x B,
“ne {w, ifwe X.
It is immediate to check that 7 is an isomorphism. O

It is not difficult to see that the free rectangular doppelsemigroup FRDop(X)
is determined uniquely up to isomorphism by cardinality of the set X. Hence, the
automorphism group of FRDop(X) is isomorphic to the symmetric group on X.

At the end of this section, we present the free rectangular semigroup.

Let wy,ws € FRDop(X). Define a relation p on FRDop(X) by

wipws if and only if
w1 = (a1,b1,c¢1,b1), wa = (ag,ba,c2,b2) EBx X x X xB
and  (by,c1) = (ba,c2), oOr w; = ws.
Theorem 3] implies the following corollary.
Corollary 3.12. The relation p is a congruence on FRDop(X) and the operations

of FRDop(X)/p coincide. Moreover, FRDop(X)/p is the free rectangular semi-
group.

Proof. It is easy to prove that p is a congruence on FRDop(X). Besides,
w1 Jwepwy b wa for all wy,ws € FRDop(X), hence FRDop(X)/p is a semigroup.

Further, denote the equivalence class of p containing an element w € FRDop(X)
by [w]. It is not difficult to check that

[wr]we][ws] = [w1]ws]

for all wy,ws,ws € FRDop(X). Consequently, the semigroup FRDop(X)/p is rec-
tangular.

Let us show that FRDop(X)/p is free rectangular. Obviously, FRDop(X)/p is
generated by the set [X]| = {[z] |2 € X}. Let S be an arbitrary rectangular semi-
group, and let 5 : [X] — S be an arbitrary map. Define amap 7 : FRDop(X)/p — S
by the rule

e = J0B([a]f), if w=[(ar, b, e, d)]s (ar,br,e1,dh) € Bx X x X x B,
- ws, if we [X].
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The reader will have no difficulty in showing that 7 is the unique homo-
morphism extending . Thus, FRDop(X)/p is free in the variety of rectangular
semigroups. O

Now we give a more elegant version for free rectangular semigroups.
Define the operation x on X U (X x X) by

(Ilvyl)*(x27y2):(xlvy2)7 TxY = (Ivy)v

I*(Ilvyl):(xvyl)v (Ilvyl)*a::(xlvx)

for all (z1,y1), (x2,92) € X x X and x,y € X. The algebra (X U (X x X),*)
will be denoted by FRSem(X). A simple verification shows that FRSem(X) is a
rectangular semigroup.

Proposition 3.13. FRSem(X) is the free rectangular semigroup.
Proof. By Corollary B12] FRDop(X)/p is the free rectangular semigroup. One
can check that the map
u: FRSem(X) — FRDop(X)/p,
defined by zp = [z] and (b1, c1)n = [(a,b1,¢1,a)], for all x € X, (b1,¢1) € X x X,

is an isomorphism. O

Proposition [3.13] implies the following statement which describes singly gene-
rated free rectangular semigroups.

Corollary 3.14. The two-element zero semigroup is the free rectangular semigroup
of rank 1.

4. The Least Rectangular Congruence on the Free
Doppelsemigroup

In this section, we characterize the least rectangular congruence on the free dop-
pelsemigroup and the least rectangular semigroup congruence on the free semigroup.

For every nonempty word w over an alphabet X, denote the first (respectively,
last) letter of w by w(® (respectively, w(®).

Theorem 4.1. Let FDS(X) be the free doppelsemigroup, (wi,uq), (w2, u2) €
FDS(X), and let FRDop(X) be the free rectangular doppelsemigroup. Define a rela-
tion ™ on FDS(X) by

(w17U1)%(w2,U2)
if and only if
w0, uw#0 and (@, 0w wM) =@ e wd i),
or (wi,u1) = (w2, ug).

Then T is the least rectangular congruence on FDS(X).
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Proof. Clearly, if (w,6) € FDS(X), then

1= ly — Ll = Ly — 0 = Ly,
i.e. w € X. Define a map 7 : FDS(X) — FRDop(X) by
(w®,w©® ™ W) iy #£ 6,
ifu=20.

w,

w,u) — (w,u)T =
(w,u) = (w,u) {
Let us show that 7 is an epimorphism. We have
(w1, u1) 4 (w2, u2))w
= (w1w27ulau2)ﬂ' = ((Ulau2)(0)7 (w1w2)(0)7 (w1w2)(1)7 (U1au2)(l))»
0 0 1 1 .
(U)l U1)7T: (Ug )7w§ )7w§ )7u§ ))7 1fu17é07
’ ws, i uy = 0,
0 0 1 1 .
(1w, u)m = (ug ),wé ),wé ),ué )), if ug #0,
7 w2, if Uy = 0.
Assume that u; # 6,us # 6. Then
(urau)®, (w1w2) @, (wrws) ™M, (uraus)™)
0 0 1 1 0 0 1 1 0 0 1 1
= (ug )7w§ )7w§ )7ué )) = (ug )’wg )’wg ),ug )) R (ué )7w§ )7w§ )7ué ))'
Let uy # 0,us = 6. We get
((urauz) ), (wiwa) @, (wiw2) W, (wraug)™)
0 0 1 0 0 1 1 1
=, ) = (2, ) 4l
= (ugo),w§0),w§1),ugl)) — ws.
Consider the case uy = 0, us # 0:
((uraus) @, (wyws) ), (wyws) ™, (uyaus) ™)

0 1 1 0 0 0 1 1
= (a,wg ),wé ),ué )) = w§ ) (ué ),wé ),wé ),ué ))
= w; (ugo),wéo),wél),ugl)).

If uy = ug = 6, then
((uraus) @, (wyws) ), (wyws) W, (uyaus) ™)
= (a,wgo),wél),a) = wgo) B wél) = w; 1 ws.
Thus,

((w1,u1) 4 (wa, uz))w = (w1, ur)m 4 (W, uz)m

for all (w1, u1), (w2, uz) € FDS(X).
The case for F is considered in a similar way.
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So, 7 is a homomorphism. Evidently, 7 is a surjection. Since by Theorem [3.]
FRDop(X) is the free rectangular doppelsemigroup, A, is the least rectangular
congruence on FDS(X). From the definition of 7 it follows that A; = 7. m|

Similarly to Theorem 1] one can prove the following statement.
Proposition 4.2. Let F[X] be the free semigroup. Define a relation k on F[X] by
wikws if and only if
by 1, Ly, #1  and (w§0)7w§1)) = (wéo),wél)), or wp = wa.

Then  is the least rectangular semigroup congruence on F[X].

5. Some Properties

In this section, we describe some properties of free rectangular doppelsemigroups.
More specially, we characterize all (maximal) subdoppelsemigroups, all idempo-
tents and all endomorphisms of FRDop(X), and show that End(FRDop(X)) is
isomorphic to End(FRDop(Y)) if and only if | X| = |Y|. We also discuss separately
End(FRDop(X)) for a one-element set X, and consider the question of regularity
in End(FRDop(X)).

Now we describe all (maximal) subdoppelsemigroups of the free rectangular
doppelsemigroup FRDop(X).

Proposition 5.1. The full list of subdoppelsemigroups of the free rectangular dop-
pelsemigroup FRDop(X) is the following:

(i) subdoppelsemigroups By x X1 x Xa X Bo, where By, Ba are nonempty subsets
of B and X1, X5 are nonempty subsets of X, which have coinciding operations
and are semigroups;

(ii) subdoppelsemigroups (Y) =Y U (B xY XY x B) for all nonempty subsets
Y C X;

(iil) subdoppelsemigroups

(B1 x X1 X Xo x B)UYU(BXY XY x B)
U(B1 x X1 XY X B)U(B XY x X5 X By),

where By, By are nonempty subsets of B and Y, X1, Xo are nonempty subsets of X.

Proof. It is not difficult to see that the full list of subdoppelsemigroups of
FRDop(X) consists of

(a) subdoppelsemigroups of B x X x X x B;
(b) subdoppelsemigroups generated by nonempty subsets Y C X;
(c) subdoppelsemigroups generated by doppelsemigroups from (a) and (b).
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By definitions of -, I, the operations of B x X x X x B coincide and it is a
rectangular band. Obviously, each of its subsemigroups has the form B; x X; x
Xo X By, where By, By are nonempty subsets of B and X7, X5 are nonempty subsets
of X.

Let Y be a nonempty subset of X. We have

YAYV)UY FY)=({a} xY xY x{a})U({b} xY xY x {b})
and then
Y)=YU(BxY xY x B).

Finally, consider subdoppelsemigroups P generated by doppelsemigroups from
(a) and (b). We get

(B1 x X1 xXoxBy)4(YU(BxXxY xY x B))
=((B1 x X1 x Xox B) 4Y)U ((B1 x X1 x Xo x By) 4 (BxY xY x B))
=B x X1 xY x{a})U(B1 x X1 xY xB)=DB; x X1 XY x B,
(B1 x X1 xXoxBy)F (YU(BXxY xY x B))
=((B1 x X1 x XoxB)FY)U((B1 x X1 x Xoa x Ba)F (BxY xY x B))
=B x X1 xY x{dHU(B1 x X1 xY xB)=DB; x X1 XY x B,
YU(B XY xY x B))-(B; x X1 x Xa X Bs)
=Y AB1 x X1 xXax Ba))U((BxY xY x B) (B x X1 x X2 X By))
={a} xY x Xy x Ba)U(BXxY x X3 x By)=BxY x X3 X B,
YU(BXY XY xB))F (B x X1 x Xa X Bg)
=Y FB1xX1xXaxB))U((BxY xY xB)F (By x X1 x Xo X By))
={b} xY x Xax B)U(BxY x Xgx Bg)=BxY x Xy X Bs.

Thus,

P=(B1 xX; XxXoxB))UYU(BXY xY x B)
U(B1 x X1 xY xB)U(B XY x X5 x Bs). |

A subdoppelsemigroup of a doppelsemigroup (D, ,}) is proper if it does not
equal to (D,,F). A subdoppelsemigroup T of a doppelsemigroup (D,,F) will
be called maximal provided that T # (D, -,F) and for any subdoppelsemigroup
M < (D,H,F) the inclusion 7" C M implies T = M, or M = (D, ,F). Equiva-
lently, a subdoppelsemigroup of a doppelsemigroup (D, ,F) is maximal if it is a
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proper subdoppelsemigroup of (D, -, ) which is not contained in any other proper
subdoppelsemigroup of (D, -, ).
Corollary 5.2. The only maximal subdoppelsemigroups of FRDop(X) are
S{zy = FRDop(X)\{z}
forallz e X.

Proof. Let z € X. By Proposition[5.] Sy, is a subdoppelsemigroup of FRDop(X).
The maximality follows from the fact that Sy,; miss exactly one element from
FRDop(X).

Let T be a maximal subdoppelsemigroup of FRDop(X). Assume that X C T.
By the proof of Lemma B8, FRDop(X) is generated by X. Then X C T implies
T = FRDop(X). This contradicts the maximality of 7. Thus, there is x € X with
2@ T, ie T C S,y C FRDop(X). This implies T = S,y O

It is easy to prove the following proposition.

Proposition 5.3. The set of all idempotents in FRDop(X) is B x X x X x B.

The automorphism group of FRDop(X ) was characterized in Sec.[Bl It is natural
to describe endomorphisms of the free rectangular doppelsemigroup FRDop(X).
Let f: X — FRDop(X) be an arbitrary map. Define a map

@ : FRDop(X) — FRDop(X)
as follows:
(a1,b1,¢1,d1)Dy
(a1,b1f,erf,dy), ifbif,eif € X,
(a1,b1f,ca,d2), ifbifeX and c1f = (az,be,ca,ds),
(az,be,c1f,dy), ifenfeX and byf = (az,ba,co,ds),
(az, b, c3,d3), if b1 f = (a2,b2,c2,d2) and ¢ f = (as,bs,cs3,ds),
x®r=2af
for (a1,b1,¢1,d1) € BXx X x X x Band z € X.
Proposition 5.4.
(i) For any f as above the mapping @ is an endomorphism of FRDop(X).
(ii) Ewvery endomorphism of FRDop(X) has the form @ for some f as above.

Proof. (i) Since X is a generating set for FRDop(X) (see the proof of Lemma [B.g]),
by f: X — FRDop(X) an endomorphism of the free rectangular doppelsemigroup
FRDop(X) is uniquely defined. By the construction, ®¢ continues f, and the state-
ment that any element (a1,b1,c1,dr)®s, where (a1,b1,¢1,d1) € Bx X x X x B,
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can be expressed by elements by f,c; f is proved by a direct calculation. Thus, ®;
is an endomorphism of FRDop(X).

(ii) Let ¢ be an endomorphism of FRDop(X) and (a1, b1,¢1,d1) € BXX XX X B.
Then there are 1, *2 € {-,} such that

b1 *1 b1 = (al,bl,bl,al) and Cl %2 C1 = (dl,cl,cl,dl),
i.e. (al, bl, cy, dl) = (bl *1 bl) *1 (Cl *9 Cl). HGDCG,
(a1,b1,c1,d1)@ = ((b1 %1 b1) %1 (c1 %2 €1))@ = brp x1 brpx1 c19 *2 c1p.

Now we have to consider the following four cases.
Suppose that by, c19 € X. Then

bipx1 b1 *1 c1pxg crp = (a1, b1y, crip,dr).
Assume that by € X and c1¢ = (ag,ba,¢2,d2) € B x X x X x B. Then
b1p K1 bip *1 c1p K2 c1p
= (a1,b10,b1p,a1) *1 (ag, ba, ca,ds) = (a1,b1p, ca, d2).
In the case c1p € X and by = (az, b2, c2,d2) € B x X x X X B, we obtain
bip *1 bip *1 c1p %2 c1p
= (ag,ba, ca,d2) *1 (d1, c1p, c10,d1) = (az,be, cr1,dy).
In the remaining case by = (az, ba, ¢a,da), c1p = (a3, bs, c3,d3) € BX XXX XB,
we get

bip %1 b1 x1 crp*2 c1

= (ag, b2, c2,d2) *1 (as, bs, c3,ds) = (a2, ba, c3,d3).

As the map from X into FRDop(X), we can take the restriction of ¢ to X,
ie. ¢|x. By definition, in this notation, we have ¢ = ®;, where f = ¢|x. This
completes the proof of (ii). O

Proposition B4l provides that an endomorphism of FRDop(X) is uniquely deter-
mined by its restriction to X. Hence, by Corollary [3.9] we obtain

[End(FRDop(X))| = (|X] + 4]X[?)X!
Corollary 5.5. Let X = {z} be a one-element set. Then ¢ € End(FRDop({z}))

if and only if ¢ is the identity mapping or there is w € B x {x} x {x} x B such that
s =w forall s € {a}U(Bx{z} x{z}x B). In particular, |End(FRDop({z}))| = 5.

Since [FRDop(X)| = | X| + 4|X|? and |[End(FRDop(X))| = (|X| + 4] X |?)!X! for
an arbitrary nonempty set X, we obtain the following criterion for an isomorphism
of endomorphism semigroups of free rectangular doppelsemigroups.

Proposition 5.6. Let X andY be arbitrary nonempty sets. Then End(FRDop(X))
and End(FRDop(Y")) are isomorphic if and only if | X| = |Y|.
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Recall that an element a of a semigroup S is called regular provided that there

exists b € S such that aba = a. A semigroup S is called regular provided that every
element of S is regular.

At the end of this section, let us consider the question of regularity in

End(FRDop(X)).

Proposition 5.7. Let FRDop(X) be the free rectangular doppelsemigroup.

(i)
(i)

If |X|=1, then End(FRDop(X)) is an idempotent monoid, i.e.
End(FRDop(X)) is regular.
If | X| > 1, then End(FRDop(X)) is not regular.

Proof. The statement (i) is proved by a direct calculation. In order to prove (ii),

let

x1, 2 € X with @1 # 22, and let ¢ € End(FRDop(X)) with

1P = (avxlvxlva)v ToP = (a,xl,xl,b),

and zp € B x X x X x B for x € X\{x1,22}. Let further ¢ € End(FRDop(X)).
Then there are two cases. First, suppose that z19 = by € X with

bow = (az, bz, c3,d3) € Bx X x X x B.

Then

xl(‘PQS") = ((a,,’El,,’El,CL)g)QO = (a’ab27b27a)go = (a3,b3,C3,d3).

Similarly, we obtain z2(pg¢) = (as, bs, c3, ds). Second, let

219 = (az,ba,c0,d2) € Bx X x X x B.

Then
z1(pg9) = ((a, 21,21, a)g)p
= (a2, b2, c2,d2) = ((a, 21,21, b)g)p = z2(0g%).
This shows that pge # ¢ for all g € End(FRDop(X)), whenever | X| > 1. |
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