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Abstract

Let F and F be two monoids. A new product of E and F, using the bicrossed product E > F' and the Schiitzenberger product
EQF, is defined. This new product is denoted by F (. F' and is referred to as the bicrossed-Schiitzenberger product. Under
specific conditions, it is demonstrated that this new product is a monoid. A presentation of the bicrossed-Schiitzenberger
product of any two monoids is also obtained. Furthermore, necessary and sufficient conditions for the regularity of E (rq F'
are provided.
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1. Introduction and preliminaries

The classification of groups has long been a topic of great interest. In the present study, a new concept related to the
classification of groups is discussed. Particularly, a novel product of monoids is proposed. It may have the advantage of
obtaining some new monoids by using the existing ones. It may also be used to simplify some complex monoids and to form
new groups that inherit some of the characteristics of old groups of monoids.

The appearance of the bicrossed product, first introduced by Zappa [20] and later published in Takeuchi’s article [19],
was a major turning point in the investigation of monoids’ classification. This product is also referred to as the Zappa-Szep
product [3] and the knit product [15]. For numerous structures, including Lie groups, locally compact quantum groups,
algebras, Lie algebras, Hopf algebras, and groupoids, the bicrossed products were considered and studied in the literature.
The bicrossed product for finite groups was initially examined in [1]. The essential components that are employed to obtain
the bicrossed product of groups are the so-called matched pairings of groups. A group G is said to be the internal bicrossed
product of its subgroups E and F if EF' = G and their intersection is trivial. When neither of the factors is normal, this
product generalizes the semidirect product.

In order to solve automata theory problems and analyze the syntactic properties of the concatenation product using
formal language theory, the Schiitzenberger product of monoids was proposed in [17]. Initially, Schiitzenberger defined
the Schiitzenberger product for two monoids. Later, this product was generalized by Straubing [18] for any finite number
of monoids. The presentation of the Schiitzenberger product for two monoids was demonstrated in [10], where details on
the normal form of the main components were also reported.

In the literature, there are various studies on the products that are obtained by combining the Schiitzenberger product
with other products. For instance, a new product using the semi-direct product and Schiitzenberger product for any two
monoids was defined in [2], where the regularity of this new product was also investigated. A new monoid construction
under crossed products for specified monoids was proposed in [9], where the authors not only presented a generating set
and a relator set for this product but also provided sufficient and necessary conditions for its regularity. As an extension of
this work, the present author [8] studied the n-generalized Schiitzenberger-crossed product and proposed a novel version
of this product.

The primary purpose of the current article is to define a new product for two monoids using the bicrossed product and the
Schiitzenberger product. The newly defined product is referred to as the bicrossed-Schiitzenberger product. Under certain
conditions, it is demonstrated that this new product is a monoid. A presentation of the bicrossed-Schiitzenberger product
of any two monoids is also obtained. Moreover, necessary and sufficient conditions for the regularity of the bicrossed-
Schiitzenberger product are provided.
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In what follows, the basic definitions used in the rest of the article are provided. These definitions can be found in
[1,4,7,10,11,13,14,17].
Let F and F be two monoids. Consider the mappings o : FFx E — F and 8: F x E — F defined as follows:

a(f,e)=fre and B(f,e)=f<e

forallee Fand f € F. If a: F x E — E is an action of F on F as group automorphisms, then we denote by F %, F the
semidirect product of E on F: E x, F = E x F, as a group using the multiplication given by

(61,f1)(€2, fz) = (61(f1 l>62),f1f2)7
for all e1,€2 € F and fl,fg e F.

Definition 1.1. A quadruple (E,F, «, f) is a matched pair of monoids, where E and F are groups, o : F x E — E is a left
action of the group F on the set E, 5 : F' x E — FE is a right action of the group E on the set F, provided that the following
compatibility requirements are satisfied:

fr(eier) = (fren)((fger)>ea),
(fifa)pe= fiv (fare),
(fife)de=(fia(fare))(fa<e),

f<erea = fa(e; <eq),

(1)

forall e;ei,es € Eand f, f1, fo € F. The quadruple (E, F, «, f) is said to be the matched pair if f>1=1and 1<e =1 for
allee Fand f € F.

Consider two monoids E and F' with the mappings a: ' x F — F and 8 : F' x E — F. The bicrossed product of F and
F, represented by E txig F' = E < F), is the set £ x F' with the multiplication

(e1, f1)(ez2, fa) = (e1(f1>e2), (f1 <e2)f2),

for all e1,es € F and f1, fo € F. The bicrossed product F 1 F is a monoid with the unit element (1g,1r) if and only if
(E, F,a, f) is a matched pair [1].

Definition 1.2. Let E = (X, | Ry) and F = (X5 | Ry) be monoids. For P C E x F, e € E, and f € F, define
eP ={(ec,d) | (¢,d) € P} and Pf={(cdf)]|(c,d) € P}.
The Schiitzenberger product of E and F, denoted by EQF, is the set E x P (E x F) x F with the multiplication
(e1, P1, f1) (€2, Pa, f2) = (e1e2, Pifo Uer Pa, f1f2) .

It is known that EQF is a monoid with the identity (1,0, 1r), where ) is an empty set. The Schiitzenberger product of
E and F is presented by

_ 2 _ _
PEOF = <Z ‘ Ry, Rs, Zey,fr = Rei,f1y Rer,fiRel fi = Rel,f{%e1,f1>

L1Zey,f1 = Rmrer,1L1ls Rey,f1 X2 = L2%eq, frmyy L1T2 = $2331>,

where z; € X; (i € {1,2}),e1,ef, € E, fi,fi€ F,and Z = X, UXoU{z, 1, | e1 € E, f1 € F};see[10].

2. Main results

In this section, a new product of two monoids is defined by combining the concepts of the Schiitzenberger product and
bicrossed product. This new product is referred to as the bicrossed-Schiitzenberger product. Under specific conditions, it
is proved that the bicrossed-Schiitzenberger product of two monoids is also a monoid. Additionally, the presentation for
the bicrossed-Schiitzenberger product for any two monoids is provided in the current section.
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Definition 2.1. Consider a quadruple (E, F,«, f) as a matched pair of two monoids E and F. For PC E X F, e € E, and
fEF,let
eP={(ec.d) | (c;d) € P} and Pf={(c;df) | (c,d) € P}.

Considering the above-mentioned concepts, the bicrossed-Schiitzenberger product of E and F is the set E x I’ equipped with
the operation

(e1, P, f1)(e2, P, f2) = (e1(fi>e2), PifaUeiPa, (fi<ez)f2)
forall ey,es € E and f1, fo € F. The bicrossed-Schiitzenberger product of E and F is denoted by E O F.

The first main result of this paper is the next theorem, which confirms that the newly defined product is a monoid when
certain conditions are satisfied.

Theorem 2.1. Let E and F be any monoids. For all ey, es,e3 € E and f1, f2, f3 € F, assume that the conditions listed in (1)
with the following features are satisfied:

firea=es and  fa<ez = fo. (2)
Then, the bicrossed-Schiitzenberger product E O F of E and F specifies a monoid.

Proof. We examine the monoid characteristics of the bicrossed-Schiitzenberger product £ (.. F'. We start by demonstrat-
ing the associative property. To accomplish it, for any e;, es,e3 € E and fi, fo, f3 € F, let

(elathl)’(627P27f2)’(e3vp37f3) eEr <>D<1 F.

Hence, the left-hand side, say [(e1, P, f1)(e2, P2, f2)](es, Ps, f3), of the desired equation is

= (a(five), PrfaUerPs, (f1<e2)fa)(es, P3, fs)
= (a(fire)(((fr<ez)fe)pes), (PrfaUerPs)fsU(er(fibe2))Ps, (((f1<e2)fz) es)fs)
= (ei(firea)(((frae2)fo)>es), PrfafsUerPafsUei(fi>e))Ps, fia(e2a(faes))(fades)fs)
= (ere2(((fr<e2)f2)pe3), PifafsUerPafsUereaPs, fi<a(e2<(f2re3))faf3)
= (ere2((f12e2) > (fares)), PifafsUerPafsUereaPs, f1<(e2<(fa>es))fafs),
and the right-hand side (e1, Py, f1)[(e2, P2, f2)(es, Ps, f3)] of the equation regarding the associative property is
= (e1, P1, fi)(ea(fa>e3), PafsUeaPs, (f2<es)fs)
= (a(fiv(ex(f2>es)), Pr((f2<e3)fs) Uer(PafsUeaPs), (fi a(ea(fa>es))(fa<es)fs))
= (ei(fivea)((fr<ex) > (fares)), Pi(fa<es)fsUerPafsUeieals), (fi <(e2(fae3))(f2<es)fs))
= (ae2((frge2) > (fare3)), PifafsUerPafsUereaPs, (fi<(ea(fares))fafs))
= (erea((fr ae2) > (fave3)), Pifofs UerPafs UereaPs, fi<(ea < (fat es))fofs)-

Thus, the bicrossed-Schiitzenberger product £ (., F has the associative property. Now, for the identity element
(1g,0,1F) of E Opq F, we have

(e, P, f)(1Eg,0,1r) = (e(f > 1), DU P, (f <1p)1lF) = (elp, P, f1F) = (e, P, f)

and
<1E,®7 1F)(€,P,f) = (1E(1FD€)7PU®,1F(1E<1JC)) = (1E6,P, 1Ff) = (e,P,f).

Therefore, the bicrossed-Schiitzenberger product F (. F is a monoid with the identity (1,0, 1¢). O
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Next, for any two monoids E and F, we obtain a presentation for the bicrossed-Schiitzenberger product E (., F.

Theorem 2.2. Let E = (X | R) and F = (Y | S) be monoids. Then the bicrossed-Schiitzenberger product E Qg F is
determined by the generator
Z=XUYU{z;ecE, feF}

and the relations

R=1, S =1, 3)
yr = (y>x)(y<x) (zeX, yeyY), (4)
Zif = Ze.f, Ze,fZe f1 = 2o f Ze,f 5)
TZe f = Zge, [T, Ze fY = YZe, fy (e€cE, feF,zeX, yeY). (6)

Proof. To symbolize the full word list in W, we use the notation W*. Let 0 be a form of the homomorphism specified by
0:W* — EQOuF,
e — 0(e)=(e,0,1F),
fo=00f)=(Q1g,0.f),

Ze,f > Q(Ze,f) = (1E’{(e7f)}71F)'

Note that
(e1,0,1F)(e2,0,1F) = (e1e2,0, 1), (7
(1g,0, f1)(1E,0, f2) = (16,0, f1f2), (8)
(1g, P1,1p)(1g, P2, 1p) = (15, 2L U P2, 15), )

(e,0,1p)(1g, P,1r)(1E,0, f) = (e,ePf, f).

fore,ei,ea € B, f, f1,f2 € F,and P, P;, P, C E x F. Taking into account the above-mentioned actions, we conclude that ¢
is an onto mapping.

Next, we show that E O, F satisfies relations (3)—(6). Let R = ejes---e; and S = fifo--- fi, where ej,es,--+ ,e, € E,
fi, fa2,-++ , fr € F. The relation (3) follows from

(e1,0,1F)(e2,0,1p) - -~ (es,0,15) = (e1€2---€5,0,1F)
and
(12,0, f1)(1E, 0, f2) -~ (1, 0, fu) = (g, 0, frfo- - fr)-
For the relation (4), observe the following fact:
(1g,0,y)(z,0,1p) = (y>z,0,y<z) = (y>2,0,1p) (1, 0,y <2).
The relationships listed in (5) follow from (7), (8), and (9). Finally, the relations listed in (6) hold because
(2,0.1p) (1, {(e. )}, 1p) = (=, {(ze, /)} , 1r) = (1, {(ze, )}, 1F)(z,0,1F)

and

(1E7 {(evf)} ’ 1F)(1E7®7y) = (1E7{(evfy)}7y) = (1E7®7y)(1E7{(eafy)}ﬂ1F)~

Therefore, # induces an epimorphism 6 from the monoid defined by (3)—(6), say M, to E {n, F.



E. K. Cetinalp / Electron. J. Math. 9 (2025) 23-30 27

Let w € W* be any nonempty word. Observe that, due to relations (4)—(6), there exist words w, € X*, w, € Y*, and
We f € {%e,;; e € E, f € F} such that the relation w = wyw, jw, holds in M. Moreover, because of the relation (5), there
exists a set P(w) C F x F such that

We, f = H Ze,f-

(e,f)eP(w)
Therefore, for any word w € W*, we have

= O(wzwe, fwy)

= 0(ws)0(we,5)0(wy)

= (w2, 0,1p) (1, {(e, 1)}, 1p) (1, 0, wy)
= (wg, {(wze, fwy)}, wy)

for any word w € W*,

Now, we take v’ = wywyw; ; and w” = wywywy ; for some w',w" € W*, If f(w') = 6(w"), then by the equality of these
components, we deduce that v, = v/ in E and w;, = w;, in F. Relation (3) implies that w}, = w} and w; = w; hold in M.
Hence, w’ = w” holds as well. Therefore, 0 is injective. O

Next, we discuss two cyclic monoids and provide an example, which supports Theorem 2.2.

Example 2.1. Let E = Zy =< e; 2 =1 >and F = Zz =< f; f> = 1 > be two monoids. Let o : Z3 x Zy — Zo and
B : Zz x Zo — Z3 be two maps. Considering the notation

alf,e)=fre and B(f.e)=f<e

forall e € E and | € F, we write

a(l,1) =1, B(1,1) =1,
a(l,e) =e, B(l,e) =1,
a(f,1) =1, B(f:1) =1,
a(f.e) = fre, B(f.e) = fae,
a(f?,1) =1, B(f2,1) = f2,
a(f?e) = fre, B(f*e) = f*ae

By Theorem 2.2, the bicrossed-Schiitzenberger product E (., F' has generators

e, fy 211, 21,1, 21,125 Re,ly Re,fs Ze,f2s
and relations
2 _ 3 _
e?=1, f3=1, }by (3)
_ 2. (2 2
- ) - )
fe=(fre)(fae), ffe=(f"re)(f*<e), by (4)
2 _ 2 _ 2 _ 2 _ 2 _
21,1 = 21,15 Zl,f = 21,f, 21’f2 = 21,f2, Ze,l = Ze,1, Ze7f = Ze,f>
2
Re,f2 = Re,f? AL1ZLf = Z1,fR1,1, Z1,121,f2 = Z1,f2%21,1, Z1,1%e,1 = Ze,171,1»
P11%e,f = ZefA1; 1%, f2 = Ze,f221,1, Z1f21,f2 = 21,221, f, Z1,f%e1 = Zei?1f, by (5)

R1,fRe,f = Ze,fR1,f5 Z1,f2%e,f = Ze,f271,f5 Z1,f2%e,1 = Ze,1%21,f2; Z1,f2%e,f = Ze,fZ1,f25

Zlﬁfzze’fz = Ze’fzzl’fz, Ze,1%e,f = Re,fRe,l; Ze)lze’fz = Ze’fzze)l, Ze,fzafz = Ze,fQZ&,fa
621’1 = 26’167 €Z1ﬁf = ze}fe, 6Zlﬁf2 = Ze¢f2€7 62671 = 2:1’167 €Ze’f = zl,fe,
eze r2 = 21,52, z211f = fary, zpf = fzi52, 21,p2f = f11, by (6)
ze,lf = fzeq,fa ze,ff = fze,f27 Ze,f2f = fze,l-
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3. Regularity of £ ¢, F

The purpose of this section is to demonstrate the regularity of the bicrossed-Schiitzenberger product £ ¢, F' of any two
monoids F and F. Particularly, necessary and sufficient conditions for the regularity of £ (. I are specified in this section.

A monoid M is said to be regular if, for every e € M, there is f € M such that efe = e and fef = e. Equivalently, for
thesete™! = {f € M :efe = e and fef = f} of inverses of e in M, the monoid M is regular if and only if, for every e € M,
the set e~! is nonempty. For details about the regularity of monoids, the reader is referred to [5,6,12,16].

Theorem 3.1. Let E and F be any monoids. Consider the conditions given in (1) and (2) with the features

f)1:€1€2P1gE‘><F‘7
P2:6261P1 QEXF,
(10)
Jfaber = ey,
fidex = f1,
where e1,e5 € E and f1, fo € F. Then, the bicrossed-Schiitzenberger product E Oy F is regular if and only if E is a regular
monoid and F is a group.

Proof. First, suppose that E (., F is regular. Then, for (¢, {(1g,1r)},1r) € E Opq F, there exists (z, P,y) € E Opq F such

that
(e,{(1g.1p)},1p) = (e,{(1E, 1p)}, 1F)(z, Py)(e, {(1e, 1r)}, 1p)
= (e(lpea), {1, 1p)}yUeP, (Ip 2a)y)(e.{(1p,1r)},1F)
= (ex, {(1p,1p)}y UeP, y)(e, {(e, /)},1p)
= (ex(y>e), {(1p,1p)fyUeP Uex{(lp, 1r)}, y<e)
and

((E,P, y) = (:L’,P, y)(@,{(lE, 1F)} ) ]-F)(mvpvy)
= (z(yre),PUz{(lg,1r)},y<e)(x, P,y)
= (z(yre)((y<e)px), PyUz{(lg,1p)}yUx(y>e)P, ((y<e)<az)y).

Hence, we have y = 1p. This means that eze = e and zex = z. Thus, F is regular. Also, for (1g,{(1g,1r)},f) € E 0w F,
there exists (z, P,y) € E Qpq F such that

(L LU 1)} 1) = (s LUy L)}, )@ Pry) (L { (L 1)} f)
— (16(f>2), {(1e. 1)}y U P, (fao)y)(1e{(1. 16)} f)
— (/> 2)((f 92)y> Le), {15, 10)} yf U PF U (f 92) {15, 10}, ((f @)y 2 15) )
— (fo e {(1p. L)} yf UPFU(f 92) {(1g, 1e)} , (f a2)yf)
and
(2. P.y) = (2. P.y) (15, {(1. 1r)} . ) (2, P.y)
= (2(y> 1g), PFU{(1.1p)}, (y218)f)(, P,y)
— (&, PfUz{(1g. 10)}, uf)(@. P,y)

= (z(yfrx), PfyUz{(lg, 1r)}yUxP, (yf <x)y).



E. K. Cetinalp / Electron. J. Math. 9 (2025) 23-30 29

Here, we have
{1, 1p)} ={(1g,1p)}yfUPfU(f<az){(1E,1F)}
P=Pfyuz{(lg, 1p)lyUaP

and (1g,yf) = (1g, 1r) with Pfy = P. Hence, we obtain yf = fy € F. Therefore, F is a group.

Conversely, suppose that F is a regular monoid and F is a group. Take (e, P, f1), (e2, P2, f2) € E O F. Since
F' is a group, there exists fo € F such that fifs = fofi. Consider the actions given in (1), (2), and (10). By choosing
Po=ePifo CEXx Fand P, = e Pofy C E x F, we obtain

PifaofiUerPafiUer(fi>ex)Pr = Py UejeaPr fofi UereaPy
=P Uejea Py Uejes Py
=P UPUP
- P

and

PyfifoUeaPifoUes(fo>er)Po = Py Ueser PafifoUeser Py
= PyUeze1 PoUese1 Py
=P UPUP
— P,

Also, by using the above conditions, obtain
e1(fivea)((f1<e2)fa<er) = ex,
((fraex)fzae1)fr = fu,
ea(faver)((fa<er)fr<ez) = eq,
(f2e1)fide2) fo = fa.
Finally, we have
(e1, Pr, fi)(e2, Po, f2)(e1, Pr, f1) = (ex(fi > e2), PrfaUerPy, (f1<e2)fa)(er, Pr, f1)
= (e1(fire)((fraex)foqer), PLfafiUerPafiUei(fi>ez)Pr, ((fi<es)fa<er)fr)
= (e1, P1, f1)
and
(e2, P2, fo)(e1, P1, fi)(e2, P2, f2) = (e2(fo > e1), Pafi UeaPr, (fo<er)fi)(ez, P2, f2)
= (e2(forer)((foer)f1<e), PafifaUeaPrifoUes(forer)Ps, ((faer)fiaes)fo)
= (eq, Po, f2).

Therefore, E Oy F is regular. O
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