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Abstract. In this paper the equivalence éU on a semigroup S in terms of a set U of
idempotents in S is defined. A semigroup S is called a U-liberal semigroup with U as the
set of projections and denoted by S(U) if every QY -class in it contains an element in U. A
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1. INTRODUCTION

It is well known that Green’s equivalences on semigroups have played a fundamen-
tal role in the study of regular semigroups. In terms of various generalized Green’s
equivalences on semigroups (such as *-Green’s equivalences defined by Fountain [5]
and sx-Green’s equivalences defined by Tang [23] and Du and He [1]), some classes of
generalized regular semigroups (such as abundant semigroups and weakly abundant
semigroups) have been defined and studied. In general, in the procession of dis-
cussing regular and generalized regular semigroups, all idempotents in semigroups
are involved.

Recently, some authors found that the set of some idempotents in a semigroup,
such as the C-set of a P-regular semigroup (see [10]-[13], [24]-][26]) and the set of
projections of a U-semiabundant semigroup (see [6], [7], [12], [16]-[18]), is perhaps
very important to the description for the whole semigroup and, sometimes, is more
dominant than the set of all idempotents.

This work has been supported by grants of the Scientific Foundation of Hunan Education
Department (No. 02B024, 05A014) and the grant of Natural Scientific Foundation of
Hunan (No. 04JJ40001).
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In this paper, we shall go forward along the path charted by Lawson [17], [18].
The semigroups considered in this paper will be all equipped with a plentiful supply
of idempotents. For all undefined terminology and notation the reader is referred to
Fountain [5], Howie [15] and Lawson [17].

2. PRELIMINARIES

The aim of this section is to introduce some basic concepts and give some charac-
terizations for C-U-liberal semigroups.

Throughout this section, we always assume that S is a semigroup and U is a non-
empty subset of the set E(S) of all idempotents in S. The set of idempotents in a
subset A of S is denoted by E(A). The set of all regular elements in S is denoted
by Reg(S). By S = [V;S,] we mean that S is a semilattice of the semigroups S,
(o € Y). In particular, if S is a band, then [Y;S,] is the greatest semilattice
decomposition of S. We use 1g to denote the identity in the monoid S!. The
lattices of all binary relations, equivalences, left congruences, right congruences and
congruences on S are denoted by B(S), £(S), LC(S), RC(S) and C(S), respectively.
For any o € B(S), if it is necessary, g is written specifically as o(S).

The elements in the set Regy(S) = {a € S: (e, f € U) e L a R f} are called
U-regular elements (see [17]). It is obvious that U C Reg(S). Moreover, we can
routinely show that a € Regy(S) if and only if @ € Reg(S) and the set Viy(a) =
{d' € V(a): ad’,d’a € U} of the U-inverses of a is non-empty.

For any a € S, let

Ul={ecU:ea=a}, U ={ecU:ae=a}, U,=U.NU..

It is evident that

QY = {(a,b) € S x S: Uy = Uy} € £(S5).
Lawson [17] defined the equivalences £V, RV and HY on S by
LYV ={(a,b) € SxS: Ul =U}}, RY ={(a,b) € SxS: UL =U}}, HY = £LVnRY.
He also indicated that in general £ ¢ RC(S) and RV ¢ £C(S). The semigroup S
is said to satisfy condition (CR) if £ € RC(S). Furthermore, S is said to satisfy
condition (C) if it satisfies condition (CR) and its dual condition (CL).

The @U, EU, RU and HY-classes in S containing the element a are denoted by @g,
LY, RU and HY, respectively. The following basic result will be used frequently.
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Lemma 2.1. Let a and b be two arbitrary elements in S. The following statements
hold:
) if (a,b) € L, then (a,b) € LY; conversely, if (a,b) € LV |Reg,, (5), then (a,b) € L;
(2) if(a,b) € R, then (a,b) € RY: conversely, if (a,b) € RV |Reg,, (5), then (a,b) € R;
(3) if HU NU # 0, then it is a singleton contained in Ug;
(4) AV € QU;
(5) Qfl] NU # ( if and only if U, has the minimum element with respect to the
natural partial order < on E(S) and, in this case, @gﬂU is a singleton contained
in U,.

Proof. The first part of the statements (1) and (3) can be found in Lawson [17].
The statement (2) is the result dual to (1). We now check the left ones.

(1) We only need to establish the second part. Suppose that (a,b) € EU|RegU(S).
For any a’ € Viy(a), since a’a € U], we have a’a € U] and hence b = ba'a € L(a),
where L(a) is the principle left ideal of S generated by a. Dually, also a € L(b).
Thus (a,b) € L as required.

(4) If (a,b) € HY, then Ul = U} and Ul = U}'. So U, = Uy and hence (a,b) € Qu.

(5) It is a routine matter to show that, for any e € U, U, = U, if and only if e is
the minimum element in U,. By the statements (3) and (4), we can see that this
statement is true. ]

For any a € S, if they exist, the unique element in @g NU is denoted by ag;, while
the unique element in H YN U is denoted by af;.

The pair (S, U) is called a U-semiabundant semigroup if every LV and RY-class in
it meet with U (see [17, 18]). A U-semiabundant semigroup (5, U) is called an Ehres-
mann semigroup if it satisfies condition (C') and U is a semilattice (see [6], [7]). We
call the Ehresmann semigroups with central projections C-Ehresmann semigroups.

Definition 2.2. The pair (S,U) is called a U-liberal semigroup if every Qu-
class in S contains an element from U. A U-liberal semigroup (S,U) is called an
orthomonoid if U is a subsemigroup of S such that

(Va,be S) (ab)y D agby.

Orthomonoids with central projections are called C-U-liberal semigroups.

Remark 2.3. It is easy to check that U is central in S if and only if it satisfies
the condition

(C.1) NMVuelU) uS=Su.

If it is this case, U is a semilattice when it is a subsemigroup of S. Thus S(U) is a
C-U-liberal semigroup if and only if it is an orthomonoid satisfying (C.1).
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Definition 2.4. The pair (S,U) is called a U-semi-rpp semigroup if every LU-
class in it contains an element from U. A U-semi-rpp semigroup (S, U) is said to be
strongly if

VaeS) |LYnU, =1.

In this case, the unique element in Eg’ NU, (a € S) is denoted by aj;. A U-semi-rpp
semigroup (S, U) is called a C-U-semi-rpp semigroup if it satisfies conditions (CR),
(C.1) and U is a subsemigroup.

U-semi-lpp semigroups, strongly U-semi-lpp semigroups and C-U-semi-lpp semi-
groups are defined dually in terms of the relation RY. If (S, U) is a strongly U-semi-
Ipp semigroup, then the unique element in RY NU, (a € S) is denoted by a};.

Definition 2.5. The pair (S,U) is called a U-semi-superabundant semigroup if
every HU-class in it contains an element from U. A U-semi-superabundant semi-
group (S,U) is called a C-U-semi-superabundant semigroup if it satisfies condi-
tions (C), (C.1) and U is a subsemigroup.

In case that (S,U) is a U-semiabundant semigroup, a U-liberal semigroup, a
U-semi-rpp semigroup, a -semi-lpp semigroup or a U-semi-superabundant semi-
group, we denote (S,U) by S(U) and call U the set of projections. By virtue of
Lemma 2.1 (3)—(4), we get

Corollary 2.6. If S(U) is a U-semi-superabundant semigroup, then it is a U-
liberal semigroup such that QV = HY and af, = af; for any a € S.

Lemma 2.7. Let T be a semigroup and E a non-empty subset of E(T") contained
in the center of T. Then OF = LF = RF = HE. Moreover, the following statements
are equivalent:

(1) T(E) is a U-liberal semigroup;
2) T(F) is a U-semi-rpp semigroup;
T

) T(E)
) T(E)
4) T(E) is a U-semi-Ipp semigroup;
) T(E)
) T(E)

w

F) is a strongly U-semi-rpp semigroup;

)
6
7) T(F) is a U-semi-superabundant semigroup.

Furthermore, if the statements (1) (and hence (3), (5) and (6)) holds, then, for any

o _ % _ .+ _ O
a €T, ap =apy =aj =ay.

T(F) is a strongly U-semi-Ipp semigroup;
T(F) is a U-semi-abundant semigroup;

P

Proof. This result holds in view of E\, = E, = E" for any a € T. g

If T = [Y;T,] is a semilattice of the monoids T, and E = {11,: a« € Y} is a
subsemigroup of T, then, by Petrich [22], Exercise IV.2 (iv), T is a strong semilattice

1088



of T, (o € Y) with respect to the homomorphism transitive system defined by, for
any «, 0 € F with 0 < «,

Yap: Toa — 15, T+— xlTﬁ.

It is evident that, in this case, F is isomorphic to Y and is central in 7. Sometimes,
for any @ € Y, we set @« = 17,. Fountain, Gomes and Gould [6] called T an E-
semilattice of monoids.

Theorem 2.8. Let T be a semigroup and E C E(S). The following statements
are equivalent:
(1) T(E) is a C-U-liberal semigroup;
(2) T(E) is a U-liberal semigroup satisfying the identity af;by; = (ab)f; and E is a
semilattice;
(3) T(FE) is an E-semilattice of monoids;
(4) T(E) is aU-liberal semigroup, E is a central subsemigroup of T and QF € C(T);
(5) T(E) is a U-liberal semigroup, E is a central subsemigroup of T and QF €
RC(T);
(6) T(FE) is a C-U-semi-rpp semigroup;
(7) T(E) is a U-liberal semigroup, E is a central subsemigroup of T and QF €
LC(T);

o

) T(E) is a C-U-semi-Ipp semigroup;
9) T(E
0) T(E

) is a C-U-semi-superabundant semigroup;

—= o~~~

(

) is a C-Ehresmann semigroup.

Proof. Fountain, Gomes and Gould [6] proved that the statements (3) and
(10) are equivalent. Clearly, the implications (2) = (3) = (4) = (5), (9) = (10) and
(3) = (1) are true. Furthermore, by virtue of Lemma 2.7 and Remark 2.3, we can
see that the statements (5) and (7) are equivalent to (6) and (7), respectively.

(1) = (2). Assume that T'(E) is a C-U-liberal semigroup. Then F is a semilattice
and a subsemigroup of T'. It follows by the definition of C-U-liberal semigroups that
a%by, D (ab)g holds for any a,b € T. Suppose that ¢ € S is such that a},b% L ¢ R
(ab)%. Then ¢ € Regy(S) and there exists ¢/ € Vg(c) such that ¢/c = a%b% and
cc’ = (ab)$,. By noting that ca%,b% = ¢ = (ab)%c and E is central in T', we have

(ab)% = cc’ = caRbyc = ccaybyd = (ab)ga%bs = (ab)%c'c

= (ab)ye = d'c = a%by,.
(5) = (7). Assume that the statement (5) holds. Then OF € £C(S) follows by
(V(a,b) € QF)(Vee S) ca QF ¢ha = acs, QF begy = ¢5b QF cb.
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(7) = (9). If the statement (7) holds, then so does (8). By Remark 2.3 and
Lemma 2.7, we claim that T'(E) is a U-semi-superabundant semigroup satisfying (CL)
and F is a central subsemigroup of 7. It is dual that the statements (5) and (6)
hold also. Thereby, T(FE) satisfies (CR), and hence it is a C-semi-superabundant
semigroup. Here is the end of the proof.

Hereafter, by “a C-Ehresmann semigroup T' = [Y;T,]” we mean that T(F) is a
C-Ehresmann semigroup which is the E-semilattice of the monoids T, (o € Y).

3. LEFT C-U-LIBERAL SEMIGROUPS

Definition 3.1. An orthomonoid semigroup S(U) is called a left C-U-liberal
semigroup if

(C.2) MVuelU) uSC Su.

Lemma 3.2. Let S be a semigroup and U C E(S). The following statements are
equivalent:
(1) S satisfies condition (C.2);
(2) for any a € S and e € U, ea = eag;
(3) for any a € S, UL = U,;
(4) for any a € Regy(S), aS C Sa;
(5) for any e € U, the mapping ¢: x — ex of S! onto eS* is a semigroup homo-
morphism.
Moreover, if S satisfies condition (C.2), then the following statements hold:
(a) if U = E(S), then U is a subsemigroup of S;
(b) if U is a subsemigroup of S, then it is a left regular band.

Proof. (1)= (2). Assume that S satisfies condition (C.2). Then for any e € U
and a € S, there exists u € S such that ea = ue. Thus ea = ue = uee = eae.

(2) = (3). This is obvious.

(3) = (4). Assume that the statement (3) holds. Then, for any b € S, a € Regy (5)
and o' € Viy(a) we have ab = aa’ab = aba’a € Sa. Thereby, the statement (4) also
holds.

(4) = (5). If the statement (4) holds, then the statement (1) and hence the
statement (2) also hold. Now, the statement (5) is immediate.

(5) = (1). Assume that the statement (5) holds and e € U. Then for any
b= ea € eS we have

b=ea=¢ea-1g1 =ea-elgi =eae € Se.
This implies that the statement (1) holds also.
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We now assume that S satisfies condition (C.2). If U = E(S), then, for any
e, f € U, it follows by the statement (2) that ef = ef f = efef, and hence E(S) forms
a subsemigroup of S. Thus, the statement (a) holds. If U is a subsemigroup, then it
is a band satisfying the identity ea = eae. This implies that U is a left regular band.
This completes the proof. O

Remark 3.3. If S is the direct product of a left zero band I and a monoid 7', then
we call S a left monoid. In this case S(Ix{1r}) is a left C-U-liberal semigroup. Here-
after, we will identify the left monoid S with the left C-U-liberal semigroup S(U).

Lemma 3.4. Let S(U) be a U-liberal semigroup satistying condition (C.2) and
U a subsemigroup of S. The following statements are equivalent:
(1) S(U) is a left C-U-liberal semigroup;
(2) for any a,be S, (ab)y; L(U) afby;
(3) LYy ={(a,b) € S x S: af, LU) by} € C(S).

Proof. (1) = (2). Assume that S is a left C-U-liberal semigroup. Then, for
any a,b € S, we have (ab)f; D ay;bf,. Consequently, there are ¢,d € S such that,
in S,

(ab)y R e L agby R d L (ab)g.

Since (ab)§; € Ul and af;by, € U, by Lemma 3.2 we have (ab)$; € U, and al,by, € Uy,
and whence c(ab)f; = ¢ and daf; b, = d. This implies that

Lagve, = Le <t Liabye, = La <i Lagpg, »

so that (ab)y; L(S) af;by;. Since U is a subsemigroup of S, by Lemma 3.2, we can see
that U is a left regular band. It follows that £(S)|y = L(U), yields (ab)§; L(U) ag,b;.

(2) = (3). If the statement (2) holds, then L5, € £(S). Since U is a left regular
band, we have £L(U) € C(U). Thus, for any (a,b), (¢c,d) € Lf,, we have

(ac)y LU) agey L(U) bydy LIU) (bd)g -

It follows that the relation £, on S is a congruence.

(3) = (1). Assume that the statement (3) holds. For any a,b € S, since
(a,af;), (b,by) € Lf;, we have (ab,aybf;) € Ly, and whence (ab)y, L(U) ay;bg.
By noting that £(U) C D(S), we conclude that the statement (1) holds. O

If X is a subdirect product of sets Y and Z we denote the first and the second
projections of X onto Y and Z by Py and Pz, respectively. The set of all transfor-
mations on a set X is denoted by 7 (X) which also stands for the semigroup of all
transformations on X. For any 7,0 € 7(X) and z € X, the image of x under 7 is

1091



denoted by 7 and the product of 7 and o in 7 (X) is denoted by 7o. Let 7*(X) be
the dual semigroup of the semigroup 7 (X). The product of 7 and o in 7*(X) is de-
noted by 7xo. Then 70 = o7. Let I = [Y;I,] and T = [Y'; T,,] be two semigroups.

Define So, = I, X T, forany a € Y and let S = |J S,. If
acY

n: S—T*(I), (i,a) — (i,a)#

is a mapping satisfying the following statements for any (i,a) € S, and (j,b) € S3
(C.3) (i) 7(i,a)* € I,p, in particular, if < 3, then j(i,a)” = ij;

(ii) (ia a)# * (Ja b)# = (](27 a)#’ ab)#,
then S forms a semigroup with respect to the binary operation

(iva) ’ (.77 b) = (j(iva)#’ab)'

Zhu, Guo and Shum [28] called this semigroup the left semi-spined product of I and
T with respect to Y and m or simply a left semi-spined product of I and T, and
denoted it by I Xy, T'. In this case, 1 is called a structural homomorphism.

Theorem 3.5. Let S be a semigroup. The following statements are equivalent:
(1) S(U) is a left C-U-liberal semigroup for some U C E(S);
(2) S is a semilattice Y of left monoids So = In X Ty (0 € Y) and U = {(i,17,):
i € I, € Y} is a subsemigroup of S;
(3) S is a semilattice Y of left monoids Sy = In X Ty (o € Y') such that, for any
b<ainY,

(Hia e l,, iﬁ € Iﬁ) ((iﬁ, 1T5)(1a71TQ))PTg = 1Tg§

(4) S is a left semi-spined product of a left regular band I = [Y;I,] and a C-
Ehresmann semigroup T = [Y;T,] with respect to Y and some structural ho-
momorphism.

Proof. (1) = (2). Let S(U) be a left C-U-liberal semigroup. Then, by
Lemma 3.2 (b), we can see that U is a left regular band. Let U = [Y;1,] where I,
(o €Y) are left zero bands. By Lemma 3.4, we have

S=Y;Sa={zeS: zj €L}

For any e € I, (o € Y), the subset Se = {z € S: z}, = e} obviously forms a monoid
with e as its identity. If also f € I,, then, for any a € S., we have f € Ujlca and
(f,(fa)f) € L. By Lemma 2.1 and Lemma 3.4, we conclude that (fa); = f, whence
fa € S¢. Therefore

Ee.ft Se — Sf, x— fx
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is a mapping. Since 5, = fg} and, for any a,b € S,
flab) = faefb = fa- fb,

the mapping & r is a semigroup isomorphism. For any a € Y, we choose e, € I,
and let T, = S._. It is a routine matter to check that the mapping

ga: Sa B Ioz X Tou T (:E([)]axgwg,,ea) = ((E?],eal')

is also an isomorphism. Thus there is an isomorphism from S onto a semilattice Y of
the left monoids I, x T, such that the image of U is exactly {(i,17,): ¢ € I,,a € Y}.
(2) = (3). This is obvious.
(3) = (4). Assume that the statement (3) holds and let U = |J U, where U, =

acY
Io x {11,} (¢ €Y). Then, for any < ainY, (i,11,) € Uy and (j,17,) € Ug, we

have

(jv 1T5)(ia 1Ta) = (.77 1T5)(i57 1T3)(ia7 ]‘Ta)(i’ 1Ta)
= (Ja 1T5)(iﬁ71Tg)<iOw 1Ta) = (Ja 1Ta)'

Therefore, for any o, 3 € Y, (i,17,) € Uy and (j, 11,) € Up, we have further

(jv 1Ta)(i’ 1To<)PTa,ﬁ = (((]7 1Tﬁ)<i7 1Ta))PIaﬁ’ 1Taﬁ)(ja 1Ta)(i’ 1Ta))PTag
(((]7 1T5)(ia 1Ta))7)fa57 1Ta5)(i7 1Ta))PTa/3
((.77 1T5)(ia 1Ta))7)fa57 1Ta5)PTa5

Tag-

(
(
(
1

Thus U is a subsemigroup of S. It is obvious that U = [Y; U, ] is a left regular band.

Moreover, the set I = |J I, forms a left regular band with respect to the operation
acY

(VZ S Ia,j S Ig) 107 = ((’L, 1Ta)(j, 1Tﬁ))'P1.

Denote T = |J To. For any a € T, and b € Tp, suppose that (i,a) €
acY
Io x To, (j,b) € Ig x Tp and k € I, are such that ((k,17,,)(i,a))Pr = d

and ((k,17,,)(j,0))Pr =b'. Then

(VE € l.) (K 11,,)(i,a) = (K, 17,,)(k, 11,,) (i, a) = (K, d’).
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Thus o’ is independent of k. Similarly, b’ is independent of k too. Furthermore, for
any ¢’ € I, and j' € Ig, we have

(i',a) (5, ) = (7", @) (4", 0))Pr, 11,,) (7', @) (5", b)
= (((";a) (5", 0))Pr,a") (4", b)
= (((¢,a) (5", ))Pr,d (k, 17,,) (5", b)
= (((I',a) (5", 0))Pr,a’) (k, b’)
= (((7",a)(5",))Pr, a't").

So ((i,a)(4,b))Pr is independent of both ¢ and j. Consequently, we can define an
operation e on 7" as below: for any a € T, and b € Tp,

aeb=c< (Fiel,,jeclsz) ((i,a)(4,b)Pr=c.
By noticing that Pr is a homomorphism of S onto the groupoid (T, ), we conclude
that (7,e) is a semigroup. Moreover, it is evident that (7, e) is a semilattice of
monoids T, (o € Y). Since U is a subsemigroup of S, we can easily show that
E ={lr,: a € Y} is a subsemigroup of T, and hence T is the FE-semilattice of T,

(a €Y). Thus T is a C-Ehresmann semigroup.
We now define a mapping 7 from the set S into 7*(I) by

(V(i,a) € Sa) (Vi € 1) j(i,a)* = ((i,a)(j, 11,))Pr.

For any (i,a) € S, and j € I3 (o, 8 € Y), we can easily see that j(i,a)” € I,5. In
particular, if o < 3, then j(i,a)* =i = ij in view of

(iv a)(ja 1T/3) = (ia a)(iv lTa)(j7 1T,3) = (iv a’)(iv 1T,3) = (ia a)'

Moreover, for any b € Tz we have

(i,a)(4,b) = (i,a) (4, L1,)(4,b)
= (j(i,a)*, a e 1z,)(j,b)
= (j(i,a)*,a e 11,)(j(i,a)*, 11, ,)(j,b)
= (j(i,a)%, a e 10,)(j(i,0)% 11, ,) (i (i, )%, 11,,) (4, b)
= (j(i,a)*, a e 17,)(j(i,a)*, 11,,)(((4(i, )%, 11,,) (4, b)) P1, 17,  b)
= (j(i,a)*, a o 10,)(j(i,a)*, 11,, o b)
= (j(i,a)*,aeb)
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Hence, for any k € I, (y €Y),

k(j(i,a)*, a0 b)# = k((i,axy;b))#

Thus 7 is a structural homomorphism such that S =1 xvy,,, T'.

(4) = (1). Let S be the left semi-spined product of a left regular band I = [Y; I,,]
and a C-Ehresmann semigroup 7' = [Y;T,] with respect to the semilattice Y and
a structural homomorphism 7, and let U = {(i,17,): ¢ € I, € Y}. Then U =
[Y;1, x {11, }] is a left regular band and S = [Y; I, x Ty]. Suppose that (i,a) and
(4,b) are two arbitrary elements of I, x T, and Ig x T3, respectively, and suppose
that (k, 17, ) is an arbitrary element in U. Then

(k,17,)(i,a)(k, 1r,)

i(k,1,)%, 11, - a)(k, 1)
i(k, 17.,)%, a-1g))
i(k,17,)%, 1, - a)

k, 1z, )(i, )

It follows by Lemma 3.2 that S satisfies condition (C.2). It is evident that
(i,17,) € Up,q. If also (k,17) € Ug,q), then of course a < v and hence
(k,17,)(i,17,), (3,17, )(k, 11,) € (Ia X Ta) N U qy. Since (i,17,) is the unique
element in (1, x Ty) N U(;,q), we have

(
(
(
= (

(k,17.)(i,17,) = (i,17,) = (i, 17) (k, 17 ).

Thus (i,17,) = (i,a)y, whence S(U) is a U-liberal semigroup. Since (7,a)y(4,0)f
and ((i,a)(j,b))y; are elements in 15 x {17,,}, we have

(,a)5 (4, 0) £(U) (i a) (4, 0))7r

and hence, by Lemma 3.4, S(U) is a left C-U-liberal semigroup. Here is the end of
the proof.

For a transformation ¢ on a set X and ¢ € X, we use (1)) to denote that v is a
constant mapping on X with value (¢)), and use (i) to denote the constant mapping
on X with value ¢. Since it is similar to the well-known construction for bands, the
following characterization for left C-U-liberal semigroups is called the band-formal
construction.
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Theorem 3.6. Let T = [Y;T,] be a C-Ehresmann semigroup and, for any o €

Y, let I, be a non-empty set. Denote S = |J S, where S, = I, x T, and let
acY
U={(,11,): i € Io,a € Y}. For any v < a in Y, define a mapping

Vot So — T*(1), (ira) — 00

such that the following statements hold for any o, 3 € Y:
(C4) (i) for any (i,a) € Sa, YA = (i);
(ii) if (i,a) € S, and (j,b) € Sp, then 1/1((;;5 1/’;(;(23 = <¢(;Z)g ng;’@ more-
over,

(iii) for any 6 < af inY, wé%%b) 1/)(1 @)y 1/;(J’b) where k = <1/)glof)ﬁ * 1/;éb;23>
Then S(U) is a left C-U-liberal semigroup with respect to the multiplication defined

by
(%) (V(i,a) € Sar (,b) € S5)  (1,a)(5,b) = (W2, x p§2)Y, ab).

Conversely, every left C-U-liberal semigroup can be obtained in this way:.

Proof. The first part. By conditions (C.4) (i) and (ii), we can see that the
multiplication () on S is well-defined. Let (i,a) € Sa, (j,b) € Sg and (k,c) € S,
where a, 3,7 € Y. It is obvious that the condition (C.4) (iii) can be translated into

(Vo<apiny) gl = g0 g0b.
Therefore

(Z a)(j:b) (k,C) > abc)

(< aB,aBy vaﬁv )
((Ueiaby * Uy * U5, abe)
(W4 *UE0A0"),abe)

(i, a)((5, 0) (K, ¢))-

((,a)(5,

So S is a semigroup. It is a routine matter to check that U is a subsemigroup of S
and S is a semilattice Y of the left monoids S,. By Theorem 3.5, we claim that
S(U) is a left C-U-liberal semigroup.

The converse part. Let S(U) be a left C-U-liberal semigroup. Then we are rea-
sonable to assume that S is a semilattice Y of left monoids S, = I, x T, and
U= {@G1r,): i € I,a € Y} is a subsemigroup of S. For any f < a in Y and
(1,a) € Sq, define 1/)((;,’;) € T*(I) by

(Vi €ls) U5 = ((6,a)(5,17,))Pu,.
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Then (C.4) (i) holds obviously. Let o, 3 € Y, (i,a) € S, and (j,b) € Sz. Then

(Vhelas) ((i,a)(5,0)Pr = ((i,a)(j,0)(h, 1r,,))Pr

((z,a)(h gﬁ)g»b'lTag))PI

(G- a) (s 1) (b - 1)) P
(

(h g(ibgzi éaojziva' Lt 5)(h7b' lTae))PI

( aagwigé’ ) I
B(YLG * Vian):

So 1/)((;2)5 *1/1(3’ is a constant transformation on 1,5 with value k = ((,a)(j,0))Pr, ;-

Hence (C. 4) ( ) also holds. If 6 < af in Y, then for any h € I5, we have

el = ((k, ab)(h, 17,))Pr
= ((¢,a)(4,b)(h, 11,))Pr
= ((i,a) (M5}, b-17,))Ps
= ((i,a) (M5, 17,) (h,b - 11,)) Py
= b < v5)-

So (C.4) (iii) holds. Consequently, S can be constructed as in the first part since

(i,0)(j,0) = (60}« ), ab).
O

Definition 3.7. Let S be a semigroup and U a subsemigroup of S con-
tained in E(S) such that (C.2) holds. If S(U) is a strong U-semi-rpp semigroup
satisfying (CR), then it is called a left C-U-semi-rpp semigroup. If S(U) is a
U-semi-superabundant semigroup satisfying (C), then it is called a left C-U-semi-
superabundant semigroup.

Theorem 3.8. Let S be a semigroup and U C E(S). The following statements
are equivalent:
(1) S(U) is a left C-U-liberal semigroup;
(2) S(U) is a U-semi-abundant semigroup satisfying condition (C), U is a subsemi-
group of S and RU = ﬁU;
(3) S(U) is a left C-U-semi-superabundant semigroup;
(4) S(U) is a left C-U-semi-rpp semigroup.
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Proof. (1) = (2). Assume that S(U) is a left C-U-liberal semigroup. By
Theorem 3.5, it is reasonable to suppose that S is a semilattice Y of left monoids
So =Io xTy and U = {(i,17,): i € I, € Y} is a subsemigroup of S. Then U is
a left regular band with structural semilattice decomposition [Y; U, = {(i,17,): i €

I,}]. Let I= |J Ioand T = |J T,. It is a routine matter to verify that for any
a€cY acY
(i,a) € Sy and e € U,

(i,a) LV e <= e € Uy, (i,a) RV e < eP; =i.
So S is a U-semi-abundant semigroup, in which

LV ={(z,y) € SxS8: FaecY)zyec S},
RY ={(z,y) € S x S: aP; = yPs}.

By noting that RYU C EU, we have RU = HU. The relation £U on S is obviously a
semilattice congruence. By the definition of S and RY, we can easily establish that
R € LC(S). Thus S satisfies condition (C).

(2) = (3). Assume that S(U) is a U-semi-abundant semigroup satisfying con-
dition (C) in which U is a subsemigroup and RU = HU. Then S is of course a
U-semi-superabundant semigroup satisfying condition (C) and every RU-class in it
contains a unique projection. For any a € S and e € U, since eea = ea, we have
e(ea)y; = (ea)$; and hence (ea)y; R (ea)gre. Since U is a subsemigroup and R C RY,
we have (ea)y; = (ea)yre, whence eae = ea. It follows by Lemma 3.2 that S satisfies
condition (C.2). So the statement (3) holds.

(3) = (4). Assume that S(U) is a left C-U-semi-superabundant semigroup. Then
S(U) is of course a U-semi-rpp semigroup satisfying conditions (CR) and (C.2), and
U is a subsemigroup of S. Moreover, by Lemma 3.2 (b), we can see that U is a left
regular band. For any a € S, it is obvious that af, € U, N Zg Ifalsoe e U, N Zg,
then (e,af;) € LU. Tt follows by Lemma 2.1 (1) that (e,ay;) € L. Since af; is the
minimum element in U,, we have af; < e and hence e = eay;, = af;. So af;, = a§
whence S(U) is a strongly U-semi-rpp semigroup.

(4) = (1). Assume that S(U) is a left C-U-semi-rpp semigroup. Then S satisfies
condition (C.2), U is a left regular band and a subsemigroup of S. For any a € S and
e € U, since S(U) satisfies condition (CR), we have a = ae LU agye. By noting that
also a§e € U,, we have further a§e = a‘& whence ea‘& € U is L-equivalent with a?}.
It follows by Lemma 2.1 (1) that eay; LY a. Thus eat; € U, N LY so that eal; = aff;.

Therefore c@ = ag;, whence S is a U-liberal semigroup. For any a,b € S, since S(U)
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satisfies (CR) again, we have ab LU a;b and hence

Vee U ab)fe = (ab)} < abe = ab

( U U
<= a??bc@b;;e = a$bb$e = a$be = a$b = a§ba$b$
<— aba‘&lﬁe = abc@b‘&

< (ab)frafbfe = (ab)fafbf.

Thus (ab)f; LY (ab)fafibl. By Lemma 2.1 (1), we claim that (ab)f; £ (ab)afibi.
Thereby
(ab)f; = (ab)frag;by-

Since a and b are arbitrary, by replacing a and b in the equation above by b and a'&,
respectively, we have further

(bc@)"& = (ba$)'§b"§a$ = (ba$)$b$(a$)$a"§ = (ba'&)$a$.
Moreover, by virtue of alJ;le; L b$a§ we conclude that alJ;le; L£v b$a§ and hence

(Ve € U) abe = ab=> ajibafe = afibe = af;b = afrba;
= bajre = (baf;)fafbate = (bafy)fafbaf, = baf,
= b;;c@e = b;;c@
= afibre = afbf;
= (ab)fe = (ab)frafbfe = (ab)fafbf = (ab)f

— abe = ab.

Thus af;bf LY ab LY (ab){, whence afibf; £ (ab)f;. So S(U) is a left C-U-liberal
semigroup. (I

4. LEFT C-LIBERAL SEMIGROUPS

Let S be a semigroup. For any a € S we denote E(S)}, E(S)" and E(S), by I,
I7 and I,, respectively, while the equivalences QE(S), ZE(S), RES) and HES) will
be written simply as @, Z, R and ‘H. In fact, E, R and H were defined for the first
time by El-Quallali [2].

Definition 4.1. Let S be a semigroup. If S(E(S)) is an Ehresmann semigroup,
then it is called a full Ehresmann semigroup. Full Ehresmann semigroups with cen-
tral idempotents are called C-full Ehresmann semigroups. If S(E(S)) is a U-liberal
semigroup, then S is called a liberal semigroup and, in this case, a"E(S) (a € 9) is
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denoted by a°. If S(E(S)) is an orthomonoid, then S is called a full orthomonoid.
Full orthomonoids with central idempotents are called C-liberal semigroups. A full
orthomonoid S is called a left C-liberal semigroup if

(C.5) (Ve e E(S)) eSC Se.

By semi-rpp semigroups, strongly semi-rpp semigroups and left C'-semi-rpp semi-
groups we mean, respectively, the {/-semi-rpp semigroups, strongly {/-semi-rpp semi-
groups and left C-U-semi-rpp semigroups with all idempotents as the projections.
The concepts of semi-lpp semigroup, semi-superabundant semigroup, left C-semi-
superabundant semigroup and so on are similarly defined, therefore we omit the
detailed explanation. For an element a in a semigroup 5, if they exist, ag( 57 a*E( s)
and a%( s are denoted by at, a* and a°, respectively.

Remark 4.2.
(1) The direct product of a left zero band and a unipotent semigroup is called a left
unipotent semigroup. Left unipotent semigroups are left C-liberal semigroups.
(2) A semigroup satisfying condition (C.5) is not necessarily liberal. For example,
let S = {e, f,a,0} be a semigroup with Cayley table

RS

O QOO
O Q = O
S O e
o O O olo

Then S satisfies condition (C.5) but is not liberal.
(3) Non-trivial right zero semigroups are liberal but do not satisfy condition (C.5).
(4) A liberal semigroup satisfying condition (C.5) is not necessarily left C-liberal.
For example, let S = {e, f,a,b,0} be a semigroup with Cayley table

[eliS S e

O TR w00
(eSS e S e
O OO TR
S oo T R|e
O O O O oo

Then S is a liberal semigroup satisfying condition (C.5) but a°0° =ef =e#0 =
(ab)°.
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Lemma 4.3. If S is a semilattice Y of left unipotent semigroups I, x T,, then
E(S) is a subsemigroup of S.

Proof. It is obvious that E(S) = {(i,11,): i € I,,a € Y}. For any 8 < «
inY,iel, and j € Ig, the equation ((j, 17,)(é, 11, ))Pr, = 17, holds in view of

(jv 1Tﬁ)(i’1Ta) : (]a 1TB)(i’1Ta) ( 1Ta)(i’1Ta)<ja 1Tﬁ) : (i71Ta)
( 1T/3)(i7 1Ta)(j7 1Ta)
= (j,17,) (i, 11,).

O

Corollary 4.4. Let T be a semigroup. The following statements are equivalent:
(1) T is a C-liberal semigroup;
(2) T is a liberal semigroup satisfying the identity a°b® = (ab)° and E(T) is a
semilattice and a subsemigroup of T';
3) T is a liberal semigroup with central idempotents and Qe (T);
4) T is a liberal semigroup with central idempotents and QeRC (T);
T is a C-semi-rpp semigroup;

T is a C-semi-Ipp semigroup;

T is a C-semi-superabundant semigroup;
9

(10) T is a semilattice of unipotent semigroups;

3)
(4)
() ~
(6) T is a liberal semigroup with central idempotents and Q € LC(T);
(7)
(8)
(9) T is a C-full Ehresmann semigroup;

10)

(11) T is a strong semilattice of unipotent semigroups.

Proof. It isobvious that, if F(T) is central in T', then it is a subsemigroup of T

and is a semilattice. By virtue of Theorem 2.8 and Lemma 4.3, the present result
holds. O

Remark 4.5. A liberal semigroup with central idempotents is not necessarily a
C-full Ehresmann semigroup. For example, if S is a non-trivial null monoid (i.e., a
non-trivial null semigroup with an identity adjoined), then it is a liberal semigroup
with central idempotents but not a C-full Ehresmann semigroup.

Corollary 4.6. Let S be a semigroup. The following statements are equivalent:
(1) S is a left C-liberal semigroup;
(2) S is a semilattice Y of left unipotent semigroups;
(3) S is a left semi-spined product of a left regular band and a C-full Ehresmann
semigroup;
(4) S is a semi-abundant semigroup satisfying (C) and R = H;
(5) S is a left C-semi-superabundant semigroup;
(6) S is a left C-semi-rpp semigroup.
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Proof. By virtue of Theorem 3.5, Theorem 3.8 and Lemma 4.3, we only need
to prove that if the statement (4) holds then F(S) is a subsemigroup of S. Assume
that (4) holds. Then S is a semi-superabundant semigroup and each R-class in
it contains a unique idempotent. For any e, f € E(S), since eef = ef, we have
e(ef)® = (ef)°, whence (ef)®e is an idempotent which is R-equivalent to (ef)®. It
follows by Lemma 2.1 (2) that (ef)°e = (ef)°. Since (ef)° H ef, we have efe = ef.
So efef =eff =ef, whence E(S) is a subsemigroup of S. O

5. LEFT C-o-RPP SEMIGROUPS

Let S be a semigroup. For any a € S and ¢ € LC(S), define a - o = {(ax,ay):
(z,y) € 0o}. We say that S is p-left cancellative if

(Va,b,ceS) (ab,ac) € o = (b,c) € p.
It is a routine matter to show that
L£8={(a,b) € SxS: (Va,y € S") (ax,ay) € o <= (bx,by) € 0} € RC(S).

Definition 5.1. The semigroup S is said to be g-rpp if every L¢-class in S
contains at least one idempotent. Moreover, S is said to be strongly g-rpp if, for
any a € S, the set I, N L¢ is a singleton, where L¢ stands for the L£¢-class in S
containing a. In this case, the unique element in I, NL¢ is denoted by a/. [Strongly]
o-rpp semigroups with central idempotents are called [strongly] C-g-rpp semigroups
and strongly g-rpp semigroups satisfying (C.5) are called left C-o-rpp semigroups.

Remark 5.2. By a p-rpp semigroup S we also mean that S is a semigroup which
is o-rpp for some p € LC(S). It is obvious that, if ¢ is the identical relation ¢ and
R-equivalence on S, respectively, then £¢ is exactly the relations £* and £** on S
stated in McAlister [19] and Tang [23]. In the sequel, we will identify the concepts
of e-rpp and R-rpp semigroups, respectively, with rpp and wrpp semigroups. Guo,
Shum and Zhu [9] called a rpp semigroup S a strongly rpp semigroup if for any a € S,
the set I' N L} is a singleton. Since E(LZ) C I”, their definition for strongly rpp
semigroups conincides with ours.

Theorem 5.3. If S is a left C-p-rpp semigroup, then it is a left C-liberal semi-
group such that

(VaeS) a®=af.

Proof. Let S be a left C-p-rpp semigroup. Then E(S) is a left regular band.

Assume that E(S) = [YV;1,]. For any e, f € E(S), if e L f, then, by o0 € LC(S), we
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have

(Va,y €8 efr=eroey=efy<= fr=fexofey= fy,
that is to say, e £ f; conversely, if e £¢ f where e € I, and f € Ig, then by
0 € LC(S) again we have

(Va,y € SY)  fex o fey <= ex = eex g ecy = ey.

Therefore fe £2 e L2 f. Noting that fe < f, we conclude that f € L%, N If.. So
f= (fe);r = fe, whence 8 < a. Dually, also a < 3. Thus e £ f. Till now, we have
established that
L8 g(s) = L(E(S)).
For any a € S and e € I,, since aje € I, is such that a = ae L? afe, we have
a;' = a;e. So eag'

Noting that ea} € I, as well, we conclude that af = ea}. Thus aj is the minimum

element in I,. Since a is arbitrary, we claim that S is liberal and such that a® = az;.
For any a,b € S, it follows by virtue of afb = a}bb/ that

is in I, and is L-equivalent to a;’, and hence is £2-equivalent to a.

(Va,y € SY) (ab)fz o (ab)ly <= abx o aby
<~ a;bbg:lc 0 a;bbgy
= az,rbazb;“x 0 agbaz;bz;y
<~ aba'g"b'g":lc 0 aba'g"b'g"y
> (ab)fafbfz o (ab)falfbly.
So (ab)f L2 (ab)Fafb} and hence (ab)f L (ab)Fafb}. Furthermore,
(ab)} = (ab)} (ab)fafbt = (ab)fafblt.

In particular, if we replace a and b in equation above by b and ag, respectively, then

(b s = G105 (it = () 3Fas = (o)

Since afbl L bia}, we have afb} L2 bral. Thus, by virtue of Lemma 2.1 and

0 € LC(S), we conclude that

(Va,y € SY) abzx o aby = albx o alby
== a'gba'g"x 0 agbagy
= batx = (ba}) atbatx o (baf)fafbaly =baty
- bzazx 0 bgagy
- agb;rx 0 agb;ry
— (ab)fafblz o (ab)fafbly
—s (ab)f o (ab)y
= abz o aby,
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that is to say, a} b} L ab L2 (ab)}. So afb} L (ab)}, whence S is left C-liberal. [

Lemma 5.4. Let S be a left C-po-rpp semigroup, E(S) = [Y;1,] and e, f € E(S).
Then
(1) Se={a € S: a} = e} is a g|s,.-left cancellative unipotent semigroup;
(2) if fe= f, then f - o|s, C ols,.

Proof. (1) By Theorem 5.3, we can see that S. is a unipotent semigroup
with e as its identity. It is obvious that g|g, € LC(S.). If a,b,c € S, are such that
(ab,ac) € g|s,, then ab ¢ ac and hence b = eb p ec = ¢. So S, is p|g, -left cancellative.

(2) Assume that fe = f. For any a € S, it is obvious that f € I\, = Iy,.
Moreover, since (fa); £ ffaf = fe = f, we have f = (fa)} whence fa € Sy.
Noting that ¢ € LC(S), we conclude that f - o|s, C ols,- O

Corollary 5.5. If T = [Y;T,] is a C-full Ehresmann semigroup satisfying the
condition
(C.6) (i) for any a € Y, T, is p4-left cancellative for some o, € LC(T,), and
(ii) forany B <ainY, 11, - 0o C 03,

then T is strongly C-o-rpp where o = |J 0a.
acY
Conversely, every strongly C-p-rpp semigroup can be obtained in this way.

Proof. Let T = [Y;T,] be a C-full Ehresmann semigroup satisfying condi-

tion (C.6). Then E(S) is central in T. Now, o = |J 04 € LC(T) in view of
acY

(V(a,b) € ga,c € Tp) (ca,cb) = (clr,, - 11,,a,clT,, - 11, ,5b)
€clr, 11, Oa
Ceclr,, - 0ap
€ Qap-

Let a € T, and b € T. If a =, then by (C.6) (ii) we have

(Va,y € SY) (ax,ay) € o == (IB€Y) (az,ay) € 0p
— ( ) ax,ay € Ty, (1r,z,11,y) € 0
= (3ApeY)bx,byc Ty, (1r,2,17,y) € 0p
<~ (3P € Y) (bm,by) € 03

— (

and so a L2 b. Conversely, if a £2 b, then it follows by alr, o a that blr, o b.
Therefore v < «. Dually, also @ < v whence o = . Therefore L2 is exactly the
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semilattice congruence on 7' induced by the semilattice decomposition [Y'; T,]. Thus
T is strongly C-g-rpp.

Conversely, if T' is a strongly C-o-rpp semigroup, then, by Theorem 5.3, T is
a C-full Ehresmann semigroup. Assume that 7' is a semilattice Y of unipotent
monoids T,,. For any o € Y, define g, = 9|r,. Then obviously o, € LC(T.). By
Lemma 5.4, g, satisfies (C.6). O

In what follows, by a strongly C-p-rpp semigroup T = [Y'; T,; 0] we mean that
S is a strongly C-p-rpp semigroup constructed as in Corollary 5.5.

Theorem 5.6. Let S = I Xy, T be a left semi-spined product of a left regular
band I = [Y;1,] and a strongly C-g-rpp semigroup T = [Y;Ty; 0| which satisfies
the following condition:

(C.7) (i) there is an equivalence 0 on I contained in L£(I) such that

(V(i,a) € S)(V (k,j) € 6l1,) (i, )%, k(i,a)") € 6;
(ii) for any (i,a) € T X In, j € I5 and k € I,
(j(i,a)* k(i,a)*) € 6 = (j(i,17,)%, k(i,17,)%) € 6.
Then S is a left C-p-rpp semigroup where
0={((i,a),(j,0)) € S x S: (a€Y) (a,b) € ga, (i,]) € 6}

Conversely, every left C-p-rpp semigroup can be constructed in this way.

Proof. Let S be a semigroup constructed as in the theorem. Then evidently
0 € £(S). For any ((i,a),(4,0)) € olr,xr, and (k,c) € S, by Corollary 5.5 and
(C.7) (i), we have

(k,c)(i,a) = (i(c, k)", ca) o (j(c, k)¥, cb) = (k,c)(j, ).
Thus ¢ € LC(S). By using (C.6) (ii), one can easily show that
(V(i,a) € Ta x Io) (i,11,) = (i,a)].

Therefore, by Theorem 4.6, S is left C-p-rpp.

Conversely, if S is a left C-p-rpp semigroup, then, by Theorem 5.3, it is a left
C-liberal semigroup. There is no harm if we denote S = I xy,, T, where T' = [Y; T,,]
is a C-full Ehresmann semigroup and I = [Y;,] is a left regular band. For any
a€eyY,let

da = 0|1, x1.Pr-
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For any (i,17,) € E(I, x Ty), it follows by Lemma 5.4 that the relation

0 = 0lsq,,  Pra

on T, is independent of i. It is easy to check that 6 = |J J, and g, (o € Y) satisfy
acY
condition (C.T7). O

Lemma 5.7 ([3]). Let S be a semigroup. The following statements are equivalent:
(1) S is a C-rpp semigroup;

(2) S is a strongly C-rpp semigroup;

(3) S is a semilattice of left cancellative monoids;
(4)

4) S is a strong semilattice of left cancellative monoids.

Corollary 5.8 ([23]). Let S be a semigroup. The following statements are equiv-
alent:
(1) S is a C-wrpp semigroup;
) S is a strongly C-wrpp semigroup;

(2
(3) S is a semilattice of R-left cancellative monoids;
(4) S is a strong semilattice of R-left cancellative monoids.

By using Theorem 5.6, Lemma 5.7 and Lemma 5.8, we can easily establish the
following two results:

Corollary 5.9 ([14]). Let S be a semigroup. The following statements are equiv-
alent:
(1) S is a left C-rpp semigroup;
(2) S is the semilattice Y of the direct products I, x T, (o € Y') of left zero bands I,
and left cancellative momoids T,, such that, for any (i,a) € I, x T,, j € Ig and
kel,,

((,a) (5, 11y )1 = (G0, @) (K, 1ry))r = ((4,17,) (4, L)1 = (2, 1, ) (K, 1)) 13
(3) S is a left semi-spined product = I Xy, T of a left regular band I = [Y;I,]
and a C-rpp semigroup T = [Y;T,] in which the structural homomorphism 7

satisfies the condition

(V(i,a) € I, x To)(Vj, k € I) j(i,a)* = k(i,a)* = j(i,17.)% = k(i,17,)%.
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Corollary 5.10. Let S be a semigroup. The following statements are equivalent:
(1) S is a left C-wrpp semigroup;
(2) S is the semilattice Y of the direct products I, x T, (o € Y') of left zero bands I,
and R-left cancellative monoids T,, such that, for any (i,a) € I, x Ty, j € I3
and k € I,

((4,a)(4, 11y)) 1 = ((4, @) (k, 1)1 = ((4,17.,) (5, 1my )1 = ((i, 1, ) (K, 1)) 1

(3) S is a left semi-spined product = I xy, T of a left regular band I = [Y;1,]
and a C-wrpp semigroup T = [Y'; T,] in which the structural homomorphism 7
satisfies the condition

(V(i,a) € Iy x To)(Vi, k € I)  j(i,a)* = k(i,a)* = j(i,17,)" = k(i,17,)7.

By using Theorem 3.6, we can also obtain the band-formal constructions of left
C-liberal semigroups, left C-rpp semigroups and left C-wrpp semigroups. Further-
more, by using the characterizations for left C-liberal semigroups, all results on left
C-semigroups given by Zhu, Guo and Shum [27] and Guo, Ren and Shum [8] can be
obtained as well.
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