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Introduction and preliminaries
Suppose that X = Ris the set of all real numbers and that we consider the binary opera-
tion (R, —) where “—” is the usual subtraction. Then(x —y) —z #x — (y —2) =x —y +z
in general, i.e., (R, —) is not a semigroup. Since (x — y) —z = x — (y — (—z)), if we define
u = x,v:= —z, then we have (x — y) — z = u — (y — v), which looks like that “—” satis-
fies a version of the associative law in R, i.e., there exists a map ¢ : R — R? such that
¢x,2) = (x,—2z) = (u,v) and (x —y) —z =u — (y — v). Thus, we obtain a “twisted”
associated law for (R, —), with the function ¢ defining the “nature” of the “twisted semi-
group” of a particular type. Obviously, a twisted semigroup need not be a semigroup.
However, semigroups are twisted semigroups where the twist is ¢ (x, y) = (x,y). Twisted
semigroups of several types will be the topic of investigation in the following. As alge-
braic objects they include many familiar examples of groupoids which are definitely not
semigroups but whose study benefits from the approach taken in what follows.

In particular, if (X,+,-) is a field and if x xy = Ax + uy, 4, u € X, defines a (linear)
product, the resulting class of groupoids has a membership whose structure depends
both on the nature of the formula as well as on properties of the field (X, +, -) itself.
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Several conclusions are obtained. A main result is the conclusion that if (X, %) is a left-
twisted semigroup with respect to a map ¢; and if (X, %) is a right-twisted semigroup
with respect to a map ¢, then (X, %) is already a semigroup. Homomorphisms of twisted
semigroups of the various types are also discussed, and from a counterexample it fol-
lows that the class of dual left-twisted semigroups is not a variety, even though direct
products and (groupoid) epimorphic images of any of the types of twisted semigroups
are also of at least the same type. Although examples of certain twisted semigroups have
long been studied in various settings, the notion of a groupoid (X, %) equipped with a
twisting mapping ¢ : X2 — X2 to produce a twisted semigroup (X, %) of a certain type,
appears to be new. For general references on semigroups we refer to Clifford et al. (1961),
Howie (1995).

Kim and Neggers (2008) introduced the notion of Bin(X), the collection of all
groupoids defined on a non-empty set X. Given arbitrary groupoids (X, *) and (X, e),
we define a product (X,0) := (X, %)X, e) where xly := (x*y)T(y*x) for all
x,y € X. They showed that (Bin(X),0) is a semigroup and the left zero semigroup
on X acts as an identity in (Bin(X),J). Let (R, +,-) be a commutative ring with iden-
tity and let L(R) denote the collection of all groupoids (R, *) such that, for all x,y € R,
x %y := ax + by + ¢, where a, b, ¢ (€ R) are fixed constants. Such a groupoid (R, ) is said
to be a linear groupoid. They showed that (L(R), ) is a semigroup with identity.

Some researchers studied on linear groupoids and quadratic groupoids in several alge-
bras. Neggers et al. (2001) introduced the notion of a Q-algebra, and showed that every
quadratic Q-algebra (X, ,e),e € X, has of the form x xy = x — y + e when X is a field
with |X| > 3. Moreover, Kim and So (2012) investigated some properties of S-algebras
and they obtained linear B-algebras.

Twisted semigroups
Let (X, %) be a groupoid for which there exists a function ¢ : X> — X2 such that, for all
a,b,c € X,

ax(bxc)=(u*xv)*c (D)

where ¢(a, b) = (u,v), i.e., u = u(a, b),v = v(a, b) are functions of two variables. Then
(X, %) is said to be a left-twisted semigroup with respect to the map ¢. Such a map ¢ is
called an associator function of the groupoid (X, *).

We may think of a dual equation of (1) as follows:

(@xb)yxc=ux**c) (2

where ¢(a, b) = (u,v), i.e.,, u = u(a, b),v = v(a, b) are functions of two variables. Then
(X, *) is said to be a dual left-twisted semigroup with respect to the map ¢. The function
@ is not necessarily unique.

Suppose we replace the Eq. (1) by

(axb)yxc=ax (ux*xv) 3)

where ¢(b,c) = (u,v), i.e., u = u(b,c),v = v(b,c) are functions of two variables. Then
(X, %) is said to be a right-twisted semigroup with respect to the map ¢.
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We may think of a dual equation of (3) as follows:
ax(bxc)=(a*u)xv 4)

where ¢(b,c) = (u,v), i.e., u = u(b,c),v = v(b,c) are functions of two variables. Then
(X, *) is said to be a dual right-twisted semigroup with respect to the map ¢.
If we replace the Eq. (1) by

(axb)yxc=ux[b*v) 5)

where ¢(a,c) = (u,v), i.e.,, u = u(a,c),v = v(a,c) are functions of two variables. Then
(X, *) is said to be a middle-twisted semigroup with respect to the map ¢.
We may think of a dual equation of (5) as follows:

ax(bxc)=(uxb)*xv (6)

where ¢(a,c) = (u,v), i.e.,, u = u(a,c),v = v(a, c) are functions of two variables. Then
(X, =) is said to be a dual middle-twisted semigroup with respect to the map ¢.

If  : X?> - X2 is the identity map ¢(a, b) = (a, b), then the Eqgs. (1-6) reduce to the
associative law and thus:

Proposition 1 If (X, *) is a semigroup, then it is a (dual) left(right, middle)-twisted
semigroup.

«w »

Example 1 Consider (R, —), the real numbers R with the subtraction operation “—".
Since a — (b —¢) # (a — b) — ¢, the groupoid (R,—) is not a semigroup. Consider
the expression (a+1)—b)—(1—c)=@—b)+c=a—(b—c). Thus ¢(ac) =
(a+ 1,1 — ¢) produces (R, —) as a middle-twisted semigroup which is not a semigroup.

Example 2 Consider X := 24 where A # (. If we definea b := a — bforanya,b € X,
then (a*b) xc # ax (b*c). On the other hand, if we let ¢(b,c) := (b U, @), then
(axb)xc=(@—b)—c=a—(bUc), and a*x (u*xv) =a— (bUc—0)=a— (bUc),
proving that (X, x) is a right-twisted semigroup w.r.t. ¢.

Note that Example 2 is a typical example of a BCK-algebra which is also a right-twisted
semigroup.

Example 3 In Example 1 if we define ¥ (b,c) := (b +¢,0), then a — ((b+¢) —0) =

(a — b) — c and hence it is a right-twisted semigroup with respect to .

Example 4 Let (R, +, ) be areal field. Define a binary operation “«” on R by
xxy:=xx—1y), VxyeR.

Given elements a, b, ¢ € R, define a map ¢ : R> — R?by ¢(a, b) := (u, v) where

(O; V) lfd = b,
(u,v) =4 Ov) ifa=0,b+#0,

(L7v) fa#0a#b
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with v3 = a(a — b)(¥2 — 1). Then it is easy to show that (a * b) x ¢ = u * (v x ¢). This
shows that (R, *) is a dual left-twisted semigroup with respect to ¢. Moreover, it can be
shown that the function ¢ is the unique function for making (R, *) a dual left-twisted

semigroup.
Proposition 2  There is no map ¢ : R* — R? such that (R, —) is a left-twisted semigroup.

Proof If we assume that there is a map ¢ : R2 — R? such that (R, —) is a left-twisted
semigroup,

(a—b)+c=Ww—v)—c @)

for the map ¢(a, b) = (u,v). If we let ¢ := 0, then a — b = u — v. Hence, by (7) we obtain
¢ = —¢, for all ¢ € R, a contradiction. O

Note that Proposition 2 shows that (R, —) is a groupoid which can not be a left-twisted
semigroup. Moreover, Proposition 2 shows that not every right(middle)-twisted semi-
group is a left-twisted semigroup. Examples 1 and 3 together show that a groupoid can
fail to be a semigroup and yet be a middle-twisted as well as a right-twisted semigroup.

Theorem 1 If a left-twisted semigroup has a right identity element, then it is a
semigroup.

Proof Let c:=e be the right identity element. Then by (1) we have
axb=ax(bxe)=u*xv)*e=uxv and thus (u*xv)*xc=(axb)xc, so that

a* (bxc) = (ax*b)xc, ie, the groupoid is a semigroup as claimed. O

Dually, if a right-twisted semigroup has a left identity element, then it is a semigroup.
Notice that (R, —) has a right identity element 0, but it is not a semigroup. By Theo-
rem 1 it cannot be left-twisted, as shown in Proposition 2.

Proposition 3  The groupoid (R, —) is a middle-twisted semigroup with respect to ¢ if
and only ifu(a,c) + v(a,c) = a — cforanya,c € R.

Proof Given a,b,ceR, (a—b)—c=u— (b—v), where u=u(a,b),v=rvab),
means that ¢ — b — ¢ = u — b + v, and hence u(a,c) + v(a,c) = a — c¢. The converse is

straightforward. O
If we let u:=a — a,v:= —c+ a where a = a(a,c), then (R, —) is a middle-twisted
semigroup.

Twisted semigroups in a field
Let X = (X, +, ) be a field and 4, u € X (not all zero). If we define a binary operation “x”
on X as follows:

xxy = Ax 4+ py
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for any %,y € X, we call such a groupoid (X, ) a linear groupoid over a field X. We define
its associator function ¢(a, b) := (u,v), i.e., u = u(a, b),v = v(a, b) are functions of two
variables a4, b € X.

Example 5 Let R= (R,+,-) be a real field and 4 # 0,x € R. We define a binary
operation “¢” on R as follows: x %y := Jx + uy for any x,y € R. If we define a map
@(a,b) := (%,b)and w? = 1, then (R, ) is a left-twisted semigroup with respect to ¢.

Proposition 4 Let (X, %) be a linear groupoid over a field X and its associator function
defined by ¢(a, b) := (la, b). If (X, %) is a dual left-twisted semigroup with respect to ¢,
then it has the form x xy = lxorx xy = Jx + y.

Proof Since (X,%) is a dual left-twisted semigroup with respect to ¢,
(@axb)xc=7%a+iub+ uc and ux (v*c) = 22a + uib + p’c for any a,b,c € X. It
follows that u = 2, proving the proposition. O

In Proposition 4, if we let 1:=2 and u:=1, and we define ¢(a,b) := (2a,b),
then (X,*) is certainly a dual left-twisted semigroup with respect to ¢, but it is
not a left-twisted semigroup with respect to ¢, since a* (b*c) =2a+ 2b+ ¢ and
(uxv)*c=28a+2b+c.

“w,»

Example 6 Let (R,+,-) be a real field. Define a binary operation “«” on R as fol-
lows: x xy:=x+2y,Yx,y € R. If we define a map ¢(b,¢) := (b, 5),Va,b € R, then
(R, %) is a right-twisted semigroup with respect to ¢, but not a (dual) left-twisted
semigroup with respect to ¥ (a,b) := (a, g), since (a % b) x c = a + 2b + 2¢, while
ux(vkc)=a+b+4cand(uxv)*xc=a+ b+ 2c.

Note that Examples 5 and 6 show that twisted-semigroups may have role to play in the
theory of linear groupoids in various algebraic structures (see Kim and Neggers 2008;
Kim and So 2012; Neggers et al. 2001).

Proposition 5 Let (X, *) be a linear groupoid over a field (X, +,-), i.e, x xy := Ix + uy
for all x,y € X where /., u are not all zero in X. If (X, %) is a right-twisted semigroup with
respect to ¢ (b, c) = (u,v), then it has one of the forms: (i) x xy = x; (i) x *y = uy, u Z0
andu = b,v = ﬁ; (fi)wxy=x+uy,u #0andu =b,v = ﬁ
Proof Since (X, *)is a linear groupoid over X, there exist 4, u € X (not all zero) such that
x+y=Jx+ uy for all x,y € X. Let (X, *) be a right-twisted semigroup with respect to
o(b,c) = (u,v). Then (axb) *c = (Ja+ ub) x c = A(da + ub) + pc = 22a + iub + uc
and a * (uxv) = ax Qu+ puv) = Aa + wQu + puv) = da + Apu + u2v. It follows that

2a+ dub+ pe = la+ dpu+ pv (8)
Assume that u # 0. If we letu := b,v := ﬁ, then

J2a+ pe = a+ uc )
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and hence 22a = Ja, ie, A=0 or A=1 If 1 =0, then x*y = puy. If 1#0, then
x %y =x+ uy. Assume i = 0. Then x * y = Ax and hence

Ja=axuxv)=(axb)xc=/%a (10)

It follows that A = 0 or 4 = 1, which shows that x % y = x, since (X, %) is a linear groupoid.
O

Proposition 6 Let (X,*) be a linear groupoid over a field X. If we define a map
@(b,c) := (b, uc), Vb, ¢ € X, then (X, %) is a dual right-twisted semigroup with respect to
@ when 22 = .

Proof Straightforward. O

Theorem 2 Let (X, x) be a linear groupoid over a field X, i.e., x xy := Ax + py for all
x,y € X and let Jp # 0. If (X, ) is both a left-twisted semigroup with respect to a map
@(a,b) = (%,b) and a right-twisted semigroup with respect to a map Y (b, c) = (b, ﬁ),
then (X, x) is an additive group of the field X.

Proof Since it is a left-twisted semigroup, givena, b,c € X,a * (b * ¢) = Ja + ub + pu’c
and (u % v) % ¢ = 22u + Juv + uc for some u = u(a, b), v = v(a, b). Hence we have

Ja+ dub + ple = 2u+ luv + uc (11)
Similarly, since it is a right-twisted semigroup, we have
J2a+ dub + pe = da+ dud + p>v' (12)

for some u' = u'(a,b),v' = V'(a,b). If we put u := %,v:=b in (11), then wrc = pe. It
follows that 4 = 1. If we put «’ := b,v' := i in (12), then A%a = Aa, proving that / = 1.
Hence x * y = x + y, i.e., (X, %) is an additive group of the field X. O

Proposition 7 Let (X, x) be a linear groupoid over a field X, i.e, x xy = Ax + wy for all
x,y € X where A, u are not all zero. If we define a map ¢(a,c) = (Ja, ic), Va,c € X where
n # 0, then (X, x) is a middle-twisted semigroup with respect to .

Proof Straightforward. O

“w,»

Example 7 Let (R,+,-) be a real field. Define a binary operation “«” on R by
xxy:=x—yVx,y € R and define a map ¢(a,c) := (a, —c),Va,c € R. Then (R, *) is a
dual middle-twisted semigroup with respect to ¢.

Twisted semigroups on groups

“,»

Proposition 8 Let (G, -) be a group and n € N (fixed). Define a binary operation “¥” on
Gbyaxb:=d"b,Va,b € G. If we define a map ¢(a,b) := (a"b,e),VYa,b € G where e is
the identity of G, then (G, %) is a dual left-twisted semigroup with respect to ¢.
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Proof Givena,b,c € G, we have (a x b) x c = (a”"b)"c. Since ¢(a, b) := (a”b, e), if we let
u:=a"b,v:=e thenux (v*c) =u"(v"c) = (a’b)"(e"c) = (a"b)"c, proving the propo-
sition. 0

Let n be a natural number. A group (G, -) is said to have the nth power property if there
are a4, b € G such that a”b” = x” has no solution x in G. For example, consider the dihe-
dral group D4 = {ro,r1,72,73,h,v,d, t} in (Hungerford 1990, p.158). It is easy to show
that rg’ - 13 = d, but there is no element x € Dy such that x> = d.

Proposition 9 Let (G, -) be a group having the n'" power property. Define a binary oper-

ation “«*” on Gbya+ b = a"b,Va,b € G. Then (G, ) is not a left-twisted semigroup with
respect to any mapping .

Proof Assume that (G, *) is a left-twisted semigroup with respect to some mapping ¢.
Then for any a, b, c € G, there exist u = u(a, b),v = v(a, b) in G such that ¢(a, b) = (u,v)
and a * (b * ¢) = (u * v) * c. This means that a”b"c = (u"c)”c. Since (G, -) is a group, we
obtain a”b" = (u"v)". If we let x := u""v, then a”b” = x" has a solution x = v, a con-
tradiction. O

Proposition 10 Let (G,-) be a group having the n™ power property. Define a binary
onGbyaxb:=ab" Va,b € G. Then (G, x) can not be a right-twisted semi-

“,»

operation “x
group with respect to any mapping ¢.

Proof Assume that (G, ) is a right-twisted semigroup with respect to ¢. Since (G, -) has
the n'" power property, there are b, ¢ € G such that b”¢” = x" has no solution in G. Since
(G, %) is a right-twisted semigroup, for any a € G, there exist u = u(b,c),v =v(b,c)in G
such that (a * b) x ¢ = a * (u * v). Hence (ab”)c" = a(uv™)", i.e., b"c" = (uv™)". If we let

x = uv", then b"¢"” = x" has a solution, a contradiction. [

Homomorphisms of twisted semigroups

Theorem 3 Let (X, ) be a left-twisted semigroup with respect to a map ¢ : X> — X2 If
f (X, %) = (Y, e) is an epimorphism of groupoids, i.e, f(x*xy) =f(x) o f(y),Vx,y € X,
then there exists a map ¥ : Y* — Y? such that (Y, e) is a left-twisted semigroup with
respect to the map .

Proof Given «o,B €Y, since f:X — Y is onto, there exist a,b € X such that
a = f(a), B =f(b). Since (X, %) is a left-twisted semigroup with respect to a map ¢, for
all ¢ € X, there exist ug = ug(a, b),vo = vo(a, b) € X such that a x (b *c) = (ug * v9) * ¢
and ¢(a, b) = (up, vo). We define a set I'(4,g) as follows:

) = ((F@),f () |Fa,b € X st.a =f(a), B = f(b), p(a,b) = (1))

If we let v:=f(up),w:=f(p), then (v,w)eTp. We define ¥ : Y? > y? by
Y(o, B) := (v,w). Then it is well-defined. In fact, if we assume ¥ («,fB) = (v,w)
and ¥ («, B) = (p,q), then there exist u;,v; € X such that p =f(u1),qg =f(v1) and
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®,q) € I'(g,p). It follows that ¢(a, b) = (u1,v1) and ¢(a, b) = (uo, vo). Since ¢ is a map-
ping, we obtain p = v,q = w, which proves that ¥ : Y2 — Y2 is a mapping.
Giveny = f(c) € Y, since fis an epimorphism, we have

ae(Bey)=f(a)e(f(b)ef(c)
—flax (b0
= f((up * vo) * ¢)
= (f(uo) o f(v0)) ® f(c)

=WVew)ey.

This proves that (Y, e) is a left-twisted semigroup with respect to a map v : Y2 — Y20

Let (X, *) and (Y, e) be groupoids. A map f : (X,*) — (Y, e) is said to be left-twisted-
injective if f(ax (bxc)) =f((u*v)=*c), then there exist ' and v/ in X such that
ax(bxc)= W xv)xcand f(u) =fW),f(v) =f () where a, b,c,u,v € X. For exam-
ple, the canonical group homomorphism 7 : G — G/N is left-twisted-injective.

Proposition 11 Let (Y,e) be a left-twisted semigroup with respect to a map V. If
f (X, %) > (Y,e) is a left-twisted-injective epimorphism, then there exists a map
@ : X2 — X?such that (X, %) is a left-twisted semigroup with respect to the map g.

Proof For any a,b,ce X, since f:X — Y is onto, there exist o,8,y €Y
such that f(a) =a,f(b) = B,f(c) =y. Since (Y,e) is a left-twisted semigroup,
there exist v,weY such that ce(Bey)=(vew)ey and ¥(a,B) = (v,w).
Since f is onto, there exist p,q € X such that f(p) =v,f(q) =w and hence
f(a) e (f(b) ef(c)) = (f(p) ®f(q)) e f(c). Since fis left-twisted-injective, we have

ax(bxc)= @ xq)*c (13)

for some p’,q' € X where f(p) = f(p),f(q) =f(q). Givena, b € X, we obtain p’,q' € X
satisfying (13), which means that p’,q’ € X are determined by choosing a,b € X, ie.,
there exists a map ¢ : X> — X2 such that ¢(a,b) = (¢/,q’). Hence (X, %) is also a left-
twisted semigroup with respect to ¢. O

In Theorem 3, given a, b, c € X, there exist u#,v € X such that a * (bx¢) = (u*v) x¢
where ¢(a,b) = (u,v). Since f:(X,*%) — (Y,e) is an epimorphism, we have
f@e(f(b)ef(c) =flaxbxc) =f((uxv)xc)=(f(u)ef(v)) ef(c) Now,
since (Y, e) is a left-twisted semigroup with respect to ¥, we obtain p,q € Y such
that f(a) e (f(b) e f(c)) = (peq) e f(c) where ¥ (f(a),f(b)) = (p,q). It follows that
@oq) of(©) = (fw) o f(1) o f(C).

Using the notion of this concept, we introduce an equivalence relation on the Carte-
sian product ¥ x Y of any groupoid (Y, e) (not necessarily a (left-twisted) semigroup).
Let (X, *) and (Y, o) be groupoids and let f : X — Y be a map. Define a relation “=” on
Y? using fby

(@,8) = (y,8)(modf) &= (@ ef)ef(x) =(yed)ef(x), V xeX (14)
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where o, B,y,8 € Y. Then it is easy to show that = (modf) is an equivalence relation on
Y2 Hence Y? is partitioned into equivalence classes [(a,8)]:= {(¥,8)| (o, B) =

(v,8)(modf)}.

Example 8 Consider a d-algebra (X, %,0) and a BCK-algebra (Y, e, 0) as follows:

If we define a map f:X—Y by f(0) =0,/f(1)=>bf(2)=a then
Y2 ={[(0,0)],[(4,0), [(h,m)]}  where [(0,0)] ={(0,0),(0,a),(0,b), (a,a), (b,b)},
[(a,0)] = {(a,0), (a,b)}, [(b,a)] = {(b,a), (b, 0)}.

Thus, let f: (X,*) — (Y,e) be an epimorphism of groupoids, where (X, ) and
(Y,e) are left-twisted semigroups with respect to ¢ and v respectively, and let
¢(a,b) = (u,v) for some u,v € X and ¥ (f(a),f (b)) = (p,q) for some p,q € Y. Then
ax(bxc)y=w=*v)xcand f(a)e(f(b)ey)=(peg)ey for any c € X,y € Y. Since
f is an epimorphism, we have f(a)e (f(b) ef(c)) = (f(u) o f(v)) e f(c) and hence
fw)ef(v))ey =(peg)ey for any y € Y. It follows that (f (&), f (v)) = (p, ) (modf).

We summarize:

Proposition 12 Let f:(X,%) — (Y,e) be an epimorphism of groupoids, where
(X, %) and (Y, e) are left-twisted semigroups with respect to ¢ and  respectively. If
@(a,b) = (u,v), theny (f (a),f (b)) = (f (w),f (v)) (mod f).

Given an epimorphism f : (X, %) — (Y, e) as in Proposition 12, we define a new map
f X% = Y?by f(x1,%2) := (f(x1),f (*2)), Vx1, %2 € X. Using this map we obtain ( o f)
(a,b) =y (f(a,b) =¥ @,f(b) =@pq and (fo ‘/’)(ﬂ,é) =f(§0(f, b)) =fu,v) =
(f (w), f (v))where “0” isa composition of functions. Hence o f(a, b) = f o ¢(a, b)(modf),
i.e., the following diagram is a commuting diagram:

X2 L Y2

@l l«p
X2 - Y2
f

For the other types of twisted semigroups we have similar situations. In the case of a
dual left-twisted semigroup, we obtain the following results.

Theorem 3'. Let (X,*) be a dual left-twisted semigroup with respect to a
map ¢ :X>— X% If f:(X,x) — (Y,e) is an epimorphism of groupoids, i.e.
fxxy) =f(x) o f(y),Vx,y € X, then there exists a map V- Y> — Y? such that (Y, e) is
a dual left-twisted semigroup with respect to the map .
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Let (X, *) and (Y, ) be groupoids. A map f : (X,*) — (Y, e) is said to be dual left-
twisted-injective if f((a* b) *c)) =f(u* (v*c)), then there exist #’ and v in X such
that(@*b) xc=u' % (V' xc)and f(u) = f(),f (v) = f (V') where a, b,c,u,v € X.

Proposition 11'. Let (Y, o) be a dual left-twisted semigroup with respect to . If
f X, %) = (Y,e) is a dual left-twisted-injective epimorphism, then there exists a map
@ : X2 — X?such that (X, x) is a dual left-twisted semigroup with respect to the map g.

The corresponding relationship on YV 2 is now the following. Let (X, *) and (Y, e) be

“_»

groupoids and let f : X — Y be a map. Define a relation “=” on Y2 using f by
(@, ) = (v,8)(modf)* <= a e (Bef(x) =y e(Sef(x),VxeX (15)

where o,8,y,8 €Y. Then it is easy to show that = (modf)* is an equiva-
lence relation on Y2 Hence Y? is partitioned into equivalence classes

[(e, B == {(y,0) | (@, B) = (v,8)(modf)*}.
The other four types go in entirely the same way. We list the relevant information.

(1) right-twisted semigroups: ¥ (a, ) is defined as previous cases, and the
equivalence relation on Y? is (a, ) = (y,8)[modf] provided for all x € X,

fx)e(xep)=Ff(x)e(yed).
(2) dual right-twisted semigroups: ¥ («, B) is defined as previous cases, and the
equivalence relation on Y? is («, ) = (v, 8)[mod f]* provided for all x € X,

fx)ea)eB = (f(x)ey)ed.

(3) middle-twisted semigroups: ¥ («, B) is defined as previous cases, and the
equivalence relation on Y? is (a,8) = (y,8) < modf > provided for all
xeX,axe(f(x)of) =y e (f(x)ef).

(4) dual middle-twisted semigroups: ¥ («, B) is defined as previous cases, and
the equivalence relation on Y? is (a, 8) = (y,8) < modf >* provided for all

xeX (@of@)ef=(yef)ed.

Given one of the six types of twisted semigroups, let {(Xy, %o, ¥o)}aecr be an indexed
family of one of these types of twisted semigroups. Let X = [],; Xy be the direct prod-
uct and let , : X — X, be the canonical surjection. Let X be equipped with the prod-
uct binary operation given by the formula (xy) * (Vo) = (¥4 *¢ Vo). If we define a map
o((ay), (by)) = (@u(aa, by)) = ((Ug, V), then it follows that (X, *) is a twisted semi-
group of the same type with respect to the map ¢.

In order to obtain varieties we must be able to claim that if (X, *) is a twisted semi-
group of a given (one of the six) type(s) with respect to a map ¢ and if (4, ) is a sub-
groupoid of (X, *), then it is also of the same type, i.e., there is a function v : A2 — A2
(rather than ¢ : A2 — X2,y = ¢ | A%) which satisfies the required identity belonging to
the special type in question. We give a counter-example that a subgroupoid (A, *) of a
dual left-twisted semigroup (X, ) need not be a dual left-twisted semigroup.

Example 9 In Example 4, let Z be the collection of all integers. Then (Z, *) is a sub-
groupoid of (R, *) and (R, %) is a dual left-twisted semigroup with respect to ¢. If we
let a :=13,b := 12, then v® = 13(13 — 12)(v?2 — 1) = 13(v% — 1). Assume v is an inte-
ger. Then v = 13k for some integer k. This means that (13)2k%(1 — k) = 1, which is
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impossible for an integer k. Hence there is no mapping ¢ : Z> — Z? such that (Z, %) is a
dual left-twisted semigroup with respect to ¢.

Conclusions

In this paper, we introduced the concept of several types of groupoids related to semi-
groups, viz., twisted semigroups for which twisted versions of the associative law hold.
Besides a number of examples and a discussion of homomorphisms, a class of groupoids
of interest was the class of groupoids defined over a field (X,+,-) via a formula
x*y = Jx+ uy, with 4, u € X, fixed structure constants. Properties of these groupoids
as twisted semigroups were discussed with several results of interest obtained, e.g., that
in this setting simultaneous left-twistedness and right-twistedness of (X, %) implies the
fact that (X, *) is a semigroup.

In the investigation of “residual associativity” in groupoids one encounters a number
of levels. The strongest version of such residual associativity is “associativity” itself. Mak-
ing a study of twisted semigroups, besides being of interest in itself, is also relevant in
several other ways. One may wish to determine as precisely as possible how different
twisted semigroups may differ from semigroups. Accordingly we note that the study of
twisted semigroups, commenced in this paper, will prove to be a rich area for research
both in itself and as embedded in the area of the study of “general theory of groupoids”.
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