Quasigroups and Related Systems 28 (2020), 285 — 299

Division on semigroups

that are semilattices of groups

Robert A. R. Monzo

Abstract. The binary products of right, left or double division on semigroups that are semi-
lattices of groups give interesting groupoid structures that are in one-one correspondence with
semigroups that are semilattices of groups. This work is inspired by the well-known one-one

correspondence between groups and Ward quasigroups.

1. Introduction

It appears in the literature that in 1930 M. Ward was the first to find a set of
axioms on (5, *) (a set S with a binary operation *, called here a groupoid) that
ensure the existence of a group binary operation o on S such that z xy =z oy ™!
cf. [12]. Such a groupoid was called a division groupoid by Polonijo (cf. [10]) and
it is clear that division groupoids are quasigroups.

Over the next 63 years many other sets of axioms on a groupoid were found
that make it a division groupoid, now commonly known as a Ward quasigroup
(see for example: [1, 2, 4, 6, 7, 8, 9, 10, 11]). Perhaps the most impressive of
these characterisations of Ward quasigroups is that of Higman and Neumann who
found a single law making a groupoid a Ward quasigroup (cf. [6]). It is now known
that a quasigroup is a Ward quasigroup if and only if it satisfies the law of right
transitivity, (z*z)* (y*z) = x*y (cf. [9]). It follows that a quasigroup is the dual
of a Ward quasigroup, which we will call a Ward dual quasigroup, if and only if it
satisfies the identity (z xx) * (z xy) = x x y.

Starting from any group (G, o) we can form a Ward quasigroup (G, x) by defin-
ing 2%y = x oy~ !; that is, * is the operation of right division in the group (G, o).
Conversely, any Ward quasigroup (W, %) is unipotent and its only idempotent
e=cxe=xx*zx (for any z € W), is a right identity element. If we then define
(W,0) aswoy = x*(exy), (W,0) is a group, 7 = exx and x*y = zoy L. These
mappings, (G,0) — (G, *) and (W,*) — (W, 0) are inverse mappings, which im-
plies that groups are in one-to-one correspondence with Ward quasigroups. (This
is all well known.) In addition, a Ward quasigroup is an inverse groupoid, with
the unique inverse of x being 2= = e * . That is, the inverse of an element of a
Ward quasigroup is the inverse element in the group it induces.
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In 2007 N.C. Fiala proved (cf. [5]) that a quasigroup (.5, *) satisfies the identity
[(exe)x (zx2)]x[(exy)*z] =xxy (for some e € S) if and only if there is a
group (S, 0) with identity element e such that z xy = 271 oy~1. Fiala called such
groupoids double Ward quasigroups. He noted that the binary operation o on a
double Ward quasigroup S defined by x oy = (e * x) * (e x y) is a group operation
and that double Ward quasigroups are in one-to-one correspondence with groups.
Double Ward quasigroups are also inverse quasigroups, with z=! = z.

Our intention here is to explore the operations = * y = x - y~! (called right
division), x xy = =1 -y (called left division) and z xy =2~ -y~ (called double
division) when (S, ) is a semigroup and a semilattice of groups, where x~! is the
inverse of x in the group to which it belongs. We will prove that each collection
of all such structures are in one-one correspondence with the collection of all
semigroups that are semilattices of groups and, in this sense, we extend the result
that Ward quasigroups are in one-to-one correspondence with groups.

2. Preliminary definitions and results

The set of all idempotent elements of a groupoid (5, *) is denoted by E(S, %), i.e.,
E(S,x) = {x € S|zxx = x}. Note that the set E(S, *) may not be closed under the
operation *. The groupoid (S, ) is called an idempotent groupoid (a semilattice
groupoid) if all of its elements are idempotent (idempotent and commute). A
semilattice groupoid (S, x*) is called a semigroup semilattice if it is a semigroup.
A groupoid (S, ) is called an (idempotent) groupoid (T)-) of groupoids (Sa,*|5_)
(v €T)if S is a disjoint union of the S, (o € T') and S, * Sz C Sqa.3 = Sap for all
«, 8 € T. Note that this definition does not require either of the binary operations
- or * to be associative.

We call the groupoid (5, *) right (left) solvable if for any a,b € S there exists
a unique x € S such that axx = b (x*xa =b). The groupoid (5, *) is a quasigroup
if it is right and left solvable, in which case it is right and left cancellative. We call
the quasigroup (5, *) a Ward quasigroup (Ward dual quasigroup) if it satisfies the
identity (x*2)*(y*2) = zxy ((zxz)*(2*y) = xxy). The quasigroup (S, *) is called
a double Ward quasigroup if it satisfies the identity ((exe)* (zxz))* ((exy)*z) =
x x y for some fixed e € S. A groupoid (S, *) is called an inverse groupoid if
for all x € S there exists a unique element =1 such that (z * x7!) x x = x and
(x7l % z) x 271 = 271 The fact that (9,*) and (T,0) are isomorphic groupoids
is denoted by (S,%) = (T,0). The groupoid (5, %) is dual to the groupoid (S, *)
if 2%y = y * x. The collection C is the collection of all groupoids (S, ¥), where
(S, %) € C. Clearly, C is in one-one correspondence with C.

Below we list a few identities that we will use later. The proofs of these
identities one can find in [2] and [9].

A Ward quasigroup (5, *) satisfies the following identities:

(1) zxz=yxy=r,
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@) z*r=uz,
(3) r(zxy) =y*u,

(4) r(r o) =z,

(5) (w*y)*z=ax(z*(r*z))

Note that a Ward (Ward dual) quasigroup (S,*) has a unique right (left)
identity element r. So, we will denote this by (W,*,r) (resp. (WD, x,1)). We
will denote a double Ward quasigroup by (DW, %, e), although we note that the
element e may not be unique.

A double Ward quasigroup (S, x) satisfies the following identities:

6) exe—e,
(7) (ex(zx2))x((exy)xz) =xxy,
() (yra)xy=yx*(zxy) =2,

(9) exz=uzxe,

(10) % (zxe)=(exa)*z=e,

(11) zxy=-ex((exy)*(exx)).

The following facts on connections of groups with various types of Ward quasi-
groups are well-known, or follow readily from [2], [5] and [9].

(F1) (W, x,r) is a Ward quasigroup if and only if there is a group (W, o,r) such
that zxy =z oy™! for all z,y € W.

(F2) (WD,x,r)isa Ward dual quasigroup if and only if there is a group (WD, o, )
such that x xy =yoxz~! for all ,y € WD.

(F3) (DW,x,e) is a double Ward quasigroup if and only if there is a group
(DW,o0,¢) such that x xy = 2=t oy~ ! for all 2,y € DW.

(F4) If (W, x,r) is a Ward quasigroup, then (W, o) defined as x oy = z * (1 x y)

is a group with identity r and 7! = r x 2.

(F5) If (WD,x*,r) is a Ward dual quasigroup, then (WD, o) defined as z oy =

(x % 7) % y is a group with identity r and 271 = x * r.

(F6) If (DW,*,e) is a double Ward quasigroup, then (DW, o) defined as z oy =

(e*x) * (e*y) is a group with identity e and 271 = e x .
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The fact (F'6) was noted in [5] without proof. Below we give a short proof.

By definition we have

(zoy)oz=(ex((exx)*(exy))*(ex*z) = (y*z)* (ex*z)

and

xzo(yoz)=(exx)*(ex((exy)x(exz))) (D (exx)* (zxy).

Since, by (8) and (9), z = (y xx) xy and z = e % (e % z), we have

zo(yoz)=(exz)*(zxy) = (ex((yxx)*y))*((ex(ex2))*y)
@(y*z)*(e*z):(azoy)oz.

So, (DW, %) is a semigroup.
Now suppose that a,b € DW. Since (DW, %, e) is a quasigroup, there exists a
unique x € DW such that x xa =e*xb. So

(8,9)

(8’9:’11)6*(:c*a):6*(e*b) =" b.

aox = (exa)x(exx)

Ifaoy =0, then b = (exa) x (e xy) @2 (y * a) and so, by (8) and (9),
exb=bxe=(ex(y*a))*e=y=a. Butz was unique, so z = y. Similarly, there
exists a unique element z € DW such that zoa =b. So, (DW, o) is a group. The

facts that e is the identity and 2= = e x = follow from (8) and (10).

As a consequence of (F'1) — (F6), we have the following corollaries:

Corollary 2.1. (cf. [2] and [9]) The collection of all Ward quasigroups is in one-
to-one correspondence with the collection of all groups.

Corollary 2.2. The collection of all Ward dual quasigroups is in one-to-one cor-
respondence with the collection of all groups.

Corollary 2.3. (cf. [5]) The collection of all double Ward quasigroups is in one-
to-one correspondence with the collection of all groups.

The following two facts follow readily from (F'1) and (F3) and proofs are
omitted.

(F10) If (W,x,r) is a Ward quasigroup, then (W, -, r), where x -y = (r * x) x y, is
a double Ward quasigroup.

(F11) If (DW,x*,e) is a double Ward quasigroup, then (DW, -, e), where z -y =
(e x ) x y, is a Ward quasigroup.

Also the following fact is true.
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(F12) If (S,%) is a semigroup semilattice V' of Ward quasigroups (Wa,*|,,. €q)
(a € V) and satisfies the identity (zxy) * (zxw) = (z* (w™ *y~1)) * 2, then
E(S,*) = {ea|a € V}, eq *e5 = enp and the mapping ¥(e,) = « restricted
to E(S, ) is an isomorphism between (E(S,*), *|,,) and V.

Proof. First, we note that each (W,, ., o) is an inverse groupoid, with x! =

€q * To. Since a semigroup semilattice groupoid of inverse groupoids is an inverse

groupoid, (5,#) is an inverse groupoid. Hence, the identity (x % y) * (z x w) =

(x* (w™txy~1)) * 2 has a clear meaning. We call this identity (x).

—~

*

1
Now, by definition, eq x 5 € Wag. Therefore, €4 W (ea xeg) * (eq x €5) =

=

(ea *eg) *eq. Then, (eq *eg) xeg © (ea*(egxea)) *eg ) (ea*ea)*(egxeg) =
eateg = (ea*eg)xe,5 = (ea*eg)*((eaxeg)*eq) W (eax(eaxeg))*(eq*ep) @
((ea * (€5 * €a)) * €a) * (eq * €4) ® ((ea * eg) * €a) * (€a * €5) = €,5 * (€a * €5).

)

So, (eq *€g) k€5 =€4 %€ :eaﬁ*(ea*eﬁ) = ((ea*eﬂ)*ea)*((ea*eﬁ)*eﬂ) =
((ea x €5) * (eg * €q)) * (ea * €5). But, since (eq * €5) * (€5 * €a) € W, 5, Wag
is a Ward quasigroup and e,z * (€q * €5) = ((€a * €5) * (€5 * €a)) * (ea * €5),

enp = (eaxeg)x(egxeq) W (eaxeg)*(eaxey) and eqxey = egke,. But this implies
ea*(egres) =eq*(eoxeg) =(ea*eq)*(es*ep) © (ea * (eg ¥ €a)) * €5 @ (eaxeg)*es.
Then, e,3 = (€q *€5) * (ea*eﬁ) @ (ea xeg) ke = €q *(eB*ea) =eq * (eq *eﬁ) =

(eq * €q) * ez = €q * €. It follows that the mapping e, — « is an isomorphism
between E(S, ) and V. O

Dually, we have

(F13) If (S, x) is a semigroup semilattice V' of Ward dual quasigroups (W, *|y,, ,€a)
(a € V) and satisfies the identity (zxy) * (zxw) =y ((z7 1 *2~1) xw), then
E(S,x) ={ea|a €V}, eaxe5 = e,5 and the mapping ¥(e,) = « restricted

to E(S, ) is an isomorphism between (E(S,*), *|,,,) and V.

(F10) and (F11) are easily proved using (F1) and (F3). For example, if

(W, *,7) is a Ward quasigroup then by (F1) z-y = (r*z)*y = (roxz ) oy !t =
r oy ! and so (W,-,r) is a double Ward quasigroup.

Proposition 2.4. If (S,x*) is a semigroup semilattice V of double Ward quasi-
groups (DW,, eq), (a €' V), then the following conditions are equivalent

*lowe
(1) {eala e V=V,

(i) for all o, B,v,0 €V, (ea *€g) * (64 x €5)= € * ((ey * €5) * €q),

) to V.

(iii) the mapping eq — o is an isomorphism from ({eq [ € V}, % |
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Proof. (i) = (ii): Let ¥: ({ea |a € V}, % | ) =V beanisomorphism. Then
B((ea + e5) * (e €0)) = Vea) W) U(E W (en) = W(en)[W(en) V(e (ea)] =
W(eg * ((e5 * €4) * €q)), because V' is a semigroup semilatice. Since ¥ is one-one,
the last implies (47).

(i4) = (iii): First, we prove that e, * €5 = eg * e. By hypothesis, we have

(12) (eq * eB) *(ey % €y) = eg * ((eo * €y) * €q).
From this we obtain
(13) (eaxeg) xe, =e€gx (€5 * €q),
which implies
(14) (eg*en)xe5=-cq*e5=eq*(e5%e€q).
Now, e,4 ® ((ea * €g) * €,5) * (ea * €5) () (eg * (enp * €a)) * (€a * €p) ()
(13) (12)
(eﬁ * ((eq * eaﬁ) xeg)) * (eq * eﬁ) = (eg * (eaﬂ * (eg * €a))) * (eq * eﬂ) = (eﬁ *
12 8
(enp * (€5 % €a))) * (€a * €5)) = (eg * ((ens * (ea * €5)) * €,5)) * (ea * €5) ©
(14) (12) (14)
(eg * (ea * €g)) * (ea ¥ €5) =" (eg*e€q) * (€a ¥ eg) = eq * ((e5*ea) xe5) =
€q * (€q * eﬁ) (12 €u * ((eB * € ) * €4 =) €a * (€ * (€a ¥ €5)) = €n * €,5.
Then,
(14) — — —
(15) eng*€a = €u5% (€a*€y5) =€u5% €5 =€,5 = €q * (€q * €5).
Since we have proved above that e, = (5 * €4) * (ea * €5), it follows from (8)
that (eq * €g) * €,5 = €5 * €a. S0, €5 % €q = (€q * €5) * €, w eg * (eqp * €a) =2
(15) (14) (12)
€p*Cap = g (ea * (€a xeg)) = eg*((eg*eq) * ea)' = (ea *€p) * (€a * €g),
which means that (eq *eg) * (€a *€5) = (ea *€5) ¥ €,5. Since (DWyg, *|Dwaﬂ,ea5)
is a quasigroup, eg, = €,5 = €a * €5 = €5 * €q. Also, (€q xeg) * ey =€, 5% €y =
€(ap)y = Ca(sy) = €a * (€5 * €;). Finally, the mapping ¥: ({ea | € V}, %) = V
defined as W(e,) = « satisfies W(eq * €5) = ¥(e,5) = af = ¥(a)¥(B) and so,
since it is clearly one-one and onto V, ¥ is an isomorphism.
(#4i) = (4): This is obvious. O

3. Semigroup semilattices of groups

We have seen that Ward quasigroups, Ward dual quasigroups and double Ward
quasigroups are in one-to-one correspondence with groups. In this section, we
extend these results to semigroups that are semilattices of groups. Note that in
semigroup theory a semilattice, a union of groups and a semilattice of groups are,
by definition, semigroups. However, the definition of a semilattice (or idempotent
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groupoid) (S, ) of groupoids (Sa,*|; ) ( € T') results in structures that are not
necessarily associative, even when the S, (o € T') are all groups. Therefore, we
use the terms semigroup semilattice, semigroup union of groups and semigroup
semilattice of groups, terms that are redundant for semigroup theorists. The idea
is a straightforward one. We simply “extend” the binary product that gives the
bijection between groups and Ward quasigroups, for example, to the semigroup
semilattice of groups and to the resultant structure(s). So, we are working with
structures that result from defining binary operations on a semigroup semilattice
of groups (S,) as follows: %y = z -y~ ! (called right division), x xy =z~ -y
(called left division) and z+y = 2~ -y~! (called double division). This is possible
because a semigroup semilattice of groups is an inverse semigroup; that is, each
element = € S has a unique inverse z~! that is the inverse of the element x in the
group to which it belongs [3, Theorem 4.11].
On the resultant structures (.5, *) we define binary operations as follows, re-

spectively:

Ta ® Yg = Ta * (eaﬁ * yﬁ)a

T X yﬁ = (xa * eaﬁ) * yﬁa

Ta ®Yg = (€45 * Ta) * (€45 * Yg)-

These structures (S, ®) turn out to be semigroup semilattices of groups. In each
of these three cases, the mappings (5,-) — (S5, ) and (S, *) — (5, ®) are inverse
mappings. Hence, we find three different collections of structures, each of which is
in one-to-one correspondence with the collection SLG of all semigroup semilattices
of groups.

Lemma 3.1. (cf. [3, Theorem 4.11]) A semigroup (S,-) is a semigroup semilattice
V' of groups (Ga,-|s s€a) (@ € V) if and only if (S,-) is a semigroup union of
groups and has commuting idempotents if and only if (S, ) is an inverse semigroup
that is a semigroup union of groups if and only if (S,-) is a semigroup and a
semigroup semilattice V=2 E(S,-) of groups.

Note that the following identity holds in inverse semigroups:
(16) (-y)t =yt 2

If (S, -) is a semigroup and a semilattice V' of groups then it follows from Lemma
3.1 that

(17) €a €3 =1E€,5 =€3a = €5 €q
for all a, 8 € V.

Lemma 3.2. Suppose that (S, ) is a semigroup semilattice V' of groups (G, €q)
(v € V) and that o *ys = To -y ! forall z, € Ga, Ys € Gg and o, B € V. Then

(18) (S, *) is an inverse groupoid with ' = ey * x4 (a0 € V),
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IR

(19) E(S,%) = E(S,-) =V,

(20) (S, %) is a semigroup semilattice Vof Ward quasigroups (Ga, *|_,€a) (@ €V),
(21) (@0 *yp) * (20 % wy) = [Ta * (w3t xyg")] * 2,

(22) @q x (€45 *Yg) = Ta * ygl,

(23) @axyy = (yg*za) "

Proof. (18): Tt is straightforward to calculate that 2!, the inverse of x, in the
group to which it belongs, is the unique inverse of z, in (S,x). That is, z! =
Cq * Tq.

(19): zo = Ty * T4 if and only if 2, = x4 - 2,1 = €4, the identity of the group

17
to which x, belongs. Then, e, * eg=¢€a" el =e,- s (D €0p- Since, by Lemma

3.1, in (S,-) we have E(S,-) 2V, E(S,%) 2 E(S,-) 2 V.

(20): Since z, * Ys = Ta y[;l € Go -Gy C Gap. Since T4 * Yo = Tq - y !
in each (Ga,*|._,¢€a), by fact (F1), (Ga,*|s_,€a) is a Ward quasigroup for all
a € V. By definition then, (S, %) is a semigroup semilattice V' of Ward quasigroups
(Ga,*b“,ea) (aeV).

(21): Using the facts that x4 * Y5 = zo - y5' and (za - yg)~" (19 yg ' -agt it

is straightforward to calculate that (zq * yg) * (20 * wWy) = @q - yﬁ_l cwy ozt =

[Ta * (w3t *y5 ")) * 2o
(22): za x (eqp *xYg) = Ta - (€np " Y5 = T (Ys-eap) = (Ta-Yg) €op =
ZTa " Yg :xa*ygl.

(23): (wa *yp) ' = (Ta-yz ")t = Yy ant =Yg * zan O

Definition 3.3. If (5, ) is a semigroup semilattice V of groups (Ga,eq) (o € V)
and x *y = x -y~ !, then we denote (S, *) by SLWQ(S,-). We define SLWQ as
the collection of all semigroup semilattices V' of Ward quasigroups (G, *| Gt €q)
(o € V) that satisfy (21). In particular, SLWQ(S,-) € SLWQ.

Note once again that a semigroup semilattice of inverse groupoids is an inverse
groupoid. So, conditions (21), (22) and (23) have a clear meaning.

Lemma 3.4. Suppose that (S, *) is a semigroup semilattice V of Ward quasigroups
(Was #)y. »€a) (o € V) and satisfies (21). Define xo - yg = Ta * (€,5 * yg). Then
(S, ) is a semigroup and a semigroup semilattice V of groups (Wa, *|y,_, €a) (€V)
with V =2 E(S,-) 2 E(S, ).
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Proof. As previously noted in the proof of (F'12), since each (W, *|,, ,€q) is an
inverse groupoid, with 2! = e, * z,and since a semigroup semilattice of inverse
groupoids is an inverse groupoid, (S, *) is an inverse groupoid.

We prove that (21) implies (22). We have

(21) _ _ —_
xa*(eaﬁ*yﬁ) = (xa*ea)*(eaﬁ*yﬁe) = [za*(yﬁl*eal)]*eaﬁ = [xa*(yﬂ 1*‘3&)] =

(To * €q) * (ygl *€q) 2 [Zo * (€q * €4)] * ygl = (Tq * €q) * ygl = Iy * ygl,
so, (22) is valid.

Next, we prove that (21) implies (23). Since we have x4 *yz = To * (yﬁ_l)_1 2

_ 1, (5 _1, (21
xa*(eaﬂ*yﬁl),then Ta*Yg :xa*(eaﬂ*yﬁl) ) [ea*(ea*xa)]*(eaﬂ*yﬁl) 2

(21) (F12)
a * (Yg * Ta) = (€a * €a) * [(Yg * Ta) ¥ €,5] = [ea * (e 5% €a)] * (Y5 ¥ Ta) =
ap * (Us * Ta) = (Yg * Ta) ™", 50, (23) is valid.
Now x4 = x4 - x4 if and only if z, = T4 * (€0 * To) = Ty * €4 if and only if
Ca = €a*Tq = Ta*Tq if and only if x4 = e4. Also, eqxey = [eq*(€a*ea)|*ep) 2y
ea * (eg % €a). Then, eq - €5 = eq * (6,5 *x €5) = (€a * €a) * (€45 * €5) .

lea® (s Ta)]¥€ns = leax (Y55 7a)* (€ag*ens) B (ea*lens* (s aa) ™) kens =
)

[ea * (€5 % €a)]*e,5 = €a*(e5%eq) 2 eq * €4. S0, the operations - and * coincide
on E(S,x). Thus, E(S,:) = E(S,x). Using (F12), E(S,:) £ E(S,*) 2V is a
semigroup semilattice. Since, for each (W, *|Wa,ea), Ta " Ya = Ta * (€q * Ya),
by (F'4), each (Wa, |y, ,€a) is a group. Since zo-ys = Ta*(e, 5 * yYg) € W4,
Weo - Wg € Weg, and so (S, -) is a semigroup semilattice V' of groups. So, we only
need to prove that (5, -) is a semigroup.

(22) - (21)

We have (za-53) 2 = [7a*(cag 95 (capy22) 2 (Tarys )+ (capyrzs) B

_ _ (23) v (22)

[2o * (271 * Ys)l * €apy = [Ta * (2 Lk Yp)l = Ta* (yg* 2] DTE= 2, * [eapy *

_1y7 (22)
(yﬁ *Z,y D= za [eapy * [yﬁ * (epy * 24)]) = Ta - (yﬁ " Zy). O

Corollary 3.5. Let (S,*) be a semigroup semilattice V' of Ward quasigroups
(Wa, eo) (€ V). If (S, %) satisfies (21), then

*‘WQ,
(i) it satisfies (22) and (23),
(ii) there exists (S,-) € SLG such that xxy =z -y~! for all z,y € S.

Proof. Part (i) was proved in Lemma 3.4. For part (i¢), let (S, ) be as in our
Lemma 3.4. Then, as proved in Lemma 3.4, (S,:) € SLG. Also, z, - ygl =

(@axea)*(Cap ') B [ax (grea)¥ens = [Ta* (Ysea)] = [(Tarea)* (ys¥ea)]

2 (Ta * €a) *Yg = Ta * Yg. O
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Definition 3.6. Let (S,#) be a semigroup semilattice V' of Ward quasigroups
(Wa,s #)y. » €a) (o € V) that satisfies (21), and if we define 24 - y5 = o * (e,5%Yp5),
then we denote the semigroup semilattice V' of groups (S,-) as SLG(S.x).

Theorem 3.7. For all (S,*) € SLWQ, SLWQ(SLG(S,*)) = (S,*) and for all
(S,) € SLG, SLG(SLWQ(S,-)) = (S,-).

Proof. In SLG(S,*) the product is 4 - y5 = ¥q * (e,5 * y5). The product ® in

SLWQ(SLG(S,*)) is zq ®Yg = Ta 'yﬁ_1~ So, zq * Yg = (Ta * yg) * (eag * eaﬁ) @

(T * (e;é * yﬁ_l)) *€o5 = Ta * (€4p * y[;l) =4 ~ygl = To ® Yy and consequently,
SLWQ(SLG(S, %)) = (S, *).
In SLWQ(S, -) the product is zxy = x-y~1. The product & in SLG(SLWQ(S, -))

. —1y—1 (12) —
1sxa@yﬁ:za*(eaﬂ*yﬁ):xa-(eaﬁ~yﬂ1) 1A= xa~y6~eaé:xa~y5. Hence,

SLG(SLWQ(S,-)) = (S,-). O
The second part of the following Corollary can be viewed as an “extension” of

(F1).

Corollary 3.8. There is a one-to-one correspondence between semigroup semyi-
lattices of groups SLG and groupoids (S, ) that are semigroup semilattices V' of
Ward quasigroups (We, %)y, ,eq) and that satisfy (21). Also, (S,*) € SLWQ if
and only if there exists (S,-) € SLG such that x xy =z -y~* for all z,y € S.

Corollary 3.9. There is a one-to-one correspondence between semigroup semilat-
tices of abelian groups and groupoids (S, x) that are semigroup semilattices V' of
medial Ward quasigroups (Wa, *|,, ,€a) (o € V) and that satisfy (21).

Proof. The proof here follows that of Lemmas 3.2, 3.4 and Theorem 3.7, using the
additional fact that a groupoid is a medial Ward quasigroup if and only if it is
induced by an abelian group. O

Lemma 3.10. Let (S,-) be a semigroup semilattice V' of groups (Gm*lca’ea)
(a€V)andlet xxy=ax"1 y. Then

(24) (S, *) an inverse groupoid with x;' = x4 * €4, (@ € V),
(25) E(S,x) = E(S,-) 2V,

(26) ((S,*) )@s a semigroup semilattice V' of Ward dual quasigroups (S, *|s, »€a)
aeV),

(27) (za* yﬁ) # (2y x wo) = Yp * ((Z;l * 3751) * W, ),
(28) (o *eyp) ¥y = 25" % yg,

(29) za* Yg = (yg * 7o)
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Proof. Note that it follows from Lemma 3.1 that SLG = SLG. Since xzxy =
yxx =y t-x=zy !and (9,7) € SLG, (S, *) satisfies (18) to (23). Hence, (3, *)
satisfies (24) to (29). O

Definition 3.11. SLW D(S, -) will denote (.5, *) in Lemma 3.10 above. We denote
the collection of all groupoids (S, *) that are semigroup semilattices V' of Ward
dual quasigroups (W Dq, |, ,€a) (o € V) that satisfy (27) as SLWDQ. So,
SLWD(S,-) = (S,x) € SLWDQ.

Lemma 3.12. Suppose that (S,x) is a semigroup semilattice V of Ward dual
quasigroups (WD, *|,,p, s €a) (@ € V) and satisfies (27). Then (S,-) with the
operation To - Yg = (zq * eaﬁ) *Yg, 1S @ Semigroup and a semigroup semilattice V
of groups.

Proof. Tt is clear that (S,%) is a semigroup semilattice V' of Ward quasigroups
(WD, #|yp. s €a) (o € V) and satisfies (21). Also, 24"y = (ys * €,5) * Ta =
ZTo* (€ap* yﬂ). By Lemma 3.4, (S,7) is a semigroup and a semigroup semilattice V
of groups with V' & E(S,7) 2 E(S, ). Hence, (5, ) is a semigroup and a semigroup
semilattice V of groups with V' = E(S,-) = E(S, x). O

Definition 3.13. SLG(S, *) will denote (5, ) in Lemma 3.12 above.

Theorem 3.14. For all (S,-) € SLG, SLG(SLWD(S,-)) = (S,-) and for all
(S,x) € SLWDQ, SLWD(SLG(S,%)) = (S,x*).

Proof. Observe that the product in SLWD(S, ) is x *xy = 2~ -y. The product in
SLG(SLWD(S,-)) is

_ (12)
$a®yﬁ = (xa*eaﬁ)*yﬁ = (xal 'eaﬂ)*yﬂ = €8 " La Yy = TLa " Ya-
Hence, SLG(SLWD(S,-)) = (S, -).

The product in SLG(S, %) is o - Y5 = (Ta * €,5) * y5. Hence, the product in

SLWD(SLG(S,*)) is za ®ys = 7y = (w4 % eq) * €ap) * Ys ) To *Yg and
so SLWD(SLG(S,*)) = (S, *) . O

Corollary 3.15. There is a one-to-one correspondence between semigroup semi-
lattices of groups SLG and groupoids (S, *) that are semigroup semilattices V' of
Ward dual quasigroups (WDq, |y, €a) (0 € V) and that satisfy (24), (26) and
(27). Also, (S,*) € SLWDQ if and only if there exists (S,-) € SLG such that
zxy=x"'-y forallaz,yecs.

Corollary 3.16. There is a one-to-one correspondence between semigroup Semyi-
lattices of abelian groups and groupoids (S, *) that are semigroup semilattices V' of
unipotent, left-unital right modular quasigroups (Qu, *|_,€a) satisfying (27).
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Proof. A Ward dual quasigroup is a unipotent, left-unital right modular quasi-
group if and only if it is medial if and only if it is induced by an abelian group.
Using this fact, the proof of Corollary 3.16 exactly follows those of Lemmas 3.10,
3.12 and Theorem 3.14. O

Lemma 3.17. Let (S,-) be a semigroup semilattice V' of groups (Gm*lca?ea)
(a € V) such that o *ys = 27" -ylgl. Then

(30)

(31) (S, *) is a semigroup semilattice V' of double Ward quasigroups (Ga, *|¢_ s €a)

(
(
(e V),
(
(

{ea|la €V} %) = ({eq|a €V}, ) 2V is a semigroup semilattice,

(32)

S, %) satisfies the identity

Capr(€astTa)¥Captyp)) JHeapy* 2y) = €apy*Ta)Henp  (€5,4 U3 )*E 5% 27))),
(33) (S, %) satisfies the identity wq *yg = (e,5 * (€a * Ta)) * (€45 * (€5 % Yg5))-
Proof. (30): For any eq,e5 €V, eq x ey =€, - 651 = eq - €5. Then, eq x €5 =
€a €5 =€g-€q = €,5, by Lemma 3.1. Hence, (ea *eﬁ) *ey = eqg ey = €5, =
€a(py) = Ca * (€5 % €y). By Lemma 3.1, ({ea|a € V},%) = V is a semigroup
semilattice and so (30) is valid.

(31): Bach (Ga, *|4, , €a) has product 2, *yo = ;' -y, " and therefore, by (F3),
each (G, |G €q) is a double Ward quasigroup. Since z,, *Yg = x! ~y§1 € Gag,
(31) is valid.

(32): We have

* ( aﬂ*wa) ( aﬁ*y,ﬁ)))*(eaﬁ’y*z’Y) =
apy * ((enf 25t * (;é-ygl)))*(e;éy-z;lb

(eapy * (

( *(

(eam ¥ (Zo -y )) (e aﬁv -z ) = (G;ﬁlv . yﬁ—l -x )—1 “Zyt€apy =
( )

(

€

Lo " Yp ( Capy (Z’Y eaﬁ’y)) = (‘TO& : yﬁ) ’ (Z’Y : eaﬂ’y) =
Ta Yg 2y) €apy = Ta Yg - 2y

Also,

(eam * Loy * (eam * ((em *Yg) * (em *2y))) =
(eapy al) r(engy - ((egy -y )™ ) ) =
(Ta - Capy)  Capy - (Yg - €s,) - (27 - €5,) =
Ta - (€a- 657) : (yg : (eﬁ’y (24 eﬁfy))) =
(Ta - €a) - (637 : ((yﬁ "2y em)) =Ta " Yg 2y
This proves (32).

(33): By the definition of the operation x,
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(e a8 * (€a *a)) * (eqp * (€5 ¥ yp)) =

(eqs(eat -2 ) x ez (e -y )Y =

Ca 25" (eqp (€5 Y5 ~€ap)) = a 25" €Yz -Cap =

oyl eg Yyt = a5 Ys = Ta * s
This proves (33) and completes the proof of Lemma 3.17. O
Definition 3.18. SLDWQ(S,-) denotes (5, *) of Lemma 3.17. The collection of

all semilattices of double Ward quasigroups that satisfy (30)— (34) is denoted by
SLDWQ.

Lemma 3.19. Suppose that (S,*) is a semigroup semilattice V of double Ward
quasigroups (DWa, x|,y s €a) (a € V), that ({eq |a € V},x) = Vand that (S, )
satisfies (32) and (33). Define To -ys = (e,5* Ta) * (€45 *yg). Then

(34) ({ealaeV},) = ({ea|a €V}, %) is a semigroup semilattice,

(35) (S,-) is a semigroup and a semigroup semilattice of groups (DWa, |,y s €qa)

(aev),
(36) for alla,B €V and all zo € DWa, yz € DWp, x4 xyz = ! -ygl.
Proof. We have

(33)
ea-eg=(eap*ea)*(eug*eg) = (eap* (€a*ea)) *(eqp*(egres)) = ea*eg
and so, (34) is valid.
For each (DWq, *| 4, s €a) the product is 4 -y5 = (ea*Ta)* (€a*ya), by (F6)
each (DWaq, *| . €a) 18 a group. By (32), (S,-) is a semigroup and, by Lemma
3.1, (35) is valid. Finally, by (F6), ! = €4 * x4 in (S, ). Then, by (33),

—1 -ygl = (ea *Ta) (e xYg) = (eap * (€a * Ta)) * (s * (€5 ¥ Yg)) = Ta * Ys
which completes the proof. O
Definition 3.20. SLG(S, ) denotes (.5, ) of Lemma 3.19.

Theorem 3.21. For all (S,-) € SLG, SLG(SLDWQ(S,-)) = (S,-) and for all
(S,%) € SLDWQ, SLDWQ(SLG(S,*)) = (S, *).

Proof. The product in SLDWQ(S,-) is za * yg = x b 71 So, the product in
SLG(SLDWQ(S,)) is Ta®Yg = (e aﬁ*xa) (e aﬁ*yﬂ) ( €ap x_l) ! (671 y[;l)
=T - (%/3 (g eaﬁ)) = (Ta-yg) - € ap = Ta - Yg. Hence, SLG(SLDWQ( ) =
(57 )

The product in SLG(S,*) is 2o - y5 = (€,5 * T,) * (€45 * y5). The product in

SLDWQ(SLG(S, «)) is TaBDyy = x;1~y§1 = (eaﬁ*(ea*xa))*(ea,@*(eﬁ*eyﬂ)) 33
O

To *Yg. So, SLDWQ(SLG(S,*)) = (S, *).
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Corollary 3.22. There is a one-to-one correspondence between elements of SLG
and SLDWQ.

Note that since SLG is in one-one correspondence with SLWQ, SLWDQ
and SLDWQ, SLWQ and SLWDQ are in one-one correspondence with each
other, as are SLDWQ and SLWQ. The next results give the explicit forms of
these bijective mappings.

Theorem 3.23. SLG = SLG.

Proof. The dual groupoid of a semigroup union of groups with commuting idempo-
tents is a semigroup union of groups with commuting idempotents. As previously
noted, the required result then follows from Lemma 3.1. O

Theorem 3.24. . SLWQ = SLWDQ.

Proof. If (S,x) € SLWQ, then 2 xy = x -y~ ! for some (S,-) € SLG. So, if
(T,5) € SLWQ, then, using Theorem 3.23, zoy = x~ !~y for some (T,~) from
SLG. As in the proof of Lemma 3.10, (7T,0) satisfies (24) — (27). Therefore,
(T,0) € SLWDQ. Hence, SLWQ C SLWDQ.

If (S,%) € SLWDQ, then x xy = 2! - y for some (S,-) € SLG. So, using
Theorem 3.23, z¥y = z~y~! for some (S,~) € SLG. Therefore, as in the proof of
Lemma 3.2, (S, %) satisfies (17). Hence, (S, %) € SLWQ and (5, *) € SLWQ. So,
SLWDQ C SLWQ. O

Corollary 3.25. (S,%) € SLWDQ if and only if (S, %) is a semilattice of Ward

dual quasigroups and satisfies the identity (x +y) * (zxw) =y (71 x 27 1) x w).

Theorem 3.26. SLDWQ = SLDWQ.

Proof. If (S,+) € SLDWQ, then z * y = y*zx for some (S,%) € SLDWQ. So,
r*y =yxx =2 Ly~ ! for some (S,~) € SLG. Therefore, by the proof of Lemma
3.17, (S, ) € SLDWQ. Hence, SLDWQ C SLDWQ C SLDWQ. 0

Theorem 3.27. SLDWQ and SLWQ are in one-one correspondence.

Proof. For (S,x) € SLDWQ we define SLWQ(S, ) = (5,0), where z, 0 ys =
(eaﬁ * o) % Yg. If (S,®) € SLWQ, we define SLDWQ(S,®) = (S, ®), where
Ta ®Ys = (e, ® Ta) ® Yy Note that, since (5,*) € SLDWQ, z*y = P T
for some (S, -) € SLG. Therefore, z, oy = (eaﬁ *xa)*yﬂ = (e;é N ~yg1 =
ma~eaﬂ~y§1 =Tq-€q-€3 -ygl = T4 -y/;l. By Lemma 3.2, SLIWQ(S, *) = (S, 0) is
in SLWQ. Therefore, SLDWQ(S, o) = (S, ®), where 1, ®yz = (€,50Ta) 0y =
(eap-73")- ygl =zt ygl and so (S, @) € SLDWQ.

Then, the product in SLDWQ(SLWQ(S,*)) is o ® ys = (€45 © Ta) 0 Yy =
(€ap * (€apota)) ¥ ys = (ens - (g 23" ) ™) yzt = ((egs - 2a") ™) -yt
(egé-x;1)~y51 = z;lyﬂ_l = 2o %Yyg. Therefore, SLDWQ(SLWQ(S,*)) = (S, *).

)
Similarly, SLWQ(SLDWQ(S, ®)) = (5, ®). O
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Questions. Suppose that (S,x*) is a semigroup semilattice V' of double Ward
quasigroups (DWy, ¥, ,€a) (@ € V) and that (S,*) satisfies (32) and (33).
Then, is ({eq |a € V}, %) 2 V.

1. Can groupoids in SLDWQ be described by a single identity, in place of (32)
and (33)?

2. Isthere a structure theorem for groupoids in SLWQ, SLWDQ and SLDWQ
analogous to the structure theorem for semigroups that are semigroup semi-
lattices of groups [3, Theorem 4.11]7?

A remaining area for investigation is right, left and double division on completely
simple semigroups, where ! is the inverse of z in the group to which it belongs.
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