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Matched pairs of m-invertible Hopf quasigroups
Mohammad Hassanzadeh and Serkan Siitlii

Abstract. The matched pair theory (of groups) is studied for a class of quasigroups; namely,
the m-inverse property loops. The theory is upgraded to the Hopf level, and the m-invertible
Hopf quasigroups are introduced.

1. Introduction

One of the main motivations of the theory of quasigroups may be considered to
be the extension of the representation theoretical properties of the groups on the
level of quasigroups; such as the character theory [27, 58], module theory [57], or
homogeneous spaces [59, 60]. See also [19, 22, 23].

Not much later, it was discovered that there are a plethora of areas for quasi-
groups to apply. Among others, an incomplete list may consists of the coding
theory (see, for instance, [20] for the quasigroup-based MDS codes, and [42, 43]
for the quasigroup point of view towards the codes with one check symbol, as well
as [21]), cryptology [18, 24, 54], and combinatorics [9, 25, 30, 37].

In order to shed further light on the well deserved analysis of the quasigroups,
we shall develop in the present paper the matched pair construction for these
non-associative structures. The matched pair theory was introduced, initially, for
groups in order to recover the structure of a group in terms of two subgroups with
mutual actions, [12, 36, 38, 39, 61, 64]. More precisely, given a pair of groups
(G, H) with mutual actions

>: HxG— G, <:HxG—H
satisfying
yo (z2') = (yrpao)(y<z)> '), y>1l=1,
(yy)az= (<@ >2)(y az), laz=1,
for any x,2’ € G, and any y,y’ € H, the cartesian product Gi< H := G x H is a
group with the multiplication
(z, ), y) = (z(y>a'), (y az)y)),
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and the unit (1,1) € G x H. In this case, the pair (G, H) of groups is called a
matched pair of groups.

As for the quasigroups, there are many such constructions. To begin with,
there are of course the direct product construction [17, 56, 44, 26, 6, 7], and the
semi-direct product construction [55, 49, 15]. There is also the crossed product
construction [14, 13, 5], which is referred as quasi-direct product in [63]. Consid-
ering these as the binary crossed products, there are, on top of these, the n-ary
crossed products [11]. The other generalizations goes under the titles of the gen-
eralized crossed product [8], and the generalized singular direct product [52, 53].
Finally, there is the Sabinin’s product [48, 51] and its generalization [15, 50]. We
refer the reader also to [16].

More recently, a bicrossed product construction for quasigroups (based on the
mutual interaction of the quasigroups through permutations) is developed in [1,
Sect. 5]. The structure of the resulting bipoduct quasigroup of [1, Thm. 5.1]
encompases to that of the bicrossedproduct group of [40], and is closest to the one
developed in the present manuscript.

The matched pair construction that we shall develop here is also based on
the “mutual actions” of two objects through certain maps, though this time the
objects being m-inverse property loops, and not merely quasigroups. We shall,
furthermore, be able to relate our construction to the matched pair of groups;
which will enable us to produce an ample amount of examples motivated from the
matched pairs of groups.

Let us note that the matched pair theory of groups suit also to Hopf algebras,
the quantum analogues of groups, [40, 41, 62]. Just as well, there will be a Hopf
analogue of the theory we shall develop here.

In [35], see also [34], the authors managed to develop successfully a not-
necessarily associative (but coassociative, counital, and unital) (co)algebra H, that
they call a Hopf quasigroup, with a map S : H — H satisfying compatibility
conditions more general then those satisfied by the antipode of a Hopf algebra. It
is further shown that k£Q is a Hopf quasigroup if @ is an inverse property (IP) loop,
and that for any Hopf quasigrop H, the set G(H) of group-like elements form an
IP-loop.

Considering the Hopf algebras as linearizations of groups, one sees the antipode
of a Hopf algebra as the manifestation of the inversion on a group. This point of
view is precisely what has been studied in [34, 35], where the authors succesfully
developed the correct axioms for the antipode of the quantum analogue of an IP-
loop. Looking from a similar perspective, in the present paper we shall develop the
quantum analogue of a strictly larger family; the m-inverse property loops, which
is general enough to encompass the weak-inverse-property (WIP) of [3], as well as
the crossed-inverse (CI) property of [2]. The resulting quantum objects shall be
addressed as m-inverse property Hopf quasigroups, and their matched pair theory
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(the quantum analogue of the matcehd pair theory developed for the m-inverse
property loops) will be developed.

Finally, it deserves to be mentioned that in the level of Hopf objects there
are constructions that fell beyond the matched pair construction; most notably,
the Radford’s biproduct construction, [45]. However, the Radford’s biproduct con-
struction uses the category of Yetter-Drinfeld objects; that we intend to explore for
the m-inverse property Hopf quasigroups in a separate paper. As such, we expect
also to penetrate into a Hopf-cyclic type (co)homology theory for the quantum
objects constructed here.

The paper is organized as follows.

Section 2 below is about the inverse properties on quasigroups, and serves to
fix the basic definitions of the main objects of study. To this end, in Subsection
2.1 we collect the definitions of quasigroups and loops, while in Subsection 2.2 we
recall briefly the various inverse properties on quasigroups (with a special emphasis
on the m-inverse property).

Section 3 is where we develop the matched pair theory for the m-inverse prop-
erty loops. Based on the lack of literature on semi-direct product of quasigroups
(in the sense that one quasigroup acts on the other, see for instance Proposition
3.3 and Proposition 3.4 below), and for the convenience of the reader, we begin
with a recollection of the basic results (Theorem 3.1 and Theorem 3.2) on the
direct products of quasigroups in Subsection 3.1, and then extend it to the semi-
direct products of m-inverse property loops (Proposition 3.6 and Proposition 3.7).
Finally, we achieve the full generality (proving our main results on the quasigroup
level) in Subsection 3.3, and succeed the matched pair construction for the m-
inverse property loops (Proposition 3.8 and Proposition 3.9). We also discuss the
universal property of this construction in Proposition 3.12, as an analogue of [41,
Prop. 6.2.15] for the m-inverse property loops.

Section 4, finally, is reserved for the quantum counterparts of the main results
of Subsection 3.3. Accordingly, in Subsection 4.1 we introduce the notion of m-
invertible Hopf quasigroup in Definition 4.1. Then, in Subsection 4.2 we establish
the matched pair theory for the m-invertible Hopf quasigroups (Proposition 4.6),
along with a suitable version (Proposition 4.9) of [41, Thm. 7.2.3].

Notation and Conventions

We shall adopt the Sweedler’s notation (suppressing the summation) to denote
a comultiplication; A : A - A® A, A(a) :=a_,. ®a_,. . For the sake of simplicity,
we shall also denote, occasionally, an element in the cartesian product A x B, or

tensor product A ® B as (a,b), rather than a ® b.
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2. Quasigroups with inverse properties

In this section we shall discuss the semi-direct product, and then the matched pair
constructions on two large classes of semigroups; namely the m-inverse loops, and
the Hom-groups. To this end, we review the basics of the quasigroup theory first.
We shall then focus on the inverse-properties (IP) over quasigroups, in order to
be able to recall the (r,s,t)-inverse quasigroups, as well as the m-inverse loops.
Finally, on the other extreme, we shall recall/review the basics of the Hom-groups.

2.1. Quasigroups

A quasigroup is a set () with a multiplication such that for all a,b € @, there exist
unique elements x,y € @ such that az = b, ya =b. In this case, x = a\b is called
the left division, and y = b/a the right division.

Given two quasigroups @ and Q’, a quasigroup homotopy from Q to Q' is a
triple (o, 8,7) of maps Q — Q' such that a(z)B(y) = vy(zy) for all x,y € Q. In
case @ = § = v, then we arrive at the notion of a quasigroup homomorphism. On
the other hand, a quasigroup isotopy is a quasigroup homotopy («, 5, v) such that
all three maps are bijective.

A quasigroup @ with a distinguished idempotent element § € @ is called a
pointed idempotent quasigroup, or in short, a pique, [16]. A pique (Q, ) is called
a loop if the idempotent element § € @ acts like an identity, i.e. zd = dz = z for
any x € Q. It, then, follows that the idempotent element § € @ is unique, and
that any = € Q has a unique left inverse 2> := §/z, x x = § as well as a unique
right inverse x° := x\d, zx” = 4. A loop Q is said to have two-sided inverses
if 2* = 27 for all z € Q. Furthermore, a loop Q is said to have the left inverse
property if 2*(xy) = y for all 2,y € Q, and similarly @ is said to have the right
inverse property if (yx)z® = y, for all z,y € Q. Finally, a loop is said to have
the inverse property if it has both the left inverse property and the right inverse
property. Such loops are also called the IP-loops.

Given a pique (Q, d), there corresponds a loop B(Q) - called the corresponding
loop or cloop - with the multiplication zxy := (z/6)(d\y) for any x,y € Q, and the
identity element § € Q. We note that it is possible to recover the multiplication
on a pique from the one on the cloop as zy := (z) % (dy), see, for instance, [47].

Finally, a pique (Q,J) is called central if B(Q) is an abelian group, and the
set of all left and right multiplications of @) that fix the idempotent element § € Q
is the group Aut(B(Q)).

A convenient way to construct quasigroups, out of groups, is the cocycle-type
group extensions, [4], see also [55, Subsect. 1.6.2].

Example 2.1. Let G be a group, (V,+) an abelian group with a right action
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4:VxG—=V,(v,x) = v<z. Then, given any ¢ : G x G — V, the operation
(z,0) (2, 0") == (22!, p(x,2") + vz’ +0) (2.1)

is associative on G' X, V := G x V if and only if

10

do(z,2',2") == p(a’,2") — p(xa’, 2") + p(z,2'2") — p(z,2") 12" =0, (2.2)

that is, ¢ : G x G — V is 2-cocycle in the group cohomology of G, with coefficients
in V; in other words, ¢ € H?(G, V). As such, giving up the cocycle condition (2.2)
we arrive at the quasigroup G x,, V' with the multiplication (2.1).

Similarly, we may construct a loop.

Example 2.2. Considering the quasigroup G x,, V' of Example 2.1, we see at once
that (1,0) € G x, V acts as unit, with respect to (2.1), if and only if

50(1733) =0= @(1'7 1) (23)
for any « € G. Hence, given a group G, an abelian group (V, +) with a right action

4:V x G — V, and a mapping ¢ : G x G — V satisfying (2.3) is a loop.

We shall, for the sake of simplicity, drop the right action (that is, we shall
assume the right action to be trivial) on the sequel, and consider the examples of
the form G x, V, with the multiplication

(x,v)(2',v") == (x2’, p(x,2") + v+ ). (2.4)

2.2. Inverse properties on quasigroups
In the present subsection we shall recall the inverse properties on quasigroups, and
in particular, on loops.

Along the lines of [33], see also [3], a loop @ is said to have the weak-inverse
property (WIP) if there is a permutation J : Q — @ such that

xJ(x) =94, (2.5)

and that
zJ(yx) = J(y), (2.6)

for any z,y € Q. Dropping the condition (2.5), a quasigroup with 2.6 is called a
WIP quasigroup.

Similarly, a loop/quasigroup @ is said to have the crossed-inverse property (CI
property) if (2.6) is replaced by

(zy)J(z) = y. (2.7)
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We refer the reader to [31] for the applications of the CI quasigroups in cryptog-
raphy.

On the other hand, the loop/quasigroup @ has the m-inverse property if (2.6),
or (2.7), is now substituted with

T (wy) " (@) = T (y), (2.8)

where m € Z, [29].

Finally, we recall that the loop/quasigroup @ is said to have the (r, s, t)-inverse
property if (2.6), (2.7), or (2.8), is exchanged with

J"(zy)J* () = T (y), (2.9)
where 1, s,t € Z, [33].

Remark 2.3. The condition (2.9) generalizes those given by (2.6), (2.7), or (2.8).
More precisely, the weak-inverse property is a (—1,0, —1)-inverse property, [33],
and a crossed-inverse property is nothing but a O-inverse property; where, in gen-
eral an m-inverse property is an (m,m + 1, m)-inverse property.

On the other hand, it is observed in [32] that every (r,s,t)-inverse loop is
an (r,r + 1,7)-inverse loop, that is, an r-inverse loop. Though, on the level of
quasigroups, there are proper (r, s,t)-inverse quasigroups, [33].

Remark 2.4. It is critical to recall from [33, Rk. 2.2] that if Q) is an (r, s, t)-inverse
quasigroup with the permutation .J : Q — @ so that J" € Aut(Q) for some h € Z,
then Q is an (r + uh, s + uh,t + uh)-inverse quasigroup for any u € Z.

Let us finally discuss an odd-invertible loop.

Example 2.5. Let us consider the loop G x,, V' of Example 2.2. Let also
J:Gx,V—=Gx,V, J(z,v) = (271, —v). (2.10)

It is quite clear then that J? = Idgxy € Aut(G x, V). Accordingly, we see at
once that
(z,v)J(z,v) = (1,0)

if and only if
oz, 27') =0 (2.11)

for any z € G, and that for any m = 20 + 1,
I ((z,0) (@', 0") " (@, 0) = T™ (2',0)

if and only if
J((=, U)(LL'/7 v/))($7 v) = J('T/7 ’U/)7
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if and only if
p(a' a7 2) = p(z,2') (2.12)

for any z,2’ € G.

To sum up, we may say that given any group G, an abelian group (V,+), and
any ¢ : G x G — V satisfying (2.3), (2.11), and (2.12), G x, V is an (2¢ + 1)-
invertible loop with (2.10) for any ¢ € Z.

3. Matched pairs of m-invertible loops

In this section we shall introduce the matched pair theory for the quasigroups with
the m-inverse property. The theory that we shall develop here will thus generalize
the direct product theory in [33, Sect. 5], and the semi-direct product theory in
[55, Sect. 1.6.2] for quasigroups.

3.1. Direct products of quasigroups

To this end we shall first recall the direct product theory from [33, Sect. 5]. In the
utmost generality, let Q1 be an (r1, s1, ¢1)-inverse quasigroup with the permutation
Ji: Q1 — @1, and let Qo an (19, $a,t2)-inverse quasigroup with Jy : Q2 —
2. Then the direct product @1 x Q2 is defined to be the quasigroup with the
permutation J; X Jy @ Q1 X Q2 — Q1 X @2, and the multiplication given by
(01, 92)(q1, 43) = (9141, 4245)-

Along the lines of [33, Sect. 5], let J"* € Aut(Q;) and JI? € Aut(Qy). In the
case that 7 is an mq-inverse quasigroup and Qs is an me-inverse quasigroup, the
structure of Q1 X Q2 is given in [33, Thm. 5.1], that we recall below.

Theorem 3.1. Assume that Q1 is an my-inverse quasigroup with the permutation
J1: Q1 — Q1 so that J{“ € Aut(@Q1), and Q2 is an ma-inverse quasigroup with
Js 1 Q2 — Q2 such that J2h2 € Aut(Q2). Then Q1 X Q2 is an m-inverse quasigroup
with J1 X Jo : Q1 X Q2 — Q1 X Q2, for any m € Z that satisfies

m =my (modhy), 3.1)
m = mg (mod hs). '

As is noted in the proof of [33, Thm. 5.1], a solution to (3.1) exists if and only if
there is ¢ € N such that m; — mq = (h1, ho)l. Here (hq, ho) refers to the greatest
common divisor of hy € Z and hy € Z.

If, on the other hand, @, is an (r1, $1,¢1)-inverse quasigroup, and (o is an
(ra, $2,t2)-inverse quasigroup, the structure of the direct product is given by [33,
Thm. 5.2], which we recall now.
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Theorem 3.2. Let Q1 is an (r1, $1,t1)-inverse quasigroup with the permutation
J1: Q1 — Q1 so that J{“ € Aut(Q1), and Q2 is an (ra, sa,t2)-inverse quasigroup
with Js : Q2 — Q2 such that th'2 € Aut(Q2). Then Q1 X Q2 is an (r,s,t)-inverse
quasigroup with J; X Jy : Q1 X Qo = Q1 X Q2, if there are uy,us € Z such that

T*T115751:t7t1:ulh1, T*T218752:t7t2:’UJ2h2.

3.2. Semi-direct products of m-invertible loops

As for the semi-direct products of quasigroups, there seems to be no approach
involving the notion of an action of a quasigroup on another. A semi-direct product
construction, using groups, is the one given in [46, 28], see also [55, Sect. 1.6.2]
which we recall below.

Proposition 3.3. Let (G,+) and (H,-) be two groups, and: G — Aut(H). Then,
G x H is a quasigroup with the multiplication

(9,0)(g', 1) = (g + g'tg") () - I).

The construction given in [51] uses a quasigroup, and its transassociant.

Proposition 3.4. Let Q be a quasigroup, and H be the group generated by {£(q,q") |
q,q € Q}, where ¢(q,q') := Lq_ql, oLgoLy, and Ly : Q — Q, Ly(r) := qr, is the
left translation. Then, Q X H is a quasigroup with the multiplication given by

(¢,h)(d', /') = (qh(q"),£(q, h(q")) o mg (h) o h o h'),
where, for any q € Q and any h € H,

mg(h) =L}

h(q) ohoLq oh™ L.

Let us note also that this was the point of view considered in [34, 35].

None of these constructions lead to a possible discussion on the matched pairs
of quasigroups. We thus adopt the following (more general, given in terms of
quasigroup homomorphisms) definition given in [55, Def. 1.318].

Definition 3.5. A quasigroup Q is called the semi-direct product of two quasi-
groups R and S, if there is a (quasigroup) homomorphism h : @ — S, such that
the kernel ker(h) = R, and that h|s = Idg. In this case, @ is denoted by R x S.

The motivating examples are the ones discussed within the following proposi-
tions below, on the level of (m-inverse) loops, and Hom-groups.
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Proposition 3.6. Let R and S be two loops, and let ¢ : S X R — R be a map
satisfying ©(s,0) = 0 and @(6,7) = r. Then a loop Q is isomorphic to the loop
R x S := R x S with the multiplication given by

(r,8)(r',8") :== (ro(s,r’), s8'), (3.2)

if and only if there are quasigroup homomorphisms is : S = Q, ig : R — Q,
ps:Q — S, and a map pr : Q — R satisfying the Moufang-type identities

pa((ia(r)is()) (ir(r)is(s))) = palin() ((palis(s)in(")prlis())) =
(prlin(r) (pr(is()in() )prlis(s'). (3.3)

as well as proir = Idg and psoig = Idg, such that RxS — Q, (r,s) — ir(r)is(s)
and Q - R xS, g— (pr(q),ps(q)) are inverse to each other.

Proof. Letting ® : Q — R x S to be the (quasigroup) isomorphism, we consider
the mappings

in:R—Q, ig(r):=® *(rd), ig: S —=Q, ig(s):=d,s)
and
pr:Q = R, pr(q) :=m(2(q), ps:Q@—=S, ps(q):=m(P(),
where 7;’s denote the projection onto the ith component. It is evident that
(proir)(r) = m(r,6) =,
for any r € R, as such pgoig = Idg. Similarly, psoig = Idg. We further see that
is(ss) = @7 (6.55) = @71 ((8,5)(6, ) ) = 71 (6.8)271 (0, 8)) = is(s)is (s,
that
in(rr’) = 071 (rr’,8) = 71 ((r,8)(,0)) = @7 (r, )@ (r',6) = in(r)in(r'),
and that
ps(qqd) = p2(2(qq) = m2(®(9)®(¢)) = m2(®(q))m2(2(¢)) = ps(a)ps(d)-

On the other hand, the mapping R x S — @, (r,s) — ir(r)is(s), becomes
1 : RxS — Q, whereas the map Q — R x S, ¢ — (pr(q),ps(q)) becomes
®:Q — R« S. Finally, we note also that

pr((ir(r)is(s)) (ir()is(s)) = pr(®@ 7 (r,s)@7 (', s")) =
p(®7 (rp(s.1") 38)) = rp(s. ') = palin(r) (pm(is (2)in()palis(<)) =

(Prlir(r) (pr(is(s)in(r') )prlis(s).
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Conversely, let ig : S — @, ir : R — @, and ps : Q — S the quasigroup
homomorphisms, together with the map pr : @ — R satisfying (3.3), such that
U:RxS—Q, ¥(r,s):=ip(r)is(s), and ®:Q = R x S, ®(q) := (pr(q),rs(q))
are inverse to each other. Thus, the loop structure on @ induces a loop structure
on R x S. We shall, furthermore, see that this induced loop structure is in fact
one of the form (3.6). Indeed,

(6,5)(',8) = B3, )W (r',8)) = @ ((in(0)is () (in(r")is(0))) = ®(is()in(r"))
= (pr(is()in(r).ps (is(5)in(r") ) = (pr(is()in(r")), ps (is(s))ps (ir()) ) =
(pR(is(s)iR(r’)),s> = (go(ts:ﬂ"'),s)7

where ¢ : S x R — R, ¢(s,1r") := pr(is(s)ir(r’)). On the third equality we
used the assumption that ip,is are quasigroup homomorphisms, while on the
fifth equality we used that of ps : @ — S being a quasigroup homomorphism.
Finally, on the sixth equality we used pg o ig = Idg. Accordingly,

(r,8)(r',s") = ®(U(r,s)V(r',s")) = @((iR(r)ig(s)) (iR(r’)iS(s’))> =

(PR((iR(T)iS(S)) (ir(r)is(s")), ps((ir(r)is(s)) (iR(T/>iS(5/)))) =

(pr(in() ((prlis(s)in("))palis(s) ) 58') = (re(s,r').s8'). O
If we ask the semi-direct product loop to have the m-inverse property, then we

have the following more precise result.

Proposition 3.7. Let (R,d) be an mi-inverse loop with the permutation Jg :
R — R so that Jr(0) = 0, and that ng € Aut(R), and (S,0) is an mg-inverse
loop with Jg : S — S such that Jg(6) = 0, and that ng € Aut(S). Furthermore,
let there be a map ¢ : S x R — R satisfying

@(d,r) =, ¢(s,0) =9,

P(Jg (s8"), (g (s),m)) = (I (s), 1), (34)

(s, T (rr")e(s, T FH(r)) = (s, TR (")),

for any r,v' € R, any s,8' € S, and any m € Z that satisfies

m =my (mod hy),

(3.5)

m = my (mod hs).

Then, (R xS :=RxS, (9, 5)) is an m-invertible loop with the multiplication

(r,s)(r',s") :== (rgp(s, '), ss’) (3.6)
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and the permutation J: R xS — Rx S,
J(r,5) = (6, 5(5))(In(r).6) = (¢(Js(s), Tn(r), Is(s)), (3.7)
if and only if

e(s,m)=r if m =2,
{@(Jgn(ss’), o(s,1m) = @(JG(s'),r) fm=20+1, (38)

for any s,s' € S, and any r € R.

Proof. Assuming the conditions are met, we see at once that

On the other hand, since
@(s,7)Jr(p(s,1)) =0 = p(s,r)e(s, Jr(r)),

we conclude
Jr(e(s,r)) = ¢(s, Jr(r)),

which, in turn, implies that

J((8,5)(r,0)) = J((s,7),5) = (8, Js(s))(JR(¢(s,7)),0) =
(0, J5())((s, Jr(r)), 6) = (#(Js(s), (s, Jr(r))), Js(s)) = (Jr(r), Js(s)),

and then that

m _ )R (r), J§'(s)), if m = 2¢,
"“QLﬁwgmw( 5), ifm=20+1.

Accordingly, in the case m = 2/,

Jm (( )1, 8)) T 1, 5) = T (s, 1), 58T () =
[T (o, 7), 8)(6, TZ (5] [(0, T3 () (T (). 6)] =
(J}q"(w(s ), {6, 75 (s5) [(6. J5 () (TR (1), 9)] | =

(TR (ol 7)), 8) [((0, T8 (s8N (o (T (5), T (), JE 1 ()] =
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O) (T (58'), (TEH (5), T (1)), T (58) T () =

O) (T (58'), (T3 (5), TR (1)), JE (') =

) (P(TE (), TR (1), JE () =

(T3 (s ) (T (), TR 0)), T (s ) =

(T3 s, NI (PUIE (), ), TE()) = (TR 67, T8 () = T (0 s')
(3.9)

where; on the sixth equality we used Remark 2.4, and that m € Z is a solution of
the system (3.5), on the tenth equality we used (3.8), in addition to Remark 2.4
and (3.5). In the case m = 20 41,

J™((r,s)(r, s’))JmH(r,s) = J"™(ro(s,r'),s8) ™ (r,s) =
(s

[(8, 75 (s8") (TR (re(s,1)), )] [(JR T (r),0)(8, Jg (5))] =

((J§'(s8), T (re(s, 1)), J§ (s8) [(JE T (r), )( JgH(s)] =

[(o(J§'(s5), TR (re(s.1))), T§" (85))(Jm“(7’) )] (6,75 (s)) =

(p(J5' (s8), IR (rep(s, 7)) (TG (s8)), T TH(r), TF (58'))(6, g+ (s) = (3:10)
(e (' (s"), TR (p(s,7))), J§" (s5)) (6, Jm“(S))

(p(J§' (s5"), T (0 (s,m))), J5'(s)) = (TR (0 (J§' (s8), 0(s,7"))), &' (s)) =

(TR (p(J&"(s), 7)), J§'(s") = (e (5 (s), TR (")), J§'(s)) =

(0, 75" (N (IR (r'),0) = J™ (', s")

where; in the sixth equation we used (3.4), in the seventh equation we used Remark
2.4 and (3.5), and in the ninth equation we used (3.8).

Let, conversely, R x S be an m-inverse loop with the multiplication (3.6) and
the permutation (3.7).

In the case m = 2/, the tenth equation of (3.9) holds, and we have
Ti (ro(s, ) T (5 ("), 7)) = TR (')
for any 7,7’ € R, and any s,s’ € S. In particular, for r = §, we see that
TR (p(s,1) = JR (1),

and that ¢(s,7’") =1/, for any ' € R, and any s € S.

In the case m = 2¢+ 1, however, we have the ninth equation of (3.10), that is,

Ti (p(J§' (s8'),0(s,1"))) = TR (@(J§' (s), 7).
But then, since Jr : R — R is a permutation, we obtain
w(JS (35 )a @(Sa r )) = SO(JS (5 )a r )

for any ' € R, and any s,s’ € S. O
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3.3. Matched pairs of m-invertible loops

In order to be able to generalize Definition 3.5 in the presence of two quasigroups,
none of which is necessarily the kernel of a quasigroup homomorphism, we adopt
the point of view of [10, 40, 45].

Proposition 3.8. Let R and S be two loops, with the maps ¢ : S X R — R and
¥ : S X R— S satisfying

@(87 5) =4, SD((S? 7”) =T, 7/)(&5) =S, 1/)(57 7”) = 0.

Then a loop @ is isomorphic to the loop R1<1 S := R x S with the multiplication
given by

(r,s)(r',8") = (reo(s, ), ¥ (s, 1")s"), (3.11)
if and only if there are quasigroup homomorphisms is : S — Q, ig : R — Q,
together with the maps pr : @ — R and ps : Q — S satisfying the Moufang-type
tdentities

pr((ir(r)is(s)) (ir(r")is(s"))) :pR(iR(T))((pR(iS(S)iR(T,)))pR(iS(5/))) =

(pr(in(r) (pris(s)in(r') )palis(s") (3.12)
and

ps ((ir()is(9)) (ir()is(s))) = ps(in(r)  (ps(is(2)ir("))ps(is(s)) =

(ps(in() (ps(is()ir())) )ps(is(s"). (3.13)

as well as pr oir = Idg and ps ois = Idg, such that R =<1 S — Q, (r,s) —
ir(r)is(s) and Q — RS, ¢ (pr(q),ps(q)) are inverse to each other.

Proof. Letting ® : Q@ — R > S to be the (quasigroup) isomorphism, we consider
the mappings

in:R—Q, ig(r):=® *(rd), is:S—Q, ig(s):=d,s)
and
pr:Q = R, pr(q)==m(®(q)), ps:Q@—S, pslq):=m(®(q)),
where 7;’s denote the projection onto the ¢th component. It is evident that
(proig)(r) =m(r,0) =,

for any r € R, as such pgoig = Idg. Similarly, psoig = Idg. We further see that

is(ss) = d1(8,58") = B ((5, 5)(6, s/)) = 07L(6,5)0 (3, 5') = ig(s)is(s),
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and that

in(rr’) = 071 (rr’,8) = @71 ((r,8)(1",0)) = &7 (r, )@ (1", 6) = in(r)in(r').

On the other hand, the mapping R <1 S — Q, (r,s) — ir(r)is(s), becomes
1R S — Q, whereas the map Q — RS, ¢ — (pr(q),ps(q)) becomes
®: @ — R S. Finally, we note also that

pR(( r(r)ig )(ZR( Nig(s '))) sz(d)*l(r,s)(Ifl(r’,s’)) =
Pr(®7 (rp(s, ), %(s, )5’ )) ro(s,1') = pR<zR<r>>((pRas(s)z'R(r’)))pR(is<s'>>)
= (PR(iR( ) (pr(is(s )

and that, similarly,

ps((ir(r)is(s)) (ir(r)is(s"))) =ps(iR(T))((ps(iS(S)iR(T')))PS(is(sl))> =
(ps(ir() (ps(is(s)in(r')) )ps(is(s').

Conversely, let ig : S — @ and ig : R — @ be quasigroup homomorphisms,
together with the maps pr : @ — R and ps : Q — S satisfying (3.12) and
(3.13), such that ¥ : R S — @, ¥U(r,s) := ir(r)ig(s), and & : @ — R S,
®(q) := (pr(q),ps(q)) are inverse to each other. Thus, the loop structure on @
induces a loop structure on R x S. We shall, furthermore, see that this induced
loop structure is in fact of the form (3.20). Indeed,

(6,5)(r",6) = B(V(6, 5)¥(r",8)) = ((in(6)is(s)) (in()is(8)) ) = @ (is(s)in(r"))
= (palis(®)ir(").ps(is()ir(") ) = (#(s,1)0(s,7"))
where ¢ : S x R — R, (s, ") :=pr(is(s)ir(r’)), and ¢ : S x R — S, (s, 1) :=

Ps (is(s)iR(r’)). On the third equality we used the assumption that ig,ig are
quasigroup homomorphisms. Accordingly,

(1)) = (e, )W, ) = ((in(r)is(s)) (in(r)is(s) ) =
(o (ir(r"Yis(s))),ps ((i(r)is(5)) (in()is(5)) ) =
(pati (pR is(8)ir(r)pris(s), (ps(in() (ps(is(5)in(r")))ps(is(s)
= (w(s,r ), (s,1)s'). =

Next, we discuss the matched pair construction for the m-inverse property loops.
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Proposition 3.9. Let (R,d) be an mi-inverse loop with the permutation Jg :
R — R so that Jr(0) = 0, and that ng € Aut(R), and (S,0) is an mg-inverse
loop with Jg : S — S such that Jg(6) = 0, and that ng € Aut(S). Furthermore,
let there be two maps ¢ : S x R — R and i : S x R — S satisfying
o6, r)=r, @(s,0) =9, (6, r) =96, ¥(s,0)=s, (3.14)
¢(81 ¢(JS(8)7 'f’)) =T, (315)
(s, T (")), TR (1) = 4 (s, TR (1), (3.16)
O(s, JE (rr") o (W (s, TR (")), Jp 7 (r) = o(s, TR (1)), (3.17)
U(s, ¢(Js(s),7))¢(Js(s),r) =6, (3.18)
for any r,v’ € R, any s,s' € S, and any m € Z that satisfies
m =my (mod hy),

m = mg (mod hy). (8.19)

Then, (R <5 :=R xS, (9, 5)) is an m-invertible loop with the multiplication
()17, ) = (rols, ), (s, 1)) (3.20)

and the permutation

J:RxS — RS,

T(r.8) = (6. T5(6)Tnl0).6) = (6(J5(6). Inr)- 0 (Us(a). Ta)). 20
if and only if
Zi:)) zi if m = 20,
¢(J;'n(¢(57 Jﬁm(r))sl) (b(’(/J(S,J ( )) ) :¢(J§n(3/)ar)v ifm =204 1
[DIE (s 1)), T3 (605, 7)) |27 (5) = D(IE(S"), TR (), ’
(3.22)

for any s,s' € S, and any v, € R.

3.22) are met, we see at once that

8, J5(s))(Jr(r),0)] =
;(Js(s), JR( ) =

Proof. Assuming the conditions (
(r, ) ( s) = [ 8,9)] [(
9] (¢ Jr(r))

T

[(r,

) [<a,s< Tr(r),¥(Js(s), Tu(r)))] =

(r,0) (&(s, 6(Js(5), Tn(r)), (s, (] <> R())6(Js(5), Tn(r))) =
@ ><JR<>> (rJ (r),8) = (,9),
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where on the fifth equality we used (3.15), and (3.18). Next, in view of (3.17) and
(3.16), we have

((8,5)(r, 8)) (Jr(r), Js(s)) = (¢(s,7),(s,7)(Jr(r), Js(s)) =
(6(s,7)d(W(s,7), Tr(r), v ((s, 1), Jr(r))Js(s)) = (6,6),

which implies that
J((8,5)(r,8)) = (Jr(r), Js(s)).

On the other hand, in view of (3.17) we have

¢(s,7)Jr(P(s,7)) = 6 = ¢(s,7)(¢(s,7), Jr(r)),

and hence we conclude

Jr(0(s,7)) = ¢(¢(s,7), Jr(7))- (3.23)
Let us note further that (3.23), together with (3.16), implies

m ) o(s, IR (1)) if m = 2¢,
Ji (@lsr)) = {¢(¢(S?ng(r)), TE(r)) ifmo= 20 1.

Accordingly, in the case m = 2/,

Jm((r,s)(r/,s))JmH(m) T (re(s, "), (s,")s") I (r,5) =

(T3 (o (5,7')), 8) (6, J& (s, 1) D] [(8, T8 () TR+ (1),0)] =
(i (s, ). 0){ (8,2 (v < )6, T T (),6)] | =
(R (6 (5,17, 8) (8 & (s, ) W(@(TE (5), TR (1)) 0 (TE T (), T ()]

= (TR (s, ), 0) (SUIF (W5 7)8"), oI5+ (5), T (1),
BUIE W(s,7)s), (TG (5), TR )ITE (), TR () =
(T3 (o (s, ) B (578", (5 (5), T (),
BITE (W (s,1")), TE T (), T )V IEH (5), T (1) ) =
(TR ("), T8 () = (0, 8, (3.24)
where; on the seventh equality we used (3.22). In the case m = 20 + 1,

J™((r,s)(r',8")) T (r, s) = T (r(s, 1), (s, 7)) T T (r, s) =
(5, Jén(%b(svT')S/))(JE(W(S»?")%5)] [(TRTH(r), 6)(8, J§ T (s))] =
OUEW (5,)8), TR (5,7), WUITR (5,7)8), TR o (5,7 (T T(r),0)(8, T§ ()] =
[@(ng(w(sﬂ”')s')7J§T(T¢(Sa7“/)))7¢(Js (5,7)8), TR (ré(s,rMIEH(r),0)(6, T8+ (s)
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(6078 (W (s,7")8), T (o (s, 7 D)OW(TE (s, 1)), TR (6 (,17))), T (),
G(TE W (s,1)s), TR (s, 7)), TR () | (6, T2 (5)) =

(ST (0 (,7)), TR (D7), BTE ((s,1)s), T (05, 7))) ) (8, TE () =
(ST (W (s,7")), T (93, 7)), (T ((s,7)s), T (93, 7)) TG (s) ) =
(qs (5:0)8) [ (6 (5. T30 ) TR ), DU (5,778 TR ) TE(s) =
(BUTE) TR TE)TE) = (GTEE)TRE),8) = T ') (3.25)

where; in the sixth equation we used (3.17) and the second identity of (3.16), on
the eighth equation we used (3.23), and finally on the ninth equation we used
(both identities of) (3.22), in addition to Remark 2.4 and (3.19).

Let, conversely, R 1 S be an m-inverse loop with the multiplication (3.20)
and the permutation (3.21).

In the case m = 2/, the seventh equation of (3.24) holds, and we have

T (re(s,r")$(J§ (1 (s,1)s"), ¢(J5 T (5), Jg 71 (r))) = TR ()

together with

V(TG @ (s,1")8"), o(Jg ™ (), SR T W (T (s), TR (1)) = J§(8)

for any r,r’ € R, and any s,s’ € S. In particular, for r = 4, the former equality
yields

TR (o(s,7")) = JR ("),

hence ¢p(s,r’) =1/, for any ' € R, and any s € S. For, on the other hand, s = §,
the latter results in

Y(IE(s), JpTH(r) = J§(5)-

Once again, in view of the fact that Jg : R — R and Jg : S — S are both
permutations, we deduce that ¢(s,r) = s for any r € R and any s € S.

In the case m = 2¢ + 1, however, the ninth equation of (3.25) holds, that is,

S(TE (P(s,7")s"), [B((s, T~ (), TR (F)]) = ¢(JE(s"), TR (")),
and
DTG (W (s,m)s"), TR (D5, 7)) TG (s) = D(JE (5), TR ("))

The latter is nothing but the second identity of (3.22), whereas the first identity
of (3.22) is obtained by taking r’ = J;™ () in the former. O
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Definition 3.10. Assume that (R, Jg,dr) is an mj-inverse property loop such
that Jr(dr) = dr, and that ng € Aut(R), and (S, Js,dg) be an mg-inverse
property loop such that Js(ds) = dg, and that ng € Aut(S). Let also m € Z be
a solution of

my (mod hy),

mz (mod hs).

m =
m =
Then, (R, S) is called a matched pair of m-inverse property loopsif (R, Jg,dr) and
(S, Js,dg) satisfy the conditions (3.14) — (3.18).

Remark 3.11. We see that if (R,S) is a matched pair of m-inverse property
quasigroups, then R 0 S := R x S is an m-inverse property quasigroup if and
only if (3.22) holds. From the point of view of the generalization of groups, this
is a manifestation of the fact that any group may be considered as an odd-inverse
property quasigroup, while only commuttative groups fall into the category of even-
inverse property quasigroups. Furthermore, we already know from the theory of
matched pairs (of groups) that the matched pair group is commutative if and only
if the mutual actions are trivial.

The following is an analogue of [41, Prop. 6.2.15].

Proposition 3.12. Let (R,0) be an mi-inverse loop with the permutation Jg :
R — R so that Jr(0) = 0, and that ng € Aut(R), and (S,0) is an mg-inverse
loop with Jg : S — S such that Js(§) = 9, and that ng € Aut(S). Let alsom € Z
be a solution of

my (mod hy),

mz (mod hs).

m
m

and (Q,9) be an m-inverse loop so that (R,0) is an my-inverse subloop of (Q,9),
and (S,9) is an mo-inverse subloop of (Q,9);
(R,0) = (Q,0) = (S,9),

that the multiplication in Q yields an isomorphism

O:RxS—Q, (r,s) = rs, (3.26)
under which the multiplications are compatible as

(rs)g=r(sq),  q(rs) = (qr)s, (3.27)
and the inversions as

Jo(rs) = Js(s)Jr(r),  Jo(sr) = Jr(r)Js(s) (3.28)

for anyr € R, any s € S, and any q € Q. Then, (R,S) is a matched pair of
m-inverse loops, and QQ = RS as quasigroups.
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Proof. Let us begin with the mappings
¢:SXR— R, Y:SXxR—S (3.29)

given by
¢(s,7) = (m 0O ) (sr),  W(s,7) = (M 007 )(s1),

where m : Rx S — R, m: R xS — S are the projections onto the first and the
second component respectively. It then follows at once that

sr = @(qﬁ(s,r),z/i(s,r)) = 0((4, s)(r,9)), (3.30)
that is, the isomorphism (3.26) respect the multiplications in @) and R S.
It remains to show that the mappings (3.29) have the properties (3.14) —(3.18).

The first one, (3.14), follows from the consideration of » = ¢ and s = ¢ in
(3.30), respectively.

Next, in view of (3.28) the property ¢Jg(¢) = ¢ implies (rs)Jg(rs) = 6 for
any r € R and any s € S, which in turn implies (3.15) and (3.18).

On the other hand, (3.27), and Jg(qq')Jg"’l(q) = Jg‘(q’) for any q,¢' € Q
yields, along the lines of (3.25),

(608 (s, 7)), TR (s, 7 ))O((TE (s, 7)), TR (r(s, 1)), T (),
GO(TE W (s,1")s), TR (s, 7)), TR 1)) | (6, 737+ (5)) =

(A(I2 ("), TR (7)), 0 TE (), TE () )

In particular, for s = § then we see that

(6(TE() TR (T2 ) TR )T ), 0 (TE ) TR ) T )|

= (62 (), TR ("), LIE(), TR (D)

which is equivalent to (3.16) and (3.17).

Finally, having obtained (3.14) — (3.18), the condition (3.22) follows from the
ninth equality of (3.25) in the odd case, while it is a result of the seventh equality
of (3.24) in the even case. O

Let us illustrate with an example.

Example 3.13. Given a matched pair of groups (G, H), and two abelian groups
V and W, let

A:(GH)x(GH) — VW, A((m,y), (x’,y’)) = (Lp(x,x'),x(y,y’)), (3.31)
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for such ¢ : G x G — V and x : H x H — W that

oz, 2") = p(z,y>a’) (3.32)
and
X, y) = ply<az,y') (3.33)

for any z,2’ € G, and any y,y’ € H. Then let (G > H) x5 (V x W) be the
(2¢ + 1)-invertible loop of Example 2.5. As such, (3.31) satisfies (2.3), and we
obtain ¢(1,z) =0 = ¢(z,1), x(1,y) =0= x(y,1) for any (z,y) € G x H.

Similarly, imposing (2.11) onto (3.31),

A((x,y), (z,y)fl) = A((x, y), (y ot yTt 4:571)) =0

1

we obtain ¢(z,y 'ea71) =0, x(y,y t<z!) =0 for any (x,y) € G x H.

In particular, for y = 1 € H we obtain ¢(z,27!) = 0, for any = € G, and
setting 2 = 1 € G we arrive at x(y,y~!) =0, for any y € H.

Finally, since (3.31) is bound to satisfy (2.12), that is,

A 9) @) ww) = (@) @),

for any (x,y), (¢',y') € G x H, or equivalently

A((w’,y’)(%y), (%y)‘l) = A((w,y)‘la (m’yy’)‘l),
we have
M@ W e o), 0 a0y, (7 ey aah)) =
A((y_1 >ty e, (YT ey <x"1)),

that is,
p@'(y'ea)y tea ) =py ey e’

and

X(( <z)y,y taz™h) = x(y ezt y T aa’h)

for any x,2’ € G, and any y,y' € H. Nowy=y' =1€ H (resp. c =2' =1 € G)
leads to @(z'z,27") = @(z~" 2" (resp. x(¥'y,y™") = x(y™',y'™")). Asa
result, we have the (2¢; + 1)-invertible loop G X, V, and the (2¢; + 1)-invertible
loop H x, W, for any {1, {5 € Z, in such a way that

Gx, V= (G H)xp (VXW),  (2.0) ((w, 1), (v,O))
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and
Hx, W = (Goa H) xp (V x W), (mmw(@wﬂwﬂ

are quasigroup homomorphisms.
Moreover, the multiplication in (G 1 H) x4 (V x W) yields the isomorphism
O:(Gx, V)x (Hx W)= (GoaH) xp (VxW),
(@ 0), @) = (@y). ©0.w)).

Let us finally show that (3.27) and (3.28) are satisfied. As for the former,
we simply observe for any (z,v) € G x, V, any (y,w) € H x,, W, and any
((@,9), (v, w')) € (Gpa H) xa (V X W),

e ] (), )
(e ) -
)=

(
(ear )0 ﬂ
x,y>,<vw)( w')
') + v+, x(y, y)+w+w’)) =

T ym)+v+v’,x(y,y')+w+w')) =

(L), 0w>)(<x v, (' w)| =
(2.0) [ w) (@), () ) .
32)

where we used (3.32) in the fourth equality. Similarly, (3.33) yields

(@9, @.w) @ )| = [ (@), 0w) @, )| w).

Accordingly, (3.27) holds. As for (3.28), we do note that
JQ%m@wD_JQ )@wQ:«xMAAU w»:

((yilbx cy tazTh), ) ( )( 1,1),(—1},0)):
(v —w) (@™t ) = Jux wly, w) e ( v),

and that
J((y,w)(m,v)) = J((yl>ac y<x), (v, w)) = ((yl>:c yaz) Tt (— v,fw)) =
(@™ (o)) = (@51, (=0,0)) (Ly™), (0.~w) ) =

- y,w).

=)y, —w) = Jax,v(T,v) JEx W(
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We may now say that the hypotheses of Proposition 3.12 hold with R := G x, V,
S = HXXW, Q = (G > H)XA(VXW), m = 2€+1, my = 2£1+1, mo (= 2€2+1,
for any ¢,01,45 € Z, and hy = 2 = ho, that (G x, V, H x,, W) is a matched pair
of (2¢ 4 1)-invertible loops, and that
(G H) xp (VW)= (G x, V) (H x, W).

Indeed, the mutual actions

b1 (Hx W) x (G xp V)= (Gxp V), ((gw), (,0)) = (yoa,0)
and

i (H W) x (G xp V) = (Hx W) ((gw), (@,0)) = (y <z,w)
which fit (in view of (3.32) and (3.33)) into

(G v)s (g w)) (@ 0): () = (@9 (0, 0)) (@), (0 0)) =
(2 0)0 (@ w), () )0, w), @) (0 )

satisfy the compatibilities (3.14) — (3.18), as well as (3.22), merely from the
matched pair compatibilities for groups.

4. Linearizations

Following the terminology and the point of view of [34, 35], we shall consider the
Hopf analogues of the m-inverse property loops, under the name m-invertible Hopf
quasigroup.

4.1. m~invertible Hopf quasigroups

Along the lines of [35, Def. 4.1], see also [34, Def. 2.1], we now introduce what we
call an m-inverse property Hopf quasigroup.

Definition 4.1. Let H be a k-linear space equipped with the linear maps

pHOH—->H,n:k—->H A H—->HRIH, e:H—k,and S:H — H.
Then, the six-tuple (H,u,n,A,¢,5) is called an m-inverse property Hopf quasi-
group if

(i) (H,u,n) is a unital, not-necessarily associative algebra,
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(il) (H,A,¢) is a coassociative and counital coalgebra,
(iii) A:H —-H®H and € : H — k are multiplicative,

(iv) S :H — H is the unique coalgebra anti-automorphism satisfying

h.,.S(h_,.) =e(h)s = S(h_,_)h (4.1)

<1> <2>) <1>) <2>)

so that
S™(heyy 9)S™ (R, ) = €(R)S™ (9) (4.2)
holds for any h,g € H.

Example 4.2. Let (Q,d, J) be an m-inverse property loop. Then the linear space
k@ is a m-inverse property Hopf quasigroup via

(i) the multiplication u : kQ ® kQ — kQ, wu(q,q") := q¢’, defined as a linear
extension of the multiplication on @, the unit 7 : k — kQ, n(a) := ad,

(if) the comultiplication A : kQ — kQ®kQ, A(q) := q®q as the linear extension
of the diagonal map, the counit € : kQ — k, £(¢) =1,

(iii) and the antipode S : kQ — kQ, S(q) := J(q).

The following adaptation of [33, Rk. 2.2] will be instrumental in the construc-
tion of the products of Hopf quasigroups.

Remark 4.3. Let (H, u,n, A, e, .S) be an m-inverse property Hopf quasigroup such
that S” € Aut(H), i.e. S"(hg) = S"(h)S"(g), and A(S"(h)) = S"(h_,. )®S"(h_,.),

for any h € H. Then, (H,pu,n,A,e,S) be an (m + ur)-inverse property Hopf
quasigroup for any u € Z.

Indeed,
ST (h_y g)ST I (R, ) = S™(SY (he, )S T (9)S™ (S (R, L)) =
SIS (). 5 (g)S™ (S (R)...) = ST (S (9)) = 8™ (g).

<2> <1>)

4.2. Matched pairs of m-inverse property Hopf quasigroups

For convenience, let us begin with the tensor product Hopf quasigroups. More
precisely, the following result is the Hopf counterpart of [33, Thm. 5.1], that is,
Theorem 3.1 above.

Theorem 4.4. Let (H1,p1,m1,4A1,€1,51) be an my-inverse Hopf quasigroup so
that S{“ € Aut(H,), and (Ha, p2,n2, A, e2,52) be an ma-inverse Hopf quasigroup
such that Sy € Aut(Hz). Then Hi ® Ho is an m-inverse quasigroup with the
tensor product structure maps, for any m € 7Z that satisfies

m =my (mod hy),

m = my (mod hs). (43)
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Proof. Tt follows at once that

(i) (H1 ® Ha, e, Ng) is a (not necessarily associative) unital algebra via
e = (1 @ p2) o (Id@T @ 1Id) : (H1 @ Ha) @ (H1 @ Ha) = Hi ® Ha,
ne((h@h) @ (999)) = m(h©g)® (k' © )

and 1g 1= m @02 k — H1 @ Ha, ng(a) = an(l) @n2(1),

(il) (H1®Hz2, (Id@7@Id)o(A1®A2),e1®e2) is a coassociative counital coalgebra,
such that

(iii) the coalgebra structure maps
Ag = (Id@T@1d) o (A1 ® Ag) : Hi @ Ho — (H1 @ Ha) @ (H1 @ Ha),
A@(h‘ ® hl) = (h<1> ® h/<1>) ® (h‘<2> ® hl<2>)
and eg 1= £1Qe9 : H1@Ho — k, eg(h®h') = e1(h)e2(R') are multiplicative.
(iv) Finally, in view of Remark 4.3 above, for any solution m € Z of (4.3)
(Sl ® SQ)m((h<2> ® h/<2>)(g ® gl))<sl ® 52)m+1(h‘<1> ® hl<1>) =
S{n(h<2>g)sin+1<h<1>> ® S;n(hl<2>g/)sgn+l(h/<l>> =
ST'(9) @85 (9') = (S1© S2)"(g @ g). O
As for the matched pair construction, Proposition 3.9 upgrades to the following
proposition. However, we shall first need a technical lemma.

Lemma 4.5. Let (H1, p1,m1,A1,€1,51) be an mq-inverse Hopf quasigroup, and
(Ha, pr2,m2, A2, &9, 52) be an mao-inverse Hopf quasigroup. Moreover, let there be
two maps ¢ : Ho @ H1 — H1 and ¥ : Ho ® H1 — Ho satisfying

(S(h/ 1> ) ( <2>’h)> :€2<h/)h:¢(hl<1>7¢(5(h/<2>)7h))a (44)
(w(hlv (h<1>))7h<2>) = El(h)h/ = w(7/1(hlvh<1>)vs(h<2>)) (4.5)
A1(¢(h/ah)) ¢(h,<1>ah<1>)®¢( <2>7h<2>)7 51(¢(h/7h)) :gl(h)€2(h/z7 )
4.6
AQ(w(h/a h)) = ¢(h/<1>7h<1>) oY w(h’/<2>ah<2>)a 52(¢(h/7h)) = 81(h)‘€2(h‘;)7 )
4.7

¢(hl<1>,5(h<2>))[¢(¢(h/<2>,5(h<1> 7 <3 ] )
¢(h/<1>7 <1>)[ ( ( <2> <2>) S( <3>)):|? (48)
[’L/J(S(h/<1>)7¢(h/<2>,h<1>))]¢( <3>) <2 ) ( ) (h,): (4-9)

[(h oSSR o) o (SR ), ),
¢(h/<1>’h<1>)®¢(h/<2>7h<2>):w( <2>) <2>) ( <1>7h<1>) (410)
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for any h,g € Hy, any b/, g € Hy. Then the mapping

Spat H1 @ Ho — H1 @ Ho,
Spa(h @ h') 1= (81 ® S2(h'))(S1(h) ® da) = (4.11)

(¢(52(h/<2>)7 Sl(h<2>)) ® ¢(52(h/<1>)7 Sl(h<1>))>7
satisfies
Spa((01, 1) (1, 02)) = (S1(h), Sa(R))

for any h € Hy, and any h' € Hs.

Proof. For any h € H1, and any &’ € H» we have
Seal(61, 1) (3 82)) = Soa Oy By )y 0 o sy ) =
Sual G ) DL, )= (01, S, )) ) (S1 (0K o 1)), 52) =
CICACITIN S ) I I <2>>><1>)’
(20 b)) SO i ))os) ) =
(620t oy b)) o SO o) o).
OS2 i b)) ern SO ) ) ) =
(¢(sz<w<h’<l><l>7h<1><1>>>,SI<¢<h'<2><l>,h<2><l>>>),
A Y RS ) NCITCCI O S ) ) B
(CICACINS ) NEACTU I )
(S e hs ), S1 O ) ) =
CICACI RIS ) NN (N SRS )}
(S0 oo hewe 1) SO0 oo B ) ) =
(G820 oo hr ) S1 O o i 1)),
AU S ) NCTC O ) ) B
(B(S2 (0 crs s )y UG o B )
(Sa (g b)) SO b)) ) =



126 M. Hassanzadeh and S. Siitlii

(#(S2(0 s h ) SO B 1), S (B2 ))])

(S sy ), S1 G0, )) =
(S1(her) B (S2( o b)) SUO o B ))) ) =
(S1002 ) (B2 DB s ), SHO (s s )) = (S1(1).Sa(H)).

where on the second, fifth, and ninth equations we used (4.10), on the sixth equa-
tion we used (4.6) and (4.7), on the eleventh equation we used the fact that

Sl(¢(h/7h)) :d)(d}(h’,v <1>) Sl( <2>))a

which follows from (4.8), and on the twelfth equation we used (4.4). Finally, on
the thirteenth equation we used

SQ(w(hlv h)) = ¢(S2(h/<1> )’ ¢<h/<2> ) h))v

which is a consequence of (4.9), and on the fourteenth we used (4.5). O

We are now ready for the main result.

Proposition 4.6. Let (Hi,p1,m1,A1,€1,51) be an my-inverse Hopf quasigroups
such that S1(61) = 01, and that S{” € Aut(Hy), and (Ha, 2, n2, Ao, e2,52) be
an mo-inverse Hopf quasigroup such that Sy(d3) = 02, and that S;““ € Aut(Hsz).
Furthermore, let there be two maps ¢ : Ho @ H1 — H1 and ¥ : Ho @ H1 — Ho
satisfying

¢(02,h) =h, ¢(I',01) =0d1,  P(02,h) = b2, P(h',01) =N’ (4.12)
P(S(h 12 ), oW on s h)) = e2(h ) = (W .., &(S(R' L, ), 1), (4.13)
V(ST (heys 9), ST (heyn)) = (R, ST (9)), (4.14)
P, S(he,s ) heos) = er(Wh = (W, ey ), S(he,.)) (4.15)
Ar(G(W 1) =G(hLrss ey )@ SR <2 heoo),  e1(¢(hh))=ei(h)ea(R),  (4.16)

Do (W, ) =Moo by )@Y (Meyos heys), E2(0 (R h))=e1(h)ea(R)), (4.17)

o(h', S7"(9)) =

Sy STy 90 ))O(W(RL e, ST (R 9212)), ST (RyL)) if m= 20+ 1,
PRy ST (s 9y ) Oy ST (R 900))s ST R L)) i o= 24,
(4.18)

S(W 1oy S(hoy N [SW(H ey S(hoyl)) by )] = e1(h)ea(h') =
S(h oo ho ) [, <2>>,S<h<3>)>], (4.19)
[w<S<h’<1>>,¢(h’<2>,h<1>>>]w<h’<3>,h<2>> 51(h)52(h)
[(h s O(S(R )y o NS (R 50 ) By ), (4.20)
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1/}(h/<1> ’ h<l>) ® ¢(h/<2> J h<2>) = 77[}(]?/,<2> ) h<2>) ® ¢(h/<1> ? h<1>) (4'21)
for any h,g € H1, any I/, g € Ha, and any m € Z that satisfies

m =my (mod hy),

m = mg (mod hs). (4.22)

Then (7—[1 <1 Ho = Hi @ Ha, s, e, Awy Ex, S’N> is an m-invertible Hopf quasi-
group with the multiplication
fa((h@R) @ (g2g")) =: (h@h') (g®g"): =(h¢(h’1>’ ers)s V(hLse, 9<2>)9’), (4.23)
and the antipode
Spa : Hi <t Ho — Hy < Ha,
Sea(h @ h') := (61 @ So(h'))(S1(h) ® b2) =

(4.24)
<¢(‘5’2(h/<2>)751(h<2>)) ® w(SQ(h/<1>)751(h<1>))>7
if and only if
oW, h) = h, } if m = 2¢
(W' h) =R, ’
¢)(S£n(w(h/<2>7g<2>) /)’S ( ( <1>’g<1>))) =
e2(h")o(55"(9'), ST (9)), o —
DSFOOR 0 )9), ST g ST )= Fm T
e2(R)(S5(9"), ST*(9)),
(4.25)

for any h,g € H1, and any b/, g" € Ha.

Proof. Let us first assume that the conditions (4.25) are met. We shall begin with
the observation that

(hero 1oy ) Soa(hge B ) = [(eys, 82) (81, B, )] (61, S2 (h/<2>))(5 (hesn), 02)] =
<1>752 517h/<1>)](¢(52( <3>)7Sl(h<3>))7¢(52( <2>

It
ey 6 >{(61,h'<1>>(¢<sz<h’<3>>,sl<h<3>>>,w<52<h'<z>
(s 82) (00 oo iy S22 ), S1 (B )i ),
B ooy S22 )y S1 (o) s JW(S2 (W o), S1 (s ) =
(s 02) (S0 oo, DS (W o), 1 (e ))),
R DSy ) S1 (g (SR o), S (B ) ) =

)=
)] =

<2>
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(h<1> ) 62) <¢(h/<1> ) ¢(52(hl<4>)7 Sl(h<3>)))7 '(/J(h <2> SQ(h <3>)’ S (h<2>))) =
(h<1> ) 62) <¢(hl<1> ) ¢(S2(h/<2> ), Sl(h’<2> )))7 62) =
(h<1>’52)(Sl(h<2>)7€2(h,)62) ( <1>Sl( )752) = (61(}1)(51,62(}1/)62)7

where on the fifth equality we used (4.16) and (4.17), on the sixth equality (4.20),
and on the eighth equality we use (4.13). Similarly,

<1>) h/<1>)(h<2>’h/<2>) [(51,52( <1>))(S1(h<1>)a 52)] [(h<2>’5 )(51’ <2>)] =
655 h’<2> S1(hs ) 0(Sa (W 1), S0, ) ) [ 82) (G, )] =

(
(6082 02 1 (heae ) B(S2 (0 12 )y S1(hin ) ) (B s 82)] (00, 1) =
(o5

Soa(h

O(S2(R ), S1 (e NS 12 ) S1(hs)) v s P 1),
S 12 )y S ) B ) ) 01 W ) =
(#(S2(h a2 ): S1(hes DEW(S2 W crs i)y S )y P )
YOS i 1)y St i) g 22) ) (1 W ) =
(B(S2(M ), S1(he OS2 (W s ), S1 (R )P ),
SRS (oy2), Sty ) b)) Or W ) =
B(S2(M )y Sulhoa hss ) b (VS22 )y Su(hey))ohes) ) (00, ) =

(1,0 (S hn ), S1 (), s ) ) (B o) = (2101, S (L) ) (61, ) =
(El(h)61752(h/<1>)hl<2>) = (51( )61752( )62)7

using (4.19) on the seventh equality, and (4.15) on the tenth. Furthermore, (4.24)
is unique with the property (4.1). Indeed, if T : H1 ® Ho — Hi1 ® Ha, say
T(h,h') = (T (h, k'), Ta(h,h)), is a coalgebra anti-automorphism so that

(heyos Ly )T (heyos By ) = (e2(R)01, €2(R)02) =T (hey oy By ) (hegss Ipn), (4:26)
then on one hand (from the first equality of (4.26))

(e1(h)o1,e2(W)02) = (hoyo W )T (hege Wy ) =

(o s W) (T s W) ol B o)) =

(h<1>¢(h/<1> <1>’T1(h<2>’ h/<2>)<1>)71/}(h/<1> <2>’T (h‘<2>7 h/<2>)<2>)T2(h<2>’ h/<2> ))
(4.27)

while on the other hand (this time from the second equality of (4.26)),
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(El(h)ala 52(]7‘/)62) = T(h<1> ) h/<1>)(h<2> ) h/<2>) =
(Tl(h<1> ’ W <1>) TQ(h<1> ’ h/<1> )) (h<2> ’ h/<2>) =

(T (h<1>’ hil>)¢( (h<1>’ h21> )<1>7 h<2><1>) ’ 77Z}(TQ(h<1>7 h21> )<2>’ h<2><2>)h22>)
(4.28)

Application of Id ®eq : H1 @ Ha — Hi to (4.27) yields
heo (W oys Tilheye B o)) = ea(R)ea(R)r,
which, in turn, leads to
S 1o, Ta(h I L,)) = ea (W) Sy (h).
But then,
Ta(h, ') = 6(Sa(W ) 6 (W i W) ) = G(S2(R), S1(h)). (4:29)
Similarly, applying 1 @ Id : H1 ® Ho — Ha to (4.28) we derive
To(h,b') = ¥(S2(h'), S1(h)). (4.30)
Now, from (4.29) and (4.30) we conclude T = Syq.

We next proceed to show that (4.24) satisfies (4.2). In case of m =20+ 1, we
have

S;}((h<2>7h <2>)(g g ))SQ+1(h<1>vh/<1>) =

SIZ: (h<2>¢(h/<2>7g<1>)7w(hl<3>7g<2>)g/)SDZL+1(h<1>’h/<1>) =
{(61,52 W20 )9)) (ST (s 6L 1)), 02)] (ST (e, ). S5 L)) =
( <3>7g<2>) )<1>7SI (h<2>¢(h/2>’g<1>))<1>)’
w(S2 (w( <3>7g<2>) )<2>7S{n( <2>¢(h22>’g<1>)><2>))(S?+1(h<1>) Sm+1(h21>))_
(¢(SQ (w( 3>7g<2>) )<1>75m( <2>¢(h/2>’g<1>))<1>)><

(SQ ( <3>) g<2> )g/)<2> <1>? S{n(h<3> ¢(h22> ’ g<1> ))<2> <1>0 Sin+1(h<1> )<1> ))’
m(¢(h23>7g<2> g,)<2><2>’51 (h’<2>¢( 2>’g<1>))<2><2>’Sm+1(h<1>)<2>))Sm+1(h21>))
(

(.

;

(SF WL 19208 ) v [ST s OBl 90 )) i ST ML) ),
ST WL 9209 <o [ ST L 912 )) e ST ) o ) ST AL =

(51(MO(S59)r - ST(9) ) 22 (I (S ) on ST9) ) ) =
(61,22 (R S5(9) (€1 (R ST(g). 62) = &1 (Wea (WSi29. ), (4:31)

o (v
¥ WS
(0
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where on the second and the eighth equalities we used Lemma 4.5, on the fifth
equality we used (4.18) and (4.14), and on the sixth equality we used (4.25). If,
on the other hand, m = 2/

SQ((h<2>’hQ2>)( /))Sm+1(h<1>7h21>)
Sl;rZ(h<2>¢(h/ 2>7g<1>) ¢(h13>’g<2>) )Sm+1( <1>7hil>)
(Sin(h<2> ¢(hi2>’ g<1>)) 52 (77[}( <3>? g<2> ) [ Sm+1 h21> )(S?H‘l( <1>) 52):|

(S7hsn SR 900 ), SE L 922 )9 ) X
(B(STHRL ) ooy ST My )i ) B (ST AL ) oy ST My ) s ) ) =
(S1(hsn bR g.02)) %
[6(SE R 19000 crms (ST ) o ST )1 ))]
[0 (SP@L 129000 ) o (ST ) o ST ) e ]
(SEL, ) o ST L)) ) =
(e1(W)SY(g), 2(HSF(5), (4:32)

where on the second equality we used Lemma 4.5, and on the fifth equality we
used (4.25).

Conversely, let H, and Hso be subject to the hypothesis of the theorem. Then,
in the case of m = 2¢ 4+ 1, the application of Id ®es : H1 ® Ho — H1 to the sixth
equality

(6(S5 (A1 9009 )crn s SO 91D,
w(SQ (d}( 3>7g<2>) )<2>75m(¢( 2>7g<1>))<2>)5m+1(h’21>)) =
(60550 ) 12+ S79)- ) 2B (S50 ) o ST(9)-2))

of (4.31) yields

OS5 (U(hLss s 9202)9"), STUG(L, . 9.02))) = 6(S5'(g"), ST(g))ea (R

for any g € H1, and any ¢', h'e Ha.

Similarly, the application of £; ® Id : H; ® Ha — Ho on the other hand (to the
sixth equality of (4.31)) this times yields

U(S5' (Mg 920 )9) ST(S(RLos 9215 ))) S5 HRL L) = e2(RJ0 (S5'(9), ST(9)).
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Next, if m = 2¢, then we apply Id ®es : H1 ® Ha — Hi to the fifth equality
(S7(hse b g2 )) %
[6(SER 9.0 )0) v O(ST TR ) o ST, ) 10))]
[0 (SFWL 19000 ) o (ST o ST ) a))] X
(S5 L) o ST Ny ) ) ) = (62(W)ST(9), 22 (RIS5(g))

of (4.32) to get

ST(hese d(Plsey9202) [¢(5?(¢(h23>79<2>)9')a¢(5§n+1(h21>)»51““(%»)))} =
e1(h)ST(g)e2(hfea(g’)

for any g,h € Hi, and any ¢’,h'€ Hs. In particular, for h = 1 and ¢’ = 1 we
arrive at

ST(¢(hig)) = e2(R)ST'(9).

from which we conclude that
d(hig) = e2(h)g. (4.33)

Similarly, the application of e; ® Id : H; ® Ho — Ho to the fifth equality of
(4.32) yields

(O (SE L1 92009, S(SFH L1 )i s ST R ) )] X

(SEHHRL L) o ST R, ) o)) =
e1(h)e1(g)e2(h)S5(g").
Now, invoking (4.33), and setting ¢ = 1 and h'= 1, we obtain (in view of (4.12))
¥(S5(g"), ST (h)) = e1(h)S3(9"),
from which the the triviality of the left action follows. O

Definition 4.7. Let (H1, pt1, 71, A1,€1, 51) be an mq-inverse Hopf quasigroup such
that S1(d1) = 81, and that S{“ € Aut(H,), and (Ha, p2,m2, Az, e2,S2) be an mo-
inverse Hopf quasigroup such that Sy(d2) = 02, and that S € Aut(H,). Let also
m € Z be a solution of

mq (IHOd hl),

ma (mod hs).

m
m
Then, (Hi,H2) is called a matched pair of m-inverse property Hopf quasigroups if

the Hopf quasigroups (H1, p1,m1, A1, €1,51) and (Ha, p12, 12, Az, €2, S2) satisfy the
conditions (4.12) — (4.21).
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A remark is in order.

Remark 4.8. Given an mq-inverse property quasigroup (1, an mo-inverse prop-
erty quasigroup ()2, and a solution m € Z of

m =my (mod hy),
m = mg (mod hy).

Let ((Ql, J1,601), (Q2, Ja, 52)) be a matched pair of m-inverse property quasigroups

such that Jy(q)g = 01 for any ¢ € Q1 and J2(¢')¢’ = 09 for any ¢’ € Q2. Then
(kQ1,kQ2) is a matched pair of m-inverse property Hopf quasigroups.

The following result is the universal property of the matched pair construction for
m-inverse property Hopf quasigroups, that is, the analogue of [41, Thm. 7.2.3].

Proposition 4.9. Let (H1, p1,m1,4A1,€1,51) be an my-inverse Hopf quasigroups
such that S1(61) = 01, and that S{“ € Aut(H1), and (Ha, u2, 12, Na,e2,52) be an
ma-inverse Hopf quasigroup such that S3(d2) = b2, and that 532 € Aut(Hsz). Let
also m € Z be a solution of

m =my (mod hy),
m = mg (mod hs).

and G be an m-inverse Hopf quasigroup so that Hi and Ho are m-inverse Hopf
quasi-subgroups of G;
Hi = G < Ha,

such that the multiplication on G yields an isomorphism
O:Hi@Hs = G, h ® h'— hh! (4.34)
of vector spaces, under which the multiplications are compatible as
(hhyg = h(hg), — g(hh} = (gh)h.
for any h € Hy, any h'e Ha, and any g € G, while the antipodes are compatible as
S(hh) = Sa(R)S1(h), S(hh) = Si(h)S2(h) (4.35)

for any h € Hy, any W€ Ha, and any g € G. Then, (H1,Hz) is a matched pair of
m-inverse Hopf quasigroups, and G = Hy < Ho as Hopf quasigroups.

Proof. Let us begin with the mappings
¢:Ho @ H1 — Ha, Y He @ H1 — Ha (4.36)
given by
¢(hih) == ((Id®ez) 0©71)(hh),  ¢(hlh):= ((e1 @ 1d) 0 ©7)(hh),
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through
hh = 0O (¢(h.,. h ), W(hl,  h_,.)). (4.37)

<1>97 "P<1> <2>7 T<2>

It then follows at once that the isomorphism (4.34) respect the multiplications in
g and Hl > Hg.

It remains to show that the mappings (4.36) have the properties (4.12) —(4.21).

The first one, (4.12), follows from the consideration of h = ¢; and h'= J3 in
(4.37), respectively.

Next, the linear map ¥ : Hy ® H1 — H1 ® Ho given by
U(H© h) = 07 (hh) = G, h.,.) © (L. by )
being a coalgebra homomorphism, we have
AgoW =(T@W)oAg,  ((c1®e2)0¥)(h®hf=ci(h)ea(h],

for any h € H1, and any h'e Hs. Applying on an arbitrary h'® h € Ho @ H1, we
arrive at

|:¢(h21> ’ h<1> )<1> ® ’(/}(h22> ? h<2> )<1>i| ® |:¢(h21> ) h<1> )<2> ® Q/J(h£2> ’ h<2> )<2>i| =
<¢(hil><l> ) h<l><1>) ® ,lzj(h/il> <2>) h<1><2> )) ®
(¢(hé2><l> ) h<2><1>) ® w<h22><2> ? h<2><2> )) N

Now, Id ®e2 @ Id ®e4 yields (4.16), and 1 ® Id ®e1 @ Id results in (4.17). Further-
more, £1 ® Id ® Id ®¢2 leads to (4.21).

On the other hand, in view of (4.35) the property g_,_ S(g_,. ) = €(g)d implies
(hoyohl, )S(h_y o hl,.) = e1(h)ea(R)d for any h € Hy and any h'€ Ha, which in

<1>7<1> <2> 772>
turn implies

(here bl 0(S2(R,), S1 (),

(AL, (Sa (L2 )y S by )ASa (L ), Su(hes)) ) =
(heyoSi(hess), 02) = (e1(h)d1, e2(R)02).

We then obtain the second equality of (4.13) by applying Id ®¢s, as well as the
second equality of (4.20) via &1 ® Id. Similarly, S(g_,.)g_,. = €(g)d yields

(#0521 ), 1 (b OS2 (L ), S1(Res)) ),

O (Sa(L. )y S1(hoy ) hos L ) =
(El(h)51, 52(h21> )hi2>) = (El(h)517 ‘52(hj62)7
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which in turn implies the first equality of (4.19) by Id ®es, and the first equality
of (4.15) by £; ® Id.

On the next step, J™g(qq')J™o(q) = J"o(¢') for any ¢,q¢' € Q provides,
along the lines of (4.31),

(¢(Sg%(¢(hi3> ? g<2> )gl)<1> ’ S{n(h<2> ¢(h22> ) g<1> ))<1> ) X
¢(f¢) (S;n(’lp(hi3> ) g<2> )g,)<2> <1>? S?L(h<3> ¢(hi2> ) g<1> ))<2> <1>? S?,L+1(h<1> )<1> ) ) ’
77[}(1/)(531(7/}( LB>7g<2>)g,)<2><2>7S{n(h‘<2>¢(h;2>7g<1>))<2><2>7SIH+1(]?’<1>)<2>))S;)/L+1(h21>))

= (51(W) (S50 c12 s ST9)or ) 2 (I (S50 ) o ST(9) ) ) =
(61,3 (RS9 ) (E1 () ST(9), 82) = 1 (h)ea (WS L5, )

In particular, for /= 65 we see that
(¢(S£n(gl)<1> ) Sin(h’<2> g<1> )<1> ) ¢(w (‘S;n(g/)<2><1> ’ Sin(h<3> g<1> )<2> <1>)
S{n+1(h<l> )<l> ) ) ) /ll)(/(b (Sén(g/)<2> <2>) Sin(h<2> g<1> )<2> <2>) S]"Tn+1(h<l> )<2>))) =
(51 (WO (S50 <12+ ST9) -1 ) V(S0 ) o s STY9) ) ).

which implies (4.18) by Id ®ey, and (4.14) by e; ® Id. Let us also remark that
(4.18) implies the second equality of (4.19), and that (4.14) implies the second
equation of (4.15).

Equipped with these now, (4.35) gives

Sea((d1, K (R, d2)) =

(P20 L 1)), S1G( B ) (S (WL ey ), S1 (B )

= (D82 oe s ey ) DL e ) St (e 0))]),
(S by ), SUG(L B ) ) =

(S1(R), S (n)).

Then, the application of Id ®e, yields

S(S2((PLrs s hor ) (S (Lo s hsn )y Si(hesn))]) = 22(R)S1 (M),
in particular,

¢(SQ(1/](1Z)(}L: Sl (h<1> ))<1> ) h<2><1> ))a [¢>(1/J(7/J(hf Sl(h<1> ))<2> ) h<2><2> )7
Sl(h<2><3>))]) = 52("/](h7151(h<1>)))Sl(h<2>)7
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that is,
¢(52(h21>)7 ¢(h22> ) Sl(h))) = 52(h551(h)7

the first equality of (4.13). Similarly, the application of £; ® Id onto

Soal(011) (1,82 = (S1h ) W (S WL s b)) S B B )= (SR, Sel)),

implies
B(S2 (V0L s ), S1 (G b)) ) = 21(1) S (B,

Hence, we see that

¢(1/)(S2(1/’(h21><1> ) h<1><2> ))’ Sl (¢(h21><2> ’ h<1><2> ))) ) ¢(h22> ’ h<2> )) =
€1 (h<1> )1#(52(’12» )7 ¢(h22> ’ h<2> ))v

that is,
Sa(1p(hih)) = ¢ (Sa(hL,.), ¢(h,.  h)).
But then,

[1/)(S(h41>),¢(h22>,h<1> ))] 1[}(hé$>,h<2>) =52 (¢(h;1>7 h<1>))¢(hi2>vh<2>) =€1 (h)52(hr)7
the first equality of (4.20) is satisfied.

Finally, having obtained (4.12) — (4.21), it is possible to derive (4.25) from
(4.31) in the case m = 2¢ + 1, and from (4.32) in the case m = 2¢. O
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