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Abstract. We study systematically the natural generalization of Schreier’s extension
theory to obtain proper loops and show that this construction gives a rich family of examples
of loops in all traditional common, important loop classes.
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1. INTRODUCTION

The extension theory of groups developed by Schreier has achieved recently a final
form of high aesthetic value (cf. [20], [21], [16], Chapter XII, §48-49, pp. 121-131,
[24], Chapter 2, §7, pp. 192-200). Any group which is an extension G of a normal
subgroup N by a group K is determined by two identities describing the action of
K on N and ensuring the associativity of the extension G by the choice of a system
of representatives in G for the factor group G/N isomorphic to K.

In [5], Section I1.3 Chein discusses the possibilities how to generalize the extension
theory of groups to quasigroups and loops. There he documents that there is huge
variety of procedures for obtaining classes of extensions with completely different
properties. Till now many authors have used these constructions to realize loops in
classes investigated by them. In particular, in the last years constructions of loop
extensions became a popular method (cf. e.g. [18], Section 17, [7], Section 5, [14], §2,
§3, [15], §4, §5, [12], §7, [6].)

In contrast to this, in this paper we investigate thoroughly and systematically a
variation of extensions which yields loops as extensions of groups by loops such that

This research was supported by the DAAD-MOB project 2005/2006 “Loops in Group
Theory and Lie Theory”.
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these extensions can be described by the same type of identities as in the group
case. This class of extensions seems to us to be the most natural generalization of
Schreier’s theory to loops.

Although our extension theory is structurally very close to the group case we show
in the second part of this paper that it gives examples of loops in all traditional com-
mon, important loop classes. Moreover, this is true already for the central extensions
of abelian groups by abelian groups as well as for Scheerer extensions (cf. [18], Sec-
tion 2), which are for instance needed in the classification of Bol loops. Ounly for
the subclass of semidirect products the Schreier construction restricts essentially the
type of extended loops. Although we can construct Schreier semidirect products of
groups which are proper right Bol loops, any such semidirect product which satisfies
the left inverse property is a group. Hence to obtain proper loops having the inverse
property it is necessary to use more general constructions for semidirect products
(ct. [3], (4], [1], [2], [25], [11))-

In general, the group generated by the right translations or by the left translations
of a proper loop L is a big subgroup of the permutation group of the underlying set
of L (cf. [18], Sections 17, 18, 19 and 29). This is the case for the group generated by
the left translations of a proper loop L which is a semidirect product of two groups.
But the group generated by the right translations of L is a product NY, where ¥ is
a subgroup of the direct product of K and the automorphism group of the normal
subgroup N of NX.

2. PRELIMINARIES

A set L with a binary operation (z,y) — x -y is called a loop if there exists an
element e € L such that e-x = z-e = x holds for all x € L and the equations
a-y=band z-a = b have precisely one solution which we denote by y = a \ b and
2 = b/a. The right translations g,: y— y-a: L — L as well as the left translations
Aot y—a-y: L — L are bijections for any a € L.

The kernel of a homomorphism «: L — L’ of a loop L into a loop L’ is a normal
subloop N of L, i.e. a subloop of L such that

xN=N-z, (z-N)-y=2-(N-y) and z-(y-N)=(z-y) N

holds for all x,y € L.
The left, right and middle nuclei of L are respectively the subgroups of L which
are defined in the following way:

Nl:{u; (ux)y:u(xy), x,yEL},
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Nr:{u; (xy)u:x(yu)v x,yEL},

The intersection N = N; N N,. N N,, is called the nucleus of L.

The centre Z of a loop L is the largest subgroup of the nucleus N of L such that
z-x =x-zforallz € L,z € Z. Any subgroup of Z is a normal subgroup of L, called
a central subgroup of L.

A loop L possesses the left inverse property or the right inverse property if there
exists a bijection t: x+— 27 ': L — Lsuch that 27! (z-y)=yor (y-2)- 271 =y
respectively holds for all -,y € L. If the inverse mapping ¢: = +— x~': L — L is
an automorphism of a loop L with the left or right inverse property then L has the
automorphic inverse property.

A loop L is left alternative or right alternative if respectively, x - (v -y) = 2 -y or
(y-z)-z=y-2%forall z,y € L. Aloop L is flezible if x - (y - x) = (x - y) - = for all
z,y € L.

A loop L is a left or right Bol loop if it satisfies the identity

(x-(y-xz) z=z-(y-(x-2) or z-(x-(y-z))=((z-2)- y)-x, respectively.

A left and right Bol loop is called a Moufang loop.
A left Bol loop satisfying one of the following properties is a Moufang loop:
a) the right inverse property,

_

b) the right alternative law,

c¢) the flexible law,

d) the identity (z-y) ' =y 1. 271

For a proof see e.g. [19], IV.6.9. Theorem.

o~

3. SCHREIER EXTENSIONS

Let N be a group, let K be a loop, let T: K — Aut(N) be a function of K into
the automorphism group of N with 7'(1) = Id and let f: K x K — N be a function
with the property f(1,7) = f(r,1) = 1. A straightforward computation yields

Proposition 3.1. The multiplication
(rt) 0 (0,5) = (70, f(1,0)t"(7)5)
on K x N defines a loop L(T, f) such that

(0,7)/(0,5) = (0/0, (f(0/o,0) trs 1T,
(0,9)\ (0,7) = (0 \ 0,5 T\ f(0, 071 0) " 1r).
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The loop L(T, f) contains N = {(1,n); n € N} as a normal subgroup and the factor
loop is isomorphic to K.

We define the following functions:
U: (0,7) = T(1) T (0) 'T(07)tf(0r): K x K — Aut(N),
where ¢ denotes the inner automorphism ty: z +— g 'zg: N — N, and
¥: (0.7,0) — F(o.70) " F(om, 0)f(0. 1)@ f(7,0)": K x K x K — N.

It is well known (cf. [16], §48) that the loop extension L(T, f) is a group if and only
if K is a group and the following two identities hold:

(i) ¥(o,7)=1d,

(11) w(aa 7,0) = 1.

We call a loop L(T, f) a central extension of the group N by the loop K if N is a
central subgroup of L(T, f). The loop L(T, f) is a central extension of N if and only
if N is abelian and T'(0) = Id for all ¢ € K. The extension L(T, f) is an abelian
group if and only if N and K are abelian groups, T'(c) = Id for all 0 € K and
f(r,o) = f(o,7) for all 0,7 € K.

A straightforward computation yields for the loop extension L(T', f) the following

Proposition 3.2.
(i) The subgroup N of the loop L(T, f) is contained in the middle and right nucleus.
N is contained in the nucleus if and only if ¥(o,7) = Id for all 0,7 € K.
(i) The loop L(T, f) contains the group N in its centre if and only if N is abelian
and T(c) =1d for all o € K.
(iii) The loop L(T, f) is abelian if and only if K and N are commutative, T'(c) = Id
and f(r,0) = f(o,7) for all 1,0 € K.

Proposition 3.3. In the loop L(T, f) the left inverse of any element coincides
with its right inverse, i.e. x7! = x\ 1 = 1/, if and only if it is the case in K and
the following two identities hold:

Proof. We may assume that the left and right inverses of elements in K
coincide. Then the left and right inverses of any element (o, s) € L(T, f) coincide if
and only if the following identity holds:

T 57T D f(o,0 )7L

(fle™ho)7s7h)
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Putting s = 1 we obtain
flo™0) = flo,07 )T,
which gives the second relation in the proposition. Hence we can write
(f(o_’o_fl)fT(a)Sfl)T(a)_l _ s’T("_l)f(a,a’l)’l
or equivalently
ST(U)*lf(m oY) = f(o, U—l)sT(a)*lT(a)T(a“).
Using the inner automorphism ¢y, -1y we have
(1) (o) = T(0)T(c™"),

which is equivalent to the first relation in the proposition. O

The conditions of this proposition are in particular satisfied if 7'(c)~! = T'(c™1)
and if f(o,071) is contained in the centre of N for all 0 € K.

Proposition 3.4. Let L(T, f) be a loop in which for any element the left and
right inverses coincide. The loop L(T, f) satisfies the identity

(L) =[(rt)o(o,5)] o [(o,8)" o ((r,1)7"]
if and only if the following identities hold:
i) 1=(r-0) (c7"-77h),
(ii)) ¥(o,7)=1d,
(iii) f(r-0,07 771 = f(r.7 ) (0,07 )T D f(r,0) T DT D (gt )T

Proof. The claim is true if and only if

(1,1) = [(r,1) o (0, 8)] o [((0,5) \ (1, 1)) o (7, 8) \ (1, 1))]
=((r-0)- (o ), flr-o0 T ) (o) T T T D fomt 7Y
SO (G B R R F (R s B}

We may assume that the condition (¢) is satisfied. Then the assertion of the propo-
sition holds if and only if

1

(2) ST(07 ~7'71)f(0_—1, T—l)S—T(Ufl)T(Tfl)
_ th(a)T(a_l.‘r_l)f(T7 O_)fT(g_lﬂ'_l)f(T . 0_70_71 . 7_71)71

x f(r, 77T fo,0m )T,
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Since the left hand side of (2) is independent of ¢ and the right hand side of (2) is
independent of s we obtain the condition (ii).

Using the identities T'(o~-771) = T(o )T (77 )i p(p-1,7-1)-1 and T(o)T (0~ ') =
Lf(o,0—1) We obtain from (2) an equivalent identity

L= f(o,0 )T D f(r,0) T T D f o e )T (a0 e ) T (Y,
which proves the assertion. ([

Proposition 3.5. Let L(T, f) be a loop in which for any element the left and
right inverses coincide. L(T, f) satisfies the automorphic inverse property if and only
if the loop K has the automorphic inverse property, the group N is commutative,
T(o) =1d for any 0 € K and the following identity holds:

froom o) = flo,o ) f(r,m (e )T (o)

Proof. The loop L(T, f) has the automorphic inverse property if and only if

(1,1) = [(r,t) o ()] o [((7. )\ (1, 1)) o ((08) \ (1,1))]
(r-0)- (7o) flr om0 ) [f (7, 0)t ")
NG RN (G I R R (G

This identity is valid if and only if the loop K has the automorphic inverse property,
the group N is commutative and the following identity holds:

(3) f(T . 0’77’71 . Uﬁl)f(T, U)T(T_l.U_l)tT(U)T(T_la_l)ST(T—l.0—1)f(7_71, 0-71)
= f(o,07 )T ) f(r, 7T DT HTET,

Putting here o = 1 we obtain sTE™) —sforall 7 € K, s € N, and hence T'(c) = Id
for all o € K. It follows that L(T, f) has the automorphic inverse property if and
only if the identity in the assertion is satisfied. O

Proposition 3.6. The loop L(T, f) has the right inverse property if and only if
K has the right inverse property and the following identities hold:

V(0,07 ) =1d, (10,07 ") = 1.

Proof. L(T, f) has the right inverse property if and only if

(7, 8) © (0,8)) o ((0,8) \ (1, 1)) = (1)

= ((r-0) -0 (0,0 f(r,0)t" s T s T f(g,071) )
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holds for any ¢,s € N and 0,7 € K. This identity is equivalent to the right inverse
property in K and to the identity

tho,07 ) = f(r- 0,0 V) f(r,0)T@ T @TE™)

If the loop L(T), f) has the right inverse property then the left and right inverses of
any element coincide and it follows from Proposition 3.3 that ¥(o,0~!) = Id for all
o € K and the identity (1) hold. Using this we obtain from the previous identity
flo,07Y) = f(ro,07 1) f(r,0)T ") which shows that the identities in the claim are
valid.

The same arguments yield that the conditions in the proposition imply the right
inverse property in L(T), f). O

If K satisfies the right inverse property, f(o,7) = 1 for all 0,7 € K and ¥(o,7) #
Id for some 0,7 € K, then the proper loop L(T,1) has the right inverse property if
and only if for any element the left and right inverses coincide.

Proposition 3.7. The loop L(T, f) has the left inverse property if and only if
the loop K satisfies the left inverse property and the following identities hold:

U(r,0) =1d, (T, 771,0) =1.

Proof. The loop L(T, f) has the left inverse property if and only if

(59 = 1,1/ D] (o )
= (L DT o (70 (T s)
= (o), f o) ()T T f(r ) T)

for all 7,0 € K and t,s € N. This is equivalent to the left inverse property of K and
to the identity

(4) Fr, W@ f(r=1 7. o) = [tf(r~L, )T T,
For t = 1 we obtain from this
fro)f(r=t 1 0) = f(T*I,T)T(T)_lT(T'U).

Since in a loop with the left inverses property the left and right inverse of any element
coincide, Proposition 3.3 yields the identity ¢ (7,771, 7) = 1 or
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fer=47) = f(r,7 )T Hence it follows f(r,0)f(r~ ', 7-0) = f(r,71)T(T),
This identity may be written in the form

Y(r 7 0) = fr0) fr e YD fr ) = 1,
Replacing in this identity 7o by o we obtain the second relation in the proposi-
tion. Using the relations f(r—!,7)"7(") = f(r,7=') and f(r,0)f(r ', 7-0) =
f(r, 7 )T the identity (4) assumes the form f(r,o)tT(®) = (T 'T(7) f (7 o).
This yields T'(7)T(¢) = T(70)tf(r,), Which gives the condition ¥(7,0) = Id for all

7,0 € K. The same arguments show that the conditions of the proposition imply
that L(T, f) has the left inverse property. O

Proposition 3.8. A loop L(T, f) is left alternative if and only if the loop K is
left alternative and the following identities hold:

U(r,o)=1d, (r,7,0)=1.

Proof. The loop L(T, f) is left alternative if and only if the identity
(r-(r-0), fir,7- T f(r, )T D s) = (72 - 0, f (72, 0)[f (1, )T D) T )
holds. This is equivalent to the left alternative law in K and to the identity
(5) f(r7 o) T f(r,0) = f(7%,0) f (r, 1) OHTOTE),
For t = 1 we obtain
Y(r,m0) = f(r,m-0) (7 0) f(rn) O f(ro) Tt =1,

which is the second identity in the assertion. Using this condition we obtain from (5)
an equivalent identity

f(TQa U)f(Ta T)T(U)f(Ta U)iltT(T.U)f(Tv U) = f(7—2a U)f(Ta T)T(U)tT(T)T(U)

or
Li(roy = T(T - U)_lT(T)T(U)7

which yields the first identity in the assertion. O
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Proposition 3.9. The loop L(T, f) is right alternative if and only if K is right
alternative and the following identities hold:

U(o,0)=1d, (r,0,0)=1.

Proof. The loop L(T, f) is right alternative if and only if
(702, f(r, W) f(0,0)sT)s) = (7 0) - 0, [ (7 - 7,0)[f (r, )T 5] 7))

holds for all t,s € N, 7,0 € K. This is equivalent to the right alternative law in K
and to the identity

(6) Ja. oW f(0,0) = f(7-0,0)f(7.0)T LT,
Putting ¢t = 1 we obtain
b(r,0,0) = f(1,02) " (7 0,0) f(1,0)"7) f(0,0) 7} =1,

which is the second identity in the assertion. Using this condition (6) yields an
equivalent identity

f(r,o? tT("z)f o,0) = f(r,0%) f(o,0 1@ or voy =T (6?7 1T(0)?,
f(o0)
which proves the assertion. ([

Proposition 3.10. The loop L(T, f) is flexible if and only if K is flexible and
the following identities hold:

U(r,o)=1d, #(r,0,7)=1.

Proof. The loop L(T, f) is flexible if and only if
(T ’ (U : T)a f(Ta g - T)tT(G.T)f(Jv T)ST(T)t = (T ’ (J : 7—)7 f(T 0, T) [f(Ta U)tT(U)S]T(T)t)

is satisfied for all t,s € N, 7,0 € K. This is equivalent to the flexible law in K and
to the identity

(7) f(Ta g T)tT(U.T)f(O—a T) = f(T 0, T)f(Tv U)T(T)tT(U)T(T)'

Using the identity f(7,0 - 7)¢(r,0,7)f(0,7) = f(r0o,7)f(1,0)T(") we obtain from
(7) the relation t7(7) f(o,7) = (r,0,7)f(o, 7)tT@T) The value t = 1 gives
Y(7,0,7) = 1. Hence the last identity reduces to t7(*7) f(o,7) = f(o, 7)tT(@T()]
which is equivalent to the first identity. O
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Proposition 3.11. The loop L(T, f) is a left Bol loop if and only if K is a left
Bol loop and the following identities hold:

U(o,7) =1d, ¥(r,0-7,0)f(0,7-0)(0,7,0)f(o,7-0) " =1.

In particular, if K is a group then (o, T, 0) Iis contained in the centre of N for all
o,7,0 € K and (1,0 - 7, 0)¢(0,7,0) = 1.

Proof. The loop L(T, f) is a left Bol loop if and only if
(r-{o-lr- e} f(ro (r- ot f(o,7 - 0)sT T f(7, 0)t"@r)
= ({T ’ [U ’ T]} 10 f(T ' (U ’ T)7 Q)[f(T7 o T)tT(U.T)f(Ua T)ST(T)t]T(Q)T)

is satisfied for all o, 7,0 € K and s,t € N. This is equivalent to the left Bol property
of K and to the identity

(8) fro - (m- )" T (o7 0)s O f (7, 0)

— f(T . (0’ . 7-)7 Q)f(T; o - T)T(Q)tT(UT)T(g)f(O-, T)T(Q) ST(T)T(Q).

A left Bol loop L(T, f) has the left inverse property, hence it follows from Propo-
sition 3.7 that U(r, ¢) = Id, which is the first identity in the claim. Then we have
T(r)T(0) = T(7 - 0)tf(r,0) and T(o - 7)T(0) = T((0 - T) - 0)tf(5.r,0)- Putting these
relations into (8) we obtain the identity

f(Ta g (T : Q))tT(U.(T.g))f(Ua T: Q)f(Tv Q)
=f(r-(o-1),0f(r,0-1)TO f(g- 7,0 D f (57, 0)f(0,7)7.

Using again the relation ¥ = Id we have

T(o- (7 0) = TOV (T (@) s
and

T((o-7)-0) = T(O’)T(T)L;(laﬂ_)T((Q)L;(IU'T,Q).
Putting these relations into the previous identity we obtain

[0 (r-0)f(o,7-0)f(1,0) = f(r-(0-7),0)f(r,0 - 7)1 f(o,7)T).

Since ¢(0,7,0) = f(o,7 - 0)" f(o - 7,0)f(0, T)T(g)f(ﬂ 0)~! and Y(r,0 - T,0) =
fr(o-1)- o) f(r-(o-7),0)f(r,0 - T)T D f(o-7,0)7" we get

W(r,0 -1, 0)f(0,7 - 0)¥(0,7,0) f(0,7-0) " =1,
which is the second identity in the claim.
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Conversely, the conditions of the proposition imply that L(T, f) is a left Bol loop.
If K is a group, then it follows from T'(o (7)) = T((o7)0) that

T(0)ts(r,0)-1ti(or0)-1 = Li(om) -1 L (O)f(or,0)-1

or

tT(")f(T, 0) ' f(o,m0)  f(oT, 0) f (o, T)T(Q)t_T(")
= f(r.0)" flo.T0) " flom 0)f (0, )"

for all + € N. This means that f(7,0) 19 (0,7, 0)f(7,0) is contained in the cen-
tre of N, which implies that also ¢(o, 7, 0) is contained in the centre of N for all
o, 7,0 € K. O

Corollary 3.12. Let L(T, f) be a left Bol loop. If K is a group and the centre
of N is trivial then L(T, f) is a group.

Corollary 3.13. A loop L(T, f) is a Moufang loop if and only if K is Moufang,

\11(0-7 T) = Id7 w(T7 o-T, Q)f(U7T : QW(@ T, Q)f(U; T Q)_l =1

for all 0,7, 0 € K and one of the following identities holds:
i) ¥(r,0,071) =1,
ii) ¢(r,0,0) =1,
(111) Y(r,o,7) =1,
iv) f(r-o,0 ) = f(r, 77 ) (0,07 )T D f(r0) T DT D (gt 7 )T
In particular, if K is a group then ¢(o, T, 0) is contained in the centre of N for
allo, 7,0 € K and ¥(1,0 - 1,0)¢ (0,1, 0) = 1.

Proof. Condition (i) gives the right inverse property (cf. Proposition 3.6),

condition (ii) the right alternative law (cf. Proposition 3.9) and condition (iii) the

flexible law (cf. Proposition 3.10). Finally, with condition (iv) we have (z -y)™! =

y~t-a7tin L(T, f) (cf. Proposition 3.4). O

Proposition 3.14. The loop L(T, f) is a right Bol loop if and only if K is a right
Bol loop and the following identities hold:

(@) T(T)T(o)T (1) =T((T-0) * T)tf(ror)li(re)T s
(b) flle-7)-0,7)f(e-7,0)" ) f(o,7)T T = f(o,(r-0)-7)f(T-0,7)f(1,0)T7).

Proof. The loop L(T, f) is a right Bol loop if and only if

([(e-7) -0 -7 f((e-7) - ooT)(f(e- 7, 0)f (0, r)rT TP s)T (Tt
=(lo-[(r-0) -7, flo,(r-0) - )" T f(r -0, 7)[f(7,0)t"7s] "Dt
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is satisfied for all o,7,0 € K and r,s,t € N. This is equivalent to the right Bol
property of K and to the identity

(9) (o 7) 0,7 (0 7,0) ) f(o, )T TTE@T()
= f(ga (T : J) ! T)TT((T'U)'T)f(T " 0, T)f(Tv U)T(T)'

Setting in this identity o = 1 we obtain
(10)  PTOTOTD = f(r,0) O f(r-o0,m) T T (70, 7) f(7,0)T T,

which gives the claim (a) of the proposition. Using this we obtain from (9) the
assertion (b) of the proposition.

Conversely, multiplying the left and right sides of the identities (10) and (b) of the
proposition we obtain the identity (9). O

4. EXAMPLES

4.1 Central extensions. A loop L(T, f) is the central extension of the abelian
group N ounly if T'(0) = Id. Throughout this section we consider the special case
that also K is an abelian group. These loops are centrally nilpotent of nilpotency
class two, which means that the factor loop L/N is abelian. Some examples of such
loops are given in [5] p. 36, [18], Remark 17.6, [7], Section 5, [14], Lemma 3.1, [15],
Theorem 4.1, [12], Theorem 7.6, [6], Theorem 2.3.

Let N and K be abelian groups and let T'(0) = Id for all 0 € K. Then the
multiplication in the loop L(Id, f) is given by

(r,t)o(0,8) =(t+o0, f(r,0) +t+s).
In this case we have U(o,7) = Id and
1/1(07779) :_f(0-77—+9)+f(o-+7—79)+f(0—ﬂ7—)_f(TaQ)'

By Proposition 3.2 a loop L(Id, f) is commutative if and only if f(7,0) = f(o, 7) for
all 7,0 € K.

By Proposition 3.3 in a loop L(Id, f) the left and right inverses of any element
coincide if and only if

(11) Y(0,—0,0) = f(o,—0) — f(—0,0) =0
forallo € K.
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According to Proposition 3.4 a loop L(Id, f) in which the left and right inverses
of any element coincide satisfies the identity

(12) (0,0) = [(1,t) o (0,8)] o [(0,8) " o ((1,1) "]
if and only if
(13) f(T +o0,—-T— U) + f(Tv U) + f(—o', _7—) = f(Ta _7—) + f(o', _U)'

By Proposition 3.5 a loop L(Id, f) in which the left and right inverse of any element
coincide possesses the automorphic inverse property if and only if the identity

(14) fr+o,—1—0)+ f(r,0) + f(=7,—0) = f(7,=7) + f(0, 0).

According to Proposition 3.6 a loop L(Id, f) has the right inverse property if and
only if

(15) lo,7,—7) = flo+7,-7) + flo,7) = f(1,=7) =0

forall o,7 € K.

Proposition 3.7 yields that a loop L(Id, f) has the left inverse property if and only
if

(16) w(Ta =T, U) = _f(Tv -7+ U) + f(Ta _T) - f(_7_7 U) =0

holds for all 0,7 € K.
By Proposition 3.8 a loop L(Id, f) is left alternative if and only if

(17) U(r,7,0) = —f(r,7+0)+ f(27,0) + f(7,7) = f(,0) = 0.
By Proposition 3.9 a loop L(Id, f) is right alternative if and only if
(18) w(Tv g, U) = _f(Ta 20) + f(T + o, U) + f(T7 U) - f(U7 U) =0

for all 0,7 € K.
According to Proposition 3.10 a loop L(Id, f) is flexible if and only if the following
identity holds:

(19) P(r,0,7) = =f(r,7+0) + flo+7,7) + f(7,0) = f(o,7) = 0.
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Proposition 3.11 yields that a loop L(Id, f) is a left Bol loop if and only if

(20) ¥(r.o+ 7,0 +¥(0,7,0) = —f(r.o+7+0)+ flo+27,0) + f(r,0 +7)
—f(O',T+Q)+f(O',T)—f(T,Q):0.

According to Proposition 3.14 a loop L(Id, f) is a right Bol loop if and only if the
following identity holds:

21 flo+r+om)+fle+7,0)+ fle,7) = fle,2r+0) = f(r+0,7) = f(7,0) = 0.

A loop L(Id, f) is a group if and only if

(22) w(U,T,(Q) = _f(077+9)+f(0+7a9)+f(UvT)_f(THQ):

for all o, 7,0 € K.

4.1.1 Siberian constructions. The following constructions are motivated by
the papers [22] and [23].

Let N and K be abelian groups. Let f: K x K — N be a mapping vanishing on
the set ¥ = {(a,0); a € K}U{(0,a); a € K} U{(a,a); a € K}U{(a,—a); a € K}.

The permutation ¢1: (K x K)\ X — (K x K) \ X given by ¢1(a,b) = (—a, —b)
generates a group I'; of order 2%, where ¢ = 0 if K is an elementary 2-group and
e = 1 if this is not the case. According to identity (14) the loop L(Id, f) has the
automorphic inverse property if and only if f(a,b) = —f(¢1(a,b)).

The permutation po: (K x K)\ X — (K x K)\ X given by ¢2(a,b) = (a+b,—b)
generates a group I's of order 2. According to identity (15) the loop L(Id, f) has the
right inverse property if and only if f(a,b) = — f(p2(a,b)).

Since the permutations ¢, and s commute they generate an elementary abelian
group 'z of order 2'7¢. The orbits of T'12 in (K x K)\ ¥ have the form {(a,b),
21(0,8), p201(a,b), pala,b)}. Let fla,b) = f(gapr(a,b) = n € N and fla,b) =
—f(p1(a,b)) = —f(p2(a,b)) = —n € N. Since ¢ interchanges (a,b) with ¢1(a,b) as
well as o (a, b) with @21 (a,b), the permutation ¢5 interchanges (a,b) with 2 (a,b)
as well as ¢1(a,b) with pop1(a,b) and pa¢q interchanges (a,b) with poq(a,d) as
well as p1(a,b) with pa(a,b), the function f is invariant under the action of I'js.
This means that the value of f can be chosen for an element of any orbit freely and
the function f is uniquely determined by the action of I';2. The loop L(Id, f) has
the automorphic inverse property and the right inverse property if and only if the
function f is uniquely determined by the action of I'ys.

The permutation p3: (K x K)\ X — (K x K)\ X given by ¢3(a,b) = (—a,a+b)
generates a group I's of order 2. According to identity (16) the loop L(Id, f) has the
left inverse property if and only if f(a,b) = —f(ps3(a,b)).
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Since the permutations ¢; and @3 commute they generate an elementary abelian
group I'y3 of order 2!7¢. The orbits of I'13 in (K x K) \ ¥ have the form {(a,b),
v1(a,b), p3p1(a,b), ps(a,b)}. Let f(a,b) = f(ese1(a,b)) =n € N and f(a,b) =
—f(¢1(a, b)) = —f(ps(a,b)) = —n € N. Since ¢; interchanges (a,b) with ¢1(a,b) as
well as p3(a, b) with p3¢1(a,b), the permutation 3 interchanges (a,b) with ¢s(a, b)
as well as ¢1(a,b) with p3¢1(a,b) and @3¢1 interchanges (a,b) with ¢s3¢1(a,b) as
well as @1 (a, b) with @3(a, b), the value of the function f can be chosen for an element
of any orbit freely and then f is uniquely determined by the action of I'13. The loop
L(Id, f) has the automorphic inverse property and the left inverse property if and
only if the function f is uniquely determined by the action of I'y3.

The permutations s and @3 generate a group ['s3 isomorphic to the sym-
metric group Ss of order 6. The orbits of I';s in (K x K) \ ¥ have the form
{(a,0), p2(a,b), @spa(a,b), papsp2(a,b), p2p3(a,b), ps(a,b)}. Let f(a,b) =
F(ps2(a.)) = f(@ap(a b)) =n € N and f(a,b) = —f(a(a,5)) = — (s a,b)) =
—f(p2p3p2(a,b)) = —n € N. Since @9 and @3 interchange odd products of invo-
lutions with even products of involutions the value of the function f can be chosen
for an element of any orbit freely and then f is uniquely determined by the action
of T'a3. The loop L(Id, f) has the left inverse property if and only if the function f
is uniquely determined by the action of I's3.

A loop L(Id, f) having the inverse property satisfies the automorphic inverse prop-
erty if and only if it is commutative. In this case any orbit of (a,b) € (K x K)\ X
under the group I'123 generated by the permutations ¢1, @2 and ¢3 contains the el-
ement (b, a). If the exponent of K is different from 2 then '35 is the direct product
of S3 and the group of order 2. If K is an elementary abelian 2-group then I'155 is
the symmetric group Ss. In any case the point (0,0) is a fixed point of I'1o3.

Now we assume that K is an elementary abelian 2-group of order at least 8. In
this case if (a,b) # (0,0) then the I'1a3-orbit of (a,b) consists of the elements

{(a,b),(a + b,a),(b,a + b)} and the I'1a3-orbit of (b,a) consists of the elements
{(b,a), (a+b,b),(a,a+b)}. Hence the mapping (a,b) — (b, a) induces an involution
on the orbit space (K x K)/I'123.

Let N be also an elementary abelian 2-group and let f: K x K — N be a mapping
which is constant on the orbits of I'123. Since (7,7 + o) and (7,0) are on the same
I193-orbit and f(7,7) = 0 the identity

(23) f(777+0—)+f(7—a0—) :f(TvT)

holds. Hence the identities (15), (16), (17) and (18)) yield that the loop L(Id, f)
has the inverse property and the alternative property. Moreover, it follows from the
identity (14) that the loop L(Id, f) has the automorphic inverse property, i.e. L(Id, f)
is commutative.
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If L(Id, f) satisfies a Bol condition then L(Id, f) is a Moufang loop of exponent 2
and hence it is a group (cf. [3], Proposition 2, p. 35).

Since the group K is the union of elementary abelian 2-groups of order 4 we con-
sider the values of the function f on an elementary abelian 2-group A = {0, 7,0, 7+0}
of K. It follows from (23) that f(r,0) = f(o,7) = f(r,7+0) = f(1+0,7) =
flo,7+0)=f(r+0,0) =uas € N. The value us € N can be chosen independently
for any elementary abelian subgroup A of K which has order 4 since the intersection
of such two different subgroups has order < 2. Since the order of K is at least 8
it contains 4 such different elementary abelian subgroups. According to (22) the
loop L(Id, f) is associative only if f(a + 8,7) + f(a,8) + f(e, B+ ) + f(B,7) =
A, Fua, Fua, +us, =0, where Ay = {0,0, 3, a4}, A2 = {0,a, B+, a4+ F+7},
As ={0,0,v,8+~} and A4y = {0, + 3,7, a+ F+~}. Choosing the values w4, such
that wa, +ua, +ua, + ua, # 0 we obtain a proper abelian loop having the inverse
property and the alternative property.

Summarizing this discussion we obtain

Proposition 4.1. There are commutative loops L(1d, f) which are extensions of
an elementary abelian group by an elementary abelian group such that the following
assertions hold:

(i) L(1d, f) possesses the inverse and the alternative property but it is not a Mo-
ufang loop,
(ii) any element # (0,0) of L(Id, f) has order 2,
(iii) any pair of elements of L(Id, f) is contained in a subgroup of L(Id, f).

At the end of this subsection we investigate the flexible law.
Proposition 4.2. Let L(Id, f) be a central extension of a finite abelian group N

of odd order by an elementary abelian 2-group K. The loop L(1d, f) is flexible if
and only if it is abelian.

Proof. It follows from identity (19) that L(Id, f) is flexible if and only if the
function g(7,0) = f(7,0) — f(o,7) satisfies the identity g(7,0) = g(7,7 + o). Since
g(1,0) = —g(o,7) for all 7,0 € K, this identity yields

g(r0) = =g(1+0,7) = —g(1 + 0,0) = g(0,7 + 0) = g(0,7) = —g(, 0).

Since N has odd order, ¢g(7,0) # —g(7,0) if g(7,0) # 0. Hence f(7,0) = f(o,7) for
all 7,0 € K. (]

Remark. Let N be the group of order 2 and let K be the elementary abelian
group of order 4 which is a 2-dimensional vector space over GF'(2). Le {e1,e2} be a
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basis of K. Then the loop L(Id, f) defined on K x N by the multiplication

<§;5i6i,x> <§;77iei7y> = (22:(& +mi)ei, v +y+ f<22:£ieia§2:77iei)>

i=1 i=1 i=1

with &,n; € GF(2), where f: K x K — N is given by f(e1,e2) = f(e1,e1 +e2) =
flea,e1 +e2) = 1 and f = 0 otherwise, is flexible but neither commutative nor
satisfying the left or right alternative law.

Proof. A straightforward computation shows that the non-symmetric function
f defined in the assertion satisfies the identity (19). Putting 7 = e and o = ez into
the identity (17) we get the contradiction

flea,e1) + flez,e1 +e2) =1#0.

A similar contradiction can be obtained putting 7 = e; + e3 and 0 = ey into the
identity (18). O

4.1.2 Abelian loops L(Id, f). A loop L(Id, f) is commutative if and only if
f(r,0) = f(o,7) for all 7,0 € K. According to the identity (19) any loop L(Id, f) is
flexible.

Putting ¢ = 7 = « into the identity (13) we see that the loop L(Id, f) does not
satisfy the identity (12) if we can find an element o € K such that f(2«, —2a) #
2f(a, —a) — f(a,a) — f(—a, —a). If the group N is not an elementary abelian 2-
group then there are functions f satisfying this condition for an element o € K with
2a # a, —a.

Putting 0 = 7 = [ into the identity (15) we obtain that the loop L(Id, f) does not
possess the inverse property if we can find an element 5 € K such that f(28,—3) #
f(B,—=B) — f(B,0). If the group N is not an elementary abelian 2-group then there
are functions f satisfying this condition for an element 8 € K with 20 # 3, —p.
Putting —o = 7 = ( into the identity (17) we see that this loop L(Id, f) does not
possess the alternative property either.

From this discussion it follows that if N contains two cyclic subgroups («) and (3)
of order > 3 such that (o) N (B) = {0}, then there exist loops L(Id, f) having neither
the automorphic inverse property, nor the inverse property, nor the alternative law.
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Proposition 4.3. If in the group N the mapping x +— 2x: N — N is an auto-
morphism, then the commutative loop L(Id, f) has the automorphic inverse property
if and only if the function f(7,0) has the form

(u(r,0) + w(r) + w(o) — w(r + 7)),

N =

(24) f(r,0) =

where the functions u: K X K — N and w: K — N satisfy u(—71, —0) = —u(r,0)
and w(—7) = w(r), respectively.

Proof. The loop L(Id, f) has the automorphic inverse property if and only if

(25) f(1,0) + f(=0,=7) = f(1,=7) + f(0,~0) = f(7 + 0, =T —0).

If the function f(7, o) satisfies the identity (25) then we denote w(7r) = f(7, —7) and
u(r,o) = f(r,0) — f(—71,—0). One has w(—7) = w(r) and u(—7,—0) = —u(r,0)
and hence f(7,0) has the form (24). Conversely, for any functions v and w with
u(—7,—0) = —u(r,0) and w(—7) = w(r) the function determined by (24) satisfies
the identity (25). O

Corollary 4.4. There exist commutative loops L(Id, f) having the automorphic
inverse property but neither the inverse property nor the alternative property.

Proof. Let L(Id, f) be a commutative loop such that f(7,c) has the form (24).
The loop L(Id, f) has neither the inverse property nor the alternative property if
there exists § € K such that f(206,—08) # f(8,—03) — f(8,3), which is equivalent
to the condition u(28, —(3) # —u(B, §). Clearly there exist functions satisfying the
identity u(—7, —o) = —u(7,0) and for a suitable 5 € K also u(28, —3) # —u(g, 5).

O

Let F be a field of characteristic p > 0 such that |F| > p?. The loop L(Id, f)
defined on F' x F' by
flo,7) = (0 = 7)o" — "' 77)

is an abelian loop. It follows from the identity (14) that L(Id, f) has the automorphic
inverse property. Using the identity (15) we see that L(Id, f) has the inverse property
if and only if p = 3, in which case it is a commutative Moufang loop (cf. [17],
Theorem 3.4).

4.1.3 Bol and Moufang loops. Let N be a finite abelian group of even order
and let K be the direct product K = C,, x C,, of the cyclic group C,, of order m
and C, of order n, where m,n are even. Choose in N elements r, s,t, z, w such that
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rm =1" =52 =t> =1and s # 1 or t # 1. Then the multiplication defined on
KxN=C, xC, xN by

(a1, a,a) - (B, P2,b) = (a1 + B1, 02 + B2, a4+ b+ f(on, az, 1, 52))

with f(ozl, s, B, 52) — rﬁlazsalﬁlﬁztﬁlazﬁzzpwq7 where

0 for a3+ 081 <m, 0 for as+ fF2 <n,
p= =
1 for ai+ (31 =>m, 1 for ag+062>n

if we identify C,,, and C,, respectively with the integers 0,...,m—1and0,...,n—1,
yields a loop L(Id, f). This loop is according to Theorem 2.3 and Lemma 6.1 in [6]
a right Bol loop but it is not Moufang.

Let NV be the group of order 2 and let K be the elementary abelian group of order
8. We choose a basis {ej, eq,e3} of K which is a 3-dimensional vector space over
GF(2). Then the multiplication defined on K x N by

<§;5i6i,x> <§;77iei7y> = (23:(& +mi)ei, v +y+ f<23:£ieia§3:77iei)>

i=1 i=1 i=1

with &, n; € GF(2), where the function f: K xK — N is determined by the relations

fle;,e)=0 forall ce K and i=1,2,3,
1 if e=¢e+&ej+ep and {i,j,k} ={1,2,3},
f(ei+ejvc): .
0 otherwise,
if e=e¢ (1=1,2,3) or c=e;+ex+es,

otherwise,

1
fler +ex+es,c)= {O

gives a loop L(Id, f). According to [12], Theorem 7.6 this loop is a proper non-
commutative Moufang loop of order 16.

4.1.4 Loops L(Id, f) with polynomial f. Let N and K be vector spaces over
a commutative field F. We consider trilinear mappings p, r: K x K x K — N such
that p is symmetric in the first two variables and r is symmetric in the last two
variables. The loop L(p,r) is defined on K & N by

(r,t)o(0,8) =(t+0o,t+s+p(r,7,0) +r(r,0,0)).

In this extension T'(¢) = Id and f(r,0) = p(7,7,0) + r(1,0,0) for all 7,0 € K. In
this case we have
1/)(0, 7, Q) = 2p(07 T, Q) - 27’(0’, T, Q)
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If the characteristic of the field F is 2 then L(p,r) is a group, hence we assume that
the characteristic # 2.

By equation (11), in the loop L(p,r) the left and right inverses of any element
coincide if and only if

(26) p(o,0,0) =r(0,0,0)

for all 0 € K. According to equation (15) the loop L(p,r) has the right inverse
property if and only if

(27) p(o,7,7) =r(o,7,7T)

for all 0,7 € K.
The relation (16) yields that the loop L(p,r) has the left inverse property if and

only if
(28) w(U,T, Q) = _f(U7T + zQ) + f(U + 7, zQ) + f(U, T) - f(Ta 9)'
(29) p(r,7,0) =r(7,7,0)

hold for all o € K.

The identies (17) and (18) show that a loop L(p,r) has the left or right inverse
property if and only if it is respectively left or right alternative.

Let K =F@®F and N = F. We consider the trilinear form

p(0, T, 0) = a11T1Y121 + 1221Y221 + A12T2Y1 71 + G22T2Y221

+ biiz1yi22 + bi2x1y222 + biaxay1 22 + baoTayaza,

where o = (z1,22), 7 = (y1,¥2), 0 = (21, 22) and a;j5,b;; € F. According to identity
(11), in the loop L(p,r) the left and right inverses of any element coincide if and
only if the trilinear form r(o, 7, 9) has the form

r(o,7,0) = a1121y121 + C12T1Y122 + C1221Y221 + (a2 + 2(b12 — di2)) T1Yy222

+ (b1 + 2(a12 — c12)) T2t 21 + di2@ayi 22 + d1222y221 + baoayazo

where ¢12,d12 are arbitrary elements of F. The identity (15) yields that L(p,r) has
the right inverse property if and only if (o, 7, 0) has the form

r(o,7,0) = anziyrz1 + 5(a12 + bi1)w1y122 + 3(a12 + bi1)z1ye21 + biaz1y220

+ a12T2y121 + % (a2 + bi2)way122 + 1 (a22 + b12)w2y221 + bazwoyazs.
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According to identity (16) the loop L(p,r) has the left inverse property if and only
if the trilinear form r(o, 7, 0) can be expressed by

(0, T, 0) = a11z1y121 + b11x1y122 + br1z1yez1 + (2b12 — ag2)z1y222

+ (2a12 — bi1)w2ay121 + a22x2y1 22 + G22T2y221 + baaToya 0.

It follows that the loop L(p,r) have the inverse property if and only if the trilinear
forms p(o, 7, 0) and r(o, T, o) have the form

p(0,7,0) = a1121y121 + @12T1Y221 + a12T2Y121 + A22T2Y221

+ a19T1y122 + G22T1Y222 + 2222Y1 22 + baoXay222

and

(0,7, 0) = a11T1Y121 + Q12T1Y122 + G122T1Y221 + A22T1Y222

+ a12%2Y121 + Q22T2Y1 22 + A22T2Y221 + baoTay220.

In this case the trilinear forms p(o, 7, ¢) and r(o, 7, 0) coincide and they are totally
symmetric and hence L(p,r) is an abelian group.

Let K = F™ and N = F, where F' is a field of characteristic # 2. A loop
L(p,r) is commutative if and only if p(x,x,y) +7(x,y,y) = p(y,y,x) +7(y,x,X) or
equivalently r(x,y,y) = p(y,y,x) for all x,y € K. According to identity (15) this
loop L(p) has the inverse property if and only if

—p(x+y,x+y,y) +p(y, ¥, x+y) +p(x, %, y) +p(y. ¥, %) +p(y,y,¥) —p(y,¥.y) = 0,
which is equivalent to
px,x,y) = ply, X, x)
for all x,y € K.
Lemma 4.5. A loop L(p) with the inverse property is a commutative Moufang
loop.
Proof. L(p)is a commutative Moufang loop if and only if it satisfies the Bol

condition (21). This means

px+y+z,x+y+zy)+ply,y,x+y+2z)+ply+2zy+2zx)+pxxy+2)
+p(y,y,2) +p(z,2,y) +p(x +2y,x +2y,2) — p(z,2,x +2y) - p(x+y,x+y,y)
_p(YaYaX+y)_p(xvan)_p(YaYax) :Oa
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or equivalently

p(X,Z,y) +p(yvzay) +p(y,Z,X) _p(yvyvz) - 2p(Yax7 Z) =0

for all x,y,z € K. Since a Moufang loop L(p) has the inverse property we have
p(y,z,y) =p(z,y,y) =p(y,y,z). Moreover, polarization of this identity yields

(30) p(XaZ7y) +p(Y7ZaX) - 2p(Y7XaZ) = 0
which proves the claim. O
Let p(x,y,2) = > pira'y’z¥, where x = (2'),y = (y'),z = (2') and pyjx =
,J,k=1
pjik € F. We investigate now the the identity (30) which characterizes commutative
n . .
Moufang loops L(p). The trilinear form p(x,y,z) = Y. piraiy’2”® satisfies the

ivj k=1
identity (30) if and only if

(31) 2Dijk = Phij + Phji-

If i = j = k then the equation (31) is true. If two of the indices coincide we get that
Diik = Pki; for any i # k. If all three indices 17, j, k are different then we have the
system of equations

2Dijk = Phij + Pkji = Dkij + Dijkis
2pjki = Pijk + Dikj = Dijk + Dkij»
2pkij = Djki + Pjik = Djki T Djik-

If the characteristic of F is different from 3 then the solutions are given by the
condition 3p;;x = 3pjki = 3pki;- Hence in this case the trilinear form p(x,y,z) is
symmetric in all three variables and L(p) is a group. If the characteristic of F is
3, then this system is equivalent to the equation p;ji + prij + pjri = 0. Choosing
at least for one triple (7,7, k) of different indices two of p;jk, Prij, Djki distinctly we
obtain a trilinear form p(x,y,z) which is not symmetric in all three variables. Hence
for n > 3 we obtain a great variety of commutative Moufang loops L(p).

4.2 Differentiable Schreier loops. The loops L(Id, f) with polynomial f over
the field of real or complex numbers have analytic operations. But there exist many
other examples of differentiable Schreier loops which are central extensions of the
additive group R by R. The importance of the following examples is based on the
fact that the group generated by the left translations of them is a 3-dimensional
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non-nilpotent Lie group with one-dimensional centre [18], Section 23.2, p. 298. Let
L(Id, f) with f(o,7) = g(0)(1 — €7), where g is a differentiable real function. The
multiplication of the loop L(Id, f) is given by

(r,t)o(0,8) =(t+o0,t+s+g(1)(1—¢€%)), 7,0,t,s€R.

According to equation (11), in a loop L(Id, f) the left and right inverses of any
element coincide if and only if g(o)e™? = —g(—0).

Hence in a loop L(Id, f) the left and right inverses of any element coincide if and
only if there exists a differentiable function k(o) defined for o > 0 satisfying h(0) = 0
such that g(o) = h(o) for 0 > 0 and g(0) = —h(—0)e 7 for o < 0.

Using the identity (16) we see that a loop L(Id, f) in which the left and right
inverses of any element coincide already has the left inverse property.

According to equation (15) a loop L(Id, f) has the right inverse property if and
only if

glo+7) (1 —e ) +g(o)(1 —e"+g(r)(1 —e7) =0,

which yields
(32) glo+71)—glo)e” = g(7)

for all 7,0 € R. Deriving this identity with respect to o we obtain ¢’'(7) = ¢’(0)e”
from which it follows that g(7) = a + ve” with a constant « and v = ¢’(0). Putting
this into the equation (32) we obtain & = —v and g(7) = «(1 —e™). But in this
case the loop L(Id, f) is the two-dimensional vector group R? (cf. Theorem 23.7 (ii)
in [18]).

Using the identities (18) and (19) an analogous computation shows that a loop
L(Id, f) is also the two-dimensional vector group R? if L(Id, f) is flexible or right
alternative.

According to equation (17) a loop L(Id, f) is left alternative if and only if
g(7) (e”‘" —e" +e7 — 1) =g(27)(e" = 1)
or
(33) 9(27) = g(7) (" +1).

Clearly, the function ¢g(7) = « (1 — ) which corresponds to the 2-dimensional vector
group satisfies this identity. If g(7) is a real analytic function than it has a power
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15,54 .
series expansion g(7) = > a;7" since g(0) = 0. According to equation (33) we have

i=1
a; !
" T
—J)!>

S (5o ) For-S(E

If we compare the coefficients of these power series we obtain

-1

o0

for I > 2. Hence the function g(7) = 3" a;7! is uniquely determined by the coefficient
i=1

a1. The unique solution is g(7) = —ay (1 — €7), which means that L(Id, f) is a group.

4.3 Scheerer extensions. Let K be a proper loop having G as the group gen-
erated by its left translations, let H be the stabilizer of the identity of K in G and
let 0: G/H — G be the section such that ¥ = o(G/H) is the set of left translations
of K. The multiplication

(z,y) —axrxy=n(zy): ExX -3,

where 7: G — X is the mapping assigning to g € G the unique element of X
contained in the coset gH, defines a loop (X, ) wich is isomorphic to K (cf. [18], p.
18).

If p is a homomorphism from H into the centre Z(N) of N then the loop L(Id, f)
defined by

(@,a) 0 (8,b) = (ax B,a0 ((aB) " (ax ) b) = (a* B, 0((aB) 'o(afH)) ab)

is a Schreier loop with f(a, 8) = o ((aﬁ)_l(a * B)), which is a Scheerer extension of
the group N by the loop K (cf. [18], Proposition 2.4, p. 44). The loop L(Id, f) is a
central extension of N by K if and only if IV is abelian.

According to Propositions 2.7 and 2.8 ([18], pp. 46-47), the loop L(Id, f) belongs
to the class of right alternative loops, left Bol loops, Moufang loops or to the class of
loops with left inverse property if and only if K belongs to the same class of loops.

The Schreier loops which are Scheerer extensions play an inportant role in the
classification of differentiable Bol loops and of loops L for wich the stabilizer of the
identity in the group generated by the left translations consists of automorphisms of
L (cf. [8], Theorem 6. p. 446, [9], Theorem 14. p. 406 and [10], Theorem 6. p. 74).
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4.4 Semidirect products. In this section we consider loops L(T’, 1) which gen-
eralize the semidirect products in the theory of groups. Since we are interested
in proper loops L(T,1) we will always assume that T'(o) # Id for some o € K.
Multiplication in L(T,1) on K x N is given by

(1,t) - (0,5) = (10,7 (Ds).

By Proposition 3.3, in a loop L(T, 1) the left and the right inverses of any element
coincide if and only if it is the case in the loop K and T'(¢~!) = T(o)~! for any
o € K holds.

Proposition 3.6 yields that a loop L(T, 1) in which for any element the left inverse
and the right inverse coincide has the right inverse property if K has the right inverse
property.

According to Propositions 3.5, 3.7, 3.8 and 3.10 a proper loop L(T, 1) which is not
the direct product K x N has neither the automorphic inverse property nor the left
inverse property nor the left alternative law as well as the flexible law.

By Proposition 3.9 a loop L(T,1) is right alternative if and only if K is right
alternative and T'(¢2) = T'(0)? for any o € K.

According to Proposition 3.14 a loop L(T, 1) is a right Bol loop if and only if K
is a right Bol loop and T(7)T(0)T () =T ((7-0) - 7) for all 7,0 € K.

4.4.1 Right Bol loops and right alternative loops. Let N be an abelian
group, let & be an involutory automorphism of IV and let K be an elementary abelian
2-group of cardinality > 2. Then the semidirect product L, = L(T,1) defined on
K x N by a non-constant function 7: K — (a) with T'(1) = Id is a proper right
Bol loop if and only if there exists no subgroup N of index 2 in K such that the
restrictions of T satisfy T\ = Id and Ty = o for x ¢ M.

This is clear since the identity T'(7)T(0)T(7) = T'(ToT) is satisfied (cf. Proposition
3.14) and T: K — (a) is a homomorphism if and only if M = Ker (T).

Let N be an abelian group and let «, 8 be two non-commuting involutory auto-
morphisms of N. Let K be an elementary abelian 2-group. We divide the set N\ {1}
into two non-empty disjoint subsets M; and Ms and define

« if o EMl,
To)=< 3 if o€ My,
Id if o=1.

The loop Lo = L(T,1) with this function T is right alternative since T'(c?) =
T(1) = Id = T(0)? for any o € K. However, L(T,1) does not satisfy the right Bol
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identity because for o € My, 7 € My one has T'(7)T(0)T (1) = faf # a =T (roT) =
T (o).

4.4.2 Groups generated by translations. Let the semidirect product L(T,1)
be an extension of a group N by a group K. The right translation g, s of L(T', 1)
is the map

0(0,s): (T,t) = (70, tT(")s): L(T,1) — L(T,1)

and its inverse is the map
Oyt (11) = (7o ! (ts™ 1T,

Since g(ms)g(l’v)gas): (1,t) +— (1,ts wT(?)s) holds one has g(ms)g(l’v)g@lﬁ) =
0(1,5-1,7()5)- Hence the group G, generated by the right translations of L(7',1)
contains a normal subgroup N, = {0(1,,); v € N} isomorphic to N. Because of
0(c,s) = 0(1,5)0(c,1) and N, = {0(1,5); s € N} one has G, = N,X, where ¥ is the
group generated by the set {0(,,1); 0 € K}. If © denotes the group of automor-
phisms of N generated by the set {T(0); o € K}, then X is the subgroup of the
direct product K x ©.

This relatively simple structure of the group G, generated by the right translations
of a loop L(T,1) allows to determine G, more precisely. So the group G, generated
by the right translations of the right Bol loop L, defined in the previous section is
the semidirect product N, x (K X (a)) = N, x ©. This group contains a subgroup
of index 2 which is isomorphic to the direct product N x K.

The left translation A, ) of L(T, 1) is the map

Nowsyt (1o)== (o7, 87Dty L(T,1) — L(T, 1)

and its inverse is the map

—1

At yi (b)) = (o7 r, s~ Tl M),

(0,8

The set Nx = {0(1,,); v € N} is a subgroup of the group G generated by the left
translations of L(7,1). One has

(U(O', S, U) = A(o’,s))\(l,v)/\(_als) : (T, t) — (7', (Svsfl)T(U_lT)t).

The mapping w(o,s,v) is equal to the element A, of Ny for a suitable w € N
if and only if the relation (7, (svs’l)T("_lT)t) = (r,w"Mt) and s,v € N for all
(7,t) € L(T, 1) holds. This is equivalent to (svs~1)T( ') = wT () or to

(34) (Svsfl)T(a_l-r) _ (Svsfl)T(a_l)T(‘r)
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for any 7 € K. The group N, is a normal subgroup of the group G, generated by
the left translations if and only if the relation (34) holds true for all o,7 € K and
s,v € N. But this is the case if and only if the mapping T is a homomorphism,

which means that L(T, 1) is a group.
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