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Abstract. In this paper we describe the structure of indecomposable nilpo-
tent Lie groups which are multiplication groups of three-dimensional simply con-
nected topological loops. In contrast to the 2-dimensional loops there is no
connected topological loop of dimension > 3 such that the Lie algebra of its
multiplication group is an elementary filiform Lie algebra. We determine the in-
decomposable nilpotent Lie groups of dimension < 6 and their subgroups which
are the multiplication groups and the inner mapping groups of the investigated
loops. We prove that all multiplication groups have 1-dimensional centre and
the corresponding loops are centrally nilpotent of class 2.
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1. Introduction

The multiplication group Mult(L) is an essential tool for the research in loop the-
ory since the structure of the normal subgroups of Mult(L) reflects the structure
of the normal subloops of L (cf. [1], [2], [3]). In [14] the authors established neces-
sary and sufficient conditions for a group K to be the multiplication group of L.
These criterions say that one can use special transversals A and B with respect
to a subgroup S of K. In these conditions the subgroup S is the stabilizer of the
identity of L in Mwult(L) and it is called the inner mapping group Inn(L) of L.
Furthermore, the transversals A and B correspond to the sets of left and right
translations of L, respectively. These criterions have been successfully applied for
finite loops (cf. [1], [2], [13]-[16]) and they can be also used effectively for connected
topological loops L having a Lie group as their multiplication group (cf. [4]-[6]).
In [4] we proved that only the elementary filiform Lie groups F,,, n > 4, are
the multiplication groups Mult(L) of 2-dimensional connected simply connected
topological loops L. In contrast to this, Proposition 2.8 shows that there does not
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exist any connected topological loop L of dimension > 3 having a Lie group with
elementary filiform Lie algebra as the group Mult(L). In [5] and [6] we analyzed
the question under which circumstances will be nilpotent or solvable Lie group
the multiplication group of a topological loop L of dimension < 3. Till now this
characterization has been resulted only decomposable nilpotent and solvable Lie
groups as the group Mult(L) of 3-dimensional topological loops with the exception
of the direct product F,, Xz F,, with amalgamated centre Z, n,m > 3. In [6] it
is also proved that all 3-dimensional simply connected topological loops L having
a solvable, non-nilpotent Lie group of dimension < 5 as their multiplication group
are centrally nilpotent of class 2.

In this paper we focused our attention on the study of indecomposable
nilpotent Lie groups as well as on the search for 3-dimensional centrally nilpotent
topological loops of class 3. In Propositions 2.6 and 2.7 we give the precise
structure of the 3-dimensional connected simply connected topological loops L and
those of the indecomposable nilpotent Lie groups which are the groups Mult(L)
of L. In particular the centrally nilpotent loops of class 3 are characterized by
Proposition 2.7 b). All groups Mult(L) have 1-dimensional centre (cf. Proposition
2.9).

In Theorems 3.1 and 4.3 we list the indecomposable nilpotent Lie groups of
dimension < 6 which are the groups Mult(L) of 3-dimensional connected simply
connected topological loops L and the subgroups of Mult(L) which are the inner
mapping groups Inn(L) of L. None of the 4-dimensional nilpotent Lie groups is
represented as the group Mult(L) for 3-dimensional loops L. Summarizing these
results we have:

Theorem Let L be a 3-dimensional connected simply connected topological proper
loop such that the group Mult(L) is an indecomposable nilpotent Lie group. Then,
one has dim(Mult(L)) > 5.

a) Mult(L) has dimension 5 if and only if it is either the direct product F3 X z F3
with amalgamated centre Z or the simply connected Lie group with 1-dimensional
centre and 2-dimensional commutator subgroup.

b) Mult(L) has dimension 6 if and only if it is either the direct product Fy X z F3
with amalgamated centre Z or a simply connected Lie group with 1-dimensional
centre and 3-dimensional commutator subgroup.

In all cases the loops L are centrally nilpotent of class 2.

Together with the main result in [6] we obtain that all 3-dimensional connected
simply connected topological loops L having an at most 5-dimensional Lie group
as their multiplication group are centrally nilpotent of class 2.

2. Preliminaries

A loop is a binary system (L,-) if there exists an element e € L such that
x =e-x = x-¢e holds for all x € L and the equations a-y =b and z-a = b
have precisely one solution, which we denote by y = a\b and x = b/a. A loop L
is proper if it is not a group.

The left and right translations A\, =y+—a-y: L — L and p, :y+—y-a: L — L,
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a € L, are permutations of L.
The permutation group Mult(L) = (A4, pa; a € L) is called the multiplication
group of L. The stabilizer of the identity element e € L in Mult(L) is denoted
by Inn(L), and Inn(L) is called the inner mapping group of L.

Let K be a group, let S < K, and let A and B be two left transversals to
S in K. We say that A and B are S-connected if a='b~tab € S for every a € A
and b € B. The core Cog(S) of S in K is the largest normal subgroup of K
contained in S. If L is a loop, then A(L) = {\;; a € L} and R(L) = {p,; a € L}
are Inn(L)-connected transversals in the group Mult(L) and the core of Inn(L)
in Mult(L) is trivial. We often use the following (see [14], Theorem 4.1 and
Proposition 2.7).

Lemma 2.1. A group K is isomorphic to the multiplication group of a loop
if and only if there exists a subgroup S with Cog(S) = 1 and S-connected
transversals A and B satisfying K = (A, B).

Lemma 2.2. Let L be a loop with multiplication group Mult(L) and inner
mapping group Inn(L). Then the normalizer Nypyury(Inn(L)) is the direct prod-
uct Inn(L) x Z(Mult(L)), where Z(Mult(L)) is the centre of the group Mult(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

t-N=N-z, (z-N)-y=x-(N-y), z-(y-N)=(z-y)-N. (1)

The centre Z(L) of a loop L consists of all elements z which satisfy the
equations zx-y=z-axy, x-yz=xy-2, xz-y=x-2y, zox =xz forall x,y € L.
If we put Zy =e, Zy = Z(L) and Z;/Z;_y = Z(L/Z;_1), then we obtain a series
of normal subloops of L. If Z,_; is a proper subloop of L but Z, = L, then L is
centrally nilpotent of class n.

Lemma 2.3.  Let L be a loop with multiplication group Mult(L) and identity
element e.

(i) Let o be a homomorphism of the loop L onto the loop «(L) with kernel
N. Then « induces a homomorphism of the group Mult(L) onto the group
Mult(a(L)). Let M(N) be the set {m € Mult(L); tN = m(z)N for all z € L}.
Then M(N) is a normal subgroup of Mult(L) containing the multiplication group
Mult(N) of N and the multiplication group of the factor loop L/N is isomorphic
to Mult(L)/M(N).

(ii) For every normal subgroup N of Mult(L) the orbit N'(e) is a normal subloop
of L and N < M(N(e)).

Proof. The main part of the assertion was proved by Albert in [1], Theorems
3, 4 and 5 and by Bruck in [3], IV.1, Lemma 1.3. It remains only to show that
the multiplication group Mult(N) of the normal subloop N is contained in the
group M (N). It is enough to prove that the transformations \,, p,, Ay L Py L for
all y € N are elements of M(N). By (1) for every y € N there exists an y € N
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such that for all € L one has \j()N = (y-z)N = (v -y )N = z(y N) = «N,
py(x)N = (z - y)N = x(yN) = N. For all y € N, z € L one has \;'(z)N =
(y\z)N = xN if and only if there exists an element y' € N such that y\z =z - ¢/
or equivalently = y-(z-y’). By the normality of N there are elements 3",y € N
such that z = (z-¢') -y = z(y' - y"). Hence with ¢y = e/y"” the last identity is
true. For all y € N, x € L one has p, ()N = (z/y)N = xN precisely if z/y is
an element of xNV, i. e. for suitable ¢ € N we have x/y = x -y’ or equivalently
x=(x-y')-y. Since N is normal there is § € N such that z =z - (v - §). With
y' = e/y the last identity is true. This proves the assertion. [ |

A loop L is called topological if L is a topological space and the binary operations
(x,y) = x -y, (z,y) = 2\y,(x,y) — y/x : L x L — L are continuous. Let G be
a connected Lie group, let H be a subgroup of G. A section o : G/H — G is
called sharply transitive, if the set o(G/H) operates sharply transitively on G/H ,
which means that for any H and yH there exists precisely one z € o(G/H)
with zaeH = yH. Every connected topological loop L having a Lie group G as
the group topologically generated by the left translations of L is obtained on a
homogeneous space GG/H , where H is a closed subgroup of G with Cog(H) =1
and o : G/H — G is a continuous sharply transitive section such that o(H) =
1 € G and the subset o(G/H) generates G. The multiplication of L on the
manifold G/H is defined by ©H xyH = o(xH)yH and the group G is the group
topologically generated by the left translations of L. Moreover, the subgroup H
is the stabilizer of the identity element e € L in the group G.

Lemma 2.4.  For any connected topological loop there is a universal covering
loop. Any 3-dimensional proper connected simply connected topological loop having
a solvable Lie group as its multiplication group is homeomorphic to R3.

Lemma 2.4 is proved in [11], IX.1 and in [5], Lemma 3.3, p. 390.

The elementary filiform Lie group F,, is the simply connected Lie group of dimen-
sion n > 3 such that its Lie algebra has a basis {e, -+ ,e,} with [e1,e;] = €41
for 2 <71 <n—1. A 2-dimensional simply connected topological loop L is called
an elementary filiform loop if its multiplication group is an elementary filiform Lie
group F,, n >4 ([5]). A Lie group is called indecomposable if its Lie algebra is
indecomposable, i.e. it is not the direct sum of two proper ideals.

Now we collect the known results about nilpotent Lie groups which are the multi-

plication groups of 3-dimensional topological loops (cf. Lemmata 3.4, 3.5, 3.6 and
Propositions 3.7, 3.8, 4.3 in [5], pp. 390-394, Theorem 11 in [1], Theorem 6 in [6]).

Lemma 2.5. Let L be a 3-dimensional proper connected simply connected topo-
logical loop such that its multiplication group Mult(L) is a nilpotent Lie group.
a) Then the centre Z of the group Mult(L) and the centre Z(L) = Z(e) of the
loop L are isomorphic to the group R™, n = {1,2}, where e is the identity of L.
b) Every 1-dimensional normal subloop N of L is a central subgroup of L.

c) The loop L 1is centrally nilpotent. Moreover, L is an extension of a 2-
dimensional centrally nilpotent loop M by the group R and also an extension
of the group N = R by a 2-dimensional centrally nilpotent loop K such that N
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15 a normal subloop of M .

d) If dim Z(L) =1 and the factor loop L/Z(L) is isomorphic to the group R* or
if dim Z(L) = 2, then L is centrally nilpotent of class 2 and the inner mapping
group Inn(L) of the loop L is abelian.

e) If dim Z(L) =2, then Mult(L) is a semidirect product of a group Q = R by
the abelian normal subgroup M = R™ m > 3, such that M = Z x Inn(L), where
R? = Z = Z(L) is the centre of Mult(L).

f) Let N be a 1-dimensional central subgroup of Mult(L), then the orbit N(e) = R
is a central subgroup of L and we have the following possibilities:

If the factor loop L/N(e) is isomorphic to the abelian group R*, then Mult(L) is
a semidirect product of a group Q = R? by the abelian normal subgroup P = R™,
m > 2, such that P = N x Inn(L).

If the factor loop L/N(e) is isomorphic to a 2-dimensional elementary filiform
loop Lz, then there is a normal subgroup S of the group Mult(L) containing N
such that the factor group Mult(L)/S is an elementary filiform Lie group JF, with
n>4.

g) The unique 4-dimensional indecomposable nilpotent Lie group Fy is not the
multiplication group of a 3-dimensional topological loop.

In the next Propositions we describe the indecomposable nilpotent Lie groups
which are multiplication groups of 3-dimensional topological loops.

Proposition 2.6.  Let L be a 3-dimensional proper connected simply connected
topological loop such that its multiplication group Mult(L) is an indecomposable
nilpotent Lie group and the centre Z of Mult(L) has dimension 2. Then L is
centrally nilpotent of class 2. The group Mult(L) has dimension at least 5 and it
is a semidirect product of a group Q = R by the abelian group M = Z x Inn(L) =
R™, m > 4, where R? = Z = Z(L). For every 1-dimensional connected subgroup
N of Z the orbit N(e) is a 1-dimensional connected central subgroup of L and the
factor loop L/N(e) is isomorphic to an elementary filiform loop Lx. The group
Mult(L) has a normal subgroup S containing N = R such that the factor group
Mult(L)/S is an elementary filiform Lie group JF, with n > 4.

Proof. By Lemma 2.5 d), e), g) one has L is centrally nilpotent of class 2,
dim(Mult(L)) > 5 and the group Mult(L) is a semidirect product as in the
assertion.

The latter part of the assertion is proved in Lemma 2.5 f) if we show that
the factor loop L/N(e) cannot be isomorphic to the group R2.

If the factor loop L/N(e) would be isomorphic to the group R?, then by
Lemma 2.5 f) the group Mult(L) is a semidirect product of a group Q = R? by
the abelian group P = N x Inn(L). As Mult(L)/P is isomorphic to R? the
commutator subgroup Mult(L)" is contained in P. Since the Lie group Mult(L)
is indecomposable Z is a subgroup of Mult(L)" and therefore Z is a subgroup of
P. As Copruyry(Inn(L)) = {1} one has Inn(L) N Z = {1}. Hence P contains
only a proper subgroup N of Z which is a contradiction. [ |
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Proposition 2.7.  Let L be a 3-dimensional proper connected simply connected
topological loop such that its multiplication group Mult(L) is an indecomposable
nilpotent Lie group with 1-dimensional centre Z . Then we get Z(e) = Z(L) = R
and the group Mult(L) has dimension at least 5. Moreover, one of the following
possibilities holds:

a) L is centrally nilpotent of class 2. Then the factor loop L/Z(L) is isomorphic
to R? and the group Mult(L) is a semidirect product of a group Q = R? by the
abelian group P =7 x Inn(L) 2 R™, m > 3.

b) L is centrally nilpotent of class 3. Then the factor loop L/Z(L) is isomorphic
to an elementary filiform loop Lz and the group Mult(L) has a normal subgroup
S containing Z = R such that the orbit S(e) is the centre of L, S induces
the sharply transitive group R on S(e) and the factor group Mult(L)/S is an
elementary filiform Lie group F, with n > 4. The loop L has a normal subloop
M isomorphic either to R* or to an elementary filiform loop Lx such that Z(e)
is a central subgroup of M, L/M s isomorphic to R and the factor loop M/Z(e)
coincides with Z(L/Z(e)). Moreover, the group Mult(L) has a normal subgroup
V' such that the orbit V(e) is the loop M, V induces an elementary filiform
group F, with n >3 on M(e), Mult(L)/V =R, V contains the inner mapping
group Inn(L) of L as well as the group Mult(M) of M and Z is a central
subgroup of Mult(M). The centre of the factor group Mult(L)/S coincides with

the multiplication group of the factor loop M/Z(e).

Proof. Lemma 2.5 g) yields that the group Mult(L) has dimension at least 5.

Applying Lemma 2.5 f) to the centre Z = R of Mult(L) we obtain assertion
a) and that the group Mult(L) has a normal subgroup S as in assertion b).
Moreover, by Lemma 2.5 b) and c) the loop L has an upper central series e <
Z(e) < M < L, where the normal subloop M of L is isomorphic either to R?
or to a loop Lz such that L/M = R, Z(e) = Z(L) is a central subgroup of M
and Z(L/Z(e)) = M/Z(e). Since M is normal in L by Lemma 2.3 the group
Mult(L) has a normal subgroup V = {v € Mult(L);xM = v(x)M for all x € L}.
Hence one has V(e) = M, Mult(L)/V = R and V contains the multiplication
group Mult(M) of M. Since the multiplication group of Z(L) is Z it is a
central subgroup of Mult(M) < Mult(L). The group Mult(L)/V operates
sharply transitively on the orbits of M in L. Hence the inner mapping group
Inn(L) is a subgroup of V. The group V induces on the orbit M(e) which
is homeomorphic to R? either the sharply transitive group R? or an elementary
filiform group F,,, n > 3. This means the group V has a normal subgroup N
such that N(e) = e and V/N is isomorphic either to R? or to F,,, n > 3. If the
factor group V/N is abelian, then N contains the commutator subgroup V’. As
the centre Z of Mult(L) is contained in V' we get a contradiction to the fact that
Z(e) = Z(L) # {e}. Therefore V does not induce on M (e) the group R*. The
multiplication group of the factor loop L/Z(e) is the factor group Mult(L)/S.
The multiplication group of Z(L/Z(e)) coincides with the centre Z(Mult(L)/S)
of factor group Mult(L)/S. As M/Z(e) = Z(L/Z(e)) the group Mult(M/Z(e))
coincides with Z(Mult(L)/S). ]
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In contrast to the 2-dimensional loops we prove that the Lie groups with elemen-
tary filiform Lie algebra cannot be the multiplication group of connected topolog-
ical loops of dimension > 3.

Proposition 2.8.  There does not exist any connected topological loop of dimen-
sion > 3 such that its multiplication group is a Lie group with elementary filiform
Lie algebra.

Proof. Assume that there exists a connected topological loop L such that
dim(L) = m > 3 with the required properties. Denote by {ej,es, - ,e,} with
le1, ;] = e;p1 for 2 < i < n —1 the basis of the Lie algebra f,, of F,. Then the
centre z(f,) of f, is the subalgebra (e,). First we assume that the inner mapping
group Inn(L) of L is abelian. The Lie algebra of the maximal abelian subgroup
of F, is the ideal i = (eq,--- ,e,) of the Lie algebra f,. As Cog, (Inn(L)) = {1}
(cf. Lemma 2.1) the Lie algebra inn(L) is a proper subalgebra with codimension
m — 1 of i which does not contain the centre z(f,) of f,. The Lie group I of the
ideal i is the normalizer of the Lie group Inn(L) of inn(L). But I contains as
proper subgroup the direct product Z x Inn(L), where Z is the Lie group of the
centre z(f,). This contradicts Lemma 2.2.

Now we suppose that the inner mapping group Inn(L) of L is non-abelian.
In Lemma 8 in [5], pp. 424-425, we have shown that any non-abelian subalgebra
of the elementary filiform Lie algebra f, must contain the centre z(f,) of f,. This
is a contradiction to the fact that Coz, (Inn(L)) = {1}. Hence the assertion is
proved. [ |

Applying Proposition 2.6 and the list of the indecomposable nilpotent Lie algebras
of dimension 5 and 6 ([7], pp. 167-168, [10], pp. 646-647) we get the following:

Proposition 2.9. If L is a 3-dimensional connected topological proper loop
having an at most 6-dimensional indecomposable nilpotent Lie group as its multi-
plication group, then L has 1-dimensional centre.

Proof. By Lemma 2.4 we may assume that L is homeomorphic to R3. We
show that the indecomposable nilpotent Lie algebras of dimension < 6 having
2-dimensional centre cannot be the Lie algebra of the multiplication group of
L. Among the 5- and the 6-dimensional indecomposable nilpotent Lie algebras
only the Lie algebras gs1, 853, Lei9(€), Leo1(e) with € = 0 and Lg,; for i =
22,23,24,25 have 2-dimensional centre (cf. [7], [10]). The Lie algebras gss,
Le19(€), Leoi(e) with € = 0 and Lg,; for i = 22,23,24 has no abelian ideal of
codimension 1. Hence these Lie algebras are excluded (cf. Proposition 2.6).

Assume that the Lie algebra of the multiplication group Mult(L) of L is either
the Lie algebra gs1 or Lgos. The centre of g5 is z(gs.1) = (e1, ea), respectively of
Lg o5 is z(Le2s) = (e5,€6). Let ny be the subalgebra (e;) of z(gs1), respectively
ny be the subalgebra (e5) of z(Lgg25). Since there does not exist an ideal s; of
g5.1 containing ny and an ideal sy of Lgo5 containing np such that the factor
Lie algebra gs1/s1, respectively Lgos/s2 is an elementary filiform Lie algebra
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of dimension > 4 we get a contradiction to Proposition 2.6. This proves the
assertion. m

3. Five-dimensional nilpotent Lie groups which are multiplication
groups of three-dimensional loops

Theorem 3.1. Let L be a connected simply connected topological proper loop
of dimension 3 such that its multiplication group Mult(L) is a 5-dimensional
indecomposable nilpotent Lie group. Then the centre Z(L) of L is isomorphic to
R and the factor loop L/Z(L) is isomorphic to R*. Moreover, the following Lie
groups are the multiplication groups Mult(L) and the following subgroups are the
inner mapping groups Inn(L) of L:

1) Mult(L); is the direct product F3 Xz F3 with amalgamated centre Z. It is
represented on R5 by the multiplication

9(611, zl,wl,ml,yl)g(qg, 22,102@2,3/2) =

9(q1 + @2 + 2129 + W1Ye, 21 + 29, W1 + Wa, T1 + Ta, Y1 + Ya).

Inn(L) is the subgroup {g(0,z,w,0,0),z,w € R}.

2) Mult(L)y is the unique 5-dimensional simply connected indecomposable nilpo-
tent Lie group with 1-dimensional centre and 2 -dimensional commutator subgroup.
It is represented on R® by the multiplication

g<x17 Y1,4q1, %1, wl).g(x% Y2, 42, 22, w2) -

2
w1q2

2
Inn(L)y is one of the groups Inn(L)e1 = {9(0,v,¢,0,0),y,q € R}, Inn(L)ss =
{9(079707270),%2 S R}

g(z1 4+ 22 + Q120 + wry2 + S+ Y2+ WG, ¢ F G2, 21+ 20, w1 + Wwe).

Proof. By Lemma 2.4 we may assume that L is homeomorphic to R3. Accord-
ing to Propositions 2.8, 2.9 and to the list of [7], pp. 167-168, the Lie algebra of
the group Mult(L) of L can be only one of the following Lie algebras:

85.4 - [62764] = €1, [63765] = €,

855 [e3,e4] = ey, [z, e5] = ey, [e3, e5] = e,

g56 - [63, 64] = €1, [62, 65] = €1, [63, 65] = €9, [64, 65} = €3.

According to the list of [7], pp. 167-168, among the 5-dimensional indecompos-
able nilpotent Lie algebras only the Lie algebra g5 5 has 1-dimensional centre and
2-dimensional commutator ideal. A linear representation of the simply connected
Lie group G4 is given in assertion 1) and that of the simply connected Lie group
G55 is represented in assertion 2). The simply connected Lie group Gsg of gs¢
is isomorphic to the linear group of matrices

w3

1 2w w—z y—zw+% ¢

0 1 w %2 T
g(qaxaya z,w) = 0 O 1 w Y ,

0 O 0 1 z

0 0 0 0 1
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where ¢, x,y,z,w € R. For i =4,5,6 the centre of G5, is Z = exp({e1)). If G5,
i =4,5,6, is the multiplication group Mult(L) of L, then the centre Z(L) = Z(e)
of L is isomorphic to R (cf. Lemma 2.5 a).

The factor algebra gs;/(e1) for i = 4,5 is different from the Lie algebra
of F;. Therefore the factor loop L/Z(e) is isomorphic to R?. According to
Proposition 2.7 a) the Lie algebra inn(L) of the inner mapping group Inn(L) of
L is a 2-dimensional abelian subalgebra of g5;, i« = 4,5, which does not contain
any non-trivial ideal of gs;.

Up to automorphisms of the Lie algebra g5, we get that inn(L) = (es, e3).
Hence one has Inn(L) = {g(0, z,w,0,0), z,w € R}. The set

A={g(q,x +y,x —2y,2,9),¢, 2,y € R}
is Inn(L)-connected left transversal in G5 4 such that A generates G54. Therefore
Lemma 2.1 yields assertion 1).

By Proposition 2.7 a) there is an abelian normal subgroup P of the
group G55 such that the factor group Gss/P = R%. The Lie algebra p of
the group P has one of the following forms: p; = (ej,es,e3 + kieq), k1 €
R, p2 = (e1,e9,e4). As (e1) is the centre of g55 we may choose inn(L) in
the following way inn(L)1,11,12,k1 = (eg + liey,e3 + kiey + laey), l1,ls,ky € R,
inn(L)Q’mm = (ea + nye1, €4 + ngeq), ny,ng € R. The automorphism «(e;) = ey,
Oé(@g) = €9 — 1161, Oé(eg) = €3 — ]{?164 — 1261, 06(64) = €4, Oé(€5> = @5 of gs55
maps inn(L),; ;. onto inn(L), = (ez e3) and the automorphism [(e;) =
er, Bles) = ex — mer, Bles) = ez — mea, Bles) = es — nger, Ples) = es
changes inn(L)me2 onto inn(L), = (es,e4). The corresponding Lie groups
are Inn(L); = {9(0,4,4,0,0),y,q € R}, Inn(L)y = {9(0,9,0,2,0),y,z € R}.
The set A = {g(z, zw + %3,2 + %Q,Z,w),x,z,w € R} is Inn(L);- and the set
B = {g(:v,qw,q,—w;,w),x,q,w € R} is Inn(L)y-connected left transversals in
Gs5. The set A and also the set B generates Gs5. By Lemma 2.1 assertion 2)
follows.

Finally, we prove that the Lie algebra gs¢ is not the Lie algebra of the
multiplication group of a 3-dimensional connected simply connected topological
proper loop L. If g5 is the Lie algebra of the multiplication group of L,
then the Lie algebra inn(L) of the inner mapping group Inn(L) of L is a 2-
dimensional subalgebra of gs¢ which does not contain any non-trivial ideal of
g56. Any 2-dimensional subalgebra of a nilpotent Lie algebra is abelian. Hence
up to automorphisms of gs¢ the following subalgebras can occur as the Lie algebra
inn(L): inn; (L) = (es, e3), inny(L) = (e2,e4). The corresponding Lie groups
are Inny(L) = {g(0,2,y,0,0),z,y € R} and Inns(L) = {g(0,,0,2,0),z,z € R}.
Arbitrary left transversals to the group Inn,(L) of G54 are

A= {g(QJ fl(QJzaw)7f2<Q7va)727w)7 q,z,w € R}7

B = {g(m7 hl(m> n>p)a h2<m7 nap)a nap)a m,n,p S R}a
respectively those to the group Inny(L) are

C ={9(q, [3(¢,y,w),y, fa(q, y,w),w), ¢,y,w € R},

D = {g(m7 h3(manap)7n7 h4<m7n7p)7p)7 m,n,p S R}7
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where f;(q, z,w), hi(m,n,p), fi(q,y,w),hj(m,n,p) : R* = R, i = 1,2, j = 3,4,
are continuous functions with f;(0,0,0) = f;(0,0,0) = 0 = h;(0,0,0) = h;(0,0,0).
The products a=b~tab with a € A, b € B are contained in Inn;(L) if the equa-
tion wn — pz = 0 holds for all w,n,p,z € R, which gives a contradiction.

The products ¢ 'd~led with ¢ = g¢(0, f3(0,0,w),0, f4(0,0,w),w) € C, d =
9(0, h3(0,n,p),n, hy(0,n,p),p) € D are contained in Innq(L) if and only if the
equations

pf4(0707w) = wh4(07nap) (2)
2whs(0,n, p) — 2pf3(0,0,w) = n(w? + 2wp) + pf(0,0,w)* — why(0,n, p)*+

1 1
£4(0,0, w)(w?p + 2n + §p3 +wp?) — hy(0,n, p)(w?p + wp* + §w3) (3)

are satisfied for all p,w,n € R. From equation (2) we obtain f;(0,0,w) = c;w
and h4(0,n,p) = c1p, where ¢; € R is a constant. Putting these into equation (3)
it reduces to

2 2
2wh3(0,n, p) —2pf3(0,0,w) = gclwgp‘l'wQ(C%er”)+w(201n+2np— §01P3—C%P2)-
(4)
Since the right hand side of (4) contains the term w?n there are no functions
f3(0,0,w) and h3(0,n,p) such that equation (4) holds and the claim is proved. =

4. Six-dimensional nilpotent Lie groups which are multiplication
groups of three-dimensional loops

Let L be a connected topological loop homeomorphic to R?® and having a 6-
dimensional indecomposable nilpotent Lie group as the group Mult(L) of L. If
L is centrally nilpotent of class 2, then one has Z(L) R and L/Z(L) = R? (cf.
Proposition 2.7 a). Moreover, the Lie algebra g of Mult(L) has an abelian ideal
p such that the factor algebra g/p is isomorphic to R?. The Lie algebra g has a
3-dimensional abelian subalgebra k which does not contain any non-zero ideal of
g and the normalizer Ng(k) of k in g is p (cf. Proposition 2.7 a) and Lemmata
2.1, 2.2).

Proposition 4.1.  Let g be a 6-dimensional indecomposable nilpotent Lie alge-
bra with 1-dimensional centre. Let p be an abelian ideal of g such that the factor
algebra g/p is isomorphic to R?. Let k be a 3-dimensional abelian subalgebra of
g which does not contain any non-zero ideal of g and such that the normalizer
Ng(k) of k in g is p. Then for the Lie algebras g, p and for the Lie algebra k,
up to automorphisms of g, we have one of the following cases:

(a) g1: [e1,ex] =e3, [e1,e3] = eq, [es,e5] = es (cf. Case Lgao in [10]). The ideals
p have one of the following forms: p11 = (ea, €3, es5,¢€6), P12 = (€2, €3, e4+kes, eg),
k€ R and ky = (eq,e3,€5) .

(b) ga: [e1,ea] = e3, le1,e3] = eq, [e1,e4] = €5, [e2,e3] = es, [e2,e5] = €6, (cf.
Case L1 in [10]), p2 = (e3, eq, e5,¢6) and ko = (e3,€4,€5).

(c) g3: le1,e2] = es3, [e1,e3] = ey, [e1,e4] = €5, [e2,65] = e (cf. Case Lgao
in [10]). The ideals ps have one of the following forms: ps1 = (es, €4, €5, €6) ,
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P32 = (e2 + kes, es,eq,66), k € R. The Lie algebras k have one of the following
forms: k371 = <€3,64,€5>, k372 = <€2 + k’€5,€3,64>, keR.

(d) gs: [e1,e2] = e3, [e1,e3] = es5, [e1,e5] = eq, [ea, 4] = €5, [es,eq] = €6, (cf.
Case L¢3 in [10]), ps = (ea, e3,e5,e6) and ky = (e2,€3,¢€5).

(e) g5: le1,ea] = ey, [e1,e3] = €5, [ea,e4] = €, [e3,65] = ceq, (cf. Case Lgag
with € = £1 in [10]), ps = (e1, €4, €5,¢6) and ks = (€1, €4, €5) .

(f) g6: le1,ea] = eq, le1,e3] = es5, [e1,e5] = es, [ea,e4] = €6, (cf. Case Lgag in
[10]), pe = (e3, €4, €5,¢€6) and kg = (€3, €4, €5).

(9) g7- [61762] = €3, [61763] = €4, [61764] = €5, [61765] = €6, [62763] = €5,
e2,e4] = €5, (cf. Case Le s in [10]), pr = (es, €4, €5,¢6) and Ky = (e3, €4, €5) .
(h) gs- [61762] = €3, [61763] = €4, [61764] = €5, [61765] = €6, [62763] = €6, (Cf

Case Lg 17 in [10]), ps = (es, €4, €5,66) and kg = (e3, €4, €5).

(Z) g9 [61762] = €3, [61763] = €4, [61764] = €g, [62763] = €5, [62a65] = :|:€6; (Cf
Case Lgoy with € = £1 in [10]), py = (€3, €4, €5,¢€5) and kg = (e3, eq, e5).

Proof. The list of the 6-dimensional indecomposable nilpotent Lie algebras g
in [10], pp. 646-647, gives that the triples (g, p,k) of the Lie algebras have the
forms as in the assertion. [

Proposition 4.2.  There does not exist 3-dimensional connected topological
proper loop L such that L s centrally nilpotent of class 2 and the Lie algebra
g of the multiplication group of L is one of the Lie algebras g;, i = 7,8,9, of
Proposition 4.1.

Proof. By Lemma 2.4 we may assume that L is homeomorphic to R3. Linear
representations of the simply connected Lie groups G; of g;, i = 7,8,9, are: For
i =7 the group G consists of matrices g(w, z,y,z,q,p) =

1 w z+w? zw—2y+%3 3:1:—2yw+w7%(+1f—; P
01 2w w? — z y—zw—l—%3 q

2
0 0 0 1 w y |’
0 0 0 0 1 z
0 0 0 0 0 1

for 1 = 8 the group Gy consists of matrices

w

4

1 w %2 z+2% 1;’—4—y3+zw P
0 1 w 5 %2 q
0 0 1 w w T

w,z,Y,2,q, - 2 ’
9(w,z,9,7,q,p) 00 0 1 2 y
0 0 O 0 1 z
0 0 O 0 0 1
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for ¢ =9 the group Gy consists of matrices

2 2 3 2

s i L b
01 0 —z Y — 2w q

gwzyrgp =] 00 v = Tl
00 O 1 w 2y
00 0 0 1 2z
00 O 0 0 1

with a = £1, w, z,y,x,q,p € R (cf. Cases 6.20, 6.19, 6.18 in [8], pp. 16-18). The
subgroup of the group G;, ¢ = 7,8,9, which can occur as the inner mapping group
Inn(L); of L is the Lie group of the Lie algebra k; given in Proposition 4.1 (g),
(h), (i). Hence in all three cases we have Inn(L) = {g(0,0,y,x,q,0),x,y,q € R}.
Arbitrary left transversals to the group Inn(L) of the groups G;, i = 7,8,9, are:

A= {g(w,z, fl(w7va)vf2<w7zvp)>f3(wvzap)7p)7 w,z,p € R},

B = {g(TrL,n,gl(M,n,u),gg(m,n,u),gg(m,n,u),u), m,n,u S R})

where fi(w,z,p) : R® = R, gi(m,n,u) : R® — R, i = 1,2,3, are continuous
functions with f;(0,0,0) = 0 = ¢;(0,0,0). We prove that none of the groups
G;, 1 = 7,8,9, satisfies the condition that for all @ € A and b € B one has
a~'b7tab € Inn(L). Therefore, the groups G;, i = 7,8,9, are not multiplication
groups of L (cf. Lemma 2.1).

With the elements

a = g(w,Z,fl('LU,Z,O),f2<w,2,0),f3(w,2’,0),0) € A7

b= g(m7 07 gl(m7 07 O)J 92(m7 07 O)J g3(m7 07 O), 0) €B
of G the products a~'b~tab are contained in Inn(L) if and only if the equation

3
—fi(w, z,0)[mz + wm? + mw* + %] + folw, z,0)[2wm + m? — mfs(w, z,0)+
w?
g1(m, 0,0)[m*w 4+ w?m + 2zm + 2zw + ?] — g2(m, 0,0)[2wm + w? + 2z]+

2,2 _ o022 3 3 4

Fwgs(m, 0,0) = m°z" —zmiw® - zwm” + zmw” zmt — (6)
2 3 12

is satisfied for all w,z,m € R. Equality (6) holds if and only if one has

f3(w7 = O) = _(Z + w2)f1<w7 Z, O) + 2’LUf2(’LU, 2y 0) + 22w + %ng and gS<m7 O? 0) =

—mZ2g;(m, 0,0) + 2mgo(m, 0,0). Putting this into equation (6) we obtain

3

3
—fi(w, z,0)[wm? + %1 +m? fo(w, 2,0) + g1(m, 0,0)[w’m + 2zm + 22w + %1—

m2z2 — zm2w2 zwm3 zm4

—g2(m, 0,0)[w? + 2z] = 5 5 T (7)
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Substituting fo(w, z,0) = w fi(w, z, 0)+w2+22+§ — %—I—hg(w, z), ga(m,0,0) =
mgi(m,0,0) + m? + jo(m) into (7) with the continuous functions hy : R? — R,
Joa : R —= R, he(0,0) = 0 = js(0), we have

m? w3 , zwm?  am?
?fl(w, 2,0)—g1(m, 0, O)[22w+?]—m2h2(w, 2) 4o (m)[w?+22] = 3 ~|—?.
4 5)
Since on the right hand side of (8) there is the term —Z%- there does not exist
functions fi(w, z,0), ho(w, z), g1(m,0,0), ja(m) such that for all w, z, m € R

equation (8) holds. This contradiction excludes the group G7.

Taking the elements
c= 9(07 Z, f1(07270)7 f2(072,0)7 f3(07270)70) € Aa

d= g(m,n,gl(m,n,0),g2(m,n,O),gg(m,n,O),O) € B

of Gg the products ¢™'d~'ed are contained in Inn(L) if and only if the equation

zm* m3f1(0,2,0) m?f2(0,2,0) m(2% — f3(0,2,0))
8 12 1 ° »

is satisfied for all z,m,n € R. As the right hand side of (9) does not depend
on the variable n so is the left hand side. Therefore one has f;(0,2,0) = cz,
g1(m,n,0) = cn, ¢ € R. But there are no functions f5(0,z,0), f3(0,z,0) such
that the equation

nf1(0,z,0)—zg1(m,n,0) =

g zmt_emt mfa(0,2,0)  m(=? — f3(0,2,0)
48 12 4 2

holds for all z, m € R. This contradiction excludes the group Gs.
The products e~! f~lef of the elements

€= g(wa 2y fl(w7 2, 0)7 f2(w7 2 O)a f3(w7 Z, 0)7 O) S A7
f - g(m, n, gl<m7 n, 0)7 92(m7 n, 0)7 93(m7 n, 0)7 0) €B
of G are contained in Inn(L) if and only if with a = 1 the equation

3
fi(w, z,0)(2wm + 3an® + 3azn + m?) — fo(w, z,0)m + %fg(w, z,0)—

3
—g1(m, n,0)(2wm + 3anz + 3az* + w?) + ga(m, n, 0)w — %gg(m, n,0) =
2 2 3 5, 2m’ —nw’

(z = n)(w*m + wm?) — awn’ — amz +T (10)
is satisfied for all w,z,m,n € R. Equation (10) holds if and only if one has
fz('LU,Z,O) = 2wf1(wa270) — 2w® — (123, fg(w,Z,O) = _QZfl(wwzaO) - %aw37
g2(m, n,0) = 2mgi(m,n,0) — m*n — an®, gs(m,n,0) = —2ng;(m,n,0) — sam?®.
Putting this into equation (10) we obtain

fi(w, z,0)(3an® + m?) — g1(m,n,0)(3az* + w?) = zwm? — wnm. (11)
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As on the right hand side of (11) there is no n* and z* we have fi(w,z2,0) =
b(3az? +w?), gi(m,n,0) = b(3an® + m?), where b € R is an arbitrary constant.
Substituting this into (11) we get the contradiction that for all z,w,n,m € R one
has 0 = zwm? — nmw?. This excludes the group Gy. |

Theorem 4.3. Let L be a connected simply connected topological proper loop
of dimension 3 such that its multiplication group Mult(L) is a 6-dimensional
indecomposable nilpotent Lie group. If L is centrally nilpotent of class 2, then
the following Lie groups are the multiplication groups Mult(L) and the following
subgroups are the inner mapping groups Inn(L) of L:

1) Mult(L)y is the direct product F, Xz F3 with amalgamated centre Z the
multiplication of which is given by g(uy,y1,x1, w1, 21, q1)g(Uz, Yo, Ta, Wa, 22, ¢2) =

2
UY2
g(u1 + ug, y1 + Yo, T1 + T2 + WrY2, w1 + Wa, 21 + 22, ¢1 + G2 + U1 T2 + 17 + wy 22).

Inn(L); is the subgroup {g(0,y,x,0,z2,0),z,y,z € R}.
2) The multiplication of Mult(L)s is given by

9w, 21, y1, 21, D1, 1) g (W2, 22, Yo, T2, P2, G2) = g(w1 + wa, 21 + 22, Y1 + Yo + w122,

wizy w;

5 D1+ P2, @1+ Qo+ 201 T2+ (Wi — 21) Y2+ (p1+y1 — 21ws + —-) 22).

3
Inn(L)s is the subgroup {g(0,0,y,x,p,0),z,y,p € R}.
3) The multiplication of Mult(L)s is given by

T1+To —|—w1y2—|—

g(w1, 21, y1, 21, D1, 1) g (W2, 22, Yo, T2, P2, @2) = g(w1 + wa, 21 + 22, Y1 + Yo + w122,

w222 w2y2 w3
1+ To +wiYs + 12 yDP1+ P2, q1 + @2 + wize + 12 + (p1 + #)Zﬂ

Inn(L)s is one of the subgroups Inn(L)sy = {¢(0,0,y,2,p,0),z,y,p € R},
Inn(L)s2 ={9(0,z,y,2,kz,0),z,y,2 € R}, k € R.
4) The multiplication of Mult(L)y is given by

9wy, 21, y1, 21, D1, 1) g(W2, 22, Y2, T2, P2, G2) = g(w1 + Wa, 21 + 22, Y1 + Yo + w122,

2 2 3

wy w1 wy
1+ T2 +wiys + (p1 + 7)22,1?1 + P2, 1 + @2+ Yo (p1 + ?) +wq (22 + 20p1) + 22F>

5) The multiplication of Mult(L)s is given by
9(z1, y1, w1, 21, q1, p1)9(22, Y2, Wa, T2, G2, D2) = (21 + 22, Y1 + Y2, w1 + wo,

T+ To + w122, @1 + @2 +W1Y2, p1 + D2+ Y1G2 + 2122 + (Y11 — 1)y + (1w — 1) 22).

6) The multiplication of Mult(L)g is given by

g(z1,y1, w1, 21, q1, P1)g(T2, Y2, Wa, 22, @2, D2) = g(x1 + T2, Y1 + Y2, w1 + wo,
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T1W2 — W1 — Y1W2 — YW1 T1Wwg + Tow — Y1W2 + YoWr
2 » 41 + qo — 2 )

p1+p2+ (21— Y1) (22 + q2) — wiws — (21 — q1) (@2 + ¥2)).

z1+ 29+

7) The multiplication of Mult(L)7 is given by

g(w1, P, 21, Y1, @1, 1) g(W2, P2, 22, Y2, @2, T2) = g(wy + wa, p1 + P2, 21 + 22,
U)%ZQ

2

).

Y1 + Y2 + w122 + p1P2, q1 + G2 + WiP2, T1 + To + WiY2 + P21 +

Inn(L);, i =4,5,6,7, is the subgroup {¢(0,0, z,v,q,0),2,y,q € R}.

The multiplication groups Mult(L);, i =2,---,7 are precisely the 6-dimensional
simply connected indecomposable nilpotent Lie groups with 1-dimensional centre
and 3-dimenstonal commutator subgroup.

Proof. As dim(Mult(L)) = 6 by Proposition 2.9 we get that Mult(L) has 1-
dimensional centre and hence the simply connected loop L has also 1-dimensional
centre Z(L) = R (cf. Theorem 11 in [1]). Since L is centrally nilpotent of class
2 it follows from Propositions 4.1, 4.2 that the pairs (g;, k;), ¢ = 1,---,6, in
Proposition 4.1 can be occur as the Lie algebras of the group Mult(L) and the
subgroup Inn(L) of L. According to the list of the 6-dimensional indecomposable
nilpotent Lie algebras g in [10], pp. 646-647, precisely the Lie algebras g;,
t = 2,---,6, in Proposition 4.1 have 1-dimensional centre and 3-dimensional
commutator ideal. Linear representations of the simply connected Lie groups of
g; are given in this order by the direct product Mult(L); = F4 Xz F3, by the
matrix groups Mult(L), = Gg15 in [8] (p. 15), Mult(L);s = Ge17 in [8] (p. 16),
Mult(L)y = Gge in [8] (p. 16), Mult(L)s = Geia with a = 1 in [8] (p. 15),
Mult(L)g = Gg14 with a = —1 in [8] (p. 15), Mult(L); = Gga3 in [8] (p. 14).
Using these linear representations the Lie groups of the Lie algebras k; are the Lie
groups Inn(L);, i =1,---,7, of Theorem 4.3. The set

Ay = {g(u,v*, u,w,w, q),u, w,q € R}, respectively

1, 1, W
Ay ={g(w, z,wz, —3% + FW2 =5 = 2wz, q),w, z,q € R}
is Inn(L);-, respectively Inn(L)y-connected left transversal in Mult(L);, respec-

tively in Mult(L)s. The set

2 3

A3,1 = {g(w> Z, Wz, %7 _%7 q)>w7 zZ,q € R},respectively
w? wt w?lp W’

Az = - — 5 T R

3,2 {g(wap+ 3 7wp+ 6 ) 9 + 12ap7Q)7p7Q7w€ }

is Inn(L)s1-, respectively Inn(L)sq-connected left transversal in Mult(L)s. The
set

w? 9 w? 9 2wd WP
— AW — —/, W+ —/— —

— R
5 5 3 12,q), w, z,q € R},

Ay =A{g(w, z, zw —
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2 zy —yz — 23 —y 23+y3—2y2—y22
2 ’ 2

AS - {g(Z Y, y -z 7p)7 Zayape]R}>

As ={9(z,y,9° + 7%, 2,y,p), z,y,p € R}, A7 = {g(w,p,w*,w*0,2), w,p,x € R}

is in this order Inn(L);-connected left transversal in Mult(L);, i = 4,5,6,7.
Moreover, for all ¢ = 1,---,7, the set A; generates the group Mult(L);. Hence
Lemma 2.1 is satisfied for all these transversals and the theorem is proved. ]

5. 3-dimensional loops L with 6-dimensional indecomposable
nilpotent multiplication groups have nilpotency class 2

Proposition 5.1.  Let g be a 6-dimensional indecomposable nilpotent Lie alge-
bra with 1-dimensional centre z. Let s be an ideal of g such that z <'s and the
factor algebra g/s is an elementary filiform Lie algebra f,, with m > 4. Let v be
a 5-dimensional ideal of g such that g’ < v and s < v. Let k be a 3-dimensional
subalgebra containing no ideal # 0 of g with the properties k < v, dim(kNs) =1
if z# s, otherwise kN's =0, v has an ideal n with n <k, v/n=f, m > 3.
I) There does not ezist any subalgebra i = f,,, m > 4 such that z < i < v,
dim(kNi) > 2, i complements n in v and the centre of g/s is isomorphic to the
factor algebra i/(iN (k ® z)).

II) Assume that g has a subalgebra i = R? such that z <i < v, k complements
i in v and the centre of g/s is isomorphic to i/z. Then the Lie algebra g coin-
cides with g7 in Proposition 4.1 and up to automorphisms of g the subalgebra k
is k = (eq, e3,¢€5).

Proof.  Applying the list of [10], pp. 646-647, we get for the pairs (g,s) the
following;:

(a) go in Proposition 4.1 and s = (e5 + key, e6), k € R.

(b) g3 in Proposition 4.1 and s = (e5 + key, €g), k € R.

(c) g: [e1,e2] = e3, [e1,e3] = eq, [e1,e4] = e5, [ea,e3] = €5, [e2,e5] = eg,
[63 ] = —€g, (Cf Case L6 14 in [].0]) and s = <€5,€6>.

(d) g7 in Proposition 4.1 and s = (es, eg) .

(e) g: |e1,ea] = e3, [e1,e3] = ey, [e1,6e4] = €5, [ea,e5] = €5, [e3,e4] = —eg (cf.
Case L6716 in [10]) and s = (es, eg) .

(f) gs in Proposition 4.1 and the ideal s is either sg; = (es5, eg) or sga = (eg).
(g) 8o+ in Proposition 4.1 and the ideal s is either sg1 = (e5, €) or S92 = (€4, €6) -
In all cases (a) till (g) the centre z of the Lie algebra g is (eg). In cases (a) till
(e) the centre z(g/s) of the filiform factor algebra g/s is isomorphic to (ey).
For i = {8,9} the centre of g;/s; 1, respectively of g;/s; is isomorphic to (e4),
respectively to (es). In all cases (e4) and (es) are in the commutator ideal g’ of g.
The subalgebra k does not contain any proper ideal of g and with the exception
of sgo the intersection k N's has dimension 1. Hence in cases (a) and (b) the
element e; + key + aeg € s, in cases (c) till (f) the element e; + aeg € s, in case
(g) either the element es + aeg € sg; or the element e4 + aeg € S92, a,k € R, is
contained in k.

In all cases (a) till (g) there are two ideals v of g with codimension 1 such that
g <vands<v: vy = (eg+ley ez eq,e5 6, L € R, and vy = (eg, €3, €4, €5, €6) .
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For the subalgebras i and k of g having the properties as in I) we obtain:

In cases (d) and (f) the Lie algebra i coincides with v;; and the Lie algebra k
has the form kj, 1,;, = (e3 + lieg, €4 + laeg, e5 + lseq), [; € R, i = 1,2,3. The
factor algebra vy ;/(k @ z) is isomorphic to (e; + les), [ € R. In cases (a), (b),
(g) the Lie algebra i < vy, is i = (ey, e3, €4, €5) with the Lie brackets [e1, e3] = ey,
le1, e4] = eg, [ = 0, and the Lie algebra k coincides with k;, 5, ;,. The factor algebra
i/(in (k@ z)) is isomorphic to (e;). In case (g) for the Lie algebra i we obtain
also the possibility i = (eq,e3,€5,65) < vy with the Lie brackets [es, e3] = e5,
[ea, e5] = teg and the subalgebra k is kg, 4,1, . The factor algebra i/(in(k®z)) is
isomorphic to (es). Since (e; +les), I € R, (e1), (e2) are not in the commutator
ideal of g the factor algebra i/(iN (k@ z)) is not isomorphic to the centre of g/s.
This proves assertion I) of the proposition.

Now we seek for the subalgebras i and k of g having the properties as in II).

In cases (a), (b), (g) the factor algebra vy;/n = vio/(es + lseq), I3 € R is
isomorphic to (ey,e3,e4,¢6) = f4. In cases (d) and (f) the factor algebra vy ;/n is
v1,;. In these cases the Lie algebra i has the form i; = (eg, e1) and the Lie algebra
k; coincides with ki, ;,;,. The factor algebra i/z is isomorphic to (e;).

In case (b) the factor algebra vo/n = va/{es + lieg, eq + laeg), L1, € R is
isomorphic to (e, 5, e6) = f5. Hence for the subalgebra i < vy we get iy = (€2, €5)
and ko = kg, 4, 1,. The factor algebra i/z is isomorphic to (es).

In cases (c¢) and (e) for the factor algebra v;;/n we obtain v;o/{e5) which is
isomorphic to (es,er,es,e5) = f4. The subalgebra i < vy has the form i3 =
(eg,e3) and ks coincides with k,,, ,, = (e1 + nieg, €4 + noeg, €5), n1,n2 € R. The
factor algebra i/z is isomorphic to (es).

In case (d) the factor algebra vo/n = va/(es + ases + aiey, €5 + areg) for some
aj,as € R is isomorphic to (eq, ey, e6) = f5. The subalgebras i < vy and k < vy
have one of the following forms:

iy = (es,€6), ki = Ka a5,04,00 = (€5F 166, 3+ 266+ a164, €2+azes+ageq), a; € R;
is = i3 and ks = Kq, 45.05,04 With a1 # 0;

ig = iy and for the Lie algebra k we get the following possibilities: kg1 = ki,
k6’2 = <€5, €4 + l2€6 + ag€2, €3 + 116(,'), (45} 7& 0.

In case (f) the factor algebra vo/n = vy/(eq + aseq, €5 + areq), aj,az € R is
isomorphic to (es,e3,e¢) = f3. The subalgebras i and k of v, have one of the
following forms: i; = i3 and k7 = (e5 + ajeq, €4 + aseq, €2 + azeg + bses),

is = iy and kg = ky, 4,4, In case (g) the factor algebra vo/n = vy/(es + ageg) is
isomorphic to (es, e3,e5,e6) = f;. For the subalgebra i of vy we get iy = iy and
the Lie algebra kg coincides with k;, 5, ;.. For i; and iy the factor algebra i/z is
not isomorphic to z(g/s) because (e;) and (es) are not in the commutator ideal
of g. In cases (c) till (f) the factor algebra ig/z is not isomorphic to z(g/s). In
case (d) the factor algebras is/z, z(g/s) are isomorphic to (ey).

Using the automorphism v(eg) = €5, Y(es5) = €5 — areq, y(es) = e4 — ajes + ateg,
y(es) = es—ajeqt+aes—(as+ad)es, Y(ea) = ea—ajes—ages+ajazes —(az+aga?)eg,
y(e1) = e — (as + ai)es + (ajas + as + ai)es of g; the Lie algebra Ky, ay.a5.0, 15
reduced to k = (es, e3, €5), which proves the assertion II). ]

l2,l3 5

Theorem 5.2.  There does not exist any 3-dimensional connected topological
proper loop L such that L is centrally nilpotent of class 3 and the multiplication
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group Mult(L) of L is a 6-dimensional indecomposable nilpotent Lie group.

Proof. By Lemma 2.4 we may assume that L is homeomorphic to R*. As L
is centrally nilpotent of class 3 by Proposition 2.7 b) the factor loop L/Z(L) is
isomorphic to an elementary filiform loop L. Moreover, L has a 2-dimensional
normal subloop M isomorphic either to a loop Lz or to the group R%. If M = Lz,
then the Lie algebra mult(L) of the multiplication group Mult(L) of L and the
Lie algebra inn(L) of the inner mapping group Inn(L) of L satisfy the same
conditions given in Proposition 5.1 I) for the Lie algebra g and the subalgebra k.
If M = R?, then mult(L) and inn(L) have the same properties as g and k in
Proposition 5.1 II). Therefore the pair (g,k) in Proposition 5.1 II) can occur as
the pair (mult(L),inn(L)) of L. In Proposition 5.1 we have i = mult(M).

The simply connected Lie group G of g is isomorphic to the matrix group (5)
(cf. Case 6.20 in [8], p. 18) and the Lie group of inn(L) = (es, e3,e5) is
Inn(L) = {9(0,2,y,0,q,0),2,y,q € R}. Arbitrary left transversals to the group
Inn(L) of the group G are:

A= {g(wafl(wwxap)a fg(w,x,p),:U,fg(w,x,p),p),w,m,p € R}a
B = {g(m,gl(M,n,T),gg(m,n,T),n,g3(m,n,7“),7“),m,n,7" S R}?

where f;(w,z,p) : R® — R, g;(m,n,r) : R® - R, i = 1,2,3, are continuous
functions with £;(0,0,0) = 0 = ¢;(0,0,0). The set {a~'b"tab;a € A,b € B} is
contained in Inn(L) if and only if the following equations are satisfied:

2

fl(w, x,p)m -0 (m’ n, r)wz

0= 5 + (fi(w,z,p) — g1(m,n,r))wm+
+ga(m,n,r)w — fo(w,x,p)m (12)
3f1(w, :c,p)(m?2 +wm) — 3 fo(w,x,p)m = 3g1(m,n,7’)(w72 +wm) — 3ga(m,n, r)w

(13)
7ﬂ(fl(u% xap)a f2(w7 xap)a gl(m> n, T)a 92<m7 n, 7“), m, w) = me - w2n + 2zwm—

—2nwm + 2xg1(m,n,r) — 2f1(w, x,p)n + wgs(m,n,r) — mfs(w, x,p), (14)

where r(fi(w,x,p), fo(w, z,p), g1(m,n,r), go(m,n,r), m,w) are the terms which
depend on fi(w,x,p), fo(w,z,p), g1(m,n,r), g2(m,n,r), m, w. To satisfy equa-
tion (12) it is necessary that we have fo(w,z,p) = fi(w,z,p)w, ga(m,n,r) =
gi(m,n,r)m. Putting these forms of the functions fy, go into (12) it is re-
duced to 0 = fl(w’x’p)mtgl(m’"’ﬂw. This yields that fi(w,z,p) = fi(w) = cw?,
gi(m,n,r) = gi(m) = em?, ¢ € R. Therefore we get fo(w,z,p) = fo(w) = cw?
and gx(m,n,r) = go(m) = em3. Using these forms of the functions f;, ¢;, i = 1,2,
both sides of equation (13) are the same. Putting these forms of the functions f;,
gi, © = 1,2, into (14) we obtain that the left hand side of (14) depends only on
the variables m, w. Hence the right hand side is independent of the variables

n, x, p, r. This is the case precisely if one has ¢ = —% and f3(w,z,p) = 2zw,
g3(m,n,r) = 2nm. Hence the right hand side of (14) is 0, but the left hand side is
equal to 7(m,w) = m3w? + 3 (wm —wm®) — :(2w*m? +w?m*) which is different

from 0. This contradiction proves the assertion. |
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