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Introduction

Quasigroups and loops have been considered as research objects first in the
course of geometric examinations. Loops have been studied intensely since
the beginning of the last century. A quasigroup is a set £ together with a
multiplication * : £ x £ — £ whose multiplication table is a latin square.
This means that every element occurs exactly once in each row and column
of the multiplication table. A loop is a quasigroup which contains an identity
element.

Loops allow us to study structures with a possibly non-associative multiplica-
tion. Such structures occur frequently in algebraic applications. For example,
projective planes cannot in general be coordinatized over a field or even a
skew-field but over an algebraic structure called ternary ring. Such a ternary
ring in turn gives rise to two different loops, see for example the notes of Peter
Miiller and Gabor P. Nagy in [MN].

Those loops in which the multiplication is associative are called groups and
play a fundamental role in characterising symmetries in nature and science.
They are important in physics and crystallography where they are used to
determine symmetries of objects as well as to deduce further properties of
these objects from the knowledge of their symmetries. Also in mathematics
groups play an important role; thus group theory is an essential and highly
active research area in modern algebra. In 1981 the classification of the finite
simple groups was completed. Since all finite groups are built up from finite
simple groups, many new results in finite group theory have been proven using
this classification.

Loops also arise in the study of groups since the natural multiplication on
transversals of subgroups of a group forms a loop. In [Bae39] and [Bae40]
Reinhold Baer considered this relationship between loops and groups in his
examinations on nets. This connection has been rephrased in terms of category
theory by Michael Aschbacher in [Asc05]. In particular, he introduced the
terms loop folders and envelopes of loops. Here the envelope of a loop is,
among all loop folders associated to a fixed loop — in a certain sense — the
smallest one. Hence it is possible to resort to group theory in order to answer
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questions in loop theory. For exact definitions and background theory we refer
at this point to Chapter 1.

In addition to the examination of general loops also loops with special proper-
ties have been research objects. For example, Edgar G. Goodaire and Daniel
A. Robinson introduced in [GR82] the term of a conjugcy closed loop (CC
loop). They proved that for almost every integer n there is a non-associative
CC loop of order n. Further, CC loops play a crucial role in [Dra01] in the
proof of Ales Drapals theorem, that the groups PSL(2,¢) and 2B3(q) are not
multiplication groups of non-associative loops. In [Dra08] Ales Drépal deter-
mines the isomorphism type (generators and relations) of the multiplication
group of a CC loop of order pips where p; and ps are distinct primes with
p1 | (p2 —1). A generalization of CC loops are left conjugacy closed loops re-
spectively right conjugacy closed loops (LCC loops respectively RCC loops).
Again, Ales Drapal shows in [Dra04] that the LCC loops of prime order are
cyclic groups. This result is proven with loop theoretic methods. An analogous
result holds for RCC loops.

This thesis considers RCC loops. As observed by Reinhold Baer groups can
be used to describe loops via loop folders. A loop folder consists of a group,
a subgroup and a transversal for the subgroup and the loop can be recovered
from this data. For the examination of RCC loops in this thesis we will
employ group theoretic methods, i.e. questions on RCC loops will be answered
by examining RCC loop folders. Since — contrary to loop theory — group
theory is a well established area in algebra, we have been able to answer open
questions on RCC loops by this method.

The aim of this thesis is to establish basic results on RCC loop folders. For
example, we show that although for an arbitrary non-associative loop of or-
der n the right multiplication group of the loop might be the symmetic or
alternating group on n letters this is not true for RCC loops. Their right
multiplication groups are smaller. Further, we design an algorithm to com-
pute envelopes of non-associative RCC loops and show how to construct non-
isomorphic, non-associative RCC loops systematically from these envelopes of
RCC loops. Moreover, we show that there is no RCC loop folder with the
group PSL(2, ¢). In particular, the right multiplication group of an RCC loop
is not a subgroup or a factor group of the group PSL(2,¢). Analogously to
Ales Drapal examinations of LCC loops of prime order and of CC loops of
order p1ps where p; and psy are distinct primes we examine RCC loops of these
orders. But we examine such RCC loops with group theoretic methods. By
this strategy new results on the structure of the right multiplication group of
such RCC loops have been obtained.

This thesis is divided into four chapters. In Chapter 1 we give the definitions
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of loops and loop folders and show basic properties of these objects. Further,
we explain the relationship between loops and loop folders. In Chapter 2
we define and examine RCC loops and RCC loop folders. Since the finite
simple groups are so important in finite group theory we examine here i.a. the
relationship between RCC loop folders and finite simple groups. Moreover,
we give a group theoretic proof of Ales Drapal theorem that an RCC loop
of prime order is a cyclic group. In Chapter 3 we present an algorithm to
compute RCC loops by computing their envelopes. With this algorithm all
non-associative RCC loops of order up to 30 are computed. A database with
these RCC loops has been complied and is now available in the open source
computer algebra system GAP, via the package Loops by Gabor P. Nagy and
Petr Vojtéchovsky. For more information about GAP see [Gap| and for more
information about the package LOOPS see [NV15]. In Chapter 4 we examine
the RCC loops of order pips where p; and po are distinct primes. We show
that the right multiplication group of such an RCC loop is an imprimitive
group. Moreover, in the case p;1 = 2 and p2 an arbitrary prime we give an
infinite series of right multiplication groups of non-associative RCC loops of
order 2po.
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Chapter 1

Loops and loop folders

This chapter provides an introduction to the concepts of loops, envelopes of
loops and loop folders. In the first section loops, loop homomorphisms, mul-
tiplication groups of loops and the envelope of a loop are defined and some
properties of these objects are derived. The second section considers loop
folders and their properties. In the third section we emphasize the relation-
ship between loops and loop folders. Because loop folders are group theoretic
objects, it is possible to prove loop theoretic propositions with known group
theoretic statements.

The definitions and theorems are adopted from [Asc05] and [Pfl90]. Further,
[K(j?] considers multiplication groups of quasigroups in his diploma thesis,
where he also gives a concise account of loops, their multiplication groups and
loop folders.

1.1 Loops and their envelopes

(1.1) Definition (Quasigroup and loop)
A non-empty, finite! set Q Wi‘Eh a binary operation x : Q@ x Q@ — @ is called a
quasigroup, if for any fixed ¢, ¢ € Q the equations

zxl =10 and E*y:g

have unique solutions z,y € Q. This amounts to saying that the multiplication
table of @ is a Latin square.

A quasigroup L is called a loop, if there is an identity element of L, i.e. there
is an element 1, € £ with

Lxlp=0=1,x¢ forall e L.

In this case, the left, respectively the right, inverse of an element ¢ € L is the
uniquely determined element x, respectively y, in £ with

xxl =17 respectively fCxy = 1.

'In this thesis all quasigroups, loops and groups are finite.
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Notice that although every element in a loop has a left and a right inverse,
generally they are not equal. If the loop is associative, equality holds and the
loop is a group.

(1.2) Example
Let £:={1,...,5} and * : £L — £ with

* |11 2 3 4 5
111 2 3 4 5
212 3 4 5 1
313 5 1 2 4
414 1 5 3 2
515 4 2 1 3

Then (L, *) is a loop with identity element 1, = 1. We have
4%x2=1=2x%5,

so the left and right inverse of 2 are not equal. Further we have
(2%2)x3=1 and 2% (2x%3)=>5.

It is an easy computation to show that all loops of order less than five are
associative. Hence L is one of the smallest examples of a non-associative loop.

(1.3) Definition (Isomorphims of loops)
A loop homomorphism ¢ between loops (£, *) and (K,0) isamap ¢ : L — K
that satisfies

(xxy)p = (zp) o (yp) forall z,y € L.

A loop isomorphism is a bijective loop homomorphism.

(1.4) Lemma ([Pfl90, Sec. (1.7)])
Let (L, %) and (K, 0) be two loops and ¢ : L — K a loop homomorphism. Then
we have: (1z)p = 1.

Proof. Note that (1z)po (1) = (1c*1c)p = (12)p and (1z)pole = (1z)¢.
Since the equation (12)p oy = (12)¢ has a unique solution in K we have

(1p)p = 1k. U
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(1.5) Example
Let £ :={1,...,5} and o : K — K with

ol 1l 2

171 2

Tt |
= W Ot | Ot

2 1
3 2

[
— Ot N e W W

2|2
313 5
414 3
5|5 4

(K, 0) is a loop isomorphic to the loop (£, *) of Example (1.2). Identifying the
sets £ and K, a loop isomorphism is given by the permutation ¢ = (2 3)(4 5).

(1.6) Definition (Multiplication groups)
Let £ be a loop and z € £. We define R, to be the right multiplication by z
and L, to be the left multiplication by z as follows:

Re: L= L0 Cxzx, L.: L= Ll xxl.

Set Rp :={R, | # € L} and Ly := {L, | z € £L}. Then R, and L, are
subsets of the symmetric group Sym(L). We define the right multiplication

group RM(L), the left multiplication group LM(L) and the multiplication group
M(L) of L as subgroups of Sym(L) by:

RM(L) := (Rg), LM(L):= (Lg), M(L):= (Rg,Lg).
Notice that for a group G (which is also a loop) we have RM(G) = G.

Let £ be a loop and z,y € L be two arbitrary elements of £. Let £ be the
uniquely determined element with x % £ = y. Then we have xR, = y. Hence
the right multiplication group RM(L) acts transitively on L.

(1.7) Example
In Example (1.2) we have: RM(L) = LM(£) = M(£) = Sym(5).

(1.8) Lemma ([Pfl90, Th. (II1.2.7)])
The (left/right) multiplication groups of isomorphic loops are isomorphic.

Proof. Let (L£,*) and (K, o) be two isomorphic loops and ¢ : £L — K a loop
isomorphism. Then we have for all z,y € K:

1

zoy= (ot xyp .
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Therefore we have for arbitrary fixed y € K and for all z € K:
Ry =xo0y
= (zp ™t xyp Ty
= ((‘T‘p_l)Rygo_l)SO
= x(goflRW_mo).

1

Hence Ry, = ¢ 'R, ,~1¢ € Sym(K) for all y € K. Since ¢ is bijective we have
Ric = ¢~ 'Reep.
For g € RM(L) set g® := o~ tgp. Write
g=RyRy,...Ry,, lieLlyic{l,...,n}
Then

¢ g0 =0 'Reep 'Re... 07 'Ry, 0 € RM(K).
—_—— N Y

Rk €Rx €Rx

So @ is a map between RM (L) and RM(K). Clearly ® is a group homomor-
phism and & is bijective. Hence the right multiplication groups of £ and K
are isomorphic.

Analogously, we have L, = 4,0_1Lw71g0 for all z € K and so the left multipli-
cation groups of £ and K are isomorphic. Finally the multiplication groups
are isomorphic. ]

(1.9) Definition (Envelope of a loop)
Let £ be a loop with identity element 1,. We define the envelope Le of L as
the triple (RM(L), Stabrai(z)(12), Re)-

Note that in this definition the first entry, RM(L), is generated by the last
entry, R, of this triple. However, later we will give a more general definition
of a loop folder as a triple where this property no longer holds.

(1.10) Lemma ([Asc05, Example (1.2)])
Let L be a loop and consider the envelope Le of L. Set

G :=RM(L), H :=Stabrn)(lz) and T := R,
i.e. Le =(G,H,T). Then T is a right transversal for every HY, g € G.

Proof. For an arbitrary element g € G let R;, R, € T for some z,y € L be
such that R,, R, lie in the same right coset of HY in G, i.e.

Rngjl = g thg for some h € H.

Set ¢ := (1z)g. Then ¢g~'hg = ¢ and so ERIR?Il = (. Hence we have
{xx =/{x*yin L. Because of the uniqueness of a solution of an equation in £
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we have x = y and so R; = Ry. Thus T' contains for every g € G at most one
element of every right coset of HY in G.

Since H is the stabilizer of 1z in RM(L) the length of the orbit orb(1,) of 1,
is equal to the index of H in G. Further, since G acts transitively on £, we
have |orb(1.)| = |T'|. Hence [G : H9] = [G : H] = |T| and T contains for every
g € G exactly one element of every right coset of H9 in G. O

1.2 Loop folders

In this section we define loop folders as a generalization of envelopes of loops.
We also consider isomorphisms of loop folders and define faithful loop folders.
The envelope of a loop is a faithful loop folder and this is one of two necessary
properties to characterize a loop folder to be the envelope of a loop.

(1.11) Definition (Loop folder)

A triple (G, H,T) is called loop folder, if G is a finite group with identity
element 1g, H is a subgroup of G and T is a transversal for the right cosets
of every HY, g € GG, with 1g € T.

We call the loop folder trivial if |[H| =1 or |T| = 1.

(1.12) Corollary
The envelope Le of a loop L is a loop folder.

(1.13) Example
Let (G, H,T) be with G = Sym(5), H = Stabg(1) & Sym(4) and

T={0,(12354),(13)(245),(14325),(15342)}
Then (G, H,T) is the envelope of the loop of Example (1.2).

(1.14) Definition (Homomorphisms of loop folders)
A loop folder homomorphism ® between two loop folders (Gy, Hy,T1) and
(G2, Hy,T3) is a group homomorphism ® : G; — G2 that satisfies

Hi® <H;, and T19 CTs.

The loop folder homomorphism & is called surjective, if G1® = G2 and
T1® =T5. Further, if the group homomorphism ® is bijective, the loop folder
homomorphism ® is called a loop folder isomorphism.

(1.15) Remark

Let ® be a loop folder isomorphism between two loop folders (G, Hy,T1) and
(GQ,HQ,TQ). Then we have |H1‘ < |H2‘ and |T1| < ’Tg’. Since ‘Gly = ‘GQ’
and |Hy| - |T1| = |G1| as well as |Ga| = |Hsa| - |T3], we have H1® = Hs and
o =T,.
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(1.16) Lemma ([Asc05, (1.3)])
Let L and K be two isomorphic loops and ¢ : L — K a loop isomorphism. Let
(G,H,T) := Le be the envelope of L. Then we have ¢~ Gy < Sym(K) and

(¢~ G, o™ Hop, o ' Tp) = Ke.
Proof. In the proof of (1.8) we have already shown that
d:G — RM(K),g+— ¢ lgp
is a group isomorphism with T® = Rx. So it remains to show that
H® = Stabgyi)(1k)-
Let h € H, i.e (1z)h = 1¢. Because ¢ is a loop homomorphism, we have
(1z)p = 1x and
L (h®) = 1x(¢ ™ he) = 1e(he) = (12)p = 1.

Hence we have h® € Stabryi(x)(1x) for all h € H. Since @ is a bijective map,
we have

[H| = |[H®| < [Stabrac)(1)| = [RM(K)|/[Ric| = |G|/|T| = |H]
and thus H® = Stabgryi(x)(1x)- O

(1.17) Definition (Faithful loop folder)

Let (G,H,T) be a loop folder. The group G acts via right multiplication on
the right cosets {Ht |t € T} of H. This action is transitive. The loop folder
is called faithful if the induced homomorphism ¢ : G — Sym({Ht |t € T}) is
injective.

Recall that the core of a subgroup H of a group G is defined as the intersection
of all conjugates of H, i.e.

Coreg(H) = ﬂ HY.
geG

(1.18) Lemma ([Asc05, Remark (1.1)])
The loop folder (G, H,T) is faithful if and only if Coreq(H) = {1g}.

Proof. By definition (G, H,T) is faithful if and only if Htx = Ht for all t € T
implies x = 1. This is true if and only if

()t 'Ht = {1¢}.

teT

Since for every g € G there exist h € H and t € T with g = ht this is equivalent
to {1¢} = Nyeq H? = Coreq(H). O
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(1.19) Lemma ([Asc05, Ex. (1.2)])
The envelope of a loop is a faithful loop folder.

Proof. Let L be aloop and (G, H,T') be its envelope. The statement is trivial
for £L={1.}.

So suppose |£[ > 1. By Lemma (1.18) we have to show that (| cq H? = {1}
Let g # 1g be an arbitrary element of G. Then there is x € £ with zg # =z.
Furthermore there is § € G with (12)g = z, as G acts transitively on L. So

12(§ggg ) =2(95 ") #2251 =1,

and hence ggg—' ¢ H. So g ¢ g~ 'H§j and since Coreg(H) < §~'Hg we have
g ¢ Coreg(H). O

1.3 The relationship between loops and loop folders

The class of all loop folders together with all loop folder homomorphisms
forms a category LF as does the class of all loops together with all loop
homomorphisms, named Lp. In this section we define a functor A from LF to
Lp and show that (Le)A = L for all loops L.

The map ¢ is not a functor from Lp to LF as we will see in an example.
Consider the wide subcategory Lp, of Lp with all loops as objects and all
surjective loop homomorphisms as morphisms. We will show that ¢ is a functor
from Lp, to LF.

Generally ((G,H,T)\)e is not isomorphic to the loop folder (G, H,T) as we
will see in an example. Further, we show how to construct the envelope of
(G,H,T)\ from (G,H,T) and characterize the loop folders which are en-
velopes of a loop to be exactly the faithful loop folders (G, H,T') with G = (T').
The class of these loop folders together with the surjective loop folder homo-
morphisms form a category EL. The functors € and A provide an equiva-
lence between the categories LPs and EL. Hence for all faithful loop folders
(G,H,T) with G = (T') we have ((G,H,T)\)e = (G,H,T).

(1.20) Lemma ([Asc05, Ex. (1.4)])

Let (G, H,T) be a loop folder. Define a multiplication * on T by t1 x ta = t3
where t3 is the uniquely determined element in Htito NT. Define a map A by
(G,H,T)A = (T,*). Then (G,H,T)\ is a loop.

Proof. Since T is a transversal for the right cosets of H there is exactly one
element t3 with Hts = Ht ity for given t1,to € T. Thus the multiplication * is
a binary operation.

For any fixed t3,f3 € T consider the equation x * to = t3 and suppose this
equation has two solutions in T, say ¢; and t}. Then Htits = Ht|ts and hence
Ht, = Ht). Since T is a transversal for the right cosets of H we have t; = t].
Now consider for any fixed t1,t3 € T the equation t1 * z = t3. Suppose this
equation has two solutions in T, say to and t,. Then Htity = H tlté and so
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(H")ty = (H")t,. Because T is also a transversal for the right cosets of H"
and ta,t5 € T we have ty = t5,.

Finally 14 is the identity element of the loop because 1g xt =t =t * 1g for
allteT. O

(1.21) Lemma ([Asc05, (1.5)])
Define the map A from the category LF to the category Lp for a loop folder
(G,H,T) by (G,H,T)\A = (T, %) as in Lemma (1.20) and by P\ = ®|r for a

loop folder homomorphism ®. Then A is a functor.

Proof. Let (G1,H1,T1) and (Gg, H2,T») be two loop folders and
®: (G1,Hy,T1) = (Go, Ha, 1))

a loop folder homomorphism. Then we have H1® < Hs and T7® C Tb.
Consider the loops (T, ) := (G1, H1, T1)A and (T, 0) := (Ge, Ha, T5)\ and
set p 1= PA = PD|p,.

First we show that ¢ is a loop homomorphism between (77, *) and (T3, 0):
Let x,y € T1. Then x * y is the uniquely determined element ¢, in Hixy NT}.
Set tg :=t1p = t1P € To. We have (Hizy)® C Hy(2®)(y®P) and so

to € HQ(.%(I))(:I/‘I)) NTh.

We have (z¢) o (yp) = (x®) o (y®) and since (zP) o (yP) is the uniquely
determined element in Hy(z®)(y®) N T5 = {t2} we have

(zxy)p =tip=1ta = (2p) o (yp)

and ¢ is a loop homomorphism.
Further for loop folders (G1, H1,Th), (G2, H2,T2), (G3, Hs,T3) and loop folder
homomorphisms

O : (G1,H1,Th) — (Go, He, 1), Y :(Ge, Hy,To) — (Gs, Hs, T3)
and the composition [ of maps we have to show first that

(Idg,)A = (Idr,)
and second that

(eOVAN=( OV =, 0¥, =220 VA

But the first equation is trivial and the second holds since (77)® C 7. Thus
A is a functor. O
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(1.22) Theorem ([Asc05, (1.7)])
Let L be a loop. Then (Le)X = L.

Proof. Cousider (L, *) and (Rz,0) = (L&) as loops. Then the map
p: L= (L)X, x— Ry

is a loop homomorphism:
Let z,y € L. Then

1(ReRy) = (12Re)Ry = (I xz) xy =wxy = 12 % (2 +y) = 12Rouy.
Hence we have (Rny)R;}y € Stabgyi(z) (1) and thus

StabRM(ﬁ) (1£)RmRy = StabRM(ﬁ) (15)Rx*y.

Therefore we have R, o Ry = Ry, and it follows that (z *y)p = zpoyp. The
multiplication table of £ is a Latin square, so ¢ is bijective and thus a loop
isomorphism. O

(1.23) Lemma
[Asc05, (1.3)] Define the map e from the category Lp, to the category LF by

Le = (RM(L), Stabry(c)(12), Re)

as in Definition(1.9) and for a surjective loop homomorphism ¢ : L — K by
pe:=(®:Le = Ke,Ry, ... Rz, = Rayo - Rapg)-

Then € is a functor.

Proof. We first show that & is well defined:
Let &1,...,%Zm,¥y1,-..,Yr € L such that Ry, ... Rs,, = Ry, ... Ry, in RM(L).
Then we have for all £ € L:

(oo ((xxy)*xa). ) kxm = (.. (Cxy1) *xy2)...) * Yy
It follows that

((..((lxxp)*x2)..)*kxm)p=((.. ((Lxy1) *y2)...) *yr)p.
Since ¢ is a loop homomorphism we have

(...((bpozxip)ozap)...)oxmp = (...(Lpoyrp)oyap)...) © Yrip.
Since ¢ is surjective this implies

(...(koxrp)oxap)...)oxmp = (...((koyip) oyap)...) o yrp
for all k € K. Hence we get

Rurg - Rape = Ry - Ry
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and so ® is well defined.

Clearly @ is a group homomorphism and R/® C Rg.

We have to show that (Stabryi(z)(12))® C Stabryx)(1x). Since ¢ is a loop
homomorphism, we have 1xc = (12)¢. Let Ry, ... Rq,, € Stabryg)(12). Then
we have

T

15 K1) KT) . ..) % TP
1e)poxip)omxap)...) o Tmp
( L o z1p) 0 T2p) ...) © Tmip
1K)Ra1g - - - Rapno

(
(
((
= (-
(-
= (

Thus we have (Stabrai(z)(12))® C Stabramk)(1x) and @ is a loop folder
homomorphism.

Clearly we have (Idg)e = Idg.. Let ¢ : L — K and ¢ : K — M be two
surjective loop homomorphism and ® = @e resp. ¥ = te. Then we have

(Stabrat(z)(12))® € Stabrai(x)(1x) respectively
(Stabr(ic) (1)) ¥ € Stabraag (1m)

and
(Rg)® C R respectively (Ri)¥ C Rg.

Hence we clearly have for the composition [ of two maps

e DYe = 0OV = (p Oy)e. O

The previous lemma shows that ¢ is a functor from the category Lp, to the
category LF. As we mentioned in the introduction of this section ¢ is not a
functor from the category Lp to the category LF. The next example demon-
strates this.

(1.24) Example

Let £ be the loop of Example (1.2) and (L', 0) be the cyclic group with two
elements (which is also a loop). We set L' = {a, b} where a denotes the identity
element of £’. Since the right multiplication group of a group is isomorphic to
this group we have RM(L') = £’. As a set we have RM(L') = {Rq,Rp}. By
Example (1.7) we have RM (L) = Sym(5). We identify RM(L) and Sym(5).
The map

o: L =L, a1, b3

is a loop homomorphism. Clearly ¢ is not surjective and hence not a morphism
in Lp,. Consider ® := pe : RM(L') — RM(L). We have

D Ra0—>R1:(), Rb'—>R3:(13)(245).
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Further the equation RyR;, = R, holds in RM(L'). But
(RyRy)® = (13)(2 4 5)(13)(245) = (25 4) £ () = (Rq)®.

Hence @ is not a group homomorphism and ¢ is not a functor from the category
Lp to the category LF.

Let (G1,H1,T1) and (Ga, Ha,T) be two loop folders. Note that in general
(G1, H1, Th)\ = (Ga, Ha, T2)A does not imply (G1, H1,T1) = (G2, H2,T3). In
particular a loop folder (G, H,T') need not be isomorphic to the envelope of
(G, H,T)\. The next example will demonstrate this. Finally, we show how to
construct the envelope of (G, H,T)\ from (G, H,T).

(1.25) Example
Let (G, H,T) be a loop folder. In general we have (G, H,T) % ((G, H,T)\)e:
Set

G=((23)4657),(123)(57))
H=((123),(567),(12)(47)(56))
T = {t1,t2,t3,t4,t5,t6}
with
t1=1()
to=(567)
ts=(475)
ty=(12)
t5=(12)(567)
te = (12)(4

A quick computation with GAP shows that (G, H,T) is a loop folder with
|G| = 144. Let (T, %) := (G, H, T)A. The multiplication table of (T, *) is given
by:

t1 |t1 to ts3 tg ts g
to | to t6 ty t5 t3 t

ty | t4 t5 t6 t1 12 t3
ts | t5 t3 t1 to tg t4
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We have RM(T') = (Ry,,...Ry,) and a quick computation with GAP shows
that |[RM(T')| = 24. Note that ((G, H,T)\)e = (RM(T), Stabrai(ry(1c), Rr)
hence there is no group isomorphism between G and RM(T') and so there is
no loop folder isomorphism between (G, H,T') and ((G, H,T)\)e.

Recall the notation for the right cosets of a subgroup U in a group G:
U\G:={Ug | g € G}.

For any subset M of G we define U\M :={Um | m € M} C U\G. Let N be
a normal subgroup of G. For the factor group we use the common notation
G/N.

(1.26) Theorem ([Asc05, Ex. (1.6)])
Let (G,H,T) be a loop folder and N = Coreq(H). Set

G=G/N, H=N\H, T=N\T.
Then (G, H,T) is a faithful loop folder with (G, H,T)\ = (G, H, T)\.

Proof. Since N is a normal subgroup of G we have that G is a group and since
N < H we have that H is a subgroup of G. Further, since 1¢ € T, we have
lg € T. Thus (G, H,T) is a loop folder if T is a transversal for the right cosets
of H9 € G for every g € G.

Fix g € G and choose g € G with Ng = g. Consider t1,# € T with #;, ' € HY.
Then Ntit,' = (Nh)9 for some h € H, hence t1t,' € (Nh)9 C HY. But T is
a transversal for the right cosets of HY in G and hence t; = t5. This implies
t1 =t and T contains at most one representative for each right coset of HY.
Assume now that t; = t5. Then there is an n € N < H with nt; = t» but this
implies t; = t2. So |T| = |T| and the map |7 : T — T is a bijection. We have

- Gl _IGl INl _ |Gl
== =

Hence T is a transversal for the right cosets of H9 in G.

By Lemma (1.18) (G, H,T) is a faithful loop folder.

The map |7 : T — T is a loop homomorphism between (T, %) := (G, H,T)\

and (T, 0) := (G, H,T)\:

Let t1,t3 € T. We have

{tl *tz} = Htqto NT = f_fflt_g NT = {51 Ofg}.

Since 7|7 : T — T is bijective it is a loop isomorphism. O
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(1.27) Example
For the loop folder (G, H,T') in Example (1.25) we have

N := Coreg(H) = ((1 2 3)).

So (G, H,T) is not faithful. Set
G=G/N, H=N\H, T=N\T.

By Theorem (1.26) the loop folder (G, H,T) is a faithful and
(G, H,T)\= (G, H,T)\ = (T, %)

as in Example (1.25). A quick computation with GAP shows that |G| = 48.
Since we have [RM(T')| = 24 the loop folder (G, H,T) is not isomorphic to the
envelope of (T ).

(1.28) Theorem ([Asc05, (2.3)])

Let (G, H,T) be a loop folder. Set G = (T) and H :== HN(T). Then (G, H,T)
is_a loop folder with (G,H,T)\ = (G,H,T)\. If (G,H,T) is faithful, then
(G,H,T)\ is faithful, too.

Proof. Fix g € G < @G and consider t1,to € T with t1t2_1 € H9. Then
tltgl € HY because H < H. But T is a transversal for the right cosets of HY
in G and so t; = tg.

Further we have

@ = DL _KDIED]_ 6] _

“tEn - e

So (G, H,T) is a loop folder. o
Set (T, %) := (G,H,T)\ and (T,0) := (G, H,T)\. We have:
ty xty = t3 < Htito = Hiy

& titaty € H
& titaty ' € HN(T)
& hitatzt € H
& Htits = Hty
Sty oty = t3. O

(1.29) Example
Let (G, H,T) be as in (1.25) and (G, H,T) as in (1.27). Set
T

G:=(T), H:=Hn(T), T:=T.

We have G = (T) and by Theorems (1.26) and (1.28) we have

1

(G H,T)A= (G, H,T)\ = (G, H,T)A = (T, %).
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Since (G, H,T) is faithful, the loop folder (G, H T) is faithful, too. A quick
computation with GAP shows that |G| = 24. So G might be isomorphic to the
right multiplication group of (G, H,T)\.

We want to show that (G, H,T') is isomorphic to the envelope of (G, H,T)A.
Set £ = (G, H,T)\. We compute with GAP if there is a group isomorphism
®: G — RM(L) with H® = Stabgy(z)(12) and T® = Rz. The computation
in GAP, see [Gap], looks like follows:

gap> LoadPackage ("loops");;

gap> G:=Group([(2,3)(4,6,5,7),(1,2,3)(5,7)1);;
gap> H:=Group([(1,2,3),(5,7),(1,2)(4,7)(5,6)]1);;
gap> T:=[(0 ,(5,6,7),(4,7,5),

> (1,2),(1,2)(5,6,7),(1,2)(4,7,5)]1;;

gap> L:=LoopByRightFolder (G,H,T);;

gap> RM:=RightMultiplicationGroup(L);;

gap> RMH:=Stabilizer (RM,1);;

gap> RMT:=RightSection(L);;

gap> N:=Core(G,H);;

gap> h:=NaturalHomomorphismByNormalSubgroup (G,N);;
gap> bG:=Image(h,G);;

gap> bH:=Image(h,H);;

gap> bT:=Image(h,T);;

gap> tT:=bT;;

gap> tG:=Group(tT);;

gap> tH:=Intersection(bH,tG);;

gap> ForAny (AllHomomorphisms (tG,RM),

fa o]

> psi-> Image(psi,tG)=RM and

> Image (psi,tH)=RMH and
> Image (psi,tT)=RMT );

true

Hence the loop folder (é, H , f) is isomorphic to the envelope of (G, H,T)\.

Let (G, H,T) be aloop folder and £ = (G, H,T')\. The previous two theorems
showed that the image £ under A is invariant under passing from G to the
factor group by Coreg(H) and under restricting G to (T'). The following
theorem combines these two processes and shows how to construct the envelope
of (G,H,T)\ for an arbitrary loop folder (G, H,T). But first we prove a
technical lemma which we will use in the proof of this theorem.

(1.30) Lemma

Let (G,H,T) be a loop folder and (T,*) = (G, H,T)\. Further let z as well
as ti,...t, be elements of T. Then the element (((z *t1) *xt2)...) x t,, is the
uniquely determined element of Hxty ...ty N'T.

Proof. We show by induction that H((((x % t1) *xt3)...) * t,) = Haty...t,
By definition this is true if n = 1. So suppose that the equation is true for
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n—1>1andset s:= (((zxt1)*tz)...)*t,—1. Then we have

Def. Ind.
=

H(sxt,) = Hst, = (Hs)ty Haxty...ty—1)ty, = Haty .. . t,. d

(1.31) Theorem ([Asc05, (1.7)])
Let (G, H,T) be a loop folder, N := Coreg(H) and G = G/N. Then:

(G, H,T)\)e = ((T), HN(T),T).

Proof. Let (T, ) = (G, H,T)\ and set (G, H',T") := ((G, H,T)\)e. Then we
have 7" = {R; | t € T} C Sym(T), G’ = (T") and H' = Stabgr(Ry,,). Further
set

oG — <T>, Rtl---Rtn '—)Ntltn

First we show that ® is well defined:
Let R¢, ... Ry, =Rs, ... Rs,, € G'. Then we have for all z € T"

(((xxty)*ta)...)xty = (((m*xs1)*52)...) % 5.

We want to show that Nti...t, = Nsi...Smn. Let g € G and choose x € T
with Hg = Hz. By Lemma (1.30) the previous equation implies

Hxty...t, = Hrs1...Sy.
Thus

giletl oty = gilﬂxsl ...Sm
and hence

g 'Hgty ...ty =g "Hgsi...5m.

Since g was an arbitrary element of G it follows that Nti...t, = Nsi...8n
as N = (,eq HY. )

Clearly @ is a group homomorphism. We have (T")® = T, hence ® is surjec-
tive.

To show that ® is injective assume there are t1,...,%t,,81,...,8n € T with

Ntl...tn :Nsl...sm.
Since N is a normal subgroup of G and N < H we have for all z € T":

Hxty...t,=HNuxty...t, = HxNty...t, = HrNsi...Sp

=HNzs1...89, =Hzxs1...5m.
Thus, by Lemma (1.30), for all z € T the equation

(((xxty)*ta)...)xty = (((x*xs1)*52)...) %5
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holds. Hence Ry, ... Ry, =Rg, ... R

R, -
Finally we show (H')® = H N (T): Consider b’ € H'. Choose t,...t, € T
with " = Ry, ... Ry,,. Then we have

lg=1gh = ((1g *t1) *t2)...) * ty = (((t1 * t2) % t3)...) * ty.
So we have
H=Hlg=Ht;...t,

and thus ¢;...t, € HN(T). Hence h'® = Nt;...t, € HN(T). Since ® is

bijective and H(T) = G we have
(D)I/ITI = |G'|/IT') = |H'| = |(H")®| < |H N (T)|
=[O - [H|/|HT)| = [T)| - |H[/|G] = (D)/IT|

and thus (H')® = H N (T). O

~

(1.32) Remark

Let £ be a loop. Among all loop folders (G, H,T) with (G,H,T)\ = L
the envelope of £ is the smallest one, i.e. the only one (up to isomorphism)
that is faithful and satisfies G = (T'). Thus, for such a loop folder, we have
((G,H,T)\)e = (G,H,T). Hence the functors € and A provide an equivalence
between the categories LP, and EL.

Finally we show that for a loop folder (G, H,T') where T is a subgroup of G the
loop (G, H,T)\ is associative and hence a group. Further we show that the
right multiplication group RM(L) of a non-associative loop £ is non-abelian
and that the envelope Le of a loop £ is a non-trivial loop folder.

(1.33) Lemma

Let (G,H,T) be a loop folder and T < G be a subgroup of G. Then we
have (G,H,T)\ = (T,-) as loops where - denotes the multiplication in G. In
particular the loop (G, H,T)\ is associative and hence a group.

Proof. By definition we have (G, H,T)\ = (T, *) where t; * t5 is the uniquely
determined element in Hti1to NT. Since T' < G we have for all t1,t9,t3 € T

tikty =ty Htitg = Htz & titat; '€ HNT={lg} & tita =t3. [

(1.34) Lemma

Let L be a loop and (G,H,T) be the envelope of L. Suppose G is abelian.
Then G = L. Hence the right multiplication group of a non-associative loop is
non-abelian.

Proof. Since (G, H,T) is the envelope of £ we have Coreq(H) = {1g} by
Lemma (1.19). If G is abelian we have H = Coreg(H) = {1} and therefore
T = G. By Lemma (1.33) we have £ =T = G and L is associative. O
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(1.35) Remark

Let £ be a loop and (G, H,T) be the envelope of L. Suppose (G, H,T) is a
trivial loop folder. Then we have T'= {15} or T'= G. Hence T' < G and by
Theorem (1.22) and Lemma (1.33) the loop L is a group.

On the other hand the envelope of a group G is isomorphic to (G,{1g}, G)
and hence a trivial loop folder. Thus the envelope of a loop is a trivial loop
folder if and only if the loop is a group.
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Chapter 2

RCC loops and RCC loop
folders

This chapter is divided into four sections. The first section provides an in-
troduction to right conjugacy closed loops and right conjugacy closed loop
folders. The second section considers right conjugacy closed loop folders and
simple groups. In the third section we give a new proof of a known result
of Ales Drépal (see [Drda04]): A right conjugacy closed loop of prime order is
associative. In the fourth section we prove some necessary technical lemmas.

2.1 RCC loops and RCC loop folder

(2.1) Definition (RCC loop, LCC loop, CC loop)

A loop L is called right conjugacy closed (RCC), left conjugacy closed (LCC)
or conjugacy closed (CC) if the set Rz, the set Ly or both (see Chapter 1,
Definition (1.6)) are closed under conjugation, respectively. Le. forall x,y € £
we have

R,'R R, € Ry or/and L 'L,L, € L,.

(2.2) Example
Let £:={1,...,6} and * : £L — £ with

S Ot e W N

(=2 N N C N \V]

g oY W e =

N = O Ot e W W

W N = Oy Ot |

= W NN ROy O Ot
= Ot DD W O | O
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We have Ry = {R4,...,Re} and Ri,R3,R5 € Z(RM(L)). Further, the conju-
gacy class of Ry in RM(L£) is given by

R,™(£) — {Ry, Ry, Re}.

As a union of RM(L)-conjugacy classes the set Ry is RM(L£)-invariant and
hence also Rg-invariant. So £ is an RCC loop.

In fact £ is one of the smallest examples of a non-associative RCC loop. Later
we show that all RCC loops of prime order are associative so there is just one
RCC loop of order five: the cyclic group Cyc(5).

(2.3) Definition (RCC loop folder)
A loop folder (G, H,T) is called right conjugacy closed (RCC) if the transversal
T is G-invariant under conjugation, i.e. g~'tg € T for all g € G,t € T.

(2.4) Lemma
Let (G,H,T) be an RCC loop folder. Then (G,H,T)\ is an RCC loop. Fur-
ther, if L is an RCC loop then Le is an RCC loop folder.

Proof. By Lemma (1.20), (G, H,T)\ is a loop. So we have to show that for
any fixed t1,to € T there is t3 € T with Rt_llRmRtl =Ry, € Ry Let ty,t2 € T
Since T¢ = T there is t3 € T with tfthtl =t3. Let x € T. Then (zxty)*t; is
the uniquely determined element in Hxtot; NT and (x *t1)*t3 is the uniquely
determined element in Hxt1t3 N'T. Since tot; = t1t3 we have for all z € T

(x*tg) xt] = (x*11) * t3.

So Ry, Re, = Ry, Ryy, ice. R 'Ry, Ry, = Ry,
Clearly the envelope of an RCC loop is an RCC loop folder. O

The next lemmas and remarks give some basic properties of RCC loop folders,
which we will require in our study of RCC loops and their envelopes.

(2.5) Lemma
Let (G, H,T) be an RCC loop folder. Then T is a transversal for the left cosets
of H in G. Hence (G, H,T~') is also an RCC loop folder.

Proof. Let ¢ € G. Then there are h € H and s € T with ¢ = hs. Set
t:=hsh™'. We have t € T and

g =hs = (hsh ' )h =th € tH.

Hence T is a transversal for the left cosets of H in G. Thus 7! is a transversal
for the right cosets of H in G and (G, H,T~!) is an RCC loop folder. O
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Notice that the proof of the last lemma only requires that the set T is H-
invariant. However, since we are interested in RCC loop folders, we formulated
the lemma for this case. The next remark shows a general construction method
for RCC loop folders.

(2.6) Remark

Let G be a group and denote the derived subgroup of G by G’. Let H < G be
a subgroup of G with H N G’ = {1g} and let S C G with 15 € S be a right
transversal of HG' in G. Set T := G'S. Then we have

T| = |G- 18| =|G"|- |G : HG'] = |G| - |G|/(|H||G"]) = [G : H].
Additionally, for arbitrary g € G there are s € S, v € G’ and h € H with
g = (hz)s = h(xzs) € H(xs)

and xs € T. Hence T is a transversal for the right cosets of H in G.
Further, we show that T is G-invariant: Let t = zs € T with 2 € G’ and
s € S. Then we have for arbitrary g € G and y := [g,t7']:

g Hg=g gt =yt = (yz)s € G's C T.

Thus, (G, H,T) is an RCC loop folder.

A G-invariant right transversal 7= G'S can be a subgroup of G. In this case
T is a normal subgroup of G and by Lemma (1.33) the loop (G, H,T)\ =T
is associative. However, there might be G-invariant right transversals of H
which are not of the form G’S, where S is a right transversal of HG’ in G.

The following statement is an unpublished lemma of Gerhard Hi8.

(2.7) Lemma
Let (G, H,T) be an RCC loop folder. Then Ng(H) = H - Cg(H).

Proof. Let g € Ng(H) < G. There are h € H and t € T' with g = ht. Since
h € Ng(H) we have t € Ng(H). For all h € H we have

(hth™Yt~ ' = h(th~1t1) € H.
—— —_————
€T €H

Since hth~! and ¢ are two elements of 7" which lie in the same right coset
of H they are equal, i.e. hth™!' = t. Thus t 'ht = h for all h € H. Hence
teCg(H)and g=ht € H-Cg(H). O

(2.8) Remark
Let (G,H,T) be an RCC loop folder. As T' is G-invariant, 7" is a union of
conjugacy classes of G. Let {1g} = C1,C4,...,Cy, be the conjugacy classes
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of G. For a suitable numbering there is a k € {1,...,m} with T' = Ule C;.
In particular we have

k k
(G:H] =|T|=>|Ci|=1+)"|Ci.
=1 =2

This is often useful to show that there is no RCC loop folder (G, H,T) for a
fixed group G. See for example Section 2.2.

Recall that all loops of order less than five are associative. The right multipli-
cation group of an associative loop is isomorphic to the loop. So in general®
the right multiplication group of an associative loop £ is much smaller than
the symmetric group Sym(£) or the alternating group Alt(L).

However the right multiplication group of a non-associative loop £ may be the
whole symmetric group Sym(£) as we have seen in Example (1.7). Moreover,
see [DK89], there are also non-associative loops whose right multiplication
group is the alternating group Alt(£). For a non-associative RCC loop this is
not possible as we see in the next lemma.

(2.9) Lemma
Let L be a non-associative RCC loop. Then RM(L) is a proper subgroup of
Sym(L) not equal to Alt(L).

Proof. Since L is non-associative we have |£| > 5. Suppose that RM(L) is
equal to Sym(L) or Alt(L). Set
G :=RM(L), H :=Stabgms)(lz), T :=Rg.

Then the envelope of L is given by (G, H,T). We know that T is a union of
conjugacy classes of G with 1¢ € T and |T| = |£|. By [Con, Lemma 5.1] we
also know that the non-trivial conjugacy classes of Sym(£) and Alt(L£) have
size at least |£|. In view of (2.8), this is a contradiction. O

2.2 RCC loop folder and simple groups
Recall that a loop folder (G, H,T) is trivial if |T'| = 1 or |H| = 1. In this

section we examine the following conjecture:

(2.10) Conjecture
Let (G, H,T) be a non-trivial RCC loop folder. Then G is not simple.

Although the above conjecture concerns arbitrary RCC loop folders we can
reduce it to envelopes of RCC loops:

If the order of the loop is at least four.
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Let £ be an RCC loop and (G, H, T') a non-trivial loop folder with (G, H, T)\ =
L. Suppose G is simple. Since N := Coreq(H) < G we have N = {15} and
since (T') < G we have (T') = G. By Remark (1.32) we have (G, H,T) = Le.
So conjecture (2.10) is equivalent to:

(2.11) Conjecture
Let £ be an RCC loop. Then RM(£) is simple if and only if £ is a group and
hence £ = RM(L).

In this section the conjecture is proved for the alternating groups Alt(n) with
5 < n < 18, all sporadic simple groups and the group PSL(2,¢q), ¢ a prime
power. For this we apply a lemma about the class multiplication coefficients
of conjugacy classes of G which contains elements of H.

Recall the definition of the class multiplication coefficients, see [Isa06, Theorem
(2.4) and Problem (3.9)]

Let G be a group and let C,C5,C3 be conjugacy classes of G. Then the
corresponding class multiplication coefficient is defined for a fixed c3 € C3 as

CmC(Cl,CQ,Cg) = |{(01,CQ) | c1 € 01,62 S 02,0162 = C3}|.

This definition is independent of the choice of ¢g3 € Cs3. It is possible to
calculate the class multiplication coefficients from the ordinary C-character
table of G by

e x(en)x(e2)x(ez!)
cme(Cq, Co,C3) = 1] Z o) 3

x€EIrre (G)

for fixed ¢; € Cj, 1 = 1,2, 3.

For the alternating groups Alt(n) with 5 < n < 18, the sporadic simple groups
and for the groups PSL(2, q) the C-character tables are known and in most of
these cases we can calculate the class multiplication coefficients with GAP or
CHEVIE. For more information about GAP see [Gap] and for more information
about CHEVIE see [Gec+96]. But first we prove the following lemma about
the class multiplication coefficients. For an element x of a group G we denote
the conjugacy class of = in G by z¢.

(2.12) Lemma
Let G be a group and H < G be a subgroup of G. Let U be a union of conjugacy

classes of G with 1g € U. Then U contains at most one element of each right
coset of H in G if and only if

cme(C1, Cy YY) =0
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for all conjugacy classes C1,Cy CU and h € H \ {1g}.
In particular, if (G, H,T) is an RCC loop folder then we have for all conjugacy
classes C' of G with C CT':

cme(C,C7 L h%) =0
forallh € H\ {1g}.

Proof. Fix two conjugacy classes C1,Cy C U. By definition we have for some
h € H\ {lg} that cmc(Cy,Cy ', hY) # 0 if and only if there are elements
c¢1 € Cy and ¢y € Cy with ¢jc; ' = h. Hence we have for some h € H\{1g} that
cmc(Cl,C'Q_l,hG) # 0 if and only if there are ¢y € C;1 C U and ¢3 € Cy C U
with Hep = Hes. So U contains at most one element of each right coset of H
in G if and only if cme(Cq, Cy 1 h&) = 0 for all conjugacy classes Cy,Cy C U
and h € H\ {lg}. O

Consider an RCC loop folder (G, H,T'). The following criterion allows us to
reduce the number of conjugacy classes we need to consider for constructing
T, by eliminating some conjugacy classes which cannot possibly lie in T'.

(2.13) Remark
Let G be a group and C a conjugacy class of G with

cme(C,C71, D) #0

for all conjugacy classes D # {1} of G. Then there is no RCC loop folder
(G, H,T) with C C T.

Now we show that there is no non-trivial RCC loop folder (G, H,T) with
G isomorphic to a sporadic simple group or an alternating group Alt(n) for
5 < n < 18. Before proving the theorems we first show explicitly for the case
of the Mathieu Group Mj2 how we use Remark (2.13) to prove that there
is no non-trivial RCC loop folder (G, H,T) with G isomorphic to Mjs. This
illustrates the idea of the proof.

(2.14) Example

The Mathieu Group on twelve points M5 is provided in GAP as
AltlasGroup("M12").

The group Mi5 has 15 conjugacy classes with GAP names
la, 2a, 5a, 10a, 3a, 6a, 2b, 4a, 8a, 4b, 3b, 8, 11a, 11b, 6b.

Let C be a non-trivial conjugacy class of Mi2. We calculate the class multipli-
cation coefficient cme(C, C~1, D) for all non-trivial conjugacy classes D of Mo
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with GAP. The next table lists all non-trivial conjugacy classes C' of Mio for
which a non-trivial conjugacy class D of Mis exists with cme(C,C~1, D) =0
in column one and all of these conjugacy classes D in column two.

C |D
2a | 10a, 8a, 3b, 8b, 11a, 11b, 6b
2b | 2a,10a, 6a, 8a, 8b,11a,11b

4a | 2a
4b | 2a
3b | 10a

Suppose there is a non-trivial RCC loop folder (G, H,T') with G = Mjs. By
Remark (2.13) only the conjugacy classes 2a,2b,4a,4b and 3b are potential
subsets of T'. The next table lists the sizes of these conjugacy classes.

class

2a‘2b‘4a ‘4b ‘3(}

size ‘ 396 ‘ 495 ‘ 2970 ‘ 2970 ‘ 1760

Hence there are 23 possibilities for the length of T'. Since 1,s,, is an element
of T' we have

IT| e { 397, 496, 892, 1761, 2157, 2256, 2652,
2971, 3367, 3466, 3862, 4731, 5127, 5226,
5622, 5941, 6337, 6436, 6832, 7701, 8097,
8196, 8592 1.

But all these possibilities do not divide the order of Mjs. So there is no
non-trivial RCC loop folder (G, H,T) with G = M;s.

(2.15) Theorem
Let (G,H,T) be a non-trivial RCC loop folder. Then G is not a sporadic
simple group.

Proof. Suppose G is a sporadic simple group. We know that 7" is a union
of conjugacy classes of G. By Remark (2.13) we can eliminate most of the
conjugacy classes of GG from being a subset of T' by calculating the class multi-
plication coefficients with GAP. For the remaining conjugacy classes there are
only a few possibilities for the length of T'. But for all sporadic simple groups
these possibilities do not divide the order of G.

Table 2.1 gives an overview of the sporadic simple groups, the number nrc 7 of
their non-trivial conjugacy classes C' which cannot be eliminated by Remark
(2.13) in column two, and the number nri| of possibilities for the length of T’
in column three. O
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Table 2.1: The conjugacy classes of the sporadic simple groups

G nrer | N G nreT nr|7|
My 1 1 He 6 47
Mo 5 23 McL 4 15
Moo 1 1 Suz 5 31
Mos 1 1 Fligo 28 | 201 326 591
M, 2 3 Fliog 27 | 100 663 295
Ji 0 0 Fity, 5 31
Jo 7171 Ly 3 7
J3 3 7 Ru 3 7
Jy 2 3 B 12 4 095
HS 6 63 ON 2 3
Cop 10 | 1 023 Th 2 3
Coo 8 255 HN 5) 31
Cos 7 127 M 3 7

(2.16) Theorem
Let (G,H,T) be a non-trivial RCC loop folder. Then G is not Alt(n) with
5 <n<18.

Proof. Suppose G = Alt(n), 5 < n < 18. The C-character table of G is
provided in GAP. So we can calculate the class multiplication coefficients of
G and eliminate most of the conjugacy classes of GG from being a subset of T’
by Remark (2.13). For the remaining conjugacy classes there are only a few
possibilities for the length of T'. But these possibilities do not divide the order
of G.

For 5 < n < 18, Table 2.2 gives the number nrc 7 of non-trivial conjugacy
classes C of Alt(n) which cannot be eliminated by Remark (2.13) in column
two, and the number nrp| of possibilities for the length of 7" in column three.
The number nrip| increases very quickly with n. This shows the complexity
of the decision problem whether a conjugacy class is possibly a subset of a
G-invariant transversal. O
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Table 2.2: The conjugacy classes of Alt(n)

n | nrer | Ny G | nror nr|p|
) 2 2 12 12 4 095
6 2 2 13 12 3071
7 2 3 14 16 65 535
8 6 31 15 25 25 165 823
9 7 95 16 27 75 497 471
10 6 63 17 27 100 663 295
11 9 o511 18 39 | 412 316 860 415

Now we show that there is no non-trivial RCC loop folder (G, H,T') with
G = PSL(2,q), ¢ > 4. The conjugacy classes of G depend on the parity of ¢ so
we distinguish between ¢ = 0 (mod 2), ¢ = 1 (mod 4) and ¢ = 3 (mod 4). The
generic C-character table of G is provided in CHEVIE. Again we calculate the
class multiplication coefficients of G. Most of them can be calculated with
CHEVIE. Those which cannot, are calculated in some technical lemmas in
Section 2.4. By Remark (2.13) we can eliminate most of the conjugacy classes
of G from being a subset of T'. If we combine the remaining conjugacy classes
of G to a potential transversal T', the length of T' does not divide the order of G.
Hence there is no non-trivial RCC loop folder (G, H,T) with G = PSL(2, q),
q=>4.

(2.17) Lemma
Let (G,H,T) be a non-trivial RCC loop folder. Suppose G = PSL(2,q) with
¢ =0 (mod 2). Then q =2, G = Sym(3) and

(G, H,T) = (Sym(3), Sym(2), {(), (1 2 3), (1 3 2)}).

In particular G is not simple.

Proof. Let G = PSL(2,q) with ¢ = 0 (mod 2) and suppose there is an RCC
loop folder (G, H,T). The group G has the trivial conjugacy class C; and
three types of non-trivial conjugacy classes, denoted by Cs, C3 and Cy. There
are one class of type Co, q/2 — 1 classes of type Cjs, called Cs(j), and ¢/2
classes of type Cy, called Cy(j).

In [Sch07, Sec. 6] the generic C-character table of G is computed. It is provided
in CHEVIE and given by:
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Ch Co Cs(4) Ca ()
Size 1 (¢—-1D(g+1) qlg+1) qlg—1)
Number | 1 1 -1 2
X1 1 1 1 1
X2 q 0 1 -1
xa(k) | g+1 1 ik 0
xa(k) |g—1 —1 0 Bjk
with
ajp = 2008(%),
Bjk = —2 cos(%)
and

je{l,...,q—2} for type Cs,
jed{l,...,q} for type Cy,
kEe{l,...,q—2} for type xs,
ked{l,...,q} for type 4.

Here the classes of type Cs and Cy as well as the characters of type x3 and
X4 occur twice in the character table. We have C3(j) = C3(¢ — 1 — j) and
Ca(j) = Calg +1 - j).

Since all entries in the character table of G are real numbers we have C~! = C
for each conjugacy class C in G.

We want to identify the non-trivial conjugacy classes C of G which satisfy

cme(C,C71 D) #0

for all non-trivial conjugacy classes D of G. The classes of type Cs and, for
q > 4, the class Cs satisfy this condition. Hence we can eliminate these classes
from being a subset of 7' by Remark (2.13) whereas for the classes of type Cy4
a different strategy is required.

Consider the class C5. The following table gives for all non-trivial conjugacy
classes D of G the class multiplication coefficients cme(Cy, Cy !, D).

D o o) | )
cmc(C’g,C’;l,D) ‘ q—2 ‘ qg—1 ‘ g+1




2.2. RCC LOOP FOLDER AND SIMPLE GROUPS 39

All these class multiplication coefficients are calculated with CHEVIE.
For ¢ > 4 none of these class multiplication coefficients is zero. Hence, by
Remark (2.13), the class Cs is not a subset of T', if ¢ > 4.

Now we want to consider the classes of type C5. These classes do only occur
if ¢ > 4. Since C3(j) = C3(q — 1 — j) it suffices to consider the classes C5(j)
with j € {1,...,¢/2 —1}.

Let j and [ be two integers with j,I € {1,...,¢q/2 — 1}. Then we have
cme(C3(5), C3(5) 71, C3(1)) = ¢ — 1 unless C3(1) = C3(2j). We now determine
the integer [ with I € {1,...,q/2 — 1} and C5(1) = C5(2j):
If1<j<gq/4thenl=2j€e{l,...,q/2—1} and C3(l) = C5(2j).
Ifg/4<j<gq/2—1thenl=q—1-2j€{l,...,q/2—1} and C3(1) = C5(2j).

For notation we set

L 1<j<q/4
T lg—1-25 gqa<j<q/2-1.

The following table gives for all non-trivial conjugacy classes D of G the class
multiplication coefficients cmc(C3(j), C3(4) 71, D).

D o a0 ()
CmC(Cg(]),Cg(j)_l,D) 2(] 2q_17 l:d3] q+1

qg—1, else

For the conjugacy classes D with D € {C5, C3(d3;)} these class multiplication
coefficients are calculated in Lemma (2.30). The other two class multiplication
coeflicients are calculated with CHEVIE.

Since none of these class multiplication coefficients is zero, by Remark (2.13),
none of the classes of type Cj3 is a subset of 7.

Let ¢ > 4. Then only C7 and the classes of type C4 are possibly subsets of
T. Let m be the number of those classes of type Cy, which are subsets of T'.
Then |T| = mg(q — 1) + 1. By Lemma (2.33) we have |T'| 1 |G|. But this is a
contradiction.

For ¢ = 2 we have G = PSL(2,2) = Sym(3) and the class Cy of length 3 and
the (only) class Cy of length 2 are possibly subsets of 7. Thus there are three
possibilities for T":

T=C1UCy and hence |T| =4,
T=C1UCy and hence |T| =3,
T=CiUCyUCy and hence |T|=6.

In the first case we have |T'| 1 |G|, in the third case the RCC loop folder is
trivial. The second case is in fact the statement of the lemma. O
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In the proof of the previous lemma we did not eliminate the classes of type
C4 by Remark (2.13) from being a subset of T". Notice that this is in fact not
possible since we have

eme(Cy(4), Ca(§) ™, C2) =0

for all j € {1,...,q}.

(2.18) Lemma
Let (G,H,T) be a non-trivial RCC loop folder. Then G # PSL(2,q) with
g =1 (mod 4).

Proof. Let G = PSL(2,q) with ¢ = 1 (mod 4) and suppose there is an RCC
loop folder (G, H,T). The group G has the trivial conjugacy class C; and
five types of non-trivial conjugacy classes, denoted by Cs, Cs, Cy, Cs and Cg.
There are (¢ — 5)/4 classes of type Cl4, called Cy(j) and (¢ — 1)/4 classes of
type Cs, called C5(j). For every other type there is exactly one conjugacy
class of this type.

As G is a factor group of SL(2,¢) the generic C-character table of G is com-
putable from the generic C-character table of SL(2, ¢) which is given in [Sch07,
Sec. 6]. It is also provided in CHEVIE and given by:

C1 Cy Gz Cu(j)  Cs5(9) Co
Size 1 T glg+1) gqlg-1) 4D
Number 1 1 1 %5 %1 1
Y1 1 1 1 1 1 1
X2 q 0 0 1 —1 1
s 3@+ 4§ (1Y 0 (-D)T
xa e+ 5 4 (Y 0 (=)
x5 (k) q+1 1 1 ik 0 2(—1)F
x6(k) q—1 -1 -1 0 Bik 0
with
ajr = 2005(?1‘3?),
Bix = —2cos(H),
Y= 53— 3VG
5= btbva
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and

jefl,..., FIN{L} for type Cu,

VES {1,...,(1;—1} for type Cs,
ke{l,...., 523\ {4} for type xs,
ke {1,...,q;21} for type xs.

Here the classes of type C4 and Cs as well as the characters of type x5 and
X6 occur twice in the character table. We have C4(j) = Ca((¢—1)/2—j) and
C5(j) = Cs((g + 1)/2 - ).

Since all entries in the character table of G' are real numbers we have C~! = C
for each conjugacy class C' in G.

We want to determine the non-trivial conjugacy classes C' of G which satisfy

cme(C,C71, D) #0

for all non-trivial conjugacy classes D of G. The classes of the types Cy, Cs
and Cjg satisfy this condition. Hence we can eliminate these classes from being
a subset of T" by Remark (2.13) whereas for the classes Cy and Cs a different
strategy is required.

Consider the class Cs. The following table gives for all non-trivial conjugacy
classes D of G the class multiplication coefficients cmc(Cg, Cg ', D).

D alalan |ou |
eme(Ch. 05 D) |4 | | (@-1)/2| (@r1)/2 | (a-1)/2

All these class multiplication coefficients are calculated with CHEVIE.
Since none of these class multiplication coefficients is zero, by Remark (2.13),
the class Cg is not a subset of T'.

Consider the classes of type Cy. These classes only occur if ¢ > 9. Since we
have Cy(7) = C4((q — 1)/2 — 7) it suffices to consider the classes Cy(j) with
Let j and [ be two integers with 7,1 € {1,...,(¢ — 5)/4}. Then we have
eme(Cy(5), Ca(5) 71, Ca(l)) = 2q — 2 unless Cy(l) = C4(2j). Notice that if
g =1 (mod 8) and j = (¢ — 1)/8 then there is no class C5(2j). So suppose
j # (¢—1)/8. We now determine the integer [ with [ € {1,...,(¢—5)/4} and
Cy(l) = Cy(29):

If1<j<(¢g—5)/8theni=2je{l,...,(¢—5)/4} and Cy(l) = Cu(2y).

If (¢4+3)/8<j<(¢q—5)/4thenl=(¢q—1)/2—-2j€{l,...,(¢—5)/4} and
Cy(l) = Cy(29).

For notation we set

@A:{% 1<j<(g-5)/8
o lle-1/2-2) (¢+3)/8<j<(a-5)/4
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The following table gives for all non-trivial Conjugacy classes D of G the class
multiplication coefficients cmc(Cy(j5), C4(5)~1, D).

D || o) | ¢
eme(Ca(5), Ca(§)™Y, D) | 3¢ | 3¢ | 3¢g—2 1=dy; |2¢+2 |4qg—2 j=93"

2q—2 else 2q—2 else

For the conjugacy classes D with D € {C5, C3, C4(d3;)} and for D = Cg where
g =1 (mod 8) and j = (¢ — 1)/8 these class multiplication coefficients are
calculated in Lemma (2.31). The other three class multiplication coefficients
are calculated with CHEVIE.

Since none of these class multiplication coefficients is zero, by Remark (2.13),
none of the classes of type Cjy is a subset of T

Consider now the classes of type Cs. Since C5(j) = C5((g+1)/2 — j) it suffice
to consider the classes C5(j) with j € {1,...,(¢—1)/4}.

Let j and [ be two integers with j,1 € {1,...,(q — 1)/4}. Then we have
emc(C5(5), C5(5) 71, Cs(1)) = 2¢+2 unless C5(1) = C5(27). We now determine
the integer [ with [ € {1,...,(¢ —1)/4} and C5(1) = C5(2j):
If1<j<(¢g—1)/8theni=25¢€{l,...,(¢—1)/4} and C5(1) = C5(2j).

If (g+3)/8 < j < (q—1)/4 then I = (g+1)/2—2j € {1,..., (g — 1)/4} and
C5(1) = C5(29).

For notation we set

d5.:{21 1<j<(g—1)/8
T+ /2-2) (q+3)/8<j<(q-1)/4

The following table gives for all non-trivial Conjugacy classes D of G the class
multiplication coefficients cmc(Cs (), C5(5) ™1, D).

D oo an|ao Ci
eme(C5(5),C5(7)~" D) | ¢ | q |2q-2|q+2 I=ds; |29—2

2q+2 else

For the conjugacy classes D with D € {C5,Cs,C5(ds;)} these class multi-
plication coefficients are calculated in Lemma (2.31). The other three class
multiplication coefficients are calculated with CHEVIE.

Since none of these class multiplication coefficients is zero, by Remark (2.13),
none of the classes of type Cjs is a subset of T'.

Thus, only the non-trivial classes Cy and C'5 are possibly subsets of 7. Hence
we have :

T = CiUCyor
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T = CiuUuCsor
T = CLulCyUcCs.

Since |Ca| = (¢% — 1)/2 = |Gy we have [T] = (¢* + 1)/2 or [T| = ¢*. By
Lemma (2.34) we have |T'| {1 |G|. But this is a contradiction. O

In the proof of the previous lemma we did not eliminate the classes Cy and
C3 by Remark (2.13) from being a subset of T'. Notice that this is in fact not
possible since we have

CmC(CQ7CQ_17C4(j)) = CmC(C3703_1704(j)) =0

if je{l,...,(¢—5)/4} is odd.

(2.19) Lemma
Let (G,H,T) be a non-trivial RCC loop folder. Suppose G = PSL(2,q) with
g =3 (mod 4). Then g =3, G = Alt(4) and

(G, H,T) = (Alt(4), (1 2 3)),{0), (1 2)(3 4), (1 3)(2 4), (1 4)(2 3)}).
In particular G is not simple.

Proof. Let G = PSL(2,q) with ¢ = 3 (mod 4) and suppose there is an RCC
loop folder (G, H,T). The group G has the trivial conjugacy class C; and
five types of non-trivial conjugacy classes, denoted by Ca, C3, Cy, Cs and Cg.
There are (¢ — 3)/4 classes of type Cy, called Cy(j), and (¢ — 3)/4 classes of
type C5, called C5(j). For every other type there is exactly one conjugacy
class of this type.

As G is a factor group of SL(2,q) the generic C-character table of G is com-
putable from the generic C-character table of SL(2, ¢) which is given in [Sch07,
Sec. 6]. It is also provided in CHEVIE and given by:

Cy Cy (O3 Cu(7) Cs(3) Cs
. 2 2 _
Size 1 S S glg ) qle-1) 1Y
Number 1 1 1 ‘%3 ‘%3 1
1 1 11 1 1 1
X2 q 0 0 1 -1 -1
1 j g+l
x3 |3lg—=1) o ol 0 —(=1)7 —(-1)
, g+l
X+ | 3g-1) 4 6 0 —(-1Y —(-1%
xs(k) | q¢+1 1 1 ik 0 0

xok) | ¢—1 -1 -1 0 Bk —2(=1)*
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with
ajr = 2008(%),
45k
B = —2cos(4T),
(R e N2
5 = —1+1i/a,

where ¢ denotes the imaginary unit, and

w

jed{l,.... 52} for type Cy,
je{l,..., S\ {21 for type Cs,
ke {1,...,‘];23} for type xs,
ke{l,..., 5\ {1} for type y.

Here the classes of type C4 and C5 as well as the characters of type x5 and
X6 occur twice in the character table. We have C4(j) = C4((¢—1)/2—j) and
C5(j) = Cs((q + 1)/2 - j).

The entries v and § in the columns of the conjugacy classes Cs and Cs in the
character table of G are not real numbers. Hence these two classes are not
self-inverse. But since all other entries of the character table are real numbers
we have C’fl = (] for all conjugacy classes C; of G with | # 2,3. We have
Cy L' — (5 since there are excatly two conjugacy classes of G which are not
self-inverse.

We want to determine the non-trivial conjugacy classes C' of G which satisfy

cme(C,C71, D) #0

for all non-trivial conjugacy classes D of GG. The classes of the types Cy and
Cs satisfy this condition. Hence we can eliminate these classes from being a
subset of T' by Remark (2.13) whereas for the classes Cs, C3 and Cj a different
strategy is required.

Consider the classes of type C4. These classes only occur if ¢ > 7. Since we
have C4(j) = C4((q¢ — 1)/2 — j) it suffices to consider the classes Cy(j) with
je{l,...,(g—3)/4}.

Let j and [ be two integers with j,1 € {1,...,(¢ — 3)/4}. Then we have
eme(Cy(5), Ca(5) 1, Ca(l)) = 2¢ — 2 unless C4(1) = C4(27). We now determine
the integer [ with [ € {1,...,(q — 3)/4} and Cy(1) = C4(2j):
f1<j<(¢—3)/8thenl=2j€{l,...,(q—3)/4} and Cy(l) = C4(2j).
If(¢g+1)/8<j<(¢g—3)/4thenl=(¢—1)/2—-2j€{l,...,(¢—3)/4} and
Ca(l) = Ca(27).

For notation we set

j<(qg—3)/8
1

dA_{Qj 1<
YT N e-10/2-2 (q+1)/8<j<(q-3)/4
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The following table gives for all non-trivial Conjugacy classes D of G the class
multiplication coefficients cmc(Cy(j5), C4(5)~1, D).

D ‘ Cs ‘ Cs ‘ Cy(1) ‘ Cs(1) ‘ Ce
eme(Cy(5),Ca(4) 1, D) | 3¢ | 3q | 3g—2 1=dy; | 2q+2 | 2q+2

2q—2 else

For the conjugacy classes D with D € {C5,Cs,C4(dysj)} these class multi-
plication coefficients are calculated in Lemma (2.32). The other three class
multiplication coefficients are calculated with CHEVIE.

Since none of these class multiplication coefficients is zero, by Remark (2.13),
none of the classes of type Cy is a subset of T'.

Consider now the classes of type Cs. These classes do only occur if ¢ > 7.
Since C5(j) = C5((¢ + 1)/2 — j) it suffice to consider the classes C5(j) with
jed{l,...,(g—3)/4}.

Let j and [ be two integers with j,1 € {1,...,(¢ — 3)/4}. Then we have
eme(Cs(5), Cs(5) 71, Cs(1)) = 2¢ + 2 unless C5(I) = C5(2j). Notice that if
g = —1 (mod 8) and j = (¢ + 1)/8 then there is no class C5(2j). So suppose
Jj # (g+1)/8. We now determine the integer [ with [ € {1,...,(q¢—3)/4} and
Cs(1) = C5(29):

If1<j<(¢g—3)/8thenl=25¢€{l,...,(¢—3)/4} and C5(1) = C5(2j).

If (g+5)/8<j<(¢g—3)/4thenl=(¢+1)/2—-2j€{l,...,(¢—3)/4} and
C5(1) = Cs(27).

For notation we set

d5.:{2f 1<j<(a-3)/8
7 e+ 1)/2-25 (¢+5)/8<j<(qa-3)/4

The following table gives for all non-trivial Conjugacy classes D of GG the class
multiplication coefficients cmc(Cs(j), C5(4) ™1, D).

D ‘ Cy ‘ Cs ‘ Cu(1) ‘ Cs(1) Cs
eme(C5(5),C5(7) ", D) | ¢ |q |2¢-2|q+2 I=ds; |2 j=2

2q+2 else 2q+2 else

For the conjugacy classes D with D € {C5,C3,C5(ds;)} and for D = Cg where
g = —1 (mod 8) and j = (¢ + 1)/8 these class multiplication coefficients are
calculated in Lemma (2.32). The other three class multiplication coefficients
are calculated with CHEVIE.

Since none of these class multiplication coefficients is zero, by Remark (2.13),
none of the classes of type Cj is a subset of T.
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Thus only the non-trivial classes Co, C'5 and Cg are possibly subsets of T
Hence there are seven possibilities for T

= CLUC(Cq,
= CLUCs,
C1 U Cs,
CiUCyU (s,
CiUCyU O,
C1 U C3 U Cg,
T = C1uUCyUCsUCs.
But then we have |T'| = n with

e e I e I L

ne{q2+1 > —q+2 e 2¢> —q+1 lq
2 2 1 2 2

Bg—1)}.

By Lemma (2.34) we have ¢ = 3 and n = q2_72q+2 = 4. Thus, we have

G = Alt(4) and T = C, U Cg with |T'| = 4. In fact, for H = ((1 2 3)) and
T=CUCs={0),(12)(34),(13)(24),(14)(23)}

the triple (G, H,T') is an RCC loop folder. This is the statement of the lemma.
O

In the proof of the previous lemma we could not eliminate the classes Co, C3
and Cg by Remark (2.13) from being a subset of T since we have

CmC(C6, Cgl, CQ) =0
and
eme(Cy, Gy, C5(j)) = eme(Cs, Cy ™, C5(3)) =0

if je{1,...,(¢—3)/4} is even.

(2.20) Theorem
Let (G, H,T) be a non-trivial RCC loop folder with G simple. Then G is not
equal to PSL(2,q), q a prime power.

2.3 The RCC loops of prime order

In [Dr&04] Ales Drapal proved that an LCC loop of prime order p is associative
and hence isomorphic to the cyclic group Cyc(p). Clearly this is also true for
RCC loops. The result was proved with loop theoretic methods. In this section
we give a new group theoretical proof. For an RCC loop £ of prime order we
determine the envelope (G, H,T) of L. We show that G = L if G is abelian
and that the assumption G is not abelian leads to a contradiction. Since the
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loops of order n with n € {2,3} are associative and since there is only one
group of this order they are isomorphic to Cyc(n). Thus, to prove that an RCC
loop of prime order is associative, we restrict our argumentation to primes p
with p > 5.

In this section G’ denotes the derived subgroup of G.

(2.21) Lemma

Let p be a prime with p > 5 and let £ be an RCC loop of order p. Further,
let (G,H,T) be the envelope of L. Suppose that G is abelian. Then L is
isomorphic to the cyclic group Cyc(p).

Proof. By Lemma (1.34) we have G = L. Hence L is a group and there is just
one group of order p up to isomorphism. O

(2.22) Lemma

Let p be a prime with p > 5 and let L be an RCC loop of order p. Further, let
(G,H,T) be the envelope of L. Suppose that G is non-abelian. Then G’ is a
non-abelian simple group which acts transitively on L.

Proof. Recall that H is a point stabilizer. First we show that G’ acts transi-
tively on £. Suppose it does not. Then G # G'H. Since H is a subgroup of
index p and hence a maximal subgroup this implies G’ < H. By Lemma (1.19)
we have Coreg(H) = {1g}. Since G’ 4G we have G’ < Coreg(H) = {1¢}
and so G is abelian. But this is a contradiction.

By [Hup67, p. V.21.1], G’ is a simple (possibly abelian) group and the factor
group G/G’ is isomorphic to Cyc(n) where n divides p — 1. Suppose G’ is
abelian. Then G’ = Cyc(p). Since G’ acts transitively we have

p=IGl=p-|G'NH]|

and hence G’ N H = {l1¢}, H 2 Cyc(n) and G = G' x H.

We show that Z(G) = {1¢}: Suppose there is z € Z(G) with z # 1. Since
(G, H,T) is the envelope of a loop we have Coreq(H) = {1¢} and hence z ¢ H.
Let g,h € G with G’ = (g) and H = (h). Then (g,h) = G. Let e1,e € N
with z = hg°? and ¢° # 1g. We have zh = hz and so h®'t1ge2 = pe1ge2h,
Thus, we have g°2h = hg®?, i.e. g°2 € Z(G). Since g2 # 1¢ the element g¢2
generates G’ and we have G = (¢°2,h). But then G is abelian and this is a
contradiction.

If T'= G’ then (T') # G. Hence this is a contradiction. Thus, we have T' # G'.
We show for all z € G\ G’ that |¥| > p. But this is a contradiction since T
is a union of conjugacy classes and |T'| = p.

Let x € G\ G'. There are h, € H\ {1} and g, € G’ with © = hyg,. Let
g1, 92 € G' with gl_la:gl = g;la:gg. Then we have (glgg_l)*lxglggl =z and
since G’ is abelian we have

hege == = (9195 ) 29195 " = (9195 ") " hegr 95 ' ga-
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So g1g;+ € Ca(hy) NG If Cg(hy) NG' = G’ we have G' < Cg(h,). Since
H is abelian we have h, € Z(G) = {1g}. But this is a contradiction. So we
have Cg(h;) NG’ = {1} and g1 = go. Hence all elements of G’ yield different
conjugates of = and |2¢| > |G| = p. O

(2.23) Lemma

Let p be a prime with p > 5 and let L be an RCC loop of order p. Further, let
(G,H,T) be the envelope of L and suppose that G is non-abelian. Then G is
almost stimple and G acts doubly transitively on L.

Proof. By Lemma (2.22), G’ is a non-abelian simple group. Hence G is not
solvable. By [Hup67, p. V.21.3], G is doubly transitive. Hence G acts primi-
tively.

By [DM96, Th. 4.1A] the socle of a primitive group G is either the product
of isomorphic simple groups or GG is almost simple. Suppose there is a normal
subgroup N of G, not equal to G’. Then N = G’ and N NG’ < G. Since G’
is a minimal normal subgroup of G we have N NG’ = {lg}. But we have
[N,G'] < NNG' ={1g} and so

N2N/(NNG)2 NG /G 4G/G'.

Again, by [Hup67, p. V.21.1], the factor group G/G’ is cyclic. Hence N (and
so G') is abelian. But this is a contradiction. So G is almost simple. O

(2.24) Remark

Let p be a prime with p > 5 and let £ be an RCC loop of order p. Further, let
(G, H,T) be the envelope of £ and suppose that G is non-abelian. By Lemma
(2.23) G is almost simple and doubly transitive. In [Cam99, Table 7.4] the
isomorphism types of the socles of almost simple and doubly transitive groups
are listed. Notice that soc(G) = G’. The following table lists the isomorphism
types of soc(G) for which the degree of the action is potentially a prime p.
(The action of Alt(k) in Line (9) is not specified in [Cam99, Table 7.4].)

case | soc(G) D
1) |[Sp(2d,2) |d>3 22d-1 4 gd-1
Sp(2d,2) |d>3 92d—1 _ gd—1

(

(2)

(3) |PSUB,q) [¢>3 ¢ +1
(4) | Ri(q) q=3%"1>31¢+1
(5) | S=(q) q=2""1>2 ¢ +1
(6) | PSL(2,11) 11
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case | soc(G) D

(7) | My 1
(8) | Moy 23
(9) | Alt(k)

(10) | PSL(m,q) | m > 2 =t

(2.25) Lemma

Let p be a prime with p > 5 and let L be an RCC loop of order p. Further, let
(G,H,T) be the envelope of L and suppose that G is non-abelian. Then G’ is
not of the isomorphism types (1)-(9) of Remark (2.24).

Proof. Suppose that Case (1) or Case (2) of Remark (2.24) holds. Since d > 3
the integer p = 22¢-1 £ 24-1 = 24=1(24 £ 1) is not a prime.

Suppose that Case (3) or Case (4) of Remark (2.24) holds. Then the integer
p=q¢+1=(q+1)(¢*> —q+1) is not a prime.

Suppose that Case (5) of Remark (2.24) holds. Then p = ¢ +1 = 22(2d+1) 41
is not a prime since 2(2d + 1) is not a power of 2.

Suppose that Case (6) of Remark (2.24) holds. Then soc(G) = PSL(2,11) and
hence we have G = PSL(2,11) or G = PGL(2,11). By Theorem (2.20) we
have G = PGL(2,11). The transversal T is a union of conjugacy classes with
{lg} € T and |T| = 11. But a non-trivial conjugacy class of PGL(2,11) has
size at least 55. Hence this is a contradiction.

Suppose that Case (7) or Case (8) of Remark (2.24) holds. Since the outer
automorphism groups of M7 and Mass are trivial we have G = M1 respectively
G = M>y3. But this is a contradiction to Theorem (2.15).

Suppose that Case (9) of Remark (2.24) holds. By Lemma (2.22) G’ acts
transitively on p points. Since Alt(k) does not contain a subgroup of index p
for k < p we have k > p. By Lemma (1.19) G acts faithfully on £, thus it is
isomorphic to a subgroup of Sym(p). Hence soc(G) = Alt(p) and G = Alt(p)
or G = Sym(p). By [Con, Lemma 5.1] we have that the size of a non-trivial
conjugacy class of GG is a least p. But this is a contradiction. O

So far, we know that the right multiplication group G of an RCC loop £ of
prime order p with p > 5 is either abelian or almost simple with socle PSL(d, q)
and p = (¢® —1)/(¢ — 1). Now we want to show that this almost simple case
leads to a contradiction.

Let G be an almost simple group with socle S. Then we have S < G < Aut(.5).
To show that G is not the right multiplication group of an RCC loop we need
some information about the sizes of the conjugacy classes of G. Since the socle
S is a normal subgroup of G the conjugacy classes of G contain only elements
of S or contain no element of S. The following lemma gives an estimate of
the sizes of the conjugacy classes of elements of G \ S. Although we usually
identify the simple group S with its inner automorphism group Inn(S) we
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will distinguish between these two groups in the following lemma for better
readability.

(2.26) Lemma

Let G be an almost simple group with socle S, i.e. S = Inn(S) < G < Aut(S).
Let a € G\ Inn(S) and denote the conjugacy class of a in G by a©. We have
Crnn(s) (@) < Inn(S) and

[a€| =[G : Inn(S) Ce(a)] - [Inn(S) : Crynes) (@))].

In particular if ¢ denotes the smallest index of any proper subgroup of S, then
the size of the non-trivial conjugacy classes of G is at least c.

Proof. For elements s € S denote the conjugation with s by ~s, i.e. the map
vs: 8 — St s ts is an element of Inn(S). We have

oS = 1
|Ca(a)]
=[G : Inn(S) CG(Q)]'W
=[G : Inn(S) Cg ()] - ,CG(EI)HEQL(S)\
— [G : Inn(S) Cg(a)] - m

Suppose that Cryysy(a) = Inn(S). Then we have a lysa =, for all s € S.
Hence we have for all t € S:

slts=(s71-(Ha ! s)a=(sa-t-(s)a.

Thus 75 = v(s) for all s € S. Since Inn(S) = S has a trivial center it follows
that s = (s)a for all s € S. Hence « is the trivial automorphism, a = 1¢
which contradicts our assumption a € G'\ . Hence Cpyy(s)(a) < Inn(S).
Since Inn(S) is a normal subgroup of G the conjugacy classes of G contain
only elements of Inn(S) or contain no element of Inn(S). Denote by ¢ the
smallest index of any proper subgroup of Inn(S). Since Inn(\S) is simple ¢ is
an lower bound on the size of the non-trivial conjugacy classes of Inn(.S). The
non-trivial conjugacy classes of G which consists of elements of Inn(S) have
size at least the minimal size of a non-trivial conjugacy class of Inn(S) hence
size at least c. Since we have

0% = [In(S) : Cluns)(@)] = ¢

for all @ € G\Inn(.S) the integer c is a lower bound on the size of the non-trivial
conjugacy classes of G. O
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(2.27) Lemma
Let p be a prime with p > 5 and let £ be an RCC loop of order p. Further, let
(G,H,T) be the envelope of L. Then G is abelian.

Proof. Suppose that G is non-abelian. By Remark (2.24) and Lemma (2.25), G
is an almost simple group with socle soc(G) = PSL(m, q), (m, q) # (2,2),(2,3),
and p = (¢" —1)/(¢ — 1).

Denote by ¢ the smallest index of any proper subgroup of PSL(m,q). By

Lemma (2.26), ¢ is a lower bound for the size of the non-trivial conjugacy
classes of G. By [KL90, Th. 5.2.2] we have ¢ = (¢" —1)/(q — 1) unless

(m,q) €{(2,5),(2,7),(2,9),(2,11),(4,2)}.
But in these exceptions the integer (¢"* —1)/(¢ — 1) is not a prime. Hence the
non-trivial conjugacy classes of G have size at least p = (¢"*—1)/(¢—1). Since

the tranversal T is a union of conjugacy classes with {1g} C T and |T| = p
this is a contradiction. O

(2.28) Corollary
Let L be an RCC loop of prime order p. Then L is associative and L = Cyc(p).

2.4 Technical lemmas

In the next lemmas we calculate the class multiplication coefficients of PSL(2, q)
that cannot be calculated with CHEVIE and show that special expressions in
q do not divide the order of PSL(2, q) for the considered prime powers ¢q. But
first we prove a lemma which is very useful for calculating the class multipli-
cation coefficients.

Recall the trigonometric equation (see [BBT07, Th.15.2])
& 11 1,
;cos(kx) =3 + 3 sin((n + 5)$)/Sln(§)
and the equation (see [Wal07, 7.16.k])
1 1

2 P —
cos“(x) = 5 + 5 cos(2x).
Thus, we also have

1 1 1
cos®(x) - cos(2x) = 15 cos(2z) + 1 cos(4z).
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(2.29) Lemma
ForneN andy e Z\ {0} we have

Sp_qcos(k -1 2my) =0,
Sopoq cos?(k - L. 2my) =n/2,
Sopoq cos?(k - -my)cos(k - L 2my) =n/4.

Proof. We have

= 2my) = —% + % -sin((n + %)% - 2my) /sin(5Y)

ol
i M:
Il

(@)

o

wn

[

1+ 1 sin(2ry + Z¥) /sin(ZY)
=0

and

(@)
]
n
[N}
—
w
\H
l\D
|
@
Il
M »
N[
Q
]
U)
\H
i
3
<
P’
Il
|3
_|_
s}

and

Q
[}
0
N
—
_
[=

L. 7y)cos(k - L - 2my)

=373+ oos(h & -2my) + ot

S

-4my)]

(2.30) Lemma

Let G = PSL(2,q) with ¢ =0 (mod 2) and j € {1,...,q/2 — 1}. Assume the
notation of the conjugacy classes of G' and of dzj as in the proof of Lemma
(2.17). Then we have

CmC(Cg(j),Cg(j)il,CQ) = 2q,
eme(C3(7), Cs(5) 7", Ca(dsj)) = 2g—1.

Proof. Recall that we have C~! = C for all conjugacy classes C of G. By
Lemma (2.29), choosing n = ¢ — 1 and y = j, we have:

cme(Cs(7), C3(5) 71, Co)
egrme 1L, Zcos 2 |

Gl |1 "2 ¢q+1 -1

RTINS N
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alg+1) [1+q—3]

qg—1 qg+1
q(qg+1 1
~datl), [2g — 2]
qg—1 (¢g+1)
= 2q.

By Lemma (2.29), choosing n = ¢ — 1 and y = 2j, we have:
eme(C3(5), C3(7) ™, C3(24))
-2
C3()P (12 1 1 1 N, 2k 4jkn
p— — _— . 8 .
|G| 1 qg 2 q+1 ZCOS (q—l)cos(q—l)
4

U (45 - coeim costtim) )]

1
q 1
_alg+1) [1+1+—5]
q
1
+

qg—1
_qlg+1)

q—1 qlq
=2q— 1.

Notice that we have C3(ds;) = C3(2j). Hence we have also
cme(C3(5), C3(7) ", Ca(dz;)) = 2q — 1. O

(2.31) Lemma

Let G = PSL(2,q) with g =1 (mod 4). Assume the notation of the conjugacy
classes of G and of daj respectively ds; as in the proof of Lemma (2.18). Then
we have

ceme(Ca(5), Ca(5) 7", Ca) = 3q forje{l,...,(¢g—5)/4},
eme(Cy(j), Ca(4) ™", C3) = 3q forje{l,....(¢—5)/4},
eme(Cy(j), Ca(5) ™", Calday)) = 3q—2, forje{l,....(¢—5)/4},
eme(Ca(%57), Ca(*5H) ™1, Co) = 4g—2 forg=1 (mod 8),

eme(C5(5), C5(5) 7", Ca) = q forje{l,....(¢g—1)/4},
eme(Cs(5), C5(5) 71, Cs) = q forje{l,....(¢g—1)/4},
eme(C5(5),Cs5(7) 71, Cs(dsg)) = q+2  forje{l,....(qg—1)/4}.

Proof. Recall that we have C~! = C for all conjugacy classes C of G. Clearly
we have cmc(Cy(5), Ca(5) 71, C2) = eme(Cy(5), Ca(5) 1, C3). By Lemma (2.29),
choosing n = (¢ — 1)/2 and y = j, we have

eme(Cy(5), Ca(s) ™1, C))

_ G [1? 2 11 1.1
el 1+q+1(2 Vit 3+ 5V
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1 1 45k
.- 4. 2
—1-2 g cos (q—l)]

1
q+ 1<k<az?
s
QQ(Q‘Fl)[ 2 2 (q—l 2 200 ﬂ
= 1+ + — cos“(ym) — cos”(25m
q—1 a+1 q+1\ 4 () (2jm)
2 +1 2 2 —1
_ 2q(q ){1 N (4 2)]
-1 g+1 q+1 ' 4
2q(qg+1 1
= MatD L B-d
qg—1 2(g+1)
= 3q.

By Lemma (2.29), choosing n = (¢ — 1)/2 and y = 2j we have

cme(Cy(j), Ca(5) ", Ca(27))
Ca(f)* [13 13 2(—1)4
ORI E 20
Gl L1 ¢ q+1
1 1 4jkm 8jkm ]
4. _.8. 2
> 71 Z_ cos (q_l)cos(q_l)
1<k<433
ket It
2q(¢+1) [ 1 4
= S —
-1 g q+1

4 -1

+qﬁ (qg — cos?(jm) cos(2jm) — cos?(2j7) cos(4j7r)>]
7Y TIPS
g1 ¢ q+1 2(q+1) g¢+1

2q(¢ +1) 1 2

= ' 3¢ —5q+2

q-—1 2q(q+1)[q ¢+2]
= 3q — 2.

Notice that we have Cy(ds;) = C4(2j). Hence we have also
cme(Cy(5), Ca(4) ™", Ca(day)) = 3g — 2

If g =1 (mod 8) we have

mma<8x@ﬂ8yﬂ%>
_IGERP P 1 (DT ()P -2
|G| 1 q+1

ki_q%l =1 keven

=0 kodd
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== |1+-+ +
qg—1 qg q+1 g¢g+1 4
2q(q+1) 1 2
= . 2¢° —3q+1
q—1 Q(Q‘i‘l)[ )

=4q — 2.

2q(q + 1) 1 4 4 (q—3_1)}

Now we calculate cmc(Cs(5), C5(5) ™1, Co) and eme(Cs(j), C5(5) 71, C3). They
are clearly equal. By Lemma (2.29), choosing n = (¢ + 1)/2 and y = j, we
have

eme(Cs(5), C5(5) 1, Ca))

g—1

Gl LT T2 g1 T AT g
_2q(q—1) B 2 q—l—li Py
= i 1 = 1 cos“(2jm)
_2(g-1 [, 2 ¢-3

qg+1 q—1 4

2q(q — 1) 1
— . 1

a+1  2(q—1) lg+1]

By Lemma (2.29), choosing n = (¢ + 1)/2 and y = 2j we have
cme(Cs5(4), C5(7) 1, Cs(24))

GO =) 1 B 2\ 4jkm 8jkm
i T+ . +3 1 (—8) ;COS (q+1)COS<q+1)

_29(g—1) [1 _1_ 4 <q+1 — cos?(2j) cos(4j7r)>]

q—1

qg+1 q q-—1 8
ZQQ(q—U[l_l_ q—7 ]
q+1 q 2(q¢-1)
2(1(@—1) 1 2
= : q°+3q+2
q+1 2(1(@—1)[ )

Notice that we have C5(ds;) = C5(2j). Hence we have also

cme(Cs5(7), C5(7) ", Cs(ds)) = ¢ + 2. O
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(2.32) Lemma

Let G = PSL(2,q) with ¢ = 3 (mod 4).Assume the notation of the conjugacy
classes of G and of dy; respectively ds; as in the proof of Lemma (2.19). Then
we have

02) = 3q fOTjG{l,...,(q—?))/4},
eme(Ca(5), Ca(5) ™", Cs) = 3¢ forje{l,....(¢—3)/4},
CmC(C‘l(j)’04(j)_1704(d4j)) = 3q—2 fOT'j € {17""(q_3)/4}7

eme(C5(5), C5(5) 71, Ca) = q forje{l,...,(¢—3)/4},
eme(C5(5), C5(5) 7", C3) = q forje{l,....(¢—3)/4},
eme(Cs(5), Cs5(4) 1, Cs(ds;)) = q+2 forje{l,...,(q—3)/4},
eme(Cs (L), C5(4E) 71, C) = 2 for ¢ = —1 (mod 8).

Proof. Recall that we have C2_1 = (3 and Cl_l = () for i # 2,3 and that
i denote the imaginary unit. First we calculate cmc(Cy(j), C4(5)~1, C2) and
eme(Cy(5), Ca(5)~ 1, C3). Clearly they are equal. By Lemma (2.29), choosing
n=(q¢g—1)/2 and y = j, we have

eme(Cy(5), Ca(s) ™1, C2))

|2 3 2 .
LR L LS )]
Gl [T "2 g =TT g
= 1 — 2

g—1 +q+1 1 cos“(2jm)
9 _
_ (et [, 2 a5
q—1 qg+1 4
2q(g+1 1

qg—1 2(¢+1)
= 3q.

By Lemma (2.29), choosing n = (¢ — 1)/2 and y = 2j we have
eme(Ca(5), Ca(5) ™, Ca(29))

q=3
CAN2T13 13 1 1 2 45k 8jk
:| 4(])‘ |: 4 .— .8 COS2( ]_ﬂ-)COS( ]_7T):|
Iel 1 g 2 g+1 ot g—1 qg—1
2 1 14 —1
I e (et
2 1 1 -
_ q(qi—” [14_4_ g—9 ]
qg—1 q¢ 2(¢+1)
_2(¢+1) 1

g—1  2¢(¢g+1)
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Notice that we have Cy(ds;) = C4(2j). Hence we have also
cme(Cy(4), Ca(4) ™", Ca(day)) = 3q — 2.

Now we calculate cmc(Cs(j), C5(5) ™1, Co) and eme(Cs (), Cs(5) 71, C3). Again
they are clearly equal. By Lemma (2.29), choosing n = (¢ + 1)/2 and y = j,
we have

eme(Cs5(5), Cs(5) 71, C2))

eGP, 2 o1 1 o1 1
= o T TmitatavEi g v
1 1 45k
Z. . (—4). 200
51 Y > cos (q—l—l)}
1<k<at
kA 4tL
2q(q—1) 2 2 g+1 9, . 270
] -1 7.1 1 cos”(jm) — cos”(25m)
~2q(qg—1) | 2 2 q-7
o og+1 g—1 ¢g—1 4
2q(qg—1 1
~ e D). la+1]
g+1 2(¢g—1)

By Lemma (2.29), choosing n = (¢ + 1)/2 and y = 25 we have

cme(Cs(5), Cs (1)L, C5(25))
-\ 12 3 —1)3 . .
BRI s 2 ey (1)

|G| 1 q g—1
1 (=8) 0082(4‘]kw)co (8jk7T):|
2 ¢-1 q—1 g—1
1<k<43t
feA L
SRS
qg+1 q q—1
4 C]—]. 2/ . . 276 .
o1 (8 — cos”(jm) cos(2jm) — cos™(2jm) cos(4j7r)>]
_Qﬂq—U[l_l_ 4 g+l 8}
R ¢ q-1 20¢-1) q-1
2q(q — 1) 1 2
BRTESRErEVCR A
=q+2

Notice that we have C5(ds;) = C5(2j). Hence we have also

cme(Cs(5), Cs(7) ", Cs(ds;)) = g + 2.
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Last we have for ¢ = —1 (mod 8)

q+1 q+1

CmC(C5( 8 )7C5< ] )71706)
_los(5hP [ LEDP L, CEDT) ()T
G 1 q g—1
1 1
+§q_71 COS k?ﬂ'):|
SS%_’_/
kA 4td =1 keven
=0 £k odd
~ 2q(q—1) [1_1_ 4 4 (q—l_l)}
N qg+1 qg q—1 gqg—1 4
2q(q — 1)
— . +1
qg+1 Q(q—l)[q ]
= 2. [

(2.33) Lemma
Let g > 2 be a power of 2 and m an integer in {1,...,q/2}. Then mq(q—1)+1
does not divide (¢ — 1)q(qg+1).

Proof. Suppose mq(q — 1) 4+ 1 divides (¢ — 1)g(q + 1). Since mg(q — 1) + 1 is
odd we have mq(q — 1) + 1 divides (¢ — 1)(¢ + 1) = ¢* — 1. But for m > 2 we
have mq(q — 1) + 1 > ¢% — 1, a contradiction. For m =1 and ¢ > 2 we have

1 1, 1 3 1
@D <55 —at5 g =da-+1<g -1

2 2 2 2
—_——
>0
Hence m = 1 leads to a contradiction, too. O

(2.34) Lemma
Let q be an odd prime power and n with

241 ¢>—q+2 2¢° — 11
ne{qu Coa+2 2200 —at La(3g _1)}.

2 7 2 Y 2
Then n divides (q—1)q(q+1)/2 if and only if ¢ = 3 and n = (¢* —q+2)/2 = 4.

Proof. Suppose that (¢ + 1)/2 divides (¢ — 1)q(q + 1)/2. Since ¢*> + 1 and ¢
are coprime we have ¢? + 1 divides ¢ — 1 which is a contradiction.

Suppose that (¢? — ¢ + 2)/2 divides (¢ — 1)g(g + 1)/2. Since ¢*> — ¢+ 2 and ¢
are coprime we have ¢?> — ¢ + 2 divides ¢®> — 1 which is a contradiction, since

1, 1, 1 5 1

“(—-1)< = g+ 2= 1) 41 —1.

2(q )<2q +2q G+55= qlg—1)+1< ¢
—_——

>0
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Clearly ¢* does not divide (¢ — 1)g(q +1)/2.

Suppose that (2¢? — ¢+ 1)/2 divides (¢ —1)g(g+1)/2. Since 2¢> — ¢+ 1 and ¢
are coprime we have 2¢% — g+ 1 divides ¢® — 1. But since 2¢> —g¢+1 > ¢*> — 1
this is a contradiction.

Suppose that q(3¢—1)/2 divides (¢ —1)q(q+1)/2. Hence 3¢ — 1 divides g% —1.
We have

10=(3¢+1)(3¢—1) —9(¢*> — 1)

and so
10 ¢ -1
=3¢+1-9- e Z.
sg—1 1T 3—1
N——

For g =2 wehave 3¢—1 =5 | 10 but 3¢g—1 =513 = ¢>—1. For ¢ = 3 we have
3¢ —1=281410. For ¢ > 4 we have 3¢ — 1 > 10 but this is a contradiction. [
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CHAPTER 2. RCC LOOPS AND RCC LOOP FOLDERS



Chapter 3

A GAP-database of small
RCC-Loops

A primary aim of this work is to provide a GAP database of small RCC loops
up to isomorphism and to integrate the database into the GaP package LOOPS
by Géabor P. Nagy and Petr Vojtéchovsky. We restrict the RCC loops database
to non-associative RCC loops because all associative RCC loops are groups and
the small groups are provided in the GAP database SMALL GROUPS. In this
chapter we describe the computation of RCC loops by computing their en-
velopes. For more information about GAP see [Gap] and for more information
about the package LOOPS see [NV15].

The RCC loops database lists exactly one representative of each isomorphism
class of non-associative RCC loops of order at most 30. Let £ be a non-
associative RCC loop of order n. Without loss of generality we assume that £
is equal to {1,...,n} as a set and that 1 = 1. The right multiplication group
RM(L) of L is transitive on n points, we have RM(L£) < Sym(n). Moreover we
showed in Lemma (1.16), that if £ and K are isomorphic RCC loops on the set
{1,...n}, their right multiplication groups RM (L) and RM(K) are conjugate
in Sym(n).

To classify the RCC loops on {1, ...,n} up to isomorphism we need to consider
each transitive group of degree n up to conjugacy in Sym(n). For n < 30
the GAP database TRANSITIVE GROUPS contains one representative of each
conjugacy class of transitive subgroups of Sym(n) of degree n.

Recall that there is an equivalence between the categories LP, of all loops
together with all surjective loop homomorphisms and the category EL of all
loop folders that are envelopes of a loop together with the surjective loop
folder homomorphisms. Hence instead of computing all RCC loops of or-
der n with n < 30 we compute all RCC loop folders (G,H,T) € EL with
|(G,H,T)\| = n. For this we consider each group G of degree n in the GAP
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database TRANSITIVE GROUPS in turn and since 1, = 1 we set H = Stabg(1).
For the pair (G, H) we compute all right transversals 7" such that (G, H,T) is
the envelope of an RCC loop. If no such T exists, G is not the right multipli-
cation group of an RCC loop. Otherwise we obtain a list of RCC loop folders
(G, H,T) which are envelopes of RCC loops. This list may still contain RCC
loop folders describing isomorphic RCC loops. In a final step we reduce the
list to contain exactly one RCC loop folder for each isomorphism class of RCC
loops.

Recall that all loops and groups occurring in this thesis are finite.

3.1 An algorithm to compute envelopes of RCC loops

In this section we describe the algorithm COMPUTETT to compute all G-
invariant right transversals 7' of H in G with (T') = G for a given group G
and a subgroup H < (. Here we do not need to assume that G < Sym(n)
and that Coreq(H) = {1g}.

(3.1) Definition

Let G be a group and H < G be a subgroup of G. We define the set TT(G, H)
as the set of all subsets 7' C G of G such that (G, H,T') is an RCC loop folder
with (T') = G.

(3.2) Remark

First we want to design an algorithm COMPUTETT which takes as input an
arbitrary group G and a subgroup H < G and computes the set TT (G, H),
i.e. all subsets T' of G such that

In general, for a given subset T' C G, it is an expensive computation to test
condition (3.2)(iv). So we ensure that the algorithm COMPUTETT never vio-
lates this condition during the construction of T'. As T' is a union of conjugacy
classes we make some remarks on conjugacy classes and their unions. Since
{lg} € T we restrict ourselves to the non-trivial conjugacy classes. The
following lemma shows which unions of conjugacy classes satisfy condition

(3.2)(iv).
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Let G be a group and H < G be a subgroup of G. We set
o Cl - {1G}7
e C(G) to be the set of non-trivial conjugacy classes of G and

e CH (@) to be the set of non-trivial conjugacy classes of G' which contain
an element of H.

Recall, see Chapter 2, page 22, the definition of the class multiplication coef-
ficient cme(K, Ko, K3) of three conjugacy classes K7, Ko, K3 of G:

CmC(Kl,KQ,Kg) = |{(k‘1,]{}2) | ki € Kl,k‘Q S Kg,k‘lkg = k3}|
for a fixed k3 € K3.

Let U = UleCZ- be a union of conjugacy classes of G. If U contains a conjugacy
class D of CH(G) the set U contains at least two elements of H and we have
cme(D,Cy Y, D) # 0. Hence we can formulate Lemma (2.12) with the terms
C(G) and CH(G) as:

Lemma

Let G be a group and H < G be a subgroup of G. Let U = UleCi with
Co,C3,...,Cp € C(G)\CH(G). Then U contains at most one element of each
right coset of H in G if and only if

cme(Cy, C’;l, D)=0

for alli,j € {1,...,k} and D € CH(G).

The algorithm CoMPUTETT performs a recursive search and constructs the
set TT(G, H) by attempting to extend an initial union of conjugacy classes to
a transversal in TT(G, H). In every step COMPUTETT assumes it has already
chosen a union of conjugacy classes satisfying conditions (3.2)(i), (ii) and (iv).
The next aim is to extend this union by one further conjugacy class such that
these conditions still hold. The previous lemma allows us to restrict the set of
conjugacy classes which have to be considered for this extension.

In the very first step of the algorithm we only assume that the trivial conjugacy
classes C'1 has been choosen as a subset of T'. The following lemma determines
the set of conjugacy classes to be considered in this first initial step.

(3.3) Lemma
Let G be a group and H < G be a subgroup of G. Suppose there is an RCC
loop folder (G, H,T). Define the set N(G, H) of non-viable classes to be

N(G,H)={C eC(G) | 3D e (@) : cme(C,C™1, D) # 0}
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and the set P(G, H) of possibly viable classes to be
P(G,H)=C(G)\ (C"(G)UN(G, H)).
Then we have

Tc{ictu | c
CeP(G,H)

Proof. The set T is a right transversal of H in G. Hence it contains exactly one
element of every right coset of H. Further 7" is a union of conjugacy classes.
Since {1g} C T, no conjugacy class of C(G) is a subset of T. Further, setting
C; = Cj = C in Lemma (2.12), no conjugacy class C' of G with

cme(C,C71, D) #0

for some D € CH(G) is a subset of T O

(3.4) Remark

Let G be a group and H < G be a subgroup of G. Suppose there is an
RCC loop folder (G, H,T). Since C; C T, no conjugacy class C' of G with
|C| > [G : H] is a subset of T. Clearly we want to ensure that the algorithm
CoMPUTETT never considers such conjugacy classes during the construction
of TT(G, H). Such conjugacy classes C lie in N(G, H) UC(G), since such a
C contains an element of H or two elements of the same coset of H in G. So
if CoMPUTETT considers only the conjugacy classes of P(G, H) it will not
consider such conjugacy classes C.

Notice that (G, H) may also contain conjugacy classes C' with |C| < [G : H].

Lemma (3.3) identifies for a given group G and a subgroup H < G the set
P(G, H) of all conjugacy classes of G which have to be considered in the first
step of the algorithm CoMPUTETT. It starts with the set C; = {1} and
extends it step by step with other conjugacy classes. Let Co,C3 € P(G, H).
Then C7 U Cy U C3 and C7 U C3 U (5 are equal as sets but are considered
to be two different extensions. For performance purposes we do not want to
consider this set twice. To avoid unnecessary repetitions during the execution
of CoMPUTETT we do not consider a transversal T' € TT(G, H) as set but as
an ordered sequence of conjugacy classes with first element C in the following
sense.

(3.5) Remark

Let G be a group and H < G be a subgroup of G. Let r —1 = |P(G, H)|. We
label the conjugacy classes in P(G, H) by 2,...,r and define the strict order
< by

Ci1<Cy<...<Crq <Ch.
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An ordered sequence S with first element C is a sequence

S =[C1,Cky, Crys - - -, Ck,]

s

for s <rand 1l < ky < kg < ... < ks <r. Define OS(G, H) as the set of
all these ordered sequences with first element Cy. Then for all unions U of
conjugacy classes with

vc{igtu |y c
CEP(G,H)
there is exactly one S € OS(G, H) with U = UgesC.
Let S = [C1,Chy, Cry, ..., Ck,] € OS(G,H) and let Cy,,, be an element of
P(G,H) with Cy, < Cy,,,. We define the extension of S by Cj,,, as the
ordered sequence S € OS (G, H) with

S =[C1,Chy, Chgs - - - Chy, Oy |-

s+1

Further we define an eligible ordered sequence S to be an element of OS(G, H)
such that U = UgesC satisfies the conditions (3.2)(i), (ii) and (iv). Hence for
all T € TT(G, H) there is exactly one eligible ordered sequence S € OS(G, H)
with T'= UgesC.

The algorithm COoMPUTETT uses OS(G, H) to compute the set TT(G, H).
Since we consider the transversals in T7T(G, H) as sets the result 77T (G, H) of
CoMPUTETT is independent of the chosen labeling of the conjugacy classes

of P(G,H).

CoMPUTETT is a recursive algorithm which repeats a basic step. In this
basic step the algorithm attempts to extend a given eligible ordered sequence
S of OS(G, H) by one further conjugacy class to an eligible ordered sequence
Se0S(G,H).

The following lemma restricts the set P(G, H) to the set P(G, H, S) of conju-
gacy classes which have to be considered in such a subsequent step when an
eligible ordered sequence S € OS(G, H) already has been chosen.

(3.6) Definition
Let G be a group and H < G be a subgroup of G. For a conjugacy class
C € P(G, H) we define N (G, H,C') to be the set

N(G,H,C)={K e P(G,H)|K <Cor
3D € ¢(@) with cme(C, K1, D) #0}.

Let S € OS(G, H) be an eligible ordered sequence. We define P(G, H, S) to
be the set

P(G.H,8)=P(G.H)\ | JN(G,HC).
CesS
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(3.7) Lemma
Let G be a group and H < G be a subgroup of G. Let

S ::[(71,(7k2,(jk3,... ,(jks] S ()f;((;,f{)

be an eligible ordered sequence and let S € OS(G, H) be the extension of S by
one conjugacy class C,, ,, i.e.

S =[C1,Chy, Chyy - -, Oy, Oy -

Then S is an eligible ordered sequence if and only if Cy,., € P(G,H,S).
Note in particular if U = UcesC' is a right transversal of H in G we have
P(G,H,S)=0.

Proof. Set U = UcegC- By Lemma (2.12) U contains at most one element of
each right coset of H in G if and only if

cme(C, K~ D) =0

for all C,K € S and D € C{{ (G). The conjugacy classes in S satisfy this
condition by assumption. So U satisfies condition (3.2)(iv) if and only if

cme(C, C,;IH, D)=0

for all C € S and D € CH(G). Since S € OS(G, H) we have that Cy,,, > C
for all C' € S. Hence S is an eligible ordered sequence if and only if

Cron & | J N(G, H,C),

ces

i.e. if and only if Cy_,, € P(G,H,S). O

s+1

During an initial computation the algorithm COMPUTETT first computes the
set C1(@) of all conjugacy classes which contain an element of H, the set
P(G, H) of all possibly viable conjugacy classes and for each conjugacy class
C € P(G, H) the set N(G,H,C) of all conjugacy classes non-viable for C.
Then the algorithm calls a basic step which in turn calls itself recursively.
The basic step takes an eligible ordered sequence S € OS(G,H) and a set
P C P(G,H,S) as input and returns the (possibly empty) set of all right
transversals 7' with (T") = G and

Ueccrc|Jou e

ceS ceS ceP

In particular, the returned right transversals have initial segment S and are
extensions of S by conjugacy classes of P. The algorithm CoMPUTETT calls
the basic step exactly once with S = [C1] and P = P(G, H), the set of all
possibly viable conjugacy classes. This call ensures that all right transversals
in TT(G, H) are found as we will prove in Lemma (3.10).
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At this point we describe how the basic step computes the set of all right
transversals 7' with (1) = G and

Uccrc|Jcu |

ceS CcesS CeP
for a fixed input S and P where S € OS(G,H) and P C P(G,H,S). Set
U =UcesC and V = UgepC.

The basic step starts with Test 1, which tests if there are enough elements in
U UV for a right transversal T of H in G with U CT C U U V. If not, the
basic step returns (). This means, the algorithm CoMPUTETT returns to the
previous level of the recursion as .S cannot be extended by conjugacy classes
in P to a right transversal of T7T(G, H).

If Test 1 does not abort the basic step, i.e. if we have U U V| > [G : H|, we
execute Test 2, which tests if U UV generates the group G. If not, there is
no right transversal 7' of H in G with (T) = Gand U CT C U UV and the
basic step returns (). This means, the algorithm CoMPUTETT returns to the
previous level of the recursion as S cannot be extended by conjugacy classes
in P to a right transversal of TT(G, H).

If these two tests do not abort the basic step, then, in particular, we have
(UUV)=G and [UUV| > [G: H]. Now we disinguish between two cases of
the given input P, namely P = () and P # {).

In the first case S is no longer extendable. Since P = () implies V = () we
have (U) = G and |U| = [G : H]. Hence U is a valid transversal in TT(G, H).
Clearly U is the only right transversal T with (T) =G and U CT CUUV.
The basic step returns {U}.

In the second case, i.e. if P # (), the eligible ordered sequence S is extendable.
We choose the smallest conjugacy class C' € P in the order <. To find all right
transversals with initial segment S satisfying the given properties we have to
consider two subcases, namely to extend S by C or to skip C.

In the first subcase, the extend case, we define the extension Sof Sby C. A
recursive call to the basic step with S and P = P\ N (G, H,C) returns the
set T'Ty of all right transversals T with (T') = G and

Urcrc|JrKu |J K

KeS KeS KeP
In particular such right transversals contain the conjugacy class C. Notice
that, if P = P(G, H, S), we have P = P(G, H, S).
In the second subcase, the skip case, we do not add C' to S. A recursive
call to the basic step with S and P = P\ C returns the set TT% of all right
transversals 7' with (T") = G and

Urxcrc|JrKu |J K

KeS KeS KeP
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These right transversals do not contain C' as such right transversals have been
computed in the extend case.

Clearly TT) U TT5 is the set of all right transversals 7' with (I') = G and
UCT CUUYV. The basic step returns 7717 U TT5.

(3.8) Algorithm
In pseudo code the basic step looks like follows:

BasicStep(S, P)

Input: S, P with S € OS and P C P(G, H, S)
Output: the set of all right transversals T with (T") = G and

UcesC ST CUges CUUgepC

V:=Ucep C;

# Test 1: Are there enough elements in U UV for a transversal T
if |UUP|<|[G: H] then

# U is not the beginning of a right transversal T’

# return to previous level and abandon this subroutine;

return ()
end

# Test 2: Do U and V generate the group G;

if (UUV) <G then

# U is not the beginning of a right transversal T with (T') = G;
# return to previous level and abandon this subroutine;

return ()
end

# Case P = 0;

if P =0 then
# U is a right transversal with (U) = G ;
# U is clearly the only right transversal with U CU C U UV
return {U}

end

# Case P # (), the sequence S is extendable;
# We now consider both cases namely to extend U by C' and to skip C;
C:=Min(P);
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# Extend case;
S:=Add(S,C);
ﬁ::P\N(G,H, C);
TT,:=BasicStep(S, P);

# Skip case;
P:=P\ {C};
TT,:=BasicStep(S, P);

return 77T U TTh;
Algorithm: BasicStep

The overall algorithm COMPUTETT starts with the computation of the sets
CH (@) of all conjugacy classes which contain an element of H, the set P(G, H)
of all possibly viable conjugacy classes and the set N (G, H, C) of all conjugacy
classes non-viable for C for each conjugacy class C € P(G, H). After that it
executes the basic step.

(3.9) Algorithm
In pseudo code the overall algorithm looks like follows:

ComputeTT(G, H)

Input: a group G, a subgroup H of G
Output: the set TT(G, H)

compute CH(G);
compute P(G, H);
# Now we compute the global variables N (G, H, C) for the basic step;
foreach C € P(G,H) do
| compute N(G, H,C)
end
TT:=BasicStep(C1, P(G, H));

return 77T
Algorithm: CoMmPUTETT

(3.10) Lemma
Let G be a group and H < G be a subgroup of G. Then the algorithm COM-
PUTETT computes the set TT (G, H).

Proof. Clearly the result of COMPUTETT is a subset of TT(G, H). To show
that COMPUTET T computes all transversals in TT(G, H) we show that CoOM-
PUTETT calls the basic step with S and P(G, H, S) for each eligible ordered
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sequences S € OS(G, H) at least once. We show this by induction on the
length s of S. We show two base cases of the induction because the second
one illustrates the idea of the proof.

If s =1 then S = [Cy]. Since COMPUTETT starts the recursion with S and
P(G,H,S)=P(G, H), the basic step is called with them.

For s = 2 set S = [C1,C,] with C; € P(G, H). The set {C1} UP(G, H)
is strictly ordered and C} is the jth element in this order. CoMPUTETT
starts with the sequence S = [C1] and the set P(G, H,S) = P(G,H). After
CoMPUTETT skipped the first (j — 1) elements in P(G, H), see the skip case
in BASICSTEP, it calls the basic step with the sequence S = [C}] and the set

P=(..(P(G,H)\{Co}) \{C3}) .. )\ {Cja} = {Ck | k = j}.

The conjugacy class Cj is now the smallest element of P. So the call to
BASICSTEP(S, P) extends S = [C1] by C; to S = [C1, ;] and set

P=P\N(G,H,Cj)=P(G,H)\ ({Ck | k < j}UN(G,H,Cj)).
By definition we have {C}, | k < j} C N(G, H,C}) and hence
P="P(G,H)\N(G,H,C;) =P(G, H,[Cy,C4]) = P(G, H,S).

Then it calls BASIcSTEP(S, P(G, H, 5)).

Suppose COMPUTETT calls BASICSTEP(S, P(G, H, S)) for all eligible ordered
sequences S of length s at least once. Let S be an eligible ordered sequence
of length s + 1,

S =[C1,Chy, Chgs - - - Chy, Oy -

Let S be the eligible ordered sequence of length s such that S is the extension
of S by Cj,,, ie.

S =[C1,Cky, Cys - - -, Ck, .

By our induction hypothesis COMPUTETT calls the basic step with S and
P(G,H,S).

Since S is an eligible ordered sequence we have C, . € P(G,H,S). The set
P(G,H,S) is strictly ordered. Let Cj,,, be the jth element in P(G,H,S).
After CoMPUTETT skipped the first (j — 1) elements in P(G, H, S), see the
skip case in BASICSTEP, it calls the basic step with the sequence S and the
set

P:P(G,H,S)\{K | Cks <K< Cks+1}-

The conjugacy class Cf, , is now the smallest element of P. So the call to
BASICSTEP(S, P) extends S by Cj,_,, to S and calls the basic step recursively
with S and

P=P\N(G,H,Cy,,,).

By definition we have {K | C, < K < Cy,,,} €S N(G, H,C},, ) and hence

s+1

P=7P(G,H S \N(G,H,Cy,,,) =P(G,H,S). u
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(3.11) Remark

The algorithm computes for a given group G and a subgroup H < G the set
TT(G,H). By Remark (1.32), for each T' € TT(G, H) the triple (G, H,T) is
the envelope of an RCC loop if and only if Coreq(H) = {1¢}.

3.2 The computation of small RCC loops

We employ algorithm COMPUTETT to compute the envelopes of all non-
associative RCC loops of order n with n < 30. As we noticed in the in-
troduction of this chapter without loss of generality we may assume that £ is
equal to {1,...,n} as a set and that 1, = 1. Therefore the right multiplication
group of such an RCC loop occurs in the GAP database TRANSITIVE GROUPS.
The following remark gives some information about this database.

(3.12) Remark

The GAP database TRANSITIVE GROUPS contains representatives of all tran-
sitive (permutation) groups of degree at most 30. All groups of degree n are
given as subgroups of Sym(n). Two transitive groups of the same degree n
are considered to be equivalent, if they are conjugate in the full symmetric
group Sym(n). So the isomorphism type of the group Sym(4) occurs once
with degree 4 and twice with degree 6.

Hence, to compute the non-associative RCC loops of order n we restrict the
computation to the groups of degree n. Further we recall Lemma (1.16):

Lemma
Let L and IC be two isomorphic loops and ¢ : L +— K a loop isomorphism. Let
(G,H,T) := Le. Then we have p~ Gy < Sym(K) and

(¢~ G, " Hep, o ' Tp) = Ke.

So, if £ and K are (arbitrary) isomorphic loops on the set {1,...,n} their
right multiplication groups RM (L) and RM(K) are conjugate in Sym(n). This
equates exactly to the definition of equivalence used in the GAP database
TRANSITIVE GROUPS. Hence we restrict the computation to the groups in
the database. For the computation we have to consider each group in the
database once. Two loops arising from two different groups in the database
are never isomorphic even if these two groups are isomorphic.

Recall that all loops of order less than five and all RCC loops of prime order
are associative and hence groups. So from now on let

n € {6,8,9,10,12,14,15,16, 18, 20, 21, 22, 24, 25, 26, 27, 28, 30}.
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We want to compute all RCC loop folders (G, H,T') with a group G of degree
n in the GAP database TRANSITIVE GROUPS and H = Stabg(1l) which are
envelopes of a non-associative RCC loop of order n. First we eliminate all
transitive groups of degree n which are clearly not right multiplication groups
of a non-associative RCC loop.

Recall Remark (1.35): The envelope of a loop is a trivial loop foolder if and
only if the loop is a group. If G is a group of degree n in the GAP database
TRANSITIVE GROUPS and H = Stabg(1) we have |T'| = n # 1. Hence the
computed RCC loop folders (G, H,T') leads to non-associative RCC loops if
and only if |H| # 1.

Recall that P(G, H) is the set of all possibly viable conjugacy classes. The
computation of P(G, H) in GAP uses the character table of G to determine
the class multiplication coefficients, see Lemma (2.12). As this is only feasible
for relatively small groups, we avoid the computation of P(G, H) and compute
a slightly larger set Q(G, H) instead. Define Q(G, H) to be the set

Q(G,H)={C eC(@)||C| < [G:H]and C ¢ CH(G)}.

We have P(G,H) C Q(G, H), see Remark (3.4). So if there is an RCC loop
folder (G, H,T) by Lemma (3.3) we have

TCCyU U C.
CeQ(G,H)

(3.13) Lemma
Let G be a transitive group, G < Sym(n) and H = Stabg(1). If one of the
following conditions is satisfied

(i) H| =1,
(ii) G is abelian,
fiii) No(H) # H - Ca(H),
(iv) (C'| C € QG,H)) #G or

(v) there is no subset {Ck,,Chy,...,Ck.} of Q(G, H) with | Ui_; C,| + 1
divides the order of G,

then there is no RCC loop folder (G, H,T) which is the envelope of a non-
associative RCC loop.

Proof. The first three items are Remark (1.35), Lemma (1.34) and Lemma
(2.7). The last two items are just the fact that (T') = G, C1 C T and

TCCyU U C. O
CeQ(G,H)
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For each group G of degree n in the GAP database TRANSITIVE GROUPS we
set H = Stabg(1) and test first if the group G satisfies one of the condi-
tions of Lemma (3.13). If G is not eliminated by this lemma we compute
the set TT(G, H) with algorithm CoMpUTETT. If TT(G, H) is not empty,
G is the right multiplication group of an RCC loop of order n and for each
T € TT(G, H) the loop folder (G, H,T) is the envelope of an RCC loop. Since
G was not eliminated by Lemma (3.13) we have |H| # 1 and since |T| = n we
have |T'| # 1. Hence for each right transversal T' € TT(G, H) the RCC loop
folder (G, H,T) is not trivial and by Remark (1.35) the RCC loop (G, H,T)\
is non-associative.

For a given group G and H = Stabg(1) the size of the set TT(G, H) may be
very large, e.g. for the group identified as TRANSITIVEGROUP(28,47) we have
|TT(G,H)| =7 712 194. So the next step is to determine one RCC loop for
each isomorphism class of RCC loops.

Let G be a transitive group of degree n and H = Stabg(1). Let (G, H,T1)
and (G, H,T,) be two RCC loop folders which are envelopes of RCC loops and
L= (G, HT)\ and K = (G, H,T>)\. As we have seen in Lemma (1.16) and
Lemma (1.21) the two RCC loops £ and K are isomorphic if and only if there
is a ¢ € Sym(n) with

G=¢ Gy, H=¢p 'Hy and Tp= ¢ 'Tiep.
Hence £ and K are isomorphic if and only if there is a ¢ € Sym(n) with
¢ € Nsym(n)(G) N Neym(n)(H) = Nng, . . (@) (H)

and Ty = o~ Ty .

To compute the isomorphism classes of RCC loops with right multiplication
group G we have to compute the orbits of the set TT(G, H) under the action
of the group

As ¢ is an automorphism of G it maps conjugacy classes to conjugacy classes.
So we do not consider the action of N on a transversal as a whole but as an
ordered sequence of conjugacy classes. This offers a very fast computation of
the orbits of N on TT(G, H) in GAP.

(3.14) Remark

Table 3.1 records for every n the number nrry of groups of degree n which
are the right multiplication group of an RCC loop, the number nrrcc of non-
isomorphic, non-associative RCC loops of order n and — for comparison —
the number nrgy, of groups of order n.
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Table 3.1: The number of non-associative RCC loops of order n

n | NrRM | NTRCC | NTgr n | NTRM NrRCC | NTgr
6 1 3 2 20 21 8 248 )
8 7 19 5 21 7 119 2
9 3 ) 2 22 3 10 487 2
10 2 16 2 24 152 471 995 15
12 16 155 5 25 4 119 2
14 3 97 2 26 ) 151 971 2
15 4 17 1 27 33 152 701 )
16 110 | 6 317 14 28 21 | 1452 645 4
18 23| 1901 ) 30 26 | 4611 926 4

In Appendix A the GAP code of the algorithm CoMPUTETT and the code for
the computation of the small RCC loops is described. If the transitive group
G of degree n is of large order, usually most conjugacy classes of G have a size
larger than n. Hence we can eliminate most of these groups by Lemma (3.13),
condition (iv) or (v). But almost all groups of small order do satisfy these
conditions. So we only execute this test when the order of G has reached a
certain size.

Further, for n € {6,8,9,10,12,14, 15,21} we give in Appendix B the GAP
database numbers of the groups G in TRANSITIVE GROUPS which are right
multiplication groups of an RCC loop of order n, the isomorphism class of G,
the order of TT(G, H) where H = Stabg(1) and the number of isomorphism
classes of RCC loops corresponding to this group.

A GAP database of the isomorphism classes of non-associative RCC loops
is published in the GAP package Looprs by G. Nagy and P. Vojtéchovsky.
Since there are so many non-associative RCC loops of order 28 or 30 only the
non-associative RCC loops of order n with n < 27 are integrated in the GAP
package Loops. The data of the RCC loops of order n with n € {28,30} is
available in the files published with this thesis.



Chapter 4

On the primitive action of
right multiplication groups of
RCC loops of order pip-

In this chapter let p; and py always be two different primes with p; < po.
Let £ be a non-associative RCC loop of order pipy and let (G, H,T) be the
envelope of £. As G is the right multiplication group of £, it acts transitively
on the pipo right cosets {Ht |t € T} of H in G. In this chapter we show that
this action is imprimitive. Further, we give for each odd prime ps a group G
which is the right multiplication group of a non-associative RCC loop of order

2p2.

Suppose G acts primitively on {Ht | t € T'}. We show first that in this case G
is almost simple. In [LS03] Cai Heng Li and Akos Seress classify the socle of
almost simple primitive groups of squarefree degree. Referring to this paper
we determine those cases where the degree of the action can possibly be pips.
After that we show that these groups, which act primitively on pips points,
are not right multiplication groups of RCC loops of order pips.

Recall that the socle of a group G, denoted by soc(G), is the subgroup gener-
ated by the minimal normal subgroups of G. Further recall the O’Nan-Scott
Theorem, see [DM96, Th. 4.1A].

Theorem (O’Nan-Scott Theorem)
Let G be a finite primitive group of degree n and denote the socle of G by
soc(G). Then either case (i) or (ii) holds where

(i) soc(G) is a regular elementary abelian r-group for some prime r and
n = r™ where r'™ is the order of soc(G). Further G is isomorphic to a
subgroup of the affine group AGL(m,r).

(ii) soc(QG) is isomorphic to a direct power S™ of a non-abelian simple group
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S and one of the following holds:

(a) m =1 and G is isomorphic to a subgroup of Aut(S), i.e. G is
almost simple,

(b) m > 2 and G is a group of diagonal type with n = |S|™1,

(¢c) m > 2 and for some proper divisor d of m and some primitive
group U with a socle isomorphic to S, the group G is isomorphic
to a subgroup of the wreath product U ! Sym(m/d) with the product
action, and n = "™/ where | denotes the degree of U,

(d) m > 6, the socle soc(G) of G is reqular and n = |S|™.

(4.1) Lemma

Let p1 and ps2 be two different primes with p1 < p2. Let L be a non-associative
RCC loop of order pip2 and let (G, H,T) be the envelope of L. Suppose that
G acts primitively on {Ht |t € T}. Then G is almost simple.

Proof. The degree of G is p1p2. We peruse the cases of the O’Nan-Scott
Theorem:

Suppose that Case (i) holds. Then soc(G) is an elementary abelian r-group
for some prime r with pyps = ™. Clearly this is a contradiction.

Case (ii)(a) is the statment of the lemma.

Suppose that Case (ii)(b) holds. Then m > 2 and p1pz = |S|™"!. Thus we
have m = 2 and S is a simple group of order p;p2. But by Sylow’s Theorem
a group of order p1ps is not simple. So this is a contradiction, too.

Suppose that Case (ii)(c) holds. Then we have pips = I"™/4. Since d is a
proper divisor of m we have m/d > 1 and 1™/ is not squarefree whereas p1ps
is squarefree. So this is a contradiction.

Suppose that Case (ii)(d) holds. Then we have m > 6 and pips = |S|™.
Clearly |S|™ is not squarefree for m > 6 so this is a contradiction, too. O

(4.2) Assumption

Let p1 and po be two different primes with p; < pa. Let £ be a non-associative
RCC loop of order p1ps and let (G, H,T) be the envelope of £. Suppose that
G acts primitively on {Ht |t € T} and G is almost simple with socle S.

(4.3) Lemma
Suppose that assumption (4.2) holds. Then the socle of G is not an alternating
group.

Proof. Suppose the socle S of G is an alternating group. Table 1 of [LS03]
lists those socles of primitive groups of squarefree degree which are isomorphic
to an alternating group. The following line numbers refer to this table.

Consider the case of Line 1. Then S 2 Alt(c) and since S is a simple group we
have ¢ > 5. In this case S acts on the set of subsets with k elements (k-sets) of
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{1,...,c} for some 1 < k < c. The degree of this action is (), so pip2 = (})-
By Lemma (4.16) we know that there are exactly three cases where (g) is the
product of two different primes:

(1) C = p1p2, k S {1,0* 1} and (li) =c,

(i) (a) c=pzisodd, p1 = (p2—1)/2, k € {2,c—2} and (}) = c(c—1)/2,
(b) ¢=pa+1liseven, p; = (p2+1)/2, k € {2,c—2} and (}) = c(c—1)/2,

(ili) ¢=7, k€ {3,4} and (;) =35=5-7.

In Case (iii) we have S = Alt(7) and so G = Alt(7) or G = Sym(7). By
Lemma (4.18) neither Alt(7) nor Sym(7) is the right multiplication group of
an RCC loop of order 35. Suppose that one of the cases (i) or (ii) holds. Then
S = Alt(c) with ¢ > 5. Recall S < G < Aut(S). Hence we have G = Alt(c),
G = Sym(c) or G = Aut(Alt(6)) = Sym(6).2. Further the degree of the
action of G and hence the length of the transversal T is less than or equal to
¢(c—1)/2. By Lemma (4.17) each non-trivial conjugacy class of one of these
groups has size greater than c¢(c—1)/2. Since T is a union of conjugacy classes
with {1} € T and |T'| = p1p2, this is a contradiction.

In Line 2 the degree of the group G is 105 = 3 -5 - 7 so this case contradicts
our assumption.

In Lines 3, 5, 6 and 7, the degrees of the group G are 15 or 6. Hence the order
of £ is 15 or 6. In these cases the socle of G is isomorphic to an alternating
group Alt(k) with k& € {5,6,7,8}. But the right multiplication groups of the
RCC loops of order 15 and order 6 are known (see Appendix B) and none of
these groups contains a subgroup isomorphic to an alternating group Alt(k)
with k € {5,6,7,8}.

Suppose the case of Line 4. Then S = Alt(2a) with a € {3,4,6,9,10,12,36}
acting on II(a, 2), where I1(a, 2) denotes the set of partitions of {1,...,2a} into

two sets of size a. The degree of this action is 3 (Qaa). For any a as above the

degree is equal to the product of two different piimes if and only if a € {3,4}.
If a = 3 then p;ps = 10. But the right multiplication groups of RCC loops
of order 10 are known (see Appendix B) and none of these groups contains a
subgroup isomorphic to Alt(6). If a = 4 then pi1ps = 35 and the socle S of
G is isomorphic to Alt(8). So G is isomorphic to Alt(8) or to Sym(8). But,
by Lemma (4.18), neither Alt(8) nor Sym(8) is the right multiplication group
of an RCC loop of order 35. Hence the socle S of G is not an alternating

group. O
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(4.4) Lemma
Suppose assumption (4.2) holds. Then the socle of G is not a sporadic group.

Proof. Suppose that the socle of G is a sporadic group. Table 2 of [LS03] lists
those socles of primitive groups of squarefree degree which are isomorphic to
a sporadic group. The following line numbers refer to this table.

Only in the cases of Lines 2, 5, 6 and 10, the degree of the primitive action is
equal to the product of two different primes. So if S is the socle of G we have:

(i) S = Mj; and p1pe =5- 11,
(ii) S = Mo and p1ps =2 - 11,
(i) S = Mg and p1ps =711,
(iv) S = M3 and pipy = 11 - 23.

The Mathieu groups themselves, their subgroups and automorphism groups
are well known. The outer automorphism groups of Mj; and Mg are trivial
so in Case (i) we have G = M, and in Case (iv) we have G = Mass. In Cases
(ii) and (iii) we have G = Myy or G = Msy3.2. By Theorem (2.15) there is
no RCC loop folder (G, H,T) with G € {My1, Maa, Mas}. So only the cases
G = My.2 with p1ps = 22 and G = Myy.2 with pips = 77 remain. But,
by Lemma (4.18), G = May.2 is neither the right multiplication group of an
RCC loop of order 22 nor of one of order 77. Hence the socle S of GG is not a
sporadic group. O

(4.5) Lemma

Suppose assumption (4.2) holds. If G has an exceptional socle S, then S is
isomorphic to the Suzuki group 2Bs(q) with ¢ = 2*™t1 > 2 p; = 5 and
bp2 = q° + 1.

Proof. Suppose that the socle S of G is an exceptional group. Table 4 of
[LS03] lists those socles of primitive groups of squarefree degree which are
isomorphic to an exceptional group. The following line numbers refer to this
table. Denote the degree of the primitive action by n as in this table. We
want to determine the groups where n = pips.

Suppose that the case of Line 1 holds. Then the socle S is isomorphic to
2Bs(q) with ¢ = 22™*! and n = ¢® + 1. Since 2B5(2) is not simple we have
q = 2?71 > 2. Further, 5 divides n = 4™+ + 1 for all m > 1 and hence
p1 = 5. This case is listed in the lemma.

Consider the case of Line 2. Then we have S = Ga(q) and
n=(g+1(¢" +¢+1).

If ¢ is odd then g + 1 is not prime. If ¢ is even and g + 1 is prime, we have
q= 22f, f > 0. But then we have

G+ +1=16" +4* +1=3.1=0 (mod 3).
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Since ¢* 4+ ¢? + 1 > 3, this is not prime and hence n is not the product of two
different primes.

Suppose the case of Line 3. Then we have S = 3Dy(q) and
n=(q+1)(*+q"+1).

Hence we have again ¢ = 22f, f > 0. But then we have
S +g*+1=256" +16% +1=3-1=0 (mod 3).

Since ¢® 4+ ¢* + 1 > 3, this is not prime and hence n is not the product of two
different primes.

Consider the case of Line 4. Then we have S = Fy(q) with ¢ =4°, e > 1 and
n=("-1("+1)/(g-1)=(¢"+¢"+...+q+1)(¢" +1).

We have
(M ¢+ g1 =4t 4% 4 4 4°41=12-1=0 (mod 3).

Since ¢'' + ¢'% + ... + ¢+ 1 > 3, this is not prime and hence n is not the
product of two different primes.

Suppose the case of Line 5. Then we have S = 2Fg(q) with ¢ = 4%, e > 1 and
n=(" -1+ 1) - +1)/(¢g-1)
="+ + . g+ D+ ) -+ ).

Since g > 4, each of these three factors is greater than 1. Hence n is not the
product of two different primes.

Consider last the case of Line 6. Then we have S = E;(q) and

q18_1 q14_1
-1 q—1

n= (' ="+ 1)
Since ¢ > 2, each of these three factors is greater than 1. Hence n is not the
product of two different primes. O

In the next lemma we examine the almost simple groups whose socle is a
classical group and show which of these groups acts primitively on a set of
p1p2 points. For this we recall the definition of a primitive prime divisor: Let
q,m € N. A primitive prime divisor r of ¢"* — 1 is a prime r which divides
¢™ — 1 and which does not divide ¢¥ — 1 with 1 < k < m. In [Zsi92, Sec. XII]
Karl Zsigmondy showed for which numbers ¢ and m such a primitive prime
divisor exists. We recall his theorem:
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Theorem (Zsigmondy’s Theorem)
There is a prime r which divides ¢ — 1 and which does not divide ¢* — 1 with
1 <k <m execpt for

e m=1,
e m=2and q+1 is a power of 2,

e m =26 and g = 2.

(4.6) Lemma
Suppose assumption (4.2) holds. Suppose that G has a classical socle S. Then
one of the following holds:

(i) S = PSL(m,q) and pip2 = (¢" —1)/(¢ — 1),
(ii) S = PSL(5,2) and pipy = 5- 31,
(iii) S = PSL(4,2) and pips =5 -7,
(iv) S =PSL(2,p2) and p1 = (p2 £1)/2,
(v) S = PSL(2,p?) and ps = (p? +1)/2,
(vi) S = PSL(2,ps) and

pip2 € {5-11,7-13,3-19,11-23,7-29,29 - 59,31 - 61},

(vit) S = PSU(3,q) with ¢ = 22" f>1 and pyps = (q+1)(¢*—q+1),
(viii) S = PSp(4,q) with ¢ =22", f > 1 and pip2 = (¢ + 1)(¢® + 1),
(ix) S = PQ~(2m,q) with q = 22 m=2¢ ¢>2 and
pip2 = (¢" + 1) (" = 1/(¢ - 1)),
(x) S =PQT(2m,q) withq=22", m=2°41,e¢>1 and
pipz = (" + 1)@ = 1)/ (g - 1).

Proof. Suppose that the socle S of G is a classical group. Table 3 of [LS03]
lists those socles of primitive groups of squarefree degree which are isomorphic
to a classical group. The following line numbers refer to this table. Denote
the degree of the primitive action by n as in this table or by ny if we want to
emphasize the dependence of n on k. We want to determine the groups where
the degree is equal to pipo.

Suppose the case of Line 1. Then we have S = PSL(m, ¢) and

k-1 k

= [J@ " =0/[[« -1

=0 i=1
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with 1 < k < m. Notice that

m—k . m—k ‘ m—k—1 '
I[I@-v=1] @™ "H-1= ("7 = 1),
i=k+1 i=k+1 i=k

Hence we have
=@ -1
ITi(g’ — 1)
) LR VI | R UUE
M@ -1 %5 @ -1
IRV CiauEh VR | i UL R )
[ (@ = 1) - T8 = 1)
I e -
17" ¢ - 1)

= Nm—k-

Hence, for reasons of symmetry, it suffices to consider the integers k with
1 < k < m/2. Thus the exponents m — i of ¢q in every term ¢" % — 1 in the
numerator of ny are greater than each of the exponents i of ¢ in every term
q" — 1 in the denominator of ny asm —i>m —(k—1)=m+1—k.
Suppose first that m > 5 and k& > 3. Consider the terms (¢™ — 1), (¢™ ! —1)
and (¢™~2 —1). If none of the pairs (m,q), (m — 1,q) and (m — 2, q) is equal
to (6,2), by Zsigmondy’s theorem, there are primitive prime divisors r; of
(g™ — 1), r2 of (¢"™ ' — 1) and r3 of (¢™ 2 —1). The three primes rq, 72
and rs are pairwise distinct. Since the three terms (¢™ — 1), (¢™! — 1) and
(¢™~2 — 1) occur only in the numerator and not in the denominator of ny, the
degree ny is divisible by rq, 12 and r3. Hence ny is not the product of two
different primes. Suppose that (m,q) = (6,2). Since 3 < k < m/2 we have
k = 3. But n3 = 3%-5-31 is not the product of two different primes. Suppose
that (m—1,¢q) = (6,2). Since 3 < k < m/2 we have k = 3. But ng = 3-31-127
is not the product of two different primes. Suppose that (m — 2,q) = (6,2).
Since 3 < k < m/2 we have k = 3 or k = 4. But ng =32.5-17-127 and
ng = 3-17-31-127 are also not products of two different primes. Hence ny, is
not the product of two different primes if £ > 3.

Suppose now we have m > 5 and k = 2. Then we have

Ui Uiy )
2T @D 1)

If m =0 (mod 4) we have

m/2 m—1_ 4
(g™?e). L T
(@™ +1) 1

q

ng = —5——
2 21

Since m > 8, each of these three factors is greater than 1 and hence no is not
the product of two different primes.
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If m=1 (mod 4) we have

gm-1/2 _ 1

s (¢mb2 ). L 72
q —

Nno =
2 7—1
hence if ng is the product of two different primes we have m = 5. In this case

¢ —1
g—1"

ny = (¢* +1) -

It follows that ¢ = 22f, f>0. For f > 2 we have ¢ =1 (mod 5) and thus
@ -1)/(a-)=¢"++¢®+q+1=5-1=0 (mod 5).

Since for f > 2 the term (¢° —1)/(q — 1) is greater than 5, it is not a prime. If
f =0 we have ¢ = 2 and n = 5 - 31. This case is listed in the lemma as Case
(ii). If f =1 we have ¢ = 4 and ng = 11 - 17 - 31 which is not the product of
two different primes.

If m = 2 (mod 4) respectively m = 3 (mod 4) we have

¢" —1=(¢"? = 1)(g"* +1)
respectively

qul 1= (q(mfl)/2 o 1)(q(m71)/2 + 1)
Since m/2 respectively (m —1)/2 are not equal to 6, by Zsigmondy’s theorem,
there is a primitive prime divisor  of ¢™/2 — 1 respectively ¢(™1/2 — 1. So
there is x > 1 with

rz=q™?—1 respectively raz=qm /2 _1,
Since r does not divide ¢> — 1 we have

qm—1 _rx(qm/2+1)
?-1  ¢#-1

r

respectively

| gt —1 rx(q(m_l)/2 +1)

et T q*> —1

Set y := z(¢™/? +1)/(¢® — 1) respectively y := 2(¢" /2 41)/(¢*> —1). Since
m > 6 we have y > 1 and

m—1 qm -1

" —1 :
=~ respectively no=7r-y- .
q—1 q—1

n2:7‘-y.

Hence ny is not the product of two different primes.
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Suppose now that m = 4 and k = 2. Then we have ny = (¢> +1)(¢*> + ¢+ 1).
This implies g = 22f, f>0and p; = 22 1t f =0 we have ¢ = 2 and
n =>5-7. This case is listed in the lemma as Case (iii). If f > 1 we have

Ptqg+1=42 447" $1=14141=0 (mod 3).

Since ¢ 4+ g + 1 > 3 this is a contradiction.
The case of arbitrary m and k = 1 is listed in the lemma as Case (i).

Consider now the case of Line 2. We have S = PSL(m,q), m > 3 and

2%k—1 koo 2
nk:II@m1_1W<IR¢_1O

=1

with 1 <k < (m/2).

Suppose first that m > 5 and k > 2. Consider the terms (¢™ — 1), (¢™ ! —1)
and (¢™~2 —1). If none of the pairs (m,q), (m — 1,q) and (m — 2, q) is equal
to (6,2), by Zsigmondy’s theorem, there are primitive prime divisors 71 of
(@™ — 1), r9 of (¢"™ ' — 1) and r3 of (¢™ 2 —1). The three primes rq, 72
and 73 are pairwise distinct. Since the three terms (¢™ — 1), (¢! — 1) and
(¢™~2 — 1) occur only in the numerator and not in the denominator of ny, the
degree ny is divisible by 71, ro and r3. Hence n; is not the product of two
different primes. Suppose that (m,q) = (6,2). Since 2 < k < m/2 we have
k = 2. But ny = 3-5-7%-31 is not the product of two different primes. Suppose
that (m — 1,q) = (6,2). Since 2 < k < m/2 we have k = 2 or k = 3. But
ng =3-5-7-31-127 and n3 = 32-5-31- 127 are not products of two different
primes. Suppose that (m — 2,q) = (6,2). Since 2 < k < m/2 we have k = 2
ork=3. But ng =3-5-7-17-31-127 and n3 = 32 - 52 - 17 - 31 - 127 are not
products of two different primes. Hence ny is not the product of two different
primes if k£ > 2.

Suppose now that m is arbitrary and k£ = 1. Then we have

(¢" = 1) (g™ —1)
(¢g—1(g—1)

If m is even we have

ny =

qm/2_1 qm—l_l
. i1 . ) .

ny = (¢™?+1)

Since m > 4 each of these three factors is greater than 1 and thus ny is not
the product of two different primes.
If m is odd we have

(m-1)/2 _ 1 qm -1
q—1 g—1"

ny = (¢ V24 1). 1

If m > 5 each of these three factors is greater than 1 and thus n; is not the
product of two different primes. Hence m = 3 and ny = (¢ + 1)(¢®> + ¢+ 1)
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with ¢ even, ¢ = 22" It f =0 we have ¢ = 2 and n; = 3 - 7. But the right
multiplication groups of the RCC loops of order 21 are known (see Appendix
B) and none of these groups contain a subgroup isomorphic to PSL(3,2). If
f > 1 the term (¢ + ¢ + 1) is again divisible by 3 and greater than 3. Hence
it is not a prime and n, is not the product of two different primes.

Consider the cases of the Lines 3 and 4. Then S = PSL(2,¢q) and
n=q(qg+1)/2 respectively n=q(q—1)/2.

Suppose that ¢ is even, ¢ = 2°, ¢ > 1. If e = 1 we have n = 3 respectively
n = 1. But these degrees are not products of two different primes. If e = 2
we have n = 10 respectively n = 6. But the right multiplication groups of the
RCC loops of order 10 respectively 6 are known (see Appendix B) and none
of these groups contains a subgroup isomorphic to PSL(2,4). If ¢ > 3 then n
is divisible by 4 and hence not the product of two different primes. Hence ¢
is odd. This case is listed in the lemma as Case (iv).

The case of Line 5 is listed in the lemma as Case (v).

Suppose now the cases of the Lines 6, 7, and 8. Then S = PSL(2,q) and
n = q(q> — 1)/d with d € {24,48,120}. If ¢ — 1 > d the degree

(¢q—1)q(g+1)
d

is a product of three factors and each factor is greater than 1. Hence n is
not the product of two different primes. So we have to consider the prime
powers ¢ with ¢ < d + 1 such that ¢ satisfies the conditions given in [LS03,
Thbl. 3]. The only ¢ which satisfy that the degree n is equal to the product of
two different primes and which satisfy the conditions given in [LS03, Tbl. 3]
are listed below:

d=24 |¢g=11 n=5-11
qg=13 n=7-13

g=23 n=11-23

d=120|q= n=2-3

qg=19 n=3-19
q=29 n="7-29
q=>59 n=29-59

g=61 n=31-61
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The right multiplication groups of order 6 respectively 15 are known (see
Appendix B) and none of these groups contain a subgroup isomorphic to
PSL(2,9). The remaining cases are listed in the lemma as Case (vi).

Consider now the case of Line 9. Then S = PSU(m, q) and

(g™ = (=)™ = (=1)")

n = q2—]_

If m = 2 we have S = PSU(2,q) = PSL(2,q) by [KL90, Prop. 2.9.1] and
n=gq+1=(¢>—1)/(¢—1). This case is already listed in the lemma as Case
(i). If m = 3 we have

n=g¢+1=(q+1)(¢> —q+1).

Hence we have ¢ = 22f, f>0. If f =0 we have n = 9 which is not the
product of two different primes. Hence f > 1. This case is listed in the lemma
as Case (vii).

If m > 4 and m even we have

n=(¢" =" +1)/(¢-1)

m

q - _ _
:ﬁ'(q—Fl)(qm P - g+ D).
Since ¢ > 2 and m > 4 each of these three factors is greater than 1 and thus
n is not the product of two different primes.
If m > 5 and m odd we have

(@™ + 1) (g™t —1)
¢ —1
q —1

:ﬁ'(q—i'l)(qm_l—qm_2+qm_3—---—Q+1)-

Since ¢ > 2 and m > 5 each of these three factors is again greater than 1 and
thus n is not the product of two different primes.

Consider now the case of Line 10. Then we have S = PSp(2m, q). Further we
have n = (¢*™ —1)/(¢—1). If m = 1 we have PSp(2, ¢) = PSL(2, q) by [KL90,
Prop. 2.9.1] and n = (¢ —1)/(¢—1). This case is already listed in the lemma
as Case (i). If m = 2 we have n = (¢ + 1)(¢®> + 1). Hence q = 22’ For f =0
we have ¢ = 2 and S = PSp(4, 2) which is not simple. The case f > 1 is listed
in the lemma as Case (viii).

If m > 3 and m odd we have

n=(g"-1)/(qg—1)

_q" -1

1 G L e N ]

Since m > 3 each of these three factors is greater than 1 and hence n is not
the product of two different primes.
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If m > 4 and m even we have

n=("—1)/(q—1) = (g™ +1)- ("> +1)- (¢"* - 1)/(¢—1).

Since m > 4 each of these three factors is greater than 1 and hence n is again
not the product of two different primes.

Suppose now the case of Line 11. Then we have S = PSp(2m,q) and m > 2
and

(™ —1)(¢* 2 1)
(¢?-1(qg—1)

If m = 2 we have n = (¢ + 1)(¢g*> + 1) as in the case of Line 10. This case is
already listed in the lemma as Case (viii). If m > 3 we have

n =

@™+ 1" +1) ¢"—1 ¢"'-1

q+1 qg—1 q—1

Since m > 3 each of these three factors is greater than 1 and hence n is not
the product of two different primes.

Suppose the cases of the Lines 12 and 13. Then we have S = PSp(4,2) and
n € {6,10}. But the right multiplication groups of the RCC loops of order 6
respectively 10 are known (see Appendix B) and none of these groups contains
a subgroup isomorphic to PSp(4,2)".

Suppose now the case of Line 14. Then we have S = Q(2m + 1,q). Further
we have n = (¢>™ —1)/(g—1). As in the case of Line 10 we have again m = 1
or m = 2. If m =1 we have

$22Q(3,q) = PSL(2,q)

by [KL90, Prop. 2.9.1] and n = (¢> — 1)/(q — 1). This case is already listed
in the lemma as Case (i). If m = 2 we have ¢ = 22f, f > 0. Further, for ¢ a
power of 2, we have

S =Q(5,q) =PSp(4,q)

by [KL90, Prop. 2.9.1] and n = (¢ + 1)(¢®> + 1). This case is already listed in
the lemma as Case (viii).

Consider now the case of Line 15. Then we have S = Q(2m+1, q) with m > 2
and

("= 1) ("% -1)
(¢?-1)(g—1)

If m = 2 we have n = (¢ +1)(¢> + 1) and Q(5, q) = PSp(4, q) by [KL90, Prop.
2.9.1]. This case is already listed in the lemma as Case (viii). If m > 3 the

n —=
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degree n is not the product of two different primes as we have seen in the case
of Line 11.

Suppose the case of Line 16. Then we have S = PQ™(2m, ¢) with m even and
n=(qm"+1)(¢" 1t -1)/(g—1). If m =2 we have
S PO (4,q) = PSL(2, ¢%)

by [KL90, Prop. 2.9.1] and n = ¢+ 1. This case is included in Case (i) of the
lemma. If m > 4 we have

n=("+1)@" P+ P+ gt 1),
Hence we have ¢ = 22" with k > 0 and thus g = 22" and m = 2¢. This case

is listed in the lemma as Case (ix).

Consider now the case of Line 17. Then we have S = PQ™(2m, q) with ¢ even
and m > 3 and

2m72_1
¢* -1 q—1

m72_1

n=(q"+1)-

If m =3 we have n = (¢2 + 1)(¢® + 1). Hence ¢ = 2 and ¢+ 1 = 22"
is prime. But then ¢3 +1 = 232" 1 1 is not a prime. If m > 3 each of the
three factors is greater than 1 and hence n is not the product of two different

primes.

Suppose now the case of Line 18. Then we have S = PQ™(2m, q) with ¢ even
and 4 divides m. Further we have

(@ = D(" = 1)(¢"* -~ 1)

(¢—1(e*=1)(¢* - 1)
If m = 4 we have n = (¢° +1)(¢® 4+ 1)(¢® + 1) which is not the product of two
different primes. For m > 8 the factor

(@™ =)@ = D(¢™* 1)

(¢—1)(¢* —1)(¢* 1)

is a product of three factors greater than 1 and hence n is not the product of
two different primes.

n={(q"+1):

Consider now the case of Line 19. Then we have S = PQ™*(2m, ¢) with m odd
and n = (¢ ' +1) (g™ —1)/(qg—1). If m =1 we have n = 2 which is not
the product of two different primes. If m > 3 we have ¢ even and if ¢™ 1 + 1
is prime we have ¢ = 92" and m = 2¢ + 1. This case is listed in the lemma as

Case (x).

Suppose now the case of Line 20. Then we have S = PQ*(2m, q) with g even
and m > 2 and

qm -1 q2m—2 -1

-1 ¢-1

n=(¢"""+1)-
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If m = 2, by [KL90, Prop. 2.9.1], we have S = PQ"(4,q) = PSL(2,q) x
PSL(2, q) which is not a simple group. For m > 3 each of the three factors in
greater than 1 and hence not the product of two different primes.

Consider finally the case of Line 21. Then S = PQ"(2m, ¢q) with ¢ even and
m = 3 (mod 4) and

(@2 = (" = D(g™ — 1)
(a—1)(¢* = 1)(¢* — 1)

If m = 3 we have n = 2(¢?>+1)(¢+1) which is not the product of two different
primes. For m > 7 the factor

(®" 2 =1 (** = 1)(¢™ - 1)
(a—1)(¢* = 1)(¢* —1)

is the product of three factors greater than 1 and hence n is not the product
of two different primes. O

n=(¢"’+1)-

In the previous lemmas we determined the socles of the almost simple groups
which act on p1ps points. Hence these groups are possibly the right multipli-
cation group of an RCC loop of order p1ps. Now we want to show that we can
rule out these groups.

Suppose G is an almost simple group and the socle S and p;ps are as in Case
(iii) or (vi) of Lemma (4.6). For all these socles S we have [Aut(S) : S] = 2.
This implies G = S or G = Aut(5). In Case (vi) where S = PSL(2,p2)
we further have Aut(S) = PGL(2,p2). For these groups and pairs (p1,p2) of
Lemma (4.6)(iii) and (vi) we refer to Lemma (4.18) which shows that none of
these groups is the right multiplication group of an RCC loop of order pips.
So by now we showed that if the right multiplication group G of an RCC loop
of order pips acts primitively on {Ht | ¢ € T'}, then G is almost simple and
the socle S of G and the integer pips are one of the following:

e S=2PBy(q) and 5py = ¢* + 1 where ¢ = 22+ > 2,

S = PSL(5,2) and p1p2 = 5- 31,

S = PSL(2,p2) and p1 = (p2 £1)/2,

(
(
S = PSL(2,p?) and pe = (p? +1)/2,
e S=PSL(m,q) and pip2 = (¢™ —1)/(¢ — 1),

o S=PSU(3,q) and p1ps = (¢ +1)(¢> — ¢ + )with ¢ = 22", f > 1,

S > PSp(4,q) and pips = (¢4 1)(¢2 + 1) with ¢ = 2%, f > 1,
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o 5= PO (2m,q) and pips = (¢™ + 1)(¢™ ' —1/(q — 1)) where ¢ = 2%,
m=2°%e>2or

o S PO (2m,q) and pipy = (¢" 1 + 1)(¢™ — 1)/(q — 1) where g = 2%,
m=2°+1,e>1.

In the following lemmas we will show that these cases do not lead to right
multiplication groups of RCC loops of order pips.

To eliminate the almost simple groups G as right multiplication groups of an
RCC loop of order p1p2, we need information about the sizes of the conjugacy
classes of GG. Since the socle S is a normal subgroup of G the conjugacy classes
of GG either contain only elements of S or contain no element of S. Hence the
non-trivial conjugacy classes which consists of elements of S have size at least
the minimal size of a non-trivial conjugacy class of S. For the socles S which
we have to consider the sizes of the conjugacy classes are known. We further
recall Lemma (2.26):

Lemma

Let G be an almost simple group with socle S, i.e. S = Inn(S) < G < Aut(S).
Let o € G\ Inn(S) and denote the conjugacy class of o in G by a¥. We have
Cran(s)(@) < Inn(S) and

|| = [G : Inn(S) Cg(@)] - In(S) : Cruns)(@)].

In particular if ¢ denotes the smallest index of any proper subgroup of S, then
the size of the non-trivial conjugacy classes of G is at least c.

(4.7) Lemma
Suppose assumption (4.2) holds. Then the socle S of G is not an exceptional

group.

Proof. Suppose that S is an exceptional group. By Lemma (4.5) we have
S 22 2By (q) with ¢ = 2™ > 2 and p1ps = ¢* + 1.

Consider the group S. The maximal subgroups of the Suzuki groups are well
known, see [Suz62, Th. 9]. Let M be a maximal subgroup of S. Then we have

1S M] € {¢? +1—(q 1), qu Fav/2q+ /2 — 1)}

or M = 2B(qy) with ¢ = gjj, r prime and g > 2.

We want to show that each maximal subgroup M of S has index at least
¢®> + 1. Clearly this is true if [S : M] € {¢*> +1,¢%/2 - (¢> + 1)}. Suppose
[S: M]=q¢*/4- (q2 F ¢v/2q £ /2q — 1). Since ¢ > 8 we have

(5 M) = T2 5 v/ = 3~ 1) = Lia? — 0B - V- )
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>‘L2(2—4 —4—1):14— L
= q q 4q q 4_(1 .

Suppose M 22 2B(qp). Since qg < V/q we have

S M) = PP +1)(g—1) (@2 +1)(g—1)
' @ +Dw-1) " VA& +1)(va-1)
a(va+1)

ZqT~(q2~l—l)>q2—|—1.
Hence the index of an arbitrary proper subgroup U of S is at least ¢*> 4+ 1. By
Lemma (2.26) the conjugacy classes of G have size at least ¢® + 1.
If G is the right multiplication group of a non-associative RCC loop £ of order
q®> + 1 then there are H < G and T C G such that (G, H,T) is the envelope
of L. The transversal T' is a union of conjugacy classes of G with {15} C T
and |T| = ¢® + 1. But this is a contradiction. O

(4.8) Lemma
Suppose assumption (4.2) holds. Then the socle S of G is not isomorphic to
PSL(5,2).

Proof. Suppose S = PSL(5,2). Then, by Lemma (4.6), we have pips = 155.
Further, by [Con+85, p. 70] we have [Aut(S) : S] = 2. Hence we have G = §
or G = Aut(S). The conjugacy classes of S are known and available in GAP,
the non-trival conjugacy classes of S have size at least 465. Hence G = Aut(.5).
Let o € G\ S. By Lemma (2.26) we have |a®| > [S : Cs(c)]. The subgroups
of S are known and available in GAP; the only subgroups of index less than
155 are subgroups of index 31. Hence the size of the conjugacy class of « is at
least 155 or it is 31.

If G is the right multiplication group of a non-associative RCC loop L of order
155 then there are H < G and T' C G such that (G, H,T) is the envelope of
L. The transversal T is a union of conjugacy classes of G with {15} C T and
|T'| = 155 = 5 - 31. But this is a contradiction. O

(4.9) Lemma
Suppose assumption (4.2) holds. Then S % PSL(2,p2), p2 an odd prime,
p2 > 5 and p1 = (p2 £ 1)/2 as in Lemma (4.6)(wv).

Proof. Suppose S < G < Aut(S) = PGL(2,p2) with po > 5 a prime and
(p2 +1)/2 or (pa —1)/2 is a prime. Denote this prime by p;. By Theorem
(2.20) we have G = PGL(2,p2). The conjugacy classes of PGL(2, q) are well
known, see [Sch07, Sec. 6] and [Steb51]. They are also provided in CHEVIE.
The group PGL(2, p2) has the following conjugacy classes:

e the trivial conjugacy class,

e one class of size (p2 — 1)(p2 + 1),
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e one class of size pa(p2 +1)/2,

e one class of size pa(p2 — 1)/2,

e (p2 — 3)/2 classes of size pa(p2 + 1) and
e (p2 —1)/2 classes of size pa(p2 — 1).

The transversal T is a union of conjugacy classes. We have {1g} C T and
|T| = p1p2. If p1 = (p2 — 1)/2 then every non-trivial conjugacy class of G has
size greater than or equal to p1pe. This contradicts our assumption. Suppose
p1 = (p2 + 1)/2. Then only the trivial conjugacy class Cy and the class Cs of
size p2(p2 — 1)/2 have a size less than p1ps. But

+1 -1 D2 — 1
T =po- B2 =y 2 sy B2 1 = |Gy + |
2 2 2
So this is a contradiction. O

In the following remark we give a summary of the maximal subgroups of
PSL(2,q) so we are able to eliminate Case (v) of Lemma (4.6).

(4.10) Remark

The subgroups of PSL(2,q), ¢ =/ > 5 and r an odd prime, are classified in
Dickson’s Theorem, see [Hup67, Th. 8.27]. The maximal subgroups are also
listed in [Giu07, Th. 2.2] and given by

o M = CyC(?")f N Cyc((q — 1)/2) with index [S : M] =q+ 1a

o M = D(q—1), for ¢ > 13, with index [S: M| =q(¢+1)/2,

M = D(q+1), for ¢ # 7,9, with index [S : M] =q(q —1)/2,

M = PGL(2,,/q), for ¢ a square, with index [S : M] = \/q(q¢ +1)/2,

M = PSL(2, qv), for ¢ = qf, where e is an odd prime, with index
1S M) > V(g + 1),

o M = Alt(5), for ¢ > 9, with index [S : M] = (¢ — 1)g(q + 1)/120,
o M = Alt(4) with index [S: M] = (¢ —1)q(q+ 1)/24,
e M = Sym(4) with index [S: M] = (¢ — 1)g(q + 1)/48.

In particular, if ¢ > 13 then each maximal subgroup has an index at least
q+ 1. Further, if ¢ > 17 then only the maximal subgroups of index ¢ 4+ 1 have
an index less than /g - (¢ +1)/2.
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(4.11) Lemma
Suppose assumption (4.2) holds. Then S % PSL(2,p?), p1 an odd prime and
p2 = (p? +1)/2 as in Lemma (4.6)(v).

Proof. Suppose S = PSL(2,p?), p1 an odd prime and py = (p} + 1)/2. By
Theorem (2.20) we have S < G. The non-trivial conjugacy classes of S are
known, see [Sch07, Sec. 6], and they are provided in CHEVIE. They have
size at least p1p2. Hence the size of a non-trivial conjugacy class of G which
contains elements of S is also at least pipo.

Let a € G\ S. By Lemma (2.26) we have |a%| =z - [S : Cs()] with z € N.
Suppose p1 > 3. Then, by Remark (4.10), [S : Cs(«)] > pip2 execpt if
Cs(a) < M where M is a maximal subgroup of M with [S: M] =p? + 1. In
this case there is y with [S : Cs(a)] = y(p? +1). Hence if the size of a“ is less
than ppy it is multiple of p? + 1.

If G is the right multiplication group of a non-associative RCC loop £ of order
p1p2 then there are H < G and T' C G such that (G, H,T) is the envelope
of L. The transversal T' is a union of conjugacy classes of G with {15} C T
and |T| = pi1p2. But a union of conjugacy classes of sizes less than pips with
{1¢} C T has a size congruent to 1 modulo p? +1 and is therefore not divisible
by the prime py = (p? + 1)/2. So this is a contradiction.

Suppose finally that p; = 3. Then we have p1ps = 15. But the right multi-
plication groups of order 15 are known (see Appendix B) and none of these
groups contain a subgroup isomorphic to PSL(2,9). O

Finally we eliminate the Cases (i), (vii), (viii), (ix) and (x) of Lemma (4.6).

(4.12) Lemma
Suppose assumption (4.2) holds. Then the socle S of G and the integer pipo
are none of the following:

o S=PSL(m,q) and pip2 = (¢ —1)/(¢ — 1),

o S=PSU(3,q) and p1p> = (q+ 1)(¢* — ¢ + Vwith g =2%", f > 1,

S = PSp(4,q) and pips = (q+ 1)(¢® + 1) with ¢ =22", f > 1,

S = PO (2m,q) and pip2 = (™ + 1)(¢™ ' — 1/(g — 1)) where g = 2,
m=2%e>2 or

S = POt (2m, q) and pip2 = (¢" 1+ 1)(¢™ — 1)/(q — 1) where ¢ = 2%,
m=2°4+1,e>1.

Proof. Suppose S and pipy are one of the listed groups respectively integers.
Denote by ¢ the smallest index of any proper subgroup of S. Then c is also the
degree of the minimal non-trivial permutation representation of S. In [KL90,
Th. 5.2.2] these degrees are listed. In each of the listed cases we have ¢ = p1pa.
By Lemma (2.26) we have that each non-trivial conjugacy class of G has size
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at least pips. The transversal T is a union of conjugacy classes of G with
{1g} C T and |T| = p1p2. But this is a contradiction. O

Now we are able to formulate the main theorem as a corollary of the previous
lemmas.

(4.13) Theorem

Let p1 and po be two different primes with p1 < ps. Let L be a non-associative
RCC loop of order pipa and let (G, H,T) be the envelope of L. Then G acts
imprimitively on {Ht |t € T}.

We want to give an infinite series of right multiplication groups of RCC loops
of order 2p for an odd prime p. We will show that for each odd prime p the
group Cyc(p) ! Cyc(2) is the right multiplication group of a non-associative
RCC loop of order 2p. For this, we will examine this group in the following
remark.

(4.14) Remark
Let p be an odd prime and G = Cyc(p) ! Cyc(2). We write

G ={(0:(y,2)) | o € Sym(2), y,z € ()}

where [(x)| = p. The group Sym(2) permutes the two components of the ele-
mentary abelian group (z) x (x) = {(y,2) | v,z € (x)} and the multiplication
in G is defined by

(015 (y1,21)) - (023 (y2, 22)) = (01023 (y1,21)7" - (Y2, 22))-

Set d := ((); (z71,2)) and ¢ = ((1 2); (1,2)). Then d is an element of order p
and c is an element of order 2p. Further we have:

We show that G = (d, ¢). We have

dP=D/2eptl — ((); (27702 g P=D/2)) L ((); (2PTD/2 g (pH1/2))

)

= (0s (z,27)) = (0; (=, 1))

and
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dPTD2P+ — (), (2= P02 G 0A0/2 Y () (P2 g H1)/2))

) I

= (0; (1,271)) = () (1, 2))

and

(xm D2 G H1/2)) (1 2); (xP1/2 g (HD/2))

(@PTD/2 5= rHD/2) | (D)2 4 (rH1)/2y)
(2, 1)) = ((12);(1,1)).

Hence we have G = (d,c). Clearly we have (d) < G. Since G/(d) = (c) is
abelian and G’ # {1} we have G’ = (d).

Set H = (dc®). Then we have H = {1g,dc?, d*c*, d3c5,...,dP~1c?~2} and
|H| = p. Additionally we have H NG’ = {1¢}. Since

(d*) =cYdPe=d et =dP1® ¢ H,

and since |H| = p we have Coreg(H) = {1¢}.

(4.15) Theorem
Let p be an odd prime and G = Cyc(p)1Cyc(2). Then G is the right multipli-
cation group of a non-associative RCC loop of order 2p.

Proof. We adopt the notation of Remark (4.14) for G, H, ¢ and d. We have
(G : G'H] =2 and ¢ ¢ G'H, so S := {lg,c} is a right transversal of G'H
in G. Hence, by Remark (2.6), the triple (G, H,T) with T := SG’ is an
RCC loop folder with |T| = |S|-|G’| = 2p. Since ¢,d € T we have (T) = G
and since further Coreg(H) = {lg} the RCC loop folder (G, H,T) is the
envelope of an RCC loop of order 2p. Since |H| = p and |T'| = 2p the RCC
loop folder (G, H,T) is not trivial. By Remark (1.35) the loop (G, H,T)A is
non-associative. O

Technical lemmas

(4.16) Lemma
Let ¢,k € N with k < ¢/2. Suppose that (g) = p1p2 is the product of two
different primes p1 and py with p1 < p2. Then one of the following holds:

(Z) ¢ = p1p2, k=1 and (;) =,

(i) (a) ¢ =p; is odd, p1 = (p2 —1)/2, k=2 and (}) = c(c —1)/2,
(b) c=pa+1is even, p1 = (p2+1)/2, k=2 and (;) = c(c—1)/2,

(iti) c=7, k=3 and ({) =35=5-T1.
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Proof. Suppose that (;) = p1p9 is the product of two different primes p; and
p2 with p1 < po.

If k =1 then p1p, = (§) = c. This case is listed in the lemma as Case (i).

So suppose that 2 < k < ¢/2. By [Ple82, Th. 4] the number of distinct prime
factors of (g) with k > 2 is greater than the number of distinct prime factors
of ¢ execpt for

e k=2 ¢=2(mod 4) and ¢ — 1 is a prime power or

e k=3, c—1is a prime of the form 22’ + 1 with f odd.

c

Suppose that (¢, k) is none of these both exceptions. Since (k) is the product
of two different primes, ¢ is an odd prime. This implies that ¢ is the greatest
prime factor of (g) Hence we have ¢ = ps.

Consider the case k = 2. Then p1ps = () = ¢+ (c—1)/2. Hence p; = (c—1)/2.
This case is listed in the lemma as Case (ii)(a). Consider the case k = 3 and
¢ ="17. Then we have (E) =35 =5-7. This case is listed in the lemma as Case
(ii).

Consider the case k = 3 and ¢ > 7. Then we have,

pic = (g) :c-(c_l)ﬁ(C_Q).

Hence py = (¢ — 1)(¢c — 2)/6. Since c is a prime we have ¢ = 1 (mod 6)
or ¢c =5 (mod 6). If c =1 (mod 6) we have (¢ —1)/6 € N and (c —1)/6
as well as (¢ — 2) are greater than 1. Hence p; is not prime. But this is a
contradiction. If ¢ = 5 (mod 6) we have (¢ — 1)/2,(¢c — 1)/3 € N and both
numbers are greater than 1. Hence p; is again not a prime which contradicts
our assumption. Thus the number of distinct prime factors of (;) with ¢ > 7
and k = 3 is at least three. By [Ple82, Th. 3] the numbers of distinct prime
factors of (z) with ¢ > 7 and k > 3 is also at least three. So if (¢, k) is none of
the both exceptions of [Ple82, Th. 4] and k > 2 then (}) is not the product of
two different primes.

Consider now the two exceptions of [Ple82, Th. 4]. Suppose first that k = 2
and ¢ = 2 (mod 4) where ¢ — 1 is a prime power. Let r be the odd prime with
c—1=r¢ We have

- (;) _ c(c2— 1) _ (r€ —1—21)7“3.

Hence e = 1, po = r and ¢ = po + 1 is even and p; = (p2 + 1)/2. This case is
listed in the lemma as Case (ii)(b). Suppose finally that k =3 and ¢ — 1 is a
prime of the form 22" 4 1 with f odd. Then we have

<c> @422 1122 914

3 2.3 3 (2 +1). 2%

Since 221 +1 = 0 (mod 3) the number (g) is a product of three factors
greater than one if f > 1, and hence not the product of two different primes.
If f =1 we have (g) = 20 = 22 . 5 which is not the product of two different
primes. ]
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(4.17) Lemma
Let n > 5. Then each non-trivial conjugacy class of the alternating group
Alt(n) as well as each conjugacy class of the symmetric group Sym(n) has a
size greater than or equal to n(n — 1)/2. Further each non-trivial conjugacy
class of the automorphism group Aut(Alt(6)) of Alt(6) has a size greater than
15 = 6(6 — 1)/2.

Proof. For n > 5 consider the group Alt(n). If 5 < n < 8 the conjugacy
classes and their sizes are well known and available in GAP. The statemant
of the lemma is true for these n. So suppose that n > 9. By [DM96, Th.
5.2A] every proper subgroup of Alt(n) with an index less than n(n — 1)/2 is
a point stabilizer. Since the point stabilizers are not centralizers, each non-
trivial conjugacy class of the alternating group Alt(n) has a size greater than
or equal to n(n —1)/2.

For n > 5 consider the group Sym(n). If n € {5,6}, the conjugacy classes
and their sizes are well known and available in GAP. The statement of the
lemma is true for these n. So suppose that n > 7. By [DM96, Th. 5.2B] the
subgroups of Sym(n) with an index less than n(n — 1)/2 are the following:

e Sym(n) and Alt(n),
e the point stabilizers in Sym(n),
e the point stabilizers in Alt(n).

Since these subgroups are clearly not centralizers, each non-trivial conjugacy
class of the alternating group Sym(n) has a size greater than or equal to
n(n—1)/2.

We have Aut(Alt(6)) = Sym(6).2 and this group is well known. The minimal
size of a non-trivial conjugacy class of Aut(Alt(6)) is 30 which is greater than
15. ]

(4.18) Lemma
Let G and n be one of the following pairs:

(i) G = Alt(7) and n = 35,
(ii) G = Sym(7) and n = 35,
(i) G = Alt(8) and n = 35,
(iv) G = Sym(8) and n = 35,
(v) G = My.2 and n = 22,
(vi) G = Myy.2 andn =177,
(vii) G = PSL(5,2) and n = 155,

(viti) G = PSL(4,2) and n = 35,
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(iz) G = Aut(PSL(4,2)) and n = 35,
(x) G =2 PSL(2,11) and n = 55,
(zi) G = PGL(2,11) and n = 55,
(xii) G = PSL(2,13) and n =91,
(ziti) G = PGL(2,13) and n = 91,
(ziv) G = PSL(2,19) and n = 57,
(zv) G = PGL(2,19) and n = 57,
(zvi) G = PSL(2,23) and n = 253,
(zvii) G = PGL(2,23) and n = 253,
(zviii) G = PSL(2,29) and n = 203,
(ziz) G = PGL(2,29) and n = 203,
(xx) G = PSL(2,59) and n = 841,
(zzi) G = PGL(2,59) and n = 841,
(xzzii) G = PSL(2,61) and n = 1891,
(zxiti) G = PGL(2,61) and n = 1891.

Then G is not the right multiplication group of a non-associative RCC loop of
order n.

Proof. Suppose that G is the right multiplication group of a non-associative
RCC loop L of order n and let (G, H,T') be the envelope of £. Then T is a
union of conjugacy classes with {15} C T and |T| = n.

For the given pairs G and n the conjugacy classes and their sizes are well
known and available in GAP. Only for the following pairs of G and n the
group G has non-trivial conjugacy classes of a size less than n:

(ii) G = Sym(7) and n = 35 and one class of size 21,
(iv) G = Sym(8) and n = 35 and one class of size 28,
(viii) G = PSL(4,2) and n = 35 and one class of size 28,
(xii) G = PSL(2,13) and n = 91 and two classes of size 84,

(xiii) G = PGL(2,13) and n = 91 and one class of size 78,
(xxii) G = PSL(2,61) and n = 1891 and two classes of size 1860,

(xxiil) G = PGL(2,61) and n = 1891 and one class of size 1830.

Clearly in these cases there is no T which is a union of conjugacy classes and
|T| = n. O
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Appendix A

Source Code

To compute the RCC loops of small orders there are several GAP functions
available with this thesis. These functions are described in this appendix. For
more information about GAP see [Gap].

Let £ be a non-associative RCC loop of order n with 2 < n < 30. The right
multiplication group G := RM(L£) is a transitive group on n points and occurs
in the GAp database TRANSITIVE GROUPS. By Lemma (3.13) G is non-
abelian. Set H = Stabg(1). Then, also by Lemma (3.13), we have |H| > 1
and since [G : H] = n we have |G| > n. Further G and H satisfy the necessary
condition

N (H) = H - Ca(H)

by Lemma (2.7). The function call
ComputeGroups (n)

returns for an integer n with 2 < n < 30 the list 11 of all integers i such that
the groups G with

G:=TransitiveGroup(n,i)

satisfy these conditions, i.e.
|G| >n, G is non-abelian, Ng(H)=H -Cqg(H).

Thus the transitive groups of degree n corresponding to the numbers in 1i
are the putative right multiplication groups of a non-associative RCC loop of
order n.

For a given group G and its subgroup H the function call
ComputeTT (G, H)
returns a record result with three components, called

CharTable, Classes, Transversals.
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The value of the component CharTable is the character table of G, the value
of the component Classes is the list of conjugacy classes of G corresponding
to result.CharTable. Further the value of the component Transversals is
a list corresponding to the set T7(G, H) defined in Definition (3.1). Here
corresponding means that for each T' € TT (G, H) there is exactly one list ¢ of
integers in result.Transversals such that

x:=List (result.Classes{t}, Elements);
T:=Concatenation(x);

i.e. T is the union of the j-th conjugacy classes of G with j € t. Notice that the
list result.Transversals is sorted in the sense of GAP MANUAL, Chapter
21, Section 10.

For a given group G with G < Sym(n), 2 < n < 30, the function call
ComputeRCCLoops (G)

returns a record result with four components, called
CharTable, Classes, Transversals, IsoClassesRep.

The values of the components CharTable, Classes and Transversals agree
with the values of the corresponding components of

ComputeTT (G, Stabilizer(G,1)),

i.e. result.CharTable is the character Table of G, result.Classes is the
list of conjugacy classes of GG corresponding to result.CharTable and the list
result.Transversals corresponds to the set TT(G, Stabg(1)).

The value of the component IsoClassesRep is a list 1k of integers which corre-
pond to the isomorphism classes of non-associative RCC loops of order n with
right multiplication group G. Here corresponding means that for each such
isomorphism class with representative £ there is excatly one k in 1k such that
the triple (G, H,T) is isomorphic to the envelope of £, where H = Stabg(1)
and T is the transversal to the k-th element of result.Transversals.

The function call
ComputeOrbits (G,H,result)

takes as input a group G, a subgroup H of G and a record result of the form
result :=ComputeTT (G,H) .

Here it is necessary that G < Sym(n) with n = [G : H]. Notice that for
efficiency reasons ComputeOrbits does not test if the input is correct. For a
correct input the function call

ComputeOrbits (G,H,result)

returns the list 1k of integers corresponding to the isomorphism classes of
non-associative RCC loops of order n similar to ComputeRCCLoops (G).
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This function is available for the convenience of the user to be able to compute
the result of ComputeRCCLoops in two steps with ComputeTT and ComputeOrbits
if required.

Now we demonstrate how to use these functions in some examples. We choose
n = 8 and compute first all groups G which may be a right multiplication
group of a non-associative RCC loop of order n.

gap> n:=8;;
gap> all:=ComputeGroups(n);; Length(all);
44

So we have to test which of these 44 groups are indeed right multiplication
groups of a non-associative RCC loop of order 8, i.e. for which of these groups
the set TT (G, Stabg(1)) is not empty.

gap> rmgrps:=[];;
gap> for i in all do

> G:=TransitiveGroup(n,i);

> H:=Stabilizer (G,1);

> result:=ComputeTT (G,H);

> if Length(result.Transversals)>0 then

Add (rmgrps ,i);
fi;

> od;

gap> rmgrps;

(7,9, 10, 11, 13, 17, 23 1]
Hence the groups of the GAP database TRANSITIVE GROUPS of degree 8 iden-
tified by the numbers in rmgrps are right multiplications groups of a non-
associative RCC loop of order 8. Let us take a look at the group with number
17. First we call the functions ComputeTT and ComputeOrbits as well as the
function ComputeRCCLoops.

gap> 1:=17;;

gap> G:=TransitiveGroup(n,i);;

gap> H:=Stabilizer (G,1);;

gap >

gap> resultl:=ComputeTT(G,H);;

gap> TTl:=resultl.Transversals;

tf1, 5,9,11, [1, 5,9, 11],
[1, 5, 9, 121, [ 1, 5, 9, 13 1,
(1, 6, 10, 14 1, [ 1, 6, 11, 14 ],
(1, 6, 12, 14 1, [ 1, 6, 13, 14 1 ]

gap> lk1l:=ComputeOrbits(G,H,resultl);

[ 1, 2, 3, 4]

gap> result2:=ComputeRCCLoops (G);;

gap> TT2:=result2.Transversals;

[ t1t1, 5, 9, 10 1, [ 1, 5, 9, 11 17,
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(1, 5, 9, 121, [1, 5, 9, 13 1],

(1, 6, 10, 14 1, [ 1, 6, 11, 14 ],

(1,6, 12, 14 1, [ 1, 6, 13, 14 1 1]
gap> lk2:=result2.IsoClassesRep;

[ 1, 2, 3, 4 ]

gap> TT1=TT2; 1lk1l=1k2;
true

true

Now we set
gap> result:=resultl;; TT:=TT1;; 1lk:=1kl;;

The first four elements of TT correspond to representatives of the isomorphism
classes of non-associative RCC loops of order 8 with right multiplication group
G. To get these representatives we first have to compute the transversals as a
list of elements of G.

gap> conj:=result.Classes;;
gap> elem:=List(conj, Elements);;
gap> T:=TT{1lk};
(1, 5,9, 101, [1, 5,9, 111,

(1, 5,9, 121, [ 1, 5,9, 13 ] ]
gap> T:=List (T, t->Concatenation(elem{t}));;
gap> TI[1];
t o, (,2,3,8)4,5,6,7), (1,3)(2,8)(4,7,6,5),
(1,8,3,2)(4,6)(,7), (1,4)(2,5)(3,6)(7,8),
(1,5)(2,6)(3,7)(4,8), (1,6)(2,7)(3,4)(5,8),
(1,7)(2,4)(3,5)(6,8) ]

Now we have to compute the RCC loops from these transversals. For this
we use the function LoopByRightSection of the GAP package Looprs. For
more information about the package Loops see [NV15]. The package has to
be loaded in GAP before using it. To ensure that the right multiplication
group of the computed loops is the given group G as a set and not just as an
isomorphic group we have to sort the transversals.

gap> for t in T do Sort(t); od;

gap> LoadPackage ("loops");;

gap> LL:=List (T, LoopByRightSection);

[ <loop of order 8>, <loop of order 8>,

<loop of order 8>, <loop of order 8> ]

gap> ForAll (LL, L->RightMultiplicationGroup(L)=G);
true

Let G be a group and H < GG be a subgroup of G. Recall the definition of the
set Q(G, H):

Q(G,H)={C eC(@)||C| < [G:H]and C ¢ CH(G)}.
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By Lemma (3.13) we know that G is not the right multiplication group of an
RCC loop of order [G : H] if

(ClCeQ(G,H)) #G

or if there is no subset {Ck,, C,, ..., Ck, } of Q(G, H) for which |UJ_; C,|+1
divides the order of G. These are the conditions (3.13)(iv) and (v). The
function call

QGeneratesGroup (G,H)

returns true if
(C|CeQ(G,H)=G

and false otherwise. The function call
QCombinesIndex (G,H)

returns true if there is a subset {Cy,,Chs,...,Cr } of Q(G,H) for which
| U7_y Ck,| + 1 divides the order of G. Hence, if one of these functions returns
false, the group G is not the right multiplication group of an RCC loop of
order [G : H].
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Appendix B

Data of Small RCC loops

The data of the non-associative RCC loops of order n with
n € {6,8,9,10,12,14, 15, 16, 18, 20, 21, 22, 24, 25, 26, 27, 28,30}

is available with this thesis. The data is stored in ASCII format and is readable
independently of the computer algebra system GAp. But we will illustrate how
to read them with GAp. For more information about GAP see [Gap]|. For each
of the above n there is one file, named RCCLoopsn, i.e. there are the files
RCCLoops6, RCCLoops8, ..., RCCLoops30. These files contain encodings of the
envelopes of the non-associative RCC loops of order n.

Fix one of the n above and consider the file RCCLoopsn. It contains two lists
named grps and classlists. Let nrgy be the number of groups which are
right multiplication groups of a non-associative RCC loop of order n. Then
each of the lists grps and classlists contains exactly nrry entries; one for
each of these groups.

Each entry of the list grps encodes one group G (as a subgroup of Sym(n))
which is the right multiplication group of a non-associative RCC loop of order
n. An entry of the list grps is a list, called conj, of lists. This list conj
corresponds to the conjugacy classes of the group G. For example let n = 9.
The second entry of the list grps is:

Ltoil,
[ (2,5,8)(3,9,6), (1,4,7)(2,8,5), (1,7,4)(3,6,9) 1,
(2,8,5)(3,6,9), (1,4,7)(3,9,6), (1,7,4)(2,5,8) 1]

[ ,

[ ¢(1,2,3,4,5,6,7,8,9), (1,5,9,4,8,3,7,2,6), (1,8,6,4,2,9,7,5,3) 1,
[ ¢(1,2,6,4,5,9,7,8,3), (1,5,3,4,8,6,7,2,9), (1,8,9,4,2,3,7,5,6) 1,
[ ¢(1,2,9,4,5,3,7,8,6), (1,5,6,4,8,9,7,2,3), (1,8,3,4,2,6,7,5,9) 1,
[ ¢(1,3,8,7,9,5,4,6,2), (1,6,5,7,3,2,4,9,8), (1,9,2,7,6,8,4,3,5) 1,
[ ¢1,3,5,7,9,2,4,6,8), (1,6,2,7,3,8,4,9,5), (1,9,8,7,6,5,4,3,2) 1,
[ ¢(1,3,2,7,9,8,4,6,5), (1,6,8,7,3,5,4,9,2), (1,9,5,7,6,2,4,3,8) 1,
[ (1,4,7)(2,5,8)(3,6,9) 1,

[ (1,7,4)(2,8,5)(3,9,6) 1]

]

This means the group G has eleven conjugacy classes. Clearly G as a set is
the union of its conjugacy classes.
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Corresponding to each group G encoded in the list grps there is an entry in
the list classlists. This entry is a list, called R, of lists of integers. For
example let n = 9. The second entry of the list classlists is

rrti, 4,7, 10, 121, [ 1, 4, 9, 10, 11 ] 1]

Each list ¢ in R corresponds to a transversal T, such that (G, H,T), where G
is the group of the corresponding entry in the list grps and H = Stabg(1), is
the envelope of a non-associative RCC loop of order n. Here T is the union of
the conjugacy classes of G whose numbers are in t.

We illustrate how to read these files with GAP:

gap> Read ("RCCLoops9");
gap> Length(grps);

3

gap> j:=2;;

gap> conj:=grps[jl;

Ltoril,
[ (2,5,8)(3,9,6), (1,4,7)(2,8,5), (1,7,4)(3,6,9) 1,
[ (2,8,56)(3,6,9), (1,4,7)(3,9,6), (1,7,4)(2,5,8) 1,
[ (1,2,3,4,5,6,7,8,9), (1,5,9,4,8,3,7,2,6), (1,8,6,4,2,9,7,5,3) 1,
[ (¢,2,6,4,5,9,7,8,3), (1,5,3,4,8,6,7,2,9), (1,8,9,4,2,3,7,5,6) 1,
[ ¢(1,2,9,4,5,3,7,8,6), (1,5,6,4,8,9,7,2,3), (1,8,3,4,2,6,7,5,9) 1,
[ ¢1,3,8,7,9,5,4,6,2), (1,6,5,7,3,2,4,9,8), (1,9,2,7,6,8,4,3,5) 1,
[ ¢(¢,3,5,7,9,2,4,6,8), (1,6,2,7,3,8,4,9,5), (1,9,8,7,6,5,4,3,2) 1,
[ ¢1,3,2,7,9,8,4,6,5), (1,6,8,7,3,5,4,9,2), (1,9,5,7,6,2,4,3,8) 1,
[ (1,4,7)(2,5,8)(3,6,9) 1,
[ (1,7,4)(2,8,5)(3,9,6) 1

]

gap> R:=classlists[j];

rra, 4, 7, 10, 121, [ 1, 4, 9, 10, 11 1 ]

gap> transversals:=List(R, t->Concatenation(grps[jI{t}));;

gap> for T in transversals do Sort(T); od;

gap> transversals;

ro o, (1,2,3,4,5,6,7,8,9), (1,3,8,7
(1,4,7)(2,5,8)(3,6,9), (1,5,9,4,8

(1,6,5,7,3,2,4,9,8),
(1,8,6,4,2,9,7,5,3),

(1,7,4)(2,8,
(1,9,2,7,6,8

[ o,

(1,2,3,4,5,6,7,8,9),

(1,3,2,7

(1,4,7)(2,5,8)(3,6,9),

(1,5,9,4,8

(1,6,8,7,3,5,4,9,2),
(1,8,6,4,2,9,7,5,3),

(1,7,4)(2,8,5
(1,9,5,7,6,2,

0 O N 01O N

]

Then each of the triples (G, H,T') with H = Stabg(1) and T in transversals
is the envelope of a non-associative RCC loop of order n. Further, let C
be an isomorphism class of non-associative RCC loops of order with right
multiplication group G. Then there is exactly one T in transversals such
that (G, H,T) with H = Stabg(1) is the envelope of a representative of C.

The next tables display for every n with

n € {6,8,9,10,12,14,15}

the GAP database numbers nrgap of the groups G in TRANSITIVE GROUPS
which are right multiplication groups of an RCC loop of order n, a description
of the isomorphism type of G, the order of G, the size of the set TT(G, H)
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with H = Stabg(1) and the number nrrcc of isomorphism classes of non-
associative RCC loops corresponding to this group. So the first table describes
the following facts:

For n = 6 there is one group G which is the right multiplication group of a
non-associative RCC loop, namely

G := TransitiveGroup(6,5).

The group G is isomorphic to the wreath product of a cyclic group of order 3
and a cyclic group of order 2. For H = Stabg(1) the set TT(G, H) has size 5
and there are three isomorphism classes of non-associative RCC loops £ with
right multiplication group RM(L) = G.

The description of the isomorphism type of G correspond to the names of the
transitive groups up to degree 15 given in [CHM98].

For n = 21 quite a similar table is given, but here there is no isomorphism
type of G listed.

Table B.1: RM(L) of the RCC loops L of order 6

NrGAP ‘ Isomorphism type ‘ |G| ‘ |ITT(G,H)| ‘ NrREC

5‘ 3wr2‘18‘ 5‘ 3

Table B.2: RM(L) of the RCC loops L of order 8

nrgap | Isomorphism type | |G| | |TT(G, H)| | nrrcc
7 1/2[23)4 | 16 6 3

9 D(4)[z]2 | 16 4 3

10 [22]4 | 16 6 3

11 Qs:2| 16 4 3

13 E@8):3| 24 2 1

17 [4%]2 | 32 8 4

23 GL(2,3) | 48 2 2
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Table B.3: RM(L) of the RCC loops £ of order 9

nrgap | Isomorphism type | |G| | |[TT(G, H)| | nrrcc
4 S(3)[z]3 | 18 3 2
6 1/3[3%]3 | 27 6 2
7 [32]3 | 27 6 1

Table B.4: RM(L) of the RCC loops L of order 10

nrgap | Isomorphism type ‘ |G| ‘ |TT(G,H)| | nrrec

4 1/2[F(5)]2 | 20 2 2
6 [52]2 | 50 49 14
Table B.5: RM(L) of the RCC loops L of order 12

nrgap | Isomorphism type | |G| | |[TT(G,H)| | nrrcc
6 Ay(12)x2 | 24 3 2

10 S(3)[z]E(4) | 24 4 2
11 S(3)[x]C(4) | 24 6 4
14 D(4)[z]C(3) | 24 30 18
15 1/2[3:2]dD(4) | 24 2 2
18 [32|E(4) | 36 71 27
19 [32]4 | 36 71 27
20 A)[z]C(3) | 36 6 2
26 Ay(12)22% | 48 22 7
28 D(4)[z]S(3) | 48 2 2
37 [32:2]E(4) | 72 8 2




39 [32:2]4 | 72 8 2

42 6wr2 | 72 106 o4

85 [1/4F(4)3 : 3]3 | 144 4 1

117 [33:2]E(4) | 216 3 1

124 2]L(6) : 2,2 | 240 2 2
Table B.6: RM(L) of the RCC loops L of order 14

nrgap | Isomorphism type | |G| | |[TT(G, H)| | nrrcc

4 2(1/2)F42(7) | 42 2 2

5 B1(7)[x]2 | 42 2 2

8 Twr2 | 98 531 93
Table B.7: RM(L) of the RCC loops L of order 15

nrgap | Isomorphism type | |G| | |[TT(G, H)| | nrrcc

3 D(5)[z]3 | 30 3 2

4 5[z]S(3) | 30 15 5

8 F(5)[z]3 | 60 12 7

15 GL(2,4) | 180 6 3

Table B.8: RM(L) of the RCC loops L of order 21

nrgap | |G| | [TT(G, H)| | nrrec
3 42 3 2
4 42 3 3
6| 42 63 13
7 63 6 4
9| 126 18 10
13 | 147 489 83
21 | 441 8 4
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