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Abstract

Given a group G and a G-module A, we show how to determine up to isomorphism
the extensions F of A by G so that A embeds as smallest non-trivial term of the derived
series or of the lower central series into E.

1 Introduction

Given a group G and a G-module A an extension of A by G is a group E that satisfies
a short exact sequence A — F —» (. The determination of extensions facilitates the
construction of new groups from given ones and is an important tool in group theory.
The isomorphism problem for group extensions asks to determine extensions up to iso-
morphism: given G and A, the aim is to determine a complete and irredundant set of
isomorphism type representatives of extensions of A by G.

We consider two particular types of extensions. Let E be an extension of A by G and
denote by A the image of the embedding A < E. We call E a lower central series
extension if F is nilpotent and A coincides with the smallest non-trivial term of the lower
central series of E. We call E a derived series extension if A coincides with the smallest
non-trivial term of the derived series of F.

As central part of this paper we present criteria which allow us to identify those elements
in the cohomology group H?(G, A) that correspond to the desired extensions. For this
purpose we use the Schur multiplier of a pair of groups and a map that can be considered
as generalisation of the projection map in the universal coefficients theorem. Based on
this, we then describe practical methods to determine up to isomorphism all lower central
series extensions respectively all derived series extensions of A by G.

We apply our algorithms in the construction of groups with large derived length and small
composition length. In particular, we construct two new examples of groups of derived
length 10 and composition length 24. It is conjectured that 24 is the minimal possible
composition length for a group of derived length 10, see [§].

2 Extensions

In this section we briefly recall some notation. For a more detailed introduction into the
theory of group extensions we refer to [11, Chapter 11]. Throughout this section, let G be
an arbitrary group and let A be an abelian group equipped with a G-module structure.
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We write G as multiplicative group and A as additive group. We denote the action of G
on A by a¥ fora € Aand g € G and we write g: A = A:a+> aJ.
Let E = {(g,a) | g € G,a € A}. Then 6 € Z(G, A) defines a group structure on E via

(g9:0)(d',a") = (9¢',a7 +d' +8(g,9)).

The module A embeds into E via A — E : a — (l,a) and E projects onto G via
E — G : (g,a) — g. Thus E is an extension of A by G. It is well-known that each
extension of A by G is isomorphic to an extension obtained by some § € Z%(G, A). We
usually identify A with its image A = {(1,a) | a € A}.

Let E7 and Ey be two extensions of A by G. We say that Fy is strongly isomorphic to Fo
if there exists an isomorphism ¢ : By — Ey with A* = A. Further, E; is equivalent to Ey
if there exists an isomorphism ¢ : £y — Fy with A* = A so that ¢ induces the identity on
A and on E1/A =G = Ey/A.

The group of compatible pairs Comp(G, A) is defined as subgroup of the direct product
Aut(G) x Aut(A) via

Comp(G, A) = {(n,v) € Aut(G) x Aut(A) | g" = v 'gv for all g € G} .

If the action of G on A is trivial then Comp(G, A) equals Aut(G) x Aut(A). An action of
Comp(G, A) on Z%(G, A) is given via

5(777'/) GxGE— A (g, h) — (5(977717}1/”71))”‘

For § € Z%(G, A) we denote [§] = § + B%(G, A) € H*(G, A). The subgroup B%(G, A) of
Z%(G, A) is setwise invariant under the action of Comp(G, A) and hence Comp(G, A) acts
on H?(G, A) via [§](m) = [s(V)],

1 Theorem: (Robinson [10])
Let 6,61,00 € Z%(G, A) and denote their corresponding extensions by E, By and Eo. Write
Aut4(F) = {a € Aut(E) | A = A}.
(1) Then Ey is strongly isomorphic to Es if and only if there exists (n,v) € Comp(G, A)
with, [6,]M) = [].
(2) The homomorphism ¢ : Auts(E) — Aut(G) x Aut(A) : a = aga X aa satisfies
ker(p) = ZY(G, A) and im(p) = Stabcomp(a,a)([0])-

3 Cohomology and Schur multipliers

Let G be an arbitrary group and let A be a trivial G-module. In this section we introduce
a map that links H%(G, A) to the Schur multiplier of a pair of groups. This map will play
a central role in our later applications.



3.1 Twisted cocycles
For 6§ € Z?(G, A) we define

0:GxG— A:(g,h) = d(g,h) = 5(h,g) — 6((hg) ™", hg) + 6((hg) ™, gh). (1)

For later use we note that h € Z(G) implies

5(97 h) = 6(97 h) - 5(}1,9) (2)

The following lemma gives an alternative description for 5. Its proof is a direct computa-
tion which we omit here. For any two group elements g and h let [g,h] = g~'h~!gh the
commutator of g and h.

2 Lemma: Let G be a group, A a trivial G-module and o € Z%(G,A). Then in the
extension of A by G via d the equation [(g,a), (h,b)] = ([g, h],0(g, h)) holds for all g,h € G
and a,b € A.

3.2 The Schur multiplier of a pair of groups

We briefly recall the construction of the non-abelian exterior product and the non-abelian
tensor product as introduced by Brown and Loday [3], see also [2] for details.

Let H < G and let F be the free group on the symbols {g Ah | g € G,h € H}. For
g,h € G denote "g := hgh™! = ghil. Let R be the normal subgroup of F' generated by
the relations

gd Nho= (99 N9h)(gAh) forg,d e G,he H
gARE = (gAR)("gA"H) forge G bW € H
hAh = 1 forhe H.

Then G A H := F/R is the non-abelian exterior product of G and H. If the relations

h A h =1 are omitted, then the resulting quotient is the non-abelian tensor product of G
and H.
By construction, there is a natural homomorphism

©0:GANH =[G, H]: gANhw— ghg 'h™t =[g7 1, 1.

The kernel of ¢ is denoted with M (G, H) and is called the Schur multiplier of the pair of
groups (G, H), see [6] for background. It is known that M (G, H) is an abelian group and
the (ordinary) Schur multiplier M (G) of the group G can be obtained as M (G) = M (G, G)
by Hopf’s formula. Further, if H < Z(G), then M(G,H) = G A H holds.

3.3 The linking map
The following lemma provides the first step for the definition of the linking map.



3 Lemma: Let G be a group, A a trivial G-module, § € Z*(G, A) and H < Z(G). Then
the following map is a group homomorphism

5:M(G,H) = A:gAhwd(g,h).

Proof: Let E be the extension of A by G defined by § and define o : FF — FE as the
group homomorphism extending g A h — ([g,h],(g,h)). We note that [(g,0),(h,0)] =
(lg,h],6(g,h)) = (1,6(g, h)) for each g € G and h € H by Lemma 2l and the fact that H
is central in G.

We show that R is contained in the kernel of «. First, consider the relation h A h for
heH. As é(g,9) =0 for all g € G it follows that a(h A h) = ([h,h],5(h,h)) = (1,0) in
E. Next, consider the relation g Ahh/ = (g Ah)("g A"R') = (g AR)(g AR'), as H is central
in G. Then

(1,0(g,hk))) = 1(g,0), (Rl 0)]
= 1(9,0), (h,—8(h, k")) (I, 0)]
= [(g,0), (W',0)][(g,0), (h, —8(h, 1))
= (9,1, 8(g.1"))([g, h). 8 (g h>><h 0)
= (L,d(g.h"))(1, (g, n)""*
= (1,8(g,h))(1,8(g,h))
= (1,4(g,h) + (g, "))

Thus a(g A k') = a((g A h)(g A 1)) as desired. Finally consider the relation gg’ A h =
(99" N9R)(gAh) = (99 Ah)(gAh), as H is central in G. Then using a similar computation
as above we obtain

(1,0(99',h)) = [(9g',0),(h,0)]
= [((gg/)'gao)v(}}7o)]
= (1,0(%,h) + (g, h))

as desired. In summary, R < ker(a) and thus « induces a group homomorphism GA H —
E whose image is contained in A. As GAH = M(G, H) for the central subgroup H of G,
the result now follows. °

Lemma [3] leads to the following definition for the linking map between H?(G, A) and the
Schur multiplier of a pair of groups.

4 Theorem: Let G be a group, A a trivial G-module and H < Z(G). Then
kg Z%(G,A) — Hom(M(G, H),A) : 6+ 6 (3)
is a homomorphism of abelian groups with B%(G, A) < ker(ky). Thus it induces

Ry : H*(G,A) — Hom(M(G, H), A) : [§] — 6. (4)



Proof. From Lemma [3 it follows that kg is well-defined. The definition of ) yields that
kg is compatible with the addition and inversion in Z2(G, A) and hence is a group homo-
morphism. It remains to show that B?(G, A) < ker(ky). Let § € B%(G, A). Then there
exists € € C1(G, A) with §(g,h) = e(g) + e(h) — e(gh) for all g,h € G. Using (@) it follows

N

for all g € G,h € H that 6(g,h) = e(hg) — €(gh) = 0. Thus § € ker(kp). °

We note that the universal coefficients theorem for cohomology asserts the existence of a
short exact sequence

Ext(H,(G,7Z),A) — H*(G, A) = Hom(M(G), A).
If G is abelian, then k¢ coincides with the projection in the universal coefficients sequence.

5 Remark: Let H < Z(G) be a characteristic subgroup of G. Then the action of
Comp(G, A) on Z*(G, A) is compatible with ki and thus defines an action of Comp(G, A)
on Hom(M (G, H), A).

For a non-trivial nilpotent group G let A(G) denote its smallest non-trivial subgroup of
the lower central series of G. To shorten notation in our later section we then also denote

K = EX(G) and K= RX(G)-

4 Lower central series extensions

In this section we describe a construction for a set of isomorphism type representatives
of lower central series extensions of A by G. If any such extension exists, then G is a
nilpotent group and A is a non-trivial abelian group with a trivial G-module structure.
We assume this throughout the section and we also assume that G is non-trivial to obtain
proper extensions of A. The following theorem provides a characterisation of the cocycles
defining lower central series extensions.

6 Theorem: Let G be a non-trivial nilpotent group, A a non-trivial group with trivial
G-module structure and § € Z*(G,A). Then the extension of A by G via § is a lower
central series extension if and only if k(0) is surjective.

Proof: Let E denote the extension of A by G via ¢ and let E = A\ (E) > Xo(E) > ... be
the lower central series of E. Further let ¢ be the class of G.

Suppose that F is a lower central series extension. Then E is nilpotent of class ¢ + 1
and the image A of A in F satisfies that A = A\ 1(E) = [E, \e(F)]. This implies that
A= {(g,a),(h,b)] |a,be A, g€ G he Q). As[(g,a), (h,b)] = (1,6(g,h)) by Lemmal[2
and 6(g, h) = 3(g A h) by definition of 3, it follows that & = x(8) is surjective.

Now suppose that x(0) is surjective. Using the same calculation as in the first part of the
proof, it follows that A = A\.1(E). As A is a trivial G-module, this implies that A1 o(FE)
is trivial and thus E is nilpotent. Hence F is a lower central series extension of A by G. e

The following theorem exhibits an explicit construction for the isomorphism types of lower
central series extensions of A by G. Recall that Comp(G, A) = Aut(G) x Aut(A), as G
acts trivially on A.



7 Theorem: Let G be a non-trivial nilpotent group and A a non-trivial group with trivial
G-module structure. Define

A={ye H%*(G,A) | R(y) is surjective} . (5)

(a) Then A is invariant under the action of Comp(G,A); denote by Q a set of orbit
representatives of the action of Comp(G, A) on A.

(b) The extensions of A by G defined by the elements in ) form a complete and irredundant
set of isomorphism type representatives of lower central series extensions of A by G.

(c) For ¢ with [0] € A denote the corresponding extension by E. Then Aut(E) = Aut4(E)
and there exists a short exact sequence

ZY G, A) = Aut(E) = Stabcomp(c,a)([0)).

Proof: Part (a) follows from Theorem [6l Parts (b) and (c) follow from Theorem [Il as
lower central series extensions are isomorphic if and only if they are strongly isomorphic.
[}

The following remark recalls the structure of M (G, A\(G)) and thus gives further insight
into the range Hom(M (G, \(G)), A) of .

8 Remark: (See Prop. 3.2 of [6]) Let G be a non-trivial nilpotent group.
(a) If G has class 1, then \(G) = G and M(G,\(G)) = M(G) = G N G, the abelian
exterior product.
(b) If G has class at least 2, then \(G) < G’ and M(G,\(G)) 2 G/G" @ A\(G), the abelian
tensor product.

5 Derived series extensions

In this section we describe a construction for a set of isomorphism type representatives
of derived series extensions of A by GG. Any such extension is solvable and if one exists,
then G is solvable and A is a non-trivial abelian group and a G-module. We assume
this throughout the section and further suppose that G is non-trivial to obtain proper
extensions of A. Let v(G) denote the smallest non-trivial subgroup of the derived series
of G and set U = [A,v(G)]. We consider the sequence

Z*(G,A) % Z*(7(G), A/U) = Hom(M (v(G)), A/U), (6)

where o(9) : v(G) xy(G) — A/U : (g,h) — (g, h) +U. Regarding k note that A\(v(G)) =
7(G) and thus M (v(G), \(7(Q))) = M(v(G)). As o maps B*(G, A) into B?(y(G), A/U)
equation (B)) induces the sequence of maps

H*(G,A) 5 H*(4(G), A/U) 5 Hom(M (v(G)), A/U), (7)

The following theorem characterises the derived series extensions of G by A.



9 Theorem: Let G be a non-trivial solvable group, A a non-trivial abelian group with a
G-module structure and § € Z?(G, A). Then the extension of A by G via § is a derived
series extension if and only if k(o (9)) is surjective.

Proof: Let E denote the extension of A by G via §. Consider E — G : (g,a) — g, the
natural epimorphism from E onto G and denote by M the full preimage of v(G) in E.
By definition E is a derived series extension if M’ = A. As U = [A,M] < M’, this is
equivalent to the condition (M/U) = A/U. The induced action of v(G) on A/U is trivial.
Thus M /U has class at most 2 and A(M/U) = (M/U). Hence E is a derived series
extension if and only if M/U is a lower central series extension of 7(G) by A/U via the
cocycle o(d). The result now follows from Theorem [Gl °

This allows the following explicit construction for the isomorphism types of derived series
extensions of A by G.

10 Theorem: Let G be a non-trivial solvable group and A a non-trivial group with an
arbitrary G-module structure. Define

A={ye H?(G,A) | &(@(7)) is surjective} . (8)

(a) Then A is invariant under the action of Comp(G,A); let Q denote a set of orbit
representatives of the action of Comp(G,A) on A.

(b) The extensions of A by G defined by the elements in ) form a complete and irredundant
set of isomorphism type representatives of derived series extensions of A by G.

(c) For o with [0] € A denote the corresponding extension by E. Then Aut(E) = Auta(E)
and there exists a short exact sequence

ZY G, A) = Aut(E) = Stabcomp(c,a)([0)).

Proof: The proof is similar to that of Theorem [7 °

6 Computational methods

In the previous sections we established criteria to decide whether an extension is either a
lower central series extension or a derived series extension. Here we exploit these descrip-
tions to obtain effective algorithms to construct those extensions. We have implemented
the algorithms in GAP [7] for the special case that the module is elementary abelian. The
implementation is available in the GAP package SpecialExt [4].

6.1 Computing H?(G, A) and the action of Comp(G, A)

If G is a polycyclic group defined by a consistent polycyclic presentation and A is a finitely
generated abelian group and a G-module, then H?(G, A) can be computed effectively. We
recall the basic ideas of the underlying algorithm here briefly for the case that G is finite;
see also [9], Section 8.7.2].



Let g = {g1,...,9n} be a polycyclic generating sequence of G and let {aq,...,as} be a
generating set of A. Then there exists a (unique) consistent polycyclic presentation of G
on the generators g. This has relations of the form

. e i e; .
= gijr”l“ coegp” for 1 <4 <n, and

g7 = g]?ia'ij+1 cegntmfor1<j<i<n

for certain r; € N and e; ;,¢€; ;1 € Z.
Let [ = (n + 1)n/2. For an extension E of A by G via § € Z%(G, A) we define the tuple
ts=(ti; | 1<j<i<n)e Al via

(17 tlﬂ) = (gTH 0)_€i,n o (g’i+17 0)_€i,i+1 (gla O)TZ for 1 < { < n, and

(1, ti5) = (gn, 0) = 09m - (gj41,0) =35+ (g;, 090 for 1 < j < i <m.
By [9, Lemma 8.47] the map

©:Z3(G,A) = AL 5 = ts

is a group homomorphism with ker(p) < B?(G,A). Denote Z = im(p) < Al and B =
B?(G, A)? < Z. Then we obtain an isomorphism

7: H*(G,A) — Z/B.

For t € A' we define a presentation P(t) with generators g1,...,9n,a1,...,as and two
types of relations: firstly relations defining A as group and G-module and secondly

gl =gyt gty for 1< i <o,

97 = g?i’i”l g™t for 1< j <i <.

If t € Z, then the presentation P(t) defines a group that is an extension of A by G via a
cocycle § in the preimage of ¢ under .

The subgroups Z and B of A! can be computed effectively if A is elementary-abelian (see [9)
Section 8.7.2]) and we use Z/B to represent H?(G, A) in our applications. The group
Comp(G, A) can be computed via its definition The action of Comp(G, A) on H?(G, A)
translates to an action of Comp(G, A) on Z/B. A pair (n,v) € Comp(G, A) < Aut(G) x
Aut(A) acts on t € Z via

(L)) = (g0 -+ (gl 0) 1 (g, 0)")” for 1 <i <, and

1 —1 —1

—1 v
@uﬁwwz<@z,m*mw~@%pwﬂw“@?,m% m) for1<j<i<n.



6.2 Lower central series extensions

Let G be a finite non-trivial nilpotent group and A a finite non-trivial abelian group with
a trivial G-module structure. Our aim is to compute a complete and irredundant set of
isomorphism type representatives of lower central series extensions of A by G.

We choose a polycyclic generating sequence g = {g1, ..., gn} such that it refines the lower
central series of G. As G’ = [G,G] and A\(G) are subgroups in the lower central series of
G, it then follows that there exist indices d and m in {1,...,n} with G’ = (9411, --,9n)
and AN(G) = (gm,---,9n). Let J={(4,j) |1 <j<i<n}and I ={(i,j) |1 <j<d,m<
i <n,j <i} CJ. Then |J| = [ and we denote |I| = h. We further denote the natural
projection corresponding to I and J by

T Al —)Ah : (ti,j | (’L,j) S J) — (ti,j | (Z,j) S I)

By Theorem [l we have achieved our aim if we find ¢(2) for a set €2 as defined in Theorem[7]
Recall that (2 is a set of orbit representatives in the set A from (). The following lemma
provides a criterion to check whether a given § € Z?(G, A) satisfies [§] € A. We say that
a tuple t € A* for k € N is full if the entries in ¢ generate A.

11 Lemma: Let G be a non-trivial nilpotent group, A a non-trivial abelian group with
trivial G-module structure and § € Z*(G, A). Then k(d) is surjective if and only if 7(ts)
18 full.

Proof: Recall that #(6) : M(G,\G)) — A with x(6)(g A h) = 6(g,h) = d(g,h) — 6(h, g).
Thus «(6) is surjective if and only if {§(g,h) | g € G,h € A(G)} = A. As A\(G) is central in
G, the definition of M (G, A(G)) and Lemma Bl yield that 6(g, hh') = (g, h) + (g, k') and
5(gg'sh) = 8(%¢',h) + (g, h). By Remark B we note that the first argument of ¢ depends
on G/G' only. This also yields that § is multiplicative in both components. In summary,

it follows that x(0) is surjective if and only if (6(g;,4:) | (¢,5) € I) = A and thus if and
only if 7(ts) is full. .

Following the approach described in Section we first compute Z/B and then its orbits
under the action of Comp(G, A). We next choose orbit representatives ry,...,r, € Z/B
and then a representative t; in Al for each ri,1 < i < m. According to Theorem [7|(a) and
Lemma [IT] we then have ¢(Q) = {t; | w(t;) is full} for some Q as desired and {P(t) | t €
©(Q)} is a set of presentations for a complete and irredundant list of lower central series
extensions of A by G.

To avoid redundant computations it is useful to know a priori when there are no lower cen-
tral series extensions of A by GG. The following remark collects some elementary conditions
for this purpose.

12 Remark: There are no lower central series extensions of A by G if either h < d(A),
where d(A) is the minimal generator number of A, or w(im(p)) < M" for some proper
subgroup M of A.



A computationally more involved criterium enables us to always detect when no lower
central series extension exists. Denote the maximal subgroups of A by My,..., My and
let Z; :={t € Z | n(t) € M!}. Then

P(A) = Z\ Ui, Z.

We use the Inclusion-Exclusion Principle to determine the cardinality of p(A) via

(D) = |Z] - [ Uiy Zil
= 1Z| - | DD > 1Zan..nZy,)
k=1 1<i1<..<ip<s

Each intersection Z;; N...N Z;, can be computed readily from M;,,...,M;, and Z by
solving a system of linear equations. In the special case that A is elementary abelian
this approach simplifies as the automorphism group acts as full symmetric group on the
maximal subgroups and only one intersection of every type has to be determined.

6.3 Derived series extensions

Let G be a finite non-trivial solvable group and A a finite non-trivial abelian group with a
G-module structure. Our aim is to compute a complete and irredundant set of isomorphism
type representatives of derived series extensions of A by G.

We choose a polycyclic generating sequence g = {g1,...,9,} such that it refines the
derived series of G. As 7(G) is a subgroup of this series, it follows that there exists
m € {1,...,n} with v(G) = (gm,---,9n). Let J = {(i,5) | 1 < j < i < n} and
I={(i,7) | m <j<i<n}. Then |J| =1 and we denote |I| = k. We denote the natural
projection corresponding to I, J and A/[A,~v(G)] by

e A= (A/IAAG = (tig | (0,5) € J) = (tig + [AA(G)] | (0,5) € D).
By Theorem [I0] we have achieved our aim if we find p(€2) for a set Q as defined in
Theorem [I0 Recall that Q is a set of orbit representatives in the set A from (). The

following lemma provides a criterion to check whether a given § € Z2(G, A) satisfies

[0] € A.

13 Lemma: Let G be a non-trivial solvable group, A a non-trivial abelian group with a
G-module structure and § € Z*(G, A). Then r(c(8)) is surjective if and only if u(ts) is
full.

Proof. The induced cocycle o(d) defines an extension of A/[A,~(G)] by v(G). Applying
Lemma [[T] yields that x(c(0)) is surjective if and only if 7(t,(5)) is full. The latter equals
u(ts) which completes the proof. .

Following the approach described in Section we first compute Z/B and then its orbits
under the action of Comp(G, A). We next choose orbit representatives ri,...,r, € Z/B
and then a representative ¢; in A! for each r;,1 < i < m. According to Theorem I0(a)
and Lemma [I3] we then have () = {t; | u(t;) is full} for some Q as desired and {P(t) |
t € p()} is a set of presentations for a complete and irredundant list of derived series
extensions of A by G.

10



7 Application

Groups of given derived length and minimal composition length are known up to derived
length 8, see [8]. Here we use the method from Section to obtain new information
on groups of derived length 10. For our computations we utilised the GAP package Spe-
cialExt [4] which implements the methods from Section [6] for elementary abelian groups.
The sporadic simple group Fiss has a maximal solvable subgroup M of order 211313, This
group has the form M = GL(2,3) x 3271 x 2671 x 38+1 where p"** is used to denote
an r-generator group of order p"™* and class 2. The group M has derived length 10 and
composition length 24. It is conjectured that 24 is the minimal possible composition length
for a group of derived length 10, see [8]. Previously the group M has been the only group
known to achieve this bound.

Let M =MD > M2 > >y = {1} denote the derived series of M. We have used
the method from Section [6.3] to determine a complete and irredundant set of isomorphism
type representatives of derived series extensions of A := M® /M by G := M/M® for
2 < i < 10 using the G-module structure of A inside M. The following four values of ¢
yield more than one isomorphism type representative.

i=4: Here G 2 S; and A = (s is a trivial G-module. We obtain two non-isomorphic
derived series extensions: the groups with the numbers 28 and 29 in the SmallGroups
Library described in [I].

i=6: Here G = GL2(3) x 3% and A = C%. We obtain three non-isomorphic derived series
extensions: the groups with the numbers 2889, 2890 and 2891 in the SmallGroups
Library.

i=8: Here G = GL2(3) x 321 x 20 and A = O, is a trivial G-module. We obtain two
non-isomorphic derived series extensions.

i=10: Here G = GLy(3) x 327! x 26+1 x 3% and A = (3. We obtain three non-isomorphic
derived series extensions.

In particular, the computation for i equal to 10 yields two new examples of groups of
derived length 10 and composition length 24. We describe all three groups arising from
this case via a parametrised polycyclic presentation. This has 24 generators g1, ..., gos and
the relations exhibited in Figures 1 and 2 where conjugation relations of the form gigj =g
are omitted in the latter. The relations with left hand sides gj and g3' contain a parameter
k and the three different groups are obtained for k € {0, 1,2}. The presentations are also
available as examples in the GAP package SpecialExt. Using GAP it is straightforward
to determine the orders of conjugacy class representatives of each of these three groups,
which yields an independent check for the non-isomorphism of the groups.
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91 =1,93=95,,95= 9591 = 95,95 = L,96 = 1,95 = 1,08 = 1,93 = 915, 930 = 915, 911 = 15,
2 2 2 2 3 _ 3 _ 3 _ 3 3 _ 3 _
912_9157913_9157914_9157915_17916_17917_17918_17919_17920_17921_17

932 = 1,933 = 17934 =1

Figure 1: Power relations
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—k
93 = 9305, " 9 = 9395, 937 = 9394, 9" = 939495, 97> = 93,9 = 9495, 95° = 929798, 98¢ = 96979z,

98 = 98,99 = 99398, 9% = 969793, 9%° = 969798, 93* = 969398 95 = 97, 9%° = 998, 98" = 43,
gé“ = g1og11912913914915,99g2 = 99912914,953 = 99912914,954 = 99911912913914,956 = 9137938 = 910,
910 = 99912914915, 915 = 910911912913914, 916 = G10911912913914, G1o = 910911913, 910 = 14,

916 = 99910, 970 = 910915, 911 = 99910912913914915, 911 = 910911914, 917 = 99g10912913914,

911 = 910912913914, 915 = 913,977 = 99,911 = 912,91 = 912, 975 = 910911914915,

915 = 99910912913914> 955 = 99911912913, 915 = 9091091191213, 915 = 914, 915 = 910,975 = 911912,
975 = 911912, 913" = 912915, 975 = 99910911912914915, 975 = 910912913, 975 = G9g10911912914,

913 = 910911912914, 913 = 911, 913 = 911, 913 = 913914, 913 = 14, 14 = 910912913915,

973 = gog10911912914, 971 = gog11913914, 974 = gogr0911913914, 913 = 912, 914 = 912, 914 = 913,
975 = 913914, 975 = 914915, 975 = 936917975950924, 912 = G16917918920954, 915 = 916917918920954
9% = 936917918920, 938 = G16924, 975 = 916920, 978" = 916920954, 918" = Gi6918, 916> = 916918934
916" = 916917954, 916" = 916917924, 916 = 916924, 9T = 916917918970920951 9%,

917 = 9%69%7918.9%9920931932924a 97 = 9169179%99519327 917 = 9169%8‘9%99319329247 917 = 9%87

915 = 918924, 977 = 916917954, 913 = 916917954, 915 = 917921, 977 = 917921934, 973" = gir19,

97 = 9179199547 917" = 916917924, 933" = 9169%79547 917 = 9%79% 91y = 9%69179%89%99209519529547
913 = 916917913919920951 932924, 93 = 916918919931 952, 98 = 916917919951932924, 93 = 97,

918 = 920, 915 = 916918951 918 = 916918951, 918 = 915922, 918" = 918922924, 918 = 16918924,

918 = g1691s, 978 = 918910024, 918" = 918910954, 918 = G154, 916 = G77978910930951 952933

978 = 917918970920921922923, 95 = 917978910923924, 98 = 917978970923924, 9T5 = 919934,

995 = 922954, 975 = 91691118919, 935 = G16917978910924, 96 = 9T0923924, 916" = 910923954,

938" = 917910924, 976> = 917979, 918" = 918919954, 976" = 18979924, 916 = 9309545

956 = 916917918919920951 932, 955 = G169179189199309219529345 950 = 916917918919950031 9229545

950 = 9%69%7-9%89%99209319327 930 = 9509%47 9350 = 9179§4= 950 = 9%69209347 950 = 916920924,

955" = 916950, 93" = 920922, 955" = 920922924, 955> = G30921924, 93" = 920921954, 93" = 9509345
99 = 920954, 991 = G17978910950921 952953924, 95, = 9179189109209%1 922923924

957 = 916919950932923924, 951 = 936919950921923954> 957 = G32, 955 = 919, 991 = 920921934,

955 = 916917950921924, 955 = 917921924, 95" = 917931, 951" = 951923924, 951" = 921923954

951" = 9209219547 951t = 9209519% 951" = 9519547 951" = 921924, G35 = 9%79%89%99509319229339247
9% = 917918919920921932923924, G55 = G169199509319239245 955 = G16919950922923934 955 = Ga1,»
935 = 921924, 955 = 930922924, 955 = 916915950922, 953 = 918922954, 995" = 918932, 955" = 920922954
955" = 020952, 935" = 952923, 955" = 022023934, 955" = 032024, G35 = 22924, 953 = G199310229239%4,
953 = 9%995193292392% 955 = 9%69%79%89%9921922953954a 933 = 9%69179189%992192292& 955 = 9539%47
929§ = 95095192292& 93:8), = 9%69179189%99209%19529239547 9293 = 919923934, 93:1),0 = 9199539247

993" = 921923054, 995> = 921953024, 955 = 922023924, 935" = 922053, 955 = 933954, 955" = 923954,

g1 __ 2
924 = 924

Figure 2: Conjugation relations
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